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1.0 Introduction

This document reports on a prog ram conducled by Riggs Engineering Corporation
for t h e  Army Mai’~ria 1s and Mechanics Research Center. The program was for
a stud y of seven A rmy vehicle component s, presen tl y fabricated in stce1 ,
to determine the feasibility of fabricating these components from fiber
reinforced composi te materials. The stud y included a design and ana lysis
as well as load and envelope requirements.

The program was divided into two phases. The first phase was the
establishment of a baseline for each component . This baseline become s
the requirements for loads , envelope , performance , as well as the base
reference for cost and weig ht .

The second phase consisted of the feasibility stud y for the design of the
component in fiber reinforced composites. Candidate fiber materials were
glass , graph i t e , Keviar , and boron. The boron fiber however was not
utilized in any component due to cost , manufacturing , or design
considerations.

The design stud y included not onl y material , stress , and envelope studies ,
but also manufacturing methods and tooling considerations.

Under the manufacturing ana lysis of each part determined feasible , the
projected cost of a development program is estimated . Also a quantity
cost estimate is projected to determine the savings to fabricate different
quantities.

The report is divided into two sections. The first section reports on
the stud y of each of the individual components. The second section
summarizes the components by a prioritized listing indicating cost ,
weights and performance compared to the baseline parts.

Of the seven components only two were considered not feasible , the torsion
bar and the connecting link. Two other components were considered
marginall y feasible , the road wheel and the idler wheel. Because of
impact loads and interchar .geability these two components show little
weifj.t savings.

Figure 1-1 shows the M-60 Combat Tank components which were included
in the stud y.
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2.0 COMPO NF :N1 s

2. 1 SELECTI-:D COMl’O~E~TS

The fo l  lowing components  w ore  sel ~~~ ed fo r  t h e  stud y program .

P4-60 Army Tank

1. To r s I on  B ar
2. Dr ive  Wheel
3. T r a c k  Suppor t  R o l l e r
4 .  Track i d l e r  Wh e e l
5. T rack  Road Wheel
6. T rack  End C o n n e c t o r  Link

Pr o t o t y p e  F i v e  Ton Army T ruck

7. Truck  Wheel

2 .2 T0RS~ ON BAR

2 . 2 . 1 B a s e l i n e  R e q u i r e m e n t s

2 . 2 . 1 . 1  D e s c r i p t i o n

The t o r s i o n  bars  are  par t  of t h e  suspens ion  sys tem on the  11-60 Combat
Tank.  They p rov ide  the  necessa ry  s p r i n g  fo r ce to  each r oad w h e e l . The
to rs ion bar is moun ted  to  t he  swing arm w h i c h  s u p p o r t s  t h e  road wheel
and runs across  the  w i d t h  of the  v e h i c l e  whe re  i t  is moun ted  to  the
o p p o s i t e  road whee l  suppor t  h o u s i n g . The genera l a r r angemen t  is si own
in Fi gure  2- 1.

2 .2 .1. 2 Dime n siona l Requi r eme n t s

The d imens iona l r e q u i r e m e n t s  were  d e t e r m i n e d  from Drawings  No .  8668989 ,
Spring Tors ion  Bar Suspens ion  and 10905415 sheet  1 to  3 , S u s p e n si o n
Assembl y .  The f i r s t  d r a w i n g  p r o v i d e s  t h e  p r i n c i pal  d i m e n s io ns of the
to r sion bars No. 7359890 and 7359891. The second drawing shows the
method of joining the torsion bar end to the road wheel swing arm. The
d i f f e r e n c e  be tween  t h e  t o r s i on  bars No. 7359890 and 7359891 is in t he
direction of the  pre-se t , ot herwise  they are  i d e n t i c a l . Con s e q u e n t l y ,
the composite desi gn of  on ly one of the torsion springs will he considered .
Twelve (12) torsion bars are required per vehicle. Fi gure 2-2 shows the
dimensions of the present torsion spring bar .

The torsion bars are mount ed to the vehicle through bolted on housings
which contain tile anchor (or fixed) ond of one torsion bar , as we ll as
the bearing (or rotating ) end of the torsion bar for the opposite wheel .
The anchor end is shown in Section 11-il and the bearing in detail A of
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Drawing  No . 10905415. Detail A on sheet 3 and t h e  v e h i c le  c r o s s  s e c t i o n
on sheet  1 i n d i c a t e  t h a t  t h e  h o u s i n g  is q u i t e  long . The e f f e c t i v e  h o u s i n g
length was determi neu ‘ - .‘ s c a l i n g  t h e  d r a w i n g  and w a s  e s t i m a t ed as
a p p r o x i m a t e l y 22 In .  i r o n  t h e  f a c e  of  t h e  l a r g e  end of  t h e  b a r .  The
i n s i d e  d i a m e t e r s  of  t h e  w h e e l  a r m  b e a r i n g  and of t h e  h o u s i n g  w e r e  s c a l e d
as a p p r o x i m a t e l y t h r e e  i n c h e s .  T h i s  l e aves  a c l e a r a n c e  b et w e e n  t h e  0

s h a f t  and t h e  w a l l  ot  on l y ( 3 - 2 . 35) x .5 = . 33 i n .  Consequen t l y t h e
e x t e r n a l d i a m e t e r  o t T  e i t h e r  end s of t h e  t o r s i o n  b a r  canno t  be i n c re a s e d
sI g n i t i ~~a n t l v .  At  t h e  c e n t e r  of  t h e  v e h i c l e , an e n l a rg e m e n t  of  t h e  4 -
torsion bar may be p o s s i b l e , but  w o u l d  r e q u i r e  a check  of  p o t e n t i a l
interference w i t h  t l i c  v e h i c l e  s y s t e m s  and f l o o r  bod y .  For d e s i g n
purposes  i t  was  a s s u m e d , tha t the present diameter of 2 .35 i n .  i s  t h e
d e s i r a b l e  o u t e r  d i m e n s i o n  and max ’ be i n c r e a s e d , i f  n e c e s s a ry , t o  2 .70  i n .
max imum . T h i s  l i m i t a t i o n  is d e t e r m i n e d  by t h ~ i n s i d e  s p l i n c  d i a m e t e r  of
the large end , which i s  2 . 74 3 i n .  m i n i m u m . The maximum diameter
envelope must also inc l ud e any f a s t e n e r  w h i c h  may he r e q u i r e d  f o r
j o i n i n g  t h e  c o m p o s i t e  t o r s i o n  bar  t o  m e t a l l i c  s e r r a t e d  end f i t t i n g .

2 . 2 . 1.3 Des ign  Load C o n d i t i o n

The desi gn load  is s p e c i f i e d  in A p p e n d i x  D , T a b l e  I , I t e m  ( 1)  of t h e
Sp e c i f i c a t i o n s  and R e q u i r e m e n t s  as  f o l l o w s :

Maximum A n g l e  o f  T w i s t  50.5 °

Sp r i n g  R a t e  7 , l3~ i n .  l b s/ d e g r e e

Road Wheel Arm Length 16 in .

Fa t i gue  R e q u i r e m e n t s  per  M 1L -S-453R 7

The s p r i n g  t o r s i o n  bar  dra ’~ ing (8668989)  a l s o  s p e c i f i e s , t h a t  a p r e se t
t e s t  is r e q u i r e d , t w i s t i n g  t h e  bar  t h r e e  t i m e s  t o  83 ° . The p e r m a n e n t
set s h o u l d  not  exceed 30 ° . The max imum allowable windup angle should
be 50.5 ° and the  m a x i m u m  a l l o w a b l e  set ang le af ter fati gue tests between
7° and 49 ° t w i s t  s h o u l d  not  exceed 5~~. However  t h e  p rese t  r e q u i r e m e n t
may not  a p p l y to  a f i b e r o u s  c o m p o s i t e  b a r .

W i t h  t h e  road arm l e n g t h  of  16 i n .  t h e  road w h e e l  load per degree  t w i s t
of t h e  t o r s i o n  bar  is 7330/16 = 458 l b s / d e g r e e  and a t  the  maximum t w i s t
a n g l e  458 x 50.5 = 23 , 135 l b s .  A c c o r d i n g  t o  A p p e n d i x  D , T a b l e  I , of t h e
Sp e c i f i c a tI o n s  and R e q u i r e m e n t s , i t e m  (5)  t h e  road whee l  loads  a r e :

M a x i m u m  S t a t i c  11 , 250 l b s .  ( l e f t  #3 w h e e l )

Minimum S t a t i c  4 , 075 l b s .  ( r i gh t  #6 w he e l )
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Figure  2-i  T o r s i on  Bar  i n s t a ll a t i o n
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T u e  d y n a m i c  I onds a re 1 5 g. A pp I y 1 t ig  t lie dymim load s  1 0 the wh eel
the whe t’ I sh ock load may t e a t i e  I ’)  x 11 , 750 1 ( iB , 750 lbs ; . Sm ut t l i t ’
t o r s i o n  t e a t’ a t  i t - s max 1111015 t l t ’  I I c c  I ion  ha l an c e s a w l i t e I load ol  onl y
2.3 , 1 3’) lbs . , I t  was as stuned t hat a iv I s I itn i at  i oi-i I P roy  i dee1
p rot  ec t I ng t he bar  I rots angular tI (~i 1  o t t  101 Ia  rg e r t h o  eU . 5 ’

Per M l 1.— S—4 518711 , t l ie  s pr i n g  nl tn  11 ha vt an e ’nelu ra mc e Ii I t t e l  110 1 1 t o  S
than 4S ,000 e y e  lea . Coflst ’qut ’ilt I y , th e tol low j u g  s a r i  ug d l a g r a i n  des i gn
requl t e’nwnt were assumed  :

Spring Rate 7,130 i n .  I h o / d e g r e e

Min imum Torque 4,075 16 = 65 , 700 l b . In .

Maximum Torque 7,330 5()~ ’ 370, loS l b . in.

M a x i m u m  Cycl es 50 ,000 (at  m a x i m u m  t o r q u e )

Diagram Lin e a r

Mm /Max St ress R a t i o  
~~~~~~~~~~~~ 

. 18

The design load d i a g r am  fo r  t h e  t o r s i o n  bar  Is  shown in F I gu r e  2 -3 . 
0

2.2.1.4 Weight at the S t e e l  T o r s i o n  Bar

The weigh t  of t Ile s t e e l  bar was  c a l c u l a t e d  fr om the d r a w in g  ocr
Figure 2—7. A material density of .?~ 8 lb~~in . 3 was  as sumed . C a l c u l a t e d
w e i g h t  I s  103 l b s .

The w e i g h t  g i v e n  In  A ppend ix  1) , T a b l e  I of t he  S p e c i f i c a t i o n  and
R e q u i r e me n t s is 105 lbs .

—7—
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7.2.2 Fea sibilit y St udy

2. 2. 7. 1 1 nt  ro duct  I on

~:xpe t t ’uct ’ tea s show n t lea t t o r ep Ia  r 8 1 t i rS  I ( if l  C ; 
~~ 

i t c h  tuatl .‘ ot  St  ee l
w i t  Ii one u t ’  I good I i  e ’ iee I I I c rot e s eceinpos it c ’ mat  t ’r i a  1 5 11 1 tI I I it (I It (or
ln ip i ’sc ;  fbI.’ ) I e e  nw ’t bet Ii o t  i t ’ f l gt  h i i t l u e l  ot  I I I I u ( ’ c a ;  r e q u  i r . ’mt ’nt  wti I h’ a t

) C C  a:lnio I l in e  at  ay I ng w i t  l i i  n t l i t  O . i O I &  r u  v o l  oi c

T h e  loll owi uig ana l y s t  s t onupa t e l ;  I t cu  F di I I 01 et i t  ~ ouupos I t  t ’ suI t t r i a l  a

~ t itI sh ow s t t e a t  For any o l  I I t t  ~~o sui t ( ‘ F t  a I s  an i i i .  r c a  So i n  t l i e d i  auiee  I or
or I ‘ng t Ii e I t lit ’ t ors  I (i l l  bar I s f l t ’ c I ’ 0  o;i ry I n  o r d e r  I t e  nue ( ’ t bet Ii St  r rn t -, t Ii
iintl St I I  I 1 0 0 0  1- u qIl I r t ’ Iu ie f l t  s . An I ne r ote sc l i i  t liv cove l o pe  I s n ot  a c c  ( I t  :101 . -
how e’ v~ r , s i nce  I he ctuut pc e s i t  c, t ot a t  C e O bar wou Id  not  bi~ hot t~ru h angen  Ic I.
w i t  Ii t lee pro sent at t ’ ’ I  t or si  on b ar  and woo l  et I ne ’o i ye ’ r~ d r~ ; i g o ol  t e l  h er
C O f lh h ) Ot i t ’ f l t  S .

2 . 7 .2.2 Material C an d i d a t e s

A ut ~m p o s i t  e m at  e r i n l  c o n s i s t  f o g  oI  par a l I d  f i b e r s  has  non—un i t e r m
proper t  l e a .  Tension OlitI  - t e n u p  F t  s o  i () f l  st tong I Ii nuict St  I I  n v s s  a re  hi g lu
in t l ie d l  ret ’ t t en  o l  t h e  I t  bt ’ r . Shear at r v n g t  Ii ~nd m o d u l u s  th’p ’nd on

Lice m a t  r ix ma t o i l  ~ I and are 1 (1W I f l  a l am I no I e w i t  I t on i d i  roe t iona I Ii bt’ is
The’ au ear ~ t i t ’ tug I Ii and mod ii i t e ~ e n  n he I tIC I i  t ea  e d  a i gn i i i  etc 11 y by or i rOt I ng

lie I I  hers  i i i  ~d~ a~~ent p lie s ~H)
” e each e e l  h e r  nod ‘u 5” (( I  t lu ’ d 1 r ~~ct io n

Ci t t h e  shear torce

Mat t r i a l  p r o pe r I I t ’  S of I lie conipo s i t  e’ 8 i s o  el opend on t lie f i b e r  c’ont m t
A h i g h  Ii be r 1 end i tug I des I rn h i  e I or st r eng t Ii and ot  I I  h u e s s  , h~ wt ’ V i i .

good al ien r P io 1’( ’ i t  I t ’  S f lOtI  5)8110 t a t ’ t or i fl~~~ con ~ i c t t ’  r a t  I Ot iS  i’( ’qu I i’r an
a d e q u at  v too  in  c u l l  cut  . For st r o u t  ora l app  ii ca t  I oti s a I I  her  COtl t t ’nt t e l  -

55 1 o 65 V/ ~~ i s  dt~s I r e d  . Of fu r  t hi t ’  i I in~io 1. t Al iCe ’  I s I li t ’  I’(’tl o u t  i on  of  t l i t ’
a I l tuwti h it ’  at  ross  tit i t ’  ((1 r e p e a t  i’d l o a d in g  ( ‘ c  h ug ) . The mn g n i  1 t ide  01
(lie rt’tluc t ion depend s on t he ’ en t l ur a n e c  j c u e u p c t ’ t i es of  t ice ’ I i b~~r and r e a l  n

~iid on t h e  nu In  Imum 1 o max i mom at  r o s s  t’a t 1 o do ring c ye it ug

The’ p t i ne  I pal Ii her ma t . r  I n  I s le e l og  con si d e  red a it ’ :

(I) Boron AVCO , “Bor ate ” S nu’) /4

(2) (rap hi t c HIS

(3) Aramld DuP~~~t 
* 
“Kev lar ” -49

(4) Clasa Owen-Corning , S7—44 9

— 9 —
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Table 2-i sunimauiz r’~ the prop erties b r  these mat eria l s in a composite
lam i nate wit h  hi) vo l ume percent fiber and a thermost’tting e’poxy resin
system as rn.tt r i \ mat erial . The values were obtained fr-u rn “Adv anced
Composite Des i ~~t u Cu i de ” et  t tie A l r Force Sy at cuts (‘omm~ nd 

* 
W PA FB , Ohio ,

from supp lier ’s lit e rature and from other information availab le at
R i g g s  En gineering Corporat ion (REC ) .

The cycling shear stress allowahies wo re est imated from Goodman diagr ams
for composite mat er I a Is elm v.’ I tl h~rd hy RE C . The pt’rcent age of  ot t m m  t e
st ress  a l l  owed I or SO , 000 cv l o s  c l i  I I  e r a  somvw i ia  t f o r  t i m e  d i  ft erent f i b e r
materials. However , an average value 02 57 . was selected for all
materials for the required R-factor 01 .18.

The diameter of the present sLed torsion spring i s  2.15 i n c h e s .  It
app ears , however , that the maximum diameter th a t ~ou1d fit the envelope
is 2.70 incho~~. The dian uct t’r e l e l e o t c e I s  on at I I Iness r e q u i r e m e n t s and on
s t r e s s  a l l o w a b l o s  For a minimum diameter the allowable shear stress
and the rat iv F8 j~~ ~~ 

/~ most be a ma xl miss va I ue .  For t he ca mdi dat e
materials t h i s  r a t i o  i s :

Boron 44/7900 .00557

Graphit e 38/5500 .00691

Aramid 16/3000 .00533

20/2200 .00909

Steel 140/11000 = .01273

Th is comparison shows grap hi t e  composi te to he the best candidat e
ma terial. Boron has  higher sht’ar a l  lowables , bu t  i t s  shear modulus i s
a l s o  very  h i gh r e stu I t  In g  In  a smal l  ‘r r a t  Io t h a n  gra ph i t t’ . Ar ami d and
glass composites h a v e  low a l l o w a b l e  shea r s tr e s s e s  and t int s a torsi on
spring maci c from these m aterials would require a larg e r diameter.

2.2.2.3 Sizing of t he  Composite Torsion Bar

For a prel iminary anal y sis it was assumed that the torsion hau- Is
manufactured from a single compos ite m a terial wrapped orotund a mandrel
of . 50 in. d i  aniot er . 1’hie’ out er d l  anie I c i •  c c l  t lie comp o S i t e  ba r  was  t l ien
cal culated as follows:

For max imum allowable shear stress at the outer diameter (I)

2 M .r R

ii (R
e’ - r

4
)

Where r • Inside diameter “ .25 In. (constAnt). 
-

-~ - -



Tabl e 2-1

Compos ite Materials Properties

(Tape Laminate)

Fiber: U n i t  Boron Grap h it e Aram id Glass

Fi lament Strength IO~ PSI 500 400 525 665
Filame nt Modulus io6 i’sJ 58 40 19 12 .6
F i l a m en t  D e n s i t y  l b / i n 3 . 094 .063 . 052 .090

C o m p o s i t e :

F
t U  

~~~ PSI 192 180 200 226

F
CU 

~~~ PSI 353 180 40 86

FSU 
IO~ PSi 15 12 9 7xy

F1~ ~~~ PSi 77 66 28 35

F
S 

. ~~~ PSI 44 38 16 2045 cycling

E
t io 6 PSI 30 21 12 8x

PSi 30 21 11 8

E~5 ~~~ PSI 2 .3

io6 PSI 0.70 .65 0. 30 . 80xy .

G
5 

~~~ PSI 7.9 5.5 3.0 2 .20

lb/in3 
.073 .056 049 .071

— 1 1 —
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Then it is determined from the equation:

~ 
2 M ,~

R - j~
—
~ 

R - r - 0
S

and can be ca lcu la t ed by the trial and error method with the following

resul ts:

For boron , f8 
44 ,000 psi :

R
4 

- 5.19.7R - .00391 0

Then :

= 1.7324 in. or = 3.465 in.

For graphi te , f5 = 38,000 psi :

- 6 .0 17R - .00391 = 0

Then:

R
G 

= 1.8191 in and = 3.638 in.

For the required stiffness , the twist ang le 
corresponding to a torque

moment of 359 ,170 in. lbs. mus t be 49 0 
(see Figure 2-3). The twist

angle is calcula ted from:

2 M.... Li e f f .
9 = —  4 ~ 

[rad]
ii (it - r ) G

Where the effec tive length , L , is same as for the present steel

torsion bar. 
e

Then D is determined from the equation:

2 M .., L + 9 i i G r
4

D = 2 \J ~ e f f .
O u G

-12-
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For boron , C 7.9 10 psi

4 T  6 4
D = itI2

~ 
359 , 170_ • 78 .42  + .8852 IT 7.9 . 10 . .25ii 1 .8852 . 7.9 . 106

= 2 .534 in.

For graph itc , C = 5.5 io6 psi

D
C 

2.795 in.

A summary of the results from the above calculations is shown below .

Boron Graphite

For Strength 3 .465 in . 3.638 in .

For Stiffness 2.534 in . 2.795 in.

These results show that the boron spring would meet the envelope
requ irement if designed for stiffness. To meet the strength requirement
the d i a m e t e r  wou ld  exceed the maximum 2.70 inches allowed . The grap h i t e
torsion bar will exceed the maximum d iameter for both conditions.

2 . 2 .2.4 Computer  Ana ly s i s

A c~ mputer  analy s i s  was  pe r fo rmed  on the  tors ion  bar in a d d i t i o n  to the
pre i iminary ana ly s i s  in t h e  p rev ious  p a r a g r a p h for  t h e  purpose of
o p t i m i z i n g  t h e  d e s i g n .

For a t o r s ion  spr ing  the  most  e f f i c i e n t  sec t ion  is a hol low s h a f t .
However for  i nc r ea s ing  t o rque  the  o u t s i d e  d i a m e t e r  mus t  i n c r e a s e  w i t h
a cor responding  decrease  in w a l l  t h i c k n e s s .  L i m i t a t i o n s  on enve lope
o f t e n  p r e c l u d e s  an o p t i m u m  d i a m e t e r .  A l so  as the  w a l l  t h i c k n e s s
decreases , a point  is reached , where  t o r s i o n a l  b u c k l i n g  occurs  be fo r e
t h e  u l t i m a t e  s t r e n g t h  of t h e  spr ing  is reached .

Since the  s t r a i n  in the  w a l l  of a tube  in t o r s i o n  increases  from t h e
inner  to the  ou te r  d i ame te r , t he  m a t e r i a l  is onl y f u l l y u t i l i z e d  at
the outer d iameter. A method to increase the efficiency in t h i s
respect Is to use a higher modulus malerial towards the inner diamet er

-13-
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and lower modulus material towards the outer diameter. With graphite/
epoxy composites it is possible to achieve this to some extent through
the use of the various types of graphite fibers with a range of modulu s
(IllS , high strength with lower modulus , intermediate strength such as
AS fiber , FillS, high modulus fiber or a combination graphite/steel).

The following ana lysis demonstrates a theoretical optimum tube based
on a graded modulus concept . Althoug h , in general , the strength of
the composite will decrease with increasing modulus , for this ana lysis
the strength will be assumed to be constant .

For comparison purposes a constant modulus torsion bar is also
optimized .

2.2.2.5 Ana lysis of a Constant Stress Torsion Bar

The torque carried by a torsion bar can be calculated utilizing the
fo l lowing e q u a t i o n :

T 

D
1
J 

r
2 (2 ~~) (dr)

The model for this equation is shown on Figure 2-4 .

The ang le of twist , Q, per unit length is given by,

T
EGI

p

Where

EGI is the polar rotationa l stiffness and is calculated from
p

Ed 

r2 

u r
3 
G(r) dr

Where the modulus will vary with the radius as follow s,

G( r) f( r)

-14-
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Figure 2-4 Torsiona l Dc format ion of S u n  f t  E l e n m en t
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The shear stress in the shaft ,

I G V = G r 9

1(r) cLl .hi
Ed

p

The Optimum tub e  w i l l  be equall y stressed throughout the w a l l  t h i c k n e s s .

Thus 1(r) = constant = Cl

Since for any function C(r),

r

Ed J2  n r 3 G( r) dr  cons tan t  = C3
r~

and

C (r) r t1(r) = = con sta n t C l
p

G( r) =

and

Cl ( inside rad ius )  =

and

G 2 (outs ide ra d ius )  =

r r

2 n r 3 
~~ dr = C3 = 1

~~_c~~
J 

I~

C3. C2 (r~ - rh)

~i6- 
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and

31’
1- - 

~~ =

2 m ( r~ - r~ l

The spr i ( enSE an t  of t h e  t o r s i o n  t a r  i s  K.

An glc ’ t t t  t w i s t  i s ,

IL

~~~~EdI p

c~ 1.

2.2.2.6 Torsiona l Buckling

As t h e  d i a m e t e r of t h e  sha f t  i n c r e a s e s  t h e  r e qu i  red ~‘a 11 t h i c k n e s s
dec reases .  For thin walled t u b e s  t o t s  irn a  I b u c k l i n g  nov become a
pro b lem . The bas i c  t o r s i o n a l b u c L l i ~~~ e q u a t i o n  for isotropic tubes

of modera te length is ,

1
cr Cl E ~ / (L~~

2. r 2
314

)

Wit h ends s imp l y suppo i ’ ted  Cl = . 7608

And w i t h  ends f i x e d  Cl = 1 .114

Modera te length t ubular shaft is defined as ,

io2 <z <l 0~

Where

z L
2

t 
— 

r2 t

L -17-
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Fo r an o r t h o t r o p i c  tube  t h e  e q u a t i o n  becomes ,

E D
1’ = C 2 1 ~~~~~

cr 2 4 / 3 2L r 2

Where

C 2 = 3.6 for simp l y suppor t c ’r l  end s

And

*
E E E . tx xi o

* 3/D E E  t . 12y ~~~O 1

For t h e  h y p o t h e t i c a l  c o n s t a n t  s t r e s s  tube with G(r) = C2/r , and
cons ide r ing  the  layup to be all ~45 p lies , the values of E * and

will be equal . Also the variation in Ex ” (or E~*) with
< fiber

modulus  is minor , i . e . ,  a p p r o x i m a t e l y 2 .0 x 106 psi ’ fo r low modu lus
fiber and 2.4 x i~ 6 for high modulus. Thus this variation will be
n e g l e c t ed.

* *Based on E = E t he  r e s u l t i n g  T is i d e n t i c al  to  t h e  i so t rop ic cose ,x y c r 
- -

T
cr = Cl E* t / (L1”2 r 2

316 )

2 . 2 .2 . 7  Ana ly s i s  of a Consta nt  M o d u l u s  Tors ion  Tube

A more r e a l i s t i c  ap p r o a c h  f rom a m a n u f a c t u r i n g  s t a n d p o i n t  is a t o r s i o n
tube with constant modulus (one type of material). t.

For t h i s  case the  e q u a t i on s a r e ;

For max imum s tr e s s  in the  tube ,

T r
1 =

p

-18-
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Where , /
U (I

~ 
— V )

C l  =
p

The sp r i n g  C O f l s t O f l t  i s ,

C l
j I

And t h e  c r i t i c a l  h u c k l i i i - ~ s t r e s s  is ,

1
cr 

= .7608 E ‘r 5/4
/ 

(L~~
2 . r 2

314
)

2.2.2.8 P ara i ~~- t r i c  Stud y

Consider a ran~~- of tor sior bars with time following parameters.

Length  L = 78 in.

Outside- Radius r
2 = a r i a hi e

ln s ide  R a d i u s  r 1 = .2 in .  ( m i n i m um  p r a c t i c a l )

Torque T = 370 , 000 in .  lbs .

Maximum Shear M o d u l u s  C = 12 x i0 6 psi  t o  5 .5  x 106 ps imax
* 6A x i a l  M o d u l u s  E = 2 . 2  x 10 ps i

Sp r ing R a t e  - 7330 in . lhs ./degree twist

Maximum Angle of Twist = 50.5 °

A l l o w a b l e  Shear  Strength = V a r i a b l e  ( t i l t .  66 , 000 ps i  -

Fa t i g u e  38 , 000 p s i )

C o m p u t e r  p rograms  w e r e  developed for this stud y. Program ATS1 provides
da ta  for  c o m b i n a t i o n s  of torsion bar s w i t h  a va r i ab le ’  m o d u l u s  (constant
st ress)  and prog ram ATS2 p r o v i d e s  d a t  a fo r c o n s t a n t  modulus ( v a r i a b l e
st r e s s ) .

The output data is shown on Tables 2-2 at-md 2-3 .

-19-
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_________ _____ ________________ - — -~ -— - - -

ATS I 30-OCT—78 MU BASIC/RI—li V0 l-O1C
- 

ACCEPTABLE T ORSION BA R . 
-

T I  — C n I -. A
£ • L •  1 J  IJ~~ L • ‘ T •

SPRING CO NSTA NT= 429384 SHEAR STRESS 16623.9
61= 6 .00000E+06 SHEAR DUCKL . STRESS= 241753

- 

A C C E P T AB L E  T O R S I O N  B A R

I.D.= .5 O.D. = 4 .2
- SPRING CONSTANT= 435600 SHEAR STRESS= 19117.0

61= 7.00000E+06 SHEAR BUCNL. STRESS= 234394

ACCE P T A B L E  TORSION BA R 
- -

~~~T.r’ .= .s ~~~~~~~~~~~~SPRING CO NSTA NT= 429920 SHEAR STRESS= 22137.2
- 

61= 8.00000E+06 
- 

~~ SHEAR BUCKL , STRESS= 226815 
- -

ACCEPTABLE TORSION BAR

Y r — C rm r -,
~ I L  • •.I U~~~1. • ~~~~

- 
SPRING CONSTA NT :: 414551 SHEAR STRESS 25828.1 .

61= 9.00000E+06  SHEAR BUCF~L. STRESS = 218996

ACCEPTABLE TORSION BAR 

I.D.= .5 O.D. 3,6
SPRING CONSTAN T= 430636 SHEAR STRESS= 30388.6 

- --- 

61= 1.10000E+07 SHEAR BUCKL. STRESS= 210914

- -  - 

ACCEPTABLE TORSION BAR 

- O E I .~ ~~~~~
SPRING CONSTANT 436411 SHEAR STRESS= 30531.6

- - -  

61= 8.00000E+06 
- 

SHEAR BUCNL. STRESS= 194045
- A CCEPTABLE T O R S I O N  BAR 

-

I.D. = .7 
- - 

O.D,= 3.4
SPRING C O N S TA N T ~ 413024 SHEAR STRESS= 36293

- -  
61= 9.00000E+06 SHEAR BUCKL . STRESS= 185236 

-

ACCEP T ABLE TORS ION BAR

i.r.= .7 O.D. 3.2
SPRING CONSTANT 420122 SHEAR STRESS= 43600.7
61= 1.10000E+07 

- - 

SHEAR BUCKLI STRESS= 176073

Tab le  2 -2  C o n s t a n t  S t r e s s  T o r s i o n  P a r

-2 0- 
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--

Al 5? 3— N UV ---70 MU l~A~~l C/ I~T — 1  i vol ---o ic

(
~0N~ I A NT t iOf tUi .  (IS lEAk

A C C L T F :T A I L t :  1 1I~~~l (IN 1.AR 
-

T I -- fl .- I I
£ 1 1  • •..1 ~~~~~~~~~~~ .)~~~C)

~;I’1~lNG (;t1l1~~TAN I’ - 4 2 19 0 1  Sh E A R  Si h~F 55 - -  404761 2  
-

(31:: 2.000001 I 0~, SFIEAI~ Ic II(’I\ L • S 1I~I. ~~~
- 2109 14

ACC L:I~Tnri I IT 1 ORS I ON Ic~ 1~
-

- I,!.— .5 o.ri .= 3 -

S1- ’RINO CtIN~; f A N T = •lO/ /63 SHITAR S ri~ ~~~~ 69970 • 0
(31= 4 • 00000L. S1{ EAI < bLR I\L • si RLSS= 104806

ACCEI TAB LE : TO RS ION }
~AR

I.I%. _ ~ .7 O.t , ,= 3.~SPRI N G 1 ’ ( ) N f ; TA NT - 421 ~~~ SHEAR Si  RU. 5 5 -  40519
Gl 2, 00000L.+06 SHLAI.~ BUE kL . STR1 55~ l94O4~

ACC EPTAB l E TO RSION B(~R

I•i’ .~ .7 0.Ii,= 3 
-

~;1-RING C O N S T A N t - -  40~ €l!1 SHEAR ST RESS = 7 0 1 2 4 I  ~(31:. 4~ 00(1001:4 0~ SHUAR B L I C h L  • S T R L 5 S =  166~~1 4

-t A CCE F’TAB L[  TOF~SION PAb

I.r).r: .9 Q,ti .- 3.6
S PR iN G  C11N TA Ni  420409 SHEA R ST RI SS:: 40619.8
01= 2 •  000001 -406 ~~ fiI’: I~t;(’KL , ~~~~ 

c;~~;~~ 177463

ACC EP T A B L E  T O R S I O N  BAR

I.li .’~ .9 O.rI,~ 3 
- -

SPR I N G  CON~3TA Ni 4037110 f1HITAR STRESS — 70407.8
61- 4 .000001 106 SHEAh~ Ltucl ’ :I . .  S1RLSS = 140616

‘I’ah I (‘ ? —  3 Cot ~~t ahi l Modu I us  Toro i on ‘ at

—21- 



Plotted on Figure 2-5 and 2-6 are the results of the computer studies.

