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Abstract 

The design of aircraft hydraulic pipeline system is limited by many factors, such as the integrity of aviation structure 
or narrow installation space, so the limited clamp support position should be considered. This paper studied the fre-
quency adjustment and dynamic responses reduction of the multi-support pipeline system through experiment and 
numerical simulation. To avoid the resonance of pipeline system, we proposed two different optimization programs, 
one was to avoid aero-engine working range, and another was to avoid aircraft hydraulic pump pulsation range. An 
optimization method was introduced in this paper to obtain the optimal clamp position. The experiments were intro-
duced to validate the optimization results, and the theoretical optimization results can agree well with the test. With 
regard to avoiding the aero-engine vibration frequency, the test results revealed that the first natural frequency was 
far from the aero-engine vibration frequency. And the dynamic frequency sweep results showed that no resonance 
occurred on the pipeline in the engine vibration frequency range after optimization. Additionally, with regard to 
avoiding the pump vibration frequency, the test results revealed that natural frequencies have been adjusted and far 
from the pump vibration frequency. And the dynamic frequency sweep results showed that pipeline under optimal 
clamp position cannot lead to resonance. The sensitivity analysis results revealed the changing relationships between 
different clamp position and natural frequency. This study can provide helpful guidance on the analysis and design of 
practical aircraft pipeline.

Keywords: Multi-support pipeline system, Clamp position optimization, Frequency adjustment design, Dynamic 
responses
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1 Introduction
The function of hydraulic system is to maintain the run-
ning of aircraft. During the aircraft operation, exter-
nal excitation inevitably stimulates the vibration of the 
hydraulic pipeline system, which leads to pipeline frac-
turing and fatigue failure [1, 2]. It is accepted that layout 
and arrangement of pipeline directly influence pipeline’s 
dynamic characteristics under vibration environment. 
However, the design of pipeline system is restricted by 
many factors such as limited installation space. Addition-
ally, the bending layout design may lead to clamps hardly 
install on the optimized positions. Therefore, the limited 
support position and pipeline responses under excitation 

must be considered in the design of aviation hydraulic 
pipelines.

Abundant achievements have been made in the study 
of nonlinear dynamics and anti-vibration design of 
hydraulic pipelines. Bezborodov et al. [3] considered the 
relationship between the complexity of pipe shape and 
pipe vibration, and the damping of joint support, then 
they established a mathematical model to solve the vibra-
tion and stress responses of pipeline. Mamaghani et  al. 
[4] studied the effect of nonlinear energy sink on the 
vibration reduction of the pipeline under excitation. They 
found that installing nonlinear energy sink in the mid-
dle of pipeline can achieve the best vibration absorption 
effect. Chai et al. [5] studied the nonlinear dynamic char-
acteristics of L-type pipeline system with clamps, and 
verified the correctness of bilinear stiffness and damp-
ing model by finite element simulation and experiment. 
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Gao et al. [6–8]studied the damping vibration reduction 
method of aircraft hydraulic pipeline, and verified the 
vibration reduction effect through experiments.

Because of the importance of hydraulic pipeline sys-
tem, we need to consider many design factors at the same 
time. For example, design factors like reliability, narrow 
space, the cost of design, and so on [3]. To improve qual-
ity and efficiency of the pipeline layout, various studies 
have proposed automatic layout optimization algorithms 
for pipelines, such as a fast and elitist non-dominated 
sorting genetic algorithm (GA) [9–11], particle swarm 
optimization [12], Maze algorithm [13], Multi-objective 
particle swarm optimization [14], pipeline layout method 
based on intelligent optimization [15, 16], and so on. 
These intelligent algorithms provided new solutions to 
the optimization design of aviation pipelines. Compared 
with the design of other vehicle pipelines, there are some 
matters that designers should mainly focus [17]: (1) the 
pipeline installation mainly depends on standards and 
experience; (2) narrow installation space; (3) withstand-
ing multiple excitation sources; (4) weakening of elastic 
support. These problems pose new challenges to pipeline 
design.

