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Abstract – The concept of skin condenser refrigerators has been increasingly explored for its capacity to
provide a larger internal cabinet volume. However, the discharge pulsation of the cooling gas has become a
significant source of noise because it directly excites the cabinet. This paper analyzes the mechanisms of cabinet
vibration excitation by gas pulsation in the condenser tubes. Initial tests were performed with vibration
measurements on a refrigerator and on segments of the cabinet excited by pulsation only. The results showed
that bending modes of cabinet segments were excited by the pulsation in the condenser tube. A theoretical
analysis showed that asymmetry in the condenser tube cross section is responsible for bending moment
generation and numerical evaluations confirmed this effect for different types of asymmetries.
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1 Introduction

Household appliances linked to food are indispensable
equipment in modern life. Noise related aspects can be con-
sidered as major inconveniences, as they are related to the
consumers well being and satisfaction [1].

Cooling equipments have different operation regime
than other household appliances because in order to main-
tain the desired temperature they operate at any time [1].
Thus, they have high annoying pontential, since the com-
pressor can be started in moments of silence or when the
users are performing activities that require concentration [2].

Refrigerators have several noise sources linked to the
refrigeration system. The main ones are compressor, fan
and the expansion device, which are considered primary
noise sources. Among them, the pressure pulsation in the
discharge line [3] is caused by reciprocating compressors
that, due to the nature of their operation, produce intermit-
tent pressure pulses. The pulsating characteristics of gas
discharge generates a spectrum composed of harmonics,
which can excite the natural modes of the piping [4] and
refrigerator cabinet. When these harmonics coincide or have
frequency close to some structural resonance, vibration will
be excited, generating noise.

Skin condenser refrigerators combine aesthetic improve-
ments and increased usable internal space [5, 6]. Unlike
external condensers, which are connected via clips, the skin

condenser is installed inside the enclosure, making direct
contact between the condenser tube and the enclosure, con-
stituting a favorable situation for the transmission of vibra-
tory energy to the cabinet.

Direct contact of the tube with the outer plate is not
essential to maintain the heat transfer rate of the condenser,
because most of the heat flow occurs in the adjacent por-
tions of the outer plate, which receives heat primarily from
the metal tape surrounding the condenser tube [6, 7].

Figure 1 shows the location of the condenser skin in the
cabinet body. The detail of the duct installation with tape is
shown in Figure 2.

Few works have been found in the literature regarding
the skin condenser concept. Some analyze the heat flow from
the condenser tube to the external metallic plate of the
cabinet, which transfers heat to the environment [7–14].
However, no publications have been found regarding
the mechanism of noise generation caused by the pulsation
of the gas discharge in the condenser. This paper analyzes
this mechanism of noise generation in this concept of
refrigerator.

2 Test in a refrigerator cabinet

To evaluate the vibration of the cabinet of a skin
condenser, two refrigerators (A and B) of same model, posi-
tioned close to each other, were used. In one of them (refrig-
erator A) the complete refrigeration cycle was maintained,*Corresponding author: ricardolschaefer@gmail.com
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except for the condenser. For this, the discharge tube at the
compressor outlet was connected to the condenser inlet of
refrigerator B and its outlet was connected to refrigerator
A. Figure 3 shows the front view of a schematic of the setup
of this experiment. The cabinet dimension is 170 cm high,
62 cm wide and 70 cm deep, approximately. In order to
avoid structural transmission of vibration between the
refrigerators, flexible tubing was used in the suction and
discharge tubes connecting the two equipments. In this
way, the cabinet of refrigerator B was excited by pulsation
only of the discharge gas, avoiding interference from other
vibration sources.

Vibration measurement at one side wall of the cabinet
was measured at 385 points by a laser vibrometer Polytec
PSV-500. To increase the cooling cycle time, electrical
resistances were used in refrigerator A, allowing vibration
measurement on refrigerator B in longer stable condition.

The spectrum of the spatial average vibration of refrig-
erator cabinet B is shown in Figure 4. It shows peaks at the
harmonics of the compressor operating frequency, but with
varying amplitudes indicating that can excite vibrations
with higher amplitudes at some harmonics compared to
others (red vertical lines on the graph).

A continuous spectrum of the cabinet response in the
100–400 Hz range is also observed, indicating an additional
vibration generation mechanism, but of less importance
compared to that of the pulsating characteristics. Addi-
tional tests were performed on segments of the cabinet
side wall in order to understand this vibration excitation
mechanism in more detail.

