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SECTION I

INTRODUCTION

Recently, composite materials have been developed and design methods and concepts
are evolving in order to incorporate these new materials efficiently in structural designs. It
appears that these new high~strength and low-density materials have great potential in both
solid laminate and sandwich construction. A particularly interesting phenomenon that arises
in unbalanced laminated construction* is coupling between extensional and flexural action.
This type of behavior necessitates a greater emphasis on anisotropic and transversely
heterogeneous structural analyses as a means of predicting the behavior of these new

structural types.

For the lightweight structures such as the sandwich and laminated structures now en-
countered in aeronautical design practice, finite element methods should prove to be valuable
analysis tools. The accuracy of a finite element method is directly dependent on the ability of
the element deformation patterns to approach the actual deformation state of the structural
system. In a potential energy formulation it has become generally accepted that the element
displacement functions should be such that they can satisfy the geometric admissibility
conditions, A numerical solution based on admissible displacement states yields an upper
bound to the true minimum of the potential energy. Furthermore, if the finite element modeling
is sequentially refined using elements of the same type and the refinement contains the
previous modeling, convergence of the sequence of upper bounds is monotonic. It is important
that the sequence of upper bounds converges to the exact minimum of the potential energy in
the limit; this condition is assured if it can be shown that the sequence of displacement
functions generated by successive refinements results in a ‘‘complete’ sequence. The
problem of demonstrating completeness has been dealt with by various authors (References 1
and 2), and is currently an active research area. It is also pointed out that the element
displacement states should be able to represent the rigid body modes of the structural system,
in the sense that rigid body displacements produce very little strain energy, even for rel-
atively coarse modelings,

*The term ‘‘unbalanced laminated construction® isused todescribe a section where the lamina
are placed unsymmetrically (elastically and/or geometrically) about the middle surface.
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A rectangular thin plate element which satisfies all the above mentioned criteria was
developed in Reference 3; the formulation was achieved using displacement patterns formed
by the sum of products of one-dimensional first-order Hermite interpolation polynomials
and undetermined nodal coefficients. Subsequently the method was extended to a cylindrical
shell element (Reference 4) and to a skew plate element (Reference 5). Following the same
approach, this paper reports on a finite element capability for sandwich plates and cylindrical
shells. The faces are considered to be thin shells and may be composed of an arbitrary
number of bonded layers, each of which may have different thickness, linear elastic aniso-
tropic material properties, and orientation of elastic axes. The orthotropic core considered
is typical of that used in honeycomb sandwich construction. It is agsumed that displacements
are small and that the transverse deflection is uniform through the thickness of the sandwich.
The strain energy of the composite sandwich system is taken to be a collection of the following:

(a) the strain energy due to membrane action of the faces in their reference planes,

(b) the strain energy due to bending of the faces,

(c) the strain energy due to linear coupling between membrane and bending action in
the faces,

(d) the strain energy due to transverse shearing of the core,

The strain energies due to transverse shearing of the faces and due to face-parallel de-
formations in the core are considered negligible.

The finite element method reported is formulated in terms of the shell geometry and the
stiffnesses of the faces and core. The displacement behavior is described by the four face-
parallel displacements of the skins and the transverse displacement w. This choice of dis~
placement variables admits transverse shear deformations in the core and allows for flexi-
bility in selecting realistic boundary conditions. For example, it is possible to impose
membrane displacement boundary conditions on one face while allowing the other face to
satisfy natural or imposed force boundary conditions. Furthermore, this choice of displace-
ment variables is such that the analysis of thin anisotropic and transversely heterogeneous
plates and cylindrical shells is a special case obtained by simply considering one face of
the sandwich.
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Using the principle of minimum potential energy as a base, element stiffness and mass
matrices (including the effects of rotary inertia) are developed and several numerical ex-
amples are given. Solutions are obtained by standard numerical methods or alternatively by
direct energy minimization using a scaled conjugate gradient (References 6 and 7) method,
Finally, the energy search concept is adapted to predicting the response of structural
systems subject to the influence of destabilizing loads; it is noted that this adaptation is
analogous to the ‘‘incremental stiffness matrix method’’ and that the buckling load associated
with a linear eigenvalue formulation is approached asymptotically by the load-displacement

curve,

SECTION II
ENERGY FORMULATION

The discussion in this section is focused onpresenting expressions for the strain energy,
the kinetic energy and the potential of the applied loads for sandwich plates and cylindrical
ghells. The structural model consists of two anisotropic faces which may be formed from an
arbitrary number of bonded layers and an orthotropic core representative of honeycomb
sandwich construction. A portion of a cylindrical sandwich shell is shown in Figure 1. The
subscripts 1 and 2 are used to denote quantities associated with the inner face and outer face
respectively; the subscript ¢ is used to identify quantities perfaining to the core. A general
subscript s is used to denote guantities that refer to all three layers (i.e. inner face, outer
face and core) while the subscript f is used when attention is limited to the faces. The indi-
vidual reference surfaces of the skins are located arbitrarily at distances df(f =1,2) from
the interfaces between the core and skins, The reference surface of the core ig taken fo
coincide with ite middle surface. Thicknesses and radii of the faces and core are ts and
RS(S = 1,2,c), respectively. Note that distances measured on the individual reference
surfaces in the 8 direction are represented by Yo = RS & in the cylindrical shell,
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FACE CONSIDERATICNS
The faces of the sandwich system are considered to be thin anisotropic shells; the usual

assumptions of linear shell theory, including the Kirchhoff-Love hypothesis, are retained.
The strain-displacement relations for the faces of a sandwich cylinder are represented by

0
€ix €5x Kix
z 0
efy' T efy +z Kgy (1)
0
yfxy yfxy Kl'xy

0 o [ :
where ¢ 5 € fy’ Y fxy are the reference surface strains and fo, Kfy' foy are the changes
in curvature. Note that Z is measured along a normal from the reference surface. The ex-

pressions for the reference surface strains and curvatures are related to the displacements by
0 0 Ve . (o]
€tx TUtx 0 €ty TVey FRE 0 Yy TVix Ty (2)
. i 1, - .- 1
X fxx Kfy Wfyy + Ry vfy ! foy Z(foy R v“) (3)
In the above expressions, the notations

" N dug ) auf i dug
fx Ax ! ufy - a,f Ry 936

has been adopted for convenience. The corresponding strain-displacement relations for the

etc.

faces of a sandwich plate are obtained from Equations 2 and 3 by setting Y=V and f%- = Q.
1

As previously mentioned, the faces may be of laminated construction. Each ply in the
face may have different homogeneous anisotropic material properties, orientation of elastic
axes and thickness. For example, such faces are typical of filamentary composite con-
struction in which the piles are assumed to be homogeneous and orthotropic. The stress-strain

law for an individual lamina within a face is represented by

Ty € 2 Cs €x
% = €2 €22 26 € (4}
Txy Y 2 Cse Yxy

The elastic coefficients cij = cji ({, j =1, 2, 6) in Equation 4 depend on both the elastic

properties of the lamina referred to a set of material axes and the orientation of these axes
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with respect to the reference coordinates of the sandwich system,. In general, the elastic
coefficients will be different for each lamina making up the face; therefore, the face is only
piecewise homogeneous through the thickness,

The force-deformation relations for the faces can be expressed (Figure 2).

| 4]
fo Afn Afla Af|s i Bfn Bf 12 Bfls €t x
N [ [+]
fy Afaz Afze I Bt 1o Bfaz sze €ty
N, =N A | B 0
fxy fyx fee fis “tze “fes || Mx
______ - ____.___l___._.._._ 29 (5)
My 0 Pt Peiz Drie || <ex
|
Mty (SYMMETRIC) | D¢ 22 Dt 26| Xty
= f
_foy Mfyx_ | { Dfss 1 "¢ xy
The elements Aﬁj’ Bﬁj’ Dﬁj(f =1,2;i,j=1,2,6) in the force~deformation equations represent

the membrane, coupling and bending stiffnesses of the laminated faces, Nonzero values of the
coupling stiffnesses are characteristic of unbalanced laminated construction; the Bfij vanish
when the lamina are placed symmetrically about the middle surface and df =3 tf. Various
methods have been proposed for calculating the stiffnesses for laminated structures. The
discussions that follow are based on the premise that the stiffnesses of the faces can be
obtained by theoretical (Reference 8), semi-emperical (Reference 9) or experimental
{Reference 10) methods. In this way the formulation presented herein is not bound fo any

specific micromechanics theory, although it is bound to the Kirchoff-Love conditions.
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Figure 2, Face Force and Moment Resultants
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The strain energy of a face can be expressed in terms of the displacement components
and the various stiffnesses as

] 2 2 2
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+2A, (u, + ]
f16 Uty vfx)ufx +2Afas (ufy tv., )vfy

-2 [Bfu Uty Wrxx +Byap Viy Wiyy T 2B (”fy vy Wiy

+B (v

fz w +u w ) +B

fy fxx fx "fyy v W

‘”fy fx

fis fxx

+
zefis ufx Wfxy +szs (ufy +vfx) wfyy +28f26 ny wfxy]

+[Dfu wfxxz + szz wfyg +4Dfss wfx? +ZDf 12 ¥ixx Wfyy
* 4Df|s wfxx wfxy + 4szs wfyy wfxy]

+%f [—A—}:fﬁ we o+ 2(A,,, +B;:2 e vy

+ (D;iz +28f22)vfy2 T 280" Yeyy “20¢an Yy Yryy
+4(D;6fs +Bf“)vff +4Bfee Vix ufy “BDfss Yix wfxy

F2Agp Wi Upy T2Bg p We Weyy t2By, vy vy T20p, Vi Wy

+4Bf|s Yex Vix _4ths Vex Yixx +2Afzs W ufy _4Bf26 "¢ wfxy
+ E(A +28fi)w v +2B u v, - 4D Vo W
fee R¢ f Yfx fze fy fy fze "fy = fxy
r2(e Yfee L 5p ) VX Yoy =900 Vix Wy |} 4 | (6)
f2e6/ "fx "fy fze "fx " fyy f

where Sf is the reference surface area of the face, Note that the strain energy expression for

the faces of a sandwichplate are obtained directly from Equation 5 by setting p =Y and Ri = 0.
{
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The kinetic energy of a face can be expressed as

)]

:n|-
- =~
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where differentiation with respect to time is represented by a dot. In Equation 7, Qf, dJ £ and

(7}

| ¢ are inertia constants defined by

d
fz
2
{ag, s, xe b [ {1izgn 25} etz 295 (8
-dg,
where d11=t1--c11,d12=d1 for the inner face (f = 1)

d1=d2,d

9 - d.2 for the outer face (f = 2)

92~ by

Pt

in order to account for the transverse heterogeneity of the face. Note that Qf is associated

(zf) is the mass density of the face and may be a step function through the thickness

with the translatory inertia terms and 1 £ with the rotary inertia contributions; J P is associated

with coupling between translatory and rotary inertia and vanishes for balanced laminated
; -1

faces for which df =3 tf.

