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TECHNICAL MEMORANDUM X-64993

SPACE SHUTTLE LIFT-OFF DYNAMIC MODEL

|. BACKGROUND AND PURPOSE

The purpose of this report is v0 verify the on-pad structural dynamic
model to be used for analyzing the lift-off response : f the Space Shuitle vehicle.
The Space Shuttle vehicle during the lift-off process changes from cantilever to
free-free conditions. This transition does not occur instantaneously but in steps
as the vehicle lifts off. The vehicle is equipped with eight holddown blocks for
support. As lift-off occurs, the aumber of holddown blocks in contact with the
vehicle can vary from eight to zero. The number of blocks in contact at the
base of the vehicle will vary depending on the trajectory and vibration history
of the structure.

A schematic of the vehicle sitting on tiie pad in its vertical position is
shown in Figure 1. There are four support points at the base of each of the
Solid Rocket Boosters (SRB), which are the cantilevered points for the vehicle.
Because the vehicle is flexible and deflected at lift-off, the vehicle structure
will have varying holddown boundary conditions as it lifts off. For lift-off
dynamic analysis, a dynamic model of the vehicle involving modal synthesis will
be used. The method involves calculation of the vehicle structural vibration
free-free bending modes and coupling these modes to the launch pad through the
SRB skirts. This analysis will necessarily be three dimensional because of the
complexity of the vehicle. The process of using free-free modes and tying these
to the pad via a skirt stiffness matrix will allow for the minimum number of
modal analysis cases to be made. This limits the number of boundary conditions
to free-free ana eight point cantilevered.

The study in this report is a step toward the verification of this dynamic
analysis model. In this report the cantilevered bending mode frequency of the
model supported at the base with two beams simulating the skirts will be com-
pared with the modal frequencies of a case using free-free modes and a finite
element plate and beam skirt model at the base. However, the primary check
required will be to determine the number of free-free modes required to get
accurate cantilevered modes. This will improve the accuracy on future response
comnuter runs and also make the analysis more efficient.
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Figure 1. Space Shuttle vehicle on the pad.
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I1. SOURCES OF MATERIAL AND THEORETICAL DATA

The analysis of the vehicle involves the coupling of the vehicle free-free
modes with the thrust pad, SRB skirt, and then to the ground. Then these free-
free modes, when coupled to the ground, are run for new eigenvalues and com-
pared with the regular cantilevered modes of the vehicle. Several sets of data
are required to periorm this study. This includes three dimensional free-free
modes with vehicle full of propellant, three dimensional cantilevered modal
data of the vehicle on the pad, three dimensional SRB skirt stiffness matrices
for the left and right sides of the vehicle, and a set of equations for coupling
the skirt aiud the free-free modes together.

The free- free and beam model skirt cantilevered modes of the vehicle
were ohtained from the same finite element beam models using different bound-
ary conitions. These models were run as 1320 degree-of-freedom models
using mo.'tly beam stiffness elements. Hydroelastic effects were accounted
for throug. the use of potential functions assuming symmetrical tanks for the
LOX and fuel. i“esc LOX and fuel tank analyses were made using the Boeing
Company hydroelastic program published in Reference 1. The computer program
produces an effective hydroelastic stiffness matrix for a propellant tank which
accounts for the local breathing or radial motion in the Shuttle external tanks.
These stiffness and mass ma'rices are coupled with the vehicle in the process
of obtaining the entire vehicle mass and stiffness matrix on the computer. The
free-free and cantilevered modes of the vehicle are first calculated for the model
shown in Figure 2. These data are stored on computer magnetic tape together
with the mass and stiifness matrices of the entire vehicle. The vehicle skirt
stiffness was built as a three dimensional finite element model composed of
plates and beam elements. A diagram of the skirt together with the numbering
of the node points on the model is shown in Figure 3. Many of the equations
used in this study are derived from Reference 2. However, additional work
was required to couple the skirt finite element stiffness model to the Shuttle
vehicle and compare these with the original cantilevered modes of the vehicle.

I11. THEORETICAL TREATMENT FOR PAD AND SKIRT
STIFFNESS

The vehicle SRB skirt physical characteristics were obtained {from
drawings and divided up into beam elements and plate elements between the
node points shcwn by Figure 3. These elements were coupled together through
the use of finite element techniques as presented in Reference 3. The coordinate
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Figure 2. Space Shuttle dynamic analysis beam model diagram.
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Figure 3. SRB skirt plate and beam model diagram.



system used for the skirt is shown in Figure 4 for the overall skirt and for the
local beam elements. The coordinates were used for listing and compiling the
data for the stiffness matrix. However, the final resulting model was presented
as an influence cc2fficient matrix in cartesian coordinates for coupling the skirt
to the overall vehicle. A sample calculation showing the techniques used in
obtaining finite element member properties is shown as follows for a sample
skirt cross section.

1.27 em 1.27cm 04763 cm
I" 0.7926 l‘
| T
50 nn L INERTIA TO BE OBTAINED
1 ABOUT THIS AXIS

984Z5 om | 1 o>

0.9525 cm | =

12.3826cm | s|

I 173026 cm'
Ay = (0.7925)(5.3975) = 4.2774 . = 3,176
A, = (6.35)(0.9525) = 6.0484 d; = 6.35
A; = (6.35)(1.27) = B.0645 dg = 7.4625
Ay = (0.7874)(9.8425) = 7. dy = 13.02
Ag = (6.35)(1.27) = B.0645 dg = 18.5738
_ bh? £ (6.35)(1.27)% _ . 0808
i 12 3 12 .
0.7925) (5. 3975)3 0.7874) (9.8425)%
I, = { °)1(2’ L = 10,3945 I, = {0781 )1(_)9 125" 62, 5649
6. 35)(0.9525)° 6. 35)(1. 27)3

Iz _ () .))1(;) J)2J) - 0.4573 I = (6 )%%l t) = 1.0839
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I, = 10.3945 + (4.2774)(3.175)? = 53,5035
L = 0.4573 + (6.0484)(6.35)2 = 244. 3429
I, = 1.0839 + (8.0645)(7.4625)% = 450.1895
1, = 1.0839 + (8.0645)(18.5738)% = 2783.2089
L = 4907. 5982 cm?

