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FORF,WORD 

This  report  p resents  t he  r e s u l t s  of The D y n a m i c  T e s t  Vehicle I n t e r n a l  
Damping Study, performed by Chrysler  Hun t sv i l l e  Operations,  under c o n t r a c t  
No. BAS8-21056_ t o  the Aero-Astrodynamics Laboratory o f  t h e  George C. 
Marshall Space F l i g h t  Center. 
provided by the Contract ing O f f i c e r ' s  r e p r e s e n t a t i v e ,  Mr.  James G. 
rapadopouios , K-LULKU-MJ. 

Technical  coord ina t ion  f o r  t h i s  e f f o r t  was 

- .. .,-.,.e -- 
This inves t iga t ion  of  Sa turn  D y n a m i c  T e s t  r e s u l t s  determines damping 

c h a r a c t e r i s t i c s  of ind iv idua l  s t age  and i n t e r f a c e s  and develops a method 
of c o r r e l a t i n g  these  d i s t r i b u t i o n s  t o  the  v e h i c l e ' s  bending mode damping. 
Fulfi l lment of t h i s  scope o f  work has r e s u l t e d  i n  a three-mass model t o  
ob ta in  s tage and i n t e r s t a g e  damping c o e f f i c i e n t s .  
t o  c o r r e l a t e  t hese  c o e f f i c i e n t s  w i t h  t h e  veh ic l e  bending mode damping. 
method developed reduces modal damping i n t o  ind iv idua l  s t ages  and i n t e r s t a g e  
damping coe f f i c i en t s .  

This model was a l s o  used 
The 

Acknowledgement i s  extended t o  James K. Moore , Chrysler  Huntsv i l le  
Operations, f o r  h i s  valuable a s s i s t a n c e  i n  t h e  f i n a l  p repara t ion  o f  Sec t ion  11, 
Calculation of Generalized Damping Coef f i c i en t s  , as w e l l  as programming and 
documenting the damping study - phase angle method, Appendix B. 
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SUMMARY 

Objectives of the Dynamic T e s t  Vehicle  I n t e r n a l  Damping Study w e r e  (1) t o  
determine the damping c h a r a c t e r i s t i c s  of  t h e  ind iv idua l  s t a g e s  and i n t e r f a c e s  
by u t i l i z i n g  r e s u l t s  of the Saturn dynamic tests, and (2) t o  develop a method 
of computing the v e h i c l e ' s  bending mode damping based on t h e  damping charac- 
teristics of i nd iv idua l  s t ages  and i n t e r f a c e s .  The method described i n  
Sec t ion  I1 was u t i l i z e d  to obtain the modal d ~ q b g  charecreristlcs cf t h e  
vehic le .  
damping c o e f f i c i e n t s  as described i n  Sec t ion  111. 

These values were then r e l a t e d  t o  equiva len t  s t age  and i n t e r s t a g e  

Sa turn  IB, SA-202, dynamic test  da ta  was used for  the numerical so lu t ions .  
This information was  used t o  ob ta in  t h e  percent of genera l ized  damping and 
the  s t age  and i n t e r s t a g e  damping c o e f f i c i e n t s .  The methods used t o  o b t a i n  
the  percent o f  genera l ized  damping were t h e  phase angle method and t h e  response 
method. The Saturn I B  was modeled as a three-mass system, t h e  t h r e e  masses 
represent ing  th ree  s t ages .  This system was  used i n  conjunct ion wi th  t h e  
generalized damping t o  o b t a i n  s t a g e  and i n t e r s t a g e  damping c o e f f i c i e n t s .  
FORTRAN IV programs developed f o r  use on t h e  General Electric 415 computer 
are included, The percent  of  c r i t i c a l  genera l ized  damping, as computed by 
t h e  var ious  methods is  0.2VL t o  2.26%. 
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SECT ION I, INTRODUCTION 

.- 

There has been much dynamic t e s t i n g  o f  f u l l - s c a l e  prototypes o f  Saturn 
f l i g h t  vehic les .  For these  tests,  the vehic le  i s  suspended v e r t i c a l l y  and 
exc i t ed  by electrodynamic shaking at t h e  engine gimbal plane. These tests 
y i e l d  va luable  information on t h e  veh ic l e ' s  dynamic c h a r a c t e r i s t i c s  i n  
studying t h e  modal damping c o e f f i c i e n t s  as used i n  t h e  normal mode method. 
However, l i t t l e  a n a l y t i c a l  s tudy  has been expended toward r e l a t i n g  veh ic l e  
modal damping t o  damping d i s t r i b u t i o n s  o f  ind iv idua l  s t a g e s  and i n t e r f a c e s .  
This s tudy  f i l l s  t h i s  need by: 

(1) Determining t h e  damping c h a r a c t e r i s t i c s  of t he  ind iv idua l  s t ages  
and i n t e r f a c e s  by u t i l i z i n g  r e s u l t s  of t he  Saturn dynamic test, and 

(2) 
c o e f f i c i e n t s  based on t h e  damping c h a r a c t e r i s t i c s  of i n d i v i d u a l  s t ages  and 
in t e r f aces .  

Developing a method o f  computing the  v e h i c l e ' s  bending mode damping 

The normal mode method is  i n  common use t o  ob ta in  the response o f  a 
s t r u c t u r e  t o  t r a n s i e n t  loading. This method, as given by Hurty and 
Rubinstein (1) and o t h e r s ,  transforms t h e  n simultaneous equations o f  
motion i n t o  n independent equations of motion, permi t t ing  a s o l u t i o n  f o r  
response of the system by superposit ion.  
system t o  frequencies no t  exceeding the  f i r s t  m resonant f requencies ,  an 
adequate response mode can be fabr ica ted  using t h e  f i r s t  m n a t u r a l  modes. 
Each of t h e  transformed equations of motion w i l l  have the  form 

Fur ther ,  for  response of t h e  

11 1 

Mz + C z  + K = F(x, t )  
Z 

where M, C ,  and K are t h e  generalized mass, damping, and s t i f f n e s s  and 
F(x,t)  t h e  generalized force.  The r e l a t i o n  between M, C ,  and R i s  

2 K = w M  

c = 2fwM 

where w i s  the  n a t u r a l  frequency and f is  t h e  percent c r i t i ca l  generalized 
damping. 

The f i r s t  m modes-in t h i s  ca se ,  the f i r s t  th ree-are  obtained from the 
Sa turn  I B  dynamic test f o r  S-202, p i t c h  and yaw bending. The mass value is  
obtained from these  modes and t h e  physical p roper t ies  of SA-202. The damping 
c o e f f i c i e n t ,  5 ,  is obtained by one of t h e  methods v a l i d  f o r  a s i n g l e  degree 
of freedom system. For this study the phase angle method and t h e  response 
method w e r e  used. I n  add i t ion  t o  damping by these  two methods, f has been 
computed during t h e  dynamic test  program. Damping va lues  obtained i n  these  
t h r e e  ways are used t o  ob ta in  generalized damping, C. Thus, f o r  each test 
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condi t ion  three values of generalized damping are obtained corresponding t o  
the f i r s t  three modes. 

A three-mass model corresponding t o  t h e  t h r e e  s t a g e s  i s  then  used t o  
transform the genera l ized  damping c o e f f i c i e n t s  i n t o  t h e  s t a g e  and i n t e r s t a g e  

sponding t o  the  t h r e e  masses. 
~ damping coe f f i c i en t s .  This method e s t a b l i s h e s  t h e  three-poin t  modes corre-  
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SECTION 11. CALCULATION OF GENERALIZED DAMPING COEFFICIENTS 

Phase Angle a t  
Accelerometer 
Location i 

A. INTRODUCT ION 

01,l 01,2 91,3 
92,l 92,2 O2,3 

An indica t ion  o f  the  damping i n  a s t r u c t u r a l  system i s  the rate of  change 
of phase angle vs .  t he  r a t e  of change o f  frequency as recorded by an acceler- 
ometer during a response sweep. This  information recorded during the  SA-202 
Saturn I B  dynamic test i s  used t o  ob ta in  the  modal damping o r  general ized dsmp- 

s t r u c t u r e .  F i r s t ,  the  damping as ind ica ted  a t  each accelerometer is obtained,  
and second, these  ind iv idua l  damping c o e f f i c i e n t s  a r e  then assembled i n t o  a 
modal damping c o e f f i c i e n t  using the  equations of motion f o r  a s impl i f ied  s t r u c -  
t u r a l  model. 

ing tseff ic ients  fcr the first t h r e e  ber;dLr;g frequenc.ies of the assembled 

