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Abstract: A honeycomb is a kind of excellent lightweight structure and a honeycomb sandwich plate
with zero Poisson’s ratio (ZPR) core is used widely in morphing structures. In this paper, a sandwich
plate composed of a honeycomb core with zero Poisson’s ratio is analyzed for free vibrations and
flutter under supersonic airflows. The equivalent elastic parametric formulas of the honeycomb
core for zero Poisson’s ratio are proposed. The models are compared for their natural frequencies
by theoretical and finite element methods respectively, which verifies the validity of the equivalent
elastic parametric formulas and the model for the honeycomb sandwich plate with zero Poisson’s
ratio. The influence of the geometric parameters of the honeycomb plate on the vibration frequencies
is obtained. Three kinds of honeycomb cores, namely, regular hexagon, auxetic and hybrid with zero
Poisson’s ratio, are compared through natural frequencies of the sandwich plate. It is found that the
frequency of the zero Poisson’s ratio honeycomb sandwich plate is the second one when the other
parameters are the same. The flutter of the honeycomb plate is analyzed by using the first order
piston theory under supersonic flows. The critical flutter velocity of the plate is obtained, and the
influence of geometric parameters of the honeycomb plate on the critical flutter velocities is obtained.

Keywords: honeycomb sandwich plate; zero Poisson’s ratio; vibration; flutter

1. Introduction

Honeycomb structures have received extensive applications in engineering and daily
life, such as aerospace, building, vehicle, and packaging, etc., as they have outstanding
mechanical properties such as lightweight, low weight-to-stiffness ratios, good energy
absorption characteristics, etc. Moreover, the geometry of the unit cells of honeycombs
can be tailored easily to result in desired deformed shapes under loading which allow for
abnormal or expected behaviors in macroscale. Hence, increasing numbers of studies have
focused on honeycomb structures. The energy absorption of the honeycomb sandwich
structure was increased by adding an absorbent agent to the Nomex honeycomb wall that
was filled with polymer tube [1]. Rapaka et al. [2] studied the dynamic compressive behav-
iors of hexagonal honeycombs under shocks. Rahman and Koohbor [3] studied the energy
absorption performances of density gradient honeycombs. Zhang et al. [4,5] investigated
the dynamic crushing responses of honeycombs with negative Poisson’s ratio. Jin et al. [6]
investigated the vibration suppression of the square honeycomb sandwich structure.

Honeycomb sandwich structures with zero Poisson’s ratio have the outstanding
advantages of that deformation in one direction that does not affect other directions.
Therefore, they are widely used in flexible skin for morphing structures such as morphing
aircraft and wings. The in-plane mechanical properties of the honeycomb layer is very
important for analysis of honeycomb sandwich structures. Olympio and Gandhi [7]
proposed a sandwich skin for morphing aircraft, comprised of cellular honeycomb core
with zero Poisson’s ratio and studied mechanical properties of the honeycomb. Chen
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et al. [8] investigated in-plane mechanical properties of zero-Poisson cell structures by
using analytical, numerical and experimental methods simultaneously. Bubert et al. [9]
gave the equivalent elastic parameters of an accordion-like flexible honeycomb used as
morphing aircraft skin. Zou et al. [10] proposed a zero Poisson’s ratio mixed cruciform
honeycomb and studied the in-plane elastic constants, through theoretical calculation,
numerical simulation and experiments. Liu et al. [11] proposed a trapezoidal honeycomb
with close-to-zero Poisson’s ratio and the effects of geometric parameters on the elastic
properties of the structure were studied. Huang et al. [12,13] proposed a close-to-zero
Poisson’s ratio honeycomb with trapezoidal beams and investigated the multi-stiffness
topology optimization of the zero Poisson’s ratio honeycomb.

Xu et al. [14,15] proposed hybrid AuxHex honeycomb consisting of auxetic and
traditional honeycomb cells and studied the in-plane mechanical properties and energy
absorption capability. Wu et al. [16] presented the plateau stresses and energy absorption
capacity of a cross circular honeycombs with zero Poisson’s ratio under in-plane impact
loads. Wang et al. [17] gave effective elastic constants of a hierarchical composite square-
honeycomb core and studied free vibrations of the sandwich panel. Zhang et al. [18]
investigated the equivalent macroscopic stiffness of honeycomb-corrugation hybrid cores
and vibrations of the sandwich beams. These abovementioned references on the equivalent
constants of the cores and vibrations of the honeycomb structures will provide guidance
for this article.

