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1 Introduction pling is through the primaryrotor) inertia, and the coupling pa-

Research on the phenomenon of localization has shown tﬁgpeter .is an i.nerFia ratio.. The results of that study motivated the
when the degrees of freedom of a periodic structure are weal sent mvestlgatlon,_ whlc_:h focuse_s on the steady-s_tate response
coupled and there are some irregularities or disorder among thethsystems of nearly-identical centrifugal pendulum vibration ab-
mode localization may occur. This results in confined regions §Prbers(CPVAs). An important feature of these absorbers is that
the system(that is, specific degrees of freedpmhere vibration they are tuned to a given order of rotation, rather than to a given
energy is concentrated. The underlying feature of these systemgésjuency, and are therefore effective at all rotation speeds. His-
the presence of multiple system modes with close natural frequeorical background and applications of CPVAs can be found in
cies. Some of the relevant work on localization in mechanicgd2,13, and the papers by Shaw and co-workers listed in the
vibrations includes the following papers: Hoddéd$ and Hodges references.
and Woodhousg2] showed that structural irregularities can result gince this work spans the fields of localization and vibration
In Iocgllzed motions in elastic systems. Pierre and Do@]l ahoorper design, a comment on terminology is in order. Specifi-
investigated !ocallzatlon phenomenon ina Cha'r.‘ of C°“p"?d OSCJjéllly, the termmistuningis used in different contexts in these
lators, and Pierre et dl4] theoretically and experimentally iNVes-c. 4 In thi the t istuni fers 1o th lative dif-
tigated localization of the free modes of vibration of disordere s. 1N this paper the termistuningreters to the relative d
multi-span beams constrained at slightly irregular intervals. Wi rgncg Pe“"’ee” the order of the absorber., that is, the prder for
and Pierrd5,6] studied both free and forced vibration localizatiottVhich it is tuned and the order of the applied torduEhis is a
in nearly periodic mistuned assemblies with cyclic symmetry. Rarameter that is set by the designer of the absorber system, and
singular perturbation approach has been shown to be very uséisorber systems are designed so that they all have the same tun-
in describing localization behavior by Happawana ef .. Also, ing, and thus the same mistuning. The teimperfectionhere
it has more recently been found that localization can occur nefers to a deviation from the desired tuning, which results from
nonlinear systems, even when the subsystems are perfectly tunadnufacturing tolerances, wear, and other factors, and is not dic-
In this case, the mistuning is caused by the amplitude dependerg@d by design. These imperfections will vary among absorbers in
of the subsystems’ frequencies and other nonlinear effects. Sggjiven system.
for example, Vakakis and Centikay@], King and Layng 9], and The paper is organized as follows. Section 2 describes the ab-

Chao and Shaj10]. sorber system and the mathematical models used in the analysis

In a previous study of localization in vibration absorber sys- : : : . . -
tems, the authors showed that when the ratio of the coupling ttaﬁn_d simulations. Section 3 describes the analytical expressions for

tween the absorbers to the imperfections among them is small, & steady state response of the linearized system and considers

free vibration modes of the undamped rotor/absorber system R2Me Special cases. Section 4 presents sample results from three
calize[11]. An interesting feature of this system is that the cougX@mples and a discussion of some general parameter trends. The
paper closes with a discussion in Section 5.
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=1,/J, Wherelo=m0R(2) and my=Nm. The dimensionless path
functionsx;(s;) andg;(x;) are defined as follows:

(s 2
cisr=( BB

- 1/dx; z
gi(si)z\/xi(si)_z(d_);(si)) ,

wherex; is simply (R; /Ry)? and{; is related to the tangent along
the absorber path. The fluctuating component of the applied
torque is periodic and generally contains several harmonics. In
most situations only one or two harmonics have significant ampli-
tude, and therefore we approximate the fluctuating torque by its
dominant harmonic, taken to be of orderFor example, in four-
stroke IC enginesy is equal to half the number of cylinders.
Equation(1) represents the dynamics of the absorber masses,
Fig.1 Schematic diagram of a rotor fitted with multiple CPVAs and it is clear that théth absorber is only indirectly coupled to the
other absorbers through the dynamics of the rotor, represented by
w. Equation(2) represents the torque balance on the rotor, where
it is seen that the dynamic effect that each absorber has on the
2  Mathematical Formulation rotor e_trises in an id_entical manner, and their tota_ll effect is cap-
. . . . tured in the summation terms. This type of coupling leads to an
The idealized system consists NfCPVAs, modeled as point jnteresting symmetry in the system, which can result in a variety
massesn, mounted on a rotor with moment of inertiaas sche- of interesting instabilities and bifurcatiofi$0,14,15.
matically shown in Fig. 1. The nonlinear, dimensionless equationstpe phenomena of interest here can be captured using a linear-
of motion for this system are obtained by Lagrange’s method apgbg model of the equations of motion. To that end, the absorber

