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THE DESIGN, ANALYSIS, AND EXPRRIMENTAL
TVALUATION OF AN BELASTTC MODKL WTNG

by

Ralph K. Cavin, TIT, and Chavnlit Thisayekorn

(I) Introduction

It is common practice in preliminery static aercelastic analyses to
estimate alastic increments in stability derivatives by utilizing a
clamped-vehicle stiffness matrix in conjunction with an aerodynamic influence
matrix determined for the configuration by use of théflinear, invisecid
acrodynamic theory. These sercelastic estimates are normally refined by
'freeing' the structure and including vehicle mass effects based upon the use
of mean axis vehicle coordinate systems. [1] The computer program FLEXSTAB,
which was writien by The Boeing Airplane Company under the sponsorship of
NASA-AMES, is a reletively sophisticated implementation of these basic ideas.
FLEXSTAB hes the capability of admitting two different types of structural
representations, If the structursl characteristics of the vehicle are
adequately represenred by the interconnection of beam elements, then FLEXSTAB
accepts the heam EI snd CGK characteristics and generates the required structural
matrices, On the other hand, the structurallmatrices can be generated externslly
in a finite element program, without the regtriction of beam-like structural
properties, and the resuits can be entered directly into FLEXSTAB,

The primery objective of thils study was to develop experimental data from
a carefully contrnlled elastic model to be used in evaluating the effectiveness
of aeroelssticity programs such as FLEXSTAB for vehicles of the orbiter class,
TIn order to accomplish this objective at a minimum cost it was decided to

utilize an existing rigid 5% fuselage model Tor the 002 Orbiter econfiguration,

F
i
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and to conslruct elastic wings for the model. The 002 Orbiter wings were
straight with moderate aspect ratio and were therefore amenable toc a beam-like

structural representation.

{IT} Design and Fabricati.u of the Elastic Wing

In view of the assmmed beam-like structure of the 002 Orbiter wing, it was
decided that the lond carrying member of the model wing should be a beam with
well defined EI and GK characteristies. It wis further decided that the
distribution of FI and GK along the wing span should parallel the 002 ET and
GK shapes provided to A&M by the NABA-JSC Structures group. However, no
attempt was made to scale the given (Stiff) beam characteristics to the 5%
model., Rather the selection of EI and GK was based upon the criierion that
measurable deformetions and stability derivative changes should occur under
expected aerodynamic load.

The basic design philosophy that evolved was that the aerodynamic loads
should be transmitted to the beam via rib members. Further, in order to
approximate the finite-element eerodynamic methods, the wing surface was
segmented in a streamwise manner and each segment was rigidly attached to a
corresponding rib element., Tigure 1 is a planform view showing location of
the Flastic Axis, as well as the basic aerodynamic sections for the wing.

The NACA airfoil descriptions are given in Figure 2. As can be seen from
Figure 1, the elastic axis is gwept aft at an angle of 9.75 degrees from the
vertical,

Figure 3 depicts the basic comstruction of the elastic wing. DNote that
each panel section is made of low density Balssa Wood which is cemented to the
supporting rib member., The region between adjacent panel sections is

approximately 1/16" wide and is filled with an ultra soft Neoprene gasket that
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C.R. STEEL RIB
116" THICK

ELASTIC AXIS |
37.5% CHORD — — [

- 5
- —
/ = z

b THICKNESS
See Tabie 2

—— /16" ULTRA SOFT

NEOPRENE GASKET
CEMENTED TO BALSA

I7-4PH STAINLESS
SPAR HEAT TREAT
TO 200 Ksl

LOW DENSITY BALSA
WOOD CEMENTED
TO RIBS

TOP VIEW

a THICKNESS
\W//, \\ﬁ@ ‘)L See Table 2

LOW TEMPERATURE——*W 't
SOLDER { TYPICAL)
® @ ®

REAR VIEW (not to scale)

FIGURE 3. Cross-Sectional structural

description at the Model-
Wing Construction.




is cemented to the Balsa. BStress Calculations indicated thet & high strength
alloy of stainless steel could be used for the wing spar but that heat treatment
was required after machining, This process allowed a 2.5 safety factor on
ultimete strength and about 2.3 on yield strength. (Jo erllowance wes made for
dynemic loads.) Ribs were made of the same material as the spar for esse of
gttachment. The spar was designed to have a rectangular eross section so that
the rib elements could be firmly atteched to the spar. Table 1 contmins the
dimensional dgta for the spar. The computed values for EI and CGK are also
listed in this table. The cross sectional moment date which wes computed by

using the formulae [4]

K= @_3 - _6_5@ tanh(md) . (1)
3 2

2a

[»] .
I, = J 2" da = 'ba3 {2)
12

The sbove symbols are defined in Figure 4,

(ITI} Design Calculsbions

The purpose of this section is to describe the analysis methods that were
utilized in the design of the elastic wing described in Section II, Two basie
analytical tools weré ubilized in the evolution of structural specifications
for the wing; namely the Doublet Lattice Aerodynamic lifting suriace procedure
and the finite element structural analysis method for beesm members. In the
following, we first discuss the analytical formuletion for the general,
time-dependent problem. After thiz broad notational framework has been
established, the special static-aercelestic and flutter problems are considered.

A, The Structural Model

Ag has glready been pointed out, the principal load-carrying member in the

wing structure is the spar element. The spar is essentially a beam element with



Spanwise Panel b - Thickness a - Thickness Lengths

{locetion number) {inches) (inches) (inches)
2-3 0.301 0.L407 1.078
3-4 0.369 0.355% 2.828
L5 ‘ 0.273 0.268 2,808
56 G.243 0.310 2.828
6-1T 0.173 0,300 0_828
‘=8 0.152 0.2h6 2,828
8-9 : 0.1h6 0.188 o828
9--1.0 0.109 0.152 2.801

Table 1. Spar Dimensions (See also Figure 3)

Station Number of Values of HI Values of GK
Spanwise Segments (3b - in®) (1b - 1n2)
3 63687.50 40090.40
L 39837.50 27166.72
5 32875.00 1531L,09
6 17575.00 8730.85
7 11325.00 3718.85
8 5468, 75 1990.35
9 2343.75 1156.62
10 1093.75 600.77

Table 1. {continued)

Values of EI and GK for wing spar

2.9 x 107 l'b/in2

.12 x 10( Ib/in2

I

G




FIGURE 4. Definition of symbols for beam
Cross - section.

d)k - vertical
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FIGURE 5. Definition of structural nodol
dlsplocements




rectangular geetions of length 2.8 in. whose sectional area progressively decreases
in the spanwise direction. There are 8 spar sections, each with a possibility

of 6 physical degrees of freedom per section, implying a maximum of 47

structural degrees of freedom. However, in view of the planned testing ol the
wing at very small (less than ten degrees) anyles of attack, it was decided that
in-plane bending of the spar would be minimal and hence only torsional and

normal bending degrees of [reedom were retain=d for each beam element. The

degrees of freedom associated with each element are defined in Figure 5.

The elemental stiffness matrix for the member shown in Figure 5 therefore

reduces to [2].

4k ds ¢ 43 x d; k41 d5 x+1 43 kel
3 i
12 EI_/27, |
6 L /1%, WEI /v, symmetric
[K] - 0 3 0 9 G’K/R« 3 i
* 3 2 3 i
-12 BI_/47, -6 EI /27, o , 12 EIx/E. . |
2 2 i
- 6 BI_ /27, 0 ) o , -6 EI /27, in EI /%, i
. 0 s 0 3 GK/%, 0 s 0 ’ GK/% |

(3)
A composite stiffness matrix can be generated by appropriately combining the element
matrices in an underlying structural reference frame. In view of the fact that
the spar is straight, the assembly task is quite straight-forward in this case and
can be accomplished by overlaying successive element matrices and adding

overlspping terms, e.8.,
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Of course the left end of the inboard spar element is constreined to have no
degrees of freedom since the flexible wing is attached to the fuselage at this
point,

A gencralized mass mabtrix can be formulated for the flexible wing by using

the results given in [2], i.e., the mass matrix Por the element in Figure 5 is

4.,x 4 x Gk Y ke bxer Y341
13 , oI, -
B T

5AL |
I 2 o1 i
112 X 2 X . i
510 © TOAR 105 154 symmetric ;
J !
0 0 =L :
], = - 34 | ;
K s o 13, %% g
70 o2 120 TOAC 35 snc? ,
g
s, oo o220 Lo o oan o 8% i
520 108 1l0 30A 210 © 10AL 105 = 354 |

J J
5 5 |
i 0 0 = 0 0 = |

(4)

