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I -  IN"R$DUCTION 

been devised f o r  transportation. 
of the various major components of the launch vehicle compared with those 

On the following table  a re  shown weights 

Weight Breakdown f o r  Various Forms of Transportation 

Propellant, 
percent Structure Propulsion Payload 

Launch vehicle 88 2 4 
Airplane ( j e t )  35 47 7 
Ship 15 50 10 
C a r  3 50 22 
Train (75-car) 1 19 3 

6 
11 
25 
25 
77 

I A s  can be seen, the weight of the s t ructure  of the launch vehicle i s  
exceedingly small compared t o  other forms of transportation. It i s  with 
the small re la t ive  weight t ha t  we are  required t o  contain the propellant, 
support the engine, and support and protect the payload i n  the presence 
of very severe environments. The actual load-carrying material used t o  
carry the estimated load i s  small, consequently, the margin of safety i s  
exceedingly small. This design feature then resu l t s  i n  a vehicle which 
i s  usually strong enough but may not be stiff enough, par t icular ly  i n  
view of the environment, both n a t u r a l  and induced, t o  which it i s  exposed. 
The environment includes many dynamic factors, and an i l l u s t r a t ion  of 
these factors  shown i n  figure 1 serves as an i l lus t ra t ion .  

I 
v 

In  figure 1, some of the more important loading sources are indi- 
cated. Before engine ignition, but a f te r  the gantry has been removed, 
ground winds cam induce rather  severe loads, both a steady drag load and 
a dynamic response i n  a direction mainly normal t o  the wind direction. 
Even s m a l l  changes i n  aerodynamic shape, par t icular ly  at the top portion 
of the vehicle, can result i n  Large changes i n  the vehicle response. 
Wind-tunnel t e s t s  f o r  the larger  vehicles are  almost mandatory t o  deter- 
mine acceptable solutions t o  t h i s  problem. 

A t  engine igni t ion and launcher release, longitudinal t ransients  are 
induced which can be rather  severe and are important, not only from the 
standpoint of basic s t ruc tura l  .strength, but a l so  with regard t o  e f fec ts  
on smaller components. Also, the engine noise i n  the presence of the 
ground i s  of high intensi ty  and, f o r  these larger  vehicles, the higher 
energy content i s  shif t ing t o  the lower par t  of the frequency spectrum, a 
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portion of which may be below the audible range, but w i l l  have structural 
implications. 

During flight through the transonic to the maximum-dynamic-pressure 
flight regime, various steady-state and oscillating aerodynamic loads 
become important. These include boundary-layer noise, winds and wind 
shear, and the static high-pressure peaks around geometric discontinui- 
ties at transonic speeds upon which are superposed buffeting loads. In 
this same flight regime, consideration must be given to the vehicle sta- 
bility and control in the presence of high-velocity horizontal winds such 
as the jet stream. Another stability problem involves flutter, either of 
the components such as fins or of a localized area involving thin panels. 

BOOSTER DESIGN CONSIDERATIONS 

A s  a result of these loads, stresses are imposed on the vehicle, and 
as a typical example, let us look at the stresses in longitudinal and 
hoop directions. In the longitudinal direction we w i l l  have a stress due 
to the internal pressure up - - :2flrt, where p is the internal pressure, 

A is the cross-sectional area of the vehicle, r is the radius, and t 
the skin thickness; a stress due to bending moment 

is the bending moment, c is the distance to the fiber under considera- 
tion measured from the neutral axis, and I is the section moment of 
inertia; a stress due to the longitudinal forces (acceleration and drag) 
m(x)a -k where m(x) is the effective mass above station x, a is 

the acceleration, and D(x) is the drag force at station x. The total 
longitudinal stress UL is then 

urn = s, where M I 

2xrt 

. 

In the hoop direction we are concerned with two major forces - that due 
to the internal pressure 

of the propellant in an acceleration field 

UIP = pr - and that due to the hydrostatic head 
t 

hpar 
t 

Ua = -. 
Then the total hoop stress is: 

hpar UH(X) = + - 
t t 

where h is the fluid height, p is the fluid density. 
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For the most par t ,  the in t e rna l  pressure p i s  selected on the bas i s  
of engine requirements, and the drag and the steady acceleration are  known 
f rom preliminary t ra jec tory  studies.  "his leaves as a determinable fac tor  
the  longitudinal s t r e s s  c r ~  and the bending moment M. For thin-walled 
tanks, the  a b i l i t y  t o  r e s i s t  compressive loads may be small and the 
s t r e s s  
then calculated.  If the skin can r e s i s t  some compressive load before 

. E t  buckling, then UL = % - where % i s  a buckling fac tor  depending on 
r 

the internal. pressure and configuration. For unpressurized cylinders, a 
value of 5 = 0.2 t o  0.3 maybe used, while f o r  pressurized cylinders, 
the  theo re t i ca l  value of C, = 0.6 may be obtained. 

UL may be set equal t o  zero and the bending-moment capabi l i ty  i s  

Thus, the bending-moment capabili ty of the vehicle can be plot ted 
against  s ta t ion,  as shown by the so l id  l i n e  i n  figure 2. 
curve i s  applicable t o  only the one flight condition of drag and accelera- 
t i o n  f o r  which the curve was calculated. A s  the  f l i g h t  conditions change, 
the  bending-moment capabi l i ty  curve would correspondingly change. 

This par t icu lar  

The next question then involves t h i s :  What are  the applied loads, 

Some typica l  
and w h a t  i s  the  margin between the  ultimate capabi l i ty  curve and the sum 
of the  various loadings a t  the par t icular  time of f l i g h t ?  
loadings a re  shown such as steady-state winds and controlmaneuvers, gusts, 
f u e l  slosh, and buffet .  

The remainder of t h i s  paper i s  concerned with discussions of means f o r  
computing these loads,  along with a discussion of the necessary inputs 
required. 

DYNAMIC EQUATIONS 

I n  t r ea t ing  the vehicle we must consider it as a complete system. 
When the  control spec ia l i s t  designs the control system he must be aware 
of the  implications of the f l e x i b i l i t y  of the vehicle as well as i t s  
e f f ec t  on loads. Conversely, when the loads spec ia l i s t  examines the 
vehicle, he must consider the  e f f ec t  of the control system. It i s  f e l t  
appropriate, therefore, t o  present some of the  per t inent  equations 
involving the  vehicle dynamics and control s y s t p  and, f ina l ly ,  t o  pre- 
sent equations f o r  determining bending moments. 

A good account of the vehiele control problem and loading i s  given 
i n  reference 1, and the next several  sections w i l l  be based on material  
from this reference. 
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Rigid Body, Dynamic Equations 

On figure 3 i s  l i s t e d  the coordinate system. The equations of 
motion (for small a and 6 )  are  

wh 

C Falong = MV = Tc - D - Mg s in  rT 
path 

(3) 

re  I i s  the mass moment of i n e r t i a  about center of grav ty, i s  
the rocket engine moment ann, Fa i s  the aerodynamic normal force, and 
D i s  the drag  force.  

The i n i t i a l  unperturbed f l i g h t  i s  along a ze ro - l i f t  t ra jec tory  where . . g cos 70 
70 = eo = -  and = o .  v 

J a = a  

Since equation (3)  i s  uncoupled from equations (4) and ( 5 ) ,  we may treat 
only equations (4) and ( 5 )  t o  study the vehicle system, which now appears 
as 

m? = F& - Tc(6 - a) + 7Mg s i n  70 ( 7)  

Performing the  Laplace transform and solving f o r  the  r a t i o  Q / S  
there  is obtained: 
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Tc2 c and pa--. - FuZa 
I 

where cl.8 = - 
I 

A simplification can be made for V +m, i.e., in the case where the 
aerodynamic force constitutes a large portion of the total load. 

The engine and actuator system c a n  be handled in a similar manner 
and f o r  details of the derivation, see reference 1 (pages 92-93). 
simplification of the transfer function can be made by assuming an ideal, 
inertialess engine, rigid actuator and backup structure, incompressible 
hydraulic fluid to obtain 

A 

where K, is the reciprocal of the time constant of the actuator. With 
these transfer functions we can now form the block diagram as shown in 
figure 4. 

The lower part of the figure contains the control system. We are 
showing it for a three-element system; a position gyro, a rate (rotational 
velocity) gyro, and an angle-of-attack sensor. "he transfer function can 
be written by utilizing the simple rules of the algebra of block diagram. 
The denominator of this transfer function forms the stability equation and 
can be written as 

The problem resolves into one of selecting the control system properties 
(or  gains KA, K,, and KR, in. this case) to insure system stability for 
known vehicle characteristics, pg and p,. A number of well-known 
analysis techniques may be used fo r  this purpose, among them the Nyquist 
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method, the frequency-response method, and the root-locus method. For 
t h i s  simplified example, Routh's c r i t e r ion  may be applied t o  give the  
following requirement f o r  absolute s t ab i l i t y :  

Within the res t r ic t ions  imposed by this  s t a b i l i t y  cr i ter ion,  the  gains 
may be adjusted t o  meet the requirements of t ra jec tory  control. 
t ion,  load considerations may now be injected i n t o  the  requirements t o  
insure that t ransient  responses will not produce excessive i n e r t i a l  or  
aerodynamic loads. I n  addition, many prac t ica l  considerations of hardware 
design will influence f i n a l  gain selection, as w i l l  other complicating 
fac tors  i n  a more complete examination of system s t ab i l i t y ,  such as f u e l  
slosh and e l a s t i c  bending. 

I n  addi- 

With the system stabil ized, we are i n  a posit ion t o  obtain the 
bending moment on the r i g i d  vehicle. The bending moment i n  t h i s  simpli- 
f i e d  case i s  due t o  two factors,  a moment due t o  lateral  t ranslat ion,  and 
a moment due t o  programed angle of a t tack  and atmospheric winds. This set 
of equations i s  essent ia l ly  a f ixed coeff ic ient  parameter system, i .e. ,  i s  
exact i f  the vehicle mass, a i r  density, and aerodynamic coefficients are 
not changing with t i m e .  However, t he  forces due t o  the  t i m e  rate of change 
of these parameters a re  usually of second order and, thus, we are able, f o r  
preliminary design, t o  use them f o r  time-varying problems. With t i m e -  
varying coefficients, solutions must be obtained on an analog o r  d i g i t a l  
computer. 
shear, and gusts through which the  vehicle must f ly .  
i s  stipulated, then the  motion of the  vehicle may be determined and, 
f ina l ly ,  the bending moment. For the  r i g i d  case, the bending moment a t  
s ta t ion  x i s  then given by 

The external disturbances are  due pr incipal ly  t o  the wind, wind 
If the  wind p ro f i l e  

where i s  the  la teral  acceleration and a i s  the  angle of a t tack  of 
the  vehicle as obtained from the simultaneous solution of equations (7) 
and (8). 