©)

are given by 14] path functionx;(s;) is expanded as followgl 6]
~ 1dx; (s)=1—n2s? 4
ws+[s/ +g;(s)Iw' — > d—'(si)w= —MaSi, i=1,...N Xi(s))=1=nisi+0(s), )
S (1) wheren; is the (ordep tuning of theith absorber. This tuning is
determined by the curvature of the absorber path at its vEt@x
N rdx It is convenient to express the path ordgr, as follows:
zE js’w2+x-(s-)ww’+~-(s—)s’ww’+~-(s-)s”w2
N&~ |ds i(Si 9i(S)Si 9i(Si)S; ni=n(1+ay),
dg; whereg; is a(typically smal) quantity that describes the mistun-
+ —'(si)sizw2 +ww'’ ing and imperfection of théh path. The mistuning represents a
ds nominal value ofo; that is the same for all absorbers, while small

LN differences between absorbers are caused by imperfections.

=_ 2 2a0i(S)SIW— oW+, +T(6), @) For realistic systems, many of the dimensionless parameters are
Ni= small, including the inertia ratio, the absorber damping level

2, the mistuningso;, and the fluctuating torqu€(6). These

, . - .
where(-)’ represents differentiation with respect to the rotor argbservations follow, respectively, since one typically uses a rela-

gular orientation, and the various terms are defined below. Notg ool "amount of inertia for the absorbers, the absorbers
that the equations of motion have been formulated in such a m%ri'fould be lightly damped for good performan((sir,lce they re-

ner that the rotor angle, is the independent variable, in place Ohain tuned at all rotor speedshey are tuned near the order of the

time. This converts the nonlinear forcing terf(,6), into a peri- . : o
. A . . . . applied torque, and the torque is scaled by the kinetic energy of
odic forcing term, which facilitates the analysSigheith absorber the rotor, which is typically large. These facts will allow for some

is riding on a path specified by the functid(S;), chosen by L : .
) ’ : useful approximations in the analytical results.
design.R; denotes the distance from a point on itte absorber : . ; . .
pathgto tllwe(fixed) center of rotation anSipis an arc length vari- The model qf interest is obtalned by first cancelllng the. mean
’ rotor torque with the mean bearing torque,=I",, which dic-

gﬁ,lznaé)c;/nsg:ths? /gatfs\;vrl]se:QeR nic; ntﬂ;nsglsulgn:ﬂl??:; lﬁgg\tgr;/:;'g?lﬁatgs the nominal dimgnsiopless rotor speeeh, 1. Th(aT dynamiq .
the path Ii eR =o§~(3=0) Ow is the ratio oflthe rotor angular variables are th_en Ilnear_lze_d about the operating condition
S Eerto o e . . (s;,w)=(0,1). This results in linear equations of motion for both
velocity, 6, to the nominal rotor angular velocity, i.e., W  the rotor and the absorbers. The linearized rotor equation can be
= 0/Q). The variabless; andw represent the generalized coordisolved forw’, resulting in
nates for thisN+ 1 degree of freedom system. The parameteys
and i, represent the nondimensional damping coefficients for the
absorbers and the rotor, respectively, ig,=c,/mQ and u,
=c,/JQ, wherec,, andc, are the equivalent viscous damping
constants for the absorber/rotor and rotor/ground interfalcgs. which is the linearized rotor angular acceleration expressed in
and I'(#) are the nondimensional mean and fluctuating compterms of the absorber dynamics. This quantity is a useful measure
nents of the applied torque, that i§,O:T0/JQ2 and I'(¢) of the torsional vibration level, since it is zero in the desired
=T,/J02. It is assumed that all absorbers have the same magBerating condition, that is, when the rotor spins at a constant rate.
m, the same dampings,, and the same value &, . The param- However, it must be noted that the rotor acceleration is_dominated
eter v represents the ratio of the total moment of inertia of affy nonlinear effects, even when the absorbers behave in an essen-
absorbers about the center of rotation to the rotor inertia, i.e. tidlly linear mannef10]. This is due to the fact that the absorbers
effectively cancel the linear component of the rotor acceleration.

