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COMPUTERS FOR SLMULATIOH OF SPACE VEHICLE 

by 

R. M. Kowe 

The University of Michigan 

1. Introduction 

SYSTEMS 

The importance of simulation i n  t h e  design and t e s t i n g  of space vehicle 

systems is  s e l f  evident. Simulation also plays a v i t a l  r o l e  i n  the t ra ining of 

both astronauts and ground crews. 

anization of on-board displays. One of the  most important par t s  of any space- 

system simulator is t h e  computer which calculates the  simulated performance of 

the  vehicle. In previous years the simulation of a i r c r a f t  and missi les  i n  six 

degrees of freedom has posed challenging computational problems. 

become even more severe i n  the  simulation of space vehicles, s ince t h e  dynamic 

range of problem variables becomes much larger  and the  f l i g h t  times become 

much longer. 

It may even form a v i t a l  par t  of t h e  mech- 

These problems 

For example, simulation of t h e  f u l l  Apollo mission requires 

accurate computation of vehicle t ra jec tor ies  over the earth-moon distance, 

more than 10 f e e t ,  f o r  times of many hours or even dqrs. Yet the same com- 

puter  i s  required t o  simulate docking maneuvers with resolut ion of b e t t e r  than 

one foot ,  as well as reentry maneuvers where vehicle pitching and yawing f re -  

quencies up t o  several  cps and higher are  encountered. In f a c t ,  accurate s i m -  

u la t ion of je t - react ion a t t i tude  control systems, including precise computation 

of fuel usage, may require computer time resolution in  t h e  millisecond region. 
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&though t h e  above example is a severe one, it i l l u s t r a t e s  the type of 

problems t h a t  may face the  simulator designer i n  choosing the appropriate com- 

puter system f o r  t h e  task.  

the  performance considerations of analog and d i g i t a l  computers which are  i m -  

portant i n  space-vehicle simulation. The choice of axis systems such t h a t  

computer performance requirements w i l l  be l e s s  severe will a lso  be described, 

along with some typica l  computer resu l t s .  

The purpose of t h i s  paper is t o  out l ine some of 

I n  considering the  simulation of space vehicles there  i s  a very wide range 

of problem types which one encounters. 

mission Apollo simulation i n  r e a l  time, which might be used f o r  mission 

s tudies  o r  actual  astronaut t ra ining.  

We have already mentioned a f u l l -  

On the other hand one might be in te r -  

es ted i n  simulating jus t  the ro ta t iona l  degrees of freedom of one s tage of a 

space-vehicle booster systkm as p a r t  of an autopilot-design study. 

simulation need not be i n  r e a l  time unless actual  f l i g h t  hardware is  subst i tuted 

f o r  par t s  of the  computer as the design progresses. Or r e p e t i t i v e  simulation of 

space-vehicle reentry t r a j e c t o r i e s  a t  speeds thousands of  times f a s t e r  than r e a l  

time may be required t o  implement a predictor display, or t o  mechanize a com= 

Such a 

putat ion of t h e  optimum reentry t ra jec tory .  Most of the  discussion t h a t  follows 

w i l l  con cent ra te  on the  computational requirements f o r  the x is  -degree-of -freedom 

full mission type of simulation, s ince other simulation tasks are  usually par t  

of t h i s  overa l l ,  l a rger  task.  

2. Scope of the  Full-Mission Simulation. Analog, Hybrid, 

or Digital  Computation 

I n  a simulation t h a t  involves lunar or planetary missions accurate t r a -  

a high-precision d i g i t a l  computer be jectory computation requires t h a t  

49 
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used. This i s  because of t h e  enormous range i n  force magnitudes which act  

on t h e  vehicle, and because analog computers have precision limited t o  the 

order of 0.01 percent of f u l l  scale. In  f a c t ,  care m u s t  be taken i n  a 

d i g i t a l  simulation of such t ra jec tor ies  t o  make cer ta in  t h a t  roundoff and 

truncation e r rors  do not generate unacceptably large errors .  For example, 

i n  Figure 1 are  shown the  resu l t s  of a study performed by the  Link Division 

of General Precision, Inc. ,  where a highly eccentr ic  ear th-sa te l l i t e  orbi t  

with apogee equal approximately t o  the earth-moon distance has been computed 

using a fourth-order Runge-Kutta integrat ion formula. The abscissa is 

essent ia l ly  proportional t o  the vehicle distance from the ear th ,  with check 

point 60 representing lunar distance. 

clusion of the  lunar gravi ty ,  the  resu l t s  are  representative of an Apollo 

Hence, except f o r  t h e  lack of in- 

lunar t ra jec tory .  The ordinate i s  position error ,  which bui lds  up t o  30,000 

fee t  using a 24 b i t  word length (s ingle  precis ion) .  This would be unaccept- 

ably large i n  many cases. On the  other hand, using double precision reduces 

the e r ror  t o . l e s s  than 2000 f e e t ,  an acceptable number. I n  many cases 

simulation of space-vehicle t r a j e c t o r i e s  may have t o  be accomplished using 

two simultaneous integrat ions,  one a t  low i t e r a t i o n  r a t e  using double pre- 

c is ion and a second a t  high i t e r a t i o n  ra te  using s ingle  precision. 

second integrat ion provides t ra jec tory  information a t  high enough r a t e s  t o  

be used t o  drive visual  displays, but gets updated a t  the  end of each com- 

putat ional  cycle of the  f i r s t  integration. 

The 

Although t h e  space-vehicle t ra jectory may require d i g i t a l  solution, one 

may wish t o  solve the ro ta t iona l  equations on an analog computer. This is 

because the accuracy requirements of the  ro ta t iona l  equations are  much l e s s  

severe, but at the same time the frequency components a r e  much higher. 
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Although current d i g i t a l  computers a r e  capable of solving both ro ta t iona l  

and t rans la t iona l  equations i n  real time, t h e  i n i t i a l  programming of the  

equations is extremely expensive as compared x-ith an analog computer. Also,  

one may wish t o  solve t h e  equations f a s t e r  than r e a l  time i n  order t o  avoid 

long solut ion times i n  engineering s tudies ,  i n  which case an analog computer 

must be used. Figures 2 and 3 show block diagram of the  equations which 

might be solved on the  analog and d i g i t a l  portions, respect ively,  of such 

a simulator. 

must be solved i n  such a six-degree-of-freedom simulation. 

and d i g i t a l  computers a re  combined i n  such a simulation, we have a hybrid 

computer, which requires analog-to-digital converters and digital-to-analog 

converters f o r  communication back and for th  between t h e  machine elements. 

Actually, an a l l -d ig i ta l  simulation requires such converters t o  serve as 

input-output devices, i n  any case. Although hybrid computers of fe r  an 

obviously e f f i c i e n t  solution t o  the  six-degree-of-freedom space-vehicle 

simulation problem, programming the  computers and interface equipment is  

by no means a t r i v i a l  problem. For t h i s  reason, it i s  probably wel l  t o  

avoid hybrid simulations of t h i s  type unless there  is a s izeable  economic 

advantage or unless it i s  required because of performance considerations. 

They a l so  i l l u s t r a t e  the  complexity of the  equations which 

When both analog 

One of t h e  computational areas where the  d i g i t a l  computer has a size- 

able advantage over t h e  analog is  i n  generation of  multivariable functions. 

For example, suppose t h a t  the ro ta t iona l  equations of motion are  t o  be 

solved on t h e  analog computer, except t h a t  the d i g i t a l  computer i s  t o  be 

used t o  calculate  t h e  aerodynamic pitching moment, since it is a complicated 

function of Mach number M, a l t i t u d e  h ,  and angle of a t tack  a. A block 

diagram of t h e  p i tch  loop is shown i n  Figure A,  where the pi tch acceleration 

0 is  computed i n  analog voltage form by dividing the  t o t a l  pitching moment 

c 
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analog voltage 8 representing the vehicle a t t i tude .  The flight-path angle y 

is  subtracted from t h i s  t o  compute the angle of a t tack  a, which is then con- 

verted t o  d i g i t a l  form and fed, along with Mach number and a l t i t u d e ,  i n t o  a 

d i g i t a l  computer which calculates  the  aerodynamic pitching moment M 

i n  tu rn  converted back t o  analog form and added t o  t h e  voltage representing 

the  jet-reaction pitching moment Me, thus closing the  computational loop. 

+ Me by the  pitching i n e r t i a  I 6 is then integrated twice t o  obtain an 
YY' 

This i s  a' 

Let us now consider the e f f e c t  of the  f i n i t e  calculation time T required 

To simplify the  by the  d i g i t a l  computer t o  calculate  the pitching moment Ma. 

analysis we w i l l  assume tha t  the  flight-path angle y remains constant, as well 

as the  Mach number M add the a l t i t u d e  h. Furthermore, f o r  these constant values 

l e t  us make the assumption tha t  the aerodynamic pitching moment M i s  approxi- 

mately a l i n e a r  function of a. Then the computer loop as shown behaves as a 

mass-spring system with a natural  frequency which we s h a l l  denote by w 

i s  j u s t  the  approximate t rans ien t  frequency of the  vehicle pitching dynamics 

under these f l i g h t  conditions. 

This 
P' 

By means of the  method of Z-transforms, such as i s  used i n  analyzing 

sampled data systems, it can be shown tha t  the computing loop in  Figure 4 has 

a t rans ien t  frequency w and damping r a t i o  5 ( f rac t ion  of c r i t i c a l  damping) 

given approximately by 
1 

1 
Howe, R. M . ,  Error Analysis of Combined Analog-Digital Computer Systems, 

Information and Control Engineering Program, The University of Michigan, 
Ann Arbor, Michigan, May, 1964. 
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Here w i s  the  idea l  osc i l la tory  frequency. Ideally, t h e  damping r a t i o  5 - 0.T 

is the d i g i t a l  cycle time (1 /T is the  number of computations of M per second). 

The e f f e c t  of t h e  digital computer cycle t i m e  

P 

a 

T is  second order on the  f re -  

quency, but is  f i r s t  order on the damping. The computer loop as shown will 

have a t rans ien t  which exhibi ts  a f rac t iona l  growth i n  amplitude per cycle 

equal t o  - 2 ~ 5 .  

a slight amount of aerodynamic damping (moment propor t iond  t o  Q), but i n  any 

event the damping-ratio e r ror  will be approximately t h a t  given i n  Eq. (2.1). 

For example, i f  w is  10  radians per second, the d i g i t a l  cycle time T must 

be i n  1 millisecond t o  have a damping-ratio error l ess  than 1 percent. 

A more complete simulation of the p i tch  system would include 

P 

The accuracy of the  computing loop i n  Figure 4 can be improved remarkably 

by updating t h e  angle of a t tack i n t o  the A-D converter by the sum of the time- 

delay exhibited by the  d i g i t a l  computer ( t seconds) and the D-A converter 

(0.5 T seconds on the  average, assuming a zero-order hold) .  

(f i s  negl ig ib le ) ,  we feed 

di t ions one can show t h a t  the  grequency w and damping r a t i o  5 are  given by 

Noting tha t  & = 6 

a + 1.56T i n t o  the A-D converter. Under these con- 
2 

Eere the damping r a t i o  error i s  fourth-order i n  T, representing an enormous 

improvement over the resu l t  i n  Eq. 

input t o  the A-D converter. 

(2.1), where we f a i l e d  t o  update the  analog 

Analyses s imi la r  t o  the  above can be applied t o  a l l - d i g i t a l  computation 

2 
Howe, R. M.,  z. &. 
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of second-order computing loops, where the  e r ro r  i n  frequency and damping 

using various numerical integration schemes i s  determined as a function of 

i t e r a t ion  period T. Although ac tua l  three and six-degree-of-freedom f l i g h t  

equations are much more complicated, those portions of t h e  problem with the  

highest frequency outputs usually behave approximately l i k e  the  loop i n  

Figure 4. 

ins ight  i n t o  the  computational speeds required t o  obtain given accuracy. 

Thus the  simplified analysis as presented here y ie lds  valuable 

Most pure analog elements, such as summing amplifiers,  in tegra t ing  

amplifiers,  coefficient potentiometers, function-generators, e tc .  , have 

dynamic behavior i n  the  problem-frequency range which approximates t h a t  

of a f i r s t -order  l i nea r  system, i . e . ,  with a t r ans fe r  operator of the  form 

K ( l  + T ~ ) - ' ,  where T is the  equivalent time constant. For typ ica l  s ta te -  

of-the-art analog computer components T is the  order of magnitude of 1 

microsecond. 

analog components exclusively, one can show t h a t  the  damping-ratio e r ro r  

i s  approximately given by 

3 

I n  implementing computing loops s imi la r  t o  Figure 4 using 

where the T~ represent,  respectively,  t he  time constant of each of t he  N 

analog elements around the  loop. A typ ica l  value fo r  ZT. would be 10  

seconds, i n  which case w 

per second) could be handled with less  than one percent damping error.  For 

many problems t h i s  means tha t  t he  solution can be run at much f a s t e r  speeds 

than r e a l  t i m e .  

-5 

1 

values up t o  2000 radians per second (320 cycles 
P 

3 
Howe, R. M. Design Fundamentals of Analog Computer Components, Chapter 

2, D. Van Nostrand, 1961. 
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3. Axis Systems f o r  Computation of Space and Reentry Trajector ies  

I n  writing the t rans la t iona l  equations of motion t o  be solved by the  

computer, e i t h e r  analog or  d i g i t a l ,  the forces, including i n e r t i a l ,  a r e  

normally summed along each of three axes and the  resul t ing accelerations 

are integrated twice t o  obtain veloci ty  and position coordinates. The 

importance of the  choice of t h i s  axis system is readily i l l u s t r a t e d  by 

comparing t ra jec tory  computation with the  accelerations and veloci t ies  

referred t o  f l i g h t  path axes and conventional body axes. For a near- 

c i r c u l a r  s a t e l l i t e  the  veloci ty  along the  x flight-path axis  i s  r e l a t i v e l y  

constant, and veloci ty  components along the y and z axes are  zero by defin- 

i t i o n .  The veloci ty  along the  f l i g h t  path can be computed as a small d i f fe r -  

ence from circular-orbi t  velocity. I f ,  however, the  equations of motion 

a re  solved i n  body axes and the vehicle tumbles, then the  components of 

velocity along t h e  x, y ,  and z body axes may be e i t h e r  posi t ive or negative 

and the  magnitude of any component may be as great as the  t o t a l  vehicle 

veloci ty .  Therefore, each velocity component m u s t  be scaled for  a t  l e a s t  

twice the  maximum flight-path velocity. Furthermore, each velocity com- 

ponent must be capable of changing from maximum posi t ive t o  maximum negative 

i n  t h e  time it takes f o r  half  a body revolution. The equivalent a r t i f i c i a l  

accelerat ion due t o  the  rotat ing axes can be many times as  large as t h e  net 

grav i ta t iona l  and i n e r t i a l  acceleration acting on t h e  body; hence the  t r u e  

acceleration might be masked by er rors  in  computing accelerations along the 

body axes. 

obviously be much more accurate than the body-axis computation. 

It has been common pract ice  t o  express the  t ra jec tory  equations of 

Using t h e  same computer, t h e  flight-path axis  computation will 

motion d i rec t ly  i n  a rectnagular Cartesian i n e r t i a l  frame with or igin at 
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the  center of the  ear th .  I n  such a coordinate system, it is  apparent t h a t  the  

x, y ,  and z distances must be scaled t o  range through a t  l e a s t  twice the  apogee 

radius from the center of the e a r t h ,  t h e  x, y,  and z velocity components must 

be scaled t o  range through a t  l e a s t  twice t h e  o r b i t a l  veloci ty ,  and the  x ,  y ,  

and z acceleration components m u s t  be scaled t o  range through at l e a s t  twice 

the gravi ta t ional  acceleration. 

fee t  per second cannot be to le ra ted ,  it is obvious tha t  great  computational 

accuracy i s  required t o  avoid unacceptable e r ror  build-up over the  integrat ion 

period of hours or even days, when such unfavorable scaling i s  used. The 

c l a s s i c a l  method of obtaining good scal ing of the computation is t o  wri te  

the  equations of motion i n  terms of the elements of the  osculating orb i t .  

This "method of var ia t ion of parameters" has several  serious drawbacks f o r  

r e a l  time simulation. The equations are  more complicated than the usual 

Newtons' Laws equations. There are a number of bothersome s ingular i t ies  i n  

them, and the resu l t s  of the  computation a re  obtained i n  terms of orb i t  

elements, ra ther  than conventional length or angle coordinates, hence require 

fur ther  processing i f  m e  wishes t o  display a t ra jec tory .  

A basic  objective i n  select ion of axes f o r  the  t rans la t iona l  equations, 

Since a velocity e r r o r  of more than a few 

then,  is t o  choose the  axes t o  obtain some of the  scal ing benefi ts  of t h e  

method of var ia t ion of parameters but t o  re ta in  d i rec t  computation of posi t ion 

coordinates f o r  display purposes. The select ion of the reference frame i n  

which the equations of motion a re  t o  be expressed requires a compromise be- 

tween good scal ing,  simplicity of the  equations and convenience of use of 

the  computed resu l t s .  For best  scal ing,  it i s  apparent t h a t  the  reference 

direct ion should be aligned with the  velocity vector, V The equations of 

motion are somewhat simpler, however, i f  the  reference direct ion is aligned 

with the  horizontal component of the velocity vector. For orbi t s  of small 

-f 

P' 
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eccent r ic i ty  there  is l i t t l e  difference in  scal ing between the  two systems of 

equations, s o  the  l a t t e r  reference frame, ca l led  the  H-frame, has proven t o  

be preferable. 
4 

The H-frame i s  defined as a rectangular Cartesian coordinate system, 

yn, yh, % with or igin a t  the  vehicle center of gravity. 

normal t o  the radius from the  center of the  ear th  and points forward i n  the  

plane of the motion. The y axis i s  horizontal and normal t o  the  plane of 

the  motion. The zh axis is along the radius from the  center of the ear th ,  

posi t ive downward. 

The % axis  i s  

h 

Considering the components of the acceleration with respect t o  i n e r t i a l  

space along t h e  %, yh,  zh d i rec t ions ,  w e  obtain the  following equations of 

motion for  a vehicle of mass m ,  veloci ty  components Uh, Vh, W (Vh = 0 by h 
4 

def in i t ion)  and external  forces 5' Y h 2  %' 

* 'hWh % u - - = -  
h r m 

r U  = Y h h  
m 

(3.3) 

In  these equations r is the  radial distance from the  center of gravi ta t ional  

a t t r a c t i o n ,  g is the  gravity acceleration a t  a nominal distance r and 

rh is t h e  zh or  r a d i a l  component of E-frame angular velocity. 

0 0, 

Note tha t  Eqs. (3.1) and (3.3) can be solved for  the  in-plane motion 

4 
Fogarty, L. E., and Howe, R. M., "Flight Simulation of Orbi ta l  and 

Reentry Vehicles" - IRE Transactions on Electronic Computer V o l .  EC-11, Aug. 
1962. 
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independently of Eq. ( 3 . 2 ) .  Eq. (3.1) can be rewritten as 

which can be integrated d i rec t ly  and solved f o r  Uh. Thus 

(3.4) 

I n  the  absence of external  force s, Eq. (3.4) allows the  horizontal veloci ty  

U t o  be solved d i rec t ly  as an algebraic function of rad ia l  distance r. Thus 

an open-ended integrat ion of U 

(3.41, is avoided and much higher computational accuracy resu l t s .  

duration over which s izeable  non central-force f i e l d  external  forces Xh ex is t  

is re la t ive ly  short (e.g., thrust ing and reentry) and the open-ended integ- 

ra t ion  i n  Eq. (3.4) gives no problem. Actually, Eq. (3 .4)  is j u s t  t h e  s ta te-  

ment of conservation of angular momentum. 

A fur ther  scal ing advantage i s  obtained by wri t ing Eqs. (3.3) and (3.4) 

h 

t o  obtain Uh, as would be computed from Eq. 

The time 

h 

i n  terms of the  var ia t ion 6 r  i n  rad ia l  distance from the  fixed mean radius 

r 

orb i t  velocity Uh for radius r (uh = Jgr 1. ~ h u s  we l e t  
0 0 O 0  

and the  var ia t ion 6U 
0 h i n  horizontal veloci ty  component from the  c i rcu lar  

r = r + 6 r  and uh = Jgr + 6uh 
0 0 0  

Rewriting Eq. ( 3 . 3 )  i n  terms of 6 r  and 6Uh, we obtain 

(3.5) 
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?I 
2 & T  6Uh f (6Uh) 

0 0  

For near c i rcu lar  s a t e l l i t e  orb i t s  the  net  rad ia l  acceleration 6 r  is  the  s m a l l  

difference between gravi ty  acceleration g r f r  and centr i fugal  acceleration 
2 

Uh /r. 

ence d i rec t ly  and hence a l l o w s  much more favorable computer scaling. I n  f a c t ,  

Eqs. (3.4) and (3.6) can be solved with sa t i s fac tory  accuracy using an analog 

computer, whereas equations based on more conventional coordinate systems are 

completely unsuitable for  analog solution. 

Consider, f o r  example, a low eccentr ic i ty  o r b i t  with the  analog computer 

2 2  

0 0  

The f i r s t  term on the r igh t  s ide of Eq. (3.6) represents this d i f fe r -  

scaled t o  allow a range i n  6r of +_ 80 s t a t u t e  miles. 

force gravity f i e l d  with no other  external  forces. 

solutions s t a r t i n g  with the vehicle at perigee a re  shown i n  Figure 5. For 

the case where the i n i t i a l  perigee a l t i t u d e  i s  at 16 miles the f i r s t  apogee 

i s  within 200 fee t  of the correct value of 146.5 miles and the second perigee 

is within 200 fee t  of the i n i t i a l  value, indicat ing o r b i t  closure t o  t h a t  

accuracy. 

We assme a pure cent ra l  
5 

Several typ ica l  analog 

Also shown is a case representing, idea l ly ,  in jec t ion  in to  a c i rcu lar  

orb i t .  The computer solut ion,  blown up by a fac tor  of 200, i s  shown i n  the 

f igure and indicates  t h a t  the a l t i tude  holds t o  within 200 fee t  of the  i n i t i a l  

value over one o r b i t a l  distance. The results i n  Figure 5 were computed a t  

100 times r e a l  time. Comparable resu l t s  were obtained i n  r e a l  time and a t  

10 times r e a l  time. In  the computer c i r c u i t  used f o r  these recordings the  

horizontal  velocity deviation 6U w a s  represented t o  allow a ful l -scale  h 

5 
Fogarty, L.  E.,  and Howe, R. M., z. s. 
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excursion of cUh 

though t h e  ac tua l  range i n  6U i n  the  solution shown i n  Figure 5 is a 

small f rac t ion  of t h i s .  

even though the  ac tua l  range fo r  t he  near-circular o rb i t s  shown i n  much 

smaller. This w a s  t o  allow f o r  u t i l i z a t i o n  of the  same sca l ing  i n  the  com- 

putation of ascent and reentry t r a j ec to r i e s .  Despite t h i s  unfavorable scal-  

ing f o r  the  near c i r cu la r  o rb i t  case, the  r e su l t s  using the  H-frame coordi- 

nates appear t o  be qui te  favorable. The H-frame has proven t o  be extremely 

advantageous f o r  d i g i t a l  computation, too. 

(corresponding t o  full circular-orbit  ve loc i ty)  even 
0 

h 

Similarly,  W w a s  scaled t o  a maximum of TUh / 5  h 
0 

I n  the  above example the  angular momentum in t eg ra l  was  used t o  compute 

horizontal  veloci ty  d i r ec t ly ,  as indicated i n  Eq. (3.4).  

conservation of energy as a constraint ,  too.  I n  this scheme the  t o t a l  energy, 

po ten t i a l  and k ine t i c ,  as determined from the  posit ion and velocity coordinates, 

One can u t i l i z e  
6 

is subtracted from t h e  known t o t a l  energy as computed from the  i n i t i a l  energy 

p lus  the  time in t eg ra l  of the  energy r a t e  of change due t o  external forces. 

This difference defines the  energy e r ro r  E .  A term proportional t o  E 6 is then 

added t o  the  r igh t  s ide  of Eq. (3.6) t o  drive 6; i n  such a d i rec t ion  as t o  make 

E = 0. 

The effectiveness of the use of energy constraint  i s  i l l u s t r a t e d  by 

considering the  analog solution of a highly-eccentric s a t e l l i t e  orbit .  

Dimensionless radius p = r/r is shown as a function of dimensionless time 

T i n  Figure 6,  where the  s t a r t i n g  perigee = 0.121- 

should be 1.881- . 
which should y i e ld  a minimum horizontal  velocity at  apogee of 0.252Uh . 
analog computer exh ib i t ed the  periodic solution shown i n  Figure 6 with a 

0 

and t h e  resul t ing apogee 

In  t h i s  case the  i n i t i a l  horizontal  velocity Uh = 3.96uh 
0 

0 
The 

0 

0 

6 
Fogarty, L. E . ,  and Howe, R. M. Axis Systems fo r  Analog and Digi ta l  

- Computation of Space and Reentry Trajectories,  Application Report, Applied 
Dynamics, Inc . ,  Ann Arbor, Michigan, September, 1963 
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measured apogee of p = 1.877 compared with the idea l  value of 1.880 and 

a horizontal  veloci ty  at apogee equal t o  0.256uh 

of 0.252Uh . Both results agree with t h e  corresponding theore t ica l  values 

t o  t h e  order of 0.1 percent of f u l l  sca le ,  which is  reasonable considering 

t h a t  the required mult ipl icat ions were carr ied out using quarter-square 

mult ipl iers  with accuracies o f  approximately 0.05 percent. 

instead of the  idea l  value 
0 

0 

Figure 7 shows a number of cycles with the  energy-correction term re- 

moved from t h e  c i r c u i t .  The resul t ing solution decays slowly with time. 

After some 75 orb i t s  t h e  energy correction was repatched t o  the r integrator ,  

with the  resu l t  tha t  the  solut ion returns within one cycle t o  i t s  correct 

amplitude. 

As a f i n a l  example of space-vehicle t r a j e c t o r i e s ,  consider the  simulation 

i n  three  dimensions of a l i f t i n g  reentry vehicle. The problem was  s e t  up on 

an analog computer using the H-frame equations as described e a r l i e r .  The 

three  dimensional equations were solved for a number of different  bank-angles, 

+ f o r  fixed b a l l i s t i c  coeff ic ient  values, and for f ixed lift-to-drag ra t ios  

L/D. A typ ica l  recording of a l t i t u d e  versus downrange distance is shown i n  

Figure 8. 

i n a l  equator ia l  t ra jec tory ,  and a number of additional t r a j e c t o r i e s ,  each with 

a different  f ixed bank angle. Although these computer runs were made using 

an x-y p l o t t e r  (approximately 800 times r e a l  time) the  problem was  a l s o  solved 

i n  repe t i t ive  operation a t  80,000 times r e a l  time and the  d i f fe ren t  values of 

bank angle were s e t  f o r  each t ra jec tory  using a sample-hold c i r c u i t  driven 

by a low frequency sawtooth wave. 

versus longitude A on the  face of a cathode-ray oscilloscope, appears as a 

Figure 9 shows a plot  of a l t i t u d e  L versus longitude A f o r  a nom- 

7 

The r e s u l t ,  when displayed as l a t i t u d e  L 

7 
Fogarty, L. E.,  and Howe, R. M., 3. C i t .  
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more-or-less continuous picture  s imilar  t o  Figure 9. I f  t h e  L/D r a t i o  is  ncnr 

varied slowly, one can sweep out very quickly the  footpr int  of possible land- 

ing points for  the l i f t i n g  reentry vehicle. 

It should be noted t h a t  solut ion of l i f t i n g  reentry t r a j e c t o r i e s  at 

these high speeds requires analog computing components of considerable band- 

width, s ince the  t ra jec tory  osc i l la t ions  near the  end of t h e  reentry have a 

frequency of approximately 1 kilocycle. 

We have seen t h a t  the simulation of space-vehicle systems poses s izable  

computer problems, depending on the scope of the  par t icu lar  simulation being 

undertaken. Many simulation problems, including some real-time problems, 

are  amenable t o  a l l - d i g i t a l  solut ion.  Other simulation problems a r e  more 

su i tab le  f o r  a l l  analog mechanization. There is a s izable  c lass  of problems 

which i s  best  solved on hybrid computer systems, although the programming 

complexity i n  such a mechanization should not be overlooked. Whatever type 

of computer system is  used, it is  important t o  choose appropriate axis sys- 

tems i n  writing equations of motion so t h a t  required computer precision and 

speed i s  minimized. 

will probably see  d i g i t a l  computers used more f o r  real-time simulation of 

computer problems, whereas analog computers wi l l  be used f o r  faster-than- 

real-time problems, such as t ra jec tory  optimization s tudies  and predictor 

displays. Combined analog-digital systems w i l l  probably be used less  for  

real-time simulation but very much more f o r  optimization and other design 

s tudies ,  where the  speed of the  analog and the precision and function-storage 

capabi l i ty  of the  d i g i t a l  can be combined t o  advantage. 

Long term future  t rends i n  space-vehicle simulation 
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Single Precision Error Vs .  Double Precision Er ro r  

. (Runge-Kutta Fourth Order) 

Step Size 107 Seconds 

4 30,000 

i 25,000 

1 20,000 

0 

Check Point 

Figure 1. Single precision versus double precision e r ro r  i n  computing an 
ear th  -moon t ra j e c t ory 
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Figure 5. Analog solutions for low-eccentricity orbits. 
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Figure 6. Typical solution f o r  a highly-eccentric orb i t .  
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Figure 7. Periodic solution with no energy constraint  i n i t i a l l y .  Energy 
constraint  i s  added a f t e r  about 75 cycles. 
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DISCUSSION OF EXISTING AND PLANNED SIMULATORS FOR SPACE RESEARCH 

by 

A.  W. Vogeley 

NASA - Langley Research Center 

SUMMARY 

Man is  an e s sen t i a l  element i n  many of our  space programs. In exploring 

the  unknown only man can observe the  unpredictable or  reac t  i n t e l l i gen t ly  t o  

the  unexpected. Not only do we need man i n  space as an explorer and observer 

but w e  a l so  need h i s  capabi l i t i es  i n  the  management and cont ro l  of our missions 

i n  order t o  improve t h e i r  r e l i a b i l i t y  and chances of success. To take  f u l l  

advantage of man's unique a t t r i bu te s  we must study h i s  capabi l i t i es ,  define 

them, and then using t h i s  information design our  space systems so tha t  he be- 

comes an in t eg ra l  par t  of the  mission. These objectives are accomplished 

through t h e  use of manned f l i g h t  simulators. 

I 

This paper discusses a var ie ty  of manned f l i g h t  simulations tha t  a re  par- 

t i c u l a r l y  applicable t o  space research.. Most of t h e  simulators described are 

i n  operation, but are r e l a t ive ly  new. Some of t he  simulators are s t i l l  under 

construction o r  i n  the  planning stage. A f e w  of t he  simulators are nonexistent 
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- t h a t  i s ,  although the  research problems have been defined no sa t i s fac tory  

methods f o r  adequately simulating the  problems have been found. The f ac i l -  

i t i e s  described have been selected e i the r  because they present new and novel 

methods fo r  simulating some of t he  peculiar aspects of t he  space environment 

or because they contain unique construction o r  operational features tha t  may 

have application t o  other  simulation f a c i l i t i e s .  

BASIC SIMULATOR COMPONENTS 

Manned f l i g h t  simulators a re  designed t o  study the  human problems of 

how t o  manage and control our a i r c r a f t  o r  space vehicles. 

we t r y  t o  simulate r e a l i s t i c a l l y  those fea tures  of t h e  environment which affect  

man's senses. These sensory inputs - what a p i lo t  sees, f ee l s ,  or hears - 
are used i n  f l i g h t  simulators as sources of information by the  p i l o t  and 

govern h i s  decisions and actions. Other inputs - environmental s t resses  - 
which normally have l i t t l e  information content and therefore do not have an 

immediate impact on p i l o t  performance can, under ce r t a in  circumstances, have 

an important e f f ec t  and must then be included i n  a meaningful simulation. 

For t h i s  reason, some f l i g h t  simulators must include these s t resses  and ex- 

amples of these w i l l  be presented. On the  other hand, manned simulators which 

are primarily concerned with the  physiological e f f ec t s  of these s t r e s s f u l  in- 

puts are not t he  main subject of t h i s  paper. 

I n  these f a c i l i t i e s  

The interrelat ionships  of t he  various elements which may b e  required i n  

a f l i g h t  simulator a re  shown i n  f igure  1, prepared by M r .  John Dusterberry of 

t he  NASA Ames Research Center. A s  t h i s  f igure  shows, the  main objective of a 

f l i g h t  simulator, regardless of what elements a re  included i n  o r  omitted from 
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the  main "box", i s  t o  study p i l o t  performance in the  accomplishment of any 

given task. 

h i s  control system. The p i l o t  cannot, however, operate blindly. He needs in- 

formation i n  order t o  make h i s  decisions and t o  obsenre the  consequences of 

h i s  act ions.  The p i l o t  may obtain t h i s  information through h i s  instruments, 

from h i s  view of the  outside world, or from motion cues. Final ly ,  as shown, 

the. p i l o t ' s  "basic" capabi l i ty  o r  efficiency may be changed, e i t h e r  abruptly 

o r  gradually, as a r e s u l t  of t h e  e f fec ts  upon him of environmental s t resses .  

To accomplish t h i s  task  the p i l o t  must operate h i s  vehicle through 

These are  the basic components, or physical charac te r i s t ics  - present 

i n  varying degree - i n  a l l  f l i g h t  simulators. How these components are  mix- 

ed and used determines the  success or f a i l u r e  of simulation research. 

TKE ART OF FLIGHT SIMULATION 

Research simulation i s  much more an engineering a r t  than it i s  a science. 

An important ingredient f o r  successful research simulation i s  timeliness. 

This i s  achieved primarily through foresight in  ant ic ipat ing and then de- 

f ining problem areas ,  inventiveness and ingenuity i n  the rapid development of 

new simulation techniques, and in  the e f f i c i e n t  conduct of t h e  research pro- 

gram. The value of the  resu l t s  is determined i n  par t  hy the  proper choice 

of t h e  simulation hardware which is used, but mainly by the  proper qualif- 

i ca t ion  of the  conclusions which are  obtained. These conclusions t o  be 

v a l i d  and worthwhile m u s t  combine both quant i ta t ive resu l t s  and, of greater  

importance, qua l i ta t ive  resu l t s  i n  the  form of p i l o t  opinion. In addition 

t h e  conclusions often r e f l e c t  t h e  inputs from other discipl ines  such as from 

psychologists, physiologists, control systems engineers, e tc .  Because of the  

importance of these qua l i ta t ive  aspects, much of t h e  value of simulation 
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research is  determined by experience. This experience must not only be in- 

dividual i n  nature but m u s t  be experience of the group because of the  in te r -  

discipl inary aspects of simulation work. This group experience is evident 

by close cooperation and coordination and by a c l ea r  understanding by a l l  

personnel of t he  problems involved i n  the  research work. 

I n  many respects successful research simulation i s  analogous t o  success- 

f u l  production of a Broadway play or a Hollywood movie. 

f igure  1 we can visual ize  the  f l i g h t  simulator as being analogous t o  the  

thea t e r  i t s e l f  and the  research personnel t o  the production company. It is 

the  t a sk  of t he  production company t o  t r ans l a t e  the  author's (research 

s c i e n t i s t ' s )  s tory  ( t a s k )  i n to  a performance which the  public o r  program 

o f f i ce  will buy. 

t o  mold a l l  of the  elements i n  his production t o  achieve the  maximum r e su l t .  

H e  w i l l  call  upon h i s  s e t  designers t o  provide the  visual  displays. He will 

ask h i s  spec ia l  e f fec ts  men t o  c rea te  unusual e f f ec t s  such as simulated lunar 

gravi ty  or weightlessness. 

and computer programs and he w i l l  employ prop men and technicians t o  provide 

the  other f a c i l i t i e s  necessary. H e  w i l l  combine these facil i t ies i n  varying 

degree depending upon the  spec i f ic  s tory  he i s  directing. H e  w i l l  use a 

capable crew and a competent supporting cas t  headed by an experienced and 

ta lented "star." During rehearsals both the  d i rec tor  and the  "star" w i l l  

be t h e i r  own severest  c r i t i c s .  They w i l l  continuously assess and improve 

the  performance t o  t r y  t o  get t he  most Out of what they have available.  

Referring back t o  

It i s  the  respons ib i l i ty  of t he  director  (pro jec t  engineer) 

He w i l l  use sc r ip t  writers t o  prepare his research 

I do not want t o  continue t h i s  analogy much fur ther  except t o  say t ha t  

experienced d i rec t ion  and a ta lented castcan produce an excellent performance 

with l imited f a c i l i t i e s .  On the other hand, the  bes t  s to ry  and the  bes t  fac i l -  

i t ies  cannot produce a good performance under poor direct ion or inexperienced 
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acting. One common mistake made i n  simulation research is t o  use engineers 

with some f l i g h t  experience as test subjects ra ther  than t o  use experienced 

experimental research t e s t  p i l o t s .  It is not suf f ic ien t  t o  simply perform i n  

the  simulation. It is necessary t o  bring experience and t ra in ing  t o  bear so 

t h a t  the performance can be interpreted and va l id  conclusions can be reached 

which properly take i n t o  account the  l imitat ions t h a t  are  always present in  

any simulation equipment. 

Jus t  as the  thea te r  has developed a course of action i n  producing plays, 

research simulation has a lso evolved an e f f i c i e n t  procedure which i s  i l l u s -  

t r a t e d  i n  f igure 2. 

only a t  the  task  leve l .  It should be real ized t h a t  t h i s  same process may be 

carr ied back t o  t h e  mission phase leve l  and, i n  some instances, even back t o  

the  en t i re  mission level .  The process s t a r t s  a t  the upper l e f t  with the sel-  

ect ion of a research task  or problem. 

process may be broken down i n t o  subtasks, as shown. After each subtask has 

been defined, a choice of the  mst appropriate simulation f a c i l i t i e s  avai l -  

able i s  made. 

than one simulator. After the  simulator has been selected t h e  research pro- 

gram i s  conducted and both quant i ta t ive and qua l i ta t ive  resu l t s  are  obtained. 

These resu l t s  are  weighed and combined t o  form preliminary conclusions. 

This f igure diagrams the  research simulation process 

The problem i s  examined and in  t h i s  

In  some instances it is necessary t o  study a problem with more 

These 

preliminary conclusions, i n  general, require t h a t  adjustments o r  changes be 

made t o  the  basic s+mulation hardware or t o  the research program or even t o  

the task  def ini t ion.  When t h i s  cycle has been repeated suf f ic ien t ly  s o  tha t  

everyone i s  s a t i s f i e d  with t h e  conclusions, these are  issued as research re- 

s u l t s .  Sometimes, as shown, these conclusions combine the  resu l t s  of separate 

simulations which may have been necessary. These research resu l t s  a re  used as 

inputs  t o  t h e  system design. Of'ten these inputs a r e  found t o  be incompatible 
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with the  inputs  t h a t  have been obtained by simulations of other tasks or 

phases of t h e  mission. I n  t h i s  event compromises and changes have t o  be 

made which form another loop t h a t  starts the  research process over again. 

This cycle, i n  tu rn ,  may be repeated several  times u n t i l  an integrated system 

design i s  evolved. When t h i s  point i s  reached this par t icu lar  research pro- 

gram i s  essent ia l ly  completed. A t  some l a t e r  date  val idat ion,  hopefully, of 

the  simulation resu l t s  is obtained when the  actual  mission is accomplished. 

The f l i g h t  information which is eventually obtained provides valuable back- 

ground information f o r  future simulations and is  an important input t o  the 

experience which i s  necessary f o r  the successful conduct of research sim- 

ulat ion.  Actual f l i g h t  resu l t s  provide the only va l id  information upon which 

t o  base changes i n  the  simulation techniques tha t  w i l l  improve the  qual i ty  of 

future simulations. 

TYPES OF SIMULATORS 

Because each research problem generates i t s  own peculiar simulation re- 

Be- quirements, many kinds and var ie t ies  of simulators have been developed. 

cause of t h i s  great var ie ty  a number of attempts have been made t o  c lassi fy 

simulators. Although a cer ta in  amount of order has been estahl ished,  these 

e f f o r t s  have not been completely successful because, t o  completely describe 

the  various simulators, it is generally found necessary t o  es tabl ish about as 

many c lass i f ica t ions  as there  are  simulators. However, a number of major 

categories have been proposed and some of t h e  more commonly used descriptive 

terms are l i s t e d  i n  f igure 3. I s h a l l  not go i n t o  a detai led discussion of 

t h e  pros and cons of these various types because a number of excellent papers 

have been published which discuss various types of simulators and the  advantages 



-XIII--(- 

and disadvantages of one kind with respect t o  another. 

confine nly discussion of simulator types t o  a few general  remarks. 

Rather I would l i k e  t o  

Most research simulators are ground-based, fixed-base, special-purpose 

simulators. These simulators are represented i n  f igure  1 by the  s m a l l  i n t e r i o r  

i "box." They generally consist  of a simple cha i r  and cont ro ls ,  a few es sen t i a l  

f l i g h t  instruments, and control system and vehicle dynamics generated by an 

analog computer. Such simulators a re  readi ly  set up, operated, and maintained. 

They are  extremely valuable f o r  a preliminary "look" at  problems. 

parameters and i n i t i a l  t e s t  conditions can be readi ly  varied through the analog 

computer, making it possible t o  study both normal operations and a l so  a great 

var ie ty  of emergency s i tua t ions .  The results from these simulations, however, 

m u s t  be properly qua l i f ied .  The simplicity of t h e  setup, the lack of motion 

cues, o r  the  absence of external  v i sua l  cues m a y  be extremely important with 

regard t o  the  interpretat ion of t he  r e su l t s  and must always be kept i n  mind. 

When properly used, t he  great f l e x i b i l i t y  of these simulators makes them very 

valuable f o r  research work. 

System 

Developmental simulators f o r  a spec i f ic  vehicle often start  out as simu- 

l a t o r s  of t he  kind I have just described. However, as the  development proceeds 

other tasks and instruments a re  added, and a l so  the  analog computer i s  grad- 

ual ly  replaced by ac tua l  hardware components. While these simulators start 

with the  f l e x i b i l i t y  of a research simulator t h e i r  evolutionary process grad- 

ual ly  eliminates this f l e x i b i l i t y .  On the  other hand, t he  simulator becomes 

more and more an exact rep l ica  of the  vehicle t ha t  is under development. Most 

developmental simulators reach the  end of t h e i r  useful l i f e  when the  vehicle 

f i n a l l y  goes i n t o  production and a l l  of the  hardware kinks have been eliminated. 

A shining exception t o  t h i s  s i t ua t ion  ex i s t s  i n  the  case of t he  X-15 develop- 

mental simulator. This simulator is being used da i ly  at t he  F l igh t  Research 

Center as a t ra ining a i d  fo r  t he  research p i l o t s  t o  prepare them f o r  upcoming 
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research flights. 

Procedural and f u l l h i s s i o n  simulators a l so  duplicate,  down t o  the  

smallest d e t a i l ,  the  charac te r i s t ics  and problems of an ac tua l  vehicle. 

