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Table 3
Tendency of increasing the clearance C and decreasing the damping coefficient ¢, with decreasing the
damper masa

Parame- Variant
ters SS-1(40) | SS-2(40) | SS-3(40) | SS-4(40) | DS-1(40) | DS-2(40) | DS-3(40) | DS-4(40)
¢y, N's/m 232 76.7 64.1 42.6 232 64.8 97.6 74.5
C, m 0.300 0.518 0.644 0.771 0.158 0.238 0.260 0.276

6. Dynamic behavior of the system with attached dampers of mass m, =20 kg

Optimization procedures allowed us to find several damper parameter sets that provide a
reasonably good mitigation of the PS vibrations even at a lower damper mass m, . However, as
numerous tests have shown, the tendency for the clearance C to increase and the damping coefficient
¢, to decrease was increasingly strong. In addition, the dynamics of even DSVI NES is no longer

calm; it becomes complex and exhibits irregular regimes. Let’s look at these phenomena in more
detail. Table 4 presents the characteristics of the four variants for SSVI NES and DSVI NES with
optimized design. Table 4 demonstrates very large values of the clearance C and small values of the

damping coefficient c, .

Table 4
Information about 4 variants of SSVI NES and DSVI NES of mass m,=20 kg with optimized design
Parame- Variant
ters SS-1(20) | SS-2(20) | SS-3(20) | SS-4(20) | DS-1(20) | DS-2(20) | DS-3(20) | DS-4(20)
ky, N/m 205 225 125 198 697 699 678 679
C, N's/m 42.1 35.3 28.9 36.0 19.2 19.6 13.9 10.3
D (V), m 0.135 0.0154 0.0440 0.759 0.365 0.0227 0.0127 0.00544
C,m 0.758 0.908 0.839 0.871 0.653 0.650 0.728 0.774
B, T at 586 573 672 526 200 204 134 101
@=6.3 rad/s
7,0,0 7,1,0 7,1,0 7,0,0 7,0,0 7,0,0 7,0,0 7,0,0
7,1,0 37,3,1 7,1,1 7,1,0 7,1,1 7,1,1 7,1,1 Chaotic
2T,2,2 2T,2,2 AM AM 37,2,2 7,1,1
Regimes 2T,1,0 T,1,1 37,22
with rare AM
bursts
AM

Fig. 7 presents the dependence of the maximum total energy E|,. of the PS on the exciting force
frequency for these four variants.

EI,M\.,J; 1_|‘f.fhomd(mrper E;,m\ JE without damper
1200 + 1200 +
E [ ss- 20)
800 + 800 +
$S-3(20) ;;SS-Z\(\E(]) Lo 2moy
400 £ 400 £ '
L F N\
e Y et N S
5 6 7 o, rad/s 5 6 7 o, rad/s

(a) (b)
Fig. 7. Maximum total energy of the PS with different attached dampers of mass m, =20 kg
depending on the exciting force frequency; (a) for SSVI NES; (b) for DSVI NES
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The areas of bilateral impacts remain narrow.
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Fig. 8. The areas of bilateral and unilateral impacts for different vibro-impact nonlinear energy sinks with mass m,=20 kg
depending on the exciting force frequency: (a) for SSVI NES; (b) for DSVI NES

Let’s show the chaotic motion that occurs in the system with attached DSVI NES of DS-4(20)
variant at low exciting force frequency o =5.7 rad/s. Fig. 9 presents its characteristics.

Foou N FeomN Eoiats 1 T
8.E+03 8 E+03
1 3E+02
6,E+03 6,E+03
4E+03 - 4.E+03 3,9E+02 -
2.E+03 2 E+03 !
0.E+00 0,E+00 3S5E+H02 } j
110 140 170 Ls 110 140 170 ts 110 140 170 1s
(@) (b) (¢)
G(f) © G() ®
LE+06 1.LE+08
1.LE+06
1LE+04 30
1.E+04
1.E+02 LE+02
1L.LE+00 1.E+00
0 5 10 15 f.rad-s™ 0 5 10 15 f.rad-s!
(d

0,15 035 085 xy,ym

(€]
Fig. 9. Characteristics of chaotic motion of the system with variant DS-4(20) attached to PS at exciting force frequency
® =5.7 rad/s. (a) Contact impact forces at impacts on the left obstacle. (b) Contact impact forces at impacts on the right
obstacle.(c) Total PS energy depending on time. (d) Fourier spectrum for PS in logarithmic scale. (¢) Fourier spectrum for the
damper in logarithmic scale. (f) Phase trajectories with Poincaré map in red for PS. (g) Phase trajectories with Poincaré map in
red for the damper
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This motion exhibits broad continuous Fourier spectra for both PS and the damper. The Poincaré maps
have the shape of smears. This is typical for chaotic movement.