In recent years, various breakthroughs have been 
achieved in the optimal design of pipeline. Using the par-
ticle swarm optimization algorithm and the characteris-
tic impedance of the system, Li et al. [18] minimized the 
weighted sum of the characteristic impedance by opti-
mizing the clamp position, and thus successfully reduced 
the vibration of the liquid-filled pipeline. Li et  al. [19] 
introduced structure optimization into turbo-charged 
pipe design and proposed the developed pipe structure 
can successfully meet the aim of both noise reduction 
and pressure drop.

Liu et  al. [20] analyzed the dynamic sensitivity of the 
clamp position in an aero-engine pipeline and proposed 
an optimal design scheme for two sets of clamps with 
the objective of maximizing the fundamental frequency 
difference and minimizing the standard deviation of ran-
dom vibration. Jiang et al. [21] proposed a branch pipe-
line laying method based on the ant colony algorithm, 
which dealt with the problem as a multi-branch pipe 
route design problem, and applied cooperative think-
ing to solve the problem. Qu et al. [22] presented a new 
three-dimensional connection graph. He selected the 
length of the pipelines and the number of bends as the 
optimal design objective. In his following work, the ant 
colony algorithm was introduced to investigate the pipe-
line layout design of the aero-engine. Owing to the com-
plicated design process and various design parameters, a 
comprehensive optimization procedure must be consid-
ered in the design. This can be achieved by applying a rig-
orous optimization technique.

This paper proposed an optimization method for the 
natural frequency adjustment and dynamic response 
reduction of the multi-support pipeline system. Addi-
tionally, by conducting a series of experiments, it is 
confirmed that the optimization effect satisfies the engi-
neering requirement. It should be clearly noted that Ref. 
[23] showed the fluid velocity variation had little influ-
ence on the pipeline’s natural frequency and vibration 
mode. The internal fluid pressure also had little influence 
on pipeline’s mode because of the large stiffness of stain-
less-steel pipeline, the effect of fluid is not considered. 
In this paper, the adjustment of natural frequencies and 
the reduction of dynamic responses are set as the two 
optimization objectives. Then a GA method is used to 
calculate the optimal clamp position which can achieve 
the purpose that frequency adjustment and dynamic 
responses minimization. Moreover, the sensitivity analy-
sis is carried out to determine the relationship between 
the moving distance of the supports and the natural fre-
quencies. Particularly, to verify the effect of the theoreti-
cal optimization effects, this paper proposes a test device 
for simulating the multi-support pipeline system and ver-
ifying the optimization scheme.

2  Modeling and Parameterization 
of Multi‑Support Pipeline System

2.1  Geometric Model
Figure 1 shows the multi-support aircraft hydraulic pipe-
line system, which includes four parts: supporting plat-
form, pipeline, clamps, rib beams. The horizontal length 
of the pipeline was L=1650 mm and the vertical length 
was H=200  mm. The external pipeline diameter was 
D=8 mm, and the thickness was δ=0.8 mm. The pipeline 
was fixed onto six rib beams using clamps. The height of 
the support platform was h=500 mm, and the rib beams 
were fixed onto the supporting platform through bolts.

2.2  Model Simplification and Parameterization
Before the finite element (FE) modeling, the multi-sup-
port pipeline system was simplified as follows.

(1) The multi rib-beam supports were simplified. In 
this paper, the rib beam supports could be omitted, 
and the support position was expressed by chang-
ing the clamp position.

(2) The constraint relationship of the simplified model 
was consistent with the test; that is, the lateral and 
axial displacement of the pipeline were restrained, 
while the clamps were fixed.

(3) The contact between clamp and pipe cannot be 
considered as full constraint. Thus, the contact 
was set as frictional and the friction coefficient was 
0.25. Additionally, the terminal of pipeline was con-
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nected by pipe joint; thus, this part of the connec-
tion boundary was different from others and could 
be set as a full constraint.

To distinguish different clamps, capital letters from 
A to F were used to define them. Owing to the narrow 
space of the airframe, reasonable clamp positions are 
important for hydraulic pipeline system and help avoid 
vibration faults. We defined Di, where i=1, 2,…, 5, as 
the clamp positions. For example, D1 was the distance 
between clamp A and B; D2 was the distance between 
clamp A and C; D3 was the distance between clamp A 
and D; D4 was the distance between clamp A and E; 
D5 was the distance between clamp A and F. The sche-
matic diagram is shown in Figure  2 and the original 
parameters are listed in Table 1.