This duplication is  primarily with respect t o  the  p i l o t  or crew. Unlike 

the  developmental simulator it generally does not contain ac tua l  hardware 

components but simulates t he  operational charac te r i s t ics  of the  hardware 

by means of a very detai led computer setup. These simulators do not go 

through an evolutionary process such as i n  the  case of developmental sim- 

u la tors .  In  general ,  these simulators a re  b u i l t  toward the  end of the  re- 

search and development program when most of  the  d e t a i l s  of t h e  system have 

been f ina l ized .  These simulators a re  a l so  extremely in f l ex ib l e  i n  terms of 

research use, s ince  it i s  generally d i f f i c u l t  t o  make major or rapid changes 

t o  vehicle or mission charac te r i s t ics .  However, f l e x i b i l i t y  of a sor t  i s  pro- 

vided which allows a grea t  var ie ty  of emergency s i tua t ions  t o  be simulated. 

The so le  purpose of these simulators i s  t o  provide p i l o t s  and crews with t ra in-  

ing  and experience i n  the  detai led operation of the  vehicle system. 

Many research problems require tha t  motion cues be provided t o  the  p i l o t .  

When t h i s  i s  done w e  have, of course, arr ived a t  moving-base simulators. A 

common example of a moving-base simulator i s  the  well-known pi loted centrifuge. 

Also i n  many instances it is extremely important t o  study the  influence of out- 

the-windov, external visual  displays. Use of external v i sua l  information by 

the  p i l o t  and crew is becoming of grea t  importance i n  space research. It i s  

recognized tha t  fo r  long-duration missions complete re l iance  cannot always be 

placed on instrument indications.  The great complexity and high sophistication 

of t h e  electronics tha t  are required t o  provide the  instrumentation bring up 

problems of r e l i a b i l i t y .  A s  a consequence, great e f f o r t  i s  being put i n t o  the 

development of s implif ied guidance and cont ro l  techniques, using sources of 
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information su h as motion or visua l  cues which a re  independent of the  elec- 

t ron ic  equipment, as replacement or backup procedures i n  order t o  increase 

mission r e l i a b i l i t y .  There a r e  many techniques available f o r  providing motion 

and v isua l  cues but I will not describe them here since t h i s  subject is dis- 

cussed in  a separate paper i n  t h i s  conference. 

When several  part-task simulations a re  combined we tend toward the  develop- 

ment of whole-task simulators - Whole-task simulators are often required i n  

research i n  order t o  study the compatibility problems between tasks t h a t  may 

i n  actual  missions take place e i ther  .in quick succession or even in  para l le l .  

Since research problems of ten require e i ther  whole-task simulation, motion 

cues, or visual  cues i n  an i n f i n i t e  var ie ty  of possible  combinations it is 

sometimes proposed t o  bui ld  general-purpose simulators so as t o  achieve the 

adaptabi l i ty  and f l e x i b i l i t y  t h a t  are  s o  highly desirable  in  research. General- 

purpose simulators, i n  the l i m i t ,  t r y  t o  provide a l l  of t h e  f a c i l i t i e s  tha t  are  

diagramed i n  f igure 1. While i n  pr inciple  general-purpose simulators would 

seem t o  be a t t r a c t i v e ,  they do s u f f e r  from two major f a u l t s .  In  the  f i r s t  

place, s ince they a re  conceived f o r  general purposes they a re  not designed 

with a specif ic  problem or objective i n  view. A s  a resu l t  they of ten are  not 

able t o  handle any specif ic  problem with the f i d e l i t y  tha t  is perhaps nec- 

essary and obtainable with a special-purpose simulator. Secondly, s ince 

most research problems do not require the  simultaneous use of a l l  of the  

capabi l i t i es  of a general-purpose simulator, a general-purpose s i m u l a t o r  

operates almost all the  time a t  l ess  than maximum efficiency. For these 

reasons, few general-purpose simulators have been b u i l t .  Generally, it i s  

more desirable  t o  have a few well-chosen, s m a l l  f a c i l i t i e s  available. Most 

simulators, therefore ,  are  or iginal ly  oonstructed f o r  spec i f ic ,  spec ia l  pur- 

poses. This i s  not t o  say t h a t  special-purpose simulators have limited u t i l i t y .  
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It is  invariably the  case tha t  today's special-purpose simulator, designed 

and b u i l t  t o  study today's spec ia l  problem, becomes tomorrow's special-pur- 

pose simulator fo r  tomorrow's problem through generally minor modifications. 

Few instances are known where special-purpose simulators have lost  t h e i r  use- 

fulness and had t o  be abandoned. 

An overwhelming percentage of research simulators are ground based. I n  

cer ta in  s i t ua t ions ,  however, ground-based simulators can never provide the  

f i d e l i t y  required. These s i tua t ions  generally a re  concerned with problems of 

landing and touchdown. 

tors .  

These problems are bes t  handled by f l igh t - tes t  s i m u l a -  

Ground-based simulators, no matter how sophisticated they may become 

i n  providing v isua l  or motion cues, w i l l  probably never be able t o  r ea l i ze  

the  degree of realism and be able t o  generate the  motivation tha t  i s  required 

t o  obtain adequate answers i n  these s i tua t ions .  This can be obtained only by 

put t ing the  p i l o t s  i n  a t rue  f l i g h t  environment. 

It would seem t o  be a simple matter t o  distinguish between ground-based 

and f l igh t - tes t  simulators. However, later on I s h a l l  describe a simulator 

which i s  r a the r  d i f f i c u l t  t o  c l a s s i fy  as one o r  the  other. I mention t h i s  

now only, i n  concluding t h i s  short  discussion of various types of simulators, 

because fur ther  discussion of t he  subject is best  handled by a discussion of 

various problem areas and then describing the  simulators t h a t  are being used 

and are bes t  su i t ed  t o  study of these problems. 

MARNED-SPACE-MISSION PHASES 

The major phases o f  a typ ica l  manned space mission a re  shown i n  f igure  4. 

Each mission begins with an ear th  launch, followed by the  establishment of an 

ear th  orb i t .  After establishment of ear th  o r b i t ,  o r b i t a l  operations take place. 
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These operations may consist of nothing more than f i n a l  checkout before injec- 

t i o n  i n t o  an interplanetary t ra jectory.  

s ions,  however, these operations may involve rendezvous, docking, o r b i t a l  

assembly, extra-vehicular a c t i v i t i e s ,  e t c .  

of interplanetary f l i g h t s  w i l l  require from days t o  perhaps months of oper- 

ations involving re la t ive ly  l i t t l e  ac t iv i ty .  Activity w i l l  be r e s t r i c t e d  

primarily t o  navigation, onboard maintenance, and perhaps onboard simulations 

i n  order t o  maintain proficiency i n  accomplishing end-point maneuvers. 

the planetary objective is  reached, t h e  mission phases involved may include 

orb i t  establishment, letdown and landing, surface operations, launch, ren- 

dezvous and docking, and, f i n a l l y ,  in jec t ion  i n t o  a re turn t ra jectory.  Upon 

return the  phases which terminate the  mission include reentry,  landing, and 

touchdown. Each of these various phases have t h e i r  own spec ia l  problems and 

requirements; and f o r  t h i s  reason special-purpose simulators a re  used t o  

study these problems. 

In our more ambitious follow-on m i s -  

The midcourse and return portions 

When 

EAFiTH LAUIICH AND REENTRY 

Earth launch and reentry a re  characterized by a gradual bui ld  up i n  longi- 

tud ina l  acceleration. 

8g, and i n  reentry the  acceleration l e v e l  may approach 12g t o  16g. 

case of launch t h i s  longitudinal acceleration p r o f i l e  may be repeated two or 

three times a t  each system stage. Lateral  and angular accelerations w i l l  a lso 

be present and these may reach s igni f icant  magnitudes and frequencies. A l -  

though t o  date a l l  ear th  launches have been under automatic control, there  i s  

growing in te res t  in  the development of manual-control techniques. Manual 

control of la rge  conventional boosters may of fer  benefi ts  i n  r e l i a b i l i t y  and 

In launch the acceleration ma.y reach as high as 6g or 

In  the 
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also i n  safety when emergency s i tua t ions  a r i se .  

assume great  importance when w e  consider maneuverable and recoverable boo- 

s te rs .  

Manual control may a l so  

One type of simulator which has been used extensively i n  studying launch 

and reentry problems is the human centrifuge. A n  example of t h i s  type of simu- 

l a t o r  which has been used ef fec t ive ly  i s  the  Ames five-degree-of-freedom simu- 

l a t o r  shown i n  f igure 5. Although the g-level obtainable i s  somewhat re- 

s t r i c t e d  (6g a t  f u l l  speed) t h i s  l e v e l  has been adequate f o r  many si tuat ions.  

High angular accelerations are  available (18 radians per second per second i n  

roll, 6 i n  p i tch ,  and 12 i n  yaw) and are  adequate t o  duplicate most vehicle 

performance. The Ames centrifuge i s  unique i n  t h a t  gimbal motions are powered 

by chain-belt drives attached t o  sprockets mounted t o  the motor shaf t  and mov- 

ing around the  rubber-hased gimbal rings. One of these drives i s  shown i n  

f igure 6. 

allows f o r  the  use of a high-speed low-weight motox. 

is  t h a t  t h e  centrifuge arm is driven by an endless s t e e l  cable wrapped around 

the  outside of the  t r a c k  and picked up and l a i d  down by pulleys mounted on the 

arm. This drive is shown i n  f igure 7 .  The advantage of t h i s  type of drive i s  

t h a t  it avoids the cost of large gears or high-torque e l e c t r i c a l  motors. On 

the  other hand, the t rack  noise has been somewhat of a problem since it fur- 

nishes an unwanted cue t o  the p i l o t  which informs him of t h e  application of a 

s ide force before he fee ls  the force i t s e l f .  Effor ts  a re  being made t o  reduce 

t h i s  t rack  noise t o  lower levels .  These centrifuges are  very worthwhile in 

the development of cockpit layouts ,  control lers ,  and p i l o t  r e s t r a i n t  systems 

so that the  p i l o t  can perform adequately under these acceleration conditions. 

When t h i s  equipment i s  properly designed it has generally been found tha t  ade- 

quate p i l o t  performance can be maintained under prac t ica l  mission conditions. 

This type of drive eliminates gear weight, noise ,  and backlash and 

Another novel feature  
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Centrifuges are  furthermore often useful i n  uncovering unusual prohlems. One 

recent launch simulation, fo r  example, showed tha t  a par t icu lar  s t ruc tura l  

frequency was  such as t o  make it impossible for  the  p i l o t  t o  read h i s  instru- 

ment s . 

RENDEZVOUS 

Visual rendezvous may s t a r t  as f a r  as 200 miles from the ta rge t  and termi- 

nates as t h e  ta rge t  acquires some s i z e  and d e t a i l .  One simple, economical simu- 

l a t o r  which was assembled 4 years ago t o  study visual  rendezvous problems is 

shown i n  f igure 8. 

planetarium is  nothing more than a surplus A i r  Force inf la tab le  radar &ome. 

Although the  i n t e r i o r  is dark and unpainted, this surface has been found t o  be 

sa t i s fac tory  since it is  required only t o  be able t o  see a star f i e l d ,  a point 

l i g h t  (probably f lashing)  for  the  t a r g e t ,  and perhaps an horizon for  gross ori-  

entation. When the p i l o t  is dark-adapted, these visual  features a re  c lear ly  

discernible .  This type of projection surface, however, would not be adequate 

f o r  the  simulation of approach or landing where more d e t a i l  must be displayed. 

A typ ica l  hardware arrangement used i n  visual-rendezvous s tudies  i s  shown in 

f igure 9, which shows a setup made f o r  studying Gemini/Agena problefns. 

mock-up Gemini half-cockpit can be seen and behind it the  equipment f o r  gener- 

a t ing t h e  visual  displays. T h i s  equipment consists of a s ta r - f ie ld  projector ,  

a t a r g e t  projector ,  and an horizon projector. 

N i k e - A j a x  radar dr ive,  modified by the  addition of a t h i r d  axis. 

dental ly ,  found t h i s  radar drive t o  be readi ly  adaptable t o  analog simulation 

This f a c i l i t y  i s  the Langley inf la tab le  planetarium. This 

The 

These a re  mounted on a surplus 

We have, inci- 

. work and it is being used not only here but i n  a number of other simulations at 

Langley. A closeup view of a typ ica l  s tar-f ie ld  projector is shown in  figure 10. 
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The projector  operates on a concept developed by Spi tz .  It consists of a point- 

l i g h t  source re f lec t ing  of f  a central ly  located highly re f lec t ive  sphere which 

d i rec ts  t h e  l i g h t  outward through t h e  many holes representing t h e  s t a r s .  The 

s ize  of the  holes is varied t o  vary star magnitude. 

brought t o  a focus on the  inside of the  planetarium by lenses glued t o  t h e  sur- 

face of the  projector. 

projector and the  diameter of the projection sphere govern the focal  length 

required for these lenses. 

precision required for the  study of navigation problems it is  very adequate 

f o r  p i l o t  control problems such as rendezvous where the star f i e l d  i s  primarily 

used as an a t t i tude  reference. 

The star images are  

simple geometric re la t ionships  such as the  s ize  of the  

Although t h i s  type of projector  does not have the 

DOCKING 

Docking operations are  considered t o  start when the  p i l o t  f i r s t  can dis- 

cern vehicle t a r g e t  s i z e  and aspect and terminate, of course, when sof t  contact 

i s  made. 

f o r  the  past year i s  shown i n  f igure 11. T h i s  Rendezvous Docking Simulator 

employs fu l l - sca le  mock-ups of spacecraft cockpits mounted i n  gimbals. This 

f a c i l i t y  i s  unique i n  t h a t  the en t i re  gimbal assembly is supported by a cable 

system attached t o  an overhead crane. The unique cable arrangement effect ively 

r igidizes  the  system and avoids pendulous motion so t h a t  correct l inear  motions 

can be commanded. A novel lightweight hydraulic-pneumatic counter-balance 

system i s  used t o  support the  gimbal assembly. This permits the use of a rela- 

t i v e l y  small ver t ica l -dr ive  motor which has only t o  overcome the i n e r t i a  of t h e  

hanging system. 

a distance of 200 fee t  t o  actual  contact with t h e  t a r g e t .  

One unusual docking simulator tha t  has been i n  operation at Langley 

The f a c i l i t y  enables simulation of the  docking operation from 

A ful l -scale  mock-up 
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of t h e  t a rge t  vehicle i s  suspended near one end of t he  track. An Agena tar- 

ge t  used i n  recent studies i s  shown i n  figure 12. On this ve have mounted t h e  

ac tua l  Agena docking mechanism and a l s o  various types of v i sua l  aids.  W e  have 

been able t o  devise v isua l  aids which have made it possible t o  accomplish night- 

time docking with as much success as daytime docking. Many of t he  astronauts 

have flown t h i s  simulator i n  support of t he  Gemini s tud ies  and they, without 

exception, appreciated the  realism of t he  v isua l  scene. The simulator has 

a l so  been used i n  the  development of p i l o t  techniques t o  handle cer ta in  j e t  

malfunctions i n  order t ha t  aborts could be avoided. I n  these s i tua t ions  large 

a t t i t ude  changes a re  sometimes necessary and the  f a l s e  motion cues tha t  were 

generated due t o  ea r th  gravity were somewhat objectionable; however, the  p i l o t s  

were readi ly  able t o  overlook these f a l se  motion cues i n  favor of the  visual 

realism. 

Another docking simulator which uses closed-circuit te levis ion techniques 

is a l so  i n  operation at  Langley and i s  shown in  figure 13. In  t h i s  Visual 

Docking Simulator a small-scale model of the  t a rge t  vehicle having three  

degrees of freedom is mounted i n  f ront  of the  te levis ion camera. The model 

t r ans l a t e s  along the  camera axis and ro ta tes  i n  response t o  the  p i l o t ' s  con- 

t r o l  inputs and the  analog computer. The image of t he  t a rge t  is transmitted 

by the  Tv system t o  a two-axis mirror above the  p i l o t ' s  head and i s  projected 

i n  correct s i z e  on the  inside of a 20-foot-diameter spherical  screen. Through 

the  added action of t h i s  mirror system a l l  s i x  degrees of freedom are simulated. 

The p i l o t  and crew are seated i n  a full-scale mock-up of t he  Gemini cockpit. 

The small scale of the  t a rge t  model and the  loss i n  resolution through the  TV 

system made the  visual realism of t h i s  simulator considerably poorer than the  

realism t h a t  w a s  achieved in  the  Rendezvous Docking Simulator. 

hand, t h i s  simulator did not introduce any f a l s e  motion cues. This simulator 

On the  other 
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a lso  has a much la rger  operating volume than does the other docking simulator. 

Therefore it i s  par t icu lar ly  useful  i n  study of such problems a s  in-close 

inspection of uncooperative t a r g e t s ,  f o r  example. For docking s tudies  the  

lack of three-dimensionality inherent i n  these closed-circuit TV systems or 

other projection-type systems i s  a d is t inc t  handicap. T h i s  handicap i s  

ref lected in  the  fac t  t h a t  more t ra in ing  on t h i s  simulator was required t o  

reach the  same proficiency i n  docking than with the  Rendezvous Docking Sim- 

ulator .  

The Visual Docking Simulator had an extremely wide f i e l d  ok view. Other 

simulators have been constructed t o  study docking problems which used s m a l l -  

s i ze  viewing screens with CCTV or  image-generation systems of the  type shown 

i n  f igure 14. 

places unnecessary res t r ic t ions  on the  p i l o t  since he has t o  provide more a t t i -  

tude control than necessary i n  order simply t o  keep the  ta rge t  in  view. Be- 

cause o f  t h i s  r e s t r i c t i o n  he requires more fue l  than necessary and the resu l t s  

of s tudies  with t h i s  type of equipment may, i n  t h i s  respect ,  be misleading. 

This type of docking simulation, with r e s t r i c t e d  f i e l d  of view, 

ONBOARD SIWLATORS 

The small f i e l d  of view available from these types of display systems may 

be a r e s t r i c t i o n  that will have t o  be accepted fo r  onboard simulators. 

board simulators a re  considered t o  be necessary f o r  long-duration missions in 

order t o  maintain p i l o t  proficiency for  the  accomplishment of i n t r i c a t e  man- 

euvers e i ther  at t h e  mission objective o r  upon return. The l imitat ions t h a t  

On- 

may have t o  be accepted f o r  onboard simulators must be careful ly  evaluated and, 

i f  possible, new techniques f o r  overcoming these l imitat ions may have t o  be 

devised. 
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ORBITAL OPEXATIONS 

Orbi ta l  operations, insofar  as p i l o t  o r  crew are concerned, include such 

a c t i v i t i e s  as extra-vehicular locomotion, o r b i t a l  assembly, and astronaut 

r e t r i e v a l  i n  the  event t h a t  malfunctions occur. Extra-vehicular locomotion 

problems are now being studied through t h e  use of in-fl ight simulators wherein 

airplanes fly zero-g t r a j ec to r i e s  as shown i n  f igure  15. A t  the  present time 

t h i s  technique i s  t h e  only one tha t  we have available which permits six-degree- 

of-freedom maneuvering. It is  severely r e s t r i c t i v e ,  however, i n  t h a t  the  

period of weightlessness i s  l imited t o  something l e s s  than one-half minute. 

The i n i t i a l  high-acceleration pull-up and the  necessity for securing the  t e s t  

equipment and t e s t  subjects i n  order t o  withstand the  f i n a l  pull-out a r e  a l so  

complicating fac tors .  Perhaps the  most serious l imi ta t ions  i n  t h i s  technique 

a re  due t o  the  Coriolis forces t h a t  cannot be eliminated and t o  the  f a c t  t h a t  

the  reference frame of t he  experiment is continually sh i f t i ng  because of the  

airplane p i l o t ' s  maneuvers i n  attempting t o  hold the  zero-g t ra jec tory .  

b e t t e r  simulation technique t o  study these types of problems would be highly 

desirable.  

A 

Extra-vehicular locomation w i l l  probably always be accomplished w i t h  the 

astronaut te thered t o  h i s  vehicle by a safe ty  cable. Should some emergency 

occur it will be necessary t o  r e t r i eve  t h e  astronaut through t h i s  cable. 

problem of  astronaut r e t r i e v a l  i s  not simple, as shown i n  f igure  16. If the  

astronaut i s  only a few thousand f ee t  from h i s  vehicle and has only a s l igh t  

lateral veloci ty  with respect t o  h i s  vehicle when the  malfunction occurs con- 

servation of angular momentum during the reel-in process r e su l t s  i n  very msat- 

i s f ac to ry  conditions on contact. 

sophisticated concepts than simple reel-in are required. 

The 

I n  order t o  avoid these problems much more 

Unlike the  extra 
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vehicular locomotion problem which is three  dimensional the  r e t r i eva l  problem 

can probably be reduced t o  two dimensions. I n  t h i s  respect,  then, t he  develop- 

ment of simulators t o  study t h i s  problem may be simpler. 

fo r  example, t o  develop s m a l l  ground-effects machines t h a t  can simulate the  

problem. 

ure 17 as proposed i n  a recent study contract t o  Langley on the  r e t r i eva l  

problem. A preliminary setup of t h i s  type of simulator has been b u i l t  at  

Langley and t h i s  approach appears feas ib le .  

It may be possible,  

One type of te ther ing simulator, on a small sca le ,  i s  shown i n  f ig-  

Orbi ta l  assembly may require t h a t  astronauts move la rge  masses e i the r  

through t h e i r  own e f f o r t s  or with the  assistance of self-contained, readi ly  

attachable propulsion modules ( s m a l l  space tugs) which they d i r ec t ly  or 

remotely control.  Techniques fo r  r e a l i s t i c a l l y  simulating these s i tua t ions  

are nonexistent. This simulation problem appears even more d i f f i c u l t  than 

the  extra-vehicular locomotion problem 

LUNAR ORBIT, L A N D I N G ,  APPROACH, AND TAECE-OFF OPERATIONS 

The guidance and control systems fo r  tasks t o  be accomplished i n  the  

v i c in i ty  of t he  moon should be as simple and r e l i ab le  as possible. 

number of part-task simulators have been used t o  study various aspects of 

lunar operations, it is necessary t o  have some f a c i l i t y  t h a t  can study the  

whole-task problem i n  order t o  a r r ive  at an optimum integrated system. For 

t h i s  purpose the re  i s  under construction at Langley a new f a c i l i t y  cal led LOLA, 

which stands f o r  Lunar Orbit Landing and Approach Simulator. This simulator i s  

shown schematically i n  figure 18 and consists of a p i l o t ' s  capsule, a closed- 

c i r cu i t  TV complex, and models of t he  lunar surface. There are four models of 

d i f fe ren t  sca le  which permit a l t i t ude  coverage from 200 m i l e s  t o  200 f ee t  above 

Although a 
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t h e  lunar surface. 

segments, and one f l a t  section. The models a re  arranged so t h a t  only two camera 

t ransport  mechanisms and two closed-circuit TV systems are needed t o  view t h e  

four models. A photograph of LOLA under construction is shown i n  f igure  19. 

The hear t  of LOLA w i l l  be the  opt ica l  pickup. The system which is  currently 

scheduled f o r  i n s t a l l a t ion  is shown schematically i n  f igure  20. The lunar 

surface is  viewed through a s ingle  wide-angle 220° lens.  

then operated on electronical ly  t o  provide the various vehicle motions. 

way through the  system the s ingle  scene is projected on a t e l e v i s i o n  screen and 

viewed by four pickup cameras. These four pickup cameras then, i n  tu rn ,  pro- 

j e c t  t h e i r  separate views through the four portholes of the  space vehicle so 

t h a t  t he  view from each porthole w i l l  correspond t o  the  v i e w  t ha t  the p i l o t  

w i l l  see. 

The models include a 20-foot-diameter sphere, two spherical  

This s ingle  view i s  

Mid- 

Simulators somewhat similar t o  LOLA a re  being used or are  under construc- 

t i o n  i n  industry. A view of what the  p i l o t  might see i n  t h i s  type of simulator 

is shown i n  f igure  21, which pictures the  Boeing simulator. This f igure ,  inc i -  

dentally,  a l so  i l l u s t r a t e s  one l imi ta t ion  of t h i s  general c lass  of visual  dis- 

play system. This l imi ta t ion  i s  the  loss i n  d e t a i l  and resolution as the model 

is closely approached. While simulators of t h i s  type will be extremely valuable 

i n  studying problems where close maneuvering is not required (such as i n  o r b i t a l  

operations and the  i n i t i a l  phases of landing), t he  lack of d e t a i l  and the  

absence of three-dimensional e f f ec t s  preclude the  e f f ec t ive  use of these f ac i l -  

i t ies  fo r  t h e  f i n a l  landing and touchdown s i tua t ions .  These problems can be 

studied most effect ively through ac tua l  f l i gh t - t e s t  simulators. 

Sometimes used i n  another simulation technique which attacks the  problem 

Shown i n  figure 22 is  a view of t he  man simu- i n  a d i f fe ren t  w a y  from LOLA. 

l a t o r .  This simulator makes use of a point-light-source projection technique. 
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A s  can be seen, the  large transparency is hung above t h e  p i l o t ' s  head. This 

transparency i s  driven through a computer i n  response t o  the p i l o t ' s  control  

inputs so tha t  the scene s h i f t s  properly. The scene is  projected i n  f ront  of 

t h e  p i l o t  on a spherical  screen by a point-light source shining through t h e  

transparency. 

hel icopter  and VTOL problems and could equally well be used i n  the study of 

space vehicle problems. It i s ,  however, s imilar  t o  the  other simulators jus t  

discussed i n  being affected by the  loss of d e t a i l  as the scene i s  closely 

approached. For t h i s  reason t h i s  type of simulator i s  generally used primar- 

i l y  f o r  the  i n i t i a l  landing and maneuvering phases and not f o r  actual  close- 

contact problems. 

This simulator has been used very e f fec t ive ly  i n  the  study of 

LUNAR SukFACE OPERATIONS 

When the astronauts land on the  moon they w i l l  he i n  an unfamiliar envi- 

ronment involving, par t icu lar ly ,  a gravi ta t ional  f i e l d  only one-sixth as strong 

as on ear th .  A nevel method of simulating lunar gravity has been developed and 

used a t  Langley t o  study the problems of how t o  walk, run, or jump on t h e  moon. 

The Lunar Walking Simulator i s  shown i n  f igure 23. A s  you can see,  the  subject 

i s  supported by a puppet-type suspension system a t  t h e  end of a long pendulum. 

A floor i s  provided at the  proper angle s o  t h a t  one-sixth of the  subject ' s  

weight is supported by t h e  f loor  with the remainder being supported by the  

suspension system. This simulator allows almost complete freedom i n  v e r t i c a l  

t rans la t ion  and pi tch and i s  considered t o  be a very r e a l i s t i c  simulation of 

the  lunar walking problem. For t h i s  problem t h i s  simulator suffers  only 

s l i g h t l y  from t h e  res t r ic t ions  i n  l a t e r a l  movement it puts on t h e  t e s t  subject. 

This i s  not considered a strong disadvantage f o r  ordinary walking problems 
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since most of the  motions do, i n  f a c t ,  occur i n  t h e  v e r t i c a l  plane. However, 

this simulation technique would be severely r e s t r i c t i v e  i f  applied t o  the study 

of the extra-vehicular locomotion problem, for example, because i n  t h i s  situa- 

t i o n  complete s i x  degrees of freedom are  ra ther  necessary. This technique, i n  

e f f e c t ,  automatically introduces a two-axis a t t i tude  s tab i l iza t ion  system i n t o  

the problem. 

extra-vehicular locomotion where, for  example, it might be assumed tha t  one 

axis  of the  a t t i t u d e  control system on the  astronaut maneuvering uni t  may have 

fa i led .  

The technique could, however, be used i n  preliminary s tudies  of 

ROTATING S P A C E S T A T I O N  OPERATIONS 

The simulation technique just described can be applied t o  the study of 

A ro ta t ing  space-station simulator locomotion i n  a ro ta t ing  space s ta t ion .  

concept is shown i n  f igure 24. 

the s l i n g  support and suspension so  tha t  he i s  i n i t i a l l y  i n  a zero-g condit- 

ion. Then the  e n t i r e  suspension system and the  space s t a t i o n  are  rotated so 

t h a t  a r t i f i c i a l  gravity is supplied through centr i fugal  force. 

As may be seen t h e  t e s t  subject i s  hung i n  

LUNAR LANDING 

Ground-based simulators a re  not very sa t i s fac tory  f o r  studying the  pro- 

blems associated with the  f i n a l  phases of landing and f o r  t h i s  reason it i s  

preferable t o  go t o  some s o r t  of f l igh t - tes t  simulator. 

designed t o  study the  f i n a l  phases of lunar landing is now i n  the checkout phase 

at Langley. This Lunar  Landing Research Fac i l i ty  is shown i n  f igure 25. Because 

of its large s i z e  it i s  d i f f i c u l t  t o  get a good picture  of t h i s  f a c i l i t y  s o  an 

artist's conception i s  presented. The f a c i l i t y  is an overhead crane s t ruc ture  

One research f a c i l i t y  
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about 250 f ee t  t a l l  and 400 f ee t  long. 

of t he  vehicle 's  weight through servo-driven ve r t i ca l  cables. 

one-sixth of t he  vehicle weight pu l l s  t he  vehicle downward simulating the  

lunar gravi ta t iona l  force. During ac tua l  f l i g h t s  t he  overhead crane s y s t e m  

i s  slaved t o  keep the  cable near v e r t i c a l  at a l l  times. A gimbal s y s t e m  on 

the  vehicle permits angular freedom fo r  p i tch ,  roll, and yaw. The f a c i l i t y  is 

capable of t e s t ing  vehicles up t o  20,000 pounds. 

ing 10,500 pounds f u l l y  loaded, has been constructed and i s  shown i n  f igure  

26. This vehicle i s  provided with a la rge  degree of f l e x i b i l i t y  i n  cockpit 

pos i t ions ,  instrumentation, and control parameters. It has main engines of 

6,000 pounds th rus t  t h ro t t l eab le  down t o  600 pounds and a t t i t ude  j e t s .  

f a c i l i t y  will be able t o  study the  problems of t he  f i n a l  200 f ee t  of lunar 

landing and the  problems of maneuvering about i n  close p rox imi ty to  the  lunar 

surface. It w i l l  no t ,  however, be able t o  study the  important problems of 

t r ans i t i on  from the  letdown operation t o  the  f i n a l  touchdown phase. With re- 

gard t o  type of simulator,  t h i s  f a c i l i t y  may be described as five-sixth ground- 

based and one-sixth f l igh t - tes t .  

of weather conditions as f l igh t - tes t  vehicles and a l so  it must be designed with 

safe ty  precautions t o  counter the  hazards tha t  ex i s t  i n  a l l  types of f l i g h t  re- 

search. 

The crane system supports f ive-sixths 

The remaining 

A research vehicle, weigh- 

This 

It w i l l  be subject t o  the same v ic i ss i tudes  

Another simulator f o r  studying the  lunar landing problem i s  i n  the  f i n a l  

assembly and checkout s tage  at  t he  NASA Flight Research Center. This s i m -  

u la tor  i s  shown i n  figure 27. The vehicle i s  being b u i l t  by Bel l  Aerosystems 

and contains a gimbaled jet  engine which provides an upward force along the  

gravity vector t ha t  equals five-sixths of t he  vehicle 's  ear th  weight. Rocket 

engines are used t o  decelerate the  vehicle, provide s t a b i l i t y  and damping, 

and fo r  maneuvering. This simulator will be extremely valuable for  investigating 
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problems associated with t h e  f i n a l  three t o  four thousand f e e t  of t h e  lunar 

landing operation. This w i l l  take the operation through t h e  very c r i t i c a l  

t r a n s i t i o n  phase from f i n a l  approach t o  actual  so f t  letdoun t o  the  lunar 

surface. A s  i s  t h e  case with every f l igh t - tes t  simulator, t h i s  vehicle suf fers  

from a cer ta in  amount of i n f l e x i b i l i t y i n  t h a t  it i s  d i f f i c u l t  t o  make con- 

f igurat ion changes. It i s  a l s o ,  of course, subject  t o  the  usual hazards of  

f l igh t - tes t  research and t o  t h e  extraneous factors  of wind and weather con- 

d i t ions  which do not e x i s t  on t h e  moon. 

EARTH LANDING 

The problem of studying ear th  landings, par t icu lar ly  with some of the 

ra ther  unconventional configurations t h a t  a r e  now being proposed makes the  

use of f l ight- tes t  simulators necessary. Lightweight g l ide  vehicles of t he  

type shown i n  f igure 28 have proved extremely valuable in  studying some of 

t h e  problems t h a t  a r i s e  i n  landing these unusual space vehicles. 

types of simulators have proved t o  be low cost and have required a re la t ive ly  

short  t i m e  t o  put i n to  operation. This technique of building manned f lying 

models of space vehicles fo r  study under actual  f l i g h t  conditions i s  now 

being extended, and somewhat more sophisticated vehicles a re  being bu i l t .  

These 

Several a r e  now under construction by the  Northrop Corporation. 

be launched from a B-52 at high subsonic speeds. Ins ta l la t ion  of small rocket 

engines i n  order t o  drive them t o  supersonic speeds is  also being considered. 

These vehicles are being bu i l t  a t  a cost uhich compares very favorably with 

t h e  more complex ground-based simulators and w i l l  undoubtedly do a b e t t e r  job 

of simulation. 

They w i l l  
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FMOLE MISSIONS 

One type of whole-mission simulator i s  being planned by t he  Ames Research 

Center and is ca l led  t h e  Space Flight Guidance Research Fac i l i ty .  

research simulator designed t o  study the whole-mission problems taking in to  

account many of the  physiological fac tors  that may be of importance. As such 

it is being designed primarily as a centrifuge.  A photograph of the  model of 

t he  centrifuge i s  shown i n  figure 29. The centrifuge will provide the  cap- 

a b i l i t y  of simulating the acceleration conditions during launch and reentry. 

During 

an adjacent f a c i l i t y  which will allow t h e  crew t o  perform midcourse navigat- 

ion and control tasks under r e a l i s t i c  v i sua l  conditions. The unique feature 

of t h i s  f a c i l i t y  w i l l  be t h a t  t he  gimbaled three-man cab will be provided with 

life-support equipment s o  tha t  long-duration missions can b e  simulated i n  r e a l  

time. A s  a research f a c i l i t y  t h i s  simulator w i l l  be provided with a grea t  

deal of f l e x i b i l i t y  through the  capabi l i t i es  of t he  centrifuge,  the  l i f e  

support system, the  navigation and guidance equipment, and the  associated com- 

puter  complex. 

This i s  a 

midcourse operations t h e  centrifuge w i l l  be brought t o  rest next t o  

Another type of whole- o r  full-mission simulator is shown as an art ist 's  

concept i n  figure 30. T h i s  simulator, designed primarily fo r  astronaut t ra in-  

ing  purposes, is being constructed at t h e  Manned Spacecraft Center i n  Houston. 

A s  ynu can see, t h i s  Apollo Mission Simulator will contain a complex of vis- 

u a l  display systems t o  provide r e a l i s t i c  out-the-window views f o r  t he  various 

phases of t he  mission. 

t he  a id  of a la rge  complex of computing equipment t o  provide a r e a l i s t i c  op- 

e ra t ion  environment t o  the  crew. 

mission simulators no attempt w i l l  be made t o  give t h e  p i l o t  any motion cues. 

The Apollo systems and equipment w i l l  be simulated with 

A s  i s  charac te r i s t ic  of these types of full- 
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T h i s  type of full-mission simulator, or procedures t r a i n e r ,  has proven very 

valuable. In the case of the Mercury program, the  Procedures Trainer was 

very e f fec t ive  i n  t ra in ing  t h e  astronauts t o  handle both normal and the  

emergency s i tuat ions which, as everyone knows, did a r i se .  

CONCLUDING REMARKS 

Flight simulation in  space research i s  assuming a more important ro le  than 

it had i n  aeronautical research. 

be made t o  solve all of the possible problems before f i r s t  f l i g h t .  

program does not have the  opportunity t o  conduct developmental f l i g h t  t e s t -  

ing for  hours and hours before the  f i n a l  vehicle goes i n t o  service use. The 

only way t h i s  intensive development can be carr ied out i s  through the use of 

simulation. A s  I have t r i e d  t o  show, our f l i g h t  simulators come i n  a l l  shapes 

and s izes  due t o  the great var ie ty  of our space problems. 

f a c i l i t i e s  must be highly sophisticated. Well-conceived f a c i l i t i e s  and well- 

directed simulation programs are  required t o  provide timely answers t o  the  

many new problems pecul iar  t o  space-flight missions. 

In  our space programs every e f for t  has t o  

The space 

Some of these 
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Pisure 6.- Silent chain belt drive. 

Figure 7.- Cable drive. 
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Figure 10.- Star projector. 
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Figure 11.- Rendezvous docking simulator. 
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Figure 12.- mcking target. 
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P- 3.3.- Visual docking simulator. 
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Figure 14,- Image generator. 
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Figure 15.- Zero-%'' trajectory. 
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Figure 16.- Astronaut retrieval.  

Figure 17.- Scale model controlled tethering s&ulator. 
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Figure 18.- Lunar orbit landing approach. 

Figure 19.- LOLA constmction. 
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Figure 20.- IOU optical pickup. 

Figure 21.- Pilot's view. 
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Figure 22.- @an simulamr. 

Figure 23.- Lunar mlkina simulator. 



NASA 

Figure 24.- Rotating space stat ion simulator. 

NASA 

Figure 25.- Langley lunar landing research f ac i l i t y .  
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FIuure 26.- Research lunar lander. 
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Figure 27.- Lunar landing research vehicle. 
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Figure 20.- Lightmight M-2. 

Figure 29.- Ames space Plight guidance simulator. 
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VISUAL AND MOTION SIMULATION TECHNIQUES 

by 

John Lott Brown 
T 

University of Pennsylvania 

INTRODUCTION 

It i s  impossible i n  t h e  t i m e  avai lable  f o r  t h i s  presentat ion t o  

provide more than s u p e r f i c i a l  coverage of t h e  subjects  of vis ion and 

motion simulation techniques as these haire been applied i n  space f l i g h t  

research. Fortunately,  the excel lent  presentat ion by Vogeley on t h e  

ex i s t ing  and planned simulators f o r  space research i n  t h e  NASA program 

reduces t h e  need f o r  any extensive treatment of t h e  appl icat ion of tech- 

niques which provide for a complete visual simulation. I w i l l  t he re fo re  

discuss problems of visual simulation i n  more general  terms and treat 

Wdamental  cha rac t e r i s t i c s  of t h e  v i s u a l  system which a r e  relevant t o  

successful  simulation techniques r a t h e r  than discussing s p e c i f i c  app- 

l i c a t i o n s  of these techniques. 

way i n  which sensory information is  integrated and processed i n  our 

attempt t o  r e a l i z e  from it a knowledge of  t he  physical world. This 

w i l l  provide an introduct ion t o  t h e  discussion of motion and c l a r i f y  t h e  

reasons f o r  including motion cues i n  simulators.  

It may then be u s e h l  t o  consider t he  
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VISUAL SIMULATION 

There are  a var ie ty  of visual  capab i l i t i e s  which w i l l  be important 

i n  space f l i g h t  (5) .  

t o  continuous t a sk  simulators,  however. 

simulators which provide a bas i s  f o r  t e s t i n g  man's performance i n  a 

continuous task s i tua t ion  such as the  control  of  a moving vehicle. We 

w i l l  not discuss t h e  important problems of Visual search, detect ion,  

and recognition. Visual tasks  which are  of concern t o  us are those of 

t he  discrimination of  s i z e ,  dis tance,  and r e l a t i v e  motion (20, 22, 32).  

Some of  these need not be  considered i n  r e l a t i o n  

Our primary concern is with 

Visual Size Discrimination 

Typically,  t h e  discrimination of s i z e  of an object is based e i t h e r  

on a knowledge of t h e  physical s i z e s  o f  objects  around it i n  the  v i s u a l  

world, o r  e l s e  on a knowledge of its distance from t h e  observer. It is 

extremely d i f f i c u l t  t o  make accurate judgments of s i z e  i n  t h e  absence of 

such cues. 

Distance Judgments 

The judgment of distance is based on a number of cues (20, 22). 

An important one is t h a t  of l i n e a r  perspective.  This r e fe r s  t o  t h e  grad- 

u a l  decrease i n  t h e  v i sua l  angle subtended by elements i n  t h e  v i s u a l  world 

as they are located fu r the r  and fu r the r  away from the  observer. 

late t o  t h e  texture of t he  t e r r a i n  o r ,  t o  c i t e  a familar example, t h e  

apparent separat ion of r a i l road  t r acks  as they recede toward the  horizon. 

This kind of cue is  of  f a r  g rea t e r  importance t o  one who i s  l i v i n g  on an 

apparently f l a t ,  extended surface than it would be t o  someone l i v i n g  i n  

It may re- 
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re lat ively empty three-dimensional space without a continuous dis t r ibut ion 

of objects and te r ra in  from h i s  immediate location out t o  the location of 

an object whose distance he desires t o  judge. 

Another important cue i s  tha t  of interposition. Stated simply, t h i s  

refers  t o  the  fact  tha t  an object whose outline o r  surface is interrupted 

by another object w i l l  be judged further away than the interrupting object. 

The interposed object i s  obviously the nearer object. 

A t  surface of the ear th ,  atmospheric haze provides an important cue 

for  the judgment of distance. The reduction by haze i n  c l a r i t y  of object 

d e t a i l  and the reduction in  the range of color seen ref lected from an 

object provides cues as t o  the object 's distance. Another important cue 

is t h a t  of monocular movement parallax. This refers  t o  the fact that  when 

an observer i s  himself moving he w i l l  see re la t ive motion i n  the visual 

world between nearby objects and objects more remotely located. The nearby 

object w i l l  appear t o  be moving i n  a direction opposite t o  h i s  own motion. 

Telephone poles seen from a t r a i n  window relat ive t o  the dis tant  horizon 

afford a familar example. 

Unfortunately, a l l  of these cues require e i ther  a dis t r ibut ion of 

objects in  depth from the observer, familarity with the object, o r  other 

conditions which are  found on the earth's surface. Many situations i n  

space f l igh t  may be devoid of a l l  of these cues. Judgment involving 

other space vehicles may be among the most d i f f i c u l t ,  but even judgments 

of surfaces w i l l  be d i f f icu l t  when they are  normal t o  the l i n e  of s igh t ,  

and especially when they are unfamiliar. Recent photographs of the sur- 

face of the moon show a remarkable continuity in  the nature of i t s  appear- 

ance from a distance of thousands of miles down t o  a distance of thousands 

of feet .  Apparently the s ize  of moon craters  varies over a continuous 



-xIv-4- 

range from extremely large t o  extremely small. T h i s  renders it d i f f icu l t  

t o  make judgments of distance or s ize  on the basis of visual angles sub- 

tended by detai ls  of the surface. 

presented i n  Figure 1 i s  of l i t t l e  help i n  assessing i ts  distance. 

soon as a familiar object i s  included however, as i n  Figure 2 ,  the  judg- 

ment of  distance and s ize  is a simple matter. 

