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Moisture Effect on the Response of Orthotropic Stiffened
Panel Structures
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This paper examines the effect of absorbed moisture on the dynamic response of stiffened panel structure from
orthotropic material and a general external loading condition. An analysis of orthogonally anisotropic stiffened
plates subject to loads induced by the moisture and random external pressure is presented. The procedure is based
on the linear theory of plates and beams utilizing modified transfer matrices to accommodate the effect of the
moisture. Ingestion of moisture was taken to vary linearly with the swelling which results in effective force
resultants. Numerical results indicative of the moisture effect are offered.

Introduction

EROSPACE structures, aircraft, and other transporta-
tion vehicles are composed of flat or curved panels. The
panels usually have length-wise stiffeners. Vibrations induced
by various sources such as thrusters, mechanical and electrical
equipment, exhaust noise, turbulent boundary layer flow,
oscillating shocks, jet noise, etc., could have a direct effect on
the quality and limitation of the precision requirements and
comfort levels inside the aerospace structures. Thus, there is a
need for accurate and precise solutions.! 3
Approximate and numerical solutions for the vibration
response of the surface protection systems of the aircraft
utilize the finite-element methods. These solutions require
large computer storage capabilities, and when the vibrations
are coupled to the acoustic field, the results are limited to very
low frequencies.> Analytical solutions for the dynamic
response to aircraft panels have also been developed. Analyt-
ical models are usually limited to simplified geometries and do
not include geometric details, but the solution is given in
compact form, and the computed time required is limited. An
analytical approach for an aluminum and composite shell is
presented in Refs. 4 and 5. These models did not account
for the discrete stiffening effect. Analytical solutions for dy-
namic response of discretely stiffened panels from homoge-
neous isotropic®~!® and composite!! materials have been
developed. However, in all the previous approaches, the hy-
grothermal effect is not present. Investigations have shown
the deleterious effects of hygrothermal environments of struc-
tural performance of nonisotropic materials.'?~!® The deleteri-
ous effects consist of degradation of the mechanical properties
and hygroscopic expansions.!®> The hygrothermal effects are
two. One is associated with the temperature, and the second
with the moisture ingestion. At any temperature there is a
shift in the stiffness and strength curves. These curves are
lowered by the absorbed moisture.!> Because of the swelling,
significant residual siresses are induced by moisture absorp-
tion.!’ Ingestion of moisture has an effect similar to the
thermal effect.!?~1°
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This paper examines the effect of absorbed moisture (only
one of the hygrothermal effects) on the dynamic response of
stiffened panel structure from orthotropic materials. Figure 1
illustrates a typical stiffened panel structure. A transfer matrix
procedure has been developed to include the orthotropy of
the material and the moisture effect (coefficients of hygrother-
mal expansion) for plates with stiffeners due to general exter-
nal loading condition. It is taken that the ingestion of
moisture varies linearly with the swelling. Details for the
coupling of the stiffeners and the plates are offered. Numerical
results indicative of the moisture effect are also presented.

Response of an Orthotropic Panel

Consider a thin flat plate. The material of the plate has
three planes of symmetry with respect to its elastic properties.
This material (orthotropic or orthogonally anisotropic) covers
a lot of cases of composite materials and is mostly used to
bring the theory into agreement with experiments. Taking the
symmetry planes as coordinate planes, the relations between
the stress and strain components can be represented by the
following equations:

E, v E
sz_(gx_ﬁxAM0)+ - y(gy_ﬁyAMO) (1)
Yoo Yoo
vy, E E
Oy =—y_y(sx _ﬂxAMO) +_y(£y _ﬂyAMO) (2)
Voo Yoo
Oxy = GYXy (3)

where E; are the elastic modulus, f; are the coefficients of
hygroscopic expansion, AM, is the change in moisture con-
centration function (wt%). Also, v, is the Poisson ratio (i.e.,
the negative of the ratio of the strain in y direction to the
strain in the x direction due to an applied stress in the x
direction). Thus, v, E, = v, E..

Also,

Voo = 1- vxyvyx (4)

The relations of Egs. (1-3) require that hygroscopic defor-
mations are accurately described by linear coefficients of
hygroscopic expansion.'>"!> We note that hygrothermal
effects are dilitational only, that is, they cause an expansion or
contraction, but do not affect the shear stresses or strains. We
are interested in the dynamic aspect of the problem. However,
if we assume that moisture effects have operated for a long
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Fig. 1 Stiffened multispanned panel array.

period of time, then, AM, will not be a function of time, but
only a function of the spatial coordinate z (quasistatic).