As in the casge of the stiffness ﬁatrix, assémbly of.a comnosite mass matrix fér
the wing can be sccomplished by appropriately combining the matrices, [M]K,
K=1,..,8. The effects of riﬁ mass'were.included by simpiy adding'lﬁmpe& méss.
and inertia terms to the diagonal eiements of the sper mass matrix, A sumiary of

rib nass properties is given in Teble 2,
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Station number Distances of ribs’ Rib mess Polar Mass
of ribs " e.g. off from the {slug) x 1073 moment of inertia
elastic axis (in.) (slug-in2) x 1072

3 0.706527 0.2L43999 0.140291

h 0.651691 0.201206 0.098401

5 0.596856 0.163h12 0.067019

6 0.542019 0.130345 0.04L074

7 0.487183 0.101735 0.027786

8 0.432345 0.077311 0.016626

9 0.377509 0.0568 0.009311

10 0.322672 0.039931 0.004781

Table 2. Data on steel ribs of the wing
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Since the wing spar is swept at an angli:, A, of 9.75 degrees, it i8 necessary
to transform the spar structural metrices inlo a coordinate frame compatible with
the acrodyn anie Prame,  Thin is casily accomplished by performing the following -
trans f'ormation

(), = [7] [k} [r]"

Ta 0 0 0 0 o ]

| o cos @ -sin @ O 0 0

0 sin ® cos @ O 0 0

vhere T = 0 0 o 1 0 0
4] 0 0 0 cog ) ~sin ©
o] 0 8] 0 sin @ cos 0OJ

B. Aerodynamics Development

The basic procedure that has been used to treat serodynamic foreces is bhased
on the Doublet-Lattice-Method (D.L.M.) [3]. Fundementally, the D.L.M. yields a

set of Aerodynaemic Influence Coefficients, [D], relating the assumed hermonic motion

of the normal wesh, {w}, at specified points on the wing surface to the pressure

differential, {ACp}, across the wing. Specifically, the integral equation
wix,y,2) = 8—'1 f I K{x-£, y-n, z-5; w,M)ACp 4E do (5)
T N . .
lifting surface
is approximately solved as
{w} = [D] {ACp} ' (6)
vhere the velocity normal to the oseillating surface is
{W} = U_ Re [{w} elmt], ' _ ()
and the pressure differential'is
{4p) = q_ Re [{acp} ¥ ~ o (8)
‘Let us now ébhéider specifically the computation of the aerodynamic forces for

later use.
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In general, %, , is the distance from the jth. structural node to the 1/4 chord

1)

point for the ijth, panel and r; is the distance from the Jth. structural node

J
to the 3/h ~hord point for the ijth. panel (See Figure 6). The total force
acting on the ijth. panel is given by

£i3 = OPsy Agy : (9)
and will be assumed to be acting et the center of the 3/4 chord point of the
ijth. panel. 1In order to define the sense of the various forces and moments due

to the merodynamic forces, we must first define the assumed positive displacement

at node J. This is done in Figure T, the force tending to increase the &

1
coordinate is
fij = 3F Apij AiJ, (10)
i=1
the force tending to incresase c12 is zero and the force tending to increase d3 is
P ‘
= -k . . .
f3j 213 Aplj Aij’ (a moment) (11)

i=1

where we mssume that £ and,ri carry the sign of their x-coordinate loecation.

ij J
We will further assume that there are Q spanwise panel rows and P chordwise panel
rows, implying that n, the dimension of {d} is 3Q.

Let us now consider the computation of the normal wash W in terms of the
displacemen£s at the struetursl node points, By definition, the normal wash must
be equal to the substantial derivative of the vertieal displacement of thé surface,
(Implying no fluid flow through the surface.) In particular, we are interested in
satisfying this boundary condition at the 3/4 chord points for each panel. The
vertical displacement at any point along the chordwise centerline through node‘j

is z, =d,, - xd (12)

gy 3J3°
where the definitions of Figure T have been used. The substantial derivative

is therefore

Wy(t) = gézj) = d;, - xdgy - Udyy. o (13)
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Consequently, the downwash at the 3/4 chord o/ the ijth. panel can be written.

{Assuming no chordwise deformation).

O Q
W, (t)=4d4,, - r, - .
| lJ( ) 1y = Tiy %35 - U.ds; (14)
Further, if Wij is nssumed to be of exponentinl form,
N Jdwt
Nij(b) = Wi‘] @ ,
(14) becomes
Wyy = dij(lw) - Ty, daj(m) - U dqy _ (15)
Let us now return to (6) and establish the mechanism for computing the
generalized nodal forces. Denote
| l |
W} = {w,, Wop seee Wop | Woy W Vo |eesees]| Wy W o 3T
11 12 s lQ [ 21 22 * e QQI.. . -] Pl P2 . PQ
' (16)

In {6), [D] is therefore a matrix of dimension PQ x PX. Let the forece vector
{f}, the pressure vector, {Apl, etc. be defined using the same ordering as (16).

In addition, let the generslized forces at node k be ordered as

H
]

vertical deformation force

1k
f2k = bending deformstion moment
f3k = torsional deformsation moment,
and define
(£ ¥ = 'I-' l | £ £} (a7) -
R f31-} £10 Top f32] : f.q Tog T3bs -~ QT

i}e.,-if}s dénétés the veetor of forces acting at.the structural nédes. -We.mnst
now develop appropriate transformation matrices so thsat {f}s can be calculated
: ‘in terms of nodel displacements {d}., From (10) and (11), we can write -
3 3@ x FQ PQ
' {f}s'. [G] . '{AP} ' - LT . C (18)



(] =

where the matrix [G] is defined as

I'A]T 0 v 0 Ayl 0 veue. O O . 0 veee. O '!
I :
' 0 O ..... 0 0 O ----- 0 LY 0 0 s n 0 i
‘ : . i
| p ;
. —gal.LAll 0 ----- O 121}\.21 O ] 0 LN ) .—g‘PlAPl 0 & anes 0 '
{
O A12 - a9 0 O A22 L I 0 LI B ) 0 %2 L N N 3 0
0 0 viess O 0 0 vee.- O vee O 0 .. O
i 1
§ - - L] * » » » - > - - i
{ ) !
'i 0 0 veun. Alq 0 0 vens Ayg . 0 O esns By
{
o 0 vvee. O 0 0 veur. O veee O 0 vvve. O
| 0 vueuwo=tt 0 vor..=l vees O 0 vinoumb !
0 19h19 0 2029 Pa’pq
D N ™ e e M s,
’ « (19)
| X
Equation (0) implies that
{bp} = q DIt {w}. (20)

However (15) allows the following relation between {w} and {d}.

W} =% [H] {4} + %‘i [B] {a} (21)
<} o)
where [H] and [E] are defined by
3 S——
/"“M~-m_~.-..-~«~"*9---wm~w e —
0 0 ~U, 0 0 0 veesss O 0 0N
o 0 0 0 -0 “U.....0 O O\
' Q

0 O 0 O 0 0 e w 0 0 .-UW .

[H] = . repeats P times
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_ -
r 1 0 -rll 0 0 0 o O 0 0
0o 0 0 1 0 -r,.... O 0 0
]\(
q
0 0 0 0 Q 9] 1 G —I"lQ é
1 0 Ty 0 0 0 . 0 0 0 !.\
- Pg
[E] = 0 » 0 0 1 0 PVIERE q 0 0 [
0 0 0 O O 0 N l 0 -I‘
1 8] —rPl 0} 0 0 0 0 0
o o 0 1 0 —rpens. O 0 o
i J
- » - . - * . » - - . “r}
I“0 0 0 0 0 0 .... 1 0 -TPQJ ‘
If we now combine (18), (20) and (21), we can finally write
(e, === le] ()i ([1] + tWlE]} (@) (21)

C. The Static Aeroelasticitx;Prdblem

The bulk of the analytieal work conducted during thig study involved the
estimation of elastic deformations under steady flow conditions. In this case,
w is set to zero in thé serodynamic matrices and D is defined over the field

of real numbers. Hence (2h) reduces to

(£, = == (6] [0)™ [u] (@) (25)

. 0o
Gravitational loading of the winé was negiected heeause'it'Was found that theéé"v-
forces were small compered to expected aerodynamic forces. The resull of
combining (25) with the cemposite stiffness matrix whose development was

outlined in Seetion III-A is the following expression



Li

[k] {a} =

ol

(6] (01~ [H] ({4} + « {1}) (26)

o

where {1} is a veetor of length 3Q each of whose components is a one. In
effect, the term in parentheses on the right hand side of (26) contains a term
dependent upon the elastic deformation {d} and a verm dependent upon the rigid

sngle of attack, o. Now it is & simple manner to indicate the solution to (26),

e.8.
(@ = (&l =161 I )™ == (6] 017 (B} b (2])

A computer progrem was written to implement (27) using the planar doublet
lattice procedure (vortex lattice for steady flow) to caleculate the deformed
wing shape under a specified Mach number, %jnnd rigid angle of attack, a. All
theoretical aseroelasticity results described in Section IV of this report, were
obtained via this procedure. A listing for this computer program is given in

Appendix A.

