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To solve the problem of the harsh midlow frequency noise of rocket fairing, the cylindrical section of the protective precision
instrument fairing is simplified as cylindrical shells, and different lining strategies of melamine foam (MF) are studied ex-
perimentally and numerically. Based on Virtual.Lab Acoustic software, a finite element model of the cylindrical cavity is
established, and the correctness is verified by comparison with the measured data. On that basis, the influences of the lining
position of different thickness MF on the noise reduction of cylindrical shells are investigated. It is shown that the thickness and
location of the laying material have a significant effect on the noise reduction at the same specific gravity.

1. Introduction

In recent years, carrier rockets have been developing towards
high thrust and high load ratio [1]. As a result, the noise
environment in the cowling chamber of the rocket pro-
tecting the payload has become more severe, and the noise
control in the midlow frequency in the cavity has become
more urgent [2]. Because precision instruments and their
payloads are usually placed in the fairing cylinder section,
the internal sound field of the high-speed railway vehicle
body, aircraft fuselage, and some heavy machinery can be
converted into a similar noise reduction study in the fairing
cylinder section cavity. )erefore, the acoustic vibration
characteristics and the noise in the cylindrical shell cavity
have attracted extensive attention of researchers [3–5].

Chonan and Koriyama [6] analyzed the sound insulation
performance of finite length anisotropic cylindrical shell
structure, and the results showed that the transmission loss
in the cavity would be increased with decreasing radius and
length of the cylinder structure. Ghinet et al. [7] calculated
the model of sound transmission characteristics of interlayer
infinitely long cylindrical shell in the reverberation field. Yao
et al. [8] deduced the wave equation in uniform flow field

based on the classical thin shell theory and analyzed the
influence of incidence angle, damping thickness, and shell
thickness on STL. Denli and Sun [9, 10] take the fiber lining
direction as the design variable and increase the STL of a
composite cylindrical shell as the optimization objective,
which effectively improves the STL of the structure in the
low-frequency region. Talebitooti et al. [11] performed an
acoustic analysis of the four sides that simply supported
doubly curved composite shell interlayered with porous
materials. Valvano et al. [12] proposed a sound transmission
analytical formulation considering fractional derivatives
models for the viscoelastic damping for multilayered shells
made of composite and viscoelastic layers.

)e sound insulation performance of the cylindrical shell
itself is very limited, so passive noise reduction is used to
further enhance the noise reduction performance of the
cylindrical shell. Valvano et al. [5] developed an accurate
shell finite element model for the passive sound insulation
analysis of composite laminated structures embedding vis-
coelastic layers. Engberg and Korde [13] took the cylinder
section of a satellite fairing as the research object, established
the cylindrical shell correlation model, and studied the in-
fluence law of acoustic overlay on the noise reduction effect.
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Chen et al. [14] studied the acoustic radiation characteristics
of cylindrical shells lining viscoelastic materials and dis-
cussed the influence of the elastic modulus and loss factor of
viscoelastic materials. Lane et al. [3] used experimental
testing methods to study the effect of lining melamine foam
on the inner wall on the acoustic response of the fairing
cavity. Li et al. [15–17] studied the noise reduction of cy-
lindrical cavity lining MF in midlow frequency. Yan et al.
[18] studied the lining scheme of the acoustic cladding of
cylindrical shells and the influence of lining thickness on
noise response using the finite element simulation method.
Gohari et al. [19] presented an analytical model to embed
porous materials in a finite cylindrical shell to obtain the
sound transmission loss coefficient.

In practical application, the quality of the lining mate-
rials in the cylindrical shell cavity is strictly limited. In other
words, it is impossible to lay the noise-reducing materials all
over the shell. )erefore, it is important to select the lining
location with the best noise reduction effect when the lining
rate keeps constant. )is article selects a typical porous
sound-absorbing material MF as the acoustic covering layer.
Based on the experimental conditions, the influence of in-
stallation position and thickness of MF on the STL of the
cylindrical shell in 100–400Hz was studied. )e results will
provide a useful reference for further research on the ap-
plicable law and characteristics of acoustic overlay in passive
noise control.