The pipeline material was 0Cr18Ni9 stainless steel; 
the rib beam supports and the supporting platform 

were made of steel; the clamps were made of alu-
minum. The material details are listed in Table 2.

3  Numerical Simulation of Multi‑Support Pipeline 
System

The FE model of the multi-support aircraft pipeline sys-
tem was established in the previous part. The external 
excitation will induce the mechanical resonance if the 
natural frequency is consistent with the excitation fre-
quency, which is not allowed and must be avoided. Thus, 
the natural frequency of the pipeline system should be 
adjusted to avoid resonance.

3.1  Modal Analysis
A numerical simulation was used to calculate the mode 
of the multi-support pipeline system. The modal fre-
quency results are shown in Table 3.

Figure 1 Multi-support pipeline system

Figure 2 FE model of aircraft multi-support pipeline system

Table 1 Original parameters of clamp locations (mm)

Position of clamps D1 350

D2 650

D3 950

D4 1250

D5 1550

Table 2 Structural material parameters

Elasticity 
modulus (GPa)

Density (kg/
cm3)

Poisson’s ratio

Pipeline 210 7.85 0.33

Clamps 75 2.8 0.25

Rib beams 210 7.85 0.33
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Vibration shapes are illustrated in Figure 3. It was found 
that the first-order natural frequency was approximately 
216.4 Hz, while the corresponding model shape exhibited 
horizontal vibration in the first span between support A 
and B; the second order was approximately 345.6 Hz, and 
the large vibration amplitude at the fourth and fifth span 
of pipeline; the third order was approximately 393.9 Hz, 
and bending vibration occurred at the fourth span of 
pipeline; the fourth order was approximately 478.1  Hz, 
the model shape exhibited horizontal vibration, and large 
vibration amplitude occurred at the second span. The 
fifth order was approximately 534.6 Hz, which indicated 
vibration in every span, while the occurrence of the larg-
est amplitude occurred in the second span.

3.2  Harmonic Analysis
In order to study the steady-state response of the pipeline 
system when it is subjected to external excitation, it is 
necessary to perform a harmonic response analysis of the 
system, that is, to apply a load that varies with frequency.

ANSYS WorkBench was used to analyze the harmonic 
response of the multi-support pipeline system and cal-
culated the stress response in the frequency range of 
200‒600 Hz. The constraint condition was that all clamps 
were constrained. Since the vibration is transmitted to 
the pipeline through clamps in the actual situation, a sim-
ple harmonic force excitation was applied to clamp C, 
and excitation force was 300 N along the Z direction, the 
frequency sweep range was 200‒600 Hz, the step size was 
1 Hz.

The stress frequency response curve of multi-support 
pipeline system is illustrated in Figure  4. It can be seen 
that the response peaks were concentrated near the nat-
ural frequency. In the modal analysis, the structure had 

Table 3 Frequency result of  the  multi‑support pipeline 
system

Order Frequency 
results 
(Hz)

1st 216.4

2nd 345.6

3rd 393.9

4th 478.1

5th 534.6

Figure 3 Vibration shapes for pipeline system. a 1st: 216.4 Hz. b 2nd: 
345.6 Hz. c 3rd: 393.9 Hz. d 4th: 478.1 Hz. e 5th: 534.6 Hz

Figure 4 Stress frequency response curve of multi-support pipeline 
system
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five natural frequencies within the frequency range of 
200‒600 Hz, corresponding to 5 response peaks.

Figure  5 shows the acceleration frequency response 
curve of the multi-support pipeline system along with 
three directions. It can be seen that the peak value of the 
acceleration response was consistent with the frequency 
of the stress peak, and all of them were near the natural 
frequency. There were five acceleration peaks within the 
frequency range of 200‒600 Hz, the maximum response 
appears at 534.6 Hz, and the amplitude is 51g.