A careful examination of the surface 

As 

There is  an important cue t o  distance which does not depend upon 

object familarity. This i s  the  cue provided by t h e  f a c t  tha t  the two 

eyes of a binocular observer are located at different points i n  space 

and hence see t h e  world from s l igh t ly  different perspectives (22) .  

an object with some extent i n  depth m a y  be seen as three dimensional as 

long as t h i s  cue is  operating, or  two objects a t  different depths can be 

correctly discriminated i n  re la t ion t o  which is closer and which is further 

amy with no knowledge of t h e i r  re la t ive  s ize .  

t h a t  deviations from the stimulation of precisely corresponding points on 

the two ret inas  of l e s s  than 30 seconds of arc  can be discriminated as 

representing differences in  depth. 

a t  an inf in i te  distance will be para l le l  on entering the two eyes. One 

can calculate the distance at which rays of l igh t  from an object w i l l  de- 

viate  by an angle of 30 seconds of arc  or more on entering two eyes sep- 

arated by the  normal interpupillary distance of  65 mm. 

approximately 500 yards. Thus objects at 500 yards or less  should be seen 

as closer than much more dis tant  objects purely on t h i s  basis of binocular 

stereoscopic vision and independent of t h e i r  s ize  or shape. 

such a cue should not be discounted for  certain phases of a space mission. 

Thus 

It has been demonstrated 

Rays of l igh t  from an object i n  space 

The distance is  

The value of 
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Movement Discrimination 

The r e l a t i v e  movement of objects  i n  t h e  v i s u a l  world is discrim- 

For objects  inated i n  terms of  changing v i s u a l  angle (10, 11, 12,  21).  

which are moving i n  a f r o n t a l  plane r e l a t i v e  t o  t h e  observer,  angular 

r a t e  is assessed i n  r e l a t ion  t o  t h e  changing v i sua l  angle between t h e  

moving object and some f ixed reference point .  

s t a b l e  reference po in t ,  such a judgment may be extremely d i f f i c u l t .  

The approach o r  recession of an object  of f i n i t e  s i z e  is in fe r r ed  from 

changes i n  t h e  v i sua l  angle subtended by i ts  breadth.  

bas i c  research has been conducted on the  minimum thresholds f o r  detect ion 

of angular change i n  t h e  v i sua l  world (10, 12) .  

provide a b a s i s  f o r  t h e  estimation of boundaries within which v i sua l  motion 

may play an important ro l e  i n  simulation. 

I n  t h e  absence of  any 

A l a rge  amount of  

These thresholds w i l l  

SENSORY INTEGRATION 

Most individuals  would agree t h a t  t h e i r  perception of t h e  visual 

world i s  put together  on the  bas i s  of information derived f r a  the  various 

senses. They would also agree t h a t  it is  not necessary t o  make any con- 

scious e f f o r t  t o  perform t h i s  i n t eg ra t ion  but  r a the r  t h a t  it occurs q u i t e  

unconsciously. They might be disturbed at  the notion t h a t  information de- 

r ived  from various individual  sensory channels cannot a l w a y s  be consciously 

separated and i d e n t i f i e d  i n  r e l a t i o n  t o  its source,  however. 

evidence t h a t  the integrat ion of various sensory inputs  depends upon 

experience and requires  considerable learning (28). 

t h e r e  is a l s o  evidence t h a t  it may be d i f f i c u l t  or impossible t o  separate  

information provided by one sensory channel from information provided by 

There is  

On t h e  other  hand, 
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another. 

man is seated in  a chair and views a ver t ica l  l i n e  of l igh t  direct ly  i n  

f ront  of him, he can recognize i ts  orientation and make corrections when 

it is  deviated from the  ver t ical .  I f  his chair and the ver t ica l  l i n e  are 

both t i l t e d  away from the ver t ica l  he is able t o  correct the l ine  orien- 

ta t ion  back close t o  the t rue ver t ical .  The basis  for  h i s  correction must 

depend upon information which he receives from the deviation of h i s  own 

body orientation from vert ical .  One source of such information i s  the 

imbalance i n  tension of the musculature on the sides of the  neck which 

maintains the head i n  an erect position. I f  now, an observer i s  seated 

erect  while wearing a helmet which can be weighted on one s ide,  h i s  visual 

perception may be distorted by t h i s  off-balance load on the neck muscles 

even though he i s  perfectly aware tha t  he has not been deviated from an 

upright position. Differences i n  tension i n  the sternocleidomastoid 

muscles on the  two sides were measured electromyographically f o r  various 

amounts of body tilt. The same differences in  tension were then created 

by off-balance loading, and a t ru ly  ver t icdl  l ine  was judged t o  tilt i n  

amounts comparable t o  the amount of body tilt which corresponded t o  the 

d i f fe ren t ia l  tension. Thus, i n  a res t r ic ted  visual  s i tuat ion where only 

a single illuminated l i n e  could be seen, muscle tension had an important 

influence on visual  perception. 

A recent experiment provides an example of t h i s  ( 2 9 ) .  I f  a 

Changes i n  the resultant acceleration force on a m a n  induced by 

motion on a centrifuge are perceived tactual  and other cues. I n  t h i s  

kind of a s i tuat ion the orientation of the  en t i re  environment seems t o  

change ( 2 3 ) .  

not be eliminated even by the  most sophisticated conscious analysis on 

the  par t  of the observer of the  forces at work. 

The apparent change i n  orientation of the  environment can- 
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Much more elaborate  gyrations of t h e  v i sua l  world r e s u l t  from move- 

ments or ro t a t ions  of t h e  head which are not along or about an ax i s  about 

which the  body is  being ro t a t ed  (24). 

during ro t a t ion  of t h e  body result i n  s t imulat ion of t h e  ves t ibu la r  mech- 

anisms of t h e  inner  ear. 

on v i sua l  perceptions (25). 

Forces induced by head movement 

Vestibular s t imulat ion may have a profound e f f e c t  

It is c l e a r  t h a t  t h e  senses cannot b e  regarded as independent i n  t h e i r  

function and even conscious e f f o r t  m a y  not be s u f f i c i e n t  t o  separate  out 

information provided by one sense modality from t h a t  provided by another 

(18). 

p a r t i c u l a r l y  with respect  t o  ves t ibu la r  function. 

anism is useful  and appropriate f o r  a man residing on t h e  ea r th ' s  surface,  

but i t s  outputs are q u i t e  inappropriate i n  many of t he  angular motion 

s i tua t ions  encountered by aviators  (1). This i s  a t t e s t e d  by t h e  tre- 

mendous difference i n  accident rate between IFR and VFR conditions. I n  

order t o  f l y  instruments,  a p i l o t  must l ea rn  t o  discount a l l  of his senses 

save vis ion,  and v i s u a l  information is presented t o  him i n  a highly 

a r t i f i c i a l  manner. Oftentimes f a l s e  perceptions which result from 

ves t ibu la r  s t imulat ion may overr ide the  information obtained from in- 

struments and accidents a re  t h e  r e s u l t .  It has been estimated t h a t  more 

than 80% of  a i r c r a f t  accidents which are not a d i r e c t  r e s u l t  of equipment 

failure a re  the  r e s u l t  of i l l u s i o n s  or f a l s e  perceptions. It is conceivable 

t h a t  these problems may be even more se r ious  i n  c e r t a i n  aspects of space 

flight. 

This s i t u a t i o n  has posed a ser ious problem f o r  modern aviat ion,  

The vest ibular  mech- 

VALUE OF MOTION SIMULATION 

I n  t h e  preceding sect ion we have discussed problems which r e s u l t  fran 



false perceptions induced by movement. An extension of t h i s  discussion 

provides a j u s t i f i c a t i o n  f o r  adding motion t o  a simulator which is not 

of ten heard. I f  t h e  motions of f l i g h t  may give rise t o  false percept- 

ions,  then i n  t h e i r  absence a p i l o t  might be expected t o  perform b e t t e r  

than i n  t h e  real l i f e  s i t ua t ion .  Thus i f  motion is added, a more pessi-  

mi s t i c  but more r e d i s t i c  assessment of p i l o t  performance may r e su l t .  

Unfortunately, i n  any laboratory simulation the  simulation of  motion 

w i l l  necessar i ly  be so  l imited t h a t  its use can never be just ' i f ied on 

these  grounds. Only i n  t h e  var iable-s tabi l i ty  a i r c r a f t  simulator dis-  

cussed earlier by Westbrook can a reasonably accurate simulation of  

motion q u a l i t i e s  of a vehicle be achieved. This i s  a highly special ized 

type of simulation, however, and far superior t o  t h e  laboratory simulations 

with which w e  are concerned here. 

The most frequently heard j u s t i f i c a t i o n  f o r  t he  addi t ion of motion 

cues is  t h a t  they afford an increase i n  realism. 

is applied t o  s i t ua t ions  i n  which motions are  not extreme it must be ex- 

amined very careful ly .  

val idate  the  a s smpt ion  t h a t  t he  addition of motion cues i n  a laboratory 

simulator actual ly  increases realism. In  an e a r l i e r  discussion the speaker 

r e fe r r ed  t o  t h e  importance of subject ive opinion i n  assessing simulations.  

The subject ive opinions of experienced p i l o t s  a r e  indeed most important (15), 

but they alone are not enough. Another speaker r e fe r r ed  t o  a simulation 

s i t u a t i o n  which was so r e a l i s t i c  t h a t  i n  an emergency, a crew man injured 

h i s  head i n  an e f f o r t  t o  escape through a dunrmy hatch. 

anecdote ce r t a in ly  implies some val idat ion of t h e  realism of t h e  s i t u a t i o n ,  

but it i s  hardly a su f f i c i en t  bas i s  f o r  assessing t h e  r e a l  value of  t h e  

simulator.  The value of  a simulator m u s t  be measured i n  terms of how well  

When t h i s  j u s t i f i c a t i o n  

There is very l i t t l e  sa t i s f ac to ry  evidence t o  

This kind of an 
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it improves our a b i l i t y  t o  p red ic t  the way a p i l o t  w i l l  do h i s  job i n  

t h e  s i t u a t i o n  which i s  being simulated. 

There a re  some s i tua t ions  i n  which t h e  best  judgment d i c t a t e s  t h a t  

motion be added even though its importance is not subject t o  immediate 

val idat ion.  These s i t ua t ions  include a l l  those where motion character-  

i s t i c s  a re  extreme. An excel lent  example is t h e  X-15 research rocket 

a i r c r a f t  (14). The design cha rac t e r i s t i c s  of t h i s  vehicle  were such 

t h a t  f a i r l y  extreme conditions of  l i nea r  accelerat ion were ant ic ipated 

during reentry from high a l t i t u d e  missions. 

ure  these accelerat ions and the  conditions of motion were expected t o  be 

even more extreme and i n  a range where t h e  maintainance of control  by a 

p i l o t  was i n  ser ious doubt. For t h i s  reason, some simulation of l i n e a r  

accelerat ion p ro f i l e s  w a s  considered imperative p r i o r  t o  ac tua l  f l i g h t  

t e s t i n g  of  t h e  X-15, even though it was recognized t h a t  i n  ce r t a in  res- 

pects  these motion simulations would be inaccurate.  

I n  the  event of damper fail-  

TECHNIQUES OF MOTION SIMULATION 

Motion may be characterized i n  r e l a t ion  t o  th ree  orthogonal axes of 

angular motion and t h r e e  orthogonal components of l i n e a r  motion. It is  

possible  t o  dupl icate  a l l  s i x  degrees of freedom of  motion of a maneuver- 

i ng  vehicle precisely only by u t i l i z a t i o n  of the same motion and the  same 

amount of t h ree  dimensional space. This i s  obviously impossible within 

t h e  confines of a laboratory.  Techniques of motion simulation i n  the  

laboratory a re  the re fo re  usually based upon an incomplete simulation i n  

which ce r t a in  of t h e  s i x  components are  neglected ( i .e.  permitted t o  

assume whatever values are  required f o r  a precise  simulation of t he  other  
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components with the avai lable  equipment), or an attempt i s  made t o  include 

only those motion cha rac t e r i s t i c s  which can be detected by a human p i l o t .  

Angular Components 

I n  conventional f l i g h t ,  t h e  angular components of motion a re  prob- 

ably most important. I n  those instances where they may not be ,  a justi- 

f i c a t i o n  f o r  considering them r a t h e r  than l i n e a r  components can be made 

on p r a c t i c a l  grounds. Rea l i s t i c  simulation of l i n e a r  components of motion 

with respect t o  accelerat ion i s  possible  only with some s o r t  of centr i fuge 

device i f  t h e  required space i s  t o  be l imi t ed  t o  even a f a i r l y  l a rge  lab- 

oratory.  I n  most motion simulators t he re fo re ,  t h e  concern is  with angular 

motions, s p e c i f i c a l l y  with angular accelerat ion.  

Detection of angular motion. The most important of t h e  sensory mech- 

anisms f o r  t h e  detect ion of angular motions is t h e  semicircular canal system 

of t h e  ves t ibu la r  apparatus (19).  This i s  i l l u s t r a t e d  i n  Figure 3. On 

each s ide  of t he  head the re  are  th ree  canals i n  mutually perpendicular 

planes,  with a l a t e r a l  canal i nc l ined  upward i n  t h e  front  at an angle of 

approximately 30' from the  horizontal ,  and a superior  canal and a pos t e r io r  

candl t h e  planes of  which a r e  each at  an angle of approximately 4 5 O  t o  a 

median plane through t h e  head and t i l t e d  backward at  approximately 30' 

from t h e  v e r t i c a l  such t h a t  they are each perpendicular t o  t h e  lateral  

plane. 

plane and t h e  superior  canal on one s i d e  i s  i n  a plane p a r a l l e l  t o  t he  

plane of t h e  pos t e r io r  canal on t h e  opposite s ide .  

a f l u i d  which moves r e l a t i v e  t o  the canal as a r e s u l t  of ro t a t iona l  i n e r t i a  

during angular accelerat ion.  Relative movement of t h e  f l u i d  within the  

Thus t h e  l a t e r a l  canals on each s i d e  are approximately i n  t h e  same 

Each canal  contains 



-XIV-11- 

canal causes deflection of a s t ructure  called the c r i s t a  within an en- 

largement i n  the canal. The bending 

of ha i r  ce l l s  of the c r i s t a  gives r i s e  t o  sensory stimulation. The com- 

pound output of sensory ac t iv i ty  from a l l  s i x  semicircular canals i s  un- 

iquely determined by the  orientation and magnitude of angular acceleration. 

This i s  i l lus t ra ted  i n  Figure 4. 

There is ,  of course, a threshold for the detection of angular accel- 

eration. 

but w i l l  f a l l  somewhere between 0.2'/sec and 2'/sec 

of detection of an angular acceleration w i l l  a lso vary with the leve l  of 

acceleration (16). From a knowledge of 

these thresholds, it should be possible t o  introduce angular acceleration 

i n  a simulation only for  those circumstances where angular acceleration in  

r e a l  vehicle motion is  above threshold. A t  a l l  other times angular motions 

i n  the reverse direction may be introduced a t  accelerations below threshold 

i n  order t o  return the simulator structure t o  some neutral position. This 

procedure is  cal led the "washout" technique. 

i l lus t ra ted  for a roll maneuver i n  Figure 6. 

angle ($1 i s  i l lus t ra ted  as a function of time. 

r ivat ives  of @ are i l lus t ra ted  i n  the succeeding graphs. Solid l ines  i n  

each graph represent the  value f o r  an a i rc raf t .  Dotted l ines  i l l u s t r a t e  

the  way i n  which the derivatives of $ can be approximated even though the  

actual  value of $ a t  the end of the maneuver i s  the same as the i n i t i a l  value. 

This w i l l  vary with the method of tes t ing  and other circumstances, 

2 ( 3 0 ,  31). The latency 

This i s  i l lus t ra ted  i n  Figure 5. 

Its application (17) i s  

In the  upper graph, r o l l  

m e  f i r s t  and second de- 

By considering the angular terms which describe a typical  vehicle 

maneuver and relat ing these t o  the thresholds for  angular motion of the 

human p i l o t ,  it should be possible t o  determine the  minimum necessary 

space i n  which angular acceleration could be simulated rea l i s t ica l ly  i n  

a laboratory. The procedure would require the use of motion introduced 
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at  sub-threshold l eve l s  of angular accelerat ion t o  r e tu rn  t o  neu t r a l  or  

median posi t ions whenever maneuvers did not demand t h e  appl icat ion of 

supra-threshold accelerat ions away from t h e  neu t r a l  posi t ion.  I f  thresh-  

o ld  values f o r  t h e  detect ion of angular accelerat ions based on laboratory 

s tudies  are employed, t he  result of such an analysis  w i l l  be unduly 

pessimist ic  i n  terms o f t h e  predicted space requirements. The thresh- 

olds of laboratory invest igat ions a re  f a r  lower than those which would 

be appropriate f o r  a complex s i t u a t i o n  i n  which a subject i s  bombarded 

with many other  d i s t r ac t ing  cues - Nonetheless, an analysis  of  avai lable  

data  might prove of g rea t  u t i l i t y .  

Any l a rge  s c a l e  e f f o r t  t o  apply motion simulations according t o  these 

general  procedures should include some kind of va l ida t ion  program. There 

i s  always the  p o s s i b i l i t y  t h a t  t he  addition of a r t i f i c i a l  motion cues 

may render t h e  r e s u l t s  of simulator s tudies  l e s s  valuable f o r  predict ion 

than would have been t h e  case had no motion cues been added. 

Linear Components 

Linear accelerat ion components which a f f ec t  a p i l o t  a r e  i l l u s t r a t e d  i n  

Figure 7. These a re  named i n  terms of t h e  o r i en ta t ion  of t h e i r  l i n e  of 

act ion with respect t o  the long axis of t he  human body (13). 

considered t o  be t h a t  i n  which t h e  man w i l l  tend t o  move against  his res- 

t r a i n t ,  r a the r  than t h e  d i r ec t ion  of act ion of t h e  accelerat ing force.  

Posi t ive g r e fe r s  t o  t h e  component which tends t o  "pu l l  t h e  p i l o t  down i n t o  

h i s  seat". 

culat ion of blood toward the  head. 

s i o l o g i c a l  s ignif icance.  Negative accelerat ion ac t s  i n  t h e  opposite 

direct ion and a ids  t h e  flow of blood t o  the  head. Its e f f e c t s  are even 

Direction i s  

This cOmpoIlent of l inear  accelerat ion i n t e r f e r s  with t h e  c i r -  

It is  therefore  of  considerable phy- 
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more serious than those of positive acceleration because it can cause 

cerebral hemorrhaging. The effects  of transverse fore-and-aft, and trans- 

verse l a t e r a l  accelerations are not as serious i f  a p i lo t  i s  given adequate 

support and res t ra in t .  

Some of t h e  maneuvers which induce various forms of acceleration are  

i l lus t ra ted  i n  Figure 8. 

Centrifuge Simulation 

Laboratory simulation of l inear  acceleration components can only be 

accomplished with the  aid of a centrifuge device. 

i s  currently available is  the  navy centrifuge at the Aviation Medical Accel- 

erat ion Laboratory at Johnsville, Pennsylvania (17). 

i n  Figure 9 .  In recent months the arm of t h i s  device has been replaced and 

a new and larger  gondola mounted i n  a two gimbal system has been located a t  

i ts end. The radius is 50 feet  and the device is  capable of accelerating a t  

an angular ra te  which produces a centr ipetal  force on objects located within 

the gondola of greater than 40 g i n  less  than 10 seconds. 

the  gondola about i ts  two independent gimbal axes it is possible t o  vary 

the orientation of the resultant acceleration force with respect t o  a 

subject within the gondola t o  conform t o  variations i n  the orientation of 

the resultant l inear  acceleration force in  any desired motion pattern. 

outer gimbal quadrant gear and the 360O circumferential gear of the gimbal 

system are i l lus t ra ted  i n  Figure 10. 

The largest  of these which 

This i s  i l lus t ra ted  

By rotation of 

The 

The resultant acceleration force i n  a rectangular' coordinate system of 

three dimensions is  calculated i n  accordance with equation 1. 

~ = ( a ~  + a 2 + a 2 )1/2 
X Y 2 
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The resultant accelerat ion force on a man i n  a cen t r i f ige  gondola re- 

f l e c t s  components due t o  the  e a r t h ' s  g rav i t a t iona l  f i e l d ,  t h e  angular ve- 

l o c i t y  of t he  arm, and any t angen t i a l  accelerat ion forces which result 

from va r i a t ion  i n  t h e  angular rotat ion rate .  The calculat ion of t h i s  

r e su l t an t  accelerat ion is i l l u s t r a t e d  by equation 2. 

( 2 )  
* 2  2 112 A = (g2 + w4L2 + w L ) 

I f  appropriate gimbal motions can be calculated i n  order t o  obtain a 

proper t i m e  h i s to ry  of o r i en ta t ion  of t h e  r e su l t an t  fo rce ,  then any l i n e a r  

accelerat ion time h i s to ry  within the  capabi l i ty  of  t h e  centrifuge can be 

described i n  terms of equation 2 and the appropriate values of  outer  and 

inner  gimbal posi t ion as a function of t i m e .  

Catapult launching. A very simple simulation (7) i s  i l l u s t r a t e d  in  

Figure 11. The outer  gimbal w a s  so posit ioned t h a t  t he  gondola and t h e  

p i l o t  i n  h i s  s ea t  faced i n  the  direct ion of ro t a t ion .  A t  t h e  in s t an t  t he  

arm was s t a r t e d ,  t he  l a rges t  accelerat ion component produced by t h e  arm 

w a s  t h e  t angen t i a l  component forcing him back i n t o  h i s  seat. A s  angular 

veloci ty  increased t h e  cen t r ipe t a l  force increased and t h e  gondola w a s  

ro t a t ed  toward t h e  center  of r o t a t i o n  of  t h e  arm. Rotation w a s  continued 

i n  such a way t h a t  t h e  r e su l t an t  acceleration from t h e  t angen t i a l  com- 

ponent and the  c e n t r i p e t a l  component was always or iented from chest t o  

back through t h e  p i l o t .  I n  t h i s  fashion it w a s  possible  t o  impose a l i nea r  

accelerat ion component on a p i l o t  similar i n  i t s  o r i en ta t ion  and magnitude 

t o  t h a t  encountered i n  a catapul t  launching. Unfortunately, t h e  temporal 

response cha rac t e r i s t i c s  of t h e  centr i fuge system a r e  far too slow t o  

achieve t h e  abrupt onset of accelerat ion which i s  cha rac t e r i s t i c  of a 
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catapul t  launching. Nevertheless, t he  technique is i l l u s t r a t i v e .  

The X-15. The aforementioned simulation of t he  X-15 research a i r c r a f t  

w a s  accomplished on t h e  navy centrifuge. A cockpit simulation was  i n s t a l l e d  

within t h e  gondola. 

u l a t ion  is  i l l u s t r a t e d  i n  Figure 12. A l l  of t he  important f l i g h t  instru-  

ments were operative and t h e i r  indicat ions changed i n  a manner appropriate 

t o  t h e  mission under simulation ( 2 ,  8 ) .  

tance of t h i s  simulation may be obtained by an examination of  t he  accel-  

e r a t ion  t i m e  h i s to ry  of pos i t i ve  g predicted f o r  a s i t u a t i o n  during a 

reentry with air  brakes closed and f a i l u r e  of t he  p i t ch  damper. 

i l l u s t r a t e d  i n  Figure 13 by t h e  dotted l i n e .  

frequency o s c i l l a t i o n  of accelerat ion between 4 and 8 1 / 2  g 's .  

range i n  which unconsciousness i s  induced i n  many subjects.  It was  there- 

fo re  considered extremely important t o  determine whether a representat ive 

sample of t es t  p i l o t s  could continue t o  perform any e f f ec t ive  control  of 

t h e  vehicle during exposure t o  accelerat ions of t h i s  kind. The best  t h a t  

A photograph of t h e  instrument panel used i n  t h i s  s i m -  

Some j u s t i f i c a t i o n  of  t he  impor- 

This i s  

There i s  a r e l a t ive ly  high 

This is a 

could be achieved on the centr i fuge is i l l u s t r a t e d  by the  so l id  l i n e  i n  

Figure 13. The reduced amplitude of o s c i l l a t i o n  is a r e s u l t  of  t h e  f r e -  

quency cha rac t e r i s t i c s  of t he  centr i fuge system i t s e l f .  I n  s p i t e  of t h e  

f a c t  t h a t  these accelerat ions are not as severe as those predicted from the  

vehicle design, t h e  p o s s i b i l i t y  of demonstrating t h a t  a p i l o t  could with- 

s tand them and continue t o  con t ro l  h i s  vehicle w a s  of  some importance. 

accomplishment of t h i s  demonstration added considerably t o  t h e  confidence 

of all concerned with t h e  X-15 program. 

The 

S a t e l l i t e  launching. Another s i t ua t ion  i n  which extreme accelerat ion 
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forces were a matter of concern was that  of the launching of a multi-stage 

orb i ta l  vehicle (3) .  An acceleration time history which is representative 

for  such a vehicle is i l lus t ra ted  i n  Figure 1 4  by so l id  l ines .  

t r i fuge simulation is  shown by the dotted l ine.  It is clear  tha t  the 

centrifuge provides a reasonable approximation of the l inear  acceleration 

time history. It is limited for  t w o  important reasons. In  the f i r s t  place, 

it i s  not possible with a centrifuge rotat ing i n  a horizontal plane t o  

introduce any motion component which w i l l  offset the earth's gravitational 

f ie ld .  Thus all resultant accelerations w i l l  include the component of 

gravity and it will not be possible t o  reduce the resultant acceleration 

force below 1 g a t  any time. This l imitat ion i s  i l lus t ra ted  a f t e r  the 

t h i r d  stage i n  the Figure 14 .  

t h a t  t o  change the acceleration component due t o  angular rotation of the 

arm requires the introduction of a tangential component of acceleration. 

If any attempt i s  made t o  change angular ra te  abruptly the magnitude of 

the tangential term w i l l  be prohibitively great. 

be made gradually. 

acceleration a t  a f i n i t e  ra te  a t  the end of each stage. 

The cen- 

Another important limitation is the fact  

Changes m u s t  therefore 

This i s  i l lus t ra ted  i n  Figure 14 by the reduction of 

Results of centrifuge studies. Several specific findings of impor- 

tance were derived from simulator studies on the navy centrifuge. In  the 

case of the X-15,  it was found that  the scanning pattern required f o r  

adequate control of the vehicle was d i f f i c u l t  with the  instrument panel 

layout f i r s t  used (8 ) .  

s ignif icant  had the p i lo t  not had t o  contend with the  high l inear  accel- 

eration forces. 

This d i f f icu l ty  might not have been considered 

In  the case of the orb i ta l  vehicle, a s ide arm controller was found by 
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four test  p i l o t s  t o  he loaded inappropriately during t h e  simulated exit 

accelerat ions (3). The loading of t h i s  con t ro l l e r  had been se l ec t ed  as 

optimum by these same test  p i l o t s  i n  a s t a t i c  simulator.  

ing and t h e  balance were improved following centr i fuge simulator s tudies .  

Another important f inding from t h i s  experiment w a s  the f a c t  t h a t  

Both t h e  load- 

p i l o t s  can and m u s t  l e a rn  t o  cope with accelerat ion forces (3). 

i l l u s t r a t e d  i n  Figure 15. P i l o t s '  scores on a t racking t a s k  are  i l lus-  

t r a t e d  i n  terms of integrated e r r o r  i n  p i t ch  control  as a function of 

trial blocks. It is evident t h a t  performance improves markedly from t h e  

f i r s t  through the  last  t r i a l  block. 

t r a i n i n g  i n  the t racking task i n  a s t a t i c  simulator p r io r  t o  exposure t o  

accelerat ion.  Interspersed with determinations of t racking performance 

under accelerat ion,  t r ia ls  with the  cen t r i f ige  s t a t iona ry  were given i n  

order t o  provide a reference l e v e l  of performance. 

had had p r io r  s t a t i c  t r a i n i n g  showed a high l eve l  of proficiency and l i t t l e  

or no fu r the r  improvement during t h e  course of t hese  s t a t iona ry  control  

t e s t s .  

t r a i n i n g  did j u s t  as poorly during the  s t a t iona ry  t e s t s  as under accel- 

e r a t i o n ,  but  h i s  performance under accelerat ion was comparable t o  t h a t  of 

t h e  other  t h r e e  p i l o t s .  

under s t a t iona ry  conditions apparently r e su l t ed  i n  no improvement of t h e  

same tracking task under accelerat ion.  

d i f f e ren t  one when accelerat ion w a s  added. 

This i s  

Three of t h e  p i l o t s  had had extensive 

The t h r e e  p i l o t s  who 

On t h e  other  hand, t h e  p i l o t  who had received no p r i o r  s t a t i c  

I n  t h i s  s i t u a t i o n ,  t r a in ing  i n  a t racking t a s k  

The t a s k  w a s  l i k e  a completely 

Closed-loop operation. I n  t h e  s i t ua t ions  t h a t  have been considered 

thus far, t h e  motion of  t h e  centr i fuge w a s  preprogrammed and t h e  control  

manipulations of t h e  subject  had no d i r e c t  e f f e c t  on t h e  accelerat ion t o  
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which he w a s  exposed. 

between acceleration effects and the p i lo t ' s  control manipulations. Each 

w i l l  influence the other. These situations have been studied on the navy 

centrifuge with a simulation technique which is  i l l u s t r a t e d  in  Figure 16. 

In this case, vehicle dynamics are simulated on an analog computer (17, 

26). 

which then calculates vehicle motion. This is converted t o  appropriate 

terms for  the control of the centrifuge. These are fed back t o  the centri- 

fuge drive system and resul t  i n  motions which produce a l inear  acceleration 

t i m e  history on the p i l o t  appropriate for  h i s  control manipulations. 

the same time, the instrument display presents information appropriate t o  

the  maneuvers being performed. 

the frequency response characteristics of the arm i t s e l f  and of the outer 

and inner gimbal systems. 

outer and inner gimbal responses must therefore be delayed i n  order t o  

maintain synchrony among all three systems. This delay can be compen- 

sated by taking advantage of delay which i s  character is t ic  of the a i rc raf t  

system and including centrifuge delays within t h i s  delay time i n  the com- 

puter system. 

In actual practice one can expect an interaction 

A p i lo t ' s  control manipulations are fed t o  the analog computer, 

A t  

This kind of a simulation is limited by 

The main a r m  provides the primary limitation and 

The closed loop simulation techniques has been employed i n  a variety 

of programs (41. Subjective impressions of i t s  value vary considerably 

with the nature of the program. 

c raf i  maneuvers, p i lo t s  are uniformly agreed t h a t  the simulation i s  poor. 

It must be remembered tha t  only the l inear  acceleration components can be 

accurately simulated with t h i s  device. 

of angular effects  are possible. 

proper orientation of a resultant l inear  acceleration force it i s  necessary 

For the simulation of conventional air- 

Only highly approximate simulations 

In  some cases, i n  order t o  maintain the 
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t o  introduce an angular rotation i n  the opposite sense from tha t  which would 

occur during an a i r c r a f t  maneuver. This is disconcerting t o  a p i l o t  who is 

highly dependent i n  h i s  control manipulations on the sensory feedback from 

motion cues, whether he is  willing t o  admit it or not. 

Fortunately, the effect  of angular accelerations on a p i lo t  appears t o  

diminish as t h e  magnitude of l inear  acceleration is increased. Therefore, 

i n  s i tuat ions such as the X-15 where high amplitude l inear  accelerations 

were encountered, and i n  orb i ta l  vehicles where high l inear  accelerations 

and relat ively low angular accelerations are encountered, the  centrifuge 

simulation i s  extremely valuable. 

A tracking experiment. The effects  of centrifuge motions on the 

performance of a tracking task (6) were studied with a cockpit simulation 

l i k e  tha t  i l lus t ra ted  i n  Figure 17. A tracking task command s ignal  w a s  

presented on an oscilloscope mounted over the panel. 

task t o  maneuver his  a i rc raf t  so that  a target  spot w a s  maintained cen- 

tered on the scope. Results of t h i s  experiment are  i l lus t ra ted  i n  Figure 

18 i n  terms of  cumulative error  scores f o r  ver t ica l  tracking, horizontal 

tracking, and f l igh t  coordination. The sol id  black bars i l l u s t r a t e  per- 

formance with the centrifuge stationary. The cross-hatched bars i l l u s t r a t e  

performance with the centrifige i n  motion. It i s  clear  tha t  performance i n  

the ver t ica l  tracking task is poorer with the centrifuge i n  motion than under 

control conditions. On the other hand f l igh t  coordination is f a r  superior 

with the  centrifuge i n  motion than under control conditions. 

for  t h i s  i s  clear :  i f  the centrifuge is i n  motion the p i lo t  is given 

constant reminders of imperfect f l igh t  coordination i n  the  form of jos t l ing  

which may reach unpleasant proportions. It is therefore more important 

It was the  p i lo t ' s  

The reason 
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t o  h i m  t o  control t h i s  dimension than it i s  i n  a stationary situation. The 

degradation of h i s  performance with the  centrifuge i n  motion can probably 

be at t r ibuted t o  the dis t ract ion afforded by the requirement that  he pay 

more attention t o  f l igh t  coordination. 

A validation experiment. I have expressed concern for  the requirement 

t h a t  simulators be subjected t o  validation. An e f for t  has been made t o  

do t h i s  with the Johnsville centrifuge relat ive t o  i t s  possible use for  

the simulation of conventional a i rc raf t  (9 ) .  The TV2 cockpit in te r ior  

i l lus t ra ted  at the bottom i n  Figure 19 was duplicated within the cen- 

t r i fuge gondola as i l lus t ra ted  a t  the top of the figure. A tracking task 

s ignal  was recorded on magnetic tape i n  terms of both pitch and roll com- 

mands as i l lus t ra ted  i n  the top t w o  traces of Figure 20. Errors  i n  

following these commands were recorded and are i l l u s t r a t e d  i n  Figure 20 

i n  the  t h i r d  and fourth t races  from the top. The control surface de- 

f lect ion angles f o r  both ailerons and elevators are i l lus t ra ted  in the 

bottom two traces of the figure. 

Six subjects were employed i n  the experiment, and a l l  s i x  f lev the  

a i r c r a f t ,  a s t a t i c  simulation of the a i rc raf t  and two centr i f ige s i m -  

ulations. The two centrifuge simulations consisted of one which re- 

presented the l inear  acceleration components as accurately as possible 

and another which included angular accelerations i n  the correct sense a t  

the i n i t i a t i o n  of each maneuver with some loss on the f i d e l i t y  of l inear  

components. This was accomplished by means of a high-pass f i l t e r  i n  the 

gimbal system. 

Results i n  terms of integrated error  for  the control of the roll 

dimension are  i l lus t ra ted  i n  Figure 21. There is a s t r ik ing  s imilar i ty  
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i n  t h e  p r o f i l e  of performance of  t h e  th ree  test  p i l o t s  i n  t h e  four dif-  

f e r en t  experimental conditions.  The performance of t h e  navy p i l c t  is 

similar but somewhat d i f f e ren t ,  and the  performance of t h e  two  non- 

p i l o t s  is even more d i f f e ren t .  One of t he  non-pilots who had had ex- 

t ens ive  centr i fuge experience performed b e s t  on t h e  centr i fuge but proved 

poorest  i n  performance of t h e  t a s k  i n  t h e  a i r c r a f t .  The p i l o t s  a l l  had 

t h e i r  poorest performance on t h e  centrifuge and b e s t  i n  t h e  a i r c r a f t .  

These r e s u l t s  suggest t h a t  t he re  may be negative t r a n s f e r  of t r a in ing  

between a centr i fuge and an a i r c r a f t .  

grade performance i n  t h e  other .  The reasons f o r  t h i s ,  i f  it is t r u e ,  may 

be based precisely on those angular motions which are  sensed by a p i l o t  

i n  an a i r c r a f t  and which influence h i s  control  manipulations even though 

he may be unaware of  the f ac t .  For a subject t r a ined  on the  centrifuge 

t h e  angular terms are qu i t e  different ,  and i f  they f e e l  na tu ra l  t o  him it 

is  t o  be expected t h a t  an aircraft will seem unnatural  and strange. 

Training i n  one may  tend t o  de- 

This discussion has been based am integrated e r r o r  scores.  Another 

kind of da t a  analysis  which leads t o  somewhat d i f f e ren t  interpretat ions 

of the same experiment (33) i s  i l l u s t r a t e d  i n  Figures 22 and 23. 

Figure 22, an autocorrelat ion of t h e  p i l o t ' s  performance i n  control  of 

roll has been calculated fo r  each of the four conditions of t he  experiment. 

The form of t h e  autocorrelat ion function depends on the  frequency com- 

ponents of t h e  con t ro l  motions. It is c l e a r  t h a t  t h e  form of the  auto- 

co r re l a t ion  function is  more nearly s imi l a r  f o r  t h e  centr i fuge simulations 

and the  a i r c r a f t  than it is  f o r  t h e  s t a t i c  simulation and t h e  a i r c r a f t .  It 

is  most l i k e  t h e  a i r c r a f t  i n  t h e  centrifuge simulation which included 

angular accelerat ion terms. The form of  these autocorrelat ion functions 

shows t h a t  t he  subject  employed a higher frequency response function fo r  

I n  
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his control manipulations i n  the  s t a t i c  s i tuat ion than he did on the  centri- 

fuge. H i s  frequency response w a s  lower when angular terms were included 

than for the  l inear  acceleration simulation, and still lower i n  t h e  air- 

craf t .  

aircrai 't  could best be predicted from the  centrifuge simulation with 

angular motion terms added. 

the  same conclusion is presented i n  Figure 23. 

s i t y ,  calculated from the  autocorrelation function, is presented as a 

function of frequency. Power i s  increasingly res t r ic ted  t o  the lower 

frequency domain with a t ransi t ion from s t a t i c  simulation t o  centrifuge I 

[pure l inear ) ,  centrifuge IT (some angular], and f ina l ly  the a i rc raf t .  

P i lo t s  become less l ike ly  t o  employ abrupt control manipulations the  higher 

the  penalty f o r  a mishap. 

In  terms of results presented i n  Figure 22, performance i n  the  

An elaboration of these resul ts  which supports 

Here, power spectral den- 

Psychological Stress 

The psychological importance of centrifuge simulations of the kind 

described for the  X-15 and for orbi ta l  vehicles has been jus t i f ied  by the  

comments of p i lo t s  of the  X- lg  and the Mercury astronauts. 

individuals f e l t  tha t  exposure t o  accelerations i n  f l igh t  w a s  f a r  less  

disturbing than it would have been had no pr ior  experience under labor- 

atory conditions been available. The centrif'uge helps t e s t  p i lo t s  of 

these experimental vehicles t o  get over a t  least some of the  psychol- 

ogical hurdles which otherwise would have t o  be taken i n  the first test 

f l igh t .  

anxiety (71 i s  i l lus t ra ted  i n  Figure 24. Heart ra te  i n  these graphs is 

presented as a function of acceleration level. It is clear  tha t  i n  the 

case of the  dotted l i n e  there is an increase i n  heart r a t e  with acceleration. 

All of these 

Evidence tha t  a r ide on the  centrifuge may i t s e l f  induce some 
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The important consideration i n  this case is the fact  tha t  these heart rates 

were measured prior t o  exposure and immediately a f t e r  the subjects learned 

what acceleration leve l  they were about t o  be subjected to .  

assume t h a t  an elevation of heart ra te  is an index of anxiety, then it i s  

clear  tha t  the  anticipation of acceleration exposure can induce anxiety. 

This may be of real value. The inabi l i ty  t o  induce the fears which w i l l  

attend an actual test i n  a laboratory simulation of the test represents 

a serious weakness i n  most simulator programs. 

If one can 
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Figure 1: An unfamiliar surface which i l lus t ra tes  the difficulty of size 
and distance judgments. 

Figure 2: Judgment is influenced by the presence of a familiar object. 

Figure 3: The human labyrinth: semicircular canals, u t r i c l e  and saccule, 
cochlea (Hardy, 1935). 



Figure 6: R o l l  angle and roll angle derivatives which demonstrate the 
"washout" technique. Solid l ines represent values for an 
a i rc raf t  maneuver; dashed l ines represent values emplwed 
in a simulator (Fischer and Nicholson, 1959). 

Figure 4: The c r i s t a  of the semicircular canal (Wers.21, 19561. 

Figure 5: Latency of response t o  rotation 89 a function of a@= 
acceleration (Crampton, 1958). 
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Eigure 7: Ccrmpcments of linear acceleration which act on a pilot in the 
median plane. 

Figare 8: Aircraft mmeuver~ and the types of acceleration t o  vhicb 
theysubject the pilot. 

Figure 9: The navy centrifuge at JohnsvFlle, Pennsylvania. 



Figure 10: I l lus t ra t ion  of the gearing of the gondola gimbal drives. 

Figure 11: Centrifkge gondola positioning for simulation of a catapult 
launching. 

Figure 12: The instrument panel employed on an X-15 simulation. 
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F&ure 13: A cmputed posit ive acceleration time h ie tom for X-15 
reentry (dotted l i ne )  and two approximations of t h i s  t i m e  
history by the n a v  centrifuge. 

Figure 14: 

An acceleration time history for  launch of a 4-stage orb i ta l  
vehicle. 
represent centrifuge simulation. 
shown. 

Solid l ines represent actual value; dashed l ines  
Flight path angle is  also 

Figure 15: Integrated e r ror  scores on successive blocks of trials for 
perfowance of a tracking task during simulation of the 
launching of a h-stage orb i ta l  vehicle. Squares represent 
data obtained during exposure t o  acceleration; c i rc les  re- 
present data obtained with the centrifuge stationary. 



Figure 16: Schematic i l l u s t r a t i o n  of closed-loop computer control of t h e  
navy centrifuge. 

Figure 17: A cockpit simulation i n  the centrifuge gondola. 

Figure 18: 

Integrated e r ror  scores f o r  performance of a tracking task  
during closed-loop centrifuge control and with the  centrifuge 
stationary.  
the degradation of v e r t i c a l  tracking during closed-loop control. 

Note t h e  improvement i n  f l i g h t  coordination and 
I 



Figure 19: Instrument panel for  a TV-2 a i r c r a f t  simulatlon at t h e  top 
and photograph of t h e  ac tua l  panel at  t h e  bottom. 

Figure 20: Analog record of raw data  i n  a study of t h e  v a l i d i t y  of 
centrifuge simulations of t h e  TV-2 a i r c r a f t .  

Figure 21: Integrated e r r o r  scores for  roll control i n  t h e  TV-2 study. 



Figure 22: Autocorrelation index functions for r o l l  control in the W-2 
study 

Figure 23: Pwer spectral density functions for r o l l  control in the 
!Iv-2 study. 

Figure 24: Subject heart. rate as a f'uuction of acceleration. 
lines represent heart rate after the subbJect was told what 
acceleration would be, but before the run started. 
lines represent heart rate durlng  the run. 

