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SECTION 1
INTRODUCTION

For aeroelastic analysis, the aerodynamic forces are determined from

the lifting surface theory, In the subsonic regime, the theory is well established,

Most of the approaches are based on the kernel function method or a discretized
variant called the doublet lattice method, In contrast, the superéonic lifting theory
is still under active development and is further complicated by the fact that there

1s a variety of possible methods,

This study is directed toward the development of an accurate, efficient, in-
expensive numerical procedure for the solution of the unsteady pressures on a
planar wing undergoing simple harmonic oscillation in supersonic flow, An assess-
ment on the theoretical and numerical aspects of several existing methods was

made., It was concluded that all existing methods suffer some form of drawback.

Accordingly, an approach, which fully utilizes the merits of several of the
various methods while collectively removing their respective disadvantages, is
proposed. The method is based on a finite element approach to the supersonic
kernel function method. It differs from the supersonic doublet lattice method in
the following aspects, Instead of trapezoidal elements, characteristic elements
are used. A linear element approximation on the lift is used instead of the con-

stant doublet strength. Finally, the collocation point is consistently chosen to be

at the nodes. H

+he new method offers a unified theory for both the subsonic and supersonic

flow. It is also extendable to the transonic regime as well as to non-planar appli-

cations.
i
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SECTION 11
FORMULATION

2.1 Small Perturbation Formulation

For a thin wing traveling at a uniform velocity, V, the velocity field

relative to the Cartesian coordinates fixed to the wing is given as

Vx = V+u(x,y,z,t)
VY = 0 +vix,y,z,t)
VZ = 0+w(lelzlt)

where u,v and w are the perturbation velocities and satisfy the condition

u/V, v/V, w/V << 1

Assuming the flow field to be irrotational, a perturbation velocity
potential, 4, can be defined such that

0= . .2
dx’ y' 9z

According to the small perturbation theory, the perturbation velocity
potential, ¢ , for the subsonic, transonic and supersonic unsteady flow is

governed by the following general differential equation

2
2 M@+l _ 1
Rrsida \'4 ¢x ¢xx+¢yy+¢zz B cZ @V ¢xt+¢tt) (1)

where M is the freestream Mach number; Y, the specific heat ratio of the

fluid; V, the freestream velocity; and c, the speed of sound. Subscripts
for ¢ denote differentiation.

A




This equation can be further linearized for subsonic or supersonic flow

(but not for transonic flow) to

2 1
(1-MZ) b 46, 40, = T @V b téy) (2)

Despite the similarity in form, the differential equation assumes quite
a different character depending on the freestream Mach number, M, For

M < 1, the differential equation is elliptic while for M > 1, the differential
equation is hyperbolic.

For the proposed study, Eq.(2) can be rewritten in a more convenient

form for a supersonic unsteady flow as

M - Dy by by, = T 2V by téy) (3)
Because of its hyperbolic nature, the equation is to be satisfied only within

a characteristic region, in contrast to the entire domain as in the elliptic
case, This region is the downstream Mach cone originating from the source
of distribution. Conversely, a receiving point in the downstream location
would be affected only by disturbances generated within the upstream Mach

cone of the receiving point.

For an external flow, any solution ¢ to Eq. (3) would also have to satisfy
the boundary conditions. For the region ahead of the downstream Mach lines
from the leading edge of the surface the freestream condition should prevail.
The disturbances behind these downstream Mach lines must be directed out-

ward from their sources. The tangency condition at the surface is given by
D
wix,v,0,t) = 5 z(x,y,t) (4)
where w is the perturbation velocity in the z-direction, and z(x,y,t) repre-

sents the instantaneous displacement of the mean surface normal to the x-y

plane. D/Lt is the substantial differential operator:




The pressure coefficient is related to ¢ by

2
C,="=3

5
5 (3)

<
=115

Equation (3) as written is completely general within the framework of
small perturbation theory. It admits quite an arbitrary variation in time and
space for ¢ . To make the problem more tractable, a more restrictive and
yet practical assumption of simple harmonic motion of the airfoil is usually

made. The condition is expressed as
2(%,y,t) = z(x,y) & (6)

where i="-1 and ® is the frequency of the motion. z(x,y) is called the modal

deflection which can be prescribed by some polynomial representation.

If the disturbance is due entirely to simple harmonic motion, it follows

that the effect as expressed by ¢ would also be harmonic, i.e.,

¢ (x,y,2,t) = $(x,y,2) e (7)

Substituting Eq. (7) into Eq. (3), one gets

2 + E . 1 . oy 2T
B 8y by =8,y = - QIO YV F 0% (8)
where
B = YM% -1

and ¢ (x, Y, z) is the complex velocity potential,

Consistent with the small perturbation theory, the substantial differential

operator % is given as:
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g
+
<
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<
“oe
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where second order terms have been neglected. Thus, the tangency condition
(Eq. (4)) becomes

Wity 0.8) = v (g +-2) Tey) (9)

and the pressure coefficient (£q.(5)) becomes

o 1
c, = —f,—(—a; %—) $(x,y,2) (10)

Equations (8), (9) and (10) form the framework for the lifting surface

theory formulated in terms of the velocity potential.

2.2 Acceleration Potential

From Euler's equation, Prandtl introduced the concept of acceleration
potential

TR !
v P

00
=%‘$+V%‘£ (11)

Under the small perturbation assumption, Y also satisfies the same
linear differential equation as Eq.(3). Following a similar development as
for ¢, one obtains
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2 -— 1 . 2
B$xx-47yy-¢zz=—?(21u\f¢x-uq7) (12)
c, - %2’ Tix, y,2) (13)

The use of acceleration potential (also often referred to as pressure po-
tential) proves to be especially simple in dealing with the wake condition in the

lifting surface theory,

Since no pressure discontinuity can physically exist in the flow field other
than across the lifting surface, the acceleration potential is identically zero every-
where except over the planform, The complicated problem of accounting for the
wake can be avoided entirely by using the acceleration potential formulation, In
the case of velocity potential, a discontinuity in velocity potential exists across
the wake, and the wake has to be treated explicitly, The influence from the wake
is especially important in the subsonic lifting theory due to the elliptic nature of
the flow. For supersonic flow, with its hyperbolic characteristic, the wake aft
of a supersonic trailing edge cannot exert any influence on the lifting surface, and
may be neglected even if the velocity potential formulation is used. However, if
the trailing edge is subsonic, the forward Mach cone extending from a receiving
point on the trailing edge would include part of the wake into its region of influ-
ence. Thus, even for supersonic flow, the use of acceleration potential still has

some definite advantage over the velocity potential 'n th: treatment of the wake,
2.3 Integral Equation Approach

Instead of solving the linear partial differential equation directly in three-
dimensional space with the boundary conditions imposed, the integral equation
method approaches the problem from a different point of view, This approach
assumes that elementary solutions of some type can be found, each to satisfy
the differential equation as well as the boundary condition at infinity, Because
of the linearity of the differential equation, the generai solution can be built up
from elementary solutions utilizing the principle of superposition, Some typical

elementary solutions are the singular solutions such as source, sink, doublet

T




and vortey. The manner in which these elementary solutions are combined is
dictated by the requirement that the yet untouched surface tangency condition be

satisfied.

The larger the number of these elementary solutions used, the better would
be the general solution. Instead of taking a discrete number of these, we can pass
to the econtinuum limit by replacing the summation over discrete quantities by the
integral over a spatial distribution of such quantities. This accounts for the ap-
pearai.ce of the integral. In summary, this can be viewed as a building up of the
solution by some known elementary solution. The problem of solving for the sol-
ution becomes a problem o how to combine the elementary solutions to achieve

satisfaction of the surface boundary condition.

The integral equation puts the solution in an elegant form. An essentially
thvee-dimensional problem is reduced by one dimension to a surface integral,
However, the integral normally contains singularities and defies analytical treat-
ment, It is interesting to point out that when one resorts to numerical integra-
tion, one has to essentially convert the continuous distribution to some discrete
distribution, thus reversing the process used in setting up the integral, The
whole lifting surface theory in the last two decades was evolved around evalua-
ting such an integral representation. Such an approach is popular because while
the outer boundary extends to infinity, the quantities of interest are only those
evaluated on the wing surfaces such as the surface pressure distribution, etc.,

which can readily be evaluated from the integral approach.

The integral equation can also be derived more mathematically from the g
differential equation by Green's function method, However, for such a method i

to be applicable. the differential equation must also necessarily be linear,

Because of the use of superposition procedures, the lifting theory is math-
ematically limited to the linearized (small perturbation) potential flow. As such,
it obviously has its limitation and may not be capable of fully describing the flow
field in general, Nevertheless, due to its simplicity and computaticnal efficiency,

it can serve its purpose quite well as a design tool rather than a detailed flow

ST b A AN




analyzer. Short of using a three-dimensional finite difference analysis, which
would involve a prohibitive amount of computer time, so far there is no better
nor inore cconomical method than the lifting theory in studying the three-dimen-

sional wing,




SECTION 111
EXISTING METHODS

The object of the lifting surface theory is to seek the lift distribution cox-
responding to some prescribed downwash distribution. The solution is built up
from elementary solutions which satisfy the linearized potential equation, For
the supersonic flow, the most commonly used building blocks are the source,
the potential doublet, the pressure doublet or a combination of such, Depending
on the type of singular distribution used, the resulting integral equation takes
on different form. The existing methods for the supersonic lifting theory can

be categorized into four classes according to the integral equation used,

3.1 Integrated Downwash Method

By superposition of pulsating acoustic source distribution over the lifting

surface in a supersonic flow, Garrick and Rubinow (Ref, 1) derived the following

equation
Tix,y) = 22Y( 2, v Wix .y )Rix-x,y-y )dx d (14)
iy, T " 9x v *o' Yo ' o' Y Yo 0%
C

where K(x - Xy~ yo) is the kernel function, the detail form of which is given in
Garrick and Rubinow (Ref. 1), and will not be repeated here, C is the region of

the surface bounded by the forward Mach lines from the peint (x, y).

As originally derived, Eq. (14) is applicable only to purely supersonic flow.
The mixed supersonic case with the subsonic leading edge must be excluded. To
extend the applicability to cover such a case, the Evvard concept of a diaphragm
of unknown downwash is added to the given wing, The combined wing and diaphragm
region has completely supersonic edges and can be treated by Eq.(14). Since
w(x,y) is not known beyond the wing surface, the zero pressure difference condition

instead of the downwash is imposed on the diaphragm region,

9




One of the earliest attempts to solve Eq. (14) for arbitrary planform is the
""box'' method, introduced by Pines, Dungundji and Neuringer (Ref.2). The plan-
form and diaphragm are divided into an aggregation of square bixes. In each
box, the upwash is assumed to be constant to facilitate the integration process.
The method was later improved by the use of rectangular or rbombic boxes with
sides along Mach lines, the so-called characteristic boxes. Another possibility
is the Mach boxes where rectangular boxes with diagonals along Mach lines are
used. Zartarian and Hsu (Ref. 3) discussed the relative meri:.s and drawbacks
of each type of box. They rated the Mach box as most favorable, In the box
method, since the upwash is assumed constant over the box, it can be taken out
of the integral. The integration is perfor:ned just on the kernel. This can be
carried out over each box in advance and the results, called the influence coef-
ficients, can be tabulated for a urit, w_,asa function of the position. Regard-
less of what box shape is used, difficulties occur for boxes which are adjacent to a
subsonic leading edge. The upwash is singular in such boxes and cannot be ade-
quately accounted for by the constant value approximation. Another shortcoming
of the method is the jagged leading edge given by the box approximations, Moore
and Andrew (Ref. 4) and Olsen (Ref. 5). This inexactness at the leading edge de-

finitely affects flows downstream of the Mach cone.

Since any error at the leading edge would propagate downstream, efforts
to correct the jagged leading edge were reported by Woodcock (Ref. 6). The first
possibility is to take smaller boxes to reduce the jaggedness., This improves the
accuracy but increases the computer time. Another approach is to use a better
approximation of the upwash in the upstream part of boxes that are cut by the edge.
The approximation is made to possess the inverse square root behavior at the lead-

ing edge, A third method is to weight the influence coefficient by the fraction of the
box located on the wing,

In some respects, the box method can be classified as a primitive finite ele-

ment method. When the shapes of the boxes are relaxed and the approximation of

1

‘ the upwash within each box is of a higher order than constant values, we have the ;
'_ classical finite element method. Appa and Smith (Ref.7) used the quadratic {
/ %
10 i
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non-conforming triangular elements to calculate unsteady supersonic aerody-
namic cocfficients from Eq.(14). Elements on the planform need not be the
samc as those on the diaphragm. As a result the elements can be so arranged
| that no partial element would occur at the lecading edge. The downwash is con-
N tinuous over the planform instead of assuming discontinuous jumps as in the
. box method. All these contribute to a smooth pressure distribution and more
accurate results. It can thus be concluded that any attempt to a higher order

"box'" method should be done within the theory of the finite element method.

