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ABSTRACT 

ath he ma tical t o o l s  were developed p rev ious ly  t o  ana lyze  
t h e  dynamic behavior of t e t h e r e d  ba l loon  systems. The model f o r  
t h e  t e t h e r e d  bal loon system c o n s i s t s  of  t h e  s t reaml ined  ba l loon  
and a t e t h e r  made up of three d i s c r e t e  l i n k s .  The t o o l s  c o n s i s t  
of t h e  l i n e a r i z e d  c h a r a c t e r i s t i c  equa t ions  which i n c o r p o r a t e  t h e  
p h y s i c a l ,  aerodynamic and m a s s  c h a r a c t e r i s t i c s  of the system and 
t h e  dynamic s imulat ion computer program which determines t h e  
response  of t h e  t e the red  ba l loon  system t o  wind d i s tu rbances .  A 
t e t h e r e d  ba l loon  system c o n s i s t i n g  of a 70,000 cub ic  f o o t  aero-
dynamically shaped ba l loon  and a 0.52 inch  diameter  Nolaro 
t e t h e r  w a s  f lawn a t  F a i r  S i t e  on White Sands M i s s i l e  Range t o  
o b t a i n  experimental  motion da t a .  Experimental  test c o n d i t i o n s  
and t e s t  t e t h e r e d  bal loon system c h a r a c t e r i s t i c s  were i n p u t  i n  
t h e  computer Programs and ba l loon  dynamic behavior  was p r e d i c t e d .  
A comparison of experimental  and p r e d i c t e d  dynamic c h a r a c t e r i s -  
t ics  of t h e  te thered ba l loon  showed a reasonable  match a l though 
some d i sc repanc ies  e x i s t e d .  I n  s p i t e  of t h e s e ,  it i s  concluded 
t h a t  t h e  s t a b i l i t y  and dynamic s imula t ion  computer programs a r e  
a ~ o w e r f u l  t o o l  fo r  des ign  and a n a l y s i s  of  t e t h e r e d  ba l loon  
systems. 
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SECTION I 


INTRODUCTION 


The objective of the present program is to compare 

actual flight data with analytically predicted data for a 

tethered balloon and to improve the mathematical model if 

required. A second objective is to study the dynamic behavior 
of two tethered balloon types 


Mathematical tools have been developed on a previous 

program to analyze the dynamic behavior of tethered balloon 

systems. The techniques used are determination of the roots 

of the linearized characteristics equations which incorporate 

the physical, aerodynamic, and mass characteristics of the 

system, and dynamic simulation of the tethered balloon systems 

to determine response of the systems to wind disturbances. 

The techniques are complementary and each helps to obtain 

insight into the behavior of tethered balloon systems. 


The model for the tethered balloon system consists of 

the streamlined balloon and a tether made up of three dis- 

crete links. The derivation of non-linear equations of motion 

for this system were devised in three dimensions. The 

equations are linearized for stability analysis and treaced 

as uncoupled in the longitudinal and lateral degrees of free- 

dom. Characteristic equations of the system are developed and 

solved for the roots which represent the frequency and damping 

qualities. References 1, 2, and 3 document the results of 

this program. 


A tethered balloon system consisting of a 70,000 cubic 

foot aerodynamically shaped balloon and a .52 inch diameter 

Nolaro tether was flown by AFCRL at White Sands Missile Range 

to obtain experimental balloon motion data. These experimental 

data have been compared with those predicted by the mathemat- 

ical model. The efforts to establish the validity of the anal- 

ytical techniques are reported herein. 




SECTION I1 

TECHNIQUES FOR STUDY OF DYNAMIC BEHAVIOR OF TETHERED 
BALLOONS 

A. MATHEMATICAL MODELS 

A system of d i f f e r e n t i a l  e q u a t i o n s  was developed 
(see References  2 and  3 )  t h a t  d e s c r i b e s  t h e  motion of  t h e  
t e t h e r e d  b a l l o o n  i n  t h r e e  dimensions.  The deg ree s  o f  freedom 
a s s o c i a t e d  w i t h  t h e  motion are yaw, p i t c h  and r o l l  o f  t h e  
b a l l o o n  abou t  i t s  dynamic mass c e n t e r ,  and p i t c h  and yaw 
( l a t e ra l  r o t a t i o n )  o f  t h e  t e t h e r .  There  are a t o t a l  of 
3 + 2 N  degrees  of  freedom where N i s  t h e  number of  l i n k s  used 
t o  s i m u l a t e  t h e  t e t h e r .  

F i r s t  c o n s i d e r  t h e  l o n g i t u d i n a l  d e g r e e s  of  freedom. 
The dependent  v a r i a b l e s  shown i n  F i g u r e  1 are 0 ( p i t c h  o f  t h e  
b a l l o o n )  and 5 ( p i t c h  o f  t h e  " r u t h  l i n k ) ,  where r i s  a 
p a r t i c u l a r  l in f ; .  A l l  a n g l e s  a r e  shown p o s i t i v e .  

F l g u r e  1. Bal loon T e t h e r  Model i n  Long i tud ina l  P l a n e  



I n  F i g u r e  1 VBR i s  t h e  r e l a t i v e  v e l o c i t y  o f  t h e  

b a l l o o n ' s  c e n t e r  o f  g r a v i t y  with r e s p e c t  t o  t h e  a i r  and i s  
t h e  r e s u l t a n t  o f  t h e  s t e a d y  wind,  t h e  wind g u s t ,  t h e  b a l l o o n  
t r a n s l a t i o n a l  mot ion and t h e  v e l o c i t y  due  t o  r o t a t i o n  of  t h e  
b a l l o o n  a b o u t  i t s  c e n t e r  o f  mass. The a n g l e  o f  a t t a c k  ( a )  1 s  
t h e  a n g l e  t h a t  t h e  r e l a t i v e  wind forms  w i t h  t h e  longitudinal 
a x i s  of t h e  b a l l o o n .  

The l a t e r a l  d e g r e e s  o f  f reedom are d i s p l a y e d  i n  
F i g u r e  2 which g i v e s  t h e  f r o n t  and  t o p  view o f  t h e  t e t h e r e d  
b a l l o o n .  The l a t e r a l  d e g r e e s  o f  f reedom a r e :  $(yaw o f  
b a l l o o n ) ,  @ ( r o l l  o f  b a l l o o n ) ,  and o r  (yaw o f  " r u t h  l i n k ) .  
A l l  a n g l e s  are shown p o s i t i v e ) .  

FRONT VIEW TOP VIEW 

F i g u r e  2. B a l l o o n  T e t h e r  Model i n  L a t e r a l  P l a n e  



P e r t i n e n t  geometry o f  t h e  t e t h e r e d  b a l l o o n  and 
a p p l i e d  f o r c e s  a r e  i d e n t i f i e d  i n  F i g u r e  3 .  

I n  o r d e r  t o  s e p a r a t e  t h e  e q u a t i o n s  of  motion i n t o  a 
l o n g i t u d i n a l  r e s p o n s e  and a l a t e r a l  r e s p o n s e ,  i t  was f u r t h e r  
assumed t h a t  t h e  sys tem was n e a r  e q u i l i b r i u m .  T h i s  r e s u l t e d  
i n  a se t  o f  e q u a t i o n s  d e s c r i b i n g  t h e  l o n g i t u d i n a l  motion 
which i s  coup led  o n l y  i n  t h e  p i t c h i n g  v a r i a b l e s  of t h e  b a l l o o n  
and t h e  p i t c h i n g  v a r i a b l e s  of t h e  t e t h e r .  However, t h e  second  
se t  o f  e q u a t i o n s  f o r  t h e  l a t e ra l  motion does  n o t  c o m p l e t e l y  
uncouple  from t h e  l o n g i t u d i n a l  d e g r e e s  o f  freedom because  t h e  

- H o r i z o n t a l  aerodynamic f o r c e s  
F~~~ a c t i n s  on b a l l o o n  \ 

- Aerodynamic p i t c h i n g  moment 
a c t i n g  on b a l l o o n  

CA - Aerodynamic r e f e r e n c e  c e n t e r  

CB - C e n t e r  o f  buoyancy o f  t o t a l  d i s p l a c e d  volume 

Cm - Apparent  mass c e n t e r  and dynamic c e n t e r  i n  p i t c h  
(and yaw) 

CG - C e n t e r  of  g r a v i t y  o f  t o t a l  w e i g h t  of  b a l l o o n  

F i g u r e  3 .  Bal loon  Geometry and Appl ied Forces 



equilibrium angles in the longitudinal plane are not zero. 

Therefore, when solving the lateral degrees of freedom, it 

must be assumed that the longitudinal variables remain 

constant and equal to their equilibrium values. In both the 

longitudinal and lateral cases, the tether is simulated by 

three rigid links. The number of uncoupled dynamic equations 

is four for the longitudinal response and five for the lateral 

response. 


B. GENERAL STABILITY THEORY 


The equilibrium configuration of a tethered balloon 

can be defined as that position which demands that the 

summation of all applied moments equals zero. The equi- 

librium is said to be stable if, for any small disturbance, 

the system ultimately returns to its equilibrium conditions. 

Two types of stability are of interest. In the first 

(statically stable), a small displacement of the system will 

create forces which tend to return the system to its equi- 

librium position. The second (dynamically stable) produces a 

motion which eventually restores equilibrium. If the motion 

is periodic, it is characterized by a damped frequency and a 

damping ratio. Similar definitions apply for statically 

and dynamically unstable motions. A third possibility is for 
the system to be neutrally stable during which the motion 

neither diverges nor converges. 


Characteristic equations were derived for study of the 

stability of this system. The general approach was as follows: 


Derive the nonlinear equations of motion in 

three dimensions for each degree-of-freedom 


Assume the motion is near equilibrium so that 

the equations can be linearized and separated 

into a:longitudinal motion and a lateral motion 


Laplace transform the linear equations from the 

time domain to the "S" domain assuming that the 

initial cond&tions are zero. This establishes a 

matrix equation of the following form: 


where {X ( S )  \ is the eigenvector and [A] is a square matrix 
whose elements are quadratics in S containing the physical 

properties of the system. 


(4) Expand the determinant of [A ]  such that the 
characteristic polynominal is obtained. 




Each r o o t  of t h e  c h a r a c t e r i s t i c  e q u a t i o n  r e p r e s e n t s  

a t e r m  i n  t h e  g e n e r a l  s o l u t i o n  o f  t h e  form,  A i e  
S i t  , where Si 

i s  t h e  " i M t h  r o o t  a n d  Ai i s  a n  a m p l i t u d e ,  d e p e n d e n t  on t h e  

i n i t i a l  c o n d i t i o n s  o f  t h e  sys t em.  Both rea l  and complex r o o t s  
may a p p e a r  where  t h e  complex roots o c c u r  i n  c o n j u g a t e  p a i r s .  
I n  g e n e r a l  f o r  "n"  d e g r e e s  of freedom, t h e  c h a r a c t e r i s t i c  
e q u a t i o n  w i l l  y i e l d  "2n" roots.  Each p a i r  o f  complex con- 
j u g a t e  roots  r e p r e s e n t s  one o s c i l l a t o r y  mot ion ,  w h i l e  e a c h  r e a l  
root r e p r e s e n t s  one  a p e r i o d i c  mot ion.  

