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ABSTRACT 
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I NT RO DU CT I ON 

This r e p o r t  i s  p a r t  o f  a study t o  determine the  e f f e c t  o f  damping on 

the v i b r a t i o n a l  behavior o f  m i s s i l e - l i k e  s t ruc tu res .  It i s  concerned w i t h  
i d e n t i f y i n g  and eva lua t ing  the  experience e x i s t i n g  i n  v i b r a t i o n  t e s t i n g  o f  

m i s s i l e - l i k e  vehic les and i n  p a r t i c u l a r  w i t h  the knowledge gained r e l a t i n g  
the damping e f f e c t s  t o  the  v i b r a t i o n a l  behavior. 

The purpose o f  t h i s  r e p o r t  i s  t o  i d e n t i f y  and evaluate the knowledge 

t h a t  has been generated i n  v i b r a t i o n  t e s t s  o f  m iss i l e -1  i k e  s t ruc tu res  and 

t o  see i f  t h i s  knowledge should have any e f f e c t  on the  design o f  f u t u r e  
v i b r a t i o n  t e s t s  i n  o rder  t o  ob ta in  in fo rmat ion  on the e f f e c t s  o f  damping o f  
a s t r u c t u r e  on the  v i b r a t i o n a l  behavior o f  the s t ruc tu re .  
t h i s  r e p o r t  examines developments i n  the  f i e l d  o f  v i b r a t i o n a l  t e s t i n g  o f  

m i s s i l e - l i k e  vehic les,  how they have evolved, and what i n fo rma t ion  has been 
obtained; p a r t i c u l a r l y  t h a t  in fo rmat ion  t h a t  sheds l i g h t  on the e f f e c t s  o f  
damping on the  v i b r a t i o n a l  behavior. A t t e n t i o n  i s  given t o  determining the  
var ious forms i n  which the  raw data were obtained, the  reduct ion methods 
t h a t  were used, and the  methods o f  present ing the resu l t s .  

se rva t i  ons o f  the  var ious experimenters, p a r t i c u l a r l y  those observat ions 
regarding the e f f e c t s  o f  damping o r  the magnitudes o f  damping, i n  terms o f  

conclusions reached and recommendations made are  noted. 

I n  p a r t i c u l a r ,  

Pe r t i nen t  ob- 

The r e s u l t s  o f  the survey o f  pas t  v i b r a t i o n  t e s t s  serve as a bas is  f o r  

the authors t o  make conclusions and recommendations regard ing v i b r a t i o n  

tes ts  o f  m i s s i l e - l i k e  s t ruc tu res  and, i n  p a r t i c u l a r ,  the e f f e c t s  o f  damping 

on the v i b r a t i o n a l  behavior o r  t he  generat ion o f  data t o  determine these 

e f f e c t s .  

The t e s t  data surveyed i n  t h i s  r e p o r t  are l i m i t e d  t o  publ ished data. 

The computerized l i t e r a t u r e  search serv ices o f  t he  Redstone S c i e n t i f i c  I n -  

format ion Center were used t o  ob ta in  an i n i t i a l  b ib l iography .  This  b i b l i o g -  
raphy was reviewed and on ly  those repo r t s  considered p e r t i n e n t  t o  the  problem 

were obtained. 
dea l ing  w i t h  v i b r a t i o n  t e s t s  t o  serve as the  bas is  f o r  the present survey. 

Reports dea l ing  w i t h  a n a l y t i c a l  methods o f  p r e d i c t i o n  and ca l cu la ted  r e s u l t s  

are n o t  inc luded i n  t h i s  survey. 

These repor ts  were then f u r t h e r  reviewed t o  s e l e c t  those 

1 



The f o l l o w i n g  sec t i on  deals w i t h  the survey o f  v i b r a t i o n  t e s t s  on 

m i s s i l e - l i k e  s t ruc tu res .  

menters, i n c l u d i n g  t h e i r  conclusions and recommendations. 

It a l s o  includes the observations o f  the exper i -  

The t h i r d  sec t i on  concerns the  eva lua t i on  o f  the v i b r a t i o n  t e s t  data 

by the  present  authors i n c l u d i n g  the  accuracy o f  t he  t e s t  data, t he  compar- 
isons between t h e  t e s t  and a n a l y t i c a l  p red ic t i ons ,  and any e f f e c t s  on damp- 

ing.  

The f o u r t h  s e c t i o n  concludes the r e p o r t  and deals w i t h  t h e  poss ib le  
in f luence o f  t h i s  i n fo rma t ion  on f u t u r e  tes ts .  

au tho r ' s  recommendations as t o  what s i g n i f i c a n t  i n fo rma t ion  t o  look  f o r  i n  
f u t u r e  t e s t s  and recommendations f o r  ob ta in ing  a d d i t i o n a l  damping in fo rma t ion  

from f u t u r e  tes ts .  

This sec t i on  gives t h e  

An appendix g i v i n g  a s h o r t  summary o f  a l l  o f  the repo r t s  reviewed i s  
i nc luded  as p a r t  o f  t h i s  repor t .  

those r e l a t e d  t o  t h i s  appendix. 

References i n  t h e  t e x t  o f  t h i s  r e p o r t  a re  
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SURVEY OF VIBRATION TESTS ON 
MISSILE-LIKE STRUCTURES 

TYPES OF TESTS AND TECHNIQUES USED 

Tests o f  m i s s i l e - l i k e  s t ruc tu res  i n  which the  v i b r a t i o n a l  character-  

i s t i c s  were examined, e i t h e r  as the prime o b j e c t i v e  o f  the t e s t  program o r  
as a p a r t  o f  a l a r g e r  t e s t  program, can be d i v ided  i n t o  th ree  categor ies:  

1. F l i g h t  t e s t s  

2.  Prototype ground t e s t s  

3. Scal e-model ground t e s t s .  

F l i g h t  Tests 

F l i g h t  t e s t s  a re  a t  times designed t o  i nc lude  a number o f  measurements 
t h a t  would be use fu l  i n  determining c e r t a i n  o f  the v i b r a t i o n a l  character-  
i s t i c s  o f  the vehic le .  

of the vehic le .  
veh ic le  a re  normal ly  be ing  sought. Crys ta l  accelerometers and barium t i t a n a t e  

accelerometers have been used on some f l i g h t  t es ts .  These accelerometers 
were l oca ted  i n  a l i m i t e d  number o f  pos i t i ons  on the  veh ic le  A I * ,  i n  some 

cases on an inst rument  package o r  on an engine as i n d i c a t e d  i n  F igure 1. 

The output  data o f  the  accelerometers were telemetered t o  the  ground s ta t ions .  

These data are on ly  a small p a r t  of the t e s t  mission 
Many more important items regard ing the performance o f  the 

Prototype Ground Tests 

More extens ive in fo rmat ion  i s  obta ined us ing a f u l l - s c a l e  prototype 
which has been instrumented ex tens ive ly  f o r  t e s t s  dea l ing  p r i m a r i l y  i n  deter-  
mining the v i b r a t i o n a l  c h a r a c t e r i s t i c s  o f  the veh ic le .  These vehic les a re  
supported e i t h e r  v e r t i c a l l y  o r  h o r i z o n t a l l y  by cable-spr ings arrangement. 

The smal le r  vehic les have been suspended h o r i z o n t a l l y ,  e.g., the  Thor De l ta  B7. 
The most common p r a c t i c e  on the l a r g e r  veh ic les  o f  the  Saturn-type has been 

t o  suspend these v e r t i c a l l y  us ing  a mu l t i - cab le  sp r ing  arrangement as i n d i -  

cated i n  F igure 2. 

*Superscr ipts r e f e r  t o  references inc luded i n  an appendix t o  t h i s  repor t .  
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(from Ref. B3) 
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Extensive instrumentation, b o t h  on the vehicle as well as readout equip- 
ment on the ground has been used t o  obtain detailed information regarding 
the vibrational characterist ics e Ground t e s t s  on the Saturn IB, for  example, 
used about 75 accelerometers located a t  15 different  stations as well as 
accelerometers located on the f ins  and cablesB3. In  addition, the t e s t s  also 
incorporated 15 rate  gyros and 4 control accelerometers. 
excited i n  the pitch , yaw, and torsion planes us ing  electro-magneti c shakers. 
The vehicle could be excited in i t s  various modes, and the mode shape as 
well as natural frequency determined. In some cases, the data were such t h a t  
the damping factor  fo r  the vehicle could be obtained; i n  others, the design 
of the t e s t  did n o t  allow for  the determination of the damping factor. 
t e s t s ,  however, were primarily aimed a t  determining the damping factor  of 
the vehicle. 

The model was 

Some 

Large-Scale Model Ground Tests 

Large-scale models of vehicles have been used to  determine the vibrational 
characterist ics of the ful l -scale  vehicle". These scale models were geo- 
metrically similar t o  the full-scale vehicle w i t h  the iner t ia l  and e l a s t i c  
properties scaled according t o  s imilar i ty  conditions. 
made i n  these models t o  simulate the sloshing of fuels. 
supported by spring-cable systems similar t o  those used i n  the vibrational 
tes t s  of the ful l -scale  prototype. Tests of the scale models were also made 
to determine the e f fec t  of the suspension systems from t h a t  of two cables t o  
the eight-cable suspension system used i n  the ful l -scale  prototype t e s t s  of 
the Saturn vehiclesC3. 
s t ra in  gage type accelerometers. In addition, certain t e s t s  used an accel- 
erometer w i t h  a vacuum attachment as a portable pickup t o  determine the 
direction of motion of the outer booster tank o f  the Saturn SA-1 scale model 
t e s t .  
supporting readout and analysis equipment can be used on the ground. 

Attempts were also 
The models were 

The models were extensively instrumented us ing  unbonded 

Not only can extensive instrumentation be used on the vehicle, b u t  

In most cases, the model was excited by an electromagnetic shaker acting 
i n  one planeC3. However, in some cases, u p  t o  e ight  electromagnetic shaker 
arrangements have been used to  excite the model i n  various modes of motion' 
As i n  the ful l -scale  prototype t e s t ,  the model can be excited by the magnet 
shakers i n  pitch, yaw, and torsion. 

C 
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PERTINENT INFORMATION OBTAINED FROM TESTS 

Only those data dea l ing  w i t h  the v i b r a t i o n  c h a r a c t e r i s t i c s  and damping 

o f  the veh ic le  are covered i n  t h i s  sect ion.  
t o  ob ta in  add i t i ona l  in fo rmat ion  o r  may have been aimed p r i m a r i l y  a t  ob ta in ing  
in fo rmat ion  o ther  than the  v i b r a t i o n a l  o r  damping performance. 

The t e s t s  may have been designed 

F l i g h t  Tests 

The v i b r a t i o n a l  performance o f  the  veh ic le  i s  on ly  a small p a r t  o f  usual 
f l i g h t  t e s t  programs. The. e x c i t i n g  forces are  n o t  c o n t r o l l a b l e  and usua l l y  
are those a r i s i n g  from the  environment o r  f rom the propu ls ion  system o f  the 
vehic le .  Accelerat ions sensed a t  l i m i t e d  l oca t i ons  a re  normal ly  te lemetered 

t o  the  ground. 

ducted us ing  data f o r  smal l  per iods o f  t ime w i t h  the s igna l  r e p e t i t i o u s l y  
reproduced. 

A spec t ra l  ana lys is  o f  these acce le ra t ion  readings i s  con- 

For the  case o f  f l i g h t  t e s t s  o f  t he  J a v e l i n  vehicleA*, s igna ls  from seven 

accelerometers mounted i n  an ins t rumenta t ion  package were used. A spec t ra l  
analys is  o f  the acce le ra t ion  data f o r  c e r t a i n  phases o f  the  f l i g h t  was con- 

ducted us ing 1.5 t o  2 seconds o f  s igna ls  r e p e t i t i o u s l y  reproduced. The 
reduced data were presented as frequency as a f u n c t i o n  o f  t ime, average 

acce le ra t ion  as a func t i on  o f  time, and acce le ra t ion  spec t ra l  dens i ty  as a 
func t i on  o f  frequency a t  d i f f e r e n t  t imes f o r  the d i f f e r e n t  acce le ra t ion  gauges. 
The frequencies o f  v i b r a t i o n  are  h igher  than those o f  i n t e r e s t  f o r  the f i r s t ,  
second and t h i r d  modes. 

F l i g h t  t e s t s  o f  t he  NASA Scout ST-lA3 veh ic le  inc luded inst rumentat ion 

f o r  v i b r a t i o n  measurement. A l i m i t e d  number o f  c r y s t a l  accelerometers were 
i n s t a l l e d  on the  veh ic le  t o  sense the normal and transverse accelerat ions.  

Rate-gyro readings were a l so  used t o  check the  acce le ra t ions  and de f l ec t i ons .  
These rate-gyros were l oca ted  i n  the payload sect ion.  Although t h i s  i n s t r u -  
mentat i  on was p r imar i  l y  in tended t o  ob ta in  the envi  ronmental v i  b r a t i o n  
measurements dur ing  the  t h i r d  and f o u r t h  stage motor burning, they a lso  sup- 

p l i e d  in fo rmat ion  which was usefu l  i n  ob ta in ing  the bending and damping 

cha rac te r i s t i cs .  
spec t ra l  analys is  us ing  a Davis-Wave Analyzer and two-second tape loops f o r  
a frequency range o f  0 t o  4000 her tz ,  w i t h  a f i l t e r  nominal bandwidth o f  20 

h e r t z  and the average l i n e a r  mode o f  operat ion.  More r e f i n e d  analyses were 

The data obtained f rom the t e s t s  were subjected t o  a 
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conducted as well. 
the f i r s t ,  second and t h i r d  modes as a function of f l i g h t  time fo r  the f i r s t ,  
second and third stages of the vehicle. The damping ra t io  fo r  the second 
and third stage of the vehicle i s  also shown as a function of f l i gh t  time. 
The assumed value of 0.01 i s  indicated fo r  comparison. 
are as much as three times the assumed value. 
damping ra t io  from the experimental data was not discussed i n  the report. 
was probably determined from the bandwidth of the various modes determined 
from the spectral analysis. 

Figures 3 ,  4 ,  and 5 show plots of the frequencies of 

The measured values 
The method of determining the 

I t  

Prototype Ground Tests 

Vibration t e s t s  of the Thor-Del t a  missileB7 were conducted t o  improve 
the analyti cal model used to  predict the vibrational characterist ics.  
Figure 6 shows the modal shapes and frequencies as ,predicted by a preliminary 
mathematical model , as obtained from the t e s t s  and as predicted by the modi- 
f ied mathematical model. The t e s t s  were also used to  evaluate the operation 
of the control system in a vibrational environment where bending dynamics, 
as well as localized vibration e f fec ts ,  could be observed. 

A f u l l  scale t e s t  vehicle made u p  of a Lance fo r  the f i r s t  stage, a 
Lance for  the second stage,  a Recruit for  the third stage, and a T-55 fo r  
the fourth stage was vibration-tested by NASA/Langley Research CenterB8. 
calculated and experimental modal shapes for  the f i r s t  three modes compared 
quite favorably as shown in Figure 7. 

The 

A1 though the s t ructure  was supposedly geometrical ly symmetrical abou t  
the longitudinal axis, a small b u t  consistent difference i n  the vibration 
characterist ics of the f i r s t  three modes for t e s t s  conducted fo r  longitudinal 
planes ninety degrees with respect t o  each other showed some variation i n  the 
frequencies, Figure 8. 
and fabrication effects  which could also produce unpredictable variations and 
frequencies of several percent in vehicles which are supposedly similar.  

These differences were believed t o  be due t o  tolerances 

The effects  of j o in t  looseness between the jo in ts  of the stages of the 
vehicle were also investigated. 
frequency of the f i r s t  mode with j o i n t  looseness and amplitude of osci l la t ion.  
The t e s t s  showed t h a t  reductions in the natural frequency of the f i r s t  mode 
of up t o  20 percent could ex is t  during unwinding of the screw joints  between 

Figure 9 shows the variation of natural 
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Joint Looseness and Amplitude of Oscillation for 
Lance Recruit Assembly (from Ref. 88) 
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the second and third stages. 
observations with many rocket vehicles show that s ignif icant  local contri- 
butions to  flexure frequently originate a t  joints  and tha t  these j o i n t  effects  
must be included in the analyses involving flexure. 
treated empirically a t  NASA/Langley Research Center w i t h  sa t isfactory resul ts  
i n  the determination of the natural vibration characterist ics and i n  aero- 
e l a s t i c  problems. The report shows some experimental results for  various 
types of joints  in terms of j o i n t  ro t a t ion  constants for  various degrees of 
tightness of the jo in t . )  

(The authors of the report s ta ted tha t  

The problem has been 

The most extensive dynamic t e s t s  t o  determine the vibrational character- 
i s t i c s  of ful l -scale  vehicles have been performed on the Saturn family of 
vehiclesB2. 
the vehicle t o  determine the f l i gh t  characterist ics for  different  portions of 
the f l i g h t  path. 
accelerometer measurements are presented i n  d i f ferent  ways, e.g. ,  as plots of 
displacement per unit  force as a function of frequency (Figure 10);  displace- 
ment a t  numerous s ta t ions along the structure a t  various resonant frequencies 
(Figure 1 1 ) ;  resonant frequency as a function of simulated time a f t e r  f i r i ng  
(Figure 1 2 ) ;  or amplitude as a function of time fo r  natural decay (Figure 13).  
Damping information i s  obtained from these data assuming a single degree-of- 
freedom formulation with viscous damping. A typical s e t  of data for  damping 
i s  shown in Table 1 .  

These t e s t s  were carried o u t  fo r  various loading conditions of 

The data from these t e s t s  are extensively documented. The 

Full-scale tes t s  of the Atlas/Agena configuration were conducted primarily 
t o  establish the damping of the vehicleB6. 
position transducers, a t  each cycle of the transient decay, was measured and 
plotted as a function of the number of cycles of decay. 
shown i n  Figure 14. The damping r a t i o  was related to  the slope of the l ine 
tangent t o  the curve (related t o  a single degree-of-freedom viscous damping 
model). Results of this  t e s t  indicated that  i n  a l l  b u t  two cases the 
damping r a t io  reduced w i t h  amplitude. 
explained as being due to  a decrease i n  f r ic t ion between the buildup section. 
This decrease in f r ic t ion  becomes negligible w i t h  a decrease in the amplitude 
of motion. Two cases were observed which d i d  not follow this  behavior. No 
explanation could be offered f o r  these two unusual cases. 

The peak-to-peak amplitude of 

A typical plot  i s  

The reason for  th i s  behavior was 
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TABLE 1 

TYPICAL RESONANT FREQUENCIES AND STRUCTURAL DAMPING FACTORS ( f r o m  R e f  a 82) 

Run Frequency Damping 
Number Mode (Hz) 9)  

Long i tud ina l  L i f t o f f ,  8-8 Suspension 

030001 
030005 
030007 
03001 1 
03001 4 
03001 6 
030020 
030022 
030024 
030026 
030031 

230001 
230003 
230005 
2300 10 
23001 2 
2300 1 4 
2300 16 

020003 
020006 
020007 
02001 2 
020014 
02001 6 
020020 
020023 

Bouncing 
R2 
R 3  
R4 
R5 
F i r s t  Long i tud ina l  Mode 
Engine and Thrust  S t r u c t u r e  
Fuel Tank 
R9 
R 1 0  
R 1 1  

01.550 
04.900 
05.780 
06.510 
07.540 
10.170 
13.700 
16.410 
18.640 
20.770 
24.830 

Longi tud ina l  , 146 sec, 4-E4 Suspension 

Bouncing 01.830 
F i  r s  t Longi t u d i  n a l  Mode 11.410 
Outer Tanks 14.220 
S-IV Engine and Outer Tanks 20.530 
S- I V  Bulkhead 25.850 
S-IV Bulkhead and Outer Tanks 28.120 
Outer Tanks 35.870 

Torsion, L i f t o f f  , 8-8 Suspension 

Outer Tanks Tangent 
Tower La te ra l  
F i r s t  Torsion 
Tower La te ra l  
C1 us t e r  
Second Outer Tanks Tangent 
R7 
R8 

02.356 
03.592 
03.687 
04.036 
05.660 
06.594 
10.040 
10.560 

-- 
1.82 
2.58 
3.34 
2.05 
2.58 
6.09 

2.28 
-- 

1.96 
5.08 
5.17 
5.17 
4.41 
3.56 

2.01 
3.38 
4.32 
3.07 
2.10 
3.60 -- 
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Scale Model Ground Tests 

The Martin Company used a one-fifth scale T i t a n  I11 vehicle as a dynamic 
t e s t  model t o  verify the analytical model used fo r  vibration analysis of the 
Titan I11 vehicleC1. 
advantages of large-scale model testing. These include cost items as well as 
the large amount of data that can be obtained from model tes t s .  
shows the f i r s t  three pitch modes as predicted by the analytical model and as 
obtained experimentally using the one-fifth scale model. One problem pointed 
out by the authors i s  t h a t  of structural  damping simulation. They stated t h a t  
structural  damping may not be simulated accurately due to  deviations in local 
nonstructural detai ls  such as lack of insulation. Structural damping d a t a  
obtained i n  the Titan I11 scale model vibration tes t s  are shown i n  Figure 16; 
full-scale data derived indirectly indicated higher values. 
and other t e s t s ,  the authors concluded that  t o  provide h i g h  f i de l i t y  scaling, 
the length of a model should be somewhere on the order of 25 t o  40 fee t  and 
t h a t  th i s  length i s  more important than the scale factor used. 
would require skin thickness scaling which would be prohibitive as well as 
d i f f icu l t ies  i n  achieving scaling i n  tolerances. 

