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ADVANCEMENTS IN STRUCTURAL  DYNAMIC TECHNOLOGY 
RESULTING FROM SATURN V PROGRAMS 

By P. J. Grimes, L. D. McTigue, G. F. Riley,  
and D. I .   Ti lden 

The Boeing Company 

~- 

SECTION 2 INTRODUCTION 

2.0 GENERAL 

The Apollo  Saturn V Program was c rea ted  by NASA to  accomplish the 
objec t ive   o f  a manned 1 unar  landing by the end of the decade. On Ju ly  20, 
1969, the program ob jec t ive  was rea l ized .  T h i s  report   covers  the struc- 
t u r a l  dynamic technology  that  was developed to   suppor t  the Apollo  Saturn V 
Program. 

Apollo  Saturn V s t r u c t u r a l  dynamics  programs considered i n  this 
document include the 1 /10   sca le  model ana lys i s  and test program, the f u l l  
s c a l e   a n a l y s i s  and test program,  and t h e  f l i g h t   d a t a   e v a l u a t i o n  program. 
The results of  these programs were reviewed  to the ex ten t   necessa ry   t o  
e s t a b l i s h  and  document the following: 

1. Technical  contributions  of t h e  1/10  scale  model t o  Apollo 
Saturn V structural dynamic c h a r a c t e r i s t i c s   p r e d i c t i o n .  

2. I l l u s t r a t i o n s   o f  what scale model ing  can  contr ibute   to   future  
programs. 

3. Procedures  for  performing stiffness, i n e r t i a  and v ibra t ion  
ana lyses   o f  1 a rge   boos te r  vehicles. 

4. Improvements i n  test techniques and data  reduction  procedures 
evolved  during the experimental   s tudies .  

5. Problems i n  mathematical  modeling  and dynamic testing'  t h a t  
require further study. 

Prac t ica l   gu ide l ines   for   accompl ish ing   s t ruc tura l  dynamic analy- 
sis, dynamic test ,  and da ta   r educ t ion   t ha t  were es t ab l i shed  w i t h i n  the 
successful Saturn V Program are de f ined  i n  this document. These guide- 
1 ines and  recomnended p r a c t i c e s   a r e  presented so  t h a t  m a j o r   p i t f a l l s  and 
problems  encountered i n  this program  can be avoided i n  future programs. 

The following  procedure was used to   gene ra t e  the Saturn V f l i g h t  
pred ic t ions  : 

1.  Develop  mathematical  models  and  methods  of  solution. 



2.1 

lines f o r  the  full  scale program. 

3 .  Perform pretest  analysis using baseline math models and pub- 
1 ish dynamic characteris  tics of the tes t   ar t ic le  p r i o r  t o  the 
test .  

4. Perform full  scale  tests and compare results w i t h  analytical 
predictions . 

5. Revise the mathematical models as required t o  make  them 
correlate w i t h  t es t  data .  

6. Modify these test-verified math models t o  represent  the  exact 
f l ight  configuration of each flig,ht  vehicle. 

DESCRIPTION OF APOLLO SATURN V VEHICLE 

The Apollo Saturn V vehicle  consists o f  the  three  stage Sa tu rn  V 
launch vehicle, an instrument u n i t  and the Apollo spacecraft. Schematics 
of the  three boost configurations and the  coordinate system  used th rouqhou t  
this  report  are shown in Figure 2-1. There are  three  stages of 1 aunch 
vehicle powered fl ight.  The f i r s t  stage boost configuration  consists o f  
the total Apollo Saturn V vehicle. The second stage boos t  configuration 
consists of the S-I1 stage, S-IVB stage, IU, and the Apollo spacecraft. 
The third  stage boost configuration  consists of the S-IVB stage, IU, and 
the Apol 1 o spacecraft. 

S-IC Stage - The f i r s t  stage (S-IC) of the Saturn V launch vehicle 
has a nominal diameter of  396 inches (10.06 m ) .  I t  has a liquid oxygen 
(LOX)/kerosene (RP-1) propulsion system and i s  powered  by five F-1 engines 
with.a  total  thrust of 7.5 million pounds (33,360,000 N ) .  The fuel and 
oxidizer  are  in  separate  pressurized  tanks,  the LOX tank being forward. 
The tanks are  joined by an unpressurized intertank  structure.  Internal 
construction,  material, and fabrication of the two tanks are  similar. The 
cy1 indrical  portion of each tank i s  made up of four  quarter-sections 
joined by longitudinal welds. Integrally milled  tee-section  stringers, 
located on the  interior  surface, provide additional  structural  rigidity. 
A1 1 bulkheads are  el 1 ip t i  cal in shape and are  constructed from gores 
welded together. The bulkheads are joined t o  the  cylindrical t a n k  and 
skirt  sections through a Y-section ring welded t o  the  equator of each 
bulkhead. 

Ring-type slosh  baffles  are  fusion welded t o  the  internal  stringers 
in each tank,  and cruciform baffles  are  located  in each  lower  bulkhead. 
Five insulated  tunnels  lead through the  fuel tank t o  permit passage of 
suction  ducts which supply LOX t o  the engines. 

2 



A STA 4240 (107.7 M) 
LES 

STA 3890 (98.8 
STA 3840 (97.5 

STA 3594 (91.3 

STA 3258  (82.8 
STA 3222 (81.8 

STA 2519 (64.0 M) 

26 IN.  DIA.  
(0.66 M )  

154 I N .  
(3.9 

260 I N  

‘396  IN. DIA. 
(10.1 M) 

Y ,.“.\ (6.6 M) 

THIRD STAGE  BOOST  CONFIGURATION 

(39.7 

-115 

STAGE  BOOST  CONFIGURATION 

PITCH 
PLME 

I 

PLANE 
YAW 

ENGINE  ARRANGEMENT 
(BASE  VIEW LOOKING FWD) 

FIRST STAGE  BOOST  CONFIGURATION 

FIGURE 2-1 APOLLO SATURN V CONFIGURATIONS 



2.1 ( Con t i  nued) 

The four outboard engines are  attached t o  thrust posts  located on 
the  periphery of the aft   skirt   section. A cruciform beam supports  the 
center  engine. Four holddown posts provide anchor points for moun t ing  
the  vehicle t o  the  launcher. Aerodynamic fairings and stabilizing  fins 
are provided a t  each outboard engine location. W i t h  the exception of 
the  intertank  structure, which i s  of corrugated skin-ring frame construc- 
t i o n ,  a l l  unpressurized skir ts  and f a i r ings  have extruded hat-section 
stringers  riveted t o  the  external  surface. 

S-I1 Stage - The second stage (S-11) of the Saturn V vehicle has the 
same diameter  as the f i r s t  stage. The two stages  are  joined by a series 
of skin-stringer type shells with hat-shaped stringers  riveted t o  the 
external  surface. The S-I1  propulsion system consists of five 5-2 engines 
burning liquid hydrogen (LH2) fuel with l i q u i d  oxygen (LOX) as the oxi-  
di zer and having a .total  thrust of about 1 mi 11 ion pounds (4,448,000 r j )  . 
The fuel tank  i s  forward and the  oxidizer tank i s  a f t .  An insulated 
common bulkhead separates  the two pressure  vessels. 

The cylindrical portion of the  fuel tank has integral circum- 
ferential and longitudinal  stiffeners which are machine milled on the 
inside  surface t o  form a rectangular g r i d  pattern. Five longitudinal 
and four circumferential  fusion welds are  utilized t o  assemble the 
cylinder. The upper fuel tank bulkhead and lower LOX t ank  bulkhead 
are  fabricated from gores which are  fusion welded together t o  form 
el l ipt ical  diaphragms. The  common bulkhead i s  a sandwich structure 
consisting of gores,  fusion welded t o  an e l l ipt ical  shape and bonded 
t o  a fiberglas honeycomb core. 

The thrust  structure  consists of a truncated cone w i t h  hat-shaped 
stringers  riveted along the  external  structure. Thrust longerons, a t  
the f o u r  outboard engine locations,  transmit  the engine force. The 
center engine is  mounted a t  the  center of a cruciform beam. All un-  
pressurized  shell  structures  are  skin-stringer types w i t h  extruded 
hat-shaped stringers  riveted t o  the  skin. 

S-IVB Stage - The t h i r d  stage (S-IVB) of the  Saturn, V vehicle has 
a l i q u i d  hydrogen-liquid oxygen propulsion system u t i l i z i n g  a single 5-2 
engine,  located on the  stage  center  line, w i t h  200,000-pound (889,600 N) 
thrust capabil i ty .  This stage has a nominal diameter of 260 inches (6.60 m )  . 
The oxidizer tank i s  located a f t  of the  fuel tank .  An insulated common 
bulkhead separates  the two tanks. A square  waffle pattern having  a 45 
degree orientation t o  the  vehicle  longitudinal  axis i s  machine milled on 
the  inner  surface of the  fuel t a n k  cylindrical  section. Long i tud ina l  
fusion welds are used t o  join  the  six  sheets forming this  cylinder. 
Construction of the hemispherical bulkheads follows the  pattern  described 
for  the S-I1 stage. The unpressurized structure  fore and a f t  of the 
tankage, i n c l u d i n g  the conical interstage, is of skin-stringer  construction 
w i t h  extruded hat-shaped stringers  riveted t o  the  outside of the  skin. 
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2.1 (Con ti nued) 

Instrument U n i t  - The instrument u n i t  (IU) is a short  cylindrical 
structure having a  nominal diameter of  260 inches  (6.60 m) . Structurally 
the instrument u n i t  is a  sandwich shell  consisting of aluminum face  sheets 
bonded t o  an  aluminum  honeycomb core. Instrument packages are mounted t o  
the inner  walls of the  structure. 

Apollo Spacecraft - The Apollo spacecraft is composed of five sub-  
structures: Lunar Module ( L M ) ,  Saturn Lunar Module Adapter (SLA), Service 
Module (Sb!) , Comnand  Module (M) , and  Launch Escape  System (LES). 

1. 

2. 

3. 

4. 

5. 

Lunar Module - The LM is a two-stage,  soft-landing  spacecraft 
which carries two astronaunts t o  the 1 unar surface from 1 unar 
o r b i t  and subsequently  returns  these two men t o  a  rendezvous 
w i t h  the o r b i t i n g  CM. In t h e  launch configuration  the LM is  
attached a t  four  poin ts  inside the LM adapter cone. 

Saturn Lunar Module Adapter - The SLA structure i s  a conical 
frustum of aluminum face and  honeycomb core sandwich material 
w i t h  diameters of 154  and 260 inches (3.91 and  6.60 m )  a t  t h e  
fore and a f t  ends , respectively, The  adapter also  serves  as 
an interstage  structure between the Apollo Saturn V IU and 
the SM. 

Service Module - The SM is  an  a1 uminum honeycomb she1 1 w i t h  
internal  radlal  shear web partitions. The SM has  a  nominal 
diameter of 154 inches (3.91 m) . Equipment on this part of 
the spacecraft  supplies the power f o r  m i  dcourse corrections, 
retro-braking i n t o  lunar o r b i t ,  and return f l i g h t  propulsion. 

Comnand Module - The CM is a conical frustum fabricated of  steel 
face-and-core honeycomb w i t h  interior accomnodations and instru- 
mentation f o r  three astronauts. From this section of the space- 
craf t ,  t h e  crew monitors and controls a1 1 functions  throughout 
launch, translunar f l i g h t ,  lunar o r b i t ,  return f l i g h t  and re-entry. 

Launch Escape System - The LES consists of a titanium open truss 
tower suppor t ing  a launch escape motor. The motor i s  a sol i d  
propellant  device w i t h  a steel case and having a nominal diameter 
o f  26 inches (7.92 m).  The tower attaches t o  t h e  t op  of  the CM 
cone and is jettisoned 32 seconds a f te r  second stage i g n i t i o n .  

2.2 HISTORY OF SATURN V STRUCTURAL DYNAMIC PROGRAp1S 

The  Apol l o  Saturn V structural dynamics activity can be sub-d iv ided  
i n t o  fou r  major phases: t h e  1/10 scale  analysis and test activity,  f u l l  
scale math modeling, f u l l  scale  test   activity,  and actual  Saturn V f l i g h t .  
These four  phases are  discussed i n  the paragraphs that follow. 



2.2.1 1/10 Scale Model  Program 

With the commitment t o  design and fabricate a full  scale  test and 
t o  f ly the 1 argest space vehicle  ever conceived, came the recogni tion t h a t  
the rep1 ica model testing concept could p i  l o t  the program and resol ve 
technical problems before they became insurmountable from both a cost and 
schedule standpoint. A 1/10 Scale Model Program was established t o  support 
the Apollo Saturn V Program and t o  accomplish several important research 
objectives. These research  objectives were not  directly concerned w i t h  the 
Apol l o  Saturn V Program and w i  11 not  be discussed i n  this document. 

A 1/10 scale  replica model of the Saturn V vehicle was completed 
nearly 18 months i n  advance o f  full  scale Saturn V hardware. A dynamic 
tes t  program of the  scale model was established t o  provide guidelines 
f o r  performing the full  scale dynamic tes t  program. As a secondary 
objective,  the program was eFpected t o  indicate  possible  loads, or  
dynamics  problems t h a t  m i g h t  be inherent i n  the  full  scale design so 
t h a t  these problems could be resolved  before the f i r s t  Saturn V vehicle 
was completed. 

A more fundamental long-range objective of the  scale model pro- 
gram was t o  supplement the full  scale  test program i n  verification of the 
Saturn  V structural dynamic math models. A mathematical model i n g  
program was out1 ined between  Langley  Research Center ( L R C )  , Marshal 1 Space 
F l i g h t  Center (MSFC), and The  Boeing  Company  whereby the Sam basic  analysis 
models and methods  would  be  used for  both t h e  1/10 scale and the f u l l  
scale  test  articles. The results o f  both programs would be  used t o  ei ther 
verify  the math models o r  t o  identify  areas where the models  were 
inadequate and structural  idealization o r  analysis techniques  required 
updating. Even though  the schedule was t i g h t ,  portions of the  scale model 
t e s t  and analysis program preceded the full  scale program enough t o  allow 
for the more important influences on the  full  scale  pretest.  analysis and 
the t e s t  program. 

coupling was not  modeled adequately; t h a t  the  truncated cones used t o  make 
vehicle diameter transitions produced a l o n g i t u d i n a l  and bending stiffness 
characteristic which was not  being adequately modeled; t h a t  structural 
j o i n t  modeling is  sensit ive t o  ax ia l  loading  ( i .e .  , g-levels, mass, e tc . ) ;  
and t h a t  the r i n g  mode activity, as  suspected, was an important phenomenon 
for large  shell  structure. Data from the  scale model tes ts  were also use- 
f u l  i n  defining and assessing  instrumentation and thruster requirements s 

for the f u l l  scale program. 

The scale model t e s t  data showed that the  liquid and structural 

Math models  were  reviewed and improvements  made i n  t h e  stiffness 
representation. These  improvements  were  developed i n  time t o  use  them 
i n  the  pretest  analysis of the full  scale dynamic t e s t  vehicle. The  remod- 
eling of the  liquid and structural coupling and the cone area t h a t  resulted 
from correlation of the 1/10 scale  test and analysis  results prevented a 
schedule impact resulting from math modeling  problems dur ing  the f u l l  scale 
tes t  program. 
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2.2.1 (Continued) 

The scale model  and full  scale  test programs  were well coordinated. 
For example, the same type ballast simulants and the same liquid f i l l  con- 
ditions were be ing  studied i n  bo th  programs. The  same general thruster 
locations and the same tank pressures were also used. The intent was t o  
establish  correlation between the  scale model test   results and the full  
scale  tests. Conducting the  scale model tes t  program in advance of the 
full  scale program answered many technical  questions t h a t  might otherwise 
have impacted the much costlier  full  scale program. 

2.2.2 Full  Scale Math Modeling 

The  dynamics  of the  flight  article  differed from the dynamics of 
the ground tes t   ar t ic le   in  several  significant ways.  Hardware substitu- 
tions had t o  be  made in  the tes t   a r t ic le  because of the  cost of the  actual 
hardware, availability of hardware  from vendors, and because the  schedule 
required  results well in advance  of f l ight.  The t e s t  suspension system 
did n o t  duplicate  the  free-free  conditions of f l i g h t ,  and the cryogenic 
propel 1 ants of the  flight  vehicle had t o  be replaced w i t h  less hazardous 
simulants for ground tes t .  As a  result, ground t e s t  data could not  be 
used directly  for  f l ight assessment. 

The  math  model  was  used for  projecting  the ground test   results 
to  the  flight  vehicles. On the Saturn V Program, dynamic test   results 
were  used primarily t o  verify math  models of the  test   art icle.  After 
verification,  differences between the t e s t  and f l ight   ar t ic les  were 
modeled,  and the  resulting models  were  used t o  predict  flight charac- 
te r i s t ics  w i t h  a h i g h  level of confidence. The frequencies of the bending 
modes that were detected i n  f l igh t  of the f i r s t  stage boost configuration 
were predicted w i t h i n  five percent  accuracy. The frequencies of the  detec- 
ti ble  longitudinal modes  were predicted w i t h i n  three  percent accuracy. The 
correlation of the f i r s t  stage  flight  data and analytical  predictions  are 
presented i n  Reference 2-1. 

Mathematical analyses of the Saturn V vehicle  started w i t h  the 
development  of basic beam-rod  models t o  answer questions i n  support of 
dynamic t e s t  requirements. These early  uniaxial models  were used' t o  
obtain answers t o  such questions  as: what is the effect  of replacing 
LOX w i t h  water  as a t e s t  simul ant?, what are  the  effects of replacing a 
f l i g h t  a r t ic le  component w i t h  a dynamic simulator?, what size of thruster 
i s  required  to  excite  the  vehicle  to  readable  levels?, and  where should 
the  vehicle be instrumented i n  order t o  obtain  accurate mode shape char- 
acter is t i  cs? These early math  model s were  a1 so  used t o  he1 p establish 
the  regions where  modeling  of 1 oca1  she1 1  characteristics was required 
SO that  more detailed  idealizations of these  sections could be  made i n  

history is  shown i n  Figure 2-2. 

I 

~ 

I subsequent mathematical models. A schematic of math  model development 
~ 
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2.2.2 (Continued) 

The next step i n  the math model evolut ion was t o  add d e t a i l e d  
qua r t e r - she l l   s ec t ions   t o  the bas ic   un iax ia l  model in   r eg ions  where 
loca l  effects were considered  important.  The pr imary  object ive  of  these 
math models was t o   p r e d i c t   a c c u r a t e l y   f l i g h t   c o n t r o l   g a i n   f a c t o r s  between 
a gimbaled  engine  and a f l i gh t   con t ro l   s enso r   r e sponse .  T h i s  required shell 
models of the t h r u s t  structure regions  and the f l i g h t  control   sensor  
a reas .  When the dynamic test program was i n i t i a t e d ,  the forward skirt of  
the S-IC s t age ,  and the a f t  skirt o f  the S-IVB s t age  were both  potential  
l o c a t i o n s   f o r  the f l i g h t   c o n t r o l   s e n s o r s ,  i n  a d d i t i o n   t o  the primary  loca- 
t i o n  i n  the IU. A l l  l oca t ions  were des igned   to  accomnodate three ax i s  
sensors ,  w i t h  one ax i s  always o r i en ted  normal t o  t h e  s k i n ,  As a result, 
she1 1 models were required t o  represent local  out-of-pl  ane bending i n  
these regions.  The combination  beam-rod/quqrter-shell  models were 
used i n  the analysis   of  the 1/10  scale  model, 

Computer s i z e  l i m i t a t i o n s   a t   t h a t  time (up t o  130 degrees of  free- 
dom could be handled i n  the eigenvalue  rout ine)   required t h e  development 
of   separa te  math models to   emphasize  detai l  i n  the S-IC thrust structure 
a rea ,  the S-IC forward skirt, the S-IWB a f t  skirt and the Ill. For example, 
i f  accura te  transfer funct ions from the S-IC t h r u s t  structure t o  the S-IVB 
a f t  skirt were desi red,  t h e n  one   par t icu lar  model would be used. If t rans-  
fer funct ions between the S-IC thrust structure and the IU were desired, 
another  math model would be used. T h i s  approach resulted i n  s l i g h t l y  d i f -  
ferent modal parameters be ing  predicted by each o f  t h e  s epa ra t e  models, 
and required a dec i s ion   a s   t o  which solut ion  should be used. 

To prevent this and st i l l  have the abi 1 i t y   t o   p r e d i c t  the 7 oca1 
anomalies that  might become evident  from tes t  o r  from f l i g h t ,  a single 
shell model was developed. T h i s  model inc luded  a quar te r -she l l  represen- 
t a t i o n  of  the to ta l   l aunch   vehic le  and SLA w i t h  a u n i  axi a1  model of  t h e  
service/comnand  modules  and the launch  escape  tower. Knowledge gained from 
corre la t ion   o f   1 /10  scale model ana lys i s  and test results was inc luded  i n  
this math  model. The size problem i n  analyzing this model was resolved by 
a process  of modal stacking. In this approach,  canti levered modes of the 
S-IVB s t a g e  and spacec ra f t  were obtained. These were t h e n  used i n  the 
analyses   of  the second f l i g h t  stage, w h i c h  cons is ted   o f  the S-I1  s tage,  
the S-IVB s t age ,  and  spacecraft .  Then cant i levered  modes from t h i s  com- 
b ina t ion ,  i n  t u r n ,  were used to   ana lyze  the t o t a l  vehicle. 

The modal stacking approach required addi t ional   f low time, b u t  
proved t o  be an accurate  and  economical means of analyzing t h e  individual  
configurat ions and i n  predict ing the c h a r a c t e r i s t i c s   o f  the dynamic test 
vehicle. Results from this approach were valuable  i n  monitoring dynamic 
test results and i n   e v a l u a t i n g  their v a l i d i t y .  

The math model proved  highly  accurate  in p r e d i c t i n g  ove ra l l  modal 
proper t ies   o f  the dynamic test vehicle. There were, however, severa l   a reas  

I where the math model proved  inadequate. First, the model d i d  not  predict 
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2.2.2 (Continued) 

l o c a l   s l o p e s   o f   t h e   f l i g h t   c o n t r o l   s e n s o r s   w i t h   t h e   d e s i r e d  degree o f  accu- 
racy. Second, asymmetries i n  the  spacecraf t   in t roduced  coupl ing between 
p i t c h ,  yaw, l o n g i t u d i n a l  and to rs iona l   p lanes .   Th i rd ,   in te rp lane  coup l ing  
proved  to  be even  more s i g n i f i c a n t   i n   t h e   f l i g h t   v e h i c l e s   t h a n   i n   t h e   t e s t  
a r t i c l e .   Fou r th ,   t he   qua r te r  she1 1 model d i d   n o t  have the  capabi 1 i ty o f  
p r e d i c t i n g   t h i s  coup1 i n g  . 

To el iminate  these  problems a three-dimensional model o f   t h e   t o t a l  
veh ic le  was developed. I n   p a r a l l e l   w i t h   t h i s ,  a computer  program was devel- 
oped t h a t  had the  capabi 1 i ty o f   a n a l y z i n g  sys tems s t a r t i n g   w i t h  12000 s t i f f -  
ness  degrees o f  freedom and reducing  to  300 dynamic  degrees o f  freedom. 
Dynamic t e s t  program  experience showed that   the  bending and l o n g i t u d i n a l  
proper t ies  o f   the  launch  vehic le   s tages  could be represented by beam and 
ax isymmetr ic   shel l   e lements,   respect ive ly ,   for   f requencies up t o  25 Hz. 
This   a l lowed  the  three-d imensional   character js t ics   o f   the  Apol lo   Saturn V 
v e h i c l e   t o  be represented  wi th   on ly  300 dynamic  degrees  of  freedom. This 
s i m p l i f i e d   f u l l   s h e l l  math model was used i n  Pogo, loads, and f l i g h t   c o n t r o l  
p red ic t i ons  on  a vehic le-by-vehic le   bas is   to   suppor t   the  Saturn V Program. 

2.2.3 Fu l l   Sca le  Dynamic Test and Cor re la t i on  

Resul ts  f rom  the dynamic tes ts   no t   on l y   p roved   i nva luab le   i n   es -  
t a b 1   i s h i n g   v e r i f i e d  math  models but  the  converse was  a1 so t r ue .  The 
p r e t e s t   a n a l y s i s   r e s u l t s  were the   bas i c   t oo l  used f o r   o n - s i t e   e v a l u a t i o n  
and v e r i f i c a t i o n   o f  dynamic tes t   da ta .  

The dynamic t e s t  program contr ibuted  several  hardware changes t o  
the  Saturn V v e h i c l e .   F i r s t ,   t h e   t e s t   r e s u l t s  showed t h a t  a l o n g i t u d i n a l  
and l a t e r a l   c o u p l i n g  mechanism e x i s t e d   i n   t h e  CM and SM i n te r face .   Th is  
mechanism, coup led   w i th   t he   s t i f f ness  asymmetry  and weak t o r s i o n a l  s t i f f -  
ness o f   t h e  CM and SM in te r face   p roduced  la rge   to rs iona l  responses o f   t h e  
CM. Ac t ing  upon t e s t   r e s u l t s ,   t h e   s p a c e c r a f t   c o n t r a c t o r   m o d i f i e d   t h i s  
i n t e r f a c e   t o   e l i m i n a t e   t h e   t o r s i o n a l  weakness.  Second, the dynamic t e s t s  
p r o v e d   t h a t   t h e   l o c a t i o n   o f   t h e   f l i g h t   c o n t r o l   s e n s o r s  was n o t   s a t i s f a c t o r y .  
The f l i g h t   c o n t r o l  package, which was l o c a t e d   a t   t h e   t o p   o f  a p l a t e   i n   t h e  
IU ,  was s u s c e p t i b l e   t o   s t r o n g   l o c a l   e f f e c t s   i n v o l v i n g   b e n d i n g   o f   t h e   p l a t e  
i t s e l f  , as we l l  as shel l   deformat ion  introduced  by  spacecraf t  dynamics , 
p a r t i c u l a r l y   t h e  dynamics o f   t h e  LM. To c o r r e c t   t h i s ,   t h e   f l i g h t   c o n t r o l  
package was re loca ted   t o   t he   bo t tom  o f   t he   p la te  where l o c a l   e f f e c t s  were 
much less  pronounced. The dynamic t e s t   o f   t h i s  new con f igu ra t i on  was then 
r u n   t o   p r o v i d e   d a t a   f o r   e s t a b l   i s h i n g   v e r i f i e d  math  models. The l o c a l  
c h a r a c t e r i s t i c s   o f   t h e   p l a t e  and b r a c k e t r y ,   i n c l u d i n g   t h e   s t i f f e n i n g  
e f f e c t   o f   t h e  components a t tached  to   the   p la te ,  had t o  be modeled i n  
d e t a i l   t o   p r e d i c t   f l i g h t   c o n t r o l   s e n s o r   r o t a t i o n s   w i t h   r e q u i r e d   a c c u r a c y .  
I n   a d d i t i o n   t o   t h e   r e l o c a t i o n   o f   t h e   f l i g h t   c o n t r o l   s e n s o r ,  some minor 
r e v i s i o n s   i n   t h e   f l i g h t   c o n t r o l   f i l t e r   n e t w o r k  were necessary t o  ensure 
s t a b i l i t y   i n   t h e  second  and th i rd   veh ic le   bend ing  modes d u r i n g   f i r s t  
stage  boost . 
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2.2.4 Saturn V F l i g h t  

The base1 ine math model, which was ver i f ied  by both  replica model 
and fu l l   s ca l e  test, was the principal  tool used to  resolve  Saturn V 
s t ruc tu ra l  dynamic problems and to  provide NASA management assurance 
t h a t  each f l i gh t   veh ic l e  was f l i g h t  worthy. In March 1968, i t  was decided 
t o  expand the model to  couple i n  the  three  dimensional dynamics of the 
spacecraf t  components t o  improve the accuracy of loads  calculations.  A t  
t h e   s t a r t  of the program i t  was considered  adequate t o  ignore cross   axis  
coupling and ver i fy   the  math models up t o  10 Hz i n  frequency.  These 
assumptions were proven incorrect  by f u l l   s c a l e   t e s t  and events  occurring 
on Saturn V f l i g h t s .  On the second f l i g h t  i n  April  1968, the f i r s t   s t a g e  
exhibited a Pogo i n s t a b i l i t y  i n  a f i v e  Hz, f i rs t  vehicle  longitudinal mode. 
Because  of s t i f f n e s s  asymnetry i n  the LM, this longitudinal mode  was 
strongly  coupled w i t h  a bending mode i n  the same frequency  range. The 
combined longitudinal/pitch  environment raised concern f o r   t h e   i n t e g r i t y  
of the structure and the comfort  of the crew. 

On the t h i r d  and fourth f l i g h t s ,  strong Pogo osci 1 l a t ions  developed 
i n  the S-I1 stage i n  an 18 Hz crossbeam mode. During the f i f t h  f l i g h t  
possible Pogo occurred on the S-IVB stage.  The S-IVB osc i l l a t ions  were 
a l so  i n  a h i g h  frequency mode (18 Hz). These f l ight   experiences  intensif ied 
the development  of math models  capable  of predict ing cross axis  coupling 
to  approximately 25 Hz i n  frequency. 

In s ix   years ,  the mathematical  models  of the Saturn V vehicle 
have grown from primitive uniaxial  models used to  support  test requirement 
studies to   de ta i led  f u l l  she l l  models  capable  of  investigating f l i g h t  
anomalies up  t o  25 Hz i n  frequency. The technology  supporting this 
growth is contained i n  this document. 
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SECTION 3 1/10 SCALE MODEL TECHNOLOGY 

GENERAL 3.0 

T h i s  section  presents  the  contributions of the  scale model t o  the 
f u l l  scale Saturn V Program  and i l lustrates  what scale modeling techniques 
can contribute t o  future programs. 

The 1/10 Scale Apollo Saturn V model  was conceived by Langley 
Research Center as an early, economical source o f  vibration response data. 
The  model also supported  the Saturn V Program by contributing t o  problem 
resolution, by providing t e s t  planning guidelines, and  by early math  model 
evaluation. The  model  was b u i l t  i n  advance of the f u l l  scale  vehicle so 
that  data could be used to  define  potential  vibration problems and suggest 
solutions t o  these problems wi thou t  impacting scheduled launch. Dynamic 
t e s t  data from the model could a1 so be used t o  Val idate  the methods and 
procedures developed for both analytical and test  investigation of the 
structural dynamic characteristics of  the  prototype. The scale model 
could also be used t o  investigate problems observed during f l i g h t  t es t  
of the  full  scale  vehicle. 

The basic  objectives of the scale model program were achieved. 
Data  from the  scale model verified  that  the shaker  location  selected f o r  
f u l l  scale  test  could excite  al l  modes o f  interest .   I t   also  verified t h a t  
the  force capabi 1 i ty of the  shakers being developed for the f u l l  scale 
t e s t  would be adequate. I t  confirmed that  the sensor  locations  selected 
f o r  f u l l  scale  tests were adequate, and that the  acceleration  levels 
selected f o r  the f u l l  scale  test  were correct. 

Data  from the  scale model tests  also confirmed that  the  basic mode 
shapes predicted by early Saturn V math  models  were adequate t o  support 
'prel iminary design work. From the  correlation of  scale model analyses and 
scale model tests results,  several shortcomings of the math  modeling approaches 
were uncovered. Most significant of  these was the manner i n  which the l i q u i d  
was represented i n  the  longitudinal  analysis. As a result of this early 
warning, more accurate math  model i n g  procedures were devel oped i n  advance 
of the start  of  the f u l l  scale program. 

