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F I N A L  REPORT 

A E R O D Y N A H I C A L L Y  SHAPED T E T H E R E D  BALLOON 

1.0 INTRODUCTION 

The goal of th is  contract since i t s  beginning was t o  develop, 

and  t o  substantiate by t e s t ,  improved balloon materials. 

This report delineates a l l  ac t iv  i  t ies  accompl ished on Contract 

F19628-73-C-0155. I t  covers the design study e f for t  and  the 

sequentially developed 45,000 cubic foot aerostat  assembly 

as shown in figure 1.  I t  de ta i ls  the corollary materials 

research and  structural development e f for t s .  Then t o o ,  th is  

report presents and  explains the design c r i t e r i a  a n d  the 

engineering decision rationale e~nployed throughout the ent i re  

program. 

The report has not  been specifically structured to present 

o n l y  the positive aspects of the development, but rather to 

delineate a l l  avenues of approach rea l i s t i ca l ly .  

I L C  Program Management personnel feel t h a t  t h i s  program was a 

challenging extension of  aerostat  technology. The materials 

development and  tes t in?  e f for t s  have confirmed t h a t  th i s  

advancement i n  technology was feasible.  This confidence is  

heightened by the fact  t h a t  on the basis of th i s  report,  AFGL 

personnel can now bring t o  bear the weight and inpact o f  the i r  

technical direction. 





2.0 TECHNICAL REQUIREMENTS AIID OEJECTI VES 

2.1 General 

The o v e r a l l  c o n t r a c t  requi rement  was t o  develop a  new 

s u p e r i o r  b a l l o o n  m a t e r i a l  and, a f t e r  m a t e r i a l  development, 

t o  des ign and manufacture a 45,000 f t 3  aerodynamical ly  

shaped te the red  ba l l oon .  A d d i t i o n a l l y ,  t h e  m a t e r i a l s  and 

bas i c  b a l l o o n  des ign were t o  be useable on a  scaled-up 

100,000 f t3 b a l l o o n .  The program was d i v i d e d  i n t o ,  and 

approached, i n  f o u r  separate b u t  i n t e r r e l a t i n g  phases as 

fo l l ows :  

a. Design m a t e r i a l  and produce t e s t  specimens. 

b. Develop a  t e s t i n g  procedure f o r  approved m a t e r i a l .  

c. Design b a l l o o n .  

d. Fab r i ca te  b a l l o o n .  

-2 . 2  Requi recen t s  

2 . 2 . 1  Casic Funct ion 

The use o f  f l e x i b l e  f a b r i c  i n  p ressu r i zed  s t r u c t u r e s  r e q u i r e s  

t h a t  the f a b r i c  per fo rm two bas i c  f u n c t i o n s :  

a. Support t he  s t r u c t u r a l  loads.  

b .  Contain the p r e s s u r i z i n g  media. 

2 . 2 . 2  Casi c Fabr ic  Requirements 

The s e l e c t i o n  o f  a f a b r i c  f o r  an i n f l a t a b l e  b a l l o o n  s t r u c t u r e  

i s  based p r i m a r i l y  upon t h e  necessary s k i n  s t r e n g t h  r e q u i r e d  t o  

s u s t a i n  i n t e r n a l  and e x t e r n a l  loads,  however, o t h e r  impor tan t  

requirements i n c l u d e :  



a.  High strength t o  low weight. 

b .  Environmental res is tance.  

c .  Weatherability. 

d .  Ease of balloon fabr ica t ion .  

e .  Long term l i f e .  

2 . 2 . 3 .  Fabric Cateqories 

I n  order t o  build an aerodynamically shaped tethered 

balloon with superior  performance, more t h a n  one type of 

fabr ic  i s  required. These fabr ics  f a l l  in to  three major 

categor ies  ; hull f ab r i c ,  bal lonet  f ab r i c ,  and  empennage 

f ab r i c .  Each of these fabr ics  performs a d i f fe ren t  function 

and consequently should meet a d i f f e r e n t  specif icat ion.  

At t r ibutes  of superior  h u l l ,  empennage a n d  ballonet fabr ic  

a re  described in tables  1 and 2.  

TACLE-- 1 

-Attr ibutes  - Hull a n d  Empennage Fabric 

impernleability t o  heliuci 
impermeability t o  a i r  
hydrolytic s tabi  1 i  t y  
abrasion res i s tance  
t e a r  s t rength 
dimensional s t a b i l i t y  
UV res i s  tance 
ozone res i s tance  
chemical res i s tance  
thermal r e f l e c t i v i t y  



TABLE 2 
At t r ibutes  - Ballonet Fabric 

impermeability to helium a n d  a i r  
hydrolytic s t a b i l  i  ty 

2 . 2 . 4  Balloon Design Cr i t e r i a  

The operational spec i f ica t ions  es tab l i shed  ea r ly  in the 

program resulted in the fol lowing design c r i  t e r i a  : 

Lif t ing gas  volume of 45,000 cubic f e e t .  

Bal lonet volume to  accomodate f l  ic h t  from sea 

level t o  10,000 f e e t  mean sea level  (MSL). 

Balloon t o  be aerodynamically shaped a n d  trimmed 

t o  f l y  a t  an a l t i t u d e  of 10,000 f e e t  MSL. 

Capable of carrying a  200-pound payload t o  

10,000 f ee t  MSL when launched from a n  e l e -

vation o f  5,000 f e e t .  

Ealloon must support a t e t h e r  cable weighing 

100 pounds per thousand f e e t .  

Lif t ing gas  t o  he helium. 

Balloon materials  shal l  be adequate f o r  use 

with a 100,000 cubic foot  balloon with a n  

operational a1 t i  tude of 10,000 f e e t  FiSL. 

Balloon m u s t  withstand wind veloci ty  of 60 

knots  a t  sea leve l .  

Balloon must withstand an in t e rna l  pressure 

of 3.5 inches of tI20 (no sa fe ty  f a c t o r ) .  

j .  Tension in f ly ing l i n e  load patches sha l l  

not exceed 10 pounds per inch. 

k .  Minimu111 fac tor  of sa fe ty  of 3 on balloon 

material loading. 



-- 

2.3 Design Ob jec t i ves  

I L C  has s t u d i e d  the s t a t i c  and dynamic s t r e n g t h  r e q u i r e -  

ments f o r  f a b r i c s  t o  be used i n  h u l l ,  b a l l o n e t ,  and empennage 

o f  a  100,000 c u b i c  f o o t  b a l l o o n  f o r  wind v e l o c i t i e s  o f  60 

knots  a t  sea l e v e l .  Th is  s tudy has i n d i c a t e d  the re  i s  l i t t l e  

inc rease i n  l o n g i t u d i n a l  o r  c i r c u m f e r e n t i a l  s t r e n g t h  r e q u i r e -  

ment over  and above i n t e r n a l  s t a t i c  pressure due t o  dynamic 

loads .  However, t he re  c o u l d  be a  s u b s t a n t i a l  inc rease i n  b i a s  

loads due t o  dynamic loads.  Based on t h i s  s tudy,  t a b l e  3A 

represents  the  o r i g i n a l  design o b j e c t i v e s  f o r  h u l l ,  b a l l o n e t  

and empennage m a t e r i a l s .  

O r i g i n a l  Design Ob jec t i ves  

H u l l ,  B a l l o n e t ,  and Empennage 

100,000 Cubic Foot 

I Value 
.-

ha rac t&i s ti:- --+- -. - - - - .-- . - - - .  -

H u l l- Bal l o n e t  Empennac 

W i g h t  ( 0 r / y d 2 )  7 . 5  max. 4.0 max. 6.0 mar 
! 

1I Break ing  S t reng th  

1 
( I b s l i n )  I 

Machine iI 100 min. 60 min. 60 min. 

L Transverse I 100 min. 60 min. 60 min. 
B ias I '100 min. 

P -- -- .-- -- - - -- --- - - - . - . --- -- - ---



TACLE 3h (Continued) 

_ _  .__. __ ... .__ _ - -

valueCharac te r i s t ic  1 I -- 1 7 
- -------- - .- .- .. --Hull ---- Bal lonet ! Empennage I 

I 
i 

Adhesion ( I b s / i n )  10 11iin. ' 10 nin .  I 10 min. I 

I !Perrneabi 1 i ty ( ~ i  ters/n$24 I 
I 

I hours)Hel ium 1 .0n1ax .  
I 
I . 5  max.  jI A i  r ! 1.0 max. : 

ITear Strength ( Ibs) i 
Tongue Method I II 

Machine 20 min. II 15 min. 
Transverse 20 min. 10 min. 15 min. 

Low Tefiperature Flex No cracks I No cracks i 
1I 

No cracks ,I 

I 8 -4OOF @ - 4 O O F  iI @ -40°F : 

During the course of the material design a n d  t e s t  phases, i t  

became apparent t h a t  some of the above design object ives  could 

be met o r  surpassed, while others could not .  Subsequently, the 

or ig ina l  design objectives were re-evaluated on a r!!ore know-

ledgeable,  r e a l i s t i c  basis .  Table 3B represents  the design 

object ives  a f t e r  the re-evaluation 

TABLE 3 0 

Re-evaluated Design Objectives 

H u l l  , Bal lone t ,  a n d  Empennage 

100,000 cubic foot  

Character is t ic  1 1 --value 1
I 

Weight ( o r  . l y d 2 )  
Breaking Strength ( l b s . / i n .  ) 

Kachi ne 
Tranverse 
Bias 

Adhesion ( I b s . / i n . )  
-



-- -- --- ---- ---- - 

TABLE 3B C O I ; ' ~ .  

C h a r a c t e r i s t i c  1 Value ---
I H u l l  B a l  l o n e t  Empennage 
I 

Perriieabi 1it y  i 
I I1 ( ~ iters/m2/24 hours )  

He1 i u n  1 A i r  

, 
II Tear S t renqth  ( l b s .  ) I 

(Tongue Xethod) I 

I Machine 
I Transverse 
I 

Low Ten~perature F l e x  No cracks No cracks ?;o crack 
! 0 -40°F @ - 4 0 ' ~  @ -40°F 

' L i id th  ( i n c h e s )  52 52 5 2 

KATERIAL D E S I G N  AND SELECTION ANAYLSIS 
7-- ------

3.1 Genera 1 

Design and s e l e c t i o n  o f  b a l l o o n  m a t e r i a l s  requ i red ,  f i r s t ,  a 

thorough a n a l y s i s  o f  yarns,  f a b r i c  cons t ruc t ion ,  and c o a t i n g  and 

f i l m s  a t  t h e i r  base l e v e l .  Secondly, based on those analyses, and 

b a l l o o n  des ign  requi rements,  p r e l i m i n a r y  s e l e c t i o n s  o f  candidate 

yarns,  f a b r i c s ,  f i l m s  and coa t i ngs  were made f o r  p o s s i b l e  use as  

b a l l o n e t ,  empennage o r  h u 1 l n : a t e r i a l .  The f o l l o w i n g  paragraphs 

d e t a i  1  i n g  the  nia t e r i a l  design and s e l e c t i o n  process,  a re  presented 

i n  t h a t  o r d e r .  

. - . - .3 .2  Yarn Cons ide ra t i  ons 

P ioneer ing  i n v e s t i g a t o r s  found t h a t  7 o l y e s t e r  yarns i n d i c a t e d  

the  most promise o f  any n a t u r a l  o r  s y n t h e t i c  o rqan ic  f i b e r  f o r  

c o n s t r u c t i o n  o f  a e r o s t a t  envelope f a b r i c s .  The pr imary  f a c t o r s  



c o n t r i b u t i n g  t o  the  s u i t a b i l i t y  o f  p o l y e s t e r  f o r  a e r o s t a t  

envelope f a b r i c s  a re :  

- h i g h  s t r e n g t h  t o  w e i g h t  

- n i g h  i n i t i a l  modulus 

- r e s i s t a n c e  t o  u l t r a  v i o l e t  r a d i a t i o n  

However, g r e a t  s t r i d e s  have r e c e n t l y  been made i n  development 

o f  new f i b e r s  a v a i l a b l e  f o r  f a b r i c a t i o n  o f  s u p e r i o r  c l o t h .  

One such f a m i l y  o f  f i b e r s  known as ararn id 's  o f  which Kev la r  

29 i s  a  member, a r e  p r e s e n t l y  a v a i l a b l e  i n  d e n i e r s  f i n e  

enough t o  make 1 i g h t w e i g h t  f a b r i c s  w i t h  exce l  l e n t  p h y s i c a l  

p r o p e r t i e s .  I n  a d d i t i o n ,  ve ry  f i n e  d e n i e r s  can be made i n  

a  p i l o t  p l a n t  o p e r a t i o n  a t  modest c o s t .  F i g u r e  2 i l l u s t r a t e s  

t h e  magni tude o f  d i f f e rence  between t h e  s t r e s s - s  t r a i n  c h a r a c t e r i s t i c s  

c f  h l -h t::naci t y  p o l  yes t e r  arid aranri d  ya rns .  

FIGURE 2 

9 



3 .2 .1  S ~ e c if i c  G r a v i t y  o f  F i b e r s  

Tab le  4 l i s t s  t h e  s p e c i f i c  g r a v i t i e s  o f  p o l y e s t e r  and 

aramid f i b e r s .  S p e c i f i c  g r a v i t y  i s  d e f i n e d  as t he  r a t i o  o f  

a subs tance ' s  u n i t  volume we igh t  t o  t h a t  o f  wa te r  a t  4' C .  

TABLE 4-- - - . . - -
Speci f i c  Grav i  t y  o f  P o l y e s t e r  

and Ararnid F i b e r  

M a t e r i a l  S p e c i f i c  Grav i  t y  --- ..- - -

Dacron p o l y e s t e r  1.38 
Kevl a r  arami d  1 .40  

3.2.2 F i b e r  S t r e n a t h  and Tenac i t y  

When s u b j e c t  t o  a t e n s i l e  f o r c e ,  t h e  t o t a l  s t r e n g t h  o f  a 

f i b e r  i s  dependent upon b o t h  i t s  i n t r i n s i c  a b i l i t y  t o  rercain 

i n t a c t  and upon i t s  d imensions.  The abso lu te  va lue  o f  a f i b e r ' s  

s t r e n g t h  may be ~ i ~ e a n i n g l e s s  u n t i l  i t  i s  r e l a t e d  t o  i t s  c ross  

s e c t i o n a l  area o r  i t s  l i n e a r  d e n s i t y ,  t h a t  i s ,  we igh t  p e r  u n i t  

l e n g t h .  As i s  t h e  custom, w i t h  a l l  e n g i n e e r i n g  m a t e r i a l s ,  f i b e r  

b r e a k i n g  s t r e n 9 t h s  can be l i s t e d  on a pounds pe r  square i n c h  

( p s i )  b a s i s .  More commonly, however, t h e  t e x t i l e  t r a d e  uses 

t he  t e r n  " t e n a c i t y "  t o  d e s c r i b e  s t r e n g t h  on a grams p e r  d e n i e r  

(gpd)  b a s i s .  T h i s  i s  because i t  i s  e a s i e r  t o  determine a f i b e r ' s  

o r  y a r n ' s  w e i g h t  p e r  l e n g t h  t h a n  i t s  c ross  s e c t i o n a l  area,  

and because y a r n  w e i g h t  i s  an i m p o r t a n t  t e x t i l e  p h y s i c a l  and 

economical  f a c t o r .  S ince d e n i e r  i s  based upon we igh t  p e r  u n i t  

l e n g t h ,  i t  i s  obv ious  t h a t  t e n a c i t y  i s  i n f l u e n c e d  by t h e  

s p e c i f i c  g r a v i t y  o f  t he  f i b e r ,  w h i l e  s t r e n g t h  p e r  u n i t  a rea i s  

n o t .  I n  Tab le  5 f i b e r  t e n a c i t i e s  a r e  l i s t e d  i n  p s i  and grams 

p e r  d e n i e r s .  



TABLE 5 
..--. -. - -

F i b e r  Tenaci t i e s  

M a t e r i a l  Grams pe r  Den ie r  Pounds per  Square Inch 

- (gpd ( p s i  

Po lyes te r ,  Type 55 
Po lyes te r ,  Type 52 
Aramid, Kev la r  29 

3 . 2 . 3  O r i e n t a t i o n  and C r y s t a l l i n i t y  

F igu re  3 shows diagrams o f  f i b e r s  ( a )  w i t h  a  low degree 

o f  ~ r y ~ t a l l i n i t y  and o r i e n t a t i o n ;  ( b )  w i t h  a h i g h  degree o f  

c r y s t a i  1 i n i t y  and a  low degree o f  o r i e n t a t i o n ;  and ( c )  w i t h  a 

h igh  degree o f  c r y s t a l l i n i t y  and o r i e n t a t i o n .  C r y s t a l l ; n , t y  

FIGURE 3 
FIBER ORIENTATION AND CRYSTALLINITY 

and o r i e n t a t i o n  are acconlpl ished by t h e  combined e f f e c t s  o f  

heat and mechanical s t r e t c h i n g  o f  t h e  ex t ruded f i l a m e n t .  

T e ~ ~ ~ p e r a t u r ew i  1 l c r i t i c a l  l y  i n f l u e n c e  the  r a t e  o f  c r y s t a l  

growth and t h e i r  s i z e ,  w h i l e  s t r e t c h i n g  o r  "drawing" 

c o n t r o l s  o r i e n t a t i o n .  

When f i b e r s  become h i g h l y  o r i e n t e d  through be ing  s t r e t c h e d  

under s u i t a b l e  condi t i o n s ,  they u s u a l l y  r e q u i r e  c e r t a i n  

p r o p e r t i e s ,  these a re :  
I I 



- h i g h  t e n a c i t y  

- low e l o n g a t i o n  

The b e t t e r  t he  o r i e n t a t i o n ,  t h e  h i g h e r  t he  t e n a c i t y .  Th i s  i s  

t h e  n a t u r a l  outcome o f  t h e  s t r e t c h i n g  process i n  which t h e  

d e n i e r  i s  ve ry  g r e a t l y  reduced, whereas t h e  b reak ing  l o a d  i s  

s u b s t a n t i a l l y  u n a f f e c t e d .  Tab le  6 w e l l  i l l u s t r a t e s  the  e f f e c t  

o f  o r i e n t a t i o n  on t h e  t e n a c i t y  o f  f i b e r s .  

TABLE 6 

E f f e c t  o f  O r i e n t a t i o n  o f  F i b e r s  

Tenac it y  E longa t i on  
F i b e r  O r i e n t a t i o n- (qpd) ( ) 

K e v l a r  29 Extreme 22.0 3 
Dacron, Type 68 H igh  9.2 13 - 14 
Dacron, Type 55 Moderate 4 .3  30 

3.2.4 Yarn P r o p e r t i e s  o f  K e v l a r  29 

K e v l a r  29 has a  n o n - l i n e a r  cu rve  i n  t h e  same s t r e n g t h 1  

modulus range as g l a s s  f i b e r s  but  shows s i a n i f i c a n t  

advantages ove r  g l a s s  i n  y a r n  s t r e n g t h  u n i f o r m i t y ,  low d e n s i t y  

and r e s i s t a n c e  t o  su r face  damage and creep r u p t u r e  under h i g h  

s t r e s s .  The s t r e s s - s t r a i n  cu rve  o f  K e v l a r  29 can be f u r t h e r  

a l t e r e d  b y  subsequent t e x t i l e  p rocess ing  o p e r a t i o n s ,  such as t h e  

a d d i t i o n  o f  t w i s t  i n  t h e  ya rn ,  t o  l o w e r  t h e  modulus so t h a t  a 

f u n c t i o n a l  end use  s o f t  goods it e n  can b e  produced. 



Unl ike o t h e r  o rgan ic  ya rns ,  Kevl a r  29 demon; t r a t e s  an inc rease 

i n  t e n a c i t y  r a t h e r  than a decrease when t w i s t  i s  a p p l i e d .  Tdble 

7 i l l u s t r a t e s  this unique characteristic. 

TABLE --7 

E f f e c t  o f  T w i s t  on K e v l a r  29 Yarns 

Tw is t  Per I nch  Tenaci t y  E longa t i on  a t  
k n i e r  (TPI &G' ) Break ( % )  

200 0 ( f i l in)  17, (avg) 21 3% 
200 5 (11;in) 21, (avg) 24 4'6 
200 9 (sin) 19, (avg)  23 7% 

Kev la r  29 yarns can be handled i n  a l l  t e x t i l e  processes w i t h o u t  

d i f f i c u l t y .  Knot s t r e n g t h  i s  375 and l o o p  s t r e n g t h  507: o f  

s t r a i g h t  t e n s i l e  s t r e n g t h .  R e t e n t i o n  o f  s t r e n g t h  a f t e r  con-

ven t i ona l  weaving i s  90. o f  v i r c j l n  y a r n  s t r e n g t h .  The i n d i v i d u a l  

f i l amen ts  o f  t he  yat-ri hdve a round c r o s s - s e c t i o n  and have  d 

diameter  o f  . 4 7  mi l : .  Khen p u l l e d  t1l;ht over  2n edge, tt~r., 

do n o t  break sha rp l y  b u t  bend w h l l e  retaining h ~ g h  t e n s i l e  

s t r e n g t h .  