In the cited reference, the authors l i s t  some of the 

Figure 15  

Based on these 

Smaller lengths 

A one-fifth scale dynamic model of the Saturn SA-1 vehicle was tested a t  
Langley Research Center i n  order to determine the feas ib i l i ty  of using dynami- 
cally scaled models to  obtain vibration dataC4. Figures 1 7 ,  18 and Table 2 
show a comparison of the resonant frequencies, mode shapes and damping from 
the model with the ground vibration surveys of a full-scale Saturn vehicle. 
The f i r s t  bending mode frequency parameters agreed within 6 percent, provided 
the r i g i d  body suspension system rocking frequency parameters were in agree- 
ment. 
below the fu l l  scale frequency parameters. 
of magnitude as the fu l l  scale vehicle fo r  most of the modes, and agreement 
was found between the lower mode shapos. 
between the model and ful l -scale  higher mode shapes. 
be caused by structural  simplifications made in the second stage structure o f  
the model. Nonlinear effects  were observed both  i n  the model and full-scale 
vehicle f o r  the f i r s t  bending mode response. 
by a decrease of resonant frequency w i t h  increase of  vibration amplitude. 

The frequency parameters of the cluster  modes were about 10 percent 
The damping was of the same order 

Significant differences were found 
These were believed t o  

These effects  were characterized 

21 



Figure 15a. F i r s t  Pitch Mode - L i f t - o f f  - Configuration 3-A 

F i  15b. 

U a L L  STA- 

Second Pitch Mode - L i f t - o f f  - Confi gurat i on 3-A 

Figure 15c. Thi rd  Pitch Mode - L i f t - o f f  - Configuration 3-A 

Figure 15. Measured and Computed Latera l  Mode Shapes for  T i t a n  111 
F u l l  Size (from Ref. C 1 )  
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Figure 16, Sumnary o f  Modal Damping Data - Titan 111, 1/5 Scale 
Model ( from Ref. C 1 )  
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EVALUATION OF VIBRATION TEST METHODS AND DATA 

GENERAL 

Three methods o f  ob ta in ing  the v i b r a t i o n a l  c h a r a c t e r i s t i c s  o f  m i s s i l e -  
l i k e  con f igu ra t i ons  have been used. 
f o r  each o f  these methods. These th ree  methods a r e  

Damping in fo rmat ion  has been obta ined 

0 Free- f 1 i g h t tes  ti ng 

* F u l l - s c a l e  capt ive  o r  ground t e s t s  

0 Large-scal e model cap t ive  tes ts .  

F r e e - f l i g h t  v i b r a t i o n  t e s t i n g  i s  probably the most expensive and o f f e r s  
the  most l i m i t e d  and l e a s t  accurate in fo rmat ion  regard ing the v i b r a t i o n a l  
performance and damping in format ion.  

con t ro l l ab le .  
t r a n s m i t t i n g  the  bas ic  data t o  the  ground i s  r a t h e r  complicated. 
t e s t i n g  should be used p r i m a r i l y  f o r  l i m i t e d  v e r i f i c a t i o n  o f  o the r  t e s t  data 
obtained by c o n t r o l l e d  ground tes ts .  

f o r  generat ing bas ic  data regard ing the  v i b r a t i o n a l  c h a r a c t e r i s t i c s  o f  t h e  
veh ic le  o r  t h e  e f f e c t s  o f  damping on such v i b r a t i o n a l  cha rac te r i s t i cs .  

Fu l l - sca le  capt ive  testsB2, though expensive, a l l ow  f o r  extens ive 

The var iab les  o f  the  experiment a re  n o t  

The ins t rumenta t ion  i s  1 i m i t e d  and the  te lemetry  system f o r  
F r e e - f l i g h t  

F l i g h t  t e s t i n g  i s  n o t  the bes t  method 

ins t rumenta t ion  and con t ro l  o f  the var iab les  o f  the  experiments. Large 
amounts of  data have been obta ined p r i m a r i l y  du r ing  the Saturn program. 

Support systems have been designed and used t h a t  very  c lose ly  s imulate the  
f ree- f ree  f l i g h t  condi t ions.  Time schedules as w e l l  as o the r  demands on the 

veh ic le  e s s e n t i a l l y  preclude the eva lua t i on  o f  design mod i f i ca t i ons  based on 

previous t e s t s  . 
Large-scale model cap t ive- tes ts  a l l ow  ex tens ive  ins t rumenta t ion  and 

c o n t r o l  o f  the var iab les  o f  the  tes ts .  
based on prev ious t e s t s  a re  more l i k e l y  t o  be evaluated s ince  the  demands on 
the models w i l l  n o t  be as g rea t  as those on the f u l l - s c a l e  vehic les.  

models can a lso  be used t o  generate much more in fo rmat ion  due t o  t h e i r  

avai  1 ab i  1 i ty . 

The e f f e c t s  o f  design mod i f i ca t i ons  

The 
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In any overall program a l l  three methods of testing should be used. 
During the design process o f  the vehicle, large-scale model captive-tests 
should be used t o  verify the design as well as t o  generate information on 
which design changes can be based. After the design has been frozen and a 
prototype bui 1 t ,  ful l -scale  captive t e s t s  should be conducted t o  determine 
any scaling effects  t h a t  are unpredictable. Certain of the f l igh ts  should 
then incorporate a limited amount of instrumentation t o  spot-check the d a t a  
of the full-scale captive tes t s .  

ACCURACIES 

Very l i t t l e  documentation regarding the accuracies of vibrational testing 
i s  available. 
the f l i gh t  t e s t  method seems t o  be subject t o  the largest  errors.  
be introduced by environmental effects  on the instrumentation, such as changes 
i n  temperature, by the lack of understanding of the externally and randomly 
applied forcing functions, and by errors in the telemetering process. 
case mentioned, f i c t i t i o u s  peaks in the accelerometer data were introduced 
due t o  loss of telemetering data a t  various f l i g h t  times. 

I n  some cases qual i ta t ive information i s  given. In general, 
Errors can 

In one 

The accuracy of ful l -scale  ground t e s t  resul ts  have, in general , been 
considered good. Instrumentation errors were minimized by proper Cali bra t ion  
of equipment and the control and understanding o f  the environment, e.g., var ia-  
tions of accelerometer readings with temperature due t o  viscous damping (oi 1)  
used in the accelerometers. 
errors ;  however, care was taken in the design of the suspension system t o  
minimize these errors.  
t e s t  da ta  was questioned due t o  lack of understanding and due t o  lack of 

The suspension systems used can also introduce 

In certain t e s t s  the accuracy and r e l i ab i l i t y  of the 

instrumentation. In general , however, the experimental errors seem t o  be 
small. 
help t o  those reading and interpreting the t e s t  data .  

Documentation of the errors of the instrumentation would be o f  great 

The accuracies and experimental errors involved in large-scale ground 
testing are generally the same as those for  ful l -scale  captive ground tes t s .  
A possible source of e r ror  in extrapolating the da ta  of large-scale ground 
tes t s  t o  t h a t  for the ful l -scale  vehicle i s  t h a t  due t o  deviations in local 
nonstructural detai ls  such as lack of insulation, giving structural  damping 
values which may be different  from t h a t  o f  the ful l -scale  vehicle. Another 
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possible source of e r ror  is  that  due to  the differences i n  the suspension 
systems used to  simulate the free-free conditions. 
of the experimental errors of the t e s t s  would be valuable t o  those using or 
interpreting the t e s t  data. 

Again, the documentation 

COMPARISON WITH ANALYTICAL PREDICTIONS 

The limited amount of instrumentation used i n  f l i g h t  t es t s  does not give 
The frequencies of suff ic ient  da t a  fo r  the determination of the mode shapes. 

the f i r s t  three bending modes fo r  various f l i g h t  times have compared favorably 
w i t h  analytical predictions (Figure 3) .  Indications from the reports surveyed 
are tha t  1 percent damping ra t io  was used i n  the analytical predictions. 
in-f l ight  damping d a t a  gives a variation of the second and t h i r d  stages o f  the 
configuration decreasing from about 3 percent to  about 2 percent during the 
f l i gh t  history (Figure 4).  The damping i s  probably t h a t  assumed for a viscous 
single degree-of-freedom system. 

The 

The extensive instrumentation used on ful l -scale  ground tes t s  permits an 
accurate determination of the modal shapes and frequencies for about the f i r s t  
three modes. 
lyt ical  predictions (Figures 6 ,  7 ,  and 8). 
components and motion appear t o  be higher t h a n  expectedC1. 
the predicted and experimental frequencies and modal shapes can usually be 

explained by the factors in the t e s t  not accounted fo r  in the analytical models 
such as engine resonances. 
small, usually on the order o f  2 to  3 percent. 
usually higher than tha t  i n  the la te ra l  direction. 

These mode shapes and frequencies compare quite well w i t h  ana- 
Coupling effects  between various 

Deviations between 

In general , the damping has been found t o  be quite 
The damping in torsion i s  

The same remarks regarding large-scale ground tes t s  can be made as those 
Local vibrational effects  

In one caseA3, 

above fo r  the ful l -scale  ground t e s t s  (Figure 15). 
i n  the large-scale model differing from those i n  the full-scale ground t e s t s  
may exis t .  
a control box was rendered inoperative because of v i  bration chatter.  

These local vibration effects  could be important. 

DAMPING 

The t e s t  data from e i ther  of the methods o f  testing i s  often used t o  
obtain a value of damping ra t io ,  assuming a viscous type of  damping and a 
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single degree-of-freedom model. The damping ra t io  is  normally expressed i n  
terms of the percent of c r i t i ca l  damping. 

From f l i g h t  t e s t  data a value of damping ra t io  of about 3 to  3.5 percent, 
decreasing w i t h  an increase of frequency to  about 2.5 percent, was found t o  
ex is t  (Figure 4). 
locations of the body. 

This was based on a limited amount of data a t  limited 

Full-scale captive t e s t s  have indicated damping rat ios  as h i g h  as 7 per- 
Most of the data, however, shows damping between 5 percent cent (Figure 17). 

and 1 percent of c r i t i ca l  (Figure 14). 
in general, the damping seems t o  increase with increased frequencies corre- 
sponding t o  higher modes. 
i n  the la te ra l  modes some data f o r  the Titan I I Ic l  showed a considerable 
sca t t e r  and a s l i gh t  decrease w i t h  increasing frequencies. 
other mode of th i s  reference i s  too scattered t o  allow determination of any 
trend in the damping w i t h  increases of frequencies. 
vary w i t h  time due to  variations of fuel i n  the vehicle. 
full-scale vehicles also seems to  be dependent somewhat on the suspension 
system used. T h i s  e f fec t  can be minimized with proper design of the sus- 
pension system. 

The damping data is  quite scattered; 

Trends are n o t  quite c lear  for  a given mode, e.g., 

The data fo r  the 

The modal frequencies 
The damping on the 

Full-scale damping tests on the Atlas vehicles have indicated t h a t  i n  
a l l  b u t  two cases shown the damping r a t io  decreased w i t h  a decrease i n  
arnplitudeB6. 
of the decrease i n  damping w i t h  the decrease i n  amplitude is  based on the 
relat ive motion a t  the jo in ts  resulting in lower damping fo r  smaller motion 
a t  the jo in t .  

The differing of the two cases was not explained. Explanation 

Damping data from large-scale model captive t e s t s  show that  longitudinal 
damping varies from as h i g h  as 8 percent t o  s l igh t ly  greater than 1 percentB6. 
No signif icant  e f fec t  of frequencies i s  seen fo r  these longitudinal modes. 
Damping of the la teral  modes from about 3 percent down to  about 0.3 percent 
has been observed. 
with increasing frequencies. Model t e s t s  also show tha t  the damping decreases 
as the vibration amplitude decreases. These data are based on determining the 
damping early in the decrement and a f t e r  a considerable decrease in amplitude. 

The trend seems to  be such tha t  the damping decreases 
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SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 

Test methods for  determining the vibrational characterist ics of 
missile-like configurations are  well developed and give resul ts  which are 
quite good. These t e s t s  have not only been used t o  study the vibrational 
characterist ics of the vehicle u p  t o  the f i r s t  three modes b u t  have also 
been used t o  verify and/or modify the equations of motion of the system, 
primarily the mass terms i n  the equations. 
that  the f i r s t  three modal shapes and associated frequencies are  predicted 
f a i r ly  accurately us ing  a lumped mass parameter technique for  writing the 
equations of motion. The damping of the structures is  evidently small since 
the frequencies and modal shapes as given by the equations ignoring damping 
(or assuming a damping value of about 1 percent) compare very favorably with 

Results from the t e s t s  show 

the experimental modal shapes 

Essentially three genera 
used. These are 

*F1 i g h t  t e s t s  

and frequencies. 

categories of v bration t e s t s  have been 

*Full -scale captive t e s t s ,  and 

*Model captive t e s t s .  

Only very limited information can be obtained from f l i g h t  t e s t s .  
type of t e s t  i s  extremely expensive and affords very limited data,  the f l i g h t  
t e s t  approach should only be used to  verify resul ts  from other types of  t e s t s  
and not t o  generate original information. 
purposes should be generated on models. 

Since th i s  

Information for  design and research 
The model type of testing i s  probably 

the leas t  expensive i n  the long run and allows the generation of more usefu 
information to  aid in the design process. 
testing shows t h a t  large-scale models should be used in order t o  be able t o  
apply the model data t o  a full-scale vehicle. Vibration testing of the ful 
scale vehicle should also be employed i n  order t o  verify the design as well 
as to  check on local effects  such as local vibrations that  may resul t  in 
undesired behavior of the ful l -scale  vehicle, e.g., the vibrational effects  
on components of a control system. 

Experience with model vibration 
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A l l  o f  t he  th ree  methods o f  v i b r a t i o n  t e s t i n g  have been used t o  some 

ex ten t  t o  t ry  t o  determine the  damping o f  t he  c o n f i g u r a t i o n  as w e l l  as the  
e f f e c t s  o f  damping on t h e  v i b r a t i o n a l  c h a r a c t e r i s t i c s  o f  t he  veh ic le .  The 
damping values determined from the  v i b r a t i o n  t e s t s  have been based on a 

s i n g l e  degree-of-freedom viscous damped model and the re fo re  have very l i m i t e d  

value. The t e s t s  have shown t h e  damping, as based on t h i s  model, t o  be small 
b u t  do n o t  a l l ow  f o r  t he  determinat ion o f  t he  e f f e c t s  o f  l o c a l  changes i n  

damping on the  v i b r a t i o n a l  behavior.  

s i n g l e  degree-of-freedom viscous model n o t  o n l y  incorporates the  ac tua l  
damping occu r r i ng  i n  the  veh ic le  and a t  t h e  j o i n t s  b u t  a l so  inc ludes t h e  

e l a s t i c  and mass p roper t i es  o f  t he  veh ic le .  

the mass, the  decay o f  any motions would d i f f e r  a l though the  ac tua l  damping 

a t  var ious l oca t i ons  i n  the  veh ic le  could remain t h e  same. To i l l u s t r a t e  

t h i s  p o i n t ,  cons ider  the  simple two degree-of-freedom mass sp r ing  v iscous 

damper system shown on t h e  sketch belowD1. 

The damping c o e f f i c i e n t  based on t h i s  

I f  one o f  these i s  changed, e.g., 

C T 
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The c h a r a c t e r i s t i c  equat ion f o r  the  system i s  the  fourth-degree equat ion 

C2 + C ) s 3  + ( k l  + k + k2 + k - -)s' C2 
m2 m l  m2 m l  m2 

= o .  C 1  ( k?  + k )  + C2 ( k l  + k) + C ( k l  + k2) S + k l  k2 + k ( k l  + k2)  

m l  m2 1 m l  m2 

Consider t h e  case where the  damping c o e f f i c i e n t s  C, C,, and C, a re  small and 

w i t h  mass and sp r ing  c h a r a c t e r i s t i c s  such t h a t  one o f  the  modes i s  associated 

w i t h  a very  low frequency. 
equat ion f o r  the  low frequency mode cou ld  be approximated by the  l a s t  th ree  

terms o f  t he  equat ion as 

For the  system postu la ted,  the  c h a r a c t e r i s t i c  

o r  

where wn2 i s  the  equ iva len t  undamped na tu ra l  frequency and < i s  t he  equ iva len t  

damping r a t i o .  

Examination o f  t h i s  reduced equat ion shows t h a t  t he  e f f e c t i v e  damping 

value f o r  t h e  assumed mode i s  dependent on the  mass and e l a s t i c  p roper t i es  
o f  the  systems as w e l l  as the damping c o e f f i c i e n t s  C, C1, and C2. Thus a 

change i n  the  mass d i s t r i b u t i o n  could r e s u l t  i n  a change i n  frequency and 

e f f e c t i v e  damping. This  i l l u s t r a t i o n  i nd i ca tes  t h a t  the  e f f e c t i v e  damping 

value i s  q u i t e  compl icated and t h a t  i t  i s  d i f f i c u l t ,  i f  n o t  impossible,  t o  

i n t e r p r e t  the  phys ica l  o r i g i n  o f  t he  e f f e c t i v e  damping from experimental 

data f o r  a complicated veh ic le  assuming s i n g l e  degree-of-freedom equations 

f o r  data reduc t ion .  The observed behavior o f  the " e f f e c t i v e "  damping w i t h  

frequency and ampl i tude when mass changes have a l s o  occurred needs f u r t h e r  

c l a r i f i c a t i o n .  
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The basic mechanism associated w i t h  damping of various components of 
the s t ructure ,  especially of j o in t s ,  i s  not well understood. In order t o  
understand t h i s  mechanism so as t o  incorporate any advantages of j o in t  
design i n  the design of the s t ructure  (controlling the modal shapes and 
frequencies), studies of much simpler systems have to  be undertaken. 
Further investigations aimed primarily a t  a better understanding of the 
jo in t  damping phenomena are essential  fo r  advances in the design of more 
optimum missile-like structures.  

More useful information regarding the damping o f  the vehicle can 
probably be obtained from the vibration t e s t  methods presently being 
employed. 
however, the t e s t  procedure may be somewhat different .  A study is presently 
underway i n  the Research Laboratories o f  Brown Engineering Company t o  obtain 
better damping information. Equations of motion fo r  the system incoporating 
damping as an unknown quantity are  being written. 
the t e s t  conditions and t e s t  procedure necessary t o  obtain the damping terms 
are being investigated. 
reportBl ,B5,D1, the mass parameters of the system have been determined using 
such equations. 
vehicle, i f  obtainable from vibration t e s t s ,  should be of greater use t o  
the designer t h a n  the effect ive damping value presently obtained. 

The instrumentation involved would be essent ia l ly  the same; 

Using these equations, 

As shown i n  some of the references of this 

The determination of the distributed damping over the 
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APPENDIX A - FULL SCALE FLIGHT TEST 
SUMMARY DATA SHEETS 

A1 . Vibrat ion  and Acoustic Analysis, Saturn SA-10 Flight’!, by Measuring 
and Evaluation Section, George C. Marshall Space Flight Center, NASA 
TMX-53366, December 8, 1965 

Purpose and Scope 

The SA-10 f l i g h t  was tes ted  t o  determine abnormal i t ies  i n  v i b r a t i o n  
c h a r a c t e r i s t i c s ,  i f  any, and t o  p rov ide  a comparison w i t h  previous 
f l i g h t s  o f  SA-8 and SA-9. 
o f  t he  inst rument  u n i t  dur ing  the  S - I V  powered f l i g h t .  

O f  p a r t i c u l a r  s ign i f i cance  was the  v i b r a t i o n  

Test Setup and Procedure 

The SA-10 veh ic le  comprised the  S - I  stage, the  S - I V  stage, inst rument  
u n i t ,  a b o i l e r p l a t e  model o f  t h e  Apol lo  spacecraf t  and the  Pegasus 
s a t e l l i t e .  Accelerometer mounting l oca t i ons  on the  S-1 sec t i on  are  
shown schemat ica l ly  i n  F igure A-1, and accelerometer mountings on t h e  
inst rument  u n i t  a re  shown i n  F igure  A-2. 

F i f t y - f o u r  v i  b r a t i o n  t ransducers (accelerometers) and th ree  acous t ic  
t ransducers were mounted on the  SA-10 veh ic le .  

SS/FM te lemetry  systems were mounted i n  the  veh ic le .  
s igna ls  were t ransmi t ted  f rom t h e  veh ic le  over UHF r a d i o  channel and 
were received by ground r e c e i v i n g  s ta t i ons .  