It is known that avoiding flutter is one of the most important issues for aircraft design.
Many research works are focused on the flutter responses of plates and shells because of
recent wide use of advanced materials, and plentiful achievements have been obtained.
Wang et al. [19] studied the flutter stability of a simply supported two-dimensional flat
panel exposed to the supersonic airflow by using the first order piston theory aerodynamic
loading. Guimaraes et al. [20] investigated flutter of the supersonic adjacent composite
panel through the first-order piston theory and compared the finite element model with
Rayleigh-Ritz model. Song et al. [21] studied the panel flutter in supersonic airflow and
passive control of the flutter bound. Mahmoudkhani [22] considered the supersonic panel
flutter of functionally graded cylindrical shells under thermal loadings by using the first-
order aerodynamic piston theory. Dhital et al. [23] discussed the panel flutter whose model
was based on the piston theory, where the aerodynamic forces were equivalent to the
concentrated forces. Torabi et al. [24] analyzed free flexural vibration and supersonic flutter
of trapezoidal honeycomb sandwich plates and aerodynamic pressure was estimated via
the piston theory. Saidi et al. [25] probed the vibration and stability of functionally graded
reinforced porous plates under supersonic flow. Zhang et al. [26,27] investigated nonlinear
dynamics of plates under subsonic air flows. Hao et al. [28,29] gave supersonic flutter
analysis of FGM shells through the first-order piston theory.

In this paper, free vibrations and flutter under supersonic airflows of a honeycomb
sandwich plate with zero Poisson’s ratio are analyzed. The theoretical model of the
sandwich plate is obtained by using the Hamilton principle, higher order shear deformation
theory and von Karman large geometric deformation theory in Section 2. The equivalent
elastic parameters for the honeycomb core layer are computed in Section 3. The finite
element model is given in Section 4. The first ten natural frequencies of the plate are
obtained from both theory and finite element method. The consistency of the results from
the two are compared which verify the correctness of the equivalent elastic parameters and
the model obtained. The influence of the parameters on the natural frequency of the plate
is obtained including the Poisson’s ratio. In Section 5, flutters of the plate under supersonic
airflows by using the first-order piston theory are analyzed and the change of the critical
flutter point with the cell parameters of the zero Poisson’s ratio honeycomb is obtained.
In brief, the novelty of the paper is that: The equivalent elastic parameters for the ZPR
honeycomb core are computed and their correctness is verified. When the Poisson’s ratio
of the honeycomb core is positive, zero and negative, respectively, the natural frequencies
of the plates are compared. The ZPR honeycomb plate is used widely for aircraft skin,
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therefore, flutter of the ZPR honeycomb plate is studied and the critical flutter point of the
plate is obtained in this paper.

The main symbols used in this paper are as follows: u, v and w are displacements in x,
y and z directions, respectively. ¢y is rotation angle of the middle plane along x direction. a,
b and & are length, width and thickness of the plate. € and 7y are strains. E, G, p and v are
Young’s modulus, shear modulus, density and Poisson’s ratio, the subscript ‘s’ represents
the material. § without subscript represents variational operation. [y, I, t and 6 are size
and angle of the honeycomb cell. n and m are mode order of the plate.

2. Equations of Motion

The model of the honeycomb sandwich plate with zero Poisson’s ratio under a four-
sided simply supported boundary is shown in Figure 1. The sandwich plate is composed
of the honeycomb core with zero Poisson’s ratio and two face sheets. The x-y axis of
coordinate system in Figure 1 is located on the middle plane of the plate. u, v and w
represent the displacement components in x, y and z directions, respectively. The lengths
of the plate in x and y directions are a and b respectively. The surface on one side of z>0 is
called as upper skin, and the surface on the other side of z<0 is called as lower skin and
the skin is made of isotropic materials. The material of the honeycomb plate is aluminum,
whose modulus is Es, density is ps, Poisson’s ratio is v, and shear modulus is Gs.

— =
R

Figure 1. The model of honeycomb sandwich plate with ZPR core.

According to Reddy’s higher order shear deformation theory, the displacements of u,
v and w can be expressed as:

4 0
u(x,y,z,t) =uo(x,y,t) + z¢x(x,y,t) — 3?23 (cpx + %), (1a)
v(x,y,z,t) = vo(x,y,t) + z¢y(x,y,t) — @z ¢y + W , (1b)
w(x,y,z,t) = wo(x,y,t), (1c)

where } is the thickness of the plate, 1, vg, wo, ¢» and ¢y are displacements and rotation
angles of the middle plane. According to the von Karman large geometric deformation
theory on the plate, the strain-displacement relations can be obtained as follows, where the
strains are: ¢;(i = xx,yy), v;(i = xy,yz,zx).

