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Novel metamaterial concepts can be used to economically reduce flexural vibrations in coupled pipe-
rack systems. Here, we model pipe on flexible supports as periodic systems and formulate dispersion
relations using Floquet-Bloch theory which is verified by a finite element model. Owing to the flexibility
of the coupled system, a narrow pass band is created in low frequency regime, in contrast to the case

of pipe without any rack. Two types of vibration reduction mechanisms are investigated for pipe with
different supports, i.e. simple and elastic support. In order to tune the band gap behaviour, lateral
localized resonators are attached at the centre of each unit cell; conversely, the lateral distributed
resonators are realized with a secondary pipe existing in the system. The results reveal that both Bragg
and resonance type band gaps coexist in piping systems due to the presence of spatial periodicity and
local resonance. Although, the response attenuation of a coupled pipe-rack system with distributed
resonators is found to be little lower than the case with the localized one, the relatively low stiffness and
damping values lead to cheaper solutions. Therefore, the proposed concept of distributed resonators
represents a promising application in piping, power and process industries.

Pipes conveying fluid supported in equally spaced racks are very common in liquefied natural gas (LNG) plants,
thermal power plants, petroleum industries, chemical plants and in many other engineering applications. LNG
plant consists of many units such as gas receiving terminals, pipelines, storage tanks, etc. Long pipelines in such
plants are used to carry refrigerated liquefied gas to storage tanks and shipping terminals. Excessive vibrations of
pipelines due to ambient load, flow pulsation, valve or support excitation can result in fatigue damage, loosening
of connections, etc., which may lead to fire, explosion, safety and environmental issues. It is thus essential to pro-
tect them from large vibration amplitude. To crystallize the idea, an LNG plant containing a coupled pipe-rack
system connected to a tank’ is shown in Fig. 1a. Such a system usually contains pipes of different dimensions
supported on a finite periodic rack as highlighted in Fig. 1b.

Periodic structures have been used as a common tool for mitigation of acoustic and elastic waves over the past
decades®™. Periodicity in a structure may be in one, two or in all the three dimensions®. Such systems exhibit
unique frequency band gap characteristics®, which can be generated either due to the Bragg scattering®” or by
local resonances®. As a result, they allow only waves of a certain frequencies to pass through, which are repre-
sented as pass or propagation bands. The remaining frequencies get attenuated, thereby forming stop or
non-propagation bands. If the spatial periodicity of a structure is comparable to the wavelength \, then Bragg
band gaps are induced in the structure and appear around the frequencies governed by the Bragg condition
I=n 3), where n =1, 2, 3, ...and lis length of the unit cell. Studies were previously conducted on band gaps

in finite?, semi-infinite>'® and infinite®*!! periodic structures caused by Bragg scattering. Moreover, analytical,

numerical and experimental investigations on Bragg band gaps in periodic structures have been carried out by
several researchers'?~'®.
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Figure 1. Layout of a typical LNG plant. (a) A pipe-rack connected to tanks. (b) Schematic of a typical periodic
rack containing pipes of different dimensions, where P and P, , denote main and secondary pipes, respectively.

In recent studies, metamaterial beams, shafts and rods endowed with periodic resonators have been inves-
tigated. In order to filter undesired longitudinal'?, flexural'®-2° or torsional?’?® waves, a periodic structure can
be equipped with resonator units that entail new band gaps different from those produced by Bragg scattering’.
The introduction of damping devices in such resonator units contributes to energy dissipation, thereby reducing
vibration amplitude®. In order to achieve an efficient energy dissipation, the lateral localized resonators (LLRs)
or tuned mass dampers (TMDs) have to be optimally designed**!. This is achieved by adjusting their frequency
and damping ratios so as to minimize some significant response quantity of the main system, e.g. displacement.
In the context of vibration mitigation in pipes, tuned mass dampers with different energy dissipation mechanisms
such as material damping in the damper element of TMD?*>**, fluid damping in TMD mass** or impact of TMD
mass with a dissipative surface® were developed. All adopted damper technologies require the use of an external
mass, indeed, which needs to be connected to a pipe using a spring-damper system. Clearly, this solution results
to be less practical.

In a typical pipe-rack system, it is common to have pipes of different dimensions. It may thus be possible to
conceive a pipe of smaller cross section, see P, , in Fig. 1b, as a lateral distributed resonator (LDR) system. The
dynamic characteristics of P, , and its effects on a coupled pipe-rack system are different from those of LLRs and
are the topics explored in the paper further in conjunction with the periodicity effects.

Along these lines, the propagation of flexural waves is studied in a pipe-rack system similar to the case study
shown in Fig. 1. Two models are considered in this regard: (i) a pipe without rack, i.e. a pipe on simple supports
-Type #1-; and (ii) a pipe with a rack, i.e. a pipe on elastic supports -Type #2-. Type #2 support approximates a
realistic scenario while Type #1 represents an extreme case. As a result, flexural wave propagation in an undamped
long elastic pipe P on Type #1 and Type #2 supports is examined, both analytically and numerically. Thus, in order
to determine analytical dispersion relations, the Floquet-Bloch theory of periodic systems is employed.

