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Abstract: Aiming to decrease the vibration of wing induced by dual-rotor civil turbofan engines, the dynamic mod-

els of a single-degree of freedom (DOF) linear main oscillator coupled with single-DOF and two-DOF nonlinear en-

ergy sink (NES) are established. According to the related energy criteria for the optimization of the dynamic vibra-

tion absorber, focusing on the effects of external excitation on the kinetic energy of the primary mass and total sys-

tem energy, the vibration suppression effects of single-DOF, two-DOF serial and parallel NES on the main oscilla-

tor system are studied. Under the condition that the characteristic parameters of the main oscillator system and ad-

ditional total mass of the vibration absorber remain unchanged, results show that the two-DOF parallel NES has

the best vibration energy suppression effects, which can provide data reference for the optimal design of NES vibra-

tion suppression under dual-frequency excitation.
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0 Introduction

Vibration suppression design of modern civil
turbofan engines plays an important role in aero-
nautical engineering. Related research shows that
even for the most advanced civil turbofan air-
crafts, the failure problems caused by engine vi-
bration, such as the local structural cracks, pipe-
line leaks and loosening of fasteners, still occur
frequently. At present, most civil turbofan en-
gines adopt a dual-rotor layout, which introduces
a typical dual-frequency excitation into the dy-

L) Besides, in other engineering

namic models
areas, the dual-frequency excitation can better
predict the real sea conditions and the stability of
deep-sea risers, and the establishment of the sys-
tem dynamic model with certain stochastic excita-
tion characteristics based on dual-frequency exci-

tation has been proved to be feasible"*. The vi-

bration reduction of civil turbofan engines has al-
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ways been a major issue in the modern aviation
field. In order to study the vibration suppression
with typical dual-frequency excitation characteris-
tics and the systems, in this paper, the nonlinear
energy sink (NES) is introduced into the nonlin-
ear dynamics analysis.

NES has the advantages of wide vibration ab-
sorption frequency band and high energy dissipa-
tion rate. Compared with traditional dynamic vi-
bration absorber (DVA), the mechanism of ener-
gy transfer and dissipation of NES is more com-
plicated due to the influences of nonlinear factors.
In recent years, more and more researchers have
focused on the theoretical research and applica-
tions of NES. Gendelman et al. "™ analyzed the
attractor problems of tuned forced linear system
with NES. The results showed that under certain
damping and frequency range settings, NES could

have better energy absorption effects than tradi-
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tional linear DVA, and then a parameter optimi-
zation design method of NES was proposed. Sta-
rosvetsky et al. % studied the effects of two-de-
gree of freedom (DOF) linear system NES on the
internal resonance problems, and the response
mechanism of the system with NES under 1 : 1 :
1 internal resonance quasi-periodic forcing and
random excitation. And they proved that the pa-
rameters of NES could be tuned to effectively re-
duce the vibration caused by quasi-periodic and e-
ven random excitation.

In Refs. [10-13], initial conditions of target
energy transfer ( TET) between the nonlinear
coupled oscillators in NES were investigated,
based on which such typical parameters as cubic
stiffness, damping and mass ratio of NES could
be designed to obtain better vibration reduction
effects. Hubbard et al."'""" designed a single-
DOF NES on the wingtip for the vibration sup-
pression research by experiments, and described
the design process of NES in detail. In the paral-
lel NES optimization design, Boroson et al. "
considered the uncertainty of the NES efficiency
caused by the loading conditions or the disturb-
ances of the design parameters, and proved the
effectiveness of the method through comparative
analysis. In Refs. [17-187], based on the nonlin-
ear output frequency response function, a vibra-
tion transmissibility expression of single- and
multi-DOF systems with coupled NES was put
forward, which can be employed to analyze the
vibration suppression effects of NES.

It can be seen that NES has been widely ap-
plied in engineering vibration suppression. How-
ever, the vibration suppression effects of different
configurations of NES under dual-frequency still
remain unknown. The main research goal is to
study the vibration suppression effects of single-
DOF, two-DOF serial and parallel NES on the
main oscillator system using the energy criteria

for the DVA optimization.

