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In this study, the fatigue life prediction in hypersonic vehicle noise environment is researched under the structural vibration
caused by the engine jet noise and the aerodynamic noise. A �nite element analysis model is �rst established, and then natural
frequency and vibration mode are obtained. According to the modal analysis, the vibroacoustic coupling calculation is �nished in
the dynamic analysis software. Modal participation factor, modal displacement, and the power spectral density of the stress
response on the coupled surface are acquired.�e �nite element, border component, and vibrating stress analytical techniques are
also employed in this research to predict the acoustical fatigue performance of the tail �ns of a speci�c type of spacecraft. On the
basis of vibration fatigue theory, identi�ed material S–N curve, and linear cumulative damage theory, the Dirlik model in the
frequency domain method for vibration fatigue is used to predict the fatigue life of empennage. According to the characteristics of
the acoustic load, e�ects of the load characteristics, and damping ratios on the fatigue conditions, the design of the antifatigue
design is put forward.

1. Introduction

Hypersonic aircrafts are subjected to high-frequency vi-
bration loads during �ight, and these loads are mainly
caused by the jet noise of the engine propulsion system and
the aerodynamic noise in the �ight mission. �e energy of
the strong noise in the atmosphere and body of the hy-
personic �ight engine are far more than those in an or-
dinary aircraft. �e positions near the engine in high strong
parts, such as the engine combustion chamber and tail skin,
are prone to increasing fatigue problems. When the sound
pressure level of the surface of the aircraft exceeds 130 dB,
the structural components are subject to high-intensity
noise �uctuations that cause the occurrence of resonance or
forced vibration, which generates stress brought by
structural damage. �e sound sensitive equipment in the
cabin may also be greatly a�ected [1]. Hypersonic vehicles
move quickly greater than �ve times the sound speed,

enabling a new category of aircraft vehicles capable of
providing quicker space travel, extensive military reaction,
and economic airline travel. �e body frame, body tem-
perature defense system, fuel storage, and wings layout are
the main components. Studying the sonic fatigue of the
position at high sound intensity is important. However, the
cost of the noise test is often high, the design cycle is long,
and the test procedure is complicated. �erefore, research
on the acoustic load response and the acoustic fatigue
calculation technology of aircrafts must be increasingly
conducted [2, 3]. �e nonlinear combination between such
a high frequencies ultrasound waves and a much shorter
wavelength structure motion is used in the Vibroacoustic
Modulation technique. �e nonlinear surfaces are where
this interaction occurs. It monitors fatigue and stress-
corrosion damage development in metal using in-plane
nonresonance extremely lower frequencies tension vibra-
tions [4].
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A novel optimization framework on the basis of a
multidisciplinary optimization procedure is applied to the
vibroacoustic finite element method (FEM) model of an
aircraft fuselage mock-up [4–6]. *e current frequency
domain methods then simulated the analogue spectrum and
selected three materials for comparison in the different
frequency domain methods [7, 8]. A random vibration fa-
tigue life estimation of the sample method was proposed
through the method with spectral density to describe the
characteristics of the wide band random vibration. Several
factors of vibration fatigue were also studied. By conducting
the time-domain simulation to the power spectral density,
the distribution function of loaded rainfall amplitude was
obtained, and the vibration fatigue life of the structural was
calculated [7, 8]. *e modal analysis of the whole state of a
certain aircraft in a free state was carried out, and the
random vibration response analysis of the structure under
aerodynamic noise was performed. Good results were ob-
tained and compared with the experimental results. *e
fatigue life formula under narrowband random vibration
was deduced. Based on the study of differently shaped power
spectral density (PSD) correction results and Dirlik, the
fatigue life estimation formula for broadband random load
was established in 2005 [6, 9]. A Power Spectral Density
(PSD) is a metric that compares the power level of a
transmission to its wavelength. Broadband randomized
events are often described using a PSD. *e spectral reso-
lution used to encode the data normalizes the PSD’s
loudness [10]. Although the sound fatigue problems of the
engine and the inlet were widely analyzed in existing lit-
erature, research on the sound fatigue of the tail, the fuselage,
and the wing in the hypersonic environment is scarce. *e
vibration fatigue caused by noise load in hypersonic envi-
ronment was investigated in this study.