The mu l t i p lexed  

The r e c e i v e r  ou tpu t  was f e d  through a demul t ip lexer  and each channel 
transposed from i t s  assigned p o s i t i o n  i n  the spectrum t o  i t s  o r i g i n a l  
frequency. 

Equ i pmen t 

The data a c q u i s i t i o n  system f o r  t h e  v i b r a t i o n  and acous t ic  data f o r  
each p o i n t  o f  observat ion consis ted o f  a transducer, an e m i t t e r  
f o l l ower ,  an a m p l i f i e r ,  a mu l t i p lexe r ,  a t ransmi t te r ,  a rece iver ,  a 
demul ti p l  exer , and a recorder.  

The records thus obtained were processed w i t h  the  random v i b r a t i o n  analyzer 
(RAVAN) . 
f o r  use i n  con junc t ion  w i t h  the  I S M  7094. 

This  equipment was devel oped by the  MSFC computer Laboratory 

Readi nas Obtained 

Readings on the  mean value, standard dev ia t ion ,  skewness and k u r t o s i s  
are obta ined f o r  the  data f o r  each tape. 

A v i b r a t i o n  power spectrum i n  terms o f  g2/Hz and the  sound pressure 
spectrum l e v e l  i n  terms o f  dB/Hz were obtained and are  presented i n  
t h i s  repo r t .  
A t y p i c a l  s e t  o f  data as recorded i s  shown i n  F igure A-3. 

Spect ra l  p l o t s  a re  presented i n  Appendix B o f  the  repo r t .  
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Figure A-3. Typical Form o f  Data Records Obtained (from Ref, Al) 
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V i b r a t i o n  Charac te r i s t i cs  Noted 

The v i b r a t i o n a l  e x c i t a t i o n  f o r  t h e  Saturn veh ic le  i n  f l i g h t  i s  c lassed 
i n  th ree  categor ies:  

1)  Acoust ic - from turbulence o f  exhaust gases 

2) Mechanical - f rom engines 

3 )  Aerodynamic - from t u r b u l e n t  boundary l aye r .  

@The general l e v e l  o f  response o f  the  S-1 stage d i d  n o t  exceed 
expected l e v e l s .  

@ A n  attempt was made t o  c o r r e l a t e  engine impulses w i t h  l a t e r a l  
buck l i ng  o f  shear beams o r  shear panels, b u t  the  data from the 
combustion chamber domes i s  quest ionable.  

@ V i b r a t i o n  o f  t he  sp ider  beams and upper s t r u c t u r e  was grea tes t  
(9.94 grams) a t  590 h e r t z  as was the  case f o r  the  SA-8. 

@ V i b r a t i o n  o f  t h e  S-1 engine i nd i ca ted  a normal powered f l i g h t  
b u t  t he  measurements on the combustion chamber dome were n o t  
considered v a l i d .  

@ V i b r a t i o n  o f  the  t h r u s t  chamber dome was a l so  considered i n v a l i d  
and f u r t h e r  s tud ies  a re  being made t o  de f i ne  the  problem. 

@ V i b r a t i o n  o f  t h e  tu rb ine  gear box f o r  each engine was found t o  be 
small and cons is ten t  w i th  previous measurements o f  Block I 1  vehic les.  

@ V ib ra t i on  o f  t he  S-1 f u e l  tank s k i r t  was comparable i n  magnitude 
t o  t h a t  p rev ious l y  measured b u t  a t  a much lower frequency. 

* V i b r a t i o n  o f  the  I . U .  ( Inst rument  U n i t )  a l s o  agreed w i t h  previous 
r e s u l t s  on t h e  SA-8 and SA-9. No mal func t ion  resu l ted  f rom the  
v i  b ra t i on .  

@Components o f  t h e  I . U .  v i b r a t e d  considerably  as they d i d  i n  pre- 
v ious t e s t s  b u t  were n o t  considered de t r imenta l  t o  the  proper 
func t i on ing  o f  t he  u n i t .  

s idered t o  be n e g l i g i b l e .  
0 Vib ra t i ons  o f  t he  Pegasus (Apo l lo )  capsule i n  general were con- 

@ V i b r a t i o n ,  a t  low frequencies,  o f  p a r t s  o f  Pegasus was somewhat 
g rea ter  than f o r  SA-9 f l i g h t  bu t  t he  v a l i d i t y  o f  the measurements 
i s  questioned. 

ment w i t h  those o f  SA-8. 
@The acoust ic  v i b r a t i o n s  o f  t h e  I . U .  and Apo l lo  were i n  good agree- 
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@Acous t i c  response measurements o f  the  S-I stage a re  considered 
i n v a l i d .  

@ V i b r a t i o n  o f  t he  Apo l lo  Adapter pe rs i s ted  through the f l i g h t  
whereas i n  SA-8 they d i d  no t .  

Compari sons Made 

Comparisons w i t h  former t e s t s  have been covered i n  "V ib ra t i on  
Charac te r i s t i cs  Noted". 

Dampi ng Val ue Obtained 

There was no s p e c i f i c  at tempt t o  determine damping fac to rs .  
of v i b r a t i o n ,  however, were no h ighe r  than observed f o r  previous t e s t s  
o r  f o r  ground tes ts .  

Amplitudes 

Concl u s i  ons Drawn 

The SA-10 veh ic le  f l i g h t  t e s t  i n d i c a t e d  t h a t  the  v i b r a t i o n  environment 
recorded agreed c l o s e l y  w i t h  t h a t  recorded f o r  SA-8 and SA-9. 

V ib ra t i on  o f  the Pegasus s a t e l l i t e  dur ing the  S - I V  powered f l i g h t  were 
extremely low. 

I n  general the acous t ic  data obta ined from the  S-I stage were quest ioned 
because condensation from the  t h r u s t  area caused a mal func t ion  i n  the  
data acqusi ti on sys tem. 

A2. Oleson, M. W.,  "Report on Acceleration and Vibration Data from Javelin 
(8.02)  Vehicle", Naval Research Laboratory, Memo-Report-1074, Ju lg  
1960 

Purpose and Scope 

The pr imary o b j e c t i v e  o f  t h i s  f l i g h t  was t o  ob ta in  data d e f i n i n g  the  
environmental v i b r a t i o n  induced i n  a payload by operat ion o f  the f o u r t h  
stage X-248 A-6 rocke t  motor. 

I t  was a l so  an o b j e c t  t o  evaluate veh ic le  performance, p a r t i c u l a r l y  
w i t h  re ference t o  v i  b r a t i o n  and t o  t h r u s t  acce le ra t ion ,  and t o  measure 
g a l a c t i c  r a d i o  noise.  

This  r e p o r t  presents the r e s u l t s  o f  the measurements o f  veh ic le  t h r u s t  
acce le ra t i on  dur ing  f l i g h t  o f  the  J a v e l i n  (8.02) Vehic le and an ana lys is  
o f  s i g n i f i c a n t  d i f fe rences  between t h i s  f l i g h t  and an e a r l i e r  f l i g h t  o f  
J a v e l i n  (8.01). 

Test  Setup and Procedure 

The payload s t r u c t u r e ,  ins t rumenta t ion  and data analys is  techniques 
emplo ed f o r  J a v e l i n  (8.02) were s u b s t a n t i a l l y  the same as f o r  J a v e l i n  
(8.017, "Pre l im inary  Report on Acce le ra t ion  and V ib ra t i on  Data from 
J a v e l i n  (8.01) Vehic le" by M. W. Oleson, NRL Memo-Report 1024. 
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Equ i pmen t 

Table A-1 i s  a summary o f  the  te lemeter  and inst rumentat ion a l l o c a t i o n  
f o r  J a v e l i n  (8.02). 

Readings Obtained 

Data r e s u l t s  presented i n  the form o f  tab les  and char ts  were based on 
ana lys is  o f  te lemetered s igna ls  as recorded from the pr imary rece iv ing  
s t a t i o n  loca ted  a t  t he  Wallops I s l a n d  launching s i t e .  
t y p i c a l  data curves analyzed. 

V i  b r a t i  on Character is  t i c s  Noted 

F igure A-4 shows 

Sustained v i b r a t i o n  l e v e l s  were h ighes t  on the  payload baseplate dur ing 
burn ing o f  the f o u r t h  stage. 
th ree  stages were below 1 g. 

The v i b r a t i o n  s igna ls  dur ing  the  f i r s t  

The maximum acoust ic  l e v e l  reached was 114 dB i n  the payload. 

The maximum peak-to-peak amplitudes o f  veh ic le  were as fo l l ows :  

F i r s t  Stage - 6.0 g 
Second Stage - 5.5 g 

T h i r d  Stage - 14.0 g 

Fourth Stage - 4.5 g 

Comparisons Made 

Substan t ia l  d i f f e rences  e x i s t  between data measured on Javel i n  (8.02) 
and on the e a r l i e r  J a v e l i n  (8.01) f l i g h t .  
acous t ic  l e v e l s  o f  t he  (8.02) were lower i n  ampl i tude and had a d i f -  
f e r e n t  t ime p r o f i l e  than d i d  the (8.01). 
(8.02) were c o n s i s t e n t l y  lower than f o r  (8.01). 
reached 1 g t o  3 g f o r  (8.01) b u t  on ly  0.2 g t o  0.7 g f o r  (8.02). 

Damping Values Obtained 

The random v i b r a t i o n  and 

The t h r u s t  acce le ra t ions  for 
Random v i b r a t i o n  l e v e l s  

No d iscuss ion o f  damping and no i n d i c a t i o n  o f  damping values are  g iven 
i n  the  repor t .  

Conclusions Drawn 

Comparison w i t h  the  e a r l i e r  Javel i n  (8.01) f l i g h t  i nd i ca tes  subs tan t i a l  
d i f f e r e n c e  i n  the v i b r a t i o n  data r e f l e c t i n g  changes i n  the f l i g h t  per- 
formances. 
performances, 

These d i f fe rences  are  a t t r i b u t e d  t o  v a r i a t i o n s  i n  the f l i g h t  
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TABLE A- 1 e TELEMETER ALLOCATION FOR JAVELIN (8.02) FLIGHT 
(from Ref. A2)  

n 

-- -.- ------cl- 

70 DC 5 Endevco 71 5 Endevco 71 
5000 2213 2213 

40 DC 6 Endevco 80 G A L A C T I C  $ O I S E  
3800 2213 Experiment 

22 DC 4* EG3evco 58 9 Schaevitz 
3000 2 2213 23 VG 5 3.7 

3 59 
10 Altec 127db 

4 LOA 

14" 5 DC 1 Endevco 20 G A L A C T I J  N O I S E  
1500 Fkpe rime n t 

_I- ._I -I ~. 
10.5 8 Cchaevitz 36 8 Cchaevitz 36 

VG-30 VG-30 
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A3. Mayhue, Robert J . ,  "NASA Scout ST-19 Flight-Test Results and Analysis, 
Launch Operations, and Test VehicZe Description", Langley  Research 
Center, NASA-TN-D-1240, June 1962 

Purpose and Scope 

The Langley Research Center conducted a ser ies  o f  f l i g h t  t e s t s  t o  
determine the performance of the Scout vehicle (Scout ST-1) afid per- 
formance for  the purpose o f :  

@To corroborate design concepts of the system by performing a 
high-altitude probe mission 

.To o b t a i n  measurements o f  f l i g h t  environmental conditions and 

@To gain operational experience with vehicle and suppor t  

vehicle performance characterist ics , and 

equipment. 

The t e s t s  ut i l ized proven telemeter systems using FM/AM transmission 
of skin temperatures , compartment temperatures , local l inear  v i  bration 
accelerations , pressure, overall accelerations, radiation level and f in 
position. 

The vehicle was launched from NASA's Wallops Station. 
planned for 2,020 miles, a short  range o f  4,400 nautical miles. 
maximum velocity was expected to be about 22,000 f t /sec.  

Its apogee was 
I t s  

Test Setup and Procedure 

The vehicle shown i n  Figure A-5 was instrumented w i t h  standard instru- 
ment systems for using FM/AM transmission. The telemetered returns 
were received by ground systems previously checked out. 
on i ts  f l i gh t  w i t h  tracking radars ,  telemetry and tracking cameras. 

I t  was tracked 

A command destruct system 
for emergency use. 

Preflight checkout and ca 
vehicle mass properties. 

Equ i  pment 

was incorporated i n  the f i r s t  and 

ibration was performed on a l l  equ 

second stage 

pment and 

The tracking radars used included the RCA AN/FPS-16, the Reeves Mod 
I11 SCR-584. 
Hill experimental radar of the MIT Lincoln Laboratory. 

Velocity data were supplied by a Model 10A Doppler Velocimeter. 

Wallops Station telemeter receivers were used t o  record telemetered 
data. 

A quick-look system i n  a Goddard Space Flight Center telemeter t r a i l e r  
was employed. 

Additional tracking data were supplied by the Millstone 
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All equipment was checked o u t  and found to  be within factory 
specifications.  

Readi ngs Obtained 

Telemeter tape recordings of  a1 1 performance characterist ics d u r i n g  
f l i gh t  were analyzed by automatic f i l t e r s .  
vibrational data which was processed through frequency f i l t e r  analog 
analyzers. Along w i t h  behavior characterist ics i n  general the 
vibrational characterist ics were carefully recorded. 

Of significance here i s  the 

V i  b r a t i o n  Characteristics Noted 

The f i r s t  stage vibration showed no sustained vibration. 
and A-6b show the times, amp1 i tudes and frequencies of the sporadic 
vibration i n  the f i r s t  stage. Figures A-7a and A-7b show the time 
amplitude his tor ies  fo r  the second and t h i r d  stages, respectively. 

Figures A-6a 

A typical wave analyzer o u t p u t  i s  shown i n  Figure A-8. 
data tha t  structural  damping factors were obtained. 

I t  i s  from such 

Comparisons Made 

Tables A-2, A-3, A-4, and A-5 show comparisons between measured and 
computed quanti t i e s .  In general the agreement between predicted and 
measured values (where both were obtained) were very good. 

While no predictions were made the vibration his tor ies  of the guidance 
package show large amplitudes, causing the control system to  chatter. 
Figure A-9 shows maximum I'g" value amplitudes of 70 whereas the noise 
level was n o t  more than 26 g. 

Damping Val ues Obtained 

No values of damping are given. There was, however, the h i g h  amplitude 
o f  vibration of the guidance package which suggests low damping values. 

Conclusions Drawn 

"Overall resul ts  obtained from the f l i gh t  have shown that  the design 
concepts o f  the system are sound. In addition, th i s  f l i g h t  t e s t  has led 
to  the discovery and solution o f  problem areas associated w i t h  the early 
development phases of the vehicle and components. 'I 

Large vibrations of the control Vackage caused a switch t o  chat ter  and 
resulted in a constant switching i n  and out of the high and low reaction- 
j e t  controls d u r i n g  the third stage burning.  
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'd 62.8 62.9 63 .O EI 62.7 4 

Fl igh t  time, sec 

Figure A-7a. Time History of the Amplitude of Payload Longitudinal 
Linear Acceleration a t  Second-Stage Ignition (from 
Ref. A3) 

J- Instrument s top (20.9 g uni t s )  

Figure A-7b. Time History of the Amplitude of Payload Longitudinal 
Linear Acceleration a t  Thi rd-Stage Ignition (from 
Ref. A3) 

52 



4 +
I 

co 
k
 aJ L 
3
 

tJ1 

LL. 
.I- 

53 



TABLE A-2 ,  DESCRIPTION OF BASE A FM/AM TELEMETER CHANNELS 
( f r o m  R e f ,  A 3 )  

Channel 
'rcquency, 

kc 

llO.0 

- 
l19.5 

- 
*l-.5 

hscription of data 

.- 
neasure skin 

temperatures on fin B 
Two measure bearing homing tem- 
wrature, and one measures 
iuternal temperature of fin 
Rtrut 

Measuresent 

Cawnutation of 
8 skin 
temperatures 

Serx, compartment Resistance I 04 to 350' P i3' F f3' F /Measures local aervo compartmcn 
thermometer I temperature temperature 

*lao f2 percent t 5  

beyond 21 aec 

Fin position indi- Variable- 
cator, rin A inductance 

coils 

'139.5 *la0 f2 percent f5 percent up Mcasures the position of the 
to 21 sec; 
not reliable the nodel 
beyond 21 sec 

control fin with respect to 
N n  position indi- Variable- 

cator, fin D inductance 
coils 

+- _t_ I I I I 

'150.0 

"160.5 

beyond 21 sec 

Fin position indi- Variable- 
cator, fin C inductance 

coils 

Fin position indi- Variable- 
cator, fin D inductance 

coils 
beyond 21 eec 

170.0 

* 
Channel deviated froln expected normal. 

First-stage motor Variable- 0 to 485 peia f2 percent t2 percent Supplies chamber pressure time 
headcap pressure I inductance 1 1 1 1 history of Algol motor. 

pressure cell 

54 

179.5 

190.5 

199.5 

f2 percent f2 percent Measures normal acceleration 
in base A during first- 
stage burning and coast. - 

I N o d  static Variable- *2g 
acceleration inductance 

accelergneter 

Transverse static Variable - =% f2 percent f2 percent Measures transverse accelers- 
tion in base A during first- 
stage burning and coast. 

acceleration inductance 
accelerometer 

Eydraulic Variable- 0 to 3,000 pein f2 percent f2 percent Supply continuous monitor of 
induc tance hydraulic accmulator pressun 
pressure cell in base A 

accumulator 
P R S S U r e  



TABLE A-3, DESCRIPTION OF TRANSITION D FM/FM TELEMETER CHANNELS 
( f r o m  R e f ,  A3) 

bitch open or 
close; 0 to 

guidanoe 
voltage 

volts on 

Coded 
reaistance 
circuit  

4 Second- and third-stw 
upper- mll-motor 
operation 

witch open or 
close 

__ 
witoh open or 
Close 

.______ 
witch Open or 
close 

witch open or 
close 

Binary coded 
rssistanee 
matrix in 
each atage 

Binary coded 
resistance 
metrix in 
each stage 

.. . 
Binary coded 

resistance 
matrix in 
each atage 

- 
Binary coded 

resistance 
matrix in 
each stsge 

5 Second- and third-stag 
1ower-m11-mto* 
operation 

6 

7 

8 

9 

Second- and third-stage 
yawmator operation 

Second- and third-stag 
large-pitch-motor 
0pratiDn 

Second-atage El2 main- 
tank pressure 

T h i r d - s h e  N2 main- 
tanr prsseure 

*10 5econd- and third-atagG 
m t o r  heedcap 
PXWSBuI.e 

e11 ccrmautation Of ts1ew 
eter 150 volt *ani- 
t o r  and 10 crmpwt- 
m e l t  temperatures: 
transit ion B ambient, 
O m s i t i o n  B Ng, 
traneition C amhlent, 
traneition C N2, 
four in t m e i t i o n  D 
te1eneter canpart- 
ment, guidaoce paex- 
age ambient, guidancf 
mro block 

Instrument 
oventl1 accuracy 

Description of data 

ndicatee which motor fires;  
can determine 16 difPerent 
crmbinetions of w i t c h  
closurea; indifatea when 
voltage is fed t o  the per- 
Oxide valve and vhen pres- 
mre builds up in the motor 

he third-stage skin switch 
lndicntes heat-shield eJee- 

comaand destruct channel 
no. 7 indicetee the cDmmaod 
destruct receivere are cap 
tured vith radio frequenciei 
from ground tranastt ter;  a 
ledex relay is uaed t o  open 
the ignition leads to the 
fourth-stage motor; a con- 
tact  OD th i s  relay was used 
t o  indicate OD the trlemete 
when eammand ueetruct corn- 
manded hold-fire; thla 
channel ale0 contlouowly 
monitors Lhe guidance 

tion; a relay closure Of 

zaVOlt supp~y.  - 
eaeures voltage being 
applied t o  pi tcbgym 
torquer 

Predicted Flight 

i2 percent 

f2 percent 

i2 percent 

i2 percent 

-__ 
i2 percent 

f2 percent 

t2 percent 

t3 percent 

f3 percent 

3 percent 

stage; B e 6  
text ear 

on third 

seeond- 
stage date 

ame as 
predicted 

ko valva relay 
switches; two 
chamber pressur 
switches 

Mtch o p n  or Binary coded 
close reaistance 

matrix 

f2  percent 
pitch-motor operatlo 

hird-stage skin 
switch; four- 
command destmf 
channel no. 7 

and fmrth-stag 
hold-fire 8witc 
closure 

relay closures, 

f2 percent 

o to 5.2 n i t s  Isolating 
resistor 

re percent oltage for guid- 
ance torquer 

YO valve relay 
switches; and 
tw chamber 
pressure 
switches in 
each stage 

YO valve relay 
switches; and 
two chamber 
PreSSWe 
ewitches in 
each stage 

t 2  percent tdicstes which motor fired; 
can determine 16 different 
combinations of switch el- 
~ u r e s ;  indicates when volt- 
ege is fed to  the peroxide 
vslve and when pressure 
build8 up in the motor 

ndicstea which motor fired; 
can determine 16 different 
crmhinations of switch clo- 
euree; indicates when volt- 
age is fed t o  the peroxide 
valve and when pressure 
builds up in the motor 

idicatee which motor fired; 
can determine 16 different 
combinationa of switch clo- 
sures; indleates when volt- 
age i 8  fed to  the peroxide 
valve and when preesure 
builds up in the motor ~ _ _ _ _ _ _  

ldicates which motor fired; 
can determine 16 different 
crmbinatiom Of ewitch clo- 
surea; indicates vhen volt- 
age iti fed to  the peroxide 
valve and when pressure 
builds up in the motm 

upplies cmtinuous monitor 0 

control-system Na pressure 

-___ 
f2  percent 

._.~___ 
f 2  percent YO valve relay 

switchee; and 
tw chamber 
preaaure 
switches in 
each stage 

M valve relay 
awitehes; and 
two chamber 
preesure 
svitahes in 
eaoh stage 

t2 percent 

0 to  3,5w p i a  voltage 1 dropping 
resistor 

i3 percent 

ressurc 
potentiometer 

0 t o  1,5W peia Voltage I *pPiw 
resistor 

f3 percent upplies continuous monitor 0 
control-system N2 pressme 

ipplieQ pressure time histor: 
of motor chamber pressure 
for Castor and Antares , 
motors 

