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UNIT Y  C L A S S IF I C A T I O N  OF THIS PAG(f PN an bat. Inspvad)

us in g composite material hardware. One concept was constrained by form , fit 4

and function , one by fit and function , and the third by function onl y. The
most effective gains in the use of composite mater ial was when design freédoni
was increased and on lV the functio n constraint was used.

Phase II effort was red i rected as a resu lt of the Phase I re sults , and the
main landi n g gear for the ATS advanced fi ghter , which is in the prel iminary
des i gn stage , was selected as the baseline since it requ i red only the funct ion
constraint . The scope of m ater ia ls studied was incre ased , and Metal MatrU
Compos ites and Adv anced Metall i c s were studied , as ~e 1l as Organic Advanced
Composites . Desi gns were made , ana l yzed , and evaluated for each concept.

Eva l uation indicated tha t Metal Matrix (boron/aluminum) Composite fabricat i on
is not state-of-the-art for comp lex landing gea r components. Both Organic
Advanced (graph i te/epoxy) Composites and Advanced Me t a l l i c  (Superplastic formed
and di ffusi on bonded titanium ) Desi gns are ‘iiab le concepts.

For the volume l im ited 1 1 ATS aircraft , whe e the nacelle ‘as increased to
provide room for the larger advanced material landin g gea r , the Lif e Cycle
Cost Analyses show that the Advanced Metal li c  (titanium) desi gn w i l l  have the
lowest cost , the baseline (high strength steel) is second , and the Organic
Advanced Composite (Gr/Ep) des i gn w i l l  have the hi ghest li F e  cycle cost. When
selected parts , using advanced ,6te ials, are cons i dered for an a rcraf t that ~s
riot vo l ume lim i t e d , the cost reduction due to loiie r .‘~ei g ht reduces the pro-

duction unit cost so that the Adva nced Me t a l l i c  (ti t ar li u o ) cost is l owest ,
the Organic Advanced Composite ~Gr/Ep ) i s second . and the baseline hi gh strength
steel cost is the hi ghest.
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FOREWORD -

This is Volume I , Technical Discuss i on , of a t-.-~o volume Fina l Report
wh i ch was prepared by the Los An qelé s D i v i s i o n  of Rock’.•i el l Internationa l ,
Los A nge les , Cal i forn ia , under United Sta tri s A i r  Force Contract F336l5-76-C-