The potential of the applied loads Wf acting on a face is represented by

We [ [Pra ur +Bry v + B we ] 05y

_ 5 vy Y v - I
’ﬁ [nyx ug ¥ Ngoove FQe, we My Wi, Mgy (“’fy Rf)]d" (9)

where P, , -ﬁfy, —ﬁfz
respectively. The applied forces fo, afxz etc. and moments fo’ -ﬁfy etc. are the components

are applied reference surface tractions in the x, Vs and z directions

acting on the edges of the faces and are positive when they act in the same direction as the

force and moment resultants shown in Figure 2.
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CORE CONSIDERATIONS

The filler which separates the faces is considered to be relatively thick and typical of
honeycomb sandwich cores. It is assumed that

(a} the core is incompressible in the transverse direction

(b) the face-parallel shear and extensional stiffnesses are negligible compared to the
transverse shear stiffnesses,

(c) the face-parallel displacements vary linearly across the thickness of the core.
Furthermore it is assumed that the design of the sandwich system is such that bond failure

does pot occur at the interfaces between the filler and skins. Based on the foregoing as-
sumptions, the displacement components of the core can be expressed as

ue (x,50.2c )2 ug +z. ¢, {10}

Tc(x,yc,zc)=vc +z. Y, (n

We l6aye zp 1= Wy = W =W, S w (12)
where

"c:%[ul"'”z_(dl_dz)wx] (13)

VC=%[V|+V2_(h|_hz)wCY] t4)

are the middle surface displacements of the core and
b= -1 [u, ~u,-(a, +a,0w ] (is)

Ve sm i [vim v ~Un, +ny0 ] (e

RC I:'t(:
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¢ (n
0wt Ow
and wey = 3y Re 06
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The strain-displacement equations for the core are expressed as

o 4 _
Yexz * Yexz T te [uz uy +d, +d2+tc)w"] tie)
= y° /(I+-Z—‘:)=—I [ev - e v, te.w ]/(I.-i'z—“c) {19)
chz z )::yz R 1o 2V2 1 ¥y TE3 ey Re
where
. _te LS . (& _'L) (_R_c__’i)
el = i+ Rc , ez = 2RC \ ea -dI RI + ZRI -!-d2 Rg ZRZ +fc (20

The corresponding strain-displacement equations for the core of a sandwich plate are obtained
from Equations 18 and 18 by setting Yo =¥

The constitutive equations for the core under consideration are represented appropriately

by
-
Teyz = Caalzy ) ° Veyz (21)
Texz 0 oy lzc) Yexz
The shear moduli ¢ 44 and Cgp ATE allowed to vary through the thickness in order fo ac-

commodate honeycomb cores that may not have a constant core-cell area throughout the
thickness. For example, some relatively thick cylindrical shell cores are formed by rolling

an initially flat core medium into a cylindrical surface. In such a case,

z
¢
Caq = Gaq /1 +¥) » Cg5 =Gg5 where G,, and G,y ore the shear

moduli for the flat core.

The force deformation equations for the core can be represented by

Q
Qcyz . Bag 0 Yeyz
cxz 55 Yoz
In Equation 22 the transverse shear rigidities of the core are defined by
z Z
2
B = c,  (z )dz : B z c, _(z 1+ =< 23
44 Sy, aeTel e 55 R 1/ Rc) dz, (23)
2 )
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It is emphasized that B 44 and B55 may be determined by theoretical or experimental
means; correspondingly, the strain energy of the core is expressed in terms of the stiff-

nesses so that the formulation presented herein is independent of the method used to obtain

B44 and B55.

The strain energy of the core is limited to the contributions due to transverse shear.,
Therefore

l B 2
u, = ?f { :24 [ez Vo — e,V +°3wcy]
SC c
Bs s 2
S v —u v v, 41y wel }as, (24)
[+

where S0 is the middle surface area of the core,.

The kinetic energy of the core is expressed as

T - ?lf {%ﬁ ([{;Iﬂ]a —(dl—dz)v'vx]z +[¢l+\}2 —(hl—hz)v'vcy]z +4u}2>

SC
- ;’_c° <[d, +i, = () ~d, iy |6, -4, - (9, +d) 1
+ [‘;'|+‘;2 -(hl—hz)\icy]["ﬁ =v, ~ih, +"z)";'cy]>

2+[\;, —i, —(h,+hz)ac,]>} ds, 25)

I

c . . . .
L2 <[”|'”2 '(d|+dz)"cy]
c

In Equation 25 the inertia constants are defined by

+

t

{Qc VA ,Ic} = fz {l,zc ,zg }Pc (zg) dz, (26)

te
2

where pc(zc) is the mass density of the core. In the case of sandwich plate and most thin
cores, Jc would he zero or negligible.
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SECTION III
DISCRETIZATION

The sandwich plate and cylindrical shell elements are shown in Figure 3. The displace-
ment components Uyy Up, Vys Vs and w are approximated by the assumed displacement patterns
suggested in Reference 3. These assumed displacement patterns are represented by the sum
of products of one-dimensional first-order Hermite interpolation polynomials and undeter-
mined nodal coefficients. The reference surface displacement Up of a sandwich cylindrical

shell element is represented by
2
(I) (l) ( ) (1 )
uf{xlyf): izl z [ Oj (yf)uﬁ] +H li (X}H (Yf} folj

(|)

“’HH "’()H ’(y)um”] (27

ygtugyiy t

where, for example ufij = uf(x =X e = yﬁ = Rf Bj) are the nodal displacements and
duf du '

. = - = —L
Cxozxyyg =y =Re8 ) = o

u .o =
fyij ¥y

x =x. .8 =Bj )

are the derivatives of U in the circumferential direction at the node points. Similar ex~
pressions are used for Ugs V91 Vg and w.

The HS) (x) are the one-dimensional first-order Hermite interpolation polynomials
given by
(l)

(x)—(Zx ~3ax? +a°)/a® ', Hg;(x) -(2x° -3ax%)/d° (28)

(1)
HllI (x)= (x> -2 ax%+ a?x1/q% | H(Itz)(x)=(x3 --uxz)/cl2 (29)

where a is the length of the element in the x direction. Corresponding expressions for the
y direction are obtained by replacing x by Vg and a by bS where

Yo 5 Y ., bg=b {s=1,2,c) for the plate

and

"

R 6

Yg s, by =R5(A9) {s=1,2,c) for the cylinder

The subscript s indicates that the lengths are measured on the appropriate reference surface.
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Figure 3. Anisotropic Sandwich Elements
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Assumed displacement patterns in the form of Equation 27 readily permit satisfaction of
the geometric admissibility conditions for the sandwich system.* It is pointed out here that
by virtue of Equations 18 and 19, satisfaction of the admissibility conditions automatically
imposes continuity of the transverse shear strains in the core. In the presence of various
types of concentrated loads, the imposition of continuous fransverse shear strains in the core
is not appropriate; however in view of the standard design practice of reinforcing the core in
the vicinity of concentrated loads, this difficulty is not a practical limitation.

1t is also realized that zero-order (bilinear) interpolation polynomials would be sufficient
to generate admissible displacement patterns for the face-parallel displacements. However,
it was decided to express u, and Vg by displacement modes in the form of Equation 27 for the

f
following reasons:

(a) an accurate representation of the elemental strain energy is achieved. Bilinear
interpolation may not produce an accurate description of the internal energy when the strain
distribution is relatively complicated within an element. Aiso it was reported in Reference 4
that bilinear interpolation did not adequately represent the rigid body modes for a cylindrical
shell element; however, very little strain energy is associated with rigid body displacement
when the membrane displacements are represented by the displacement patterns of the form

of Equation 27.

(b) a one-to~one linking of degrees of freedom can impose strain continuity in the
reference surfaces. If the faces are typical of those used in sandwich construction, the bending
rigidities of the faces are small, and imposing strain continuity should result in accurate

stress predictions.

(c) Employing displacement functions of the form of Equation 27 makes it possibie to
model structures using elements joined at arbitrary angles. The interelement admissibility
conditions for such structures can be satisfied only if all the displacement states are
represented by interpolation polynomials that are of the same order.

*The geometric admissibility conditions require: (1) satisfaction of the imposed displacement
boundary conditions, (2) displacement continuity within and between adjacent elements, and
(3) continuous first derivatives of the transverse deflection within elements and on the
common edges of adjacent elements,
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Usging displacement patterns of the type described result in sandwich finite elements
which incorporate a total of 80 degrees of freedom (16 for each of Uys Ugy Vs Vs and w),
At a typical interior node where four elements meet tangentially, the geometric admissibility
conditions reduce the number of independent degrees of freedom from 80 to 40; imposing
strain continuity further reduces the number of independentdegrees of freedom to 20. In other
cases, (e.g. pure bending), the number of independent degrees of freedom at a typical interior

node can be reduced to 12 by setting u; = cu and i cv2 {c = constant).

2

When the assumed displacement modes are substituted into the expressions characterizing
the strain energies of the faces and core(Equations 6 and 24)and then the integrations are
carried over the indicated reference surfaces, the strain energy of the element can be ex-
pressed as

2 1T
U = U+ 3 U, = =X KX (30)
c fol f 2

where X is a vector containing the 80nodal variables of the element. In this work X is ordered

as follows:

X1 - {xT x1 xT x-f; ,xT} (31)
| X 80 1 2 | 2

where the X A( A= Ups Uy, Vs v2, w) are vectors containing the 16 nodal coefficients asso-
ciated with each of the A’s, For example, X, 1s ordered as

1

X ={u u u
u, e S Sy Yy i Ve Yk Yz Yigyie

u 1] u u
122" w22 ayz2 Yixyzzr Yzt Vg My 'ulxyZI} (32)
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where Uy vig =-%—1 g’g (x = x,, g =9j) etc. for cylinders. The element stiffness matrix K is
partitioned as
“K(u‘u,)I K(u,uz):K(u,v,” o :K(u,w)
I T R S
T(u2u2)| | oQupvy) | (ugw)
K 0 i {
L ——_— —- —— — 4+ —_——
. . L) : Y vg) : Lo 531
80x80 _ |.____.|____J[_._.__
i (vy v, ) | K(vzw)
{SYMMETRIC)
b — -
[ (ww)
_ | )

where all the submatrices are 16x16 dimensional arrays. The submatrices on the diagonal
are symmetric and contain contributions that do not involve coupling between the various
displacement components. Generally the off-diagonal arrays are not symmetric and account
for the coupling terms in the strain energy; the superscripts indicate which displacements
are coupled. Formulas for the elements of the submatrices are given in Appendix A,

The potential of the applied loads (Equation 9) is dealt with on a work equivalent basis,
Substitution of the assumed displacement patterns into Equation 9 and then performing the
indicated integrations gives

W, =P X (34)

where P is a vector containing the 80 work equivalent loads, 80 x 1 associated with the
corresponding nodal degrees of freedom in X,

The kinetic energy of the sandwich elements can be discretized by substituting the
assumed displacement patterns into the kinetic energy for the faces and core (Equations 7
and 25). Making the assumption that the displacements are sinusoidal functions of time with

frequency w and integrating over the reference surfaces, the kinetic energy can be represented

by

K4
. L2 T
T-T°+f§ T =5 w X MX {35)
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where X is the vector of nodal coefficients (Equation 31). The consistent mass matrix M
is partitioned as

. | | . -
| |
M{u'u')|M(u'u2) : o | o ]M(u' w}
b e —
{
:M(uzuz) | 0 | o l M(uzwl
L. | i I -
| (
M s |M(v, v,) :M(v' vz}lm(vlw) (36)
80 x 80 L — | .
| ( )
(SYMMETRIC ) | ptveva! | M Vo W
}_M(ww)

Again each of the submatrices in M are 16x 16 dimensional arrays; those on the diagonal are
symmetric while the off-diagonal submatrices account for the coupling between variables in

the kinetic energy and, in general, are not symmetric. Formulas for the elements of the
submatrices in M are also given in Appendix A.

591



AFFDL-TR~68-150

SECTION IV

NUMERICAL EVALUATION

The numerical results given in this section are an attempt to test and evaluate the finite
element method presented herein. In all problems, the admissibility conditions are satisfied
by linking and dismissing degrees of freedom; also, additional linking conditions which impose
continuity of the reference surface strains are applied in all cases. The face stiffnesses

given are based on calculation which take d, = 1/2 tf. Problem A was solved using a standard

Gaussgian elimination procedure while a Héuseholder eigenvalue algorithm was employed in
problem D, The other solutions were obtained by direct minimization of the total potential
energy. Since the total potential energy of the structural system is approximated by the sum
of the potential energies of the individual finite elements, a minimum of computer storage is
required when the energy search concept is adopted. Such an approach is appealing provided
that an efficient algorithm is available for minimizing the potential energy functional, It was
found that the conjugate gradient algorithm of Reference 6 was very efficient when the
coordinate scaling technigue reported in Reference 7 was used. All problems were solved
on the UNIVAC 1108 digital computer using the FORTRAN IV compiler and the execution times
include the time required to form stiffness and mass matrices as well as other pertinent
calculations.