The assessment of the integrated downwash method is summarized below.

Advantages:

® For the purely supersonic case, the method is both fast and
simple. Instead of solving an integral equation, the solution

is obtained successively by repeated evaluation of the surface
integral.

® By discretizing the planform into boxes, the method is appli-
cable to arbitrary planforms.

Disadvantages:

® In the box method, the constant downwash assumption was con-
ceived for computational convenience on a desk calculator. This
gives rise to jumps in downwash across adjacent boxes, which
is not physically meaningful, Improved later by linear varia-
tion in the linear finite element approach, downwash is now
piecewise continuous but stili lacks smoothness.

e The integral relationship was originally developed for the purely
supersonic case, To cover the mix.d case, a diaphragm must be
incorporated into the problem, The location of this diaphragm
region is not unique for complex configurations, and its size

could be almost as large as the planform at low supersonic Mach
numbers,

1

® Since the downwash does not vanish in the wake region, the wake
must be explicitly treated if it is contained with the forward
Mach cone of a receiving point,

® For the mixed case, the velocity potentials can no longer be
solved successively but require a matrix solution, This is
because the downwash on the diaphragm is not known and only
the condition of zero lift prevails on the diaphragm.

11




® Boxes have an inherent geometric problem in fitting the planform.
The situation is improved by the use of finite elements,

3.2 Kernel Function Method

Watkins and Berman (Ref. 8) used a distribution of pressure doublets to

solve the acceleration potential equation, The resulting integral equation is of
the form

wix, y) = ﬁ'/f‘(xo'vo)x‘*xo' y-y)dx dy, (15)
C

where C is the planform cut off by the forward Mach cone from the point (x,y),

and K is the kernel function, the detail of which is given in Ref, (8).

Equatioi (15) is also applicable to the subsonic lifting theory if the super-
sonic kernel is replaced by its subsonic counterpart., In fact, much of the sub-
sonic lifting calculations are solved by the kernel function method. Such a me-
thod can, with some modification, be extended to the supersonic case, The me-
thod requires that the lift, £, be expressed as a linear combination of suitably
preselected functions with undetermined coefficients. The coefficients are de-
termined by satisfying th: tangency condition in some approximate fashion, e.g.,
collocation, The choice of the trial functions is usually based on the experience
with incompressible flow and the lifting line theory, They must vary in a cer-

tain manner at the boundary of the planform to satisfy the edge conditions.

Cunningham (Ref. 9) based his pressure series upon the potential solu-
tion for triangular wings with subsonic leading edges. No separation of chord-
wise and spanwise variables was assumed. Curtis and Lingard (Ref, 10) chose
the pressure series similar to the one in the subsonic case where separation of
chordwise and spanwise variables was assumed, The series is given as a trun-
cated, double Fourier series multiplied by suitable functions to take into account
the behavior of the pressure distribution at the leading, trailing and side edges

of the planform, Harris (Ref, 11) interpolated the pressure series by orthogonal

12
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polynomials multiplied by some weighting function and chose the interpolating
points at the zeros of the orthogonal polynomials. The weighting function was

to assure proper behavior at edges. The interpolation was done under the as-

! sumption that chordwise and spanwise variables can be treated separately. Thus,
it can be said that the choice is rather arbitrary, which is characteristic of this

type »f semi-analytical method.

The most costly operation is in the evaluation of the surface integral. The
, Gaussian-type quadrature, modified to take into account the singularity of ininus
one-half power at the leading edge, is usually employed. After the integration is
performed, the undetermined coefficients are determined usually by the colloca-
tion method. The collocation points are usually determined on the basis of two-

dimensional, steady flow theory, The resulting system of algcbraic equations is
to be solved for the coefficients. For N collocation points, the coefficient matrix

is NxN and full, thus the solution becomes very expensive as N gets very large.

All the above pressure series are smooth and are slow to converge to the
true discontinuous pressure distribution, Recently, Cunningham (Ref. 12) de-
vised a pressure series in which the pressu ‘e series based on Chebyshev poly-
nomials is weighted by some discontinuous function. The weighting function is
derived from supersonic conical flow theory solution. This implicit discontinu-
ous characteristic of the pressure series gives a higher rate of convergence

than its conventional counterpart,

A variant of the kernel function method is the doublet lattice method, The

planform is discretized with trapezoidal panels, For subsonic flow, a line of
constant doublet strength is assumed acting through the 25% chord of each panel
to approxirnate the lift distribution. Collocation point is taken at 75% chord of
each panel. The subsonic doublet lattice method, due to its generality, has been
implemented in NASTRAN (Ref, 13), Harder, MacNeal and Rodden (Ref, 14)

showed that a straight forward extension of the method to the supersonic flow

is not feasible due to the singularity of the kernel along the forward Mach cone
of the collocating point. They proposed to use Woodward's constant pressure

panel (Ref. 15) for supersonic application but no result was given, Nevertheless,

13
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in a recent paper, Brock and Griffin (Ref. 16) attempted the direct extension of

the doublet lattice method to the supersonic case. While the collocation point

is kept at 75% chord, it was found that better results were obtained for supersonic

flow if the line of doublet is placed at 50% chord of each panel. No conclusive

explanation was given,

The kernel function method is assessed below:

Advantages:

® The lift distribution is treated directly as the unknown, A C°

approximation to the lift is sufficient as well as consistent
with the linearized supersonic flow theory.

Since there is no lift off the planform, it is not necessary to
treat the wake nor to incorporate a diaphragm into the analysis,

The subsonic kernel function method is well developed, The
supersonic case retains essentially the same form. Since ker-
nels have also been formulated for transonic and nonplanar
cases, the kernel function method offers a possibility of a uni-
fied approach.

The discretization as in the doublet lattice method helps to
generalize the kernel function method,

Disadvantages.

The loading functions have to be assumed according to the
planform and edge conditions. For any change in planform
or in edge condition, a new set of loading functions is re-
quired. The method suffers from a lack of generality,

The loading functions used have traditionally been smooth
and continuous, which can hardly approximate the actual
piecewise continuous nature of the loading in supersonic
flow, The situation can be improved by incorporating some
piecewise continuous weighting function from the conical
flow theory,

A matrix equation must be solved to determine the unknown
coefficients,

The location for the placement of the line of doublet appears
to be arbitrary. In any case, the lift distribution has dis-
continuous jumps in values from Panel to panel.
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3.3 Integrated Potential Method

Based on the generalized Green's theorem, W, P, Jones (Ref, 17) derived
an integral equation relating the downwash to a distribution of velocity potential
doublets, Since the velocity potential doublet vanishes on the diaphragm, no dia-

phragm region needs to be considered. However, the wake region still has to be

treated.

Allen and Sadler (Ref. 18) used a characteristic mesh and approximated
the unknown potential over each rhombus by some linear or parabolic interpo-
lation involving the undetermined potentials at the nodes of the rhombus, It is
remarkable that as early as 1963, they developed what is now commonly known
as the shape function in the finite element method. Allen and Sadler proceeded
to solve the nodal potentials successively by colloc.ation at the nodes, starting
at the foremost point and progressing backward along the Mach lines. Woodcock

(Ref. 19) used a similar procedure, incorporating minor improvements,

Two recent integrated potential methods are those by Appa and Jones (Ref,
20) and Giesir: and Kalman (Ref. 21), Essentially both approaches imply a lin-
ear finite element approximation for the velocity potential doublet distribution.
Appa and Jones used non-uniform characteristic mesh with the vertices as col-
location points. Giesing and Kalman used trapezoidal elemeits and set the col-
location point at 95% chord point on the boxes. Instead of solving the unknown
potential in succession, both approaches generate a set of equations and the po-

tential is solved simultaneously.

The integrated potentiai method is assessed below,

Advantages

e No diaphragm is needed.

e In the approach by Allen and Sadler, the solution is obcained
successively from leading edge to trailing edge.

e The formulation is more general and is not limited to planar
case alone,
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Disadvantages:

® The wake region still has to be treated,

| e TheC’ approximation of the velocity potential gives rise to
finite jumps or discontinuity in the pressure field, To. obtain

a meaningful piecewise continuous pressure field, a C* approx-
imation of the velocity potential must be employed.

® In the approaches of Appa and Jones, and Giesing and Kalman,
a matrix equation must be solved,

3.4  General Theory of Unsteady Compressible Potential Aerodynamics

Chen, Suciu and Moriro (Ref. 22) presented a general formulation for steady
and oscillatory, subsonic and super sonic flow around complex configurations,
Applying the Green function on the linearized velocity potentiai equation, they ob-
tained a representation for the potential at a control point in terms of the poten-
tial and its normal derivative on the surface of the body and wake. This is equi-
valent to a distribution of a combination of sources and potential doublets, In-
stead of imposing the usual downwash boundary condition, they obtained an inte-
gral equation by requiring the potential to be continuous as the control point ap-
proaches the surface. A finite element approach with collocation is used to ob-

tain the solution by solving a set of equations,

This method is assessed below:

Advantages:

¢ The formulation is unified for subsonic and supersonic flow,

® The theory is applicable to non-planar complex configurations,
The thickness effect can be included.

Disadvantages:

® The wake and diaphragm region must bu incorporated into the
analysis,

® Zeroth order finite element approximation is used for the po-
tential.

]

i ® The pressure is obtained by further differencing the potentials
after they are determined.

i

® A matrix equation must be solved in the solution process.
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3.5 Recommenrdations

Based on the assessments outlined in previous sections, 1t is concluded

that any prospective method should have the following desirable features:

1. Eliminate the diaphragmrn and wake region,
2, Solve foi the unknown lift directly,

3. Offer unified approach for subsonic and supersonic flow, and
possibly transonic flow,

4. Extend to non-planar and interfering cases,

5. Adopt finite element discretization to make it applicable to
arbitrary planform.

6. Avuid any matrix inversion from the solution process to save
computer time and storage.

The kernel function method comes closest to satisfying all the above re-
quirements, except the last two. In the next section, the finite element techni-
que is applied to the kernel function method to make it more tractable by modern

computers, and help fulfill the last two requirements.
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SECTION IV
PRESENT METHOD

In this section, a new computational method is presented, By using a
finite element approach to the kernel function method, some of the inherent short-

comings of the latter method are removed.

4,1 Theoretical Considerations

The present method is largely motivated by the success of the finite ele-
ment method in replacing the Classical Rayleigh-Ritz method, The difficult and
sometimes impossible task of choosing the appropriate trial functions is conven-
lently replaced by a systematic and general piecewise polynomial approximation

over the discretized domain,

The method is further guided by the theory of characteristics which says
that flow properties, such as the velocities and pressure, while continuous may
not have continuous first derivatives across characteristic lines, Mathematically,
this means flow properties are C° continuous in supersonic flow. Since the theory
of characteristics is also based on the same linearized differential equation, this
property has to be observed even in the integral approach. Thus, the lift distri-
bution, instead of smooth as in the subsonic case, is now C° continuous for super-
sonic flow, Fortunately, most of the shape functions in finite element method be- !
long to the Co class. In fact, it would be much more difficult to devise a C1 con-

tinuous shape function,

Based on these considerations, the finite element shape functions can ad-

vantageously be applied to the kernel function method,

18
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4.2 Statement of the Problem

iwt
The integral equation relating the complex upwash Vw(x, y)ew to the load
distribution lelelmt for the supersonic lifting surface theory is given in the
AGARD notation (Ref, 6) as

w(x,y) = ‘Tlrr-f/l(xo. y,) Klx-x_, y-y )dx dy, (16)
C

where C is the area of the planform cut off by the forward Mach cone from the

point (x, y).