Nonetheless, it is not straightforward to derive similar dispersion relations when material damping in a pipe P
is taken into account or when either a LLR or a LDR (P, ) is attached to P. Hence, a finite element (FE) model is
set for these studies, the accuracy of which is verified by comparing an undamped finite element model of P with
analytical results. Optimal stiffness and damping values are then designed for the case when P is connected to a
LLR and to LDR or P, . Moreover, the effect of damping in resonators on band gap characteristics is investigated
by means of the transfer function of P provided by the FE model of the coupled system. Finally, the vibration
attenuation of P by means of LLRs is compared with the case when LDRs with the same mass ratio o, i.e. P,  is
used. Though the performance of a coupled pipe-rack system with LDRs is less efficient than the case with LLRs,
relevant low stiffness and damping values lead to cost-saving solutions.

Results

Wave propagation in an undamped pipe. The dispersion relation for an undamped pipe P of unit cell
length ], cross sectional area A, moment of inertia I, density p and Young’s modulus E with Type #2 support con-
dition shown in Fig. 2a is derived based on the Floquet-Bloch theorem®*’. The analytical expression of dispersion
relation between the circular frequency w and the propagation constant y (i.e., ikl) is given by

eosh®yu + xcoshp + n =0 (1)
where

¥ = [{cosh(£2]) — cos(2D)}]* — {sinh?(2) — sin®(2D)}]
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Figure 2. Models for a pipe P of Fig. 1b on a periodic rack, i.e. a pipe on elastic supports- Type #2-. (a)
Uncontrolled pipe P. (b) Pipe P with lateral localized resonator (LLR) at the centre of each unit cell. (c) Pipe P
connected to lateral distributed resonator (LDR), i.e. pipe P, .
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See the section ‘Methods’ for detailed derivation. The analytical dispersion relation given in Eq. (1) is obtained
by solving Eq. (19).

The behaviour of the pipe-rack coupled system can be characterised by these dispersion relations. Equation
(1) is quadratic in coshy and thus yields two pairs of distinct roots of y; £, and +p, for each frequency w.
Positive and negative signs of 1 describe the same characteristics of wave motion travelling in opposite directions.
Generally, 1 is complex and can be written as

p=206+1iy (2)

where, the real part 6 describes rate of attenuation of amplitude and imaginary part y imparts information about
the phase difference of travelling wave between two adjacent unit cells. If the Bloch wave number of a freely prop-
agating non-decaying wave (0=0) is k, then

_a
k=1 3)

SCIENTIFIC REPORTS |

(2020) 10:85 | https://doi.org/10.1038/s41598-019-56724-0


https://doi.org/10.1038/s41598-019-56724-0

www.nature.com/scientificreports/

250 i 250 250
200 200 _,) 200
7 150 150 150
L |
w100 100 100
50 \I 50 50
0 0 0
00 01 02 032 04 05 06 0.0 0.5 1.0 15 2.0 0 -100 -200 -300 -400 -500
(a) k(1/m]) (b) é (c) T, (dB)

Figure 3. Dispersion curves and frequency response for Type #1 support: (a) as a function of the Bloch wave
number k; (b) as a function of the real part of y; (c) as a function of T, (dB).
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Figure 4. Dispersion curves and frequency response for Type #2 support: (a) as a function of Bloch wave
number k; (b) as a function of the real part of 1; (c) as a function of T, (dB).

and is related to the corresponding wavelength A as

_om 2
k v (4)

Based on the nature of y, there are three types of wave. For § > 0, there will be a decay in the amplitude and
hence no energy flows in the direction of wave propagation, and are defined as attenuating/evanescent waves. In
this case, the adjacent unit cells vibrate either in phase or out of phase. On the other hand, if /1 is purely imaginary,
energy flows in the direction of propagation and the waves pass without any attenuation thereby exhibiting only
pass band in the dispersion curves. For a complex i, a part of the energy propagates while the remaining gets
attenuated, which results in the occurrence of both pass and stop bands in the dispersion curves.

When K, — ocoandm = 0, the analytical expression of dispersion relation given in Eq. (1) leads to the case of
P on Type #1 support. The resulting expression of dispersion relation is given by,

A

cosh(2D)sin(£21) — cos(f£21)sinh(£2])
sin(£2l) — sinh({£2]) (5)

cos(kl) = cosh(u) =

which is similar to those found in literature®.

For the analytical flexural wave propagation study, a pipe P with = 6 m, outer diameter of 406.40 mm and
thickness 7.92 mm is used. Young’s modulus and density are assumed to be 200 GPa and 7800 kg/m?,
respectively.

Equation (5) is used to obtain the variation of k and p with frequency of the wave f=27/w, and is shown in
Fig. 3a,b, respectively. Frequency ranges of first two stop bands are [0 — 31.36] Hz and [69.63 — 131.2] Hz and
are represented by yellow shaded region in Fig. 3a. The pass bands, between these frequencies, are represented by
grey shaded region in Fig. 3b,c.