Dashed 

Solid 



DYNAMIC SIMULATORS FOR TEST OF SPACE VEHICLE 

ATTITUDE CONTROL SYSTENS 

by 

G. Allan Smith 

NASA - Langley Research Center 

INTRODUCTION 

Both manned and unmanned spacecraft are designed t o  carry o u t a  var ie ty  

of missions i n  support of NASA programs for t he  exploration and exploi ta t ion 

of space. The great  majority of these spacecraft  require  some sor t  of att i-  

tude control  i n  order t o  carry out t h e i r  assigned mission. 

spacecraf t  u t i l i z e  radio t o  transmit t h e i r  data  back t o  ea r th  so  it i s  

necessary t o  point  an antenna. 

c e l l s  t o  supply power and hence t h e  s a t e l l i t e  must be or iented so t h a t  the 

panels receive maximum s o l a r  radiat ion.  

experiments requires  t h a t  instruments maintain a specif ied o r i en ta t ion ,  

i n  t h e  case of one of t h e  l a rges t  and most complex satell i tes,  t h e  orbi t -  

ing astronomical observatory ( O A O ) ,  t he  e n t i r e  spacecraf t  must be  precisely 

pointed at  a star i n  order t o  observe it with t h e  l a rge  telescope r i g i d l y  

The s c i e n t i f i c  

Many s a t e l l i t e s  depend upon panels of s o l a r  

The nature of c e r t a i n  s c i e n t i f i c  



mounted t o  t h e  vehicle.  

w i l l  be required t o  m a k e  t r a j e c t o r y  corrections i n  route  so the  th rus t  vector 

must be properly or iented.  

achieved i n  order t o  go i n t o  o r b i t  around the  moon, or a p lane t ,  or t o  re- 

en te r  t h e  e a r t h ' s  atmosphere from o rb i t .  

Spacecraft  designed f o r  l una r  or planetary missions 

A p rec i se  t h r u s t  vector o r i en ta t ion  must a l s o  be 

There are four primary f ac to r s  t h a t  determine the  performance o f  a 

spacecraft  a t t i t u d e  control  system. They are: 

( a )  Spacecraft  i n e r t i a  
( b )  External torques ( s o l a r  pressure,  gravi ty  gradient ,  

micrometeorites ) 
( e )  Applied torque (from con t ro l l e r )  
(dl  Att i tude sensors 

In  the  development of a control  system these f ac to r s  must be considered dur- 

ing t h e  ana ly t i ca l  formulation, and they are likewise important f o r  dynamic 

system simulation which has come t o  play an e s s e n t i a l  role i n  t he  ve r i f i ca -  

t i o n  and refinement of performance when actual  components a r e  employed. 

Two important and unique f ea tu res  of t h e  space environment especial ly  

per t inent  t o  a t t i t u d e  control  systems are  the  cancel la t ion of  g rav i ty  e f f ec t s  

by the  t r a j e c t o r y  accelerat ion,  and t h e  v i r t u a l  absence of f r i c t i o n a l  r e s i s t -  

ing torques due t o  t h e  near vacuum environment. These f ea tu res  can be 

accounted f o r  during analyt ic  invest igat ion and computer simulations,  but 

present  a problem f o r  simulation s tudies  t h a t  involve physical equipment. 

No method of simulating zero g rav i ty  i s  avai lable  i n  the  laboratory although 

g rav i ty  e f f e c t s  can be minimized i n  a dynamic simulation t o  t h e  extent t h a t  

t h e  center  of ro t a t ion  can be made t o  coincide w i t h  t h e  c-nter of gravi ty .  

The most s a t i s f ac to ry  way t o  simulate the  low f r i c t i o n  aspect of  t he  space 

environment is by t h e  use of t he  airbear ing supported t e s t  platform, and 

the  remainder of t h i s  paper w i l l  deal  with t h e  design and use of a i rbear ing 

platforms f o r  space vehicle  a t t i t u d e  control  system s tud ie s  and t e s t s .  It 
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will be shown t h a t  t h e  airbear ing platform provides a mounting of extremely 

low f r i c t i o n  with wide o r i en ta t ion  capabi l i ty .  

zero gravi ty  e f f e c t ,  but it can permit s ens i t i ve  balance t o  b r ing  t h e  center  

of g rav i ty  very close t o  the  center  of r o t a t i o n  and hence minimize pendul- 

ous e f f ec t s .  Essen t i a l ly ,  t he  ai rbear ing platform permits an accurate repre- 

sentat ion of spacecraf t  i n e r t i a  and r e a l i s t i c  use of t h e  ac tua l  vehicle  

a t t i t u d e  control  torque sources and sensors. 

It does not dupl icate  t h e  

THE AIRBEARING PLATFORM 

Figure 1 is  a p i c tu re  of an airbear ing supported platform constructed at 

NASA Ames Research Center i n  1959. It may appear very simple compared t o  the  

present s t a t e  of the art as exemplified by several  l a rge  and complex f a c i l i t -  

ies i n  the aerospace industry,  but  it i l lus t ra tes  most of t he  fundamental 

advantages and problem of a i rbear ing t ab le s .  The t a b l e  i s  supported by a 5- 

inch-diameter sphe r i ca l  aluminum bearing which has a cy l ind r i ca l  neck t o  which 

t h e  frame of t he  platform i s  bol ted.  The bearing seat is a matching hemisphere 

of epoxy r e s in  cas t  i n t o  a metal cup tha t  r e s t s  upon a four-legged support t o  

t h e  f loo r .  The r a i sed  center  construction puts t h e  center  of ro t a t ion  about 

t h ree  inches above the working platform t o  minimize t h e  need f o r  ex t r a  bal-  

ance weights t o  maintain t h e  platform i n  pendulous balance as a t t i t u d e  con- 

t r o l  equipment i s  added t o  the platform. A major e f f o r t  is made t o  keep the 

t a b l e  center  of ro t a t ion  and center  of g rav i ty  coincident so t h a t  gravi ty  

e f f e c t s  w i l l  be avoided. 

t h e  use of a i rbear ing platforms i s  t o  avoid torques due t o  g rav i ty  unbalance. 

The use of s t i f f ened  r i b  construction i n  t h i s  platform is an attempt t o  prevent 

platform f lexure with changes i n  p i t ch  and roll. Such f lexure i s  termed an 

I n  f a c t ,  a fundamental and ubiquitous problem i n  
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an i soe la s t i c  e f f e c t  and considerahle t h e o r e t i c a l  and design e f f o r t  i s  expended 

t o  minimize t h e  r e su l t an t  gravi ty  torque i n  the  most p rec i se  f a c i l i t i e s .  

platform i n  Figure 1 supports an o p t i c a l  sensor t o  provide an e l e c t r i c a l  e r ro r  

s igna l  as t h e  platform attempts t o  d r i f i  from a desired or ientat ion.  

e r r o r  s i g n a l  actuates  t h e  i n e r t i a  wheels which develop a torque t o  maintain 

the  desired platform a t t i t ude .  It w i l l  be noted t h a t  these wheels a re  i n  a 

p l a s t i c  enclosure t o  assure  t h a t  they provide torque only hy t h e i r  i n e r t i a l  

e f f e c t  and not hy f r i c t i o n  against  t h e  air. 

The 

This 

Figure 2 i s  a photograph of  a similar platform i n  operation with a more 

The e n t i r e  platform is  enclosed beneath a hood t o  e laborate  control  system. 

avoid thermal air currents  i n  the  laboratory t h a t  can cause ser ious in t e r f e r -  

ence torques,  a manifold is a l so  i n s t a l l e d  around the  spherical  bearing t o  pump 

o f f  t h e  a i r  used f o r  support ,  a number of  small wires a re  brought from t h e  base 

t o  t h e  t a b l e  around t h e  airbear ing.  This causes a s l i g h t  interference torque 

but permits operat ional  f l e x i b i l i t y  by providing e l e c t r i c a l  power and instru-  

mentation connections t o  the laboratory bench. Two two-axis star t r acke r s  a re  

mounted on the  t a b l e  t o  give con t ro l  s igna l s  i n  a l l  three axes. Three torquers 

are used, each of which u t i l i z e s  a p a i r  of control  moment gyros (Ref. 1). 

This equipment w a s  used t o  invest igate  dynamic performance when the  t a b l e  was 

displaced through s m a l l  angles from t h e  reference l i g h t  sources - about 1 /2  

degree. 

t a b l e  a t t i t u d e  changes caused unbalanced e f f ec t s .  This equipment w a s  ab l e  t o  

maintain i t s  reference a t t i t u d e  within about one second of a r c  i n  a l l  th ree  axes 

It was necessary t o  t ape  a l l  wires t o  t h e  t a b l e  as s l i g h t  shifts with 

IMPORTANT CONSIDERATIONS I N  AIRBEARING TABLE D E S I G N  AND OPERATION 

The foregoing p i c tu re s  and descr ipt ions of spec i f i c  t es t  platforms w i l l  
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serve t o  introduce t h e  subject  of design problem areas which i s  t h e  primary 

concern of this paper. 

Design problems arise because it is desirable  from a research standpoint 

(and t h e  airbear ing platform is  es sen t i a l ly  a research t o o l )  t o  provide maximum 

convenience i n  the  operation of t he  platform and at the same t i m e  t o  maintain 

all in t e r f e r ing  disturbance torques at a very low l e v e l  t o  simulate t h e i r  

absence i n  space. The most important operational f l e x i b i l i t y  requirements 

include the  a b i l i t y  t o  subs t i t u t e  various pieces o f  equipment on the  t h e  p l a t -  

form quickly; t he  a b i l i t y  t o  supply e l e c t r i c a l  power t o  equipment on the  t ab le ;  

t he  a b i l i t y  t o  measure the  instantaneous a t t i t u d e  of the t a b l e ;  the a b i l i t y  t o  

u t i l i z e  a va r i e ty  of  platform torque sources including iner t ia  wheels, control  

moment gyros, magnetic f i e l d  torquers and gas react ion je t s ;  and the  a b i l i t y  

t o  use various t racking devices such as star t r acke r s ,  planet  t r acke r s ,  sun 

t r acke r s ,  horizon scanners and i n e r t i a l  sensors.  

The most s t ra ightforward way t o  carry out equipment modifications on an 

airbeaxing platform by simple interchange of components would introduce sign- 

i f i c a n t  unbalance torques.  A major design e f f o r t  i s  therefore  expended i n  

providing t h e  required operat ional  f l e x i b i l i t y  by means t h a t  keep the  in t e r -  

f e r ing  torques a t  an acceptable l eve l .  I n  general ,  t h e  replacement of a piece 

of equipment w i l l  cause a s h i f t  of the platform center  of gravi ty  a u q  from 

t h e  center  of ro t a t ion  and t h e  r e su l t i ng  unbalance torque due t o  gravi ty  w i l l  

be balanced out by s h i f t i n g  adjustable  weights on t h e  platform. 

I n  order t o  judge how ser ious various dis turbing torques a r e ,  t he  follow- 

ing  is an estimate of disturbance torques t h a t  w i l l  a c t  upon an a c t u a l  sat- 

e l l i t e  i n  o r b i t .  One of t he  l a rges t  NASA s c i e n t i f i c  s a t e l l i t e s  t h a t  w i l l  re- 

qu i r e  very precise  a t t i t u d e  control  w i l l  be the  Orbiting Astronornicsl 

Observatory. A s  shown i n  Figure 3 ,  it w i l l  approximate a cyl inder  6 f e e t  i n  
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diameter and 10 f e e t  long. 

moment of i n e r t i a  of 1450 s lug  f e e t  squared. 

it w i l l  experience g rav i ty  gradient torque of 600 dyne cm, r ad ia t ion  torque  

of 150 dyne cm, aerodynamic drag torque of 150 dyne cm, and magnetic torque 

of 600 dyne em. The cont ro l  system must be designed t o  cope with these  t o r -  

ques i n  space as w e l l  as t o  change s a t e l l i t e  a t t i t u d e  on command. 

des i r ab le  i f  t h e  i n t e r f e r i n g  torques ac t ing  on a ground based a i rbear ing  fac- 

i l i t y  used t o  simulate t h e  cont ro l  system operation could be kept below these  

values.  This l e v e l  of disturbance torque is however qu i t e  low and very d i f f -  

i c u l t  t o  ob ta in  i n  a ground based environment. 

dyne cm i s  an extremely s m a l l  un i t  of to rque ;  an ounce inch is 70,615 dyne 

cm, and a foot  pound is 13,558,200 dyne cm. 

It w i l l  weigh 3600 pounds and have a maximum 

While i n  o r b i t  at  500 mi l e s ,  

It would be 

I t  w i l l  be r eca l l ed  t h a t  t h e  

PLATFORM DISTURBANCE TORQUES 

The disturbance torques ac t ing  on an a i rbear ing  t a b l e  have been categor- 

ized  i n t o  t h e  four groups of Figure 4. 

sequence. 

These torques w i l l  be considered i n  

The f i r s t  group depends upon t h e  cons t ruc t ion  of t h e  a i rbear ing  platform 

i t s e l f .  The f i r s t  f i v e  platform torques i n  t h e  f i r s t  group are bas i ca l ly  due 

t o  grav i ty  ac t ing  on a s h i f t  of t h e  center  of mass from t h e  center  of ro ta t ion .  

They are minimized by cons t ruc t ion  of a platform t h a t  i s  very r i g i d  and made 

from mater ia l s  t h a t  do not deform as the  platform a t t i t u d e  is changed, o r  as 

teqperature changes. Solenoid valves used t o  re lease  j e t  t h r u s t  o r  r e l ays  

used t o  cage gyros w i l l  cause impulsive torques ,  and unbalance torques as  t h e  

se lenoid  element s h i f t s  pos i t ion .  

The second group of torques a r i s e  i n  t h e  support .  The a i rbear ing  i t s e l f  



cont r ibu tes  aerodynamic turb ine  torques i f  t h e  a i r f low i s  not p rec i se ly  symm- 

e t r i c a l .  Exhaust air impingement on the  platform due t o  imperfect scavenging 

of t he  bearing also produces a torque. 

The environmental torques of t he  t h i r d  grou? a r e  p a r t i c u l a r l y  troublesome. 

An aerodynamic dmping torque w i l l  arise as t h e  p l a t fo rn  moves through t h e  a i r .  

Some l a rge  i n d u s t r i a l  f a c i l i t i e s  have placed the  e n t i r e  t a b l e  in  a vacuum cham- 

ber  t o  e l imina te  t h i s  torque. One of t h e  most s e r ious  torques is due t o  the  

e f f e c t  of s t r a y  air  cur ren ts  ac t ing  on t h e  platform. It may not be convenient 

t o  p lace  t h e  platform i n  a vacuum chamber, but work t o  any reasonable degree of 

prec is ion  requi res  t h a t  t h e  platform be loca ted  wi th in  some s o r t  of sh ie ld ing  

enclosure.  A n  e f f o r t  should be Yade t o  cons t ruc t  t h e  t a b l e  from nonmagnetic 

mater ia l s .  Some cur ren t  research platforms a r e  placed between th ree  pa i r s  of 

l a rge  Helmholtz c o i l s  which can neu t r a l i ze  t h e  e a r t h ' s  f i e l d .  Vibration e f f -  

e c t s  a r e  minimized by mounting t h e  a i rbear ing  support pedes t a l  on an i s o l a t e d  

seismic block. 

The four th  group of torques i n  Figure 4 depends upon t h e  p a r t i c u l a r  scheme 

used t o  mechanize t h e  cont ro l  system being t e s t e d .  

unsymmetrical deple t ion  of tanks as compressed gas i s  used f o r  reac t ion  th rus t  

can be appreciable.  Even carefu l ly  balanced pa i r s  of compressed gas tanks  

with a common manifold a r e  s t i l l  trouolesome as  they expand under pressure  

and s h i f t  s l i g h t l y .  Mass unbalapce torques within b a t t e r i e s  as they discharge 

are so  d i f f i c u l t  t o  compensate t h a t  research inves t iga t ions  frequently u t i l i z e  

labora tory  e l e c t r i c a l  power supp l i e s  with very f l e x i b l e  leads dropped i n t o  t h e  

cen te r  of t h e  platform. 

modification of equipment a r e  so ivTortant t h a t  some s o r t  o f  automatic o r  Semi- 

automatic balance system i s  needed. A simple arrangement of t'nree Weights t h a t  

can be motor driven l i n e a r l y  along mutually perpendicular d i rec t ions  can be  

Unbalance torques due t o  

For research prunoses t h e  requirements f o r  frequent 



-XV-8- 

cont ro l led  by an opera tor  observing t a b l e  motion o r  can be s laved  t o  sens i t i ve  

rate gyros or l i n e a r  accelerometers t o  achieve rebalance a f t e r  any change of 

platform load. 

PLATFORM B M C E  CALCULATIONS 

Figure 5 i l l u s t r a t e s  an unbalance with t h e  platform hor i zon ta l  because 

t h e  cen te r  of grav i ty  i s  displaced ho r i zon ta l ly  and v e r t i c a l l y  be d is tances  

x and y from t h e  cen te r  of ro t a t ion .  When t h e  platform r o t a t e s  through 

an angle 0 from its hor i zon ta l  pos i t i on  t h e  torque due t o  grav i ty  is 

T = -Mgx cos 0 - Mgy s i n  e (1) 

If t h e  platform i s  allowed t o  osc i l le . te  a s  a pendulum through a very s m a l l  

angle,  t h e  period will be 

= 2nE 
( f o r  very small unbalance, t h e  moment o f  i n e r t i a  

of r o t a t i o n  i s  very c lose  t o  I measured about t h e  cen te r  of grav i ty ) .  The 

per iod  can be used t o  compute t h e  d is tance  L between t h e  cen te r  of ro t a t ion  

and center  of grav i ty .  P r a c t i c a l  measurements of unblance involve i n s t m -  

mentation techniques t h a t  w i l l  be discussed l a t e r ,  bu t  i f  it i s  assumed t h a t  

platform angles and ex te rna l  apol ied  forces  can be measured t o  g rea t  enough 

p rec i s ion ,  then  c e r t a i n  simple ca l cu la t ions  can he lp  g rea t ly  i n  t h e  a c t u a l  

t a s k  of balancing a platform. 

I measured about t h e  center  
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The horizontal  s h i f t  of t h e  center  of gravi ty  can be determined by 

measuring t h e  ex te rna l ly  applied torques T and T2 required t o  maintain 

t h e  platform at equal and opposite angles 9 and -8. Applying equation 

(1) with applied torque equal t o  minus g rav i ty  unbalance torque 

1 

T1 = Mgx cos 9 + Mgy s i n  B 

T = M g x  cos 9 - Mgy s i n  9 2 

T1 + T2 x =  
2 ~ g  COS e 

T1 - T2 
Y =  

2Mg s i n  9 

( 3 )  

(41  

For example, i n  simulating a spacecraf t  as l a rge  as the  Orbiting Astronomi- 

c a l  Observatory with a weight of 1600 kilograms and a 2000 kilogram meter 

squared moment of  i n e r t i a ,  a horizontal  center  of  gravi ty  displacement of one 

hundredth of a cm would produce a gravi ty  unbalance torque of 

For another example, a center of  r o t a t i o n  - center  of gravi ty  s h i f t  of a hun- 

dredth centimeter would produce a pendulous period of 

Anisoelastic e f f e c t s  are  due t o  deformations of t he  platform that change 
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as  t h e  platform angle with respect t o  grav i ty  changes. 

e f f e c t s .  The t o p  l e f t  f i gu re  shows an uncleformed p l a t f o m  as it would appear 

i n  the  absence of g rav i ty .  The top  r i g h t  f i gu re  shows a def lec t ion  due t o  the  

e f f e c t  of g rav i ty  a c t i n g  on the  m a s s  of t he  t a b l e  which i s  assumed t o  be con- 

cent ra ted  i n  two blocks which each exer t  a torque 

Each block is de f l ec t ed  downward a d is tance  

form center  of grav i ty  and center  of ro t a t ion  coincide i n  t h i s  normal. g rav i ty  

loaded pos i t ion .  The bottom f igu re  shows how t h e  p la t form begins t o  s t r a igh -  

t en  out as it t i p s .  The torques causing platform de f l ec t ion  a r e  reduced from 

MgL/2 t o  (MgL/2) cos e .  

Figure 6 shows these  

MgL/2 t o  bend t h e  t a b l e .  

do. 
It is assumed t h a t  t h e  p l a t -  

Since t h e  de f l ec t ion  i s  small and va r i e s  from a maximum ( d  ) f o r  t h e  p l a t -  

form l e v e l  at 

reasonahle approximation t o  assume t h a t  t h e  de f l ec t ion  va r i e s  propor t iona l ly  

t o  t h e  torque and at  any tilt angle e would be d = d cos 8 .  The d is tance  

by which t h e  center  of grav i ty  r i s e s  above t h e  cen te r  of r o t a t i o n  perpendic- 

u l a r  t o  t h e  platform as t h e  platform t i l t s ,  is 

0 = 0 t o  zero when t h e  platform i s  v e r t i c a l  e = 90° it is  a 

e = d  - d = d ( l - c o s  E )  

A t  any tilt angle 0 t h i s  cen ter  of grav i ty  s h i f t  causes a disturbance torque 

Mge s i n  0 = LNgd (1 COS '8) s i n  e = .Pigdo(sin 'd - 1/2  s i n  28) 

It is  i n t e r e s t i n g  t o  note that the  disturbance torque due t o  a n i s o e l a s t i c i t y  

has components propor t iona l  t o  both 8 and 28. A numerical example f o r  t h e  

platform values considered previously with a maximum bending def lec t ion  of 

d = 0.01 cm shows an unbalance torque a t  20° of 
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= 318,000 dyne cm 

Another i n t e r e s t i n g  disturbance torque t h a t  can a c t  upon a platform i s  

due t o  g rav i ty  grad ien t .  The force  of g rav i ty  f a l l s  o f f  inverse ly  as t h e  

square of t h e  d is tance  from t h e  center of t h e  ea r th .  

would consider t h a t  a t  a re ference  l eve l  it would be  g = G/R2 where R is 

t h e  rad ius  of t h e  e a r t h  at  t h e  reference.  A t  an a l t i t u d e  h above t h e  re- 

fe rence  l e v e l  it would be In Figure 7 t h e  t a b l e  i s  t ipped  

through an angle 

centers  of mass i s  h = 2L s i n  8 .  I f  t h e  torque due t o  t h e  lower mass a t  

t h e  re ference  a l t i t u d e  i s  (M/2)goL cos 8 ,  t h a t  due t o  t h e  upper mass i s  -(M/2) 

gL cos e so t h e  ne t  to rque  i s  

A s impl i f ied  ana lys i s  

g = G / ( R  + hI2. 

e so t h e  v e r t i c a l  displacement between t h e  two concentrated 

ML T = 2 cos e t g  -g] 

2 i f  terms i n  h a r e  dropped. In se r t ing  the expressions f o r  h and g t h e  

next to rque  due t o  g rav i ty  grad ien t  i s  then  

MgoL2 s i n  2e 

= 2H L2 cos '8 s i n  8 - - 
R R g0 

It i s  i n t e r e s t i n g  t o  note t h a t  t h i s  i s  a function of twice t h e  tilt angle i n  

a fashion similar t o  an i soe la s t i c  torque. For t h e  previous example wi th  two 
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800 kilogram concentrated weights one meter apar t  a t  a tilt angle of 30° and 

R = 6371 km 

1600xio3x980x502xo .866 
T =  = 5340 dyne cm 

6371X105 

This s implif ied analysis  neglects t h e  f a c t  t h a t  t he  r a d i i  from t h e  center 

of t h e  ea r th  t o  the  two concentrated masses a re  not s t r i c t l y  p a r a l l e l .  A more 

rigorous der ivat ion (Ref. 2 )  would reveal t h a t  the g rav i ty  unbalance torque is 

increased 50% by t h i s  e f f e c t  from 

M L~ s i n  28 M= L~ s i n  28 
g0 to 3 -0 

R 2 R 

OPERATIONAL AIRBEARING PLATFORMS 

The next few f igures  w i l l  i l l u s t r a t e  some current ly  operat ional  p l a t -  

forms t h a t  have been used t o  invest igate  a va r i e ty  of s a t e l l i t e  a t t i t u d e  

control  systems. They w i l l  give an idea of t he  designs used by d i f f e ren t  

groups and ind ica t e  some of t h e  possible  refinements t h a t  have been employed. 

a. J e t  Propulsion Lahoratory 

Figure 8 i s  a photograph of a platform developed by t h e  J e t  Propulsion 

Laboratory. This platform represents t he  second generation of airbear ing 

equipment developed at JPL and incorporates several  i n t e re s t ing  features .  The 

platform i s  made very s t i f f  by the  use of heavy metal p l a t e s  i n  a wehbed con- 

s t ruc t ion  so unbalance torques due t o  platform deformation are kept below 10 

gram em. S ta in l e s s  s t e e l  construction is usea t o  minimize magnetic torques 

from t h e  e a r t h ' s  f i e l d .  The platform weighs 800 pounds before mounting any 
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experimental equipment. 

any w i r e s  between t h e  platform and the  labora tory .  

b a t t e r i e s  a r e  used f o r  power on t h e  Flatform. 

gram ern torque f o r  a 90' platform t i p .  

weights along th ree  axes i n  response t o  sens i t i ve  rate gyro s igna l s  t o  achieve 

s t a t i c  balance before t e s t i n g .  The bearing is a 10-inch-diameter beryll ium 

b a l l  sphe r i ca l  t o  wi th in  +30 micro inches,  

and has two concentric c i r c l e s  o f  air  j e t s ,  one c i r c l e  1-1/2 inches i n  diam- 

e t e r  has t e n  j e t s .  The o ther  c i r c l e  3.6 inches i n  d iaqe ter  has 23 j e t s .  The 

pad mounting assembly provides a nylon r ing  as a support f o r  t he  b a l l  and t a b l e  

at times when the re  is no a i r  pressure  applied.  The bearing pad i t s e l f  is so 

constructed t h a t  it r i s e s  as a p i s ton  w i t h  air  pressure.  

supply i s  requi red  t o  f l o a t  t h e  t a b l e .  An a t t i t u d e  cont ro l  system mounted 

on the  t a b l e  has included gyros, sun sensors ,  canopus sensor and con t ro l  j e t s .  

Figure 9 shows t h e  o f f s e t  pedes ta l  which allows t h e  platform t o  t i p  p a s t  90'. 

Figure 10 shous how the e n t i r e  pedes ta l  can be  motor-driven t o  swing out of 

t h e  way t o  allow maximum t i p  i n  any d i r ec t ion .  

A 30-channel telemetry system i s  u t i l i z e d  ins tead  of 

Sea led  n icke l  c a d i m  

They cont r ibu te  l e s s  than 5 

An automatic balance system d r ives  

The bearing pad is 5 inches across  

About 140 p s i  air 

b.  Ames Research Center 

Figure 11 i s  a sketch of an a i rbear ing  supported man-carrying platform 

used at  Ames Research Center o f  NASA t o  eva lua te  twin gyros a s  an a t t i t u d e  

cont ro l  to rque  source (Ref. 1). 

seconds were used as a t t i t u d e  sensors.  The passanger w a s  constrained t o  a 

movement while manipulating a theodol i te  as a p lane t  t racker .  The cont ro l  

system w a s  ab le  t o  maintain t h e  platform a t t i t u d e  t o  within 5 a r c  seconds. 

Figure 12 i s  a photograph of t h i s  platform. Compressed a i r  was used t o  un- 

load  the  twin gyro con t ro l l e r s ;  notor-driven balance weights along t h r e e  axes 

were used f o r  s t a t i c  balance. 

S t a r  t r acke r s  w i th  a reso lu t ion  of 2 a rc  

The platform weighed 1800 k i log ram and w a s  



supported on a 24-cn s t a i n l e s s  s t e e l  b a l l  i n  an  epoxy r e s i n  seat by about 300 

p s i  air through a s ing le  hole i n  t h e  bottom of t h e  bearing s e a t .  

c. Langley Research Center 

Figure 13 is a photograph of an a i rbear ing  supported platform used at 

t h e  Langley Research Center of XASA t o  inves t iga t e  a wobble danper f o r  a spinn- 

ing s a t e l l i t e  (Ref.3).  

l e s s  s t e e l  b a l l  i n  an epoxy r e s in  seat. A i r  at 20 p s i  i s  admitted through a 

0.09-inch-diameter hole i n  the  bottom of t h e  sea t .  Af te r  t h i s  platform is 

spun up t o  about 20 rpm bj t h e  motor mounted on the  overhangingbeam, t h e  beam 

is swung out of t h e  way t o  allow t h e  platform 520 degrees of freedom t o  t i p  

about a hor izonta l  ax is .  

The platform i s  supported by a 6-inch-diameter s t a in -  

Figure 14 i s  a photograph of another a i rbea r ing  platform t h a t  w a s  used a t  

t h e  Langley Research Center t o  t e s t  a s a t e l l i t e  a t t i t u d e  cont ro l  system using 

both i n e r t i a  wheels and a l a rge  bar  magnet (Ref. 4 ) .  This t a b l e  was supported 

by a 3-inch-diameter brass  b a l l  i n  an aluminum seat. 

ed  through 12 holes loca ted  around the  cup. Power w a s  connected t o  t h e  p l a t -  

form through small-coiled wires suspended above t h e  center  of t h e  t a b l e .  

Air a t  1 5  p s i  w a s  adqitt- 

d. Marshall Space F l ight  Center 

Figure 1 5  is a photograph of an e a r l y  a i rbear ing  t a b l e  constructed by t h e  

Marshall Space F l ight  Center of NASA. 

change i n  r o l l  and p i t ch  and unlimited freedom i n  yaw (Ref. 51. The bearing 

is a 10-inch-diameter b a l l  manufactured t o  a to le rance  of 50 mi l l i on ths  of an 

inch. A i r  i s  admitted t o  t h e  bearing cup through t i n y  holes arranged i n  two 

concentric c i r c l e s  and is  vented both a t  t he  edge and at t h e  center  of t h e  cup. 

The platform is balanced by f i r s t  applying a brake t o  t h e  b a l l  t o  keep t h e  

t a b l e  s t a t iona ry ,  and then measuring t a b l e  motion when the  brake is released. 

Balance weights a re  then ad jus ted  t o  minimize the  motion. 

The o f f s e t  support permits +120° a t t i t u d e  

Two r a t h e r  c l eve r  
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devices are employed for  fine balance. S tee l  s t r i p s  are  attached t o  the  plat- 

form by nylon mounting pads whose large temperature coefficient causes a sh i f t  

i n  the center of gravity of the  s t e e l  s t r i p s  t o  compensate for temperature 

e f fec ts  on the table  as a whole; a lso three pairs of cantilever springs with 

weights attached can be used t o  compensate for  anisoelastic torques by gener- 

a t ing a torque which t o  a f i r s t  approximation varies with the  sine of twice 

the deflection angle of the platform. 

t h i s  tab le ,  dry c e l l  ba t te r ies  are  used on the platform, and information from 

the control system i s  telemetered out. 

No external connections are  made t o  

Figure 16 i l l u s t r a t e s  a second generation platform recently instal led 

a t  Marshall Space Flight Center. 

shaped body and offers  extreme r ig id i ty  and large moments of i n e r t i a  with 

minimum mass. 

is  specially t rea ted  t o  prevent warping. 

sphere and cup. To balance the simulator it is temporarily constrained t o  

rotate  about a single axis by means of a small auxiliary spherical airbearing 

which can be attached t o  the platform a t  any of three locations which represent 

three orthogonal axes about which balance i s  t o  be achieved. Acceleration is 

then measured about the axis of freedom i n  order t o  compute the unbalance 

torque. A recent communication from Marshall made the  following comments 

about this platform: 

This platform is  a highly symmetrical disc- 

The platform is b u i l t  of nonmagnetic materia3 (aluminum) and 

The bearing consists of an aluminum 

A t  Marshall the major problem encountered while attempting t o  employ the 

simulator for  control system studies has been t h a t  of achieving and maintain- 

ing balance at any angular position. The sources o f  unbalance that  exis t  i n  

general and current methods of overcoming them are  tabulated below: 

1. Torque caused by platform deformation which resul ts  from: 

a. Heating by radiation from external reference sources such as 

sun, star or earth simulators. 
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b. Heating by r ad ia t ion  and conduction from onboard instrumentation. 

(No completely sa t i s f ac to ry  so lu t ion  f o r  a and b.)  

c. Changes i n  the ambient temperature of  t h e  room. 

(Solved by very accurate control  of room temperature.) 

d. Gravity an i soe la s t i c i ty  torques. (Solved by can t i l eve r  spr ing 

mass compensators.) 

2. Airbearing or "turbine" torques. 

3. Torques due t o  nonspbericity of t he  bearing. (Both 2 and 3 solved 

by holding airbear ing manufacturing tolerances t o  t h e  minimum 

allowed by the  s t a t e  of t h e  art - t e n  mil l ionths  o f  an inch.)  

Torques caused by air  currents which r e s u l t  from: 

a. Roon a i r  conditioning system. 

b. Convection currents from hot equipment i n  the  room or onboard 

4. 

t h e  simulator.  

i n  a vacuum chamber. A close f i t t i n g  enclosure and shut- 

down of room air  conditioning and ven t i l a t ion  w i l l  help.)  

( A  complete so lu t ion  would require  operation 

5. Torques caused by s h i f t  of t h e  center  of mass of onboard ba t t e r i e s .  

(No s a t i s f a c t o r y  solut ion.  

s h i f t  i s  a k c t i o n  of angular posi t ion,  time i n  the  angular pos- 

i t i o n ,  and discharge r a t e . )  

It has been determined t h a t  t h e  mass 

6. Torques caused by s h i f t  of mass of onboard instrumentation. 

a. Relay armatures. (Solved by use of s o l i d  state switching or 

employment of balanced armature relays.  ) 

b .  Deformation of wiring harnesses and components. (Solved by 

constructing r i g i d  containers with securely attached compon- 

en t s  and so l id ly  anchored t o  t h e  platform. A l l  wiring harnesses 

a r e  pot ted and anchored.) 
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7. Torques caused hy s h i f t  of the composite m a s s  of the simulator due 

t o  depletion of an onboard propellant supply - compressed gas. 

(Solved by making the center of mass of the propellant cavi t ies  

coincident with t h e  center of rotat ion of the platfom.)  

8. Torques caused by gravity gradient. (Solved by use of the aniso- 

e las t ic i ty  compensators since it is a function of twice the tilt 

angle of the platform.) 

9 .  Torques caused by the earth's magnetic f ie ld .  (Solved by using 3 

pairs  of Helmholtz coi ls  t o  cancel the earth's f ie ld . ]  

e .  United Aircraft Corporation 

There are  several large and complex airhearing instal la t ions i n  industry. 

Three of these, those at United Aircraf t ,  Grumman, and General Electr ic ,  w i l l  

be described t o  f i l l  out the picture of existing research f a c i l i t i e s .  

Figure 17 is a picture of the  airbearing f a c i l i t y  a t  United Aircraft Cor- 

porate Systems Center, Farmington, Connecticut. This platform is distinguished 

by a very accurate a t t i tude  measurement system. 

surrounded by a three-axis following gimhal system which u t i l i zes  autocoll- 

imator signals t o  t rack the airbearing platform without any physical contact. 

Angular pickoffs on the  gimbal axes then provide a t t i tude  data  for  the  plat-  

form t o  within a few seconds of arc. 

diameter airbearing. 

micro inches; it has a surface f inish of  5 micro inches. The hearing i s  supp- 

orted with dry nitrogen at 250 psi  and about 12 cubic feet  per minute. Kith a 

f u l l  load of 8000 ponnds on the  platform the clearance betveen the hearing and 

its seat  i s  about 0.001 inch. There are no external wires connected t o  the 

table .  A l l  instrumentation power is  supplied from onboard ba t te r ies  and data 

i s  telemetered from the table. 

The 5-foot-diameter tab le  i s  

The platform is  supported on a 16-inch- 

The sphericity of the b a l l  i s  within approximately 100 

Ventilation air flow through the laboratory i s  
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is  kept t o  a minimum, controlled t o  x i th in  53' F in  temperature and f i l t e r e d  

of dust par t ic les  larger  than 0.3 micron diameter. 

f. Grwmnan Aircraft Engineering Corporation 

Figure 18 is a p ic tor ia l  representation of the airhearing f a c i l i t y  a t  

The Grumman Aircraft Engineering Corporation, Bethpage, New York (Ref. 61. 

platform is enclosed i n  a chamber tha t  can be evacuated t o  0.75 millimeters 

of mercury t o  effect ively eliminate a i r  current e f fec ts  which are  a 

troublesome source of extraneous torques. 

feet  i n  diameter surround the platform t o  f i r s t  neutralize the earth's magnetic 

f i e l d  and then simulate on a dynamically programmed basis the magnitude and 

direction of the changing f i e l d  a t  s a t e l l i t e  a l t i tude  during a simulated orhit. 

For s t a r  tracking studies f ive collimators, 5 inches i n  diameter, are  located 

within the chamber. They can represent stars from -1.0 t o  +6.0 magnitude. 

Each provides a s t a r  whose angular subtense is less  than eight arc  seconds 

with a parallax e r ror  l e s s  than f ive arc seconds. 

mounted on a 110-ton concrete seismic foundation. 

very 

Three pairs  of Helmholtz co i l s  14 

The en t i re  chamber is 

g. General Electr ic  Company 

Figure 19 i s  a photograph of one of the airhearing instal la t ions a t  the 

General Electr ic  Company, Space Technblogy Center, Valley Forge, Pennsylvania 

(Ref.?). The photograph shows an engineering mock up of the  orhiting astro- 

nomical observatory mounted on a 10-inch-diameter s ta inless  s t e e l  ball .  The 

photograph w a s  taken during the f ine balance of the platform and small cat- 

enary chains connected from the platform t o  supporting posts can be seen. This 

i s  par t  of t h e i r  "chain-o-matic" procedure for  balance. 

u t i l i z e s  the chains t o  apply a proportional restoring torque t o  the platform so 

tha t  the  osci l la t ion period is  shortened by an order of magnitude. This allows 

much more rapid adjustment of weights for f ine  balance. Balance shifts due t o  

This procedure 
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temperature changes have been overcome by maintaining f u l l  e l e c t r i c a l  power 

t o  the  t e s t  platform on a continuous 24-hour-a-day basis .  

Another development platform at General U e c t r i c  has interest ing features. 

Attitude i s  read out t o  a few seconds of arc  by a small three-axis following 

gimbal system b u i l t  around the  bearing support beneath the platform. 

on t h i s  gimbal system are magnetic torques tha t  can apply precisely measured 

torques t o  the  platform at any at t i tude.  

a t t i tude  measuring system t h i s  permits the  kind of torque and angle measurements 

discussed in  the section on platform balance calculations. 

t u r e  of t h i s  platform is  the use of a ba l l  support with a 1/2-inch-diameter hole 

dr i l led  clear  through so that  a i r  from the bearing support can be transferred t o  

the platform for  use i n  a i r  j e t  a t t i tude control systems without the unbalance 

tha t  can occur as onboard tanks are depleted. 

Mounted 

I n  conjunction with the precision 

An additional fea- 

CONCLUSIONS 

It seems apparent tha t  the technology of airbearing platforms has moved 

swiftly from a simple qual i ta t ive research tool  some f ive or s i x  years ago, t o  

a complex and potent ia l ly  quite precise quantitative instrument for  investig- 

ation of' a wide variety of a t t i tude  control research problems and performance 

ver i f icat ion studies. I n  order t o  overcome the numerically s m a l l  but theor- 

e t i c a l l y  important extraneous platform torques due t o  gravity unbalance, and 

externally applied forces, it appears necessary t o  construct rather elahorate 

f a c i l i t i e s .  

presented by such features as: isolat ion in  a vacuum chamber and construction 

of a following gimbal system for  a t t i tude readout with i ts  additional use 

for  applying cal ibrat ion torques t o  the platform and providing a vir tual ly  dis-  

turbance free means f o r  connecting e lec t r ica l  wires t o  the platform. 

The possibi l i ty  of qui te  precise quantitative numerical data i s  
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Introduction t o  the  Session on S t ruc tu ra l  Dynamics 

bY 

I. E. Garrick 

National .Aeronautics and Space Administration 

It is  my p r iv i l ege  t o  ac t  as chairman for t h i s  Session on 

S t ruc tu ra l  Dynamics. 

professors who were a t  the Langley Research Center i n  the  American 

Society for Engineering Education program. The f u l l  session top ic  

could appropriately read, "The Role of Simulation i n  S t ruc tu ra l  

Dynamics f o r  Space Technology;" s t i l l  more precisely,  we  could use 

t h e  word "simili tude" for t h e  word "simulation." "Simulation" is 

a word with many connotations. It could mean pretending t o  be what 

you are no t ,  for example, t he  protect ive colorat ion assumed by some 

a n i m a l s  i n  nature;  or it could s tand for t he  act  of p i lo t ing  a space 

vehicle without leaving the  ground. I n  t h e  use of t h e  word i n  s t ru-  

c t u r a l  dynamics, w e  may mean t o  describe t h e  role  of a s i m i l a r  or 

dynamically scaled model, or even t h e  parameters of governing equations 

of a mathematical model. A mathematical ideal izat ion of a physical 

s i t u a t i o n  always contains a degree of simulation. The art  of a math- 

ematical  model l i e s  i n  the  simplest model t h a t  ye t  simulates. In  

f a c t ,  for Nature h e r s e l f ,  t h e  word "simulation" has t h e  two d i s t i n c t  

I wish t o  give a spec ia l  welcome t o  t h e  1 5  



meanings: as, f o r  example, protect ive color i n  animals or i n sec t s ;  

or t h e  meaning as given i n  D’Arcy Thompson‘s c l a s s i c  book, “On Growth 

and Form,” i n  which famous scal ing l a w s  applying t o  l a rge  and s m a l l  

species i n  na tu ra l  evolution are so c l ea r ly  described. 

All t h ree  of t he  t a l k s  f o r  t h i s  morning’s session are being given 

by my colleagues from Langley, and these  talks, as well  as t he  fourth 

t a l k  t o  be given by M r .  Bozajian t h i s  afternoon, a l l  deal. with space 

vehicles ,  launch vehicles ,  and payloads, on the  ground and i n  space. 

A s  you may know or r ea l i ze  on b r i e f  r e f l ec t ion ,  t h e  major cost  of our 

nat ional  space programs is i n  the  hardware, i n  t he  vehicle i t s e l f ,  and 

its payload; t hus ,  t h e  major problems, moneywise, are i n  the  engineering 

technology r a the r  than i n  pure science. Space science,  however, cannot 

be pursued without a su i t ab le  technological base. Distinguished sci-  

e n t i s t s  have frequently planned t h e i r  s c i e n t i f i c  experiments ye l l ,  but 

i n  many ea r ly  space attempts have completely overlooked f ac to r s  of t he  

environments i n  which these experiments are placed. The role  of s i m -  

u l a t ion  i n  space technology i s  thus very much l i k e  an insurance premium, 

and i t s  main object ives  are t o  reduce costs  and ensure r e l i a b i l i t y  of 

t he  f i n a l  products. Many factors  need t o  be considered i n  t h e  realm of  

simulation of s imil i tude:  

governing mathematical equations ; parameters, dimensional and non- 

dimensional; t h e  natural  environments as well  as induced environments ; 

material propert ies .  Although very much remains t o  be done, progress 

has already been made, a5 our speakers w i l l  d isclose.  

s t r u c t u r a l  dynamics; physical  phenomena; 
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Figure 1.- Approaches to experimental analysis of space vehicles. 

1. ON THE BASIS OF PAST EXPERIENCE WITH 
RELATED PROBLEMS 

2 DERIVATION AND NONDIMENSIONALIZATION 
OF GOVERNING EQUATIONS 

3. FORMATION OF RATIOS OF DIMENSIONALLY 
SIMILAR QUANTITIES WHICH GOVERN 
SYSTEM RESPONSE 

4. APPLICATION OF THE PRINCIPLES OF 
DIMENS IONAL ANALY S I S 

FLgure 2.- Technique6 for obtaining pertinent dimensionless ratios.  

r 

+ - -  - 
EQUATION: < + ? +  ... + F n = O ;  f l t fp+ ... t f n * O  

UNITS: TONS DYNES 

SIMILARITY I S  ACHIEVED I F  

NAsA 

Figure 3. - Derivation of dimensionless ratios by nondimensionalization of governing kquations. 