4  Clamp Position Optimization Based on Genetic 
Algorithm

The hydraulic pipeline is the key structure to provide 
power transmission for the aircraft, and ensuring that 
the pipeline system does not cause resonance damage 
under external excitation is important to ensuring safety. 
In the design of hydraulic pipeline, the resonance prob-
lem is generally solved by adjusting the pipeline shape, 
increasing or reducing support constraints, and chang-
ing the position of clamps. However, for the pipeline sys-
tem arranged in a narrow space like an aero-engine, it is 
difficult to change pipeline shape and increase support 
points, so the movement of the clamp position is used to 
achieve the aim of frequency adjustment.

4.1  Optimization Setting
4.1.1  Multi‑Objective Genetic Algorithm
Compared with the traditional mathematical program-
ming method, the multi-objective genetic algorithm has 
the following advantages [24–27].

1. It adopts efficient heuristic searching and starts 
operating based on a group rather than on the single 
point search. Searching involves the entire solution 

space and avoids falling into local optimal. GA also 
has a stronger global optimization ability.

2. GA has inherent parallelism, it can improve the run-
ning speed through calculation, and this method 
is more suitable for the optimization of large-scale 
complex problems.

To investigate the multi-support pipeline system, it was 
necessary to consider not only the complex combination 
of clamp positions and the variable range but also the 
adjustment of the natural frequency and the reduction 
of dynamic responses. Traditional optimization methods 
were difficult to apply because they required large-scale 
data calculation and global optimization. Therefore, the 
GA was used to search for the optimal results through 
successive generations.

4.1.2  Optimization Targets
For an aircraft hydraulic pipeline system, several objec-
tives must be simultaneously satisfied to obtain an opti-
mal solution. Occasionally, however, there was a conflict 
between these multiple objectives, which must be simul-
taneously satisfied [28]. In this part, two targets were 
defined.

(1) Adjustment of natural frequency

 The natural frequency of the pipeline system changes 
at different clamp positions. According to the vibra-
tion design requirements for the structure, the 
clamps should be installed to keep the natural fre-
quency away from the excitation frequency. Adjust-
ing the natural frequency by changing the clamp 
position is advantageous in terms of the pipeline 
design avoiding resonance. Here, natural frequency 
ωi , where ωi =

√

ki/mi , was designed as the object 
of optimization, where i denoted the order of the 
natural frequency.

(2) Minimum dynamic responses
 Dynamic responses (stress and acceleration) are 

important in pipeline stability design. It is known 
that dynamic responses depend on the excita-
tion frequency and mode. When the excitation is 
applied to a clamp, the change of clamp position 
will influence the pipeline’s dynamic responses. The 
maximum dynamic stress σmax and the maximum 
acceleration amax were defined as optimization tar-
gets to be minimized.

4.1.3  Constraint Condition

(1) Clamp position constraint

Figure 5 Acceleration frequency response curve of multi-support 
pipeline system



Page 6 of 15Zhang et al. Chin. J. Mech. Eng.           (2021) 34:10 

 To simulate the limited clamp installation space and 
the adjustable clamp positions, the grooves were 
arranged along the direction of the clamp move-
ment on the platform, as shown in Figure  6. The 
rib beams could move along the groove within a 
certain range, and the length of the groove was set 
according to the actual coordinates and movable 
ranges. According to the pipeline structure and 
support position, the groove’s position was deter-
mined by the pipeline layout and the movable range 
of clamps.

The design of clamp positions is influenced by limited 
space. Thus, the range of available installation space 
should be considered in pipeline design. According to 
the above-mentioned modal and actual situation, the 
details of the available moving position are set as pre-
sented in Table 4.

(2) Natural frequency constraint

 Moreover, we defined �=ω/ωn , where � was the fre-
quency ratio, ω was the excitation frequency, and 
ωn was the structure’s natural frequency. The range 
of resonance could be considered as 0.8 < � < 1.2 
[29]. Thus, we determined that the structure was at 
the risk of resonance when the natural frequencies 
in the range of 0.8ω < ωn < 1.2ω . To ensure that 
the frequencies were far away from the resonance 
frequency range, the frequency should agree with 
the following equation:

 where ω is the lower boundary, ω is the upper bound-
ary.