After  the f u l l  scale program  was well  under way, the  scale model 
s t i l l  proved useful i n  supporting  investigations of problem areas. The 
model  was used to demonstrate the  integrity of the  structure around the 
LM attach  points during the  investigation of  a local  structural  failure  that 
occurred dur ing  f l igh t  of the second Saturn V (AS-502) vehicle.  Detailed 
rep1 i ca  models of t h e  SLA, SM, and LM were b u i l t .  From the  scale model 
tes ts  and other  related  studies i t  was determined that the i n - f l i g h t  failure 
d i d  not  stem from local  failure around LM attach  points. The  model  was also 
used to  check o u t  a gravity  simulation harness proposed f o r  a f u l l  scale 
t e s t  t o  investigate  the AS-502 anomaly. 
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While the  scale model  program did achieve i t s  basic  objectives, 
i t s  potential value t o  the Saturn program was never realized because 
correlation was n o t  achieved between the model and the  prototype. Because 
o f  scaling  effects,  testing of the 1/10 Scale Model in a 1 g environment 
i s  equivalent t o  testing  the  prototype i n  a 1/10 g environment. Several 
joints along the model  opened slightly in this  equivalent low g environ- 
ment resulting i n  local f lexibil i ty being introduced into  the  scale model. 
The joints would  have required  redesign t o  eliminate  this  flexibility. Had 
this been  accompl ished,  the dynamic characteristics of the  scale model 
would have provided an excellent  simulation of the  prototype  for'  overall 
vehicle  characteristics. Following  comparison  of scale model and full  scale 
results,  the  scale model should have  been revised t o  establish  correlation. 

Because the  scale model  was built  before a l l  secondary structure 
and major compoments  were designed on the  prototype,  the  replica model  was 
n o t  UP t o  date. The  model should have  been  updated as the program progressed 
t o  include  defini,tion of this hardware. Had these changes been  made, the 
AS-502 anomaly study could have  been  performed without the delay  required 
t o  redesign and fabricate  the SLA, LM, and SM models. 

In retrospect, i t   i s   c l e a r  t h a t  significant advantage would also 
have  been obtained i f  the same data  reduction methods had been applied t o  
b o t h  the  scale model da ta  and the  full  scale d a t a .  Approximately six months 
were required t o  check o u t  the da ta  reduction methods and automate them 
sufficiently t o  handle the volume of da ta  being obtained from the  full  scale 
tests.  This six month training period could have  been  completed in advance 
of the  full  scale  test by using scale model data .  

The scale model program was cost  effective and did provide much 
useful  information t o  the  full  scale program. Because  of the  technological 
advances gained from the 1/10 Scale Program, a future  scale model could take 
advantage of these advances and provide even greater  benefits t o  similar 
space programs. 

3.1 THE SCALE MODEL TEST PROGRAM 

3.1.1 Scale Model Description 

The 1/10 scale Apollo Saturn V dynamic model consisted of five 
basic  units,  representing  the S-IC stage,  the S-I1 stage,  the S-IVB stage, 
the IU of the Saturn V launch vehicle, and the Apollo spacecraft. The 
spacecraft was  composed o f  the LM, SM, CM and LES systems. Each of these 
modules is   i l lustrated i n  Figure 3-1. The complete model i s  shown supported 
in  the tes t   fac i l i ty  by a four-cable suspenslon system (designed t o  provide 
the proper simulation for  free-free  longitudinal  vibration  response)  in 
Figure 3-2. The interior o f  the 1/10 scale  fuel tank i s  shown with t h a t  
of the  prototype i n  Figure 3-3.  This figure  illustrates  the  fidelity with 
which the Sa tu rn  V launch vehicle was modeled. 
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FIGURE 3-2 1/10 SCALE MODEL IN TEST STAND 
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3.1.1  (Continued) 

Where state-of-the-art  permitted,  the primary load-carrying 
structure of the 1 aunch vehicle and spacecraft were geometrically  scaled 
in the model . Above the LM adapter, geometric scal ing was n o t  feasible 
due to  the time and cost  required. However, the  external dimensions and 
gross stiffness  properties were scaled. The major spacecraft component, 
the LM, was  mass simulated. 

A comparison  of the 1/10 scale model  and full  scale  vehicle bending 
stiffness  properties  is presented in Figure 3-4. This comparison shows the 
accuracy with which the  overall  stiffness  properties were reproduced. A 
complete description of the  scaling and manufacturing techniques i s  presented 
in Reference 3-1. 

3.1.2 Scale Model Test 

A special  facility was establ ished a t  Langley  Research Center t o  
tes t  the 1/10 scale model. A cable  support system, which simulated free-free 
boundary conditions, suspended the model in  the pendulum-1 ike manner  shown 
in Figure 3-2. 

The scope of the  actual tests exceeded t h a t  of the full  scale  test 
program which followed. In addition t o  supporting the Sa tu rn  V program, 
the model  was  used t o  check out  a new booster design concept, and t o  
explore  the 1 imits of scale model technology in  the  areas of  impedance and 
dynamic tes t .  

The  model  was  used t o  investigate  pitch, yaw, and longitudinal 
properties fo r  each of the  three  stages of launch vehicle boost. The longi- 
tudinal t e s t  da ta  are presented  in Reference 3-2. The pitch and yaw tes t  
da ta  are being documented in NASA Technical Notes, t h a t  will be published 
la ter  by Langley  Research Center. The tes t  conditions were selected t o  
parallel those planned for  the  full  scale  test. For example, water was  used 
t o  simulate  the LOX and RP-1 propellants i n  b o t h  the  scale model and proto- 
type tests and the same tank pressures were used. This allowed scale model 
test  results t o  carry forward and directly support  the  prototype tes t  
program. 

3.2 CONTRIBUTIONS TO FULL SCALE TEST 

One of  the major objectives o f  the  full  scale  test was to  define 
the  transfer  function between the  control  engines and the fl ight sensor 
locations. To satisfy  this  objective,  the  vehicle had t o  be excited through 
the gimbal blocks o f  the  control  engines. Preliminary math model work indi- 
cated t h a t  the modes  of interest probably could be excited t o  readable  levels 
from the gimbal block. To add confidence t o  the  analytical  results,  the 1/10 
scale model  was excited t h r o u g h  the same basic  thrust  structure  location. 
Results  indicated t h a t  the proposed thruster  location was satisfactory t o  ac- 
complish basic  full  scale  test  objectives, and t h a t  the modes obtained from 
exciting a t  this  location were essentidl  ly normal  modes. 
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3.2 (Continued) 

The abil i ty t o  use the  single shaker location t h r o u g h o u t  the 
test  greatly  simplified  test conduct and enabled test  objectives t o  be 
met on an optimum schedule. The evidence gained from the  scale model 
tests was la ter  confirmed by the  full  scale  results, as all  modes  of 
interest were suitably  excited from the gimbal location. 

Data from the  scale. model  were also used t o  increase confidence 
t h a t  the  thrusters being  developed for  the  full  scale  tests could force 
the  vehicle t o  readable response levels in a l l  modes of interest. The 
acceleration per pound of force measured on the 1/10 scale model tes t  was 
scaled t o  the  prototype. This required t h a t  the  scale model accelerations 
per unit of force be reduced by a factor of 1000 t o  simulate  the  prototype 
condition. A correlation and discussion of the 1/10 scale and full  scale 
acceleration/force  ratios  are presented in Section 3.5.  

A parameter study was performed on the  scale model t o  determine 
the  effects of different  propellant t a n k  ull age pressure on the dynamic 
characteristics. Results of this study indicated t h a t  reducing the  ullage 
pressure from 30 t o  10  psi had very l i t t l e   e f f ec t  on the dynamic character- 
is t ics .  The lower pressure was  used for b o t h  the  full  scale and scale model 
tests t o  reduce the hazard t o  t e s t  personnel. 

The Cali bration levels required on the full  scale  test program 
were supported by da ta  from the  scale model. For example, in  instrumenting 
the bending t e s t ,  accelerometer ranges had t o  be determined. Information 
obtained from the  scale model confirmed t h a t  accelerometers selected were 
adequate. Data from the  scale model also confirmed t h a t  the  sensor  loca- 
tions were adequate t o  obtain enough information from the test   for accurate 
plotting of overall  vehicle mode shapes. The scale model d a t a  showed t h a t  
the most  complex  modal deflection  patterns occurred i n  the  spacecraft region 
of the  vehicle and t h a t  i t  would  be necessary t o  instrument this region 
in considerably more detail t o  obtain  accurate modal information. 

3 . 3  CONTRIBUTIONS TO SATURN V MATH MODELING 

The early mathematical  models of the full  scale Saturn V vehicle 
used t o  support major program decisions were primitive, and had no t e s t  
d a t a  t o  support their   reliabil i ty o r  t o  indicate  their weaknesses. Data 
from the  scale model f i l l ed  the gap between the time the  early models  were 
developed and when actual t e s t  da ta  were available. Scale model results 
added confidence t h a t  the  basic math models of the Saturn V vehicle were 
predicting  overall  vehicle modal frequencies and shapes with reasonable 
Val idi  ty. 

Scale model tes t  da ta  helped identify major shortcomings i n  the 
mathematical  model. A t  ?he s t a r t  of the  analysis program, structural 
drawings of the  spacecraft were very diff icul t  t o  obtain. In the absence 
of detailed drawings, a crude LM mathematical model  was developed from 
results of a vibration  test t h a t  indicated  the LM had a fundamental pitch 
and yaw frequency o f  4.5 Hz (Reference 3-3).  
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3.3  (Continued) 

Quick  look  data from full  scale dynamic t e s t  of the S-IVB/IU/ 
spacecraft combination showed a s t rong mode around 4.5 Hz, which could have 
been  a LM mode, plus two modes around 9 Hz for  which the math  model  had  no 
equivalent. Here the  scale model test  data helped isolate the math  model 
problem area. The scale model -- which  had  an equivalent LM simulator fre- 
quency of 14 Hz -- showed that  there was a s t r o n g  vehicle mode around 4 Hz, 
b u t  no vehicle modes around 9 Hz. 

The absence  of vehicle modes a t  9 Hz led t o  the  conclusion that  the 
9 Hz resonances of the  prototype were probably LM modes.  Drawings of the LM 
were obtained  as  required  to develop a detailed model. T h i s  model  showed 
that the fundamental mode of the Lbl was around 9.Hz. I t  also showed t h a t  
the t w i n  9 Hz resonances were produced by pitch and longitudinal coup1 i n g  
caused by stiffness  eccentricit ies i n  the LM. 

3.3.1 Mathematical Analysis of the 1/10 Scale Model 

A vibration  analysis of the  scale model  was performed us ing  the same 
basic models  and  methods being developed for  the Saturn V vehicle. The  beam- 
rod/quarter  shell model  shown i n  Figure 2-2 was used i n  this analysis. Re- 
sul t s  from the analysis were correlated w i t h  scale model test data  to uncover 
major weaknesses i n  the models and/or analysis  techniques. A discussion  of 
the results obtained from this correlation follows. 

3.3.2 Scale Model Test and Analysis  Correlation 

F i g u r e  3-5 presents a  30.6 Hz mode obtained dur ing  the scale model 
testing. T h i s  mode is  t h e  fundamental bulging mode of t h e  S-IC tanks caused 
by coupling between the propellant and structure. T h i s  phenomenon occurs i n  
a large  liquid  propelled  vehicle  like  the Saturn V ,  when the shell deforma- 
tions produced by the  liquid  exert a  dominant influence on the longitudinal 
modes of  the  vehicle. 

A counterpart  to the 30 Hz mode  was n o t  obtained from the math 
model , and subsequent  investigation of this problem showed that  the coupling 
between ropellant and structure was  modeled inadequately. Due to  this lack 
of come P ationsthe matrix method presented i n  Section 4.4.3 was developed to  
simulate  the  interaction between the  liquid and structure i n  time t o  support 
the  full  scale program. 

The results o f  the second longitudinal mode obtained from the scale 
model t e s t  and analysis  are presented i n  Figure 3-5.  These results show that  
t h e  scale model is more flexible i n  the S-IC intertank and IU areas than  pre- 
dicted by the math  model.  The test frequency was also s i x  percent lower than 
the  analysis frequency. 

The 1/10 scale model t e s t  and analysis  correlation of t h e  f irst  two 
pitch modes f o r  t h e  fu l ly   f i l l ed  condition is presented i n  Figure 3-6. A l -  
though the  overall  correlation of these mode shapes is good, there is s t i l l  
evidence of local  f lexibil i ty i n  the scale model data. The t e s t  frequencies 
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3.3.2 (Continued) 

a r e  17  and 26 percent  lower,   respectively,   than the ana lys i s   f requencies .  

3.4 CONTRIBUTIONS TO SATURN V ANOMALY RESOLUTION 

D u r i n g  t h e  second f l i g h t  (AS-502),  Pogo osci l la t ions  developed i n  
the S-IC s tage .  During the  Pogo o s c i l l a t i o n s ,  a loca l   fa i lure   o f  one  of 
the SLA panels  occurred. The most  popular fa i lure   hypothes is  was t h a t  the 
panel fa i led  around the LM a t tach   po in ts  under combined s t a t i c  (4 g )  and 
dynamic (t0.6 g )  loads.  To explore this  hypothesis,  a spec ia l   sca le  model 
of the SLT, LM and SM was b u i l t .  A special   harness was  a1 so cons t ruc ted   to  
simulate the 4 g s t a t i c   l o a d .  This model  was tested as  part   of the t o t a l  
f i r s t   s t a g e   b o o s t   c o n f i g u r a t i o n .  

Electrodynamic  shakers were  used t o   e x c i t e  the suspended  vehicle 
t o   s ca l ed   AS402   o sc i l l a t ion   l eve l s .  No s ign ’o f  a l o c a l   f a i l u r e  was observed. 
The s t a t i c   l o a d s  were increased   to  the f l i g h t  condition,  but no f a i l u r e  was 
produced. From this and related  studies  conducted  throughout the aerospace 
indus t ry ,  i t  was f i rmly   e s t ab l i shed   t ha t  a l o c a l   f a i l u r e  around the LM 
at tach  points   could  not  have  occurred. I t  was l a t e r  determined  that  
moisture had penetrated one of the honeycomb SLA panels.  I t  was hypothe- 
s i z e d   t h a t  aerodynamic  heating had vaporized  this  moisture and explosively 
del  aminated a sect ion o f  the honeycomb. 

3.5 COST AND ACCURACY 

3.5.1  Cost 

The 1/10  scale model  was b u i l t   a t  a cost  of  approximately  1/20 
o f   t he   fu l l   s ca l e  tes t  vehicle .  The dynamic t e s t s   t h a t  were conducted 
on the model required a crew  of fou r  engineers and technicians.  The 
c o s t  of  the  scale model tes t  program was roughly  1/10 the c o s t  of an 
equ iva len t   fu l l   s ca l e  test program. 

3.5.2 Accuracy 

A c o r r e l a t i o n  between the 1/10  scale model tes t  and f u l l  s c a l e  
tes t  results was  made to  assess  the  accuracy  of  scale  modeling techniques. 
T h i s  comparison showed t h a t  the sca le  model provided a f a i r   p red ic t ion   o f  
vehic le   response   charac te r i s t ics .  The response per u n i t  f o rce  o f  the model 
and the prototype  are compared i n  Table  3-1. The s c a l e  model responses 
have t o  be reduced by a s c a l e   f a c t o r  of 1000 t o  compare w i t h  prototype 
values.  The  r a t io   o f  the 1 /10   sca le   to   fu l l   sca le   for   the   bending   response  
ranged  from 0.45 t o   1 . 8 5 ,  and the longitudinal  response  ranged  from  0.17 
to   1 .50.  Most of the d i f f e r e n c e s   a r e  due t o :  

1 .   J o i n t   f l e x i b i l i t y   ( t h i s  is discussed i n  Section  3.5.3). 

2 .  Configuration  differences - The SM tank and the CM-SM 
i n t e r f a c e  was not  modeled  adequately f o r  the 1/10  scale  
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3.5.2 (Continued) 

model. Also, excessive motion  of the  scale model LM 
simulator was produced by localized deformation of the 
simulator a t  the support  strut  locations. 

3 .  Damping differences caused by innate  differences i n  the two 
vehicles, and by exciting  the  vehicles t o  different ampl itude 
levels  (full  scale  testing showed that damping  changed non-  
1 i nearly w i t h  ampl i tude). 

The response per u n i t  force i s  a diff icul t  parameter t o  predict. 
Before t e s t  data was available t o  define modal damping, the response  per 
unit  force  predicted by the math model differed from the full  scale  results 
by factors of 0.2 to 1 . 4  (which is  the same type of accuracy obtained from 
the  scale model ). 

A correlation of the f i r s t  four  pitch modes  of the 1/10 scale 
and full  scale  tests  are presented i n  Figures 3-7 and 3-8. The corre- 
lation of the f i r s t  mode shapes i s  excellent, b u t  the full  scale frequency 
i s  22 percent  higher than that of the 1/10 scale model.  The  second  mode 
shapes show the 1/10 scale model is  more flexible i n  the IU area t h a n  
the full  scale model. The correlation of the' mode shapes is  good, b u t  the 
full  scale frequency is 14 percent  higher t h a n  the 1/10 scale. The t h i r d  
pitch mode frequency of the full  scale model is  approximately three 
percent  higher t h a n  the 1/10 scale model. Both the t h i r d  and f o u r t h  mode 
shapes show that the 1/10 scale model is  much  more flexible around the 
SM-CM interface t h a n  the  full  scale  vehicle. The full  scale frequency 
for  the  fourth mode is 12 percent  higher t h a n  the 1/10 scale frequency. 

A correlation of the f i r s t  and  second longitudinal modes  of 
the 1/10 scale and full   scale  test  is presented i n  Figure 3-9. The f i r s t  
mode i s  produced by  coup1 i n g  between the 1 iquid propellant and structure. 
The 1/10 scale mode shape follows  the general trend of the full  scale mode 
shape, b u t  the amplitude is smaller a t  most locations. The full  scale 
frequency of this mode is  23 percent higher than the 1/10 scale. The 
correlation of the second mode shapes shows the same general  trend w i t h  
the 1/10 scale model being more flexible i n  the IU area. The full  scale 
frequency for this mode is 11 percent  higher than the 1/10 'scale frequency. 

The t h i r d  and fourth  longitudinal modes  of the 1/10 scale and 
full  scale  test  are  correlated i n  Figure 3-10. The correlation of the 
t h i r d  mode  shows t h a t  the 1/10 scale model is more flexible i n  the Ill 
area. The full  scale frequency of this  mode is  13 percent  higher t h a n  
the  1/10 scale model frequency. The correlation of the  fourth mode  shows 
the 1/10 scale model responding more i n  the S-I1 stage, S-IVB stage, IU, 
and payload than the full  scale model. Also, the  flexibility of the IU 
joints  is   clearly shown by the kink i n  the 1/10 scale model  mode shape 
a t  Station 3250.  The full  scale frequency is 6 percent  higher than the 
1/10 scale model frequency. 
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3.5.3 Scale Model Joint  Flexibility 

While analysis and test  correlation uncovered major weaknesses 
in  the math model, i t  also revealed a problem with the  scale model joints.  
The  model joints  are  scaled  duplications of the  prototype joints.  Rep1 ica 
scaling of the joints was used since  considerable  engineering time would, 
be required t o  properly design an easily manufactured connection w i t h  com- 
parable dynamic properties. 

The joint   f lexibil i t ies  exhibited by the  scale model  can  be explained 
i f  the joints  are assumed t o  behave as i l lustrated in  Figure 3-11. The 
physical rationale supporting these types of joint  behavior i s  given below: 

ratios of stiffness and mass  between the model and full  scale  vehicle, some 
model joints open slightly a t  the  surface of the  vehicle  after  the two 
flanges  are  bolted  together. This phenomena is i l lustrated i n  Figure 3-11 ( a )  
and is discussed i n  Reference 3-4. A fully  effective j o i n t ,  t h a t  i s ,  where 
the st iffness of the j o i n t  approaches the  stiffness of the  skin, i s  presented 
i n  Figure 3-11 ( b ) .  

1.  Due t o  the  fabrication  tolerances and the  differences  in 

2. The  model joints could gap  between fasteners as shown i n  
Figure 3-11 (c): T h i s  type of phenomenon could.occur because the t h i n -  
flange r i n g  frames  used i n  the  scale model would not  hold their  planar 
shape. Also, the number of fasteners used on the model  was less t h a n  the 
number used on the f u l l  scale  vehicle. Gapping  between fasteners was 
observed along the j o i n t  between the S-IVB forward skirt and IU. 

The stiffness of the  joints presented i n  Figure 3-11 (a)  and 
(c )   i s  nonl inear and tends t o  increase under 1 oad. 

The major cause of differences between scale model  and f u l l  scale 
tes t   resul ts  is the j o i n t  f lexibi l i ty  of the model. An additional cause 
was configuration  differences between the  scale model  and tes t   a r t ic le  
spacecrafts. Had the model  been redesigned t o  eliminate  these  differences, 
overall  correlation would have  been excellent for primary vehicle charac- 
te r i  s t i  cs . 
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SECTION 4.0 MATHEMATICAL MODEL TECHNOLOGY 

4.0 GENERAL 

This section  presents procedures and guidelines  for forming  mathe- 
matical models  of large space vehicles such as  the Saturn V .  The section 
includes  discussions of  math  model philosophy, stiffness and inertia matrix 
development, and vibration  analysis  techniques. Problems that have  been 
encountered are  discussed along w i t h  the  rationale for the  solution;  also 
guide1 ines for mathematical model development are  presented. 

The math modeling techniques used i n  the Saturn V structural 
dynamics program were adequate for predicting  the  overall  vehicle dynamic 
characteristics. Most o f  the problems encountered i n  the program were 
associated w i t h  local deformation or component  dynamics.  These  problems 
occurred because : 

1 .  Proper emphasis was n o t  given t o  math modeling of local 
and component  dynamic effects.  

2. Structural dynamic techniques  require test   results t o  guide 
the modeling of these  effects. 

Some of the problems associated w i t h  modeling local  effects  are 
presented i n  Section 4 . 3 .  

4.1 TECHNICAL APPROACH 

extensively i n  the  Saturn V program. The  methods  used i n  the  pretest 
analysis  are documented i n  Reference 4-1. These  methods  have since been 
revised and  documented i n  internal Boeing  documents.  Each Saturn V 
'structure was idealized  as a lumped parameter system that  satisfied 
the  following  matrix  equation: 

Matrix formulation of structural dynamics  problems  was  used 

Inertia Dampi ng El as t ic  A,ppl ied 
Forces Forces Forces Forces 

The generalized  coordinates , the q e ' s  , used i n  a lumped para- 
meter analysis  are  frequently chosen t o  be  {he Cartesian components of 
displacement  and/or rotation at   discrete points on the system.  These 
p o i n t s  are known as nodes. A typical nodal  breakdown is shown i n  Figure 
4-1. In the lumped parameter. approach the  elastic  properties of an actual 
structure  are  represented by a network o f  1 inear  springs coupling the node 
points  together. These spring  constants, i n  matrix array, form the  struc- 
tural  stiffness matrix.  A typical  element, Kij, i n  th is  matrix  represents 
the st iffness of the  effective  structural  spnng coup1 ing  q i  and q -  motions. 
A1 1 forces  are  applied t o  a lumped parameter model a t  the nodes  ana are 
distributed i n t o  the model by the  springs which simulate  the load paths 
i n  the  actual  structure. For example, when a force  is  applied i n  the q i  

35 



FIGURE 4-1 TYPICAL  SATl lRh V NODAL BREAKDOWN 

S-IVB UPPER 

S-IVB COMMON 
LH2 BULKHEAD 

BULKHEAD 

n 

S-IVB LOWER 
LOX BULKHEAD S-IVB THRUST  STRUCTURE 

AND ENGINE 

S-IC  (S-11)  TYPICAL LOX 
AND RP-1 TANK  MJLKHEAD S-11 THRUST  STRUCTURE 

AND ENGINE 



4.1 (Cont i  nued) 

direction, a p o r t i o n  of the  force  will be transmitted through the  spring 
Kij t o  induce motion in  the q j  direction. 

In a dynamic  model,  mass matrices  are developed t o  represent  the 
distributed  inertia  characteristics of the  actual system. These general” 
ized inertia matrices range in complexity from a simple diagonal array o f  
lumped masses t o  the  strongly coupled generalized  inertia  arrays developed 
i n  Section  4.4. 

Energy dissipative elements may  be introduced i n t o  the model t o  
simulate  the  effects o f  damping forces on the  actual  structure. Normally, 
the damping elements used i n  the model are 1 inear. The characteristics 
of these damping elements are chosen so that the average rate o f  energy 
dissipation i n  the model over a cycle of oscillation is  the same as t h a t  
of the  actual  structure. Damping valu$s used i n  the Saturn V analyses 
were obtained from the full  scale dynamic tes t .  These damping values 
are  proportional,  that is, all  sections of the  structure  are assumed t o  
have the same damping. 

The  lumped parameter model is completed by a set  of  concentrated 
time dependent loads applied a t  the node points. These loads  represent  the 
distributed  forces,  temperatures, o r  prestresses  acting on the  real system. 

The  most difficult   part  of the process of creating a lumped para- 
meter model is obtaining a spring network that adequately  describes  the 
elastic  properties of the system  being analyzed. The structural  spring 
networks may  be obtained from a f in i t e  element displacement method, known 
as  the  direct  stiffness method (Reference 4-2 and 4-3). 

The direct  stiffness method is derived from energy considerations. 
If  the deformed  shape of  a system can  be adequately  described i n  terms of 
a limited number of independent quantities, f o r  example, the deformations 
of  a limited number of points on the  structure,  the  actual system can be 
represented by a mathematical model having a f i n i t e  number of degrees of 
freedom. The  strain energy o f  the system  can be expressed i n  terms of 
these  generalized  coordinates. The stiffness  coefficients  are derived 
from the  strain energy quadratic. 

4.1.1 Stiffness Analysis 

Pr ior  t o  establishing a stiffness model, detailed drawings of the 
structure  are  studied i n  order t o  determine mechanisms by which loads 
are  transmitted through t h e  system. Next,  nodes are  located on structural 
drawings a t  p o i n t s  along the primary load paths o r  i n  regions of cr i t ical  
motion. The actual  structure connecting these nodes is t h e n  described 
i n  terms of combinations of the following basic elements: 

1. beam - stringer - torque tube 

2. plate (membrane) 
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4.1.1  (Continued) 

3 .  plate  (bending) 

4 .  Axisymmetr ic  shel l  

The p l a t e  and shel l   e lements may be e i t h e r   i s o t r o p i c   o r   o r t h o t r o p i c .  

Once t h e   s t r u c t u r a l  model  has  been es tab l i shed ,   t he   s t i f f ness  
ana lys is  computer  program input  data  are  compi led.  These data  inc lude a 
l i s t   o f  node  numbers, the  geometric  coordinates and boundary cond i t ions  o f  
each  node, along w i th  the   phys i ca l   p roper t i es   o f  each s t ructura l   e lement ;  
i .e . ,   c ross-sec t iona l  area, moment o f   i n e r t i a ,   t h i c k n e s s ,   t y p e   o f   m a t e r i a l  
and temperature. Load in fo rmat ion   a lso  may be contained i n   t h e   i n p u t   d a t a .  
This  includes  prestresses,  external   forces,  and nodal  temperatures. 

s t ruc tu ra l   e lemen t   de f i ned   i n   t he   i npu t   da ta .  Each m a t r i x  i s  generated 
i n   i t s  own loca l   coord ina te  system.  Transformation  matrices  are computed 
and a p p l i e d   t o   o b t a i n   t h e   s t i f f n e s s   c o e f f i c i e n t  components o f  each  element 
i n  a cent ra l   coord ina te  system. This  system may be Car tes ian ,   cy l i nd r i ca l  
o r   s p h e r i c a l   a t   t h e   u s e r ’ s   d i s c r e t i o n .  The s t i f f ness   ma t r i x   t rans fo rms  
from one coordinate  system  to  another as fo l l ows :  

The s t i f f n e s s  program  generates  s t i f fness  matr ices  for  each 

where [Tp i ]   i s   t he   t rans fo rma t ion   re la t i ng   d i sp lacemen ts   i n   t he   o r i g ina l  
system t o   t h e   g e n e r a l i z e d   c o o r d i n a t e s   i n   t h e  new system, and i , j , p,  and 
q are  row and  column ind ices.  

Once t h e   s t i f f n e s s   m a t r i c e s   f o r   a l l   e l e m e n t s  have  been generated 
and t rans formed  to   the   cen t ra l   coord ina te  system, t h e   s t i f f n e s s   c o e f f i c i e n t s  
are merged. The merg ing   ope ra t i on   i s   bas i ca l l y  a process o f   m a t r i x   a d d i t i o n  
i n  wh ich   cor respond ing   s t i f fness   coe f f i c ien ts   f rom each s t ruc tu ra l   e lement  
connect ing   a t  a g iven node are combined t o   o b t a i n   t h e   s t i f f n e s s   p r o p e r t i e s  
o f   t h e   s t r u c t u r a l  model a t  t h a t  node. 

After  merging,  the  boundary  condi t ions  for   the nodes  can be imposed 
and matr ix  reduct ions  performed. Boundary c o n d i t i o n s   f o r  a s t i f f n e s s   a n a l y s i s  
are  determined by s t r u c t u r a l   s y n e t r y   o r   a n t i s y m m e t r y  as we l l  as by phys ica l  
cons t ra in ts .   For  example, a typ ica l   launch  vehic le ,   which has a t  l e a s t  two 
orthogonal  planes o f  symmetry,  can  be represented  by a quar te r  she1 1 model . 
The e f fec ts   o f   t he   m iss ing   t h ree   quadran ts   o f   t he   s t ruc tu re  can be represented 
by  appropriate  boundary  condit ions.  Fixed  boundary  condit ions  are imposed  on 
a s t i f f n e s s   m a t r i x  by de le t i ng   t he  rows and columns associated  with  the  degrees 
o f  freedom a t  undeformable  points on the   s t ruc tu re .  A p i n   j o i n t   i s   i n t r o d u c e d  
by  reducing  the  appropr ia te  ro tat ional   f reedom  pr ior   to   merg ing.  
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4.1.1 (Continued) 

Imposing  boundary conditions i s  n o t  the only way the  size o f  the 
stiffness matrix i s  decreased.  Frequently,  the degrees of freedom subjected 
t o  small inertia loads  are assumed t o  be unloaded. These degree o f  freedom 
can then be eliminated from the force-deformation relationships by a process 
of  matrix reduction. Assume that  the  stiffness matrix is ordered so that 
direct  stiffness of  the unloaded degrees of freedom appear i n  the upper 
l e f t  corner o f  
be pa r t i  t i  oned 

I- 

the  matrix. The force-deformation  matrix  equation can then 
as fo l  1 ows : 

L 

where the q are  the displacements of  the unloaded  nodes , and the q and 
F are  the  #isplacements and forces,  respectively, a t  the loaded no%es. 
Tie  equation above  can  be solved for  the qu  i n  terms of  the 9%: 

r -1 1 

Applying the  reduction  transformation t o  Eq.  4-3 gives 

T h i s  same transformation  will be  used t o  develop consistent  inertia 
matrices i n  Paragraph 4.4.3. 

The dimensions of the reduced stiffness matrix  are R rows and R columns 
smaller than the o r i g i n a l  matrix, where R i s  equal t o  the number of 
unloaded degrees o f  freedom. 