F i r s t  c o n s i d e r  an  o s c i l l a t o r y  sys tem.  T h i s  mot ion  i s  
c h a r a c t e r i z e d  by two r o o t s  of t h e  form S = X + i Y ,  where  X

ia n d  Y are r e a l  numbers and  i = fi. s e v e r a l  i m p o r t a n t  
q u a n t i t i e s  c a n  be found  f rom t h e  r o o t .  The n a t u r a l  f r e q u e n c y  

a s s o c i a t e d  w i t h  t h i s  mot ion  i s  w_ --p-2 
-X + Y . The damping 

-X I I 

r a t i o  i s  5 = . The damping f r e q u e n c y  i s  
W-

- W J-= Y. I t  i s  a l s o  o f  i n t e r e s t  t o  know t h e  t i m e"'d - n 
t o  h a l f  a m p l i t u d e  f o r  a s t a b l e  r o o t  o r  t h e  t i m e  t o  d o u b l e  
a m p l i t u d e  f o r  an  u n s t a b l e  root. T h i s  q u a n t i t y  c a n  e a s i l y  be 
found  by c o n s i d e r i n g  o n e  o s c i l l a t o r y  mot ion .  The g e n e r a l  
s o l u t i o n  f o r  f r e e  v i b r a t i o n  i s  

Z = C e-' s i n  ( w d  t + 8)  

where fl i s  t h e  p h a s e  a n g l e  dependen t  upon i n i t i a l  c o n d i t i o n s  

C i s  a c o n s t a n t  d e p e n d e n t  upon i n i t i a l  c o n d i t i o n s  

The h a l f  a m p l i t u d e  t i m e  i s  

The second  p o s s i b i l i t y  i s  a n  a p e r i o d i c  mot ion  g i v e n  
by t h e  e x p r e s s i o n  

where  X i s  t h e  r e a l  p a r t  of one  r o o t  and  t h e  imag ina ry  
p a r t  (Y) i s  z e r o  

I f  X i s  n e g a t i v e ,  Z a p p r o a c h e s  z e r o  as t i m e  i n c r e a s e s  
i n d e f i n i t e l y  and t h e  mot ion  i s  s a i d  t o  b e  overdamped. L i k e  t h e  
o s c i l l a t o r y  mot ion ,  r o o t s  which  g i v e  overdamped mot ions  w i l l  
a l so  o c c u r  i n  p a i r s .  However, u n l i k e  t h e  complex c o n j u g a t e  
r o o t s  which r e s u l t  i n  o n e  o s c i l l a t o r y  m o t i o n ,  e a c h  r e a l  r o o t  
i s  a d i s t i n c t  mot ion .  T h e r e f o r e ,  it i s  p o s s i b l e  f o r  a n  "n"  
d e g r e e - o f - f r e e d o n  s y s t e m  t o  h a v e  "2n" d i s t i n c t  mo t ions  i f  t h e  
s y s t e m  i s  s o  h e a v i l y  damped t h a t  a l l  t h e  r o o t s  t o  t h e  c h a r a c -  
t e r i s t i c  e q u a t i o n  are rea l .  



There is a third possible motion which is a borderline 

case. If two roots are real and equal, the system is said to 

be crltlcally damped. The motion will be aperiodic and both 

roots wlll give the same motion. 


The general solution to the motion of the system is a 

llnear combination of all the motions defined by the roots to 

the characteristic equation. Associated with each root is a 

mode shape which gives the relative amplitudes of each degree 

of freedom when the system is responding to one particular 

root. It is of interest to establish these mode shapes so 

that each stability curve can be associated with a definite 

motion of the whole system. For example, one mode shape may 

show that the pitching motion of the balloon is very large 

compared to the motion of the tether. 


C. STABILITY ANALYSIS 


Derivations of the equations of motion of the tethered 

balloon system and development of the characteristic equations 

for a tethered balloon system approximated with a three-link 

tether are given in Reference 2. 


The four linearized longitudinal equations are Laplace 

transformed, and an eighth order characteristic equation 

generated which specifies stability characteristics of the 

system. In like manner, the five linearized lateral 

equations can be reduced to a tenth order equation which gives 

stability information in the lateral degrees-of-freedom. The 

roots of these characteristic equations identify the natural 

frequencies, damped frequencies and damping ratios. 


D. DYNAMIC RESPONSE ANALYSIS 


The calculations of the balloon system response to 

specific disturbances is the subject of the dynamic response 

analysis. The most general motion the system can have is a 

linear superposition of the normal modes. 


Each aperiodic ornon-oscillatory normal mode has one 

arbitrary constant (the initial value of any one of the 

variables) associated with it; and each periodic or 

oscillatory normal mode has two arbitrary constants (the 

amplitude and phase angle of any one of the variables) 

associated with it. The total number of arbitrary constants 

is then equal to the number of aperiodic modes plus twice the 

number of periodic modes; i.e. to the degree of the character- 

istic equation, or the order of the system. A specific 
disturbance will excite the normal modes in varying degrees 

and establish the values of the arbitary constants. 




The dynamic r e sponse  of  t e t h e r e d  ba l l oon  systems t o  
v a r i o u s  wind d i s t u r b a n c e s  i s  o b t a i n e d  by i n t e g r a t i n g  
numer i ca l l y  t h e  l o n g i t u d i n a l  and l a t e ra l  equa t i ons  of  motion 
t o  produce a t i m e  h i s t o r y  of  t h e  dynamics. The s tar t  
c o n d i t i o n s ,  o r  e q u i l i b r i u m  c o n d i t i o n s  f o r  t h e  dynamic response  
computer programs a r e  o b t a i n e d  from t h e  l i n e a r i z e d  s t a b i l i t y  
computer programs (Reference  2 ) .  This  approach t o  a n a l y s i s  
h a s  t h e  advantage  t h a t  wind g u s t s  can be  produced and t h e  
a c t u a l  motion of  t h e  sys tem can be observed .  The major d i s -  
advantage  i s  t h a t  a g r e a t e r  amount of computer t i m e  i s  
r e q u i r e d  when compared t o  e v a l u a t i o n  of  s t a b i l i t y  by 
i n v e s t i g a t i n g  t h e  r o o t s  of  t h e  c h a r a c t e r i s t i c  equa t i ons .  

The e q u a t i o n s  of  motion f o r  t h e  l o n g i t u d i n a l  dynamics 
of  a t e t h e r e d  b a l l o o n  system were i n i t i a l l y  de r ived  i n  two 
forms (see Reference  3 ) :  

(1) i n e r t i a  terms which c o n t a i n  p roduc t s  o f  
angu l a r  v e l o c i t i e s  are neg l ec t ed ,  

( 2 )  i n e r t i a  terms which c o n t a i n  p roduc t s  of 
a n g u l a r  v e l o c i t i e s  are inc luded .  

The concep t  o f  n e g l e c t i n g  p r o d u c t s  o f  angu l a r  v e l o c i t i e s  i s  
a s s o c i a t e d  w i t h  t h e  assumption t h a t  a n g u l a r  v e l o c i t i e s  are 
s m a l l ;  and t h e r e f o r e ,  p r o d u c t s  of  angu l a r  v e l o c i t i e s  a r e  
n e g l i g i b l e .  

Numerical i n t e g r a t i o n s  w e r e  made w i t h  t h e  computer t o  
de te rmine  t h e  e f f e c t  o f  n e g l e c t i n g  t h e  i n e r t i a  terms c o n t a i n i n g  
p r o d u c t s  o f  a n g u l a r  v e l o c i t i e s .  Although an e f f e c t  i s  
obv ious ly  p r e s e n t ,  t h e  o v e r a l l  d i f f e r e n c e s  between t h e  r e s u l t s  
of  t h e  two sets o f  e q u a t i o n s  i s  s m a l l  a s  shown i n  Reference  3 .  

It  was dec ided  t h a t  dynamic s i m u l a t i o n  s t u d i e s  would 
be conducted w i t h  a model w h i c h  n e g l e c t s  p roduc t s  of  a n g u l a r  
v e l o c i t i e s  f o r  t h r e e  r ea sons .  F i r s t ,  t h e  e q u a t i o n s  c o n t a i n i n g  
p r o d u c t s  o f  a n g u l a r  v e l o c i t i e s  are shown t o  g i v e  on ly  s l i g h t l y  
d i f f e r e n t  r e s u l t s .  Second, i t  i s  d e s i r a b l e  t o  keep t h e  dynamic 
e q u a t i o n s  compat ib le  t o  t h e  e q u a t i o n s  used i n  t h e  s t a b i l i t y  
s t u d y  ( t h e  s t a b i l i t y  s t u d y  used l i n e a r i z e d  e q u a t i o n s ) .  T h i r d ,  
it i s  d e s i r a b l e  t o  keep t h e  l o n g i t u d i n a l  e q u a t i o n s  compat ib le  
t o  t h e  l a t e r a l  e q u a t i o n s  ( t o  d e r i v e  t h e  l a t e r a l  e q u a t i o n s  of 
motion c o n t a i n i n g  p r o d u c t s  of a n g u l a r  v e l o c i t i e s  i n  t h e  
i n e r t i a  terms would be  a ve ry  d i f f i c u l t  t a s k  because of  t h e  
number of terms invo lved . )  



SECTION I11 

TEST BALLOON DESCRIPTION 

A. GENERAL 

The t e t h e r e d  b a l l o o n  sys t em which was f lown t o  o b t a i n  
e x p e r i m e n t a l  mot ion  d a t a  c o n s i s t e d  o f  a 70,000 c u b i c  f o o t  aero-
d y n a m i c a l l y  shaped  b a l l o o n  produced  by Lea B r i d g e  I n d u s t r i e s  o f  
E s s e x ,  England ,  and a Nolaro t e t h e r .  The Nolaro t e t h e r  was 
0.52 i n c h e s  i n  d i a m e t e r  and weighed 90 pounds p e r  1000 f e e t .  
The winch used  i s  pe rmanen t ly  i n s t a l l e d  a t  F a i r  S i t e ' i n  t h e  
n o r t h w e s t e r n  p o r t i o n  o f  t h e  White Sands Missile Range. 