7. Dynamic behavior of the system with attached dampers of mass m, =10 kg

In world scientific literature it is often recommended to use NES with a small mass m, , which is
1% of the PS mass my . Therefore, it is worthwhile to see how such a NES reduces the PS vibrations
and what is its optimized design.

Numerous numerical experiments have shown that the trend noted above is developing. The
clearance C increases to huge values; the damping coefficient c, is greatly reduced. The dynamics
becomes complex for both SSVI NES and DSVI NES; the symmetry of the impacts for DSVI NES is
broken. However, despite these phenomena, VI NESs with these parameters provide good mitigation
of the PS vibrations. Let’s show in detail the dynamic behavior of the system with dampers of mass
m, =10 kg attached to PS. Table 5 presents the characteristics of the four variants for SSVI NES and

DSVI NES with optimized design.

Epad T without damper E ymeees] without damper
1200 — SS-1(1( 1200 2
. §5-2 DS-3(10
800 T55-4(10) ’ 800 tps.100) JA N — :
3 W
400 + 400 4 \
0 ey 1' ! 0 S
5 6 7 o.rad/s 6 7 o.rad/s
(a) (b

Fig. 10. Maximum total energy of the PS with different attached dampers of mass m, =10 kg depending
on the exciting force frequency; (a) for SSVI NES; (b) for DSVI NES

Table 5 shows huge values of the clearance C and very small values of the damping coefficient ¢, .

The rows with the title “Regimes” demonstrate the presence of different irregular motions in the
system with these VI NESs attached to the PS. Fig. 10 presents the dependence of the maximum total
energy E|..x of the PS on the exciting force frequency for these four variants.

Table 5
Information about 4 variants of SSVI NES and DSVI NES of mass m,=10 kg with optimized design
Parame- Variant
ters SS-1(10) | SS-2(10) | SS-3(10) | SS-4(10) | DS-1(10) | DS-2(10) | DS-3(10) | DS-4(10)
k>, N/m 133 98.8 103 127 354 414 387 428
Cp, N's/m 18.3 6.88 13.4 7.78 7.14 14.8 8.57 12.6
D V), m 0.135 0.152 0.171 0.207 0.0194 0.185 0.149 0.0276
C, m 0.975 2.01 1.30 1.67 1.037 0.735 0.985 0.799
B tmax, T at 428 603 411 560 428 603 411 560
@=6.3 rad/s
7,0,0 7,0,0 7,0,0 7,0,0 7,0,0 7,0,0 7,0,0 7,0,0
T,1,0 T,1,0 T,1,0 T,1,0 Chaotic T,1,1 Chaotic Chaotic
Chaotic Chaotic Chaotic Chaotic T,1,1
Regimes with rare
bursts
T,1,1
AM

The areas of bilateral impacts are extremely narrow (Fig. 11).




ISSN 2410-2547 13
Onip matepiaiis i Teopist ciopy/Strength of Materials and Theory of Structures. 2024. Ne 113

Elmax'J [ i | i i Elmax'J [
800 + [ AV 800 + e L),
L | |
400 : : : 1 400 +
r | | I
e e by e — .
5 6 7 . rad/s 5 6 7 . rad/s
(@)
Elmz1>;‘J [ i i i Elmz1>;‘J [ ii . i
800 + | | DS-2(10) 800 | | DS-3(10)
: [\ n : |
i | AN i I
400 + | 1\ 400 + I
TN - [
Y | Y ARSI T e = 0 v Ll I
5 6 7 . rad/s 5 6 7 . rad/s
(b)

Fig. 11. The areas of bilateral and unilateral impacts for different variants
of VI NESs with mass m,=10 kg depending on the exciting force frequency: (a) for SSVI NES; (b) for DSVI NES

As can be seen from Fig. 11 (a) for the SSVI NES, there are some regions with unilateral damper
impacts on the PS directly. Fig. 11 (b) shows that the DSVI NES operates as a nonlinear vibro-impact
device in an extremely narrow region of the exciting force frequency. The system performs shockless
7,0,0 movement throughout the rest of the exciting force frequency range. The DSVI NES operates as
a linear damper without the nonlinearity that occurs when hitting the obstacles. The SSVI NES
operates as a nonlinear vibro-impact device over a wider range of exciting force frequencies, but it
makes unilateral impacts on the PS directly and does not impact the obstacle. Generally speaking, the
SSVI NES can be thought of as a double-sided device, only asymmetrical, since it strikes the barriers
from two sides — the obstacle on the right and the PS directly on the left.