_____ 
A ir Force Project No. 21+02 , Tas k No. 21+0201 , ‘‘New concepts ’ E

~~~~~~T~~
Mate rial  Landing Gear for rlH itary A ircraf tT~~~~~he pro gram i s  being adr iinis-
tered by the A i r  Force F l i ght Dynamics Laborator y , 4r g ht-Patterson A i r  Force
Base , Ohio , under the direction of Mr. J. Hampton (A FFDL/FEM ).

Th is vo l ume is the Fin a l  Report and contains the Technica l Discuss ion s
covering work performed from A p r i l  1976 through February 1918. .~oL— e II o f

the report contains the A pp~~,~T~es. Rockwell Internat i onal person nel d ir e c tI ~
participating on the program were:

V. E. Wilson Program Manager
-_

F. W. Atkin s S yste ms E”q inee r

J . Rohlen Structures Eng ineer

J. K irkhoff Contract A d m i n i s t r a t i o n

The report .-ias subm tted in February 1978.
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S E C T I G N  I

I N T R O D U C T I O N

A number of advanced material systems are currently being studied under
both private industry and Air  Force programs. These systems are in v a r i o u s
stages of develo pment , bu t al l  have superior q u a l i t i e s  -.vhich may prove advan-

tageous for use in landing gear components. The objective of this p rogram .-ios

to exp lo re the extent to ‘wh ich these advanced materials could be used in a
complete landing gear system , and the cost and ‘.‘~ei ght benefits that could
result f rom this usage .

This program is phase oriented with this Final report covering both
Phase I and Phase I I. Phase I work was pe r fo rmed between A pr i l  and August

1976 . Phase II work was performed between Ap r i l  1977 and February 1978 . A
Phase I and Phase II task flow diag ram i s shown in figure 1

The program was contractuall y reo r ented after Phase I had been comp loted.
Phase 1 s tu d ied onl y compos ite materials, but under three difFerent levels of
constra int , wh ile  after redirection , Phase II studied three different material

systems , but used only the ‘‘function ’’ constra int.

Phase I of the program v/as orientated to compos i tes since the A i r  Force
through AFF DL , i-as sponsored a number o f success fu l compos i te  land ing  gear
hardwa re programs . These have established the f e a s i b i l i t y  of using composite
,ate ria l for certai n landing gea r components, but a l l  hardwa re desi gned was

cons tr ai ned by “ f o r m , fit and function. ’’ Phase I of this program has three
sepa rate sec tions so tha t hardware was desi gned under three distinct levels
of constraint . The first is ‘‘Sub stitution ,’’ -.~ith ‘‘form , fi t and funct ion ’’
constra int s. The second section is ‘‘ no dification ’ wi th both ‘‘fit and
function ” cons t aints. The third section is “redesi gn ’’ w i th onl y the
function ’’ cons traint.

The approach used for the Phase I section followed the task outline shown
in f i gure 1 and resulted in the choice of the B-l nose landing gea r as the
bas el ine . Conceptual designs for compos i te landing gea r hardware were
develo ped for each section and level of constraint as described above. Methodo-
logy to be used in preliminary des ign and analysis was defined and documented .
The des i gn concepts created in Phase I ~ere evaluated and this showed tha t
reduction in constra nts allowed more parts to be mad e from composites.

_ _ _ _ _ _ _ _
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Phase II followed the task outli ne shown in fi gure 1 . The results f rom
Phase I indicated that since fewe r constraints were important to the program
pur pose of maximum usage of advanced material systems in a landing gea r ,
Phase II should use a ne.~i baseline with onl y the funct ion H cons tr a i n t. The
scope of Phase II was widened to include a metal matrix compos i te system and
an advanced metallics system as well as the organic advanced composite system .

The new base l ine requirement for Phase II was to use the main landing
gear proposed for the Air -To-Surface (ATS) advanced fi g hter p rogram , see fi g ure
2. The ATS main landing gear has been the subject of a preliminary des i gn
study unde r a separate Rockwell ATS study program , see f i gu re 3. This base-
line has been defined and the desi gn parameters and cons traints presented .

Co nce pt u a l  des i gns for  l a n d i n g  gear  ha r d wa re  we re deve loped  u s in g a l l
three material systems and eva l uated. The two test material systems were then
selec ted and preliminary desi gns made . Analys is and evaluation of thes e
des i gns were made to gather data for wei ght , cos t and li f e  cycle cost studies.
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Fi gure 3. ATS Mai n Landing Gea r
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SECT I ON II

SUMMARY

Th is report describes the effort conducted on both Phase I and Phase II
of A i r  Force Contr act No. F336l5-76—C— 302 l , ‘‘N e-~ Concepts in Composite M a t e r i a l
Land ing Gea r for M i l i t a r y  A i r c r a f t . ’’

2 . 1  PHASE I

T he Phase I sect  ion was s t r u c t u r e d  to d e t e r - - He the - l a / i m u m  p r a c t i c a l
ise of composite material for land inn gear hardware under ~hree s p e c i f i c  s e t s

of c o n s t r a i n t s .  The e f f o r t  was conducted in accordance -.-ii:n t ” e Task ~ lo- .
Dia g r am of figure I. The e n t i r e  Phase I report is presen ted in , App e rc ix

2. 1. I B a s e l i n e

The B—I Nose Landing Gea r was select ed - for t-’ e Phase I b a s e l i n e  s , s z e r -
and the ra t iona le for the s e l e c t i o n  -~as mad e on the oa s i s  that  i t  meets tne
fo l l o w i n g  con t rac t  r equ i remen ts ;  i t  is a cu r ren t  O i r  Force a i r p lane , ~ove r
175,000 lbs . gross -“eight) and is comp lete 1’~ described in ter’ns of desi gn
requirements , constrai nts and eng ineerin g dra w ing. The b aseli ne ~ear i5
descr i bed f u l l y in A pp endi x A.

2. 1 .2 Desi g n Concep t s

The Des ign  Concepts  s e c t i o n  of Phase I of t h i s  progr am r e s u l t e d  in the
selec tion of intermediate strength grap hite/epox y as the baseline Compos ite
material for use in the desi gn studies . The three des i gn sect io r- s included :

I. Substitution , constra i ned by fo rm , f t and f u n c t i o n ;
2 . Mod i f i ed , constrained by fi t and f un ct io n; and

3. Redesi gned , cons tra i ned b y function onl y.

These desi gns were qua l i t a t i v e l y  evaluated for mater i a l s, structures,
des i gn integrity, f a b r i c a t ion , wei gh ts and cost and a summary of these

va l uations is presented in Section V l , page 92 of the phase 1 Report ,
Appendix A. A summary of conclusions reached appears in t~ e followin g .

2. .2 .1 Concept I — S u b s t i t u t i o n  (form , fi t  and funct ion ) — Baseline in fpr-
-‘ at ion and draw i ngs of B -I nose gear - e t a l l i c  hardware was studied and con-
ceptual des qn d rawings were made for compos ite and compos ite / etal parts
, . h i Ch  have i d e n t ic al  key d imens ions , and can be s u b s t ’ uted  on a ~ar t-~ -r -
part bas i s for the base I ne meta II i c ha rdwa re . Sore o~ t nys e concep t s  e re

6
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des i gned to have compos i te material sp liced to me t a l l i c  end f i t t i n g s  to meet
the hi gh load require ments w i t h i n  the form constraint. A l l  desi gns studied in
this section were evaluated as viable except the torque li n k s  - - ,~~in h .,ere con-
sidered very hi gh technica l risk parts.

2 .1.2.2 Concept II — Modified (fit and function ) — E x i s t i n g  st r uctural attach-
ments were used , but kinematics of the drag braces and down lock lin ks were
revised to a ll ow increased usage of composites. It .-~as dete r-i ired for tHs
concept that the p iston and the l ower end o~ t~ e strut cy l inde r -“us t re~’a in
m e t a l l i c  s nce the larger diameter required for compos i te parts .iould resuit
in havi” q  to spread the nose whee ls w h i c h  w ou ld  v i o l a t e  the s t o - i a g e  I
(fit) constraint. A l l  compos i te desi gns studied in thi s sect ion -ere evaluated
as viable.

2 .1.2 .3 Concept I I I  — Redesi gned (function ) - Studies were made to evaluate
the use of land in g gear concepts whi ch were allowed to differ from the baseline
sys tem in k i n e m atics , attachment location and storage volume . A ‘leaf
spring ’’ concept .‘as stud ied and evaluated as a -e r ,- hi gh tech i i c a i risk and
‘ot ve i ght e ffective. The size of the 8-I nose gear is an important factor
aga inst usage of this concept , but the ‘‘leaf spring ’ gear confi gurat ion na~
p rove to be a u -able ~iei ght ef fective syste r ’ on a sm aller f i ,~ht e r  ai r p la ne.

A conceptua l desi gn was made of a ‘‘ t r a i l i n g  arm ’’ nose gea r , but it
requires a large change in storage volume and d d  not appea r to ba -.- e any major
adva ntages. The study usi ng the same concept as the baseline and onl y s l i g ht l’i
changed kine m atics , prov ided a nose gea r system ..h ich allowed the m axi um use
of compo site m aterial w h i l e  rest ric ting change s to a m inor -w idening of the
nose gear -.~hee 1 .ie l I. The wheels on this study were moved f a r t he r  apar t  to
a I low room for a cornpos i te p iston and strut , A 11 des yns eva I uated for thi s
st udy were iia b l e except for the piston .-ih ich ,~as considered a ver’, h g h
technica l risk.

2. 1 .3 Res ults

The genera l results of the Phase I effort show tna t the -nost e ff e ct i ’~e
gains in the use of composite structure occur in the ‘ ‘Redes i gn ’ ’ Conce pt I I I ,
Section where more desi gn freedom is allowed . Thi s is because space l i mi t a -
ti on s are removed wh ich restrained the use o composite s in some a reas of
the landing gear structure . Concept I and II resulted in more comprom ises
in the desi gn because of increased restrictions and a lesser use of composite
structu re. However , the concepts developed -..‘ i l l  s t i l l  gene ra l l y result in
cost effect ’ie hardware , but to a lesser extent, based on the l i m i t e d
evaluatio n performed in Phase 
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Many structura l elements of landin g gear hardware are a x i a l l y  loaded and

the wei ght effec tive ‘‘ race t rack’’ confi gu ration was used s i m i l a r  to tha t used

in previous composite landing gea r programs . This configur atio n , as pre-

viously used , has inherent structu ral weaknesses near the end of the “emb er

where large i n terlamin a r shear forces occur between the ‘‘ race track’’ and the

web reinforcements. A solut ion to this p rob l em is shown in H gure L4 , w h ich

uses a series of ‘‘ race tracks ’ in t er lea y ed w ith shear webs , and shoul d s i gni-

ficant l y improve the strength and fatigue properties of the ‘‘ race track ’’ con-

f i gurat ion .

_____
~~~~~~~w ._-__-__._.___._ ----

