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ABSTRACT 

An a n a l y t i c a l  i n v e s t i g a t i o n  of t h e  dynamic behavior  o f  t e t h e r e d  
ba l loons  was conducted. T h i s  r e p o r t  covers  d e f i n i t i o n  of t e t h e r e d  b a l l o o n  
systems and a  s tudy  of s t a b i l i t y  c h a r a c t e r i s t i c s  and dynamic response  t o  
wind g u s t s  of t e t h e r e d  ba l l oon  systems.  Balloon systems which a r e  i n v e s t i g a -
t e d  use  t h e  B r i t i s h  BJ Barrage Balloon, t h e  Vee Balloon and a Goodyear 
Aerospace Model No. 1649 S ing le -Hul l  Balloon. The major t e t h e r  c o n s t r u c t i o n  
i s  Columbian Rope Company's NOLARO u t i l i z i n g  p re s t r e t ched  p o l y e s t e r  f  i laments  . 
Three des ign  a l t i t u d e s ,  5 ,000 ,  10,000 and 20,000 f e e t ,  a r e  cons idered .  

The model f o r  t h e  t e t h e r e d  ba l l oon  system c o n s i s t s  of t h e  s t r eaml ined  
ba l l oon  and a t e t h e r  made up of t h r e e  d i s c r e t e  l i n k s .  The d e r i v a t i o n  of non-
l i n e a r  equa t ions  of  motion f o r  t h i s  system i n  t h r e e  dimensions i s  p resen ted .  
The equa t ions  a r e  l i n e a r i z e d  f o r  s t a b i l i t y  a n a l y s i s  and t r e a t e d  a s  uncoupled 
i n  t h e  l o n g i t u d i n a l  and l a t e r a l  degrees  of freedom. C h a r a c t e r i s t i c  equa t ions  
which i nco rpo ra t e  t he  p h y s i c a l ,  aerodynamic, and mass c h a r a c t e r i s t i c s  of t h e  
system a r e  developed and so lved  f o r  t h e  r o o t s  which r e p r e s e n t  t he  f requency 
and damping q u a l i t i e s .  The non l inea r  equa t ions  of motion a r e  programmed f o r  
s o l u t i o n  on a  d i g i t a l  computer. 

An e x p l o r a t o r y  i n v e s t i g a t i o n  t o  e s t a b l i s h  t h e  t r e n d s  of dynamic 
c h a r a c t e r i s t i c s  f o r  va r ious  des ign parameters  i s  repor ted .  Design parameters  
considered inc lude  ba l l oon  shape and a l t i t u d e ,  t r i m  ang le  of a t t a c k ,  v e r t i c a l  
l o c a t i o n  of t h e  b r i d l e  conf luence  p o i n t ,  n e t  s t a t i c  l i f t ,  t a i l  s i z e ,  reduced 
wind p r o f i l e s ,  va ry ing  a l t i t u d e  a s  encountered i n  launch and r e t r i e v a l ,  pay-
load l o c a t i o n ,  and wind l o c a t i o n  above mean s e a  l e v e l .  
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SECTION I 

INTRODUCT ION 

The o b j e c t i v e  of t h i s  program i s  t o  i n v e s t i g a t e  t h e  dynamic b e h a v i o r  
of t e t h e r e d  b a l l o o n s  and i n  s o  d o i n g  t o  establish d e s i g n  c r i t e r i a  f o r  
t e t h e r e d  b a l l o o n s ,  t e t h e r s  and p a y l o a d s .  The program i s  o r g a n i z e d  i n t o  t h r e e  
s t e p s :  

(1) D e f i n i t i o n  o f  b a l l o o n  s y s t e m s  f o r  dynamic a n a l y s i s  

(2) A s t u d y  of s t a b i l i t y  c h a r a c t e r i s t i c s  of t e t h e r e d  b a l l o n  
s y s tems 

(3 )  A s t u d y  of  dynamic r e s p o n s e  o f  t e t h e r e d  b a l l o o n  s y s t e m s  
t o  wind g u s t s  

R e f e r e n c e  1 p r e s e n t s  a d e f i n i t i o n  o f  t e t h e r e d  b a l l o o n  s y s t e m s  t o  b e  
u s e d  f o r  dynamic s t u d i e s .  T h e s e  sys tems  a r e  summarized i n  t h i s  r e p o r t .  
R e f e r e n c e  2  p r e s e n t s  a  development  o f  t h e  s t u d y  of  s t a b i l i t y  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  s y s t e m s .  T h i s  r e p o r t  p r e s e n t s  f u r t h e r  development  of 
t h e  e q u a t i o n s  of  motion and  s o l u t i o n s  f o r  t h e  dynamic 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  sys tem.  Recommendations f o r  t h e  d e s i g n  of  t e t h e r e d  b a l l o o n  
s y s t e m s  a r e  p r e s e n t e d  i n  t h i s  r e p o r t .  

The s y s t e m  i s  d e f i n e d  a s  a b a l l o o n  t e t h e r e d  a t  t h e  end o f  a c a b l e  
which i s  f i x e d  t o  a  s t a t i o n a r y  winch .  The t e t h e r  i s  r e p r e s e n t e d  by 3 s t r a i g h t  
l i n k s ,  e a c h  of  t h e  same l e n g t h .  The l i n k s  a r e  c o n s i d e r e d  r i g i d  and c o n n e c t e d  
t o  e a c h  o t h e r  by f r i c t i o n l e s s  h i n g e s .  Goodyear Aerospace  C o r p o r a t i o n  h a s  
employed t h i s  method of  r e p r e s e n t a t i o n  o f  t h e  t e t h e r e d  s y s t e m  f o r  o t h e r  s t u d i e s  
s u c h  a s  t h a t  d e s c r i b e d  i n  R e f e r e n c e  3 .  

F o r  d e s i g n  purposes  i n  t h e  s u b j e c t  i n v e s t i g a t i o n  t h e  f o l l o w i n g  design 
p a r a m e t e r s  were s p e c i f i e d  by AFCRL. 

P a y l o a d  and Design  A l t i t u d e  

Pay load  ( l b )  F l o a t  A l t i t u d e  ( f t  above MSL) 
P h 

T e t h e r s  

Two s p e c i f i c  t e t h e r  c o n s t r u c t i o n s  a r e  t o  be  c o n s i d e r e d ,  NOLARO by 
Columbian Rope Company, and Amgal-Monitor AA wire r o p e  by U n i t e d  S t a t e s  S t e e l .  



I A s a f e t y  f a c t o r  of 2 . 0  w i l l  be  used  w i t h  N O U R O ;  1 .5  f o r  Amgal-Monitor. 
T e t h e r  d e s i g n  load  w i l l  b e  based  on a s u r v i v a l  wind of  1 . 3  times the o p e r a t i o n a l  ;
wind a t  b a l l o o n  a l t i t u d e .  

Wind P r o f i l e  

The wind p r o f i l e  a s  s p e c i f i e d  i s  t a b u l a t e d  below: 

O p e r a t i o n a l  S u r v i v a l  
A l t i t u d e  Wind S p e e d  Wind S& 

( f t  above MSL) ( k n o t s )  ( k n o t s )  

Sea L e v e l  10 13. 
5 ,000  31 40.3 

10 ,000  40  52. 
20 ,000 54 70.2 



SECTION I1 

BALLQON DESCRIPTION 

The b a l l o o n  sys tems  e v a l u a t e d  i n  t h i s  s t a b i l i t y  i n v e s t i g a t i o n  have  been 
d e s c r i b e d  i n  R e f e r e n c e  1. The t h r e e  b a l l o o n  t y p e s  i n  t h e s e  sys tems  a r e  t h e  
B r i t i s h  B J  B a l l o o n ,  t h e  ~ e e - ~ a l l o o n *  and t h e  GAC No. 1649 S i n g l e  H u l l  B a l l o o n  
a s  d e p l c t e d  In  F ~ g u r e s  1, 2 ,  and 3. The nominal  t e t h e r e d  s y s t e m s  c h a r a c t e r -  
i s t i c s  d e f l n e d  l n  Refe rence  1 a r e  summarized i n  T a b l e s  I and 11. 

S t a t i c  and dynamic aerodynamic  c h a r a c t e r i s t i c s  f o r  t h e  b a l l o o n s  have  
been de te rmined  from e x p e r i m e n t a l  d a t a  where a v a i l a b l e  and by  a n a l y t i c a l  
t e c h n i q u e s  otherwise. The aerodynamic  c h a r a c t e r i s t i c s  a r e  p r e s e n t e d  and 
d i s c u s s e d  i n  Refe rence  2 a l o n g  w i t h  a d d i t i o n a l  mass and s u s p e n s i o n  s y s t e m  
g e o m e t r i e s  which were n o t  i n c l u d e d  i n  R e f e r e n c e  1. 

Design p a r a m e t e r s  v a r i e d  i n  t h e  s t a b i l i t y  i n v e s t i g a t i o n  i n c l u d e  t h e  
t r i m  a n g l e  of a t t a c k ,  v e r t i c a l  l o c a t i o n  of  t h e  s u s p e n s i o n  s y s t e m  c o n f l u e n c e  
p o i n t  below t h e  b a l l o o n s ,  t h e  f r e e - s t a t i c  l i f t ,  and  t h e  t a i l  s i z e .  

The t r i m  a n g l e  of  a t t a c k  can  be  c o n t r o l l e d  by l o c a t i n g  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  sys tem.  The l o c a t i o n  o f  t h i s  p o i n t  i s  e s t a b l i s h e d  
by t h e  two coordinates a s  shown i n  F i g u r e  1. The  f u s e l a g e  s t a t i o n  f rom t h e  
n o s e  and the  w a t e r l i n e  below t h e  c e n t e r l i n e  of t h e  b a l l o o n  d e f i n e s  t h i s  p o i n t .  
The t r i m  a n g l e  o f  a t t a c k  change  a s  a f u n c t i o n  o f  b r i d l e  apex  p o i n t  l o c a t i o n  
h a s  been  c a l c u l a t e d  and i s  g i v e n  i n  Refe rence  2. 

The f r e e - s t a t i c  l i f t  a s  used  i n  t h i s  r e p o r t  i s  t h e  e x c e s s  b u o y a n t  l i f t  
p r o v i d e d  by t h e  b a l l o o n  a f t e r  t h e  b a l l o o n  p h y s i c a l  w e i g h t  and  t h e  w e i g h t  o f  
t h e  t e t h e r  i n  no wind is  s u p p o r t e d .  

Nominal t a i l  s i z e s  f o r  each  b a l l o o n  a r e  d e p i c t e d  i n  F i g u r e s  1, 2 ,  and 
3 .  F o r  t h e  B r i t l s h  B J  B a l l o o n ,  t a i l  s i z e  i s  i n c r e a s e d  and d e c r e a s e d  a b o u t  the 
nominal  by c h a n g i n g  t h e  l i n e a r  d imensions  o f  e a c h  o f  t h e  t h r e e  t a i l s  and rnain- 
t a i n i n g  s i m i l a r  p r o p o r t i o n s .  The i n t e r s e c t i o n  o f  t h e  t r a i l i n g  edge  of the 
t a i l s  and  t h e  h u l l  i s  m a i n t a i n e d  a t  t h e  same p o i n t  f o r  a l l  t a i l  s i z e s .  F o r  t h e  
Vee-Bal loon t h e  h o r i z o n t a l  t a i l  geometry  is  m a i n t a i n e d .  The v e r t i c a l  t a i l s  a r e  
i n c r e a s e d  i n  s i z e  i n  two s t e p s  f o r  t a i l s  be low t h e  h u l l s .  A l s o  i n v e s t i g a t e d  
a r e  t h e  c o n d i t i o n s  where v e r t i c a l  t a i l s  a r e  l o c a t e d  s y m m e t r i c a l l y  above and 
below t h e  h u l l s .  I n  a d d i t i o n  t o  e s t a b l i s h i n g  aerodynamic  c h a r a c t e r i s t i c s  f o r  
t h e s e  t a i l  c o n f i g u r a t i o n s  a s  n o t e d  i n  R e f e r e n c e  2 , t h e  i n c r e a s e  i n  p h y s i c a l  
mass and a d d i t i o n a l  mass was computed and used i n  t h e  d e t e r m i n a t i o n  o f  
s t a b i l i t y  c h a r a c t e r i s t i c s .  

Ascen t  and d e s c e n t  s t u d i e s  f o r  a s p e c i f i c  b a l l o o n  a l s o  i n c o r p o r a t e  t h e  
c h a n g e  i n  mass c h a r a c t e r i s t i c s  due t o  a i r  d e n s i t y  changes  w i t h  a l t i t u d e .  

* 
Trademark,  Goodyear Aerospace  C o r p o r a t i o n ,  Akron,  Ohio 44315 
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F i g u r e  1. RJ Conf igu ra t ion  
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Figure  2 .  Vee-Balloon Conf igu ra t ion  
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Table 11. Summary of Cable Solutions 

Vee-Balloon 

-h - 10.000 f t  
P 1.000 Ib 

-h - 10.OK I t  
P 1 , 0 0 0 l b  

-h 
P - 10.000 f t  

1.000 Ib 10.000 0 170.6 6.375 0 

5.000 1 3 3 . W  A-L 10,800 0.03125 0.22000 1,193 161.8  5.281 1 1.132 

S.L. 3.253 152.7 6.187 10.559 2.325 

10.000 0 166.7 15.4% 0 

W 15.000 1.666 155.9 13.897 5.272 1.710 

h 
P 

-- 20.000 f t  
6 W l b  

10.000 
5'000 

S.L. 

500.0W NOURO 67.814 0 .08181 

I 
0.32627 

9.106 

17.231 

4 .495 
130.2 

112.0 

163.7 
10.702 

9.107 

12.171 
37.856 

27,136 

11.039 
5.790 

8.900 

3,580 

Figure 3 .  GAC No. 1649 Balloon Configuration 
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SECTION 111 

TECHNIQUES FOR STUDY OF DYNAMIC BEHAVIOR OF TETHERED BALLOONS 

1. MATHEMATICAL MODELS 

A sys tem of  d i f f e r e n t i a l  e q u a t i o n s  was developed (Refe rence  2 and 
Appendix A of t h i s  r e p o r t )  t h a t  d e s c r i b e s  t h e  mot ion 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  d imensions .  The d e g r e e s  o f  freedom a s s o c i a t e d  w i t h  t h e  mot ion a r e  
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 r a l  r o t a t i o n )  o f  t h e  t e t h e r .  The re  a r e  a t o t a l  of 3 + 2N d e g r e e s  
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  4 a r e  8 ( p i t c h  o f  t h e  b a l l o o n )  and c r  ( p i t c h  o f  
t h e  " r l ' t h  l i n k ) ,  where r i s  a p a r t i c u l a r  l i n k .  A l l  a n g l e s  a r e  shown p o s i t i v e .  

Figure 4 . Balloon Tether Padel i n  longi tudinal  Flane 




I n  Figure  4 VBR i s  t h e  r e l a t i v e  v e l o c i t y  of t h e  b a l l o o n ' s  c e n t e r  of 
g r a v i t y  with r e s p e c t  t o  t h e  a i r  and is  t h e  r e s u l t a n t  of the  s t eady  wind, t h e  
wind g u s t ,  t h e  ba l loon  t r a n s l a t i o n a l  motion and the  v e l o c i t y  due t o  r o t a t i o n  
of t h e  ba l loon  about  i t s  c e n t e r  of mass. The ang le  of a t t a c k  (a)i s  the  angle  
t h a t  the  r e l a t i v e  wind forms wi th  t h e  l o n g i t u d i n a l  a x i s  of t h e  ba l loon .  

The l a t e r a l  degrees  of freedom a r e  d i sp layed  i n  F i g u r e  5 which g i v e s  
the  f r o n t  and t o p  views of the  t e t h e r e d  ba l loon .  The l a t e r a l  degrees  of 
freedom a r e :  +(yaw of ba l loon)  , 0 ( r o l l  of b a l l o o n ) ,  and or (yaw of 

u r t h l i n k ) .  A l l  ang le s  a r e  shown p o s i t i v e .  

NOTE N - I  


. Front V i e w  Top V i e w  

Figure  5. Balloon Tether  Model i n  L a t e r a l  Plane 

P e r t i n e n t  geometry of t h e  t e t h e r e d  ba l loon  and app l i ed  f o r c e s  a re  
i d e n t i f i e d  i n  F igure  6. 

I n  order  t o  s e p a r a t e  t h e  equat ions  of motion i n t o  a  l o n g i t u d i n a l  
response and a l a t e r a l  response,  i t  was f u r t h e r  assumed t h a t  t he  system 
was nea r  equi l ib r ium.  This  r e s u l t e d  i n  a  s e t  of equa t ions  d e s c r i b i n g  the  
l o n g i t u d i n a l  motion which is  coupled only 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  
ba l loon  and the 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 he  second s e t  
of equa t ions  f o r  t h e  l a t e r a l  motion does n o t  completely  uncouple from t h e  



- Cross 

- Tota l  

- V e r t i c a l  aerodynamic Torces a c t i n g  on bal loon BVA 

FBM - Horisontnl aerodynafiic fo r ce s  a c t i n g  on b s l l oon  

%B - Aerodynamic p i t c h i n 2  moasnt a c t i n g  on ba l loon  

CA - Aerodynmic re fe rence  center ( a t  cen te r  of h u l l  volume) 

CB - Center of buoyancy of t o t a l  d isplaced volwne 

Cm - Xppnrent mass can te r  and d y d c  cen te r  i n  p i t c h  (2nd yaw) 

CS - Center of g r a v i t y  of t o t a l  weight of bal loon 

Figure 6 .  Balloon Ccozxtry m d  Applied Forces 

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  e q u i l i b r i u m  a n g l e s  i n  t h e  l o n g i -
t u d i n a l  p l a n e  a r e  n o t  z e ro .  T h e r e f o r e ,  when s o l v i n g  t h e  l a t e r a l  d e g r e e s  o f  
freedom, i t  must be  assumed t h a t  t h e  l o n g i t u d i n a l  v a r i a b l e s  remain  c o n s t a n t  
and e q u a l  t o  t h e i r  e q u i l i b r i u m  v a l u e s .  I n  bo th  t h e  l o n g i t u d i n a l  and l a t e r a l  
c a s e s ,  t h e  t e t h e r  i s  s i m u l a t e d  by t h r e e  r i g i d  l i n k s .  The number o f  uncoupled 
dynamic e q u a t i o n s  i s  f o u r  f o r  t h e  l o n g i t u d i n a l  r e sponse  and f i v e  f o r  t h e  
l a t e r a l  r e sponse .  

2 .  GENERAL STABILITY THEORY 

The e q u i l i b r i u m  c o n f i g u r a t i o n  o f  a t e t h e r e d  b a l l o n  c a n  be d e f i n e d  a s  
t h a t  p o s i t i o n  which demands t h a t  t h e  summation o f  a l l  a p p l i e d  moments e q u a l s  
z e r o .  The e q u i l i b r i u m  i s  s a i d  t o  be s t a b l e  i f ,  f o r  any s m a l l  d i s t u r b a n c e ,  



t h e  system u l t i m a t e l y  r e t u r n s  t o  i t s  e q u i l i b r i u m  c o n d i t i o n s .  Two t y p e s  of  
s t a b i l i t y  a r e  of i n t e r e s t .  I n  t h e  f i r s t  ( s t a t i c a l l y  s t a b l e ) ,  a s m a l l  d i s p l a c e -  
ment of t he  system w i l l  c r e a t e  f o r c e s  which tend  t o  r e t u r n  the  system t o  i t s  
e q u i l i b r i u m  p o s i t i o n .  The second (dynamical ly  s t a b l e )  produces a  motion which 
e v e n t u a l l y  r e s t o r e s  equ i l i b r ium.  I f  t h e  motion i s  p e r i o d i c ,  i t  i s  c h a r a c t e r -
i zed  by a  damped frequency and a damping r a t i o .  S i m i l a r  d e f i n i t i o n s  a p p l y  
f o r  s t a t i c a l l y  and dynamical ly  u n s t a b l e  mot ions .  A t h i r d  p o s s i b i l i t y  i s  f o r  
t h e  system t o  be n e u t r a l l y  s t a b l e  du r ing  which the  motion n e i t h e r  d i v e r g e s  
nor converges.  

I t  was neces sa ry  du r ing  t h i s  s tudy '  t o  develop techniques  t o  i n v e s t i g a t e  
and unders tand the  s t a b i l i t y  of t he  system. To t h i s  end,  c h a r a c t e r i s t i c  equa- 
t i o n s  a r e  de r ived .  The g e n e r a l  approach i s  a s  fo l lows:  

(1) Der ive  t h e  n o n l i n e a r  equa t ions  of motion i n  t h r e e  
dimensions f o r  each degree-of-  f  reedom 

(2)  Assume t h e  motion i s  nea r  e q u i l i b r i u m  so  t h a t  t h e  
equa t ions  can be l i n e a r i z e d  and s e p a r a t e d  i n t o  a 
l o n g i t u d i n a l  motion and a  l a t e r a l  motion 

(3)  Laplace t ransform t h e  l i n e a r  e q u a t i o n s  from the  t i m e  
domain t o  t h e  "S" domain assuming t h a t  t h e  i n i t i a l  con-
d i t i o n s  a r e  ze ro .  T h i s  e s t a b l i s h e s  a mat r ix  e q u a t i o n  of  
t he  fo l lowing  form: 

where { X  (S) 1 i s  the  e i g e n v e c t o r  and [A] i s  a square  ma t r ix  whose e l emen t s  
a r e  q u a d r a t i c s  i n  S c o n t a i n i n g  t h e  p h y s i c a l  p r o p e r t i e s  of the  system. 

( 4 )  Expand the  de te rminant  of [A] such t h a t  t h e  c h a r a c t e r i s t i c s  
polynominal i s  ob ta ined .  

Each r o o t  of t h e  c h a r a c t e r i s t i c  equa t ion  r e p r e s e n t s  a term i n  t h e  
g e n e r a l  s o l u t i o n  of t h e  form, Aie S i t ,  where Si i s  t h e  " i1 ' th  r o o t  and Ai 
i s  a n  ampl i tude ,  dependent on t h e  i n i t i a l  c o n d i t i o n s  of t h e  system. Both 
r e a l  and complex r o o t s  may appear  where t h e  complex r o o t s  occur  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" degrees  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" r o o t s .  Each p a i r  of complex con juga te  r o o t s  r e p r e s e n t s  one 
o s c i l l a t o r y  motion, whi le  each r e a l  r o o t  r e p r e s e n t s  one a p e r i o d i c  motion. 