2. Experimental Research

2.1. Experimental Test. To obtain the sound pressure re-
sponse values inside and outside of the cylindrical shell, a
cylindrical shell noise experiment device was established.
)e cylindrical shell was placed in the center of the rever-
beration room, and the bottom is supported by four 50mm
shock absorbing rubber pads to mimic the ideal free state.
Two loudspeakers were placed diagonally in the room to
provide sound sources. )e experimental sound source
signal was a piece of white Gaussian noise, which was passed
into the speaker through the power amplifier and finally
released by the speaker after filtering by an equalizer. After
the sound field was stabilized, the sound pressure values
inside and outside the cylinder shell cavity were obtained.

)e cylindrical shell was made of a 1mm aluminum
plate, with a height of 1125mm, an outer wall diameter of
1040mm, and a mass of 12.20 kg. )e thickness of internal
reinforcing bars was 1.50mm. )ere were 6 circular stiff-
eners and 20 longitudinal stiffeners; the internal expansion
diagram of the cylindrical shell cut along the longitudinal
ribs is shown in Figure 1. )e upper and lower end faces of
the cylindrical shell were sealed with wood boards, with a
diameter of 1180mm and a thickness of 25mm. A columnar
depression with a diameter of 1040mm and a depth of
12.5mm was set in the middle of the wood boards as shown
in Figure 2.

)ere were 27 acoustic sensors in the experiment, of
which three were located in the middle position outside the
cylinder shell and one was placed every 120° from the shell
10mm to test the sound pressure level (SPL) of the external

sound field. Two acoustic sensors were placed at 90° intervals
in the upper, middle, and lower three layers of the cylindrical
shell cavity at radius R and 0.5R, respectively, as shown in
Figure 3. Eight sensors were placed in each layer to test the
SPL in the cavity.

2.2. Experimental Test Results. )e mean value of the data
measured by the three acoustic sensors on the outer surface
of the cylindrical shell was used as the external load, and the
mean value of the data measured by the 24 acoustic sensors
inside the cylindrical shell cavity was used as the internal
response noise. )e transmission loss can be calculated by
the following formula:

STL � 10 log
W

I

W
T

  � LWI − LWT , (1)

whereWI and WT are the incident and transmitted sound
energy of the cylindrical shell; LWI and LWT are the incident
and radiated sound power level, i.e., LWI is the total SPL of
load and LWT is the total noise level in the shell cavity.
Figure 4 illustrates that in the frequency range of 0–1000Hz,
the total SPL of the load is 107.49 dB, the total noise level in
the shell cavity is 95.43 dB, and the total STL of the cylin-
drical shell is 12.06 dB. )erefore, the cylindrical shell has
certain sound insulation and noise reduction effects in the
frequency range of 0–1000Hz.

3. Finite Element Simulation Analysis

3.1. Establishment of the Simulation Model. Based on finite
element software, a finite element model consistent with the
cylindrical shell structure used in the experiment was
established. )e cylindrical shell and stiffeners were meshed
by CQUAD tetrahedral element, the upper and lower cover
plates were meshed by CHEXA tetrahedral element, and the
stiffeners were connected with the rivets on the surface wall
by RBE2 element mesh. As for the division of acoustic cavity
mesh, CHEXA hexahedral element was used to simulate the
acoustic cavity inside and outside the cylindrical shell. )e
entire simulation model contains 57897 structural elements
and 162796 acoustic elements.

)e model was imported into the acoustic finite element
analysis module of LMS Virtual.Lab acoustic software, and
corresponding grid properties and material properties were
assigned to different elements, respectively. )e material
parameters used in the simulation are given in Table 1, and
the MF acoustic parameters use the test results from Italian
SCS Institute. MPC line welding constraints were adopted to
connect the cylindrical shell with the upper and lower cover
plates. )e inner and outer sound cavities were set to couple
with the shell and the inner surface of the upper and lower
cover plate, and tolerance values of different coupling
surfaces are set according to the model. )e plane of the
lower surface of the cylindrical shell was defined as the
reflection surface, and the other outer surfaces of the finite
element model are defined as the automatic matching layer.