A = Arcz

i

di = distance to center of Ai.

i = Areanumber in figure.

Ii = Inertia of Areas 1 through 5.

IB = Total Inertia about s axis.

The vehicle was modeled as a series of beam elements; therefore, pro-
vision had to be made for the finite element model of the skirt to couple with
the model of the vehicle. This was done by lixing the skirt at its attach points
to the vehicle and calculating the iufl:'ence coefficient at the four lavach pad
holddown points for each SRB. The influence matrix at the four holddown points
of each SRB was put into a 12 X 12 influence matrix in the following form:
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where

{Xy234} (Simplified notation for deflection vector at each of the
holddown points) .

~—
X
Il

Forces in X, Y, and Z directions at each holddown point.

[E] Influence coefficient matrix at the four holddown points.

[E]_‘ Inverse of [E] matrix. Also called stiffness matrix of skirt.

The stiffness matrix E~! is then freed, assuming one tie point at the
top of the skirt allowing this point to be coupled to the vehicle. The matrix E
is shown in Table 1. To free the stiffness matrix E! , the following procedure
and equations were used.

a. A rigid body transformation is written relating the deflections at the
SRB holddown points to the SRB skirt tie-in po.nt (see sketch).

SKIRT TO VEHICLE —»g

INTERFACE Xs.Ys.25 Oy.0y.0,
x4nv4 024 x.hvl 'zJ
X. ,Y.,Z. xlavlozi

HOLDDOWN POINTS (4)
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The transformation which relates the rigid deflection between the top
and bottom of the skirt can be written in the following form:

(X, 500 =171

V °x5> = [TI{X}

where

= { Xs} (Simplified notation for deflections at the top center of

0 25 skirt).

[T] = geometric transformation relating deflections at cach end of
SRB skirt.

Another form of this transformation is as follows:

{Fg = -[TlT { F1o50}

where
T
[T] = Transposed of | T]
{Fs} = :‘orce:]sirz;tc:ti)sn:f SRB skirt in the Xg, Ypo Zgy 0y 0 Oy, and
Z5 ’
Fy34 = Forces at the four holddown points in the X, Y, and Z
3

directions.
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This can be proven through the use of potential energy ( PE) in the fol-
lowing steps:

(1) PE = 3 {Xpsd (K] {Xpsd

where
[K] = skirt stiffness matrix.

Put the {X534} in different coordinate system:
1 T
(2) PE = 2{Xg [T]" [KI[T] {Xg}
Differentiate PE with respect to {Xs} :
9 PE T
(3){;:- = [TI" [K][T] {Xs} = {Fg}
Ag

Differentiate equation (1) with respect to {Xgps} :

E
(4) {aaxﬁm} = [K] {Xpat = {Fpael

Put coordinate transformation in equation (4):

(5) {Fpg = (K] [T] {Xs}

Therefore by comparing equations (3) and (5), we have

(6) {Fg = [T]T{l"lzau\

12



b. Now the following deflection relations can be written

{Xpsd = {Ximad | + (Xsd . o (3-1)
where
(X34 = Deflection of holddown points
{X o34} B Elastic deflection of holddown points with top of skirt fixed

{X 234} o= Deflection of holddown points due to motion of top of skirt.

Therefore
{Xpad = (TIH{XS (3-2)
where
{X5} = Motion node point representing top of skirt
[T] = Geometric relation between top and bottom of skirt motion.

The influence matrix of the skirt can be used to relate the following
terms:

{X1234 0 = {EM{Fps - (3-3)

From equations (3-1) through (3-3),

(X3¢ = [E}{Fyad + [T1(Xs)

13



Solving this equaiion for Fypg gives

{Fsd = [E1"Y{Xpad - (E1THTH{Xg .

Also the forces at X; are

{Fg 'TT{ Fio3¢

or

[-TTI(E]™ {Xpsd - [-T 1(E]"! T(X3

{Fg

Placing these equations in matrix form gives the following stiffness matrix for
the free-free skirt:

Fou | | 1B17 _i_l E]"!(T] Xutt

Fs -t et | rrErtT | | %

This equation now represents the free-free stiffness matrix of the skirt which
can be attached at the vehicle/ skirt interface by superimposing this matrix on
the vehicle stiffness matrix. A derivation similar to this was performed in
Chapter 4 of Reference 3.

IV. THEORETICAL TREATMENT FOR COUPLING THE SKIRT
AND THE SPACE VEHICLE

The theory for coupling the vehicle and the skirt is explained in Reference
2. However, some additional points of emphasis will be covered in the following

explanation.

14



The equations that are used for the system that has the skirt superimposed
as «a separate matrix are as follows:

M 0 hi K1 | Kis hi
' PN RS -3 =0 (4-1)
0] o S, Ky | Ka S,
where
hi = deflections of the vehicle in discrete coordinates
So = deflections of the massless vehicle skirt at the holddown attach
points.
i = mass matrix of vehicle
010
K1 | Kyp
—+—| = stiffness matrix of vehicle plus skirt.
Koy | Kyp

This is the equation of motion of the flexible vehicle with the skirt assumed to be
massless. Kj, is partitioned in this equation to have a point in the model for
attaching the launch pad holddown structure. Matrices Ky, Ky, Ky, and part
of Kj; are the local stiffness matrix of the skirt which was previously obtained.

The stiffness of the launch pad nceds to be added to equation (4-1) which
will be called Ks . The pad attaches to each vehicle holddown point and then to

the ground. For this study the pad is assumed to be much stiffer than the
vehicle and, therefore, a value of 10® was used for the pad stiffness. In [uture
analysis this will allow the vehicle to be released in steps. Therefore, after
matrix Ks is added equation (4-1) becomes

M| 0 hi K | Kp by
ol S S S i 0 ST (4-2)

o] |s K,, + K s
0 SO Ky | Ky 5
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By collapsing the massless point deflections, the skirt deflections are written
as

{8} = -[Kp + K7 [Kyl{h} . (4-3)

Equation (4-2) reduces to the following equation after using equation (4-3):
(MI{b} + [Ky - Kp (K + K)™' Ky) (b} = {0}

This equation can be separated into two parts, one part which presents the hold-
down stiffness as a forcing function and the other part which presents the struc-

ture as a free-free system. This form becomes

(MI{h;} + [Ky - Kp Kz Kyl{hy}

= [Kg (Kp + K )™ Ky - Kp Kg Kyl{h;} (4-4)

For the equation in this form the forcing function is dependent upon the vehicle

deflections.