2. Main Research Content and Methods

Based on an aerospace plane, this study focuses on the
sound–vibration coupling phenomenon of the lightweight
V-tail under the engine take-off noise environment; it also
estimates the sound fatigue life on the basis of the structural
dynamic response obtained from the sound–vibration
coupling analysis. On this basis, several influencing factors
of acoustic fatigue are proposed, and a set of more complete
acoustic fatigue life prediction schemes are summarized.*e
main research contents of this article include the following:

(1) Modal analysis based on FEM.
(2) Acoustic–vibration coupling calculation based on

modal.
(3) Acoustic fatigue calculation based on dynamic

response.
(4) Research on the influencing factors of acoustic

fatigue.

*e objective of dynamic analysis in structural me-
chanics would be to identify an object’s or structure’s in-
herent dynamic characteristics and energies under simple
vibration. A physical object can also be tested to identify its

native frequency and modulus. Acoustic fatigue is a con-
dition that occurs when pipework is subjected to excessive
tension as a result of excessive noise. High sound at pressures
lowering devices like pressure regulator or limitation holes
stimulates downstream pipeline, causes piping shaking, and
puts a great deal of stress upon that branches or welded
support.

2.1. Method of Fatigue Life under Sound Vibration Judge
Coupling. A coupling coefficient (λc) can be used to de-
termine whether the coupling action must be considered in
the coupling problem [11]. Many unfavorable events can
occur from sonic coupling between the components of a
microarray transducer. Coupling coefficients are generated
through lateral mode creation in the components and also
surfaces and lamb waves in the backup and front corre-
sponding levels.

λc �
ρ0c
ρtTω

, (1)

where ρ0 is the density of the fluid, c is the velocity of the
sound in the fluid, ρt is the density of the structure, T is the
equivalent thickness of the structure, and ω means the
angular frequency.

For the acoustic field under the action of random sound
field, the range of angular frequency is large, with which the
coupling effect is obvious in the data calculation. *erefore,
the coupling effect should be considered.*e stress response
of the structure under the acoustic load is studied. Con-
sidering the characteristics of the sound load, the sound field
of the model is simulated.

2.2. Definition of the Coupling Surface. For structural and
acoustic grids, establishing a data transfer to present a
coupling relationship is necessary. Similarly, defining the
mapping relationship between both grids is important [12].
Given that nodes and units between different types of grids
are not one-to-one, the mapping between grids must be
defined. *e coupling between the structure and the fluid
medium does not exist entirely on the whole structure. In
this case, defining a coupling surface is necessary to well
simulate the real situation. *e process of defining the
coupling surface actually implements the transfer process
between the grid data. *e mapping algorithm includes the
node number, maximum distance, element maximum dis-
tance, and conservative maximum distance. For the maxi-
mum distance algorithm, also defined as the number of
influence nodes or maximum distance, the value of the target
node is determined by the value of the source node, as in
Figure 1. *e specific formula is as follows:

PTarget �


N
i�1 P

Source
i /di 


N
i�1 1/di( 

, (2)

where PTarget refers to the target—the value of the node; di is
the radius; PSourse

i is the value on the source node.
To decouple the kinetic equation represented by the

physical coordinates, switching to the modal coordinate
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system is necessary. According to the orthogonality of the
eigenvector, the modal matrix, modal mass, modal stiffness,
modal damping, and modal coordinates can be defined
separately [13]. *e vibration displacement can be written as
follows:

u{ } � η1 ϕ1  + η2 ϕ2  + · · · + ηn ϕn  � Φ η , (3)

where η  �

η1
η2
⋮
ηn

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠ is a vector of modal participation

factors ηr.

*rough the above transformation, the original coupling
of the kinetic equation into the decoupled modal coordinate
system under the modal equation is

Mr€ηr + Cr _ηr + Krηr � Fr, r � 1, 2, . . . , n. (4)

By solving the kinetic equation of n independent modal
coordinates represented by the above equation, we can
obtain the modal participation factor corresponding to the
modal coordinates under modal coordinates, including the
displacement response of the system in the physical coor-
dinate system. *e dynamic response of the system is
superimposed by the modal response of each order. *e
modal participation factor indicates the proportion of the
modes in the total response. *e participation factor is only
related to the system structure parameters and has nothing
to do with the disturbance.

