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(X7 Y Z)

Uy,Up,Us displacements of any point on the cross section in the material principal
basis (xq,X2,X3)

X1,X2,X3 spatial coordinates in the material principal basis (X1, Xz,X3)

X, 9,2 spatial coordinates in any structural basis (x,y,z)

B1,B2 slopes around x, and x; respectively

1,72 transverse shear strains at the mid-plane of the plate

01,0, rotations around x; and x; respectively

€ij,Yij normal and shear strains

Gij,Tij normal and shear stresses

Cij»qij 3D and reduced stiffness coefficients

O electric DOF

Ok total charge on an electrode

f frequency

g damping ratio

Operators
af

5c  spatial derivative of f with respect to x
fx short notation for the spatial derivative of f with respect to x
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Nomenclature

Vectors

{-}

{3
{u}

{U}
{e}, {S}

any vector

any vector transposed

displacement field vector on the mid-plane of a laminate
displacement field vector of any point of a laminate
strain vector, elasticty and IEEE Standard notations

{€™},{x},{y} membrane, curvature or bending, shear strains

{o},{T}

stress vector, elasticty and IEEE Standard notations

{N},{M},{Q} membrane forces, bending moments and shear forces

{0}
{D}
{E}

Matrices
]
[
%A] [B], [D]
[

F], [H]
Rg]

[Re]

Subscripts

. e e e
> S 0y

normal modeshapes
electric displacement
electric field

any matrix

any matrix transposed

extensional stiffness, extension/bending coupling, bending stiffness matrices
shear and corrected shear matrices

rotation matrix relating the stress in any structural basis and in the material
principal basis

rotation matrix relating the strain in any structural basis and in the material
principal basis

constitutive law

shape functions

shape functions derivatives

stiffness matrix

mass matrix

compliance under constant electric field matrix

piezoelectric constants matrix

dielectric constants under constant stress matrix

stiffness under constant electric field matrix

permittivity under constant strain matrix

quantity relative to the sandwich face sheets
quantity relative to the glue
quantity relative to the pure honeycomb core
quantity relative to a layer k
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xiii

Superscripts

K

effective properties of equivalent core

K quantity relative to a layer k
Acronyms
AN20 20 milimeter-thick Aluminum/Nomex honeycomb specimen
ASAC  Active Structural Acoustic Control
CLPT Classical Laminate Plate Theory
CN20 20 milimeter-thick Carbon/Nomex honeycomb specimen
DOF Degree(s) Of Freedom
FE Finite Element
FEM Finite Element Model
FOST First-Order Shear Theory
FRF Frequency Response Function
HEXAS8 8-node 24-DOF brick
HOST  Higher Order Shear Theories
L longitudinal direction (Length)
MAC Modal Assurance Criterion
MITC4  4-node 20-DOF shell
QP20W  Midé QuickPack patch with two piezoelectric electrodes
RVE Representative Volume Element
SVS Shell-Volume-Shell
W% transverse direction (Width)
2D Two-Dimensional
3D Three-Dimensional

Modeling of a viscoelastic honeycomb panel equipped with piezoelectric patches in view of

vibroacoustic active control design



xiv Nomenclature

Modeling of a viscoelastic honeycomb panel equipped with piezoelectric patches in view of
vibroacoustic active control design



Chapter 1

Introduction

Reducing noise transmission inside cabins is an important concern for the aircraft indus-
try, mainly to improve the comfort of passengers and reduce stress on the crew. Noise in
the cabin has different sources [6] classified in

e exterior sources, whose field is transmitted through the fuselage skin, thermal insu-
lation and trim panel multi-layered structure,

e interior sources, which are mainly related to air conditioning,

e structure borne sound, transmitted through structural parts before being radiated by
the different panels inside the cabin.

Most of the exterior noise is filtered by the fuselage skin and interior furnishing, it nev-
ertheless crosses different structural parts in its propagation and produces noise inside
the cabin. In this propagation, trim panels represent the last barrier before cabin cavity.
They cover the entire walls of the cabin, with the exception of its floor, and the over-
head compartments. They significantly participate in the global acoustical behavior of the
cabin. Figure 1.1 (left) represents a roof trim panel of a cabin representative of generic
NH90 helicopter, this mock-up (named VASCo) has been developed at ONERA DMAE
department in Toulouse. The middle figure shows how the trim panel is positioned in the
VASCo helicopter cabin and the right figure shows how the panel is equipped for active
control test.

Figure 1.1: Trim panel (left), VASCo cabin with trim panel (middle) and test set up for
vibroacoustic control (right)
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2 Introduction

Two main techniques exist aimed at reducing the sound radiated by the vibrating trim
panels inside the cabin. Passive techniques optimize the panel geometric and material
characteristics to minimize the transmission of vibration. Active techniques block, or at
least limit, vibrations by generating suitable lots or antagonist vibrations.

Passive techniques use vibration isolation, to limit the transmission to the panel of
vibrations coming from the main body frame through attachment points, and damping
enhancement, were absorbing materials, typically viscoelastic, are added in the panel
setup. When properly designed, passive treatments are efficient and have the advantage of
not requiring external energy. Efficiency does however typically come with a significant
mass increase and an efficiency that grows with frequency.

Figure 1.2 represents the transmission loss of the VASCo trim panel where the poor
passive performance at low frequencies is clearly visible. The motivation for active vibra-
tion solutions is thus focused on improving performance in the low to medium frequency
range.

Active |

( 1 ~/> Pagsive

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Frequency (Hz)

Figure 1.2: Transmission Loss of the optimed trim panel (VASCo)

Usually trim panels are made of sandwich composite. Sandwich plates are multilay-
ered structures constituted by high-strength and stiff layers, named face sheets or skins,
bonded to one or more low-density and soft layers, named core. Sandwich panels com-
bine light weight and high stiffness. Therefore, since the World War II, the number of
their applications has steadily increased. Nowadays, sandwich structures are widely used
not only in aerospace industry but also in shipbuilding, construction and sports. Various
material combinations can be used [7]. The face sheets are usually made of metal or fi-
brous composites (aluminum, carbon or glass reinforced plastic composite laminate). For
the core, one distinguishes solid low-density material, such as viscoelastic material film
or solid foam, and expanded high density material in cellular form, such as honeycomb
core. For aerospace applications, both metallic and non-metallic (nomex, fiberglass, kraft
paper [5]) honeycombs are used. Bonding between the honeycomb and the face sheets is
typically achieved with an adhesive as represented on Figure 1.3.
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Face sheet

Adhesive

Honeycomb

Figure 1.3: Honeycomb core sandwich composite

Honeycomb core sandwich structures behave like I-beams. Face sheets carry most
of the bending and in-plane loads, whereas the core contributes to the bending stiffness,
out-of-plane shear and compressive strength. Their mechanical efficiency is much better
than a solid plate or beam with equivalent weight, as shown in Table 1.1.

Table 1.1: Honeycomb sandwich efficiency [5]

| ot

[T |2

4t

Solid Material Core Thickness h Core Thickness 3.h
Relative Stiffness 1 7 37
Flexural Strength 1 3.5 9.2
Relative Weight 1 1.03 1.06

A honeycomb sandwich trim panel has a high strength to mass ratio, but its acoustic
and dynamic properties need to be improved [8], through passive viscoelastic treatments
in the high frequencies and active control in the low frequency. The first objective of the
proposed work is thus to propose numerical models that could then be used to optimize
passive and active panel characteristics. The second objective is to validate these models
through experiments.

In fact, the damping behavior of viscoelastic based honeycomb core trim panels, pos-
sibly optimized with viscoelastic layers, contributes passively to alleviate high frequency
noise and vibration. Thus, the biggest difficulty is to remove low and medium frequency
noise, which is the object of the present work.
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4 Introduction

To properly design an active control system for trim panels, simulations are necessary
for actuator placement and sizing and general performance evaluations. In the case of hon-
eycomb cores, a detailed model of the cell geometry is rapidly inaccessible. A detailed,
yet still simplified, representation of the cell using 3D plate elements for all walls will be
considered in chapter 3. For this cell representation, a sample test beam 900 x 45 x 21mm
leads to a model with about 100000 DOFs. This is acceptable for sample validations, but
is clearly not acceptable for full panel predictions. For the considered honeycomb, a 2
meters long and 1 meter wide helicopter trim panel would require 4.10% DOFs.

The first difficulty addressed in this work is thus to build an effective model repre-
senting the honeycomb core that allows element sizes not directly related to honeycomb
cell sizes. Chapter 2 thus recalls fundamentals of classical laminate theory and provides a
literature review of models used to represent honeycomb based sandwich panels. Classi-
cally, honeycomb panels are represented using an orthotropic volume for the honeycomb
and shell elements for skins. Methodologies to integrate this model into finite elements
(single layer, zig-zag and multi-element representations) and to estimate effective material
parameters for the orthotropic core are detailed showing the variety of existing approaches
and the lack of general agreement on exact details.

The first contribution of the thesis is the introduction, in chapter 3, of a numerical
homogeneization procedure to estimate effective core parameters. The principle of this
methodology is to correlate the frequencies of periodic modes in a detailed 3D and an
effective model to estimate material properties of the effective model that minimize mis-
match. The novel application of this approach to honeycomb panels gives a very general
approach that can be used to build equivalent models using extremely detailed cell mod-
els. The analysis of the equivalence for a wide range of wavelength/frequencies gives
useful insight on the validity of models.

Ilustrations are given for a specific range of honeycombs with a detailed 3D plate
model and a shell, orthotropic volume, shell model (SVS) effective model. The SVS
model is preferred here because it can easily be implemented in most FEM software and
leads to significant model size reduction (a factor 10 in this particular case). The results
obtained are close to those of earlier methods, so the real interest is in the new ability
to assess the simplified model and to address issues such as the effect of glue or local
bending of cell wall.

Numerical homogeneization relies on the knowledge of detailed cell geometries and
material properties. Since these are typically not known with very high accuracy, tests
on sandwich samples are necessary. Helicopter or aircraft trim panels are commonly
made with non-metallic honeycomb core sandwich, which have the advantage of a lower
density. In particular, Nomex paper based honeycomb are the focus of the present work.
Nomex paper, basis of honeycomb Nomex core, is a non woven sheet made of short
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aramid fibers (Nomex). It is calendered before being impregnated with phenolic resin
which is typically viscoelastic. The glue used to bond the Nomex honeycomb to the skins
is probably also viscoelastic.

Chapter 4 details the use of modal tests on sample sandwich beams to estimate the ma-
terial parameters of a viscoelastic core. Viscoelastic materials have a significant frequency
and temperature dependence that is correctly identified by the tests. Tests on beams with
aluminum and carbon skins are shown and demonstrate the ability to have very predictive
models.

The final contribution of the thesis is, in chapter 5, the introduction, validation and
use of a FEM model of honeycomb panels equipped with piezoelectric actuators. Such
models are needed for active control predictions in order to avoid costly trial and error
phases on actuator placement and sizing.

The formulation of a piezoelectric shell element, based on the work of Piefort [9],
is first introduced. Its integration in a numerical simulation process is then discussed
for actuator and sensor configurations. To validate the model a series of modal tests are
presented and test/analysis correlation demonstrates very good model validity.

The considered honeycomb sandwiches are shown to exhibit a strong skin bending,
which corresponds to the static deformation associated with the patches. This static con-
tribution is particularly important for honeycomb panels and fundamentally limits the
achievable performance. The experimental presence of localized sound sources was a
significant factor motivating the need for this work. The conclusion on the importance of
static correction effects clearly explains the origin of these effects and opens perspectives
on the ability to redesign actuators to obtain better performance. The chapter concludes
by discussing applications of the proposed model in further design work, thus preparing
ground for a full control design [10].
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Honeycomb core sandwich composite
survey
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8 Honeycomb core sandwich composite survey

2.1 Introduction

The first step towards the objective proposing predictive models of active honeycomb
panels is to model panels. This chapter thus provides a partial review of the literature
existing on the topic.

Section 2.2 presents the Classical Laminated Plate Theory, which will be used to
model panel skins and will also serve as reference for piezoelectric patch model intro-
duced in Section 5.2.

Section 2.3.1 then classifies approaches to model the dynamic properties of sandwich
structures in four main strategies. The classification is done in terms of increasing com-
plexity, from the global approximation model in which one equivalent single layer in
modeled, to the detailed 3D finite element model.

Within these approaches, it is classical to consider the honeycomb as an orthotropic
material. Since 1958 [11], many methods for honeycomb elastic material properties es-
timation were introduced [12] and none of the approaches seems to have the total agree-
ment. Section 2.3 provides a literature review on this subject and a numerical homo-
geneization procedure will be introduced in the next chapter.

2.2 Laminated plate theory

Three-dimensional finite element models developed in this work use laminated plate el-
ements to model honeycomb cell wall, multi-ply composite for face sheets or for piezo-
electric patches bonded on the faces. The different kinematic assumptions for plates
are first presented in Section 2.2.1. Section 2.2.2 then summarizes the plate formulation
for isotropic and orthotropic elastic materials. Section 2.2.3 finally addresses multi-layer
laminates.

In this section the compact notation f , is used for the partial derivative of the function

f with respect to the variable x, 3—5 As x1, x2 and x3 are used for coordinates in space, 887]:

becomes f 1, similarly f, = (—?—)2 and f3 = 887];

2.2.1 Plate kinematics

The choice of the increasingly elaborate kinematic assumptions can be used to classify
the many existing plate theories.

Figure 2.1 represents Kirchhoff-Love’s, Reissner-Mindlin’s and Reddy’s kinematic
assumptions for the cross section. These assumptions are directly linked to the shear de-
formation modeling.

Classical laminate plate theory (CLPT) based on Kirchhoff-Love kinematic assumptions [13]
doesn’t take shearing across the thickness into account, whereas first-order shear theory
(FOST) with Reissner-Mindlin assumptions [14] and higher order shear theories (HOST)
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Laminated plate theory 9

developped by Reddy [15], and next by Touratier [16] represent with more or less preci-
sion the shear phenomenon.

The first and simplest Kirchhoff-Love theory is accurate enough for thin plates. A
cross section normal to the mid-plane remains straight and orthogonal to the mid-plane
after bending. For thick and soft plates, the shear cannot be neglected, it is taken into
account by enriching the displacement formulation across the thickness. Many improve-
ments exist from linear approximation to higher order theories.

X34 X34 X3a
| Undeformed state Undeformed state

| | |
T T T
1 Piw id-plane Xy (@=12) 1 I1__Mid-plane Xy(@=12) 1 I _Mid-plane Xy (@=12)
| \ ) \ B \
B p

Undeformed state

U, 1

<> Wi
dw/dx >~ > S » P
Yull 3

U, ! u, 1

aw/ dxu( M Deformed state dw/ dxuﬁ Deformed state dw/dx, Deformed state

Figure 2.1: Kirchhoff-Love’s, Reissner-Mindlin’s, and Reddy’s theories

The general expression of kinematics has been expressed by Touratier et al. [17]
Ui = uy(x1,x2) —x3.w 1 (x1,x2) + f(x3).71 (x1,%2)
{U} =4 U2 =up(x1,x2) —x3.wa(x1,%2) + f(x3) V2 (x1,%2) ¢, (2.1
Us = w(x1,x2)

where, as specified on Figure 2.1,

e x3 is normal to the plate,

e uy, up, w are the displacements of a point M on the mid-plane, along axes xj, X2,
X3,
e Uy, Uy, Us the displacements of a point P on the M-cross section, along Xy, X3, X3,
e 71, Y2 are the transverse shear strains at the mid-plane of the plate,
Yo=Bo+we (0=1,2) (2.2)
e 1, B, are the slopes around x; and x; respectively,
e and f can be seen as a shear function and takes the forms given in Table 2.1,
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10 Honeycomb core sandwich composite survey

Table 2.1: Shear function f

Kirchhoff-Love [13] flx3)=0
Reissner-Mindlin [14] f(x3) =x3
Reddy [15] Flrs) = x(1— 23
Touratier [16] flx3) = %sin%

First-order shear deformation theory with Reissner-Mindlin’s assumptions is widely
implemented for thick plates. The transverse shear strains or stresses are assumed to be
constant within the thickness, therefore to account for the non-uniformity of the through-
thickness shear distribution, correction factors are introduced in the transverse shear con-
stitutive relations (2.26).

Two notations can be found in literature for the rotation of the cross section after
deformation. It is important to clarify this point. One suggests to do this in the context
of Reissner-Mindlin’s assumptions. The displacement field at a point P on the M-cross
section depends on the displacement field at the point M on the mid-plane and on the
rotation of the segment MP

U(P) = u(M)+QAMP (2.3)

Classically, the rotation vector Q is written Q = 01x; + 0,X;. One introduces a field ¥
related to the rotation, classically written ¥ = B;xq + B2X» such that

Q=x3\¥ (2.4)
so that the displacement field at the point P becomes
UP)=uM)+QAMP =u(M)+x3¥ (2.5)
and the relations between the rotation 6; and the slope 3; are

Bi = 6,

By — o) (2.6)
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2.2.2 2D elastic material law

Both isotropic and orthotropic materials are considered in this work. In these cases, the
general form of the 3D elastic material law is

(o1 [ ci1 ci2 o ci3 0 0 0 ] ( &n )
o)) c c3 0 0 O €2
033 _ C33 0 0 0 €33 (2 7)
23 cae 0 0 Y3 [ '
T13 (s) css 0 Y13

L T12 ) | Co6 Y12

For orthotropic material, the law depends on 3 Poisson ratios, 3 Young moduli and
3 shear moduli and is given by (3.14) and for isotropic linear elastic material the law is
written as follow,

( 611 ) 1 lva 1\%\, 0 0 0 (g1 )
6 IVTV 1 lva 0 0 0 €
o | E(-v) ™ T | 1 02 0 0 €33 2.8)
o (Q+v)(I—2v)| 0 0 0 g5y O 0 23 '
T3 0 0 0 0 45 O N3

L T2 | 0 0 0 0 21(1__23) ] Uz )

Plate formulation consists in assuming one dimension, the thickness along x3, negli-
gible compared with the surface dimensions. Thus, vertical stress 633 = 0 on the bottom
and upper faces, and assumed to be neglected throughout the thickness,

1
033 =0=¢€33= Tem (c13811 +c23€22), (2.9)
and for isotropic material,
\%
033 :O:>€33:—TV(€11+€22). (210)

1

By eliminating G633, the plate constitutive law simplifies, with engineering notations,

C11 qgu q2 0 0 O €11
022 g2 g2 0 0 O €2
T2 p=| 0 0 g6 O O Yiz - (2.11)
123 0 0 O qu O Y23
T13 0 0 0 0 gss Y13

The reduced stiffness coefficients g;; (i,j = 1,2,4,5,6) are related to the 3D stiffness
coefficients ¢;; by

cii_m ifi,j=1,2,
qij = ' €33 ) (2.12)
Cij lfi,j:4,5,6.
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12 Honeycomb core sandwich composite survey

Hence, the reduced elastic law for an isotropic plate becomes,

011 E 1 v 0 €11
022 = T oo v 1 0 €2 s (213)
T (1 -V ) 0 0 v
12 5 Y12
and
T3 E 10 Y23
= — . 2.14
{TB} 2(1-1—\/)[0 1}{713} (2.14)

Under Reissner-Mindlin’s kinematic assumptions, given by (2.1) and (2.2) with shear
function f(x3) = x3, the linearized strain tensor is

ur1+x3Pr1 3o +turs +x3(Bro+P21)) F(Bi+wi)
€] = uz 2 +x3P22 s(Ba+wyo) |- (2.15)
(s) 0
So, the strain vector is written,
81”1 + X3K11
8312 —+ x3K22
{e} =4 Yhtxxin o, (2.16)
Y23
Y13
with {€™} the membrane, {k} the curvature or bending, and {7y} the shear strains,
up,1 B,
’ ki _|_ W
R S T L R SR
ui2+uz g Bi2+P21 ’

Note that the engineering notation with Yo = uj > +u 1 is used here, rather than the
tensor notation with €12 = (uy2+u2,1)/2 . Similarly xj2 = P12+ B2.1, whereas a factor
1/2 would be needed for the tensor.

The stress resultants are obtained by integrating the stresses through the thickness of
the plate,

x3(0)+h/2
NOLB = / GaB d)C3, (2.18)
x3(0)—h/2
x3(0)+h/2
MOLB = / X3 GaB d)C3, (2.19)
x3(0)—h/2
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x3(0)+h/2
Ous = / Tos s, (2.20)

x3(0)—h/2

with a,3 = 1,2, and x3(0) the position of the mid-plane from the reference-plane (or
mesh-plane).

_____ 11 X(0)+h/2
mesh-plane Xa(o)i

mid-plane

Figure 2.2: Geometry of an unsymmetric plate

The plate formulation links the stress resultants, membrane forces {N}, bending mo-
ments {M} and shear forces {Q}, to membrane {€™}, bending {k} and shearing {y}
strains,

N A B 0 em
M »=|B D 0 K . (2.21)
Q 0 0 F Y

Therefore, the non-zero terms of the extensional stiffness matrix [A], extension/bending
coupling matrix [B], and the bending stiffness matrix [D] are calculated as

x3(0)+h/2 x3(0)+h/2
Ajj = / qijdxs ifi,j=1,2, Azz= / g6 dx3, (2.22)
x3(0)~h/2 x3(0)—h/2
x3(0)+h/2 x3(0)+h/2
Bij = / x3qijdxs ifi,j=1,2, B33z = / X3 g6 dX3, (2.23)
x3(0)—h/2 x3(0)—h/2
x3(0)+h/2 x3(0)+h/2
Dij = / 3qijdxs ifi,j=1,2, D3 = / X3 qe dx3, (2.24)
x3(0)—h/2 x3(0)—h/2
x3(0)+h/2 x3(0)+h/2
Fi = / qaadxs, Fyp = / qs5 dxs. (2.25)
x3(0)~h/2 x3(0)~h/2
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An improvement of Mindlin’s plate theory with tranverse shear consists in modifying
the shear coefficients F;; by

H;j = k;jF;j, (2.26)

where k;; are correction factors. Reddy’s 3" 4 order theory, see Table 2.1, brings to k; = %

Very commonly, enriched 3¢ order theory is used, and k; ; are equal to % and give good
results. For more details on the assessment of the correction factor, see ref. [18].