The oscillatory supersonic kernel function K for a planar surface is given

in the form

2@ ~wx/V [ WMR | - iigx
K(x’ = ee———— | — C 08 ———————— exp
y) 7 R ( Bzv) 3ty

- (x+MR)/B 2 exp u:,u udu
+—
\' 2 - 172 (X>ﬁ|y|. y #0)
(x - MR)/B w2 +y2)
¥
- iwx/V ,
=3-e——2:— (x>ﬁ|Y|. y=0) {
y
=0 x< B|y])

where

R =N g2y (17)
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Let the vertical displacement of the lifting surface be expressed as

Z(x,y,t) =s2 f; (x,y) q (t) (18)

1

where s is the wing semi-span, the fi(x’ y) are the (dimensionless) modal func-

tions and the qi(t) are the (dimensionless) generalized coordinates,

The nondimensionalized upwash on the lifting surface is

W(x, Y, 0, t) %Ez'

o) Bt

(it + )3 1560, y) g0t
i

Thus for the ith mode, the corresponding upwash is

= (ik+=2
wl (xp Y, o0, t) = (1k+ aX) fi(x’ Y’ ql (t)

Substituting this in the integral equation, one obtains for the ith mode
shape

d . 1
( i 1k) f(x y)q(t) = H/]li(xo’ Yol Klx=x ,y-y ) dx_ dy_
C
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Equation (21) can be rearranged as

(3—+'1)f 3 %! Yo) d (22)
3 Tk i(x,y)— ——q—-(-t-s——K(x X Y- y)xdy

By defining Ai(xo. yo) = li(xo, yo)/qi(t), which can be interpreted as the

lift distribution due to a unit displacement in the ith generalized coordinate,

the working formn of ' .e integral equation becomes

(3% + i) 00 y) = & fxi(xo, vo) Klx=x_, y-y_)dx_dy_ (23)

For aeroelastic analysis, the aerodynamic forces are conventionally in-
put in the form of some integrated force coefficients rather than actual lift dis-

tribution. The AGARD definition f the generalized force coefficients is

// fi(x, y) Aj(x, y) dx dy (24)

-lx
e

where f, (x, y) are the itl’l modal functions and pV A (x, y)q (t) is the contribution
th

to the vert1ca1 force per unit area resultmg from harm0n1c oscillation in the j

degree of freedom (i.e. with qi(t) = joe ).
The complex Qij is conventionally written as

Q. =Q +ikQ"

1)
where

Q'ij = Re(Qij)
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g

and
Q'i'j = Jm(QiJ.)/k

with

k = us/V, the reduced frequency

{iiven a set of modal functions, fi' the geometry of the planform, the free-
stream Mach number and the reduced frequency, the problem is to solve Eq, (23)
to obtain Ai' This is subsequently input into Eq, (24) to compute the generalized

force coefficients Q'ij and Ql"] :

4.3 Finitez Element Formulation

The first step in the finite element approach is to discretize the planform
into finite elements, With arbitrary aligned elements, since the region of inte-
gration is limited to the forward Mach cone, elements on the Mach cone boundary
would be partially cut by the Mach cone (Fig.1). The partially cut elements would
have to be determined prior to the integration process for each collocation point,.
Clearly this would involve a considerable amount of bookkeeping, not to raention
the labor in determining the intersections. On the other hand if all the elements
are bounded by characteristic lines, it becomes a clearcut decision as to whether
the element is to be included in the integration. For this method, a characteris-

tic mesh would be used exclusively,

After the planform is discretized into elements, the surface integral can
be replaced by a summation of surface integrals over each element contained

within the forward Mach cone. Equation (23) becomes

3 1 & (e)
(ﬁ+ ik) f,(x, y) =Ez:/j i (xs ) K (x =x_, y-y )dA (26)
Ale)

22 g

- e — TORTEN T

YAy

5
E

e
A
4



T - - R - - - . -

(e)
where )\i(e) is the local lift distribution over the element andz: denotes summa-
| tion over elements within the forward Mach cone. The local lift distribution can

be replaced by the finite element approximation as
e =t e
Ag )(xo, yo) =N (xo. yo) P Ag.) (27)

where N* is the row vector of shape function and Xge) is the column vector of
nodal lift values.

Substituting Eq. (27) into Eq.(26), one obtains the finite element form
of the integral equation

i)

(e)
(8—2(- + ik) fi(x, y) =z:r-z‘/:/ T\]-t(xo. yo) K(x-xo, y - yo)dA.X'i(e) (28)
(e)

Ore immediate consequence is that the integrand no longer contains the un-
known lift distribution, It depends only on the relative position between the influ-
encing element and the collocation point, and can be evaluated readily with pro-

per attention to the singularities in the kernel function,

For convenience, define the integrated values of the product of shape functions

and kernel function as the weighted kernel coefficients, i.e.,

S

T te) f/ N, y0) Klx-x,, v - y )dA (29)
ale)

The integral equation finally becomes

{e)
(3% * i) o) = £ 3 He), X (30)

{
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With the finite element approximation, the generalized force coefficients

are

S < () (e)
Qlj = -Z f/ fi(x, y) N {x, y)dxdy . Xj (31)
 (e)

n=]
N
wherez denotes summation over all the elements on the planform,

n=1

Equations (29), (30), and (31) represent the finite element formulation

of the lifting surface theory,

4.4 Choice of Elements

Originally it was thought that by using higher order triangular and quadri-
lateral elemeuts, fewer nodes are required to generate results of the same ac-
curacy. While this is true in general, it is not suitable for the type of solution

process used in this method,

Since the nodes are to be used as collocation points, the additional nodes on
the side would have their forward Mach cones cutting through the elements (Fig. 2).
Also, since the nodal variables of the same element are dependent on each other,
all the unknown nodal variables would have to be solved simultaneously for each
element, For example, if quadratic elements are used, at each stage thhere would
be three unknown nodal variables to e determined simultaneously, Whereas, if
linear elements are used, there would be just one unknown nodal variable to be
determined at each stage. The net saving by using higher order elements in elim-
inating the interior nodes can hardly justify the additional work, Also, the para-
metric property of the higher order elements, which can be used to fit curve char-
acteristics, can hardly be utilized in this study since the Mach number remains
constant over a supersonic planar surface. With due consideration to all these
problems, it was concluded that the linear finite elements can best serve our sol-

ution technique,
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4.5 Choice of Mesh

The nonuniform element mesh was initially considered since it would
provide an added flexibility in fitting the zctual planform (Fig.3). While this
is technically feasible, it was not adoptecd due to economic reasons. For each
collocation point, every element contaired in the forward Mach cone must be
integrated. The surface integral is usually done numerically through the
use of Grussian quadratures. Since the integrand contains the kernel function
with its singularities, a high order Gaussian quadrature has to be employed
to get a meaningful representation. As one marches downstrean to the trajl- )
ing edge, more and more clements are included in the Mach cone. The costly
numerical integration has to be performed over and over even for the same
element since the relative position of the receiving point is changing each
time. For a coarse mesh, this does not present much of a problem. If the
mesh has to be refined for better accuracy, which is almost mandatory for
unsteady flow at high frequency, the wastefulness of such nonuniform mesh
becomes clear. In an effort to reduce the computer time, it was realized
that since the kernel function is a function only of the relative location between
the receiving point and the sending point, much of the duplicated effort in the
numerical integration can be avoided by using a uniform mesh. Es sentially
a stencil of uniform elements large enough to cover the most extreme cases
is set up and the integrated values are stored in a table. For each receiving
point, the integration over regular elements can be replaced simply by a table
{ look-up, with the necessary numerical integration performed only on the irreg-
ular elements. With such an approach, much saving in computer time can be

realized. “ g
For the rectangular wing, since the planform edges are composed of

either horizontal or vertical lines, the mesh can be arranged such that the \
edges cut the characteristic boxes regularly across the vertices. As a result, )

only a combination of characteristic boxes and regular triangular elements

is necessary to fit the planform exactly (Fig.4). However, for the non-

rectangular planform, since the edges are inclined at arbitrary angles, they




cut the boxes across the sides at several possible locations (Fig.5). This

gives rise to the possibility of having a partially cut element with five vertices.

Some effort was spent in developing subroutines to handle these irregu-
lar polygons. If the inverse square singularity does not pass through these
clements, they can easily be treated. For example, the five-sided element
can be treated as a combination of triangle and quadnlateral. However, for
singular elements, some additional problems arose., Since the width of the
singular strip is limnited by the proximity of the nodes, some situation might
arise where the strip has to be taken extremely small. Tests on the sub-
routines indicated that for such extreme cases, the nodal values of the inte-
grated kernel can become extremely large in magnitude and unreliable. It
should be pointed out here that in Appa's finite element approach on the inte-
grated downwash method (Ref. 7), it was possible to fit the planform exactly
mainly because the only singularity is of the inverse square root type, which
is integrable, and not of the inverse square type, which necessitates the use

of Cauchy principal value.

To keep the program simple, it was then decided to use just the type of
elements which have been proved successful with the rectangular wing. For
the non-rectangu'ar wing, this gives rise to the jagged leading edge, a common
undesirable feature of all box methods. However, with the finite element tech-
nique, by introducing triangular fill-in elements, the jaggedness at the planform

edge is substantially reduced. The method, in effect, combines the best features

of the Mach box method and the characteristic box method. For example, it
can approximate a rectangular wing as exactly as the Mach box method, while

it can also handle sonic edges as well as the characteristic box method.

) i 4.6 Finite Element Integration Scheme
lim 1—2
i The supersonic kernel function has a singularity of the type €
1 € == 0

along the line extending from the collocation point in the upstream direction.
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This inverse square singularity is not integrable in the usual sense, and the im-
proper integral must be evaluated using the concept of Cauchy's principal value.
. 1

1

"M Ve

€ —0
along the forward Mach cone boundary. Fortunately, this type of singularity is

The supersonic kernel function has an additional singularity of the type

integrable and can easily be treated by the Gaussian type quadrature,

In the conventional kernel function method, the area of integration is divided
into sub-regions such that the spanwise singularity is confined within a narrow
strip (Fig.6). For regions other than this strip the integral is not singular and
the integration can be carried out individually. Care must be taken to apply the
proper integration limits which are dependent on the planform geometry and the
location of the control point. Treatment of the singular strip falls into two cate-
gories. The first method is to carry out the chordwise integration in conjunction
with a Lagrange interpolation in the spanwise direction, The resulting polynomial
1s then integrated using the Cauchy principal value to extract the finite part of the
improper integral. The second method is to subtract and add a term which mimics
the integrand at the singularity, The original integrand with the singularity sub-
tracted is now well behaved and can be evaluated numerically. The correction term

which contains a simpler integrand can be evalnated analytically using the Cauchy
principal value,

In the finite element approach, since the local approximation is used, it
would be more efficient to perform the integration on an element-to-elcment basis,
Since a uniform characteristic mesh of linear elements is used, the nodes are ar-
ranged in a regular pattern. The singular strip is taken to be a fraction of the ele-
ment half width. If the singular strip passes through an element, it does so regu-
larly through the middle nodes or through either extreme nodes. (Fig.7). For such
singular elements, the integration is performed by first decomposing the element

into sub-regions and then applying the appropriate integration scheme. For non-

singular elements, a direct Gaussian integration is used

SN B
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4,7 Integration Across the Singular Strip

As mentioned in the last section, two methods are available for the integra-

tion across the singular strip. Due to its simplicity in implementation, the first
method is adopted,
The general form of the integral across the singular strip is
Ao b
. 7 N (5, Kx,y; 1,0, M)df dn (32)
n,Tyee  §,(n)
N
" K is the kernel function, which can be written as
K —L_ ¥ (33)
(y-n)~
where the inverse square singularity has been factored out and K contains only
integrable singularities. Equation (32) can be written as
= 1 £,0n)
y="
e £,(m)
The integral can be evaluated first by .ntegrating in the chordwise direc-
tion £, and then in the spanwise direction 7.
The chordwise integration can be replaced by some Gaussian type quadrature
in the following manner
1
Spln) £, (n) - £,(n)
F(n) = (g, n) dE = 5 [ ilewrnlar s
| $,(7)

-1
Ep(n) - €.(n)
) iwi g

1}
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with

g -E () Eutn) + €t
i = 2 b, ¢t 73

and W.1 and Li are the weights and abscissas of the quadrature over the interval

[-1.1)

The spanwise integration has the following form

+€
™ Fm)

dn
y=€ (Y' fl)

Since the inverse square singularity is an essential singularity, ti e integral has

to be treated using Cauchy's principal part, Watkins (Ref. 23) devised a quadra-

fure based on an equally spaced Lagrangian interpolation in conjunction with the
Cauchy principal part,

For a sixth degree Lagrange interpolation, the quadra-
ture is

£,

yoe (y-n)°

T g

1
o [13(1«"1 + Fg) 4 T2(F, + Fy) + 495(F, + F) + (-1360) F4L] (36)
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Cunningham (Ref, 9) presented a tenth degree version of the following

form
yte€
F
f 2
! M {y-n)

1

R WY [33'9“(F1 + F)|) + 266,500(F, + F (37)

10!

+ 147,375(1"3 + F9) + 822,000(1"‘4 ¢ F8)

+ 4,562,250(F + F)

1 (-12,807,144) Fb]

The abscissas are numbered starting from (y-€ ) to (y+€ ), FI’FZ’ v e

Fn represent the function F (n) evaluated at the corresponding abscissas,

Tests showed that the sixth degree quaarature performs nearly as well as

the tenth degree version, For efficiency, the sixth degree quadrature, Eq, (36),
is used in present study.

4.8 Starting Solution

For a hyperbolic differential equation, the initial condition is requir ed to

start the solution process, as in the method of charucteristics., For the integral
approach, a starting solution is seldom used. In order to take advantage of the
hyperbolic nature of the flow and also to avoid any matrix inversion, a successive

solution process with a starting solution is proposed.