Flexible Vehicle, Two Degrees of Freedom 

So far, we have examined the  r i g i d  vehicle, mainly from the  stand- 
point of preliminary design. 
must be taken i n  account, and one of these added complications i s  the 

A s  the  design progresses, more refinements 
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effect  of the f l e x i b i l i t y  of the vehicle. The e l a s t i c i t y  of the  vehicle 
has two major effects ;  one i s  the  effect  of an erroneous signal t o  a sen- 
sor which i s  located on a deforming or  vibrating vehicle, and the second 
is  the dy-namic response of the vehicle due t o  wind shears and gusts. 
diagram of a deflected vehicle i s  shown i n  figure 5.  

t i on  and r a t e  gyros w i l l  be i n  e r ror  i n  slope by an amount ‘Xn ( i ) ,  and the  

r a t e  gyro will sense a r a t e  of p i tch  depending on the slope as well as the  
vibratory motion a t  the posit ion on the vehicle. 
angle 
g i m b a l  point. 

A 

The vibrating vehicle i s  represented by the dashed l i ne .  The posi- 

Similarly, t he  engine 
6 w i l l  be i n  e r ror  due t o  the slope of the bending mode a t  the  

I n  t h i s  example, two degrees of freedom are  selected, p i tch  (e )  and 
first-body bending mode q i .  The appropriate equation would be 

where qi i s  the generalized coordinate, y(.q = [m(x)$(x)dx) i s  

the  generalized mass, 
c r i t i c a l  damping, and m1 i s  the frequency of the  bending mode. 

S i  i s  the  r a t io  of the modal damping t o  the 

A block diagram of the complete system then would appear as shown i n  
figure 6. 
the e f f ec t  of the bending mode on the gyro character is t ics .  
loop system equation f i n a l l y  appears a s  

Note, i n  par t icular ,  the added path required t o  account f o r  
The open- 

S’ + qiuis + q- J 
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The closed-loop equation may be writ ten as 

where 

When the s t a b i l i t y  of the system including e l a s t i c  modes i s  t o  be 
considered, generally a much more elaborate study i s  required than pre- 
viously indicated f o r  the rigid-body case. Due t o  the frequency range of 
the e l a s t i c  modes, it i s  usually necessary t o  include several  additional 
d i f fe ren t ia l  equations of a t  least second order t o  represent the system 
components such as the  engine gimbal representation, the rate gyro, and 
sloshing fuel .  Such complicated systems require elaborate computer solu- 
t ions i n  order t o  evaluate s t ab i l i t y .  Several methods of analysis may be 
used, among them the root locus, Nyquist, and frequency-response methods. 
Reductions t o  simpler s e t s  of equations are sometimes possible after the 
behavior, or coupling, of the system i s  understood. For example, i f  t he  
e l a s t i c  modes are  not coupled with sloshing o r  with each other, the 
character is t ic  equation may be derived. Such a system i s  considerably 
more complicated than the rigid-body case considered ea r l i e r ,  but it i s  
s t i l l  simple enough t o  permit insight i n to  the fac tors  affect ing e l a s t i c  
mode s t ab i l i t y .  

Flexible System, Several Degrees of Freedom 

The system described above i s  rather  simple. L e t  us now indicate a 
more complex system involving a number of degrees of freedom: 
e l a s t i c  modes, pitch, t ranslat ion,  engine, f u e l  slosh. The system of 
equations t o  be discussed i s  based on perturbation from a nominal t ra jec-  
to ry  and the coeff ic ients  (M, CN,, mass, e t c . )  are  considered as 

constant with t i m e  (or a t t i t ude ) .  The coordinate system t o  be used i s  
shown i n  figure 7. 
take i n t o  account the e f fec t  of fuel slosh and are  shown by the two small 
masses mL and q, mounted on springs where corresponding deflection i s  
ZL and ZF. We s h a l l  discuss f u e l  slosh i n  another section. 

several  

CD, 

Note t h a t  we have added two degrees of freedom t o  

Lagrange's equation w i l l  be.used t o  describe the  dynamical equation. 
The form used here i s  (see ref.  2):  
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where 

q i  i s  the  generalized coordinate 

T i s  the k ine t ic  energy of  the system 

V i s  the poten t ia l  energy of the system 

D i s  a diss ipat ion function of the  system 

Qi i s  the  generalized force of t he  system 

The k ine t ic  energy of the system may be wri t ten a s  

Poten t ia l  energy: 

Damping : 
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where wj,%,~ are the natural undamped frequencies of the particular 
system and tL,S, are the ratios of the damping to the critical damping. 

The generalized work may be determined by forming the virtual work 
for a particular degree of freedom 

The aerodynamic loading at station x is 

where ag is the angle of attack due to the atmospheric winds. A 
detailed discussion of these winds will be given in a later section. 
generalized force in the bending degree of freedom is 

The 

Utilizing these expressions and performing the operation as required 
by Lagrange's equation, we obtain the set of dynamical equations, one for 
each generalized coordinate in the following forms: 
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Normal force: 

Slosh equations : 

Engine equation: 

The coeff ic ients  A, B, C, etc., are defined i n  the appendix. 

After the above equations have been solved, the bending moment a t  
any s t a t ion  x, may be calculated. There are two contributory factors,  
the moment a r i s ing  from the  winds and the contribution from the  i n e r t i a  
loading. 
moment i s  t o  simply sum the force t i m e s  the distance over the vehicle. 
The f i n a l  expression i s  

The most d i rec t  method t o  obtain the expression f o r  bending 
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To complete the system, we must form the  equations f o r  a control 
system. A simplified expression may be wri t ten as 

where 8, i s  the command s ignal  from the  guidance system. 

This s e t  of equations must-be solved on a d i g i t a l  or  analog computer. 
The external disturbance i s  the wind and gusts 
obtained from t h i s  s e t  of equations are  shown i n  the next section. 

ug and some solutions 

APPLICATION OF DYNAMIC EQUATIONS TO SPECIFIC CASES 

I n  th i s  section some specif ic  r e su l t s  of s t ruc tura l  feedback studies 
a re  considered. These r e su l t s  a re  the response of a vehicle t o  sinusoidal 
gusts, the e f fec t  of varying the  control system on the loads due t o  a wind 
shear input, and the e f fec t  of f l e x i b i l i t y  on the s t a b i l i t y  of the system. 
A l l  the  resul ts  i n  t h i s  section were obtained on an analog computer. Six 
degrees of freedom were used i n  the  analysis: rigid-body pitch, transla- 
t ion,  gimbaled engine, and three e l a s t i c  modes. For a prac t ica l  design 
analysis of such a f lex ib le  booster, probably six e l a s t i c  modes would have 
t o  be used; however, three modes have been used i n  t h i s  study since t h i s  
number w a s  considerd suff ic ient  f o r  t rend studies.  Fuel sloshing has been 
neglected by assuming tha t  e f fec t ive  baf f l ing  i s  provided. The vehicle i s  
assumed t o  be f lying a t  maximum dynamic pressure conditions with no t i m e -  
varying parameters f o r  the few seconds of exposure t o  wind disturbance. 

The configurations studied are shown i n  f igure 8; one configuration 
involves a cyl indrical  payload, while the  second involves a t r iangular  
wing payload. Mass dis t r ibu t ion  and s t i f fnes s  dis t r ibut ions f o r  both cases 
were held constant i n  order t o  i l l u s t r a t e  the e f fec t  of a large aerodynamic 
shape a t  the top of the vehicle. 
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Response t o  Sinusoidal Gusts 

Figure 9 shows the  r a t i o  of dynamic-to-static deflection z/zo a t  
the top of the  booster due t o  a sinusoidal gust f o r  both the cy l indr ica l  
and winged payload cases. 
def lect ion of the winged payload case. 
frequency f of the sinusoidal input gust of constant amplitude. The 
first peak corresponds t o  the f i rs t  e l a s t i c  mode, the second peak t o  the 
second mode, and so on. The winged payload case exhibi ts  l i g h t l y  damped 
first and second modes, whereas the cyl indrical  payload exhibi ts  a 
heavily damped f i r s t  mode but a l i g h t l y  damped second mode. Even though 
the system i s  stable,  very large amplification of the response i s  obtained 
as a r e s u l t  of the influence of the control system. O f  course, large 
loads would be experienced a t  t h i s  point under some of the wind shear 
conditions mentioned previously. For instance, it i s  mentioned i n  the 
section e n t i t l e d  "Winds and Responses" t h a t  there are  disturbances which 
combined with the vehicle speed could r e s u l t  i n  inputs having frequencies 
close t o  the  lower s t ruc tu ra l  frequencies. Obviously, large dynanic 
responses could resu l t ,  with possible damage t o  the vehicle as it passes 
through wind turbulence layers .  

Both curves have been normalized t o  the  s t a t i c  
This r a t i o  i s  plot ted against the 

Effect  of Type of Control System on Dynamic Loads 

Next the  problem of how the dynamic loads on a missi le  can be reduced 
by the type of control system i s  discussed. A s  a typica l  input, a ra ther  
mild wind shear input having a slope of 20 f t / s e c  per 1,000 f e e t  of a l t i -  
tude was selected and t h i s  input w a s  continued u n t i l  the  veloci ty  reached 
80 f t / s e c .  

I n  f igure 10 the bending.moment a t  the 65-percent s t a t ion  i s  p lo t ted  
against a parameter 
Here 6, i s  the command angle given t o  the  engine, 8, i s  the p i tch  
e r ro r  signal,  a i s  the angle of attack, and 6 i s  the p i tch  rate of 
the missile.  K1 and K2 are  the system gains. The p i tch  e r ro r  s ignal  
and the p i tch  rate a re  measured at the top of the first stage, whereas 
the angle of a t tack i s  measured at  the top of the vehicle.  
occurs as coeff ic ients  of the p i tch  error  s ignal  as (1 - q )  and of the 
angle of a t tack  as 
a consistent var ia t ion from a control system having p i tch  and p i tch  r a t e  
only (i .e. ,  f o r  11 = 0) t o  the case where the engine command s ignal  i s  
obtained from the angle of a t tack  and pitch-rate s ignals  ( q  = 1). 
nation of f igure 10 shows a large reduction i n  bending moment as 
approaches 1. 
sensor immediately f e e l s  the gust and commands the engine " to  gimbal" so 
t h a t  the missi le  i s  turned i n t o  the wind, thus reducing the angle of 
a t tack and, consequently, the loads. For the p i tch  and pi tch-rate  control  

v, which i s  defined i n  the equation i n  the f igure.  