B. CALCULATION OF THE RATE OF CHANGE OF PHASE ANGLE vs.  THE RATE OF CHANGE 
OF FREQUENCY 

For each frequency the  phase angle  i s  obtained a t  each accelerometer 
loca t ion .  From the  dynamic test d a t a  th ree  f i l e s  a t  frequencies bounding the  
resonant frequency are se l ec t ed  and the phase angles a t  each accelerometer 
loca t ion  corresponding t o  the  th ree  frequencies a r e  obtained from the  d a t a  
( f igure  1). Thus, f o r  each bending frequency the  following information i s  
obtained (w2 i s  the  frequency c lose  t o  the  resonant frequency): 

Frequency I w3 

With t h i s  d a t a ,  the  rate of  change of  phase angle 
frequency, &I/&, may be ca l cu la t ed  as the  s lope  from 
l i n e  curve f i t .  The equat ion of the  s t r a i g h t  l i n e  is 

vs.  rate of change of 
the least square s t r a i g h t  

a + alw = 8 
0 

where a i s  A0/& the  des i red  s lope.  1 

To ca lcu la te  a and a t h e  f i r s t  a r r ay  must be set up i n  the  form: 

1 w 

1 W 

1 w 

0 1 

1 

2 02 

3 O3 4 



0.98 0.99 1.00 1.01 1.02 
FREQUENCY RATIO 

WN 
LEGEND 

FT1 - I S  FROM FILE 700102 
pT2 - I S  FROM FILE 700103 
PT3 - I S  FROM FILE 700104 
THE LEAST SQUARE STRAIGHT 
LINE CURVE FIT. I S  THE LINE 
AB - 

FIGURE 1. TYPICAL PHASE ANGLE vs. FREQUENCY 
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where t h e  first column is  a weight column, which i s  s e t  t o  un i ty  as a l l  values  
are assumed t o  have equal  v a l i d i t y .  The elements i n  each row of the  f i r s t  
a r r ay  are mult ipl ied by the  elements of the  second column forming a second 
array.  

1 w e  2 
1 1 1  W W 

w e  2 
2 ' 2  2 2  

w w 

w e  2 
3 3 3  

w w 
3 

w h e r e  w and 6 are equal  t o  w and ON, respec t ive ly .  2 2 N 
The normal equations f o r  the  s o l u t i o n  of a and a are 

0 1 

B1l a. + B12 al = c1 

The 

The 

E =  

so lu t ion  fo r  al y i e l d s  the  

damping c o e f f i c i e n t  ( 5 )  a t  

57.3 
A0 2 w  - N L h  

C. EQUATIONS OF MOTION 

Figure 2 i s  an i l l u s t r a t i o n  of 

des i r e d  Aelb.  

each accelerometer i s  ca l cu la t ed  by 

the  s t r u c t u r a l  model used t o  ob ta in  the  
equat ion of motion. A t  each m a s s  an equat ion of motion w i l l  be of the  form: 

6 
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[ ; I *  
‘i] * 

a 

Po s in  w t  

TYPICAL 
APPLIED 
FORCE 

FIGURE 2. STRUCTURAL MODEL OF THE SATURN I-B 
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rnc + C$T + Kw = P sin ut 
0 

C K PO ii + - i + - w = - sin ut m m m 

K PO G + 2e i + w = - sin wt m 

or in matrix form: 

= a matrix with one element equal to unity at the point of applied 
force and all other elements equal to zero 

f(t) = sin ut 

m = the lumped mass at the point of applied force 

The normal mode coordinate transformation is 

Ewl = r e 1  f z l  

where [ e ]  is the matrix of modal columns. 
T '  Making this substitution and premultiplying by [ e ]  

becomes 
the matrix equation 

Then 

[MI { E )  + [c]  (;} + [K] { z} = [lelT 121 f(t) 
8 



n 

M =E e?. 13 

i=l 
j 

n 

where 

n = number of points 

= the displacement at the i point in the j mode 
e i j  

Note: [MI, [C], and [K] are not generalized terms in the usual manner. 
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SECTION 111. STAGE AND INTERSTAGE DAMPING 

A. INTRODUCTION 

An i n i t i a l  survey of the problem of  obta in ing  t h e  s t age  and i n t e r s t a g e  
damping indica ted  t h a t  t h e  des i r ed  values were a s e t  of damping c o e f f i c i e n t s  
which would y i e l d  modal damping from values obtained from t h e  phase angle o r  
similar methods. The appropr ia te  damping values would i n d i c a t e  t h e  i n t e r n a l  
damping i n  e p r h  s t e p  and_ the dam_pfng hetween the stages.  A, cc?~lrr~_nient wgy 
t o  represent  t h e  veh ic l e  i s  by a three-mass system connected by sp r ings  and 
dampers. The t h r e e  masses represent  t h e  t h r e e  s tages:  S - I B ,  S-IVB, and upper 
s t ages .  To descr ibe  t h e  motion i n  a three-mass system, it i s  necessary t o  
ob ta in  the  three-poin t  modes. Three modes w i l l  s u f f i c e  for i d e n t i f i c a t i o n  o f  
t he  t h r e e  n a t u r a l  modes of v ib ra t ion .  Following below is  a d e s c r i p t i o n  of 
how the  three-point mode shapes a r e  e s t ab l i shed  and how they a r e  used i n  con- 
junc t ion  with the  modal damping t o  ob ta in  t h e  s t age  and i n t e r s t a g e  damping. 

B. ESTABLISHMENT OF THE THREE-POINT. MODES 

The property of the mode which is t o  be re ta ined  i n  e s t a b l i s h i n g  t h e  
three-point mode i s  one of or thogonal i ty  wi th  respec t  t o  mass; t h a t  i s ,  
[e lT[  'm J [ e ]  w i l l  be diagonal'  mat r ix ,  o r 1  i n  a p r a c t i c a l  sense,  t h e  o f f -  
diagonal terms w i l l  be s m a l l  wi th  r e spec t  t o  the diagonal terms. 
f i r s t  three modes the  r e l a t i o n  w i l l  be 

For t h e  

w h e r e  [ e ]  represents  t h e  modes comprised of n poin ts  as measured on t h e  ve- 
h i c l e .  It i s  des i r ed  t o  r e t a i n  t h e  same r e l a t i o g  f o r  t h e  three-point  mode. 

That i s ,  

where 8 is  the  Sa turn  I B  mode shape as  shown i n  Figure 3 and 0 is  the three-  
point mode shape as shown i n  Figure 4 .  

The r e l a t ionsh ips  o f  t he  mass-weighted modes can be defined i n  t h e  follow- 
ing manner. 

The generalized mass values of the two modes can be expressed by 

[YIT[Y3 = [ Y I T I Y l  
where [y]  = [ e  

[Yl = [Qm 
10 



SATURN I3 - S I V B  INTERFACE r 

C 9 - 

/ - UPPER STAGE 
INTERSTAGE 
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1' MODE 

2nd MODE 

b 

FIGURE 3. FIRST, SECOND, AND THlRD BENDING MODES, SATURN IB DYNAmC TEST 
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The displacement, Yljs descr ibes  the motion of the m a s s  Mi of the  S-IB i n  
t h e  three-poin t  system. This is t h e  por t ion  of the  continuous s t r u c t u r e  be- 
tween a and b. I n  l i k e  manner, Y2i describes the  motion of  t h e  S-IVB, o r  t h z t  
p o r t i o n  of s t r u c t u r e  between b and c; and Y3i descr ibes  t h e  motion of t h e  upper 
s t ages  between c and d. 

The orthogonal r e l a t i o n s h i p  between t h e  Qth and t h e  mth mode may be 
expressed as 

n n 

f o r  

f o r  

8 m . 8  = 0, m # .l 
y i 1  yim = c  i d  1 i m  

i=l i=l 

t h e  dynamic test  modes, and as 

3 

i =1 

t h e  three-point modes. 

For the  three-poin t  modes 

3 

i =1 

I 
I t h e  .lth mode. 

where t h e  displacement, Yij, r e f e r s  t o  t h e  displacement of t h e  i t h  s t age  in 

I 
The assumption is  made t h a t  the orthogonal r e l a t i o n  

i=l 

f o r  t h e  physical mode i n  the reg ion  o f  each s t a g e  i s  equal  t o  t h i s  same 
summation for  t h e  quas iphys ica l  modes YiR. That is, 

- No sum on ,E 'i1 'im - 'k.4 'km 
i=l 

which is a set of 9 simultaneous equations, where y i l  is  t h e  displacernent a d 
nk is t h e  number of displacements on t h e  k th  s tage.  These 9 simultaneoLs,may 
be arranged i n  t h r e e  sets f o r  k = 1, 2, 3 and solved f o r  the Ykg's. 
example, f o r  k = 1, 

epJs2on 5 

As an 
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1 n 

i=l 

'12 '13 = 'i2 'i3 
i =1 

i=l 

f o r  which so lu t ions  f o r  t he  Y's a re  

The elements of  the mat r ix  [ O ]  a re  obtained by t h e  r e l a t i o n  

m being the m a s s  of t he  ith stage,  and O i j  and Y i j  being t h e  displacements. 