3In rotating systems the applied torques generally depend explicitly on the rot-ghis W”_I be ?Vident in the numer_ical Simu@tions-
angle, rather than time. The linearized absorber equations are given by

-

10| 1O

N
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S+ uaS +RZs=—w', i=1,...N, (6) Therefore, these results are not used to quantify the absorbers’
o . frequency responses, but rather as means of investigating how
from which it is clear that the rotor acceleration acts as a rotgsatures of the response depend on parameters such as the ab-
tional base excitation, applied identically to each absorber. It &rber damping, the inertia ratio, the number of absorbers, and the
now straightforward to eliminate the rotor equation of motionyistuning and imperfections of the absorbers.

leaving a set of coupled linear equations that describe the dynamThese results also allow for the solution of the complex rotor

ics of the absorbers, as follows, acceleration amplitude, which can be expressed in several forms,
N , EN: ) 1) including )
Si T MaS TIPS N(1+ ) &= (Sk— maS) = 1+’ o 2 B B
- B—A—,B—pk_1 Ak_—l’ 13)
i=1,...N. @) - 1+pz,t‘:17
k

These equations have a very special structure that arises from the ) ) ) ]
physical nature of the coupling: each absorber is identicalfyhere the latter is very useful since it expresses the result directly
coupled to all other absorbers, including itself, through the surtil terms of the system and excitation parameters. This amplitude
mation term, which arises from the rotor acceleration. contains information about the ultimate system performance, that

The steady-state response of this systems of equations, andighdhe rotor vibration, as measured by its angular acceleration.
conclusions drawn from it, form the main results of this paper. However, as noted above, an accurate measure of the rotor accel-
eration requires inclusion of at least the leading ordgradrati¢
nonlinear terms.

It is interesting to note that the ratios between the absorber

Exact Solution. We use a complex formulation of the prob-amplitudes are given directly by EL1). Thus, one can immedi-
lem to conveniently determine the steady state response of @{gly compute the ratio of largest to smallest absorber amplitudes
system. The periodic torque of order is modeled byI'(¢) by using maxt/A)=max(y/) and noting that, when the ab-
—fel"® where feC is the complex torque amplitude and sorber dampings are equal, this is determined by using the ab-

— /=T. The resulting steady-state absorber responses are $§Per with the most mistuning fdcand that with the smallest
pressed as, = A el"’ where eact?, e C, and the steady-state ro-Mistuning fori. Thus, the largest amplitude ratio is given by

3 The Steady-State Response

tor response, expressed in terms of its angular acceleration, is e +(aln)?
taken to bew’ =Be"’ whereB e C. maxA /A= \] ————, (14)
When these are substituted into Ed), the following equations Tmint (#aln)
for the steady-state absorber amplitudes are obtained: where small terms involvingr? have been ignored. Thus, it is
N seen that for small damping the maximum ratio of mistunings
A, 7i+PE Ac=p, (8) plays the key role in the degreg of Iocallzgitlon in the.systgm. Also,
k=1 for moderate levels of damping, any differences in mistunings

have a less pronounced effect.
where

Some Special Cases.Insight about the system response can

=T2—n2+ij ' N . :
Vi TNt N, be obtained by considering some special cases of interest. The