4.1.4  Mathematical Optimization Model
Optimization design is used to obtain the optimal solution 
in multiple schemes. Before optimization, a mathematical 
optimal model was established and mainly contained three 
basic elements: the objective function, design variables, 
and constraint conditions. In this study, the degree Qn used 
to determine the frequency far away from the working fre-
quency range and the maximum dynamic stress response 
σmax were considered as the optimization objective func-
tion. The position of support D was considered as the opti-
mization design variable, where D = (D1, D3, D4, D5)

T . 
The initial sample value is set according to Table  1. The 
complete mathematical optimization model of the pipeline 
system is established as follows:

where ωn(D) is the natural frequency under a certain sup-
port position, σ 0

max is the maximum stress of the pipeline 
system under the initial support position, Di is the design 
variety of the support position, Di is the lower value of 
the support moving range, and Di is the upper value of 
the support moving range.

4.2  Optimization Results and Analysis
4.2.1  Optimization Design for Avoiding Aero‑Engine 

Vibration Frequency
The range of the aero-engine vibration frequency is close 
to 100‒200 Hz. According to the optimization objective, 
the natural frequency should be away from the working 
range of the engine by 20%, that is, the frequency needs 
to be outside the range of [80 Hz, 220 Hz]. However, the 
initial clamp positions cannot satisfy the requirement. 
In the following work, we introduced an optimization 
design to calculation the best clamp position. Particu-
larly, external excitation was applied to clamp C when 
calculated the dynamic responses. The optimization 
results are presented in Table 5.

Pn = (ωn − 0.8ω)(ωn − 1.2ω̄) > 0,











































maxQn,

min σmax,

s.t.,Pn = [ωn(D)− 0.8ω][ωn(D)− 1.2ω̄] > 0,

σmax ≤ σ 0
max,

D = (D1,D3,D4,D5)
T
,

Di ≤ Di ≤ D̄ii = 1, 3, 4, 5,

Figure 6 Schematic diagram of the movable clamp position and 
groove

Table 4 Range of available moving positions

Parameter Lower limit (mm) Upper 
limit 
(mm)

D1 320 435

D2 600 770

D3 850 1010

D4 1200 1360

D5 1465 1600
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During the optimization process, using 50 samples 
as the initial optimization value. After 130 iterations 
of calculation, the results tend to be stable, as shown in 
Figure  7. The results show that the optimal first-order 

frequency was increased to 248 Hz, which was 24% 
higher than the upper limit of the engine vibration fre-
quency. The first model shape still maintained the 
horizontal resonance of the first span. The maximum 
response at the end of the first cross-pipeline was signifi-
cantly reduced, with a reduction of more than 20%.

When a parameter in the system changes, the sys-
tem’s state or responses may have a certain change. Sen-
sitivity analysis is the method to study the influence of 
this parameter change on the sensitivity of the system 
response change [30]. Sensitivity analysis can also help 
to determine which parameters have a greater impact 
on the output responses and to provide guidance for 
structural performance optimization [31]. Therefore, 
sensitivity analysis has been widely used in many fields 
such as marketing, economic management, project pro-
posal evaluation, and engineering optimization design. 
Sensitive analysis methods including the local sensitiv-
ity analysis method and the global sensitivity analysis 
method. The local sensitivity analysis method has a high 
computational efficiency when studying the influence of 
a single parameter change on the system. The global sen-
sitivity analysis method is mainly used to investigate the 
complex nonlinear model. The influence of the interac-
tion between parameters on the model can be analyzed 
to provide accurate and comprehensive analysis results 
through this method. In this part, we introduced the 
global sensitivity analysis method to study the relation-
ship between the clamp positions and model responses.

Sensitivity analysis was used to investigate the chang-
ing relationship between the clamp positions and the 
first-order frequency, and the result is shown in Figure 8. 
We can clearly see that the parameter D1 was the primary 
influence factor, and it displayed an inverse relationship 
with the first-order frequency. Briefly, the optimization 
results revealed that the objective of avoiding the engine’s 
working range can be achieved by reducing parameter 
D1.

