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Introduction

» What is a Cellular solid?
» Itis one made up of an interconnected network of solid struts or plates

» What are applications of cellular solids?

= Noise control Bollc WMwterin Cors Thicknees | Come Thickness

= Thermal Insulation ! y =

= Packaging .

. S.tructurelll, impact resistant. | ii_l_ll o (I |,

= Light weight and other applications ¥ ¥ O
Stiffness 1.0 7.0 37.0
Flesural

. . Strength 1.0 3.5 92
» What is a sandwich panel?

Weight 1.0 1.03 1.08

» What are the advantages of honeycomb sandwich panels?
= Honeycomb sandwich panels offer outstanding stiffness and strength with low weight
= The cellular structures can be patterned in various forms to achieve very good noise
screening properties
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Typical structures of cellular solids

(a) A two dimensional honeycomb, (b) A three dimensional foam with open cells, (c) A three

dimensional foam with closed cells. _— ——
() DENSITY () CONDUCTIVITY (9 YOUNGS MODULUS (& STRENGTH
§ 3 ] vy 10% MN/m? 10° MN/m?
K)ng/m 10]-‘ W/mK OW So/lzt‘l v- /m
ceramics
J_ Solid S&_mlj[gs Solid metals
1 metals Solid.
i Solid ceromics
Sohd emice lymers 10’4 Solid
metals Metals, ceramics Metal, ceramic TRUES ngiale
Solid ceramics foams ' ELASTOMERS R’ob%ms Solid
T Solid polymers 14 Solid polymers voRwe polymers
Metal and Foamed
c:romic foams Polymer foams Typicol metals and
1 leplcol' [ Pp~02 FO —ceramics
FOAMS, polymer foams Pol ¢ - d
! ()p,"OOS) 1 {)7"‘;; 0082‘5 Elastomeric po?;,r:lers
y Special : foams
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1L g Moo ol jgd foams (g5~ 0.01) o'l
(a) Density (b) Thermal conductivity (c) Young’s modulus (c) Compressive strength
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» What are the applications of sandwich panel?
= Aircraft flooring
= Aircraft interiors
= Tooling industry
= Ship Interiors
= Train interiors
= Construction Industry

» What are problems and issues in designing a sandwich panel?

» The core material of the sandwich panel is a cellular material, and the material properties of
core material are distributed non-uniformly in space. Because of the non-uniformity, modeling
of material properties of sandwich panels is a challenging task.

» Because the core material is attached with two thin stiff face sheets on top and bottom, there
will be entrapped air columns within the cell cavities. Therefore there is a chance of local
resonance in the cell walls. To consider the effect of this entrapped air on vibration and
acoustic behavior of sandwich panels is quite challenging.
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Obijectives

» Developing a modeling technique for cellular composite materials.

» Analysis of wave dispersion in a cellular composite laminate with spatially
modulated microstructure to determine the behavior of wave propagation
through the structure, and for analyzing stop band and pass band patterns.

» In the wave dispersion analysis to get better understanding, we need to
have effective properties of cellular material, therefore another objective is
static homogenization of honeycomb panel.

» To determine the dynamic response of the sandwich panel under an
external load considering effect of cell wall pressure.
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Background Literature

Basic principle of disturbance suppression by Cellular composite materials :

« Cellular composites have microstructures, which deform very differently
than the elastic continua.

* Due to the geometric features at multiple scales, certain resonance
characteristics (often due to the highly flexible cell walls /ligaments) are
observed in the microstructure.

« One approach in modeling is that of an effective homogenized medium
through which elastic wave propagates. The effective properties are
assumed to be varying as a function of the spatio-temporal parameters.
This is known as dynamic material. (Suzanne L. Weekes, “Dispersion
effects in dynamic laminates”, Physica B 338(2003), 64-66.)
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Background Literature

Analysis of wave propagation by assuming dynamic stiffness modulation
has been reported by Sorokin and Grishina. (Konstantin, A. Lurie, 1997
“Effective properties of smart elastic laminatess and the screening
phenomenon”, International Journal of solids and structures Vol. 34, No.13,

1633-1643).