--.--A 
Daeurea temperature during 
f l igh t  ill c r i t i c a l  areas; I 
monitors 120 Volt6 used 
to  bias hioary coded ' 
resistance matrices 

P e Q B U r e  
patentiameter 

i3 percent 

to  a single 

network 

nermlstors ?O F Prm 3' 
to 120° F; 
.tgO F from 
120' F t o  
220' F; 
t2O F from 
900 F to  
220' F on 
t m  guidanci 
temperature 

*Channel deviated fmm expected n o d .  
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TABLE A-3. DESCRIPTION OF TRANSITION D FM/FM TELEMETER CHANNELS 
( f rom Ref, A3) - Concluded 

i5 percent 

t8 percent 
t o  

Measures t h e  400-cycle error 
s igna l  from the guidance 
pi tch  displacement gyro 
vbich is proportional t o  
the vehic le  p i tch  dis- 
placement in degrees 

+5 percent 

f8 percent 
t o  

Meaeures the  400-cycle error 
s i g n a l  from the  guidance 
yaw dieplacement gyro 
which is proportional t o  
the vehicle yaw diaplace- 
ment i n  degrees 

f5 percent Measures the  400-cycle error 
voltage from the guidance 
p i tch  r a t e  gyro which i6 
proportional t o  the  vehic le  
Ditch r a t e  i n  den/aec 

f5 percent 

o l tage  
f2 percentj  
frequency 
fO.01 percent 

+lo percent 

Measures t h e  400-cycle e r r o r  
voltage from the  guidance 
yaw r a t e  gyro which is 
propor t iona l  t o  the  vehi- 
c l e  yaw r a t e  i n  deglsec 

4 W c y c l e  supply volt- 
age and frequency 

Monitors guidance 

__ - - .- 
Measures Yibration da ta  i n  

the  10- t o  2,000.cycle 
range 

Banne: 
lumber 

Measurement Instrument s p e c i a l  
network 

Description of da ta  
Predicted F l ight  I 

12 

__ 
*13n 

tmn-constantsl 
thermocouple, 

a b i e n t  t o  1,oooO 1 f20° F J s c i l l a t o r  
c a l i b r a t i o n  
network and 
d-c amplifier 

I h - c y c l e  phase 
demodulator 

Commutation of 
11 skin  
temperatures 

Guidance r o l l -  
displacement 
e r r o r  s i g n a l  

couples l o s t  

s igna l  from the guidance 

which is proportional t o  
the  vehic le  r o l l  d i sp lace-  

I ment I n  degrees 

h idance  roll 
displacement 
gyro 

i 5  percent 

i8 percent 
t o  

Guidance pitch- 
displacement 
e r M r  s i g n a l  

hidance p i t c h  
displbcement 
gym 

f5C 100-cycle phase 
demodulator 

f 5  percent 

t8 percent 
t o  

Guidance yaw- 
displacement 
rrmr s i g n a l  

hidance yaw 
displacement 
wro 

f50 400-cycle phase 
demodulator 

*5 percent 

i8 percent 
t o  

*14A Guidance r o l l -  
r a t e  error 
s i g n a l  

:uidance r o l l  
r a t e  gyro 

f20 deg/sec 400-cycle phase 
demodulator 

f 5  percent Measures the 400-cycle e r r o r  
voltage from the  guidance 
r o l l  r a t e  gyro which is 
proportional t u  the vehiclf 
r o l l  r a t e  i n  d e d s e c  

*14B 

___ 
*14C 

__ 
15 

juidance pitch- 
r a t e  e r r o r  
signa1 

iuidance p i t c h  
r a t e  gyro 

i8 deglsec f5 percent 100-cycle phase 
demodulator 

h idance  yaw- 
r a t e  error 
s i g n a l  

iuidance yaw 
i a t e  gyro 

i8 deg/eec b00-cycle phase 
demodulator 

t5 percent 

____ 
2ltage 
f 2  percent 
frequency 
fO.O1 perc 

$5 percent 

I t o  15 vol t s ;  
0 t o  450 cyc les  

Voltage 
dropping 
r e s i s t o r  

hridance 
i n v e r t e r  

Wdance 
400-cycle 
SUPPlY 
voltage 

Vibration i n  
t h e  t rans-  
verse  direc- 
t i o n  on the  
guidance 
pachage 

*16 t60g peak : rys ta l  
acceleromete 

Vibration i n  
' the  n o d  
d i r e c t i o n  on 
t h e  guidance 
Dackaae 

: rye ta l  
acceleromete 

f60g p e a  f 5  percent 
the  10- t o  2.000-cycle 

:rystal  
acceleromete 

*120g peak i5 percent No d a t a  1 Measures v ibra t ion  da ta  in  
the 10- t o  2 , W c y c l e  

Vibration in 
the  longit-  
d i n a l  direc- 
t i o n  on the  
guidance 
package 

Channel deviated from expected n o d  
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TABLE A-5,  DESCRIPTION OF PAYLOAD FM/FM TELEMETER CHANNELS (from Ref, A3) 

Range network 
:hannel 
imber Predicted 

Measurement 
special Overall 

Instrment accuracy Description of data -7 
- 
to 50 milliroentgens/hr ------------- See ref. 4 

:4 percent Obtains static acceleration i n  the ' 
normal direction; along with 
channele 8, 9, and 10 will indi- 
cate translation and irregular 
motions of the vehicle exes 

:4 percent I Same a6 channel no 7, except In 
the transverse direction 

:4 percent Same as channel no. 7 

r4 percent I Same as channel no. 8 

*60O milligauss ------------- t3 percent t 5 measuring the local earth's mag- 
netic field, the direction of 
the vehicle with respect to the 
magnetic lines of force can be 
obtained; by knowing earth's 
local magnetic vector at any 
point, along with data frcm the 
other magnetic aspect sensors 
and radar data, the attitude of 
the model can be Obtained; at 
spin-up of the fourth stage this 
channel shows a sine Vave frm 
which the spin rate can be 
found 

*5 idiation eiger-Killer 
counter 

-_I__ 

ressure 
potentimetel 

NO data Obtains a chamber-pressure time I history of the Altair motor 
6 

__ 
7 

I""%%&& If) percent 0 to 40 psia xrth-stage 
motor headcap 
pressure 

,mal static 
acceleration 
located forward 
of the c .g .  

Inear 
accelerometei I'" percent *roe 

8 

__ 
9 

inear 
accelerometei 

*log ransverse static 
acceleration 
located forward 
Of the c.g. 

>msl etatic 
acceleration 
located on or 
near the c.g. 

.___- 
inear 
accelerometei dropping 

resistor 

10 ransverse static 
acceleration 
located on or  
near the c .g .  

inear 
accelerometei 

*11 le direction of 
vehicle with 
respect to 
earth's mag- 
netic lines of 
force, sensor 
mounted per- 
pendicular to 
vehicle axis 

chonatedt 
magnetic 
aspect 88n1801 

3 percenl 

*12 %me a6 channel 
no. 11 except 
seneor mounted 
parrrllel to 
vehicle axis 

ihonstedt 
magnetic 
aspect sensol 

No data Same as channel no. 11, except 
will not indicate "y spin data 

*13 :titude of the 
fourth stage 
prior to 
apin-up 

xizon 
detector 

1800 in pitch direction ------------- *3 percent 

Vehicle attitude ------------- *3 percent +- No data 

No data 

Determines attitude of the fourth 
stage by detecting the earth's 
horison prior to fourth-stage 

Determines attitude of the fourth 
stage by detecting direction 
of the earth and sun after 
spin-up I 

(14 ttitude of the 
fourth stage 
after spin-up 

sval Research 
Lab. designec 
solar aspect 
system 

*I5 

- 
'16 

,mutation Of 
seven telemeter 
compartment 
temperatures ir 
the payload 

hermistors +2O F frm 
30° F to 
120° F; 

50' F to 220° F 

telemetry package 

-___ 

10- to 2,000.cycle range 

__ - 

10- to 2,000.cyc1e range 

-_ .. .__ -. - 
No data Measures vibration data in the 

i lo- to 2,00(Fcyc1e range t 
___- 
Lbration in 
the transverse 
direction on 
the main plate 
of the payload 
telemeter 

rystal 
accelerometei 

"17 me as channel 
no. 16 except 
in the n o m 1  
direction 

me ea channel 
no. 16 except 
in the longitu- 
dinal direction __-- 

rysta1 
accelermetei 

'la W8tal 
accelerometer 

*Channel deviated from expected n o d .  
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APPENDIX B - PROTOTYPE GROUND TEST 
SUMMARY DATA SHEETS 

81 e PapadopouZos, James G., "ihp,vnic [rest Results of SAD-5", E F C  - NASA, 
MTP-AERO-63-46, June 1963 

Purpose and Scope 

The purpose o f  these v i b r a t i o n  t e s t s  i s  t o  determine the  body bending 
and t o r s i o n a l  dynamic behavior o f  a f u l l  sca le prototype o f  t he  Saturn 
SA-5 f l i g h t  veh ic le .  Since the  Saturn i s  s t a b i l i z e d  and c o n t r o l l e d  by 
a servo loop, response measurements are needed t o  p roper ly  evaluate the 
c o n t r o l  system. 

Test Setup and Procedure 

A f u l l  sca le  p ro to type was v e r t i c a l l y  suspended i n  t h e  t e s t  tower as 
i n d i c a t e d  i n  F igure B-1 and e x c i t e d  by shakers mounted a t  the engine 
gimbal planes. The v e h i c l e ' s  dynamic response a t  var ious app l i ed  
f o r c i n g  f requencies was recorded by v i b r a t i o n  pickups. 
was tes ted  f o r  both the boost f l i g h t  w i t h  the  S - I  booster s tage and f o r  
the S - I V  powered f l i g h t  w i t h  the S - I  s tage removed. 
the  SAD-5 v e h i c l e  suspended i n  the  t e s t  tower. 

The v e h i c l e  

Figure B-1 shows 

Eq u i pmen t 

Approximately 75 accelerometers were mounted on the v e h i c l e ' s  ou ter  
sur face a t  15 s t a t i o n s  along the ax is  and on the f i n s .  

Vehic le v i b r a t i o n  amplitudes were recorded as accelerat ions w i t h  1 g 
s t r a i n  gage accelerometers. The accelerometers had a na tu ra l  frequency 
o f  120 h e r t z  and were c r i t i c a l l y  damped w i t h  o i l .  
(0°F) the  response was 95 percent  o f  f l a t  response. 

A t  lower temperatures 

D i g i t i z e d  magnetic tape record ing  were made by the SEL Data System. 
This system consis ted o f  two 48-channel mu l t i p lexe rs  g i v i n g  96 channels 
o f  readout. Outputs from each shaker accelerometer and each response 
accelerometer were recorded on a s i n g l e  SEL data channel. The cur ren t ,  
vo l tage and pe r iod  o f  e x c i t a t i o n  were recorded. The d i g i t i z e d  output  
o f  each channel was commutatively recorded a t  a f i x e d  r a t e  o f  306 
s amp1 es / sec 

The d i g i t i z e d  accelerometer data tape recorded by the SEL system was 
reduced us ing a mod i f ied  Four ie r  ana lys is  technique on the IBM 7090 
computer. 

Readings Obtained 

The func t i on  y = A0 s i n  ( 2 a f t  + (p) + As was used w i t h  
g ive  use fu l  f i n a l  readings. 

Secondary v i b r a t i o n s  and disturbances are  automat ical  

t he  

Y f  

computer t o  

l t e r e d  out ,  
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I 

Figure B-1. SAD-5 Vehic le  Suspended i n  Test Tower (from Ref. B1) 
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Damped r i n g o u t  amplitudes were determined f o r  each run o f  f r e e  
v i b r a t i o n .  

Visual a ids such as m i c r o f i l m  p l o t s  o f  response as a f u n c t i o n  o f  
frequency and p r i n t  p l o t s  o f  the v e h i c l e ' s  mode shapes were u t i l i z e d .  

V i b r a t i o n  Charac te r i s t i cs  Noted 

The response o f  the v e h i c l e  was au tomat i ca l l y  d i g i t i z e d  and subsequently 
p l o t t e d .  

Figure 8-2 shows the p i t c h  response a t  the nose and Figure 8-3 shows 
the p i t c h  response a t  the inst rument  u n i t .  

Figure B-4 shows t h e  phase angle o f  p i t c h  a t  the instrument u n i t .  
curves are n o t  shown. 
obtained from v i b r a t i o n  decay as 

Decay 
From such curves t h e  damping c o e f f i c i e n t  5 i s  

where Xm i s  ampli tude o f  any mth c y c l e  and X(mf-n) i s  ampli tude a f t e r  an 
a d d i t i o n a l  n cyc le  o f  f r e e  v i b r a t i o n ,  and 

where AF i s  the w id th  o f  response curve a t  0.707 t imes the  peak a l t i t u d e ,  
and Fn i s  the frequency a t  maximum amplitude. 

Also, from phase angle data 

where de/dt  i s  the s lope o f  the phase angle as a f u n c t i o n  o f  frequency 
c u r r e n t  and Fn and f n  i s  de f i ned  as above. 

Comparisons Made 

The response amplitudes appear t o  be on ly  s l i g h t l y  a f f e c t e d  by changes 
i n  cable suspension b u t  the damping c o e f f i c i e n t s  may be a f f e c t e d  t o  a 
g rea te r  extent.  

The response o f  the nose and the  response o f  t h e  instrument u n i t  
i n d i c a t e  a consistency o f  resonance along the  vehic le.  

DamPina Values Obtained 

Damping c o e f f i c i e n t s  a t  t he  resonant frequencies determined dur ing the 
p i t c h  se r ies  and the yaw se r ies  o f  t e s t s  are shown i n  Table B-1.  
comparison o f  measured versus computed values o f  nose gain are shown 
i n  Table B-2. 

A 
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Figure B-3. P i t c h  Response a t  Instrument U n i t  f o r  S o f t  Cable 
Suspension ( f rom Ref. B1) 
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TABLE B-1. PITCH AND YAW RESONANT FREQUENCIES AND DAMPING COEFFICIENTS 
( from Ref. B1)  

%. 
h 
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TABLE B-2.  NOSE GAIN COMPARISON (MEASURED VS COMPUTED) (from Ref. B1)  

1219 
3588 

7925 
1315 

92097 
4320 

3835 
i7308 

A 

7 

ri la 
m. - 

100:15 
100332 
lWU 
1 W l  
100226 
100236 

100272 
100305 

m: 

,059 0.81 0.86 
.255 1.80 1.52 
.286 0.60 0.42 
.160 0.06 0.98 

1.25 0.036 0.065 
A10 0.11 0.lU 
.345 0.26 0.23 
S O 0  0.014 0.016 

2.04 
2.30 

3.70 

4.80 

6.56 
7.20 

10.67 
10.89 

- 
f - 

.033* 

.011 

.010 

.014 

.02w 

.03W 

.070* 

.04m 

*Dmping coefficients indicated w i t h  asterisk were csticlutcd 
values b u d  on neighboring w u u r e d  v a l u u  shown fn Table I. 

Y is tbe =de shape displacacnt 8t tbe gimbal 8tation (100 
ibu) aornvllrd by the m e  di8placsuat. 
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Concl us i ons Drawn 

Three modes o f  bending and s i x  coupled modes f o r  the  S - I  setup occurred 
a t  measured frequencies below 13 her tz .  

For the S - I V  phase, th ree  o the r  resonant f requencies occurred between 
9.94 and 21.72 her tz .  
ment sect ion.  

Considerable bending was i n d i c a t e d  i n  t h e  i n s t r u -  

There were an adequate number o f  accelerometers along the  center  tank i n  
upper stages b u t  f o u r  ou te r  tanks were inadequately instrumented. 

The procedure u t i l i z e d  i n  t h i s  dynamic t e s t  o f  record ing  incremental  
frequency sweep data i s  necessary f o r  successful  analys is  o f  compl icated 
and redundant s t ruc tu res  such as the SAD-5. 

Concl u s i  ons Drawn 

The suspension e f f e c t s  a re  no t i ceab le  i n  the mode shapes and may in f l uence  
damping coe f f i c i en ts .  However, add i t i ona l  refinements t o  e l im ina te  sus- 
pension e f f e c t s  can on ly  be obta ined by designing a more soph is t i ca ted  
suspension. 

82. "Saturn I Dynamic Test", "Ground Vibration Survey SAD 8 and 9", by 
Dynamic Test Branch, Structures and Nechanics Engineering Department 
Chyrs Zer Corporation, HSM-RlO2, Februazy 23, 1965 

Purpose and Scope 

The Saturn I ,  Block I1 Dynamic Test Vehic le  (SAD 8 and 9) was subjected 
t o  a ground v i b r a t i o n  survey w h i l e  suspended i n  a s imulated f ree - f ree  
cond i t i on  f o r  both booster  stage powered f l i g h t  and S - I V  stage powered 
f l i g h t  t o  determine the  responses t o  e x c i t a t i o n  i n  p i t c h ,  yaw, and 
t o r s i o n  ( r o l l )  planes f o r  the  i g n i t i o n  cond i t i on  b u t  on ly  i n  the  p i t c h  
plane f o r  the 10 seconds and c u t o f f  condi t ions.  

Test Setup and Procedure 

The f u l l  sca le p ro to type Saturn I Dynamic Test Vehic le  was sus ended 

and hyd rau l i c  cy l i nde rs .  

The p r o p e l l a n t  mass was s imulated i n  the S-I stage and i n  the  S - I V  stage 
LOX tanks w i t h  de ion ized water. 

on a system composed o f  br idge-st rand s t e e l  cable, h e l i c a l  c o i  F ed spr ings 

Polystyrene b a l l s  w i  t h  dens i ty  approximating t h a t  o f  1 i q u i d  hydrogen 
were used as b a l l a s t  i n  the S - I V  stage f u e l  tank. 

E x c i t a t i o n  was performed by shakers mounted a t  the plane o f  the  en i n e  
gimbal r i n g  i n  f o u r  planes, e.g., p i t c h ,  yaw, r o l l  and long i tud ina  4 . 
Outputs from accelerometers and gyros were recorded by su i  tab1 e i ns  t r u -  
mentat ion t r a i l e r s  a t  ground l e v e l .  
P&VE and the  o the r  by MSFC-Astrionics Laboratory.  
f rom the  P&VE t r a i l e r .  

One t r a i l e r  was prov ided by MSFC- 
The t e s t  was c o n t r o l l e d  
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Equi pmen t 

A l i s t i n g  o f  a l l  major equipment together  w i t h  manufacturer, model 
capaci ty  and l i m i t a t i o n s  i s  g iven i n  sec t ion  3.5 o f  t h e  r e p o r t  and 
inc luded here as Table B-3. The equi  ment i s  d i v i d e d  i n t o  f o u r  
categor ies:  a) v e h i c l e  e x c i t a t i o n ,  b P pickups, c)  d isp lay,  and 
d) data a c q u i s i t i o n .  

Readings Obtai ned 

Visual  readouts were obtained from d i s p l a y  osc i l loscopes.  Tape 
recordings were made d i r e c t l y  f rom analog recorders i n t o  which the  
pickups f e d  d i r e c t l y .  
were au tomat ica l l y  processed t o  g i v e  damping fac to rs .  

Readouts o f  amp1 i tude, displacement, and phase 

V i b r a t i o n  C h a r a c t e r i s t i c s  Noted 

I n  the r e p o r t  three f a c t o r s  o f  v i b r a t i o n  c h a r a c t e r i s t i c s  are g iven and 
discussed. These are:  

1) Resonant frequencies 

2) Amp1 i tudes  o f  acce le ra t ion  and displacement 

3) Damping fac to rs .  