4.2.2  Optimization Design for Hydraulic Pump Vibration 
Frequency

The working of aircraft hydraulic pumps can cause 
hydraulic piping system’s vibration. When the pump’s 
vibration frequency is close to the natural frequency 
of pipeline system, it will lead to the resonance of the 

Table 5 Calculation results before and after optimization

Variable D1 (mm) D3 (mm) D4 (mm) D5 (mm) First-order 
frequency (Hz)

Maximum stress 
(MPa)

Maximum 
acceleration 
(g)

Initial 350 950 1250 1550 216 2.47 2.87

Optimal 322.97 891.58 1218.1 1503.8 248 1.91 1.70

Figure 7 Iterative process for optimization calculation. a Iterative 
process for first natural frequency. b Iterative process for maximum 
stress. c Iterative process for maximum acceleration
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pipeline system. The vibration frequency of hydraulic 
pump close to 400‒580 Hz. Through model analysis, it is 
found that this range contains the pipeline’s fourth and 
fifth-order natural frequencies. And the third-order natu-
ral frequency of the structure is very close to 400 Hz. In 
order to adjust the pipeline’s natural frequency, genetic 
algorithms are applied to the optimization design. Table 6 
shows the calculation results.

As can be seen in Table  6, the frequencies which 
closed to the pulsation range boundary were 355.1  Hz 
and 615.0  Hz, and they also kept away from the pulsa-
tion range boundary by 11.2% and 2.5%, respectively. 
The maximum stress that appeared at the end of the first 
pipeline span obviously decreased. The stress amplitude 
decreased by more than 60%, compared with the initial 
stress value of 24.5 MPa. Additionally, the maximum 
acceleration exhibited a dramatic decrease, with 83.2%. 
And Figure 9 shows the optimization process.

Figure  10 shows the sensitivity analysis results. In the 
optimization process, F1 and F2 represented the fourth 
and fifth-order frequencies, which approached the range 
boundary. According to the results, parameter D4 did not 
have any influence. However, parameters F1, D3, and D5 
exerted a dramatic influence on the optimal results. D3 
had an inverse relationship with the frequencies, and D1 
and D5 had the opposite effect on the results. For param-
eter F2, parameters D1, D3, and D5 influenced the result 

of F1, while D1 and D5 were positively correlated and D3 
had an inverse correlation with F2. Regarding maximum 
stress, only D3 and D5 influenced the maximum value, 
and the influence trend was similar to F1.

5  Experimental Validation and Results Discussion
5.1  Experimental Methods and Test devices

(1) Mode experiment

 In the mode experiment, the natural frequencies of 
the multi-support pipeline system were tested. 
The measuring direction was perpendicular to the 
rib beam. The ECON modal test system including 
a force hammer (PCB 086C03) and data collection 
and analysis instrument (ECON MI-7008) was used 
to test the target’s mode. The operating principle of 
the mode test is shown in Figure 11.

The mode experiment was carried out by using the 
hammering method. In the mode test, single-point 
excitation and the multi-point response method were 
adopted. The force hammer knocked on the specimen’s 
surface and acquired the response signal through accel-
eration sensors. We used the frequency response func-
tion (FRF) and modal parameter identification method 
to obtain the modal parameters. The FRF of each point 
was calculated through modal test software.

(2) Dynamic experiment

 In the dynamic response experiment, the sinusoidal 
excitation generated by a vibration generator was 
applied to rib-beam support and induced the vibra-
tion of the pipeline system. The vibration genera-
tor is a device that exerts a certain predetermined 
vibration force on the measured object to produce 
vibration. Additionally, it can provide a stable exci-
tation force within the required frequency range. 
The experiment was carried out through the EST-
100 vibration generator, and the data were acquired 
by the DEWEsoftX high-speed data acquisition 
system. The data acquisition system includes a 
high-speed data acquisition instrument, data anal-
ysis system, acceleration sensors (PCB 352C22), 

Figure 8 Result of sensitivity analysis of first-order natural frequency

Table 6. Optimization results.

Variety D1 (mm) D3 (mm) D4 (mm) D5 (mm) 4th order 
frequency (Hz)

5th order 
frequency (Hz)

Maximum 
stress (MPa)

Maximum 
acceleration 
(g)

Initial 350.0 950.0 1250.0 1550.0 393.9 534.6 24.5 47.1

Optimal 429.3 1004.2 1357.0 1543.0 355.1 615.0 8.6 7.91
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and resistance strain gauges (BFH120-3AA-D150). 
Deformation and acceleration signals can be 
detected and the amplitudes can be displayed on 
the computer screen in real-time. The schematic 
diagram of the dynamic experiment is shown in 
Figure 12.

