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Abstract

To predict the effect of active control on aircraft or helicopter trim panels, made with honeycomb sandwich
composite, one approach consists in modeling the panel by Finite Element Method. FEM with shell elements
for the laminate and volume elements for the core is classically used in industry. The aim of the present study
is to determine the limits of the Shell-Volume-Shell model, in case of honeycomb core, through numerical
correlation with a very detailed three dimensional model. More precisely, the influence of glue stiffness by
numerical simulation has been considered, and the temperature influence has been observed through modal
tests inside a controlled environment chamber.

1 Introduction

Reducing noise transmission inside cabins is an important concern for the aircraft industry, to improve the
comfort of passengers. Usually trim panels are made of honeycomb sandwich composite. This material has
a high strength to weight ratio, but acoustical properties have to be improved by acoustic treatments. Passive
treatments are efficient for high frequencies, active sound and vibration control is a solution to reduce resid-
ual noise for low and medium frequencies. To predict the effect of active control on the trim panel, made
with sandwich composite, one approach consists in modeling the panel by Finite Element Method (FEM).

In the case of a honeycomb sandwich panel, building a proper FEM representation for material and geomet-
ric properties is itself a difficulty. The section 2 presents two FEM, with different levels of detail, built with
the Structural Dynamics Toolbox (SDT [1]) of Matlab software. Detailed 3D model that accounts for the
actual cell geometry (see Figure I (left)) has been considered, but it reaches rapidly very high DOF numbers.
This is acceptable for sample validations but could not be used for full panel predictions. Classically hon-
eycomb panels are thus represented using a shell, orthotropic volume, shell model (SVS). The properties of
the orthotropic volume used to represent the honeycomb are classically derived from mathematical manipu-
lations of a detailed 3D model [2] (section 2.1). To allow for a more detailed representation of glue effects,
a numerical procedure to derive equivalent orthotropic properties is introduced, section 2.2. The interest of
this approach is that it allows for arbitrary levels of detail in the 3D model of the honeycomb. It can thus be
used to extend classical homogenization methods to models with more details.

Core properties in the case of Nomex honeycomb are not well known and need to be derived from sample
tests. Through shape correlation of free-free beam modes, parameters of SVS, accounting for the glue, or
detailed 3D models can be updated by optimization of parameters which minimize the error between analysis
and test frequencies. The experimental setup is presented in section 3, and some partial results with the most
important conclusions, concerning the frequency dependence of material parameters, are given in section 4.2.
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The physical geometry and materials of the honeycomb structure are represented with what is deemed suf-
ficient accuracy, in the 3D FEM, to represent all physical phenomena of interest, in particular the stiffness
properties of glue. Section 4.1 shows that, within reasonable margins, glue properties have a visible impact
on the dynamics of the considered honeycomb and thus cannot be neglected. Many types of glue are also
known to be viscoelastic.

Tests, whose conclusions are detailed in sections 4.2 and 4.3, will demonstrate that viscoelastic effects are
indeed important for Nomex based samples that were considered. The dependence on frequency and tem-
perature cannot be neglected in the FEM for active control application.

In the future, the work presented here will be extended to applications with piezoelectric patches placed on
skins, the local 3D model will thus be used to validate the ability to represent local property transitions in a
SVS model.

2 Finite Element Model (FEM) of honeycomb sandwich accounting
for the glue
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Figure 1: 3D and SVS models - exploded views.

The prediction of honeycomb sandwich behavior, through FEM that fit with reality, presents some difficulties
because of the complex core geometry and the unknown composite material properties. Indeed, honeycomb
core is strongly heterogeneous, but orthotropic due to the manufacturing process. However its modeling by
equivalent homogeneous layer in Shell-Volume-Shell (SVS) model (Figure 1, right), gives good results for
specific applications [3, 4]. The equivalent core properties for the FEM derive from analytical estimations,
first assessed by Kelsey [5] in 1958, and enriched by numerous researchers [6]. Regarding the Sound and
Vibration Active Control application, one wants to investigate the reliability of the SVS FEM. With this in-
tention, a very detailed three dimension (3D) FEM has been developed (Figure 1, left), to do predict which
effect are not represented by the classical SVS approach.