The resonant f requencies are given f o r  s imulated powered f l i g h t  f o r  the 
f i r s t  f o u r  bending modes, p i t c h  and yaw modes, the o u t e r  tank modes, the 
coupled modes and t o r s i o n  modes. Maximum amplitudes a t  resonance are  
shown (as i l l u s t r a t e d  by F igure 8-5) f o r  each mode o f  v i b r a t i o n  f o r  each 
o f  several  types o f  support  and s imulated times o f  f l i g h t .  Often t h e  
i n d i v i d u a l  tanks v i b r a t e d  d i f f e r e n t l y  than the  o v e r a l l  vehic le .  Sup- 
plemental curves show such d i f fe rences  on each major graph. 

Damping f a c t o r s  were obta ined from v i b r a t i o n  decay curves ( n o t  shown), 
resonant response curves (such as F igure B-6) o r  phase curves (such as 
F igure B-7). 
Tables B-4 and B-5. 

Summaries o f  damping f a c t o r s  and frequencies are  g iven i n  

Comparisons Made 

Comparisons o f  f requencies i n  p i t c h  e x c i t a t i o n  a t  l i f t - o f f  do n o t  
i n d i c a t e  any s i g n i f i c a n t  change i n  mode shape f o r  d i f f e r e n t  suspensions. 
Some frequencies were a f f e c t e d  by f l i g h t  t ime. 
o f  values are given t o  p o i n t  o u t  d i f fe rences  p a r t i c u l a r l y  where components 
v i b r a t e  i n  a d i f f e r e n t  mode than the v e h i c l e  as a whole. 

Deta i led  comparisons 

Damping Values Obtai ned 

Damping f a c t o r s  a re  given in Tables B-4 and B-5. 
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TABLE 8-3. MAJOR EQUIPMENT LIST ( f rom Ref. B2) 

The following is a l i s t  of m a j o r  equipment used i n  the P & V E  t r a i l e r  
during the dynamic tes t ing of the s imulated SAD-8 and 9 flight vehicle:  

a. Vehicle Excitation 

(1) Amplidyne 

Manufacturer :  Genera l  E lec t r i c  
Model: A M F  622F, 4 pole 
Output: 10 KW, 40 AMP, DC, to 15 Hz 
RPM: 1,750 

(2) Power  Amplifier 

Manufacturer :  Ling 
Model: P P - 1 0 / 1 2  
Output: 12 KW, 10 cps  to 5 kHz 

( 3 )  Slialters 

hl LL iiu fa c tur  c 1- : 

F o r c e :  1, 500 lb  peak 
Il isplaceinent:  1 in. , peak-to-peak 
Model :  219 
Force :  500 lb  peak 
Disp lacenxnt :  1 in. , peak-to-peak 
Model: 219 L 
F o r c e :  500 lb  peak 
Displacement:  3 in. peak-to-peak 

Ling 
Model:  A -  175 

(4) Osci l la tor  

Manufacturer :  Hewlet t -Packard 
Model: 202A 
Frequency:  0.008 to  1 ,200 Hz 
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TABLE B-3, MAJOR EQUIPMENT LIST (from Ref. 82) - Continued 

b. Pickups 

(1) A c c e l e r o m e t e r s  

Manufacturer  : C E  C 
Type : Stra in-  gage br idge  
Rin: 500 R (typical)  
Rout: 340 R (typical)  
Excitation: 12 vol ts  max imum 
F. S. Output: 2 m v / v - g  (typical)  
Nonlinearity:  fO. 25% F. R .  
Natural  Frequency:  115 Hz (typical)  
Damping: 0.7 of critical 

(2) Load Cel ls  

Manufac turer :  Baldwin 
Type: Strain-gage br idge,  dual  e lement  
R i n :  120 f 0.5 
Rout:  117T5 f 1 
Exci ta t ion:  1% vol t s  max imum 
F. S. Output: 2 m v / v  
Max. Nonlinearity:  to. 1% F. S. 
Overload Capacity: 1%0% of r a t e d  

c .  Display 

Osci l loscope 

Manufacturer :  ANALAB 
Model: a, 100 with high pe r s i s t ance  c r t  and No. 7 0 0  

Zin: 2 m e g  R 5 0 0  fd 
Sensit ivity:  1 niv to  200 V, F.S. 

Dual P lug- in  
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TABLE 8-3. MAJOR EQUIPMENT LIST (from Ref. B2) - Concluded 

d. Data Acquisit ion 

(1) Digital Recorder  - 

Manufacturer:  Sys tems Engineering Labora to r i e s  
Model: 622 
Channels: 96 Analog, 4 digital ,  o n  1/2-in.  magnet ic  tape,  

Sampling Rate:  32.25 kHz 
compatable with GE 225 and IBM 7094 

(2) Analog Recorder  

Manufacturer:  CEC 
Model: 5 - 123 Osci l lograph 
Channels: 36 on 1-ft 'wide d i r e c t  p r in t  paper  

Analog Amplif iers  

Manufacturer :  CEC 
Model: System D, Class  11, 3 kHz c a r r i e r  
Response:  DC to  600 Hz 
Channels: 24 
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,TABLE B-4. RESONANT FREQUENCIES AND STRUCTURAL DAMPING FACTORS, 
PHASE I ( f r o m  R e f .  82) 

Run 
Nun)  be r 

000573 
0005 76 
000600 
000603 
000605 
000607 
00061 1 
00061 3 
000615 
000620 
000621 
000623 
000625 

000122 
000124 
000131 
000135 
000137 
000143 
000145 
000147 
000151 
000153 
000155 

Mode 

PITCH, LIFTOFF,  8-8 S 

1 s t  Bending Coupled 
1 s t  Bending 
1 st C lus t e r  
2nd C lus t e r  
2nd Bending 
2nd Bending (Tower Yaw) 
3 rd  Coupled 
3 rd  Bending 
4th Bending 
4th Bending Coupled 

Engine 
5th Bending 

R 1 1  

Frequency 
(CPS) 

JSPE'NSION 

1.96 
2. 07 
2. 36 
3 .47  
3. 88 
3.95 
4. 27 
5 .39  
5.85 
7.11 
9. 38 

10.60 
12.88 

PITCH, LIFTOFF,  8- 12 SUSPENSION 

Fue l  Tank (Radial)  
1 s t  Bending Coupled 
1 st  Bending 
Clus te r  
2nd Bending 
3 rd  Bending 
2nd F u e l  Tanks 
4th Bending 
5th Bending 
Cable 
Cable 

1 .  58 
1.95 
2. 08 
3.47 
3. 96 
5 .39 
5. 85 
7, 22 
9.37 

10.28 
12.84 

Damping 
(g) 

3. 30 
0. 89 
2. 32 
3 .  38 
2. 83 
1. 62 
1. 52 
2. 05 
1.00 
5.47 
1. 82 

2.99 
- 

- 
3. 71 
2. 05 
2.99 
1.11 
2.01 
3. 30 
4. 76 
1. 67 

1. 27 
- 
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TABLE B-4. RESONANT FREQUENCIES AND STRUCTURAL DAMPING FACTORS, 
PHASE I ( f r o m  R e f .  B 2 )  - Continued 

Run 
Number 

100001 
100003 
100005 
100015 
100017 
100021 
100026 
100030 
100032 
100034 
100036 
100040 

200670 
200672 
200675 
200677 
20070 1 
.200703 
200705 
200707 
20071 1 
200713 
200715 
200717 
20072 1 

301013 
301015 
301017 
301022 
301024 
30 1026. 
301030 
301034 
301036 

Frequency  
Mode 

PITCH, 10 SEC,  8-8 SUSPENSION 

Fue l  Tank (Radial)  
1st Bending Coupled 
1 s t Bending 
1st C lus t e r  
2nd Bending Coupled 
2nd Bending 
3 r d  Bending 
4th Bending 
Outer  Tanks (2nd) 
4th Bending Coupled 
5th Bending and Cable  
5th Bending and Cable  

1. 62 
1.995 
1.986 
3.49 
3.938 
3.992 
5.48 
5. 98 
6. 7 7  
7. 64 
9.53 

11 .01  
~~ 

PITCH, 35 SEC, 8-6 SUSPENSION 

1 st Bending Coupled 
1 s t Bending 
1st Bending Coupled 
Oufer  Tanks 
C lus t e r  
C lus t e r  
2nd Bending 
3 r d  Bending 
4th Bending 
Tower and Engine 
Outer  Tanks 
Outer  Tanks 
5th Bending 

2. 14 
2 .23  
2.24 
3. 18 
3. 83  
3.98 
4.436 
5.178 
6.51 
8.137 
9.186 

10.629 
11.28 

PITCH, 70 SEC, 8-6 SUSPENSION 

1 st Bending 
Outer  Tanks 
Outer Tanks 
2nd Bending 
C lus t e r  
-3rd Bending 
4th Bending 
Tower 
Cable 

2.354 
2.824 
3.79 
4.41 
4.81 
5 .37  
7. 65 

10.0 
10.96 

Damping 
(6 )  

- 
2.50 
2. 87 
1. 62 
2.05 
1. 16 
2, 19 
4.54 
2. 23 
4.25 
1.42 
2.87 

- 
4.35 
5. 60 

2. 14 
2.83 
1.00 
3.11 
0.61 

3.34 
1 .21  
3.42 

- 

- 

2. 50 
2.23 
2.58 
4.09 
1. 62 
1.96 
1.96 
4.82 - 
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HSM - R 102 

Mode 

TABLE 8-4. RESONANT FREQUENCIES AND STRUCTURAL DAMPING FACTORS, 
PHASE I (from R e f .  B 2 )  - C o n t i n u e d  

Frequency  
(CPS) 

Run 
Number 

400001 
400003 
400005 
40001 1 
4000 13 
400015 
400017 
40002 1 
400025 
400026 
400030 

500001 
500003 
500005 
500007 
50001 1 
5000 14 
5000 16 
500020 

60000 1 
600003 
600006 
600007 
6000 11 

600014 

1 s t Bending 
Clus te r  
2nd Bending Coupled 
2nd Bending 
2nd Bending Coupled 
Clus te r  
3 rd  Bending 
R8 
4th Bending 
Cable 
Engine 

2.424 
3.223 
4.265 
4.692 
4.814 
5.119 
5.766 
6. 706 
8.489 

11.10 
11.98 

PITCH, 112 SEC, 8-6 SUSPENSION 

1 s t Bending 
2nd Bending 
C lus t e r  
3 rd  Bending 
3 rd  Coupled 
Engine S-I 

S-I  Engine (Yaw) 
R7 

2.396 
4. 703 
5.20 
6.338 
6.882 
8.074 
8.968 

11.467 

PITCH, 146 SEC, 4-4 SUSPENSION 

1 s t Bending 
2nd Bending 
2nd Bending Coupled 
3 rd  Bending 
3 rd  Bending Coupled 

with Outer  Tanks 
4th Bending 

2.404 
4. 728 
4.848 
8.371 
8.483 

12.16 

Damping 
(g)  

2.79 
- 
- 

2. 50 
4.60 
4 .41  
0.95 
i .  27 
2. 58 

5. 28 
- 

2. 32 
1.96 
5.99 
5.28 
5.39 

2. 32 
1 .  82 

- 

3. 07 
1. 62 
4.02 
4.12 
3.99 

- 
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TABLE 8-4. RESONANT FREQUENCIES AND STRUCTURAL DAMPING FACTORS, 
PHASE I (from Ref. B2) - C o n t i n u e d  

0 10040 
01 0042 
010044 
010047 
010351 
0 1 0 0 5 3 
010055 
010060 
010061 
010063 
010065 
010067 
010071 
010073 

YAW,  LIFTOFF, 8-8  SUSPENSION 

F u e l  Tank (Radial)  
1st Bending Coupled 
1 s t Bending 
Outer  Tanks 
2nd Coupled 
2nd Bending 
Tower 
S-IV Engine Mode 
3 rd  Bending 
Tower 
Outer  Tanks 
4th Bending 
R13 
Engine Mode 

I. 578 
1 ,966  
2.095 
2.338 
3.506 
3.942 
4.253 
4.428 
5.421 

I 5.887 
I 6.398 

7.177 
9.350 ~ 

10.383 

- 
1.82  
1.67 
2. 32 
1. 96 
0. 66 
2.67 
1.27 
1.77 
2.10 
0. 72 
3. 81 
1.91 
2. 14 

110002 
110005 
110006 
110010 
110012 
110014 
110016 
11 0020 
110022 
11 0026 
110030 

YAW, 10 SEC, 8-8 SUSPENSION 

F u e l  Tank (Radial)  
1 s t  Bending Coupled 
1 s t Bending 
Outer  Tanks 
2nd Bending Coupled 
2nd Bending 
3 r d  Bending Coupled 
3 r d  Bending 
4th Bending 
Tower and Outer  Tanks 
Engine 

1.615 
2.023 
2.166 
2.381 
3.536 
3.982 
4.530 
5.568 
6.153 
7.535 

10 .93  

210002 
210004 
210007 
210011 
210013 
210014 

YAW, 48 SEC, 8-6 SUSPENSION. 

1 st Bending 
1 s t Bending Coupled 
1st C/W F, T. (Tang.)  
C lus t e r  
2nd Bending 
3 r d  Bending 

2.269 
2.409 
3.155 
3.853 
4 ,250  
5.204 



TABLE B-4. RESONANT FREQUENCIES AND STRUCTURAL DAMPING FACTORS, 
PHASE I ( f r o m  R e f .  B2) - Continued 

R un 
Number 

311002 
31 1004 
31 1006 
31 101 1 
311013 
311017 
3 1 10'20 
31 1022 
31 1024 * 

311026 

410001 
410004 
410006 
410012 
41 00 14 
410020 

510001 
510005 
510010 
510012 
510014 
510016 

Mode 
Frequency  I ( C P S )  

YAW, 70 SEC,  8-6 SUSPENSION 

1 st Bending 
Outer  Tanks 
Tower and Outer  Tanks 
2nd Bending 
2nd Bending Coupled 
C lus t e r  
3 rd  Bending 
Outer  Tanks 
4th Bending Coupled 

with Outer  Tanks 
4th Bending Coupled 

with Cable 

2.37 
2.818 
3. 752 

4.442 
4.82 
5. 36 

10.45 

11 .03  

4.381 

7. 68 

YAW, 112 SEC, 8-4  SUSPENSION 

1 s t Bending 
2nd Bending 
C lus t e r  
3 r d  Bending and Engine 
4th Bending and Engine 
S-I Engine and 5th Bending 

2.476 
4.83 
5.196 
6.152 
9.281 

12.853 

YAW, 146 SEC, 4E-4  SUSPENSION 

1 s t  Bending 
2nd Bending 
3 r d  Bending 
3 r d  Bending 
Engine and 4th Bending 
Engine and 4th Bending 

2.486 
4. 88 
8.397 
8.527 

10,395 
11.897 

D amp  in g 
(g) 

2.28 
0.89 

2.45 
3. 85 
2.95 
2.05 
2.05 
8.42 

- 

- 
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TABLE B-4. RESONANT FREQUENCIES AND STRUCTURAL DAMPING FACTORS, 
PHASE I ( f r o m  R e f .  B2) - C o n t i n u e d  

Run 
Number 

030001 
030005 
030007 
030011 
030014 
030016 
030020 
030022 
030024 
030026 
030031 

23000 1 
230003 
230005 
2300 10 

230012 
230014 

230016 

020003 
020006 
020007 
020012 
020014 
020016 
020020 
020023 

Frequency  
Mode (CPS) 

LONGITUDINAL, LIFTOFF,  8-8  SUSPENSION 

Bouncing 
R2 
R3 
R4 
R5 
1st  Long. Mode 
Engine and Thrus t  S t ruc tu re  
Fue l  Tank 
R9 
R 1 0  
R11 

1 .55  
4. 90 
5. 78 
6. 51 
7. 54 

10.17 
13. 70 
16 .41  
18.64 
20.77 
24.83 

LONGITUDINAL, 146 SEC, 4-E4 SUSPENSION 

Bouncing 
1 s t  Long. Mode 
Outer  Tanks 
S - I V  Engine and Outer  

S- IV Bulkhead 
S-IV Bulkhead and Outer  

Outer  Tanks 

Tanks 

Tanks 

1. 83 
11.41 
14.22 
20.53 

25.85 
28.12 

35.87 

TORSION, LIFTOFF,  8-8 SUSPENSION 

Outer Tanks Tang. 
Tower L a t e r a l  
1 s t Tors ion  
Tower La te ra l  
C lus t e r  
2nd Outer Tanks Tang. 

R8 
R7 

2. 356 
3.592 
3.687 
4.036 
5.66 
6.594 

10.04 
10.56 

Damping 
( g )  

- 
- 
- 

1. 82 
2. 58 
3. 34 
2. 05 
2. 58 
6. 09 

2. 28 
- 

1. 96 
5. 08 
5. 17 
5. 17 

4.41 
3. 56 

- 

2.01 
3. 38 
4. 32 
3. 07 
2.10 
3. 60 
- 
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HSM- R 102 

Mode 

TABLE B-4. RESONANT FREQUENCIES AND STRUCTURAL DAMPING FACTORS, 
PHASE I ( f rom Ref. B2) - Concluded 

Frequency 
(CPS) 

Run 
Number 

120001 
120006 
120010 
120013 
120015 
120017 
120021 
120023 
120025 

220001 
220003 
220007 
2200 12 
22001 3 
220015 
220020 
220022 

320003 
320004 

320006 
320010 
320012 
320014 
3200 16 
320020 

42000 1 
420003 
420005 
420007 

Outer Tanks 
Tower Lateral  
1 s t  Torsion 
Tower Lateral  
Cluster 
2nd Outer Tanks Tang. 

R8 
R 7  

R 9  

2,397 
3.629 
3.895 
4 .031 
5.80 
7.01 
7. 6 1  
9.90 

11.03 

TORSION, 35 SEC, 8-6  SUSPENSION 

Outer Tanks 
Tower, Yaw 
1 st Torsion 
Tower Lateral  and Engine 
Cluster 
Tower Lateral  
Outer Tanks 
2nd Torsion 

2.887 
3.838 
4 .601 
4.234 
5.923 
6.149 

10.43 
12.00 

~ 

TORSION, 70 SEC, 8-6  SUSPENSION 

Outer Tanks 
Tower Lateral  and Outer 

Tower Lateral  
1st Torsion 
Cluster 
Cluster Coupled with Engin 
Cluster 
2nd Torsion 

Tanks 

2.740 
3. 769 

4.688 
5.35 
6.747 
6. 794 
7.943 

12.94 

TORSION, 146 SEC, 4E-4 SUSPENSION 

Outer Tanks 
1 s t Tors  ion 
Engine and Outer Tanks 
Engine and Outer Tanks 

4.934 
5.646 
8.465 

10.52 

Damping 
k) 

2. 67 
2.99 
1.96 
3 .11  
2.01 
1. 82 
2. 58 - 
- 

1. 05 
2. 32 
1. 62 
1.41 
2.37 
2.79 

3. 23 
- 

1.42 
1.57 

1. 96 
2.28 
6. 80 
6. 26 

2. 32 
- 

0. 89 
4 .12  
- 
- 



TABLE B-5. RESONANT FREQUENCIES AND STRUCTURAL DAMPING FACTORS, 
PHASE I1 (from R e f .  B2) 

Mode 
Run 

Number 
Frequency 

( C P S )  

010036 
010041 
010200 
010202 

- 
020002 
020004 
020137 
020141 
020144 

- 
030002 
030156 

0 . 6 1 6  
9 . 9 5  

1 6 . 9 5  
I 

110002 

110107 
110114 
110105 

- 
9. 8 8  
0 .471  

15.  79 
, 2 5 . 2 3  

11.1 I 

- 
210002 
210010 

210011 

210016 
210017 

PITCH, IGNITION, 8 - 5  SUSPENSION 

1 s t Bending 
2nd Bending 
Engine 
3 r d  Bending 

4 . 2 1  
1 0 . 1 7  
1 2 . 6 9  
19. 76 

YAW, IGNITION, 8 -5  SUSPENSION 

Rocking 
1 s t Bending 
2nd Bending 
Engine 
Engine 
Engine 

0. 38 
4 . 3 7  

1 0 . 1 6  
1 1 . 6 2  
17. 34 
2 0 . 1 5  

TORSION, IGNITION, 8-5 SUSPENSION 

Rocking 
Engine 
2nd Torsion 

PITCH, 10  SECOND 8 - 5  SUSPENSION 
I 

1 s t Bending 
Rocking 
Engine 
Engine 
Engine 

PITCH, CUTOFF,  8 - 3  SUSPENSION 

R o ck i ng 
1 s t  Bending 
1 s t  Bending 

and En,' nine 
2nd Bending 

and Engine 
Engine 
Thrus t  S t ruc ture  

0 . 8 0 8  
1 1 . 7 6  
1 2 . 5 2  

1 8 . 2 1  

2 0 . 1 2  
29,  70 

Damp in g 
(8)  

2. 68 
6. 75 

4 . 0 2  
- 

- 
1. 67  
5 . 2 1  
- 
- 

2 . 8 1  

- 
0. 85  
3. 25 

5 . 2 5  
- 
- 

3. 07  
3. 38 

- 
BTG 
7.40 

- 

3 .  31 
- 
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Conclusions Drawn 

1 )  The polystyrene balls used to  simulate LH2 contributed appreciably 
t o  the vehicular roll  moment of iner t ia .  