Since the dependent variable of the kernel function method is the lift, the
starting olution requires that the lift at cthe leading edges be specified. Adja-

cent to the supersonic leading edge the flow is locally two-dimensiona! for an
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oscillating airfoil in supersonic flow, Miles (Ref, 24) gave the pressure ampli-
tude as

X
I(x) = 2,8(x) v (0+) + ao.é glx-£)[ Vg (€)+ikv (g )] d¢ (38)
+

where a, = 4/B is the two-dimensional (Ackeret) lift curve slope, v is the dimen-
sionless downwash (positive down), and

8(x) = exp(-ikM%x/B 2)1 (kMx/p 2) (39)

where JO is the Bessel function,

In AGARD convention, lift is normalized by pVZ instead of the usual pVZ/Z.

To account for the difference, ag = Z/B is used, Setting x = 0, the lift at a super-
sonic leading edge is obtained as

1(0)=%7% (40)

@iy

Replacing the downwash by our upwash,w, Eq. (40) becomes

T s

w (41)

Wi

For a supersonic swept-back wing of infinite span, the lifi is modified by
a sweepback factor (Ref, 25)

T--2%, 1 (42)
B 2
l-n
with n = tan A
where A is the sweepback angle.
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lim -
For a subsonic leading edge, the lift goes to infinity as V(')E
c —
arbitrary large number can be specified. In this casc, it is very important to

Some

usc the appropriate Gaussian type quadrature with the same singular bchavior

when performing the integration over the leading edge element.

4.9 Edge Conditions and Gaussian Quadrature

In arriving at the integral equation, the boundary condition at infinity is
satisfied by the judicial choice of the elementary solution such as the source or
doublet. The nature of the equation, be it elliptic or hyperbolic, is taken into ac-
count by observing the proper regicn of integration, The tangency condition at
the surface is explicitly expressed in terms of the integral equation., However,
no provision was made for the edge condition, This latter condition must be in-

corporated as a constraint to the integral equation,

Edges are designated as subsonic or supersonic edges according to whether
the normal component of the frecstream velocity to the edge is subsonic or super-

sonic. The edge conditions for Ap are

@ tim Ve at side edge, subsonic or sonic
«¢—0 trailing edge

@ tim 1/v€  at subsonic leading edge
e=—=0

@Ap finite at supersonic leading edge or super-
sonic trailing edge.

These conditions can be incorporated into the solution in the form of weight-
ing functions to the edge elements.
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The h(rrl.léglc- type of singularity can be handled readily by using the

Gauss-Chebyshev quadrature asg follows

l fx ~
\/1% ax T3 wtlx,) (43)
4

i=1
where
2i-1)x
X, = cos A&i-l)m
i 2n
T
W, = =-
i n

When applied to a function F(x) which contains implicit singularity of type

h-xz'

(44)
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where
_ (21 - 1)7
X{ = €CO8 ——y——
W.=w YI-x° =L g, L2i-D)r
i i i n 2n

One of the nicest features of the Gauss-Chebyshev quadrature is that the
weights and abscissas can be generated systematically to any degree, instead of
requiring a table input as with the rest of the Gaussian quadrature. In addition,

it has been determined in this study that the modified Gauss-Chebyshev quadrature

can also aderuately approximate integrals of the type

1
/ f(x)Vl-x dx

-1

1
f f(x) dx

=i

and

For f(x) = 1, x or xz, less than 1% relative error can be achieved with n>12,

For ease of implementation, it was decided to use this "all purpose' qua-
drature, Eq. (44), throughout despite the fact that relatively large numbers of

quadrature points are necessary,

In the solution process, the nodal lift values are initially set to zero. Nodes
on the side edges are excluded from further treatment and retain their zero lift
values throughout the analysis. At the leading edge, the sweepback factor,
1/V1 - n® is first determined. For 0 < n <1, the leading edge is supersonic
and the lift at the leading edge is given by Eq.(42), where the unswept lift is
aruplified by the sweepback factor. For n > 1, the leading edge is subsonic and
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the sweephack factor becomes imaginary. The lift becomes singular at the

subsonic leading edge as lim C/ €, where C is an arbitrary constant of ((1).
€—0
Comparing this form with the expression of Eq.(42), one can let the sweep-

back factor be replaced by the factor lim 1/yYe for n > 1. It follows that
€ —0
C is given by the supersonic unswept value as expressed by Eq.(41). Thus,

for a subsonic leading edge, the starting value is given by Eq.(41) while the

factor 1/ye€ 1is absorbed into the quadrature as a weighting function.

For a supersonic trailing edge, the computation is performed up to and
including the trailing edge nodes. For subsoric or sonic trailing edge, the
trailing edge nodes are excluded from the analysis and thus retain the zero
lift value. This means that the lift distribution drops from a finite value to

zero within the trailing edge element.

4.10 Kernel Function Evaluation

The kernel function expression in Eq. (17) involves an integral which
cannot be evaluated analytically. With some numerical approximation on
this integral, closed form evaluation of the kernel function is possible. H.J.

Cunningham presented a closed form evaluation of Eq.(17) in the appendix
of Ref. (26).

Harder and Rodden (Ref.27) obtained a more general form of the kernel
function, which is reducible to Eq. (17) for the planar case. A closed form
evaluation of the version by Harder and Rodden was given by A. M. Cunningham 1
in the appendix of Ref. (12).

In the course of this study, it was found that some discrepancies exist
in the values of the kernel function obtained by either procedure. Some repre-

sentative values are presented in Table 1, which shows that A. M. Cunningham's 5

version is less sensitive to changes in reduced frequency. Both versions were é
subsequently applied to a rectangular wing at M = 1.2, Results based on A. M. !

Cunningham's version gave better agreement to available data (Ref. 6),
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especially for nonzero reduced frequencies. With the added advantage of ex-
tensibility to nonplanar case, A. M. Cunningham's version is adopted in this

study.

4,11 Solution Procedure

The solution procedure of this method is summarized as follows:

l. Based on the Mach number of the flow, set up and input the element
information for the planform,

2. Input a reduced frequency and the shape modes f; of the deflection
to compute the nodal upwash for each mode,

3. Clear nodal lift values and impose starting solution at leading edge
and set cther side conditions.

4. Select the collocation node (NODE) starting with the foremost node
with unknown lift, Set SUMi = 0,

5. Select the influencing element,

6. Compute the weighted kernel coefficients.
7. SUM, = suM, + GHe) | xle)

8. Repeat steps 5 through 7 until all influencing elements have been
accounted for,

9. Compute the unknown lift for each mode, i, according to
A,(NODE) = (41w, - SUM,) /C(NODE)

10. Repeat steps 4 through 9 until all nodes with unknown lift are
accounted for,

11. Compute the generalized force coefficients,
12, Output,

13, End,
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SECTION Vv
RESULTS AND DISCUSSION

A computer program (Ref. 28) based on the present method was developed
and applied to the AGARD planforms which include the rectangular A = 2.0, the
arrowhead A = 4.0, and the tapered swept back A = 1.45. The choice of Mach
number and planform is such that all possible combination leading /trailing
edge conditions are covered (see Table 2). The program was run on a UNIVAC
1108 and the statistics given in Tables 3 through 5 are based on this machine.
The 15 point modified Gauss-Chebyshev quadratured was used throughout ex-
cept for the Tapered Sweptback A = 1.45, M = 1.04 case, where only 12 points
were used. In general, a factor of 2.5 to 3.0 reducation in time can be expected "
with a CDC 6600, with a slight increase in accuracy due to the larger word size

in reducing the truncation error in accumulation.

Results are given in the form of generalized force coefficients. The
most extensive source of generalized force coefficients is the AGARD report
by Woodcock (Ref.6). With the exception of a few cases, all the supersonic
data in the report were generated from the characteristic box method (Refs,
29 and 30). Another source of data, based on the Mach box method, was pro-
vided in the report by Olsen (Ref.5). No results based on the kernel function

method are available for comparison. It appears that this work is the only

e

one in tabulating the generalized force coefficients by the supersonic kernel

function method. Thus, the two reports mentioned earlier will serve as the

ey

standard of comparison for this study.

The generalized force coefficients Qij and Q‘i'. are tabulated individually

2]

i

{
for each case preceded by a figure depicting the actual mesh used for each g
Mach number. One case is defined as one planform, at one Mach number 2nd

reduced frequency. Instead of separating the modes into symmetric sets and

antisymmetric sets as in Rei. 6, only one combined set is used. It is pointed

S et
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out that in Ref. 5 the program used could not handle antisymmetric modes vy
and x. Conscquently, the antisymmetric modes were replaced byly] and x |y|
in Ref.5. One should take this into consideration when comparing the results,

Also, the flap rotation mode in Ref. 6 is not treated in this study.

Each table is arranged such that Q'j is tabulated before Q" . The plan-
form, Mach number, reduced frequency and mode shapes are also specified.

In addition, the mesh fineness is also specified through the length of the side
of the characteristic element, DELT.A.

Because of the large amount of data involved, it is not possible to
discuss each case individually. In general, the present results agree reason-
ably well in trends with reported values. In some cases, the values fall be-
tween the reported values, while in other cases, the values are slightly off.
Considering that discrepancies exist even between the two versions of the

characteristic box method, the present results are very encouraging.

Some of the discrepancies can be explained readily from a mathematical
point of view. The generalized force coefficients can also be interpreted as
the moments of the lift distribution. In the box methoci, the lift distribution is
approximated by some step function like distribution, since the lift is constant
within each box but assumes different values from one to the other. For this
type of distribution, the approximation is accurate at most to the zeroth moment.
Higher moments will become less and less accurate. In comparison, the linear

approximation in the present method is accurate up to the first moment.

In conclusion, since all the reported values are based on some type of
box method, they tend to reinforce each other. Without further unbiased com-
parison from some other method, it is almost impossible to conclude which

method gives the better result.
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‘Table 1

COMPARISON OF THE TWO VERSIONS OF
KERNEL SUBROUTINE

M=1.2
x =0,]
o
Yo = 0.1
Modified Kernel, K = y° K/2
Reduced ©
Frequency,
Herbert Cunningham Atlee Cunningham
(Ref. 26) (Ref. 12)
0.0 (-1.3363, 0.) (-1.3363, 0.)
0.1 (-1.2359, ,026725) (-1.3361, .019948)
1.0 (-1.2969, .26184) (-1.3116, .19596)
|
i
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Fig.10 - Mesh Used for Arrowhead A = 4.0, M = 1.12
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Fig.1l - Mesh Used for Arrowhead A
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Fig.12 - Mesh Used for Arrowhead A = 4.0, M = 1,5621
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Fig. 13 - Mesh Used for Arrowhead A = 4,0, M = 2.0
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Fig. 14 - Mesh Used for Tapered Sweptback A = 1.45, M = 1,04
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Fig.15 - Mesh Used for Tapered Sweptback A = 1.45, M = 1,2
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Fig. 16 - Mesh Used for Tapered Sweptback A = 1.45, M = 2.0

84

o




- 000070 0000°0  0Oco0°*0 '0000°0 ~ 0000°0 " 000070 ’

i - T 00000 0000°0  0gO00‘0 0000°0 0000°0 0000°0 s
- T 00000 0000°0  ©000°0 - 0000°0 "~ 0000°0 " 0000°0  »
- 0000°0 0000°0 " " 0000°0 ' 0000°0 ‘0000°0 0000°0 3
T ———— 0000°0 “g060°0 " 0000°C = g000°‘0 0000°0 ~egoo0*0  z

T T T odooeo ~ 7 o000°0 T geeo‘oc ‘0agu°0 ' 0000°Q 00000 [
— e w VW E . o . n SR b= €= Z*r = _taar 1

— - - - I e - -
o %=6lZ6°6__ 0000°0 _ 0000°0  ¢O=gicleZ _80-0n€0°¢4=  0000°0 9 °
10=£912°S 0000°0 ____ 0000°0 = _90-mwileZ*s 40-€2€2°¢= ___  0000°0 S
e 80-5980°n e000°0 ______6gc9o0°0 _10=h900°h  ~ 10-S9L6°9 . 0000°0 »
e _S0=95S15°C~ 0000°0_ ~ _0000°0_ 10-1942°, _ 10-4588°S. _ 0000°0 €
— e - $0°16t11°S=_ ..._ooge*o = 0000*'0 00e981E° 1 _ 10-001¢c°*s ___ 00000 {4