Using the constitutive equations, the hygrothermal contri-
bution can be determined. The integrated hygrothermal stress
resultants are given by

E hi2
N7 = M J AM,dz (5
Voo —h/2
N = vxyEyﬂx + Eyﬂy J‘h/z AM() dz (6)
7 Yoo —h/2
N7, =0 (M

where h is the thickness of the orthotropic plate, and the
superscript m indicates the dependance on the moisture con-
centration. Similarly, for the flexural response, it is necessary
to define the effective moment resultants:

E E 12
M7 =—————-—xﬂx t iy yﬁy'[ AMyz dz (8)
Yoo —hj2
E E A2
My = toEb T BB, j AM,z dz 9
Voo — B2
M7 =0 (10)

In addition to hygrothermal loads, the panels are subjected
to mechanical external loads, such as random pressure, point
forces, and point couples. The stiffened panel shown in Fig. 1
located at z =0, 0<x < L,, 0<y <L, is simply supported
at the edges normal to the stiffeners. Using classical thin-plate
theory, the equation of motion governing the bending vibra-
tions of a panel from orthotropic material located between
any two arbitrary stiffeners is®>!7-1?

WTE, vy E E ;
5 [@ W, xxx + 2 (‘é).fy + 2ny> W xxyy + ;i W’yyyy:l Tow
+(1 +0.01AMy)ph = pe* — p™

+NW, o +2N W, + Now,,, (11)
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where a comma denotes a derivative and w(x,y,t) is the
normal deflection, ¢ is the viscous damping coefficient, and p
is the panel mass density. The factor (1 + 0.01AM,) in front
of the mass of the system accounts for the absorbed moisture.
In Eq. (11) we note that the loads on the panel are the
mechanical external pressure p<*, the pressure because of the
hygroscopic moments p™, and the stress resultants
N,,N,,N,,. More specifically, the mechanical loads p** con-
sist of external random pressure p'(x,y,t), and N, number of
random point loads F; located at (x;,y;), and Ny, ,Ny,, num-
ber of random point couples M, M, acting on a plane
parallel to x and y, respectively, located at (x;,y,). Thus,

N,
P =plend) + 3. FADOx —x)5(y — )

i=1

+ 3 M08 — x)3,(y — )

i=1

+Nf‘ M (1)3,(x — X)(y — ) (12)

i=1

where 6 is the Dirac delta function, and a comma denotes a
derivative. Also the pressure because of the hygroscopic mo-
ments is'”!?

pr=M7 .+ MY, (13)

where M7 and M)}’ are given in Eqs. (8) and (9). When
moisture and temperature concentration distributions are not
functions of x and y, it is p” = 0. Also in Eq. (10) the stress
resultants can be found to be

h
Nx = (Exu’x + nyEyU’y) - N;n (14)
Voo
h
N,=—(,Eu,+Ev,)—~ N} (15)
Voo
N,, =hG(u,, +v,,) (16)

where u,v are the in-plane displacements in the x,y direction,
respectively. The N7' and N7 are given in Egs. (5) and (6).

Taking the in-plane displacements ¥ =v =0 (panel re-
strained along the edges) in Egs. (14-16), and using that
p™ =0 (moisture distributions not functions of x and y), Eq.
(11) resuits in a simpler form. The differential equation now
has only even derivatives of the unknowns.

The panel displacement w can be expressed in terms of the
expansion

wix,p,0) = Y. g (10X, (x) 17

n=1

where ¢, are the generalized coordinates and X, are the
normal modes corresponding to the x direction. The terms X,
depend on the boundary conditions at x =0 and x=1L,.
These terms are the modes of a beam with length L, and the
same boundary conditions as the panel at x =0, at its ends.
Thus, for the simplest case of simple supports at the edges
normal to the stiffeners, X, = sin(nnx/L,).

