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As a composite structure, the single fixed clamp (SFC) is an important supporting component of the aeroengine
piping system. The dynamic parameters (stiffness and damping) of SFC have significant differences in bolt di-
rection and opening direction. Accurately identifying the dynamic parameters of an SFC in both directions is
of great significance for the study of pipeline system dynamics. At present, there is very little research on the
identification of dynamic parameters for such SFC. Therefore, an SFC-straight pipe structure for identifying the
dynamic parameters of an SFC is proposed in this paper. In this structure, one end of the straight pipe is com-
pletely fixed, and the other end is supported by an SFC. This structure can better reflect the working state of the
SFC. A dynamic model of this structure is established based on the finite element method for parameter identifi-
cation of SFC. In the finite element model (FEM), the constraint effect of the SFC is simplified into two identical
spring-damping groups. Considering the structural asymmetry, spring and damping parameters for bolt direction
and opening direction are separately set in each spring damping group. Next, based on the Pareto multi-objective
genetic algorithm, an identification algorithm and procedure for the stiffness and damping of the SFC using modal
test data as input parameters are proposed. Through experimental testing, parameter identification is carried out
for DKS8 type SFC, and a straight pipe experimental structure completely supported by two SFCs is constructed to
verify the correctness of the identification results.

1. INTRODUCTION

In pipeline systems in fields such as aerospace and aviation,
the single fixed clamp (SFC) is widely used as an important
pipe support and fixed component.' In the pipeline system of
the aeroengine, a composite structure SFC is commonly used
(as shown in Fig. 1), which is composed of steel bands, metal
rubber gaskets, and mounting bolts. This SFC not only has the
function of fixing and supporting the pipe body but can also
reduce the vibration of the pipe body. During the operation
of aeroengines, the vibration fatigue damage of the pipeline
system can lead to serious flight accidents,° and the vibra-
tion problem of the pipeline system has always been a con-

cern. However, the dynamic parameters (support stiffness and
damping) of the SFC have a significant impact on the vibration
characteristics of the pipeline system. Therefore, conducting
research on the dynamic parameter identification of SFCs is of
great significance for the dynamic analysis of pipeline systems.
To carry out the identification of dynamic parameters of SFCs
in aeroengines to serve the dynamic research of pipeline sys-
tems, it is necessary to clarify the dynamic modeling method of
pipeline systems and the way in which the dynamic parameters
of an SFC are reflected in the model. In recent years, research
on dynamic modeling and the analysis of pipeline systems con-
sidering SFC support and constraints has received attention.
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Figure 1. Structure of SFC.

To make the identification of dynamic parameters of SFC
better serve the dynamic research of pipeline systems, it is nec-
essary to understand not only the dynamic modeling method
of pipeline systems, but also the representation of dynamic pa-
rameters of SFC in different dynamic models. For analytical
methods, Lin et al.?® simplified the clamp as nonlinear spring-
damping, and established a clamp-pipeline nonlinear model
based on cubic stiffness. Meanwhile, the analytical solution of
the nonlinear model was obtained by the multi-scale method.
Chen et al.?° studied the dynamic analysis of a liquid-filled
pipeline under the condition of clamp soft nonlinear support.
They simplified the clamp to a double spring-single damping
model and derived the differential equation of system dynam-
ics based on the generalized Hamilton principle. The numer-
ical results were calculated by the Runge-Kutta method, and
the approximate analytical results were obtained by the har-
monic balance method. Yang et al.>® derived a real-valued
analytical formula for calculating the random stress response
of a clamp-pipeline model transporting fluid based on the com-
plex modal superposition method and random vibration theory,
and the equivalent spring-damping model was used to simulate
the support effect of the clamp. Zhang et al.3! divided the L-
shaped pipeline into two straight pipes and one curved pipe
based on the substructure-analytical method and established
a substructure-analytical dynamic model or L-shaped pipeline
with multiple clamps. The clamp in the model was simulated
by two groups of spring-damping elements. Dou et al.?? estab-
lished the dynamic model of a fluid-conveying pipe with flxed-
flxed ends and restrained by an intermediate clamp. The clamp
and the constrained pipe within the clamp width were modeled
as a rigid body that had a certain width and was connected to
the base by vertical and torsional springs at its ends. The influ-
ence of the clip stiffness on the natural vibration characteristics
was compared, and the necessity of the integral pipe model was
illustrated. For the semi-analytic models, Ma et al.3*3* de-
veloped a new semi-analytical model for the straight pipeline
segment treated by constrained layer damping and the curved
pipeline segment based on the Timoshenko straight beam and
curved beam theory. The clamp was equivalent to a group of
spring dampers, which comprised six springs and six dampers.
The dynamic equation was established by substituting in the
Lagrange equation.