— - --

.- 
. 

— —

INNER END RE INF. OUTER END RE INF.
SECT ION-SCAR FED SECTION
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END WRAP .
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SECTION A-A
END SECTION WITH SEG MEN TED
“RACETRAC K” CAPS & LAM I NATED

MID STRUT SECTION REINFORCEMENT .

F igure 1+. S.tructural Concept for Axi a l l y  Loaded Struts
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2.2 PHASE II

The Phase II section of the program is structured to d e t e r m i n e  the
advantages of advanced materials and concepts in the des i gn of a landing gear
where c o n s t r a i n t s  are m i n i m i zed.  Three advanced m a t e r i a l  s y s t e m s  -were s t u d i e d :
Organic Advanced Composites , Meta l Matrix Composites and Advanced Metal l ics.
The baseline used was the main landing gear of the ATS advanced fi ghter air-
plane. This airplane i s in the advanced desi gn stage where ‘‘funct ion ’’ i s the
only constraint needed. The effort was conducted in accordance ~‘i it h the Task
Flow Diag ram of fi gure 1 .

2.2.1 Baseline

The use of the ATS main lardin g gear as the oa5el m e  was specified by con-
tractua l change for Phase II of this program . The ca se line information on th i s

landing gea r was obtained from a separate Ro ck-~el I ATS stud y program. A fleet
of 500 ATS ai rcraft -wi th a 10 year life span was assumed.

T re ATS a i r p l a n e  has a t r i c y c le type land ing  gear conf i gurat ion w h i c h  con-
s i s t s  of a nose gear and two main landing gear a s s e m b l i e s  des i gned for a
53,000 pound gross w eight airplane . The baseline ‘-~a in landing gea r -.ias state-
of-t he-art m e t a l l i c  materials. Each of the sing l e  .~hee l assemblies is mounted
in the eng in e na c e l l e  a nd is  f u l l y retractable aft by a h- ,draulic actuator.
T h i s  l and ing  gear w i l l  provide the r e q u i r e d  AT S pe r fo r mance  for l and ing ,  take-
o f f  and f l o t a t i o n , and has been des igned to comp ly w i t h  the ground ha g d lin g
requirements of MIL-A-8862 .

The baseline landing gear assemb l y consists of a ;em i-can t i levered shock
strut w ith a sin g le t i r e and ‘.-,hee l mounted in the island of the s p l i t  engine
a i r intake duct in the nacelle. The landing gea r is attached to the nacelle
structure by jornaled trunn ions at the l owe r end of the strut main bod y and
latc hed into extended and retracted positions by a locking device at the top

of the s t r u t .  See f i g u r e  3.

