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DEVELOPMENT AND APPLICATION OF BASIC ANALYTICAL 

PRINCIPLES FOR MATERIALS AND DESIGN SYNTHESIS TO 

ADVANCED CONCEPTS FOR SPACE AND LAUNCH VEHICLES 

Introduction 

During the first quar te r  of this contract, our major  r e s e a r c h  effort  was con- 

ducted i n  the a r e a  o i e n e r g y  absorbing s t ruc tures /mater ia l s  for  spacecraf t  landing 

sys tems.  

s ta t is t ical  aspects  of s t ruc tura l  design with par t icular  r ega rd  to shell  buckling prob-  

l e m s  and the use  of high strength,  low ductility mater ia l s  in  p re s su re  vessels .  ' 

_I 
. 

In addition, an effort  was initiated on the synthesis implications of the 

- 

SDacecraft Landing Svstems 

Our previous design synthesis work under Contract No. NASw-682 identified 

high strength-weight ra t io  of solid mater ia ls  as an important parameter  in achieving 

efficient spacecraf t  landing sys tems.  

press ion ,  they a r e  subject to various buckling modes and, therefore ,  their  strength- 

weight ra t io  depends upon the s t ruc tura l  configuration as well as the mater ia l  s e -  

lected. 

Since such materials are generally in  com- 

The progress  r epor t  included herein entitled "Spacecraft Landing Systems: 

P re l imina ry  Design Considerations Utilizing Plastically Buckled Tubes as Energy 

Absorbers"  presents  the basic  analytical principles for  a potentially efficient landing 

sys t em which limits the maximum deceleration and deceleration onset ra te  to the 

p re sc r ibed  paramet r ic  values obtained from the design synthesis study and presented 

in  Ref. 2 of the appended report .  

l imi te r  combinations have been optimized for minimum weight. 

In a l l  cases ,  the deceleration l imiter  and onset 

In  addition to the information presented in  the appended report ,  we have con- 

ducted studies during the pas t  quarter  on the design synthesis of other forms  of 

energy abso rbe r s  such as gas  bags and retrorockets.  These studies a r e  in  para-  

me t r i c  f o r m  and se rve  to identify the s t ructures ,  mater ia l s  and design indices of 

fundamental  importance in establishing the relative efficiencies of the various 

competit ive approaches.  

It is planned to complete this design synthesis during the next quarter  i n  the 

f o r m  of a summary  report .  

ii 



Stat is t ical  AsDects of Structural  Desien 

During the pas t  decade, emphasis on reliability predictions of s t ruc tura l  de-  

signs has  served  to introduce statistical methods i n  an ever expanding role  in the 

s t ruc tu res  field. Statistical methods a re  of particular importance in a t  l ea s t  two 

major  a r e a s  of concern under our present contract: buckling of shel ls  and the use of 

high strength, low ductility mater ia l s  for p r e s s u r e  vesse ls .  

he ren t  s ca t t e r  of the t e s t  resu l t s  indicate that s ta t is t ical  methods probably should be 

incorporated into the design synthesis of such s t ruc tura l  components. 

In both cases  the in- 

Accordingly, we have initiated a cr i t ical  l i t e ra ture  review of this field during 

the pas t  quar te r  and plan to utilize the current state-of-the-art  in  our design synthesis 

studies during the next quar te r .  

P r e s s u r e  Vessels 

During the next quar te r ,  we a l so  plan to initiate an effort concerned with the 

Since p r e s s u r e  vesse ls  a r e  designed on the design synthesis of p r e s s u r e  vessels.  

basis of tensi le  strength in  the presence of s t ruc tura l  and fabrication s t r e s s  con- 

centration factors ,  the synthesis will include such factors .  

I t  i s  planned that this study will be sufficiently comprehensive to include p r e s -  

s u r e  ves se l  configuration and stabilization and the influence of combined internal 

p r e s s u r e  and axial compressive loading requirements upon the design synthesis. 

I /  

George G e r a r d  

P ro jec t  Manager 
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ABSTRACT 

Two concepts a r e  proposed for utilizing solid s t ruc tura l  mater ia ls  a s  efficient 

energy absorbers .  

can be controlled by utilizing a landing system design wherein a s t ructural  element 

in the fo rm of a cylindrical shell  i s  designed to deform via the axisymmetr ic  buckling 

mode. The r a t e  of change of deceleration of the vehicle would be l imited by a second 

s t ruc tura l  element i n  the fo rm of a tapered shell  designed to deform plastically a t  

the operating s t r e s s .  

the deceleration l imi te r  and onset ra te  l imiter ,  when incorporated in a landing sys -  

tem design would provide vehicle deceleration charac te r i s t ics  s imi la r  to that of an 

ideal energy absorber .  

I t  is suggested that the maximum deceleration of a landing vehicle 

I t  is postulated that these two basic  energy absorbing elements,  

Analytical techniques a r e  developed such that a detailed design configuration 

fo r  these energy absorbing elements can be determined based on gross  vehicle and 

landing sys tem design parameters .  Test  resu l t s  a r e  presented for 

buckled tubes which support the design hypothesis. 

V 
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1. INTRODUCTION 

One of the objectives of the U. S. space program is to obtain environmental 

data f rom scientific instrumentation placed on planetary surfaces.  

this goal, i t  i s  necessary  to design impact energy absorption sys tems which will 

allow a soft landing capability for space vehicle payloads. 

only attenuate vehicle landing motions i n  a manner compatible with payload fragility 

but a l so  be designed for minimum weight and maximum reliability. 

To implement 

Such sys tems must not 

A recent  survey of energy absorption techniques (Ref. 1) reveals that energy 

absorbers  using s t ructural  mater ia ls  show considerable promise for space vehicle 

applications. F o r  example, s t ruc tura l  mater ia l  energy absorbers  in many cases  

have a l a rge r  energy absorbing efficiency than systems using gas bags or  braking 

rockets.  

maximum simplicity of operation and attendant high reliability. 

designed to a r r e s t  vehicle motion with a minimum of rebound which i s  another 

desirable  landing system character is t ic .  

In addition, these mater ia ls  can be incorporated in  a design which affords 

They also can be 

In order  to a s s e s s  the relative meri t  of present  generation energy absorbers  

using s t ruc tura l  mater ia ls  , it i s  desirable to review factors affecting the per  - 
formance  and weight of landing sys tem design. 

As noted above, payload fragility i s  an important consideration in landing 

sys tem design. 

and peak deceleration. 

landing sys tem design i s  that i t  exercise control over vehicle landing motions com- 

patible with these payload restr ic t ions.  A landing system.design using an ideal 

energy absorber  would resu l t  in  a vehicle deceleration t ime history a s  shown in 

Figure 1. 

l inear ly  (the onset ra te  i s  constant) to a maximum value and then remains constant 

( ze ro  onset ra te)  until vehicle motion is a r res ted .  

i t  i s  convenient to consider the deceleration - t ime profile of Figure 1 to consist  of 

two regions,  an onset l imiter  region (constant onset ra te)  and deceleration 

l imi te r  region (constant deceleration) as  shown. F o r  maximum landing system 

efficiency, i.e., minimum weight and stroke, the onset ra te  and peak dece ler -  

ation imposed on the vehicle by the landing system would equal the maximum 

values which could be tolerated by the payload. 

