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Abstract:

When designing a complex pipeline with long distance and multi-supports for offshore platform, it is necessary to analyze the vibration
characteristics of the complex pipeline system to ensure that there is no harmful resonance in the working conditions. Therefore,
the optimal layout of support is an effective method to reduce the vibration response of hydraulic pipeline system. In this paper, a
developed dynamic optimization method for the complex pipeline is proposed to investigate the vibration characteristics of complex
pipeline with multi-elastic supports. In this method, the Kriging response surface model between the support position and pipeline
is established. The position of the clamp in the model is parameterized and the optimal solution of performance index is obtained by
genetic algorithm. The number of clamps and the interval between clamps are considered as the constraints of layout optimization,
and the optimization objective is the natural frequencies of pipeline. Taking a typical offshore pipeline as example to demonstrate the
effectiveness of the proposed method, the results show that the vibration performance of the hydraulic pipeline system is distinctly
improved by the optimization procedure, which can provide reasonable guidance for the design of complex hydraulic pipeline system.
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experimental results showed that the significant reductions
in vibration was obtained by the optimal support location.
Wang et al. >?! presented an evolutionary shift method
to solve optimization of support positions with a fixed
grid mesh, three numerical examples were conducted
to demonstrate the effectiveness of the optimization
method. In order to avoid dangerous forced vibrations or
resonance, the clamp numbers and locations of a pipe-
joint system were optimized by Liu et al ¥ The results
showed that the optimized pipe-joint system has better
anti-vibration ability. Li et al. ! presented a chaotic swarm

1 Introduction

The hydraulic pipeline system is usually employed to
transmit power in drilling platform. It has the characteristics
of complex configuration, long span and multi-supports.
When the pipeline is excited by external mechanical
load and internal fluid, the large vibration of the pipeline
system occurs, which will directly lead to fatigue failure,
displacement deformation, loosening of clamp and fatigue
fracture of connecting parts. The design of offshore platform
pipeline is of great significance to maintain productivity
operation and ensure the safety of the platform. With

the deepening of drilling depth, the vibration problem of
pipeline system becomes more prominent. The vibration
analysis of pipeline is of great significance to the layout of
pipeline and the optimization of supports.

The investigation for the dynamic optimization
characteristics of pipeline has received extensive attention
in recent years. For example, Kwong et al. ! proposed a
novel genetic algorithm to optimize the support position
for reducing vibration in hydraulic systems. A simple
hydraulic rig was conducted as an example. Numerical and

particle optimization algorithm to determine optimal
clamp locations for hydraulic pipelines in aircraft. Results
showed that the value of objective function was decreased
by 77.67% compared to the original system by optimal
clamp locations. The global sensitivity analysis based on the
Sobol method was presented to determine the influence of
clamp position on the natural frequency of pipeline system.
The simulation and experiment results showed that the
proposed optimization method can reduce the vibration of
the pipeline system significantly. !
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From the reviewed references, the current optimization
method is time-consuming for the global optimal solution
of long span pipeline. A popular approach for global
optimization is proposed in which the simulation model
generates data for the construction of simpler model as a
source of computer experiment. The early research about
the response surface method is proposed to improve the
calculation optimization efficiency . In recent years, the
response surface method has been applied in many fields
8201 For example, Xiao et al. ¥l proposed response surface
method to study the effects of the different content of Si,N,
particles in the plating solution. Zhang et al. © presented
the response surface method to solve the problem of slope
stability. Xue et al. " proposed the improved response
surface method to solve the various related deck landing
parameters on sinking velocity for carrier-based aircraft.
In order to improve the calculation efficiency of the
vibration characteristics of turbine blade disharmony, an
improved substructure mode synthesis method based on
the extreme response surface method is proposed by Bai et
al. 8. Su et al. ! proposed a response surface method to
study the fatigue reliability for metal dual inline packages
under random vibration. Considering the integrality and
locality of long span and multi-elastic support of pipelines
on offshore platforms, the response surface method can
be used to optimize the support locations for hydraulic
pipeline system.

To the author’s best knowledge, there is almost no
literature reporting on the response surface method for the
design optimization of hydraulic pipelines with support. As
apromising global optimization method, itis the first time to
investigate the dynamic optimization analysis of hydraulic
pipeline system with multi-supports. Firstly, the method of
mathematical statistics combined with pipeline dynamics
analysis was adopted to analyze the influence of the clamps
layout. Then the developed response surface method is
used to establish the optimization model. By simulating
the implicit relation between variables and performance
indexes, the optimal solution of performance indexes is
obtained by genetic algorithm. Taking a typical offshore
pipeline as an example to demonstrate the effectiveness
of the presented method, an optimization procedure for
pipeline is conducted. The dynamic optimization process
for complex pipeline with multi-elastic supports are
discussed further.