FROM DIMENS IONAL ANALYSI 5 

t I t  
FORCE FROUDE REYNOLDS MACH WEBER 

COEFFICIENT, NO., NO., NO., NO., 
P F R M W  

OR f2 (P, F, R, M, W) = 0 

Figure 4.- Example of a complete set of dimensionless ratios for an assumed set  of 
pertinent variables. 

e GEOMETRIC: 
CORRESPONDING LENGTHS ARE PROPORTIONAL OR 

CORRESPONDING ANGLES ARE EQUAL 

e KINEMATIC: 
CORRES POND I NG CHANGES IN GEOMETR I C SHAPE 

OR POSITION OCCUR AT TIMES WHICH ARE 
PROPORTIONAL 

e DYNAMIC: 
CORRESPOND1 NG FORCES ON CORRESPONDING 

ELEMENTS OF MASS PRODUCE INTERNAL AND 
EXTERNAL MOT1 ONS WHICH ARE GEOMETRICALLY 
AND KINEMATICALLY SIMILAR 

NASA 

F i g w  5.- Definition of various types of similarity. 



e SCALE FACTORS 
LENGTH: If hZm 

TIME: tf =$,, 
MASS: m f = i i m m  
TEMPERATURE: Qf L &If 

0 RELATIONSHIP OF SCALE FACTORS FOR SIMILARITY 

4 GEOMETRIC: i; 
m 

I 

lf lf 

' m  tm 
KINEMATIC: r= C - OR h = C l f .  

.*. vf = OT/;)v, and a f =f /?7am 

ii- 

m a  DYNAMIC: . . .  .=- =- = 

m m  

NASA 

Figure 6.- Inherent relationships for various types of similarity. 
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Figure 9.- Dynamic models of launch vehicle configurations under study a t  the 
Langley Research Center. 
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Figure U.- Damping of l/p-scale structural dynamics model of Titan III. 
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Figure 12.- Sketch of lJ5-scale structural  dynamics model of Titan III. 
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Figure 13.- Nimbus - Polar Orbiting Weather Satel l i te .  
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Figure 15.- Effect of solar panel damping on dynamic amplification as a function of 
excitation frequency. 
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Figure 16.- Impact simulator fo r  lunar and planetary gravitational f ields.  

Figure 17.- 116-scale dynamic model of lunar lanaing spacecraft. 
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PRINCIPLES AND PRACTICES FOR SIMULATION O F  

STRUCTURAL DYNAMICS OF SPACE VEHICLES 

bY 

George W. Brooks 

NASA - Langley Research Center 

ABSTRACT 

The paper discusses the  philosophy and p r inc ip l e s  for t he  se l ec t ion  

and design of dynamic models for analysis  of s t r u c t u r a l  dynamics of space 

vehicles.  

of modeling t o  launch vehicles and spacecraf t ,  and considerations r e l a t i v e  

t o  damping and model support systems. An appendix is included which sum- 

marizes t h e  various dimensionless r a t i o s  used i n  aerospace f l i g h t .  

Subjects t r e a t e d  include s imil i tude,  model s ca l ing ,  appl icat ions 

INTRODUCTION 

From p r a c t i c a l  considerations w e  begin with the  s i t u a t i o n  t h a t  w e  have a 

s t ruc tu re  which is designed t o  glace some usefhl payload i n t o  space. Typical 

examples include both clustered and nonclustered configurations with e i t h e r  
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l iquid-  or solid-propellant systems. During the  performance of t h i s  t a sk ,  

t he  structure is subjected t o  an environment or combination of environments, 

which induces ex te rna l  and/or i n t e r n a l  responses of t h e  s t ruc tu re .  

ample, wind loads create  ex te rna l  motions of these s t ruc tu res  and induce 

For ex- 

i n t e r n a l  stresses i n  the  s t r u c t u r a l  elements. A s  engineers we have both 

a professional  i n t e r e s t  and r e spons ib i l i t y ,  pecu l i a r  t o  our own f i e l d  of 

endeavor, t o  maximize the  eff ic iency and r e l i a b i l i t y  of t h e  s t ruc tu res  which 

we employ. Although o w  pr inc ipa l  i n t e r e s t  a t  t h i s  conference and t h e  con- 

t e n t  of t h i s  paper are p r inc ipa l ly  devoted t o  space vehicle  systems, t he  

reader w i l l  recognize t h a t  t h e  general  philosophy and much of t he  basic  

content a r e  generally appl icable  t o  s t ruc tu res  associated with other  

engineering d i sc ip l ines .  

I n  order t o  design e f f i c i e n t  space vehicle s t ruc tu res  we must have 

adequate means f o r  predict ing the cha rac t e r i s t i c s  of  t h e  s t ruc tu re ,  t he  

environment and loads t o  which it i s  subjected,  and i t s  response. I f  t h e  

s t ruc tu res  were simple and t h e  environment and loads wel l  defined i n  a 

s p a t i a l  and temporal sense, adequate solut ions could be obtained by 

straightforward ana ly t i ca l  procedures. 

i c u l t  and of ten impossible e i t h e r  t o  define t h e  s t ruc tu re  o r  t h e  forcing 

function with necessary f inesse t o  assure high confidence i n  calculated 

response, and hence it becomes necessary t o  r e l y  on experimental programs 

t o  generate t h e  information desired fo r  solut ion of immediate problems and 

t o  guide the  formulation of analytical. procedures f o r  fu tu re  analyses of 

similar systems. Furthermore, s ince the  p r inc ipa l  object ive of  our research 

programs i s  t o  cont inual ly  advance the  s t a t e  of t h e  a r t ,  we cannot ant i -  

c ipa t e  a s i t u a t i o n  where t h e  s t r u c t u r a l  systems and environments of i n t e r e s t  

Unfortunately it i s  usually d i f f -  

are s u f f i c i e n t l y  w e l l  defined t h a t  i n t e r e s t i n g  problems can be adequately 
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formulated and solved s o l e l y  on t h e  bas i s  of t h e o r e t i c a l  analysis .  Con- 

sequently,  our i n t e r e s t  i n  and r e l i ance  on properly planned experimental 

programs as an adjunct t o  t h e o r e t i c a l  developments i s  more l i k e l y  t o  wax 

than wane i n  t h e  foreseeable future .  

A s  out l ined i n  f igu re  1, experimental programs may be conceived which 

employ the  following: (a) ful l -scale  s t ruc tu res  and the  actual  environment; 

( b )  r ep l i ca  

o r  dynamically s i m i l a r  model s t ruc tu res  and simulated environmenis. Relative 

t o  t h e  s t r u c t u r a l  dynamics of space vehicles ,  t he  aforementioned approaches 

may be b r i e f l y  characterized by t h e  following considerations.  

modified ful l -scale  s t ruc tu re  and a similar environment; or ( c )  

The experimental study of  exact ful l -scale  s t ruc tu res  and t h e i r  reaction 

t o  the  exact environment e s sen t i a l ly  means t h a t  w e  employ whatever t heo re t i ca l  

and experimental knowledge and experience w e  have t o  design and b u i l d  what 

w e  t h ink  we want, f l y  seve ra l  vehicles ,  and see what happens. If the  ve- 

h i c l e s  perform as desired,  we consider ourselves fo r tuna te  and are  i n  busi- 

ness. I f  t he  performance i s  de f i c i en t  during the  flight of ea r ly  vehicles ,  

l a t e r  vehicles a re  modified t o  correct  t hese  def ic iencies  and t h e  program is 

continued t o  completion. For smaller ,  comparatively simple, inexpensive 

space vehicle systems, and f o r  those which a re  not man r a t ed ,  experience 

t e l l s  us t h a t  t h i s  is a good approach. Thor-Delta is a good example. 

Ground vibrat ion tests of fu l l - s ca l e  launch vehicles o r  f l i g h t  t e s t s  

of launch vehicles with bo i l e rp l a t e  payloads are  representat ive of t h e  second 

category. I n  t h e  f i r s t  case the  s p a t i a l  and temporal d i s t r ibu t ions  of vibra- 

t o ry  loads are simulated by acoustic pressure f i e l d s  o r  multipoint shaker 

load. In  t h e  second case,  i n t e r n a l  coupling of s t r u c t u r a l  elements and t h e  

coupling of t h e  s t ruc tu re  with t h e  environment a re  somewhat compromised; 

however, th.e results of f l i g h t  programs f o r  Mercury, Gemini, and A p o l l o  
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substantiate t h e i r  value. The sheer s ize  and complexity of  the systems 

and hardware involved postulate that  such programs are both complex and 

expensive . 
The study of repl ica  or dynamically similar model structures and 

t h e i r  response t o  simulated environments is the subject of primary concern 

i n  this paper. 

same materials, t h e  same type of construction, and essent ia l ly  build a 

miniature of the f l igh t  a r t ic le .  I f  we have a good understanding of the 

s t ructure  and are  primarily interested i n  basic phenomena and the magni- 

tudes of events such as natural frequencies and nodal locations, it is 

usually possible t o  economize on manufacturing and t e s t  procedures and 

costs by use of a model which is  dynamically similar. Such techniques have 

been successfully employed i n  the a i rc raf t  industry for many years and w i l l  

be discussed t o  some extent i n  the  present paper. 

By a replica model, we essent ia l ly  mean tha t  we keep the 

The fact  tha t  dynamic models have been used with excellent resul ts  in  

the  study of s t ructural  dynamic problems i n  a i rc raf t  may, i n  i t s e l f ,  be 

suff ic ient  jus t i f ica t ion  for  t h e i r  use i n  space vehicles since the basic 

problems and s t ruc tura l  characteristics are substantially similar. However 

the tremendous s ize ,  complexity, and cost of space vehicle systems indicate 

tha t  construction, tes t ing,  and modification of full-scale hardware pose 

problems of a higher order of magnitude and further emphasize the need for  

effect ive dynamic model programs e i ther  as a sole or companion source of 

experimental data. 

SIMILARITY AND MODEL SCALING 

Fundamentals of Similarity 
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I n  general  terminology, a model s t ruc tu re  i s  similar t o  a ful l -scale  

s t ruc tu re  i n  at least some respect.  The extent of t h i s  s i m i l a r i t y  may vary 

widely. 

s t r u c t u r e  involved, and t o  a l a rge  extent ,  on the  f e a s i b i l i t y  of c lose 

simulation of t h e  ful l -scale  s t ruc tu re  and the  environment which induces 

some type of i n t e r n a l  or external  response of the s t ructure .  

It depends on the  nature of t h e  prodlem under study, t h e  types of 

Granting t h a t  dynamic models are of some value in the study of t h e  struc- 

t u r a l  dynamics of space vehicles ,  t he  bas i c  question then arises: 

design and construct t h e  model and i t s  environment t o  simulate the  ful l -scale  

response of i n t e r e s t  and obtain t h e  needed response data? 

How do we  

Many technical  reports  and textbooks have been wr i t t en  with t h e  i n t e n t  

of  answering t h i s  question, and although t h e  scope of t h i s  paper does not 

permit a de t a i l ed  discussion of t h e  answer, an attempt w i l l  be made t o  out- 

l i n e  the  basic  pr inciples .  

To begin,  we recognize t h a t  t h e  response of any physical system is gover- 

ned by a s e t  of equations,  usual ly  d i f f e r e n t i a l ,  which are  based on pr inciples  

of conservation of one o r  more quan t i t i e s .  Conservation of mass, conservation 

of energy, and conservation of momentum are typ ica l  examples. Newton's second 

l a w ,  s t a t e d  i n  t h e  manner of d'Alembert, t h a t  F - ma = 0 is a very simple but 

t y p i c a l  example. Bernoul l i ' s  equation f o r  t h e  pressure along a streamline i n  

an  incompressible flow is another example. I n  some cases ,  where t h e  system of  

s t r u c t u r e  and environment and t h e i r  mutual interact ions are w e l l  known, the  

equations which govern the  response can be derived, and ce r t a in  c lasses  of 

these may be solved. I f  the governing equations can be derived and solved, 

the physical system is  converted t o a  mathematical analog and t h e  need for 

a dynamic model o r  physical  analog diminishes or disappears.  Thus we are 

primarily in t e re s t ed  i n  systems f o r  which w e  cannot w r i t e  t h e  governing 
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equations,  cannot solve them, or cannot i n t e rp re t  t he  ana ly t i ca l  solut ions 

adequately i n  terms of physical  responses which describe the  behavior of 

the system. 

Even i f  t he  governing equations cannot be wri t ten conceptually, they 

s t i l l  ex i s t  and we know from t h e  pr inciples  of dimensional homogeneity 

t h a t  t he  dimensions of every term of any given governing equation must 

necessar i ly  be t h e  same. 

a force and every term of  a moment equation is a moment, e t c .  

For example, every term of a force equation i s  

Since the  dimension of each term of a governing equation i s  i d e n t i c a l ,  

t h e  r a t i o  of any two terms is dimensionless. Thus, conceptually, a l l  

governing equations f o r  any physical  system may be made dimensionless, and 

every term then becomes a dimensionless r a t i o .  The solut ions of t he  

governing equations a r e  then independent of t he  dimensions of t he  system. 

Complete s i m i l a r i t y  is  then achieved i f  a l l  s ign i f i can t  dimensionless r a t i o s  

( a  complete set)  a re  included and corresponding dimensionless r a t i o s  per- 

t i n e n t  t o  the  problem have the  same value f o r  both the  model and fu l l - sca l e  

systems where t h e  system includes both t h e  s t ruc tu re  and t h e  environment. 

The next t a sk  f o r  achieving s imi l a r i t y  i s  t h e  determination of t h e  

dimensionless r a t i o s  which are per t inent  t o  the problem at  hand. 

t he  decades which have followed s ince Professor Osborne Reynolds c r i t i c a l  

analysis of t h e  importance of simulating s ign i f i can t  dimensionless r a t i o s  

i n  experimental research, many such r a t i o s  ( f requent ly  r e fe r r ed  t o  as par- 

ameters o r  numbers) have been derived which pe r t a in  t o  one or  more regimes 

During 

of aerospace f l i g h t .  The more important of  these have been assembled by 

Norman Land of  t he  Langley Research Center and are compiled i n  the appendix 

f o r  reference.  

f igure 2 and b r i e f l y  described as follows: 

Four possible  ways of  obtaining these  r a t i o s  a re  outlined in  
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(1) 
experience. For example, pas t  experience ind ica t e s  t h a t  t h e  forces  and 
moments on a r i g i d  wing at  subsonic speeds are dependent on t h e  Reynolds 
number and i f  model and fu l l - sca le  tests are run a t  the  saqe Reynolds 
number, fu l l - s ca l e  forces  and moments may be determined from model t e s t  
r e s u l t s .  

( 2 )  Write the  governing equations of motion and nondimensionalize thea .  
A s  i l l u s t r a t e d  i n  f igure  3, t h e  dimensionless parameters a r e  r ead i ly  
obtained i f  t h e  governing equations can be wr i t t en ,  bu t  f o r  most of 
t h e  problems of r e a l  i n t e r e s t ,  t h i s  may not be poss ib le .  

(3 )  Form r a t i o s  of dimensionally similar quan t i t i e s  which govern the  
system response. Reynolds number is obtained and defined, f o r  example, 
as t h e  r a t i o  of t h e  f l u i d  i n e r t i a  forces  t o  t h e  f l u i d  viscous forces .  

( 4 )  
l e s  of dimensional ana lys i s .  Since t h e  techniques involved here a r e  
widely known and published, fu r the r  discussion of dimensional ana lys i s  
i s  not believed t o  be necessary. 

The reader  w i l l  recognize from the  foregoing discussion t h a t  t h e  succ- 

e s s f u l  appl ica t ion  of dynamic model techniques t o  the  study of any c l a s s  of 

problems requi res  a s u b s t a n t i a l  knowledge of t h e  s t r u c t u r e ,  t h e  environment, 

and a f a i r  assessment of what t h e  response w i l l  be. We must know what var- 

i a b l e s ,  fo rces ,  moments, e t c . ,  a r e  important,  and we must have some recog- 

n i t i o n  of why and how a given va r i ab le  influences t h e  response. 

s i g n i f i c a n t  var iab les  a r e  introduced, they complicate t h e  problem, and if  

important var iab les  are omitted,  t h e  r e s u l t s  may be completely erroneous 

and use less .  Consequently, dynamic model design and t e s t i n g  a r e  perhaps 

as much an art as a science and t h e  sca l ing  of dynamic models usually in -  

volves se l ec t ion  of t h e  important dimensionless r a t i o s  by appl ica t ion  of 

s eve ra l  or a l l  of t h e  four aforementioned techniques,  as w i l l  be borne out 

by s p e c i f i c  examples given i n  subsequent sec t ions  of t h e  paper. 

Se l ec t  t h e  parameters which are s ign i f i can t  on the  bas i s  of pas t  

Derive t h e  dimensionless parameters by appl ica t ion  of t h e  princip- 

I f  in -  

The dimensionless r a t i o s  o r  dimensionless products of i n t e r e s t  are 

independent of each o the r  i n  t h e  sense t h a t  no one of t h e  r a t i o s  i s  a pro- 

duct of powers of t h e  o thers .  A s u f f i c i e n t  condition t h a t  each r a t i o  b e  
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independent is t h e  condition t h a t  each r a t i o  contain at least one var iab le  

which i s  contained i n  no o ther  r a t i o .  The set of a l l  poss ib le  independent 

dimensionless r a t i o s  which can occur f o r  a given problem is  then complete. 

As an example, f i gu re  4 shows t h e  complete set of independent dimensionless 

r a t i o s  f o r  t h e  force  on a body i n  a f l u i d  under t h e  assumption t h a t  t h e  

force  i s  dependent on t h e  length of the  body, g rav i ty ,  and t h e  ve loc i ty ,  

dens i ty ,  v i scos i ty ,  speed of sound, and sur face  tens ion  of t h e  f l u i d .  

F ina l ly  t h e  question a r i s e s  as t o  t h e  number of dimensionless r a t i o s  

To answer t h i s  ques t ion ,  we which occur i n  t h e  s tudy  of a given problem. 

must f i r s t  def ine  t h e  nature of t h e  phys ica l  quan t i t i e s  which we use f o r  our 

s tandard  of measurement and thus designate as fundamental, ? . e . ,  w i l l  w e  use 

mass, l ength ,  and t i m e  or force ,  l ength ,  and time. Mass, length ,  and time 

a r e  dimensionally independent i n  the  sense t h a t  t h e i r  magnitude can be de- 

termined by only one s p e c i f i c  type of measurement. On t h e  o the r  hand, force  

is not dimensionally independent because it can be determined by measuring 

mass, length ,  and t i m e ,  or mass and acce lera t ion .  If t h e  fundamental 

phys ica l  quan t i t i e s  a re  dimensionally independent and r i n  number, and i f  

t h e  problem involves a t o t a l  of n phys ica l  quan t i t i e s ,  then ,  as shown i n  

reference 1, t h e  number of independent dimensionless r a t i o s  w i l l  be n - r .  

In any event t h e  number of independent dimensionless r a t i o s  i n  the  complete 

s e t  w i l l  be equal t o  t h e  number of  var iab les  minus t h e  rank of t h e i r  dimen- 

s i o n a l  matrix.  

Let u s  consider two examples involving t h e  forces  on a body i n  an in- 

v i s c i d ,  compressible flow where, i n  the  f i r s t  case ,  t h e  funcamental quan t i t i e s  

a r e  dimensionally independent and, i n  the  second case ,  they a re  dimension- 

a l l y  dependent. 
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Case I 

1 1  1 - 3  1 1  

-2 -1 0 0 -1 -2 

Since the re  are 6 var iables  involved and the rank of t he  matrix is 

3, the re  w i l l  be th ree  dimensionless products i n  t h e  complete s e t .  These 

will be t h e  Force coe f f i c i en t ,  Mach number, and Froude number. 

Case I1 

-4 

2 -1 -2 

Though t h e  matrix i s  d i f f e r e n t ,  the rank is s t i l l  3 and the comments 

per ta ining t o  case I a re  per t inent .  

Types of Similar i ty  

With respect t o  s t r u c t u r a l  dynamics of space vehicles ,  t he  types of 

s i m i l a r i t y  of primary i n t e r e s t  are geometric s i m i l a r i t y ,  kinematic s i m i -  

l a r i t y ,  and dynamic s imi l a r i t y .  The de f in i t i on  of  each of these types of 

s i m i l a r i t y  i s  given i n  f igure 5 and the  relat ionships  which e x i s t  between 

the  independent quan t i t i e s  ( length,  m a s s ,  and time) are given i n  f igure 6 

where t h e  subscr ipts  f and m are used t o  denote corresponding ful l -scale  

and model quan t i t i e s ,  respect ively.  
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I n  addi t ion  t o  geometric, kinematic, and dynamic similatiry, i n  some 

ins tances  t h e r e  i s  a need f o r  thermal s imi l a r i t y .  However, t h e  in t roduct ion  

of thermal e f f e c t s  may be t r e a t e d  as a separa te  problem, and is  not of prime 

importance t o  t h e  discussion on s t r u c t u r a l  dynamics presented herein.  The 

subjec t  of thermal s i m i l a r i t y  is discussed i n  some d e t a i l  i n  references 2 ,  

3, and 4. 

DERIVATION OF SCALE FACTORS FOR STRUCTURAL 

DYNAMICS MODELS 

Laun ch -Ve h i  c l e  S t ruc tures  

I n  the  sca l ing  of launch-vehicle s t ruc tu res  f o r  l a t e r a l  o r  longi tudina l  

s t r u c t u r a l  dynamics, only dynamic s i m i l a r i t y  i s  of p r inc ipa l  concern. Kin- 

ematic s imi l a r i t y  i s  automatically assured i f  dynamic s i m i l a r i t y  i s  achieved. 

Since t h e  t e s t s  of such models do no t ,  i n  general ,  involve aerodynamic flows, 

geometric s i m i l a r i t y  en te r s  only i n  a gross sense. 

La te ra l  dynamics. The lateral dynaQics of a l iqu id-propel lan t  launch 

vehic le  involve t h e  longi tudina l  d i s t r ibu t ions  of four  p r inc ipa l  types of 

forces  ; namely: 

S t ruc tu ra l  s t i f f n e s s  

S t ruc tu ra l  i n e r t i a  2 a u  
a t 2  

nt-  

- 
Fluid s t i f f n e s s  m a  



Fluid  i n e r t i a  

where 
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2 rnau 
a t 2  

E1 

U 

m 

- 
m 

a 

f l e x u r a l  r i g i d i t y  of s t r u c t u r e  

s t r u c t u r a l  bending displacements, or l a t e r a l  f l u i d  displacements 

mass per  un i t  length of vehic le  ( inc ludes  s t r u c t u r a l  mass p lus  pro- 
pe l l an t  mass which moves with t h e  s t r u c t u r e )  

m a s s  of propel lan t  per  u n i t  length of vehic le  which moves as a sep- 
a r a t e  degree of freedom and pa r t i c ipa t e s  i n  f u e l  s losh ing  

absolu te  acce lera t ion  of vehic le  (includes acce le ra t ion  of grav i ty  
p lus  acce lera t ion  of vehic le  r e l a t i v e  t o  a f ixed  coordinate system) 

I f  t he  d i s t r ibu ted  values o f  t he  r a t i o s  o f  t hese  forces a r e  t h e  same on 

t h e  model and fu l l - sca le  vehic les ,  dynamic and kinematic s i m i l a r i t y  a r e  assured. 

I f  t h e  f l u i d  s t i f f n e s s  forces  a re  neglec ted ,  and2 i s  a cha rac t e r i s t i c  

length ,  t h e  f l u i d  mass may be considered as addi t ive  t o  t h e  s t r u c t u r a l  m a s s -  

es, and 

or  

On t h e  o ther  hand, i f  t h e  f l u i d  s t i f f n e s s  i s  f e l t  t o  be important from 

t h e  standpoint of t h e  coupling of f l u i d  and s t r u c t u r a l  masses, then t h e  

s t r u c t u r a l  and f l u i d  frequencies a r e  r e l a t e d  as follows : 
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and s ince  the  s t ruc tu ra l  and f l u i d  frequencies should bear  t he  same r a t i o s  

on model and fu l l - sca l e  veh ic l e s ,  

For a r ep l i ca  model, t h e  quant i ty  on t he  l e f t  i s  equal t o  h a n d  t h e  

conditions f o r  s i m i l a r i t y  a re  s a t i s f i e d  only i f  t h e  acce lera t ion  f i e l d  f o r  

t h e  model t e s t s  is increased by a f a c t o r  of y. 

also be achieved by any combination of reduction i n  s t i f f n e s s  or increase 

i n  mass of t h e  model such t h a t  t h e  product reduces t h e  left-hand s i d e  of 

equation ( 5 )  by x. 

However, s i m i l a r i t y  can 

Longitudinal dynamics. The procedure here is t h e  same as f o r  lateral 

dynamics. The forces  are: 

S t r u c t u r a l  s t i f f n e s s  

S t ruc tu ra l  i n e r t i a  

Fluid s t i f f n e s s  

2 m a w  
a t 2  

- 
m a  



Fluid i n e r t i a  2 - a w 
a t 2  

m -  

where 

EA extensional r i g i d i t y  of s t ruc tu re  

W s t r u c t u r a l  extensional displacements, or  longi tudinal  f l u i d  displace- 

ment s 

Again i f  t h e  d i s t r ibu ted  values of t h e  r a t i o s  of these forces are the 

same f o r  t he  model and ful l -scale  s t ruc tu res ,  the conditions fo r  dynamic 

s i m i l a r i t y  are s a t i s f i e d .  The sca l e  f ac to r s  which evolve are the  same as 

those f o r  l a t e r a l  dynamics. 

Tank pressures.  I n  t h e  case of l icpid-propellant launch vehicles ,  a 

condition f o r  s i m i l a r i t y  i s  t h a t  t he  s t r e s ses  induced by i n t e r n a l  ul lagepres-  

sure  bear t he  same r a t i o  t o  t h e  dynamic s t r e s ses  f o r  the model and proto- 

type.  It can be r ead i ly  shown t h a t  t h i s  condition is  s a t i s f i e d  i f  t h e  model 

and fu l l - sca l e  ul lage pressures are equal e i the r  f o r  a r e p l i c a  model or f o r  

a model designed t o  maintain ful l -scale  r a t i o s  of s t r u c t u r a l  frequencies t o  

f l u i d  frequencies. 

Spacecraft Structures  

In t he  design of o rb i t i ng  spacecraf t  s t ruc tu res ,  it is only necessary 

t o  maintain the  ful l -scale  d i s t r ibu t ions  of mass and s t i f f n e s s  throughout. 

This condition assures proper simulation of mode shapes and the  model t o  

ful l -scale  frequency r a t i o  is read i ly  calculated from simple beam, p l a t e ,  

o r  mass-spring considerations.  

However, i f  t h e  spacecraft  is t o  land,  i t s  toppling s t a b i l i t y  during 
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landing i s  dependent on the g rav i t a t iona l  f i e l d .  The condition f o r  simu- 

l a t i o n  then requires t h a t  t he  r a t i o  of t h e  i n e r t i a  forces t o  the  gravi ty  

forces be invariant  or t h a t  

where g is t h e  accelerat ion due t o  gravi ty .  
2 - 2  

I f  t h e  model is a r ep l i ca  model, ( wm / w f 2  ) =  X and s ince 

(lm/lf ) =  I-’, simulation of t he  dynamics during landing requires  t h a t  

( gm/gf ) = x. Thus, t o  model a lunar landing spacecraf t  f o r  tests on ea r th ,  

( gm/gf)  = x = 6. If the  sca l e  is l a r g e r ,  t he  model m u s t  be d i s to r t ed  or  

t h e  g rav i t a t iona l  f i e l d  has t o  be reduced by t e s t i n g  i n  a simulator.  

APPLICATIONS OF DYNAMIC MODELS 

General Remarks 

For p r a c t i c a l  reasons,  dynamic model s tudies  of  space vehicles seldom 

involve a complete simulation of t h e  composite environment-structure system. 

Instead,  such s tudies  are usual ly  problem oriented i n  t h a t  one o r  more dyn- 

amic models i s  designed t o  study a s p e c i f i c  o r  l imi t ed  group of r e l a t e d  

problems. The log ic  o f  t h i s  approach has several  j u s t i f i c a t i o n s  among which 

are those discussed i n  the  following sect ions.  

Mul t ip l i c i ty  of  Environmental Conditions 

From a dynamics viewpoint, t h e  environment of space vehicles  may be de- 

f ined a s  t h e  composite of conditions which induce, o r  l i m i t  dynamic motions 

of t h e  s t ructure .  Those conditions which induce motions, comonly referred 
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t o  as the sources of excitation, are of  Fundamental importance and will be 

discussed f i r s t .  

Figure 7 lists the primary sources of excitation of space vehicle struc- 

tures .  Even a percursory glance at the figure wi l l  indicate t o  the reader 

the d i f f icu l ty  of a r e a l i s t i c  simulation of those sources of excitation on 

any given dynamic model i n  a r e a l i s t i c  t e s t  setup. 

has posed severe problems for  one or more vehicles, and most vehicles are  

Yet, each of the  inputs 

encumbered by the majority of the inputs. As indicated by the figure, in- 

duced responses of the  structure become of concern during the manufacturing 

and shipping stage, pers is t  through ignition, l i f t - o f f ,  f l i g h t ,  stage sep- 

arat ion,  and i n  the case of the  Apollo vehicle, pose a significant problem 

during landing. 

During f l igh t  through the atmosphere, the sources of excitation are 

highly t ransient  due t o  the s t ructure  of the  atmospheric wind prof i les ,  the 

dissipation of launch-vehicle fue l ,  the changes i n  character is t ic  flows 

about the vehicle from subsonic t o  transonic t o  supersonic, and the changes 

i n  vehicle structure due t o  separation of spent stages. 

of these highly t ransient  and variable conditions, the spa t ia l  and t e m -  

poral distributions of the sources of excitation are  only approximately 

known and hence any one of the environmental effects  can only be approxi- 

mately simulated. Of significance also is  t h e  fact  tha t ,  during the f l igh t  

phase, nearly a l l  of the inputs are  superimposed, leading t o  a condition 

commonly referred t o  as "combined environments .'I 

As a consequence 

The principal phenomenon of importance relat ive t o  the  limiting of 

dynamic motions is  damping, and from a s t ructural  dynamics veiwpoint, the  

principal concern re la t ive  t o  environmental effects  is  tha t  the thermal 

and vacuum environments of space, acting separately o r  col lect ively,  may 
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tend t o  reduce the damping of composite structures t o  the  very low levels 

associated with the hysteret ic  dissipation of energy i n  the  s t ruc tura l  

materials themselves. Some comments pertinent t o  this problem are  presented 

i n  a separate section on damping. 

Various Types of Dynamic Models 

I n  view of the  d i f f icu l ty  of subjecting a s ingle  dynamic model t o  the 

space vehicle environment and interpreting the full-scale response by scal- 

ing up the dynamic model resu l t s ,  the general approach a t  present is t o  use 

a combination of models t o  generate s t ruc tura l ,  aerodynamic, and propellant 

inputs which are integrated i n t o  analyt ical  programs for prediction of over- 

a l l  vehicle responses. The types of models used t o  accomplish these object- 

ions, and the  nature of the data obtained are given i n  figure 8. I n  some 

instances, such as for  aeroelastic and landing dynamics studies the  model 

resul ts  m a y  be scaled t o  direct ly  indicate full-scale vehicle responses. 

I n  addition, special purpose models for  studying various phenomena and 

problem areas are widely used as i n  the case of a i rc raf t .  Models t o  study 

control-surface loads, propellant baf f le  dampers, and the response of 

panels t o  acoustic pressures are typical  of these. 

To date, the application of models t o  the study of  space vehicle 

dynamics has been primarily focused on the  launch-vehicle characteristics 

with the  spacecraft represented as a concentrated m a s s ,  o r  appropriate 

aerodynamic shape. 

s tudies ,  current or i n  the past ,  by the Langley Research Center. Details 

of the model design character is t ics ,  research objectives, and t e s t  resul ts  

are  presented i n  comparison papers a t  t h i s  symposium by Reed and Runyan. 

As shown by the  figure, the models represent both monocoque and cluster  

Figure 9 shows some such models u t i l i zed  i n  various 



launch-vehicle configurations, and are used t o  study problems involving 

s t ruc tura l  dynamics , ground winds, and buffeting. 

Typical Examples of t h e  Use of Structural Dynamics Models 

Launch vehicles - Titan 111. Typical samples of the data obtained from 

t e s t s  of s t ruc tura l  dynamics models of launch vehicles are  sham i n  figure 10 

and 11. 

Titan 111, t h e  vehicle shown i n  figure 12. 

These data were derived from ear ly  t e s t s  of a 1/5-scale model of 

Figure 10  shows the  acceleration of a simulated 45,000-pound p q l o a d  i n  

the  yaw direction ( the longitudinal plane containing the  sol ids)  f o r  a 

simulated f l i g h t  condition wherein one-half of the mass of the strapped-on 

solids is  spent. Resonance conditions, exemplified by peak response levels ,  

are shown and the f i r s t  three natural modes are identified. 

exact s t ruc tura l  deformations involved have not yet  been clearly ident i f ied 

the  figure also shows the existence of strong resonances a t  higher fre- 

quencies. 

Although the 

An interest ing observation from figure 10  is  the fact  tha t  the re- 

sponse levels at resonance increase with frequency which indicates tha t ,  

since the  magnitudes of the force inputs are held essent ia l ly  constant, the  

damping of the structure-fuel system decreases with frequency. 

is substantiated by the  logarithmic decay presented i n  figure ll which 

show tha t  the damping of the t h i r d  natural mode is  only 60 percent as high 

as for  the f i r s t  natural mode and about 80 percent as high as for the  second 

natural  mode. 

This trend 

The data presented i n  figures 10 and 11 represent only a small sample 

of the data being generated on t h i s  model. 

working i n  cooperation with the Air Force and Martin-Denver (who designed, 

The Langley Research Center, i s  



b u i l t ,  and is jo in t ly  tes t ing  the  model) t o  measure the  s t ructural  dynamics 

character is t ics  for t h e  full range of payloads, inputs, and propellant load- 

ings. The t e s t  program involves the  use of multiple shakers and includes 

analysis of both the core and core-plus-solids configurations. It i s  hoped 

tha t  the model t e s t  resul ts  w i l l  provide the necessary checks and modifi- 

cations t o  the theory so that  the  full-scale responses can be analyzed 

with confidence without the need for  extensive dynamic tes t ing  of the 

full-scale hardware. 

Orbiting spacecraft - Nimbus. A s  previously mentioned, the use of 

dynamic models t o  study the experimental aspects of the s t ructural  dynamics 

of space vehicles has been focused on launch vehicles. The reason for  th i s  

i s  t h a t  the great majority of spacecraft i n  the past have been small enough 

t o  permit a full-scale dynamic mockup t o  be readily constructed andtes ted ,  

o r  they have been suff ic ient ly  compact tha t  the s t ructure  could be adequately 

restrained from highly undesirable dynamic responses. Ranger and Tiros, re- 

spectively, are good examples - 
A s  spacecraft become larger ,  more f lexible ,  and more expensive, an 

increased need for  dynamic model t e s t s  w i l l  no doubt ar ise .  

the Nimbus spacecraft, a future polar orbiting weather s a t e l l i t e  shown i n  

figure 13, exhibited ccanplex high-amplitude dynamic responses during early 

qualification t e s t s  wherein the solar  panels were folded t o  simulate the  

launch configuration. A review of the early t e s t  resul ts  suggested the 

need for  a simple, inexpensive, dynamic model program t o  establish: 

A s  an example 

(1) The character is t ic  motions of the vehicle as a function of 
frequency including natural frequencies, mode shapes, and forced 
response ; 

(2) 
attaching the spacecraft t o  the launch vehicle; and 

The re la t ive  merits of hard vs. so f t  mounting systems for  
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(31 
frequency response. 

Sketches of the model and two samples of the t e s t  resu l t s ,  selected 

The effectiveness of localized and distributed damping on the 

from reference 5 ,  are  shown i n  figures 14 and 15. 

and as shown i n  figure 1 4 ,  the model 

the dynamics of the full-scale structure over the lower frequency range 

as desired. 

mixed welded and riveted construction. 

panels, the model panels were constructed by laminating two thin sheets of 

aluminum t o  a sheet of balsa. 

one s e t  the bonding agent used t o  laminate the panels was an epoxy resin 

( a  hard-setting glue) and i n  the other se t  the bonding agent  as a visco- 

e l a s t i c  damping adhesive. 

adhesive effectively reduced the amplification factor  (the r a t i o  of out- 

put t o  input accelerations). by nearly an order of magnitude over the  

frequency range of primary interest .  Other t e s t s  a l so  demonstrated the 

The scale  chosen w a s  112, 

afforded a reasonable simulation of 

The model w a s  constructed of standard tubing and plates  with 

I n  l i e u  of honeycomb sandwich so la r  

Two se ts  of panels were constructed. In 

Figure 15 shows that  the use of t h e  damping 

effectiveness of isolat ion techniques, and a l l  t e s t  resul ts  were of sub- 

s t a n t i a l  a id  i n  the definition of the contributions of the various com- 

ponents of the  s t ructure  t o  the overall vehicle motions. 

Landing spacecraft - Apollo LEM. A substant ia l  research e f for t  i s  

currently directed t o  the analysis o f t h e  landing dynamics of space'vehicles 

designed t o  land on ex t ra te r res t ia l  surfaces such as the moon. This re- 

search includes both theoret ical  and experimental s tudies ,  and i s  oriented 

t o  es tabl ish both the tipover s t a b i l i t y  during the landing process and the 

loads and motions generated i n  the landing gear during the impact process. 

Among the more important variables for  such problems is the gravitat- 

ional  constant. A s  shown i n  a previous section of the paper, f ree-fal l  
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drop t e s t s  of a vehicle on the  earth's surface w i l l  not simulate landing of 

the same vehicle on the moon even though the velocity conditions and the 

surface materials at the point of touchdown are the same. The necessary 

experimental t e s t  resul ts  can be obtained by tes t ing  full-scale structures 

or  large dynamic models i n  some type of lunar gravi ta t ional  simulators, or  

by tes t ing  1/6-scale dynamic models. 

Gravitational simulators may be of several types such as the inclined 

plane, a counter force system which supports 5/6 of the weight of the ve- 

h ic le ,  o r  a simulator which permits impacts f o r  the velocity and surface 

conditions desired onto a surface which is  accelerating downward relat ive 

t o  the earth. A simulator of the l a t t e r  type is discussed i n  reference 

6 and shown i n  figure 16. 

vehicles, the impact surface would accelerate downward relat ive t o  earth 

a t  5/6g and the r a t i o  of the counter mass M2 t o  the simulator mass M would 

be such tha t  M1 U M 2 .  

For simulation of full-scale lunar landing 

1 

An example of a 1/6-scale dynamic model f o r  simulating lunar landing 

dynamics i s  shown i n  figure 17. The basic s t ructure  of the  model is de- 

signed t o  readily permit variations i n  spacecraft mass and moments of 

i n e r t i a  by appropriate distribution of added masses t o  the basic structure. 

Landing-gear configurations can also be varied i n  number and s t ructural  

detai ls .  

the t r ipod having honeycomb shock absorbers t o  permit dissipation of the 

impact energy with minimum rebound. 

under study. 

dynamics of luna r  spacecraft, the  model parameters are selected s o  as t o  

include values pertinent t o  the Apollo LEM vehicle. 

The configuration shown has four t r ipod gears with each member of 

Other gear configurations a re  also 

I n  addition t o  generating basic information on landing 
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DAME'ING 

General Remarks 

The damping of launch-vehicle and spacecraf t  s t ruc tu res  i s  among t h e  

more c r i t i c a l  f ac to r s  i n  the  control  of t h e i r  response t o  t h e  many types of  

inputs .  

versely proportional t o  damping, and s ince  t h e  rate of exponential  decqy 

of f r e e  osc i l l a t ions  i s  d i r e c t l y  proportional t o  damping, it is  necessary 

Since the  peak amplitudes of forced responses a r e  e s sen t i a l ly  in-  

t o  know the  inherent damping of the s t ruc tu re  i n  a l l  cases t o  p red ic t  i t s  

response. As a general  rule, t h e  higher t h e  inherent damping t h e  b e t t e r ,  

and a g rea t  dea l  of e f f o r t  has been expended i n  recent years on the  dev- 

elopment of v i scoe la s t i c  f i lms,  tapes ,  sandwiches, e tc . ,  t o  achieve higher  

damping. 

From t h e  viewpoint of simulation, damping i s  among t h e  more d i f f i c u l t  

quan t i t i e s  t o  scale .  Several  types of damping a r e  of concern including 

aerodynamic damping and s t r u c t u r a l  damping. Some discussion of each of 

t hese  as they pe r t a in  t o  dynamic modeling is presented i n  t h e  following 

paragraphs. 

Aerodynamic Damping 

Since t h e  primary vibrat ions of launch vehicles and spacecraf t  occur 

during f l i g h t ,  t he  density of t h e  air  which surrounds the  s t r u c t u r a l  com- 

ponents of t h e  vehicles  during conditions of peak response is  usual ly  lower 

than ambient conditions at t h e  e a r t h ' s  surface.  Y e t  f o r  convenience, it i s  

highly desirable  t o  be able t o  conduct tests of s t r u c t u r a l  dynamic models 

under atmospheric conditions.  

densi ty  on t h e  aerodynamic damping of t h e  vibrat ions of space vehicles  and 

Thus t h e  question of t h e  e f f e c t  of air 

, 
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t h e i r  components ar ises .  In  addition t o  the  density e f fec t ,  the question 

of s ize  or area of the  components a lso exists. In an e f for t  t o  determine 

the effects  of these and other variables on the damping of structures for  

space vehicle applications, a study of the damping of typical  components 

was recently conducted a t  the Langley Research Center. The study consisted 

of measuring the damping of various s izes  of c i rcular  and rectangular panels, 

spheres, and cylinders at air pressures ranging from atmospheric down t o  

4 x 10* t o r r .  The t e s t  components were mounted on the en& of cantilever 

beams of different frequencies and the damping was determined by msasuring 

the  logarithmic decay of the free  vibrations of the beam-component systems. 