2 2
_ du 1(ow _ v 1(ow _1(9ou Jw
8xx—x+§(m) feyy—@+i(w) f’YXZ—E(E"'ﬁ)' o)
_1(0dv 4 ow _odu 4 v 4 Owow _ odw
'sz—j(g-FW)/ny—@—i-a-l-gwr €2z = 37+

It can be obtained the following from Equations (1) and (2).
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The honeycomb sandwich plate with zero Poisson ratio is orthotropic and the consti-
tutive equation can be written as:

NG Qg’; Qgg 0 0 0 e
Oyy Qél) Qéz) 0 0 0 Eyy
o ¢ =3 0 0 Q¥ o o0 Tz (0 (4)
Oxz 0 0 0 Qf;? 0 Yxz
Oxy 0 0 0 0 Qgg) Ty
(k) (k) (k) (k)
where Qff = % Qs = % Q= W Qe6 = Gi2, Qu = G,

Qss = Gi3, Q1 = Q12, and E%k), Eék), Gg), Gg), Ggg), vg), véll() are elastic modulus,
shear modulus and Poisson’s ratio, respectively, and k = 1, 3 represent the upper and lower
skin, k = 2 is the core layer.

The governing equations are established by using the Hamilton principle, and the
expression of Hamilton principle is as follows:

t t
/ (U — 6K)dt + [ swdt =0, 5)
t 51

where dU is the virtual potential energy, /K is the virtual kinetic energy, and W is the
virtual work done by external forces. The virtual kinetic energy and virtual potential
energy can be casted in the following equations:

6K = oo [(Totto + hrpy = c11apy ) it + (g + L, — c11agp, ) 6
—C1 (Ig,ilo + I4g.l>x — C1I6qu (5qu + (Ioi)o + Il¢y — C113qby)5i70 + (Iliio + 12¢y — C114gby>5¢y (6)
—c1(Isbo + Lug, — c116¢y) 5¢, — Iotingdivoldxdy,

where 5 5

S wo . wo

qox_q)x—i_g/q)y_(py%—wf (7)
SU = [y, [NuxBel) + Mixdely — c1Pexdeld) + Nyydeyy) + My dey))
—C1Pyy(5£(yi,) + nyd%(f;) + Mxy&y,%,) — clpxyé%({? + Qxé'y,(cg) (8)
—0aR07YY + Quomy?) — caRy07y? Jdxdy,
oW = /Péwodxdy — /’y&zbodxdy. 9)
O O

)y represents the middle plane of the honeycomb sandwich plate,  is the damping

coefficient and
Nag 0 1
Mg o= [2, oupy Z pdz,
Pyg 2 z3 (10)

Qu | _ 4 1 N i2, (i —
= [%, 008 o pdz Ii= [?, ps(2)'dz, (i=0,1,2,---,6),
Ry 2 Z 2

where « and f represent x and y, respectively.
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Substituting Equations (6), (8) and (9) into Equation (5), the nonlinear dynamic equa-
tion of the honeycomb sandwich plate can be written:

T 5y — oo+ N -l (11a)
ax + ay = IOUO + ]]47y - C]I3w, (11b)

20 2py |
20u D 2 (N B0+ Ny 20 ) + 2 (N 20+ N, %) + (a o i i

" (11¢)
9 d
= Ioibo — I (55 + 550 ) + 1 {13(3”0 +50) +]4( b 4 f;)]
OMyy  OMyy — . . dibg
F 3y Qy = Jiuo + K29, 61]4§, (11d)
OMyy | OMyy . - oWy
Fy 3y Qy = J1vo + K29, — C1]4W, (11e)

where szﬁ = M‘x,g - Clpaﬁr (0(,,5 = 1,2,6), @D{ = th — CQR,X, ((X = 4,5), ]i = Ii - C11i+2/
Ko =1, —2c114 + C%Ié 1 = %, co = 3cy.
The relationship of internal force and strain is of the following form:

Nix An A 0 el
Ny ¢ =14 An An 0 ey (12)
0
Ny 0 0 Ag ©
My D11 Dip 0 556195) Fi1 Fp O Egc?;c)
My, ¢ =4 Du Dn 0 e) ¢+ B Fn 0O e} 5, (12b)
My, 0 0 De A 0 0 Fg 20
Py Fi1 Fp» 0 €gclx) Hy1 Hpp 0 egc)
Py ¢=4 1 Fn 0 s(yly) +¢ Hn Hp O e(fy) , (12¢)
Pyy 0 0 Fe %((1y) 0 0  Hgg ’)/)((:;)

(0) (2)
Qy } _ { A44 0 } ’sz { D44 0 } ’yyz 12d
{ 0. 0 s f) 40 [TL 0 D)0 29
Ry \_ [ Du 0 V[ 2\, [ R 0[ 2 (12¢)
Ry 0 Dss [ 7 0 Fs J| 42 J

where the stiffness matrices of the plates are expressed as follows:

(A1]1 Dl]/ Fz]r Hj; ) fh252 Qij(ll 2%, 24, Zé)dzz (i,j=12, 6)/

. (13)
(Ayj, Dy, Fy) = ["17, Qi (1,22, 2%)dz, (i,j = 4,5),

By substituting Equation (12) into Equation (11), the nonlinear dynamic equation
of honeycomb sandwich plate with zero Poisson’s ratio in the form of displacement can
be obtained.

