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OPEN A novel dynamic vibration absorber

for vibration control of piping
systems under multi-frequency
harmonic excitations

LihangYin%2, Wei Xu%?, Zechao Hu*?*? & Liantao Xiao%?

To suppress the significant vibration line spectra of piping systems under multi-frequency harmonic
excitations, a novel dynamic vibration absorber (NDVA) is designed. The NDVA integrates numerous
independent resonant units within a finite space through an ingenious structural design and possesses
rich frequency regulation characteristics. A vibration model of the piping system equipped with the
NDVA is established, and the approximate equivalent parameters of both the piping and the resonant
units are inverted based on the frequency response function (FRF) test results. These parameters can
be substituted into the model to enhance the accuracy and validity of the theoretical calculations.
Based on the relationship between the absorbing bandwidth of the NDVA and the intervals of multi-
frequency excitation frequencies, a tailored regulation strategy for different densities of excitation
frequencies is proposed. Subsequently, the multi-frequency vibration reduction capability of the NDVA
is verified through an example involving dual-frequency harmonic excitations. When there is a notable
difference in the intensities of the multi-frequency vibration line spectra, a genetic algorithm is utilized
to optimize the mass allocation of the resonant units. Simulation and test results demonstrate that the
maximum response amplitude of the optimized system is further reduced.

Keywords Piping systems, Novel dynamic vibration absorber, Multi-frequency harmonic excitations,
Regulation strategy, Mass allocation

Piping systems are important engineering structures that are widely used in the fields of ocean engineering,
mechanical engineering, civil engineering, aerospace, and petrochemicals2. Subjected to the combined effects
of external excitation and internal fluid flow, piping systems are prone to exhibiting multi-frequency vibration
line spectra®*. Strong vibrations in piping systems can lead to machine downtime, fatigue failure, fluid leakage,
and even catastrophic explosions’.

Active control technologies use suitable control strategies to adjust the magnitude of the active force generated
by the actuator in real time, thereby suppressing the vibration line spectra®’. Blocka et al.® designed an annular
hoop-type active control device to suppress fluid pulsations in a piping system, reducing the controlled pulsation
line spectra by about 10-15 dB. Cheer et al.” designed a similar active control structure, which reduced fluid
pulsation in the piping but amplified vibrations near the location of the extruded pipe wall. However, the current
active control technologies still suffer from high costs, complex control algorithms, and the need for numerous
additional devices.

Dynamic vibration absorbers (DVAs) are commonly used for low-frequency vibration control. By adding
auxiliary mass, spring, and damping to the main system, the additional system generates a reactive force!®!!.
Shemshadi et al.!? designed a cantilever beam DVA for piping vibration suppression, and the test results showed
that the absorber had a positive vibration absorption effect at the excitation frequency. However, when the source
vibration frequency shifts, the vibration absorption effect of conventional passive DVAs with fixed parameters
is significantly reduced due to detuning'>!*. Therefore, they are generally used to suppress vibrations generated
by single-frequency excitation.

To suppress multi-frequency excitations, Cunefare et al.!® proposed a state-switched absorber (SSA), which
can change the absorbing frequency by switching its stiffness state during operation. Holdhusen'® utilized
magneto-rheological elastomers to fabricate a SSA for vibration control of continuous system such as beams and
plates, and the results showed that the SSA had better vibration reduction effects than conventional DVAs over
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a wider frequency band. However, the SSA requires frequent switching of stiffness states under multi-frequency
excitations, which will reduce the service life of the SSA. Mani et al.'” developed an adaptive DVA for vibration
reduction in piping systems using springs made of memory alloy. By changing the temperature, the Young’s
modulus of the memory alloy spring can be adjusted, thereby regulating the natural frequency of the absorber.
However, adaptive DVAs have high requirements for control algorithms, and there may be a time delay when
adjusting the stiffness of the absorber.