THIN LAMINATED PLATE IN TENSION (FIGURE 4)

A 2 in. x 2 in. plate constructed of two orthotropic layers each 0.05 in. thick is con-
sidered. The axes of elastic symmetry (x’,y’) of the upper and lower layers make an angle of
-45 and +45 degrees respectively with the (x,y) axes of the plate system. Only the lower face
of the sandwich system was considered and the face stiffnesses were taken as:

- - - 4 M * - - -
m T At 2A g F6.0XI10T Ib/in LA L A AL =0
i ) ) ) . ) i 2
BIII - E;122 . BII2 - Blss = 0 ' Bue - BIZG =5.0X 10 lb
D, *DPpp 720 4 =500 Ib-in. » Pl *Pg D O
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A uniform tension .ﬁx = 1.0 1b/in. was applied along the edges x = =1 and the plate was
modeled using four 1 in. x 1 in. elements. The restraints, u=v=w= W swo=u -V = 0 at
x =0, y = 0, were imposed at the center of the plate in order to preclude rigid body dis-
placements, The discretized formulation involves 102 degrees of freedom and the results are
in complete agreement with those of Reference 11. For example, at the corner, x =1,y =1,

4

w=2.5%107" in., €° :2.0833X 1072 in./in., e‘; s0.4167X 10 °in/in.

N, = 1.0 Ib/ in., No=N, =M, =M _z0.

These “‘exact’” results are not unexpected since the plate deforms into a hyperbolic paraboloid
which can be represented exactly by the assumed displacement functions used,

SIMPLY SUPPORTED SANDWICH PLATE UNDER UNIFORM PRESSURE
(FIGURE 5)

A 20 in, x20in, sandwich plate consisting of a 1 in, thick orthotropic aluminum honeycombh
core and 0.020 in. thick aluminum alloy faces is considered. The stiffnesses of the faces are
(F =1,2)

- - 5 .
Ap * Bppp = 2:1978X 10° 1b/in, A, = 06593 X 10° Ib/in.
= = " - 5 .
Aie *A,e 0 A =0:7700%10% 1b/in.
B, =0, (i,j=1,2,86)
fij
Of, = Dgpp =7.32601b-in. i D = 2.1978 b~ in,
Dfg *Dfpg = O , Dyg *2-5667 Ib-in.
For the core
B,, = 7.5200% 10" Ib/in. , B, =3.2900X 10° Ib/ in.

It is assumed that the transverse shear strains in the core parallel to the boundaries are
prevented by the presence of edge reinforcement, The simply supporied displacement
boundary conditions are:

w =0 v O along the boundaries x = constant

-
11t
<
"

cC
n
[ =3
[1]

. | » = 0 along the boundaries y = constant
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A uniform transverse pressure of one psi is applied to the system. For the plate and loading
system described, u = -, and V=TV, Taking symmetry into account, one guadrant of the
plate was modeled using four and 16 elements (56 and 208 degrees of freedom respectively).
The two modelings are illustrated in Figure 5 and the corresponding results are given in

L]

Table 1, These results apply to locations where the values are maximum: thus W nax
(o] o

€ refer to the deflection and strains in the faces at the center of the panel

€x,max’ ¥,max

while Y exz,max and ycyz,max refer to the core shear strains at the center of the sides.
Also, the results are compared with the theoretical and experimental resulis given in

) o -
Reference 12. The results are in close agreement for Wnax® € x,max’ and ey’max. As re
ported in Reference 12, the discrepancy between experimental and theoretical transverse
shear results ‘‘was probably due to method of measurement rather than error in theory’!.*
The computer-run times required to solve the four element and 16 element cases were

11.7 sec and 56.9 sec respectively,

SANDWICH CYLINDER WITH AXISYMMETRIC TEMPERATURE LOAD
(FIGURE 6)

A long sandwich cylinder constructed of isotropic temperature independent materials is
considered. The stiffnesses of the faces are

) i 4 . . ) 4. ;.
Ag,, = Ag,, 10989 X 107 db/in. 5 Ag, = 0.3297X 107 Ib/in.
- - » - 4 H

Aiie “Ap,e 0 i Apge = 0-3846 X 10710/ in.

Bfij=0 (i,j=1,2,8)

D, =D, =9.1575% 10% in.-Ib O = 2.7473X 107 in.-1b
11 22 . 12

D, =D, =0 : D, =3.2051X10*in-1b
fie fee fee

For the core

: 5.4945% 10° b/ in.

m
"
o

44 55

*Reference 12, Page 7 (Panel No, 6).
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Both faces of the sandwich are subjected to a uniform axisymmetric temperature load
T = 250 degrees along a length an = 2Rc' The strain energy U T associated with the temper-

ature load in a face is

EatT w
Uer=m oy L [unct gy ] sy (37
5 t
f
where E = 10 x 106 psi, ¥v=10,3,1t=0.,001in., T = 250 degrees, and @=1x 10-5 in/degree.
Substitution of the assumed displacement patterns into Equation 30 and integrating over the
middle surface area of the face produces the discretized strain energy due to the temper-
ature lead. Since UfT is a linear function in the displacement variables, it is {reated as an

equivalent work term.

The cylinder was modeled using 10 sandwich cylindrical shell finite elements as shown
in Figure 6 (the temperature load was maintained on five elements), The conditions up = 0
and w, = 0 were imposed in the circumferential direction at x = 0. By virtue of the axisym-
metric response, the idealized system incorporates a total of 63 degrees of freedom (21
associated with each of Uys Uy, and w). Solution time was 25.7 seconds, The transverse de-~
flection at points along the length is given in Table 2 and the results are compared with
those due to Oberndorfer (Reference 13). The results are in very close agreement; the
discrepancy in the results at x/ Rc = 1.5 and 2.0 can be attributed to the fact that the finite
element results are based on the assumption that the circumference is free at x = 2Rc'

NATURAL FREQUENCIES OF A SIMPLY SUPPORTED SANDWICH PLATE
(FIGURE 7)

A 72 in. x 48 in, sandwich plate has two identical aluminum facings of thickness 0,016 in,
and an orthotropic aluminum honeycomb core with tC = 0.25 in, The stiffnesses and inertia

constants of the faces are:

A :A,  =1.7582x 0% b/in. | A, _=0.5275X10°Ib/in.
fii fz2 fiz

A, A, _ =0 C A =0.6160 X10° 1b/in.
fie fze ! fse

B =0 (i,j=1,2,6)

fij
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Dfn z szz =3.7509 in.—1Ib ; Df:a = 1.1253 in.-lb
Dfe* Dfpe * 0 Digg = 13141 in.-Ib
Q¢ = 4.144 x 107% b ~sec?/in® | 4f zO
I; =8.8405 X0 " Ib- sec?/in.
For the core
. 3 . . - 3 ;
B,, 4875 %10 b / in. , Bgg= 1.B75X%I0 th/in.
Q, = 2.850% 107 b-sec®/in® ; y =0
Ic = [.484x1i0" 8 Ib-seca/in.
Due to pure bending Uy = Ug, vy T -V, and the prescribed simply supported boundary con-
ditions are taken as
w= 0 voY Y, =0 at x =% A

wz= 0 , U = u, =0 at y = +B

Let m and n represent the mode numbers along the length and width directions respectively,
In order to obtain solutions efficiently only one quadrant of the plate was modeled with four
elements and four separate problems were solved. Each of the four possible combinations
of m and n require different conditions on the displacement variables along the lines x = 0

y = 0; these conditions are summarized below:

1. m and n odd (symmetric-symmetric moedes; 57 degrees of freedom)

w,= 0, "'fy_vfx:o at x =0
wy=0; ”fy"’fx=0 at y= 0
2. m odd and n even {symmetric-antisymmetric modes; 65 degrees of freedom)
wy =0 Ugy —vgx = 0 at x =0
w =0 at y =0

3. m even and n odd (antisymmetric-symmetric modes; 65 degrees of freedom)

w =0 at « =

0
Ugy V¥ =0 ot y=0
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4, m even and n even (antisymmetric-antisymmetric modes; 76 degrees of freedom)

w =0 at x =0

w =0 et y= 0O
Experimental and theoretical values for the natural frequencies of vibration of the panel
described above have been presented in Reference 14, The approximate finite element
resuits for the first ten natural frequencies are given in Table 3 where comparison is also
made with the results reported in Reference 14, Inspection of Table 3 indicates that the
finite element method is capable of rendering good frequency predictions with relatively

coarse modeling,

INSTABILITY ANALYSIS BY ENERGY SEARCH (FIGURE 8)

An interesting adaptation of the energy search concept involves the prediction of the
response of structural systems subject to the influence of destabilizing loads, The approach
is wvalid when the membrane and bending behaviors can be uncoupled in a linear formulation,
The buckling analysis is based on the premise that the distribution of membrane displace-
ments due to membrane loads is a predetermined linear function of the applied membrane
loads.

In order to illustrate the energy search approach, a simply supported sandwich plate is
considered. The geometric and elastic properties of the faces and core as well as the loading
conditions are such that the membrane and bending responses are completely uncoupled in a
linear formulation. For simplicity, it is assumed that the faces of the sandwich are identical

and that the membrane loads acting on the individual faces are equal.*

Let N0 represent a set of reference membrane loads, The resulting distribution of in-plane
displacements for a representative discrete element of the idealized system is of the form
{(Equation 31)

T

T[T LT T o)
Xt {xuo XS XD Xy, O (39)

*In general the requirement that the plate remains flat under the action of membrane forces
is satisfied if the total axial load is distributed on the individual faces in direct proportion
to their axial stiffnesses.
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TABLE III

PLATE (CPS)

NATURAL FREQUENCIES OF SIMPLY SUPPORTED SANDWICH

Modal Numbers Experiment Theoretical Discrete
m n (Ref. 14) (Ref. 14) Element
1 1 -—-- 23 23
2 1 45 45 44
1 2 69 71 70
3 1 78 80 80
2 2 92 g1 90
3 2 129 126 125
4 1 133 129 139
1 3 152 146 145
2 3 169 165 164
4 2 177 174 179

In Equation 39 Xu and Xv are vectors containing the 16 nodal coefficients associated with
a 0
the assumed displacement patterns for u, and v, respectively, Correspondingly, when the

membrane load level is Nm = kmNo the membrane solution is

Xm = ApX, {40)

Similarly, due to pure bending, the typical elemental solution assumes the form

.
X = {xub T Xy} (at)

and the total soluticn vector is
X=X X, +X, (42}

Again it is noted that Xo is a predetermined quantity while X. is unknown, The middle-

b
surface strains of the faces are taken as

t . o i 2
€ T ey + S Wy {43)
‘. o 4t 2 44
€ty €6 + > Wy (44)
/s v bww (45)
yfxy yfxy Xy
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Figure 8, Load Deflection Curve for Axially Loaded Sandwich Plate

where E%x’ ef°y, and y?xy are defined by Equation 2. Neglecting fourth~order contributions,
the strain energy of the finite element can be written as

L
U, = Up +Up+ Uy (486)
where
(8 U_ = 1 X K X -1 X 2 XT K X _is the quadratic elemental strain energy as-
m 2 "m T2 *m“o o] &

sociated with the membrane loading system Nm . K is the stiffness matrix represented by
Equation 33. Since Xo is aknownvector, Um is a known constant for any level of the membrane
loading.
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(b) Ub = -;- Xg K Xb is the quadratic elemental strain energy associated with a pure

bending state and its numerical value depends on the unknown values of the displacement

vectors X ,X_ ,and X ,
“ b w

(c)

’

Ub=_é_ Z f {Afn [umxw:]+Afzz[ 2]

+2A [(u + ] 2 2
fes L' my vmx)wxwy +Af|2 umxwx"'vmywx:I

2
Tt [E”mx Wity Uy Fvndwy }

+Af26[2vmy Uxty g, +me)w)2l ]}dsf (47)
where
dup, du, Oup, du,
YmxT P im0 Ymy Ty TAmTyy o

etc, Since Xo is a known quantity, U}; is a quadratic function of the transverse displacement
only. Therefore Ut; can be written as

] T lww)
Ub -EAmeKI X

w (48)

It is apparent that the symmetric matrix K(lw) is analogous to the ‘‘incremental stiffness

matrix’! (Reference 15) and its numerical definition is based on a knowledge of the membrane
solution Xo'

The strain energy for the sandwich element can be represented by

LT
Ug = Up + 35X, [K +AmK,]xb (49)

where the matrix K1 is partitioned as

ol ol o | 0ol
| 1 I [ — -
R et R e b
0 : ol o | o, o0
_—— e — el —_— e ————
| 1 T |
K, =]l o ! o1 o | ol o
80 X 80 ___:——_:——_I__+—"
o , © | o | ol o
—_———a—— —_——_—— = —_ —
T T T o Tetww)
ol o 1o o K,
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The potential of the applied loads acting on an element is represented by

T T 2 T T
We-Pme-i- Pbxb:)\m Po Xo-I-Pb Xb ({50)
where
T _{ T T T T
P0 - F'uo L F‘ua 'on ’on ! 0} (51
and
T T
pp {0, 0,0,0, ¢} (52)

The vecior Po is the discretized form of No which produces the membrane solution Xo' The
vector Pb is the descritized transverse loading system which produces the pure bending

solution Xb‘ The total elemental potential energy is given by

Trpe=7rpm+7rpb {53)
where
'rrpm = Um—- Prn Xm {54)
and
- ' T
Tob * Yp FUp— Py X, (35)

It is noied that #pm is a known constant for a particular membrane displacement state Xm'

Thus the incremental elemental potential energy at a predetermined load level is defined by
Tpe =Tpe ™ Tpm

As usual, the total effective potential energy HI‘) for an assemblage of elements is equal to

the sum of the Tr'p:e of the individual elements, Minimization of HI; results in the pure bending

solution which can be superimposed on the membrane solution in order to obtain the complete

description of the behavior of the loaded system.,

As an example problem consider a 23.5 in. x 23.5 in. simply supported sandwich plate
with identical isotropic facings. The membrane and bending stiffnesses of the faces are
(f=1,2)

Mgy *Agpp=2 1923%10% Ib/in, A, = 0.6577X10° Ib/ in.