. 3Ue,1S8°L= 0000°0 0000°0  00e2SSI°1 00ew0£9°Z ~_0000°0 1

. R o S = Y "R R T N o 2 s T T e ¢ TTTTTTT
AX %4 Y404 ‘yex X "1 =g300W ‘C€U/1°VL130 *°Qgex **Zey ‘shelisy NIV Lgims Q3¥3€VL
- .l. Z€ o190l i -




| Y T [N P NS i TREYS e

T S 2 I T

10BLZPTeE—  — 10mz0LZsg— — — T1eLZ10°C - 90aiNGLoZa - gOaityZeie sCeSitpoge — %

— - T - 308L2€¢Ceie ‘90auTLCon—  — HOSSLeweT - 10a9804°C - 10=tasv*t 1o=tuaucy

SORENOZ S —SOmgAN It — —10ePTZO T 1OxE5te T — —1O0nIP05eT —10=INIEIS € —
. s0agOtSet — $0aOyeIowe — 10eZZeel- 102000005 10=0CFey 10ece9zes r

| e 4 0604€ 1l — — §0a9980s2e— 100102129 103964 10-9SETLE 00+460202 i

|

9 =r s=r P c=r z=p tep 1

) [ B T

~ zosoozies 20e1€%401e 60=8CCoeCo £0.021102 8045120 ¢0e12990Ce y =

| B © 10ezskles 202¢190eza 40080z ¢! VCalh9EeZe  40-1ZZs0he  OlesZowez &
|  sosgeshes 01azZ1tege 20e89s2° 1 102440200 10-gicysy 20501901 "

* $020C19¢2a 90-28Ch o2 200a0zlole 100808z 1g-0Cices €0-6CZacc~ ¢
 sossetecta $0e4990¢ 1~ 20=6212°1e 00.65cc° ! 10-4shecs €0-9¢4ZZ« z
 e0t»i86°Se  $0e288Stle COehg9e° - 00.0841¢! 00e9c8Se2  20e9ci9el '
————eee——- % . s L ¢= = fr t o p 1

e A% A LA Xy 41X 10 =S3O00N 1C1/1aylNI0 tgea) teZal it lay - NIvg LdIES 0FNI4VL

1373 2 o

*
T i

L7 (g
ks v
N ol -

) g
g N s ) )
PRk T




T TN p—.

e AT S SN o e =5

D T 10=18hi*Z T {0egzeicl 80-5101°9=  §0-npSsics L0-0ZhZ*1 §0-Zghs*9~ ’

B ~ 10-898Z°C  10=£1Zh°*S  O1%n0Z&'k=  $0-S5gkeZ~ 80-Z6igei=  o0aZ e85~ 3

T Y T Y LTI  90=/h66°h  10*6025°2  i0=tgh9et " 10=htS0°Z 1029899 &

- 7 §0-40ZTen T T T gOegEi%Ze  TO=ciSi*i  i0epigtes 10=0692°0  10=Tgzn°s t

N 1+ 1 ¥ 4 ¢ ] O §0-8,9T°¢c=  T0°0¢09°T " [0-ZzCi9%% 109€08°L ~ 10ezswliss T
hd )
- T S0eTIVTYT T T gOetebethe 10°8€E2°9  10-71€h*s 10.6590°9  00+1565°2 T
9 =r S=r b s p ) tEsr Z e 1 = p 1
A v s et 2t o oo Sy - ———t i . ettt e oo ~
(- -]

L _ T0=5946°® 20-9Shh°sle = 80-010m°l- ¢0-02€0°Z g0«wh9.°(~ 80=Lpt2e 1l ?

-— B 10-0616°n 20-886L°L~ 60°6€€L°%?  80-9929°2- = 40.0060°2- 60=Shhgel S
80=npZel<u 0legBhi L= Z0“CZ98°%he 10=602L°h 10epi69°s Z0=1g(2e¢ »
90e50/,9° 2~ §0«4019°2- 20«041G5°0=~ 10a€2L°%L 104065 H 20=hgloci= €

. 90-6€S56°h~ S0=ghSL°E- Z0=C6h9°he 00+6sLE01 10-8L9%6°C 20=-195¢e 1~ ¢

o 90=6560°6~ §50-/619°S- 20«02h/°Ce 00e2€1C:7 0C+98€c*2 Z0-46£50°9 i
. k2 T g s I | s T Tt s 1 Z W T =T 4
AX PA a0l Txex TX 1 5300w 'CI/1%V1730 Ci=y '*Zsy "shcis=v NOVE 193ms GIN3AVL
¥€ 31qelL
R & .r.iwk....wg..ﬁ.ﬁﬂ
r Ta

— —— i

R Y




lo.

REFERENCES

. Garrick, I.E., and S.1. Rubinow, " Theoretical Study of Air Forces on an

Oscillating or Steady Thin Wing in a Supersonic Main Stream,"' NACA
Report 872 (1947).

. Pines, S., J. Dugundji, and J. Neuringer, ""Aerodynamic Flutter Derivatives

for a Flexible Wing with Supersonic and Subsonic Edges,' J. Aeronaut. Sci.,
22:693-700 (1955),

. Zartarian, G., and P.T. Hsu, "Theoretical Studies on the Prediction of

Unsteady Supersonic Airloads on Elastic Wings,"" TR-56-97, Parts I and
II, Wright Air Development Center, Wright-Patterson Air Force Base,
Ohio, 1955,

Moore, M.T., and L.T. Andrew, ""Unsteady Aerodynamics for Advanced
Configurations, Part IV, Application of Supersonic Mach Box Method to
Interesting Planar Lifting Surfaces,'" FDL-TDR-64-152, Wright-Patterson
AFB, Ohio, May 1965,

. Olsen, J.J., "Demonstration of a Supersonic Box Method for Unsteady

Aerodynamics of Non-Planar Wings," FDL-TR-67-104, Parts I and II,
AFFDL, Wright-Patterson AFB, Ohio, February 1969,

Woodcock, D. L., "A Comparison of Methods Used in Lifting Surface
Theory," AGARD Report No. 583, Supplement to the Manual on Aero-
elasticity, Part VI, 1971,

Appa, K., and G. C. C. Smith, ""Further Development in Consistent Un-

steady Supersonic Aerodynamic Coefficients,'" J. Aircraft, Vol. 9, No. 2,
1972.

Watkins, C.E., and‘J.H. Berman, ""On the Kernel Function of the Integral
Equations Relating Lift and Downwash Distributions of Oscillating Wings
in Supersonic Flow," NACA Report 1257 (1956).

Cunningham, H.J., "Improved Numerical Procedure for Harmonically De-
forming Lifting Surfaces from the Supersonic Kernel Function Method,'
AIAA J., Vol. 4, No. 11, November 1966.

Curtis, A.R., and R. W, Lingard, Jr., ""Unsteady Aerodynamic Distributions
for Harmonically Deforming Wings in Supersonic Flow,"" AIAA Paper 68-74,
January 1968.

88

3
o (b & st SRk bt i s i ot

B d

— L ko s o pec URE ke " e ST e S

B




e

e

11,

12.

13.

14.

15.

16.

17,

18.

19.

20,

21.

22.

23,

24.

Harris, G. Z., '"The Calculation of Generalized Forces on Oscillating
Wings in Supersonic Flow by Lifting Surface Theory,” ARC R&M 3453
(1965).

Cunningham, A.M., Jr., "Oscillatory Supersonic Kernel Function Method
for Isolated Wings,' J. Aircraft, Vol. 11, No. 10, October 1974.

Doggett, R. V., Jr., and R. L., Harder, ""Subsonic Flutter Analysis Addition
to NASTRAN," NASTRAN: User's Experiences, NASA TM X-2893, 1973,
pp. 507-529,

Harder, R. L., R.H. MacNeal and W.P. Rodden, ""A Study of Finite Element
Method to Calculate Oscillatory Supersonic Lift Distributions Using the
Acceleration Potential Kernel," NASA CR-111998 (1972).

Woodward, F.A., '""Analysis and Design of Wing-Body Combinations at
Subsonic and Supersonic Speeds," J. Aircraft, Vol. 5, No. 6, November-
December 1968,

Brock, B.J., and J.A. Griffin, Jr., ""The Supersonic Doublet-Lattice
Method — A Comparison of Two Approaches,"' AIAA Paper 75-760, May
1975.

Jones, W.P,, ""Supersonic Theory for Oscillating Wings of Any Planform,"
ARC R&M 2655 (1953).

Allen, D.J., and D.S. Sadler, ""Oscillatory Aerodynamic Forces in Linear-
ized Supersonic Flow for Arbitrary Frequencies, Planforms and Mach
Numbers," ARC R&M 3415 (1963),

Woodcock, D. L., Unpublished work at RAE, 1968.

Appa, K., and W. P, Jones, "Integrated Potential Formulation of Unsteady
Aerodynamics for Interacting Wings," AIAA Paper 75-762, May 1975.

Giesing, J.P., and T. Kalman, "Oscillatory Supersonic Lifting Surface
Theory Using a Finite Element Doublet Representation,'" AIAA Paper
75-761, May 1975,

Chen, L-T., E.O. Suciu and L. Morino, "A Finite Element Method for
Potential Aerodynamics Around Complex Configurations,'" AIAA Paper
74-107, January-February 1974,

Watkins, C.E., ""Three-Dimensional Supersonic Theory,!" AGARD Manual
on Aeroelasticity, Part II, Chapter 5, 1960, p.49.

Miles, J. W., The Potential Theory of Unsteady Supersonic Flow, Cambridge
University Press, 1959, p. 51,

89

e “:m.hl




e s it S e eyt o o sl .. P ~ 2 -

25.

26.

27.

28.

29.

30.

Liepmann, H. W., and A. Roshko, Elements of Gasdynamics, John Wiley
& Sons, New York, 1957, p. 390.

Cunningham, H.J., ""Application of a Supersonic Kernel Function Procedure
to Flutter Analysis of Thin Lifting Surfaces," NASA TN D-6012 (1970).

Harder, R. L., and W. P. Rodden, '"Kernel Function for Nonplanar Oscillating
Surfaces in Supersonic Flow,"' J. Aircraft, Vol. 8, No. 8, August 1971,

Young, V.Y.C., "A New Finite Element Supersonic Kernel Function Method
in Lifting Surface Theory: User's Manual,' LMSC-HREC TR D496668,
Lockheed Missiles & Space Company, Huntsville, Ala., December 1975.

Fenain, M., and D. Guiraud-Vallee, '"Numerical Calculation of Wings in
Steady or Unsteady Supersonic Flow," Part 1; Steady Flow. Part 2: Un-
steady Flow, Recherche Aercspatiale No. 115, 1966-67.

Stark, V.,J.E., "Calculation of Aerodynamic Forces on Two Oscillating
Finite Wings at Low Supersonic Mach Numbers," SAAB TN 53 (1964).

90

Y U, 5. GOVERNMENT PRINTING OFFICt: 1976 ~ 65/-630/772

-

L

g




o oy it e e ‘W . —— ”:sl e s o A } 5 ‘ e — .. -
' : A
$
'Y § i

INFORMATION




ERRATA SHEET

AFFDL-TR-76-3, Volumes I and—f%

Vol. I, Page 35, Last Paragraph, Sentence 1: Add asterisk
to the end of the sentence.

Vol. I, Page 35, Bottom of Page, Add che following:
*After the completion of this work, Mr. Herbert J.
Cunningham of NASA-Langley traced the discrepancy to
a sign error in A. M. Cunningham's paper. After
correction, the two versions agree to four decimal
places. The tabulated results contained herein have
been revised based on A. M. Cunningham's corrected
version.