Igusa et al.'® proposed the multiple dynamic vibration absorber (MDVA), which can overcome the
narrowband limitation of a single absorber by mounting several different absorbers on the main structure.
Kashina et al.!? used a set of undamped resonators to reduce longitudinal or flexural waves in beams and derived
relations for the optimum mass and number of the resonators required to achieve a certain attenuation over
a specified frequency band. Yang et al.>° explored the effect of the MDVA on vibration control of beam-type
structures and calculated the optimal design parameters for each vibration absorber. However, the size and mass
of each DVA in the conventional MDVA are usually large, and it is difficult to install a large number of DVAs in
a limited space, which may hinder the richness of frequency regulation of the MDVA?.

In this paper, a novel dynamic vibration absorber (NDVA) is proposed, which integrates a large number
of resonant units within a limited space through an ingenious structural design. Each resonant unit acts as an
independent vibration absorber, and its frequency is adjusted by means of a variable mass, so that the NDVA
can be flexibly adjusted to target single or multiple frequencies. To better cope with various multi- frequency
harmonic excitation situations, we focus on the following two issues: (1) regulation strategy of the NDVA. Adopt
a targeted frequency regulation strategy for resonant units based on the relationship between the density of
excitation frequencies and the absorption bandwidth of the NDVA; (2) mass allocation of the NDVA. Reasonably
deploy the mass distribution of resonant units based on the amplitude of the multi-frequency response, so
that the NDVA can exhibit differential vibration reduction ability for different vibration line spectra, thereby
enhancing its multi-frequency vibration reduction capability.

This paper is organized as follows: "Model" section introduces the structural and discrete models of the
NDVA; "Response characteristics of the piping under multi-frequency harmonic excitations" section derives
the frequency response function (FRF) and vibration response of the system under multi-frequency harmonic
excitations, and determines the approximate equivalent parameters of the piping system and the resonant unit
through a FRF test; "Frequency regulation strategy for the NDVA" section proposes frequency regulation strategy
for the NDVA under dense and non-dense multi-frequency excitations; "Optimization of the NDVA under
different multi-frequency excitation intensities" section uses a genetic algorithm to optimize the mass allocation
of the resonant units under different multi-frequency response amplitudes, and conducts a multi-frequency
excitations test to verify the optimization results; Some conclusions are given in "Conclusions" section.

Model

The diagram of the NDVA installed on the piping is shown in Fig. 1a. The NDVA mainly consists of a framework,
resonant units and a mounting fixture. As a supporting structure, the framework is machined with three layers
of circular holes arranged in a cyclic pattern. The resonant units can be divided into large resonant units (LRUs),
medium resonant units (MRUs), and small resonant units (SRUs) according to their size. The SRUs, the LRUs,
and the MRUs are respectively embedded within the inner, middle, and outer circular holes, as illustrated in
Fig. 1b. The resonant unit is comprised of an elastic element, a basic mass, and an added mass. The elastic
element relies on a short beam connecting the inner and outer rings to provide stiffness, while the added mass is
attached to the basic mass, as shown in Fig. 1c. The mounting fixture, which includes hoops, connecting studs,
and sleeves, is used to fix the NDVA on the piping. Because of the weak coupling between the resonant units
within each layer, during the theoretical analysis of the NDVA, we can simplify the resonant units in each layer
as a discrete spring-oscillator model, as depicted in Fig. 1d.

Response characteristics of the piping under multi-frequency harmonic excitations
FRF of the piping system

After attaching the NDVA to the piping system, the FRF of the coupling system will be influenced by the
impedance characteristics of the NDVA. We select one of the layers of the resonant units for analysis and
derive the mechanical impedance, and the analysis process for resonant units in other layers is similar. Figure 2
presents the discrete model of the resonant unit, illustrating its two states when arranged vertically and obliquely.
We define a global coordinate system x-0-y and a local coordinate system y-0-yn; My is the mass of the n-
th vertical resonant unit; k. and k., are the spring stiffness in the x and y directions; cn. and cny are the
damping coeflicient in the x and y directions, which can be calculated using formulas ¢ne = 2V knemn and
Cny = 2C/knymn, respectively. Here, ( denotes the damping ratio of the resonant unit, assuming that the

damping ratios of all resonant units are the identical. 8, is the rotation angle. When the resonant unit is placed

obliquely, the parameter values of the mass, the spring stiffness and the damping coefficient remain unchanged,

but the analytical coordinate system shifts from the global coordinate system to the local coordinate system.