Payload fragility can be described in  t e r m s  of allowable onset ra te  

Hence, an  essential  feature of the performance of any 

One observes f r o m  this figure that the vehicle deceleration increases  

In the development which follows 

In Ref. 2 ,  an analysis was made of the weight of a landing sys tem using an 

1 
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ideal energy absorber  and associated vehicle deceleration charac te r i s t ics  as indi-  

cated by Figure 1. 

weight considerations favor designs with a high mater ia l  efficiency (operating s t r e s s  

to mater ia l  density ratio) and a high stroke to length rat io  of the solid mater ia l  before 

bottoming occurs .  

I t  was shown that for  landing sys tems using solid mater ia l s ,  

Some of the proposed design techniques which use  s t ruc tura l  mater ia l s  as 

energy absorbers  include honeycomb structures ,  e las t ic  collapse tubes, collapsible 

s t ru t s ,  and the frangible tube. 

efficient energy dissipation, problems of landing sys tem design particularly with 

regard  to the control of the onset ra te  have not been fully explored. It a lso appears 

that improvements in  the efficiency of s t ructural  mater ia l s  can be realized through 

advanced design techniques. 

Although al l  of these approaches represent  relatively 

F o r  cer ta in  energy absorbers  using s t ructural  mater ia l s ,  the working s t r e s s  

associated with material deformation is relatively low; hence, the corresponding 

mater ia l  and energy absorbing efficiency for  such designs is  penalized. 

honeycomb s t ruc tures  a r e  usually designed such that core  buckling s t r e s s  which 

init iates crushing of the cel ls  is in the elastic range of the material .  Similarly,  

deformation of the collapsible tube of Ref. 3, is predicted on an  asymmetr ic  buckle 

pat tern which is induced a t  relatively low elast ic  s t r e s s  levels.  

s t ru t  (Ref. 4) and frangible tube designs (Ref. 5 ) ,  high mater ia l  efficiencies a r e  ob- 

tained by utilizing the inelastic o r  plastic regime of the mater ia l  a s  the working 

s t r e s s .  F o r  the collapsible s t ru t ,  however, mater ia l  deformation associated with 

energy absorption is  confined to a relatively small portion of the total s t ructure  

located a t  the s t ru t  elbow; hence, the fu l l  energy absorbing capability of the con- 

s t ruct ion mater ia l  is not developed. 

associated with mater ia l  rupture a r e  developed throughout the working stroke. 

However, this technique requires  a relatively heavy die to provide an  anvil for 

shreading the frangible tube. 

r a t e  has  not been considered in  detail  fo r  any of the aforementioned designs. 

F o r  example, 

In the collapsible 

In the frangible tube design, working s t r e s s e s  

It  i s  noted that the problem of controlling the onset 

Consideration of those factors  which contribute directly to energy absorption 

efficiency (high mater ia l  efficiency and high s t roke to length ratio) has  led to a 

novel design technique fo r  dissipating impact energy. 

dr ica l  tube designed to deform via an  axisymmetric buckling mode will provide a 

constant force in res i s tance  to shell  deformation throughout its stroke. This be- 

havior when incorporated in  a landing system design would produce vehicle deceleration 

I t  is postulated that a cylin- 

3 
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charac te r i s t ics  similar to that shown by the "deceleration l imi te r"  range of Figure 1. 

The theoretical  groundwork fo r  the design of a tube which will buckle in  an 

axisymmetr ic  mode has  a l ready been established in  Ref. 6. 
show that the theory is in excellent agreement with experimental  resu l t s ,  particularly 

for  design buckling s t r e s s e s  approaching or  exceeding the mater ia l  yield strength. 

I t  i s  apparent,  therefore ,  that cylinders designed to buckle in  the axisymmetr ic  mode 

will rea l ize  a maximum value of the mater ia l  efficiency parameter  for  mater ia ls  in  

compression. Since the wavelength of the axisymmetr ic  buckle pat tern is small ,  a 
la rge  portion of the tube following inception of the initial buckle will be undeformed 

and available for  fur ther  energy dissipation. Continued application of compression 

loading would induce additional buckles along the tube length. 

small buckle s ize ,  a la rge  portion of the tube should be developed as working stroke. 

This design technique, therefore ,  has the potential for  a high mater ia l  efficiency 

and a la rge  s t roke to length rat io  which character izes  an efficient energy absorber.  

Data presented in  Ref. 6 

Again, due to the 

As demonstrated in  Ref. 7,  shaped crushable s t ruc tures  can be designed to 

control the onset ra te  associated with arrest ing the motion of a f r ee  falling mass. 

In this application, the energy absorbing mater ia l  is distributed in  the fo rm of a 

cone o r  pyramid. 

motion is therefore  developed gradually, and the corresponding deceleration is con- 

trolled. 

The force generated by the crushable s t ruc ture  in  resist ing 

The energy absorbing mater ia l  utilized in  Ref. 7 was aluminum honeycomb 

which due to its low solidity has a relatively low average operating s t r e s s  associated 

with elast ic  buckling. 

i f  solid mater ia l s  could be designed t o  flow plastically at s t r e s s e s  approaching the 

ma te r i a l  yield. It is  postulated, therefore,  that an efficient energy absorbing s t ruc -  

t u re  of the onset limiter type could be obtained by distributing mater ia l  in  a tapered 

configuration such that each c r o s s  section of the element works to the yield s t r e s s  

when absorbing impact  energy. 

s t r e s s  to  density ra t io  will provide the most efficient energy absorption. 

More efficient energy absorption could obviously be obtained 

It is noted that mater ia l s  with the highest yield 

In summary ,  two design concepts have evolved for  attaining an  efficient im-  

pact  energy absorber  for  landing systems. 

to deform via axisymmetr ic  buckling when incorporated in  a landing system design 

will provide efficient energy absorption and control the peak vehicle deceleration. 

Secondly, it is  suggested that solid s t ructural  materials can be shaped in  c ros s  

sect ion and integrated in  landing system design so as to provide efficient impact 

First, it is proposed that a tube designed 

4 



energy absorption and also control the vehicle r a t e  of change of deceleration. The 

combination of the deceleration and onset limiting elements should provide vehicle 

deceleration charac te r i s t ics  s imi la r  to that of the ideal energy absorber  shown in 

Figure 1. 

In the subsequent development, the design considerations examined a r e  assoc i -  

ated with the use of shell-type s t ructures  for energy absorbers  based on the concepts 

enumerated above. 

integrates  the detailed design of the energy absorbing element and the vehicle g ross  

landing and configuration parameters .  

In addition, a general design procedure is developed which 

5 
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2. GENERAL DESIGN PROCEDURE 

Performance  RelationshiDs 

As postulated in  the Introduction, the charac te r i s t ics  of a thin walled cylinder 

designed to deform under axial  compression via an axisymmetr ic  buckling mode will 

be similar to that of a deceleration l imiter -- i.e., the tube will provide a force r e -  

sist ing deformation which is essentially constant with s t roke and time. In addition 

i t  i s  suggested that energy absorption s imilar  to that of a n  onset  l imiter  can be ob- 

tained by proportioning a shel l  such that the force resis t ing deformation is developed 

gradually. Based on this hypothesis, vehicle deceleration character is t ics  for a 

landing sys t em which incorporates  such elements would be as shown in Figure 1. 