The strut shock absorber i s an air- o i l  type in wh i ch the passage of
-‘ etered oil through an orifice 5 used to absorb land i ng i mpact energy and to
contro l the rate of compression. A snubber va l ve controls the rate of
extension of the piston .

The shock strut complies with the requirements of M IL-L-8552 , M I L T 6 0 5 3
and AFSC DM 2-I and is capable of with sta nding the loads derived f rom
M IL-A-8860 , MIL-A-8862 , MIL-A-8866 and MIL-A-886 7, including static strength

and fou r lifetime fatigue requirements.

The air vehicle desi gn sinking speed used was 10 fee t per second at the
land ing design .~ei ght and 6 feet per second at the maximum design landing

9



we ght .  The shock s t r u t  has been des igned ‘. th a vertica l stroke of i2 inches

a’~d a des i gned 4 inch s~~roke from s t a t i c  to compres sed p o s i t i o n .

D i m e n s i o n a l  c o n s t r a i n t s  for the ATS l and ing  gea r are  shown in fi gure 5,
the AT S A i r  V e h i c l e  Con~Hq u ra t i o n  nra - d ing  and hardw ar e d i — e n s i o n s  on f i~~ure 6,
the ATS Ba s e l i ’ ~e M a i n  Land ing  Gear d r a w ing .

The baseline main l anding gear loads were de’ iv ed from an ATS St - u c v

,-,- hich generated the hoods using a computer progra- - - ‘‘Struc t ural ~e otrt
E s ti ma tion Program ’’ i SWEEP) . The baseline co i q u ration is considered —

s t r u c t u r a l l y adequa te  s i n c e  no negat ive m ar g in s o~ sa fet’i .-~e re deter ’in ed ~v
a s tress ana l ys is.

The weight of the ATS main land i ng gear ‘as c a l c u l a t e d  to be 582 aounds
fo r each side or a tota l of 1164 pounds per Ship set.

P roduc tion cost estHiates were ‘~ane for the ATS m ain land i ng gear con-
ponent parts. For fabrication costs an 89~ learning curve and a 92i’i cost
reduction curve were used . The nonrecurring costs .-,ere S590,000 (1977
dollars) and the recurring costs ,-~ere S~ 0,550,00Q, add

ing to SL4I , I L 4O,uOO
to tal production costs. The cum ulative unit average cost at unit 500 is
S82 ,300 pe r ship set.

Two re I i ab i 11  ty fac tors .~e re determined for the baseline ATS I and i ng
gear; the Maintenance Demand Rate (nOR) , which is 2~~,33O per 106 f l i g h t  hours
and the Condem nat ion Rate .-ih ich is 2840 per 106 fl i ght hours. The MDR
represents a Mean Time Between Correct ive Maintenance Action (MTBCMA) o~ ~ 1
f l i ght hours.

The maintenance and log is t cs su pport costs ~or the ~1ee t of 500 air-
craf t o’ier a life span of 10 years .~~ l 1  be S6 , 150 ,000 spa res cost ana
53,680,000 personnel cost , ma king total support costs of S9,830,000.

A safety hazard caused by stress corrosion related ac cidents reported
by the Air Force was estim ated to result in a predicted cost of 518 ,105,000
over a 10 year period for the ATS airplane.

L ife Cycl e Costs ~LCC ) include the sum of devel opment , production ,
acc ident costs and support costs. Development costs w i l l  be S977,000 for ’
eng i neering , 5378.000 for production of two shi p sets and S150,000 for tool in g.
Total development cos t w i l l  be $1 ,505 ,000. The Production cost w i l l  be

$41 ,139,000 . The accident cost w i l l  be S18 , I05,000 . The total suppor t cos t

w i l l  be $9,828 ,000. The L i f e C ycle Cost w i l l  be $70,577,000 for a 500 air-

craft fteer for a pe riod of 10 years. See table I.
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TABLE 1

BASELINE LIFE CYCLE COST S
(All c o s t s  in  1977 dollars)

Total Development Costs 5 1 ,505.000
Total Production Costs 4, .139 ,000
Total Accident Costs 18 , 105,000
Tcta l Support Costs S 9,828,000

Total L ife Cycle Costs $70,577,000

2 .2.2 Conç~ ptual Design Studies

Des i gn stud ies of the main landing gea r on the ATS advanced fi g hter

a i rc raf t we re made u s i n g  on l y the ‘‘function ’’ general constra int. However ,

ot her trade stud y factor constraints include: extended whee l position for

la nd i ng performance ; la nding gear trunn ion location for structu ral cons i dera-

tio ns; ‘ihee l well locat ion and size for engine a ir intake duct size , l i n es

and performance ; and nacelle size , shape and locatio n wi t h respect to the
-weapons bay clearance fall line , see f i gu re 7 .

WIN G LOWER
NACELLE— _O

~
.
~~

, SURFACE

WHEEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

SOLID LINES -BASEL I NE NACELLE
DASH LINES- MODIFIED NACELLE

Fi gure 7. ATS Nacelle Constraints
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Conceptua l des i gn s were made us ing  the three - m a t e r i a l  s’7 s t ems ;  O r g a n i c
Advanced Composites, Me t a l l i c  Ma trix Composites and Advanced Metal li cs. These
conceptual desi gns were then evaluated w i t h i n  each mater i al system to select
th e best confi guration.