Now, wave propagation characteristics in pipe P with Type #2 support as shown in Fig. 2a is examined. For this
case, a typical concrete rack structure of C50/40 class is considered. Each frame of the rack is 6.5 m wide and 7.3 m
tall with 6 m spacing between adjacent frames along the length of P. Each frame consists of two storeys, placed at a
level of 7.3 m and 5.3 m from the ground. Each column of the rack is of 600 mm?. The pipe-rack structure consists
of 40 frames of which the first 10 are shown in Fig. 1b. A simplified numerical model using spring K, and lumped
mass 1, as shown in Fig. 2a, is made such that its first mode matches with the first lateral mode of the pipe-rack
structure obtained using a complete FE model. It is observed that the first mode occurs at 4.45Hz and based on
the corresponding mass participation, m and K, are calculated to be 22.88 T'and 17.9 MN/m, respectively.

Based on the dispersion relation from Eq. (1), the variation of k and p with frequency of the wave fis obtained
and is shown in Fig. 4a,b, respectively. In contrast to Type #1 support, a narrow pass band is generated near
4.45Hz, which is the first predominant natural frequency of the rack structure. In the frequency range from 0 to
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Pipe Outer diameter (mm) | Thickness (mm) | Mass per unit length (kg/m)
Py o—o0s | 6033 2.77 3.93

P azo6 | 15240 3.40 12.44

Pya—o0s | 21980 21.56 79.94

Table 1. Dimensions of P,

Support condition Type #1 Type #2

[ 0.05 0.16 0.25 0.05 0.16 0.25
ko (N/m) 1.30E6 2.87E6 3.05E6 1.37E6 3.05E6 3.99E6

f&nh ¢.o (Ns/m) |359E3 |1.19E4 |244E4 |3.16E3 |1.09E4 | 1.80E4

Z 2.08E-3 8.03E-7 | 6.77E-8 | 2.83E-3 | 1.10E-6 | 4.94E-9
(N/m) | 1.05E1 2.46E6 1.47E6 1.53E1 2.49E6 1.72E6

Pm
Pwith P, , cp, (Ns/m) 1.51E3 6.38E3 8.17E3 9.51E2 6.74E3 7.07E3

Z 8.93E-1 7.61E-3 | 2.55E-4 | 8.97E-1 |8.93E-3 |2.55E-4

Table 2. Optimal stiffness and damping values.

Support Type

condition | #1 Type #2

@ 0.05 0.16 0.25 0.05 0.16 0.25
f1 N (Hz) 37.73 31.32 25.58 38.68 32.25 29.27
S 0.33 0.41 0.64 0.28 0.36 0.41

Table 3. Optimal frequency and damping ratio for LLR.

60 Hz, there are two stop bands with the range [0—4.38] Hz and [5.34—31.5] Hz, represented by yellow shaded
region in Fig. 4a. Similarly, the pass bands are represented by grey shaded region in Fig. 4b,c.

To verify the analytical results, FE modelling of P on Type #1 and Type #2 supports consisting of 40 unit cells is
used. A harmonic excitation in the form of rotation of unit amplitude is applied at the left end of P and the steady
state frequency response is extracted at the right end. T is calculated from Eq. (20), which is plotted in Figs. 3¢
and 4c for Type #1 and Type #2 supports respectively, showing excellent agreement with the analytical results. The
real part of ;1 (Figs. 3b and 4b) and T, (Figs. 3¢ and 4c) reports about the attenuation behaviour, while the Bloch
wave number (Figs. 3a and 4a) refers to the propagation behaviour.

Vibration in a controlled periodic pipe. An identical single mass LLR of mass m, ,, stiffness k, , and
damping coefficient ¢, , is attached as a substructure at midpoint (//2) of each unit cell of P for both Type #1 and
Type #2 supports. Similarly, P, , of mass ratio « which is present in the rack is attached to P using spring-damper
system with stiffness k;, and damplng coefficientc, at the centre of each unit cell. Figure 2b shows the config-
uration of P with LLRs for Type #2 support while Flg 2c shows the case when P, , is attached as LDR. Material
damping ratio £ for both the pipes P and P, , is assumed to be 0.02. In order to assess the performance, three mass
ratios of 0.05, 0.16 and 0.25 are chosen and the corresponding dimensions of B, , are detailed in Table 1.

Optimization is performed to reduce the vibration response till 60 Hz using Eq. (21), based on which the
optimalk, ,andc, , for Type #1 and Type #2 supports are calculated. Equation (22) is used to calculate the corre-
sponding performance index Z for all the cases, a smaller value of which denotes better performance in terms of
vibration reduction. Similarly, the optimal kp and cp are evaluated for the case when B, , is connected to P.
Table 2 contains the optimal values for both scenarios. The equivalent frequency fon of the LLR and the corre-
sponding damping ratio {, are provided in Table 3. Since B, , is a continuous system with multiple modes, its
frequency and damping ratios are not reported.

