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A NESTABLE TAPERED COLUMN CONCEPT FOR 

LARGE SPACE STRUCTURES 

Harold :. Bush 

and 

Mar t in  M. Mi kulas, J r .  

J u l y  1976 

INTRODUCTION 

The i n t r o d u c t i o n  o f  t he  Space Shut t le  Transportat ion Syssem i n  the  1980's 

provides new oppor tun i t ies  f o r  man I s  e x p l o i t a t i o n  o f  space. The capabi 1 i ty t o  

a economically p lace la rge  payloads i n  o r b i t  o f f e r s  the chance t o  perform missions 

t h a t  p rev ious ly  here imprac t ica l .  Pro jec ts  f o r  considerat ion inc lude such i terns 
1 as extremely l a rge  antenna f o r  communications o r  ea r th  survei  1 lance, space based 

manufacturing f a c i l i t i e s ,  and/or s o l a r  power s ta t i ons  which convert and t ransmi t  

c o l  l ec ted  so l  a r  energy t o  ear th.  These missions are character ized by s t ruc tu res  

which have huge areas even by e a r t h  standards. The prospect o f  o r b i t i n g  such 

s t ruc tu res  p rov i  des unparal l e l e d  chal lenges t o  the  desi gn comrnuni ty t o  develop 

extremely e f f i c i e n t  s t r u c t u r a l  concepts. The feas ib i  1 i ty o f  these missions w i  11 

a l s o  depend on the success o f  the  strductural designer i n  i d e n t i f y i n g  and 

developing new and unique ways t o  fab r i ca te  and assemble la rge s t ruc tures .  

A1 though Space Shut t le  represents an improvement i n  o r b i  t a l  payioad 

c a p a b i l i t y ,  i t  i s  n o t  w i thout  r e s t r i c t i o n s .  The Space S h u t t l e ' s  65000 1 h  

payload and 15 ft diameter x 66 ft long cargo bay represent severe const ra in ts  

which must be considered. R e a l i s t i c a l l y ,  any mission i n  space i n v o l v i n g  1 arge 

st ructures,  o r  technology development f o r  such a mission p r i o r  t o  the year 

2000, w i l l  be accomplished v i a  Space Shut t le .  Therefore, i t  i s  advantageous t o  

develop e f f i c i e n t  s t r u c t u r a l  concepts t o  minimize the t o t a l  mass which must be 

o rb i ted .  Th is  development w i  11 p e m i  t weight c r i t i c a l  payloads f o r  Space 

S h u t t l e  t o  be achieved and thereby minimize the  t o t a l  number o f  f l i g h t s  fequired. 



While d e f i n i t i o n  o f  exact s t ruc tu ra l  de ta i l s  awaits i d e n t i f i c a t i o n  o f  a 

pa r t i cu l a r  mission , cer ta in  types o'f generic structures can be developed now 

and adapted t o  a pa r t i cu l a r  mission l a te r .  One a t t r a c t i v e  space s t ruc ture  

concept i s  a three-dimensional t russ network which i s  very large (eg, k i lometer 

size) i n  two dQnensions. Such a s t ruc tu ra l  g r i d  system would be an assemblage 

cf  high ly  e f f i c i e n t  compression members such as cyl inders o r  t russ colums. 

An important feature o f  t h i s  compression member i s  t ha t  i t  must a lso be 

compatible w i th  shu t t le  packing constraints. The purpose o f  t h i s  paper i s  t o  

present an e f f i c i en t  tapered c i r c u l a r  compression column concept which has a 

high packing density and permits weight c r i t i c a l  payloads w i t h  Space Shut t le  

t o  be achieved. A l l  studies i n  t h i s  paper consider the columns t o  be made of 

graphi telepoxy mater ia l  because o f  i t s  low thermal expansion character is t ics  
and i t s  low density. 

TAPERED COLUMN CONCEPT 

A concept f o r  a coinpression element which has a high s t r uc tu ra l  e f f i c i ency  

and a high packing density i s  i l l u s t r a t e d  i n  f i gu re  1. The concept consists of 

tapered half-column elements which, when assembled by j o i n i ng  the large ends of 

two elements, form a column as shown i n  f i gu re  l a .  The half-column elements 

nest  together as shown i n  f i gu re  l b  i n  the same manner as the packaging of 

paper cups. 