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  system. Th i s  motion 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 i  = X + i Y ,  where X and Y a r e  r e a l  numbers 

and i = fi. Seve ra l  impor tan t  q u a n t i t i e s  can  be  found from t h e  r o o t .  The 

n a t u r a l  frequency a s s o c i a t e d  wi th  t h i s  motion is  Wn = d m .  The 

damping r a t i o  i s  5 = 
-X . The damping f requency i s  0 =on452' Y. 

I t  i s  a l s o  of i n t e r e s t  t o  Enow t h e  time t o  h a l f  ampli tude fo r  a s t a b l e  r o o t  o r  
t h e  time t o  double  ampli tude f o r  an u n s t a b l e  r o o t .  T h i s  q u a n t i t y  c a n  e a s i l y  
be found by cons ide r ing  one o s c i l l a t o r y  motion. 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  is  
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where @ i s  t he  phase angle  dependent upon i n i t i a l  c o n d i t i o n s  

C i s  d cons tan t  dependent upon i n i t i a l  c o n d i t i o n s  

The second possibility i s  an  a p e r i o d i c  motion g iven  by t h e  expres s ion  

where X i s  the r e a l  p a r t  of one r o o t  and the  imaginary p a r t  (Y) 
i s  ze ro  

I f  X i s  n e g a t i v e ,  Z approaches ze ro  a s  time i n c r e a s e s  i n d e f i n i t e l y  
and the motion i s  s a i d  t o  be overdamped. Like t h e  o s c i l l a t o r y  motion, r o o t s  
which g ive  overdamped motlons w l l l  a l s o  occur  i n  p a i r s .  However, u n l i k e  t h e  
complex conjugate  r o o t s  which r e s u l t  i n  one o s c i l l a t o r y  motion,  each r e a l  r o o t  
i s  a d i n s t i n c t  motion. The re fo re ,  i t  i s  p o s s i b l e  f o r  an  "n" degree-of-freedom 
system t o  have "2n" d i s t i n c t  motions i f  the  system i s  s o  h e a v i l y  damped t h a t  
a l l  the  r o o t s  t o  the  c h a r a c t e r i s t i c  equat ion  a r e  r e a l .  

There i s  a t h i r d  poss lb l e  motion which i s  a  b o r d e r l i n e  case.  I f  two 
r o o t s  a r e  r e a l  and e q u a l ,  the  system i s  s a i d  t o  be c r i t i c a l l y  damped. The 
motion w i l l  be a p e r i o d i c  and both r o o t s  w i l l  g ive  t h e  same motion. 

The gene ra l  s o l u t i o n  t o  the  motion of the  system i s  a l i n e a r  combina- 
t i o n  of  a l l  t he  motions def ined by 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  equa t ion .  
Assoc ia ted  wi th  each r o o t  i s  a  mode shape which g i v e s  the  r e l a t i v e  ampli tudes  
of  each degree of freedom when the  system i s  responding t o  one p a r t i c u l a r  
r o o t .  It i s  of i n t e r e s t  t o  e s t a b l i s h  these  mode shapes s o  t h a t  each s t a b i l i t y  
curve  can be a s s o c i a t e d  with  a d e f i n i t e  motion of t h e  whole system. For 
example, one mode shape may show t h a t  the  p i t c h i n g  motion of t h e  ba l loon  i s  
very l a r g e  compared t o  t h e  motion of the  t e t h e r .  

3 .  STABILITY ANALYSIS 

Der iva t ions  of t h e  equa t ions  of motion of the  t e t h e r e d  ba l loon  system 
and development of t he  c h a r a c t e r i s t i c  equat ions  f o r  a t e t h e r e d  ba l loon  system 
approximated with  a t h r e e - l i n k  t e t h e r  a r e  g iven  i n  Reference 2 .  

The f o u r  l i n e a r i z e d  l o n g i t u d i n a l  equa t ions  a r e  Laplace t ransformed,  
and an  e i g h t h  o rde r  c h a r a c t e r i s t i c  equat ion  genera ted  which s p e c i f i e s  s t a b i l i t y  
c h a r a c t e r i s t i c s  of t he  system. I n  l i k e  manner, t he  f i v e  l i n e a r i z e d  l a t e r a l  
equa t ions  can be reduced t o  a t e n t h  o rde r  equa t ion  which g i v e s  s t a b i l i t y  
in format ion  i n  the  l a t e r a l  degrees-of-freedom. The r o o t s  of t h e s e  c h a r a c t e r -  
i s t i c  equat ions  i d e n t i f y  t h e  n a t u r a l  f r e q u e n c i e s ,  damped f r equenc ies  and 
damping r a t i o s .  



Resu l t s  of c h a r a c t e r i s t i c  equat ions  a n a l y s i s  can  be d isp layed  i n  t h e  
form of p l o t s  i n  a  complex plane t y p i c a l l y  a s  shown i n  F igure  10 of t h i s  
r e p o r t .  I n  these  p l o t s ,  the a b s c i s s a  i s  t h e  r e a l  p a r t  of 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  equat ion ,  the  o r d i n a t e  i s  t h e  imaginary p a r t .  A nega t ive  r e a l  
p a r t  means t h a t  mode of o s c i l l a t i o n  is  converging o r  s t a b l e ;  a p o s i t i v e  r e a l  
p a r t  i s  a d iverg ing  mode. Only the  f i r s t  and second quadrants  a r e  d i s p l a y e d  
because the  r o o t s  a r e  complex conjugates  which a r e  symmetric t o  t h e  r e a l  axes ,  
except i n  the  case of overdamped r o o t s  which l i e  on t h e  r e a l  axes .  I n  g e n e r a l ,  
the  fol lowing informat ion  i s  e a s i l y  a v a i l a b l e  f o r  each  r o o t  d i r e c t l y  from t h e  
p l o t s .  The n a t u r a l  frequency i s  measured i n  r a d l s e c  a s  the  d i s t a n c e  from t h e  
o r i g i n  t o  the  r o o t ;  the  damped frequency ( r a d l s e c )  i s  t h e  value of t h e  imaginary 
p a r t  of t h e  r o o t ;  t h e  damping r a t i o  i s  equal  t o  t h e  a b s o l u t e  value of t h e  r e a l  
p a r t  of t he  root  d iv ided  by t h e  n a t u r a l  frequency. 

4. DYNAMIC RESPONSE ANALYSIS 

The c a l c u l a t i o n  of the  ba l loon  system response t o  s p e c i f i c  d i s t u r b a n c e s  
i s  t h e  s u b j e c t  of the dynamic response a n a l y s i s .  The most gene ra l  motion t h e  
system can have is  a l i n e a r  supe rpos i t ion  of t h e  normal modes. 

Each ape r iod ic  o r  nonosci l l a t o r y  normal mode h a s  one a r b i t r a r y  c o n s t a n t  
( the  i n i t i a l  value of any one of t h e  v a r i a b l e s )  a s s o c i a t e d  wi th  i t ;  and each  
pe r iod ic  o r  o s c i l l a t o r y  normal mode has two a r b i t r a r y  c o n s t a n t s  ( t h e  ampl i tude  
and phase angle of any one of t h e  va r i ab le s )  a s s o c i a t e d  with  i t .  The t o t a l  
number of a r b i t r a r y  cons tan t s  i s  then equa l  t o  the  number of a p e r i o d i c  modes 
plus  twice the  number of pe r iod ic  modes; i . e .  t o  t h e  degree  of the  c h a r a c t e r -  
i s t i c  equa t ion ,  o r  t h e  o rde r  of t h e  system. A s p e c i f i c  d i s tu rbance  w i l l  
e x c i t e  the  normal modes i n  varying degrees and e s t a b l i s h  the  values  of t he  
a r b i t r a r y  cons tan t s .  

The dynamic response of t e t h e r e d  ba l loon  systems t o  va r ious  wind dis-
turbances  is obtained by i n t e g r a t i n g  numerical ly  the  l o n g i t u d i n a l  and l a t e r a l  
equa t ions  of motion t o  produce a time h i s t o r y  of t h e  dynamics. The start  
c o n d i t i o n s ,  o r  equ i l ib r ium cond i t ions  f o r  t h e  dynamic response computer pro- 
grams a r e  obtained from the  l i n e a r i z e d  s t a b i l i t y  computer programs (Reference 
2 ) .  T h i s  approach t o  a n a l y s i s  has  t h e  advantage t h a t  wind g u s t s  can be pro-
duced and the  a c t u a l  motion of t h e  system 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 time i s  requi red  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  the  r o o t s  of t h e  c h a r a c t e r i s t i c  
equat ions . 

The equat ions  of motion f o r  the l o n g i t u d i n a l  dynamics of a t e t h e r e d  
bal loon system were i n i t i a l l y  der ived  i n  two forms ( see  Appendix A ) :  
1) i n e r t i a  terms which c o n t a i n  products  of angu la r  v e l o c i t i e s  a r e  neglected,  
2) i n e r t i a  terms which con ta in  products of angular  v e l o c i t i e s  a r e  inc luded .  
The concept of neg lec t ing  products  of angular  v e l o c i t i e s  i s  a s s o c i a t e d  wi th  
the  assumption t h a t  angu la r  v e l o c i t i e s  a r e  s m a l l ;  and t b r e f o r e ,  p roducts  of 
angular  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  were made with  t h e  computer t o  determine t h e  
e f f e c t  of neglec t ing  the  i n e r t i a  terms con ta in ing  products  of a n g u l a r  
v e l o c i t i e s .  Although the  e f f e c t  i s  obviously p resen t  (F igures  7 and 8),  t h e  
o v e r a l l  d i f f e r e n c e s  between the r e s u l t s  of t he  two s e t s  of equa t ions  is  sma l l .  
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F i g u r e  7 shows t h e  time h i s t o r y  o f  t h e  f o u r  g e n e r a l i z e d  c o o r d i n a t e s  6 1 ,  c2,
53, and 8. A h o r i z o n t a l  g u s t  of 20 f e e t  pe r  second w i t h  a d u r a t i o n  of 20  

seconds was a p p l i e d .  The d o t t e d  l i n e s  r e p r e s e n t  t he  a n g u l a r  d i sp l acemen t  
when t h e  p roduc t s  o f  a n g u l a r  v e l o c i t i e s  a r e  i nc luded  i n  t h e  i n e r t i a  t e rms .  
F igu re  8 p r e s e n t s  t h e  r ange  and a l t i t u d e  o f  t h e  b a l l o o n  a s  a f u n c t i o n  of t i m e  
and a l s o  t h e  v a r i a t i o n  i n  t e t h e r  t e n s i o n  a t  t h e  winch and a t  t h e  b r i d l e  con-
f l uence  p o i n t .  S i n c e  t h i s  g u s t  v e l o c i t y  i s  c o n s i d e r e d  t o  be h i g h ,  it i s  
concluded t h a t  t h e  d i f f e r e n c e  between t h e  s o l i d  l i n e s  and t h e  d o t t e d  l i n e s  
is  maximum. 

It was decided t h a t  dynamic s i m u l a t i o n  s t u d i e s  would b e  conducted  w i t h  
a  model which n e g l e c t s  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  f o r  t h r e e  r e a s o n s .  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  of a n g u l a r  v e l o c i t i e s  a r e  shown t o  g i v e  o n l y  
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 equa- 
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 udy  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 ,  i t  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  compa t ib l e  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 roduc t s  o f  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 I V  

DYNAMIC RESPONSE OF TETHERED BALLOONS 

1. DESIGN CONDITIONS INVESTIGATED 

The paramet r ic  s tudy  c o n d i t i o n s  found i n  Appendix B ,  Tables  B - I  and 
B - I 1  and Reference 2 a r e  the  source of in format ion  f o r  the  r e s u l t s  and 
recommendations of t h i s  r e p o r t .  Each paramet r ic  dynamic response s tudy 
c o n d i t i o n  h a s  a  computer drawn p l o t  of var ious  ba l loon  parameters  versus  
time. These p l o t s  a r e  found i n  Appendix B. 

The parameters chosen f o r  i n v e s t i g a t i o n  d u r i n g  t h i s  s tudy  a r e  placed 
i n  t h r e e  major c a t e g o r i e s :  

(1) "Balloon on S t a t i o n "  performance parameters 

(2 )  " S t r u c t u r a l  Design" performance parameters  

(3) "On Board Ins  t rumentat  ion" Design parameters  

The "Balloon on S t a t i o n "  performance parameters  a r e  de f ined  a s  ba l loon  
displacements  from equ i l ib r ium and,  s p e c i f i c a l l y ,  a r e  changes i n  ba l loon  range,  
a l t i t u d e ,  p i t c h  a n g l e ,  r o l l  a n g l e ,  yaw a n g l e ,  and l a t e r a l  displacement  induced 
by a parameter v a r i a t i o n ,  such a s  a change i n  t r i m  angle .  

The "S t ruc tu ra  1 Design" performance parameters of i n t e r e s t  a r e  the  
c a b l e  t e n s i o n  a t  winch and b r i d l e ,  and t h e  ba l loon  t r a n s l a t i o n a l  and 
r o t a t i o n a l  a c c e l e r a t i o n s .  

The "On Board Instrumentat ion ' '  des ign  parameters a r e  def ined  a s  the  
ba l loon  a n g u l a r  displacements  and r a t e s .  

The e f f e c t s  of g u s t s ,  t r i m  a n g l e ,  a l t i t u d e ,  t a i l  s i z e ,  and o t h e r  
parameters  on ba l loon  performance parameters  a r e  reviewed i n  d e t a i l  l a t e r  
i n  t h i s  s e c t i o n  of t h e  r e p o r t .  Table  I11 l i s t s  the cases  compared and t h e  
reason  f o r  comparison f o r  t h e  l o n g i t u d i n a l  and l a t e r a l  c a s e s .  

The o p e r a t i o n a l  winds used f o r  t h e  i n v e s t i g a t i o n ,  a s  a f u n c t i o n  of 
a l t i t u d e ,  a r e  l i s t e d  i n  the  I n t r o d u c t i o n  t o  t h i s  r e p o r t .  Gusts  used f o r  
dynamic response a r e  added t o  the  o p e r a t i o n a l  winds and a r e  a p p l i e d  t o  t h e  
ba l loon .  The g u s t s  used i n  a n a l y s i s  a r e  d iscussed  nex t .  

Consider the  nominal a l t i t u d e  c o n d i t i o n  of 10,000 f e e t  where the  
o p e r a t i o n a l  des ign  wind was 67.5 f e e t  pe r  second. Long i tud ina l  g u s t s  were 
app l i ed  where t h e  h o r i z o n t a l  wind inc reased  by 30 p e r c e n t ,  f o r  a d i s c r e t e  
t ime,  t o  a va lue  of 1 .3  x  67.5 = 87.6 f p s .  Gusts of 2 ,  10 ,  and 20 seconds 
and i n f i n i t e  t ime d u r a t i o n s  were i n v e s t i g a t e d  with  va r ious  r i s e  t imes.  A 
case  was a l s o  i n v e s t i g a t e d  where the  30 percent  g u s t  increment was app l i ed  
v e r t i c a  l l y  upward. 



Table I11 

A .  Comparison of Longi tudina l  Dynamic Cases 

Cases 
Compared 

1 ,2 ,3 ,4 ,5  

3,21,18 

3,6 ,7  

18,19,20 

22,22,23 

11,3,12 

3,14,15 

l 3 , 3  

10,3 

l 6 , 3  

l 7 , 3  

* 
8 ,3 ,9  

Trim angle  

Cases 
Compared 

Ba 1 loon 
TY pe 

B J  Nominal 

A l l  

B J  Nomina 1 

VEE Balloon 

GAC Balloon 

BJ. Nomina 1 

B J  Nominal 

B J  Nominal 

B J  Nominal 

B J  Nominal 

B J  Nomina 1 

B J  

Reason f o r  Comparison 

Gusts and Wind E f f e c t s  

Comparison of Balloon Types 

Trim Angle E f f e c t s  * 
Trim Angle E f f e c t s  * 
Trim Angle E f f e c t s  * 
T a i l  S ize  E f f e c t  

Winching E f f e c t s  

Reduced Wind (40%) E f f e c t  

Amgal vs NOLARO 

E f f e c t  of Payload on Underside of 

Winch a t  5000 F t ,  and 0.0 F t .  

Opera t iona l  A l t i t u d e  E f f e c t s  . 

Balloon 


changed by vary ing  f o r e  and a f t  l o c a t i o n  of b r i d l e  conf luence  poinr 

B .  Comparison of L a t e r a l  Dynamic Cases 

Balloon 
TY pe Reason f o r  Com~a r i s o n  

B J  Nominal E f f e c t s  of Gust Ramp Time 

B J  Nominal E f f e c t s  of 50% I n c r e a s e  i n  Gust V e l o c i t y  

B J ,  VEE,GAC Comparison of Balloon Types 

B J  T a i l  S i ze  E f f e c t  

VEE Balloon T a i l  S i ze  E f f e c t  

B J  Nominal Winch E f f e c t s  

B J  Nominal Reduced Wind E f f e c t  (100%+40%) 

B J  Nominal E f f e c t s  of Amgal vs  NOLARO 

B J  Opera t iona l  A l t i t u d e  E f f e c t s  



The l a t e r a l  g u s t s  appl ied  t o  the  t e t h e r e d  ba l loon  systems t o  i n v e s t i -
ga te  dynamic response may be g e n e r a l l y  i n t e r p r e t e d  i n  two ways a s  shown i n  
F igure  9 which d e p i c t s  t he  wind i n  a h o r i z o n t a l  plane.  

Condi t ion A - Build-up Condi t ion  B - Shift 
of wind from s i d e  i n  wind d i r e c t i o n  

Vu s t e a d y  Longi tudina l  axis7 1H vg of b a l l o o n  

V R p V w  s t e a d y  Vw steady 

Vg = 12 and 18 fps l a  = lo0, 15' 

vg tr = 1, 3, 5 seconds 

r 

t t 


Figure 9 . Lateral Wind Gusts 

I n  Condi t ion A the  wind g u s t  from the  s i d e  b u i l d s  up wi th  t i m e .  T h i s  
i s  approximately equ iva len t  t o  t h e  Condi t ion B where the  wind remains c o n s t a n t  
i n  magnitude and changes heading d i r e c t i o n  wi th  t i m e .  

2 .  GENERAL DISCUSSION OF DYNAMIC RESPONSE OF TETHERED BALLOON SYSTEMS 

The non- l inea r  d i f f e r e n t i a l  equa t ions  d e f i n i n g  t h e  motion of a t e t h e r e d  
b a l l o o n  sys t e m  and the l i n e a r i z e d  equa t ions  used i n  s tudying  the  s t a b i l i t y  
c h a r a c t e r i s t i c s  of  the  ba l loon  system a r e  g iven  i n  Reference 2 t o g e t h e r  with 
t h e  r e s u l t s  of t h e  s t a b i l i t y  a n a l y s i s  of  v a r i o u s  ba l loon  systems. Appendix A 
of t h i s  r e p o r t  expands t h e  equat ions  of motion of Reference 2 t o  i n c l u d e  wind 
g u s t s .  The response of t h e  non- l inea r  ba l loon  system when s u b j e c t e d  t o  wind 
g u s t s  has  been programmed f o r  computer s o l u t i o n  us ing  numerical  i n t e g r a t i o n  
methods. Various ba l loon  systems,  s u b j e c t e d  t o  d i f f e r e n t  t ypes  of g u s t s ,  
have been s t u d i e d  us ing  t h i s  computer program and t h e  r e s u l t s  a r e  found i n  
Appendix B. 

The response p l o t s  shown i n  Appendix B r e v e a l  t h a t  t h e  ba l loon  systems 
a r e  h i g h l y  damped. This  agrees  wi th  t h e  s t a b i l i t y  ana lyses  of t he  ba l loon  
systems given i n  Reference 2 .  I n  f a c t ,  t he  motion is s o  h i g h l y  damped t h a t  t h e  
lower frequency response modes a r e ,  i n  g e n e r a l ,  damped out  w i t h i n  two c y c l e s  
o r  l e s s  of motion. Thus, t he  high aerodynamic damping involved i n  t h e  b a l l o o n  
sys tems,  makes i t  very d i f f i c u l t  t o  eva lua te  the  response p l o t s  w i th  regard  
t o  phase r e l a t i o n s h i p s  between c o o r d i n a t e s ,  damping c h a r a c t e r i s t i c s ,  and t h e  
f r equenc ies  involved i n  the  motion. It becomes ev iden t  a f t e r  looking a t  the 



response p l o t s  t h a t  only t h e  ampli tude and d i r e c t i o n  of  the  response can  be 
obtained.  A mathematical t o o l  w i l l  be r equ i red  t o  o b t a i n  informat ion  r ega rd ing  
phase r e l a t i o n s h i p s ,  n a t u r a l  f r equenc ies ,  and damping c h a r a c t e r i s t i c s  of t h e  
modal motions involved.  Such a  t o o l  would be very va luab le  f o r  e v a l u a t i n g  
f l l g h t  da ta  from t e the red  ba l loons .  

What then ,  i s  t h i s  mathematical  t o o l ?  The response of a  h i g h l y  damped 
mult idegree of freedom system t o  a  known d i s t u r b a n c e  can be r ep resen ted  
mathematically a s  the  sum of  t h e  sys tem's  modal responses .  Assuming t h e  system 
follows the  response of a v i scous ly  damped system, a modal response d e f i n i t i o n  
i s  given by. the fol lowing equa t ion .  