Let’s show the characteristics of chaotic movement for DS-4(10) at exciting force frequency
® =6.1 rad/s (Fig. 12). The picture of this chaotic movement is similar to the picture of chaotic
movement in Fig. 9 for damper with mass m,=20 kg, but the asymmetry of the left and right contact
forces has increased. Figs. 12 (a), (b) clearly show asymmetry of the impacts on the left (Fig. 12, (a))
and on the right (Fig.12, (b)) obstacles. The wide continuous Fourier spectra (Figs. 12, (d), (e)) are
typical for chaotic motion. The shape of Poincaré maps in the form of smears are also typical for the
chaotic motion.

It is worth emphasizing that low-mass dampers are good in mitigating the PS vibrations when their
optimal parameters have unusual non-standard values, namely large clearance C and small damping
coefficient ¢, . When they have “normal” usual values, the mitigation is very weak, it is almost non-

existent. Let’s show the performance of the SSVI NES and DSVI NES with such design as an
example. The damper parameters are presented in Table 6. Fig. 13 shows the behavior of the PS energy
with attached dampers with usual “normal” parameters versus

the PS energy with attached dampers with unusual “strange” Table 6
parameters. The areas of bilateral impacts for these dampers The “normal” parameters of SSVI
are also narrow and located near the resonant frequency. The NES and DSVI NES with mass
impacts are symmetrical for DSVI NES and asymmetrical for my=10 kg.

SSVI NES. The unilateral direct impacts of the SSVI NES on

the PS occur throughout the rest of the exciting force Variant

. Paramters
frequency range. A system with the attached DSVI NES SS-5(10) | DS-5(10)
performs shockless motion over the entire exciting force k, N/m 215 215
frequency range, except for a narrow band of bilateral €2, N's/m 250 132
impacts. The DSVI NES operates in the shockless zone as a D V), m 0.01 0.1
linear damper. C,m 0.1 0.1
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Fig. 12. Characteristics of chaotic motion of the system with variant DS-4(10) attached to PS at exciting force frequency

® =6.1 rad/s. (a) Contact impact forces at impacts on the left obstacle.(b) Contact impact forces at impacts on the right

obstacle.(c) Total energy of PS. (d) Fourier spectrum for PS in logarithmic scale. (¢) Fourier spectrum for the damper in
logarithmic scale. (f) Phase trajectories with Poincaré map in red for PS. (g) Phase trajectories with Poincaré map in red for

damper
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Fig. 13. Maximum total energy of the PS when dampers of mass m,=10 kg with usual “normal” parameters are attached to it:
(a) for SSVINES; (b) for DSVI NES

8. Conclusions
Numerous numerical experiments, the results of which are presented above in Figures and Tables,

allow us drawing the following conclusions.
There are many sets of damper parameters that provide similar high efficiency in reducing the
PS vibrations.
Optimization procedures produce ambiguous results and allow for a great deal of arbitrariness.

e Symmetrical double-sided and asymmetrical single-sided vibro-impact nonlinear sinks with
optimized design provide the similar efficiency in mitigating the PS vibrations. From this point of
view, none of these damper types offers any advantages.
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e The NESs with larger mass provide good mitigation of the PS vibrations when they have
“normal” usable design. When the damper mass is reduced, its efficiency is preserved, but the optimal
parameters providing such efficiency become very “strange”, namely: the clearance becomes huge and
the damping coefficient becomes very small.

e The system dynamics changes when the damper mass is reduced. When the damper has a larger
mass, a system with a DSVI NES attached to the PS exhibits quiet periodic dynamics with symmetrical
impacts on the left and right obstacles. A system with a lighter DSVI NES exhibits irregular motions
with asymmetrical impacts on the left and right obstacles.

e The SSVI NES hits both right obstacle and the PS directly. From this point of view, it can be
considered as double-sided device, since it hits the barriers on two sides. However, these impacts are
asymmetrical. Dynamics of SSVI NES is complex with different both periodic and irregular movements.