Typical samples of the  resul ts  are  shown i n  figure 18, where the r a t i o  of 

the damping t o  the  c r i t i c a l  damping is plot ted as a function of the press- 

ure of the  surrounding air medium for  a panel and sphere for  two amplitudes 

of osci l la t ion.  For the  case shown, the cross-sectional area was 30 square 

inches and the  frequency of osci l la t ion was 3.8 cycles per second. 

results show that  the  aerodynamic contribution t o  the  damping of the panel, 

obtained by subtracting out the damping at 4 x 

t o  the  amplitude of osci l la t ion and the density of the  t e s t  medium. 

resul ts  also show tha t  the damping of the  sphere i s  essent ia l ly  proportional 

t o  density, but independent of amplitude. Other t e s t s  involving cylinders 

shared the same character is t ic  variations as for  spheres. In summary the 

results of the studies t o  data show tha t  the damping for  panels varies as 

follows : 

The 

t o r r ,  i s  proportional 

The 

4/3 
6 = 2 2 @ +  

where 
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6 damping coe f f i c i en t ,  2nc/ccr 

P 

X amplitude of o s c i l l a t i o n ,  f t  

A area of t h e  panel,  f t2  

m e f fec t ive  mass of t h e  panel-beam system, slugs 

Thus it appears t h a t  t he  increase i n  damping due t o  t e s t i n g  panel- 

density of  t h e  test medium, s lugs / f t3  

type s t ruc tu res  i n  atmosphere as opposed t o  the low-pressure space en- 

vironment is d i r e c t l y  proport ional  t o  t h e  pressure r a t i o s  and can be 

readi ly  accounted fo r .  The same i s  t r u e  f o r  spheres and cylinders.  On 

t h e  other  hand, t he  r e s u l t s  show t h a t  t he  damping r a t i o  f o r  a model of 

a panel s t ruc tu re  t e s t e d  i n  atmosphere is subs t an t i a l ly  less because of 

t h e  smaller area then it would be for a fu l l - sca l e  s t ruc tu re  t e s t e d  under 

s i m i l a r  conditions.  The damping f ac to r  f o r  spheres and cyl inders ,  how- 

ever ,  a r e  independent of s i z e  and the sca l ing  problem is  r a the r  s t r a igh t -  

forward. The essence of these remarks a l so  points up the  f a c t  t h a t  t he  

low-amplification f ac to r s  measured for  t e s t s  of spacecraf t  having l a rge  

s o l a r  panel arrays may be due t o  high aerodynamic damping - a condition 

that w i l l  not exist during f l i g h t  i n  low-density regimes. 

S t ruc tu ra l  Damping 

In  addition t o  t h e  aerodynamic damping which may d i s s ipa t e  t h e  motion 

of a s t r u c t u r e ,  a l l  s t ruc tu res  possess an i n t e r n a l  d i s s ipa t ion  mechanism 

usual ly  r e fe r r ed  t o  as s t r u c t u r a l  damping. 

s t r u c t u r a l  damping is defined as the composite of those e f f e c t s  which in- 

volve hys t e re t i c  d i s s ipa t ion  within the c rys t a l s  of t h e  s t r u c t u r a l  mater- 

ials and t h e  damping associated with t h e  deformation of t h e  s t ruc tu re  at 

i t s  jo in t s .  

For purposes of this paper,  
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It has long been expected t h a t  the damping of s m a l l  composite struc- 

t u r e s  representat ive of  aerospace usage would have higher structural damping 

than l a rge r  s t ruc tu res  constructed of t he  same materials by t h e  same tech- 

niques. I n  other  words, is t h e  s t r u c t u r a l  damping coeff ic ient  of a r ep l i ca  

dynamic model inherent ly  higher than t h a t  f o r  t h e  ful l -scale  s t ruc tu re?  I n  

an attempt t o  answer t h i s  question, the Langley Research Center constructed 

four aluminum beams with cant i lever  supports and t e s t e d  them. 

had a rectangular cross sec t ion  with a width-to-thickness r a t i o  of 6 t o  1, 

and a length-to-width r a t i o  of 10. The l a rges t  beam w a s  5 f e e t  long. The 

cant i lever  support f o r  each beam consisted of two machined angle blocks de- 

signed so t h a t  t he  s t r e s s e s  i n  t h e  support were consis tent  with t h e  s t r e s ses  

i n  t h e  beam. The r e l a t i v e  sca l e  of the models and t h e  r e s u l t s  of t h e  damping 

t e s t s  are shown i n  f igu re  19. The beams were mounted t o  a massive s t e e l  

and concrete backstop and every precaution was taken t o  assure t h a t  t he  

mounting and t e s t  conditions were consis tent .  

The beams 

During t h e  tes ts ,  t h e  clamping pressure of t h e  beam supports w a s  con- 

t r o l l e d  by varying the  torque applied t o  the  bolts and f o r  a comparative 

test condition, t h e  clamping pressure fo r  all beams was t h e  same. The 

damping w a s  measured f o r  both a low torque condition (representat ive of  

a semitight f i t )  and a design torque condition. 

t h e  damping was  a l s o  measured f o r  a range of amplitudes. 

For each torque condition, 

The r e s u l t s  of t h e  tests show t h a t  t h e  damping coe f f i c i en t  decreases 

as the  clamping pressure,  j o i n t  t i gh tness ,  or torque is increased, and in- 

creases as t h e  amplitude of t h e  vibrat ion is increased. 

g rea t e r  importance from t h e  standpoint of dynamic modeling of s t ruc tu res  is 

t h e  f ac t  t h a t  the s t r u c t u r a l  damping increased by a f a c t o r  of 2 as the  sca l e  

w a s  reduced by a f a c t o r  of about 18 f o r  design torque conditions and by a 

But perhaps of 
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f a c t o r  of 4 f o r  low torque conditions.  

t h a t  each beam w a s  a r e p l i c a  model of  t h e  other t h ree .  On t h e  bas i s  of 

these r e s u l t s ,  it would appear highly l i k e l y  t h a t  t h e  s t r u c t u r a l  d q i n g  

of a r e a l i s t i c a l l y  s i zed  dynamic model of a launch vehicle  might d i f f e r  

subs t an t i a l ly  from t h a t  of t h e  fu l l - s ca l e  s t ruc tu re .  Furthermore, t h e  

results a l s o  emphasize the  importance of maintaining close control  over 

j o i n t  t i gh tness  and i n t e g r i t y  during model construction. 

Y e t  every attempt w a s  made t o  assure 

Another f a c t o r  of concern r e l a t i v e  t o  the  s t r u c t u r a l  damping of space- 

c r a f t  i s  the  probabi l i ty  t h a t  long exposure t o  space vacuum conditions may 

outgas t h e  adsorbed gases from the  mating surfaces at s t r u c t u r a l  j o i n t s  and 

permit them t o  vacuum weld. 

assembled s t ruc tu re  would approach the  inherent damping of  t h e  mater ia ls  - 
a reduction of one or more orders of magnitude. 

i n  t h i s  case would be t o  use welded j o i n t s  i n  the  construction of dynamic 

models t o  assure t h a t  t h e  amplification f ac to r s  f o r  t he  fu l l - s ca l e  s t ruc tu re  

do not exceed those of t he  model insofar  as s t r u c t u r a l  damping is concerned. 

In  t h i s  event the s t r u c t u r a l  damping of t h e  

A conservative approach 

MODEL SUPPORT SYSTEMS 

Launch Vehicles 

I n  essen illy all cases of i n t e r e s t ,  t he  boundary con i t i ons  f o r  launch 

vehicles a re  e s sen t i a l ly  f ree-free,  and an equivalent support systemmust be 

used during dynamic model t e s t s  t o  assure t h a t  t h e  na tu ra l  frequencies,  mode 

shapes,  s t r u c t u r a l  damping, and dynamic response of  t h e  model represent  those 

which occur on t h e  fu l l - sca l e  vehicle  under f l i g h t  conditions.  The fundam- 

e n t a l  c r i t e r i a  is one of frequency separation. 

support system can be made s u f f i c i e n t l y  low compared t o  t h e  na tu ra l  frequency 

I f  t h e  frequency of  t h e  
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of the  lowest frequency na tu ra l  mode of i n t e r e s t ,  say by a factor  of 3 

octaves,  t he  e f f e c t  of t h e  support system on t h e  s t r u c t u r a l  cha rac t e r i s t i c s  

of t he  model can usually be neglected. 

If t h e  s t ruc tu re  of t he  vehicle is  such t h a t  it may be  handled a s  a 

un i t  and can be or iented horizontal ly ,  t h e  b e t t e r  approach i s  usual ly  t o  

support it as shown i n  f igure 20. I n  t h i s  type of support system, t h e  ef- 

f e c t  of t he  support is secondary, and i f ,  i n  the  exci ta t ion of t h e  natural  

modes of  t he  s t ruc tu re ,  the supports are located a t  the  nodal points ,  t h e i r  

e f f e c t  on the  s t ruc tu re  i s  negl igible .  It i s  usual ly  desirable  t o  mount 

t he  exc i t e r  near an anti-node t o  maximize the  response of t h e  s t ruc tu re  

i n  the  mode of i n t e r e s t .  However, i f  t he  response of t h e  vehicle  in- 

dicates  coupling of other  modes, such coupling can be minimized by mounting 

t h e  exc i t e r  at a node point of t he  mode producing t h e  undesired coupling 

e f f e c t .  

In general ,  t he  support cables should be made of e l a s t i c  shock cord 

but the r e s u l t s  of many tests of s m a l l  solid-propellant rocket vehicles 

at  t h e  Langley Research Center indicate  t h a t  s t e e l  cables can be used 

successful ly  i f  properly adjusted.  In most cases,  a two-point support i s  

adequate f o r  such vehicles,  t h e  locat ion of these supports being adjusted 

t o  coincide with nodal points of the mode being excited.  

In some cases,  pa r t i cu la r ly  those involving vehicles containing 

l i q u i d  propel lants  and t h i n  pressurized s h e l l s ,  it i s  necessary t o  o r i en t  

t h e  vehicle v e r t i c a l l y  t o  properly simulate the e f f e c t s  of t h e  ea r th ' s  

g rav i t a t iona l  f i e l d  on the  dynamics of t he  vehicle-propellant system. 

Robert W. Herr of t he  Langley Research Center has s tudied this problem, 

reference 7 ,  and has developed two unique and very e f f ec t ive  support systems 

which are shown i n  f igu re  21. Both of these systems closely dupl icate  t h e  

, 
f 
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free-free boundary conditions f o r  such vehicles.  

The f i r s t  of these v e r t i c a l  support systems is re fe r r ed  t o  as a high- 

bay harness. The weight of the vehicle i s  ca r r i ed  by two support cables 

which are attached t o  the  bottom of  the vehicle and t o  t h e  overhead support 

s t ruc tu re .  S t a b i l i t y  i s  achieved by two horizontal  r e s t r a in ing  cables t i e d  

between t h e  support cables and the  periphery of  t he  vehicle at  some po in t ,  

e.g., above the  vehicle 's  center  of gravity.  This support system has 

e s sen t i a l ly  two degrees of freedom i n  t h e  plane normal t o  the  cables - 
t r ans l a t ion  as a pendulum and pitching. I n  terms of t he  dimensions 

shown on t h e  f igu re ,  t he  s t i f f n e s s ,  and thus the  frequency, of the pitch- 

ing mode can be control led by separation of t he  points  where the support 

cables f a s t en  t o  t h e  r i g i d  support s t ruc tu re .  The vehicle w i l l  s tand e rec t  

i f  

and the  frequency of t h e  pi tching mode w i l l  approach zero as 

a + f  (,-,)+b b e  

1 

This support system was used successful ly  on t h e  l /5-scale SAl-Block I ,  and 

t h e  l/kO-scale SATURN V dynamic models s tudied at  the  Langley Research 

Center. 

I n  some instances involving the  tests of very l a rge  dynamic models or 

a l l - s c a l e  launch-vehicle s t r u c t u r e s ,  it may be d i f f i c u l t  t o  provide an 

overhead r i g i d  support s t ruc tu re  as necessary f o r  t he  high-bay harness. 

such cases,  t h e  low-bay harness,  though s l i g h t l y  more complicated is 

I n  
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preferable and i s  being used for  the s t ructural  dynamics studies of the 

f i l l -scale  Thor-Agena launch vehicle t o  be conducted at Langley i n  the 

near future. As w a s  the  case f o r  the  high-bay harness, the weight of the 

vehicle is  carried by two support cables. However, i n  t h i s  case the  

support cables may be much shorter than the  length of the vehicle. 

vehicle i s  held erect by controlling the tensions i n  the restraining 

cables by means of turnbuckles, and the condition for  neutral s t a b i l i t y ,  

and hence, zero frequency i n  pi tch,  i s  

The 

Although it is  s t i l l  necessary t o  have some support s t ructure  near the top 

of the vehicle, t h i s  structure can be relat ively l igh t  since it need sup- 

port only a small fraction of the weight of the vehicle. 

Spacecraft 

Since the majority of spacecraft are s m a l l  r e la t ive  t o  the s ize  of 

launch vehicles, the support of spacecraft models for  dynamic studies can 

be accomplished with comparative ease. Since spacecraft are  usually mount- 

ed t o  the launch vehicles i n  semirigid fashion, the in-flight support system 

i s  closely representative of fixed-free boundary conditions. Hence the 

general procedure is  t o  r igidly fasten the spacecraft t o  the exciter fo r  

t e s t s  along the longitudinal o r  f l igh t  axis ,  and t o  attach the spacecraft 

t o  a slippery tab le  f o r  excitation of l a t e r a l  modes and frequencies. 

i s  important t o  recognize, however, that the impednance of the support system, 

whether it be the exci ter  o r  slippery tab le ,  w i l l  d i f fe r  from that  of the 

launch vehicle, and proper consideration of th i s  fact  should be exercised 

It 
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during in t e rp re t a t ion  of the response data obtained during vibrat ion t e s t s  

of spacecraf t  or spacecraf t  models. 

CONCLUDING REMARKS 

During recent yea r s ,  dynamic models have been used t o  good advantage 

f o r  solut ion of some of  t he  problems r e l a t ed  t o  s t r u c t u r a l  dynamics of 

space vehicles.  Because of t h e  s i z e ,  complexity, and cost  of t he  s t ruc-  

tures and the  var iable  environments which cons t i t u t e  t h e  s t r u c t u r a l  loads,  

it appears t h a t  current trends which involve the  construction and t e s t i n g  

of special ized models f o r  analysis  of s t r u c t u r a l  cha rac t e r i s t i c s ,  and re- 

sponses t o  ground winds, wind shear ,  buffet ing,  and f u e l  sloshing loads 

w i l l  continue i n  the  foreseeable future.  Much add i t iona l  work is  nec- 

essary t o  understand the  e f f ec t s  of the highly t r ans i en t  nature  of s t ru-  

c t u r a l  propert ies  and loading conditions,  and t o  e s t ab l i sh  appropriate 

modeling techniques f o r  their simulntion and analysis .  Pa r t i cu la r  a t t en t ion  

is needed i n  t h e  areas of simulation of t h e  coupling of propel lant  systems 

with the  s t ruc tu re  t o  avoid i n s t a b i l i t i e s  such as the  POGO osc i l l a t ions .  

A s  pointed out i n  the  paper,  ca re fu l  a t t en t ion  must be given t o  pro- 

pe r  simulation of both aerodynamic and s t r u c t u r a l  damping i n  model design 

and t e s t i n g  . 
Proper support of launch-vehicle models t o  simulate f ree-f l ight  con- 

d i t i ons  during tests i s  important,  and methods a re  presented i n  the paper 

which have proven t o  be adequate and simple. 

I n  seve ra l  areas of concern such as f u e l  s loshing and lunar  landing, 

g rav i ty  i s  an important var iable .  

employed t o  simulate gravi ty  e f f e c t s  are  discussed. 

Some of t he  techniques which may be 
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APPENDIX 

DIMENSIONLESS RATIOS 

The dimensionless r a t i o s  which pe r t a in  t o  f l u i d  and f l i g h t  dynamics 

are  summarized i n  the following t ab le .  The var iables  which a re  combined 

t o  form t h e  various r a t i o s  are defined i n  t h e  symbols, which a r e  presen- 

t e d  at  the  end of t h i s  appendix. Insofar  as possible ,  per t inent  referen- 

ces are  given which relate t o  t h e i r  der ivat ion and use. 
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r ( Z, m ,  t3 
Symbols and definition I T , Q  

dimens ion 

SYMBOIS FOR DIMEWSImLESS RATIOS 

. . . . . . . . . . . . . .  a sonic speed 

B magnetic induction f i e l d  . . . . . . . .  
b semichord . . . . . . . . . . . . . . .  
e specif ic  heat at constant pressure . . .  
c specif ic  heat at constant volume . . . .  
D coeff ic ient  of se l f -d i f f i s i r i ty  . . . .  
E~ energy . . . . . . . . . . . . . . . . .  

modulus of e las t ic i ty  i n  tension . . . .  

P 

v 

F f o r c e . .  . . . . . . . . . . . . . . .  
G~ 

modulus of e l a s t i c i t y  i n  torsion . . . .  
g gravitational acceleration . . . . . . .  
h heat transfer/area/time/temperature . . 
k Thermal conductivity . . . . . . . . . .  
2 reference length . . . . . . . . . . . .  

Z l t  

m/Qt 

Z 

?/t2T 

12/t2T 

z 2/t 

mZ2/t2 

m / Z t 2  

m l/t2 

m / Z t 2  

2/t2 

m/t3T 

mz/t3T 

2 

m u n i t  of mass . . . . . . . . . . . . . .  
m mass flow ra te  . . . . . . . . . . . . .  
5 mass flow ra te  . . . . . . . . . . . . .  
p loca l  s t a t i c  pressure . . . . . . . . .  

c r i t i c &  or vapor pressure . . . . . . .  pc 

Q unit of e l e c t r i c  charge of flux . . . .  
Q1 heat added at constant pressure . . . .  

L length of mean free path, - 16 - '1 . .I 2 
p m  

m 

m / t  

m / t  

m / l t 2  

m / Z t 2  

Q 
m Z 2 / t 2  

c 

Frequently 

dimension 

f t / sec  

f t  

Btu/lb -OR 

Btu/lb-OR 

f t -1b 

2 lb/ in .  

l b  

lb / in .  

f t / sec  

Btu/ft2/sec/OR 

2 

2 

I E t  u/hr-f t - O R  

f t  

f t  

2 lb-see / f t  

slugs / s  ec 

&-sec/ft 

l b / f t 2  

l b / d  

coulombs 

Btu 
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Symhol and defini t ion 

9 

R 

r 

T 

t 

V 

'a 

5 

u1 

u2 

P 

u1 

u2 

u3 
w 

w a 

dynamic pressure . . . . . . . . . . . .  
universal gas constant . . . . . . . . .  
radius . . . . . . . . . . . . . . . . .  
t emperat w e  . . . . . . . . . . . . . .  
time . . . . . . . . . . . . . . . . . .  
speed . . . . . . . . . . . . . . . . .  
Alfven wave speed, K-  - * - .  - 

v2p 

coefficient of thermal expansion . . . .  
coefficient of viscosity, abs . . . . .  
magnetic permeability . . . . . . . . .  
mass density . . . . . . . . . . . . . .  
coefficient of surface tension . . . . .  
e lec t r ica l  conductivity . . . . . . . . .  
s t ruc tura l  density . . . . . . . . . . .  
frequency . . . . . . . . . . . . . . .  
tors ional  frequency . . . . . . . . . .  

dimension 

Frequently 
used 

dimension 

l b / f t 2  

f t  

OR 

s ec 

i't/sec 

f t / sec  

in./in.-'R 
2 

lb-sec/ft 

2 4  lb-sec /it 

dynes /cm 

i't310h 
2 1  lb-sec / f t  

radlsec 

rad/sec 
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. ; MODELS FOR OBTAINING EFFECTSOF GROUND WINDS ON 

SPACE VEHICLES ERECTED ON THE LAUNCH PAD 

by 

Wilmer H .  Reed, I11 

NASA - Langley Research Center 

ABSTRACT 

The paper describes how, through simulation with phys ica l  and math- 

emat ica l  models, t h e  e f f e c t s  of ground winds on e rec ted  launch vehic les  

a re  being s tud ied  a t  t he  WASA, Langley Research Center. $x>erimental 

programs include both ae roe la s t i ca l ly  sca l ed  models i n  wind tunnels and 

fu l l - sca l e  vehic les  i n  na tu ra l  winds. With the  a i d  of a mathematical 

model having nonlinear aerotynamic damping, i n s igh t  is gained which helps 

expla in  why i n  some ins tances  t h e  response at s u p e r c r i t i c a l  Reynolds 

numbers i s  a r e s u l t  of random forced exc i ta t ion  while i n  o the r  instances 

i s  charac te r ized  by a se l f - exc i t ed  per iodic  motion. 

Consideration i s  also given t o  the  response of e rec ted  vehicles t o  

atmospheric turbulence.  I t  is shown t h a t  a t  the  fundamental can t i l eve r  

frequenc37 of Saturn V c l a s s  vehicles t he  gust v e l o c i t i e s  along the  vehic le  



t 

18 -xvIII-2- 

are es sen t i a l ly  uncorrelated f o r  separat ion distances g rea t e r  than a few 

vehicle  diameters. Calculations indicate  that t h e  response is  s ign i f i c -  

INTRODUCTION 

This paper will concern a search f o r  new solut ions t o  ap old problem; 

namely, t h e  e f f e c t  of wind loads on f l e x i b l e  b lu f f  bodies. For years c i v i l  

engineers have grappled with t h e  problem i n  the  design of  such s t ruc tu res  

as smoke s tacks,  suspension br idges,  and t a l l  masts. 

refs. 1 through 4). I should point t h a t  included i n  these s tudies  a r e  

contributions by t h e  Director of t h i s  Conference, Professor Maher, who 

has conducted extensive wind-tunnel t e s t s  of suspension bridge sect ion 

models. 

[See, fo r  example, 

(See, f o r  example, r e f .  2 . )  

S t a r t i n g  with Goldman's invest igat ion of ground-wind loads f o r  t he  

Vanguard i n  1957 (ref . 5 ) ,  some form of wind-tunnel t e s t s  r e l a t ing  t o  

t h i s  problem has been a pa r t  of t he  development program f o r  p rac t i ca l ly  

every launch vehicle .  Examples of such s tudies  on spec i f i c  vehicles 

are t o  be found i n  references 6 through 9 ,  and other  more general  s tudies  

of vortex shedding from cy l ind r i ca l  bodies a re  given i n  references 10 

through 13. 

being expended i n  t h i s  area by noting t h a t  a t  t he  annual AIM Conference 

on Structures  and Materials held at Palm Springs,  Cal i fornia  i n  Apri l  of 

t h i s  year ,  f i ve  out  of a t o t a l  of seventeen papers i n  sessions on stru- 

c t u r a l  dynamics concerned t h e  subject of vortex shedding from bodies of 

revolution. Despite t h i s  extensive research, t h e r e  remain many important 

We f i n d  fu r the r  evidence of t he  extent  of  e f f o r t  present ly  
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questions t o  be  answered, especial ly  i n  t h e  high Reynolds number range. 

With the  a i d  of  figure 1 l e t  us iden t i fy  the  primary ingredients  of 

t h e  problem at  hand. This schematic diagram shows a launch vehicle on 

a f l e x i b l e  support s t ruc tu re  standing beside an umbilical  tower. A 

steady wind imposes both s t a t i c  and dynamic loads on the  vehicle.  

s t a t i c  loads ac t  primarily i n  t h e  direct ion of t h e  mean wind and the  

dynamic loads,  which a re  associated with vort ices  shed from t h e  vehicle ,  

a r e  l a rges t  i n  t he  d i r ec t ion  perpendicular t o  t h e  wind. These dynamic 

loads,  which m a y  r e s u l t  from e i t h e r  a random forced response or a per- 

i od ic  se l f - exc i t ed  response, are frequently seve ra l  times g rea t e r  than 

t h e  s t a t i c  drag loads.  The adjacent tower s t ruc tu re  and i ts  turbulent  

wake m a y  a l s o  have an  influence on wind loads.  These wind loads c rea t e  

problems i n  s t r u c t u r a l  s t r eng th ,  guidance alinement, and clearance be- 

tween adjacent s t ructures .  

The 

The purpose of t h i s  paper w i l l  be t o  discuss recent s tud ie s  i n  t h e  

area of ground-wind loads being conducted at the Langley Research Center. 

In  p a r t i c u l a r ,  w e  will consider four i t e m s :  wind-tunnel models and test 

techniques,  self-exci ted response, e f f ec t s  of atmospheric turbulence,  and 

fu l l - sca l e  programs. 
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WIND-TUNNEL MODELS AND TEST TECHNIQUES 

Aeroelastic Models 

The aerodynamic forces associated with ground-wind loads on erected 

launch vehicles  are a result of flow separat ion from b lu f f  bodies. Since 

such loads a r e  c r i t i c a l l y  dependent on Reynolds number, e f f o r t s  are made 

t o  dupl icate  fu l l - s ca l e  Reynolds numbers i n  the  wind tunnel.  Also, be- 

cause of  t he  s e n s i t i v i t y  of f l o w  separat ion t o  minor surface protuber- 

ances, such as conduits or  surface roughness conditions,  ca re fu l  a t t en t ion  

m u s t  be given t o  t h e  simulation of  de t a i l ed  geometric features. I f  steady- 

state loads were t h e  only consideration, a r i g i d  model having t h e  same 

geometric features  and Reynolds numbers as t h e  prototype would be ade- 

quate f o r  predict ing ground-wind loads. Unfortunately, launch vehicles 

are  not r i g i d  and usually the  predominant aerodynamic loads a r e  not steady. 

Therefore,  t h e  s t r u c t u r a l  dynamic propert ies  of t h e  vehicle ,  t h a t  i s ,  

mass, frequency, and damping, a l s o  become important considerations i n  

model scal ing.  Experience has shown t h a t  t h e  predominant dynamic response 

of launch vehicles t o  wind-induced loads is e s sen t i a l ly  t h a t  of the f i r s t  

mode alone. The s ign i f i can t  addi t ional  nondimensional parameters t o  be 

matched i n  the  wind tunnel  a r e  then the  reduced frequency based on t h e  

fundamental frequency of t h e  vehicle w D/U, t he  s t r u c t u r a l  damping, and a 

m a s s  r a t i o  involving generalized mass of  the fundamental mode t o  the  mass 

of air displaced by t h e  vehicle.  

1 

A model which simulates both aerodynamic and s t r u c t u r a l  dynamic par- 

ameters i s  r e fe r r ed  t o  as an "aeroelast ic"  model. Wind-tunnel tests of 

such models a r e  bel ieved t o  provide t h e  most d i r ec t  and r ea l i ab le  means 

of predict ing the  response of  launch vehicles t o  a steady wind. (See, f o r  
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example, r e f s .  14  and 15). 

Shown i n  f igure 2 are some ae roe la s t i c  models of s p e c i f i c  vehicles  

which have been used i n  ground-wind-load s tudies  i n  the  Langley 16-foot 

t ransonic  dynamics tunnel  during the  past  4 years.  Notice tha t  i n  most 

instances the  vehicle  models a re  t e s t e d  i n  t h e  presence of simulated um- 

b i l i c a l  towers or se rv ice  s t ruc tu re .  These towers a re  usual ly  scaled 

only with regard t o  over-all geometry. The exception i s  t h e  e rec to r  tower 

f o r  the Titan-Gemini which had scaled frequencies.  

and tower s t ruc tu res  - are  i n s t a l l e d  on a remotely control led tu rn tab le  

so as t o  permit response measurements t o  be taken from any wind d i r ec t ion .  

The models - vehicle  

By using a freon t e s t  medium, which has a kinematic v i scos i ty  of 

about one-fifth t h a t  of a i r ,  Reynolds number simulation can be approximately 

achieved f o r  a l l  of t he  vehicles shown except f o r  t he  Saturn V. For t h i s  

model, which i s  3 percent of ful l -scale  s i z e ,  t h e  Reynolds number i n  the 

wind tunnel was one-third of t he  fu l l - s ca l e  value. 

Even when Reynolds number i s  matched, however, there  are  differences 

i n  the  flow i n  wind tunnels as compared with t h a t  i n  t h e  natural  atmosphere. 

I n  the  wind tunnel  t h e  flow i s  approximately uniform and steady; i n  the  

atmosphere near t he  ground the mean wind var ies  with height and i s  gusty. 

An approximate means o f  taking i n t o  account wind var ia t ions with height is 

t o  r e l a t e  t h e  wind-tunnel veloci ty  t o  a calculated "equivalent" ve loc i ty  

which produces t h e  same s teady-state  base-bending moment as does the ac tua l  

wind p ro f i l e .  A reasonable approximation of na tu ra l  wind p ro f i l e s  has been 

simulated i n  wind tunnels by use of a t ransverse g r i d  of various s i zed  rods. 

(See r e f s .  16 and 17.) 

determine the  f e a s i b i l i t y  of  applying these techniques i n  ground-wind load 

s tud ie s .  

A p i l o t  study i s  present ly  underway at  Langley t o  
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Modeling c r i t e r i a  f o r  simulating atmospheric turbulence i n  wind tunnels 

have a l s o  been successful ly  applied i n  reference 18. These sca l ing  laws, 

however, are not compatible with those used i n  t h e  scal ing of ae roe la s t i c  

models. 

i n  wind tunnels w i l l  be given i n  a later sect ion of t h i s  paper. 

Some f u r t h e r  consideration of t h e  scal ing of na tu ra l  turbulence 

Response Measurements 

The p r inc ipa l  response measurements i n  these s tudies  a re  the  s t a t i c  

and dynamic bending moments i n  two planes at the base of t h e  model, and 

corresponding accelerat ions at  the  nose. Although t i m e  h i s t o r i e s  of the 

quan t i t i e s  are recorded, t h e  most useful  readout system employed i n  a 

two-axis oscil loscope and camera. 

puts  of X and Y bending-moment s t r a i n  gages are fed t o  the  X and 

As i l l u s t r a t e d  i n  f igu re  3, the  out- 

Y &es of t h e  scope and t h e  s e n s i t i v i t i e s  of t h e  two channels are  made . ’  
equal. A time-exposure photograph of t h e  oscil lograph screen produces 

a roughly e l l i p t i c a l  pa t t e rn  which defines the  envelope of t he  maximum 

bending-moment osc i l l a t ions  encountered during t h e  data  sampling period; 

t yp ica l ly ,  t h e  model encounters between 2,000 and 3,000 cycles of o sc i l -  

1at ion.during t h i s  period, which, i n  terms of t h e  fu l l - s ca l e  vehicle ,  is  

equivalent t o  wind exposure t i m e s  of t he  order of 1 hour. 

t h e  wind-off point t o  t h e  center  of t he  e l l i p t i c a l  pa t t e rn  represents t h e  

s t a t i c  moment, and the  longest vector  which can be drawn f r o m  t h e  wind-off 

point  t o  t h e  tangent on the e l l i p s e  is t h e  maximum resu l t an t  moment. Note 

t h a t  information on t h e  co r re l a t ion  between t h e  two-moment time h i s t o r i e s  

is displayed with this type of  da t a  presentation. It has been found t h a t  

t h e  probabi l i ty  of t h e  lateral and dragwise bending moments reaching max- 

imum values at  t h e  same t i m e  is  very low. 

The vector from 
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Damping Devices 

S t ruc tu ra l  damping has been found t o  be one of  t h e  key parameters 

which governs the  suscep t ib i l i t y  of a vehicle  t o  wind-induced osc i l l a t ions .  

It is  very d i f f i c u l t ,  however t o  control  damping i n  a model as accurately 

as other  parameters. 

oped which permits precise  regulation of t he  damping i n  a model. The de- 

v i ce  works on t h e  p r inc ip l e  of t he  c l a s s i c a l  Lanchester damper. 

of a s e r i e s  of lead slugs ( aux i l i a ry  masses) t h a t  a r e  free t o  s l i d e  on con- 

cave trays ins ide  of  a cylinder f i l l e d  with viscous o i l .  

v ib ra t e s  i n  a horizontal  plane,  t he  o i l  moves r e l a t i v e  t o  t h e  s lugs ,  there- 

by causing energy t o  be diss ipated.  The damping can be varied by changing 

t h e  number of slugs or  t h e  v i scos i ty  of t h e  o i l .  Figure 5 shows t h e  increase 

i n  damping i n  the  0.03-scale Saturn V model obtained with eight  72-gram slugs 

i n  the damper. 

A viscous damper, shown i n  f igure 4, has been devel- 

It cons i s t s  

A s  t he  cylinder 

Various damping devices have been used or proposed a s  means of  a l l ev i -  

a t i n g  wind-induced o s c i l l a t i o n s  of smoke s tacks.  Usually t h e  dampers a r e  

connected t o  the  s t ruc tu re  by means of guy wires ( r e f .  3 and 4). Since 

guy wire supports a r e  often not feasible  i n  launch vehicle appl icat ions,  

it is of i n t e r e s t  t o  consider t h e  use of aux i l i a ry  mass dampers, which re- 

quires  no ex te rna l  connections, as a possible method for reducing wind- 

induced loads on ful l -scale  vehicles.  Such devices presumably could be 

attached t o  the  vehicle  during high wind conditions and then be removed 

p r i o r  t o  launch. 

Theoret ical  performance cha rac t e r i s t i c s  of an auxi l iary mass damper 

a re  shown i n  f igu re  6 as a three-dimensional surface.  

an aux i l i a ry  mass rn is  connected t o  t h e  vehicle s t ruc tu re  through a 

spr ing kd and dashpot e ,  as indicated schematically i n  the  f igure.  

It is assumed t h a t  

The 
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vehic le  structure i s  represented mathematically as a single-degree-of f ree-  

dom o s c i l l a t o r  having a generalized m a s s  M and na tu ra l  frequency 

The case shown is f o r  m/M = 0.05.  The v e r t i c a l  a x i s  i n  the  f igu re  is t h e  

damping r a t i o  

from t h e  r e a l  pa r t  of one root  of t h e  cha rac t e r i s t i c  equation f o r  t h e  

coupled system. 

coupled f requencies ,  and 

ameter. This f igu re  simply i l l u s t r a t e s  a well-known r e s u l t  from t h e  

theory of v ib ra t ion  absorbers ( see ,  f o r  example, r e f .  19) t h a t  when t h e  

auxiliary m a s s  i s  "tuned" t o  the  na tu ra l  frequency of t h e  system t o  which 

it i s  a t tached ,  and 

pa t ion  can be achieved. The previously discussed Lanchester type damper i s  

represented by t h e  curve f o r  Note t h a t  t h i s  damper has optimum 

performance at c / 2 m  = 0.5. The wind-tunnel research appl ica t ions  where 

prec ise  con t ro l  of damping i n  ae roe la s t i c  models i s  des i red ,  t h e  f a c t  t h a t  

?' 

c1 assoc ia ted  wi th  t h e  vehic le  mode; th i s  was determined 

P lo t t ed  on t h e  o the r  axes a r e  wd/wl, t h e  r a t i o  of un- 

c/2mwl, a nondimensional viscous damping par- 

c/2mwl i s  near an optimum value ,  l a rge  energy d i s s i -  

wd/wl = 0. 

1 

5 is r e l a t i v e l y  in sens i t i ve  t o  va r i a t ions  i n  c/2mwl becomes an a t t r a c t i v e  1 

f ea tu re ;  however, i n  fu l l - sca le  appl ica t ions ,  where weight of t he  aux i l i a ry  

m a s s  may be an important consideration, tuned dampers o f f e r  more than an 

order of magnitude improvement i n  performance. 

SELF-EXCITED RESPONSE 

Various and conf l i c t ing  theor ies  have been advanced regarding unsteady 

aerodynamic forces associated with vortex shedding from c i r c u l a r  cy l inders .  

In t h e  s u p e r c r i t i c a l  Reynolds nunber range - t he  range of primary i n t e r e s t  

f o r  t h e  present problem - experimental da ta  ind ica t e  t h a t  i n  some instances 

these  forces a re  random and insens i t i ve  t o  notion of t he  s t r u c t u r e  (Fung, 
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r e f .  10) and in  o the r  instances per iodic  and s t rong ly  dependent on motion 

(Buel, et a l . ,  r e f .  12 and Den Hartog, r e f .  3) .  This s ec t ion  of t h e  paper 

w i l l  be  devoted t o  consideration of  these  apparent differences.  In par- 

t i c u l a r ,  a simple mathematical model, involving nonlinear aerodynamic da??p- 

i n g ,  i s  presented which has behavior cons is ten t  w i th  both  of  t h e  above- 

mentioned phenomena. 

Experimental Results 

In  recent  wind-tunnel t e s t s  at Langley involving Saturn I-B and Saturn 

V ground-wind load models v io l en t  se l f -exc i ted  o s c i l l a t i o n s  were encountered. 

These o s c i l l a t i o n s  occurred at Reynolds numbers as high as 4 X 10  

the  model's maximum diameter. 

reduced frequencies,  based on the  maximum diameter, i n  t h e  neighborhood of 

0.2 which happens t o  be t h e  S t rouhal  number of t h e  Karman vortex s t r e e t  at 

s u b c r i t i c a l  Reynolds number.' 

been observed on l a r g e ,  l i g h t l y  damped, s t e e l  smokestacks and t h e  so lu t ion  

has been t o  add damping ( r e f .  3) o r  a t t ach  aerodynamic spo i l e r s  t o  t h e  

s t ruc tu re  ( r e f .  2 0 ) .  

6 based on 

On both models t h e  i n s t a b i l i t y  appeared at  

Similar se l f -exc i ted  response phenomena have 

Now it might be argued t h a t  these  high response conditions observed at 

a p a r t i c u l a r  wind ve loc i ty  could be in t h e  nature o f  a forced  resonant os- 

c i l l a t i o n  r a the r  than an i n s t a b i l i t y .  Data presented i n  f igu re  7 ,  however, 

It should be noted t h a t  fo r  these  models the  peak response apoears t o  be 
a r e s u l t  of vortex shecding f r o m  t h e  lower s tages  at  a S t rouhal  number of 0.2. 
Response c h a r a c t e r i s t i c s  were r e l a t i v e l y  in sens i t i ve  t o  changes i n  nose shape 
or sur face  roughness condi t ions ;  f o r  o the r  vehicles conf igura t ions ,  nose shape 
and roughness may be t h e  dominant f ac to r  a f f ec t ing  response. (See r e f .  12.)  
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serve t o  disprove t h i s  argument. These da t a  w e r e  obtained on the  0.03- 

sca l e  Saturn V model. The f igu re  shows t h e  va r i a t ion  of dynamic bending- 

moment response with ve loc i ty  f o r  t h ree  values of  s t r u c t u r a l  damping. 

note t h a t  f o r  t h e  smallest damping of 5 = 0.004, t h e  response peaks sharply 

at a reduced veloci ty  of approximately 4.5. The sample t i m e  h i s to ry  shown 

f o r  t he  peak response point i s  a nearly constant amplitude s i n e  wave at  

t h e  fundamental model frequency. 

t o  0.008 t h e  sharp spike is eliminated and t h e  response time his tory i s  

character ized by a random-amplitude constant-frequency motion typ ica l  of the  

response of  a l i g h t l y  damped system t o  a random-forcing function. This com- 

p l e t e  change i n  character  of t h e  response time h i s t o r i e s  as damping increases  

suggests t h a t  at a c e r t a i n  c r i t i c a l  veloci ty  t h e  s t r u c t u r a l  damping of t he  

system is a control l ing f ac to r  which determines whether t h e  dynamic response 

is a r e s u l t  of self-exci ted or ex te rna l ly  forced motions. I n  e i t h e r  case it 

is  apparent t h a t  s t r u c t u r a l  damping of the  model is an important parameter 

t o  be simulated. 

on t h e  response of systems t o  random o r  per iodic  forcing functions,  without 

consideration of motion-dependent aerodynamic forces ,  would be inappl icable  

for these cases of s e l f - exc i t ed  response. Similar r e s u l t s  a r e  shown i n  ref-  

erence 12.  

F i r s t ,  

When t h e  damping is increased from 0.004 

Furthermore, t he  commonly used sca l ing  laws ( r e f .  21) based 

Conceptual Model of Self-Excited Response 

L e t  us now attempt t o  i n t e r p r e t  t he  mechanism producing these observed 

dynamic i n s t a b i l i t i e s .  Scruton, i n  reference 22, has made extensive wind- 

tunnel  s tudies  of i n d u s t r i a l  s t ruc tu res  such a s  smokestacks and towers, and 

has reported s i m i l a r  i n s t a b i l i t i e s  which he a t t r i b u t e s  t o  a nonlinear aero- 

dynamic damping t h a t  becomes negative at a p a r t i c u l a r  wind velocity.  

results were obtained at s u b c r i t i c a l  Reynolds numbers; however, h i s  f indings 

Scruton's 
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appear t o  be applicable t o  t h e  present s tudies  where Reynolds number varies 

from 1 t o  6 mill ion.  

A launch vehicle  s t r u c t u r e  and the  aerodynamic loads associated with 

vortex shedding are represented conceptually by t h e  block diagram pictured 

i n  f igu re  8. Le t  FS(t)  be t h e  aerodynamic forcing function which is in- 

dependent of vehicle motion and t o  a nonlinear aerodynamic damping 

force which depends on t h e  vehicle  motion. I n  t h e  equations of motion, d lso  

given i n  f igu re  8, t h e  left-hand s ide  describes dynamics of t h e  s t r u c t u r e  i n  

terms of a na tu ra l  frequency and damping r a t i o  and t h e  right-hand s i d e  ex- 

presses t h e  aerodynamic forces i n  terms of a lateral force coe f f i c i en t  

C ( t )  and damping coe f f i c i en t  C.. For t h e  present purpose it w i l l  be 

assumed t h a t  C ( t )  is a random function of time. Depending on t h e  re- 

l a t i v e  magnitudes of  t h e  s t r u c t u r a l  and t he  aerodynamic damping coe f f i c i en t s ,  

t h e  response x ( t )  

wind can t ake  on e i t h e r  of t h e  two forms indicated i n  the  f igure.  When the  

damping is  predominantly s t r u c t u r a l ,  t he  response w i l l  be t h e  c h a r a c t e r i s t i c  

random-amplitude constant-frequency motion t y p i c a l  of a l i g h t l y  damped system 

driven by a random forcing function. With aerodynamic damping present i n  a 

nonlinear form such as measured by Scruton, t h e  p o s s i b i l i t y  e x i s t s  for s e l f -  

exci ted motions indicated i n  t h e  figure by the  constant ampli tudesinusoidal  

response. A representat ive p lo t  of t h e  va r i a t ion  of C2 with reduced fre- 

quency (see f i g .  9 )  shows t h a t  over a narrow range of f D / U  near 0.20, t h e  

aerodynamic damping has  a des t ab i l i z ing  influence which depends s t rong ly  on 

t h e  amplitude of  motion. A t  t h i s  c r i t i c a l  value o f  reduced frequency the  

des t ab i l i z ing  e f f e c t  becomes smaller as t he  amplitude of motion increases.  

FD(t)  

L 

L 

of t he  s t ruc tu re  i n  t h e  d i r ec t ion  perpendicular t o  t h e  

Thus, an energy balance is eventually es tabl ished between t h e  energy input 

by negative aerodynamic damping and the  energy absorbed by pos i t i ve  
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s t r u c t u r a l  damping. This leads  t o  a l imit-cycle o s c i l l a t i o n  whose amplitude 

is  inverse ly  propor t iona l  t o  s t r u c t u r a l  damping as shown i n  p l o t  on r i g h t  

s ide  of f igu re  9. 

Analog Computer Studies 

Further i n s igh t  i n t o  t h e  behavior of t he  nonlinear mathematical model 

presented i n  f igures  8 and 9 may be gained from analog computer so lu t ions .  