The compu t c-r  p a r a m e t r ic  s t u d y In d i c a t e s  f o r  b o t h  t i m e  c o n s t a n t  s t r es s
and t h e  c o n s ta n t  m o d u l u s  t o r s i o n  b ar , t h a t  t h e  str c ’ss ’s i n c r e a s e  as
t h e  out c i d u  d i a m e t e r  d e c r e a se s .  As can be seen from I ” i gu re  2 — 5 , t h e
c o n s tan t  s t r e s s  t u b e  is  l i m i t e d  to  a m i n i m u m  o u t s i d e  d i a m e t e r  as
f o l l o w s ,

O u t s i d e  D i a m e t e r  A l l o wab l i ’  R e q u i r e d  A l l o w a b l e
in .  Ang le of Tw i s t  Shea r S t r e s s  PSI

2 . 6  24 ° 90 , 000
( 1 )

2 .9  2 2 ° 66 , 000
(2 )

3.4 18° 38 , 000~~~

For a const an t  m o d u l u s  t o r s i on  t u b e  t h e  m i n i m u m  d i a m e t e r  r e l a t i o n s
a re  ( F i g u r e  2 - 6 ) ,

O u t s i d e  Diamet~~ A l l o w a b l e  R e q u i r e d  A l l o w a b l e
In .  Ang le  of T w i s t  Sh ea r S t r e s s  PSI

2 .9 22 ° 86 , 000
(1)

3. 0 21 ° 66 , 000 ( 2 )

3 . 7  17 ° 38 , 0O0~~~

On F igu re s  2 - 5  and 2-6  a re  a l s o  p lo t t ed t i m e  a l l o w a b l e  shear s t r e s s e s
for boron ~~nd g r a p h i t e  and t h e  m a x i m u m  a l l o w a b l e  d i a n m e t e r  of  t h e  t o r s i o n
s p r i n g . I t  i s  c l e ar l \ ’  a p p a r e n t  t h a t  a t o r s i o n  sp r i n g  of  f i b r o u s
composi lt ’  m a t e r i a l s  wui l ‘h w i l l  m e e t  ot  r e n g t  Ii and  S t i f f n es s  r e q u i r e m e n t  s
w i l l  not f i t  w i t h i n  t h e  same enve lop e  as t h e  p r e s e n t  metal torsio n spring .

The l i m i t a t  i o n s  of  at - t ’ u p t a h l e  t o r s i o n  s p r i n g s  a re  shown above  t o  he
a l l  owa h i  c aug I t ’  o I t w i s t  wh ic-li i s h ’s~ t h a n  out ’ — im a I t t h an  r equ i red

( l ) I~u c k I l n g C r i t i a l
(2)  U i t  In i a t  c shea r  St r e t m g t  I m f o r  -

~ 5° p l i e d  high tensile
st r en g t  I m g r a p h  1 t ( ‘ / C j ) O X ~~~

(3)  Fat igue al l owabi e graph ~ c’ /epoxy

L 
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2 . 2 . 2 . 9 l’o t e ut i a I I - sc o t (‘otmipo s it t’ tint or i a I s for ‘to t s ion tar

To f t u r t  h or  c I a i  i ly t im e ~I~~t I i  cult y j i m rep lac lug tlu. ’ prt ’~; eum t Shot a
or s I on spr m mmg w m  t Ii a c ompo s i t  c- sp i’ i 1mg t In’ t el low i tmg a ima I y s  I s was

made. I t  at  t unh ilt s t c m  1 I I  cm st  l i t  ‘ t h ’  r : l n c ’, c o t  St 1 ft in -  mm pa m amt ’t  • 1

w it b in w i m i ch  cemI) Os i t  o mat  r r  i a I s a i t ’ s u i t  a h 1 e I or tor s i oil S~~~~F i n g s
l’l~i s  ca u m be L i s t - j u l  l u m l o t m a t i o n  I c i r  f u r t l m t ’ i  d c - s i g n s .

l im e  I i ni i t  at I ( ’ I l S  (1 I t h~’ fl in t ( ‘ I ’ I ~ i I in  a to  i- si  on S~~) t  I I t t ~ s dot ‘i’m I n,-J Im ~’
I me slme:m r st  r a m  ii a t  t lie oci t er d i a m u c ’  m r  o l  t lu t t ihe ou ’ b a r .  A ssunm i ng

t ima t t l i t ’  St  m e  s mm — st  m a  in cur v.’ I mm l i n e a r  w i t Iii m m ti me a 1 iowa hI .’ f a t  I gin’
shear st 1 S S  r ange  w -  can  w r i t  t ’

F

G

Where
1

F a l l o w a b l e  shear  strc’ss
S

C — shear  modulus

For a general thick walled t nbc ,

= TL/UJ ( 1)

or 

~~ [ 
R4 

( l ~~~~R~~~/ R : )J ( 2 )

R ./R 1 - t/R (3)-

T R3 t 1 — 1  .~ t /R  -t - ( t  / R ) 2

— 
~~
‘ ( t f R ) 3

K T/ 9 (5)

F
8 

— T . R
0/J (6)

— T R0 /K 1 ( 7 )
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T — 1 . rr/2 R
3 

t / R  - 6(t/R )
2 
+

4 ( t / R )
3 

- ( 1 k ) ]  (8)

Solv ing  fo r  R0 and s u b t i t u t i n g  in t o  E q .  ( 7 ) ,

~~~~~~~~~~ ~f I
‘ 1=  I ( . L  

V
n u / 2 . f

t/R - 6 (t/R )
2 

+ 4(tfR )
3 

- (t/R )
4 

(9)

For g i v e n  values of T
413 /KL pict s of f 5 versus’1 arc  shown on F igure  2 -7 .

Also shown on F’igure 2-7 are  t h e  shear stress strain curves for steel and
for  -~-‘c5 ° composites fabricated frets boron , g r a p h i t e , K e v i a r , and g l a s s
f ibers .

The stress strain relationshi p is shown linear in t h e  s t r e s s  range
b e t w e e n  zero  and the  a l l o w a b l e  fatigue cycling stress.

Fpr t h e  p r e s e n t  s t e e l  t o r s i o n  bar  t h e  v a l u e  ~ f ‘r413/KL is .807.

As can ‘be seen f rom t h e s e  cu rves , t i m e  p o t e n t i a l  fo r  composite torsion
bars occur when the loadthg stiffness parameter T~~’3/KL is less than
0.30

S . 4/ 3  -1. Eff ect of Length — The stiffness parameter , T /KL , has only on e
d e s i g n  v a r i a b l e , length. By increasing length it would he possible to
reduce  t h i s  pa r a m e t e r  and p o s s i b l y u t i l i z e  g rap h i t e / e p o x y .

Shown on Figure  2-8 is t h e  r e s u l t s  of a l e n g t h  s t u d y ve rsus  w e i g h t .
As can he seen , as t h e  w a l l  t h i c k n e s s  of t h e  t u b e  d e c r e a s e s  ( r / R 0
sm a l l e r ) ,  t h e  w e i g h t  dec reases  bu t  t h e  length requirement increases.
For gra ph i t e / e p o x y  u n r e a s o n a b l e  l e n g t h s  a r c  r e q u i r e d  a r d  a re  not
p r a c t i c a l .  The b u c k l i n g  r e g i m e  is a l s o  shown on Fi g u r e  2-8.

The c o n c l u s i o n  r e m a i n s  t h a t  fo r  t h e  t o r s i o n a l ni onment , s p r i n g  c o n s t a n t ,
and l e n g th  r e q u i r e d  fo r  t i m e  app l i c a t i o n , a c o m p o s i t e  t o r s i o n  bar is
not p r a c t i c a l .
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2.3 DRIVE wtti -:i-:i.

2. 3. 1 B a s e  1 in.’ R ’qu i c ( - u n ’u t  S

2. 1 . 1 .1 I)escri pt ion

Tb.’ d c i ~~. w h c t ’ ls  t ransf .’r th e engine torque to t i m . -  t r a c k s .  ‘J ’here i s  one
dr iv .- whe el Ior c-adm track. ‘l im e w h e e l s  a r e  a t t a c h e d  to  l i m e  h o r i z o n t a l
d r i v e  sima I I  l o c a t  ,.‘d cross—wis e at the i-ear  end of the ~‘eh j cli . F:ac-h
d r i ye wIn’.- 1 c-on mm I S t  s o I a hub  and two s p r~m c I ~ e t wh cc ’ 1 s . Time a ssemb l v  is
bo l t cit to t I i , ,’ d i  v t  sima It flange. The teeth in t in’ spro ke~ m -, a re  shaped
so that t im. - connc’c t i mm ~, links , wim icli t Ic ti me t r a c k  shoe s t c m g et  h e r  f o r m  a
cont m u on s  track , it between the teet h . Tim e drive torque is transferred
at the poi nt s of contact between the connect ing link s and the sprocket
t e e t h .

An e x p l o d e d  v i e w  of t h e  d r i v e  w h e e l  i s  shown in  F igure  2 — 9

2 .3 . 1 .2  D i m e n s i on a l R e q u i r e m e n t s

The b a s e l i n e  dimensiona l requirements w e r e  d e t e r m i n e d  from d r a w i n g s
No.  736-’4 1 1c , Huh , Fina l D r i v e  and No . 11637173 S p r o c k e t .  Drawing
No.  11615320 , End Connec to r  was used to e s tab l i s h  the  con tac t  a rea
b e t w e e n  the spro~ I-~c-t s and connector link . The huh is a t t a c h e d  t o  t h e
d r i v e -  s h a l t  by an in t er n a l f l a n g e  in the c e n t e r  of t h e  huh . The
d i m en s i o n s  cr the t iange diameter and the t en  t a p e r e d  b o l t  h o l e s  mus t
r ema in  as is .

l ’he ’ s p r o c k e t s  are bolt e~t to f l a n ~- e m m  on each side of the huh . Due to
severe wea r of  t h e  s p roc k e t  t e e t h s , t i m e  s p r o c k e t s  s h o u l d  be r c p l a c e a i ’ l e
and s e p a r a b l e  f r m I m ~m t h e  h u h .  T h e r e f o r e  t h e  d i m e n s i o n s  fo r  t h e  ex t e r n a l
m o u n t i n g  f l a n g e s  and fo r  t h e  e l even  m o u n t I n g  h o l e s  must he maintained .
The huh k e ep s  the t r a c k  c e n t e r e d  by a ~u i d c  gr o o v e .  Due to severe
wea r , the surface of the g u i d e groove  should be made of  s t e e l .

Fi gure 2-10 shows the dimensiona l requirements for the hub .

T i e  p r i n c  i pal d e s i g n  dimen s i ons  fo r  the sprocke t  are shown in Figure  2— Il
w h i c h  also inc l udes the posit ioni n~’, of the end connector for reference.
It should be no t ed , t h a t  t h e r e  i s  an i n t e r f e r e n c e  f i t  be tween  t h e  sprocke t
and t h e  huh  t l a n ? ~e and t h a t  t h e  m o u n t i n g  b o l t s  a r e  of  a t a p e r e d  d e s i g n .
T h i s  p r e v e n t s any p lay  b e t w e e n  huh  and s p r o c ke t  u n d e r  load . A wea r l i m i t
line is indicated on two teeth of time sprocket.

The s l i g h t ly  con ical  hub w h i c h  c o n n e c t s  t i m e  c e n t e r  f l a n g e w i t h  t h e
spr ockc ’ t m o u n t i n g  f l a n g e s  is assumed to  have  no t i gh t  d i m e n s i o n a l
rest  r i c t  ions . How ev er  t h e  b a s i c  shape of the imub ~ho u 1d he such t h a t
d i r t  is prevented from entering between the Inner half of the hub and
the d rives hm a lt , or to accumulate inside time outer half of t he  hub .
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Figure 2-9 Drive Wheel and Sprockets (Metal)
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2.1 . 1 . 3 Ijesi cmm l.oad (~md i t  ions

lii , - dt-s j c~ii load is  sp. -  i fh d  in A ppe n dix D, labl e 1 , lt emmm (2) of time
S 1 * -c  i t icat ionm ; ammil Re qui m.- ~~- mmt 5 as  (ci lows:

Maximum 1orqu c a t  Spro c. kt- t Ni cii L i ne .  . . .80,000 ft — lbs.

(= ~ff~O ,0O0 i n .  lbs.)

Max i tn u : :m ‘1 rack 1 ens i o n . . . .4 5 ,080 lbs.

The pitch diam eter is ,j~ - ci f ied on bra - -.’ing ~o . 11637173 ,
P.D. = 24 .504 in..

With the torque of 960 ,000 in. lbs., ti m e track pull is 960,000 . 2 /24.504
78 ,355 lbs. It is assumed , :hat each s p r o c k e t  c a r r i e s  one hal i of the
resultant load = .50 (-‘.5,08u + 78,355) = 61 ,717 lbs.

The contact angle bet ween track and sprocket of 135° s-as determined by

- - scaling Drawing :~o. 10905415. This ang le varies somewhat with t ime
defl ection of t i e  road wheel , but for t h e  ana lysis it was assumed to
he constant, i t  is e q u i v a l e n t  to  a four teeth engaLemen t . Figure 2-12
shows the load diagram for a fcrward driving m a x i m u m  torque c o n d i t i o n .

The resultant maximum forces acting on the ‘ -ab are according ly :

Tors ion (const.) 960,000 in . lbs.

Shear (const .) 79,274 lbs.

Bendi ng Momen t at Center 1 ,032 ,940 in. lbs.

The shear loads due to maximum torque at the bolt holes are :

at the driving shaft flange

~DF 
960 ,000 = 22 ,588 lbs /bo l t

at  t h e  sprocket  f l a n g e

~SF = 5, 134 l b s / b o l t
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D r i v e  Torque  at
Track Tens ion  at  P .D.  C e n t e r  F l a n g e

45 , 080 l b s .  — 

- 

p960
,000 in .  l b s .

45 , 080 l b s .
Torque  R e a c t i o n

\

~~~~~~~~~~~~~

/:

~~~ 78 ,355 lbs .

Resultant ReactionResultant Loads 
158 ,548 lbs.

60 00 Track Te nsi on9 0 in . lbs. 
83 ,297 lbs.

22 , 540 lbs . - -4: ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

(79 ,2~~+) 
12 ,252

/ ‘ Pitch Rad .
22 ,540 lb 

~~~ 

,/
(79 , 274 )

22 , 540 + 39 , 177 =
61 , 717 l b s .

22 , 540 + 39 , 177 =
4 61 , 717 l b s .

Fl — ’ure  2 - 12  Design Loads fo r  1-lim b
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2 . 3 . 1 . 4  Wei ght o l  St c - c - I Dv i  ce  Wl m t ’e ~ 1

Pet’ A ppe nd ix I), Talc 1 -  I , it cmii 2 , of t hit ’ Spec i Ii c a t  i otis and Requ i r enient  S

t i m e  wi ’ i g I m t  o f  th e c m i  cc wimet’ I I 5 :

Huh 303 lbs ., (lOflSj I y = . 278  l b s / i n 3 ( c a s t  i n g )

Sprocket 110 lbs. , (lousily = .2 83  l b s / i n 3

2 . 3 . 2  F e a s i b i l i t y

2.3 . 2 . 1  I n t r o d u c t i o n

St resses iii the p r e s e n t  m e t a l  hub  c t  time c i l’ I vt  wheel were calcul ate d to
determine time design ph i  Iosop huv Ic i r t lie pre .- ; .mm m desi n. It was found t hat
t h e  s t r e s s e s  w e - i c  c ’ e iv  t ow . - ‘ccc ifl slzlnce a t  t i m e  (- e n t e r  of  t h e  h u b  t h e
maximum bend i ng St ress in t Im. - cvi indrical wall is 18 , 000 p s i .  Sh ea r
s t r e s s e s  a re  also c-. u - v low .

The pre’sent huh is mamiu fact urc ’d f rom a low all ccv st ccl cast i ng per
QQ— S—6 8l1 ) w i t h  90 , 001) p s i  u l t i m a t e  t e n s i l e  and 60 , 000 psi y i e l d  st  r t - ss .
The e n d u r a t m - e  l i m i t  i n  t e n s i o n  is -42 ,000 os I

Compar i son  of  t h e s e  m a t e r i a l  a l l o w a b i , - m :  with t h e  a ct u al ti t rem ; s li-vt-Is
show t h a t  t lie sa let  y ma nm ~ i ns ar e  it ’  rv iii gh . II Is therefore ass uu mmc ’ d
that the hub design was based on St I I b ess rat her than st rengtlm requ I ci’—
ment s. T i me same r u l e - s  were ’ a d o p t  ed fo r  t lie co m m ipos it c mat cr1 a I dt’s i g,n .

The st i f  f m o ,’ss p ara mM ’ t er s  a r e  t ’x pr es scc l  icy

E 1 for bending and

C 3 fo r  t o r s i o n a l s m e a r

Where

E = m o d u l u s  a t  e l a s t i c i t y

I = area moment of inertia

C = shear modulus

3 = polar moment of inertia

The stiffn ess paramet ers for time present metal lmuh at the center are:

E 1 29 • io6 334 5 = 9700 l0~ lb . I n .
2

c j  11 • 10
6 2 334.5 = 7359 io6 lb . in .2
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2. 3.2.2 MaterIal Selection

P r o p e r t i e s  for  f o u r  c o m p o s i t e  m a t e r i a l s  a re  l i s t e d  ii i  Tab le  2 -I  i n
paragrap h 2 . 2 . 2 .  ~ecause  of s t i f f n e s s  requ i r e n m e n t  s g r a p h  i t t -  and baron
c o m p o s i t e s  are better suited for th u s application titan g lass f i i c e - m  or
Keviar . The boron fiber is expensive and d i  [Ii., u lt to handle- in o t he r
t h a n  f l a t  s u r f a c e  app l i c a t l o n s  w h i c h  lcac- c-s  t he p, r a p i m i  U’ c o m p o s i t e  a s
t h e  m a t e r i a l  bes t  s u i t a b l e  ( o r  t h i s  app l i c a t i o n . Time v a l u e s  f o r  F ~nd b’
are  h i g h  as art ’  t h e  v a l u e s  fo r  F and F ~~.x 45

In additio n to continuous fiber composites a moldable , short fibe r
c o m p o s i t e ’  i m m a t e r i a l  was consided fo r  t i m e  sp r o ’ket  . The i m m a t e r i a l  i s
d e s i g n a t e d  Ce l c o n  C t - 2 5 A  and i s  a t h i e r m o s e ’t t i n g  r e s i n  w i t h  2’ . s h o r t
g lass  f i b e r .  It  is m a n u f a c t u r e d  by Ce l an ’se P l a s t i c s  Com pany . P r o p e r t i e s
are listed under time discussion of time sprocket design Paragrap h 2 . 1 .2.6.

2.3.2.3 Hub Main Body

For the  same s t i f f n e s s  fo r  t ime c e n t e r  s e c t i o n  of t i m e  m e t a l  hub  t h e
g e o m e t r i c  p a r a m e t e r s  fo r  a g rap h i t e  c o m p o s i t e  huh should be:

( E I ) ST 9700 ‘ 106 
/ 4I = . — = -i-- = ~+62 in .

CR 2 1 ‘ 10

(CJ )
ST 

- 

7359 . 10 6 
. 43GR = 

C = i— = 1338 in .
CR 5 .5  10

EGR 
and CCR are  ob t a ined  from Tab le  2 -1 .

In order  to  meet  t h e  requirements for both 1 and J , I mus t  have  a
minimum v a l u e  of  1338/2 = 669 i n . 4 s ince  fo r  the  c i r c ul a r  c ross
sec t ion  of the  im ub , J = 2 1.

The i n s i de  geomet ry  around time i n t e r n a l f l a n ge  area m u s t  r ema in  u n c h a n g e d
because of m o u n t i n g  p r o v i s i o n s  to  t h e  d r i ve  s h a f t  f l a n g e .  The largest
i n sid e  d i a m e t e r  is 10-11/ 16 or 10 .69 in t h i s  area . The outs ide dianmct er
is then:

_ 4 1 4
+ .049 d

V .04 9

4~~~ 4
= 

+ • o~~ ( 10 .69 )

.049

= 12.784 in.

L 
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Tim i s i S ( t in s  j c i e  m ’ a i m  I ~ ‘ I a m’g(’ r t h u m  time’ ~u 1 e ’ 5( 11 1 (t i m ; i ~~ and wcu,i Id o itu bab lv
t l c c t  I c , -  m i c c e ’ h ) t a h  he ’ . ‘l I me ’  i r i s i c l i -  d i m m i m i e t  em’ ~c I I ime t m - a c - i ~ g u i d e  - 1 0 0 c c -  i s

I I . 8 / S  i i i . Iii i i i  ~~~~ t’ c t lug  one t .i nk i t  a p p e - a  i’t ’d I h ma t tIme- re is  sonic

c- I c - ; ,  m i n i , -  I c , - I we-en I I me- hot I 0111 c c l  t ime ’ j’ m d l c c ’ c -  and t h e -  I m a c . im g uid u - i a r t
N c c  I I  S d I I O ) 7 l  , .‘mnc i t h a l  t ime ci i a m n ’t or of time groove coo  h d  lum’ o ic f l h l y  he-
i t - m i  m ,-a~~c’.l , ?5 in. wit hiou l at i - c  t ing t Im e- um m~ v ,-m mm u- mu t of time ’ I m auL g u i d e ’ .

l-’o m tile-i t imig t h ’  b e n d i n g  St  i l l n e s s  m’ e q u i  m c i u u e ’ n t  t i m e  o u t  c -c dia mt- t i’m ’ s h o u l d
he ,

D = V4 6 7  -f .049 (l0.69)~

.049

= 12 . 246 i n .

The above  numbers  i i-md I cat e that t I m e  st  i f f n e s s  i n  b e n d i n g  or  torsion
for a c’omposi t e material huh cammo t equa l that at the present metal
huh w it hout ch ang ing the d j us t-n s i  on s dra st  ca I ly

Since  m a i n t a i n i n g  t i m e  s t i l f n e ’ s s  of  t i m e  m e t a l  hub is not a specified
r e q u i r e m e n t  h u t  r a t  l i e - r a n  a s s u m m u e d  r e q u m i r e u m u ( - n t  , e f f o r t  s w e r e  i n st  (mad
d i  r e ct  t d  t awards  a d e s i g n  w i t h  t i m e  h m i g l m e - s t  St f f no s s  t h m .i t ‘ou l c l  he
a c h i e v c .’d w i t h  c o m p o s i t e  n u a t e r i a l s  wi -m i l e  s t - i l l  maintaining t im e’ envelope

— of tim e present desi gns.

The m a i n  loads  on t i m e  cy l i n d r i  cal portion of th,- huh  is t o r s i o m i  and
b e n d i n g . The p r i n c i p a l  f ib e r  o r i e n t a t i o n s  should therefore he -45~
and 0° . The rat i o (fraction) of the fibers in each o t t hm es c direct ions
depend s on t ime  d e s i g n  r e q u i r c i m u c ’n t  s fo r  s t r e n g t h  and st l i f t - m e s s  a t  the
p a r t .

The s t a t i c  m a t e r i a l  p r o p e r t i e s  fo r  0° and 4 4 5
0 o r i e n t a t i o n s  ar e known

fronm technical 1 iteratur e , such - i  as ‘‘Advanced Composites D’s i gn (~uid e ”
The c omp o s i t e  p r o p e r t  it - s iou ’ various ratios of 445° at-md 0~ fiber can
be c a l c u l a t ’d f rom t i m e  known s t r e s s — s t r a i n  d i a g r a m s  of time basic
o r i e n t a t io n s .  For 2 .5 . 106 c y c l e s  t i m e  a l l o w a b l e  material p roperties
are  si gni  f i c a n t  l y r educed . Based on at  Ri’C ava i labi e i nforma t i ou-i b r
grap hite/epoxy composit e s time allowable stress levels in percent of
s t a t i c  u l t i m a t e  s t r e s s e s  a r e :

‘45 ° in shear  - 367,,

0° in bending - 507.

The i m m a t e r i a l  a l l o w a h i c s  f o r  i m i gh s t r e n g t h  g r a p h i t e  a r e  l i s t e d  i n  Tabl e
2 — 4  f o r  a f i b e r  vo l ume of  ap p r o x i m a t c l v  60~.. ‘1’ime table includes time
b a s i c  s t a t i c  p r o p e r t  i c - s  f o r  0 ” and ,‘,~~~~~ f i b e r  o m i e n t a t  ion , h y b r i d
compos l I e ’  l amn i na t  c - m m  w i t  ii v a r i o u s  vol  unm e t r a c t  j o t - m s  o f  00 and
o r i e n t  a t  Ions  , and time e st I ma I ed dos Ign a II owa bli’ s at 7. 5 10 c y c l e s
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Table 2-4

M a t e r i a l  A l l o w a b l e s  f o r  Hub Cone Desi gn (Tape)

S t a t i c  Bas ic  Hy br id

0° ~~45 0 50/50 40 /60  30/70 H
F

tU , cu ps i 180 ,000 23 ,200 97 ,500 81 ,000 6 ,450

F
SU psi 12 , 000 65 , 500 37 , 000 42 , 100 47 , 950

E msi 21 2 .34  11.7 9 .8  7 .9

C utsi .65 5.52 3.1 3.6 4.0

At 2 .5 io6 Cyc les

F
t
~~
C psi 90 , 000 11, 650 48 , 750 40 , 500 32 , 250

FS psi  4 , 320 23 , 580 13 , 320 15 , 150 17 , 260

E msi 21 2.34 11.7 9 .8  7 . 9

G m si .65 5.52 3.1 3.6 4.0

= .056 l b / i n 3
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Due to  t i m e  p e c u l i a r  shape  of t i m e  hub  cone , l imo app l i c a t i o n  of  sep a r a t e
-+45° a imd — 45 ” p 1 1 e s m ay  h t -  I np ra  i t  I a 1 a nut t i mmmc’ c-on sutmi lu g  . From a
m a t t u f a - t u r i m u g  si ntm c l po i mil i t  is simpi i - u  to et t i l  i 7 . C  wov eum grap hiU-
t a h r i c  w h u l c i m  c an  ht ’ cu t i n  f o r m  ( ml  se gm e n t s  and a dj t m s t  i d  t o  t i m e  r e q u i  red
cone confi -- ,um ta t i on eaf-.ie ’r than tape im mat erial . The p r o p e r t  ies  of  t i m e
g r a p h i  tc. f a h r  Ic a r t ’  s c m m ; m m m - a  r i ~ , ‘u1 on Table 2 — 5  . Comparing time properl i t S
in Tab! em ; 2-4 and 2— ~) I t can he seen t i m a t  t tu ’ p r o p c ’r r  i t ’s  f o r  45 °
f a b r i c  (F

1cU 
a m i d  ( )  1 1 not si g n i  f i u ’ m n t  i v  ( I e v i a t  e’ from time tape I’rop (’rI ic -s

or i ( ‘ li t  ed a t  45 ° . I h c s t- c ,-m - I om m - m ; i st lu g  bench i uig leads  I. F lu , ~~~~~~~ , i-: )
the 0~ oriented tape ’  is  im m ore c - I t  i c i c -n t  t h a t m  f a b r i c .

Design problems to be overconme were mainl y time following :

‘fl-me critic a l section of the hub is at t h e  c e n t e r  w i mere  thu -
g e o m e t r y  of  ti -m e in t t ’rna l f l a n g e  and t i m e  t r a c k  g u i d e  g roove
mus t r ’main as i s  and pr - c l u d e s  any si g n i f i c a n t  In c r e a s e  in
w a l l  t h i c k n e s s .

The t o r q u e  moment  m u s t  be t r a n s m i t t e d  f rom t h e  i n t e r n a l f l a n g e
in the middle of the double cone to t h e  outer flanges at both
end s of t ime  h u h  hr means cc l c en t  i nu ou s  fibers. The desired
f i b e r  orientation b r  t h i s  load is ‘-‘- 5 ° .

Bending load f rom b o t h  ends must he t r a n s m i t t e d  ac ross  t h e
i n t e r n a l  m o u n t i n g  ( l a n g e  1w c o n t i n u o u s  f i b e r s .  Time d e s i r e d
fiber orientation for thi s load is 0

Shear loads from the end bend i ng loads mm st be transmitted
to time internal mount  ing I l a ng e .  The d e s i re d  f i b e r  or i i -ut at  ion
for th is is -~45 °.

Concent rated loads at the interna l flange mounting halts and
at t h e  sprocket  moun t  in g  bolts must be r e s i s t e d  hr t i - m e
composite material without significant envelope modifi ca: ions.

The f l a n g e  for  t i m e  t ra -k i~u icte m u s t  he made of  ~ t eel of a d e q u a t e
t h i c k n e s s  to  r e s i s t  wear.

The c o m p o s i t e  hub d e s i g n  s h m a l l  lend it ~~c l f  to  s t a t e - o f - t i - m e
a r t  manu f a c t u r i n g  method s .

The compos ite huh shall be interchangeable with the present
steel hub .

../4 I -



Table 2-5

Material Al l owa ble s for Hub Cone Desi gn

(Grap h i t e  F a b r i c )

S t a t i c  At  2 . 5 i c los

0°
F
tU psi 80 , 000 40 , 0(10

F
CU 

ps I 88 ,000 44 ,000

F
SU ps i  19 , 000 6 , 840

Et mmm si 10. 3 10 .3

utsi 8.5 8.5

C msi 1.04 1.04

± 45 °
F

tU 
psi  27 , 300 13 , 650

~~ 30 , 000 15 , 000

F
SU 

ps i  48 ,000 17 , 280

E
t msi  3 . 2  3 .2

m si  2 .8  2 .8

C msi 4 .5 4.5

= .057 l b / i n 3
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A f t e r  I n v e s t  i ga t  ing a nummii ,er of possible d - ; ; i g n  ap p r o a c h es fo r  t i m e  h u b
C O f lC , I W c c  (hE ’ s 1 ~~~t) C on c e p t s  ima ye  he-en se li- c. t e d  f c r  eva lua  t i o n  and
c o m p ar i  S c f l .

Co n c e p t  “A” — t n t  egra I Conmpo s i t o  Des ign

C o n c e p t  ‘‘11’’ — Com m i i 5 c S it e l b y br  Id D e s i g n

Concept A is si-mown itm F i g u r e  2 - 1 - u  and Concept  B in F i g u r e  2- 15

2. 3. 7 . 4 Concept  “A” I 
-

Torque an ci bending shmear are transf c-rreu by -45° oriented graphmite
fabric lan inate of a nomina l thmickn e ss of .45 in. Ti-m is thickness is
constan t oc.- -r the lengt h -i of the cone. At the interna l flange and at
t he  s p r o c k e t  mount i ng f l a n g e s  t h e  l a m i n a t e  i s  t h i c k e r due  to  inserted
metal shims for increased bearing stretmgth of the h o l e s .  To p r e v e n t
g a l v a n i c  co r rosions  th- shims are mm -made of 301 type stainless steel.
The shims are .025 jim . thick whic h-i makes the thickness of the interna l
flange .55 in. per cone. The two cones are not identic,i l in length ,
because the mounting plane of the drive shaft , is offset 5/16 in. to
one side of the guide flange centerline .

Bend i ng and s i d e  loads are  t r a n s f e r r e d  by a laminate with essentiall y
0° oriented g rap h-mite fiber tape. The laminate follows the outer
contour of the torsion cones , except at the centra l flange , wi -m ere it
br idges across from one cone to the outer. At this section ii is 0.16
in. thick. The cross sectiona l area of time laminn ’te is maintained
constant between the flanges resulting in a slig h t variation in the wall
th ickness due to the change in the d iameter.

Addi tiona l layers of -~45 ° oriented S2-glass fabric are placed outside
the 0° oriented g rap hite laminate for additiona l torsiona l stiffness
and for protec tion against external damage.

The t rack gu ide ring is des igned as a one p iece steel casting . The-
interna l surface is machined smooth and prov ides the needed ex ter nal
suppor t  for  t he  0° laminated cone s e c t i o n .  I n - p lace  molded  r ing s of
short  f i b e r  compos i t es  (bulk molding compound ) provide latera l support
for the g u i d e  f l a n g e s .  A d d i t i o n a l molded material is added to the
inside of the cone for machining of the pilot hole for the drive shaft
f l ange  and for seal r ing s .

In order to make an approximate comparison of the s t i f f n e s s  in torsion
and bend ing of the design concept with t he metal hub , the con ical shape
was repla ced by a cy li nder with a mean diameter of 12.750 in. The
thickness of the ~45 ° grap hite composite is .45 in. , ti -me thickness of
the 0° grap hi te composite is .145 in. and ti-m e thickness of the p45°
g lass f ab r i c  i s .05 in . The total thickness is then .645 in. and the
ou t er dia m e t er 14.04 0 in .  The shear m o d u l u s  for  g lass f a b r i c  a t  ±45 °
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Figure  2 —14  Dr I ~‘c- W imee  I Des ign  C o n c e p t  “A ’’
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is  1.8 ‘ 
io
6, and t h e  i n - p lane  shear  m o d u l u s  of t he  hy br id  compos i t e

is t h e n ,

±45 ° G r a p h i t e  - 

645 ‘ 4 .50  . io6 = 3 .14 1 io6

0° G r a p h i t e  - - ‘~~~~
-
~~ ‘ 1.04 1o6 

= .234 io6

±45° Class  - 

645 1.8 106 = _ .039 10 6 H

C = 3 .4 14 . 10~ psi

With  a Young t s m o d u l u s  fo r  g l a s s  f a b r i c  a t  ±45 ° o r i e n t a t i o n  of
2 . 5  . 106 psi and a mean value of g r a p h i t e  t ens ion  - compres s ion
moduli , the modulus of  elasticity (within proportionality limit)
fo r  t h i s  h y br id  c o m p o s i t e  is ,

±45 ° G r a p h i t e  - ‘ 3.0 . 106 = 2.094 ‘ 1o
6

. 145 6 60° G r a p h i t e  - . 21 .0  . 10 = 4 . 7 2 5  10

±45 ° Glass  - . 2 .5 106 
= .193 . 106

E = 7.012 . 10 psi

Then the  tors i o n al d e f o r ma t ion of t h e  c y l i n d e r  under  max imum t o r q u e
load is ,

32 . 480 ,000 12 .63
ii (14.04 - 12.75 ) . 3 414 ‘ 10

= .001455 rad .