For an isotropic symmetric plate (x3(0) = 0), the in-plane normal forces Ny, N»» and
shear force Nj;, function of the kinematics parameters, become

N Eh 1 v 0 uii
Np p=1—"0s 1 0 1z , (2.27)
Ni2 (s) v Ui +un

the 2 bending moments M1, M3, and twisting moment M,

M R 1 0 Bi,1
My = 20-v2) I 0 B2 , (2.28)
M, (s) Ly Bi2+ B2
and the out-of-plane shearing forces Q>3 and Q13,
023 Eh 10 Bat+wo
=— ’ . 2.29
{ 013 } 2(1+v) [ 0 1 Bi+w, (2:29)

Formulations (2.27) to (2.29) are needed for the parametric study on reduced models
(Section 3.2.3).

One can notice that for a symmetric plate, the reference plane is the mid-plane of the
plate (x3(0) = 0) and the extension/bending coupling matrix [B] is a zero matrix.
Using expressions (2.22) to (2.25) for constant g;;, one has for a non-zero offset

(x3(0) # 0)

h3
AU = /’l.q,'j Bij :X3(O).h.q,~j D,'j = ()C3(0)2./’l+ E).ql’j Fij = h-CIij (230)

with subscripts i, j in accordance with (2.22) to (2.25). The constitutive matrix clearly
appears as a polynomial function of &, 43, x3(0)?h and x3(0)h. If the ply thickness is kept

constant, the constitutive law is a polynomial function of 1,x3(0),x3(0)2.
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2.2.3 Global multi-layered laminate theory

In the composite field, multi-ply laminates are widespread. The principle of the global
multi-layered laminate theory is to replace the sandwich structure by a single equivalent
layer. The limits of this approximation are discussed in Section 2.3.1. To provide a good
stiffness in all laminate directions, unidirectional fiber reinforced composite layers are
stacked with specific orientation, such as 0°/45°/90°.

N ------------ A
: z
k z ]k Zug "
4 - |Z
R o 1
mesh-plane Z,
Z, 23 [T mid-plane h
Z0
________ 2

1

Layer number

Figure 2.3: Geometry of an N-layered laminate

The constitutive matrix for an angled lamina can be expressed in terms of the consti-
tutive matrix [q],, in the principal directions (x1,Xz,x3) of the layer k, with a rotation

o], = [RY] "l RY]. (2.31)

In (2.31), [Rlé} and [R'E‘] are the rotation matrices relating the stress {6'}, and strain
{€'}, in any structural basis (x,y,z) to {6}, and {€}, in the material principal basis
(x1,X2,X3). The normal axis z = x3 and the angle 6 from x to Xy, are shown on Figure 2.4.

Figure 2.4: Material and structural basis
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For each constitutive layer of the laminate, the rotation matrices take the following
forms,

cos”0y, Sin®0y 25inB;cosOy, 0 0
Sin0; cos*0 —2sin0;cos0; 0 0
[Rlé} = | —sinBrcosO; sinOrcosO; cos>Oy — sin®6; 0 0 ,  (2.32)
0 0 0 cos9; —sinBy
0 0 0 sinB,  cosO;,
and,
cos*0; $in0;, sinBycos0y, 0 0
sin0y cos*0y, —sinBcosO; 0 0
[ng} = | —2sinBrcosO; 2sinOrcosO; cos>Oy — sin®6y 0 0 , (2.33)
0 0 0 cos9; —sinBy
0 0 0 sin®;  cosOy,

and in a compact form,

Kk Kk
[RG} (1,2,6) 0 [Re} (1,2,6) 0
[Rg] = . [RY] (2.34)
Kk k
0 [RG} (4,5) 0 [Re} (4,5)
The plate formulation applies for each layer k, in the structural basis (x,y,z),
N Ay By 0 em
M =| B, D, 0 K ;. (2.35)
Q ), 0 0 H Y
That is to say, with Reissner-Mindlin’s plate assumptions,
Ny %k Ux x
Ny = / dz [q;] X Uyy
Nyy ko k=1 Uyy + Uy
(2.36)
%k Bx,x
+ [eazla] ] B ¢
o By +Byx
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M, % Brx
My = / Z2 dz [q;}k By,y
Mxy k Tk—1 BXO’ + By7x
(2.37)
%k Uy x
/
+ / zdz [qp]k Uyy )
Tk—1 MXJ’ + uy7x
0 5/ By +
o U 2 gl y Wy 2.38

{ sz }k 6/ Z[qt}k{ Bx‘f‘W,x }7 ( )

Tk—1

with z; defined on Figure 2.3. And where one distinguishes the reduced in-plane elas-
tic coefficients ¢;; and gj; for i, j = 1,2,6 in matrices [qy],, [qp’], and transverse shear
elastic coefficients for i, j = 4,5 in matrices [‘lﬂk’ [q{E} ;- For a symmetric laminate
meshed on its mid-plane(zg = —%), [Bk} and thus the second term of the sums (2.36) and

(2.37), are equal to zero.

The application of the first-order plate theory to a multilayered laminate is now very
classical, one can cite, for example, books by Jones [13] and Berthelot [18]. The global
laminate stress resultants are the sum of every k-layer stress resultant in the structural
basis (X,y,z). The stiffness coefficients (g j)k are constant but can be different from one
layer to another, and the displacements u, v, w and the slopes B, and [3, are not functions
of z. Thus the laminate stress-strain relation is

N A B 0 em
M= |B D 0 x (2.39)
Q 0 0 H Y
with
N )
[A] :,;1 _Rc (1.2.6) [apl; Rg_ (126) (zx — z5—1), (2.40)
B-1y (R )[R @) (2.41)
2t °l(1,26) Pk tl1,2,6) k= Sk=1/s .
RS ML ORCS I IS S @42)
N 3ot °l1.2:6) Apli | tl1,2,6) % T 1) .
5 N 5 .
H] = E[F] = k;l 3 [RE] 4.5) [qt], [R}ef] “5) (zk — Z4—1)- (2.43)

A simple extension of the single ply dependence on offset (2.30), clearly shows that

the constitutive law of a laminate is a polynomial function of 1,x3(0),x3(0).
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2.3 Review of existing modeling of honeycomb core sand-
wich composites

2.3.1 Sandwich composite modeling

To predict sandwich composite static or dynamic behavior, researchers have developed
many models. An extensive review of computational models for sandwich panels and
shells has been made by Noor and Burton [7]. Sandwich models are classified into three-
dimensional detailed models, three-dimensional continuum models and two-dimensional
plate and shell models.

Table 2.2 summarizes the different approaches for vibration of honeycomb core sand-
wiches, and gives a non-exhaustive list of corresponding references.

Table 2.2: Models for vibration of honeycomb sandwich plates (or beams)

Models References
Global approximation model
(equivalent single-layer [19, 16, 20]
2D model)
\\’/ Dlscrete.:—layer model 1. 21]
\ / (layerwise or zig-zag)
3D continuum model [22, 23, 24, 25]
3D
\I\I\II\I\I\II\I\I\I\II\IIIIIIIII\Il||‘ oD el 0

The detailed 3D finite element model represents the actual geometry of the honeycomb
core, as well as the adhesive and face sheet layers. Chamis, Aiello and Murthy [22] first
carry out in 1986, with MSC/NASTRAN, a total 3D detailed FEM of metallic honeycomb
core sandwich plate, with the intention of predicting honeycomb core properties. More
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recently Al Bachi [4] developed a similar FEM with ANSYS software. The two detailed
3D FEM quoted have been implemented for static behavior preditions. In addition, Noor
and Burton [26] suggest to use such models for predicting the free-vibration response of
sandwich panels.

In the 2D global approximation model, also called equivalent single-layer model, the
whole sandwich is replaced by a single equivalent layer with global through-the-thickness
approximations for displacements, strains and/or stresses. It corresponds to variations of
the theory presented in Section 2.2.3. Methods can be classified depending of their ability
to describe, with more or less details, the shear phenomenon in soft layers of the sandwich,
such as viscoelastic layer, and honeycomb core. These variations are often fairly strong
so that the approach is difficult to generalize.

The largest class of extensions considers discrete-layer models, or layerwise or zig-
zag models, where the sandwich is divided into several layers and each layer is modelled
based on a chosen theory. In layerwise models, all layers are modeled on the basis of
plate/shell theory using Kirchhoff-Love, Reissner-Mindlin or enriched kinematic assump-
tions.

3D continuum models are multilayer models that use plates or shells to model hard
layers (skins) and volumes to model soft ones (cores or viscoelastic layers). Figure 2.5
shows a typical 3D layered FE model with shell elements for the face sheets and solid
volume elements for the core. In the figure, separate nodes are introduced for the face-
sheets and the core with rigid links between the two. It should be noted, and will be used
in Section 5.5.1, that this has exactly the same kinematics as a model that would consider
an offset for the face sheets, and thus a single layer of nodes. Two layers of nodes are used
here to simplify the meshing and post-processing simulations. This approach, used in the
present work, is found in the litterature to model honeycombs [22, 24] and has also been
used to model thin viscoelastic layers by Plouin [23]. In the following, the designation
Shell-Volume-Shell (SVS) FE model is used for this model.

Face Sheet

Shell element

“— Rigid Link

Honeycomb + Adhesive
Volume element

Y\T/x

Figure 2.5: 3D continuum model definition
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In the case of thin viscoelastic layers, Plouin and Balmes [23] have shown that the
first-order shear theory is not adequate to accurately describe the high shear deformations
inside the core, independently of the choice of shear correction factors. The critical aspect
is there to allow the relative in-plane motion of the skins. Clearly the introduction of a
volume layer enables this motion and the model is correct.

Ref. [23] also shows that shear locking for bending motion, typically expected for first
order volume elements is actually not present even for very poor aspect ratios because the
energy is essentially in shear and not bending. This is in good part due to the fact that the
Young’s modulus of the viscoelastic material of the core is usually 103 times lower than
the skins material modulus, as observes Moreira [1]. For honeycombs, the core is much
thicker so that volume elements no longer have poor aspect ratios and locking is not an
issue.

In the case of honeycombs, the level of shear in the honeycomb is also very different
from that in the skin, hence the need for a layered approach arises. Futhermore, the vol-
ume is assumed to be made of an orthotropic material to account for the differences of
properties in various directions generated by the honeycomb manufacturing process. The
estimation of the orthotropic properties will be discussed extensively in Section 2.3.2.

When looking at the kinematics of the SVS model, it is fairly obvious that the com-
pression of the core plays a very minor role so that a single vertical DOF is really needed.
Similarly, knowing the in-plane motion of one layer, one can use the out of plane shears
to estimate the in-plane motion of the next layer using the condition that motion is con-
tinuous at interfaces. This is the basis of the zig-zag or layerwise theory [21]. Using the
Moreira’s notations [1] corresponding to figure 2.6, one thus assumes

( k—1
hi
U =uo(x,y) + 5 B7 + Y 1)+ = B+ by
=2

{U}, = , (2.44)

k—1
) hk
Vi=vo(x.y) + 3B+ Y 7B+ - By + by
=2

where

hy. is the thickness of the k-layer,

® 1, vo, wo are the displacements of the reference layer (k=1),

Uy, Vi., Wy the displacements field of the k-layer,

o [3% are slopes of the normal about the y and x axes respectively.
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Figure 2.6: Layerwise theory - Moreira’s kinematic model [1]

Various authors motivate the need for these developments by underlining the lower
degrees of freedom (DOF) number (the classical 5 of a plate for the base layer plus shears
2 per other layer). A model alternating shell and volume, will use 5 per shell layer and
6 per volume layer. But the connections between shell and volume eliminate all the vol-
ume DOFs. As a result, the layerwise model really only has one less DOF for a 3 layers
sandwich. It should however be clear that the difference in formulation is very small and
essentially limited to the numerical integration strategy through the thickness.

The position taken by Balmes for the development of the viscoelastic vibration tool-
box [27] and the underlying research is that the extra work of developing specific mul-
tilayer elements is enormous compared to the marginal gain in computational cost. In
particular models using multiple layers of elements can use standard FEM solvers and
pre/post-processing, while special zig-zag formulations need intensive developments and
have thus only been developed within specialized applications.
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2.3.2 Honeycomb core material properties estimation

For all models, the knowledge of material parameters is an important issue. The reliability
of the response predictions of the computational models for sandwich plates is critically
dependent on the accurate characterization of the properties of the face sheets, core and
adhesive layers, what Noor and Burton have underlined in [7]. In the case of honeycomb
core sandwich, modeling the core is itself a difficulty because of the high heterogeneity
of the structure.

The honeycomb core is a periodic structure in two orthotropic directions. The di-
rection of the ribbon, longitudinal, usually referred by L (length), here x-direction, and
transverse direction, referred by W (width), here y-direction. The orthotropy is due to
the manufacturing process. Indeed after being shaped, the ribbons are bonded, hence the
x-direction cell walls are twice thicker than the y-direction walls. The cells are hexagonal
shaped in this study, but different honeycomb shapes exist.

For reasons of numerical efficiency, classically the honeycomb core is replaced by a
homogeneous equivalent core (volume layer of the SVS FE model). To assess its elastic
properties, sandwich composite can be treated with a global one layer 2D model as Saito
and al. do on an aluminum honeycomb panel [19], or with a multi-layered, 2D or 3D
models. The attention has been focused on the 3D multi-layered approach, whereby the
pure honeycomb core material is considered. The influence of skins and bonding on the
estimation of the equivalent honeycomb core properties will be discussed in Section 3.4.

Cellular scale Macroscopic scale

RVE*
Q

Figure 2.7: Simplification process for actual cellular scale to equivalent macroscopic
scale, according Hohe’s diagram in [2]
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Honeycomb core equivalent orthotropic properties, will be called effective properties
and referred with a superscript star (*), according to homogenization theory. Thus or-
thotropic material law (2.45) depends on 9 independent material parameters, the Young’s

moduli E}, Ey* , EZ, Poisson’s ratios V;x, Vie ng, and shear moduli G;y, Gy G;Z. For
further details, see Berthelot’s book [18].
(&, ) [ I/Ei —VL/ES —VLJEF 0 0 0 71 ( o
gy -Vvy/Ex  1JE}  —VL/EF 0 0 0 oy
e | _ —Vo/Ef Vi, /E;  1/E} 0 . 0 0 c; (2.45)
Ve 0 0 0 1/G. 0 0 Ty
YVaz 0 0 0 0 1/ Gy, 0 Tyz
v ) | o 0 0 0 o 1/65 ]y )

The effective parameters are estimated as function of the cells geometric characteris-
tics (a, b, t, t’, 0) and the constitutive material parameters (E, G, p, V).

Table 2.3: Definition of honeycomb core geometric parameters and material properties

Constitutive Material .
Geometric parameters

parameters

E Young’s modulus a length of.cell .side Y (W-direction)
(L or x-direction)
a
G Shear modulus b length of sloping cell side
X

p Density 0 angle of cell (L-direction)

. . thickness of simple
v Poisson’s ratio t&t

: ' & double cell wall

An extensive literature review on existing methods to determine the equivalent hon-
eycomb core properties is presented by Noor in [7], and more recently by Schwingshackl
in [12].

In 1958, Kelsey [11] first provided a set of equations for Gy, and G}, based on energy
methods applied on the honeycomb cell walls. Gibson and Ashby extended this analytical
approach to derive all the nine orthotropic parameters, and their book [3] is nowadays the
standard reference work in the field. However, the analytical solutions proposed do not
take into account the double thickness walls in the direction of the ribbon (L), and do not
agree well with experimental results, thus numerous researchers still continue working on
improving the estimation of the honeycomb core effective parameters.
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Literature searches bring out three main approaches to estimate core effective properties,
which differ by the size of the representative element chosen to estimate the whole struc-
ture properties:

1. considerations on the deformations of a cell wall, [11, 3, 28, 29],

2. application of homogenization theory on a representative volume element (RVE =
one representative cell) [30, 31, 32, 33, 2],

3. use of numerical tests on a beam or panel (more than one cell in x and y-directions) [22,
4, 26, 25] .

The first approach is the one presented by Kelsey [11], and enriched by Gibson and
Ashby [3]. For the in-plane properties calculation, a hexagonal unit cell is forced to
deform under loadings in x and y directions (see Figure 2.8). The standard beam theory is
used, and the constitutive material of the cells is considered as linear, elastic and isotropic
material.

Figure 2.8: Kelsey, Gibson and Ashby’s model for analytic estimation [3]

To estimate the Young’s modulus E7, a stress G, parallel to x is applied to a cell.
The wall deflection is calculated by standard beam theory, under pure bending stress
assumption, and the strain €, is inferred. The Young’s modulus parallel to x is given
by Ey = /€. The same is done in y-direction to calculate E.

Like the Young’s moduli, the in-plane shear modulus Gy, is calculated by the ratio
Ty / Yay-

The Poisson’s ratio is deduced by the negative ratio of the strains normal to, and
parallel to, the loading direction, vy, = —¢, /€, and V}, = —&,/¢,. By reciprocity, &V}, =
&V

Such method cannot be applied for out-of-plane shear moduli. Due to the complexity
of stress distribution in a sheared honeycomb, the exact analytical calculation of G}, and
G7, is not possible. Theorems of minimum potential energy and minimum complementary
energy allow estimating their lower and upper bounds.
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The lower and upper bounds of G, are equal, but energy methods only give the range
of Gy, as function of constitutive material shear modulus G and geometric parameters, see
details in ref. [3, 26].

To refine the previous shear moduli estimation, Grediac [28] suggests to take into
account the non uniformity of the stress fields in the cell walls. He considers a basic
cell by FE method (see Figure 2.9). Then, Meraghni [29] adapts Grediac’s approach to
determine £ and extends it for a non hexagonal core.

z

Unit Cell
Yo i

Figure 2.9: Grediac and Meraghni’s representative unit of honeycomb for numerical
estimation

The Young’s modulus E is the constitutive material Young’s modulus E scaled to the
effective area which support the normal loading in z-direction.

The out-of-plane Poisson’s ratios are eq*ual to the constitutive material Poisson’s ra-
tio v. By reciprocity, Vi, = g—’zv and v, = %V

The Gibson and Ashby’szformulas, adapted to take the thickness of the inclined cell
wall ¢’ # t into account, are gathered in Table 2.4.

Table 2.4: Gibson and Ashby’s formulas of honeycomb core stiffness coefficients

In-plane (x,y) parameters Out-of-plane parameters
£ E(t>3g—|—sin9 Er E 21.-1-%#
b)  cos’0 b (£ + 5inB) cosd
£\3 cosO t cosO
EE(S) amss || G G-
Y b/ (%4 sinB)sin>6 = b % 4+ sin®

G %t’ + 2¢s5in0

E 5 +sind p: — -
G;y EeyEa— G, b 2cosO (% + smez)
(5)7 (75 + 355 cosP L. G (3 tasind)
ow: —
b cosO (% —i—sin@) (2%1" + t)
(% +s5inB)sin®
Viy cos%0 Var v
2
cos-0
A% S B e— A% A%
- (§ +5inB)sin® W
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The Density of the honeycomb core, p*, is calculated for a representative volume of
honeycomb, see Figure 2.10. p* depends on basic material density p and on geometric
parameters,

/
«_ Pplat’+2br) (2.46)

P

~ 2bcosO (a+ bsin®)’

Figure 2.10: Representative Volume

The second approach uses homogenization theory on a representative volume element
of the structure, typically one cell of the honeycomb. The principle of homogenization
theory is to perform a change of scale by replacing a complex microstructure Q (here
cellular structure), by a homogenized effective medium Q*. The effective medium Q* is
assumed to be mechanically equivalent at the macroscopic level to the cellular structure
Q, see Figure 2.7.

Homogenization of periodic media applies to honeycomb core, assumed to be peri-
odic in x and y-directions. The equivalent material properties of a periodic structure can
be evaluated by homogenizing a basic cell QR | also called representative volume ele-
ment (RVE), see Figure 2.11 for examples of basic cells. In addition to the same external
boundary conditions applied on  and Q*, QRVE and QRVE* have the same periodic con-
ditions on their displacement fields.

According to this theory, Shi [30] proposes to evaluate the out of plane shear modulus
G7, by calculating the average transverse shear stress from the cellular-RVE and the cor-
responding macro-RVE

1
(Tox) = V/’czxdxdy (2.47)
Q
(Tzx) = GLYax (2.48)

with Q = hx €y, h the thickness of honeycomb core layer, and V the volume of the RVE.

The method using the strain energy based RVE-procedure is presented by Hohe and
Becker [33] and applied by Gornet [31] with the finite element code Cast3M-CEA for an
application to trimaran structures. The method uses Hill-Mandel’s theorem, according to
which the macroscopic energy of the RVE is equal to the mean of the each constitutive
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element of the RVE energy.

<Tr(6£)>:é / Tr(Ge)dV:é [ rree v =rrete)  49)

QRVE QRVE*

Moreover, the macroscopic equivalence of the strain states €;; and sl*j is assumed if
the volume average of strain states is equal,

1 1
<8,‘j> = V / EijdV = 5 / S?jdv* = <8f]> (2.50)

QRVE QRVEx

The homogenization process consists in deforming Q and Q* by independent ref-
erence strain states which satisfy the equation (2.50). The total strain energy densi-
ties for both volume, Tr(c€) and Tr(c*€*), are computed. Then knowing the relation
Gl*j = cjfjklszl, between the strain and the stress components, the effective elasticity tensor
cl.*jkl is chosen to satisfy the equation (2.49) for every strain state. See application of this
approach in ref. [33].

Z

A
AZ \ﬂ
P

_+

: : = X
oy, | =
T ey
LI ! X - : [
L -
Basic Cell or RVE Ny
Shi’s basic cell [30] Gornet’s meshing of RVE [31]

Figure 2.11: Representative Volume Element for homogenization theory

The third approach is based on numerical tests on a bigger specimen of honeycomb
core sandwich. Despite the expensive computation time of a 3D detailed FE analysis,
numerical simulations are performed, for different boundary and loading conditions, with
aim of elastic core parameters estimation.

Chamis [22] first carries out a total 3D detailed FEM of honeycomb core sandwich.
His approach consists in generating by MSC/NASTRAN four models with computational
levels of sophistication in order to compare them in static conditions. The four models
correspond to those listed in Table 2.2.

Considering a representative volume element (RVE) size of 3D detailed FEM of the
honeycomb, the equivalent properties of the honeycomb core are determined by loading
the model with imposed displacements in each direction at one face while fixing the op-
posite face, as shown on Figure 2.12 along x-direction. Chamis demonstrates that the
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honeycomb core behaves like an equivalent homogeneous anisotropic solid. Such an ap-
proach has been implemented by Al Bachi [4] with ANSYS software on a 40-cells RVE
and compared to the Gibson and Ashby’s parameters formulation. Al Bachi concludes on
a good agreement of the analytic and numerical methods.