The performance of this ideal type of energy absorber  has  been determined in  

Ref. 2 and is summarized by the following equations. 

x C = (Vf /nag) [1/2 t X / 2  - X2/24] (1) 

... 
where X = n i g / v i F  

These equations a r e  based on the assumption that the change in  potential energy of 

the vehicle associated with deformation of the landing sys t em is  negligible compared 

to the vehicle touchdown kinetic energy. 

Weight Considerations 

Possible  techniques for dissipating landing impact  energy via an onset l imi te r ,  

decelerat ion limiter, o r  composite (deceleration and onset l imiter)  sys tem a r e  

i l lustrated schematically in  F igure  2. 

dissipated. As indicated, curve "A' is  fo r  a landing sys tem using a deceleration 

l imi te r  only, curve "B" is for  an onset l imiter  only, and curves "C" and "D" apply 

to a landing sys tem with a composite energy absorber  -- i .e.,  composed of both 

onset and deceleration limiting elements. 

e i ther  onset  limiters o r  deceleration l imiters  (curves  "A" and "B") a r e  readily 

apparent.  

A l l  curves  represent  the same total energy 

The disadvantages of the systems using 

The deceleration limiter design exceeds the allowable onset rate whereas  

6 
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the onset l imi te r  design exceeds the allowable peak deceleration a s  determined by 

payload fragil i ty.  Intuitively one would expect that the composite energy absorber  

which develops the full allowable onset rate and peak deceleration as determined by 

payload fragil i ty (curve "C") would represent  a minimum weight design. However, 

for energy abso rbe r s  using solid mater ia ls  whose s t roke to length rat io  is  l e s s  than 

unity, it was shown in Ref. 2 that the deceleration l imi te r  has a g rea t e r  efficiency 

than the onset l imi te r .  Minimum weight considerations,  therefore,  favor designs 

wherein a l a r g e r  portion of the total impact energy is dissipated via the deceleration 

l imi te r  technique. 

weight design as compared with curve "C". 
F o r  this reason,  curve "D" of Figure 2 represents  a minimum 

One observes  f rom a comparison of curves  "C" and "D" of Figure 2 that the 

s t roke of the deceleration limiting region of operation increases  as the peak de-  

celeration of the vehicle decreases .  A maximum design value for this s t roke is 

determined by the length for  which the deceleration l imi te r  buckles a s  a column. 

This consideration is i l lustrated schematically by Figure 3. 

figure depicts the increase  in  deceleration l imi te r  s t roke associated with a decrease  

in  peak deceleration factor and is determined by energy absorption requirements.  

Curve "F" shows that the allowable column length decreases  as the peak deceleration 

factor decreases .  

missible  s t roke and the associated minimum value of the deceleration factor.  F o r  

peak deceleration factors  l e s s  than the minimum value, the s t roke required to d iss i -  

pate landing energy would exceed the cri t ical  column length for  the deceleration 

l imi te r ,and  the landing sys tem would fail via a general  instability mode instead of i n  

the des i red  local instability mode. Since the minimum peak deceleration represents  

a minimum landing sys t em weight a s  described above, the minimum deceleration . 

factor corresponds to the optimum design condition. 

shown in  F igure  3 represent  a particular vehicle g ross  weight, touchdown velocity, 

and onset  r a t e  condition. 

Curve "E" of this 

The intersection of these two curves gives the maximum pe r -  

I t  is noted that the curves 

The above considerations for  determining the optimum peak deceleration fac-  

t o r s  are  based on theoretical  resu l t s  which show that the deceleration l imiter  is a 

more  efficient energy absorber  than the onset limiter. If  the application of design 

techniques r e su l t  in  a n  energy absorber  wherein the converse is t rue  -- i.e., the 

onset l imi te r  is the most  efficient element, then the optimum peak deceleration fac-  

to r  would correspond to the maximum o r  the allowable deceleration factor. 

this ca se ,  the minimum weight landing configuration would a l so  correspond to a 

minimum stroke configuration. 

F o r  
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Optimum Peak Deceleration Fac tor  

F o r  design purposes i t  is desirable to develop the relationships which de te r -  

mine the optimum peak deceleration factor such that this factor can  be readily a s c e r -  

tained for  a l l  combinations of vehicle gross  weight, touchdown velocity, and design 

conditions. 

optimum peak deceleration factor in  te rms  of generalized parameters .  

is developed as outlined under "Weight Considerations" above and is  accomplished 

in three steps.  F i r s t ,  energy absorption requirements  a r e  used to determine a 

relationship between deceleration l imiter  s t roke,  deceleration factor ,  and other 

design conditions. Secondly, f rom buckling considerations,  the cr i t ical  column 

length for  the deceleration l imiter  is expressed as a function of deceleration factor  

and the vehicle and landing sys t em configuration. 

between s t roke,  cr i t ical  column length, and deceleration a r e  solved for the optimum 

deceleration factor.  The final resu l t s  a r e  presented as a curve of optimum dece ler -  

ation factor ve r sus  vehicle and landing system configuration parameters .  

F o r  this reason,  a procedure is presented below for determining the 

The method 

Thirdly, the two relationships 

The energy absorption requirements for  the landing sys tem a r e  implicit  in the 

per formance  equations presented previously. 

s t roke (Eq. 4), the peak deceleration factor may be expressed  as follows: 

Through use  of the nondimensional 

... 
where 5 = Vi/(XCX) 

As indicated by Equation (5),for a given value of the design parameter  5 ,  the peak 

deceleration factor  is a function of the parameter  h.  

decelerat ion limiter to the total s t roke is a l so  a function of A and f rom Equations (1) 

and (3 )  i s  

The rat io  of the s t roke of the 

x /xc = (112 - X/2 t Az/8)/(1/2 t A/2 - A2/24) ( 6 )  
g 

The ra t io  of the total  length of the deceleration l imi te r  to total working s t roke can 

now be expressed as 

Substitution of Equation ( 6 )  i n  (7) gives 

10 



F o r  a given value of the parameter  5 ,  Equations (5) and (8) a r e  both functions 

of A ,  and through these equations the length rat io  L /xc can be graphed as a function 

of the peak deceleration factor.  In this manner, energy considerations fix the length 

of the deceleration l imi te r  as a function of peak deceleration (for a given 5 ) .  

g 

The buckling s t r e s s  for a simply supported column subject to compressive 

axial loading (Ref. 8) i s  

C = d E , / ( L / P ) ~  ( 9 )  
1 

where p = (I/A)' (10) 

Substitution of Equation (10) in  (9) and rearranging t e r m s  gives 

u A = d Et I / L 2  
C 

The product u A is the load ca r r i ed  by the s t ruc ture  a t  column buckling. 
C 

F o r  a thin walled tube, the moment of iner t ia  is  given by 

I = . r r h ~ 3  

Substituting Equation (12) in  (1 1) and rearranging t e r m s ,  one obtains 

ucA = n3 Et (h/R) (R/L) '  L2 = +L2 

where + = r3 Et (h /R)  (R/L)' 

Equation (13)  expressing the column buckling load as a function of the column length 

and the mater ia l  and geometry parameter  +. 
If it is assumed that the vehicle payload has seve ra l  landing s t ru ts  and that the 

landing load is equally divided between the vehicle supports,  the load per  s t ru t  is 

P = u A =  n W / N  
C o v  

F o r  optimum design, the maximum load on the deceleration l imiter  s t ru t  will 

equal the column buckling load. 

ducing the s t roke parameter  xc, the following relationship is determined 

Hence, f rom Equations (13) and (14), and intro-  

n W V / N  = + (L  /xC)' xc2 
0 g 

11 



or  

The total landing sys tem stroke,  x 

to be wri t ten in  the following fo rm 

i s  given by Equation (1) which allows Equation (16) 
C’  

(Lg/xC)’ = (h2/+)[n; / (  1 /2  t A / 2  - A2/24)‘] (17) 

where 
1 

6 = (g/Vi2)(Wv/N)z 

Equation (17) expresses  the deceleration l imiter  to total s t roke rat io  as a function of 

the deceleration l imi te r  mater ia l  and geometry parameter  4, the vehicle landing con- 

figuration parameter  6 ,  the design parameter  1, and the peak deceleration. 

noted that for  a given value of the design parameter  5 ,  the peak deceleration factor 

and A a r e  not mutually independent but a r e  re la ted through Equation (5). 