[ O ]  are then computed for  input  t o  t h e  damping c o e f f i c i e n t  program. 

i 

The modes [Y] a re  e s t ab l i shed  by t h e  th ree -po in t  mode program. The modes 

D. STAGE AND INTERSTAGE DAMPING 

The generalized damping f o r  the jth mode i s  2 c j w j M j  where c j  t h e  percent 
For c r i t i c a l  damping, Mj is  t h e  generalized mass and w 

t h e  t h r e e  modes generalized damping is: 
t h e  mode frequency. 

j 

14 



c1 = 2c w 1 1 5  
C2 = 2f M 

2 2 2  

C = 25, td3 M3 3 

For t h e  modes used i n  t h i s  s tudy,  the three-poin t  modes a re  normalized t o  
u n i t y  at t h e  t h i r d  mass and the generalized mass i s  obtained from t h e  dynamic 
test modes normalized t o  the  cen te r  of g r a v i t y  s t a t i o n  f o r  t h e  upper s tages .  
The generalized mass from t h e  three-point mode program was computed using the  
response a t  each frequency. The generalized mass f o r  t he  mode normalized t o  
s t a t i o n  would be t h e  r a t i o  o f  the generalized m a s s  for  the response t o  the  
response displacement a t  s t a t i o n  1, squared. 

Had the  s t age  and i n t e r s t a g e  damping been a v a i l a b l e ,  the generalized mass 
could have been obtained using the  three-point modes from the  damping matr ix  
by the matr ix  t r i p l e  product: 

0 0  0 11 12 13 0 

where the  terms of the  matrix [c] represent s t a g e  and i n t e r s t a g e  damping as 
shown i n  f igu re  4 .  

However, the mgdal damping matrix has been obtained and it is  des i red  t o  
o b t a i n  from it  t h e  s t age  and i n t e r s t a g e  damping c o e f f i c i e n t  matrix.  
w i th  the expression 

S t a r t i n g  

e c J = [ Q I ~ [ C I [ Q I  
T pre- and postmultiplying by [ O ]  and [0] t o  ob ta in  

[ Q l f  c J [ Q I T  = r ~ l ~ Q I T ~ C l r ~ l r Q I T  

then  pre- and postmultiplying by ([O] [0IT)- l  and regrouping 

is  obtained. 

15 



the equation becomes 

From t h i s  expression the individual  terms of  the damping matrix [ C ]  may be 
obtained . 

16 



SECTION IV. PERCENT MODAL DAMPING BY THE RESPONSE METHOD 

A. IWRODUCT ION 

The response of a s t r u c t u r e  t o  an appl ied  force can be obtained i f  t h e  
modes and n a t u r a l  frequencies are known. These modes are used t o  assemble the 
s t r u c t u r a l  response using the  generalized mass and t h e  modal damping. I f  t he  
modal damping used i s  c o r r e c t  i n  each mode, then t h e  a c t u a l  test response can 
be obtained. The response of the s t r u c t u r e  i n  t h e  lower frequency ranges can 
be assembled from the f i r s t  few modes. In t h i s  study the f i r s t  t h ree  modes 
are used and the  damping requi red  t o  o b t a i n  the test response is obtained. 

To ob ta in  the  response of t h e  s t r u c t u r a l  model, the normal mode method as 
given by Hurty and Rubinstein [l] i s  the approach used i n  this ana lys i s .  
method i s  charac te r ized  by t h e  f a c t  t h a t  t h e  d i f f e r e n t i a l  equations of motion 
are decoupled when the  displacements are expressed i n  terms o f  normal modes. 
Thus, i n  a system having n degrees o f  freedom, n independent d i f f e r e n t i a l  
equations are used r a t h e r  than n simultaneous d i f f e r e n t i a l  equations.  For a 
system i n  which t h e  damping forces  a r e  derived from a d i s s i p a t i o n  funct ion,  R ,  
t h e  rth Lagrange equation of the set n is  

This 

& &I dR - a, + a, + a; = N r  
r r r 

where t h e  coordinates z (r = 1, 2 ,  3 ,  ..., n) are a s p e c i a l  set  of generalized 
coordinates defined by r 

n 

w(x, t )  = Z i ( t >  

id 

where w(x,t) i s  the  d e f l e c t i o n  o f  point x a t  t h e  t i m e  t and e.(x) i s  t h e  
displacement conf igura t ion  of the s y s t e m  v ib ra t ing  i n  i t s  i th lna tura l  mode. 
The fo rce ,  Nr, i s  t h e  rth generalized appl ied  force i n  the  normal coordinate 
system. Thus the d e f l e c t i o n  a t  any po in t  i n  the s t r u c t u r e  i s  expressed i n  
terms of  t h e  normal modes of the s t r u c t u r e  and the  normal coordinates.  

B. APPLICATION OF TISE NORMAL MODE METHOD TO A DISCRETE MASS SYSTEM 

Using the  Lagrangian approach, the k i n e t i c  energy, s t r a i n  energy, and 
d i s s i p a t i o n  function i n  terms of the v e l o c i t i e s  and displacements a t  t h e  mass 
po in t s  of t h e  s t r u c t u r a l  system a r e  
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1 2 
i i  T = - C m .  G 

' i  

U = - C 
1 

kij  wi wj 

1 
2 1 - j  

' 1 - j  

R = -  C C c i j  w. w 
i J  

where m i s  t he  m a s s  lumped a t  the ith po in t  of the system; k i j  is  the  s t i f f -  
ness term r e l a t i n g  forces  and displacements between point  i and j ,  and c i j  i s  

equat ion 

i 

the d2m_I?ing coefficient hetween I and j. Fnr the elem_P_n+_s of +_!le T,agrangp 

n n 

i =1 i=l 

where M the generalized m a s s ,  i s  def ined as r y  
n M = C m .  2 

1: 1 'ir 
i=l 

Thus 

and 

where f r  i s  the  damping f ac to r  and ur i s  the n a t u r a l  frequency i n  the  rth mode. 

t h  Subs t i tu t ing  i n t o  the  r Lagrangian equat ion,  t he  rth decoupled d i f f e r -  
e n t i a l  equation of motion becomes 

2 M i' + 21, or Mr ir + M z = Nr r r  r r r  

Nr is the force applied t o  the  decoupled system and is  given by 
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m 

j =1 

F ( x . , t )  i s  separable i n  x and t: 
m J 

F(x t) = 
j '  

Po P(Xj) f ( t >  
j =1 .. 

where P may be a peak amplitude value, p(x.)  i s  t h e  v a r i a t i o n  along the 
s t r u c t u r e ,  0 and f ( t )  a t i m e  var iable .  For a 3 harmonic force applied at  one po in t ,  

F(x t) = Po s i n  u t  
j '  

where w is  t h e  forcing frequency. Thus, Nr i s  

N~ = (p0 s i n  u t )  e 
j r  

where 8 is t h e  displacement a t  j ,  t he  poin t  of applied load i n  t h e  .rth mode. 
jr 

C. MATRIX FORM OF TI& NORMAL MODE METHOD 

The normalized mode is accomplished by t h e  coordinate transformation 

where (2) is the normal coord ina te ,  [ e ]  is  t h e  matr ix  of mode shapes. The 
d i f f e r e n t i a l  equations of motion i n  the {w) coordinate system a r e  

where F ( x j , t )  is separable i n  x and t. 
the  displacement a t  i i n  the  jth mode. 
f o r  each of the given frequencies and [ e ]  w i l l  be dimensioned p x q where p 
is the  number of mass poin ts  and q is t h e  number of modes used. For acce lera-  
t i o n  and ve loc i ty ,  (GI = [ e ] ( ' i )  and (e} = [ 8 ] { 5 ] .  
equations of motion f o r  the physical coord ina tes ,  t he  mode equations of motion 
are obtained: 

The elements o f  [ e ]  are O i j ,  which i s  
The columns of  [ e ]  are thus the  modes 

Subs t i t u t ing  i n t o  the  
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Because of the  orthogonal r e l a t i o n s  between modes, the  t r i p l e  mat r ix  pro- 
duc ts  are diagonal  matrices. These t r i p l e  products are def ined as: 