2.3.Model of Fatigue Life Estimation. *e frequency domain
method is used to describe the stress information of the
stochastic process with the spectral parameters of the re-
sponse power spectral density. *en, the S–N curve and
fatigue cumulative damage theory are used to calculate the
life.

Regarding the random process for various states,
a statistical function of the sample function can be used
to describe the statistical characteristics of the entire
process [13]. In general, the environmental vibration of
an aircraft has a steady state of various properties. *e
first-order amplitude probability density function is
defined as

p qi(  � lim
Δqi⟶ 0

lim
1
T



∞

i�1
Δti

T⟶∞

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦. (5)

According to Miner linear damage theory, the structure
is due to the stress cycle of different stress levels. *e total
fatigue damage of the structure is

D �  Di � 
ni

Ni

, (6)

where the stress level is expressed, indicating the corre-
sponding fatigue life at the stress level. In a certain time T,
the stress range in the number of cycles is

ni � ]Tp Si( ΔSi, (7)

where ] is the number of stress cycles per unit time, and
p(Si) is the probability density function of stress
amplitude.

*e time of fatigue damage can be obtained using the
following:

D � ]T 
∞

0

p(S)

N(S)
dS. (8)

According to the fatigue damage criterion, the structure
is destroyed, and the fatigue life is

NT �
1

]
∞
0 (p(S)/N(S))dS

. (9)

*e fatigue life of the structure depends on the stress
response density. *e broadband distribution method is
used to calculate the probability density of the rain flow
amplitude.

Dirlik’s Monte Carlo time-domain simulation is con-
ducted to study the power spectral density function of
different shapes. Four inertia moments are used to describe
the amplitude density function. *e velocity or path of
moving object is controlled by four inertial moments. *e
ability of items to continue travelling in a single direction at
a constant pace when no pressures occur on them would be
one example of this feature. Both a translational and a
rotating component may be present in the averaged
movement [14].

2 4

3

d3
d1

Target-node
Source-node

d2 d4

1

Figure 1: Diagram of data transfer.
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p(S) �
D1/Q( e

(−Z/Q)
+ D2Z/R

2
 e

−Z2/2R2( ) + D3Ze
−Z2/2( )

2 ���
m0

√ ,

(10)

where 0 is the order spectrum moment.

D1 �
2 χm − c

2
 

1 + c
2 ,

D2 �
1 − c

2
− D1 + D

2
1

1 − R
,

D3 � 1 − D1 − D2,

Z �
S

2 ���
m0

√ ,

Q �
1.25 c − D3 − D2R( 

D1
,

R �
c − χm − D

2
1

1 − c − D1 + D
2
1
,

c �
m2
�����
m0m4

√ ,

χm �
m1

m0

���
m2

m4



.

(11)

*e noise signal of the aircraft is a high-frequency
broadband random signal. *e Dirlik model is simple, fast,
and suitable for wideband signal.

2.4. Average Stress Correction. In different stages of life, the
effect of average stress is not the same; for different materials,
the effect of average stress is also not the same. To consider
the effect of average stress on fatigue life, especially the high-
cycle fatigue life, Gerber et al. proposed different correction
methods. Meanwhile, Goodman proposed a revised method.

Goodman’s mean stress correction equation is as
follows:

Sa

Se

+
Sm

Su

� 1. (12)

S a is the stress amplitude, Sm is the average stress, Se is
the symmetrical cyclic stress, and Su is the strength limit.
Goodman’s formula, especially in the fatigue limit, has a
small error in processing the average tensile stress.

2.5. Process of Fatigue Life Analysis. Process of fatigue life
analysis is shown in Figure 2.

3. Acoustic–Vibration Coupling Analysis
Based on Modal

3.1. Modal Analysis Based on FEM

3.1.1. Establishment of FEM. Taking the left side of the tail of
a type of spacecraft as the object of study, the CAD diagram
of the tail model is established in Figure 3.

*e FEM of the tail fin is also established. With geo-
metric cleanup, geometric simplification, topological res-
toration, and topological improvement, the resulting
simplified FEM is shown below (skin hiding) in Figure 4.