2 Optimization method

The mathematical equation of design variables and

response quantities can be expressed as:

g(x)=y+8=f(x1,x2,x3~~-xn)+€ (1)
where g(x) is the amount of response, y is the function

of objective and ¢ is the fitting error between g(x) and y.
The multi-level function relations can be written as:
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where n is the number of design variable, a, is the
undetermined constant term, a is the undetermined

coefficient of the linear term, and a, is the undetermined
coefficient of the quadratic term.
By variable transformation, the equation (2) can be
expressed as:
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By substituting equation (3) and equation (4) into

equation (2), it can be obtained:
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The response of the corresponding matrix can be
expressed as:
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In order to obtain the response surface with the
smallest error. The least-square method is used which can
be expressed as:

s(B)= ief = i(z_:ﬂ;xi(f) _ 0y
J=1 J=1 =0 (7)

The minimum value can be expressed as:
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The equation (8) can be written as the matrix form:
T
(Xp-y) X=0 ©

The response surface model can be obtained by
calculating B.

The satisfaction function of MOGA genetic algorithm
is usually used to optimize multiple objectives. The multi-
objective optimization is to find the compromise optimal
solution by considering each objective synthetically in the
constraint region. A multi-objective optimization problem
without losing generality has n decision variables and m
objective variables which can be expressed as:

min y = F(x) = { £,(x), f,(x), /(). £, ()}
st.g,(x)<0,i=12,---,]
h, =0,j=1,2,---k

() (10)
Where x is n-dimensional decision vector, y=F(x) is
the target vector of m dimension. 1 is the constraints of
inequalities, k is equality constraints.
Pareto optimal solution can be defined as Ps. The
surface composed of the target vectors corresponding to all

Pareto optimal solutions can be written as P:

P ={FG) = (AL A LGN [ eR) (g



In order obtain the real surface, Box-Behnken design
(BBD) scheme is the most potent screening design method
in response surface optimization. In this method, the
selecting points from the three-level factorial arrangement
can obtain the efficient estimation of coeflicients of the
mathematical model. The distribution of three-level full
factorial design is illustrated in figure 1.
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Figure 1 Distribution of three-level full factorial design "

3 Design and optimization of response surface
method

For the optimizing support locations of pipeline system,
the optimization objective should be determined firstly.
The pump fluid fluctuation can induce serious pipeline
vibration and cause pipeline failure. The pump fluid
fluctuation frequency is 275 Hz by test in offshore platform.
So the natural frequency of pipeline should be far away
from the excited frequency 275Hz. Therefore, in order to
avoid the pipeline mechanical resonance, the optimization
objective is to avoid the resonance of the natural frequency
of the pipeline system.

As shown in figure 2. The pipeline system consists
three clamps, the vibration characteristics of pipeline has
been analyzed, and the modal shapes have been obtained.
The parameterization of pipeline system is shown in Table 1.

Figure 2 Diagram of piping system

Table 1 Parameterization of pipeline system

size Numerical value Estimate
DS_Dl@distance 1 1200mm 1200mm
DS_Dl@distance 2 1500mm 1500mm
DS_Dl@distance 3 400mm 400mm

In order to optimize the clamp position of the pipeline
system, the modal analysis for the pipeline system has been
conducted to obtain the natural frequency of the pipeline
system. The geometric parameter of the selected pipeline is
shown in Table 2.

Table 2 Parameter of the pipeline

Designation Symbol Unit Numerical
Elastic modulus E Pa 2.06x1011
Density P kg/m? 7.9x103
Poisson's ratio u - 0.3
Total length of pipeline 1 m 4.5
outer diameter rl m 0.04
inner diameter r2 m 0.036

As shown in Figure 3. The 10" order natural frequency
of the pipeline is 254.9 Hz and the 11" order natural
frequency of the pipeline is 285.58 Hz. The test design table
is obtained by the BBD scheme, respectively.