T 

T 

T 

f M J = [ e ]  [ m ] [ e ] ,  the  generalized m a s s  

C J = r e ]  IC]  [€I 1, the  generalized damping 

[ K = [ e ]  [k] [e ] ,  t he  generalized s t i f f n e s s  

These general ized constants  are r e l a t ed .  
which is  the general ized damping i n  the  jth mode , i s  equal  t o  2 5  .w.M. , where 
(. i s  t h e  modal percent  of  c r i t i c a l  damping; wj i s  the frequency! And Mj is  
t i e  generalized mass i n  the  j t h  mode. K j ,  t he  general ized s t i f f n e s s  i n  the  
jth mode, is equal  t o  w? M 

For example C j ,  an  element of  [ C J 

J j '  

D.  SOLUTION FOR THE NORMAL COORDINATES BY MEANS O F  LAPLACE TRANSFORMS 

The rth equat ion f o r  a s inusoida l  appl ied load i s  

2 MrEr + 2 5  w M i + wrMrzr = P s i n  ut 8 
r r r r  0 jr  

where w is  t h e  rth n a t u r a l  frequency r 

w is t h e  forcing frequency 

Mr is t h e  rth generalized mass 

cr i s  t h e  rth damping f ac to r  

j i s  the poin t  of applied load 

The Laplace transforms o f  i (t) and i' (t) are r r 

E i r ( t )  = szr(s)  - Z r ( O )  

L 

f'i ( t )  = sz r ( s )  - S Z r ( O )  - i r (0)  .r 

However the displacements w(x, t )  w i l l  be measured from w(x,O) therefore :  

Zr(O)  = i r (0 )  = 0 

20 



The Laplace transform of the  rth equation is 

P e .  w 

2 
2 o ir (Mrs2 + 2[ w M s + wrMr) z r ( s )  = 

s2 + u r r r  

from which 

p e  u 
0 ir 

Z$S) = 2 2 2  (s2 + 25 w s + ur) ( s  + w ) Mr r r  

The s teady state por t ion  of z is r 

s i n  ( w t  - J r )  P e  o jr 
c / =  

r 
r r r  

where 
-1 2 b r W  

2 2  
r 

$ = tan 
w - w  

With the s teady state por t ion  of Z r  known, the  r e l a t i o n s h i p  between the physi- 
cal modes and the normal modes, 

may be used t o  ob ta in  phys ica l  displacements. 
a t  po in t  1 would be: 

For example, the displacement 

w1 = e  z + e + e z + ..... e z 11 1 12 2 13 3 I n  n 

E .  COMPUTATION OF DAMPING FACTOR 

The bas i s  f o r  t he  normal mode method is that a l i n e a r  r e l a t i o n  holds  f o r  
the  equat ions of motions. Thus, an increase  i n  one of the  parameters of  the 
system-for example, response-must be accompanied by a propor t iona l  decrease i n  
some o ther  parameter, such as t h e  damping r a t i o .  The approach used .in t h i s  
s tudy i s  t o  ob ta in  response us ing  damping f a c t o r s  as computed by the  phase 
angle method, c o r r e c t  by the r a t i o  of response t o  dynamic test  response,  and 
re run  as a check. The normal mode method is not  unique t o  t h i s  s tudy;  conse- 
quent ly ,  the  program used t o  ob ta in  t h i s  damping is  not  included i n  t h i s  
r epor t .  
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SECTION V. DISCUSSION 

This report  has defined methods t o  compute genera l ized  damping c o e f f i c i e n t s  
and s t a g e  and i n t e r s t a g e  damping c o e f f i c i e n t s .  
s c r ibed  i n  sect ions 11, 111, and I V .  The r e s u l t s  of t he  methods used are given 
i n  Tables 1 and 2 .  

The methods developed are de- 

During the dynamic test damping c o e f f i c i e n t s  were computed which are in- 
tludcd in TlnI.1- & . C L " L L  1, C G 1 . i E  3. The coiciposfte valiie iii Table  I, C O h i Z i i  4, is cle- 
r ived  from the mat r ix  t r i p l e  product [O]TIC![O] where [C]  i s  an  average va lue  
as ind ica ted  i n  column 4 of Table 2. 

The percent of generalized damping as obtained by t h e  phase angle method 
involves t h e  slope of a curve obtained from experimental information. A t  bes t  
only a few points can  b e  used t o  ob ta in  t h e  slope during the phase s h i f t .  Using 
t h e  s lope  of a curve i s  i n  essence a d i f f e r e n t i a l  procedure and r e s u l t s  i n  a 
roughing of the information, as a d i f f e r e n t i a l  procedure w i l l  magnify any e r r o r ,  
whereas a n  in tegra t ing  procedure w i l l  tend t o  smooth the  d a t a  and minimize the 
e f f e c t  of e r ro r .  The phase angle method r e s u l t e d  i n ,  w i th  one exception, t he  
lowest percentages of any of t he  methods used. 

The percent of generalized damping as obtained by the  response method i s  
dependent on the  fo rce  e x c i t i n g  the veh ic l e  and thus accounts f o r  a l l  t he  
energy d i s s ipa t ed .  
recorded on the s t r u c t u r e  and do not consider f l u i d  motion. 

However the  modes used w e r e  obtained from dynamic test  d a t a  

The approach used during the  dynamic test included use of t h e  ha l f  power 
po in t  and the rate of decay of v ib ra t ion .  Figure 5 i l l u s t r a t e s  t he  response 
f o r  a t y p i c a l  accelerometer. This response ind ica t e s  t h a t  modes o the r  than  
v e h i c l e  bending were exc i ted  and would make e s t a b l i s h i n g  the  h a l f  power po in t  
w i th  confidence d i f f i c u l t .  A l s o ,  i n  allowing t h e  v i b r a t i o n  t o  decay, bea t ing  
and coupl ing between modes occured. The t y p i c a l  t h e o r e t i c a l  response using the 
f i r s t  t h r e e  dynamic t e s t  bending modes i s  a l s o  i l l u s t r a t e d  i n  Figure 5. Some 
of these  resonant modes represent  coupling of t h e  exc i t ed  veh ic l e  w i th  the  test 
support  o r  coupling wi th  f l ex ib l e .  components , f o r  example, engines. 

Consideration of the percent of generalized damping as computed by t h e  
var ious  methods ind ica t e s  t h a t  for  t h e  Sa turn  I B ,  SA-202 t h i s  percentage would 
be approximately 1 t o  1 .5  percent f o r  t h e  f i r s t  th ree  bending modes. Further 
refinement of this value based on experimental information would r equ i r e  more 
p rec i se  d a t a  on the suspension and f l u i d  motion. 

Consideration of the damping c o e f f i c i e n t s  i nd ica t e s  some agreement between 

The damping between t h e  SIB and 
yaw and p i t c h .  Some negative values appear but these  are s m a l l  and probably 
r ep resen t  values obscured by the noise  l e v e l .  
t h e  upper s tages  denoted by C13 has a s m a l l  value which i s  reasonable as the 
f irst  and th i rd  s t age  have no d i r e c t  s t r u c t u r a l  connection. 
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TABLE 1. PERCENT GENERALIZED DAMPING, 5 PITCH ANTI YAW EXCITATION, 
j’ SATURN IB SA-202 

CONDITION BENDING 
MDDE 
AND 

FREQUENCY 

1st @1.35CPS 
2nd S2.2iZPS 
3rd @4.2OCPS 

1st @l. 64CPS 
2nd @2.58CPS 
3rd @6.OOCPS 

1st @1.70CPS 
2nd @2.60CPS 
3rd @6.88CPS 

1st @L;33CPS 
2nd @2.19CPS 
3rd @4.14CPS 

1st @l.GlCPS 
2nd @2.48CPS 
3rd @6.08CPS 

1st @l. 64CPS 
2nd @2.50CPS 
3rd @6.91CPS 

PHASE 
ANGLE 
METHOD 

1.44 
.28 
.81 

.54 

.71 
1.71 

2.26 
.29 
.67 

.57 
1.18 
1.08 

.57 
1.66 
1.72 

.51 
1.00 
.98 

RE S PONSE 
METHOD 

1.79 
i . i4 
1.10 

-73 
1.75 
2.59 

1.19 
1.14 
-60 

1.21 
2.32 
1.08 

.94 
2.84 
2.02 

1.10 
1.43 
1.31 

~ 

REFERENCE 

1.67 
.9i 
1.32 

1.75 
1.17 
1.88 

1.90 
1.27 
.87 

1.22 
1.02 
1.54 

1.85 
1.11 
2.00 

1.70 
1.34 
1.47 

COMPOSITE f 
VALUE 

1.63 
. I 6  

1.08 

1.00 
1.21 
2.06 

1.78 
.90 
.71 

- -  

1.00 
1.50 
1.23 

1.11 
1.87 
1.94 

1.10 
1.26 
1.25 

*AN ADDITIONAL SWEEP THROUGH THIS BENDING MODE HAD A MODAL DAMPING 
OF 1.17% OF CRITICAL DAMPING 
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TABLE 2.  STAGE AND INTERSTAGE DAMPING COEFFICIENTS, SATURN I B  SA-202 