The g e n e r a l  a r r angemen t  o f  t h e  70,000 c u b i c  f o o t  aero-
d y n a m i c a l l y  shaped  b a l l o o n  i s  p r e s e n t e d  i n  F i g u r e  4.  The major 
e l e m e n t s  o f  t h e  b a l l o o n  are t h e  e n v e l o p e ,  t h e  t a i l s  and t h e  s u s -
p e n s i o n  sys tem.  The e n v e l o p e  i s  d i v i d e d  i n t o  t h r e e  s e p a r a t e  
chambers - t h e  qas chamber,  b a l l o n e t ,  and t a i l  cone.  The t w o  
nea r  h o r i z o n t a l  s u r f a c e s  and t h e  v e r t i c a l  r u d d e r  make up t h e  
t a i l s  ( T a b l e  I l i s t s  t h e  d imens ions  f o r  t h e  b a l l o o n ) .  

TABLE I 

PRINCIPAL PARTICULARS 

Maximum C a p a c i t y  o f  Enve lope .  . . . . . . . . .  70,000 F t  3  


Maximum Volume o f  A i r  F i l l e d  T a i l  ' l owar  o n l y )  . 6,000 ~t~ 

Maximum Volume o f  H o r i z o n t a l  Talls ( e a c h )  . . .  3,070 ~t~ 

Maximum D i a m e t e r  of Envelope. . . . . . . . . .  39 F t  


Length  o f  Envelope.  . . . . . . . . . . . . . . 106 F t  6  I n  


O v e r a l l  Width w i t h  F i n s  I n f l a t e d .  . . . . . . .  4 3  F t  


Ove ra l l  H e i g h t  from Bottom o f  R u d d e r .  . . . . .  4 8  F t  6 I n  

H e i g h t  o f  B a l l o o n  from R i g g i n g  Conf luence  P o i n t  66 F t  

B a l l o n e t  C a p a c i t y  . . . . . . . . . . . . . . . To p e r m i t  a 
f l y i n g  a l t i t u d e  

o f  15,000 F t  

B r i d l e  Conf luence  P o i n t  . . . . . . . . . . . . 3 2  F t  a f t  o f  

Nose o f  H u l l  

4 5  F t  below 
C e n t e r l i n e  o f  
H u l l  





B. TEST BALLOON GEOMETRY 

The geometry of  t h e  70,000 c u b i c  f o o t  b a l l o o n  
was e s t a b l i s h e d  w i t h  t h e  a i d  of  d a t a  from t h e  b a l l o o n  
handbook (Reference  4 )  and t h e  d a t a  on t h e  B J  b a l l o o n  (Refe r -
e n c e  5 ) .  The o v e r a l l  l e n g t h  and d i a m e t e r  o f  t h e  h u l l  and 
l o c a t i o n  of  t h e  c o n f l u e n c e  p o i n t  of t h e  s u s p e n s i o n  l i n e s  a r e  
l i s t e d  i n  Tab le  I. The geometry of  t a i l s  was e s t a b l i s h e d  on 
t h e  b a s i s  o f  d a t a  i n  References  4 and 5. 

The p e r t i n e n t  t a i l  d imens ions  f o r  t h e  t a i l  s u r f a c e s  a r e  
t h e  chord  (A), t h e  s p a n  ( B )  and t h e  r a d i u s  o f  t h e  t i p  ( R )  as de-
f i n e d  on F i g u r e  4 .  From Refe rence  5  f o r  a B J  b a l l o o n ,  the 
p r o p o r t i o n s  f o r  t h e  r u d d e r  ( v e r t i c a l  t a i l  s u r f a c e )  r e l a t i v e  
t o  t h e  t o t a l  enve lope  l e n g t h  ( L )  are 

A l l  h o r i z o n t a l  f i n  s u r f a c e  d imens ions  are 80% o f  r u d d e r  dimen- 
s i o n s .  I t  i s  unders tood  t h a t  t h e  t a i l  s u r f a c e s  a r e  a s  used on 
t h e  B J  b a l l o o n .  The t e s t  b a l l o o n  h a s  a h u l l  known as t h e  A 
s h a p e  and t h i s  h u l l  h a s  a f i n e n e s s  r a t i o  o f  2 .7  as compared t o  
2.5  f o r  t h e  B J  b a l l o o n .  Consequent ly ,  fo r  e q u a l  h u l l  volume 
t h e  t e s t  b a l l o o n  h u l l  i s  l o n g e r  t h a n  t h e  B J  b a l l o o n  h u l l .  T a i l  
d imens ions  f o r  t h e  70,000 c u b i c  f o o t  b a r r a g e  b a l l o o n  were cal-
c u l a t e d  by p r o p o r t i o n i n g  t h e  l e n g t h  o f  a n  e q u i v a l e n t  volume B J  
b a l l o o n .  The r u d d e r  d imens ions  computed f o r  t h e  tes t  b a l l o o n  
are: 

A = 40 f e e t  
B = 2 2 . 4  f e e t  
R = 13.15 f e e t  

C. BALLOON MASS CHARACTERISTICS 


1. Genera l  

The b a l l o o n ' s  p h y s i c a l  and a p p a r e n t  mass c h a r a c t e r i s t i c s  
are p r e s e n t e d  i n  t h i s  s e c t i o n  and t a b u l a t e d  i n  T a b l e  I1 . The 
m a s s  c h a r a c t e r i s t i c s  i n c l u d e  t h e  p h y s i c a l  m a s s ,  a d d i t i o n a l  
masses i n  l o n g i t u d i n a l ,  l a t e r a l  and v e r t i c a l  t r a n s l a t i o n ,  the 
a p p a r e n t  masses i n  r o l l ,  p i t c h  and yaw; p h y s i c a l  m a s s  moments 
o f  i n e r t i a  and a p p a r e n t  mass moments o f  i n e r t i a  i n  r o l l ,  p i t c h ,  
and yaw. C a l c u l a t i o n s  i n c l u d e  c e n t e r  o f  g r a v i t y ,  c e n t e r s  o f  
a d d i t i o n a l  mass and dynamic c e n t e r s  i n  p i t c h  and yaw. 



TABLE I1 

BALLOON MASS CHARACTERISTICS 

B a l l o o n  P h y s i c a l  Mass - w i t h  p a y l o a d  118 .10  s l u g s  

C e n t e r  o f  G r a v i t y  - w i t h  p a y l o a d  - ~ o r i z o n t a l  54.44 f e e t  

- V e r t i c a l  6.57 f ee t  

M a s s  Moment of I n e r t i a ,  w i t h  p a y l o a d  - R o l l  30207 s l u g  f ee t2 

- P i t c h  149022 s l u g  feet2 

- Yaw 134027 s l u g  f e e t  2 

P r o d u c t  of I n e r t i a  - w i t h  p a y l o a d  10391  s l u q  feet2 

B a l l o o n  P h y s i c a l  Mass - w i t h o u t  p a y l o a d  114 .04  s l u g s  

C e n t e r  o f  G r a v i t y  - w i t h o u t  p a y l o a d  - H o r i z o n t a l  55.24 f e e t  

- Vertical 5.30 f e e t  

Mass Moment of I n e r t i a  - w i t h o u t  p a y l o a d  - R o l l  24913 s l u g  fee t2 

,- P i t c h  141614 s l u g  feet2 

- Y a w  131895 s l u g  f e e t 2  

P r o d u c t  of I n e r t i a  - w i t h o u t  p a y l o a d  7130 s l u g  f e e t L  

A d d i t i o n a l  Mass - L o n g i t u d i n a l  22.00 s l u g s  

- L a t e r a l  

- Ver t i ca l  

C e n t e r  o f  A d d i t i o n a l  Mass, i n  p i t c h  - h o r i z o n t a l  

- v e r t i c a l  

C e n t e r  of A d d i t i o n a l  Mass, i n  yaw - h o r i z o n t a l  

- ve r t i c a l  

A d d i t i o n a l  Mass Moment of I n e r t i a  - r o l l  

- p i t c h  
2- yaw 132268 s l u g  feet  

A d d i t i o n a l  P r o d u c t  of I n e r t i a  - i n  yaw -8729 s l u g  fee t2 

Apparent Mass, W i t h o u t  P a y l o a d  - r o l l  182.97 s l u g s  

- p i t c h  265.62 s l u g s  

- yaw 280.66 s l u g s  

Dynamic C e n t e r ,  W i t h o u t  P a y l o a d ,  i n  p i t c h  - h o r i z o n t a l  55.78 feet  

- v e r t i c a l  2.28 f ee t  



TABLE I1 (cont. ) 

BALLOON MASS CHARACTERISTICS 

Dynamic Cen te r ,  Without  Payload ,  i n  yaw - h o r i z o n t a l  

- ve r t i ca l  

Apparent  Mass Moment o f  I n e r t i a ,  w i t h o u t  payload  

- r o l l  

- p i t c h  

- yaw 

Apparent  P roduc t  of I n e r t i a ,  w i t h o u t  payload - i n  p i t c h  

- i n  yaw 

Apparent  Mass, w i t h  payload - p i t c h  

- yaw 

Dynamic Cen te r ,  w i t h  Payload,  i n  P i t c h  - h o r i z o n t a l  

- v e r t i c a l  

3ynamic Cen te r ,  w i t h  Payload,  i n  yaw - h o r i z o n t a l  

- v e r t i c a l  

Apparent  Mass Moment of I n e r t i a ,  w i t h  Payload - p i t c h  

- yaw 

Apparent  P roduc t  of I n e r t i a ,  w i t h  Payload - i n  p i t c h  

- i n  yaw 

Notes:  1. Mass i s  i n  s l u g s  

2. H o r i z o n t a l  d i s t a n c e  i s  f e e t  a f t  o f  
t h e o r e t i c a l  bow 

3. V e r t i c a l  d i s t a n c e  i s  f e e t  below h u l l  E 
4 .  I n e r t i a  i s  i n  s l u g  f e e t  2 

5. Bal loon p h y s i c a l  mass i n c l u d e s  i n t e r n a l  
gas  and a i r  

57.11 f e e t  

3.14 feet  

54404 s l u g  - ft2 

267256 s l u g  ft2 

264854 s l u g  ft2 

7525 s l u g  ft2 

-805 s l u g  f t  

269.69 s l u g s  

284.73 s l u g s  

55.42 f e e t  

2.88 f ee t  

56.75 feet  

3.69 feet  

275832 s l u g  f t2 

267400 s l u g  f t2 

11193 s l u g  ft2 

2896 s l u g  f t2 

2 



Based on d a t a  r e c e i v e d  from A i r  Force Cambridge Research 
L a b o r a t o r i e s ,  t h e  e s t i m a t e d  weight  breakdown f o r  t h e  ba l l oon  
sys tem i s  given i n  Table  111. Thi s  breakdown i s  cons ide red  t o  
be  r e p r e s e n t a t i v e  of  t h e  t e s t  b a l l o o n  flown. 

T h e  payload i n c l u d e s  b a t t e r i e s ,  i n s t rumen t  package,  
i n s t rumen t  frame, c a b l e  c u t t e r  and load  ce l l .  