Locally resonant band-gap phenomenon (as an extension to Helmholiz
resonator cavities) have been analyzed by Wang and lvansson. (Wang.G,
Wen.X, Wen.J and Liu.Y, “Quasi-one-dimensional periodic structure with

locally resonant band gap”, Journal of Applied Mechanics 73, 176 (2006)).

Damping of thin-walled honeycomb structures using energy absorbing foam
was studied by Woody. (Shane C. Woody, Stuart T. Smith 2006, “Damping
of a thin-walled honeycomb structure using energy absorbing foam”, Journal
of sound and vibration 291, 491-502).
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Wave dispersion analysis in parametrically modulated
laminate beam

The cellular composite beam is modeled as a beam with layer-wise
parametrically modulated material properties.

Cellular laminate configuration:

Z » Modulated layer of core—sheet

Neutral Axis

b

I , _
Base laminate {

In view of the various possible modes of deformations of the individual cell
walls, a higher-order beam theory is considered.
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Kinematics

Displacement field:

. K i

: : Duw(x, t
w(z, z,t) = u’(x, ) + z(x, t) + cpz* (ﬁf*"fl'-ﬂ + T ? @)
o

) , wir, 2, t) = w(x, t).

For traction free boundary condition on the surface

co = —4/3h2

Strain field:

ou  oul b g [ O *a?
= cpi - Eyy = Ez22 = 0 ?

€xr = /5= = f/— T 5 — + =
R or O dr Jr?

du Ow o1 302 [ o O Hu® 0
gy = — F+ —— = O+ Aegz i+ —1 4+ —. = Yoe — .
T8 T O ¢ 0 ' dr ar 7 v
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Constitutive modeling using parametric representation

The properties of cellular solids such as density and stiffness are
distributed non-uniformly in space. Therefore they have to be modeled
with some functions, which can describe this kind of pattern.

Constitutive model used for base laminate and cellular layer:

T _ II'r-?.'ll _'D Exrr T, _ _11P _'[} Cxz,
Trz 0 QEIE Txz | Txz, 0 QEEF Tz,

Cellular layer properties:

= | Qe \ |
Qllp(-ﬂf:‘ = I'?11 1 + e sin ( i =+ H) .
L J‘m ]

S _— 2rx \|
QDDP':-*W]':' = (Js5 |1 + a3 sin ( X + H) .

M

2rx .
polz,t)=p ['l + g sin ( + H)]
'}"m ’
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« Governing equations of motion in the cellular laminate are obtained by
using Hamilton’s principle.

« Hamilton’s principle:
ta
ﬁf (T —U)dt =0
i

1

 Kinetic energy (I') and Strain energy (U) :

i .
F:/D [1 (ﬁfm +§p-u' )zf}lzf,x :
I .
(7= / f (%{THEH + %Tﬂ'}-r:) dAdx
0 JA o
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Wave equations:

* In plane wave equation:

5u’ s —Ig [1+ f(Am, 0)] i — (I + cols) [L + f(Am, 6)] 6—

Al d'r,,m

9%
cols [1+ flAm 5'] -+ A f' (A 8) d—+(B11+an11Jf (A, ) — .r:

) i‘)‘gu? _ T
cof1f (’}‘mrﬂjﬁ___g + An [1+ (A, 0)] 5.

+ (B11 + coF1)

52, U]S 0
[1+f;1a1,n,f:a]L "+LDF11[1+I(A O 5

« Used Integral quantities:

I, = fpzérfz i=1.2,...6

Ay = ]Qﬁidﬂ': B;; = f@ii?e’d«ffa Dy = ](7127 z, Fy= fQu

2rr af Ff

f(Am.6) = ajsin (E + E?) ., = poml = T2

Hy = f@z‘ﬁfif@?ﬁa Ly = /Qﬂzﬁd«f.
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» Flexural wave equation:

du

dr

b’ i egLaf' (A, 0)u° + (coly + 216) F'( Ay 0)0 + Bl ' (Am, 0)

LAl ‘ x
t+eols[l + fq,xm,m]a—i + (cols + RI5)[1 + f(Am. 0)

A

I77+

 Underlined terms are
W CI H
L[+ fOun. 0)] O‘d“ CIo[L 4+ f (A, 0)] coupling terms between
r flexure and shear modes
+{EC”D 55 (s @) + Ass ' (A 0) + 93 Hss f' (A, Hi}qs;