3 Tests on cabinet segments

The segments were composed of a steel plate (0.5 mm
thickness), steel tube (external diameters of 5 mm and
internal diameters of 4 mm) and a rigid polyurethane
(PUR) body (250 mm), reproducing the wall structure of
a typical refrigerator. The representation of the cabinet
structure by segments of smaller dimensions facilitates the
observation of the effect of pulsation harmonics on its
dynamic behavior. The segments were manufactured in a
refrigerator factory and this condition was essential to
ensure the quality and homogeneity of the materials and
manufacturing process.

Figure 5 shows a segment fabricated for these tests.
Three configurations were fabricated: (I) straight condenser
tube near the metal surface, (II) curved tube near the metal
surface, and (III) straight tube in the middle of the PUR.
Figure 6 shows the different configurations assembled.

A test set up was developed consisting of a refrigerator,
a temperature and pressure measurement system (static
and dynamic), and a support for the segments (Fig. 7).

The refrigerator was the source of pulsation which was
transmitted to the segments through flexible tubes in order
to avoid transmission of structural vibration. The measure-
ment system provided the parameters monitoring to verify
the stability of the cooling cycle.

Vibration was mapped with a laser vibrometer, which
allowed measurements in the surface of each segment at
341 points and visualizing their vibration modes. Electrical
resistors were installed inside the cabinet, increasing the
cooling cycle period which allowed all points vibration
measurements to be performed in a single and longer cycle
after an initial stabilization period.

Figure 1. Refrigerator with skin condenser.

Figure 2. Detail of the skin condenser tube [8].

Figure 3. Representation of the cabinet side vibration mapping
test.

Figure 4. Vibration in the cabinet side only with skin
condenser.
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The spectra of the average vibration of all points on
each segment are shown in Figure 8. They are very similar,
indicating that the dynamic behavior of the analyzed seg-
ments depends mainly on the pulsation spectrum and are
little influenced by the tube geometry or position in the
mounting configuration.

The resultant of the vibration modes of the segments
resemble their bending modes, which dominate the spec-
trum at low frequencies. Figures 9–11 show the vibrations
mapped at the pulsation first harmonics: 59, 118, 177,
236, 295 and 354 Hz.

The results show that the segments vibration modes at
the pulsation harmonics are very similar, despite their dif-
ferent geometries (curved and straight) and position (shal-
low and buried in the PUR) of the tube.

Given the proximity of the discharge tube to the metal
plate it would be expected to observe greater amplitudes of
vibration of the segment in this region, resulting from forced
response of the plate due to deformation of the tube caused
by internal pressure. However, this localized response was
not visible by the mapping obtained.

It is observed that the greatest responses occur at the
pulsation harmonics and the segments vibrate in their
own normal modes, whose resonant frequencies are close
to some harmonics.

It is concluded that the deformation of the tube provides
a distributed excitation on each segment and they vibrate
in their own structural modes. The possible natural modes
of the tube and the bending vibration generation mecha-
nism caused by the internal pressure in the tube will be
analyzed in the next section.

4 Bending modes in tubes excited by internal
pressure

Analyses by finite elements (FEM) were performed to
understand the effect of internal pressure in tubes. The tube
was divided circumferentially into 24 and longitudinally into
200 solid elements with identical properties. The first analy-
sis consisted of calculating the deflection in tubes with
axisymmetric cross sections excited by a uniform pulsating
internal pressure (free–free condition). The lateral deflection
was chosen as an analysis parameter because it better indi-
cates vibrations in bending modes. The amplitude of wall
vibration in the radial direction for a steel tube with inner
radius 4 mm, outer radius 5 mm and length 600 mm sub-
jected to a uniform and unitary internal pressure is shown
in Figure 12 for points at 0.3 L and 0.5 L, where L is the
length of the tube.

Figure 5. Example of segment (III) produced for bench test.

Figure 6. Geometries and position of the tube installed in the
segments. The red dot indicates the tube position.

Figure 7. Bench developed for testing with segments.

Figure 8. Spectra of the spatial averaging of vibrations in
pulsation excited segments.
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The response spectrum indicates a peak at the frequency
corresponding to the first axial resonant mode at 4.2 kHz
and no excitation of bending modes. The first circumferen-
tial mode is outside this frequency range. The first radial
mode is at 2.6 kHz, but is not evident due to the geometry
of the tube, which has high radial stiffness even at its
natural frequency.