The oblique resonant unit exhibits a bending mode in the x,, direction and a tensile mode in the y,, direction.
The impedance of the n-th vertical resonant unit in the x and y directions can be expressed as:

_w2mn (kny + jwcny)
kny + jweny — w?my,

_W2mn (k:7La: + jwcnac)
knm +jwcnx - w2mn

(1)

Zna (W) = s Zny (W) =

where w is the excitation frequency, assuming that the excitation frequencies in the x and y directions are the
same.
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Fig. 1. Structural model of the NDVA. (a) diagram of the NDVA installed on the piping. (b) diagram of the
resonant units embedded in the framework (c) diagram of the resonant unit. (d) diagram of the discrete model.

When the rotation angle is 6,,, the impedance of the resonant unit can be written as:

7 [ cos6, —sinb, Zna (W) 0 cos, —sinf, 17*
n(w) = sin 6, cos b, 0 Ly (W) sin 0, cos b,

2)

Equation (2) can be further organized as:

Z () Znz (W) 08?2 0n + Zny (W) sin? 0, (Zna (W) — Zny (w)) sin B, cos O, 3)
" T (Zne (W) = Zny (W) Sin 0y co80n  Zng (W) sin® 0, + Zny (w) cos® Oy,

Substitute Eq. (1) into Eq. (3) and list the diagonal elements of the total impedance matrix when the total number
of the resonant units is S:

S 2 . 2 .
—W Mmn (knz +_]wcnz) 2 —W Mn (kny +chny) .2
(W) 1 ( kne + JWCnz — w?my o8 * kny +Jweny — w?mn -
n=
(4)
S 2 : 2 .
—w’mp (kne + jweng) . o —w’mp (kny + jweny) o
Z = E 0 0
v (w) - ( knz + jwcnz —wmy s On kny +ijny — wmny o8 On

where the impedance component Z,5 (w) represents the ratio of the force in the a direction to the displacement
response in the b direction, a,b € {z,y}.
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Fig. 2. Discrete model of the resonant unit.

According to Eq. (4), when the resonant unit is arranged obliquely, the impedance component of the NDVA
is influenced by both the bending and tensile modes of the resonant unit. The tensile mode frequency of the
resonant unit designed in this paper is significantly higher than the bending mode frequency. Therefore, utilizing
the bending mode of the resonant unit as an effective vibration reduction mode for the NDVA is more beneficial
for low-frequency vibration reduction. At this point, the tensile mode has minimal impact on the impedance of
the NDVA.

Steady-state response of the system
Taking the excitation in the y direction as an example, assume that the multi-frequency harmonic excitations
can be expressed as follows:

F = Fisin (wlt + (}51) + F5sin ((/JQt + (bQ) + .-+ + Fysin (th + ¢N) = F;sin (w,'t + ()231) (5)

where F; is the excitation amplitude; w; is the excitation frequency; ¢; is the excitation phase; i is the serial
number of the harmonic excitation, i = 1, 2,...,IN; N is the total number of the harmonic excitations.

The FRF of the piping system with the NDVA installed can be expressed as follows:

1
Hw)= Ht (W) + Zyy (w) (©)

where H (w) represents the vertical FRF of the original piping system.

According to the superposition principle, the steady-state response of the original piping system is:

N
¢s () = > | Hs (wi)| Fy sin (wit + ¢i + ps0) 7)

i=1

where s; = arg (H, (w;)) is the phase angle of the FRF of the original piping system at the i-th excitation
frequency w;.

Then the steady-state response of the coupled system can be found:
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N
q(t) =Y |H (@i)|Fisin (wit + ¢ + 1) (8)

=1

where p; = arg (H (w;)) is the phase angle of the FRF of the coupled system at the i-th excitation frequency w;.