A
Y Undeformed state
Deformed state U=u*

/ :
—_—
>
- -4 -
\

Figure 2.12: Numerical simulation of a tensile stress along x-direction on the Represen-
tative Volume Element, according Al Bachi’s diagram in [4]

Similarly, 3D detailed model can be used to predict the equivalent honeycomb core
properties in dynamic conditions.
Noor and Burton [26] present a method using a detailed 3D finite element model, built
in ANSYS, as standard of comparison to assess the accuracy of the equivalent homoge-
neous core model, for the dynamic behavior prediction of the honeycomb core sandwich.
They compare the free-vibration responses predicted by equivalent continuum models,
with properties estimated through the first approach [11, 3], and detailed 3D FE models.
Using the free-vibration frequencies as comparison criterion, they consider infinitely long
panels in x or y-directions and rectangular panels. Their approach consists in considering
the minimum vibration frequencies obtained with several number of cells models.

Schwingshackl and al. recall in [12] that the out of plane shear moduli of the core, G7,
and G}, and the Young’s modulus of the skins Ey, are the most influent parameters on the
dynamics of the sandwich. This will be verified in Section 3.4.2. Thus, the comparison
of the different approaches focuses on the transverse shear moduli of the honeycomb
core, the quoted approaches are numerically compared in Table 3.4, for the test case of
Aluminum-Nomex specimen (AN20 Table 3.2).
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3.1 Introduction

The literature review in Section 2.3 showed that the determination of equivalent param-
eters, particularly the transverse shear moduli, was a key difficulty in the modeling of
honeycomb using equivalent shell/volume/shell models.

The many approaches implemented to estimate the equivalent (or effective) parame-
ters use similar principles: a representative volume of honeycomb is submitted to loads
and distortion is evaluated. Strategies to improve precision involve

e taking a bigger representative volume, a sample of several honeycomb cells instead
of a unique representative cell,

e considering the non uniformity of the deformation in the cell wall,

e taking into account the boundary conditions fixed by the face sheets and adhesive
layer, and

e varying the type of solicitation.

The objective of this chapter is to propose a general numerical methodology to evalu-
ate effective parameters automatically, and in the process gain, a better understanding of
the range of validity of the equivalence, for dynamic applications. The principle retained
is to correlate the frequencies of waves propagating in the honeycomb at various wave-
lengths for a detailed 3D FE model and the equivalent SVS FE model. This can be seen
as a numerical homogeneization procedure based on an automated model updating.

The first issue, addressed in section 3.2, is to generate a parametric description of the
honeycomb.

Ideally, an accurate geometry of the honeycomb cell and constituent material prop-
erties are known and are used to generate a detailed 3D FE model. A key aspect is that
the numerical nature of the proposed procedure makes it possible to account for any level
of detail (geometries of the cells, properties of the adhesive, ...). For practical system
level computations, the classical shell/volume/shell (SVS) representation of honeycomb
panels is really used. Section 3.2.1 introduces a sample 3D FE model, that will be used
throughout the chapter, and gives details about the SVS model implementation.

In a numerical homogeneization procedure, constitutive parameters will be varied to
minimize an objective function, the rest of section 3.2 thus details methodologies used to
handle model parameterization.

The principle of homogeneization procedures is to seek parameters that lead to iden-
tical responses in a detailed (3D FEM here) and an equivalent simplified model (SVS
model here). In the many possibilities, it was chosen here to focus on the frequency of
periodic modes, thus leading to the procedure outlined in Figure 3.1.

In a spatially periodic medium, propagating waves of a given wavelength only occur
at certain frequencies and correspond to periodic modes. The parameters of detailed and
simplified models can be adjusted so that these frequencies are equal for both models.
For a unit kinetic energy, the strain energy is equal to the square of the wavelength/mode
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Figure 3.1: Procedure of numerical identification by correlation of periodic modes

frequency. Updating frequencies is thus strictly equivalent to equating strain energy lev-
els, which is more classically given as equivalence in homogeneization procedures. The
novelty of the approach is that multiple wavelengths are considered, so that the results are
not found for a single representative volume but for a range.

Section 3.3 discuses computation and correlation issues associated with periodic modes.
Meshes of a honeycomb beam can be used with simple periodic conditions. But the ap-
proach gives only a few periodic modes and becomes very expensive for refined 3D FEM.
Fourier / Floquet theory allows rapid computations with using the representative volume
element (or twice that volume as classically done to represent complex components).

The equivalence of detailed and simplified models depends on the ability of the sim-
plified model to represent the appropriate behavior. Section 3.4 thus presents an analysis
of constituent properties and their influence on panel vibrations. After detailing the prop-
erties of the chosen panel, the section analyzes the evolution of energy fractions as a
function of wavelength and demonstrates that the only significant parameters for the core
are the density, which can be evaluated from geometric considerations, and the transverse
shear moduli GF;, GJ,. Other effective parameters are estimated using formulas of Gibson
and Ashby [3], recalled in Table 3.1 with ¢’ = 2¢, but have a very minor impact on periodic
modes. Finally, the influence of glue and local bending in the cell walls is also discussed.

Periodic bending modes in the longitudinal and transverse directions are thus only
dependent on known parameters and the unknown equivalent G, and G, respectively.
As illustrated in section 3.5.1, one can estimate these parameters by a straightforward
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optimization finding the modulus associated with matching periodic mode frequencies.
The validation of the effective parameters is done for a panel in free-free conditions in
Section 3.5.2.

The proposed procedure considers the whole sandwich including skins, section 3.5.3
verifies the range of wavelengths where the effective parameters are indeed independent
of skin properties and thus intrinsic characteristics of the core.

In practice, neither geometry nor properties may be well known. In the present work,
the properties of the Nomex paper and the exact nature of the glue used for bonding
were not known. Furthermore, the variability in the glue filet geometry could not be
evaluated. The process introduced in this chapter would thus eventually be used as a
bijection between effective core properties and constituent parameters, with either being
evaluated from correlation with experiments such as the modal tests that will be presented
in Chapter 4. To illustrate this process, section 3.5.4 discusses a procedure to estimate
glue properties.

3.2 Physical and equivalent models

This section discusses finite element models of the honeycomb and their parameteriza-
tion. A 3D model is introduced to represent basic constituent properties. The classical
shell/volume/shell (SVS) model is introduced for practical simulations. The estimation
of effective parameters of this model is a key issue of this chapter.

3.2.1 3D models of honeycomb core sandwich

The first model, that will be referred to as the 3D FE model, is built to represent the
physical reality (geometry, thickness, material...) as closely as possible, with the intention
of minimizing the modeling errors. This model will be used as reference to estimate
honeycomb properties starting from material and geometric considerations.

Face sheet
Shell elements
Adhesive
Shell elements
W L
Honeycomb _|

Shell elements

Figure 3.2: Definition of the 3D finite element model
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The geometry of the glue is shown in Figure 3.3. Rather than introducing a detailed
geometry, the model considered here privileges a functionally equivalent representation
as a small massless plate extending from the skin neutral fiber to its surface. The explicit
representation of glue elements thus allows a meshing of the honeycomb cell walls and
face-sheets that is compatible and strictly respects the geometry. The free constitutive
parameters E, and the shell thickness 7, can be directly related to the functional values of
shear and bending stiffness, this will be discussed in section 3.4.3.

Sandwich Riam

skin T

v
hgluei *

- tgiue

Adhesive

filets [ Lwa

Honeycomb
cell wall

Figure 3.3: Modeling of adhesive fillet

The second model, shown in figure 3.4 and designated by SVS (shell/volume/shell)
model, with the core composed of a volume element of orthotropic material is then clas-
sically considered since such a model is necessary to allow predictions of large panels.
The estimation of the effective parameters of the orthotropic material from geometric and
material data of the true honeycomb is a key objective of this chapter.

Face sheet
Shell elements
v— Rigid Link
W L
V L Honeycomb
+ Adhesive
Volume elements

Figure 3.4: Geometry of the Shell Volume Shell (SVS) model

The sandwich face sheets are modeled by isotropic shell, for metallic skin such as
aluminum, or multilayered laminate, for composite skin such as carbon fiber reinforced
composites. Classical laminated plate theory detailed in Section 2.2, is used. As in most
of the literature, Mindlin theory is assumed to be sufficient. In the following, all face
properties are noted with the suffix f. For the simulations shown, the SDT [34] imple-
mentation of MITC4 composite plate/shell elements are used.
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To simplify handling, the face sheets are normally meshed to be compatible with the
underlying core models. In the case of detailed 3D models, one thus uses hexagonal
shapes composed of two quadrangular elements, while in the SVS model regular rectan-
gles are used.

The two FE models differ in the honeycomb core modeling. For the 3D detailed
model, the core is formed of basis hexagonal cells which can be described by the geo-
metric parameters shown in Figure 3.11. The double thickness walls, linked to the manu-
facturing process, where originally flat ribbons are assembled together to form the cells,
is represented. The cell walls are considered as isotropic material. The nominal model
considers one MITC4 element per cell wall although the validity of this assumption is
discussed in section 3.4.4.

For the SVS model, an equivalent homogenized continuum replaced the honeycomb
structure and the adhesive layer. The model is implemented with 8 nodes isoparametric
HEXAS elements composed with orthotropic material. HEXAS8 element are linked to the
MITC4 element of the face sheets by rigid link to simplify the proper handling of the
distinction between surface (where the honeycomb connects to the skin) and neutral fiber
(where the skin is meshed).

As detailed in Section 2.3, the SVS model has been the object of many studies. Ta-
ble 3.1 lists parameters typically considered and which will be used as starting points for
the estimation procedure of this chapter. As stated in Ref. [35], a value of V;y =1 gives
a constitutive law that is not positive definite. This is clearly non-physical since a passive
material cannot have deformation that produces energy, a value of 0.8 is thus used. The
numerical values are calculated for the test case Aluminum/Nomex specimen (AN20),
whose properties are given in Table 3.2.

Table 3.1: Estimation of Honeycomb core properties [3] (witht' = 2t)

In-plane (x,y) parameters Out-of-plane parameters
* 1\3 pTsin® % 1 41
E; E(}) g 0.148 || E; 2E (4 sindYeod 256
1\3 0 t 0
Ey | E(5) goimoms | 0148 | G Ghovoing 18.5
(V3 Gesind Up: GL—20 [ 303
G; E(E) 2/ 1 . a 0.0521 G; bcose(%+sin9>
Y (28)"(16+5 )cos® < PRERY
Low: G —_25+sie) 30.8
’ bcos9(4%+1)(%+sin6) )
Vi —(EJ’;;?%‘””G 1* Vi, v 0.3
o)
V;x (%&lm 1* sz v 0.3

Young’s and shear moduli are given in MPa.
* theoretical value, 0.8 used to assure a positive definite constitutive law.
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3.2.2 Model parameterization and reduction

The approach that will be proposed to estimate effective parameters is an automated model
update based on the match of periodic mode modal frequencies. This update requires
computation of periodic modes for a large range of moduli. While, the cost of each
evaluation is limited, the total time needed to evaluate multiple constitutive parameters
can build up rapidly. This section outlines model reduction methodologies that have been
used to speed up mode computations and were derived from Refs [36, 37, 38].

In the considered applications, one deals with variable constitutive parameters. The
constitutive matrix [A], which represents the constitutive law underlying a FEM formula-
tion can always be written as a linear combination of matrices

[A(04)] = Z%[AiL (3.1)

The definition of such matrices will be discussed in more detail in sections 3.2.3
and 3.2.4 for plates and orthotropic volumes. The assembled stiffness matrices of ele-
ments based on this constitutive law are always defined by an integration of the form

K(A()] = [ [B]"[A(G)][Bld0 (32)
Q

with strain shape functions derivatives [B| depending on the element type. It thus readily
appears that the full finite element matrices follow the same linear combination as that of
constitutive laws

[K(A ()] = ) ol K(A)]. (3.3)

If assembly time is an issue, one can assemble for each [K(A;)], then recompute the
model matrices by using the weighted sum. The main gain in computing time is however
found using fixed basis reduction of parametric models [36, 37, 38]. This principle is to
use a single Rayleigh Ritz basis [T] to approximate modes for a range of design points.
The procedure outlined in Figure 3.5 assumes {q} = [T]{qr} and solves for the reduced
problem. It is important to note that the reduction is a linear combination. One can thus
reduce matrices [K(A;)] once and continue using the linear combination (3.3).
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Initial Problem
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Figure 3.5: Reduction and Correlation Process

The multi-model reduction approach was used in this work. The underlying idea is
that exact solutions are computed for a limited number of target points. In the present
study extreme values of the a; were used. The vector sets {¢;.y,,(0)} found at the
chosen design points are not necessarily independent, an orthonormalization step is thus
performed to generate a basis [T]. A detailed discussion of possible basis generation
procedures can be found in [39]. Given the resulting Ritz basis, approximate solutions
at other design points can then be computed within the subspace generated by the exact
solutions.
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3.2.3 Membrane and shear effects in plates

In this work, shell models are used to represent the skins and the glue. In both cases, it is
useful to distinguish membrane and bending contributions as detailed below.

The classical plate formulation was given in Section 2.2.2. In particular, for isotropic
symmetric plate, it was shown that the extension/bending coupling matrix [B] is a zero
matrix. Hence the constitutive law is written

N A B 0 em
M y=|B D 0 Kk b (3.4)
Q 0 0 F Y
with
1 v O
P I 0 | =Enfl (3.5)
l1—-v 1—v
(s) -
Eh3 1 A% 0 ;
[D]:m L 0 | =FEh [d] (3.6)
(s) =
Eh 1 0
[F] = IOy { 0 1 } — Eh.[f] (3.7)

These expressions clearly show that membrane and shear effects associated with [A]
and [F] are proportional to Ei while bending effects associated with [D] are proportional
to ER°.

Not all FEM codes allow a direct separation of constitutive law contributions in the
building of the element. It is thus useful to realize that the decomposition can be achieved
by combining multiple elements with realistic properties.

From two thicknesses, one can decompose membrane/shear and bending effects as

[A(E,h)] = Eh[Aq] + ER3[A,)] (3.8)

where [A1] and [A;] are obtained with
A |
A [
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It may also be interesting to represent the same overall properties as a combination of
two plates that only differ in the membrane/shear and third plate that only differs from the
first in its bending properties. One thus seeks to express the constitutive matrix as

4Eh 4ER3

[A(E,h)] = m([l\shellz] - [Ashelh]) + th

([Ashellg,] - [Ashelll]) (3.10)

Taking shell; (E = Eg/4, h = ho, p = po), shell, (E = Eq//2, h =ho/v/2, p = 0)
and shells (E = Ey/(4v/2), h = /2hg, p = 0) one has the following constitutive laws that
verify the desired separation

Eoora) 0 0
[Ashell, ] = Eohy 3.11
shell; | = 0 %@ o (3.11)
0 VR L
Lohofa] 0 0
Ashell,] = Eohy 3.12
[Ashel, | 0 %@ o (3.12)
0 Ll
ol 0 0
3
Amer,]=| 0o g o (3.13)
0 0 Lol

This expression does not however separate membrane and shear, but this was not
deemed necessary in the present study. It is reminded that the same linear combination
can be applied to the finite element matrices rather than the constitutive matrices. For the
mass the decomposition, Pgpuerr; = Pshelr A0 Pgpeit, = Psheir; = 0 ensure that the sum of the
mass is the same as the original mass. But if the implementation of element without mass

1 . _\2 _ 1
was a problem, one can cho0se Pgpeil; = 3Pshells Pshell, = %pshell and Pypelty = 575 Pshell-
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3.2.4 Parametric representation of orthotropic volume laws

For orthotropic materials, the constitutive law is given by

1=y vy

VyrtVarVyz

Vb ViVyy

EEA EEA EE.A 0 0 0
(5. )

X Vyx+VoxVyz 1=V, Ve Vyz+Vyx Vg 0 0 0 Ex
oy EyEA E.E.A E E A 8y
O; €

{ = VatViVy Vet ViV 1=V Vix 0 0 0 $ (3.14)
Ty, EEA E.E,A E.E,A Tz
Txz Vxz
| %, 0 0 0 Gz 0 0 Yo
0 0 0 0 G, O
0 0 0 0 0 Gy,

. 1=V Vyx—Vyz:Voy— Vo Viz — 2V VoV
_ y Vyx yzVzy xVxz yxVzyVaz
with A = E.LE. .

For honeycomb applications, the key parameters are the out-of-plane shear moduli
Gy; and Gy;. One thus seeks a decomposition that separates the contribution of these
parameters from all the others

[A(GyZ7 ze)] - [AO] + Gyz [AGYZ] + ze [AGXZ] (3-15)

To avoid numerical problems in the implementation of elements, it is again found
desirable to use realistic materials. One thus replicates the element 3 times with

KU I I

%00 | Auml 25000 | Al % o 9

[Acorel} = 4 Acorel = 4 Acore3 = 4 (3 1 6)
0 o % o 0 o % o 0] o 29 ¢
0 0 & 0o 0 % 0o 0 %

so that [Acoreo] = [Acore1] + [Acorez] + [Acore3] corresponds to the core with the maximum
stiffness. Hence, [Acore] = 3[Ac0re1] +ay ([Acorez] - [Acorel]) + 052([Ac0re3] - [Acorel])-

. [C4] [0]
(3+0L] ).G),Z 0 0
—d
[Acore] = N (3+00).G° (3.17)
A re3
Acore1 i | O 0 ny ]

Figure 3.6: Decomposition of the core.

Modeling of a viscoelastic honeycomb panel equipped with piezoelectric patches in view of
vibroacoustic active control design



40 A numerical evaluation of honeycomb core equivalent properties

0 0
By identification, one deduces Gy, = (3 + o) % and G, = 3+ ap) % and the
Gy:

intermediate weighting coefficients are expressed by o =4 & —3 and 0p =4 g)o“ —3. It
then appears that B
[A(GyZ7 ze)] = (9 [Acorel] -3 [AcoreZ] -3 [Acore3])
+Gy. 4 ([Acore2] — [Acore1)) (3.18)

0
Gy,

+ ze 4( [Acore%% [Acorel] )

which gives the desired dependence (3.15).

It is then reminded that the same linear combination can be applied to the finite ele-
ment stiffness matrices [Kcore, |, [Kcore,] and [Kcore,] rather than the constitutive matrices.
For the mass, the decomposition in Peore, = Pcore; = Peores = Peore/3 1 used although
concentration of the mass on one element is possible.

3.3 Periodic wave computations

The method proposed to evaluate effective parameters of the core relies on multiple eval-
uations of periodic modes. A first approach was implemented using classical periodicity
conditions. This is first introduced and allows discussion of pairing issues. Eventually,
the cost of this approach was found to be too significant and computations of periodic
modes based in Fourier/Floquet theory is thus introduced next.

3.3.1 Direct approach with a multiple cells

A first approach to computing periodic shapes is to mesh a model that has the length of the
considered period, L, along x-direction and L, along y-direction, and to apply periodicity
conditions on that mesh. The periodicity conditions on the normal modeshapes {¢} are

forally : {¢(0,y)} = {6(Lx,y)},
forallx : {¢(x,0)} = {¢(x,Ly)} ' (3.19)

Periodic solutions always come in pairs at identical frequencies, corresponding the
real and imaginary parts of the propagating wave. As illustrated in Figure 3.7, there is no
reason for the modes computed in the 3D and SVS models to have a matching phase.
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Figure 3.7: Comparison of 3D FEM and SVS FEM periodic modes before preliminary
updating

Every orthogonal combination of the computed modes is however an acceptable modal
basis. To ensure a good correlation, one thus combines pairs of eigenvectors to obtain,
one vector with maximum amplitude at the left edge of the mesh and another to have zero
amplitude. As illustrated in Figure 3.8, one thus seeks y such that

{¢max} = COS(W)- {¢ } +Sil’l(lv)_ {(I) }
{ {00} = —sin(y). {4’44} +cos(y). {¢: } (3.20)

The procedure can be applied to both FE models. {¢3"} and {¢3"°}, {02 } and

max

{(I)fn‘;i} can thus be compared and the parameters updating performed.

zero value maximum value
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Figure 3.8: Original eigenvectors compared to {¢,} and {9,,,.} eigenvectors

max

To evaluate the validity of the effective parameters, it is important to check that they
are independent of wavelength. Rather than computing the first mode of many meshes,
it is tempting to use multiple modes of a longer volume. Indeed, the second periodic
bending corresponds to the first periodic bending of a twice shorter beam. Figure 3.9
illustrates this correspondence of 100 mm and a 200 mm long beams.
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Figure 3.9: Wavelength of periodic modes.

Eventually, the computation of periodic modes for many wavelengths was found to be
very costly. The next section will thus propose the use of Fourier/Floquet theory for the
same objective.

3.3.2 Periodic modes by Fourier/Floquet theory

The objective of this section is to show how the periodic modes can be computed at a
much lower cost using Fourier theory. The section summarizes equations detailed in [40]
for the periodic structures and [41] for cyclic symmetry.

One considers a model whose properties are spatially periodic. For a physical re-
sponse, known at regularly spaced positions nAx, one can compute its Fourier transform

~+oo
(U} = Y {u(nAx)}e /o (3.21)
n=—oo
{U(x)} is a complex shape defined on the mesh of the repeated cell. One actually uses
two cells to represent the real and imaginary parts of {U}. The wave number K varies in
the [0, 2] interval (or any interval of the same length, since {U(k)} is periodic in the
wavelength domain).
Given the Fourier transform {U(x)}, one can recover the physical motion by comput-
ing the inverse Fourier transform

{u(nAx)} = % JRCOIE (3.22)
0

For a mono-harmonic response (fixed wave number ), the spatial transform is given
by {u(nAx)} = Re ({U(K)}ej”(w)) . This property can be used to recover motion on
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any cell based on known values on the first one. As the motion is continuous between
geometric cells, one has {ueft(nAx)} = {uyignt((n — 1)Ax) }. In a FEM model, displace-
ments are known at a number of DOFs assembled in a vector {U}. For a given cell, one
defines observation matrices [cr], [cr] to extract corresponding displacements on the left
and right edges. The continuity condition on all interface DOFs can thus be written in the
form [ep] {U(x)} = [er]{U(x) }e¢ /(2% Hence, in the real/imaginary format, one has the
constraint equation on nodes of the cell edge

[er.] — cos(KAX)[cR] — sin(KAx) [cR] Re(U) |
|: Sln(KA_)C) [CR] [CL] — COS(KAX> [CR] :| 2Nr><2N{ Im(U) } =0 (323)

Periodic modes are mono-harmonic solutions of wavelength /K. One thus seeks to

solve for
K- 0’M 0 Re(U)
J =

{ 0 K—oM H Im(U) } 0 (3:24)

with (3.23) verified.

Figure 3.10 illustrates the basic cell and restitution on multiple cells using (3.22) of
modes computed to 1/ equal to 3 and 17.