5.2  Experimental Verification of Aero-Engine Vibration 
Frequency [80‒220 Hz]

(1) Mode Results Verification

This test was carried out to check whether the simula-
tion result of the first natural frequency was away from 
the aero-engine working frequency. The test results are 
presented in Table  7. As can be seen, the test results 
agree with the simulation results. The maximum error 
was only 6.1%, which can be accepted in engineering 
design. Because of the additional mass of the PCB accel-
eration sensors, the test frequency result was only slightly 
lower compared with the simulation results.

The mode results found that the first-order natural fre-
quency of the optimized position reached 233 Hz, which 
exceeds 20% of the upper limit of the engine vibration 
frequency, and the mode optimization results meet the 
needs.

At this time, it was necessary to apply the excitation 
to the pipeline to check the optimization effect and set 
the sweep frequency according to 120% of the working 
frequency band interval, that is, [80‒220 Hz]. In the fre-
quency sweep test, an obvious resonance occurred near 
210 Hz at the initial position, and the acceleration and 
stress appeared maximum. When the clamp position was 

Figure 9 Iterative process for optimization calculation. a Iterative 
process for forth order frequency. b Iterative process for fifth-order 
frequency. c Iterative process for maximum stress. d Iterative process 
for maximum acceleration

Figure 10 Sensitivity analysis of avoiding pump vibration frequency
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changed to the optimized position, there was no reso-
nance phenomenon.

Figure  13 is a graph of dynamic response (stress and 
acceleration). It can be seen that when the clamp was 
readjusted in accordance with the results in Table 5, the 
maximum dynamic stress and acceleration response 
decreased. As shown in Figure 13(a), at the initial posi-
tion, the resonance of the pipeline occurred near 210 Hz, 
and the dynamic stress appeared a peak at the same time, 
with a maximum value of 64.12 MPa. When the optimal 
clamp positions were used, the pipeline did not occur 
resonance during the frequency sweep, and the maxi-
mum stress response decreased to 4.11 MPa. In addition, 
as shown in Figure  13(b), the maximum acceleration at 
the initial position appeared in the A2 acceleration sen-
sor, and the maximum acceleration was 51g. When the 
optimal clamp positions given in Table  6 were used, no 
acceleration peak appeared in the frequency sweep-
ing process, and the maximum value of the entire result 
is 2.31g. Table  8 shows the value of maximum dynamic 
response and optimization effect during the tests.

In summary, based on the optimization of the clamp 
position, experimental research showed that the first-
order natural frequency of pipeline can be adjusted to 
more than 20% away from the vibration range of the 
engine. And in the case of the frequency sweep test, the 
optimized clamp positions made the dynamic responses 
significantly reduced. The optimized layout plan can pro-
vide a reference for engineering design.

5.3  Experimental Verification of Pump Vibration 
Frequency [400‒580 Hz]

The vibration frequency range of hydraulic pump is 
400‒580 Hz. Experiments tested the pipeline’s frequency 

under initial and optimal clamp positions, respectively. 
As can be seen from Figure  14, there were three differ-
ent frequencies within the pump vibration frequency 
range, and MPF was the modal participation factor. 
After moving the clamp, the mode results showed that 
the third-order frequency decreased to 355.1 Hz and the 
fourth-order frequency increased to 615  Hz. Pipeline’s 
frequencies which close to pump vibration frequency 
have been adjusted, and the resonance risk caused by 
pump vibration can be eliminated.

Figure 15 shows the corresponding stress response and 
acceleration response in the case of frequency sweep. It 
can be seen that three peaks occurred in Figures  15(a) 
and (c). For the response of the optimized position 
(Figure  15(b)), stress amplitude greatly decreased, and 
only the acceleration response had an instantaneous 
peak value of 17g (Figure 15(d)) in the frequency sweep 
process.