The d e n s i t y  o f  t h e  a i r  and he l ium f o r  t h e  b a l l o o n  m a s s  
c h a r a c t e r i s t i c s  a n a l y s i s  was based on a t empera tu re  of 50°F. 
Based on t h i s  t empe ra tu r e  and t h e  r e p o r t e d  c a b l e  t e n s i o n  ( f r e e  
l i f t )  it w a s  e s t i m a t e d  t h a t  t h e  b a l l o o n  was approximate ly  88% 
f u l l  of  hel ium w i t h  approximate ly  1 2 %  a i r  i n  t h e  b a l l o n e t s .  

2. A d d i t i o n a l  Mass 

The a c c e l e r a t i o n  of t h e  b a l l o o n  i n  any of  the s i x  de- 
g r e e s  o f  freedom c a u s e s  aerodynamic f o r c e s  i n  a d d i t i o n  t o  t h e  
v e l o c i t y  and a t t i t u d e  changes.  I t  has  been shown by Lamb 
(Reference  6 )  t h a t  t h e  d e r i v a t i v e s  o f  t h e s e  a c c e l e r a t i o n  f o r c e s  
have  t h e  dimension o f  mass. For  a l l  p r a c t i c a l  purposes ,  t h i s  
a d d i t i o n a l  mass t e r m  may be  added t o  t h e  a c t u a l  mass o f  the 
b a l l o o n  f o r  purposes  of c a l c u l a t i n g  f o r c e s  and r e sponses  of t h e  
system.  References  7 and 8 were a l s o  u s e f u l  i n  t h e  development 
o f  t h i s  s e c t i o n .  

The a d d i t i o n a l  mass and a d d i t i o n a l  moments o f  i n e r t i a  
f o r  a c c e l e r a t i o n  i n  a f l u i d  have been worked o u t  t h e o r e t i c a l l y  
f o r  a number of e l l i p s o i d s  o f  r e v o l u t i o n .  F igu re s  5 and 6 show 
t h e s e  c o e f f i c i e n t s  p l o t t e d  a g a i n s t  f i n e n e s s  r a t i o .  The added 
mass is  ob t a ined  by m u l t i p l y i n g  t h e s e  c o e f f i c i e n t s  by t h e  mass 
o f  t h e  d i s p l a c e d  a i r .  I t  has  been proposed and has  become t h e  
custom t o  u s e  ( f o r  a i r s h i p s  and b a l l o o n s )  v a l u e s  based  on t h e  
e l l i p s o i d  having t h e  s a m e  volume and the s a m e  l e n g t h  as t h e  
h u l l .  I n  a d d i t i o n ,  t h e  t h e o r e t i c a l  l o n g i t u d i n a l  c o e f f i c i e n t  
o f  a d d i t i o n a l  mass shown on t h e  c u r v e s  a r e  i n c r e a s e d  50% t o  
a l l o w  f o r  t h e  boundary l a y e r  which i s  dragged a long  w i t h  t h e  
b a l l o o n .  

The f i n e n e s s  r a t i o  of  t h e  e q u i v a l e n t  e l l i p s o i d  t o  t h e  
h u l l  must be computed based on e q u a l  volumes and e q u a l  l e n g t h s .  

q & = - n d 2  L6 

Fineness  r a t i o  = -= 



TABLE I11 

ESTIMATED BALLOON WEIGHT BREAKDOWN 

ITEM- WEIGHT-POUNDS 

H u l l  

H o r i z o n t a l  T a i l  

Vert ical  T a i l  

B a l l o n e t  

Handl ing L ines  

R i p  Pane l  

Suspension Cab les  and F i t t i n g s  

G a s  Valves  

B a l l o n e t  B l o w e r  

P r e s s u r e  Tubing 

E l e c t r i c  Cab l e s  

Misce l l aneous  Hardware 

Total  Bal loon Weight 

Payload 

Total F l i g h t  Weight (less t e t h e r )  



VARIATION OF THE COCFFIClENT OF ADDITIONAL MOHEXT OF 

INERTIA WITH FINENESS RATIO OF AN EQUI.JXEXT ELLIPSOID 

I BASED ON HYDRODYNMIIC THEOPY 

ACTUAL LENGTH 
5, ' 3t- / MAX. EQUIVALENT D I A .  
0 - 

0 2 4 6 8 10 12 14 16 
FINENESS RATIO OF EQUIVALENT ELLIPSOID 

F i g u r e  5 . V a r i a t i o n  o f  t h c  C o e f f i c i e n t  o f  A d d i t i o n a l  Moment o f  
I n e r t i a  w i t h  F i n c n c s s  R a t i o  o f  an E q u i v a l e n t  E l l i p s o i d  

BASED ON HYDRODYNILVIC WCORY 

k1 - LONGITUDINAL ADDITIONAL INERTIA COEFFICIENT 

k2 - TRANSVERSE ADDITIONiU INERTIA COEFFICIENT 

L L ACTUAL LENGTH - - L - 
$ 2 . 4 0  r.241 MAX. EQUIVALENT DIA. d 

o L  0' 
I I I I I I I 

2 - 4  6 8 .10 12 14 
FINENESS PATIO OF EQUIVAJXNT ELLIPSOID 

F i g u r e  6 . V a r i a t i o n  of t h e  Coefficient of A d d i t i o ~ l o l  Piass w i t h  
F i n e n e s s  R a t i o  o f  an Equiva lent  E l l i p s o i d  



The f l a t  t a i l  s u r f a c e s  a l s o  e x h i b i t  a n  added mass e f f e c t  
when a c c e l e r a t e d  normal t o  t h e i r  chords .  For l a r g e  a s p e c t  
r a t i o s ,  the added mass i s  e q u i v a l e n t  t o  the mass of  a i r  c o n t a i n e d  
i n  a c y l i n d e r  whose d i ame te r  i s  e q u a l  t o  t h e  chord of  t h e  t a i l .  
T e s t s  have provided  c o r r e c t i o n s  f o r  s m a l l e r  a s p e c t  r a t i o s  and 
f o r  t a p e r .  The t a i l  added mass terms can be  o b t a i n e d  from 
F i g u r e  7 and added t o  t h e  h u l l  added mass f o r  t h e  t o t a l  added 
mass and moment of i n e r t i a  e f f e c t s ,  and f o r  de te rmin ing  t h e  
dynamic c e n t e r .  

The added mass of  t h e  t a i l  i s  ob t a ined  by m u l t i p l y i n g  
t h e s e  c o e f f i c i e n t s  o f  t h e  mass o f  a i r  con t a ined  i n  a c y l i n d e r  
hav ing  t h e  l e n g t h  e q u a l  t o  t h e  span  and a d i ame te r  e q u i v a l e n t  
t o  t h e  chord of a r e c t a n g u l a r  t a i l  having  t h e  same a r ea .  

3 .  Dynamic Cen te r  Loca t ion  

Under dynamic l o a d s  t h e  b a l l o o n  w i l l  have a mass and 
moment o f  i n e r t i a  which i n c l u d e s  t h e  a d d i t i o n a l  mass and add i -  
t i o n a l  moment of  i n e r t i a  o f  t h e  a f f e c t e d  su r round ing  a i r .  

Because o f  symmetry i n  the XZ p l a n e  t h e  on ly  p roduc t  o f  
i n e r t i a  cons ide red  i s  PXZ. Since  t h e  p roduc t  of  i n e r t i a  abou t  
any a x i s  o f  symmetry is  z e r o ,  PXy and PyZ a r e  t h e r e f o r e  zero .  

The a d d i t i o n a l  mass a long  each major a x i s  i s  added 
d i r e c t l y  t o  the mass of t h e  b a l l o o n .  The c e n t e r  o f  t h e  add i -  
t i o n a l  m a s s ,  however, does  n o t  c o i n c i d e  with t h e  c e n t e r  of  
g r a v i t y .  The combinat ion of t h e s e  two masses w i l l  de termine  t h e  
dynamic c e n t e r  abou t  which t h e  complete b a l l o o n  w i l l  a c t  i n  a i r .  
S i n c e  t h e  v a l u e  and l o c a t i o n  of  t h e  a d d i t i o n a l  mass is d i f f e r e n t  
f o r  a c c e l e r a t i o n s  a long  each a x i s ,  t h e  dynamic c e n t e r  w i l l  b e  
l o c a t e d  a t  d i f f e r e n t  p l a c e s  f o r  t h e  l a t e r a l  and v e r t i c a l  accel-
e r a t i o n s .  

Figure 8 shows h o w  the dynamic c e n t e r  i s  l o c a t e d  and the 
combined moment o f  i n e r t i a  i s  c a l c u l a t e d .  

D. AERODYNAMIC CHARACTERISTICS 

The s t a t i c  aerodynamic c h a r a c t e r i s t i c s  f o r  t h e  t e s t  
b a l l o o n  w e r e  developed from wind t u n n e l  d a t a  ob t a ined  a t  t h e  
U n i v e r s i t y  of Washington as r e p o r t e d  i n  References  9 ,  10 and 11. 
The aerodynamic c o e f f i c i e n t s  as t aken  from t h e s e  r e f e r e n c e s  are 
p l o t t e d  i n  F i g u r e s  9 and 10. Note t h a t  t h e  f o r c e  c o e f f i c i e n t s  
are based  upon a  r e f e r e n c e  a r e a  o f  h u l l  volume t o  t h e  two t h i r d s  
power which i s  compat ib le  w i t h  t h e  e q u a t i o n s  of motion which 
have  been developed.  However, t h e  moment c o e f f i c i e n t s  i n  F i g u r e s  
9 and 10 are based upon a r e f e r e n c e  l e n g t h  o f  h u l l  l e n g t h  and 
are abou t  a r e f e r e n c e  c e n t e r  n e a r  t h e  b r i d l e  conf luence  p o i n t  of  
t h e  b r i d l e  a s  no ted  i n  F i g u r e  10. 
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F I G U U  7. VARIATION O F  THE COEFYICIENTS O F  ADDITIONAL MASS AND MOMENT 
O F  I N E R T l A  WITH ASPLCT RATIO O F  RECTANGULAR PLATES 
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The s t a t i c  moment c o e f f i c i e n t s  f o r  t he  t e s t  bal loon 
have been a s t e d  t o  change t he  reference length from h u l l  
length t o  ff'jY and t h e  moments have been t r ans f e r r ed  from a 
re ference  cen t e r  near  t he  b r i d l e  confluence po in t  t o  t h e  c e n t e r  
of volume of t h e  hu l l .  The s t a t i c  aerodynamic c o e f f i c i e n t s  
ad jus ted  f o r  re ference  length and reference  cen te r  a r e  l i s t e d  
i n  Tables I V  and V. 

The dynamic aerodynamic c h a r a c t e r i s t i c s  of t he  B J  bal-
loon were developed a n a l y t i c a l l y  a s  reported i n  References l 
and 2. These c o e f f i c i e n t s  were modified f o r  t h e  tes t  bal loon 
by accounting f o r  t he  longer t a i l  su r face  moement arms of 
t h i s  configurat ion.  The dynamic c o e f f i c i e n t s  a r e  a l s o  l i s t e d  
i n  Tables I V  and V. 