D. Flutter Problem

The basic problem in flutter enalysis is that of determining if the wing
will develop oscillatory motions under test conditions., This requires the

inelusion of eppropriate mass matrices and an unsteady aerodynamics capability

into the existing computer code).
By utilization of matrix structural analysis methods, diserete mass and
stiffness matrices have been developed for the wing under consideration
(See Seetion III). The resulting differential equation assumes the classical
form
o0

M {a(t)} + [K] {a(s)} = {F,(¢)}, (28)

where (M] = mass matrix

[K] = stiffness metrix
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digplacement vector for the structure

[=1]
—
o+
=
It

ct
(-
1]

the applied aserodynamic forces.
The basic approsch was to ascertain those freguencies at which harmenie motion

can exist as a solution to (28).

It is normally convenient in struectural analynis applications to work with the
Trequencices and mode shapes associated wilh the unexcited structural system.
If we set {FA(t)} to zero in (28) end assumc
(a(e)} = ray %, (29)
then (28) becomes, upon rearrenging:
2 -1 ~ .
(0T - [M]7™ [K]) {a} =@ (30)

It is elear therefore that the natural frequencies for the free system correspond

to the eigenvalue of [M]-l [K] and mode shapes {d} correspond to the eigenvectors

of [M]-l [K]. Let us denote the eigenvalues by w; and the associated eigenvectors

by {pi}, where i = 1, 2, ... , n. (n is the dimension of {d}.) Define

[e] = [{p} {p,) -... {p)}] (31)

2 " 2]
p oeeee Wl

(al

disgonel [wl2 w (32)

The natural frequencies in radiesng per second are tsbulsted below:

5.241 x 1013 1.305 x 10%
3.121 x 107 7.982 x 104
1.970 x 107 Z.sgg X ige
1.320 x 10; . 788 x
1.177 x 10-° 2,383 x 103
7.810 x 103 1.121 x :LoT
7.123 % 109 5.220 x 107
4,483 x 109 3.52h x 10T
h,065 x 109 1.992 x 10,
3.258 x 109 5.589 x 10¢
2.151 x 109 1.05%9 x 10h
1.789 x 10 9.588 x 10

Table - List of squared natural frequencies - (rad/sec)2
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If we return to (28) and assume that the solution {d{t)} is written as a linear
combination of the basic vectors of [¥] with time varying coefficient, we have

n
z

@)= = 4,0 (o) (33)

i=]1
The ¢i(t) are unknown scalar functions of time. We can place (33) into vector-

matrix form by defining

6T ()} = {¢i(t) s ap(t) el g (8)) (34)
and wéiting

{a{t)}y = [P] {¢(t)} (35)

The substitution of (35) into (28), with some manipulations, yields
a0 -1 -1
fo(e)3 + [@] {o(s)} = [P] [MI™™ {F,(t)1. (35)

It follows therefore that by the introduction of the coordinates ¢i, i=1, 2,
«vv, 0, the left hand side of (36) is decoupled and hence amenable to straight
forward solution. However, the right hand side of (36), which has only been
written in functional form to this point, is in fact a rather involved funetion
of {d{t)}. With the substitution of {24) into (36), the dynamical equation for

the elastic wing finally become:

[—ofT + (21} {#(w)} = {[S(w)] + i0[T(w)}]} {¢{w)} (37)
where  [S(w)] = =¥ [p]7" (MI7 (6] [D(0)]™" (] [P] (38)
(T(w)] = =& (217 [M]7F [6] [D(w)]™ [&] [P (39)

The inverse Fourier Tramsform of {37) is

180601 = [T(6)] * (a(t)1 + [8) ((+)) = [S(t)] * (s(t)} =0 (ko)

Wﬁere
(567 = +1 thite) 1)
[r(6)] =7

It

T (e) 1)
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and * denotes the convolution operation. The investigation for instability or
sustained oscillation modes for the elastic wing is now reduced to that of
finding the location of the roots for the characteristic equation of system (40).
Unfortunately, closed form expressions are not availeble for the elements of
[T(t)) and [S8(t)] due to the fact that [D{w)] can only be computed mumerically
for specified values of w. Tests were made to determine if any of the lower
natural frequencies corresponded to eigenvalues for (40) and it was determined

that they did not.

(IV) Description of Tests

Essentially two types of tests were conduected on the elastic wing after it

had been fabricated st the Texas A&M Model Shop.

(A) Static Tests

The vortex lattice program was utilized to compute the aerodynamic leads
that could be expected to aet on each streamwise row of panels if the wing
was rigid. The loads were computed for an angle of attack of 5° and
q, = 80.1bs/ft.2 Weights equal to these spanwise loads were attached to the
1/4% chord point T'or each panel scction. Then vertical displacement measurements
were made for each rib at 25% and T5% of rib length. By using these measurements
and data on the unlosded wing position it was possible to ealeulate the wing

elastic pitching rotation.

(B) Wind Tunnel Tests

A series of six wind tunnel tests were conducted at the Texas A&M University
Wind Tunnel for two orbiter configurations. The conditions were:

50 1b/ft2; o
80 1b/ft7; o

20’ 50, & 80

% .
2%, 5°, & 8°

U

The elevon setting was held at zero for all tests. These tests were conducted

W
wu

for the Orbiter with elastic winrs and they were repeéted for. the Orbiter with
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identical rigid wings. The standard force and moment data, CL’ CD’ and C,,, were

M?
recorded for each requence of tests. In addition, a Cathatometer was utilized to
make vertical displacement measurements at each spanwise rib location for both the
leading and trailing edges of the wing. The Cathatometer was Instrumented with a
potentiometer so that displacement readings could be automatically read into the
wind tunnel digital computer. One difficulty that was experienced during the
conduct of the test sequence was that the Cathatometer had to be moved in order to
meke both leading edge and trailing edge measurements. Due to the unevenness of
the floor, the reference point was therefore shifted causing some d@ifficulty in

checking test repeatasbility.

(V) Comparison of Analytical and Experimental Results

As indicated in Section IV, a series of static load tests were conducted to
verify that the structural model used for the wing in the computer program was in
good agreement with the elastic deformations actually given by the wing. Figures
8 and 9 show curves of vertical deflection and elastic twist about the y axis
derived from both experimental and analytical procedures. It is clear that good
correlation was obtained for both twist and displacement in the static case,
implying that the mathematical characterization of the wing was adequate.

Figures 10, 11, and 12 summarize some of the deformation and force data
collected during the wind tunne! program. Figure 10 reflects the expected result
that inereased rigid angle oif alback yielded increased z -~ direeticn deformation35
Further, for a given q_ and a, .. ~ deflections increased uniformly in going from
the wing root to the wing tip. t'igure 11 provides a comparison of CL for the
elastic and rigid models cobtained I'rom experimental proredure. These curves are
g0 cloge to rigid CL obtained from the analytical procedure that the latter has
been omitted from the Figure. Iinally, Figure 12 displays the elastic twist
(increment in ahglé of attack) ntb @ = 8 degrees for q =

1y

50 lb/ft.2 and 80 lb/ftg. It is interesting to chaerve that a smull nepebiye
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FIGURE 9. Comparison of the static load twist
angle.
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angle of twist was measured at some of the inboard wing stations. Appendix B
contains a tebulation of Wind Tunnel Test Results.

