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ABSTRACT

The targeted energy transfer (TET) phenomenon has beenndéraied and analyzed between an acoustic
medium inside a parallelepiped cavity and a thin viscomlasembrane that is mounted on one wall of the
cavity and that is working as a nonlinear absorber or a nealienergy sink (NES). Based on the desired
working zone of the NES and the two thresholds of the zoneléwe been obtained, this paper investigates
the parameters analysis of a nonlinear membrane absorfesign the NES. The physical parameters of the
membrane and the place of the membrane on the wall of theyanétstudied. It can finally provide us to
determine where is the better place for the membrane andwghiameter affects mainly the desired working
zone for the NES.
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1. INTRODUCTION

The concept of targeted energy transfer (TET) was propogétkakis and Gendelmari,(2), in 2001,
which is a new passive technique for reducing noise and tilraA purely nonlinear absorber is often
spoken of the nonlinear energy sink (NES). Firstly, the NES wsed in view of applications in the field of
mechanical vibrations3( 4, 5, 6). In acoustic, the TET phenomenon has been firstly obsenmvedaalyzed
inside one tube (1D acoustic system) by a membrane NES odapeaker nonlinear absorb@r 8, 9, 10). In
(11),the TET phenomenon can be also observed inside an acoansitiz (3D acoustic system) by a membrane
NES. By considering one acoustic mode of 3D acoustic cavithane membrane NES, the desired working
zone for the membrane NES inside 3D acoustic cavity have thefdmed and the two thresholds of the zone
have also been determined analytically and semi-numaricaspectively.

In the paper, a parametric analysis of the membrane absisrperformed by using the system with one
acoustic mode of the acoustic cavity and one membrane NESrided in (1). The parameters are the
physical parameters of the membrane and the place of the rmembn the wall of the cavity. The results
show the influence of each parameter firstly for the nonlineamal modes (NNMs) and the periodic forced
responses of the system, then for the value of the plateawdbired working zone of the NES and its two
thresholds. Finally, we can conclude on where is the bettrepfor the membrane and which parameter
affects mainly the desired working zone for the NES.

2. THE TET PHENOMENON OF THE SYSTEM

2.1 Description of the system

The system described il ) is composed of a primary linear system coupled by a nonlisggstem NES
as shown in Figurd. The primary linear system is an acoustic medium inside alledepiped cavity with
dimensiond 4, Ly andL,. We assume that all the walls are rigid. The NES is a thin af=stic membrane that
is mounted on one wall of the cavity. The eigenfrequencige@fcoustic cavity and the acoustic pressure of
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a mode marked by the integdrsnandn are described by the following form:

flmn CO\/ |_X y (Lz)27 . - . (1)
pr(xy,zt) = Hm@%) p(t) = cos( ™) cog =Y ) co TZ) p(t),

whereRy, is the mode shape ang(t) is the acoustic pressure amplitude. The position of the mangb
center is defined a%m, Ym, zm), (Xm = Lx in Figure1l).
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Figure 1 — Schema of the acoustic cavity with a membrane.

We assume that the first few modes of the cavity are separatextjuency, and we focus on the interaction
between one mode of the acoustic cavity and the membranealpza the TET phenomenon, we consider
a simplified model with two DOFs system: one for the acoustidty and another one for the NES. The final
system with two DOFs is in the following form:

. . 2c2 ..
MaP+ A P+ kap+ 222 A (X, Y, Zm)t = £ (1), @)
Mmd -+ kinqg-+ k3(q3+ ZI'ICIZQ) — %Hmn(xmaym, Zm)p =0,
where,
mh 5'n° _ ER3
Sm=TR, M=, kg = L0
ks = 3(18;’75‘2%?27 Rimn (Xm; Ym, Zm) = Cos(lnxm)cos( mnym)cos( fﬁ'"% (3)
B B oV V(PP
V=Lblz M= g5z eoz s = Zaoz Emo)y(Z %no)

and ford o, dmo, no,

IZO,dOZJ-vI?éoaaO:O
M=0,0m0=1,m# 0,50 =0; (4)
N=0,80=1;n#0,80=0.

q(t) is the transversal displacement of the membrane centec(iin Ox in Figurel) andp(t) is the acoustic
pressure amplitude. The coefficiekisandks stand for the linear and nonlinear stiffness, respectiveind

h are the radius and the thickness of the membrane, resggctivev, n andpy, are the Young’s modulus,
the Poisson’s ratio, the viscous parameter and the derfdity onembrane, respectively.is a coefficient of
a viscous term for the acoustic damping &tft) is a forcing term on the acoustic cavity.