2.2 .2 .1 Organic Advanced Composites S ys tem - I n t e r me d i a t e  s t r e n g t h  g r a p h i t e !
epoxy (Gr/Ep) composite material was selected on the basis tha~ it prov i des
a good ba l ance between strength and cost. Four concepts were studied usin g
this material. They’ incl uded the ‘‘leaf sp ring ’’ configuration in -w hich the
landing impact energy is absorbed by beam defle ction , and the conventiona l con-
fi guration wh i ch uses an a i r — o i l  shock strut to absorb the energy .

Three concepts we re studied using the “leaf spr ing ” co n f i gurat ion . They
-,-i ere; a cantilever lea f spring concept , a dual beam leaf spring concept, and
a cen te r  support beam lea f sp r i ng  concept .  A l l  of these concepts used f l a t
compos i te  p l a t es  bonded to a r e s i l i e n t  m a t e r i a l  between them. The compos i te
plates w i l l  deflect under loa d to absorb the kinetic energy of the landing and
the hysteresis property of the re s i l i e n t  material between the leaves w i l l
red uce the high energy return (reflex action) of the leaf spring.

The conventional landing gear concept uses a confi gurat ion s i m i l a r  to
the base l in e la n d i n g gear , see f i gure 3. It has a semi canti levered shock
s t r u t  w hich  uses an a i r - o i l  type shock abso rp t i on  sys tem.  The i n c r e a s e d  s i z e
requ i rements for using Gr/Ep composite resulted in a strut 9.8 inches outside
dia meter compa red to 5.85 inches for the baseline.

The conve ntional landing gear concept has been selected as the best
o rgan i c compos i te c o n f i gura tion on the oasis that it would ; require less
nace l l e  r e v i s i ons , need a smaller development p rogram , be a lower wei ght con-
cept and cos t less. See table I I .  It w i l l  be used in the eva l uation against
the be st M e t a l l i c  M a t r i x  Compos i te  concept and the best  Advanced  M e t a l l i c  con-
c e p t .
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TABLE I I

ORGANIC ADVANCED COMPOSITES EVALUAT I ON

Development Nacelle We i ght Cos t

Conce pt Program Revis ions Estimates Estimates

Cantilever ‘ Major Very Heavy Very
Extensive Hig h

Dua l Beam Major Ve ry Heavy Very
Extens ive Hi gh

Center Support Major Very Heavy Very
Beam Extens ive Hi gh

Conventiona l Minor Moderate Li gh tes t Moderate t

Landing Gear

2.2.2 .2 Metal M a t r i x  Compos i te  Sys tem - The metal matrix c~ r’posite selected
for th i s Study was boron/aluminum (B/Al) since it is closer to state—of-the-
art , and has more material and design data available than other metal matrix
compos i tes.

F iv e  conceptua l desi gns have been made. They include:

I . Concept A which has a folding drag l i n k w i t h  a sing le wheel.

2. Concept B wh i ch also uses a folding drag link , but has dual wheels.

3. Concept C wh i ch has a vertica l air-oil shock strut mounted on two
r e t r a c t i n g  l inks w ith a forwa rd non fo lding drag  s t ru t.

4. Concept D which is a t r a i l i n g  arm configL ra t ion with the shock strut
mounted near the center of the beam.

5. Concept E which is a conventional landing gear configuration s i m i l a r
to the base line. See fi gure 19 through 23.

