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ABSTRACT 

This   repor t   der ives   and   presents  a s e t  of predict ion  curves   for  

launch  vehicle  vibration  levels  in  the  region of the  spacecraf t   adaptor  

s t ruc tu re .   The   p red ic t ion   cu rves   a r e   a r r ived  at through a r eg res s ion  

analysis  of previous  data  collected  for  various  different  launch  vehicle 

configurat ions,   and  are   based  upon  s ix   rudimentary  parameters   de-  

scribing  the  launch  vehicle f l i g h t  and  propulsion  conditions.  The  intent 

is to  provide a bas is   for   making   pre l iminary   v ibra t ion   pred ic t ions  

ear ly   in   the  conceptual   design of a new  launch  vehicle  configuration s o  

that tes t   specif icat ions  and  design  cr i ter ia   can  be  es tabl ished  for   the 

procurement  of long  lead  t ime  equipment  i tems.  The  predictions  dre 

p re sen ted   i n   t e rms  of average   power   spec t ra l   dens i t ies   in   oc tave   band  

frequency  intervals  for  l if toff ,   transonic  f l ight,   and  maximum  dynamic 

pressure   f l igh t .   Al l   da ta   used   to   a r r ive   a t   the   p red ic t ion   curves   a re  

presented,  and  the  efficiency of the  curves is fully  evaluated. 
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1.  INTRODUCTION 

Aerospace  engineers   are   cont inual ly   seeking  s impler   and  more 

accurate   techniques  for   predict ing  launch  vehicle   vibrat ion  environ-  

ments .  Of pa r t i cu la r   i n t e re s t  a re  predict ions  for   the  vibrat ion  levels  

which  occur   in   the  upper   s t ructural   regions  on  or   near   the  spacecraf t  

adapter .   Such  predict ions  are   needed as a basis fo r   des ign   c r i t e r i a  

and  test   specifications.for  the  overall   spacecraft   assembly. 

The   var ious   p rocedures   cur ren t ly   used   to   p red ic t   l aunch   vehic le  

vibrat ion  environments   may  be  broadly  divided  into two categories;  

analyt ical   procedures ,   and  empir ical   procedures .   Analyt ical   pro-  

cedures  refer  to  those  techniques  where  the  response of some  der ived  

s t ruc tura l   model  is calculated  using  an  assumed  excitation  function. 

Empir ical   procedures   include  those  techniques  which  are   based  upon 

extrapolat ions  f rom  data   col lected  for   previous  launch  vehicle   designs.  

Summar ie s  of current ly   used  analyt ical   and  empir ical   predict ion  pro-  

cedures   a r e   ava i l ab le   f rom [ l ,  21. 

Analyt ical   procedures   offer   the   greatest   potent ia l   accuracy,  

s ince   they   permi t  a more   thorough  descr ip t ion  of the  excitation 

proper t ies   and   s t ruc tura l   des ign  of in te res t .   However ,   they   a l so   re -  

quire   more  information  concerning  the  detai ls  of the  excitation  and 

s t ruc ture .   This   fac t   p resents  a ser ious  res t r ic t ion  on  their   use   for  

arr iving  a t   v ibrat ion  predict ions  ear ly   in   the  conceptual   design  phase 

fo r  a new  vehicle  before  the  detailed  design  has  been  formulated. It 

is at  this  point  in  the  design  sequence  (early  in  the  conceptual  phase) 

when  vibration  predictions a r e  desired  to   es tabl ish  detai led  design 

c r i t e r i a   and  test specif icat ions  for   the  procurement  of long  lead time 

components. 
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Empir ica l   p rocedures   do   no t   p resent   the   above   no ted   p roblem 

because  their impleme’ntation  does  not  require  detailed  information 

concerning  the  exci ta t ion  propert ies   and  s t ructural   design of interest .  

Hence,  they  can be readi ly   appl ied  to   predict   v ibrat ion  environments  

for  anticipated  launch  vehicle  configurations  early  in*the  conceptual 

design  phase.  On  the  other  hand,  their   indifference  to  details   clearly 

res t r ic t s   the i r   po ten t ia l   accuracy .   In   sp i te  of this  l imited  potential  

accuracy,   empir ical   predict ion  procedures  of one   fo rm  o r   ano the r  

a re   cur ren t ly   in   wide   use .  

Empi r i ca l   p red ic t ion   p rocedures   a r e   gene ra l ly   based  upon  broad 

correlat ions  between  average  vibrat ion  response  character is t ics   for  a 

genera l   c lass  of s t ruc tures   and   some  proper ty  of the  vibration  ex- 

citation  for  the  vehicle of i n t e r e s t .   F r o m  [,?], m o s t  of the   cur ren t  

procedures   for   predict ing  launch  vehicle   vibrat ion  environments  a r e  

based  upon  observed  correlat ions  between  average  s t ructural   response 

and  acoust ic   noise .   Al though  correct ion  factors   for   approximating  the 

aerodynamic  noise   induced  vibrat ion  are   sometimes  suggested,   such 

procedures   are   ful ly   useful   only  for   predict ing  the  vibrat ion  environ-  

ment  during  l if toff .   Furthermore,   they  require  predictions  for 

acoust ic   noise  as  an   i n t e rmed ia t e   s t ep   t o   a r r ive   a t   v ib ra t ion   p red ic -  

tions. A more  general   procedure  which  would  provide  predict ions  for  

the  vibration  environment  during all significant  launch  phase  events 

based  upon  basic  f l ight  and  engine  parameters is  c lear ly   des i rab le .  

The  development of a more   gene ra l   p red ic t ion   p rocedure   was  

recent ly   invest igated  and  out l ined  for   appl icat ions  to   a i rcraf t   v ibrat ion 

environments ,  as detailed  in [ 3 ] .  It appears   that   the   basic   approach 

sugges ted   in  [3 ]  should  be  applicable  to  launch  vehicles as well.  The 

pr incipal   requirement   to   execute   the  development  is the  availabil i ty of 

a l a r g e   s t o r e  of past   launch  vehicle   vibrat ion  data   in   the  form of power 
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spec t r a   (o r   some   o the r   measu re  of frequency  composition).  The 

NASA Langley  Research  Center   has   such a s t o r e  of vibration  data 

which  were  collected  through  contracts  with  various  aerospace  manu- 

fac turers .   The   purpose  of the  s tudies   reported  herein is to  apply  the 

suggested  techniques  in [ 3 ]  to selected  port ions of this  available 

launch  vehicle  vibration data. The  objective is to  develop a m o r e  

general   and  f lexible   empir ical   procedure  for   predict ing  the  launch 

vehicle  vibration  environment  in  the  region of the  spacecraf t   adapter  

s t ructure .   Note   that   the   intent   is   to   arr ive at  a predict ion  procedure 

which  can  be  applied  to a new  vehicle  configuration  early  in  the  con- 

ceptual  design  phase.  Once a specific  configuration  design  has  been 

formulated  or   actual ly   manufactured,   o ther   vibrat ion  predict ion  tech-  

niques  outlined  in [ l ,  21 would  probably  yield  more  accurate  estimates 

for   the  vibrat ion  environment  of in te res t .  
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2. GENERAL  APPROACH 

The  general   approach  to   be  used  centers   around a r eg res s ion  

study of available  launch  vehicle  vibration data col lected  f rom  previous 

measurement   p rograms.   To   i l lus t ra te   the   approach ,   cons ider   the  

case  of a launch  vehicle  which  has  completed  liftoff  and  passed  through 

Mach 1. Assume  the   v ibra t ion   a t   some  po in t   on   the   spacecraf t   adaptor  

s t ruc ture   i s   measured   a t   d i f fe ren t   dynamic   p ressures .   The   resu l t s  

might   be  as   shown  in   Figure 1. 

Y 

0 Dynamic   Pressure  

Figure  1 .   Vibrat ion  Level   Versus  Dynamic  Pressure 

The  data   in   Figure 1 indicate   there  is some  correlat ion  between  dynamic 

pressure  and  vibrat ion  level .   Specif ical ly ,   the   vibrat ion  seems  to   in-  

c rease   wi th   increas ing   dynamic   p ressure .  A regress ion   s tudy   wi l l  

es tabl ish  this   re la t ionship  in  a s ta t is t ical   manner   by  making a l e a s t  

squa res   l i nea r  f i t  to  the  data  to  obtain  an  equation of the  form 
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A n  A 

y = A  + A X  
0 1 

A regress ion   program  wi l l   p roduce   the   requi red   es t imates   for   the  

coefficients A and  AI  ( the  hat ,  , denotes  an  estimate),   which  in 

turn,   leads  to  the  equation  which  estimates  the  dependent  variable y 

(vibration  level)  as a function of the  independent  variable x (dynamic 

p r e s s u r e ) .  