e Bilateral impacts occur in a very narrow range of the exciting force frequency. The narrow
areas of bilateral impacts are located near resonance. In the rest frequency range, the system with
DSVI NES performs a shockless motion without any impacts. The DSVI NES acts as a linear damper
because there is no nonlinearity created by impacts. The SSVI NES also exhibits a narrow region of
bilateral impacts, but over a wider frequency range makes unilateral direct impacts on the PS.
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Jisynos I1.11., Ilocopenosa O.C., [locmuikosa T.I'., I'epawenko O.B.
BIIVIMB MACHU HA EOEKTUBHICTb TA JTUHAMIKY OJJHOBIYHUX TA IBOBIYHUX BIBPOYIAPHUX
HEJIHIMHUX MOTJIMHAYIB EHEPITi

VY uiii craTTi JOCHiKY€EThCA eEKTUBHICTh ACUMETPUYHUX OJHOCTOPOHHIX 1 CHMETPUYHHX JIBOCTOPOHHIX BiOPOYIapHUX
HeniniiHux norymHadiB eHeprii (SSVI NES i DSVI NES), To6to BiOpoymapHux aemmndepiB, y 3MEHIICHHI HeOaXaHUX
KOJIMBaHb Ba)XXKOi OCHOBHOI KoHCTpyKLii (PS), 1o sikoi ni nemndepu npukpimiedi. Takox HOCTIKEHO TUHAMIYHY MOBEAIHKY
niei BiopoynapHoi cucremu. EdextuHicTs aemndepa i moBegiHka CHCTEMH JOCIIPKYIOTHCS I AeMI(epiB 3 HOTHPMA PiISHUMH
MacaMH, OCKUIBKH ONTHMIi3allis iHIIMX napaMeTpiB aeMiidepa MpoBOAUTHCS I 3a3/1aJeriib BU3HaueHiit Maci. [Toka3aHno BIums
3MiHM MacH Jemindepa Ha foro ehexTHBHICTb i AMHAMIYHY MOBEAIHKY cucTeMH. Jemndepy 3 pi3HOI MAcol i ONTHMAJIBHONO
KOHCTPYKIII€I0 JIEMOHCTPYIOTh IOAIOHY BHCOKY €(EeKTHBHICTb y 3MEHIICHHI KoiuBaHb PS, anme onTumanbHa KOHCTPYKILsS
neMndepa 3 MEHIIOK MacOK Ma€ HE3BUUHI MapaMeTpH, a came: BEJIMKUil 3a30p i Mmamuid koediuient nemndysanns. SSVI NES
yJapsie He TiJbKM IEepelKo1y, )KOpCTKO 3B's13any 3 PS, ane it Oesnocepenubo PS. 3 wiel Touku 30py HOro MoxHa BBa)KaTh
nBoctopoHHiM DSVI NES, rineku acumerpuunum. DSVI NES ynapsie niBy i npaBy nepemikoiu, »)OpCTKoO 3B's3aHi 3 PS.
OO0macTi ABOCTOPOHHIX yAapiB By3bKi i PO3TaIIoBaHi MOOIM3Y PE30HAHCHOI YacTOTH 30YIDKYIOHOI CHIIM. Y pEIITi 4YacTOTHOTrO
nianazony SSVI NES 3niiicHioe onHocTopoHHI npsmMi ynapu no PS; DSVI NES 3nificHioe Ge3ynaphuii pyx 0e3 Oyab-skux
yJapiB i Mpaltoe B LIbOMY J1iala3oHi YacToT 4K JiHiiHuHI nemndep 6e3 Oyab-saKo1 HeNHIHHOCTI.
YucneHHi 4ucenbHi TECTH 3a0e3Neumsii MOXKJIIMBICTh IMOKa3aTH JUHAMIKy cucTeMu 3 36 pisHuMH Jemndepamu, a came st
YOTUPHOX MAC, JJI JIBOX THIIIB JeMIdepiB Ui KOKHOI MacH i JUIsi JeKUIbKOX BapiaHTIB ONTUMAIbHOI KOHCTPYKUIT aemidepa.
OntuManbHa KOHCTPYKIisSE HE €IMHa, BOHA MOXE MaTh 0arato BapiaHTiB, OCKUJIbKM icHye Oe3niu HaOopiB mapaMmerpin
nemndepis, ki 3a0e3nedyroTh Moi0He 3MEHILEHHS KOJIMBaHb OCHOBHOI KOHCTpYKUii. ToMy cama mpoueaypa ontuMizamii He
Jla€ i HE MOJKE JIaTH OJHO3HAYHOIO pE3yJbTaTy, JOIYCKA€ BEIMKY JOBIJBHICTh Yy ii BUKOHAHHI i BMMarae BiJj BUKOHABLS
BEJIMKOT'O JIOCBiy 1 MalCTEPHOCTI.