Notice that the terms of coupling are represented pringigat Rn(Xm, Ym, Zm), Where the important
factor is the placement of the membrane. i.eB4f,(Xm, Ym, Zm) = 0, the center of the membrane is on a node
of the acoustic mode, then the coupling between the two &msais null.

For convenience, the two equations of the system are dioglede massesy, andmy, respectively, and

the acoustic pressure amplitugé) is replaced by the acoustic displacement amplitude = ﬁ o]
that the two equation share the same unity, (accelaratiofs). Finally, the system reads

U+ U+ wfpU+ @d = F (), 5)
G+ Um0+ Hm20?d+ B — yu =0,
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where
“:%aa an:mO\/<Ll—x)2+(L—r3)2+<Lﬂz)2,
a’ m m I f
0= b cos {Tin) cog ") cos M), F(t) = i, ©)

_ kin _ 2ks3n _ ks
I,lml—lm, Hmz = M ° B_m_m’

|
y= W;TCTWCOS{%)COS(mgm)COS(%)-

For all the parameters, we chodse 0,m= 1,n= 0, the dimensions of the cavity akg =1 m,Ly =2.2

m, L, = 1.6 m and the position of the membranejs= Ly,ym = %,zm = %. The values of the membrane
and air parameters arB:= 0.04 m,h = 0.00039 m,n = 0.00062 s = 1.48 MPa,v = 0.49, pm, = 980 kg
m=23, pa=13kgm3,co=350ms?.

2.2 NNMs and response to periodic forcing

It's important to look for the NNMs and the periodic forcedwmns of the system, because the TET
phenomenonis caused by a 1:1 resonance caf@ur& barmonic balance method (HBM) with a single term
is applied to analyze the NNMs and the periodic forced respsiwf the system. For the NNMs, we remove
the forceF (t) and all the dampings in the system and take the solutionsllasvfou(t) = uiccogwt) and
q(t) = qiccoq wt). The displacements;c andq;c are obtained as the function of the angular frequency

4 w2 w?
Qic = \/—(w2 L), Uic = —quc. (7)

3B w? — Wy w? — Wy

For the periodic forced responses, since the nonlineastefi§s] are of the forms® andg?q, it is worth
to choose a phase condition gft) instead off-(t) to get easy calculation. We sgt0) = 0, and take the
forceF (t) and the displacementst) andq(t) in the following form:

F(t) = Ficcogwt) + Fissin(wt),
u(t) = ugccog wt) + ussin(wt), (8)
q(t) = diccog wt)
The following four algebraic equations are obtained foreight unknowns-c, Fis, F1, Uic, Uis, U1, Qic
andw:

(wglo— Ol)Z)Ulc + HWU1s — PPty = Fic,

(wglo* wz)uls — HWU1c = FlS;

%qu; - ‘UZQlc — Y1 =0, (9)

— 2 Um0, — HmaWCac — Yuis = 0,

Fi= \/ I:12(:+ I:lzs’ U1 =4/ uich u%s’

Taking the amplitudeg;c and the angular frequency as the master parameters, closed form expressions
can be easily obtained for the response surfaces.

2.3 The desired working zone of the NES and the two thresholds

Through analyzing the extrema of the curves of periodicddrresponses(t) versusw for a constant
levels of forcingF;, the desired working zone is determined, where there aretlgxaree extrema. About
the thresholdy, for the beginning of TET, the analytical expression is aledias following:

Fo= F1 = |/ (HGUzs)?2 + (g~ @?)Us — HGDLIT:)?. (10)
And the expression of the value of the limited amplitude, arthe value of the plateau, is also obtained:
=_1 /3,3 v, 1 -3 A PAY:
h= (3Bc” — wdc)® + (7 Hme®Cac® + Hm @01c)*. (11)

where,w, Uz, Uss, G1c are the values of the limit point solution it ).
About the thresholé, for the appearance of undesired periodic regimes is oltdipeising a formula of
the level of forcingF;, which is long but which depends only am(w < a10):

w2
Gic = \/ 3p (@ = FEa-), o= J(3Bio — Wlhc), Uas = — (G0 + Hm Wllc), 12)