A 

0 

The  above  example is based  upon a one  dimensional  prediction 

model.   The  procedure  can  be  readily  extended  to  include  as  many 

dimensions as des i red .   That  is, one   may  assume a model   for   vibra-  

tion at  some  point   on  the  adaptor   s t ructure   as  a function of many 

different  variables,   result ing  in  the  following  equation: 

A b  A n A y = A  + A  X + A 2 x 2 . . .  + A  x 
0 1 1  N N  

The  independent  variables x (i = 1, 2, 3 ,  . . . , N) would  ideally  include 

all factors  which  might  influence  the  vibration  response of the  launch 

vehic le   s t ruc ture ;   for   example ,   dynamic   p ressure ,   s t ruc tura l   weight  

density,  engine  exhaust  gas  velocity,  etc.  In  practice,  it   will  not  be 

feasible  to  include  all   factors  which  influence  the  vibration.  This is 

par t icu lar ly   t rue  of those  factors   which  descr ibe  the  dynamic  propert ies  

of the  s t ructure .   This   fa i lure   to   achieve  an  ideal   model   wil l   be   re-  

flected  by a var iance  for   the  regression  coeff ic ient   es t imates ,   which 

in   tu rn   wi l l   resu l t   in  a var iance  for   the  f inal   es t imate  of y for   any  given 

s e t  of values  for x. (i = 1, 2, 3 , . . . , N ) .  However,   this  overall   vari-  

ance   can   be   es t imated  as p a r t  of the   regress ion   ana lys i s ,   and   se rve  as 

i 

1 
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a bas is   for   se lec t ing   conserva t ive   p red ic t ion  limits for   the  vibra-  

tion. 

To help  clarify  this  point,   assume  the  vibration  levels  could  be 

measu red  at  each  and  every  point   on  the  spacecraf t   adaptor   s t ructure  

fo r  all launch  vehicle  configurations  to  be  covered by the  prediction 

model .   Fur ther   assume  the   da ta   have   been   normal ized  s o  that  the 

measurements   represent   the  vibrat ion  levels   for  a common  se t  of in -  

dependent  variables.   The  result ing  vibration  levels  would  undoubtedly 

be  somewhat   different   due to  the  absence of var ious   fac tors   in   the   re -  

gression  model  which  in  reali ty  influence  the  vibration  environment.  

Now a s s u m e  a probabi l i ty   densi ty   funct ion  for   these  vibrat ion  levels  

could  be  developed,  as  i l lustrated  in  Figure 2. 

Y 
Vibration  Level 

F igure  2.  Probabi l i ty   Densi ty   Funct ion  for   Vibrat ion  Levels  
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The  selection of a conserva t ive   des ign   c r i te r ion   or   t es t   l eve l  

reduces  to  the  selection of a desired  percentage  point of the  density 

function,  indicated  by Y i n   F i g u r e  2. The  percentage  point  used  to 

se lec t   the   l eve l  Y wil l   determine  the  degree of conservat ism  in   the 

resul t ing 'cbi ter ion  or   tes t .   Specif ical ly ,  i f  the (Y percentage  point 

is used  for   the  select ion,   then  for   any  point   on  the  spacecraf t   adaptor  

s t ruc tu re  of a future  launch  vehicle  configuration,  the  probabili ty  that  

the  vibrat ion  level   wil l   exceed Y is equal  to (Y-. Of cour se ,   i n  

pract ice ,   where  only a f ini te   sample of data   is   avai lable ,   the   exact  

probability  density  function  for  the  anticipated  vibration  levels  cannot 

be  determined.   Hence,   the   s ta t is t ical   procedures   for   select ing a 

conservative  level  are  somewhat  more  involved  than  indicated  in  this 

s imple  i l lustrat ion.   Nevertheless ,   the   procedures   are   wel l   def ined 

and  s t ra ightforward  f rom a computational  viewpoint [4, 51. 



3. DETAILED  APPROACH 

There   a r e   fou r   p r imary   s t eps   r equ i r ed   t o   deve lop  a general  

predict ion  model   for   the  launch  vehicle   vibrat ion  environment   in   the 

region of the  spacecraf t   adaptor   s t ructure ,   as   fol lows.  

a. Select ion of independent  variables 

b.   Formulation of regress ion   model  

c.  Selection of a probabili ty  density  function  for  the 
predict ions 

d. Pe r fo rmance  of a regression  analysis   on  sui table  
data  

Each of these  four   s teps   wil l  now be  discussed.  Note  that   the  manner 

in   which  each  s tep  is   accomplished  involves   var ious  possible   opt ions.  

The  specific  options  selected to  develop  the  prediction  curves  which 

conclude  this   report   are   detai led.   However ,   d i f ferent   opt ions  might  

be   exerc ised  to develop  somewhat  different  .prediction  curves i f  s o  

des i red .  

3 .1   SELECTION O F  INDEPENDENT  VARIABLES 

There   a re   th ree   p r imary   requi rements   for   the   independent   var i -  

ables   selected  for   use  in   the  regression  model .   Firs t ,   there   should  be 

ei ther   theoret ical   or   empir ical   evidence  to   support   the   conclusion  that  

the  variables  indeed  have a significant  influence on the  result ing  vibra- 

t ion  environment.   Second,  the  variables  should  involve  only  those 

f l ight   and  engine  parameters   whose  values   can  be  predicted  with  reason-  

able   accuracy  ear ly   in   the  conceptual   design  phase of a new  launch 

vehicle  configuration.  Third,  the  variables  must  be  related  to  the 
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resul t ing  vibrat ion  environment   in  a l inear   manner .   This   does  not  

mean  that   each  individual   parameter   in   the  var iable   must   be  l inear ly  

re la ted to  the  resulting  vibration. It does  mean,  however,   that  all 

nonl inear   re la t ionships   must   be  ant ic ipated  and  properly  included  in  

the  definition of the  independent  variable. 

Based  upon  the  s tudies   summarized  in   [3] ,  it is   bel ieved  that  

the  mean  square  value  for   the  accelerat ion  response of the  adaptor 

s t ruc ture   can   be   descr ibed  as a first o r d e r  of approximation  by two 

independent  variables,  as follows. 

x = p A V e / c  w 
8 5 2  

1 

2 2  
x = q / w  2 

where 

P =  

A =  

v =  e 

c =  

9 =  

w =  

air density 

rocket   nozzle   exi t   area 

rocket  exhaust g a s  velocity 

ambient   speed of sound 

f r e e   s t r e a m   d y n a m i c   p r e s s u r e  ( p V  1 2 )  

s t ruc tura l   sur face   weight   dens i ty  

2 

Note  that  the two variables  include six individual  flight  and  engine 

parameters   combined  in  a manner  which  hopefully  will  eliminate 

anticipated  nonlinear  relationships,  as developed  in  [3].   The x 
1 
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var iab le  is designed  to   descr ibe the contribution of acoust ic   noise   to  

the vibrat ion  environment   while  the x variable is designed  to  account 

f o r  the aerodynamic  noise  contribution. 
2 

3 . 2  FORMULATION  OF  REGRESSION MODEL 

A t  f i rs t  glance, it  might   appear  that an   appropr i a t e   r eg res s ion  

model  would  be of t he   fo rm G(f )  = Ao(f) t Al( f )  x1 t A2(f) x where  

x and x a re  as  def ined  in  Eq. ( 3 ) ,  G(f) is the  power  spectrum  for  

the  accelerat ion  response,   and  A.(f) ,  i = 0, 1,  2, a r e   t h e   r e g r e s s i o n  

coefficients as a function of frequency.  However,   three  problems 

ar ise   which  rule   out  this d i rec t   approach .  First ,  the  expression  for  

x as given  by  Eq.  (3a),  is appl icable   on ly   for   zero   a i r speed   con-  

dit ions.   Second,  al though  the  mean  square  values  for  the  structural  

response   to   acous t ic   no ise   and   aerodynamic   no ise   a re   be l ieved   to   be  

proport ional   to  x and x respec t ive ly ,   the   power   spec t rum  for   the  

response  at  a specif ic   f requency  may  not   be  proport ional .   In   other  

words ,   the   power   spec t rum  for   the   s t ruc tura l   response   to   bo th  

acoust ic   noise   and  aerodynamic  noise   changes  in   re la t ive  spectral  

shape as wel l  as to t a l   a r ea  as x and x vary.   Third,   the  shock 

wave-boundary  layer   interact ions  during  t ransonic   f l ight   induce  vibra-  

t ion  levels   which  may  deviate   s t rongly  f rom  the q dependent  relation- 

ship  suggested  in  Eq. (3b). 