3.1.2. Division of 2D Grid and Boundary Constraints. To
facilitate the analysis of sound and vibration, the structural
meshing should be consistent with the acoustic grid, that is,
to meet the requirements in the acoustic simulation software
for grid size. In the analysis of dynamic software, sound
reflection and diffraction and refraction effects are consid-
ered [15]. *e grid size is too large and may lead to a great
error in the accuracy of the calculation results. For a linear
finite element and a boundary element model, at least six
cells in a minimum wavelength and at least three units for

Coupling degree
analysis

Finite element analysis

Structural model

Structure grid Pneumatic grid

Modal calculation

Modal participation factor

Acoustic-vibration coupling calculation

Modal displacement

Material S-N curve

Stress response power spectral density

Cumulative damage theory

Fatigue analysis model

Average stress correction
Sound fatigue life

Noise spectrum

Figure 2: Process of fatigue life analysis.

Figure 3: CAD diagram of a tail model.
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the quadratic unit are assumed. Given that the linear unit is
used here, assuming that the propagation speed of sound is c
and the highest frequency is fmax, the unit length L which was
divided should meet the following conditions [16]:

L≤
c

6fmax
. (13)

In this study, the fluidmedium is air, the speed of sound is
340m/s, the maximum frequency calculated is 4000Hz, and
element length L≤ 14.2mm is obtained by substituting the
formula.*e 14mm size is selected as the grid standard size to
be divided. *e divided grid cells are illustrated in Figure 5.

*e meshing adopts quadrilateral elements as the main
method and triangular elements as the auxiliary method,
which not only ensures the calculation accuracy, but also
considers the calculation speed. *e final divided mesh unit
is shown in Figure 5.*e full tail model is divided into 19366
meshes and 18037 nodes.

Select the mesh node at the end as the slave node, the
master node is automatically obtained through the geo-
metric relationship, constrain the first 5 degrees of freedom
of the master node, and release the sixth degree of freedom,
that is, the rotation degree of freedom around the rudder
axis in Figure 6.

3.1.3. Setting of the Material and Grid Properties. Four main
materials are used: T300/603A, T300/603A, TC4, and
30CrMnSiA, as displayed in Figure 7. *ickness of tail wing
parts is given in Table 1.

3.1.4. Performance of Modal Analysis. As the maximum
external excitation frequency of 4000Hz, the frequency
range of the solution modal control is 1–6000Hz, the modal
solution, to ensure the accuracy of the results and consider
the calculation cost at the same time.

3.1.5. Modal Analysis Results. Table 2 shows the natural
frequency of the model as a whole. *e range of the
natural frequency values of the first-order to the 900-

Figure 4: Simplified model of geometric relationships.

Figure 5: Grid division.

Rbe2

Figure 6: Grid division.

Tail skin

Titanium alloy skeleton

Rudder sha�

Composite skeleton

Figure 7: Material of the wing components.

Table 1: *ickness of tail wing parts.

Numbering Name Material *ickness (mm)
1 Skin 2A14 2.2
2 Rudder shaft 30CrMnSiA 10
3 Ribs T300/603A 1.5
4 Side ribs TC4 10
5 Trailing edge T300/603A 3
6 Wall T300/603A 3
7 Beam TC4 4
8 Reinforced ribs TC4 12

Mathematical Problems in Engineering 5



order modes of the model is 33.5774–6000.4287 Hz. *e
table also presents the natural frequency values for
several typical orders.

3.1.6. Modal Vibration Mode. In this study, the excitation is
the acoustic load, and the frequency is high. *erefore, the
high-order mode should be calculated while studying the
low-order mode. In Figures 8–11, high-end mode selections

31, 153, 495, and 900 correspond to the natural frequency
values of 1000, 2000, 4000, and 6000Hz.

3.2. Acoustic Coupling Calculation. Importation of structure
grid, modal, and acoustic grid ware: Acoustic grid in-
volvement is a valuable diagnostic technique for deter-
mining which areas of a building contribute considerably to
the internal acoustics. Modal analysis aids in determining
the vibration signals of a physical building component by
displaying the activity of various portions of the building
under dynamic loads, including those caused by electrostatic
controllers’ lateral loads [10]. Grid ware is constantly looking
for changes that may affect the grid’s overall performance.