Figure 3.10: Periodic modes of the SVS model

One can usefully note that the wavelength L = 7/ covers the full interval of positive
lengths, that {u(3X —«)} = {U(k)}, and thus that the half spectrum corresponds to a
wavelength of Ax. Using the property of symmetry allows the use of computations for
wavelengths larger than Ax only. For forced responses, one solves for {U(x)} at multi-
ple ¥ knowing the transform of the applied loads, then uses a numerical approximation
of (3.22) to recover the physical response at any desired position.

The major advantage of using periodic modes is that only two cells need to be meshed
for computations at any wavelength. Compared to the simple periodicity condition with
multiple cells, it is thus much easier to compute modes for large wavelengths (low fre-
quencies). This method was thus preferred when it became available in SDT [34]. The
issue of matching modes discussed in section 3.3.1 remains and is treated similarly.
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3.4 Panel constituent properties and their influence

In this section one seeks to analyze the energy contributions of various constituents of a
honeycomb sandwich panel as a function of wavelength/frequency and glue properties. A
specific study of the 3D FE model and the comparison with the SVS FE model alow to
infer on the limits of the homogeneization.

To illustrate the procedure, a particular panel is chosen and its properties are given
in Section 3.4.1. Section 3.4.2 then analyses energy contributions in the core, skins and
glue layers. Section 3.4.3 further details the influence of glue. Finally local effects in the
honeycomb cell walls are detailed in Section 3.4.4.

3.4.1 Test case properties

The honeycomb sandwich specimen chosen is an Aluminum/Nomex honeycomb, avail-
able at ONERA and designated by AN20, whose properties are given in Table 3.2 and
Figure 3.11. It corresponds to the sample whose test is described in Chapter 4. One refers
to AN20L for beams cut along longitudinal direction and to AN20W along transverse (or
width) direction.

Table 3.2: Definition of AN20 Aluminum-Nomex test beam parameters

Geometric parameters Material parameters
Face sheet hy 0.6 mm pr 28 10%g/m’
(Aluminum) Eyf 72.5 GPa
Honeycomb core hy, 20 mm pn 1.3810% kg/m’
(Nomex) t(t'=2.t) 7.62102mm(1.524 107! mm) Ep,,, 3 GPa
a,b,0 2.75 mm, 2.75 mm, 1t/6 rad
Glue he="hs/2 0.3 mm Pg 103 kg/m?
(Hypothesis: epoxy) Lo 0.1 mm Eg, ., 2 GPa

The main advantage of this specimen is that face sheets properties are well known.
The cells are made of Nomex paper which is composed of short aramid fiber and phenolic
resin. The characteristics of this material are not well known. They can however be
assumed to be invariant by rotation within the paper plane. It thus seems acceptable to
consider the cell wall as a plate composed of isotropic material. This assumption is by
no means demonstrated and shows the difficulty in building a honeycomb model from
constituent properties.
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Figure 3.11: Definition of honeycomb core geometric parameters

The glue properties are completely unknown and a discussion will be done in Section 3.4.3.
Densities are those found in literature for such materials and have not been verified. The
influence of the core density will be discussed in Section 3.5.1.

3.4.2 Dominant constituents and wavelength

The objective of this section is the evaluation of energy contributions in honeycomb panels
as a function of wavelength/frequency. For plates, one is interested in separating the
membrane and bending contributions. For orthotropic representations of the core, one
wants a separate evaluation of the energy associated with the xz and yz transverse shears,
which dominate, and a verification that the remaining energy is negligible.

Periodic modes (propagating waves) are typically mass normalized when evaluated.
In the present case, one wants to compare the contributions of constituents at multiple
frequencies. One thus normalizes the strain energy, which is equivalent to compute the
energy fraction in each constituent. Based on the parametric decompositions (3.8) for
isotropic plates and (3.15) for orthotropic volumes one obtains stiffness matrices associ-
ated with specific terms in the constitutive law and computes energy fractions from

F(@)= L 50016} KA 9] (3.25)

with {¢} the mode shape vector at the considered wavelength. One notes that the consid-
ered decompositions of the constitutive matrices are sums of positive definite matrices, so
that the linear combination is really a sum of energies.

For the 3D FE model, face sheets, glue and honeycomb cells are modeled by isotropic
plates. The strain energy relative to the face sheets and to the glue is separated into A
terms, that refer to membrane/shear effects, and D to bending. As detailed in the dis-
cussion of the constitutive law parameterization done in Section 3.2.3, A terms depend

linearly on product E¢.hy for the skins and Ej.f, for the glue and D terms on E f.h} and
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Eg.tg. Concerning plate representations of the honeycomb core, the distinction between
membrane/shear effects and bending does not seem relevant here, since it is not directly
related to the effective parameters G}, and Gy,. The linear dependence to the cell wall
Young modulus Ej;,.x Will be the only one retained.

For the nominal panel (AN20), Figure 3.12 displays for the detailed 3D model the
evolution of the periodic mode frequency as a function of wavelength and the associated
energy contributions. The wavelength is scaled to the length of the unit cell L..;;, with
L.y = Ly, for beam along x-direction and L..;; = Lt for beam along y-direction, defined
on Figure 3.11. The plot clearly indicates very different regimes. Above 1000 cell lengths
(at low frequencies), the energy is essentially due to membrane effects in the skin. This
is underlying principle of honeycombs, the core only serves to separate the skins which
carry all the load.

Between 3 and 100 cell lengths, the core contains a major part of the energy. Its
properties are thus critical to properly represent motion with relatively short wavelengths.
For isolated panels, such motion only occurs at higher frequencies. When integrated into
frames, structural effects may lead to short wavelength behavior at low frequencies.
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Figure 3.12: Top: Energy contribution of constituents, detailed 3D model, bending along
x-direction. Bottom: Frequency of first periodic mode along x-direction. Examples of
mode shapes

For very short wavelengths, very high frequencies, one starts seeing local modes of
the skin and/or honeycomb (see Figure 3.21). Such modes are not really of interest to the
present study which focuses on low frequency panel behavior.
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One interest of the parametric study on the 3D detailed model is the ability to estimate
quantitatively the influence of the bonding. Very few results on its influence have been
found in literature. One can mainly mention Burton and Noor [42] who have studied the
effect of the adhesive joint between the face sheet and the honeycomb core on the static
response of sandwich panels. A 3D detailed FE model which represents in details the
adhesive layer has been implemented with ANSYS code. The authors have shown that
the ratio of the strain energy in the adhesive joint to the total strain energy could reach 11%
for titanium alloy honeycomb sandwich with high-modulus composite for face sheets. For
the considered specimen (AN20), the shear energy in the glue is above 8 % in the 10 to
50 cell lengths range (4kHz to 700Hz). This confirms the findings of Burton and Noor,
and justifies the need for a specific study of the glue presented in the next section.

Figure 3.13 shows a similar plot for the SVS model with separation of strain energy in
the skin, core transverse shear moduli G}, and G;Z and other energy in the core. Similar
regimes are found and one verifies the classical result that almost all the energy in the
core is associated with the G}, shear, for bending along x-direction.
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Figure 3.13: Top: Energy contribution of constituents, SVS model, bending along x-
direction. Bottom: Frequency of first periodic mode along x-direction

The parametric study on the detailed 3D model highlights the influence of the adhesive
layer on the dynamic behavior of the honeycomb sandwich beam, while the study on the
SVS model illustrates the classical result on dynamics of sandwich composite, the main
influent parameters are the face sheets Young modulus and the core shear moduli.
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3.4.3 Influence of glue parameters

The detailed 3D model is used in this section, the skin and Nomex paper properties are
assumed be known properly and one seeks to understand under which conditions the glue
influences the dynamic properties significantly.

Figure 3.14 illustrates the evolution of energy fractions in the glue layer for varying
glue moduli. By means of parametric study on the detailed 3D honeycomb, one readily
concludes that the strain energy in the adhesive joint decreases with the increase of the
glue modulus like found in ref [42]. Since 0.2 GPa is a very realistic value for epoxy it
clearly appears that the glue can indeed have a major impact on the short and medium
wavelength dynamics. One will now seek to evaluate the possible impact on the 900 mm
long AN20L sandwich beam.

+-@ Core
... Skin,

... Sking

Glue,,

Energy fraction

[}

~+02GPa | 7|
2.0 GPa
+++20.0 GPa

x +

Wavelength/L

Figure 3.14: Energy fraction of constituents. Detailed 3D model with 0.2 to 20 GPa glue
modulus

In practice, the exact geometry of the glue volume is not known and shows significant
irregularities. The representation of the adhesive fillet is presented in Section 3.2.1, in
particular Figure 3.3 compares the observed fillet with the model chosen. It was thus
chosen here to use glue shear and bending stiffness as parameters characterizing the glue,
that depend not only on E, but also on the glue element thickness 7,. The reference
deformations used to define these quantities are shown in Figure 3.15.

Shearing of glue wall

Figure 3.15: Parameterization and stress on glue element
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The considered model represents glue fillets as shell elements, parameters effectively
entered in the FE code are thus E, and 7,. For a clamped beam and a rigid top surface
shown in Figure 3.15, one can compute a bending moment M}, = Kp,,,40 and a shear force
F; = Kgpeqrx and thus relate E and 7, to equivalent stiffness parameters

Egat3

Kpend = g , (3.26)
T 12,
E,a’t

Kshear = £ 3g (3.27)
4hg

As the geometry of the real glue volume is not regular (see Figure 3.3), only plausible
limits of stiffness can be given. Kj,q and K., ranges are evaluated by surrounding the
real glue volume by parallelepipedic element. A typical value of glue Young’s modulus
is Eg= 2 GPa. According to manufacturers data, epoxy adhesive Young’s modulus E, is
within range

E,,, = 20MPa,
E,,,. = 5GPa. (3-28)

The glue thickness must be higher than the honeycomb cell wall thickness t = 0.762um
(see Figure 3.11) for the AN20L test beam. Concerning fg, . , it is chosen by observing
glue joint by electron microscopy (see Figure 3.3). The thickness of the skin is 0.6 mm,
it is assumed to be a reasonable value for the upper bound of glue volume thickness.

The height A, of the glue volume is lower than laminate thickness, 0.6 mm and higher
than 0.2 mm. With this approximate data, a realistic stiffness range of the glue is found
(Figure 3.16),

Khear € [9.89.10°, 7.21.107| N/m
-5 -1 (3.29)
Kpena € [1.01.107°,4.12.107 | N.m/rad.

The chosen meshing procedure represents glue as a shell with i, equal to the skin
half-thickness (0.3 mm), and a as the length of the honeycomb cell side. One thus has a
direct relation between (Kpeqr, Kpeng) and (t,,E,) based on equations (3.26) and (3.27).
Assuming E,= 2 GPa and t, = 0.1mm, leads to Kpenq/Kshear values in the middle of the
acceptable area (Kgeqr = 3.84.107 N/m and K.y = 1.53.1073 N.m/rad).

The reasonable areas for Kpe,q, Kspear and Ejg, o are plotted on Figure 3.16, respec-
tively in white and blue. The influence on the first mode frequency of the 900 mm AN20L
beam is shown in the figure and in Table 3.3. The effect is clearly significant, specially
for shear, and underlines the need for proper estimation of glue properties. One should
also note that Figure 3.14 showed that the importance of glue increases with frequency.
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Figure 3.16: Potential glue stiffness parameters Kgonq and Kspeqr and their influence on
the first mode frequency in free-free conditions

Table 3.3: Influence of Kpeng and Kspeqr on the first eigenfrequency of AN20L 900mm
beam in free-free conditions

KShear KBend (N.m/rad)

(N/m) [TOF 107 [10°[10° [10*[10° 10210 [ 1T | 10
10° 83.87 | 84.47 | 859 | 9435 | 101.4 | 102.9 | 103.5 | 103.7 | 103.7 | 103.4

3.710° || 140.2 | 1402 | 140.4 | 140.5 | 149.8 | 153.1 | 154.0 | 154.1 | 154.1 | 153.8

1.4 10° 169 | 170.7 | 1714 | 173.1 | 176.6 | 179.7 | 180.9 | 181.1 | 181.1 | 180.9

5210° || 190.5 | 187.6 | 187.6 | 188.4 | 189.0 | 190.1 | 191.0 | 191.3 | 191.3 | 191.3

1.9 10/ 193.5 | 194.1 | 193.5 | 193.9 | 194.1 | 194.5 | 194.7 | 194.7 | 194.7
7.2107 196.5 | 1959 | 196 | 196.0 | 196.0 | 196.1 | 196.2 | 196.3 | 196.3
2.7108 197.1 | 197.1 | 197.1 | 197.1 | 197.1 | 197.2 | 197.3 | 197.3

110° 198.0 | 197.8 | 197.7 | 197.7 | 197.7 | 197.8 | 198.0 | 198.0

Frequency (Hz)

3.4.4 Local effects of honeycomb cell wall

The next limitation of the equivalent SVS model is its inability to model local dynamics
within the honeycomb volume. While such dynamics are not desirable, understanding
their occurrence was deemed to be necessary to understand the frequency range of validity
for the considered models.

The local effect of honeycomb cell has been simulated for the AN20 test case, with
fixed skins and fixed edge cells. The meshing of the wall is refined to simulate the local
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bending of cells. Figure 3.17 illustrates the various regimes that can be found for variable
glue stiffness.

Mode 19 at 4150 Hz Mode 19 at 4150

Hz

7000~

T T J
Coupléd bend

of glué\and Z

S Neilwai

e Y I S aPa P —
N :
L cooot =
7] —— ~Pure bending modes
d_’ ‘of honeycomb cell wal
©Q 50000 .
c e and hpneycomb cellwall 77—~ .....:
¢ 8: 4000/~

Eigenfr:

E_ =5e3MPa
glue

10e4 10e6 MPa

(MPa)

10e-4 1 Oe- 1 1 Olez
Glue Young modulus E |
Mode 2 11183 Hz g

Figure 3.17: Local modes as a function of E,

For very low, probably unrealistic, E,, one has glue bending and shear modes. For
higher modulus, bending modes of the honeycomb cell wall are coupled with glue de-
formation and occur above 4 kHz. For a stiff glue (E, = 2GPa), modes are nearly pure
honeycomb cell wall bending and occur around 6kHz.

Those frequencies are above active control frequency band considered. However, that
depends on basic material for honeycomb, here Nomex, on kind of glue and on honey-
comb geometry and thickness. For each panel designed for active control one should
verify that local mode frequencies are out of active control frequency band.

For the determination of effective parameters in the next section, low wavelength pe-
riodic modes will be shown to depend significantly on dynamic deformation in the core
so that the equivalence between 3D and SVS model is not maintained in that frequency
range.
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3.5 Effective core parameters of an aluminum/nomex com-
posite

As outlined in the introduction, the SVS model is needed for large scale simulations, but
relies on the estimation of effective core shear moduli G§, and G}, which are not direct
material parameters. This section thus discusses a numerical procedure to estimate G},
respectively G;Z. The estimation is based on an automated parameter updating, matching
the frequencies of periodic modes of the 3D and SVS models at multiple wavelengths.
Section 3.5.1 illustrates the procedure for the AN20 Aluminum/Nomex specimen and
highlights the importance of wavelength regimes that were described in Section 3.4.2.
Section 3.5.2 validates the parameters obtained for computations on a full panel.
Section 3.5.3 addresses the question, often mentioned in the literature, of whether or not
effective parameters are dependent on skin properties. Finally, Section 3.5.4 discusses a

procedure to separate honeycomb and glue properties that would use multiple tests.

3.5.1 Effective core parameters identified by inverse problem

As illustrated in Section 3.4.2, periodic modes propagating in the x-direction have almost
their energy distributed between the skin and the shear energy associated with the G}, term
of the constitutive matrix. Assuming that the skin properties are well known, one can thus
perform a single parameter update of G}, in the SVS model to match the frequency of the
corresponding mode in the detailed 3D model. This section illustrates the process and its
limitations.

To avoid problems with skin properties, one uses the same skin models for both the 3D
and SVS model (shown in Figure 3.18). The periodic modes computed for SVS and 3D
FE models are computed for variable wavelengths. y symmetry is assumed to avoid in-
plane shear modes. Simple periodicity in the y-direction is assumed to focus on periodic
bending modes in the x-direction. At low wavelength/high frequency, cell wall bending
occurs and this effect will be discussed in more detail.

Face sheet

Shell elements

Rigid Link

Honeycomb
+ Adhesive

Volume elements

Figure 3.18: SVS model with skin geometry of the 3D model

Figure 3.19 illustrates the results of the proposed homogeneization procedure.
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The top graph shows the frequency error on the first bending mode for multiple values of
Gy,. The bottom graph shows the evolution of the G}, value for which the frequency error
is null. The mean value of 26.94 MPa is valid for a fairly large wavelength range but one
has divergence at both extremities. The high wavelength / low frequency divergence was
never explained properly.
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Figure 3.19: Top: error on the first periodic bending mode frequency for various values
of Gy,. Bottom: Estimation of G%, associated with no error. Detailed 3D model with 3 by
3 refinement (curves correspond to +0.8% to 0% mass)

Figure 3.13 showed that the core has very limited strain energy and thus significant
(diverging) modulus changes are needed to compensate for small frequency errors. For the
nominal honeycomb of the study (AN20), beyond 100 cell lengths, i.e. below 250 Hz, the
value of the shear modulus has too little influence on the bending energy to be estimated
by this procedure. After many sensitivity studies, including the switch to identical skin
models, it was found that only a mass correction would lead to a constant estimate of the
shear modulus. The figure shows that an arbitrary increase of the core mass by a little
more than 0.5% leads to nearly constant modulus. Figure 3.20 shows that a less refined
model requires a similar although slightly smaller correction.

While the inertia representation by a homogeneous density does seem a proper ap-
proximation of the 3D inertia, the correction needed is extremely small and a second
order effect in the inertia representation is plausible. In practice, honeycomb bonding
procedure clearly induces uncertainties in the mass much larger than 0.5%.
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Figure 3.20: Top: error on the first periodic bending mode frequency for various values
of G,. Bottom: Estimation of GY, associated with no error. Detailed 3D model with 1
element per cell wall

A second divergence is always for low wavelength, in the present case below 5 cell
lengths. Atlow wavelength, cell wall bending first adds to the beam bending, see Figure 3.21
(left), then the cell wall bending mode becomes the first periodic mode that occurs (here
near 10 kHz as shown in Figure 3.21 right). What explains the sharp divergence in case
of 3 by 3 refinement of the cell walls. When using a 3D FE model with only one element
per cell wall, see Figure 3.20, the full divergence disappears but one really cannot rely on
the estimated modulus values below 10 cell lengths.

The presence of the divergences motivates the need for experiments evaluating the
transverse shear for waves certain wavelength ranges. In the present case, the 30 to 200
cells length range (1500 Hz to 100 Hz), seems sufficiently sensitive to core properties
and independent local bending effects. Curves of G7, as function of wavelengths, es-
timated for 3D FE model with 1 and 3 elements per cell wall, have been superposed
on Figure 3.22. Besides the divergence below 5 cell lengths, already mentioned, one ob-
serves that the mean value of effective G}, obtained with the numerical procedure, for
the 10 to 100 cells length range, only differ by 2.45%. To understand the origin of this
difference, Figure 3.23 shows the relative error on the frequencies computed for the SVS
FE model with refinement from 1 element (shown in Figure 3.18) to a division by 5 ele-
ments, taken as reference. As expected, for small wavelengths, ie high frequencies, the
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1008085 Kz (4240

Figure 3.21: Mode shape for wavelengths 5.3 cell lengths (left) and 4.2 cell lengths
(right). Local cell wall bending occurrence

refinement is influent because the exact deformation in the core is not linear and can only
be reproduced with multiple elements. For wavelengths above 30 cell lengths the error is
very small and cannot explain differing estimated moduli. The difference in this estimate
is thus associated with the convergence of the 3D model.
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Figure 3.23: Frequency error on the first periodic bending mode for refinement of 1 to 5
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The updating of the shear modulus in transverse direction G}, gives very similar re-
sults. The energy fractions show the same transition between skin and GJ, contributions.
With an adaptation of the core mass, the modulus is constant at 17.82 MPa for all but
very short wavelengths. As for the x-direction, the estimation of G, with refinement of 1
element per cell wall (Figure 3.24) presents a slightly different result from the estimation

with refinement of 3 elements per cell wall, with only 0.45% difference.
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Figure 3.24: Top: error on frequency of the first periodic bending mode for various values
of G;Z. Bottom: Estimation of G;Z associated with no error. Superposition for 3 elements
and 1 element per cell

To conclude the section, it is useful to remind that the motivation for the SVS model
is to dissociate honeycomb cell and mesh geometry. Confirming that effective parameters
estimated for a particular configuration can be reused with other meshes is thus important.
Figure 3.25 illustrates the error on periodic wave frequency for elements of various sizes.
The error is only significant for low wavelengths. But then skin bending plays a significant
role there, so that using large elements are expected to induce errors (a 3 cells element for
a 4 cells period is really coarse indeed).
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Figure 3.25: Relative error (in %) on the frequency of the periodic bending mode for
variable SVS element sizes

Finally, Table 3.4 summarizes the formulations found in literature review for effec-
tive shear moduli Gy, and G},. The numerical values are given for the AN20 Alu-
minum/Nomex specimen. The shear moduli found through numerical estimation are
slightly lower than formulas of the literature, but it is not surprising since the glue, which
is softer than Nomex, is taken into account in the proposed procedure.

Table 3.4: Comparison of quoted estimation of GY, and Gy,

Author Hyp. G G; <
formula AN20 formula AN20
Kelsey [11] | =2t Up: G % 07 Lo 18.47
Low: GLLtsind 27.71

Gibson oot Up: Gé% 30.79 ' cosd 18.47

& Ashby [3] Low: GL 2| 30,79 @ e
Grediac [28] | =2t | Gy + 2T (GY” — Gil) | 28.04 L jcosd, 18.47
Meraghni [29] | t'= L#fe) 24.63 | GL % 16.69
Shi [30] | t'=2t G 2-cos02usind 27.71 Grtss 18.47
Chamis [22] | t'=t Gt 27.71 Gt 18.47
Noor ooy Up: GL % 30.79 i _oost 847

& Burton [26] Low: G Lsind 11.08 @
Florens [25] | t’=2t num 26.95 num 17.83

AN20: Aluminum-Nomex specimen, unit: MPa
Gilow and Gy:? are Kelsey’s ones,
num: direct numerical estimation,

tand ¢’: cell wall thicknesses (in the ribbon direction and sloping walls).
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3.5.2 Validation on a full panel

The end objective of estimating effective parameters is to allow full panel predictions.
This section thus compares free-free modes of a 0.40 m by 0.20 m rectangular panel
for both the 3D and SVS models. The effective transverse shear moduli of the core,
Gy, = 27TMPa and G}, = 17.8M Pa, were estimated separately in Section 3.5.1.