This equation can be transformed into modal coordinates using the
vehicle free-free modes or eigenvectors calculated from the left side of equation
(4-4). The mode shapes are used to relate the real coordinates and modal

coordinates as follows [5]:

{bj} = 1o, Hq}

where
[¢ ] = Matrix of vehicle mode shapes
q. = Deflections in modal coordinates
n = 1to maximum number of mode shapes used.
16




Substituting thie equation into equation (4-4),

(M](g, G} + [ o e v Km][sbml{qn}

-1
= [1(12(1(22 + K) K, - K, K22 K21]1¢m]{qn} ‘

Now multiplying this equation through by [¢ in]T , we get

[04) " [MI[95,1(4 )} + [¢mlT[K11 - Klz[x;;] le]wml{qn}

T 1 =
=ien [K12(K22+ K) ™ K, - K, Ky K21] ¢ Ha} o (4-5)

'hus equation (4-5) has each of its matrices transformed into modal coordinates,
Q- The following equations are true when modes are used which are normalized

to a mass matrix of [51%:

T (]
9,1 Mo, 1= BIY

|
A
€
SM
(VA

T -1
(9 in! [Ku - K, KK, ]l"’ I =

]

BIY

where

Modal stiffness matrix

Unit diagonal matrix.

i

Therefore, the final cantilevered equation needed for the study in this report is
as follows:

o6 o T -1 =1
{4} +[:“’::J{qn)+ @il 1512 [Kzz - (K + Ky ] Kpr [ %in {95} = ©




From equation (4-6) the stiffness matrix for this study becomes
N\ T -1 -1
2
| [“’nJ ™ Klz[xzz (K, + Kpp) ] Koafloml
and the mass matrix becomes

I8 = Unity matrix .

When the eigenvalues of equation (4-6) are found, these become the eigenvalues
of the cantilevered model using the free-free modes. For equation (4-6) to

| yield accurate answers, cnough cigenvectors have to be used. This is con-
sidered in the next section.

| V. COMPUTER WORK AND RESULTS

The computer was used to perform all the modal analysis presented in
this report. The frequencies are presented for the models in Tables 2, 3, and
4 for the cantilevered, frec-frce, and cantilevered using free-free modes case,
respectively. The data presented in Tables 2 and 3 were obtained from Refer-
ence 4. The case called cantilevered using [ree-free modes (Table 4) was
calculated from the equations in Section IV and should be compared with the
regular cantilevered case of Table 2. The [requencies shown by Table 4 were
calculated using 133 [ree-free modes. The first mode of this case is 0. 3372 Hz
for the beam cantilevered case of Table 2. Onec mode shape or eigenvector [rom
the data of Reference 4 is shown in Tables 5 and 6. Only the frequencies of the
cantilevered case using free-free modes were obtained for this study.

The purpose ol this study was to determine the minimum number of modes
required to give adequate results when running a response analysis using this
model. This involves determining how many modes are neceded to get an accurate
cantilevered model using free-free modes. The results ol this study are plotted
in Figure 5. The dashed line shows the [requency of the [irst vehicle cantilever
mode using the beam model. The solid line shows how the modes of this study
approach the beam skirt model cantilevered modes as the number of frec-free

18
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modes used is increased. The first case plotted on the graph with six modes
has only the rigid body translational modes of the vehicle. The results of this
study show that 133 modes will get the cantilevered frequencies to stahilize to
an adequate value.

The frequencies of the beam skirt model case are not necessarily
required to check with the frequencies of the finite element skirt model case in
an accurate manner. The finite element skirt model vehicle modes may be more
accurate than the original modes. Future analysis will check other capabilities
of this vehicle model to support vehicle lift-off response runs.

S——



VOB VNVNOVE N -

TABLE 2.

Je249878-0)
$:9561587-0)
1¢718463+00
2¢17%227+00
2:436%598+00
2¢5407720¢00
2¢7966%43¢00
24641367¢00
3«550067+00
Je774598+u0
J.098305+00
Je973604+U0
4487331400
4.639952+00
4¢957747+00
5¢01Y869+00
SeN944474+00
5¢237500+00
5¢27350u+00
5e564382¢+00
Se5682744+00
S«080070+00
Se921880¢00
50970356400
6e171667+00
6427851 3400
6«414800+00
60724295400
Te244324+00
7¢356226+00
7Te4134408400
7¢475123¢%00
7e479023¢U0
7¢506650¢00
750699300
7¢8036508+00
7¢9006871400
Bedp07%1400
Beb45072400
Be239157400
9170196400
924731500
9715493+00
Pe853336¢U0
7975340400

CANTILEVERED MODAL FREQUENCIES FOR THE

VEHICLE BEFORE LIFT-OFF

“e
4?
4“8
4wy
50
51l
52
%)
5y
55
56
57
58
59
60
&1
62
Ad
sy
63
66
67
68
69
70
71
72
73
74
75
76
7?7
78
79
80
'}
W2
")
By
AS
8é
87
Y )

(Hertz)

LeUIVLNAeO)
JeUJOYILeU)
leUb2Ui 140
1e06762540]
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2¢7125074U)
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Je45767840)
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Je4A25740)
JeS1648200]
35197930}
JeS5408345340)
JeSsbuizeu)
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Jeb6267/5+0)
JebR0372401
Je7057264U)
3:.79560340U})
JeB8989340)
3e76225340)
Y.0844470)
402168240
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TABLE 3. FREE-FREE MODAL FREQUENCIES FOR THE