(tie -
d 1 

z i = ti u n i t  s i n  ( 0  t + 0 . )  
i 

The t o t a l  response of a p a r t i c u l a r  coord ina te  i s  then g i v e n  byz~ 

N r ep resen t s  the  number of f r equenc ies  involved i n  t h e  response 

( r e p r e s e n t s  the  damping r a t i o  

' ) n  
r ep resen t s  the  n a t u r a l  frequency 

ud r e p r e s e n t s  the  damped frequency 

0
i 

rep resen t s  t h e  phase angle  

C r e p r e s e n t s  an  ampli tude cons tan t  

Each modal response Z .  has  4 unknowns, s i n c e  u d  i s  r e l a t e d  t o  on 
1 


by O,-J = O n  n. 
Thus any response curve which i s  def ined  by a s u f f i c i e n t  number of  

po in t s  can be mathematically represented  by Equat ion (1) and solved f o r  the 
unknown cons tan t s  us ing  numerical  curve f i t t i n g  methods. No curve f i t t i n g  
program i s  p resen t ly  a v a i l a b l e  t o  the  p r o j e c t  f o r  u se  wi th  Equation ( 1 ) .  
however, t h e r e  i s  a curve f i t t i n g  program a v a i l a b l e  which uses  a  F o u r i e r  
Transform and performs a power s p e c t r a l  d e n s i t y  (P.S.D.) a n a l y s i s  of t h e  
F o u r i e r  Transformation.  This  program i s  only  v a l i d  f o r  ana lyz ing  systems 
with no damping. The program s t i l l  g ives  a g e n e r a l  o v e r a l l  view of t h e  
f r equenc ies  involved i n  the motion and i t  i s  thought worthwhile t o  .analyze 
the  response of two dynamic cases  and t o  compare t h e  f r equenc ies  found w i t h  
the  f requencies  obtained from t h e  s t a b i l i t y  a n a l y s i s  o f  t h e  same ba l loon  
conf igu ra t ions  given i n  Reference 2. The dynamic c a s e s  chosen f o r  f requency 
comparison a r e  l a t e r a l  dynamic response Case 28 and l o n g i t u d i n a l  dynamic 
response Case 4.  The cases  r ep resen t  a nominal B J  ba l loon  a t  10,000 f e e t .  
L a t e r a l  response i s  f o r  a 10 second d u r a t i o n  s t e p  s i d e  g u s t  and l o n g i t u d i n a l  
response i s  f o r  a  20 second d u r a t i o n  s t e p  h o r i z o n t a l  g u s t .  



a .  COMPARISON OF THE NON-LINEAR LATERAL DYNAMICS CASE 28,  WITH THE 
LINEARIZED STABILITY CASE 1 

The s m a l l  d i s p l a c e m e n t  mot ion  o f  a f o r c e d  n o n - l i n e a r  s y s t e m ,  i n  t h e  
time e r a  a f t e r  t h e  f o r c i n g  f u n c t i o n  i s  removed, s h o u l d  r e s u l t  i n  sys tem 
mot ions  s i m i l a r  t o  t h e  sum o f  t h e  mode shape  t i m e s  p a r t i c i p a t i o n  f a c t o r  f o r  
e a c h  mode found i n  t h e  l i n e a r i z e d  s t a b i l i t y  a n a l y s i s  o f  t h e  sys tem.  To 
v e r i f y  t h i s ,  L a t e r a l  Dynamics Case 28 and L a t e r a l  S t a b i l i t y  Case 1 ( R e f e r e n c e  1) 
were chosen  f o r  compar ison .  A c o m p l e t e  d e s c r i p t i o n  of L a t e r a l  Dynamics Case  28  
i s  found i n  Appendix B ,  and t h e  L a t e r a l  S t a b i l i t y  Case 1 d e s c r i p t i o n  i s  found 
i n  R e f e r e n c e  2 .  F o r  c o n v e n i e n c e  t h e  r e s u l t s  of L a t e r a l  S t a b i l i t y  Case 1 a re  
summarized i n  T a b l e  I V  and  F i g u r e  10 of t h i s  r e p o r t .  I n  o r d e r  t o  a n a l y z e  
t h e  c o o r d i n a t e  mot ions  o f  Case 2 8 ,  a power s p e c t r a l  d e n s i t y  a n a l y s i s  w i t h  
F o u r i e r  T r a n s f o r m  was per formed on  e a c h  of t h e  l a t e r a l  c o o r d i n a t e  d e g r e e s  
of f reedom;  , , 01, U 2 ,  a3. The i n p u t  c o o r d i n a t e  waveforms and 
PSD p l o t s  f o r  e a c h  d e g r e e  of f reedom a r e  g i v e n  i n  F i g u r e s  11 and 12.  

The PSD p l o t s  r e v e a l  t h a t  t h e r e  a r e  two p r e d o m i n a t e  modes i n v o l v e d  i n  
t h e  s y s t e m  mot ion .  These  a r e  underdamped o s c i l l a t o r y  modes 1 and 2  w i t h  
n a t u r a l  f r e q u e n c i e s  and damping r a t i o s  of = 0 .0051  Hz and t1 = 0.511

£ n l  
f o r  mode 1 and  f = 0.136 Hz and 5 = 0.207 f o r  mode 2 .  Mode one 

n,
L 

(0 .0051 Hz) i s  t h e  p redomina te  mode w i t h  mode 2 (0 .136  Hz) of  s m a l l e r  ampl i -  
t u d e  super imposed on mode 1. The l a t e r a l  wind g u s t  d i s t u r b a n c e  i n  Case 28 
is  removed a f t e r  T = 11 s e c o n d s ,  t h e r e f o r e  a l l  compar i sons  s h o u l d  be made 
a f t e r  t h e  f i r s t  peak i s  r e a c h e d  beyond 11 s e c o n d s .  I t  s h o u l d  be n o t e d  t h a t  
mode 2  i s  p r e d o m i n a t e l y  a 0 o r  r o l l  mode, and t h i s  i s  e v i d e n t  from t h e  p l o t s  
of t h e  c o o r d i n a t e s ,  s i n c e  o n l y  t h e  0 c o o r d i n a t e  p l o t  h a s  e v i d e n c e  of a 
0.136 Hz mode. On t h e  0 p l o t  mode 2  a p p e a r s  damped o u t  of t h e  mot ion  by t h e  
t i m e  T = 37 s e c .  

T a b l e  I V .  Summary o f  L a t e r a l  S t a b i l i t y  Case 1 

Normalized Modes 
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Figure 10. Lateral Stability Characteristics of Nominal 

BJ Tethered Balloon at 10,000 Feet Altitude 
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Figure 11. Lateral Case 28, Coordinates Response 
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Figure 12. 'Lateral Case 28, Power Spectral Density 



The aerodynamic damping c h a r a c t e r i s t i c s  of the  system appear  v i scous  
i n  n a t u r e  f o r  t h e  0.0051 Hz mode. 

Table V l i s t s ,  f o r  Case 28, t h e  time and amplitude of the  va r ious  
coord ina te s  f o r  t h e  f i r s t  and second peaks a f t e r  the  gus t  i s  removed. 
Included i n  Table V i s  t h e  pe r iod ,  amplitude r a t i o ,  and frequency as  ca lcu-
l a t e d  from t h e  coord ina te  d a t a  of Case 28. 

The per iod  and amplitude r a t i o  f o r  t h e  coord ina te s  Ij/, 0, and O 3  
show very good agreement with a 0.0051 Hz v i scous ly  damped ( < = 0.51) 
system. The per iod between peaks of a 0.0051 Hz v i scous ly  damped system 
wi th  < =  0 .51  i s  given by 

T = 
1 -- 1 

= 228 sec .  
2 

The amplitude r a t i o  between success ive  peaks i s  given by 

Table V .  Peak Amplitudes f o r  L a t e r a l  Dynamics Case 28 

r 

F i r s t  Peak Second Peak Per iod  Frequency A m p l .  Ra t io  
A f t e r  Gust A f t e r  Gust Coordinate  . T -1 x,. 1 

Time A m p l .  T i m e  Amp1 . Sec. T 
Xn 

Uf 2 9 -3.905 250 -0.099 2 2 1  0.0045 0.0253 

9 61 -0.404 2 89 -0.00973 228 0.0044 0.0241 

=I 26 -0.475 197 0.0943 
~171 0.0059 0.199-

-

o2 * 31 1.33 2  24 0.0630 193 0.0052 0.0474 

('3 7  6  -0.834 304 -0.0207 228 0.0044 0.0248 



b .  COMPARISON OF NON LINEAR LONGITUDINAL DYNAMICS, CASE 4,  W I T H  LINEARIZED 
LONGITUDINAL STABILITY, CASE 1 

A d e s c r i p t i o n  of Long i tud ina l  Dynamics, Case 4 ,  i s  found i n  Appendix B 
and Linear ized  Longi tud ina l  S t a b i l i t y ,  Case 1,  i s  de f ined  i n  Reference 2.  A 
summary of the  Longi tud ina l  S t a b i l i t y ,  Case 1 ,  i s  g iven  i n  Table V I  and 
F igu re  13 of  t h i s  r e p o r t .  ' 

A F o u r i e r  and PSD a n a l y s i s  is  performed on each of t h e  Long i tud ina l  
Dynamics, Case 4 ,  coo rd ina t e  degrees  of freedom 8 ,  h 9 t 2 ,  and e3-
The input  coo rd ina t e  waveform and PSD p l o t  f o r  each degree  of freedom is 
given i n  F igures  14 and 15 r e s p e c t i v e l y .  

The need of  a  mathemat ical  t o o l  f o r  a n a l y z i n g  a  h i g h l y  damped r e sponse  
i s  very ev iden t  i n  Longi tud ina l  Dynamics, Case 4 .  The response o f  eve ry  
coo rd ina t e  i s  damped o u t ,  o r  n e a r l y  s o ,  i n  l e s s  than  one cyc l e .  The F o u r i e r  
and PSD non-damped harmonic a n a l y i s  of t h i s  motion is  no t  t o o  meaningful .  
However, i t  does i n d i c a t e  t h a t  t h e  motion i s  comprised of f r equenc ie s  below 
0.05 Hz wi th  t he  most power below 0.01 Hz. 

Tab le  V I .  Summary of Long i tud ina l  S t a b i l i t y  Case 1 
(Reference 2) 

Normalized Modes 

C.. YAW-ROLL COUPLING I N  LATERAL DYNAMIC CASES 

Yaw-roll  coupl ing  f o r  B J  and GAC s i n g l e  h u l l  b a l l o o n s  s u b j e c t e d  t o  
l a t e r a l  wind i s  e v i d e n t  when t h e  tJf response p l o t s  a r e  rsviewed. The Vee 
b a l l o o n  appears  t o  have n e g l i g i b l e  coupl ing .  A s  a n  example, observ; t h e  
motion of  coo rd ina t e  tJf (Reference Appendix B) f o r  L a t e r a l  Case 28. One 
would t h i n k  t h a t ,  when a b a l l o o n  i s  i n  e q u i l i b r i u m  w i t h  a s t e a d y  head  wind 
and then  i s  sub jec t ed  t o  a  s i d e  g u s t  from the  l e f t ,  t h e  b a l l o o n  would yaw 
i n t o  t h e  r e s u l t a n t  wind. T h i s  would be a nega t ive  yaw a n g l e ,  however, 
L a t e r a l  Case 28 shows the  b a l l o o n s  f i r s t  yaw motion is p o s i t i v e  o r  away from 
the  r e s u l t a n t  wind f o r  a  time of approximately  7 seconds a n d  t o  = 
be fo re  t h e  b a l l o o n  s t a r t s  yawing toward t h e  r e s u l t a n t  wind. 
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Figure 13. Longitudinal Stability Characteristics of Nominal 

BJ Tethered Balloon at 10,000 Feet Altitude 
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Figure 14.  Lateral Case 4 ,  Coordinates Response 
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T o  exp la in  t h i s  motion r e f e r  t o  Equat ion 86 i n  Appendix A .  Neg-
l e c t i n g  l i nk  a c c e l e r a t i o n  terms r e s u l t s  i n  t h e  fo l lowing  equa t ion .  

.. .. 
S u b s t i t u t i n g  a and b f o r  t h e  c o e f f i c i e n t s  of 0 and J, r e s u l t s  i n  t h e  
fo l lowing  equa t ion .  

The e q u a t i o n  i s  so lved  f o r  .. 

where FJI  i s  t he  t o t a l  e x t e r n a l l y  a p p l i e d  b a l l o o n  yaw moment. 

Case 28 parameters  have t h e  fo l lowing  v a l u e s  a t  T = 5.5 seconds 
(from d i g i t a l  p r i n t o u t  of  Case 28).  

.. -. 2 
FJI = 

-40039 f t - l b  0 = 3.060 O/sec JI = 1.207O/sec 

%B = 116,000 S lug  F t 2 0 = 2.373 Olsec $J = 1.989"/sec 

2 
= 119,000 S lug  F t  

'ZB 

2 

= 12,500 S lug  F t  
IYZB 




I n s p e c t i o n  of t h e  c o e f f i c i e n t ,  b y  r e v e a l s  i t  t o  be p o s i t i v e .  S i n c e  
~9 = -40039 f t - l b  and w i l l  t end  t o  t u r n  t h e  b a l l o o n  i n t o  t he  r e s u l t a n t  wind,  
t h e  on ly  term l e f t  t o  c ause  ;Y' t o  be  p o s i t i v e  i s  t h e  r o l l  c o u p l i n g  t e r n  a;b 
I n  conclug$on t h e  i n i t i a l  motion away from t h e  r e s u l t a n t  wind i s  caused  
by r o l l  (8) i n e r t i a  c o u p l i n g .  

3 .  EFFECTS OF DESIGN PARAMETERS ON TETHERED BALWON DESIGN 

a .  Ba l loon  on S t a t i o n  Performance Pa rame te r s  

(1) Gene ra l .  A s  l i s t e d  i n  P a r t  1 of t h i s  s e c t i o n  a  number o f  t e t h e r e d  
b a l l o o n  d e s i g n  pa r ame t e r s  and f l i g h t  c o n d i t i o n s  were v a r i e d  t o  e s t a b l i s h  t h e i r  
i n f l u e n c e  on a  t e t h e r e d  b a l l o o n  d e s i g n .  T h i s  s u b s e c t i o n  summarizes some of  
t h e  major  e f f e c t s  on t e t h e r e d  b a l l o o n  dynamic behav io r  a s  e s t a b l i s h e d  from 
t h e  dynamic r e s p o n s e  c a l c u l a t i o n s  p r e s e n t e d  i n  Appendix B and a n  e v a l u a t i o n  
of t h e s e  d a t a .  

(2) Wind Gust  E f f e c t s .  "he  r e s p o n s e  d a t a  i n  T a b l e  V I I  shows t h e  e f f e c t  
of i n c r e a s i n g  t h e  d u r a t i o n  o f  a h o r i z o n t a l  g u s t  on t h e  l o n g i t u d i n a l  mot ions  
of t h e  nominal  BJ  b a l l o o n  d e s i g n  f o r  10,000 f o o t  a l t i t u d e .  It i s  a p p a r e n t  
from a n  examina t ion  o f  t h e s e  d a t a  t h a t  t h e  l onge r  d u r a t i o n  o f  t h e  g u s t  t h e  
g r e a t e r  t h e  a n g l e  o f  a t t a c k  of t h e  b a l l o o n  becomes. A new e q u i l i b r i u m  con- 
d i t i o n  i s  reached  when t h e  g u s t  i s  l e f t  on i n d e f i n i t e l y .  A s  a consequence  
of t h e  i n c r e a s e d  a n g l e  o f  a t t a c k  and wind v e l o c i t y  t h e  aerodynamic l i f t  
i n c r e a s e s  and  a  somewhat more f a v o r a b l e  aerodynamic l i f t  t o  d r a g  r a t i o  i s  
o b t a i n e d .  T h i s  s e r v e s  t o  i n c r e a s e  t h e  a l t i t u d e  o f  t h e  b a l l o o n  and reduce  
t h e  downwind d i sp l acemen t  o f  t h e  b a l l o o n .  A s u b s t a n t i a l  i n c r e a s e  i n  t e t h e r  
tens ; ion  i s  a l s o  e v i d e n t .  

A nominal  B J  b a l l o o n  o p e r a t i n g  a t  10,000 f e e t  i s  s u b j e c t e d  t o  a  
20.2 f t / s e c ,  20 second d u r a t i o n ,  h o r i z o n t a l  g u s t  i n - L o n g i t u d i n a l  Case 4 and 
t o  a  20.2 f t / s e c ,  20 second d u r a t i o n ,  v e r t i c a l  g u s t  i n  L o n g i t u d i n a l  Case 4A. 
Table VII a l s o  summarizes t h e  r e s u l t s  of t h e s e  two c a s e s .  

T a b l e  VII. Wind Gust  D u r a t i o n  E f f e c t s  on B J  Nominal Ba l loon  
i n  Longi t u d i n a  1 P l a n e  

Alt i tude = 10,000 Ft .  Cust Veloci ty  = 20.2 Ft/Sec 
Payload Weight 1,000 Lb. Cust Duration t 
Trim Angle = 8.5'  C 

I Balloon Displacements I Cable Tensions A t  I Maximum Cable I 



S p e c i f i c  comments f o r  t h i s  comparison a r e :  

(1) The v e r t i c a l  g u s t  d i sp laced  t h e  ba l loon  up range appraxi -  
mately t h r e e  t imes t h e  h o r i z o n t a l  g u s t  up range displacement ,  

( 2 )  The v e r t i c a l  g u s t  caused t h e  ba l loon  t o  r ise t h r e e  t i m e s  higher 
than t h e  h o r i z o n t a l  g u s t .  

(3) The p i t c h  angle  change from a  v e r t i c a l  g u s t  i s  only  114 t h e  
p i t c h  angle  change due t o  a  h o r i z o n t a l  g u s t  of equa l  magnitude. 

(4) Maximum cab le  t e n s i o n  increased  by 400 pounds due t o  the 
v e r t i c a l  gus t .  It i s  noted t h a t  e q u i l i b r i u m  c a b l e  t e n s i o n  is 
s l i g h t l y  d i f f e r e n t  from t h a t  l i s t e d  i n  Table  I. T h i s  i s  a 
r e s u l t  of d i f f e r e n t  ba l loon  t r i m  ang les  and number of c a b l e  
l i n k s  used i n  t h e  two ana lyses .  

The e f f e c t s  of gus t  ramp r i s e  t i m e  on t h e  response  o f  a nominal B J  
ba l loon  i s  given i n  Table  V I I I .  These cases  r e p r e s e n t  B J  nominal b a l l o o n s  
a t  10,000 f e e t  t h a t  a r e  s u b j e c t e d  t o  a  s t eady  l a t e r a l  g u s t  w i t h  ramp rise 
times of 1, 3  and 5  seconds. 

Table  V I I I  r e v e a l s  t h a t  g u s t  l i n e a r  ramp r ise  times of 1, 3, and 5 
seconds have l i t t l e  e f f e c t  on ba l loon  response ,  excep t  f o r  ba l loon  r o l l  
where the  1 second r i s e  time i s  1 .8  t imes l a r g e r  than t h e  5 second rise 
time response.  

Table V I I I .  Wind Gust Ramp Rise Time E f f e c t s  on B J  Nominal Bal loon 
i n  L a t e r a l  Plane 

-Balloon Displacements Cable Tension naxilmn Cable 1Ramp Cust , from Initial Eouilibrium At Equilibrium Tension 
Case Rise Velocity Yaw Roll Lat . At At A t  A t  
No. Time 

FrlSec +I- +/- Displ. Winch Bridle Winch B r i d t  
Deg. Deg. Ft. Lb . Lb. Lb. Lb. 

24 1 sec 12 4 1-13.6 3.91-0.4 4 60 1650 2210 1686 2250 

25 1 3 sec 1 12 14.31-13.8 I 3.11-0.31 1 460 I 1650 I 2210 I 1 6 I 2250 I 


The e f f e c t s  of a 50 percent  i n c r e a s e  i n  l a t e r a l  g u s t  v e l o c i t y  on the 
response of a nominal B J  ba l loon  is  given i n  Table  M. The ba l loon  is  opera-
t i n g  a t  10,003 f e e t  i n  a  s t eady  head wind when sub jec ted  t o  s t e a d y '  l a t e r a l  
gus t s  of 12 f t / s e c  and 18 f t l s e c .  Each g u s t  h a s  a ramp rise t i m e  of  f i v e  
seconds.  Table IX r e v e a l s  t h a t  a 50 percent  i n c r e a s e  i n  s t e a d y  l a t e r a l  g u s t  
v e l o c i t y  r e s u l t ;  I n  approximately a  50 percent  i n c r e a s e  i n  ba l loon  l a t e r a l  
displacement ,  r o l l ,  and yaw response.  



T a b l e  I X .  E f f e c t  of I n c r e a s e  I n  Gust  V e l o c i t y  on B J  Nominal 
Ba l loon  i n  L a t e r a l  P l a n e  

Balloon Displacements Cable Tension Maximum Cable 

from Init la1 Equr librlum At Equilibrium Tens ion 


Yaw Roll Lac. At At At At 

+/ - +/ - Displ. Winch Bridle Winch BrldleCase No. 

Deg . Deg . Lb . Lb. Lb . Lb . 

26 4.01-13.6 ?.2/-0.4 460 1650 22 10 1675 2244 


27 6.01-20.0 3.21-0.6 7 10 1650 2210 1708 2285 


( 3 )  Comparison of Ba l loon  Types .  The e f f e c t s  o f  t r i m  a n g l e  on t h e  
l o n g i t u d i n a l  r e s p o n s e  o f  B J  nomina l ,  VEE,  and GAC s i n g l e  h u l l  b a l l o o n s  i s  
g i v e n  i n  T a b l e  X .  The b a l l o o n s ,  i n  e q u i l i b r i u m  w i t h  a s t e a d y  head wind a t  
10 ,000 f e e t ,  a r e  s u b j e c t e d  t o  a  h o r i z o n t a l  l o n g i t u d i n a l  g u s t  of 20.2 f e e t /  
second f o r  t e n  s e c o n d s .  T a b l e  X r e v e a l s  t h a t :  

(1) t h e  down r a n g e  d i s p l a c e m e n t s  from e q u i l i b r i u m  d e c r e a s e s  
w i t h  a n  i n c r e a s e  i n  t r i m  a n g l e  of  a t t a c k  

(2) t h e  GAC s i n g l e  h u l l  b a l l o o n  h a s  t h e  s m a l l e s t  d i s p l a c e m e n t  
from e q u i l i b r i u m  of  t h e  t h r e e  b a l l o o n s  

(3) t h e  B J  nominal  b a l l o o n  h a s  t h e  s m a l l e s t  c a b l e  t e n s i o n  o f  t h e  
t h r e e  b a l l o o n  t y p e s  

(4) c a b l e  t e n s i o n  i n c r e a s e s  w i t h  a n  i n c r e a s e  i n  t r i m  a n g l e  

(5) changes  i n  t r i m  a n g l e  have  a  n e g l i g i b l e  e f f e c t  on p i t c h  
r e s p o n s e  t o  g u s t s .  