3. Calculation of Equivalent Elastic Parameters

The honeycomb cells of zero Poisson’s ratio are composed of regular hexagonal
mixed with concave hexagonal honeycombs as shown in Figure 2. These kinds of mixed
honeycombs exhibit zero Poisson’s ratio due to the positive Poisson’s ratio effect of the
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hexagonal honeycomb and the negative Poisson’s ratio effect of the concave hexagonal
honeycomb [30].

Figure 2. Honeycomb cell with zero Poisson’s ratio.

In the literature [14], the in-plane mechanical properties of hybrid AuxHex honeycomb
are derived and analytical formulas of the relative density and Young’s modulus are given.
For simplification, it is considered that the inclined wall and straight wall of the hybrid
honeycombs have the same length and thickness and same angles as shown in Figure 2.

Relative density is an important performance index for honeycomb materials which is
referred to the ratio of the density of porous materials to that of the corresponding solid
materials. As shown in Figure 2, the relative density of the honeycomb with zero Poisson’s

ratio is as follows:
o* . 81t + 5lt

p= os  6lilpcosB’ (14)

where p* and p; densities of honeycombs and the materials, respectively. The Young’s
modulus of the honeycombs is given as follows:

oy Estdcos® oy 2E3l
===, E = —_= = =, 15
Yel bisin2g” Y gy Ifcos’0 (15)

where the superscript x or y of the strain ¢ indicates the corresponding strain when loading
in x or y direction, respectively. o; and 0 are stresses as shown in Figure 3.

The Poisson’s ratio is computed as follows. When loading in the x-axis, as seen in
Figure 3a, the strain of wall AB in the y-direction is:

o 26y, cos 0 _ﬁl%sinGCOSQ
hy = 21, +2I;sin@ ~ Es #3 ’

(16)

where Jy, is the deformation of wall AB, as observed in the literature [14]. The strain of the
wall CD in y-direction is:

o 26, cos 0 oy I3 sin 6 cos 6
X = a

y 21, — 2l sin@ Es £3 ! (17)

where J, is deformation of the wall CD. Compared with Equations (16) and (17), the strains
of regular and concave hexagon in the y direction, as shown in Figure 3a, are equal and
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opposite, that is, the strain in the y-direction is ¢, = 0. Therefore, the Poisson’s ratio in the
x-direction is:
sx
Vyy = —— =0, (18)

Tex
£x

@) (b)
Figure 3. Uniaxial compressive of the honeycombs. (a) x-axis loading, (b) y-axis loading.

When loading in y-axis as in Figure 3b, the strain of wall AB in the x-direction is:

% _ op,sind _ o3 cossing 19)
X lycosf Est3
The strain of wall CD in the x-direction is:
Sa5in6 0 13cos0sing
y _ _ % __ 4 5
Fax I1 cos 6 Et3 20

where J;, and J, are deformations of walls AB and CD in Figure 3b, that is, the strain in the
x-direction is: y y
Y th + €ax

= =0 21
&% 5 (21)
Therefore, the Poisson’s ratio in y-direction is:
e
&y

Therefore, it is proved that the Poisson’s ratio of honeycombs as shown in Figure 2 is
zero when the angles of regular hexagonal and concave hexagonal honeycombs are same.

Next, the shear modulus is given. It is based on that the strain energy of the zero Pois-
son’s ratio cell by shear loads is equal to the sum of the strain energy of a regular hexagonal
and a concave hexagonal honeycomb cell, the shear modulus Gy, can be obtained [30]:

G - ZathyGaxy
Y (@ +5in0) Gy + (& — sin6) Gaxy”

(23)

where Gy, and Ggyy are shear modulus of regular hexagonal and concave hexagonal

honeycomb, and a = % The shear modulus of the other two directions are obtained by
principle of minimum energy [30,31].

sz = G ’ (243)
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(& + sin §)? w4 2sin’6

< Gz <GP 2u cos B

Gsﬁtx(l +2a)cosf — ’ (240)

where G; is shear modulus of materials and § = ﬁ, it can be obtained by calculation from
Equation (24b) that the difference between upper and lower of G, is small, which has less
effect on the vibrational frequency of the honeycomb.