Finally, we wish to offer a comparison of experimentel and theoretical
seroelastic estimates. The theoretical method outlined in Section ITT~C was used
to estimate static aercelasticity effects. The reader is reminded that the
fuselage section of the orbiter was represented amerodynamically as a flat plate
whose streamwise length corresponded to that of the wing reot. Figure 13 shows
a comparison of estimated and measurements for the wing leading edge z deflection.
This Figure shows thet this perticular set of data correlated quite well.
However, from Figure 1% we find that the theory estimates for elastic inerement
in angle of attack lie below those obtained experimentally. In an effort %o
determine if this difference was due to an inaccurate estimate of lécal center
of pressure for each panel section, the centers of pressure were shifted -
forward by 20% and a new solution determined, While this does give betterl
agreemenf, it does not appear that the solution to this discrepancy can be

obtained by & simple center of pressure shift.
(VI) Discussion

In this report we have described the design, fabricstion, testing, and
analysis of a quasi-elastic orbiter model. The elasticity properties were
introduced by-coﬁstructing beam-like straight wings for the wind tunnel model.
A standard influence coefficient mathematical model was used to estimete
seroelestic effects analytically. In general good agreement was obtained
betﬁeen the empirical and anslytiesl estimates of the deformed shape. However
in the zﬁatic aercelasticity case, we found that the physical wing exhibited
less bending snd more twist than was predicted by theory. Although the cause
of this difference is yet unexplained, there are several factors that mey have

contributed to it:
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1) Inedequate serodynamic representation. {See sbove discussion)

2} Imprecise wind tunnel meesurements. Although the wing was relatively
quiet during testing some induced vibration ceccurred. This vibration
elong with cathatometer operator error almost certainly induced an
unknown meesurement error. |

3) Structural Integrity. A continual problem that was experienced
during testing was that the rib-spar weld Jolnts could easily be
destroyed by improper handling, This failure would explein spurious
deta points like the one at station 9 on Figure 1k,

4} In-plane bending. The elastic wing was designed to have
spproximetely the same stiffness in-plane as normal to the plane.
Since the linear aserodynamic theory provides an inadequate
representation for drag, it was not possible to adequately
model this effect.

In sumary, the resuvlis obtained in this report indicate that the linear
serodynemic snd theories provide an approximete estimate of aercelastic effects.

However, our results imply that the theory underestimates (at least in this case)

the elagstic deformation in wing twist and henee the effects of elasticity on
1ift. We believe that further testing and more complete aserodynamic models are

required to resolve this question.
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APPENDIX A

Aeroelasticity Computer Program Listing

The following pages centsin a listing of the computer program used to compute the

elestic displacements of the model wing.
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&

T =G e

f/1TB4G TS JOB {TG0T=94=Cr=y*10y001+C~} " THISAYAKORN * e JNa 95g
F/sWATFIY

*x DISPLACEMENT DN MDDEL WING L2
% CAUSED RY DYNAMIC LDAD wik
Nk s ot el o o6 ok ok ol ot ek de ot ol ot e o ol 0 ok Bl o N T i e o N e e e S e e e e ol oo

NOTATION

PLSPARTJI=LENGTH OF J=TH SPAR (INCH)

M=HUMARER CF SPENWISE PANELS

ME=MUMRER OF DFGFE<S OF FREENOM FOR EACH PANFL :

EQPLYY =JTH. FLFMENT OF THE ELASTIC DISPLACEMENT VECTOR
FOA2{J} =JTH, ELEMIANT C® THE RIGIC CISPLACEMENT VECTOR

(23Rl RaloRa N alaRadula

T4 ICTY R€ALYR (2-Hy]=7)

DIMEMSTON ESTIFF(6,A)ef STIFLI6,6)+STIFF{24,24),01FF(20424)
BIMEMSTON VECL{24),VEC2124)

BIVENSTION FI(3).G1(8), EDP{24),RDP(24)

COMMON 7a%ih1/ RLSPAR{RY

COMMDN  Fi

oMy 78

COvway g2

“=e8 27 THETAL
PEAS DINVIEN . 501 «RIBUHILO) 4R 1BLHYL 10}
“ob6S PTTINYISR,60)+A124,30)

40 FORMAT (1DF12,32)

42 FOCMAT (4K, /7 15.5%

44 FOSMAT (5F15.56)

45 FOEMAY {T2u.12}

4R FOSMAT [AFY1S5.6)

G0 FTRMLT {A-16,4)

52 FO2MrT (2510 ,3)

Sh FONMLT [RFI3,3) . "

T0 FOOMAT (*t1%)

T2 FORMAT (v-2)

Th FORMAT ittt Ly AYALYTS OF GJd {POUND~IMCH SOULREGYYY

T FORWAT {t~*,6X,3v21ES IF Bl (POUND~-TNCH SQULRED)'}

T FORMAT (77, 4X,'LZRGTH OF EACH -SPAR (INCHY)

A FGEMET (1=F 4, P2 aSTIC DISPLACEMENT VECTOR [ALGNS THT MAJOR AXIS)

1 L

R2 FLOMAT {09 4% ,¢HERE I8 THL STIFF=MFTRIXY}

R4 FORMET (*-',T2u,'REDUCET SIZE OF D-INVERSE MATRIX!)

86 FOPMAT 19~1,T20,0 A-VATRI X*)

89 FORVMAT (9=1,T20s MATRIX K- MATRIX AY)
Gl FOAMAT (TXPINCHY,T23,*RADTANY,T37, *PADIAN'Y

Q4% FTAMEIT (4Xs*ZLASTIC DISPLACEMENT VECTOR (ALONG THS LEADING EDGFI*)

93 FAINMAT (TXGILTMTTNETEQSY ,T22,'DEGREESY 4 T3T, "REGPEES?)

Go FIRMIT [4Xe*2L2STIC GISPLACEMENT (ALOGNG THE TRAILIMNG EDGE)*)

M=g
MP2=M42
NF=zg

Sx{MF/R )
THETE1=0.16872

CALL NL™ (RET2,$0,5LPHA,N)
REDYCE INVIPSE D-“ATPIX TN THE WORKABLE SIZE

" MNaMEN
MNT={v+2) 8y

T I TR P P EP I NP § R R RN SRR TSP PP e G SR

et
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&1
62
43

646

&5
66
‘67
&3
A9

10
71
T2
73

14 .

15
16

T7
T8

‘80

a1
2
13

RG
as

At

-

oo oF

ang
Aeg

897

900

14

1J=0

12=0

DO 890 J=l.N
[2=12+2

DO 860 I=1,P

TJ=1.1+1
12=12+1
KL=(

‘D0 RAA L=1yN

DN ARR ¥s)1,MP2

KEL=KL+1
CENINVE LI, KL =DINVIIZ24KL )
LOMTINUE

COMNTINUT

PRINT A4

D2 89T 1=14MN

PRINT 4é&, 1
PRINT 42, (FEDINVITJ}JI=14¥NT)
CONTINIE

CALL AMZT (MyN,M3,2LPHA,50, BETAWMSTAR]

PRIMNTQUT THT A-MATRIX

PRINT 85

B0 SN I=1,M3

PRINT 46, I -

FRIMT 40, {A1],4),J=1,M5TAF}
CaMTINgE

ELD Ih TMPUT-RETA
READ 529 (GJLJ s 021,24}

PELD 52y (EIlJbed=1eM)

READ 50, (RLSCARLUS)eJ=1sM)

DO T I=1.4

GI(IY=RJ1T)*1 . 120 .
COMTIMYE

PRIMT OUT INPUT=DATA
PRINT 70 .

PRINT T4

PRINT &4,y (GJIL 4)J=1,M)
PRINT 76

PRINT 54, (EI(J)edel %)
PRIMNT 78

PFIMT 48,y {PLSFARLJY s J=l +M)}

DO 14 I=1,3
RO 14 J=l,43
STIFE(T o di=le
MMl=M~=]

FORM GLOP#L STIFFHESS AND MASS MATRICES
LN 32 Tl=1,¥8]

[3M3=11»3~3

TF(IL.6T.1H6D TN 516

CALL STIFFE (SSTICL.GIILI+EI(L D LiNF)
CALL TRFCRM (TSTIR1,THETA 1.,MF)
FALL STIFFE (SSYTER,GII2 ) FIE2)224NF)
CiLt TREDFM (ESTIRF,THETA 1 .NF)

T e o

£E




a9

99
9
91
Q2
93
9%
95

9%
s?