Thus, based on the results shown in Figure 12, it can be
stated that the internal pressure does not excite bending
modes for tubes with symmetry in the cross section and
the radial displacement will be proportional to the internal
pressure, except the axial natural frequencies. Based on
this, it was analyzed the effect on tubes with asymmetries.
A new simulation was performed, with the deflection calcu-
lated for two situations: (1) symmetrical tube and (2) tube
with segments with different material properties, as shown
in Figure 13.

Results are shown in Figure 14, where it can be
seen that the radial deflections of the asymmetric tube in
longitudinal sections are similar to the deflections of the

symmetric cross section tube. The asymmetric tube in
longitudinal sections does not excite also bending modes,
provided the cross section axial symmetry is preserved.

A further investigation was performed with variations
in the tube cross section. The configuration of the asymme-
try generated in the tube can be seen in Figure 15, where
the upper part of the tube has slightly lower thickness.

The results of the calculated deflections, with unit
internal pressure excitation, for all points over the length
of the symmetric tube can be seen in Figure 16 and for
the asymmetric tube in Figure 17.

Figures 16 and 17 show that the deflection of the asym-
metric tube is higher at all frequencies. Thus, it is evident
that the bending modes are excited due to the asymmetry
in the cross section, which acts as a mechanism where small
asymmetries are sufficient to induce flexural deflection.

Regarding the shape of the frequency response curves, it
can be observed that only the odd bending modes were
excited, and this becomes clear by the calculated deflection,
shown in Figure 18, which also shows the receptance curve
for a point force excitation at the end of the tube. It is
observed that the internal pressure excites only the odd
modes of the asymmetric tube.

The shape of the spectrum of the asymmetric tube, indi-
cates a bending moment excitation. To show this, the
deflection of the same tube was calculated when excited

Figure 9. Operational deflection shapes for pulsation frequen-
cies of the segment with straight tube on the surface (Fig. 6.I).

Figure 10. Operational deflection shapes for the pulsation
frequencies of the segment with curved tube on the surface
(Fig. 6.II).

Figure 12. Radial response of a tube with symmetrical char-
acteristics, excited by unitary internal pressure.

Figure 11. Operational deflection shapes for pulsation frequen-
cies of segment with straight tube in the middle (Fig. 6.III).
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by unit internal pressure and by a unit bending moment
applied at both ends. The results of the deflections are
shown in Figure 19, where it can be seen that the spectra
are identical at low frequencies and coincident in all excited
modes except for the frequency of 4.2 kHz, which is the first
axial mode.

The asymmetry in the tube cross section generates bend-
ing moment. An analysis was carried out considering the
effects of stress and strain generated by pressure pulsation.
The internal pressure generates stresses in the tube wall,
and the axial stress (rzz) was calculated by Equation (1) [15]:

rzz ¼ 2mP 0a2

ðb2 � a2Þ ; ð1Þ

where P0 is the internal pressure, a is the inner radius, b is
the outer radius, and m is Poisson’s coefficient.

Therefore, the axial strain generated in symmetric cross
section tubes will be equal at any circumferential point.
However, in asymmetric tubes, the axial strain will not be
uniform, as represented in Figure 20.

The difference between the deformations of the upper
and lower parts causes a bowing shape in the tube, as
shown in Figure 21.

The resultant forces are proportional to the cross
sectional area and the axial stresses generated. The bending
moment can be calculated by multiplying the lower and
upper resultant forces by their respective distances from
the centroid of the cross section to the neutral axis:

M ¼ F u;lyu;l ; ð2Þ

in which Fu,l is the upper or lower resultant force and yu;l
is the distance from the centroid of each half to the
neutral axis.

The bending moment is related to the tube deflection by
the following equation:

M ¼ EIs
o2vðzÞ
oz2

; ð3Þ

in which IS is the moment of inertia of the cross sectional
area, E is the elasticity modulus and v(z) is the deflection.

Figure 16. Deflection in a symmetric tube, excited by unitary
internal pressure.

Figure 17. Deflection in an asymmetric tube, excited by
unitary internal pressure.

Figure 18. Deflection at the end point of the asymmetric tube
excited by unitary internal pressure and point receptance excited
by unitary force at the end of tube.

Figure 13. Comparison performed between the symmetrical
tube and the tube with different modulus of elasticity in
longitudinal sections.

Figure 14. Calculated deflection at the point at 0.3 L of the
symmetric and asymmetric tube in the longitudinal sections,
excited by unit internal pressure.