I t  i s  

Equation (17) defines the deceleration l imi te r  length ra t io  as a function of peak 

deceleration and was determined by buckling considerations. 

re la ted to peak deceleration based on energy considerations and i s  given by Equations (5) 

and (8). A representat ive graph of these relationships is shown i n  F igure  4. 

indicated, the curves were  determined for a design parameter  ( 5 )  of 0.03 and a 

vehicle landing configuration parameter  (6 )  of 0.07 lbs / in .  These values c o r r e -  

spond to a five thousand pound vehicle landing on ea r th  with three  landing s t ru ts ,  a 

sinking speed of approximately forty feet pe r  second, a design energy absorber  

working s t roke  of approximately twenty inches, a s t roke to length ra t io  of 0.8, and 

an allowable onset ra te  of eight hundred g’s / sec .  

figuration parameter  (+) chosen for  the i l lustration is 369. 

to a 7075-T6 aluminum cylinder with a radius/wall  thickness ra t io  of 20.5, length 

radius  ra t io  of eight, and design s t r e s s  of 77,000 psi. 

decelerat ion l imi te r  parameters  a r e  presented in  a subsequent subsection. 

s e r v e s  f r o m  Figure  4 that the optimum peak deceleration factor for  the conditions 

assumed is 21.5. 

This ra t io  was a l so  

As 

The deceleration l imi te r  con- 

This value corresponds 

Methods for  determining these 

One ob- 

Curves similar to F igure  4 could be prepared for other values of the parame-  

t e r s  5 and 6, and the corresponding optimum deceleration factor determined. How- 

eve r ,  a more  d i rec t  method for obtaining the optimum peak deceleration factor a s  a 

function of vehicle pa rame te r s  resu l t s  by solving Equations (8) and (17) simultaneously. 

In this  manner ,  the vehicle landing configuration parameter  is found to be related to 

the peak deceleration factor and other parameters  as follows 

12 
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Again it i s  noted that X and no a r e  not independent but a r e  related through the 

pa rame te r  t; a s  given by Equation (5). 

F o r  prescr ibed  values of the pa rame te r s ,  L /x +, and 6 ,  Equations (5) 
6 g '  

and (18) allow the vehicle landing configuration parameter  to  be determined as a 

function of the optimum peak deceleration factor. 

curves  of F igure  5. 

and the ordinate is the vehicle landing configuration pa rame te r .  One observes  that 

for a fixed value of 5 ,  the optimum peak deceleration factor increases  a s  the value 

of the vehicle landing pa rame te r  decreases.  

bounded by two l ines  which correspond to deceleration l imi te r  length to total working 

s t roke  ra t ios  of 0.125 and 0.89. 

The resu l t s  a r e  presented as the 

The absc i s sa  of Figure 5 is the optimum deceleration fac tor ,  

The curves shown a r e  a rb i t ra r i ly  

Through use  of F igure  5,  the optimum peak deceleration factor can be readily 

determined f o r  any given value of the vehicle landing configuration parameter  6 and 

design pa rame te r  5 .  
l imi t e r  configuration with a stroke to length ra t io  of 0.8 and a mater ia l  and geometry 

pa rame te r  of 369. 

a s  d iscussed  above. 

ma te r i a l s  of construction and geometry. 

Deceleration Limiter Configuration 

I t  i s  noted that this figure applies only for  a deceleration 

This la t te r  value corresponds to a design i n  7075-T6 aluminum 

Simi la r  curves could be prepared  for  other deceleration l imi te r  

F o r  this study, the deceleration limiting element of the landing design is  a 

thin walled tube designed to deform via an ax isymmetr ic  buckling mode. 

p a r a m e t e r s  which define the configuration a r e  the tube radius to wall thickness ra t io ,  

the tube length to radius ra t io ,  the wall thickness, and the mater ia l  of construction. 

Presented  below a r e  general  methods which allow the determination of these pa rame-  

t e r s .  

sat isf ied by proper  selection of the radius to wall thickness ratio; however, column 

buckling considerations dictate the appropriate length to radius ratio. 

thickness follows f r o m  considerations of the total load which must  be developed by 

the landing sys t em to absorb  vehicle impact energy. 

The 

I t  is shown that fo r  a given material  the ax isymmetr ic  buckling c r i te r ion  is 

The tube wall 

A s  given in  Ref. 6 ,  the plast ic  buckling load for an isotropic cylinder is as 

follows : 

N X = .rr2+)kx EI/[(l  - v z )  Lz] 

14 
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F o r  axisymmetr ic  buckling, the plasticity reduction factor f rom Ref. 6 is 

1 
= [ ( 1  - v Z , ) / ( ~  - vZ)] ( E ~ / E ) ( E ~ / E ~ ) Z  (20) 

The equations for Poisson ' s  ra t io  including plasticity effects (Ref. 9) and the elast ic  

buckling coefficient (Ref. 6)  a r e  a s  follows: 

v = 1 / 2  - (Es /E) (1 /2  - ve) 

1 

kx = .702 (1 - 
where Z i s  a cylinder curvature  parameter  defined in  Ref. 6 a s  

Z = Lz/(Rh) 

F o r  an isotropic cylinder, 

u = Nx/h c r  

Upon substitution of Equations (20) through (24) in  (19) and using 0.3 for  the 

elast ic  value of Poisson ' s  ratio,  the following equation is obtained for  buckling s t r e s s  

1 

c c r  = .551 { E[(Es /E)(Et /E)] I / ( l  - v')} (h/R) (25) 

Equation (25) gives the axisymmetr ic  buckling s t r e s s  for a cylinder as a function of 

mater ia l  propert ies  and cylinder geometry. 

I t  i s  noted that i n  the elast ic  s t r e s s  range Equation (21)  reduces to the elast ic  

value for  Poisson ' s  ra t io ,  and the corresponding equation for the elast ic  buckling 

s t r e s s  i s  f rom Equation (25) 

u = .605 E (h/R) (26) c r  
e 

This is the c lass ica l  equation for the theoretical local e las t ic  buckling s t r e s s  for a 

cylinder. 