Table 2: Natural frequency.

Modal order Natural frequency (Hz)
1 33.5774
2 36.7333
3 153.0123
4 208.4317
5 397.1541
⋮ ⋮
31 1012.5375
⋮ ⋮
153 2004.5829
⋮ ⋮
495 4005.2000
⋮ ⋮
900 6000.4287

Translational displacement magn
Occurence 31

On Boundary

mm
69.9
62.9
55.9
48.9
41.9
34.9
27.9
21
14
6.99
0

Figure 8: Order mode.

Translational displacement magn
Occurence 153

40.6
36.1
31.6
27.1
22.6
18.1
13.5
9.03
4.52
0

On Boundary

45.2
mm

Figure 9: 153rd order mode.

mm

Translational displacement mag
Occurence 495

On Boundary

43.6
39.2
34.9
30.5
26.2
21.8
17.4
13.1
8.72
4.36
0

Figure 10: 495th order mode.

Translational displacement magn
Occurence 900

On Boundary

mm
41.7
37.6
33.4
29.2
25
20.9
16.7
12.5
8.35
4.17
0

Figure 11: 900th order mode.

Figure 12: Acoustic grid.
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*e technology identifies defects earlier and in live time,
allowing you to arrange rapid adjustments and respond
quickly to acoustics emergencies. With the boundary ele-
ment method used for acoustic numerical calculation, the
structure grid, acoustic grid, and structure modal are im-
ported. Acoustic grid panels have a tiling pattern that aids in
the absorbing of reflecting waves, allowing audio to be
clarified and improved in a space. Because of their size, those
screens are good for treating vast areas of a space at the same
time. *e grid of the analysis structure uses the modal
analysis grid. *e acoustic grid is divided by a 2D grid. *e
envelope surface of the structure is first adopted, and then
the surface mesh on the envelope surface is divided. To
ensure that the structure grid and the acoustic grid have a
good correspondence, the standard size is calculated, and the
selected acoustic grid size is 14mm.

Definition of sound load: *e external sound load data
are obtained from the measured sound pressure level
spectrum, as shown in Figure 12.*e acceptance test and the
identification test sound pressure level spectrum correspond
to the solid part and the broken line part in Figure 13. *e
experiment time is one and three minutes, respectively [16].
*e given spectrum is octave, the frequency of each center
band is twice the frequency of the center band of the pre-
vious band, and the sound pressure level corresponding to
each center band is read and tabulated as in Table 3.

Definition of the sound source for the random diffusion
of the sound field and the determination of the sound field of
the sound pressure distribution by the spectrum [17]: A
noise spectrum is the given data in Table 4. *us, the sound
pressure level must be converted to sound pressure to obtain
the sound pressure spectrum [18].*e conversion formula is

pe � pref × 10 Lp/20( 
. (14)

Definition of the sound load concept and the selection of
an idealized distribution of the reverb distribution: In the
space where the diffuse sound field is satisfied, the sound

150

160

140
100 1000 10000

So
un

d 
pr

es
su

re
 le

ve
l (

dB
)

Frequency (Hz)
10

Acceptance
Identification

Figure 13: Noise spectrum.

Table 3: Noise acceptance test sound pressure level spectrum.

Center frequency (Hz)
Sound pressure level within octave

bandwidth (dB)
Acceptance level Appraisal level

31.5 146 150
63 150 154
125 153 157
250 154 158
500 155 159
1000 156 160
2000 154 158
4000 150 154

Table 4: Sound pressure spectrum.

Center frequency
(Hz)

Sound pressure
level (dB)

Sound pressure effective
value (Pa)

31.5 150 632.4
63 154 1002.4
125 157 1415.9
250 158 1588.7
500 159 1782.5
1000 160 2000
2000 158 1588.7
4000 154 1002.4

Mathematical Problems in Engineering 7



field distribution statistics of each point are uniform ev-
erywhere, and the acoustic energy probability from each
direction is the same. To achieve these conditions, fully
reflecting the various walls of sound waves is necessary. *e
24 unrelated plane waves, evenly distributed in the structure
of the spherical sphere, are defined. *e spherical radius is
obtained using the algorithm automatically in Figure 14.