The proposed estimation, by numerical homogenization from basic material properties, includes the glue,
frequency, and temperature effects, to evaluate their influence on core parameters estimation. The numerical
approach consists in comparing arbitrary dynamic behaviors of SVS model to 3D model (section 2.2) and in
extracting the best equivalent homogeneous parameters.

Nevertheless, the basic material properties are rarely well known, and the material parameters have been
updated through tests (section 3).
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Figure 2: Definition of geometric parameters.

2.1 Existing methods for honeycomb properties estimation

With the objective of model parameters estimation for SVS FEM, one considers here the pure honeycomb
core material and not the entire sandwich structure. Fifteen existing theories for the material properties of
honeycomb estimation are reviewed and compared by Schwingshackl [6], based on Energy Method [2, 5],
on homogenization theory [7], and on Finite Element Method with ANSYS [8] or NASTRAN [4].

The expressions of the honeycomb material properties chosen as reference are Gibson and Ashby’s ones [2],
with the hypothesis of linear, elastic and isotropic constitutive material. The Nomex paper, basis of honey-
comb Nomex core, is a non woven sheet made of short aramid fibers (Nomex). It is calandrered before being
impregnated with phenolic resin, its isotropy is assumed because of the arbitrary distribution of short fibers.

The orthotropic material law depends on 9 independent material parameters Ec,,Ec ,Fc., Ve,, Ve, Ve,

Ge,,» Ge,.» Ge,.. The orthotropic law [9] is given by:
€x 1/Ecz —Veyg /Ecy *chz/Ecz 0 0 0 Ox
€y ~Vegy [ Bey 1/Ec, ~Ve,y /Ee, 0 0 0 oy
€ . ~Veyo/Beyw  —Vey./Ee, 1/E., 0 0 0 o2 (1)
Yyz - 0 0 0 1/ch2 0 0 Tyz
Yz 0 0 0 0 1/(;sz 0 Trz
Yy 0 0 0 0 0 I/Gcwy Txy

The four in-plane moduli are calculated by causing the hexagonal cell wall to bend under loads in x and y
directions [2]. The Young’s moduli, E.,, E.,, and shear modulus, G, , are calculated by standard beam
theory, as the ratio of strain to stress. The Poisson’s ratio, v, , is deduced by the negative ratio of the strains
normal to, and parallel to, the loading direction.

The v,,, V.., Poisson’s ratio are equal to the constitutive material one. And the out of plane Young’s modu-
lus, E._, is the constitutive material Young’s modulus referred to the effective area which support the normal
loading in z direction.

It has been shown [6], and confirmed by the present FEM approach, that the most influent material parameters
on the dynamic behavior are G, and G, for the core, and F for the laminate. Hence, only the out of
plane shear moduli expressions are presented here.

Exact analytical calculation of G, or G.,, is not possible due to the complexity of stress distribution in
a sheared honeycomb. Theorems of minimum potential energy and minimum complementary energy are
used to estimate the lower and upper bounds of the out-of-plane shear moduli, G, and G, .. For the G
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modulus, lower and upper bounds are equal, therefore, the value of G, is known:
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However, for G.,, modulus, energy methods only give a range as function of constitutive material shear
modulus G and geometric parameters,

a (at’'+btsing)? <G

at’ +2btsin’0
bcosf(a+bsind)(2at’+bt) — <G

Caz — > 2bcosO(a+bsinh)’

3)
G, =Ge,,.
The estimated core parameters by energy methods depend, only, on constitutive material parameters and cell
geometry. First, the basic material of honeycomb layer is considered as linear, elastic and isotropic, which
has not been confirmed by test/analysis correlation (section 4.2). Then, the glue layer is not represented by
the existing analytical approaches.