15

—S
--------

~~~~
-------



Concept E , the conventional landing gear confi guration , has been sele cted
as the best Metal Matrix Compos i te desi gn to be evaluated against the best
Orga nic Advanced Composite des i gn and the best Advanced Metallic des ign . The
choice of Concept E was made because it has fe -ic r parts , required less
changes to the nacelle and would be li ghter and less costly. See table I I I .

- TABLE I I I

METAL MA T R I X  COMP O S I T E  EVA L UAT I ON

Nac elle
Structure Wei ght Cost

Concep t Revi sions Estimates Estim ates

A Very Extensive Heavy Not a viable concept

B Ex tensive Heavy Very Hi gh

C 
I 

Major Heavy Hi gh

D Major Heaviest Hi gh

E Min or Ligh test Lowest

2.2.2.3 Advanced Me t a l l i c  System - Tita nium using the superp la st ic ~or-’ed and
d iffusion bonded (SPF/DB) fabrication processes has been selected as the
advanced me t a l l i c  system to be used i n this study because corn p leA , s t r u c t u r a l l y
e f f i c i ent par ts can be economi c a l l y manufactured .

This process is based on the superpl a sticity and diffusion bonding pro-
perties of titanium which occur unde r identica l conditions and allo w the
superplastic forming and diffusion bonding to take place concurrently - ‘i t h i n
the die cavity.

Three differen t landing gear confi gurations have been conceptually
des i gned for this study. See fi gur~~s 25, 26, and 29.

1. A ‘‘ t r a i  l i n g  a r m ’’ c o n f i guration with the whee l mounted in a double
fork at the end of the beam which is supported by trunn ions at the

• forwa rd end and the shock absorber near the center of the beam.

2 . A ‘ ‘ four  ba r  l i n k a g e ” concep t consisting of a vertica l beam which
supports the whee l , a d rag  brace lo we r l i nk a nd an up per l i n k ,
wh i ch , with the nacelle structure , makes up the four bar link age .

3. A conventiona l landing gear s i m i l a r  to the baseline confi guration .
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The conventional landing gear concept has been selected as the best
des i gn because it has fewe r parts , w i l l  be l i ghter , ‘.-ii 11 require !ess nacelle
r e v i s i o n s  and it w i l l  cost less. See table IV for a summary of the evaluat-
tions. T h i s  des i gn w i l l  be eia l uated against the best Organic Advanced Com-
pos i te des i gn and the best Metal Matrix desi gn.

TABLE IV

ADVANCED METALLIC EVALUATIO N

Nacelle
Structure Weig ht Cos t

Concept Revis ions Estimate Estimate

Trailing Arm Major Heavies t Hig hes t

Fcur Bar Linkage Moderate Moderate Moderate

Conventiona l Minor Li ghtest Lowes t
Land Gear

2.2 .2.6 Desi g n Studies E - ’ a l ’~a I t i o n  - The bes t conceptua l desi gns made for
each of the th ree material syste~— s ha ve been evaluated . Since the best con-
cept o~ each material system was the conventional l anding gear confi gu rations ,
the “function ’’ constraint -.ia s equally met. More nacelle revisions are
required for the Or ganic Adva nced Compos i te concept than for the other
m a t e - i a l  systems .

Boron/a l uminum metal m a trix thin w al l ed tubes using unidirectiona l tape ,
.-ih ich are ax i a l l y loaded , have been success ful I ’,- fabricated in production ,
but the parts required for the landing gea r are heavy wal l ed tubes wh i ch must
have cross plied laminate orientat ion s to g ive multi-axial load carry ing
caoab i Ii ty. Since no i nforma t ion can be loca ted , i t  is evident that 1 i t t le
or no fabrica t ion of comp lex , heavy walled meta l m atrix parts have been done.

The extensive development program required and the very hi gh produc i-
bi l ity risk assi gned to the Meta l Matrix Corn~osite s-jster’ led to the recomrnen-
dation to stop the desi gn effort on this system . See table V for the evalua-
tiOn summary.
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TABLE V

MATERIAL SYSTEMS EVALUATION

Nacelle Development I
Ma terial Structure P rog ram Producibi l ity
Syste m Revisions Requirements Risk Recommendati ons’

Organic Moderate Moderate Moderate I Continue Desi gn-
Advanced Effort
Compos i te
(Gr/Ep)

Metal Minor Extensive Very I Stop Desi gn
Matrix High Effort
Compos i te -

(B/Al) 
-

Advanced Minor Moderate Moderate Continue Des i gn
Meta llics Effort
(sPF/DB
Titanium)

2.2.3 Fre l im inary Des i gn

The concep tual des i gns for the Organic Advanced Composite and the Advanced
Me tal l i c  systems selected as best ea rlier in thi s section , have been refined to
a preli m inary desi gn stage from wh i ch cos t and wei ght anal yses we re made.

2.2.3.) Organic Adva nced Composite Preliminar y Desi gn - The conventiona l
landing gear conf i gurat ion was selec ted as the best concept and a preliminary

desi gn draw i ng has been made . Par ts to be made from organic advanced com-
pos i tes using Gr/E p include the shock Strut cy linder assemb l y, the piston!
fork assemb l y, the uppe r and lower torque links and the wheel.

A l l  par ts , excep t the whee l , w i l l  be fabricated by fi l ament -.-i i nding on
a mandre l . The st rut cy linder and the torque link parts w i l l  be fabricated ,

two at a time , on a metal mandre l and cut apart after cure . The piston/fork
w i l l  be fabricated on an inflated mandre l ~ih ich is a bod y of revolution and

then after winding, the wet part w i l l  be placed in a m old and post formed to

the offse t fork conf i guration and cured.
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The whee l is a mechanica l assemb l -i of two aluminum r i m  sections and t.-~o
Gr !Ep wheel disks. The alu minum ri m .~as selected because i t  s ~e t t e r  ~or

brake key attachment and heat dissipat i on. It also prov ides f!at t r e  runout
capability. The whee l disks are Gr/Ep composite laminations cut nto pie
shaped segments and Iaia up .~i th staggered jo ints in  a metal mo l d. Inter-
l~ aved reinforcements are added to both the hIJb and the r im b o l t ing area and
on the inner -whee l disk. The hub is reinfor ced .- i i t h  c i rcu ’-~f e ren : i al  o-ier-
wrapi ng.

2.2.3.2 Advanced M e t a l l i c  System Pre l irninar- / Desi g n — Th e ad vanced ‘eta l l i c