Equations (7) and (8) can be discretized as:

N
qs (p) = Z |Hs (wi)|Fisin (wipTstep + ¢i + psi) )
i=1
N
q(p) = Y |H (@i)|Fisin (wipTuep + 6 + 1) (10)
=1

where Tep is the discrete time step and p is a positive integer.

FRF test

To improve the accuracy and practicability of the theoretical model, we conduct a FRF test to infer the equivalent
parameters of the piping and the resonant units. These inferred parameters are then substituted into the
theoretical model as input parameters, aiming to enhance its theoretical prediction capability. A piping test
bench with elastic supports at both ends is constructed, and the NDVAs, acceleration sensors, and shaker are
installed at the designated locations labeled in Fig. 3. A signal generator is utilized to produce a sweep excitation
signal, which is amplified by a power amplifier to drive the shaker to apply vertical excitation. The diagram of
the test setup is illustrated in Fig. 4.

The outer diameter of the piping in the test bench is 0.08 m, the wall thickness is 0.005 m, the length is 1.0 m,
and the total mass is 3200 g. The mass of the framework is 165 g. The number of the resonant units per layer
is 10. The added masses are round stainless steel sheets adapted to the dimensions of the resonant units. The
masses of the resonant units are shown in Table 1, and the parameter configuration is based on our previous
research work. The values in parentheses with italicized Arabic numerals in the table indicate the number of the
resonant units at a given added mass thickness. The total mass of the coupled system after installing 4 NDVAs
is calculated to be 5340 g.

For vertical excitation, the following two test conditions are set up: (1) V1: set the oblique angle of all resonant
units to 0°, and the NDVA is adjusted to the non-absorbing direction, which only exerts the mass effect, so this
condition is also used as a comparative condition; (2) V2: set the oblique angle of all resonant units to 90°, and the
NDVA is adjusted to the absorbing direction. Figure 5 provides a schematic diagram of the arrangement of the
resonant units under V1 and V2 conditions, showing the local area of the framework and clearly demonstrating
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!
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Fig. 3. Diagram of the excitation test process.
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Fig. 4. Diagram of the test setup.

Parameters | Basic mass (g) | Added mass density (Calculated by thickness, g/mm) | Added mass thickness (mm) | Total mass (g)
LRU 12.2 0.40 12 (10) 17.0
MRU 9.7 0.30 7 (10) 11.8
SRU 7.4 0.22 4(10) 8.3

Table 1. Mass of the resonant units in each NDVA during the FRF test. The number of the resonant units at a
given added mass thickness is in [italics].

the arrangement status of the LRUs, the MRUs, and the SRUs. Then, The FRFs of the piping system under these
two working conditions are measured.

The original piping is simplified to a centralized parameter system. Based on the test results under V1
condition, the approximate equivalent stiffness ks =4.05e6 N/m and damping ratio (s =0.015 of the piping
system can be derived. Based on the test results under V2 condition, the equivalent stiffness of the LRU, the
MRU, and the SRU is derived as kreq =4.05¢3 N/m, knreq =4.15¢3 N/m, and kseq =3.85e3 N/m, respectively.
The damping ratio of the three resonant units is ¢ =0.045. Figure 6 shows the comparison between the theoretical
and test results of the FREF. It can be seen that the theoretical values are slightly lower than the test values overall,
but the curves have similar trends, reflecting the accuracy of the theoretical model.

Frequency regulation strategy for the NDVA

Dual-frequency harmonic excitations constitute the simplest form of multi-frequency harmonic excitations. The
literature!®?? extends the conclusions obtained from the analysis of dual-frequency harmonic excitations to the
case of multi-frequency harmonic excitations. As a result, dual-frequency harmonic excitations are chosen for
further analysis in the subsequent sections of the research. We believe that these analytical findings are equally
applicable to the broader context of multi-frequency harmonic excitations.