= .0834 ° = 5’

Th i s  d e f l e  L i o n  i s  e x t r e m e l y sma l l  but  i t  is 2 .8 t i m e s  g r e a t e r  than
t h e  t o r s i o n a l d e f le c t i o n  of t h e  present  m e t a l  hub  c a l c u l a t e d  in t h e
same m a n n e r .
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The max iWU ’ I de’ I h e -ct ion in bend jug [o r t i m e  co~u j ’  ‘ s i t  C -  c_ ross s Ct  ion i S

ca l c u l a t e d  1c c - l o w ,

7 2 2
A = ~~ ( 14 .0/ e - 12 .75  ) = 2 7 , I - m  in .

and t i u €- coim-mi’o s it e- mont-n o I j u t -  r t i a

I = 
~~~~ 

( l 4 .0’~ - l 2 .75~ ) = 609 .09 in.
4

y 79 , 27 !m — ~~~~~~~ 3
3 

- -~~~

max 3 ‘ 7 . 0 1 2  . 10~ 609 09

+ 2 12.63 
-

2 7 . 1 4 3 4 ~ 4 ‘ io 6

y = .034 1 i n .max

This deflection is also very sm all bu t it is  three t imes g r e a t e r  t h a n
time deflection of the steel c~~linder , used  f o r  c o m p a r i s o n .

1. P c e n d i n  St r , ’s s  4 n a~~~~~’H- — B e n d i n ~-, i s  m a i n l y  r e s i s t e d  by t h e  a x i a l ly
o r ien t  e d grap h i te  i i  bc  r s  ( 0 ) . Since t I C  l . —~- 1odc. u  In s  o f  the - 45~ oriented
f a b r i c  l ay e rs i s  Si sn i  f i c a n t  Iv less  ( a b o u t  14 -) t i - m a n  t i - m a t  o f  the 0~

- ‘  o r i e n t e d  t ap e . th~- -‘ 45 ° f i b e r s  do not  c o n t r i b u t e  s i g - i f i c a n t  lv ,
p a r t  i c u l a rly  a t  t h e  c e n t e r  s c - c t  io n , w h o r e t i - m e  0° c o n I c  ‘ s t e brid g e-s
f ro m one  cone to  t i - m e  o t h e r .

At ti -m is sect ion t l a  d i n e - u s  i o n s  of  t h e  0 0 ot i e n t  ed fibers a r e :
I .D .  = 11.50 in .  0 .D .  = 11.82 in .

The maximum bend ing stress is ti -men:

f
b 

= ± 
79 274 12 . 63 • 1  1.82

.098 ( l l .82~ - 1 l . 5 0~~

f
b 

= ± 59 , 501 ps i
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W it h  an a l l o w a b l e  f a t i gue  s t r e s s  of 90 , 000 p s i , t ime mm - marg i n  of  s a f e t y  i s ,

M.S. = ~~~~~~~~~~~~~~~~ - 1 = ~ .51

and for ult i m n a l e  static stress ,

M . S. = - 1 + 2.03

Th m e a c t u a l s t r e sses  a r c -  s l i i h t  lv  l ow e r  s i n c e  t i m e  /4 5
0 

layers of grap iuit
f a b r i c  and  t h e  4 5~ la~- -rs of glass fabric do corn rihu t e a s m a l l  a m o t m u t
of the st re’m - m I ’. t ii of  t i m e  h u h .

2. Sh ea r_ S t r e s s  A n a l y s i s  - Shea r s t r e s se s  in  t h e  c o n i c a l  sec t  i ons  a re
c a u s e d  by t i - m e  d r i v e ’  t o r q u e  and  th t ’  bending loads. T h e  d r i v e ’  t o r q u e
g e - n e - r a t  c -s  a cm ii i form s s im e a  r f l o w  i n  ti m e wall of time cone , the be n d i ng
load general es a variable (parabol i c) S’I ca r  f l o w . T i m e  n -max i m rnm m she-a r
i s t i - m e  sunum a t i on  of  t h e -  t o  rque shear and t im e max im um mm bendin g shear .

Th - me s hea r  st ross a t  t i m e  o u t  or d i a m e t  or du e  to  t c r q c m c -  i s  ca l  c -u l a t  ed f rom :

f 5 l 6 T D o
4

ii (Do - Di )

and t i m e  shear  d u e  t o  benching  load i s  g i v e n  by :

Q s i n o ’
-

By

w h e r e

T = Torque

Q Ik’nd i mmg l oad

= A n g l e  from load point

( s i n  0’ = I at cm, = 90°)
H mcmx

R ‘° Menu radius = (Do -I 1)1)ax 4

t = W a l l  thickn es s = ~~
‘ (Do — Di)
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I s  a l r e a d y l a r g e r  and t h e  c o m b i n e d  shear  s t r e s s e s  s m a l l e r . The o u t b o a r d
f l an g e  does not  h a v e  t i m i s s u p p o rt  and i s  t h e r e f o r e  nmore  c r i t  i ca l  in
shea r , and was for this reason selected for the above shea r s t r e s s
ana ly s i s .

3. Analysis of t u e  Internal F1an~ e - As shown in Fi gure 2-14 time
interna l flange is made up of two flanges w i t h  each  f l a n g e an i n t e g r a l
part of the cone. For reasons described above the outboard cone is
more s ever l y loaded than tui e inhoarci cone. Therefore th e- stress ana lys is
s i - m a l l  be made for  the outboard flange only . Both flanges are of course
bonded together and from an integral part of t h e  h u b .  They a re  also
bolted together to ti -me drive shaft flange. This elinminat es any
p o s s i b l e  bend ing  d e f o r m a t i o n  of the flanges and l e a v e s  onl y c i r cum-
ferential shear stresses and bolt hearing stresses to be considered .

The flange is desi gned wi th - i intersperced metal shims , for th e pcmrpose
of increasing ti -me allowable bolt bearing pressure , resisting shear
deformation and dist rihcm t jug the load circumfercntiaLl y w ithin the flangc-
l a m i n a t e .  The composite material in the flange lamina te c o n si s t s  of
t h e  45 ° o r i e n t e d  gra ph i t e ’  f a b r i c  which is e x ten d ed  f rom t i m e  c o n i c a l
w a l l  to f o r m  t h e  f l a n g e .

The sh ims  a re  .025 i n .  t h i n  1/4 hard  s t a i n l e s s  st- eel type 301 rings.
T h i s  m a t e r i a l  was  s e l e c t e d  to  avo id  p o s s i b l e  g a l v a n i c  c o r r o s i o n  i n
contact w ith the grap hite fibers. The mechanica l propc -rties of this
m a t e r i a l  a r e :

tuF = 125 ,000 p~~i

~ty = 75 ,000 ps i

F
SU 

= 67 ,000 ps i

E = 27 - 106 psi

C = 12 . 106 psi

= .286 l b / i n .
3

The a l l o w a b l e  bond sii e~t r  ‘u r en gt h  is:

F
SU 

= 2 , 500 psi

F = 750 psi
c y c l e
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I
For aim c- st inn I e ucf t i me r equ  i re - c t  sh u i m u m t i i i  c k u m c  s s a mmd n cm nml c e ’ r , an A i m’ Forc e
Repom -t s-as used - ‘iii i s re - f t - nc - i - ic ’,’ r e p o u ’t i s c - a l ]  ed ‘‘ l - x  p l o  r a t  orv A pp l it -a t~ i o n
of Fi Iaum ~t-nt Woui;i ke’ i nfonc -c ’d l’last ic I or Ai re- raf t I a m m c h i n g ,  (:c’a~-”
A F1tIL_ ’I’R_ ((,_3 0d) • De ’c - c - m m i h i e i ’ 19 66 .

Accord lug t o  t i m  i 5 report , t h e  a I lowa 1)1,- s im e a r  I oad i n  a b o l t  hl cc  I c  i s

P = K  ~~A 
. }

br 1-mr tu

W in -r e ’

K = An e x p e r i m u c n l  a l  cc ’&’ ffici entbr

A = Metal to metal contact ac-cahr

F = L ilt m a t  C e t  r e m m c ’t h  o f  shi mi m ne t alt u  -

The fnct or K. depe nd s on t lie si -i in t i i  uk u e s s  t and the ho It di aniet er D.S

Khr was  t ’ St  ah l  i s h i e d  as a f u n c t  ion of  D / t  nnd i t  w a s  fo imn d t h a t  f o r
t i ltmn j imnu si -m i tt -m s ti m e minimum s i m i n i  t h m i c k n e ; : ~, s i - m o u l d  I - ic- i t c - xe eed D / t  50.
For otlie- r sh im mat -m - i al s t can he ost inia t ed from :

S

3 1
-11 E1,

t = h!~~~~
’ - t

s y E s.1,

Sul,scr i pt T = t i t  a n i  urn

I n  add i t  ion  t i m e  t o t a l  s i m m  bond a r e - a  A sima l 1 be cons i d e - r e d  a s  w - 1  I as
t hme bond su e-a m- St  ness a 11 os-a h i l t -  F’ b e t  ween  shm in and comm -mpo sit e ma I c-i -ia I s
Therm ,

P = F  ~~AS S

For t I me fI tinge of t i m e ’  o u t  board  cone , t i - m e  ave rage  di flme- t e-r of tim e
t a p e r e d  i - m olt hmo Ic- is I ~4 7 in.

Then fo r  t i t a n i u m  s i m i m  t ~~~ = .0294 in. and fo r  s t e e l :
S
T 

50

1 !
-~! 15Ts 

— 0294
s’r L V

Ts = .024 ? In .
STL
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The neares t  .301 t y p e  sheet  t h i c k n es s  a v a i l a b l e  i s  .0250 i n .  or t h e
equivalent titanium shim thickness = .0304 i n .

The n D/t 5 = 1 .4 7 / . 0 3 04  = 48. At t i - m is valu e Rh)T- = 1.71 (Re.f. AFML-TR—
66—309, Fl gure 2 — 5 0 ) .  W i t h  four shims , the contact are-a is
A br 4 .025 1.47 = . 147 i n . 2 am -m d t i m e  a l l o w a b l e  shea r  load per
b o l t :

P 1 = 1.71 .147 125 , 000 = 31 ,421 lbs .

The bond area of eight si i nm r ing  s u rf a c e s  fo r  one bo l t  i s  ( ave r a ge) :

A = .7854 [(10 .3
2 - 62) - 10 • 1.47 2 

]  ~~ 
= 30.46 in.

2

W i t h  t h e  a l l o w a b l e  f a t  i gu e  shear  s t r e s s  of F5 = 750 psi , t h e  a l b o w a b l c -
bond shea r load per b o l t  i s ,

P
2 

= 30.46 750 = 22 ,846 lbs .

and fo r  u l t im a t e  shear s t r e s s  of 2500ps 1 ,

P
2 

= 30.46 . 2500 = 76 , 150 l b s .

W i t h o u t t he  sh ims and w i t h  an a l l o w a b l e -  c y c l i n g  c o m p r e s s i o n  s t re s s  of
15 , 000 psi t h e  a l l o w a b l e  b o l t  load is ,

P
3 

= 15 , 000 . 1.47  .45 = 9 , 923 l b s .

The load on the mount ing bo lts consists of t i m e  t o r q u e  load am - i d t i - m e
shear  load . These l o a d s  are  a s s u m e d  to  h - i c e v e n l y d i  s t r i hut d ove r
t h e  t en  m o u n t i n g  b o l t s  w h i c h  a rc  l o c a t e d  on an 8 .5  i n .  d i an e - I c r  bo l t
c i rc le .

- 
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‘l ime ’  n -max i mum 1 cia ( i  i s  a t  t im e- imo l t  , wherc~ I he ’ C a u i g c - u m t  in 1 di ic -Ct I om -m id
orqu e- I c c n u i  and  t ti e- sit ~-a m

- load p r o c h m m c - e’ I h i t -  h a  m p ’ s  t mt- s um It ant I om~ c-
‘l’hi I s i S I h i t - t as c- wlmt ’n t tie- si -me-am — I o re - i’ I a I so I tinge -nt i a I - ‘I ’hie t i - i  u - qmm c ’
force’ pc’m’ bolt i s :

~.1 = ~~~~~~~~~~~~ 11 , 29/ , l b s .

Ar id ti -me’ sh u t - a r force- per  bolt is:

29 74 
= 7,927 ibs ,

The m aximum -mm bolt load is thcm s Ii ,2~~-’u + 7 ,924 = 19 ,218 li-i s. w h mich - m sh ows
t h a t  sh in - ms  a r i  n e c e s s a ry  fo r  he-a r i l -m g St r e n g t h i .

The m a r g i n  of s a f e t y  in b e a r i n g  in the bolts is (based on 1)
2

) :

Cy c l i n g  S t r e s s

?1.S. = - 1 = + . 19

U l t i m a t e  S t r e s s

M.S. = _ _  - 1 = + 2 . 96

The- i nboa rd  hal f of tim e’ f l a n g e -  I r au sm i t s ma i nl v the torque load to ti - me
d r i v e  sb -ma f t  b o l t s .  T h e r e  f o r e  t i - m e  n -ma rg in ol sa fe-tv t here ’ i s  h - m i  p in- n

Out  s ide t h e  area covered by time sim m i  rin g s the f c m l  I torsiona l and
bend i ng sim ear f l o w  i s pr es eu - i t  i n  t h e  ‘4 ‘-i - lam i n a t  e . For t I - m i - out boa rd
f l a n g e  , t h e  cr i t  I cii I sl u c-ar I -mu r, di ani e- t er i s 10 . I in . au -i d f o r  t i - m e  i imbotm ru
f l a n g e  10.0 i n .  Time nonm i uia I tim i ckness of t he c c n : p c - i s it e 

~ 
l it- s is 4 ‘-i i n .

Ti -me r e s u l t a n t  she-ar f l o w  a t  10 .3  i n .  d i a u m m e t e r  is thu -n :

s 48(1 000 2 79 274 2
f . t = ~~~~~

- - -
~~~

—
~~~~

- ———- -I- sin ~2 i-e 10. 3
it • 10 . 1
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The m n a x i m u m u m  s i - me-a r  s t r e s s  du e to bend i ng occurs whceu -m sin ~ = 1.

f
S . 2880 + 4900 = 7800 lb/In

for a nominal thi ckne ’~~s of .65 i n .  t i m e ’  m a x i m u m  si-i c-ar st re-ss is t hem - i :

f
S 

= 7780 /.45 = 17 , 289 ~~~~~~~

The allowable- stress for !45° pr aphitu - fabric I an -m~ n a t e  for  2 . 5  - i0 6

c y cl e s  i s  17 , 280 psi , w h i c h  means t i -mat the m-mm a rg in of s a fet y  is zero.

To increase ti -me- n-margin of safety a doubler ring was added to the o u t b o a r d
flange. Time ring is .045 in. ttm i k stainless ste- cl with am -i outside
d i a m e t e r  of  1 1.2 5  in. h e-cause the rim -mg ext~’nds int u c the radius of
t h e  c o m p o s i t e  f l a n g e  t h e  o u te r  ed ge- must he fornued into a r a d i u s .  T 1e
d o u b l e r  is bonded to the c o mp o s i t e  m a t e r i a l .

For the inboard half c-if t i m e  i n t e rn a l f l a n g e  t i - m e  a l l o w a b l e  b o l t  load w i t h
an ave-rage hiole diam ete-r of 1 .20 in. is ,

= 2 .73  . .12  125 , 000 25 , 950 l b s .

As = .7854 ( ( l 0~ - 6
2 ) - 10 1. 20 2 1 = 3 2 . 1 6  in . 2

P
2 

= 31.16 750 = 23 , ’~74 l b s .

The a p p l i e d  f o r c e  to  the bolt is mainly ti -me torque force , 11 ,294 lbs .
No shear  fo rce  on t h e  b o l t  from t i - m e be-rid i u p  load is pr - s e n t  - the
bending shea r  be ing  r e s i s t e d  by t h e  t i g h t  f i t  b e t w e e n  t h e -  d r i v e  s h a f t
f l a n g e  and t h e  h u h .

The shear stress utu the composite n-ma t e- ri al outside of time shinm s is ,

[
5 

~~~~~~~~~~~ = 6 , 791 psi
it 10.3 • .45
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‘[he margins of sa fety for t i m e  i n b o a r d  f l an g e  a re :

For bol t hearing

M.S. = - 1 = +1 .07 H

For shear in t h e  compos i te  m a t e r i a l

M . S .  = ~~~~~~~— - 1 = +2 .54

Jus t  inboard  of t he  d r i v e  s h a f t  f l a n g e , a p p r o x i m a t e l y 1 i n .  f rom t h e
hub c e n t e r  f u l l  t o rque ’  and bend ing  shear  f o r c e s  a re  p r e s e n t  in t h e
composite laminate. The cone d i a m e t e r  at  th i s  poin t  is however
significantl y larger than at the flange. Ti-me inside diameter

= 11.2 in. , D0 = 12.1 in. and the nomina l mean radius is 5,825 in.
Follow ing the same procedures used for ana lyzing the outboard cone
the  maximum shear  s t r e s s  i s ,

f
S 

— 
16 480 , 000 - 12 .10 

+ — 
79 , 274 1 -

-

- 

it ( l 2 . l 0 ~ - l 1 .2 O ~~) 
5~~~~5 .65

f
5 

= 5 , 189 + 9 , 626max

= 14 , 815 psimax

Marg in  of s a f e ty  for  f a t i gue shear  s t r ess ,

M.S. = __ - l = + . 1 7

For u l t i m a t e  shear s t r e s s ,

M .S. = ~~~~~~~~~~~~~~~ 
- 1 = +2.24

- 
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hleI w t- i - n  t h u  s point awl thi ~- sprocket f 1 a m - ige -s I hu e - di an-me t er of ti - ic ’ cone
incr ease-s. ‘rh m , -o m t-t ical I v  t i m e -  w a l l  t h j c ,knc-ss e o tm ld ti - m e-i - c-fore i--m e ’ al l u - w e - u i
t o  d ( ‘ i i c-a se  i n  ord c-r I u- i save we-i ri m t - hem t i t  cc 11 1 ci a I so dc- c - rca S i-  t i m e -
st if Inc-s s cc i  t h e  con( ’ - From a ui - mat - mum f a c t  ur  i nt~ st and jc c m t  i t  i s a I so
d c - s I  rab  I e- I o n-ma i n t  a m  a c onr  t a m - m t  mi - m at  en a I t im I c-kne’ss in  I h i u- comu-

4 - An ti  ~ u s i  s o f  t i - m e -  Sprocket F’la~~ e-s — Tin ’ dc-sign of t h l ( ’  si)roc k -t m o u n t  in g
flange inc I uth-s four t iii n n-metal sit in -ms i n  t t~ - lorn i of rin g s cur ring
segmeuit s similar to ti-ic- interna l flange .

Time flam g , - fits ti g ht lv  i n t o  t i - m e 53 n.  deep  r ec e s s  in th (- sprocket .
Time cl o se - t o  1 ee ’ance’ d ianlc-: er is 18 , 500 im - i . noun m l  - The he-nd I ng
shear is re-sist ed at ti - mis diamn e- t c-c and i s  not afl ect ing ti - me fla :cge
m o u n t i n g  b o l t s , w h i c h  a r e  loaded  o n l y  by t i n -  t orque mome’nt of th --
sprock -t of 480,000 in , lbs.

Ass imming a uniform distribution of t i - ic -  t o r q u e  load t o  t h i e  e l e v e n  b o l t s ,
which are -  l o c a t e d  on a 17 i n .  d i a m e t e r  b o l t  e i r c l e , the maximum load
per b o l t  i s ,

480,000 . 2
P = — = 5 , 134 l b s .

The load s on t i - m e  sh i n c  r i n g s  w e r e  c a l c u l a t e d  i n  t i - m e  same n - i a n n e - r  as  f o r
the interna l flan g e described e a r l i e r ,  Ti - me shin -m s are nuad e- from .Ol (- in.
t h i c k  t y p e  301 s t a i nl e s s  s t e - i - I ( t i t a n i u m  e q u i v a l e n t  t h i c k n e s s  i s  . 0 19 6 ) .
W i t i  a b o l t  h o l e -  d i a n e - u  e’r ~~t . 6 5  i n . ,  t i - m e  f a c t o r  D / t  

~ 
becomes -)

.65/ . 0 196  = 33 and K br = 1 . 7 5 .  Then A bc = 4 .016 - .65 = .0419 i n .
and thu allowable si-me-ar load per b o l t :

P 1 = 1 . 7 5  . .O’e l 9  175 ,000 = 12 , 820 l b s .

The bond area  of a l l  l o u i r  sh im r i n g s  i s :

A = .7854 ( (17 2 
- 15 2 ) - 11 - 63 2 1 = 34 . 06 i n . 2

Then t h e  a l l o w a b l e  bond shear  load:

P 2 = 34.06 750 = 25 , 567 l b s .

W i t i m o u t  t iu-  s h i ms  t h e  a l l o w n h l i -  h e a r i n g  load  i s :

P 3 = 15 , 000 .65 ‘ .45 = 4,388 I l-m s.
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This i s  not  scm I t i c  ic-nt am - i -m i st-mows that mi -me’ t a I sim in - m s ar e  r e qu i i- ed.  Howe ver
t h e -  ni uuiubc-m - c c l shu i mum r j u g s  c o u l d  be ’ r & - d u ~- e - c l  and si, i l l  mm -ia i tmu a i m - m i u - m g a
p o s i t  i v ,  lic ~~m i i n  o t  e a j e - t v , I- i- on a m n a n u l a c  c o m i n g  staud i c o immt i t  w a s
d u ’ e - j d e - d  I h a t  usin g t i n -  same n u n u h e r  c c l  s t u j u m u s  a s  i m  t i m e  i m i t c -r m - i a l I l a n g e ’
wu,ucm Ic1 he- d c - s i  c a b l e  - ‘t in’ mui arp in 0 1 s a t  c t  y i s  t i - m e - m u ,

M.S. = - 1 +1.50

5. A n a l y s i s  of  T rack  (~u i d e  C l a n g e s

Time - l oads  on t i - u’ t r a ck  g u i d e - s  a r e  not  known , h o w e v e r  c o n s i c h e n i  up I h e i  r
function 5 1 1 -  loads are- to  be- e x p e c t  cd  . These- loads  a re- t ra m - i s - m u - m i t t  c- cl
f rom -mu t i - i c p e m i d e  on t i - m e  t r a c k  p l a t u -  t o  t h e  g i m i t h -  f l a n g -s on t h e  s p r o c k e t
by si mr face- c o n t a c t  - Si r ic e  t in’ s pr o c k et  and t i - m e  ci i d e  II  a n g e -  ha ~‘c t h u e
same a n g u l a r e, - - l o c i t  v , no ci  rcum f c ’r ent  i a l  si - ic-ar  f i e r c e - s  are ’  m t  r o d e m c c - d  - -

b e t w e e n t h u e  g u i d e  flange’s and t i-n- spro -ke - t  h u b . I)ue t o  o~~- r a t  ion
re q u i r e m e n t s  o f  t h e  v c ’h i c l  u- t i - m e  er ivi  r o n -m n c n t a  I cc-ind i t i on s  arc-  sev e -r e
am- i d r ocks  may he’ e a rn  -d b y t i - m e  fo rk l i k e -  t r a c k  g u i d e  and cr u s i i e -ch  as t in -
t r a c k  gui c i c ’ cOt  e rs t h -  f l a n g e d  r i n g - T i - m e r e - f o r e ’  i t  i s  n e c e s s a ry  t i - m a t
t i -me- St eel sur  f a c e ’  o f  t h e  l r e sen t  gc mid e  I] an g e - s  a re  n -m a i n t a i n e d  and t i - m a t
t i n- l a t e r a l s t r e n g t h - i  of t i - m e  f l a n g e  shou ld  be ’ s i m i l a r  t o  t h e  p r e s e n t
s tee l f l a n g e .  The d c - s i g n  concep t  is shown in Fi gu re -  2 - 1 4 . F

The u - s h a p e d  r i n g  i s  f a b r i c a t e d  as a c a s t i n g  or w e i d m e n t  . Stiffness in
t he l a t  era l d i r e c t  iou - ms  i s  p r o v i d e d  1ev f i l l e t  n i n ?- s  m o l d e c h  i n  p l a c e
f rom short  f i b e r  (glass) m o l d i n g  compound . Be-cause ’ of t i m e sha pe of
t he hub  t h e  s t e - c - i r i n g  w i t h  t i - me m o l d e d  r i n g s  m u s t  be i n s c ’r t e d  in ti - i c
lay up t o o l  p r i o r  to  l a v i m i g  up t he  0~ ( a x i a l )  or i -n l e d  g r ap h i c e’ f i b e r s .

A comp a r a t i v e  ana l y s i s  was  c o n d u c t e d  w i t h - i  t i m e  s t r c - n g t l m  and s t i f f n e s s  of
t he p r e s e n t  su e - I  f l a n g e  as r e f c ’r e -n c e .  A one inch  wide sogment was
s e le ct e d  f rom t i - m e  m e t a l  f l a n g e - . W i t h  ku-mown tilt in -mate- materia l pre epert i vs
a hy p o t h e t i c a l  n ic h e load was d e t e r m i n e d  a m  w h i c h  t i - m e  f l a n g e -  se guu - m ent
wo c m l c ! f a i l i n  b e n d i n g . The side load was app l ied to a one-  inch w i d e
segment  of t i - m e  s t e e l  conipo s I N- h~ ’h r i d f l a n g e  au - mci t i - m e- Sia m en a I st r c ’ S s e s
ca l c u l a t e d . To compar e  t i - m e  r e - l a t  I ye  St  i i  fne-ss of  ti - me ’  f l a n g e -  segmnent
i n be n chi ng ,  t i - m e- El of ti -me s t e e l  and of  the hubn id desi pu t were compared -

Since this was a -ornp a rat iv e analysis , no circumferential s t r e s s e s  in
t i e  f l a n g e  we -r e -  con s i de ’re ’d . The selected critical sc -c - ti om - m is 2.75 i n .
fm- c-mm ti - me- 0-m iter d i a n e e t e r  of t i - m e -  f l a n g e  am - id t i i c -  load was  ap p l  i cd  - 25 i m m .
from tht- out er d i amnet  c r  - Ti-me mi-ma t en i a I proper  t it - s a r e :

FILl 
= 90 , 000 p s i

E = 29 . 10 6 1
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C o m p o s i t e ’  moo 1(1 i n g  co-mm mp oum id , type Fi ben I t ’  E2 GOi i

F
cu 

= 30 , 000 I - s i  ( F i, v a l u e -  is  hi gh e r )

E = 3.1  106 
~~~

At t i - m e  c r i t i c a l  c r o s s  s e c t i o n  t i - m t  p r e s e n t  s!c’eI flange- i s  .80 i n .  t h i c k ,

Then ti n - critic-al bc-nd jmn~ load  a t  t i - i c  f l a n g e  t i 1-i i s :

P 90 , 000 1 - 80
2

= 6 ( 2 . 7 5  - . 25)

P = 3 , 840 l b s .

and tin- benchin g moment , M
b 

= 9,600 in. lbs.

For t i - me  a n a ly s i s  of  t h e  hy b r id  r e f e r e n c e  sec t  ion , t i - m e  t h i c k n e s s  of  t h e
s t e e l  f l a n g e  is  .44  i n ,  and o f  t h e -  m o l d i n g  .80 i n ,  1~~ d e t  e rmine ’  t h e
e f f t - c t i v e  m o d u l u s  of i n e r t i a  am-id t i - m e  s t r c - s s e - s , t i - m e  w i d t h  of  t h e molded
ma te r i a l  was  c o n v e r t e d  to  an e q u i v a l e n t  s t e e l  w i d t h  w h i c h - i  is t i - m e  r a t i o
of the niodu li , or 3.1/29 = .107.

The e f f e c t i v e  m o d u l u s  of  i n e r t i a  was t i - m e n  c a l c u l a t e d , I = .039 in .
4
,

ti -me section m od cm lus for sN-c- I Z = .1221 in. 3 anch for ti - m e nioldi nc’
‘ s tl

Z = . 0427 1 .107  = 3987 in ,
m

Then ti - m e aaximum bending stress in t h e  s t e e l  f l a n g e  i s ,

9,603
= 

. 1 2 2 1  
= 78,6.-c psi

and in t h e  n - m olded  r i n g ,

= 24 ,078 ps i

wh icim is w i t h m l n t i - m e -  a l l o w a b l e  c o m p r e s s i v e  s t re s s  fo r  tin - moldim g ui -material.
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1
The st i f i n e - s s  f o r  t i - m e -  two  m a t e r i a l s  were -  ouui par e ’d

Steel:

El = 29 ‘ 10
6 

1 .80~ /12 = 1 . 237 . 10~ l b .  i n .
2

H y b r i d :

El = 29 10
6 . . 0 3 9  = 1.131 . 106 lb . in.

2

ibis comparison shows that th c- hybrid composite/steel guide flange
ni g h - m t  de f l e c t  si i~~h i t  l y more-  t h a n  t i - me  pc i - sen t  s t e - e l  f l a n g e  bu t  w ou ld
r e s i s t  a h i g he r s ide  l oad .

6. ~~~j i- it  A n a ly s i s  c- i f  C o n c e p t  A

The calculated w e i gh t f o r  the composite hub desi gn concep t A shown in
Figur e 2-14 is 113.3 lbs. Of that weight 57 .6  lbs. or 51% is f i b r o u s
composite materials and 55.7 lbs. or 497, is steel.

The w e i g h t  of t h e -  p rese 1 s t e - e l  hub  is 303 l b s .  W e i g h t  s a v i n g s  is t h e m - i  
- 

-

303 - 113 .3 = 189.7 l b s .  or 637,.

2.3.2.5 Ana lysis of Concept “B”

The critical pa r t  of t h i s  concep t  is the  des ign  of t i - me  j o i n t  b e t w e e n
the Center st e -el section and ti--m e composite outer cone sections.
(See Figure 2-15).

Tle d imensions of the internal flange , the track guide flanges and the
drive shaft seat and seal are identica l to the present all-steel
des ig n.  N o s t r e s s a na l y s i s o f t h is s e c t i on i s therefore needed .

The comp o s i t e  cones  w e r e  des i g ned for the same stiffness as ti-m e cones
o f t ime a l l  c o m p o s i t e  de s ig n , Concept  A .  The l a m i n a t e  c o n s i s t s  of 4 5 °
oriented fabric plies and 00 oriented tape plies similar to Concept A ,
but since the 00 plies are not continuous across the center section ,
ch ey can be l a m i n a t e d  i n t e r s p e r s e d  w i t h  the 45 ° f a b r ic p l ie s .  As a
result , ti-m e composite cones can be fabricated separat el y and then
jo ined to  the -  c e n t e r  s e c t i o n .  The two end cone-s i n c l u d i n g  t h e  s p r o c k - m
f l anges  are  i d e n t i c a l .

-5 9—



_ _ _ _~
‘

~ _~

ihe comp os ite- cone-  c o n s i s t  s of  78 4 5 ° grap h i t c f a b r i c  am - me l  22~ O~
g ra p hi i t  e- t a 

~~~ 
- . 111a t e  - r i a I p tc  - ] c  i t  e n  s-c r c e x t rap t-m i a u e d  f rom - mi  va I c - m e - s

l i s t e d  i m u  fa t - i l , s 2 — 2  and 2 — 3  c n o d u l i :

£ = 6 .96  . io
6

C = 3 ,6 5  ‘ 10
6 

P5i

- 6
Dc-sign allowables for 2 .5  - 10 cycles ,

F
tC 

= 277 ,000 ps i

F
S 

= 13 ,138 psi

Ti-m e stiffness of ti - me cones wer e- compared in the same mann er as f o r
Concept .\ al cove , A sect ion wi th) a use-an inside- d ia n -mc- t e- r o f  12. 750 in.
was sc-lecu -d . Ti-me wall Lhickne-ss is .64 in . and the out er diameter
14.03 in.

Theo t i - m e  t o r s i o n a l stiffness p a r a m e t  cr is e x p r e s s e d :

Ci = 3.65 .098 (l4.O3~ 
- 12 .75~ )

GJ = 44 07 106 lb . i n , 2

The  e q u i v a l c - n t  s t i f f ne s s  p a r a m e t e r  f o r  t h e  s t e e l  h u h  i s  Ci = 7359 ‘

lb . in,2 indicating ti -mat tin ’ torsional deflection is 7’59/!u407 = 1 .67
g r e a t e r  t h a n  f o r  th c- steel h u b .

The bending stiffness parameter is:

6 4 4
El = 6 .96  - 10 .049 (14.03 - 1 2 . 7 5  )

El 4 , 202 . 10
6 

lb. in. 2

Compa red wi  t im t i - me ’  bend i rig stiffness param in-t en fo r  the’ steel h u b  of
9 , 700 . 10 6 lb . i n . 2 t i - m e -  c o mp o s i t e  s e c t i o n  wo t m i ci deflect 9700h203 = 2 .3
I imes  n -more i n h (-ui h l u g .

_ _ _  

_  

_  
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i 01 h i t ce r S  1 0 nm 1 a -m ci 1 - ~ u - m c i I um p di ’ I I i- c t i t e n s  I cc r ( c C  nc e- p1 c 1 - c  - are t hums su cil —

wi~ u si~~a h e - c h au u I c - F  I, o u u c ,-
~ u ‘‘A ’’ .