The frequency response of only the case with @ = 0.16 is reported here as others show similar behaviour. In
order to understand the effect of damping on band gaps when a LLR is used, three cases are considered for both
types of supports; (i) material damping in P (§ = 0) and the damping coefficient of LLR ¢, , are neglected
(k, ., = 2.87E6, ¢, , = 0 for Type #1 and k, , = 3.05E6, c, , = 0 for Type #2), (ii) material damping in P
(¢ = 0.02) is considered while the damping coefficient of LLR ¢, , is neglected (k, , = 2.87ES6, ¢, , = 0 for Type
#1and k, , = 3.05E6, ¢, , = 0 for Type #2) and (iii) both material damping in P (§ = 0.02) and the damping
coefficient of LLR ¢, , are considered (k, , = 2.87E6,¢, , = 1.19E4 for Type #1 andk, , = 3.05E6,c, , = 1.09E4
for Type #2). Figure 5a shows the response for above three cases with Type #1 support while Fig. 5b shows the
same for Type #2 support.
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Figure 5. T, of P controlled with LLRs for various damping values: (a) Type #1 support; (b) Type #2 support.
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Figure 6. Comparison between T, of P when coupled to LLRs and to LDRs (P, ,) respectively, forac = 0.16:
(a) Type #1 support; (b) Type #2 support

When both P and LLR are undamped, a new band gap at the natural frequency of LLR is created and thus two
types of band gap coexist. In case of Type #1 support, [0 — 23.64] Hz and [29.82 — 41.64] Hz represents the
Bragg and resonance stop band, respectively. For Type #2 support, [0 — 4.38] Hz and[5.34 — 23.88] Hz are the
Bragg stop bands while[30.72 — 42.42] Hz is the resonance stop band.

The reduction in amplitude of vibration of P is compared when P, ,_, |, is used as LDRs instead of the LLR of

o = 0.16. For this, the corresponding frequency response plots are shown in Fig. 6a,b, for Type #1 and Type #2
supports, respectively. As expected, significant reduction in vibration is achieved for the case of LLR, while P,
found to be less efficient for the same mass ratio. More precisely, with LLRs/LDRs attached to the pipe P, the total
mass of the system is increased and natural frequencies of the system are decreased. As a consequence, the width
of a stop band is reduced and this reduction is higher in case of LLRs as compared to the LDRs. In fact, in the case
of LLRs the mass is concentrated in the middle of each pipe span and the relevant participating mass is higher
than the case with a distributed mass. Furthermore, both LLRs and LDRs are introduced to reduce the vibration
amplitude of propagation waves in the first pass band for Type #1 support and in the second pass band for Type
#2 support, respectively. This is achieved by means of the optimal stiffness and damping values reported in Table 2
for a = 0.16. Owing to dynamic effects of LLRs and LDRs, one can note the shrinking of stop bands and reduc-
tion of amplitudes in pass bands in Fig. 6.

Discussion

In order to reduce flexural vibrations in coupled pipe-rack systems of LNG plants, novel and economic ways
based on metamaterial concepts are proposed. As a result, flexural wave propagation in periodic piping system is
analysed by solving relevant fourth-order equation of motion. Subsequently, the Floquet-Bloch theorem is applied
to obtain the analytical dispersion relation, which was used to validate the results provided by a numerical model.
The propagation characteristics of pipe P for both types of support conditions, simply supported - Type #1- and
with elastic supports —-Type #2- are identical except that in case of Type #2 supports, where a new narrow pass
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Figure 7. Modelling of pipe for dispersion analysis. (a) Pipe on Type #2 support (b) Floquet-Bloch theorem of
periodic structure applied at the nodes for transverse and angular displacements. (c) Illustration of sign
conventions for shear forces and bending moments. (d) Representation of a single span pipe as a simple beam
clamped at one end and displacement w;, and rotation ¢, at free end (e) Bending moments and forces balance at
the generic nodei.

band occurs near the first natural frequency of the rack. The lower and upper bounding frequencies of pass bands
coincide with the natural frequencies of the coupled system.

Pipes without lateral localized resonators (LLRs) at the centre of each unit cell exhibit only Bragg band gaps.
Conversely, the adoption of LLRs without damping entails a new band gap located near the natural frequency of
LLRs which can be observed in both Fig. 5a,b for Type #1 and Type #2 support, respectively. The results reveal
that both Bragg and resonance type band gaps coexist in piping systems due to the presence of spatial periodicity
and local resonance. In addition, the introduction of LLRs increases the whole mass of the system, which results
in decreasing the main natural frequencies of the coupled pipe-rack system. More precisely, in the case of Type #2
supports the first Bragg stop band remains the same, while the second stop band shifts to the low frequency range
as depicted in Fig. 5b. The presence of damping in LLRs smoothens and lowers the transmission T, of P and wid-
ens the band gap. High damping in LLRs causes the band gap to vanish*"??, but can significantly reduce vibration
amplitude.