Further, they proposed an equivalent mechanical model to
simulate the nonlinear mechanical properties of the clamp,
which were expressed by nonlinear stiffness and damping
with the amplitude-dependent characteristic. Meanwhile, an
effective algorithm was presented for solving nonlinear dy-
namic equations in the frequency domain with the amplitude-

dependent characteristic. Xu et al.’> established a theoretical
model by Euler-Bernoulli beam theory to describe the dynamic
behavior of the pipe restrained with pipe clamps, where the
pipe was excited under the combination of internal and exter-
nal flows. The pipe clamp was simplified to be a support spring
and a torsional spring. Chen et al.’® introduced a novel semi-
analytical dynamic model that effectively considers the influ-
ences of nonlinear clamps in parallel pipeline systems. This
model simulated the vertical hysteretic restoring force of the
clamp using the Bouc-Wen model. Each clamp was simpli-
fied as two sets of springs. Each set of springs was equated
to two translational springs and two torsional springs along
each direction. Zhang et al.’’ discretized the pipeline sys-
tem into several characteristic elements, such as straight pipe,
curved pipe, clamp and connecting springs, and proposed a
semi-analytical modeling method for U-shaped, Z-shaped and
regular spatial pipelines supported by multiple clamps. The
clamp was simulated by springs. The dynamic equations of
the plane and regular spatial pipeline system were obtained ac-
cording to the Rayleigh-Ritz method. For models based on the
finite element method, Chai et al.>® established a finite element
model (FEM) of an L-type pipeline system with clamps using
Timoshenko beam theory. The clamp was divided into eight
springs and dampers along the axial direction, including two
linear springs, two angular springs, two linear dampers and two
angular dampers. Cao et al.>**! proposed a nonlinear clamp
model with four degrees of freedom based on the genetic al-
gorithm and the finite element method and carried out whole
finite element modeling and section modeling for the complex
pipeline system supported by multiple clamps, respectively.
Account for the effect of clamp width constraint, each clamp of
the pipeline system was discretized into two transverse springs
and two torsion springs equally along the axial direction of
the pipe. Ji et al.*>* established two parametric order reduc-
tion FEMs for the pipeline system based on the dynamic sub-
structure method and high-precision super element with few
degrees of freedom, respectively. The spring elements are used
to simulate the clamp constraint. It was assumed that the defor-
mations of the clamp belts were equal, and the spring stiffness
of the clamp support constraint was proportional to the clamp-
ing force. Ma et al.** proposed a FEM for nonlinear vibration
analysis of the straight pipeline with a partially attached vis-
coelastic damping patch considering the non-uniform continu-
ous elastic constraint of the clamp. Several spring groups were
set to simulate the elastic boundary condition of clamps. Each
spring group had three translational springs and two rotational
springs. In addition, the transfer matrix method is also used
in the study of pipeline dynamics. Guo et al.***” improved
the transfer matrix method and the dynamic model of a com-
plex fluid-conveying pipeline system with series and parallel
structures. And then, a dynamic model of a parallel fluid-filled
pipelines-casing considering casing flexibility was developed
by combining the semi-analytical method and improved trans-
fer matrix method.

Moreover, they proposed a dynamic model of an L-shaped
pipeline combining the transfer matrix method and lumped pa-
rameter method. In these models, to consider the influence
of the clamp width, the clamp was equivalent to two sets of
springs, consisting of three translational springs and three tor-
sional springs.

From the above research, it can be seen that the dynamic
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parameters of the clamp structure have a significant impact on
the dynamic characteristics of the pipeline system. Therefore,
some scholars have also conducted identification research on
the dynamic parameters of the clamp. For example, Liu et
al.¥® took an aviation hydraulic pipeline as the research ob-
ject, and the clamp was equivalent to the combined form of the
constraint point and the pipeline. The equivalent stiffness of
the clamp in each direction was obtained via the finite element
method. Lin et al.* established a nonlinear hysteretic restor-
ing force model based on the Bouc-Wen model, and the Ga-
multiobj algorithm and the group search optimization (GSO)
algorithm are used to fit and identify the material softening
and hardening hysteresis curves, respectively.