The e f f e c t s  of l a t e r a l  s t e a d y  wind g u s t s  on  t h e  l a t e r a l  r e s p o n s e  of 
B J  n o m i n a l ,  VEE, and GAC s i n g l e  h u l l  b a l l o o n s  a r e  g i v e n  i n  T a b l e  X I .  The 
b a l l o o n s  a r e  i n  e q u i l i b r i u m  a t  10 ,000  f e e t  w i t h  a s t e a d y  h e a d  wind and t h e n  
s u b j e c t e d  t o  a  s t e a d y  l a t e r a l  h o r i z o n t a l  g u s t  of  12 f t / s e c  w i t h  a t h r e e  
second  ramp r ise  t i m e .  T a b l e  X I  r e v e a l s  t h a t :  

(1) t h e  r e s p o n s e  o f  t h e  t h r e e  b a l l o o n s  i s  a p p r o x i m a t e l y  t h e  same 
i n  b o t h  yaw and r o l l  r e s p o n s e  

(2) t h e  VEE b a l l o o n  h a s  1 / 3  t h e  l a t e r a l  d i s p l a c e m e n t  of  t h e  o t h e r  
ba 1l o o n s  

( 3 )  t h e  VEE b a l l o o n  h a s  2 . 5  times more t e t h e r  l o a d  t h a n  t h e  BJ 
b a l l o o n  a s  a r e s u l t  of t h e  l a r g e r  aerodynamic  l i f t  of t h l s  
b a l l o o n .  
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Table X .  E f f e c t  of Trim Angle o f  Attack on Longitudinal Response o f  
Three Bal loon Types 

Ba Iloon Oisplecements Cable Tensions Maximum Ceble 

f r m  Eauilibrium At Eauilibri~l Tensions 

A A A

Case Trim Range Alt. Pitch At 


Balloon No. Angle DwnlUp Winch Bridle 

Ft. Ft. Degree Lb. 


1 I:::h'om . 3 

CAC 

Singla 

Hull 


Table X I .  E f f e c t  o f  Lateral  Wind Gusts on the Lateral  Response 
of  the  Three Balloon Types 

+ 
Balloon Displacements Cable Ten9ions hiximum Cable 

from E~uilibrium At Equillbrium Tensions 


At A t  At At 
Ba 1 loon Oispl. Winch Bridle Winch Bridle 


Deg . Lb. Lb. Lb. Lb .7

~-

BJ 25 4.31-13.8 3.11-0.3s 1650 2210 I680 2250 


VEE 37 4620 5802 4683 5822 


GAC 40 2696 3596 2734 3645 


I 



(4)  E f f e c t  of T a i l  S i z e .  The e f f e c t  of t a l l  s i z e  on t h e  r e s p o n s e  o f  
nominal  B J  b a l l o o n s  s u b j e c t e d  t o  l o n g i t u d i n a l  g u s t s  i s  g i v e n  i n  T a b l e  X I I .  
The e f f e c t s  o f  t a i l  s i z e  on t h e  r e s p o n s e  of B J  nominal  and VEE b a l l o o n s  
s u b j e c t e d  t o  l a t e r a l  g u s t s  a r e  g i v e n  i n  T a b l e  X I I I .  The l o n g i t u d i n a l  c a s e s  
of T a b l e  X I 1  a r e  i n  e q u i l i b r i u m  w i t h  a  s t e a d y  headwind and t h e n  s u b j e c t e d  
t o  20.2 f t / s e c  s t e p  g u s t  o f  lo-second d u r a t i o n .  The t a i l  s i z e s  i n v e s t i g a t e d  
were 81%, 100% and 144% of  nominal  t a i l  a r e a .  T a b l e  X I 1  r e v e a l s  t h a t :  

( 1 )  b o t h  up and down r a n g e  d r s p l a c e m e n t s  d e c r e a s e  w i t h  
i n c r e a s i n g  t a i l  s i z e  

( 2 )  p i t c h  a n g l e  r e s p o n s e  d e c r e a s e s  w i t h  i n c r e a s i n g  t a i l  s i z e  

( 3 )  t h e  maximum t e t h e r  l o a d  a t  b r i d l e  and winch d e c r e a s e  w i t h  
i n c r e a s i n g  t a i l  s i z e .  

The l a t e r a l  c a s e s  o f  T a b l e  X I 1 1  a r e  i n  e q u i l i b r i u m  w i t h  a  s t e a d y  head  
wind and t h e n  s u b j e c t e d  t o  a l a t e r a l  s t e a d y  g u s t  o f  12 f t l s e c  w i t h  a ramp 
r i s e  time o f  t h r e e  seconds .  T a b l e  X I 1 1  r e v e a l s  t h a t :  

(1)  t h e  B J  b a l l o o n  h a s  l a r g e r  l a t e r a l  d i s p l a c e m e n t  r e s p o n s e  
and less r o l l  r e s p o n s e  w i t h  i n c r e a s i n g  t a i l  s i z e  

(2 )  t h e  VEE b a l l o o n  h a s  s m a l l e r  r e s p o n s e  i n  yaw, r o l l ,  and 
l a t e r a l  d i s p l a c e m e n t  w i t h  i n c r e a s i n g  t a i l  s i z e  

(3) t e t h e r  l o a d s  f o r  b o t h  t y p e s  of b a l l o o n s  i n c r e a s e  w i t h  a n  
i n c r e a s e  i n  t a i l  s i z e .  

(5) E f f e c t s  on B a l l o o n  Behav io r  of I n t e r m e d i a t e  A l t i t u d e s .  The  e f f e c t s  
o f  i n t e r m e d i a t e  a l t i t u d e  o p e r a t i o n  on a  nominal  B J  b a l l o o n  d e s i g n e d  f o r  
10 ,000  f e e t  a r e  g i v e n  i n  T a b l e  X I V .  The a l t i t u d e s  i n v e s t i g a t e d  a r e  1,000, 
4 , 0 0 0  and 10 ,000  f e e t .  The b a l l o o n  i s  i n  e q u i l i b r i u m  w i t h  a s t e a d y  h e a d  
wind and t h e n  i s  s u b j e c t e d  t o  l o n g i t u d i n a l  g u s t s  of  10-second d u r a t i o n  w i t h  
v a r y i n g  v e l o c i t i e s  of 20 .2  f t / s e c ,  13 .6  f t / s e c ,  and 7 . 1  f t / s e c  f o r  l o n g i t u d i n a l  
dynamics c a s e s  3 ,  1 4 ,  and 1 5 ,  r e s p e c t i v e l y .  The wind g u s t  v e l o c i t i e s  a r e  
reduced p r o p o r t i o n a l  t o  t h e  s t e a d y  wind v e l o c i t y  r e d u c t i o n s  w i t h  a l t i t u d e .  
T a b l e  X I V  r e v e a l s  t h e  l o n g i t u d i n a l  r e s p o n s e s  a l l  d e c r e a s e  w i t h  a  d e c r e a s e  i n  
a l t i t u d e  a n d t h e  maximum t e t h e r  l o a d  a t  b r i d l e  i s  p r o p o r t i o n a l  t o  t h e  g u s t  
v e l o c i t y . 

The e f f e c t s  of i n t e r m e d i a t e  a l t i t u d e  o p e r a t i o n  on t h e  l a t e r a l  r e s p o n s e  
of  a B J  b a l l o o n  des igned  f o r  10 ,000  f e e t  a r e  g i v e n  i n  T a b l e  X V .  The  b a l l o o n  
i s  i n  e q u i l i b r i u m  w i t h  a s t e a d y  head wind and t h e n  i s  s u b j e c t e d  t o  l a t e r a l  
s t e a d y  g u s t s  of  1 2  f t l s e c ,  8 f t / s e c ,  and 1 f t / s e c  c o r r e s p o n d i n g  t o  a l t i t u d e s  
o f  10 ,000 ,  4 , 0 0 0 ,  and 1,000 f e e t .  T a b l e  XV r e v e a l s  t h a t :  

(1) t h e  l a t e r a l  r e s p o n s e s  o f  t h e  nominal  B J  b a l l o o n  s u b j e c t e d  t o  
l a t e r a l  s t e a d y  g u s t s  i n c r e a s e  w i t h  d e c r e a s i n g  a l t i  tude  

(2)  a r ev iew of  t h e  computer  p l o t s  of Case 36 (1000 f e e t )  i n  
Appendix B i n d i c a t e s  t h e  r e s p o n s e  i s  u n s t a b l e .  

A d e t a i l e d  d i s c u s s i o n  o f  L a t e r a l  Case  36 f o l l o w s .  



Table XII. Longitudinal Response of BJ Balloon With Tail 

Size Variation 


I Bal lbnn  D i s p l a c e n e n t t  1 C a b l e  T e n s i o n s  I Maximum C a b l e  1 
From E q u i l i b r i u m  At E q u i l i b r i u m  T e n s  i o n s  

T r im T a i l  Case Range A l t .  P i  t c h  A t At At A t 
Angle S i z e  No. DounIUp Winch B r x d l e  Winch B r i d l e  

Deg. FC. ~ t .  D C ~ .  ~b. L ~ I  L ~ I. ~b .. 
11.0 812 11 -61188 70 4 . 6  1730 1880 3000 3550 

8 . 5  1002 3 -52173 82 2 .9  1650 2210 2650 3210 

7.4 1442 12 -50155 4 0  1 . 3  1750 2  320 2600 3170 

Table XIII. Lateral Response of BJ and VEE Balloons With 
Tail Size Variation 


Bal loon  Di sp l acemen t s  C a b l e  T e n s i o n s  Maximum C a b l e  
from Eqni l i b r i u m  a t  E q u i l i b r i u m  T e n s i o n sI I I

I I I 

Type T a i l  T r im  Case Yaw Roll Lac.  A t  At At A t  
Ba l loon  S i z e  Angle No. +I - +I- D i s p l .  Winch B r i d l e  Winch B r i d l e  

Deg. Deg. F t .  Lb . Lb. I Lb. Lb.I I I 



Table X I V .  E f f e c t  of In t e rmed ia t e  A l t i t u d e s  on Longi tud ina l  
Response of t h e  B J  Balloon 

Bal loon  Di sp l acemen t s  I Cab le  T e n s i o n s  I Maximum C a b l e  
1 from ~ q u i l l b r i u n  1 a t  E q u i l i b r i u m  I T e n s i o n  1 

Case A l t i t u d e  Cus t  Range A l t .  P i t c h  At A t  A t  A t  
No. V e l o c i t y  DovnfUp Winch B r i d l e  Winch B r i d l e  

F e e t  F t f S e c  F t .  F t .  Deg . Lb . Lb . Lb . Lb . 

Table  X V .  E f f e c t  of In t e rmed ia t e  A l t i t u d e s  on L a t e r a l  Response 
of t he  B J  Balloon 

Bal loon  D i s p l a c e w n t s  C a b l e  T e n s i o n s  Maximum Cable  

- from E n u i l i b r i u r n  a t  E q u i l i b r i u m  T e n s i o n s  

A l t .  Yaw A t  A t  A t  
+/- 1 Y lD%. A tNo. V e l o c i t y  Winch B r i d l e  Winch B r i d l e  

F t l S e c  F t .  I Deg. Deg . I F t .  I Lb. Lb. Lb . Lb . 
- :  

I I 
10 ,000  I 4 .31-11.8  3 .11-0 .35 '  460 1650 2210 1680 2250j 
0 .000  13.11-27.0 2 .11-1 .26 490 1422 1645 1049 1667 

1 ,000  52.1-63.3 10.21-5.5 570 977 1031 1961 1988 



Case 36 r e p r e s e n t s  a nominal  B J  B a l l o o n  d e s i g n e d  f o r  a  1 0 , 0 0 0 - f o o t  
o p e r a t i o n a l  3 l t i t u d e  and o p e r a t i n g  a t  1 , 0 0 0  f e e t  a l t i t u d e .  The b a l l o o n  i s  i n  
e q u i l i b r i u m  w i t h  a s t e a d y  headwind and  t h e n  i s  s u b j e c t e d  t o  a 1 f o o t / s e c o n d  
s t e a d y  l a  t e r a  1 wlnd. 

A l a t e r a l  s t a b i l i t y  a n a l y s i s  o f  t h i s  c o n d i t i o n  i s  found i n  R e f e r e n c e  2 
Run No. 2 2 .  Re fe rence  2  ( F i g u r e  42)  r e v e a l s  a n  u n s t a b l e  mode w i t h  a  f r e q u e n c y  
of  0 . 0 1 1  Hz.  The shape  o f  t h i s  mode i s  a l s o  found i n  R e f e r e n c e  2  ( F i g u r e  11) 
and h a s  t h e  f o l l o w i n g  r e l a t i o n s h i p s  between a m p l i t u d e s  a n d  phase  a n g l e s  when 
t h e  mode i s  normal i zed  on t h e  b a l l o o n  yaw a n g l e ,  

* 
R e l a t i v e  P h a s e  Angle  

C o o r d i n a t e  Ampl i tude  Degree 

Ba l loon  Yaw $ 1.000 0.0 

Bal loon R o l l  0 0 . 2 5 3  101.3 

Link 1 Yaw a, 0.340 82 - 4  

Link 2 Y a w  o Z  0.332 81 .9  

Link 3  Yaw 03 0.324 80.9 

t 

Data i s  t a k e n  from compute r  d i g i t a l  p r i n t o u t  o f  
Run 2 2  ( t h i s  d a t a  n o t  i n c l u d e d  i n  R e f e r e n c e  2 ) .  

The s t a b i l i t y  a n a l y s e s  a l s o  r e v e a l s  t h i s  mode h a s  a rise t i m e  to 
d o u b l e  ampl i tude  of 86.2 s e c o n d s .  

T u r n i n g  t o  t h e  computer  p l o t s  f o r  l a t e r a l  c a s e  36 ( s e e  Appendix  B), 
t h e  f o l l o w i n g  o b s e r v a t i o n s  a r e  made: 

(1) T e t h e r  l i n k s  a r e  i n  phase  and of a p p r o x i m a t e l y  e q u a l  
a m p l i t u d e .  

(2)  The b a l l o o n  r o l l  a n g l e  i s  a p p r o x i m a t e l y  90°  o u t  of phase  
w i t h  r e s p e c t  t o  t h e  b a l l o o n  yaw a n g l e .  

(3) The t h r e e  l i n k s  a r e  a p p r o x i m a t e l y  8 3  d e g r e e s  o u t  of  p h a s e  
w i t h  r e s p e c t  t o  t h e  b a l l o o n  yaw a n g l e .  

(4) The r i s e  t ime  t o  d o u b l e  a m p l i t u d e  f o r  t h e  b a l l o o n  yaw a n g l e  
i s  a p p r o x i m a t e l y  85  s e c o n d s .  

(5) The o s c i l l a t i o n  h a s  a p e r i o d  of  93  s e c o n d s  (0 .0108 Hz).. 

(6) O b s e r v a t i o n s  (1) t h r o u g h  (5) i n d i c a t e  t h a t  l a t e r a l  case 36 
i s  p redominan t ly  t h e  u n s t a b l e  0 .011  Hz mode found i n  the 
s t a b i l i t y  a n a l y s i s  r u n  22. 

(7 )  I t  s h o u l d  be n o t e d  a l s o  t h a t  t h e  o s c i l l a t i o n s  a p p e a r  t o  be 
d i v e r g i n g ,  a s  would b e  e x p e c t e d ,  s i n c e  t h e  0 . 0 1 1  Hz mode is  
predominate .  

36 



I n  c o n c l u s i o n  l a t e r a l  c a s e  36 i n d i c a t e s  a nominal  BJ Ba l loon  d e s i g n e d  
f o r  a 1 0 , 0 0 0 - f o o t  o p e r a t i n g  a l t i t u d e  w i l l  have  l a t e r a l  i n s t a b l l l t y  problems,  
i f  i t  i s  o p e r a t e d  a t  1 , 0 0 0  f e e t .  L a t e r a l  c a s e s  35 and 37 f l y  t h e  same 
b a l l o o n  a t  4 , 0 0 0  and 10 ,000  f e e t  and r e v e a l  no d i v e r g i n g  mot lon .  GAC h a s  
i n v e s t i g a t e d  t h i s  t y p e  of i n s t a b i l i t y  problems i n  R e f e r e n c e  4 .  I n  t h i s  
Refe rence  t h e  f o r m u l a t i o n  of a method o f  a n a l y s i s  t o  p r e d i c t  t h e  instability 
of  s h o r t  t e t h e r e d  b a l l o o n s  exposed t o  wind was d e r i v e d  and experimental t e s t s  
were performed on towed models  t o  v e r i f y  t h e  a n a l y s i s .  As a r e s u l t  of t h i s  
work, i t  c a n  be s t a t e d  t h a t  l a t e r a l  i n s t a b i l i t y  o c c u r s  when t h e  i n v e r t e d  
pendulum f r e q u e n c y  of t h e  b a l l o o n  on t h e  t e t h e r  coincides w i t h  t h e  b a l l o o n  
yaw f r e q u e n c y .  S i n c e  t h e  pendulum f r e q u e n c y  i s  i n v e r s e l y  p r o p o r t i o n a l  t o  
t h e  s q u a r e  r o o t  o f  t h e  t e t h e r  l e n g t h ,  i t  i s  o b v i o u s  t h a t  f o r  a c e r t a i n  wind 
v e l o c i t y  a c r i t i c a l  t e t h e r  l e n g t h  e x i s t s .  I t  s h o u l d  a l s o  be ment ioned t h a t  
Case 36 i s  n o t  a winch ing  c o n d i t i o n ,  s i n c e  t h e  c a b l e  was a f i x e d  l e n g t h  i n  
t h e  a n a l y s i s .  However, i t  d o e s  s u g g e s t  t h a t  a p o s s i b l e  stability problem 
w i l l  o c c u r  when t h e  b a l l o o n  1s winched through t h e  1 , 0 0 0  f o o t  a l t i t u d e  l e v e l .  

(6) E f f e c t s  of Reduced Winds (40 P e r c e n t  o f  Nominal Winds).  The e f f e c t s  
r e d u c i n g  t h e  s t e a d y  e q u i l i b r i u m  wind and g u s t s  t o  40 p e r c e n t  of nominal  
r e s p o n s e  i n  t h e  l o n g i t u d i n a l  and  l a t e r a l  p l a n e s  a r e  summarized i n  T a b l e  XVI. 
compar ing  t h e  e f f e c t s  of  a 40  p e r c e n t  r e d u c t i o n  i n  w i n d s , l t  s h o u l d  be 

n o t e d  t h a t  t h e  e q u i l i b r i u m  t r i m  a n g l e  d e c r e a s e d  from 8.5 d e g r e e s  a t  100 p e r -  
c e n t  of nominal  wind t o  2 . 9 6  d e g r e e s  a t  4 0  p e r c e n t  of nominal wind.  The yaw 
r e s p o n s e  r e v e a l s  no change  i n  r e s p o n s e ,  w h i l e  t h e  o t h e r  r e s p o n s e s  a r e  r educed  
a s  e x p e c t e d .  

T a b l e  X V I .  E f f e c t  of Reducing Winds on L o n g i t u d i n a l  and L a t e r a l  Response 

a)  L o n ~ t t u d i n a l  Response 

Balloon D~splacements  Cable Tensions 
from Equilibrium a t  Eauilibrium Tensions I 

Range A l t .  P i t c h  A t  A t  A t  ( A t  
m : ; d Trim1 I I 1Angle DounIUp Winch Br id le  Wunch B r i d l e  

Lb. Lb . Lb. Lb.I I I Deg. I F t .  / F t .  1 Deg. 

b) Latera l  Response 

Cable Tension 



(7) E f f e c t s  of Nolaro versus  Amgal T e t h e r s .  The e f f e c t s  of Nolaro 
and Amgal t e t h e r s  on t h e  l o n g i t u d i n a l  response of B J  type ba l loons  a r e  g iven  
i n  Table X V I I .  The B J  type  ba l loons  a r e  a t  10,000 f e e t  i n  equ i l ib r ium wi th  
a s teady  head wind and then a r e  subjec ted  t o  a 20.2 f t / s e c  h o r i z o n t a l  
l o n g i t u d i n a l  gus t  of 10 seconds du ra t ion .  The ba l loon  us ing  t h e  Nolaro t e t h e r  
has  a volume of 60,000 cu.  f t . ,  whi le  the  ba l loon  u s i n g  the  Amgal t e t h e r  has 
a volume of 75,000 cu. f t .  The l a r g e r  ba l loon  is  requi red  because t h e  Amgal 
t e t h e r  i s  h e a v i e r  than the Nolaro t e t h e r .  The t r i m  angle  f o r  both c a s e s  is 
8.5'. Table X V I I  r e v e a l s  t h e  Nolaro system has  s l i g h t l y  more response and 
sma l l e r  t e t h e r  loads than the  Amgal sys  tem. 

T a b l e  XVLI. E f f e c t  of N o l a r o  a n d  A m g a l  T e t h e r s  o n  L o n g i t u d i n a l  R e s p o n s e  

Ba l loon  D i s p l a c e m e n t s  
From E q u i l i b r i u m  I C a b l e  T e n s i o n s  

A t  E q u i l i b r i u m  I MaxT e  n s i o n s  1' 
R a n g e  

C a b l e  C a s e  u p / ~ o w n  A l t  P i t c h  Winch  B r i d l e  Winch  B r i d l e  
TY~e No. Ft F t .  Deg.  L b  L b  L b  L b  I 

I 
' 

N o l a r o  3 -52/73  82 2 . 9  1650  2210  26 50 3210  
A m g a l  10  -60/50 2 8  2.  1 1880 2870  3 190 4 1 8 0  . 

The e f f e c t s  of  Nolaro and Amgal t e t h e r s  on t h e  l a t e r a l  response of 
60 K .  F t 3  and 75K. F3 B J  type ba l loon  systems a r e  g iven  i n  Table X V I I I ,  The 
bal loon  systems a r e  i n  equ i l ib r ium wi th  a s teady  head wind and then sabjected 
t o  a s t e a d y  l a t e r a l  h o r i z o n t a l  g u s t  of 12 f t / s e c  with a ramp rise t i m e  of three 
seconds. Table X V I I I  r e v e a l s  t h a t  

(1) Yaw and r o l l  response of  t h e  Nolaro system a r e  s l i g h t l y  
l a r g e r  than  the  response of the  Amgal system 

(2) The l a t e r a l  displacement  of  t h e  Amgal system i s  1.2 t i m e s  
t h e  response of t h e  Nolaro system 

(3)  The Amgal system has  l a r g e r  t e t h e r  loads  a s  expected since 
the  Amgal t e t h e r  i s  h e a v i e r .  