B: Modal

Total Deformation 11
Type: Total Deformation
Frequency: 254.9 Hz
Unit: mm

26.801 Max
34.266
3163
28.004
26.358
23722
21.087
18451
15815
13179
10.543
79074
5.2716
2.6358
0 Min

(a) 10" order natural frequency

B: Modal

Total Deformation 12
Type: Total Deformation
Frequency: 285.58 Hz
Unit: mm

25.332 Max
23523
21713
19.904
18.094
16,283
14476
12.666
10.837
9.0472
7.2378
54283
3.6189
1.8004
& Min

(b) 11" order natural frequency

Figure 3 Natural frequencies and mode shapes of
pipeline system

The optimization process of pipeline system is shown
in figure 4. As can be seen from figure 4. The parametric
modeling should be established firstly, it consists of the
variable scope, test design and sample point. Then the
dynamic analysis of the pipeline has been conducted and
the optimization objective can be obtained. The test design
table can be established and the response surface model can
be obtained. Finally, optimal solution for pipeline supports
can be obtained by optimizing the parameters.
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Figure 4 Optimization flow chart of response surface
method

4 Test design table and response surface modelling

4.1 Test design table

In this section, the natural frequencies of pipeline are defined
as the optimized response value, the Kriging response
surface model of the clamp position is established, and the
optimization position of the clamp position is obtained by
the candidate points. The position of the clamp in the model
is parameterized in the modeling software, and the design

variables are shown in figure 5. The model is imported into
the finite element analysis software, and modal analysis has
been conducted. The maximum deformation is taken as the
response target value. Using the BBD scheme, the change
intervals of design variables are shown in Table 1, and the
combination relationship of design variables are shown in
Table 3 and Table 4, respectively.

According to the dynamic analysis of the design
variable data listed in Table 2 and Table 3, the numerical
change of the natural frequency of the pipeline can be
obtained. The results are shown in Table 5. The P4 and P5
values in Table 5 are the basis parameters for establishing
the response surface model.

Table 3 Change range of BBD variable

Lower limit ~ Upper limit  Original size
distance 1/mm 1080 1320 1200
distance 2/mm 1350 1650 1500
distance 3/mm 360 440 400

Table 4 BBD test plan

1 Testnumber Pl-distance 1 P2- distance 2 P3- distance 3
2 1 1200 1500 400
3 2 1080 1500 360
4 3 1320 1500 360
5 4 1080 1500 440
6 5 1320 1500 440
7 6 1080 1350 400
8 7 1320 1350 400
9 8 1080 1650 400
10 9 1320 1650 400
11 10 1200 1350 360
12 11 1200 1350 440
13 12 1200 1650 360
14 13 1200 1650 440

Table 5 BBD test design table

1  Test number P1-distancel P2- distance2

P3- distance3

P4- 10" fixed frequency  P5- 11% fixed frequency

2 1 1200 1500
3 2 1080 1500
4 3 1320 1500
5 4 1080 1500
6 5 1320 1500
7 6 1080 1350
8 7 1320 1350
9 8 1080 1650
10 9 1320 1650
11 10 1200 1350
12 11 1200 1350
13 12 1200 1650
14 13 1200 1650

400 254.9 285.58
360 277.29 278.65
360 277.25 352.54
440 242.32 277.83
440 268.20 34991
400 215.54 329.92
400 311.28 363.11
400 242.57 244.68
400 315.27 326.73
360 238.02 335.80
440 237.56 337.58
360 248.80 272.46
440 247.60 272.25
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Figure 5 Design variables

4.2 Response surface modeling

According to the experimental design table, the response
surface model type of the BBD scheme is defined as Kriging
response surface. The Kriging method is used to solve
the problem of error estimation. It is a spatial estimation
technique of interpolation algorithm, and the fitting degree
the sample points of the Kriging response surface and the
predicted straight line is shown in figure 6. The real values
of P4 and P5 can match closely with the predicted values,
and the established response surface model can meet the
optimization requirement.

1A m P4-Total Frequency
= P5-Total Frequency

0.94
0.8 1
0.7 1
0.6 1
0.5
0.4
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0.2 1
0.14

0
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Figure 6 The fitting degree of the sample points of
the Kriging response surface and the predicted straight line

The response surface model obtained by the BBD
scheme is analyzed, as shown in figure 7. figure 7(a) is
the response surface models of distance P1 and distance
P2 with response target P4, figure 7(b) is the distance P1
and distance P3 with response target P4, figure 7(c) is
the distance P2 and distance P3 with response target P4.

Figure 7 (d) is the response surface models of distance P1
and distance P2 and response target P5. Figure 7 (e) is the
distance P1 and distance P3 and response target P5. Figure
7 (f) is the distance P2 and distance P3 and response target
P5.
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(c) P2-P3-P4 response surface model
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(e) P1-P3-P5 response surface model

P5
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(f) P2-P3-P5 response surface model

Figure 7 Brig scheme Kriging response surface

From figure 7, the design variables and the
optimized target response values show obvious nonlinear
characteristics. It can be seen that with the increasing of

the distance P1, the optimization targets P4 and P5 increase
slowly at first. When the distance P1 increases around
1200, the increasing of P4 and P5 become faster, and the
response surface model changes more drastically. When P2
gradually increases, the optimization target P4 increases
rapidly and then slowly. When the distance P2 is around
1500, the response surface model changes more seriously.
The optimization target P5 gradually decreases with the
increasing of P2. When P3 gradually increases to 400, the
optimization target P4 increases slowly at first. When P3
is greater than 400, the optimization target P4 decreases
faster. The effect of P3 on P5 is gradually increased with the
increasing of P3, and P5 decreases firstly and then increases
with 400 as symmetry. In summary, the design variables and
response values show complex nonlinear characteristics,
and the response surface model can intuitively show the
mutual relations.