In  o rde r  to facil i tate the determination of the cylinder geometry ra t io  (R/h)  

corresponding to a given buckling s t r e s s ,  it is convenient to rewr i te  Equation (25) in  

the following fo rm 
1 

R/h = .551 { [ (Es/E)(Et /E)I5/(1 - Y ' ) }  (E/ucr)  (27) 

16 
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t 

F o r  a given value of the buckling s t r e s s ,  the right hand side of Equations (21) and(27) 

i s  a function of mater ia l  propert ies  only and is determined f rom an appropriate m a -  

te r ia l  s t r e s s - s t r a in  curve. 

s t r e s s  can be determined by 1) assuming a value for c r i t i ca l  buckling s t r e s s ,  2) ca l -  

culating Poisson 's  ra t io  f rom Equation (21) using the mater ia l  propert ies  fo r  the 

assumed buckling s t r e s s  a s  obtained from a s t r e s s  - s t ra in  curve,  and 3) evaluating 

R/h  f rom Equation (27) .  

Hence, a curve of cylinder geometry rat io  vs buckling 

As shown in Ref. 6 ,  the theoretical  equation for the axisymmetr ic  buckling 

s t r e s s  a s  given by Equation (25) i s  in excellent agreement  with experimental resu l t s  

when the buckling s t r e s s  ra t io  i s  l e s s  than 0 . 3 .  This ra t io  i s  determined by dividing 

the buckling s t r e s s  by a fictitious elastic buckling s t r e s s  based on the same R/h.  

F r o m  Equations (25) and (26) the buckling s t r e s s  ra t io  is thus 

Hence, Equations (25) 

s t r e s s  and associated 

and ( 2 7 )  give accurate es t imates  of axisymmetr ic  buckling 

cylinder geometry providing 

a / a  < 0.3 c r  cr  e 

To i l lustrate  the application of the equations presented, Figure 6 has been 

prepared  to show possible cylinder designs using 7075-T6 aluminum. 

of buckling s t r e s s  ra t io  vs  cylinder geometry was obtained using the procedure out- 

lined above and Equations (21) and (27). 

buckling s t r e s s  ra t io  vs cylinder geometry and was obtained using Equation (28). 

Mater ia l  propert ies  appearing in  the equations were  evaluated using s t r e s s  - s t ra in  

curves  presented in Ref. 10. 

that  7075-T6 aluminum cylinders designed fo r  axisymmetr ic  buckling should have 

R/h values l e s s  than 25.5; the corresponding buckling s t r e s s  i s  75,000 p s i  o r  grea te r .  

The curve 

Also shown in this figure i s  a curve of 

Based on the cr i ter ion of Equation (29) ,  it is apparent 

The s t r e s s  for p r imary  column instability of a cylinder a s  found by the sub- 

stitution p = R/&? (the radius of gyration for a thin walled cylinder) in  Equation (9)  

and rearranging t e r m s  i s  

C = 4.93  { E(EJE)} ( R / W  (30)  

F r o m  Equation (30) the cylinder geometry parameter  i s  re la ted to s t r e s s  and ma-  

te r ia l  pa rame te r s  a s  follows 

17 
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F o r  a given value of buckling s t r e s s ,  the mater ia l  propert ies  can be determined 

f r o m  s t r e s s - s t r a in  relationships. Hence, the right hand side of Equation (31)  is  

readily established f o r  a given s t r e s s  and allows the determination of the c o r r e -  

sponding length to radius  ratio. 

signed such that the axisymmetr ic  buckling s t r e s s  and the column instability s t r e s s  

a r e  equal. The optimum length to radius ratio,  therefore ,  is determined using the 

axisymmetr ic  buckling s t r e s s  in  Equation ( 3  1). 

F o r  minimum weight, the cylinder should be de-  

The load ca r r i ed  by each s t ru t  of the landing sys t em is given by Equation (14) 

which when expanded in  t e r m s  of cylinder c r o s s  section parameters  gives 

(32)  P = n W / N  = u 2~r  (R/h) hZ o v  C 

Equation (32) when solved for  hZ gives 

h' = (n  W /N)[uc 2~r  (R/h)]- '  (33)  o v  

As indicated, the cylinder wall thickness is a function of the peak deceleration fac- 

tor ,  vehicle gross  weight, number of s t ruts ,  design column buckling s t r e s s ,  and 

cylinder radius to thickness ratio. 

mined f r o m  considerations presented in  a previous subsection. 

wall thickness ra t io  is determined by axisymmetric buckling considerations as out- 

lined above. 

axisymmetr ic  buckling s t r e s s .  

thickness by means of Equation (33) .  

The optimum peak deceleration factor is de te r -  

The cylinder radius/  

F o r  optimum design, the design column buckling s t r e s s  equals the 

With this information one can obtain the cylinder wall  

The procedure for  the design of a deceleration l imiter  energy absorber  is sum-  

mar ized  as follows: 

ness  ra t io  is determined by axisymmetric buckling considerations f rom curves s imi -  

lar to F igure  6 and the cr i ter ion of Equation (29) .  

ra t io  is then determined by column buckling considerations (Eq. 3 1) with the stipu- 

lation that  the column buckling s t r e s s  and the axisymmetr ic  buckling s t r e s s  a r e  

equal. 

ations presented previously. 

of Equation (33) .  
direct ly  f rom the radius to thickness ratio and the length to radius ra t io ,  respectively. 

F o r  a given material  of construction, the radius to wall thick- 

The optimum length to radius 

The optimum design peak deceleration factor is determined f r o m  consider- 

Finally, the tube wall  thickness is found through use  

Once the wall thickness is known, the tube radius and length follow 

19 
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Onset Limiter  Configuration 

The onset limiting function for  the landing sys t em is provided by a s t ruc ture  

designed to deform at the yield strength of the material .  

is obtained by shaping the c r o s s  sectional a r e a  of the s t ruc ture  so that the load r e -  

sist ing vehicle motion is developed gradually. 

Control over the onset ra te  

F o r  a given onset r a t e  and mater ia l  of construction, the configuration is  e s -  

tablished by the distribution of c r o s s  sectional a rea .  

f iguration for an onset l imi te r  is  the thin walled cone. 

s iderat ion of the design radius to wall thickness is necessary  to preclude local 

buckling of the shel l  as the onset l imi te r  deforms. 

One logical geometric con- 

F o r  this application, con- 

The distribution of c r o s s  sectional a r e a  for  an  onset l imi te r  follows f rom con- 

s iderat ion of the s t roke-t ime and area-time (for a constant s t r e s s )  relationships 

implied by Figure 1. 

onset l imi te r  is assumed to increase  linearly with time. 

s tant  and the peak deceleration is given by the following equation 

As shown in  Figure 1,  the vehicle deceleration induced by the 

Thus the onset ra te  is con- 

. .. - 
n = x t l  
0 (34)  

By performing a double integration of the deceleration t ime history a s  shown by the 

onset l imi te r  region of Figure 1 and subject to the conditions that the initial velocity 

is Vi and the initial s t roke  is zero,  one obtains the following s t roke relationship (see 

Ref. 2). 