For t h i s  purpose t h e  equation i n  f igu re  9 has been programmed on an analog 

computer i n  t h e  manner shown i n  f igu re  10. The random l a t e r a l  forc ing  

function C L ( t )  was obtained by passing t h e  output of a Gaussian white-noise 

generator through a f i r s t -o rde r  low-pass f i l ter .  The f i l t e r  time constant 

was ad jus ted  t o  make t h e  power spectrum of C ( t )  approximate c lose ly  the  

spectrum f o r  f ixed  cylinders presented by Fung in  f igure  11 of reference 

10. Output of t h e  noise generator was ad jus ted  such t h a t  t h e  root-mem- 

square of CL matched Fung's measured value of 0.12. A s  an approximation 

t o  Scruton's r e s u l t s  i n  reference 22, t h e  nonlinear damping coe f f i c i en t  

w a s  assumed t o  be inverse ly  propor t iona l  t o  a running average of t h e  ab- 

so lu t e  value of response. 

L 

The r e s u l t s  are shown i n  f igu re  11 as a p l o t  of maximum response 

observed during a computer run aga ins t  damping of t h e  s t ruc tu re .  

on t h e  l e f t  o f  t he  f igu re  represents  t he  system response with the  motion- 

dependent aerodynamic force set equal t o  zero. This response var ies  in- 

verse ly  as 6 
systems ac ted  on by a random forc ing  function. (See r e f .  21.)  According 

t o  Scruton's da t a  t h i s  is representa t ive  of conditions when the  na tu ra l  

frequency of t h e  system i s  not i n  t h e  v i c i n i t y  o f  t he  S t rouhal  frequency. 

The right-hand s i d e  of t he  f igu re  shows corresponding r e s u l t s  when the  

na tu ra l  frequency and t h e  S t rouhal  frequency have approximately t h e  same 

The p lo t  

which is  t h e  r e l a t ionsh ip  pred ic ted  f o r  l i g h t l y  damped 
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values ,  say,  fnD/UF=0.2. Note t h e  s i m i l a r i t i e s  i n  these  analog t i m e  

h i s t o r i e s  and the  bending-moment t i m e  h i s t o r i e s  shown i n  f igu re  7 f o r  t h e  

Saturn V model. 

The apparent incons is tenc ies  between F'ung's observation ( r e f .  10) - 

aerodynamic forces  on cy l inders  a re  random and e s s e n t i a l l y  independent o f  

body motions - and t h e  se l f -exc i ted  response observed f o r  both wind-tunnel 

models and smokestacks might then be reconciled as follows: In Fung's in- 

ves t iga t ion ,  t he  cy l inder  motion w a s  l imi ted  t o  reduce frequencies below 

0.12; Scruton ( r e f .  22) and t h e  present wind-tunnel s tud ie s  ind ica t e  t h a t  

motion dependent forces ,  i n  t h e  form of negative aerodynamic damping occur 

i n  a narrow range of reduced frequencies near  t h e  S t rouhal  number of 0.2. 

In  order  t o  shed fu r the r  l i g h t  on these and r e l a t ed  ques t ions ,  a generalized 

research study on two-dimensional cy l inders  w i l l  be  conducted i n  t h e  Langley 

t ransonic  dynamics tunnel  up t o  Reynolds number of 20 X 10 . The Martin 

Company, George C .  Marshall Space F l ight  Center, and Langley Research Center 

w i l l  be j o i n t  pa r t i c ipan t s  i n  t h i s  program. 

6 

RESPONSE TO TURBULENCE 

Comparison of Wind-Tunnel and Atmospheric Turbulence 

Unlike t h e  uniform p r o f i l e  of steady wind in  a wind tunne l ,  atmospheric 

winds near t h e  ground are t y p i c a l l y  as i l l u s t r a t e d  i n  f igu re  12. The pro- 

f i l e  pa t t e rns  shown represent  instantaneous d i s t r ibu t ions  of ho r i zon ta l  wind 

t h a t  may occur as a f i e l d  of turbulence i s  blown pas t  an e rec ted  vehic le .  

dashed l i n e  i n  t h e  f igu re  represents  t he  mean wind averaged over,  s ay ,  a 1- 

minute per iod;  t h e  l i t t l e  arrows represent more r ap id  wind f luc tua t ions  of 

wind components i n  t h e  d i r ec t ion  of t he  mean flow. A s  ind ica ted  i n  t h e  f igu re ,  

t hese  unsteady wind components vary randomly i n  both time and space. Since 

The 
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these winds produce random loadings on the s t ruc tu re ,  power s p e c t r a l  tech- 

niques appear t o  o f f e r  t he  most f r u i t f u l  method of analysis  and w i l l  be  the  

approach discussed i n  t h e  present paper. 

Before considering some mathematical techniques f o r  predict ing t h e  re- 

sponse of launch vehicles  t o  ground wind turbulence,  le t  us  first discuss 

the  p o s s i b i l i t y  of simulating such turbulence i n  a wind tunnel.  Consider 

t h e  question: 

of wind tunnels need t o  be modified i n  order t o  simulate “atmospheric“ 

turbulence i n  wind-tunnel t e s t i n g  of ae roe la s t i ca l ly  scaled models? Figure 

13 w i l l  serve t o  answer t h i s  question. The f igure shows t y p i c a l  p l o t s  of  

t he  power spectrum of wind-tunnel turbulence and atmospheric turbulence 

near t h e  ground. The curves a re  p lo t t ed  against  t h e  f ami l i a r  frequency 

scal ing parameter fD/U. 

l aye r  or i n  a wind tunnel ,  can be characterized by a mean eddy s i z e  or 

“scale” length 

l a t i v e  t o  t h e  mean wind ve loc i ty ,  d= For atmospheric winds near t h e  

ground, t he  sca l e  of  turbulence is  of  t he  order of t h e  over-all  length of 

Saturn V veh ic l e ,  or 10  vehicle diameters. In  wind tunnels a t y p i c a l  value 

of L might be 1/10 t h e  diameter of a ground-wind-loads model. A l s o ,  t he  

i n t e n s i t y  of turbulence is an order of magnitude d i f f e ren t  f o r  t he  two cases,  

being, say,  20 percent of t he  mean wind f o r  t he  atmosphere as compared with 

1 or 2 percent f o r  wind tunnels.  In  summary, t h e  f igu re  indicates  t h a t  over 

t h e  frequency range of  i n t e r e s t  i n  t h e  present problem, t y p i c a l  values of 

t h e  sca l e  and i n t e n s i t y  of turbulence i n  wind tunnels and i n  the  atmosphere 

are  vas t ly  d i f f e r e n t ;  t he re fo re ,  study of t h e  e f f e c t s  of gust loads assoc- 

i a t e d  with atmospheric turbulence i n  wind tunnels must a w a i t  t he  development 

of new techniques f o r  t h e  generation and control  of  wind-tunnel turbulence. 

To what extent  would the  turbulence s t r u c t u r e  representat ive 

Turbulence, whether it be i n  t h e  ea r th ’ s  boundary 

L ,  and t h e  rms in t ens i ty  of f luc tua t ion  components re- 
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Basic Power Spectral  Relationships 

I n  absence of su i t ab le  wind-tunnel techniques for studying the  re- 

sponse of vehicles  t o  atmospheric turbulence,  w e  m u s t  work e i t h e r  with 

mathematical models o r  ac tua l  s t ruc tu res  exposed t o  na tu ra l  winds. Both 

of these approaches a r e  being pursued a t  NASA-Langley. This sect ion of 

t h e  paper w i l l  concern an ana ly t i ca l  approach t o  t h e  problem. 

Power spec t r a l  techniques have proved t o  be powerful t oo l s  for analy- 

zing t h e  response of systems t o  random inputs.  

c r a f t  gust-load predict ion have been under development for more than a de- 

cade and o f f e r  an excel lent  foundation on which t o  formulate the  present 

problem. 

( r e f .  23) which presents an exhaustive review and extension of power spec- 

t ral  techniques i n  r e l a t i o n  t o  t h e  response of airplanes t o  atmospheric 

turbulence. A basic  equation for t he  power spectrum of a l i n e a r  system 

acted upon by mult iple  random inputs i s  presented in  references 23 and 24 

wherein t h e  s t ruc tu re  i s  assumed t o  be divided i n t o  an a r b i t r a r y  number of 

segmented areas with a random forcing function ac t ing  a t  the center  of each 

segment. 

Such techniques for air- 

Of pa r t i cu la r  value i s  t h e  paper by Houbolt, S t e ine r ,  and P r a t t  

* * * 
@ ( w )  = al1H15 + Q22H2H2 + Q33H3H3 + ... 

where 

@,(d 

@. . 
1.I 

power spectrum of a response var iable  r which may denote 

base bending moment, t i p  def lect ion,  e t c .  

cross spectrum of turbulence ve loc i t i e s  a t  ith and jth points 

on the  s t ruc tu re  
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H. frequency response function which gives t h e  response due t o  

a u n i t  s inuso ida l  gust component ve loc i ty  ac t ing  at  t h e  

segment of sur face  a rea  assoc ia ted  with t h e  ith poin t  

H . * ( W )  = H.(-W) complex conjugate of H. 

R e  denotes t h e  r e a l  p a r t  

I n  i t s  general  form this equation ind ica tes  t h a t  a considerable amount 

of information regarding t h e  s p e c t r a l  descr ip t ion  of turbulence is  requi red  

i n  order t o  define t h e  response spectrum. Spec i f i ca l ly ,  t he  power s p e c t r m  

of hor izonta l  components of turbulence must be spec i f i ed  a s  a function of 

frequency at each of n points on t h e  s t r u c t u r e  toge ther  xLth t h e  cross 

spec t r a  between a l l  combinations of p a i r s  of t he  ve loc i ty  components. Since 

such information is r a re ly  ava i l ab le  i n  the  form requi red ,  various simpli-  

fy ing  assumptions must be made i n  order t o  obtain numberical so lu t ions  t o  

equation (1). The most frequently made assumptions a re  t h a t  t h e  gus t  ve- 

l o c i t i e s  a r e  i n  phase at every poin t  on t h e  s t r u c t u r e  and t h a t  the  tu r -  

bulence f i e l d  is homogeneous; t h a t  i s ,  

all = 012 = a13 ... Oln ( 2 )  

With these  assumptions, equation (1) reduces t o  t h e  following simple 

form 

(3) 2 
Or(w) = \HI all 

where 

H = H + H + ... Hn frequency response function f o r  a s inusoida l  gus t  un- 1 2  

formly d i s t r ibu ted  over t he  vehic le  length  

power spectrum of gust components @11 

Bohne, i n  re ference  2 5 ,  u t i l i z e s  t h i s  equation i n  analyzing the  res?onse 

of launch vehic les  t o  ground-wind turbulence.  Various empirical  expressions 
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for the power spectrum of turbulence, derived from data obtained from wind 

towers and airplanes, are available fo r  use i n  such calculations. 

example, re fs .  23, 26, 2'1, and 28.1 

(See, for  

An obvious shortcoming of the assumption of perfect correlation of 

gusts along the length is t h a t  dynamic response i n  the  fundamental mode is 

l ikely t o  be grossly overestimated, especially i f  gust wave lengths corres- 

ponding t o  the fundamental s t ructural  frequency are small i n  comparison with 

the  vehicle length. A mare rat ional  assumption would be t o  account for  cor- 

re la t ion of gust velocities on the basis tha t  atmospheric turbulence is  

local ly  homogeneous and isotropic; that  i s ,  i t s  s t a t i s t i c a l  p r o p d i e s  i n  

a given volume of a i r  are the same a t  a l l  points and are independent of ro- 

ta t ions of the reference axes. In an analysis of response of line-like 

structures t o  gusty winds, Davenport ( re f .  29) makes similar assumptions 

and j u s t i f i e s  them on the basis of experimental evidence. 

conditions the cross spectra depend only on the separation distance between 

points and are independent of height above the ground. The following re- 

la t ions then apply 

Under these 

rnll = a2* = 933 = ... onn 

* * 'n ,n+l a12 = P23 = 034 = 

013 = = P = 35 @n,n+2 (41  

and equation (1) becomes 

ar(w) = mll { XIHl* + H2H2* + . . . 2Re [ '12 (E1 * H2 + H2*H3 + - - - 1 
11 

+ '13 (H1 * H3 + H2*H4 + ...I + --+E 'ln * H + H2Hn+1 + ... I]} ( 5 )  

11 '11 
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Cross Spectra of Turhulence 

In  order t o  calculate the response spectrum on the  basis  of equation 

These functions (5) the cross-spectra functions m u s t  f i r s t  he specified. 

are derived i n  appendix A from theoret ical  considerations which employ 

Taylor's hypothesis ( i . e . ,  fixed patterns of turbulence are transported 

at the mean wind velocity) together with the assumption that over the  

height intervals of in te res t  the turbulence is homogeneous and isotropic. 

Results from the  theory are plot ted i n  figure 16. 

15(a) are  experimental data obtained by Singer ( re f .  30)  from a. 400-foot 

tower in  wooded country at the Brookhaven Laboratory and by Davenport ( re f .  

29)  on a 500-foot mast i n  open grassland. 

the experimental data from both of these s i t e s  are  i n  reasonable agreement 

and tha t  the theoret ical  curve f a l l s  within the sca t te r  of the data. 

Also shown i n  figure 

It is encouraging t o  note t h a t  

Probably the most s ignif icant  feature of figure 1 5  i s  that  for  ver t ica l  

separation distances greater than about 0.3 of u component wavelengths o r  

0.5 of v component wavelengths the gusts are eSSentiallY uncorrelated. 

For example, i n  a 60-knot wind at a frequency corresponding t o  the Saturn 

V fundamental cantilever frequency ( f  0.5 cps) ,  correlation of u gust 

components is negligible for  separation distances greater than two maximum- 

vehicle diameters. 

The ordinate i n  figure 15, defined as the square root of the coherency 

function, represents the modulus of the complex cross spectra which consists 

of a rea l  (copowerl par t  and an imaginary (quadpower] part. It should be 

pointed out that  i n  the theoret icalcross  spectra the quadpower is zero where- 

as i n  the  experimental cross spectra  a s m a l l  quadrature component was  measured. 

These quadrature components are  due i n  par t  t o  shear flow i n  the  wind prof i le  

and also probably lags i n  the wind sensors. 
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Applications 

In appendix B the  freqwncy response functions indicated i n  equation 

(5)  are derived i n  t e r n  of natural  vibration modes of a structure. 

response spectrum f o r  a two-dimensional gust input i s  then expressed as a 

product between the response spectrum for  one-dimensional gusts and a so- 

cal led "attenuation" factor which accounts for  the  two-dimensionality of 

turbulence. For example, the  spectrum of response i n  the x direction 

due t o  u gust components is (see eq. (B-15a) 

The 

where the subscript 

uation factor given by equation (a-161 i n  appendix B. 

matrix equation indicates tha t  T 

h ic le  geometry, mode shape, wind prof i le  shape, and the cross spectra of 

turbulence between points along the vehicle. 

n refers  t o  the mode number and T (k) i s  the atten- 

Examination of t h i s  

un 

(k)  is dependent on such factors as  ve- un 

In order t o  present some specific resul ts  the gust attenuation factor  

w a s  evaluated for a Saturn V class vehicle i n  a Tun'k) = 'x/'x,uniform 

cantilevered unfueled condition. The Saturn V has a maximum diameter of 

33 feet  and is  about 350 feet  t a l l .  Natural frequencies of the first two 

cantilevered modes were assumed t o  be 0.48 cps and 1.85 cps. 

wind prof i le  shape considered followed a 1/5 power l a w  variation with 

height as suggested i n  reference 31. 

The steady 

Results of these calculations are presented i n  figure 16. Note that  

for  reduced frequencies fD/U greater than about 0.1 attenuation due t o  two- 

dimensional effects  i s  approximately twice as great for  the  f i r s t  mode as it 

is for  the  second mode. A physical explanation of this resu l t  can be gained 

by recognizing tha t  i n  the f i r s t  mode a 180' phase shift for  gusts on opposite 
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s ides  of the  node l ine  has a load amplifying effect. 

noted i n  reference 24. 

Although gust correlation effects  tend t o  attenuate the  f i r s t  mode t o  

Similar resu l t s  are  

a much greater extent than t h e  second mode, the absolute response is ,  never- 

theless ,  predominantly that of the  f i r s t  mode. This resul t  is associated 

with the  rapid decrease i n  turbulent energy with increasing frequency. 

An interest ing feature t o  be noted is  tha t  the  curves in  figure 16 are 

independent of the scale  of turbulence. 

assumption made i n  appendix A tha t  the gust wavelengths of in te res t  are 

equal t o  or less than the scale  of turbulence. 

This i s  a consequence of the  

Power spectra of first-mode response t o  u and v gust components are 

presented i n  figure 17 for  1-D and 2-D turbulence. The response deflection 

has been made nondimensional by dividing it by the  s t a t i c  deflection assoc- 

ia ted  with the mean wind speed. In  these calculations it has been assumed 

tha t  the wind speed is the 99.9 percent probable max imum a t  Cape Kennedy 

(ref.311 which is  43.4 knots at the 240-foot height. 

height i s  the  effect ive wind velocity 

over the  vehicle, would produce the  same s t a t i c  dragwise base bending moment 

as does the  assumed wind prof i le .  The mean square turbulence was assumed 

t o  be 2 = * = 0.03 U$. And f ina l ly ,  the form of the power spectra for 

The velocity a t  this 

Ue which, i f  distributed uniformly 

u and v was assumed t o  be given by equation (B-141 with L = 10DO = 

330 ft at a l l  heights. 

Note i n  the figure that at the lower frequencies, corresponding t o  

long wavelengths, the 1-D and 2-D response curves are almost identical. In 

the  vicini ty  of the  first-mode natural frequency, however, the e f fec ts  of 

2 4  turbulence are indeed s ignif icant .  

the variance of response for  1-D gusts are  approximately twice tha t  of the 

From areas under the spectra curves 

2-D gusts. 
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FULL-SCALE STUDIES 

In  previous sections of the  paper we have discussed w q a  in  M c h  the 

response of launch vehicles t o  ground-wind loads can he simulated 

of models - both physical and mathematical. %ether o r  not these models 

are the  intended analogs of t h e i r  full-scale counterparts must he judged 

on the basis of comparisons between appropriate model and full-scale data. 

Although considerable e f for t  has been devoted t o  wind-tunnel studies of 

aeroelastic ground-wind models, there is l i t t l e  i n  the  way of full-scale 

data available for  correlation with similar model data. 

means 

Jupi ter  and mor Vehicles 

In order t o  f i l l  t h i s  gap the  Langley Research Center i s  engaged i n  

two programs aimed at obtaining ground-wind response data on full-scale 

vehicles. 

Thor vehicle which have been acquired as surplus property. 

are  t o  be used solely for  ground-wind-load studies over a 1-year period 

at Wallops Island. Vehicle response, i n  the  form of bending moments and 

accelerations, w i l l  be measured together with the wind inputs a t  two 

heights near each vehicle. 

be obtained from f ive  elevations on a 250-foot tower located about L f h  mile 

from the  vehicle s i t e .  Special fast-response anemometers similar t o  the 

prototype shown i n  figure 18 (ref .  32) w i l l  be used. 

have f l a t  response t o  frequencies several times greater than the fundamental 

vehicle frequencies. Vehicle response and wind input data w i l l  be auto- 

matically recorded on magnetic tape a t  regular intervals ,  or whenever t h e  

wind exceeds a preselected value. 

The f i r s t  of these programs involves use of a Jupiter and a 

These vehicles 

In addition, other wind measurements w i l l  a lso 

These instruments 
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The previously mentioned wind-tunnel t e s t s  of  a 20-percent scale  Jupi ter  

model indicated tha t  s m a l l  strake-type spoi lers  placed on the  nose had a pro- 

nounced load al leviat ion effect .  These resul ts  are  shown i n  figure 19 as a 

plot  of the maximum resultant bending moment against wind speed. 

our f i r s t  objectives i n  the full-scale program, then, w i l l  be t o  determine 

i f  spoi lers  are i n  f a c t  as effect ive as predicted i n  the  wind-tunnel studies. 

One of 

Titan-Gemini 

The second full-scale ground wind response program has been established 

f o r  the Titan-Gemini a t  Cape Kennedy. 

Martin-Baltimore under contract with the Air Force and Manned Spacecraft 

Center. It w i l l  be closely followed by the Langley Research Center while, 

i n  addition t o  having conducted wind-tunnel studies of the vehicle and 

erector system, is providing the previously mentioned fast-response ane- 

momenters f o r  the wind-measurement phase of the program. The bending- 

moment response of the  vehicle w i l l  be read out from load ce l l s  which are  

a par t  of the launch pad hold-down structure. 

be two opportunities t o  obtain response data  when the vehicle i s  not 

sheltered by the erector tower; these are  during a fuel  loading checkout 

and immediately pr ior  t o  launch. 

T h i s  program is being conducted by 

For each vehicle there  w i l l  

Although the system is  not yet fully operational, some hending-moment 

response data were obtained by the Martin Company jus t  pr ior  t o  launch of 

the  f i r s t  Titan-Gemini vehicle. 

gether with wind-tunnel resul ts  and theoret ical  predictions of response 

due t o  turbulence. The only source of wind data available a t  the time of 

these measurements w a s  a propeller-type anemometer mounted a few feet  above 

the blockhouse and read out visually on a meter. Therefore, precise values 

These data are presented i n  figure 20 to- 
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for  the  mean wind and the intensi ty  of turbulence at the  vehicle are  not 

knoun; the  intensi ty  of turbulence assumed i n  these calculations w a s  

&U = K U  = 0.2. Although there appears t o  be reasonable agreement 

indicated between these full-scale measurements and the predictions based 

on wind-tunnel data and assumed turbulence conditions, quantitative com- 

parisons should not be attempted unt i l  the  more precise measurements of 

the wind are  available. 

L 
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CONCLUDING REMARKS 

This paper concerns the role simulation plays i n  prediction of effects  

of ground winds on space vehicles erected on the launch pad. It is shown 

t h a t  with present techniques, both wind-tunnel and mathemtical models are  

required i n  order t o  predict the  response of vehicles t o  gusty winds. 

naeans of a conceptual representation, which involves a random forcing 

function and nonlinear aerodynamic damping, new insight  i s  gained in to  the 

mechanism of self-excited response which has been observed a t  supercr i t ical  

as well as subcr i t ica l  Reynolds numbers. In  consideration of t h e  response 

t o  ground-wind turbulence, it is indicated that  the spa t ia l  correlation of 

gusts along the vehicle length can have significant e f fec ts .  Finally, it 

i s  hoped tha t  by correlation of response measurements now being obtained on 

full-scale vehicles with those predicted from models the adequacy of existing 

simulation techniques can be b e t t e r  established. 

By 

i 
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SYMBOLS 

generalized coordinates for  the  nth modal functions i n  

the x and y directions, respectively 

l a t e r a l  force coefficient 

aerodynamic damping coefficient 

viscous damping coefficient 

diameter 

vehicle maximum diameter 

nondimensional correlation functions of velocity com- 

ponents para l le l  and perpendicular, respectively, t o  a 

l i n e  r between two points i n  the f i e l d  of t-bulence 

frequency , cps 

random forcing h c t i o n  due t o  vortex shedding from a 

fixed cylinder 

aerodynamic damping force 

frequency response functions relat ing response t o  a unit 

sinusoidal input force a t  s ta t ion  i on the s t ructure  

Bessel function of the th i rd  kind 

reduced frequency (k = wDo/Uo), o r  spring constant 

Bessel function of the second kind for imaginary argument 

vehicle over-all length 

scale of turbulence (see eq. IA-811 

auxiliary h p e r  mass or mass per uni t  length 

generalized mass of the nth natural  mode 

bending moment about ax& indicated by subscript 

orthogonal components of gust velocity a t  a point i 
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z 

a = -  Az f i  
L 

generalized forces f o r  the nth mode i n  x and y 

directions, respectively 

correlation distance 

r e a l  par t  of a complex quantity 

cross correlation of horizontal gust components at point 

i and j on a ver t ica l  l i n e  

integrals  defined i n  appendix B 

nondimensional time (s = Uot/Do 

time 

attenuation of response spectra i n  nth mode due t o  

spa t ia l  correlation of u and v gusts (see eq. B-151) 

horizontal components of turbulence i n  direction paral le l  

and perpendicular, respectively, t o  the mean wind 

amplitude of sinusoidal u and v gusts 

mean wind velocity, subscript 0 denotes reference value 

equivalent uniform wind velocity 

function defined i n  equation (B-4) 

deflection response o r  horizontal axes 

s t a t i c  deflection associated with mean wind 

deflections of nth natural  mode of vehicle re la t ive  t o  the 

t i p  deflection 

ax ia l  distance along vehicle 

Y normalized cross spectra of gusts (see eqs. (A-15) and 

( A-1-17 1 1 

see equation (B-3) 

distance between segmented areas 
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5 

K n 

K 

h 

v 

P 

U 

viscous damping r a t i o  re la t ive  t o  c r i t i c a l  

damping 

Nondimensional response functions(Sn = ;, nn = ””) 
DO 

D 2  

n 
density r a t i o  parameter (K, = F) 

constant i n  figure 9 (K = e) 
nondimensiond time delay (A = F) 
reduced frequency based on L, (v = F) 
density of air o r  wind-tunnel t e s t  medium 

nondimensional separation distance (0 = 3 or 

standard deviation of a random variable 

0. ( w )  power spectra  or cross spectra of a random variable 
Ll 

w circular  frequency 

Notation : 

A dot ( * )  denotes different ia t ion with respect t o  time 

A prime ( I )  denotes different ia t ion with respect t o  s 

A bar (-1 denotes average value 

An as te r i sk  (*I denotes conjugate of a complex quantity 

Vertical bars 1 1  denote modulus of a complex quantity 

L _I row matrix 

[ ] square matrix 

{ column matrix 
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mmmx A 

DERIVATION OF CROSS SPECTRA OF 'VERTICALLY SEPAPATED 

COMPONENTS OF TURBULENCE 

Consider the horizontal components of turbulence along a fixed ver t ica l  

I n  accordance with l i n e  representing the center l i n e  of an erected vehicle. 

Taylor's hypothesis it w i l l  be assumed that  turbulence can be t reated as a 

space pattern of veloci t ies  which are transported at a mean horizontal ve- 

loc i ty  U. In addition, the turbulence is assumed t o  be haogeneous and 

local ly  isotropic. With these assumptions the correlation of veloci t ies  

between two points depends only on the distance between the  points so that  

a simple relationship ex is t s  between space correlations and time correlations 

The method of analysis t o  follow m a y  be considered an extension of the 

cross spectra of ver t ica l  gust derivedby Houbolt ( re f .  241 i n  connection 

with two-dimensional gust loads on a i rc raf t .  

Cross Spectra of u ( t )  

Consider the u component of turbulence a t  two points a distance Az 

apart on the ver t ica l  z axis (see sketch a]. 

Sketch a .  
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The quantity of in te res t  is the  cross correlation between u ( t  + T) and 1 

u ( t )  from which the 

function, defined as 

2 

R12(T 

cross spectra can be derived. The cross correlation 

= l i m  - U (t]U2(t + Tldt T ST 1 
T - t -  0 

can be expressed i n  terms of the one-dimensional correlation function of 

the turbulence f ie ld .  The two such functions required are  f ( r )  and g(r1 

which denote the correlation of velocity components para l le l  and transverse, 

respectively, t o  a l i n e  (See sketch b . )  r between two points i n  the f ie ld .  

Consider the s i tuat ion a t  time t. The velocity at point 2, i n  sketch 

a is u2(t]. Upstream of point z1 a distance UT is the  velocity q C t r  
which w i l l  a r r ive at z1 

and u2( t ) ,  

ular t o  the  line r “1- at t i m e  t. Thus 

T seconds la te r .  These components, ul(t + T )  

can be expressed i n  terms of components para l le l  and perpendic- 
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where 

UT ; cos e = s i n  8 = Az 

Substitution of equation (A-2) i n t o  equation (A-1) yields 
- ‘ I  2 

R ~ ~ ( T ~  = u f ( r )  cos e + g(r1 s i n  e ‘r (A-3)  

where f ( r )  i s  the correlation of velocities p1 and p2 i n  the direction of 

r and g ( r )  is the correlation of velocities q1 and q2 i n  the direction 

normal t o  r. These correlations are defined as 

Longitudinal : 

f ( r )  = (A-4 1 

Transverse : 

Also, i n  deriving equation (A-3) use has been made of the following relations 

which resul t  from the assumption of isotropic turbulence 

and 
(A-5) 

The cross spectrum of the u1u2 components of turbulence is defined a s  

the  Fourier transforms of the cross-correlation function given by equation (A-3) 



-XVIII-31- 

Thus i n  order t o  derive a specif ic  analyt ical  expression for  the cross 

spectrum it is necessary t o  assume a specific form of f ( r )  and g ( r )  i n  

equation (A-3) .  For t h i s  purpose the simple exponential correlation functions 

which closely follows the form of isotropic turbulence observed i n  wind tunnels 

w i l l  be used. (See refs. 33 and 3 h . )  These functions are 

. 

where 

J 
I the  so-called integral  - s c a l e  of turbulence 

Substitution of equations (A-71 in to  equation (A-31 gives - 
2 
U R ~ ~ ( T )  = 

( L I Z ) ~  -!- $T2 

Jm 
L 

- J G X P  

1 (A-9) 

L 
2L [ $T2e + (Az) 

Now l e t  

Then 

a = Az/L 

h = UT/L 
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- 
R12(h) = u2 (1 - 

L 

(A-10 ) 

and the cross spectra of turbulence then follows from equation (A-6) 

(A-11) 

2 a 

2 J X P  

or 

where v = wL/U. 

pression for  cross spectrum 

Integration of t h i s  equation produces the  following ex- 

where 

and 

K n ( d  

Hn ( ( ia 

the Bessel function of the second kind for  imaginary argument, 

the Eessel function of the t h i r d  kind 
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Equation (A-12) i s  a real quantity indicating that  the derived cross spectrum 

has a zero quadrature component. 

As the  separation distance Az approaches zero, the cross spectrum (eq. 

(A-12)) reduces t o  the power spectrum of the 

which, for  f ( r )  = e-rrL, is simply 

u component of turbulence 

- 
2u2 1 P ( v )  = -- 

ull II l + V  2 (A-13) 

It i s  convenient i n  response calculations t o  express the  cross spectrum 

i n  the following normalized form 

12 )U 

Yu = -  
12 QUll 

( A-14 I 

Equations (A-12) and (A-13) substituted in to  equation (A-14) give 

An important simplification resul ts  vhen it is  recognized tha t  the wave- 

lengths for  frequencies of primary in te res t  are i n  general less than the scale  

of turbulence; tha t  is 2n(U)/w<L. The parameter a in equation (A-151 then 

reduces t o  a s ingle  nondimensional parameter 

wL >>1.Q for  - U 
W A Z  e- (A-16 I 

Therefore 



-XVIII-34- A 

The absolute value of equation (A-17) is  shown plotted i n  figure l g ( a ) ,  to- 

gether with experimental data obtained by Singer i n  reference 30 and Davenport 

i n  reference 29. 

Cross Spectra of v ( t )  

The equation for  the cross spectra of horizontal transverse v compon- 

ents  of turbulence i s  ident ical  t o  Houbolt's expression f o r  the ver t ica l  

components presented i n  reference 24. 

w 

This expression is 

(A-18) 

I n  the l i m i t  fo r  

transverse components of turbulence which, for  g b )  

Az = IJ = 0,  t h i s  equation reduces t o  the power spectrum for  

as given i n  equation 

(A-T),  is 

Therefore 
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Again, it can be s ta ted tha t  f o r  the  frequency range of in te res t  i n  the 

present study (v >> 1.0) 

w AzIU alone and can be written 

equation (A-20) is  essent ia l ly  a function of 

(A-21) n w A z  
yv -- -- 2 u 12 

Equation (A-21) is  found t o  be an excellent approximation t o  equation (A-20) 

for  wavelengths equal t o  or  l ess  than 2L. 

A plot of equation (A-21) as a function of f Az/U is shown i n  figure 

15(b), where f i s  frequency in cycles per second. 

I n  order t o  obtain somewhat simpler analyt ical  expressions for use i n  

response calculations, the cross spectra defined by equations (A-151 and 

(A-21) have been approximated by damped cdsine functions. 

a least-squares-fit , the  following empirical equations were obtained. 

On the basis of 

and 
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APPENDIX B 

b 

DERIVATION OF GUST RESPONSE EQUATIONS 

Frequency Response Functions 

Two sets of frequency response functions w i l l  be derived. One set re- 

lates the response of the vehicle i n  the x direction t o  a sinusoidal u ( t )  

gust input and the  other relates response i n  the  direction t o  a sinusoi- 

dal  v ( t )  gust input. The following assumptions are made: 

y 

a. The vehicle is s t ructural ly  and aerodynamically symmetrical about 

i ts  z axis which i s  ver t ical .  

b. Wind forces on the vehicle are proportional t o  the loca l  diameter 

such tha t  the  assumptions of two-dimensional s t r i p  theory are applicable. 

c. Wind forces are  quasi-static (proportional t o  the instantaneous 

dynamic pressure) and ac t  i n  the direction of flow re la t ive  t o  the vehicle. 

d. 

wind speed. 

The unsteady components of  wind are s m a l l  i n  re la t ion t o  the mean 

e. Coupling between natural  s t ruc tura l  modes can be neglected. 

F i r s t ,  consider the deflection response of a vehicle i n  the direction of  

the mean wind. Let the x component of deflection be expressed i n  terms of 

natural  modes of the  structure 

x(z , t l  = al(tIxl(z) + a2(t)x,(z) + ... (B-1) 

where x (z)  is the nth natural  mode shape and a I t )  i s  a generalized 

coordinate determined from solution of the d i f fe ren t ia l  equation 

n 

(B-2 1 2 Qa B + 2 < w a  + w n  a n =  
Mn n n n n  
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I n  equation (E-2) 5, is the equivalent viscous s t ruc tura l  damping re- 

l a t ive  t o  c r i t i c a l  damping, wn the natural  frequency, Mn the generalized 

mass, and Qx,n the  generalized force - each f o r  nth mode of vibration. 

Assume that a gust velocity u( t )  acts over an element of length E 

centered over s ta t ion  z1 on the structure. The generalized force i n  equa- 

t i o n  (B-2) then becomes 

where 6(z,z ) is a function which has t h e  following properties 1 

= 0 elsewhere 

With the assumption that  the air density p is constant and the mean wind U 

i s  large compared with u and An, equation (B-3) can be written 

where 
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With the notation 

a n 5, = - 
DO 

-- a ‘ 0  a 
a t  D~ as 

equation (B-2) becomes 

where kn = - 
‘0  

a 
as’ 

and a prime denotes, - 

I f  the gust at  z1 is  assumed t o  vary sinusoidally with time i n  equa- 

ikS t i o n  (B-5); tha t  is ,  un(z13t1 = u e , 5, = then the frequency 

response function for  dynamic deflections of a vehicle i n  the x direction 

associated with this gust input is 

nO 

K t W n c Z I I  
‘no 

‘0 

HE l(k) = -- 
n kn2 - k2 f i ( 2 5  k + “Sn2)k 

n n  - 

Note tha t  the s t a t i c  dragwise deflection has been suhtracted from the t o t a l  

deflection i n  obtaining equation (B-61. 

The response of the  vehicle i n  the direction transverse t o  the aind can be 

similarly e q r e s s e d  i n  terms of natural modes 



where bn is determined from the equation 

bn + 2CnWn7;, + Un%, = L E  
‘n 

and yn(z) = xn(z) by symmetry. The generalized force for transverse re- 

sponse i s  

where 

s in  B = 

I n  a manner similar t o  tha t  followed i n  obtaining equation (B-6) the  

frequency response function for  the transverse response becomes 

0.5 K n  ;wn(Z1) 
“no 

no 
uO kn 

Hn l (k)  = -- v 
- k2 + i( 2Cnkn + 0.5 K S ~ , ) ~  - n 

bn 

Do’ 
where nn = - 

For cases wherein the gust input is assumed t o  be perfectly correlated along 

the length of a vehicle the frequency response functions m a y  be obtained by 
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integrating equations (B-6) and (B-10) over the vehicle length. 

uniformly dis t r ibuted u ( t )  gust the frequency response function f o r  de- 

f lect ion i n  the x direction is  from equation (B-61 

Thus f o r  a 

K s  
n n3 

- k2 + i(25,kn + KSn2)k 

(B-11) 

and similarly for  a uniformly distributed v ( t )  gust i n  equation CB-10) 

0 * 5Knsn3 
(B-12) 

- k2 + i (25 k + 0.5KSn2)k 
jn_(*)I uniform = kn n n  

1 

where 

3 0  

Response Spectrum 

With the turbulence spectra relationships i n  appendix A and the frequency 

response functions derived i n  the previous section, working equations f o r  the 

s t ruc tura l  response spectrum for the nth mode can be formulated as follows: 

For a uniform one-dimensional gust input equations (31, (B-111, and 

(B-12) combine t o  y ie ld  

one-dimensional u gust 
K 2s 2 n n3 

(k) 
‘c‘k)n, uniform - 2 ““,2 - k2] + (2cnkn + K ~ S ~ , )  k2 

one-dimensional v gust 
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2 2  
0 25Kn sn3 

4 d u o  
2 2  2 Qn(k)n, uniform - 

- k2) + (25,kn + 0 . 5 ~ ~ s ~ ~ )  k (kn 

The turbulence spectra i n  these equations a re  expressed as a function of 

k = -  wDo and u and v are normalized with respect t o  Uo. W i t h  these 
uo 

changes i n  variables the spectra given by equation (A-131 and equation (A-19) 

become, respectively 

- 
,2 1 + 3(L/Do12k2 

@ (IC) = (B-14b) 

Do[l + <L/DO)2k2]2 
v/uo A u 

For two-dimensional gust inputs the following expressions can be derived 

two-dimensional u gust 

two-dimensional v gust 

where the functions TU,(k) and Ty,(k) are i n  the  nature of "attenuation" 

factors  which account for  the two-dimensionality of  the gust f ie ld .  These 

"attenuation" factors can be expressed i n  matrix notation as follows : 



w 
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where 

i = 1, 2 ,  ... m 

j = 1, 2 ,  ... m 

The elements 

spectrum between points  i and j ,  are given f o r  t h e  u and Y compon- 

en t s  of turbulence by t h e  approximate formulas i n  equation (A-221. 

function depends on the  propert ies  of turbulence and i s  independent of 

s t r u c t u r a l  parameters. 

t h e  diameter and mode shape of t he  s t ruc tu re  as we l l  as the  shape of t h e  mean 

wind p ro f i l e .  (See eq. (B-41.) 

y i j (k ) ,  represent ing the real par t  of t h e  normalized cross 

This 

The quant i ty  W( jc], on the  other  hand, depends on 
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Figure 9.- Nonlinear aerodynamic characteristics associated with vortex shedding. 

XI 0 

Figure 10.- Analog computer simulation of vortex-shedding phenomenon. 

NASA 



C i ' O  

.24 

0 .01 .02 .03 
STRUCTU AL 

0 .o I .02 .03 
DAMPING, 

M A  

Figure 11.- h a l o g  computer solutions showing effect  of nonlinear aerodynnmic damping on aynsmic 
response. 

.i "('I) 

Figure 12.- Typical variations of unsteady wind with height. 

h 

NASA 

\ 



POWER 
SPECTRUM 

OF!& ,& 
U 

WIND TUNNEL L I D  =0.1 
0 =o .02 

.I fD  I .o 10 
U 

_I 

10 

NASA 

Figure 13.- Comparison of turbulence characteristics in wind tunnels and the atmosphere. 
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Figure 14.- Response equations for systems excited by multiple-random inputs. 
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. Figure 17.- Power spectrum of vehicle response to atmospheric turbulence. 
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The purpose of t h i s  presentat ion i s  t o  concentrate on simulation 

techniques which are  of importance i n  the design and operation of  launch 

vehicles .  We s h a l l  concentrate on dynamic problems f romthe  t i m e  of 

l i f t - o f f  t o  the  time at which the  vehicles leaves the sensible  atmos- 

phere. This time i n t e r v a l  i s  r e l a t ive ly  sho r t ,  being of t h e  order of 

j u s t  several  minutes and t o  paraphrase an old adage "the f i r s t  hundred 

seconds are  t h e  hardest  ." 
To give some idea of the s t ab le  of NASA launch vehicles ,  t he  f i r s t  

f i gu re  i l l u s t r a t e s  most of t he  launch vehicles now i n  use or soon t o  be 

operational.  The payload capab i l i t i e s  f o r  a 300 nau t i ca l  mile o r b i t  

range from about 300 pounds f o r  t h e  Scout vehicle t o  200,000 pounds 

f o r  t h e  Saturn V. The Scout i s  the  smallest vehicle and i s  the  only 

s o l i d  propellant vehicle which has in j ec t ed  payloads i n t o  o rb i t .  It 

is  in t e re s t ing  t o  note t h a t  t he  Scout and t h e  three Saturn configur- 

a t ions  a re  t h e  only vehicles  developed so le ly  as space research vehicles ,  

t he  f i r s t  s tages  of t h e  remaining vehicles were developed s t r i c t l y  as 

mi l i t a ry  vehicles by t h e  A i r  Force and have been adapted f o r  space use. 

The Saturn V ,  now i n  the  design and manufacturing s t age ,  is 360 f ee t  

high, has a f i r s t  and second stage diameter of 33 f e e t ,  has a l i f t -o f f  



weight of 6,000,000 pounds and has a t o t a l  thrust  of 7,500,000 pounds 

Except for the  Scout, a l l  vehicles are l iquid propelled, are very th in  

skinned, and present many interest ing andsometimes baffling dynamic 

problems during t h e i r  ascent through the rather hos t i le  atmosphere. 

Thus, t o  solve many of these dynamic problems, dynamic modeling 

techniques are  not only convenient, but in  some cases, mandatory. 

What are some of the  problems which are of concern t o  the 

dynamicist i n  designing and operating a launch vehicle? A l i s t i n g  

of these problem areas i s  given in  figure 2. On the top of the  figure 

i s  shown "input" loading, which is  imposed on a "system" - the launch 

vehicle, and the "output" load, i n  terms of s t resses  and acceleration. 

Buffet and acoustic loads are closely related as can be seen by 

the general s imilar i ty  of' the outputs. 

can induce bending moments which can involve such severe loads that  

certain portions of the vehicle must be designed t o  accommodate these 

loads. 

Winds, both ground and a l o f t ,  

Fuel slosh i n  general i s  a control problem, however, loads can be 

induced in to  the vehicle i f  the liquid osci l la t ions are not kept t o  

a minimum. Control loads during programmed maneuvers are  sometimes 

severe and, i n  par t icular ,  we must insure t h a t  excessive loads during 

maneuvers are not applied during periods of high loading from other 

sources. Recently, we have become concerned about response and loads 

i n  the longitudinal direction. 

typical  l iquid propellant vehicle may be l iqu id ,  the coupling of the 

l iquid system with the s t ructure  and engine i s  possible. 

Since 90 percent of the weight of a 

During 
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l i f t -o f f ,  when the hold-down clamps are  released, a l a rge  dynamic 

response takes place and is  the  p r inc ipa l  design consideration f o r  

t h e  bottom of t he  tanks.  Another phenomena which has recent ly  

occured on two vehicles is the  coupling of  the engine, turbopump, 

s t r u c t u r e ,  and f l u i d  components i n t o  a system t h a t  can become un- 

s t ab le .  This has been referred t o  as the POGO problem, s ince  the  

vehicle  responds i n  a longi tudinal  d i r ec t ion ,  i n  the  manner of a 

boy who i s  bouncing on a pogo s t i c k .  