The quant i ty  q 

q. This form of the equation was selected t o  provide 

Exami- 

This reduction i S  due t o  the  f a c t  t h a t  the angle-of-attack 
q 
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system, the missile must actual ly  respond t o  the wind before engine 
corrective action i s  commanded. I n  figure 11 results are given f o r  the 
engine gimbal angle 6 fo r  the same case plot ted against  7 .  The engine 
gimbal angle i s  also reduced as 7 increases; however, a minimum value 
i s  reached at about 7 = 0.8. A f i n a l  choice of 7 f o r  a given applica- 
t i on  w i l l  depend on some compromise between such fac tors  as strength, 
control, and r e l i a b i l i t y  requirements. 

Based on the sane equation f o r  engine control, the  e f fec t  of placing 
a winged payload on the vehicle i s  shown i n  figure 12. 
moment a t  the 65-percent s ta t ion  i s  plot ted against  7 .  For p i tch  and 
pitch-rate control only ( q  = 0) the  winged payload increased the bending 
moment by a fac tor  of 5 over the value for the  cyl indrical  payload. 
the factor  '1 approaches 1, a large decrease i n  the bending moment occurs 
f o r  both cases. 
reduced t o  almost the same l eve l  as tha t  f o r  the cyl indrical  payload f o r  
pi tch and pitch-rate control only ( 7  = 0) .  
t h i s  example, if the  control system of the missile had been designed t o  
handle a cyl indrical  payload with p i tch  and p i tch  rate, a winged payload 
could be accomodated by changing the type of' control system t o  include an 
angle-of-attack sensor without s t ruc tura l  modification. 

Again bending 

A s  

The bending moment f o r  winged payload cases has been 

Thus, it i s  apparent tha t ,  f o r  

Effect of Missile F lex ib i l i ty  on S tab i l i t y  and Loads 

The effect  of the f l e x i b i l i t y  of the missile on the s t a b i l i t y  of the  
system i s  shown i n  f igure 13. By u t i l i z i n g  the  winged payload case, the 
s t ructural  frequencies of the missile were reduced while the rigid-body- 
pitch-engine frequency w a s  held constant. The resu l t s  are shown i n  f ig-  
ure 13 where bending moment i s  p lo t ted  against the r a t i o  of f i r s t  bending 
frequency f l  t o  the rigid-body-pitch-engine frequency f,. Results 
are given fo r  three control systems - pi tch  and p i tch  rate ( 7  = O ) ,  angle 
of attack and pi tch rate ( 7  = l.O), and one intermediate ( 7  = 0.46.5) 
Note tha t  i n  the  two upper curves the  bending moment actual ly  decreases 
as the frequency r a t i o  i s  reduced, whereas there i s  prac t ica l ly  no change 
with fl/fr f o r  angle of a t tack  and pitch-rate control. Each case, how- 
ever, becomes dynamically unstable when the  frequency r a t i o  i s  reduced t o  
the boundary indicated and, f o r  a l l  three cases, became dynamically 
unstable i n  the second bending mode. 
the system became unstable w a s  about 5 ( for  the intermediate value of 
q = 0.465). These calculations have a l s o  been repeated f o r  the cylindri-  
c a l  payload case and a s i m i l a r  r e s u l t  was  obtained except t ha t  the bound- 
ary w a s  not a s  curved but the s t a b i l i t y  boundary s t i l l  reached a minimum 
frequency r a t i o  of about 5 .  

The minimum frequency r a t i o  a t  which 
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SYSTEM INPUTS 

The previous sections have i l l u s t r a t e d  the launch vehicle system, 
i t s  mathematical representation, and some of the system responses. This 
section i s  concerned with a discussion of some of the more important 
ingredients which are  necessary i n  the accurate representation of the  
system. This includes vibration mode determination, atmospheric winds, 
f u e l  slosh, and aerodynamics. 

Vibration Calculation Methods and Modeling 

A s  we have already seen, a knowledge of the l a t e r a l  vibrat ion charac- 
t e r i s t i c s  i s  necessary f o r  the design of  the control system as well a s  i n  
determining the dynamic response of the system t o  disturbances such as  
winds. For more conventionaJ. designs, i . e . ,  s ingle  tank configurations, 
calculation procedures have proved adequate. For unconventional config- 
urations, such as Saturn, new calculation procedures a re  required and, as 
a matter of fac t ,  fu l l - sca le  tests of t h e  Saturn have been made by 
Marshall Space Fl ight  Center and LRC undertook t o  construct and test a 
If5-sca.le model of the  same configuration. Before showing some re su l t s  
of t h i s  program, I would l i k e  t o  d i scuss  the  calculation of the  lateral 
bending modes. 

Effect of rotary i n e r t i a  and shear.- I n  most airplane work, the  
vibration modes have been calculated on the  basis  of the  beam equation: 

where x i s  the  beam longitudinal coordinate, y i s  the deflection, cu 
i s  the frequency, and m i s  the mass dis t r ibu t ion .  

Various methods of solutions have been developed f o r  solving t h i s  
equation, when m and E 1  a re  not constant most of them r e s u l t  i n  
dividing the vehicle up in to  a large number of small sections and per- 
forming the successive integrations.  For a long f l ex ib l e  vehicle, it 
has been found t h a t  addi t ional  terms may have t o  be added t o  account f o r  
the rotary i n e r t i a  of the elements as w e l l  as the  def lect ion due t o  shear. 
(The previous equation j u s t  involves def lect ion due t o  bending.) 
vation of the equation f o r  a uniformbeam i s  given by Timoshenko i n  ref- 
erence 2. 

A deri-  

The modified equation now appears as 
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where 7 i s  the weight per un i t  volume, A i s  the  cross-sectional area, 
G i s  the modulus of e l a s t i c i t y  i n  shear, k' i s  a numerical fac tor  
which i s  a function of the cross section. 

Using t h i s  approach, we have calculated the  f i r s t  six modes of a 
Saturn-like configuration i n  an e f fo r t  t o  determine the e f fec t  of these 
added terms. For these configura- 
t ions the e f f ec t  of shear was very large, par t icu lar ly  f o r  the higher 
modes, whereas the e f f ec t  of rotary i n e r t i a  w a s  r e l a t ive ly  small. 

The results are shown i n  f igure 14. 

Vibration of complex structures.-  Launch vehicles have f o r  the most 
par t  been composed of a ser ies  of cyl indrical  tanks i n  tandem. 
increase i n  s ize ,  the concept of c luster ing pa ra l l e l  tanks i s  being used. 
Two examples a re  the Saturn C-1 and the  recently announced Titan 111. 
Due t o  the complexity of the Saturn C - 1 ,  Langley Research Center has 
designed and constructed a l/?-scale repl ica  model of the C - 1  specif i -  
ca l ly  t o  study vibration problems and t o  i l l u s t r a t e  the use of models of 
launch vehicles f o r  design. 

With 

Figure 15 shows photographs of the  model and fu l l - sca le  vehicles i n  
t h e i r  dynamic t e s t  towers. The ful l -scale  vehicle i s  suspended by eight 
cables attached t o  the  base. The model i s  suspended by an unusual and 
simple system of two cables attached t o  the base which cannot impose any 
restraining moments i n  the plane of motion a t  the base. The compara- 
t i ve ly  large model scale (1/5) was chosen t o  permit accurate simulation 
of joints ,  f i t t i n g s ,  and skin gages, which were considered especial ly  
important f o r  the  c lus te r  configuration, since motion of the tanks within 
the cluster re la t ive  t o  each other i s  possible. 

This model program w a s  undertaken t o  provide ear ly  mode and frequency 
data f o r  use i n  the Saturn program and t o  examine the  f e a s i b i l i t y  of 
obtaining accurate vibration data from scaled models thus eliminating the 
need f o r  costly, d i f f i c u l t  fu l l - sca le  t e s t s  i n  fugure programs. L e t  US 
examine now some of the comparisons between the model r e su l t s  and those 
obtained on the ful l -scale  Saturn vehicle. 

Figure 16 i l l u s t r a t e s  typ ica l  results obtained f o r  the first bending 
mode. 
simple beam with a l l  of the  clustered tanks moving together about the  
same amount. 
very w e l l ;  however, the frequency measured fo r  the fu l l - sca le  vehicle i s  
a f e w  percent higher than t h a t  obtained f o r  the model. 
using simple beam theory a l so  agree well  with the measured results f o r  
this mode; however, the s t i f fness  of the  f i r s t  stage used i n  the calcula- 
t i on  i s  subject t o  some selection because of the  complicated end-fixity 
problem for t h i s  stage. An excellent description of t h i s  s t ructure  and 
the manner i n  which it has evolved i s  contained i n  reference 4. 

I n  th is  lowest mode, the complex structure behaves very much as a 

The mode shapes measured f o r  the model and f u l l  scale agree 

Calculated r e su l t s  
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A somewhat l e s s  well-behaved picture i s  obtained when we examine the 
next highest mode i n  the spectrum f o r  t h i s  vehicle which i s  i l l u s t r a t e d  
i n  f igure 17. We re fe r  t o  t h i s  mode as the  first c lus te r  mode and it i s  
distinguished from the bending modes i n  t h a t  the individual tanks i n  the  
c lus te r  move with respect t o  each other. 
portion of f igure  17 shows how some of the outer tanks a re  moving circum- 
f e r e n t i a l l y  i n  a direct ion opposite t o  the motion of the center tank. 
Comparison of the mode shapes indicates sa t i s fac tory  agreement between 
the model and fu l l - sca le  resu l t s .  

The diagram i n  the right-hand 

Figure 18 has been prepared t o  give a summary comparison of the f r e -  
quencies measured on the model and ful l -scale  vehicle. The natural  f r e -  
quencies of the first two bending modes and the first two c lus te r  modes 
a re  shown as a function of the fue l  level i n  the  f i r s t  stage. 
the frequencies measured on the ful l -scale  vehicle a re  somewhat higher 
than those obtained on the 1/5-scale model. This was due t o  differences 
i n  the suspension system and recent t e s t s  with the l /?-scale  model sus- 
pended i n  the same manner a s  the ful l -scale  vehicle have de f in i t e ly  demon- 
s t r a t ed  this ef fec t .  Many other interest ing r e s u l t s  have been obtained 
with the model. I n  general, we have concluded t h a t  studies of a s t ruc-  
tural rep l ica  model a re  very useful  i n  defining the vibration character- 
i s t i c s  of l a rge  launch vehicles and, i n  f a c t ,  plans a re  well along f o r  
constructing a similar model of the Saturn C-3 vehicle as soon as i t s  
s t ruc tu ra l  configuration i s  defined. 

I n  general, 

To i l l u s t r a t e  some calculations of e l a s t i c  modes, we have calculated 
the e f f ec t s  of a proposed clustered space s ta t ion  mounted on a C - 3  booster. 