Substitute the equivalent elastic parameters given above into Equation (4), where the
subscripts x and y in Equations (15)—(24) are replaced by 1 and 2 in Equation (4). Then
solve the zero Poisson’s ratio honeycomb sandwich plate (11) by the Navier method and
compare the results with the finite element model in next section.

4. Vibrational Frequencies of ZPR Honeycomb Plate

The first ten (n = 1,2 - - - ,10) natural frequencies of the honeycomb sandwich plate
with zero Poisson’s ratio are obtained by using the Navier method and through the fi-
nite element model simultaneously. The finite element models are obtained by using
ABAQUS/Standard. A solid model is adopted, and each cell wall of honeycombs is solved
by a four-node linear tetrahedral element grid. The boundary conditions in the modal
analysis settled as simply supported on four sides, and the ABAQUS/standard subspace
iteration method is used to solve the natural frequency of the system.

The parameters of the honeycomb plate are chosen as same in the two methods as:
The length of the plate is a = 311 mm, the width is b = 311 mm, the thickness of the plate h =
10 mm, the thickness of the core layer /i, = 9 mm, the parameters of honeycomb cell /; = 10
mm, t =1 mm, [ =12 mm, 6 = 7t/6 as shown in Figure 2. The plate is made of aluminum,
the Young’s modulus is Es = 69 GPa, the density ps = 2700 kg/ m3, the Poisson’s ratio vs =
0.3, the shear modulus Gs = 27 GPa.

Table 1 shows the first ten natural frequencies of the honeycomb sandwich plate with
zero Poisson’s ratio by using the Navier method and the finite element method. The errors
between the two methods are given. From the comparison results in Table 1 it can be found
that the maximum error from Section 3 and the finite element method is 1.02%, and the
maximum error between the literature [14] and the finite element method is 1.55%. The
maximum calculation error is smaller in this paper. The reason is that the concave hexagon
only was calculated when loading in the y direction the literature [14], that is the wall
CD in Figure 3b. Furthermore, it is inconvenient to calculate the Poisson’s ratio, while
the difference between the two is not so big, which indicates that the concave hexagonal
honeycombs play a main role when loading in the y direction. However, the regular
hexagonal honeycombs in the hybrid honeycombs have great influence on the Poisson’s
ratio of the honeycomb structures. Table 1 also shows the validity of the equivalent elastic
parameters for the honeycomb core layer and the theoretical model of the plate.

Table 1. The first ten natural frequencies of the honeycomb sandwich plate with ZPR.

n FEM This Paper Error Ref. [14] Error
1 550.27 546.43 0.70% 547.27 0.54%
2 1358.0 1344.01 1.02% 1347.44 0.78%
3 1360.9 1349.11 0.86% 1349.84 0.81%
4 2114.6 2123.63 —0.42% 2126.64 —0.57%
5 2642.5 2621.39 0.79% 2628.63 0.52%
6 2654.5 2641.72 0.48% 2642.37 0.46%
7 3334.8 3366.87 —0.96% 3384.45 —1.49%
8 3350.9 3381.82 —0.92% 3373.42 —0.67%
9 4299.8 4312.93 —0.30% 4366.38 —1.55%
10 4353.6 4365.81 —0.28% 432451 0.67%

Table 2 shows the first ten order natural frequencies of the plate with the hexagonal
honeycomb core and concave hexagonal honeycomb core respectively, with the same
parameters chosen as those in Table 1. Figure 4 compares the three kinds of plates with
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the Poisson’s ratios of the honeycomb cores that are positive, zero and negative. It can be
obtained from Figure 4 that, with the other parameters are all same, the frequencies of the
auxetic honeycomb sandwich plate are low, the frequencies of the regular hexagon cores
are high and the hybrids’ (ZPR) are middle. The difference between the hexagon and the
hybrids is small while the auxetic is much lower.

Table 2. The frequencies of the plate with regular hexagonal and concave hexagonal cores.

Hexagonal Honeycomb Auxetic Honeycomb
" FEM Theoretical FEM Theoretical
1 562.41 561.48 467.76 453.47
2 1384.7 1379.67 1163.5 1107.25
3 1403.3 1423.76 1184.5 1158.23
4 2182.7 2173.02 1835.4 1775.68
5 2710.6 2699.06 2304.5 2172.77
6 2755.9 2814.52 2366.7 2311.28
7 3450.0 3424.70 2932.7 2803.57
8 3496.9 3498.36 2976.2 2892.68
9 4459.6 4432.39 3840.3 3600.79
10 4689.9 4645.49 3973.6 3867.33
5000 Hexagonal (Theoretical)
11— — - Zero Poisson’s ratio (Theoretical)
4500 ) - - - Negative Poisson’s ratio (Theoretical)
B Hexagonal (FEM)
4000 7 Zero Poisson’s ratio (FEM) A A
N 1| A Negative Poisson’s ratio (FEM) L ’
—= 3500
\; J
S 3000
% 2500 S
2000 — a-
] / ’ .
1500 - v .-
T /A__. s
1000 — .
500 =+ T T T T T T T T T
2 4 6 8 10
n

Figure 4. Comparison of the frequencies of three honeycomb sandwich plate.