Assuming that all loads have operated for a long period of
time, we can solve the differential equation in the frequency
domain. Taking Fourier transformation of Egs. (11-17) and
following the Galerkin procedure, Eq. (11) reduces to

qn’yyyy - 2Klqn’yy + qun = Qn (18)

where the overbar denotes the Fourier transform of the
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nn\* v, B, + 2v00G 19
<L ) E (19
E, 12vy(ico — pho’ nn\? 12vgo 4™
={— _+v°—°(—.,3_p_.__)_ - _00_3___ (20
Lx E, E,h L.) Eh
in which { =./—1, and
AMyh
AL === [Ef + Vo E,B)] (1
Voo
AMyh
Ay =—"[voE,f. + E,p) (22)
Yoo
Also, in Eq. (18) the generalized forces @, are
24y,
0, (yw) = hfZ U Py, 0)X, (x) dx
Ny _
+ Z F ()X, (x;)0(y — y:)
i=1
+ Z My (0)X,(x:)0,, (¥ — ¥:)
i=1
3 M 0)X, (05 —y,-)] (23)
i=1

The roots of the characteristic equation resulting from Eq.
(18) are +o0,,, t+io,,, where
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obtaining the inverse solution (as in Ref. 7). Thus,

3 ¥
gu(y,0) = .ZO Cinfin(¥) + j Sy = Q@ (Ew) A& (27)

Differentiating Eq. (27) and introducing the relationships
between various derivatives of §,(y,») in terms of slope,
bending moment, and shear, the response of an orthotropic
panel can be written in a convenient state vector form®-10
{Zn} = {6n56n >Mn’Vn}TA (28)
where the superscript 7 denotes the transpose of a matrix and
6n,0,,M,,V, are modal components of deflection, slope, mo-

ment, and shear, respectively. Then, the response state vector
at station j on the panel is®

{Z.}) =1FI{Z,}; - + r [F(y —OUPLD}E (29
0

where the superscripts / and r indicate either the left or right
side of station j, respectively, and {P,(&)} is the matrix of
generalized random forces

{Pn(é)} = {O’O’O’EthQn /(IZVOO)}T

Also, [F] is the field transfer matrix which transfers the state
vector across the orthotropic panel®-8

[F], = [B[R],[B];" (3D

with matrices [R] having the same form as that given in Refs.

(30)

Ornon = (VKi — K, £ K))'? (24) 6 and 7, but now the charcteristic roots from Eq. (24) have to
be used. Also the new form of matrices [B] and [B] ~! can be
The solution of Eq. (18) can be written as a super- found to be
B 1 0 0 0 W
0 1 0 0
E E W
(B = | _twbH(m 0 2o
12v40 Lx 12vg,
0 (v 4G, ﬁ?)z o LM
i 12\ vy L, 12vy, (32)
and -
[ 1 0 0 0 ]
0 0 0
2 12v
[B] '= nm 0
] AV 0 En’
G\ (nn\? 12v40
gy —= |{ — 0
I 0 (ny + dvgyg E, ) (Lx> Eyh3 J (33)

position of homogeneous and particular solutions

Gn=qn+ 44 (25)
The homogeneous solution can be written as
3
qz (_}’,CU) = Z C‘i in(y) (26)

i=

where C,, are arbitrary constants to be determined from the
boundary conditions, and functions f,( y) are given in Refs. 6
and 7. The arbitrary constants can be expressed in terms of g,
and ¢,, and ¢, ,, and g,,,, evaluated at the boundary y = 0.
The particular solution can be obtained by first taking the
Laplace transform of Eq. (18) with respect to y and then

Effect of the Stiffeners

To transfer a state vector across the stiffeners, point trans-
fer matrices to account for the interaction between the
stiffeners and the panels need to be developed. In addition to
bending and twisting, hygrothermal effects are induced. The
stiffeners used in aerospace structures are usually thin-walled
members with an open shape cross section as shown in Figs.
1 and 2. The point of connection between the skin and the
stiffener is assumed to be at the horizontal projection of the
shear center (see Fig. 2). The stiffener does not have any effect
on the continuity of the deflections and the slopes in the skin
on either side of the line of the attachment.®~° Thus,

={4.}) (34)

{2.};
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Fig. 2 A typical stiffener: a) cross section; b) displacements;
¢) forces and moment transferred to the stiffener from the skin.