A t  the top of figure 19 i s  shown a cross section of a possible six- 
module space s ta t ion .  One of the major s t ruc tu ra l  problems w i l l  be the 
method of attachment of the modules t o  the launch vehicle and t o  the hub. 
For t h i s  case, the attachment of each module t o  the top of the launch 
vehicle was assumed t o  be such t h a t  a cantilever boundary condition was 
obtained as indicated by the so l id  l i n e  and a pin-end condition obtained 
as indicated by the dashed l i n e .  A pin-end condition was assumed f o r  each 
direct ion at the connection between the top  of the module and the hub. 
These connections were assumed t o  be practicable f o r  an erectable struc- 
tu re .  The calculated frequencies f o r  the l i f t - o f f  weight condition are 
shown a t  the bottom of figure 19, and the mode shapes a re  shown i n  f i g -  
ure 20. Note t h a t  frequencies a re  l i s t e d  f o r  the two direct ions X and 
Y; the  small difference r e s u l t s  from an assumed difference i n  weight 
d i s t r ibu t ion  between some of the modules. In  figure 20 are  two mode 
shapes, first bending and t h i r d  bending, as they would be seen i n  looking 
along the X - a x i s .  
def lect ion even i n  the first mode and that the various modules a re  moving 
i n  the same direct ion,  as shown by the cross section. The def lect ion of 
the space s t a t ion  i n  the t h i r d  mode i s  even greater  with respect t o  the  

Note t h a t  the space s t a t ion  modules have an appreciable 
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launch vehicle. In this mode, however, the modules are vibrating unsym- 
metrically, some with large amplitude and some with small amplitude. 
is due to both the unusual skewed end conditions and the differences in 
weight between some of the modules. 

This 

The proper end conditions for use in an analysis of a particular con- 
figuration will be difficult to determine, and experimental confirmation 
of the modes should be made, particularly in view of the presence of the 
deployment hinges which may force the modules to be rather close when 
installed on the launch vehicle and provide restraints in certain direc- 
tions. Since dynamic models of appropriate launch vehicles will be con- 
structed for vibration tests, a dynamic model of a space station may be 
constructed for testing on these models. 

Winds and Responses 

In considering boost flight phase wind specifications, it might be 
well to review first the use of synthetic wind profiles for estimating 
structural loads and control disturbances for vertically rising vehicles. 
Following this review, some of the more recent developments in wind- 
measuring techniques and their application to launch vehicle problems 
will be discussed. 

Synthetic wind profiles.- Figure 21 shows several synthetic wind pro- 
files which have been used by industry and various governmental agencies 
as design wind criteria (ref. 5 ) .  
each profile has been adjusted so that maximum wind in all cases occurs 
at 33,000 feet for this comparison. Such profiles are constructed in an 
attempt to represent the most severe wind and wind shear conditions which 
might be expected in a high percentage of cases, say 95 percent or 99 per- 
cent of the time. 

The vertical scale, or altitude, of 

The initial profile of this type is shown by the solid curve and was 

This particular profile was developed for 
developedby the Geophysics Research Directorate of the Air Force Cambridge 
Research Laboratories in 1934. 
use by Air Force contractors in the design of automatic guidance systems 
and represents the first attempt to standardize atmospheric wind design 
criteria for the boost flight phase. 
design purposes, as in structural or airframe design specifications. 

It has since been used for other 

The philosophy used in the derivation of the Air Force profile has 
more or less set the pattern for the other profiles of this type. 
view of the important part that such profiles, or wind envelopes, have 
played in the development of design criteria, we might consider the basic 
procedure used in deriving the Air Force profile. 

In 
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A s  a first step, the wind speed that was exceeded i n  only 1 percent 
of the cases a t  the a l t i tudes  of the strongest winds (near 35,000 feet) 
was determined from a sample of balloon wind measurements. 
measurements were taken with standard balloon-sounding equipment during 
the windiest season of the year, the winter months, a t  an east coast sta- 
t ion .  The value determined f o r  the so-called 1 percent wind was  300 fps .  
This value represents the peak wind speed of t h i s  prof i le  at the key a l t i -  
tude of 35,000 f ee t .  

These wind 

Next, the wind shears that were exceeded i n  only 1 percent of the 
cases a t  a l t i tudes  near 35,000 f e e t  were determined from numerous se t s  of 
wind soundings. 
1,000 f e e t  was found t o  sa t i s fy  these conditions. 
shear i s  applied t o  the layer immediately above and below the peak wind 
speed t o  construct the spike i n  the profile.  This procedure of associ- 
a t ing a severe shear with the strongest wind i s  based on the postulation 
tha t  i f  a strong wind of a given magnitude has a cer ta in  likelihood of 
occurrence, wind shears t ha t  are observed on such high-speed wind soundings 
w i l l  have about the same likelihood of occurrence. 

A shear value of 45 f p s  over an a l t i t ude  interval  of 
This value of wind 

Finally, the remainder of the curve was constructed by determining the 
r a t io s  of wind speeds a t  various levels t o  the wind speed at  33,000 f e e t  
from a number of high-speed wind soundings. 

We can perhaps note a t  t h i s  point that t h i s  procedure does not result 
i n  a wind prof i le  which represents the wind speeds a t  the different  a l t i -  
tudes on any given day. Rather, the prof i le  might be considered t o  repre- 
sent a cmbination of events, any one of which w i l l  not be exceeded more 
than 1 percent of the time. 
the prof i le  i s  thus a very rare  si tuation indeed. 
and severe shears t r u l y  represent the c r i t i c a l  design condition, we then 
surely have a conservative atmmpheric design cr i ter ion.  

A n  actual wind s i tuat ion as described by 
If the high-speed winds 

The several wind prof i les  shown i n  t h i s  f igure have all been derived 

Some 
by somewhat similar types of treatment of balloon wind measurements. 
Quite substant ia l  differences ex is t  between the different  prof i les .  
of these differences are  due t o  differences i n  the basic wind data used, 
and some t o  differences i n  the treatment of the data. The treatment of 
the data i n  all cases involves a considerable amount of subjective judg- 
ment, and f o r  t h i s  reason, the differences among the various prof i les  a re  
not too surprising. It i s  important t o  note, however, t ha t  such differ- 
ences w i l l  be ref lected i n  the vehicle response h is tor ies  which are deter- 
mined when the  prof i les  a re  used as a wind input. N o  standard wind pro- 
f i l e  has as yet  been established within the aerospace industry f o r  wind 
design, and as a consequence, the various project and design groups make 
t h e i r  own interpretat ion of the wind data t o  arr ive at  design concepts. 
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Each prof i le ,  or wind envelope, suffers  from the serious l imi ta t ion  
of i t s  inab i l i t y  t o  represent the short  wavelength wind disturbances 
which exis t  along the missile f l i g h t  path. 
we know, lead t o  exci ta t ion of the fundamental s t ruc tu ra l  modes of the 
vehicle and t o  serious dynamic overstress conditions. 
e f f ec t s  are recognized by the designer and a re  allowed f o r  i n  design 
pract ice .  For example, design procedures may consist  of superposing on 
the loadings determined f o r  the steady wind p ro f i l e  the loading due t o  a 
given wind disturbance, say a (1-cos) shaped gust of given magnitude. 
produce the maximum e f fec t ,  the  wavelength of the  gust i s  adjusted t o  
exci te  the fundamental s t ruc tu ra l  mode of the vehicle under consideration. 
I n  addition, the input prof i le  may be sh i f ted  up or down i n  a l t i t u d e  so 
t h a t  the spike matches the a l t i t ude  of maximum 
transonic speed i s  reached, or other c r i t i c a l  conditions. 

These wind fluctuations,  as 

Such dynamic 

To 

g, the a l t i t ude  a t  which 

A s  a f i n a l  remark i n  regard t o  t h i s  f igure,  we might note that the 
radiosonde wind data used t o  develop these p ro f i l e s  const i tute  the only 
available sample of wind measurements which i s  large enough t o  permit 
s t a t i s t i c a l  treatment. The synthetic wind p ro f i l e  therefore provides a 
very useful treatment f o r  wind data of t h i s  type. 
and accurate wind data become available,  p ro f i l e s  of t h i s  type, or those 
based on more advanced s t a t i s t i c a l  treatments, may continue t o  be a use- 
fu l  design t o o l  because of t h e i r  simplicity of application. 

Even when more de ta i led  

Detailed wind prof i le  measurements.- The radiosonde wind data dis-  
cussed so f a r  suffer  from serious l imitat ions i n  both the accuracy of the 
measurement and the d e t a i l  i n  defining the small-scale wind f luc ta t ions .  
Also, radiosonde balloons r i s e  slowly and may be blown beyond the horizon 
or below the minimum elevation angle f o r  r e l i ab le  radar measurement before 
the l e v e l  of maximum wind i s  reached. Actually, many of the strongest 
winds which occur at  the higher a l t i t udes  a re  missing from radiosonde 
wind records and those which Cio appear may be subjected t o  large e r ro r s .  

This wind measurement problem has long been recognized and methods 
have been under development t o  provide the needed d e t a i l  and accuracy. 
One of the most straightforward of the  newer techniques employs small 
sounding rockets t h a t  l ay  smoke trails along a v e r t i c a l  f l i g h t  path f o r  
t rac ing  out the wind f i e l d .  
a refinement i n  the balloon system f o r  obtaining v e r t i c a l  wind soundings. 
These methods w i l l  now be described and some measured wind r e s u l t s  pre- 
sented. The implications of these r e su l t s  t o  vehicle response calcula- 
t ions  w i l l  then be discussed. 

Another development consists essent ia l ly  of 

The principles of the smoke-trail wind measurements a re  sketched i n  
f igure  22. A filament composed of very f i n e  par t ic les ,  or  smoke, i s  l a i d  
by a small sounding-type rocket i n  near v e r t i c a l  flight. The smoke pro- 
vides an extremely sensi t ive t r ace r  with nearly perfect  response t o  very 
small-scale atmospheric motions, a t  l e a s t  within the denser a l t i t udes  
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below 100,OOO f e e t .  Two f ixed camera s i t e s  as i l l u s t r a t e d  i n  the f igure 
make up the ground ins ta l la t ion .  
taken at  the  two camera s ta t ions  then provides the basic data f o r  deter- 
mining the  t ra i l  displacements over given time intervals .  
ments define the wind veloci t ies .  

A ser ies  of simultaneous photographs 

These displace- 

The use of precision bal l is t ic- type cameras and carefully surveyed 

A s  might be noted from t h i s  figure,  the method has 
in s t a l l a t ions  allows a high degree of accuracy t o  be achieved i n  the 
smoke-trail method. 
the fur ther  advantage of providing the measurements along typica l  missi le  
t ra jec tor ies ,  thus eliminating the differences i n  the  wind s t ructure  
between the time-space path followed by balloons or  other commonly used 
t racers  and the near ve r t i ca l  and very rapid t r a n s i t  of the atmosphere by 
a space vehicle. Obvious operational requirements f o r  t h i s  system a re  
r e l a t ive ly  clear  skies and good v i s i b i l i t y .  