3.2.1. Definition of the Coupling Surface. *e surface skin of
the V-tail is in direct contact with the sound field, and the
equivalent thickness of the skin is minimal. *erefore, the
contact surface between the skin and the sound field is a
strongly coupled region, so that all external skin grids are
selected in addition to the control rudder shaft. *e cor-
responding sound field grid is defined as the coupling
surface in Figure 15.

3.2.2. Definition of the Coupling Surface. In this study, the
acoustic excitation is reduced to 24 plane waves, which are
equivalent to 24 irrelevant excitation conditions. Under
different operating conditions, the software calculates the
participation factors of the modal modes. Here are a few
typical equations in the first modal participation factor
schematic in Figures 16 to 19.

In contrast to the natural frequency table, all modal
participation factors have a maximum value near their
corresponding natural frequency. For example, the seventh-
order modal participation factor is maximized at a frequency
of approximately 500Hz. *e seventh-order mode has the
largest proportion of the total response caused by the ex-
ternal excitation at a frequency of 500Hz.

3.2.3. Displacement Response Result. In this study, the
acoustic load spectrum is the octave spectrum; thus, the
frequency range is 31.5–4000Hz, and the incremental step is
octave increment; that is, the frequency of the latter step is
twice as long as the previous step. *is section gives the
displacement response under all the calculated frequency
excitations under Principal Component 1. As the excitation
frequency increases, the displacement response of the
structure becomes more complex, and the response am-
plitude becomes smaller in Figure 20.

3.3. Stress Response. *e response of the structure under the
action of each plane wave is calculated. In this section, the
response of the random response is calculated using the
coupling response. Given that the defined plane waves are
irrelevant and the coefficient of the participation of Principal
Component is 1, it is a unit diagonal matrix. *e response of
each plane wave is synthesized. A random response of the
random field is calculated, and all the nodes on the coupling
surface are chosen to calculate the stress response. *e stress
response can be obtained from the power spectral density.
Figures 21 and 22 illustrate the stress and power spectral
density of the x and y directions of the mesh cell number
8755; the z-stress in the 2D element is zero. Many peaks can
be seen in the stress response power spectral density, which
indicates that the structural vibration is caused by multi-
mode superposition, and the structural response is expressed
as wideband multimodal.

4. Sound Fatigue Calculation

4.1. Stress–Life Curve. *e typical stress–life curve (S–N
curve) can be divided into three segments: low-cycle fatigue
zone, high-cycle fatigue zone, and subfatigue zone. When the
external load stress is less than the fatigue limit (i.e., infinite
life), in general, take N, which is equal to the corresponding
stress value. When the stress is equal to the tensile strength of
static tension, the life is a stretching time; in the subfatigue
zone, the S–N curve in the logarithmic coordinate system is
almost a straight line. In a fatigue analysis, S stands for the
stress range that is used to compute the deterioration [19, 20].
It is useful to determine the number of required cycles till a
material fails, but it does not tell you how much fatigue
damages the materials before the material fails.

Access to information obtained 2A14 aluminum alloy
tensile strength σb � 440MPa; the fatigue limit
Sae � 130MPa. Use the power function formula:

S
α
N � C. (15)

On both sides of the above pairs of logarithms,

Figure 14: Sound pressure distribution.

Figure 15: Coupling surface.
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lgN � a + blgS, (16)

where a and b are the material constants, and the empirical
formula of the S–N curve of the power function is a straight
line on the double logarithmic plot [21].

By studying the effect of loading frequency on the fa-
tigue life curve of metal materials, their loading frequency
has little effect on the S–N curve when the metal materials
only undergo elastic deformation, as shown in Figure 23. In

this study, the fatigue life curve is calculated by static
fatigue.

4.2. Fatigue Life Analysis =eory. *is research chooses
Miner linear superposition theory.

*e fatigue life estimation method of Dirlik model is
adopted. *e frequency domain method is used to describe
the stress information of the stochastic process with the
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spectral parameters of the response power spectral density.
*en, the life is calculated by combining the S–N curve and
fatigue cumulative damage theory [22].