2 ’  

1 2 

1 

1 ’  

1 2 ’  

1 2 

The first  problem  can  be  overcome  by  exploi t ing  cer ta in   pract ical  

a spec t s  of the  launch  phase  vibrat ion  environment .   Specif ical ly ,   there  

a re   th ree   events   dur ing   the   l aunch   phase   where   the   v ibra t ion   envi ron-  

ment   tends  to   peak.   These  three  events   are   l i f toff ,   t ransonic   f l ight ,  

and  maximum  dynamic  pressure  f l ight .   Since  design  cr i ter ia   and  tes t  

specif icat ions  are   general ly   based  upon  the  maximum  ant ic ipated 
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vibration  environment,  it is  reasonable   to   res t r ic t   a t tent ion  to   the 

vibrat ion  during  these  three  noted  events .   This   permits   the  re-  

gression  model   to   be  separated  into  three  separate   models .   Since 

the  a i rspeed at  liftoff is zero,  the  liftoff  vibration  can  be  modeled 

s imply  by y = A. t A x Similar ly ,   s ince  the  acoust ic   noise   contr i -  

bution is negl igible   during  t ransonic   and  maximum  dynamic  pressure 

flight (max q usual ly   occurs  at supersonic   speeds) ,   these two events 

can   be   descr ibed   by   models  of the   form y = A t A Z x 2 .  

1 1 '  

0 
The  second  problem  may  be  dealt   with  by  considering  the  data 

i n   t e r m s  of a d imens ionless   f requency .   For   the   case  of acoust ic   noise  

induced  vibration  data,   i t  is suggested  in  [3]  that  a common  re la t ive 

spectral   shape  wil l   be   obtained i f  the   regress ion   model   i s   wr i t ten   in  

the  form 

G ( Q )  = Ao(Q)  + A l ( Q )  x 1 

where  

n = f d c   / v e c  e 

d = rocket  nozzle  exit   diameter 

c = local   speed of sound e 

c = ambient   speed of sound 

V = rocket  exhaust  gas  velocity e 

f = cycl ical   f requency 

The  predict ions  produced  by  the  regression  model   may  be  readi ly  

converted  to  cyclical   frequency  in  cps (f)  by  using  the  definit ion  for 
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the dimensionless   f requency (a). The  same  procedure  could  be 

appl ied  to   the  model   for   aerodynamic  noise   induced  vibrat ion  by  using 

a d imens ion le s s   f r equency   pa rame te r   app ropr i a t e   fo r   t ha t   t ype  of 

data.   Such  an  approach,  however,  is not   suggested  for   this   case.  

As d i s c u s s e d   i n  [.3], the   spec t rum  for   aerodynamic   no ise  is relatively 

uni form  over  a wide  frequency  range.  Hence,  shifts   in  the  spectrum 

shape  should  not   ser iously  hamper   the  development  of a model   in  

t e r m s  of cyclical  frequency. 

The  third  problem is par t icular ly   diff icul t   because  the  t ransonic  

excitation is heavily  dependent  upon  the  detailed  geometry of the  launch 

vehicle-spacecraf t   configurat ion  in   the  region of the  adaptor.  It i s  

not  considered  feasible  to  include a geometry  dependent   factor   as   an 

independent  variable  in  the  regression  model.   Hence,  the  transonic 

vibration  will   be  considered a function of the  var iable  x but  with 

different   regression  coeff ic ients   than  those  which  apply  to   the  maximum 

dynamic  pressure  induced  vibration. 

2 ’  

In  conclusion,  the  regression  equations  used  for  the  prediction 

models   in   this   report   are   as   fol lows 

where  x and x are   as   def ined   in  Eq. ( 3 ) ,  and  the A t e r m s   a r e   t h e  

regression  coefficients.   Note  that   the A terms  def ine  the  contr i -  

butions of the  independent  variables  to  the vi1 ation  environment  while 

the A terms  def ine  the  res idual   vibrat ion  due  to   other   sources .  

1 2 

1 

0 
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3 . 3  SELECTION  OF  PROBABILITY 
DENSITY  FUNCTION 

The  form of the  probability  density  function  for  the  resulting 

power  spectra   predict ions is unknown.  In pas t   s tud ies  of this  type, 

various  forms  have  been  assumed  including  the  lognormal  distribution 

[6], the  Rayleigh  distribution [ " I ,  the   normal   dis t r ibut ion [3 ] ,  and 

special   empir ical   d is t r ibut ions 181. The  validity of each of these   var i -  

ous assumed  dis t r ibut ion  forms  is   open  to   quest ion.   For   the  predic-  

t ion  curves  developed  in  this  report ,   the  normal  distribution is a s sumed  

for   two  reasons.   Firs t ,   the   normal   dis t r ibut ion  assumption  is   con-  

venient  for  the  computational  procedures  to  be  used.  Second,  the 

normal   dis t r ibut ion is bel ieved  to   be  more  appropriate   than a highly 

skewed  distribution  (such as the  lognormal  distribution)  for  the  case of 

vibration  in a narrowly  res t r ic ted  s t ructural   zone,   as  is of i n t e re s t  

he re .  

3 . 4  PERFORMANCE  OF  REGRESSION 
ANALYSIS 

The  estimation of the  coefficients  in  Eq. (5)  is   accomplished  using 

convent ional   regression  analysis   procedures ,   as   presented  in  [4, 51 

and   i l lus t ra ted   for   a i rc raf t   da ta   in  [ 3 ] .  The  analysis   is   performed  using 

data   reduced  in   the  form of average   power   spec t ra l   dens i ty   in   oc tave  

bands.  For  any  given  octave  band,  let y = G(f) ,  a = Ao(f),  and a = A ( f )  . 
Fur the r ,   l e t  y denote  the  kth  power  spectrum  measurement  and x 

k k 
denote  the  value of the  independent  variable  for  the  kth  measurement.  

Assuming n number of measu remen t s   a r e   ava i l ab le ,   t he   r equ i r ed   ca l -  

cu la t ions   a re  as follows . 

0 1 
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a. = y - ax 
" 

S 
X y = a -  
Y 

S 

where 
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where  

the a12 percentage  point of a s tudent 's  
"t" distribution  with n - 1 degrees-of-  
f r eedom 

where 

x = fixed  value of x 
u 

1 t -t 1 
n 

(xu - x 1 
- 2  

The  regression  coeff ic ients  a and a are  given  by Eqs. (6a)  and  (6b), 

respectively.   The  other  calculations  are  used  to  evaluate  the  model  and 

select   predict ion  l imits ,  as follows. 

0 

15 



3 . 4 .  1 Evaluation of Model  Linearity 

It is  in i t ia l ly   assumed  tha t   the   re la t ionship   be tween x and y is 

l inear.   The  validity of the  assumption  should  be  checked.  This  may 

be  done  using  the  value of H given  by  Eq.  (6c). If the  model  is   non- 

l inear ,   the   value of @ will   be   dis t r ibuted  l ike  the  var iable  F with 

degrees-of-freedom  given  by df = 1 and df = n - 1 [ 9 ] .  Hence, a 

hypothesis of nonl inear i ty   may  be  tes ted  by  comparing  the  value of H 

with  the  tabulated  value  for F a t   any   des i red   l eve l  of s ig-  

nificance CY. If H < F the  model is nonlinear.  If H > F 

t h e r e   i s  no reason  to   quest ion  that   the   model   is   l inear .  

1 2 

1,  n-1; CY 

1, n-1; CY ' 1,  n-1; CY ' 

3 .  4. 2 Evaluation of Model  Efficiency 

The  efficiency of the  model   may  be  evaluated  in   terms of the 

correlation  coefficient y given  by  Eq.  (6d).  The  quantity (1 - y ) 

is a m e a s u r e  of the  power  contributed  to y by  var iables   other   than x. 

If the  model  provided a per fec t   descr ip t ion   for  y given x, y would 

equal  unity.  On  the  other  hand, i f  t h e r e   w e r e  no  relationship  between 

y and x ,  y would  equal   zero.   I t   i s   c lear ly   desirable   to   es tabl ish i f  

y i s  s ignif icant ly   different   f rom  zero.   This   is   accomplished  using  the 

F i s h e r  " Z "  transformation  given  by  Eq.  (6e).  If y = 0 ,  the  value of 

Z will   be   normally  dis t r ibuted  with a mean  of zero  and a var iance of 

unity.  Hence, a hypothesis of s ignif icant   correlat ion  may  be  tes ted 

by  comparing  the  value of Z with  the  tabulated  value of the  standardized 

normal   dis t r ibut ion at  any  desired  percentage  point  CY. If Z < z , the 

correlation  coefficient is  not   s ignif icant ly   different   f rom  zero.  If 

Z > z , the  correlation  coefficient is s ignif icant ly   different   f rom  zero.  

2 

CY 

CY 

The  efficiency of the  model   can  a lso  be  evaluated  in   terms of the 

(1 - a) confidence  interval  for a ,   a s  given  by  Eq. (6f). If the  lower 

16 



confidence limit is less   than  zero,   the   interpretat ion is the   s ame  as 

for   the  case  where  the  correlat ion  coeff ic ient  is not  significantly 

different   f rom  zero.  

3. 4. 3 ~~ Selection of Predict ion  Limits  
" -. .. 

The  final  prediction limit is selected at  any   des i red   percentage  

point  using Eqs. (6g)  and  (6h).  The  term Y provides a (1 - CY)  

prediction limit for  each  value of y for  a given  value, x , of the  in- 

dependent  variable. 

u; CY 

u U 
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4. DATA  SELECTION 

The   sou rce  of vibrat ion  data   for   the  required  regression  analysis  

was a collection of contractor   data   compilat ions  provided  by  the NASA 

Langley   Research   Center .   The   c r i te r ia   for   the   se lec t ion  of specific 

data  to  be  analyzed  were as follows. 

a. 

b. 