- St m c ’ .s n c - . i n  t h e -  ( e s :  i - - i c C e n o  ~ c ’  f l - m t  — i l - m e -  ul u x i m u i s  hn -u d i u - mg St  u e s s
m u  t i m u  C e c f l ] e  - - I I e I a t : :  m l  c - ccc n u s  f i t  , - t-nci o t I e t a~- u i  S t  u - e l  I h a  ui -m -~‘fl -m e - mm - ms i d l e -  c c - ci m a n e - I  e r  i s I - h 5 i mu . - t i i i  k n u - s n  , e ‘i i m - ~u I h u e -  o - - t  c - r

I ~ 1 1 , 3 i n .  1k t ’  .- c -  i on  u u s c i u u  l i m  s is

(e-~ c~ 
H - I ? !) ) 

= 8-~~. 75

T in - l n ’ m m d i ’ r : - c ’--n uu i at t h i s  se’s: ~ c~ n i s  7~~, 274 . 7 . 03 = 557 , 2 ’6  l b . in.
‘lim e ’ ma~ xnuun u Pc-nd ins st re ss is ,

h 557  ?~~ f c
f = —

~~
- - -

~~‘
- ‘ - —- = 6 , 570 p s i

~~ 1 5

a i-mci

27 700M.S. = - 1 4 3 . 2

The sh ic ~ar  in t i - m i s  s e c t io n  i s  cc cun 1-os d 01 torsi onal si c-ar and b e r m d i a g
s h e a r s .

lim e- u-max imeum sIt f i t  st r ess  i 5

16 - 15. - . 0 - ~ - 1 ~~~ 79 , 2 74  - I— 

~~~~~ ( l 3 . Q )
~ - l : . ( ~-~~ 

+ -m . 1 : l c c  - 6 - - u 5  -

= 2 , 82 7  ~+- 5 , 9 3 3nuax

= 8 , 760 ps imax

a mi ci

M . S . = - 1 + . 50

for

2.5 10
6 

ev cl e ’~
,
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lii i s ,  i u ’i.ilv s i ,; - h e e , e ~- t :  I iu a t time- st  m -m t - m u : , - - ;  i i i  t i i , -  e m i t  I c :m I e e c u u 9 - o f l  I

n c - c I ~,uu :e u c -  I cc~- . A m i - c l - m i t ~ I i u u cm c c I u t i c  n: -m 1 i t h I is n e s t :  w c ’ - m - m I d  I - , P0 5 ;  P i e  ,

t u t u  t I s l ie ’ u , u u c u iu m eui-m m el I’d c i t -m e -m , c  ,u — ; ‘ c c c  i _ -u t ,- e i  I m m -  u - i - i  c ~e I i ’m i e - m u u:e I :u mmii

I c -~~cm i a  I 1, 1 1 cc  t i t e m - m n

A u u :u hv si u: c ’ I u in- I -m-t e m t e h , - c l  ,I c ~ i t u t  H i-  S i ’ I ‘ l t I  c~~n~ i - Ic - u ~~ I I out — : t he , - c e i tt r

St  i - c -  I u :, I on u d i u u i i  I ci  I c c  -m~ - m-m - :  - u ’ t  - m u ;  j co  n t  u t e l  e -  - t h e -  act tel I e l - mu - m i -ut ; t e ’ t i  u- u

1 c — i c e ’ m u u i  ~~, e u he , ’ i , - ( ~ im u I c c i  1 ,  t u . t l u c C 1  u l e e  - c ’ InI - c Is’ , i - ui I I i , -  u : c , - i a u -me l I

c e ’ m uu i c t- m 5 I I , - p - m m m t  . II ci- i flu e no h u h  I’ e ~I c S u - m i  I a n - m i I c ’ I t  c c i  c c i  u -m y e  - t c - I
i - m u • u s  , e I c c u e c i t ’ d  ~e ’ i m t  , c - mm e u: a c c ’ u i e i ’  u i l , c l  l ’ e c um ui, ’ ui ’ i c ~~ It c - I  1 0 1 - m i t  -

The’ ma i m u i - u c e l l ,  ~u I n i c e’ u e f i c ’ I v e i l  i s t c c c l c ’ v t ’  l i i i ’  ;u c c  i t - m u  t e c u - m e  c ~ t s -i - m m iOu

t e c ’ i I  lii -m , -: u n u h, i d 1  m ’ , . in i S i t e  - -m e u I c ’:I ei u ; I c - m u  ,‘ - 
- c . ] p i e  I n  1 1 v u , ~c’ i ’  t ~ c c i

- — I . (1 ’) c v  i c ’ s  , I n t l  e r  n i - m c i I c c - me l  u - m m u c i  j 1 c c - m t  m he , - u ’,-t h u u t  j cc ci c c I t h u e

st  ; m I I t i c  ic - mm :i I I c - m s - m m  l c I c - - m : t : ut u gut I I j t: e m it - iu - -u u - I I i i  I a u a i , c 1 I , P c - u ’

r I v ~- l  , 1 n i n m I n flu- i l \‘ , - u V I I i c I c - t t  u mu c ;c - m e n  c u t v n  1 v u i i i ’ u ,  r u ; , ci I e ’;t I n  -

A i c n m - m u h c ’ ci j e c i  e l  lu a u ; e eu : c c ; u  I iv u lw-I t c-u HI i l i e - I i I c I e c u  - I - c n O d  I u c ’ t i f l  -

- c  c t - m i -m u l e  i u s e  i i c - m t  cc  I i ’ u c f l c i , -d amid le t ’ It , 1  t h e n  u - - mu u cli I I I c i t  I I I c c u flu i v:’
u e - ; e i~~ s m  i u : u i l \  s u t h t e e n u  0, -I I u - mu - u u m c ’ 1 i c c h I u ’ i ti~ e ’l  , S I  i i;t: 1 t Iii- ui -m i mi - mi t , -
ti , I t i m - m i t - m i t  -m ~‘ m - m S i m - m ii iim d i i u - m e ’ • i s’ I i n :m u uc l a - i t , m ,-m ci i s -

I - c ’ u I h I I c ;e u: I h e  1 i t v l i d ’, I 5515 I I ; - u  c - I ~‘u e Pet cl ,-d I c c ha  S c  - I: , t i c - n  lo ut
I I I - m e ’ (‘nti s c’i ’m ‘‘h’ n i h ’  tu m .e I c u i m  e -  hcut c h , P 1n I  u t

cc’

- \i u ;e i v n j~ ie ~~u : Shtu ’S’fl u le u m ;m d o - m u c h  I;e p j o int e e l  c i i i .  i , - u t ’, t h  i t - u  u - q u m i u i  c i .

Sinc e ’ i t  i s  cl~ I t i c - i t  I t  I c ’ utu ~~c- Ie I n , -  a i i ’ u e e l  ‘ u c ’c ’vc nI t i u l s  thu- r u b j ut

Iii- st c c - I ca s I  I mig , I u I i-u mu , e - m - u : u ; ,’i is I 0 u tu. u c i t  m i t c  - I lu e ’ I C e O  c o u t u  c - i t t  i i e I I - met
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‘l i m e ’  “ he s i g i m  Cci m e l t - ” eb oc-s flc -mt ct - mm - i t a lit lu - m i o em -mat ion Ic -m r il j c~ hut wh i I e’hu i s
‘x a u t I u-- t i m e  t ;:utii e- as t in- t ’mw -  l e e ’  i ng am - m. m I y ;‘ed flue1 uu t c uuu c’ a s t :mm u u u l c( i n u n  I_ - c- i i

r i t e  e i - s t t  V

‘i l - m e  he ’ S i  ~~~ C c l  hI~ h i  s (  s I h~ - I c’ I I c c tc ’ i - m S ’  - i t s j l’,ul a h 1 e ’w a h  l e u - :  I c ci c V t  It ’ I c u -- I
on i’ucI - c - in — i t ani cmnu jcu i m t  si ti m Lit c -  5 (niw- rlap I c - o p t  i i / ; - m c l h , - i  e u c l  t h u  L n u - n ~~)
n -m a ct o w i t  h I we ’ d i  1 1  u -u’ t -u ~ ; ldit c -Si y e -  u - :v s I  e- e u s

A t h h t c ’ n i v e ’  A i ” l P t t — 7  i I l - ’c ? ’ c

h- ’ s t a t  ic , psi 39c)() ?—c t?

s , 6
I- , ‘ 1 1) c y c I e- s

at  R — - 1 .0

L 0 1 s t a t i c  10 2 7

F
5 

crc It ’ all ow. p s i  657

The mat i’ri a 1 pr e -j ’ e r t  i i ’ s  o h  I ime tw o acl i -mes i vu-s arc- (te st ccl it it ii
alumin ium aciherenth s ) :

Ad i u e s i  y e- A F I  ?i-i~ 2 111424

(; psi 89,000 301 ,000

F
SU ps i 5 ,22 0 4 ,51)0

i n / i n  .80 (175

Thi  s .chiows , th at t h e -  n o u u u u - w i - m a t  mo ms- r i p i d  a c l i m - s i  vt  hI ’ I ’~ 2 - c , c l e v t ’  I t e j- m e-s
i - mi gi m e r t ,:it I p mm e- i’m ’op e ’ c t len . i-’,’ r a d oi,m h ’ he ’  I ap )ce I ci t lo u p u -~i i i  i t t -  — St c-c 1
onl y c l - mi t il on S lut- Il 951 adi ic  s I Vt ’  are ava i lab Ic . iii i s a uil me - u-e i V u -  i a n
p rc ’pe- m l  i es s i i u u i  l a r  to A l- I ‘ t - m — ‘ . ‘lest v u  ci abl e -s wi - i ~u- a I Sc’ / t ‘ , s-h ti - ic’

t = t hi ‘knes s  c c l  c - m u l l  cm -  adhe’r e’nci s (utuu - t ;ul ) I c = I h i  c k mw ’ ss  c c l  I he’ p t’ap hi mt ( ’
ConmpoS i t  e- an -mi t~ 

— fi c il i uSt lv,- thickn ess. ‘1 1w’ beu - : t site -am’ val u e- u -’ u~’ t- m’ e
mu ch i t- ved w I tim t I = . ‘- m o t ‘ anti t

~~ = . 10 t 2 . Pa - m t  ic-cu h - mu m- i ’,- si ,’, uu i l l  ~-a u-m t
was tim e’ e ff - c t ret I n 1 7 w i t h  a = .01 t 7 hcuvi u - m i ’, li - me’ Iu c ts ’es l ia I tue-S.
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For t h e  j o i n t  in t h i s  ana ly s i s , t h e  f o l l ow ing d im ens io ns app ly ,

Average adherend th ickness

t 1 = ,30

t2 = .45

Adhesive thickness (carrier system )

t a .010 in .

Over l ap length

L = 4 in .a
-c 

-

Then

L / t
2 

= 8. 9 , t
1/ t 2 = .67 , t / t 2 = .022

From t h e  d e s i g n  curve for the graphite/titanium joint in the “Design
Guide ” follow s that the allowabl e static shea r stress for the Shell 951
adhesiv e for these parameters is approxintat ely 2,600 ps i.

W i t h  t h e  r e s u l t s  of b o r o n - s t e e l  cy c l i n g  t e s t s  as reference , the allowable
s t a t i c  shear Stress for a 1-1T424 type adhesive with a graphite adherend
is:

F
SU 

= 2 ,432 2,600/3 ,990 1,585 psi

and t h e  a l l o w a b l e  R = - 1.0 S t r e s s  for  2 . 5  106 c y c l e s ,

FS 
= 1 ,585 . . 27 = 428 psi

4 . E s t i m a t e  of  A p p l i e d  S t r e s s  - The most critical stresses in tit e bonded
j o i n t  a re  the bending shea r  s t r e s s e s .  Due to  t h e  r i g i d i t y  of  t i - m e  j o i n t
de s i gn in r e s i s t i n g  c o m p r e s s i v e  loads , the stress ana l y s i s  c a n n o t  he

- 6 4 -
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based on ti ’t- assumption , that ti -me neutra l axis is the long itudina l
a x i s  of  th e  h u b .  Rat ’tme r it , must be a s s u m e d , t i - m a t  t h e  u - ic -u t  ra I a x i s  fo r
adhesive she-mm r ana l y 51  S i n v o l v i n g  bending nto ru ie nt i S i ) e - t w ( ’c ’n t i - m e  c e n t r a l
axis and thw bonded joint , p robabl y close to t l e bonded joint.

For this stud y ti - me assumpt ion is made ti - mat t h e  effective neutra l axi s
is at 75~ - of t i - m e  mean  r a d i u s  of  t h e  bonded j o i n t  . This concept is
shown in F i g u r e  2 - 1 6 .  W i t h  r e f e r e n c e  to  t i - m e  n e u t r a l a x i s  the secl ion
moment of inertia is:

= .049 ( l 3 .93~ - l2 .65~ ) + .7854 (13 .93 2 - 12 .65
2 ) . 5. 22 2

= 590. 26 + 728 .11

- 4
= 1318.37 in .

r

Then the  m i n i m u m  s e c t i o n  modu lus  i s :

1318.37 . 3
Z
min 6.965 + 5.22 

= 108.2 in .

The hypothetical maximum load per 1 in .  w i d t h  to be r e s i s t e d  by
adhes ive in the joint then becomes:

P = ~~~~~~~~~~ 641 108.2

= 3 , 296 l b s / i n

Consequentl y the average longitudina l shear stress due to bending in
t he  doub le  l ap  j o i n t  i s :

s 3 , 2961a v ( B )  1 8 = 412 psi

The c i r c u m f e r e n t ial  shear  s t r e s s  due to  t o r q u e  i s :

s 480 , 000 2 .
= — 

2 219 psiav~ ,‘ 13 . 2  ~-r • 8
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‘i’luv resultant s i u u ’ - m c r st re- u - i s is ti e’te’ rnu ine ’ch I i c c - m u  ti me - re- s tilt ; u n t  she-am ’ I t - a d
act itu ~’, on t hue- u t -m it sime ’a r a rca

~ 1 /8  1[~i - I 2  . 8Y - (~~i - m)

= 466 p s i

Tb i~ va I tie i s s o m e w h a t  1 a m’ u~c’ r t l e an t he c - s t  i iuu a t ccl allowable slut-ar st u_ c’s s
of te 28 p s i  , b u t  f o r  t hi is  a p~-i r ox i n a  t e  m u t u a l y si s c-an bc c t - u - m u ;  i c h er e d
a cc el-i t mm h 1 e .

5. Ana lv si s of t h u e  Th rc - a de ’ch  i t c i n t  — ‘l i m e  tiure ade -t i l o i n t  h - i u ’ t w e - e - u u  t i l e -  I s - c u

cot-ic ent n c  1 1 a u - m u - c’ s m e m s t  t racists it 5O’~- of ti -me 1 t i n u - ’ ,  i t  cud i u - ma I l e t - m u d  j ci i ’,  amid
torque- load . The 1 ocip,  it uci ita 1 1 oau -m I s ‘ r a n s u u u i t t  cci by l o t  cr1  reck I ng c’
ti - me t iureads and the torque load tw sit e i ’  Of t i e  adhesI ve wi -mi cii is
between t i e  t hreaci s

The d i m e n s i o n s  of the titr e-ads are- :

P i t  ch = . 125 i n .

P i t c h  D i a m e t e r  = 13 .37  i n .

Thread O u t e r  I) iam e ’t er  = 13.50 i n .

The l ong itudina l load t ends to shear ti -me thread at ti -m e pit t - I - i diamet e’t - .

— The area of one in ch - i  a r c  l e n g t h  of one t h r e a d  i s :

A
1 

= . 12 5 / 2  = .065 in
2
/imi

At a t o t a l  t h r e a c h  l e n g t h  of  . 75  i n .  t h e r e  a rc  s i x  t i m r c a d s  w i  t i m  a t o t a l
a rea o f :

A
2 

= .065 6 = .375 i n .
2

The area of  a l l  t h r e a d s  (60 0 t h r e a d  ang le )  In c o n t a c t  i s :

A
3 

= - . 13 .37 . .75  2 = 63
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St ress~’s in thue thread are:

Shear clu e- t o  the 1 c c u i c ~it u di n a i loads and possible simultan eous side ’
load on the guide flange is:

s 3296 /7 + 384 01(b)  . 375 = l~c , 635 ps i

The a l l ow a b l e  u l t i m a t e  shear  s t r e s s  in ste-el is F~
c
~ = 56 ,000 psi.

T h e r e f o r e  t i - m e  marg in 01’ s a f e t y i s  h igi u .

The torque shear in the adhesive betwc’en the threads is:

s 480 , 000 21(T)  2 -  13.37 . 63 = 570 ps i

The allowable ul ti nuate shear stress in the a d h e s i v e  was  e st i m a t ed
e a r l i e r  t o  F~~

11 = 1 , 585 p s i .  T h e r e f o r e  the margin of safety is:

H M.S .  = ~~~~~~ - = +1.78

F a t i g u e  c y c l e  a l l o w a b l e  s t r e s s  is c o n s i d e r a b l y hi ph e r  t h a n  t h e  428  ps i
r e p o r t e d  e a r l i e r  bec au se  t i m e  number  of c\ ’ c l e s  f o r  t’u l l  r e v e r s a l  of  t h e
t o r s i o n a l load is si p t u i fi can tlv ‘less than 2 .5 106 and the above app li ed H
sime a r s t r e s s  of 570 psi will have an adequately safety factor against
f a t i gue ’  f a i l u r e .

6. ~~} t  An a ly si s of”Cence,pt B” — The c a l c em l a t c d  w e i g h - it  f o r  t h e  c o m p o s i t e
hub  d e s i g n  “Concep t B” shown in  F igure  2- 15 is 2 1 3 . 6  l bs .  Of t h a t
wei gh t  o n l v  19.6 or 9’-~ is f i b r o u s  compos i t e  n - m a t e r i a l s  and 194.0 l b s .
or 9l7~ is steel.

The w e i g h t of  t h e  p r e s e n t  s t e e l  huh is 303 l b s .  Weigh - m t s a v i n g s  i s
then 303 - 213 . 6 = 89.4  or 29~/~.

7. ~,~~pari son of  I l e m b  l)esic’n “Concept E’,” and “Concept B” - The l a r g e
d i f f e r e n c e in  w e i g h - mt  is  t i - me  n -most s i g n i  l’ i ca n t f a c t o r  i n  t i - m e  c o m p a r i s o n
of t h e  t w o  d e s ig n  c o n c ep t s .  ‘the a l l  c o u n p o s i t e  tlc si ’,n wei g h s  113 .25 l b s .
and t h e  st eel  compos i t e  hy b r i d  d e s i gn 2 1 3 . 6 2  lb s .  ‘l im e m a i m - i  a d v a n t a g e  1

’

‘‘ (‘ onc ep t  im ’’ i s  time’ rela t i ’-e simp l ic i t - i,- i n  u - m - ia nu f a c t c u r i u i g of  t h e  c o m p o s i t e ’
cone s e - c t  i o n .  H o w e v e r  t l e  s t e - c - I c a s t i n g , including ti -me n-uach in ing
o p e r a t i o n  is  very comp lex . St r u c t u r a l l y ,  b o t h  c o n c e p t s  a r e  eqci i v a l e n t
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V u - i  t h ue ’ tl t ’ i C i u e h  c’ ut c 0 cm boud j u t ’ ,  i n  ‘ ‘ C o n c e p t  h ’ I s c m u u i h e  si  u u - t b  I t -  -

‘‘ C 0 - m c i. e’pt ‘u - - cic ’pe - t i c i  S i tO r e  Oci 1 i i ’e ’ t ’ S t  u - c’ -m ‘. 1 i i  , I h a  um cc it u - mci iue’ ~ i c- c - St i c - u  h’ t h i

~- i - m  I c ’ h I u-u- t i e  d ,-si m a i m  h e  uu - mc- t ito] t i - m m ’ t i e ’S i u - n t ;  e m s  i u - m i ’ , c c ’ttu i ’OS i t  V S iC  t c - u ’  i u-c it ;

1 i e  t i e - s i gn l i - i  ‘‘( ‘ c ’ u u e , , - 1 u t  A’ ’  is  el -c I d i t - I c ’  s o m e at I rae  I i C u  ~~~~~~ 
~e ( ‘ue < - I I 

6 Sp i e e c k e l

‘ l i m e - t l u i  vt  I om— qt ie i s  t i ’u - ultsuuu i t t cci t m oms I l u e -  s p r o c k c ’t  I oOt i i  t i t t ’  t r a c k
c ’ o n m - m cc I or I i nk it ’ ,’ c, o c it  R c t p u s s scm ro - Fc ’ ic ’l ‘, i t  pal’ t i c ’ I c’s , I - c- sand a u-m c i
r o c k s  as w e l l  as  w a t e e ’ ~ cici c e l l  nu i ; ’ , i i t  he l - i u - s c u u t  b c t s ’u ’ e ci t h ~- c t u t t a t ’ m

s un  tact’s . As c’s I 1 u-SI I t’d cu - i  ni i c! , t itt’ sp roc’kc I t o~~t h tc u cm St  u - u I so ‘ t -  si st
h e u t h  m i ’ ,  and  si -mea t- i n  t h u e  d i  t O c  t ion ol the ~ t or q u e  I c- mach au - cd sou se-  cm nsp c- c i f i c - ]

si de c- math  .

t.s dc l  e ’iu - t i ned prey i c ’ u u  s l  v , t i - m e  max  iu n cmm 1 oacl pc-i ’ I oot h con si st S 0 I t rat k - 
-

p r e t  ens ion anti t rack c m i  C e- I t-iad and i s 25 , 9 l ( )  l i - i s ,  norma l t c-i the c’ ont  at - t
sun l u - u t

The racl i ems o f  t i e  tooth - i in t h e  co t - mt  a c t  a r ca i s 0 . 9 7  i n .  am -mc i o t I ;  t-

c o n n e c t o r  ~~~~ i n . ,  l e a v i m v ’ , a t h e or e t  i c a l  ga” o l  .03 i n .  Ti - m t  I e - c i ;’, t h
of the cont act is 1,88 in .

The contact load causes t h e  st i r fac ’t’ t o  d e l ’o r us , result i tu ~’, i t - i  a coOt a c t
ar ea c~- it h t h e  lcnu - ’,t h ‘‘1,’’ (here I - ~~ i n . )  and ti - ic- wi ci t ii c e t ec . A u
a p p r o x i u u t a t e  v a l u e  of ‘‘h i ’’ c-an i’e c-St ius atec i usin g t h e  t o t ’m u l u - i s d t - v e ’ l c - g - ci
by I l e r t  z , a ssunt i ci u - u - P o i sso n ’ s r a t  i ci I c-i h e,- 0 . - For t 50  cv i m ru d e r  s c’ I t b tc

same n-ma t eria I ti - me de I c- ir ene-c l  w i c i t h  i s  ( c o n v e x  in c o n c a v e )

= 2 . l 8 5~~~ 

~ /  

(
~ -

w i m e r e

= radius o l  t i - m e  l a m - ge ’ cv i in c i u ’i c ’s l s e m i  í a - , e ( t o o t h )

R 2 = rad i us  of  t h e ’  sut -ma l 1 cy 1 im ’uc ! n i  c a l  s c m r f a c e  ( c o n n e c t  d ’ r ’ l
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15 , 000 ‘ .65 - .45 4 , 188 l b s .
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h -or  t h i s  app i i - u - i l ion th ie tim e - s u e t i c al contact widt h is:

b 2 , 1 8 5  ~~~, 9 l O  
/  

(1  -

b .371 lu - i .

The a v e r a g e -  s u r f a c e -  p r e s s u r e -  i s :

75 ,910= 1.88 . .371 
= ~~ ~~~~ psi

The m axi r utum su r f a c e  p r e s su re  i s :

~max .583 
~~~~~~ 

(~- -

~max 
= .583 ~~~~~~~~~~~~~~~~~~~~~~ (+ - 

~~~~~~~~~ / 29 . 10
6

p = 4 7 , 2 7 ?  ps imax

For sa f- op eration , this c- ,’ule m e s h o u l d  be l e s s  t h a n  t h e  p r s p o r t i c - i r - i al
l i c u - l t  e~c t - g r e s s i v e  st ress  01 t i m e  m a t i n a l .

The p r e sen t  s t e e l  m a t e r i a l  i s  e i t h e r a c a s t  i n~’, c l a s s  80-50 t i u r o u g h
105—85 , or a forg ing 150 , s- i  t h  a s c u r m a c e  i m a n d n e s s  Rc - i ck w c- I  I ( ‘5 5 t o  ( ‘60
for .25  i n .  dep t  it anti C50 I or a max imcmuut of .62 i u ’u .  tb -p t it - l’iue mu-u I e-r ia I
p r op e r t  1( 5  tsr t h e  c ’ d ’ u u u t e - c t o r  i s  e ’qu i c - a  lent t o  st t ’& - I  fc t ’,Icii’s , stu ci t as
4 140 , i-ia ri eneci tc ’  R o , ’ kw e 1 1  C - ‘t O  / ~ 5 i-ma rcines S - Cortse’qcuc’ru t iv  t i m e  nu a t t r i a l
in the connector is sot te, ’m- titan t h e  t o o t h  n - m a t e r i a l .  ‘l i m e -  rrc-iport iona l
l i m i t  fo r  t h i s  m v l -e’  s t e e l  is  a p p r o x i r t u a t e i v  u so , ooo p s i , c c’cis i-Jerai-elv
ii i gh e r  t i - mat - i  t i - m e  app l ic ’ h n - max iu u tcu r uu sur lac- e - p ressure.

L 

-70-



- - -  - ~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~
JT A’~~~~~~~~~~~

’
~ 

‘ ‘ :
~~JTJ_ , ~~~~~~~~~~~~~~~~~~~~~~~~~~

Of Icit ’l hu c ’ u ’ i u u i 1 e c r t a - m t c - e- is t i u e- s lu t - a t’ st u ’ e- t ; s , w l u i c ’ i u  m e a t - l i e - s i t s  m u u a xi iu uu u iu
j cms t i e - l ow t i u - ,  c ‘ u l  u - c ’, t sim u’ l u - uc e- - l i i i  cu - c l cue’ i s ‘ iu ; o f  t i - me- c ’oiuu pe ’es s i c - c-
rieaxit;dc muuu , t e n , 12 , 701 ~~S i

For t i - m i  s sI cud v i u w a s  i utupsm ’ t u - uni t t o  l i u ~] t i - m e ’  e d e i u t  u - i t  I p re - ; :0 u - ‘ I ii’

cy Ii f l ei c r s o I c l i  I I t -  rctt ui -ma t c’ m ’i; e i t ;  . I- s m ’ t hi s PU e ’pos u ’ t h u e  nu c c i i t u  I i ms ol

e 1~;s t  ic _ it ‘,‘ ol (lie, It-mat e-i ’i u i i n  (lit cii re- c ion  ol ’ t h e ’  pe ’c ’ s s t m i ’ c i uimist  be
ken,-;-,- i ,

The cent  ac - i  s- jdl h ccl t ime- mue s t t e i  c c ]  I u sh ers is:

h = 2 . 1 8 5  
~/ f (~~~~

-‘- +  
~~~~~~ ) / ( - i ~,

- -

anti t h e maxim cmrn c omp u’ c s s i c ’ i- stres s : j
~max = .583 ( 

~~~
— - -i— ) / (~~ +

Considerati on of Poisson ’s ratio values different f r o n t  0 .3 , ma~’ he
neglected , because t h e  e f f e c t i v e  con tp re ss i\ ’ c w idth depe n ds on ti - me
magn it tide ,

( 1  ~~v 2 )

and ~‘ocml d not vary more that -i ±5~’~ for fiherocus composile materials.

For this ana lysis i t  was  ass cmmed t h a t  t i - m e  sp rocke t  i s  made of A c - e ’ t a l
molding compound while the connector link is s t e e l .

A cetal molding compocund designated (‘el con C(’-25A (25 ” . g l a s s  fi1 l t ’d~ by
Ce la u -m(-se Via St I cs (‘ouiupanv has it i gli  iu t ec - i - m a c i  i ca l  p r op e ’r t  I c’s au-ic ] C°°~

1
ti ue ru ua l anti i,-h en u i ca l re sistanc e. t nt- of ti - me app lica t ions fo r  t h i s
materi a l is automotive u-’,ear s.

— 7 1 —

_ _ _ _
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The reported properties are :

E t , E c 
= 1 .2 106 psi

b 6 -E = 1.1 ‘ 10 p~u~

F
t U  

= approximate l y 20,000 ps i  (estinu ated )

FtY 16 ,000 psi

FPrOP. = approximatel y 13 , 000 psi (estim ated)e

= approximatel y 30 ,000 psi (estiuuuated)

Fb 
= 23 , 500 ps i

= 13 ,000 ~~

‘1 = .0574 l b / i n 3

The contact width is then:

b = 2 .185 
‘ 29 . 1 0 6 

‘

~~ ~~H/ c~
b = 1.3? in .

And ti -me m axim eum contact pressure:

~max = .583 \ -~-~~~ ( _
~ 7+ 

- 

~~~~) / ( ~~9~~~~~~ 
+ 1 )

= 13 ,309 psi

M ax i , it emm shea r  s t r e s s  13 , 309 ‘ . 30 = 3 , 993 pt-m i

— 7 2 -
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‘rim , - c ’ut t;ce, cs’ i t i t h - m  ,e m i h ti - me’ ru - u - t x jmutu t l - ir c ’s scure ’ a l l  a l t  c - c i c- t i icy ti - m e ’ d i  f t c - r e - n c  p

l’t’(d,’c ’e,’n i- u -- m c i i i  R j am t i R e - W i u e mi  R 1 amid R7 u - u I - p m - ac -h t i u e ’  ; , ; u n : e -  c’a l tue- ‘‘h e ’’

I nt ’reau-ci s u-ecu Pmax it-cre, ’as e-s . ‘I’ Iue  l inu x im l ur - m u - - ~~~~ 
I i u l  e c c ’f l I  u - d  t arc- I - e r ;u - c-e-u - i

( ‘ c c l i i  u - m i  c e - u - m u - m e - c ( cc c’ is I i ut ui ; ed h c _  mite - ot ’ o ; n c ’ t  ‘V o l  t iu c - t c o t  ii ,‘i uu e i is c-qcua I
t i e  67 ’  ( F’i~u - t u m ’e 2— I I )  t - t ’ I . 11] i t t . . t~iu c- l u  i s  I c ’ss t l u ; m u u  l i t , -  L’e- q d u i me-ti c c u ’ u t a t
widt h i ’l  1 ‘1? , ‘I ’his is pr oh -ialcl a c ie ’i c uab le , hc ’;e ’ e ’c ’er ( l u - c -  c c - u t t a c t  i r e u - u - ; u r c ’
i s  ge — ea t  c i ’  m n un t h e -  e - ~~~t i - m a t  e d  nc ~l o r e  i c - m u a l I l u - t i -m c f  t h e —  t oc - t i u  u - - u -u t  c- i - i a l
ti nci in  o r t h e r  Ic-i make’ a i - i- all Sm I c  c h i c  I s ion ccci lea sib fl it v of t h i s  c i  ‘ , u t
c oncep t , pr c-p em ’ t it ’s lot- C e l c c - i t u  u n t i e r  u ’ e p t - a t e d  cc -nl act I- im ’c’~ slm rc- t i t l i s t  lep
de ; - t -  lc ’pctt

(‘ie c -k c c l ‘- u - u - u - h u t - an t i  Sh ear St i’e’sse s iu To o t h  — As s iu own  in i- ’int mru 2 — 1 1
t le c o u t t  a I I sad is a t  am - i ;un ~ I e  re- i at i c e ’  t c s’e ’ u - i u - r c C c v  I i u-me of ti c t oc~t it
and  i S  point ing t o  t i e ’ base of t im e tooth re-sem i t i ng i n ,u - s m a l l  b end  i vu ::
moment - ‘i her e,- I ore l c ~i the and  Iv u-c i s  of t i d e  t o o t i - m  in  b -nching , th uc ’
t anCen i a l  c e r u p o n e n t  t - if t i - m e  d r i c _ - e  ic -r ce -  w as  S e l e - c t e d i  as  t h e -  most rim ical
p os si i-il e cii si u - :ui load .

i t  i s  assumed t h a t  t h e -  d r i v e  force-  of  9 , 794 lb s  ‘ t o o t h  is a c t  irs : a t  t i - m e
p i t  c h — r a c i i u s  and s u b j e c t s  t i - m e  tooth to shear at-m ci h eui d l i g -

Shea r s t r e s s  in  t i - me c ro s s  s e c t i o n  a t  th ie p i t ch  radi cu s ,

W i d t h - i  1 .88 jut ,

hleiy ,bi t = 2 . 5 0  in.

f S 
= 

__
~,~
j__‘ = 3 1 “0 cimax 2 ‘ 1.88 . 2 . 5 0  ‘ -

I
Bend i ng stress at root “ach iems ,

W i d t h  = 1.88 i n .

h e i g h t  = -‘c . ?S i n .

Mon-me -nt arm = 1.93 i n .

h 9 7t)’~ , 1.93 ‘ 6f = ~_ 1 ’  - - _________—- — = 3 3-~ 0 p s - imax 
1 .88 ‘ 4 . 2 5

2

Th ese- stress l e v e l s  a re  a c c e p t a b l e  fo r  C e - I c o n .

1
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From this ana l y s i s  i t  is ct c uu cle uthe d that Celcon is a f e a s i b l e  m a t e r i a l
fo r  t i - m e  s p r o c k e t - b l~ s’t -m.’er , an u mknc’wrm a rca is s-c-a r under operationa l
conditions. ib is must he d e termined ti -mrou gh tests.