To simulate the experimental reverberation sound field
outside the shell, the reverberation source load (represented
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Figure 1: Schematic diagram of cylindrical shell wall expansion.

Figure 2: )e cylindrical shell test model.
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Figure 3: Schematic diagram of acoustic sensors.
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Figure 4: SPL inside and outside the cylinder without lining.
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as 24 rows of plane waves uniformly distributed in the
cylinder shell) was adopted in the simulation as shown in
Figure 5, and the value is consistent with the experimental
measurement through the load function set. )e polariza-
tion number was set to be 2. In the inner acoustic field, a field
point consistent with the test position of the experimental
acoustic sensor is established to output the sound pressure
response value of the corresponding field point. And the
corresponding SPL spectrum diagram was also obtained,
which was then compared with the experimental data to
verify the finite element model in this frequency band.

3.2. Simulation Results and Validation

3.2.1. Simulation Model Validation. A cylindrical sound
cavity model was established according to the model used in
the experiment, with the sound cavity height L and radius a.
Assuming r� a is a rigid boundary condition, the normal
frequency of a cylindrical sound cavity is [20]

ω2
lmn

c
2 �

k
2
mn

a
2 +

l
2π2

L
2 , (2)

where c is the sound velocity, l, m, and n are the orders of
natural frequency at the axial, radial, and circumferential
modes, k2mn + k2

z � ω2/c2, kmn is the n order solution of
Jm
′(Kmnr) � 0, and Jm(x) is the m-order Bessel function.
When the sound cavity is lined with MF of thickness b,

space can be divided into two parts: one is a cylindrical cavity
and the other part is the annular cylindrical MF, and the

solution of the sound pressure equation in cylindrical co-
ordinates is

pm
′(r, θ, z) � Am H

(1)
m qmnr(  + RmH

(2)
m qmnr(  

cos(mθ − φ)cos qzze
jωt

,
(3)

where qmn is the radial and circumferential wave number
(WN) inMF, qz is the axial WN inMF, H(1)

m � Jm + jYm and
H(2)

m � Jm − jYm are the primary and secondary Hankel
functions. Similar to planarWN,H(1)

m andH(2)
m represent the

m-order outside and incident waves.
Based on the rigid boundary condition at r� a, the

normalized acoustic admittance at r � rb � a − b could be
obtained as

η′(ω) � ρ0c
urm(a − b)

pm
′(a − b)

� jζ
qmn

q

Jm
′ qmn(a − b) Ym

′ qmna(  − Jm
′ qmna( Ym

′ qmn(a − b) 

Jm qmn(a − b) Ym
′ qmna(  − Jm

′ qmna( Ym qmn(a − b) 
, (4)

where ζ � ρ0c/
���
ρK


is the characteristic impedance ratio

between air and MF, and q is the total propagation constant
in the porous material.

When r � rb, the sound pressure and velocity in air and
MF should be continuous, so vrm(a − b) � vm

′(a − b) and
pm(a − b) � pm

′(a − b), and then, the equation can be ob-
tained as follows:

η′(ω) � j
kmn

k

J′ kmn(a − b) 

Jm kmn(a − b) 
, (5)

where kmn is the propagation component of internal wave in
air, and k2

mn + k2
z � k2 � ω2/c2. Since air and foam material

must have the same wave velocity at z-direction, their WN
must be identical as well, so q2mn + q2z � q2 � ω2/(k/ρ). )e
equation could be obtained as

k
2
z � q

2
z � k

2
− k

2
mn � q

2
− q

2
mn. (6)

So the normal frequency of the cylindrical sound cavity
lining MF in the cavity could be obtained as

ωlmn
′ � kc0. (7)

)e results of the theoretical values were compared with
simulation values of the normal frequency of the cylindrical
cavity with no lining and lining 40mm MF, as given in

Table 1: Material parameters used in the simulation.