2.2 Finite Element Models developed with SDT

The use of the Structural Dynamic Toolbox of Matlab, to build the classical SVS and the very detailed 3D
FEM, makes the parametric studies easy to implement. The FEM approach with detailed geometry, (Figure
1 (left)), allows to evaluate the influence of geometric and constitutive material parameters, but also the
influence of the glue stiffness. Indeed the observation of honeycomb sample (Figure 3) shows that the glue
layer may not be neglected in the honeycomb modeling to represent well the reality.
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Figure 3: Modeling of glue joint.

The classical Shell, orthotropic Volume, Shell (SVS) representation (Figure I (right)) is more reasonably
used for full panel predictions. Volume and Shell elements are connected by rigid links.

The core material parameters estimation assessed by Gibson and Ashby is enriched by numerical homog-
enization, based on periodic modes. The numerical homogenization of the core, honeycomb with glue, is
performed by non-linear optimization with objective function to match with the 3D detailed FEM dynamic
behavior with periodic boundary conditions, that means same DOF values at the beginning and the end of
the period (4). It amounts to releasing oneself from boundary conditions by considering an infinite beam.

¢(Lz,0) = ¢(La, Ly)-
One has to notice that the periodic boundary conditions have no physical sense for the trim panels’ applica-
tion, but it allows to simulate the models for every wished frequency.



Due to the periodicity, modal shapes are pure sine curve, and the two models, 3D and SVS, can be compared
on arbitrary configurations that cannot be tested. The modal analyses are projected on a common wireframe
to compare the mode shape of the two models. Then, a mode shape correlation is performed between SVS
ad 3D FEM for the first “mode” of different wavelength beams, to compare the mode frequencies, and the
equivalent shear modulus of honeycomb core G, and G, are updated.

The 3D/SVS models correlation has shown that, whatever the wavelength, that means whatever the fre-
quency, only one optimized equivalent core shear modulus G, assumes the good correlation with less than
1% of error. The numerical homogenization allows to build a SVS model which matches to 3D modeling for
every frequency.

As a conclusion, the SVS FEM has been validated for periodic analysis. For the 3D model parameters,
EnNomez> Eciue and tgpyue, fixed to reference values, Gibson and Ashby and numerical homogenization
estimation of GGy, are different:

= 30,8 MPa,
= 29 MPa.

GlZGibson&Ashby

Glznumhomogenization

That was to be expected since the glue is included in core homogenization. This estimation has been vali-
dated in other configurations, and compared with experiments (section 4.2).

The comparisons of 3D and SVS models, in free-free conditions and for out of plane bending solicitations,
are presented on Figure 4, for the estimated homogenized parameter, G2y, 11omo,. = 29 MPa, and on Figure
5, for Gibson & Ashby’s parameter G .

The 3D FEM and SVS FEM out of plane bending modes are almost perfectly correlated for G2y, 11omoq.
(Figure 4), the MAC [10] is higher than 0.87 for the 23 first bending modes with a frequency error lower
than 1.5 %.

In comparison with the same 3D/SVS FEM correlation, for the value of GG;, given by Gibson & Ashby
(Figure 5) the reduction of frequency error is visible.
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Figure 4: Correlation 3D/SVS FEM in free-free conditions - Bending modes - =29 MPa.
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Correlation 3D/SVS FEM in Free-Free conditions — Bending Modes
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Figure 5: Correlation 3D/SVS FEM in free-free conditions with Gibson & Ashby GG, = 30.785 MPa.

With one value of equivalent shear modulus (G1,, of the Nomex based honeycomb included the glue, by nu-
merical homogenization, the SVS model is well correlated with the 3D model. The quality of the correlation
is good for periodic boundary conditions and for free-free boundary conditions. Therefore, the numerical
procedure is validated in the frequency range between 100 Hz and 6 kHz.