Nonetheless, research on the identification of dynamic pa-
rameters of SFCs in aeroengine pipeline systems is still in its
early stages, and corresponding parameter identification re-
search is even rarer. In previous research on pipeline system
dynamics, various modeling methods have been applied. It is
worth noting that the constraint effects (stiffness and damping)
of SFCs are mostly simplified into a spring-damping model in
several directions. This makes the dynamic parameter identifi-
cation of the SFC based on this simplified mode. Meanwhile,
the mechanical structure of SFC for the aeroengine has asym-
metry, which leads to the anisotropy of the dynamic parame-
ters of the SFC in different directions. Therefore, the research
on parameter identification of SFCs needs to address the prob-
lem of synchronous identification of multiple parameters. In
other words, the identification model and identification algo-
rithm need to adapt to the needs of multi-parameter identifica-
tion. Additionally, experimental test data is often required as
input in parameter identification.

In practical complex pipeline systems, SFCs are used in
multiple positions. Using test data from actual pipeline sys-
tems as input parameters for identification will undoubtedly
result in significant testing difficulty and workload. Even if
it is possible to test the actual pipeline system, the use of its
massive test data is still a very troublesome problem. There-
fore, a simple and effective testing structure that can reflect the
mechanical properties of the SFC has become the key to iden-
tifying the clamp parameters. The above factors pose a huge
challenge to the research on dynamic parameter identification
of SFCs.

To address these issues, an SFC-straight pipe structure for
dynamic parameter identification of SFC is proposed in this
paper. In this structure, one end of the straight pipe is com-
pletely fixed, and the other end is supported by an SFC. This
structure can better reflect the working state of the SFC. On this
basis, a dynamic model of the structure is established based on
the finite element method for parameter identification of the
SFC. In the FEM, the constraint effect of the SFC is simpli-
fied as two identical spring-damping groups. Considering the
structural asymmetry (as shown in Fig. 2), there is a signifi-
cant difference in the dynamic parameters of the SFC in the
bolt direction and the opening direction. Therefore, different
spring and damping parameters are set for bolt direction and
opening direction in each spring-damping group. Meanwhile,
using modal test data as input parameters, an identification al-
gorithm and procedure for the dynamic parameters (stiffness
and damping) of the SFC are proposed based on Pareto multi-
objective genetic algorithm.

The structure of this article is organized as follows. In Sec-

1| Bolt direction |

| Opening direction ]

Figure 2. Bolt direction and opening direction of SFC.

"L.‘

Figure 3. Timoshenko beam element.

tion 2, the dynamic parameter identification theory of SFC is
introduced, including the establishment of FEM, construction
of frequency response functions (FRFs), identification algo-
rithms and processes. In Section 3, experimental verification is
conducted. Herein, parameter identification DK8 SFC is car-
ried out, and an experimental structure is constructed that is
completely supported by two SFCs to verify the accuracy of
the identification results. Finally, some important conclusions
are listed in Section 4.

2. IDENTIFICATION THEORY OF DYNAMIC
PARAMETERS FOR SFC

2.1. Construction of FEM and FRF

Based on ignoring the axial translation and torsional defor-
mation of the pipeline structure, Timoshenko beam elements
were used for FEM. As shown in Fig. 3, the n th beam ele-
ment coordinate system is oxyz, the subscripts ¢ and j repre-
sent node numbers, and [,, is the length of the n th beam ele-
ment, respectively. The displacement vector of the n th beam
element in this coordinate system can be expressed as:

0" = [vi, wi, ¢, 05, v, wy, ¢4, 05 (D

The stiffness matrix of the n th beam element k,, can be
expressed as where, I, and I, were the principal moment of
inertias for the y-axis and z-axis, b, and b, were the shear
influence coefficients on the y-axis and z-axis directions, I
was the torsional moment of inertia for the z-axis, £ was the
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Young’s modulus, A was the cross-sectional area of the beam,
and G was the shear modulus.