00¢5351A4=0)
Je6300Y3=02
1eb4c321=0)
Te891143=04
Jeld4428=0)
60135509=0)
20190647400
20J06)08+00
20610530400
20737442+00
2:8055R2+00
2¢971602+00
J«uLRA14A0+00
Je750521+00
Je759340400
Jel549n6¢00
Je981075+00
Ho4b606KI¢00
4¢7840617+00
4e9651656+00
Se0b64592+00
Sel265H6+00
$02968136+00
$¢337314+00
S$:49110%200
5¢533594+00
5¢5467259+00
$e8I62AI00
S¢902399%9¢00
S5e¢977927¢00
6021450400
*40Y7297+00
28%773«00
beb6B8415)00
6¢793347+00
Teldbe2?72+00
Te447322+00
Te475271+00
7048794900
7Te504022+00
7¢660Y08+00
TeoBb992+00
7:9016v3+00
8432407400
8e4264v)+00

VEHICLE AT LIFT-OFF

(Hertz)

8.607225+00 L 2}
%.04Y305+00 92
%e23%602+00 9
Pev¥83u2«00 94
leUldByuY-01l 95
1e0G)55A5+01 96
1003944 60) 97
16062220401 98
1e09Y773+01 9y
10138209+01 100
10143997+01 10}
1e203353+01 102
10216517401 10}
127944101 104
10296516+01) 105
10342054+0) 106
106379651401 107
lel4luer1+0) 108
ledsY689+01) 109
104969A0+01 110
1e564%ul~01 111
1e605436+01) 112
leb447020] 113
lebRLII2+0) s
1e711871+01 115
1e731401+01 116
1¢7372608+0) 17
1¢75300n7¢01} 116
le766052+01) 19
le815007+01) 120
leB15276+01 121
le8479123+0) 122
leV 1362701 123
1eY82609+01 124
2:003165+01 125
2:010u8136+01 126
24054610401 127
2016279501 128
2¢18Y0136+01 129
202572R81+0) 130
202468457401 131
24324930+01 132
2¢402166°01 13)
2¢021648+0)

2¢501749¢0)

ORIGINAL PAGE 1§
OF POOR

QUALITY

2:¢5232024+01
2¢567483+0)
2e569236+01
2¢71200n7+01
273447401
2075549101
2¢761U0A1+01
2¢80D4173+01
2+8BJ7A0+01
2+949%070+01
JeUNY793+01)
Je0b6795301)
Je074037+01
Jel%46614+0)
Jel16297+01)
Jeld7993+01
Je2ni9nB+0)
de210369¢01
Je215015+01
3e220043+01
30222650401
EFVIYLELEI D)
JedNUU73+01
Jed37875+01
Je4153u8e01)
Je445730+01)
Je453/798+01
Jed45815+01
3¢50%602+01)
Jeb21767+01
Je594749+01
Jebu5uyBeQ])
Jeb71v77+01
Jel04240+01
Je707882+01
Je749525+01
de7R5440+01
Je795227+01
2484901
Je837494+01
Jedy5851+01
4:0805A2+0)
e 9795490

| M.
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TABLE 4.

0.3372
0.5601
1.8203
2.2699
2.4732
2.4785
2.7647
2,8457
3.4962
3.8453
3.8853
3.9738
4.4906
4.6543
4,959

5.0210
5.1161
5.2552
5.2884
5.5693
5.5734
5.9236
5.9514
6.0043
6.2124
6.2945
6.4170
6,7251
7.0860
7.3564

31
32
33
34
35
36
37
38
39

4i
42
43

45
46
47
48
49
50
51
52
53
54
55
56
57
58
59

O L OO O0® 0N NN

L4144
L4727
L4754
. 5057
.5059
. 8626
. 8871
L2647
.6569
.7376
L2276
.3236
.77206
.7959
.9997

.1836
L3717
L6163
. 6325
. 9468
.0595
L4819
L0443
L1677
.2853
. 8814
. 2081
. 3918
.5653
L6611

61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90

14,
15.
15.
19,
16,
16,
.7954
.905

17.
1183
18.
18,
18,
.3705
19,
19.
20.
21,
21,
.9022
22,
23,
23.
23.
24,
24,
24,
26,
26,
26,

16
16

17

19

21

CANTILEVERED MODAL FREQUENCIES FOR THE
VEHICLE USING FREE-FREE MODES

(Hertz)

8202
052
6535
879
5329
6810

2563

1346
2996
5186

9559
9795
5173
1034
6220

6920
0050
2227
1157
0683
2603
5078
0616
1525
2913
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91
92
93

95

96

97
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99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120

26.5093
26.5985
27.1337
27.2186
27.6213
27.6832
27.9684
28.0996
29.3391
30.1818
30.439%
30. 8000
31.1129
31.4102
31.4703
31,9929
32,9383
33.312
33.659
33.7741
33.8273
33.8887
34.2623
34.5332
34.5919
34.9659
35.1110
35.2022
35.5916
36.0714

TABLE 4. (Concluded)

121
122
123
124
125
126
127
128
129
130
131
132
133

36.
< 1
37.
38.
38.
39,
39.
39;
40,
40,
42.
44,
44,

8185
0150
9158
7869
8345
4725
8006
9529
0872
8972
5832
7157
9845
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TABLE 5.

NODE
POINT

N o o e -
QOO VNPVIEIWUN=DOIINIGPVEWN~

|

L N N N N W - - N NN N NN R NN N W N N W

X

»2.487841"0)
«2+980682-03
®3e)43908~0)
=3¢3208134-013
=3.301353~03
=3.287809=92)

-=34280110-03

=34276912~03
®2.519971-03
«3.,527273=903
©«3.527745=03
=2.189505=33
=2.256|154~0)
=2.289465=0)
=243227%8=D0)
=24356)145=02
=2.189575=03
=2.256)134=0)
-2.289438-03
=2+322763=03
=2+356102"0)
~4.460932~03
«5.,326420"0)
6419555103
=7e066697=03
=)e267298=03

«0

oO
«7+683237"06
=7.5207%93~0¢
wbedblbby=08
*54203344"06
*4,066739=06
=)e272902=06
®©)e275853-06
*3e276456=06
«)e278064~06
«3.27%)09"08