I n  addi t ion t o  creat ion of loads due t o  a l l  of these sources of 

exc i t a t ion ,  p i l o t  performance i s  an addi t ional  quant i ty  of great  s ig-  

nif icance.  During h i s  r i de  through the many faceted environment, 

t h i s  required performance capabi l i ty  i s  due t o  the  necessi ty  of re- 

t a in ing  h i s  a b i l i t y  t o  read s m a l l  indicators ,  t o  judge whether h i s  

f l i g h t  i s  sa t i s f ac to ry ,  and perhaps t o  operate h i s  abort system i n  

case of a malfunction. Of course, this leads i n t o  an e n t i r e l y  new 

f i e l d  which we w i l l  not touch on, namely the  dynamic response and 

resonances of t he  human body t o  various frequencies and accelerat ion 

l eve l s .  

One of t he  unf?Ttunate aspects of t h i s  loading p i c tu re  is  the 

I n  f igu re  3 ,  a p lo t  simultaneity of t he  occurence of these loads.  

f o r  various loading sources against  t i m e  of flights i s  shown, where 

t h e  black area indicates  t he  probable time at which t h e  pa r t i cu la r  

event will occur. The point here is t h a t  it appears r a the r  black be- 

tween the  t ransonic  region and t h e  max imum dynamic pressure region 

for most of t h e  loading conditions.  We are s t i l l  at t h e  point  of 
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t y r i n g  t o  understand each problem separa te ly .  These combined loads 

present a r a t h e r  complex in t e rac t ion  problem, which, at t h e  present  

t ime, i s  not e n t i r e l y  understood. Some o f  t h e  in t e rac t ion  e f f e c t s  

t h a t  one could v i sua l i ze ,  f o r  ins tance ,  involve t h e  inf luence  of t he  

vehic le  bending, e i t h e r  s t a t i c a l l y  due t o  winds o r  dynamically during 

t h e  bending response due t o  gus t s ,  on t h e  l o c a l  v ib ra t ing  character-  

i s t i c s  of t h e  t h i n  p l a t e s  and s h e l l s  and the  response of t hese  s h e l l  

s t ruc tu res  t o  such random forces  as buf fe t  and acous t ics  pressures.  

Now l e t  us look at t h e  loading p i c tu re  i n  more d e t a i l  i n  f i gu re  

4, i n  terms of a preliminary design. 

a tank containing a f l u i d  of height h ,  dens i ty  p ,  i n  an acce lera t ion  

f i e l d  a, with an i n t e r n a l  pressure  p above t h e  f l u i d  sur face .  

sketch at t h e  l e f t  depic t s  an elemental s ec t ion  of t h e  tank  w a l l  sk in  

and ind ica t e s  t h e  loading. 

On the  r i g h t  i s  a sketch of 

The 

The hoop s t r e s s  then is given f o r  a p a r t i c u l a r  time of f l i g h t  by 

I n t e r n a l  Hydrostatic 
Pressure Pressure  

0 ( x )  = E 
t H 

From t h i s  elementary formula, one can make  a preliminary se l ec t ion  of 

t h e  material and sk in  thickness required.  The longi tudina l  stress is 

then given by 

I n t e r n a l  Bending 
Pressure Moment 

Acceleration 
Drag 
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where M i s  the applied exkernal bending moment due t o  wind, control  

gusts ,  buffet ing,  e t c . ,  m(x) i s  the mass above t h e  longi tudinal  s t a t i o n  

x ,  D(x) is the  t o t a l  drag down t o  s t a t i o n  X. 

jectory s tud ie s ,  t he  accelerat ion a i s  known as w e l l  as t h e  drag D(x). 

Of course, 0 

t o  a compressive load when the  vehicle bends. For t he  most p a r t ,  t h e  

c r i t i c a l  loading occurs on the  compression s ide  and s ince 2000 papers 

have been wri t ten over the years on the  subject of s h e l l  buckling, t h i s  

area w i l l  not be touched on. However, f o r  t h i n  unst i f fened s h e l l s ,  a 

conservative approach would be t o  s e t  uL(x) = 0. 

decided upon, we can then calculate  t h e  bending moment M ,  which is the  

vehicle s t r u c t u r a l  capabi l i ty  remaining f o r  such loads as winds, gusts ,  

control ,  e t c .  A t y p i c a l  bending mement capabi l i ty  curve p lo t t ed  against  

vehicle s t a t i o n  is  shown i n  f igure 5. Notches i n  the capabi l i ty  curve 

are due t o  j o i n t s ,  and unpressurized areas such as in t e r s t age  s t ruc tu re .  

From preliminary tra- 

w i l l  vary around the circumference from a tension load L 

With a value of uL 

Now we f i n a l l y  come down t o  the reason f o r  presenting t h i s  r a the r  

de t a i l ed  discussion of t h e  preliminary design of a launch vehicle ,  namely 

the  estimation of t he  loads from remaining loading sources. The 

summation of these estimated loads is shown i n  f igu re  6 f o r  a pa r t i cu la r  

t i m e  of f l i g h t .  Estimation of most of these loads requires  a knowledge 

of t he  v ib ra t iona l  cha rac t e r i s t i c s  of t he  s t ruc tu res ,  involving not 

only the  complete vehicle  response ( l a t e r a l  as w e l l  as longi tudinal  

motion), but l oca l  or i so l a t ed  vibrat ion of s h e l l s ,  t r u s s e s ,  mounting 

brackets ,  e t c .  

t r o l ,  for instance a preprograanmed pitch-over of t he  launch vehicle ,  

A s  a typ ica l  example, we p lo t  t he  load due t o  (1) con- 
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( 2 )  wind loads caused by wind ve loc i t i e s  as high as 250 mph, (3)  

gusts ,  ( 4 )  low frequency buffet ing,  due mainly t o  bulbous payload 

shrouds, ( 5 )  f u e l  slosh.  

t he  vehicle capabi l i ty  curve, thus an accurate estimation of these 

sources i s  necessary and dynamic models are playing a very important 

r o l e  i n  estimating these  loads.  

simulation techniques,  f i gu re  7 has been prepared t o  give 

estimation of t h e  s t a t e  (of-the-art)  of t he  various simulation 

techniques f o r  studying t h e  various problem areas. The darker t he  

box, t he  higher t h e  state-of-the-art and usage. Also included is  an 

estimation of the  r e l a t i v e  cost  of t h e  various approaches, mathematical 

analysis  being the  l e a s t  expensive and ful l -scale  being the  most ex- 

pensive. I n  general ,  you can see t h a t  modeling f o r  a l l  phases is 

r a the r  dark, and is highly competitive with mathematical analysis  

or ful l -scale  t e s t ing .  

The summation of these loads may approach 

To i l l u s t r a t e  t he  r o l e  of various 

DYNAMIC MODELING 

The remainder of t h e  paper w i l l  be concerned with spec i f i c  examples 

of  dynamic model t e s t ing .  

vibratory motion w i l l  be considered, followed by a sect ion on buffet-  

i ng ,  and f i n a l l y  a few comments on the acoustic problem. 

F i r s t ,  t h e  problem of t h e  gross vehicle  

I 
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Lateral Bending Vibration Models 

For l a t e r a l  bending v ib ra t ion ,  the governing d i f f e r e n t i a l  

equation i s  t h e  w e l l  known beam equation 

where y i s  t h e  l a t e r a l  def lect ion,  x is  the  length coordinate,  E i s  t h e  

modulus of e l a s t i c i t y ,  and I is the sectionmoment of i n e r t i a .  The 

scal ing parameter may then be defined as 

Note t h a t  t he  geometric shape i s  not involved, thus we could obtain 

proper simulation by simply duplicating E1 by a b a r  with b a l l a s t  weights 

added t o  provide mass simulation. Of four models which w e  s h a l l  discuss 

f o r  the l a t e r a l  bending s tud ie s ,  only one followed t h i s  s implif ied path,  

t h e  other  three models u t i l i z e d  the  same geometric shape, same material, 

t h e  same r a t i o  of tank radius t o  skin thickness.  

One-Fifth-Scale Vibration Model of Saturn 

Description. The 1/5-scale Saturn model described i n  reference 1, 

was  b u i l t  for  the study of lateral  bending vibrat ions;  therefore ,  t h e  

important parameters t o  be sca l ed  were t h e  mass-stiffness r a t i o s .  

things as aerodynamic f a i r i n g  and f u e l  piping were not  scaled s ince they 

Such 
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did not contribute t o  s t i f fness ;  however, lead ba l las t  weights were 

used t o  simulate t h e i r  mass. 

in te res t  were the overall vehicle modes, s o  local  panels t i f fnesses  were 

not scaled. Such things as fuel  sloshing and the suspension system 

were considered t o  have a secondary effect  on the overall vehicle 

vibration and so  were not scaled for  the i n i t i a l  par t  of the t e s t .  

The model i s  shown on the l e f t  of figure 8, and the f u l l  scale vehicle 

i s  shown on the r ight  i n  a vibration t e s t  tower. 

Furthermore, the vibrations of principal 

The type of scaling chosen for the Saturn model was a component- 

by-component uniform reduction of dimensions t o  one-fifth of the fu l l -  

scale values, using the same materials as the fill scale. This replica 

type of scaling was chosen because of the s t ructural  complexity of the 

Saturn booster with the resulting d i f f icu l ty  of determining accurate 

equivalent s t i f fness  and mass properties for  the multiple-beam truss- 

work assemblies incorporated i n  the vehicle. 

cation of a full-scale multiple-beam structure is shown in figure 9. 

This figure i s  a close-up view of the base of the vehicle and shows 

tha t  s t ructural  detai ls  such as skin corrugations, built-up riveted 

beams, tension rods, and longitudinal s t i f feners  i n  the outer tanks 

have been duplicated on the model; however, detai ls  such as the number 

of r i v e t s ,  aerodynamic fair ing supports, and piping supports are not 

t rue scale  reproductions. 

An example of model dupli- 

Two important s t ructural  simplifications were made on the model. 

F i r s t  the  engines were simplified as shown i n  figure 10. 

t o t a l  weight, center of gravity, and moment of i n e r t i a  were scaled. 

Only the 



The simulated engines were firmly attached a t  the gimbal point without 

attempting t o  scale  actuator s t i f fnesses .  Second, some r ing frames 

were omitted from the  s h e l l  structure of the second stage. 

the  afC end of the second stage showing i ts  in te rna l  construction i s  

shown i n  figure 11. About 70 percent of the second-stage weight is 

contained i n  the ba l las t  tank at the center, which is supported by 

the eight radial  trusses a t tachedto  the outer she l l .  The outer 

s h e l l  i s  attached t o  the f i r s t  stage only a t  the eight points a t  t h e  

ends of the radial  trusses and thus forms the pr incipal  load s t ructure  

of the second stage. Several r ing frames on the full-scale vehicle 

were omitted from the outer-shell load carrying s t ructure  on the 

model, resulting i n  some dis tor ted vibration resu l t s  which w i l l  be 

discussed subsequently . 

A v i e w  of 

Scaling. The Saturn model was scaled by selecting a length scale  

factor L /L of 115 and using the same materials on the model as on 

the prototype. Therefore, the following relations are  established: 
m P  

Then, i n  order t o  maintain the dimensionless ra t ios  for  l a t e r a l  

vibrations, the mass and time scale factors m u s t  be: 
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Other re la t ionships  between model and prototype parameters, r e su l t i ng  

from the  dimensionless r a t i o s ,  a r e  : 

1. Mass moment of i n e r t i a :  1; 1 _ -  
I '  - EF 
P 

2. Bending s t i f f n e s s :  (EI ) ,  1 
- =  
( E I I P  

fm = 5 3. Bending frequency: - 
f 
P 

4. Sloshing frequency: fm = fi 
- 
f 
P 

f m  = 5 5. S h e l l  frequency: 
- 
f 
P 

Comparison of t he  bending and sloshing frequency r a t i o s  shows 

t h a t  t h e  ful l -scale  bending-sloshing frequency relat ionship is  not 

maintained on the model. Thus, t h e  in t e rac t ion  of vehicle bending 

with s loshing on the  model w i l l  not represent d i r e c t l y  the ful l -scale  

s i t ua t ion .  For t he  Saturn configuration, where t h e  f i r s t  sloshing 

frequency is  lower than the f i r s t  bending frequency, t he  reduction 

t o  model s i z e  separates t h e  frequencies,  thus tending t o  uncouple 

t h e  sloshing from the  bending modes. The s h e l l  frequency relat ion-  

ship i s  based on an unst i f fened s h e l l  with the  same material and in- 

t e r n a l  pressure i n  both model and full sca l e .  Comparison of t he  

bending with the s h e l l  frequency r a t i o  shows t h a t  i n t e rac t ion  of 



l o c a l  s h e l l  vibrat ion with behicle  bending vibrat ion should be t h e  same 

on the model as on the  f u l l  s c a l e  i n  those cases where model construction 

and in t e rna l  pressure are t h e  same as t h e  f u l l  s ca l e .  

Results.  Some r e s u l t s  of t he  model vibrat ion test a r e  shown i n  

f igures  12 ,  13 ,  1 4 ,  and 15. 

t h e  model and fu l l - sca l e  vehicles i s  shown with t h e  vehicle ba l l a s t ed  t o  

simulate the  max imum dynamic-pressure weight condition. This f igu re  shows 

almost exact agreement between model resonant frequency, when adjusted 

by t h e  sca l e  f ac to r ,  and the fu l l - sca l e  resonant frequency. I n  order t o  

obtain such good agreement, it w a s  necessary t o  dupl icate ,  on t h e  model, 

the suspension system used t o  simulate free-free boundary conditions on 

the ful l -scale  vehicle.  The mode shapes of t he  ful l -scale  and t h e  model 

are  i n  good agreement as can be seen from comparison of t h e  c i r c l e s  with 

t h e  square symbols. The booster  outer  tanks, which are f r e e  t o  de f l ec t  

independently of the center  t ank  except at their ends a re  shown i n  t h i s  

f i gu re  t o  have the same de f l ec t ion  as t h e  center tank,  and t h i s  mode has 

the  appearance of t h e  more conventional bending modes obtained from non- 

c lustered vehicles.  

I n  f igure 1 2 ,  t he  f i r s t  vibrat ion mode of 

In con t r a s t ,  t h e  second v ib ra t ion  mode, shown i n  f igu re  13, shows 

one of t he  unusual vibrat ion modes associated with t h e  c lus t e red  

arrangement of t he  Saturn booster.  There is about a 10-percent 

difference i n  frequency between model and full 

and comparison of  t he  c i r c l e s  with t h e  squares shows f a i r l y  good 

agreement of  model with ful l -scale  mode shape. The typ ica l  outer  

tank indicated by t h e  flagged symbols i s  seen t o  de f l ec t  i n  t h e  

opposite d i r ec t ion  as t h e  center  tank. Cross-section A-A at  t he  

sca l e  i n  this mode, 
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midsection of the booster shows tha t  when the center tank deflects 

upward as indicated by the arrow, the outer tanks are deflecting 

independently i n  the downward direction. This unusual mode shape 

where the  outer tanks deflect i n  the opposite direction from the 

center tank i s  associated with the  clustered arrangement of the 

booster tanks and has been termed a cluster  mode. 

The e f fec t  of omission of the ring s t i f feners  from the outer 

s h e l l  of the  second stage i s  i l lus t ra ted  by figure 14, which shows 

the fourth vibration mode of the  1/5-scale Saturn model. 

area of the second s tage,  two deflection curves are shown. The 

open c i rc les  indicate the  deflection of the outer s h e l l  and t h e  

sol id  c i rc les  the deflection of the inner ba l las t  tank. The data 

indicate tha t  the outer s h e l l  and the ba l las t  tank are deflecting 

i n  the opposite directions. This can be explained by examination 

of cross-section B-B. The so l id  l ines  i n  t h i s  sketch indicate the 

undisturbed position of the water-filled ba l las t  tank, the eight 

rad ia l  t russes ,  and the outer she l l ;  the data points indicate the 

experimentally determined vibration amplitude. This cross section 

shows tha t  the  outer she l l  i s  vibrating i n  a she l l  mode with seven 

waves, while the center tank i s  translating. The deflection measured 

at points A and B on the  inner and outer tanks, respectively, are  i n  

opposite directions, as shown a l so  i n  the sketch i n  the center. The 

she l l  mode i n  the second-stage outer s h e l l  sham here was observed 

on the model i n  the higher-frequency modes for  most weight conditions; 

however, no s h e l l  modes i n  the second stage were observed on the f u l l -  

scale Saturn vibration t e s t  vehicle. 

In the 



The mode shapes and resonant frequencies which have been shown 

were measured at the weight condition which simaates f l i g h t  near 

max imum dynamic pressure. 

of model and f u l l  scale compare at other weight conditions i n  shown 

i n  figure15. The ordinate i s  full-scale frequency, i n  cycles per 

second, and the abscissa is w a t e r  l eve l  i n  the booster stage, i n  per- 

cent. Zero percent corresponds t o  f i rs t -s tage burnout while 100 per- 

cent corresponds t o  l i f t - o f f .  The previously shown data were measured 

a t  48 percent f u l l .  

are shown as c i rc les  while full-scale frequencies are  shown as squares. 

The f i r s t  bending mode frequency shows almost exact agreement except 

a t  l i f t - o f f ,  where the model frequency i s  about 7 percent high. The 

f i r s t  c luster  mode frequency i s  predicted by the model t o  within 10 

percent. For higher modes, agreement between model and f u l l  scale is 

not as good. 

An indication of how the resonant frequencies 

Model frequencies, adjusted by the scale factor ,  

The data presented i n  figure 15 were obtained using an eight- 

cable suspension system which duplicated a similar suspension system 

used for  full-scale t e s t s .  

free-free suspension system which gave much be t te r  separation between 

suspension frequency and bending frequency than the eight -cable system 

had given model f i r s t  bending frequencies 5 t o  10 percent lower than 

full-scale frequencies. 

properly accounting Tor suspension system effects  i n  comparing model 

and full-scale data and of properly interpreting ground t e s t  data when 

extrapolating t o  f l i g h t  conditions. 

Earl ier  model t e s t s ,  using a two-cable 

This resu l t  indicated the importance of 



-xIx-14- 

Saturn V Dynamic Models 

Figure 16 i l l u s t r a t e s  t h e  present modeling p ro jec t ,  which is a 

1/10 sca l e  r e p l i c a  model of t he  Saturn V. 

including t h e  Apollo payload. 

t h e  full  sca l e  i s  shown including skin s t r i n g e r ,  waffle pa t t e rn ,  

i n t eg ra l ly  mil led s t r i n g e r ,  and corrugated skin.  The model w i l l  

dupl icate  a l l  of  these e s s e n t i a l  d e t a i l s  up t o  the Apollo payload. 

The model i s  36 f e e t  high, 

The general  type of construction of 

On the r i g h t  of figure 16 is shown a scalloped or mult icel led 

tank concept, which i s  a l s o  being constructed and w i l l  replace the 

cy l ind r i ca l  first s tage f o r  later t e s t s .  This concept has t h e  ad- 

vantage of higher fuel slosh frequencies,  thus separat ing the control  

or p i t ch  frequency from the  f u e l  s lo sh  frequency. 

A s  an example of t h e  construction d e t a i l  adhered t o  i n  the  model, 

f i gu re  17 i l l u s t r a t e s  t he  i n t e r i o r  of t h e  f i r s t  s tage f u e l  tankage. 

Note i n  pa r t i cu la r  the d e t a i l  i n  the f u e l  s lo sh  ba f f l e s  which are the 

t h i n ,  corrugated r ings located on the circumference of t h e  tank. The 

th ree  corrugated pipes are th ree  of the f i v e  tunnels which carry the 

f u e l  through the  bottom tank t o  the f ive  individual  pumps f o r  each 

engine. For t he  Apollo payload, beam simulation techniques a re  being 

used, whereby t h e  s t r u c t u r a l  and mass d i s t r ibu t ions  a re  matched with 

no attempt being made t o  simulate the actual  tankage construction. 

I n  addi t ion t o  the  l/lO-scale model, a l/hO-scale model is being 

constructed which is  shown i n  f igure 18. 

ta i ls  of t he  model construction is shown i n  f igure 19- The modeling *’, 

An i l l u s t r a t i o n  of t h e  de- 



-XI x-I. 5- 

concept for t h i s  case involved only the duplication of t he  mass and 

s t i f f n e s s e s  and does not follow the  r e p l i c a  concept. On the  lower 

l e f t  i s  shown the  five-engine simulation. Next t o  the  engine are  

two f u e l  s lo sh  simulators , using a "bird-cage'' spring-mass assembly. 

These simulators can be placed a t  various posi t ions on the  vehicle ,  

and the spring constants as wel l  as the  mass can be changed i n  order  

t o  study the e f f e c t  of f u e l  depletion. Thus, we w i l l  be able t o  study 

the  coupling o f  f u e l  s losh with the e l a s t i c  modes by spring constant 

and mass changes, i n  ranges of parameters not possible  with l i qu ids  

i n  a one "g" f i e l d .  

Titan I11 

I n  addition t o  the  NASA vehicle  described, t he  A i r  Force has de- 

cided on sca l e  model t e s t i n g  of t h e  T i t a n  I11 launch vehicle  as shown 

i n  f igure 20. This vehicle u t i l i z e s  a modified Titan 11 as  a center 

"core" on which two 100 inch diameter s o l i d  propellant boosters are 

strapped at  two points .  The length scal ing f ac to r  s e l ec t ed  here w a s  

1/5, with t h e  propel lant  tanks and in t e r s t age  s t ruc tu re  being r a the r  

f a i t h f u l l y  reproduced by use of t h e  same material as t h e  protcr tne 

with the same r a t i o  of tank radius t o  skin thickness.  

This model was  designed and constructed by the  Martin-Marietta Co. 

It is  not being t e s t ed  i n  the  Dynamics Research of Denver, Colorado. 

Laboratory a t  Langley Research Center by Martin Company personnel with 

the  assis tance of Langley engineers. 
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Fuel Slosh 

One of the problem areas i n  tes t ing  liquid-fueled dynamic models 

In  figure i s  the effect  of the coupling f u e l  slosh with other modes. 

21, several significant frequencies are  plot ted against f l igh t  time 

for  the cylindrical tank as well as the scalloped tank for  a vehicle 

i n  the Saturn V class. 

shown as a dashed l i n e ,  f l igh t  fuel  slosh frequency variation as a 

sol id  l ine ,  range of pitch frequency by the shaded area, a l ine de- 

pl ic t ing a l/lO-scale model fue l  slosh frequency and a l i n e  i l lus t ra t ing  

fuel-scale ground t e s t  frequencies. 

frequency exis ts  between the f i r s t  bending mode and the f l igh t  fuel  slosh 

frequency. 

w i l l  be rather weak even i n  the f l i g h t  case. 

have lower fuel  slosh frequencies as indicated, but since the fuel  

slosh is already rather well uncoupled from the  bending mode, the 

l/lO-scale model resul ts  should duplicate the full-scale f l igh t  re- 

sults with very minor differences. 

full-scale ground t e s t s ,  the  proper f u e l  slosh frequency would not be 

exactly simulated as shown due t o  the 1 g f i e l d  i n  which the vehicle 

must be tes ted.  

The f i r s t  bending mode frequency variation is 

A rather large separation i n  

Thus, coupling of the  fue l  slosh mode with the e las t ic  mode 

A l/lO-scale model would 

A s  a matter of f a c t ,  even for  

On the r ight  side of figure 2 1  is shown the effect  of the system 

frequencies of a scalloped tank wherein only the f i r s t  stage of the  com- 

plete  vehicle has been changed from the cylindrical tank t o  the scalloped 

tank. Note tha t  the bending frequency has been reduced. This i s  due 
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t o  the basic design c r i t e r i a  of maintaining the same internal  pressure 

and ver t ica l  load-carrying a b i l i t y  as in  the cylindrical tank. This 

resul ts  i n  more material being used closer t o  the tank center thus re- 

ducing the moment of iner t ia  and consequently the bending s t i f fness .  

On the other hand, the fuel  slosh frequency has increased due t o  

compartmentation. 

other while moving the fuel  slosh frequency away from the r ig id  body 

frequency, which, of course, i s  beneficial. However, a coupling be- 

tween fuel  slosh and the fundamental vibration modes now exis ts .  In 

cases such as t h i s ,  the  adequacy of the s t ruc tura l  duplication of the  

model may be checked against analyt ical  representation for  fue l  slosh 

frequencies well removed from the coupling possibi l i ty .  

confidence i n  the s t ructural  adequacy of the model, the effect  of fue l  

slosh having frequencies i n  the neighborhood of the  fundamental e las t ic  

frequencies m a y  be estimated for  control system design by calculating the 

effect  by u t i l i z ing  the spring-mass or pendulum fuel slosh analogies. 

Thus, the two frequencies are  approaching each 

Then with 

Buffeting 

Now l e t  us turn our a t tent ion t o  buffeting. The term "buffeting" 

For the  purposes of t h i s  is rea l ly  not very well defined and precise. 

paper, we sha l l  consider the term "buffet" t o  re fer  t o  aerodynamic 

flows involving departure from potential flow with consequent flow 

breakdown and separation which can resul t  i n  s t ruc tura l  response of 

the vehicle. Obviously, t h i s  i s  a rather broad definition and is 

symptomatic of the wide spectra of buffet problems. 
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The occurrence of buffet ing on launch vehicles has been a sur- 

p r i s e  t o  many people; t he  long cy l ind r i ca l  shape of t y p i c a l  launch 

vehicle did not appear at  f i r s t  t o  o f f e r  any subs t an t i a l  problem. 

However, ce r t a in  vehicle f a i l u r e s  i n  the  ea r ly  days of t h e  space 

program were diagnosed t o  have been due t o  possible  flow breakdown, 

inducing loads t h a t  could r e s u l t  i n  s t r u c t u r a l  f a i l u r e .  

The following mater ia l  and f igures  are taken from an excel lent  

t a l k  given by A. G. Rainey of Langley Research Center ( reference 2 )  

which w a s  presented a t  t he  F i f t h  Annual AIM Structures  and Materials 

Conference i n  Apri l ,  1963 and covers the s t a t u s  of buffet  research at  

t h a t  time. 

Recognizing t h a t  t he re  are  many types of  bu f fe t ,  two general  types 

of buffet  a r e  i l l u s t r a t e d  i n  f igure 22. The power spec t r a l  densi ty  of 

the o s c i l l a t i n g  pressure i s  plot ted against  frequency. The ordinate 

ind ica t e s  the r e l a t i v e  "power" or pressure generated at a pa r t i cu la r  

frequency. The integrat ion of  the a rea  under the  curve is the mean 

square of t he  pressure osc i l l a t ion .  The curve and f igure on the  l e f t  

i l l u s t r a t e  one type of buffet ing t h a t  could be obtained on a nose or  

payload f a i r i n g  shape i n  which the  diameter i s  reduced i n  the direct ion 

of flow. Here the  flow breaks down, a l t e rna te ly  on t h e  top and bottom 

of t h e  f a i r i n g  due t o  a r a t h e r  shallow reverse angle on t h e  r e a r  part of 

t he  f a i r i n g  during par t  of t h e  t ransonic  f l i g h t .  A s  i l l u s t r a t e d  by the  

p l o t  of t h e  spec t r a ,  the predominant frequencies of t h e  phenomena a re  

r a the r  low and, as a matter of f a c t ,  f a l l  within the range of t h e  fun- 

damental bending vibrat ion modes of t h e  complete vehicle.  A considerable 

f 



amount of research  has been accomplished i n  t h i s  area, and t h e r e  a re  

some rough guides concerning t h e  r e l a t ionsh ip  of t h i s  reverse  angle 

and t h e  magnitude of t h e  buf fe t  pressures.  Actually,  i f  t h e  angle 

were increased t o  goo i . e .  a s t e p  change from t h e  l a r g e r  diameter 

f ron t  s ec t ion  t o  the  smal le r  diameter r e a r  s ec t ion ,  t h i s  low frequency 

bu f fe t  would be eliminated s ince  t h e  shock pos i t i on  and t h e  turbulence 

would now be  f ixed  at  a given loca t ion  and the  p o s s i b i l i t y  f o r  it t o  

o s c i l l a t e  from one s i d e  t o  the  o ther  i s  eliminated. However, t h i s  s t e p  

could lead  i n t o  another type of buf fe t  which i s  of importance from t h e  

standpoint of l o c a l  or s m a l l  areas of t h e  vehic le .  An i l l u s t r a t i o n  of 

t h e  type  o f  buf fe t  i s  shown r a t h e r  dramatically i n  t h e  sketch on the  

r i g h t  of figure 22. Here we have buf fe t ing  due t o  a t tached  shocks and 

boundary l aye r  bu i ld  up and co l l apse ,  due t o  flow through the  open 

s t r u c t u r e  supporting t h e  abort  rocket motor and as we l l  t o  a reverse 

angle due t o  t h e  adapter.  Note t h e  spec t r a  shape which contains near ly  

an equal amount of power throughout t he  frequency band from 0 t o  220 

cps , however, it i s  not  as severe  as f o r  t h e  bulbous nose shape, 

although t h e  a rea  under t h e  curve,  represent ing  t h e  mean square i s  

about t he  same. Unfortunately, most of t h e  panels and equipment as 

wel l  as t h e  as t ronaut  can respond t o  some frequency i n  t h i s  range. 

Thus, consideration of t h i s  high frequency buf fe t  m u s t  be t a k e n i n t o  

account i n  t h e  design o f  t h e  launch vehic le  system. 

Theore t ica l  techniques f o r  p red ic t ing  these  spec t r a  do not e x i s t ,  

Dynamic models have the re fo re ,  t h e  dynamic model e n t e r s  t h e  p i c tu re .  

been used t o  study both types o f  buf fe t .  For the  l o w  frequency b u f f e t ,  



-xtx-20- 

the governing d i f fe ren t ia l  equation w i l l  be the usual beam equation, 

with the addition of a number of parameters which have been obtained 

mainly from our previous experience with a i rc raf t  buffet. 

quation is 

The e- 

d2 E1 Q =  2 m y + f  2 

ax2 ax2 v 
- 

where r / L  s ignif ies  geometric similitude, v/a i s  Mach number, pvl/p 

is Reynolds number, m/pf s ignif ies  the r a t i o  of the mass of the  model 

t o  the mass of the  surrounding f lu id ,  Lw/v i f  t h e  familiar reduced 

frequency parameter and c/c i s  the s t ructural  damping rat io .  

A l l  of these parameters can be fai thful ly  reproduced i n  our present 

tunnels by the use of m a m i c  models, with the possible exception of 

Reynolds number and damping. 

f u l l  scale vehicle has Reynolds numbers i n  the turbulence boundary 

layer range and our models reproduce Reynolds numbers well into t h i s  

same range, the e f fec t  of Reynolds numbers is of secondary importance. 

The s t ructural  damping usually turns out t o  be within the range found 

i n  the f u l l  scale  vehicle. 

However, we believe t h a t  as long as the 

With a scaled model-wind tunnel combination sat isfying the above 

c r i t e r i a ,  the measured quantities of  in te res t  w i l l  be buffet pressures 

and bending moment power spectral  densities. The relation between model 

and f u l l  scale power spectral  density pressure is  



R 
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while for  the bending moment, the power spectral  density is 

P(0lv 
q2L7 

One of the unfortunate aspects of modeling technology is  the 

lack of adequate f u l l  scale resu l t s  for correlation, consequently, 

the  proof of scaling l a w s  i s ,  i n  many instances, substantiated by 

u t i l i z ing  models having different scale factors. An example of t h i s  

aspect of modeling is  shown i n  figure 23, for the Apollo-Saturn I 

space vehicle. 

service module which is  jus t  below the Apollo spacecraft. The top 

curve represents the power spectra density of pressure divided by 

the square of the model dynamic pressure plotted against model fre- 

quency. 

cent model. Note the  large differences between the curves. When the 

s imilar i ty  parameter for the power spectral  density is  applied, the 

curves are brought rather closely together, thus indicating tha t  we 

The measured random pressure was obtained on the 

Two models are shown, a 1.6 percent model and an eight per- 

are not violating or  neglecting large scaling parameters. 

An example of the buffet model u t i l i z ing  these scaling laws is 

shown i n  figure 24, which is an eight percent dynamic simulation for  

the ApolloSaturn I space vehicle. The basic s t ruc tura l  s t i f fness  is  

duplicated by a hollow cylindrical tube of varying diameter t o  approx- 

imate the s t i f fness ;  mass was  simulated by the addition of weights, 

and the whole structure covered by rings of Styrofoam t o  provide the 

proper aerodynamic shape. These t e s t s  were very successful, resul ts  

being ut i l ized t o  predict the buffet bending moment for  the f u l l  s c a b  
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vehicle.  

bending moment is p lo t t ed  against  vehicle s t a t i o n .  The s o l i d  curve re- 

present t h e  RMS of the  bu f fe t  bending moment, t h e  dashed l i n e s  represent 

t he  contr ibut ion from each of  t he  f i r s t  t h ree  vibrat ion modes. O f  

major s ignif icance is  t h e  very l a rge  contribution due t o  the  second 

bending mode. Apparently t h e  input w a s  of such a nature as t o  have 

frequencies and phases as t o  cause a l a rge  response i n  t h i s  mode. 

The previous discussion has been concerned with the  low f r e -  

An example of t h e  results i s  shown i n  f igu re  25, where the 

quency buffet  problem. We f e e l  t h a t ,  i n  general ,  t he  technology has 

advanced s u f f i c i e n t l y  so t h a t  r a the r  r e l i ab le  r e s u l t s  may be obtained. 

The p i c tu re  for higher frequency bu f fe t ,  of importance f o r  panel re- 

sponse, equipment environment, and astronaut performance, i s  r a the r  

foggy at the  present t i m e .  The main reason f o r  t h i s  d i f f i c u l t y  i s  

the introduction of t he  t h i n ,  e l a s t i c  s h e l l  i n t o  the  problem. Even 

the  governing d i f f e r e n t i a l  equations appear i n  many ramif icat ions,  de- 

pending on the  approximations used t o  obtain the equations. 

vibrat ion amplitude is g rea t e r  than the  skin thickness ,  nonlinear e f f e c t s  

may take over; p l a t e  cha rac t e r i s t i c s  a re  s e n s i t i v e  t o  s m a l l  changes 

i n  the  boundary conditions (temperature differences as well  can cause 

large changes i n  the  panel response). In the  face of these d i f f i c u l t -  

i e s ,  e f f o r t s  are  underway t o  search fo r  means fo r  solving the  problem. 

Based on examination of t he  governing d i f f e r e n t i a l  equation, on pre- 

vious bu f fe t  experience,  t h e  following l i s t  of parameters are thought 

t o  be t h e  more s ign i f i can t :  

When the  

r /L 

r/ t  Ratio of tank radius t o  skin thickness 

Geometric r a t i o  ( radius  t o  length)  

t 
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/h Ratio of tank rad ius  t o  f l u i d  height 
( i n  cases of tanks containing a propel lan t )  

Ratio of f l u i d  dens i ty  t o  air  dens i ty  .e 
pa 
v Poisons r a t i o  

PIE Ratio of i n t e r n a l  pressure t o  modulus of 

2 2  
PO L 

E 

LO iv Reduced frequency 

e l a s t i c i t y  

Ratio o f  dynamic t o  e l a s t i c  forces  - 

The technique now being followed t o  per fec t  a technique f o r  studying 

t h i s  high frequency bu f fe t  problem, i s  t o  r e so r t  t o  r ep l i ca  (or very 

de ta i l ed )  dynamic modeling. I n  order t o  provide a model t h a t  can be 

used f o r  bas ic  research as wel l  as provide information of immediate 

use i n  NASA's l a r g e s t  and most s ign i f i can t  program, t h e  se rv ice  module 

of t h e  Apollo-Saturn configuration w a s  chosen as  a sample case.  The 

model i s  being constructed of t h e  same mater ia l  as t h e  prototype, a l l  

r ings  and s t r i n g e r s  a r e  being dupl ica ted ,  and even t h e  r i v e t  s i z e  and 

spacing i s  a very c lose  approximation of t h e  a c t u a l  s t ruc tu re .  Figure 

26 shows a photograph of t he  p a r t s  of t he  1/10 sca l e  model now under 

cons t ruc t ion .  The t h r e e  sec t ions  of t h e  serv ice  module a r e  shown 

before the  i n s t a l l a t i o n  of t he  skin.  This reproduction has gone t o  

t h e  ex ten t  of attempting t o  sca l e  t h e  r i v e t s ,  where were made by hand 

from a aluminum wire.  Tests w i l l  be made on t h i s  model i n  the  near 

fu ture .  This concludes t h e  d iscuss ion  of buf fe t ing ,  bu t  l e t  us t u r n  

our a t t en t ion  now t o  a c lose ly  r e l a t e d  t o p i c ,  acous t ics .  
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Acoustics 

The subject of acoustics is i n  SOBE instances closely related 

t o  buffet ,  i n  other cases the relationship i s  not c lear .  

f i r s t  instance, noise can be generated by flow breakdown and sep- 

aration jus t  as i n  the case for  buffet, during transonic and l o w  

supersonic f l igh ts .  

important during l i f t -of f  phase and early f l igh t  and its ef fec t  i s  i n  

the more classical  since the source of the noise is  some distance from 

the point of in te res t .  For t h i s  case, we are not only interested i n  

the noise e f fec t  on the vehicle i t s e l f ,  but also on the  buildings, 

equipment, and personnel i n  the vicini ty  of the launch s i t e .  As a 

matter of f a c t ,  a large amount of property has been purchased by the 

NASA at Cape Kennedy i n  order t o  insure tha t  suff ic ient  distance be- 

tween the new launch s i t e s  and populated areas Will be maintained i n  

order t o  reduce the community noise problem. 

In  the 

In the other case, the noise source is  the engine, 

In tes t ing  f o r  vehicle acoustic response, noise w i l l  usually be 

focused on relat ively small areas, and thus tes t ing  of ful l  scale com- 

ponents i s  becoming the  accepted practice. Langley Research Center has 

gradually b u i l t  up a number of specialized f a c i l i t i e s  ranging from 

anechoic chambers, heated noise j e t s ,  t o  a new ultra low frequency 

tes t ing  chamber. 

i n  the new l o w  frequency f a c i l i t y  is  f u l l  scale and involves the re- 

sponse of humans t o  high intensi ty  noise i n  the range of 0 t o  50 cps. 

This sub-audible and near sub-audible range i s  of extreme importance 

As a matter of fac t ,  the first specimen t o  be tes ted 
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.since most of the power i n  the character is t ic  engine noise spectra 

of the new larger  launch vehicle w i l l  be concentrated i n  t h i s  low 

frequency range. This new f a c i l i t y  consists of a tank 24 feet  i n  

diameter and w i l l  handle a f u l l  scale Apollo spacecraft. Tes t s  on 

the  spacecraft w i l l  be made a t  a l a t e r  time. This concept has already 

been used i n  the case of the Mercury spacecraft. 

thermal structures tunnel is a blow-down tunnel and intense noise 

f ie lds  are generated at i t s  exi t .  This noise f i e l d  has been rather 

extensively surveyed and it has been found that  the intensi ty  (db's) 

and spectra shape rather  closely approximate tha t  which has been 

measured during early unmanned f l igh ts  of the Atlas. Thus, a fu l l -  

scale capsule including a full-scale human was placed i n  the approp- 

r i a t e  position near the exi t  of the 9 x 6 foot tunnel and exposed t o  

the noise f ie ld .  Problems af astronaut communication and equipment 

functioning were then studied. 

The 9 x 6 foot 

Many specimens are under t e s t  i n  the various f a c i l i t i e s ,  with a 

A general good deal of attention being paid t o  the fatigue problem. 

discussion of work i n  the acoustic f i e l d  is given i n  reference 3. A s  an 

i l l u s t r a t i o n  of a current research stuay, we are studying the response 

of a typical  launch vehicle tank t o  sinusoidal inputs due t o  both a 

point source of excitation as well as sinusoidal acoustic inputs. 

Ultimately, we hope t o  impose random noise on the tank, and, u t i l i z ing  

the information obtained from the  sinusoidal t e s t s ,  predict the random 

response of the tank. 

c luster  tanks from the  f i r s t  stage of the 1 /5  scale model of Saturn I ,  

The tank being used i n  these t e s t s  i s  one of the 
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which has been previously discussed. 

inches i n  diameter. 

The tank is  11 feet  long, 14 

The tank has been ins ta l led  i n  the Langley Research Center 

Anechoic Chamber and figure 27 i l l u s t r a t e s  the t e s t  set-up. The tank 

may be osci l la ted by means of the shaker or by a s i ren having discrete 

input frequency, or by an a i r  j e t  located near the model. In a theory 

of response of structures t o  noise, reference 4, it is  shown that  the 

response i s  proportional t o  the radiation resistance, i.e.,  i t s  noise 

radiation properties when vibrated. 

formed i n  an anechoic chamber, the sound radiation from the tank m a y  

be measured by means of surrounding microphones during tank mechanical 

vibrations. 

Since the tests are  being per- 

In figure 28, the acceleration response of a point midway on the  

tu, due t o  a 1 pound slowly varying sinusoidal force applied by a 

shaker at one end of the  tank, is shown. The figure i l l u s t r a t e s  the 

acceleration response for an empty tank and a tauk full of water. 

surprising resu l t  tha t  the numerous responses for  both cases were re- 

l a t ive ly  the same, where the large response peak for  the lowest fre- 

quency f o r  the  full case was simply shif ted t o  a lower frequency. 

The 

Concluding Remarks 

The use of reduced scale  physical models and the areas requiring 

f u l l  scale tests for  the solution of dynamic problems have been pointed 

out. In general, modeling technology f o r  the solution of dynamic 
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problems of launch vehicles has been recently updated through a rather 

broad and vigorous research program, and a good foundation now exis t s  

f o r  the solution of many of these perplexing problems. 

The areas requiring additional work are usually associated with 

small sections of the vehicle and involve the d i f f icu l t  problem of 

estimation of response of a she l l  type s t ructure  t o  random buffet 

and/or acoustic sources. 

correlation of the  various loading sources i s  s t i l l  not s e t t l e d  and 

much research is required i n  t h i s  area. 

The combined loads problem involving the 

c 
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Figure 1.- NASA launch vehicles. 
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Figure 2. - Structural  dynamic loading. 
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Figure 5.- Bending-moment-capabFlity curve for a laynch vehicle. 
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Figure 9.- Baturn structural details. 
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Figure 10.- Photograph shovlng 1/5-scale Saturn engines. 
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Figure 13.- First cluster mode of Saturn, maximum dynamic pressure weight. 
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Figure 14.- Fourth vibration mode of l/>-scale Saturn. 
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Figure 15.- Mamental  vibration frequencies of Saturn I. 
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Figure 16.- l/lO-scale node1 of Saturn V and scalloped first stage. 'l 
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Figure 17.- Internal view of Saturn V =del fuel tank. 

Figure 18.- 1f40-sesle model Of Saturn V. 
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Figure 21.- Fundamental frequencies calculated for large launch vehicle for 
cylindrical ana scalloped first stage. 
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Figure 22.- Two types of buffet pressure spectra. NASA 
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Figure 24.- &percent buffet model mounted i n  tunnel. 
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Figure 25.- Wodal contribution to buffet bending moment predicted from 
Saturn-Apollo model results. 
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Figure 26.- Parts for lfl0-scale replica madel of Apollo service module. 
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Figure 27.- Tank response. 
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Figure 28.- Response of lf5-scele Saturn with and without fuel. 
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