Kev la r  29 f i b e r s  a l s o  have h i g h  thct-ma1 s t a b i l i t y .  Khen 

t e s t e d  a t  3 2 0 ~ ~i n  a i r ,  Kev la r  29 e x h i b i t s  e s s e n t i a l l y  zero 

shr inkage.  When t e s t e d  a t  400°F unp ro tec ted  yarns  evldence 

o n l y  18; l o s s  o f  p h y s i c a l s .  

The unprotected f i b e r s  a r e  a1 so h i 9 h l y  r e s i s t a n t  t o  

s t r o n g  ac ids  and bases, o rgan ic  s o l  ven ts ,  f u e l  s  , 1  u b r i c a n t s  

and hydr-aul i c  f l u i d s .  The u l l  r a - v i o l e t  l i g h !  r e s i s t d n c e  o f  

unpro tec ted  Kevlar  29 yarns i s  s i ~ n i l a r  t o  r iy lon.  



3.2 .5  P r o p e r t i e s  O f  Po lyes te r  Yarns 

The t e n a c i t y  and e longa t ion  a t  break o f  Dacron can be var ied  

over  a  cons iderab le  range, accord ing t o  the degree o f  drawing 

t h a t  i s  a p p l i e d  t o  the undrawn yarn.  High t e n a c i t y  and normal 

t e n a c i t y  yarns  are made from the same polymer, b u t  they are 

drawn t o  d i f f e r e n t  ex ten ts  a f t e r  sp inn ing ;  the h ighe r  the draw 

or s t r e t c h  the h i g h e r  the t e n a c i t y  and the lower  the e longa t ion  

of  the r e s u l  t i n g  ya rn ,  thus h i g h - t e n a c i t y  ya rn  i s  drawn t o  a  

g r e a t e r  e x t e n t  ( p o s s i b l y  60':;) than normal - t enac i  t y  yarn .  

The s t r e s s - s t r a i n  curve o f  Dacron p o l y e s t e r  can be f u r t h e r  

a l t e r e d  by subsequent t e x t i l e  process ing opera t ions .  For a  

h lghe r  ~nodulus o f  e l a s t i c i t y  and t e n s i l e  the y a r n  m y  be h o t -  

s t r e t c h e d  and pre-shrunk. This drawing procedure a1 lows the 

ya rn  produc t  t o  o b t a i n  thermal s t a b i l i t y .  Dur ing ya rn  prepara- 

t i o n  o f  a s i n g l e s  po lyes te r  yarn ,  f o r  example, a f t e r  t w i s t i n g ,  

the y a r n  i s  h o t - s t r e t c h e d  and pre-shrunk a t  a  temperature o f  

about 300'~.  Th is  se ts  and balances the t w i s t  i n  the ya rn  

s t r u c t u r e ,  makes i t  heat  s t a b l e ,  and i n  a d d i t i o n  produces 

g r e a t e r  s t r e n g t h  pe r  w i d t h  and lower r u p t u r e  e longa t ion  - i d e a l  

y a r n  c h a r a c t e r i s t i c s  o f  a e r o s t a t  m a t e r i a l s .  By proper  manipula- 

t i o n  o f  temperature,  tens ion,  s t r a i n  ( e l o n g a t i o n ) ,  and re laxa -  

t i o n  d e s i r e d  s t r e n g t h ,  e longat ion ,  and thermal shr inkage prop- 

e r t i e s  can be i nco rpo ra ted  i n t o  ho t - s t re t ched ,  pre-shrunk yarns .  

Dur ing  subsequent eng ineer ing  s t u d i e s  o f  ho t - s t re t ched ,  pre-shrunk 

Dacron p o l y e s t e r  yarns  i t  became apparent t h a t  t he  p o t e n t i a l  demand 

f o r  t h i s  type o f  ya rn  was f a r  g r e a t e r  than the  supply.  I n  view o f  

the s h o r t  supply  o f  ho t - s  t r e t c h i n g  equi  pnent and the p o t e n t i a l  

demand f o r  t h i s  improved yarn  s t r u c t u r e  an a l t e r n a t i v e  approach 

was i n v e s t i g a t e d ,  t h a t  i s ,  c o l d  drawing. 



Genera l l y  speaking,  f i n e  f i l a m e n t  y a r n s ,  l i k e  p o l y e s t e r ,  

a r e  always h o t - s t r e t c h e d ,  b u t  t h e  y a r n  can be s t r e t c h e d  o r  

drawn co ld ,  b u t  l e s s  e a s i l y  and l e s s  u n i f o r m l y  than when h o t .  

The c o l d  s t r e t c h i n g  o p e r a t i o n  i s  s in ip le  and i s  i l l u s t r a t e d  i n  

F ig .  4 .  

1 The Dacron y a r n  i s  p i l l l e d  o f f  t he  

bobb in  A, which i s  t he  p r imary  

s p i n n i n g  package ( t w i s t e d ) ;  i t  

passes round guides B and C,  

between a  p a i r  o f  n i p  r o l l e r s  D, 

wh ich  determines i t s  i n i t i a l  speed, 

and goes o v e r  a  d e f l e c t o r  E and 

then  two o r  t h ree  t imes around 1 
I 

r o l l e r  F which has a l i n e a r  speed 1 
about  f i v e  t i n e s  t h a t  o f  r o l l e r  0; 

then i t  passes through a  guide G, 
c. 3- and o n t o  a take-up bobbin 1-1.  The 

! 3 
t 

c o l d  draw, o r  degree o f  s t r e t c h ,  I 
I I 

I- I
! !-. s;

-. 
I 

i s  equal  t o  t he  r a t i o  o f  t he  l i n e a r  
! 

speeds o f  r o l l e r s  F and D.  : 
i 

i - - ---- - . I 

F igu re  4 - Cold S t r e t c h i n g  Yarn 



--- 

After the  take-up package i s  completed i t  i s  heat-s tabi l ized to 

insure dimensional s t a b i l i t y ,  reduce s t r e s s e s ,  removes the torque 

caused by twis t ing a n d  s e t s  the yarn. Table 3 i l l u s t r a t e s  the 

impact of e i t h e r  hot o r  cold-s t re tching of h i g h  tenacity polyester  

yarn . 

T A B L E  8 

Effect of Hot and Cold-Stretching 
of Pol yes t e r  Yarns 

Oriqinal Final 

Tens i  1e El onga- Tens i 1e El onga -
Denier -.-. t ion ( )  -. Denier -( g d p )- - (';:Material -- ( q d p )  -----.--- Operation -- t i o n--. . -

I1 iOL-Dacron, 1 42  6 . 5  1 3': 
Type 52 5 5 8 14 Stretching 1 

Dacron, Cold- 4 5 7.0 12-; 
Type 52 55 8 1 4  Stretching 

Heat-set t ing of Dacron yarns can be carr ied out in steam 

under pressure ,  b u t  t h i s  method i s  undesirable becsuse i t  causes 

some hydrolysis  of the e s t e r  groups i n  the polymer chain ,  and  

the f i b e r  i s  party depolyrnerised, with a resu l tan t  loss  in tenacity.  

Dry hea t - se t t i ng  i s  the best process, and the dimensional s t a b i l -

i t y  which i s  thereby conferred on Dacron i s  one of i t s  grea tes t  

a s se t s .  

3.2.6 Invest igat ion Of Plied Yarn Construction 

The study of ply construction of yarns was limited to  fac tors  

r e l a t ing  t o  control  of t e x t i l e  physical propert ies such as  elonga- 

t ion and weaveabil ity.  T:IE pl ied yarn s t ruc tu re  lowers the yarns 



modulus; thus i n c r e a s i n g  e l  onga t i on .  For aramid yarns,  where 

e l o n g a t i o n  i s  minimum, p l y i n g  i s  i d e a l  f o r  i t  increases elonga-

t i o n .  However, f o r  p o l y e s t e r  ya rns ,  where e l o n g a t i o n  i s  h i g h  

t o  s t a r t ,  p l y i n g  o n l y  f u r t h e r  inc reases  y a r n  e longa t i on ,  an 

undes i rab le  c o n d i t i o n .  

Two yarns o f  200 d e n i e r  K e v l a r  29 p l i e d  r e s u l t s  i n  a y a r n  

s t r u c t u r e  w i t h  a d iameter  t o o  g r e a t  f o r  t h i s  a e r o s t a t  a p p l i c a -

t i o n ,  a l though i t  m i g h t  be i d e a l  f o r  a l a r g e r  a e r o s t a t  a p p l i c a -

t i o n .  The s p l i t t i n g  o f  K e v l a r  29 ya rns  and p l y i n g  component 

p a r t s .  a1 though p o s s i b l e ,  i s  n o t  p r a c t i c a l  because o f  very  h i g h  

c o s t  and 1engthy de l  ivery .  There fo re ,  t h i s  development program 

was 1  i m i t e d  t o  s i n g l e  p l y  yarns .  



3 . 2 . 7  I n v e s t i q a t i o n  O f  T w i s t  I n  Yarn Const ruc t ion  

Twis t  i s  necessary i n  o r d e r  t o  g i v e  i n t e g r i t y ,  compactness, 

snag and abras ion  r e s i s t a n c e  t o  f i l a m e n t  yarns.  However, t o o  

much t w i s t  r e s u l t s  i n  a  lower  s t r e n g t h  t o  weight r a t i o ,  lower  

t e a r  strenc,th,  and p o t e n t i a l l y  g rea te r  coa t inq  d i f f i c u l t i e s .  

On the o t h e r  hand, n o t  enough t w i s t  w i l l  r e s u l t  i n  broken f i l a -  

ments, thus poor q u a l i t y  f a b r i c .  

Yarn s tud ies  conducted d u r i n g  t h i s  program i n d i c a t e  t h a t  

minimum t w i s t  i n  p o l y e s t e r  yarns i s  i d e a l ,  b u t  the y a r n  must be 

e i t h e r  h o t  o r  c o l d - s t r e t c h e d  t o  ensure a  h igh  degree o f  modulus. 

Contrary t o  p o l y e s t e r ,  araniid yarns increase t h e i r  s t r e n g t h  t o  

weight r a t i o  when tw is ted ,  thus f u r t h e r i n g  t o  improve y a r n  

p r o p e r t i e s .  Table 9 i l l u s t r a t e s  the e f f e c t  o f  t w i s t  on p o l y -  

e s t e r  and ara~eicl yarns.  

TABLE-- 9 

i f f e c t  o f  t w i s t  on 
Arawid yarns 

b la te r i a l  T w i s t  pe r  i n c h  T x a c i  t y  E longat ic  
--- --- (TPI ( g& c :I--
& v l a r  29, 200 Zen ie r  0 ( n i n )  17,  ( a v g )  21 3: 
L c v l a r  29, 200 Den ier  5 (min) 21, (avg)  24 42 
k e v l a r  23, 230 Den ier  9 ( r i n )  19, (avg) 23 7% 



3 . 3  Fabric Construction Considerations 

After considerable study on the numerous possible  combinations 

of materials t o  build balloon f a b r i c s ,  I L C  Dover placed major 

emphases on two major f ab r i c  cons t ruc t ions ;  

- Two-ply Biased Fabric 

- Triax ia l ly  Reinforced Film 

Two-ply siased Fabric 

This construction was a two-ply f a b r i c  composed of a 

dimensionally s t a b l e  scrim laminated t o  a l ightweight r ips top  

constructed f ab r i c .  The advantage of u t i l i z i n g  dimensionally 

s t ab le  scrims in place of a very l ightweight  f a b r i c  i s  t h a t  no 

biasing operation i s  necessary. This advantage r ea l i zes  a 

savings in cos t  a n d  laminating t i w  and requires  fabr ica t ion  

of only a one-direction f ab r i c .  

A thorough invest igat ion of the non-woven scrim market 

yielded two possible c a n d ~ d a t e  mater ia l s  f o r  t h i s  appl i ca t ion :  

Tyvek - Spunbonded o l e f i n  

Reeniay - Spunbonded pol yes t e r  

However, subsequent t e s t ing  indicated t h a t  f ab r i c s  fabr icated 

from Tyvek were unacceptable. This i s  due t o  the incompati- 

bi 1 i t y  in temperature res i s tance  of the  Butyl and  spunbonded 

o l e f i n  during the curing operat ion.  

The s t ruc tu ra l  r ips  top f a t , - i c  w ~ s  designed to  incorporate 

both high tenacity Dacron and  Kevlar 29 yarns ,  whereby the  

Kevlat- 29 yarn i s  used as the r ips top  in both the warp a n d  

f i l l  d i rec t ions  while the Dacron yarns a re  used f o r  ground. 



-- 

Because o f  t he  h i g h  c o s t  o f  t he  Kev la r  29 yarn ,  ILC Dover r a n  a s tudy t o  

min imize t h e  Kev la r  29 usage. 

3.3.1.1 R i ~ s t o p  Fabr i c  Design C r i t e r i a  

The f o l l o w i n q  o b j e c t i v e s  were e s t a b l i s h e d  t o  i n s u r e  t h a t  the  developed 

r i p s t o p  c o n s t r u c t i o n  would possess e x c e l l e n t  f a b r i c a t i o n  v e r s a t i l i t y .  

D E S I G N  OBJECTIVES 

CHARACTERISTIC REQUIREMENT 

Wei qh t  2.0 oz/yd 2 

Breaki  ng S t reng th  

Count 

Tear S t renq th  

M a t e r i a l  Dacron, Type 52, 70 Denier 
Kev la r  29, 200 Denier 

The f o l  low ing  equa t lor\  was used t o  determine what percentage o f  t he  cons t ruc t1  

should be Kev la r  29 and what percenta9e should be Dacl-on, Type 52. The o b j e c t  

here,  was t o  ~ n i n i w ;  .Q  the  use o f  Kev la r  29. 

( I b s l i n )  = ( E ~Dx X + [ E ~Dy Y ... 
where: b- - Ul  t i m a t e  F a b r i c  S t ress  ( l b s l i n )  

( - U l t i m a t e  E longa t i on  ( i n l i n )  

E - Tenac i t y  (gpd) 

D - Demer 

X, Y - Number o f  Years p e r  I n c h  

140 = .3815X t 9.15201 
l o o =  X t Y 

X =  1 0 0 - Y  
140 = (.3816)(100-Y) + 9.1580'1 
140 = 38.16 = -3816Y + 9.1580Y 



As a r e s u l t  of t h i s  study, a r ips top  f a b r i c  was enqineered whereby 88 percent 

of the construction was 70 denier ,  Type 52  Dacron a n d  12 percent of the 

construction was 200 denier ,  Kevlar 29. Thi s construct ion increases thc 

breaking s t rength of a n  a l l  Dacron f a b r i c  by 50 percent while t r i p l i n g  the 

t e a r  s t rength without any increase in weight. Table 10 compares a n  a l l  

Dacron f ab r i c  with the f i r s t  i t e r a t i o n  Dacron/Kevlar r ips top  f ab r i c .  

TABLE 

A L L  DACRON FABRIC vs. DACROf.I/KEVLAR 
RIPSTOP FAaRI C 

A L L  DACRON DACRON/ K E V  LAR 
CHARACTERISTIC- FABRIC- --. FABRIC 

Wei g h t ,  oz/yd 2 2.1 2.3 

Breaking Strength, 90 x 90 156 x 145 
l b l i n .  

Tear Strength,  lb.  4 x 4  28 x 26 

Count 100 x 100 100 x 100 

The experimental DacronlKevl a r  r ips top  f a b r i c ,  e111pl oyed as the s t ruc tu ra l  

membrane, was coupled respectively wi th a 1 i  ghtwei qht biased f ab r i c  a n d  

a l ightweight spunbonded f ab r i c .  Figure 5 shows the cross sect ions  of the 

two experiemental two-ply constructed f a b r i c s .  The two experilnental constructions 

and a control were t e s t ed ,  and  primary represen ta t ive  proper t ies  a re  given in 

Table 1 7 .  
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TABLE 11 - - .--- . -. 

EXPERIMENTAL TWO-PLY HULL FACRICS 

BASE LINE 
DESIGN ILC P/N EIAS SPUNBONDED 

CHARACTERISTIC GOAL--.- A105002- .- - RIPSTOP- 2IPSTOP - - --. 

2Weight, o z l y d  

T e n s i l e ,  l b / i n  
Machine 
Transverse 
B ias  

Tear, Tongue 
Machine 
Transverse 

LeakaqeL/N /24 Hr .  

Shear Res is tance  ( l b s )  60 35 95 63 

I n  a d d i t i o n  t o  d e v e l o p i n g  t h e  r i p s t o p  f a b r i c  as t h e  s t r u c t u r a l  membrane f o r  t h e  

t w o - p l y  f a b r i c  c o n s t r u c t i o n ,  eng ineer inc !  was i n i t i a t e d  t o  s i r ~ i i l a r l y  des iqn  a 

r i p s t o p  f a b r i c  f o r  use as t h e  enve lope ~ i i a t e r i a l  i n  t h e  empennage. The i n i t i a l  

empennage des ign  r e q u i r e d  b o t h  coa ted  and uncoated f a b r i c ;  t h e  uncoated f a b r i c  

t o  be used as t h e  r e s t r a i n t  f o r  t he  empennage b l a d d e r  assembly and t h e  coa ted  

f a b r i c  f o r  t h e  p r o t e c t i v e  s k i n .  The re fo re ,  t h e  d e s i g n  o b j e c t i v e s  f o r  t h e  

empennage r i p s t o p  f a b r i  c  were as f o l l o w s :  

D E S I G N  OCJECTIVES 
EMPENNAGE RIPSTOP FABRIC-.--- -- . - -. 

-REQUIREMENTS 
CHARACTERISTIC UNCOATED COATED 

r, 

Wei gh t, oz l ydL  1.5 3.5 

B reak ing  S t r e n g t h ,  1  b / i n  60 x 60 60 x 60 

Tear S t r e n g t h ,  l b s .  15 x 15 15 x 15 



F i g u r e  6 shows t h e  c r o s s  s e c t i o n  o f  t h e  exper in ien ta l  empennage r i p s t o p  

f a b r i c ,  and p r i m a r y  r e p r e s e n t a t i v e  p r o p e r t i e s  a r e  g ive t i  i n  Tab le  12. 

- Sinale  Ply  Coated1.9 oz /yd 2 F i l m  P o l y u r e t h a ~
21 . 6  oz / yd  Dac ron IKev la r  29 Dacron/Kevl a r  R i ps t o p  

91ps t o p  

F i g u r e  6 - Exper imen ta l  Empennage R ips top  C o n s t r u c t i o n  



- -  - - - -  -- - - 

EASEL I N E  
DESIGN E A S E L I N E  DACRON/  COATED DACRON/ 

GOAL I L C  P I N  K E V L A R  I L C  P/N K E V L A R  
UNCOATED A105009- RIPSTOP- A105001- - - -. RIPSTOP C O A T E D  . 

\lei g h t ,  ozlyd2 

Tensile,  l b / in  
Machine 
Transverse 

Tear, Tongue, 
I b s .  

Machine 
Transverse 

3.3J . 3  Problems Encountered 

1.5 2 . O  1 .6 

60 90 50-80 
6 0 90 50-80 

17.0 
16.8 

The development of the Dacron/ Kevl ar ri ps top f a b r i c  was i n i t i a t e d  using 

cormercially ava i lab le  yarns. Because of t h i s  dec is ion ,  the f a b r i c  ends u p  

being unacceptable fo r  coating due t o  the excessive shrinkage in the Dacron 

yarns and no shrinkage in the Kevlar 29 yarns .  This problem was a l lev ia ted  

by the use of pre-shrunk heat-se t  Dacron yarns .  

The d i s s imi l a r  moduli of the Kevlar 29 and  Dacron Type 52 yarns prevented the 

s a t i s f a c t o r y  culn~ination of t h i s  desiqn e f f o r t .  As a r e s u l t ,  although one 

physical f a b r i c  was woven, two d e f i n i t e  breakinq s t renqths  resul ted. The f i r s t  

breaking s t rength  indicated the  breakage of the  Kevlar 29 yarns. The second 

breakage indicated the breaking s t rength of the Dacron yarns. Analysis indicates  

t h i s  type of f ab r i c  f a i l u r e  defeats  the purpose o f  the  f a b r i c  design . I f  the 
Kevlar 29 yarns f a i l ,  although the Dacron yarns  maintain adequate t e n s i l e  t o  

sus ta in  s t a t i c  loads,  the increased t e a r  s t r e n g t h ,  due t o  the Kevlar 29 yarns,  

i s  t o t a l l y  l o s t .  Therefore, t h i s  construction i s  unacceptable. 

Thorough ana lys i s  of the problem of r n i x i n q  dissimi Jar rnodul I mater ia ls  resul ted 

in  an approach t o  perfect  the Dacron/Kevl a r  r i p s top  construct ion.  The conceived 

idea was to  change the or ien ta t ion  and c rys t a l1  in i  ty of the Dacron yarn,  thus 

increasing the modulus, while twis t ing and  plying the Kevlar 29 yarn t o  reduce 

the modulus. 

Therefore, the next design i t e r a t i o n  consisted of lowerincj the twis t  per inch 
in  the Dacron yarn, increasing the twis t  per inch in  the Kevlar 29 yarn , 2-plying 

the  Kevlar 29 yarn and changing from two s t rands  of Kevlar 29 f o r  the rips top 
t o  one s t r and .  The changes resul ted in  increased elongation of the Kev l a r  and 

2 5 



resul ted in a f ab r i c  having a ~~iinin~uni breakinq strenqth of  e i t h e r  yarn system 

of 80 pounds per inch, however, the Kevlar 29 yarn s t i l l  broke f i r s t .  In 

addi t ion ,  the sing1e strand of Kevlar 29 yarn only had 10 pounds of t e a r  

s t rength and the two-ply Kevlar 29 yarn presented excessive bulk a t  the cross-

over. This bulk presented considerable coating d i f f i c u l t y .  