T a b l e  XVIII. E f f e c t  of N o l a r o  a n d  A m g a l  T e t h e r s  o n  L a t e r a l  R e s p o n s e  

Ba l loon  D i s p l a c e m e n t s  
F r o m  I n i t i a l  C a b l e  T e n s i o n  M a x  C a b l e  
E q u i l i b r i u m  At  E q u i l i b r i u m  T e n s i o n  

Trim Yaw R o l l  Lat A t  A t  A t  A t  
C a s e  C a b l e  Angle  +/- +/ - Displ. Winch  B r i d l e  Winch  B r i d l e  

No. Type Deg. Deg. Deg. Ft. L b  L b  L b  L b  

2 5  N o l a r o  8. 5 4. 3 / - 1 4  3.  I / - .  3 5  460  
31 A m g a l  8. 3 4 / - 1 3  2. I /  -,4 560 



(8) E f f e c t s  of Payload Locat ion.  The e f f e c t s  of payload l o c a t i o n  on 
the l o n g i t u d i n a l  response of a nominal B J  ba l loon  a t  10,000 f t  a r e  given i n  
Table X U .  Case t h r e e  has  the  1,000 pound payload loca ted  on t h e  confluence 
po in t  of the  b r i d l e  while case  s l x t e e n  has  the  payload mounted on the  unders ide  
of the  ba l loon .  The ba l loons  a r e  i n  e q u i l i b r i u m  wi th  a s t e a d y  head wind and 
then s u b j e c t e d  t o  a head gus t  of 20.2 f t l s e c  wi th  a d u r a t i o n  of 10 seconds.  
Table X I X  r e v e a l s  t h e  c o n f i g u r a t i o n  with  t h e  payload a t  t he  b r i d l e  confluence 
poin t  (case  3)  has approximately 40 percent  more l o n g i t u d i n a l  response than 
the payload mounted on t h e  ba l loon  bottom c o n f i g u r a t i o n .  The t e t h e r  loads  
a r e  approximately t h e  same f o r  both c o n f i g u r a t i o n s .  

Table  XIX. Effect  of Payload Locat ion on Longitudinal  Response  

Balloon Di sp lacemen t s  Cable  Tension Max Cable  
F r o m  Equi l ib r ium At Equ i l ib r ium Tens ion  

C a s e  Payload Winch B r l d l e  Winch Br id le  
No. Locat ion 

3 Confl. 1650 22 10 26 50  32 10 
16 Under sid 22 10 2  540  

(9) E f f e c t  of Winch A l t i t u d e  Locat ion.  The e f f e c t  o f  winch a l t i t u d e  
l o c a t i o n  on the  l o n g i t u d i n a l  response of a nominal B J  ba l loon  remainirg a t  
10,000 f e e t  MSL i s  g iven  i n  Table XX. The winch i s  loca ted  a t  0.0 f t  and 
5,000 f t  f o r  cases  3 and 17 r e s p e c t i v e l y .  The ba l loons  a r e  i n  e q u i l i b r i u m  
with a s t eady  head wind and sub jec ted  t o  a 20.2 f t / s e c  g u s t  of 10 seconds 
d u r a t i o n .  Table  XX r e v e a l s  t h a t ,  

(1) the  range and a l t i t u d e  responses  a r e  reduced when t h e  winch 
i s  a t  5,000 f e e t ,  

(2)  the  p i t c h i n g  response i s  s l i g h t l y  l a r g e r  wi th  t h e  winch a t  
5,000 f e e t ,  

(3)  the  t e t h e r  load i s  maximum when t h e  winch is  . z t  5,000 f e e t .  

Table  XX. Effect  of Winch Altitude Location on  Longitudinal  Response  

Balloon Disp lacements  Cable  Tens ion  Max Cable  
F r o m  Equi l ib r ium At  Equi l ib r ium Tens ion  

RanfeWinch At At At At  
C a s e  Alt. Down Up  Al t .  P i t ch  Winch Br id le  Winch Br id le  

-No. Ft. F t .  F t .  Deg. Lb. Lb. Lb .  Lb. 

2 . 9  1650 2210  2 6 5 0  3210 
3 .  1 1940 2210 3670 3940 



(10) E f f e c t s  of D i f f e r e n t  Opera t iona l  A l t i t u d e s .  The e f f e c t s  of t h r e e  
d i f f e r e n t  ope ra t iona l  a l t i t u d e s  on the  response of B J  type ba l loons  a r e  given 
i n  Table X X I I .  The des ign  o p e r a t i o n a l  a l t i t u d e s  and corresponding ba l loon  
volumes a r e  5,000 f t .  and 46,000 cu. f t . ,  10,000 f t .  and 60,000 cu. ft., and 
20,000 f t .  and 500,000 cu. f t .  The ba l loons  a r e i n  equ i l ib r ium w i t h  s t e a d y  
head winds which vary  according t o  wind v e l o c i t y  a l t i t u d e  p r o f i l e .  Longitudina 
t en  second d u r a t i o n  g u s t s  of 15.7 f t /  s e c  , 20.2 f t / s e c ,  and 27.3 f t / s e c  a r e  
app l i ed  r e s p e c t i v e l y  t o  the  5 ,000,  10,000, and 20,000 f t .  o p e r a t i o n a l  a l t i t u d e  
conf igu ra t ions  i n  t h e  l o n g i t u d i n a l  c a s e s .  L a t e r a l  t h r e e  second ramp r i s e  t i m e  
s teady  gus t s  of 9 f t / s e c ,  12 f t / s e c ,  and 16 f t / s e c  a r e  a p p l i e d  r e s p e c t i v e l y  t o  
the  5,000, 10,000, and 20,000 f t .  o p e r a t i o n a l  a l t i t u d e  c o n f i g u r a t i o n s  i n  t h e  
l a t e r a l  cases .  Table XXI r e v e a l s  t h a t  

(1) the  range displacements  from e q u i l i b r i u m  i n c r e a s e  w i t h  a n  
i n c r e a s e  i n  o p e r a t i o n a l  a l t i t u d e  

(2 )  p i t c h  displacements  from e q u i l i b r i u m  decreases  wi th  a n  
inc rease  i n  o p e r a t i o n a l  a l t i t u d e  

(3)  t he  l a t e r a l  responses  show l i t t l e  change due t o  o p e r a t i o n a l  
a l t i t u d e  

(4) the  t e t h e r  load i n c r e a s e s  wi th  a l t i t u d e  a s  expected.  

T a b l e  XXI. E f f e c t  of V a r i o u s  De s i g n  O p e r a t i o n a l  A l t i t ude  s 

B a l l o o n  D i s p l a c e m e n t  C a b l e  T e n s i o n s  Max C a b l e  
F r o m  E q u i l i b r i u m  A t  E q u i l i b r i u m  T e n s i o n s  

Bal loon  E q u i l .  G u s t *  Range  
V o l u m e  Alt .  Vel .  own/^^ Al t .  P i t c h  Winch  B r i d l e  Winch  B r i d l e  

~t~ Ft. ~ t / ~ e cF t .  Ft. Deg. Lb .  Lb.  Lb. Lb. 

5000 1 5 . 7  -12 / 3 8  17  3. 8 8 0 0  9 6 0  1 2 9 0  1840 
10000 20. 2  -52 /73  8 2  2 . 9  1650 2210 2 6 5 0  32 10 
20000 2 7 . 3  -127  /70 8 0  1 . 4 5  8600  15030 10820 17300 

Bal loon  D i s p l a c e  m e  n t  s 
From Initial C a b l e  T e n s i o n  M a x  C a b l e  
E q u i l i b r i u m  A t  E q u i l i b r i u m  T e n s i o n  

T r i m  Yaw Rol l  L a t  A t  A t  
C a s e  Angle  +/- +-/ Disp l .  Winch B r i d l e-
No. Deg. Deg.  De g  . F t .  Lb .  Lb .  

29 5. 2 5  3 . / -14 .  5 3 . 8 / - .  5  8 0 3  
2 5  8. 50  4. 3/ -13.  8 3. 1 / - .  35  1650 
30 8 . 4 3  5. 7 / -14  3 . 6 / - 1  9612 



. Bal loon  S t r u c t u r a l  Design Performance Parame t e r s  

The b a l l o o n  s t r u c t u r a l  d e s i g n  performance pa ramete r s  of i n t e r e s t  a r e  
the  t e n s i o n s  a t  t h e  winch and b r i d l e  and t h e  t r a n s l a t i o n a l  and r o t a t i o n a l  
, ~ c c e l e r a t i o n s  o f  t h e  b a l l o o n  c e n t e r  of  g r a v i t y .  T a b l e s  X X I V  and XXV l i s t  t h e  
maximum v a r i a t i o n  o f  t h e s e  pa ramete r s  from e q u i l i b r i u m  f o r  s e l e c t e d  l ong i  t u d l n a l  
and l a t e r a l  c a s e s .  From a  d e s l g n  l l m i t  l oad  p o i n t  o f  view, t h e  v a l u e s  found 
i n  Tab l e  X X I I  r e p r e s e n t  t he  s t r u c t u r a l  d e s i g n  pa ramete r s  f o r  t h e  t h r e e  b a l l o o n  
t ypes  s u b j e c t e d  t o  l o n g i t u d i n a l  g u s t s  of 2 0 . 2  f t l s e c  and 10 second d u r a t i o n  and 
l a t e r a l  s t e a d y  g u s t s  of 12 f t / s e c .  

Tab le  X X I I .  S t r u c t u r a l  Design Pa rame te r s  

T r a n s l a t i o n a l  R o t a t i o n a l  C a b l e  
A c c e l e r a t i o n s  - A c c e l e r a t i o n s  - M a x .  T e n s i o n s  

B a l l o o  ~ t / s e c Z  ~ e ~ / ~ e c ~  L b s .t?h 
H o r .  V e r t .  Lat. P i t c h  Yaw R o l l  W i n c h  B r i d l e  

BJ  Nom 3 .  8 2. 6 8. 3  3 . 4  1.9 2. 8  3 6 3 0  42 00 
V E E  3. 5  2 . 9  3. 0  5 .6  1 .4  1 . 2  12900 14000 
G A G  3. 1 3. 8  5. 0 - 4  - 7  . 5  4 8 5 0  5770 

C .  Ba l loon  I n s t r u m e n t a t i o n  Design Performance Pa rame te r s  

The b a l l o o n  i n s t r u m e n t a t i o n  d e s i g n  performance pa ramete r s  of i n t e r e s t  
i n  d e s i g n i n g  anUon-boa rd"  i n s t r u m e n t a t i o n  package a r e  a s  f o l l o w s :  

(1) d i s p l a c e m e n t s  ( h o r i z o n t a l ,  v e r t i c a l ,  and l a t e r a l )  

(2)  v e l o c i t i e s  ( h o r i z o n t a l ,  v e r t i c a  1,  and l a t e r a l )  

( 3 )  a n g u l a r  d i s p l a c e m e n t s  ( p i t c h ,  yaw, and r o l l )  

(4) a n g u l a r  v e l o c i t i e s  ( p i t c h ,  yaw, and r o l l )  

T a b l e s  XXIV and XXV l i s t  t h e  maximum v a r i a t i o n  of t h e s e  pa ramete r s  from 
e q u i l i b r i u m  f o r  s e l e c t e d  l o n g i t u d i n a l  and l a t e r a l  c a s e s .  

From a n  i n s t r u m e n t a t i o n  d e s i g n  p o i n t  o f  view, t h e  v a l u e s  found i n  
T a b l e  XXIII  r e p r e s e n t  t h e  i n s t r u m e n t a t i o n  d e s i g n  pa r ame te r s  f o r  t h e  t h r e e  
b a l l o o n  t y p e s  s u b j e c t e d  t o  l o n g i t u d i n a l  g u s t s  of 20.2 f t / s e c  and 10 second 
d u r a t i o n  and  l a t e r a l  s t e a d y  g u s t s  of 12 f t / s e c .  

T a b l e  X X I I I .  I n s t r u m e n t a t i o n  Design Pa rame te r s  

\ ~ t e m  D i s p l a c e m e n t s  V e l o c i t y  A n g u l a r  D i s p l .  A n g u l a r  V e l o c i t i e s  
Ft. ~ t / ~ e c  D e g r e e  ~e / ~ ec 

Type Hor.  V e r t .  Lat. H o r .  V e r t .  Lat. P i t c h  Y a w  R o l l  P i t c h  Y a w  R o l l  

BJ N o m  73 82 560  6 . 2  3 . 5  1 6 . 9  2 . 2  1 3 . 8  3 . 9  . 1 . 1 4  1 . 7 4  2 . 2  
VEE 135 8 0  177 9 . 3  4 . 1  1 1 . 5  4 . 3  1 5 . 4  3 . 2  1 . 7 3  2 . 4  1 . 2  
SAC 6  0  2 5  506 6 . 6  2. 1 18. 5 . 8  14. 3  2 .  7 1 0  1 . 5  . 5  

. . 



T A B L E  XXIV 

MAXLMUM VARIATIONS O F  STRUCTURAL AND PISTRUMENTATION DESIGN PERFORMANCE PARAMETERS 
LONGITUDINAL CASES 

I DESCRIPTION 
TYPE I . CASE CHANGE D P I T C H  I PITCH I HOR. I HOR. I HOR. I VERT. VERT. Will'. MAX. TETHER LOADS 

E F F E C T  

7 

BALLOON GUST NUMBER P I T C H  
DEG 

I I 

D E P .  

1 

VEL. 

I 

ACC. 

I 

D E P .  
F T .  

VEL. 
FT/SEC 

ACC. 
FT/SEC' 

WINCH 
LB. 

BRIDLE 
LB. 

I 

dw 
4 I 
i - v )  

81% 
100% 
14-47. 

BJ 
Normnal 

20.2 
~ t / ~ e c  
10 S e c  

1 1  
3 
12 

4.59 
2.24 
1.29 

W 
.CI 
C 3 
g t: 
0 2  

< 

5000 Ft 

1000 Ft 

20.000 F t  

BJ 
Typa  

15.7 Ft /Sec  
10Sec 
20.2 Ft /Sec  
10 Sec 
27.3 ~ t / S e c  
10 S e c  

8 

3 

9 

3.79 

4.73 

1.42 

W 

ziI :::::a =  10.5 o 
20. 2 ~ t / ~ a c  

s a c  I i I 2. 24 

2.82.9 



TABLE X X V  

hUXlMUM VARIATIONS OF STRUCTURAL AND INSTRUMENTATION D E S E N  PERFORMANCE PARAMETERS 

LATERAL CASES 

-
W 
I* 
L 
w 

I BJ1 N m 

DESCRIPTION 

12  Ft/Sec 
Steady 

TYPE 
BALLOON GUST 

CASE 
NUMBER 

2 4 
2 5 

CHANGE 
IN YAW 

DEG. 

-13.8 
-13.8 

IAW IVELOCITY YAW ACC.2 
DEG/SEC DEG/SEC. 

1.74 1 1.86 
I. 19 . 6 2  

CHANGE 
IN ROLL 

DEG. 

2 . 6 3  
1 . 3 3  

ROLL 
VELOCITY 

DEG/SEC 

2 .83  
.94  

ROLL 
ACC. 

DEG/SEC' 

460 
4 6 0  

LATERAL 
DISPL. 

FT. 

16. 9 
16. 8 

LASZRAL 
VELOCITY 

FT/SEC 

8 .29  
4 .83  

LATERAL 
ACC. 

FT/SEC' 

I686 
1680 

MAX. TETHER 
WINCH 

L B  
-

2258  
2250 

LOADS 
BRIDLE 

LB 

2 6 -13 .8  . 8 5  . 8 0  . 5 7  4 60 16.6 3.29 1675 2244 

d W  
8 1 % 
100% 

BJ 
Nomxnal 

I 2  Ft/%c 
Steady 

32 
2 5 

-13.5 
- 13.8 

.74  
1. 19 

. 7 0  

. 6 2  
10 .95  

3. 13 
4 .94  
1 . 3 3  

3 .63  
. 9 4  

420  
4 60 

15. 9 
16. 8 

4 .10  
4 .83  

1818 
1680 

2400 
2250 

144% 3 3 -13.4 1.77 . 8 4  2 . 3 3  . 9 0  .57 4 8 0  20.4 5.96 2435 2972 

W 
c 5  
W 3L C  
0 b 

U 

5000 FI 1 

10.000 Ft 

20.000 Ft 

BJ 
Type 

9 F t / ~ e c  
Steady 

'12 F ~ / L C
Steady 
16 ~ t / S e c  
Steady 

29 

2 5 

3 0 

- 1 9 . 0  

- 1 3 . 8  

-10 .6  

1 . 0 0  

1. 19 

1 . 0 8  

.66  

. 6 2  

. 4 3  

1 
1 

5.18 

3. 13 

2. 78 

2. 24 

I .  33 

.59 

1 . 6 8  

. 9 4  

4 1 

560 

4 60 

670  

I 5  8 

16. 8 

18.6 

4. 18 

4 . 8 3  

4 60 

829 

1680 

9735  

866 

2250 

15,217 

3 
u 

10  Sec. Step BJ 
Steady I N o m l ~ l  

I2 ~ t / S r c  
18Ft /Scc  

2 8 
2 7 

4 . 3 8  
-20.4 

-2.27 
1 .31  

1 .21  .56 
3 .99  
3. 25 

-3. 04 
I .  20 

3. 07 
. 8 5  

161 
7 06 

16. 9 
25. 1 

7. 8 0  
5 00 

1687 
1708 

2256 
2285 

100% I VEE I2 Ft/Sec 3 7 
3 8  

-15.4 
-11 .1  

-.80 
-2. 07 

. 132-.96 
3. 16 

. 9 8  
1.21 
. 4 1  

. 6 7  

.'2 9 
177 

7 8 
1 1 . 5  

5. 36 
2 94 
1 9 7  

4683 
4771 

4955 
5903 

39  -10 .9  -2 .41  -1 .35  . 7 0  . 3 1  . 2 3  72 4 .  71 1 .88  4883 602 1 

Steady GAC 12 Ft/Sec 4 0 -14 .3  1. 49 . 6 5  2. 70 . 4 7  . 2 5  5 06 18. 5 4. 98 2735 3645 



SECTION V 

CONCLUSIONS AND RECOWENDATIONS ON TETHERED BALLOON DYNAMIC BEHAVIOR 

Mathemat ica l  t o o l s  have  been developed t o  a n a l y z e  t h e  dynamic b e h a v i o r  
of  t e t h e r e d  b a l l o o n  s y s t e m s .  The t e c h n i q u e s  used a r e  d e t e r m i n a t i o n  o f  t h e  
r o o t s  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 s  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 ,  aerodynamic ,  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 dynamic 
s i m u l a t i o n  of t h e  t e t h e r e d  b a l l o o n  sys tems  t o  d e t e r m i n e  r e s p o n s e  o f  t h e  
sys tems  t o  wind d i s t u r b a n c e s .  The t e c h n i q u e s  a r e  complementary and e a c h  
h e l p s  t o  o b t a i n  i n s i g h t  i n t o  t h e  b e h a v i o r  of t e t h e r e d  b a l l o o n  s y s t e m s .  

E x p l o r a t o r y  a n a l y s i s  o f  s i g n i  f i c a n t  d e s i g n  and o p e r a t i o n a l  p a r a m e t e r s ,  
i n c l u d i n g  b a l l o o n  t y p e ,  b a l l o o n  p i t c h  t r i m  a n g l e ,  t a i l  s i z e ,  b e h a v i o r  a t  a l t i -
t u d e s  i n t e r m e d i a t e  t o  t h e  d e s i g n  a l t i t u d e ,  and o p e r a t i o n a l  d e s i g n  a l t i t u d e ,  havc 
been conduc ted .  G e n e r a l l y ,  a n  i n s p e c t i o n  o f  t h e  d a t a  f o r  dynamic r e s p o n s e  
o f  t e t h e r e d  b a l l o o n  sys tems  t o  wind g u s t  and t h e  p r e l i m i n a r y  power s p e c t r a l  
d e n s i t y  a n a l y s i s  i n d i c a t e  t h a t  t h e  lower f r e q u e n c y  modes o f  mot ion  a r e  e x c i t e d .  
C o n s e q u e n t l y ,  t h e s e  modes of mot ion  shou ld  b e  f a v o r e d  i n  e s t a b l i s h i n g  
t e t h e r e d  b a l l o o n  sys tem d e s i g n s .  S p e c i f i c  comments and recommendations 
f o r  d e z i g n  based on t h e s e  and o t h e r  p a r a m e t e r s  a r e  summarized i n  t h e  
p a r a g r a p h s  t h a t  f o l l o w .  I n  view of t h e  g r e a t e r  i n t e r e s t  e x p r e s s e d  f o r  the  B J  
b a l l o o n  a t  t h e  b e g i n n i n g  of t h i s  program,  g r e a t e r  emphas is  h a s  b e e n  p l a c e d  
on e x p l o r i n g  t h e  c h a r a c t e r i s t i c s  of  t e t h e r e d  b a l l o o n  sys tems  employing t h i s  
t y p e  o f  b a l l o o n .  

1. GUST EFFECTS ON NOMINAL B J  BALUION 

H o r i z o n t a l  g u s t s  w i t h  a magni tude  30% g r e a t e r  t h a n  t h e  s t e a d y - s t a t e  
o p e r a t i o n a l  wind,  c a u s e  i n c r e a s e s  i n  downrange d i s p l a c e m e n t ,  a l t i t u d e ,  b a l l o o n  
p i t c h ,  and t e t h e r  c a b l e  t e n s i o n .  These  i n c r e a s e s  a r e  a  f u n c t i o n  of  t h e  d u r a t i o r  
of t h e  g u s t s ,  and i f  a p p l i e d  f o r  a n  e x t e n d e d  p e r i o d  of  t i m e ,  r e s u l t  i n  sub-  
s t a n t i a l  i n c r e a s e s  i n  d i s p l a c e m e n t s  and t e t h e r  t e n s i o n s .  A 30% i n c r e a s e  i n  
v e l o c i t y  above o p e r a t i o n a l  wind f o r  a n  e x t e n d e d  p e r i o d  of t i m e  i s  e q u i v a l e n t  
t o  t h e  s u r v i v a l  wind d e s i g n  c o n d i t i o n  and r e s u l t s  i n  dynamic t e t h e r  t e n s i o n  
l o a d s  which a r e  twice  t h e  e a u i l i b r i u m  o p e r a t i o n a l  c o n d i t i o n .  Dynamic l o a d  
f a c t o r s  of two s h o u l d  be c o n s i d e r e d  f o r  d e s i g n .  V e r t i c a l  g u s t s  o f  m a g n i t u d e  
e q u a l  t o  t h a t  of h o r i z o n t a l  ~ u s t shave  g r e a t e r  e f f e c t s  on b a l l o o n  d i s p l a c e m e n t s  
and t e t h e r  t e n s i o n s .  I f  g u s t s  of g r e a t e r  magni tude  t h a n  30% above o p e r a t i o n a l  
winds i n  t h e  h o r i z o n t a l  d i r e c t i o n  and of l o n g  d u r a t i o n  a r e  t o  b e  e n c o u n t e r e d ,  
methods f o r  a l l e v i a t i o n  o f  t e t h e r  t e n s i o n s  a n d  b a l l o o n  d i s p l a c e m e n t s  w i  11 be  
d e s i r a b l e .  Angle o f  a t t a c k  c o n t r o l  mechanisms f o r  t h e  b a l l o o n  s y s t e m , s u c h  
a s  b r i d l e  geometry change  mechanisms,  o r  aerodynamic  s u r f a c e s ,  c o n t r o l l e d  
by a u t o p i l o t s ,  s h o u l d  be c o n s i d e r e d  f o r  s e v e r e  wind c o n d i t i o n s  o r  s t r i c t  
s t a t i o n  keep ing  r e q u i r e m e n t s  t o  l i m i t  t e n s i o n  and d i s p l a c e m e n t s .  Aero-
dynamic c o n t r o l  s u r f a c e s  f o r  s e v e r e  l a t e r a l  wind d i s t u r b a n c e s  and s t a t i o n  
k e e p i n g  r e q u i r e m e n t s  can  a l s o  b e  c o n s i d e r e d .  