X |
—coFyy f" (A, 9) % + {Qi‘gﬂsfsfuw 0) + 6eoDss f' (A, 0) + Ass

¥ 4 du 2 0 y 2
F{Am,0) T + 3 (—coHi1 — cyLit) f" (Am, 0) + (6c0Dss + 9c Hss

+ A5 )1+ Fhm, )]

Vo
s )1+ F(Am 9}

{ — cLay [ (A, @) + (9cp Hys + 6eDss

P’ Po
{QC‘DF]_;[ 2 fQCOHll. + 2‘:‘IiJ-E"IllJU] o)
w” %0
—I—chln B f (Am.#) — coF11 [1 + f{Am, 95] T3

5 7
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« Equation of motion for cross sectional rotation (®):

5cb : [_ (I + col) i® — (Iy + 2coly + c2l5) .;.-G] 1+ f(Am.0)]

3 '_0
— (coly + c2I6) [1 + f(Am. )] = — (Ass + 6c0Dss + 92 Hs) [+ f(Am. 6)] &

o

u‘u Au®

+ (B + coFi1) f — — (6epDss 4 Ass + 9 Hss) [1+ f(Am, H‘J]d—
2.

+ (D11 + 2c0H1; +<DL11}f— + (B~ coFu) [L + f(Am, #)] =

}12 . B UQ ¢
[flle‘ll +(D£11)f 5.3 [Du + 2e0H 1y +(D£11} [1 ‘l'f'-i)\m ) —”

Pa?

=10.
Jdu®

+ [('DH“ -|-<‘%L1_1) []. + f ]

« In all the wave equations, the variables f and its derivatives are functions
of space variable x. These are homogenized in wavelength scale.
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Homogenization in the Wave Length scale

The function fand its derivatives are homogenized over half wave length
(N2)

9 A2 9 A2 9rp
— " «'\mﬂ JF _ = "-.' . g
. f \ /I:; bl Jda )\ L cv; sin ( : + 9) di

“im

_ i Am m .
f= %T [— COS (/\m;{/\ + t’?’) + cos 5’]

Similarly, we get

9 A2

_ 2 TA
- — ! . ' — k5 [ 1 i 1 H
f= ;) D FiAm, B)da _ )-.n‘? {5111 (\i + E") sin ]

1)

f” dmey; ] T 2 o) 4 sino
: — — [} _. :.-.\1
% o S WG 11
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Harmonic wave approximation:

uD{;r,tj = Zﬁ.{mjfé(*'f_krj : -wD(.a',tj = Z-ﬁ(w.jEiEWf—kT) ?

n n
B = Z r; (u,';l-&“i':m_kr)
L]
we get the following characteristic system of equations,
i 0
[-r?z(w,m-,}lm,ﬂ,rﬂ:(wjfl} swp =410,
'-.'q?}..-' D..-'
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« where
mir = To(1+ Flw? —iAn 'k — An(1+ HE*,
mig = —icgl3(1+ flw’k — coF f'k* +icoFia (1 + )k,

mag = (It 4 cols) (1 + flw? —i (Buf' +coFuf') k— (Bu +coFi1)(1 + f)k?

may = —cols f'w’ +i (cols(1 + f)w’ + coFua f") b+ 2e0 Fyy f'5°

—ico Py (1 + f)E°

mag = Ip(1 4+ fl® + i (cflgw® — 9cfHyy — 6egDss — Ass) flh+

(BLatf" = (Blow® + 9} Hag + 6o Do+ Ass) (1 + f) )2 = 2ich L 'K

—cpLi (14 f)i*,
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Mgy = (6::‘.:..955 + QCEHEE, + A55} f’ — {E‘.:.L; + C%I@) f’wg + ?{(CDHH‘}F”-F

C%Lnfn — (—f%fg&.}g — CQL,N.:.JQ + BC‘DDEE + QEEHEE + ;‘-’155J {1 + ‘JFJ) i
+ (ECDH]_] + ECELH} _}F'rkg — 1 (CgH]'_l + E‘%L]l) (l + f}ka .