Further, a new way of vibration suppression was investigated by the attachment of a smaller cross section pipe,
the so called lateral distributed resonators (LDRs), in parallel to the main pipe P. It was observed that, with an
increase of the mass ratio o between resonators and pipe, both LLRs and LDRs (B, ) performed better. This is
evident from Table 2, which shows a decrease of the performance index Z, defined in Eq (22), with an increase of
. Also, the optimal values of kt) ,and € for LLRs increase with an increase of cv. For the same ¢, it was found that
Z corresponding to the case LDRs was greater than that of the case with LLRs; this can be inferred from both
Table 2 and Fig. 6. In fact, for any value of c, the optimal k P and ¢ P for P, , is less than that for the LLRs case.

La
This is because P, , is a continuous system and, therefore, the whole mass cannot be mobilized for any frequency:

thisleads to a lower effective mass ratio. Conversely, for the corresponding LLRs case, the complete mass contrib-
utes to the frequency for which it is designed™. Clearly, the trend of T, shown in Fig. 6 for P, ,_, ;s cannot be
utilized for other pipes endowed with v = 0.16. This is because the dynamic characteristics of P, ,_, ;s depends
on radius/thickness ratio. Thus, to determine optimal parameters for other pipes, a rigorous optimization has to
be performed again.

In sum, even though the performance of a coupled pipe-rack system with LDRs is less efficient than the case
with LLRs, the relevant low stiffness and damping values lead to cheaper solutions. As a result, the adoption of
pipes P, , represents a promising application. Eventually, the enhancement of these results by means of nonlinear
devices/mechanisms deserves further studies.

Methods

Derivation of dispersion relations. The system shown in Fig. 7a is considered for flexural wave analysis
which consists of two unit cells each of length I. The undamped pipe P is assumed to be an Euler- Bernoulli beam,
the equation of which is given as,

*w(x, t)
Ox*

*w(x, t)
or’ 6)

82

e EI

+ pA
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where p and E are the density and modulus of elasticity of the material, respectively. A is area of cross-section and
Iis the second moment of inertia of the beam. w(x, t) is the transverse displacement, and x represents the spatial
coordinate along the length of beam. The substitution of steady state solution w(x, t) = w(x)e'" in Eq. (6) leads to,

EwV(x) — pszw(x) =0 (7)
where w is the circular frequency. The solution of Eq. (7) can be written as,

w(x) = A cos(£2x) + A, sin(£2x) + A, cosh(2x) + A, sinh({2x) (8)
1
with 0 = (247",
Applying Floquet-Bloch theory on each unit cell as shown in Fig. 7b, the transverse displacements of nodes
i+ landi — 1are related to those at nodei as

Y i
Wi = we ', W, = we 9)

where, k represents one dimensional Bloch wave number, ! is the distance between supports and i is ~/—1. The
term ikl in Eq. (9) is called propagation constant x. The similar relations are used for rotations.

The constants A,, A,, A;and A, in Eq. (8) are computed by applying boundary conditions shown in Fig. 7d,
and are then used to determine the shear forces V and bending moments M on either side of node i. Figure 7c
shows the sign convections for shear forces and bending moments. The expression for dynamic compliance coef-
ficients*® atx = 0and x = [ for w, = 1and ¢, = O are,

V= QEllsin(£2]) + sinh(£2))]
71— cos(l)cosh(£20)
v — 2°El[cosh(£21) sin(£2]) + cos(2)sinh(§20)]
e 1 — cos(£2[)cosh(§2])
M= ’EI[cos(2]) — cosh(§20)]
71— cos(£2l)cosh(£20)
M — Q°El[sinh(20)sin(£2])]
"1 — cos(£21)cosh(£21) (10)

and for wy, = 0 and ¢, = 1are given by

—2*El[cosh(£2]) — cos({2])]

V// —
0 1 — cos(§2l)cosh(§2])
v — (EI[sinh(20)sin(21)]
! 1 — cos(£2l)cosh(£2])
M — —EI[sin({2]) — sinh(§2])]
° 1 — cos({2l)cosh(£2])
M — — 2EI[cosh(f2]) sin(§2]) — cos(£2])sinh(£2])]
: 1 — cos({2l)cosh(£2]) (11)
Corresponding to Fig. 7b, the expressions of shear forces and bending moments at node i are obtained as
follows:
Ve = —V(;wiefikl + Vl/wi + Vé/cpﬁe*ikl + Vo
vt = V(;Wi eikl o Vl,Wi + V(;/ go;eikl + Vl” QO,-+
M = M(;Wi e—ikl + Ml,Wi _ M(;/(pi+ e—ikl + Mz,l@i_
M = Mgwe' + Mpw, + Mj'p e — M{'p" (12)

The kinematic compatibility condition for rotation is given by
o =w 13
and for equilibrium at node i (Fig. 7e), the bending moments and forces equations are given as