As a r e s u l t ,  another design i t e r a t i o n  was considered. Considerations f o r  t h i s  

desi q n  i t e r a t i o n  were: 

- cold-s t re tched,  pre-shrunk 140 denier  Dacron yarn in l i eu  of 55 
denier  pre-shrunk Dacron yarn 

- lower twis t  per inch in the Dacron yarn 

- higher twis t  per inch in the Kevlar 29 yarn 

The ra t iona le  f o r  t h i s  design i t e r a t i o n  was t o  provide for  a f l a t t e r  f a b r i c ,  

thus enhancing the coatinq capabi 1i t y ,  w h i  l e  bringing the yarn niodul i  c loser  

together.  Figure 7 shows the cross sect ion of  the proposed experlmental 

empennage r ips top f a b r i c ,  a n d  primary propert ies a re  given in Table 13.  

Figure 7 - Experimental Empennage Ripstop Cross-Section 



-- 

TABLE 13 -- -- - .-
EXPERIMENTAL EMPENNAGE FABH I C  

CHARACTER1S T I C  

2 
Weight, o z l y d  

T e n s i l e ,  I b s / i n  
Machine 
Transverse 

Tear, Tongue, l b s .  
Machi ne 
Transverse 

D E S I G N  
GOAL 

UNCOATED 
-- -..---

2.0 

PROPERT IE S  

TEST VALUES 
UNCOATED COATED-.. - - - --. --...- -. 

2.41 5.8 

. 2 T r i a x i a l  l v  Rein fo rced  F i lms  

For  p a r t i c u l a r l y  demanding requi rements such as those  f o r  s t r u c t u r a l  b a l l o o n  

f a b r i c ,  t he  t r i a x i a l  approach appears t o  o f f e r  a number o f  advantages over  

o r thogona l  weaves: 

- E l im ina tes  the  r e q u i  renen t  f o r  l a m i n a t i n q  two f a b r i c s .  

- T r i a x i a l  f a b r i c  i s  the o n l y  s i n q l e  p lane  t e x t i l e  f a b r l c  
s t rong  i n  the  b i a s  d i r e c t i o n .  

- The na tu re  o f  the t r i a x i a l  c o n f l g u r a t l o n  p rec ludes  t e a r  
propagat ion.  

Due t o  the  r e v o l u t i o n a r y  na tu re  o f  t he  t r i a x i a l  c o n f i q u r a t i o n  arid t he  l i m l t e d  

c a p a b i l i t i e s  of those machines a v a i l a b l e ,  o n l y  two v a r l a n t s  o f  t r i a x i a l  weave 

were cons idered;  the  basic-weave, and t h e  s i x t e e n t h  v a r ~ a n t .  

The n a t u r e  o f  t r i a x i a l  machinery and t h e  r ~ ~ e c h a n i  snis assoc ia ted  w i t h  them, 

u n l  i k e  convent iona l  t e x t i l e  machinery, d i c t a t e  c e r t a i n  des ian  parameters.  

such as y a r n  count and y a r n  d ~ a m e t e r .  



3.3.2.1 T r i a x i a l  F l y i n q  Threaa Scr im 

Ske tch  A2 represents  the  f l y i n g  th read s c r i r ~ i  concept whereby yarns a r e  l a i d  

up a t  60° angles,  however, t he  yarns  a r e  n o t  interwoven. Sketch A1 i l l u s t -

r a t e s  a t r i a x i a l  l y  woven f a b r i c  which a1 though i s  n o t  interwoven i s  i n t e r -

1ocked. 

I n  c o n t r a s t  t o  t h e  i n h e r e n t  s t a b i l i t y  o f  t r i a x i a l  woven f a b r i c s  a r e  the  

i nhe ren t  i n s t a b i l i t i e s  o f  t r i a x i a l l y  non-woven layups. The non-wovens 

depend upon an adhesive bonding agent t o  m a i n t a i n  t h e i r  i n t e g r i t y ,  and a l s o ,  

g e n e r a l l y ,  upon an assoc ia ted  f i  lrn f o r  r e s i s t a n c e  t o  shear ing d i s t o r t i o n s  

w h i l e  i n  t r i a x i a l  f a b r i c s  the  t r u s s - 1  ike, response which prov ides shear ing  

r e s i s t a n c e  i s  d e r i v e d  f rom the  mechanical  i n t e r l o c k s  a t  the y a r n  i n t e r -

sec t i ons ;  i n  t h e  non-woven~,  o n l y  t h e  adhesive t h a t  bonds the  yarns toge the r  

p rov ides  t h e  l o c k i n g .  Th is  bonding i s  e s p e c i a l l y  compl icated when a l l  t h r e e  

yarns c ross  a t  one p o i n t ,  as i s  t h e  c o n f i g u r a t i o n s  used i n  most such c o n s t r u c t  

ions .  h i  t h  t h r e e  l a y e r s  o f  ya rns  the  f o r c e s  tend ing  t o  separate o r  delamin-

a t e  t h e  non-woven s t r u c t u r e  a r e  i n  sharp c o n t r a s t  t o  t he  way the  correspondin: 

forces tend  t o  snug t h e  yarns t o g e t h e r  i n  t he  t r i a x i a l l y  woven f a b r i c .  

The need f o r  a con t inuous  f i l m  t o  r e i n f o r c e  such non-wovens i n  shear has been 

g e n e r a l l y  recognized and prov ided.  The more compl icated problems o f  "coup l ing  

between e x t e n t i o n a l  and bending (perhaps b e t t e r  descr ibed as " c u r l i n g " )  

d i s t o r t i o n s  o r  a  t h r e e  layer-non-woven have been most ly  unresolved. The d i  s-  

syriswtr.res produced by  yarns runn inq  i n  d i f f e r e n t  d i r e c t i o n s  a t  d i f f e r e n t  



l e v e l s  make more d i f f i c u l t  t he  ach~evement  and maintenance o f  w r i n k l e - f r e e  

su r faces  even i n  broad areas o f  s imp le  shape. Th i s  c o u p l i n g  e f f e c t  i s  

comp le te l y  avoided w i t h  t h e  t r i a x i a l  woven f a b r i c .  

3.3,2.2 Tear Resis tance 

ILC Dover has eva lua ted  the  t e a r i n g  behav io r  o f  t r i a x i a l  f a b r i c .  Exper imental  

r e s u l t s  i n d i c a t e  a  s u b s t a n t i a l  g a i n  i n  t e a r  s t r e n g t h  f rom the  t r i a n g u l a r  

s t r u c t u r e  when compared t o  or thogonal  f a b r i c .  I n  p a r t i c u l a r ,  t h e  t e a r  behav- 

i o r  i s  ve ry  much compl icated by t h e  presence o f  t h r e e  s e t s  o f  ya rns  and the  

t r i a x i a l  f a b r i c  shows t e a r  c h a r a c t e r i s t i c s  ve ry  d i f f e r e n t  f rom those o f  

o r thogona l  f a b r i c s .  Whi le i t  may be d i f f i c u l t  t o  induce a  t e a r  i n  an o r t h o -  

gonal  c o n s t r u c t i o n ,  u s u a l l y  t h e  t e a r  can be propagated a t  a  r e l a t i v e l y  low 

load .  However, n o t  o n l y  i s  i t  ex t remely  d i f f i c u l t  t o  induce a  t e a r  i n  t h e  

t r i a x i a l  c o n s t r u c t i o n ,  i t  i s  a l s o  ex t remely  d i f f i c u l t  t o  propagate any t e a r .  

The t e a r i n g  behav io r  i s  ex t remely  i m p o r t a n t  i n  many f a b r i c  a p p l i c a t i o n s ,  

p a r t i c u l a r l y  those f o r  a e r o s t a t s .  Th i s  p r o p e r t y  improvement can be f u r t h e r  

i l l u s t r a t e d  by ana lyz ing  persona l  t e a r i n g  exper iences.  As i s  known, t he  

t e a r i n g  r e s i s t a n c e  "on t h e  b i a s "  i s  g r e a t e r  than i n  t he  warp o r  f i l l  d i r e c t i o n .  

To t e a r  a  t r i a x i a l  f a b r i c ,  one i s  always t e a r i n g  "on the  b i a s " ,  and the  o v e r a l l  

improved t e a r  p r o p e r t i e s  r e s u l  t. 

Because t h e  basic-weave i s  t h e  s i m p l e s t  p o s s i b l e  t r i a x i a l  c o n f i g u r a t i o n ,  the  

a n a l y s i s  o f  i t s  t e a r i n g  behav io r  forms an i d e a l  s t a r t i n g  p o i n t ,  on b o t h  

t h e o r e t i c a l  and exper imental  grounds, i n  the  i n v e s t i g a t i o n  o f  the  t e a r i n g  

c h a r a c t e r i s t i c s  o f  t r i a x i a l  l y  woven f a b r i c .  

T h e o r e t i c a l l y ,  t h e  basic-weave should possess t h e  lowest  t e a r  s t r e n g t h  of any 

t r i a x i a l  c o n f i g u r a t i o n .  As t h e  i n t e r l a c i n g s  become more complex, as i n  t he  

f i r s t ,  second, and t h i r d  v a r i a n t s ,  t h e  t e a r  s t r e n g t h  should s i m i l a r l y  inc rease.  

T h i s  has been e m p i r i c a l l y  shown t o  tx t r u e  by v i r t u e  o f  cor~ipar ison of t he  bas i c -  

weave w i t h  the  s i x t e e n t h  v a r i a n t .  

For  t h e  purposes o f  e v a l u a t i n g  t h e  t e a r  s t r e n g t h  o f  t r i a x i a l  f a b r i c  t h r e e  

d i f f e r e n t  t e a r  methods were i n v e s t i g a t e d :  

- tongue t e a r  
- t rapezo id  t e a r  
- s l i t  t e a r  



I n  t h e  tongue t e a r  t e s t  a specimen 6 x 8 inches i s  c u t  so t h a t  the ydrns t o  

be rup tu red  du r ing  the t e a r  l i e  i n  the  s h o r t e r  dimension. A c u t  t h ree  inches 

i n  l e n g t h  i s  made a long t h e  longer  c e n t e r l i n e  o f  the f a b r i c .  Th i s  c u t  thus 

produces two 3 x 3 i n c h  tongues which a re  p laced i n  the upper and lower jaws 

o f  t he  t e s t i n g  machine. 

As t h e  ya rn  courses a re  sub jec ted  t o  i nc reas ing  tens ion  the  angle between the 

e leven o ' c l o c k  and one o ' c l o c k  warp yarns increases a l l o w i n g  the  yarn  courses 

t o  bunch up aga ins t  each o t h e r .  As the  t e a r  progresses the  tongues become 

p r o g r e s s i v e l y  longer .  The del becomes very l a r g e ,  and the  yarns bunch up t o  

r e i n f o r c e  each o the r ,  so t h a t  t e a r i n g  i s  extremely d i f f i c u l t .  The t e a r i n g  

a c t i o n  i s  manifested on the  t e n s i l e  t e s t e r  recorder  as a  d iag ran~o f  progress ive1 

i n c r e a s i n g  and then sha rp l y  decreas ing loads.  Resul ts  o f  t he  tongue t e a r  

t e s t s  are shown i n  Table 14. 

TABLE 14 

Tongue 7ear S t rength  o f  
Kev la r  T r i a x i a l l y  Woven Fabr ic  

F A B R I C  TEAR STRENGTH, LBS. 
CONSTRUCT ION WEIGHT, oz l yd2  XACH INE TRANSVERSE 

*The t e a r  d i d  n o t  propagate a t  t h e  tongue s l i t ,  b u t  took t h e  pa th  o f  l e a s t  
res i s tance .  

For  the  t rapezo id  t e a r  t e s t  the specimen i s  8'i x 5-3/8 inches w i t h  a  one i n c h  

s l i t  p laced midway along t h e  l o n g e r  d i r e c t i o n .  The sample i s  i n s e r t e d  on the  

b i a s  between the  jaws o f  t h e  t e s t i n g  machine so t h a t  t h e  yarns  a r e  caused t o  

f a i l  p r o g r e s s i v e l y .  Th is  t e s t  i s  e n t i r e l y  o f  a tens ion  type, and has l i t t l e  

meaning i n  terms o f  t he  p r a c t i c a l  t e a r i n g  c h a r a c t e r i s t i c s  o f  t h e  f a b r i c .  I n  

f a c t ,  un less t h e  sample s i z e  i s  ex t remely  l a rge ,  t h e  warp yarns  are  never 

p laced i n  tens ion .  Therefore, cornparati ve t e s t  r e s u l t s  a r e  o n l y  ob ta inab le  

i n  t h e  machine d i r e c t i o n .  Resu l t s  o f  t h e  t rapezo id  t e a r  t e s t s  a re  shown i n  

Tab le  15. 



TAELE 1 5  
T R A P E Z O I  D-EAR-STRENGTHO F  

K E V L A R  T R I A X I A L L Y  WOVEN F A E R I C  

FAER I C T E A R  STREYGTH, LES. 
. .-- - - - .WEIGHT,- -O Z / Y  - . - - .  TRANSVERSE- - . -- - - . . D~ MACH I NE 

Basi c-Weave 
16 x 16 x 20 

*The warp yarns were n o t  under tension, therefore, the resultant tear 

strength i s  not comparative to a sinii 1a r  orthogonal construction. 

For the s l  i t  tear t e s t  a specimen 6 x 7 inches i s  c u t  such t h a t  the sample 

has a 1-114 inch wide s l i t  across the center of the sample a t  r ight  angles 

t o  the longest dimension. This t e s t  i s  desiqned to determine the force necessary 

t o  propagate a tear in damaged fabric .  Unlike conventional orthogonal woven 

fabr ic ,  the t r iaxia l ly  woven fabric  shows no sign of tear propagation. The 

transverse yarns are brought into tension until  rupture occurs with no evid- 

ence of tear propagation. Although only a few warp ends are placed i n  tension, 

no t ea r  propagation resul ts .  Results of the s l i t  tear t es t s  are shown in 

Table 16. 



-- 

TABLE 16 

S l i t  Tear  S t r e n g t h  o f  
K e v l a r  T r i a x i a l l y  Woven F a b r i c  

FABRIC TEAR STRENGTH, LRS. 
CONSTRUCTION- WEIGHT, oz l yd2- MACHINE TRANSVERSE 

Basic-Weave 
16 x 16 x  20 

l r F a i l u r e  was i n  t e n s i l e .  The sample showed no s i g n s  o f  t e a r  p r o p a g a t i o n  

As a r e s u l t  o f  t h e  i n - d e p t h  s t u d y  o f  t h e  t e a r i n g  behav io r  o f  t r i a x i a l  f a b r i c ,  

the  f o l l o w i n g  c o n c l u s i o n s  a r e  drawn: 

a)  The n a t u r e  o f  t h e  t r i a x i a l  c o n f i g u r a t i o n  p rec ludes  t e a r  p r o p a g a t i o n .  

b )  Tongue t e a r  r e s u l  t s  a r e  a  magni tude b e t t e r  than conven t i ona l  o r t h o -  

gonal  f a b r i c s .  

c )  Trapezo ida l  t e a r  t e s t s  have l i t t l e  meaning i n  terms o f  p r a c t i c a l  t e a r i n s  

c h a r a c t e r i s  t i c s .  



---- 

Table 17 i l l u s t r a t e s  those t r i a x i a l  woven constructions considered. 

TABLE 17-
T R I A X I A L  CONSTRUCTION 

MEAVE -COUNT 

Sixteenth Variant 32 x 32 x 32 

Basi c- Weave 16 x 16 x 16 

Basic-Weave 8 x  8 x  8 

Basic-Weave 4 x  4 x  4 

Sketch B i l l u s t r a t e s  the d i f fe rence  between two t r i a x i a l l y  woven f ab r i c s  

having the same weight, same t e n s i l e ,  b u t  with d i f f e r e n t  yarn count. As can 

be seen by comparing Sketch B1 with 02, there  i s  one h a l f  the number of yarns,  

Y a r ~  in t e r sec t ions ,  and surface  area i n  the 4 x 4 x 4 f a b r i c  construct ion.  



- - - 

--- 

No acceptable technique has y e t  been developed f o r  t he  s t r u c t u r a l  bondinq 

o f  open weave scr in i  except f o r  u s i n g  abnormal ly wide, t ight -woven f a b r i c  

s e a l i n g  tapes. From a  b a l l o o n  s tandpo in t ,  t h i s  would c r e a t e  r i p p l i n g  e f f e c t s  

due t o  s i g n i f i c a n t  s e c t i o n  modulus d i f f e r e n c e s  between base m a t e r i a l  areas and 

seam-sealing tape areas. Therefore,  i t  i s  concluded t h a t  t h e  optimum cho ice  

f o r  base subs t ra te  would be a t r i a x i a l l y  woven f a b r i c  o f  t he  h ighes t  count  

poss ib le  y e t  ach iev ing  mini~lium we igh t  and maximum t e n s i l e .  

3.3.2.3 T r i a x i a l  Fab r i c  Design 

The f o l l o w i n g  o b j e c t i v e s  were e s t a b l i s h e d  t o  ensure t h a t  t h e  developed 

t r i a x i a l  f a b r i c  c o n s t r u c t i o n  would possess e x c e l l e n t  f a b r i c a t i o n  v e r s a t i l i t y .  

DESIGN OBJECTIVES 

C H A R A C T E R I S T I C  R E q UIREFlErjT
.- - - - - - - --. . - - ---- ---- -

\ le i gh t, O Z / ~ ~ ~ 3 . 3  
Breaking Strength,  l b l i n  100 x 100 x 100 
Tear St rength,  I b s .  20 x 20 
Ma t e r i  a1 Dacron, Type 52 

I n v e s t i g a t i o n  was i n i t i a t e d  w i t h  the t r i a x i a l  f a b r i c  manufacturer,  Doweave, 

Inc . ,  t o  develop a  l i g h t w e i g h t  t r i a x i a l l y  woven f a b r i c  o f  the s i x t e e n t h  

v a r i a n t  c o n f i g u r a t i o n .  Inc luded i n  t h i s  development e f f o r t  were the  

f o l l o w i n q  weiqht f a b r i c s .  

23.6 oz/f l  -- --T r i a x i a l l y  Woven Fabr ic  

Warp - 280 Denier,  Type 52 Dacron 

F i l l  - 280 Denier,  Type 52 Dacron 

23 . 4  oz/yd Tr iax ia l l f i Joven Fabr ic---- - -. - -

Warp - 280 Denier ,  Type 52 Dacron 
F i  l 1 - 220 Denier ,  Type 52 Dacron 

2
3.3 .- --- - -.- --o z l y d  T r i a x i a l l y  Woven Fabr ic  

Warp - 280 Denier,  Type 52 Dacron 
F i l l  - 200 Denier ,  Kev la r  29 

Test r e s u l t s  o f  the above a r e  sunlmarized i n  Table 78. 



EXPERIEENTAL TRIAYIAL F A E R I C  

SHEAR RESISTANCE TO 
- .COUNT WEIGHT- TENS1LE DEFORM THE SAMPLE 1/2" -..- - - ---- -. --- --

2
32 x 32 x 32 3 .6  oz/yd 215 x 180 lE6 pounds 

188 pounds 

235 pounds 

A l though the  above f a b r i c s  a r e  i d e a l  f o r  100,000 f t % a l l o o n s ,  i t  i s  f e l t  t h a t  

a 1  i g h t e r  we igh t  t r i a x i a l l y  woven f a b r i c  c o u l d  be designed w i t h o u t  severe l o s s  

o f  o t h e r  p r o p e r t i e s .  The r e s u l t a n t  f a b r i c  be ing  l i g h t e r  i n  we igh t  should y i e l d  
3 a b a l l o o n  f a b r i c  w i t h  e x c e l l e n t  s t r e n g t h  t o  we igh t  r a t i o  f o r  a 45,000 f t  ba l l oon .  

A l i g h t w e i g h t  t r i a x i a l l y  woven f a b r i c ,  o f  t h e  basic-weave p a t t e r n ,  was engineered 

by I L C  Dover and Doweave. Inc luded i n  t h i s  deve1opr:lent e f f o r t  were the  f o l l o w i n g  

we igh t  f a b r i c s :  

1.89 o z l y d2 T r i a x i a l  l y  :4oven Fabr i c-- -- ---- ----.- - .- - - -.- .---- .-

Warp - 280 Denier ,  Type 52 Dacron 

F i l l  - 280 Denier ,  Type 52 Dacron 

Warp - 200 Denier ,  K e v l a r  29 
F i l l  - 200 Denier ,  Kev la r  29 

Test r e s u l t s  o f  the above are  sun~rnarizedi11 Tab le  1 9 .  

TABLE 19 

Exper imental  T r i a x i  a1 F a b r i c  
Desi gn I t e r a t i o n  Nu~iiber 2 

Weigh$ Tensi 1  e  Shear Resis tance t o  
Count --. --.- - ------ Sample--1/2".-- -oz&d_- 1b s / i n  Deforru the--- -. .- -. 