The smoke-trail method of wind measurement has been developed by the 
Langley Research Center of NASA and a number of measurements taken a t  the 
Wallops Station. 
Atlant ic  Missile Range so t h a t  detailed and accurate wind prof i le  measure- 
ments can be obtained under ac tua l  space vehicle f l i g h t  conditions. 

An operational system i s  a l so  being in s t a l l ed  a t  the  

A s  an i l l u s t r a t i o n  of the  wind prof i les  measured by the  smoke-trail 
method, figure 23 shows the  W-E and S-N components of a measurement taken 
over the Wallops Station. This prof i le  represents r e l a t ive ly  l i g h t  winds 
throughout a l t i t udes  up t o  about 40,000 f e e t .  I n  t h i s  measurement, the 
wind velocity has been determined a t  a l t i t ude  increments of 100 f e e t  a s  
given by the dotted points.  
p ro f i l e  i s  considered adequate f o r  space vehicle response problems 
encountered t o  date, but if necessary, somewhat greater d e t a i l  could be 
determined. 

This degree of d e t a i l  i n  specifying the  wind 

The per t inent  feature  of t h i s  figure i s  the continuous nature of the  

Many 
disturbances throughout the prof i le  with large- and small-scale wind 
f luctuat ions following one another i n  an apparently random pattern.  
of the small-scale disturbances have ve r t i ca l  wavelengths considerably 
less than 1,OOO f e e t .  C o m p a r e  this type of random wind pat tern t h a t  a t  
times ex i s t s  i n  the atmosphere with the synthetic prof i le  discussed 
e a r l i e r  and the need f o r  improved wind design c r i t e r i a  becomes obvious. 

Figure 24 shows a high-speed wind p ro f i l e  measured by the  smoke-trail 
method a t  Wallops. Note t h a t  the W-E component at 35,000 f e e t  i s  about 
300 fps,  o r  equal t o  the value used as the  peak wind speed i n  the syn- 
t h e t i c  wind prof i les .  The en t i re  prof i le  shown here looks remarkably 
similar t o  the  synthetic prof i les  with the  exception t h a t  short  wavelength 
disturbances a re  superposed on the wind f i e l d  which increases s teadi ly  
with a l t i t ude  i n  t h i s  W-E direction. 
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The S-N components on this sounding are considerably smaller in mag- 
nitude than the W-E components. Quite large fluctuations in wind velocity, 
however, are present in this cross component. These fluctuations, or gust- 
like disturbances, result in unsteady aerodynamic loading conditions and 
stress amplifications which must be allowed for in design criteria. 

A complementary method under development by the Air Force Cambridge 
Research Laboratories utilizes a 2-meter-diameter spherical balloon for 
wind soundings. The spherical shape is maintained by operating a mylar 
balloon at a given overpressure. The spherical shape has better response 
to small-scale wind changes than the standard elastic balloon used in 
rawin soundings. 
and to give the best possible measure of its motions as it follows the 
winds. Accuracies of 2 or 3 fps in wind measurement are believed possible 
by the Air Force with this system. 

Precision radar equipment is used to track the balloon 

Test flights have been made with the spherical balloon at Eglin Air 
Force Base by the Air Force, and at Cape Canaveral by the NASA Marshall 
Space Flight Center. 
but plans are underway for a number of such measurements in a variety of 
weather conditions to develop a representative climatology of precise 
wind data for vehicle design purposes. 

Results from the soundings are not available as yet, 

Application to missile response calculations.- The significance of 
the more complete wind profiles shown in the previous figures to space 
vehicle loading histories can be best judged by comparing the response 
of simulated fli.ghts through a detailed wind profile and through a 
standard balloon-measured wind profile. For this comparison, the bending- 
moment responses of the Scout vehicle have been calculated for some of the 
wind velocity measurements just discussed. 
of these data. 

Figure 25 shows the first set 

In this figure the solid curve is the smoke-trail measured wind for 
the case where the wind velocity reached about 80 fps at 35,000 feet. 
The dashed curve indicates the simulated balloon measurement. The balloon 
measurement was obtained simply by averaging the smoke-trail winds over 
2,000-foot-altitude intervals. This interval corresponds to the averaging 
altitude usually used in evaluating radiosonde sounding data. As can be 
noted in the figure, this method of simulating the balloon measurement leads 
to a highly smoothed profile, the smoothing being particularly apparent at 
altitudes near 17,000 feet and 35,000 feet. 
would not be suitable for design purposes, but will serve for making some 
response comparisons. 

These relatively mild winds 

The bending-moment responses of the Scout vehicle to these wind pro- 
files were calculated by a digital computation method at the Langley 
Research Center. 
pitch plane about a reference trajectory and included three elastic 

The equations of motion described perturbations in the 
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bending modes. 
varying coeff ic ients  and included an active rate and a t t i t ude  guidance 
system. 
are  shown i n  figure 26. 
t i o n  a t  about the midpoint of the f i r s t  stage; similar r e su l t s  were 
obtained f o r  other s ta t ions .  

The solution t o  these equations was found using time- 

The resu l t ing  maximum bending moments as a function of a l t i t ude  
These bending moments were calculated f o r  a sta- 

The bending-moment curves i l l u s t r a t ed  i n  the  f igure a re  ac tua l ly  
envelopes of the maximum bending moment. The inse t  i n  the f igure shows 
the de t a i l s  of this bending moment near 35,000 f e e t  and i l l u s t r a t e s  the 
cyclic charac te r i s t ic  of the response. 
tural frequencies of the vehicle i s  very apparent, especially t o  the 
smoke-trail measured wind. Most of the ra ther  considerable differences 
between the two bending-moment p lo ts  are a t t r ibu tab le  t o  dynamic e f f ec t s  
caused by the  f iner-grain wind disturbances which are not detected by the 
usual balloon measurement. For these r e l a t ive ly  mild winds, then, sig- 
n i f ican t  load increases result from excitation of the  e l a s t i c  modes, 
although peak loads a re  s t i l l  way below design values. 

The large response a t  the s t ruc-  

Figure 27 shows the  high-speed wind values used i n  the second s e t  of 
response calculations.  
discussed e a r l i e r  and yielded a wind velocity of 300 f p s  at 35,000 fee t ;  
the curve labeled "balloon" is  a radiosonde balloon measurement taken 
concurrently with the smoke-trail measurement. The remaining curve i s  the  
l a t e s t  A i r  Force synthetic 99-percent wind prof i le  which was a l so  shown i n  
a previous f igure.  

The smoke-trail wind i s  the same prof i le  which was 

The overa l l  agreement between the smoke-trail p ro f i l e  and the balloon- 
measured p ro f i l e  i s  qui te  remarkable, not only i n  regard t o  matching of the  
peak wind speeds but a l so  i n  regard to  the type of f luctuat ions at d i f f e r -  
ent a l t i tudes .  For s i tua t ions  which are  characterized by ra ther  s teadi ly  
increasing wind ve loc i t ies  with height and no eddy-like flow embedded i n  
the main stream, we see evidence here t h a t  balloons can give a good e s t i -  
mate of the winds. The very severe spike i n  the  synthetic p ro f i l e  stands 
out c lear ly  i n  t h i s  comparison of the p ro f i l e  character is t ics .  It might, 
be expected t h a t  t h i s  spike would lead t o  large vehicle loadings as com- 
pared t o  the loads a t  35,000 f e e t  from the  other prof i les .  

Figure 28 shows the bending-moment responses f o r  these high-speed 
wind prof i les ,  as w e l l  as f o r  a number of other cases. 
given as the  r a t i o  of the maximum bending moment resu l t ing  from simulated 
f l i g h t  through each detai led wind sounding t o  the  maximum bending moment 
resul t ing from the  corresponding smoothed p ro f i l e .  The bending moments 
presented here are those which occurred i n  the maximum dynamic pressure 
portion of the f l i g h t  t ra jectory.  The c i r c l e  symbol on the r i g h t  at  a 
velocity of 300 f t / s ec  represents the bending-moment r a t i o  f o r  the  high- 
speed smoke-trail and balloon wind measurements given i n  f igure 27. The 
square symbol immediately above it i s  the  r a t i o  of the bending moments 

The response i s  
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calculated f o r  the  99-percent synthetic prof i le  and f o r  the 300-fps pro- 
f i l e  measured with the balloon. 

Two points seem evident from t h i s  figure. F i r s t ,  the  r a t i o s  i n  the  
left-hand p a r t  of the figure indicate t h a t  r e l a t ive ly  large amplifications 
occur fo r  the prof i les  which had the mild wind veloci t ies .  
r e c a l l  tha t  these prof i les  contained the large f luctuat ing components. 
Load amplifications by a fac tor  of two have been found f o r  such cases. 
Secondly, decreasing amplifications occur as the wind velocity increases. 
These smaller amplification ra t ios ,  of course, result f r o m  the general 
smoothness which seems t o  occur i n  the  high-speed wind prof i les  measured 
t o  date.  For the prof i les  which had the peak wind speed of 300 fps,  the 
bending-moment response f o r  the detai led prof i le  was  only 7 percent 
greater than the bending-moment response f o r  the balloon, o r  smoothed, 
prof i le .  The bending-moment response f o r  the synthetic prof i le ,  on the  
other hand, w a s  about 15 percent greater than f o r  the balloon prof i le .  
we mentioned earlier, t h i s  large loading i s  due t o  the severe spike which 
forms the  peak wind veloci ty  f o r  the synthetic prof i le .  Thus, f o r  the 
cases examined here, the synthetic p ro f i l e  i s  most conservative when used 
i n  estimating applied loads. 

You w i l l  

A s  

Fuel Slosh 

A s  mentioned previously, the  mass of the propellant during the launch 
phase represents the  major par t  of the mass of the complete system. 
During the course of the f l i g h t  of the launch vehicles, the vehicle i s  
subjected t o  disturbances from the a i r  through which it moves and from the 
engine. 
may occur as a result of rough engine burning o r  aerodynamic gusts and can 
cause the f lu id  i n  the vehicle t o  slosh. This sloshing motion of the fuel 
then produces forces on the  vehicle which tend t o  upset it o r  deform it. 
The engine must then respond t o  overcome the e f fec ts  of the f l u i d  motions. 
If the  magnitudes and frequencies of the f u e l  motions are not properly con- 
t r o l l e d  re la t ive  t o  the  frequencies and motions of the  vehicle, the com- 
p le te  system may become unstable and be destroyed. 