The size o f  a st iffness matrix can also be decreased by the con- 
s t ra ints  transformation procedure. In the Saturn V models, t h e  motion of 
many of the nodes was expressed i n  tenns of polynomial  shape functions 
satisfying  the  appropriate geometric boundary conditions. The shape 
functions were  used t o  represent r i n g  modes, simplify bulkhead models, 
and idealize near r i g i d  substructure. These constraint  transformations 
were applied t o  both stiffness and  mass matrices so t h a t  consistency 
would be maintained. 
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4.1.2 I n e r t i a   A n a l y s i s  

In   t he   pas t ,  i t  was s tandard   p rac t i ce   t o   cons t ruc t  mass matr ices 
by  simple  lumping  techniques. However, the  improved  accuracy  obtained  by 
deve lop ing   i ne r t i a   ma t r i ces  and s t i f f n e s s   m a t r i c e s   i n  an i d e n t i c a l  manner 
i s  now widely  recognized  (Reference 4-4 and 4 - 5 ) .  I n e r t i a   c o e f f i c i e n t s  
are  generated  for   the same f i n e  nodal breakdown  used i n   t h e   s t i f f n e s s  
analys is .  The iner t ia   mat r i ces   a re   reduced  o r   cons t ra ined  us ing   the  
same t rans format ions   app l ied   to   the   s t i f fness   mat r ix .  

The i n e r t i a   c h a r a c t e r i s t i c s   o f   l i q u i d   f i l l e d   t a n k s   a r e   h a n d l e d  
by specia l   techniques  that   represent   the dynamics o f   t h e   l i q u i d  as we l l  
as i n t e r a c t i o n   w i t h   t h e   e l a s t i c   t a n k   s t r u c t u r e .  On la rge   boos ter  systems, 
t h e   l i q u i d   i s   u s u a l l y   t r e a t e d  as being  incompressible, and t h e   l i q u i d  
f ree   su r face   i s  assumed t o  remain  plane. Under these  condi t ions,   the 
m o t i o n   o f   t h e   l i q u i d  can be def ined  by  the  e last ic  degrees  of   f reedom 
of  the  tank. A techn ique  fo r   re la t ing   l iqu id   mot ions   to   tank   de forma-  
t i o n s   i s  developed i n  Sect ion 4 .4 .3 .  
4.1.3 Eigenvalue  Analysis 

A f t e r   g e n e r a t i n g   c o n s i s t e n t   i n e r t i a  and s t i f f ness   ma t r i ces ,   t he  
normal modes and f requencies  o f   the  system  are  obta ined,by  so lv ing  the 
equa t ion   o f  undamped f ree   v ib ra t ion   fo r   the   e igenva lues  and eigenvectors. 

CWijI I q j l  + CKijI C q j l  = (01 (4.6) 

If the  system i s  f ree- f ree,   the  equat ion above wi 11  have up t o   s i x   z e r o  
f requency  so lut ions  which  are  the  r ig id  body modes o f   t h e  system. These 
zero  f requency  solut ions can be developed d i r e c t l y   f r o m   t h e  geometry o f  
the  system. The e igenva lue   so lu t i on   o f   l a rge   o rde r  systems  can be c o s t l y ,  
however.  Modern  computer  techniques s t i l l  take up t o  75 minutes o f  computer 
t i m e   t o   o b t a i n   a l l   o f   t h e  mode shapes o f  a 300th  order system, c a l c u l a t e   t h e  
general ized mass m a t r i x  and p l o t   t h e   r e s u l t s .  

4.2 MODELING  PHILOSOPHY 

The f i r s t   s t e p   i n   d e v e l o p i n g  a math model i s   t o  understand how 
resu l t s   f rom  the  model will be used. The three  rime  uses fo r   t he   Sa tu rn  V 
math  models  were f o r  f l  ight   loads  analyses, fl igEt   cont ro l   analyses and Pogo 
s t a b i l i t y  analyses. Each o f  these  analyses  required  special  ref inement i n  
cer ta in   areas.   Unfor tunate ly ,   t ime and cost  does no t   permi t   the  use o f  
sophisticated  general  purpose  models.  Consequently, i t  must be determined 
i n  advance  where de ta i  1 i s  needed  and  where gross  representat ion will be 
adequate. I n   s h e l l   s t r u c t u r e s ,   s u c h   r e q u i r e d   f o r e s i g h t   i s   o f t e n  beyond 
real ism. Ground  and f l i g h t   t e s t   d a t a  will p o i n t   o u t   d e f i c i e n c i e s   i n   t h e  
engineer's  judgement.  For  this  reason,  there  should be room i n   t h e  model 
f o r  growth.  Growth  potential i s   a l s o   r e q u i r e d   t o   a l l o w   f o r   c h a n g i n g  
o b j e c t i v e s   o f   t h e  program.  For  example,  on  the  Saturn V, an accurate  pre- 
d i c t i o n   o f  dynamic a c t i v i t y  above 10 Hz  was n o t   r e q u i r e d   e a r l y   i n   t h e  program. 
A f te r   18  Hz osci  1 l a t i o n s  were observed i n   t h e   f l i g h t  data, i t  was necessary t o  
develop  mathematical  models  that  could  produce  accurate  results up t o  25 Hz. 



4.2 (Conti nued) 

Once the use of  the analytical  results is  established,  the next 
step i s  t o  define a model that can sat isfy user requirements. This requires 
that a number of  technical  decisions be made, such as: 

1 , uniaxial , 1 .  Should the model  be three-dimensional, two-dimensiona 
o r  some combination of these? 

2. Where is shell  activity  important? 

3 .  How fine should the nodal  network be? 

4. What are  the  limitations of the computer software and  hardware 
used i n  the model analysis? 

The f i rs t  decision i s  t o  determine whether the dynamic character- 
i s t i c s  must be described i n  the coupled (three dimensional)  sense o r  whether 
a coplanar (two dimensional) or even  a uniaxial model will  suffice. Many 
space vehicles,  including the Saturn W ,  have a t   l ea s t  two orthogonal  planes 
of symetry  for  the primary structure. However, the  internal  structure and 
major components are  often not  symnetrical. These secondary asymmetries 
are a mechanism f o r  coupling  the  coplanar modes of the primary structure 
together.  If two of these modes should coalesce, even  a  small  asymnetry 
can  produce significant coupling that  requires a three dimensional model. 
Another consideration is  whether follow-on analyses can use three dimen- 
sional modeling  and also whether the  extra refinement is warranted. For 
example, if  the dynamic loads  are  only 10 percent of  the  total  load,  the 
refinement i n  using a coupled model  may not be warranted. A third con- 
sideration i s  whether restraining the structure t o  act  i n  one plane will 
result  i n  accurate  characteristics i n  that  plane. Using the  Saturn V as 
an example , the proper i n - p l  ane characteristics of the LM cannot be pre- 
dicted wi thout  allowing t h e  LH t o  have o u t  of plane motion. 

The second decision is  t o  determine where shell action must be 
included. Ini t ia l  Saturn V models allowed f o r  shell deformation t h r o u g h -  
ou t  the complete launch vehicle. However, f u l l  scale  tests confirmed that 
a beam  model  would represent 1  aunch vehicle bending action  adequately up t o  
a frequency of twenty times the fundamental bending mode.  They also showed 
that the shell  characteristics required a much finer nodal  network than was 
originally provided, both i n  the instrument u n i t  where f l i g h t  sensors were 
located and i n  the bulkheads that  carried  the  longitudinal  propellant  load. 
The present so lu t ion  f o r  Saturn V models i s  a  combination of beam  and shell 
modules that  includes a detailed nodal network only i n  areas of  significant 
local  deformation. 

The t h i r d  decision i s  t o  determine how fine the nodal network 
should  be. The f i r s t  consideration here is  the numerical accuracy that 
can be maintained dur ing  the so lu t ion  procedure. The final stiffness mat- 
r ix  must be  homogeneous, that  i s ,  the  order of magnitude of  like st iffness 
terms  along the diagonal  should be similar. If term-to-term fluctuations 
of  two or more orders of magnitude occur, the analyst  should  antlclpate 
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4 .2  (Continued) 

a large round-off error in his  solution. The stiffness of each element i s  
dependent on i t s   s ize .  Thus the nodes  must  be located so t h a t  stiffness 
magnitude  changes occur gradually  rather than abruptly. 

In many cases , the  structure  itself  dictates  the degree of finerless. 
The engineer must allow sufficient nodes t o  simulate  the  physical load 
p a t h  and t o  allow efficient use of the elements available i n  the software 
program. When a stiffness mathematical model i s  developed on this  basis, 
the  engineer looks fo r  sensitive  areas i n  the  structure from a dynamic 
standpoint. For example, the payload on the Saturn V i s  a highly active 
area compared w i t h  the 1 aunch vehicle, Consequently, the  density of nodes 
i s  much higher i n  the payload than i n  the launch vehicle. Also, where h i g h  
load gradients  occur, such as i n  the thrust  structure, a d d i t i o n a l  model 
detail  is  required. 

able computer software and hardware  capabi 1 i ty. This capabi 1 i t y  includes  the 
size o f  the  individual stiffness matrix modules t h a t  can  be generated,  the 
complexity of merging and reducing these modules , the  order of the dynamic 
matrix t h a t  can be handled and the flow time and cost  associated w i t h  each 
o f  the above computations. The natural tendency i s  t o  have a model as 
large as the computer capability wi 11 allow. This occurs either because 
o f  lack of confidence i n  the  idealization o f  the  structure or  because the 
mathematical model  may  be required t o  do many different  things. Bo th  of 
these  situations occurred i n  the Saturn V analyses. I n i t i a l  model develop- 
ment d i d  not  include sufficient engineering judgement. The models presently 
i n  use, while greatly  simplified i n  certain  areas, are s t i l l  complex because 
they handle problems i n  a1 1 dynamic discipl  ines. 

The f i n a l  decision p o i n t  i n  establishing a model involves  the a v a i l -  

Unless the  resources  are  available t o  permit production analyses 
using large mathematical  models, size  limitations should be established 
early i n  the program. O f  course , restricting  the  size of the model w i  11 
increase  engineering  tolerances t h a t  must  be placed on the math model 
da ta .  Section 4.6 of this document describes  the  evolution of the Saturn  
V models.  Resources required for math  modeling  were control  led t o  some 
extent by correlating a basic  sophisticated model with test   results and 
then carefully  eliminating  detail  until a degradation of results became 
not i  ceabl e .  

In  large programs,  such as Saturn V ,  the requirements of the mathe- 
matical models continually change as the program matures. Because of the 
constant s ta te  of change, the following two ground rules cannot be over- 
emphasized. 

1 .  Establish a baseline model t h a t  where possible, is  test  verified. 

2 .  Develop new models i n  para1 le1 w i t h  the basel ine model ; do not 
change the basel ine u n t i l  the new models are completely verified. 
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4.2 (Continued) 

Two baseline models  were  used i n  Saturn V analyses. The f i r s t  
baseline was a beam  model that  was useful i n  full  scale  pre-test work 
as well as  in providing a  gross check on the three-dimensional models.. 
The second baseline model  was the  test-verified coplanar model.  All 
subsequent models developed were validated by comparison  of results w i t h  
the basel ine model.  Only  when these models  had  proven their  superiority 
t o  the basel ine model  were they  accepted as the new basel ine. 

Dynamicists were trapped i n  several  instances by n o t  adhering t o  
the f i r s t  ground rule  listed  previously. The "man on the moon i n  this 
decade" goal required s t r i c t  adherence t o  schedules.  Pioneering with 
new models and new software programs should not  be attempted when the 
matrix  order is  large and the  outputs of the  analyses  are program crit ical ,  
both from a schedule and quality  standpoint. New models should be developed 
in parallel w i t h  production  analyses and phased i n t o  the  analysis system 
only when they are  fully checked o u t .  Engineers and programmers habitually 
underestimate  the cost and flow time for these changes. 

The  dynamic characteristics generated from the Saturn V mathemat- 
i cal model s were  used  by  many  government  and contractor  agencies. S truc- 
tural dynamic characteristics were developed for each space vehicle and 
rigorously documented in  source d a t a  documents.  The configuration o f  each 
vehicle was tracked and  when major changes  were made,  new structural dynamic 
characteristics were generated and the  source  data document updated. 
Despite this  rigor,  the dynamic characteristics were  used improperly on a 
number of occasions. Experience has  shown t h a t  written communication, al- 
though necessary, i s  n o t  sufficient. C o n t i n u i n g  face-to-face communication 
between the model developers and the  users of the  data is essential. 

4.3 STIFFNESS  MATRIX DEVELOPMENT 

4.3.1 General Gui del i nes 

Meeting the accuracy  requirements of the Saturn  V program  made 
necessary  a complex finite-element  analysis. The linear  direct  stiffness 
method  was used. The stiffness method i s  based on representing  the  actual 
structure by  an assemblage o f  f i n i t e  elements such as  axial load members , 
bending members  and plates. From basic  structural theory  the essential 
characteristics of  each type of element are known. The science i s  well 
documented i n  References 4-2, 4-6, 4-7, and 4-8. B u t  idealization of a 
structure t o  obtain  a  satisfactory, we1 1 behaved, mathematical model i s  
an a r t  as well as a science. The a r t  as i t  applies t o  Saturn V math mod- 
el ing  wi 11 be covered herein and will  involve  the documentation o f  guide- 
lines f o r  using the f in i t e  element methods t o  solve  practical  structural 
problems. 

The elements used i n  the Saturn \I analyses  are shown i n  Figure 4-2 
l and are as fol lows : 
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4.3.1 (Continued) 

Axial members 
Torsion members 
Beam  members 
Isotropic  triangular  plates 
Isotropic quadri 1 ateral  plates 
Orthotropic  triangular  plates 
Orthotropic  quadrilateral  plates 
Axisymmetric shell element 

The following paragraphs present some guidelines  for the use o f  
these  elements. While the  guidelines i n  some instances  are a function 
of The Boeing Company software programs, they  are  typical o f  the types 
of 1 imi t s  imposed by software. 

One of the prime considerations i n  defining a  nodal  network is t o  
follow  prescribed rules fo r  plate geometry. To avoid numerical diff icul t ies  
the  length-to-width rat io  of each plate element should not be greater than 
two and no angle  within a triangular  plate should be greater than 90 degrees. 
Triangular  plates  are  generally used i n  making the transition from large 
plates t o  small plates. An example i s  shown i n  Figure 4-3. When making a 
transition from a st iff  structure t o  a relatively soft structure,  care must 
be taken i n  the  transition zone. The soft structure  idealizatioc would 
normally imply a f iner  nodal network. The plate geometry rules  previously 
cited must be kept i n  mind i n  creating  the  transition nodal pattern. 

One of the comnon problems that  occurs i n  the  idealization o f  a 
structure is  the generation  of redundant  degrees of  freedom. Redundant 
degrees of freedom  can be introduced  into the math  model unintentionally 
dur ing  the process o f  coordinate  transformation. Such  mechanisms are not 
present i n  the actual structure b u t  arise through reorientation o f  the 
structural elements. T h i s  may be i l lust rated by  means of a simple example. 
Consider a horizontal  bar pinned a t  one end and supported by a vertical bar 
a t  the other  end as shown i n  Figure 4-4 (a). Since only the axial behavior 
of the bars is  of interest, the bending behavior is ignored. Assuming both 
bars have the same cross-sectional  area,  the stiffness matrix is: 

"X1 Ax2 Ay2 - 
-1 0 

1 0 

L o  0 1 - 1 (4.7) 
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F IGURE 4-3 TRANSIT ION  TECHNIQUES - LARGE  TO  SMALL  PLATE  ELEMENTS 
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F IGURE 4-4 REDUNDANT  DEGREE  OF  FREEDOM EXAMPLE 



4.3.1 (Continued) 

No lateral  stiffness terms appear in  the  matrix for node 1 because 
the bending stiffness o f  the bar has  been neglected. The matrix i s  non- 
singul ar and  may  be inverted to  sol ve for  the displacements of  the nodes 
i n  a straight-forward manner. 

Now consider  the same physical problem b u t  w i t h  the bars oriented 
a t  an angle o f  45 degrees t o  their  former positions  as shown i n  Figure 4-4 
( b ) .  The stiffness matrix and load column for the  rotated  structure  are 
obtained by coordinate  transformation o f  the form. 

where [TI i s  the  matrix of direction  cosines  relating  the  (x,y) system t o  the 
(y,y) system.  In this case,  the transformed stiffness matrix and load column 
are, 

AY1 Ax2 
- - 

1 -1 /2 

1 -1/2 

-1 /2 7 

-1 /2 0 

*y2 

-1 "/*l /2 
(4.9) 

O - J  1 

(4.10) 

The stiffness matrix i n  Equation (4.9) is obviously singular  since 
the f i rs t  two rows are  identical. The process of transformation has in t ro-  
duced a redundant equation i n  the variable ~y7. The singularity  arises from 
introducing two degrees of  freedom a t  node 1 f o r  the transformed structure 
where only one independent degree o f  freedom is defined. In this example 
either  AX^ o r  A ~ I  may be considered  as a redundant degree of freedom and  may 
be constrained o u t .  Choosing Ayl as  the redundant degree of freedom  and 
imposing the  constraint Ayl = AXl gives: 
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and 

-1 

0 1 -j 1 (4.11) 

The stiffness matrix of Equation (4.11 ) represents  the  structure 
w i t h  a supporting roller on a 45 degree plane a t  node 1 as shown l’n Figure 
4-4 ( c ) .  This renders  the stiffness matrix non-singular and i t  may  be 
inverted t o  solve for  the  displacements. An a1 ternate  solution  is t o  
include bending stiffness in the  horizontal bar. This introduces an inde- 
pendent AS1 equation which eliminates  the redundancy. 

d a n t  degree of freedom, in theory a row  and  column  of zeroes wi 11 be 
generated. These zero rows and columns are  often  automatically  deleted 
within stiffness  analysis programs so t h a t  the  solution can  proceed nor- 
mally. However, because o f  numerical accuracy, true zero rows and columns 
are seldom generated i n  the  reduction  process. The result then i s  the 
retention of highly ill-conditioned nonphysical terms i n  the matrix.  

If  reductions  are  inadvertently performed a t  a node having a redun- 

In this simple example, the freedom t o  be constrained is  quite 
obvious. B u t  i n  more complicated structures using beams, ax ia l  members, 
torque tubes, and plates, redundant freedoms are easy t o  miss,  especially 
i f  the  engineer is no t  intimately famil iar  w i t h  the mathematics of the 
analysis program he is using. If he is aware of the program limitations, 
he  can idealize  the  structure t o  eliminate redundant degrees of freedom. 
There are three ways of  avoid ing  redundant degrees of freedom: 

1 .  Include stiffness elements t h a t  resist  forces and moments 
i n  a l l  directions. 

2.  Constrain o u t  redundant degrees o f  freedom, and 

3 .  Choose a coordinate system consistent with the geometry of 
the problem. 



4.3.1 (Continued) 

The f i r s t  so lu t ion  is  not  always acceptable. Adding additional 
elements introduces new force/deformation  equations that  may not be well 
conditioned. For  example,  a longeron may be st i f f  axially b u t  weak i n  
bending. If i t s  bending properties  are included, the resulting i l l  
conditioned  equations added t o  the problem may prevent an accurate 
solution from being obtained. The optimum solution i s  a combination 
of the l a s t  two solutions: choose the coordinate system t o  minimize 
transformation  reorientation, then constrain a1 1 redundant  degrees of 
freedom that appear. 

Taking advantage o f  a plane o f  structural symmetry t o  reduce 
the number of variables i n  a linear  deflection  analysis is  a technique 
often used by structural  engineers. The procedure derives from the  fact 
that  any part o f  a linear  structure may be considered  cut away  and 
analyzed as a separate  entity while retaining t h e  effect  of the whole 
structure by applying  the proper boundary conditions a t  the  cut. When 
the  cut is made a t  a plane o f  structural symnetry, the boundary conditions 
are simply and uniquely defined by  two distinct types o f  displacement 
modes,  symmetric  and antisymmetric. These  boundary conditions may be 
deduced by considering  the  relative  displacement of a point on the  struc- 
t u r e  and i t s  conjugate p o i n t ,  or "mirror image", on the  opposite  side of  
the  plane of symmetry. For a symnetric  displacement mode, any movement 
of the  point  will be accompanied by a corresponding mirror image behavior 
of i t s  conjugate p o i n t  as i n  Figure 4-5(a). For an antisymmetric mode the 
movement o f  the conjugate p o i n t  will be exactly  opposite t o  that  produced 
i n  the mirror image. T h i s  is i l l  ustrated i n  Figure 4-5(b). 

As the location o f  point P is chosen closer t o  the plane of sym- 
metry, i t  is seen that p o i n t s  P and P' become coincident i n  the limit. 
Symmetric behavior o f  the  coincident  points is  contradictory  unless the 
motion is restricted by imposing constraints  against  translation o u t  of 
the plane  of symnetry and against  rotation about any axis ly ing  i n  the 
plane o f  symmetry. These constraints  are the appropriate boundary  con- 
d i t i o n s  for symnetric behavior a t  a plane of structural symmetry. For 
antisymmetric  behavior the  appropriate boundary conditions  are determined 
by similar reasoning to  be just the  opposite;  i.e.,  constraints  are imposed 
against  translation i n  any direction  lying i n  the plane of symmetry  and 
against  rotation about an axis normal to  the plane of symmetry. 

Apollo Saturn V st iffness and  mass asymnetries were i d e n t i f i e d  and 
assessed. The launch vehicle, below the payload , was found to  be essentially 
symmetrical about the pitch/longitudinal and yaw/longitudinal  planes. T h i s  
symmetry allowed the launch vehicle t o  be represented by quarter-shell 
(coplanar) models. Four cop1 anar models were formed by applying either 
symnetric o r  antisymnetric boundary conditions a t  the  quarter-shell cuts. 
These  models were for  p i t c h ,  yaw, longitudinal, and torsional  analyses. 
Figure 4-6 shows t h e  coordinate system and t h e  quadrant used i n  the 
Saturn V analysis. 
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FIGURE 4-5 STRUCTURAL  SYMMETRY EXAMPLE 



4.3.1 (Continued) 

For pi tch  analysis  (motion i n  the Z-direction),  antisymmetric 
boundary conditions were app l i ed   a t  Boundary A, while syrrrnetric  boundary 
conditions were applied a t  Boundary 6. For yaw analysis (motion i n  the 
Y-direction),  symmetric boundary conditions were app l i ed   a t  Boundary A ,  
w h i l e  a n t i s y m e t r i c  boundary conditions were app l i ed   a t  Boundary B.  For 
longitudinal  analysis (motion i n  X-direction),  symmetric  boundary  con- 
d i t i o n s  were applied a t  both  Boundaries A and B. For torsional  analysis 

a t  Boundaries A and E.  The imposed boundary conditions  used above  con- 

coupling  cannot be studied  with  such  a mode!. 

1 (rotation  about X axis),  antisymmetric boundary conditions were applied 

~ 

~ s t ra in   the   vehic le   cen ter l ine  t o  move i n  a  single  plane.  Cross  axis 

The Saturn V vehicle  undergoes two temperature  extremes. One 
extreme is  due t o  the cryogenic  propellants  whereas  the  other i s  due t o  
i n f l i g h t  aerodynamic  heating.  There  are two methods o f  accounting f o r  
thermal e f f e c t s  i n  the  f inite  element  software program. The program  has 
the  capabi l i ty  of accepting  discrete  temperature  values  for  each node p l u s  
a  temperature  gradient  across  plate  sections. Through tab le  look-up 
features ,   the  program automatically  accounts f o r  temperature  changes i n  
the modulus o f  e l a s t i c i t y .  The a l t e rna te  method is t o  scalar   mult iply 
the  f ree-free  s t i f fness   matr ix  of  a module of  the structure t h a t  is 
affected  before merging w i t h  the other  modules. The f i r s t  method has 
the  advantage o f  accuracy bu t  the disadvantage  that  a new s t i f f n e s s  
matrix must be developed f o r  every f l i g h t  time p o i n t  analyzed. The l a t -  
ter method, which  assumes  a  uniform temperature  across the e n t i r e  module, 
was used i n  Saturn V analyses t o  represent  the  average  effect  o f  temperature 
on the modulus of e l a s t i c i t y  . 

With large  analysis  programs tha t  have cri t ical   schedules  at tached 
t o  the o u t p u t s ,  there  i s  a  tendency t o  forego normal engineering  discipline 
i n  checking  procedures and documentation of engineering calculat ions.  In 
other  words, the program tends t o  move f a s t e r  than  the  documentation. 
Engineering management must take  a firm stand on controlling  checking 
procedures and i n s u r i n g  the preparation of good engineering  notes. I t  
is b e t t e r  t o  have a  simple  analysis  rigorously  checked and documented 
than t o  have an e legant   ana lys i s   tha t  is incompletely  substantiated. The 
following gu ide l ines  f o r  avoiding  a  schedule  squeeze  resulted from Saturn V 
experience . 

1.  Scope the model e f for t   a l lowing   a   rea l i s t ic  ''pad" f o r  
contingencies. 

2. Never make  model changes o r  improvements on a t i g h t  schedule 
if an exis t ing model can  produce  acceptable results. 

3 .  Place  the most experienced  engineers i n  the checking loop. 
A check on arl   thmetic is  only  a  partial  check. 
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4.3 .1  (Continued) 

Lapses in  these  disciplines  result i n  severe  penalties  in doing 
the same work twice. Even  more important,  relaxing  the checking discipline 
increases  the  risk t h a t  erroneous da ta  will be released for use. Stiffness 
calculations must  be prepared in a formal manner w i t h  adequate sketches 
and reference  to  the  structural drawing number and the  different  vehlcles 
for which the drawing is  effective. A11 calculations  require an independent 
check and should be initialed by both the  originator and the checker. This 
i s  the prime engineering  task  in t h a t  i t  cert if ies as  accurate  the  struc- 
tural  idealization and the elastic  properties of the f in i te  elements. 

The structural geometry input to  the computer  program should be 
plotted t o  scale. The  nodal points and f in i te  elements should be posi- 
tioned on this  sketch. Using this  technique, nodes o u t  of position, 
elements missing, and elements duplicated  will show u p  clearly. The  above 
procedure should be automated. 

The accuracy with which the nodal coordinates  are  described i s  
highly important.  For example, i f  a cylinder is being described i n  Carte- 
sian  coordinates,  six  significant  figures should be  used t o  define  the 
nodal coordinates. The accuracy of the  transformations from local t o  
central  coordinates depends on the accuracy w i t h  which the nodes are 
1 ocated. 

The idealization will be determined more  by the  limitations of the 
computer  programs ( b o t h  i n  size and i n  numerical accuracy) than by physical 
properties of the  structure  itself. The analyst should investigate  these 
limitations and be thoroughly familiar w i t h  them before  ever starting an 
analysis. For example, i f  a st iff   structure connects t o  a flexible  struc- 
ture, the  difference i n  stiffness  introduces numerical  problems t h a t  may 
invalidate  the  analysis. The stiff  structure  will  require wider spacing 
of the nodes, o r  will have t o  be represented as  a r i g i d  body. On flexible 
structure, too fine a breakdown  can introduce numerical  problems t h a t  de- 
stroy accuracy. Consider a r i n g  represented by f l a t  beam elements as 
shown i n  Figure 4-7. As the elements become smaller  the angle 8 between 
the elements becomes small. One o f  the  three independent stiffness terms 
( A X ,  Ay, Rz) approaches dependency. Eventually,  reduction o f  one of these 
terms will introduce significant round-off error i n t o  the solut ion.  

The computer generated stiffness matrix should be checked both 
mechanically and automatically. The mechanical check involves checking 
the stiffness matrix t o  insure a l l  diagonal terms are  positive and t o  check 
the diagonal terms a g a i n s t  the physical situation. 111-conditioned degrees 
of freedom or improper idealization  often produce terms of unusually large 
or small magnitude. The automatic check consists of programming the com- 
puter t o  perform the fo l lowing  computations: 

(4.13) 

(4.14) 

[KIT - [K] = [O] 

[K] = 0 
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FIGURE 4-6 QUARTER  SHELL  ANALYSIS  COORDiNATE  SYSTEM 
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FIGURE 4-7 BEAM  ELEMENTS FOR RING  MODELING 
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4.3.1 (Continued) 

where [K] i s  t h e   s t i f f n e s s   m a t r i x  and 5 i s  a r i g i d  body  vector. 

m a t r i x   o f  zeros.  This  check  can  be  avoided i f  through a l l  stages  of s t i f f -  
ness manipulat ion  (generat ion,  merge, reduc t ion ,   cons t ra in ts ) ,   on ly  a sym- 
m e t r i c a l   h a l f   o f   t h e   m a t r i x   i s  used. The second  computation,  used i n  a 
f ree - f ree  sys tem  on ly ,   invo lves   mu l t ip l i ca t ion   o f   the   s t i f fness   mat r ix   by  
as  many r i g i d  body displacement  vectors as the  system has k inemat ic   s in -  
g u l a r i t i e s .  The r e s u l t i n g  column matr ices  should show res idua l   fo rces  
t h a t  approach  zero. Due to   numer i ca l   round   o f f   e r ro rs   i n   f o rm ing  and re -  
duc ing  the  s t i f fness  matr ix ,   these  res idual   force  terms will n o t  be exac t l y  
zero.  Checking  the  output by t h i s  method will uncover  improper  restraints 
on t h e   s t r u c t u r a l  system  introduced  ei ther i n   t h e   i d e a l i z a t i o n   o r   t h e  con- 
s t ra in t s   ope ra t i ons .  It i s  a1 so a powerful  check on round-of f   errors.   For 
each  row o f   t h e   s t i f f n e s s   m a t r i x ,   t h e   p e r m i s s i b l e   r e s i d u a l   f o r c e   r e s u l t i n g  
from a u n i t   r i g i d  body displacement  should be a t   l e a s t   f i v e   o r d e r s   o f  mag- 
n i tudes  smal ler   than  the  d iagonal   s t i f fness  term i n  t h a t  row. I f  the  round- 
o f f   e r r o r s   a r e   l a r g e r   t h a n   t h i s ,   t h e  math model should be reviewed and the  
i deal i z a t i  on  changed t o  improve  numerical  accuracy. 

In   conduct ing a computer ana lys is  of a  complex  system, it i s  easy 
t o   l o s e   s i g h t  of t h e   p h y s i c a l   - r e a l i t i e s  o f  the  problem  being  Solved. Corn- 
pu te r  programs are an a id   t o   exper ience  and engineering  judgement,  not a 
s u b s t i t u t e   f o r  them. A computer so lu t i on   requ i res  a l l  of   the  ski1 1 s  d i s -  
pl.ayed i n  a hand s o l u t i o n  , p lus  an i n t ima te  knowledge  of how the  computer 
program  works,  what i t s   l i m i t a t i o n s   a r e  , and what  numerical  problems  are 
ap t   t o   occu r .  

The f i r s t  computation  checks symmetry  and s h o u l d   r e s u l t   i n  a 

A t  a l l  p o i n t s   i n , t h e  computer  analysis,  checkpoints  with  physical 
rea l  i ty need t o  be planned  in.  Always  precede a  complex ana lys i s   w i th  a 
good s i m p l i f i e d   a n a l y s i s .   T h i s  will provide a gross  check  on  the  answers 
a  complex a n a l y s i s   i s   g i v i n g .  I n  checking  out a complex ana lys is ,   can t i -  
l e v e r   t h e  system and i n v e r t   t h e   s t i f f n e s s   m a t r i x .   M u l t i p l y   t h e   s t i f f n e s s  
ma t r i x   by   i t s   i nve rse .   Th i s   p roduc t   shou ld   y ie ld  an i d e n t i t y   m a t r i x .  
Check the  product   matr ix .  If the  d iagona l   te rms  a re   d i f fe ren t   than  un i ty  
by more than &0.001, o r   the   o f f -d iagona l   te rms  a re   d i f fe ren t   than  zero   by  
more than +0.001, the   idea l i za t ion   shou ld  be reviewed t o   e l i m i n a t e   t h e  
source o f  The n u m e r i c a l   d i f f i c u l t y .   P l o t   t h e   f o r c e / d e f l e c t i o n   c o e f f i c i e n t s  
Examine  them c q r e f u l l y .  Does p o i n t  B d e f l e c t   t o   t h e   l e f t  when engineering 
judgement  says it should go t o   t h e   r i g h t ?  If so,  stop and inves t i ga te  
u n t i l   e i t h e r  an understanding  o f   the  phys ica l  mechanism t h a t  makes p o i n t  
B d e f l e c t   t o   t h e   l e f t   i s   g a i n e d   o r  a model ing  er ror  has  been i d e n t i f i e d .  