16 x 16 x 16 1.89 115 x 114 x 90 110 pounds 

16 x  16 x  16 1.50 120 x  120 x  120* 180 pounds 

* The K e v l a r  29 yarns  were s i z e d  w i t h  p o l y a c r y l i c  a c i d .  Th is  proved t o  

e f f e c t  the  t e n s i l e  by as much' as 50 p e r c e n t .  



The experimental t r i a x i a l  fabric, employed as  the s t ructural  membrane, 

was laminated t o  a c a s t  f i lm polyurethane and then coated on the  reverse 

s ide .  Figure 8 shows the cross  sect ion of the experimental t r i a x i a l l y  

reinforced f i lms.  The two experimental constructions were t e s t ed ,  a n d  

primary representat ive  proper t ies  a re  given in Table 20. 

22 .71 oz/yd2 Fi 1  nl Polyurethane- - 2 . 5  oz/yd2z Film Polyurett- 
1.89 o z / v d 2  Dacron Polyester - - 1 .5  oz/ydp Kevl ar 29

.SO ozlyd Polyurethane - - .8 ozlyd Polyurethane 

Figure 8. Experimental t r i ax ia l  envelope 1aninates 



- - - - - - - - - - - 

EXPERIMENTAL TRIAXIAL HULL F A C R I C S  


Base L i n e  
I L C P a r t  No. Po lyes te r  Kev la r  
A105002- -- . . T r i a x i a l  ... .- -T r i a x i a l- ..- -. 

Wei gh t, oz/yd 2 

Tens i l e ,  l b / i n  
Machine 
Transverse 
B ias  

Tear, Tongue 
Machine 
Transverse 

Leaka4e \L/M /24 h r .  R 1 < 1 < 1 

Shear Resistance ( I  bs ) 7 82 ) 130 7 240 

I t  was learned from the  p r e l i m i n a r y  r u n  o f  exper imenta l  t r i a x i a l  h u l l  

lamina te  cons t ruc ted  o f  a l l  Kev la r  29 y a r n s  t h a t  t he  a n t ~ c i o a t e d  lower  

e l o n g a t i o n  (vs .  a l l  Dacron) was a t t a i n e d ,  however, the  h i q h e r  s t r e n g t h -  

we igh t  r a t i o  was n o t  r e f l e c t e d  i n  t h e  c y l i n d e r  b u r s t i n g  s t r e n g t h .  I n  the 

formula T = PR, where T i s  t h e  b r e a k i n g  s t r e n g t h  o f  t he  lamina ted  f a b r i c  

i n  l b s / i n ,  P i s  the bu rs t i n !  p ressu re  i n  P S I  and R i s  t h e  b u r s t i n g  r a d i u s  i n  

inches,  i t  i s  seen t h a t  the b reak ing  s t r e n a t t i  i s  dependent no t  o n l y  on the  

s t r e n g t h  o f  the f a b r i c  b u t  a l s o  on t h e  e l o n g a t i o n  t h a t  occurs be fo re  i t  

breaks.  The use o f  p o l y a c r y l  i c  a c i d  s i z i n q  on t h e  Kev la r  29 ya rns  r e f l e c t s  

n o t  o n l y  a  50 percent  r e d u c t i o n  i n  y a r n  b reak inq  s t r e n g t h ,  b u t  a l s o  a severe 

r e d u c t i o n  i n  y a r n  e l o n g a t i o n .  

As a  r e s u l t ,  another  des ign i t e r a t i o n  was cons idered.  Cons idera t ions  f o r  

t h i s  des ign  i t e r a t i o n  were: 

- e l i m i n a t i o n  o f  a l l  s i z i n g  on yarns 

- t w i s t  t h e  K e v l a r  29 ya rns  w i t h  9 t u r n s  
pe r  i n c h  o f  Z t w i s t  

The r a t i o n a l e  f o r  t h i s  desiqn i t e r a t i o n  was t o  p r o v ~ d e  f o r  lower  y a r n  rilodulus 

thus r e s u l t i n g  i n  h ighe r  f a b r i c  e l o n q a t i o n .  F i q u r e  9 shows the  c ross  s e c t i o n  

o f  t h e  proposed exper imenta l  envelop lani i  nate,  and p r e l  in i inary  p r o p e r t i e s  a r e  

g i v e n  i n  Table 21. 
3 7 



2- 2.5 oz/yd2 F i l m  Polyurethane 
- 1.5 oz/yd2 Kcv!:r 29 
- 1.0 oz/yd Polyurethane 

F igu re  9. Proposed Exper imental  T r i a x i a l  Envelope Lanina te 

PROPOSED EXPERIMENTAL KEVLAR 
TRIAXIALLY REINFORCED FILM 

2
\ le i  qh t, o z l y d  
Break inq St renqth .  l b / i n  

t lachi ne 
Transverse 
Bias 

Tear S t rength ,  I b .  
Tongue Method 

Machine 
Transverse 

Trapezoid Method 
Machine 
Transverse 

S l  i t  Tear 
Machine 
Transverse 

Lea kaae 
L/M*/  Day 

Shear Resistance, l b s .  150 



j .3.2.4 Economic B e n e f i t s  

The inhe ren t  s t r e n g t h  o f  t r i a x i a l l y  woven f a b r i c  w i l l  a l l o w  l i g h t e r  weight  

f a b r i c  subs t ra tes  t o  be used i n  coated and m u l t i p l y  f a b r i c s .  I n  some a p p l i -  

c a t i o n s  t h e  l i g h t e r  subs t ra tes  w i l l  r e s u l t  i n  raw m a t e r i a l  sav ings i n  excess 

o f  30 pe r  cent .  Since raw m a t e r i a l  c o s t s  represent  approx imate ly  60 per  

c e n t  o f  f a b r i c  costs ,  t h i s  sav ings i s  s i g n i f i c a n t .  

An inhe ren t  c h a r a c t e r i s t i c  o f  t h e  weaving process i s  t h e  p o t e n t i  a1 t o  produce 

50 p e r  cent  more f a b r i c  than conven t iona l  weaving f o r  each pass o f  t h e  s h u t t l e  

across the  loom. The number o f  s h u t t l e  passes i s  a  main f a c t o r  1in i t i ng 

p roduc t i on  speeds, and s ince,  i n  a t r i a x i a l  machine, o n l y  one t h i  r d  o f  the yarns  

must be c a r r i e d  across t h e  loom by t h e  s h u t t l e ,  r a t h e r  than h a l f ,  two t r i a x -  

i a l  machines w i l l  do t h e  work o f  t h r e e  convent iona l  looms. 

T r i a x i a l  woven f a b r i c s  w i l l  be competing w i t h  convent iona l  woven, k n i t t e d ,  

and non-woven products  produced by t h e  l a r g e  t e x t i l e  o r g a n i z a t i o n s .  Improved 

f a b r i c  performance, p o t e n t i a l  manufac tur ing  c o s t  reduc t i ons ,  and raw m a t e r i a l s  

sav ings a r e  s i g n i f i c a n t  reasons why t r i a x i a l  woven f a b r i c  should f a r e  w e l l  i n  

t h e  a e r o s t a t  marketplace. 

ILC  Dover i s  work ing c l o s e l y  w i t h  t h e  t r a i x i a l  f a b r i c  manufacturer ,  Doweave, 

Inc . ,  t o  develop optimum s u b s t r a t e  f a b r i c s  f o r  a e r o s t a t  programs. lLC Dover 's  

e f f o r t s  i n  coa t ing  development f o r  these m a t e r i a l s  have been conso l i da ted  w i t h  

the  E. I. DuPont de Nemours Co., I n c .  DuPont i s  p r e s e n t l y  engaged i n  an 

ex tens i ve  e f f o r t  t o  develop coa t ings  and techniques t o  f u l l y  e x p l o i t  the 

capabi 1  it i e s  o f  t r i a x i a l  f a b r i c .  Foremost i n  t h i s  e f f o r t  i s  t h e i r  i n t e g r a t e d  

a c t i v i t y  w i t h  ILC  Dover and Doweave t o  o p t i a i z e  t h e  c o a t i n g  system f o r  ae ros ta t  

m a t e r i a l s .  



-- 3 . 4  Coating and Film Considerations 

The second major function of balloon c loth  i s  t o  protect a n d  contain the 

pressurizing media. The ul tirnate choice of polymer for  outstanding res i  star. 

to varying environmental condit ions i s  dependent on the material and the 

conditions i t  will  encounter i n  se rv ice ,  In balloon construction,  a l l  

surfaces  do n o t  encounter the same conditions a n d  therefore ,  a var ie ty  of 
polynlers can be exploited to the maxinium f o r  the i r  permeability, s t renqth ,  

fabr ica t ion  ease ,  weight, cost  and o ther  cha rac t e r i s t i c s .  

Several outstandi n q  polyviers have previously been used fo r  ba 1 loon 

construction w i t h  varying degrees of success such as  Mylar, Neoprene, 

Nylon, Urethane, Tedlar, Hypalon and Butyl . Each a re  excel l e n t  polymers 

i n  t h e i r  own r i q h t ,  but each wil l  perform d i f f e ren t ly  as conditions chanqe. 

For example, temperature var ia t ions  wil l  change the elastomeric qua1 i  t i e s  

of a l l  these polymers to d i f f e r e n t  degrees; a l so  formulations of the same 

polyn?ers from d i f f e r e n t  vendors can vary t o  such a n  extent  t h a t  the physic: 

para~;ietersw i  1 1  change, thus requirinq vendor formulation se l ec t ion .  

The above polymers plus others such as Teflon, Saran a n d  EPDt.1 have been 

evaluated for  t h e i r  advantages and disadvantages in film thicknesses 

applicable to liqhtweight balloon construction.  The r e l a t i v e  general 

propert ies of elastomer types a r e  given in Tab1 e 22 .  
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Rcqui r e w n l s  f o r  s u p e r i o r  acros ta  t s  d i c t a  LC t h a t  t l ~ c  p o l y ~ w r  havc J L  trih ~ rl o 5  

as shown below. 

POLYllER ATTRIBUTES .- .-.--------- . 

- Impermeabi 1  ity  t o  he1 ium 

- Low temperature f l e x  c h a r a c t e r i s t i c s  

- U V  r e s i s t a n c e  

I n  a d d i t i o n  t o  the above a t t r i b u t e s ,  the polymer o r  f i l m  must be bondable t o  

the subs t ra te  and to  i t s e l f  w i t h o u t  deqradat ion  a t  low temperature. A f t e r  a 

comprehensi ve t r a d e - o f f  s tudy o f  the numerous poss ib le  combinations o f  m a t e r i a l s  

t o  b u i l d  b a l l o o n  f a b r i c s  the  f o l l o w i n g  f i l m s  and polymers and combinations 

thereof  were evaluated:  

Nyl on 

l l y l a r  

Neoprene 

Gutyl  

Ted1 a r  

Polyurethane 

3.4.1 Coat ing Between P l i e s  

B u t y l  rubber  i s  reco~nnended by ILC Dover, i n s t e a d  o f  neoprene, f o r  the midd le  

l a y e r  o f  a11 two p l y  b iased laminated c o n s t r u c t i o n s .  The compara t i v e  p r o p e r t i e s  

o f  b u t y l  and neoprene a r e  summarized i n  Table 22.  I t s  lower s p e c i f i c  g r a v i t y  

a l lows a r e d u c t i o n  i n  the  c o a t i n g  between plies  of  . 4  o z l y d2 f o r  t he  same 

th ickness,  thereby e f f e c t i n g  a  s i q n i f i c a n t  weiqht reduc t i on .  

Also, the low u n s a t u r a t i o n  of  t he  b u t y l  polymer makes i t  ou ts tand ing  i n  

r e s i s t a n c e  t o  permeabil  ity o f  gases and water-vapor,  ozone, o x i d a t i o n ,  and sun1 7 

aginq, when compared t o  neoprene. Bu ty l  rubber  i s  more f l e x i b l e  a t  h igh  and lo\.. 

temperatures than neoprene rubber .  and t h e r e f o r e  more c r a c k - r e s i s t a n t  i n  s e r v i c e  

and i n  s to raqe 

The e f f e c t  o f  h y d r o l y s i s  on neoprene i s  more pronounced i n  t h i n  f i lrns than on 

t h i c k  f i lms .  Low unsatura ted  rubbers such as b u t y l ,  however, a re  n o t  s u b j e c t  t c  

t h i s  phenomenon. This  un ique p r o p e r t y  i s  p r i m a r i l y  t h e  r e s u l t  o f  i t s  low 

unsa tu ra  t i o n  ( fewer  double bonds) as compared t o  o t h e r  polymers. 
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RUTYL RUOEER MOLECULE 

I s o b u t y l  ene Isoprene I s o b u t y l e n e  
U n i t  U n i t  U n i t  

The number o f  double bonds p e r  molecule o r  c h a i n  l e n g t h  i s  fewer  than  

neoprene. Since the  double bond i s  t he  most r e a c t i v e  and most e a s i l y  a t t a c k e d  

by ozone, oxygen, and u l t r a v i o l e t  l i g h t ,  more r e s i s t a n c e  i s  ob ta ined  from polymers 

w i t h  fewer double bonds. 

The same molecu la r  c o n s t r u c t i o n  reduces t h e  p e r m e a b i l i t y  t o  a i r ,  gas, water,  

and water  vapor. The l o n g  1  i n e a r  cha ins  o f  b u y t l  r ubbe r  w i t h  few double bonds 

f o r  cross1 i n k i n g  p rov ide  a no re  impermeable membrane, as compared t o  neoprene 

which has a  s h o r t e r  c h a i n  l e n g t h  and h i g h e r  degree o f  u n s a t u r a t i o n .  



The lower s p e c i f i c  g r a v i t y  o f  b u t y l  i s  an added f a c t o r  i n  determin ing 

f i 11n th ickness and we igh t  cons ide ra t i ons .  N i  t h  b u t y l  , the weight and f i  ~I I I  

th ickness can be reduced below t h a t  o f  neoprene and s t i l l  p rov ide  b e t t e r  

p r o t e c t i o n  from env i  ronmental a t t a c k  and a h i g h e r  degree o f  irnpermeabil ity. 

3 - 4 . 2  Outer Surface Coat ings 

I t  i s  I LC 's  recommendation t h a t  po lyurethane be u t i l i z e d  as the  surface 

coa t ing  on a l l  la r r~ ina ted  f a b r i c s .  This s e l e c t i o n  w i l l  permi t  hea t -sea l i ng  

and/or cementing o f  j o i n t  seams w i  t h  a  g r e a t e r  r e l i a b i l i t y .  Th in 

coat ings  o f  1 i g h t - s t a b i  1  ized polyurethane a re  s u p e r i o r  i n  res i s tance  t o  

abrasion, u t r a v i o l e t  rays,  h y d r o l y s i s ,  ozone, and o x i d a t i o n .  

I t  has been proven t h a t  the p o l y e s t e r  po lyurethanes have b e t t e r  i n h e r e n t  

l i g h t ,  o x i d a t i o n .  and ozone s t a b i l i t y ,  and t h a t  t he  l i g h t - s t a b i l i  t y ,  

h y d r o l y s i s ,  and fungus r e s i s t a n c e  can be improved by chemical a d d i t i o n s  and 

use o f  l i g h t - s t a b l e  isocyanates.  

Pigments can be i nco rpo ra ted  i n t o  the urethane co~pounds f o r  increased 

UV-resistance and 1  i g h t - r e f l e c t a n c e .  The added coat ings n e i t h e r  d e t r a c t  

from the p h y s i c a l  p r o p e r t i e s  nor  r e t a r d  heat -sea l  i n g  o r  cementing. They 

prov ide  the added advantage o f  weight  sav ing by e l i m i n a t i n g  the requirement 

f o r  Hypal on overcoa t ing. 

Thermoplast ic  po lyure thane elastomers a re  t h e  newest, fas tes t -g rowing  

members o f  t he  v e r y  v e r s a t i l e  po lyurethane f a m i l y .  Polyurethanes a r e  

e s s e n t i a l l y  l i n e a r  i n  s t r u c t u r e  and can be processed by methods cus tomar i l y  

used w i t h  thermop las t ics ,  y e t  the polymers e x h i b i t  many o f  the p r o p e r t i e s  

o f  a  rubbery v u l  caniza t e  i n c l u d i n g  excel  l e n t  s t r e n g t h ,  toughness, and 

abras ion r e s i s t a n c e ,  as w e l l  as h igh  e x t e n s i b i l i t y  and e l a s t i c i t y .  

I n  the e a r l y  stages o f  developnent, l i t t l e  was known o f  the e f f e c t s  

o f  h y d r o l y s i s ,  u l t r a v i o l e t  l i g h t ,  o x i d a t i o n ,  ozone, o r  fungus res i s tance  

on the po lyure thane polymer. As these e f f e c t s  became known, two d i s t i n c t  

f am i  1 ies o f  thenrioplas t i c  polyurethanes became dominant: the pol  yes t e r s  
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and the polyethers.  

The primary d i f fe rence  between the two i s  the polyglycol used i n  the 

polymerization. I f  a polyesterglycol i s  used, the end product becomes a 

polyester  urethane. I f  a polyetherglycol i s  used, the end product becomes 

a pol yether urethane. Because of t h i s  d i f fe rence ,  however, each family 

exh ib i t s  somewhat d i f f e r e n t  proper t ies  a n d  i s  a f fec ted  d i f f e r e n t l y  by 

environment and chemicals. A prime example i s  the e f f e c t  of hydrolysis on 

polyester  urethane. Hydrolysis i s  the chemical decomposi t ion  of a 

substance, caused by water. The primary hydrolytic react ion i s  as follows: 

OcO ( C H  ) C&0 - ( C H2 ) 2 0-CO-NH-R-NH-CO-0 - + H2O .-;- 2 4 -
-.. -OJO (CH *) 4 COOH + HO-(CH2)2 -0-CO-NH-R-NH-CO-O 

The water a t tacks  the point doubly under1 ined a n d  breaks the polymer 

chain. One of these chains ends in a hydroxyl group ( - O H )  which i s  very 

s tab le  by i t s e l f .  The other chain ends in a carboxyl group ( - C O O H )  which 

i s  ac id ic .  This ac id ic  carboxylyoup speeds u p  fu r the r  hydrolysis of the 

polyester  segments in the polyester-urethane a n d  the degradation becomes 

au toca ta ly t i c .  

However, neutral  izing the carboxyl -contai n i  n g  fragments of the 

hydrolyzing polyester  as  they a re  generated s t ab i  l i  zes the polymer a n d  re ta rds  

hydrolysis .  A c l a s s  of mater ia l s ,  polycarbodi imides, pa tented in 1965, 

e f f ec t ive ly  t i e  u p  the  carboxyl group a s  shown below. 



React ion-.-- a . ~--- o f- -- .P o l y  (Carbodi i rn ide) w i t h  Carboxy! G r o u p ~ _  

+ - R C G H  +4 \i=jNH-z;:Ri
' .  

R ' (terminal R ' R ' 
c a r b a x y l  

A t t r ibutes t o  the above r e a c t i o n  i nc lude :  n o n - v o l a t i  lit y ,  r e s i s t a n c e  t o  

e x t r a c t i o n ,  good cornpat ib i  1  it y  w i t h  p l a s t i c s  and e lastomers c o n t a i n i n g  e s t e r  

groups, and s e l  f - po l ymer i  za t i o n  tendencies.  

The sequence o f  r e a c t i o n s  as desc r ibed  above prevents  a u t o c a t a l y s i s  o f  

the h y d r o l y s i s  r e a c t i o n  by n e u t r a l i z a t i o n  o f  t h e  ca rboxy l  groups as they 

a re  fornied. I n  a d d i t i o n ,  s i n c e  each s t a b i  1i z e r  con ta ins  severa l  carbod i  i m i  de 

groups, i t  can mend the  broken polymer cha i n s  which term i n a t e  i n  carboxy l  

groups. 

The number of ca rboxy l  groups i n  a  p o l y e s t e r  g l y c o l  i s  a l s o  a  determin ing 

f a c t o r  i n  the nu~nher o f  c levage p o i n t s  i n  a  polymer cha in .  N e u t r a l i z a t i o n  

o f  the c a r b o x y l i c  a c i d  by potassium hydrox ide  i s  an e f f e c t i v e  method f o r  

the d e t e n n i n a t i o n  o f  the a c i d  number i n  amacroglycol .  The lower  the a c i d  

number, the fewer p o i n t s  e x i s t  f o r  p o t e n t i a l  c levage by water .  
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Figures  10 and  11  show t h e  e f f e c t 5  o f  the use o f  h i g h  dnd  low a c ~ d  

numbers  o f  a m a c r o g l y c o l  a n d  the e f f e c t s  o f  p o l y c a r b o d i i r n i d e  I n  a p o l y e s t e r  

u r e t h a n e .  