- R . _ 5 .
Ap g T Ag,e = O \ Aggg = 0-7673%10° Ib /in.
Dy, * Dg,p = 80567 in—lb ; D, =2.4170 in.-1b
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z = ) = 2.8200 Ib-in.
)] D O s Dfee !

The transverse shear stiffnesses for the core are

3 '
B,y B g " 3.439X 10° Ib/in

Assuming symmetry, only one quadrant of the plate was considered and the quadrant was
modeled with four square elements (Figure 8). Initially, a compressive membrane load of
No = ~10.0 1b/in. (5.0 1b/in. on each face) was applied to the system and the corresponding
membrane solution was obtained; this soclution established Xo for each element and was
used to calculate the K1 for the individual elements. Subsequently, a constant lateral load of
0.1 1b. was applied at the center of the plate and the membrane load Nx was incremented until
the search for the minimum of the potential energy became unbounded. it is important to
realize that the load incrementation was simulated by simply multiplying K1 for each element
by varying values of Xm‘ A plot of the membrane load NX versus the center deflection W, is
shown in Figure 8. The buckling load for the system is obtained from the asymptote of the
load-displacement curve, For the problem under study, bounded potential energy solutions
were obtained for N_ < 309 1b/in.; at a load of N =310 Ib/in. The modified potential energy
was unbounded indicating that the system was unstable. It can therefore be concluded that
the approximate buckling load NCR for the system is given by

309 € Nep < 310 b /in.

The critical load found by the energy search procedure is comparable {o the value of
3038 1b/in. reported by Hoff in Reference 16 and a value of 308 lb/in. using the approach
outlined in Reference 17. Tests at the Forest Products Laboratories reported experimental

values ranging from 266 to 300 1b/in. on four specimens (Reference 18).

It is noted that the energy search approach described above is analogous to the
“incremental stiffness matrix method’’, alternately labeled the ‘‘initial stress matrix
method”’ (Reference 19 for =z brief account of previous work). The incremental stiffness
matrix method is characterized by a work term that is quadratic in the transverse displace-~
ment which reduces the effective bending stiffness. In the energy search adaptation given
here, geometric nonlinearities are considered in the strain energy to the extent necessary to
produce a corresponding reduction in the effective stiffness of the structural system. A situ-
ation analogous to the vanishing of the effective bending stiffness occurs; instability is de-
tected when the strain energy of the structural system vanishes and the total potential energy
becomes unbounded. It is pointed ocut that although cubic strain energy contributions are

included in the formulation, the description of the total potential energy functional presumes
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the knowledge of the uncoupled membrane displacement state. As such it will be noted that the
minimization process is carried out on a potential energy functional which is, in fact, a

quadratic function,

SECTION V
CONCLUSIONS

A finite element capability for the analysis of sandwich plates and cylindrical shells with
unbalanced laminated faces has been presented. Using Hermite interpolation polynomials,
the structural behavior was described by the membrane displacements of the individual
faces and the transverse displacement of the sandwich system; this set of displacement
variables admits transverse shear deformations in the core and provides a rather wide choice
of boundary conditions, The formulation was presented in terms of the various stiffnesses
of the faces and core; in this way the analysis method is not bound to any one of several
micromechanics theories available for laminated structures.

The stiffness and consistent mass matrices which were generated incorporate eighty
nodal degrees of freedom; the corresponding matrices for thin anisotropic and transversely
heterogeneous plates and cylindrical shells can be obtained by simply considering one face
of the sandwich and involves 48 degrees of freedom,

Although they do not provide a complete evaluation of the potential of the elements
reported, the numerical examples presented indicate that relatively few sandwich elements
are required in order to predict accurately displacements, stresses and natural frequencies
of sandwich systems. Also, it appears that the elements will be very useful for the analysis
of thin composite-type structures for which only a few ‘‘closed form’’ solutions now exist.
Finally, the energy search concept was extended to predicting the response of structures in
the presence of destabilizing loads, Although the method is not generally recommended as
a substitute for calculating buckling loads by more traditional methods, it is interesting in
that it exhibits the energy search equivalent of the incremental stiffness or initial stress
matrix method,
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APPENDIX

STIFFNESS AND MASS MATRIX FORMULAS

The elements of the submatrices which make up the stiffness matrix K and the mass

matrix M, Equations 33 and 36 are given by the formulas that follow, For i,j = 1,16 the

constants qg{) » k= 1,2, . .,13 are symmetric (i.e. qS{) = qﬁ{)) and appear in Table IV, The

constants qil.{), k = 14,15,...,25 are nonsymmetric and appear in Table V, In addition the
following definitions are made:

Lo m . Do m
L., = ti | : - if ij 2
cij ¢ b /R0 L = a bl /(420 (57)
Ncij = q bc Lcij ;Nfij = a bf Lfij ,(f=1,2) (58)

where j i and ‘qi]. are also given in Tables IV and V. The remaining terms appearing in
the formulas have been defined in the test. The formulas are valid for both plate

| I | Re Re —
—_— = ——z — =0 —_— - = [,-T-b =pb, =b
( R| R2 RC ! Rl R2 < f )

and cylindricol sheli elemenis.
STIFFNESS MATRIX ELEMENTS

(ugug) Bss (1) bey (2) ay (3) (4)

kij = Neij 12 %j FLti] [Af" ( c)qij +Afss(?¥)qij+Aflsqij ](59)
(Veve) 48z (1) [ Dtes Btse v/ Pry (2)
kiJ' T e . f i) +Lfii (Af66+4 R# v R¢ )( O)qij

D B D B
+(A b 122, o e X-E—)q(.‘.”) +(A + 2126 , 3 _fze )q(,‘.) ] (60)
f?- fze ij
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L...
(uv:” ‘% [‘d. +d, +’c}2 Bys (%—)q(izi) +823 B“'(-:_f)q(i?) ]

2
* 3 g (25 ton 1] oo, () 0y ()

* o (359 07 200 (1)) 20 (7)o

+4Df55 (ale) (lo) _ _BF%(:_f) (!I.)

h(i) (12} 2 h {13) ]}

Ry Val% T % TRy % (61}
B
(u, up) _ N _“ss (1)

i cii 12 qij (62)

(Vl Vz) : - N 844 (|)
i } cij 12 €22 qij (63)

o Ly (a0 2 ) (B) 4{a,, + 2 2)
8 B

tss {14) fl2 (15 )

+ (Afss+2 R )qij +(Af|2 + Ry¢ )qij ] (64)
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(ugw)
k..

B
f 55 (18)
T [{dE +d, +t ) — (b )a ]

2 el Yy
te J

=ty e (_:fi)“(;aj) 2o (5) 4 He g ()

* iijflﬁ(t:—)(c'itizl) * 2“5?2)) * szs(:_af) q{izja)

_%(bf)q(i?4) - -—egz—:(u)qi(fﬂ ] (65)
i‘(i\fjfm= (-1 Leij [(%)B44(a)q(ilj” ]_Lfij [( Bfus"'ZDfTT)(_:'fi)q(ilja)
2o + gt )(5r) e 4o re ) ) ot
D
(Bf|z 2: )(IT) (uz” Z(sts +z f;sf )(La') (1?2)
+ (B +h_g_)(_a,)q(za) _(Mﬂaf_ze“)(b) (24)
f22 Ry /\p@/%ij Re 2/t
A B (25)
~( ;:2+ ::'f:)(a)q:s | (66)
MASS MATRIX ELEMENTS
"‘(aujfu”: {Nejag =3 [i:‘“‘”fTJ:‘ _Itéc‘]} (ijl) (87)
[+ c
m(ivijf)= {Nfij [Qf" ZJ?:+IR_%]+ Nt%‘_ [QTC+_ it ‘:_:+TI;%]} q(ilj) (68)

611



AFFDL-~TR-68-150

(ww)
H f=1
+ Lcaj {Q
c
M [T
(u u_)
P2
m” < NClj [
(v va)
i B Ncij [
(UfW)
(VfW)

(69)

(70)

(71)

(72)

(73)