ρ (kg/m3) μ E

(GPa) C (m/s) Flow resistivity
(Pa·s·m−2) Porosity Tortuosity Viscous characteristic

length (mm)
)ermal characteristic

length (mm)
Al 2710 0.34 70 — — — — — —
Wood 800 0.40 2 — — — — — —
Air 1.23 — — 346 — — — — —
MF 9.38 — — — 13000 0.97 1.05 0.064 0.207

Outer acoustic cavity 
Plane wave

Inner
acoustic
cavity

Reinforcement
rib

Wooden cover
Cylindrical

shell 

Figure 5: Finite element model of cylindrical shell.
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Table 2.)emaximum error of simulated results is 0.6% and
1.4% for the shell with and without MF, which verifies the
correctness of the finite element model.

3.2.2. Comparison of Simulation and Experimental Acoustic
Response of the Sound Cavity. Based on the finite element
simulation model, the SPL spectrum in the cylindrical shell
cavity was simulated and compared with the experimental
test. )e results are shown in Figure 6.

It can be found that the experimental results are identical
to simulation computation results within the frequency
range of 100–400Hz. Several peaks can also be observed,
which are caused by the resonance inside the sound cavity
near the resonant frequency of the sound cavity. In terms of
overall SPL, the simulation and test results of the empty
cavity and cavity lining 40mm MF only differ 1.9% and
1.6%. And it can be seen that the response peak of the noise is
shifted to the left near the normal frequency after lining
40mmMF.)is is because the propagation velocity of sound
waves in air is higher than lining MF. After lining 40mm
MF, the continuity of sound waves on the contact surface of
air and MF makes the number of waves in both of them the
same. )e axial normal frequency of the sound cavity de-
creases as a result. )e agreement between the experimental
and numerical results proves the correctness of the finite
element model.

4. Results and Discussion

To further study the law of vibration and noise reduction of
acoustic overburden, the finite element simulation method
was used to study the influence law of cylindrical shell STL of
different thickness MF lining positions and different
thickness MF under the same specific ratio in midlow fre-
quency, and the specific ratio refers to the ratio of MF lining
mass to total structural mass.

4.1.Different�icknessMFLiningPositionon thePerformance
of STL. After validation of the finite element simulation
method, the influence of different thickness MF lining
positions on the performance of STL was investigated. First,
it is necessary to get the quality of cylindrical shell structure
and the whole MF lining.)e total quality of cylindrical shell
structure was measured to be 45.68 kg. If the shell is fully
covered, the total mass of MF is 0.62 kg, 1.04 kg, and 1.24 kg
for the thickness 20mm, 30mm, and 40mm MF. However,
considering the limitation that the mass of the covering layer
is no more than 2% of the total mass of the structure, i.e.,
0.91 kg for this work, the maximum lining rate for the case of
30mm and 40mmMF was limited at 88% and 73%,
respectively.

As shown in Figure 7, the cylindrical shell is divided into
5 layers, which are numbered from top to bottom 1–5 in
sequence. Within the frequency range of 100–400Hz, the
wavelength of sound waves is 0.865–3.46m, which is greater
than the height of each layer of the sound cavity 0.225m. For
this case, if the lining rate is too high, the location distri-
bution of MF in the cavity has little influence on the STL; if

the lining rate is too small, the noise reduction effect in the
cavity is poor, which makes the difference of STL caused by
the location distribution without lining materials difficult to
distinguish. Based on the above, 3 layers of MF were selected
from the 5 layers, that is, the lining rate of MF was 60%.
)erefore, there are altogether 10 lining schemes of different
lining types. Considering the response mode of the sound
cavity of cylindrical shell, 4 lining schemes of symmetrical or
antisymmetric lining types were selected: 1-2-3, 2-3-4, 3-4-5,
and 1-3-5. Based on the finite element software, the cor-
responding finite element models were established for the
four types of lining, respectively. In the acoustic finite ele-
ment analysis module of LMS Virtual.Lab software, the
acoustic cavity response of the cylindrical shell in the fre-
quency range of 100–400Hz under different thicknesses was
calculated.

4.1.1. Influence of Different Lining Position of Lining 20mm
MF on STL. According to the four lining types selected
above, lining 20mmMF is at the corresponding position and
establishing the corresponding finite element model. )e
acoustic grid of the lining MF was defined as the type of
porous material, and the acoustic cavity response of the
cylindrical shell was simulated within the frequency range of
100–400Hz. )e result is shown in Figure 8.