The mass matrix of the n th beam element m,, can be ex-
pressed as

where, p was the material density. In addition, 7, and r,
were the rotation radii around the y-axis and z-axis, A,

A(rs,by), Ay = A(ry,b.), B, = B(r;,by), By = B(ry,b )
C, = C(rz,by), Cy = C(rs,by), D, = D(rz,by), D, =
D(’I“y,bz), E, = E(Tzaby)’ Ey = E(Tyabz)’ F, = F(T‘Z, )
F, = F(ry,b,).
ry and 7, can be calculated using the following formulas.
I
Ty = Zy; (4a)
I,
re =\l (4b)

The expressions of A, Ay, B, By, C., Cy, D, Dy, E,, E,,
F, and F, were as follows

13 7 1p2 4 r\2
35 + 10b+ b *(T) )
A(Ta b) - ( + b) I (53)
9 3 2 4 r\2
70 + 10b+ 5b *(T) .
o [170+ﬁ0b+ 1b2 (10—%b)(1%)2}l".
C(T’, b) - (1 _|_ b)Q ) (SC)
e b+ b — (55— 30 (E)
l)('f‘7 b) = (1 + b)2 ) (Sd)
E(r,b) =
55+ 560+ 13507 — (% + 80+ 369 (E)?]ln
105 ' 60 120 7, . (5e)
(1 +b)2 ’
F(r,b) =
[14110 Jrleob 1%06’2 (* 1b+ 152)(1L) ]ln'
(14 0)2 A

To achieve parameter identification of SFC, the SFC-straight
pipeline structure is designed as shown in Fig. 4. In this struc-
ture, the D; end of the pipeline was completely fixed, and the

D5 end was fixed with an SFC. In the FEM, the SFC was sim-
ulated using a spring-damping element. The position points of
d; and d, represented the constraint position of the SFC. The
clamp was equivalent to two linear springs connected in par-
allel to the pipeline. k. and k, represented the radial stiffness
of the clamp, kg. and kg, represented the torsional stiffness
of the clamp, ¢, and c, represent radial support damping. The
damping of the clamp in the torsion direction is not considered.
In the Fig. 4, the stiffness matrix and damping matrix of SFC

(Kcla Ccl) are
Ky
K
K, — z : 6
] Ko, (6)
K@z
Ccl - |: O Cz:| . (7)

The stiffness matrix and damping matrix of the SFC-straight
pipe structure (X, C') can be expressed as

K=K4+K

pis

()
C=0C,+ Cpi; &)

where, K; and C),; were the stiffness matrix and damping ma-
trix of the straight pipe structure, respectively.

Among them, the damping matrix of the straight pipe C);
was simulated using Rayleigh damping, that was, Cp; =
aM + BK. o and 8 were Rayleigh damping coefficients, and
can be obtained from following formula.

_ 2@@5%@ jQCp@t); (10a)
Wp® — Wt

5 2(4@ - 9;07 (10b)
Wp” — Wy

where, (; and (; were structural damping ratios of the ¢ th order
and u th order, w; and w, were natural circular frequencies of
the ¢ th order and p th order (unit: rad/s). The orders (¢ and p)
were determined based on the minimum and maximum values
of the analysis range of interest. For the system studied in this
paper, 1 st and 20 th orders are selected, i.e. t = 1, p = 20.
The straight pipe was divided into IV elements. The stiffness
and damping matrices of the clamp and pipe body were assem-
bled. The stiffness and damping matrices of the SFC-straight
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Figure 4. SFC-straight pipeline structure.
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Figure 6. The system damping matrix set of SFC-straight pipe structure.
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7 = | 2.2. Identification Algorithm
kn
A — : rE— n’ The optimization process of Pareto genetic algorithm can be
Element number described as follows
Figure 5. The system stiffness matrix set of SFC-straight pipe structure. min[f; (), f2(Z), - fn(T)]; (14a)
pipe system were obtained through this method. The assembly b<7<ub
method is shown in Fig. 5 and Fig. 6. ot Ae_ . f_i be ) (14b)
From the above formulas, the dynamic equation of the SFC- ' A q_ < ; ¢
*T <

straight pipe structure can be obtained

MX +CX+KX =F,; a1

where, M was the mass matrix of the SFC-straight pipe struc-
ture, which was obtained by adding the clamp mass as a con-
centrated mass to the mass matrix of the pipe.

The displacement FRF of the SFC-straight pipe structure

was
n T
Z ¢7‘¢7‘ .
— w2 + 2iCwpw — w?’