C.  

d. 

The   da ta   mus t   represent   measurement   loca t ions  on bas ic  
s t ruc ture   in   the   upper   reg ion  of the  launch  vehicle  on  or 
near   the  spacecraf t   adaptor .  

The   da ta   mus t   represent   the   ac tua l   l aunch   envi ronment  
(no  s ta t ic   f i r ing  data   are   used) .  

The   da ta   mus t   be   in  a form  which  can  be  t ranslated  into 
average  power  spectra   in   octave  bands  for   individual  
measu remen t s .  

The   da ta   mus t   appear   to   be  of reasonable  quali ty  and 
o therwise   representa t ive  of the  vibration  environment.  

With  the  four  above  noted  restrictions,  only a small   por t ion of 

the  available  data  was  found  to  be  usable  for  the  studies.  Specifically, 

after  careful  edit ing,  a total  of 94 sepa ra t e   measu remen t s   a t  19  dif- 

ferent  locations  on  nine  different  vehicle  configurations  were  used  for 

the  analyses .  A s u m m a r y  of the  measurement  locations  and  vehicles 

is presented  in  Table  1.   Also  included  in  Table 1 are   the  values   for  

the  various  vehicle  parameters  needed  to  calculate  the  independent 

var iables   for   the  regression  model .  

The   mos t   d i f f icu l t   parameter   to   a r r ive  at in   Table  1 was  the  sur-  

face  weight  density (w) for   the  s t ructural   locat ion of each  measurement .  

18 



Table  1.   Measurement  Locations  and  Other  Pertinent  Information 

,ode 
No. 

Vehicle 

1 Thor  
DSV-2G 

2 Tho r 
DSV-2J 

3 Thor 
Agena D 

4 Atlas D/ 
Agena B 

5 Atlas D/  
Agena D 

6 Titan I 

7 Titan I 

8 Titan I 

9 Titan I 

10 Titan I 

Measure-  
ment  

Location 

long.  asset   and  adapter 

long.&rad. 

A452 /Shear  web,  internal 
long. 

On  ring 

87  8 On skin 1" aft of R / V  
long.&rad.  interface.  Sta:  79.088 

980 R / V  interface  r ing 
long.&rad.  Sta:  79.088 

24 BTL Transmitter  Guidance 
long.&rad.  Bay.  Sta:  A-51 

ve  
:ft /   sec) 

8060 

8060 

8060 

7800 

7800 

8100 

8100 

8100 

8100 

8100 

d 

(ft) 

3.81 

3 .81  

3.81 

5 . 5  

5 . 5  

5.09 

5 .09  

5 .09  

5 .09  

5.09 

A W 

(ft') (Ib/ft2) 

11.4 39. 

11.4 0.61 

11.4 1.7 

23.7 6.7 

23.7 1 .9  

20 .3   0 .58  

20.3 3.5 

20 .3  1 .3  

fl::: 

C e 
(f t /   sec]  

2 142 

2142 

2142 

2152 

2152 

2 142 

2142 

2142 

2142 

2 142 

9 at 
Mach 1 

(lbs/ft2) 

669 

669 

669 

640 

640 

610 

610 

610 

610 

610 

9 

[lbs/ft2: 

880 

750 

7 00 

900 

900 

7 35 

7 35 

7 35 

7 35 

7 35 



Table 1 (Continued) 

Ve A d 
'Ode Vehicle 

Measure -  
No. ment  Locat ion (i t2) (ft) ( f t / s ec )  

8 i I 

11 1 Ti tan  I 1039 1 Digital   Computer I 8100 

5.09 20.3 

: long. 1 mounting  leg 

I f Mart in /G.  E. R /V  In t e r -  1 8370 ! 5.091 20.  3 
long.&rad.!   face  Flange.  Sta:  269.  516 

I 1 13 1 2:" I I Compar tment   3A  S t ruc-  1 8370 1 5.091 20. 3 

I 
1 ture.   Sta:   130 

1 

I 1 14 I Ti tan  ' 2555 Compar tment  3A I 8370 1 5 . 0 9 '  20. 3 

I 

- 1  

ILIA 1 long. 1 Guidance   T russ  
I 

Ti tan  \ 2640 1 Compartment  3A  8370 20. 3 5. 09 
1 

ILIA long.&rad.   Guidance  Truss  

16 1 T i tan  141.0  7580 I 13 .4  Compar tment   3AStruc ture  
I 

1 IIIC I Sta:  130 
! 

Compartment   3A 1 7580 I 13 .4  I 141.0 
Equ ipmen t   T russ  I 18 I T i m  1 2591 1 Compartment   3A 1 7580 I 13 .4  1 141.0 

long   .&rad .   In s t rumen ta t ion   T russ  1 19 1 T i m  1 2637 1 Compartment   3A 1 7580 1 13 .4  1 141.6 
long .&rad .   Truss ,   Autopi lo t   mount  

W 'e Mach 1 
9 a t  ' 

( lb / f t2)   ( f t / sec)   ( lbs / f t2)   ( lbs / f tZ)  

2.2 I 3028 1 550 I 660 

4.0 1 3028 1 590 1 710 

17 3028 
' 

~~ 5 9 0  1 ~~ 710 

590 I 710 
I 

2470  685  845 

V, = rocket  engine  exhaust  gas  velocity 

d = rocket   engine  nozzle   exi t   d iameter  

A=   rocke t   eng ine   nozz le   ex i t   a r ea  

m = su r face   mass   dens i ty  of s t ructural   locat ion 

c = local   speed of sound  in   rocke t  e 
engine  exhaust   area 

q at   Mach 1 = dynamic   p ressure   a t   Mach 1 

max  q = maximum  dynamic   p re s su re  
during  launch 



In   those   cases   where   the   measurement   loca t ion   s t ruc ture   was   re la -  

t ively  clean,  the  surface  weight  density  was  estimated  in a s t ra ight-  

forward  manner  by  computing  the  weight of the   overa l l   s t ruc ture  

(including  equipment)  in a square  foot  area centered  on  the  measure-  

ment  location.  In  other  cases  where  the  measurement  location  struc- 

tu re   was   complex  or poorly  defined,  considerable  personal  judgment 

was  required.   However ,   these  mat ters   should  not   be of par t icu lar  

concern  to  those  who  use  the  prediction  curves  concluding  this  report .  

Vibrat ion  predict ions  are   usual ly   desired  for  a s t ruc tura l   reg ion  

rather   than a specific  point.   The  surface  weight  density  to  be  used 

for  such  predictions  may  be  estimated  by  calculating  the  total   weight 

of the  region  and  dividing by the  projected  area of the  region,  in a 

manner  similar to  that   detailed  in [ 101 . 
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5. DATA SUMMARY 

Vibration  data  in  the  longitudinal  and  radial   directions  for  each 

of the  locations  noted  in  Table 1 were  reduced  to   average  power  spectral  

densit ies  in  octave  bands  for  each of the  three  launch  phase  events  of 

interest   ( l if toff ,   transonic  f l ight,   and  max q f l ight) .   The  resul ts   are  

presented  i n  Tables  2 through 9 along  with  the  appropriate  values  for 

the  independent  variables, x and x as  defined  in  Eq. ( 3 ) .  Note 1 2 ’  
that   data is omit ted  in   those  octave  bands  where  the  measurement   noise  

appeared  to   be  unacceptably  high  or   the  data   qual i ty   was  otherwise 

questionable. 

Referr ing  to   Tables  2 through 5, it is seen   tha t  two s e t s  of data 

are   presented  for   the  l i f toff   v ibrat ion  measurements .   The  f i rs t   se t   i s  

p re sen ted   i n   t e rms  of cyclical   frequency  (unshifted)  octave  bands.  

The   s econd   s e t   i s   p re sen ted   i n   t e rms  of dimensionless  frequency  (shifted) 

octave  bands,   where  the  dimensionless  frequency i-2 is as  defined  in  Eq. 

( 4 ) .  The  theory  leading  to   the  model   in   Eq.  (4) indicates  that  liftoff 

vibrat ion  data   should  be  predicted  in   terms of dimensionless  frequency. 

However,   i t   would  be  more  convenient  in  practice i f  the  predictions 

could   be   made   in   t e rms  of cycl ical   f requency.   Hence,   both  cases   are  

studied  to  determine i f  the  use of d imens ionless   f requency   i s   necessary .  

22 



Table 2 .  Summary of Unshifted  Longitudinal  Vibration  Data  for Liftoff 

Measurement 

Code No. 