TABLE IV 


EARRAGE BALLOON LOWGITUDINAL AERODYNAMICS 

(Moments About Center of Hd11 Volume) 


(Reference Area VHull 2/3 - Reference Length V 1/3 

Angle of ~ t t a c k  ( a 1-10 -5 0 5 10 15 2 0 2 5 

Lift Coefficient(CL)-.21 -.I15 -.02 +.07 +. 16 +.255 +.345 +.47  

Drag Coef f icient(CD) .09 .065 .05 .05 .07 .I1 .16 .25 

Pitching Moment(Cm)-.28O -.I397 -.0352 +.0595 +.5194 - .069  -.2765 -.713 

Lift Force due to Pitch Velocity C = Z.ll/rad 

Pitching Moment Due to Pitch Velocity Cm. = -3.2l/rad 

OB 


Drag Force due to Pitch Velocity 




TABLE V  

BARRAGE BALLOON LATERAL AERODYNAMICS 

(Moments A b o u t  C e n t e r  of H u l l  V o l u m e )  

( R e f e r e n c e  Area VHull 2 /3  - R e f e r e n c e  L e n g t h  Y1 / 3 )  

S t a t i c  A e r o d y n a m i c  C o e f f i c i e n t s  

S i d e s l i p  A n g l e  ( 6 )  - 2 0  0 +20 

Side  Force C o e f f i c i e n t  (Cv)  +.450 0.0 -.450 

Yaw Moment C o e f f i c i e n t  
L 

(Cn)  +. 0787  0.0 -.0787 

R o l l  M o m e n t  C o e f f i c i e n t  ( C k )  -.008 0.0 +.008 

D y n a m i c  A e r o d v n a m i c  C o e f f i c i e n t s  

S ide  Force D u e  t o  Yaw V e l o c i t y  

Yaw M o m e n t  D u e  t o  Yaw V e l o c i t y  ( cn .,~. 
R o l l  M o m e n t  D u e  t o  Yaw V e l o c i t y  

- . IJ ,B
Side  Force D u e  t o  R o l l  V e l o c i t y  6,'' c ~  
Yaw M o m e n t  D u e  t o  R o l l  V e l o c i t y  ( C n o  1

OB 

R o l l  M o m e n t  D u e  t o  R o l l  V e l o c i t y  c C q B )  

Static Aerodynamic Stability Derivatives 


Side  Force D u e  t o  Yaw Angle (c 1 
Y'B 


Side  Force D u e  t o  L a t e r a l  V e l o c - i t y  (CYvB) 

Yaw M o m e n t  D u e  t o  Yaw A n g l e  

Yaw M o m e n t  D u e  t o  L a t e r a l  V e l o c i t y  (Cn u, 

V~ 

R o l l  M o m e n t  D u e  t o  Yaw A n g l e  (c, 1 
'% 

R o l l  M o m e n t  D u e  t o  L a t e r a l  V e l o c i t y  (CQ ) 
V~ 




SECTION I V  

FLIGHT TEST PROCEDURES 

F l i g h t  tests  were conducted t o  o b t a i n  expe r imen ta l  b a l -  
l o o n  motion d a t a  f o r  comparison w i th  a n a l y t i c a l  p r e d i c t i o n s .  
A s  s t a t e d  p r e v i o u s l y ,  a 70,000 c u b i c  f o o t  b a r r a g e  b a l l o o n  and a 
0.52 i n c h  'd iameter  Nolara  t e t h e r  were flown. 

I n s t r u m e n t a t i o n  c o n s i s t e d  o f  t h e  fo l l owing  i t e m s :  

C i n e t h e o d o l i t e  coverage  of  b a l l o o n  t o  o b t a i n  
X ,  Y and Z c o o r d i n a t e s  of  t h e  ba l l oon .  Motion 
was measured a t  t h e  con f luence  p o i n t  o f  
b a l l o o n  suspens ion  l i n e s .  

Motion p i c t u r e  coverage o f  b a l l o o n  motion 
(camera looked up v e r t i c a l l y  from t e t h e r  
p o i n t  t o  g i v e  b a l l o o n  yawing mot ion) .  

A t e l e m e t r y  package l o c a t e d  a t  t h e  conf luence  
p o i n t  which provided  

(1) H o r i z o n t a l  r e l a t i v e  wind speed 

( 2 )  V e r t i c a l  r e l a t i v e  wind speed 

( 3 )  X ,  Y and 2 a c c e l e r a t i o n  

( 4 )  R o l l  a n g l e  

( 5 )  P i t c h  angle 

(6) Ambient p r e s s u r e  

(7) D i f f e r e n t i a l  p r e s s u r e  (he l ium compartment) 

P i l o t  b a l l o o n  d a t a  which g i v e s  wind d i r e c t i o n  
and magnitude. 

F i v e  f l i g h t  t e s t  d a t a  r u n s  were made. The b a l l o o n  
w a s  d i s p l a c e d  and t h e n  r e l e a s e d  t o  o b t a i n  motion of t h e  
t e t h e r e d  b a l l o o n  system. The  b a l l o o n  w a s  p u l l e d  t o  t h e  s i d e  
t o  e x c i t e  l a t e r a l  mot ions  and w a s  p u l l e d  a f t  t o  e x c i t e  
l o n g i t u d i n a l  motion. A l i g h t  nylon l i n e  a t t a c h e d  t o  t h e  con-
f l u e n c e  p o i n t  of t h e  b a l l o o n  suspens ion  l i n e s  provided i n i t i a l  
d i sp l acemen t  of  t h e  b a l l o o n .  The l i n e  w a s  secured  a t  t h e  
ground a known d i s t a n c e  from t h e  ground t e t h e r  p o i n t .  The 
t e t h e r  c a b l e  was then  payed out u n t i l  t e t h e r  t e n s i o n  w a s  re-



duced t o  one h a l f .  A t e s t  was i n i t i a t e d  by c u t t i n g  t h e  
a u x i l i a r y  l i n e  a t  t h e  ground. 

The above l i s t e d  d a t a  i t e m s  w e r e  r ecorded  f o r  t h e  
f o l l o w i n g  tes t  c o n d i t i o n s .  

( a )  Run #1- L a t e r a l  b a l l o o n  d i sp l acemen t  o f  100 
feet  t o  r i g h t .  T e t h e r  l e n g t h  - 1079 f e e t .  

( b )  Run # 2  - L o n g i t u d i n a l  b a l l o o n  d i sp l acemen t  of  150 
fee t  a f t .  T e t h e r  l e n g t h  - 1118 f e e t .  

(c) Run # 3  - L a t e r a l  b a l l o o n  d i sp l acemen t  of 150 f e e t  
t o  r i g h t .  T e t h e r  l e n g t h  - 1086 f e e t .  

(d )  Run # 4  - L a t e r a l  b a l l o o n  d i sp l acemen t  o f  150 f e e t  
t o  r i g h t .  T e t h e r  l e n g t h  - 6 6 3  f e e t .  

(e)  Run #5 - L o n g i t u d i n a l  b a l l o o n  d i sp l acemen t  of  150 
fee t  a f t .  T e t h e r  l e n g t h  - 684 f e e t .  

Tab le  V I  p r e s e n t s  t h e  t e s t  l o g  f o r  t h e  f l i g h t  t e s t  
program. 



TABLE V I  - TETHERED BALLOON FLIGHT TEST LOG, NOVEMBER 1 0 ,  1972  

T e s t  I t e m  - 70,000 C u b i c  F o o t  Kite B a l l o o n - N o l a r a  T e t h e r  . 5 2  I n c h  D i a m e t e r ,  9 0  Pounds /  
1000 F e e t  O t i s  Winch I n s t a l l e d  a t  F a i r s i t e  

Run #1- L a t e r a l  D i s t u r b a n c e  P i l o t  B a l l o o n  D a t a  
T e t h e r  C a b l e  Leng th  - 1079 F t .  
Bal loon  Displacement-

1 0 0  f t  t o  r i g h t  of 
E q u i l i b r i u m  P o s i t i o n  

Balloon Release Time - 1 2  :00 
T e n s i o n  a t  Winch -

I n i t i a l  b e f o r e  release - 5OOlbs 
F l u c t u a t i o n  a f ter  release -

1300-1500 l b s .  

A l t .  
( F t .  

Ground 
300 
600 
900 

1200  

Wind 
Di rec t ion  
( T r u e )  
(Degrees) 

1 8 5  

Wind 
S p e e d  
(Knots)  

1 5 0 0  
1800  
2100 

Run #2  - L o n g i t u d i n a l  D i s t u r b a n c e  P i l o t  Bal loon Data - 12:40  
T e t h e r  Cable L e n g t h  - 1118  F t .  
B a l l o o n  D i s p l a c e m e n t  - A l t .  Wind Wind 

1 5 0  F t .  Back of (Ft-1 Direc t ion  Speed 

E q u i l i b r i u m  P o s i t i o n  ( T r u e )  (Knots )  

B a l l o o n  Release Time - 12:32  (Degrees) 

T e n s i o n  a t  Winch Ground 1 20 

I n i t i a l  b e f o r e  Release - 6 0 0 1 b s  300 1 3 0  

F l u c t u a t i o n  a f ter  release - 600 1 5 0  

1350-1450 lbs.  900 155 
1200 1 6 0  
1500 1 7 5  
1800 1 8 0  
2100 1 9 5  
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SECTION V 

COMPARISON OF EXPERIMENTAL AND ANALYTICALLY 

PREDICTED DYNAMIC BEHAVIOR OF TETHERED BALLOONS 

A. GENERAL 

The g e o m e t r i c ,  mass and aerodynamic  c h a r a c t e r i s t i c s  o f  
the t e t h e r e d  b a l l o o n  s y s t e m  which w a s  f lown have  been  des-
c r i b e d  ea r l i e r  i n  this r e p o r t .  The c h a r a c t e r i s t i c  e q u a t i o n s  
for  l o n g i t u d i n a l  and l a t e r a l  mot ion  were s o l v e d  t o  e s t a b l i s h  
p r e d i c t e d  n a t u r a l  f r e q u e n c i e s ,  damped f r e q u e n c i e s  and damping 
r a t i o s  f o r  t h i s  sys t em.  The dynamic r e s p o n s e  o f  the t e t h e r e d  
b a l l o o n  sys t em t o  d i s t u r b a n c e s  s i m u l a t i n g  test  c o n d i t i o n s  w a s  
o b t a i n e d  b y  n u m e r i c a l l y  i n t e g r a t i n g  the l o n g i t u d i n a l  and t h e  
l a te ra l  e q u a t i o n s  o f  mot ion.  