Hy(w) = (12)

where, w was the external excitation frequency, w, was the r th
order natural frequency of the system, (. was the r th modal
damping ratio of the system, n was the number of calculated
modes, ¢ was a vibration mode matrix composed of n orders
vibration mode vectors.

In this paper, the acceleration FRF was used for damping
identification. Therefore, Eq. (12) was converted to Eq. (13),
and the real part value of Eq. (13) is taken as the calculation

where, f;(x) was the objective function to be optimized, and Z
was the variable to be optimized. Constraint: [b and ub were
the upper and lower limits of Z, Aeq and beq constituted the
linear equality constraint of Z, A and b constituted the linear
inequality constraint of Z.

2.2.1. Identification algorithm for clamp stiffness

The natural frequencies of each order for the system can be
obtained separately through modal testing and simulation anal-
ysis (based on the FEM proposed in Section 2.1). The objec-
tive function of Pareto algorithm is constructed based on the
error between the test results and simulation results of the nat-
ural frequency, which can be expressed as

lfr = [l [f2 = fm2l  fi = il
fi ’ fa ’ fi

where, f; and f,,,7 were the natural frequencies obtained from
the modal testing and simulation. The range of stiffness K is

b 15)

min{
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Figure 7. Identification procedure for stiffness and damping of clamp.

set as a constraint condition Z, that is

b < K < ub; (16)
where, the values of {b and ub were determined by static ex-
periments.

2.2.2, Identification algorithm for clamp damping

Similarly, the FRFs corresponding to each order of natural
frequencies can be obtained through modal testing and simu-
lation analysis. Based on the error between the test results and
simulation results of the FRFs, the Pareto algorithm objective
function is constructed as follows

|Hy — Hpa| |Hao — Hppo| |H; — Hpl
- (17
{ H, ’ Hy ’ H; Boan

min

where, H; and H,,; were the FRFs obtained from the modal
testing and simulation. The ranges of the damping c; and struc-
tural damping ratios (; and (» in Rayleigh damping were set
as constraint conditions Z, that is

lbl < Cj < Ubl; (183)

by < (rorCe < uby; (18b)

where, ¢; was the damping in the j(x, y, z) direction, (b, ub,
by and uby are determined by static tests.

2.3. Identification Procedure

The natural frequencies of the pipeline system are directly
affected by the support stiffness of the clamp, and the FRF of
the pipeline system is directly affected by the clamp damping.
Therefore, the stiffness and damping of the clamp can be di-
rectly identified through the natural frequencies, and FRF ob-
tained through modal testing. The identification procedure for
the stiffness and damping of clamp is shown in Fig. 7.

3. EXPERIMENTAL VERIFICATION

To accurately verify the reliability of the identification algo-
rithm, two experimental structures are set up:

1. A single straight pipe with one end fixed and the other end
supported with an SFC.

Table 1. Material and geometric parameters of pipe.

Elastic modulus|Density |Poisson’s|Length|  Outside Inside
(GPa) (kg/m3)| ratio | (mm) |diameter (mm)|diameter (mm)
190 7850 0.3 400 8 6.4

e
() ——

| Excitation point
).
) : .}

N i 3 N y
2 1 Lightweight y
. ¥ ,,. ¢ 3 o0

Figure 8. Testing system for identifying the stiffness and damping of DK8
SFC.

2. A single straight pipe supported with two SFCs.

Firstly, the stiffness and damping of the SFC are identified
using the first experimental structure, and then the identifica-
tion results are substituted into the second experimental struc-
ture for verification.

The DK8 SFCs and a 400 mm straight steel pipe were used
in the experiment, and the geometric and material parameters
of the pipe body are shown in Tab. 1.

3.1. Identification of Stiffness and Damping
of DK8 SFC

The layout of the testing system used to identify the stiffness
and damping of the clamp is shown in Fig. 7. One end of the
straight pipe was completely fixed by a fixture, and the other
end was fixed by an SFC. The SFC was fixed by a bolt, and
the bolt tightening torque is 7 Nm. Here, the impact method
was used for modal testing. The excitation point and pickup
point of vibration are shown in Fig. 8. The coordinates of the
excitation point was (284 mm, 0, 0), and the pickup point of
vibration was (110 mm, 0,0). A PCB lightweight unidirec-
tional acceleration sensor was used to capture the vibration.
The natural frequency and FRF of the system can be obtained
through modal testing. Then, the FEM of the experimental
testing structure needs to be established. Except for the fixed
support area on the left side, the effective length of the straight
pipe is 320 mm.