1 

2 

3 

4 

5A 

5B 

6 

7 

8 

9A 

9B 

10 

11 

12 

13A 

13B 

14 

15A 

15B 

16 

17 

18 

19  

X 1 

x 10 
14  

.058 

239.  2 

29.  7 

3. 17 

38. 4 

38.  4 

493.0 

13. 53 

98. 25 

2.  3 

2.  3 

5. 2 

1. 9 

44. 4 

13. 4 

13. 4 

0. 77 

1. 38 

1. 38 

46. 9 

4.  2 

. 68 

2. 37 

Average  Power  Spectral  Densities in g /cps  
for Octave  Bands in cps 

2 

37.5- 
75.0 

,00017 

,0074 

v 0045 

b 0002 

,001  

I 0005 

I 004 

I 0037 

- 
I 000 17 

. 0003 

I 00065 

I 0008 

- 

,00028 

, 00036 

, 00009 

.00022 

.000071 

.0016 

,00028 

.00032 

,00036 

75.0- 
1 50 

. 000 15 

.006 

I 00 1 

,0001 

. 001 

.0005 

,0026 

,0008 

,0087 

.00017 

.00012 

00022 

.00083 

- 

. 00023 

.00036 

.000032 

. 000 14 

.000032 

. O O l l  

.00018 

.00021 

.000067 

150 - 
300 

.000035 

.009 

. O O l  

,0001 

,001  

,001  

.016 

. 0009 

.008 

.00009 

.000032 

.00045 

.00021 

.0064 

,0032 

. 001 1 

.00013 

.00063 

. 00028 

.0045 

.00028 

.00013 

. 000 13 

300 - 
600 

. 00000 12 

.04 

. 00 1 

,0002 

.005 

, 0 0 4  

* 73 

,0017 

. 0 9  

. 0 0 0 7  

,00036 

.014  

.00036 

. 004 

.002 

.0036 

. 0 0 0 5  

. 0 0 1  

.00089 

.0025 

. 001 

.00041 

.00023 

600 - 
1200 

,0000024 

. 145 

,016 

,001  

. 025 

, 0 2 4  

.040 

. 0017 

.038  

.0016 

.0008 

.0021 

.00065 

.0016 

. 0072 

. 0 0 4  

.0002 

. 0004  

.00032 

-0013 

. 001 

. 000 11 

.00029 

1200 - 
2400 

- 

- 

.002 

: 0 0 0 8  

,002 

.004 

.0088 

.0013 

. 01 

. 0013 

. 000 18 

.0012 

. 00014 

. 0023 

. 0014 

.0028 

. 0001 

. 000 18 

.000085 

.0028 

. 001 

.00009 

. 000 1 

PAVe 6 
8 

3 x =- ft  /lbs -sec 
5 2  

c w  
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Table 3 .  Summary of Shifted  Longitudinal  Vibrakion  Data for Liftoff 

Measurement 

Code No. 

1 

2 

3 

4 

5A 

5B 

6 

7 

8 

9A 

9B 

10 

11 

12 

13A 

13B 

14 

1 5A 

15B 

16 

17 

18 

19  

x1 

14 x 10 

.058 

239.  2 

29.  7 

3. 1’ 

38.  4 

38. 4 

493.0 

13. 5: 

98.  2! 

2. 3 

2. 3 

5.  2 

1. 9 

44.  4 

13. 4 

13. 4 

0. 7; 

1 . 3 t  

1.3t 

46. 9 

4. 2 

0. 6t 

2. 3i 

~ ~ ~~ 

Average  Power  Spectral  Densities in g /cps  for 
2 

.0375 - 

.0750 

.00017 

.0074 

.0045 

.0002 

. 00 1 

.0005 

.004 

.0037 
- 

,00017 

.0003 

.00065 

.0008 
- 

- 

- 

- 
- 

- 

- 

- 

- 
- 

.0750 - . 150 

,00015 

.006 

. O O l  

. 000 1 

. 00 1 

.0005 

.0026 

.0008 

.0087 

.00017 

,00012 

.00022 

.00083 

- 

.00028 

.00036 

.00009 

.00022 

.000071 

- 
- 

- 
- 

. 150- 

.300 

.000035 

.009 

. O O l  

,0001 

. O O l  

. 00 1 

,016 

.0009 

,008  

.00009 

,000032 

.00045 

.00021 
- 

.00023 

.00036 

.000032 

.00014 

.000032 
- 

- 

- 

- 

.300 - 

.600 

.ooooo 12 

. 0 4  

. O O l  

. 0 0 0 2  

.005 

, 0 0 4  

. 7 3  

. 00 17 

* 09 

.0007 

.00036 

.014 

.00036 

.0064 

,0032 

. O O l l  

. 000 13 

. 0006-3 

.00028 

,0016 

.00028 

.00032 

.00036 

.600- 
1.200 

.000002~ 

. 145 

.016 

. 00 10 

.025 

.024 

.040 

.0017 

.038 

.0016 

,0008 

.0021 

,00065 

,004  

.002 

.0036 

,0005 

. 001 

,00089 

,001  1 

,00018 

,00021 

,000067 

1. 200- 
2.400 

- 

- 

.002 

.0008 

. 0 0 2  

.004 

.0088 

.0013 

. O l  

.0013 

.00018 

. 00 12 

.00014 

.0016 

.0072 

.004 

. 0 0 0 2  

.0004 

.00032 

.0045 

.00028 

.00013 

.00013 

PAVe 6 
8 

3 
f t  / lbs   -sec x = -  

1 5 2  
c w  
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Table 4. Summary of Unshifted  Radial  Vibration  Data  for  Liftoff 

Meas. 
Code No 

2A 

2B 

4A 

4B 

5 

6 

7 

8 

10 

12 

13 

15 

18 

19A 

19B 

X 1 

x. 10 14 

!40. 

!40. 

3.2 

3.2 

38. 

490. 

13. 

98. 

5.2 

44. 

13. 

1.4 

0.68 

2.4 

2.4 
i 

I 
37.5- 

75.0 

.007 1 

.005 

.0002 

- 
.001 

.0042 

.004 1 

.006 

.0096 

- 

.0004 

.000035 

-0003 

. 0 0 0 0 9  

.00012 
" -~ ~~ 

T Fr 
75.0- 

150 

.008 

.006 

.0002 

- 

. 00 1 

.0047 

.0020 

.0017 

.00076 

- 

.00018 

.000032 

.00038 

.00025 

.00042 
- - . . . - - 

pency 
150- 

300 

.018 

.015 

.OOOl 

- 

.0025 

.049 

.0042 

.0022 

. 0 0 9  

.008 

. 001 0 

.00016 

.00025 

. 00.05 0 

.00048 
. 

PSI 
300- 

600 

.069 

.08 

.0006 

.002 

.007 

- 29 
.029 

.0028 

.09 

.0056 

.0022 

.0004 

.0007 

.00017 

.00048 

600- 

1200 

.082 

* 22 

.0038 

.006 

.046 

.031 

.059 

.0042 

.016 

.0050 

.0025 

.00016 

.0014 

.00040 

-00080 

1200- 

2400 

- 

- 
.0017 

.0025 

.OOl 

.007 

.Oll 

.0022 

.010 

.0035 

.028 

.0007 1 

.00022 

.00007 

. 000 15 

7 

PAVe 6 
8 

3 x =- 
1 5 2  f t   / lbs-   sec  

c -  w 

25 



Table 5.  Summary of Shifted  Radial  Vibration  Data  for Liftoff 

Meas. 
Code No. 

2 A  

2 B  

4 A  

4 B  

5 

6 

7 

8 

10 

12 

1 3  

15  

1 8  

1 9 A  

1 9 B  

X 1 

1 0 ~ 4  

240 

240 

3 . 2  

3 . 2  

38 .  

490. 

1 3 .  

98  

5 . 2  

4 4 .  

13 .  

1 . 4  

0 . 6 8  

2 . 4  

2 . 4  

T 
.0375 

.0750  

.007  1 

.005  

.0002 

- 

.001 

. 0042  

.0041  

.006  

.0096 

- 
- 

- 
- 

- 

- 

F r e  
.0750-  

, 1 5 0  

. 0 0 8  

.006 

.0002 

- 

. O O l  

.0047 

.002  

.0017 

.00076 

- 

. 0004  

.000035  

- 
- 

- 

lency (I 
- 150- 

.300  

. 0 1 8  

.015  

. 0001 

- 
. 0025  

. 0 4 9  

.0042 

.0022 

. 0 0 9  

- 
. 000 1 8  

.00003 i  

- 

.00032 

- 

1s) 

-300- 

.600 

. 069  

. 0 8  

.0006 

. 0 0 2  

.007  

- 29  

. 0 2 9  

. 0 0 2 8  

* 09 

. 0 0 8  

.0010 

.00016 

. 0 0 0 3  

.00009  

.00012 

-600 -  

1 .200  
P 

.082  

. 2 2  

- 0 0 3 8  

.006  

.046 

. 0 3  1 

.059  

.0042 

.016  

.0056 

.0022 

.0004  

.0003t 

. OOO2E 

.0004;  

1 
1.200- 

2 .400  

- 

- 

.0017 

.0025 

. O O l  

. 0 07 

.011  

.0022 

.010  

.005  

.0025 

.00016 

.00025 

.00050 

.00048  

PAVe 6 
8 

3 x =- 
1 5 2  f t  / Ibs-  sec 

c w  
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Table 6 .  Summary of Longitudinal  Vibration  Data for Transonic  Flight 

Measurement 

Code No. 