Take advantage o f   a l l   a v a i l a b l e   t e s t   d a t a .  The ma jo r   s t ruc tu ra l  
assemblies  such as th rus t   s t ruc tu res ,   i n te rs tages ,  and tanks, are  usua l l y  
subjected t o  s t a t i c   l o a d i n g .  Become fami l i a r   w i th   t hese   t es ts .  Try t o  
i n f l uence   t he   t es ts   t o   ob ta in   da ta   t ha t  can be used t o  check the model. 
Never  pass  up an o p p o r t u n i t y   t o   p u t   t h e  model t o   t h e   t e s t .  Has  someone 
e l s e  modeled the same s t ruc tu re?  Meet and  compare notes; where d i f fe rences  
ex i s t ,   r eso lve  them on t he   bas i s   o f   phys i ca l  arguments ra the r   t han   s i ze  
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4.3.1 (Continued) 
and complexity. A 10th  order model  may reveal  a major flaw  in  a 1000th 
order model . 

Over the  period of time covered by a major  program, continuing 
computer  hardware  development will dictate software changes. On the 
Saturn W program, early work  was done with computer routines developed 
i n  the 1950's. The advent of new generation hardware forced  the conver- 
sion of virtually  all   structural  dynamics routines. In a  limited number 
of cases,  the conversion was accomplished directly from one  computer 
language t o  another; however, for the majority of programs the opportuni ty  
t o  open up  operational  routines for updates, improvements  and general 
cleanup was i r res is t ible .  Consequently, the conversion  process becomes 
time consuming  and costly, since some amount of new programing and error 
elimination  activities  are  required. 

Even direct  conversion requires some  amount of programming,  such 
as revising machine 1 anguage level routines to  FORTRAN compiler 1 eve1 s . 
Due allowance for  these types  of  perturbations and their  associated 
schedule impacts must be made. In the  ,case of the Saturn V dynamic 
analysis work, the change from IBM 7094 t o  the IBM 360/67  system required 
the revision of the direct   s t i f fness   f ini te  element program, slosh dynamics 
program, eigenvalue  solution programs, various dynamic response programs, 
and associated programs  such as  matrix  algebra and  mass characteristics. 
These revisions took place  over  a period of 18 months  and required the 
ful l  time participation of  12 engineers and programers. T h i s  was three 
times the  original  estimate. The impact was caused by such subtle items 
as  lack of proper  assessment of the  effect  of word length  differences 
between the two machines. The IBM 360  has a  shorter  single  precision 
word length than the IBM 7094.  The  same  math models be ing  analyzed success- 
fully on the IBM 7094 would not  provide satisfactory accuracy on the IBN 360. 
All stiffness  analysis  algorithms had t o  be reprogramned i n  double precision 
arithmetic t o  give acceptable results. 

The problem of  computer  system accuracy i s  o f  immediate concern t o  
the  practicing  dynamicist. The f ini te  element approach t o  stiffness analysis 
of a complex structure  necessarily  involves thousands (quite  possibly mil- 
l ions) of mu1 t i p 1  ication-addi t i o n  operations on the computer. Round-off 
and truncation  errors, small differences of large numbers, d i v i s i o n  by 
near  zero and other similar numerical problems cannot be assumed as auto- 
matical ly  self-cancel 1 ing. Indeed, the computation process can become 
unstable  as problem size increases. I t  i s  d i f f icu l t  t o  design the math 
model Complexity t o  be optimal from the computation standpoint; however, 
there i s  a distinct  trade between model size and numerical accuracy. 

An investigation was conducted t o  compare the numerical accuracy 
o f  the IBM 7094  and 360 computers. The model used in this investigation 
was a uniform straight bar of  cross  section A and length L .  The baseline 
model represented this bar as  a  single f inite element  with an end-to-end 
stiffness of AE/L. Then the  bar was divided i n t o  equal l e n g t h  elements, i n  
steps of 50, up t o  300 elements as  i l lustrated i n  Figure 4-8, For each 
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4.3.1 (Continued) 

step  the element stiffness was calculated, merged, and reduced t o  obtain 
a single end-to-end stiffness term for the bar. For each  model, stiffness 
error terms were calculated and plotted  as a percent of the basel ine 
stiffness  as shown i n  Figure 4-8. The error was the  difference between 
the  calculated  stiffness and the  theoretical  stiffness AE/L. 

m i  11 ion ~ while the IBM 360 error was 40 parts per mi 11 ion.  Both machines 
were using slngle  precision  arithmetic. The maximum error of 40 parts  per 
million may  seem small. However, this i s  near the  threshold where results 
obtained from the st iffness matrix start  showing accuracy problems. For 
example, moment coefficient diagrams may fa i l  t o  close  satisfactorily. The 
roundoff error  also occurred af ter  only 300 reductions. In an actual 
system, tens of  thousands of reductions  are  often  required. 

The accuracy obtained using single  precision  arithmetic on the 
the IBM 360 computer was n o t  adequate f o r  the Saturn V analysis. Conversion 
of key algorithms t o  double precision  arithmetic solved the IBM 360 accuracy 
problem, As shown in Figure 4-8, the maximum round-off error i n  the 
uniform  bar  problem  was  reduced  from 40 parts per  million to four  parts per 
million by using  double  precision  arithmetic. 

ness matrix, w i t h  the check  performed on the KK-1 product. Single  precision 
arithmetic on the IBM 360 produced off-diagonal terms  (which should be zero), 
i n  excess of unity. Double precision  operations improved the  results such 
that no off-diagonal terms exceeded 0.1, b u t  s t i l l  the  results could not  
be used. Th’e  model had to be re-idealized t o  improve the numerical accuracy. 
These  examples indicate  the  necessity  for  the dynamicist t o  understand the 
limitations of  computer analyses, and t o  be a l e r t  f o r  the symptoms of 
numerical round-off emor. 

For the 300 element model, the IBM 7094 error was 10 parts per 

Another case  considered was that  o f  inverting a 100th order stiff- 

4.3.2 Idealization Examples 

The Saturn V vehicle can  be represented by several  classes of 
structures.  Specific examples of  these  classes  are  presented i n  the f o l -  
lowing sections, provid ing  practical  applications of the  techniques  dis- 
cussed i n  the preceding section. Even though the vehicle can  be physically 
represented by the following classes of structures,  the  final model  may  be 
simplified i n  certain  areas. For  example, the initial  idealization of the 
Saturn V launch vehicle included shell modeling f o r  a l l  tanks,  inter- 
stages, .and t h r u s t  structures. Subsequent correlazion w i t h  dynami c 
test   results showed that this level of detail was n o t  required t o  
represent bending i n  the launch vehicle,  al though axi symmetri c she1 l 
modeling was required t o  represent  longitudinal l i q u i d  and structural 
coup1 i n g  i n  the tanks. Test  results  also showed the  necessity f o r  a 
she1 1 representation i n  the payload, including a very fine g r i d  i n  the 
instrument u n i t  area t o  allow correlation  at f l i g h t  control  sensors. 
See Figure 4-9 for decomposition of Saturn V into  classes of modules. 
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EXCEPT FOR MoNoCOQUE  BULKHEADS 

THRUST STRUCTURE 

FIGURE 4-9 CLASSES OF MOWLES FOR THE SATURN V MODELS 
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4.3.3 She1 1 Ideal izations 

She1 1 structure employed i n  the Apoll o Saturn W vehicle can be 
classified  into four  groups: (1) r i n g  and stringer  stiffened  shells, 
(2) honeycomb she7 Is, (3)  monocoque bulkheads, and (4 )  thrust  structures. 

A. Ring and stringer stiffened  shell  idealization 

Most of the  mainline  structure  of  the  Saturn W launch vehicle 
consists of r i n g  and stringer  stiffened shells. An example of a r i n g  
stiffened  shell is  the S-IVB forward skirt shown i n  Figure 4-10. Note 
that  the 108 hat st iffeners have  been idealized  as only e i g h t  stringers 
having the same total  cross  sectional  area. The  stringers on t h e  Y and 
Z boundaries i n  the model have half of the cross  sectional  area of the 
others. 

The Apollo Saturn V shell structure consists of horizontal r i n g  
stiffeners,  vertical "hat'' s t iffeners,  and t h i n  plates. In idealizing 
the  basic r i n g  stiffened shell i t  is advantageous t o  locate node l ines 
on the rings. On Saturn V ,  i t  was found that  a ring of nodes could be 
located a t  each r i n g  stiffener without  violating the plate geometry limits 
g iven  i n  Section 4.3.1 if the nodes were placed a t  15 degree intervals 
around the perimeter. If there had  been too many rings t o  use this 
technique, then the rings would be "smeared" over the  distance between 
the nodes. For the  case w i t h  nodes a t  each r i n g ,  only the membrane 
properties of t h e  pl  ates  are  required t o  define we1 1 conditioned 1 oad paths. 
If more nodes are  required than there  are physical r ings ,  node lines  are 
positioned between rings. The bending properties of the plates must t h e n  
be included so that  the math  model represents a kinematically  stable system 
o r  the actual rings must be subdivided into a greater number of idealized 
rings. ~ 

When a shell is stiffened w i t h  vertical  stringers,  the  axial 
characteristics of the stringer  are  included. The local bending charac- 
teristics  are  usually ignored because they  contribute 1 i t t l e  t o  the overall 
bending stiffness of the cross-section. An exception t o  this is  when 
accurate  local  deformations  are required.  Local discontinuities i n  the 
structure (such as  cutouts, doors, local stiffeners o r  protuberances) may 
or may not  be a concern. If local  deformations  are not  required,  the 
effects of local discontinuities can be ignored. For example, t h e  hatch 
openings i n  t h e  boosters  are n o t  considered i n  the idealization. 

B .  Honeycomb shell ideal  ization 

Much of the payload of  the Saturn V is  made of  honeycomb she1 1 s . 
T h i s  includes the spacecraft  lunar module adapter/instrument u n i t  area 
(SLA/IU) i n  which the f l i g h t  control sensors are  located.  Results from 
the dynamic tests showed that a very fine g r i d  was required i n  this area 
to  allow correlation  of dynamic character is t ics   a t  f l i g h t  control sensors. 
The SLA consists of  a honeycomb s k i n  w i t h  four r i n g  st iffeners  as shown i n  
Figure 4-11. T h i s  F i g u r e  shows the required nodal  breakdown for the SLA/IU 
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FIGURE 4-10 S- IVB FORWARD S K I R T  NODAL BREAKDOWN 

IDEALIZED 



4.3.3  (Continued) 

region. Ring stiffeners  are  located  at  only  five  levels of nodes. Conse- 
quently,  the  idealized  plates in the honeycomb area  are required t o  include 
the bending properties as well as  the membrane properties. 

The IU is a 36 inch (91.5 cm) high honeycomb section with small 
ring s t i f feners   a t  top  and bottom. Within the  instrument u n i t ,  "Black 
Boxes" are mounted on 16 thermal conditioning  plates around the  interior 
circumference. These plates  are 30 inches (76.2 cm) square and approxi- 
mately 1.25  inches  (3.18 cm) thick  (see Figure 4-12). In some modes, local 
deformations  cause a  change in  sign of the  slope between the t o p  and 
bottom o f  the  plate. These local deformations are produced by the way 
dynamic loads from the  spacecraft  are  carried through the  instrument u n i t .  
Up t o  20 Hz, local IU dynamics  had l i t t l e  influence on these  deformations. 
In turn, these  local  effects have l i t t l e  influence on overall  vehicle 
response. Therefore,  the  local  deformations can be obtained by applying 
dynamic loads from t h e  t op  o f  the SLA, bottom o f  t h e  IU,  and the LM and 
solving an equivalent  static problem. 

The honeycomb plate is idealized  as an equivalent monocoque Plate. 
Equivalent membrane  and bending thicknesses  are  calculated  as  follows: 

(4.15) Tern - TU f TL - 

(4.1 6) 

where = equivalent membrane thickness, T = equivalent bending 
thickness, T and T E  are the thicknesses  of %e two  honeycomb face 
sheets, and 8~ and dg are the distances from the honeycomb neutral  axis 
t o  the centers of the two face  sheets. The  honeycomb geometry i s  shown 
i n  Figure 4-13. The engineer must  be careful  to  include enough structural 
members t o  prevent any redundant freedoms, especially normal to t h e  plate. 
(See Section 4.3.1 ) . 
C. Bulkhead idealization 

When the propellant  tanks  are  full, t h e  lower and common .bulkheads 
i n  the Saturn V structure suppor t  90 percent of  the  total  vehicle mass in 
t h e  longitudinal  direction. Consequently, the stiffness  idealization o f  
this structure is of  prime importance i n  modeling f o r  longitudinal dynamics. 
The interaction between breathing motion of the shell and longitudinal 
motion o f  the liquid must be understood and  modeled. The f irst  longitu- 
dinal mode o f  the S-IC boost  configuration a t   l i f t o f f  is a tank and bulk- 
head mode characterized by large bulging motion of the S-IC LOX and fuel 
tanks. Consequently, the bulkhead and tank mathematical model m u s t  be 
compatible w i t h  the  technique  that  will be used t o  represent 1 i q u i d  and 
tank interaction. The technique used i n  t h e  Saturn V analyses is presented 
i n  Section 4.4.3. 
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4 . 3 . 3  (Continued) 

The Saturn V bulkheads were  modeled i n  quarter-shell  detai 7 with 
appropriate  constraints  at  the boundaries. The bulkheads were idealized 
by a network of triangular  plates. The 1 imitations on the  plate geometry 
discussed  in  Section 4.3.1 were observed i n  defining  the nodal breakdown. 
Quite  often  "waffle"  skins w i t h  milled stiffeners  exist i n  bulkheads. 
These plates  are  represented by uniform plates w i t h  the same average 
thickness and bending moment of  inertia. 

In  lower bulkheads, the  stiffening  effect of the membrane prestress 
from the s t a t i c  load i s  important. In ellipsoidal  shells, a major section 
i n  the bottom of the tank i s  quite f l a t .  Using flat   plates o r  truncated 
cones t o  represent  the curved surface  exaggerates this flatness. Under 
s t a t i c  load,  the  shell  stretches u n t i l  the b u l k  o f  the load is  carried 
via membrane action. The load carrying mechanism is analogous t o  a 
stretched  cable. (See Figure 4-14.) The higher  the prestress S, the 
more effective  the  cable is i n  carrying  the normal load F. If small 
perturbations, SA about the loaded equilibrium  position  are being inves- 
tigated,  the  cable  action can  be approximated by a linear  stiffness 
relationship 

SF = - 2s 6 A  L (4.17) 

A similar 1 inear approximation applies  for  prestressed  plates.  If 
this prestress mechanism is not modeled, the load carrying  capability of 
the  idealization is  limited t o  bending action alone i n  the bottom of  a 
bulkhead. The idealization will be  much  more flexible than the  actual 
bulkhead. 

The prestress  stiffening  effect can  be developed as an incremental 
st iffness matrix t o  add t o  the  linear  solution. 

(4.18) 

The linear  stiffness matrix i s  independent of  tank pressure and propellant 
level. Only t h e  stretch  st iffness terms change for each propellant and 
pressure condi ti on analyzed. 

To avoid having t o  change the  stiffness matrix w i t h  f l i g h t  time, 
the  prestress  effect was n o t  included i n  the Saturn V analyses.  Instead, 
polynomial shape functions were  used t o  simulate  the  correct iner t ia  load 
and t o  distribute this reaction  higher i n  the bulkhead  where the problem 
jus t  discussed does not  occur. T h i s  approach represented  the dynamics of 
the primary structure  accurately; however, i t  d i d  not  predict  tank bottom 
f l u i d  dynamics adequately. The latter  characterist ics proved to  be important 
i n  r e so lv ing  high frequency Pogo problems. A discussion of  the Saturn V 
tank models, their accuracy and limitations, is presented i n  Section 4.4.3. 
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4.3.3 (Continued) 

D.  Thrust structure  idealization 

The thrust  structures  for each stage of the Saturn V are  different. 
The  S-IC structure  requires massive rings, crossbeams, and longerons t o  
allow the  loads from holddown and thrust t o  be equally  distributed around 
the circumference i n  the tank area. The thrust  structure  is a r ing st if-  
fened she1 1 w i t h  four vertical  thrust  posts and four  vertical holddown 
posts  as shown i n  Figure 4-15. The thrust and holddown loads are  distri-  
buted into  the r ing  stiffened  shell through .shear i n  the  plates. 

Early i n  the Saturn V program, the S-IC thrust r i n g  was found t o  
be so rigid  that i t  was introducing numerical  problems i n t o  the model. 
These  problems  were eliminated by constraining  the r ing  t o  be rigid. This 
assumption was adequate for predicting  overall dynamic characteris  tics, 
b u t  prevented the model  from representing  the  local  shear flow loads 
around the thrust and  holddown posts. The crossbeam, a deep I-beam 
attached t o  the holddown posts, was idealized by three  levels of  nodes. 

The S-I1 thrust structure  is  a ring  stiffened,  truncated cone 
shell w i t h  four s t i f f  longerons to  shear out the thrust loads. The center 
engine i s  supported by a  tapered, pin-ended beam attached a t  the base o f  
the  shell as shown i n  Figure 4-16. U n t i l  the  flight o f  the t h i r d  Saturn V 
(AS-503),  modeling this area was not  considered t o  be a problem. 

Longitudinal oscillations observed i n  AS-503 f l ight  data and 
reported by the  astronauts  dictated  a  detailed review of  the model.  The 
oscillations were  produced when the  frequencies of the crossbeam mode 
and f irst  LOX tank mode coalesced a t  18 Hz, producing Pogo i n  the inboard 
engine. The crossbeam  and thrust structure model s were revised, b u t  cor- 
relation w i t h  f l igh t  data  indicated  that  analyses  frequencies were s t i l l  
too low and the coupling between  crossbeam  and tank was not  being ade- 
quately  predicted. The modeling problems  were due to: 

1.  Uncertain end conditions of the pinned  crossbeam  under thrust, 

2. Tank stiffness not  representing membrane pre-stress, 

3 .  Lack of enough f lexibi l i ty  in shell-liquid coupling  assumptions, 

4. Nonlinear crossbeam  damping. 

Models developed throughout the  industry have  proved inadequate f o r  inves- 
tigating Pogo s tabi l i ty .  The analyses have  had t o  fa l l  back on t e s t  data 
t o  identify model inadequacies. 

The S-IVB thrust structure  (Figure 4-17) i s  a r i n g  stiffened cone 
attached  to  the lower bulkhead and consequently it  has considerable  influ- 

I ence on the bulkhead  dynamics. The f i r s t  coupled mode of the tank and 
I thrust cone occurs around 18 HZ. 
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4.3.4 Major Component Idealization 

The 1 unar module is a good  example of  the importance of  model ing  
major components adequately. The LM is the two stage  vehicle  illustrated 
i n  Figure 4-78. Both the  ascent and descent  stages  are  nearly symmetrical 
i n  mass.  However, the connection between the two stages i s  asymmetrical 
i n  s t iffness.  Because o f  this asymmetry, longitudinal  oscillation of the 
lunar module will induce both longitudinal and pitch  response,  as shown 
i n  Figure 4-19. 

The efficiency with which the LM couples pitch and longitudinal 
responses i n  the  vehicle was demonstrated dur ing  the second Apoll o Saturn 
V f l ight .  The frequency of the  vehicle f i r s t  longitudinal mode coalesced 
with the 5 Hz first  pitch mode of the LM and spacecraft  after 130 seconds 
of  f i r s t  stage  boost. As coalescence was approached, the coupling became 
so s t rong that  longitudinal  oscillation of  the LM produced more pitch than 
longitudinal response in  the  spacecraft  (see Figure 4-19). 

Usually cross-plane coupling  causes  a  decrease i n  the  in-plane  re- 
sponse. B u t ,  this was not  the  case I n  this particular mode.  The strong 
pitch and longitudinal coupling increased  the  gain.of  the f i r s t  longitu- 
dinal mode. As used here,  structural gain is the dynamic response produced 
by a u n i t  longitudinal  sinusoidal  force  applied a t  the engine thrust pad. 

The  math  models  used p r io r  t o  the second  Apollo Saturn V f l i g h t  
neglected the LM coupling mechanism.  These  models predicted t h e  vehicle 
would not experience  a Pogo instability  as shown by the lower (coplanar) 
curve i n  Figure 4-19. During the f l i g h t ,  a Pogo i n s t a b i l i t y  d i d  occur 
between  100 seconds and 135 seconds o f  f l i g h t  time. After  the math model 
was revised  to  include  the  pitch and long i tud ina l  coupling mechanism, a 
30 percent  increase i n  f i r s t  long i tud ina l  mode gain was obtained. T h i s  
coupled model closely reproduced t h e  Pogo characteristics  as shown by 
the upper curve i n  Figure 4-19. 

There are four basic  questions that  require an answer before 
the  level of detail i n  math  modeling of components  can  be assessed: 

1.  Are the dynamics  of the component as a separate  entity of 
interest from a loads  standpoint? 

2. Will the dynamics of the component affect  the primary modes 
o f  the  vehicle? 

3 .  Does the component  have inherent mass and stiffness asym- 
metries t h a t  wi71 provide  a  coupling mechanism  between 
primary vehicle modes? 

4. Will the component generate important local  reactions on 
the  vehicle, o r  affect  the  local deformation i n  the  controls 
area? 
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4.3.4 (Continued) 

The LM, mainstage engines, and service module tanks are  typical 
examples of major  components. Actually  the  lunar module contains pro- 
pel 1 ant tanks that themselves qualify  as major  components. The cr i   terfa  
above must be applied t o  the sub-components. The LM i s  attached t o  
flexible  structure (SLA shell)  which also  requires  detailed modeling. 

The LM presents a real  challenge i n  s.tructura1 idealization. 
Correlation w i t h  ground t e s t  data is  essential for this type of structure. 
There are no basic ground rules  that can  be established for this type of 
structure  other than t o  spend as much preparation time as  necessary t o  
thoroughly  understand the load  paths under a17 loading conditions. 

The engines are  often  quite r i g i d  and  have primitive  frequencies 
above the range of  interest. However, they  should be analyzed t o  determine 
this. Control engines and their  actuator assemblies have a low rotational 
frequency t h a t  i s  of interest and is accounted f o r  by  two methods. When 
only the  effects on the primary resonances are of concern, the engine is 
treated  as an  undamped elast ic  model. When the engine and i ts  servo- 
actuator system are considered  as a closed loop system, the englne lateral  
characteristics  are  deleted from the dynamic characteristics  analysis and 
included i n  the dynamic s tab i l i ty  and response analyses. If the engines 
are removed i n  the dynamic characteristic  analysis, some means  must  be 
employed t o  include  the  local e las t ic  deformation the engines produce on 
the thrust structure. When the engines are removed, this deformation 
comes from high frequency modes t h a t  are  usually n o t  included i n  the analy- 
sis  (see Paragraph 4.5.3 f o r  an explanation of this effect) .  On Saturn V 
analyses, when the engine e las t ic  degrees  of freedom  were deleted,  the 
engine mass  was  lumped  on the  appropriate thrust structure node t o  repre- 
sent  local thrust structure deformation produced by the  engines. 

The service module tanks  (Fiqure 4-20) were considered r i g i d  
because their  bending frequencies  are about 20 Hz. tiowever, they are 
mounted on a soft, f l a t  bulkhead that  results i n  basic  Cantilever reSOnances 
around 6 Hz. Consequently; the bulkhead  where the tanks attach was 
modeled i n  considerable  detail  to a1 low the proper inertia loads t o  be 
transmitted i n t o  the  vehicle  shell a t   the  proper  frequency. The service 
module is unsymnetrical i n  both mass  and stiffness,  and is a significant 
coup1 i n g  mechanism  between pitch and  yaw vehicle modes. 

Small  components  a1 so may require  special  attention. For example, 
each thermal conditioning  plate  that  supports f l i g h t  control  sensors j n  t h e  
Ill can be considered a component.  Although this component  does not  f l t  the 
criteria  heretofore  establ i shed,  the sensit ivity of t h e  local  structure 
deformation warrants  special modeling consideration. 
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4.4 INERTIA  MATRIX DEVELOPMENT 

4.4.1 General  Guide1 ines 

In general , much  more attention has  been given t o  the development 
of stiffness model technology than has been directed toward mass modeling. 
This is   par t ia l ly   just i f ied i n  that  the lower frequency system character- 
i s t ics  can generally be represented  adequately by fair ly  crude means. 
However, ordinary mass  lumping techniques may not  suffice f o r  higher 
frequency modes  when these  higher  frequencies  are  near a local resonance 
of the  structure. As an example, four  masses lumped a t  the quadrant 
p o i n t s  around a cy1 indrical  shell  structure may  be very adequate f o r  
predicting  the lower frequency body bending modes b u t  very inadequate for 
predicting  local r i n g  mode characteristics. Consequently, i t  i s  most 
important t o  keep the  detail of  the mathematical model consistent w i t h  
the  goals of  the  analysis. 

The Saturn V dynamic analysis program has provided many examples 
which support  the  necessity  for recognizing problem goals pr ior  t o  model 
formulation. Deciding what is required t o  attain  these goals wi thou t  
excessive  detail  calls  for sound engineering judgement  backed by adequate 
prel iminary analysis.  Preliminary  analysis  includes  estimating unreal i s t i c  
local resonances which arise due to  mass lumping techniques,  simplified 
analyses t o  establish  basic system properties, and estimating probable 
s.l;atic  effects i n  critical  areas of  the  structure.  Static  effects which 
can perturb  the  basic  linearity assumptions include  the effects of  com- 
pressive loads on local  panels and  beam-column effects on lateral 
frequencies. These phenomena should be assessed p r i o r  t o  forming the 
dynamic  model, t o  ensure that a realistic  representation of the system 
characteristics is maintained. 

Establishment of the goals of  the  analysis will require  close 
coordination w i t h  the  users of the dynamic characteristics such as  the 
f l ight  control system designers,  the  vehicle  loads  analysts, and the Pogo 
stability  analysts, t o  insure  that  their requirements w i  11 be met by the 
proposed model.  Once the model has  been established, i t  is  essential 
that  clear comnunication be established w i t h  the  engineers  responsible 
f o r  determining the  structural mass d i s t r i b u t i o n .  In  many cases  they 
will n o t  be famil ia r  w i t h  the dynamic requirements o f  the problem  and 
will n o t  be able  to employ  sound  judgement i n  interpreting incomplete 
requests f o r  mgss data. I n  addition t o  the  clear communication required, 
i t  is  essential  that  the mass data be carefully checked by the dynamic 
analyst p r io r  t o  the performance of  the dynamic analysis. Most of  the 
engineering errors made i n  the Saturn V dynamic analyses involved mass 
data. 

In i t s  most basic form the mass matrix [ M I  i s  a diagonal matrix 
w i t h  the system  masses concentrated at  discrete  points I X )  of the structure. 
T h i s  procedure does not  account f o r  the  distributed mass effects of the 
structure. Care  must  be taken t o  avoid the  introduction of a r t i f ic ia l  
resonances i n  the frequency range of interest  due solely t o  mass lumping 
procedures. 
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For  purposes o f  deve lop ing   iner t ia   mat r i ces ,  a l a r g e  space 
veh ic le  can  be represented as some combination o f   t h e   f o l 1  owing  modules: 

1. L igh twe igh t  She1 1 St ruc tu re  

2. P rope l l an t  Tanks  and Contained  Liquids 

3. Rigid  Subsections 

4. Major Components 

Methods o f   t r e a t i n g  each  module,  such as Guyan's  method, (Reference 
constraints  procedures,  assumed shape func t ions ,  and  modal synthes 
presented and i l l u s t r a t e d   w i t h  examples from  the  Saturn Program. 
n e c e s s i t y   o f   t r e a t i n g   t h e   s t i f f n e s s  and i n e r t i a   m a t r i c e s   c o n s i s t e n  
a1 so covered. 

4.4.3 S h e l l   I n e r t i a   M a t r i c e s  

4- 4) 
i s  are 
The 
t l y  i s  

The primary  problem in   fo rmula t ing   the   she l l   mathemat ica l  model 
i s   t o   a l l o w   p r o p e r   d e s c r i p t i o n   o f   i n e r t i a   l o a d s   w i t h o u t   g e n e r a t i n g  a 
model t h a t   i s   t o o   l a r g e ' f r o m  a s tandpo in t   o f   bo th   so f tware  and hardware 
c a p a b i l i t y  and cost .  The engineer  must  use  judgment as t o  how the   she l l  
w i  11 a c t  and then  manipulate  the model t o   p e r m i t   t h i s   a c t i v i t y   w i t h o u t  
degradation o f   r e s u l t s .  The fo l l ow ing   cons ide ra t i ons   a re   i nvo l ved   i n  
de te rm in ing   t he   de ta i l   o f   t he  model requi red:  

1. Representation o f   r i n g  dynamics w i t h  minimum  number o f  
degrees o f  freedom. 

2. Represen ta t i on   o f   l i qu id  and s t r u c t u r a l   i n t e r a c t i o n .  

3. T r a n s i t i o n  between she1 1 and beam modules. 

4. Prevent 
1 umpi ng 

5. Contro l  
1 umpi  ng 

i o n   o f   a r t i f i c i a l   l o c a l  resonances due t o  mass 

o f   l o c a l   d i s t o r t i o n   a t  nodes  due to   g ross  mass 

Consis tent   iner t ia   matr ix   techniques  (Reference 4-5) were  used 
t o   a l l o w   r e p r e s e n t a t i o n  o f  r i n g  dynamics  and e l i m i n a t e   u n r e a l i s t i c   d i s t o r -  
t i o n   a t  nodes  where loca l   deformat ion  are  impor tant  (i .e. f l i g h t   g y r o  
l o c a t i o n s ) .   A l t h o u g h   t h i s   t e c h n i q u e   i s   f u l l y   c o v e r e d   i n   t h e   l i t e r a t u r e ,  
examples will be g i ven   he re   t o  show the  accuracy o f  the  technique. 

The cons is ten t  mass reduct ion  technique uses the same coord inate 
t rans format ion  used t o  reduce   t he   s t i f f ness   ma t r i x   i n   Sec t i on  4.1.1. 
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I 4.4.3 (Continued) 

The reduced stiffness i n  equation 4.5 is :  

Using the same transformation  the reduced inertia matrix may  be expressed 
as : 

(4.19) 

This consistent  reduction of b o t h  the mass and stiffness  matrices  is 
known as Guyan's method (Reference 4-4). The transformation  matrix [TJ 
which i s  given by equation 4 .4  i s  derived directly from the  stiffness 
matrix. The assumption i s  that  the  real  inertia loads a t  the reduced 
degrees of  freedom  can be replaced by their   effects  at  the loaded degrees 
of freedom i n  the form of inertial coupling  terms.  Application o f  this 
technique for the Saturn V has signiffcant advantages for the IU and SLA 
model, the  lunar module  model  and the comnand-service module models. 

A study was conducted on the shor t  stack  section (S-IVB forward 
sk i r t ,  IU and SLA panels) o f  the Apollo Saturn V vehicle. The structural 
idealization of the  short  stack  section is shown i n  Figure 4-11.  The 
purpose o f  the s tudy was t o  compare the accuracy of  the  consistent mass 
reduction method w i t h  t h a t  of  the lumped  mass  method. To accomplish this ,  
a baseline model of  the  short  stack  section was developed. T h i s  model 
contained 181 degrees of  freedom. The  normal  modes and frequencies o f  
th is  model  were obtained and  used to  determine the accuracy of two d i f -  
ferent 78th order models. 