Figure 16 shows the value of dynamic response and com-
parison. Figure  16(a) shows the comparison of dynamic 
stress values under three different frequencies. It can be 
seen that the stress amplitude at the initial clamp posi-
tion was relatively large, which was 4.85 MPa (409.1 Hz, 
S5), 13.03 MPa (461.7 Hz, S4), and 13.69 MPa (533.6 Hz, 
S2). After adjusting the clamp positions with the optimal 
result, the dynamic stress was significantly reduced, and 
the maximum stress was below 1.83 MPa. Compared with 
the initial maximum stress results, the amplitudes were 
significantly reduced by approximately 80.1%, 90.5%, and 
86.4%, respectively. The maximum acceleration response 
also verified the optimal effect. Figure 16(b) shows that the 
maximum accelerations at three different frequencies were 
24.56g (A5), 52.41g (A6), and 57.28g (A3), but the accelera-
tion values were significantly reduced when the optimal 

Figure 11 Schematic diagram of mode test
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position was used. In addition, by comparing the initial 
and optimal results, we determined that the maximum 
drop was approximately 91.3% at 409.1 Hz.

From the above discussion, the optimized design method 
proposed in this paper can effectively adjust the natural fre-
quency of the pipeline, reduce the dynamic response of the 
pipeline, and avoid failure of the pipeline system caused by 

Figure 12 Schematic diagram of dynamic experiment. a 
Acceleration sensor. b Stress gauge. c Sensor installation position. d 
Test species

Table 7 First‑order frequency optimization effect 
verification

Simulation result 
(Hz)

Test result (Hz) Error (%)

Initial 216 210Hz 2.9

Optimal 248 233Hz 6.1

Figure 13 Dynamic test results and comparison. a Stress response 
under 210 Hz. b Acceleration response of [80‒220 Hz]

Table 8 Comparison of dynamic responses of [80‒220 Hz]

Response characteristic Sensor (max 
value)

Value

Initial Optimal

Maximum stress (MPa) S1 64.12 4.11

Maximum acceleration (g) A2 51 2.31
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resonance. The method was verified through correspond-
ing experiments, and its optimization effect meets actual 
needs, which has certain guiding significance for practical 
engineering design.

6  Conclusions
In this paper, a multi-support pipe system with parame-
terized clamp position was established. Then, the genetic 
algorithm was used to calculate the calculation results. 

Figure 14 Mode participation before and after optimization. a Initial position. b Optimal position



Page 13 of 15Zhang et al. Chin. J. Mech. Eng.           (2021) 34:10  

The optimal results obtained after more than 250 itera-
tions solved the problems of frequency adjustment and 
dynamic response reduction. The actual optimization 
effect was verified through relevant experiments, and the 
results showed that the optimization effect met the engi-
neering requirements. From the optimization process 
and experimental verification results, the following con-
clusions can be drawn.

• Optimized design based on the genetic algorithm can 
help find the optimal clamp position in a multi-sup-
port pipeline system with limited installation space.

• Through the sensitivity analysis, the relationship 
between the natural frequency and the clamp posi-
tions can be obtained. The results showed that: 
(1) Pipeline’s first-order frequency will show a sig-
nificant decrease when the distance between the 
first and second clamps increase. (2) The natural 
frequencies (3rd and 4th order) and the dynamic 
responses will show a significant decrease when 
the distance between the first and fourth clamps 
increase. (3) The natural frequencies (3rd and 4th 
order) and the dynamic responses will show a sig-

Figure 15 Dynamic responses under frequency sweep. a Stress 
response under initial position. b Stress response under optimal 
position. c Acceleration response under initial position. d Acceleration 
response under optimal position

Figure 16 Comparison of optimization results. a Maximum stress 
value and comparison under three frequencies. b Maximum 
acceleration value and comparison under three frequencies
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nificant increase when the increase of the distance 
between the first and last clamps. The sensitivity 
analysis results can be a guide to the pipeline sys-
tem design.

• By optimizing the design of avoiding the vibration 
frequency of the engine, it was determined that the 
first-order natural frequency of the pipeline was sig-
nificantly increased and kept away from the engine 
vibration range, and the amplitude was greater 
than 20%. In addition, the test results showed that 
after optimizing the clamp position, the dynamic 
response was significantly reduced compared to the 
original position.

• By optimizing the design of the pump vibration 
frequency, the optimization results revealed that 
the natural frequency of the pipeline system kept 
away from the pump vibration frequency range. In 
addition, the test results showed that the maximum 
stress and acceleration were significantly reduced 
by more than 80.1%.
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