FrL= \/((‘*’510_ W?)Uge + HWU1s — PW2d1c)2 + ((‘*’510_ W?)Uzs — H@WU1c)2.
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3. PARAMETRIC ANALYSIS
Based on these coefficients of the syst&inye choose the analyzed parameters by the physical param-
eters of the membrane: the radiBsthe thicknes$ and the damping coefficiemt and the position of the
membrane on the wall of the cavify, (here,x, andz, can not work because éf= 0,n = 0). Then we
consider their values like those in the following table:

3.1

Table 1 — The values of the parametBr$, yn, ¢ andn.

R(m) 0.04 0.08 0.12
h(m) | 0.00018| 0.00039| 0.00062
Ym Ly/6 Ly/4 Ly/3

nsh 0.0001-0.002

Radius of the membrane

Inter-noise 2014

For analyzing the influence of the radius of the membf@nee choose th® values according to Table
1 and fix the other parameters as followrs= 0.00039m,ym = Ly/6, u = 0.014,n = 0.00062 sl Based
on the solutionsT], the NNMs of the system for the three differdReire shown in Figur@, where we can
see that in this time the radius of the membrane affect battstiapes ofj(t) andu(t). When the value of
the parameteR is higher, the maximum point (the limit point) of the secondM of u(t) and the oblique

characteristic value of the NES ithZ) will become higher.
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Figure 2 — The NNMs S11+ and S11- of the system for three @ifféR. Blue curve:R = 0.04m, red curve:
R = 0.06m and black curveR = 0.08m.
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Figure 3 — (a): the amplitude of the plateau. (b): the twoshoddsk, andF.. Blue curveR,, red curvefe.

Based on the solution®] and the solutions of the extrema ihl]), the periodic forced responses of the
system with the same levels of forcifig and the location of the extrema oft) in the plane (Frequencl;)
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Figure 4 — The periodic forced responses of the system anld¢héon of the extrema ai(t) in the plane
(FrequencyF). (a)(b)(c):R=0.04m,F;, = [0.01:02:2.01], (d)(e)(f): R=0.06m,F; = [0.01:1:1001]
and (g)(h)()):R=0.08m,F; = [0.01: 3:3001].
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are shown in Figurd for three differen®R, where we can see that all three membranes for three ditf&en
can work. Based on the analytical formula$], [11] and [12], the value of the plateau and the two thresholds
F, andFe according tdh are also shown in Figurg When the value of the parametiis larger, the value
and the width of the plateau become larger. At the same tineedésired working zone grows much larger,
where the two thresholds, andF. become simultaneously larger.

Here, the radius of the membrane can much affect the chastitt®f the membrane. Depending on the
requirements and the considered applications, differienices can be made, such as, to adjust the value of
the plateau to the desired value and also to set the higlvesoiEthe source as the threshdigd

3.2 Thickness of the membrane

We choose thé values consigned in Tableand fix the other parameters as follois= 0.04m,y, =
Ly/6, 4 = 0.014,n = 0.00062 s1. The NNMs of the system for the three differénare shown in Figure
5. We can see that fay(t), there are not many differences for three diffedenwhile for u(t), the larger the
value of the parametérhas, the higher the maximum point of the second NNM becomes.

3
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Figure 5 - The NNMs of the system for three differanBlue curveh = 0.00018m, red curven = 0.00039m
and black curveh = 0.00062m.

The periodic forced responses of the system with the sanedslev forcingF; and the location of the
extrema oli(t) in the plane (Frequencly) for three differenh are also performed. And all three membranes
can work for three differertt. The value of the plateau and the two threshéigandF. according tch are
also obtained, as shown in FiguBeWe can observe that when the thickness of the membr@krger, the
value of the plateau becomes higher and the width of the quldfier the same level of forcing becomes
more narrow, but the desired working zone between the twestioidsh, and F. becomes a little larger,
where the thresholB, does not nearly change and the threstialdecomes a little larger.
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Figure 6 — (a): the amplitude of the plateau. (b): the twoshoddsk, andF.. Blue curveR,, red curvefe.