3.1.1. Stiffness identification

In the testing modal data, the 3 orders natural frequen-
cies dominated by the y-direction stiffness of the clamp were
selected for identification of the y-direction stiffness of the
clamp, and the 3 orders natural frequencies dominated by the
z-direction stiffness of the clamp were selected for identifica-
tion of the z-direction stiffness of the clamp. According to the
stiffness identification algorithm proposed in Section 2.2, the
constraint condition is set to the magnitude of the stiffness in
the four degrees of freedom directions of the clamp, and the
range of values is given by the static experiment. The con-
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Figure 9. 2z-direction stiffness optimization results SFC.

straints of stiffness identification are represented as

5.9 x 106 < K, < 8.8 x 10°
3.4 x 108 < K, <49 x10°
31 < Ky, <42
17 < Ky, <39

19)

; The population size was set to 100, and the number of it-
erations was set to 100. The optimization results are shown in
Fig. 9 (taking the calculation of -direction stiffness as an exam-
ple). The optimization results with the 1st-3rd natural frequen-
cies as the optimization objective are shown in Fig. 9 (a), and
the optimization results with the 1 st and 2 nd natural frequen-
cies as the optimization objective are shown in Fig. 9 (b). The
1 st and 2 nd natural frequencies can simultaneously achieve
the minimum error, which is the position indicated in Fig. 9 (b).
However, the error of the 3 rd natural frequency is not the min-
imum. Therefore, when selecting the optimization results, the
optimization objective of interest can be considered. For ex-
ample, this study focuses more on natural frequencies below
1000 Hz, so the minimum error of the 1 st and 2 nd natural
frequencies is selected as the final optimization result. The op-
timal solution can be obtained from Fig. 9, and the optimiza-
tion results of the clamp stiffness in the y and z directions are
listed in Tab. 2 and Tab. 3. According to the frequency data in
Tab. 2 and Tab. 3, the frequency errors (| f; — fm:|/ f:) are fur-
ther calculated, and the calculation results are shown in Fig. 10.
For the experimental frequency and simulation frequency of y-
direction stiffness identification, the maximum frequency er-
ror is 0.675 %, and the average frequency error is 0.355 %.
For the experimental frequency and simulation frequency of -
direction stiffness identification, the maximum frequency error

Table 2. Optimization results of y-direction stiffness of DK8 single clamp.

Experimental Calculated Identification
Order
frequency f; | frequency fi; result
1 337.500 Hz 336.721 Hz Ky=8669322 N/m
2 946.875 Hz 948.390 Hz K.=4158579 N/m
Koy=35.02 N/rad
3 1881.250 Hz 1855.664 Hz K p2=36.96 N/rad

Table 3. Optimization results of z-direction stiffness of DK8 single clamp.

Experimental Calculated Identification
Order
frequency f; | frequency fini result
1 337.500 Hz 320.903 Hz Kyy=7729826 N/m
2 959.375 Hz 921.000 Hz K>=4894975 N/m
3| 1737500Hz | 1827.082H, | [ [0y742Nirad

Ky2=32.73 N/rad

is 5.156 %, and the average frequency error is 4.691 %. This
frequency error level meets the actual needs of engineering.

3.1.2. Damping identification

The identification results of the clamp stiffness are input into
the identification model. Meanwhile, the FRF values of 2 or-
ders dominated by y-direction damping were selected to iden-
tify the y-direction damping of the clamp, and the FRF values
of 2 orders dominated by z-direction damping were selected to
identify the z-direction damping of the clamp. The objective
function was constructed using the corresponding acceleration
FRF. Based on the damping identification algorithm proposed
in Section 2.2, the damping (c,, c,) and Rayleigh damping ra-
tios ({1, (2) in the y-direction and z-direction were set as con-
straint conditions, and their range of values is given by static
experiments. The constraints of damping identification are rep-
resented as

0<G <1
0<G<1
6 <c, <50
3<ec, <32

(20)