Figure 15. Geometric configuration of symmetric and asym-
metric tubes.
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Considering Euler–Bernoulli Theory the flexural wave
equation is given by [16]:

o4vðz; tÞ
oz4

� k4vðz; tÞ ¼ 0; ð4Þ

where k is the bending wave number defined by:

k ¼
ffiffiffiffiffiffiffiffiffiffi

x2m0

EIs

4

s

; ð5Þ

x is the frequency (rad/s) and m0 is the mass per unit
length.

The solution can be given by [16]:

v z; tð Þ ¼ Aejkz þ Be�jkz þ Cekz þ De�kz
� �

ejxt; ð6Þ

where A, B, C, and D are constants to be determined
through boundary conditions.

For the free–free condition, the shear force at the ends is
zero (V0,L = 0) and the moment is equal to the generated
bending moment (M0,L =M0). Applying the boundary con-
ditions and arranging in matrix form:
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; ð7Þ

the constants A, B, C and D are determined by solving the
matrix system for each frequency, and the deflection can
then be calculated by Equation (6).

Simulations were performed by FEM to validate the
developed equations. The geometry of the numerical models
were based on typical condenser tubes: length of 600 mm,
external radius of 5 mm and internal radius of 4 mm. Three
types of asymmetry were tested: (1) geometric, (2) modulus
of elasticity, and (3) Poisson’s coefficient. The mesh was
generated with 12 elements in each half cross section, which
assumed different values of thickness, modulus of elasticity,
and Poisson’s ratio in each of the configurations tested.
Figure 22 shows the mesh used in the simulations.

To generate asymmetry in the geometry, the thickness
of the elements in the upper half of the tube was considered
0.495 mm and those the lower half were 0.500 mm (Fig. 15).

The analytical calculation considering a bending
moment given by Equation (2), was applied concentrated
at each end. The analysis of the results in Figure 23 indi-
cates good agreement throughout the spectrum.

To generate asymmetry in the modulus of elasticity, a
different value was set for each element. For the elements
in the upper half 2.001 � 1011 Pa was considered and
2.000 � 1011 for the elements of the lower half. Figure 24
shows a comparison between the results, indicating good
agreement.

The simulation with different Poisson’s ratio of the
elements resulted in similar results, indicating that the same
mechanism acts in the generation of bending moment in the
tube.

The analyses performed on tubes with asymmetries in
the cross section clearly show the excitation of vibration
in bending modes caused by internal pressure, even if uni-
formly distributed along the tube inner wall. This mecha-
nism provides a distributed excitation on the structural
component. The structure responds at its natural frequency
closest to that of the internal pressure and with a mode
shape of its respective natural mode of vibration.

It is concluded that this mechanism of excitation of
bending modes can also occur in tubes even with perfect
geometric symmetry of cross section and material proper-
ties, but with assemblies that offer asymmetry in contacts
with the structure. This is typically the case for the tubes
of skin condensers which are in contact with the sheet metal
along a line only and a fraction of their outer surface in con-
tact with the thermal insulator of the cabinet wall, as
shown in Figure 2. This mounting asymmetry is sufficient
to induce bending vibration.

It should also be remembered that tube manufacturing
processes result in cross sections with slight geometric
asymmetries and variations in material properties, despite

Figure 19. Deflection at the end of the asymmetric tube
excited by pressure and bending moment.

Figure 20. Representation of axial stress generated in sym-
metrical and asymmetrical tubes excited by internal pressure.

Figure 21. Bending deformation caused in a tube with asym-
metry in the cross section.
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small they may be. Considering the asymmetries arising
from the assembly of the tubes, the excitation of vibration
in bending modes is inevitable. This mechanism explains
why the vibrations measured in the segments indicated
the forms of their natural modes and not only the region
of the plate located in contact with the tube, as would be
expected in first place if the tube presented only pulsating
vibration modes.

5 Conclusions

The experimental and theoretical analyses performed
became possible to understand the mechanism of transfor-
mation of the pulsation energy into vibration, which is
transmitted to the cabinet structure.

The experimental results showed that the segments and
the cabinet, when excited only by gas pulsation, vibrate

mainly in bending modes. Thus, the natural axial, radial
and circumferential modes of the tube do not show repre-
sentative effects when excited by pulsation and their effects
can be considered secondary in analyses of tubes with
geometries such as those used in this work.

It was possible to determine the amplitude of the defor-
mation of the tubes when excited by internal pressure. The
results found were similar to those found by finite element
which validates the analysis.

With regard to practical application, the phenomenon
described has relevance in long tubes and small diameters,
where the natural bending modes will be predominant at
low frequencies, which is also the most important range
for pulsation.
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