The w e i ght of t b t c -  s p r o c k e t , m olded f ron t  C e - l c d - t i  i s  110 ‘ . 05 7- ’e / . 2 8 3  = 22.3 lbs.
or 20 ’~ of t h ie- weig ht of t h e  p t e - v u t - c i t  s t e e l  s p r o c k e t  -

A n o t h e r  c o m p o s i t e  ma terial sui t able- l’c’r t h e -  sprock ct is a l a m in a t e  of
g la ss or gr a p h ite fabric , t i t h e  r as a wet molded part or maci -m ined from
a flat lam inate ,

The in-p lane properti es of grap hite laminates are:

Warp Direction Isotrop ic : O
0 /60 0 / l2 O~

E
L
, E

c ps i  10 - 10
6/ 8 - 6 ‘ io6

F
LU ps i 93 ,000 70 ,000

F
PrOP. ps i 55 ,000 (estimated) 40,000 (estimated )

F
C ps i 88 ,000 70 ,000

F
S ps i 19 ,000 19 ,000 (estimated)

p ly ps i .008 .008

lb/ in3 .057 .057

~~~~~~ (607,  s t a t i c )c y c l  . psi - 24 , 000

S
F (50/a static)
cyci.

psi - 9 , 500

-I
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W i t  Pm ( b t t ’  .11 c O,( I u - c I t  u ’tc i e  Ic p u ’o c- u t  it-s a u d  r h : ,  p r ey  I t i - m i s  I o i ’m  it u - in t l  c e ’ u u u - u , - c t  c u r
ci i u - t i - u s  l o m s  I it - - c i  1’,;,- i ts: su re-S st-s n -i-r e - c a  I c _ c - m i a t  (-ci

C o n t a c t  C i c i t i t :

b = 2 . l 8 5
1~~~~~~ ~ 

I 

6 
~~~~~~ / (‘:~ ~~~~~~~~~~~~~~~~~

b = .63’C i n .

or 58’~, 01 avai lah ic - ar c i t- ut u - t i t ,

C o n t a c t  P r e s s u r e :

~max .583~~~~~~~ (T
~

-; -
~~~~~~~) / ( ~~~~~~~~~~ 6 +

p 27 ,759 psimax

Shear below the contact surface:

= 27 ,759 - .30 = 8 ,328 ps i

Since- the bending and t h e  shtear bendi i uig stresse s are tite Sa n te  as calcu l am- c’d
p r e c i o u s l y fo r  t i - me C e l c o m  d e s i g t i  i t  i s  con ci cded that a l l  stresses are
w i n - m m  ti -me th -si gn allowable ’s and that a sprocket mach e from a gr a p h i t e ’
fabric/ e’poxv iam ina te is acceptable ’ front a stren gth stand poin t . thotu - ever ,
an unknown area is wear under ope-rat ional con dhi t i~~’ t t , saunc’ a~ for thu
Ceu -lcon uuuat t- ri al . In add ition delamination car occur i - m u a lam inate
sul-ijcct ed to ed gewise loathin g and uua y require special a tt eu ct ion of ti - me
de s i gn of ti - me tootit . The wei ght of a grap hite composite sprocket is
s i m i l a r  to  t i - me  s p r o c k e t  made from (elcon.

B e c a u s e  o f  p o s si b l e  delamination problems w it h  ti -me gr a p h i t e  l a m i n a t e
concept it  is f e l t  t h a t  tbt e nuoldeti (‘elcon com -ice pt is h~~t I eu s d - m it ai ’l
for thu is a pp ii c_a i i  on - It i a a I no poss li - i l e- t h - mat a Ce’ I cou compocmntt w i t  it
hi gher g l a s s  fiber content coem id he oh t a i n e - d  ( i m i g i - m e r  t huaru 25,) which
woult i improve- t i-me proper n l e t ;  of  t h i s  m a t e n i t l  -

-75-



I - I M ;u i t  t i t c ’ t e u  t m ce ’ An:m ly u-u- m s

I) m u - u n ’ -m u u - : - u -  c - I t hu e ’ ci r i e ~~
- it , - e ’ i h i i i ,  u - t i - m c i  u - u - i - u- c - ic  ku -i a Fe ’ ‘;i 5-’ c’ci out i - t n  r , - ‘u - — 1 7 u- u it - b

:~ — I 0 . A r u - n - u - :  c - - u - C  e - i mt - m e - I it - e b  t i - m i ’  I u - c  - ut a  mu - mu t u - i t t  in ’ , - t ’ I t hi’ l i e - m i ’ i si i u ’ u -~’ci c e - m t

i- j r _ c ut , I 1 . ‘i ’ hu - , - V — u - : h i u -u p e e l  u i  mu t t ( I  - m u - u i lc_ u - : tu i c i e  ‘I u- u - u - a u - u - I c - c ’  I c u - u u - ; t  t mit - — I t uuiac’

he ’  eim u - u t u-i u-c c - m um , ’ ic m c - c  S c _ e u ’ I t e e ’ iu a 1 c _ c - u - ;  u - - c - I  < h e e l  I c ’ S c  t I u ’ — l i i i ’  I u u - c e’k u - t i  - m u l e  i -;

suu ~cp ori 
,- u - i  b-, it- u - S e t  r cii ’ -; t u - l e u l c i e c i  t u t u - u - :  t ; i u c e m ’ t I m i c e - i ’  i ’c m 1k t t t i e  l i i  -mu g. c c e t u - t l - O u i c i e i t u -

lhu - e ’ t’ i u t ” , u-; uut u ’;t I - c -  mu s i u - 1 , - -b i ~ I ;e i u , A c i t e - i - I  i c - u ’  u - b e  i ui ol e i mint u t  t i c  u i n ~’ u - u-

u - u - l u - e ct , ’ u u  ten h-’i ~u - t ,  - ,u- — 1 / - I u - i - I (‘ u - md 1~ - - mutt ’ l i i  i vu u - u - u u- u - u - u - u - I t t  ,- ‘h u - u u - :~ i ~b t ui l~’ 
ci t cc t I I

I hue- ~ c i t  u--i t i l e -  c _ s i l l  e u -U I , ‘ t I - e -  i u - i c  L u - t m  i i i  e ’ . ‘h e , - mu - it s I u-;ha i c e !  I c ’ unc i Id I l u - c  -

I i m u u - u - l u - c d  c e - m m  u c-u e c u - m i  c ’ t i  u- c’ I ; c -  u- ’ U t u - u -  ‘ ‘ I  u - i t u - g , I l u - l i - m u -u - m c i  c - c c ’ t - m  I c u - t i m ’ cit  it i - i c  - i - m u t e  l u - b e  ‘i
tie- I c u t ’  s I I g I l  Ic - i - m u - m b , -  u u-u- i u -~ e c h  u - n t u -~ u - u - u - u - ic It Ici, - ci I c c t m t  I r ; i t ;t h le’ . \e- I imu im lti I l i l t  0 I

l tnt e -i’ cc - im ut i ’ll u-c’ c ’ i t  l b  e l  -m m c ’ tu - t c ’ I c i i  u t :  , t c c i t t ’  u - i t  ‘ u - u - u - c l u ’ l ut u - : u - ut u-c t ju ne - - 1 I
t u t u ’ I tic-cl tct ’ucl, ’ - m vu l u -~ u , u-u- ti I I c l e - u t -m u - ~-;cc ’ c- tit u s  I 1’, ’ It i c e \- i d l e - t i  i u - , ’ t t~’e ’e’t t I hi’ i ci~ i di -

- ‘ c e - m i  c~cci m c u- I t i t t ’  t u— at - 1-, gtu i d l e ’  u - c - much t l u - c - I u - cc  I I c i -c I I c - t ’  I l i e  - Iiic I i i  tiu - ’, c ’O -m n p c U t t - m i  t c

I on’ i u u -  c c I ii ,’ c’ 
~~p0 u - u - I I c ‘ e u- i c_- It c i c i  I i - m t u uc ’  I c 1

Th e  1 u - v c u i c  c c I t l u - i- c_ cut c t ’  1 ave ni cu- I ~ io u-u - u- ; I a l e - m i  c u-u nd I hue’ 0’ g m ’a~-it u i c - I i l - c - r u - u -  1 vu
,‘ r I cc r t u - t ,  - ci i c - m i  u-i f , - u - u - u - ,’c I ,‘ t u - u - c’ Id . ‘h i t  i u-u- j u - u - u - u - i  u - c e u - e’l i  a u - u - 01 e - p d ccci i - i u - t t  -m ,- — 1 7 . u - c

n d  id i u- u - u - c e -  ‘ u u - u - ,  u - mu t e l  t o u-u 1 l i eu - ,’ i c i u - - e  t~u- i cu - , t u - c - i t a  ck_  gut l u b e ’  am -me l I u - c  ‘ u - u  u-u - u - i t  m l  u ; ’ u-u- -

‘l im e -  h a ytmp I vu c - u - c t t u t i u - t u -  b - i u - c ‘ ‘ I ’, c c i  H Sc! e c u - u - u - u - l u - u t  I c _ i  u-u i-mc i c- u - - , c p55 i t  u- ; l u - i i u-u- i- i I e - i  t e t - m  h— eu

iii ’ n nt , ‘t ’ I u- i I l u- -u- - m i c e  I c c F e - u - i  u - u t  I iii u--c t l I l t , ’ .

~- i t  c - p  1 ~- i i - m  i u - u -~-m~ - d— 1 7 u - u - l u - e c u - cu - u - I b u t -  I :cc _ - t u l ot t li t’ ‘u- 5’ t t r a ~~I - m i t  ta b - t’ i~ ma t c-r i a 1

c_ - in  ui - m a i t ’  uu - u - aI c i U , ’  I u--u . le e -u ’,- u-u r e  S t e  u - u - u - u - c u c i  u t - h  u-u- , c_e l - m d’ l i e u ’ e u - i c lu u - c l  ei e’ o l  l i t ,  htmb —

I t t -c fl ( u s c ’  c’ I I iu - e -  -: u - u - u i’ e ’ 0 I I he ’  l u - t v t ip  , I h e ’ t u - u i e u’ I C ii i ti u - u - I  b e ’  c u t  j i m ru - c - u - t I n  ‘ ‘ I - i t S i l u - ,  -

Seu -’, t u - u - , -I t t u-’- u - - m u , -  h c u t  t c c l  t u m i d  u - c -u - u - u - c t - it u-u- u t t  u - u! ~u-t c e-n t lu - cc - c -u’ s a u _ i c c - u - h  so I hu n t t u - c

c u l t - m t  u-; ft i c - u - u - t a c t ’ t-i ’eii . l u - c  l u - ic ’ i t i - l u - u -  ci -m u tp ;u c I p c _ i u - c u - m c i  p 1  c I -  i c ’ i  i n t  c~ I c ( I  m c c i  —
i i i , ’  u u - t u - c n i  r i -i u-u- or ’ t b - m c m t  i - i l  u - I c  u - e l  1m I l ee ’ I (‘mi-ma i c  u - u - u - c’ Ic _ i c ,j t it t l u - u -  0” u- -, rai’it I t ,-
l ov uuç ’ u - ceci l l ie ,’ :u u- u -~~e - u - u - u - b - l v  i s  c - mir e - u - i - Cur l u- . l e t - c - u - ’ ‘ u - u - c ur e  is - u - c _ - l u - h i i-v  u - u t u i c b ’ e ’ r

c ’ il t h e e -  tu - u - :ucidu ’e ’i . ‘Ibm ’ i i t ic lcuu , ’ u - ; u - u - c c i  t hue- i t l e i c e -r ~acIu-t i tm e m Si I~. u - u - ,  l e c I  c e h

u--u - c ’ I li n t t in’ c ’ t’ U i t l  p ‘u- ut I c ’ l u - u -  n i _ i - I it - _ b u -k i t ’ I i t - - , I he- I h ue-i ’ttt ;i 1 -xpan s i o n  c c l  t i - m e ’

t’uh ch c ’ t ’

C I o u - u - c ’  oI,’ ’u - l u c e ’  d l  u - u - u - u - -ut u-- u c ’ u- u - :ii cit u-u vu t l e t ’  t i n t  u-u - ~~c i p c i i  u - m i t - m i - I  , .i~ cc I I It , - I l au u u - ’, - u - u -

I lot -m e - c ’ in c - c u - u - , l i - i l e-l ’ mta 1 c c ’S I l u - c u t  u - i l I i ’ll I c c i ’ ~u - ,  a I - it u - l i - m c i b _ c e l l  i u~ I P i c e e n t  l c ’ t t u - :  i i u t c u - u - i

i c e- mi - ma i ’i u I ci(’ti i u t  I he , - c_ u i ’ e’ d i  l- u-u u’ t -

‘iii p l;~ e i t ’  c _ h e t I  u - i c ’ s ’  i c u - i i u- u- ‘u-i u - d ew ut c u - u - i  i-’i gu m r e’ 2— 1 0 - ‘lit i s ci ( ‘ S  1~ ’,fl S l c t  a u - u - i t c u- c P

I n ut - m i i-mat c _ _ h  t i’ c ’ u - u - u - ~t r u - c ‘i u - i I c -  u-u hi i i ’  h e - m i t  I hu - e -  i c u - I - m i  i
_ _ e u - m u - - mt i c l t  u - u -  t - p u - u - l u - u -u - c - i c - i t  u - c

~ p u ~~’e - L c ’  t nit-i I ci , ‘ u - i  I you -ut shut - c’ t 111cc lii i m u ’ . e e e - m u u p c c t t  i u - i  - l i m e r u -i - i u cc c P ,  t I u - ;  u - u - - u - u -  l u - i t - I i n  u -u

c’ i c ue i  t ’ p u - u - u - u - i out u - u - i’ I ci I c_ u - lu -I c i l - m - m u e ’ u i u - u -  I out t ; -me _ i l  im nil i - l u  i n  i nu~ i i u-mi i t  c - t i  t S (le e - in~ ecnt I
ic c_ c l c - s .
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2 . 3 .4 M a n u f a c t u r i n g  C o s t s

The (k-sign o f  ( h e  d r i v e  w i u e e l  i - mimi - i  and  t h e  s p r o c k e t  s iuown i n  Fi~~c m r e s  2 — 1 7
and 2 - 1 8  arc- sc-m i t a b l e  for  p r o d u c t  ion in quant it l e s  l e s s  t i u a n  50(1 u n i t s .
For q u a n l  it it-u - c of severa l t h o u s a n d  u n i t s  f u r t h u e r  s t u d i e s  in f a b r i c a t  ion
t ec h n i q u e s  ui - mus t  he c o m d u c t e - d and new low cost  m e t h o d s m u s t  be d e v e l o p ed
in o r d e r  to  produc t -  a cost  e f f e c t i v e  p a r t . To d at e  app l i c a t i o n  of
advanced fibrous composite n -materials to strcuctur a l componc-t uts ol c o m p l e x
shapes  have bee- n mainl y in t h e  a e r o s p a c e  i n d u s t r y  w h e r e  p r o h u c t  ion H

quantities are relati c-e l y small. Large quantities of composite parts
used in the automotive industry are  m a n u f a c t u r e d  f rom v a r i o u s  m o l d i n g  - ‘
compound s which -m do not c o n t a i n  o r i e n t ed  c o n t i n u o u s  f i b e r s  and a r e  not
critica l , load carry ing structures.

Estimated costs to manu facture the drive wheel hub and sprocket are
shown in Table 2-6 for quantities of 10 , 100 and 10 ,000 units . Costs
for the sp rocket are based on laminated grap hite fabric/epoxy . Molded
from Celcon or some other molding compound the cost of the sprocket
wo u ld be r educ ed by appro x ima t el y 50~/. To determine the suitability of
th ese materials , more material test data should he obtained , especiall y
on wear of composite material gears present ly in use in industry .

5
’
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T a b l e  2— 6 Dr ive ’  ~ i me ’ t ’ 1 Manu I n c  t u r i n g  C o s t s

Hub , I)rive Wheel  ( F i g u r e  2 - 1 7 )

D e v e l o p m e n t  Eng i n e e r i n g  and M a n u f a c t u r i n g  I )rawing s S-~ 500 .

H
Q u a n t i t y  10 100

Cost/Unit , ~

M a t e r i a l  4870 2160 1599

Fabrication and Qualit y Control 2064 1698 973

Prod . E n g i n e e r i n g  and Progr anu  Mm. 978 139 9

Too l ing  1610 239 17

T o t a l :  9552 4236 2598 H

Sprocket (Figure 2-18)

Development Engineering and Mauct t’actliring Drawings $1000 .

Quant ity 10 0 J O ~j~Q~~’~
Cos t /i’u ui t , S ——

Ma te r ial  1316 1108 779

Fabr ication and Qualit y Control 522 409 2 74

Prod . Eng ineering anci Program Mm . 69!, 83 6

Tool i ng 897 138_ 6

Total: 3429 1738 1015

‘~F~1b ric.it ion Rate: 1000 units/y ear

-82-



p~ ~~~ C-  X’~~ ~~~~ ~~~~~~~~~~~~~~~~~ ‘- ~~‘T~’u - u - ”  ._ “~t: z~~~~wn’r’ ’u-’, a——

2 . 4 ‘i’ra c he. Sc_ u i ~-o r t Ru 11 c- I’

2 .4 - 1 ha Sc l i n t , - R eq cu I r c - i e t c - t t t  vu

7 . - , - I - I I)c ’sc r i p t  i c - i n

‘l’hc- suppor t ru - - I l e ’ m s  s c _ m I l u - u L  t h u  e - m I c p e u’ (re t urn) p u r l  i o ut ce f t i -me t rack
10c01) i e c- t  t~e e u e  ( h u t ’  d r i  u - - c lu -- h u e d ’ l ;un c i  lu - i Ic-u — wb uc - - i  . ‘I ’h - - m - e ir e -  t h r e e  i d c - n t  i c a l
r o l l  e-t - a 5 c c  u - u - h - i  ii eu-u - c u - u t  e’u - u c’iu si c_ Ic - of t bc t u-uu k - i - l u - c c _-h  t-o lit-  r u - i s s c ’m h e i  \‘ ( (u -u - u - u - i t  vu t s
of  tw o  i chent i c al u-~- i t e’e’ 1 vu umm ol unt c u - i  icu - u eu- 1- t o hac k on a hub wi t  ii scm I I i c _ u -  t O
s pa c e  b e t  we-en the w i u c ’ e  i s  t o  a 1 low c I e a ru -- mt u - c- lou - ’ t i - me t c c r k  like t rack
g u i d e  link s uuto unt c_~~i a t  t h u - u -- c c - n I  c - i  c u - I  track h e t t u -- c’c - u u each I rack shoe. Eu - c c _ lu
wh et- I has u - i scu l id rubber I i r e  u - i t  I c u - cu t l u - - c u - i  t o  t h e  r i m .

2.4.1 .2 Diuu-ic’nsie.u- u -u - i l R-q u i r t - u - u - u - c-n t s

The cl i ni c_ens i ona I reqcm i re-tic-nt s f o r  t i u e  s cu p p o r t  u - u -- I  I d r  a r e g i u--en iw Drawl op
No. 87060h7 , W h e t - i  Ass e u - u - u - lI l v, welde d c d l n s t  r u t ,  l i o n .  ‘l’Ite ci ja niete - r ol (t u t u -
n -metal wheel is 12 in. at-m c i the overall di u - tu - u - u - c-i er, including hb ue s o l i d
rubber t i r.. , I v pc 11 spec - Ml L — T —  3100 , i ,-u- 13. ~~ jut . i lt e -  ov c-ru -- m 11 w ic _ i t ii
0 1 (l u - c - v u ’iue-l is ~ .172 in. , inc -ic ud i ng the wt,-a r rin :. , T i u - e  w iue els arc-
nuoun t - d  back to back on a hub , Part No . 8767545 by means ot six itc’xagomi
head cup scrci~-s.

2.4.1.3 D-sign Load Condition
r

The - onl y d e s i gn load r e q u i r e m e n t  p r o v i d e d  in A p p e n d i x  D u- T ab i c -  I , l t e u - u -  ( 3’i
of  t t m t -  S p e c if i c a t i o n s  a m - m d R e q ui r em c ’n t s  is a r a d i a l  ccencp re ssivc - load of
2 , 500 l b s .  cac m sed b y t i - m e  u-~-e ig h t o f  t he  track. A lad or of two was added
to this load ic - i account for dy n a m i c  I o u - u P s .  N o s i d e  l o a d s  a r e  g i v e n .  To
c-st iutia t c t h e  em u c i cu rance  r e q u i r e m e n t  vu t u e  RPM of  t h e  s u p p o r t  r o l l e r  w a s
c a l c u l a t e d  Or a maximum vehicle speed of 30 mph .

N 
30~~~~~~~,~~~60 

= 7 4 C  RPM
- D - 6c)

The frequency of t h e  rachia I i c-mad c h a n g e  f r o m  ze ro  to  n-ma x m u m  is then
12.!, per sc-c’ . The rot at i_ on also inuposes centrifugal forces on ti -me

w h e e l  st  r u c t c u r e  -

Assumin g ti -me- miu t imum test un i l e -u - u gc- reqim irement u- u - - i  M I L — ’l’ — 3 I 0 0 :  I t e m  4 . 5 . 5 8
of 3 , 000 m i l e - u - ; , t h e  ni inint um li f e -  expec’t -u u -ucv is 3 ,000/10 = 100 h r s .  or nc-i t
le s s th ,i u -m lu -c - c  - 60 - 100 = 4.5 - 106 cyt - lc - s.

_  
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The physical properties of t huc - t i r e  mat erial per MIL- ’l’-3I00 are:

Shore A h a r d n e s s  70 ± 10 d c m r c u iu - u - c t  er

Nini ruuum t e n s i l e  stren gth 1 ,900 ps i

Minimum elongation 20O7~

Spec i f i c  g r a v i t y  1. 2 g /cm 3

2 . 4 . 1 . 4 Weight o f  the Wheel

The weig h t of ti -me present wheel i s  g i v c _ - u  a s  22  lb s .  i n c l u d i ng r u b b e r
tire . There are six roller pair s per e.’ -hjcl c- . The total wei ght per
v e h i c l e  i s  t h e n  12 - = 264 lbs .

2.4.2 Feasibilit y Study

2.4 .2.1 Introduction

The geometry ~u -f the ro ller makes it a suitable component for n-manuf a cture
by c out’u pressi u -o n moldin g using a short fiber m o l d i n g  compound . This is a
r e l a t  iu - ’e l y i n e x p e n s i  u-- c manu f a c t u r i n g  ru - c-thud. Ti-me wheel inc i c u d i n g  d i s c
and rim can be molded in a single operatio n to its final con figura t i -ins
w i t h o u t  a ny  m a c h i n i n g  r e q u i r e d  a f t e r  the mo ldirg c-iperat ion. Eu--en the
moun ting holes can be inc luded in the moldin g .

Other manu facturing methods such as f i l a m e n t a u - -  w i n d i n g  or layup of
con t i n u o u s  f i b e r  p r e pr e g  w o u l d  p rod u c e  a l i g h t e r  whet - I but it  w o u l d
a l s o  be c o s t l i e r .

The f o l l o w i n g  s t u dy  analyzes two different molding ecu-impounds ; stresses
and d c- f it-c t ions are compared with the present n-metal roller d esi gn. I’

2 .4.2.2 Material Selection

Properties for two bulk moldin g n -materials are listed in Table 2-7
Both compounds ct u - ut si vu t u - c I c l uc -eppec i  f i b e r s  in an epoxy resin; the F- 26011
compoun d i s  g lass fi i u -t -r III led and E—2l718 is gra~-clt i tc t t ’ t u - c-~~ filled .
B o t h  compound s a r e  manu f a d t  u r t - d  by Fiber it e Corpora t i o n .  The n -materials

are  used f o r  compression mo l ch i ng in m a t c h e d  - m t - h a l  m o l d s  w i t h  a m ol di m t g
p r e s s u r e  of a p p r o x i n e a t e l y 1 , 000 ps i .

A ~~t r ( ’ngt  it r ed u c t  Ion a f t er  4 5 - io6 f l ex ure c_ y e  i c - s  m u s t  hc - c o n s i d e red  -

It  is est  imat ed  t h a t  t c e r t 1 -  glass filled compou m- cci ti m e reduc t t o n  u -ma y be 

.::“ 
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T a b l e  2 -7

P r o p e r t i e s  fo r  Two Bulk Molding Compound s

E26 011 ( G l a s s )  E 2 1 7 18  ( G r a p h i t e )

Molding Temp . ~F 325 320

Bulk Factor 8-10

Density lb/in
3 

.068 .051

Tensile , O lt. psi 27 ,000 20 ,000

Flex. Yield ps i 55 ,000 40 ,000

Flex . Mo du l us 106 psi ,
.
~~~

Compression Ult . psi 47 ,000 28 ,000

Shear , l It ,  psi (c-st .)  4 ,000 4 ,000

- u - I zod . , Notch -med ft. lbs/in 30 10

Wat er Abs. 7~ 28 h rs . @50 °C .15 .80

Cost $/lhs. low high

-85-
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as high as 707. and  f v r  g r a p i i i t  e- 607. of  cult m ate- , Con seqtmc- n~ ly the
all owable fl c _ -u - -u - ure u - u - tress is ,30 - 55 ,000 = 16 ,500 psi and .40 - 40 ,000 =

16 ,000 psi c c _ - s i t e - c t  i u--e l y .  ‘Ib t e- a 1 lovabl e- s p e c _ i  Ii c sI rem- h h fur t lu c - glass
compound is 16 ,500/.068 = 2+2 ,650 in . ;uuu - u - i for ti - me- g rap b ti le- c on ip o u n d
16 , 000/ . 05 1  = e1 3 , 7 2 5  i i i . P - m o t h  u - u - u - i t t - r i a l s  m e c- t  t i - m e -  f l e - x c u - r -  strength
req c_ uir cm c_ -n t s w i t h  t h e  g r a p h i t e  c o u t u - i c - u n c i  i- u-~ c s i b 1 y resulting ill a li ghter
design. On ti - me ne- e a t i v -  s i t e  for the E— 2 1 7l 8 cc-im po tm nd is i t s  l o w e r
impact resistance , h i gh er  u- u-’a t e r  a b s o r 1t t  i o n  u- end h i g l~~-r cost.

It is reported ti -mat E-26011 n-meets the impact strength per M1L-P—4 6069.
This is n ut  reported for tb -me graphite contpound , which is -c_ -n era l l more
b r i t t l e  dc _ - m e t o  i t s  h i gh er  m o d u l u s  I i h e - r  t h a n  t h e -  g lass fibe r conupound .

Fiberite E-260i1 g l a s s  f i b e r / e p o x y  m o l d i n g  c otn pceund was selected for the
suppor t roller.

2.4.2.3 Stress Ana lys i s

For the anal\’sis of the roller rim it is assumed that the rubber tire is
compressed und er load resultin g in  a p a r a b o l i c  p r e s s c i r e  d i s tribution
over a contact width “b’ . The p a r a b o l i c  distribution is replaced by
two concentrated loads thr o uu -u -h the centr eids of one half of the parabolic
area . The con tact load is uniformly distributed over ti -me w i d t h  of the
roller rim . It is resisted by the cu-,-l i ndrica l n y u  and b u -u-- the disc. For
calculation of hendi u ’tg strc -sses in the rim , the rim is diu --id ed into
narrow rings , each carry i ng a proportional amount of the total contact
load . Each ring is supported in shear by the adjacent ring on the s i d e
facing the disc. The rim load is resisted by a shear flow of the
m a g n i t u d e ,

I S = —
~~~~~

— - sin ~ (lb/ in)

I
Q = load on t i -ic r i m  r ing

R = mean r im r i n g  r a d i u s
m

= ang le b e t w e e n  0° and 180 ° beginning at the vertical load
c o n t a c t  p o i n t

-8€,-



- - =‘-~~ 
¶~~~-~~~ 7.~

_
~~

_ - _ ____ -
~ 

- -
-r ~~~~ ~~~~~~~~~~~~~~~ —~~— -----——- -~~~~~~~~~

— ‘
~~~~‘- -

‘l’he pa ru - ul eo 1 i u -_ c- o n t  ac- I p r e - u - u -  s i t u - c -  c l i  St ri ii u t ion is c-u - - u t i uu u - ; e  t c-c ! by i ue - h e n  z
formitul as Ic _ u -F c- - i ntact i-t el we- en a cy l iu ul -r au - u - cl a flat p l ate . ‘I’he cont a ct
w id t hu ‘‘b’ is:

b = 2 .lh - + 
R 

H1 
+

Where
R = outer radius of tire = 6.78 in.

0

L loaded  t i r e  w i d t h  3 i n .

= modulus of the track plate (steel)

E
2 

= Moclulus of the rubber tire. For a durometer of
70 . E

2 
= 2 , 100 psi was assumed .

T h e n

b = 3.53 in .

The distance from t h e  centerline to the centroid of the half parabola
.1875b = .66 in.

The maximum contact pressure is:

~max = .592 
~ ~/ (~~ +

p = 300 Psimax

The radial contact force and t I u - e -  circumferentia l shear causes hem icling
St r esses  in  t i - m e  r u - u i . T h e  max  intunu bend ing mome n t  is  a t  t i - me  loa d
conta ct point .

-87-.
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One design concept of the support roller is shown in Figure 2- 19 . Th
contact pressure loads and the rim shear loads are plotted in Figure 2

The bending moments in the ring were calculated according to the fonnu
in Roark , Fourth Edition p. 178, Case 25. The same source was used to
determine circumferent ial tension , rad ial shear and radia l vertical
change ~ R.

The bending moment between a’ = 0 and ~~‘ = 9 is:

M QR K1

and between a’ = 9 and a’ =

N QR K3

Where

= .23868 cos a’ - .50 sin 9 ÷ .15915

K2 = a’ sin a’ + 9 sin 9 + cos 9 - cog a’ cos
2 
9

1(
3 

= .23868 . cos a’ - .50 sin a’ + .15915 (K2)

Angle 9 is 7° or .12217 rad

sin 9 = .12187

sin 9 = .99255

cos
2
9 = .98516

In the outer rim ring , Q = 2,500/3.5 = 714 lbs. and R = RAy = 5.8 in.
Therefore Q R = 4,141.2 lb. in. The results are listed in Table 2-
and the bending moment distribution is plotted in Figure 2- 20.

The maximum moment isat a’ = 7° and is 775 in. lbs.
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Figure 2-19 Support Roller Design Concept
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Table

Calculat ion of ~vnd i ng Moments

a’ z U
a’° rad sin a’ cog a’ 2 K1 K3 Mb in. lb .