Figure 3.26 shows the very satisfactory results of the correlation. Examples of paired
mode shapes are shown on Figure 3.27. Modes 16-17 correspond to a classical switch
between modes. On the SVS, mode 16 has 5 nodal lines along x and 1 along y while
the opposite is true for the 3D FEM. For modes 23-24, one has a combination. In the
SVS model, mode 23 has 4-0 node lines and mode 24, 4-1 node lines. In the 3D model,
the modes are close in frequency (1.6 % difference) and the number of node lines in the
x-direction is unclear for both. This is visible in figure 3.28 were the node line is not in
the middle. Such a dissymmetry can be due to the mesh (that has been built to be periodic
and not symmetric) or to imperfect convergence of the eigenvalue solver.
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Figure 3.26: SVS FEM/3D FEM correlation of a 0.4x0.20 m rectangular panel in free-
free conditions
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SVS FEM Mode 6 at 1429 Hz

3D FEM Mode 6 at 1442 Hz

3D FEM Mode 14 at 2171 H SVS FEM Mode 14 at 214

Figure 3.27: Example of SVS/3D FEM modes correlated (6™, 14")

SVS FEM Mode 23 at 2898
3D FEM Mode 23 at 2888 Hz

SVS FEM Mode 24 at 2933 Hz
3D FEM Mode 24 at 2936 Hz

Figure 3.28: Example of SVS/3D FEM modes poorly correlated (237, 24')

3.5.3 Influence of skin on the effective parameters

The procedure proposed in this chapter considers the whole sandwich including skins.
This is consistent with the conclusion of Burton and Noor [26] that the face sheet thickness
has no significant effect on the value of effective parameters. This section seeks to validate
this conclusion, thus showing that the proposed approach is consistent with the many
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methods presented in literature survey of section 2.3.2 that do not consider skins in the
effective parameter estimation process.

As a first evaluation, one varied the skin modulus E in the range [1/3,1,3]Ey, with
Ef, = 72.5 GPa given in Table 3.2. Honeycomb core and adhesive properties are un-
changed. Figure 3.29 clearly shows that the mean value does not depend on E (the
change on the estimated shear modulus is lower than 0.2%). The divergence for low
wavelength is very similar, which gives an indication that core dynamics are a major
factor for this evolution.

The divergence for low frequency / high wavelength is significantly influenced by E.
The analysis of the energy fractions shows that for soft skins, the drop of energy in the
core occurs at lower wavelengths (higher frequencies). The divergence of the estimated
modulus thus appears to be associated with an incorrect representation of the energy dis-
tribution when the energy in the core becomes small.
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Figure 3.29: Top: Energy contribution of constituents for bending along x-direction -
Face sheet Young modulus: Ey,/3, Ef, and 3Ey,. Bottom: Estimation of G}, associated
with no error - Core mass correction +0.75%

A similar study was performed by varying the skin thickness /7. The low wavelength
drop in core energy is clearly much more sensitive to this parameter, than to the skin
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modulus. This confirms that the associated modes have a strong skin bending nature, as
was already discussed in section 3.4.2. The impact on the estimated modulus is however
quite small which confirms the validity of the homogeneization procedure.
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Figure 3.30: Top: Energy contribution of constituents for bending along x-direction -
Face sheet thickness: hg, /2, hy, and 3 x hy,. Bottom: Estimation of Gy, associated with
no error - Core mass correction +0.75%

Hohe [2] characterized the influence of the face sheets constraint on the estimation of
the effective core parameters. His conclusion was that there is an important part of strain
energy stored in the transition zone in the vicinity of the bonding to the face sheets and
that therefore, the thickness of the core has an influence on the homogenization due to the
contribution of the transition zone which could be more or less important. The strain en-
ergy in the honeycomb cells for wavelengths 60, 170 and 500, is displayed on Figure 3.31
and two skin moduli. While the strain energy distribution is clearly not uniform and
significantly depends on the wavelength, a concentration near the bonding zone is only
dominant for the soft skin 500 cell lengths wavelength. This case is also the only one
where the highest energy is not found in the inclined cell walls. The analysis thus seems a
possible starting point to explain the low frequency divergence on the equivalent moduli.
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Figure 3.31: Strain energy distribution in the core for wavelengths 60, 170 and 500. Top
: skin modulus=24 GPa. Bottom : skin modulus = 72 GPa

3.5.4 A procedure to estimate glue properties

The proposed procedure to estimate constitutive parameters is clearly valid but requires
knowledge of constituent properties. Very often and in the proposed application, glue
properties are not well known. This section seeks to address the issue of estimating glue
and core properties separately.

The underlying logic is that modal tests, such as those presented in chapter 4, could
be used to evaluate effective parameters for multiple honeycomb thickness with identical
gluing processes. Based on these estimated effective parameters, the homogeneization
procedure proposed here could be reversed to separate constitutive parameters for the
glue and the honeycomb. The section seeks to evaluate the potential effectiveness of this
procedure to motivate a possible future implementation.

The basic assumption proposed here, is that the effective core shear modulus G7, ver-
ifies the inverse rule of mixtures. It can be expressed as function of the pure honeycomb
effective shear modulus, noted G7, the equivalent glue layer effective shear modulus,
noted Gy, and the ratio of their respective thickness to the core thickness. With notations
of the Table 3.2, one has

=5 = 3.30
G. Gy, m G (530
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Note that, here the equivalent core is divided into 2 equivalent layers for the bonding
and 1 equivalent layer for the pure honeycomb core. Figure 3.32 gives the results of the
effective parameter estimation for a range of core thicknesses. For the AN20 specimen,
hy 1s fixed to the value 0.6mm (0.3mm per core/skin bonding), and 4, varied from 5 to 25
mm.
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Figure 3.32: Top: Energy contribution of constituents for bending along x-direction -
Core thickness: 5, 10, 15, 20 and 25mm. Bottom: Estimation of Gy, associated with no
error - Core mass correction +0.75%

By choosing extreme points, one deduces Gy = 16.08 MPa and G = 28.2 Mpa.
Table 3.5 shows that the linear (3.30) gives a good accuracy on the effective parameters.
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Table 3.5: Comparison between the estimated core shear modulus G, through numerical
homogeneization and the core modulus calculated from Gy and Gj,

G updated [MPa] | (3.30) [MPa] | Error [%] |

25.83 25.83 0
27.15 26.94 -0.76
27.49 27.34 -0.56
27.61 27.54 -0.26
27.66 27.66 0

1.07F
IS
£ 1.06
©
, X 1051
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Figure 3.33: Ratio G},(hy)/Gy,(5mm) for Gy, estimated through numerical homo-
geneization and calculated from Gg and Gj, (3.30)

A further step, that was not implemented, would update constitutive parameters of the
3D model (Eg, Eqomex) to match the effective parameters (G, GJ) found using experi-
ments on a series of samples.
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Experimental identification of Nomex
based sandwich composite properties
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4.1 Introduction

While chapter 3 introduced a clear homogeneization procedure to estimate effective pa-
rameters from known cell geometry and constituent properties, it also pointed out that
knowledge of these parameters was often a difficulty.

In the target application of panels, the honeycomb cores are made with Nomex paper.
Nomex paper is based on short aramid fiber paper impregnated with phenolic resin. Ex-
tensive literature searches and reviews on mechanical and materials properties of Nomex
paper used for Nomex honeycomb structure are present in Foo et al. [43], but this informa-
tion could not be applied to the honeycomb being tested. In practice the starting point was
thus an initial guess for elastic properties of glue and honeycomb listed in section 4.2.1.
And this is probably a very standard case.

Two types of honeycomb sandwich were tested, Aluminum/Nomex and Carbon/Nomex.
These test beams were cut in sandwich panels available at ONERA and referenced by
AN20 and CN20. The aluminum skin minimizes unknowns in the skin properties, while
the carbon skin is more representative or real applications. Dimensions and initial char-
acteristics are given in section 4.2.1.

The presence of thin layers and geometric transitions that are very difficult to measure
probably imply that the manufacturing process of honeycomb panels has an impact on
the actual properties of their constituents. A methodology to estimate parameters from
samples obtained from real panels is thus needed. Typical methodologies to measure
such information are static and vibration tests.

Earlier experience with Nomex honeycomb at ONERA led to suspect that a viscoelas-
tic behavior would be visible. Viscoelastic materials [44] are known to have frequency
and temperature dependent properties. It was thus chosen to concentrate the proposed ex-
periments on vibration tests, which allow testing at multiple frequencies, in a controlled
environment, which allows analysis of temperature sensitivity. Modal tests are thus per-
formed and model updating is used to estimate material characteristics for unknown con-
stituents.

Test configurations and modal test results are described in section 4.2. The estimation
of effective parameters is then addressed in section 4.3.

4.2 Modal tests

This section presents results of the modal test that were performed for later estimation
of effective core properties. Section 4.2.1 discusses sample properties and section 4.2.2
the measurement configuration. Section 4.2.3 analyses properties of measured transfer
functions and motivates the fact that the quantitative comparison can only be performed
on identified modes, which are given in Section 4.2.4.
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4.2.1 Test samples

Helicopter or aircraft trim panels are commonly made with non-metallic honeycomb core
sandwich. Nomex based honeycomb has the major advantage to have a lower density than
aluminum honeycomb. Nomex paper is based on short aramid fiber paper impregnated
with phenolic resin.

Two types of honeycomb sandwich were tested, Aluminum/Nomex and Carbon/Nomex.
These test beams were cut in sandwich panels available at ONERA and referenced by
AN20 and CN20. The aluminum skin minimizes unknowns in the skin properties, while
the carbon skin is more representative of real applications. To highlight the orthotropy
of the honeycomb core, samples were cut in the longitudinal and transverse directions
leading to four AN20L, AN20W, CN20L and CN20W beams. The (L) tests are however
exploited in more detail since they correspond to the configuration instrumented with
piezoelectric patches (see Section 5.3.1).

The dimensions are shown in Figure 4.1. AN20 and CN20 honeycomb sandwich only
differ by their skins, the Nomex honeycomb core and adhesive layers are the identical.

g 900 mm
£ |
<
face sheet
epoxy AN20 CN20
core Face sheet | Aluminum, 0.6 mm | Carbon, 1 mm
epox
face sheet Core Nomex honeycomb 20 mm

Figure 4.1: Definition test beams

As skin properties of the CN20 Carbon skins were not well know, tensile tests were
carried out on Carbon skin specimens, extracted from a sample of CN20 honeycomb
sandwich. The specimens were 120mm long, 20mm large and Imm thick, cut in both
longitudinal (L) and transverse (W) orthotropic directions of the sandwich to verify the
isotropic hypothesis. First, the thickness was measured with a microscope for more pre-
cision. For each sample, the thickness were measured in 3 or more points around the
middle of the specimen, where the displacement has been measured during the tensile
test, see Figure 4.2 (left). A force in the [0-3 kN] range was applied to the test specimen
and displacement was measured in the centre. The results of the tests on 3 specimens in
each direction are presented on Figure 4.2 (right). The mean value of the Young modulus
in the longitudinal and transverse directions are E; = 44.2 GPa and Ew = 45.7 GPa.
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Figure 4.2: Left: Side view of a Carbon face sheet specimen. Right: Young’s moduli
measured in longitudinal and transverse directions of the sandwich

The isotropy of the carbon fiber reinforced composite face sheet is not perfect, but
seems an acceptable hypothesis. The mean value chosen is 45 GPa.

Table 4.1 summarizes material values taken initially. Face sheet properties are con-

sidered well known, while honeycomb and glue parameters are considered very uncertain
and will be the object of parameter estimation.

Table 4.1: Definition of Aluminum/Nomex and Carbon/Nomex test beams parameters

Geometric parameters Material parameters

(thickness) (density, Young modulus)

Face sheet Aluminum hy 0.6 pr 28 Ef 72.5
Carbon hy 1 pr 1.6 Ey 45
Honeycomb core  Nomex hy, 20 prn 138 E,, 3
Glue Epoxy he=hy/2"",t; 03,01 | p, 1 Eg, 2

Length in mm, angle in rad, density in 103kg/m?, elastic moduli in GPa.
* 3D detailed FEM assumption (Figure 3.3).
** glue modeled on the basis of the AN20 specimen.
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4.2.2 Measurement configuration

Experiments in this chapter were conducted at the MSSMat laboratory of Ecole Cen-
trale of Paris. The experimental setup is shown on Figure 4.3. To ensure the free-free
conditions, the beam is suspended by 3 elastic strings. In the fourth corner the shaker
is attached and hung by springs. The test beam, shaker, transducer and scanning mir-
ror are put in a controlled environment chamber, so that tests can be made at different
temperatures. All beams were tested at 25°C. Additional tests at 5°C and 45°C, were per-
formed for the AN20L Aluminum/Nomex beam. Excitation forces are measured through

|

Laser Vibrometer PC Photon Il Dynamic Signal Analyzer
Polytech (LDS-Dactron)
Rotative miror ‘l’ Filter
Charge Conditioning
Amplifier
Acquisition Syétem (Bruel and Kjaer) e
LDS-Dagtfon Conditioner
. \l, (Polytec)
‘ Shaker + Transduce) Conditioner ShakeAr?u'?rt;)r:s:ducer T
i Polytech -~ .
Bruel & Kjaer vech (Bruel and Kjaer) Vibrometer Laser
B s acquisition
Honeycomb sandwich structure ,]\

g Controlled environnement chamber
rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr 7 Structure :

900*45*21 mm Honeycomb beam

Figure 4.3: Left: Experimental setup. Right: Acquisition chain.

a (Bruel and Kjaer) load cell which is screwed trough the whole sandwich using fine hole
(see, Figure 4.4, right). Velocities are measured using a Polytec laser vibrometer. An in
house scanning mirror setup located within the environmental chamber is used to measure
velocity at the various points.

The acquisition is performed using a Photon Analyzer from LDS-Dactron. The signal
sent to the structure is a white noise in the 0 - 3 kHz range created by the analyzer. Load
and velocity are measured and acquired into MATLAB using the Photon Active-X API.
Spectrum estimation and averaging is performed using SDT functionality [34].

Elastic
LASER ~ strings

Figure 4.4: Left: Experimental setup. Right: Shaker and Force transducer.
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4.2.3 Frequency response functions

This section analyses raw frequency domain measurements to give a feel for the measure-
ment quality and problems. Eventually only modes will be used in the updating process
and these will be presented in the next section.

Figures 4.5 and 4.6 show the Frequency Response Functions measured at sensor 1
for the 4 beams (AN20L, AN20W, CN20L and CN20W) for test performed at 25°C.
The curves indicate fairly good measurement quality up to 2.5 kHz. There is however a
significant number of poorly excited modes that will be more difficult to identify.

The figures illustrate the shift on the resonance between beams along L or W direc-
tions. This shift is due to the orthotropy of the honeycomb core induced by the manu-
facturing process. This effect confirms the need for modeling the double thickness of the
honeycomb cell walls in the longitudinal direction.

——AN20L 1z
- - -AN20W 1z

Velocity [m/s/N]

H I
500 1000 1500 2000 2500 3000
Frequency [Hz]

Figure 4.5: Frequency Responses for AN20L and AN20W beams - sensor 1.

Velocity [m/s/N]

I I I
500 1000 1500 2000 2500 3000
Frequency [Hz]

Figure 4.6: Frequency Responses for CN20L and CN20W beams - sensor 1.

Figure 4.7 gives a comparison of FRFs of the AN20L beam at 3 temperatures. The
influence of the temperature is obvious and quite significant, with frequency shifts of the
order of the frequency separation for some modes.
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To confirm the impact on multiple sensors, mode indicator functions are more appro-
priate. Tests at 25°C and 45°C have 48 points, while only 39 points are available for the
5°C test where the measurement quality is significantly lower. Figures 4.8 and 4.9 give
the multivariate mode indicator function (MMIF) [45] for the [200 800] and [200 3000]
Hz ranges. The plots clearly confirm the temperature influence.

Velocity [m/s/N]

I I I I I I I I I ]
200 400 600 800 1000 1200 1400 1600 1800 2000 2200
Frequency [Hz]

Figure 4.7: Frequency Response at temperatures 5°C, 25°C and 45°C - AN20L beam,
sensor 1z.
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Figure 4.8: Multivariate Mode Indicator Function for the 200 to 800 Hz.
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Figure 4.9: Multivariate Mode Indicator Function for the 200 to 3000 Hz.
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The MMIF is normally at 1 with minima near zero for resonances. The wide band
plot shows that this is true in the 2-3 kHz range but not true at low frequency. The
problem in these measurements was eventually tracked down to the presence of a low pass
filter on the velocity measurement but not on the force. One thus has a significant phase
error that changes with frequency. To allow proper identification, it is thus necessary to
introduce a model that can account for such an error in series with the measurement. The
modes identified in the next section thus use a series of narrow band estimates, which is a
classical method to circumvent the phase problem. The problem was eventually corrected
for piezoelectric tests described in section 5.3.2, but the tests of this chapter could not be
redone.

4.2.4 Identified modes

Modal tests [46, 47] combine measured responses at multiple locations and in the present
case acquired sequentially by displacing the vibrometer beam using the scanning mirrors.
As illustrated on Figure 4.10, resonances seen at all sensors directly give an indication of
mode shapes. In cases with noise or were damping is not very small and modes overlap,
identification of a parametric model that fits the measured responses is needed for proper
determination of mode shapes.

real part of FRF
1
@

2000

1000

frequency(Hz)

Figure 4.10: Real part of FRF plotted for all sensors along x.

The pole/residue identification method [48] (base algorithm implemented in SDT [34])
is used here to extract modes from measured transfers. For each pole, the frequency f in
Hz and the damping ratio { in % are given. In addition, the quality of the fit is quanti-
fied by the mean relative error on the Nyquist defined as follows. For pole j, and each
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response H, the relative local Nyquist error e; is evaluated by the ratio

(1+
fmj Cj |HTest I_Ild|2

0;.(

= 4.1
' fO(i]((lJrgj | Hrest |*

which measures identification error around the resonance of the considered pole. For

multiple responses, the mean over all sensors of the local Nyquist errors is given.

Mean Nyquist errors should be below 10% unless the response is small. Two exam-
ples with different qualities of fit are shown on Figure 4.11. On the top of the figure, local
Nyquist plots show a comparison of the measured and the identified FRF around a peak,
and allow a local evaluation of the quality of the fit, for response at sensor 1. On the
bottom, the local error is plotted for all sensors (Response index). Mode 15 at 1497.5 Hz
of AN20L beam at 25°C has small Nyquist error for the whole sensors, the mean error
e is equal to 3 %, whereas mode 17 at 1752.9 Hz, has a mean error of 29 % and their
properties cannot be considered as fully reliable (especially for mode shape correlation).
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Figure 4.11: Top: measured and identified local Nyquist plots around identified poles,
sensor 1. Bottom: Nyquist error for all sensors. 15th and 17th identified poles of AN20OL
beam at 25°C.

Table 4.2 gives identified modes for AN20L beam at 5°C, 25°C and 45°C. The differ-
ence in the mode numbers can be explained by the fact that some poorly excited modes
are not necessarily visible in each set of transfer functions. In Table 4.3, mode shapes
associated with first bending and torsion modes are plotted and matched at each tempera-
ture.
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One can link the Nyquist error and the quality of the identified mode shape. From Tor-
sion 1n to Bending 3n the error is below or close to 10%, the mode is easily identifiable.
But for Bending 7n and Torsion 4n, the Nyquist error is around or above 20% and the
shapes are not so perfect. For the first bending mode, the high level of e is explained by
the small range [®;.(1 — ), ®;.(14 )], indeed e is calculated only with two measured
points.