. " 

2 

3 

4 

5A 

5 B  

6 

7 

8 

9A 

9B 

10 

11 

12  

1 3A 

13B 

1 4  

15A 

15B 

16 

17  

1 8  

19  

~~ 
~ 

X 
2 

x 10 
5 

~ . . .  

1 2 . 0 4  

1. 5 

. 0 9 1  

1. 1 

1. 1 

10. 9 

. 3  

2. 2 

. 0 7 2  

. 0 7 2  

. 116 

. 0 4 4  

. 6 3  

. 218 

. 218 

- 0 1 2 4  

. 0223 

. 0 2 2 3  

. 3 3  

. 0 2 9  

. 0 0 5  

. 0 1 6  
. .  . 

Average  Power  Spectral  Densities  in g /cps  
for  Octave  Bands in cps 

2 

0 -  
37. 5 - - 

- - ~ 

37.5 - 
75.0 - " 

. 0 0 5 5  

. 0 0 6  

. 0001 

. 0 0 0 4  

. 0 0 0 4  

. 0 0 6 8  

. 0 0 4 5  

- 

. 0 0 0 5 5  

. 0 0 0 5 6  

. 0 0 5  

.00097  

- 

. 0 0 0 7  1 

. 0 0 0 2 5  

. 0 0 0 0 7  1 

- 0 0 0  1 4  

.000063 

- 

. 0 0 0 2 6  

. 0 0 0 3 6  

. 0 0 0 2 8  
" 

" 

75.0- 
150 

. .  
" 

. 0 0 4 5  

.0015 

. O O O l  

. 0 0 0 4  

. 0 0 0 4  

. 0 0 3 8  

- 0 0 2 9  

. 01 5 

. 0 0 0 6  

. 0 0 0 6 4  

. 0 0 1 5  

. 0 0 3 6  

- 

. 0016  

. 00004 

. 0001 1 

. 0005 

. 0 0 0 3 2  

. 0 0 8  

.00026  

. 0 0 0 4  

. 0 0 0 0 9  
" - 

~~ 

150 - 
300 
. . " ~- ~__- 

. 0 0 7 6  

. 0 0 0 5  

. 0001 5 

, 0 0 0 4  

. 0 0 0 4  

. 0 2 1  

. 0 0 1 4  

. 0 1 5  

. 00055 

. 0010 

. 0 0 8 2  

. 0 0 1 6  

. 0 0 3 5  

. 0 1 3  

. 0 0 5  

. 0 0 0 4  

. 00 10 

.00063  

. 0 1 4  

. 00045 

.00022  

. 0 0 0 1 8  
__ 

.~ 

3'0 0 - 
600 

~~ 

. 0 1 8  

. 0 0 2  

. 0 0 1 2  

. 0 0 2  

. 0 0 0 6  

1. 1 5  

. 0 0 1 4  

. 0 3 0  

. 0 0 2  

.0041  

. 0 4 1  

. 0 0 2 8  

.0040  

. 0 1 3  

. 0 0 3 5  

- 0 0  1 4  

. 0 0 1 8  

. 0 0 1 8  

. 0 0 6 3  

. 0 0 1 6  

.00083  

. 0 0 0 9 3  

2 

600 - 
1200 

. 0 8  

. 0 1 6 5  

. 0 0 2 9  

. 0 1 5  

. 0 0 6  

. 032  

. 0 0 2 6  

. 0 8 0  

. 0 1 6  

. 0 1 4  

. 0 2 5  

. 0 0 8 5  

. 0 0 2 8  

. 056 

. 0 3 5  

. 0028 

. 0 0 4  

. 0 0 2 5  

. 008  

. 0 0 4 5  

.00066 

. 00365  

1200 - 
2400 

- 

. 007 

. 0 0 3  

. 0 0 7 5  

. 0 0 4  

. O l l  

. 0026  

. 0 1 7  

. 0 1 3  

, 0 0 3 9  

. 01 1 

. 0028 

. 0071 

. 0 2 5  

. 0 1 6  

. 0 0 1 1  

. 00 13 

. 00 16 

. 0 4 5  

. 00093 

. 0 0 2 3  

. 0 0 1 4 6  

x = -9- (dimensionless) 2 2 
W 
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Table 7 .  Summary of Radial  Vibration  Data for Transonic  Flight 

Meas. 
Code No,  

2 A  

2B 

4 A  

4 B  

5 

6 

7 

8 

10 

12 

1 3  

15 

X 
2 

12.  

12.  

. 0 9  1 

.09  1 

1 . 1  

11.  

. 3 0  

2 . 2  

. 1 2  

. 6 3  

. 2 2  

. . 022  

0 -  

37.5  

- 
- 
- 

- 

- 

. 044  

.045 

. 2 3  

. 0 5  

- 

- 
- 

3 7 . 5 -  

7 5 . 0  

.012 

.017 

- 

.0035 

. 00 1 

.013  

.0074 

.10 

.011 

- 

. 0063  

.000028 

7 5 . 0 -  

150 

.022  

.018  

- 
. 0 0 3  

. O O l  

. O l 9  

.010 

. 020  

.006 9 
- 

.0056 

.00025 

Frequency  (cps) 
150- 

300 

. 060  

.026 

- 

.004 

. 00 1 

. 2 6  

.011  

. 0 1 3  

.02 8 

.0040 

.008  

.0004  

300- 

6 00 

.057 

.050  

.0045 

. O l l  

. 004  

.96 

.020  

. 0 1 3  

- 19 

.007 1 

.018  

.0011 

600-  

1200 

.070 

.120 

.009 

.012 

.027 

.11 

.16 

.02  3 

.067 

. 011  

.04  

.0020 

2 

2 2  
x = -  ' (dimensionless) 

W 

1 
1200- 

2400 

- 

- 
.0075 

.0085 

.0035 

.022 

. 0 6 3  

.013  

.028  

.0089 

. 0 8  

.016 



Table 8.  Summary of Longitudinal  Vibration  Data  for 
Maximum  Dynamic  Pressure  Flight 

__ .. " ~. - 

Measuremen 

Code No. 

~ . - -~ -- . -~ . - - - - . - 

1 

6A 

6B 

7 

8 

9A 

9B 

10 

11 

1 2  

13A 

13B 

14 

15A 

15B 

16 

17 

18 

1 9  

" ~~ ~~ 

X 2 

5 x 10 
~ ~~ ~~~~ ~ 

" 

.005 

16.07 

16.07 

. 4 4  

3.  2 

. 105 

. 105 

.17  

.064 

. 9  

.315 

.315 

.018 

.032 

.032 

. 4 9  

.044 

. 007 

. 025 
- 

T 
Average  Power  Spectral   Densit ies  in g /cps 

L 

for Octave  Bands in cps 
- .. . . ." . ~ 

37.5- 
75.0 

.00017 

. 128 

.042 

.0027 

- 

.00008 

.00026 

.00026 

.00025 

- 

.00009 

.00032 

. 00005 

.00013 

. 0 0 0 0 2 ;  

- 

. 0001 1 

,00016 

.00006; 

- ~~ __ 

75.0- 
150 

.00015 

,082 

* 034 

.0008 

.012 

. 00009 

. 000 11 

.00007 

. 000 12  

- 

.000057 

. 000 16 

. 000028  

. 000 13 

. 0000 16 

. 001 

.000036 

.000053 

.00004 

150- 
300 

.000075 

. 134 

.041 

. 0 0 0 2  

. 01 2 

,00008 

.00045 

. 000 11 

.00007 

- 

.00032 

.0016 

.000056 

.00013 

. 00005t 

-005 

.00045 

.00005 

.00005t 

300 - 
600 

.000001E 

1.418 

1.000 

. 0 0 0 2  

,015 

.00032 

.00080 

,00055 

. 0001 9 

.0025 

.0004 

. 00072 

. 0 0 0 2 2  

. 0 0 0 2 0  

. 0 0 0 2 2  

.0028 

. 00018 

,000067 

.00015 

- 
L 

x = A  
2 2 

W 

600 - 
1200 

.0000036 

.083 

.131 

.0013 

.046 

.0018 

.0013 

.00024 

.0016 

. 0 0 6 4  

.0032 

.0112 

.00045 

.00035 

. 0 0 0 2 0  

.0035 

.0005 

. 000053 

.00082 

1200 - 
240 0 

- 

- 0 2 2  

.041 

. 0100 

.016 

. 00 16 

.00025 

.0003 1 

.0007 

.032 

.0009 

.0072 

. 0001 1 

. 000 18 

,00016 

.016 

. 0001 

. 000 10 

.00033 

(dimensionless) 

29 



Table 9 .  Summary of Radial  Vibration  Data  for 
Maximum  Dynamic P r e s   s u r  e Flight 

Meas. 
Code No.  