may = (I + eols) (1 + flw? —i (Byy + colyy) f'k — (B + coF) (1 + F)E*,

Mlgg = —1 ((E‘.:.L; + Cgfﬂ} {.:.,'gk — {GCDDEE + AE-‘.‘S + QCEHEE,JI} If]_ + fjk
— (E‘DHH + C%LH] _;kag + 2 [C.:.Hn + EELI‘L) (l + ‘IFJIRB ;
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Longitudinal wave dispersion

For analyzing purely longitudinal wave dispersion, we set m,, = 0, that

IS, - ) B
Io(1+ flw? —iAn f'k — An(1+ f)i° =0

By solving above quadratic equation, one gets

i T [ Io? ( 2 )9
L 4 _ _
20+5 VAx \2+p

The solution is in the form of exponentials e | therefore the in-plane

wave will not propagate, if Re[k]=0.
That is possible when the descriminent is zero or negative,

‘_f;‘ = “i
2(f+1)| — VAa;
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By substituting expressions for fand ? one gets

| ,.Tu zTﬂ [hill (r%‘ + E’) — sln H}
-V 2 {1 + (%) (%-:—“—] {u:.::uhﬂ — COS (E" + "T%)}]

« We consider a configuration, in which cellular beam is a part of a rigid baffle
A Rigid baffle
Cellular beam e e
— O - —
Cellular laminated beam placed between two batfles
« Then the wavelength is evaluated as

® 2z . 0
. speed C=; , A B and wavenumber in the baffle k= \g
. We get
m r'E

A= :\/ -

Design of Cellular Composite Laminate for Vibration and Noise Control (paper 112)

ISSS Smart Materials and Structures and Systems Conf., July 24-26, 2008, Bangalore



_— Sa | oo (A |\ _
A, > {:—.‘111 (n - + H) SN 5’}

VTS |1+ (3) () {eos0 —con (04 72 )}

When w, = w, the inplane wave will not propagate. Therefore the frequency
band over which wave will not propagate is defined as stop band, and, the
contrary is the pass band.

Use of stopbands:

One can design a cellular beam to operate within a frequency band matching
with stopband, thus one can suppress the inplane wave propagation through
the cellular beam.

An aluminum beam of 30 mm X 30 mm cross section and 60 cm length is
chosen. And A, =8 mm is taken. Critical frequency is evaluated as a function
of frequency for various stiffness modulation coefficients.
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Stopband and passband analysis for inplane wave

-'] ]
a=0 / ‘ — §=6( \
f

Lﬂhu 05l Reference line

[} 1
0 0.1 02 0.
A TA . !
1 m
2 2
15 tion zong 1 5 q m (
2 1 = |
3l'.:l E\'..'l

(©) ' \A (d)

" ,D )
015 02 005 01 015 02
Ao TA

005 0.]

.IF'l I.IF'l
m m
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Flexural-Shear wave dispersion

« Transverse flexural-shear wave dispersion
we get by setting,

Mg Tagy w 0

-

Mign  Triag i ()
Characteristic equation,

Maa11iag — Maaniag = [

This can be expressed in polynomial of wavenumber k as

Xoh® + Xok® + Xyb* + Xak® + Xok2 + Xqk+ Xg =0
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Flexural-shear wave dispersion relations for various values of a, for a
flexural wave disturbance from the baffle

- 200¢

l i 2007

T 0 T 0

o o

= 2007 = -200|

= i =

T 00 T —4001 (b)

L —g00 R O 1| e ias 4 AVA Y W
20 40 &0 80 100 20 40 60 80 100 \ — 2m .“Q
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% II'==.“q % a00¢ .‘}-l- '. :
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T (c) T wridd 5

500+ o 5 . —500} et AT W D

L o500 é%w l W’ﬁi‘gf vy Y Y/
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« This figure is when, Q=Q;, in evaluating A
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Flexural-shear wave dispersion relations for various values of a, for a
shear disturbance.