When the core thickness changes, the thickness of the sandwich plate invariant and
other parameters are chosen as the same as that of Table 1, and Table 3 shows the first ten
order frequencies. It can be obtained from Table 3 that when the thickness of the core layer
increases and the thickness of the plate is invariant, the thickness of the skin decreases, and
the natural frequency of the zero Poisson’s ratio honeycomb sandwich plate decreases.



Mathematics 2021, 9, 2528 10 of 16

Table 3. Frequencies of ZPR honeycomb plate with core thickness ratio change.

n h./h=08 hc/h = 0.85 he/h =09 he/h =0.95
1 617.79 594.253 547.27 446.52
2 1513.17 1459.26 1347.44 1107.69
3 1508.57 1455.44 1349.84 1107.66
4 2366.57 2288.43 2126.64 1756.13
5 2908.48 2837.38 2628.63 2188.04
6 2930.31 2817.76 2642.37 2184.33
7 3712.80 3619.52 3384.45 2814.48
8 3729.46 3604.22 3373.42 2818.07
9 4718.41 4650.07 4366.38 3641.42
10 4778.78 4593.51 4324.51 3656.91

Table 4 shows that the frequencies with the length of honeycomb wall I, change, while
the other parameters remain unchanged. It can be seen that the smaller the cell wall length,
that is the tighter the cell arrangement, the lower the frequency of the plate is.

Table 4. Frequencies of ZPR honeycomb plate with I, change.

n I, =12 mm I, =15 mm I, =20 mm
1 547.27 562.33 579.62
2 1347.44 1382.69 1418.19
3 1349.84 1385.26 1429.00
4 2126.64 2179.11 2236.40
5 2628.63 2695.28 2746.12
6 2642.37 2702.48 2788.19
7 3384.45 3453.04 3520.05
8 3373.42 3457.65 3550.66
9 4366.38 4430.81 4478.51
10 432451 4445.05 4585.30

With the cell angle 0 changed to 15°, 30°, 45°, and 60°, while the other parameters are
the same as that of above, Table 5 shows the frequencies for the first ten order modes. It is
indicated that the natural frequency of the plate decreases with angle 8 increases.

Table 5. Frequencies of ZPR honeycomb plate with angle 6 change.

n 0 =15° 0 =30° 0 =45° 0 =60°
1 605.06 579.62 538.14 472.27
2 1487.16 1418.19 1309.53 1134.05
3 1482.24 1429.00 1336.45 1188.85
4 2328.62 2236.40 2078.65 1818.49
5 2889.36 2746.12 2521.17 2156.99
6 2872.36 2788.19 2629.03 2362.50
7 3680.81 3520.05 3329.36 2801.11
8 3668.92 3550.66 3250.10 2949.38
9 4726.80 4478.51 4085.16 3449.49
10 4686.85 4585.30 4364.08 3959.42

Table 6 shows that the frequencies of the honeycomb sandwich with zero Poisson’s
ratio decrease when the thickness of the honeycomb wall increase.
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Table 6. Frequencies with thickness of honeycomb wall change.

n t t t t

1 546.43 488.75 448.70 420.77
2 1344.01 1211.28 1115.74 1049.86
3 1349.11 1211.53 1119.13 1057.31
4 2123.63 1914.56 1764.74 1658.71
5 2621.39 2382.99 2209.22 2087.67
6 2641.72 2387.43 2214.02 2103.45
7 3366.87 3060.01 2833.65 2669.13
8 3381.82 3064.55 2835.19 2677.72
9 4312.93 3956.04 3695.20 3504.64
10 4365.81 3976.10 3696.12 3524.73

Table 7 shows that the frequencies of the honeycomb sandwich with zero Poisson’s
ratio decrease when the length-width of the plate increase.