Table 4.2: Identified modes of AN20L beam in free-free conditions at 5, 25 and 45°C

Test at 5°C Test at 25°C Test at 45°C

n fl1 Tl e fl Tl e fl Tl e
1 183.33 | 3.461 | 16 | 17552 | 0.484 | 17 174.25 | 0.867 | 12
2 359.68 | 2.723 | 10 | 33990 | 1.304 | 8 | 333.68 | 0.824 | 9
3 42332 1 0949 | 8 | 41470 | 0479 | 6| 412.80 | 0.548 | 8
4 578.64 | 0.397 | 15| 556.64 | 0495 | 8 | 547.45 | 0.449 | 17
5 581.50 | 0.945 | 13| 591.46 | 0452 | 8 | 59092 | 0.675 | 13
6 599.72 | 0.564 | 17 | 62297 | 0.326 | 16 | 620.39 | 0.136 | 25
7 690.14 | 1.206 | 9| 670.58 | 0.554 | 4| 663.33 0490 | 9
8 711.79 | 0911 | 11 | 702.57 | 0.629 | 6 | 699.08 | 0.620 | 10
9 937.11 | 1.836 | 32 | 740.37 | 0470 | 4| 74278 | 0.519 | 10
10 | 98574 | 0.857 | 5| 906.18 | 0.836 | 3 | 925.56 | 1.170 | 53
11 | 1230.77 | 0.690 | 4| 965.70 | 0.523 | 3 | 958.12 | 0.553 | 8
12 | 1256.65 | 1.134 | 8 | 121048 | 0.294 | 3 | 1207.34 | 0.458 | 8
13 | 1307.54 | 1.127 | 5| 122696 | 0973 | 6 | 1215.33 | 0.863 | 10
14 | 153434 | 1.124 | 4 | 1263.98 | 0940 | 4 | 1263.64 | 0.749 | 6
15 | 1724.13 | 0.426 | 35 | 1497.50 | 0.783 | 3 | 1477.85 | 0.697 | 12
16 | 1795.62 | 1.387 | 62 | 1672.50 | 0.418 | 18 | 1664.49 | 0.372 | 24
17 | 2061.29 | 1.080 | 9 | 1752.89 | 0.950 | 29 | 1731.13 | 1.219 | 37
18 | 222897 | 1.176 | 11 | 2011.65 | 2.393 | 8 | 1985.30 | 0.923 | 17
19 | 233230 | 1.411 | 16 | 2020.85 | 0.811 | 6 | 2156.88 | 0.856 | 8
20 217532 | 0.785 | 3 | 223544 | 1.005 | 11
21 2266.08 | 0.975 | 3 | 2488.96 | 1.249 | 26
22 2510.73 | 0.724 | 7 | 2646.45 | 0.804 | 52
23 2541.02 | 0.795 | 14

24 2669.92 | 0.806 | 10

Table 4.3 tracks the evolution of matched modes showing mode frequency (f in Hz),
Nyquist error (n in %), shape, frequency shift (Af/f in %) and MAC (Modal Assurance
Criterion [49]) with respect to modes at 25°C.
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Table 4.3: Matched modes of AN20L beam in free-free conditions at 5°C, 25°C and 45°C
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To focus in data that will be used for effective parameter updating, bending mode fre-
quencies and shifts are shown in Figure 4.12. The temperature effect is very clear, with
a frequency shift around -1% when heating from 25°C to 45°C, and up to 4.4% cooling
from 25°C to 5°C. This influence of temperature is typical of viscoelastic behavior as will
be studied in Section 4.3.2.
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Figure 4.12: Top: Matched bending modes at 5, 25 and 45°C. Bottom: Relative error of
bending mode at 5 and 45°C regard to bending mode at 25°C

The three other beams were not tested as thoroughly and modal results are only avail-
able at 25°C. The associated poles are listed in Table 4.4. On the whole, the measurement
and thus also identification is of higher quality for Aluminum/Nomex beams. Thus, al-
though Carbon skins properties have been measured, the update of honeycomb core shear
moduli in section 4.3 was only performed for Aluminum/Nomex beams.
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Table 4.4: Identified modes of AN20L, AN20W, CN20L and CN20W beams in free-free
conditions at 25°C (f in Hz, L and e in %)

Test AN20L Test AN20W Test CN20L Test CN20W
n f1 € Je o] € e S € Je S € Je
1 175.5 | 0484 | 17 168.7 | 0.734 | 15 183.2 | 0.617 | 14 178.7 | 1.259 | 13
2 3399 | 1304 | 8 265.1 | 1.426 | 19 || 3555 | 0953 | 4 233.1 | 0596 | 4
3 4147 | 0479 | 6 3757 10474 | 8 368.5 | 1.239 | 7 2949 1 0.769 | 5
4 556.6 | 0495 | 8 518.7 | 0.730 | 4 4377 | 0.581 | 7 406.6 | 0.731 | 7
5 5915 | 0452 | 8 6234 | 0.536 | 36 || 583.3 | 0.246 | 17 || 566.6 | 0.675 | 6
6 623.0 | 0326 | 16 || 7746 | 0.327 | 2 639.0 | 0.337 | 13 || 630.6 | 0.372 | 8
7 670.6 | 0.554 | 4 800.6 | 0.008 | 2 708.0 | 0.607 | 2 656.4 | 0.600 | 7
8 702.6 | 0.629 | 6 829.2 | 0.693 | 4 826.4 | 0.635 | 8 741.0 | 0416 | 11
9 7404 | 0470 | 4 | 1016.1 | 0.733 | 3 10049 | 1.368 | 20 || 913.7 | 0431 | 6
10 || 906.2 | 0.836 | 3 1111.8 | 0.621 | 4 || 1072.6 | 0.668 | 5 1161.0 | 0.765 | 5
11 965.7 | 0523 | 3 12322 1 0459 | 3 1260.0 | 0.541 | 4 1202.1 | 0.740 | 4
12 || 1210.5 | 0.294 | 3 1433.6 | 0.670 | 12 || 13579 | 0.716 | 6 1391.6 | 0.785 | 6
13 || 1227.0 | 0973 | 6 1479.3 | 0.677 | 3 1390.7 | 0.648 | 5 1622.7 | 0.741 | 29
14 || 1264.0 | 0.940 | 4 || 1656.6 | 0.175 | 28 || 1648.1 | 0.083 | 10 || 1857.5 | 0.954 | 10
15| 14975 1 0.783 | 3 1830.9 | 0901 | 5 1832.9 | 0939 | 9 || 2073.7 | 1.146 | 34
16 || 1672.5 | 0418 | 18 || 1923.6 | 0470 | 5 1944.8 | 1.114 | 10 || 23219 | 0.830 | 21
17 || 1752.9 | 0.950 | 29 || 2032.2 | 0.950 | 4 || 2232.8 | 0.385 | 12 || 2526.0 | 0.463 | 21
18 || 2011.6 | 2.393 | 8 || 2226.3 | 0945 | 7 || 2363.2 | 0.922 | 9 | 2638.3 | 0.671 | 15
19 || 2020.8 | 0.811 | 6 || 2422.0 | 0.667 | 56 || 2518.3 | 0.160 | 9 | 2788.7 | 0.303 | 14
20 || 2175.3 | 0.785 | 3 || 2622.0 | 0.936 | 15 || 2844.6 | 0.115 | 11 || 3015.1 | 0.127 | 16
21 || 2266.1 | 0.975 | 3 || 2814.6 | 0.897 | 28 || 2922.4 | 0.226 | 22 || 3232.3 | 0.207 | 23

4.3 Effective properties of Nomex honeycomb

The objective of modal tests shown in the previous section was to give a reference to allow

estimation of unknown core properties.

AN20W beams.

most complete. The result, presented in Section 4.3.2, confirms viscoelastic behavior.

Modeling of a viscoelastic honeycomb panel equipped with piezoelectric patches in view of
vibroacoustic active control design

Section 4.3.1 addresses correlation principles and gives results for the AN20L and

Since one suspects viscoelastic behavior, updating of the core shear modulus is made
mode by mode and for the 3 temperatures using tests on the AN20L beam which are the

Finally Section 4.3.3 discusses fitting an analytic viscoelastic model to the measured
points.
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4.3.1 Test/analysis correlation

The first step of test/analysis correlation is the spatial correlation relating model DOFs
with sensor positions and directions. The construction of observation matrix relating spa-
tial fields on DOFs (39420 DOF in the case of the SVS model) with observation at sensors
(48 laser targets here) is based on the configuration shown in Figure 4.13. The matching
performed in SDT uses the shape functions associated with the underlying elements and
thus does not require coincidence of test and FEM nodes.

Figure 4.13: Sensors, test wire-frame, FEM nodes

Once topology correlation done, one can compare test and FEM modes at sensors
using the Modal Assurance Criterion (MAC [49]). One reminds that a value close to
1 indicates good correlation. To compare transfers, one further needs to define input
locations and affect a damping value to each FEM mode.

To start the correlation, one assumes elastic behavior and uses the effective shear
moduli presented in Section 3.5.1. Sample superposition of test and FEM modes are
shown in Figure 4.14, while Figure 4.15 gives the overall correlation in MAC and fre-
quencies. The correlation is quite good despite the presence of additional test modes
(in-plane modes in particular).

When considering bending modes only in Figure 4.16, the frequency error between
paired modes shows an obvious increase with frequency (from -1.3 % for the first mode
to 20% for the last). Similar results are found at other temperatures and shown in Fig-
ures 4.17 and 4.18.

Mode 8 at 846.1 Hz, 965.7 Hz 0.52 %

Mode 17 at 1973 Hz, 2176 Hz 0.78 %

Figure 4.14: Examples of paired test/analysis mode shapes. Top: Bending mode 5 nodes
at 965.7 Hz. Bottom: Torsion mode 5 nodes at 2175 Hz.
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Figure 4.18: MAC and frequency error for bending modes at 45°C.

4.3.2 Estimated shear modulus as a function of frequency and tem-
perature dependence

In the considered experiments, the skin properties are well known. As seen in Section 3.4.2,
parameters with most influence on the modal frequencies are thus G}, and Gy, for the L
and W configurations respectively. Having a single influential parameter, running the
parameter updating loop shown in Figure 4.19 is fairly direct and can be done for each
bending mode in the test. In practice, the procedure can be somewhat lengthy so that
reduced models described in Section 3.2.2 were used.
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. FEM
: Mode frequencies
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Mode frequencies
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of the frequency error

Material parameters
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Figure 4.19: Process of parameter estimation by updating

The result of the procedure is a modulus value at each of the modal frequencies shown
in Figure 4.20. Figure 4.12 showed a deviation of the bending frequencies increasing
with frequency and decreasing with temperature. This translates here into a modulus with
the same trends, which are typical for viscoelastic materials [44, 50]. In the considered
experiments (see Table 4.2), the modal damping in not very well estimated and could not
be used for a relevant validation of the viscoelastic behavior.

>£ ------- x * R x
40} ! 4
0o o8 e g
3| o - A SN Qe G- 0]
I e o ©

w
)
T

w
X
T
:::__Ool
<

Shear Moduli (MPa)
8 8
T ™

N
@
T

-x--G, updated at 5°C
Xz

N
2]
T

N
.4*.

|

|

--¢--G,_, updated at 25°C ||
-0 'G;Z updated at 45°C |4

|

|

500 1000 1500

Frequency (Hz)

2000 2500

Figure 4.20: Equivalent shear modulus GY, of the core (honeycomb+glue) as a function
of frequency and temperature.

To gain a better understanding of possible errors in this procedure, Figure 4.21 gives
the energy fraction associated with the G, and GJ, shear moduli in the test bandwidth.
One clearly sees the bending modes with energy associated with GJ, increasing (20 %
for the first mode, 48 % for the second, ...) and the torsion modes having decreasing
energy (93 % for the first mode, ...). Above 2 kHz more complex shapes are found and
the energy fraction associated with GJ, starts to pick up. The relatively small energy

Modeling of a viscoelastic honeycomb panel equipped with piezoelectric patches in view of
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fraction in the first mode may cast some doubt on the modulus value estimated for the
first mode in Figure 4.20. Re-use of the estimated law on the CN20 beam equipped with
piezoelectric patches will however confirm the value (Section 5.3.3).
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Figure 4.21: Energy fraction relative to G, and Gy, shear moduli for AN20L test beam.

One has thus demonstrated a modulus change from low to high frequency is nearly a
factor 2 and one has a strong variation in the 0-1 kHz range which is the low frequency
range where active control is typically considered to limit vibrations levels, when passive
mechanisms are not yet efficient. To predict responses at all frequencies, an expression of
G as a function of frequency is needed and a procedure is discussed in the next section.

4.3.3 Analytic representation of the complex modulus

Viscoelasticity problems can be solved as elasticity problems with a complex modulus
that depends on frequency. This property is known as the elastic/viscoelatic equivalence
principle [51, 44]. The complex modulus G is characterized by a constant storage moduli
G’ and loss factor 1,

G(s)=G'(1+jn) 4.2)
A four parameter fractional derivative model, function of the Lapace variable s,

Gmin - Gmax

G=¢G —_—
max"’ 1"—(%0)“ Y

4.3)

is known to allow a compact representation of the frequency dependence of the modulus
for many viscoelastic materials [52, 50]. The high G, and low G,;, frequency moduli
correspond to real asymptotes, while the ® and o coefficients influence the frequency of
the maximum loss factor and its value, which are related to the slope of the real modulus
and the point at which this slope is maximum.
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A simple non-linear least squares matching the analytic expression of G’ = R e(G(s))
and the estimated moduli at test frequencies, was used to estimate the four parameters
in (4.3). The optimization was performed using the MATLAB fminsearch function.
Results for both moduli (based on the AN20L and AN20W tests) are shown in figure 4.22.
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Figure 4.22: Experimental transverse shear moduli Gy, and Gy, updated and viscoelastic
law fitting. AN20L, CN20L and AN20W beams

Figures 4.23 and 4.24 show the test/analysis correlation performed with the estimated
GY.(f) and GJ,(f). Correlation for the initial constant modulus is shown in Figure 4.23
for the AN20L and figure 4.24 for the AN20W. Clearly the frequency dependent modulus
gives much better correlation in both configurations.

10 %

- 6%

=4 2%

- L] — - — -_— hy
] - e - hy
4 29 w
- 6%
-10 %
pR R R R R R £ P £ R B R
® @ 0 I ~ © Jrel o - ~ =
©¥ ©3 =3 ©8 2% SR 38 3 % 05 o R 33
Yo No 5O go N o <t o N o o« oo INE=] [N} 0o
- N < N © N o N N N N NN NN NN N N NN
PR o - o =T =T ®T ®T ®T wT ®T & =T ®T
® ©~ C o O~ ~ ~ © N = © i =
-3 ~ G ®3 <5 ©§ © 5 ™5 @® = SEN Se o= Ny
o2 P o2 08 0N oY o~ 0o 0o ] 0 e}
o= 3% 3% 28 T - T T - TN o [VR] o o
g~ 3 g° g g g g g g g g %
= = = = 2 2 2

Figure 4.23: Test/analysis correlation with updated G, at 25°C - MAC and frequency
error for bending modes.
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Figure 4.24: Test/analysis correlation with G}, = 18 MPa (top) and updated Gy, (bottom)
at 25°C - MAC and frequency error for bending modes

The effective core parameters, updated by test/analysis correlation on Aluminum/Nomex
specimen, should be characteristic of the core itself. Thus, the frequency dependent ef-
fective parameters were reused for Carbon/Nomex sandwich beam. Due to sequencing of
the tests, this validation is done for the piezoelectric excitation to laser measurement that
will be introduced in the next chapter. Figure 4.25 clearly indicates that for a modulus
adapted at 700 Hz, resonances below are too high (the modulus is overestimated), while
resonances above are underestimated (the modulus is too low). Using the analytic repre-
sentation of the shear modulus G, (f), predictions fit the measured responses extremely

well.

Note that the transfer is obtained by using (3.15) to build the dynamic stiffness at
each frequency and the fixed basis reduction procedure outlined in figure 3.5 to speed

computations.
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Figure 4.25: Test/Analysis Frequency Response Functions of a Carbon/Nomex honey-
comb beam - Piezo 1 actuator - Laser sensor 6

The good quality of end prediction should not occult the fact that these tests were not
very well calibrated. To illustrate the issue, one generated multiple estimates of G(s) for
variations in the CN20 skin properties considered to be within realistic error bounds. The
values shown in Figure 4.26, clearly demonstrate the need to test skin properties with high

accuracy.
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Figure 4.26: Influence of skins thickness on the viscoelastic law of experimental trans-
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Chapter 5

Finite Element Model of Honeycomb

panel equipped with piezoelectric
patches
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5.1 Introduction

Piezoelectric materials are ceramics with the property of producing electric charge un-
der external force. This direct effect of piezoelectricity is used for sensing. The reverse
property, which consists of creating a strain in the medium under electric field, is used
for piezoelectric actuators. For more details on piezoelectric materials, see Preumont’s
handbook [10]. Rectangular piezoelectric actuators and sensors are classically used for
active structural acoustic control (ASAC) on honeycomb sandwich composite trim panels.
Other shapes of patch can be found in literature, but only rectangular patches available on
the market [53] are studied here.

The issue of this chapter is to understand how a piezoelectric patch coupled with the
sandwich behaves and how to improve its efficiency. With this intention, The CN20L
sandwich specimen with Carbon fibers reinforced composite for skins and Nomex based
honeycomb core (described in Section 4.2.1), equipped with piezoelectric patches, is
modeled and tested. Preliminary updating of the CN20L beam have been made, pre-
sented in Section 4.3.

Section 5.2 recalls existing finite element formulation of piezoelectric medium, devel-
oped by Piefort [9]. This FE formulation is implemented in the existent SVS FE model of
honeycomb core sandwich composite in MATLAB/SDT. In Section 5.3 the FE analysis of
CN20L beam equipped with 3 piezoelectric patches is compared with vibrating tests. One
searches to validate the FE model of honeycomb sandwich with integrated piezoelectric
patches by comparing the modal behavior and frequency responses.

Experiments have revealed a local behavior of the piezoelectric actuator. Section 5.4
addresses this local phenomenon, and in particular the ability of the FE model to repro-
duce the behavior in the vicinity of the actuator. Some additional experiments with refined
measuring grid have been led to validate those observations.

In Section 5.5, one is interested to the use of a simplified FE model, which is compared
with the previous FEM, for industrial purpose.

5.2 Models of piezoelectric medium

A piezoelectric patch bonded on plate structure is clasically modeled by a multi-layer
approach [9]. Using the multi-layer laminate theory, without piezoelectric behavior, sum-
marized in Section 2.2.3, the electro-mechanical coupling of the piezoelectric medium
is first introduced (Section 5.2.1). Finite element (FE) approach is applied to piezoelec-
tric multi-layer laminate and leads to state space model (Section 5.2.2). Then, theoretical
resolution of this FE problem is presented in Section 5.2.3. Models presented in this
section are implemented in MATLAB/SDT and validated on honeycomb beam specimen
equipped with piezoelectric patches, Midé [53] QuickPack QP20W, bonded on the skins
(Section 5.3).
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5.2.1 Multi-layer plate formulation with piezoelectric laminate

In this section, the global multi-layered laminate theory is used for piezoelectric laminate.
The layers are constituted with piezolectric material, then electrical equations that gov-
erns the medium and their coupling with the linear elasticity have to be considered.

From this section, the notations of the IEEE standard [54] are used,

Table 5.1: IEEE standard and elasticity notations

| | Elasticity | IEEE Std. |
Stress (N /m?) {c} {T}
Strain {e} {S}

One recalls that engineering notation is used for strain vector (see Section 2.2.2).
In the scope of the piezoelectric patch FE model, the following assumptions are set,
see [54] for justification

e quasi-electrostatic approximation,
e thermoelectric coupling neglected,
e linear piezoelectricity,

e uniform electric field and displacement across the thickness and oriented along the
normal direction to the multilayer mesh-plane.

Under these hypotheses, the electrical and mechanical constitutive equations for 3D
piezoelectric material are coupled [55]

{S} = [s*]{T} +[a)" {E} (5.1)
( S11 ) [ 511 s12 si3 0 0 O ] ( Ty ) 0 0 ds
S s12 s» s3 0 0 O T 0 0 dxn E
S33 (_|s13 s23 533 0 0 0 T33 n 0 0 ds; E
So3 0 0 0 s4g4 0 O T3 0 dy O E2
S31 0 0 0 0 s55 O T3 ds 0 0 3
(s2) [0 0 0 0 0 se||lT2) [0 0 0]
Orthotropic ma?errial compliance PZT piezoelzcrtric coupling
{D} = [d{T} + [T |{E} (5.2)
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( Tll 3\
T:
Dy 0 0 0 0 ds 0 o e, 0 0 Ei
Dy y=| 0 0 0 dy 0 0 S E,
D; dy dyp dyy 0 0 0 Ti 0 0 e E3
PZT piezoelectric coupling . T12 ) Permittivity

where, {D} is electric displacement (C/m?), {E} is the electric field (V /m), {S} the strain
and {T} the stress (N/m?). The matrix [SE} is the compliance under constant electric
field, [d] the piezoelectric constants (m/V or C/N) and [€T] is the dielectric constants
under constant stress matrices.

In equations (5.1) and (5.2), directions 1 and 2 coincide with the orthotropic directions
of the piezoelectric sample, and direction 3 with the direction of the polarization. For PZT
material, considered here, the piezoelectric coefficients verify d3p = d3; and dys = d5.

Equations (5.1) and (5.2) can be rewritten in the single matrix form

(=8 s )

or to have a symmetric constitutive law [56]

{ b }: { [[c;] —[TLTS] } { & } (5.4)

The matrix [CE} refers to the stiffness when the electric field is constant. [e] relates the
electric charge per unit area {D} to the strain under a zero electric field (short-circuited
electrodes), and is linked to the piezoelectric constants matrix [d] by

[e] = [d] ["]. (5.5)
[ES} is the permittivity under constant strain matrix and verifies
[€5] = [7] —[eld]". (5.6)

The Mindlin’s first order plate theory assumptions are summarized here. In addition,
piezoelectric hypothesis are given, to obtain the constitutive equations of the piezoelectric
Mindlin shell, formulated by Piefort [9].

Plate formulation consists in assuming one dimension, the thickness along x3, negligi-
ble compared with the surface dimensions. Thus 733 = 0 on the bottom and upper faces,
and assumed to be neglected throughout the thickness. Under Mindlin assumptions, a
fiber normal to the mid-plane remains straight after deformation but no longer orthogonal
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to the mid-plane (see Figure 2.1). The transverse shear strains are assumed to be con-
stant through the thickness. With IEEE Std. notations and by gathering the in-plane and
out-of-plane strains, one writes for each layer k

In-plane  {S}, = {S™}.+z{x},,

Out-of-plane  {Y}, .7)

where {S™}, is the mid-plane strain of layer k. {S™},, {x}, and {y}, are related to the
displacement field according to the kinematic model (2.17) (where {€™}, = {S™},). In
the same way, one notes

In-plane  {T}, = {711 Tx le};f,

5.8
Out-of-plane  {t}, = {T»3 Tl3}]{a e

and the reduced in-plane elastic coefficients set up in-plane stiffness matrix [q{ﬂ , (in (2.11)
gij for i, j = 1,2,6) and transverse shear elastic coefficients set up transverse shear stiff-
ness matrix [gf | . (in (2.11) g;j for i,j = 4,5), see Section 2.2.2 for details on reduced
stiffness matrix.

It is assumed that the electric field {E} and displacement {D} are uniform across the
thickness of each layer and oriented along the normal direction to the multilayer mesh-
plane (direction x3), one has

0 0
{E}k = 0 ) {D}k = 0 ) (59)
Ep=—3 Dy

with ¢y the difference of electric potential across the layer and /4y the layer thickness.

Finally, the linear piezoelectricity for each piezoelectric layer k provides that the
piezoelectric principal axes are parallel to the structural orthotropy axes and that the pol-
ing direction is the direction x3. And it is assumed that no shear strain is induced by
a transverse electric field (e34 = e35 = e3¢ = 0) which is the case for PZT piezoelectric
laminate.

By simplification of (5.4), and using the notations introduced above, one obtains the
constitutive equations for the piezoelectric layer k

{1}, = [aF] {S}; — {e31 ex 0} Ex, (5.10)
{t}e = [af] Y} (5.11)
Dy = {e31 exn O}k {S}k + &E}. (5.12)
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Notice that, for PZT material, non zero elements of matrix [e] are e31, €32, €33, €4,
e1s, and since E| = E3 = 0, no shear strain is induced by the transverse electric field, and
T T
—[e] {E} = {—631 — €32 — €33 00 0} E3.