Figure 10 


E F F E C T  CF ADCED PCLY(CARBODI1MLDE) ON HYDROLYSLS STABILITY C F  A THERMO-
PLASTIC POLY[ESTEP.-URETHANE) M A D E  F R O M  W G H E R  A C I D  N U M B E R  h L 4 C R O C L Y C O L  

F i g u r e  11 


E F F E C T  OF ADDED P O L Y ( C A R B 0 O ~ M I D E )O N  HYDROLYSIS STABILITY OF A THERMO-
PLASTIC F C L Y ( E S T E R - u R E ~ N E )MADE FROM LOW ACID N U M B E R  M A ( I R O G L Y C 0 L  



I n  recent years, aliphatic and  cycloal i p h a  t i c  diisocyanates have 

gained considerable importance in the building of 1ight-stable and  

color-stable polyurethane polymers. Their long-chain structures,  devoid 

o f  double bonds, as are the aromatics, make them less  susceptable to 

u l t raviole t  clevage. (Again, double bonds are more reactive t h a n  single 

bonds. ) 

An Atlas carbon-arc Fadometer and  an  Atlas Dry Weatherometer (xenon l ight  

source) have been used to t e s t  the relat ive resistance of various polyurethane 

elastomers. Results show t h a t  the aliphatic diisocyanates are superior in 

resistance to ul traviolet  degradation as compared to  the aromatics. 

I n  addition, the polyesters are even more res i s tan t  t h a n  polyethers 

t o  U V  l igh t  by the nature of thei r  polymer structure.  S t i l l  further resistance 

can be effected in b o t h  the polyester a n d  polyether-urethanes by the use of 

pigmentation and  u l  travi olet  screening agents. 

I n  sumnation, a polyester urethane made w i t h  a n  a1  iphatic diisocyanate 

a n d  pigmented with a n  u l  t raviolet-resi  s tant  pigment has outstanding resistance 

t o  UV. Ozone a n d  oxygen degradation i s  not a serious factor i n  the polyesters, 

since the i r  nom~al resistance to these two elements i s  outstanding. 

Respresentative FadOrneter resul ts  are presented i n  Table 73. 



TABLE 23 

Co~nparat ive Resis tance o f  Polyurethane 
t o  U l t r a v i o l e t  Rad ia t i on  

ORIGINAL AFTER A G I N G  
DATA 500 HOURS-

U l t ima te  T e n s i l e  
St rength 

( p s i  1 

Modul us a t  300a% 
E l ongati on 

( p s i  1 

Modulus a t  100''!J 
E longat ion  

( p s i  1 

U l t i m a t e  E longa t i on  
( p s i  

My la r  and n y l o n  e x h i b i t  poor  UV r e s i s t a n c e  and r e q u i r e  adhesives 

which a re  prone t o  c r a c k i n g  and s t r e n g t h  degradat ion  a t  low temperatures.  

Tedlar ,  however, can be s u c c e s s f u l l y  bonded w i t h  a c r y l i c  o r  

po lyurethane adhesive sys tems capable o f  w i t h s t a n d i n g  low temperatures.  

Th in  f i l m s  o f  Ted la r  a r e  e s s e n t i a l  l y  t r anspa ren t  t o  s o l a r  

r a d i a t i o n  i n  t he  near  u l  t r a - v  i o l e t ,  v i s i b l e  and near  i n f r a - r e d  reg ions  of 

the spectrum. U l t r a - v i o l e t  abso rb ing  types o f  Ted la r  a r e  a v a i l a b l e  f o r  

p r o t e c t i o n  o f  s u b s t r a t e s  a g i n s t  UV a t t a c k .  Th in  f i l m s  o f  Tedlar ,  when 

0
exposed t o  a  l ow  temperature o f  -70 F, show s igns  o f  b r i t t l e n e s s  b u t  

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

S e l e c t i o n  o f  f e d l a r ,  however, r e q u i r e s  t h e  use o f  s p e c i a l  adhesives 

and bonding procedures,  t o  p r o v i d e  con tamina t ion  f r e e  s e a l i n g  sur faces  f o r  

seam f a b r i c a t i o n .  
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There are  severa l  methods p r e s e n t l y  a v a i l a b l e  f o r  app ly ing  res inous 

c o a t i n g  substances t o  t e x t i l e  s u b s t r a t e s  and, i n  genera l ,  the s e l e c t i o n  of 

any one procedure i s  governed l a r g e l y  by the end use requirements o f  t h e  

coated f a b r i c .  Se lec t i on  i s  a l s o  i n f l uenced  by the phys i ca l  and mechanical 

p r o p e r t i e s  o f  coa t i ng  and base f a b r i c ,  together  w i t h  the associated 

process ing economies. The f o l l o w i n g  c o a t i n g  methods were used t o  f a b r i -

ca te  t e s t  samples: 

- k n i f e  c o a t i n g  

- t r a n s f e r  c o a t i n g  

I n  the k n i f e  o r  spread c o a t i n g  o p e r a t i o n  the v iscous coa t ing  i n a t e r i a l  

i s  spread on to  the f a b r i c  sur face ,  which i s  then passed under a c l o s e l y  s e t  

metal edge c a l l e d  a  c o a t i n g  k n i f e .  Th is  k n i f e  serves to  spread the c o a t i n g  

u n i f o r m l y  across the e n t i r e  w i d t h  o f  the subs t ra te  f a b r i c ,  s imul taneously  

c o n t r o l l i n g  the weight o f  c o a t i n g  m a t e r i a l  app l i ed .  

Un fo r tuna te l y ,  kn i  f e  coa t e r s  have two fundamental process ing problems, 

one o f  which i s  s t r e a k i n g  o f  the coa t ing ,  and the o t h e r  i s  the 1 i m i  t ed  amount 

o f  coa t i ng  which may be a p p l i e d  i n  one pass. Whereas the s t r e a k i n g  may be 

e l i m i n a t e d  by us ing  smoothing bars  o r  a i r  brushes, n l u l t i p l e  passes must be 

made i f  s u b s t a n t i a l l y  a i r  t i g h t  c o a t i n g  th icknesses a re  requ i red .  

I n  the  case o f  t r a n s f e r  c o a t i n g ,  a  l i g h t w e i g h t  homogenous f i l m ,  which 

was p r e v i o u s l y  cast ,  i s  t r a n s f e r r e d  t o  t h e  sur face  o f  the s u b s t r a t e  f a b r i c .  

Because o f  the hornogenei ty o f  t h e  c a s t  f i l m ,  l e s s  coa t ing  i s  r e q u i r e d  t o  

produce the same n e t  p e r m e a b i l i t y  r e s i s t a n c e  i n  the  f i n i s h e d  f a b r i c s .  Table 

24 i l l u s t r a t e s  t h e  e f f e c t  o f  c o a t i n g  method on pe rmeab i l i t y .  
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TABLE 24 

E f f e c t  o f  Coat ing  Method on P e r m e a b i l i t y  

Coat ing  
Fab r i c  C o n s t r u c t i o n  Method Permeabi 1  it y  , H2 .---
1 .5 oz/yd$ Polyurethane Kn i fe  3 3 L / M ~ / D ~ Y  
1.0 o z l y d  Dacron P o l y e s t e r  
1.5 oz/yd2 Polyurethane 

2.5 2o z l y d  Po lyure thane T r a n s f e r  4 ~ / i . l i / ~ a y  
1.0 oz/yd2 Dacron P o l y e s t e r  

. 5  oz l yd2  Po lyure thane 

3.0 ozlyd2 Polyurethane K n i f e  Gross Leakage 
1.5 oz/yd2 Kev la r  T r i a x i a l  l y  

Woven F a b r i c  
3.0 o r / yd2  Polyurethane 

2.7 oz/yd2 Polyurethane T r a n s f e r  . 2  L / M ' / D ~ ~  
1.5 oz/yd2 Kev l  a r  T i  a x i  a1 l y  

Woven F a b r i c  
1.0 oz/yd2 Polyurethane 



Figure 12A serves to i l l l ~ s t r a t e  the e f f e c t  o f  knife coatinq on the 

cross-section of a fabric,  while Figure 120 serves t o  i l l u s t r a t e  the 

t ransfer  method. 

C
2.0 ozlyd2 of polyurethane; most of the polyurethane 
f i l l s  the fabr ic  in te rs t i ce ,  very l i t t l e  covers the 
surface of the yarns. 

Figure 12A 

2.0 ozlyd2 polyurethane; a11 of the polyurethane C i s  on the surface of the fabric producing maxirum 

Figure 12B 



3.5 Ba l  l o n e t  --- ------M a t e r i a l  

3.5.1 D i s c u s s i o n '  

The i n i t i a l  des ign  goa l  f o r  b a l l o n e t  f a b r i c  was t o  deve lop  a  

s i n g l e - s u b s t r a t e  f a b r i c ,  r a t h e r  than  u s i n g  a  p r e v i o u s l y  developed and used 

doub le - subs t ra te  f a b r i c .  The p r i m a r y  reason f o r  t h i s  cho ice  was t h e  t r a d e -

s t a b i l i t y ,  he1ium p e r ~ n e a b i l i  o f f  between d i ~ ~ ~ e n s i o n a l  t y  and we igh t .  I t  was 

assumed t h a t  the  s i n g l e - s u b s t r a t e s  l o w  w e i g h t  and low h e l i u m  permeabi 1  it y  

a t t r i b u t e s  would, i n  t h e  f i n a l  a n a l y s i s ,  overconle i t ' s  l a c k  o f  h i g h  d imens iona l  

s t a b i l i t y .  Re fe r  t o  Tab le  25 f o r  compari son o f  a c t u a l  d o u b l e - s u b s t r a t e  

and goa l s  f o r  s i n g l e - s u b s t r a t e  m a t e r i a l .  

The approach was t o  f i r s t  deve lop ,  t e s t  and compare l i g h t w e i g h t  

f a b r i c s  and secondly  t o  p e r f o r m  a c o a t i n g  eva l u a t i o n  and pe r fo rm  f i n a l  t e s t s  

on the  coa ted  f a b r i c s .  

2
The f i r s t  m a t e r i a l  chosen was a 1.15 o z l y d  open weave p o l  yes  t e r  

c l o t h  hav ing  a 210 d e n i e r  and 13 x 1 7  coun t .  The low we igh t  and h i g h  t e a r  

s t r e n g t h  and f l e x i b i l i t y  o f  t h i s  c l o t h  was cons idered  i d e a l .  To form a 

he1 ium permeabi 1  it y  b a r r i e r  t h e  po lymer  chosen was a p o l  y e t h e r  p o l y u r e t h a n e .  

The s i d e  o f  t h e  f a b r i c  which sees t h e  he1 ium was coated w i t h  a t r a n s f e r  f i  l m  

and t he  o p p o s i t e  s i d e  r e c e i v e d  a  d i r e c t  k n i f e  coa t .  Due t o  t h e  l a r g e  i n t e r s t i c e  

i n  t h i s  open weave f a b  r i c ,  a r a t h e r  t h i c k  l a y e r  o f  po lymer  i s  r e q u i r e d  t o  add 

good dimensional  s t a b i  l i t y  and p e r m e a b i l i t y  f ea tu res  t o  t he  b a s i c  f a b r i c .  The 

p h y s i c a l  p r o p e r t i e s  o f  t h e  coa ted  b a l l o n e t  cand ida te  m a t e r i a l  a r e  shown i n  

Tab le  26. 



Table 25 - Comparison of Double-Substrate and S ing le -Subs t ra te  Bal lonet  Mate r ia l s  

Actual Double- Single-Subst ra te  
PROPERTY Subs t r a t e  Value Design Goal Value 

- -
-_ _ _ 

Construct ion 
._ _.. 

2. 5  oz/yd2 Pol ye the r  Polyurethane 
1 .4  oz/yd2 Dacron Po lyes t e r  (450 Bias)  
2 .6  oz/yd2 Butyl 
1 . 4  oz/yd2 Dacron Po lyes te r  

. 5  ozlyd Pol ye the r  Polyurethane 

1 .5  oz/yd2 P O I  ymer 
1.0 0 z / ~ d 2  Fabric  

21 . 5  ozlyd Polymer 

Weight 4 .0  ozlyd 2  

Adhesion ( l b s . / i n .  
Coating 
Ply
Bias Seam 

) 
7.0  rnin. 
7.0 min. 
4 .0  min. 

10 .0  m i n .  

Breaking S t reng th  ( l b s . / i n .  
S t r i p  Method 

60 rnin. 
60 min. 

Machine 40 rnin, 
Transverse 40 min. 

Permeabil i ty t o  Helium 2 .0  1  it e r / s2 /day  max . . 5  2l i t e r / rn  /day m a x .  

Low Temperature Flex No cracks  @ - ~ c ' F  No Cracks @ - 4 0 ' ~  
( 1  /8" mandrel ) 

Tear S t reng th  



Table 26 - Phys ica l  P r o p e r t i e s  o f  B a l l o n e t  M a t e r i a l  ST12C582 

I No. C h s r a c t a r l r t i a .  Tamt Hsthod 

3 . 7  o z l y d L Polyeth_at  P o l y u r c t h a n a  Vendor C o r t l f l c a t l o n  - .  -
f i l m  (black)

1 . 1 5  oz /ydL P o l y e o t e r  c l o t h ,  110 
d e n l e r  0 x 1 7  count 

I . 15 oz/ydJ P o l y e t h e r  ~ o l ~ u r o r h m a '  
( b l a c k )  

1. D r u a k l ~ ~ qS t r e n y t h  I l b # / l n l  
S t r l p  Method - Hachlna 6 0  mln. 

T r a n r v s r m  5 0  mln. 

A d l ~ d g1 0 1 1  Coat lnq  ( l b o / l n )  
6 2 3 0 A 0 9 3  and RI 60.1 7 m l n .  

Tsar - Tonqw h t h o d  ( l b o )  0 mln. (macnlns)  6 ~ I IItcanovarmslI '- 11 . 0  l l ~ a r / m/ I 4  hour. oax .  

As can be seen i n  Table 26, t he  average t o t a l  weight  o f  7 o z l y d  was 

r e q u i r e d  t o  o b t a i n  a good h e l i u m  p e r m e a b i l i t y  r a t i n g ,  w i t h  most o f  t he  

weight  a t t r i b u t a b l e  t o  the  p e r m e a b i l i t y  b a r r i e r  ( f i  lm) .  The m a t e r i a l  surpassed 

o r  came c l o s e  t o  t h e  i n i t i a l  des ign  o b j e c t i v e s ,  except  f o r  weight .  

The major  achievements thus f a r  on t h e  b a l l o n e t  m a t e r i a l  over  the  double- 

subs t ra te  ba l  l o n e t  m a t e r i a l  have been; 1 ) Reduced he1 ium permeabi 1  it y  from 

2.0 t o  1 .0  1  iter/rn2/24 hours;  2) V a s t l y  inc reased f l e x  1 i f e  from approx imate ly  

3000 cyc les  t o  i n  excess o f  10,000 cyc les ;  3 )  Reduced f a b r i c a t i o n  t ime by 

approx imate ly  50% and; 4 )  Reduced m a t e r i a l  cos ts  by 502. 

As the r e s u l t  o f  the  b a l l o o n  p r e l i m i n a r y  des ign study,  a t o t a l  we igh t  

reduc t i or1 was deemed necessary.  I t  was determined t h a t  the h u l l  , empennage 



and  bal lonet  f ab r i c s  could be made l i g h t e r  f o r  the purpose of b u i l d ~ n ga 

45,000 cu. f t  balloon by using thinner  elaston~cric/polynieric coatings.  No 

s t r u c t u r a l  penal t i e s  would be incurred by t h i s  chdnge and a decision t o  

increase coating thickness a t  a l a t e r  date  f o r  use i n  a 100,000 cu. f t .  balloon 

where weight was not  so c r i t i c a l  would c rea t e  no ser ious  process changes. The 

weight and  balance evaluation required a t o t a l  bal lonet  weight of 3 .5  ozlyd2 . 

I t  became read i ly  apparent t h a t  t o  maintain some degree of he1 iuni 

permeability, the only way to reduce bal lonet  w e i g h t  so d r ss  t i c a l  ly  :Jas to 

use a l e s s  pourous f ab r i c  which would not  require  such  a heavy layer of 

permeability b a r r i e r  (polymer). I t  was a l s o  apparent t h a t  a t i g h t  weave, 

lower denier  f ab r i c  would have l e s s  t e a r  s t r eng th .  

2
Past  experience with balloon mater ia l s  led to se l ec t ion  of a 1 ozlyd 

nylon r ip s top ,  30 denier  f ab r i c .  This t i g h t  weave, l ightweight fabr ic  

was used i n  the past  a n d  i s  known f o r  i  ts  excel l en t  cqa t ing  acceptabi 1 i t y  

proper t ies .  Again, previous experience indicated t h a t ,  when coated, the 

t o t a l  material weight could be kept under 4 .0  ozlyd2 a n d  s t i l l  exhibi t  a 

1.0 1 i  ter lmeter  2/ 24 hour ( o r  l e s s )  perrneabi 1 i  t y  t o  he1 ium. A purchase 

order was placed on Reeves Brothers of North Carolina f o r  t e s t  specimens 

and fo l  low-on production bal lonet  material  constructed from 1.0  ozlyd , 4 2  

i n .  width nylon r ips top  f a b r i c  coated on one s ide  w i t h  2 .0  orlyd2 film 

urethane and  on the other  with 1 .0  ~ z / ~ d 'knife coated urethane. 

Several t e s t  specimens were made. I t  was found by graduated decreases 

in the f i lm thickness tha t  a 1.8 ozlyd2 polyester  polyurethane f i lm s t i l l  

provided a he1 ium permeability of l e s s  than 1 .0  1 i  ter /meter2/  24 hours. 

The physical proper t ies  of t h i s  ba l lone t  material a r e  shown in Table 2 7 .  



1 3 g ~ / ~ d ?L i s P t  5 : 2 2 i e  : i i i q j  
P o l y e s t e r  P o l y u r e t h d n e  ( w h i t e )  

I o oz /yd?  xy l cn  a l p  s t o p  
Code 6520 

1 .O o:/yd? Po1yes:er 
P o l / u r e t h a n e  ( w h i t ? )  

3 3 OZ:,~!? ' 10: 

a r e l k l n g  S t r e n g t h  ( l b i i n ;  35 x 35 :Iini.num 
S t r : p  ~Vetkod 

Adhesion ( I b / i n )  
Csating 



--- 

3.5.2 Conclusion 

The ST12C583 b a l l o n e t  m a t e r i a l  was u l t i m a t e l y  s e l e c t e d  f o r  use 

i n  t h e  45,000 cu. ft. b a l l o o n  p r i m a r i l y  due t o  i t s  low we igh t  and low 

h e l i u m  p e r m e a b i l i t y .  Th i s  m a t e r i a l  meets o r  surpasses the  c o n s t r u c t i o n ,  

we igh t ,  w i d t h  and low temperature f l e x  des ign  goa ls  s t a t e d  a t  the  beg inn ing  

o f  t he  program ( r e f e r  t o  Table 3 ) .  

A1 though no o t h e r  goa ls  were achieved, t h e  s e l e c t e d  m a t e r i a l  

met o r  surpassed a l l  b u t  one o f  t he  p r o p e r t i e s  o f  t h e  o l d  doub le -subs t ra te  

b a l  l o n e t  m a t e r i a l .  The most d i s a p p o i n t i n g  p r o p e r t y  was, o f  course, t h e  

very  low t e a r  s t r e n g t h  e x h i b i t e d  by t h e  s e l e c t e d  m a t e r i a l s .  I t  must be no ted  

t h a t  the  low t e a r  s t r e n g t h  was caused by  the  requ i rement  t o  reduce we igh t  

f o r  the  smal l  45,000 cu. f t  b a l l o o n .  A h e a v i e r  m a t e r i a l  hav ing  much h i g h e r  

t e a r  s t r e n g t h  such as ST12C582 ( r e f e r  t o  Table 26) would be used i n  

100,000 cu. f t .  and l a r g e r  b a l l o o n s  where we igh t  i s  n o t  n e a r l y  as c r i t i c a l .  

3.6 Empennage Ma t e r i  a1 

3 .6 .1  Discuss ion 

I t  should be no ted  here  t h a t  the  i n i t i a l l y  proposed des ign 

goal  f o r  empennage c o n s t r u c t i o n  r e q u i r e d  two t o  t h r e e  d i f f e r e n t  types o f  

m a t e r i a l s .  Use o f  d i f f e r e n t  m a t e r i a l s  was d i c t a t e d  by a  f i n  des ign which 

used seperate a i r  tubes p laced i n s i d e  a  t i g h t  s k i n  t o  reduce p a r a s i t i c  

drag. ILC had engineered the  des ign f o r  ano the r  l a r g e r  b a l l o o n  p r o j e c t  

b u t  i t  had r m t  undergone f i n a l  t e s t i n g .  S h o r t l y  a f t e r  ILC was awarded t h i s  

c o n t r a c t ,  t e s t i n g  and e v a l u a t ~ o n  revea led  t h a t  t he  seperate tube and s k i n  

des ign  was n o t  siri t a b l e  due t o  l e a d i n q  edge c o l l a p s e  (un less ex t remely  

h i g h  a i r  pressure was used) and undesi r e a b l e  m a i n t a i n a b i l i t y  t r a i t s .  

There fo re  ILC r e t u r n e d  t o  the  b a s i c  concept o f  u s i n g  one f a b r i c  as b o t h  

the  s t r u c t u r a l  r e s t r a i n t  and the  a i r  r e t e n t i o n  b a r r i e r .  The m a t e r i a l s  



d iscussed  h e r e i n  a r e  based on t h e  one f a b r i c l d u a l  r o l e  des ign  (see F i g u r e  1 3 ) .  