AFFDL~-TR-68-150

TABLE IV SYMMETRIC CONSTANTS AND EXPONENTS FOR SUBMATRICES

; ) (2) (3) (4} {5} {6) (7} (8) () (10 {11) 112} (13)
R %y e %3 % %43 9 %j %; a4 a4y a; a5 [rag Doy
1 1 PLE T YB&24 Tohay LH20u | TE6240 [ TAo24n | spen3lz u o | 25401k | =167248 | ~16724A paz00 [0 T
% & Jude £50e 1l ) 3120 11lpden 254 le a n 211k8 -22176 =TRGZY a 1 i
i 3 a4 11068 ohbe u L1Uksn 393le0 2h4016 o [t 211rA -TARZY -22176 0 0 1
i 4 Yo =F Yeu =dhis ELLAY Shuliy 805 =3kz2un =35230 1764 ~11084 =11us8 3528 1 1
1 Y g 27216 | =Tub2s U | 272160 |=7as24l [=nus032 ] 0 [-P54016 | 157248 | -S4432 G| ofo
1 L Llod 22n0 =1l108a =176 13600 [=11uddl |~2540Ll6 | =1T7E 400 a -211m8 22176 =27216 17e40 1 u
1 7 =Zuda =&5be bhbe v RGP 3351240 42336 U 0 21168 =13104 13luy 0 0 1
1 4 -£tn =Sk ErIN ab2e =32%p0 Ba4ly FRRL-T) 352480 35280 1764 =1848 6552 =3528 1 1
1 9 Z91o =2721o =221 —8BZH0 }=272160 |[=272140 Hu8a032 1] [ 2540186 4432 Su432 ABZ00 0 ¢}
1] =Tuz 22u8 [=1. 573 17640 136040 65520 =42330 376400 0 21168 -1310% =u536 =17640 1 0
1|4l =Tuz 6hhd 2¢bu 1T7e40 eShz0 136040 =4 2336 o 176440 =21168 =4534 =133i04 =17640 a 1
1|14z lpy =Sue =buy =-3b2Y =-32700 ~327&60 3sze =362480 =55280 1764 1092 1092 3528 1 1
1]13 sl =-786et 2721 U | -T86s%0 272160 | =Lu8032 4] 0 |=-25401s ~54432 157248 0 a o
1] 14 —£uen 6550 =eh%he U 393120 =6hseu 42336 u o 21168 13104 =13104 G 1 [¢]
1 o Adlud =110864 éent =1764y [ =110H80 13600 | =2540k6 0 [ =17A4u0 =Z1168 27214 22176 17640 0 1
1]1o —Zob Fen 5o 3528 SSawl =327l 21168 3Ezp0 35280 1764 6552 ~1848 ~3b28 1 1
2| - el 8736 £0lo v | 2r2080 2ulsy HHULE BE200 ¢ 28224 -4032 | =17472 ¢l 2o
K 5 Yod 9en Y2u 3h2d Shaul Shi40 215208 3bzu0 35280 1764 =1108A ~11088 =3528 1 i
2 4 a8 1232 1oy ) 36960 luven 28224 u ] 2352 -2016 —-2%p4 1] 2 1
2 - lind 2204 =11lirde. 17a4y 136080 [-1lusbl |=2540t6 176400 0 -2116A 22178 -27216 ~17au40 i n
2 3 2lo 302y =<1y u 40720 ~2ulbl ~hBu4a 0 0 =-28224 4032 =648 0 2 1]
é T =2ob =548 YHew =352k =327o0 Sob4l 21184 =3L280 =35280 1764 =1848 6552 324 1 1
2 3 = =Tia L. i =21&40 18080 6704 0 0 2352 =336 1456 ] 2 1
z| @ Tue -2268 =bbbe | =1754U [-136080 | -65320 42336 | ~1TE400 0 21168 13104 4536 17640 | 1 | 0
2 110 =log LT iale 294y 45300 15120 14112 HR200 0 %86 ~3n24 1512 =2G4%0 2 1l
2|1l =loy S4e S4%u 3524 32700 32760 =3524 35280 35280 ~-1764 =1092 =10092 ~3528 1 1
2|12 a9 | E-F] =12 =58 =10%90 =TFa00 -117& =17440 ~5880 =588 252 =364 -88 2 1
2|1s zulh =655 bhie U | =3%4310 65520 -42336 0 1] =21168 =13104% 1304 9 1 0
2114 Lo -21uy =151 u 131040 =15120 =14112 0 0 =T056 3024 4368 Q 2 a
2 ly 2ub =024 B, =352y =85440 32760 =z1le8 -3h280 =35280 ~1764 =-6552 lgye 3528 1 1
2 | le =ou =33 =-12¢ S8a 18ue0 =75k =TG50 17640 5880 =SkE 1512 616 285 2 1
3103 ocl 2fio 8736 1] 20160 | 262040 nhbulg 0 RB210 28228 | -17472 ~2032 al o} 2z
3 L At 1o4 128:¢ 4y 10060 36960 28224y u o 2352 =2464 =201k Q 1 2
3 Y 2ues 65b2 ALELTS ] 6550 [=393120 42336 0 a ~21168 13104 =131luu a o 1
3 £ 200 Suo ==y =-3528 327l =55u440 =21148 =39280 =35240 =176l 1848 -£552 3L2a i 1
3 T ~4ob =-1512 =2]13u v =151e0 13t040 =14112 0 1] =7056 U368 Abzy Q a 2
3 & ~uo =120 -3 S84 =7560 p84sy =7056 Haal 17640 =-5RA 616 1512 =588 i 2
3 E fue -6&ha =-22bc =17buU =65%520 |=1360%0 423%s U =176400 21168 4536 13lou 17640 aQ 1
3|1t =1lod Sho Sier 3524 32%el 32760 =3523 ak2an 35280 =1764 =1092 =10g2 -3528 i 1
311l =log 15i¢ =790 294y 15126 45560 i%112 u AR200 Ta56 1512 =3024 =-2940 o 2
3|1z ay =120 18z =5a0 =T5eg 10920 -1176 -tg8u =17640 =5#8 =364 252 588 1 2
3013 llob =i1l0uy Ebe 1764y | =110F80 130080 |=254016 0 176/%00 =21168 =27216 2217¢ =17640 a 1
3] 1e =25t D24 =54 =3528 55641 -32760 2ilés =35280 =35280 1764 6552 =1848 3b28 1 1
3118 Zio =201o Jo2y u =20]160 QuT20 ~56448 Q " =-28224. -6045 Ly32 a 0 2
3| ie —a2 1od =7lb u 1000 =218u40 704 g A 2352 1456 ~336 1] 1 2
L} 4 1o 224 224 v e7e0 e720 0272 [ a 3136 ~44H =448 0 2 2
4 5 Zuw Sun =92y 3524 32700 =5huuG =21164 35280 a5280 =1764 1848 =-/H552 =35248 1 1
4 & D2 Tes =lbht U 2LRu0 =10Ut0 =4704 o 0 -2352 336 -1456 G 2 1
4 7 =oo =-lzo =30p ~288 =750 1480 =7054 =5880 =§ 7640 =568 516 1512 ELT) 1 2
4 a -k =-lod =bu U =5040 3560 =168 0 Q =TrY 112 336 q 2 2
4 il 1oy ~Huo -54p =3228 =327el =3276L 3528 «~35280 =-35280 1764 1092 1092 352 1 1
4110 -3y L U 12u 588 1060 7960 1176 17640 S880 588 =252 36 =HB8 2 1
“ill —aY lzo =1he =84 a0 109210 1176 hy80 17640 588 364 =252 =588 1 2
411z L] be e -8y =251 ~2220 392 =240 =294 0 196 -84 -84 98 2 2
113 250 =0z4 Yo 3324 =53450 32760 =-21168 3528u 35280 =1T64 =6552 16848 -3528 1 1
4 1u =on =3ud =l2u ~58d 1R4oU =Tohl =Ti56 =17o40 =5880 =3RA 1312 Bl6 588 2 1
4115 oe ~led 120 U =10080 2184y =4 704 4 n =-2552 =1456 336 ] 1 2
41 10 -.e =11 =leo ] 330l =n040 =-1%68 1} 0 =784 336 112 ] 2 2
5 bl PR EET Ta6zu Tob2u =820y 7a6240 TRe24D 50R032 | | 0 0 254016 | =157248 | =157248 =r8200 Q 0
5 23 s &hbe llusg u 363120 11uB80 254016 n 0 21168 =-22176 =TR624 0 1 Q
5 7 =34ad =11088 bbb U | =110A80 | =393120 | =-25&4016 n it =21168 78624 22176 0 Q 1
5 H - =924 ~52n =3528 =55440 =55440 -34808 =-35280 =3S280 =1764 11088 11028 3bas 1 1
5 49 EEr =I662Y 2izle 4 | =786240 272160 | ~hoan32 [} 0 | -254016 =54032 1572u8 ] Q u
51 1cC =2zt 6562 -05he u 393120 =65520 42336 0 1] 21168 13104 ~13l0u 1] 1 1]
5111 =llon 1inuy =226t =176u0 110R80 [=13c0&0 254016 G [ =176400 21ip8 27216 -22176 17649 ] 1
S 1e 2t -92u4 11 3n2y =55440 32760 =-21168 Seal 3szeon =1764 ~6552 1848 -3528 1 1
5|43 29le | -e721e | -2721c aB2yy | ~272160 |=272160 | SuBOX2 o o | #5401e 54432 Se432 | -e8200 | 0 | o
9| La =Tue 2268 aShe =174y 136080 Bh520 =42335 | =176400 ] -21168 =13104 =-4536 17640 |13 a
9115 Toz LT ) =-¢2on 17640 =655¢0 | =1360RC 4233% o 1Teuun 21168 4536 13104 -17640 0 1
9| 16 ~loY S4o S4a =-352u 327ol 32760 -3524 =35280 =35280 =-1764 ~1092 =1092 3L28 1 1
L) ] QY 8730 2U1lo u 262080 20160 122 8- =B8H200 o 28224 =4n32 -17472 1} 2 1]
3] T —4a Q24 -2y 3s2s =45040 =55440Q | =2157048 35280 35280 =-1T64 11088 11088 =3%28 1 1
6 I3 =ob -1232 =160 u =364960 =13Us0 =-2B224 u n -23%2 2016 2464 o 2 b
] 9 2Ueu =6552 obhy u | =3u3L20 655210 =42336 0 a =21168 -13104 13104 a 1 0
B[ LG 4o =21uu *1%le v 131040 =1nl2u =-i4112 1] a =756 3024 4368 a 2 0
6111 =200 Sz4 =546 =3528 S5ub0 =3z2760 zllén 35280 =35280 1764 6552 =1848 3528 1 1
6| 12 oo 3ua 12n 588 =1a4bU To6l 7056 17640 588N 1:1. =1512 =6l6& =588 2 i
G )13 fué =220d =uhb 17640 | =136060 ~65520 w2336 176400 n 2ligl 13104 4536 ~1T640 1 1]
6| 1% -ibg ~The 19ke =294u 45360 15L20 la112 1 =88200 ] T056 =-3024 1512 2940 | 2 q
6 |15 1nY =fiun =S4 3528 =32700 =32 toi 35248 35280 35280 1764 1092 1092 =-3528 1 1
6 | ic -3y =lae 120 =54i 10920 Tohe 7e =17640 =5880 S5A8 =252 Sl 588 2 1
7 T BLl 2N1la oTib 9 20160 262050 LULL Y 0 =AB204 28224 -17472 =-4032 0 a 2
7 I L] ley 123 u 10060 38960 28224 0 o 2552 =-R464 -2016 ] 1 2
7 El =liun il0uy =260 176440 11drsd [=136060 25401 0 176400 21168 27216 =-22176 =176k40 0 i
T |1c “ob ~3z24 Bl =3528 =Shuy() 32760 -21164 =3Ah2a0 =35280 =1764 -6552 taue 3528 1 1
7|11 zio =20la Juzae u =20]160 SuTz0 =LHe4ug n o ~28224 -6043 4032 0 a 2
7|2 =5g 164 =-72n u 100&0 =21641 L7Y04 Y] 3] 2352 1456 =336 a i 2
7113 =Fud 655z L2mp ~1764uy 65520 136Ub0 =42336 0 | =176u408 =21168 -4536 =L3104 17640 0 1
IRES] loY -S40 =5Hib 3524 =327l =32760 3528 3Afz2a0 asz280 1Tey 1qg9z2 1092 ~3528 1 1
7515 =lhe 1542 =~The =294u 1510 45360 14112 o =~a8200 TO56 1512 =302u 2940 ¢} 2
7|1l a9 =l 14z S5du -7Rel -10920 -1176 S880 17640 =5RA ~364 252 =588 1 2
8 b 1o 2e4 224 4 a7el ulze 6272 o n 3136 =@ =448 0 2 2
a o —ddibr Giu Rt 1 3328 Dou40 =3276U 21168 3280 35280 1764 6552 -18u8 =3528 1 1
B |10 ubr 3ug 1o =284 =164l Tobil 7056 =17ckl =5880 bHRA =1512 =616 Ha8 2 1
B |1l a2 ~los T2 u -10080 2lo4l ~4704 o s] -2352 =1456 338 a 1 2
E|l2 -le -bb =16t Q 3360 =5040 -158A 4 o ~78L 336 112 Q 2 2
a1 ~lod Sib Hio =3224 32700 32700 -3828 =35280 -35280 ~1764 =1092 -1092 3528 1 L
B |14 39 log =12e S84 10920 =Ta60 -117& 17640 5BRO =5RA 252 =364 =588 2 1
12N Y1 -aY lé¢o =18 =384 Toe0 1090 1178 =h8a0 =176u4n SR8 364 =252 288 1 2
& | le 9 ue H “d =2520 =2520 392 & L] 2940 196 -84 L] -98 2 2
al g PLE-XTH 18hzu TEBZN sa24u | 7as240 | TRcz4y | suAnzz u 0 | 254016 | —157248 | =1572u8 ap200 | 0 | O
9Lk =545 =69ns  § —L10A, u | ~393120 f=110mn0 jepuutle 0 n | =21148 22176 TR624 ol 1]a