Table 7. Frequencies with length-width change.

n bla=1 bla=1.5 bla=2 bla=2.5 bla=3
1 546.43 396.43 343.46 318.92 305.59
2 1344.01 757.08 547.27 449.61 396.43
3 1349.11 1203.57 883.66 666.17 547.27
4 2123.63 1347.44 1152.21 966.43 757.08
5 2621.39 1553.36 1347.44 1128.40 1024.41
6 2641.72 2126.64 1349.84 1255.14 1115.46
7 3366.87 2151.97 1676.20 1347.44 1203.57
8 3381.82 2502.77 1931.76 1465.16 1347.44
9 4312.93 2836.67 2126.64 1756.54 1349.84
10 4365.81 2909.19 2453.74 2126.64 1553.36

In this section, the model of the honeycomb sandwich plate with zero Poisson’s ratio
is obtained through both the theoretical method and finite element method, which proves
the accuracy of the equivalent elastic parameters of the honeycomb core layer and the
validity of the model. The influence of the geometric parameters of the plate on the natural
frequencies is studied.

5. Flutter Analysis under Aerodynamic Forces

The zero-Poisson’s-ratio honeycomb sandwich plate has potential applications in
wing skins because it has no Poisson’s ratio effect during the deformation process. Large
deformations introduce considerable aeroelastic effects. Moreover, the aeroelastic instability
of the plate is a prominent problem that can be devastating to the structures. Therefore,
it is very necessary to study the flutter problem of the zero-Poisson’s-ratio honeycomb
sandwich plate. When the plate is under supersonic airflow, based on the first-order piston
theory, the aerodynamic pressure load is expressed as:

2P M2-2 1 ow ow

DP = — 4=
1/]\/[3_1(M§—1Maaoo ot +8x>'

(25)

where Po, = %poo U2 is flow pressure, U is air velocity at infinity, ae, M, and pe are sound
airspeed, Mach number and air density respectively. Substitute aerodynamic pressure
load (25) into the external force work expression in Equation (9). Meanwhile, Take the
modal functions (26) that satisfy the four-sided simply supported boundary and substitute
them into Equation (11) by using the Galerkin method.

) g (), 250

M N

up =Y, 1umn(t) cos(m
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vy = mii i Vn (1) sin ( m;rx ) cos (?) , (26b)

wy = ﬁl Iﬁl Win (t sm(m;w) cos(%), (26¢)

¢ = mﬁl nz bemn COS ( ) (Ty> ’ (26d)

= £ B pmiton() o ). =

where U, Umn, Wmn, Pxmn and @y, are the amplitudes of each mode. Neglect the inertial
terms of ug, vg, ¢ and ¢, in Equation (11) and substitute into Equation (11c), it can be
obtained the equation of motion for the honeycomb sandwich plate with zero Poisson’s
ratio under aerodynamic pressure load as Equation (27).

Winn () + (Hrmn + Hamn)Wmn (t) + (Cromn + Camn ) Wmn (t) + V(wmn(t)) =0, (27)

where the subscripts “k” and “a” in u and C represent coefficients of structural and aero-
dynamic terms, V represents nonlinear terms. Assuming that the airflow enters along the
x-axis, vertical to the y direction. It is known that the higher-order modes perpendicular to
the airflow direction are difficult to be excited under the condition of the simply supported
boundary, therefore, it is taken the first mode in the y direction, thatis N = 1.

Suppose Equation (27) has solutions of the form:

Wy = AmeM,

where A = A, +iA;, A, = Real(A) is damping ratio, A; is imaginary part w,, = \/)le

The plate is made of aluminum and the parameters are chosen as follows: the length
and width are a = b = 1 m, the thickness / = 10 mm, the thickness of the core layer /i, = 9 mm,
the thickness of honeycomb wall ¢ = 1.5 mm, the angle 6 = 30°. M = 3, 4, =213.36 m/s.
Figure 5 shows the change of the real part A, and frequencies with the flow pressure P,
when M = 2, 4, 6, respectively.

It can be seen from Figure 5 that with the flow pressure increase, the first-order
frequency of the system gradually increases and the second-order frequency decreases,
and the two gradually get closer and closer. Simultaneously, the vibrations of the first two
modes of the zero Poisson’s ratio honeycomb sandwich plate are coupled with each other
and the system gradually absorbs energy from the airflow. When the two frequencies are
the same and at the same time the real part of the eigenvalue curve crosses the zero-line,
flutter occurs. The corresponding flow pressure is called critical flow pressure. While due
to the existence of structural and aerodynamic damping, the critical flow pressure from
the real part curve by the left column of Figure 5 is slightly larger than the value when the
corresponding frequencies are combined by the right column of Figure 5. It can be seen
from Figure 5a—c that the critical flow pressures are 989 kPa, 1341 kPa and 1341 kPa when
M =2, 4 and 6 respectively. That is to say, the results are almost same when M = 4 and 6,
Therefore, take M = 6 to ensure the correctness of the results.
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Figure 5. The curves of eigenvalue with the flow pressure change. (a) M =2, (b) M =4, (c) M = 6.