9

99
109
101
102

103

104
105
106
107
198

109
119
111
112
113
114

SEYARNTNG®*
115"

116
117
118
119

129

12t
122
123
124
125
126
127
123
129
130

i21

646

919

929

280

SO

ilo
]

311,
329

3]

[N

332

360

NFD2=NF /12

DA 646 I=1.NFD2

D K46 J=14NFD2

ESTIFFE (I2J)=ESTIFF(TeJ)eE. s IFLUI+NFD2,J+NFD2)
CONTIMYE :

6C TC 929

COMTINUE

11PL=11+1

CELL STIFFE (ESTIFF.GI{TIIPL)FT{I1PL}, J1P14NF)
CALL TRFORM (ESTIFF,THFETA 1 4NF)

CCONTINUE

.COWHINF FLEYENTAL MATRILES INTO GLORAL MATRIX

0N 13 Ji=1+NF
DD 1% KY=1.NF
STIFFLIIMILIY, IBMIR 1 )=STIFFIIINI4IT, TIMI4K LD 4ESTIFF(IL4KL)
CONTINYE
CINTINUE

PRINT ALT THE STIFF<MATRIX
PRINT B2

oo 280 I=3,"3

PRINT 46e 1

PRINT 5G4y (STIFFI1,.0)4Js1,M3)
CovyINne

MATRTIX K- MATRIX A

NN 210 1=1,43

0 210 J=1,43

DIFFIT, M=STIEF{T,JE=A11,J)
CONTINNE '
GOTD 220

PRINT 8§

HENYMAERED EXECUTABLE STATEMENT FOLLOWS A TRANSFER

BN 311 I=],m2

PRINT 4k, 1

PRINT 54y (NIFF(Tyd)yd=14M3)

CONTINUF .
CANTINUE ,

Calt INVIT (DTFFeM3,1.006)

GENEPALTZFT )] SPLACEMENTS

90 332 1=1,%3

VEC2(1)=0.0

DY 332 Jui,NSTLR
VECLTI=VEC2UT+ALT, JI*ALPHA
COMTINUE "
07 3A0 T=1.M3

SCP{EI=0.0

00 360 J=1,M3 :
END{1)1=ENPIT I« CIFFITJI&VECZLD)
CONTINOE - ;
ERINT TUT NISPLACEMENT VECTOR
oRINT T2

;

e b, R i SART N o e S
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e



i32 PRINT RO

123 eQIMT 9}

134 PRINT a4y {(EDPLL).L=1sM3)

135 PRAINT T2

136 PRINT 94

137 PRINT 95

138 0N 40D0 1=31.M

139 Jrll=1]) "3+

140 K=l I=1=3+2

151 L={1-11234+3 -

142 ‘PPINT 44, EDP(.J1%2.540 +RIBUNLT  I¥ERP(LI*?,.540 +EDPIRI*ST, 2
i OSTAOLEDPIL)*57.295780

SEXTENSION® OTHER CNMPILERS MAY NOT ALLGW EXPRESSIONS IN GUTPUT LISTS
*EXTENSIGN® OTHES COMPILFRS MAY NOT ALLAW EXPRESSINNS IN DUTPUT LISVS
SEXTENSION®  QTHTR (OUPILIRS VAY MOT ALLCW EXPPESSTIONS Th QUTPUT LISTS

143 400 COMTINUS

144 PRTNT 72

145 PRINT GH

146 e PRINT 95

147 DO 420 I=1.M

148 J={1-~112+])

149 K2{l-131%3+42

150 L=(i-1)23+3

. 151 PRINTY 44, £EDPL J1%2. 540 -~QTRLHIT  I*EOP{L1*2,540 WFOPIKIHS5T .2
1 G5B EOPIL)%5T.295T 80 .

*EXTENSION® OTHER (OMP. LERS MAY NAOT ALLOW EYTngSSIONS IN NUTPUT LISTS
*EXTENSTON® DOTHER COYPILERS MAY NOT ALLCW EXPRESSICNS TN QUTPLT LISTS
®EXTENSION® N¥HF2 COMPILERS MAY NOT ALLCW EXPRESSIONS IN DUTPUT LISTS

152 420 COMTINUEG
c
153 99 STae
154 o
. c Brikkthud ek e tkn sart at s bk W SRR AR IR R ETE R AR R R FE RS

155 : SURRNUTINT CLY [PETE 50, 2LPEA N} .

THT DCUPLET LATTICE BINCFOLRE
FO& STEANY-PLANEF ¢ SJRS(HNTIC, COMPPFSSTALT FLOW,

INCRMMENTAL NSCILLATRRY NWMPLSH FACTORS
[BY FITYIKG THT ¥IRNDL FUNCTION FOR LIFTING FUMCTIONS WITH A DARARILA)

SYMBML.S:
JLOHE  =STATIC AMGLE OF ATTACK
EoSTLE=LOCATIAON ©F THE pDGT BOTNT ON LTENING ELGE
GLOTTE=LLCATION CF THE 200T POINT DM TR2TLING EDGE
TIPLE =LFCATION GE THE TIP POIMT NN LEANING ZLGF
TIPTE =LCCLTICH ©F THE TIP POIMT OGN TRATLING ELRE
Mo shgua=c :F CCLHMMS DF WING PAMELS (OM ONE WING)
M =HUMPTE M PANILS PR LOLUMN
{THE COLUZNS GUN FROM THE LEADIRG TQ TRAILING EOGE NF THE WING)
A =LEMGTH 8 SEMI-WING SPAN
CERCCIT}=PLRPCENTAGE OF CHAPOWISE LOCATION OM THE WING
PEFCSYI)=pARCENTAGE OF SPLN-WISE LDCATION DN THE WING
#YLT.JI=LTNRTH OF FACH DOUBLLT LINE
DELACL, 3154058 TF TACH WING PANCL
AT, 00 =LTCETION OF EACH SIMDING POINT OHT ELCM PANEL
X LTed) SLOCATION 0OF RFCSIVING PCINT ON EACH PANEL
LASLP  =GLOPE OF MAJNR EXIS OF THFE WENG
XIEXCFI=XT CONRDINATFS OF EACH COLLUMM ALONG THE MAJOR- AXIS

2 iulsiaEaXsEslslinEae el Rl N knNeXnXsisRaluRaEnl

q 0
Q. e
™
L

143

Lin O Wi



156
157
158

162
163
164
165

164
167
168
169
170
171
172
173

174
175
176
1717
178
179
1an
81
182
183

1A4
185

186
167
188
189

180

191
192
193
1946

202

P lakainks)

YO ™

200
2lu

220
230

240

250

252

254
258

260

210

PELCPIT )1 sPCOFSSURE CREFFICITMTS ON PNE WING

va =GPFLIOD OF SQUNN
EwarH =CE BT STPFLAM MACH RUMAFR
WINE =FREF STREALM VELNCITY

IMPLINTT RLAL®A [A~-W,0~7)

NTMEMSICN PCYSLPU&) ,SLOPF{6),PERCS{11),PERCCITY
DIMFMSION X112 041 XINA(A ) XTID(E LXIND 6D TANLAMIT)

DIVERSINY XITCThXIN[(T),Y(L01,ETACLI0) 4 XI2X(IG)HoCILT)ETALLL)
DTACHMET M X106 101 XICI64100, X {6,100

DIMTNSI M DULPLE ¢ L) o DELX L1000,y f16,10)
DIMERSTON DELC{A,11)

REAL*R L2MNZ{A Ko LARDAIN 5 )y MULAH, 100 ILEFT, IRIGHT

COMMDN J2RTAZS DRSSI60,60)  RTRUHILO} 4RIRLHILIOY

CONpMON /82057 DRLALG+12)FL (6,100

BTN {5.210,EK0D=2850) R0NTLF yRO00TTE y TIPLESTIPTE ;B M: M ALPHA

FCAMAT (5F1042."110Fil0D.6)

PRIMT 220

FORMAT [117)

PRIMT 27290

FOPMAT (4X,'0ATA INDPYT:= ')

PRTMT 240, RO ILF FONTTE « TIPLE G TIPTE 4R M,N

FREUAT (&N P30 E= P10 bheGX o "RODTTES V9 FL0W444Xe 'TIPLE= ' F10u4%
1 P AN T TIET IS 1, T 0y aRe R Py F10 4K M2 1 TA 0K R 1,410
PRINT 253, FLPHA

FOEMET (¥=1,4X ,*ANGLE OF ATTACK IS ', Fl0.6)

VA=1090 .0

w=g,0

wr=0,0

UIMF=259,0

FMACH=)INF/VA

AETA=NSQRT( ) LO-FMACH¥®2)

RAsAXAETA - .
§$0=20.50¢0,00250386T* VI NFx+ 2

PEINT 252, FMACH,RFTE,S0
FOSMAT [T20, *MACH NIMATR=? F10.6+T60, *AFTA=',F10.6, TGO, YOYNAIMIC PR
1IESSURE, D=*,Fl{.321

PRF CAL’ULﬁTIﬂH F(iR THE rCOPOINATES OF THE SENDTNG AND RECEIVING ELEMENTS
CALCULATION CF THE <9FK8 GF EACH WING PANEL
IN=a+l

TM=M+]

MM EN

LD 254, [PERCS(J)pd=1, IM)

AEEN 254, (PTRCCITIN,I=1.IN)

AT (87 00

DRINT 258

ENIMAT (99 ,4X,'PERCINT CF SPANWISE PANFLING LOCATICN®' D
PPINT 305, IPEPCSTIYd=14IM}

eRINTY 280

SANMAT [ "~a 4N "PERCENT OF CHNRDWISE PANELING LCCATYION')
DREINT 305, (PEFCCIIN.Ie=l,INMN)