{8y 37 = {80, }] (35)

However, when the panels vibrate, the elastic stiffeners also
vibrate, and changes in the moment and shear components of
the state vector occur. The equations governing the deflec-
tions of the stiffener (beam) were established at the beginning
of the century.'”!® These equations can be modified to fit the
transfer matrix formulation®”* and now include the moisture
expansion

Exlrl Wo,xxxx + EsInC UO,xxxx + mec,xx + M;nn,xx =£(X) (36)
ESIC vO,xxxx + EslnC wO,xxxx + vac,xx + M;”C,xx = Q(x) (37)

Escwwsxxxx - <j a_’;)jc r2 dA + GsCs> l//,xx =l(x) (38)
A

where the comma- denotes again differentiation; v and w are
normal to the stiffeners and vertical displacements, respec-
tively; the subscripts 0 and ¢ refer the deflections with respect
to the shear center and center of gravity, respectively; i is the
angular rotation of the stiffeners; £, and G, are the moduli of
elasticity of the stiffener; L1 I, are the centroidal moments
of inertia and product moment of inertia; C, is the warping
constant of the cross section with respect to the shear center;
C, is the Saint-Venant constant of uniform torsion; r is the
distance from the shear center; and A the cross-sectional area.
Also, P™, M7, and M7 depend on the moisture concentra-
tion:

P = J E.B,AM,dA (39)
A

M7 =J E B, AMn d4 (40)
A
A

The portion of the stress due to the moisture alone is

P (LM —I . M"
M= —Ef AMy+— Lt
7 sPsAMo+ < 11 12,

LM? — 1, M?
=k )
I'IIC _IﬂC
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with B, the hygroscopic coefficient of the stiffener, and 0 a
centroidal coordinate system (see Fig. 2). Usually the mois-
ture concentration AM, is not a function of x, then
MG . =0=M3, . We note that 672 =0 only at the very
special case when the cross section of the stiffener is doubly
symmetrical and then M7 =0=M}3. At all of the other
cases oy, #0.

In Eqgs. (36-38) p and ¢ are the distributed loads at the
shear center along the stiffener, acting in the z and y direc-
tions, respectively; r is the distributed torque about the shear
center. Because of the elastic deformation of the stiffener,
vertical and horizontal forces and torque can be summed
through shear center O (see Fig. 2). The inertia forces are
more conveniently summed about the centroid C. In addition,
there are forces and moments transmitted from the panels at

the point of the attachment S. Thus the distributed loads
a_re[6,7,20]

P =(=V'+V)—pT 4w, (43)
9(x) = (H" = H') —p7" 45, (44)
Hx) =(M"—M')— (N"— N')s, + p7" dis.c,
—piiee, —pl I (45)
in which p7", the density of the stiffener, is

pT = (14001 AM,)p, (46)

where p; is the mass density; ¥, H™/ and M’ are the
vertical, horizontal forces, and moment, respectively, trans-
mitted from the panel at the right or left of the stiffener; J., is
the polar moment of inertia with respect to the centroid; and
$.,¢;,¢, are distances defined in Fig. 2. The deflections of the
stiffener at the point of the attachment S (denoted as w.,v with
no subscript) are geometrically related to those at the centroid
(w.,v.) and shear center (wy,v,) as follows®2%;

w = wy —s5,(1 — cosy) ~ w, (47)

vV=0— S (48)
We=wo+c, i (49
Ve =Uo— .Y (50)

Substituting Eqs. (47-50) into the equations of motion,
Egs. (36-38), and using Egs. (43-45), expressions for
(M"'—M)), (V' —V", and (H"— HY, as functions of the
displacements w,v,) (at the shear center), can be obtained.
The expression for M" — M’ will involve the horizontal forces
H™—H', but these can be eliminated by using the third
obtained expression. Thus, finally, the expressions for
(M”— M") and (V" — V') are only functions of displacements,
the inertia forces, and the geometric characteristics of the
stiffener. Recognizing the rigidity of the structure in the plane
of the skin, the lateral motions can be neglected, i.e., v =0
and v, = (s, — ¢,¥. Furthermore, the in-plane forces induced
by bending and by side sway from H” — H' have a negligible
effect on the plate motion.®” Substituting v = 0, dw/dy = ¥,
and the mode expansion equation (17) for displacement w,
into the expressions for (M" — M%) and (V" — V%), and using
orthogonality condition, it can be shown that

M, — M. =54, +¢,0 (51)
Vi—Vi=-¢60,—4d,0, (52)

where §,,0, are modal components of the state vector defined
in Eq. (28). Also, b,,¢,.6,,d, are functions of the frequency
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and depend on index n:

X

. nm\* ym

b(w) = E s, 7 —w*pl" Ac, (53)
. nm\*
Cn(w) = Es Cws L— - w2p;n Js

nm\?
+[GSCS + P™s,(c, —s,) + J o™ r? dA] <—L_> (54)
A X

4 2
é.() = E, (’2—”) — w4 —P" ('2—”) (55)

4 2
d,(@) = E,I;s. <'L—”f> —wp™ Ac, — P, <’£—“> (56)
in which

Jy=J. 4+ Ac% + Ac, —s5.)° (57)

the equivalent warping constant of the stiffener cross section
with respect to point of connection S as the center of twist is

Cys=C, + I5? (58)
¢

From Egs. (34), (35), (51), and (52), the state vector across
the stiffening element at station j can be expressed as

{Z.}; =16){Z.}; (59
where
1 0 00
0 1 00
b=t 5 & 10 (60)
—é, —d, 01

and where [G]; is the point transfer matrix associated with the
physical constants of the jth stiffener.

Response of the Stiffened Panel

Using Egs. (29) and (59), the state vector for a multibay

orthotropic panel shown in Fig. 1 can be expressed at any

arbitrary locations s, where s =y, + X}, _ | y,,, as®®

{Z,}i =T {Z.}o + H{E.}o (61)

where matrix [T} transfers the state vector from station 0 to
station s such that

dT1o = [FAGHFLIG) -1 - - [FLi[Glo (62)

in which [F] is a field transfer matrix which transfers the state
vector over a portion of a panel located between stations j
and j+ 1. Transfer matrix {{E,}} represents the effect of
distributed and concentrated loads”®

HE o =1TY {L\,} + UT15 {Ls,}
4+ AT AL} + {Lon} (63)
where

(L) = f " Iy, — O1PAO} 64
0

and {L,,} can be obtained from Eq. (64) by replacing y; with
Ys
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The accuracy of the excessive multiplications of the transfer
matrices can be improved by introducing expanded delta
matrices.”!! An expanded delta transfer matrix [7%] whose
elements consist of all possible subdeterminants of order 2 x 2
is constructed as

T2 = [FAIGALIFAIGA, -1 - - - [FALIG ) (65)
where
[F%], = [BAIRA,(B1 ~H2 (66)

and the delta matrices, denoted by A, are of order 6 x 6.
Thus, using subdeterminants, terms identically equal to zero
are evaluated early, i.e., avoiding numbers which are the small
difference of two other large numbers. In addition, the other
terms are calculated with much greater accuracy.

The solution for the state vector {Z,}} in Eq. (61) can be
obtained by applying boundary conditions at y =0 and
y = L,. In this approach, boundaries corresponding to simple,
fixed, free, or elastic supports can be considered (not neces-
sary the same at both ends). Then, after the solution for the
state vector {Z,}} is known, the response state vector {Z,}
can be obtained from Eq. (61).® Finally, the response state
vector in terms of displacement, slope moment, and shear can
be obtained at any arbitrary location on the stiffened panel
from”°

o]

Wro)l = ¥ {Z,} X, (67)

n=1

The first element of the response state vector { W{x,w)}: from
Eq. (66) is the displacement component wy(x,w) at point
(x,y,). Utilizing the theory of random processes, the response
spectral densities corresponding to the four elements in the
state vector can be obtained from Eq. (67). For example, the
deflection response spectral density at location (x,p,) can be
calculated from’?

[se]

Sy =3 T S5, @)X, Xn() (68)

n=1m=1

where S5 ; (w) is the cross spectral density of the amplitude
62 determined from Eq. (61).

Numerical Results

For the calculation of the displacement response and the
examination of the importance of the moisture of the stiffened
orthotropic panel shown in Fig. 1, simplified versions were
chosen for this study. Numerical results were obtained for the
stiffened structure shown in Fig. 3. The stiffened panel is
composed of three equal bays. Two stiffeners are located at

x 0
— vi—t—ya —— vs
-
Fi1 Fs
> M, e M,
Fa Fa Ly
\W’Mz \\M.g T 13in
Tin
>
y
& Iy
W I ¥

LD
L_ Stiffener
Panel

Fig. 3 A three-bay stiffened panel.
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Fig. 4 Deflection response spectral densities to point forces for an
orthotropic panel.
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Fig. 5 Deflection response spectral densities for different orientation of
the orthotropic material.