The p r i m a r y  purpose o f  t h e  c o n t r a c t  was development o f  new and /o r  improvement 

o f  o l d  r e 1  i a b l e  b a l l o o n  m a t e r i a l s .  The empennage was used more as a  p r o v i n g  

ground f o r  development o f  a new 1  i g h t w e i g h t  r i p s t o p  f a b r i c  which wou ld  r e t a i n  

good t e a r  s t r e n g t h  c h a r a c t e r i s t i c s  a f t e r  be ing  coa ted  w i t h  po lymer .  The 

approach was t o  f i r s t  deve lop ,  t e s t  and compare l i g h t w e i g h t  ri p s t o p  f a b r i c s  

and second ly  t o  pe r fo rm a c o a t i n g  e v a l u a t i o n  and pe r f o rm  f i n a  1 t e s t s  on t h e  

coa ted  f a b r i c s .  Two des ign  w e i g h t s  ( 2 .0  and 1 .5  o z l y d2 ) were s e l e c t e d  as 

g o a l s  f o r  the  b a s i c  f a b r i c ,  be fo re  c o a t i n g .  The b a s i c  f a b r i c  was t o  be 

b i a x i a l l y  woven from a comb ina t i on  p o l y e s t e r  / f i b e r  ' B ' ,  w i t h  t h e  p o l  yes t e r  

y a r n  as t h e  ground and t h e  f i b e r  ' B '  y a r n  as t h e  r i p s t o p .  



FIGURE 13 EMPENNAGE F I N  CONSTRUCT ION 
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A subcon t rac t  was i s sued  t o  Fabr ic  Development Inc.  f o r  development o f  

t he  2.0 and 1 .5  ozlyd2 r i p s t o p  f a b r i c s .  

NOTE: Refer t o  s e c t i o n  3 .3 ,  Fabr ic  Construct ion Cons idera t ions ,  f o r  

d e t a i l e d  d i scuss ion  of  b a s i c  f a b r i c  cons t ruc t ion  c o n s i d e r a t i o n s .  

The f i r s t  2.0 oz/yd2 p o l y e s t e r / f i  ber  ' B '  r i p s t o p  f a b r i c  was received approximately 

f i v e  ( 5 )  weeks l a t e r .  Refer t o  Table  28 f o r  comparison of i n i t i a l  t e s t  r e s u l t s  L S .  

design goals  . 

CHARACTER1 ST ICS 
I 

Weight ( o z l y d 2 )  

Breaking S t r eng th  ( l b s l i n )  
Warp

i F i l l  
! 
; Elongation ( 2 )
I Warp
I F i l l  
I 

Tear S t rength  ( l b s )  I Tongue Method 
I ~a rpI F i l l  

I D E S I G N  GOAL ! ACTUAL V A L L  




--- -- 

A1 though the results of th is  i n i t i a l  development seemed to indicate a1 1 
design goals achieved, i t  was f e l t  that the optimum h a d  n o t  yet been achieved. 
Therefore the vendor was instructed to fabricate four ( 4 )  additional 2 .0  oz/yd 2 
ripstop fabrics .  

The new fabric received was a polyesterlKevlar 29 ripstop fabric.  Tests of 
the fabric  revealed the values shown in Table 29. 

Table 29 

ICHARACTERISTICS  I VALUE ! 
Weight I 2.3  o ~ / ~ d *  

I 

I 

Breaking Strength 
Ravel Strip Method 

Warp 
Fi l l  

NOTE:  F i r s t  breaking strength indicates the breakage of Kevlar 29 
yarns. The second figure indicates the breaking strength , 
of polyester yarns. t i 

I 

Tear Strength 
Tongue Tear Flethod 

Warp 
Fil l  50 lbs.  

56 lbs. 
I 
#Shear Resistance I 26 lbs. I 

Tests indicted t h a t  the fabric breaking strength was substantially 
less  a n d  the tear strength had been greatly increased over the  previous 
fabr ic .  The fabric samples were then subjected to a polymer coating 
evaluation. The coating process revealed excessive shrinkage of the 
polyester yarns and  no shrinkage of the Kevlar 29 yarns. I t  was 
determined t h a t  preshrunk heat s e t  polyester yarns would have to be 
used to al leviate the shrinkage problem. Use of the preshrunk heat s e t  
polyester ( D A C R O N )  yarns el iminated the shrinkage problem. 

A problem which emerged early resulted from the dissimilar moduli of 
the Kevlar 29 and  Dacron Type 52 yarns. Although one physical fabric was 
woven, two defini te  breaking strengths appeared. The Kevl ar  yarns, 
a1  though having 3 higher breaking strength t h a n  polyester, h a d  less e l a s t i c i ty  
t h a n  polyester a n d  therefore always broke f i r s t .  Failure of the Kevlar 29 
yarns then placed a l l  the tear loads on the low denier (55)  polyester 
yarns which have an  extremely low tear  value. 

Since the object o f  the Kevlar 29 yarn i s  to  give the fabric good tear 
s trength,  i t  became apparent t h a t  the moduli of the two yarns would have 
t o  be brought closer together t o  achieve both equal breaking strengths and  
to ensure the Kevlar 29 yarns did n o t  f a i l  before the polyester yarns. The 
111ethod used to achieve this  was to use cold-stretched, pre-shrunk 140 
denier Dacron, yarn, lowering i t s  twist per inch to 5.Z and maintaining 
the 200 denier ~ e v l a r  29 yarn, b u t  increasing i t s  twist to 9Z and heat 
s tabi l ing a f t e r  twist. Equal breaking strength of the two Yarns was achieved. 

6 3 
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The r e s u l t s  o f  t h i s  des ign a re  shown i n  Table 30. 

Tab le  30 - -- - - - - ------- -- -------- -- - .--

Po l yes te r  (52 T w i s t ) / K e v l a r  29 (9Z T w i s t )  R ips top  F a b r i c  I- - .  - . -- -- - ------- -- 7- -'---11 PROPERTY REFERENCED 1 VALUE 1 
6.-. - -. _ _ - __-.1 TEST METHOD - - - - - - - - . !I 

i 

i Weight (oz/yd2)  2 .41  : 
I 
1 Breaking S t reng th  ( l b s . / i n c h )  

Ravel S t r i p  Method 
Warp 
F i l l  

1
1 E longat ion  ( Z )  

I Warp 
F l l l  

i 
Tear Stengt.h ( l b s  )I 

I Tongue Tear Method 
Warp 

-- . . . .- .--- ---- -- - - -- --- - --
The design a l s o  r e s u l t e d  i n  a f l a t t c r  f a b r i c  which enhanc d  the  c o a t i n g  

c a p a b i l i t y .  The f a b r i c  was coa ted  on one s i d e  w ~ t h  2 . 5  oz/yd5 f i l m  
urethane and on the  o t h e r  w i t h  1 . 5  o z l y d 2  k n i f e  coated urethane No problems 
were encounted i n  the  c o a t i n g  p rocess .  The p r o p e r t i e s  o f  the coated m a t e r i a l  
a re  shown on Table 31. 

Tab le  31 .- - -. - - .-

Cod t e d  P o l y e s t e r l K e v l  a r  29 R ips top  F a b r i c  

PROPERTY REFERENCED VALUE i 
TEST METHOD -I

I 

. - . . 

!Weight (oz /yd2)  5040 5.8 : 

Break ing S t reng th  ( 1b s / i n c h )  
Machine 
t ransverse  

Tear Stength ( I b s )  
Tongue Method 
machine 
t ransve rse  

Coat ing adhesion ( I b l i n )  
o u t s i d e  c o a t i n g  
i n s i d e  c o a t i n g  

3.6.2 %ncbsiOnsS. The f i n a l  m t c r i a l  s e l e c t e d  f o r  use as the  empennaqe 
s t r u c t i . r a 1  r e s t r a i n t  and a1 r r e t e n t i o n  b a r r i e r ,  ILC P / N  A135036-01, 
e x h i b i t e d  one o f  the two b a s i c  q ~ a l i t i e s  o r i g i n a l l y  s e t  as goals  i . e . ,  
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low we igh t  and good t e a r  s t r e n g t h .  Wi thout  i n c r e a s i n q  we iqh t  ( b u t  n o t  be inq  

ab le  t o  s u b s t a n t i a l l y  decrease w e i g h t )  we were a b l e  t o  ach ieve a  remarkable 

inc rease i n  t e a r  s t r e n g t h  by a  f a c t o r  o f  ayproxima t e l y  15:2.  

3.7 H u l l  Ma t e r i  a1 

3.7.1 D i scussion 

A 1  though the b a l  l o n e t  and empennage Ilia t e r i  a1 deve lop~~ ien  t requ i red  a 

g r e a t  deal  o f  e x p e r t i s e ,  i t  was the  h u l l  m a t e r i a l  d e v e l o p ~ ~ i e n t  which presented 

the  g r e a t e s t  cha l l enge  t o  t h e  m a t e r i a l  s p e c i a l i s t s  and eng ineers .  The cha l lenge 

t o  reduce the  we igh t  o f  t he  b a l l o o n ' s  p r imary  s t r u c t u r e  by 2 5 ' '  t o  approx imate ly  

7.5 ~ z / ~ d ' ,  reduce i t s  he l i um p e r m e a b i l i t y  by 50; t o  l e s s  than 1 .0  l i t e r / f 421 2 4  

hours and s t i l l  m a i n t a i n  a  d imens iona l l y  s t a b l e  s t r u c t u r e  hav ing a l l  the good 

q u a l i t i e s  needed t o  p r o t e c t  the  i n t e g r i t y  and l i f e  o f  the b a l l o o n ,  was Indeed 

the most d i f f i c u l t  and t ime consuming. A t  the  o u t s e t  o f  the  h u l l  m a t e r i a l  

development program the re  were two bas ic  concepts cons idered :  

--Fabr i c----- --- This  c o n s t r u c t i o n  was a t w o - ~ l ya. Two-ply Biased --- C o n s t r u c t i o n  

f a b r i c  composed o f  a  d imens iona l l y  s t a b l e  s c r i m  lamina ted  t o  a  l i q h t w e i g h t  

r i p s t o p  cons t ruc ted  f a b r i c .  The advantage o f  u t i l i z i n q  d imens iona l l y  s t a b l e  

scr ims i n  p lace  o f  a  very  l i g h t w e i g h t  f a b r i c  i s  t h a t  no b i a s i n g  o p e r a t i o n  i s  

necessary.  Th is  advantage r e a l i z e s  a  sav ings i n  c o s t  and l a m i n a t i n g  t ime and 

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

A thorough i n v e s t i g a t i o n  o f  t he  non-woven s c r i m  market y i e l d e d  two 

p o s s i b l e  cand ida te  m a t e r i a l s  f o r  t h i s  a p p l i c a t i o n :  

Tyvek - Spunbonded o l e f i n  

Reelnay - Spunbonded p o l y e s t e r  

However, subsequent t e s t i n g  i n d i c a t e d  t h a t  f a b r i c s  f a b r i c a t e d  f rom Tyvek were 

unacceptable. T h i s  i s  due t o  t h e  i n c o m p a t i b i l i t y  i n  temperature r e s i s t a n c e  o f  t he  

I3u t y l  and spunbonded o l e f i n  d u r i n g  the  c u r i n g  opera t i o n .  



The s t r u c t u r a l  r i p s t o p  f a b r i c  was designed t o  i n c o r p o r a t e  b o t h  h i g h  t e n a c i t y  

Dacron and K e v l a r  29 ya rns ,  whereby t h e  K e v l a r  29 y a r n  i s  used as t h e  r i p s t o p  i n  

b o t h  t h e  warp and f i l l  d i r e c t i o n s  w h i l e  t he  Dacron yarns  a r e  used f o r  qround.  

Because o f  t h e  h i g h  c o s t  o f  t h e  K e v l a r  29 y a r n ,  I L C  Dover r a n  a  s t u d y  t o  m in im ize  

t h e  Kev la r  29 usage. The f o l l o w i n g  o b j e c t i v e s  ( r e f e r  t o  Tab le  32) were e s t a b l i s h  

t o  i n s u r e  t h a t  t h e  deve loped r i p s t o p  c o n s t r u c t i o n  would possess exce l  l e n t  f a b r i c a t i  

v e r s a t i l  ity.  

Tab le  32 

Des ign O b j e c t i v e s  - H u l l  R ~ p s t o p  F a b r i c  
-

1 
i 

CHARACTERISTIC REQUIREMENT 
. - - - -.. 

Weight  2.0 oz lyd2  
B reak ing  S t r e n g t h  140 l b s / i n  x 140 l b s / i n  
Count 100 x 100 
Tear S t r e n g t h  12 x 12 
M a t e r i a l  Dacron, Type 52, 70 Den ie r  

K e v l a r  29, 200 Den ie r  

The f o l l o w i n g  e q u a t i o n  was used t o  de te rmine  what percentage o f  t h e  c o n s t r u c t ;  

shou ld  be K e v l a r  29 and what percen tage  shou ld  be Dacron, Type 52. The o b j e c t i v e  

here  was t o  n l i n i m ~ z e  t h e  use o f  K e v l a r  29. 

where: 6 - U l t i m a t e  F a b r i c  S t r e s s  ( l b s l i n )  

( - U l t i m a t e  E l o n g a t i o n  ( i n / i n )  

E - T e n a c i t y  (gpd)  

D - Demer 

X ,  Y - Number o f  Years p e r  I n c h  



- - -- 

As a r e s u l t  of th i s  study, a r ips top  f a b r i c  was engineered whereby 82 

: rcent  of  the construct ion was 70 denier ,  Type 52 Dacron a n d  12 percent o f  the 

3nstruction was 200 den i e r ,  Kevlar 29. This construction increases the breaking 

:rength of a n  a l l  Dacron f ab r i c  by 50 percent while t r i p l i n g  the t e a r  s t rength  

i t h o u t  any increase in weight. Table 33 compares a n  a l l  Dacron f a b r i c  with 

7e f i r s t  i t e r a t i o n  DacronIKevlar r ips top  f a b r i c .  

Table 33 

A1 1 Dacron Fabric vs. DacronIKevl a r  
Ripstop Fabric 

I 
All Dacron DacronIKevlar 

Charac te r i s t ic  Fabric ~a br-i c  

Weight, oz/yd 2 2.1 2.3 
Breaking Strength, 90 x 90 156 x 145 

1b/in.  
Tear Strencjth, lbs  4 x 4  29 x 26 
C o u n t  100 x 100 100 x 100 

1. ---.- - - - - - - . . . . - - - - .- . ----. .-

The experimental Dacron/Kevlar r ips top  f a b r i c ,  employed as the s t ruc tu ra l  

?mbrane, was coupled respectively with a l ightweight  biased f a b r i c  a n d  a 

ightweight spunbonded f ab r i c .  Figure 1 4  shows the cross sect ions  of the two 

xperirnental two-ply constructed f ab r i c s  . The two experimental construct ions  

nd a control  were t e s t ed ,  a n d  primary represen ta t ive  proper t ies  a re  qiven in 

1 
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I Exper imental  Two-ply H u l l  F a b r i c  P r o p e r t i e s  I 
-- __-_- ---- i 

-------. 
L 
I I B a s e L i n e  
I 

Design i ILC PIN (Con t ro l  ) 1 B ias ! Spunbondec 
C h a r a c t e r i s t i c  Goa 1  A105002 i R ips top  Ripstop 

Weight, 0 z / ~ d ~  

Tens i l e ,  l b / i n  
Machine 
Transverse 
Bias 

Tear, Tongue 
Machine 
Transverse 

Shear Resis tance 1 
(Ibs) ----- - - !.. 

The major  advantages a n t i c i p a t e d  f rom t h i s  type  two-p l y  c o n s t r u c t i o n  were; 1 ) 

~ t m e a b i l i t y  l a y e r  ( b u t y l )  i s  between two l a y e r s  and thus  p r o t e c t e d  f rom abras ion 

jd e x t e r n a l  weather ing;  2 )  Increased t e a r  s t r e n g t h  due t o  p l y  c o n s t r u c t i o n ;  3 )  

mensional s t a b i l i t y  w i t h o u t  hav ing t o  crease l e f t - h a n d  and r i g h t - h a n d  b i a s  p l y  

3b r i cs ;  4 )  High s t r e n g t h  t o  low we igh t  and; 5 )  Long tern1 l i f e .  However, the  

~ n s t r u c t i o n  e x h i b i t e d  poor he l ium p e r m e a b i l i t y  and had c o a t i n g  adhesion problems. 

s these problems seemed t o  be unsol  veable.  a11 e f f o r t  was then concent ra ted  on 

?e t r i a x i a l  f a b r i c  c o n s t r u c t i o n  be ing  developed i n  p a r a l l e l  w i t h  t h e  two-p ly .  



b .  T r i a x i a l l y  Reinforced F i l m  C o n s t r u c t i o n  

T h i s  c o n s t r u c t i o n  was b rough t  about by a technological  b reak through 

i n  weaving machinery. Whereas s tandard  weaving equipment produces a 

f a b r i c  w i t h  one y a r n  r u n n i n g  i n  lthe machine d i r e c t i o n  and another y a r n  

runn ing  i n  the t ransve rse  d i r e c t i o n ,  t r i a x i a l  weaving equipment runs  one 

y a r n  i n  the t ransverse  d i r e c t i o n  and one y a r n  each runn ing  on a 60° l e f t  

and r i g h t  hand b i a s  (see F i g u r e  1 5 ) .  

B A S I C  WEAVE 

TRANSVERSE 

' / 
F i g u r e  15. Bas ic  T r i a x i a l  Weave 

The advantages a n t i c i p a t e d  f rom t r i a x i a l  f a b r i c  c o n s t r u c t i o n  were: 

1 )  Requirement t o  l a m i n a t e  two f a b r i c s  i s  e l i m i n a t e d  due t o  t r i a x  

s t r e n g t h  i n  normal machine, t r a n s v e r s e  and b i a s  d i r e c t i o n s .  

2 )  Higher  t e a r  s t r e n g t h  than comparable o r thogona l  weaves. 

3 )  Reduced we igh t .  



NOTE1 Refer t o  s e c t ~ o n  3 . 3 ,  F a b r i c  Cons t ruc t ion  

Cons ide ra t ions ,  f o r  d e t a i l e d  a n a l y s i s  of 

t r i a x i a l  f a b r i c  c o n s t r u c t i o n .  

The des ign  g o a l s  s e t  for the t r i a x i a l  f a b r i c  r e i n f o r c e d  f i l m  hul l  

m a t e r i a l  a r e  shown i n  F igure  16 and l i s t e d  i n  Table  35. 

2
-'Fil  rn Polyurethane :\, J-.5-.-A._ 3:'-

/ w A j juvy8-..- .-L- -. ' v.8 ----..8oz/yd 

2 .5  o z / j d 2  Filni P o l y ~ ~ r e t h a n e  
1 . 5  oz/yd Kevlar 29 T r i a x

ozlyd;
ozlyd 

-.::..'J.. .. 
, Dacron Po lyes te r  


2 ' ) 2.- .-. .Tr iax  .-. -. --.. - *' Polyurethane ( k n i f e  . 
Polyurethane ( k n i f e  ozfyd coated)

coa ted)  

Figure 16.  T r i a x i a l  Hull Fabr ic  Const ruc t ion  

Table  35 

T r i a x i a l  Hull Fabr ic  Design Goals 

Pol yes  t e r  Kevlar IC h a r a c t e r i s t i c  T r i a x i a l  T r i a x i a l  

2
J e i g h t ,  ozlyd 

r e n s i l e ,  I b / i n  
Machine 
Transverse  
Bias  

r e a r ,  Tongue 
Machine 
Transverse  

-ea kagf 
L/M /24 h r .  

Shear  Res i s t ance  (1bs .  ) 



I t  was learned from the p r e l i m i n a r y  run o f  experimental t r i a x i a l  h u l l  

laminate  cons t ruc ted  of a l l  Kev la r  29 yarns ,  t h a t  the a n t i c i p a t e d  l ower  

e longa t ion  (vs.  a1 1  Dacron) was a t t a i n e d ;  however, t he  h igher  s t rength-we i  g h t  

r a t i o  was n o t  r e f l e c t e d  i n  the  c y l i n d e r  b u r s t i n g  s t reng th .  I n  the fo rmula  

T=PR, where T i s  the break ing s t r e n g t h  of  the laminated f a b r i c  i n  l b s / i n ,  

P i s  the b u r s t i n g  pressure i n  P S I  and R i s  the b u r s t i n g  rad ius  i n  inches ,  

i t  i s  seen t h a t  the break ing s t r e n g t h  i s  dependent no t  o n l y  on the s t r e n g t h  

of  the f a b r i c  b u t  a l s o  on the  e l o n g a t i o n  t h a t  occurs be fore  i t  breaks. The 

use o f  p o l y a c r y l i c  a c i d  s i z i n g  on t h e  Kev la r  29 yarns r e f l e c t s  n o t  o n l y  a 

50 percent  r e d u c t i o n  i n  yarn break ing  s t r e n g t h ,  b u t  a l s o  a severe r e d u c t i o n  

i n  yarn  e longa t ion .  