Finally, it is difficult to choose the proper thickness of ttiembraneh for the TET phenomenon: a
small thickness seems best suited to the applications wigése levels remain relatively low, while a large
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thickness will have one relatively larger desired workioge.

3.3 Damping of the membrane

To analyze the influence of the damping coefficient of the nramdr), we choose the valuegin Tablel
and fix the other parameters as follois= 0.04m,h = 0.00039mym, = Ly/6, u = 0.014. At first, we assume
that whenn varies, the membrane can work well, namely that there isyawlae TET phenomenon. Then,
we can apply our method to analyze the damping coefficierh@htembrane). The value of the plateau
and the two thresholds, andF are shown in Figur@. We can see that the value of the plateau does not
change a lot and when the parametjes larger, the desired working zone for the NES becomesiavbere
the thresholdr, does not change a lot.
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Figure 7 — (a): the amplitude of the plateau. (b): the twoshoddsk, andF.. Blue curveR,, red curvefe.

Then we analyze the periodic forced responses of the systerarify whether the membrane works
with three values of7, which is taken by the minimum, middle and maximujprvalues in the range of
[0.0001,0.002, as shown in Figur8. We can see that fay = 0.0001 s andn = 0.001 s%, there is TET,
but TET is more effective for the latter value. Fom = 0.002 s1, there is no TET. According tdl.@), there
is a critical value for the nonlinear damping and above tHaejano bifurcation of the invariant manifold
exists and the quasi-periodic solutions can not be founchehano TET. Here, we also find that above a
certainn value, the TET phenomenon occur no longer.

3.4 Position of the membrane

For the position of the membrane on the wall of cavity in thetegn B], only the positionyy, in the
direction Oy in Figurel can affect the TET phenomenon. To analyze the influence op#inametelry,,
we fix the other parameters as followg= 0.04m,h = 0.00039m,u = 0.014,n = 0.00062 s. We have
known that the coupling of the systesi s determined by the coefficientsandy, which are according to
the cosine functioru:os("ﬁ’—ym). So, forym = Ly/2, there is no coupling in the systers] and the membrane

will not work. At this time, the center of the membrane is os tiodal planeym = Ly/2, Vxm, VZy) of the
modePy10. Therefore, we choose the valugsaccording to Tabld. Here, we cite the letter N to present the
position of the membrangi = Ly/N). For small N, the membrane is close to the nodal plane; fgeld,
the membrane is far from the nodal plane.

The NNMs of the system for three different N are shown in FéguWe can see that fa(t), there are not
many differences, while fau(t), the larger N is, the higher the maximum point of the second/Nd¢comes.
The periodic forced responses of the system and the locatitie extrema ofi(t) in the plane (Frequency,
F,) for three different N are also studied. And the membranensauk for all three positions.

The value of the plateau and the two threshéigandF. according to N are shown in Figul®. We can
observe that when N is larger, the value of the plateau besemaller and the desired working zone for the
NES becomes larger (the threshéjpddoes not change a lot, while the threshildthanges more). Therefore,
the larger N is better for the membrane in this example. That say, it's better to mount the membrane close
to one side of the cavity in direction Oy.
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Figure 8 — The periodic forced responses of the system anld¢a&on of the extrema aif(t) in the plane
(FrequencyF). (a)(b)(c):n = 0.0001,F; = [0.01:02:2.01], (d)(e)(f):n = 0.001,F =[0.01:04:4.0Y
and (g)(h)(i):n = 0.002,F; = [0.01:04:4.01].
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Figure 9 — The NNMs S11+ and S11- of the system for three @iffey,. Blue curveym = Ly/6, red curve:
Ym = Ly/4 and black curveyy, = Ly /3.
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Figure 10 — (a): the amplitude of the plateau. (b): the twesholdss, andF.. Blue curve R, red curvef.
N stands folyy, = Ly/N.