I 

The first 78th order model  was obtained from the  181st  order 
basel ine model  by a process of Guyan reduction. This model will be 
referred t o  as  the "Guyan Consistent Mass  Model".  The second 78th  order 
model  was obtained from the 18lst order  baseline  mdel'by reducing the 
stiffness matrix and then independently relumping the mass matrix. The 
relumping maintained the same total mass  and center of gravity. T h i s  
model w i  11  be referred t o  as  the "Relumped  Mass  Model ' I .  

Characteristics o f  the f i rs t  free-free mode obtained from the  181st 
order baseline.mode1, the Guyan consistent mass  model,  and the relumped 
mass  model are shown i n  Figures 4-21 , 4-22, and 4-23, respectively. Each 
figure  indicates  the  predicted frequency and r ing  mode shapes a t  the bottom 
and t o p  of the  instrument u n i t .  

The frequency of the f irst  free-free mode of  the Guyan consistent 
mass  model is 6.5 percent  higher than that of the  baseline model.  The 
r i n g  mode shapes and  node poin ts  are  similar t o  those of the  baseline 
model . The frequency of the first free-free mode of the re1 umped mass 
model i s  20 percent lower than the  baseline model. The  two lobe r i n g  
mode shapes show 1 i t t l e  resemblance t o  the  three lobe r i n g  modes predicted 
by the base1 ine model . 
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F I G U R E  4-21 R I N G   S H A P E   O F   T H E  181ST ORDER  (BASELINE  MODEL) 

F IGURE 4-22 R I N G   S H A P E  OF THE  78TH  ORDER  (GUYAN  CONSISTENT  MASS  MODEL) 

F I G U R E  4-23 RING  SHAPE  OF   THE  78TH  ORDER  (RELUMPED MASS MODEL) 
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4.4.3 (Continued) 

The frequency variation i n  the two 78th order models is caused by 
the  difference i n  the mass matrices. The relumped mass causes a  concen- 
tration of mass that  lowers frequencies,  while  the  consistent mass reduc- 
tion  introduces a small constraint on the system that produces s l i g h t l y  
higher  frequencies. 

4.4.4 Propellant Tank Inertia Matrices 

Initial  longitudinal math models o f  the  Saturn V structure  did 
n o t  adequate7y represent  interaction between t h e  l i q u i d  and t h e  structure 
i n  the  propellant  tanks.  Correlation w i t h  1/10 scale model  dynamic t e s t  
results showed a serious  deficiency i n  mathematical modeling for the 
longitudinal  case. A method was developed to  correct this deficiency. 
This  involved relating  radial and vertical motion of the contained l i q u i d  
t o  breathing motion of the tank. 

When the tank walls deform, motion is  produced i n  the  contained 
l i q u i d .  For  most practical problems, the change i n  tank volume  due t o  
e l a s t i c  deformation is large compared w i t h  volume changes w i t h i n  the 
l i q u i d  due t o  l i q u i d  compressibility. As a result, the l i q u i d  can  be 
assumed t o  be incompressible. In the Saturn  tanks, which  have a diameter 
of  33 feet  (10.06 m )  , the frequencies  of the fundamental surface waves 
are well below the  frequencies of the tank modes themselves. Hence, 
the  effects of surface wave motion can also be neglected. The l i q u i d  
surface can be  assumed t o  remain f l a t .  

Under the above conditions, a simple relationship between vertical 
l i q u i d  motions and shell motions can be derived.  Referring t o  Figure 4-24, 
the  vertical motion of  a l l  l i q u i d  particles i n  a given cross  section will 
be equal, i.e.: 

A X ( r ,  0 ,  x )  = A X ( x )  (4.20) 

The vertical motion i n  any plane X = h will be equal t o  the volume of 
deformation Y(h)  below X = h divided by t h e  cross  sectional  area  A(h). 

(4.27) 

To simplify  the f ini te  element so lu t ion ,  the liquid can  be divided i n t o  n 
laminae centering about the n e las t ic  nodal circles.  The radial  velocity 
distribution can be derived from t h e  conditions of  incompressibility and 
uniform vertical  velocity (Equation 4.20). Referring to  Figure 4-25 , i f  
the l i q u i d  is  incompressible, t h e  volume of l i q u i d  contained i n  a cylinder 
originally o f  radius r and height X must be constant, i .e.  



PROPELLANT 
TANK 

L I Q U I D   L A M I N A  

. .  
I 

\ 
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TANK  BULGING 
MODE ' I I LOWER BULKHEAD 

F I G U R E  4-,24 P R O P E L L A N T   T A N K   L I Q U I D   I D E A L I Z A T I O N  

7- +- 
1 . .  
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i 

F I G U R E  4-25 L I Q U I D   M O T I O N  DUE TO TANK  EXPANSION 
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4.4.4  (Continued) 

- dV = 0 = 2rrXdr + nr2dX (4.22a) 

d r  = - I- dX 
2x 

dX = - d r  
r 

(4.22b) 

( 4 . 2 2 ~ )  

As dX is independent  of r (Equation  4.20), i t  can be evaluated  without 
loss o f  gene ra l i t y  on the she1 1 boundary where 

r = ri ,  X = h i ,  d r  = Ari, dX = Axi 

2h j  A X i  = - - Ari 
ri 

Using Equation (4.23) t o  evaluate  Equation  (4.22b) gives 

(4.23) 

In  deriving  Equation (4.24),  i t  was assumed t h a t  the rad ia l  
v e l o c i t y   d i s t r i b u t i o n  i n  each  l iquid  lamina  could be s a t i s f a c t o r i l y   a p p r o x i -  
mated by the rad ia l   ve loc i ty  a t  the ver t ical   midpoint   of  t h e  1 amina. A 
s u f f i c i e n t  number of  laminae were used i n  the Saturn V a n a l y s i s   t o  make 
this a  good assumption. An effective rad ia l  mass mie will now be defined 
by equat ing k i  neti c energi es . 

(4.25) 

where the i n t e r g r a l  is  taken over the volume of  the i t h  l iquid  lamina,  p is  
the mass dens i ty ,  and Mi is the t o t a l  mass o f  t h a t  lamitla. From Equation 
(4.25), i t  can be  deduced tha t  t h e  effective mass is equal one-ha1 f t h e  t o t a l  

1 m i e  = 2 Mi (4.26) 



~~ .~ ~ 

in the bulkheads , the elast ic  defoimations of the  ‘shell were represented 
by power series. The radial and vertical deformations were  each repre- 
sented by a power series i n  the dimensionless radial  coordinate ‘ij = r/rT 
(See Figure 4-26). 

~ .~ . 

N 

n=O 
ar(7) = c anan 

ti 
Ax(T) = c bnzn 

n=O 

(4.27) 

(4.28) 

The coefficients an and bn were  chosen t o  satisfy  the  conditions of 
ax i syme  try 

Ar(0) = 0 (4.29) 

ap(0) = 0 a x  
(4.30) 

plus the displacement matching conditions 

a r p i  ) = Arj i = 1 ,  3 ,  5 

AX(Ti) = A X 1  i = 1 ,  3 ,  5 

(4.31) 

(4 .32)  

The equations above are  satisfied by t h i r d  order polynomials ( N  = 3 in 
Equations (4.27) and (4.28)). 

The solution  for the bulkhead shell displacement components will 
have the form 

Ars(P) = <I 5 g2 g3> 

(4.33) 

(4.34) 
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4.4.4 

where 
o'rde r 

head 1 

(Conti  nued) 

the aij and bi . 
polynomials s a h  

The volume of 
liauid  laminae ca 

( 4 . 3 4 ) .  ' The ve r t i ca l  
from Equation (4.21 ) . 

Axl 
F '  

AX; 

I 

I 

I 

AX 
F 
6 . -  

LIQUID 
DISPLACEMENTS 

coe f f i c i en t s  are determined by making the t h i r d  
sfy Equations (4.27) through (4 .32) .  

deformation up t o  the midplane  of  each o f  the b u l k -  
Ln be obtained by integration  of  Equations (4 .33)  and 
displacements  of these laminae can t h e n  be evaluated 
These displacements will have the form: 

"i j 

. .  
AX? 

AXs 3 
S 

Ax5 
A r s  1 
Ar; 

Ar; 
, -  

SHELL 
DISPLA 

(4-35) 

I 

,CEMENTS 

The radial  displacements i n  the midplane  of  each  bulkhead  lamina 
are  obtained by combining  Equations (4.24) and (4.33): 

The l i au id  disD1acements i n  the c.yl 
the bulkhead will be the sum o f  the ve r t i ca  
the bul khead, AX!, p l u s  the displacement  due 
cy l indr ica l   sec t ions .  From Equation (4.23) 

J 
SHELL  DISPLACEMENTS 

indrical   sect ion  of   tank above 
1  displacement a t  the top  of 
t o  radial  expansion of t h e  
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Equations (4.35), (4.36), and (4 .37)  linearly  relate  the  deflection 
components  of  all  the  liquid  laminae  to  the  shell  generalized  coordinates. 
This  linear  transformation will have  the  form: k:}= Arf [ Ail] {AX!} Arj (4.38) 

2nxl 2nx2m 2mx 1 

The  liquid  mass  matrix  in  the  original  liquid  coordinates  system  has  the  form 

CMFijI] = (4.39) 

The  factor of l/Z applied  to  the  radial  masses  is  the  effective  mass 
reduction  derived in Equation (4.26).  The generalized  coordinates asso- 
ciated  with  these  effective  mass  terms  are  the  radial  displacements o f  
the  shell  at  the  midplane  of  each  liquid  lamina. 

Transformation of the 1 iquid mass  matrix  to  the  shell  coordinate 
system  is  accomplished  using  Equation (4.38). 
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4.4.4 (Continued) 

(4.40) 

The t a n k  math  model i s  completed by using Equations (4.33) and (4 .34)  t o  
perform an equivalent  transformation on the  shell  stiffness matrix. 

This method  proved highly  accurate i n  predicting  the f i r s t  two 
tank  modes of  the S-IC stage. The frequency o f  the f irst  t a n k  mode - 3.75 
Hz - was predicted  exactly by this  methQd. Excel lent mode shape correl a- 
tion was also  obtained. The  method requires no special computer  program, 
other than a standard matrix  manipulation package. The coefficient  matrices 
for   a l l  six Saturn V tanks were  computed i n  two man-weeks. Different pro- 
pellant  level  conditions can be analyzed rapidly by this method.  The 
method jus t  derived was selected because of i ts  simplicity and ease o f  
application. 

This method is not  applicable where higher tank modes, o r  local 
l i qu id  effects such as tank bottom pressures, must be predicted  accurately. 
However, the method could be extended to  these  cases by retaining more 
terms i n  the power series approximations t o  the  shell  displacements. A 
more accurate  technique has been derived  (Reference 4-9) and appl ied t o  
the  analysis of S-IC tank modes. Frequencies from this so lu t ion  have  been 
correlated w i t h  measured f l ight  data through the f i r s t  six modes. 

4.4.5 Riq id  Subsection Inertia Matrices 

Rigid cross-section  transformations  are based on the assumption 
that  the plane cross-section remains plane and r i g i d  during deformation. 
These transformations can  be  used  where shells are locally  stiffened t o  
maintain r i g i d i t y .  They are very  useful i n  coupling beam and shell models 
together. 

I 

I Figure .4-27 is a sketch o f  a beam-shell model interface. The shell 
I 

I 
model interface has 24 degrees of  freedom  which consists of X ,  Y, and Z 
displacements a t  each of t h e  eight nodes.  These 24 degrees of freedom  can 

the  following r i g i d  body relationships between coordinates: 
I be expressed i n  terms o f  the 6 degrees o f  freedom on the beam by employing 

Let Axc, AYc, Azc, kc, Ryc, Rzc represent  the motion of the 
plane section assumed positive  as shown i n  Figure 4-27 and Axn , Ayny Azn 
represent  the motion of mass M n .  



X 

I I 1 

I 2 

\ 

F I G U R E  4-26 GEOMETRY  OF  DEFORMED  BULKHEAD 

SHELL MODEL 

FIGURE 4-27 BEAM-SHELL  MODEL INTERFACE 
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4.4.5  (Continued) 

AXn = AxC + ( r  sin 8,) R y C  - ( r  COS en)  Rz, 

AYn = AYc - ( r  sin en) Rx, 

AZn = AZc -+ ( r  cos e,) kc 

Or expressed as 
- 

0 r sin el r cos el 

r sin 81 0 0 

r cos 81 0 0 
I 

1 

I 

0 r sin e8 -r cos e8 

r sin e8 0 0 

r cos e8  0 0 - 

(4.41a) 

(4.41b) 

( 4 . 4 1 ~ )  

(4.43) 

Transforming the mass matrix using  Equation  (4.43) 

1. Sums the e i g h t  masses, m l  .... m8, a s  the e f f e c t i v e  mass on 

2.  Sums the mr2 terms a s  the effective ro t a t iona l   i ne r t i a   abou t  

each  of the Axc, ayc and  dzC  coordinates, 

the X ax i s .  

3 .  Sums t h e  m(r sin e )  terms a s  the effective r o t a t i o n a l   i n e r t i a  

4. Sums the m(r cos e)' terms as the e f f e c t i v e   r o t a t i o n a l   i n e r t i a  

2 
about the Y a x i s  . 

about the Z ax i s .  

5. Cal cul a t e s  the a p p r o p r i a t e   i n e r t i a l  coup1 i ng terms i n  the 
event the masses are   not   equal .  



linear  constraint  relationships can s t i l l  be established through the use 
o f  polynomial shape functions. This technique requires t h a t  al l  co- 
ordinates involved i n  the  transformation be on a curve o r  surface which 
i s  described by polynomial functions that  satisfy  appropriate boundary 
condi t i  ons . 

The following calculations  illustrate  the  steps which lead t o  the 
"warped cross  section"  transformation. , This  approach permits the  cross 
section t o  warp either anti-symmetrically  across  the  neutral  axis  or act 
as a plane section, whichever most closely approximates the  natural  struc- 
tural  action. This example i s  concerned with vertical displacements ( A X )  
due t o  r o t a t i o n  about  the  pitch  axis ,only; however, the method i s  equally 
adaptable t o  other displacements.  Application of the following trans- 
formation t o  the mass matrix  will yield  inertial coupling terms which 
represent  the  effective  rotational  inertia of the  cross  section. These 
calculations were  made t o  develop vertical  cross  sectional  constraints 
used in  the  original S-IVB/IU/spacecraft full  shell model. 

The  model cross  section was given freedom t o  rotate in both  pitch 
and yaw. The constraint  equations were written  in terms o f  two freedoms 
for each  motion so a1 1 "AX" motions a t  a particular level were written  as 
functions o f  four  generalized  coordinates. The constraint  equations were 
flexible enough t o  allow a plane section o r  a warped plane symmetrical 
across one axis and anti-symmetric across  the  other.  If i t  appears desir- 
able, a f i f th  freedom  which allows the  entire  cross  section t o  translate 
vertically can easily be incorporated. 

The following example is  for  vertical displacement AX, due t o  
ro ta t ion  about  the  pitch  axis only. The general  expression for  the  cross 
section deformation using the  notation i n  Figure 4-28 i s :  
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(4.45c) 

The constants Bo, AI, and A3 are  functions of the two independent 
variables AI and 82. 9nce they  are  solved from the Siven  bomdary  con- 
ditions,  the displacement AX can be written as: 

(4.46) 

The relationship between the  variable; AI , A ~  and a typical dependent 
variable  AX^ a t  coordinate a  can be solved by substituting the an 
value i n t o  the polynomial . f h i  s process  leads to  a 1 inear  coordinate 
transformation of the form: 

= [  (4.47) 

4.4.6  Major Component Inertia Matrices 

Inertia  matrices  are formed for  components  such as  the  lunar' 
module just as they are f o r  primary structure. When the component is 
r i g i d  compared w i t h  the  structure i t  attaches  to, a simple  transformation 
is used t o  express the motion of  the component center o f  gravity motion 
i n  terms of  the motion of i t s  attach poin ts .  An example o f  how the 
S-IVB engine was represented i n  the final math  model follows. The 
thrust structure and engine structure were  assumed r i g i d .  The actua- 
t o r  was flexible and the  engine could p i v o t  about the gimbal. F igu re  
4-29 shows the  essential elements involved. The redundant freedom Ry2 
was expressed i n  terms of the retained freedoms q ,  Ryl and A22 i n  
matrix form i n  Equation (4.48). 
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This 

4.5 

4.5. 

. 
1 0 0  

0 1 0  

0 0 1  

-7 - 1 
a 0 -  a 

(4.48) 

transformation was used to   t ransform the engine.mass  matrix.  

VIBRATION  ANALYSIS AND MODAL SYNTHESIS 

1 General 

T h i s  sec t ion   d i scusses  how the math models of stiffness and i n e r t i a  
c h a r a c t e r i s t i c s   a r e  combined t o  form a  dynamic model of  t h e  v e h i c l e .   I t  
a lso  covers   special  techniques, such  as  modal synthes is ,  used t o  simplify 
this model.  Additional  material is  presented on damping considerat ions 
used i n  modeling . 
4.5.2 Eigenfunction  Solutions and Modal Orthogonal i ty 

Once the stiffness and mass matr ices   are   generated,  the system 
can  be  solved f o r  i t s  c h a r a c t e r i s t i c   r o o t s  and vec tors .  The undamped 
system  equation  of free v ib ra t ion  is: 

NxN Nxl NxM Nxl  Nxl 

There are N independent   solut ions  to  this homogeneous system  of  equations. 

Because  of the speed  and t h e  accuracy  of the matrix  transformation 
technique, i t  is  numerical ly   and  economical ly   feasible   to   obtain  a l l   of  the 
eigenvalues from even l a r g e   o r d e r  matrices. As a result, a direct formu- 
1 a t ion   o f  the eigenvalue problem  can be  made.  In general , the inertia 
matr ix  will be nonsingular,  even f o r  a free-free system.  Consequently, 
Equation (4.49) can be premul t i p l i e d  by the inverse of the i n e r t i a   m a t r i x  
to   g ive  

(4.50) 



4.5.2 (Continued) 

If the  equat ion above i s  rooted,   the  e igenvalue  rout ines will 
converge t o   t h e   h i g h e s t   f r e q u e n c y   s o l u t i o n s   f i r s t .   T h i s  means t h a t   t h e  
r o o t s  Of greatest   interest ,   the  low  f requency  solut ions,   cannot be ob- 
t a i n e d   u n t i l   a f t e r   a l l   t h e   h i g h e r   f r e q u e n c y   s o l u t i o n s  have  been converged 
t o  and e l iminated.  However, the  matr ix  t ransformat ion  technique  can 
r a p i d l y  and a c c u r a t e l y   o b t a i n   a l l   t h e  modes involved. It i s   n o t  neces- 
s a r y   t o   e l i m i n a t e   t h e   r i g i d  body modes p r i o r   t o   r o o t i n g   t h e   m a t r i x ,  as i t  
i s  when m a t r i x   i t e r a t i o n  methods are used. If r i g i d  body (zero  frequency) 
SO1 UtiOns  are  included i n  the  system,  these w i  11 a1 so be solved  for   by 
th is   techn ique.  

A modif ied  Householder  rout ine  is   used  to  obtain  the  e igenvalues 
and eigenvectors O f  the  Saturn V veh ic le .   Th is   rou t ine   i s   p rogramed  fo r  
t he  I B M  360 computer  using  double  precision  ari thmetic  (Reference  4-10). 
The r o u t i n e  will o b t a i n   a l l   t h e   r o o t s   o f  a 300th  order  system i n  75 minutes 
of  computer  t ime.  This  includes  calculat ion  of  natural  frequencies, mode 
shapes, general ized masses,  and generat ion of the   p lo t   tapes .  

Another method  used t o   o b t a i n   t h e  mode shapes  and frequencies  of 
systems Up t o   1 3 0 t h   o r d e r  i s  t h e   i t e r a t i v e  QR t ransformat ion scheme der ived 
i n  References 4-11  and  4-12. The dynamic m a t r i x   i s   f i r s t   c o n v e r t e d   t o   t h e  
upper  Hessenberg  form  (zero i n   a l l   p o s i t i o n s  i , j fo r  i > j + 1 ) using 
elementary  row and column manipulat ions.  A sequence o f  mathematical  trans- 
format ions  are  then  appl ied  to  the dynamic matr ix  which causes the  diagonal 
elements t o  converge to   the  des i red  e igenvalues.  The largest  e igenvalue, 
which  occupies  the  Nth  diagonal  posit ion i n  an Nth  order   matr ix ,  will con- 
verge  the  most  rapidly.  If the  fo rmula t ion   o f   Equat ion   (430)   i s   roo ted ,   the  
f i r s t   e i g e n v a l u e  will correspond t o   t h e   l a r g e s t   v a l u e  of wz which will be 
the  h ighest   f requency  root .   Th is   rout ine will obta in  mode shapes, f re -  
quencies,  generalized masses and generate  the  p lot   tape  for  a 130th  order 
system i n  15 minutes o f  computer  time. 

The requirements  for a composi te   s t ructura l  dynamic  model  and a 
cor respond ing   v ib ra t ion   ana lys is   a r ise   f rom  the   necess i ty  t o  ensure  the 
i n t e g r i t y  of  the  vehicle. The na tu ra l  and induced  environment t o  which 
the   s t ruc tu re   i s   sub jec ted   con ta in  some v i b r a t i o n a l  power COntent~VerSus 
frequency. The fundamental  task o f   t h e   d y n a m i c i s t   i s   t o   e n s u r e   t h a t  
vehicle  response  to  these  environments .does n o t  become CataStrOPtlic. A 
d e t a i l e d  knowledge  of t h e   s t r u c t u r a l  dynamic c h a r a c t e r i s t i c s   i s   t h u s  neces- 
sary  to   def ine  f requency  separat ion  and/or   is01  a t ion  requi red  to   e l   iminate 
near-resonancy f a i  1 ures . 

S t r u c t u r a l  dynamic charac ter is t i cs   per fo rm a second useful   funct ion:  
t h a t  o f   prov id ing a general ized  coordinate  system  within  which  the dynamic 
problem  complexity i s  reduced.  This  normal mode method  can be V i  Sua1 i zed 
as 8 process  of   represent ing  the  loaded  def lect ion shape ( s t a t i c  and dynamic) 
by  use  of a t runcated  ser ies.  The s i m i l a r i t y   t r a n s f o r m a t i o n  from S t ruc tu ra l  
to  general ized  coordinates  decouples  the  equat ions  of   mot ion,   which  great ly 
f a c i l i t a t e s   t h e i r   s o l u t i o n .   A d d i t i o n a l l y ,   t h e   o r d e r  of the  system  of 
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4.5.2 (Continued) 

differential  equations can be substantially reduced by retaining only  those 
modes that  contribute t o  the response problem being solved. 

The number of modes which are  required t o  simulate the dynamic 
behavior of the structure depends on three major factors. 

1. The frequency  content of the imposed forcing function; a1 1 
modes w i t h i n  the frequency spectrum must be candidates f o r  
inclusion i n  the problem. 

2. The quasi-steady  deflected shape o f  the  vehicle may dictate 
that  similar appearing modes be included i n  the problem t o  
obtain the proper static  solutions. 

3 .  Particular modes may be re,quired i n  the analysis simply 
because these modes,  a1 though lightly  excited, produce 
unusually large  loads  and/or  acceleration at   particular 
vehicle  stations. 

Examples of this 1 as t  case did occur on the Saturn V. The 1 i q u i d  
and structure coup1 i n g  i n  the propel I ant  tanks produces a characteristic 
tank  breathing o r  bu lg ing  mode, which obviously  contributes  significantly 
t o  local bulkhead and Y-ring loads.  Inclusion of this mode i n  the l i f t o f f  
and rebound response analysis is t h u s  mandatory if bulkhead pressures  are 
required; however, this mode contributes l i t t l e  t o  accelerations i n  t h e  
payload of  the vehicle. 

Determining which modes can  produce large  local  effects is accom- 
plished by inspection-of modal gain characteristics. Modal gain is  obtained 
directly from the dynamic characteristics and is by d e f i n i t i o n  the ( s ta t ic )  
ra t io  of  o u t p u t  to  i n p u t .  Depending on the nature of  the problem, o u t p u t  
can be an acceleration,  internal load o r  l i q u i d  pressure; i n p u t  may be a 
generalized  force  or displacement. 

Dur ing  the Saturn V program several  types of  gain were used t o  
identify dynamic  modes o f  interest; these included the instrument u n i t  
control system atti  tude/attitude  rate gyroscope gains (modal slope per 
control thrust force),  the comnand/service module interface  load  gains 
(modal bending moment per u n i t  thrust) and lower bulkhead pressure gains 
f o r  thrust  oscillations.  Calculation o f  these types of  gain  factors is 
incorporated  directly i n  the computer routine f o r  vibration  analysis. 
Frequency response plots  are a convenient way t o  evaluate the composite 
modal gain characteristics. 

Early i n  the Saturn V program, i t  was judged advantageous t o  include 
the  propellant  slosh behavior i n  the structural dynamic analysis. Subse- 
quent  eigensolutions  of the system revealed slosh modes which were simply 
l inear combinations o f  r i g i d  body  and flexible modes. Defining slosh 
s tab i l i ty  margins was extremely d i f f i c u l t  us ing  modes from t h e  structural 
dynamic analysis. Consequently, i n  the la t ter   s tages  of Saturn V design 
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4.5.2 (Continued) 

assurance studies,  slosh masses  were treated as a frozen solid in  the 
structural model.  Spring-mass slosh models  were then included in  the 
dynamic response and stabil i t y  analyses. 

The slosh modes of the  six Saturn V mainstage tanks are obtained 
from the  digital computer routine  described  in Reference 4-13. This pro- 
gram was developed from variational  principles. I t   i s  based on using the 
sum o f  shallow t a n k  and deep tank model solutions  as a set  of velocity 
potentials. The unknown coefficients  associated with these modal functions 
are solved for by a Rayleigh-Ritz procedure. The tanks are assumed t o  be 
rigid, which is  valid f o r  the Saturn V ,  since  the  ring mode frequencies 
are two orders of magnitude higher t h a n  the  slosh  frequencies. For each 
slosh mode retained i n  the  analysis, an equivalent  spring mass system i s  
constructed. The mass, mn, and attach  station x,, fo r  each of these 
mechanical oscil lators  is  obtained by equating the total  force and moment 
of the mechanical and 1 iquid systems. Step-by-step procedures f o r  devel op- 
ing the parameters associated with the spring-mass analogy are presented 
in Reference 4-14. 

The entire  operation of the dynamic characteristics  analysis 
hinges on the usage of the  results. Requisite accuracy in sensitive  areas 
must  be defined  as  early in the development as feasible: fo r  the Saturn V 
program, these  sensitive  regions included thrust  structure/gimbal block 
areas; IU local  deformations; and precise  definition of modal bending 
moment and shear  contributions i n  the forward portions of the  vehicle. 
Synthesis of the dynamic  model i s  accomplished within the framework  of 
these requirements. 

4.5.3 Modal Synthesis 

Modal synthesis i s  a process whereby a complex structure  is 
divided into  sections and the dynamic properties of  each section  repre- 
sented by selected modes  from that  section. The  modes from each section 
must  be chosen carefully t o  make sure t h a t  they can represent deformations 
produced by reactions from the  adjoining  sections. The following example 
i 1 lustrates  the importance of these  reaction  effects. 

One of the prime goals of the Saturn V t es t  program was t o  
develop mathemagical  models  which could accurately  predict  the  structural 
gain  required t o  perform control system analysis. One of the  essential 
parameters required was the  local modal slope a t  the f l ight  control gyro 
which i s  located  in  the Saturn V instrument unit. The gyro location i s  
shown on Figure 4-30. A detailed math model  was developed f o r  the  short- 
stack,  consisting of the S-IVB forward sk i r t ,  IU, and SLA (see Figure 4-11 ). 
A free-free modal analysis of this model  was  made.  Modes up  t o  45 Hz in 
frequency were  used t o  represent  this model in the  analysis of the  total 
vehicle. This model accurately  predicted  the  vehicle  centerline  slope, 
b u t  failed t o  predict  the  local  control gyro slope  obtained from test  (see 
Figure 4-31). An investigation showed the  difference i n  centerline and 
control gyro slopes was  due t o  local deformations in  the IU. These 
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FIGURE 4-30 CONTROL  GYRO  LOCATION 
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ducted th rough  the IU. When a modal analysis was  made of the IU and SLA 
with the CSM removed, these  local deformations d i d  not appear in the modes 
below 45 Hz. Consequently, the modal synthesis  solution  effectively 
eliminated  the  local  effects being sought. An interim  solution fo r  the 
local deformations was obtained by: 

1 .  Obtaining the modal displacements a t  the t o p  of the SLA 
and a t  the bottom of the S-IVB forward skir t  from the 
dynamic  model  of the  total  vehicle. 

2. Determining the inertia loads for  the  short  stack model, 
using the  accelerations from the total model. 

3 .  Applying the boundary displacements and inertia loads 
from steps 1 and 2 t o  the  short  stack  stiffness model. 

4. Solving the s ta t ic  deformation problem to  obtain  the  local 
deformations of the IU. 

The  modal synthesis  solution was la ter  used successfully by 
cantilevering  the  shortstack model a t  the bottom of the S-IVB forward 
sk i r t  and accounting for  the CSM reactions a t  the t o p  of the SLA. This 
approach  produced the  desired  local deformations i n  a l l  modes of interest. 
Cantilever modes are  better t h a n  free-free modes f o r  most  modal synthesis 
applications. 

When using modal synthesis,  the modes  must  be  chosen carefully 
so t h a t  deformations produced by the  attaching  structure  are  represented. 
The  modal  models should be loaded with s ta t ic  forces a t  the  interface t o  
make sure  the  resulting  deflections  are  nearly  identical t o  the  original 
model. 

When the  size of the dynamic  model exceeds the capabil i t y  of 
available  eigenvalue  routines, modal synthesis techniques can  be  used t o  
o b t a i n  a solution. Given an eigenvalue  routine which  can solve an "n" 
degree of  freedom  problem, the  structure can  be divided into secti,ons 
which contain less t h a n  n degrees of freedom as  illustrated in Figure 
4-31. The flexible  cantilevered and appropriate  rigid body modes are 
then determined. In  determining the  flexible modes of the  cantilevered 
sections,  all of the inertia  effects of the system above the  cantilevered 
location should be included  in t h a t  section. For example, the  inertia 
effects of Sections 2 and 3 should be  lumped a t  the top  node of Section 1 , 
before the  cantilevered modes of Section 1 are determined. A1 so, the 
inertia  effects o f  Section 3 should be  lumped i n t o  the t o p  node  of 
Section 2 before  the  cantilevered modes  of t h a t  section  are determined. 
This enables the modes of interest of the  total coupled structure t o  be 
obtained using a small number of cantilevered modes. Before the mass 
matrides are coupled together  the inertia  effects  that were  added t o  the top 
nodes of sections 1 and 2 should be accounted for. The generalized mass and 
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from the  stiffness matrices and the  sections coupled together using modal 
synthesis. I f  the number of modes  used t o  couple the  three  sections  together 
i s  less than' n one  coup1 ing i s  required, 

Present Saturn V analyses do not  require  the use of modal synthesis 
techniques because accurate  large  order  eigenfunction  routines have  been 
developed t o  handle the to t a l  vehicle coupled dynamic matr ix .  

4.5.4 Evaluation 

Evaluation o f  the  analysis  results  relies heavily on experience and 
judgement. Rough calculations t o  determine approximately the f i r s t  modal 
frequency for each axis analyzed and for large components should be  made 
before the  analysis  starts. 

These frequencies help i n  evaluating  the  results of the  analysis. 
If  the  structure i s  unrestrained,  the numerical accuracy o f  the  solutions can  be 
partially checked by evaluating  the system dynamic shear and  moment closure. 
With no external  forces on the system or  any grounded springs, b o t h  the 
shear and moment values should sum t o  zepo i n  each mode i f  the  structure 
i s  i n  equilibrium.  If  closure i s  not  achieved the problem wi l l  be either 
a poor eigenvalue solution or an incorrect  matrix. 