The population size is set to 30 and the number of iterations
is set to 100. The optimization results are shown in Fig. 10
(To save paper space, the calculation of z-direction damping
with 1 st and 2 nd orders is taken as an example). From
Fig. 11, it can be seen that the optimal solution occurs when
the FRF error of the 1 st and 2 nd orders is the minimum, and
the damping and structural damping ratios in the y-direction
and z-direction can be obtained. The identification results are
listed in Tab. 4 and Tab. 5. Similarly, the frequency response
errors (|H; — H,,;|/H;) are calculated based on the FRF val-
ues in Tab. 4 and Tab. 5, and the calculation results are shown
in Fig. 12. For experimental frequency response and simula-
tion frequency response of y-direction damping identification,
the maximum frequency response error is 1.151 %, and the av-
erage frequency response error is 1.089 %. For experimental
frequency response and simulation frequency response of z-
direction damping identification, the maximum frequency re-
sponse error is 0.013 %, and the average frequency response

Table 4. Optimization results of y-direction damping of DKS single clamp.

Experimental Simulation
Order | frequency response | frequency response | Identification result
H;[(m/s?)/N] Hpi[(m/5%)/N]
¢1=0.023
1 283.12 286.37 &y =0.032
2 1379.77 1365.60 cy =15.77
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Figure 10. Frequency error in stiffness identification of y-direction and z-
direction.
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Figure 11. z-direction damping optimization results with 1 st and 2 nd orders.

Table 5. Optimization results of z-direction damping of DK8 single clamp.

Experimental Simulation
Order | frequency response | frequency response | Identification result
Hilm/s?)N] | Hpil(m/s?)/N]
¢1 =0.006
1 925.52 925.60 Cr=0.11
2 1180.11 1179.96 cy =15.97

»
AT i

A ————
® e
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Figure 13. Experimental testing system for verifying identification results.

error is 0.011 %. This frequency response error level also
meets the actual engineering needs.

3.2. Verification of Identification Results

To verify the correctness of the identification results in Sec-
tion 3.1, an experimental system was built with a straight pipe
supported by two DKS8 single clamps. As shown in Fig. 13,
the 2 ends of the straight pipe were fixed to the experimen-
tal bench using two single clamp bolts. Similarly, the impact
method was selected for modal testing to obtain the natural
frequencies and FRF of the experimental structure. The bolt
torque for fixing the clamp is 7 Nm, which was the same as
the clamp bolt torque for the experimental structure in Section
3.1. Similarly, a FEM of the experimental structure needs to be
established. In this experimental structure, the effective length
of the straight tube was 400 mm. Based on the FEM in Section
2.1, the pipe body was divided into 80 elements and 81 nodes.
The 2 clamps were simplified into four support points corre-
sponding to nodes 4, 7, and 74, 77 of the pipe body, and the
concentrated mass effect of the clamps was considered. The
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Table 6. Experimental and simulated natural frequencies of the 1st-3th orders
in the y-direction and z-direction.

y-direction z-direction
Experimental | Simulated | Experimental | Simulated
Order
frequency | frequency | frequency | frequency
fi [Hz] fmi [Hz] fi [Hz] fmi [Hz]
1 281.25 272.10 268.75 246.4
2 803.13 783.75 756.25 736.53
3 1615.63 1553.58 1487.5 1475.74
[ Frequency error dominated by y-direction stiffness
[ Frequency error dominated by z-direction stiffness
~ 9 8,19
s 8
s 7 Average er- Average er-
s g ror: 3,17 ror: 3,386
E 4 325 LS ) — [
g g 2,41 2,61
[ 1 ! D ’ [I 0,79
0 I:I
y-1 y-2 y-3 z-1 z-2 z-3
Order
Figure 14. Frequency error for verification of y-direction stiffness and z-

direction stiffness.

identification results of clamp stiffness and damping in Sec-
tion 3.1 are input into the FEM for modal analysis. 3 orders
of experimental and simulated natural frequencies dominated
by stiffness of the y-direction and z-direction were selected for
comparison (as shown in Tab. 6).

Furthermore, the frequency errors (| f; — fmn:l|/ fi) were cal-
culated, and the calculation results are shown in Fig. 14. For
the identification stiffness of y-direction, the maximum fre-
quency error is 3.84 %, and the average frequency error is
3.17 %. For identification stiffness of z-direction, the max-
imum frequency error is 8.19 %, and the average frequency
error is 3.86 %. The comprehensive average frequency error in
both directions is 3.52 %. The results of the above comparison
demonstrate that the experimental frequencies and simulation
frequencies have good consistency, and the effectiveness of the
identification method for identifying the stiffness of clamps is
verified.