4. CONCLUSIONS

In the paper, we have performed a parametric analysis of #m@brane absorber, which includes the
physical parameters of the membrane, the position of thebreame on the wall of the cavity. Among the
physical parameters of the membrane, it is the radius of temlonane that has mainly affected the TET
phenomenon. For the larger value radius of the membraneawedot the much larger desired working zone,
where the two thresholds, andF. have become simultaneously larger, but at this time we hai/thg larger
value of the plateau. Concerning the thickness of the memebiehas mainly affected the value of the plateau,
the smaller value of the thickness, the smaller value of tageau. For the damping of the membrane, it has
mainly affected the desired working zone: a large value ofigiag trends to enlarge the desired working
zone. But there is a limited value of damping for the TET pheanon. Indeed according to the particular
considered application and its needs, different choicesbeamade and we can fit the parameters of the
membrane in one direction or another to give the TET phenomand get the desired effect. Moreover, we
have found the better positions for the membrane on the Walieocavity, where it is better to mount the
membrane far from the nodes, nodal lines and nodal planéohbde.

REFERENCES

1. Gendelman OV, Manevitch LI, Vakakis AF, M’'Closkey R. Egempumping in nonlinear mechanical
oscillators: Part | - Dynamics of the underlying hamiltamisystems. Journal of Applied Mechanics.
2001;68:34-41.

2. Vakakis AF, Gendelman OV. Energy pumping in nonlinear Imagdical oscillators: Part Il - Resonance
capture. Journal of Applied Mechanics. 2001;68:42-48.

Inter-noise 2014 Page 9 ofl0



Page 10 oflO Inter-noise 2014

10.

11.

12.

13.

Gendelman OV, Gourdon E, Lamarque CH. Quasiperiodiggnmimping in coupled oscillators under
periodic forcing. Journal of Sound and Vibration. 2006;8%4—662.

Gendelman OV. Targeted energy transfer in systems witkhpadynomial nonlinearity. Journal of Sound
and Vibration. 2008;315:732—745.

Starosvetsky Y, Gendelman OV. Dynamics of a strongly ineak vibration absorber coupled to a har-
monically excited two-degree-of-freedom system. Jouoh&ound and Vibration. 2008;312:234-256.

Starosvetsky Y, Gendelman OV. Vibration absorption stems with a nonlinear energy sink : Nonlinear
pumping. Journal of Sound and Vibration. 2009;324:916--939

Cochelin B, Herzog P, Mattei PO. Experimental evidencemérgy pumping in acoustics. C R
Mecanique. 2006;334(11):639-644.

Bellet R, Cochelin B, Herzog P, Mattei PO. Experimentabigtof targeted energy transfer from an
acoustic system to a nonlinear membrane absorber. Joursalumd and Vibration. 2010;329:2768—
2791.

Mariani R, Bellizzi S, Cochelin B, Herzog P, Mattei PO. o an adjustable nonlinear low frequency
acoustic absorber. Journal of Sound and Vibration. 201t52215-5258.

Bellet R, Cochelin B, Céte R, Mattei PO. Enhancing theadyit range of targeted energy transfer in
acoustics using several nonlinear membrane absorbemmialof Sound and Vibration. 2012;331:5657—
5668.

Shao J, Cochelin B. Theoretical and numerical study afetad energy transfer inside an acous-
tic cavity by a non-linear membrane absorber. InternatiQlmairrnal of Non-Linear Mechanics.
2014;http://dx.doi.org/10.1016/j.ijnonlinmec.2014.008i.

Shao J, Wu X, Cochelin B. Targeted energy transfer in tegrees-of-freedom linear system coupled
by one nonlinear absorber. The 21st International Congrnes&ound and Vibration. July, 2014;Beijing,
China.

Gourdon E, Alexander NA, Taylor CA, Lamarque CH, Pernot$onlinear energy pumping under
transient forcing with strongly nonlinear coupling: Thetical and experimental results. Journal of
Sound and Vibration. 2007;300:522-551.

Page 10 oflO Inter-noise 2014



	Introduction
	The TET phenomenon of the system
	Description of the system
	NNMs and response to periodic forcing
	The desired working zone of the NES and the two thresholds

	Parametric analysis
	Radius of the membrane
	Thickness of the membrane
	Damping of the membrane
	Position of the membrane

	Conclusions