The NDVA incorporates a substantial quantity of the resonant units, inevitably leading to natural mistuning
during practical processing. This results in the eigenvalue splitting phenomenon, thereby enabling the NDVA
to achieve a broad vibration absorption band?*. The absorption bandwidth of the NDVA can be expressed as
B = 2( f (where f is the center frequency)?*. Due to the randomness of the natural mistuning of the resonant
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Fig. 5. Schematic diagram of the arrangement of the resonant units. (a) the arrangement of the resonant units
under V1 condition. (b) the arrangement of the resonant units under V2 condition.
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Fig. 6. Comparison of the theoretical and test results of the FRE.

units, it is assumed that the upper limit frequency ft., the lower limit frequency fi.,, and the center frequency
f+ of the absorption frequency band satisfy fi. + fu = 2f:.

In Fig. 7a, the excitation frequency interval A, is narrower than the bandwidth of the single-frequency
NDVA, indicative of a dense multi-frequency excitations situation, where a significant multi-frequency vibration
reduction effect can be accomplished using just the single-frequency NDVA. In Fig. 7b, Ay, is wider than
the bandwidth of the single-frequency NDVA, indicative of a non-dense multi-frequency excitations situation,
where the effectiveness of the single-frequency NDVA in controlling the multi-frequency vibration line spectra
becomes limited. Hence, it is imperative to regulate the number of the resonant frequencies to correspond with
the number of the excitation frequencies, and to match the resonant frequencies as closely as possible with the
excitation frequencies.

To verify the effectiveness of the regulation strategy, examples are designed to analyze the vibration absorption
effect of the NDVA under different frequency densities of excitations. The design frequencies of the resonant
units are adjusted to 91.0 Hz according to the mass allocation of method 1 in Table 2, and the bandwidth of the
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Fig. 7. Schematic of the frequency regulation of the NDVA. (a) the frequency regulation under dense multi-
frequency excitations. (b) the frequency regulation under non-dense multi-frequency excitations.

Parameters Basic mass (g) | Added mass (g) | Design frequency (Hz)
LRU | 122 0.3 (10) 90.5
Method 1 | MRU | 9.7 3.0 (10) 90.9
SRU 7.4 4.4 (10) 90.9
LRU |122 1.0 (10) 88.1
Method2 | MRU | 9.7 3.9(5);2.2(5) 87.9;93.9
SRU 7.4 3.6 (10) 94.1
LRU | 122 2.0 (10) 85.0
Method 3 | MRU | 9.7 48(1);1.9(9) |85.1;95.1
SRU | 7.4 3.4 (10) 95.0

Table 2. Parameter settings of the resonant units under different methods. The number of the resonant units at
a given added mass is in [italics].

Forms of excitations | Excitation frequency (Hz) | Excitation amplitude (N) | Phase
Dense excitations fry =88.0; fry =94.0; F; = F3=10 ¢1 =0 Do
Non-dense excitations | fr; =85.0; fr, =95.0; F; =Fy=10 ¢1 B B2

Table 3. Parameter settings for different multi-frequency excitations.

NDVA is calculated to be 8.2 Hz. Two different excitation parameters are set in Table 3, which can simulate dense
and non-dense multi-frequency excitations cases.

For both dense and non-dense multi-frequency excitation situations, set the LRUs and the SRUs to have
only one resonant frequency, and set the MRUs to have multiple resonant frequencies. Allocate the mass of the
resonant units according to methods 2 and 3 in Table 2. The resonant unit frequencies match the excitation
frequencies, and the total mass of the NDVA under the three different methods in Table 2 remains roughly the
same.

Figure 8 shows the time-domain responses of the piping system under dense dual-frequency harmonic
excitations controlled by methods 1 and 2. It can be seen that, under dense dual-frequency excitations, the
vibration reduction effect of the NDVA on the piping is similar in both methods.

Figure 9 illustrates the frequency-domain responses of the piping system under dense dual-frequency
harmonic excitations, controlled by methods 1 and 2. It can be seen that by using the single-frequency NDVA,
the response amplitude of the system is reduced from 4.0 x 1077 m to 3.0 x 10~7 m at 88 Hz and from
4.7x 107" m to 1.6 x 1077 m at 94 Hz. In contrast, with the dual-frequency NDVA, the response amplitude
is reduced to 2.7 x 1077 m at 88 Hz and 1.9 x 10~ m at 94 Hz. Evidently, under dense multi-frequency
harmonic excitations, the NDVA’s broadband vibration absorbing capability can be effectively harnessed to
achieve a superior control outcome, thereby simplifying the challenge of the frequency regulation.