After verifying the correctness of the stiffness identification
results, the damping coefficients identified in Section 3.1 are
incorporated into the FEM of the pipeline structure with 2 sin-
gle clamps. Similarly, the FRFs of two orders dominated by
y-direction damping and z-direction damping are selected as
optimization objectives. The objective function is set to the ac-
celeration FRF error of pipeline structure with 2 single clamps.
The constraint parameters are the damping ratios of this struc-
ture (; and (5, and the constraint ranges are represented as
follows.

{0 <G <1 o
0<G<1

Herein, the population size is set to 30 and the number of
iterations is set to 100. The calculation results are shown in
Fig. 15.  As shown in Fig. 15, the optimal solution is the
case where the FRF deviation of the two orders is the small-
est. Therefore, the damping ratios in the y-direction and the
z-direction listed in Tab. 7 and Tab. 8 can be obtained. Fur-
thermore, the FRF errors (|H; — H,;|/H;) were calculated,
and the calculation results are shown in Fig. 16. For the iden-
tification damping of y-direction, the maximum FRF error is
0.264 %, and the average FRF error is 0.177 %. For iden-
tification damping of z-direction, the maximum FRF error is

0.2%
018}
016}
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(b) z-direction

Figure 15. Calculation results of Damping ratios {1 and (2 .

Table 7. Calculation results of y-direction damping.

Experimental Simulation
frequency frequency Calculation
Order
response response result
H;[(m/s?)/N] | H;[(m/s?)/N]
1 387.17 388.20 ¢1=0.028
2 1415.52 1416.79 ¢1=0.041

0.008 %, and the average FRF error is 0.005 %. The com-
prehensive average error of FRF in both directions is 0.091 %.
The above comparison results demonstrate that the experimen-
tal and simulation FRF values have good consistency, and the
effectiveness of the identification method proposed in this pa-
per for identifying the damping of clamps is verified. Next,
the FRF curves of the test and simulation were compared. As
shown in Fig. 17, the FRF curve of 2 orders dominated by
damping in the y-direction are compared. The FRF curves of
the test and simulation are in good agreement, which further
verifies the effectiveness of the identification method proposed
in this paper.

4. CONCLUSIONS

In this paper, an experimental structure for identifying the
stiffness and damping parameters of an SFC is proposed.
Meanwhile, an identification model for the clamp stiffness pa-

Table 8. Calculation results of z-direction damping.

Experimental Simulation
Order frequency frequency Calculation
response response result
H;[(m/s?)N] | H;[(m/s?)/N]
1 927.41 927.48 ¢1 =0.0093
2 2295.00 2294.96 ¢1 =0.027
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Figure 16. FREF error for verification of y-direction damping and z-direction
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direction.

omparison of FRF curves dominated by damping in the y-

rameters is established, and a parameter identification proce-
dure based on modal test data is proposed. Furthermore, exper-
imental research is conducted, and the following conclusions
are obtained.

1. The structure of a straight pipe with one end fixed and
one end supported by a clamp proposed in this paper is
feasible for identifying the stiffness and damping param-
eters in the bolt direction and opening direction of a single
clamp.

2. The parameter identification model for the SFC based on
Timoshenko theory and simplified clamp support struc-
ture is effective, and the proposed identification procedure
for SFC parameters based on modal testing and Pareto al-
gorithm has good identification results.

3. Taking DKS single coupling clamp as the research ob-
ject, a pipeline structure supported by two clamps is con-
structed. The parameter identification results of the clamp
are incorporated into the dynamic model of this struc-
ture for simulation analysis, and the simulation and ex-
perimental results are compared. The comparative aver-
age frequency error in both directions is 3.52 %, and the
comparative average error of FRF in both directions is
0.091 %. The comparison results show that the frequency
and FRF of simulation and experiment are highly consis-
tent, which further verifies the rationality of the identifi-
cation method.

4. The parameter identification algorithm based on multi-
objective optimization proposed in this paper essentially
linearizes the nonlinear mechanical characteristics of the
clamping force locally. The frequency range included

in the objective function is too large, which will affect
the identification accuracy. Setting the objective function
based on the frequency range of interest can achieve good
identification accuracy.
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