0
=le1249273=0)
=le129292~0)
=1«074335-02
=l«07%355~01
=le986616-01)
ele98b6848~0)

Y

3.8628)1=08
=2¢537507=0°7
*64058252=08
=1e699058=p7
“2¢2166)2=07
=24283339=-07
=2¢236122-07
=24200647=07
=3e612641=07
=5,467350~07
©3:493323«07
=3e83]1354=07
«3.244389-07
=206512563=07
vleb8)753=-07
=3,888774=08
®3), 64947207
=3.871833-07
=44135942=07
=5.196159=07
*$4339515=07
=4e360653=08
§e341996=08
1e711299=0"7
2.8934413=07
-1972938-07
0

0
=]1¢09948%=08
=2.4674)8=p8
~4.289093=-08
*5¢737723-08
“e6943 1 4=08
“8.885945-08
=7,020145=08
*7.0989p2~08
*7+290058=-08
=)¢520635=08
=6+990829=-00

5.005254=08
«7.074925=-08
=]1e412C093~07

9.299206=08
=3«990811~-07
«34657232-07

Z

*1.165%963-02
=1«027377=02

*8.557958~03

~5+981916=03
»3e846252-03
=2¢373295=03
“1e541876=03
“1e215254=03
1¢770754=04
4.,089963-04
9.096209-04
«24373425-03
®2.373980-03
=1898799-03
*1e424248=03
“9.502253-04
®2+373167-03
=24373491-0)
w]«898106=03
=1¢423351=0)
=9.491233-0%
=54271419=-04
1+936670-04
9.174978-04
1eb48242-03
2+383187=-p%
0
0
*1+289303-03
=3.014384~03
*5.403105~03
=7.828214=0)
*1+027319=02
*1+1R7650~02
®1e339071=02
=1e428227-02
wle6459%~02
] «875570~02
=1e283375=02
=1¢231220-03
=le231220-0)
*3.014545-01)
=3.0145%~03
=1+230176-03
®1e230419-03

ox

_=8,272382~10

-8,27232%-10
=8,672177~10
=1+036670-0°9

=]1+154885-07.

*1.234938-09
=1+256683-07
®]14260348-09
*]1,452354-0°9
=B8.,406]104-0°9
=5.707067-09
®1+238271=09
©9,517776-09
*1¢576493-08
*2.094768-08
=2.366883-08
®],231607-09

7.063402~09

1¢32R632~08

1+B4B455-08

2.118266-p8
®]|.25668)=-09
®1.25R094~09
~1e26492%9-09
®]|+265290-09

T ®1e26n352-09

+0
.0
=2.052%95-12
=3.964608~)2
1e711238=12
7.387986-)2
10297246~
1¢26970%=11
10269744=1)
16269754%=1
10269768=)
102697681
16269744
*3e314421=)1
2.907763-1)
$.,7672%6~-))
®4e573882~11
=1.289751-09
®]+250947~09

FIRST MODE FOR THE SHUTTLE MODEL FOR BEFORE LIFT-OFF

Eigenvalue = 4.16536

by
=9.61326)=06
-9.597120=06
«9.6516446~06
«9,783078~0é
«9.90%761=06
«9,993898~-06
=l.0C1713=05
=l.003646n=05
~1.010112=05
«l.0n7423=05
=1.010492-05
«9,993899=p6
-9,97289 =06
-9,v8929)1=06
-7.986293"06
-¥.984737~06
«9.,993899-06
-9.,99288 =06
-9,989294=06
-9.906299=06
«9,984744=08
=1.001714=05%
«1.003157-05
=1.07%131-05
=1.0294%12-05
=-1.003710"05
0
0
«-9.667513"06
-9,094789=04
«%.8pl288~06é
=l.0C0518=08
=1.030904=05
=1.,054%122-05
=1,06%074=05
=1+075552=058
=l.086458-05
=1.143652=05
=l.068895~-05
=9.667515=06
-9.667515-06
-9.,694870~06
«9.69487 106
«]«003669-05
=1.003669=05

0z
=4+4008101~10
“q+608352~-10
=4e3%064~10
*20933934-10
=19129878-10
4eB87721R=1 )
1+1715685-1C
1678280~10
=1+319350-03
“8e¢122441=09
le4B8C230-39
5¢5%31329-1)
2612991110
6e47188%9-10
1+020807~C9
1+21985C-09
4e211048~-1)
=1e15%125~10
=5:493535~-10
=9¢227414-10
wlel21626~09
117156886~ 10
1183335=-)10
je2%02846~ )10
1¢24%3315-10
12672336=10
o0
«0
Tel81121~11
74438579=1)
6183831 =1
4e453286~)
20355708=-]
qe53021%=12
6248256912
60975218-;2
7¢819)180-12
10196355-1)
L60%4558%~]2
7e4985i8=]
TeM23676~-))
=]e991838~])
1+680987-10
2435%070-10
1+000%6!~10
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NODE
POINT
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X

=)+803790°0)
-1+675789-03
=1.675787=03
=2.141324=0)
=2.782804"Cé
=2.782978=06
=2+746445=08
=2.746634~06
*5.583493"04
*5.583260-04
5.428us9-0M

Se429151=04
=3+227651°04
«3.227671-04
=5.65453]1-05
=54654943-05%
3.2240%8-04
322407724
=1+4470349=08
=l«470346~006
=1+470342"06
=1+470337-08
=1+4703234"086
=1+2032%8=n8
=1.091720"06
«9.802012=97
=-B8.6R6470"07
=7.570Y" 207
=6eM55Cc35-07
=5,338998=07
~4.222023-C7
=3.505754"07
=2+2722723=C7
“l1e3863296~07
=lep26901-07
=2.1461217~08
=1e363298~07
“1¢3863299~07
=1+383299~07
=1e383299=07
5¢993252-05
-6,028621"2%
2.8468768-05
=2.898418-0%
=7.68998)1~-2s

TABLE 5. (Continued)