As a r e s u l t ,  another  des ign i t e r a t i o n  was considered. Considerat ions 

f o r  t h i s  design i t e r a t i o n  were: 

- e l i m i n a t i o n  o f  a l l  s i z i n g  on yarns 

- t w i s t  the Kev la r  29 yarns  w i t h  9 tu rns  
pe r  i n c h  o f  Z t w i s t  

The r a t i o n a l e  f o r  t h i s  des ign i t e r a t i o n  was t o  p rov ide  f o r  lower  

yarn  modulus thus r e s u l t i n g  i n  h i g h e r  f a b r i c  e longa t ion .  P r e l i m i n a r y  

p r o p e r t i e s  a re  g iven i n  Table 36. 

Tab le  36 

Re-designed Kev la r  
T r i a x i a l l y  Re in fo rced F i l m  

. - . - .-.. 
1- - --

C h a r a c t e r i s t i c  --------- -I-- I-
I-------

r e s i g n  Goal 
. 

Weight, 0 z / ~ d 2  ! 5.0 I 

Breaking Strength,  l b / i n  I 
IMachine i 120 

Transverse 
B ias  

Tear S t renath ,  !bs. 
Tongue Method 

1 Vachine 
Transverse. - .- - --- -.-- - -

72 



-- - 

I C h a r a c t e r i s t i c s  Design Goals --I 
I Trapezoid Method 

Machine 
Transverse 

S l i t  Tear 
Machine 
Transverse 

Leakage 
L / M ~ / D ~ ~  1.0 Max. 

I 

Shear Resistance, l b s .  150 i. _ . - - . - _ _- - - ..- - - - .  I .. - - 3 

Severa l  a t tempts  were made t o  ~ r o d u c e  new i t e r a t i o n  K e v l a r  29 

t r i a x i a l  h u l l  m a t e r i a l .  However, each a t temp t  t o  ~ u t - U D  t h e  y a r n  

on beams r e s u l t e d  i n  t he  appearance o f  excess i ve  y a r n  s lugs  and t h e  beaming 

Drocess was ha1 ted.  The t e c h n i c a l  problems were d iscussed and analyzed 

by Dupont, M a r i o n e t t e  M i l l s ,  Doweave, ILC and A i r  Force r e p r e s e n t a t i v e s .  

I t  was f e l t  t h a t  the  s lugs  ( K e v l a r  f i b e r s )  c o u l d  be e l i m i n a t e d  by a  change i n  

the  beamerk t e n s i o n i n g  techniques, however a  new supp ly  o f  raw y a r n  and 

re -schedu l i ng  problems a t  every p rocess ing  p o i n t  i n d i c a t e d  t h a t  a schedule 

s l i p  o f  3 - 4  months would r e s u l t .  A t  t h i s  p o i n t ,  t h e  d e c i s i o n  was made t o  

concen t ra te  e n t i  r e l y  on p roduc t i on  o f  the  p o l y e s t e r  t r i a x i a l  h u l l  f a b r i c ,  due 

t o  ava i  l a b i  1  it y  o f  yarns and process ing  equi  pment. 

A1  though e a r l i e r  sample t e s t s  seemed t o  i n d i c a t e  acceptab le  p r o p e r t i e s ,  

the p o l y e s t e r  t r i a x i  a1 f a b r i c  e x h i b i t e d  an unacceptable percentage o f  e l o n g a t i o n  

a f t e r  c o a t i n g .  A f t e r  examining a  p iece  o f  t he  m a t e r i a l  b e f o r e  heat  t rea tment ,  

a  p i e c e  a f t e r  hea t  t reatment ,  and a  p i e c e  a f t e r  c o a t i n g ,  i t  was obv ious t h e r e  

was s e r i o u s  shr inkage i n  the w i d t h  and a  r a d i c a l  change i n  t he  bas i c  qeo~netry o f  

the  f a b r i c  a f t e r  coa t i ng .  Again, i t  was f e l t  t h a t  t h e  p r o b l e i ~ i  cou ld  be so lved ,  

b u t  a f t e r  f i v e  ( 5 )  months the re  was l i t t l e  improvement. Ten d i f f e r e n t  samples 

were t e s t e d  and r e j e c t e d  p r i m a r i l y  f o r  t he  excess i ve  e longa t i on .  Normal e l o n g a t i o n  

value i s  approx imate ly  0.751 a t  o p e r a t i o n a l  p ressure .  The avcrage of a11 p o l y e s t e r  

t r i a x i  a1 h u l l  f a b r i c s  was approx imate ly  4'X. The excess ive  e l o n g a t i o n  would cause 



i n t e r f a c e  problems between t h e  h u l l  and t h e  b a l l o n e t  and empennage as w e l l  as a 

cons iderab le  shape change o f  t h e  h u l l  a t  h i g h e r  o p e r a t i o n  pressures.  Therefore 

t h e  p o l y e s t e r  t r i a x i a l  f a b r i c  was e l i m i n a t e d  f rom cons ide ra t i on .  

A1 1  a t t e n t i o n  was tu rned t o  s o l u t i o n  o f  t he  h u l l  m a t e r i a l  problem by u s i n g  

combinat ions  o f  p r e s e n t l y  a v a i l  a b l e  equipment and m a t e r i a l s .  One such m a t e r i a l  

u t i l i z e d  a  b i - p l a n a r  Doweave T r a i x i a l  f a b r i c  which was heav ie r  b u t  e x h i b i t e d  much 

l e s s  e l o  ngat ion .  Small f a b r i c  runs  were made. Each t ime t e s t s  were s a t i s f a c t o r y  

b u t  heat s e t t i n g  and subsequent c o a t i n g  ope ra t i ons  proved f r u i t l e s s  due t o  what 

was r e f e r r e d  t o  as "poor q u a l i t y  o f  t h e  base f a b r i c " .  I n a b i l i t y  t o  achieve 

even ya rn  tens ion  was the reason f o r  poor  q u a l i t y .  I t  became apparent a f t e r  

n i n e  ( 9 )  months o f  i n v e s t i g a t i o n s  o f  b i - p l a n a r  t r i a x i a l  f a b r i c  and more than 

two years o f  f a i l u r e s  on o t h e r  tr i ~ x i a l  f a b r i c s ,  t h a t  t he re  were no near term, 

c o s t - e f f e c t i v e  s o l u t i o n s  i n  s i g h t  f o r  t r i a x i a l  f a b r i c s  i n  ba l l oons .  

3.7.1.1 - --Return t o  T w o - -  - Wi th  t h e  promise o f  t r i a x i a l l y  woven f a b r i c s  

waning, an i t e r a t i o n  o f  t he  o r i g i n a l  a l t e r n a t i v e  concept o f  s t a b i l i z i n g  

b i a x i a l  f a b r i c  w i t h  a  non-woven m a t e r i a l  was developed. The d i f f e r e n c e s  between 

the  o r i g i n a l  concept and t h i s  i t e r a t i o n  a re :  

a. The non-woven i s  now o r i e n t e d  w i t h  f i b e r s  runn ing  i n  t he  

b i a s  d i r e c t i o n ,  r a t h e r  than randomly. 

b. The non-woven i s  p laced  on  t h e  i n s i d e  o f  the  base f a b r i c ,  r a t h e r  

than t h e  o u t s i d e .  

c .  The use o f  a  po l yu re thane  p recas t  f i l m  r a t h e r  than a s o l v e n t  c o a t  

f o r  t h e  o u t s i d e  gas r e t e n t i o n  l a y e r .  

P r e l i m i n a r y  a n a l y s i s  i n d i c a t e d  t h e  f i n i s h e d  m a t e r i a l  would weigh approx imate ly  

7 .5  oz lydZ.  A l i m i t e d  q u a n t i t y  o f  f u l l  w i d t h  p r o d u c t i o n  r u n  m a t e r i a l  was ordered.  

The p r e l i m i n a r y  s p e c i f i c a t i o n  f o r  t he  m a t e r i a l  i s  shown i n  Table 37. 



Tab le  37 

Two-ply H u l l  M a t e r i a l  P r e l i m i n a r y  S p e c i f i c a t i o n  

-__ _ _- --- -_-- - _ - ---
' C h a r a c t e r i s t i c  -7. Design Goal - 1

~,_---____--- _ _  . - . .  - .  - !-
' C o n s t r u c t i o n  I 2.5 oz lyd2 F i lrn Polyurethane I 

2.3 oz/yd2 P o l y e s t e r  Fab r i c  
1.0 oz/yd2 Pol  y e t h e r  Polyurethanei 
0.8 oz/yd2 Or ien ted  Non-Woven 

P o l y e s t e r  F a b r i c  
1 .0  oz/yd2 Po lye the r  Polyurethane - ! 

Weight
1 

Break ing  S t reng th  ( l b s )  
f S t r i p  Method 
I Machine 120 min. , 

Transverse 80 min. 
I 
I 

I Tear (Tongue Method) 
Machine 8 I b s  

I 
I Transverse 8 l b s  

: Adhesion ( I b s / i n )  
Coat ing  10 
P l y  10 

te rs /meter2 /24  hoursP e r m e a b i l i t y  t o  Helium 1.0 ~i 

Low Temperature F lex  No c racks  @ -40' F 

Width 52  i n .  
I 



After clearing u p  a problem w i t h  both low ply adhesion a n d  low t e a r  

strenqth there remained only one obstacle .  I t  was discovered the non-woven 

layer  could t r a p  and hold as much as s i x  ( 6 )  ozlyd2 of water i f  the bal lonet  area 

of the balloon was subjected t o  dew point condit ions.  I t  was determined t h a t  

calendering the non-woven from 15 t o  4 mi 1s thickness eliminated the trapped 

water problem. I n  an t ic ipa t ion  tha t  calendering would reduce the overal l  

dimensional s t a b i l i t y  of the f inished hull mater ia l ,  the adjacent polyether 

polyurethane layer was evaluated f o r  i t s  e f f e c t  on dimensional s t a b i l i t y .  

Tests indicated t h a t  increasing the modulus and changing the coating 

procedure did increase dimensional s tab i  1 i  ty .  

Optir~ium polyurethane compound f o r ~ w la t ion  a n d  coating procedures were 

selected a n d  a preproduction l o t  of 50 yards was ordered to  determine i f  

the procedure could be dupl icated on production equipment. One f ina l  

change was to d i r e c t  coat  the outside of the hull material ra ther  t h a n  using 

the film t r ans fe r  method as the adhesive used with the film t ransfer  method 

resul ted in discolorat ion a f t e r  long term exposure to  ul t r a -v io l e t  rad ia t ion .  

Testing of the 50 yard preproduction sample indicated the physical proper t ies  

shown in Table 38. 
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TABLE 33. FINAL PREPRODUCTION HULL FABRIC PROPERT IES 

I I 

aTest  I Spec i f i ca t i on  
C h a r a c t e r i s t i c  Resu l t s  Requi rements 

Weight ( ozlyd2) 

Tens i le  ( l b s / i n )  
Machine 
Transverse 

Tongue Tear ( I  bs)  
Machine 
Transverse 

Adhesion ( 1 b s / i  n )  
Coating 8.6 
Ply Could no t  separate 

Permeabi l i ty  t o  Helium 
( ~ it e r s / ~ e t e r 2 / 2 4  hours) .5 1.o 
Low Temperature Flex Passed No cracks @ -4c0 F 

: Width Lab Sample 



A1 though the  5.9 l b  tongue t e a r  s t r e n g t h  i n  t he  t ransverse  d i r e c t i o n  

was l e s s  than the  des i red  8 l b  value,  i t  was g r e a t l y  improved over  p r i o r  

samples and probab ly  represents  t h e  maximum ob ta inab le  when the f a b r i c  has 

good c o a t i n g  and p l y  adhesion. A d e c i s i o n  was made t o  proceed w i t h  

f a b r i c a t i o n  o f  t he  h u l l  m a t e r i a l .  W i t h i n  th ree  months t ime a l l  h u l l  

m a t e r i a l  ( ILC P/N ST1 2C75 1)was rece i ved ,  t es ted  and accepted. 

3 .7 .2  Concl us ions 

T r i a x i a l  l y  woven f a b r i c s ,  i n  t h e  p resent  s t a t e - o f - t h e - a r t  are n o t  

acceptab le  f o r  use as b a l l o o n  m a t e r i a l  p r i m a r i l y  due t o  the  i n a b i l i t y  t o  

ach ieve equal y a r n  tens ion  on a l l  t h reeaxes  and the i n a b i l i t y  t o  r e t a i n  

good p r o p e r t i e s  a f t e r  c o a t i n g  which i s  caused by the  i n a b i l i t y  t o  o b t a i n  

a  permanent hea tse t .  Given ample t ime and budget, i t  i s  f e l t  t h a t  

t r i a x i a l l y  woven f a b r i c s  can be develooed f o r  use as bas ic  h u l l  m a t e r i a l  

capable o f  o v e r a l l  h u l l  wc igh t  savings approaching 50% over  today 's  m a t e r i a l s  

A1 though the we igh t  sav ings d i d  n o t  meet the o r i g i n a l  des ign o b j e c t i v e .  

the two-p ly  h u l l  m a t e r i a l  P/N ST12C751 used f o r  the  45,000 cu. ft. b a l l o o n  

i s  over  2.0 oz lyd2  l e s s  than e x i s t i n g  10 oz lyd2 m a t e r i a l s .  A d d i t i o n a l  

e f f o r t  would most l i k e l y  ach ieve some a d d i t i o n a l  weight  savings, b u t  n o t  

much more than 107,. 

4.0 IV ITERIAL----TESTING 

A s i n g l e  l i n e  i t e m  o f  t h e  c o n t r a c t  was devoted t o  p repa ra t i on ,  

s u b m i t t a l ,  approval  and subsequent use o f  an R & D Tes t  and Acceptance 

Plan.  The p l a n  was submit ted,  ammended and approved f o r  use d u r i n g  the  

f i r s t  yea r  o f  t he  c o n t r a c t .  The p l a n  d e f i n e d  c lasses o f  m a t e r i a l s ,  

f e d e r a l ,  m i l i t a r y  and i n d u s t r i a l  t e s t i n g  methods and 1  i s t e d  a l l  t e s t s  

r e q u i r e d  f o r  acceptance o f  each m a t e r i a l  c l a s s .  I n  asmuch as the  t e s t  

7 l a n  was r e q u i r e d  t o  be submi t t e d  e a r l y  i n  the  program. i t  d i d  n o t  r e f l e c t  

t h e  f i n a l  f a b r i c  c o n s t r u c t i o n s ,  we igh ts  o r  polymer fo rmu la t ions  however, 

t he  t e s t s  r e q u i r e d  and t h e  i n d i v i d u a l  t e s t i n g  methods d i d  n o t  change 



appreciably a n d  therefore were useable on the f i n a l  materials. except 

where specific values, e.g.  breaking strength, weight, e t c .  no longer 

appl ied. 

5.0 FINAL MATERIAL DESIGN 

The final materials selected for construction of the 45,000 c u . f t .  

b a l l o o n  a n d  the i r  specified physical properties are shown in Table 39. 



/ 
TABLE 39 FINAL HATERIAL DESIGN (45,000 CU. FT.  BALLOON)

- -.. - ----. -. --..-- - . .-.. -- - -- . -. - - - - - -
REQUI RUKHTS 

CHARACTER1ST I C  . . .. EfiPEPINAGE ;~ 1 0 5 0 3 6 7 1 T - . HULL -. . s T ~ ~ c ? - I ~ -
aI Cons t r uc t i on  ; 1.8 oz/yd 2 L i g h t  S tab le  L i g h t  S t a b l e  2.5 oz /yd  2  L i g h t  S t a b l e  

l 

I Po l yes te r  Polyurethane I P o l y e s t e r  Po lyure thane , e s t e r  Po lyu re thane  
I 
 I F i 1m ' w h i t e )  . F i l m  w h i t e )  I 

I 
 : 1. O  oz l yd2  Nylon Rips top .3 oz /yd  1 Dacron/t'.evlar 29 ' 2 . 3  oz /yd  2 P o l y e s t e r  F a b r i c .  I 

I 1 Fab r i l j .  

P 
R i p s t9p F a b r i c .  / 210 D n i e r  41  x 39 coun t . 


1 1 .0  oz l yd -  Po l yes te r  Po ly -  .5 o z l y d  L i g h t  S t a b l e  Poly-I 1.0 oz/ydq P o l y e t h e r  Po lyu re -  I 
I I urethane (wh i t e )  es tet -  Po lyure thane N h i  te) thane ( b l a c k )  . 

I ! I 10.8 O r i e n t e d  nonwoven  

I ! P o l y e s t e r  F a b r i c .  
I 
 ; 1 . 0  0 z / ~ d 2  Pol y e t h e r  Po lyu re -  

- - I - thane ( b l a c k ) .  L--- '-

I 

, : ;? ight  ( o z i y d2 ) i 3.8 -+ l o .  16.3 + 10 .75 


- i 7 . 6 ?  .50
I 

I 


St-eaking S t reng th  I I I 


(1 b s / i n )  I i 

I 
S t r i p  Flethod 

- .-. tiachi ne 1 35 n i i  n. ' 70 min.  170 Nominal , 120 Min.  

T ransve rse  35 min. 70 m in .  110 Nominal, 80 t l i n .  3 -

Adhesion (1  b s / i n )  
Coa t i  ng 7 Min. 7 10 Piori~inal, 7 N i n . 
' - -- - - -----fl~L-- i- - - .-- ----- .---..- ---------.8 tloniinal--.-. , 7 t l i n .  

Tear ( I  b s )  I
Tongue Nettiod I 


I - - -Machine 2  5  8 .5  Ploniinal , G t l i n .  

-- Transverse - - - --- -- 2-5-- - ...- - . -.- - .. . -- - --7 Nominal, 6 Min .---
Pernieabil it y  
( 1 1 te rs /n ie te r  / 2 4  

h r s )  A i r  - - - 1.0 - - -

He1iuni , l . O  - - - -- 1 . O  

LON Tenip. F l  ex 
( l l b -  i n  I landre l  ) No cracks  @ - 4 0 ' ~  tlo c racks  No cracks  6 - 4 0 ' ~.. -- @ - 4 0 ' ~  .-------. 

; , l idth ( i n c h e s )  45 Min. 51 N in .  52 I l i n .  

-- ---.--------------
I 

I 


I 


T EST-IA.Uk!QD 

C e r t i -

II 

I
1 

I 


I 


FTI1- 191-5041 


FTfl-191-5102 

FED-STD-191-Mtd 
5970 


FED-STD- 191-Mta 
5  134 


IFTI!- 191-5460 

\ I L C - S T P - O ~ ~  

I 

:ASTP1-D2136 
I 


j~ED-sTD-19l-f4tc~ 
; 5020 

I 


I 


I 




U L ~6 . C) ~ A L L ~ ; J I ~  11ait i \ i , ~:r , r . , , t . i  A ~ J I .  

6.1 Design 

The b a l l o o n  des ign  c r i t e r i a  were s p e c i f i e d  i n  t he  c o n t r a c t ,  r e f e r  

t o  paragraph 2.2.4 of t h i s  r e p o r t  f o r  l i s t i n g  o f  c r i t e r i a .  Du r ing  the  

f i r s t  f i v e  ( 5 ) months o f  t h e  c o n t r a c t  a  p r e l i m i n a r y  des ign  s tudy  was 

conducted. The main purpose o f  t h e  p r e l i m i n a r y  s tudy  was t o  c a l c u l a t e  

we igh t  and ba lance da ta  based on a  genera l  b a l l o o n  c o n f i g u r a t i o n .  For  

t h e  purpose o f  de te rm in ing  t h e  p r o j e c t e d  we iph t  o f  t h e  45,000 c u b i c  f o o t  

ba l l oon ,  t h e  sca led  areas o f  a  p r e v i o u s l y  b u i l t  201,000 c u b i c  f o o t  h u l l ,  

b a l l o n e t  and empennage were used. Seam tapes,  pa tch  m a t e r i a l s ,  h a n d l i n g  

1  i nes ,  v a l  vcs, b lowers and o t h e r  hardware and r i g g i n g  components were 

a l s o  sca led  down i n  t h e  e n g i n e e r i n g  es t ima te .  The w e i g h t  and ba lance 

s tudy  i n d i c a t e d  the  o r i g i n a l  d e s i g n  we igh t  goa ls  f o r  t h e  h u l l ,  b a l l o n e t ,  

empennage and t e t h e r  would have t o  be reduced i n  o r d e r  t o  ach ieve  a  des ign 

goal  o f  10% f ree  l i f t  a t  a l t i t u d e .  

Subsequent des ign e f f o r t s  c o n s i s t e d  o f  dynamic a n a l y s i s  o f  the  

proposed b a l l o o n  system, con f l uence  l o a d  i d e n t i f i c a t i o n ,  determi  n a t i o n  

o f  l o a d  pa tch  s i z e  and l o c a t i o n s ,  more s p e c i f i c  hardware s i z i n g ,  m a t e r i a l  

and component c o n f i  g u r a t i o n  and empennagelhul l  i n t e g r a t i o n ,  a1 1  c u l m i n a t i n g  

i n  t h e  a e r o s t a t  des ign  s e c t i o n  o f  a  c o n t r a c t u a l l y  r e q u i r e d  R & D Design 

and E v a l v a t i o n  Repor t .  The approved r e p o r t  e s t a b l i s h e d  t h e  45,000 c u b i c  

f o o t  b a l l o o n  des ign c o n f i g u r a t i o n  shown i n  F i g u r e  17.  The b a l l  oon 

i s  a  m o d i f i e d  c l a s s  " C "  shape w i t h  a  fou r  f i n  c r u c i f o r ~ l i  empennage a t tached  

t o  t h e  a f t  end o f  the h u l l  f o r  aerodynamic l i f t  and s t a b i l i t y .  See 

F i g u r e  18 f o r  f i n a l  b a l l o o n  c o n f i g u r a t i o n .  