From the definition of the stress resultants, given in equations (2.18) to (2.20), and
by including electro-mechanical coupling, the formulation for piezoelectric plate relates

{N}, {M}, {Q} and {D} to {S"},, {x}; and {y}, and {¢},,

(N} = [{Thdz= [, [R] ) [aB], [RE] 56 (S} — [RE] 1 Lot 32 0} Erdz

Zk - m 5.13
= Lk k-1 [Rl'ﬂ (1%276) [qllﬂk [RIS(] (1,2,6) ({S }k +Z{K}k) dz ( )

-1
— Lk szk—l [Rlﬂ (1,2,6) {es1 e 0},{Ek dz,

M} = [z{T}dz

= LS [RE] (b [aE], [RY] g ({S™ )+ 2 () ) a2 1D
— Y 2 2 [RY] (71{276) {e31 32 0} Epdsz,

and
{Qt = [ {r}dz
» (5.15)
= Yl [RY] 5 [ac], [RE] 5 (Vi dz.
D, = {631 e O}k [Rlﬂ (1,2,6){S}k + &L E},
(5.16)
= {3132 0}, [RY] (5 ) ({S™ i+ zmn{K}) +EuEi
Tk +
Note that / hikdz = Zk_szk = Zmk-

Zk—1

[Rlﬂ (see (2.32)) and [Rls‘] (see (2.33)) are the rotation matrices, associated to the
angle Oy, relating the stress and strain in any structural basis to the stress and strain in the
piezoelectric material principal basis,

(0] [RS

. [RY] =

(5.17)

0] | [RE],
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One has [R§] ' = [RK]", thus [RK] |, ¢ {es1 ex2 0} = ({es1 €32 0}, [RE] ;).

And {e3 e3, 0} [RE] ( will be written {Gy }. One recalls

1,2,6)

cos?0; sin0; sinBrcosO;
[Rls‘] (12.6) = sin%0y, cos20; —sinB,cosO; , (5.18)
v —25inBrcosO;  2sin®rcosO; cos*Or — sin®0y

In a compact form, Mindlin piezoelectric plate formulation is

r A B 0 hk{Gk}T cer T
N B D 0 ce kahk{Gk}T R sm )
M K
Q Y

: = 0 0 F cee 0] - : . (5.19)
Dy, —Ey
: : : . 0 N /
Gk Zmk Gk 0 —&
L 0 J

If needed it is possbile to use the matrix [H] = 2 [F] instead of [F], where  is a shear

correction factor, to improve the model of the shear effect. The matrices [A],[B],[D],
[F| are respectively the extensional stiffness, the extension/bending coupling, the bend-
ing stiffness and the transverse shear stiffness matrices, classical stiffness matrices for a
composite laminate given by (2.40) to (2.42).

5.2.2 Finite element formulation of a piezoelectric plate

Given the constitutive law (5.19), the principle of virtual work can be simply used to ex-
tend a classical shell element to include one additional electric DOF, ¢, per piezoelectric
layer which is assumed constant over the element, and in SDT is common to all elements
covered by an electrode (the potential is associated with a single electric DOF for all
elements of a given property).

The displacement field at any integration point, identified by coordinates (r,s) in the
reference element is related to displacement at nodes by the means of shape functions

{u<r7s)} = [NM(V,S)} {Qi}, (5.20)

The strain vector and the electric field can then be related to the nodal displacements
and potential by the shape functions derivatives [By] and division by thickness for the
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electric displacement [By]
S™(r,s)
K(r, ) B,(r,s) 0 }{ qi }
_ , 5.21
o =17 5 | 62D
i

or giving all the components

(st Yy [A 0 0 0 0 |
m
sm 0 A, 0 0 0 -
v Ny A 0 0 0 h
Koy 0 0 0 0 AN, 2
Kyy 0 0 0 -4, 0 0 Y
Ky L_| 0 0 0 —AL A, 5 (5.22)
Yoz 0 0 A 0 XN J
Yyz 0 0 Ny _N 0 q)
: 0 k
—E; 0 h_lk L)
L )] 0 |

where N[, A, are the derivative of the shape functions with respect to cartesian co-
ordinates at the current integration point and {q;} are the DOFs at element nodes.

For each element the element formulation is obtained by integrating over the element
the work of generalized strains (5.22) for generalized stresses (5.19). The result takes the
form

[MulI]e{iji} + [Kuu]e{qi} + [Kuq)}e{q’i} = {Fmech}e (5.23)
[Kq)u] e{qi} + |:K¢¢i|g{¢l} = {Qk}e
with [Myy], the element mass (electro-statics are assumed so there is no mass for
electric terms),

Mul, = [ p[2]" [2]av.. (5.24)
Ve
[Kuu], the mechanical stiffness matrix,
Kudlo = [ 18] [c] [BulaV.. (5.25)
Ve

[Kuq,} . the piezoelectric coupling matrix,

Kuo], = [Koa] = [ [Bu]" e [B] V.. (5.26)
V.

e
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and [Kgyg], the capacitance matrix,

Kol =~ [ 8] [e5][Bo] V.. (527

For Mindlin piezoelectric plate, the matrices [Kyy],» [Kuq,]e and [Kgo| take the fol-
lowing forms

A B O
K, = / 37| B D 0 |[By]ds. (5.28)
J 0 0 F

T T ‘ {Gk}T

Kuel, = [Kou]} = [ 18| - a{Gad - |ds. (5.29)
5 0
[Kog], = —Se e/ (5.30)
0 .

with {Gk} = {e31 €32 0}, [RE] (1.26) and S, the element area.
or giving all the components
{Fmech }, is the external mechanical force,

(Fueen}e = [ [2]" {Ps}as. + [2,)" (P}, (531

Se
If the software implementation considers potentials ¢y that are constant over elec-

trodes, and thus common to multiple elements, Q corresponds to the total charge on the
electrode and is equal to the integral of the electric displacement over the electrode area,

Ok = | DidS, (5.32)
!

The non uniformity of the charge under an electrode will be illustrated later (see Section 5.3.4,
Figures 5.16 to 5.18).
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5.2.3 Resolution

Once assembled the model takes the form

Iyu Kyp } { Qmech } { Fimech }
= 5.33
{ Kou Koo O Qx (533)
with the classical dynamic stiffness [Z] = [M]s? + [K].
When simulating the response, one needs to consider sensor and actuator configura-
tions.
Piezoelectric patches used as sensors have a charge that remains zero (open circuit

mode). One can thus condense the electric DOF. Indeed, one considers an electrostatic
behavior (no Myy or My, ) and assumes Qy = 0, one thus has

{ q?;nim }: { —[Kq)q,]ll [Kou {dmecn} = [T]{dmecn} (5.34)

This relation can be used to eliminate the electric contribution from the system equa-
tions which become

(T]" [Z][TH{ qmeen} = [T]" {F} (5.35)

From this condensation it clearly appears that a patched used as sensor induces a shift
of frequencies from a configuration without piezoelectric coupling.

Piezolectric patches used as actuators have a difference of potential ¢, that is enforced.
One can thus use the electric part of (5.33) to determine the charge

{Qx} = [Kpu K¢¢]{ q’ﬁ“h } (5.36)

and consider the system equations with no piezoelectric coupling and an electric load

[Zyu){qmech } = {Fmech} — [Kuq)} {0y} (5.37)

It clearly appears that the dynamic stiffness of this configuration, is that of the purely
mechanical model with no piezoelectric coupling. The modes of [Zyy] correspond to the
case with ¢y set to zero. In other words, the actuator configuration leads to closed circuit
modes.

In the resolution process implemented in [34], electrodes are declared to be either
open or closed circuit which allows a condensation or elimination of electrical DOFs
before computation of modes and static correction for inputs which are used to build the
state-space model.
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5.3 Validation on the honeycomb beam actuated by piezo-
electric patch

In this section, the FE model of honeycomb beam CN20L with piezoelectric patches
QuickPack Midé QP20W, implemented in MATLAB/SDT is compared with tests.

The test case and the setup are first presented in sections 5.3.1 and 5.3.2.

A test/analysis correlation has been made, and the modal behavior of the beam is
compared, considering or not the viscoelastic law of the honeycomb core (Section 5.3.3).

A specification of the QuickPack Midé QP20W is that it is made of a stack of two
piezoelectric layers. It is thus possible to plug the electrodes to favor membrane or bend-
ing behavior of the patch depending on the effect expected on the structure actuated.
The Section 5.3.4 focuses on the validation of the FE model, with respect to tests, for the
specific membrane or bending actuator of the patch QP20W.

5.3.1 Test case characteristics

The beam tested in this chapter is the CN20L Carbon/Nomex honeycomb sandwich beam,
900mm long, 45mm large and 22mm thick, equipped with 3 piezoelectric patches Quick-
Pack Midé QP20W. This beam have been previously tested without patch, the results of
the estimation of the equivalent core parameters as a function of frequency are given in
Chapter 4. The beam properties are recalled in Table 5.2, the piezoelectric patch ones are
given in Table 5.3.

Table 5.2: Definition of Carbon/Nomex composite properties

’ ‘ Geometric Parameters ‘ Material Parameters

Carbon face sheet | hy 1 pr 1.6 Ep,. 45
hy,t  20,7.621072
ab,0 275275 % | P
Epoxy glue hg,te  0.3,0.1 pe 1 E, 2

Nomex Honeycomb 1.38  E,, 3

Length in mm, angle in rad, density in 103kg / m3, elastic moduli in GPa

Piezoelectric patches used for experiments on the Carbon/Nomex honeycomb beam
are Midé [53] QuickPack Actuators QP20W, whose specifications are given in Table 5.3.
It is a strain-type actuator that consists of two piezoelectric layers encapsulated in a film.
For standard QuickPack strain actuators, the material is industry type PZT-5A, its proper-
ties are given in Table 5.4.
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Table 5.3: Midé QuickPack QP20W properties

Specifications
Device size 2.00x1.50%x0.03 (in) 50.8x38.1x0.76 (mm) _

Device weight 0.28 (0z) 7.94 (g) = N=(0.E!
Active elements 1 stack of 2 piezos =
Piezo wafer size 1.81x1.31x0.01 (in) 46.0x33.3x0.25 (mm)

Device capacitance 0.20 (uF) ﬁ’
Full scale voltage range 4200 (V)
Table 5.4: Piezoelectric material Properties
Property \ Symbol \ Units \ Value
Density P kg/m’ 7700
Dielectric Constant | €7 /g €9 = 8.85 x 10712 F/m 1800
k, 0.63
Coupling k33 0.70
Coefficients k31 0.30
k; 0.40
Piezoelectric ds3 C/Nx10~12 350
Charge Coefficients | d3j=d3,* m/V 10712 -179
(Displacement Coeff) | ds not given by Midé, reference value [10]: 500
Piezoelectric
Voltage 233 V.m/N*1073 24.2

Coefficients 231 -11.0
(Voltage Coeff)

Elastic ki N/m? % 1010 6.9
Moduli c’353 5.5

* the poling direction is x3 and PZT is supposed to be isotropic in-plane (x1,X3)

By default, the QuickPack Midé QP20W, with two piezoelectric layers, has 4 elec-
trodes not connected with each other. The connection is determined and made by users.
Associated issues will be discussed in Section 5.3.4.
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5.3.2 Experimental Setup

To validate the piezoelectric plate model and its integration on the full honeycomb SVS
model, the beam was tested in free-free conditions up to 2 kHz. Three piezoelectric
patches were bonded on the beam as shown in Figure 5.1. Piezo 1 and Piezo 2 were
bonded on one side at two different locations, Piezo 3 on the other side of the beam, just
below piezo 1, in a configuration classically thought to lead to a collocated input/output
pair.

Accelero 2
Piezo 2

Piezo 1 Piezo 2
L T L T T T T
Piezo 3 i
o o ool e e e o D00 e
AREARRERRREHES e R EREE SHEE AR S0, SR d50ie v RHELIRELE

740,750,760,770,780,790,800

340,350,360,370,380,390,400,410
Laser sensors A6 1

Figure 5.1: Test beam with piezoelectric patches

Two experimental modal tests were conducted on the beam. The first one, performed
at the Marcus Wallenberg Laboratory for Sound and Vibration Research (MWL) of KTH
Stockholm University, focused on the overall modal behavior of the beam. The results
are discussed in Sections 5.3.3 and 5.4.1. Inputs considered were piezoelectric actuator,
shaker and hammer. Two accelerometers were available to measure the z-acceleration at
the Piezo 1 and Piezo 2 positions. Additionally, a laser vibrometer (from Polytech) was
used to measure the z-velocity of the beam in 26 points centered on the beam upper side
and shown in Figure 5.1. Membrane and bending actuation were considered to cross-
check the validity of the setup (Section 5.3.4).

Exploitation of this test eventually motivated a second one focusing on the local me-
chanical deformation under the patches, see Section 5.4.2. The second test was per-
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formed at MSSMat laboratory of Ecole Centrale of Paris. The overall setups are illus-
trated in figure 5.2. A voltage amplifier (from Treck) was used to drive the piezoelectric
patches which were connected in parallel to favor membrane actuation (see discussion
in Section 5.3.4).

Laser
Polytech

Acquisition\System

|

PC

piezoelectric actuator
Midé Qp20w

Treck

Honeycomb sandwich structure

Figure 5.2: Experimental Setup. Left : picture of setup used at KTH. Right : functional
representation of setup (for tests at KTH and ECP)

Test analysis correlation initially showed significant phase errors. Significant energy
was thus spent diagnosing the problem which was eventually associated with the volt-
age amplifier. As shown in Figure 5.3, the overall transfer of the test has the vibration
transfer in series with an amplifier at the input and a velocimeter filter at the output. Fig-
ure 5.4 shows the initial measurement, the measured amplifier transfer and the corrected
structural transfer which is the one that should be correlated with the model.

Test
Uinput Gamph Upiezo H Vbeam G Uoutput
1+ (O] structure laser
[ON
Analysis

Figure 5.3: Functional representation of the measurement loop
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Figure 5.4: Frequency Response Functions amplifier transfer, structure transfer com-
pared with model transfer and raw measured transfer, (velocity/piezo voltage)

The account for lowpass filter of the voltage amplifier allows to have a model transfer
in good agreement with the corrected measured structure transfer.

5.3.3 Correlation of modal properties

Finite element model presented in Section 5.2 has been implemented in MATLAB/SDT.
One recalls that for piezoelectric shell a single electric degree of freedom (DOF) is con-
sidered for each difference of potential through the thickness of each piezoelectric layer.
And this DOF is thus common for all elements covered by a given electrode. This differs
notably from the strategy used in piezoelectric volume elements, where the electric poten-
tial is defined at physical nodes and electrodes are defined as constraints: one grounded
electrode and an equipotentiality constraint for the other. In the QP20W application, each
patch has two piezoelectric layers and is thus associated with two electric DOFs.

For the implementation, the first strategy for the integration of the piezoelectric com-
ponent in honeycomb beam model is an adaptation of the mesh to conform to the patch
limits. One assumes the behavior of the elements covered by the piezoelectric material,
shown in grey on Figure 5.5, to be that of a single shell with three layers, the skin and the
piezoelectric layers. Laminated shell properties are computed using formulas described
earlier. The influence of glue, which is sometimes important was neglected here due to
a very low thickness (estimated at 0.03 mm). An electric DOF is also affected to each
piezoelectric layer of the element.

The material properties for piezolectric layers are elastic properties (E, G, v, p) and
piezoelectric constants d and dielectric constants €.
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Figure 5.5: Modeling of sandwich beam with piezoelectric layers

The modal test/analysis correlation is performed from the first test made at KTH Uni-
verstiy. The significant spatial resolution was meant to allow simple test/analysis corre-
lation. The results shown in Figure 5.6 and Table 5.5 indicate a very good correlation
in shaped, but errors in frequency that have a global trend. As shown in Section 4.3,
Nomex based honeycomb and/or glue have a viscoelastic behavior which causes the error
on modal frequencies seen here.

Paired MAC

MAC-Error
(=] (=] (=)
~ ®» o

e
[§)

<

12 3 4 5 6 7
model vs. Test Test

Figure 5.6: Test/Analysis correlation on Carbon/Nomex (CN20L) beam without parame-
ter frequency dependence

Table 5.5: Test/Analysis correlation on CN20L beam without frequency dependence

Test \ Model AF/F | MAC
| fHz) | n | fHz) | %
180.4 | 7 | 203.7 | 129 | 100
4394 | 10 | 4592 | 45 99
7357 | 11| 7324 | -04 | 99
9944 | 14 | 9544 | -40 | 99
1330.1 | 16 | 12459 | -6.3 | 95
15769 | 18 | 14543 | -7.8 | 99
1893.5 [ 19 | 1725.1 | -89 | 97

N N R W= B
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Figure 5.8 clearly illustrates that once the correct viscoelastic behavior is used, given
on Figure 5.7, frequency errors are quite small. Table 5.6 shows mode frequencies and
shapes of the Carbon/Nomex beam actuated by the patch Piezo 1, measured with laser
vibrometer, accounting for frequency dependence of the core properties. Modes are well
correlated, MAC is higher than 95% for the 7 first bending modes, and the frequency error
is lower than 1.4 %.
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Figure 5.7: Viscoelastic law G%,(f) of Nomex core including the glue updated from test
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Figure 5.8: Test/Analysis correlation on Carbon/Nomex beam with frequency dependence
of G;z
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Table 5.6: Test analysis correlation on Carbon/Nomex beam

mode | f(Hz) CTeSt shape mode | f(Hz) plode ihape AF/E | MAC
1 180.4 0.015 | —mmmM —— 7 179.7 99
2 4394 | 0.0088 | — T——— 10 435.5 99
3 73577 | 0.0069 | T T—— T~ 11 726.3 99
4 994.4 | 0.0087 \—;\—/ 14 990.7 99
5 1330.1 | 0.010 /—\/w_\/ 16 1312.8 95
6 1576.9 | 0.010 /\/m\/‘\ 18 1554.5 99
7 18935 | 0.014 | 7"~ 19 1871.3 98

The viscoelastic law G7,(f) has been used to obtain frequency transfer that accounts
for the frequency dependence. Figure 5.9 shows the transfers obtained by taking into ac-
count the frequency dependence (red dash curve), which is very similar to the test transfer
(blue solid curve). Whereas with a constant shear modulus Gj,, simulated resonances are
shifted compared to test ones (green dash-dot curve).

Overall, the modal behavior is very well represented by the finite element model which
is clearly validated. The experiments however showed that out of resonance, the dynamic
behavior of the beam includes very local effects that were not reported elsewhere. These
local effects will be analyzed in much more detail in Section 5.4.
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Figure 5.9: Test/Analysis Frequency Response Functions of a Carbon/Nomex honeycomb
beam - Piezo 1 actuator - Laser sensor 6

5.3.4 Membrane and bending actuation

To analyze the local effects in Section 5.4, it is important to understand how the patch
actuation works. When a voltage is applied, a patch polarized in the x3 direction stretches
in its plane (x1,X3). Due to the offset of the patch from the mid-plane of the shell, this
membrane load induces moments and membrane loads that are located at the edge of the
patch. On classical beam models [57, 10, 9], one represents two loads at the edges. For
surface models considered here one really has a distribution of bending moment and in-
plane load along the edge of the patch, as represented on Figure 5.10.

Figure 5.10: Moments and membrane loads induced at the edge of the patch
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For the QuickPack QP20W, the two piezoelectric layers (electrodes) can be connected
in parallel or in series depending on the voltage delivered by the amplifier. One can also
use equal potential on both electrodes to favor membrane actuation and opposite potential
to favor bending. If the electrodes are connected in phase, the moments induced on the
edges of each layer tend to compensate for each other and the overall effect is a membrane
actuator. Connected in phase opposition, the moments on the edges add up and generate a
more efficient bending actuator. The Figure 5.11 sums up the possible cabling of the two
electrodes of the QuickPack QP20W patch.

Connection in phase : membrane actuation
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Figure 5.11: Electrodes connection - side view and circuits - top view

To verify the setup and illustrate the local effects, tests in both configurations were
performed. Figures 5.12 and 5.13 illustrate the transfer between Piezo 1 to laser output
with both cabling configurations. Test and analysis are also superposed in the second
figure to confirm the quality of the model. Cabling 1 (membrane actuation) is clearly
much better in the present case with much higher induced vibration and bigger distance
between pole and zero.
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Figure 5.13: Compared test/analysis FRF between actuator Piezo 1 and z-velocity of
node 3394 (center of the patch) - cabling 1 and cabling 2
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To further illustrate the higher efficiency of cabling 1, the impedance of piezo-

Piezol
electric patch 1 was computed and is shown in Figure 5.14. The efficiency (;%Zg piezoelec-

tric actuator is directly proportional to the distance between pole and zero. For widely
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separated poles and zeros, the phase excursion would be 180°. For cabling 2 (bending ac-
tuation with 2 electrodes of the patch in phase opposition), the first 3 modes show a maxi-
mum phase below 1°. The potential of the actuator is thus extremely small. This confirms
that cabling 2 is not appropriate to control the considered beam. Cabling 1 (membrane
actuation) has a significantly higher potential but the maximum phase remains quite small.
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Figure 5.14: Phase of impedance (transfer from tension to charge) at Piezo 1 - Cabling
1 (membrane) and Cabling 2 (bending)

To gain further understanding, one computed the quasi-static response for an actua-
tion at 10 Hz. Figures 5.15 and 5.16 display the mechanical z-displacement and charge
distribution in the actuator elements. The charge is displayed at the 4 integration points
of each element, which do not correspond to nodes, so that no mesh is shown.

Bending, 10 Hz

Membrane, 10 Hz

Figure 5.15: Quasi-static response at 10 Hz for bending and membrane actuation. Me-
chanical displacement. Color proportional to vertical displacement.
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The mechanical displacement clearly shows that skin bending actuation induces al-
most no global bending at this frequency. Membrane actuation induces overall bending
but also a very significant local bending below the patch. This effect is critical for the
poor performance of piezoelectric actuators in the present case and will be analyzed in
more detail in the next section.

The charge distributions the two electrode of the patch used as actuator, shown in
Figure 5.16, give useful information on how the patch really behaves. The charge distri-
bution is very far from being uniform. The top electrode Q2 shows the most variations, as
expected since it is located further away from the neutral axis. In membrane actuation, the
mean charge is significantly higher, and the difference between minimum and maximum
charge smaller than in bending actuation. This is consistent with a higher efficiency of
the membrane actuation with 2 electrodes of the patch in phase.
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Figure 5.16: Quasi-static response at 10 Hz for bending and membrane actuation.
Charge in the top Q2 (shown right) and bottom Q1 (shown left) electrodes shown with
the same scale

[ 4

Figure 5.17 for vertical bending, and Figure 5.18 for in-plane bending and torsion
show the charge distributions of the three patches for the two first bending modes (charge
distributions in bottom and top electrodes are shown left and right). Piezo 3 is used as
actuator, whereas Piezo 1 and Piezo 2 as sensors. The most variations are again found for
the top electrode Q2. The display can be used to verify that the average charge over the
surface of sensors is equal to zero as expected. This distribution is however not uniform
as was found to actuators.
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Figure 5.17: Bending response at 199.39 Hz (top) and 452.85 Hz (bottom) for membrane
actuation (Piezo 3). Charge in the top Q2 (shown right) and bottom QI (shown left)
electrodes shown with the same scale
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Figure 5.18: In-plane bending at 259.64 Hz (left) and twisting at 376.86 Hz (right) re-
sponses for membrane actuation (Piezo 3). Charge in bottom Q1 electrode

5.4 Residual flexibility: experimental measurement and
implications

This section will focus on the illustration of local bending effects of the patches. The
detailed mechanical behavior of the structure under the patches has been the object of
very few studies. Its impact in the configuration studied in this work is very significant. It
is believed that such effects may reduce the performance of active control to some level

in a large number of configurations, hence the emphasis placed on the detailed validation
of these effects here.