What about the correlation with experiments? Is the equivalent shear modulus, found by taking into account
the glue, a good parameter to describe the real dynamic behavior of honeycomb sandwich beam?

Modal tests on Aluminum/Nomex honeycomb beam have been carried out to answer to this question (section
3).

3 Honeycomb beam tests
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Figure 6: Experimental setup and sensor on beam modeling. Figure 7: Acquisition chain.



Geometric parameters Material parameters

Laminate hiam 0.6 mm Plam 2.8103kg/m3

(Aluminum) Eram 72.5 GPa

hn 20 mm Ph 1.38 103 kg/m3

Honeycomb core t(r=2t) 2541072 mm (5081072 mm) | B, 9 GPa
(Nomex) a, b, 0 2.75 mm, 2.75 mm, 7/6 rad
Glue hgive = Riam/2 0.3 mm Pglue 103 kg/m3

(Hypothesis: epoxy) tglueref 0.1 mm Eglucref 5 GPa

Table 1: Definition of Aluminum-Nomex test beam parameters.

Modal tests on honeycomb beams have been carried out at the Soil, Structure and Material Mechanics Labo-
ratory (MSSMat) of Ecole Centrale Paris. 900mm long, 45mm large and 21 mm thick honeycomb sandwich
beams have been tested in free-free conditions, inside a controlled environment chamber (5°C, 25°C, 45°C)
and for the O - 4.5 kHz frequency band. The quality of measurements is good enough to be used for the
modal analysis to 3 kHz.

A shaker causes the beam to vibrate, using a force transducer screwed through the sandwich beam. The
signal sent to the structure is a white noise created by the analyzer (Photon by LDS-Dactron), amplified,
finally transformed and transmitted to the structure by the shaker (Bruel and Kjaer). The measure acquisition
is made with a laser vibrometer (Polytec) which measures the velocity of the beam at different reflecting
points in the direction of the laser.

To assure the free-free conditions, the beam is suspended by 3 elastic strings (Figure 6). In the fourth corner
the shaker rod crosses the honeycomb sandwich through a really fine hole.

Tests campaign have been carried out for different temperatures on Aluminum/Nomex beam, whose proper-
ties are given in Table 1, in both orthotropic directions.

The results and conclusions concerning the material properties correlation and the influence of temperature
are presented in sections 4.2 and 4.3.

4 Results

4.1 Prediction of the glue parameters influence

The 3D model has been built to find the limits of SVS model. Therefore a specific study of 3D model
has been made to simulate the behaviors that are not taken into account in the SVS representation. More
precisely, the influence of glue on honeycomb modeling has been evaluated through 3D FEM simulations
and is presented in this section.

Cell wall of Glue K, : Shearing Stiffness Bending of glue wall /,/‘\\\ Shearing of glue wall

K, : Bending Stiffness \
N

Figure 8: parameterization and stress on glue element definition.



Both Egjqye and tgyye are influent parameters. The relevant parameters are the shear and bending stiffness
of the glue, which depend on E¢qy,e and tg;ye according to formulations (5) and (6). The stiffness is calcu-
lated for clamped beam and depends on geometric parameters, defined on Figure 8. Kgpeqr and Kpepq are
respectively stiffness on displacement x and angle 6 :

3
Eglueatglue

My = Kpeng.0 with Kpenag = " 12hgiye o

3
Egluea tglue

ey e, ©)

glue

Fs = Kshem”x with Kshem‘ =

The meshing procedure imposes 54, as equal to the half-thickness of the skin, and a as length honeycomb
cell side. The variable parameters are the Young’s modulus Fy;,. and the thickness of the wall of glue ¢y
(Figure 8). Kpeng and Kgpeq parameters are fixed to assume the real behavior of the glue. That means the
glue modeling has the same stiffness as the real glue volume (Figure 3).