the boundaries, and others are placed at a distance
y=y,=p;=82in. (see Fig. 3). The panel has free
boundary conditions at y =0,L, (the ends are supported by
the end stiffeners). Also, the length of the panel in the x
direction is L, =20in., and the thickness # =0.06 in. The
elastic moduli for the orthotropic panel are assumed to be
constant and as follows: E, =2.0x 107 psi, G,, =0.73 x
108 psi, E, =1.55 x 10% psi, the mass density p = 1.373 x
10~*1Ib - szv/in.“, the Poisson’s ratio v,, = 0.3, the hygrother-
mal coefficients f, =0, B, =4.1 x 1073/wt%. The physical
parameters for the stiffeners are cross-sectional area
A =0.2302in.%, warping constant C,, = 0.01649 in.%, torsion
constant C =2.263 x 10~*in., moments of inertia I, =
0.122in%, I,, =0.0, I, =0.083 in.%, J, = 0.254 in.%, shear cen-
ter distances ¢, = 0.0, ¢, = 0.802in., s, = 0.082 in. The elastic
constants for the stiffeners are E,=2x107psi, G, =
0.73 x 10° psi, the mass density p, =1.373 x 10~*1b - §*/in.%,
and the Poisson’s ratio v, = 0.3.

Damping in the skin-stringer structure is introduced by
replacing E,, E,, G, E;, and G,, by E(1 +ig,), E(1 +ig,),
G,(1+ig,,), E(1+ig), G(l+ig), respectively, where
8+:8y-8xy-8s are the loss factors. Numerical results were ob-
tained for g, =g, = g,, = g, = 0.02 (damping values are the
same for the stiffeners and the panels). The forcing function
has the simple form of point forces F; or point couples M,, or
M,, applied on the stiffeners as shown in Fig. 3. The four
point forces are assumed to be characterized by truncated

AJAA JOURNAL
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Fig. 6 Deflection response spectral densities for different rigidity of
the stiffeners.
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iy"

Gaussian white noise spectral densities:

0.00084 1b*/Hz 0<f<f,
_ u 69
Sk () {0 otherwise )
_ {0.00084 (Ib-in.)YHz 0<f<f,
SM,»(f) = {0 otherwise (70)

where f'is the frequency in Hz, i = 1,2,3,4; M, is either M, or
M,,; and f, is the upper cutoff frequency. The upper cutoff
frequency was taken as f, = 800 Hz. These point loads are
located at the positions as indicated in Fig. 3.

Deflection response spectral densities of the orthotropic
panel were obtained for different locations. The panel deflec-
tion response shown in Fig. 4 is calculated at x =5in,,
y=4.1in., and y =8.2in. The first point is located at the
middle of the bottom half of the first bay, and the second
point is at the middle of the half (one-fourth) of the stiffener.
The panel is subjected to four equal point forces. Structural
modes are excited with different intensity depending on the
location. This is critical when sensitive equipment is to be put
in different locations. The results presented in Fig. 4 are for
the case when the strongest direction of the orthotropic
material of the panels is parallel to the stiffeners. In Fig. S a
comparison between an orthotropic material having stiffer
properties in the x direction (ie., E,>E,), and an or-
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thotropic material having stiffer properties in the y direction
(i.e., E, > E,) is offered. The elastic constants are the same
with the exception of the E, > E, case, where the orthotropic
material is turned 90 deg. The deflection is calculated at the
middle of the bottom half of the first bay (i.e., x =5in. and
y =4.11in.). Depending on the value of frequency, significant
differences in response values are obtained. It is difficult to
have a general conclusion about the overall displacement
(root mean square displacement) because different modes
excited more in different locations.

The effect of changing the stiffness of the stiffeners was also
studied. In the preceding cases, it was assumed that
E,=E, =2x10°psi and G, =G,,. In Fig. 6 a comparison
between the case when E, = E,, G, =G,, and the case when
E,>E, G,>G,, is presented. For the second case,
E, =3 x10"psi and G, =1 x 10° psi. The structural modes
which depend strongly on the location and the panel proper-
ties are unchanged. However, all the other modes are moved
to higher frequencies, as expected. The overall response, for
this example, seems significantly lower when the stiffness of
the stiffeners is increased.