Substitution of Equation (34)  i n  (35) and rearranging t e r m s  gives 

x = { Viz/nog} [ A ( t / t l )  - (A2/6)(t/tJ3] 

A nondimensional f o r m  of Equation (36) is obtained by dividing both s ides  of the 

equation by Equation (2) .  Thus, 

E = X/X. = [ A ( t / t l )  - ( A z / 6 ) ( t / t 1 ) 3 ] / ( A  - A 2 / 6 )  (37 )  
g 

By Newton's law the force  generated by the onset  l imi te r  i n  res is tance to 

vehicle motion consistent with the deceleration his tory of Figure 1 will a l so  increase  

l inear ly  with time. 

energy while working to a constant s t ress  level,  the c r o s s  sectional a r e a  of the 

If it is fur ther  assumed that the onset  l imiter  absorbs landing 
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energy absorber  must  increase  l inear ly  with t ime as shown by the following equation 

I "  

I 

where A, is the maximum c r o s s  sectional a r e a  and corresponds to  t ime t,. 

substitution of Equation (38)  in (37) one obtains 

Upon 

Equation (39 )  gives onset l imi te r  s t roke as  a function of the c r o s s  sectional a r e a  and 

the design parameter  A .  

The onset l imi te r  a rea-s t roke  equation (Eq. 39) may be fur ther  generalized by 

relating A to the design parameter  p as given by Equation (4). 

determined f rom Equation (4) i s  shown by the curve of F igure  7. 

A = 2.0 (p  = 1.5) corresponds to energy absorption by means of an onset l imiter  only, 

and A = 0 (p  = 0)  represents  energy absorption via a deceleration l imi te r  only. 

This relationship a s  

I t  is noted that 

F igure  8 shows the distribution of onset l imiter  c r o s s  sectional a r ea  as a 

function of s t roke and the design parameter  p. 
Equation (39)  and the p vs A relationship shown in F igure  7.  

Figure  8 that  the c r o s s  sectional a r e a  increases  as the s t roke  increases .  

a given s t roke,  the relative a r e a  (x) increases  as p decreases .  

the physical significance of p = 1.5 is that the total landing energy is absorbed by the 

onset l imi te r .  

onset l imi te r  decreases .  

for p = 1.1, 0 . 8  and 0.4 is  8070, 5470, and 9% of the total landing energy respectively. 

This curve was determined f rom 

One observes  f rom 

Also, fo r  

As noted previously, 

As p decreases ,  the amount of total landing energy absorbed by the 

F o r  example, the energy absorbed by the onset l imiter  

The maximum c r o s s  sectional area for the onset l imi te r  is determined by 

equating the load ca r r i ed  by a landing system s t ru t  to the maximum deceleration 

fo rce  and resu l t s  in the following equation 

The maximum onset limiter stroke corresponding to this a r e a  is  given by 

Eqaution (2)  which for  completeness i s  presented below 

x. = (Viz/nog)[h - A2/6] (41) 
g 

In  summary ,  the distribution of the onset l imi te r  c r o s s  sectional a r e a  as a 

function of s t roke for any value of the design parameter  p can be determined f rom 
I 

I 
2 1  
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curves s imi l a r  to that of Figure 8 together with Equations (40) and (41) and Figure  7. 

The peak deceleration factor which appears in  Equations (40) and (41) is determined 

f rom considerations presented in a previous subsection. 

One logical configuration for an onset l imi te r  is a thin walled cone. F r o m  

simple geometr ic  consideration, it can be shown that the thickness distribution for  

a thin walled cone is given by 

- 
h h/ho = A/x  (42) 

where x is  measured f r o m  the cone apex. 

distribution can be determined once the nondimensional a r e a  vs s t roke relationship 

(such a s  given by Fig. 8) is known. It is noted that a singular point for Equation (42) 

occurs  when both the a r e a  and s t roke a r e  zero.  F o r  this par t icular  application, the 

curves of a r e a  vs s t roke a r e  l inear  in the region near  x = 0. (See Fig. 8). 

the thickness distribution corresponding to x = 0 may be found by evaluating the slope 

(dx /&)  a t  this point. 

This equation shows that the thickness 

Hence, 

Based on the above and using Equation ( 3 9 ) ,  one obtains 

With the aid of Equations (42), ( 4 3 ) ,  and Figure 7 ,  the nondimensional a rea-s t roke  

curves given in F igure  8 were  transformed to curves  of nondimensional cone wall 

thickness versus  s t roke and a r e  shown in Figure 9. 
that  f o r  a given s t roke  the relative cone wall thickness increases  as the energy ab-  

sorbed by the onset l imi te r  decreases  -- i .e.,  as p decreases .  

One observes  f rom Figure 9 

The maximum c r o s s  sectional a rea  for a thin walled cone is simply 

A I  = 27-r Ro ho (44) 

Substitution of Equation (44) in  (40) allows the maximum thickness to be related to 

cone geometry and vehicle design parameters  as follows 

h t  = (no WV/Nu)/(2r Ro/ho) (45) 

AS shown the maximum wall thickness is a function of the base radius to thickness 

ratio.  

cussed below. 

Limitations on this ra t io  follow f rom buckling considerations and a r e  d i s -  

The equations governing onset l imiter behavior as presented above a r e  based 

on the assumption that the mater ia l  of construction will flow plastically at the design 
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s t r e s s .  

yield s t r e s s  of the mater ia l .  

associated with local buckling of the cone must be suppressed by the choice of design 

configuration. 

This behavior can only be realized for  working s t r e s s e s  approaching the 

Other modes of mater ia l  deformation such a s  that 

Design information pertaining to the asymmetr ic  buckling of a cone subject to 

axial loading i s  presented in  Ref. 11. 

s t r e s s  for  a cone is 

As shown in this reference,  the elast ic  buckling 

u c r  = CE(h/ r )  cos CY (46) 

Experimental  resu l t s  presented in  Ref. 11 and reproduced herein as Figure 10 shows 

that the buckling coefficient (C) for  cones is the same as  that for  cylinders providing 

the equivalent cone radius to thickness ratio is as defined in the figure. Because of 

the agreement  between the buckling behavior of cylinders and cones in the elast ic  

range, i t  was suggested in  Ref. 11 that inelastic behavior for  cylinders could be used 

to pred ic t  cone inelastic buckling. 

the following fo rm 

With this in  mind, Equation (46) is rewri t ten in  

u c r  = q CE(h/r)  cos (Y (47) 

where q is a plasticity reduction factor.  

of the plasticity reduction factor for cylinders is given by Equation (20).  

A s  shown in Ref. 6 a conservative value 

Cone geometry associated with a given buckling s t r e s s  can be determined by 

arranging Equation (47) as follows 

u /(qE) = C(h / r )  cos CY (48) c r  

The l e f t  hand side of Equation (48) is a function of mater ia l  propert ies  only and for 

a given s t r e s s  and mater ia l  can be evaluated using Equation (20)  and mater ia l  s t r e s s -  

s t r a in  curves .  

To i l lustrate  the resu l t s  of the procedure outlined above, Figure 11  was p r e -  

pared  which shows the cone geometry parameter  vs  buckling s t r e s s  for 7075-T6 
aluminum mater ia l .  

Ref. 10. 

ra t io  g r e a t e r  than one the cone geometry parameter  should be g rea t e r  than 1 7 . 0 ~  lo-?  

The mater ia l  propert ies  used to obtain this curve were  f r o m  

One observes  f r o m  Figure 11 that for  a buckling s t r e s s  to yield s t r e s s  

F o r  a given design and mater ia l ,  the yield s t r e s s ,  design s t r e s s ,  thickness 

distribution, cone apex angle and radius distribution a r e  known. Also, the buckling 
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paramete r  C can be evaluated using Figure 10. 