COND I T  10 N 
)AMPIN 
:OEFFI 
:IEm 

C I 1  
c12 
c13 
c22 
c2 3 
c33 

c11 
c12 
c13 
c22 
c2  3 
c33 

c11 
c12 
c13 
c22 
c23 
c33 

c11 
c12 
c13 
c22 
c23 
c33 

c11 
c12 

c22 

c33 

c11 
c12 

c22 

c33 

13 

c23 

13 

c23 

GENERA 
PHASE ANGLE 

METHOD 

159 , 876 
4 , 494 

-2,043 
26,619 
8,041 

10,026 

216,048 

13 , 616 
58,361 
- 102 

15,032 

517 , 226 
239,296 
-41,476 
586,441 
390,635 
363 , 081 

44 , 949 

182,394 
57,777 
2,291 

59 , 601 
29,713 
30,793 

497,199 
137,489 
-45,256 
121,056 

- 2 9 1  
36,061 

406,340 
247 , 038 
48,752 

337 , 864 
178,741 
142.249 

[ZED DAMPI 
RESPONSE 

METHOD 

234,509 
-7,472 

-30,69 1 
44 , 205 
25,758, 
39,214 

324 , 787 
71,014 
17,673 

8,173 
33,187 

435,861 
270,220 

18,388 
447,478 
234 , 582 
203,483 

8 7  , 783 

231,634 
37,273 

- 13,018 
74,414 
48,028 
58 , 025 

608,201 
140,875 

166,122 
2,612 

60,141 

558 , 640 
290,871 

23,890 
536,851 
328 , 042 
285,573 

-64,665 

I 

REFERENCE 

229,941 
7,180 

46,657 
22 , 183 
31,552 

277,839 

30,749 
129 , 681 
-17,235 
29,786 

654,025 
392,560 

19,512 
672 , 968 
369,663 
321,839 

-21,205 

-1,532 

277,153 
84 , 601 
15,382 
78 , 384 
30,997 

676,617 
78 , 530 

-114,022 
204,169 

57 , 704 
68 825 

647 , 809 
284,639 
-17,089 
692,043 
468,683 
425,383 

28:, 254 

coKws ITE 
DAMPING 

208 , 109 

-17,980 
39,160 
18,661 
26,931 

272,891 
38,144 
20,679 
91,942 
-3,055 
26 002 

535,704 
300,692 

568,962 
331,627 
296 , 134 

1,401 

-1,192 

230,394 
59,884 

1,552 
70,800 
36,246 
39 , 024 

594 , 006 
118,965 
-74,648 
163,782 
20,008 
55,009 

537,586 
274,168 

18,505 
522 , 262 
325 , 176 
284,425 

NOTE: UNITS OF DAMPING COEFFICIENTS ARE KG/SEC 
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APPENDIX A 

DESCRIPTION OF THE DYNAMIC TEST DATA [ 5 ]  

The d a t a  necessary f o r  the performance of t h i s  study w a s  taken from the  
The data  recorded a t  a given t i m e  i s  c a l l e d  a f i r s t  summary f o r  each test .  

f i l e  and conta ins  the following information: 

1. 
2. 
3 .  
4. 
5 .  
6. 
7. 
8 .  
9. 
10. 

T i t l e ,  including condi t ion and test  d a t e  
F i l e  number 
Frequency, c p s  
Shaker fo rce  i n  Newtons and pounds 
Accelerometer and SEL channel number 
S t a t i o n  f o r  each accelerometer, i n .  
Accelerat ion a t  each accelerometer, G ' s  
Displacement fo rce  r a t i o  a t  each accelerometer,  cm/Newton and i n  
Displacement a t  each accelerometer,  c m  and i n ,  
Phase angle  , degrees 

I l b  

The following information w a s  keypunched f o r  use as input  d a t a  f o r  t he  
damping programs. 

1. Frequency, cps 
2. Shaker fo rce ,  Newtons 
3 .  Accelerometer No.  
4 .  SEL channel No. 
5. Accelerat ion,  G ' s  
6 .  Phase angle ,  degrees 
7.  Displacement, c m  
8. F i l e  number 

T h i s  information w a s  key punched i n  FORTRAN IV as used on the  General 
Elec t r ic  415 computer. This format i s  as follows: 

Information Units Format Card Columns 

Card 0 

Frequency 
Shaker Force 
Sequence N o .  
F i l e  N o .  

CPS 
Newtons 

F 10.5 . l - l O  
F 10.4 11-20 
I 5  66-70 
I 10 71-80 
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Cards 1 through N 

Accelerometer No. 
SEL channel No. 
S t a t  ion 
Acce lera t ion 
Phase Angle 
Displacement 
Sequence No. 
F i l e  No ,  

i n .  
G ' s  
degrees 
c m  

I 5  
I 5  
F 10.1 
F 10.5 
F 10.5 
F 10.6 
I 5  
I 5  

1-5 
6-10 

11-20 
21-30 
31-40 
41-50 
66-70 
71-80 

Each f i l e  key punched cons is ted  of N + 1 cards ,  the ca rd  number being the  
sequence number running from 0 through N. 

F i l e s  used t o  e s t a b l i s h  percent  general ized damping by the phase angle  
method were punched f o r  each mode as fo l lows:  

T e s t  Date T e  s t Name 

Apr i l  2, 1965 

Apr i l  4 ,  1965 

SA-202, p i t c h  at l i f t o f f  ( re run) ,  Sa turn  IB 
dynamic t e s t  f i l e s  : 
1st Bending Mode: 0700 110 

07 001 11 
0700112 

2nd Bending Mode: 0700065 
0700067 
0700070 

3rd Bending Mode: 0700102 
0700103 
0700104 

SA-202, p i t c h  a t  110 seconds ( re run) ,  
Saturn I B  dynamic tes t  f i l e s :  
1st Bending Mode: 07 12260 

0712261 
07 12262 

2nd Bending Mode: 0712301 
07 12302 
0712303 

3rd Bending Mode: 07 12461 
0712462 
07 12463 
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Te s t Name Te s t Date 

March 19, 1965 

Apr i l  8 ,  1965 

A p r i l  9 ,  1967 

March 16, 1965 

SA-202, p i t c h  a t  147 seconds, Saturn IB 
dynamic test f i l e s :  
1st Bending Mode: 0 0 2 24 23 

0022424 

2nd Bending Mode: 0022732 
0022733 
002 2 734 

3rd Bending Mode: 0022564 
0022 5 6 5 

SA-202, yaw a t  l i f t o f f  (rerun),  Saturn I B  
dynamic test f i l e s :  
1st Bending Mode: 0602043 

0602044 
0602045 

2nd Bending Mode: 0602132 
0602133 
06 02 134 

3rd Bending Mode: 0602207 
06022 10 
0602211 

SA-202, yaw a t  110 seconds (rerun)., Saturn 
IB dynamic tes t  f i l e s :  
1st Bending Mode: 06 12245 

0612246 
06 12247 

2nd Bending Mode: 06 12034 
0612035 
06 12036 

3rd Bending Mode: Se t  1: S e t  2: 
0612300 0612135 
0612301 0612136 
0612302 0612137 

' SA-202, yaw a t  147 seconds, Saturn IB 
dynamic te Y t f i l e  s : . 
1st Bending Mode: 0122015 

0122017 
0122020 
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T e s t  Date Te s t Name 

March 16 ,  1965 (Cont'd.) 2nd Bending Mode: 0122067 
0122070 
0122072 

3rd Bending Mode: 0122200 
0122201 
0122202 

F i l e s  used t o  e s t a b l i s h  three-point modes w e r e  as follows: 

T e  s t Condition Bending Mode F i l e  

P i t c h  L i f to f f  

P i t c h  110 sec 

P i t c h  147 sec 

Yaw L i f t o f f  

Yaw 110 sec 

Yaw 147 sec.  