I n i t i a l  c o n d i t i o n s  o f  d i s p l a c e m e n t  and t e n s i o n  were 
p u t  i n t o  t h e  dynamic s i m u l a t i o n  program as e s t i m a t e d  f rom 
f l i g h t  test d a t a  f o r  a g i v e n  tes t  case. Dur ing  tests,  an  
a u x i l i a r y  l o a d  w a s  a p p l i e d  by t h e  c o n t r o l  l i n e  a t  the b r i d l e  
c o n f l u e n c e  p o i n t  t o  o b t a i n  i n i t i a l  b a l l o o n  d i s p l a c e m e n t  a f t  
o r  t o  t h e  r i g h t .  For  c o m p u t a t i o n s ,  t h e  b a l l o o n  was d i s p l a c e d  
as i n  tests and t h e  r educed  t e t h e r  t e n s i o n  as a r e s u l t  o f  t h e  
a u x i l i a r y  l o a d  was s i m u l a t e d  by an a r t i f i c i a l  pay load  which 
is removed a t  t i m e  one  second  o f  t h e  c a l c u l a t i o n s .  

Computat ions  were made w i t h  t h e  s t a b i l i t y  and dynamic 
s i m u l a t i o n  computer  programs t o  e s t a b l i s h  t h e  p r e d i c t e d  dynamic  
b e h a v i o r  o f  t h i s  b a l l o o n  f o r  two t e s t  c o n d i t i o n s .  

L o n g i t u d i n a l  T e s t  Run No. 5 w a s  chosen  f o r  a n a l y s i s  
b e c a u s e  t e s t  d a t a  indicated r e l a t i v e l y  l i t t l e  l a t e r a l  
mot ion .  

T e s t  Run N o .  3 w a s  chosen  for  t h e  l a t e r a l  mot ion t e s t  
s i n c e  t h i s  t e s t  had  t h e  l a r g e s t  i n i t i a l  l a t e r a l  d i s -
p l acemen t  and d a t a  was a v a i l a b l e  o v e r  t h e  g r e a t e s t  
l e n g t h  o f  t i m e .  

A compar ison and c o r r e l a t i o n  o f  a n a l y t i c a l l y  p r e d i c t e d  and ex-
p e r i m e n t a l l y  d e t e r m i n e d  dynamic r e s p o n s e  f o r  t h e  t e t h e r e d  
b a l l o o n  s y s t e m  i s  d i s c u s s e d  h e r e i n .  

B. LONGITUDINAL MOTION 

C a l c u l a t e d  dynamic b e h a v i o r  o f  t h e  b a r r a g e  b a l l o o n  f o r  
L o n g i t u d i n a l  T e s t  Run No. 5 i s  p l o t t e d  i n  F i g u r e s  l l a ,  l l b  and 
l l c .  An e s t i m a t e d  wind s p e e d  of 17.4 f e e t  p e r  second was ob-
t a i n e d  f rom t h e  onboard cup  anemometer t e l e m e t r y  r e c o r d  ( i . e . ,  
p r i o r  t o  r e l e a s e  o f  t h e  b a l l o o n ) .  









P i l o t  b a l l o o n  wind d a t a  was r a t i o e d  t o  t h i s  v a l u e  t o  o b t a i n  t h e  
e s t i m a t e d  wind on t h e  t e t h e r .  Bal loon p i t c h  a n g l e  and f o r e  and 
a f t  motion a s  measured d u r i n g  the tests are superimposed on t h e s e  
p l o t s  f o r  comparison purposes .  C o r r e l a t i o n  of  p i t c h  a n g l e  ap- 
p e a r s  good. The f requency of  motion i s  comparable and damping 
d u r i n g  the t e s t  i s  somewhat g r e a t e r .  I n i t i a l  measured p i t c h i n g  
motion may be  a t t r i b u t a b l e  t o  i n s t r u m e n t a t i o n  package motion 
rather t han  t h e  b a l l o o n  i t s e l f .  S t a b i l i t y  d a t a  is  l i s t e d  i n  
Tab le  V I I  f o r  t h i s  c a se .  The f i r s t  computed mode of motion i s  
a damped mode which ha s  a damped f requency o f  .1132 rad / sec .  
R e f e r r i n g  t o  t h e  mode shapes  of Table  V I I  t h i s  r e p r e s e n t s  a 
motion where t h e  c a b l e  l i n k s  move a s  a u n i t  and ba l l oon  p i t c h -  
i n g  motion i s  approximate ly  180 degrees  o u t  o f  phase.  T h i s  
phase  r e l a t i o n s h i p  is a l so  a p p a r e n t  i n  F i g u r e  l l a  where t h e  
t h r e e  l i n k s  compr is ing  t h e  t e t h e r  move t o g e t h e r  and t h e  b a l l o o n  
p i t c h  a n g l e  i s  180 d e g r e e s  o u t  o f  phase.  The exper imenta l  re-
s u l t s  i n d i c a t e  a p i t c h i n g  f requency of 0.10 rad / sec  which i s  i n  
r e a s o n a b l e  agreement. 

Again r e f e r r i n g  t o  F i g u r e  l l b ,  t h e  f requency of  fore 
and a f t  motion (payload  r ange )  shows t h a t  r e a sonab l e  agreement 
e x i s t s  between exper iment  and p r e d i c t i o n s .  Experimental  motion 
i s  more h i g h l y  damped. Although motion i s  p r i m a r i l y  i n  t h e  
l o n g i t u d i n a l  p l a n e ,  some yawing o f  t h e  b a l l o o n  d i d  occur  d u r i n g  
t h e  exper iment ,  a s  shown i n  F i g u r e  1 2 .  T h i s  would i n c r e a s e  
aerodynamic d r a g  and some of  t h e  a d d i t i o n a l  damping might b e  
a t t r i b u t e d  t o  t h i s .  Also ,  a l l  damping c o e f f i c i e n t s  used i n  t h e  
t h e o r e t i c a l  p r e d i c t i o n s  were c a l c u l a t e d  f o r  z e r o  ang le -o f -a t t ack  
and z e r o  s i d e  s l i p  ang l e .  I t  i s  a p p a r e n t  t h a t  t h e  f i r s t  mode of  
motion is t h e  dominant one which h a s  been e x c i t e d .  

C . LATERAL MOTION 

P r e d i c t e d  dynamic behav io r  o f  t h e  t e t h e r e d  b a l l o o n  s y s -  
t e m  f o r  L a t e r a l  T e s t  Run No. 3 i s  p l o t t e d  i n  Figures 13a, 13b 
and 13c. Wind d a t a  used  f o r  t h e  computer s i m u l a t i o n  w a s  based  
on t e l e m e t r y  d a t a  from t h e  cup  anemometer b e f o r e  r e l e a s e  of  t h e  
ba l l oon .  The l a t e r a l  d i sp l acemen t  (payload  c r o s s  range)  com-
p a r i s o n  between p r e d i c t i o n  and exper iment  shows obvious d i s -  
c r e p a n c i e s  (F igu re  1 3 a ) .  I n i t i a l  l a t e r a l  d i sp lacement  i s  s i m -
i l a r  b u t  a s  t i m e  p r o g r e s s e s  t h e  b a l l o o n  a c t u a l l y  beg ins  t o  con-
ve rge  t o  a d i f f e r e n t  e q u i l i b r i u m  p o s i t i o n  and some f o r c i n g  
f u n c t i o n  causes  t h e  b a l l o o n  t o  o s c i l l a t e  w i t h  r e l a t i v e l y  h i g h  
ampl i tude .  

The s t a b i l i t y  a n a l y s i s  f o r  L a t e r a l  T e s t  Run No. 3 i s  l i s t e d  i n  
Tab les  V I I I  and I X .  R e f e r r i n g  t o  Table  V I I I ,  t h e  f i r s t  mode 
of  motion has  t h e  f o l l owing  c h a r a c t e r i s t i c s :  
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N a t u r a l  f r equency  -- . 0 7 2  r a d / s e c  

Damped f r equency  -- .069 r a d / s e c  

Damping r a t l o  -- .264 

The modal a n a l y s l s  ( T a b l e  V I I 1 ) i n d i c a t e s  t h a t  t h i s  i s  a  c o u p l e d  
yaw l a t e r a l  d i s p l a c e m e n t  mode (i.e. , t h e  t e t h e r  l i n k  a n g l e s  Ul, 

O 2  and a3 a r e  a p p r o x i m a t e l y  e q u a l ) .  La t e r a l  d i s p l a c e m e n t  
l e a d s  t h e  b a l l o o n  yaw mot ion by a p p r o x i m a t e l y  80 d e g r e e s .  
T a b l e  I X p r e s e n t s  t h e  l o n g i t u d i n a l  s t a b i l i t y  c h a r a c t e r i s t i c s  as 
added i n f o r m a t i o n .  The e x p e r i m e n t a l  l a t e r a l  r e s p o n s e  f o r  T e s t  
Run No. 3 i s  a g a i n  p l o t t e d  i n  F i g u r e  1 4  w i t h  a d d i t i o n a l  d a t a .  
The f r e q u e n c y  o f  t h i s  mot ion i s  a p p r o x i m a t e l y  0.074 r a d / s e c  as  
n o t e d .  The r a t i o  o f  s u c c e s s i v e  a m p l i t u d e s  o f  mot ion  i s  

The f r e q u e n c y  o f  mot ion  i s  i n  r e l a t i v e l y  good agreement  w i t h  
t h e  s m a l l  p e r t u r b a t i o n  s t a b i l i t y  t h e o r y  o f  .069 r a d / s e c  damping 
r a t i o  ( ) which w a s  p r e d i c t e d  f o r  t h e  f i r s t  l a t e r a l  mode i s  
.264 which c o r r e s p o n d s  t o  s u c c e s s i v e  a m p l i t u d e  r a t i o  as 
f o l l o w s  : 

The a n a l y t i c a l l y  p r e d i c t e d  values o f  a m p l i t u d e  r a t i o  
are1 s u b s t a n t i a l l y  h i g h e r  t h a n  o b s e r v e d  i n  t h e  e x p e r i m e n t a l  d a t a  
o f  F i g u r e  1 4 .  However, a d i r e c t  compar i son  c a n  n o t  b e  made 
inasmuch as f o r c i n g  f u n c t i o n s  d u e  t o  wind g u s t s  e f f e c t  t h e  
mot ion .  I n  t h e  s t a b i l i t y  t h e o r y ,  a f r e e  v i b r a t i o n  c o n d i t i o n  i s  
assumed. 