6 

7 

8 

10 

12 

13  

15 

X 
2 

x 10 5 

1 6 . 0 7  

. 4 4  

3 .2  

.17 

- 9  

. 3 1 5  

. 0 3 2  

c 

0 -  

37 .5  

. O l 9  

. 0 1 8  

.ll 

. 2 0  

- 

- 

- 

Frequency  (cps) 

75 .0  1 150 

3 7 . 5 -  7 5 . 0 -  

. 0 0 4 4  .0015  

. 0 0 4 0   . 0 0 1 4  

. 0 1 8  . 0 0 6 4  

.027 .0067 

- - 

. 0 0 0 2 2  .0007 1 

. 0 0 0 0 2 8  . 0 0 0 0 0 9  

150- 

300  

.017 

. 0 0 0 8  

.007  

. 0 0 3  

.006 3 

, 0 0 1 3  

. 0 0 0 0 4  

2 
a 

300-  

6 0 0  

- 39 

. 0 0 2 9  

. 0 0 4 1  

. 0 0 3  

.0035  

. 0 0 8  

.OOOl 

6 0 0 -  

1200 

.10 

. 0 8 1  

. 0 0 6 4  

.0004 

. 0 2 0  

.045  

. 0 0 0 1 4  

1200-  

2400  

. 0 2  1 

. 4 6  

. 0 0 6 4  

. 0 0 0 3  

. 0 4 0  

.025  

.0016  

x = A (dimensionless) 2  2 
W 
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6. REGRESSION  ANALYSIS  RESULTS 

The   resu l t s  of the   regress ion   ana lyses  of the  data   in   Tables  2 

through 9 a re   p resented   in   Appendices  A through H. Seven  specific 

calculat ions  are   presented,  as detailed  in  Section 3 .  4 and  summar ized  

below. 

a. 

b. 

C .  

d. 

e. 

f .  

g -  

Es t ima tes  for the A (f)  weights 

Es t imates   for   the  A ( f )  weights 

97. 570 confidence  intervals  for  the A (f)  weights 

Analysis  of Var iance   Tes ts   for   L inear i ty  (@) 

Estimates   for   the  correlat ion  coeff ic ients  (y) 

Tes t s  of the  correlation  coefficients  for a significant 
d i f fe rence   f rom  zero  ( Z )  

97.  570 upper   predict ion  l imits  (Y) 

0 

1 

1 

The  results  for  (a)  through ( f )  a r e   summar ized   i n   Tab le s  10  through  12. 

Note  that   the  longitudinal  and  radial   vibration  are  analyzed  separately 

for  each  significant  launch  phase  event. 

Referring  to  the  results  for  the  longitudinal  l if toff   vibration  data 

summar ized   in   Table  1 0  (a)  and  (b), it is   seen  that   the   correlat ion  is  

relatively good in  all   frequency  bands  for  the  data  analyzed in cyclical  

frequency  (unshifted).   Furthermore,   the  model  passes a l inear i ty  

t e s t   i n  all frequency  bands  except  one  (75  to  150  cps).  For  the  dimen- 

sionless  frequency  (shifted)  case,   however,   significant  correlation  and 

l inear i ty   are   not   obtained  in   the two lowest  frequency  bands  (below  0.150). 

I t   appears  that   the  more  convenient  cyclical   frequency  model is not  only 

acceptable ,   but   perhaps  superior   to   the  dimensionless   f requency  model .  
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Tab le   10 .   Summary  of Regress ion   Analys is   Resul t s   for   L i f tof f   Vibra t ion   Data  

(a) Resul ts   for   Unshif ted  Lif toff   Vibrat ion  Data   in   Longi tudinal   Direct ion 

I I I 97.5%  Confidence 

E s t i m a t e   f o r  
Coeff ic ient  A1 Coeff ic ient  A. 
Estimate f o r  

F r e q u e n c y  
I n t e r  V a l  - 4  

Lower  
-19  

(CPS) x 10 Limit Limit x 10 

37 .5-75  
75-  150 

150-  300 
300-600 
600-  1200 

1200-2400 

7. 94 
6. 33 
7.  83 

-207.40 
53.67 
12 .72  

Dimens ion-  
less 

F r e q u e n c y  
In t e r  V a l  

0.0375-0.075 
0.075  -0.150 
0.150  -0.300 
0.300 -0.600 
0.600  -1.20 
1.20  -2.40 

1. 08 
0. 96 
3. 34  

126.  15 
17 .25  
1. 85  

0. 40 
0. 24 
2. 71 

102.  23 
7.  94 
0 . 9 4  

1.  72 
1. 69 
3. 98 

150. 07 
26.  55 

2 .77  

T e s t   f o r  
L i n ' t y   a t   1 %  

Leve l  of 
Signif icance 

accep t  
r e j e c t  
accep t  
accep t  
accep t  
. accept  

T e s t  of y f o r  
Signif.  Diff. 

f r o m   Z e r o  at 
C o r r e l a t i o n  

Signif icance  Coeff ic ient  y 
1% L e v e l  of 

0. 64  
accep t  0. 50 
accep t  

accept 0. 61 
accep t  0. 91 
accep t  0. 92 

0 . 7 3  accept 

(b) Resul ts   for   Shif ted  Lif toff   Vibrat ion  Data   in   Longi tudinal   Direct ion 

97.570 Confidence 
1n te rv . fo r  A1 x T e s t   f o r  

E s t i m a t e   f o r  . E s t i m a t e   f o r  
Coeff ic ient  A. Coeff ic ient  A1 

L in ' t y  at 1% 

- 4  -19 
Lower  C o r r e l a t i o n  Leve l  of Upper  

x 10 Coeff ic ieni  y Signif icance Limit  Limit x 10  

12 .62  

0. 96 accep t  3. 84 2. 96 3.  40 2. 6 3  
0. 49 r e j e c t  1 . 7 5  0. 10 0. 92 7. 78 
0. 60 r e j e c t  1.  87 0. 03 0 . 9 5  

52.  17 17.  31 8.  02 26.4,O 
0. 64  accep t  2. 94 0 .60  1 . 7 7  16.  81 
0.  61 accep t  

- 208.43 0. 91 accep t  150.  11 102 .29  126.  20 

T e s t  of y f o r  
Signif.  Diff. 

f r o m   Z e r o  at 
1% Level of 

Signif icance 

r e j e c t  
r e j e c t  
accep t  
accep t  
accep t  
accept 



Table 10 (Continued) 

(c)  Results  for Unshifted Liftoff Vibration Data in  Radial  Direction I 

Test of y for 
Signif. Diff. 

from  Zero  at 
1 %  Level of 
Significance 

97.  5% Confidence 
1nterv.for A~ x 10-19 

Lower 
Limit  Limit 

Test  for 
Lin'ty  at 1% 

Level of 
Significance  Coefficient y 

Correlation 

i 

Estimate for  
Coefficient A 

Estimate  for 
Coefficient A. 

x 10 
- 4  

21.63 
7. 66 
4. 59 

-1.91 
166.07 

50.  59 

Frequency 
Interval 

(CPS) 

37.5-75 
75-150 

150-300 
300-600 
600-  1200 

1200-  2400 

1 

x 10 -19 

0. 87 
1. 36 
8.  70 

48.66 
19 .13  

0. 32 

- 0.47 
0. 72 
7.  24 

36.  51 
0.11 

-3 .72  

2.  21 
2.00 

10.  16 
60.  81 
38.  16 
4. 35 

reject 
accept 
accept 
accept 
reject 
reject 

0. 40 
0. 78 
0.95 
0. 89 
0 .46  
0. 05 

reject 
accept 
accept 
accept 
reject 
reject 

W 
W 

(d) Results for Shifted Liftoff Vibration  Data  in  Radial  Direction 

97.570 Confidence 

Estimate  for 
Coefficient A1 

Interv.  for A1 x 10-19 

Level of Upper Lower 

Test  for 
* 

Significance Limit  Limit x 1 0  

Lin'ty  at 1% 

-19 

Test of y for 
Signif. Diff. 

from  Zero  at 
1% Level of 
Significance 

reject 
accept 
accept 
accept 
reject 
reject 

Dimension- 
less 

Frequency 
Interval 

0.0375-0.075 
0.075  -0.150 
0.150  -0.300 
0.300  -0.600 
0.600  -1.20 
1.  20 -2.40 

Estimate  for 
Coefficient A. 

x 10 
- 4  

43.50 
10 .03  
- 0 . 5 4  
-2.06 

165.10 
29.66 

Correlation 
Coefficient y 

0. 21 
1. 29 
8.  82 

48.69 
19.17 
0. 80 

- 1.95 
0. 51 
7.16 

36.  56 
0. 15 

-1. 23 

2. 38 
2.  07 

10.47 
60.82 
38.19 

2. 82 

reject 
reject 
accept 
accept 
reject 
reject 

0.12 
0. 76 
0. 95 
0. 89 
0.46 
0. 29 



Frequency 
Interval 

(CPS) 