1 Description of Dynamic Models

In this section, four dynamic models are

presented in order to compare the vibration sup-
pression effects of four different absorbers. The
wing vibration performs mainly with the first-or-

920~ For example, a type of

der torsional mode
aircralt has the wing symmetric first-order tor-
sional natural frequency of 21 Hz, on which the
engine’s dual rotors rotate respectively at about
57 Hz and 270 Hz, in the cruise phase. There-
fore, the frequency ratio between the main oscil-
lator system and the two excitations in the dy-
namic models is set to 1 : 2. 67 ¢ 12. 66 according
to the engineering practice.
1.1 Dynamic model of the system with single-
DOF NES

Fig. 1 shows a single linear main oscillator
system coupled with single-DOF NES, whose
basic physical and dynamic model can be found in
Ref. [6], and here the dynamic modeling process
takes into account the defined frequency ratio be-
tween the main oscillator system and the two ex-
citations. The dynamic equations after time scale
transformation can be expressed as
x a2, 67k, (2 —x2) +7. 1k, (2 —22)' =

7. 14e (A, cos(w 1) + Ay cos(wy 1))
ex, +2.67edo (2o —2) +7. 14k, (2 —2)° =0

D)

where the parameters have been treated without
dimension. x, and x, are the displacements of the
linear main oscillator and NES, respectively. The
mass and natural frequency of linear main oscilla-
tor are taken as equal to unity. w, and w, are two
excitation frequencies, and the frequency ratio is
defined as ¥ =w,/w,. € represents the mass ratio
between the NES and the main oscillator being
used as the small parameter, and it can also scale

the coupling between two oscillators, the damp-
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Fig. 1  Schematic diagram of dynamic model of the

system coupled with single-DOF NES
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ing forces and amplitudes of the dual-frequency
excitation. A, is the damping term and ed=2. 67
€A, is the damping coefficient of NES. To simplify
the analysis, the stiffness term'® ?' of NES £,
equals to 4/3e, which means that the nonlinear
stiffness is k, = 7. 14k,,. In addition, 7. 14eA,
(e<1) and 7. 14eA, are the amplitudes of the du-

al-frequency excitation, respectively.

1.2 Dynamic model of the system with single-
DOF linear DVA

To analyze the vibration suppression effects
of NES, the dynamic model of the single linear
main oscillator system coupled with single-DOF
linear DVA is established. A DVA oscillator is
used to substitute the NES oscillator in Eq. (1),
and the related dynamic equations after time scale
transformation can be written as

21+ +2.67ed, (2 —x5) 7. 14k 0 (2 —2,) =
7. 14e (A, cos(w, 1) +A;cos(w 1))
ex, +2.67ed, (2, —21) +7. 14k (2, —2,) =0
(2
where ki, = 7. 14k is the linear stiffness of
DVA, and the linear stiffness term ky;, equals to
4/3e for comparison. eA=2. 67el, is the damping
coefficient of DVA, and the other parameters and
the dual-frequency excitation are consistent with
those in Eq. (1).
1.3 Dynamic model of the system with two-DOF
serial NES

Fig. 2 shows a single linear main oscillator
system coupled with two-DOF serial NES, The
coupling relationships among the main oscillator
and the absorbers should be considered in the dy-
namic modeling. The related dynamic equations
after time scale transformation can be expressed
as
2 ta 2. 67ed, (o —a,) + 7. 14k, (o) —a,) =

7. 14e(A, cos(w t) + A, cos(wy 1))

&2 2. 67ed, (ay —1) +2. 67ed (2, —a3) +

7. 14k, (xy—x)* +7. 14k, (2, —x5)° =0

€25 2. 67ed, (s —x,) +7. 14k, (25 —1,)° =0
(®))

where €; and €, are dimensionless masses of two

serial NES, respectively, x, and x; the displace-

ments of two NES, respectively, and the other

characteristic parameters remain the same as

those in the system with single-DOF NES.
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Fig. 2 Schematic diagram of dynamic model of the

system coupled with two-DOF serial NES

1.4 Dynamic model of the system with two-DOF
parallel NES

Fig. 3 shows a single linear main oscillator
system coupled with two-DOF parallel NES, The
dynamic modeling should consider the coupling
relationship between the main oscillator and each
absorber, and the related dynamic equations after
time scale transformation can also be expressed as
x1 a2, 67ed, (2 —a2) +7. 14k, (2 —22)° +

2.67edo (&) —x) + 7. 1k, (2 —ay)' =
7. 14e (A cos(w 1) +A,ycos(wy 1))
€12, +2.67ed, (x, —x,) +7. 14k, (2, —21)* =0
x5 2. 67edo (s —x) +7. 14k, (x5 —2,)" =0
4D

where ¢, and ¢, are the dimensionless masses of

two parallel NES respectively, x; and x5 the dis-
placements of two NESs, respectively and the
other parameters still remain the same as those in

the system with single-DOF NES,
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Fig. 3 Schematic diagram of dynamic model of the

system coupled with two-DOF parallel NES

To compare the vibration suppression effects
of different systems above, according to the relat-
ed energy criteria proposed in Ref. [21], the vi-

bration suppression optimization of DVA should
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mainly consider such factors as the main oscillator
kinetic energy, total system energy and total area