_ v (N4 jn ) results from these cases yield convenient and insightful forms
PT N+ INka), (9) Wwhen approximations are made based on the small parameter as-
f sumptions described above. Specifically, when the “small param-
B=— Tt eter assumption” is made in the following developments, it im-

plies that the result has been expanded in terms of the
It is not difficult to uncouple this system of equations. This islimensionless parameterso;, u, andf, and quantities involv-
accomplished by noting from E@8) that the quantity ing products of these parameters have been ignored.
N The first special case is that of identical absorbers, such that
_ _ N;=NeVi, which implies thato;=0Vi and y,=y,Vi. This
A %—B—szl A=A (10)  analysis is useful for setting the average level of mistuning to be

designed into the absorbers. The small parameter assumption

is independenof i, andA is defined for convenience. The fact thayjields
Ay, is the same for each absorber is not surprising, since it is
simply a frequency domain statement of E6), which results A= —f (15)
from the fact that each absorber is driven identically by the rotor " n(2ogn+juatrn)’
acceleration. Thus, the absorber amplitudes can be expressed as
Aj=A/v;. From this result, it can also be seen thAat B, which an
represents the complex magnitude of the rotor acceleration. —f(209n+]jua)

In order to uncouple the amplitude equations, we use B

An=Aivi, Yk, (1) Note that there is a resonance for small damping when the mis-
solve for eachd, in terms ofA,; , substitute this into Eq@8), and tuning satisfiesro= — »/2. This corresponds to the case when the
solve forA;, resulting in

I

200n+juatvn’ (16)

Ai:%’ i=1,...N. (12) Table 1 Data for example 1
N
Vi( 1+p2- 1%) Absorber ao b.o c.o d.o
i i i 1 0.0016 0.0016 0.0016 0.0016
This resul_t expresses the complex response a_mplltude attthe 00120 00013 0.0013 0.0013
absorber in terms of known system and excitation parameters. 3 0.0080 0.0080 0.0015 0.0015
Note that the excitation order plays the role of the excitation 4 0.0100 0.0100 0.0100 0.0018

frequency, but that this quantity is fixed in these applications
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Fig. 2 Absorber amplitudes versus fluctuating torque level for example 1. See
Table 1.

excitation order matches that of a natural mode of the systemadhsorbers do absolutely nothing—they do not move and do not
which all absorbers move synchronously and out of phase widlynamically contribute to the rotor vibratiofother than acting
respect to the rotor. For small values of the inertia ratidhis like a flywhee). The rotor vibration is completely attenuated by
resonance is very close to the ideal tuning pairs= 0. Note also the set of tuned absorbers, whose amplitudes are magnified by the
that the rotor acceleration is equal to zero when the absorlyatio N/(N—M) when compared to the case when all absorbers
damping and mistuning are both zero. Due to the close proximigye ideally tuned. This amplification allows them to make up for
of the resonance to the ideal tuning point, a small amount tfe lack of contribution from the mistuned absorbers. Here the
positive mistuning is typically employed to provide robustnedecalization is clearly evident. The most severe case is when only
against potential resonance problems. In fact, this resonance eftmwé absorber is perfectly tuned, in which case its amplitude is
has an important nonlinear character and is quite well understogigen by Ay=—fN/(vn?) while the remaining absorbers have
[12,14. zero amplitude. The localization becomes less severe if more ab-
The next special case is when two sets of absorbers are takesdtbers are perfectly tuned, until the calske=N, considered
have mutually identical levels of mistuning, one of which is zerabove, where no localization occurs. Of course, the presence of
and the othew,. The goal here is to observe what happens if damping makes these results less sharp, in terms of the tuning and
subset of absorbers is perfectly tuned, while another group is mise degree of localization. Generalizations of these observations
tuned. Without loss of generalityor this casg, it is assumed that can be made for cases in which there are two or more groups of
the first M absorbers are identically mistuned with=0p, i  absorbers, each mutually identically mistuned.
=1,2,... M(<N) and the remaining\—M absorbers are per- In order to examine these effects for more general conditions,
fectly tuned, that isg;=0,i=M+1, M+2,... N. Again using specifically with imperfections, we turn to some numerical ex-
the small parameter assumptions, the results for the complex amples in which the absorbers are given individual values of tun-
plitudes of the absorbers and the rotor are given, respectively,ing.
follows:

~Nj 4 Numerical Examples and Parameter Trends
a

A= ... =Ay= ; ; 7\ For all cases in this section we consider a system of four ab-
N(N(20¢n+ +wvn)—M20pn . . : ySte . .
(N(2oon+ja)(j at vn) on"v) sorbers,N=4, with the following numerical data: inertia ratio