2)  The suspension suppor t  r i n g  contributed appreciably t o  the vehicular 
rol l  moment of iner t ia .  

3) The rol l  moment of iner t ia  of the dynamic t e s t  vehicle i s  70 percent 
greater than that  of the f l i g h t  vehicle, due to  the effects  of the 
polystyrene bal ls  and the suspension support r i n g .  

There i s  marked coupling between body bending modes and engines 
a t  the cutoff pitch condition. 

Various suspension systems ut i l ized d u r i n g  th i s  t e s t  d i d  not have 
any appreciable effect  on the mode shapes and resonant frequencies. 
Less than one percent change occurred i n  the resonant frequencies. 

Phase and response curves cannot be rel ied on t o  any grqat extent 
fo r  the determination of resonant frequencies due t o  random type 
errors.  

4) 

5)  

6) 

7) I n  order to  accurately p i n - p o i n t  resonant frequencies, sweeps should 
be made a t  0.01 hertz increments w i t h i n  0.1 hertz of suspected peak. 

B3. ?Saturn I - B  Dynamic Test", " F i n a Z  Report, Total Vehicle Testing of 
Saturn I - B ,  @ymnrLic Test VehicZes, SA200-D i n  SA202, SA203, SA206 and 
SA207 Configurations", & q s  Zer Corporation, HSM-R856, January 31, 1966 

Purpose and Scope 

This experimental program was conducted to  determine the v i  bration 
characterist ics of a fu l l  scale Saturn I-B prototype SA200-D. The 
several t es t s  were planned t o  give free-free conditions for  the SA202, 
the SA203, the SA206 and the SA207 configurations. 

Test Setup and Procedure 

Each vehicle configuration was suspended on a system of cables, springs, 
and hydraulic cylinders as shown i n  Figure B-8. 
dynami cal ly i n  the la teral  ( p i  tch and yaw) , longitudinal and torsional 
modes. 
vehicle configuration and fo r  each type o f  excitation. 

Each was excited electro- 

Outputs from acceJerometers and rate  gyros were recorded fo r  each 

The position of each vehicle i n  relation t o  the tower was measured by a 
system of "position plots" a t  a number of points on the tower. 

A1 1 measurements of dynamic response were transmitted t o  appropriate 
instrumentation t r a i l e r s  a t  ground level whereas a l l  l i f t  measurements 
were monitored i n  the fourth level control room. 
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I 

Figure B-8. Saturn Vehic le Suspended i n  a Free-Free 
Condi t ion ( f rom Ref. B3) 

86 



Equipment 

The dynamic t ransducers consis ted o f :  

1 )  S t r a i n  gages. 

2) I n e r t i a l  spring-mass viscous damped accelerometers. 

3) Rate gyros. 

The outputs  o f  the transducers were t ransmi t ted  t o  two ins t rumenta t ion  
t r a i l e r s  a t  ground l e v e l  by way o f  patch panels convenient ly  l oca ted  on 
the  tower. 

A t a b u l a r  l i s t i n g  o f  the  s p e c i f i c  types o f  transducers and recorders 
i s  g iven i n  the  o r i g i n a l  repo r t .  

The shakers were apparent ly  " l i n g "  shakers w i t h  v a r i a b l e  'lg'l outputs.  

Readings Obtained 

Approximately 200 response curves a re  presented i n  the o r i g i n a l  repor t .  
The data are presented i n  f o u r  d i f f e r e n t  ways: 

1 ) Trac ing o f  osc i  11 ograph records. 

2) 

3) 

Replicas o f  char ts  o r  p l o t s  o f  displacement and/or acce le ra t i on  
as a f u n c t i o n  o f  frequency f o r  each accelerometer i n  each tes t .  

Summary p l o t s  o f  frequency, amplitude, mode, f l i g h t  t ime and 
l o c a t i o n  are  g iven i n  var ious combinations as shown i n  
Figures B-9, B-10 and B-11. 

4) Summary values o f  reduced data a re  g iven i n  a se r ies  o f  tab les  
i n  the  repor t .  

Tables B-6 through B-11 are examples o f  these data. 

These raw data were reduced t o  use fu l  values by computer programs. 
Some programs have n o t  been o f f i c i a l l y  documented. 
have been documente f i re :  

Among those t h a t  

The P&VE computer program es tab l i shed f o r  qu ick reduc t ion  
o f  the dynamic t e s t  magnetic tape data immediately a f t e r  a 
t e s t  run. This enables the  t e s t  engineers t o  de tec t  any 
problems e x i s t i n g  i n  record ing  re1 i a b l e  readings. 

The "Computer Laboratory" computer program gives essen t ia l  l y  
the same reduc t ion  o f  data tapes as the P&VE computer program 
and a l so  inc ludes such factors  as genera l ized mass, damping 
fac to rs ,  e x c i t a t i o n  forces and resonant frequencies. 

S t i l l  o the r  computer programs prov ide  checks on data readings 
and s l i g h t l y  d i f f e r e n t  dynamic fac to rs .  
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Figure B-9. 3-206,  First Torsion Coupled Mode, 146 Seconds Roll ( f rom Ref. 83) 

88 



FiS M
 - I? 8 56 

89 

h
 

m
 

a
 

8 b 
cc 
U

 

0
 

I 
c
-
 

m
 



HSM-R856 

Figure B-11. SA-207, Pitch L i f t - o f f ,  Runs No. 007231 and 007244 -- Response 
o f  the Accelerometers Located on the LEM and LEM Adapter 
(from Ref. 83) 
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TABLE B-6. SA-203 MODAL DATA, LIFT-OFF, PITCH, 8-8 SUSPENSION (from Ref. 83) 

R U N  
NUMBER 

000452 
000472 
000477 
00031 1 
000313 
000374 

000413 

000606 
000615 

000634 
000434 
000437 
000657 
000331 

RESONANT 
FREQUENCY 

(CPS) 

1 . 6 0  
2. 05 
2 .  30 
3 .  66 
4 . 3 2  
5 . 3 4  

5. 42 

5. 72 
6 .  30 

7. 60 
8. 00 
8. 06 
9 .  30 

10. 92 

MODE 

F u e l  No. 1 Radial Mode 
LOX No. 1 Radial  Mode 
First Body Bending Mode 
LOX Tangential  Coupled Mode 
Engine Coupled Mode 
Second Body Bending Mode Coupled 

Second Body Bending Mode Coupled 

Second F u e l  Radial Mode 
Second Bending Mode With Fuel  No. 2 

Second LOX Radial  Mode 
Third Bending Mode Coupled With OT 
Third Bending and Outer Tank Mode 
Engine Coupled Mode 
Engine Mode 

With OT 

With OT 

Tang en  t i a1 

3 . 0 0  
2 . 2 6  
1.  07  
1 .  04 

0.  75 
- 

0 .  50 

- 
1 .  46 

- 
1 .  64 
1 .  27 

- 

2. 54 

* !Average = 1. 55 percent  
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TABLE B-7. SA-202 MODAL DATA, LIFT-OFF, YAW, 8-8 SUSPENSION (RE-RUN) ( f r o m  R e f .  B3) 

RUN 
NUMBER 

602044 
602114 
602127 
602006 

602010 
602135 
60201 1 
602016 
602017 
6 02 024 
602252 
602032 

602035 
602037 

RESONANT 
FREQUENCY 

1 . 3 3  
1. 65 
2 . 1 0  
2. 19 

2. 29 
2 . 4 0  
3. 5 3  
4. 14 
4. 53 
5. 83 
6.  50 
7. 53 

8. 55 
10.06 

MODE 
DAMPING ' 

( 4 70) 

F i r s t  Bending Mode 
First Fuel  Radial  Mode 
First LOX Radial  Mode 
Second Bending Coupled With Outer 

Second Bending Mode 
First Fuel  Tangential  Mode 
First LOX Tangential  Mode 
Thi rd  Bending Mode 
F o u r t h  Bending Mode 
Second Fuel Radial  Mode 
Second F u e l  Tangential Mode 
F o u r t h  Bending Coupled With Second 

Coupled Tower Mode 
Engine 

Tank Tangential  

Outer  Tank 

1 . 2 2  
- 
- 

1 . 0 2  

1 . 2 0  

1 . 0 8  
1 . 5 4  

1 . 1 2  
0 .  91 

- 

- 

- 
1 .  13 

- 

9& 5 Average = 1. 15 p e r c e n t  

TABLE 8-8. SA-202 MODAL DATA, LIFT-OFF +I10 SECONDS, PITCH, 8-4 SUSPENSION 
(RE-RUN) ( f r o m  R e f .  B3)  

RUN 
NUMBER 

712225 
712227 
71231 1 

712235 
712462 
712506 

712532 

712251 

RESONANT 
FREQUENCY 

(CPS) 

1 .  64 
2. 51 
2.  58 

4 . 8 0  
6 . 0 0  
7. 71 

9. 71 

10.66 

MODE 

First Bending Mode 
Second Bending Mode 
Second Bending Mode With P h a s e  

Shift in Outer Tanks 
F i r s t  LOX Radial  Mode 
F i r s t  Fue l  Radial  Mode 
Thi rd  Bending Coupled With Engine 

F o u r t h  Bending Coupled With Engine 

Engine Mode 

Mode 

and Tower Mode 

1 . 7 5  
1 . 6 9  
1 .  1 7  

0 .  77 
1 .  89 
I .  70 

1 .  26 

- 

*: F; Average = 1.46  percent  
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TABLE 

RESONANT 
FREQUENCY 

(CPS 1 

1 . 4 7  
2.  50 
2. 65 
5. 46 
5. 80 

6 .  28 
8. 40 

10.24 

B-9. SA-206 MODAL DATA, LIFT-OFF +110 SECONDS, YAW, 8-6 SUSPENSION 
(;from R e f .  B3) 

MODE 

First Bending 
Second Bending Out of P h a s e  
Second Bending In P h a s e  
First LOX Coupled Radial  Mode 
Thi rd  Bending With Outer  Tank 

Outer Tank and Engine Coupled 
Second LOX Radial Coupled 
Engine 

Coupled 

RUN 
NUMBER 

116000 
116061 
116156 
116101 
116253 

116114 
116305 
116034 

R U N  
NUMBER 

RESONANT D A PING ::: 
FREQUENCY MODE ( 5 "4,) 

(CPS) 

2. 34 
1 . 2 0  
1 . 3 7  
1 . 2 8  
0 .  86 

- 
- 
- 

026033 
026034 

*!Average = 1 . 4 1  percent  

8. 75 Engine 
9 .88  I Tower Coupled 

1 . 4 5  
2. 50 
2. 65 
5.  83 
6 . 9 4  

First Bending 
Second Bending in P h a s e  
Second Bending Out of P h a s e  
Thi rd  Bending Coupled 
First Fuel  Radial  

2 .  38 
1 .  06 
2 .  40 
0 .  60 

"!Average = 1 . 6 1  percent  

TABLE B-11. SA-206 MODAL DATA, LIFT-OFF +146 SECONDS, PITCH, CANTILEVER 
( f r o m  R e f .  B3) 

L) AM P I iw; 

2 02 

0 .  98 

-- - ___ - - 

RUN RESONANT 
NUMBER FREQUENCY MODE 

(CPS 1 

444402 0.  57 Fir s t Cant ile ve r 
444406 2.  89 Third Cantilever 
444407 3. 05 Third Cantilever Coiipletl Wii  11 01 i tcr  

44441 1 6 .  35 Four th  Cantilever 

:: EAverage = 1 . 4 3  p e r c e n t  

Tanks 
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V i  bration Characteristics Noted 

The discussion i n  the report is  centered around the general resonant 
frequencies and modes of vibration fo r  different  excitations. 
i s  considered as a percentage of c r i t i ca l  damping. 
given i n  a following section. 

Damping 
Summary tables a re  

Comparisons Made 

Correlations between the behavior dur ing  pitch,  yaw and ro l l  modes of 
vibration are discussed. 
is the principal factor  emphasized i n  the discussion. 

In general the lack of consistency i n  behavior 

The resul ts  from s t r a in  gage measurements indicate tha t  the pulsating 
p a r t  o f  the s t resses  measured were quite low. Since the s t ra in  gages 
were a l l  mounted on the heavy structural  framework holding the command 
module, this was apparently expected. 

Damping Val ues Obtai ned 

Damping coefficients expressed as a percent o f  c r i t i c a l  damping are  
given i n  a ser ies  of tables. Tables B-6 through B-11 are examples. 

In general, the damping factors ranged from 1/2 t o  about 4 percent o f  
c r i t i c a l .  
damping values.. .than the uncoupled bending modes". 

I t  was noted tha t  "the outer tank modes exhibited larger  

Conclusions Drawn 

Confidence i n  the accuracy and r e l i ab i l i t y  of the data was severely 
1 imi ted fo r  the fol lowing reasons : 

Attention of the t e s t  engineer was not directed toward 
determining Lunar Excursion Module Test Artical (LTA-2) 
resonances uncoupled from the vehicle bending modes. 

Narrow bands of resonance could have been missed. These 
would greatly modify the results.  

Lack of instrumentation on the LTA-2 and adjacent s k i n .  

No frequencies shown have been taken a t  a vehicle bending 
mode. Hence, modes shown may not be representative. There 
was evidence of consi derabl e LTA-2 resonance. 
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B4. Walker, J .  H. and R. A. Winje,, "An Investigation of Low Frequency 
LongitudinaZ V<bration of the T i t a n  11 MissiZe During Stage I FZight" ,  
Addendum, TRW Space TeehnoZoa Laboratory, BSD-TR-65-265, June 1965 

Purpose and Scope 

This r e p o r t  should be considered as an addendum t o  an e a r l i e r  repo r t ,  
"An I n v e s t i g a t i o n  o f  Low Frequency Long i tud ina l  V ib ra t i on  o f  t he  T i t a n  I 1  
M i s s i l e  During Stage I F l i g h t "  by K. J .  McKenna, J. H. Walker and 
R. A. Winje, TRW/STL-Report 6438-6001-RV000, March 26, 1964. This  
r e p o r t  g ives a d iscuss ion o f  the ground t e s t  program, a rev i sed  a n a l y t i c a l  
model and resu l  t s  o f  analyses w i t h  c o r r e c t i v e  measures incorporated.  

A b ib l i og raphy  o f  p e r t i n e n t  documentation i s  a l so  given. 

S p e c i f i c  ob jec t ives  o f  the t e s t s  are:  

1) Determinat ion o f  t he  i n t e r a c t i o n  between the pump and the 
suc t i on  1 i nes. 

2) Determinat ion o f  t he  c h a r a c t e r i s t i c s  o f  the pump under 
osc i  11 a to ry  condi t ions.  

3)  Determinat ion o f  the t h r u s t  chamber reac t ions  t o  o s c i l l a t o r y  
f l o w  inputs .  

Test Setup and Procedures 

Two se r ies  o f  t e s t s  were made; one a t  Ae ro je t  General Corporat ion,  
h e r e a f t e r  r e f e r r e d  t o  as Engine Trans fer  Funct ion Tests (ETFT) and 
the o t h e r  a t  Mar t in ,  Denver, r e f e r r e d  t o  as Pump Dr ive  Assembly Tests 
(PDAT) . 
The ETFT t e s t s  were h o t  f i r i n g s  whereas 
t h r u s t  chamber s imulated and the propel  
arrangement i s  shown i n  F igure 8-12. 

The ETFT consis ted o f  b a t t l e s h i p  propel  
suc t i on  l i n e ,  f l i g h t  pumps and a f l i g h t  
i n  f l o w  and pressure were in t roduced by 
and d r i v e  assembly. 

the PDAT were conducted w i t h  the 
ants recycled. A schematic 

an t  tanks, spec ia l  o x i d i z e r  
t h r u s t  chamber. O s c i l l a t i o n s  
means o f  a ho r i zon ta l  p i s t o n  

Pressures throughout the system were measured and recorded. 

A t o t a l  o f  e i g h t  runs o f  approximately 150 seconds each were made and 
approximately 60 channels o f  data were recorded on magnetic tape f o r  
each run. 

The PDAT were made w i t h  e s s e n t i a l l y  the same con f igu ra t i on  as the ETFT 
except t h a t  the i n j e c t o r  and t h r u s t  chamber were s imulated w i t h  a f l o w  
nozzle,  o r i f i c e  p l a t e  and c a v i t a t i n g  ven tu r i  valves. Pulsat ions were 
produced as i n  the ETFT. 
the  downstream s i d e  o f  the pump. 

I n  add i t i on ,  p rov is ions  were made t o  pu lse 
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Cavitation Bubbl Cavitation Bubble 

Thrust Chamber 

Figure B-12. Ground Test Schematic f o r  T i t a n  I11 Test 
( f rom Ref. B4) 
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Twenty-two runs were made t o t a q i n g  2250 seconds o f  t e s t  data which was 
recorded as f o r  the  ETFT. 

Equipment 

The data r e s u l t i n g  f r o m  the  60 channels o f  t ransducers was recorded on 
magnetic tape. The records were reduced by analogue techniques. The 
s p e c i f i c  equipment used i s  n o t  ind ica ted .  

Readings Obtained 

A sample o f  the  semireduced data obta ined f rom these t e s t s  i s  shown i n  
F igure 8-13. 

V i b r a t i o n  Charac te r i s t i cs  Noted 

The t e s t s  revealed a c h a r a c t e r i s t i c  resonant frequency associated w i t h  
the  suc t i on  l i n e  and pump. 

A c h a r a c t e r i s t i c  resonant frequency was a l so  conf i rmed f o r  t he  o x i d i z e r  
s ide  which was associated w i t h  t h e  c a v i t a t i o n  index and the  compressi- 
b i l i t y  o f  t h e  f l u i d  i n  the l ong  l i n e .  

Comparisons Made 

Comparisons between the f i r e d  v i b r a t i o n  t e s t s  and t h e  mechanical f l o w  
t e s t s  i n d i c a t e  t h a t  a l l  data f rom the  two types o f  t e s t  were i n  good 
agreement, i.e., w i t h  210%. 

Comparisons between theory and t e s t  i n d i c a t e d  e i t h e r  conf i rmat ion  o f ,  
o r  on l y  s l i g h t  m o d i f i c a t i o n  o f ,  t he  parameters used i n  the ana lys is .  

Darnpi ng Val ues Obtained 

A va lue o f  damping (percent)  i s  i n d i c a t e d  as 1.0%. 
have been obta ined f rom curves s i m i l a r  t o  the curve shown i n  F igure  B-13. 

Concl u s i  ons Drawn 

This  va lue cou ld  

I n  general t h e  ground t e s t  program was h i g h l y  successfu l .  
ment o f  a f u e l  l i n e  c h a r a c t e r i s t i c  frequency and i t s  dependence upon the  
c a v i t a t i o n  index as w e l l  as the  conf i rmat ion  o f  the  o x i d i z e r  character-  
i s t i c  frequency has l e d  t o  a more thorough understanding o f  the  l o n g i -  
t u d i n a l  o s c i l l a t i o n  phenomenon. The f a c t  t h a t  much usefu l  i n fo rma t ion  
can be obta ined f rom steady s t a t e  data i s  i n  i t s e l f  a major accomplish- 
ment o f  the t e s t  program. 

The es tab l i sh -  
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F i g u r e  8-13, R e l a t i v e  Amplitude Versus Frequency (Sample o f  Data Obtained) 
(from Ref, 84)  
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B5. Watson, aarZes E. and Kay W., SZayden, "ExperimentaZ Vibration 
Program on a FUZZ Scale Saturn Space VehicZe", George C. Marsha22 
Space Flight Center, NASA-MTP-P&VE-S-62-3, A p r i l  26, 1962 

Purpose and Scope 

The purpose o f  the  v i b r a t i o n  program was t o  e x c i t e  t h e  v e h i c l e  through 
a frequency range s u f f i c i e n t  t o  determine the  s i g n i f i c a n t  f r e e - f r e e  
l a t e r a l ,  t o r s i o n a l  and l o n g i t u d i n a l  mode shapes, f requencies and 
associated damping c o e f f i c i e n t s .  Knowledge o f  these v i b r a t i o n  charac- 
t e r i s t i c s  i s  needed because o f  t h e i r  e f f e c t s  on the  v e h i c l e  c o n t r o l  
s t a b i  1 i zing  networks. 

F i ve  cond i t ions  were t e s t e d  t o  o b t a i n  the  v a r i a t i o n  o f  bending 
frequencies dur ing  powered f l i g h t .  
f o l l o w i n g  times o f  f l i g h t :  

T = 0 ( l i f t - o f f )  

T = 10 seconds 

These cond i t ions  are  those a t  the  

T = 63 seconds (Qmax) 

T = 119 seconds ( c u t - o f f )  

T = 35 seconds 

Test  Setup and Procedure 

The f u l l  sca le  v e h i c l e  was suspended i n  a s imulated f r e e - f r e e  
cond i t i on  i n  a t e s t  s tand as i n d i c a t e d  i n  F igure 8-14. 