L3 270 J4=1.14

tT“(Jl“"“-'-':"rS(JI

COMTINYE

o0 280 T=1,IM

XITUEY=(22CYTE~ROOTLEV P FRCCL I Y +ROOTLE

9t



203
204
205
206
207
208
209
210
211

212
213
214
215
216.
217
218
219
220
221
232
223
224
225
226
227
228

229
230
231
232
233
234

235
234

237

238
239
240
241
242
243
244
245
246
247

2x8

245
250
251
252
253

T 2%4

255
256

i

OO0

2R0

284

3a0

370
380

305

XIMII=ATIPT T -T[PLE)EPRP(C{II+TIPLF
TANLAMIT )= (XTI MY I-X11{101)/78

CONTIN IS

C{L)=R00T7Tr =2 0TLF

CIIMI=TIPT  ~TIPLF
AXSLP=C(TIPLE A PITLE+D 2T (C{IMI=C{1))1/R
AXDTG=5T7,255TA0«DATAN{AXSLP)

PRIMNT 284, LXDES

FORMAT (=1 ,'SLOCE OF MAJIR AXIS =V,Flb.64*% DEAREFS )

SLOPE NF LIME [NHALFTS, SLAPE, WITH fTS AMGLE, LAMDE,
DD 370 I=1 N
0n 300 J=1,1¥

CAHN=COLI-(CILI-C IMNI*PERLSL D)

CELCAT I =(PTRACCUI+1I-PTRECIT) I¥C 1Y)
CONTINDE

RITOCIISXITIT) 42,250 *GELCTI, 1)
XIOP{II=XT301) +0, 25070500 ( T, I8
SLOPELL ¥=I[¥I"1 31 -XI 1211 H1 /8
LARACT I =DATA(SLEPE(T D)

LEVOAD( 11 =La%T8{])~57,2%57AQ

XITR(II=2TL 1136075 =OFLCUT.1)

XIORE1y =417 T 42. 750 =LFLOLTY, IM)

RCVSLPE 1= XINRI D -XTIR({ T} /2

SRIYT 39

FOOMAT (1=1,4X W ANGLE GF FACH DOUBLET LINE (IN DEGREES)?)
PRINT 305, fLAYDADIT).I=1.M)

FORMAT (4X,F1h.5)

NOW COAP T ING THE RENJIRED CONRDINATES

14=0

NN 405 I=14N

01 405 J=1.9

Ul Ted)=(E Ta(J+1|—:Tn(J|1/Dtﬂ$(LAﬂ0All|l .

INNDEX J=27"=]) «1

DELAL Y, JI=0 . 5300=nEL i, 1t (FTALS#1)-ETACIIIS(COLIEINDEXS
AC{IM = (Pr3=13 371 C (] }5M)

BELALT, JI=mELALT )/ 92T

1d=14+1

XTCT o) =XIT00]

ETACUJ) =0, 5“*1

YU jy=ET a0t

KUTp )= XL IS (2«20 ySLP Ity LY

DELYT T4 312050 IPFLC 1] o JI+DELC (T, 2410 )

XICUT o b b=X0t ) )=050=0FLX T 4 J)

¥IART DY =0, 3 18rT {11+ AXSLOFPY (L) +RAOTLE

beTaid ¥RSLOPE(TY
FTACII+TTL0g+2))

CERLETy JisXTIC T Ji~XTAXT D)

40%

398

310

Flled¥=Xl T, 3Y-X{AXK(I)
PIAHEII=TC T Y4041 3 72.0%0,2750

FIN R JIsRIAN4{IN =D, A250/0.3750

COmTINE

PEIMT 20K

FRORMAT. (11,0 X I-LZCATIGNS ALONG THE MAJOR AXIS:z=Y)
PPINT 340, [XIAX(K)},K=1,9)

PRINT 310

FORVYET (9=t 4) tHERC §S THE VECTCR OF M.
or 31) I=1,.M

PCINT 330

SRINT 340, (MUHLT e Jhed=1s M)

|

|

vl ON WD)

LE




. 257 311 CrMTINUE

C PRINT 214 .
C 314 FNRAAT (1t 4% 0 %=L OCATIOMNS OF EACH RECEIVING PQINT)
c BRINT ==
c PRINT 340, ((X{T14J)edzleFh,T=]1,N}
258 PAINT 220¢
259 320 FOIMAT ("7 ,4X,'OANEL ARFA NN ONT WINGY)
260 09 350 I=1,M
241 PPINT 220
262 330 FOIMAT (*-1)
263 PRIMT 340, (D-LALT ¥, J0=1eM)
26% 340 FORMBT (44,107 12.6)
265 A50 CONTIVIE
266 PRINT 352
267 352 FNAMAT ('=t,T20, *LUI,J) WITH SIGN OF THEIR X-COORDINATE LOCATION 8
1EING CAPRIEND ALONG')
268 00 363 [=14M
269 PRINT 230
270 : PRIMT 3404 (FLI{TsJdleJd=14NM}
rES| 353 CTMNTINUE :
272 PRINT 354 ) . _
273 354 FORMAT (- ,T20,'R{I+J) WITH SIGN OF THEIR X-CNORDINATE LOCATION 8
TEING CARRIED ALOMGY)
274 DG 355 I=1.N
275 PRIMT 3G
26 pRINT 340, (P(1ed}yd=1l, M)
217 355 COMTINIE
¢
C MDW CALCULATE DRS{1) aMD ORS{S} MATRILES
c PRIMT 340
C 380 FORMAT (*=1 13X, 'DRSSY 20X, 0RS17)
ZTB 1'].=1-0
219 KE=0
280 DO. 590 K=1,% -
281 DO 590 L=1.4 - s
282 3 KL=KL+1
293 1J=0
c PRINT 415
€ 415 FORMAT (v-v)
C PRINT 3&1%, KL
284 DD SRO I=1.,4N
: < PEINMT 315 _
€ 215 FOPMBT [4X,°? v}
285 DO 5RO J=1.™
286 S B S 2 | .
287 KMXI=XEK,L}=XI(1,J) .
283 - YMETA= YIL)=-CTALS)
289 YPETASY(L}+ETALY)
29) XAXTCaX K, L) ~2ICC T4 4D
29} ) YMETRC= YILY-FTACC S}
292 . YPETAC=Y{LY+FTAI L
293 . ROOT= DSORTIMU{TJ)?E2-2,0 »[AMAXI*NSIM{LAMDALT)]
1 FYHETA*DCOSTLEMOAL I DI v M B J ) e XM TN 2 2FYMETA® *2)
254 ) IRIGHT=MU{ T+ J) A YUETAS(YILI=CTAL I+ ) T #IRONT/ZIVILI-ETALI+L 1)
. 1 - DSABT{XAX TE% 2 YIET A2 J/YMETA Y ZEXMXT*DCOSILAMDALTY )
2 ~YAETA=D STNILAMDACIYY )
255 . RGGT= DSORTLA (I 4 ¥%%2-3,0 *(XMUT*DSTIN(LAMDAL(TY)
1 ~YPETARDCAS(LAMDAL T I PRNUL o J N+ XMXT k% 2+ YPETAX* 2}
296 ILEFY=r U T, IV Z(YPETARYILY +ETALI+11 )} =(RONT/UIVIL I+ETALI*L))
1 - DSORTIXMXIum24¢VPETAS®2 L 2YPETA) /I XUXIRDCOSILAMDAL LY )

gt



297
298

299
3G9
301
202
303
304

305

306
307
301
3ud
310
anl
312
313

3l
- 315
ER L)
317

319
3146
320

121

ari
324
325
E Rt
axer
¥ L
3=c
339

W
(Y]
N o~

333

(PR RIT A PUNN T}
€ 01l b b s
B H 4P

[

W
r
e

342

[ N e

580
580

600

GeQ

40

2 +YPFTLYDSIMNILAMDALTL]LY Y
DRSS={IRPIAHT+ILFFTI*YDCOSILAMDALT) )

IF (W KRN GOTT 492

DRSSIKL oI DI ={TPIGHTHTLEFTI=CCOSILAMDA(TS}

OFSSIHL o TS V=DRSSIKLy IS5 %0.50*DELXNI] 4 JY 74,.0/3,14155265360

TRANSFARY 3ACK TO THE JQRIGINAL Y-AXIS
YYETA=YMETA/RETA

YOUTA=YPETA/HETA

YMTTAL=YMETACIRETA
YPETAC=YPETAC/RETA

CONTINYE

COMTTINUE

CALEL INVPT (0RSS 44N, 1.0D0)

D0 &00 T1=1,N

PO 60610 J=1.14

FL (1,J)=FL L1,J1/8CTA

CONTINGF -

a0TH 209

coMT VUt

RETURN

=ND

AR PR AL A XA G LN B A R A AN I ANE RN B R T AL Rk kT AR b R YA RN

SHRFMUTIMNZ STIFFS (SSTIFFIEGI4EFT «N,MNF)
TVOLIC!IY RFAL=AR La-#,0=-71)