Am+1= .. A= .fN(Z.UOnJrJ’“a) v=0.1662 and torque order=2."
’ N(N(2oon+ ] o) (j ot vn) —M20on?y) ’
The Effects of Imperfections Among Absorbers—Example
q (A7) 1. For this example we take the damping todog/N=0.0013°
an

Four cases are considered, for which the mistuning levels are
—fjua(20n+ ] o) shown in Table 1. The first case corresponds to a situation where
B= - - 5—. (18) the absorbers are mistuned in a positive manner, but one absorber
N(2oon+jua)(jsat vn)—M2oon“y has an imperfection such that it has a smaller mistuning level than
Of course, theM =N case matches the previous special casthe remaining three. The second case corresponds to a situation
These results offer useful insights into the response that are maidere two absorbers have smaller mistuning
clear by considering the zero damping casgs= 0. Here the rotor
acceleration is zeroB=0) as are the amplitudes of the fingt “These values are borrowed from the study of a particular in-line, four-cylinder
absorbers, that is, those that are mistuned. The response ampliﬁi@?ﬁ bbeeT)mam} o | valent l ) ina th
of the perfectly tuned absorbers in this case is givenAby: e absorber damping is modeled as an equivalent linear viscous damping that

P . ) does not depend on the total mass of the absorber system, i.e., the quarifity
—fN/((N=M)vn9), i=M+1,... N. In this case, the mistuned =c,/m,Q is a fixed physical quantity.
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Table 2 Data for example 2 tions are reduced. The two cases shown in Table 2 are considered.
The first case has imperfection levels one fifth of those in example

Absorber ao (%) b. o (%) 1(a), while the second case has imperfection levels one tenth those
1 0.0003(0.03 0.0002(0.02 of example 18). The amplitudes of the absorbers’ steady-state
% 8-88%258-%3 8-88%558-(1)3 responses versus the applied torque level for these two cases are
2 020020(0:20) 0:0010(0:10) shown in Fig. 3. It is clear that localization becomes weaker when

the imperfection levels are reduced.

The Effects of the Average Level of Mistuning—Example 3.

In this example three cases are considered, in which nominal in-
levels than the other two. The third case corresponds to a situattentional mistuning levels of 0.016, 0.033, and 0.05 are added to
where the absorbers are only slightly mistuned, and one absorbéfour absorber paths of exampléal, respectively. The relative
has an imperfection that gives it a larger mistuning level than thieperfections among the absorbers’ paths are similar to those of
other three. The fourth case corresponds to a situation where ex@mple 1a), and are shown in Table 3. The amplitudes of the
the mistuning level is small and there are imperfections among thbsorbers’ steady-state responses versus the applied torque level
absorbers. for these three cases are shown in Fig. 4. It is clear that the system

The amplitudes of the steady-state responses of the four absdreeomes less localized when a positive intentional mistuning is
ers are plotted versus the applied torque level for these four cag#goduced, especially when it is large compared to the imperfec-
in Fig. 2. The simulation results shown are obtained by numetions in the absorbers’ paths.
cally solving the full nonlinear equations of motion for the case of
epicycloidal absorber pathshese paths are the closest to bein%
linear over a wide range of amplitudes, [£3,15). Also note that - ; - ) . .
the dashed line represents the absorbers’ response for the sys‘i%?'dered with variable damping levels. The ratios of the maxi-

when all absorbers are identical and perfectly tuned to the order g™ to the minimum absorber amplitud¢Aa,/Ani|, are plot-

the applied torque. It is clear from this figure that localizatio ed versus the damping leved, for these _exampl_es in Fig. 5.
indeed occurs for this system. The severity of the localizatio hese results clearly demonstrate that increasing the absorber