Y

-|cooJH’9-g!
2.478475=07
=1¢862845=07
=7.429883-08
=6¢3690013~-08
=7.4006462=08
=5¢33;357=08
=7+438000-08
“7¢155554=07
b¢946244=07
1206876=D6
-1e228192=06
*5,023875=06
5.004762=06
=2+195031=06
2¢175941=06
2+7124%613-06
«2+¢7350%=06
3.334132-06
2+241054=06
1¢350433~-Cé
4.890244=07
=6e¢102346=08
=1+014738=06
=1+882797=06
=2:423508=06
-2.677107=06
“2:6842496=08
=2+485050~-06
=2.1241Nn6=D6
=leb40437=08
=1+2852nb6=06
=5.490156=97
=1e545755=07
=9.Py2829-(8
=3.1381p2~10
=1+1871n0~-07
=8+s2844943=-08
=2.091178=8
~9.859759=-09
9.088910=07
=1+102505=06
1+005C34=D6
=1+046579=0n8
0

Y

=)+231298-03
=1+028363-02
=1+028363-02
=1s02833)1-02

=1e186378=02 _

=1¢1861379=02
=1¢186264=02
=1e186284=02
v1e211927-03
=14231927=03

=1+23Cc182-03 .

=1¢23018)=03
*]1+284079~-02
=1+284078=03
=1e2856663=02
=]1e28b65662-0)

=1e284227-0) . .

=1+284226-02
=1s446521~02
=1+359950~02
=1+289555=02
=le221469-02
=lel729%8=02
=1+070912=02
*9.231223=03
«7«783404=02
=6+384390)=03
=5:C47686~03
=3«B84H998=03
=2¢751215=03
=1+801264-0)
=1+285789=03
=4 4B56758=04
=9.347891=05

=5+629A09~05 _

=Jel48454=07

“64247914=05

=3¢147935=05
2.205088~05
Teb46457-05

«5,399534=05

=5,399534=05
2430740305
2.307403-05
«0

0x

__®2+106152~12

*9.,378501~11
1419829710
-8,272117-10
. Ye464700-09
=44439313-09
. 1«061203-06
*1.061204-06
=1.0952867-10
1+054738=)0
. 4.504937-10
*4,545950~10
9.185374~-08
“9,18%290-08
9.198695-08
*9,19%96611-08
9.18%946%-08
-9,1893)846-0R
1.060500~-06
lenbUY81~-06
1¢060452-06
1.060446-06
1.060443-06
8,234275~-07
7.276030-07
6:321515-07
5¢364751-07
HeN07776=02
.3s450625-07
2.493328-97
1¢53%962~-07
9.20%261-08
5.5]13002-0n3
2¢790161-08
_1+8235746-08
3.56%710-10
2+790162-08
2+790)163-08
2.790163-08
24790)163-08
1«A215746~-08
1¢823576~38
2+790n)163~-08
2.790183-08
o0

Oy
=?.,667513~06
=1.030905-05
=1.030905-0%
=9.597121~06
=1.05%122-05
=14054122=05
=1¢1533Rg=05
=1s153347=05
-~9.647485=06
-P.6674865=06
-Y.,5667477=06
-9.65674977=04
*5,656575-06
*5,4656575=06
=5.656554=06
b ,656554=06
“5,656572=p6
=5,658571=06
=1e154174=05
=ls153820~05
=lel1Hdb863~05
=1.153497=05
=le153385~05
=1+139481=05
=1,121919=05
=leChA703=05
=1538733-05
=%.2111)1=06
«8.,851108=06
«Ts"1649=06
~8.55R544=06
=5.656558~06
=3.49559p~06
=1s693994=06
=le0B89943~06
=1+3C04%78~08
=1:s693995~06
=]1+693994=06
«7.6405%0~07
«7.8405%0~07
=1.089943-08
=1.089943-p6&
=7.840590=07
«7.6405%90~07

«C

2
Teds)31%=1)
20355708~
20355708~-1)

®4.60835%-10
=1eA7308C~1D
1757837~
“1e482R85-08
1e471341=-08
40735546~
14965719100
20233537-10
“Je4l2%978-11
4e159311=CF
=4e0B81405~C9
HelBu356-2Y
“4s10645)1~079
4¢187523=-0%
=4s109618=-07
=ledb0CRI=0A
=]eN60201=C3
=1e45997~-28
=1eY459944=CA
=1e459932-0~
«8e319583=09
.5 ,634951-79
=3e260555-29
=1+199218-07
SeM57848~- 0
1¢9721015=-29
3e073150-C°9
3eA49244=-D9
4ol 24T740~-29
Je262423C=0°9
|+ 959R95=05%
1+362588~-CY
10282716~
]+959894-09
10959894=-09
_IOS'2SID-IU
159251010
123462582=-09
10382594-0°9
1592538~ 10
10592484~ 10
0