Vol. I, Pages: 52 Substitute Tables: 7
53 8
54 9
57 11
58 12
59 13
62 15
63 16
66 18
67 19
70 21
71 22
74 24
75 25
78 27
79 28
82 30
83 31
86 33
87 34







Tt OREYEE T 1OSZZNETIT  GOSTSTITTS [OSSSTOTIS  S0SENIETI=  ZOSISSYCT  SOTERSYTETT T &

. TUe{ehT"L TUSaSVUIT S [ AT T4 A0E 4 UTehSel "V [ A ETYL L ALY 0 LTTT T+ OQONNMG-H k4
03 1% 3d 1 IUSUTSS Y Z0=wCTPT TU-GSeL'C  Z0=4etI®T  ZURITIS TS TU=hei8"Y S
'O I T4 & YUS4tZ0°T Z0<089°7 T0=7502°¢ TO0=¥7Zv°7 TO=TUW§ T+ T0=45e5"Y L]
T IUeTL0L"C" L0=c0Z0°2 Z0esann®li 20-5600°¢ c0-0602%? T0-¢l181 %~ TOs{eTe*2 LY
fTepv2c%¢ oTe0ls0°1 Z0=9Z51°%9° 10-6009° T~ 10=8911°0~ T0+0500°9 10=85n9°5~ z
TTT0e64%0°Y 10U YEsU0T OO TLEITVE - 0ONSZETT 0 1
L= r ?er Sef "o csr Zer 1 erp i

S o
10=8909°1~ 20=1315°5. LD=50C°Z 90-#£00°1~ £0-46006°2 80-L124°2° 405000 ¢
10=5960°s Z0*9ESn e 0le1Z00% T1=6b00%6 Oted10Z°C~ Olenone*® Tlens9Cc0 ’
LU*6625°Y 60=ggEEe Z0-0c92%1~ $0-829C%6 €0=CL15°9e Z0-psts°? £0=909Z°» §
(0e/S6s%s Q0=1405°9 Z0-00Z0%9 €0=Coi0°S~ 10228602 1019089 10eZ1€0°1 *
L0egS16°1 80°609(°¢ 09114, €0-0(n2Z*S 20-1951°2Z 10=298s°2 Z0-1(26°! Y
- Olegong®! IRETTY FEX T 10=5c09°2 C0=LineC’ L 00e89c0°1 10-6690°S~ Z0-0505°2° z
Oleini0°S 11=08€9 ¢~ 10-1Z08°1 10=nlgi®t 10-5050°¢ 00es1Z¢°2 10=,998°S i

T T Y= L B 5T T v T W =T T

L YIvivEeX

LIRS 40 SRS SIS

B dIHVYL

n

o

B AR o

3



«1/b4%*9  g0=99%4°S L

I 10=21€2°Z _  10=190€sl= 40=SEER 4= _
I 10=c0DlE 10=/AFBHh 1l=11€z2g= | BV 4- 18X T Nla1/£9°1 11=t1¢c/°%8 s0=-08€C°1 -9 _
10=199¢°S= o/hEheE £Q0ss802°¢ fh=40s0°1 20=4R99°9 S
PR 90e-gfNt1°]l= I10=/bpsl*h fD=-b642°G= 1N=»901°2 2000901~ 20=2929°9 10=h192°S (Y
R L40ans09°Ca LOmpl12801 COn%hgZoy 20eCE0L°9 Z0. LY o ) ) § Y o A €
— DilazRf2°S= Niep2gte]l 10=86glle = 10=6629°]l= 10=GSig1°S= 10=11¢che*g I XTI FAL L] rd .
. N 11e80Z8eS  Ol=-807@eS=  Zz0=500z°1 10=9S/£°S __ 20.9Fh9°S=  2Ne2ffS*l-_  DDefptisz 1 =
) N L= r 9= s-r [ c=r z=r 1sr 1
- - - - a
- - 20-8200°8~ 10=9142°1= Lt0=291€°*2 sg=nl99°ele Lt0=ShEn*Z 6N=5Zsh*E 90=2461°¢ J'4
10-0092°S 10-h65Z°Z~ 01-2009°1- O1-69€2° 1~ Ol-z9hcet 50-0992° 1 Dl=69hcet 9
B 10-6092°9 80-861S°h z0-1cz€01- fo-sces*Z- Z0-0Zhe 1= Z0-0€0E€°L  £0=89Yhel~ s
- Lu=-2512°%6 L0=8KShoZ 70-8€Z8*,  Z0-0614°S- 10-9shE2 10=-298h°S Zo-Tguses »
- (0-2295°1 (0-894001 Z0-L1Sho1~ £0-098h°9- 70.g9,2°2~ 10-90n°2 Z0=ZnYioEe €
o T oleza91cl- 0000+0 10-6952°2 zo-c1ze°L- 10-91€9°8 10-898h°€- 10-0152Z°¢€~ z
Dl=Zh91°1- Olez60cel 10-6€02°2 Zo~CinéetL 10-61€8°6 D0esc12°2 10=25¢2°5 1
i s 9 o S = P h s - [ W o 2 s 1 = 1

AX

4 %isinXaX

9,9, ¢Xex 'Y *]

& JTHYL




80elZ4bhe

__804028°1 == /0-91Z;7¢})

80=f40)°Ce L
_ ) ANblthﬂPhhlllllkbihhbhhrllllllhhlbnhbbbo Nl=fSS0°*Se DlenEa2eZ Dl=1h0re? 1le9880°8 [ )
— 40=yg 08048 LDaCOh0s CO0abSORe ) ZA=1400°2 ZhaC/82°1 L0usblledn 202582°%h S
o _ (0egZhptla L0aZ2lpge} 20al0€C1ey 10=9gn2°2 10=1212°1 Z20e9SZh0 e 10=-4C81°S ' .
- = —— A B mh 5@ LE = I.#blbhbbbbll.ll,«OOfOHHhhulill|thhbbhbilfllllNlethbhlil||INDU#%¢#FN|1I.l.hbibbh*Pﬁllll;hl- S
I 1HlaChhih Il li/Z2hofm £0=0f10°1 2D-800G°f = 20=01220°F 10=a41Ge} 20=-9057°3 = 2
AN
— —0laZgShel === 0lapf€Glep 10l €07Ze1 10~£452°S 10-2012°9 10-00¢f*f 00e9010e7 1

N 3 Z0-g9C o he ¥0-10eges~ £0-01€Le1 60-9/c1°1. 20-0bsS°C 80-1442°¢~ Ol=98c1°s ¢
o ] 10151z ¥0-/0€6+9 Ol-69aCog Zi~Zegloc- Ol-cezc 2~ T Z1eSihsoh- ’ %
) =  (0-gs90°F 60-10Z€Ce7Z €0=algbhe - *0~0p98°i- €0-4900°0a Z0-800SH» S0-99Zgs s -
- £0-09n°1 60-5S11e2 €O-Zhaveg +0-c0Z1°6- ZO-cscyot- 10-9941¢5 t0-zsicz s+ .
(0-6928°1 60-12Z9Ce9 €0-49C9ep= SO-hofCel Z0-18z9° 1< 10226941 CO-bobbel 3
- = Ol-zonsoi- Z1es€L202- 10-0cglet SO-cicsen 10-€hs9°€ 20-6916¢4- €0-96€p°2 z
o Olaghn9/°Z- Zl=0(5a°5~ 20=5L1Zop~ €0=1949°2 [0a9higeZa 00egsCes°1 Z0-9icpel |} r

e

s =»

h =

2 =

*L *jejeYeX

‘Xey °X *} =§3Q0

11T 319Vl




Z1 JTavl

 70e1C88°9 Z0-Z86L°h= _ 80=091C°1= 20-92095°h- 6D=€0Z1°%6 _ LO0=hhosol 20=4007°€=_ ¢
. £0-48°204=_ 10980l _ 1legs99ce= D1=1aD€°Z ilaDalgel _ 0000°0 £0=990z°1= g
. /Dezz&0°h= _ _40=690f _ _ £0-sceieh  Z0=0260°Z_ _  Z0ef&kZ°l _ C0-SIESeZa .  ZO~SELASH . - S -
I L0=30S8° 1= (0-8Chse]  Z0-£920h 10-9Sa1°Z_ 10-npgte! Z0-5€26°Co 10-6821°S &
 0=1088°Ff- . L0-€SLB°1 . Z0-€66Z°% _  ZO=L1ES°H Z0-0840°S _ Z0-0Z81°Z= 10-8289°1 €
 l1eD9i2%fe_ _ 1leéhs0ss _ S0al9ELLLl . _ 20=hga?°fe . ZO=bhsS:Z . 10-9595°1 20-8L86% = z
11-0922-L= . Ol=948L°€ 10-59£2e1 _ 10-£202°S. 10-5£40°S  _  10=ZilleCe 00esn86et. 1
R (s r osr  ser " Tesr  zw=r ter 1
a
- 2095698 CO-wh0SeZ= £0-89€Lel  40-5898°h=  (0-6Z09°C  90-4Sgien- 01-5086°S ¢
o= 10-w985°h  €0=2€8Z°2 01=260F°1 Zi-0st8°1  0000°0 01-€996°5=  t1-Znizet- ’
T (0=znotet 60-4S0€°6 £0-429€e1=  w0=9C[9°L= €0-scRl €~ 20-999¢€°n  p0-0EEr°E S
10-2292°1 60-9585°9 TRIND £0-99€8° €= 20-Z0w*2- 10-5Z06°h c0-Céo°e .
" (0-pezs°! 90-1925°7 €0-2090°¢c~- NO-CTessh  z0-w012°T=  10-€0£9°1  €0-Ohhe*Ss €
11068696  Zl-6w60s6=  10-l0Ze1 €0-1212°2-  10-9892°€  20-5120°9=  20-0/k0°1 z
60-0550°1  Ul-pleOcl- 20-1001og=  20-zw10e1  10.294G°Z=  OOenslssl  Z0-€580°¢ 1
. Left 9=t _ssf____ _ swmcr e z2=r ter L

AX *4 SieAeXaeX *i®A 'XeX 'YX ‘[ eS300M ‘££80°a¥1130 '9°s) 'eZaM °*°Za¥ HVYIABNYLIIIM



WWM. . — S — = o T el
- T0-587T+7 “Z0-085vh= SO-00WSTTe HU-BEF¥ Ha  S0-ZTHYT Te  Z0-P5KE T gD=BrTOvhe — — —
I 3\ /Y T Y T 4 7 L TO-TY IOy - OT<IHEST= ~~TTISTZZE'E ~ — T1.9€00°y —  T19S9Cer— - — Dtaztzests — — 9
- A 12482 00 TOSYYZTITE —— TOS40S v — TTIOSTEERYt T Z0otegitr—  —COSgtsZT s - ‘ZOwtosteow ¢ —— -
I 4 7% 14 LD EALTL 740 o TO=ShTTT T TOSYENTIZ T T0=v0TTT TOSINE [T TO=T700°Ss W =
N - T 10-T¥Zavre L0t T ZOSHZIZTT T ZOSTIONYS  —  ZD-9959°F T T0=1R09TTtS T 10a0rZeSt o ¢ - —
S A 74 A LA S T £ 8 17 12 m CO=9S2ZvZ= "  Z0-YS¥8't- ZUSCIZYTT T 1OSSEEIYT — - ZUSSHISvYE — — 2 ——-
= TTta0922; 01.0Z05%%=" - 10.¢O9let - 10-%S0°S - 16.5652%0 t0agil9eZa %2286t - +
L= a-..l Mns ..un.. n’s...ltlllﬁnwllllla_tnsill:_
N o _ - R &
L 20-4902¢5- €0-8Sape L~ L0-9enicy 80=8L€S°* 1 L0-Sheo°¢C -ou-.:..wn|l|oan...‘n..o..7|!| n|ll:
10-910¢cey €0.98S5482¢¢ 00000 11-0gc9ec. 11ap014°2 __ua.nc.n,ﬂl 11-9g9Cey- ’
- o |novnoluo|nu.nl -ounnno&, ‘ nmn-.:..u €0=-8€92¢2- €0 sonncla 20-1200¢4n ..on:..:.nl..l umll )
_210-Ss8°1 80asbhheZ 20=-088¢2°1 20«Shptletla C0eZhnlcl= 10=g8lo 20-€ng0°2 »
B nmwnnno.ﬁ- 80-h?PhECo s €0-2904%1- ®0=10p20¢ €0-9g¢ci*C= -Ql..ar..._ Z0=9242°1 €
- e -o-no;-ou.:nl.- ‘-_INr.m.NI.nlo| _olnuonuo_ €0=2¢9€¢ 1= 10.049%94°¢C 201220~ 20-0g5€°2 4
e 11-802g°s 21-0942¢¢ €0-5008+,. 20-10Zne2 10.0c00°1- 00,5651 10=h109¢1 '
T T o rw e e ———§ = v et — —— e, —— -p ==t




_ 10=-cZah"1 10-05£6°1 L0=-SbpZe]= L0-952Z°2- L0-0@s2°2= LIy { UL B 9 _
_ oy 10-g161°2 __10=06s1°¢ 01=2Z9hs°1 00Q0*0 11=-8078°S _0000°0 S
LO0-R4Ch°h £0=-205[°g 10-£R£9°1 Z0-1Z8i%h- j10-zn10°1 10-p0nZ°% b

= = Zne __10-08€9°1 _ 20-£€(5°9%= __ 10-505h°1 = 10-€L9C°» € =
0f=Ze91°1 11-90z68°§~ 10=clin2 10-529¢° 1= 10-6269°2 10=-2geh°? b4
11-g028°S 0t-¢ezc°Z 10-919¢C*h 10.61200¢€~ 10-,2Z4°€C 00.cc96°1 1

=m . = e
® = S s r b= F € =r 2= Tt =¢ 1
10=-4n06°1 €0-1986°2 50=-5L9(°%9 80.9sce°1 L0-0992°1~ 90-46n18°S ’

10-0622°¢ €0-0909°¢ 0000°0 Ot-£92¢*2 ol-gcg2c°2Z 11-8016°2 s =
(0=-9.b0°¢ 80=hh(B8°C~ €0=-€€S9°s 10-6884°S 10=-20€S*» Z20-2055°» »
T . L0=-4205°Z 60-2998°4~ Zo-ev91°1 10-4559°9 10-1¢€€2°n Z0-1Zsn*s 3
) Ol=Zn%1°1- 0000°0 z0-S6208°1 00ebkgItl 1 10-0€£0°¢ Z0-9894°9 z
11-9028°s 0000°0 20-TniEC 00+choetl 00+.790°2 10-Cashe! 1
9 e S = » = r c = 2= 1o 0 1
AX %) the; Sxex fx ‘] =5300W *950°=VLi130 ‘S°s=) ‘2i°i=ud ‘*wm¥ AVIHEONNY