613



AFFDL-TR-68-150

TABLE IV (CONT)
: {1 (2 (3) 14) (8] {6} (7) (8) 19) {10} (1) (12) (13)
T %43 9ij 33 %j 9ij 1 %4j RE %ij 95 9 i N3 i My
e - =110 —-Bane U [=11u-k0 [-393120 |-2s4nle Al 0 ~211hnK TAGZY 22176 a a i
‘j i: d:ii “'-)4: 1y ~352H ERTl] HYuUY sung | =dRzeu | =352un 1704 | =11nAs | -1108AR 3528 1 1
9113 Bkt 277l =Tuhdus u 272160 | =TRozkl [=HuBL32 U 0 |-254018 157248 =5y 52 [+] a
9 | 1u =11 =226 Litine 17a40 | —L360s0 L1ugsd 254016 17eu00 n P11REB ~2217n 27216 =17040 1 &}
9 [1s 2ucn 6552 -t90c v bRz |=393120 | -42334 u 0| =211hk 13104 [ =1R1lu4 0 1
9 |16 =240 -S54 Er 3b2y =3270l 55440 zk168 abzun 35280 17h4 =184A #5052 ~3%2u 1 1
10| ol a7sb Zuls i 2henul 2U1A0 ShUGH we20u 1] 26224 -4Nn32 ~17472 Q 2 o
[UBIESE LT Aeu Gld 3528 LLUTAY Shb40 2152N8 35280 35280 1764 =11084 =11yu8 =3524 1 1
e |32 L] =125 =1ltc y =356961 10080 —28224 ] n =-2352 2016 245l 0 2 1
10|13 =llau ~E2u8 1lUHK =1764u [ =136040 110B840 Z54016 | =1T7E400 0 21188 =22176 27216 17040 i "
|1 2ln 3Ngy =£lUlu 3 QuTed =2nl6u =h6LEE a n -2BZ25 4n3z =A0u8 g 2 u
10 | 1% ~Zab =Sup Gen =-3524 ~32760 Sa4ly ellbs =3R280 ~A5260 1764 ~1848 6552 3528 |8 1
A0 1 ie 22 Tia =low o 2lr40 =10uHD =47NY " n =2is2 336 ~1456 0 2 1
11111 bew 2hlo EYE Y 20100 | 262080 LobUH o LEERIG RE22L | -17472 =03z ] o2
IS B ¥ —ab =lpa =liede J =100&0 =36960 -2h224 u a -2352 2464 2016 a 1 2
i1 113 ~2028 -65b2 Bhhe u | =essz0 [ 393100 w2336 A ] Z1168 [ =13104 13104 0] 0 {1
11 |14 1) Sub =Yy =320 32700 =55441) =21164 =352H0 =35250 =1764 1848 =-63532 3528 1 1
il {15 =4y -1512 =2k iz U =151lgn 13iu40 =14112 @ a =756 L1-1:1 3ozu 0 0 2
11| i b lew ETHEN =5RE Thol ~Lladky 7058 =hu80 =17640 588 -616 =1512 588 1 2
12 |12 ity 224 2¢u u aTel aled Br72 n f1 3L3R =l4g =448 v) 2 2
12 11 24n Buo =y 3924 327ult =Shu4d =z1164 a52R0 3saan =-i7e4 1R48 -f352 =3h28 1 1
12 114 -5 -Ted 1be u =Z1R40 1uuew 5T0Y i n 2352 =338 1456 [} 2 1
12 |1 Bo léty Aln BTL:] Thol =lpwhl Tus6 EHHO 17640 588 -hle =1512 -584 1 2
iz |16 -i2 ~ley =bho ] =5n4n 3360 =1568 [f] n =784 112 33m Q 2 2
3|13 “43an TAkZ% TFobu | -H8200 | THGRHD Tage4y | SuBG32 0 0| 2Suul6| =157248 | -1857248 | -#R200 | O 1]
13| 1% =343 =6552 ~L1l0Hg U [=3931g0 | =1ludel |-2h4016 ] DI =Z1168 22176 Tro24 1] i v
13 [ 1b 3udg 114e 655 u 11te80 393124 254018 ] n 211648 =TRA2Y -22176 [1} Q 1
13 |16 =4 =9y = =3h28 55440 =5544} =3AANH =3RZKHO =-35260 =1764 110858 11088 3523 1 1
14 | iy By 8730 Zilo u 262080 201led LU =gE200 0 28224 ~un32 =17472 ) 2 ]
14 | 1% =4l =924 =924 3528 ~55uu40 =5hilld |[=215208 3b2R0 352480 =176% 11048 11088 ~3528 1 1
14 |1 ul 1232 JL-TH y 36900 1gun0 2R224 [} a 2352 =2016 2464 0 2 1
15 { 1% Bel 20to 87356 u 20100 262080 H644H 0 ~Ag2un 2RE2 L ~17472 -4032 o 1] 2
IS BTN —-be =lnd “lgde y ~lansd =36%cl -2 HE 24 [1] 0 -2352 LT 2016 G 1 2
16 | lu 1L 224 2e4 u 620 LY edl] er72 i 0 3136 445 ~4ufA 0 2 2
ENTS FOR SUBMATRICES
TABLE V UNSYMMETRIC CONSTANTS AND EXPON
: (14 (15} (16} (17) (18) (19) (20} (21) (22) {23) (24} 25y {,
! % YA 4 %44 it 3 %3 8ij E 8 %4 R L
1 1 44 luu wdlou =32T6U =327a0 U [=loo840 105840 lobaun 1=105840 1] ~32760 -32760 1] 0
1 é =tdcy aazy ohbhy =462U 65R20 21168 21168 97620 =-8H20 n =5552 4620 1 Q
1 3 LT =AA2U =-_H2uy 6552 n -A820 §7020 21168 2116R 655%2n ~4620 6552 Q 1
1 L] =17u4 =17604 Y2u G424 gzu0 1764 1940y 1404 1764 z2uu =02y =924 1 1
1 -] 4ulun =441y =11540 3278y o 105840 |=105H4y lubaun 1058410 [} =11340 =327610 1 a
1 5] =Bdcu =88z edhis 462y 22640 =211e8 =21168 grn2n AB20 n -2266 =Upgl 1 i}
1 7 -bdeU BE2Y 273U =655 v =-8820 8A20¢ =-2i168 -21168 ~65520 2730 R552 0 1
1 L] 1704 1764 =Hig =G24 =5a60 1764 1764 =19404 -1764 9240 S46 24 1 1
i 9 =441y =400 1134y 1E340u 0 [=1058u0 |=1098u40 | ~l05640 [—-1nS5840 0 w1 1340 =L1340 0 a
11w CLP 8520 =220 =-273u =22h80 21168 21le8 HBZ1 8820 0 2264 2730 1 o]
1|1 Bl anzy =27 30 22064 a Hs20 anzu 21168 #1168 -22bR0 2734 22L8 0 1
1i12 =1704 =170k 5% 46 S4p0 =1764 =1764 -1764 -1764 5460 ~5ué =546 1 1
1013 =44luy abluy 3dibu 11340 a 1058410 105840 | =1lu58u0 105840 n -32760 =11340 Q o
1 fiu s8EU -aB2y ~ohoe 273u =65520 =21168 -21168 Ba20 -RB2N 0 6552 2730 1 1]
1|15 RELTA =RAZY 4ndu 2260 [ 88240 47020 -2116H =2L16R 22680 =45H20 =2268 1] 1
1 |18 17e4 1764 =iy =“ib =240 -1764 =-19404 1764 1764 =5460 92y 546 1 1
2 1 byeu —-Bagd =bbhSe 462U =6550 -21168 -21lk8 H§20 =-AR2N 0 6552 4620 1 ]
2 ¢ u J " =& =32760 0 ] 11760 =11760 [ o ~540 3 [r]
2 3 Ll 1764 “924 924 4240 =1764% =19uny 1764 1764 gu0 974 =924 b3 1
2 L) U '] u Y% =4f el 0 0 P3b2 2352 16R0 4] ~16R 2 1
2 5 sYe0 8RZU —dZbn 4e2u -226p80 21168 21168 Ag20 AB20 i 2268 =L&20 1 0
2 ;] U u u Buy =11340 n 0 11760 11760 0 0 -840 2 ]
21 7 IR T =1764 EET™ -924 Subh -17u% -1764 =1764 -1764 ~9240 546 g92a | 1 1
2 b u u u =lay 2750 I} 0 =-2352 -2352 =i&680 0 la8 2 1
e Y LCEETY -BAZY 2Pby 273u 22h80 =21168 -21168 =BHRU =-A820 4] =226H -2730 1 0
2 |0 140 1470 =37 =o3u =113%0 asgAa 3528 =2ub0 =2940 o 378 630 2 0
2 |11 1704 1704 =hly =54 =5u6U 1764 1764 1764 1764 =5480 546 546 1 1
2 |12 ~294 =2uu 1 120 2730 =244 =294 SHE SHA 1260 =91 -126 2 1
2 |13 L1 P ARZY bhe =273 69520 21168 21168 =ERZ20 ARZO n ~6652 =273n 1 k]
2 |14 i4tu =147y =109z 3y =32760 ~3heae =3528 -guko 2940 1] 109z 630 2 o
2115 =17ou -17e4 Sdu Suh $Aun 1764 19404 ~1764 =17bu4 S4Bl =924 “5u6 1 1
2 |16 294 2494 =154 =l2o =4fz0 =294 =3234 L1-1-1 ~Har =1260 154 126 2 1
3 1 RLLT BAZu =402 =6554 u =Hy2 asay =-21168 =?tlbR =-65520 =4R20 f552 Q 1
3 4 1l/ou4 1704 Yeu =324 EELN] 1leu 1764 =1<uih =170k =240 =924 24 1 1
3 3 u Y ~Aty u o =11760 11760 Q0 a =32760 ~RU0 0 a 2
3 [} u 9 lor u 1680 edbh2 2352 [\ 1] ~4b2ir =168 13 1 2
3 9 aacl =BRzY =-sF AU 514 u a2 ~Bb2U 21168 211&8 65520 =-2730 -5552 A 1
3 o -i7b4 1704 b4 924 Bugn =1764 1764 19404 1704 9240 ~%46 ~3z24 1 1
3 7 =34y 1470 nav =199z 1) 2949 —29k0 =3026 =352R =32760 630 1092 o 2
E] & 294 294 -l =194 “lsol =orA =58y ~Ie34 234 -4a20 i2e 154 1 H
3 q *EH2U =RAZY 2T 3y 2260 0 =HH820 -3620 =21168 21168 2aea0 =27T30 =-2268 ] 1
3 |10 17o4 1704 ~bue =54h =Supl 1764 1764 1764 1760 ~bu6D Su6 546 1 1
3111 14 /0 1470 =rdu =374 0 =2944 =-R2G4Q 3528 A524 =113u0 630 378 () 2
3 |le =24l ~254 t2c g1 12610 S8 5R4 =294 —-249h 2730 -126 =31 1 2
3|3 LT aszu “o2u =-2268 0 BE2D Re20 21168 2116A =~226480 ~4620 A2ea ) 1
3| iy —17o4 ~-1764 -2y bub =924 =1 164 =1764 <1764 =174 Q450 924 =546 1 1
3|5 u u Ay u [l 11740 11760 0 | -113un =A40 al|l o 2
3| tie v U 1w 1] =lepll =-25h2 -2352 o r 2730 168 a 1 2
L] 1 =17¥o% =17u4 =42y =324 =Y24u =1764 ~1764 =1764 -1764 =92un 24 924 1 1
4 2 U J L =1lo8 —4f2l 0 1] wp b2 =2352 =140 ] 1aA 2 1
4 3 u 1] ~1nt u =1hp0 -z352 2352 u 0 -4n7o 168 ol Ly
| 4 u u u u -0 0 o il n =340 4 ol z21}e

614




AFFDL-TR~68-150

TABLE V (CONT)