6.1.1 H u l l  Desiun 

I'he h u l l  des ign  i s  convent ional  w i t h  l o n g i t u d i n a l l y  runn ing  gores 

f ~ b tic(7tet l  frcrS: wide panels o f  m a t e r i a l  . Fan type l o a d  patches and 

s c u f f  s t r i p s  a t tached t o  key p o i n t s  on b o t h  s ides o f  t h e  h u l l  f a c i l i t a t e  

at tachment o f  f l y i n g  and c l o s e  hau l  b r i d l e  l i n e s .  The l o a d  patches a r e  

designed and s i z e d  t o  d i s t r i b u t e  loads such t h a t  f a b r i c  s t resses  a re  

t r a n s m i t t e d  t o  the  h u l l  a t  a l o a d  d e n s i t y  l e s s  than 10 l b s  . / i n .a round  

the  patch p e r i  phery . 

6.1.2 B a l l o n ~ t  Design 

The b a l l  onet  u t i l  i zes  a po lyure thane coated 1  i gh twe igh t  ny lon  

r i p s  top  m a t e r i a l  cons t ruc ted  w i t h  l o n g i t u d i n a l l y  running gores 

f a b r i c a t e d  fr01~1wide m a t e r i a l  pdnels .  The b a l l o n e t  volume r e q u i r e d  

t o  f l y  t h e  b a l l o o n  from 5,000 t o  10,000 f e e t  was computed t o  be 

7,071 c u b i c  f e e t .  Th is  inc ludes  a 10:: excess volume t o  account 

f o r  super l ieat .  The v o l u r ~ ~ eo f  a 201,000 cubic  f o o t  b a l l o o n  b a l l o n e t ,  

whi'chwas s i z e d  f o r  f l i g h t  froru 0-10,000 fee t ,  was d i r e c t l y  sca led  t o  

t h i s  45,000 cubic  f o o t  appl i c a t i o n .  The sca led down b a l l o n e t  vo l  unie 

was 13,522 cub i c  f e e t .  Slnce the  h u l l  was a l s o  d i r e c t l y  sca led  from 

the  201,000 cub ic  f o o t  ba l l oon ,  i t  was decided t o  use the  d i r e c t l y  

sca led b a l  l o n e t  v o l u r ~ ~ e  i n  o r d e r  t o  save the  unnecessary eng ineer ing  

c o s t  o f  re -deve lop ing  a  b a l l o n e t  shape and h u l l  i n t e r s e c t i o n  1  i n e .  

The b a l l o n e t  was cemented t o  t h e  i n s i d e  o f  t h e  h u l l  a long the  

i n t e r s e c t i o n  l i n e  w i t h  a f a b r i c  co rne r  s t r i p  t o  prevent  t h e  seam 

f rorn e x p e r i  enc ing peel  1  oads . 







6.1 - 3  Em~ennage Desi qn 

The bas i c  c o n f i g u r a t i o n  o f  t h e  empennage was o r i g i n a l l y  a  fou r  f i n  

c ruc i f o rm  and i t  remained so. The i n d i v i d u a l  f i n  des ign o r g i n a l l y  

proposed u t i l i z e d  i n f l a t e d  tubes p laced  i n s i d e  a sk in .  The tubes 

were s i zed  t o  p resen t  a good a i r f o i l  shape (see F igure  l 9  1. 

FIGURE 19. ORIGINAL FIN D E S I G N  



Very e a r l y  t e s t s  proved t h i s  des ign  n o t  f e a s i b l e  f o r  two reasons; 

1 )  e x c e s s i v e l y  h i g h  a i r  p ressure  was r e q u i r e d  t o  p reven t  t he  l e a d i n g  

edge f rom l o s i n g  i t ' s  shape and; 2 )  l e a k  d e t e c t i o n  and o t h e r  maintenance 

was very  d i f f i c u l t  and t ime consuming. 

As a r e s u l  t o f  t he  t e s t s ,  a new empennage f i n  des ign was engineered.  

Th i s  des ign  c o n f i g u r a t i o n  (See F igu re  20) i s  a f u l l y  p ressu r i zed  tape red  

c y l i n d e r  d i s t o r t e d  t o  an a i r  f o i l  c r o s s - s e c t i o n  by means o f  i n t e r n a l  

ca tenary  r i b s .  The f i n  c r o s s - s e c t i o n  i s  902 o f  a NACA 0018 s tandard 

a i r  f o i l .  Both ca tenary  arid t r i a n g u l a r  l o a d  spreader designs were 

eva lua ted .  Tests demonstrated the  ca tenary  r i b  design t o  be the  most 

u n i f o r m  l o a d  d i s t r i b u t o r  and t h e r e f o r e  was chosen. 

The ca tenary  r i b s  and the f i n  s k i n  a r e  made f rom the same base 

f a b r i c ,  a Dacron/Kevlar  29 r i p s t o p  f a b r i c .  The ca tenary  r i b s  a re  

uncoated whereas the  f i n  s k i n  i s  po lyure thane coated f o r  a i r  r e t e n t i o n .  

Two f a c t o r s  i n  t h i s  des ign  which enhance a l l  aspects o f  maintenance and 

r e p a i r  a re ;  1 )  A s i n g l e  f a b r i c  serves b o t h  as t h e  s t r u c t u r a l  r e s t r a i n t  and 

as the  a i r  r e t e n t i o n  b a r r i e r  and; 2 )  t h e  s k i n  i s  p ressur ized ,  enab l i ng  l eak  

d e t e c t i o n  and r e p a i r  f rom t h e  o u t s i d e .  GUY l i n e s  were p rov ided  between 

the  f o u r  f i n s  t o  p r o v i d e  a d d i t i o n a l  suppo r t  f o r  aerodynamic l oad ing .  

O r i y i n a l  a n a l y s i s  o f  t h e  ca tena ry  r i b  des ign  i n d i c a t e d  t h e  p i l l o w i n g  

e f f e c t  o f  t h e  s k i n  panels  c o u l d  be r e s t r i c t e d  t o  5% o f  t h e  chord  depth. 

The f i n a l  c o n f i g u r a t i o n  was measured a t  4.6% and was comple te ly  

s a t i s f a c t o r y .  

6.1.4 Empennage/Hull I n t e g r a t i o n  

The o r i g i n a l  concept o f  u s i n g  l a c i n g  loops f o r  a t t a c h i n g  t h e  empennage t o  t h e  

h u l l  was dropped t o  save weight ,  p reven t  p o s s i b l e  water  pockets and t h t  reby 

improve performance. The f i n a l  des ign  has t h e  empennage permanent ly a1 tached 

t o  t he  h u l l .  





--- -- -- 

6.1.5 Dorsal F a i r i n g  

The o r i g i n a l  b a l l o o n  des ign i nc ludcd  a do rsa l  f a i  r i n q  bctwcen the hu l  1 and 

upper v e r t i c a l  f i n .  The f a i r i n g  was t o  p revent  h u l l  b u c k l i n g  due t o  h i g h  

l i f t  loads  fro111 the  empennage a t  a  p r o j e c t e d  minimum 6' angle o f  a t t a c k .  

Actua l  f l i g h t  t e s t i n g  o f  t he  201,000 c u b i c  f o o t  b a l l o o n  from which t h i s  

45,000 cub ic  f oo t  b a l l o o n  was scaled.  i n d i c a t e d  a 2' minimum angle o f  

a t t a c k  and I ~ I U C ~lower  h u l l  bending loads.  Gased on these t e s t s  t he  upper 

d o v s ~ lf a 1  r ing was e l  i ~ ~ ~ i n a t e d  which a1 so saved weight  and thereby improved 

performance. 

6.1.6 Other E q u i p w n t  

Other o p e r a t i o n a l  . maintenance and s a f e t y  devices assembled t o  the  b a l l  oon 

a .  tlu l 1 

1 .  Emergency d e f l a t i o n  r i p  panels ( 2 )  
2. I n f l a t i o n  and access g o r t s  ( 2 )  
3 .  t l e l i u n ~  topp ing  o f f  p o r t  ( 1 )  
4. B d l l o n e t  a i r  scoop ( 1 )  
5.  F l y i n g  l i n e s  (14)  
6 .  Close haul  1  ines  ( 4 )  
7 .  GFE i nc luded  i n  the h u l l  a re :  

( a )  Hel ium pressure r e l i e f  va l ve  ( 1 )  
( b )  A i r  p ressure  r e l i e f  v a l v e  ( 1 )  
( c )  A i r  p r e s s u r i z i n g  f a n  ( 1 )  

b. Empennage 

1. A i r  scoop ( 1 ) 
2.  A i r  p ressure r e l i e f  va lves ( 2 )  
3. GFE a i r  p r e s s u r i z i n g  fan  (1 ) 

6.2 F a b r i c a t i o n  Techniques 

F a b r i c a t i o n  o f  the b a l l o o n  was accompl ished by u t i l i z i n g  d i e l e c t r i c  

(RF)  and thermal hea t - sea l  ing techniques d iscussed below, p l u s  s t i t c h i n g  

and cementing J o i n i n g  techniques i n  t he  c r i  t i c a l  areas are illu s t r a t e d  

i n  F igures  2 1  t h r u  24. 

6 .2 .1  Heat -Sea l ing  Seams 

Two b a s i c  heat -sea l  seams a r e  shown i n  F igures  21 and 22. The f i r s t  i s  a l a p  

seal i n  which normal s t resses  on t h e  seal  o f  t he  two f i l m s  a r e  i n  the  shear 

lode. The s t r e n ~ t h  o f  t he  seams i s  a f f e c t e d  by t h e  seal  beads which a r e  f o m  



a t  t h e  o u t e r  edges o f  t h e  s e a l .  F i g u r e  22 i s  a  v a r i a t i o n  of  Fi<;urc 2 1  and was 

used f o r  main seams o f  t h e  h u l l .  A s e a l a b l e  tape i s  sea led  t o  t h e  coated 

f a b r i c  on each s i d e  o f  t h e  seam. Thus, a l l  lodds  a r e  shear loads  and a r e  

d i s t r i b u t e d  t o  bo th  s ides, r e s u l t i n g  i n  an ex t reme ly  s t r o n g  seam. A c ross -

s e c t i o n a l  view o f  f o u r  pane ls  j o i n e d  i n  t h i s  manner i s  ill u s t r d t e d  i n  

F i g u r e s  23 and 24. 

6.2.2 Die1 e c t r i c  ( R F )  Heat-Seal i n g  

T e s t  r e s u l t s  o f  RF h e a t - s e a l i n g  on seam samples o f  t h e  h u l l  f a b r i c  produced 

e x c e l l e n t  r e s u l t s ,  t h e r e f o r e  t h e  h u l l  f a b r i c  pane ls  and much of  t h e  empennage 

were j o i n e d  by RF h e a t s e a l i n g .  The process u t i l i z e s  t h e  e l e c t r i c a l  p ro-

p e r t i e s  o f  f i l m s  which a r e  modera te l y  p o l a r  i n  n a t u r e .  The d i e l e c t r i c  

h e a t i n g  e f f e c t  i s  caused by  t h e  work ( d i e l e c t r i c  l o s s )  produced u s i n g  an 

a l t e r n a t i n g  e l e c t r i c  f i e l d  a t  a r e l a t i v e l y  h i g h  f requency  which r e s u l t s  i n  a  

h e a t  b u i l d - u p  a t  t h e  i n t e r f a c e s .  A sea l  i s  accompl ished by  p l a c i n q  two 

s i m i l a r  f i l m s  between two matched sea l  ing d i e s  and a c t i v a t i n g  t h e  h igh- f requency  

a1 t e r n a t i n g  c u r r e n t  f o r  a  s p e c i  f i e d  dwe l l  t ime .  S u f f i c i e n t  p ressu re  is 

a p p l i e d  t o  t h e  d ies  t o  f o r c e  t h e  two l a y e r s  o f  film t o g e t h e r  so t h a t  t h e  

i n t e r f a c e s  come i n t o  i n t i m a t e  c o n t a c t .  The g r e a t e s t  advantage i n  d i e l e c t r i c  

hea t -sea l  i n g  i s  t h e  c o n t r o l  o f  t h e  system and t h e  repea t a b i  1  it y  o f  r e s u l  t s .  

T h i s  s e a l i n g  process w i l l  f o rm a  bond between f a b r i c s  which i s  g r e a t e r  t han  

t h e  s t r e n g t h  o f  t h e  f a b r i c .  

ILC  has i nco rpo ra ted  a  new qua1 it y  c o n t r o l  cdpabi  1i t y  111 I t s  hea t - s e a l  iny  

opera t i o n .  Th is  technique makes use o f  temperature s e n s i t i v e  dyes which 

a r e  p a i n t e d  i n  narrow s t r i p e s  on t h e  s e a l i n g  tapes .  Two dyes a r e  used 

i n  t h i s  process, one i s  a c t i v a t e d  by t h e  tempera ture  e s t a b l i s h e d  as t h e  

l o w  end o f  the s e a l i n g  range and t h e  o t h e r  i s  a c t i v a t e d  by t h e  temperature 

s p e c i f i e d  as the  upper l i m i t  of t h e  s e a l i n g  range.  These temperatures 

a r e  determined by p r e p a r i n g  and e v a l u a t i n g  t e s t  seams through a  wide 

range o f  sea l  temperatures. By observ ing  t h e  two dye s t r i p e s  a f t e r  

s e a l i n g ,  i t  can be determined whether the sea l  tempera ture  was w i t h i n  

t h e  d e s i r e d  range. T h i s  p rocess  p r o v i d e s  t h e  c a p a b i l i t y  f o r  a  qu i ck ,  

e f f e c t i v e  q u a l i t y  c o n t r o l  i n s p e c t i o n  o f  every i n c h  o f  b d l l 0 0 n  sedlll. 
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METHOD FOR JOINING O U R  
PANELS BY HEAT-SEALING 

TYPICAL HEAT-SEAL INTERSECTlON 

Figure 24 
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6 .2 .3  Thermal S e a l i n g  

Thermal hea t -sea l  i n g  u t i  1  i z e s  the  p r i n c i p l e s  o f  bo th  hea t  and 

pressure,  i n  c o n j u n c t i o n  w i t h  a  h e a t - a c t i v a t e d  f i l m  adhesive, t o  c r e a t e  

a f a b r i c  bond. The f i l m  adhesive,  when t h e r m a l l y  s e t ,  w i l l  fo rm a  bond 

between f a b r ~ c s  which i s  g r e a t e r  than t h e  s t r e n g t h  o f  t h e  f a b r i c .  

ILC t h e r ~ m ll y  bonded a l l  t h e  patches t o  the  h u l l  by use o f  a 

~ ~ ~ a n u f a c t u r i n gtechnique developed by I L C  f o r  bonding Apol l o  space s u i t  

f a b r i c s .  Th is  method u t i l  i z e s  a t he rn~a l  b l a n k e t  and vacuum which p rov ides  

equal p ressure  ove r  t he  e n t i r e  s e d l i n g  s u r f a c e  t o  ach ieve thermal /pressure 

bonding (See Fig1~t-e 2 5 ) .  The the rmose t t i ng  f i l m  adhesive u t i l i z e d  i n  a1 1  

therl i ioseal ing meets I LC  S p e c i f i c a t i o n  03998, P o l y e s t e r  F i l m  Adhesive. 

f -THERMAL BLANKET 

METAL FJAWE 8 

/ 

H U L L  FAGRIC ThE3MO SET EONCING -
FILM ADHESIVE 

LOAD PATCH ATTACHMENT METHCO 

FIGURE 25 
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6.2.4 St i t ches ,  Seams, and St i tch ing  

All s t i t ch ing  used conforms to  Federal Standard 751, Type 301, o r  as 

otherwise noted in the speci f ica t ion .  Sewing thread ut i  1 ized i n  a1 1 s t i  tchi ng 

and seaming a l so  meets t h i s  spec i f i ca t ion .  

6.2.5 Cementing 

Cementing was l imited t o  those areas where d i e l e c t r i c  o r  thermal 

heat-seal ing was not p rac t i ca l .  Adhesives u t i l i z e d  met a l l  the require- 

ments of I L C  Specification 03999 f o r  Two-Part Urethane Adhesive. 

7 .0  PROOF PRCSSUEE AH9 LEAK TEST 

The l a s t  requirement before balloon shipment was conduct of a leak t e s t .  

Both proof pressure a n d  leak t e s t s  were conducted. The balloon was 

pressurized with a i r  t o  3.5 inches of water f o r  a period of 112-hour. During 

the  period, the balloon surfaces  were visual l y  inspected f o r  proper contour. 

All surfaces were smooth with no depression or  bulges. All seams a n d  jo in t s  

remained in tac t .  

Due to  f luctuat ing weather conditions a n d  the e f f ec t  tha t  ctianyes 

would produce, the leak t e s t  was postponed several days un t i l  more 

s t ab l e  weather conditions exis ted .  When s tab le  weather conditions 

prevailed the leak t e s t  was conducted and within the accuracy capab i l i t i e s  

of the tes t  and measurement equipment, there was no measureable leakage 

of the 45,000 cubic foot helium compartment. 

During the course of the t e s t ,  the ambient temperature ,barometric 

pressure,and balloon de l ta  pressure were monitored ( r e f e r  t o  Table 40 ) .  

During the period from 11:30 a.m. to  2:30 p.m. the apparent balloon 

a i r  pressure increased from 1 . 9  to  2.9 inches o f  water while the 

ambient temperature increased by 7' F. I t  was calculated t ha t  volume 

growth due to  elongation caused by the increased temperature and pressure 

was approximately 1%. A 1% volume increase i s  indica t ive  of a 0.33% l i nea r  

elongation which i s  nearly ident ica l  t o  the raw n~a t e r i a l  elonqation values 



- 45,000 F T ~TABLE 40 BALLOON L E A K  TEST READINGS 

. . 
DALLOON RIBI EHT BAR(%ETR IC 
P R E S S U R E  TEHP E R A T U R E  PRESSUP\[- -

. 11 :30  A.H. 
1 1 : 4 5  A.H. 
12:OO Noon 
12 :15  P.H. 
12:30 P.H. ' 

1 2 . 4 5  P.H. 
1 : 0 0  P.H. 
1:10  P . M .  
1 : l S  P.M. 
1 : 3 0  P.H. 
i : 4 5  p . n .  
1 5 5  P.n. 
2:00 P . M .  
2:08 Pen.  
2 : 2 5  P . M .  
2.30 P .  11. 



found dur ing  t e s t s  between t h e  same pressures (1 - 9  and 2 .9 ) .  For these 

reasons, i t  was determined t h a t  the re  was no measureab l e  leakage. 

8.0 CONCLUSIONS 

A t  t h i s  w r i t i n g  f l i g h t  t e s t s  o f  t he  45,000 cub ic  f o o t  b a l l  oon, 

schedul ed f o r  1981, have n o t  been s t a r t e d  and t h e r e f o r e  

t h e  f i n a l  conclusions as t o  thedegree of success o f  thi,s program 

cannot be drawn. I t  can be said,  however, t h a t  t h e  m a t e r i a l s  and processes 

developed dur ing t he  program r e s u l t e d  i n  a t ta inment  o f  t h e  o r i g i n a l  qoal 

which was t o  develop a new supe r i o r  ba l l oon  m a t e r i a l .  The m a t e r i a l  i s  

supe r i o r  f o r  two i n t e r r e l a t i n g  reasons; 1) The m a t e r i a l  i s  o f  much l i g h t e r  

weight,  wh i l e  r e t a i n i n g  s t rength ,  than p r e v i o u s l y  used two-ply f a b r i c  

cons t ruc t ions  and ; 2 )  e l i m i n a t i o n  o f  two-ply b i a s i n g  f a b r i c a t i o n  techniques 

g r e a t l y  reduces the l abo r  c o s t  t o  manufacture t h e  ba l loon .  A d d i t i o n a l l y ,  

based on a l l  data obta ined up t o  t h i s  t ime, i n  can be concluded t h a t  t he  

m a t e r i a l  developed i s  s u i t a b l e  f o r  use i n  100,000 cub ic  f o o t  and l a r g e r  

ba 1 1 oons . 

9.0 RECOMMENDATIONS 
The f i r s t  recommendation i s  t o  complete t h e  f l i g h t  t e s t  and o t h e r  

eva luat ions,  e.g. m a i n t a i n a b i l i t y ,  re1  i a b i l  ity, e t c .  and i f  successfu l  

o r  s a t i s f a c t o r y  cons t ruc t  a 100,000 cub ic  f o o t  b a l l o o n  w i t h  the same 

m a t e r i a l s  and processes t o  prove t he  theory  t h a t  i t  can be done w i t h  

good r e s u l t s .  

Secondly, g iven ample t ime and budget, c l o s e l y  moni tor  i n d u s t r i a l  

es tab l ishments f o r  improvement i n  t r i a x i a l  f a b r i c  weavi ng and c o a t i  ng 

technology. Ifperfected,  the t r i a x i a l  f a b r i c  cou ld  g r e a t l y  improve 

t h e  weight  t o  l i f t  r a t i o  i n  ba l loons  o f  t h e  f u t u r e .  