*e noise signal of the aircraft is high-frequency
broadband random signal. *e Dirlik model is simple, fast,
and suitable for wideband signal. In this study, the Dirlik
model is selected, and the Goodman linear formula is used to
calculate average stress.

4.3. Sound Fatigue Life Results. After determining the
stress–life curve of the material, fatigue cumulative damage
theory, fatigue life estimation method, and correction
method, the external skin of the tail fin is selected as the
acoustic fatigue life in Figure 24.

*e analysis of Table 5 shows that hot spot 1 is the largest
point of damage, and its damage value is 1 × 10− 3.26 under a
standard load. According to the linear fatigue damage ac-
cumulation theory, the life under a standard load is
D � 1÷(1 × 10− 3.26) � 1830. Since the action time of a
standard load is 10000s, the vibration fatigue life of hot spot
1 is 1.83 × 107s.

*e fatigue risk of the tail is the skin at the root of the tail
near the rib and the skin at the wing tip.

*e research project has not yet been tested at this stage.
*erefore, no test data are compared. To discuss the credibility
of the results, the findings are compared with those of the
present study. In the study of the estimation of random
acoustic fatigue life based on the rain flow counting method,
the estimated life of open cylindrical shell is calculated at 140dB
of the total sound pressure level. Jin Luanshan and Li Lin stated
that the fatigue life of an aeroengine is calculated on the basis of
Dirlik’s broadband process theory. Zhang Xiuyi studied the
properties of the plate, curved plate, stiffened plate, and
honeycomb in the design of the acoustic fatigue analysis and
the acoustic fatigue design of the aircraft structure. *e cal-
culation results are similar. In this research, the thickness of the
aluminum skin is 4.4mm. Hence, although the load is greater,
the sound fatigue life is relatively improved.

5. Influencing Factors of Acoustic Fatigue Life

*eoretically, the factors that affect the cycle fatigue life of the
structure also affect the vibration fatigue life, in addition to some
factors on the vibration fatigue life of a greater impact, especially
the dynamic characteristics of the structure, including natural
frequency and damping ratio.*eproblemof the load on sound
fatigue is particular that it needs further study.
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Figure 21: Location of ID 8755.
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Figure 24: Tail hot spots inside and outside the tail.

Table 5: Hot damage index and life expectancy.

Hot spot Grid number Damage index Fatigue life (s)
1 1212 −3.26 1.83 × 107
2 6951 −3.43 2.70 × 107
3 6974 −3.46 2.89 × 107
4 1630 −3.47 2.97 × 107
5 6796 −3.54 3.51 × 107
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5.1. Effects of Load Characteristics. *e noise environment of
the aircraft at different times varies, and the new noise test
data in the new operating conditions are shown in Figure 25.
As a result of the use of the 1/3 octave spectrum, the mea-
surement data points likely use the same method in Table 6.

Table 6: Sound pressure spectrum.

Frequency (Hz) Sound pressure level Lp

Sound pressure
spectrum pe(Pa)

25 134.8 109.9
31.5 138.1 160.7
40 138.8 174.2
50 142.0 251.8
63 144.4 331.9
80 144.6 339.6
100 144.9 351.6
125 145.1 359.8
160 144.4 331.9
200 145.1 359.8
250 146.0 399.1
315 146.5 422.7
400 147.7 485.3
500 146.8 437.6
630 148.0 502.3
800 146.8 437.6
1000 144.0 317.0
1250 144.0 317.0
1600 146.0 399.1
2000 146.8 437.6
2500 146.0 399.1
3150 145.1 359.8
4000 144.4 331.9
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Figure 25: Noise spectrum.
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Figure 26: Damage index under 1/3 octave conditions inside and
outside tail.
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Comparing damage index under 1/3 octave conditions
inside and outside the tail in Figure 26, we find that (1) parts of
the fatigue risk are roughly the same, which are the root near
the ribs and the wing at the end of the skin. (2)*e fatigue life
of the new working condition is increased by an order of
magnitude compared with that of the initial working con-
dition. *e reasons are that the sound pressure level of the
frequency band in the new working condition is smaller than
the initial working pressure level, and the external load energy
is weakened, thereby increasing life expectancy.