It can be seen from the figure that the SPL curves of the
four lining types are basically the same, which means the
influence of the four different lining types on the STL of the
structure is negligible. Between the normal frequency of
312Hz and 348Hz, the peak value is slightly different. From
the analysis of the total SPL, the four lining types of 1-2-3, 2-
3-4, 3-4-5, and 1-3-5 are, respectively, 88.99 dB, 88.86 dB,
88.45 dB, and 89.00 dB. )e maximum difference of the
overall SPL in the cavity is only 0.55 dB, indicating that the
different lining positions of lining 20mm MF have little
influence on the STL of the cylindrical shell.

4.1.2. Influence of Different Lining Position of Lining 30mm
MF on STL. According to the above method, the acoustic
cavity response of the cylinder shell lining 30mm was
simulated within the frequency range of 100–400Hz. )e
result is shown in Figure 9.

It can be seen from the figure that the SPL curves of the
four lining types are basically the same within the fre-
quency range of 100–260Hz. However, to some extent,
they are different within the frequency range of
260–400 Hz, especially the 3-4-5 lining scheme, there is a
significant decrease in the peak value of the SPL corre-
sponding to the normal frequency of 312 Hz.)e total SPL
of four lining types of 1-2-3, 2-3-4, 3-4-5, and 1-3-5 are,
respectively, 87.31 dB, 87.08 dB, 86.59 dB, and 87.22 dB;
among them, the difference of the STL of 1-2-3, 2-3-4, and
1-2-3 lining schemes are only 0.23 dB; 3-4-5 lining scheme
can be further increased by 0.49–0.72 dB, but the effect is
not significant, which shows that the different location of
30mmMF lining to the influence of the cylindrical shell
STL is still small.
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4.1.3. Influence of Different Lining Position of Lining 40mm
MF on STL. In the same way, the frequency spectrum of SPL
with different lining schemes of lining 40mm MF is cal-
culated by simulation. )e result is shown in Figure 10.

It can be seen from the figure that the SPL curves of the
four lining types are basically the same within the frequency
range of 100–260Hz. However, the SPL curves are greatly

different in within the frequency range of 260–400Hz. In
particular, the 3-4-5 lining scheme significantly reduces the
STL within the frequency range of 275–325Hz compared
with other schemes.)e total SPL of four lining types of 1-2-
3, 2-3-4, 3-4-5, and 1-3-5 are, respectively, 85.62 dB,
85.23 dB, 84.63 dB, and 85.45 dB; among them, the differ-
ence of the STL of 1-2-3, 2-3-4, and 1-2-3 lining schemes are

Table 2: Comparison between theoretical and simulation values of normal frequency.

Mode
Without MF lining (Hz) 40mm MF lining (Hz)

)eory Simulation )eory Simulation
(1, 0, 0) 153.8 153.8 137.9 138
(0, 0, 1) 193.5 195.0 180.2 180.1
(1, 0, 1) 248.4 248.1 223.3 224.0
(2, 0, 0) 307.6 307.6 274.3 275.8
(0, 0, 2) 321.0 323.1 285.0 287.7
(1, 0, 2) 355.9 357.8 316.4 320.9
(2, 0, 1) 363.4 365.7 319.3 323.7
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Figure 6: (a) Comparison of simulation analysis and test of the cavity response without MF lining. (b) Comparison of simulation analysis
and test of the cavity response with 40mm MF lining.
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Figure 7: Schematic diagram of layered ring stiffener of cylindrical shell.
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only 0.39 dB; 3-4-5 lining scheme can be further increased
by 0.60–0.99 dB, indicating that the different lining po-
sitions of 40mm MF lining have evident effect influence
on the cylindrical shell STL. Compared with lining 20mm
and 30mm MF, the STL of the cylinder shell with 40mm
MF was slightly increased in different lining schemes,
among which the noise reduction effect of the 3-4-5 lining
scheme was better, which could be seen to be caused by its

better noise reduction performance at the nondegenerate
frequency.