7 .  COMPARISON OF BALLOON TYPES 

The B J  b a l l o o n ,  w i t h  ram a i r  f i l l e d  b a l l o n e t  a n d  f i n s ,  p r o v i d e s  t h e  
s m a l l e s t  s i z e  t e t h e r e d  b a l l o o n  s y s t e m  t o  f l y  a 1000-pound p a y l o a d  a t  
10 ,000  f e e t .  However, i t  h a s  t h e  g r e a t e s t  downrange d i s p l a c e m e n t  from 
t h e  ground t e t h e r  p o i n t .  E q u i l i b r i u m  t e t h e r  t e n s i o n s  a r e  t h e  l o w e s t .  
L o n g i t u d i n a l  e x c u r s i o n s  a r o u n d  e q u i l i b r i u m  a r e  m o d e r a t e ,  b u t  l a t e r a l  d i s -  
p l a c e m e n t s  d u e  t o  s i d e  g u s t s  a r e  s u b s t a n t i a l  a s  compared t o  t h e  Vee- type  
b a l l o o n .  

G e n e r a l l y  t h e  Vee b a l l o o n  i n v e s t i g a t e d  h a s  a somewhat g r e a t e r  
a n g l e - o f - a t t a c k  e x c u r s i o n  a b o u t  s t a t i c  e q u i l i b r i u m  f o r  a g i v e n  i n p u t ,  b u t  
with t h e  h i g h  a e r o d y n a m i c  l i f t  c o n f i g u r a t i o n ,  r e s u l t s  i n  l e s s  o v e r a l l  downrange  
displacement from t h e  t e t h e r  p o i n t .  L a t e r a l  e x c u r s i o n  i s  a minimum f o r  t h i s  
b a l l o o n  t y p e .  O v e r a l l ,  t h e  Vee o f f e r s  t h e  l e a s t  e x c u r s i o n  w i t h  wind v a r i a t i o n  
but  a t  t h e  e x p e n s e  of  r e l a t i v e l y  h i g h  t e t h e r  t e n s i o n .  E l a s t i c  d e v i c e s  c a n  b e  
b u i l t  l n t o  t h e  s u s p e n s i o n  s y s t e m  t o  l i m i t  a n g l e  o f  a t t a c k  and t e t h e r  t e n s i o n .  
However, a n a l y s i s  o f  e l a s t i c  s u s p e n s i o n  i s  beyond t h e  s c o p e  o f  t h e  r e p o r t e d  
a n a l y s i s .  The  Vee - type  b a l l o o n  t h e n  o f f e r s  a c o n f i g u r a t i o n  f o r  applications 
where t h e  t e t h e r e d  s y s t e m  s h o u l d  be  n e a r e r  v e r t i c a l  w i t h  r e s p e c t  t o  t h e  t e t h e r  
p o i n t ,  and where d i s p l a c e m e n t  from t h e  t e t h e r  p o i n t  s h o u l d  be min imized .  

The GAC s i n g l e - h u l l  b a l l o o n  p r o v i d e s  a g r e a t e r  ae rodynamic  l i f t  a n d  
ae rodynamic  l i f t - t o - d r a g  r a t i o  a n d  less downrange d i s p l a c e m e n t  from t h e  
t e t h e r  p o i n t  t h a n  t h e  B J  b a l l o o n , a n d  n o t  much g r e a t e r  t h a n  t h a t  f o r  t h e  Vee 
f o r  t h e  1 0 , 0 0 0 - f o o t  a l t i t u d e  s y s t e m  (4950 f e e t  a s  compared t o  7377 f e e t  f o r  
t h e  BJ and 4594  f e e t  f o r  t h e  Vee) .  The equilibrium c a b l e  t e n s l o n  i s  m o d e r a t e  
(3800 pounds ) .  L o n g i t u d i n a l  m o t i o n s  of t h i s  b a l l o o n  a r e  s u b s t a n t i a l l y  less f o r  
g i v e n  i n p u t  wind d i s t u r b a n c e s  t h a n  f o r  t h e  o t h e r  t y p e s .  L a t e r a l  d i s p l a c e m e n t s  
a r e  c o m p a r a b l e  t o  t h o s e  f o r  t h e  B J  b a l l o o n  f o r  a n  e q u a l  d i s t u r b a n c e .  The f i r s t  
l o n g i t u d i n a l  and l a t e r a l  modes o f  GAC s i n g l e - h u l l b a l l o ~ n  t y p e  are n o t a b l y  more 
s t a b l e  ( s e e  F i g u r e s  31 and 51 o f  R e f e r e n c e  2 )  t h a n  t h e  o t h e r  b a l l o o n  t y p e s .  

S t r u c t u r a l  and  o n b o a r d  p a y l o a d  d e s i g n  p a r a m e t e r s  f o r  p a r t i c u l a r  wind  
g u s t  i n p u t s  a r e  l i s t e d  i n  T a b l e s  XXIV and  XXV. 

3. INFLUENCE OF TRIM ANGLE ON LONGITUDINAL AND LATERAL DYNAMIC BEHAVIOR 

C o n s i d e r i n g  t h e  B J  b a l l o o n ,  l o n g i t u d i n a l  dynamic  r e s p o n s e  d a t a  
i n d i c a t e s  t h a t  trim a n g l e - o f - a t t a c k  d o e s  n o t  s i g n i f i c a n t l y  c h a n g e  t h e  r e s p o n s e  
o f  t h e  b a l l o o n  i n  l o n g i t u d i n a l  t r a n s l a t i o n  and  r o t a t i o n .  

I n  v iew o f  t h e  l a t e r a l  dynamic  r e s p o n s e ,  a n a l y s i s  i n d i c a t e s  
t h a t  t h e  two l o w e r  modes o f  m o t i o n  a r e  e x c i t e d  ( i . e . ,  pendulum mot ion  of  
t h e  b a l l o o n  and  t e t h e r  a s  a w h o l e ,  and  b a l l o o n  r o l l ) .  T r i m  a n g l e  c h a n g e  d o e s  
n o t  s u b s t a n t i a l l y  i n f l u e n c e  t h e s e  modes f o r  t h e  B J  b a l l o o n .  However, t h e  
v e r t i c a l  l o c a t i o n  o f  t h e  c o n £  l u e n c e  p o i n t  a f  f e c t s  t h e  s e c o n d  mode ( b a l l o o n  r o l l ) .  
The a p e x  c l o s e r  t o  t h e  b a l l o o n  r e s u l t s  i n  g r e a t e r  damping o f  t h i s  mode w h i l e  
n o t  g r e a t l y  a f f e c t i n g  t h e  damping of  t h e  f i r s t  mode ( F i g u r e  36 of  R e f e r e n c e  2 ) .  



Long i tud ina l  dynamic r e sponse  o f  t h e  Vee b a l l o o n  is  somewhat more 
s e n s i t i v e  t o  d e s i g n  t r i m  a n g l e - o f - a t t a c k .  A t e t h e r e d  b a l l o o n  sys tem,  
employing t h e  Vee b a l l o o n ,  shou ld  b e  des igned  t o  f l y  a t  moderate ang l e -o f -  
a t t a c k  ( s a y  7 degrees )  inasmuch a s  l o n g i t u d i n a l  i n s t a b i l i t y  t e n d e n c i e s  e x i s t  
a t  low a n g l e - o f - a t t a c k .  T h i s  tendency i s  i n d i c a t e d  i n  t h e  l i n e a r i z e d  s t a b i l i t y  
a n a l y s i s  by t he  l a ck  o f  damping i n  t h e  r o o t s  o f  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  f o r  
t h e  lowes t  f requency mode of mot ion.  From t h e  s t a b i l i t y  a n a l y s i s ,  f i r s t  and 
second l o n g i t u d i n a l  and l a t e r a l  modes of motion f o r  t h e  GAC s i n g l e  h u l l  b a I I o o n  
a r e  s t a b l e  and w e l l  damped (F igu re s  31 and 5 1  o f  Refe rence  2 ) .  The  f i r s t  two 
l o n g i t u d i n a l  modes a r e ,  r e s p e c t i v e l y ,  a p i t c h i n g  mot ion o f  t e t h e r  and b a l l o o n ,  
and a p i t c h i n g  of t h e  b a l l o o n .  The f i r s t  two l a t e r a l  modes a r e  a c o u p l e d  b a l l o o n  
yaw and l a t e r a l  l i n k  r o t a t i o n ,  and a coupled b a l l o o n  yaw and r o l l  and l a t e r a l  
l i n k  r o t a t i o n .  These modes of mot ion a r e  r e l a t i v e l y  i n s e n s i t i v e  t o  t r i m  a n g l e  
of a t t a c k  and v e r t i c a l  l o c a t i o n  o f  t h e  b r i d l e  c o n f l u e n c e  p o i n t .  Dynamic response  
d a t a  a l s o  v e r i f y  t h a t  l o n g i t u d i n a l  l i n e a r  and a n g u l a r  d i sp l acemen t s  from 
e q u i l i b r i u m  a r e  r e l a t i v e l y  i n s e n s i t i v e  t o  t r i m  a n g l e - o f - a t t a c k  changes .  

4 .  EFFECT OF TAIL SIZE ON LONGITUDINAL AND LATERAL DYNAMIC BEHAVIOR 

T a i l  s i z e  f o r  t h e  B J  b a l l o o n  was v a r i e d  by p r o p o r t i o n a l l y  chang ing  
a l l  dimensions t o  o b t a i n  t a i l  a r e a  o f  81%, 100% and 144% o f  t h e  nominal  
d e s i g n  v a l u e s .  S t a b i l i t y  a n a l y s i s  i n d i c a t e s  t h a t  t a i l  s i z e  i n c r e a s e  t o  1 4 4 X i s  
r e q u i r e d  t o  g i v e  l o n g i t u d i n a l  s t a b i l i t y  f o r  the  f i r s t  o s c i l l a t o r y  mode,but t h a t  
a l l  t a i l  s i z e s  p rov ide  l a t e r a l  s t a b i l i t y  i n  t h e  f i r s t  l a t e r a l  mode. A l so ,  t h e  
t e t h e r  dynamic l oad  f a c t o r  r educes  w i t h  l a r g e r  t a i l  s i z e s  because  o f  reduced 
a n g l e - o f - a t t a c k  e x c u r s i o n s .  However, i n c r e a s e d  t a i l  s i z e s  i n c r e a s e  t h e  s i d e  
d i sp l acemen t s  somewhat. I t  a p p e a r s  t h a t  100% t a i l s  shou ld  be  a d e q u a t e  since 
n e a r  n e u t r a l  s t a b i l i t y  is  p r e s e n t  abou t  t h e  e q u i l i b r i u m  p o i n t  f o r  t h e  f i r s t  
l o n g i t u d i n a l  mode, and dynamic r e sponse  d a t a  does  n o t  show d i sp l acemen t  d i v e r -  
gence f o r  any of t h e  t a i l  s i z e s  f o r  t h e  180 s econds  of r e s p o n s e  t h a t  were  
c a l c u l a t e d .  

The Vee b a l l o o n  i n v e s t i g a t i o n  was c o n f i n e d  t o  de t e rmin ing  the e f f e c t  
of i n c r e a s i n g  v e r t i c a l  t a i l  a r e a  o n l y .  Consequen t ly ,  l o n g i t u d i n a l  dynamic 
c h a r a c t e r i s t i c s  a r e  no t  g r e a t l y  a f f e c t e d .  The v e r t i c a l  t a i l s  on t h e  l ower  s i d e  
of t h e  two h u l l s  a r e  i n c r e a s e d  i n  a r e a  from t h e  100% nominal  s i z e  t o  300%. 
An examina t ion  o f  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  e q u a t i o n s  f o r  l a t e r a l  s t a b i l i t !  
(F igu re  49 of Reference  2)  i n d i c a t e s  t h a t  t h e  l a r g e r  t a i l s  g i v e  somewhat 
g r e a t e r  damping and lower f requency  f o r  t h e  f i r s t  mode, and a n  i n v e r s e  e f f e c t  
f o r  t h e  second mode. The l a t e r a l  dynamic r e sponse  d a t a  i n d i c a t e  t h a t  l a t e r a l  
d i sp l acemen t s  of yaw, r o l l ,  and s i d e  motion a r e  a l l  reduced w i t h  t h e  l a r g e r  
t a i l  s i z e s .  T a i l  a r e a s  of 200% of nominal  t h e n  a p p e a r s  t o  be  most d e s i r a b l e .  

5.  EFFECT OF ALTITUDES INTERMEDIATE TO THE DESIGN ALTITUDE ON BEHAVIOR 
OF THE B J  TETHERED BALLOON SYSTEM 

A s  t h e  B J  t e t h e r e d  b a l l o o n  sys tem des igned  f o r  10,000 f e e t  i s  b rough t  
t o  lower and lower a l t i t u d e s ,  t h e  wind speed i t  s e e s  i s  reduced and t h e  t r i m  
a n g l e  of a t t a c k  changes inasmuch a s  t h e  s u s p e n s i o n  b r i d l e  geometry ,  r emains  
unchanged. G e n e r a l l y ,  t h e  l o n g i t u d i n a l  modes of mot ion become less damped 
a t  t h e  lower a l t i t u d e s .  Dynamic r e sponse  d a t a  i n d i c a t e s  t h a t  l o n g i t u d i n a l  
r e sponse  is  d imin i shed ,  a s  might  be e x p e c t e d ,  w i t h  t h e  lower  s t e a d y  winds and 
g u s t s  used i n  the  a n a l y s i s .  



The l a t e r a l  s t a b i l i t y  a n a l y s i s  r e v e a l s  a n  u n s t a b l e  l a t e r a l  f i r s t  mode 
, o n s l s t l n g  o f  c o u p l e d  b a l l o o n  yaw and l a t e r a l  d i s p l a c e m e n t  of t h e  1 0 0 0 - f o o t  
a l t i t u d e .  G e n e r a l l y ,  damping o f  a l l  l a t e r a l  modes i s  r e d u c e d  s u b s t a n t i a l l y  

t h e  lower  a l t ~ t u d e s .  A divergent l a t e r a l  mot ion  1s r e v e a l e d  i n  t h e  dynamic 
r e s p o n s e  a n a l y s i s  a t  1000 f e e t  a l t i t u d e  f o r  t h e  1 0 , 0 0 0 - f o o t  d e s i g n .  Comparing 
dynamic r e s p o n s e  and stability d a t a ,  i t  i s  c o n c l u d e d  t h a t  t h e  u n s t a b l e  f i r s t  
l a t e r a l  mode c o n s l s t s  of 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 .  T h i s  mode 
oscillates a t  a f r e q u e n c y  which i s  approximately e q u a l  t o  a n  i n v e r t e d  pendulum 
mode where t h e  f r e q u e n c y  i s  e s t a b l i s h e d  by t h e  pendulum l e n g t h  and t h e  
r e s t o r i n g  f o r c e s  c o n s i s t i n g  of t h e  n e t  buoyancy and t h e  a e r o d y n a m i c  f o r c e s .  
The d i v e r g e n t  rnotlon was n o t  r e v e a l e d  a t  t h e  4 0 0 0 - f o o t  a l t i t u d e .  D e s i g n  
f e a t u r e s  whlch Improve t h e  damping of  t h i s  mode, s u c h  a s  l a r g e r  t a i l s  a n d / o r  
a u t o m a t i c a l l y  a c t u a t e d  s t a b i l i z i n g  aerodynamic  s u r f a c e s ,  a r e  r e q u i r e d .  A more 
d e t a i l e d  i n v e s t l g a t  lon and a n a l y s i s  i s  r e q u i r e d  t o  make s p e c i f i c  recommendat ions  
t o  improve t h e  dynamic c h a r a c t e r i s t i c s  exposed  by t h i s  e x p l o r a t o r y  a n a l y s i s .  

6 .  EFFECTS OF REDUCED WIND ON THE BEHAVIOR OF THE B J  TETHERED BALLOON SYSTEM 

The longitudinal and l a t e r a l  dynamic c h a r a c t e r i s t i c s  c o n s i s t i n g  o f  
frequencies and damping qualities change  c o n s i d e r a b l y  a s  t h e  wlnd 1s r e d u c e d .  T h e  
t r l m  a n g l e  of  a t t a c k  s t e a d l l y  d e c r e a s e s  a s  wind d e c r e a s e s .  G e n e r a l l y ,  damping 
of t h e  t e t h e r e d  b a l l o o n  s y s t e m  a l s o  r e d u c e s  s u b s t a n t i a l l y  a s  wind i s  r e d u c e d .  
A s  s t e a d y  winds  and  wind g u s t s  r e d u c e  yaw r e s p o n s e  i s  unchanged b u t  o t h e r  
b a l l o o n  mot ion  r e s p o n s e s  r e d u c e  a s  m i g h t  be  e x p e c t e d .  

7 .  NOLARO VS AMGAL TETHERS 

The B J  b a l l o o n  s y s t e m  e m p l o y i n g  a  NOLARO t y p e  t e t h e r  o f f e r s  t h e  
a d v a n t a g e  o f  a s m a l l e r  b a l l o o n  t o  meet  t h e  r e q u i r e m e n t s  of  s u p p o r t i n g  a  1000-
pound p a y l o a d  a t  10 ,000  f e e t .  Dynamic r e s p o n s e  of  t h e  b a l l o o n  l o n g i t u d i n a l  
and l a t e r a l  d e g r e e s  o f  f reedom a r e  n o t  g r e a t l y  i n f l u e n c e d  by t h e  d i f f e r e n t  t e t h e r s  
w i t h  t h e  e x c e p t i o n  o f  l a t e r a l  d i s p l a c e m e n t s .  G r e a t e r  l a t e r a l  d i s p l a c e m e n t s  
r e s u l t  w i t h  t h e  s y s t e m  employing AMGAL. T h i s  may b e  a t t r i b u t e d  t o  t h e  l e s s e r  
l a t e r a l  damping o f  t h e  s m a l l e r  d i a m e t e r  AMGAL t e t h e r .  F o r  2 0 , 0 0 0  f o o t  
a l t i t u d e  d e s i g n s ,  a s i n g l e  b a l l o o n  t e t h e r e d  s y s t e m  c a n  n o t  be a c h i e v e d  w i t h  a 
r e a s o n a b l e  s i z e  b a l l o o n  u s i n g  AMGAL t e t h e r  m a t e r i a l .  C o n s i d e r i n g  t h e s e  
f a c t o r s ,  t h e  NOLARO t y p e  t e t h e r  g e n e r a l l y  w i l l  p r o v i d e  a more f a v o r a b l e  
t e t h e r e d  b a l l o o n  s y s  tern. 

8. EFFECT OF PAYLOAD LOCATION 

The c o n f i g u r a t i o n  w i t h  p a y l o a d  l o c a t e d  a t  t h e  c o n f l u e n c e  p o i n t  o f  t h e  
b r i d l e  h a s  somewhat g r e a t e r  l o n g i t u d i n a l  r e s p o n s e  t h a n  t h a t  w i t h  t h e  p a y l o a d  
l o c a t e d  a t  t h e  u n d e r s i d e  o f  t h e  b a l  l o o n .  However,  l o n g i t u d i n a  1 r e s p o n s e  
c h a n g e s  a r e  r e l a t i v e l y  m i n o r  and  need n o t  i n f l u e n c e  a d e c i s i o n  on  p a y l o a d  
l o c a t i o n .  L a t e r a l  dynamic r e s p o n s e  c h a r a c t e r i s t i c s  were n o t  d e t e r m i n e d  f o r  
t h i s  d e s i g n  v a r i a t i o n .  

9 .  EFFECT OF WINCH ALTITUDE LOCATION 

I n  t h i s  compar i son  t h e  B J  b a l l o o n  i s  s t i l l  f lown  a t  1 0 , 0 0 0  f e e t  a l t i t u d e ,  
M.S.L., b u t  t h e  winch i s  a t  5000 f e e t  M.S.L. Dynamic r e s p o n s e  i s  somewhat 
l a r g e r  i n  t h e  l o n g i t u d i n a l  p l a n e  w i t h  t h e  winch a t  5000 f e e t .  L a t e r a l  dynamic 
r e s p o n s e  c h a r a c t e r i s t i c s  were  n o t  d e t e r m i n e d  f o r  t h i s  d e s i g n  v a r i a t i o n .  L a t e r a l  
s t a b i l i t y  a n a l y s i s  i n d i c a t e s  t h a t  one  of t h e  overdamped modes becomes o s c i l l a t o r y  
when t h e  winch i s  l o c a t e d  a t  5000 f e e t .  
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. ~ e t h e r e d  b a l l o o n  sy s t em d e s i g n s  f o r  a l t i t u d e s  of 5000,  10 ,000  and  
20,000 f e e t  have been d e f i n e d .  A s  commented e l s e w h e r e ,  i t  was n o t  p o s s i b l e  
t o  o b t a i n  a  r e a s o n a b l y  s i z e d  s i n g l e  b a l l o o n  s y s t e m  w i t h  AMGAL t e t h e r  f o r  t h e  
20,000 f o o t  c o n d i t i o n .  Dynamic r e s p o n s e  a n a l y s i s  i n d i c a t e s  t h a t  l o n g i t u d i n a l  
d l s p l a c e m e n t s  a r e  somewhat reduced  f o r  h i g h e r  a l t i t u d e  d e s i g n s  and l a t e r a l  
d l s p l a c e m e n t s  a r e  somewhat i n c r e a s e d .  However, s u b s t a n t i a l  changes  have  n o t  bee  
obse rved .  Dynamic l oad  f a c t o r s  f o r  t e t h e r  c a b l e  d e s i g n  a r e  s i g n i f i c a n t l y  l e s s  
f o r  t h e  h i g h e r  a l t i t u d e  d e s i g n .  