0 0 0 1 .022?8 .18128 - 751

5 .08727 .08716 .99619 .03723 .18276 - 757

7 .12217 .12187 .99255 .07073 .18722 .18722 775

15 .26180 .25582 .96593 .12360 - .12081 500

30 .52360 .50000 .86603 .41606 - .02292 95

60 1.04720 .86603 .50000 1.42177 - - .08740 -362

90 1.57080 1.00000 0 2.57824 - - .08967 -371

120 2.09440 .86603 - .50000 3.31383 - - .02496 -103

150 2.61800 .50000 - .86603 3.16962 - .04774 198

180 3.14159 0 -1 1.99260 - .07844 325



—

With a rim wall thickness of .55 in., the bending stress in the rim is:

775 . 6
— — 

2 — 15,372 psi
55

6The marg in  of s a f e t y  fo r bending is then for 4 . 5  10 cyc l e s :

M.S.  = _____ - 1 — +.073

and for static material strength:

M.S. 
~~~~~~~~~~~~~~ 

- 1 +2.58

The circumferential tension in the rim due to the loading condition is
calculated from :

T Q 1(4

Where

1(
4 

= .1591 5 K~ - .07958 cos a’ - .50 sin a’

— a’ sin a’ - .98516 cog a’

The radial  shear is ca lcu lated  from :

S = Q~~~ K6

Where

— .15915 K 7 
- .50 cos a’

1(
7 — a’cos ry- .50 sIn  cv + .98516 sin a’

The calculated value for T and S arc listed in Table 2-9.

— ________ _____
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The maximum va lues r e s u l t  in t h e  f o l l o w i n g  s t r e s ses  for a r im t h i c k n e s s
of .55 in.

Tension — — 307 psi

Compression I — 529 psi

Shea r f — = 649 psi

The max imum ci r c u m f e r e n t i a l  shea r in the  r im is at the sect ion adjacent
to the disc. The shear load is a portion of the contact load over the
unsupported rim cy linder. This load is per Figure 2-20.

= 2,500 . 2.85/3.50 = 2,036 lbs.

The maximum shear is at a’ = 90 0
, sin ‘~~ 1

f 2,036 
— 207 1S 

= 

~7 . 5•7 . .55 — P S

This ana lysis shows that the highest stress is exp cied in bending of the
rim under contact pressure in its unsupport ed portion . All other stresses H
are low .

With the known modulus of elasticity, the radial deflecti on of the rim
under contact load can now be calculated :

3
AR = 

~~

—

~~

‘--. (.318 (.50 . cos 9 + .50 9 . sin 9 + .25 sin2 9 + .50)

- .25 c 0 s 9 - .25 9 s i n 9 -  098]

For 9 = 7
0

, the bracketed value becomes = -.0293.
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Then the r ad iu s  change for Ray = 5.8 in.

AR = - .095 in.

The same analysis yields for the deflection of the present steel rim:

ARsTL - .112 in.

This shows that the deflection of the molded composite rim is actuall y
less than the steel rim .

The disc is loaded by the circumferential shear flow caused by the rim
loads , the contact pressure acting over the flange and the mounting
bolt forces resisting these loads

Maximum Shear = 207 psi

Contact Load 2,500 - 2,036 464 lbs.

Mounting Load = 2,500/6 = 417 lbs/bolt

The side loads transmitted by the track guide to the roller flange is
not specified . It would tend to shear off a segment 3f the disc outside
of the bolt circle diameter, probabl y through a length of approximatel y
3 in. For a disc thickness of .40 in. and an ultimate shear stress of
4,000 psi , the failing latera l load would be ,

= 2 .40 4 ,000 = 4,800 lbs.

or almost twice the maximum vertical load on the support roller.

The mounting bolts are 5/8 in. diameter. The bolt bearing pressure is
then :

417

~BR = 
.40 . .63 

= 1,655 psi

By inspection the margin of safety for bearing stress is high .

5.-- . - -  ~~~ - — ~~-~~ --~~- - .~~~~~ - --~~~~~~~~~~~ ----
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2.4.2.4 Weight Estimate

The weight of the desi gn concept shown in Figure 2-19 was calculated to
15.7 lbs. This includes the wear ring which weights 3.8 lbs. and the
rubber tire wei ghing 3.9. The present metal roller weighs 22 lbs.

- 
- 

Weight saving s is then 6.3 lbs. or 297.,. The total wei ght saving for
the vehicle would be 12 6.3 76 lbs.

2.4.3 Manufacturing Ana lysis

A drawing of the support roller is shown on Figure 2-21. The disc and rim
structure Is made from compression molded short g lass fiber molding
compound . The mol di n~ pressure is approximatel y 1 ,000 psi which requires
matched steel dies . All features inc l uding mounting holes can b~ molded ,
no machining Is required . The wear plate may be molded in p lace or - -

bolted on as shown in the optiona l confi guration . The rubber tire is
manufactur ed separatel y and vulcanized to tt~e roller .

2.4.4 Manufacturing Costs

The moiding process described in 2.4.3 is suitable for either large or
small production. The estimated costs to produce 10, 100 and 10,000
units are shown in Table 2-10.

I
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Table “-10 Support Roller Manufacturim~ C o s t s

Suppor t  R o l l v r  ( F i gu r e  2 - 1 9 )

Deve lopment  Eng i n e e r i n g  and M a n u f a c t u r i n g  D r a w i n g s  $1500.

10 10 0 10 , 000*
Quantity Cost /Vnii , $

Mater ial 111 92 58

Fabrication and Quality Control 329 277 169

Prod . Engineering and Program Adm. 114 83 10

ToolIng 449 55 2

Total: 1003 507 239

*Fabrication R a t e :  1000 u n i t s / y e a r
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2.5 Track Idler Wheel and Road Wheel

2 .5. 1 baseline Requirements

2.5.1 .1 Descrip tIon

The idler wheel i s  l o c a t e d  a t  t h e  fo rward  end of t h e  t r a c k  loop above
ground l e ve l  . I t  I unc i o n s  as a t r a c k  t e n s i o n e r  t h r o u g h a l i n k a g e
sys t em conn ec t  ed t o  one o I t he  road w h e e l  sw i ng a m i s .  A l t h o u g h  not in
c o n t a c t  with the ground the Idler wheel is subjected to very lar ge front
end impact loads. The wheel assembl y consists of two identica l ha l ves
mount ed back to back on a hub . A solid rubber tire is vulcanized to
t h e  r i m  of each wheel hal f. The idler wheel is interchangeable with
t he  road w h e e l .

The v e h i c l e  i s  s u p p o r t e d  by s ix  p a i r s  of road w h e e l s . S i n c e  t h ey  mus t
be i n t e r c h a n g e a b l e  with the i d l e r  w h e e l  t h e y  a r e  i d e n t i c a l  t- o t h e  i d l e r
w h e e l .  The road w h e e l s  a r e  m o u n t e d  on swing a rms  to  w h i c h  the torsion
bar in P a r a g r a p h 2 . 2  i s  moun ted .

2 .5 . 1.2 Dimens iona l R e q u i r e m e n t s

The d i m e n s i o n s  of t h e  w h e e l  a re  g i v e n  by d r a w i n g s :

10887253 Whee l  Assemb ly

10887752 Wheel , Rubber  T i r e

10887251 Wh eel

11659122 Plate , Wear

The diameter of the assembled wheel is 26 in., inc l uding t h e  s o l i d  r u b b e r
tire. The overall w i d t h  i s  7 . 5  in. The i d l e r  or road w h e e l  a s s e m b ly
consi sts of two ident ic-al wheels which are mounted hack to back on the
hub of the swing arm assembl y by means of ten 7/8” dia . bolts.

The c u r r e n t  whe e l  I s  made  from an a l u m i n u m  a l l o y  forg ing  2014-1’6 w i t h  a
55 , 000 psi y ield s t r e n g t h .

The wea r p late is made f rom s u r f a c e  ha rdened  s t e e l .

i 1 1 ° tire Is molded from rubber Type  I per Spec. MIL-T-3100 B , durome ter
75 ± 3 , and is vulcanized to the wheel aluminum forging . The new design
requires that the tir e be rep laceable.

-100-
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2.5.1.3 Design Load CondItion

The loads arc l isted In A p p e n d i x  1) , Table I , of the Sp e c i f i c a t i o n  and
Requirement s , sepa ratel y for the (2) idler wheel pa irs and the (12) road
wheel pairs. The design loads are:

idler Wheel: L

Static Track Tension 12 ,000 lbs.

Static bearing Load 24,000 lbs.

Impact Load 180,000 lbs. (Ultimate)*

Road Wheel:

Static Radial Load 4,075 to 11 ,250 lbs.

Maximum Dyanmic Load 15 g

Maximum Radial Load 73,000 lbs. 1
Maximum Side Load at Wear ~ (Ult imate)*

Plate 30 ,000 lbs. J 
.4

Maximum Latera l Deflection .5 inch

r
*These loads have been established as ultimate loads by the Contracting
Officcr t s Representative , Mr. J. Plumer. Other loads listed are limit
loads. A sa fety factor of two is used for limit loads.

To estimate the endurance requirements it is calculaled that at a maximum
vehicle speed of 30 mp h , the rpm of the wheel is ,

10,084
N 26 

= 388 rpm

This gives an approx i mation of the rad ial load change from minimum to
maximum at a frequency of 388/60 6.5 per sec . Assum i ng a test mileage
requirement s of 3,000 mi les a t 30 mph , t h e  m i n i m u m  l i f e  e x p e c t a n c y  w ou l d 6be 3,000/30 = 100 b r a .  l’his is e q u i v a le n t  to  388 . 60 100 = 2.33 . 10
load cycles.
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The des l~~n t o a d s  In Tab! c 1 c i t  A p p e n d i x  1) of  hi’ Sp e c  i f i t - a t  I on~t and
Requ I r en teu t  a ci oc ument are re I t- r enc  ed t o  1 lie d r a w i n g  o I t hi ’ wIt  s - e l
ass embl y and it I s t h e  ret ore - as sumt ’d t hat t he load are act I ug cm t he’
two wheel hal Vt ’S shown on Draw i n~ t’~o . l08~~7 2 5 i  . Consequ ent lv t tie h a l t
Wh( ’e I a s s e m b l y i s  su b l  v u  ed t 50~. 0 I t he se 1 OLS d S • w i t  ii I l i t -  cxc  e p t  Ion
of th e s ide  load a I i  ot  wh i cli i s r e a c t  i’d by one wit t-e I hal I

The d e s i gn 1 int l I l o a d s  f o r  I lie i d l e r  and t l ie ro ad  whee l h a l v es a re
summ .q r i zed in Fl gu r e  7 — 77 . I t  show s . t i a t  t he I arge ’s  t r a d i a l  load i s
t h e  I r on t  I nepa c t 1 oacl comb i ned wit ii t rack I ens  i o n  load

The m ad Ia  I compo nen t  c i  t h e  t r a c k  tension load i s  ci 1s t  r l t t u t  ed a l ip r ox i n t a t c l v
pa raho Ii c a I ong I lit ’ per i i’tit~ ry ci i t be -  v i i i ’  v i  . The i t - i n  I vi- magn ii ud ~

. at a
ra c k p late s e ’g iu t - t u  was shown in Figure 2 — 1 3  b r  t h e ’  d r i v e  w h i t - e l  and is

about !~0’~. 01 t tie re su i t  a n t  bra r I ng load ca t i  sed by t rack t ens i o n .  At t he

spec i t  l e d  s t a t i c  bear ing load ot 17 , 000 lb s . per h a l t  whee l , t h e  maximum
load at t h e  t rack p iat e i s  1? , 00() . 

. 3 1)  3 , 600 l b s .  ‘liii s e om b i n t - d  w i t  It
he’ t o rwa rd i m p a c t  I nad o1 9 C) 

• 000 lbs  • result s i it a nia x i mum ra di a I load
f o r  t h e  i d l e r  w h e e l  c ’ I :

P — 90 ,000 + 36 , 00() cos l 3 ’ 93 ,508 lbs.

This loa d i s  assumed  t o  he an occasiona l one and requires a design
satetv factor c ’f  greater t h a n  o~ e for ultimat e’ material strength.

The m a x i m u m  rad i a I I o~ILI dl t 36 • S00 on the’ road wh ey I hail I s a I so c o n s I de r e d
as an occ-a si ona I I oacl and you I ci require a sa fyI v fact or ot  gre-at yr t han
one b r  u ltimate material strength .

The road 1(’ad of 11 , 750 l b s .  i s , however , a r e o c c u r i n g  load and t h e  d e s i g n
should he capable 01 a t  l e a s t  7 . H l0~ l oad cyc l es . Th e R— t a c t o r can
he eat mat ed I torn t he q not ed m l n innini and max i ntiim road wheel loads
R -~ , 0 7 5/ I  1 , 75() = . 36. T hc i s value’ can be used t o  d e s i gn  a Goodma n d i a g r a m
and t o  d e t e r m i n e  d e s i g n  a l l o w ab l e s  fo r  2 . H . 10h load cycles. For this
load c o n d I t i o n  t h e  s a l t - t v  t a c - t o r  i s  one for allowable’ materia l fat igue
St r e n gt h .

The s ide load of 30 , 000 l b s .  i s  c o n S  ic le rec t  as an o u t - a s  t o n a l loa d  t o  w h i c h
a sa f e t y f a c t  or of  greater than one Ic ’ r n i t  irna t  e mat  em ia I st rengt  h shou Ic1

- 
- be app l i ed . Tb i s I c’nd may a c t  s imu  i t  f lhicd lt i s ly with t he r a d i a l  load o 1

36,500 lbs.
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6,000 lbs .
_ _~~~~~

___—
~~~~~~~~ Track Tension

Idler Wheel

lbs. 
Impa ct Reac t ion Load

Track Tension React ion ~~ad

6,000 lbs.
Road Wheel Track Tension

I

,

____- 
30 ,000 lbs. 

-

36 ,500 lbs.

Figure 2-22 Desi gn Loads for Idler and Road Whee ls
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The composite wheel will be designed for the following three load
cond it ions

A. 93 ,500 lb s. static radial load

B . 30 ,000 lbs. stat ic side load with ijlt ima te Loads

36 , 500 l b s .  s t a t i c  r a d i a l  load

C. 2 ,037 to  5 ,675 l b s  c y c l i c  r a d i a l  load  ( R  .36)  f o r

2.33 • io 6 
cycles.

2 . 5 . l .~ Weigh t  of  t h e  Whe e l

The weight of the ’ p r e s e n t  m - t a l  w h e e l  is reported to he 105 l b s . ,  of
w h i c h  15.6 l b s .  i s  for  t h e  w e a r  p late and 26.6 lbs. for the r u b b e r
t i r e  or a t o t a l  of  -~ 2 . 2 l b s .  f o r  i t e m s  w h i c h  m u s t  r e m a i n  t h e  same fo r
a composite wheel .

The total weight for the 28 wheel halves per tank is 2 ,940 l b s .

2.5 .2 . Feasibility St ud y

2.5.2.1 Introduction -

The h i g h  loads  on t h e  w h e e l s  r e q u i r e  t h a t  t h e y  be d e s i g n e d  f r o n t
c o n t i n u o u s  f i b e r  c o m p o s i t e s  r a t h e r  L h a n  f rom sho r t  f i b e r  m o l d i n g
c o m p o u n d s .  Severa l c o n c e p t s  w e r e  s t u d i e d  i n v o l v ing a l l  g rap h i t e
compo sites and also hybrid designs using glass and graphite. Because
of cost considerat ions the concepts Ut i l i z i n g  b o t h  g l a s s  and g r a p h i t e
composites were considered better suitable for this application.

2 .5 . 2.2 Material Selection

The ma terials considered for the d e s i gn of the idler and road w h e e l s
are : E-g lass  and S2 -g la s s  f a b r i c / e p o x y  and  AS gra p h i t e  u n i d i r e c t i o n a l
tape/epoxy composite materials. Propert tea are given in tabular form
in previous pa ragraphs hut are repeated in  t h i s  an a l ~- s i s  as t h e ~’ appear
in the  f o r m u l a s .
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2.5.2.3 Stress Ana ly s is

App lication of the radial load by the c rack p l ate’ causes a flattenin g
of the rubber tire. The contact wid th “b” is calculated from :

b • 2 . 154 \ / 1-° R + 
F )

Where

K — Tire outer radius 13 in.
0

L — Loaded t i r e  w i ( i t h  — 5 I n .

— Modulus of t h e  track p lat e. Steel — 29 io 6 
~~

E
2 

— Modulus of the rubber tire ’ with a durometer hardness of

75 2 , 300 psi

Q R a d i a l  load

Then for a maximum static load of 5,625 lbs. (load C o n d i t i o n  ‘( ‘ t

b 8.6 in.

The maximum p~~-nbohit conta ct pressure is:

~~ax - ~~~~~~~~~~~~~~~~~~~~~~ +

or at maximum static l ct*d

p — 275 p simax
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For dynamic and Impact loads , which  are app lied instantaneousl y, the solid
rubber has no time to deflect and is considered as almost rigid. However
for the ana lysis it is assumed that the above maximum static deforma t ion
is alr ead y present . Conseq uent ly the radial load Is not concentra t ed ,
bu t distributed over a cho rd length of 8.6 in. The parabolic pressure
distribution has been rep laced by two concent rated loads located at
.1875 • b .1875 • 8.6 — 1.6 in. from the maximum pressure point .

Wi th referenc e to the whiecl width , i t is assumed t h a t  the load is
transmitted uniform ly through the tire to the full 6 in. width of the
wheel rim.

For a one inch wide ring of the rim , the design l imit loads for Conditi ‘n
B (road wheel) is then 36,500/6 6 ,084 l b s / in , represented by t wo l oads
of 3 ,042 lbs. each. The reaction to these loads is a shea r flow at thie
sides of the ring element .

The r ad ia l  load and the shea r f low cause be nd ing in the wheel rim . The
stresses can be calculated if the radial thickness of the rim is known.
In order to carry the load across the wheel rim uniform ly, it is required
that the radial deflection of the rim across its width be as uni~ orm as
poss ibl e . It is obvious , that this depend s on the effective stiffness
of the rim ring segments. The maximum stiffness is at the disc of the
wheel . A rim of constant thickness would deflect radiall y more at the
unsupp orted outer ring segment than at the disc . The deflection can he
controlled by p r o v i d i n g :

A. Thicker rim ring element at the unsupported end of the rim .

B. Gussets to support the outer ring elements.

C. Increasing the effective material modulus of elasticity

toward s the outer ring element .

Figure 2- 23 show s one concep t of a composite material design of the
wheel. The wheel is molded from segments cut from woven fabric which
form the disc and rim. A tapered internal doubler disc is bonded to
the basic disc . A ring consisting of circum ferentiall y wo und f i b e r s  i s
bonded to the inside of the unsupported edge of the rim. The rubber
tire is v u l c a n i z e d  to an a l u mi num r ing  whi ch i s bol t ed to the whee l .
This arrangement makes the rubber tire rep laceable. The bol ts also
hold the wear p lates in place.

For a prelimina ry ana lysis the rim is divided into three ring sections
of 2 in. wid th each. Each ring is loaded by two concen trated forces
2 3,042 6 ,048 lbs. each (Cond ition B). The reaction is a shear
flow at the sides of the ring element . For the ana ly s i s  i t is assumed
that the rubber tire and the aluminum ring do not contribute to the
bending strength of the composite wheel structure.
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Figure 2 - 23  I d l e r  W heel  Design Concept
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For the first design concept it is assumed t h a t  t h e  r im and disc are made
up of 181 type S-2 gtass fahri~, segment s with the  warp  f i b e r  e s s e n t i a l l y
in circumferent i .e I direction , and that the ring stitfener Is wound from
AS-type graphite fibers.

To compensate for the two different ring materials , a hypothetical
integ rated ring was assumed which has the same bend ing stiffness as
the  combined disc and ring section. For this purpose the thi kness
of the g lass f iber ring was converted to a graphite ’ equivalent ring
wi th same radia l deformation under load .

The radial deformation of a ring loaded by two opposite forces is
( Roark 4th Edition , p. 172 , Case 1):

U • -0.149 —jj~

Where

W • Kadial load

R • Mean radius
m

F Modulus of elas ticity

I = Moment of inertia

For the  graphite ring stiffener , the values are:

R (10.75 + 10) ‘.5 10.38 in.
m

F — 2 1 106 psi

I • 2 75~ / I 2  = .07 in.
4

For a unit load of 1 ,000 lbs . ,  th e deflection would be:

U • .0113 in.
y
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For the glass fabric ring section , the values are :

K — (11.43 + 10.75) .5 = 11.09 in.

6
• 4 . 10 psi

I — 2 . .68~ /l2 .0524 in.
4

In order to deform the glass fabric ring as much as the graphite ring ,
the partial load on the glass ring would be:

W - .0113 ~ io6 .o5~4 
= 11.65 lbs .

.149 . 11.09

The thickness of graphite replacement ring would then be:

.L. — — .149 11.65 
= .00000732

K 21 . 10 .113

This value is fu l filled when the ring thickness is .40 in.

Consequent ly the total thickness of the hypothetical graphite fiber ring
is .75 + .40 = 1.15 in. with a mean radius of 10 + .58 = 10.58 in. 

- 
-

The load diagram for the hypothetica l graphite ring , is shown in
Figure 2- 24 (Load Condition B).

1. Shear Flow Analysis:

S = ;;:9—
R
•-

~ 
sin a’ (lb/in)

Where

Q = Load on the rim ring -

Rm = Mean radius of the rim ring

= Angle between 0° and 180° count ing from the load contact

point

S — 366 sin a’ lb/in
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6 ,084 6 ,084
Lbs. Lbs.

Maximum Shear Flow

366 Lbs/in .

Figure 2-24 Load Distribution on a 2 in. Wide Ring (Cond . B)

L 
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a’° sin a’ S lb/in!? in. Rim

0 0 0

30 .500 183

60 .866 317

90 1.000 366

Therefore the maximum shear flow is 366 lb/in. Since the hypothetical
ring is actuall y supported by a glass fabric composite of .75 in.
thickness , the shear stress in the composite (0°/90 ° orientation) is:

s 366f — —y~ 
— 488 psi

A t the disc , into which the entire radial load is to be transferred ,
the maximum shear stress is approximatel y:

s 366f — —
~~~~~ 3 — 1 ,22 O psi

The ulti mate in-plane shear stress in a 0°/90 ° E-g lass f a b r ic is
16,000 psi with the proportiona l limit of about 2,500 ps i (MIL-HDFK-17A ;
4-65). A t ±45° the in-plane ultimate shea r is 34,000 ps i with a
proportiona l limit of about 15 ,000 ps i . For load Condition B the
applied limit stress is less than the allowable proportiona l stress.
The sa fe ty factor for ultimate stress is high .

For load Cond ition A , the app lied stress would be 93 ,500/36 ,500 = 2 .56
times greater:

f
5 

1,220 2 .56 = 3,123 psi

here the safety factor for ultimate stress is also high , bu t the 0°/90 °
proportiona l limit would be exceeded . This can be corrected by
laminating the interna l doubler ring from 45~ laminated fabric.

For an estimate of stresses in the 0°/90° and the ±45° composite , the
shear load is divided based on the relative shear stiffness of the
lamina tes.
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The referen ce value for the glass fabric are:

Orientation 0°/90° (1) ±45° ( 2 )

In-plane shear Modulus , C .80 106 1.8 106

L a m i n a t e  thjckness,t .55 .35

Then

- 

t
1 

C
1

— 

~2 t
2 

.

- -‘

Where

Q = Shear flow

1 0° /90 ° l a m i n a t e

2 = ±45° laminate

AnJ

Q 1 = .70 Q~

The total shear flow Q = 366 lb / i n / 2  in .  rim

Then

215 lb /in

Q 1 = 151 lb /in

With this load di stribution the maximum shear in the rim stresses at
the mount ing disc are for Load Condition A:

0°/90 ° f~ = 2,109 psi

±45° f~ = 4,718 psi
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These shear stresses are within the proportiona l lim it and therefore
accep table. The safety facto r for ultimate material strength is large.

2. Bend ing Analysis - The bending moments were calculated following the
procedure de scribed in Paragraph 2.-i., Support Rolle r. The maximum bending
moment is at ~ = 9 = 8~~. The coefficients “K” are :

z U U 2
- 2 K Ka’ rad sin ~~ cos a ’ cos ~ 2 1

8 .1396 .1392 .9903 .9806 .0581 .1760

The bending moment on the hypothetical ring section is:

N = Q R K
1

Where

Q — 12 ,168 lbs . (for a 2” w ide ring )

R = 10.58 in.

0Then at a’ = 9 = 8

M = 22 ,658 in . l b s .

W i t h  t he  w a l l  t h i cknes s  of 1.15 i n . ,  the  bending s t r e s s  is :

f
b 51 ,398 ps i

The allowable bending stress for unidirectiona l AS-graphite is 180,000 ps i.
T h e r e f o r e  the  m a r g i n  of s a f e t y  fo r  Load C o n d i t i o n  B is:

M.S. = ~~~~~~~~~~~~~~~ 
- I = +2.50

and for Load Condition A:

180 ,000M.S. — 51 , 398 . 

-
~~

---
~~~~ -l  = +.37
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3. Rim Analysis for Cycling Lea in’ - The app l ied stresses in the rim
and t h e  r i ng  s t i l l e n e r  a t  5 , 625 l b s .  r a d i a l  p r e s s u r e  a r e  c a l c u l a t e d  by
r e d u c t i o n  of t h e  s t r e s s e s  c a l c u l a t e d  fo r  C o n d i t i o n  B b y t h e  load r a t i o
5,625/36 ,500 — .154 .

Conseq uen t ly the maximum cycling stresses are : 
I 

-

Shear at the mounting d i sc :

O°/90 ° Compos ite (glass cloth)

= .154 = 127 ps i

±45 ° Compos i t e  (g lass c l o t h )

f
S 

= ~~~7i8 .154 = 284 psi

Bending in t h e  r ing sec t ion :

0° /90 ° Compos i te  ( g l a s s  c l o t h )

f~ = 2 1 , 176 . .154 = 3,261 psi

Unid i r ec t iona l compos i t e  ( g r a p h i t e )  -

4 = 54 , 210 .154 = 8 , 348 psi

Compared w i t h  a l l o w a b l e  m a t e r i a l  s t r e s s e s  at 2 . 3 3  . 106 load cycl es ,
a l l  th e above s t re sses are very low . There fore t h e  d e s i g n  of t h e  w h e e l
rim is d e t e r m i n e d  by t h e  h i g h r a d i a l  impac t  l oads  on t h e  i d l e r  w h e e l .

— 1 1 4 —
A 
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4. Ana lys Is of  t ‘ie Disc — t h e  disc by which t h e  w h e e l  I s  bolted to the
I lange , t ra us icr s shear and bend I ng t re s se’s I rom t h e  rim o t he flange.
The ul t [m a t e ’ loads t o  w h i u b  t h e  d i s c  is s u bj e c t e d  to r t oad Cond i t i on  II
are summarized In Figure’ 2—2 5 . ‘Lhe vert ica 1 load o t Ib , 500 lbs. is
in t rod need in t o t he p I at t by a ph cr1 pu era 1 shi ear 11 ow . ‘1 he max i stum va 1 ue
is 1 , 115 l b / i n  ( a t  10. - ’. 1 i n .  r a d i u s ’) .  l t  i s  r e s i s t e d  by a b e a r i n g  load
on the 9 in. diameter hole o t  lb , 500/ ’) -~ ,05b lb/in. ‘i hie vertical load
also causes a be nding moment ot the magni t ude ot lu ,500 . 4 . 2 5  155 , 125 In.
lbs. a t  t h e  mount ing bo l t s , which is resisted by tension In the ’ bolts and
by contact pressure against the tiange at the bolt circle .

The s ide  l oad o t  30 , 000 l b s .  i s  t raosiu itt ed to the mount lug bolts by sh ear
and results in tension in the bolts . The moment , tV ,000 10.80 —

324 ,000 i n .  l b s . ,  i s  r e s i s t e d  by t e n s i o n  i n  the b o lts and by contact
pressure at the bolt c t r c l e .  ihe total bending moment which is acting
on the disc and must he reacted by the bolts is 155 ,125 + ‘1 24 , 000
479 ,125 in.  lbs.

5. Bend i~~~ Ana lvsl s - The rim of the wheel , togeth e r with the rep laceab le
tire Is very ri g id in bending . Theretore i t  can he assumed that the
edges of the d isc are- fixed . The applied ul t m ate load of 479 ,125 in. lbs.
is equivalent t~~ a moment acting on a t r u n n i o n  of a diameter somewhat
greater than the bolt circle , say 13 In.

For definit ion of bending stresses several published methods we’re
inve stigated and the results compared . These methods a r e  r e p o r t e d  i n :

o Timoshenko , Plat es and Shells , 2nd EdIti on , p. 28’)

o Roark , Formu las for Stress and Strain , 4th ’. Ed iti on ,

Table X , p. 217 & 219

o Roark , Formulas for Stress and Strain , 4 t h  Editio n , p. 242

The T Imoshenko formu las I or I i x  ed eL ’ ,~e condition Inc lude a Poisson ’ s
ratio of .30 w h i c h  app l i e d  to  m e t a l s , hu t  is not correct when used b r
composites.

The Roark Table X formula has p r o v i s i o n s  fo r  d i f f e r e n t  P o i s s o n ’ s r a t i o s ,
however  t h e  a p p  I t e a t  ion  I or Ii xeit edges condition is l i m i t e d  t o  re lat I ye l y
smal l  t r u nn i o n  d i a me t e r s .

Th e Roa rk  p. 247 equal Ions are based on coef ficient s which were d e v e l op e d
for a Poisson ’s rati o of .30, however str e sse s for lixe d edge’s as well
as for supported conel It ion can he c-s t ima t ed

- 1 15-
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The results of calculatin g with the different fo rmulas are presented in
the following . Onl y the maximum bending stress at the radius of 6.5 in.
La listed . The calculat ed stresses are based on the ’ follow i ng d i s c
dimens ions:

r1 
6.5 in.

r 10.43 in .
0

t .52 in .

r /r .62 in.i o

Timoshenko , p. 289

Fixed edges , v = .30

b a’ Mf — —
r1 a’2 r

Where for r /r — .62i 0

a’ = 20.15

30 .50

112 ,125 ps i
i

— l Ii-
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Pe r Roaz-k , Table ’ X , Case No. 5

supp orted edges v — .30 m 1/.30 = 3.33ci ~~~~T
5-72 .r  [ 1  

+ log !_
~~~

_
~~~~~ 

J
Where 

2r
K = — - - —— ~-~~-—- - , .27986

(r
1 
+ .70 . r )~

Then

L 

f
b 

= 148 ,886 psir
1

Same , but ‘ = .12 in = 8.33

f
b 

= 137 ,186 P S ir
1

Per Roark p. 242

v =  .30

The bending stress at the radius 0 1 6 . 5  in .  is gi v en by :

b MI = B ~~~~~~
— - --

~~

r t
0

Where 
~ depend s on tile edge ~oudi t ions and on t h e  r . /r rat io , in  f b icase = .62.

Edges supported .997

Edges fIxed .688

(Compared w it h .660 by Timoshenko)
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The maximum stresses for the supported edges are :

f
b 

— 169,377 psi
i

The maximum stresses for the fixed edges are:

1
b 

— 116 ,882 psi
I

The following summa ry show s the max imum bending stresses , in psi , at the
trunnion for different method s of ana lys i s  (v = . 12) :

Supported Fixed

Timoshenko - 103 ,155

Roark , Table K 137 ,186 -

Roark , p. 242 l55,~2i 107,531
Average 146,506 105,343

This shows tha t the stresses for the fixed edge condit ion are smaller
(about 287.) than the supported edge condition. Because the des ign uses
continuous fabric layers in the corner between disc and rim the fixed
edge condition is justified .

However the actual thickness of the disc is not uniform , bu t tapered
(Figure 2-23 ). This causes less deflection and therefore would result
in less bend ing stress than the constant thickness disc calculated above .

Prior to estimating the stresses in the tapered disc , the !45° do uble r
must be converted numericall y into a 0°/90 ° doubler , so that a uniform
modulus of elas ticity can be used .

~
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The conversion is  c a r r i e d  ou t  by making the bending pa ramet er Ft for I -
the actua l -‘45 ’ laminate and the hypothetical 0~ /90~ laminate equa l .
This resul ts in t h e  0~ /90~ doubler with t h e  m a x i m u m  thickness of: - -

_
— V E0 0 190~ 

- 

-

Where

E~45 0 — 2 . 5  . io6 
psi

6
E
0
0
190

Q = 4 10 ~~S1

= .40 i n .

The n

t
0

0
190

0 = .342 in.

The analys is is now carried out accord ing to T im o s h e n k o , Theory  of P l a t e s
and S h e l l s  2nd E d i t i o n , p.  303. T h I s , howeve r  shows a method to
calcula te stress , when the tapered disc is loaded by centra l force and
no t by a bending moment . For bending of a tapered disc , no methods of
ana lysis are given. Therefore an approximate analysis is carried out
by compar ing coefficients of a centrall y load ed t a p e r e d  d i s c  w i t h  a -

~~~

centra l ly loaded constant t d i s c  and w i t h  a bend i ng moment loaded
constant t disc as alread y calculated . The side load of 30,000- lbs. is
selected as the center load . For t h e  compa rative ana lys i s v = .30 was
used .

The radius ratio is r fr . = 1.6. Accord i ng to Tin’.oshcnko the maximum
stresses and deflectigns ’are :

I-

b P P ’ r
flat disc £ K —

~~~ d 1 
= l(

ih E ii

2P r
tapered disc fb = K’ —

~~~~~ d~ 
— 0

E~~~h 1
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Where K - Coefficient (ext rapolated for r0
/r~ — 1. 6)

K = .257

K’ — .0099

K1 
— .535

= .0211

h — .S2 in.

— .862 in.

-f .
Then the estima t ed maximum stresses are :

fla t disc

f
b 

— 28 ,513 psi I
tapered disc

1
b 

= 21 , 600 psi

To compensa te for the lower Poisson ’s ratio , t h e  stresses are reduced by
87. as in the previous case ,

flat disc

f
b 

= 22 ,810 psi

tapered disc

f
b 17 ,280 psi -

Thi s shows that the maximum bending stress for t h e  tapered disc is onl y
767. of the stress for a flat disc . Consequentl y the pr ev ious l y
calculated bending stress in the .52 in. flat disc of 105,343 psi can
be reduced for a tapered disc per Figure 2-23 to 105,343 . .76
80 ,061 psi.

—12 1- 

~~~~—~~~~~~~-5- -—- - 5- - - - -5- - -  -- -- 5—- -- - 5- - -~~~~~~~~~ -~~~ -- - -



Sin ce the s i d e load of 30 ,000 lbs. must be app lied as a ..enter load as w e -Il
as a b e n d i n g  rn onic ,i t  , the resultan t bending stress ii ’ . t h e  tap ered d is. w i l l
be:

f
b 

— 97 ,341 psire S

i hen  t h e  m a r g i n  01 s a f e t y  fo r  ultimate material strengt h; is:

M .S. ii. ~L~.Q,2 - 1 = -1 . 1 797 , 3 4 1

6. E s t i m a t e  o f  L a t e r a l f l e f l e c t i o n s  - The b e n d i n g  moment cause’s a ti l t i n g
i n  t h e  i l a t  d i s c  ot  (Timoshienko p. 2 B 9) :

M
c c- 3F h

cc — 1 . 6
0

At a radius of 13 i n .  t h i s  i s  e q u i v a l e n t  to  .363  in. latera l def ormation.

The la tera l deflecti on caused by the load in the center of the dis c ,

Fla t dis c

d 1 
= .057 in.

Tapered disc

.027 in.

or 477. of the flat disc
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Assuming the tilting deflection of a tapered disc is also reduced by the
same factor , the total latera l deflection of the wheel is then:

d — (d
2 

. .47)  +

d — .198 1n .

Since the max imum allowable deflection is .50 in., the latera l stiffness
of the wheel is more than adequate.

7. Shear Stresses - The shear stresses in the p la te caused by the lateral
force of 30 ,000 lbs . is a maximum at the bolt circle and ir composed of
the un iform lateral shear and the non-uniform b~ nd ing shear at the
referenc e rad ius of 6.5 in.

The lateral shear stress is:

£ = —‘-— — 1 413 siL 2 . . 6.5 . .52

The bend ing shear has an arc shaped distribution. The maximum shear
stress is estimated from the section modulus of the critical disc shear
sec tion.

Z l3~ /32 = 216 in. 3

Then the maximum shear stress due to bending is:

S 3Q,000 10.8 
- 1 ~0— 216 — , J 0 ps i

The max imum total shear Stress Is at t u e lower half of the wheel disc :

— 1 ,413 + 1,500 = 2 , 913 psimax

-123-
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The allowable ultimate shear stresses for a 0°/90° g lass f a b r ic la m ina t e
are:

Ra i l shear  = 16 ,000 psi

Interlam ina r Shear = 8,350 psi

wh ich means that the ma rg in of sa fety is large.

The a na l ys is has shown that the critical stresses in the disc are
bend i ng stresses due to eccentricit y of the load. However all app lied
stresses have a safety factor greater than “one ” for ultimate material
s t r e n g t h  and therefore t h e  d e s i g n  c o n c e p t  shown in Fi g u r e  2 - 2 3  is
acc eptable .

2.5.2.4 We ight

lb .  7.

Compo site ITheel 46.2 45
./

Tire Support Ring (Aluminum) 12 .1 12

Tire (Rubber) 26.5 26

Wear Plate (Steel) 15.7 15

Doubl er Ring (Steel) 2.2 2

To ta l :  102 .7 100

A comp arison of the weights shows that the composite wheel does not have
a s ig n if i c an t  a d v a n t a g e  over  t h e  aluminum wheel which wcighs 105 lbs.
The aluminum forging alone was est imated to 62.7 lbs. The e q u i v a l e n t
composite part is 46.2 lbs. This is a w - i gh it sav ing of 16.55 lbs. or 267~.
h owever the new requirement of a removable tire and the need for the
doubler t o reinforce the mount inc~ holes add 14.3 lbs. practicall y
eliminat ing th~ w e i g h t sav ing by t h e  composite material .

Since the wheel is designed for impact loads and not for the cycl ic loads ,
the  impact  load on t h e  i d l e r  w h e e l  I s  c r i t i c a l .  T h i s  load is 7 . 5  t imes
g r e a t e r  t h a n  t h e  I m p a c t  load on t h e  road w h e e l .  W e i g h t  s a v i n g  c o u l d  he
a c h i e v e d  b y e l i m i n a t i n g  t h e  requirement fo r  I n t e r c h a n g e a b i l i t y  and d e s i g n
the  i d i  er w h ee l  and t h e  road w h e e l  f o r  t h e i r  load r e q u i r e m e n t s .