o
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NODE
POINT

g2
103
134
105
106
1c?
108
109
110
111
112
113
1
115
173
174
175
178
V77
178
179
180
18]
182
143
184
145
BT
147
148
)BY
¢v0
191
I1v2
1793
1Yy
195
195
197
198
2C1
202
233
204
208
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TABLE 6. SEVENTH MODE FOR THE SHUTTLE MODEL FOR LIFT-OFF
Eigenvalue = 1,2084 + 2
NODE
POINT X Y z 0x Oy 0z
1 G -9e45164)-05 10851734~-02 =$,604425=06 =6e654941-05 7+526708=08 =2+084%36905
2 G =92213072-05 1¢742092=02 *1«748701=05 *6+6680391=G5 74439597=08 ~12966580-05
3 . «8e798435=05 1+700533=-02 =3,694945-05 =6,1686]1=05 3,230395=08 =2.066154-05
4 [ =8¢72v338=05 1+062V75=02 =4.G26860~05 =34929587=05 =6¢439027=08 =2+770336-05
s G =Bes(125]1%05  3+900141=03  =1e767293=35 =2¢198761=05 _ =1e74691907 =3¢121069-035
° a ~80485653=05 «7.518174=04 1+470004-05 =9:453448ays =2.64825)=07 =3+099626-05
? 9 =8e4y,705) =05 =34365291=03 3.703876=05 =5330882=94 22495013 ,=37 =2:980210-05
4 [ «8+352434=CS “4e369899=02 Heb47 | 8BB=05 *Heoub217=06 =3e24u594=07 =2+86468)4+05
v W =5e913740H-05  =9,823830=05  1,094969-04 =5473559%=08 «6,7)5897=07  =3.390044-05
10 u =1+633437=03 1e1746723=04 =1¢3246335=04 =5473394)=C6 =5.38uY87=y7 =30250163=05
"o . 10436758=0) 10253870-04 3.482305-04 “5+509541~=06 =3¢153945=07 =3+171114-05
12 @ Je1BIY[2-0) I RRALLELUET k] =9.731944=04 =9.453779=06 =2eb43yb8=37 =3e099779-05
13 9 64074595=G) =107253)220)  =1.897464=03 =1+028370=95  =1+712465=07 =3e1U1220-05
(R o Be026507=-0) “3elb67692=03 =2.779469-33 =1s1000G34=05 24307437 =3e99157-05
(%] G 1e117795=02 =4406056315=03 =3,745822-y3 =], |77243=¢5 6,892985=y7 =3.;9691805
16 G 1372095=02 =6+2041073=03 =44783255=93 =10226016=05 9e¢711726=37 =3e95484~05
17 O =3e294723=0) _ =1e770687-03 1+002596=33 =9e453786=96 =2¢653493=07 _ =3+099785~05
(1] 9 -be187355=0) “14725730=03 14927915-03 =1e03u444=05 =3.611646=07 «3s101223-05
LY (] ~8e743375=19) =3s167473=-03  2.834206-93 =le]04095=05 =7.86H89Y=97? =3egp?906y=05
20 . w)e12%6496=02 “4eb_55335-03 3+835248=0) *1e183512=95 =1e245918=06 =3276713°05
2) G =)e3BY49)14=02  =56+040218=03  4.905407=03  ~1+2337n7=0S =14535987=06  =3+095202-05
22 G elslU%430-DY «54755892=03 6,692348-y5 =5.,33041%=-06 «2.9506241~07 =24980248-05
23 6 =)e455723=04  =7792%0=03 _ 84917632705  =9:968780=y7 __ =3e257659=Q07 _ =3+341454=05
24 e =12787918-04 =12175%70=02 10168347=04 10796699-C5 -442753u3=07 ~4:92)156]1%05
25 - =2415Y719=04 “1e896653-02 1.49€0309-04 1+89)183-05 «4,325814=07 =5¢0us799-05
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32 G “3e4b06535=07 60185686=04 =941774658=08 =2.027845=07 -44179327=08 =2+197526%05
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TABLE 6. (Continued)
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POINT X Y z 0x Oy oz
SQ G «7+79138) =06 “4ebb617)1-0) 7.2%0763-07 7. =-4,635909=08 =2:3499%19-08
5) « =bep8Y273=0y 12080%55=02 *1.885389=04 *3+550180~-06 3.5cB8616=08 1°327303-05
54 6 ©0263185=04 1+080428~02 14571962=04  =3.550087-0é 34536712=08 1327303 -05
55 @ =Fe8063599=05 1e158136-02 =1738739v=05 =5.680648=05 7+439580=p8 =1+964577-05
(=) S5e [  «541949765=G) 7¢562%03=03 =6¢36199C=n4 “3e76)147=06 _ 50128373=08  2+930773-05
"= 57 6 5¢202862=0) 7¢502%44d=3) 6s1%76)1-04 =3e760952=06 Se128373-y8 2+93Cc794~-uS
58 3 =5e573184-0) 7.504850-03 =6.818713=04 8436)1593=07 -8,399333-¢c? 9+605952-06
§ (2} Sy ™ Sebdl324=0) T7e504855=0) 6,653C¢71=04 9+48011C=07 B8eb6u8509"07 90626399-06
Ea 60 G 3e671366-03 ~4e665876=0) 5¢281969-05 749597q4=08 =4¢599577=08  =2¢350174-05
= E: Y 4 =det?77471=0) “4ebb6157=03 -4,884575-55 7.976714=-08 =4,690543~08 =2+350177<05
62 e 3es72uL2-0D3 -4eb642189=03 3e105462-0p6 6e1330)2=08 ~4.675523=G8  =2+350021-05
0 .. 63 G =3e667342=03  =4eb4)1Y70=03 1e147869=06 6e141165=08  =4,614834=p8  =2¢3530618-05
o v a4 @ =84503157=03  =5:931247=03 7.858327=04 1036072%=06 _ =24185190-06  =3¢059964-05
> 't ° Gab571150L=03 =5.9353n6~02 w7 .,887865%=04 10425287 =06 2125478=06 =3¢061172-05
@ PN o 9428551903  =SeBo44)7=03 7029489394 10364775-06  =24184986=06  =30059959-05
= 67 G 9e296627=03 =5.0856)1=C3 =7284544=,8 ) e4293A2=06 | 2¢125272=06  =3egb)167-05
53 60 G =te31I2u4=03 =54782533-0) 7.701082=-0% C1e365074-06  =2,184835=06 =3+059957-0%