A f u r t h e r  a t t e m p t  was made t o  deduce  t h e  p r o b a b l e  wind 
f l u c t u a t i o n s  w i t h  t i m e  f rom t h e  a v a i l a b l e  f l i g h t  t e s t  d a t a -
The r e l a t i v e  wind which t h e  b a l l o o n  sees i s  a v e c t o r a l  summa-
t i o n  o f  t h e  a c t u a l  wind and t h e  r e l a t i v e  wind due  t o  b a l l o o n  



Figure 1 4 .  Tine  H i s t o r y  of L a t e r a l  D i s p l a c e m e n t  fo r  Test Run No. 3 
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motion through t h e  a i r  mass. Bal loon motion a t  t h e  suspens ion  
l i n e  conf luence  p o i n t  was observed by c i n e t h e o d o l i t e .  The 
magnitude of  t h e  r e l a t i v e  wind a t  t h e  conf luence  p o i n t  w a s  
measured by means of a cup anemometer b u t  d i r e c t i o n  of t h i s  
r e l a t i v e  wind i s  unknown. A s s u m i n g  a c o n s t a n t  v a l u e  of  t h e  
f o r e  and a f t  wind r e l a t i v e  t o  t h e  t e t h e r  p o i n t  and t h e  a v a i l -  
a b l e  d a t a  an a t t emp t  was made t o  c a l c u l a t e  a p o s s i b l e  l a t e r a l  
o r  s i d e  g u s t  t i m e  h i s t o r y  whlch mlght have e x i s t e d  d u r i n g  t h e  
t es t .  A c a l c u l a t e d  b a l l o o n  l a t e r a l  r e sponse  f o r  t h i s  s i d e  
g u s t  t i m e  h i s t o r y  d i d  n o t  c o r r e l a t e  w i th  t h e  expe r imen ta l l y  
de termined d i sp lacement .  

I n  view of  t h e  i n a b i l i t y  t o  o b t a i n  a d i r e c t  c o r r e l a t i o n  
between a n a l y t i c a l  p r e d i c t i o n s  and exper imenta l  d a t a ,  a more 
fundamental  s t udy  was under taken .  Th i s  s t udy  c o n s i s t e d  of  an 
examinat ion  o f  t h e  p r e d i c t e d  response  o f  t h e  t e t h e r e d  b a l l o o n  
sys tem t o  s imple  wind d i s t u r b a n c e s  and an examinat ion of t h e  
e f f e c t s  of aerodynamic damping on b a l l o o n  motion. 

The dynamic response  of  t h e  b a l l o o n  w i t h  a c o n s t a n t  
wind g u s t  of  3  f e e t  p e r  second d i r e c t e d  t o  t h e  r i g h t  a f t e r  re-
- l e a s e  o f  t h e  b a l l o o n  is p l o t t e d  i n  F igu re s  15a ,  15b and 15c. 
I t  i s  appa ren t  i n  F i g u r e  15a t h a t  t h e  b a l l o o n ' s  l a t e r a l  d i s -  
p lacement  i s  r e t a r d e d  and more c l o s e l y  conforms t o  t h e  a c t u a l  
motion observed d u r i n g  t h e  f i r s t  6 0  seconds of t h e  test .  With 
t h e  s i d e  g u s t  ma in ta ined  t h e  ba l l oon  converges  t o  a new yaw 
a n g l e  and t h e  s i d e s l i p  ang l e  approaches ze ro  ( F i g u r e  15b) as 
would be  expected .  

The n a t u r e  o f  t h e  expe r imen ta l  l a t e r a l  d i sp lacement  
t i m e  h i s t o r y  f o r  L a t e r a l  Run No. 3 changes a t  60 t o  90 seconds 
as observed  i n  F i g u r e  1 4 .  I t  is cons ide red  t h a t  a change i n  
wind d i r e c t i o n  o r  magnitude could e x c i t e  t h e  l a t e r a l  motions 
o f  the t e t h e r e d  b a l l o o n  system. A 3 fps s ide  g u s t  superimposed 
on a s t e a d y  s t a t e  17 f p s  a f t  wind i s  approximate ly  e q u i v a l e n t  
t o  a wind of  c o n s t a n t  magnitude b u t  s h i f t e d  i n  azimuth by 10 
deg ree s .  This  wind change could  b e  c o n s i s t e n t  w i t h  t h e  l i g h t  
and v a r i a b l e  winds e x i s t i n g  d u r i n g  t h e  t i m e  of t h e  tes t .  Con-
s e q u e n t l y ,  it was chosen t o  f u r t h e r  i n v e s t i g a t e  t h e  dynamic 
b e h a v i o r  o f  t h e  t e s t  b a l l o o n  system. 

The expe r imen ta l  yaw a n g l e  o f  t h e  b a l l o o n  d u r i n g  t h e  
test  (F igu re  16)  can  be  used t o  o b t a i n  i n i t i a l  c o n d i t i o n s  f o r  
d i g i t a l  computer s i m u l a t i o n  of  t h e  mathemat ica l  model. From 
F i g u r e  16  a t  t i m e  63 seconds  yaw a n g l e  ( r L  ) i s  ze ro  and t h e  
yawing v e l o c i t y  ( $ ) i s  -2 .7  d e g r e e s  p e r  second. (i.e.,  
n o s e  r o t a t i n g  t o  l e f t  when l ook ing  down on t h e  b a l l o o n ) .  From 
c i n e t h e o d o l i t e  d a t a  t h e  suspens ion  l i n e  conf luence  p o i n t  i s  
moving t o  t h e  r i g h t  a t  +3.0 f p s .  A dynamic s i m u l a t i o n  of  t h e  
b a l l o o n  motion was o b t a i n e d  w i th  t h e s e  i n i t i a l  c o n d i t i o n s  and 
a f o r c i n g  f u n c t i o n  c o n s i s t i n g  o f  a s i d e  g u s t  of 3 f p s  t o  t h e  
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l e f t  w i t h  a d u r a t i o n  o f  40 seconds.  

The l a t e r a l  r e sponse  of  t h e  t e t h e r e d  b a l l o o n  system t o  
t h i s  d i s t u r b a n c e  i s  d u p l i c a t e d  i n  F igu re s  17a ,  17b and 1 7 c .  A 
comparison o f  s i m u l a t e d  and expe r imen ta l  l a t e r a l  b a l l o o n  motion 
shows some s imi lar i t ies  and some d i f f e r e n c e s .  Cons ider  one c y c l e  
o f  motion from 110 seconds  on a f t e r  t h e  f o r c i n g  f u n c t i o n  h a s  
been removed. The s imu la t ed  motion has  a pe r iod  of 9 8  seconds  
o r  a f requency o f  0.064 r ad / s ec  and t h e  exper imenta l  motion h a s  
a p e r i o d  o f  90 seconds  o r  a  f requency of  0.070 rad / sec .  These 
r e s u l t s  are i n  close agreement. The s t a b i l i t y  and modal ana ly -  
sis f o r  t h i s  b a l l o o n  sys tem (Table  I X )  a l s o  i d e n t i f i e s  t h i s  
motion as t h e  f i r s t  mode w i t h  a  f requency of  .069 rad / sec .  The 
mode i s  a coupled  yaw- l a t e r a l  d i sp lacement  w i t h  t h e  l a t e r a l  d i s -  
placement  l a g g i n g  t h e  yawing motion. 

I t  is  a l s o  a p p a r e n t  i n  comparing exper imenta l  d a t a  and t h e  dyn- 
a m i c  s i m u l a t i o n  t h a t  t h e  s i m u l a t e d  motion a t  t h i s  f requency i s  
more h i g h l y  damped. An a d d i t i o n a l  mode of  motion i s  a p p a r e n t  
i n  t h e  s i m u l a t i o n  a f t e r  t h e  f i r s t  mode has  damped o u t .  Th i s  
mode i s  a s low convergence of  b a l l o o n  yaw and l a t e r a l  d i s p l a c e -  
ment t o  t h e  i n i t i a l  e q u i l i b r i u m  p o s i t i o n .  Again, examinat ion  
o f  t h e  model, a n a l y s i s  o f  Table  I X  r e v e a l s  an o v e r c r i t i c a l l y  
damped mode w i t h  b a l l o o n  yaw motion and l a t e r a l  d i sp lacement  i n  
phase.  

The h i g h l y  damped f i r s t  mode i n d i c a t e d  by t h e  dynamic 
s i m u l a t i o n  is n o t  i n  accordance  w i t h  t h e  observed response .  
Th i s  might b e  a t t r i b u t e d  t o  t h e  accuracy  w i t h  which aerodynamic 
damping c h a r a c t e r i s t i c s  can b e  determined by c a l c u l a t i o n s  o r  
t h e  i n a b i l i t y  t o  i n p u t  t h e  p r o p e r  f o r c i n g  f u n c t i o n s .  Consider-
i n g  t h e  former  f u r t h e r  c a l c u l a t i o n s  were made w i t h  t h e  dynamics 
computer s i m u l a t i o n  program t o  de te rmine  t h e  e f f e c t s  of aero-
dynamic damping on sys tem motion. The  e f f e c t  of reducing  ae ro -
dynamic damping c o e f f i c i e n t s  on l a t e r a l  motion i s  shown i n  
F i g u r e  18. The l a t e r a l  d i sp l acemen t  ha s  been ob t a ined  w i t h  a 3 
f p s  s i d e  g u s t  as b e f o r e  and t h e  s i x  l a t e r a l  aerodynamic damping 
c o e f f i c i e n t s  have been reduced t o  pe rcen t ages  of  100% damping 
p r e s e n t e d  i n  S e c t i o n  111. Although s t a t i c  l a t e r a l  aerodynamic 
d a t a  were n o t  a v a i l a b l e  f o r  a n g l e s  of s i d e s l i p  g r e a t e r  t han  20 
d e g r e e s  a p r o j e c t i o n  o f  p o s s i b l e  aerodynamic c h a r a c t e r i s t i c s  
( F i g u r e  19 )  was made t o  p e r m i t  dynamic s i m u l a t i o n  a t  l a r g e r  
ang l e s .  I t  i s  a p p a r e n t  t h a t  l a t e r a l  b a l l o o n  motion i s  q u i t e  
s e n s i t i v e  t o  aerodynamic damping. 

I n  F i g u r e  18 a r e d u c t i o n  i n  aerodynamic damping w a s  
shown t o  have a  very  s i g n i f i c a n t  e f f e c t  on t h e  l a t e r a l  dynamics 
of t h e  t e t h e r e d  b a l l o o n .  I n  f a c t ,  a t  a p o i n t  between 8 1 %  and 
85% of t h e  e s t i m a t e d  damping t h e  l a t e r a l  motion becomes u n s t a b l e .  
L a t e r a l  s t a b i l i t y  computer r uns  were made w i t h  damping c o e f f i -  
c i e n t s  reduced by as much as 2 0 % ;  and a l though  t h e  r o o t s  of  t h e  
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ASSUMPTIONS 

1. L I F T  (C ) DATA AVAILABLE AT LARGE 
ANGLES L~~ ATTACK ARE I N D I C A T I V E  
O F  NATURE O F  S I D E  FORCE (Cy)  . 