1st 
2nd 
3rd 

0700111 
0700005 
0700103 

1st 0712225 
2nd 0712227 
3 rd 0712463 

1st 
2nd 
3 rd  

1st 
2nd 
3rd 

1st 
2nd 
3 rd 

1st 
2nd 
3rd 

0022423 
0022733 
0022646 

0602044 
06 02 0 10 
0602016 

06 12246 
0612035 
06 12301 

0122020 
0 12207 0 
0122201 

The accelerometers used t o  e s t a b l i s h  p i t c h  modes w e r e  1 through 23. The 
accelerometers used t o  e s t a b l i s h  yaw modes were 1, 82 through 85, 8 through 22, 
66, and 23. F i l e s  used were from t h e  same tests as w e r e  f i l e s  f o r  t he  phase 
angle  method . 
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APPENDIX B 

DAMPING STUDY - PHASE ANGLE METHOD 

INPUT AND OUTPUT 

SYMBOLS 

TEXT PROGRAM DEFINITION INPUT FORMAT 

NCASE 

NP 
N J  
NOS 

NLF 

LP 

KMI 

KM2 

Number of cases t o  run 

T i t l e  card 

Number of accelerometers 
Number of modes pe r  f l i g h t  t i m e  
Point  number t o  which modes are 
normalized 
Number of accelerometers i n  the  
f i l e  

Accelerometers thac  are t o  b e  
used (24 va lues  per  card)  

'If 0, add 360 t o  phase angle  o f  
T E T A 1  
If 1, subt rac t  '360 from phase 
angle  of THETAl 
If 0, add 360 t o  phase angle  of 
THETA2 

15 ' 

8 OH 

15 
15 

15 

15 

2413 

15 

I f  1, subt rac t  360 from phase angle  
of THETA2 15 
If  0, add 360 t o  phase angle  of 

15 TIIETA3 
If 1, subt rac t  360 from phase 
angle  of THETA3 
Number of phase angles  t o  change 
i n  THETA1 15 
Number of phase angles  t o  change 

15 i n  THETA2 
Number o f  phase angles  t o  change 

15 i n  THETA3 

KM3 

NTC 1 

NTC 2 

NTc3 

NTHl The accelerometer numbers t o  be 
changed f o r  THETA1 
(24 values per  card)  2413 
If NTC1 = 0, do not  inc lude  t h i s  
card i n  d a t a  deck. 

B- 1 



Input & Output (Cont 'd . ) 

SYMBOLS 

TEXT PROGRAM DEFINITION INPUT FORMAT 

1 w 

w 
n 

0 2  e 
ij 

3 
w 

e3 

5 

NTH2 

NTH3 

F 1  

NAC 
THETA1 

F2 
SF 2 

NAC 
THETA2 
DX 

F3 

NAC 
THETA3 

ACCEL 
Slope 

X I  

C ( J )  
ZETA(J) 

Same a s  NTHl,  except f o r  THETA2 
I f  NTC2 = 0, do not include 
t h i s  card i n  d a t a  deck. 

Same as NTHl, except f o r  THETA3 

t h i s  card i n  d a t a  deck. 
If mc3 = Q J  dQ n e t  inclcdo, 

Frequency 

Accelerometer No. 
Phase angle  

Natural  frequency 
Shaker fo rce  a t  n a t u r a l  
frequency 

Accelerometer No. 
Phase angle  
Displacement 

Frequency 

Accelerometer N o .  
Phase angle 

Accelerometer No. 
Slope a t  each accelerometer 
loca t ion  
Damping c o e f f i c i e n t  a t  each 
acce l e r  ome te r loca t ion  
Generalized damping c o e f f i c i e n t  
Percent c r i t i ca l  damping 

24 I 3  

2413 

F10.5 

15 
F10.4 

F10.5 

F10.4 

15 
F10.4 
F10.6 

F10.5 

15 
F10.4 

N/ A 

NJA 

N/A 
N / A  
N/A 
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INTERNAL PROGRAM SYMBOLS 

SYMBOLS 

PROGRAM D E F I N I T I O N  TEXT 

Change i n  phase angle  
Change i n  frequency 
Slope 
Normalized displacements 
Po i n  t damp ing  
Generalized m a s s  
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5 
6 
7 

9 
1 0  
11 
1 2  
1 3  
1 4  
1 5  
1 6  
1 7  
1 8  
1 9  
$0 
31 
3 2  
23 
7 4  
7 5  
7 6  
97 
7 8  
39 
3n 
q1 
32 
73 
7 4  
7 5  
76 
7 7  
3 8 
19 

n 

4 0  
4 1  
62 
4 3  
4 4  

4 6  
4 7  
4 8  
4 9  

4 5  
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17 0 
11 1 
1f 2 
173 
11 4 
115 
l j  6 
I1 7 
1 7 8  
11 9 
175 

172 
173 
1 7 4  
175  
196 
1 7 7  
178 
1 7 9  

171 

I 71 

170 

I 72 

1 3 3  

l . ? B  

119 

1.4 0 
141 
1 4 2  
1 4 3  
I44 
1 4 5  
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1 5 3  
1.54 
l E 5  
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a 
a 

a 
h 

a, 
H 

-I 
U 
c 
U 
4 

PI 
i 

LL 
C. 

c 
2 

u-. 
r) 01 

N 

c- 
2 

C 
L 

a 
C 
c- 
0 
U 
N 

-4 
- 
4 

I 
U 
0 
7 

c - c 
n. 

ni 
e 
U 
X 
t 

U 
-I 

Q 

C 
c. 
r. 

U 0 
4 

o 
N 

v, .r 
L N  m Q1 

i 
u1 
tu 
c3 
E 
I 

c z 
4 

LL. 
v: 
Q 
I 
t 

h 
m 

PI 

u 

v, 

U 

- 
UI 

r) 

Lc 
L L 

UI 
v: 
3 I 

c 
z 
U 
LL 

ul 
ILL 
t 

a r 
V 

Q 
(L 
n 

0 
c 

-J 
LL 
0 
c 
U 

c 
Q 
m 

Lu 
I 
0 
0 
Lu 

II n U 
x C : c  

?r 
n x  
a 
C 

I 
L: 
e 

I& 
0 

C 
7 

LL 
c r) 

t 
ul 

-I 
L 
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MODE 1 

ACCFL 
1 
3 
4 
5 
6 
7 
B 
9 

1n  
.l 1 
12 
13 
1 4  
15 
1 6  
17 
1 8  
19 
z n  
21 
2 2  
23 

SLOPE 
- . 8 3 4 1 1 4 E + 0 3  

- .851 f l73€+03  
-,863198€+03 
- . 8 8 3 1 2 4 E + 0 3  
- . 8 5 6 8 0 2 E * f l 3  
- .67969OE+O3 
- . 8 6 6 1 2 ? E + 0 3  
- , 8 3 6 5 6 8 € + 0 3  - 8503 14E+03  

- .833709E+f l3  

- , 8 4 4 1 0 6 E + 0 3  

- .9396R9E+03 -. 891 P 3 1 E + 0 3  
- , 8 4 6 2 9 2 E + 0 3  
- . 8 5 2 5 0 6 € + 0 3  -.  8 6  79H?E+03 
- . 7 9 2 9 7 9 € + 0 3  
- *810?54E+O3 

- m i n 7 9 ~ + 0 3  

- . a s 5 w w n 3  

- * 8 7 6 5 5 3 E + O 3  

- * 8 7 2 9 7 2 E + @ 3  

MnDE 1 7ETA = - . 8 1 4 4 5 8 € - 0 2  
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APPENDIX C 

THREE-POINT MODE PROGRAM 

The purpose of t h i s  program is  t o  ob ta in  the  three-point  mode described 
i n  Sect ion 111. The program i s  wr i t ten  i n  FORTRAN I V  as used on the  General 
Electric 415 computer i n  the Chrysler Corporation Huntsvi l le  F a c i l i t y .  This 
program generates  modes f o r  t h e  input mass points  from the  dynamic test modes, 
computes general ized mass, and computes the mass weighted three-point  modes. 
Included are input  da t a  desc r ip t ion  and format, i n t e r n a l  d a t a  descr ip t ion ,  
FORTRAN l i s t i n g ,  and sample output.  