KarouoBi cioBa: HeniHiliHMH mnoriaMHay eHeprii, nemmndep, BiOpoynapHuil, OJHOOIYHWH, IBOOIYHMIH, ONTHMI3aLis,
JIBOCTOPOHHI yAapu.

Lizunov P.P., Pogorelova O.S., Postnikova T.G., Gerashchenko O.V.
INFLUENCE OF MASS ON THE EFFICIENCY AND DYNAMICS OF SINGLE-SIDED AND DOUBLE-SIDED
VIBRO-IMPACT NONLINEAR ENERGY SINKS

This paper studies the efficiency of the asymmetric single-side and symmetric double-sided vibro-impact nonlinear energy
sinks (SSVI NES and DSVI NES), that is, vibro-impact dampers, in mitigating unwanted vibrations of the heavy primary
structure (PS) to which these dampers are attached. The dynamic behavior of this vibro-impact system is also investigated. The
damper efficiency and system behavior are studied for dampers with four different masses, as optimization is carried out for
other damper parameters at a predetermined mass. The effect of the damper mass changing on its efficiency and system dynamic
behavior is shown. The dampers with different masses and optimal design exhibit similar high efficiency in mitigating the PS
vibrations, but the optimal design of the dampers with lower mass has unusual parameters, namely the huge clearance and small
damping coefficient. The SSVI NES hits not only the obstacle hardwired to the PS but also the PS directly. From this point of
view, it can be considered as double-sided DSVI NES only asymmetric. The DSVI NES hits the left and right obstacles rigidly
connected with PS. The regions of bilateral impacts are narrow and located near the resonant frequency of the exciting force. In
the rest of the frequency range, the SSVI NES makes unilateral direct impacts on the PS; the DSVI NES performs shockless
motion without any impacts and operates in this frequency range as a linear damper without any nonlinearity.
The numerous numerical tests were able to show the system dynamics with 36 different dampers, namely for four masses, for
two damper types for each mass, and for several variants of the optimal damper design. The optimal design is not unique; it can
have many variants, since there is a lot of damper parameter sets that provide similar mitigation of the main structure vibrations.
Therefore, optimization procedure itself does not and cannot give an unambiguous result, allows for great arbitrariness in its
execution and requires great experience and skill from the performer.

Keywords: nonlinear energy sink, damper, vibro-impact, single-sided, double-sided, optimization, bilateral impacts.
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Epexmusnicmv acumemputHux 0OHOCMOPOHHIX | CUMEMPUUHUX OB0CMOPOHHIX 8IOPOYOAPHUX HENIHIUIHUX NO2TUHAYIE eHepeil
mobmo 6ibpoyodapHux demngepis, 015 3MEHUEHH HeDAHCAHUX KOTUBAHL OCHOBHOI KOHCMPYKYII € 00cUmb 8UCOK0I0 | N0JIOHO0
ona demnpepis 3 pisHoro macoio i konempykyiero. OOHAK IXHA OUHAMIuHA NO6ediHKa 8IOpisHAEMbCA. OnmumanbHa KOHCMPYKYIs
demnghepie 3 MeHUIOI0 MACOI0 MAE He36UYHUL, «OUSHUILY HADIp napamempis. Obaacmi 080CMOPOHHBLO20 6NAUBY Oemnghepa Ha
06uoea bap'epu 8y3vKi i pozmauiosani NOOIU3Y Pe30OHAHCHOT Yacmomu 30y0HCYIOHOI CUIU.

UDC 539.3

Lizunov P.P., Pogorelova O.S., Postnikova T.G., Gerashchenko O.V. Influence of mass on the efficiency and dynamics of
single-sided and double-sided vibro-impact nonlinear energy sinks // Strength of Materials and Theory of Structures:
Scientific-and-technical collected articles. — K.: KNUBA. 2024. — Issuel13. — P. 3-17.

The efficiency of the asymmetric single-sided and symmetric double-sided vibro-impact nonlinear energy sinks, that is, or vibro-
impact dampers, for mitigating unwanted vibrations of the main structure are quite high and similar for dampers with different
masses and designs. However, its dynamic behavior is different. The optimal design of the dampers with lower mass has
unusual, “strange” parameter set. The regions of bilateral damper impacts on the both barriers are narrow and located near
the resonant frequency of the exciting force.

Tabl. 6. Figs. 13. Refs. 24.
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