37 .5-75  
75-  150 

150-300 
300-600 
600-  1200 

1200-  2400 

Frequency 
Interval 

(CPS) 

37 .5-75  
75- 150 

150-  300 
300-600 
600- 1200  

1200-  2400 

Table 11. Summary of Regression  Analysis  Results  for  Transonic  Vibration  Data 

(a)  Results  for  Transonic  Vibration  Data  in  Longitudinal  Direction 

Estimate  for 
Coefficient A. 

x 

34.45  
1 . 7 7  
2. 95  

-8.  87 
1 3 . 0 3  

8.  42 

Estimate  for 
Coefficient A. 

x 

16.40 
5.  72 
5. 83 

32.  24 
48.  87 
26. 18 

Estimate  for 
Coefficient A 

Test  for 
Lin'ty  at  1% 

x 10  Limit  Limit  Significance 
- 8  

1 Level of 

- 4 x  1 0  

47.  86 
4. 24  

- 3 ~  10 
5 

-0 .18  
0. 26 

24.  52 
1. 28 

- 2 . 0 8  

2x 10 
5 

0 . 7 9  
1 . 7 5  

7 1 . 2 0  
7.  20 
2. 90 

reject 
reject 
reject 
accept 
reject 
reject  

I I I 

7 

" 

L 

Correlation 
Coefficient y 

(b)  Results  for  Transonic  Vibration  Data  in  Radial  Direction 

Estimate  for 
Coefficient A1 

x 10 
- 8  

0. 19 
1. 24 
8. 86 

2 5 . 4 8  
4. 1 4  

- 0 . 7 2  

97.5% Confidence 
Interv. for A1 x 10 Test  for 

Lin'ty  at 1% 
Lower Upper Level of 
Limit Limit Significance 

- 3 . 6 2  1 3.99 
reject 

0 .  36 2 .12  reject 
2. 27 1 1 5 . 4 5  reject 

- 0.46 5 1 . 4 2  reject 

-8  

-3.  80 
reject  6.  90 -8.  34 
reject 1 2 . 0 8  

- 0 . 0 8  
0.  29 
0. 55 
0. 65 
0. 59 
0. 09 

Correlation 
Coefficient y 

0 .  03 
0. 80 
0.  61 
0.  48 
0. 37 

- 0 . 0 9  

Test of y for 
Signif. Diff. 

from  Zero  at 
1%  Level of 
Significance 

reject 
reject 
accept 
accept 
accept 
reject 

Test of y for 
Signif. Diff. 

from  Zero  at 
1% Level of 
Significance 

reject 
accept 
reject 
reject  
reject 
reject 



Table 12. Summary of Regression  Analysis  Results  for Maximum  Dynamic Pressure Vibration  Data 

Frequency 
Interval 

Estimate  for 
Coefficient A. 

( C P )  . 
- 3  

x 10 

I 
37.5-75 

75-  150 
150-  300 
300-600 
600-  1200 

1200-2400 

-0.30 
-0 .29  
- 0 . 4 4  

-23.  85 
1.93 
4. 50 

Frequency 
Interval 

(CPS) 

37.5-75 
75-150 

150-300 
300-600 
600-1200 

1200-  2400 

Results  for Max. q Vibration  Data  in  Longitudinal  Direction 

97.5% Confidence 
Interv.  for A1 x 10 

1 I Test of y for 

1% Level of Level of 1 Correlation Upper Lower 
from  Zero at Lin'ty  at 1% 

1 Signif. Diff. Test  for 
- 8  

Estimate fo r  
Coefficient A 1  
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Refe r r ing  now  to  the  results  for  the  radial  liftoff  vibration  data  in 

Table  10 (a) and (a), it is seen  that   re la t ively  good  correlat ion  and  l in-  

ea r i ty  are  achieved  in   the  three  f requency  bands  between 75 and 600 cps 

for  the  unshifted  data,  and 0. 075 to  0.600 for  the  shifted  data.   The  data 

above  and  below  these  frequency  ranges fail the  tes t   for   s ignif icant   cor-  

re la t ion  and  l inear i ty .   The  resul ts   again  indicate   that   the   dimension-  

less   f requency   model  is no  better  than  the  cyclical   frequency  model.  

Next,   consider  the  results  for  the  transonic  vibration  data 

presented  in  Table  11.   For  the  longitudinal  data,   significant  corre- 

lation is achieved  in  the  frequency  range  from  150  to  1200  cps.   How- 

ever ,   the   l inear i ty  of the  model  is   accepted  only  in  the 300 to 600 cps 

f requency  band.   For   the  radial   data ,   s ignif icant   correlat ion is indicated 

in  only  one  frequency  band (600 to  1200  cps),  and  the  linearity  hypothesis 

is rejected  in  all bands.   Hence,  the  assumed  model  does  not  provide 

a very  efficient  description of transonic  vibration. 

Final ly ,   consider   the  resul ts   for   the  maximum  dynamic  pressure 

vibration  data  in  Table  12.   For  the  longitudinal  data,  it is seen  that   ex- 

cel lent   resul ts   are   obtained  for   model   l inear i ty   and  correlat ion  in  all 

f requency  bands.   For   the  radial   v ibrat ion  data ,   s ignif icant   correlat ion 

and  l inear i ty   are   obtained  only  in   the  f requency  range  f rom 300 to 600 cps.  

In  conclusion,  the  regression  model  defined  in  Eq. ( 5 )  appears  to 

provide a reasonably  efficient  description  for  the  longitudinal  vibration 

of launch   vehic le   s t ruc ture   in   the   reg ion  of the  spacecraf t   adaptor   during 

l if toff   and  maximum  dynamic  pressure  f l ight.   The  model  is   somewhat 

less   eff ic ient ,   however ,   in   descr ibing  the  radial   v ibrat ion  during  these 

launch  events,   and  even  less  efficient  yet   in  describing  the  longitudinal  or 

radial  vibration  during  transonic  flight.  The  reason  for  the  inefficiency 

in   descr ibing  the  t ransonic   vibrat ion is clear.   Specifically,   transonic 

vibration is heavily  dependent  upon  factors  other  than  dynamic  pressure,  
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as previously  summarized  in   Sect ion 3. 2. The   reason   for   the   l imi ted  

efficiency  in  describing  the  radial   vibration  during  l if toff   and  maximum 

dynamic   p ressure   f l igh t  is less  obvious.   One  possible  explanation 

might   be as fol lows.   The  surface  weight   densi ty   terms  used  for   the 

regress ion   ana lys i s   were   es tab l i shed   by   es t imat ing   the   sur face   weights  

of measurement   locat ions  based  upon a longitudinal  projection.  These 

same weight  density terms were  then  appl ied  to   the  radial   data  . It 

appears   l ikely  that  a new  set  of weight  densit ies  should  have  been  cal-  

culated  based  upon a radial   projection.  In  any  case,  it should  be  em- 

phasized  that   the  noted  lack of efficiency  does  not  rule  out  the  use of 

the  assumed  model  as a vibration  prediction  tool.   I t  only indicates  that  

the  model is far from  opt imum,  and  that   more  accurate   predict ions 

could  be  achieved i f  a more  eff ic ient   model   were  avai lable .   Further  

studies of this  type  to  develop  more  efficient  vibration  prediction 

models   are   s t rongly  suggested.  
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7. PREDICTION  CURVES 

Using  the  results  presented  in  Appendices A through H, a 97. 5 

percent   upper   predict ion limit for  the  longitudinal  and  radial   vibration 

on  the  basic   s t ructure  of a launch  vehicle  in  the  region of the  space-  

craf t   adaptor   can now be  established.  Such  prediction  curves  for  l if toff ,  

transonic  f l ight,   and maximum dynamic   p ressure   f l igh t   a re   summar ized  

in   F igu res  3 through 8. Note  that   the   best   spread  in   the  predict ion 

curves  for  various  values of the  independent  variables  is   obtained  for 

the  maximum  dynamic  pressure  induced  longitudinal  vibration.  This 

is   to   be  expected  because  the  predict ion  model   is   most   eff ic ient   for   this  

case .  

The  vibrat ion  predict ions  given  by  Figures  3 through 8 a r e   i n  

t e r m s  of average   power   spec t ra   in   oc tave   bands .   The   ac tua l   power  

spec t rum  fo r  a given  vibrat ion  measurement   may  have  peaks  which  ex-  

ceed  the  octave  band  averages  by a wide   margin .   Pas t   s tud ies  of average  

power  spectra  in  octave  bands  versus  narrow  band  power  spectra  indi-  

ca te   tha t   mos t   spec t ra l   peaks   wi l l   be   no   more   than  7 dB  higher  than  the 

octave  band  average.  Hence, i f  predictions for  power   spec t ra   peaks   a re  

des i red ,   F igures  3 through 8 may  be  applied  by  adding 7 dB  to  the  pre- 

dictions at  all f requencies .  
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