1 ED[HU,:D l 200 =1
= 1 0 . =
|| 0
-~ =200 H-1 |'12 = -200
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| —600 l —Eﬂﬂﬁwiﬁ\é \ V7!
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= i
L]
o
=
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Dispersion relations in the cellular beam for the case when A=A,

A = 1000} :
T TU : )
= / N | £ 500 i
= —2001 | 0/ = A
X, 1 I 2, —
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| I i
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* From the dispersion relations, phase speeds are obtained
» Phase speed G, =w/k.

i

Jlﬂ.; T . : , |
10°F - __
: ]
_l‘ ID|:3nh1 Cphu

E,- -1['45_ *-'.- :.iq--.._-- J-.:--_-q. *_ \_-. _:
B | A it SR
; .x-l j WL -*- E
E‘ -_p..l._'ﬂll-l - - - . |
@ IR ]
3 ]
-: -
[n
0 40 60 80 100 120

Frequency (KHz)
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Group speeds in the cellular beam

« Group speeds are obtained by differentiating characteristic equation w.r.t.

| 6Xgh" 4+ 5 X5kt 4+ 4X 4K 4 3Xak® + 2Xok 4+ X,

', = He
g i
RIEM 4R Eks 4 g2 4 st 4R
5000 . , , | |
4500+

Group speed [m/s]

= = m Flexural wave foro=0

mm Shear wave for a=0
E00 = ==Flexural wave fora=1

mimi Shegr wave for =1

] 20 40 60 B0 100 120
Frequency [KHz]

Design of Cellular Composite Laminate for Vibration and Noise Control (paper 112)
ISSS Smart Materials and Structures and Systems Conf., July 24-26, 2008, Bangalore




Verification of homogenization results

This is done by using finite element simulation. A beam with same
geometry and material properties is chosen as in dispersion analysis, and,
modulated material properties are applied as a function of space variable

£y’

X

A modulated pulse of 90.4KHz is applied at the tip of the beam, by using
an iterative solver (GMRES), the beam response is obtained at a distance
of 10 cm from the root.

Considered beam in finite element modeling:

F(t) Tone burst signal

ZT of 90.4 KHz frequency
p - A Q1

ﬂr' B >

il = |
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» The velocity response of the beam:

x 107 Responce of a beam at 90.4 KHz
15 . . . . , ,
Shear packet o= « Finite element simulation
1L Shear packet n i mi| details:
ﬂﬁﬂ s ,’i i iy « The geometry: Cross section
= 08 LREERE R 30mmx30mm, 60 cm length
w NI AL Il ]
£ | I{ ;lii\EHI}lIHL{M”‘,:llﬂ[f”nl;}Ig}'Wﬁ - 332 triangular elements
NE | y .
g0 =T t:l‘;'l:j/lhlmﬁl\?jwwl'llﬁﬁ/m* ',fl . Time step dt=1.5x107 Sec
o) i i SRR Pt . .
> 08 (i ':E ::' ’:; {:’ }I; joou il i - Time step calculations:
-U.or IR I | | .
gt {j | ({ « Time of travel: T=L/C;
! - Where, C= |—
o,

1
—
o1

0 1 2 3 4 . <
Time (sec) x 10" dty, = T/n
*  Where n is the number of time
« Modulated material properties are taken, as steps, (N=500)
a function of space variable x- without « The analysis is done in time
homogenization over wavlelength. domain with an iterative

solver (GMRES).
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« Group speeds from dispersion relations at 90.4 KHz:
— for a=0, max group speed = 4191 m/s
— for a=1, max group speed = 3537 m/s
« Group speeds from Finite element simulation:
— These are calculated from the travel time of tone burst signal

— for a=0, group speed of first reached wave= 4595 m/s, this is within an error of
9.6%, which is acceptable.

— for a=1, group speed of first reached wave= 3597 m/s, this is almost matching
with the group speed estimate from dispersion analysis.

« Thus the chosen homogenization technique is verified.
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« The effect of incident phase angle 0 is also studied and concluded that at a
phase angle of 45°, the dispersion consists of more number of stop and
pass band patterns.
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Concluding Remarks

* The modeling technique accounts for the wave dispersion characteristics,
which is valid for the true wavelength greater than the wavelength used for
homogenization.

 Corresponding to the stop bands (Re[k] tending to zero), one can estimate the
modulation parameters and then solve an optimization problem to arrive at
the physical details of the cell structure (e.g., honeycomb with filling patterns).

« A more accurate method would be to take into account the cell wall kinematics,
cell cavity pressure oscillation and homogenize the cell constitutive response
first and then carry out the proposed homogenization scheme in the
suitable wavelength scale. This is a research under progress.