These motions may r e su l t  from guidance and control signals, o r  

I 

Fundamental ingredients of t h i s  problem a re  the natural  frequencies 
and damping of the f l u i d  motions i n  the  tank. 
f l u i d  forces on the  tank vary with the frequency of the  tank motion. The 
force, divided by the  diameter cubed, i s  plot ted against  the r a t i o  of the  
exci ta t ion frequency t o  the  natural  frequency of the f i r s t  mode of the 
f lu id .  The so l id  curve shows the  f l u i d  forces on the tank without any 
baff le ,  and we can see that when we o sc i l l a t e  the tank a t  the  f l u i d  f r e -  
quency these forces  can become very large.  
frequencies just  above the natural frequency due t o  the  f a c t  t h a t  the  
f l u i d  swirls. 

Figure 29 shows how the 

I 

This problem i s  aggravated a t  
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I 

If a ba f f l e  i s  placed i n  the tank the  f l u i d  motions are  appreciably 
damped, and the forces i n  the v ic in i ty  of resonance are  substant ia l ly  
reduced as shown by the dashed curve. 

Figure 30 shows how the f i r s t  natural frequency of the f l u i d  var ies  ~ 

/& with the  f l u i d  depth. 

where D i s  the  diameter, g i s  the ea r th ' s  gravi ty  constant, and n i s  
the number of g ' s  being pulled. -&'the f igure shows, t he  var ia t ion i n  
the na tura l  frequency of the f l u i d  i n  the  two types of tanks i s  substan- 
t i a l l y  d i f fe ren t .  I n  case of the cylinder, the frequency increases with 
the depth up t o  the point where the depth i s  equal t o  the diameter and 
remains f a i r l y  constant as the depth i s  fur ther  increased. I n  the case 
of the spheroid, the frequency s t a r t s  at  a f i n i t e  value and increases 
rapidly as the tank i s  f i l l e d .  For the tank shown, the maximum depth i s  
3/4 of the diameter, and the frequency curve approaches t h i s  l i n e  asymp- 
t o t i c a l l y .  
with the tank empty, the launch vehicle must be designed t o  be s tab le  over 
a s izable  range of f l u i d  frequencies. 

The frequency i s  normalized by the parameter 

Since the f l i g h t  normally begins with the  tanks f u l l  and ends 

A s  was shown previously, the motions of the f l u i d  i n  the tank a re  
subject t o  control by using ba f f l e s  t o  introduce damping. These baffles 
are  of a var ie ty  of types such as  rings, cones, e t c .  The effectiveness 
of r ing  baf f les  i s  demonstrated by figure 3lwhere the damping, i n  terms 
of the c r i t i c a l  damping, i s  plot ted as a function of the depth of the 
ba f f l e  below the l i qu id  surface f o r  a given baf f le .  This f igure shows 
t h a t  t h i s  par t icu lar  ba f f l e  i s  somewhat more e f fec t ive  i n  the cylinder 
than it i s  i n  the  sphere, but the most important point i s  the f a c t  that 
the effectiveness of the ba f f l e  i s  greatest  when it l i e s  j u s t  below the 
surface. A s  it i s  lowered below the f l u i d  surface it rapidly loses  i t s  
effectiveness because of the f a c t  that  the  f l u i d  motions as we move down- 
ward from the  surface a re  re la t ive ly  small. 

The expression f o r  the frequency of f l u i d  i n  a cy l indr ica l  tank i s  
(from r e f .  6): 

where a i s  the radius of the tank, h i s  the f l u i d  height, and t n  i s  
the root of the determinant: 



Values of En for the first five modes are: 

51 = 1.84 

52 = 5.33 

53 = 8.53 

~4 = 11.70 

E5 = 14.83 

Aerodynamics 

Naturally for the results of any aeroelastic analysis to be meaningful 
a proper representation of the aerodynamic input must be made. In this 
section some of the different types of aerodynamic inputs will be discussed 
along with some of the methods available for determining launch vehicle 
aerodynamic characteristics. 

The types of aerodynamic loading experienced by a launch vehicle may 
be conveniently divided into three categories: steady state, self-excited, 
and random. 
of loading, consider a vehicle flying with constant forward velocity at a 
given altitude. 
external geometry and attitude, and is invariant with time. Now, if the 
vehicle is given a small perturbation transverse to the primary direction 
of flight, say response in a free-free bending mode, self-excited forces 
are generated. These time-varying loads have components proportional to 
the transverse displacement, velocity, and acceleration. The third type, 
random forces, is produced by buffeting flows (for example, separated 
flow and flows having shock-boundary-layer interaction). These loads 
also vary with time, but no simple functional relationship exists between 
force and time. 
their statistical properties. 

In discussing the basic differences between these three types 

The steady-state loading is a function of vehicle 

Forces of this type are usually described in terms of 

Although there are many theories which are applicable to launch 
vehicles (see refs. 7 to lo), much of the work in launch vehicle aero- 
dynamics has been carried out by the experimentalist. This is due in 
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part to theoretical inadequacies in taking into account such things as 
flow separation, strong shocks, and so forth. Also, experimental evi- 
dence is needed to check the validity of theoretically predicted aerody- 
namic characteristics, before a theory can be used with any degree of 
confidence. 
mental studies and comparisons of these data with those predicted by 
theory. 

It is of interest to note the results of some recent experi- 

Predicting the steady-state aerodynamic forces arising from elastic 
deformations of launch vehicles is an important part of the overall 
launch vehicle aerodynamic picture. One commonly used technique is to 
determine the pressure changes with angle of attack on a rigid vehicle 
and reduce these to local section derivatives which are then applied to 
angle-of-attack changes regardless of how produced; that is, whether by 
rigid-body motions or by elastic deformations. Some results of a study 
of the pressure distributions on deformed and undeformed bodies of revo- 
lution are presented in figure 32. The results are presented in the form 
of the distribution of section normal-force coefficient for the deformed 
two-stage booster configuration indicated at the top of the figure. The 
circular test points are for the deformed booster with its base at zero 
degrees angle of attack so that the points represent a direct measure of 
the section normal-force coefficients produced by this particular defor- 
mation. 
measurements on an undeformed body. A comparison of the circles and 
squares indicates that the procedure of predicting the effects of deforma- 
tions from data obtained for a rigid vehicle would have given a fair 
estimate of the loading for the case considered here in all regions 
except in the vicinity of the transition section where separation effects 
predominated. 
the easily applied momentum theory (ref. 7). 
pare favorably with the experimental data. Unfortunately, more accurate 
aerodynamic theories are not readily applied to deforming arbitrary bodies. 

The square test points were predicted from data obtained from 

Also indicated in the figure is the loading predicted by 
These results do not com- 

Several aerodynamic theories are available for predicting the aero- 
dynamic forces on a launch vehicle undergoing transverse vibratory motion. 
However, until recently no experimental results have been available for 
checking the validity of theoretical results. Presented in figure 33 is 
the variation of the aerodynamic damping derivative 
for a simple cone-cylinder aeroelastic launch vehicle model vibrating in 
its first free-free bending mode. The definition of Ck; in terms of con- 
ventional flutter parameters, reduced frequency (k) and mass ratio (p),  
and the ratio of aerodynamic damping to critical damping is given in the 
figure. 
the basis of the parameter Ck;), there is apparently little Mach number 
effect. A l s o  shown in the figure are some aerodynamic damping derivatives 
calculated (using experimentally determined mode shapes) from piston 

Cf, with Mach number 

Within the scatter of the data (which is greatly magnified on 
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theory, momentum theory, second-order shock-expansion theory, and line- 
arized slender body theory. The second-order shock-expansion and second- 
order Van Dyke theories show the worst agreement with experiment. 
trend with Mach number indicated by piston theory is not evident in the 
experimental results. 
with the experimental results for this case. However, for the second 
free-free bending mode (see ref. 8) piston theory results gave the best 
prediction of the aerodynamic damping. 

The 

The linearized slender body theory agrees very well 

Buffet flows have been observed, using high-speed schlieren movies, 
on a variety of launch vehicle shapes in the transonic speed range. 
Unfortunately, there exist no theoretical treatments which w i l l  predict 
buffet flow fields. Consequently, wind-tunnel studies are relied upon to 
produce information about aerodynamic loads produced by these types of 
flows (see refs. 11 to 1 3 ) .  
obtained from these wind-tunnel studies is illustrated in figure 34 where 
the fluctuating pressure distribution for a simple cone-cylinder model at 
a Mach number of 0.78 is presented. Also included in the figure is the 
power-spectral density of the pressure fluctuations at the cone-cylinder 
Juncture. A s  is seen from the figure, the fluctuating pressures in the 
vicinity of the shoulder are relatively large, about 8 percent of the 
free-stream dynamic pressure. The power spectra have a peak value near 
zero frequency and then drop to a lower value and are more or less "white" 
over the remainder of the frequency range covered. It should be pointed 
out that different types of buffeting flows produce fluctuating aerody- 
namic inputs having different statistical characteristics. Fluctuating 
pressure spectral densities have been observed where most of the energy 
(area under the curve) was located near zero frequency, while others had 
spectra which were essentially "white" throughout the frequency range. 
Pressures whose spectra are of the former type are of a primary concern 
as far as gross vehicle response (response in lower free-free bending 
modes) is concerned. 
band of frequencies usually lead to local response of the vehicle. 

An example of the type of information 

Pressure fluctuations which are spread over a broad 

EFFECT OF GROUND WINDS 

The effect of ground winds on a launch vehicle while it is mounted 
on its launching pad is important for several reasons. First, the loads 
resulting from the winds at the base of the vehicle may be severe and 
actually damage the vehicle by inducing large bending moment. Secondly, 
the precise alignment of Gwidance components becomes difficult if the top 
of the vehicle is moving due to ground winds. 

The vehicle response has two components; one in the direction of the 
wind which is due to the drag load of the cylindrical shape, and the other 
in a direction normal to the wind direction which is due to the Von Karman 



3w 

I -  - 29 - 

vortex s t r e e t  o r  the flow breakdown. In the l a t e r a l  direction, the 
nature of the  aerodynamic forces acting on a f ixed two-dimensional 
cylinder i s  i l l u s t r a t e d  i n  f igure 3’3. A t  Reynolds numbers l e s s  than 
some c r i t i c a l  value, which may vary from lo5 t o  5 x lo5 depending on 
flow turbulence and surface conditions, the  l a t e r a l  force i s  periodic 
with the reduced frequency remaining essent ia l ly  constant a t  cud/21rV = 0.2. 
A t  Reynolds numbers greater than t h i s  c r i t i c a l  value the  flow around the  
cylinder becomes turbulent and the air loads a re  no longer characterized 
by d iscre te  frequencies but instead show random f luctuat ions with power 
d is t r ibu ted  over a band of frequencies. I n  the subc r i t i ca l  Reynolds 
number range a resonant response of the vehicle would occur a t  the par t ic -  
u l a r  wind velocity where the  frequency of the periodic a i r  force coincides 
with a na tura l  frequency of the structure.  A t  ve loc i t ies  above and below 
this value the response would be attenuated. When the  wind veloci ty  and 
missi le  diameter are  such t h a t  the Reynolds number i s  supercr i t ical ,  the  
response i s  typ ica l  of that of a l i gh t ly  damped mechanical system t o  random 
exci ta t ion.  In  t h i s  case the  response, which i s  primarily i n  the lowest 
natural  mode, increases continuously with increasing wind velocity.  