ST TIEWL




t0=1(Sh*1 t0=-Sef8e° L0~985t* T {0=81S,°1= 0=yl LOeRQZZez~
= — = = To-92Znle2 10-Thé6C*¢ 0000°0 11-80z2e°s T1-90zres Sooc-o
- LC=-0€8Gsh (0=-gstseg 10-0S6h°1 ZC-01z9°¢ 10=0Ll1het 10-9gZ9°¢
- L0=L09%h¢ 7 (0-80SL°2 10=-£429h°1 Z0-Toggeg 10-nfcge! 10-€pS7°¢
T T 11-g0Z8°5 i1=80Z8°g 10-ghel*2 20-9¢c2°2 10-gZ €t 12-Zsl5%g
0000+0 8T-tgZfez 10-9e5S6°C 20-To st TO-c8nceS oCelShil
® af S = b = € = r 2 = t =«
(2]
= o
10=59h0e2 €0-hob6°g 80=26L€°2 9C-LENS* 2= L0-960L% 1= L0=6h€50 Y
IC=¢(B1Cs¢ 20=612301 11=2SSh° 1 0000°0 Olazholey 11=802¢0°s
L0=-650S ¢/ L0=629C° 1= 20=-¢052°2 1C=10s1°S IC=192€ 0y 20=hZbR%g
L(O0=1586he2 80=((%h°¢a Z0=4€29°2 10=Lahg*sS 10-1SRGeH 20=Caineg
11-¢0Z8°5 00333°g 20-5ZL1I*n 10-059¢°¢ 10-2598+9 10=11¢€2°1
O1-29nse1 00000 Z0-9.60°8 00400hset 00.2200+2 104949907
- L 2K 3 o S =& P a € a g = f a
= XY V% %Xek 'YX 'Y *T =5JODW

9T JTEYL

AN




10-9£402¢1 10=-Cslige} 60=6S114~ 0=6/9C 1~ 80-6950°9~ 20-9Zn2Z°Y ’ :
- 10,Z0L01 1005692 11=90292 %= 11-80Z0°G~ 11-2558°1 ClaZon i~ s .
o 10-C65¢0 ) (0=119Z°2 1p=19g€s1 Z0-0g92°2 Zo=99cice 10-ZnCi*n " h
a 80-0SZh°C 90-g2C,°z T0-pCineT zo-tczse 1 T0-zZ11°1 10-0SZc°» t .
- li=11CL0 11=n0lg°Z 10-s6c0°2 £0-69sZ°e 10-4940°2 10-5529°9 z
. o 11-90Z8°S-  Die=cif0°Z 10-4405+C £0-i59C°S T0~60080°C 00.,0008°1 1
- o s s ser . ar csr zs=r 1= p 1 T
o o o g
S = 10=5658°8 £0=C¢(ls°*sg _60=-59922 $0-9194°* 80-SZgC*? 80-6695°2 9 e
. . ~ L 10-EhS6°*2 €0-120¢*¢ 00000 01-Zup91°1 11-9028°S 11=2550° 1= ]
L0-4€L2°2 40eCsl9°9~ €o=-2Sehe? 10=CS566°0 10=1L62°h 20=6099°h " 4
S 00=505€*2 §0-8¢21°}~ Co=1Zn?L 10-€0£0°9 -Q-D-omot Z0«55heh €
Of=CLlC02~ 2l=09LZ°¢ Z20-9021°! 10-5558°6 10=0%%6°Y T0=-hES0*L z .
AR YAT ) 0000°0 ZO0=phpoe! 00+6209°1 00+6250°1 10aug2Zce 1
’er 5= r " ar €s=sr ZTsr 1sr 1 -
) AX A aed “xex Y ‘| eS300W *grcCcO0ZS0°5VATIQ ‘So=x ¢ SZelan 'epaV GVINBOWNY ”
—_— 81 aTavil “




10=91s8tle1 10220y 40=0205°6~ 6C=Zh91°1= 8D=g?cte°s~ 83=0082°¢ 9

- 10-922291 10-856¢°2 11-80z8°5- 11-959C b= S1-9910°1 Fl-ShiN h= s
TSI 10-2262°2 10-nheZ" ! 70-1790°w 10-gtc0* 1 10-0¢0h°¢€ " T

T 80=05Lh°C 80-ChéS5°¢ To-1662°7 Z0-%981°% T9-cses*! T¥=7Zis°¢ T
‘ - = Gt-cl€0°2 0l-g619°Z 10=p1ZA*1 zo-LzL0%n LEOIEDY 17-768€°S z o

B T 1t1-g0Z8es 1i=11€2°8= TO-€G¢Z°C Z3-LZL1°S 19-5D3G*w Y.eti5° 1 T
— 9 = r S = r " s r ¢ s r 2 s 1= r 1 B
e e - ” | .

- R 10-0668°1 Z0-5¢chg°y 60-£022¢L 80-4926°9 80-g6cL°€ 8%=985¢°8 9

e e o 12-9€00-¢ 20-¢8Zn°2 11=255he! 60-6501°1~ 11-8022°S 00NN°*0 5

LO=1hE2 80=-56Z9°2- Z20-6220°2 10-9.€9°h 1naZens°t 10-0g02°1 »

80=p8L12 80=-1132p~= Z0-981€°2 19-6955°S 1n-2¢8Z°w» 19-6560°1 €

= 11-11€Le8- 11-601p°2 ZN=9EZhet 10-2580°6 10-899h°9 12-8¢09°1 4

IlaepOlseZ 11=285h°1 Z0-0Lg8°S 00.56095°1 NNepBhicl 10-8061°¢€ -1

T T 9 a S s r h s € s 2 = r 1 = r 1

2 'rer ‘xey

'y ‘1 ag300m

TEECCco02S0°sva13a ‘Cr=y ' SZ'IsWw "*hev QVIHNONNY

61 ITEVL




20-999s°8 10-159Se1 90e120°0- $0-6240°9-
10-£18Z¢1 10-g,SheZ s0s94cZoC *0-L802°2
90-2¢S5S°8~ mouovmﬂun. nwoumnoo.m .~ohMmor.o
SO-sS180€-  wO-sselet  10eseeD°1  10-c2c1°l
#0-shscel $0-912Cep=  10pge2S°1  10-115°1
»0-c086°s- €0-0zLS°1 10v100s°2 10-4825°2

L 2 I o Ss L 2T ol €= pr
1019451 _ _ €O0=p1C2°0 e0eSpsb° 1= SG-8Css°2
10-2€CL0e2 €0=9a9%Cey 00eh 55°, €0-9L90°%1-
S0-0088°2  £0-20%ley _ €0eDg0S°Z ~  [0ecOsl®°E _
s0-52atl1 _40=Z8kbee £0=-22¢9°2 __10=11s0°C
NCagOlCo b= 90924802~ _ £0-sces°c.  l0-Ss2l1°9
€0-0095°1  _  90-/1bLeg = €0eLe25°S _____G0.8¢20°1
T e s i ss¢f »ef cer

»0-9099°1

80-29,0°9~

2C-1040°¢
10-4961°1
10-4290°2

10-081s°¢C

2 esrp

#0=2110°S~

.€0=z92g°1

10=9018°¢.
10e5112°¢C.
_ 10-90¢Lg°s

.. 00esbsL2°1t

AX ®A *Ae,

TZ Frie'td,

»0=-20C0*S~
€0=Lccoel
10=Z¢cotl*¢

10-0941°¢C

10=-C258°h

00eS54L2°1

90-21410n-

sBe1gosel
. Z0etglset
_ _ Z0=sl08°1

Z0=8205°2

2022952«

170

TXexX %y *1 =$300N $/0ZS0°SV1II0 ‘SesX ¢ 1Z9ScleN ‘okaV OVIHEOWNY




T ) T Z0-44€0°6  i0=8L1SeT 90-S418°8~- §0-7620°Y= #D=-8599°1 T w0-€4Z0°5- e T -
10-9292¢1 ~  [D=1Z4C%Z  SO=ZUCZ°F  — HU=Z&5TF ~ n0-S¢90°9- go-witg‘t S
90-06025° 0= S0-9€46%Z ~  f0=-€€.0°1 Z0-Zhs5° 6 - Z0=S102°%¢ 10-€€99°2 &
1 T - - 50-2€T8°€= w0=6nel 1 T0-82¢0°1 T0-0Ug0° 1 10=-Z/¢€°1  10=92Z6°2 3
w0=2€s€01 W0=C41Cop= [0=-TognsT 16=£905° 1 10-£5¢42°2 10-898h°h 4
#0=CLllboha €0-21,5¢% 10=59nh*Z 10-6808°2 10=-284s°€ 00406021 1
9 =« s = r L I t=r Z s i =pr ot
o ~
. 10-c895°1 20-8s6%°1 80-0106°¢L~ 80=-9n94°¢ ¥0-O6h6°h=  SO=hZf9°1= v
10=41Ghe2 Z0-19€€*2  (0-4@10°C €0-£%L0°i-  €0-cCo8°! S0-45€£2°9 =
S0-thZ26°2 £0-0€SS°k  €O-ghSHh°s 10-gup2z°c 10-1208°2 20-5829°9 .
#0-DCotet 90-€9.5°Z  £0-9CI0°s _10-0L9g°€  10-9446°2 zZ0-S8L8°S €
) h0=S5L2°h= 90-98Lb°6=  ZDesggc°! 10-68S1°9 10-sShS°y  20-1(f0°8 2 o
0=1555°1 (mo.lnnNOOon 20-1190°2 Oooomno._ 00+9S512°1 13=9¢€¢¢€°1 1

- . 9 = r g = w e T — | QIR A A I oA TR e =g

- = = IY "X XL *XOY Y T aSIUON “ZUCSO ™V TI0 S TaX S1295Tak T shaV AVINHONGY —

¢Z TIav¥L




. S 20-599n°L (0elzahsl _O1=61Zh®LZ _ &Da012feZ= _ ac-z84N°l=
i _10-z2z2z0°1 12-9.06°2 Ot1-9810°1=- 1lagZ81°2= 9000°0 01-2626°S
_ 80-h8bbch= _ 90-SL99°h- 10-1980°1 _20-z8S5°8 Z0=aB8EL°Y 10=5¢59°2
B . BD=91G%cl= = 30204621~ - 10anZ00l  20.2598°% — 23=568F°8- - 10=L890°¢C
11-9c00°8- al-9810°1~ 1g-c89esel  __  10az9f€°l 10=291h°1 19-Ss19°8 _
11-11€2°8 Dl=29ns° 1~ 10-2SEh°Z 10-0€08°2 12-z679°1 03eSnsZ°1
S T e T s = T cs*r z s r Ty e
19=-0¢€1S°1 €0-0206°s B Q1 =2Lhé6°C~ 80.221n° 1= mnum:o._u;-- ooHn.Nl_iou.l_-
T 10-0uzweZ  £0-w8mg°® Z1-GLns*h  11.gNZe°s Cl-n015°2 11-bg€9sh
90-1€AGo h= 01-9tgncn £0-€410°¢ 10-0R92°2 10-929°°2 70-5452°1
T #0-emtSel- 01-0652°2 Tto-aDmmet  18-t1zzg°€ 10-6920°€ " z0-9¢50°7
01-£60€°1 Z21-0lSheg- £O-ChiBh 10-296€°S 15-02029%h z9-9c61°¢€
01-€e2€ez- z1-582L°2 fo-eLLL°L 10-bEhGe8 d0e50z2°1 20-h485°0
9 =r S = hn £ . ¢=C zZ st 1 =

gl=-Sa0tel=-_ _ 9

.S £

»