A lumped parameter model will give resonances which are not real is t ic  
b u t  arise  solely from the lumping  procedure. The analysis  results must be 
evaluated t o  be sure t h a t  these lumping resonances e i ther   l i e  above the 
frequency range o f  interest or their  presence does not  adversely affect  the 
dynamic characteristics being sought. 

The eigenvalue solution i s  checked by the orthogonal i t y  condition 
of the modes. This i s  accomplished by checking the off-diagonal terms o f  
the  generalized mass [$]T[M][$] and stiffness [4]T[K][+]. The off-diagonal 
terms are  theoretically zero when the modes are orthogonal.  In reality  the 
off-diagonal terms are never zero because of numerical error. A good rule 
of thumb i s  t h a t  six  orders of magnitude difference between diagonal and 
off-diagonal terms  should be a minimum objective for  the mass matrix, w i t h  
three  orders of magnitude required for  the  stiffness matrix.  Plots o f  the 
mode shapes are necessary f o r  evaluating whether, the modes satisfy Physical 
considerations. 

negative  eigenvalues f o r  the  rigid body (zero frequency) modes. This i s  
caused by numerical errors  associated w i t h  the  large number of operations 
required t o  develop the stiffness matrix and t o  solve  the eigenvalue problem. 
The eigenvectors  associated w i t h  these r i g i d  body modes should be  examined 
t o  make sure they are acceptable r i g i d  body displacement vectors. The 
off-diagonal terms i n  the r i g i d  body rows of the  generalized mass matrix 
should be a t  least  six  orders o f  magnitude smaller than the diagonal terms 
i n  those same  rows. Normally, i f  the absolute value of the  negative  eigen- 

The eigenvalue solution of a large  free-free system can  produce small 
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4.5.4 (Continued) 

values i n  frequency ( w )  units is less than  radians/second,  the  eigen- 
vectors should be Val i d  r i g i d  body  modes. 

4.5.5 Establish Tolerance 

Tolerances are determined f o r  two parameters of the  analytical 
data, frequency and gain. The frequency tolerances f o r  the  Saturn V f l i g h t  
vehicles  are assumed t o  be the same as the percent  difference between the 
analysis and full  scale test data. The gain  tolerances  are  obtained by 
determining the differences between the analytical and t e s t  gains and ex- 
pressing them as  percents o f  the maximum analytical gain. For example: 

GT = G t  - Ga 
Gmax a 

(4.53) 

where 

GT = Gain tolerance 

G t  = Gain from test data 

Ga = Gain from analytical  data 

Gmaxa = Maximum gain from analytical  data 

Gain is defined i n  Section 4.4.2. 

4.5.6 Damping Considerations 

On t h e  Saturn V program t h e  damping  was  assumed t o  be proportional. 
This allowed the damping to  be introduced  as an equivalent  viscous damping 
factor  applied  to each mode. These equivalent modal  damping factors were 
obtained from f u l l  scale  tests.  

Damping i s  not  only dependent on  component .construction, i t  i s  
also  strongly  influenced by load,  reference  Section 5.2.4. In t h e '  Saturn V 
vehicle,  typical  equivalent  viscous damping ranges from 0.4 percent i n  the 
S-I1 tanks t o  three percent in the spacecraft and t o  70 percent i n  the  engine 
servoactuator system. Where local damping differences of  this magnitude exist, 
the normal assumption of modal (uniform) damping i s  invalid. In this case 
local  amplitude and phase characteristics  predicted by  modal  damping techniques 
will  not  give  acceptable  accuracy. Readily usable  techniques need t o  be 
developed for  estimating and including  nonproportional damping i n  structural 
dynamic analyses. 

Math modeling of the S-I1 crossbeam and LOX tank is not  accurate 
enough t o  support  Pogo analyses. Much of the prediction  tolerance is asso- 
ciated w i t h  the damping uncertainty. There i s  no advantage t o  developing 
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i s  handled by a-  gross  estimate t h a t  may be i n  error by 1000 percent. Struc- 
tural damping characteristics need t o  be investigated t o  where material 
Properties, geometry, type of joints,  loads, and temperatures could be 
the i n p u t  t h a t  would allow a damping matrix t o  be generated i n  much the 
same  way a stiffness matrix is  generated now. 

4.6 SATURN V MODEL EVOLUTION 

Early i n  the Saturn V dynamic analysis program, i t  was decided 
t h a t  local  structural and inertial effects could have a significant  effect 
on the response of control  instrumentation. This decision precluded the 
use of beam type mathematical models  which  would give centerline motions 
b u t  would not  be able t o  predict motions on the  surface of the  structure 
where the  control  instrumentation was t o  be located. The importance of 
local  effects  set  the requirement for a three-dimensional shell  represen- 
tation of the Saturn V st ructure .   Ini t ia l ly ,   i t  was not  possible t o  
model the  structure i n  three-dimensional shell  detail throughout  because 
the computer computational capacity was not  avail  able. Therefore , the 
original models  were a combination of beams and three-dimensional shells 
which  were intended t o  model both  overall dynamic effects and local 
effects a t  the fl ight sensor  locations. 

As the program progressed, both the  engineers and the computer 
programs  were uprated through experience and the model evolved accord- 
ing ly .  All the math  models  used i n  the  pre-test  analysis were coplanar 
models ( w i t h  the exception of a f u l l  shell S-IVB/IU/spacecraft model 
which incorporated  pitch-longitudinal coupling capability). Available 
da ta  in  the  early  stages o f  the program indicated t h a t  the  vehicle was 
symmetrical i n  both  mass and stiffness. This meant t h a t  the  structure 
could be represented by modeling  one quadrant of the  shell and  imposing 
symmetrical -antisymetrical boundary conditions t o  represent  the  effect 
o f  the  other  three quadrants. These boundary conditions d i d  not  allow 
any cross plane coupling and the  vehicle was effectively constrained t o  
p l ana r  motions. 

As more and more information became available and as testing 
progressed, i t  became apparent t h a t  significant asymmetries d i d  exist i n  
the Saturn V structure. These  asymmetries  caused coupling between a l l  
planes o f  motion which could not  be predicted by the  quarter  shell models 
then i n  use. The AS-501 and AS-502 fl  ights brought t o  1 ight  strong  pitch 
and long i tud ina l  coupling w i t h  the  lunar module acting  as  the primary 
coupling mechanism. As a result of these two fl ights,  along w i t h  the 
introduction of a heavier and more flexible payload on AS-503 and sub- 
sequent vehicles, i t  was decided t o  develop a math model w i t h  freedom 
i n  all  six planes which could fully  incorporate  cross plane coupl ing  
capability. When the f i r s t  coupled model  was initiated the  eigenvalue 
capabil i t y  was 1 imi ted t o  130th order problems so i t  was necessary t o  
use the modal synthesis approach discussed i n  Section 4.5 .  
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4.6 (Continued) 

The  AS-503  and  AS-504 vehicles were analyzed using modal synthesis 
techniques. The effective model size was 291st order. Development o f  a 
300th order eigenvalue  capability was completed prior t o  the AS-505 ana1ysi.s. 
This capability proved t o  be  more efficient and less  subject t o  engineering. 
error so i t  was adopted and is the  tool  presently being used f o r  Saturn V 
dynamic analysis.  Figure 4-32 shows the evolution o f  these models. Advan- 
tages and disadvantages of each model are shown i n  Table 4-1. 

4.7 COST AND ACCURACY 

4.7.1 Cost 

Cost and f low time are prime considerations i n  mode7 development. 
As an aide f o r  future Government  and Industry  engineering groups involved 
i n  math modeling of complex structures, a0 estimate has been made of the 
costs of  developinq the  presently used Saturn V model.  In forming this 
estimate, the fo l lowing  assumptions have been made: 

1.  Adequate software and hardware  program capabil 

2. The current three-dimensional model is the base 

3. No iterations have  been considered due t o  ideal 
errors. 

4. Structural drawings are  avail ab1 e. 

i ty   exis ts .  

1 ine. 

ization 

5. No evaluation of  data is involved  except the mechanical 
checks. 

6. Mass data breakdowns o f  each stage and  payload  module are 
available, b u t  mass data  requires  redistribution t o  nodal 
network. 

7. No sl lowance has been  made f o r  t h e  learning curve. 

8. Computer hours are based on the IBM-360 system. 

9. NQ documentation o f  data has been included. 

10. Manpower does n o t  include any  al7owance for clerical work 
o r  supervision. 

The planning estimate is  shown i n  Table 4-11. Computer hours, 
manpower resources i n  manmonths,  and flow time are shown f o r  the stiffness 
matrix development, t h e  merge of component  modules  and the  generation o f  
dynamic characteristics f o r  one time. As previously  stated, this cost 
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MODEL 

Beam-Rod  Model 

Beam-Rod/Quarter 
Shel 1 Model 

Quarter  Shel 1 
Model 

Three-Dimensi onal 
Model 

ADVANTAGE 

Good centerline charac- 
teri s t i  cs , through f i  rst 
four  modes. 

Simp1 i ci t y  

Good centerline, com- 
ponen t characteri  s ti  cs 
t o  10 Hz, efficient use 
of  freedoms , minimum 
cos t ,  good reprrsenta- 
t i on   o f  instrument u n i t  
region. 

Good c h a r a c t e r i s t i c s   t o  
20 Hz, interplace 
coupl i ng represented , 
efficient use o f  degrees 
of  freedoms, good  pay- 
1 oad representation , 
good representation  of 
i n s  trument u n i  t region. 
Coupled p i t c h ,  yaw, 
1 ongi t u d i  nal , and tor -  
si onal  characteri s t i  cs 
obtained from single 
analysis. 

DISADVANTAGE 

No interp 
a1 1 owed. 
s l o p e s   a t  
Locations 
character 
5 Hz. 

1 ane  coupl i n g  
Inaccurate 
F1 i g h t  Gyro . Poor  dynamic 

is  tics above 

Different model re- 
qu i r ed   fo r  each f l i g h t  
sensor  location. 

Model 1 imited due t o  pay- 
load  representation, no 
interplane coupli'ng 
representation. Different 
models required  for  p i t c h ,  
yaw, 1 ongi t u d i  nal , and 
tors ional   analysis .  

Configuration  changes  are 
c o s t l y   t o  make due t o  
l a rge  size. 

TABLE 4-1 ASSESSMENT OF SATURN V MATH MODELS 
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SATURN V 
MODULE 

Launch Escape Sys tem 

Command  Modu 1  e 

Servi ce Module 

Saturn LM Adapter 
Instrument U n i t  

Lunar Module 

S-IVB Stage 

S-I1 Stage 

S-IC Stage 

TOTAL 

COMPUTER 
HOURS 

1 .o 
2.0 

4.0 

MANMONTHS 

1 .o 
2.0 

6.0 

FLOW TIME 
(MO.1 

1 .o 
2.0 

3.0 

20 .o 
6.0 

5 .O 

6.0 

6.0 

50.0 

30.0 

12.0 

4.0 

5 .O 

5.0 

65 .O 

6.0 

4.0 

2.0 

2.5 

2.5 

13.0 * 

Sys tem Merge 2.0 

Mass Distr ibut ion 6 .O 

Dynamic Character is t ics  
Analysis (1 case) 3.0 

* Considering work done i n  series 

0.5 

8.0 

0.5 

4.0 

0.5 0.5 

TABLE 4-11 MATH MODEL DEVELOPMENT PLANNING  ESTIMATE 



4.7.1 (Continued) 

breakdown i s  based on experienced personnel and w i t h  the  provision that 
the model nodal network is defined. For the  engineering group with average 
talent faced w i t h  a new program such as  the Saturn V ,  factors should be 
appl ied t o  the  estimates shown. I t  is suggested that a factor of  2 .O be 
applied t o  manpower,  computer hours and flow time t o  b r i n g  an organization 
up to  the  plateau of the learning  curve. Even experienced  engineers i n  
th is  type of analysis must iterate  solutions many times t o  determine the 
proper structural  idealization w i t h  a practical number of degrees of freedom. 
A factor 2.5 is recommended t o  be applied t o  account f o r  the formul ation 
of the optimum nodal  network.  Checkout of new computer  programs is not  
normally a large expense, however, the flow time i s  considerable even 
w i t h  comparatively minor program changes. 

4.7.2 Accuracv 

The math  model  was accurate i n  predicting  the  overall modal 
properties of the f u l l  scale  test  vehicle f o r  the modes of interest. 
The frequencies o f  the f i r s t  4 pitch modes  were predicted w i t h i n  four  
percent, and the mode shapes were predicted w i t h  equal accuracy. A 
correlation of the f u l l  scale  analysis and tes t   resul ts  of the f i rs t  
four  pitch modes for 100 percent  propellant  condition is presented i n  
Figures 4-33 and 4-34. The f i r s t  three  longitudinsl modes for 100 
percent  propellant  condition were predicted w i t h  the same accuracy as 
the  pitch modes. A correlation of these modes are shown i n  Figures 
4-35  and 4-36. The predicted frequency of the  fourth  longitudinal mode 
was seven percent lower than that from the f u l l  scale  test. The corre- 
lation of the mode shapes was n o t  very good for  this mode.  The corre- 
lation is shown i n  Figure 4-36. The fourth  longitudinal mode is extremely 
weak  and has l i t t l e   e f f e c t  on the response characteristics of  the  vehicle. 
A frequency response p l o t  of  the S-IC outboard gimbal i s  shown i n  Figure 
4-37. The  fourth mode contribution is shown  by the small peak near 7.5 
Hz. An extensive  correlation of pretest  analysts and t e s t  results i s  
contained i n  Reference 4-15. 
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SECTION 5 DYNAMIC TEST TECHNOLOGY 

5.0 GENERAL 

The purpose of this section is t o  present  the  experience and know- 
ledge gained from the Saturn V full  scale dynamic tes t  program on the 
technology of dynamic testing. Beginning w i t h  the  establishment of t e s t  
requirements,  the  material  presented  includes a discussion of digital da ta  
reduction  techniques and concludes w i t h  t e s t  data  evaluation procedures. 

The major objective of the dynamic tes t  program was t o  verify 
Saturn V math models.  These math  models  were then used t o  predict charac- 
te r i s t ics  of each f l i g h t  vehicle w i t h  a h i g h  degree o f  confidence. This 
test-analysis  correlation cycle is   i l lust rated i n  Figure 5-1. This figure 
is a flow chart showing t h a t  the full  scale math model  was developed using 
the 1/10 scale  analysis and test   results.  T h i s  model  was  used t o  predict 
the dynamic characteristics of  the full,  scale  test  vehicle. The  dynamic 
characteristics were correlated with test   results and the math model 
revised until good correlation was achieved. The math  model  was then 
considered test   verified.  This verified model t h e n  became the  baseline 
model for  the Saturn V family of  flight  vehicles. Tolerances were derived 
from the correlation. The various  structural and  mass differences between 
the t e s t  and f l i g h t  ar t ic le  were then included i n  the f l i g h t  model and the 
t e s t  system restraints removed. Since the  differences noted above repre- 
sented a change i n  i n p u t  data  rather than a math  model change, the f l i g h t  
a r t ic le  model could also be considered test  verified. The basic  criterion 
was that  as long as  the a r t ic le  b e i n g  tested could be described analytically, 
then defined  deviations from the f l i g h t  ar t ic le  would  be allowed. 

However, the  differences between pretest  analysis and f l i g h t  
analysis must  be kept t o  a minimum. A considerable  technical judgment 
is required t o  determine what differences can be bridged analytically. 
This judgment m u s t  be tempered w i t h  the  practical  aspects of cost and 
schedule. For example, the  localized response that occurred i n  the IU 
dur ing  f u l l  scale  testing showed that  the f l i g h t  configuration IU should 
have  been simulated  as closely as possible. T h i s  is due t o  the extreme 
sensitivity o f  the dynamics a t  the f l i g h t  control gyro location t o  local 
mass  and stiffness changes. The  IU simulation on the f u l l  scale  test  
vehicle proved t o  be adequate f o r  the j o b .  However, the simulated LM 
(which represented the mass  and C.G. locations, b u t  not the dynamics  of 
the LM) proved t o  be  an inadequate  simulation of f l ight  hardware. Using 
this simulator,  the bridge between the full  scale  test and analysis  corre- 
1 ation math  models and f l i g h t  models  was too  great. As a result  the 
required confidence level of the f l i g h t  analysis was degraded where LM 
activity was significant. 

5.1 TEST REQUIREMENTS 

A most important item i n  any major dynamic t e s t  is the  definition 
o f  the  test  requirements. Test requirements are not a pattern copied from 
another similar  test ,  b u t  m u s t  be carefully considered i n  l i g h t  of the 
objectives. Every facet must be considered t o  determine whether the  objec- 
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5.1 (Continued) 

tives  will be  met, considering  adequate  technical o u t p u t ,  cost, schedule 
and  volume of data  collected. Experience w i t h  the  full  scale  test  indicates 
t h i t  the  user  organization must  be responsible  for  certifying  the  technical 
adequacy of the tes t  i n  terms o f  quality and quantity of da ta .  User require- 
ments  must  be clearly defined and understood before t e s t  requirements can 
be written. In particular,  the dynamic parameters that  are important t o  
each user must  be identified, and allowable  tolerances  specified. The 
sensitive parameters for  the Saturn V vehicle  are  listed i n  Table 5-1 for 
Pogo, loads, and fl ight control  studies. The user  organization must specify 
the accuracy with which each of these parameters must be determined before 
requirements for math models and dynamic testing can  be defined. For example, 
i f  a1 1 accuracy requirements fa1 1 within  the math  model confidence band,  
there  is  no requirement for  dynamic tes t .  All affected  organizations must 
have insight i n t o  the'requirements and be able t o  critique requirements 
t h a t  have  been init iated by the prime organization. This i s  a basic 
consideration  in  insuring  that  the t e s t  will satisfy  all  affected organiza- 
tions. 

Test requirements  should be a t o p  level  control of every important 
aspect of the tes t .  The full   scale  test  requirements covered test  objectives, 
t e s t  configuration,  test  facility,  data  acquisition and reduction  systems, 
tests  that  were t o  be conducted, pretest  analysis, da ta  correlation, and 
reporting of test   results.  All o f .  these requirements were  merged into a 
single source document that  controlled  the  test program (Reference 5-1 ) . 
Requirements could n o t  be  changed w i t h o u t  a revision t o  this document being 
made. Consequently, only t h e  major items were included  in this  single source 
document. This document  was also  the  basis  for  contractual  actions  in  deter- 
mining the  negotiated  cost of  the  total  test. 

Program level requirements must  be identified  early in  the program. 
If a program covers several  contractors and/or government agencies, a 
mechanism for maintaining  rapid data flow needs t o  be  established a t  the 
program management level. One of t h e  major problems encountered in i t ia l ly  
on the full  scale program was the  difficulty of getting  spacecraft  structural 
drawings. Normal d a t a  acquisition channels from  one NASA center t o  another 
required supplemental action t o  s u p p o r t  the  required  schedule. 

5.1.1 Test  Objectives I_ 

The basic  objective of  the  full  scale  test program was t o  verify 
mathematical models.  These mathematical models could then be  used t o  o b t a i n  
structural dynamic source  data for use. in  flight control system analyses, 
f l ight  and ground' loads  analyses, and Pogo s tabi l i ty  analyses. Some secondary 
objectives were required-to  support  the mathematical model.  These objectives 
i ncl  uded: 

1 . Determination of  dynamic characteristics f o r  major components 
such as  engines, f i r s t  stage engine fins and fairings, and 
the f i r s t  stage  propellant  lines. 



TABLE 5-1 SATURN V SENSITIVE PARAHETERS 

POGO 

1. Frequency Range 1. 

2. Longitudinal Mode FrequenciesP,  

3. Propel lant   L ine  Fluid Mode 
Frequencies 

4. Longitudinal Mode  Shapes 

5. Modal  Damping 

6. Frequency Response o f  the 
Fol lowing  to a Unit  Longi- 
tudinal  Force  Applied  at 
the Engine  Thrust Pad: 

a. Thrust Pad L o n g i t u d i n a l  
Accelerat ion 

b .  Tank Pressure a t  
Propel lan t   L ine  
Out le t  

c. Pump I n l e t   L o n g i t u d i n a l  
Acceleration 

d. Pump I n l e t  Pressure 

3. 

4, 

5. 

6, 

7. 

LOADS 

Frequency Range 

P i tch  (Yaw) ModeFrequencies 

Bending Mode Slopes 

Bending Mode  Shapes 

Modal  Damping 

Frequency Response o f   t h e  
fo l lowing t o  a Un i t   P i tch  
(Yaw) Force  Applied a t   t h e  
Engine  Thrust Pad: 

a. P i tch  (Yaw) Bending 
Moment a t  Key Vehicle 
Stat ions 

b. P i tch  (Yaw) Slope a t  
Thrust Pad 

c.  Reactions a t  Major 
Component Attach  Points 

Pitch/Yaw/Torsional Response 
a t  Key V e h i c l e   S t a t i o n s  
Produced by Unit  Longitudinal 
Force  Applied a t   Thrus t  Pad 

FLIGHT CONTROL 

1. Frequency Range 

2. P i  tch/Yaw/Torsional Mode 
Frequencies 

3. Pitch/Yaw/Torsional Mode 
Damp i ng 

4. Frequency Resp. o f  the  
fo l low ing   to  a Uni t   P i tch/  
Yaw/Torsional  Force  Applied 
a t   t h e  Engine  Thrust Pad: 

a.  Pitch/Yaw/Torsional  Slope 
a t  Control Gyro Brackets 

b. Pitch/Yaw/Torsional 
Accelerat ions  at  Thrust 
Pad 

5. Slosh Mode Frequency 

6. Slosh Mode  Damping 



5.1.1 (Continued) 

2. U e f i n i t i o n  of t h e  thrust vector  control system  dynamics u s i n g  
l ive hydraulics w i t h  proper feedbacks i n  the actuator system. 

3. Determination o f  modal damping factors  to s u p p o r t  the f l i g h t  

A t  the time of the ful l   scale   tes t ,  the objectives were considered 

control and  Pogo stabi 1 i ty  analyses. 

t o  be essentially  satisfied if  the  characteristics through t h e  f i r s t  four 
vehicle modes (0 t o  10 Hz) were adequately  defined. As the Saturn V pro- 
gram evolved, the number of modes required to  support the problems o f  the 
f l  i g h t  vehi cles  increased. For  example on the second stage , a strong Pogo 
instabi l i ty  occurred a t  18 Hz when the frequencies o f  the LOX tank mode 
and center engine crossbeam mode coalesced. T h i s  local mode corresponds 
to the 56th e l a s t i c  mode obtained from the math model. 

Bending test results were obtained to 11 Hz and 1 ongi tudinal t e s t  
results were obtained to 30 Hz on t h e  full  scale  vehicle. Since there 
were  no well de f ined  user  organization requirements above  10 Hz, the long- 
itudinal  data were not  extensively reduced and correlated.  If a user organ- 
ization required that   a l l  h i g h  gain modes be explored to  obtain  flight  control 
and  Pogo parameters, the second stage Pogo  modes could have  been identi- 
fied  prior  to  the f irst  f l i g h t .  T h i s  i l lustrates  the importance of identify- 
i n g  i n  the requirements a l l  parameters that   are o f  importance to the user 
organizations and following through i n  t h e  measurement and correlation phases. 

5.1.2 Vehicle  Configuration 

There are two basic  vehicle  configuration  guidelines which the 
full   scale experience  indicates  are  essential requirements f0.r successful 
test-analysis  correlation. The f i rs t  is  to  know completely and accurately 
the  configuration a t  a1 1 times. The second i s  to  exercise a stringent 
technical review of each and every  configuration  deviation. These are 
ordinary  configuration  control  functions on  any test, b u t  they take on 
added significance i n  a  dynamic t e s t  and analysis  task. The following 
paragraphs will discuss  configuration requirements i n  two parts,  struc- 
ture and ballast .  

The basis  for  configuration decisions include  the follOWing 
considerations: 

1. Will a special t e s t   a r t i c l e  be built? 

2. If n o t ,  on what schedule will a f l i gh t   a r t i c l e  be available? 

3. What restraints does the schedule impose on the tes ts?  

4. Are simulations  technically  acceptable? 

The philosophy of the f u l l  scale test program  was t o  have as few 

I 

structural  differences as possible between the test specimen and the f l i g h t  
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ware since  the ground test  objectives  are t o  support f l ight  tests Father 
than t o  be parallel  effort. The deviations which are allowed should be 
assessed  mathematically t o  insure t h a t  they can  be  modeled accurately. 
The full   scale  test  requirements placed the following controls on deviations: 

1 .  All deviations from flight hardware  where the item weight 
is  more than 20 pounds (9.1 KG) shall be simulated. 

2 .  Simulation o f  fl ight hardware for weight, st iffness,  and 
moment of inertia  shall be within 5 percent. 

3 .  Simulated components  must  be  mounted on their  respective 
f l  ight  specification  brackets. 

The above requirements were f o u n d  t o  be unrealistically  stringent. 
I t  would nave  been better t o  establish a review  system for those  devia- 
tions from fl ight hardware which exceeded the allowable mass or  stiffness 
changes. For example, a mass  change  of 1,000 pounds (453.6 KG) in  the 
f i rs t   s tage tank might not  have any effect on the abil i ty to  meet the 
test  objectives. However, a mass  change  of 50 pounds (22.7 KG) in  the 
region o f  the IU f l ight  gyros would  have a considerable effect on the 
fl ight gyro response and would  be a serious  detriment t o  meeting the 
test  objectives. These decisions should be  based on engineering judgment 
and math simulation. They require an advanced  knowledge of user accuracy 
requi rements. 

A good example of the importance of using actual hardware o r  
accurately simulated hardware was the LM. An excellent LM simulator, 
fabricated  largely from f l ight   ar t ic le  hardware, was originally  slated 
for use on the  full  scale  test. However, as the production o f  LM hardware 
fell. behind schedule, substitutions had t o  be  made t o  keep the  total program 
moving. A simple mass simulator was constructed using f l ight   ar t ic le  
hardware only in the  bracketry t h a t  attached  the  simulator t o  the  vehicle. 
This simulator was designed t o  be easy t o  model and t o  introduce no 
unaccountable dvnamic characteristics  into  test  results. 

The cost o f  this  substitution was no t  recognized until  after  the 
second Saturn V fl ight.  A f i r s t  stage Pogo instability developed in a 
strongly coupled longitudinal and pitch mode.  The predominant  Coupling 
mechanism  was traced t o  stiffness asymnetry in  the LM. A spec.ia1 dynamic 
tes t  had t o  be conducted t o  establish confidence in  the math  models 
devel oped t o  represent this  coup1 i n g  and t o  provide verification of Pogo 
suppression hardware. 

I t  i s  essenti a1 t o  know the configu'ration being tested t o  the 
extent of being able t o  define a t  any time what the structure of the 
various stages i s ,  know what deviations have  been  made, and be able t o  

114 



5.1.2  (Continued) 

descr ibe  the devia t ions  i n  the pre- tes t   ana lyses  such t h a t  the math model 
being  analyzed  and the t e s t  vehicle are iden t i ca l .   Th i s  i s  a normal  con- 
f igura t ion   cont ro l   t ask  on most tests, but  i n  dynamic t e s t i n g  i t  i s  
e s s e n t i a l   t h a t  the configuration  does  not  change  from the f l i g h t  con- 
f i g u r a t i o n  unless the requirements  permit this change.  Therefore, every 
devia t ion  from f l i g h t  hardware t h a t  exceeds  a l lowable  tolerances i n  c e r t a i n  
areas o f  the vehicle must b e  passed  through the technical   organizat ion for 
approval  before the configuration  change is allowed. 

The vehicle propel 1 a n t s  were simulated i n  a1 1 areas   o f  the vehicle 
f o r  the tes t ing .   S imulants  were used  because of the l o g i s t i c s  problems  and 
cos t   a s soc ia t ed  w i t h  s to r ing   l i qu id   c ryogen ics  (LH2 and LOX) for   long  
per iods of time, and the potential  hazard  to  personnel  working near the 
vehicle du r ing   t e s t ing .  

A s tudy   to   de te rmine  a propel lan t   s imulant   cons idered   dens i t ies ,  
viscosi ty ,   homogenei ty ,   f lammabil i ty ,   compat ibi l i ty ,   contaminat ion,   corro-  
s ion,   a long w i t h  handling facil i t ies,  s to rage  faci l i t ies ,  dumping faci l i t ies  
and cleaning fac i l i t i es .  The results o f   t he   s tudy   i nd ica t ed  a so lu t ion  
o f  water and  sodium  dichromate  would f u l f i l l  most  requirements  for a 
f l u i d  simulant. T h i s  so lu t ion  was used i n  a l l  ca ses   t o   s imu la t e  t h e  LOX 
and RP-I. A separa te   ana lys i s   de te rmined   tha t   for   bending  tests the LH2 
tanks  could  remain  empty w i t h  no degradat ion  of  results and fo r   l ong i tud ina l  
tests the LH2 could b e  simulated by an equal  weight  of the water so lu t ion .  

To minimize corrosion,  the tanks o f  the f i rs t  s t a g e  were f i l l e d  
w i t h  water   containing  100  par ts   per   mil l ion by weight  of sodium  dichromate. 
Since the second  s tage would be  used f o r   o t h e r   t e s t i n g  and  could  not  be 
contaminated,  deionized water w i t h  a minimum of   100  par ts  per mi l l ion  by 
weight o-f sodium  dichromate was used as ballast .  Th i rd   s t age  and  pay'load 
propel lan t  masses were a lso   s imula ted  w i t h  a ba l las t   o f   de ionized   water  
and  sodium  dichromate. 

In a l l  cases where there was l i qu id   p rope l l an t ,  the b a l l a s t  was 
simulated by weight  as  opposed t o  a volume s imulat ion.  Where there was 
s o l i d   p r o p e l l a n t ,  the b a l l a s t  was simulated by lead   r ings .  In t h e  ox id i ze r  
(LOX) tanks,  the water leve ls   ex tended  further up i n t o  the bulkheads  than 
i n  the normal f l igh t   condi t ion .   Therefore ,   spec ia l   hardware  was requi red  
to   ex t end  the LOX vent  valves  above their f l i g h t  level. No hardware 
changes were necessary on t h e  S-IC fuel  (RP-1) tank since the water   level  
was lower than t h e  normal f l i g h t   c o n d i t i o n .  

Another  study was performed to   de t e rmine  the to le rance   requi red  
i n  e s t ab l i sh ing  the levels of   p rope l lan ts  i n  t h e  tanks.  The  following 
to1  erances  resul ted:  f i  rst and  second  stage  tank  to1 erances were k2,OOO 
pounds (907.2 KG) p e r   t a n k ;   t h i r d   s t a g e  tank to le rance  was *1 ,000 pounds 
(453.6 KG) per  tank. A sight   gage 'was  used t o  i n d i c a t e  f i l l  level and 
the   quoted   to le rances  came from the maximum resolut ion  obtainable   f rom 
t h e  ver t ica l   s igh t   gage   coupled  w i t h  the t a n k   c a l i b r a t i o n   e r r o r .  The 

7 15 



acceptable. The SM and LM t a n k  tolerances were one-tenth o f  one percent. 
These tolerances were a combination  of the a1 lowable error i n  tank cali-  
bration and the allowable error i n  measurement. Propellant  levels were 
prescribed  in  the requirements document, and then established  in  test 
within the  prescribed  tolerances. The liquid  levels were recorded in 
tes t  and used  in the  post-test  analysis (when  any significant changes 
occurred). The requirement for  propellant  levels was supported by math 
analysis. Both the  actual  condition and the  equivalent weight water 
simulation were analyzed. The results were similar. 