Figure 10 depicts the time-domain responses of the piping system under non-dense dual-frequency
harmonic excitations, controlled by methods 1 and 3. Notably, in scenarios involving non-dense dual-frequency
excitations, the vibration reduction effect of the dual-frequency NDVA surpasses that of the single-frequency
NDVA significantly.

Figure 11 shows the frequency-domain responses of the piping system under non-dense dual-frequency
harmonic excitations, controlled by methods 1 and 3. It can be observed that by using the single-frequency
NDVA, the response amplitude of the system increases from 4.0 x 1077 to 6.5 x 10~ m at 85 Hz, whereas
it decreases from 4.7 x 1077 to 1.6 x 10”7 m at 95 Hz. In contrast, with the dual-frequency NDVA, the
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Fig. 8. Time-domain responses under dense dual-frequency harmonic excitations.
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Fig. 9. Frequency-domain responses under dense dual-frequency harmonic excitations.

response amplitude is reduced to 3.4 x 10™7 m at 85 Hz and 2.0 x 10~7 m at 95 Hz. Evidently, under dense
multi-frequency harmonic excitations, the vibration reduction capability of the single-frequency NDVA may be
restricted, and in some cases, it may even amplify the vibration. However, adjusting the resonant frequencies to
align with the excitation frequencies can substantially enhance the vibration reduction effectiveness.

Optimization of the NDVA under different multi-frequency excitation intensities
Mass optimization allocation

The regulation strategy presented in "Frequency regulation strategy for the NDVA" section has demonstrated
favorable effects on multi-frequency vibration reduction and can serve as a fundamental, straightforward, and
efficient regulation approach. However, it does not account for the intensities of multi-frequency vibration line
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Fig. 10. Time-domain responses under non-dense dual-frequency harmonic excitations.
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Fig. 11. Frequency-domain responses under non-dense dual-frequency harmonic excitations.

spectra. In reality, vibration line spectra with greater intensity contribute more to the overall vibration level of
the system, which requires us to allocate more absorbing mass. In this section, we employ the genetic algorithm
to optimize the mass allocation of each resonant unit under different multi-frequency excitation intensities,
enabling the NDVA to exhibit differentiated absorption capabilities for response spectra of varying amplitudes.

The NDVA’s extensive regulation capabilities allow for numerous mass allocation strategies. If the mass of
each resonant unit is treated as an optimization variable, the multitude of optimization variables will significantly
prolong the optimization process. To streamline the optimization, we limit the number of the adjustable
frequencies for each type of the resonant unit to match the number of multi-frequency excitation frequencies.
This not only drastically reduces the number of optimization variables but also ensures the richness of resonant
unit frequency adjustment.
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Option Value | Option Value
Sub-population size 10 Rate of migration 0.01
Number of islands 10 Interval of migration | 5
Number of generations | 20 Elite size 1
Rate of crossover 1.0 Rel tournament size | 0.5
Rate of mutation 0.01

Table 4. Optimization parameter settings for multi-island genetic algorithm.
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Fig. 12. Optimization iteration process.

Adjust the amplitudes of multi-frequency harmonic excitations in Table 3 to F1=2.0N and F>=1.0N,
respectively, while maintaining all other parameters unchanged. For the LRUs, denote the masses as mr1 and
mr2, with the corresponding number of the resonant units being N1 and Nr2; For the MRUs, denote the
masses as mas1 and marz, with the corresponding number of the resonant units being Nas1 and Nas2; For the
SRUs, denote the masses as ms1 and msz2, with the corresponding number of the resonant units being Ns1 and
Ns2. Additionally, let e,,, represent the absolute change in the total mass before and after the optimization of the
resonant units. Fast Fourier Transform (FFT) is applied to the time-domain response signal, and let QsN  max
represent the maximum magnitude of the frequency-domain response of the piping system with the NDVA
attached.