Mt=M"

Vi=V + (K, — mu*)w, (14)

from the above Egs. (12), (13) and (14), the linear homogeneous equations are obtained in terms of w, and ;" as
follows,

SCIENTIFIC REPORTS | (2020) 10:85 | https://doi.org/10.1038/s41598-019-56724-0


https://doi.org/10.1038/s41598-019-56724-0

www.nature.com/scientificreports/

(2M, sinh(ikD)]w; + [2M{’ cosh(ikl) — 2M]'l¢;" = 0 (15)

[2V, cosh(ikl) — 2V, — K, 4+ mw?]w, + [2V{ sinh(ik])]¢," = 0 (16)

where, K, and m are lateral stiffness of rack column and lumped mass of the rack, respectively. Equations (15) and
(16) can be written as,

Hu =0 (17)
where,u = (w, ;") and

2M, sinh(ikl) 2M, cosh(ikl) — 2M;'

H = ! ! "
2V, cosh(ikl) — 2V; — K, + mw’ 2V, sinh(ikl)

For a non- trivial solution of #, the determinant of H must be zero i.e.,

2M, sinh(ikI) 2M, cosh(ikl)) — 2M;
2V, cosh(ikl) — 2V, — K, + mw? 2V, sinh(ikD) | (18)
Solving Eq. (18), the dispersion relation for periodic piping system is obtained as,
[2M,V, sinh*(ikl)] — [2V, cosh(ikl) — 2V, — K, + mw*][M, cosh(ikl) — M,] = 0 (19)

Numerical model. A finite element model of the periodically supported pipe P is made using a
two-dimensional Euler-Bernouli beam available in ANSYS APDL 19.0. To investigate the propagation of wave of
frequency f = w/27 in P, a harmonic rotation ¢, /Pei“ft is applied at left end of P and the steady state response
@op(f) is measured at the right end. The vibration transmission behaviour is described by T, (dB), which is defined
as

@a/p(f)
99i/p(f)

The mesh size of finite element model in homogeneous solids is calculated by the Courant number®. In one
dimensional wave propagation, the velocity in the numerical model (cg,,) should be same as that in the real
structure (c). For a numerical model with mesh size Ax and wavelength A, this condition is approximately satis-
fied*! (cppy/c = 0.99) when A/ Ax = 16.

c= JG_/p , where G and p are modulus of rigidity and density of the material, respectively. Based on the above
formula, for a frequency of 200 Hz, mesh size is calculated to be 1 m. The transmission of vibration in P is meas-
ured here using T, which depends on the number of unit cells. Since an infinite periodic structure cannot be
considered in a numerical simulation, therefore, in order to validate the Floquet-Bloch theory presented in this
paper, a finite pipe consisting of 40 unit cells is considered.

T, =20 log,

(20)

Vibration control in periodic pipes. Letm, ..k, ,andc, , corresponds to the mass, stiffness and damping
coefficient of the LLR. The optimal valuek, , andc, , for a mass ratioa = m, ,/(pAl)p can be obtained by mini-
mizing the||H||, (peak value) of ¢, (f) of P. Closed form expressions exist for k; , and ¢, , when the main struc-
ture is undamped and is a single degree of freedom system***!. Since the structure considered here is a continuous
system with material damping &, a rigorous optimization study is essential to determine the optimal parameters.
Let || Heourolll, and || Hyyconrolll, Tefer to the peak value of ¢, ,(f) in the configuration with and without LLR,
respectively. The optimal values for a particular « is obtained by performing optimization using genetic algo-

rithm*?* as follows,
{kt oo €10} = arg min(Z)
subjected to,
{LB} < {k; 4 ¢; o} < {UB} (21)
where
Z = Heontrolll /I Huncontroll, (22)

{LB} and {UB} respectively represents the lower and upper bound fork, , andc, . The values of these bounds are
chosen such that the optimal k; , and ¢, ., do not take unrealistic values and thus result in a faster optimization. A
similar genetic algorithm-based optimization is used to determine the optimal spring-damper parameters (kp,
and CP],Q) when P,  witha = (pADp, [(pAD)p is used instead of a LLR as shown in Fig. 2c. '

SCIENTIFIC REPORTS |

(2020) 10:85 | https://doi.org/10.1038/s41598-019-56724-0


https://doi.org/10.1038/s41598-019-56724-0

www.nature.com/scientificreports/

Received: 30 July 2019; Accepted: 15 November 2019;
Published online: 09 January 2020

References

1.

w

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31

33.
34.

35.

36.

37.
38.

39.
40.

41

Bursi, O. S, Filippo, R,, Salandra, V. L., Pedot, M. & Reza, M. S. Probabilistic Seismic Analysis of an LNG Subplant. J. Loss. Prevent.
Proc. 53, 45-60 (2018).