Structural  E f f i c iency  

A1 though the prime motivat ion f o r  developing the tapered co l  umn concept 

was improved packing density, i t  also has an improved s t ruc tu ra l  e f f i c i ency  

when compared w i t h  a cy l i nd r i ca l  column. I n  f i gu re  2 the Euler buckl ing load 

('tapered col  ~ m n ~ ~ c ~ l i n d e r  ) i s  p l o t t ed  as a funct ion o f  the taper r a t i o  

rllr2. For the curve i n  f igure 2 the tapered columns have a mean radius equal 

t o  the cy l i nd r i ca l  radius and a l l  thicknesses are equal so t h a t  a l l  the columns 

are o f  equal weight. It can be seen t ha t  the taperzd columns car ry  more load 

than an equivalent cy l inder  except f o r  h igh ly  tapered columns where rl/r2 i s  f 



less  than about .15. The values f o r  the curve i n  f i g u s  2 were taken d i r e c t l y  

from r e f e i n c e  1 fo r  rl/r2 > .46A and were generated numerical l y  on a computer 

fo r  rl/r2 < .464. An optimum i s  shown :g e x i s t  a t  a taper r a t i o  of r /r 2 -41, 1 2  

where a tapered column car r ies  approximately 30% more load than an untapered 

column o f  the same weight. 

Packing E f f i c iency  

The payload capab i l i t y  o f  Space Shutt le (65000 lbm) and cargo bay volume 

(15'D x 60'L) pose severe packing constraints f o r  accomplishing missions i n  

space which require a large s t ruc tu ra l  mass. The problem o f  achieving weight 

c r i t i c a l  payloads i s  accentuated when e f f i  c i en t  s t ruc tu ra l  concepts are 

considered. It i s  enl ightening t o  examine the amount o f  mass t h a t  may be 

packed i n t o  one Space Shutt le cargo bay, using v a r i w s  e f f i c i e n t  s t ruc tu ra l  

elements. 

Cy l ind r i ca l  Columns:- I n  order t o  examine the problem parametrical ly, i t  i s  

assumed t h a t  a square stacking array i s  used. The number o f  cy l i nd r i ca l  
columns t ha t  may be packed i n t o  one cargo bay i s  given by 

Where L = column length ( in teger  increment of 720") 

d = column diameter 

D = cargo bay diameter (180") 

The weight of one cargo bay f u l l  o f  c y l i nd r i ca l  columns i s  given by 

Where t = cy l inder  wal l  thickness 

P = cy l inder  material density 
* 



Tapered Columns :- Considering sketch a, the stacking increment (A)  required 

per tapered, h a l f  colum element 

Sketch a.- Tube nesting de ta i ls  

may be determined t o  be 

where !?, =: 

h = r 2 -  rl 

and 

r1 ,r2 = min. and Fax. tube r a d i i  , respectively. 

s 

* 



Sketch b.- One stack of nested half-column elements 

Considering sketch b, the number o f  half-co.lumn elements (n)  t ha t  mgy be 

packed i n t o  one stack which i s  the length o f  the cargo bay i s  given by 

Assuming a square packing array (determined by d2) the weight o f  one cargo 

bay f u l l  o f  half- tube elements i s  given by 

- 
where d 

Comparison o f  Cy l indr ica l  and Tapered Columns : - The d i f f i c u l t y  i n  achieving 

weight c r i  ti ca l  pay1 oads w i th  e f f i  c ien t  s t ruc ture  i s ill ustrated i n  fi gure 3. 



This f i g u r e  shows the  t o @ l  weight o f  one cargo bay ~ 3 l u m e  o f  graphite/epoyy 

cy l i nde rs  as a func t ion  o f  c y l i n d e r  diameter. The s o i i d  l i n e s  are f o r  

constant diameter cy l inders  60' long and were ca lcu la ted from equation (2).  

These curves show t h a t  weight c r i t i c a l  payloads a re  on ly  achievable fo r  very 

small diameters (eg, 1 t o  1.5 i n .  and t h a t  f o r  l q g e r  diameters the payload 

f r a c t i o n  i s  very small. I n  order  t o  i l l u s t r a t e  e f f i c i e n t  column designs, two 

p o i n t s  are provided. Po in t  1 shows t h a t  a 60' long colamn (.028" t h i c k )  

designed t o  c a r r y  1000 l b f ,  i toul d have a diameter o f  6.7" and t h a t  on l y  a 

13,506 lbm payload can be achieved. P o i n t  2 shows t h a t  a s i m i l a r  design fo r  

a 30' length has a diameter o f  4.3" and r e s u l t s  i n  on ly  a 21,000 lbm payload. 