Section 5.4.1 details the results found in the initial modal test that indicate local bend-
ing in the vicinity of the patch. As such effects have not been publicized in the literature,
section 5.4.2 details a refined test with detailed measurements over the patch surface.
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5.4.1 First test along the beam center

The first indications of the issue where found analyzing forced responses of the beam
modal test. Figure 5.19 shows test results indicating that the for frequencies away from
the resonance, the piezoelectric patch shows significant distortion in phase with the mode
before resonance and in opposition after resonance.

Mode 2 at 440 Hz 402.5 Hz
! B Sensor 9]
402.5 Hz | 14725 Hz /_\/
i
T Mode 2 at 440 Hz
Frequency 2y~ % f\_/
Frequency (Hz)
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Figure 5.19: Left : Transfer from patch 1 to displacement at the middle of the patch
around the frequency of test mode 2. Right : shape before, at, and after resonance.
Carbon/Nomex honeycomb core beam

Magnitude

Phase (deg)

For a test using actuation on Piezo 3 (placed on the bottom skin), Figure 5.20 shows a
similar effect with a smooth mode and local bending of the top skin for forced responses
at off-resonance frequencies.

445.8 Hz 1.68 %

405.0 Hz 470.0 Hz

S——

Figure 5.20: Test deflection shape measured by laser on the top face, beam actuated
by piezo3 placed on the bottom face. Top: identified mode. Bottom: responses at off-
resonance frequencies.

As shown in Figure 5.21 and the superposition in Figure 5.22, these experimental re-
sults are very well reproduced by the model. In Figure 5.22 the shapes are normalized to
optimize the match, since calibration information needed for a direct superposition was
missing in the test. With this adjustment, the superposition is almost perfect thus showing
the FEM validity.
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Mode 2 at 440 Hz 402 Hz

a025Hz: /N (472502 77 /_J\/
i Mode 2 at 439.2 Hz Mode 2 at 439 Hz
T Fequeneywy /\/
il W SRR CCI 472 Hz
ol |
‘:7 7 [ /\\,\_/
o

]
Frequency (Hz)

Magnitude

Phase (deg)

Figure 5.21: Analysis of the CN20L beam, actuator: patch 1. Shape before, at the 2nd
mode, and after resonance
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Figure 5.22: Test and simulation deflection shape comparison

5.4.2 Local behavior in vicinity of the patch

To give a clearer validation of the local behavior around the patch a second modal test was
performed at ECP with a much denser test mesh around the patch shown in figure 5.23.
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Figure 5.23: Measurement locations for the modal test focusing on the patch behavior
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The density of measuring points has been increased in the vicinity of the patch to
show the blister. The test and simulations in Figure 5.24 reveal the same phenomenon on
the patch. In Figure 5.25, the quantitative comparison of the local patch deflection in x
and y directions confirms the nearly perfect correlation. Measurement errors are visible,
especially in x direction because the sensors were really close (only 3.8 mm between each
reflector).

Mode 2 at 436.2 Hz 458.7 Hz

400 Hz

Figure 5.24: Response before resonance at 400Hz, at resonance 436Hz, and after reso-
nance at 458Hz. Top: test. Bottom : simulation
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Figure 5.25: Local blister shape comparison on the x and y axes.
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With a validated model, one can give a clearer explanation of the phenomenon. The
static deformation due to the actuator has a blister shape shown in Figure 5.26 (see also
Figure 5.15 for a global view). In the low frequency range, this static deformation has
a major contribution at all frequencies except resonances. For modes (at resonances),
only the passive characteristics of the actuator have an influence so that a smooth shape is
found.

Figure 5.26: Blister of piezoelectric actuator. Simulated response at 375 Hz

To underline the importance of this result, one computed the impedance of actuator
Piezo 1. As outlined for Figure 5.14, a significant phase excursion is needed for efficient
actuation. Figure 5.27 compares the phase for a model with or without static correction.
It immediately appears that ignoring static correction would give the false impression of
an efficient setup.
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Figure 5.27: Phase of impedance (transfer from tension to charge) at Piezo 1. Cabling 1
(membrane). Blue : with static correction. Green: without static correction.

Modeling of a viscoelastic honeycomb panel equipped with piezoelectric patches in view of
vibroacoustic active control design



Using piezo models for design 115

5.5 Using piezo models for design

With the proposed modeling strategy being clearly validated in earlier sections, this sec-
tion focuses on the practical implementation of the modeling strategy. A simplification of
the model of patch plus skin is presented in Section 5.5.1, the purpose is to generate more
quickly the meshing for any placement configuration and for any size of patch. As shown
previously, the efficiency of the piezoelectric patch on the nominal honeycomb sandwich
(CN20, Carbon/Nomex honeycomb of 20 millimeter-thick) is limited by the local effect in
vicinity of the patch. The performances of patch actuation are discussed in Section 5.5.2
by comparing the position of open an closed circuit poles for several configurations of
sandwich thickness. Section 5.5.3 adresses to the modeling of a realistic trim panel.

5.5.1 Integration strategy

The model considered in previous sections implies significant adaptations. As shown in
Figure 5.28/a, the mesh is adapted in the vicinity of the patch and two composite proper-
ties are considered. One for the standard honeycomb skin (shown in blue in the figure)
and one for the patch which includes multiple layers for the skin plus two layers for the
patch, as shown in figure 5.10.

This approach is fine for a small beam model and if only few configurations of patch
locations are considered. Indeed, the adaptation of the mesh under the patches would be
quite time consuming for a large panel where multiple patch configurations would need
to be tested. Furthermore, many articles in the litterature consider that the piezoelectric
patch is glued using a viscoelastic material. In such cases, a volume layer is needed to
represent shear appropriately.

The idea tested here is thus to use separate elements to model the skin and the piezo-
electric patch, with linear constraints used to account for the offset between the two.
The shear stiffness of the glue layer (G/h) is deemed sufficiently high to suppose perfect
bonding and thus omit glue modeling.

An automated procedure was introduced to mesh the patch. Based on a given rectan-
gular shape, skin elements strictly under the patch are projected to the patch mid-surface.
The boundary between the projected elements and the edge of the reference rectangle is
then meshed automatically. The resulting model is shown in Figure 5.28/c. This approach
is deemed more acceptable than an adaptation of the honeycomb mesh because it only af-
fects a small part of the model and would be adapted for the reuse of nominal modes of
the nominal panel. As an intermediate validation, a model with two separate layers (skin
and piezo) but an adapted underlying mesh is also considered and shown in Figure 5.28/b.
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Piezo 2

Piezo 1

Figure 5.28: Piezoelectric patch model strategy: a/ adapted meshing and integrated
patch, b/ adapted meshing and 2 layers (patch and face sheet), ¢/ non-adapted meshing
and 2 layers

To compare these models, electric and mechanical transfers are shown in Figures 5.29
and 5.30. For piezo to mechanical and piezo cross transfers, the responses are almost
QPiezoZ

Piezo2
about 30 % on the static response. This error can reasonably be attributed to the lack of

adaptation of the mesh on the patch edges.

perfectly superposed. For the impedance however, there is a significant offset of
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Figure 5.29: Electric transfers for the 3 strategies. Input actuator Piezo 2 (Voltage). Left:
output sensor Piezo 1 (Voltage). Right: output charge generated on Piezo 2
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Figure 5.30: Sample piezo to laser sensor transfers

The problem on static response is illustrated in Figure 5.31 which shows the quasi-
static shape generated by the actuation (since the structure is free floating, one shows the
deformation at 1 Hz which avoids problems linked to rigid body modes). The deforma-
tions clearly show that the blister shape under the patch cannot be perfectly reproduced
due to the lack of mesh adaptation.

Mode Shape at 1 Hz

Mode Shape at 1 Hz

Mode Shape at 1 Hz

Figure 5.31: Shape at 1Hz for the 3 model strategies of the piezoelectric actuator (Piezo2)

The proposed strategy using multiple partially adapted meshes through the thickness,
is thus limited by the ability to reproduce local effects under the patch. The local nature
of this effect is clearly considered a design flaw of the considered configuration. With
better designs, the patch would induce bending with much greater wave length and the
mesh adaptation would probably be not as necessary.

5.5.2 Geometric properties and performance

The poor performance of the proposed configuration was clearly related to local bend-
ing of the skin under piezoelectric actuation. This was illustrated through the phase of
impedances in Figures 5.14 and 5.27. Another classical approach is to compare the posi-
tion of open an closed circuit poles. Figure 5.32 shows that these are indeed very close in
the chosen nominal configuration.
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Figure 5.32: Measured electric transfers between actuator Piezo 2 and sensor Piezo 1
with Piezo 3 open or short-circuit

To confirm intuition that the impact of the blister shape will depend on the panel
characteristics, Figure 5.33 displays the evolution of the shift of frequency between open
and closed loop configurations for input at actuator Piezo 2. As expected, diminution of
the core thickness leads to lower frequencies. A less trivial result is that the frequency
shift augments significantly (in the nominal 20 mm configuration a shift of 0.1 % is only
obtained above 1 kHz, with a 1 mm core it is found for the third mode around 200 Hz).
This shows that the proposed actuators would be appropriate for plate actuation and that
the problem comes from the honeycomb sandwich layup.
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Figure 5.33: Open/closed loop frequency shift (in %) as a function of core thickness (from
1 to 20 mm). Actuator 2.
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5.5.3 Application to a realistric trim panel

The industrial objective of this study was to be able to predict the effect of the active
control on helicopter trim panel made of honeycomb sandwich. The VASCo mock-up
shown in Figure 5.34 was developed by ONERA DMAE department in Toulouse to allow
a wide range of tests on a cabin representative of generic NH90 helicopter. The internal
volume is 2.9x2.5x2.2 m>. The mock-up is composed of several frames and longerons,
Carbon - honeycomb sandwich panels having a structural and acoustic role, side doors,
a floor, and a roof. Loudspeakers and shakers are implemented to simulate aerodynamic
sources and gear box excitations [58], the conditions in the cabin are close to acoustic
measurement in a real helicopter cabin.

Figure 5.34: VASCo mock-up

The helicopter trim panel chosen for validation is made with glass fiber laminate for
the face sheets, Nomex based honeycomb and melamine foam for the core, skins and core
are glued with epoxy resin, honeycomb and foam with glue redux 382H. The panel is
located at the trim roof. Its size is 1160 x 1240 mm, with 10 attachment points to the
cabin around the panel and 4 more around the centre. The attachment is done using blocks
which are considered elastic in the computation. Properties of the layup are given in Table
5.7 and figure 5.35, which also shows the location of piezoelectric patches.
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Table 5.7: Definition of VASCo sandwich properties

‘ Geometric Parameters ‘ Material Parameters
Glassfiber face sheet | hy 1 pr 1700 Ey 21000
Epoxy resin h, 04 pr 1200 E, 4000
Nomex Honeycomb | i, 2.6 prn 96 E, 1
Glue redux 382H he  0.15 pe 1050 E, 1950
Melamine foam h, 14 pm 11.7 E, 0.35

Length in mm, density in kg/m?>, elastic moduli in MPa

fiberglass : 1 mm
epoxy resin : 0.4 mm
honeycomb : 2.6 mm CLITTTTTTTTITTTTTTITITTT]

glue : 0.15 mm

melamine foam : 14 mm |0 RN

Figure 5.35: Trim panel used in VASCo mock-up. Left: patches localization. Right:
description of sandwich layers

The objective of the simulation is to demonstrate the applicability of the proposed
methodology to an industrial configuration. The mesh was generated using 9 elements
trough the thickness: 2 outer shells for the skins, and volume elements for the other layers
which are 4 glue, 2 Nomex honeycomb and 1 melamine. The piezoelectric patches are
modeled using 4 x 4 elements which is sufficient to view local skin bending. A local
automated 2D meshing procedure is used to obtain the adaptation of panel and patch
mesh sizes before generating the thickness layup through extrusion. Despite this fairly
rich procedure, the model has a reasonable size with 52 900 nodes, 221 000 DOFs and 60
000 elements. This poses no problem for panel computations and integration into a larger
model could be easily done using superelements.

The accuracy of mode predictions was established in Friendcopter european project [59]
(restricted publication).

Active control tests performed by ONERA showed very local acoustic emissions
around the patches. The model was thus used to confirm that this panel configuration
also showed local skin bending effects. Figure 5.36 clearly shows the blister shape for
a static piezoelectric input. Figure 5.37 compares impedance computations with and
without static correction. It clearly appears that the impact is even larger than for the
CN20 beams. Modes are almost invisible in the impedance when the static correction
is accounted for. One can thus conclude that the relative properties of patches and the
sandwich layup lead to a very poor actuation mechanism in this case.
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Figure 5.36: Static response to an applied voltage on piezo 5
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Figure 5.37: Impendance for piezo 5 transfer. Blue : with static correction. Green :
without static correction
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Chapter 6

Conclusion and perspectives

Chapter 2 presented a literature review on tools used to model panels with honeycomb
cores. Models detailing the honeycomb cell geometry are so large that equivalent repre-
sentations are needed to allow coarser and thus more manageable meshes. The so called
zig-zag (or layerwise model) and the shell-volume-shell model both properly represent the
transverse shear in a cross section and thus can be used to describe the dynamic behavior
of thick and/or viscoelastic layers such as honeycomb.The SVS model was preferred here
because the use of multiple elements through the thickness is compatible with all FEM
softwares, while zig-zag models require specific developments.

In the SVS model the honeycomb layer is represented by an equivalent volume with
orthotropic material properties. As detailed in Section 2.3.2, the estimation of these or-
thotropic properties has been the subject of many publications without reaching a general
agreement (see Table 3.4). The objective of chapter 3 was thus to introduce a numerical
procedure to estimate effective parameters for the orthotropic material. Such a procedure
can be seen as a numerical homogeneization.

The need for a numerical procedure allowing arbitrary detail in the cell meshing was
based on the comments found in the literature on the influence of adhesive layer and skin
properties. As a means to achieve this objective, it was proposed to use the frequency of
periodic modes (waves propagating with a certain wavelength) as an objective function
used to estimate equivalent properties of the honeycomb core.

In the sample case treated, the equivalence was shown to pose problems for low and
high frequencies. At low frequencies, the error on panel predictions is small but the re-
sponse is insensitive to the core properties which thus cannot be estimated properly. A
small bias in frequencies was related to a mass effect but proper analysis of the phe-
nomenon remains to be done. At high frequencies, or wavelengths lower than 10 cells,
the model breaks down but this could be expected, since the energy fraction associated
with skin bending increases rapidly.

The analysis of energy contributions in constituents as a function of wavelength also
gave very useful insight. In addition to showing the classical importance of the core
shear moduli G7, G;Z and the skin modulus Ey, it showed that shear moduli only have an
impact in a medium frequency range whose location depends on the skin properties. The
influence of glue was also shown to be significant and a method to separately estimate
core and glue properties was proposed.

While this is yet another procedure in a long list of methods giving similar results,
one can claim that the method is useful for a wide range of applications because of its
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key advantages of being able to account for arbitrary levels of detail, because periodic
modes are computed on two cell meshes, and giving the possibility to validate robustness
by comparing results at multiple wavelengths.

Issues that remain to be treated are the analysis of validity for static and dynamics ap-
plications, the modeling of transition regions where the skin or honeycomb have variable
material or geometric characteristics, or the experimental demonstration of the ability to
separate constituent properties in panel tests.

The objective of chapter 4 was to determine material properties of a specific Nomex
paper based honeycomb. This honeycomb is used in trim panels for helicopter and aircraft
applications. The process used, and validated in the chapter, is a model update of effec-
tive parameters by comparison of mode frequencies in free/free configuration. The initial
suspicion that this material has a viscoelastic behavior was clearly validated by showing
both frequency and temperature dependence. A fractional derivative model of the fre-
quency dependence of the effective parameters was identified and validated by reusing
values obtained on aluminum skin beams to predict responses on carbon skin beam tests.

For the considered honeycomb samples, the orthotropic shear moduli are both influen-
tial on the response (inducing frequency shifts of 3 to 5 %).Moreover, they are frequency
and temperature dependent in the 0-1 kHz range which is the target for active control. The
need to account for these dependencies in accurate predictions was thus established.

A first question left open is the use of estimated effective shear moduli to estimate
constituent properties. This corresponds to the inverse of the homogeneization procedure
introduced in chapter 3 and would allow predictions of effective properties for other core
thickness or cell dimensions. A second issue would be the improvement of damping
measurement in the test to allow the use of the imaginary part of the estimated shear
moduli for damping predictions.

Having a validated model for honeycomb panels, chapter 5 addresses the modeling of
piezoelectric patches to be used as sensors or actuators. After introducing the equations
needed for the development of a piezoelectric shell element and its integration in a fi-
nite element resolution procedure, the chapter discussed validations performed on carbon
skin/Nomex honeycomb beams equipped with MIDE QuickPack patches. When account-
ing for the viscoelastic behavior of the honeycomb, correlation of modal properties as well
as piezoelectric transfers was shown to be very good.

Analysis of forced responses showed a major impact of static contribution of the ac-
tuator. In terms of mechanical behavior, the effect corresponds to actuation of local skin
bending rather than global panel bending. In terms of control performance, this effect
leads to small pole/zero separation in collocated transfers which is known to correspond
to poor performance for collocated control strategies. Local skin bending being a not
obvious result, detailed experimental validation was performed to confirm the model va-
lidity.
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Proper understanding of how static contribution limits the controllability of honey-
comb panels is a major contribution of the thesis. The result clearly motivates the need to
use proper mechanical models, which has often been neglected in active control studies.

To conclude the chapter, strategies to incorporate patches using single or multiple el-
ement layouts, possibly with non-conforming meshes, were discussed. Avoiding remesh-
ing was shown to be possible in actuator placement phases provided that the underlying
mesh is sufficiently fine. Nominal modes could certainly be kept constant when testing
various actuator positions, but static deflections need to be recomputed to obtain proper
electrical transfers. This aspect is clearly absent in a lot of studies which use modal con-
trollabilities as a basis for placement. Introducing a placement algorithm accounting for
static effects is thus a clear need for the future.

Changing the honeycomb thickness was then shown to impact the static contribution
limitation. In the long term, the way to improve performance is to design a proper actua-
tion mechanism that has significant controllability for modes in the low frequency band,
which is of interest in active noise control. Such an actuation mechanism will certainly
require stiffening around the patch to favor panel bending while avoiding local skin bend-
ing. Introducing structural optimization procedures to obtain efficient actuation seems a
useful direction for future work.

Finally, the possibility to apply the proposed models for more realistic panels was
demonstrated using the VASCo helicopter cabin mock-up. The implementation of a 9
layer model with 9 piezoelectric patches posed no particular problem and the configura-
tion also showed major limitations due to the static contribution effect. This study thus
gave a proper mechanical explanation to issues in earlier active control experiments that
motivated the thesis.
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Résumé

Le contrdle actif a souvent été considéré pour la maitrise du bruit basse fréquence rayonné
par les panneaux d’habillage dans les cabines des avions et hélicopteres. Ces panneaux
sont classiquement réalisés en matériaux sandwich nid d’abeille (nida), du fait de leur
tres bon rapport résistance/masse. La mise en oeuvre des techniques de contrdle actif sur
des panneaux de type nida n’a pas toujours donné des résultats a la hauteur des attentes.
Le travail présenté dans cette thése introduit un modele coque/volume/coque (SVS) de
panneau nida équipé de pastilles piézoélectriques, valide ce modele expérimentalement et
propose une analyse des limitations de performance du contrdle actif.

Pour la modélisation des panneaux nida, la principale difficulté est d’estimer les pro-
priétés effectives d’un matériau homogene équivalent au coeur. On introduit une procé-
dure d’homogénéisation numérique a partir d’un modele 3D tres détaillé de la structure
du nida. Cette procédure est basée sur la corrélation des modes périodiques du modele
3D et du modele SVS. L'utilisation de modes périodiques permet 1’analyse détaillée de
I’influence des constituants dans le comportement vibratoire du nida, en particulier de la
couche de colle et des peaux du sandwich. Des essais vibratoires mettent en évidence
les effets viscoélastiques présents pour les nida a base de papier Nomex. Ces effets sont
pris en compte dans le modele SVS en utilisant des parametres élastiques dépendant de
la fréquence. On integre ensuite des actionneurs et capteurs piézoélectriques au modele
de panneau nida validé. Différentes stratégies pour I'intégration du modele proposé dans
un processus de conception sont discutées. On montre enfin que la réponse statique a une
tension électrique correspond a une cloque, flexion tres localisée des peaux plutot que
flexion globale du panneau. Il en résulte une mauvaise performance des actionneurs. Cet
effet local est retrouvé sur un modele de panneau d’habillage réaliste étudié a ’ONERA.
Mots clés : Contrdle actif, nid d’abeille, corrélation calcul-essais

Abstract

Active control has often been considered for low frequency control of noise radiated by
trim panels inside aircraft or helicopter cabins. Trim panels are usually made of honey-
comb core sandwich because of their high strength to mass ratio. Active control tech-
niques applied to honeycomb panel have not always given results as good as expected and
this thesis aims to understand these limitations based on validated mechanical models of
the active panels.

For the modeling of honeycomb panels, the main difficulty is to estimate equivalent prop-
erties for the core. A numerical homogenization procedure is introduced to estimate ef-
fective parameters of a shell/volume/shell model based on the correlation with periodic
modes of a detailed 3D model. The use of periodic modes allows a detailed analysis of
the influence of constituent properties, especially glue and skin. Tests show that the con-
sidered Nomex based honeycomb has significantly viscoelastic behavior. In the model,
the viscoelastic behavior of the core is taken into account by a frequency dependence
of material parameters. Piezoelectric actuators and sensors are included in the validated
honeycomb model. Strategies for integration in a numerical design process are discussed.
Finally, the static response to an applied voltage is shown to correspond to a blister shape
with local bending of the skin rather than global bending of the panel. This behavior re-
sults in poor actuator performance, which is also found in a realistic panel configuration
studied at ONERA.

Keywords: active control, honeycomb, test-analysis correlation
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