5 Results and discussions

The effect of clamp position can change the natural
frequencies of pipeline system. The pump excitation is
275Hz, when the natural frequency of the pipeline system
are closer to pump excitation frequency, the mechanical
resonance will occur. In order to avoid resonance, the
natural frequency should be far away from 275 Hz.
Therefore, the optimization objective can reach the
independent optimal value due to the interaction between
design variables and the relationship between optimization
objectives. The satisfaction function of MOGA genetic
algorithm is usually used to optimize multiple objectives.
The following definitions are given for the optimal solution
in multi-objective optimization problems. The solution of
the constraint conditions is defined as feasible solution.
Pareto optimal solution is used as the optimal solutions.
The surface composed of the target vectors corresponding
to all Pareto optimal solutions. After MOGA analysis, it can
be concluded that picture of Pareto front is shown in figure
8, the blue dot value represents the best result.
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Figure 8 Pareto front

By Pareto front analysis, the optimal solution set
can be obtained in which the blue point set is superior
to the green point set. The candidate of BBD scheme can
be obtained in the Kirging approximate response surface
model, which are listed into Table 6.



Table 6 BBD Candidate

Candidate 1 Candidate 2 Candidate 3
P1-Distance 1/mm 1081.2 1201.1 1231.2
P2-Distance 2/mm 1351.5 1351.3 1350.4
P3-Distance 3/mm 439.15 439.09 438.22
P4-10" natural frequency/Hz 214.66 238.92 245.19
P5-11" natural frequency/Hz 334.79 336.92 342.32

As shown in the Table6, in order to avoid the
mechanical resonance of the pipeline, the optimal values of
each multi-objective optimization and the comprehensive

optimal values of multi-objective optimization can be
obtained, as shown in Table 7.

Table 7 Optimal candidate

oL L Comprehensive Before Difference
P4 optimization P5 optimization optimization optimization comparison
P1-Distance 1/mm 1081.2 1231.2 1081.2 1200.0 118.8
P2-Distance 2/mm 1351.5 1350.4 1351.5 1500.0 148.5
P3-Distance 3/mm 439.15 438.22 439.15 400.00 39.15
P4-10™ natural frequency/Hz 214.66 245.19 214.66 254.90 40.24
P5-11" natural frequency/Hz 334.79 342.32 334.79 285.58 49.21

It can be seen from the Table 7 that the natural
frequencies of pipeline system can be changed significantly
by multi-objective optimization. If the response value is
analyzed separately, different optimal design variables will
be obtained. However, it is necessary to select a combination
of design variables which are different from the natural
frequency of the pipeline system and the pump fluid
excitation frequency. The optimization objective is that the
natural frequency of pipeline should be far away from the
excited frequency 275Hz. Therefore, P1 = 1081.2mm, P2
= 1351.5mm, P3 = 439.15mm are the best combination
of design variables. Moreover, the 10% natural frequency
of pipeline decreases by 40.24Hz after optimization, and
the 11" natural frequency increases by 49.21Hz after
optimization. The calculation results of statistical candidate
points meet the requirements of support optimization,
which can improve the calculation time significantly.

6 Conclusion

This paper proposed a developed response surface method
to reduce the vibration by optimizing the natural frequency
of the pipeline system. The BBD scheme is presented to
establish the response surface model between the design
variable and the response. New results and conclusions are
obtained.

The fitting degree of the sample points of the response
surface between the simulation and prediction value is
linear, and the predicted line is in good agreement with P4
and P5, which can verify the effectiveness of the response
surface model. The response surface model shows complex

nonlinear characteristics between P1, P2, P3 and P4 and P5
in order to obtain the optimal solution. The optimization
results based on the response surface method can optimal
the natural frequencies of pipeline significantly, which is
more than 20% away from the pump excitation frequency.

In the design process of offshore pipeline system, the
dynamic optimization analysis is essential to ensure that
there is no harmful resonance in the working conditions.
The proposed developed response surface method in this
paper can not only improve the vibration performance
of the hydraulic pipeline system, but also improve the
calculation efficiency significantly. It provides a new
practical optimization method for vibration analysis of
oftshore hydraulic pipeline system.
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