( C  h cos a /r )  can therefore be evaluated at each c r o s s  section and the corresponding 

value of u /a determined f rom curves similar to F igure  11. F o r  a design which 

precludes buckling, it is apparent that 

The cone geometry parameter  

c r  Y 

In genera l ,  the minimum value for the cone geometry pa rame te r  and the c o r r e -  

sponding minimum buckling s t r e s s  will occur near  o r  a t  the base c r o s s  section 

since at this location "r" is a maximum and "C" is a minimum. 

To  summarize,  the thickness distribution for a thin walled cone which functions 

as an onset l imi te r  would be determined from curves similar to F igure  9 and 

Equation (45). 

given i n  a previous subsection, and the design s t r e s s  would be chosen approximately 

equal to the mater ia l  yield s t r e s s .  Finally, a cone base geometry would be selected 

such that  the cone buckling s t r e s s ,  a s  determined f r o m  the cone geometry pa rame te r  

and curves  similar to  F igure  11, would exceed the onset l imi te r  design s t r e s s .  

The peak deceleration factor would be determined f rom considerations 
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3. DISCUSSION 

Two concepts have been proposed for utilizing solid s t ructural  mater ia l s  a s  

efficient energy absorbers .  

landing sys t em design be realized via a s t ructural  element in  the fo rm of a tapered 

shell  whose mater ia l  is designed to flow plastically a t  the operating s t r e s s .  

deceleration limiting function would be achieved by a cylindrical shell  designed to 

deform via the axisymmetr ic  buckling mode. I t  is postulated that these two basic 

e lements ,  onset l imiter  and deceleration l imiter ,  when incorporated in  a landing 

sys t em design would provide vehicle deceleration charac te r i s t ics  s imi la r  to that of 

the ideal energy absorber  shown in  Figure 1. 

I t  is suggested that the onset limiting function of a 

The 

Considerations necessary  to establish the detailed design configuration of 

energy absorbing elements based on the above concepts have been presented. An 

analytical  method was developed such that the landing sys t em design deceleration 

factor which corresponds to minimum weight (optimum peak deceleration factor) can 

be determined once the gross  vehicle landing charac te r i s t ics  a r e  defined and the 

leading pa rame te r s  for the energy absorption element specified. 

method a representative curve of optimum peak deceleration was prepared for  a 

par t icular  mater ia l  of construction ( s e e  Fig. 5). 

To i l lustrate  the 

The configuration of the deceleration l imiter  energy absorbing element was 

shown to  be defined by the radiuslwal l  thickness ratio,  lengthlradius  ratio,  and wall 

thickness.  These geometr ic  parameters  were determined by axisymmetr ic  buckling 

considerations (Eqs. 27, 28, and 29), column buckling considerations (Eq. 31), and 

the axial  load ca r r i ed  pe r  landing system s t ru t  (Eq. 33) ,  respectively. 

Curves showing the distribution of c r o s s  sectional a r e a  for  an  onset l imiter  

energy absorber  were  developed in  terms of general  design parameters  ( see  Fig. 8). 

F o r  a thin shell  design in  the fo rm of a cone, the corresponding wall thickness d is t r i -  

bution was determined and shown in F i g u r e  9. Since deformation of the onset l imiter  

is predicated on the mater ia l  of construction flowing plastically a t  s t r e s s e s  approaching 

the mater ia l  yield, it is  necessary  that the s t r e s s  associated with buckling deformation 

modes be g rea t e r  than the yield stress. For a cone, the s t r e s s  for  the local buckling 

mode is related to the radius to wall thickness ratio,  and limiting values for  this 

ra t io  fo r  a given material can be determined f rom Equations (48), (49), and Figure  10. 

Although there  was some experimental data to substantiate the concept of a con- 
t rol led onset ra te  via a s t ruc ture  of tapered c ros s  section (Ref. 7), experimental  

evidence was not available to support  the theory that a cylindrical  shel l  designed 
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to deform via the axisymmetr ic  buckling mode would provide a constant deceleration 

type of energy absorber .  A s  par t  of a limited tes t  program to explore the feasibility 

of this la t te r  concept, two thin walled cylinders were  designed and collapsed under a 

s ta t ic  load. Figure 12 shows a load-deflection curve faired through the tes t  resul ts .  

One observes  that 1 )  there  is a peak load associated with initial buckling, 2)  the 

s t rength of the cylinder is  approximately 5070 of the peak load for  most  of the s t roke ,  

and 3) the working s t roke of the cylinder is approximately 8070 of i t s  length. 

peak collapse load for the cylinders w a s  within 5% of that predicted from theory. 

P ic tures  of the collapsed cylinders a r e  shown in Figure 13. 

u r e  shows the bellows configuration character is t ic  

working s t roke.  

deformation. 

, 

The 

Cylinder A of this fig- 

of the shell  a t  the end of i t s  

Cylinder B shows a second cylinder a t  an  intermediate stage of 

The resu l t s  of the cylinder compression t e s t s  a r e  significant in that they con- 

f i r m  the hypothesis that  the strength of a n  axisymmetr ic  buckled tube remains 

essentially constant with s t roke thereby providing a capability for  deceleration 

limiting energy absorption. 

total  cylinder length can be developed as working stroke. 

gations (Ref.  6), the peak buckling load was accurately predicted by theory. 

the t e s t s  a l so  indicate that the residual  strength of a cylinder a f te r  initial buckling 

i s  considerably l e s s  than the peak buckling load. 

absorbing efficiency of the collapsed tube based on the peak collapse lead is not 

realized. 

absorbing element because of the associated la rge  decelerations.  

however,  that this  peak could be eliminated with a negligible loss  of working s t roke 

by prebuckling the tubes. 

Moreover,  the t e s t s  indicate that a large portion of the 

A s  in previous investi-  

However, 

A s  a resul t ,  the theoretical  energy 

The spike in the load-deflection curve would be undesirable in an energy 

It would appear ,  

A s  indicated by the tes t  resultq,  the cylinder residual strength ra ther  than the 

peak buckling load is the quantity mos t  significant to the energy absorbing capacity 

of the deceleration l imi te r  element. The development of a theoretical  method for 

predicting the residual  strength of a buckled tube would contribute significantly to 

the implementation of the design concept. In the absence of such theory,  it would 

be necessary  to es tabl ish an empir ical  correction factor to the theoretical  buckling 

s t r e s s  based on the resu l t s  of a cylinder tes t  program for  a given mater ia l .  

In the development of the analytical method for  obtaining both the optimum 
peak deceleration factor  and the deceleration l imiter  configuration, i t  was assumed 

that a n  optimum design condition could be real ized wherein the s t r e s s  associated 
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FIG. 12 

REPRESENTATIVE LOAD- DEFLECTION CURVE FOR 
A CYLINDER DESIGNED TO DEFORM VIA THE 

AXISYMMETRIC BUCKLING MODE 

I. 2 

0 ,  0 = TEST DATA - 
P = PIPc, 

I .o 51 = X/L 

P = APPLIED LOAD 

I& = PEAK BUCKLING LOAD 

x = AXIAL DEFLECTION 

0.8 L = TUBE LENGTH 
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FIG.13 

CYLINDRICAL TEST SPECIMENS 
DEFORMED UNDER AXIAL COMPRESSIVE 

LOADING V I A  AXISYMMETRIC BUCKLING MODE 

Material :  6061 -T4 

Radius = 0. 755 in. 