. Mead, D. J. Free wave propagation in periodically supported, infinite beams. . Sound Vib. 11, 181-97 (1970).
. Gupta, G. S. Natural flexural waves and the normal modes of periodically supported beams and plates. J. Sound Vib. 13, 89-101 (1970).
. Singh, K. & Malik, A. K. Wave propagation and vibration response of a periodically supported pipe conveying fluid. J. Sound Vib. 54,

55-66 (1977).

. Mead, D. J. & Markus, S. Coupled flexural-longitudinal wave motion in a periodic beam. J. Sound Vib. 90, 1-24 (1983).
. Brillouin, L. Wave propagation in periodic structures; electric filters and crystal lattices. (Dover Publications, 1953).
. Liu, L. & Hussein, M. I. Wave motion in periodic flexural beams and characterization of the transition between Bragg scattering and

local resonance. J. Appl. Mech. 79,011003.1-011003.17 (2012).

. Liu, Z. et al. Locally resonant sonic materials. Science 289, 1734-1736 (2000).
. Friis, L. & Ohlrich, M. Coupled flexural-longitudinal wave motion in a finite periodic structure with asymmetrically arranged

transverse beams. J. Acoust. Soc. Am. 118, 3607-3618 (2005b).

. Friis, L. & Ohlrich, M. Coupling of flexural and longitudinal wave motion in a periodic structure with asymmetrically arranged

transverse beams. J. Acoust. Soc. Am. 118, 3010-3020 (2005a).

. Mead, D. J. & Yaman, Y. The response of infinite periodic beams to point harmonic forces: a flexural wave analysis. J. Sound Vib. 144,

507-530 (1991).

. Koo, G. H. & Park, Y. S. Vibration reduction by using periodic supports in a piping system. J. Sound Vib. 210, 53-68 (1998).

. Heckl, M. A. Coupled waves on a periodically supported Timoshenko beam. J. Sound Vib. 252, 849-882 (2002).

. Diaz-de-Anda, A. et al. R. A. Locally periodic Timoshenko rod: experiment and theory. J. Acoust. Soc. Am. 117, 2814-2819 (2005).
. Sontia, V. R. & Narayana, T. S. S. Propagation constants from the response of a finite periodic beam. Noise Control Eng. ]. 54 (2006).
. Domadiya, P. G., Manconi, E., Vanali, M., Andersen, L. V. & Ricci, A. Numerical and experimental investigation of stop-bands in

finite and infinite periodic one-dimensional structures. J. Vib. Control. 22,920-931 (2016).

Chen, Q. & Elbanna, A. Emergent wave phenomena in coupled elastic bars: from extreme attenuation to realization of elastodynamic
switches. Scientific report. 7, 1-10 (2017).

Xiao, Y., Wena, J., Yu, D. & Wena, X. Flexural wave propagation in beams with periodically attached vibration absorbers: Band-gap
behavior and band formation mechanisms. J. Sound Vib. 332, 867-893 (2013).

Fang, X., Chuang, K. C,, Jin, X. & Huang, Z. Band-Gap Properties of Elastic Metamaterials With Inerter-Based Dynamic Vibration
Absorbers. J. Appl. Mech. 85,071010.1-071010.9 (2018).

Liu, Y. et al. Design guidelines for flexural wave attenuation of slender beams with local resonators. Phys. Lett. A. 362, 344-347 (2007).
Pai, P. E, Peng, H. & Jiang, S. Acoustic metamaterial beams based on multi-frequency vibration absorbers. Int. J. Mech. Sci. 79,
195-205 (2014).

Wang, T., Shenga, M. P. & Qinb, Q. H. Multi-flexural band gaps in an Euler-Bernoulli beam with lateral local resonators. Phys. Lett.
A. 380, 525-529 (2016).

Xiao, Y., Wen, J. & Wen, X. Broadband locally resonant beams containing multiple periodic arrays of attached resonators. Phys. Lett.
A. 376,1384-1390 (2012).

Wang, G., Wen, X., Wen.,, . & Liu, Y. Quasi-one-dimensional periodic structure with locally resonant band gap. J. Appl. Mech. 73,
167-170 (2006).

Wang, Z., Zhang, P. & Zhang, Y. Locally resonant band gaps in flexural vibrations of a Timoshenko beam with periodically attached
multioscillators. Math. Probl. Eng. Article ID 146975, 1-10 (2013).

Wang, M. Y. & Wang, X. Frequency band structure of locally resonant periodic flexural beams suspended with force-moment
resonators. J. Phys. D: Appl. Phys. 46, 255502 (2013).

Yu, D,, Liu, Y., Wang, G., Cai, L. & Qiu, J. Low frequency torsional vibration gaps in the shaft with locally resonant structures. Phys.
Lett. A. 348, 410-415 (2006).

Song, Y., Wen, J., Yu, D. & Wen., X. Analysis and enhancement of torsional vibration stopbands in a periodic shaft system. J. Phys. D:
Appl. Phys. 46, 145306 (2013).

Frahm, H. Device for damping vibrations of bodies. US Patent US 989958 A (1909).