5.2. Relationship between Sound Pressure Level and Life.
To obtain the relationship between the external excitation
pressure level and the acoustic fatigue life, the sound
pressure level of each band is increased and decreased on the
basis of the sound pressure load of the original octave. *e
amplitude of increase or decrease is dB. A new sound
pressure spectrum is also obtained.

In Table 7, the analysis of the table data reveals the sound
pressure level for each additional 5 dB, and the life expectancy
is reduced by about an order of magnitude. For each lower
5 dB, the life is increased by about an order of magnitude.
*eoretically, the sound pressure level increases by twice as
much as the sound pressure level, and the acoustic energy is
proportional to the square of the sound pressure. *erefore,
the noise level can reduce the sound fatigue life.

5.3. Effect of Structural Damping. For the modal damping
ratio of each order, only the important mode of influence
is the main mode; hence, only the main modal damping
ratio can be obtained. With the increase of the damping
ratio, the ability of the structure to dissipate energy is
enhanced, and the structural response caused by the
external excitation of the same energy is weakened.
*erefore, the fatigue life of the structure increases. *e
relationship between the damping ratio and the fatigue life
can be expressed by a certain function by studying the
properties of the material.

Taking different modal damping ratios and performing
recalculations to obtain the damage index and the fatigue
life, the following is summarized in Table 8.

Figure 27 shows that (1) the modal damping ratio has a
great influence on the vibration fatigue life of the structure,
and the influence coefficient is nonlinearly increased. (2)
With the increase of modal damping, the mean square root
of the structural response stress decreases, and the acoustic
fatigue life is prolonged.

At present, quantitative research on damping is few. *e
value of engineering application is usually based on em-
pirical data, which lead to the design damping and the actual
damping in many structures. Moreover, the prediction ac-
curacy of vibration fatigue life is not high. To improve the
acoustic fatigue life, increasing the structural modal
damping is of great significance. *e damping materials and

Table 7: Sound fatigue life at different sound pressure levels.

Increase or decrease the value Damage index Sound fatigue life
−15 −6.22 1.65 × 1010s
−10 −5.41 2.58 × 109s
−5 −4.51 1.78 × 108s
0 −3.26 1.83 × 107s
+5 −2.45 2.85 × 106s
+10 −1.51 3.21 × 105s
+15 −0.33 2.15 × 104s
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Figure 27: Relationship between vibration fatigue life and modal damping ratio.
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shock absorbers are used in the engineering to achieve the
purposes of vibration and noise reduction.

6. Conclusion

In this work, the tail fins of a certain type of spacecraft are
studied; the finite element, boundary element, and vibra-
tion fatigue analysis method are also used to predict the
acoustic fatigue life of the tail fins. On this basis, the in-
fluence factors of the acoustic fatigue life are investigated,
and some suggestions are put forward for the structural
fatigue design.

*e damage value of largest point is 1 × 10− 3.26 under a
standard load. According to the linear fatigue damage ac-
cumulation theory, the life under a standard load is
D � 1÷(1 × 10− 3.26) � 1830. Since the action time of a
standard load is 10000 s, the vibration fatigue life of hot spot
1 is 1.83 × 107 s. *e fatigue risk of the tail is the skin at the
root of the tail near the rib and the skin at the wing tip.

*e analysis of the table data reveals the sound pressure
level for each additional 5 dB, and the life expectancy is
reduced by about an order of magnitude. For each lower
5 dB, the life is increased by about an order of magnitude.
*eoretically, the sound pressure level increases by twice as
much as the sound pressure level, and the acoustic energy is
proportional to the square of the sound pressure. *erefore,
the noise level can reduce the sound fatigue life.

*e FEM of the tail of a hypersonic aircraft is also
performed. *e modal parameters within 6000Hz are cal-
culated, and the natural frequency and mode information
are calculated. *e acoustic response is given to the acoustic
response under the given acoustic load, which includes
linear damage accumulation theory, the Dirlik model, and
the Goodman linear correction model. *e analysis method
of vibration fatigue life is studied, combined with the results
of dynamic analysis and the stress–life curve of the material;
the linear damage accumulation theory, Dirlik model, and
Goodman straight line correction model are used to cal-
culate the acoustic fatigue life of the tail wing. In addition,
the effects of load characteristics and structural damping on
acoustic fatigue life are studied.
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