It i s  noted t h a t  au tomat ica l ly  deployable t russ  stf-uctures, b u i l t  from s i m i l a r  

elements, q o u l d  be even more severely volume constra ined s ince these s t ruc tures  

cannot be packaged as e f f i c i e n t l y  as i n d i v i d u a l  elements. 

The dashed curves on the  f i gu re ,  ca l cu la ted  from equation 5, show the 

packaging poten ti a1 o f  the tapered column concept whereby tapered ha1 f - c o l  umn 

elements are nested (eg, l i k e  paper cups), one i n s i d e  another. These ha l f -  

column elements are mechanically j o ined  a t  the l a r g e s t  diameter t o  form . 
complete co1:kmns. Design po in ts  1 and 2 on. t h e  dashed curves are f o r  30' and 

60' long tapered graphitelepoxy columns which have the  same weight, respect ive ly ,  

as p o i n t s  1 and 2 on the  s o l i d  curves. For these designs, t he  tapered column 

concept fa r  exceeds t h e  maximum s h u t t l e  wei ght  pay1 oad. Thus, vo l  urn c r i  ti ca l  

payloads can e a s i l y  be avoided using the  tapered c o l u m  concept. 

Example Truss 

It was shown t h a t  wse o f  t he  tapered column compressi~n element permi ts  

achieving weight c r i t i c a l  payloads f o r  Space Shu t t l e  w i t h  very e f f i c i e n t  

l i gh twe igh t ,  s t r u c t u r a l  components. Another c r i t i c a l  fea ture  o f  any s t r u c t u r a l  

concept i s  t h e  number of f l i g h t s  requ i red  t o  o r b i t  a s t r u c t u r e  w i t h  a s p e c i f i e d  

p l a n f o m  area. 

Although s t r u c t u r a l  requirements w i l l  vary between missions, i t  i s  

en1 i ghtening t o  study the problem generi ca l  l y  t o  determine the  s t r u c t u r a l  

mass f ract ions associated w i t h  various t russ .  concepts. For economy, any 
# 

proposed t russ  concept should have as many i d e n t i c a l  elements as possible. 



The tetrahedral  t russ  concept (as an example) may be aonstrueted w i t h  a l l  

i den t i ca l  elements. 

The mass requirements of t h i s  type of st ructyre,  using e i t h e r  c y l i n d r i c a l  

o r  tapered columns as the basic elemgmts, are presented i n  f i gu re  4. The 

ordinate i s  the number o f  shu t t le  f l i g h t s  (assuming 65,900 lbm per f l i g h t )  

required t o  o r b i t  emugh mass t o  construct v a ~ i o u s  areas o f  s t ruc tu re  as 

d i  c ta ted by the tetrahedral  %puss requi remnts  . Parametri t  resu l t s  are 

presented, assuming cy l i nd r i ca l  elements o f  yarious lengths (dashed l i nes ) ,  

which shaw tha% increasing column length r e ~ u i  res more shu t t l e  f l i  gtrts t o  

o r b i t  a given area u f  structure.  Also shown on the f i gu re  i s  a currentYy 

considered concept which uses deployable tetrahedral  t russ modules (reference 2 )  

which are constructed o f  10' c y l i nd r i ca l  column elements. This type of 

s t ~ u c t u r e  i s  h igh ly  volume constrained and requires approximately 3.5 times as 

mahy f l i gh t s  t o  o r b i t  a given area o f  s t ruc ture  as i s  requiPed using erectable 

10' c y l i nd r i ca l  elements. 

Pararnetri c resu l t s  f o r  the tapered col umh concept are presented (so l  i d 

l i n e s )  which show tha t  increasing column length requires fewer shu t t l e  f l i g h t s .  

Also i t  i s  shown t h a t  using 100' long tapered columns resu l t s  i n  approxi- 

mately a factor  of 10 reduction i n  the number o f  f l i g h t s  over t h a t  required 

using the deployable t russ modules. It i s  recognized t h a t  the tapered column 

concept requi res in-orb i  t assembly, w i th  a l l  o f  the attendant l o g i  s t i  c problems ; 

however, the po ten t ia l  e f f i c ienc ies  .of such an approach suggest t ha t  man's 

capab i l i t y  for  erect ing nestable, tapered col  urns should be determined. 