Warburton, G. B. Optimum absorber parameters for various combinations of response and excitation parameters. Earthq. Eng.
Struct. D. 10, 381-401 (1982).

. Warburton, G. B. & Ayorinde, E. O. Optimum absorber parameters for simple systems. Earthq. Eng. Struct. D. 8, 197-217 (1980).
32.

Norris, M. A., Ptak, K. R., Zamora, B. A. & Hart, J. D. Implementation of Tuned Vibration Absorbers for Above Ground Pipeline
Vibration Control. 3rd International Pipeline Conference, IPC2000-115.

Hart, D.J., Sause, R., Ford, G. W. & Brown, L. D. Pipeline vibration damper. US Patent US 5193644 A (1991).

Barutzki, F, Gurr-Beyer, C., Hinz, G., Kerkhof, K. & Schwenkkros, J. Identification and Reduction of Piping Vibrations under
Different Conditions. VCE Vienna Consulting Engineers ZT GmbH, Vienna.

Song, G. B. et al. Vibration control of a pipeline structure using pounding tuned mass damper. J. Eng. Mech. 142,
0401603.1-0401603.10 (2016).

Floquet, G. Sur les équations différentielles linéaires a coefficients périodiques. Annales scientifiques de I'Ecole Normale Supérieure
12, 47-88 (1883).

Bloch, A. & Uber, E die Quantenmechanik der Elektronen in Kristallgittern. Zeitschrift f ur Physik. 52, 555-600 (1928).

Jaya, M. M., Ceravolo, R, Matta, E. & Fragonara, L. Z. A Resonating Lattice TMD to Reduce Pipeline Vibrations. Pressure Vessels &
Piping Conference (PVP), PVP2018-84377 (2018).

Clough, R-W. & Penzien, J. Dynamics of Structures. (McGraw-Hill, 1975).

Park, K. C,, Lim, S. J. & Huh., H. A method for computation of discontinuous wave propagation in heterogeneous solids: basic
algorithm description and application to one-dimensional problems. Int. J. Numer. Meth. Eng. 91, 622-643 (2012).

. Bazant, Z. P. Spurious reflection of elastic waves in nonuniform finite element grids. Comput. Method. Appl. M. 16, 91-100 (1978).
42.
43.

Goldberg, D. E. Genetic Algorithms in Search, Optimization & Machine Learning. (Addison-Wesley, 1989).
Global Optimization Toolbox: User’s Guide (R2019a), The MathWorks, Inc, Natick, Massachusetts, United States, March (2019).

Acknowledgements

The first author was funded by the project UE H2020 “Seismology and Earthquake Engineering Research Infrastructure
Alliance for Europe (SERA)” Grant No. CUP E62F17000430006. The second author was funded by European Union’s
Horizon 2020 research and innovation programme under the Marie Sklodowska-Curie grant agreement No 721816.
The third author acknowledges SERA Grant Agreement No. 730.90 and the Italian Ministry of Italian Language 460,
Education, University and Research (MIUR) within the “Departments of excellence” (Grant L. 232/2016).

SCIENTIFIC REPORTS |

(2020) 10:85 | https://doi.org/10.1038/s41598-019-56724-0


https://doi.org/10.1038/s41598-019-56724-0

www.nature.com/scientificreports/

Author contributions

0.S8.B., AK. and M.IL. developed the initial concepts and designed the research. M.I. performed theoretical
calculation, conducted numerical simulations and verified the results. M.I. prepared all the figures and drafted
the manuscript. M.M.J. and R.C. optimized the lateral localized and lateral distributed resonators. The authors
jointly discussed the results and revised the manuscripts.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to A.K.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

TEE | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS | (2020) 10:85 | https://doi.org/10.1038/s41598-019-56724-0


https://doi.org/10.1038/s41598-019-56724-0
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Flexural band gaps and response attenuation of periodic piping systems enhanced with localized and distributed resonators

	Results

	Wave propagation in an undamped pipe. 
	Vibration in a controlled periodic pipe. 

	Discussion

	Methods

	Derivation of dispersion relations. 
	Numerical model. 
	Vibration control in periodic pipes. 

	Acknowledgements

	Figure 1 Layout of a typical LNG plant.
	Figure 2 Models for a pipe of Fig.
	Figure 3 Dispersion curves and frequency response for Type #1 support: (a) as a function of the Bloch wave number (b) as a function of the real part of (c) as a function of .
	Figure 4 Dispersion curves and frequency response for Type #2 support: (a) as a function of Bloch wave number (b) as a function of the real part of (c) as a function of .
	Figure 5  of controlled with LLRs for various damping values: (a) Type #1 support (b) Type #2 support.
	Figure 6 Comparison between of when coupled to LLRs and to LDRs () respectively, for : (a) Type #1 support (b) Type #2 support.
	Figure 7 Modelling of pipe for dispersion analysis.
	Table 1 Dimensions of P1,α.
	Table 2 Optimal stiffness and damping values.
	Table 3 Optimal frequency and damping ratio for LLR.