The suspension system cons is ted  o f  cables, spr ings,  hyd rau l i c  cy l i nde rs  
and t u r n  buckles arranged so as t o  suppor t  t he  load un i fo rmly .  
suspension was v a r i e d  f o r  d i f f e r e n t  amounts o f  l oad  ( l i q u i d  i n  the  
tanks) and f o r  d i f f e r e n t  modes o f  v i b r a t i o n .  
i n  the  tanks. 

The 

Deionized water  was used 

F igure B-15 ind i ca tes  the  var ious suspensions and shakers used. 

Equipment 

Ins t rumenta t ion  cons is ted  o f  v e l o c i t y  pickups mounted a t  c r i t i c a l  
l o c a t i o n s  on the veh ic le  and rov ing  pickups used t o  l o c a t e  nodal 
po in ts .  S t r a i n  gage b r idge  type accelerometers were used. Acce le ra t ion  
outputs  were amp1 i f i e d  and recorded on d i  r e c t  w r i  ti ng osc i  11 ographs. 

Four shakers were a v a i l a b l e  f o r  use f o r  l a t e r a l  and t o r s i o n a l  mode 
shapes. Two o r  th ree  shakers were used a t  a time. Two shakers i n  
phase produced 1 ongi  t u d i  na l  v i  b r a t  ions.  

Resonant f requencies were determined w i t h  r a t e  gyros i ns tead  o f  
accelerometers because there  was no apprec iab le phase l a g  below 25 Hz. 
Outputs f rom the r a t e  gyros were recorded on an osc i l lograph.  
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Figure B- 1 
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Ref.  
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FIN II 

N 
YAW SHAlQR W 

REFERENCE NO DESCRIPTION CODE 

I. HARD FOR PITCH &YAW, L.O.,IOSECS,& 35SECS 

2. SOFT FOR PITCH, LO., IO SECS 8 35 SECS 

2N.SEE NOTE I 

3. SOFT FOR PITCH, EMPTY 8 0 MAX 

3N SEE NOTE I 

4. HARO FOR PITCH, EMPTY & Q MAX 

6.SOFT FOR YAW, L.O. , IO SECS, & 35 SECS 

8.SOFT FOR YAW, Q MAX 8 EMPTY 

8(ODD-12S-IC8 EVEN-12S-BC) 

8(ODD-4S- IC & eVEN- 12S-2C) 

4(EVEN - 12s- 2C) 

4(ODD- I2S-fC) 
ODD- 12s-IC 

(2 EVEN ENGINES -12S-2C) 

4( 4 FINS-IPS [ EVEN-2C ODD - I C  

ODD-OUTRIGGERS Z 8 RE, ENGINES I (L 

EVEN-OUTRIOIERS n 8 m,ENOINES n (L 14c 

S- SPRiNBS IN IWOIVIDUAL CLUSTER 

C- GABLES 

w0-m: I 

~ E ~ ~ R ~ W ~ ~  NUMBERS FOLLOWED BY (N) INDICATE 

SUBSTITUTION OF THE NEW LOWER CONNECTING 

LINES SHOWN I N  FIGURE 5. A L L  (N) RUNS 

HAVE ONLY I C  OR I CABLE. 

I 
SHAKER 

MTP-P&VE-S- 62-3 I 

Figure B-15. Suspension and Shaker Orientation (from Ref. B5) 
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Readings Obtained 

Readings of deflection were obtained and plotted i n  a ser ies  of plots 
of which Figure B-16 i s  a representative curve. 

Typical vehicle response curves are  shown i n  Figures B-17, B-18, B-19 
and 8-20. 
Curves shown i n  Figure B-20 serve as a means of determining the damping 
factors for  the structure.  

These curves show the great variety o f  patterns obtained. 

Vibration Characteristics Noted 

The primary mode shapes are  considerably affected by coupling of  the 
outer tanks with the vehicle as a whole. 
f i rs t bendi ng modes. 

In fac t  there are no uncoupled 

The f i rs t  c luster  mode i s  distinquished by having only one node on the 
primary structure.  Figure 8-17 shows the f i r s t  mode response a t  l i f t -  
o f f  indicating the close relation or  coupling with Lox and fuel tanks. 

Second bending modes were clean and strong for  the f i r s t  part  o f  the 
t e s t .  
compl i cated by outer tank resonances. 

As " f l igh t  time" progressed, the second and higher modes became 

Cluster and engine modes are  accompanied by h i g h  values o f  structural  
dampi ng . 
Cab1 e resonances were annoying when they occurred near vehicle bending 
resonances. 

Comparisons Made 

A comparison of SA-DI mode shapes and frequencies w i t h  calculated 
values and w i t h  Langley model t e s t s  i s  shown i n  Figure B-21 and 
Figure B-22 for the f i r s t  and second modes of v i b r a t i o n .  

Damping Values Obtained 

Damping factors were obtained for the vehicle as a whole as indicated 
by pickups a t  the forward most location except when a pickup was not 
working sa t i s fac tor i ly ,  fo r  which case another pickup was used. 

Table 8-12 shows damping values obtained for  various modes and times 
of v i  bration. 

Conclusions Drawn 

Generally speaking, la teral  damping factors decrease w i t h  increasing 
bending mode and cluster  frequency. 

Torsional modes have a higher damping factor  than la teral  loads. 

Tank slosh frequencies are  present i n  the range of the control system 
frequency . 
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TANKS: LIFT-OFF ' 

MODE: 3BQ BENDING 

DAMPING FACTOR (9 )E 1.18% @ 35 
SUSPENSION: 6 

YAW FREQUENCY: 11.7 CPS 

MISSILE 

20- 

5 

3- 

I -- 
14- 

STATIONS, INS. 

LOX TANK  NO^ FUEL  TAN^ ~ 0 . 4  
YAW YAW -- 

-I 0 I .2 

.r 

1595- 

1173- 

785-  

324- 

1951 

1854 
\ .  

1735 

1506 

1319 

979 

069 

189 

I888 LBS 
9 5 ( p - p )  

PICK-UP NO'S 

27 

23  

t : : : ; : : : 1  
-.4 73 12 -.I 0 .I .2 3 .4 

ACCELERATION G'S (P-P) 
MTP-P&VE-S-62-3 

Figure B-16. L a t e r a l  Bending Modes (Yaw Plane) ( f rom Ref. 65) 
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*i 

VEHICLE FREQUENCY RESPONSE CURVE 
TANIS LIFT -OFF 
MODE I" OEllDlNG 
CRPUENCY 2 0 - 3 0  CP8 
SUSPENSION 2 

0 . , .  . .  , . . . . . . . .  , . . . . . . . .  ,,..7"., . . . . , , ~ . ,  ' 
2 4  2 5  ' 2 6  I n  """'""' 10 

Vehic le  Frequency Response Curves a t  L i f t - o f f  
( f rom Ref. 65) 

' 
2') 

I 
2 3  ' 

FREQUENCY ' C P I  MTP-P&VE-S- 62- 3' 

F igu re  B-77. 
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B6. "Space Launch Vehicle Full Scale Damping Tests", by General Dyndcs  
Astronautics, A Division o f  General Dyndcs Corporation, G. D. A. -63- 
0376, Contract AF-04/694/185, June 1963 

Purpose and Scope 

The purpose o f  t he  f u l l  sca le A t l as  119D and A t las  149D Agena t e s t s  
was t o  c l a r i f y  previous t e s t s  on models, p a r t i c u l a r l y  the v i b r a t i o n  
dampi ng fac to rs .  
and empty A t las  and Agena. 

The t e s t s  encompassed severa l  combinations o f  f u l l  

Test Setup and Procedure 

The t e s t  specimens were the A t las  119D and A t las  149D i n  f l i g h t  
cond i t ion ,  a p a r t i a l l y  s t r i p p e d  Agena B y  and two dummy payloads. 
Atlas-Agena con f igu ra t i on  was erected on the Pad 2 launcher. A l l  wind 
screens were c losed and the  umb i l i ca l  tower s a i l s  extended. Water was 
s u b s t i t u t e d  f o r  the  Agena f u e l  and methylene c h l o r i d e  f o r  the  ox id i ze r .  
Add i t i ona l  weights were used t o  g i v e  a proper weight and c.g. 

The veh ic le  was o s c i l l a t e d  i n  i t s  f i r s t  na tu ra l  mode o f  v i b r a t i o n  and 
then disconnected from the  e x c i t a t i o n  mechanism. The r a t e  o f  decay 
o f  v i b r a t i o n  was determined as a measure o f  damping except f o r  wind 
and f u e l  slosh. 

The 

Equipment 

E x c i t a t i o n  was accomplished by a h y d r a u l i c  c y l i n d e r  w i t h  a feedback 
transducer and servoval  ve. 
separat ion o f  the e x c i t a t i o n  dev ice from the  vehic le .  

A speci  a1 qu i  ck re1  easing sys tem permi t t e d  

A Sanborn recorder  system w i t h  s t r a i n  gages i n  both x and y axes was 
used f o r  both c o n t r o l  and record ing.  
us ing a dead weight  system. 

Rate gyros and z -pos i t i on  t ransducer were recorded on a separate 
Sanborn recorder.  
Honeywell Visacorder. C a l i b r a t i o n  o f  a l l  equipment was performed under 
ac tua l  cond i t ions  as f a r  as feas ib le .  

The load c e l l  was c a l i b r a t e d  

Wind v e l o c i t i e s  and t ime o f  day were recorded on a 

Readings Obtained 

The strain-gages prov ided measurements o f  bending moments. 
c e l l  system prov ided a measure o f  the a x i a l  loads t o  5400 pounds t o t a l  
load. 
s p e c i f i c a t i o n s  o f  the  gyros. 

The load 

The r a t e  gyros measured the  bending de f l ec t i ons  t o  w i t h i n  f a c t o r y  

A s tudy o f  tower d e f l e c t i o n s  f rom wind showed the de f l ec t i ons  measured 
r e l a t i v e  t o  the tower would be s a t i s f a c t o r y  so d e f l e c t i o n  readings are  
r e l a t i v e  t o  the  tower. 
were p l o t t e d  as i n  F igure B-23. 

Re la t i ve  peak-to-peak v i b r a t i o n  decay curves 
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F i g u r e  8-23. T y p i c a l  P l o t s  o f  Data for Determinat ion  o f  Damping 
Fac tors  f o r  Atlas-Agena Assembly ( f rom Ref. B6) 
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Vib ra t i on  Charac te r i s t i cs  Noted 

Motion o f  f l u i d s  i n s i d e  the  tanks caused considerable s c a t t e r  o f  
measured v i  b r a t i o n  amp1 i tudes. 
Because l i m i t i n g  amplitudes ( red  l i n e  values) were q u i t e  s t r i n g e n t ,  
the ampl i tude bu i l dup  was low w i t h  low damping values. 

I n  some cases beat ing  occurred. 

Comparisons Made 

The r e l a t i v e  amplitudes o f  the models were h igher  than f o r  the f u l l  
sca le  t e s t  so t h a t  the computed damping f a c t o r s  were correspondingly 
h igher .  

Dampi ng Val ues Obtained 

From these t e s t s  the  on ly  damping f a c t o r  obta ined was the  l oga r i t hm ic  
decrement. For the amplitudes developed, the decrement values ranged 
from about 1/2 t o  2 percent  of c r i t i c a l .  
h igher  amplitudes. 

The h igher  values p e r t a i n  t o  

Concl us i  ons Drawn 

It i s  recommended t h a t  the  use o f  a constant f o rce  e x c i t e r  be 
considered. 
found. 

Thus, damping f a c t o r s  under beat  cond i t ions  migh t  be 

Much more study i s  needed t o  determine v i b r a t i o n  behavior i n  a l l  
tank ing  condi t i ons. 

B7. Rbrams, S. S. and R. F. Teuber, "!Tkor Delta Vibration Test", 
Environmental Quarterly, Douglas Aircraft  Company, Inc., September 
1963 

Purpose and Scope 

The purpose o f  these t e s t s  was t o  he lp  l o c a t e  areas o f  s t r u c t u r a l  
d i s c o n t i n u i t y  and t o  f i n d  s t r u c t u r a l  i n f l uence  c o e f f i c i e n t s .  These 
f a c t o r s  w i  11 con t r i bu te  t o  v i  b r a t i  on ana lys is  and make computations 
more r e l i a b l e .  
con f igura t ions  and mod i f ied  a n a l y t i c a l  f a c t o r s  and methods developed 
f o r  p red i  c t i  ng c o n t r o l  s t a b i  1 i ty and body bendi ng modes. 

Test Setup and Procedure 

The r e s u l t s  o f  the  t e s t s  were co r re la ted  w i t h  computed 

The 80 f o o t  long Douglas De l ta  space veh ic le  was suspended e l a s t i c a l l y  
i n  a ho r i zon ta l  p o s i t i o n  f rom cables. The s t r u c t u r e  was v i b r a t e d  w i t h  
a shaped impulse c o n t r o l l e d  by a r a t e  gyro which i s  i n  t u r n  fed  t o  the  
engine gimbals. Thus, a dynamic s t r u c t u r a l  response i s  s e t  up. 
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Equi  pmen t 

The vehicle was instrumented w i t h  ra te  gyros, H I G  (Hydraulic Input 
Generator), electronic feed back pots and impulse shaping networks. 
The outputs of the gyros and control systems were observed and 
recorded. 

Readings Obtained 

The control system information was recorded for  three points on the 
vehicle. 
modes of vibration, such as shown i n  Figure B-24. 

These records were analyzed to  give values fo r  vibration i n  

Vi brat  ion Characteristics Noted 

Dur ing  i n i t i a l  activation of the control system, an ins tab i l i ty  
developed a t  the second bending mode. Correction of the support 
bracket fo r  the rate gyro eliminated the pitch plane ins tab i l i ty .  

Comparisons Made 

The relat ive deflections for  the measured qodes were compared w i t h  
preliminary computations. The computations were revised and again 
compared. 
function of measured deflections. 

Figure B-24 shows comparisons o f  computed deflections as a 

Damping Values Obtained 

No mention of damping is made i n  the a r t i c l e .  

Conclusions Drawn 

I f  t e s t s  had not been made, the faulty action of the ra te  gyro would 
not have been noted and proper correction made. 

The t e s t  also gave bending mode data that  led t o  a more accurate 
bending model tha t  led to  a more accurate bending model that  will be 
valuable i n  future analyses. 

88. Alley, V. L. ,  J r .  and S. A. Leadbetter, "Prediction and Measurement 
of Natural Vibrations of Multistage Launch VehicZes", AIM J .  -3 1 
No. 2, A p r i l  1962 

Purpose and Scope 

To provide a comparison of measured vibration frequencies w i t h  prior 
calculated values. 
effects  s t ructural  or skin jo in ts  have on the vibrational character- 
i s t i c s  of the vehicle as a whole. 

I t  was also the purpose to  determine what measurable 

The t e s t  vehicle was made of the following rockets: 
Lance; second stage, Lance; third stage, Recruit; fourth stage, T55. 

f i r s t  stage,  
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Test  Setup and Procedure 

The veh ic le  shown i n  F igure B-25 was supported i n  a v e r t i c a l  a t t i t u d e  
by cables so as t o  represent  f r e e  f l i g h t  i n  one plane. An upper sup- 
p o r t  composed o f  two s p r i n g  loaded cables at tached near the  upper nodal 
p o i n t  o f  the  v e h i c l e  s t a b i l i z e d  the veh ic le  i n  the v e r t i c a l  a t t i t u d e .  
The veh ic le  was e x c i t e d  by an e lect romagnet ic  shaker connected t o  the 
veh ic le  10 1/2 inches from the bottom. 

The f i r s t  th ree  modes o f  v i b r a t i o n  were determined and then repeated 
f o r  the veh ic le  turned 90 degrees about the  l o n g i t u d i n a l  ax i s  o f  
symme t ry . 
Measurements were made t o  determine j o i n t  t igh tness ,  na tu ra l  f requencies 
a t  each mode o f  v i b r a t i o n ,  and ampl i tude o f  o s c i l l a t i o n  f o r  severa l  
p o s i t i o n s  along the  veh ic le .  

Eq u i pmen t 

E i g h t  s t ra in-gage accelerometers were l oca ted  along the  l eng th  o f  the  
veh ic le .  The outputs f rom the  accelerometers were fed  through ampl i -  
f i e r s  t o  osc i l l og raph  recorders.  

The accelerometer nearest  the e x c i t e r  was used as a c o n t r o l  inst rument  
t o  de f i ne  the ampl i tude o f  o s c i l l a t i o n .  

- Readings Obtained 

Readings o f  f requencies,  amplitudes a t  p o i n t s  along the length  o f  the  
veh ic le ,  and decay o f  ampl i tude when the shaker was disconnected were 
recorded b u t  were n o t  shown i n  the  a r t i c l e .  

V i b r a t i o n  Charac te r i s t i cs  Noted 

By means of a m a t r i x  no ta t i on ,  the equat ions o f  motion f o r  d i s c r e t e  
mass representa t ion  o f  t he  veh ic le  pa r t s  e l a s t i c a l l y  const ra ined were 
developed. The a n a l y t i c a l  r e s u l t s  g iven i n  t h i s  r e p o r t  were obta ined 
by consider ing 31 d i s c r e t e  masses. 

The f i r s t  t h ree  na tu ra l  modes and t h e  na tu ra l  frequency o f  each were 
ca lcu la ted .  
F igure  8-26. 

The e f f e c t s  o f  j o i n t  looseness ( f r e e  r o t a t i o n )  were recognized as non- 
l i n e a r  b u t  equ iva len t  e f f e c t s  were obta ined by assuming the j o i n t  f a c t o r  
K t o  be p ropor t i ona l  t o  the inverse  o f  t he  t h i r d  power o f  the diameter. 

The r e l a t i v e  amplitudes were a l so  determined as shown i n  

The t e s t  r e s u l t s  i n d i c a t e d  t h a t  the na tu ra l  frequency was dependent t o  a 
degree upon the  amplitude. For smal l  amplitudes (approximately 0.02 
inches) the frequency was n o t  s i g n i f i c a n t l y  dependent upon the j o i n t  
loosenesses obta ined i n  the t e s t s  repor ted  i n  the  repor t .  For l a rge  
amplitudes (0.30 inches) the  frequency appeared t o  be decreased and more 
dependent on j o i n t  looseness, Figures B-27 and 8-28 show the trends. 
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Figure B-25. Principal Features of Test Apparatus 
(from Ref. B8) 
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Figure 8-26. Comparison of Experimental and Calculated Natural 
Mode Shapes (from Ref. B8) 
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Compari sons Made 

Figure B-26 shows a comparison between calculated and measured 
natural mode shapes. 
,indicated in the table of Figure B-29. 
occurred for the t h i r d  mode. 

Other t e s t  conditions gave similar agreement as 
The greatest  discrepancies 

The authors suggest that  the observed variations i n  measured values o f  
the natural frequencies are due t o  nonl ineari t i e s  and the 1 imitations 
o f  response for  the recording u n i t .  

Damping Values Obtained 

The damping factor ,  g ,  was determined for  the outputs d u r i n g  decay of 
osci l la t ions.  I t  was found t o  be on the order of 0.04, 0.05 and 0.06 
f o r  the f i r s t ,  second and t h i r d  modes, respectively. 

Conclusions Drawn 

Among other conclusions drawn are the following: 

1 )  The mode shapes of the f i r s t  three modes were accurately 
predicted by the analytical procedure presented. 

2)  With loose interstage connecti%ons, the frequency 
dependency upon amplitude i s  typical of the nonlinear 
behavior associated with systems having free play. 

3 )  The s tructureg a1 though designed t o  be geometrical ly 
symmetrical about the longitudinal axis,  showed a 
small b u t  consistent difference i n  the v i b r a t i o n  
characterist ics of the f i r s t  three modes between two 
planes 90 degrees with respect t o  each other (see 
Figure B-29). 

This unsymmetrical behavior indicates t h a t  the inherent influences of 
tolerances and fabrication effects  might produce unpredictable varia- 
t ions i n  frequencies of several percent i n  theoretically similar 
vehicles. 
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Figure B-27. Variation of Natural Frequ y of First Mode w i t h  
Jo in t  Looseness and Amplitude of Oscil lation 
(from Ref. B8) 

Figure B-28. Variation of Natural Frequency of First Mode w i t h  
Jo in t  Looseness and Amplitude of Oscil lation 
(from Ref. B8 

Figure B-29. Comparison of Experimental and Calculated Natural 
Frequencies f o r  Three Test Conditions f o r  Lance 
Recruit Assembly (from Ref. B8) 
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APPENDIX C - SCALE MODEL GROUND TEST 
SUMMARY DATA SHEETS 

Jaszl ics ,  Ivan J .  and George Moroson, Wynamic Testing o f  a 20% Scale 
Mode2 o f  the Titan III”, Paper i n  AIM Symposiwn on Structural l?yndcs ,  
September, 1965 

Purpose and Scope 

The purpose of the t e s t  was t o  experimentally verify the analytical 
method used for  vibration analysis of the Titan 111. 