DESCRIPTION OF I N P U T  DATA SYMBOLS, THREE-POINT MIDE PROGRAM 

FORTRAN 
SYMBOL DESCRIPTION FOWT COLUMN 

NCASE 

NWAC 

NPRO 

NTIP 

"FMS 

KT 

NAC 

STA" (J , NAC ) 

D ISP ( J  , NAC ) 

SSTA(J, I) 

SMASS (J, I) 

S'INER(J ,I) 

Number of cases  t o  run three  point  13 
modes f o r .  
T o t a l  number of accelerometers i n  13 
f i l e s  used. 
Tota l  number or  d i s c r e t e  masses i n  13 
mass property f i l e .  
Point number i n  the mass property 13 
f i l e  of s t a t i o n  t o  normalize on. 
Subset of W A C ,  number of 13 
accelerometers used t o  e s t a b l i s h  mode. 
1, f o r  l i f t o f f .  13 
2 ,  f o r  110 sec. 
3, f o r  147 sec. 
Frequency of the  j th  mode from 
the j th f i l e ,  j = 1 through 3 f o r  the  
three  modes. 
Accelerometer number from 15 
f i l e  W A C  t o t a l  
S t a t i o n  i n  the jQ f i l e  f o r  t he  NACth F1O.l 
accelerometer. 
Displacement i n  the jth f i l e  as re -  F10.6 
corded a t  the NACth accelerometer. 
S t a t ion  f o r  t h e  ith condit ion f o r  the F8.3 
jth mass point .  j = 1 through NPRO, 
i = KT, i n  mass property f i l e .  
Concentrated mass r e l a t ed  t o  F8.2 
SSTA(J,I), in mass property f i l e .  
Concentrated ro t a t iona l  i n e r t i a  E10.5 
r e l a t e d  t o  SSTA(J,I), i n  mass 
property f i l e .  

F10.5 

1-3 

1-3 

4-6 

7-9 

10- 12 

13-15 

1- 10 

6-10 

11-20 

41-50 

1-80 

1-80 

1-80 
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FORTRAN 
SYMBOL DESCRIPTION FORMAT COLUMN 

NACC (J )  Subset of NAC, accelerometers 13 1-78 
used t o  e s t a b l i s h  mode, j = 1 
through NNFMS. 

and second s tages .  

and t h i r d  s t ages  . 
SXI I n t e r f a c e  s t a t i o n  between f irst  E15.8 1- 15 

sx2 In t e r f ace  s t a t i o n  between second E15.8 16-30 

DESCRIPTION OF INTERNAL DATA SYMBOLS, THREE-POINT MODE PROGRAM 

SNMFD (1, J) 

SDISP( 1, J ) 

SNMFD (2, J ) 

SNME'D (3,  J ) 
SDIS P( 2, J ) 
SDISP(3, J )  
NACC (J) 

K 
KK 
KKF= 
SMOD (I, J ) 

DELTA( I, J ) 
G M l  
GM2 
GM3 
X(1¶ J 1 

c112 

c212 

C312 

(2123 

Subset of STANF(J,NAC), s t a t i o n s  of accelerometers 
selected to e s t a b l i s h  1st bending mode, j = 1 through 
" E M S .  
Subset of DISP(J,NAC), displacements r e l a t i n g  t o  s t a t i o n s  
SNMFD(1, J). 
Same as SNMFD(1,J) and SDISP(l,J), bu t  f o r  2nd and 3rd 
bending modes. 

Subset of NAC, accelerometer numbers f o r  accelerometers  
used t o  e s t a b l i s h  SNMFD and SDISP. 
Constants f o r  s t a t i o n  check 
H = l ,  K K = 2 ,  KRR=3 

Same as SNMFD but  f o r  mass property 
S ta t ions  i = 1 through 3, j = 1 through NPRO. 
Mode s lope  assoc ia ted  w i t h  SMOD. 
Generalized mass, 1st mode. 
Generalized mass, 2nd mode. 
Generalized mass, 3rd  mode. 
Mass weighted displacement f o r  the l s t ,  2nd, and 
3rd modes. 
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C223 

C323 

C131 

C23 1 

C331 

x11 
x2 1 
X3 1 
x12 
x22 
X3 2 
X13 
X23 
x33 

012 

02 3 

031 

Card or  
F i l e  No. 

1 
2 
3 
4 

5 
6 
7 

y11 
y12 
y13 
y21 
y22 
y23 
y3 1 
y3 2 

d 

' a y i 2  y i 3  

MmTT FORMAT, THREE-POIm MODE PROGRAM 

I n i t i a l  t i t l e  card 
NCASE 
1st case t i t l e  card 
"FAG 
NPRO 
NTIP 
"FMS 
KT 
Dynamic t e s t  f i l e  for  1st bending mode. 
Dynamic tes t  f i l e  for  2nd bending mode. 
Dynamic t e s t  f i l e  f o r  3rd bending mode. 

Coluan 

1-80 
1-3 
1-80 
1-3 
4-6 
7-9 
10- 12 
13- 15 
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Card or 
F i l e  No. 

Column 

8 
9 
10 

Mass proper t ies  f i l e  f o r  i n i t i a l  case. 
F i l e  of  accelerometers used t o  e s t a b l i s h  modes. 
sx1 1- 15 
sx2 16-30 
NCASE t o t a l  sets of cards  and f i l e s  3 through 10. 

INPUT FORMAT, FILES 

F i l e  No. 

5 
6 
7 
8 

9 

Dynamic T e s t  Data, see Appendix A 

Mass proper t ies  f i l e  

Card No. 

1 T i t l e  Card 
Se t  2 SSTA(J,I), 10 per  card f o r  NPRO t o t a l  
Set  3 SMASS(J,I) , 10 per card  for  NPRO t o t a l  
Se t  4 SINER(J,I), 8 per  card f o r  NPRO t o t a l  

Accelerometer f i l e  

Column 

1- 80 
1- 80 
1-80 
1- 80 

Card No. Column 

Se t  1 NACC(l), 26 per card f o r  NNFMS t o t a l  1- 78 
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THRFE P O I N T  MODES 

1 
2 
3 
4 
5 
6 
7 
R 
9 

10 
11 
q2 
1 3  
1 4  
9 5  
16 
r 7  
48 
19 
? O  
31 
3 2  
33 
3 4  
3 5  
7 6  
3 7  
? a  
7 9  
T O  

71 
32 
33 

3 4  
35 
36 
37 
38 
39 
4 0  
41 
4 2  
4 5  
4 4  
A 5  
4 6  
4 7  
4 8  
4 9  

50 
5 1  
5 2  

P R I W  12n 

P R T N T  1 2 9  

P R I N T  12n 
no 50 J I ~  

c FSTAPL ISH 
READ 109, 

P R l N T  1 2 n  
P R T N T  1311 

J J J o M A C C t  

MODES F R O M  FILES 
N A C C I I ) , T = ~ , N N F M S )  

D S =1,3 
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1 n5 

10 7 
1 n8 
1 n9 
t l 0  
1 1  1 
1 1  2 
1 1 3  
1 1  4 
1* 5 
11 6 

G O  Tn 4 0 0  
3 4 0  c ? i  7 = ~ 2 1 3 + ~  

C323=C32'3+Y 
r 2 3 1 = c 3 3 1  + Y  
no t n  4nn 

e331 = C 1 S l + Y  

350 C 3 1 2 = C 3 1 ? + Y  
I: 3 7 3 = C 3 2 3 + Y 

4 0 0  C O h l T I N l l f  
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199  
2 n n  

?"l 

2Q2 
203 

3n4 
7 7 5  
7 0 6  
3n7 
2 n H  
2 9 9  
21 0 
3'1 
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M A S S  PROPERTIES 

PT 

1 
3 
3 
4 
5 
6 
7 
P 
9 

I n  
11 
1 3  
1 3  
1 4  
15 

1 7  
18 
1 9  
20 
71 
2 3  
3 3  

25 
26 
2 7  
28 
20 
3n 
31 
3 3  
3 3  
3 4  
35 
3 6  
37 
30 
3 9  
4n  
41  
4 3  

i n  

2 4  

S T A T  1 ON ROT'ATORY INFRT I A 
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43 
44 
45 
46 
47 
4R 
49 
5 n  
51 
5 2  
5 3  
54 
5 5  
5 6  
5 7  
58  
5 9  
6 n  
6 1  
67  
63  
64  
65 
66 
6 7  
6R 
69 
70 
7 1  
73 
73  
74 
75  
76 
77 
78 
79  

A1 
83 
8 3  
84  
8 5  
86  
8 7  
R A  
8 9  
96 
9 1  
9 2  
9 3  
94  
9 5  
9 6  
9 7  

9 9  
1 on 
1 0 1  
1 O P  
1 0 3  
1 0 4  
1 0 5  
1 0 6  
1 0 7  
108 

a n  

98 
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PI 

1 
3 
3 
4 
5 
h 
7 
R 
9 

11 
1 2  
1 3  
1 4  
1 5  
16 
17 
YP 
1 9  
?ll 
23 
3 3  
23 

35  
26 
2 7  
2A 
2 9  

3 1  
3 3  
3 3  
3 4  
35 
36  
3 7  
3 R  
3 9  

i n  

2 4  

3 n  

FOLLnW 

DISP wOnE 3 
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411 
41 
43  
43 
4 4  