Figure 36 indicates  the  Reynolds nmiber range of i n t e r e s t  f o r  missile 
s izes  going from a solid-propellant vehicle t o  a la rge  l iqu id  booster. 
The dashed curves were obtained using a representative body diameter 
together with the  lowest natural frequency of each vehicle i n  the  launch 

ve loc i t ies  at  which t h i s  occurs f o r  the so l id  propellant, a med ium l iqu id  
booster, and a la rge  liquid-propellant booster a re  8.7, 2.8, and 1.3 mph, 
respectively.  Only i n  the case of the Scout does the  frequency of t he  
aerodynamic force coincide with the lowest na tura l  frequency before the 
flow becomes random. Even here there i s  considerable question because the 
turbulence generated by the launch tower probably reduces the c r i t i c a l  
Reynolds number t o  a value l e s s  than the band indicated i n  f igure 35 which 
applies f o r  unobstructed two-dimensional cylinders. 

posit ion.  If the c r i t i c a l  Reynolds number i s  taken t o  be 2 X 10 5 the wind 

It has been experimentally found that very small and ra ther  insignif-  
i can t  changes i n  the  aerodynamic shape of a vehicle may cause la rge  changes 
i n  the  response of a vehicle. Since the nature of the flow i s  mostly ran- 
dom and the  flow processes under these conditions a re  not amenable t o  
calculation, model t e s t ing  i s  almost mandatory. 

Both fu l l - sca le  and dynamic model invest igat ions of the  ground wind 
loads on a Scout launch vehicle have been conducted by the Langley Research 
Center. The Scout i s  a five-stage solid-propellant booster which i s  
capable of put t ing a l5O-pound payload i n t o  a 300-nautical-mile o rb i t .  
Measurements of the bending moment were made on the  prototype and on a 
15-percent scaled model as showri i n  figure 37. Due t o  i t s  proximity t o  
the vehicle, the gantry tower was  a l s o  scaled f o r  the model t e s t s .  The 
model wits t e s t ed  i n  the  Langley 16 -~oo t  Transonic Dynamics Tunnel and the  
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unpublished model r e su l t s  t o  be shown were  obtained by M r .  Wilmer H. 
Reed, 111. Full-scale t es t  r e su l t s  a re  from reference 15. The pr incipal  
nondimensional parameters used i n  model design were Reynolds number, 
reduced frequency Iw/V,  and mass r a t i o  m/F;L2. The tunnel selected f o r  
the t e s t  can use e i the r  a i r  or  Freon 12 as a tes t ing  medium, but f o r  t h i s  
study Freon 12 w a s  found t o  be desirable pr incipal ly  from the standpoint 
of Reynolds number simulation. 
aluminum used i n  upper-stage areas. It contained dis t r ibuted mass 
bal las t ing i n  order t o  simulate the f i r s t  bending frequency of the  
vehicle since the phenomenon o f  i n t e re s t  w a s  the  osc i l la tory  response 
normal t o  the  airstream. 

The model was  a s t e e l  she l l  with some 

Results of the investigation are  shown i n  f igure 38. The root-mean- 
square bending moment a t  the base of the vehicle i s  plot ted against  the 
average wind speed. 
so l id  points and the model results by the  open symbols. 
have been corrected by the  method of reference 16 t o  account f o r  d i f fe r -  
ences i n  frequency and damping between the  model and f u l l  scale.  
square points a re  r e su l t s  for a side wind, as i l l u s t r a t e d  a t  the top of 
the  figure, the ci rcular  points a re  f o r  the  wind f i r s t  passing through 
the tower, and the diamonds are  f o r  the wind passing f i r s t  over the model, 
then over the tower. I n  each case, the  bending-moment response i s  i n  a 
plane normal t o  the wind direct ion.  

The fu l l - sca le  t e s t  r e su l t s  are Lndicated by the 
The model results 

The 

Considerable sca t te r  i s  evident i n  the ful l -scale  data, although the 
Insofar as design of loads are higher than those predicted by the  model. 

the par t icular  vehicle i s  concerned, the  bending moments shown a r e  well  
below ultimate bending moment and no operational problem i s  anticipated.  
However, from a modeling viewpoint, an explanation of the  d is tor t ion  
between model and fu l l  scale i s  desirable.  A possible explanation would 
be t h a t  natural turbulence i n  the  atmosphere i s  causing larger  response 
on the full-scale vehicle than the low turbulence flow i n  the  wind tunnel 
causes on the  model. Note t h a t  model r e su l t s  a re  i n  much be t t e r  agree- 
ment wi th  fu l l - sca le  data when the airflow i s  through the  tower instead 
of from the side o r  f ron t .  Since flow through the tower would tend t o  
equalize turbulence leve ls  on the fu l l  scale and the model, t h i s  would 
tend t o  support the turbulence explanation f o r  the d is tor t ion  i n  the 
results. 

SPINNING 

Ar t i f i c i a l ly  induced spin of a pro jec t i le  or rocket has been used 
f o r  precise a t t i t ude  control, and fo r  minimizing the e f fec ts  of aerody- 
namic and propulsion misalignment and unsymmetrical mass dis t r ibut ion.  
However, t he  gyroscopic forces thus induced may create numerous new 
problems as a d i rec t  r e su l t  of spin. 
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F i r s t ,  consider the  c l a s s i ca l  example of spin s tab i l iza t ion ,  the  
a r t i l l e r y  pro jec t i le .  
would tumble along i t s  t r a j ec to ry  if it were not spun. 
b i l i t y  of a spinning pro jec t i le  depends on the magnitude of the moment of 
i n e r t i a  about the longitudinal axis of the p ro jec t i l e .  It can be shown 
tha t  the longitudinal axis of a rapidly spinning body w i l l  perform constant- 
amplitude osc i l la t ions  i n  the absence of damping forces whether or  not the 
p ro jec t i l e  i s  s tab le  i n  p i tch  and yaw. 
tudes w i l l  increase, whereas if  the body i s  stable,  the amplitudes will 
decrease. Since most a r t i l l e r y  pro jec t i les  a re  unstable i n  p i tch  and yaw, 
they cannot be called,  i n  a true sense of the word, s table  i n  f l i g h t ;  how- 
ever, the  r a t e  of the divergence i s  so small that the increase i n  the 
amplitudes over a f l i g h t  time of minutes or seconds i s  increasingly small. 
I n  the case of a similar pro jec t i le  i n  space containing some s c i e n t i f i c  
experiment, the f l i g h t  time i s  often measured. i n  days or months and osc i l -  
l a t i o n  amplitudes can become exceedingly large.  If a body lacks longi- 
tud ina l  and d i rec t iona l  s t a b i l i t y ,  it cannot be s tab i l ized  by spinning 
(see r e f s .  17-20). 

It i s  common knowledge t h a t  an a r t i l l e r y  p ro jec t i l e  
The degree of sta- 

I f  the body i s  unstable, the ampli- 

Spin s tab i l iza t ion  has been successfully used on many vehicles 
(Vanguard, Explorer, Pioneer, and Scout) f o r  i n e r t i a l  axis  a t t i t ude  con- 
t r o l ;  however, f o r  a t ra jec tory  where there a re  large changes i n  f l i g h t -  
path angles and it i s  desired t o  keep the vehicle on a tangent t o  t h i s  
path, then spin s t ab i l i za t ion  i s  of l i t t l e  use. However, spin s t ab i l i za -  
t i o n  i s  qui te  effect ive i f ,  i n  the case of a s a t e l l i t e ,  the in jec t ion  
stage i s  t o  be f i r e d  horizontal  where the f i n a l  velocity vector i s  t o  be 
near horizontal .  Under these conditions, the guidance package i s  con- 
tained i n  the stage behind the injection package and merely aims the 
spinning inject ion stage. 

It i s  often desired t o  spin a configuration t o  minimize the e f f e c t s  
of aerodynamic and propulsion vector misalignments. 
f igurat ion,  the  vector sum of forces  and moments tending t o  deviate the  
vehicle from the nominal t ra jec tory  i s  zero. 
r a t e  t o  reduce dispersion, new problems qui te  often are created t h a t  can 
be catastrophic. Two examples of catastrophic f a i l u r e s  resu l t ing  d i r ec t ly  
from spinning a re  presented i n  f igures  39 and 40. I n  f igure 39 is  p lo t ted  
spinning and pitching frequency i n  cps as a function of f l i g h t  t i m e .  
b t a  were calculated from actua l  vehicle parameters and f l i g h t  environment 
conditions f o r  a vehicle t h a t  broke up short ly  a f t e r  launch. 
occurred a t  a f l i g h t  time of about 3.5 seconds. A s  seen i n  the f igure,  
t he  spinning frequency curve crosses the pitching frequency curve a t  a 
very shallow angle a t  a f l i g h t  time of about 3.5 seconds. 
time, t h i s  par t icu lar  vehicle started. pitching v io len t ly  and f ly ing  a 
cork-screw f l i g h t  path. The angle of a t tack became extremely large and 
the vehicle s t ructure  f a i l e d  due t o  excessive l a t e r a l  loads and bending 
moments. 
yawing motions with the spinning motions. However, this i s  not t o  say 

By spinning the con- 

However, by inducing a spin 

These 

The f a i l u r e  

R i g h t  a t  t h i s  

This f a i l u r e  resul ted from the coupling of the pi tching or 
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t h a t  a l l  spinning vehicles w i l l  experience r o l l ,  o r  spin p i tch  coupling 
when these two curves cross. F i r s t  of a l l ,  there  must be some small 
induced osc i l la t ion  experienced by the vehicle, e i t he r  induced by some 
fluctuating horizontal  wind or some aerodynamic and/or propulsion mis- 
alignment; secondly, the angle of intersect ion of the spinning frequency 
and pitching o r  yawing frequency curves must be low such tha t  the vehicle 
remains in, o r  near, the so-called "resonant" condition f o r  a period suf- 
f i c i en t  t o  enable the osc i l la t ion  amplitudes t o  bui ld  up. Spinning 
fac tors  of 1/2 ana 2 are  generally accepted as being safe limits t o  pre- 
vent t h i s  type of coupling; i.e., i f  t he  spinning frequency i s  less than 
1/2 or greater than twice the p i tch  or yaw frequency the  vehicle will be 
safe. The vehicle might a l so  be safe i f  the  spinning frequency does not 
remain near another frequency f o r  a very long time. 