As the geometry of the real glue volume is not regular, only plausible limits of stiffness can be given. Kpepqg
and Ky, ranges are evaluated by surrounding the real glue volume by parallelepipedic element. A typical
value of glue Young’s modulus is Fg,.= 2 GPa. According to manufacturers data, epoxy adhesive Young’s
modulus Egy is included in,

Ejie,,;, = 20M Pa, o
Egluemw = 5GPa.

The glue thickness must be higher than ¢ .¢j;_,q = 0.0254 mm (¢’ on Figure 8) for our test beam. Concerning
Lgluemas» it 18 chosen by observing the picture of glue joint (see Figure 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,

Lgluemn = 0.0254mm,

tglu@,,naw - 0-6mm. (8)
The height h g, 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 can be determinated (Figure 10),
Kshear,,;, = 3.30.105N/m, o
Kshear,,, = 7-22.10"N/m,
_ ~7
Kbend,,;, = 3.75.107"N.m/rad, (10)

Kiend,,,, = 4.12.107'N.m/rad.

Figure 9 presents the result of the numerical study on the 900 millimeter-long sample beam, in free-free
conditions. The first eigenfrequency has been calculated for several values of shear and bending stiffness.
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Figure 9: First eigenfrequency (Hz) for Aluminum-Nomex 900mm beam in free-free conditions as function
of KBend and KShem’-

The reasonable areas for Kpe,,q (10), Kpeqr (9) and Egye (7), tgiue (8) are plotted on Figure 10, respectively
in white and blue. Even in the restricted area, the glue has a big influence of the value of eigenfrequency.
Indeed for a Kpe,q fixed, the error on the frequency relative to experimental value Af/fr.g is varying
between -42.2 and +12.7 %. Thus, it is important to take into account the glue layer in honeycomb sandwich
and to know the glue material values to have an accurate modeling approach.
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Figure 10: Influence of Glue stiffness, K geng and K gpeqr, On the first eigenfrequency in free-free conditions.

Due to the parametric study of honeycomb, the unknown FEM parameters can be found by test/analysis
correlation.

4.2 Updating and frequency dependence of models parameters

For a first approximation, and to start the homogenization of honeycomb core, reference value of Enomer
has been chosen, based on manufacturer database. But the Test/analysis correlation has proved that this
value is not the best for all modes, it turns out that minimizing the frequency error between 3D FEM modal
analysis and test for the all bending modes together is difficult for this Aluminum/Nomex honeycomb beam.
The same applies to Test/SVS FEM correlation. One value of (G, does not allow a good correlation of the
SVS FEM with test on beam for all frequencies.

Thus, the constitutive material parameter Fnomez and the equivalent homogeneous core parameters (G, and
G2, have been updated frequency by frequency (Figure 11).



Estimation of Shear Modulus G,

Estimation of E - Test/3D analysis Correlation

Nomex

101

_(Pa)

jome»

5- : : = 18

Basic material Young Modulus E,

47 1 [ —+— Apparent G, , updated by TestSVS FEM correlation
141/ | ~o- Gibson & Ashby G, with €, updated by Test/3d FEM correlation

200 400 600 800 1000 1200 1400 1600 1800 2000 2200
Frequency Hz — Bending Mode

d 1 1 1 1 1 1 1 1 1
00 400 600 800 1000 1200 1400 1600 1800 2000
Frequency Hz - Bending Mode

Figure 11: Updated Enomer and equivalent shear modulus G, for each Bending modes by Test/analysis
correlation.

The Test/Analysis correlation for each bending frequency, shows the dependence of Enome, and G1, (re-
spectively G2, ) with the frequency. Both 3D and SVS models have the same frequency dependence behavior.

The equivalent shear modulus GG, of the homogenized honeycomb layer has been evaluated in to ways (Fig-
ure 11, right). First, by Gibson and Ashby’s method using the updated value of Enomer, Which depends
on frequency, then, directly by Test/SVS model analysis correlation. The first method considers only the
frequency dependence of Nomex, constitutive material of the honeycomb, thus the glue parameters are fixed
and not taken into account. The second approach, by direct updating of the Honeycomb + Glue core, includes
the frequency dependence of both Nomex and Glue. The glue parameters have been, previously, updated for
the first mode (section 4.1), thus the values of (1., estimated by the two methods, are the same for the first
eigenfrequency. However, for the next modes the estimated (G, curves are shifted, it is the result of the glue
effect.