DIVENSITN TSTIFS{NF4MNF)

COMMTe AR LtS 2LSPAR{B]

P{C =FLSPAR(N)
FLIM2sPL=&D
BLCI=RLCHF*3

ENPY BENPING STIFFNESS MATRIX -
ie ‘P_G T=1,nE

L4000 J=1.4F
CSTIFFET,0Y=0,0
CrnTIMR
FETIFFI Lyl =12, /RLCFEE]

FETIFTI],21504/3L02%FF % .
EETITF{ | yb)==]2, JRLCZFEF ] . ¢E

ESTIFF{le8YRA /R L02:T] _

ECTICFE2,1)=ESTIFEC],2) , ‘%7
FATIFFI 2,20 =4, /FLCHTEL . o,
ESTIEFT 2,4 )=<ho/RLCI*ZEL o8
ESTIFF{2,51=2, /7LC+EF] @

ESTIFF(4,1)=ESTIFF{1.4)
ESTIFF{A,Z)=ESTIFFI244)
ERTIFF{Ly4)=TSTIFF(1l,1}
FRTIFF(4y5)=~h J/RLC22CF]
ESTIFEIS,1I=LSTIFF{1,5)
FESTIFF{6.21sTSTIFF(2,5)
ESYIFFU 544)1=7STIFF(4,5)
ECTIFFI5,S)=ESTIFF{Z,2)

Fram. TOASTOMAL STIEFMESS MATRIX-
FSTIFFE343)=LGJ/RLC
CSTIFFU6,31==E53/RLC

6¢

40 ON W



342
44
345
356
347

348
368

350

351
352
352
354%
355
a5&
357
352
353
370
351
362
3&3
LS
165
366
ELY
368
39
3to
a7t

372

373
37¢
375
376

ar?

LA MAaAMOAAAMEOANOON OO

4%

52
51

54
53

ESTIFFL3.6)3ESTIFF{6,3})

ESTIFFI&.+6)=ESTIFFI343)

RETURN

END .

HER RNy S By RE S sk ko s & Poh BN A K b ke R ol e or g ok e o o ok ool i ok

SURRNUTINS TRECRM (A THETAT yNF}
IMPLICTT REAL®8 (A—H,0-Z)
DIMENSICN AINF ME) TRANS (6 16 }oPROD(S o6 )

DO 44 1=1,NF

DY 44 J=1.MF

TRANS(T +J1=20.0

TRANSE2411=1.0

TRANS {4 44)=1,0

TRAMS{?2,21=DCHSITHETAT)
TRAMSA2 ,3 }==DSINITHETAT)

TEaNS{3,2)=NSIN{ THETAT) -
TRANS{3,3)=NCDS{ THETAT)

TEANS IS S5 )=DNCOSTITHETAT )
TRANSLS 61 ==OSIN{ THETAT)

TFANS(6,58= DSIN(THETAT)
TFANS{5,8)=DCNSITHETAT)

AR 51 T=1.NF

Pt 51 d=}4NE

PFID{L. I} =0,

A0 52 K=]NF

PRODUT, 31=020D( T JI+TRANSIK 4TI %AIK, J)

CORTINUT

rD 83 =] .NF

DD 53 J=1l.NF

2(1sJ)=0.0

A0 546 K=1.M4F :

A {I.J)=4 (1,01 +PROCIL K I*TRANS(K, S}
CONTINGE . .
FFTUPN

ERD

B T 3 e s T R g Ty LT TSt e T R b T e e e e

SUBRAUT INE AMAT {M,N,43,ALPHA,SO, BETZ,MSTAR)

SYMADLS 3~

THETAL =aYGLF FAGM TLASTIC AXIS ONTO THE Y-AXIS

THI Te2 =AhGLE FROM  LINE GF LNPADINGS CNTO THE y-AXIS

f = SFHI-SPAYUTISS LENRTH

KUOTLE SLOCATINY 3% THE RCST PLINT 0N LEADING FRGE

ROOTTE SLOCETIAN NF THE PECT PrINT ON TRLILING EDGE

TIiPLE =tNCATITM OF THE TIP POINT ON LEADING EGGE

TIPTE C =LNCATINYN OF THE TIP POINT ON TRALL ING EDRGE

ALTDRG =8NGLE NF AYTACK IN DEGREES

EXF(LL) =YEITICAL FORCS LOAD 2MTO THE J-TH. SECTION OF THE WING

EX=(L2} =HFENDING HC*NT LGAD ONTO THe WING (EQual$ ZFRO 1N WERED

FXFILE) =T2RSICKAL MOMENT LOAD GNTO THE J-TH. SECTION OF THE WING
(CAUSFD BY VERTICAL FIPCE APPLIED OFF FROM THE MAJIR AXIS)

Yi.4) =Y-LICLATION CF E4CH WING SECTINN

xX2¥{J) =X-LNTATICMN ALCNG THE MRAJCR AXIS

X103 . =A—RCTETION ALCNG THE LINE OF LOADING CN THE WING

AR J) = IARSILMAL MLMENT ARM DF THE J=YHe SECTION

PLC - =SEANMIRE LENGTH COF SaLH PANCL

FFET. ) =CONDIMSER CIRCULATION MATRIX

of

Cirl oMMt

P




379

379
340
a1
32
383
384

EL

3R6.

387
38
379
350
591
392

333
34
95
3chH
397
3IGR
349
403
401
412
403
&4
405
408
H7
408
409
410
411

413
414
41%
416
41T
4% g
419
%24
421
422

523
425
425
426
4?7

[ X ]

rPriyd =LISTANMCE OF DYNAMIC PRESSURE OFF FPOM THE MAJOR 2XTS

IMPLICLY R7AL®R (A~-H,0-7)
DEVMENSTON ETAIMPY)
NPIVENSION ETAL9),DPCEB)FLDL4B)

CIVEMSIAN ARV ) ,F(R,101, XKAXIR) , XLD{B}.Y{(B)
DIMrNST N CLAL A,10},05L CP(48,10)
COMYON fa0EAR /S TP=TAL

COMMEN JASE 4 REVINVIAA ,6D1,A124,30)
FOVADE JAREAST DELACG.10):FL (6,10}

2 FCPMAT (8F10.6)
B FODMAT {*=9,4X,  ACTUAL MOMENT ARM OF EACH COLUMN (ALONG THE SPAN)®

42
43

L2

45

1

)

THETAZ=0,20%62

APNTLT =0.0 [
ALRTTIE=10.0050

T1IPTE=10,.0050

TIOL®=5,980

R22] . A9

CAHLEMLATE CISTAMLE OFF FROM THE MAJDR AXIS NF EACH STATION
4B1=M+l

'.1[’2:"*?

URTAS =T34

RCO30 d=1,vnl

ETA{Jy=RT{U-1) /M

LoMTINGE

O 41D J=1,."

YU =0, 5061 TATSI+5TALI+1))

Y OANION=ROCTLF 40. 37500 LF COTTE-ROOTLE I+ Y( JI*OTANI THE T2}
X LPUII=R0GTLE 04250 #{RCOTTE-RONTLE J4¢Y(J)IRDTAN(THE TAZ)
SIS X I J) =X LB JY ’
CoNTINUEG -

MR SMAN

I 43 I=l.MN

I 43 J=1.M02

ATL LR, 4 =00

0T 42 w=l,')

L=f¥~-11anp2

TrL LBl V=R CPLE G JY-REDINVIT yJ¢L)
bl £

LreTiNge .
D45 [sl.m .
neoo45 J=l,MPp2

CLtE e di=0.0

[T 4L K=,

L=(¥=1)ap

CLALT L 1)=CLALT JVe0EL CPIT+L,J)/RETASDELAIK, [+2)
CUNTINGT

€ (T4 Ji=CLAT].d)1*S0/144.0

CTuTINGE

EIvT THE EXACT LOCATION OF DYNAMIC PRFSSURE
CREC S UD ThN)

ATED 1=lewn

SLAt 11040

AZ 60 J=14MKES

FLEITISFLOI 1 I=REDINVIT o 4)

X



428
429
430
431
432
433
434
435
436
437
528
439
440
44]

442
443

hiih

445
446
441
4R
459
450
491
452
%53
454%
%455
456
hsT
45A

459
469
4A1

462

Y
455
Lib
4471
4AR
+hHS
ATH

471
L7z
&7
YTk
4715

3Ny

o XN Xy

s K

60

62’

&5

50

55

CONMTY INUE
DO &5 =l M
REP1=0.0

, REN?2=0.0

nn &2 T=1,N

K=ti=1)vM+d
FILAMKI=FLD(KI*NELALT o J+2 )/RETA
FLOD(K I=FLDIK }*57/144%.0
PEPL=REPL4FLDIK
REPZ=R=02=FL{] yJ¢2)*%FLDIK)
CONTTIMUE

DOCLJ)=REP2/FZEFL
0eCid)=0PC1I}*1,20

CryTIMUE

PRINT NUYT THE NOMENT ARM
PRINT A
PRINT 2, (B2CIJ),J=1,M)

CO¥PRRE T3 THE NHATEF CHORD MUMEMT ARM
BRIAT 2 (2xrl U} sd=1,M)

FOEM  COSEFICIENT MATRIX FA2 EXTERNLL LOAD

9% 50 [o1,M2

NS0 J=1,vSTAR . E?
211.4120.0

CoNTIMIE | e

B RS 121, %
2R (TV=00CHTY %@
13=1%3 . )
Nt 88 Jol.ma2

33=0%3 :

A1T12-2,J20=F (1,4}

FUTT LA =R L, S J=ARB{ T 2P LDS (ALPHAY)

LNt s .