4.2. Influence of Different �ickness MF under the Same
Specific Gravity Ratio. When the specific proportion of
lining material in the cavity is certain, there are two lining
schemes to optimize the STL of the shell: one is to reduce the
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Figure 8: )e sound pressure spectrum in the cavity of different lining schemes lining 20mm MF.
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Figure 9: )e sound pressure spectrum in the cavity of different lining schemes lining 30mm MF.
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Figure 10: )e sound pressure spectrum in the cavity of different lining schemes lining 40mm MF.
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thickness of lining material to improve the area of lining and
the second is to adjust the lining location of sound ab-
sorption and lay thicker sound absorption materials at this
location. To select a more reasonable lining method, the
lining rate of 20mm, 30mm, and 40mm MF is set to be
100%, 66.70%, and 50%, respectively, which ensures the
specific ratio of the three lining materials is the same and do
not exceed the stipulated limit.

)e research in Section 4.1 indicates the optimal solution
of MF lining of the cylindrical shell is 3-4-5 type, i.e., lining
MF from bottom to top, as shown in Figure 11. Same as the
method in Section 4.1, establish finite element models of
different schemes and simulate acoustic cavity response of
the cylindrical shell within the frequency range of
100–400Hz. )e result is shown in Figure 12.

It can be seen from the figure that within the frequency
range of 280–320Hz, the wavelength of sound waves is
similar to the length of the sound cavity, and lining 40mm
(50% laying) MF has the best noise reduction effect.
However, in the frequency range of 100–280Hz and
320–400Hz, the trends of the SPL curve of different lining
schemes are the same; only the response peaks corre-
sponding to the normal frequency are different. From the
perspective of overall SPL, the total SPL of three lining
schemes (20mm, 100% laying; 30mm, 66.7% laying; and

40mm, 50% laying) is 87.52 dB, 86.99 dB, and 86.75 dB.
Compared to the results in Figure 6(a), STL of the three
lining scheme is 6.33 dB, 6.86 dB, and 7.10 dB. )e result
shows that, under the same specific gravity ratio, the thicker
the layer is, the better the noise reduction effect at midlow
frequency is. It also can be seen that the increment of STL
decreases with the increase of the thickness of the layer.
)erefore, within the limited specific gravity ratio of lining
material in the cavity, the thicker material is suggested to be
laid in the position with the highest noise reduction effi-
ciency to achieve the optimal noise reduction effect of
midlow frequency.

5. Conclusion

)is study takes the aluminum cylindrical shell lining MF as
the research object, establishes the finite element simulation
model of aluminum and aluminum cylindrical shell lining
MF, and verifies the correctness of the finite element model
within the frequency range of 100–400Hz. Aiming at the
noise reduction problem of the cylindrical shell, the influ-
ence of lining position of different thickness MF is first
studied. Based on the results, the optimal laying scheme
under the same specific gravity ratio is then investigated, and
the following conclusions are obtained:

40mm 50% lining

30mm 66.7% lining

20mm 100% lining

Figure 11: Different lining schemes under the same specific gravity ratio.
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Figure 12: )e sound pressure spectrum in the cavity of different lining schemes under the same specific gravity ratio.
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(1) When the laying rate of MF lining is 60% and the
thickness of MF is greater than 6% of the cavity
radius, the performance of STL is obviously im-
proved with thicker MF despite different laying
position. Among them, the STL of the 3-4-5 lining
scheme can be further increased by 0.49–0.99 dB
compared with other lining schemes.

(2) At the same specific gravity ratio, the noise reduction
amount in the midlow frequency in the cavity in-
creases with the increase of material thickness, but
the increment decreases. Moreover, the difference of
the noise reduction effect is mainly reflected in the
frequency band where sound wavelength and sound
cavity length are close to each other.

(3) At midlow frequency, when the internal lining
materials are limited by a gravity ratio, it is suggested
to lay thicker materials in the position with high
noise reduction efficiency to achieve a better noise
reduction effect, rather than choosing thinner ma-
terials for more area of lining
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