Gaseous nitrogen (GN2) was  used t o  simulate  the  ullage  pressure 
in a1 1 stage  tanks. The ul1  age pressure used on the 1 aunch vehicle  stages 
was 10  psi (68,948 N/M2) (about one-third of the flight  pressure). Posi- 
tive  pressure  in  all  stage  propellant tanks was maintained a t   a l l  times, 
b u t  ullage  pressure was no t  used in payload propellant  tanks. The require- 
ment for  the reduced ullage  pressure was based on: 

1 .  Flight  pressures could n o t  be  used since  safety requirements 
would  have barred all personnel from the tes t  area and this 
was n o t  acceptable. 

2.  Some ul1 age pressure was necessary t o  eliminate  local bulk- 
head resonances. 

3 .  Ten psi was shown t o  be satisfactory on the 1/10 scale 
model t e s t  and compatibility between the two tests was 
desirable. 

4. The possi bi l i  t v  of neqatiye Dressures due t o  temDerature 
changes needed t o  be el imlnated. 

Pretest  analysis and early 1/10 scale model tests  results  indicated 
that  the reduced ullage  pressure would not  significantly  affect modal 
characteristics of the  vehicle  structure. 

5.1.3  Test Facilities Requirements 

The major items considered i n  defining requirements fo r  the full  
scale  facility were the housing structure, suspension system, stabilization 
system, excitation system, hydraulic system and propellant  ballast system. 
The experience gained with these items on the  full  scale  test program 
led t o  the  establishment of the following general guidelines for 
defining tes t   faci  1 i ty requirements : 

1 .  The effects of the suspension system on the dynamic 
characteristics of the tes t   ar t ic le  must  be assessed 
analytically before the suspension system requirements 
can  be defined. 



5.1.3 (Continued) 

2. 

3. 

4. 

5. 

When research and development i tems are  required  for a 
t e s t  program the  schedule m u s t  include adequate time fo r  
acceptance tests and modification. Design cr i ter ia  f o r  
such items must be stringently evaluated t o  determine 
compatibility with test  objectives,  structural  capabilities, 
and overall  test requirements. 

In a t e s t  program involving  large  pressure  vessels o r  tanks 
such as  the Saturn V vehicle, i t  should be a t e s t  require- 
ment that  a fail-safe system be installed t o  prevent  negative 
pressures  occurring i n  these  tanks. The Saturn V tanks are 
such that  draining  the tank  w i t h  no open vents wi  11  buck1 e 
the upper bul kheads. 

The stabilization system must provide s ta t ic   s tab i l i ty  and 
protect  the  vehicle from  damage d u r i n g  test.  Stabilization 
system effects on tes t   a r t ic le  dynamic characteristics must 
be  assessed analytically i n  order t o  define  final  require- 
ments. 

Test  faci 1 i ty components designed t o  commerical cr i ter ia  
must  be thoroughly evaluated t o  insure  that  their  perfor- 
mance meets the  established  stage  criteria. 

The major components comprising t h e  tes t   faci l i ty   are  discussed indepen- 
dently i n  the following paragraphs. 

A. Housing structure 

The t e s t  tower structure was designed p r i o r  t o  the  establishment 
o f  the tes t  requirements due t o  the very  long lead time required. The 
t e s t  tower was also designed t o  handle possible growth vehicles such as 
the Nova,  which  was considered  as a continuation o f  the Saturn family a t  
that time. The t e s t  tower protected  the  vehicle from the environment, 
such as  wind  and ra in ,  allowed access by  means of platforms adjacent t o  
the  vehicle a t  various levels,  carried and supported the  propellant trans- 
fer  l ines,  instrumentation  cables and pneumatic pressurization and control 
system lines  that go t o  different  stages on t h e  vehicle, and provided a 
means of  attachment o f  the  stabilization and suspension systems. The 
tower included a mobile, overhead crane for   l i f t ing the  vehicle  stages 
inside  the  building and stacking them on the  support faci l i ty .  

B. Suspension system 

The requirement f o r  simulating a free-free  condition i n  the  vertical 
position posed a major vehicle suspension system design problem  due t o  the 
physical size of t h e  t e s t  specimen. P r i o r  t o  designing the suspension system, 
the t e s t  tower had been constructed;  therefore,  the suspension system desig- 
natea would have t o  f i t  into  the  existing  structure w i t h o u t  creating major 
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para1 le1 . The cable  system, being  based on a proven design , was the primary 
support system. 

The cable system supported the  vehicle  as a giant pendulum 
within  the tower. The cables were attached t o  the tower through 
coil  springs t o  give the  vehicle as l i t t le   ver t ical  and rotational  res- 
t ra int  as possible. This system turned out  t o  be bulky, with large 
effective masses near the gimbal plane .of the  vehicle. The cable 
vibration modes would  have  added effective damping t o  the t e s t  system. 
The  more revolutionary hydrodynamic  system was t o  be checked o u t  during 
the program t o  determine i t s  application t o  future dynamic testing. The 
original concept devised by George Von Pragenau  of NASA is  described in 
Reference 5-2. Fortunately,  the hydrodynamic suspension system  proved 
t o  be highly  successful and the  spring  cable concept was abandoned. 

The hydrodynamic support system was a tremendous asset t o  the f u l l  
scale program. I ts   effects on the dynamic characteristics of the  vehicle 
were  minimal  due t o  a very low effective mass and very low  damping. For 
example, rigid body rocking tests were  performed by two men hand  exciting 
the system by pushing on the f i r s t  stage  fins  until  the 6,000,000 pound 
(2,721,600 k g )  system  reached two inch (5.1 cm) amp1 i tudes. The develop- 
ment and successful  application of this design concept represented a 
significant advancement  in the field of dynamic support systems. 

The hydrodynamic support system was a combination o f  o i l  bearings 
and vertical gas springs which  gave the  vehicle  essentially no restraint 
in  the  horizontal  direction and a very soft  spring  support  in the  vertical 
direction. A major advantage of the  oil/gas support system over the  cable/ 
spring system was the  relatively l i t t l e  mass  added t o  the  vehicle  structure. 
This system was much more  compact khan the  cable/spring system and d i d  n o t  
share  the  inherent cable dynamic problems. Figure 5-2 i s  an illustration 
of one  of the  four hydrodynamic (oil/gas)  supports. The upper plate, upon 
which the  vehicle  rides, has a milled  spherical  surface on i t s  underside 
which floats on an oil  film pumped t h r o u g h  in continuous high pressure 
flow. The upper plate  is  free t o  rotate and offers no local  rotational 
restraint t o  the  vehicle. The upper plate i n  turn rides on a second 
plate with a f l a t  undersurface  supported by a high pressure  oil  film. This 
f l a t  surface provides the  lateral freedom t o  the  vehicle. The lower plate 
i s  supported by a cylinder/piston assembly which entraps a preset volume 
of nitrogen gas  used t o  give  the soft  vertical  spring  support t o  the  vehicle. 
Raising and lowering the  vehicle i s  accomplished by changing the  level o f  
oil upon which the entrapped  nitrogen rides  within  the  piston. The vertical 
spring  rate  is  set by controlling  the  initial nitrogen precharge volume. 

After  installation i n  the  test tower the system was checked o u t  
using the f i r s t  stage  vehicle and operated very satisfactorily, passing al l  
of the  specification requirements. There  were two major concerns with 
this system. The f i r s t  was whether there would  be  any metal -to-metal 
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5.1.3 (Continued) 

contact of the  bearings  auring t e s t ,  how this could be iaentified, and 
what the  effects on test  results would be. The second was whether the 
system was a fail-safe mechanism, i . e . ,  what would  happen i f  one o f  the 
pressure 1 ines should fail  and one  of the  supports' should drop from the 
vehicle.  Testing proved t h a t  neither concern was warranted. However, a 
failure  analysis was performed t o  determine what  structural damage t o  the 
vehicle would result from  hydrodynamic support failure. This analysis 
indicated  possible  catastrophic damage t o  the  vehicle i f  one support 
failed while the system was operating a t  the planned tes t  height of 1 . 5  
inches (3.8 cm) above the parked position. Rather than redesign the 
support system t o  prevent this  catastrophic  failure,  analysis showed t h a t  
changes in  operation methods could effectively  eliminate  the problem. 
Operating height was reduced t o  0.7 inch (1.8 cm) above the parked position 
and shims  were installed under the  support system t o  lower deceleration 
loading  t h a t  would occur i f  one support failed. 

C. Stabilization system 
The stabilization system  accomplished the following two objectives: 
1 .  Maintained s ta t ic   s tab i l i ty  of the vehicle. 
2. Kept the  vehicle  centered on the  support  systef, during tes t .  

The vehicle under some propellant loading conditions was statically u n -  
stable. The criterion  for  stabil i ty was t h a t  the stability  ratio  (the 
restoring moment divided by the  overturning moment)  must  be equal t o  o r  
greater than 1.5. As the hydrodynamic support system i tself  provided no 
lateral   restraint ,  the  vehicle  also had a translational  instability. To 
eliminate  these kinematic instabi l i t ies ,  an elastic  restoring system was 
added. Lightweight collars were  used t o  attach  coil  springs t o  the  vehicle 
a t  the S-IC thrust  structure and a t  the t o p  of the second stage. Figure 
5-3 i s  a schematic of the  stabilization system. 

An upper and lower snubber system shown in  Figure 5-3 was designed 
t o  restrain  the  vehicle  in  the event of excessive t i l t  resulting from a 
failure o f  the  restoration system, hydrodynamic support system, vehicle 
structure or force  excitation system. 

The design of the  restoration system had t o  satisfy  the following 
dynamic cri teria:  

1 .  The rigid body lateral o r  rotational frequency was 1 imited 
t o  one-sixth o f  the fundamental vehicle bending frequency. 

2. The rigid body torsional frequency was limited t o  one-sixth 
of the fundamental vehicle  torsional frequency. 

3 .  The system was required t o  have small damping , 
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5.1.3 (Continued) I 
4.  The location of the  restoration system attachment t o  the 

vehicle should result in negligible  effects on the mode 
shapes and frequencies. 

5. The restoration system i t s e l f  was n o t  a1  lawed t o  have  a 
resonant frequency in  the t e s t  range of frequencies (0.1 
t o  38.0 Hz).  

A parameter study was ini t ia ted  to  determine the effects of the 
suspension on the  flexible mode shapes and  frequencies.  Results  indicated 
that  the upper and lower  systems could be positioned a t  points t h a t  were 
near the nodal points  for  the f i r s t  four  flexible  vehicle modes. Beam 
analyses were conducted t o  compare the dynamic characteristics with and 
without the  restoration system. The results of the  study showed negligible 
differences i n  the modal characteristics. 

A1 1 of the  restoration s p r i n g s  were pretensioned t o  a1 1 ow a 
residual  tension stress i n  all  springs when the  vehicle was a t  i t s   l imi t  
of travel,  i .e.,  all  springs were  always fully  effedtive u p  t o  maximum 
excursion o f  the  vehicle. The fatigue l i f e  of the system was designed 
for 107 cycles. 

The snubber system was required t o  restrain  the  vehicle  in such 
a manner t h a t  no structural  failure would occur at   the points of  snubber 
contact and that  the  vehicle would n o t  t i l t  sufficiently t o  contact  the 
work platforms o r  tower structure. The snubber  system was equipped w i t h  
micro-switches to sense  excessive  vehicle motion and turn off  the  thrusters 
as quickly as possible such t h a t :  

1 .  The oscillations would be  reduced before  the snubber loads 
become excessive. 

2. Time  was available t o  take  corrective  action t o  right  the 
vehicle i n  event of excessive t i l t .  

t’l Y 

i t h  a 
a cap- 

made t o  
general ly 

) stroke. 

3 .  The tes t  d a t a  would n o t  be affected by undetected snubber contact. 

D. Exci t a t i  on system 

As was the case for the suspension system, the  excitation sys tem 
was a project  requiring  research and development.  Based on a preliminary 
projection o f  requirements, NASA decided t h a t  the  thruster systems  then 
o n  the market would n o t  be-sufficient t o  do the job. Consequen 
specifications were  developed t o  procure a thruster system w i t h  
abi l i ty  o f  four-inch (10.2 cm) single amplitude linear  stroke w 
20,000 pound (88,965 N )  force o u t p u t .  An independent study was 
determine requirements for an excitation system. These studies 
concurred w i t h  the NASA requirements for  the four-inch  (10.2 cm 
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This stroking requirement was based on an excitation of sufficient ampli- 
tuue a t  the  sensor  points t o  allow an accurate  determination of mode shape 
using the  available  instrumentation. I t  was determined subsequently that 
the  four-inch (10.2 cm) stroke was no t  a requirement and t h a t  a 0.5 inch 
(1 .2  cm) stroke would  have  been sufficient. This difference was  due t o  
improvements in  instrumentation  sensitivity and t o  modal damping t h a t  was 
near 0.5 percent rather than the  estimated 2 percent. Also, the 1 imited 
structural  capability a t  the CSM interface and a t  the upper Y rings o f  the 
S-IVB stage  restricted  the  excitation  force and stroke. 

Acceptance testing showed t h a t  the in i t ia l ly  procured thrusters 
were total  ly unacceptable. The s i  ne  wave  was distorted, and a 1 arge amount 
of third harmonic content was evident i n  the  signal, I t  appeared 
for some time t h a t  the  thrusters would  have t o  be rejected and the t e s t  
schedule  extended. However, modification t o  the equipment and changes 
i n  the  operating procedures produced acceptable  thruster  characteristics. 
The major problems encountered and their  solutions  are: 

1 .  

2. 

The o u t p u t  of the  thruster was unstable and tended t o  enter 
a divergent 120 Hz oscillation t h a t  was driven by noise 
i n  the power amplifier. I t  was found t h a t  the armature and 
stinger connecting i t  t o  the  vehicle had a 120 Hz component 
resonance. The amplifier feedback circui t  coupling the 
o u t p u t  signal back t o  the  amplifier  input had a large enough 
ga in  a t  120 Hz t o  induce the  instabi 1 i ty . The stinger was 
redesigned t o  eliminate t h e  120 Hz resonance , and a notch 
f i l t e r  was  added to  the feedback circuit   to reduce gain 
a t  120 Hz. 
Harmonic distortion in  the  thruster  force o u t p u t  was 
caused by back e .m.f. generated by the  thruster. The 
distortion was eliminated by operating with maximum 
armature current and minimum field  current necessary to  
obtain  the  desi red force  level . 

The tnrusters were connected t o  the  vehicle by stinger assemblies 
that  consisted of flexures, a load ce l l ,  and a  piece of 'pipe. Dynamic 
analysis was performed on the assemblies t o  insure  that no resonances 
occurred i n  the t e s t  frequency, range. The primary purpose of the  flexures 
was t o  limit  the moment and shear loads imposed on the  thrusters. A t  
the beginning of testing  a 1 arge number of flexures and 1 oad cells 
failed.  Analytica7  study indicated  that  the  flexures were inadequate 
from a  fatigue  standpoint. This problem  was eliminated by u s i n g  flexures 
from a different manufacturer. 



A ground hydraulic system was provided t o  support  the frequency 
and transient response testing of the f i r s t  stage  thrust vector  control 
(TVC) servoactuators. These servoactuators  control  the  thrust alignment 
by gimballing the  four outboard  engines. The ground hydraulic system 
was designed t o  commercial system cr i ter ia .  The supplied f i l t ra t ion 
proved inadequate t o  maintain the combined ground-stage system a t  the 
cleanl i ness 1 evels  required by the  stage. These requirements were 
necessary t o  obtain  representative performance  from the  servovalves. 
The addition of a f i l t e r  solved this problem.  System cleanl  iness was 
checked by particle counts of supply and return  fluid samples prior t o  
t e s t  and every four hours dur ing  t es t .  Evidence of servovalve s i l t ing 
was  checked for by examining servoactuator  static  stability  as evidenced 
by limit  cycling. A pretest  analysis o f  the  stage TVC system and 
ground hydraulic  unit was accomplished t o  predict sys tem performance 
during tes t  and t o  determine ground  system accumulator design require- 
men ts  . 
5.1 - 4  Data Acquisition and Reduction System 

The experience from previous dynamic tests  indicated t h a t  a 
program of the magnitude of the full  scale  test would require a completely 
automated system for d a t a  acquisition and reduction. The  volume of data  
t o  be acquired and reduced was such t h a t  the more completely automated 
the system could be,  the more engineering time could be spent on da ta  
validation and evaluation. The system used f o r  the full  scale  test,was 
completely automated. This allowed the  data t o  be evaluated t o  a high 
1 eve1 of confidence  within 24 hours of  when the da ta  were obtained. A1 so,  
rapid  dissemination of reduced data  t o  user organizations was possible. 

The following guidelines  pertain t o  the es tab1 ishment of require- 
ments for  the da ta  acquisition and reduction systems : 

1 .  Large scale  tests with extensive  instrumentation  require 
t h a t  the d a t a  acquisition and reduction systems be auto- 
mated.  Automatic control  increases  consistency and decreases 
error incidence. I n  addi tion, automati c da ta  reduction 
techniques increase  the amount of d a t a  t h a t  can  be effectively 
reduced. Further, i t  i s  important t o  reduce, Val idate and 
evaluate a1 1 t es t  da ta .  Acquiring more data than  can  be 
effectively reduced and properly  evaluated i s  an expens4 Ye 
waste of  equipment and  manpower. 

124 



2. 

3 .  

4. 

5. 

6. 

5.1.4 (Continued) 

The end i tern accuracy o f  the i nstrumentation train required 
t o  meet the  objectives must be determined. This will permit 
accuracy tolerances t o  b e  assigned t o  each instrumentation 
component,  such as  accelerometers and  ampl ifiers. 

Acceptance tes t  requirements fo r  t e s t  equipment  must be 
rigorous enough t o  detect any deviation from specifications. 
Also, the requirements for  acceptance tes t  should be defined 
in l ight of the  test  objectives  rather t h a n  the  theoretically 
possible performance  of the equipment. 

The reputation of the vendor i s  of equal importance t o  the 
specification i n  the  selection of cr i t ical  instrumentation. 

Data acquisition system requirements must  be closely matched 
to  those of t h e  data  reduction system t o  insure  total system 
compati  bi 1 i ty. 

Graphic display systems should be considered when establishing 
data  reduction system requirements for future  tests. Espe- 
c ia l ly  valuable for  on-site  evaluation, such systems can provide 
real-time vis ibi l i ty  of  tes t  parameters. Graphic displays  are 
also  valuable  tools  for  final  data  validation and editing 
functi o m .  I t  should be a t e s t  requirement t h a t  graph? cal  records 
be  made of a1 1 test  data, and that these  records be displayed 
on-site as the  data  are  obtained. 

A. Data acquisition system 

The basic component of any  dynamic t e s t  data  acquisition system i s  
t h e  sensor  instrument. Requirements for  the sensing  instruments used on 
DTV were  based on the avai 1 able accuracy and sensitivity i n  the frequency 
and  ampl itude ranges o f  interest. S t r i n g e n t  accuracy requirements were i m -  
posed on the  full  scale  test  instrumentation because the  test  data would be 
used t o  force  the mathematical model t o  conform t o  the measured structural 
dynamic response o f  the  test   art icle.  The  end i tern accuracy of the  enti  re 
Instrumentation t ra in   is  governed by the test  objectives. From the  overall 
accuracy required t o  satisfy  test  objectives,  individual component accuracies 
can  be determined. Allowable percentage error can  be allotted t o  the  sensor 
the  signal  train,  the  data reduction equi pen t ,   e t c .  The dynamicist has t o  be 
concerned w i t h  the amplitude and phase characteristics of  h i s  instrumentation 
system over t h e  amplitude and frequency range of t h e  t es t .  An instrumentation 
specialist  has t o  convert  these requirements into  the  specifications  to be 
used i n  the  selection of particular instruments. 



on magnetic  tape  (126  channels)  and  analog  signals on osc i l lograph   char t  
recorders  (64 channels) . The f a c t   t h a t   o n l y  one-ha1 f the  total   channels  
could be disprayed on osc i l lograph   recorders  was  a disadvantage  for on- 
s i t e  review. For  example, the  automatic  gain  control  system  increased  or 
decreased  the  gain by a fac tor   o f   10 .  Dur ing  i n i t i a l  testing i t  was noted 
t h a t  i n  i so la ted   ins tances  the gain was r e a l l y  a random number f o r  some 
Channels. This gain  change  error was very d i f f i c u l t   t o   i d e n t i f y   s i n c e   t h e  
change  normally  occurred  approaching a resonant peak where a f a c t o r   o f  10 
change would not be not iced except on the osci l lograph  records.  Future da ta  
acquisit ion  system requirements should include on- l ine   d i sp lay   o f   a l l  
recorded  data. 

Automation  of the acquisit ion  system required t h a t  the da ta   co l -  
l ec t ion  and recording  funct ions be computer  controlled. T h i s  imposed a 
requi rement   for   s ign i f icant  amounts of software  development or preprogram- 
ming o f  the computer  system. T h i s  was i l l u s t r a t e d  on the f u l l  s c a l e  
t es t  by the automatic   f requency  interval   se lect ion and s teady-s ta te  ampl i -  
t u d e  determinat ion  features   of  the acquisit ion  system. The acqu i s i t i on  
computer  varied the thruster frequency increments such t h a t   r e l a t i v e l y   l a r g e  
increments were produced a t  the low response  portions where d e f i n i t i o n  was 
non-cr i t ical   whi le  increments as  small  as 0.002 Hz were chosen a t  the peaks 
f o r  maximum defini t ion  of   resonant  frequencies and response  peaks. The 
s t eady- s t a t e  ampl i tude   fea ture  a1  lowed the computer t o  automatical   ly  decide 
when the vehic le  had s e t t l e d   o u t   a t   e a c h  tes t  frequency and the da ta   co l lec-  
t i on  would commence. 

A minor  disadvantage  to  automatic  computer  control o f  the da ta  
acquisit ion  system i s  the t o t a l  dependence upon the s t a t e   o f  the equipment. 
Fa i lu re   o f  the computer  core  or  peripheral  equipment can  cause  considerable 
down time while  waiting  replacements. A preliminary  requirement  that the 
responsible  vendor  have rep1 acements  avail ab1 e on short not ice  would reduce 
this  problem s i g n i f i c a n t l y .  

B.  Data reduction 

The purpose  of the data  reduction  system is  t o  reduce the da ta  
acquired  and present i t  i n  the form required for   p roper   ana lys i s  and 
evaluat ion.  On-site reduction  of  data i s  necessary t o  permit a quick 
evaluat ion o f  whether the tes t  can  proceed t o  the next   condi t ion.  In 
addi t ion ,   rea l  time data   reduct ion and d i s p l a y   a r e   e s s e n t i a l   t o  insure t h a t  
response levels de t r imenta l   to   the  t es t  a r t i c l e   a r e   n o t  produced d u r i n g  
tes t .  

Considerable  advance  planning  of how the da ta   wi l l  be processed is 

1.   Validation of a l a rge  volume o f  data i s  a time consuming 

required f o r  these reasons: 

t a s k  without automated  data reduction techniques. 
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5.1.4 (Con t i  nued) 

2. Data must be  reduced and presented i n  the format  required 
by the user organiza t ions  i n  o r d e r   t o  be  of maximum bene f i t  
t o  them. 

3. The data  reduction  methods mus t  be selected; complex  reduc- 
t ion   t echniques  such as t h e  Levy curve f i t  procedure  are  
e s p e c i a l l y   t a i l o r e d   t o  automated processes.  

The on - s i t e  mode shape display  concept  employed on the f u l l  scale 
tes t  would b e  o f   s i n g u l a r   v a l u e   t o   e x p l o r a t o r y   t e s t i n g .   I n  this system a 
Four ie r   ana lys i s  was made on up t o  30 s ign i f i can t   s enso r s .  The  normalized 
output  was displayed on an osc i l loscope  w i t h  the v e h i c l e   o u t l i n e  sketched 
on the screen. The mode s h a p e   c h a r a c t e r i s t i c s  were monitored on s i t e  and 
were also  recorded on film t o   o b t a i n  a permanent  record  of mode shape 
development. 

Central   control  should  be  exercised  over a l l  structural t e s t i n g  
and data from a major  program such as t h e  Saturn V.  Several different 
Government agencies and their con t r ac to r s  will  be  involved i n  s t r u c t u r a l  
dynamic testing o f  program  hardware.  .For  example, on Saturn V ,  MSFC was 
r e s p o n s i b l e   f o r  dynamic tests of t h e  Saturn V performed by Chrysler and 
Boeing, of  major component tests performed by North  American,  and  of an 
S-I1 mini-stage tes t  performed  internal ly .  On the same program, MSG was 
r e s p o n s i b l e   f o r  a spacec ra f t  t es t  performed  internal ly ,  a spacecraf t  test 
performed by Wyle Labs,  and tests o f  the LM performed by  Grumman. LRC 
was r e s p o n s i b l e   f o r   t e s t i n g   t h e   1 / 1 0   s c a l e  model. 

In  each case, different da ta   acqu i s i t i on  and reduct ion techniques 
were used. Where cont rac tors  were involved, they were each given  responsi-  
b i l i t y  for  s e t t i n g  up and maintaining the l i b r a r y  of their tes t  da ta .  Each 
agency established i ts  own system w i t h  varying  degrees  of  r igorous documen- 
t a t i o n .  The  end result is a co l l ec t ion  o f  da t a  i n  different formats t ha t  
impedes  flow of   information  across  a program  and insures tha t   ca r ryove r  from 
one  program t o  the next will  be negl ig ib le .  

An in t eg ra t ed   t echn ica l  tes t  plan  should be developed f o r  a1 1 
s t r u c t u r a l   t e s t i n g   w i t h i n  a program. Part of  this plan  should be  the 
development  of a s i n g l e   s t r u c t u r a l  dynamic da ta   reduct ion  program  having 
var ious   ou tput   op t ions   tha t  are a l l  i n  consis tent   format .   This  program 
should be used by the Government and their  cont rac tors .  General cr i ter ia  
should be developed t o  insure consis tency i n  the data   obtained from the 
var ious tests. A central l i b r a r y   o f  test experience  should be es tab l i shed  
and maintained. Data from t h i s  l ibrary should be r e a d i l y   a c c e s s i b l e   t o  
any  agency  having a l eg i t ima te  need-to-know. T h i s  wi l l  promote  data  cross 
flow  and  insure  preservation of  d a t a   f o r  future programs. 

C. Ca l ibra t ion  

There a re   fou r   bas i c   ca l  i brat ions  that   each  sensor   should be 
subjected to :  
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2. Pretest  calibration 

3 .  On-site calibration 

4. Post-test  calibration 

The acceptance t e s t   i s  n o t h i n g  mre  than  a check on the vendors 
product t o  insure t h a t  i t  meets specifications. The importance of this 
step  is   i  11 us trated by the  servo-force-bal ance accelerometers i ni t i  a1 ly 
procured for  the  full  scale  test. Eighty-five  percent of these  acceler- 
ometers were rejected as received from the vendor because they did n o t  
pass the acceptance tes t .  The primary  problem was t h a t  the  bearings i n  
the  accelerometer would malfunction and cause a considerable shift   in the 
sensor o u t p u t .  This was  of real concern since  the t e s t  schedule was 
impacted considerably dnd o b t a i n i n g  special purpose accelerometers  requires 
a long lead  time. The  problem  was resolved by going t o  another vendor 
who, a t  considerable  extra program cost, produced sufficient accelerometers 
t o  maintain the full  scale  test schedule. This experience not only points 
o u t  the importance of the acceptance tes t  b u t  also emphasizes the importance 
of the  vendor’s  reputation. 

The second ca l ib ra t ion  required f o r  each instrument i s  the  pre- 
test  calibration. This is  a sophisticated  calibration t h a t  determines DC 
o u t p u t  factors, amplitude and phase o u t p u t  deviations as a function o f  
frequency and linearity. The linearity  characteristics  are determined 
by performing the cal i  bration a t  several  different  levels, i .e., 10 per- 
cent full  scale, 50 percent full  scale, and 100 percent full Scale. In  
addition t o  verifying  the vendors calibration,  the  pretest  calibration 
a1 so: 

1 .  Provides the  correction  factor t h a t  must be  used i n  da t a  
reduction. For example, 1.0 g may equal 9.985 volts  as 
opposed t o  10 volts nominal. 

2. Provides the  scale  factors f o r  use i n  the  on-site  calibrations. 

3 .  Provides the phase and amp1 i tude deviations  as a function 
o f  frequency t o  be  used i n  the da ta  reduction program f o r  
sensor o u t p u t  correction. This correction  is combined with 
the phase and amplitude deviations of other elements in 
the acquisition system. 

4. Provides the  baseline  calibration t o  be  used t o  spot  check 
calibrations  after individual tests.  

The on-site  calibration performs two basic  functions. I t  corrects 
amplifier  settings t o  assure t h a t  no d r i f t  has occurred i n  the system. 
Secondly, i t  provides verification t h a t  none  of the  instruments have  become 



5.1.4  (Continued) 

inva l id   dur ing   the  test. On t h e   f u l l   s c a l e  tes t  t h i s   c a l i b r a t i o n  was 
performed every four   hours  by  an  automatic  procedure programmed through 
the control computer. 

D. E r ro r   ana lys i s  

An e r r o r   a n a l y s i s  was performed t o   i n c l u d e  the effects o f  the 
complete signal t ra in ,  beginning w i t h  the t ransducer  and terminat ing  with 
the processed  data. T h i s  was accomplished i n  three s teps .  First, the 
t r ansduce r   e r ro r  was determined;  second, the e r r o r   o f  the t ransducer   p lus  
the l i n e a r   a m p l i f i e r  was determined;  and  third,  the e r r o r   o f  t h e  t o t a l  
system was determined. 

No attempt was  made t o   p e r f o y  a pu re ly   t heo re t i ca l   e r ro r   ana lys i s  
because a l a r g e  amount o f  test d a t a  was a v a i l a b l e   t o  work w i t h .  T h i s  pro- 
cessed  data   contained the a c t u a l   e r r o r s  w h i c h  had  accumulated  as the  da ta  
passed  through the various  analog  and  digi ta l  systems used  during the f u l l  
s c a l e  program. Figure 5-4  shows the typica l   da ta   s igna l   pa th  w i t h  the type 
o f   e r ro r s   i n t roduced  i n  the d a t a   a s  i t  changed  from  raw  analog  signals  to 
processed  data.  Each block of the Figure 5-4 diagram  represents a separate 
component func t ion   i n  t h e  s i g n a l   t r a i n .  

In add i t ion  a r i g i d  body e r r o r   a n a l y s i s  was made i n  o r d e r   t o  check 
the results obtained by  a s ta t i s t ica l  and probabi l i ty   ana lys i s .   Rig id  body 
mode s h a p e s   o f f e r  a unique method of de t e rmin ing   r e l a t ive   e r ro r s   o f  a l a r g e  
number of   t ransducers   s imultaneously.   Rigid body frequency is  de f ined   a s  
tha t   resonance  a t  which the dynamic test  vehic le  is  v ib ra t ing  as a s i n g l e  
mass w i t h  the suspension system ac t ing  as t h e  effective sp r ing  and w i t h  no 
f l ex ib l e   de fo rma t ion   o f  the vehicle introduced. The r i g i d  body frequencies  
on the f u l l  s c a l e  test were an o rde r  o f  magnitude  lower  than the 1 owest 
f l e x i b l e  body  modes. 