2. YAW MOMENT ( C  ) AND ROLL MOMENT 
( c l )  IS DIRECBLY PROPORTIONAL TO 
S I U E  FORCE (Cv). 

S I D E S L I P  ANGLE ) OR ANGLE O F  ATTACK (d )  

Figure  1 9 .  E s t i m a t e  of S t a t i c  L a t e r a l  ~ e r o d y n a m i c~ 0 e f f i -
c i e n t s  a t  L a r g e  s i d e s l i p  A n g l e s  



c h a r a c t e r i s t i c  e q u a t i o n  become less s t a b l e ,  t h e y  g i v e  no  i n d i c a -  
t i o n  o f  t h e  u n s t a b l e  motion encoun te red  i n  t h e  dynamic s imula -  
t i o n .  T h i s  p o i n t s  o u t  a n  inadequacy  o f  t h e  s t a b i l i t y  program. 
Although a b a l l o o n  can  be  des igned  t o  be  s table  n e a r  i t s  
e q u i l i b r i u m  p o s i t i o n ,  it may deve lop  motions  f a r  away from 
e q u i l i b r i u m  which are u n s t a b l e .  I t  s h o u l d  be  p o i n t e d  o u t  t h a t  
the damping c o e f f i c i e n t s  are c o n s i d e r e d  t o  be  i n v a r i a n t  from 
t h i s  e q u i l i b r i u m  c o n d i t i o n .  I n  r e a l i t y  t h e y  would v a r y ,  
p o s s i b l y  enough t o  p r e v e n t  t h e  u n s t a b l e  motion shown i n  t h e  
s i m u l a t i o n .  



SECTION V I  

CONCLUSIONS AND RECOMMENDATIONS 

D i g i t a l  computer  programs were  d e v e l o p e d  p r e v i o u s l y  t o  
d e s c r i b e  t e t h e r e d  b a l l o o n  s t a b i l i t y  q u a l i t i e s  and t o  s i m u l a t e  
dynamic mot ions  o f  t e t h e r e d  b a l l o o n  sys t ems .  E x p e r i m e n t a l  t e s t  
c o n d i t i o n s  and t e s t  t e t h e r e d  b a l l o o n  c h a r a c t e r i s t i c s  w e r e  i n p u t  
i n  t h e  computer  programs and b a l l o o n  dynamic b e h a v i o r  w a s  p r e -
d i c t e d .  A compar ison of e x p e r i m e n t a l  and p r e d i c t e d  r e s u l t s  
p e r m i t s  e s t a b l i s h i n g  t h e  v a l i d i t y  o f  t h e s e  m a t h e m a t i c a l  t o o l s .  
The f o l l o w i n g  c o n c l u s i o n s  are drawn f rom t h i s  program. 

1. E x p e r i m e n t a l  and p r e d i c t e d  l o n g i t u d i n a l  dynamic b e h a v i o r  
are  i n  r e a s o n a b l e  agreement .  The e x p e r i m e n t  c l e a r l y  e x c i t e s  t h e  
f i r s t  mode o f  mot ion  w i t h  a f r e q u e n c y  as  p r e d i c t e d  by s t a b i l i t y  
t h e o r y .  T h i s  mode i s  a c o u p l e d  mot ion  o f  b a l l o o n  p i t c h  and fore  
and a f t  mot ion o f  t h e  t e t h e r  as a whole (180 d e g r e e s  o u t  o f  
p h a s e ) .  Damping o f  t h e  f o r e  and aft mot ion  i s  g r e a t e r  i n  t h e  
r ea l  wor ld  and may b e  a t t r i b u t e d  i n  p a r t  t o  t h e  f a c t  t h a t  yaw- 
i n g  mot ions  e x i s t e d  and would c o n t r i b u t e  t o  g r e a t e r  ae rodynamic  
d r a g  f o r c e s .  

2. The e x p e r i m e n t s ,  even  though  c a r e f u l l y  c o n t r o l l e d  t o  
exc i te  l o n g i t u d i n a l  and l a t e r a l  mot ions  i n d e p e n d e n t l y ,  r e s u l t  
i n  coup led  t e t h e r e d  b a l l o o n  s y s t e m  mot ions .  T h i s  may b e  a t t r i -
b u t e d  i n  p a r t  t o  t h e  l i g h t  and  v a r i a b l e  winds .  I t  i s  a p p a r e n t  
t h a t  t h e  l a t e r a l  mot ion o f  t h e  t e s t  b a l l o o n  i n  p a r t i c u l a r  i s  
s e n s i t i v e  t o  wind changes .  

3 .  It  i s  more d i f f i c u l t  t o  e s t a b l i s h  c o r r e l a t i o n  o f  e x p e r i -
m e n t a l  and p r e d i c t e d  l a te ra l  mot ions  t h a n  l o n g i t u d i n a l  m o t i o n s .  

4. The s t a b i l i t y  a n a l y s i s  and dynamic s i m u l a t i o n  i d e n t i f y  
two l a t e r a l  modes o f  mot ion  which are e x c i t e d .  The f i r s t  
l a t e r a l  mode i s  a c o u p l e d  y a w - l a t e r a l  d i s p l a c e m e n t  with t h e  
l a t e r a l  d i s p l a c e m e n t  l a g g i n g  t h e  yawing mot ion .  The f r e q u e n c y  
o f  t h i s  mode i s  i n  good ag reemen t  w i t h  e x p e r i m e n t a l  measure-  
ments .  The second mode i s  a h i g h l y  damped mode w i t h  b a l l o o n  
yaw mot ion and l a t e r a l  d i s p l a c e m e n t  i n  phase .  

5. D i s c r e p a n c i e s  between e x p e r i m e n t a l  and p r e d i c t e d  l a te r -
a l  mot ions  may b e  a t t r i b u t e d  t o  u n d e f i n e d  wind f o r c i n g  f u n c t i o n s  
and t h e  a c c u r a c y  w i t h  which aerodynamic  damping c o e f f i c i e n t s  c a n  
b e  c a l c u l a t e d .  A n a l y s i s  i n d i c a t e s  t h a t  l a t e r a l  mot ions  c a n  b e  
r e l a t i v e l y  s e n s i t i v e  t o  ae rodynamic  damping. 

6. The compar ison o f  e x p e r i m e n t a l  and p r e d i c t e d  dynamic 
c h a r a c t e r i s t i c s  o f  t h e  t e t h e r e d  b a l l o o n  shows a r e a s o n a b l e  
match a l t h o u g h  some d i s c r e p a n c i e s  d o  e x i s t .  I n  s p i t e  o f  t h e s e ,  



s t a b i l i t y  and  dynamic  s i m u l a t i o n  c o m p u t e r  p r o g r a m s  are  a power-
f u l  t o o l  f o r  d e s i g n  and  a n a l y s i s  o f  t e t h e r e d  b a l l o o n  s y s t e m s .  

A s  a r e s u l t  o f  t h i s  p rogram t h e  f o l l o w i n g  recommenda-
t i o n s  a r e  made: 

1. F o r  f u t u r e  a n a l y s i s ,  o b t a i n  a d d i t i o n a l  and  more a c c u r -
a t e  d a t a  f o r  t e t h e r e d  b a l l o o n  s y s t e m s  of i n t e r e s t .  A d d i t i o n a l  
a e r o d y n a m i c  d a t a ,  p a r t i c u l a r l y  a e r o d y n a m i c  damping  d a t a ,  may 
be o b t a i n e d  w i t h  d y n a m i c  wind  t u n n e l  m o d e l s .  A d d i t i o n a l  
f i e l d  t e s t i n g  w i t h  a c c u r a t e l y  d e t e r m i n e d  t i m e  h i s t o r i e s  o f  
w i n d  m a g n i t u d e  and  d i r e c t i o n  m i g h t  a l s o  p e r m i t  d e d u c t i o n  o f  
a e r o d y n a m i c  damping c h a r a c t e r i s t i c s .  

2 .  I t  i s  r e c o g n i z e d  t h a t  some l i m i t a t i o n s  e x i s t  i n  t h e  
p r e s e n t  dynamic  s i m u l a t i o n  t e c h n i q u e s  a s  a r e s u l t  o f  t r e a t i n g  
t h e  l o n g i t u d i n a l  a n d  l a t e r a l  m o t i o n s  a s  u n c o u p l e d .  I t  i s  
recommended t h a t  t h e  m a t h e m a t i c a l  model  b e  e x t e n c e d  t o  b e  
c o m p l e t e l y  t h r e e  d i m e n s i o n a l  and  t h a t  p r o v i s i o n s  f o r  a w i n d  
vector  c h a n g i n g  i n  d i r e c t i o n  a n d  m a g n i t u d e  a s  a f u n c t i o n  o f  
t i m e  be i n c o r p o r a t e d .  
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Mathemat i ca l  t o o l s  were d e v e l o p e d  p r e v i o u s l y  t o  a n a l y z e  t h e  dynamic 
b e h a v i o r  o f  t e t h e r e d  b a l l o o n  s y s t e m s .  The model f o r  t h e  t e t h e r e d  
b a l l o o n  s y s t e m  c o n s i s t s  o f  t h e  s t r e a m l i n e d  b a l l o o n  and a t e t h e r  
made up o f  t h r e e  d i s c r e t e  l i n k s .  The t o o l s  c o n s i s t  o f  t h e  
l i n e a r i z e d  c h a r a c t e r i s t i c  e q u a t i o n s  which i n c o r p o r a t e  t h e  p h y s i c a l ,  
ae rodynamic  and mass c h a r a c t e r i s t i c s  o f  t h e  s y s t e m  and t h e  dynamic 
s i m u l a t i o n  computer  p rogram which  d e t e r m i n e s  t h e  r e s p o n s e  o f  t h e  
t e t h e r e d  b a l l o o n  s y s t e m  t o  wind d i s t u r b a n c e s .  A t e t h e r e d  b a l l o o n  
system c o n s i s t i n g  o f  a 70,000 c u b i c  f o o t  a e r o d y n a m i c a l l y  shaped  
b a l l o o n  and a 0 .52  i n c h  d i a m e t e r  N o l a r o  t e t h e r  w a s  f lown a t  F a i r  S i t e  
on White  Sands  Missile Range t o  o b t a i n  e x p e r i m e n t a l  mot ion d a t a .  
E x p e r i m e n t a l  t e s t  c o n d i t i o n s  and  t e s t  t e t h e r e d  b a l l o o n  sys t em 
c h a r a c t e r i s t i c s  w e r e  i n p u t  i n  t h e  computer  programs and b a l l o o n  
dynamic b e h a v i o r  w a s  p r e d i c t e d .  A compar i son  o f  e x p e r i m e n t a l  a n d  
p r e d i c t e d  dynamic c h a r a c t e r i s t i c s  o f  t h e  t e t h e r e d  b a l l o o n  showed 
a r e a s o n a b l e  match a l t h o u g h  some d i s c r e p a n c i e s  e x i s t e d .  I n  s p i t e  
o f  t h e s e ,  it i s  c o n c l u d e d  t h a t  t h e  s t a b i l i t y  and dynamic s i m u l a t i o n  
computer  programs are a p o w e r f u l  t o o l  f o r  d e s i g n  and a n a l y s i s  o f  
t e t h e r e d  b a l l o o n  s y s t e m s .  
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