s - / s te m , us ing  SPF/ DB t i t a n i u m  has been p r e l i m i n a r y  des i gned us i n g  the con-
ventional landing gear confi guration .-d hich .-.as selec ted as best in the con-
ceptual desi gn study . Parts to be made us in g t” i s  process include the fork ,
the st rut cylinde r and the wheel. The fork , - r ich consists of t- .-:o s i d e
plates and Four fittings , w i l l  be concur ren t l y  formed and d i f f u s i o n  bonded.

The s t r u t  cy li nde r walls are made as a trjss core sandwich to provid e an
effic i ent section for axial and bending l oads .  I t  - i i l l  be fabricated by load-
ing the inner , the outer and the core sheets on a m andrel in a die w i t h  the
trun riion lug f i t t i n g s .  The truss core and the outer sheet w i l l  be pressure
Formed out to the die cavity and di ffu s ion bonded to the fittin gs.

The whee l consists of two halves -..jh i ch are mechan i c a l l- ; assembl ed. Each
ha lf  is an SPF/DB assemb l y wh i ch Co n s i s t s  of the -ihee l d i s k , ha l f  o~ the
iheel hub , the sealing ring and half of the r im . The - hee l disks w i l l  be
form ed and d i f f u s i o n  bonded to the hub and the seal  ing r i ng  in a die ~s n g
the SPF/DB process.

2.2 .6 A nal -’~sis and Ev alu at ion

2.2.4.1 Total Landing Gea r System Comparison s - The preliminary Jesi gn
drawing of the Organic Advanced Composite and the Advanced Metal lic systems
have been anal yzed and evaluated to provide data for we i ght and cost com-
pariso n with the Baseline system . Structural Anal y s i s , Producibi l i t y

Eva luation , Installation Evaluation , Weight , Development Cost , Production
Cost , R e l i a b i l i t y ,  Accident Cost and Maintenance Cos t analyses were made.

Structural ana l ysis showed that the structural requirements of the land-
ing gear can be met using either the Organ ic Advanced Compos i te or the
Advanced Metallic material system.

The Prod u c i b i l i t y  risk is rated as mode rate for either mate rial system ,
s ince landing gear parts have not been fabricated on a production basis using
eithe r material.
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Installation of the Or ganic Advanced Composite landing gear require s a
three-inch wider whee l well bay and a larger n acelle wh i ch w i l l  weigh 68.6
pounds more than the baseline. The Advan ced Metallic gear requires onl y one
inch extra and w i l l  onl y add 18.5 pounds to the baseline n acelle. Thi s i s
because the ATS airp lane is ‘ ‘ volume limited’’ in the whee l .- e 1 1  area and
requires that the n acelle be increased in size to accommodate a lar g er l an di n g
gear.

We i gh t ca l culations show that the Ad ”anced Me t a l l i c  s~ s t e -  i s  1~~~r t e s t
at 1104 pounds , the baseline concept -ei ght s 1164 pounds , and ‘ne 3-~~a n c
Advanced Compos i te system is heaviest at 1208 pounds. See l gur e 8.

BASELINE ORGANIC ADVANCED
(30(~A STEEL) ADVANCED METALLICSWEI GHT IN POUNDS COMPOSITE (TI - SPF I 08)

EACH SIDE (CR / EP)
TOTAL 604.0— TOTAL 582. 0WHEEL 

~ o 109 0 — TOTAL 552. 0
TORQUE LINKS 5.2 67.813. 8 —
PISTON I FORK 143. 4 98. 6 113. 0
OIL 5.0 : 15. 8

125. 5 120 9STRUT 139. 3 -

CYLINDER — —

MISCELLANEOUS:
TIRE - BRAKE - ACTUATO R 223. 1 241. 3 234. 1
LOCKS - AXLE - PINS . FASTENERS -
ANTI - SKID DETECTOR

TOTAL PER SHIP - SET 1164 1208 1104

Fi gure 8. Wei ght Ana 1-~sk 
— Comparison

Costs were obtained f rom two vendors for the Organic Advanced Composite
components and s ince  they were s i g n i f i c a n t l y d i f f e r e n t , they are p resen ted
as Vendor A and Vendo r B costs.

Development costs are greater for advanced - -i at e rials. Organic ~djanced
Co’,ros i tes costs f rom V - -’dor A are S988 ,0~4O jver baseline deve~opn ent costs,
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from Vendo r B . S598,040 over and Advanced Meta l lics are S68o,860 ove r the

baseline development costs. See fi gure 9.

(IN 1977 DOLLARSI I ORGANIC ADVANCED I

BASELINE COMPOSITE ICR iEPI ADVANCED
(300M STEEL) I 

— 

VENDOR 
— 
~ 

V ENDOR 1 METALL ICS

L_ A (Ti - SPF 08)

ENG IN EER I NG - TOTAL

‘DESIGN 
2,493 , 410 

— 
TOTAL — 

TOTAL

TEST AND EVALUATION I 2, 103.410 $2, 186 .230

FATIGUE DROP TESTS I 1 , 512 ,870 I
STA TI C TESTS TOTAL
E~.Gli’~EERINC TEST ARTICLE — $1,505,370
TEST AND LOGISTICS SUPPORT) 1,398 , 870 ~1. 257, 980

5977 .370 
. I 

—

- 

- 

$822 000
PRE PRODUCTION $378 000 880,000 604,000
FABR ICAT ION 12 SHIPSETS )

TOOLING 
— : $150,000 100,540 : 100,540 

- 
$106, 250

Fi gu re 9. Develooment Cost A nalysis - Compar i so n

Prod uc t i o n  cos ts  were c a l c u l a t e d  us ing  500 un i t s  and an 85~ cost reduction
curve. The cumulative unit shi p set average cost of the Organic Advanced Com-
pos i te system from Vendor A is Sl04 ,254, from Vendor B is S72 ,926 and Advanced
Me tal l i c  system is 593,664. Only the Vendor B Organ ic Advanced Composi te
system is less cost tha n the Baseline cos t of S82 ,279. See fi gure 10.

The rel iab ii ty of Advanced Material systems is better than the Baseline
system. For the components that were redes i gned to use Compcs ites and Advanced
rl e t a l lics, the HOR s were reduced Tic from the Baseline and the Condemnation
Rates were reduced from the B a s e l i n e  by 4O~ for the Composite and by 6O~t for

the Advanced Metallic (Titanium) .

The ma intenance and support costs for the 10 year lif e  spa n are

S9,828 ,000 ~or the Baseline system , Sl78 ,000 more than baseline for Vendor A ,

O rganic Advance ø Composi tes , $213,000 less for Ve ndor B , and S382 ,000 less

t han baseli ne for the Advanced M e t a l l i c  system.

A summary of the above eva l uations is shown in t a b l e  ‘It .
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BASELINE ORGANIC ADVANCED
(30~ i STEEL) I COMPOSITE (GR / EP) I 

1 ADVANCED
VENDOR VENDOR I METALL I CS

1977 DOLLARS -. _ J 4 ITi . - SPF / D$)

500 SHIPSETS 52,126,752 I TOTAL — 
46,409,518

TOTAL
40,548,996 -

I TOTAL
RECURRING COSTS 

- 36,061,052
(MATERIAL COSTS
TOOLING COSTS

FABRICATIO N COSTS
PURCHASED PARTS
CO SI)

NON - RECURRIN G COSTS
(TOOLING )

CUMULATIVE UNIT — 590,378 402, 165 — — 402 165 
_____ 

$425 282
SHIPSET COST - AVG. ~~~ 

- 
8~~ 7~

’ 
~~~~~~ 54 T� ~~