— 
S
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2 . 5 . 3  M a n u f a c t u r i n g  Ana ly s i s

A d raw ing of the idler wheel and road wheel is shown on Figure 2-26. The
disc and rim consists of layed up segments of glass fiber fabric in a
pattern shown on the d rawing . Material for both -l  and — 2  a re  layed up
on a m a n d r e l  w h i c h  a f t e r  c o m p a c t i o n  and prebleed is inserted in a f e m a l e
mold and cured . Layup on a m a l e  t o o l  i s  eas i e r  t h a n  w o r k i n g  t h e  m a t e r i a l
i n to  a c a v i t y  and in t h i s  case where it is desirable to control the
outside contours curing in a female too l is better. Pressure can he
app lied either by vacuum bag , wh ich should he of a reuseable and contour
molded type or by therm o elastomeric tooling where t he  male  m a n d r e l
would have a rubber jacket of sufficient thickness to provid e pressure
on t h e  l a m i n a t e  due to  t he rma l expans ion . The s t i f f e n e r  r i n g , ( i t e m  3 on
Figure 2-26) consists of wound unidirectiona l graphite fiber tape and is
cured sepa rately . The ring is bonded to the rim. The mating surfaces
are machined  s l i g h t l y con ica l  to  a s su re  good contact pressure during
bonding .

The rubber  tire , wh ich mus t be of a rep laceable type , is vulcanized to
an aluminum ring which fits over t h e  c o mp o s i t e  whee l  r i m .  I t  is m o u n t e d
to the whee l  by ten bol ts. These bolts are also the attachments for t h e
steel wear plates , which , excep t for the hole pattern , are i d e n t i c a l  to
the wear plates on the existing metal wheel .

The whee l  h a l v e s  are mounted  back to  back on a hub by ten 7/8 inch diameter
bo l t s .  To prevent damage to the composite surface during wrenching a
double r ring has been added to the inside surface o1 t h e  whee l  d i s c .

2 .5 .4  Manu f a c t u r i n g  C o s t s

The d e s i g n  of  the idler and road wheel shown in Figure 2-26 is suitable
for p r o d u c t i o n  in q u a n t i t i e s  less  t h a n  500. As p o i n t e d  ou t  in th e
disc ussion of the drive wheel in paragraph 2.3.4 for large quanti ty
p r o d u c t i o n  f u r t h e r  s t u d i e s  in fabrication techniques must be conducted
and new low cost meth ods must be developed in order to produce a cost
effective part .

E s t i m a t e d  cos t s  to  manu f a c t u r e  the  idler and road whe el are shown in
Table 2-11 for quan tities of 10, 100 and 10,000 units.

Costs  could  be reduced  fo r  the  read whee l  i f  the requirement for
interchangeability with the idler wheel were eliminated . The load
requirements for the idler wheel are  much more  severe  than  f o r  t h e
road wheel.

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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Table 2-11 Idler and Road Wheel Manufacturing Costs

Idler and Road Wheel (Figure 2-26)

Development Engineering and Manufacturing Draw ings $2500 .

Quanitity 10 100 10,000*
Cos t/ l imi t , $

Material 1231 1015 699

Fabrication and Quality Contro l 665 600 341

Prod . Engineering and Program Adm . 270 207 20

Too ling 1288 209 8
Total: 3454 2031 1068

*Fabrica tion Rate :  1000 units/year
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2 .6 Track  En d C o n n e c t o r  L ink

2 .~~.l Base l ine  R e q u i r e m e n t s

2 . 6 . 1 . 1  Desc r i p t i o n

The t r a c k  end connector links tie t h e  t r a c k  shoe a s s e m b l i e s  t o g e t h e r  t o
torn a cont i nuous track. The c o n n e c t o r s  a re  l o c a t e d  on the i n b o a r d  and
outboard sides o t h e  t r a c k  w h e r e  t h e y  a r e  mounted on the p r o t  r u d i n g
p in s  in the shoe assembl y. The link is retain ed t o  the track shoe pins
by a wed ge , which fits into a cavity in the link and is bolted to the
l ink . The wedge locks the pins ri g idl y to the link and keeps the ~sins
from rotat ing .

The c o n n e c t o r  l i n k s  a re  c o n t o u r e d  t o  f i t  t h e  shape  of  t h e  s p r o c k e t  t t - t - t h
on t h e  d r i ve w h e e l . The drive torque is transferred to t h e  t r a c k  throut~h
contact between the c o n n e c t o r s  and t h e  s p r o c k e t  t e e t h .  Th -r e  a re  160
connector links per track or 320 per  v e h i c l e .

7.6.1.2 Dimensional Requirements

The dimensiona l requirements for the end connector are spe cifi ec~- on
Drawing  N o .  11615320. Wedge T r a c k  Shoe , D r a w i n g  N o .  8382359 and B o l t
i~. aw I n g  N o .  8382360 are  used fo r  l o c k i n g  t h e  c o n n e c t o r  t o  the t r a c k  sLoe
pin. The connector is a s t e e l  forg ing of  4 140 a l l oy  or e q u i v a l e n t  hea t
tr eated to Rockwell C 30-45.  Th is is approximately equivalent to an
u l t i m a t e  t e n s i l e  s t r e n g t h  of  200 , 000 psi or 176 ,000 p s i  y i e l d  strength.
The princi pal dimensions of the connector are shown i n  Fi~~u r e  2- 2 7 .

2.6.1 .3 Design Loads

The loads specified for the connector link is 11 ,700 lbr . maximum tension
and 19 ,000 in. lbs . maximum torque on the track pin. The torque is
caused  by rotation of the track shoe r e l a t i v e  t o  th e pin as it travels
around the drive whee l . The p in is m o u n t e d  i n  the t r a c k  shot -  i n  a r u b b e r
sl eeve w h i c h  is bot i-led to both pin and shoe and  i t  i s  t h e  shea r i u~ c i
the  r u b b e r  t h a t  p r o du c e s  the torque loads. This torque is t r a n s m i t t e d
to the connector link throug h the wedge.

It is difficult t o  c o r r e l a t e  t h e  t e n s i o n  loads  on t h e  c o n n e c t o r  w i t h
those on the sprocket tooth. The load spec i fi (-at ions for the drive wheel
sp rocket  - p a r a g r a p h 2 . 3 .  1 .3 , indicate that the tens ion 1o~ ds on one s i d e
of  t h e  t r a c k  cou ld he as high as 61 , 717  l b s .  c o n s i d e r a b ly  h i g h e r  t h a n
11 ,700 lbs. Some of  t h e  tension load in t h e  t r a c k  can be t a k e n  1w t h e
tra ck gui tie (Part No. 11599973) which I s  clamped to t Lie t rack shot- p i n s
in t h e  c e n t e r  of  t h e  t r a c k .  I t  seems unl ike lv , how ever , t hat the t r ack
g u i d e  is c a p a b l e  o f  w i t h s t a n d i n g  t h e  d i f f e r e n c e  i n  t h e s e  l o a d s
(61 ,717 - 11 , 700) . 2 = 100 , 000 l b s .
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The stresses in the present connector are very low even i f  c h e c k e d  t o r  t h e
h igher load of 6 1 , 717 lbs., f~ = 50 ,500 psi which gives an M .S. of 3.0
for ultima te tensile stress . I t  was therefore decided to use the- higher
load for the design of the composite material connector.

2.6 .1.4 We ight 
V

‘Ihe s p e c i f i e d  w e i g h t  of the steel connector is 2.6 l b s .  T h e r e  a r e  160
connec tors  per t r a c k  and 320 per  v e h i c l e , r e s u l t i ng  in a t o t a l  w e i gh t
of 832 lbs .  per v e h i c l e .

2.6.2. Feasibilit y Stud y

2.6 .2. 1 Introduction

The most efficient configuration for a fibrous composite component
des igned for mai nly tensi n loads is a wound loop shown in Figure 7- 28.
The c o n n e c t o r  w o u l d  he a suitable app lication for this type of design.

I-

One area wh ich must be considered in app lying composite materials to the
connector l ink is the effect on mating parts , in this case the drive
wheel sprocket teeth. The ana lys is for the sprocket showed that one of  H
the components should be made of steel or a m a t e r i a l  w i t h  s i m i l a r  -

~~

character istics. Other areas are stiffne ss compared to the presen t desi gn
and wear  under  o p e r a t i o n a l c o n d i t i o n s .

2.6.2.2 Material Selection

The ma terials considered for the loop desig n were grap h ite ,Ke v lar and
glass fiber. Properties of these fibers in an epoxy matrix are summarized
in Table 2-1 . Boron fiber is not recommended for this app lication
because of in addition to hig h cost it is difficult to bend over the
rela ti vely small radius of the loop.

For an est imate of the endurance stress for the ma teria ls R = .36 was
used which is the same value used for the design of the drive wheel
(See Figure 2-13 ) .  A c c o r d i n g  t o  the Goodman diagram and assuming
50 ,000 cycles the allowable cyclic stress is 70~ of the ultimate stress
for all of the considered materials. -
In reviewing the composite material prope rties , tw o groups of values
should be compared . The tension allowables in the d i r e c t i o n  of t h e
fibers (x) and the con tact pressure allowable perpend icular to the
fibers (y). The val ues s h o u l d  also be related to mat erial densit y. -

It appears that the best ove rall prope rties could he achieved with
graphite. It has the greatest “x” — s t i f f n e s s  and t he highes t “y” -
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propor tiona l limit. In tension it is not as efficient as Kevlar , but
Kevlar has a very low modul us perpendicular to the fiber.

2.6 .2 .3  Analy s i s

Previous research and experience has shown that all fibers in a loop in
tension do not carry the same load. The load dist ribution to the
individual fibers varies with the ratio t/r but in general the load I”

capabil ity of the ioop is approximatel y 50~ of th e ultimate load of the
s t raight fiber in tension.

Assuming that the externa l d imensions of the connector must remain the
same as the present design and assum i ng that the present wed ge
conf iguration is maintained it can be seen that t h e  c o n t i n u o u s  f i b e r s
mus t be divided into two loops , one on each side of the wed ge. The
available cross sectiona l area for each loop is: .31 x .31 in.

For P = 61 ,717 lbs . = 3l
6i !7

~~ 4 160 ,000 psi

The allowable stress for 50,000 cyc les  is 126 ,000 .5 = 63 , 000 ps i
for grap hite composite .

For the  sma l l e r  load of 11 , 700 ibs , r
11 , 700 , -

= 
.31 . .31 4 30 , 4 37  ps i

w h i c h  is well within the allowable stress , hut as mentioned earlier it
is believed that the low value of t h e  load is i n c o r r e c t .

The stiffness of the present design and the composite link is compared
by comparing t h e  paramefer FA. The minimum cross section for the metal
connector is 1.22 in2.

EA = 29 . 106 1.22 = 35. 4 106 lb. In .
2

stl

6 6
EA = 21 . 10 .31 .31 4 8.1 10 lb. in .C omp

-1 14- 
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or the st iffness of t h e  composite material link is onl y 237. of the
stiffness of the steel link . This means that a track w ith composite
links w o u l d  he more f l e x i b l e  under tension loads which may h a v e a
detrimental effect on its operation.

A check of the contact pressure between the link and sprocket teeth
indica t ed tha t one of the surfaces must be made of steel. From a
weig ht savings stand p oi n t  the  b i g g e s t  w e i g h t  s a v i ng s would be
ach ieved  by the use of composite links and steel sprockets but when
one considers environmental conditio n s it appears th at the connector
link is exposed to a much more severe environm ent than the sprocket.
Therefore it would he better if the spr ocket was made of composite
mater ials and the link remained steel .

Considering all factors it is concluded tha t it is not feasible to
rep lace the existing link with one made of f i b r o u s  co m p o s i t e  materials.

-1 L~-
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2.7 Truck Wheel Assemb ly

2 .7 . 1 Baseline Requ irements

2 .7. 1 .1 Descr iptIon

The truck wh eel Is desig ned for a five ton , 8 x 8 , cargo truck. There
are e i ght wheels , p lus a spare per truck. The wheel is designed for a
tube type Mich e lin 16 - 20x5 tire with a nomina l tire pressure of ‘4 5  psi .

2 .7 . 1.2 Dimensional Requirement s

The dimensions of the truck whet- i components are specifi ed on Drawings:

DTA - 169875 Whe e l Assembl y (T ube Type)

EITA - 1094521:+ h ub , Whe el

- 10945234 Stud , Huh and Drum

Drawing DTA - 1160 1 14 6  - “Brake Drum and Drive Flange Assv ” is supp l ied  for
reference only . This part is tIo t i n c l u d e d  in  t h e  stuJy . S i x t e e n  stud s
10945733 and used t o  a t t a c h  t h e -  b r a k e  drum f l a n g e  t o  t h e  flub 10 9 4 5 2 1+ .
The Whee l  A s sem b l y l b~~S2 S i s  a t  t ached  t o  t h e  hub by m e a n s  of  e i g h t
unspecified f a s t e n e r s .

Two components , wheel assembl y (16 9825) and hub (10945714), are to he
designed from composite m aterials , such , t h a t  t h ey  can he assembled
together with the brake drum and drive tian ge assemh I~- , 1l60l146 .

The current wh eel assembly, 169825 , is w e l d ed and c o n s i s t s  of  s i x  p a r t s :

1 . Spa cer , DTA-159825-l , .31 thick made from 1010-1012 hot
rolled steel (welded).

2. Base , DTA-169825-2 , made f r om Good year Part No. 81020 H RIM
(welded).

3. Flange , DTA-l698?5-3 , made f rom Goodyear Part No. Bl070 N RiM
(welded).

4 . Disc , DTA-1 69825- -’+ , made from 1010-1012 hot rolled steel
(welded).

5. Flange 1 Good year Part No . F 1020 M.

6. Lock Ring , Good yea r Part N o .  LR 20 H
The abov e Goodyear draw ing s were not provided .

- 
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The cu rrent wheel huh , 1094 52 14, is an aluminum forg i ng , 615l—T 6 per
QQ-A- 367. The d raw i ng show s onl y the machined dimensions , but not the
basic forging dimensions.

The specified design objectives are :

Increased Impact Resistance

Light WeIght

2.7.1 .3 Design Load Conditions

The only speci t ied load requirements are:

Maximum static vertical loads , -‘+ ,500 lbs. wh ich is based
on vehicle wei ght 01 3 6,000 lbs. uni torm ly distributed on
all eight wheels . No m a x i m u m  d y n a m i c  v e r t i c a l  load or
side load is provided , it is stated that the composite
material strength should he equa l to 1010-1012 hot rolled
steel .

Fatigue cycle requirements , maximum tire pressures and
braking loads are not pr o v i d e d .

Due to lack of above load information , an estimate of desi gn loads was
made. The basis for the e st im a t e  w a s  the estima t ed u l timate strength
of the metal components of the wh ’el . Some dim ensions are given on the
draw ings , other dimensions were scaled from th e- availa b le reduced size
draw ings.

The material properties of the hot rolled 1010-1012 t\pe- steel used for
the wheel huh are (Ret: Ryerson Data Book).

F
t U  

= 47 ,000 psi

ty
F = 30 ,000 psi

su .F = 30 ,000 pst

E = 29~~ lO6 psi

C 1 1 ’  lO
6 pst

~ .283 lb/in
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-The app roach  to  d e t e r m i n e  u l t i m a te  t i r e  p r e s s u r e  loads  on the wheel is
to calculat e stresses with a unit load and then to modif y the unit load
by a factor which would result in ulti m ate m aterial stresses in the
steeL wheel . Since the same method of ana lysis will be used for the
coi~oos ite wheel , it is expected that the designs will he equivalent .

1: T i r e  P r e s s u r e  Loads - A c c o r d i n g  t o  i n f o r m a t i o n  r e c e i v e d  f rom a M i c h e l i n
tire deal er , the standa rd pressure of the M i c h e l i n  16-20 tire is 45 psi.
A unit load of 100 psi wi l l  he used for ana l ysis of t h e  steel wheel. Ihe

~assumed tire dimensions are shown in Figu re 2 -29 .

The t i r e  p r e s s u r e  is l o a d i n g  t h e  w h e e l  r im in compression and the rim
flange in bending and shear.

Rim C o m p r e s s i o n :

f
c 

= 
p . R
2~~~ t

100 10 . 
L

= 
2 . .31 = 1 ,613 psi

For a material yield st r ess of 30 ,000 psi , the compressive failure
would start in the wheel rim at 30,000 . 100/ 1 ,613 = 1,860 ps i
tire pressure .

2. Rim Side Loads - The tire pressure is resisted laterall y by the rim
and by the tire crown . The projected area of the torus (inside) is:

~ (46 2 - 20 2) = 1, 348 i n . 2

I

A t 100 psi tire pressure , a total side load of 134 ,800 lbs. is generated ,
half of w ’~ich is reacted by the rim . The pressure centroid is at the mean
radius of the fla nge (10.8 in.) and the pressure is uniform ly distributed
over the flange he ight. The load per inch of circumference at 100 psi
tire pressure :

134 , 800
W = 

2 .2~ 
. 10.8 

= 933 lb/in
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Then the latera l shear stress is :

- s 993
3 ,202 psi

- i 
The t ire pressure at sl it -ar failure would then be ,

30 ,000 100/3 , 202 = 937 ps i

For an ap p i ~ - x i m a t e  b e n d i n g  a n a l y s i s  the e t f - c t  o f  t h e  ri ti+ ~ structure is
meg lect  ed and a 1 i n .  w i d e  s egmen t  is ~ el c-c ted as a reference i n  4 -en d  i n g  -

Then the bending stress in the flange corner is ,

b 993 . 1.6~~~ 6 - _ -
f = —--—— = -4 9 , 598 p s i

2 1 .31

The allowabl e ’ maximum tire pressure would then he 4 7 , 000 100~ 4 9 , 598 =

95 psi. This means tha t a sa lt - t v factor of appr oxim ate1 tw o would be-

present at the re-po rted n c - m i  ra I t i re p r o c  sure- of 45 Psi . C o n s e q u e n t  lv
4 the assumed unit pressure ~ f 100 ps i can he used as the design u ltimat e

pressure for t h e  r i m  d e s i g n , w h i c h  i s  t h e  most critical elem ent of t h e
s t e e l  r i m .

3. Brakinc~ load - Base -~4 on si m ilar work at REC , t h e  hra kin+~ load on the
wheel is estim a t ed t o  8 0 .  c - f  t h e  sta t ic vertical load , or 4 ,500 ‘ .8 0  =

3,600 lbs. At a rollin g radius c - i 23 in., t h i s  results in a t o r q u e  c - I

3 ,600 ‘ 23 = 83 , 000 i n .  l b s .

4 . ~~ n a m i c  l o a d s  — The g i - - e’n v e r t  i c a  I lead ot  , 500 l b s .  is a sta t i c  l o a d .
However  the wheel may e x p e r i en c e  v e - r t  i c a l  dy na m ic loads which are g re -a t or

Based on s i m i l a r  w ork  p e r f o r m e d  hr REt ’ , a 2 g t a c t o r  w a s  s e l e c t e d .
T h e r e f o r e  i t  i s  assumed t h a t t h e ’  m a x i m u m  v e r t i c a l  d y n a m i c  load is 9,000 lbs.

For the side load a ta c to r of 50 i s  u s u a l l y  a p p l i e d . T h e r e f o r e  t h e
m a x i m u m  s i d e  load i s  2 , 250 l b s .  i t  c o u l d  occur simultan e ousl y with the

4,500 lbs . st atic load and tire pressure.
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5. ,k i t ’u e  Loads  - For an estimate of material fatigue a l l o w a b l e s  i t  is
assumed , that t he ii e ’ expect ancy of a whic-e- 1 is 100 ,000 mile- s at an
ave- rage sp e e ! or 30 mp h. ‘1’he loa d  cycle- is comp leted after one revo lut ion
of th e ~ he-e- I , durin g Lb ichi the loads ott t he r i m  chia r~ - ‘-s t rem maximum
v e r t i c a l  load  to  z e r o  load wit h  the tire-  p rt- c sur e ic-ad rnra ininc appr v~:inia t i- l v
c o n s t a n t  . At  a r o l l  i ng  d i am e t  or 0 1  ~6 i n . , t h e  wfi-e-1 covers , d u r i n g  one
revolution , - ‘~~g = l -Y. .5  i n .  = 12 . 0 i  I t .  At  a ed 0 1  30 mp h t h e -  ~-.hc t-l
r ot at  e s  30 ‘ 5280/12 .04 = 13 , 156 t i m e s - h o u r  - T h e r e f o r e  t h u  load chan ce -
f r e q u e n cy  is 13 , 1 5 6 / 3 , 600 = L b S / s e c .  D u n n ’  the 11 :e o f  100 , 000 m i l e - s
t h e  n um b e r  of  b a !  c y c l e s  is  100 , 000 - 5,780/12 .04 33 106 cycles ,
m e a n i  r ig t h a t  t lie whet - i should he d c - s i g n e d  t o  the- endurance- limit of the
m a t e r i a l , whi ch is u s u a l l y r eached  a t  2 lO~ cycles.

Based on t h e  above -  c o n s i d e r a ti o n s  and e s t i m a t e s , the followin c load
requirements w er ~ used by REC for the desi gn of the ~- c o m p o s i t e  w h e e l :

Static Ve rt ical Load 4,500 lbs. limit load

Dynamic Vertical Load 9,000 lbs. limit load

Side Load 2 ,250 lbs. limit load

T i r e  P r e s s u r e  50 psi , l i m i t  load

Brake Moment  82 , 000 i n .  l b s .  l im i t  load

F a t i g u e  V e r t i c a l  Load 0 to  4,500 lbs.

Endurance  Fa t i gue  C y c l i n g  2 . 
io

6 
~~

L i m i t  loads  s h o uld  ha ve a sa f e ty  f a c t o r  of a l e a s t  “two ” for ult ima te
material strength. Fati gue loads should have a safety factor of at
least “one ” for material e n d u r a n c e  limit. The t i r e  p r e s s u r e  l o a d s  a r e
supe r impos ed on a l l  load c o n d i t i o n s .

2.7.1.4 We ight of the Current Wheel

No i n f o r m a t i o n  i s  g i v e n  on t h e  w e i g h t  of  t h e  c u r r e n t  m e t a l  or a1 i t s
components.

Therefore an estim ate of the current wheel w e i g h t  was  p r e p a r e d .
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Wheel Assembly (169825)

Basic Rim = 61.0 lbs.

Fixed Flange = 16.2 lbs.
-~~1

Removable Ring = 37.5 lbs.

Hub Mounting Flange = _8.9 lbs.

Total: 123.6 lbs .

Wheel Hub (10945214) 20.9 lbs.

2 . 7 . 2  F e a s i b i l i t y  S t u d y

2 . 7 . 2 . 1  I n t r o d u c t i o n

The wheel and hub assemblies were designed for four different load
c o n d i t i o n s .

1. V e r t i c a l Load 4 , 500 l b s .
Side Load 2 , 250 l b s .
Tire Pressure 50 psi

2. “ert ical  Load 9 ,000 lbs . (Ult .)
Tire Pressure 50 psi

3. Vertical Load 4,500 lbs .
Tire Pressure 50 psi
Cycl ic Load

4. Tire Pressure 100 psi (Ult.)

The tire pre ssure loads are imposed on the wheel rim only . The loads
are lim it loads except as noted .

Several concepts were investiga t ed . The most feasible design is a rim
asse mbly made from cont i nuous graphite fiber/epoxy compos ite and a I-t u b
made from c o m p r e s s i o n  m o l d e d  s h o r t  g l a s s  f i b e r  shee t  m o l d i n g  compound .
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2 - 7 . 2.  2 ~~ , -  h a l Se- Ie’c t I on

The m at  er h a l  5e~ l i -ct eel 1 or t he - w h e t - I a ss i - iu l ’  i v  is A S- gra i ’h i i t  e’ i - p e -~~v t a p e -

and t a l ’ r i c .  i l i e -  pr op e- tt 1,-c a t e  slu-is ’ t t  in ~i il ’ it- 2 — 1 2 .  In t h e  t i - ~-~t the-
ihe’r O t ~~ c-nt at ic - its a Fe’ LIt- s I go -it i d

I. htc’ ’p i, ci re .

M r- ax i a l  ( r a d i a l  in  I l a t ~ - e - s )

N - e Y  t o  w h e e l  a x i s

b’or t lie ’ l i i i ! -  1 es I i i  s h e e t  mo ld I it c om p o u n d s S-  * 1 by Fibe r it e torp orat ion
and Xl)-~~0 I -_ iaiui t act t t r t ’d hr l)c-w 1lt ,- m j a I tom 4 - an\- w e - I  i- c e l l s  i t t - r i d  . ‘ftc’
mat r i a I Plc -I ct’ t i t s used i ti t lie- aria I V  Si 5 a F e -  st i o t ,’n i n ~a O l e -  2 —  1 . 4 !
r e s i n  sy s t  em i n  t hivse - m at e - i i  a I s I S ~ ct l v  i s t  c F  . Ila St t e l l  1 h i ~ Se t l i l e S ! l ; i  I
1 ‘S’e r t hiatt I or i ’pox ~- sv St ems b it t adv aut ;i~~ c- s o r t - I C i W O F  c o s t  and  I c-u- t i
r nauu  tact u F ug o st  d~t e ’ t o l e ’u  c i  we It! i ug pr e ss ore- s . 81i -i t mol d h u t  o mp o u n d  s

~~~ a l s o  h a v e - c i a  i i  e - i ~ b u l k  t O r t  ers t h a n  h u l k  u o l d  10 . C o w p e i l i i d s  u - h i  c - li me - o t i S  I hat
lie m olds ott !m~ made’ st ip it ’ r - S l i t - t I rue Id  I rig e ’r p o i l  r i _ Is ha c ,  Stie d’ ,- lii i lv

been used jU I Lie aut inset i v -  in d eist r\- ton a nurul’e’r c- I ve-OFs .

2 . 7. 7. A naLy_sis o I W h e e l  A s s e m ! -  1 \- on R i m F 1 a r l ~j~-

l o a d  ( o ~~d i t  i o n  1 V e-t ’ t i ca  I l e a d  i , 500 l h ~

Side Load 2 , 2 50  l b s .

Tire l’ressure 50 p si

The’ v e i t  1 ca l and SId e - loads a t’,- a s s i u r s e - e l  r e a c  t e d  at t h e  cc - n t a c t rod jets 0!
11 .6 ii . (See- Fi c- O u r  7 — ‘u 1 and t h e -  p t e - s su r e -  I each at a mt ’OIt  ia~I lug 0!
10.8 i tt .

It is a I so a SSurS ,’et t h a t  t lie c o i l  cal 1 c-ad s t t ’c-ni g r o un d  c c - n t  act arc-
c c - r i c e - i t t  r a t  e’d h e t w e e ’ i i  S~ ouch — e ’c I rein l i e ’  c- , - r t  i ca  I c t - u t o r l  jim ’ or
equ i c-a lent t o an a i- c i c - r i g  r Ii 0!  15. 2 it ~ • at 11 . t ’ I i i .  I at !  j e t s . ‘l ii ,-  our i c - i d
ot this ar c  i s  I c - e a t  e d  I (1 . 4 7  i n .  I rent t l i e w h e c  1 ~-ti t oi li n t- -

Vert i c a l  I.oael

+ ~~~~~ 
~ 

10 . t7 ) 4,070 lOs .

react ee l a t  11 , b t ’Re l  j e t s
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Table 2 - 12

Mat erial Properties for AS Graph ite Tape and Fabric

in an Epoxy Matrix

0° ±45° 0°/90°
Tape Fabric Fabric

F
tU PSI 180,000 27,300 80,000

F
CU PSi 180,000 30,000 88,000

F
SU PSi 12 ,000 48,000 19 ,000

E
t PSI 21 106 3. 2 . 106 10 .3 •

E
C PSI 21 10

6 2.8 • 8.5 10
6

C PSi .65 10
6 4.5 • io6 1.04 . l0~

7 lb/in3 .056 .057 .057

E
tU 

j / i  .0086 .0085 .0078

(CU 
i n/ i n  .0086 .0107 0103

6 
rad /rad .0185 .0107 .0183

t p l y ,  cured  i n .  .0055 .010 .010
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Table 2-13

Mat erial Propert it’s for Sheet Moldi ng Compounds

F
tU 

pS~ 25 ,000

30 ,000

psi  35 ,000

E
b 

psi 2.5 . 10
6

ps i  5,000

~~~~ ps i 7 ,500

ps i  20 ,000

3
‘-p’ l b / in .069

-N

L 
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Due to the flange contour , the verti cal load prod uces a siJe component
load ot. :

P
p V 

= 4,205 lbs .S 1 tg 48

Side loads on flange ,

P 2 ,250 lbs.S2

Pressu re load art f l an g e  at  50 psi acting at a mean radius of 10.8 in. is ,

= 
10.8 4 9 7  l b s / i n

These side loads cause a bending moment on the flange . For a one inch
a rc  the  t o t a l  bend ing  moment at the neutra l axis of the .465 in. thick
fla nge corner is:

M
b 

= 1 ,134 lbs /i n
max

The total side load on the flange is 852 lbs/in for Load Condition I

Load Cond ition 2 Vertical Load 9,000 lbs.

Ti re Pressu re  50 ps i

4,500 lbs.

= 4,052 lbs.
1

= 497 lbs/In
3

- 14 6-
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Bending Moment

Mb = 892 in. lbs/in
max

The total side load on the flange = 720 lbs/in for Load Condition 2

Load C o n d i t i o n  3 Vertical Load 4,500 lbs.

Tire Pressure 50 psi

Cycling

M.D 
= 456 in.  l b s / i n

mm

Mb 
= 674 in. lbs/in 

H

max

Th en R = ~~~
-
~~~~~

- = .68 (cycle load factor)

Side Load P = 497 to 608 lb/in

Load C o n d i t i o n  4 Tire  P re s su re  100 ps i  ( u l t . )

Side Load = 2 . 497 = 994 l b s / i n  (on r i m )

2. Analysis of the Flange - A concept of the w h e e l  assembl y is  si-town in
Figure 2-30. - The basic laminat e of the rim is .31 in. thick and
consists of 40 interspersed p lies.

20 p lies longitudina l tape t
1 

= 20 .0055 .11 in.

20 p lies 45 0 t a p e t
2 

20 . .0100 = .20 in.

-14 7-
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To d e t e r m i n e  t h e  e f f e c t i v e  moment  of  i n e r t i a  of a one inch w i d e  s t r i p ,
the t45° fabric layers were converted to 00 tape layers by reducing
the effective width the ratio of material moduli , or 3/21 = . 143.

The moment of inertia of this 0
0 

ta p e s e c t i on wa s c a l c u la ted  t o ,

I
I 

= .001037 in4

To compensate for stresses due to the latera l bending moment , the rim
t h ic kness  w as i n c r ea sed by an additiona l 10 plies of tape and 10 plies
of f a b r i c , r e s u l t i n g  in a t o t a l  nomina l t h i c k n e s s  of the laminate of
.465 in .  The a d d i t i o n a l p l ies  were added between the solid flange and
the inner mounting flange (See Figure 2-31).

The moment of inertia of this section converted to 00 tape was calcula ted
to ,

12 .003494 in.
4

The outer flange consists of the .465 in. thick laminate. For the stress
ana lysis the S-shaped flange includes all materials outside of the point
of tangency between the cy lindrical section and the bend radius (See
Figure 2-31). The moment of inertia of the S-shaped flange was calculated
with respect to its centroid ,

13 = .6345 in.
4

3. BendIng of Flange - Load Condition I produces the maximum bend i ng moment
on the flange 1 ,371 in. lbs/in , and a lateral shear force of 852 l b s / i n .

Ihe  anal ysis is carried out per Timoshenko , “Strength of Materials ” . Part
Part II , 3rd Edition , p. 142.

~ =Y~:i’.-:1:~
Where c = inner radius of the rim = 9.696 in.

B = .61
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Fig ure 2-31 D etail of Rim - Fixed Flange
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and

ln~~ = .1442

where d = 11 .20 in.

and B = .1418

T hen b etid i ng momen t  a t  t h e  f l a n ge / cy l i n d e r  i n te r s e c t i o n ,
M = P (d-c)/K

where P = l a te r a l load = 852 l b s .

:i :.is 

+ ~~~~~~ 
( 

~~~~~ 

) ln ~~
-

an d t h e ma x imum bend i ng moment  fo r Loa d C o n d i t io n  1,

M = 852 1.504 /1.15 = 1,113 in. lbs/in

a nd t h e m a x i m u m  be ndi ng st r e s s i n t h e a l l 00 tape section:

N
f
b o

— 

1
2 2

= 74 ,062 ps i

Which gives a safety factor of 180,0O0/7~~,o62 = 2 .4 for  u l t i m a t e  s t r e n g t hof a 00 
tape laminate .

-151-
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At this stress the maximum strain at the surface of the laminate is ,

74 ,062 -

6 
= .0035 in/in

21 10

For the ac tua l laminate , the allowable stress is referenced to a load
in the direction of the longitudina l tape and 45 ° f a b r ic . For a f i b e r  F- ’
o r i e n t a t i o n  of 0° /45 ° at  a r a t i o  of 35/650/,, the allowable mat erial
strength is (per Air Force Design Guide Vol . 1) , -

F
CU 

= 70 ,000 psi

F
tU 

= 73 ,000 psi

At a laminate hybrid modulus of 7 ‘ io
6 

psi the app lied stresses at
.0035 in/in strain are:

f b 
= .004 7 . io6 = 24 , 500 psi

Considering also the axial load of 852 lbs., an additiona l tensile
stress of 852/.465 = 1 ,832 psi  is ap p l ied , r e s u l t i n g  in a t o t a l
tensile stress of 26 ,300 psi. Then the safety factor against tensile
failure is:

SF 
73 ,000 

— 2 7826 ,300

The shear force across the rim cy linder at the flange joint is:

P = B ’ M
o 0

P = 680 lbs/in -

0

-152— 
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For a rim thickne-ss o f  .465 i n . ,  the shear  s t r e ss e s  a re  t h e n :

- s b~ 0 -= 1 ,- ebb ps i

a nd t h e  i n t e r l a m i n a r she - a r  - i l l o w a h i c  s t r e s s  is a t  l e a s t  8 , 000 p s i .