Wall thickness = 0. 028 in. 

Undeformed Length = 4. 0 in. 

A B 

A.  

B. 

Cylinder in  maximum deformed configuration 

Cylinder approaching maximum deformed configuration 
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with the theoret ical  axisymmetr ic  buckling and column buckling of the deceleration 

l imiter  were  equal. 

dition will not be achieved in pract ice ,  and that the effective working s t r e s s  for the 

cylinder is l e s s  than the theoretical  buckling s t r e s s .  

t ions a r e  necessary  in the design procedure as  presented. In essence ,  the dece lera-  

tion l imi te r  radius/wal l  thickness ra t io  is predicated on the theoretical  axisymmetr ic  

buckling s t r e s s  as  before,  whereas  parameters  associated with column buckling 

considerations should be based on the cylinder effective working s t r e s s .  

example,  the cylinder length/radius ratio as  given by Equation ( 3 1 )  should be de te r -  

mined using the effective working s t r e s s  and the associated mater ia l  propert ies .  In  
calculating the cylinder w a l l  thickness from Equation (33), one should also use the 

effective working s t r e s s ;  however,  the radius/wall  thickness ra t io  appearing in this 

equation would still be based on the theoretical axisymmetr ic  buckling s t r e s s  a s  pre  

viously noted. 

tion l imi te r  would be prebuckled so a s  to remove the t ransient  peak in the decelera-  

tion response.  

element,  the cylinder would have to  be supported so  as to prevent column buckling 

during the prebuckling operation. 

The cylinder tes t  resul ts  indicate that this optimum s t r e s s  con- 

As a resul t ,  cer ta in  modifica- 

F o r  

The changes indicated a r e  based on the assumption that the decelera-  

It should be noted that in the fabrication of the energy absorbing 

The  method presented for determining the optimum peak deceleration factor 

a l so  involves column buckling considerations and should be modified to accout for 

the difference between the theoretical  and effective working s t r e s s .  In this c a s e ,  

the ma te r i a l  and geometry parameter  + which appears  in the equation for optimum 

peak deceleration factor  (Eq. 18) should be evaluated as  follows: The, tangent modu- 

lus and length/radius ra t io  should be based on the effective working s t r e s s ,  whereas  

the radius/wal l  thickness should be determined by the theoretical  axisymmetr ic  

buckling s t r e s s  ( see  Eq. 13). 

As noted in a previous subsection, the method for  predicting the optimum 

deceleration factor  is based on the assumption that the deceleration l imi te r  is a 

m o r e  efficient energy absorber  than the onset limiter. 

efficiency of the deceleration l imiter  due to i t s  reduced effective working s t r e s s  

resu l t  in  the onset l imi te r  having the high efficiency, then the optimum peak decelera-  

tion factor would simply be the maximum allowable deceleration factor for  the pay- 

load. 

If the reduction in  theoret ical  

It can be shown that the most  efficient energy absorption system i s  one where-  
Figures  8 and 9 in  the onset limiting device absorbs  energy at a constant onset rate. 
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. 

reveal ,  however, that for a constant onset ra te  design the onset l imiter  c r o s s -  

sectional a r e a  i s  not l inear with stroke and becomes increasingly nonlinear as  p 
increases  ( increasing values of p correspond to a l a rge r  fraction of the total  energy 

absorbed by the onset l imiter) .  

desirable  to have the cross-sect ional  a r ea  increase l inear ly  with stroke. 

a r e a  distribution would permit  a n  onset l imiter cone design, for example,  which has 

a constant wa l l  thickness.  In general ,  the weight and s t roke penalty associated with 

a l inear  cross-sect ional  a r e a  vs  s t roke device as compared with a l inear c r o s s -  

sectional a r e a  vs  t ime (constant onset ra te )  device i s  small .  

design X of 0.65 and x / L  = 0.8 wherein the mater ia l  efficiencies of the onset l imi te r  

and deceleration l imi te r  a r e  equal, the total s t roke of the l inear cross-sect ional  

a r e a  vs  s t roke  sys tem is only 6 percent more and the total  weight is only 1 percent 

m o r e  than the constant onset ra te  system. 

F r o m  manufacturing considerations,  it  would be 

This  la t te r  

Fo r  example,  for a 

Additional r e sea rch  is required to define the inelastic buckling s t r e s s  fo r  

cones. 

buckling, i t  w a s  assumed that the plasticity coefficient which gives conservative 

resu l t s  for  cylinder behavior would a l so  apply for  cones. 

be checked experimentally. 

In the method presented for checking the cone onset l imiter  design for  local 

This  assumption should 

An experimental  p rogram to evaluate the design procedures  developed in this 

repor t  is warranted. 

cylinders as w e l l  as thin walled cones to  establish their  load deflection behavior. 

Also dynamic t e s t s  should be performed on both onset l imi te r  and deceleration 

l imi te r  elements to es tabl ish whether the energy absorbing charac te r i s t ics  of the 

elements  change with the manner  in which the load is applied. 

could be in the fo rm of a simple drop test  wherein the motion of a f ree  falling mass 

is attenuated by the energy absorbing element. 

per formed on the  composite system. 

F o r  example,  additional s ta t ic  t e s t s  should be performed on 

The dynamic tes t  

Finally,  dynamic tes t s  should be 
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4. CONCLUSIONS AND RECOMMENDATIONS 

1. Because of the high working s t r e s s  and large s t roke to length rat io  associated 

with the load deflection behavior of a tapered shell  with deforms inelastically 

and a cylindrical  shell  which deforms via the axisymmetr ic  buckling mode, 

the combined sys tem provides optimum energy absorption efficiency. 

2 .  Analytical techniques presented in this report  allow the optimum design of 

energy absorbing elements based on the above concepts for the control of the 

onset ra te  and maximum deceleration of landing vehicles.  

Tes t  resul ts  on cylinders which buckle in the axisymmetr ic  mode indicate that 

the force resis t ing cylinder deformation is essentially constant with s t roke and 

that the working s t roke to length ratio is large.  

hypothesis that the axisymmetr ic  buckled tube provides efficient energy absorp-  

tion of the deceleration l imiter  type. 

3 .  

These resu l t s  support the 

4. The manufacture 

weight and s t roke penalty by distributing the cross-sect ional  a r e a  such that the 

element gives a l inear resist ing force vs st roke ra ther  than force vs t ime 

response.  

In o r d e r  to accurately predict  the energy absorbing capacity of tubes which 

deform in the axisymmetr ic  buckling mode, additional information is required 

concerning the relationship between the peak buckling load and the cylinder 

residual strength.  

a par t icular  mater ia l  of construction. 

of an  onset l imiter  could be facilitated a t  a relatively small 

5. 

Such data could be obtained via an  experimental  program for 

6 .  In o r d e r  to facil i tate the design of tapered thin w a l l  shel ls  for energy absorbing 

s t ruc tures  of the'onset l imi te r  type,  additional information is desirable  con- 

ce  rning inelastic buckling of cones. 

A comprehensive tes t  program should be initiated to investigate under both 

s ta t ic  and dynamic loads the energy absorbing charac te r i s t ics  of cylinders 

which buckle in the axisymmetr ic  mode and cones which deform plastically. 

7 .  
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