The second catastrophic f a i l u r e  resu l t ing  from spinning i s  charac- 
te r ized  i n  f igure 40. I n  t h i s  f igure i s  plot ted the f i rs t  bending f r e -  
quency and the  induced spinning frequency as a function of f l i g h t  time. 
This vehicle w a s  flown recently and f a i l e d  s t ruc tura l ly  about 45 seconds 
a f t e r  launch. A s  seen i n  the figure,  t h i s  vehicle experienced a 
"resonant" condition between the f i rs t  bending frequency and the spinning 
frequency a t  a f l ight  time of about 46 seconds. 
d i r ec t ly  analogous t o  spinning a long f lex ib le  shaft with free-free 
res t ra in ts .  I n  both of the i l l u s t r a t e d  cases, these vehicles have been 
successfully flown numerous times with no induced spin rate and no struc- 
tural  in tegr i ty  problems whatever have been encountered. 

The problem here i s  

Consider the problems resul t ing from spinning a 150-foot-diameter 
toroidal  space s ta t ion .  
assumed along with an a r t i f i c i a l l y  produced gravity f i e l d  of l g  resu l t ing  
from spinning, a 200-pound man can change the center of rotat ion (center 
of gravity) by almost 3 f e e t  by walking 1/4 around the  toroid.  The pre- 
vious zero g posit ion (center 'of  rotat ion)  i s  now experiencing about 
0.0kg with a corresponding acceleration change a t  a l l  other points on the 
toroid.  Thus, t o  perform various sc i en t i f i c  experiments requiring con- 
s tan t  accelerations, a l l  movements within the  space s ta t ion  would have t o  
be halted o r  some type of balancing device m u s t  be used. 
s t an t ly  moving center of rotation, space ship docking could become a more 
complex problem. 

If an a rb i t ra ry  ear th  weight of 16,000 pounds i s  

With a con- 

I n  surmnary, it can be said t h a t  spinning can serve many useful pur- 
poses. 
spinning pro jec t i les .  Spin has been used qui te  successfully i n  rocketry; 
however, it i s  not a s t a b i l i t y  cure-al l  and must be used with a consider- 
able degree of discretion. 

Bal l i s t ic ians  have real ized considerable performance gains by 
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LONGITUDINAL ACCELEXATIONS 

Launch and reentry accelerations can be rather  severe and, i n  many 
cases, are the c r i t i c a l  design c r i t e r i a  which must be used i n  designing 
e i t h e r  t he  complete structure o r  small par t s  such as brackets. I n  these 
two sections we shall b r i e f ly  discuss launch acceleration and reentry 
deceleration. 

Launch Acceleration 

The acceleration a t  launch i s  highly dependent on the launch vehicle 
type. The solid-propellant vehicle has much higher acceleration leve ls  
than the  l i qu id  type. I n  figures 41, 42, and 43 a re  shown some typica l  
solid-propellant rocket acceleration curves, p lo t ted  against  f l ight t i m e  
f o r  a small rocket (NIKE booster), figure 41, a m e d i u m  two-stage rocket 
(Shotput), f igure 42, and f o r  a large five-stage rocket (Scout), f igure 43. 
The burning t i m e  of the small rocket i s  very short  and, on t h i s  plot ,  
appears almost as an impulse. 
obtained, and also of i n t e re s t  i s  the -lOg deceleration immediately after 
the termination of burning which i s  due t o  the  f a c t  t h a t  the rocket i s  
s t i l l  i n  the  atmosphere and i s  experiencing very high drag. Shotput has 
a l i f t - o f f  acceleration of about 12g's.  
acceleration a t  second-stage burnout i s  almost 16g1s, but drops t o  about 
6g ' s  f o r  a 400-pound payload. The Scout, f igure 43, shows a progressive 
buildup with stages, with the 5O-pound payload peaking a t  fourth-stage 
burning at  15 g ' s  and the  3OO-pound payload peaking a t  third-stage burning 
a t  9g' s 

A maximum acceleration of 47g's i s  

For a 73-pouna payload, the 

The acceleration of a typ ica l  l iquid rocket peaks a t  7.7g's as 
reported by Glenn i n  h i s  o rb i t a l  f l i gh t .  

Reentry Deceleration 

The deceleration of a body entering the  ea r th ' s  atmosphere i s  a 
function of the i n i t i a l  en t ry  angle and the i n i t i a l  veloci ty  and body 
charac te r i s t ic  CU/CAA. 
number of people. I n  par t icular ,  H. Julian Allen, i n  the  W r i g h t  Brothers 
lecture,  ref. 21, indicates some rather in te res t ing  conclusions, as shown 
on f igure 44. 
spheres f o r  v e r t i c a l  reentry and entry speeds of 20,000 f t / sec .  
t h a t  each sphere, ranging from 0.01 f o o t  i n  diameter (1.7 grams), has the  
same maximum deceleration as a 10-foot-diameter (120 tons) sphere. The 
shape of the deceleration curves is  the same; only the  a l t i t ude  a t  which 
the  maximum deceleration occurs changes with changes i n  weight and s ize .  

The general problem has been studied by a large 

Here he studied the deceleration of various sized i ron  
Note 
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Allen a l so  has studied the  osc i l la tory  motion of a ve r t i ca l ly  f a l l i n g  
vehicle having various aerodynamic danping coeff ic ients .  
angle of attack i s  plot ted as abscissa and t h e  a l t i t ude  as ordinate. 
Here w e  see f o r  an  i n i t i a l  angle t h a t  t he  value of t h e  aerodynamic 
damping has l i t t l e  effect  f o r  a l t i tudes  >100,000 feet  but a t  an a l t i t ude  
of 100,000 f e e t  and less ,  the vehicle becomes unstable f o r  k = 10 ( the  
posi t ive number indicates an unstable moment), i s  s tab i l ized  f o r  k = -10 
(aerodynamically stable) and, surprisingly enough, appears t o  be damped 
f o r  k = 0 (neutrally s tab le) .  It i s  pointed out t ha t  k = 0 i s  similar 
t o  a weight mounted on a spring i n  which the  spring constant i s  gradually 
increased, resu l t ing  i n  an amplitude decrease, w h i l e  the  frequency 
increases but t he  system energy remains the  same. Thus, rather high osc i l -  
l a tory  accelerations could be obtained. Further de ta i l s ,  including the  
equation for the ro ta t iona l  acceleration, can be found i n  reference 21. 

.In f igure 45 

uE 

Examples of reentry deceleration from flight experiments are shown i n  
figures 46 and 47. 
rocket i n  which the last  stage i s  oriented downward t o  provide the high 
reentry velocity. On these figures i s  i l l u s t r a t e d  the  longitudinal 
accelerations, velocity and dynamic pressure encountered during reentry 
f o r  two different  weight bodies. Note that both bodies experienced the  
same deceleration, even though the  bodies were of d i f fe ren t  weights. 
the a l t i tude  a t  which maximum deceleration occurred w a s  lower f o r  the  
heavier body ( f i g .  47) which i s  i n  agreement with Allen's predictions.  
The dynamic pressure of the  heavier body w a s  a l so  much higher than tha t  
experienced by the  l i gh te r  body. 

These were obtained from tests using the Trailblazer 

Also 

For manned reentry, accelerations must be kept low and f o r  the f l ight  
of MA-6 with Glenn a maximum deceleration of 7.7g's was reported. 

TRANSPORTATION MADS 

All of the previous discussions have centered on launch and flight 
loads. This f i n a l  section i s  concerned with the loads t h a t  might be 
imposed on a vehicle o r  i t s  components during delivery from the  manufac- 
tur ing plant t o  the  launch s i te .  
the more important sources of shock may be the simple loading and unloading 
of the equipment. 

I n  addition t o  t r a n s i t  loads, one of 

For a i r  transportation, shock data are shown i n  f igure 48 f o r  various 
a i rpo r t  locations for loading, flight, and unloading. 
ures 48 and 49 w a s  taken from ref. 22.) 
unloading accelerations are  w e l l  above the  flight accelerations, and are 
even above the  maximum f o r  which a cargo airplane i s  designed. 

(Material f o r  f ig -  
I n  a l l  cases, the loading and 
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During truck transportation the structure of the truck may respond 
t o  cer ta in  input spectra. 
shown i n  figure 49 and it can be seen that  leve ls  exceeding &3g below 
500 cps can be expected. 

Typical measured truck vibrat ion data are  

While vibrations i n  ra i l road  cazs  can be generated from t rack  and 
wheel i r r egu la r i t i e s ,  the most damaging phases of ra i l  shipment are  con- 
sidered t o  be the shock and resu l t ing  t ransient  vibrations generated 
during coupling, s ta r t ing ,  and stopping. Data have shown that while the 
cushioning protection provided i n  switching gear i s  designed f o r  5-mph 
limits, the mean impact speed i s  7 mph. Expected shock leve ls  f rom an 
impact speed of 7 mph between ra i l road  cars can be a s  high as lgg ' s .  

I n  ship transportation the pr incipal  exci ta t ion forces  r e s u l t  from 

I n  a 
unbalance o r  misalignment of the propeller shaf t  system and the sh ip ' s  
s t ructure  in te r fe r ing  with the  flow of water from the  propellers.  
t yp ica l  cargo ship frequencies below 60 cps a re  s ignif icant  and amplitudes 
of f3g have been measured. 

When neglected, these dynamic loads have i n  many cases caused failure 
during delivery and add unaccounted-for time t o  the fat igue l i f e .  

CONCLUDING RENARKS 

This lec ture  has been aimed at providing sane background information 
i n  the problem areas of the launch vehicle with par t icu lar  emphasis on 
the system approach. For instance, the control system designer must be 
v i t a l l y  concerned with the e f f ec t  o f  the control  system on loads, and the 
s t ruc tu ra l  engineer must insure a system that i s  not o n l y  strong enough 
t o  withstand the loads, but i s  s t i f f  enough t o  reduce the poss ib i l i t y  of 
coupling between the control system and the l a t e r a l  bending modes. 

Various system inputs have been discussed, with major emphasis on 
the  wind veloci ty  p ro f i l e  which comprises the  la rges t  s ingle  loading 
source. 
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APPENDIX 

Definition of Symbols i n  Equations 22, 23, and 24 

i t h  bending mode: 

A i  = 
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Normal-force equation: 
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.. -. 
Ey = - C n a ( x ) d x  + x(M + MR + mL + q) Mv Mv 

MR mL -t ?I? 
M Gy = -  

Jy = -  MRBzRB 
Mv 

mL 
Mv 

Kr = - -  

Ly = - -  FF 
Mv 
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Pitch equation: 
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