'3 @ 8e328:26=0) =5:779623-0) =7.710743=04 1042962706 201251249=36 =3e06)1165-05
73 G =6+439463-0)  5¢316337=03  =8.235071-04 B+38¢316-07 =8459774u3%07 9+445638-06
74 G «6+438b,9=0) 6+023510=03 =7.588307-04 8.372354=07 -B8.5070688-C7 9e503749-06
75 u  wbe413B136-0) 66008 )8=03  =7,066241=04 = 8.3694)1=07  -8,45R332-07 953246708
74 . 00437104802 Tel59042=03 =6¢561757=04 84367279=¢7 -8e426917=07 9056520706
7? 6 wbe4loN|6=0) 7e5)16208=03 “6424,961=0%  Be366192-u7 _ =84399333-p7 9+583132=-06
78 G ~6e641799=03 BeMESYUI~0D =5.66.929-04 9¢796038-G7 -9.078046"07 3e475%64-06
7y . -64722871-03 8,8C9653-013 =4.500323-04 1:036352-08 -9,9.5542-c7 =4.988682-07
by T e ~0e/¥974)1=03 8+501835-03  =3.172887-34 12091381-06  <=1+120395-06  =5:401947=06
) G 6o bbL723=03  7e479526=03 =1e841747=0N 101494493=08  =1+275070%06 __=1+073306-05
62 “ -be7)7672=03 5.722623=03 1.G65%u75=05 1.19559u~06 “la4409%0=06 =1+6048082=-05
8y s ~6eY00508=(3 30269337-02 2.073888=04 124456006  =1eb138u7"n6  =20395121-G5
84 “ «7e0t?2%1=0)3 2.027494-04 4.259741=-04 14291345=08 «1,799739=Cc6 =2¢52,889-05
_85 G =7eud¥0Y)=C) =3¢3570)7=03 6e679840=04 Le336956=p6 =2.016655=96 =2+871491-05
L 6 7o, 565590 =5e87G642=0) 64375408=04 1+363430-06 +20 ) B4969"( 6 =3¢359948~05
67 6 =74077113=03 =) 167846=02 1.265728-p3 1:369672~ub -2,423238=p6  =3,295952-05
L] o “7e,63us6-03 =leby433b=02 1+589)74=0) 1371671 =06 -2e466169-06 =3¢33995)1-05
L] 6 «7eubdSL1=-03 1067791802  1e8Mdeb4=y) 137939086 =24467693=04  =13e341894-05
Yo 6 =7+y83b04=03 =1+916370"02 1+819840~03 1¢372076~=06 «2e468455=p8 =3e3430C6~U5
91 @ =7ey6354]1~03 =)|s66588Y~02 10634729=03 1237168U=06 -24446914=08 =3+340691-05
v2 G 7oL ENDI1T7=0) “le7274)18-02 1.6802671-(3 1¢37169%=08 w2e467244=06 «3¢3%1002=-05
93 6 =7eu84035-03  =}1+832992~C2 1758226=y) 1¢371694%-C6 -2e69846U~06 =3+657041%05%
Y e «7euBNL35=0) =2.086791-02 109495361=03 7 14371694086  «24696460°06  ~Ie86570641-0S
5 6 «5+10%352=0) =1e674329=02 1.722272-03 1.37193%-08 «2.4677G6=06  =34341697.05
Ye G «5e37¢6539=0) =)eb894s1~02 10722255~4) 1037193%=p6 =2e4670682~C6 =3+341897-05
_9 G =Se643850=0 =1+827%48-C2 1808520=0) 1037169906 =2+69645406  =3+657040-05
L) 3 =5.842120=03  =),836034-02 1.606532-y) 1:371699-06 =2,696465-06  =3.657040U=05
1l . =Je443082-07 ] .0 0 o0 .0
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TABLE 6. (Continued)
NODE
POINT X 4 z 0x Oy 0z
Ivd ] ede4519u8=-072 =120215 . 724= 20 o0
163 - «)e473156=07 =2.0257)12-0G9 0 14557043-10 .0 «0
104 @ «3e507196-C7 =2+236473-09 .0 2.180321=10 .0 U
ILs u «3es4%053-07 =leMC) YL b=0Y w 2.030516=10 .0 o0
s “ «3e5744)12=07 ~5.4910a1=10 .0 1:210166=10 o0 Ju2 _e0 s
W7 M =3e596619=07 -8+657usl=10 .0 =1¢295878-12 .0 0
Ih_ 6 P ——— TN Y A YY £ 1) 20 =2.)58u55=10 _ «0 «0
[ G “de548297=L7 =7¢268753=09 «0 2¢794655=19 «0 ]
e G G =, e6)6U74=0C8 .0 *3.704235-0Y PO - i «0
e G w =Zeubbuul=(7 +0 *5:971356=10 .0 «0
12 G 0 =2+097253=07 .0 1¢218594=19 0 I 1 ) _ I
1 @ U ~lel940y9=07 .0 24361894-09 .0 0
i L Je 1)9682=06 WU «0 XY «0 «0
1S G Jer1Y9)18=00 =le974835=08 0 de48)1726-10 o0 «0
173 © EanuYINT=C) S¢3115768=03 B,0l2961-0Y ?.50718%~07 8,8p1610~07 946414700
178 “ Ge44BA65]1=C) 6e020290=C2 7e379952=04 P49 38017 8.713803~07 9¢524207-06
175 . ben4b5)7=0) 6¢596847=03 6.836400-04 Feq8u924=07 8.675535%07 9+552905+06
175 o beiubyne=03 7.158277=03 6,31984)1=04 Pe485657-07 8,635272"¢07 9.5d58627-06
V72 . _beNub2Y7=()  TeS162]5%03 Se V130404 Ye4B4375-p7 8+6.A5L9"07 Fe6uUI544-08
R @ beb519Y]1=C) 6,4875 .6=03 5.379300=-0L4 1.010%082-06 9.232804~07 3.48A%12-06
V79 A 6e730107=() BeB12bvY=L) 4el974ub=04 10133423=¢6 Pe994621%07 ~4+9G30)2-07
160 9 esngble7=C) deb 56)Y=0) 24061788~ ,4 121A37R3=y 6 Jel18627%Ge =5¢397578-06
151 o tecll248=.] Te4u3b9bs=0d 1e3377506-04 162324865=06 1e26L29L=06 -1e0?3277-05
182 - 89283 4=0) 572644103 =3.8070Y0~05% 10278775=y6 1e412597-C6 =lebud4lo=-usd
1023 G ee¥?7273-,3  3e272%)0=C3 =230,849=94 10322812=486 1572627=¢6 =2+°09568,8=05
L A Teul0u39=0,13 2euMab52=04 SHeM237M2=0N 19364525-¢6 1e7486235¢8 =2+5216842-0%
je5 3 TeubotdBey ) =3eldoeb27=01 =t,768d67-04 ledgu0u?=pé 1.95A%62=06 =2.872626e05
15e G Teye73u1=L) 5087 ) lav=0d =Be412910°04 7 1e426019-G6 20125255=06 =3eub)155-u5
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