L o n g i t u d i n a l  s t a b i l i t y  a n a l y s i s  i n d i c a t e s  t h a t  t h e  second and t h i r d  
o s c i  1l a  t o r y  modes, which a r e  b a l l o o n  p i t c h i n g  modes, r educe  i n  f r e q u e n c y  f o r  
t h e  h i g h e r  a l t i t u d e  d e s i g n s .  The  lower  f r e q u e n c i e s  m igh t  b e  somewhat 
a t t r i b u t e d  t o  t h e  l a r g e r  p i t c h i n g  i n e r t i a  a s s o c i a t e d  w i t h  t h e  l a r g e r  b a l l o o n s .  

I t  i s  recommended t h a t  t h e  m a t h e m a t i c a l  t e c h n i q u e s  deve loped  be 
I n v e s t i g a t e d  f u r t h e r  by compar ing a n a l y t i c a l  p r e d i c t i o n s  o f  t h e  t o o l s  w i t h  
e x p e r i m e n t a l  d a t a .  A f t e r  t h i s  c o r r e l a t i o n  h a s  been comple t ed ,  more compre-
h e n s l v e  a n a l y s i s  of t e t h e r e d  b a l l o o n  s y s t e m s  o f  s p e c i f i c  i n t e r e s t  w i t h  wind 
c o n d i t i o n s  and g u s t s  t o  be e x p e c t e d  i n  o p e r a t i o n s  can  be  conduc ted .  
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SECTION I 


INTRODUCTION 


In Appendix A of the Second Scientific Report*, the equations 


of motion of a tethered balloon were derived in three dimensions. 


The initial derivation assumed that angular velocities were small 


so that products of angular velocities could be neglected. This 


assumption reduced the complexity of the equations (especially 


the lateral equations) by a considerable amount, but each 


equation remained nonlinear and coupled in each degree of freedom. 


It is assumed that the reader has read Ref. 2 Appendix A ,  Section 

I1 and has a clear understanding of the derivation of the equation 


of motion, for this discussion will begin with the results of that 


section. 


Many of the terms used in this derivation are defined in the 


listing which follows. 




FORTRAN STANDARD 


A A ( 4 , 4 )  . 

AALP (16) 


AALPD(16) 


AALT ( 8  1 

AGR 


ALPB 


ALPBD 


ALPBDD 


ALPBDE 


ALPSL 


ALTSL 


AXB 

DESCRIPTION 


A four by four array of variables 

used to define incremental 

velocities in the numerical 

integration 


An array of eight variables 

signifying the angle of the 

gust to the horizon corre- 

sponding to TTG (8) 


An array of sixteen variables 

signifying the angle-of-attack 

of the balloon 


An array of sixteen variables 

signifying the angle-of-attack 

of the balloon 


An array of eight variables 

signifying altitudes of steady 

state wind velocities 


~ u s t  angle off the horizon 

interpolated from AAG (8) and 

TTG (8) 


Gust angle off the horizon 


Angle-of-attack of balloon 


Angle-of-attack of balloon 


A ratio of two angle-of-attack 

differences used in inter- 

polation of aerodynamic 

coefficients of the balloon at 

some Q 

A ratio of two altitude differ- 

ences used in interpolation of 

steady state wind velocities 


The inertial force acting on the 

balloon along the lateral axis 

of the balloon 


UNITS 


rad/sec 


rad 

deg 


rad 


rad 


rad/sec 


deg/sec 


deg 


slug-ft 


sec 


The inertial force acting on 
YB 
 the balloon along the longitudinal slu 

axis of the balloon sec3-

2 



FORTRAN STANDARD DESCRIPTION UNITS 

AZB The inertial force acting on 
the balloon along the slug-ft/ 
vertical axis of-the balloon sec2 

BBET (8) An array of eight variables 
signifying the sideslip 
angle of the balloon rad 

BBETD ( 8) An array of eight variables 
signifying the sideslip 
angle of the balloon de9 

BETB Sideslip angle of balloon 
(positive-wind to the right 
of balloon's centerline) rad 

BETBD 6 

BETBDD b 
BETBDE 6 Sideslip angle of balloon 

(positive-wind to the right 
of balloon's centerlinel de9 

BETSL A ratio of two sideslip angle 
differences useh in inter- 
polation of aerodynamic 
coefficients of the balloon 
at some 0 

c ( 3 )  Non-dimensional center-of- 
pressure of "r" th link 

CCDB (16) An array of sixteen variables 
signifying drag coefficients 
of the balloon corresponding 
to AALPD(16) 

An array of sixteen variables 
signifying lift coefficients 
of the balloon in the longi- 
tudinal program corresponding 
to AALPD(16) 

CCLB (8) An array of eight variables 
signifying roll moment coef- 
ficients of the balloon in the 

lateral program corresponding 

to BBETD ( 8) 

CCLLB (16) An array of sixteen variables 
signifying lift coefficients 

of the balloon in the lateral 

program corresponding to AALPD (16) 
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CCMB (16) An array of sixteen variables 
signifying pitch moment 
coefficients of the balloon 
corresponding to AALPD (16) 

CCNB (8) An array of eight variables 
signifying yaw moment 
coefficients of the balloon 
corresponding to BBETD ( 8) 

CDB 'DB Drag coefficients of balloon 

CDC Drag coefficient of link 
(infinite cylinder) 

CDTDB Balloon drag coefficient due 
to pitch velocity rad-I 

CGAMB YB 

CLB 'LB Lift coefficient of balloon 
in longitudinal program 

CLB C~~ Balloon roll moment coefficient 
in lateral program 

CLLB Lift coefficient of balloon in 
lateral program 

CLPHDB 
C9.$~ Balloon roll moment coefficient 

due to roll velocity rad-l 

CLPSDB Balloon roll moment coefficient 
due to yaw velocity rad-I 

CLTDB Balloon lift coefficient due 
to pitch velocity rad-I 

CMB Balloon pitch moment 
coefficient 

CMTDB Balloon pitch moment coef- 
ficient due to pitch velocity sad-' 

CNB 'n~ Balloon yaw moment coefficient 

CNPHDB C Balloon yaw moment coefficient 
due to roll velocity rad-I 
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CNPSDB 'n $B Balloon yaw moment coef- 
ficient due to yaw 
velocity rad-1 

Input data defining com- 
puter run 

CPHI c@ cos @ 

CPHI2 c2$ 2 
cos (#I 

CPSI c '4 cos 9 

CSIG (3) Cai cos ai ,(i = 1, 2, 3) 

COS 0i I 
(i = 1, 2, 3) 

CTHE C0 cos 8 

cos2 0 

CTPX (3) c(e+c.)
1 

CTPX2 (3) 2 c (O+Si) 

CXI(3) cci cos ci ,(i = 1, 2, 3) 

cx12 (3) c2 E 
i 

2 cos i ,(i = 1,2,3) 

CXMX (3,3) C(ci-Sj) 

CYB 'YB Side force coefficient 

CYPHDB Side force coefficient of 
balloon due to roll velocity rad-I 

CYPSDB C y i ~  Side force coefficient of 
balloon due to yaw velocity rad-l 

Aerodynamic length 
of balloon (V ft 

Diameter of tether ft 

Horizontal aerodynamic force 
acting on the center-of- 
pressure of the "i"th link, 
(i = 1,2,3) Ibf 
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DCS (3) D ~ ~ iLateral aerodynamic force 
acting on the center-of- 
pressure of the "i"th link, 
(i = 1,2,3) lbf 

DCV (3) D ~ ~ iVertical aerodynamic force acting on the center-of- 
pressure of the "i"th link, 
(i = 1,2,3) lbf 

A four by four array of 
variables signifying the 
coefficients of the second 
derivatives in the equations 
of motion slug-£ t 2 

DRAGB DRAGB Aerodynamic drag acting on 
balloon 

DT Integration time increment sec 

DTP Number of integrations be- 
tween data printouts 

DTPl Number of integrations be- 
tween data printouts when 
DT = DT1 

Number of integrations be- 
tween data printouts when 
DT = DT2 

DT1 Integration time increment 
when T < TDTC sec 

DT2 Integration time increment 
when T 3 TDTC sec 

DYPRB q~ Effective dynamic pressure 
acting on c.g. of balloon lbf/ft2 

DYPRH (4) '~i Effective dynamic pressure 
acting on the "i"th link 
hinge,(i = 1,2,3,4). The 
first hinge is at the winch lbf/ft2 



- - 
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EE(4) An array of four variables 
signifying the generalized 
forces plus terms containing 
products of anqular velocities 

if thls option is chosen. 

See FF 


EEPS (3,3) Eij A three by three array re-
presenting the transformation 

matrix between the balloon 

body unit vectors and the 

inertia frame unit vectors 


FBHA F~~~ Horizontal aerodynamic forces 

actlng on balloon 


FBSA F~~~ Lateral aerodynamic forces 

acting on balloon 


FBVA F~~~ Vertlcal aerodynamic forces 

acting on balloon 


FCH (3) Horizontal component of 
F ~ ~ i 
tension acting on the "i"th 

link ,(i = 1,2,3) 

FCN (3) F ~ ~ iAerodynamic force acting 
normal to "inth link, 

(i = 1,2,3) 

FCS (3) Lateral component of tension 
F ~ ~ i 
acting on the "i"th link, 

(i = 1,2,3) 

FCV(3) F ~ ~ iVertical component of tensson 

acting on the "i"th link, 

(i = 1,2,3) 

Input variable which gives 

the option of including 

inertia terms containing pro- 

ducts of angular velocities 

in the longitudinal program. 

If these terms are not wanted 

set FF = 0.. If the terms are 
to be included, set FF to any 

number except " 0.". 
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FPHI F

4 

FPSI F

'4 

FSIG(3) 
 F ~ i  


FTHE 
 Fe 


FWH 


FWS 


FWV 


FXI (3) F 

Si 


g 


GAMB YB' r~ 

D 
b 

GAMBD I'Y ~ ,  B 


GAMBDE 

Y ~ .  r~ 


GAMB DD 


IXB 
 'XB 


DESCRIPTION 


Generalized force acting on 

balloon's roll degree-of- 

freedom 


Generalized force acting on 

balloon's yaw degree-of- 

freedom 


Generalized force acting on 

the "iWth link's yaw degree- 

of-freedom, (i = 1,2,3) 

Generalized force acting on 

balloon's pitch degree-of- 

freedom 


Horizontal component of tether 

tension acting at winch 


Lateral component of tether 

tension acting at winch 


Vertical component of tether 

tension acting at winch 


Generalized force acting on 

the "iWth link's pitch degree- 

of-freedom, (i = 1,2,3) 

Acceleration of gravity = 
32.17 ft/sec 2 


In the longitudinal program 


B is the relative flight path 
angle of the balloon in the 

longitudinal plane; in the 

lateral program rB is the 

relative flight path angle of 

the balloon in the horizontal 

plane 


d YB/dt or d rg/dt 


See GAMB 


Apparent pitch moment of 

inertia of balloon 


UNITS 


ft-lbf 


ft-lbf 


f t-lbf 


ft-lbf 


lbf 


Ibf 


lbf 


ft-lbf 


2f t/sec 


rad 


rad/sec 


deg 

2
slug-ft 




FORTRAN STANDARD DESCRIPTION UNITS 

I Y B  Apparent roll moment of 
inertia of balloon slug-f t2 

IYZB Apparent product of inertia 
of balloon with respect to 
roll and yaw body axis slug-£ t 2 

I Z B  Apparent yaw moment of 
inertia of balloon slug-ft2 

L II Length of one tether link f t 

L I F T B  L I F T B  Aerodynamic lift acting on 
balloon Ibf 

Buoyant lift of balloon = 
welght of displaced air lbf 

M Mass of one tether link slugs 

MAL Added mass of balloon along 
its longitudinal axis slugs 

MAS Added mass of balloon along 
its lateral axis slugs 

MAV Added mass of balloon along 
its vertical axis slugs 

Apparent mass of balloon 
along its longitudinal axis. 
Apparent mass equals total 
static mass associated with 
the balloon plus air mass being 
accelerated in a particular 
direction. slugs 

MPHIB Aerodynamic rolling moment 
acting on balloon ft-lbf 

MPL Mass of payload-located at 
bridle tether connection slugs 

MPS IB Aerodynamic yawing moment 
acting on balloon ft-lbf 

MS Apparent mass of balloon 
along its lateral axis slugs 

MTHEB Aerodynamic pitching moment 
acting on balloon ft-lbf 



. . .. . . -. . 

FORTRAN 

MV 

PHI  

P H I D  

P H I D D  

P H I D D D  

P H I D D E  

P H I D E G  

P H I D 2  

P R  

PSI 

PSID 

PSIDD 

PSIDDD 

PSIDDE 

PSIDEG 

PSID2 

RHOB 

RHOC ( 3 ) 

RHOCH ( 3 ) 

R J A  

STANDARD 


5l 


$ 

+ 
.. 
$ 

$-

0 


b 2  


'4 

?J 
1 * 
JI 

;c: 
tJ 

JI 

$ 

P~ 

"c i  

'~i 


R 

j A  

D E S C R I P T I O N  UNITS 

Apparent mass of  ba l loon  
a long ~ t sv e r t i c a l  a x i s  s l u g s  

Rol l  ang le  o f  ba l loon  
( p o s i t i v e - r i g h t  wing down) r a d  

r ad / sec  

2rad / sec  

2deg/sec 

deg/sec  

Ro l l  ang le  o f  ba l loon  
( p o s i t i v e - r i g h t  wing down) deg 

2r a d  /sec 2 

Atmospheric p r e s s u r e  (no t  
used i n  program) l b / f t 2  

Yaw ang le  of b a l l o o n  
(pos i t i ve -nose  t o  r i g h t )  r a d  

rad / sec  

2
rad / sec  

2deg/sec 

deg/sec 

Yaw ang le  of b a l l o o n  
( p o s i t i v e - n o s e  t o  r i g h t )  deg 

2
rad  /sec 2 

A i r  d e n s i t y  a t  ZB s l u g / f t 3  

A i r  d e n s i t y  a t  Z c i, ( i=1 ,2 ,3)  s lug / f  t3 

3
A i r  d e n s i t y  a t  ZcHi ,  (i=l,2,3,4) s l u g / f t  

Dis tance  a long  l o n g i t u d i n a l  
a x i s  of ba l loon  from aero-  
dynamic r e f e r e n c e  c e n t e r  t o  
b r i d l e  apex ( p o s i t i v e  
toward nose)  f t  
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R J B  Dis tance  a long  l o n g i t u d i n a l  
a x i s  of b a l l o o n  from c e n t e r  
of  buoyancy t o  b r i d l e  apex 
( p o s i t i v e  toward nose)  

RJG Dis tance  a long  l o n g i t u d i n a l  
a x i s  of  b a l l o o n  from c e n t e r  
o f  g r a v i t y  t o  b r i d l e  apex 
( p o s i t i v e  toward nose)  

RJM Dis tance  a long l o n g i t u d i n a l  
a x i s  of  b a l l o o n  from 
dynamic mass c e n t e r  t o  
b r i d l e  apex ( p o s i t i v e  
toward nose)  

RKA Dis tance  a long  v e r t i c a l  
a x i s  of  b a l l o o n  from aero-  
dynamic r e f e r e n c e  c e n t e r  t o  
b r i d l e  apex ( p o s i t i v e  up) 

RKB Dis tance  a long  v e r t i c a l  a x i s  
of ba l loon  from c e n t e r  of  
buoyancy t o  b r i d l e  apex 
( p o s i t i v e  up) 

RKG Dis tance  a long v e r t i c a l  
a x i s  of b a l l o o n  from c e n t e r  
of g r a v i t y  t o  b r i d l e  apex 
( p o s i t i v e  up) 

Dis tance  a long v e r t i c a l  a x i s  
of  b a l l o o n  from dynamic mass 
c e n t e r  t o  b r i d l e  apex 
( p o s i t i v e  up) 

Aerodynamic r 2 f e r e n c e  a r e a  
of b a l l o o n  (47) 

Aerodynamic r e f e r e n c e  a r e a  
of one  t e t h e r  l i n k  = (L) (dcl, 
(i = 1 , 2 , 3 )  

SGAMB s i n  yB 

Yaw anq le  of " i " t h  l i n k ,  -
( i  = 1,2,3) ( p o s i t i v e - c o u n t e r -
c lockwise  looking down range)  r a d  

SIGD ( 3 )  6 
i 



FORTRAN STANDARD DESCRIPTION UNITS 

-. 

SIGDD(3) oi d 2 0  / d t 2  ,(i = 1,2,3) rad/sec 2 1 
..
SIGDDD (3) G i 

SIGDDE (3) 6
i 


Yaw angle of "iMth link, 

(i = 1,2,3) (positive- 
counterclockwise looking 

down range) deg 


2 2rad /sec 


SPHI s@ sin @ 

sin2@ 


SPSI s4' sin 4' 

SSIG(3) Su
i sin u

i 
(i = 1,2,3)r 

STHE S8 sin 0 


STPX(3) S(8 + < . )
1 


STPX2(3) s2(8+5.) 

1 


SXI (3) SSi sin Si ,(i = 1,2,3) 

SX12(3) s2ci sin2[ i (i = 1,2,3) 

SXMX(3,3) S(S.-( . )
l 3 

S2THE 520 sin 20 


Flight time sec 


TDTC Flight time at which DT is 

changed from DT1 to DT2 and 

DTP is changed from DTPl to 

DTP2 sec 


TENS (3) Ti Tension in tether at top of 

"inth link,(i = 1,2,3) 

lbf 

TENSW T Tension in tether at winch 


W lbf 
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TETH Total length of tether 

THE Pitch angle of balloon 
(positive-nose up) rad 

THED 

THEDD 

THEDDD 

THEDDE 

THEDEG Pitch angle of balloon 
(positive-nose up) 

THED2 
2

rad /sec 2 

THEODE Equilibrium pitch angle 
of balloon 

TSL A ratio of two time 
differences used in inter- 
polation of gust velocities 
and gust angles 

TTG (8) An array of eight variables 
signifying the time history 
of the gust sec 

TTT Flight time at which 
computer simulation ends s ec 

VBR Relative velocity of 
balloon's c.g. with respect 
to the air ft/sec 

Relative velocity of the c.p. 
of the "i"th link with re- 
spect to the air ](i-l, 2,3) 

VG Gust velocity 

VGH Component of gust in YB 
direction 

VGS Component of gust in XB 
direction 
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VGV Component of  g u s t  i n  Z B  
direction 

V H R ( 4 )  V
Hri 

R e l a t i v e  wind v e l o c i t y  o f  
" i U t h  l i n k  h i n g e  i n  t h e  
YR d i r e c t i o n ,  ( i = 1 , 2 , 3 , 4 )  . 

he f i r s t  h i n g e  i s  a t  t h e  
winch.  f t / s e c  

Speed o f  sound ( n o t  u s e d  
i n  program) f t/sec 

An a r r a y  o f  e i g h t  v a r i a b l e s  
s i g n i f y i n g  g u s t  v e l o c i t y  
a c t i n g  o n  b a l l o o n  and 
c o r r e s p o n d i n g  t o  TTG ( 8  f t / s e c  

An a r r a y  o f  e i g h t  v a r i a b l e s  
s i g n i f y i n g  s t e a d y  s t a t e  
wind p r o f i l e  and co r respond-  
i n g  t o  U L T ( 8 )  ft/sec 

v 
W 

S teady  s t a t e  wind v e l o c i t y  
a t  ZB f t / s e c  

vw c i  S t eady  s t a t e  wind v e l o c i t y  
a t  Z i = 1 , 2 , 3 )c i  f t/sec 

' w ~ i  S t eady  s t a t e  wind v e l o c i t y  
a t  Z ( i = 1 , 2 , 3 , 4 )

c H i  
f t /sec 

W~ T o t a l  w e i g h t  o f  b a l l o o n  -
i n c l u d e s  b a l l o o n  and b r i d l e  
m a t e r i a l ,  and  e n c l o s e d  g a s e s  l b s  

WPL Weight o f  p a y l o a d  l o c a t e d  
a t  b r i d l e  t e t h e r  c o n n e c t i o n  l b  

Weight o f  t e t h e r  l b  

L a t e r a l  d i s p l a c e m e n t  o f  
b a l l o o n ' s  c . g .  i n  t h e  i n e r t i a  
r e f e r e n c e  f rame f t  

XBD 

XBDD 

XBDDR L a t e r a l  a c c e l e r a t i o n  o f  
b a l l o o n ' s  
t o  a i r  

c . g .  r e l a t i v e  
f t / s e c  

2 



FORTRAN STANDARD DESCRIPTION UNITS 


XBDR Lateral velocity of balloon's 
c.g. relative to air ft/sec 

XCD (3) X
ci Lateral velocity of c.p. of 

"inthe link,(i = 1,2,3) f t/sec 
- 1  

XCDD ( 3) X 
ci Lateral acceleration of c.g. 

of "i"th link (i = 1,2,3) ft/sec2 

Lateral velocity of "i"th link 
hinge/(i = 1,2,3,4). 
The first hinge is at the 
winch ft/sec 

XI (3) 'i Pitch angle of "i"th link! 
(i = 1,2,3) (positive-rotated 
up from the horizon, 
clockwise) rad 

XID (3) 'i dC./dt1 ,(i = 1,2,3) rad/sec 

XIDD (3) 

XIDDDE (3) 
..'i d2[./dtz

1 I
(i = 1,2,3) 

XIDDEG (3) 'i dS. /dt 
1 I 

(i = 1,2,3) 

XIDEG (3) 
ki Pitch angle of "i"th link, 

(i = 1,2,3) (positive-rotated 
up from the horizon, 
clockwise) deg 

2rad /sec 
2 

XIODEG ( 3) sio 

.-

Equilibrium pitch angle of 
"i"th link, (i = 1,2,3) deg 

XPLDD 
X~~ Lateral acceleration of 

payload ft/sec 2 

YB 
Y~ Down range displacement of 

balloon's c.g. in the inertia 
reference frame ft 

YBD Y~ dYB/dt f t/sec 

YBDD 
( 8  

Y~ 
2d YB/dt 2 

ft/sec
2 



FORTRAN STANDARD DESCRIPTION UNITS 

YBDDR Down r a n g e  acceleration o f  
b a l l o o n ' s  
a l r  

c . g .  r e l a t i v e  t o  
f t/sec 2 

YBDR Down r a n g e  v e l o c i t y  o f  
b a l l o o n ' s  c . g .  r e l a t i v e  
t o  a i r  f t /sec 

Down r a n g e  v e l o c i t y  o f  C . P .  
of " i U t h  l i n k  ,(i= 1 , 2 , 3 )  f t/sec 

Down r a n g e  a c c e l e r a t i o n  of 
c . g .  o f  " i " t h  l i n k ,  
( i = 1 , 2 , 3 )  f t / s e c  

Down r a n g e  v e l o c i t y  o f  " 1 " t h  
l i n k  h i n g e ,  (i = 1 , 2 , 3 , 4 )  
The f i r s t  h i n g e  i s  a t  t h e  
winch f t/sec 

YPLDD Down r a n g e  a c c e l e r a t i o n  of  
p a y l o a d  f t /sec

2 

A l t l t u d e  o f  b a l l o o n s  c . g .  I n  
i n e r t i a  r e f e r e n c e  f rame f t  

Z B D  

ZBDD 

ZBDDR V e r t i c a l  a c c e l e r a t i o n  o f  
b a l l o o n ' s  c . g .  
a i r  

r e l a t i v e  t o  
f t / s e c  

2 

ZBDR Ver t ica l  v e l o c i t y  o f  b a l l o o n ' s  
c . g .  r e l a t i v e  t o  a i r  f t /sec 

ZC(3) A l t i t u d e  o f  C.P. o f  " i " t h  
l i n k  ,(i= 1 , 2 , 3 )  ft 

ZCD ( 3 )  V e r t i c a l  v e l o c i t y  o f  C.P. o f  
" i " t h  l i n k , ( i  = 1 , 2 , 3 )  f t / s e c  

ZCDD ( 3 )  Ver t ica l  a c c l e r a t i o n  o f  c . g .  
o f  " i " t h  l i n k , ( i  = 1 , 2 , 3 )  f t / s e c  

2 

Z C H  ( 4 )  A l t i t u d e  o f  " i " t h  l i n k  
h i n g e , ( i  = 1 , 2 , 3 , 4 )  
The f i r s t  h i n g e  i s  a t  t h e  
winch f t  



FORTRAN STANDARD DESCRIPTION UNITS 

ZCHD(4) ' c ~ i  V e r t i c a l  v e l o c i t y  o f  " i " t h  
l i n k  h i n g e  , ( i= 1 , 2 , 3 , 4 )  
The f i r s t  h i n g e  i s  a t  t h e  
winch f t / sec  

.L 
ZPLDD 'PL 

V e r t i c a l  a c c e l e r a t i o n  o f  
p a y l o a d  f t /sec

2 



SECTION I1 


LONGITUDINAL EQUATIONS OF MOTION FOR SMALL ANGULAR VELOCITIES 


First consider the longitudinal equation of motion. The dependent 


variables (see Figure 1) are 0 (pitch of the balloon) ana jr 
(pitch of the "r" the link), where r is a particular link. 