Tapered Col umn Design Features 

The use o f  tapered-ha1 f -co l  umn elements as compression members i n  the 

manner described herein, requires i n  o r b i t  assembly o f  the column arid sub- 

sequently the e n t i r e  truss-type structure.  I n  order t o  e f f i c i e n t l y  assemble 

the columns, a prel iminary design has been developed f o r  a symnietric center 

j o i n t  which requires only ax i a l  motion and approximately 50 Ib. ax i a l  force 

t o  lock. A photograph o f  t h i s  j o i n t  i s  shown i n  f i gu re  5 i n  both the 

unassembled and assembled posit ions. The j o i n t  shown has a tapered hub f o r  

i n t eg ra l  bonding t o  the tube wal l .  It i s  ant ic ipated t ha t  t russ  elements 



-_ 
would also be subjected t o  t ens i l e  as wel l  as compressive loads. A t e s t  

a r t i c l e  o f  the j o i n t  shown has been tes ted i n  tension to 15200 1 b f  wi thout  

fa i l u re .  The gsaphite/epoxy column shawn was desd$c,ed f o r  approximately a 

1000 l b f  compressive load. The column diameter i s  4 inches a t  the center and 

2 inches a t  the ends. It i s  17 ft. long and weighs 3 Ibm inc'luding aluminum 

f i t t i n g s .  

St ruc tura l  Assembly S i te  

Orb i ta l  assembly of large structures w i l l  be an arduous task, requ i r ing  

t h a t  every e f f o r t  be made t o  minimize construct ion d i f f i c u l t i e s .  I n  order t o  

achieve maximum ef f ic iency,  establishment o f  a s t r uc tu ra l  assembly s i t e  w i l l  
be required. This assembly s i t e  woyld probably be establ ished i n  lcw ear th  

o r b i t  t o  minimize l ~ g i s t i c  and resupply requirements. A generic concept for 

such a s i t e  i s  shown i n  f i gu re  6. The s i t e  would be mu1 t i - fqnc t iona l :  (1 ) 
provid ing the necessary quarters and l i f e  support equipment f o r  assembly 

technicians, (2) serving as a docking and storage f a c i l i t y  for  Space Shutt le 

t o  of f load cargos o f  men and/or mater ia l  and (3) prov id ing an assembly l i n e  for  I 

fabr icat ing s t ruc tu ra l  modules. The large .canopy could serve as a so lar  sh ie ld  

(and possible power source) t o  pro tect  men and equipment from the so la r  

environment. I n t e r i o r  f l ood l i gh t s  (and rad iant  heat sources i f  requi red) w u l  d 

be used t o  provide through-shadow 1 i ght ing f o r  continuous operation. 

The assembly l i n e  would use automated equipment where possible for  

mater ia l  hand1 i n g  and t o  ass is t  o r  accomplish the various assembly tasks. 

Workers and equipment could be tethered along the assembly l i ne ,  whi le magnetic 

o r  mechanical clamps could be used t o  hold t russ  components i n  place f o r  j o i n i ng  

operations. 

Fabricated modules would be incorporated i n t o  1 arger s t ruc tu ra l  assembl i e s  

nearby as shown, o r  "stacked" f o r  t rans fe r  t o  higher o r b i t .  The subassemblies 
would be pos'l'tioned f o r  j o i n i ng  t o  the la rger  s t ruc ture  using a s tab i l i zed  

p la t form w i t h  a teleoperator. 



SUMMARY 

A nestable tapeped co'lumh cmcept has "eeh described which permits 

achievement o f   eight c r i t i c a l  payloads Tor Space Shutt le. These columns are 

highly e f f i c ien t ;  s t ruc tu ra l  members which could be the basic bui l d i f i g  elements 

/for very large space tpuss structu.res. I t  i s  shown t h a t  untapered cyl?'ndt+cal 

col  unins r e s u l t  i n  volume l i m i t e d  payloads on the Space Shu t t le  and t h a t  

nes table tapered columhs ,easi ly e l iminate t h i s  problem. It i s  recognized t ha t  

nestable tapered columns belong t o  a class o f  s t ruc tu ra l  concept,!; whish must 

be assembled i n  o r b i t .  However, the gain i n  the afisunt o f  str&ccture placed i n  

c r b i t  per launch i s  great enough %hat su2Pt a concept should be considered i n  

fu ture  systems studies o f  very large (kilometer-size3 space structyyes. 
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(a) Assembled Col urm (b) Nested Hal f-Ccl umn Elements 

Figure 1 . - Tapered Col urm Concept 



rl l r2  

Fi  gure 2. - Euler buck1 ing 1 oad comparison o f  equal wei ght tapered 
rT 

and untape red csl urns. 



d or d2 i n  

Figure 3.- Packing characteristics o f  tapered and untapered columns. 







Low Orb i t  

Figure 6. - Structural Assembly Si t e  
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