Figure 6 gives the waveform and phase diagrams of the plate under different airflows.
Figure 6a is the stable motions of the ZPR honeycomb sandwich plate when the airflow is
less than the critical flow pressure. When the airflow is equal to critical flow pressure in
Figure 6b, the plate shows periodic motions, which is called limit cycle. Figure 6¢ expresses
divergent motions when the airflow is larger than the critical flow pressure. The phase
diagram is an outward spiral as shown in the right side of Figure 6c.

Change the parameters of the zero Poisson’s ratio honeycomb sandwich plate and
study the influence of these parameters on the flutter characteristics of the plate. Table 8
shows the critical dynamic flow pressure and the corresponding core thickness ratio. The
thickness of the plate & = 10 mm, ¢ = 1 mm, other parameters are same as that of Figure 5. As
the core thickness ratio increases, that is, the total thickness of the plate remains unchanged,
when the thickness of the core layer increases and the thickness of the skins decreases, the
critical dynamic flow pressure for flutter of the plate gradually decreases.

Table 8. Flow pressures with core thickness ration change.

Core thickness ratios h./h 0.7 0.75 0.8 0.85 0.9 0.95

Flow pressure Py, (kpa) 3321 2911 2441 1921 1351 701

Changing the thickness of honeycomb wall, with the same other parameters as those
of Figure 5, the corresponding critical dynamic flow pressures are shown as in Table 9. It
can be obtained from Table 9 that as the wall thickness of the honeycomb cell increases, the
critical dynamic flow pressure of flutter first decreases and then increases. When the wall
thickness of the honeycomb cell is 1.5 mm, the critical dynamic pressure is the smallest.
The influence of wall thickness t is smaller than that of core thickness ratio.
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Figure 6. The waveform and phase diagrams under different flow pressures. (a) Poo = 1310 kpa,
(b) Poo = 1341 kpa, (c) Poo = 1351 kpa.

Table 9. Flow pressures with wall thickness change.

Wall thickness t 0.5 mm 1 mm 1.5 mm 2 mm 2.5 mm 3 mm

Flow pressure Py, (kpa) 1381 1351 1341 1351 1381 1441

With the angle 6 changed and other parameters the same as those of Figure 5, the
critical dynamic flow pressures are shown as in Table 10. When the angle increases, the
critical dynamic flow pressure decreases slightly.

Table 10. Flow pressures with angle 6 change.

Angle 0 15° 30° 45° 60°
Flow pressure P, (kpa) 1381 1351 1311 1281

Changing the aspect ratio of the plate and with the other parameters the same as
that of Figure 5, the critical dynamic flow pressures are shown as in Table 11. It can be
obtained from Table 11 that as the length-width ratio b/a increases, the critical dynamic
flow pressure for flutter decreases. It is concluded that the critical dynamic flow pressure
of the square plate is larger than that of the rectangular plate under the boundary condition
of four sides simply supported.
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Table 11. Flow pressures with length-width ratio change.
length—width ratio b/a 1 1.5 2 2.5 3
Flow pressure P, (kpa) 1351 1061 981 941 921

References

By comparing the flutter characteristics of the honeycomb sandwich plate with zero
Poisson’s ratio under different parameters, it can be found that the core thickness ratio has
great influence on the critical flutter pressure, and the honeycomb cell wall thickness and
cell inclination have a small influence on the critical flutter pressure and the square plate
has better stability in supersonic airflow under four sides simply supported boundary.

6. Conclusions

The vibrations and flutter of a honeycomb sandwich plate with zero Poisson’s ratio
are investigated. The equivalent elastic parameters of the hexagonal ZPR honeycomb core
are derived and then the dynamical model of the plate is established. The main conclusions
are as follows:

1. The validity of the equivalent parameters for the ZPR honeycomb core layer and the
sandwich plate model is verified by finite element. The concave hexagonal shape plays
a leading role in the hybrid AuxHex honeycomb when force is applied in y direction.

2. The natural frequencies of the sandwich plate are compared when the Poisson’s
ratios of the core layer are positive, negative and zero, respectively, with the other
parameters of the plate remaining the same. The frequencies of the ZPR plate are in
the middle and the auxetic plates are the smallest.

3. The change of the natural frequencies of the sandwich plate with the variety of core
thickness ratio and length-width ratio of the plate are obtained, with the variety of
the honeycomb cells including the length of walls, the angle of walls and the thickness
of walls, respectively.

4.  The critical dynamic pressure of flutter of the honeycomb sandwich plate is calculated.
The critical dynamic pressures decrease when the core thickness ratio and length-
width ratio increase, respectively. The critical dynamic pressure decreases first and
then increases when the thickness of wall increases.
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