: ; (1a) (15) (186} 1 (18} (19) 120) (21) (22) (23} (24} (25}
N 943 93 %j RE %3 i 943 343 %ij 95 I T
4 170w 1704 iy 3t =l 17h4 17Ai 1ok 1700 9aun S4o =-9ry i 1
+ [ u u u lan =-2Fan ol u e3h2 EABE] 1oHn 1] -lc8 2 1
o ’ -2ou =2 12u -154 1700 Sitg 5A4 -294 —2ul -4h20 -126 154 1|2
L kL u u L =-Zh iafl i ) -392 =34z =H40 (1] 2Hn & 2
4 a 1 fuk ~17e4 Buu b4t Suol =176y =1764 =1764 -17o4 5460 =Hup -2N6 1 1
Wt 24 244 -3y =120 =270 2un 2oy ~bbR =hidk =1260 91 12 | 2 1
4|1l 274 244 -1t =1 =lrel =5kh —%R4 204 29y =2 730 126 g1 1 2
bl e =t =4y 21 21 =10 G 9H G4 o oS =21 =21 2 2
L3 i Ligw 1704 Yk =548 H2%0 176 1764 1764 1764 =54hU =924 548 1 1
L IS -2 294 =15u 12o ~4hdl =294 -294 SEH HAR 1260 154 ~-126 2 1
L '] u loc u 1Aa0 23he 2352 n ] =-2730 =168 0 i 2
&1 i u v -2h u —h&{ =342 =292 u n LEDI 2n o 2 2
9 1 —4bly whliu =1li3uu =32 fau o 10bula | =105E40 | =-1udysy | =1nSH40 r ~-11349 APTL0 u o
b < ndey anzy <deor “452U 22650 | =21lin -211/4 | -s7uen ~AREN i -226n 620 1] 0
RO ~doeu 8feu “2T7 .50 —bohe 0 Bor') =8820 | -21164 | =Pile8 | =A5320 ~2730 6552 | 4 1
£ y 17wl 1704 LLIN =924 bupl ~1764 -1764 =1%4Uy4 —-1764 =6240 “Sii 9zy 1 1
U 3 =uilui ~allity =3¢ THi 276U U | =100840 1U5R4Y [ ~105840 1N5840 1] =32760 3270 o 0
H1 33 oted —BAed ehhy L-FL] EBhhel 21168 211hH =37020 ARZD a =6552 Loz 1 Q
S ¥ by -BReu 4021 b I S820 | =962y 211ea #1los 65520 4H20 ~Rb5P2 | 0 i
sl e -i7oy ~17wu a2 924 =524 =17r 4 | =19un4 1C4uu 1764 L] a2y —9zu i 1 i
5 L 44 lud =4410u s2Fou 1134y o 105840 105850 LubH40 | 105840 r -32760 it3ko u 0
N It =sned BRLU moShe 273 =bhnen =-21ie8 =z11h5 “rB20 ARZN o 6R52 =-2730 1 3
sl “zadu =gdey —“n2y LY d =880 | =47020 } ~21lee [ =PilaR 225R0 4A20G -22LA | O 1
5| ie 1704 1764 925 =-5ue 9240 1F6u 1940y 1784 1764 =5440 -624 5ue | 1 1
Slad 49 lay w4ltu 11340 =1134u 0 =105%840 | —t5Fa0 lubAun 15841 n -11341 13340 I} 0
5 | ik —tey —BRZY meroht 2750 =22r5l 2h1cd 21164 =Fagl =4dH2n f 2266 =-2730 H 0
511 neey anay el =2ehH u =goz i =h&20 21168 21168 =226840 -2750 226R a 1
%1t =1 ia4 =170y =buy, 540 =3ugh 1764 1744 =1764 =176y S 546 =548 1 1
=3 1 =l ~882u —2ébe =bo2y ~22RH0 21163 21lhy =t a2y =RR2A n re6s ugen 1 a
ol u y L il | =11440 u LU | =1176G ] =117wn ] v evo | 2| 0
Lo =170% =176y =4 -424 =Huef 1704 1764 -1764 -1764 -9240 Sug 924 1 1
f L J U L =lbs =273 U u ~Fabz =-2342 =1han 0 len 2 1
% b =bdel B8Rz —ohhe Yodu =h%520 =2\168 =21163 ~#azn Ax2N D A552 vEZ0H i 0
[ u v [ d4u | =327&0 il 0] -11760 11760 [ ] aun | 2t o
£, 7 1704 17us G 4924 a4 1764 159604 1764 1764 Gaug =2y =924 1 1
S o Y v 164 4p20 a 0 2352 2352 15A0 u 158 2| 1
& g 2P =&Rau B55: 2730 L L] 211n8 21164 el -AB20 1} =6552 2730 i 13
4|14 ~1ai0 147y -1 =530 | =327a0 ~3528 -3528 294y -2040 o 1092 -63u| 2] 0
& |11 =1lo4 =170 =024 Q4o =-9241 =-17h4 —15u0y ~1764 =176t S460 a2y =546 1 1
a1l 9% 244 15w =let Yhell edh 3734 -1-10] =bof =1260 =154 1z 2 1
6|12 Y &2y ¢2he =213y 22684 =211lkH =-2116A4 Bu2u D) n ~220R 2730 i 0
o | 1+ —l47u =14 Fu -3t 630 | =113m0 3520 3h24 940 2940 n 74 6301 | 0
6 |15 1704 1764 huo AT Stopl -1764 =1764 1764 1?64 ~5460 -546 S4e 1 1
a | Lt 2w =29y -1 120 -27450 2494 LT PLY 588 1260 91 -l26 | & 1
7 1 Bt ~&82U £73u bhb2 o =882 8530 21168 21168 69528 2730 ~“6552 u 1
7 . =1 704 1764 =hug EFL =bupu 1764 1764 19404 1764 240 B4p -92u 1 1
7 3 1440 =187y PRI 109 u Z2aun =2940 2H2H Ah¢R 32760 630 =1092 G 2
7 4 294 =24y =120 154 =irzen =SHA =588 234 294 4620 126 =184 1 2
T B =bhugi 822y Ykl =abbe u BH20 =-8820 -2ila8 =21168 ~H5520 4620 6552 0 1
7 & 1704 1704 ~G20 -924 -9240 =-1764 ~1764 «19400 -1764 -9240 924 EFL 1 1
7 7 v u =h40 u o =117t 11760 0 n 32760 -R40 n [ 2
7 u u 16¢ [0 1f60) 2352 2352 u o 4620 -164 o 1| 2
7 @ bou EP2u =4h2u =226 a =-Ba20 =HE20 2iled Pllea =226R0 4620 2268 1] 1
Tlw =l/o4 =1To4 Yk S H9240 1704 1764 =1764 =176 5460 =924 546 1 1
7|t u v tuy U 0 11760 1174y 0 0 11340 -840 o] v 2
T 1 u ] ~ioo ] =itol -g2dh2 ~2352 u a =2 130 164 o 1 2
7Ly =il -88du =73y 2268 o BH20 AR2Y =2llel =7116A 226R0 2730 2268 0 1
7]k 1704 17b4 5S40 =b4h Sqnl =1764 =1764 176k 1764 =5460 =546 S46 1 1
T ]ih =147y =147y =h3u 3Ta G =240 =2940 =3bEH -352a 11346 630 =378 4] 2
RN 294 ELls 12¢ Ty 1700 Shd ELL 294 294 =-273L =126 1 1 2
& 1 L/oy 1704 Lt 924 D40 ~17b4 -1764 176l 1764 9240 =54b =924 1 1
B H g [¥] u 168 2730 i) 0 Z2352 2352 1680 0 =168 2 1
) 3 294 294 120 1b4 17p0 Sk SAB 294 294 4620 =126 =154 1 2
s & [0 [t u 2d £I0 o @ A9z 392 Aun ] =28 | 2] 2
F N =17o4 =-1764 Yau -324 9240 1764 1764 =176k =-1764 9240 G2y 924 1 1
# o u u u =iby 4620 [ ¢ =-23b2 -235b2 =16806 U las 2 1
el 7 u u -1&t U -1680 =232 -2352 ] o 4620 1ey or 1] 2
A I U u "] u =Ry0 [} 1] [} ¥ B a o} 2 2
8 2 1784 1704 -Gy =54t =324t} =174 -1764 1764 1764 =5460 2y S46 1 4
ALy =<9y -294 -1 126 4620 244 294 L1 S8R L2en =154 =126 2 1
8|1l u u leao U Lbsl 2352 2352 o 0 2730 =168 [ 1 4
& | 1e u J =24 u =F40 =542 =392 ] 0 =630 28 0 4 2
[ =17n4 =174 —hub bub wSunl 1To4 1764 =1764 -1T7a4 B4h{ hu6 =hus 1 1
w14 294 294 4l =lZe 2730 =244 =294 L85 =5HR =1266 =91 126 2 11
#11n L] =244 126 91 =1260 =ahb =581 294 —-234% 2730 126 -o1 1 2
Aile Eal 44 21 =21 63l 98 98 =48 -98 =530 =21 21 2 2
941 -4hlul | ~48lug [ =11340 | =1134y u 105440 1uSH4Y 105844 105840 n 11340 11340 o | o
Q ‘ =uded -88s4 =2208 =273y =22h00 21168 21148 Eu2l He2n 0 22648 273n 1 [¢]
9 3 =Ll =882y -273u =2268 n 85420 882y 2lle8 21168 =22hkb 2730 2268 0 i
9 4 ~1lio4 =1764 =buo +S4o =S4l 1764 1764 1708 1764 ~5461 545 546 1 i
a 5 m4Uidy wiluu ~3270u 11344 0 |=105840 |[=105&84] lubsuo] —105840 ) 32760 113450 V) [
9 [} =1 73) BhRZy =pohoz 2730 =a53%h20 =21168 =21164 ba2u «HA20 o 6552 2730 I3 ']
9 7 Haal 8agu CLY- 2268 D BY20 gTuzo =2lisd -2116R 22610 =Bh2(} =-2268 1] i
I 1 /ol 1764 Yeu 54k 9240 1764 1900y -1764 -1764 B4&an =924 by 1 1
Q 9 44luy u4lyu 32?64, S276u 0 109840 | =1USH40 | =lubasd 115840 n 32760 327u0 ] 0
Q110 asel =-FB2y ebby =460 68H2U 21168 21168 972G —HH20 n =655 ~ubzf 1 1]
911l =Bzl Aty =hbdy 6582 [ =d8del 97U 2ilos 2lleA Aha20 =4620 ~hA552 0 1
9112 —17u4 -1754 ~Ydi -32au =9240 =176y -19404 =194y4 ~176u =5240 TN 324 1 1
a1 L4 Ly -4t1lpu 11304y =3276U 0 {=10n840 105840 | 105840 | =105%Hu0 it 113up AP 760 U 0
9 |14 by Aty 2200 4p2u 22600 | =24le8 | -211s8 97020 B&20 [ -226h8 -3620 1 0
91154 Bddu ~8RgU 273y -bbhe 0 ~B820 bHay =21 168 —2Ll1lnhR bail-Frdil 2730 Ab52 b 1
9| e 17o4 1764 LUt 924 Bubl =1764 -1764 14404 1764 G20 -5k =924 1 1
10 1 aael BALU 226¢ 2734 22680 =-21163 =21169 =2y =aH20 0 -2288 =273 1 o
i0 2 iw/u 147y a7 eiu 11340 =3beh =3528 29u0 2eun [ =378 -HJin 2 0
10 2 17o4 1704 T Q46 Shol =176y ~17h4 =17a4 -1764 S460 LT ) -5u6 1 i
w | s <94 244 91 126 2734 -294 =294 5K 548 1260 =91 -lza | 2| 2
1 o ad2d =B8eu ohbe =273y 65520 21168 211h4 =fHzl HR2N o ~&552 =730 1 Q
10 o 1444 =1a7y luge -t3u 2700 4528 3h2s 2940 -2940 n ~10192 —630 2 9
10 7 =1/a4 -1764 =9y =S40 =IR =17e4 19404 17pb 1764 =5460 G2 546 1 1
n [ -2 =244 =154 =126 =Ube 0 -2 -3234 =588 =-hag =1260 154 126 2 1
icl 9 =n3ey BRzU =05h, =4bgu | =BY%wkn [ <2iif4 [ 21149 82y =5R20 0 6552 =4620 | 1| ©
| e Sy J v Ay 32750 b} o ~11780 11760 0 0 g4 | 2| o

615



AFFDL-TR-68-150

TABLE V (CONT)

i j qg}ﬂ O’EES) qg}ﬁ) qgljl q{'\'B) q(_?“ﬂ q(?D) q(Z_U q!2_2) q(_2_3) Q(_Z_ﬂ) q(.E.S) P