' 45  
46  
47 
4P 
49 
3 0  
53 
5 2  
5 3  
5 4  
55  
5 6  
5 7  
5 8  
5 9  
6n  
h l  
h ?  
h 3  
64  
6 5  
h e  
67  
6 R  
69  
7? 
7 1  
77 
73 
7 4  
15 
76 
7 7  
78 
7 9  

81 
87 
8 3  
A4 
R5 
I36 
R7 
8 A  
89  

9 1  
9 7  
9 3  
94  
95  
96  
9 7  
9P 
9 9  

An 

9n 

1 on 
i n 1  
1 0 7  
¶ 03 
1 0 4  
1 0 5  

-. 76950659E-01 

-.HF458555E-01 
-.R98554Q?E-F1 -. o1996761E-11 

- .772R3696E-O1 

- . ~ i  I R ~ ~ ~ R E - O I  

- . ? ~ ~ ~ ~ ~ B ~ E - I I I  

-. 54 2 n 5 4 7 8 ~ - 0 1  
- . 5 4 i i ~ n 2 a ~ - n i  -. R7960717E-n l  -. 592561  79E-1.71 
- .44579339E-01 -. 44593P23E-01 -. 45h46767E-01 - . 4 7 1 5 5 i i 9 ~ - a i  
- . 5 ~ 6 0 8 7 1 n ~ - o i  
-, 64551482E-01 -. 4 n 6 f l l  R61E-01 -. 4nbA8714E-01 
-, 94742R57E-01 

-, 1 a9861 6 1  E*OP - .?0632R94E+Fn 

-. 77271734E*Ofl 
- ,  773397RPE+Ofl - .13256633E+On 

- 778611  83E-01 - .?9314451E-Ol  - . ? P 4 8 7 ~ 3 3 E - 0 1  -. 273881 5 l E - 0 1  
- .76481728E-01 
-.771fibPO1E-O1 
- .3684765f iE-01 
- .21179783E-01 -. 1114301 57E-01 

-, 16941189E-01 - ,31350661 E-01 
- .14663367E-01 - .17835703E-01 -. 1452253QE-01 -. 1755470DE-01 

- . ? 6 2 1 1 R 5 0 E - @ l  -. 3PP58480E-01 
- .33774794E-01 

0 .1908632PE-01 

0 .?9972708E-Ol  
0 . 1 ~ 1 8 8 1 4 ? E - 0 1  
0 .17~167759E-Q l  
0 .1641 4966E-01 
0 , 3 3 1  1473E-01 
0 I 1335265RE-01 
0 .13580734E-01 
U .  17875617E-01 
0.1 4299369E-01 
f l . l4565hO%-01 

n 1 7107656E-01 
0.44318452E-01 

0.87966565E-01 

-. 1 5 5 1 3 4 9  7E+nn 

- . 7 < 9 ~ 7 ~ 2 4 ~ + 0 n  

- . .qn 7 n h h 1  I F - o  i 

-, i h 9 n e ? 3 6 ~ - 0 1  

- . ? 3 5 4 8 5 5 5 ~ - n i  

n .i 9 2 3 5 7 7 5 ~ - n i  

o . ? n i n o i  ~ ~ E - O I  

n , I  4 8 5 5 1 9 ? ~ - 0 1  

n .84447362~-111 
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i 06  

i n 8  
109 
1 i n  

107 

1 1 1  
I 1 2  
113 
114 
115 
116, 
117 
118 
119 

121 
122 
123 
124 
125 
126 
127 
12u 
139 
i 3 n  
131 
133 
133 
134 
135 
136 

1211 

THREE P O I N T  MoDFS, 

DISP Pf 1 b I S P  P t  2 DISP P T  3 
MODE 1 0.50599.49RE+On o.s54n7526~+on 0.26984763E+00 

MODE 3 0.37049647€*0n -.71157n76E+On -.18731789E+OO 
MODE 2 n.31892669~too -.14861435€+00 . - . I X ~ ~ ~ ~ ~ R E + O O  

O R T H O G O K A L I T Y  CHECK 

-, 533773555-01 

-, 84172854E-01 
-,59988573€-01 
-.55696?15€-01 

-.66290434€-01 
-.8@483@43E-01 
-.78027746E-01 - ,61991769E-0 I 
-,5@582404E-O1 
-.35665h66€-01 
-.17660717E-01 -. 11 547594E-01 

- ,5687513 7~-01 

-.50276095~-01 

-.in790181~-0i 
-.i4557147~-ai - .235174245-01 
-.23835001E-01 
-.25343465E-01 
-.158751675-01 
- e  91 758831€-0;! 
0.9P952fl3lE-02 

0.21225878E-01 
o .14950a60~-01 

o,ie734930~-111 
0*20621905F-01 
OsJn966216E-01 
0.4382484qE-nY 
0,81440496E-fll 
0.28556379E-01 
0.95009184E-07 
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APPENDIX D 

DAMPING COEFFICIENT PROGRAM 

The purpose of t h i s  program is t o  ob ta in  t h e  damping c o e f f i c i e n t s  as de- 
s c r ibed  i n  Sec t ion  N. The program is w r i t t e n  i n  FORTRAN IV as used on t h e  
General Electric 415 located i n  the  Chrysler Corporation Huntsv i l le  F a c i l i t y .  
This program generates damping c o e f f i c i e n t s  from the  input  generalized damp- 
i n g  and three-poin t  modes. 
i n t e r n a l  d a t a  desc r ip t ion ,  FORTRAN IV l i s t i n g ,  and sample output.  

Included are input d a t a  d e s c r i p t i o n  and format, 

DESCRIPTION OF INPUT DATA SYMBOLS, DAMPING COEFFIC~NT PROGRAM. 

FORTRAN 
SYMBOL DESCRIPTION FORMAT COLUMN 

IJ T o t a l  number of cases I 3  
M Number of  points i n  mode, 3 

f o r  three - poin t  mode I 3  
NN Poin t  t o  normalize on, 1 

2nd s t age ,  3 f o r  3rd s t age .  I3 
displacement of 1st s t age ,  2 f o r  

Generalized damping , 2 [j  W j M j  
f o r  t he  jth mode, j = 1 through 
3 f o r  three-point mode. E15.8 

FREQ (J) Frequency, W j  , for t he  jth mode. E15.8 
THETA( I , J) Displacement 0 of the jth 

po in t  i n  the  ifd mode, O i j  

GDAMP (J) 

1-3 

1-3 

4-6 

1-45 
1-45 

DESCRIPTION OF INTERNAL DATA SYMBOLS, DAhPING COEFFICIENT PROW1 

0 . .  where the ith mode is  being normalized t o  the j t h  
lJ ' BB 

point .  NN is jmx. 
TCTT( I, J) [ Q I [ C l [ O l T  
rnT(I,J) [el [elr 
M I ,  J) 
B O )  
E(I , J )  

([el [e T Temporary ca l cu la t ion  f o r  forming the inverse  of [0][0] 
([a] [QIT)-' ([el[ C 1 [@IT) 

G( I , J )  [cl = ( [@I[o lT)-  ( [e l€  c J[oIT1 ([Ol[olT)-l  

D- 1 



DAMPING  COEFFICIENT^ FOR THREF P n I h l T  MonES 

1 
3 
3 
4 
5 
6 
7 
8 
9 

( 0  
1 1  
13 
13 
1 4  
15 
16 
1 7  
1 8  
1 9  
30 
31 
72 
73 
7 4  
75 
36 
3 7  
7 8  
7Y 
7 0  
{l 
32 
3 3  
< 4  
3 5  
3 h 
37 
38 
-i9 

‘I1 

4 3  
4 4  
4 5  
46 
4 7  
A 8  
49 
50 
1 

G 2  
53 
5 4  

d n  

4 2  
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11 3 
1 7 4  
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CARD NO. I 3 6  

1 

J TOTAL SETS OF CARDS 3 THROUGH 9 

43 7 IO I5  20 2s 30 35 40 - 

INlTiPL TI7Lp CARD, 
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ABSTRACT 

The s t r u c t u r a l  damping o f  t h e  Saturn veh ic l e  i s  determined i n  terms o f  
damping c h a r a c t e r i s t i c s  of i nd iv idua l  stages and in t e r f aces .  
damping c h a r a c t e r i s t i c s  of t h e  ind iv idua l  s t a g e s  and i n t e r f a c e s ;  an a n a l y t i c a l  
method was  developed t o  compute t h e  o v e r a l l  vehicle modal damping c o e f f i c i e n t s  
f o r  var ious  bending modes. This approach can a l s o  be used t o  o b t a i n  t h e  modal 
damping o f  c lus te red  arrangements knowing t h e  ind iv idua l  damping c h a r a c t e r i s -  
tics of  upper stages, payloads, and i n t e r f a c e s .  

Using these  