Here

the main oscillator kinetic energy of each system

occupied by the total system energy curve.

can be set as

c2

_
Ekin_ 2

Total system energy of the system with sin-
gle-DOF linear DV A can be expressed as

(5

(Il 712)2

2

In the similar way, total system energy of

the system with single-DOF NES, two-DOF seri-

P 2 12
71_._ 2 L1

EtDLLin = 2

(6)

al and parallel NESs can be given as

'72 2 ( R )’1

Emlismgle—D()F NES — % +€ 1?2 + 1?1 +k“ % (7)
ElOlilW&D()F serial NES — 11 +€1 I? +€? 1% + +

b, _4“)'#/@,, (1’11‘%)4 (8)

°2 2
Elm,lw»DoF parallel NES:%+€1 %Jrsz Jr Jr
_ 4 _ 4
/Z” (I] 4.1‘2) +/€,, (11 4.1”3) (9)

2 Numerical Analysis in Comparison
with the Case of Single-DOF Line-
ar DVA

In Egs.
tion suppression effects of the systems with sin-
gle-DOF NES and linear DVA, we set e=0. 01,
Ao=0.2, A,=1.3, A,=0.1. The stiffness terms
of NES and linear DVA are k,, = ko = 4/3e.

Based on the fourth-order Runge-Kutta algo-

(1) and (2), to compare the vibra-

rithm, and the initial displacement and velocity of
each oscillator are set to zero.

Typical dual-rotor civil turbofan engines are
taken as the main engineering backgrounds in this
paper, and the maximum frequency ratio between
two exciters in the cruise phase is less than 7.
Therefore, when w, is fixed to 2. 67 as defined in
Section 1, the frequency ratio 7 is monotonically
increased from 1 to 8, making the range of which
cover the characteristic frequency corresponding
to the target aircraft cruise phase (y=4.74). The

comparison results of main oscillator kinetic ener-

gy and total system energy curves are shown in
Fig. 4.
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Fig.4 Comparison of effects of 7 on main oscillator

kinetic energy and total system energy of the

system coupled with linear DVA

The above numeric results indicate that NES
has better vibration suppression effects than line-
ar DVA, which is valid when the frequency ratio
increases from 1 to 20 after numerical sweeping,
and thus NES is promising for the application in

civil turbofan engine vibration reduction.

3 Numerical Analysis in Comparison
with the Case of Two-DOF Serial/
Parallel NES

To achieve the vibration suppression optimi-
zation of NES, a comparison with two-DOF serial

3) .
(4), & and e, are respectively 0. 009 and 0. 001,

and parallel NESs is carried out. In Egs.
the initial displacement and velocity of each oscil-
lator are 0, and the other characteristic parame-

ters still remain the same as those in Eq. (1).
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Here w, equals to 2. 67, and the numeric simula-

tion results can be obtained as Fig. 5.
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Fig.5 Comparison of effects of ¥ on main oscillator
kinetic energy and total system energy of the
system coupled with two-DOF serial/parallel
NES

The comparison results can show that when
the characteristic parameters of the main oscilla-
tor system and additional total mass of the vibra-
tion absorber remain unchanged, two-DOF paral-
lel NES has the best vibration energy suppression
effects. According to the energy criteria described
in Section 1, this conclusion is valid when the fre-
quency ratio is increased from 1 to 20 after nu-

merical sweeping.
4 Conclusions

This paper constructed dynamic models of
system coupled with different configurations of
NES and introduced the modal frequency of the
first-order symmetric twist typical state of the
wing into the dynamic models. And the numeric

results based on the fourth-order Runge-Kutta al-

gorithm indicate that

(1) Compared with the system coupled with
linear DVA, the vibration suppression effects of
NES are better in a wide frequency range.

(2) With the same characteristic parameters
of the main oscillator system and additional total
mass of the vibration absorber, compared with
the system with single-DOF and two-DOF serial
NES, two-DOF parallel NES has the best vibra-
tion energy suppression effects.

(3) NES has excellent vibration suppression
effect in the aeronautical engineering practice,
and the numerical simulation results can provide
data reference for vibration suppression design of

the dual-rotor turbofan engine.
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