Spectral densities were also obtained to point couples as
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Fig. 8 Deflection response spectral densities for different moisture
concentration for an orthotropic panel.
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Fig. 9 Deflection response spectral densities for different moisture
concentration for an orthotropic panel with increased rigidity of the
stiffeners.
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shown in Fig. 3. The effect of direction of the input point
couple action is illustrated in Fig. 7. The response is calcu-
lated at x = 5in. and y = 6.1 in. The dashed line corresponds
to M,, input (bending effect on the stiffeners) and the solid
line to M, input (twisting effect on the the stiffeners). These
results indicate that the deflection response is significantly
smaller for bending moment input M, than for twisting
moment input M,,. This is because these stiffeners provide
more resistance in bending than in torsion. By tailoring the
geometric characteristics, desired response levels can be ob-
tained.

The effect of moisture concentration was also studied. In
Fig. 8 moisture is increased from 0 to 0.05wt%, and
0.08 wt%. The deflection response spectral density is calcu-
lated at x = Sin. and y = 4.1 in. In general, behavior is simi-
lar to the temperature effects. Stiffness is reduced as moisture
increases. Thus, resonant frequencies move to lower levels.
Similar results are obtained when the stiffness of the stiffeners
is increased (E, =3 x 107 psi, G, = 1 x 10® psi) as shown in
Fig. 9. The same observations can be made using different
input as in Fig. 10, in which the orthotropic panel is subjected
to four equal point couples M,,. The two curves in Figs. 9 and
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Fig. 10 Deflection response spectral densities for different moisture
concentration for an orthotropic panel with point couples M, input.
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Fig. 11 Deflection response spectral densities for different moisture
concentration for an orthotropic panel with E, > E,.



2124 C. S. LYRINTZIS AND D. A. BOFILIOS

s e o BAERAR Y e e o e
................ B2 = 0.0041
B2 = 0.0082
-9 |- -
~ 10
o)
—
“.
8
E
un: 10—11_
@
=]
—
o
bt
+
3]
Q
[=}
w1013
SR S8 SR S N ST UT SO0 SUUENS SN 0N A HSVUN B0 SN SR A AT O WA S

0 g 200 2000 400 5000 600 700 €00

Frequency (Hz)

Fig. 12 Deflection response spectral densities for different coefficients
of hygroscopic expansion.

10 are for moisture increase 0.05 wt% (solid line) and no
moisture (dashed line). However, when the orthotropic mate-
rial is turned 90 deg, (E, > E,) the stiffened panel becomes
much stronger and changes in moisture do not affect the
response as much as before. In Fig. 11 the moisture is
increased from 0 to 0.15 wt%, and 0.30 wt%. The results of
Fig. 11 demonstrate the same physical significant (increased
moisture results in frequencies moving toward lower frequen-
cies) but also the fact that stiffer structures resist much better
in moisture effects.

Results are also very sensitive to accurate specifications
of the hygroscopic coefficient of the material. A comparison
of the sound pressure levels for different coefficients of
hygroscopic expansion f,=4.1 x 1073wt% and B,=6.2 x
10—3 wt% is given in Fig. 12.

Conclusions

An analytical method based on transfer matrices has been
developed for analyzing the dynamic response of a stiffened
orthotropic panel including moisture effects (the effect of
temperature was not examined). The formulation can be
applied to a variety of discretely stiffened orthotropic and
isotropic structures. In addition, it has been shown that
structural response is sensitive to the dynamic characteristics
of the skin-stiffener structure and to changes in moisture
concentrations. The orthotropic stiffened panel response is
strongly dependent on the location, the angle of orientation of
the orthotropic material, the rigidity of the stiffeners, and the
forcing function. It was found that moisture effects on panel
response are similar to thermal effects. Resonances corre-
sponding to structural modes of the stiffened panel move to
lower frequencies, as the stiffness reduces. Stiffer structures
resist in moisture effects better. Dynamic response is very
sensitive to the physical constants of the stiffened sidewall.
Thus, the coefficient of hygrothermal expansion should be
precisely identified.

The results indicate that moisture effects are very important

AIAA JOURNAL

in predicting deflections and transmitted noise. Therefore,
these effects must be considered in the design of orthotropic
airframe structures, and by tailoring the geometric and mate-
rial characteristics of structural components vibration levels
can be reduced.
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