The a c c e l e r a t i o n   r i g i d  body mode shape is charac te r ized  by  a 
s t r a i g h t  l ine  and t h e  rate gy ro   r i g id  body mode s lope  is charac te r ized  by  a 
cons tan t  rate throughout the vehicle. Longi tudinal   r igid body mode shapes 
shou ld   cons i s t  o f  vertical line displaced from the o r i g i n  by an amount 
e q u a l   t o  t h e  g - l e v e l ;   p i t c h   o r  yaw r i g i d  body mode shapes  should  consis t   of  
a n i n c l i n e d   s t r a i g h t  l ine  in t e rcep t ing  the z e r o   g - a x i s   a t  the center of   ro ta -  
t i o n  o f  the vehicle. The e r r o r  is def ined as the d i f f e rence  between the 
b e s t   s t r a i g h t  l ine f i t  between a l l  the accelerometer  readings a t  t h e  r i g i d  
body frequency  and the devia t ion  from t h i s  line o f  an individual   accelero-  
meter. For a ra te  gyro,  the e r r o r  i s  def ined   as  the d i f f e rence  between the 
ca l cu la t ed  mode slope  (from the accelerometer mode shape)  and the indica ted  
s lope.  

The chief advantages i n  u s ing   t h i s   t echn ique   t o   de t e rmine   r e l a t ive  
e r r o r s  between  transducers are t h a t  many instruments can  be  compared 

I s imultaneously and t h a t  the highest   accelerat ion  magni tudes,  which are 
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5.1.4 (Continued) 

generally  the most accurate, can  be  used t o  set  the r i g i d  body  mode shape 
line. The r i g i d  body accelerations a t  the t o p  of the  vehicle  are  signifi- 
cantly  higher than a t  other  vehicle  stations. 

A1 though the  rigid body error check offered a re1 atively quick 
method o f  determining  the error band of the  full  scale  test  acceleroneters 
and rate gyros , the maximum response amplitudes were usually only five per- 
cent o f  full  scale. Because o f  the extremely low natural frequency of the 
suspension  system, a two inch displacement produced only 0.01 g accelera- 
tions. In order  to overcome these  limitations,  a technique was develcped 
t o  compare the o u t p u t  of two sets of accelerometers and rate Gyros located 
a t  the same station on the test  vehicle. When comparing these  sensor out-  
puts two factors must  be included i n  order t o  buildup an error curve: 

1. Any errors in two samples, i f  assumed  random  and non-scalar, 
will have an equal chance of occurring  simultaneously  as 
either  positive, o r  negative o r  o f  the same sign. 

2. The standard  deviation of the  difference between two samples 
from the same population i s  equal t o  the  standard  deviation 
o f  t h a t  population (from statistical  theory). 

A t  least  100 d a t a  points were  used a t  each t e s t  time p o i n t  incre- 
mental frequency sweep . In a l l  cases  sensor comparisons were  made a t  
exactly  the same frequency. Figure 5-5 shows the  error measured b y  the 
rigid body comparison  method. The dashed 1 ine  represents t h e  L one 
sigma deviations from the average error  distribution represented by the 
solid  line. 

The error curves in Figure 5-5  have  been extrapolated from 10 per- 
cent t o  100 percent full  scale by assuming t h a t  the error values are depen- 
dent only on the  data  acquisition system input  signal  level. The ga in  change 
o f  a  factor o f  10 has therefore been  assumed t o  reproduce the same error 
curve between 10 and 100 percent full  scale as was found between  one  and 10 
percent full  scale. This figure shows the  percent error   is  reduced when 
the  amplification  factor  is  increased. The abil i ty t o  change the  amplifica- 
tion  factor enabled the system t o  receive da ta  one  magnitude  lower and 
maintain  the saw accuracy. 

The effectivity of the  Fourier analysis, i n  removing noise and 
harmonic d i s to r t ion  from the  data, can  be seen by the  relatively low aver- 
age errors contained w i t h i n  the t e s t  data. A t  signal  levels of 0.1 percent 
full  scale  the analog signal t o  noise ratio is 1:1, whereas the average 
error  is  only 5 22 percent. The Fourier  analysis enabled the  signal  level 
t o  reduce t o  0.01 percent full  scale before.  the  signal t o  noise ratio 
became 1:l. 
5.1.5 Test Conduct 

Experience with ces-c programs pr ior  t o  the  full  scale  test pointed 
o u t  the importance o f  having detailed  test procedures written p r i o r  t o  actual 
testing. This guideline was adhered t o  on the full  scale program and resulted 
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5.1 - 5  (Continued) 

in a minimum of t e s t  conduct problems. The t e s t  procedures delineated  the 
vehicle and tes t  support  conditions necessary t o  satisfy the  established 
tes t  requirements. Included i n  the tes t  procedures were the bal las t  and 
pressure  levels,  restoration system preload, shaker orientation and a 
detailed  step-by-step  operational procedure t o  follow  in  the conducting 
of tests.  An additional  factor  in  the  successful accomplishment  of the 
tests was the tes t  readiness review. Imnediately p r i o r  t o  the s t a r t  o f  
each tes t  a meeting was  he1 d between  a1 1 responsible t e s t  engineers and 
technicians t o  review the tes t  procedures and t o  ascertain t h a t  al l  
representatives were cognizant of and in agreement with any deviations 
from the procedures. The foregoing steps  are considered essential in 
conducting a smooth and orderly dynamic tes t .  

The actual tes t  sequence began with a manual excitation  test which 
consisted of two technicians manually shaking the  vehicle a t  each ,rigid 
body resonant  frequency. This was performed t o  check the phasing of the 
out-of-plane  instruments t o  verify  that each sensor was aligned  properly 
and connected t o  a specific channel. Then a manually control 1 ed vibration 
sweep  was performed t o  gain advance  knowledge of the  vehicle resonances 
and maximum force  levels t h a t  could be  used during tes t .  During the 
resonance search  the  in-phase  sensors were  checked for bo th  amplitude and 
phasing a t  the  rigid body resonance. Once the  resonant  frequencies were 
known, a frequency sweep program was  made for  the  control computer  which 
contained the minimum and maximum frequency increments t o  be taken t h r o u g h -  
o u t  the t e s t  frequency  range. The  dynamic testing was  begun w i t h  the pre- 
programmed control computer providing the incremental frequency sweep t o  
the  excitation system and recording the  output  data. 

Additional tests performed included the  force  linearity  test, r i n g -  
out damping t e s t  and r ing  mode test .  The force  linearity  test  consisted 
of exciting  the  vehicle a t  three  different  force  levels a t  each resonant 
frequency t o  determine the  nonlinear  characteristics of the  vehicle. The 
ring-out damping t e s t  consisted of exciting  the  vehicle a t  each o f  the 
f i r s t  f o u r  flexible mode resonant  frequencies and measuring the  logarithmic 
decay of the response t o  determine the damping a t  each sensor when the 
force was suddenly removed. The  r ing mode t e s t  consisted of an incremental 
frequency sweep t o  determine IU r ing  mode activity. 

In the.beginning of the tes t  program twenty-three (23) men per 
sh i f t  were required t o  conduct the tes t  previously  outlined. As the 
t e s t  program progressed fewer personnel were required due t o  constant 
review and streamlining of procedures and increased  efficiency. The 
required manning level was reduced t o  fifteen (15) men per shift i n  the 
latter  stager of testing. 
5.2 DIGITAL DATA REDUCTION TECHNIQUES 

The following paragraphs review the techniques used i n  the  full 
scale  digital  data reduction program and place  particular emphasis on the 
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methods used t o  curve f i t  the test data and compute the vehicle modal 
parameters. The actual  data  reduction problems encountered  will be pre- 
sented along w i t h  the necessary workarounds used. A cr i t ica l   eva lua t ion  
of the accuracy and l imitat ions  of  the techniques used on t h e   f u l l   s c a l e  
program w i  11 a l so  be g i v e n .  

A chart  showing the general  operations  of the digi ta l   data   acquis i  - 
t ion  and data  reduction  system i s  g i v e n  i n  Figure 5-6. The data   acquis i t ion 
system was des igned  t o   d i g i t i z e  and record on magnetic  tape 900 data  points 
per second per channel f o r  128  channels  of  data. The principal  operations 
of the digital   data  reduction program were to :  

1. Read  raw data  tapes and check gain sett ings,  

2. Perform  a  Fourier  analysis  for each  channel  of  sinusoidal 
da ta ,  

3. Calculate  a  transfer  function by d i v i d i n g  each instrument 
response by the forcing  function  of  each  incremental 
frequency, 

4. Convert  selected instrument responses t o  displacement 
units p r i o r   t o  curve-f i t t ing,  

5. Curve-fit the frequency  response  data u.sing a modified 
Levy  compl ex curve-f i t routi  ne, 

6. Reduce the equations  obtained from the Levy routine by 
a par t ia l   f rac t ions  scheme t o  represent each modal 
resonant peak as  a single  degree o f  freedom system f o r  
computation of modal parameters, 

7.  Plot  frequency  response transfer functions,  curve-fi t 
t ransfer   funct ions,  mode shapes, and mode slopes. 

The automated  data  reduction  techniques used on the fu l l   s ca l e  
t e s t  proved highly  successful i n :  

1.  Obtaining modal parameters from test data.  

2. Providing  analytical  expressions for tes t  r e s u l t s   t h a t  
could be compared d i r e c t l y  w i t h  mathematical  predictions. 

3 .  Eliminating  noise and harmonic d i s to r t ion  from the exci ta-  
t i on  and response  signals. 

4. Providing  rapid  display and evaluation  of  large volumes of 
data and r ap id   d i s t r ibu t ion   t o  user organizations. 

Similar  procedures  are  highly recommended f o r  future programs. 
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5.2.1  Fourier  Analysis 

For sinusoidal dwell excitation, the response measured by each 
instrument i s  the sum of a periodic  function plus noise. This  type of 
data is conveniently reduced by Fourier  analysis. Three significant ad- 
vantages are  realized from a Fourier  analysis: 

1. 

2. 

3. 

I t  is  an effective narrow  band f i l t e r   t o  remove the 
effects of thruster wave distortion, 

I t  permits analysis of the harmonic content of the output 
wave, 

I t  represents each cycle of data by only two  numbers , 
thereby  simplifying  calibration  corrections. 

Using the correct procedure for de termining  the sampling rate 
will  result i n  accuracy and  more efficient computation. T h i s  was a basic 
deficiency  in the full   scale  test   data reduction system. The data  acqui- 
si t ion system was limited  to a fixed  rate of 900 data  points per second. 
This would provide  only 20 samples per cycle  for 45 Hz ring modes , b u t  
would provide many  more samples per  cycle than  necessary for  the  basic 
vehicle modes,  which  were i n  the 1-10 Hz range. This caused extra expense 
for the low frequency Fourier  analysis program since each cycle of data 
had to  be analyzed in segments. Also, the full  scale tes t  constant 
sampling rate never produced cycles of data  that  started and ended on 
data  points, thus requiring  that  linear  interpolation be employed to  yield 
exactly one cycle of data. 

To circumvent these problems, i t  i s  recommended that the sampling 
rate be made  an exact  multiple of the excitation frequency. The multiplier 
would be the number of data  points per cycle required to   a t ta in  the desired 
accuracy. By always d i v i d i n g  each cycle  into  exactly N equal parts the 
sine and cosine sample functions  are  numerically  orthogonal. This ortho- 
gonality reduces the least  squares  solution  for the Fourier  coefficients 
to  the following  simple form: 

1 1 1 
N+ 1 N+1 ..... 1 m 

1 
Nil 

N N 1 

- 
cos & cos 4'IT .. . , . 

L o  sin  sin 4n 
N 3- ..". 0 

YO 

= constant term 
= coefficient  of fundamental cosine term 
= coefficient of fundamental sine term ;; 

N+ 1 = nuher  o f  samples per cycle of data 
yo,  y, ,---yn = sampled response function 



5.2.1  (Continued) 

This method is  readily extendable t o  include  higher harmonics. Calculations 
of this type can  be performed rapidly on a digital computer. The  method 
conserves both  tape  storage and  computer time. 

If  the sampling rate   is  frequency dependent, t h e  sine and cosine 
Fourier coefficients  for each cycle of data  are  automatically orthogonal 
and the  orthogonality i s  not  affected by the use  of a numerical integration 
routine. Thus, a significant computational advantage i s  achieved by 
eliminating  cycle  interpolation and by reducing the sampling rate. 

The fixed sampling rate of 900 samples per second  used on the 
full  scale program made calculation of higher harmonics unacceptably 
expensive. Studies made u s i n g  DTW data show t h a t  twelve samples per cycle 
would have  been suficient t o  analyze the  data  accurately t h r o u g h  the  third 
harmonic. 

5.2.2 P o i n t  Transfer Functions 

The next step i n  d a t a  reduction i s  t o  determine the amplitude 
and prlase  of  each sensor on the tes t   ar t ic le   re la t ive t o  the i n p u t  force. 
Before this can  be done,  however,  each  channel of data m u s t  have certain 
corrections  incorporated and  have the  voltages converted t o  engineering 
units. The corrections  include curves  of phase lag and rol loff  character- 
is t ics   for  each instrument and similar da ta  for t h e  da ta  acquisition 
system. Full scale  test  data  reduction  equations were obtained for each 
correction curve t h r o u g h  the use of a curve f i t  routine and then these 
curves were applied t o  each  channel of data af ter  completion of the 
Fourier  analysis. 

The transfer  function  for each data channel is the ratio  (accel- 
eration per u n i t  force) of the  corrected response divided by the  forcing 
function. The transfer  function and the corresponding phase angle of  each 
instrument relative  to t h a t  of t h e  forcing  function was  computed through-  
o u t  the t e s t  frequency range. 

5.2.3 Transfer Function Equations 

The structural response  of a system is the sum of the responses 
i n  several modes. Separation of the tes t  data i n t o  modal  components is 
recognized t o  require  special  techniques; some of these techniques are 
cited i n  References 5-3  and 5-4. The solution chosen for  separation of 
full  scale  test  data i n t o  modal  components  was a modifiation (Reference 
5-5) t o  a complex curve f i t t i n g  method developed by E. C. Levy in Reference 
5-6. The  complex curve f i t  techniquF used i s  explained i n  detail in 
Reference 5-7. 
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a ratio of two frequency-dependent complex polynomials.’ 

where G ( j w ) k  = Curve f i t  transfer function 
* 

k = The k t h  sensor transfer function 

w = Excitation frequency 

ao ,  a l .  ..., bo ,  b l  . . . . are  constants t o  be determined 

n = Number  of  modes being curve f i t  

The error a t  each discrete  excitation frequency i s  the  difference 
between the  absolute magnitudes  of the  actual  transfer  function and the 
po lynomi a1 r a t  i 0. 

e b I k  = G ( j w I k  - G ( j w I k  

where G ( j w ) k  = transfer function measured d u r i n g  t es t  

* 
(5.3) 

e (  j w ) k  = error 

The polynomial coefficients  are evaluated  as the  result of 
/minimizing the sum of the squares of the above error a t  the experimental 
points. The least squares solution is  carried out  by an iterative pro- 
cedure. 

To isolate  the modal parameters the  partial  fractions expansion 
of the  transfer  function Equation (5.2) is  carried out  by well known 
techniques. The resulting  expression i s  : 

n = the  total number  of  modes in  the  transfer  function 

k = the k t h  transfer function 

A,, B u y  C u ,  & Du are  constants determined from partial 
fractions expansion. 
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5.2.3 (Continued) 

The procedure for  evaluating  these parameters i s  explained in  detail in 
Reference 5.7. 

An example of the curve f i t  achieved on full  scale  test d a t a  i s  
shown i n  Figure 5-7. The sol i d  line  represents  results o f  the curve f i t t ing  
routine for  bo th  the ampl itude and phase plots. The dashed 7 ine shows t h e  
weak  mode that was not obtained by the curve f i t  routine. The points  plotted 
are  the test transfer  function  data which  were  always plotted w i t h  the curve 
f i t  results t o  evaluate  the accuracy of the curve f i t .  

The quality of the  curve-fit was found t o  be dependent on the 
following: 

1. Relative peak  ampl i tudes 
2. The u n i t s  of t h e  data 
3. The d i s t r i b u t i o n  o f  the da ta  points 
4. The frequency range 
5. Closeness o f  the modal resonant  frequencies 

The preceding factors  affected  the  resulting  curve-fi t t o  such 
an extent  that  the curve f i t  f o r  a transfer  function could n o t  be obtained 
i n  a single computer run. Instead, i t  was require:! t h a t  an engineer 
evaluate  the  transfer  function  data  considering  the above parameters and 
submit the routine  for  fitting. Then the  resulting curve f i t  was evaluated 
and changes  were made i n  the parameters t o  improve the f i t .  The computer 
time associated w i t h  curve f i t t ing  decreases w i t h  experience. T h i s  i s  
particularly  true when, as i n  full  scale  testing,  several  tests  are t o  be 
r u n  which produce data having similar  characteristics. The addition of 
an engineering  graphics computational system for  evaluation of  the curve 
f i t  while the  data is i n  the computer  would greatly  shorten both flow and 
computational time required for curve f i t t i n g .  

The relative peak  ampl i tudes for  each peak curve f i t t ed  w i t h i n  a 
selected frequency range should be fairly  consistent  since  the  nature of a 
the curve f i t  routine  gives more accuracy t o  the  larger peaks in  the d a t a ,  
while some smaller peaks may no t  be f i t .  T h i s  is evident.in Figure 5-7. 
The  peak amplitudes  obtained for  the suspension system modes i n  full  scale 
testing were much larger than amplitudes  obtained i n  the  flexible modes. 
To obtain  satisfactory  solutions  for  flexible body resonances, i t  was 
necessary t o  eliminate  the low frequency range containing  the suspension 
modes. As a rule of thumb, modes whose  peak  ampl itudes are   a t   least  one 
f i f t h  of  the amplitude of  t h e  strongest mode i n  t h e  array should be curve 
f i t  accurately. Most of the modes of interest occur i n  the low frequency 
range (above the frequency range of the suspension modes). Displacement 
units emphasize the low frequency peaks, t h u s  improving the accuracy w i t h  
which these peaks are curve f i t .  

The accuracy o f  the curve f i t   i s  affected  significantly by the 
distribution of the  data poin ts  over each resonant peak. Smaller frequency 
increments should be  used around the resonances. Full scale  test  experience 
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5.2.3 (Continued) 

has shown that 8-10 frequency increments are  sufficient t o  define a reso- 
nance  above i t s  half ampl i tude point;  the accuracy of the curve f i t  will 
not be greatly increased by adding more points. 

Limiting the frequency range also  increases  the accuracy. This i s  because 
the  equations t h a t  have t o  be solved t o  obtain  the curve f i t  contain powers 
of the frequency. The highest power i s  equal t o  the number of  terms 
retained i n  the denominator of  Equation (5.2). As the frequency range is 
extended, the magnitude spread between terms i n  the  coefficient matrix 
rapidly  diverges for two reasons. First,  increasing  the frequency range 
increases  the number o f  modes included and requires higher order term 
i n  the  least squares solution. Second, o itself  gets bigger. Experience 
has shown that the  order of the polynomial  can  be as high as 12 (6  
resonances) and cover a frequency range of 20w0, where w0 is the lowest 
sample frequency, provided double precision is used. If more mdes, 
o r  a larger frequency range must be covered, the curve f i t  can  be 
carried o u t  i n  segments. 

Two modes  of nearly  identical frequency are  difficu?t t o  curve f i t .  For 
example, double resonant peaks occurred i n  some pitch and yaw data .  
These nearly  identical resonances were  produced by the small pitch and yaw 
asymmetries in  the tes t   a r t ic le .  An example  of a double peak obtained 
during the tes t  is show i n  Figure 5-8. In this case  the peaks are  nearly 
equal i n  ampl i tude. Usually one  of the peaks was larser than the other. 
These  peaks  were f i t t ed  as one  mode (Figure 5-8 shows a typical f i t )  
because o f  the smal 1 frequency difference i n  t h e  modes. A7 though the 
curve f i t  d i d  n o t  separate  the two modes, the  single mode approximation 
d i d  represent  the composite response characteristics of  the two modes 
accurately. Modal resonances closer than one percent i n  frequency could 
n o t  be separated  successfully. However,  modes as close  as two percent 
i n  frequency could be separated  accurately i f  they were  of nearly equal 
s t rength .  

5.2.4 Computation o f  llodal Parameters 

The partial  fraction expansion form  of the  transfer  function 
equation  (Paragraph 5.2 -3 )  is recognized t o  have the  general form 
of the equation for  the  transfer  function of a linear  viscously damped 
system, which is represented by: 
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5.2.4 (Continued) 

where 

$1 u = -Normalized modal displacement a t  the forcing  points 

mu = Generalized mass f o r  t h e  u t h  mode 

W U  = Frequency of  the u t h  mode 

@ku = Normalized modal displacement a t  the kth sensor   s ta t ion  
- 

G(jw)k = Transfer  function  (displacement per u n  

5 = Modal damping f ac to r  

i t  force)  

T h i s  equation was used f o r   f u l l   s c a l e  test da ta   t o  compute f o r  each mode 
( u )  and mode shape  sensor  transfer  function  (k),  t h e  modal frequency and 
damping, t h e  gain o f  the mode, and t h e  generalized mass. The workable 
techniques  developed t o  e x t r a c t  these data  from test results are  discussed 
i n  the following  paragraphs. A more detai led  descr ipt ion  of  these tech- 
niques is given i n  Reference 5-7. Experience  indicates  that  a  close 
evaluation  of the pa r t i a l   f r ac t ions  i s  required  to   assure   that   they 
represent  the ac tua l   da ta   to  an acceptable  degree  of  accuracy  before 
proceeding  into the computation  of modal parameters. 

A. Modal frequency 

The modal frequency was ca l cu la t ed   fo r  each mode (u)  of  each 
sensor   t ransfer   funct ion  (k) .  I t  was determined by extract ing the square 
root   of  from Equation(5.5). The natural  frequency  values  derived 
from the various  sensors was amazingly  consistent. The values seldom 
deviated by a s  much a s  1/2 percent between sensors showing well d e f i n e d  
response. 

For modes too weak t o  curve f i t ,  the frequency a t  which the 
imaginary component of  response peaked was taken  as the modal resonant 
frequency. 

B. Modal damping 

The modal damping was determined from t h e  t ransfer   funct ion 
equation by equating l ike terms i n  Equations  (5.4) and (5.5) .  

= cu 
2 w u  (5.6) 
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5.2.4 (Continued) 

The degree of linearity of the tes t   a r t ic le   i s  of prime importance in 
accurately  defining  the system damping. Generally in full  scale  test 
data , i t  was observed t h a t  the response per pound did not remain constant 
b u t  tended t o  decrease with an increase in force. This nonlinear 
response is   i l lust rated i n  Figure 5-9. This figure  presents  the frequency 
response d a t a  of the LES for  three  different  force  levels. This non-  
linearity made i t  essential t o  excite  the  test  article t o  levels expected 
during fl ight.  Linearized damping estimates  obtained from the  sensors 
seldom differed by  more t h a n  five  percent. This established a high confi- 
dence t h a t  the damping values were valid. 

Originally, i t  was intended t o  obtain mode shapes by normalizing 
like mode components  from the curve f i t  routine. A computer subroutine 
was written t o  calculate  the  single mode amp1 i tudes of selected  sensors 
a t  the modal frequencies. This subroutine used the  partial  fractions 
(one for each  mode). Some of the problems encountered here were: 

1 .  Some of the mode shape sensors would n o t  have a peak 
of sufficient amplitude t o  curve-fit. 

2. In the case of a double peak i t  was difficult  t o  display 
a mode shape because the  curve-fit  equations gave  one 
peak for some sensors and two peaks f o r  other  sensors. 
This distorted  the mode shapes in  sections of the 
vehicle. 

Generally the amplitude subroutine was o f  insufficient accuracy 
t o  present a good plot of the mode shape, and another r u n  was required 
t o  eliminate  the erroneous values af ter  evaluation by the  engineer. For 
this reason the  point  transfer  function data  of the mode shape instru- 
ments  were  used t o  hand plot  the mode shape. I t  was found t h a t  the 
normalized accelerometer  readings produced mode shapes of acceptable 
accuracy, although the phase angle was difficult  t o  interpret  for  sensors 
showing small response. Usually the  sign was determined by establishing 
a band of  phase  such as 0 degrees t o  180 degrees as positive and 0 degrees 
t o  -180 degrees as negative. 
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5.2.4 (Continued) 

D. Mode slope  determination 

The  mode slope i s  defined as the  rate o f  change o f  the mode 
shape with vehicle  length. Two methods  were  used t o  determine the mode 
slopes f o r  the full   scale  test .  The f i r s t  was direct measurement by 
rate gyros. The other method  of determining the mode slope involved 
using a polynomial t o  curve f i t  the mode shape d a t a  (Reference 5-7) .  The 
mode slope was obtained by differentiating  this polynomial solution. This 
technique has the advantage of determining the  slope of any specific  station 

I along the  vehicle. 
i f the  slope changes 
vals  are too  1 arge. 
accelerometers along 

E. Generalized 

The general 

n using this technique,  considerable error may occur 
appreciably from interval t o  interval o r  i f  the  inter- 
These limitations must  be recosni zed i n  spacing the - 
the vehicle. 

mass 

ized mass values were also obtained from 
results. In practice  the  coefficient Bu of the f i r s t  order 
numerator  proved t o  be negligible. Consequently, 8,  was set  
t h a t  a direct comparison of theoretical and test  results cou 

Rearranging, the  expression for generalized mass i s :  

curve f i t  
term i n  the 

t o  zero so 
I d  be  made. 

Generalized mass values obtained from the  sensors t h a t  could be curve 
fitted  accurately, normally agreed w i t h i n  10 percent. 

5.3 TEST DATA EVALUATION PROCEDURES 

5.3.1 On-Site Data Evaluation 

A qualified  structural dynamicist was on-site a t  a l l  times t o  
evaluate da ta  as i t  was taken. This i s  an essential requirement. During 
each tes t  sweep, the raw da ta  as provided from the "quick-look" system 
was  compared w i t h  the  pretest  analysis t o  ensure t h a t  a1 1 the  predicted 
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5.3.1 (Continued) 

modes  had  been excited and that  sufficient  data had  been recorded t o  
analyze the  structure completely a t  the t e s t  time p o i n t .  The o u t p u t  
signal of  each transducer was  examined a t  the r i g i d  b0d.y resonant 
frequency t o  ensure that the  sensors were  phased properly and that  the 
Signal level was in agreement w i t h  the  vehicle response. All sensors 
were monitored for  noise  content and  wave shape distortion by use of 
an analog chart  recorder.  Oscilloscopes were  used t o  determine if  trans- 
ducer output was  becoming er ra t ic  o r  faulty. 

the  overall  vehicle  response as portrayed by the mode display , and 12 
channels of transfer  plots were closely watched i n  order t o  insure t h a t  
the tes t   data  was realist i   c and that no anmal ies were present. 

In addi t ion  t o  monitoring the  individual  sensor o u t p u t  signals, 

If  data  correlation was  good  between the  pretest  analysis and 
raw test  data,  the  vehicle was then made ready f o r  the next time point 
and the  thrusters  reposjtioned  for  excitation i n  a different axis.  If 
data  correlation was not  good, then an overall check was performed on 
those  instruments which deviated t o  the  greatest  extent from the pre- 
di  cted  response. Furthermore , a manually control  led frequency sweep 
was  made for excessively weak  modes u n t i l  the  structural dynamicists 
were satisfied  that  the  pretest  analysis was i n  error.  If  the  on-site 
evaluation  indicated no problems, i t  was considered that  there was an 
80 percent confidence level i n  the  data  validation. The value of a 
rigorous pretest  analysis  to  on-site  evaluation cannot be overemphasized. 
emphasized. 

5.3.2 Test Data Validation 

While the t e s t  data were being processed,  the analog recordings 
were being annotated. The processing of  the 128 channels of  digital 
data  usually took about e i g h t  hours. After  the p r in tou t s  and plots were 
received,  the modal frequencies were approximately determined from the 
plots and then accurately determined from the  printout. Data from the 
mode shape sensors were recorded and normalized t o  the same stations 
used i n  the  pre-test  analysis. The comparison of  t e s t  and analytical mode 
shapes and frequencies was the f irst  step i n  data  validation. The second 
step i n  validation was extracting  data f o r  a l l  f l i g h t  sensors. T h i s  data 
was compared a t  the r i g i d  body frequency t o  insure  that  all amplitudes 
were w i t h i n  instrumentation  tolerances. Slopes of f l ight  gyros a t  
flexible  frequencies were also canpared w i t h  the mode shapes and w i t h  
the  non-flight backup instrumentation. 

the  transfer  function  plots  to determine if any unexplainable activity 
was evident. Where sensor  output was questioned,  a comparison was  made 
w i t h  the analog recorder  data and the  transfer  function  plots. 

The res t  of  the  instrumentation was then checked by scanning 
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hours. When sufficient da ta  were acquiied t o  allow a-satisfactory  def- 
i n i t i o n  o f  the dynamic characteristics of the  vehicle, a phone call was 
made t o  test   si te  indicating a "go" decision on validation, and testing 
proceeded t o  the next time po in t .  

5.3.3 Test Data Evaluation 

The validated  data were then evaluated more carefully by 
experienced structural dynamicists  before the d a t a  were considered 
acceptable for release i n  the test  report. This evaluation  consisted 
of a detailed examination of each sensor o u t p u t  t o  determine whether i t  
was consistent with other  sensors and represented a condition t h a t  was 
physically  possible. Component characteristics and out-of-plane motion 
were  examined in  the eval uation.  Results of this  evaluation are con- 
tained i n  the  discussion  section of a l l  test  reports. A common mistake 
which should be avoided is the recording o f  such a volume of d a t a  t h a t  
complete evaluation i s  impractical. 

5.3.4 Test Data Reporting 

The d a t a  reporting f o r  the f u l l  scale  test program consisted of 
two reports: Flash Report and Test Data Report. A Flash  Report was sub- 
mitted fo r  each time p o i n t  tested and contained the reduced d a t a  obtained 
from the "quick-look" analysis. These d a t a  included modal frequencies, 
mode shapes, excitation  forces, modal damping values,  transfer  functions, 
and f l  i g h t  gyro response. These reports were released within two days 
a f te r  the conclusion of  each tes t .  

A Test Data Report was submitted af ter  the completion o f  each 
configuration  tested. Each report contained a description o f  the tes t  
objectives,  configuration,  support equipment, da ta  acquisition system, 
instrumentation,  data  reduction  techniques,  pretest  analysis and models, 
and d a t a  evaluat ion.  The report  also contained transfer  functions, mode 
shapes,  frequencies, and damping Val ues . 
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SECTION 6 CONCLUSIONS 

This document has presented  practical  guide1 ines f o r  accomplishing 
s t ruc tu ra l  dynamic analysis, dynamic tes t ,  and data reduction t h a t  were 
establ ished  during the successful Apol lo   Sa turn  V programs. These g u i d e -  
lines and recommended prac t ices  were presented so major p i t f a l l s  and  problems 
encountered  during this program could be avoided i n  future programs. The  
material   presented i n  this document is oriented  towards the technical 
managers o f   f u t u r e  structural dynamic programs. 

The following  points  are  emphasized  based on the experience 
gained  during the Saturn V programs : 

1 .  Replica models can be  an e f f e c t i v e   t o o l   t o   p i l o t   s t r u c t u r a l  
dynamic  programs of future space  vehicles,  

2.  Math models  can  be  used t o   p r e d i c t  the overal l   vehicle  
dynamic charac te r i s t ics   accura te ly ,   p rovided  the g u i d e  
presented i n  this document are  followed, 

3 .  Local deformations and major component dynamics  can be pre- 
d i c t ed  w i t h  l imited  confidence; s t a t i c  o r  dynamic t e s t i n g  
of  major  assemblies o r   s t a g e s  is  required  to  guide math 
model development, 

4. Automated da ta   acquis i t ion  and reduction systems should 
be used on  a17 major dynamic test programs. 

5. A s ingle   t echnica l  test  plan  should  be  developed f o r  each 
space program. Consis tent   data   acquis i t ion,   data   reduct ion,  
and da ta  1 ibrary  procedures  should be used f o r   a l l  major 
dynamic tests w i t h i n  a program. 

1 ines  