3:'4?&

FaR

2Rt t AR Ee TR by AR AT AT T E R AR R bR AT S b w3 ke W KR bk Rokn g T Rl

SUAEDUT INE TMVFTLANSCALE)

[v2LICIT PFAL®A (P-1,7-L)

ALYEMSINN A(M M), INNEX (S0, 2 1, IPVATIS0),PIVIT(50Q)

CELL SRASTT(2074256,041) '

CLALE
ATl i=
oo i J=
2{Ted)=
0nT=1.0
NEe=0,0

NStz s

1717 J=1N

reveTid=)d

GC 139 I=1,N

FTLIONTNT 12 STATEMIMTS FOR SEARCH 5% TIVOT ELEMENT
w-rren

Tt e sl

CIEIAYITERI1) 17,8,13

R E P

TELIRVD TN =11 3,423,171

WhN MATPIX £ )

N TOA L
N

1

e e

s JY/SCALE

ol



476
477
418
470
480
481
482

4n2
494
4R5
494
457
4R3
439
490
491
492

493
404
495

496
497
4GSR
439
500
501
502

5013
534
L1
506
S37
806
549
510
511
512
513
Sl4

a19
516
17
5.8

519

kLI INkb

On

C

gnee ysest

DIAGMISTICS

43
a3

73

12
109

205

2l
a9
135

272

18

549

al

2

a1

.II!“AT

FRINARS(T)-DNARSEAL),K) 1) 83423423
TROU=Y

Ierl =«

T=414,K)

LTI

CrNTINUE
1PYRTIICOLI=TOVOTLICOL I +1 ~

FOLLOWING 15 STATEMIMTS PUT 2TVOL ELEMENT ON NIAGUMAL

IFITIRNE=-I00L ) 79,209,713
DFET=-NET

ar 12 L=1sN

T=2{TF kL)
AUIRTIWL L Y=ALTCCL L)
ALTICPL, L) =T
IMOIXC] 1) =1P7 0

T XLT 42 =1Ci%0
PIVATIT =2 1COL, IC0)
NET=NET=DIVATLY)

EAL7WING 6 STLTIMENTS T DIVIDE POVOT FoW BY PIVOT ELEMENT

ACT7 L, 1000 Y=nss
neo2us L=1|\'
AUICOL L ="(ICECLLI/PIVOTIT}

FOLEDPWTINT L0 STATEMENTS Ti) REOUCE NIN-PIVNT RECWS

0178 LT=lel

TFELT=-I00LE 21,128,21

T=3{1 T,120L)

ALY ECTILY=7TRC

07 RS L=l.M
ACLT.LE=L0L S L)-2016OL, LT
CrmTInes

FRLLCwINT 11 STRTEMENTS T THNTTROHANGE COLUMNS

003 1=l

L=h-14+1 .

TRETHD {L, DI=INDIA(L,2Y) 153419
JE el 2 Ll a1} -
JETL= 1 TRL 4 2)

Y RhAS MRl N

T=23{¥ yaslmi

AfR, $22%WY =3 {K, JCOLY)
PRI T
ComTIYuT

FoNTIhgs

CrNTiN T

SCALE RACK THVYFRSE OF MATRIX-~Ameo.
30 2 T=1,.N

IR £ S

AL J=41T 4 J3/SCALE

IETURY

IETYSEN

FNT

5
Y

.3 e
R

INSUFFICISNRT weuangy T8 ASSIGN ARRRY STCFAGF. JOR ERANTOMED

COvYDILE TWE=

MEJECT CUDE= 764312 BYTT S, ARRAY AFEA=

NUMRFE NS 229745= 1, MywaED

6.69 SECL,TRLUTION Tiur= 0.00

82752 AYTES,TOTAL AFEM fVALILRBLE= 104544

OF w2oNINGSs Ly NUPBE® [CF EXTENSICANS=

seC,

TEMU/WATFIV = VER 1 LEV 3 JAMUARY 1972

EYTES
L}

DATE=

147217

£y
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APPENDIX B
Tabulation of Wind Tunnel Datg

Spap

LEADING EDGE
o= 2,13

= 0.1683

i C

1
+
.

 Cem

D 0.1037

= -0.168L

:
! TRATLING EDGE

o= 2.13

C

L 0.1679

0.1016

It}

{ Cp

e

e et gk emi e

= 423.06 sq. in.,

STATION NUMBER

ON WING

L

10

T = 8.36 in.

VERTICAL DEFLECTION

e T

g - e et Ptn 47 7 =

0.176
0.301
0.45

0.58%

0.731

S

-0.015
-0.015

0.042

0.196
0.239
0.301
0.486
0.682

| LEADING EDGE

‘Q = 5037
‘ 0.461

(9]
1

= 0.1215

jo]
1

' C

! Cpy -0.3301

STATION NUMBER

“VERTICAL DEFLECTION

D -

_ TRATLING EDGE
|

‘g = 5,37
:Cy, = 0.4675

:
o = 0.1242
ic

{ Cry = -0.33L41

2,096

ON WING 815 Sog
3 -0.029 0.0282
4 0.06k 0.079
5 0.21 o.163i
;
6 o2 o.379§
T 0.752 g 0.662
8 1,178 % 0.9853
9 1.617 i 1.h56%
10 ; 2.005 ¢




LEADING EDGE STATION NUMBER - |  VERPICAL DEFLECTION

o = 8.61 ON WING ) | 6LE 5TE
c, = 0.758 3 0.021 0.058
iCpy = 0.1L95 b 0.19 0,163
Cpy = ~0,4591 5 0.4h2 | 0.395
TRATLING EDGE 6 0,849 } 0.71
a = 8.6 T 1.ho6 i 1.182
¢, = 0.7521 8 2.089 1.724
C, = 0.1505 9 { 2.905 i 2.491
Coy = -0.4552 ‘Eo _ 3'TE€_HM~meM_?’258
II) q =280

e e
'LEADING EDGE

co = 2,13
[

= 0.1676

o
|

3

0.1059

ON WING

STATION NUMBER

VERTICAL DEFLECTION

8

R e

8

éTRAILING EDGE
Ea = 2.13

TCL = 0.167

‘CD = 0,1033

Cpy = -0.1665

) S

R oap e

|

% LE TE
3 B 0.2 ~0.22 |
b ; 0.06k4 0.035T
| 5 E 0.132 o.ogsé
! i
6 ‘; 0.282 o.ao3§
7 i 0.h63 0.32h %
8 0.718 0.457 |
9 E 0.908 | o.7u7§
10 ’ 1175 | 1.019
4 i

45



[ LEADING EDGE STATTON NUMBER VERTICAL DEFLECTION
a= 5,38 ON WING S -
c, = 0.4779 3 0 0.02
Cp = 0.1254 L 0.149 0.155
cPM = -0.3443 5 0.408 0.296
TRAILIRG EDGE 6 0.78 0.535
a = 5,38 T 1.323 0.95
€, = 0.4759 8 2.048 1.562
cD = 0,1252 9 2,898 2.286
Coy = -0.3437 19 L 3.678 3_.165
TLEADING EDGE STATTON NUMBER VERTICAL DE»mcwiiow
a = 8,62 ON WING 51.1-.“ 6?@.;”
c, = 0.7728 3 0.048 0,037
Cp = 0.1540 L 0.268 0.236
Cpy = ~0. 4776 5 0.639 0.591

4
'TRATLING EDGE 6 | 1.335 1.153
ia = 8.62 T % 2.251 1.891
d }
: L = 0.7732 8 ‘5 3,356 2.87
‘e, = 0.1503 9 ! 4.682 4115 !
§ : f
Ec = .0.4784 10 ' 5.505

PM

46