The appropriate equations of motion in the Second Scientific 


Report, Appendix A, Section I1 are (80) and (97). Since these 


equations were derived in three dimensions, they contain the 


lateral degrees-of-freedom, $(yaw of balloon), $(roll of balloon), 


and ar (yaw of "r" th link). It will be assumed that the 


balloon remains in equilibrium in the lateral degrees-of-freedom. 


Therefore, $ @ 5 a, 0. With this assumption Equation 

(80) and (97) are rewritten as follows: 


where S 0  = sin 0 and C0 = cose , etc. 



FIGURE 1 - BALLOON TETHER MODEL IN LONGITUDINAL PLANE 

In order to solve Equations (1) and (2), it will be assumed 


that N = 3. Rewrite Equations (1) and (2) with this assumption 

and substitute in the trigometric identities for the sums 


of angles. 




For r = 3 




The g e n e r a l i z e d  f o r c e s  F F3,' F' F4 ) were d e r i v e d  i n  

S e c t i o n  111, Appendix  A o f  t h e  Second Scientific Repor t* .  

The f o l l o w i n g  n e c e s s a r y  e q u a t i o n s  a r e  t a k e n  f r o m  t h a t  

s e c t i o n .  



The d rag  on t h e  payload  i s  n e g l e c t e d .  



See F i g u r e  1 

I n  o r d e r  t o  show t h e  l o a d  d i s t r i b u t i o n  a l o n g  t h e  t e t h e r  

a t  any t i m e ,  t h e  t e n s i o n  i n  t h e  t e t h e r  i s  c a l c u l a t e d  a t  t h e  

end o f  e a c h  l i n k .  T h i s  is  done by summing f o r c e s  i n  t h e  

v e r t i c a l  and h o r i z o n t a l  d i r e c t i o n s  a t  e ach  h inge .  Before  

summing f o r c e s ,  c o n s i d e r  t h e  i n e r t i a  f o r c e s  a c t i n g  on t h e  

b a l l o o n .  F i g u r e  2 shows t h e  b a l l o o n  and w i t h  t h e  a p p a r e n t  

i n e r t i a  f o r c e s  a c t i n g  a l o n g  and normal t o  t h e  c e n t e r l i n e .  

FIGURE 2 I N E R T I A  FORCES ACTING ON BALLOON I N  LONGITUDINAL PLANE 
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The summation of f o r c e s  a c t i n g  on t h e  b a l l o o n  a r e :  

where:  TBV and TBH a r e  t h e  v e r t i c a l  and h o r i z o n t a l  

t e n s i o n  f o r c e s  a t  t h e  b r i d l e - t e t h e r  c o n f l u e n c e  p o i n t  r e s p e c t i v e l :  

Note t h a t  t h e  p a y l o a d  f o r c e s  a re  n o t  i n c l u d e d  i n  t h e s e  summation: 

b u t  w i l l  b e  i n c l u d e d  s h o r t l y .  E q u a t i n g  E q u a t i o n s  ( 2 4 )  and 

( 2 6 ) ,  and E q u a t i o n s  ( 2 5 )  and ( 2 7 )  g i v e s  t h e  f o l l o w i n g  

e x p r e s s i o n s  f o r  TBV and TBH. 

E q u a t i o n s  ( 2 8 )  and ( 2 9 )  g i v e  t h e  t e n s i o n s  on t h e  t e t h e r  a t  a 

p o i n t  j u s t  above t h e  p a y l o a d .  F i g u r e  3 shows t h e  p a y l o a d  

w i t h  a l l  f o r c e s  a c t i n g  on i t .  
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FIGURE 3 APPLIED FORCES ACTING ON PAYLOAD IN LONGITUDINAL PLANE 

Summing forces in the vertical and horizontal directions gives: 


where F and F are the vertical and horizontal 

C v ~  CHbJcomponents of tenslon at the top of the tether below the 


payload. Substituting Equation (28) into (30) and 


(29) into (31) and solving for the vertical and horizontal 


components of tension at the top of the tether results 


in the following equations. 




#. 

W W Y ~  t ~ 'L ~ B ~f,,~ Fnr4 + i; [nr,-~,l +/mpr Y.' 
.. ( 3 3 )  

The t o t a l  t e n s i o n  a t  t h e  t o p  o f  t h e  t e t h e r  i s :  

F i g u r e  4 shows t h e  a p p l i e d  f o r c e s  a c t i n g  on  t h e  " ~ " t hl i n k  

FIGURE 4 APPLIED FORCES ACTING ON l1N"TH LINK IN LONGITUDINAL P 




The ae rodynamic  f o r c e s  DCHN and  DCV are  t h e  h o r i z o n t a l  and  
N 


v e r t i c a l  components  r e s p e c t i v e l y  o f  t h e  normal  a e r o d y n a m i c  

f o r c e  ( F c N ~) a c t i n g  a t  t h e  c . p .  o f  t h e  " N W t h  l i n k  d u e  t o  

t h e  r e l a t i v e  m o t i o n  o f  t h e  " ~ " t h  l i n k  w i t h  r e s p e c t  t o  t h e  a i r .  

T h i s  r e l a t i v e  mot ion  t a k e s  i n t o  a c c o u n t  b o t h  t h e  s t e a d y  s t a t e  

wind a n d  t h e  h o r i z o n t a l  and v e r t i c a l  i n e r t i a l  v e l o c i t i e s  o f  

t h e  l i n k .  E x p r e s s i o n s  f o r  D C H ~and  DCVN a r e  g i v e n  i n  

E q u a t i o n s  ( 1 6 )  and ( 1 7 ) .  The no rma l  f o r c e  a c t i n g  o n  t h e  l i n k  

i s  g i v e n  by: 

Summing v e r t i c a l  and  h o r i z o n t a l  f o r c e s  o n  t h e  "N" l i n k :  

Solving f o r  t h e  t e n s i o n  f o r c e s  a t  t h e  b o t t o m  of t h e  " N n t h  

l i n k  gives t h e  f o l l o w i n g  e q u a t i o n s .  

The t e n s i o n  a t  t h e  winch  i s  found by s e t t i n g  r = 1. 
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SECTION I11 

NON LINEAR LONGITUDINAL EQUATIONS OF MOTION 

S e c t i o n  I1 o f  t h i s  Appendix c o n t a i n s  t h e  l o n g i t u d i n a l  

e q u a t i o n s  of mot ion  of a t e t h e r e d  b a l l o o n  i f  a n g u l a r  v e l o c i t i e :  

are small and 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  a r e  n e g l i g i b l e .  

Th i s  assumpt ion  w a s  made i n  t h e  d e r i v a t i o n  i n  ~ p p e n d i x  A o f  

t h e  Second S c i e n t i f i c  Report*.  I t  i s  now d e s i r a b l e  t o  examine 

t h e  e q u a t i o n s  of  motion when l a r g e  a n g u l a r  v e l o c i t i e s  are  

al lowed.  A s  i n  S e c t i o n  11, a p p r o p r i a t e  e q u a t i o n s  w i l l  be 

e x t r a c t e d  from Appendix A o f  t h e  Second s c i e n t i f i c  Report*.  

These e q u a t i o n s  a r e  ( d l ) ,  (79)  and ( 9 6 ) .  Equat ion  ( 4 1 )  is 

t h e  t o t a l  k i n e t i c  ene rgy  o f  t h e  sys tem:  Equat ion  ( 7 9 )  and 

(96)  a r e  terms t h a t  a r e  needed f o r  Lagrange ' s  e q u a t i o n s ,  

However, t h e s e  e q u a t i o n s  a r e  f u n c t i o n s  of bo th  t h e  l o n g i -

t u d i n a l  and l a t e r a l  degrees-of-freedom. T h e r e f o r e ,  b e f o r e  

r e w r i t i n g  Equa t i ons  ( d l ) ,  (79)  and (96)  of Appendix A* 

se t  a l l  l a t e r a l  degrees-of - f reedom e q u a l  t o  z e r o  

The t o t a l  k i n e t i c  ene rgy  of t h e  sy s t em i n  t h e  l o n g i t u d i n a l  

p l a n e  i s :  

where 



Now write Equation (79) of Appendix A* 


Rewriting Equation (96) of Appendix A*: 


Langrange's equations for the system are: 




First derive the terms in Equation (49). Using Equation ( 4 7 )  

the following term is formed. 


From Equation ( 4 3 )  

From qua ti on (46) 




S u b s t i t u t e  E q u a t i o n s  (53)  t o  ( 6 0 )  i n t o  (52) :  

S u b s t i t u t i n g  E q u a t i o n s  (51)  and (62)  i n t o  E q a t i o n  ( 4 9 )  

y i e l d s  t h e  f i n a l  n o n l i n e a r  b a l l o o n  p i t c h i n g  e q u a t i o n .  

Note, Fe i s  t h e  same f o r  b o t h  t h e  n o n l i n e a r  e q u a t i o n  t h a t  

f o l l o w s ,  and E q u a t i o n  (1) which assumed s m a l l  a n g u l a r  

v e loc i t i e s .  The e x p r e s s i o n  f o r  Fe i s  g i v e n  by E q u a t i o n  

( 7 ) .  



Now consider  t h e  t e t h e r  e q u a t i o n  o f  m o t i o n  (50). From 

E q u a t i o n  ( 4 8 )  it f o l l o w s :  

From Equation (43 ) :  



From E q u a t i o n  ( 4 4 ) :  


From E q u a t i o n  ( 4 5 ) :  

From E q u a t i o n  ( 4 6 ) ;  



S u b s t i t u t i n g  E q u a t i o n s  ( 6 7 ) ,  ( 6 9 ) ,  (7l), ( 7 2 ) ,  ( 5 4 ) ,  and ( 5 5 )  

i n t o  E q u a t i o n  ( 6 5 )  y i e l d s  

S u b s t i t u t e  E q u a t i o n s  ( 6 4 )  and ( 7 3 )  i n t o  E q u a t i o n  ( 5 0 )  t o  

g ive  t h e  final n o n l i n e a r  t e t h e r  p i t c h i n g  e q u a t i o n .  F% 
h a s  a l r e a d y  been  found  i n  E q u a t i o n s  (8), ( 9 )  and  (10). 



Now assume t h e  t e t h e r  i s  composed of t h r e e  l i n k s  (N = 3 ) .  

R e w r i t i n g  t h e  b a l l o o n  p i t c h i n g  E q u a t i o n  ( 6 3 )  gives :  

F o r  N = 3 and r = 1, E q u a t i o n  ( 7 4 )  becomes: 

bLlL 3 C M )  -4pA4, L (8+~,)3d 
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For N = 3 and = 
2' Equation (74 )  becomes: 



For N = 3 and r = 3 ,  E q u a t i o n  ( 7 4 )  becomes: 




SECTION IV 


LATERAL EQUATIONS OF MOTION FOR SMALL ANGULAR VELOCITIES 


Sections I1 and III considered the equations of motion of a 


tethered balloon in the longitudinal plane. This section 


will consider the equations of motion of a tethered balloon 


when the longitudinal degrees-of-freedom are fixed at their 


equilibrium value and the system is allowed to move only in 


the lateral degrees-of-freedom. Figure 5 displays a front 


and top view of the tethered balloon. All angles are shown -
positive. The lateral degrees-of-freedom are: $(yaw of balloon), 

+(roll of balloon), and or (yaw of "ruth link). 


/ 
; TOP VIEW 

FPCNT VlEW 

FIGURE 5 - BALLOON TETHER MODEL I N  LATERAL PLANE 



The appropriate equations of motion are Equations (73), 


(861, and (108) of Appendix A of the Second Scientific 

Report*. These three equations will be rewritten below 


remembering that €)(pitch of balloon) and 5 (pitch of "rnth r 

link) are constants. The first equation is the balloon yaw 


equation of motion. 


The second equation is the balloon roll equation. 




T h e  e q u a t i o n  f o r  t h e  t e t h e r  l i n k  yaw e q u a t l o n  of mot ion i s  

g i v e n  as  fo l lows :  



In Equations ( 7 9 ) ,  ( 8 0 1 ,  and (81),there are several trig-

nometric combinations of the balloon angles $, 8 ,  @.These 
terms are the elements of a matrix (Equation (51)) given in 


Appendix A of the Second Scientific Report*. The matrix 

(E..)gives the relation between the balloon unit vectors 

13 


and the inertla frame. 


The balloon yaw Equation (79) is rewritten as: 


The balloon roll Equation (80) is rewritten as: 




The t e t h e r  yaw E q u a t i o n  (81) is rewritten as: 



assme 
and (09,


(04) 1
(83) 1

~ ~ ~ a t i ~ n ~  

to solve e4u a t i ~ ~is' 


Ir, order balloon yaw 

~ 4 " 
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S8 +I,, 

From E q u a t i o n  ( 8 5 ), three equa ions wi 1 be generated 

(one for each link) by assuming r = 1, r = 2 ,  r = 3 

consecutively. 


For r = 1, 









The generalized forces F ,  Fm, Fa 3 )  were 

derived in Section V,Appendix A of the Second Scientific 


Report*. The following equations are taken from that section. 




As in the longitudinal dynamics, it is desirable to know 


the tension in the tether. This is done by summing forces 


at each hinge point. First consider the apparent inertia 


forces acting on the balloon along and normal to the centerline. 




C .  - . . 
I n  Equat ions (1051, (1061, and ( 1 0 7 ) ,  X B ,  YB and ZR a r e  

i n e r t i a  a c c e l e r a t i o n s  o f  t h e  ba l l oon :  xnt and bZs 
a r e  i n e r t i a  f o r c e s  i n  t h e  p o s i t i v e  d i r e c t i o n  of ?he b a l l o o n ' s  

l a t e r a l ,  l o n g i t u d i n a l ,  and v e r t i c a l  axes .  a r e  e lements  ij 
of  t h e  ma t r i x  de f ined  i n  Equat ion  ( 8 2 ) .  Summing t h e  appa ren t  

i n e r t i a  f o r c e s  i n  t h e  l a t e ra l ,  l o n g i t u d i n a l ,  and v e r t i c a l  

d i r e c t i o n s  g ive s :  

The f o r c e s  a c t i n g  on t h e  b a l l o o n  above t h e  payload a r e :  

Now e q u a t e  Equat ions ( lO8) ,  ( l o g ) ,  and (110) w i t h  

Equat ions  ( I l l ) ,  (112) ,  and (113) r e s p e c t i v e l y ,  and t h e  fo l lowing  

e x p r e s s i o n s  f o r  TBS T~~~ and TBV a r e  found. 
I 



If forces are summed at the payload location, the 


components of tension at the top of the tether results. 


The vertical and horizontal forces on the " ~ " t h  link are 


the same as they were in the longitudinal dynamics 


program. The force in the lateral direction is given in 


Equation (99). In general for the "rWth link. 


The tension at the winch is found by setting r = 1. 
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APPENDIX B 

DYNAMIC RESPONSE INPUT AND OUTPUT DATA 

LONGITUDINAL AND LATERAL DYNAMIC SLMULA TIONS 

CASES 1 THROUGH 40 



SECTION I 

INTRODUCTION 

Appendix B c o n s i s t s  of t h e  i n p u t  d a t a  used i n  making t h e  computer  r u n  
c a s e s  1 through 40,and computer  c o n s t r u c t e d  p l o t s  of  s e l e c t e d  o u t p u t  v a r i a b l e s  
f o r  t h e s e  c a s e s .  

T a b l e  B - 1  l i s t s  i n p u t  d a t a  f o r  t h e  l o n g i t u d i n a l  dynamic c a s e s  1 t h rough  
2 3 ,  and T a b l e  B - I 1  l i s t s  t h e  i n p u t  d a t a  f o r  t h e  l a t e r a l  dynamic c a s e s  24 th rough  
40. T a b l e s  B - I 1 1  and B - I V  l i s t  t h e  b a l l o o n  l o n g i t u d i n a l  and l a t e r a l  s t a t i c  
aerodynamic  c o e f f i c i e n t s  r e s p e c t i v e l y .  

Computer c o n s t r u c t e d  p l o t s  (3 p l o t s  p e r  c a s e  a r e  i n c l u d e d  on each  page) 
f o r  c a s e s  1 through 40 f o l l o w  T a b l e  B - I V .  The pa ramete r s  p l o t t e d  w i t h  r e s p e c t  
t o  t ime a r e  l i s t e d  below. 

L o n g i t u d i n a l  Cases  1 th rough  2 3  

Bal loon p i t c h  a n g l e  
Link 3 p i t c h  a n g l e  P l o t  
Link 2 p i t c h  a n g l e  1 
Link 1 p i t c h  a n g l e  

Tens ion  a t  b r i d l e  
Tens ion  a t  winch P l o t  
Bal loon a l t i t u d e  2 
Bal loon range  

Wind g u s t  v e l o c i t y  
P i t c h i n g  v e l o c i t y  of  b a l l o o n  P l o t  
Wind a n g l e  o f  a t t a c k  3 
R e l a t i v e  v e l o c i t y  o f  b a l l o o n  

L a t e r a l  Cases 24 t h rough  4 0  

Balloon r o l l  a n g l e  
Bal loon yaw a n g l e  P l o t  
Bal loon yaw rate 1 
Balloon s i d e s l i p  a n g l e  

Bal loon l a t e r a l  d i s p l a c e m e n t  
Link 3 yaw a n g l e  P l o t  
Link 2 yaw a n g l e  2 
Link 1 yaw a n g l e  

Wind g u s t  v e l o c i t y  
R e l a t i v e  v e l o c i t y  of  B a l l o o n  P l o t  
Tens ion  a t  b r i d l e  3 
Tens ion  a t  winch 
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m  t -
t t n  
m  N  *  

t t t  

i " i n '  
T T T 

. . . 

9 9 9  

T t t 

I - C C. . .  

9 4 0 .  

t O I F  

- ' 0 d  

N N N  

i d ;  
9 m 4 

n t t  
n  n  m  
t N N  
a n , - -

m  m  m  . . 

r n Q G  
n n n  

0 . . 

m  m  m  
i ; i  
n n n  
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x x x x x  -
0 - * o m 0  C 0 0
9 9 0 8 - 4  0In 



Table  B-11. (Continued) 

THEODE -0 DEG (1) X I0  DEG (2)  XI0 DEG (3)
R u n  No. DEG DEG DEG DEG R J M  RKM R JA R KA RJG R KG R J B  RKB 



m o o 
C 
r 

m CI I1 m 
C - - o  

~ n n. . . .  ~ n 
. . a . 





0 -- 0'
I n c r r -
O O l N  
O N -

n 0 0 
O O P 

o o u l  

b * O 
O n l d. . 

I 

E L l a  E J Q 
U U U  U U U  



TABLE B -IV. LATERAL STATIC AERODYNAMIC COEFFICIENTS 


Side s l i p  Angle - 20 

BJ Cm 1 -.0366 
(Nominal  ) 

BJ C .0279 
(81% Tai l )  m 

C1 . 0907 

BJ C - 174 
(144% Tail)  m 

C1 - 193 

VEE C -.0014 
(Nominal) m 

=1 -.002 

VEE C - 154 
(200% Bottom m 

Tail) 
C1 -.0471 

VEE C -.3065 
(3007% Bottom 

Tail) 

m 

1 -.0768 

GAG C -.0768 
(Nominal) m 

- 1305C1 
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