depends on the tuning differences, that is, the imperfections, tﬁj&mp'r?g dr:acreases r:hef srt]rer|19th|_0f the localized resprc])nse. Also
tween the absorbers. The absorbers with smaller mistuning lev € tfatht € strefngt. of the local |zaé|onh|§ greozliter as; ef ma%nl-
localize whenever any of the other absorbers have larger levels o ?ho tbe |mbpertect_|ons Its) increased. This is due t? tthe a%tt %t
mistuning. This follows since the absorbers with tuning closest?t?S et? sorfert tunmgs .ﬁ%on:ﬁ r?)mIE sfptrlsa t;)u ’b' € absorber
the ideal tuning will do most of the work in counteracting the' 0Sest o pertect uning will do the bulk ot the absorbing.
applied torque. It is also clear from the figure that the strength of The Effects of Varying the Tuning of a Single Absorber. In
the localized response depends on the number of absorbers #h of the two cases considered here, a certain mistuning level is
localize. As expected, the most severe case occurs when one gdsigned to three of the absorbers and the mistuning of the fourth
sorber has a small level of mistuning compared to the remainia@sorber is varied from zero to the corresponding value of the
absorbers, that is, caséal, as shown in Fig. @). These obser- other absorbers. The levels of mistuning for the three absorbers
vations are consistent with the special cases considered in Hie taken to be 0.008 and 0.002 for the two cases. Figure 6 shows
previous section. the maximum absorber amplitude ratio versus a measure of the
) difference in mistuning between the absorbers. Note that as the
The Effects of the Average Level of Imperfections— difference in mistuning between the fourth absorber and the other
Example 2. This example is limited to the most severe case in
which only one absorber localizes. Here, the damping level is KEPTNote that all curves start at the ratio between the largest and smallest levels of
the same as that in example 1, but the overall levels of imperfesistuning, which is 7.5 for all cases considered here.

The Effects of Damping. To see the effects of the absorber
amping level, the cases of examplds),12(a) and 2b) are re-
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Fig. 3 Absorber amplitudes versus fluctuating torque level for example 2.
See Table 2.
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Table 3 Data for example 3

three becomes larger, the degree of localization becomes stronger.

It is also clear that the localization is stronger for higher absolute

Absorber a b. c. . . . .
7 7 7 magnitudes of mistuning. This is due to the fact that the larger
% 8-8%2 8-822 8-823 mistuning prevents the three absorbers from working effectively,
3 0.025 0.042 0058 While the forth absorber does virtually all the absorbing when its
4 0.026 0.043 0.060 mistuning is relatively smallthat is, on the right side of the
graph.
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Fig. 4 Absorber amplitudes versus fluctuating torque level for example 3. (@)

0,=0.016, (b) 0,=0.033, (c) o,=0.050. See Table 3.
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Fig. 7 Nondimensional rotor acceleration versus fluctuating torque level for ex-
ample 1. From numerical simulations.

5 Discussion systems. The first is that they degrade system performance, in
) ) terms of the ability of the absorbers to attenuate torsional vibra-
Summary. In the presence of small imperfections betweefions, The second is the fact that the localizing absdsbexill hit
the absorber paths, localization can occur in the forced steagi¢-(their) amplitude limits at a smaller level of applied torque than
state response of CPVA systems. The severity of the localizgQpere \were no localization. This means that for a limited rattle
responses depends @i the level of damping(ii) the imperfec- space, localization decreases the system’s operating range.
tions among the absorber tuningi) the average level of mis- The:se consequences are demonstrated in Fig. 7, which shows

tuning, and(iv) the number of absorbers experiencing localizay e amplitude of the nondimensional angular acceleration of the
tion. These results can be quantified using the analytical resultse = for the svstems given in exam le@1and 1b). The figure
which can be used to guide absorber design specifications. Y g P : 9

also shows the case of the perfectly tuned system in which all
A Note on System Performance. There are two primary rea- absorbers move at the same amplitude. This figure was obtained
sons why localized responses should be avoided in these absollyenumerically simulating the full nonlinear equations for the case
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of epicycloidal paths. Note the essentially nonlinear character ofFinally, many of these features of absorber systems are cur-

this response, even though the absorber motions are quite ageumtly being investigated using an experimental facility that per-

rately described by their linearized equations. mits one to systematically control the excitation, and measure the
The simulations are run up to a torque level at which at leastsponses of the rotor and the individual absorp&rs.

one absorber reaches a limit in amplitude that is imposed by the

nature of this pathf13]. It is seen that the perfectly tuned path eferences

offer the lowest rotor torsional vibration levels over the wide

range of torques. A modest amount of localization, given by ex-[1] Hodges, C. H., 1982, “Confinement of Vibration by Structural Irregularity,” J.