Test/analysis correlations show the frequency dependence of the material parameters, but also the importance
of the glue layer in the modeling approach.

The frequency influence on updated parameters points out the fact that viscoelasticity of Nomex based hon-
eycomb cannot be neglected and a single set of parameters does not allow a correct fit for the whole range.
In the section 4.3, the viscoelastic behavior of the Nomex based honeycomb sandwich is proved by vibrating
experiments for different temperatures.

4.3 Influence of temperature of Nomex based honeycomb sandwich

Test/analysis correlations for 3D and SVS FEM have shown the frequency dependence of the material pa-
rameters; it is typical of viscoelastic behavior. Experiments in a controlled environment chamber have been
carried out by changing the temperature of the test.

The Frequency Responses plotted for three different temperatures, represented on Figure 12, are the result
of observations.
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Figure 12: Frequency Response and bending eigenfrequencies for 5°C, 25°C, 45°C temperatures.

The temperature is really influential on the modes, which confirms the viscoelastic behavior of the honey-
comb sandwich beam. Both Nomex core or glue layers may have viscoelastic properties. The error in terms
of frequencies between the 45°C test and the 5°C test is around 2-6 %. This observation shows that it will be
necessary to take into account the viscoelasticity behavior of the core to estimate the equivalent core prop-
erties, and in the end to simulate the effect of active control on Nomex based honeycomb sandwich, with
sufficient accuracy.
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Figure 13: Evolution of bending eigenfrequen-
cies for different temperatures.

The study has been focused on the bending. The deviation of the bending eigenfrequencies increases with
the frequency and inversely with the temperature (Figure 13). The estimation of homogenized core shear
modulus by test/analysis correlation and updating for each temperature, gives an idea of the viscoelastic
behavior of the Aluminum/Nomex honeycomb sandwich. The evolution of the equivalent shear modulus
G'1. (Figure 14) looks like typical curves of viscoelastic materials [11]. No conclusion can be drawn about
the modal damping. Indeed, the modal damping presents such error (Table of Figure 12) that comes from
experiment and modal identification, that there is no need trying to compare with viscoelastic law.



5 Conclusion

The three dimensions Finite Elements Model built with the Structural Dynamics Toolbox of Matlab allows
to simulate the influence of different parameters, such as the glue stiffness presented in this paper. The
equivalent material parameters of the classical Shell-Volume-Shell model can be derived from numerical
homogenization, by taking into account, in addition and in comparison with the existing method [6], for glue
and frequency effects.

The numerical analysis has predicted the influence of glue stiffness, and it turns out that the effects could
be important in the reasonable range of glue parameters. The numerical predictions have been validated by
test/analysis correlation. As a conclusion, to model properly honeycomb sandwich structures, it is necessary
to take into account the glue stiffness effect.

To update the models parameters, modal tests of honeycomb beams have been carried out. The test/analysis
correlation has pointed out the viscoelastic effects of Nomex and Glue. Indeed, the equivalent out of plane
shear moduli of the core, honeycomb and glue, depend on frequency and on temperature. To match with
the observed dynamic behaviors, the parameters updating must be made frequency by frequency. More-
over, tests in a controlled environment chamber have proved the influence of the temperature, its effect is
appreciable between 5°C, 25°C, so that the temperature is a parameter to consider in order to minimize the
error between active control simulation in laboratory and active control application on helicopter and aircraft.

The procedure of comparison between the detailed 3D and the classical SVS models set up to estimate the
core parameters will be extended to beam with piezoelectric patches bonded on the skin. The final aim being
to predict, as well as possible, the behavior of smart panel equipped with piezoelectric patches for active
control application.
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