Test Setup and Procedure 

The model was constructed to  simulate, t o  scale,  the thicknesses of 
various parts,  longitudinal members , and welded and riveted joints .  
The model was res i l ien t ly  supported to  give a free-free vibration i n  
three dimensions. I t  was loaded a t  discrete points t o  simulate fuel 
and payloads. I t  was excited to  give various modes o f  vibration i n  
one or  more dimensions. Several configurations and loadings of the 
model were tested. 

Readings of vibration response were taken a t  numerous points i n  the 
planes of pitch, r o l l ,  yaw and longitudinal as well as coupled modes 
when they existed. 

Equipment 

E i g h t  electrodynamic shakers were used t o  excite the model i n t o  
various modes of v i  bration. 

An extensive system of both fixed and roving vibration pickup trans- 
ducers was used. The types of transducers or recorders are n o t  given. 

Readings Obtained 

Readings of amplitude and frequency were made for  several modes of 
vibration, namely, pitch, rol l  , yaw, longitudinal and coupled modes o f  
two or  more of these modes. 
within 26 percent of the calculated values fo r  the different  modes 
computed as indicated i n  Figure C-1. 

The measured frequencies were apparently 

V i  bration Characteris t i c s  Noted 

The mode shapes of the vehicle as a unit  were in good agreement w i t h  
the results of analytical studies. 

I t  was experimentally confirmed t h a t  as fuel burned out with time a f t e r  
f i r i ng ,  the frequency of the transverse modes of vibration increased. 

The model t e s t s  gave a much more complete coverage of vibration 
behavior than the analytical studies as indicated by Figure C-2. 
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Figure  C-1, Measured and Computed L a t e r a l  Mode Shapes f o r  T i t a n  I11 
i n  V i b r a t i o n  (from Ref,  C1) 
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Comparisons Made 

c2. 

The a n a l y t i c a l  modes and t h e  model modes agreed very  w e l l  w i t h  the  
l i m i t e d  r e s u l t s  ob ta ined f rom f l i g h t  t e s t s .  

I t  was p o i n t e d  o u t  t h a t  damping, p a r t i c u l a r l y  f o r  t ransverse  v i b r a t i o n ,  
ob ta ined f rom t h e  model would p robab ly  n o t  be a p p l i c a b l e  t o  t h a t  f o r  
t h e  p r o t o t y p e  because o f  d e v i a t i o n s  i n  d e t a i l s  such as the  l a c k  o f  
i n s u l a t i o n  i n  t h e  model. 

Damping Val ues Obta i  ned 

Damping values f o r  v i b r a t i o n  o f  t h e  model f o r  bo th  l o n g i t u d i n a l  and 
t ransverse  o r  l a t e r a l  v i b r a t i o n  a r e  g i v e n  i n  F igure  C-3. The measured 
damping f o r  l a t e r a l  v i b r a t i o n  i s  d e f i n i t e l y  l e s s  than t h e  measured 
values f o r  l o n g i t u d i n a l  modes. However, t h e r e  was no d i s c u s s i o n  as t o  
how these values were obta ined.  

Concl usions 

The a u t h o r  p o i n t s  o u t  t h r e e  advantages o f  model t e s t i n g ,  namely 

1 )  Model t e s t i n g  permi ts  a v i b r a t i o n  survey b e f o r e  t h e  
f u l l  s c a l e  v e h i c l e  i s  b u i l t .  

2) A number o f  t e s t  c o n d i t i o n s  w i t h  severa l  f u e l  and 
payloads can be tes ted .  

3) I t  i s  e a s i e r  t o  e s t a b l i s h  a f r e e - f r e e  v i b r a t i o n  f o r  t h e  
model than f o r  a f u l l  s c a l e  ground t e s t .  

The authors conclude t h a t  the  modes and f requencies o f  t h e  v i b r a t i o n  
o f  t h e  model a r e  i n  good agreement w i t h  t h e  f u l l  s c a l e  ground t e s t  
and f l i g h t  t e s t .  

They a l s o  conclude t h a t  t o  p r o v i d e  adequate h i g h  f i d e l i t y ,  s c a l i n g  t h e  
model shou ld  be somewhere o n . t h e  o r d e r  o f  25-40 f e e t  and t h i s  appears 
more i m p o r t a n t  than t h e  s c a l e  f a c t o r .  

Mixson, John S.,  John J .  Catherin and A l i  Aman, "Investigation of the 
Lateral Vibration C"rzaracteristics of a 1 /5  Scale Model of Saturn SA-I", 
Langley  Research Center, NASA TN-D-2593, Januaq 1963 

Purpose and Scope 

The purpose o f  t h i s  i n v e s t i g a t i o n  was t o  determine t h e  v i b r a t i o n  
c h a r a c t e r i s t i c s  o f  a 1/5 s c a l e  r e p l i c a  o f  a Saturn v e h i c l e .  The 
r e s u l t s  o f  t h i s  t e s t  p r o v i d e  da ta  which a r e  compared w i t h  f u l l  s c a l e  
t e s t s  t o  e s t a b l i s h  t h e  v a l i d i t y  o f  model t e s t s .  

Fu ture  comparisons o f  t h e  da ta  ob ta ined f rom these t e s t s  w i t h  da ta  
ob ta ined f rom f u l l  s c a l e  t e s t s  w i l l  a l l o w  more d e t a i l e d  conclus ions 
t o  be drawn. 

Tests were made on t h e  f i r s t  stage, t h e  upper stages and t h e  t o t a l  
vehi  c l  e. 
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Figure C-2. Comparison o f  F u l  l -Sca le  Analyses and Model Frequency 
Data (from Ref. C1) 

5.1 

I 
IC' t 

Figure C-3. Summary o f  Modal Damping Data - Ti tan  
S c a l e  Model (from Ref. C l )  

111, 1/5 
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Test  Setup and Procedure 

F igure  C-4 shows the general con f i gu ra t i on ,  dimensions and 
nomenclature o f  the 1/5 scale model o f  Saturn SA-1. 
i n  a s imulated f ree - f ree  cond i t i on  i n  the v i b r a t i o n  t e s t  tower. Water 
was used i n  p lace  o f  the f u e l  and l o x .  

It was suspended 

The weight, cen ter  o f  g rav i t y ,  and s t i f f n e s s  were a l l  determined p r i o r  
t o  t e s t .  

The model was suspended on a two-cable system. 
fe r red  through o u t t r i g g e r s  by a yoke at tached t o  two v e r t i c a l  cables 
supported on r o l l e r s  a t  the  top  o f  the tower. Turnbuckles were pro- 
v ided f o r  adjustments t o  account f o r  s h i f t  o f  c.g. 

The weight was t rans-  

Some o f  the f requencies were m a t e r i a l l y  a f f e c t e d  by the adjustments. 
Before s t a r t i n g  the  tes t ,  the booster  and t h i r d  stage tanks were 
pressur ized and the pressures maintained throughout the tes ts .  

The system was e x c i t e d  by electromagnet ic shakers. For most t e s t s  a 
s i n g l e  shaker was used b u t  two shakers, one a t  S t a t i o n  24 and one a t  
S t a t i o n  345 were used w i t h  d i f f e r e n t  amounts o f  "out  o f  phase" shaking. 

Def lec t ions  and frequencies were obta ined from accelerometers 
s t r a t e g i c a l l y  loca ted  on the s k i n  o f  the model. 

For each weight  con f igu ra t i on  the f i r s t  s tep o f  the t e s t  was a f r e -  
quency sweep w i t h  a constant shaker force.  

Equi pmen t 

I n  a d d i t i o n  t o  the  f i x e d  accelerometers, a po r tab le  pickup was used. 
Accelerometer ou tpu t  was f e d  through c a r r i e r  amp1 i f i e r s  and recorded 
on an osc i l lograph.  
the  m i  dsec t i  on. 

S t r a i n  gages were placed around the per iphery o f  

Readings Obtained 

The frequency sweep graphs served as a bas is  o f  determining maximum 
model response under subsequent susta ined v i b r a t i o n  a t  peak frequencies. 
Readings t o  serve f o r  damping decrements were obta ined by instantaneously  
c u t t i n g  the i n p u t  t o  the shaker. P lo ts  o f  decaying ampl i tude were made 
on semi logar i thmic paper. Tables C-1 and C-2 show t y p i c a l  tabu la ted  
r e s u l t s .  

V i  b r a t i  on Charac te r i s t i cs  Noted 

Response frequencies o f  v i b r a t i o n s  ranged from about 5 Hz t o  about 
90 Hz f o r  these t e s t s .  For the tanks about h a l f  f u l l  (considered 
representa t ive  o f  a l l  water l e v e l s )  there  were e i g h t  major response 
peaks whereas on ly  th ree  ca l cu la ted  na tu ra l  f requencies occurred i n  
t h i s  band. F igure C-5 i s  a t y p i c a l  response curve dur ing a sweep 
t e s t .  The f i r s t  bending mode showed remarkable agreement between 
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Model station, in. 

Payload nose cone 

Third -stage water ballast 
tank, 24-inch diameter 

Third -stage adapter structure 

Second -stage outer shell, 
44-inch diameter 

Second -stage water ballast 
tank, 22-inch diameter 

Second - stage adapter structure 
Spider beam 

Booster tanks, 52 inches 
overal I diameter 

Corrugated barrel and 
outrigger structure 

Engines 
" I 

Figure C-4. General Configuration, Dimensions, and Nomenclature 
of l/fi-Scale Model o f  Saturn SA-) (from Ref. C2) 
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TABLE C-2 .  NORMALIZED SECOND BENDING MODE SHAPE FOR BOOSTER 75 PERCENT 
FULL (from R e f .  C 2 )  

[Frequency, s.9 cps; amplitude, 0.sG peak-to-peak at station 9 6 1  

Damping at station 207: 
Shaker 1 at station 24, 15 vector lb When x,(O) = 0.09, g = 0.039 

Force input: 

When ~ ( 0 )  = 0.026, g = 0.019 

1 

-0.62 
- .46 

* 29 
.53 
* 71 
*63 
.55 

----- 

(a) win structurea 

2 3 

-0.57 -0.55 - .44 - .51 
-.16 -1.09 

31 .79 
.59 1.13 
-63 1.19 
.60 .90 
.55 .61 

Station 

91 
335 
325 
315 

Station 

0 
10 
20 

Deflection 

Normalized deflection for engine - 
1 2 3 4 5 6 7 8 

-3.41 1.27 2.91 1.27 -1-59 2.47 3.01 4.66 
-1.46 -.35 2.34 2.09 - .89 2.23 2.49 5.54 
- .55 - .23 .s - .44 - .40 .26 .42 - .83 

1.00 
1.27 

.97 

.88 
* 7 1  
.59 
.47 
.53 
.9+ 
.20 
.26 

Station I Deflection 

282 
3 5  
265 
255 
245 
235 
225 
a 5  
207 
205 
194 

0 
-13 
-13 
.34 
.44 
.41 
.44 
.59 - .32 
5 1  

.16 

Station 

184 
180 
176 
164 
144 
113 

84 
54 
35 
29 
24 

Deflection 

.61 

-.22 
- .52 
- .52 
- .47 

%in structure includes third stage, second-stage outer shell, booster center lox tank, and barrel. 

(b) Booster outer tanks 

I Station 
Normalized deflection for tank - 

4 1 5 1 6 1 7  

t Shaker motion 
Booster cros6 section - station 120 

(c) Engines 

t Shaker mation 

Engine motion - station 0 

-0.73 
-.53 - .26 

.35 

.73 - 70 

.58 
50 
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c3. 

measured and computed deflections as is shown i n  Figure C-6. 
configurations showed a more complicated behavior as shown i n  
Figure C-7. No typical decay curves are shown. 

Other 

Compari sons Made 

Comparisons were made between calculated and measured frequencies. 
Whereas there were three calculated natural frequencies within the 
tes t  range of 5 t o  90 Hz, a total of eight response peaks were 
meas u red. 

The calculated deflections for the f i r s t  bending mode of vibration 
agreed remarkably we1 1 w i t h  measured values. 

Other calculated values could not be compared w i t h  measured results. 

Damping Val ues Obtained 

Table C-3 shows a summary of resonant frequencies and damping factor 
"g" for  various modes and water levels in the tanks. 

Conclusions Drawn 

1 )  The number of resonant frequencies obtained on the model is 
significantly greater than the number calculated. 

2)  The mode shapes associated w i t h  the additional frequencies have 
shown significant independent behavior of the tanks i n  the 
clustered booster. 

3) In calculation frequencies and modes of v i b r a t i o n ,  each tank must 
be considered independently. 

Mixon, John S. and John J .  Catherine, "Expex4mental Lateral Vibration 
f iaracterist ics if a 1/5 Scale Model of Saturn SA-1 with an Eight 
Ca6Ze Suspension System", Langley Research Center, NASA TN-D-2214, 
November 1964 

Purpose and Scope 

The scope of these tests was t o  determine the transverse vibration 
characteristics of the model suspended i n  a simulated "free-free" 
condi ti on and t o  compare these characteri s t i  cs fo r  various modi f i cations 
of the support mechanisms. The purpose was t o  determine the feasibility 
of using dynamically scaled models t o  obtain v ib ra t ion  da ta  for use i n  
the design of complex launch vehicle structures and control systems. 

Test Setup .and Procedure 

The model was mounted in a vertical position on an eight cable and 
s p r i n g  suspension system. 
or more of the cables could be used without involving the unused ones. 
L i n k  suspension was also used. 

The arrangement was so organized t h a t  two 
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The model was excited t o  vibrate i n  either one o r  a combination of 
natural modes by means of a vibrator attached a t  a strategic po in t .  
The frequency of excitation was gradually increased until resonant 
response was obtained. Readings o f  acceleration, s t ress ,  and dis- 
placement were recorded for various inputs. 
schematically the location of the shaker and accelerometers. 

Figure c-8 shows 

Eq u i pmen t 

An electromagnetic shaker having a capacity of 50 vector pounds of 
force was used t o  vibrate the model. 

Vibration deflections, frequencies and damping of the model were 
determined from unbonded s trai  n-gage accelerometers having natural 
frequencies ranging from 90 t o  300 Hz and a damping factor of about  
2/3 cri t i  cal damping. 

Fixed accelerometers were mounted a t  several points and movable 
accelerometers with vacuum attachmets a t  other points. 
ometer outputs  were recorded on an oscillograph. 
gages were used t o  determine the s t a t i c  longitudinal load. 

The acceler- 
Additional strain 

Readings Obtai  ned 

Readings of accelerations, displacements of station 62 and a t  station 
385 as indicated in Figure C-8 were recorded and compared. 
were recorded for various liquid levels in the booster tanks as well 
as for various support details. 

Values 

Vi b ra t ion  Characteristics Noted 

Table C-3 shows the general frequencies and damping capacities 
derived from the above readings. 
coefficient 

The variations of damping 

xo E n -  
xn g = K  

with the support details for  various modes of vibration are given 
in Table C-4. 
the booster are shown in Figure C-9. 

The variations of frequency w i t h  the liquid level in 

I t  was noted t h a t  the damping coefficient, g ,  was higher f o r  large 
amplitudes and lower for small amplitudes. 

Comparisons Made 

I t  was noted t h a t  more modes of v ib ra t ion  were obtained with the 
three cable suspension t h a n  for the two cable suspension. 
comparisons are made with f l i g h t  tes ts .  

No 

134 



Model station, in. 

385 

340 

D Accelerometer - Shaker direction 

305 
/it- 
I 282 

I 
1 I I + ii':; 

T I- I63 

I- I43 

I- 113 

)- 83 

)- 53 

pi7 34 
19 

A 
2 

Section B-B 

r- 
B 

I 

B 

I -  I: b 62 

__c 

View A-A 

Figure C-8. Location o f  Accelerometers on 1/5-Scale Saturn Model for 
Tests with the Eight-Cable Suspension (from Ref. C3) 
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Suspension 
0 Two-cable (ref. I) 

48 

40 

v) 32- n 
0 

% 
0 
C 

w 

c. 

3 
$ 24- 

I6 

0 -  

0- 

0 spring 
A link 

Eight- cable { 

- 

- 
- 

- 

- 

- 
- 

' I I 1 I I 
0 20 40 60 80 100 

Third cluster 
( fig. 16(b)) 

0 

Second bending 
Group 2 

\ (fig. 14) A 

\\ (fig. 16(c), 16(d)) 

\ Ily. 1 3 /  

Third bending 
( fig. 16 (9)) 

Outer- tank 
second bending 
(fig. 16(e), 16(f)) 

Second bending 
Group I 
( fig. 13) 

Second cluster 
(fig. 12) 

First cluster 
( fig. I 1  ) 

First bending 
( fig. IO) 

Figure C-9. Variation o f  Resonant Frequencies o f  the l/ti-Scale Saturn 
Model with Booster Water Level (from Ref. C3) 
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Damping Values Obtained 

I n  general the measured damping coeff ic ient ,  g ,  ranged from about 0.01 
to  about 0.05. The value of g tended to  increase as the amplitude of 
vibration increased. Tables C-4 and C-5 give detailed values. 

Conclusions Drawn 

The lowest natural frequencies occurred with the two cable-spring 
support system. 

Higher frequency modes of vibration were not affected by the support 
system used. 

The model showed about the same damping coefficients with both two 
cable and eight cable supports .  

Higher amp1 i tudes of vibration gave higher damping factors.  

C4. Mixon, John S. and John J .  Catherine, "Cornparison o f  Experimental 
Vibration Characteristics Obtained from a 2/5 Scale Model and from a 
FuZZ-Scale Saturn SA-1 ", LangZeg Research Center, NASA TN-D-2215, 
November 1964 

Purpose and Scope 

The purpose of t h i s  report i s  t o  present comparisons of the bending 
vibration character is t ics  of the 1/5 scale Saturn model with those o f  
the ful l -scale  S a t u r n  SA-1 vehicle. The data on which the comparisons 
are  based are  presented i n  separate reports on the 1/5 scale model and 
on the fu l l  scale vehicle. 

A brief description i s  given of the fu l l  scale Saturn vehicle, the 
1/5 scale model and the scaling concepts employed i n  the design and 
t e s t  of the model. 

Test Setup and Procedure 

Test setup and procedure are given in the separate report ,  NASA TN-D- 
2214. 
schematic of the 1/5 scale model are shown in other reports. 

Figures showing the fu l l  scale vehicle ready for  t e s t  and a 

Equipment 

No equipment has been used in addition t o  tha t  used in the ground t e s t s  
of the 1/5 scale model and the fu l l  scale vehicle. 

Readings Obtained 

The readings used were those of the t e s t  o f  the model and of the fu l l  
scale vehicle plus d a t a  from another study. These other d a t a  were 
obtained from an unpublished report of D.  G .  Douglas of the Marshall 
Space Flight Center on the l inear i ty  of the response of the ful l -scale  
Saturn vehicle. 
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Vibration Characteristics Noted 

The vibration of the 1/5 scale model vehicle exhibited nonlinear 
character is t ics  somewhat more pronounced t h a n  did the fu l l  scale Sa turn  
vehicle as indicated for  comparable frequencies in b and c of Figure C-10. 

In a number of instances the model exhibited sharply defined differences 
i n  detailed vibration from the fu l l  scale vehicle. I l l u s t r a t ive  of t h i s  
i s  Figure C-11. 

ComDarisons Made 

1 )  The model and ful l -scale  f i r s t  bending mode frequency 
parameters are i n  good agreement. 

2 )  For most modes the damping of the model i s  of the same 
order of magnitude as the damping of the fu l l  scale 
S a t u r n .  

3 )  The mode shapes of the model in the f i r s t  bending, f i r s t  
f i r s t  c lus te r  and second cluster  are  i n  agreement w i t h  the 
f u l l  scale mode shapes. Sharp differences in de ta i l s  of the 
second bending mode shapes are believed t o  be caused by 
structural  differences. 

4 )  Both model and fu l l  scale vehicles exhibited a nonlinearity 
of the f i r s t  bending mode response. 

Damping Values Obtained 

Table C-6 gives comparisons of the logarithmic damping decay factor ,  g ,  
f o r  the model and fu l l  scale vehicles fo r  various types of supports. 

As mentioned e a r l i e r ,  the damping factors ,  g ,  were of the same order o f  
magnitude fo r  the model and for  the fu l l  scale vehicle. 

Conclusions Drawn 

I t  was generally concluded tha t  the model t e s t s  gave vibration resul ts  
i n  general agreement with the resu l t s  of the fu l l  scale t e s t s .  
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Model Full 
scale 

Center line - - t o  
Tank no.1 (Fuel) --*-- --*-- 

(a) 0 percent full. 

-1.0- I I 1 1 

I.Or P 

a 
(c) 100 percent full. 

400 800 1,200 1,600 2,000 
Vehicle station (Full scale), in. 

Figure C-11. Comparison o f  Model with Full-scale F i rs t  Bending 
Modes of Saturn (from Ref. C4) 
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