AX A "a®i YeX °y °l1 ®5300M °SQ°s¥1130 tgesy '°Zak ‘*heY¥Y (QYIHBONNY

yZ TIavlL




o Z0-,€0S°eZ  10-1gskel 60oh160°1 60-00€0°Z- 60-Zsscv2- 6C=Zhonsi- 9
) T 16-0623°1  10-zGS€ez  Ol1=-¢e0€°1 T1-¢85h%s ‘Clezhorel Tt-licse s
o T B0-nh96°h= 90-06hlop= 10-21¢€C°1 Zc-10cc°8 Z0-s8lc¢ 10-hSs9°2 .
. T 80-giw9el-  80-gsssel- 10-2¢Z0°1 Z3-6282°% TZ0-chizv6 " 1c-%sc8ez ¢ i
- T1-ze43°5- T11ezSShel  10%h0Be*T 1C-thsZ®t - 18-seosel 1c-1zsZeh 2
T T 7 oo66°0 11-8G2Z08*5- 10=406€°2 10-0092°Z T 18-zhgscl 00e1S0Z01 1
B o 9 =T S s b s €cs=r = 1t =ar 1
e ——— —_— e ———— —i = —_— S S n =—1
10-2125°1 Z0-90L2°2  60=268€°T1e  60-2L66°6~ 80=-2Z4np° 1~ 60=62ZZn° 2~ 9
L LT ¥ X LA Z0=g1Zheg Z1=6ns0°s 11-8028°S- TlapOr1g°2Z-  O1=-5552°2 I —
. 80-9€CS k=  40=1226°Z Z0=4281°1 ) 10-9Zg0®Z  10-46€y°2 20-0g45°9 [
[ 80-niohel=-  0Ol=g2Z8°¢ Z0=-01ne€°? IC=tlngc’t 10=¢L48°2 ZC-03¢€s5°¢ 3
T = 1= 09e2°¢ _occ0ep Z0=-ggez’1 IG-6L60"S  10=-12Z1g°*»  180-8g91°1 z
e 0000+0 11=-gz8lez = Zz0-s52¢0°c  1C-Crps°® __00+ncstet 10ebbEn°2Z 1
I C wer T ger Tz e s 1 =r 1 Sy

|| o TTTTTRY VA Saed Tyey ‘X 'l a5300m 'S0°sviI0 YSra¥ ‘°Tay ‘°hevV OVIHMOUNY

Sz ITAVL . ",




o - 10-»809°¢C Z0=4145%6~ 90-1510°1~ L0-SZw5°L 2D=69C(°% 1= 90=85C,° 1" *
- o . 10=9LLb9 10-8488°h 01-500z°1t 60=LL00°1~ 60=-46205°2~ Ql=lgnett S
o 90=2Z16°5~ §0-128C"*1 10=0L90°%h 10=-911° 1= 10=-E560°9 10-6228°9 "
e o (0=,009°S~ 90=-Z68C° 1 10-058¢(°} 10=-901w°2 00+,602°1 10-92€(°*9 3
= O1=99i0°1- 0l=h5S58°1" 10=8h6i°1 10=6€5Z°h= 00+£825¢°2 10-0€50° 1~ Z
o 1ien0l6°2 01=,608"1 0CeslCth°! 00e¢gSincl~ 00e6cCS1°2Z 00¢5080°W I
=7 - ¥ s r $ = r " s T = T s TeTF L

L

lllllll 10-6012°1~ Z0=ZnZ0° s~ 80-CL1C°S 90-0bn9°Z 90-4998°1~ L0=winy°t v
T el T0=-we99%°»  Z0-9900%~ Z1=09¢,2°¢ 60=lwic T Dl=Zn91°1=~ TT=9g9C*n" S
SU=eUFTT (U=-zoel' (- to-»180°C TO=-%455°4% TO-s0%% "6 ~CU=SehivR" b
- - LU BT AR s0-8vZ9%6" Z0-2026°C- CLEFE 2 ASA TO=t¥WZL 24 T84 )
ot-09Z5°T- 1T-05el*(~ 20=99.8°L~- O0enls9°T Z0=-1etE ¢t T0=269%°L~ 4
LARTS [ 4041 ov=-STét™1 Z0-0t98" ¢ OO+ Y4501 TO=TRTa " T
9 =1 s = LI €Cer Zzs=sr I s I}

$125300W *n01°svi72Q °S°=X ‘n0clan *SncisV

AIVE LdINS Q3uI4VL

|

¢ T18vs




- 10=1CiC*» Z0=Shho° 5~ 90=-6601°1= LO0«1L12°% L0=100b6°H 90-0402°2- y
o 10=-gLC8°? _OUOQn.\..m o Ot=-s69c2°1t Ote2CiC%6~ OlaShil*n- Ol=gZelee- S
~ o 90=£96S°9~ G0eZhE*1 10=-909,°¢€ 10=-01€0°1 10=-5CL6°n 10=0610°6 L
- L0=wiSle9= 90=510m°1 10=-8¢€21°2 1U-w2€6°C 10=-6099°4L i0=(589°8 €
00000 Ol=gLin*Z" 1g=-882¢("°1 20=2ZnS51°9 0Geysglgel 10=092Z6°2 [4
i Cl=Zwri®l~ 0l=0pS0°L 00e1952°1 10-6ESh° 1~ [ PYYYS A CO+0nEL"H 1
— - T e T | L o T T —Z & T T 1
B -~ =
TUssWoT~ T= DY I & I 1 AR YU-5CZ0 L 'L 3 88 AL A I0SIUTT™® ¥
2 10=%02T"S 1103 £1% Ad T4 TT=Z558° 1T sU=Zn¥I7 1= “OT=gvIn T OT=Z%55h*1 S
- SO"TWRE~ T VOSIUTe & ™ 14" A V' MLE ToO=TeTe™Z 10=0Ts5" % TOSZRST T A
YO=ZUUH"T sU=Psi5°C" Z0=-1TL5"5- TO={YWS"é TO=30TS ¢ TO=YRTRTL™ v
T oouu* o TT=%0T6%2 TO=64inl"T~- 11N £ o 4 TO=TUsC"S TO=-T{&C"(® r4

etz Yy " OT=h102°%¢

TUSYUI1 " ¢

UUFLIHUIT &

COFTTWL"S

TUTTZii w

9 e ¢ s [ I € =sf 2 = | B I o i
AX ‘A Yaex ‘Xeyx t1=5300K ‘HO1°=Yi13Q **lex “»0°l=w "Skei=v 2I¥8 id3asS 03IN3dVYi
g8z ITEVL

@



ih-zE71°1 R0=-bZ5§°2 ?
_ o _ =2 3kZ°8 0 1Q-16S§°k @ Njepgf2Zel 1latllcieg Dl=gSsR®s Gl=2a¢Z°s -
- R o L0=595S°h = 80-/8sh°g= 10=£ZEReZ = 10.4640°1=  1penlgSes __ ID=fzBi°z .
. L0=S46{ 2= (0=21]1F°1 Z0=2£S9¢4 J0ebf0S° k= DpeglzZel 10=S90s°*h £ .
- e DNDlegZglez 1lefSEA = Z0=9E9ne s D0eES11°% __Dps+02212 20=£4728°S~ b4
o 0l-2100e4 116490 4= 1N=-906C°6  10.598§%4= 00e260Z°1 00+Sa2E°E 1
® = S = r h = r c=r 2 = r Il = r 1
 elle— - _ — 5
20=1n8lof~ 20-£0848°4= 60-8568°%- £0.05£0°2 80=Ghg9°Z 60=12¢€9°2~ 9
o 10-8295°» 10-6€(101= Ti=hocoes D1-9Z0k° 9= 01-2216°9 01-0591°¢c~ 3
o 90-2200°9- 80-006°h £o=clsseC 10-£0€5°6 10-z4nc°8 £0-hh0z°%h .
L0=80Zn"1 g0=-€lg2e¢ €0=-9CEN* 6 00490241 10-9626°S 10-S,982°1= €
B 0l=-6819°1= Ol=C49G° 1= Z0=h09€*2 004522L°2 10-200¢4°1 10-6919°1= 4
01/€0Co0= Zl=6h§0°4~ 10=09L1°1 00,c08h°C 00+05¢5°¢ 10-S95¢€°1 1
* ar [ N h = c = = r 1 e 1

AX

94 _'Ae, ‘yey

'y ‘1 =

0€ ITavl




T8<-zZTeU5 TU-50e%°9 eW=7z78%%< [{ X 77T | SU-8TLin 4 90-5540°2
.|. T0-Znig*" 10-146009 O0t-spiz°c- T-00,2°%- UT-9vig-! 01-0sc0e9
L0-18hB b= (O0=g1cTe= 10-820Z°2 fo-e3¢ce°1 10-5559°4 10=Zh9c* 0
— I0-0790°2- {U-921C+7 13¢3001°Y  T10-F0se°t TU-Stsc*e T0=tiste8
OregCine? AT LA z20=p102%e 20-0¢00°1 U0+ 2%g9° 1 1G=tn99°)
: 113 = -9 t0sT1z4v"¢Z Z0-YYT LY OUSTYTSST 00+SEON T
- B 9 =r S =P b =P cacr z2=r 1= r
- B L B P4
- Z0-p088°2 10=pclLez= 80«5 €h°¢C £0-5650°2 6018/6°1 60-0ns8°2
- - _ 10-4bS8°S 10=p15€eg= 11eZ2z214°% 60-88¢€€°! Gl-1hs0*L 01-8Z6Z°h=
80-9924°2= 10=2682Ze1 20-C9£2°%¢= 10=h92€°¢L 10-9050°s 10=0¢40° 1~
B - L0-CoEhot 90-,99h0y 10-5000°1- 10-6008°%6 10-L1co*s 10-0Zh0oh~
- 01-0011°2 Z1=0942Z0y~ 10=5252° 1= 00+0196°1 10-4S61°8 10-900hoL=
01-40110h= 11=990Se7e Z0eLgSI*h 00450202 00.0014°¢ 10-409Z ¢~
O § = r Ve T T =T =7 TeF

AX

¥4 Tlel FTY®Y

CXTY sgJOOW YSY7VEVIYIG *CTaX

1€ J149VL




10-16€5¢2 20=LLtlog 80-005€°9- 80-L99L°%L L0=0nhc]°1 80-CLpco L~ ’
10=gs10°2 10=589%1 g Ole9199°s 80-hCg9°2- 80=(9n1°1- 60=1ns1L~ s
{0-082¢€°1= 80=292S+g 10=-5,00°2 10-9€26°¢C 10-0900°1 10=9489°9 »
L0-20€8°2~ £0=-,002¢2 104gg106° 10-L19€°%h 10-2Z9g0°¢ 10-8£12¢5 [
80-920L,°1~ 01-0.€Co 1= 10=1¢gsh*y 10=b6n9°n 10=-h829°S 10-9408°4 2
80=9h 181 Cl=SihSey 10eSyS0°e 00+2220°1 10=-0L49°2 00+C9nSe2 ]

9 = S = » = r g s=r 2 s p 1sr 1

>
20-€9£2°6 20=2Shheg- 60%640%°2a L0-bb01°2 20-9913°¢,~ MY YYUIA D) L ]
L 10-£190¢S £€0=951204e 60=0gns°®1 20-0¢S€°* 2~ 60-99g5°n= Ol=SZ45°€C~ q

80-¢948°8 60=€196°9 €0e51C6°¢~ 10=-9€5€°H 10-9%13°9 20=Lppge? b
LOD=SsnEe? 20-€£€9Le] __£0-0125%/~ 10-2£09°¢ 10-9% =0 £
0l-Zabbe® 40=209fe} £2e4029°Se [ PY YL T Ad | 10=-99825°h 20=-w1S4°F 4
01-2988°% _40=,Z883 c0gtgeo°e 00.£152°1 00.Engpe2 20-840hp°8 1

9 = Sesf [ O o €= r 2= pr Il = r ]

AX 04 Sp0d sxey 'Y ) 2S300N "€1/1cyiI30 *SesY *°Zan ‘Gecl=y NOVe A43MS Q3N3I4VL

T€ T4Vl




10=,Ch92 ZU-hCho°, 80=467 3 ¥7 ALY 4 1AL 80-CITh I~
= 10-8566°2 =L2Y70°¢ T= s0-tTeT12- 8%=-58Cy°I= s0-tTha 2z~
T L0=-9€SCe 1~ 80-2452°g TA=98/€C7 10-Zght°C T TNe9telT TO-§786°% Sm———
10-€Zs6°2~- 10-0¢92°2 IN=9559¢6 10-8g45°C To=1hnl*e L1 73 3d )
T 80-ghZ8°1= 0i-Sglgez- 10=GSpCel 10=-9Z¢9°¢ 10=-6987°4 TP=€199°¢
90-c0s6°1- ¢0-Tokce - To-91Z8°*5 10-Tcss’e To=06c6°% TOLSThESZ
9 s S &« P h = [ I Z = r 1 s
®
zZ0-01n8°L z0-ccic 9~ 80-5l¢cZe 1=~ L0=9¢he"1 e0-008Z0@° L~ g0=S9Zs° 1=~
10=0i99°h 20-9865°p~ 60=0hg0e L 80-8,09°2~ 60=gLzl°1 60=0Dss:°1
80-52€8°4 80-9n8g°2 ZN=2625°C- 10-Z011°S 10-9560°S Z2=11s9°¢
L0-,0Z892 80-8904°¢, IN=-s82 0 C=- 10-88€C1°8 Ip=9%p8°€C Z0=2CLn*!
60=-250h¢e 63-L655%¢ Zo=-8160°€~- 00+24Ch°1 10=0426"°2 ZO=1p20°%
_ 60-952£2°2 60=-46N80+g €0-0620e2 00,055u°1 C0e0ZI1eZ 12-158¢°2
9 = r S = r h = € ar T s “Te :

A S0, SXeX

I 2300w ci/imyl3g *P1ax Tozay 6§, Tay YOvE 14385 G3834V]

vE ITEVL