Define the following optimization problem:

Optimization variables: mr1, mr2, No1; mas1, mare, Nari; msi, msa, Nsi.

Optimization objective: Minimize: QSN  max-

Constraints: 0 < Np1 < 10;0 < N1 < 10;0 < Ng1 < 10; 0 < e, < 0.01.

Optimization algorithm: multi-island genetic algorithm, whose optimization parameters are set as in Table 4.

Figure 12 illustrates the improvement iteration process of the multi-island genetic algorithm. It is observable
that the optimization objective gradually stabilizes after numerous iterations, and the convergence of the
optimization model is excellent.

The optimized variable parameter values are shown in Table 5.

The time-domain responses of the piping system with the NDVA attached before and after optimization are
shown in Fig. 13. We can see that the time-domain responses undergo further reduction after optimization.

Following the application of FFT to the time-domain signal, the frequency-domain responses of the piping
system can be obtained, as shown in Fig. 14. It is clear that after mass optimization allocation, the maximum
amplitude of the multi-frequency vibration line spectra of the piping system is further reduced.
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Table 5. Parameters of optimized resonant units. The number of the resonant units at a given added mass
thickness is in [italics].
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Fig. 13. Time-domain responses of the piping before and after mass optimization allocation.

Test verification

To verify the improvement of vibration reduction effect of the NDVA after mass optimization allocation, a dual-
frequency harmonic excitations test is conducted on the bench shown in Fig. 4. Excitation signals are generated
according to the parameters listed in Table 3, and a comparison of the frequency-domain vibration reduction
performance of the NDVA, before and after optimal mass allocation, is undertaken. The test results are shown
in Fig. 15.

It can be seen that the test results align closely with the theoretical predictions. When the NDVA is adjusted
to the non-absorbing direction, the response amplitude at 85 Hz is 1.33 x 107% m, and the response amplitude
at 95 Hz is 6.8 x 10~ m. Alternatively, when the NDVA is adjusted to the absorbing direction, before mass
optimization allocation, the response amplitude at 85 Hz exhibits an attenuation of 29.4%, while at 95 Hz, the
attenuation is 45.3%; After mass optimization allocation, the NDVA allocates more mass to the vibration line
spectrum at 85 Hz, increasing the amplitude attenuation to 45.2%. However, the response amplitude attenuation
at 95 Hz decreases to 35.9%. After optimization, the maximum response amplitude of the system drops from
94x 107" mto 7.3 x 1077 m, indicating a further improvement in the vibration reduction effectiveness of
the NDVA.

Conclusions
In this paper, the NDVA is proposed for suppressing multi-frequency responses in piping systems. It integrates a
large number of resonant units within a finite space and possesses rich frequency regulation capabilities.

The vibration response model of the piping system with the NDVA attached is established, and the
approximate equivalent parameters of the piping and the resonant units are derived based on the FRF test results.
The theoretical results of the FRF align well with the test results, indicating the reliability of the theoretical model.

For dense multi-frequency excitations, a significant multi-frequency vibration reduction effect can be
accomplished using a single-frequency NDVA alone, which can simplify the difficulty of frequency design and
regulation of the NDVA. For non-dense multi-frequency excitations, it is imperative to regulate the number of
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Fig. 14. Frequency-domain responses of the piping before and after mass optimization allocation.
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Fig. 15. Test results of the piping vibration before and after mass optimization allocation.

the resonant frequencies to correspond with the number of the excitation frequencies, while ensuring that the

resonant frequencies match the excitation frequencies as closely as possible.

When there is a notable difference in the intensities of the multi-frequency vibration line spectra, the genetic
algorithm is employed to redistribute the masses of the resonant units. A dual-frequency harmonic excitations
test is conducted, and the results show that the maximum response amplitude in the frequency-domain of the
piping system is reduced from 9.4 x 1077 to 7.3 x 10~" m, indicating a further improvement in the vibration

reduction effectiveness of the NDVA.
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The data that support the findings of this study are available from the corresponding author upon reasonable
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