Sound Vib.,82, pp. 411-424.

ample :.(b)’ does UOt have much effect on the torque rgngg, b”‘[z] Hodges, C. H., and Woodhouse, J., 1989, “Confinement of Vibration by One

results in larger vibration levels. The more severe localization of "~ pimensional Disorder. I. Theory of Ensemble Averaging, Il A Numerical Ex-

example 1a) yields slightly larger vibration levels, but, more im- periment of Different Ensemble Averages,” J. Sound VI80(2), pp. 237—

portantly, it causes a significant reduction in the operating range. 268 o o
[3] Pierre, C., and Dowell, E. H., 1987, “Localization of Vibrations by Structural

Recommendations. Increasing the damping level reduces the Irregularity,” J. Sound Vib.,114, pp. 549-564. ) _ -

severity of localizatiortwhen it occury but this is not a desirable 4l Fierre, C., Tang, D. M., and Dowell, E. H., 1987, “Localized Vibrations of

. o . . . Disordered Multispan Beams: Theory and Experiment,” AIAA 25, pp.
solution to the localization issue, since it severely affects absorber 1549_1257.
performancdsee Eq(18) and note the strong dependencewy). [5] Wei, S. T., and Pierre, C., 1988, “Localization Phenomena in Mistuned As-
In addition, dampn’]g is difficult to imp|ement into absorber de- semblies With Cyclic Symmetry Part I: Free Vibrations,” ASME J. Vibr.

: : : : : Acoust., 110 pp. 429-438.
S|gn§ m.a cpntrolled manner. A mo.re effective solution to avoid [6] Wei, S. T., and Pierre, C., 1988, “Localization Phenomena in Mistuned As-
localization in CPVA systems is to introduce a small amount of " sempiies With Cyclic Symmetry, Part Il: Forced Vibrations,” ASME J. Vibr.
intentional mistuning in the absorber paths, as demonstrated in Acoust.,110, pp. 439-449.
Fig. 4. The mistuning level can be implemented by kinematic[7] Happawana, G. S., Bajaj, A. K., and Nwokah, O. D., 1991, “A Singular Per-
configuration of the absorber paths, and should be selected to be g“gga“o” Perspective on Mode Localization,” J. Sound VI#72), pp. 361
relat“/e.ly large compgred to t_he |mperfeCt!0n5 among the absorb[B] Vakakis, A. F., and Centikaya, T. K., 1993, “Mode Localization in a Class of
ers. This strategy, which requires information about the tolerances Multi-Degree of Freedom Systems With Cyclic Symmetry,” SIAoc. Ind.
caused by manufacturing, wear, and thermal effects, will render ?9] /Iz_ppl- matg-) J. Q’.J_pl' Matg-f&l%%SZGg—ZBZ-_ Norinear Cydlic Svet
p . . . . : ing, M. E., and Layne, P. A., , “Dynamics of Nonlinear Cyclic Systems
CPVA system robust against Io_callzatlon, and will maintain good With Structural Irregularity,” Nonlinear Dyn 15, pp. 225-244.
absqrber performance, since mistuning does not affect rotor accely) chao, C. P, Lee, C. T., and Shaw, S. W., 1997, *Non-Unison Dynamics of
eration as severely as does dampfofy Eq. (18)). Multiple Centrifugal Pendulum Vibration Absorbers,” J. Sound V204, pp.
It has long been known that positive mistuning is useful for _ 769-794.

H P H : 1] Alsuwaiyan, A. S., and Shaw, S. W., 1999, “Localization of Free Vibration
avoiding the nonlinear jump behavior that occurs for absorber@ Modes in Systems of Nearly-Identical Vibration Absorbers,” J. Sound Vib.,

with the popular circular patfl2]. In fact, virtually all absorbers 228 pp. 703—711.
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linear (achieved by order selectipor nonlinearachieved by em- Pendulum Vibration Absorbers,” ASME J. Ind§, pp. 257-263.

: : [13] Denman, H. H., 1992, “Tautochronic Bifilar Pendulum Torsion Absorbers for
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ing a symmetry-induced nonlinear instability that occurs for a  bility of General-Path Centrifugal Pendulum Vibration Absorbers,” J. Sound
wide range of absorber pathi4]. 5] \Cﬁft]) 25(% e 7Lgl_scl?)'T d Shaw, S. W., 1996, “Stability of the Uni
; ; i A ao, C. P, Lee, C. T, an aw, S. W., , “Stability of the Unison
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