J 11 1 1] 1] 1 L] 1 1 J 11
10 11 ifoq 1764 G =324 Er LY 174 L9804 =176l =-1764 ~YAuy =92y Geb i 1
10| 1 u o " 1o ~Uergl) u u & ahe 2452 incr [t} =lok 2 1
10113 RGL-TAY —fBrzy =t 4n2i =22bantl 2llbd Z11A8 Fol2it HAL0 i r-dat] =4z L 1]
19} 1s u u u =rul Llzun i i} =1176L wtl1¥nil v 0 Han 2 Q
JUN ] -17u4 ~17c4 EELH g2u —nyot 1764 176y 1 /b4 1764 Gahi B4R =y24 1 1
10 1w u Y] u =len 2740 4l n —Fahe -23h2 =1l6w0 u 1.8 & 1
1! 1 ancl RAzZU 750 22ht n =Haelt -HR2UY -#1168 =#1164 22hni =273 =2Zn8 u 1
1l P iTus 1704 Svo ELTY Suah =1T6a —1764 -17b4 ~17oi Huhll =546 —h4h 1 1
11 3 1wl 1479 63, 579 1y 2940 2494y -352H EECERY 113540 -630 -37R | 0 2
1l & 294 294 1260 491 lzb0 Lba LAH —-294 294 2730 =126 =91 1 2
11 5 —bbey -BE2U 4blu -Z2ba &} B2l BE2U 21168 2lis4 22640 ~hhR20 2208 U 1
11 A =174 =1704 EFe —5ub ErEl] 1764 1764 1764 1764 -5460 =924 546 3 1
11 7 u U UL u 0 -11760 -11764 I} a 11440 Auy ¢} i 2
11 2} 0 3| =1k J =Lh8l ~2352 -2382 tl a 2730 168 Q 1 2
1l k] noay ~ERzY =4heu =-64be u =uH2U BH2Y -2lles =?11kH =55520 ~4620 ASL? 0 1
i1 1o 1io4 1704 =4l Q2u =49740 =1 T4 =1T7h4 19404 1760 Gul 924 ~G2u 1 1
11§11 u 1] e 2] J n 117¢0 =117h0 il n 12100 Rl n u 2
11117 U J ot v 1hw0 2352 2352 U o =450 =168 ) 1 2
A 3 =ty arzuy —e73u Bhbe n w20 =HE20 21168 Z11Ind Ah2ED -273n —F5352 u 1
| 1 —1lu4 =170 =kl =324 =24 1764 1764 =194 04 =1 7hi =Q2un LUYY 924 1 1
il 15 =k4fu 147 =Fs AU 1o U3 =2y 294l Ah2s 3SR 32 7o =-H31) =1us2 u 2
11§ 1o = =29y =1dn -Llb% =1ze0 =-oHA =hA8 -3 -2y 126 PETY 1 2
12 1 o BT =17ou4 =ty ~bnb =S40l 1764 1764 1764 1760 =Supll B4b Luh 1 1
42 i -y =24y =] =120 =2754 2%y 794 =584 —onH ~12h0 91 ick & 1
L2 5 =y 2l =1de =41 -l2oL =kl -8y 294 294 =2720 126 41 1 2
12 L] .y =4d =24 -2l =630 =94 -34 =98 -G8 ~o50 21 2l < 2
12 L 17o4 1764 Uy, Sud —4pen =17hy =-17h5 ~1764 e SuhAly aza —bub 3 1
12 £ 94 2uy -Llay len ~4retl =244 x99y SHE bR 12hfr 154 ~lin 2 1
we| 7 u u loc v Legh 2352 2352 [N [ 2730 =1hH o 1|2
12 ) u v da 1 LU Juz A2 i3 n 530 24 0 2 2
12 3 -1iow -1764 924 G924 924l 1704 17RYy 1 104 1TH4 Gaul =924 gy 1 1
g | 1u u v v =1lub =Rl " i ~p3b2 -2352 =1oaf 0 led | 2 1
2111 u u =ibt u =1lhbl -2du2 -2352 A 1 =402 1ea 0 1 2
12 ] 1z U u u y H4D 1] u o n Al ] 1] 2 2
12 |13 Llow 1764 S, -2l bubn =170u ~1764 =1 764 ~176H4 ECEDal —hut Yol 1 1
12| 1y u u “ lo8 =270 ] u ¥abe 2352 losn u =luh | 2 1
iz |1 244 294 126 -l 1200 S84 SAH -9 —294 LR =126 Lo 1 2
izlin v u u Fa-] =0 u (1] 92 392 340 I} -28 2 2
13 1 “hluy ~4iluu =527au =ilsuu 0 [-10%st0 [=lubEag | ~Lutasl 115840 n 32THL =1154n v b
13 & LY RLEFT =-uhSe -273u =hohzt =211y -21144 ELEEE HH20 n A552 =270 1 0
L3 L [SI-rY] AR 4t 2200 1 =t} -a7N20 =2ileb =2116A 22nAN uh2i =Perh v} 1
13 “ ifo% 1704 gy X1 =Gza0 =-17Fu b LYY =17n4 =17n4 54h0 Q24 =5uf 1 1
i3 5 4aluv 4uluy =11l34u 1154y ] 1ita8uy 145k | ~LuSddl [ =10584n i 11340 =11340N L el
13 L sl BAZU —d2hg 2730 =22ruu ?liedg 211h4 =Hn2n =3R20 i P26H =270 1 n
13 7 —nogu =ARzy 2730 -2260 ~rB21 -gF24 21168 21108 224940 -273u 2268 u 1
L3 » =1fo4 ~1704 LY =S40 Quolt =176 -1764 1764 1704 =546y =5ug S4E 1 1
13 . =4 1ol w4 lou 1IN RERI 0 [ =Llibdun 1USELD Libasu 1NSH4n 0 FL3L0 =327:0 v n
131140 =nddy —BRzY Z2on =Un2u 22e80 ~2lleH =zilaa ~FTYAL —3RA1) o =PPRA el 1 0
i3] 11 Basl ~BBzu TS0 =63h2 u haZu —HH2U =218 =7ilh8 =530 =2730 BLL2 u 1
13 ] 1 L7au 1764 =5y 924 =bian 1764 1764 LGuis 1764 g2ail LT =4ia 1 1
13|33 | =usluu -s4iuy deThu =32 7au " 105841 [—ludrdn Lidbalt | =1n5H4n u 327A1 =327n0 G U
13 ] 14 —ated 8824 bhbe Hh2y oS 211hH 211h8 =97020 8A20 [ =A552 Le20 1 0
(R ~onal BAzZu 4hzu b552 U HB20 =y TH20 21168 Pl16A 65521 Lhzu =H5D7 a 1
i3 1 1o =17ou =17u4 YAu =4d2u FPLT 1iny 1940y =1l¢4uh =17hu4 ~Q240 =924 B2y 1 1
i4 1 —bnel BAzy G4 273y Bhhel 21lb8 z1lhA FI20 -_RA20 g —RAhhHE 2730 1 D
14 2 =14ty 1470 109¢ LEI $27u0 RETE 302y —2HU0 2940 0 ~1n92 630 2 1]
14 3 =i7o4 -1704 ek =hlo ErL Y 17604 19404 17k 1764 =hahl -924 071 1 1
L3 L) =2du =24 1hu =126 Bhelt 244 534 BEEL] =b4R =12n0 =154 126 2 1
14 El =haly =Rily e =2750 22Rai -21li64 ~2L1164 FHzn ARZ20 a =276 2730 1 a
L] b -lu/iu =14%v 370 =il 11340 =358 ~3ha2H -Gk —-2940 o =7k b Al & "
L4 7 1704 1704 5t by =Dapl 1700 176R4 =170 ~1764 H4610 Sun =-5LA 1 i
14 I8 294 294 =91 l2o 27340 2494 A4 EL1) anA 12k a1 -lc6 2 1
14 49 Bdel ABZU ~dehh =4ndy =22H0it 21168 41154 =Engd =HH20 | 22605 Lod 1 0
o J u [’} A1) 11340 1l [i} 117640 117n0 I} 8] =it 0 3 1}
sl 11 -t lun =17ou4 bl Y24 Suoll =176y -1764 17600 1708 qgau =5k -9zu 3 i
14 | L2 u v u =lbH =230 n ¢] 2352 =230 -l16R0 0 168 2 1
1 & wull =3820 =obby LN} =-tbhhan =?livs =-211R3 =420 Ar2Zn n 6552 upc 0 1 u
14 | 1% u [ o -l 32760 1 1} 11760 =110 n o —54) i 0
la | 1b 1Ty 1764 -Gy =924 —F25H0 =-1764 =-19hny -17n4 =17R4 =9240 274 F2u 1 1
14 ) 186 v u L 1hd Lnhztl u i) ?ahe 2352 16&0 n =1ER 2 1
LS 1 ~todl =-BAzU =4pey =22nd ] =Hdr0 =HH2U0 2llb#+ 211nR =-226A0 whA20 22uR bl 1
1% 2 ~17o4 -17o4 =-ucy 113 -4l -1764 —-17hy 17ay 1764 =Hahl EEDY Quk 1 1
1% & u u =Hdu u L} =117¢42 =11760 L 1 =11 540 Rly a L 2
15 iy U 1] =loc u =1inbli —-43h2 =2.557 o n =213 168 Q 1 2
W5 L Baseru &52u =273 2260 i3 edzl AHZY —21164 =P1l6A 2200 2730 =268 [¥) 1
15 o 1704 17ocu “h4n bl ~hupl 1764 1764 =-1704 =176 Hubn Sub ~0LA 1 1
15 7 —l41u =14ty hau =47 i) EaLA) 2944 Aogs 392R =1la4n ~h30 7R u 2
15 I -2 -2 140 ~41 120U bHg 54 24948 2494 —-2730 1z 21 1 s
15 4 —oozU Bzu 2730 ohbe u =nogil ELED] R L] ?llan AbZ 2731 -h252 u 1
15 o —17v4 =170+ RETS -2 FEBI -1764 =1764 | —19404 1794 =g2ull =546 924 1 1
1h |11 1444 =147y -ndu =1luyse G 2900 204N =38 3548 ~32F60 -h3d 1072 U 2
15 |1 e 294 -1z 154 =1760 EELE =5A3 1234 2494 4k 12k -15% 1 2
%118 podl =ROZY Yhlu =uhbe n 22 Fall ~H#24 =21168 =?11ln3 ~h5520 ue2n Fo52 4] 1
1h | 14 1foe 1704 Yen EED) P 1iry 17A4 1940 17h4 9240 -a2u4 =924 1 1
15 1Y u u L u a 1170 -11740 ¢ " =3P Ta0 Aun il G 2
15 | i v J 1k, [l ifhna 23h2 2852 ¥ n 4h21 =164 i 1 2
1o 1 1704 1704 QE S4o EE 17hn 1764 L LT =17nk Subl -4 =546 i 1
i6 é 294 24 194 12n “edl R LY han LY 12m/0 -5 =126 & 1
18 & u u 16 u 1lhal adhe 2352 [0 8] 2750 =164 1] 1 2
o & u u P u il a9 LR M il i »30 -28 n 2 2
1 o =174 =170 hBbo =540 Shpf ~1iby =1TA4 1oy 1704 =5uhl -546 Duh 1 1
N t- e =2ty B2t ~lro 2741 -l =794 BELI =5 =12A0 ~91 l2m 2 1
L6 7 T ERLY =12 91 =1lson L] =S -l =2un 230 126 =1 I 2
1t 13 L] i =21 21 =r31 =ty -9y el e 30 21 -l 2 2
L6 ‘- 17o4 1704 LT -4 “sun e 1784 =1 7nt -1Tma ~dz2uil S4b ERE) i 1
Lé 7 24 2494 =11 B3t ~1rol EELT —hAay -9t —294 27U 126 =91 1 2
16| & o Cx] -zl 21 =tal =ty -ty Y L) PR 21 =21 © 2
le. o 1oy 176 =nn -2y EEIT L7y 17k =1/ab =17n4 =g2un fln "Ly 1 1
IR o ] o los 27 2% il ] 2497 2352 1hnn0 f =158 & 1
16 |11 —e4 =2y 140 JET 1ol ks BLT L e FEE 1?0 14 1 2
1y | Lo u J L —-2a =30 u il -5un —Ap =-Hun ] A ¢ 2
le {12 —ltow ~17u4 =iy Y2 =440 =174 =L7AH 17u4 17k EED] a2y -4y i 1
it | L U U w =lfd Yol u [l - Sud -223h2 =lany u Lon 2 1
Les {1t u v =lon J =Llral —a3te =2852 il Bl ue il Tt n 1 2
16 ¢ Lr u J L 1 [T 1 g 1 i -l il n & 2

616