1h e r e t c - r e -  the 1 - t - u  jo-5 ari d shear  s t r e s s e s  in  t Ir e fian ce are w i t h i n  t h e
a l l ~’e - a b l c -  s t r , - S - ~eg  and have  a - z a f e t v  l a y t o n  a s a i n s t  m a t e r i a l  u l t i m a t e  o r
t w o  or  -- c r , - . Lu  c- r d e r to a c h i e v e -  t i r e  m a t e r i a l  s~~r - n - t h  c - a loes , it is
i m p o r t a nt  ha t  the ’ l a m i n a t  I O - ~ m e - C  h o i s  a r e - su c h  that a dense and c-c-id free
l a m i  n a t e  is ach  j c ’,c - d  , p a r t  i c u l a r  l’~ i n th c-  t rans  it ion radius het we- en I larie~e
and cylinder.

For Load C o n d i t i o n  3 t h e  e s t i m a t ed f a t i gue  a l l o w a h l c - s a r e ,

For a 180 ,000 psi ultimat e stress of unidir ectiona l
graphite , t he a l l o w a b l e  s t r e s s  a t  2 ‘ 106 ( e n d u r a n c e )
is 46~O of  u l t i m a t e  a t  R = 0.1 , or 82 , 800 p s i .  Fo r
R = .6 8 t h e  a l l o w a b l e  is 7-+ of u l t i m a t e  or 133 , 200 p s i .

The a p p l i e d  max imum moment t o r  Load C o n d i t i o n  3 is  67. in. lhs !in . Since
the app  I i-b max imco - t  m o r o n :  in  Condi t io n  I is I , 134 i n .  l b s  / i n and mod i f I c - b
more accuratel\ - , to 1 ,113 in. lbs/in , t i r e  moment  t o r  ca l cu I at iri ~ hend i tu 5
s t r e s s e s  fo r  C o n d i t i o n  3 is ,

M = - 674 = 66) in. l b s / i n
0 1 ,134

T h i s  results in  a s t n c - s s  of t i r e  m o d i f i e d  0~
’ tape section of ,

b 661 ‘
= .oo~~ ~~~ 

= 43,985 j)Si

at the strain of -.3 ,985/21 io6 
= .002 in/it t w h i c h  is on 1~- ab ou t 2 ot

ultimate strain. For R = .68 7 4 .  of ultimate strain is ac ceptable.

By inspect ion it is appearant that t h e  b e n d i n g  loads inrpose’d on the
flange by T o a d  (‘ond i t  ion 4 are less t h a n  f o r  l o a d  ( c-nd i t  ion I and
is t h e r e f o r e  not  c r i t i c a l .
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3. Flan~ e in Plane Bend~~~ - C a l c u l a t i o n  of  b e n d i n g  c o e f f i c i e n t s  K is done
in the’ sante ma n n e r  as for tht’ support roller in Paragrap h 2.4 .2.3 . l’he
vertical load is re-presented by two concentrated loads , each assumed to
be 2 3~ from the symmetry line. Therefore 9 = 23°.

Then ,

9 .4014 rad

sin 0 = .3907

cos 9 = .9205

0 = .8473

Maximum bend i ng moment at 9 = = 23 °

M = Q~~~ R ’ Kmax 1

= .23868 ‘ cos o’ - .50 sin 9 + .15915 ‘ K2

= .0966

~~2 
= -y ‘ sin ‘y + 9 sin 0 + cos 9 - cos ‘y cos

2 
9 - 

-

= .454 2

It is assumed ti-tat the bending load is resisted at tire flange alone . The
moment of inertia for the flange , 13 = .6346 in.4.

The maximum vertical load on tire flange ic for Condition 2 , where
= 4,500 lbs. Then tire bending moment at the centroid of t h e  f l a n g e

Is at 23° from t h e  v e r t i c a l  c e n t e r l i n e :

P
R ‘

= 2,365 in. lbs.
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and the maximum bend i ng stress at the outer diameter of the flange ,

f = = 3 ,727 psi

The safety factor for in-plane bending for Condition 2 is ti-ten ,

S F = 
22~~289 

— 63 , 727 —

5. A n a l y s i s  of  R e m o v a b l e  R i n g  F 1a nr ~e - Load Condition I was determin ed to
be the  mos t c r i t i c a l  fo r  t h e  l a t e r a l  l o a d i n g  o f  t h e  f l a n g e .

The maximum lateral load per irr . arc length is therefore:

Side load due to road loads ,

P
1 18 . 2  = 355 l b/ in

reacted at R = 11.6 in.

Side load due to pressure load , 50 psi ,

P
3 2 T ~~~~10.8 

= 4 9 7  l b/ i n

reacted at R = 10.8 in .

These loads a re  r e s i s t e d  b y t h e  lock r ing at  a r a d i u s  of  a p p r o x i m a t e l y
10.25 in .

The resultant of these loads is at R = 11.13. The t w i s t i n g  moment  is
t h e n ,

N
T 

= 750 in .  l b s / i n

and the lateral shear force is 852 lbs/in , which is loading the lock ring
in shear  and t h e  r emovab le  f l a n g e  in b e n d i n g  and si-tear.
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Per ‘I’imoshenko , “Str ength and Materials ”, Part II , 3rd Ed ition , p. 138 ,
the bending moment at the cross section of the flange is ,

M =
0 1

where NT = twisting moment = 750 in. lbs/in

R = location of section cent roid from the center line of the wheel

— The bending stre ss is then ,

M ~~X
f

b o 
—

H I
y

Where I = moment  of inertia of the ring in the p lane of the ring

X = distance from the neutra l axis

For a ri ng with a rectangu lar cross section , the term X/I~,, is r epla ce d by
12/ h 3 r ln d/c. In this case the maximum stress is at the inner corner of 

Cthe r ing ,

6~~~ M ‘R
f =— 

t 
—

max 2 d
h ‘ C  ‘ l n

C

where h ring thickness

c = ring inside radius

d ring outside radius

Assuming c 10 In. and d = 11.89 in. R = 10.945 in .

then h~ j~~(r equir ed ) = .56 i n . , make .60 in.

and

= 75 ,823 psi
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Compression of the rim cy l i nder  i s caus ed by tire pressure , 100 ps i  ultimate.
The compressive stress is ,

c 100 ‘ 9 .845 -
1 .31 = 3 , 176 p s i

The allowable- stress in t h e  hoop d i r e c t i o n  i s  2 7 , 000 p s i .

The loads on the lockring ring recess are shown below .

85 2 1 h  s / i n~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 2 l b s / in

The maximum bending stress for a one inch w i d e  sect  ion ,

f h 852 852 .3? ‘ 6
= 

.31 + 

.31
2

= 19 ,23c) psi (tension)

The m o d u l u s  of  e l a st  i c i t v  for t I r e  h y b r i d  l a m i n a t e  c o r i s i s t i r i C t  o f  15’., 0~
and 65’ .- ~4 5~ t ih e r s  9 . 3 - l0~

’ psi . The maxiurruni st u a in is . 0(121 i n / i n .
T h i s  c o r r e s p o n d s to  4 3 ,400 psi allowable Stress I i i  t h e  I c - t i  i t u d i r r a l t a p e
and 6200 psi in t h e - t4 5 ” tabric . The safety fac- tors are- t h e r . -  t c i O  la rCe ’

The shear stress ,

s 852 -
= 7748 ~~5 1

The a l l o w a b l e .  s i r e -a r  s t re s s e s  a re  a p p r o x i n i a t e l v  8 , 000 p s i .

The t ens i o n  st re-sse- s in t lie r I nu a re  c a u sed  liv t ire pressure and t lie side
componen t  o I t i r e  c- c r  t i - a  I I cad . T h e  In t c-rn I load w a s  p rey  i O U  S I  V be - I e rtut i rue - el
to ire 852 lb/in (limit).
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_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  -j



Assuming that mainly the long itudina l tape is resisting this load , the
stresses are ,

f
t 

= = 7 , 745 ps i

The saf ety [actor is very large since the allowable tension stress is
180,000 psi .

7. Interna l Flange - The internal flange consists of two sections . One
is formed by a part of the rim mat erial. The other is a separate ring
bonded to the rim . Eight 5/8 d iameter b o l t s  in t h e  f l a n g e  t r a n s f e r  shear
f orce s caused by brake loads and vertica l wheel loads to the hub . The C

f l a n g e  has c u t o u t s  fo r  lugs  in the brake drum . The critical elements are
therefore the individua l flange segment s containing the bolt holes.

The maximum si-tear flow at the bolt radius of 8.562 in. is produced by,

1. Max imum vertical load 9,000 lbs. p7
2. Static vertical load 4,500 lbs. w ith brake moment 83 ,000 in. lbs.

The la tera l shear  is produ ced by 2,250 lbs. side load in combination with
the 4 ,500 lbs. vertica l load .

The maximum shear flow for Condition I is ,

S = 
~~ • 8.562 

= 335 l b/ i n

and for Co ndition 2 ,

s = + 
83 , 00p_~

‘ 8.562 
8.562

2 
2 i

-
~ 

—

= 348 lb/in
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The load per bolt is ,

pS 348 ‘ 6 . 7 2  = 2 ,335 lbs.

Since th e flange transfers main ly shear , t h e  f i b e r  o r i e n t a t i o n  shou ld
inc lude ±45 ° tangent ial to t h e  bolt circle.

As shown on Figure 2- 31 t h e  i n t e r n a l f l a n g e  is b u i l t  up of ten p lies
rad ial tape (.055 in.) and ten plies ‘45” fabric (.100 in.) p lus the
.34 5 t h i c k  bonded on f l a n g e w h i c h  c o n s i s t s  of !45 ” f a b r i c .

The bearing pressure is calculated from :

~BR 
= .583 

~ (
~
- - 

~
) / (

~
- + 

1 )

where

P = bear i ng load = 2 ,335 lbs .

L = bearing l ength = .445  i n .  (onl y p 4 5 ° f i b e r s )

R
1 

= radius of the hole = .35 in .

1(
2 

= r ad ius  of t he  b o l t  = .313 i n .

= modulus of composite = 2 .8  ‘ io6 psi

E
2 

= m o d u l u s  of  bo l t  = 29 ‘ io6 psi

Then

PB 
= 39 , 105 ps iumax

wh ic h is h i g her than t h e  a l l o w a b l e  FCC1 
= 30 , 000 psi. The hearing stre -ss

may b e r ed u ced by a d d i n g  m e t a l  s h i m s  to  t i r e  l a m i n a t e  or add m e t a l  i n s e - r t
to  t h e  h o l e s .  The lat I er a p p r o a c h  was  c h o s e n  and steel b t u s i i  i trgs w i t h  .85 i n .
O.D. and .70 in. 1.D. were added to the h o l e s .

_________________________________ I
6
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2.7.2.4 Des ign Analy sis of the flub (10945214)

A concept o t~ the huh is shown in Figures 2-33 and 2-34 . The structura l
function of the huh is to transmit road loads fronr the rim to the axle ,
and the  d r i v e  and b rake  t o r q u e s  f r ont  the brake drunr (11601146) into tire
whe e l r i m . The t o r q u e  a f f e c t s  onl y t h e  p o r t i o n  of t h e  h u h , w h i c h  i s
between the bolt patterns b r  the wheel r i m  (8.562 din.) and t h e  brake
dr um (8 .25 dia. ) . The cent er of the hub t ransnr i t s only c’ert ical and side
loads. The whee l  i s  a t t a c he d  to t h e  hub by ei ght  5 /8  d i a . b o l t s .  lice
brake drum is held to t h e  hub  by s i x t e e n  7 /16  i n .  d i a .  s t u d s .  B e c a u s e
of close tolerance requirements for t i r e  h e a r i n g s , a m e t a l  i n s e r t  has
been added to  t i r e  c e n t e r  of  the hub , It is molded in p lace.

The pres ent hub is an aluminum forging 6151- 16 with the follow ing
p roperties (ANC-5 , March 1955).

tu .F 44 ,000 psi

Ft)
~ 37,000 ~~

Sri .F 28 , 000 psi

E 10.2 10~ psi

G 3.85 ‘ io6

.097 l b / i n 3

1. Stress Anal ysis - The huh i s  mo lded  f rom shee t  m o l d i n g
compound s such as S-641- ’c or X D - 3 0 l 3 .  P r o p e r t i e s  a r e  l i s t e d  i n  T a b l e  2 - 13
in Paragraph 2.7.2 .2. Th e s i d e load , 2,250 Ibs , is introduced at a
roll ing radius of 23 in. and is distributed over a section of ‘- 30 form
the vert ical centerline.

= 706 l b / i n  a t  the bolt circle

Roark , “Formulas for Stress and Strain ”, - 4 t h  E d i t i o n , p.  2 7 2 , Case 20
was used fo r  t h e  ana ly s i s  of t h e  huh .

- 1 6 2 -
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The s t r e s s e s  a t  t h e  i n n e r  edge ,

f b 
= 

2 n  ‘ t
2 

K
1

and at the outer edge ,

P
— 

3
— 

2 
K 22~~~~’ t

where
2 ’ r  I r

0 1 0K = 1 - —— — u n  —
1 2 2 t r .r - r . \ i

0 3.

22 ’ r  i ri I 0K = 1 - - u n  —
2 2 l~~~ rr - r~ \ i

with r and r1 designating t h e  o u t e r  and t h e  inner  r a d i u s  r e s p e c t  ive 1~ and
t the °effec tive thickness of the p late.

The composite hub design has molded radial ribs at  a s p a c i n g  of  ~5 ” . l’ite
pu rpose of t h e s e  r i b s  is  to  reduce tir e thickness of t h e  b a s i c  p l a t e .  In
o rder  to  he a b l e  t o  use t i re  above f o r m u l a s  t h e  r i b b e d  cross  sc- t ion i s
rep lac e d  by a c ross  s e c t i o n  of  c o n s t a n t  t h i c k n e s s  w i t h  e q u i v a l e n t  stren~~ h.

The moment of  i n e r t i a  was  c a l c u l a t e d  fo r  two s e c t i o n s  and l i r e  min iniun r
S e c t i o n  m o d u l i  w e r e  d e t e r m i n e d . Then t i r e  c o n s t a n t  t i r i c k n e s s  t ’ was
c a l c u l a t e d  fo r an e q u i v a l e n t  s c - c l  ion m o d u l u s :

zr I 
- 

tu r i n
in. in .4 in. 3 i n .

4.25 .1160 .1698 .957

7.50 .0579 .12886 .628

- IbS - 
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Then the r a d i a l  s t r es s e s  a r e :

K1 = - .858

At r
1 = 4 . 2 5  in. , ( see  K

1 
calculation for aluminum = - .858):

f b 
= —16979 psi

35 ,000 
2S.F. 16 979 .0

at r = 7.5  in , K 2 = .197

and the  bending  s t r es s , C

f b 
= 14 , 112 ps i

and the  s a f e t y  f a c t o r ,

35 ,000 
/S.F .  

14 112 = 2 .48

-1
2 . Wheel  M o u n t i n g  H o l e s  - The max imum b e a r i ng  load is 2 , 335 l b s .  ( l i m i t )The maximum b e a r i n g  p re s su r e  i s :

~br 
= 

2 :66 .88 = 6 , 030 psi

-166-

L - - - - - - -



-153-

_ _ _ _ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ..: ~~~~~~~~
-:

~
-I --T :~~~~~~.

3.  B r a k e -  Drum M o u n t i n g  H o l e s

T o r q u e  load per  b o l t ,

= 
o - 2  

= b 29 l b s / b o l t

Bolt hearing area = - - . 7 7  ‘ .88 42 i n . 2

B e a r i n g  p r e s s u r e  w i t h  a l l  b o l t s  l o a d e d  u n i f o r m l y ,

br 3 . 629 - -= 2 .  . 4 2  = 2 , 2~.5 p s i

The s a f e t y  f a c t o r  is  l a r g e .

4 . I n - P l a n e  S h e a r  - Tire  road l oads  are transmitted from t h e  t i r e  and r im
to  t h e  a x l e  h~- i n - p lane  s he a r  f l o w  in t h e  hub . The b r a k e  t o r q u e  l oads
a f f e c t  t h e  h u b  o n l y  a t  t h e  o u t e r  p e r i p h e r y .

For C o n d i t i o n  1 t h e  shc-a r f l o w  is 355 l b / i n  ( l i m i t ) .  Tire hub  t i r i c k n e s s
at  t h e  m o u n t i n g  b o l t  r a d i u s  i s  .45 i n .  The m a x i m u m  s i -t ea r  s t r e s s  is t h e n ,

5 335 - -f 1 = — —
~~ = 7-c 4 ps i

Close  to  t i r e  hub a ’ a r a d i u s  of  4 7 5  i n .  t h e  m a x i m u m  shea r  f l o w  f o r
Conditiou r 1 is 9 , 000/~— . 4 2 5  = 67- .  l b / i n . ,  t h e  b a s i c  hub thickness

.70 in. and t i r e  ur r ax in i u r r u  s h e a r  s t r e s s ,

a 674 -= = 963 ps1

For C o n d i t  ion 2 , w i r e r e  t h e  brake  t o r q u e  i s~ ~~i p er i t u r p o~~ed on t h e  s t a t  i c

~oad , t h e shear flow at tire brake flange bolt radius is ,

S = + ~~~~~~~~~~~~~~~~~~~~~~~~ = 367 tb / i n8 . 2 5  2
8.25  . 2~~
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Tire huh  t h i c k n e s s  is , .47 i n .  and t i r e  m axiu rt u ir r  s hear  s t r e s s ,

-s 367 -= —
i 

= 782 psi

~C - tC sequcnt lv t h e  h i g h - t e s t  s h e a r  i s  963 p s i  and t i r e  s a l t - t v  f a c t  or  a t  t h e
a l l o w a t —- i n - p l an t -  s he a r  s t re s s  of  7 , 500 ps i .

S .F .  = L L P~~ = 7 . 8

5. Hub C e n t e r  - The hub  c e n t e r  t r a r r sn r i t ~ s i d e  l o a d s , v , - r t i ~~a l l oads  a n d
b e n d i n g  l o a d s  to  t h e  hearings. Because of t h e  l a r ~ ,- ar ,- a s  i n ve r t i c a l
and l a t e r a l d i r e c t i o n s , t i r e  c o m p r e s s i v e  s t r e s s es  h , - t ~ - & - e n  t h e  m o 1-~eJ h ub
and t h e  m e t a l  b u s h i n g  a r e  o b v i o u s l y low .

However  a c ir e c k  was  m a d e  f o r  b e n d i n g  s t r e s s e s  in  t h e  h u h  c e n t e r  f l a n g e
ca us ed by si d e  l o a d s .

For t h i s  p u rN - s e  a conservative approximate analysis was used on a
one inch  w i d e  r a d i a l  s l i c e  of  t h e  irub a t  t h e  bushin g .

I t  was  d e t e r m i n e d  e a r l i e r  t i - t a t  a t  a r a d i u s  of  4 . 2 5  h r .  f rom t h e  huh c e nt e r
t h e  b e n d i n g  s t re s s  in 16 , 979 ps i  and t i r e  e q u i v a l e n t  t l r i c k n e s s  is  .9 5 7  i n .
The e f f e c t i v e  b e n d i n g  moment  in t h i s  s e c t i o n  i s ,

Mb = f b 
- z

Mb = 2,592 in. lbs.

Thi s  bend in g  moment  i s  r e s i s t e d  by a coup le  a t  t ir e h e a r i n g  cen t  r o i d s
(2 . 2 i n . )  aur d r e s u l t s  in a r a d i a l  f o r c t -  of ,

= = 1 ,178 l b s /i n
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The n iax imu m t e n s i o n  or c o m p r e s s i v e  hoop stress result i ng  f r o m  t h e
be ndi un t rur c-ulre nt is  a p p r L - x t m a t e l y ,

2

f = 1 1 78 = ~~~~~~ 
+ 2. 72 ’

3 .38
2 

- 2 . 7 2
2

f = 5,508 ps i

For an allowable tension stress of 25 ,000 psi , the safet y factor is large .

This analysis shows that all applied stresses in tire wheel hub are
a c c e p t a b l e  and r e s u l t  in s a f c t \ -  fa cto rs g r e a t e r  than 2 .

2 . 7 . 2 . 5  Weig ir t Ana ly s i s

Tire c a l c u l a t e d  w - i g i r t  of t h e  c o m p o s i t e  w h e e l  a ssembl y excluding the hub is
33 l b s .  Thy — w e i g h t  o f  t i r e  m e t a l  (s~ eel) r- h el is 124 l b s .  Tire estimated
w e i g ht  s a ” i n g s  is then 91 l b s .  or 73~~.

The c a l c u l a t e d  w e i~’, irt of the compos i t e i rub  is 1 7 . 2  l b s .  Ti re  w e i g h t  of  t h e
metal ( a l um i n u n )  h u h  is  2 0 . 9  l b s .  The eat  m a t e d  n- c- i g i r t  s a v i ng s  is t h en

C 3 . 7  l b s .  or 1 8 .

The weig ht savings per truck would he (for nine wheels) (91 + 3.7) ‘ 9 =
852 l bs .

2 . 7 . 3  M an i t f a c t u r i t r g  Ana l y s i s

A d r a w i n g  of  t i r e t r u c k  w ire d  r i m  i s  shown ou r F i g u r e  7 - 3 5  and of  t i r e  h u h
on F i g u r e  7 — 3 6 .  Tire  r i m  i s  b o l t e d  to ti re i r u b  t o  f o r m  a n - h r - c - I ~ssemh1v
The r i m  c o n s i s t s  o f  a c y l i n d r i c a l  r i m  w i t h  an int eg ral inner flp r r g t - f o r
m o u n t i n g  to  t h e  h u h  and two outet flatrges for tire retention. Cne of
these fla ’irr -s i s  i u r t e t t r a l w i t h  t i r e  - v l i n d c - r , t he o t h e r  i s  r e m o v a b l e  i n
order to i n s t a l l  t i r e  t i r e ,  l i r e  r e m o v a l - t i e  f l a t i ~~t - is h e l d  in  p l a c e  by a
sp l i t  r i n g  w h i - c h r  n e s t s  in a g roove  i n  t u e  c v l i n t h - r .

The l a y u p  aurd  c u r l  ng t o o l  f o r  t h r - c v i  m dc i -  and flange i s  a s eg m e n t e d
r i n g  w i t  h i t i r e  fu r s i d c -  s ue  face cu l l  fer m i urg t o  I i t t -  c - t u t  s i d , -  cen t  our  of  t hue
wit eel . The t o ø l  i s s , - y w . - n t  e d  so I Erot  t i r e -  r j un can  i-c r emoved  I r un -  t he
too l  a f t e r  cu r e .  Tire 4 0 p 1 i c - s  wi n c i i  fornu  t u e  ma i n  body o f  t I r e  r i m
(See F i g u re  2 — 3 5 )  ar e  I a i d  up  on t i r e  t o o l  and j u r ( - c . C n pae -  t I C i  - Th c 20 p i i c s
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wh ich form part of the cy linder , the inside and outside flanges are
laid up on a rubber jacketed mandrel , precompacted and inserted in the
r im t o o l .  The 39 p l i e s  f o r n r i n g  t h e  r e s t  of  t h e  i n te r n a l f l a n g e  is  l a i d
up and compacted on a separate tool. The outside contour after con .paction
mus t be slightl y smaller tiran the inside diameter of the rim layup so
that the flange can be pushed into the cy linder.

Curing pressure is orovided throug h expansion of the rubber jacket on the
mandrel for the left side of t h e  w h e e l  ( F ig u r e  2 -35)  and vacuum bag and
autoclave pressure for the interna l flange and the rest of the rim . The
hard surface on the mandrel prov ides fixity for th e interna l flang e
location.

After curing it is necessary to machine the notched contour of t h e
internal flange and the hole pattern. No other machining is required .
The metal inserts in the holes are bonded in p lace.

The removable flang e (Item 2 on Figure 2-35) is compression molded and
cur ed in matched metal dies. The material is laid up as a f l a t  r i ng ,
and stage formed prior to i’eing p laced in the die.

The retaining ring (Item 3 on Figure 2-36)  is a l so  compress ion  molded and
cured in matched metal dies. The material is formed by ro ll w r a p p ing
grap h ite fabric prepreg into a rod or tube , cutting it to length and
p lac ing  i t  in t h e  d i e .  The sp l i t  in t h e  ring can be part of t h e  d ie  or
the ring could be cut after curing at the bonded ends .

The hub shown on Figure 2-36 is compression molded f rom shee t  m o l d i n g
compound . The aluminum insert in the center is mo lded in place. A l l
features could be molded but it may be more desireable to machine the
bearing seats and the locating tabs for the brake drums after mo lding
to assure that the concentricity tolerances are held.

2,7.4 Manufacturing Cotts

The des ign  of t he  t r u c k  whee l  r im si-town on Fi g u r e  2-35 is s u i t a bl e  fo r
p r o d u c t i o n  in q u a n t i t i e s  less than  500 . For l a r g e r  production quantities
as pointed out in the discussion of the drive wheel in paragraph 2 . 3 .4 ,
further studies in fabrication techniques involving continuous fiber
composites must be conducted and new low cost methods must be developed

in ord e r t o pro d uce a cost effective part .

The wheel  huh shown in Figure 2-36 is molded from sheet molding compound .
This process Is suitable for large as w e l l  as small production quantiti es.

C 
Estimated costs to manufacture the wheel rim and the huh are  show n in
Table 2-14 

- 
for qua ntities 10 , 100 and 10 ,000 units.
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Table 2-14 Tru ck Wheel M an u f a c t u r i ng  C o s ts

Truck  W h e e l  R i m  (F i g u r e  2 - 3 5 )

Deve lopment  E ng i n e e r i n g  and Manufacturin g Drawings $4500.

Quantity 10 100 l0 , 000’~
Cost/Unit , $

Material 1801 1525 1091
F a b r i c a t i o n  and Quality Control 1578 1313 778
Prod . E n g i n e e ri n g  and Pr ogram Adm.  978 140 9
Tool ing  __~ 49 55 -~~

Tota l :  4806 3033 1882

Wheel Hub (Figure 2-36)

D e v e l op m e n t  E n g i n e e r i ng  and M a n u f a c t u r in g  D r a w i n g s  $1000.

Quantity 10 100 l0 , 000~
C o s t/ U n i t , $

Ma ter ial  90 72 69
Fabricat ion and Quality Control 3 2 3  191 109
Prod. Eng ineering and Program A d m .  129 40 5
Tooling 1288 209 8

To ta l :  1830 512 191

*Fabrjcatjon Rate: 1000 units/year

L 
- 17 6 -
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3 .0  Cost and Weig h t  C o m p a r i s o n

A comparison of the estimated costs of the composite material components with
the actua l costs of the present metal c o m p o n e n t s  i s  shown in  T a b l e  3- I . The
costs for t h e composite components are based on a quantity of  10 ,000 wi u icir
was reported in tire p r e v i o u s  p a r a g r a p hs u n d e r  M a n u f a c t u r i n g  C o s t s .  The
costs for the metal c o m p o n e n t s  a r e  t a k e n  f r o m  t i r e  S p e c i f i c a t i o n s  and
Requirements section of the contract. No cost figure was given for the
truck wheel.

The comparison shows that for most components the composite parts arc
considerabl y more expensive to manufact ctre than their metal counterparts.
This is due in part to the fact ti -tat in a development program the composite
part is required to be interchange able with the metal part and therefore
t h e  e n v e l o p e  and shape  a r e  r e s t r i c t e d , m a k i n g  i t  difficult t o  u t i l i z e  t h e
fibrous material to its full potenti al. Another reason is the lack of
low cost manufacturing methods for large quantity production. To date
app lication of advanced fibrous cou-trposit e materials to structura l
components of comp lex shapes have been mainl y in the aerospace i n d u s t r y
where production quantities are comparativel y sma l l . More s t u d i e s  a r e
required in the area of fabrication techniques itt o r d e r  to p roduce  cos t
e f f e c t i v e  c o m p o s i t e  m a t e r i a l s  p a r t s .

Table 3-2 show s a comparison of weights between the composite components
and t h e  p re sen t  m e t a l  p a r t s .  The l a r g e s t  w e i g h t  sav ing  is fo r  t h e  d r i v e  

- 

-

wheel which is also the m o s t  d i f f i c u l t  and mos t  e x p e n s i v e  t o  f a b r i c a t e .
Considerable weight saving is also achieved for the truck wheel , especiall y
the rim assembl y. Fabrication of the rim assembl y is re lativel y di fficu lt
but simp ler than the drive wheel hub. The truck wheel hub is a compression
m o l d i n g  w h i c h  is quite simp le to manufacture. The existing metal h u h  is
made of aluminum so the wei ght saving is less than for the steel components.
Costs were not given for tire metal truck wheel.

The s m a l l  wei g h t s a v i n g  shown f o r  t h e  I d l e r  Wire d  and Road W h e e l  i s  in
p a r t  due  t o  t h e  f a c t  t h a t  t h e  r u b b e r  w h e e l  m u s t  be r ep l a c e a b l e  and r e q u i r e s
special arrangement. Also the metal hub is tirade of  a l u m i n u m . More w e i g h t
cou ld  be saved on t h e  road w h e e l  i f  t h e  r e q u i r e m e n t  of  i n t e r c h a n g e a h il i t v
wi t h  t h e  i d l e r  w h e e l  w e r e  d e l e t e d .  Tire  d e s i gn is dictated by the load
c o n d i t i o n s  w h i c h  a re  much  more  s eve re  on t i re  i d l e r  w h e e l  t h a n  on t i r e  road
wheel .

- 177- 
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T a b l e  3- 1

Cost Comparison

Cost , $
Component  M e t a l  C o m p o s i t e

1. Torsion Bar 98.85
2 . Dr ive  Wheel

Hub 597.77 2598
Sprock et 179.33 1016

3 . Track Suppor t R o l l e r  27 .75 239
4. Track Idl er Wheel 150.87 1068
5. Track Road Wheel 150.87 1068
6. Track End Connector Link 3.50 -

7. Truck Wheel

Rim Assy . - 1878
Hub — 195

- 17 8-
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Table  3-2

Wei ght Comparison

Weig h t , Lbs .  Wei gh t  Sav ings
Component Metal Composite lbs.

1. Tors ion  Bar 105 - - -

*2 . D r i v e  Wheel
(m ci. Sprockets) 523 158 365 70

3. Track Suppor t  R o l l e r  22 15. 7 6 . 3  29

-9 4 .  Track I d l e r  Wheel  105 102.7 2 . 3  2 . 2

5. Track Road Wheel 105 102 .7  2 .3  2 .2

6. Track  End Connec to r  Link 2 .6 - - -

**7 Truck Wheel ( m d .  Hub) 144.5 50.2 94.3 65

* Drive Wheel (Hub) 303 113.3 189.7 63

(2  Sp r o c k e t s )  220 44 . 6 175.4 - 80

** Truck Wheel (Rim Assy.) 123.6 33 90.6 73

(ilub ) 20.9 17.2 3 . 7  18

-179-
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.0 P r o t o t y p e  D e v e l o p m e n t

The projected costs to carry out development to one prototype part for
each of the conrponents is shown below . The c o s t s  a r e  based on t i r e
des ign  c o n c e p t s  sirown in t i r e  r e p o r t  and i t  is assumed t i-tat l i t t l e  or
no a d d i t i o n a l eng i n e e r i n g  is r e q u i r e d  o t i r e r  tiran pr~/ducing prototype
manu f a c t u r i n g  d r a w i n g s .

Drive Wheel

Hub ( F i g u r e  2 - 1 7 )

Des ign Eng r . and Draw ings $ 1,000.
Mat erial 4,870.
Fabr i ca t  ion and Q . C .  3 ,100.
Process Engr. and Proj . Adm. 1 ,470.
Tooling j~~~OO .

To ta l :  $26 ,540

Sprocket (Figure 2-18)

Design Eng r. and Dr aw i n g s $ 500 .
M a t e r i a l  1, 316.
F a b r i c a t i o n  and Q .C .  780.
Process Engr. and Proj . Adm. 1 ,040.
Tool ing 8,970.

Total: $12 ,606 .

Suppor t  R o l l e r  ( F i g u r e  2-19)

Design Engr. and Drawings $ 500 .
Material 110.
F a b r i c a t i o n  and Q . C .  490.
Process Engr. and Proj . Ad m. 250.
Tooling _4 ,4~~0.

Tot a l :  $5 ,840.

Idler and Road Wheel (Figure 2-26)

Design Engr. and [)rawings $ 1,000.
Mater ial 1 ,230.
F a b r i c a t i o n  and Q . C .  1 , 000 .
Process Engr. and Proj . Adm. 500.
Tooli ng 12 ,880.

Total: $16 ,610.
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Truck Wheel

Wheel  Rim ( F i g u r e  2-35)

Des ign Engr . and Drawings $ 1 ,000.
Material 1 ,800.
Fabrication and Q.C . 2,370.
Process Engr . and Proj . Adnr . 500.
Too l ing  4~ 49O.

Total: $10 ,160.

Hub ( F i g u re  2 -36)

Desi gn Engr . and Drawings 
$ 500.

Material 90.
Fab rication and Q.C . 485.
Process  Engr . and Proj . Ad m .  250 .
Tool ing  12 .880.

T o t a l :  $14 , 205.
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