Fi gure 10. Production Cost Anal ysis - CocmoarisOr~

T A B L E  V I

EVALUATION SUMMARY (NOT INCLUDING UFE CYCLE COSTS)
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-~n exaninatio r - of :nis c na r t  does not i n d i c a t e  ~nic b -‘ ater i ai s~ s:~ -’ i s
flest since the Or~ an i c ~a’~arced Com p osite syst em ~Hom Jendo B is tne o.-,est
p roduction cost , but tne~~ dvance d M e t a l l i c  system is :ne l i g ktes : and -nas
tne lc ~- ;es t —a~~~te na nce  c o s t .  ~ LH e Cycle Cos t anal y s i s ‘u st ne rnade ae F c~-e0 the m~~~,t  cost ef~ ecti -je sys ten- car be d ete r n i n ed .

2 .2. L~.2 Selec t ed Best Comp one nt Comp ariso n s — An e v a i u a t i o ~ has ceen ~aae
u-S ’Q selected co~-p on ents i n an a rcra f t ..ih icn 5 not volun - e I — ‘ te~

~n l ’,- the strut c y l i n d e r , t he p i sto n/ f ork , :ne H v c - r a u l i c  o 1 an-c :ne t.-.o

torque I inK s are ex ami nod , both advancea m ater i al s-~sten-s sno .~ .-e ant sa~ —cs
over the basel i .  The Organic Ad- ~anced Cornp cs ite pa ts save 39.2 pcunc s a - c
the Aavanced M e t a l l i c  parts save ~2.8 pou nds - - -.ner con-pared ,-i i t n  tne DaseVne ,

Produ ctio n costs for t r i S  selected grou p o ~ cart s are hi j he r  C Cr adva n ced
m a t e r i a l s , ~ut s ince the -~ei~~h t s are lo .~er , tne ’ e’Hec:i’ie cost .-c~~l d change
,~hen tne ‘ cost of .- ei ght ’’ is used to reduce t~ e cos t of the p ar t s On t~ e
ATS a rcra ft , t his  cost is S~ 3 1 per pound of Wei gnt . See i gure ~l.

COST IN THOUSANDS ASSUME .
1977 DOLLARS I SIDE

38 3 • AIRCRAFT IS NOT “VOLUME LIMITED”
(LARGER LANDING GEAR STOWAGE

/ 31 56 REQUIR EMENTS WILL NOT
/ 

30 3 INCREASE AIRCRAFT SIZE )

26. 2 
- 

. 26. 2 • COST OF WEIGHT $431 I POUND
[1 • A COST A WE IGHT X $431

~~ 21.4

~1,~~14. 65 0 BA SELINE
F7A~1-,1L9 — 

~~ VENDOR A I ORGANIC
- ~~~~~~~~~~~~ 

——— 1 ADVANCED
D VENDOR B1COMPO S

~~
ES

0 ADVANCED ME TALL I CS
PRODUCTION PRO DUCTION COST

COST INCLUDING WEIGHT AND
GROWTH COST EFFECTS

F i gure 11 .  Selected Best Components - Cost Compariso n

This chart shows that the wei gh t cost effect has reversed the cost
p ic ture so that the Organic Advanced Composite parts from Vendo r A cost

s~8oo less , f rom Vendor  B , S l l ,550 less , and the Advanced M e t a l l i c  parts

cost SR ,300 less than the baseline cost for these se 1 ected parts.
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2 - 2 . 5  L if e  C y c l e  Cos ts

A Life Cycle Cost Analysis of both -n at eria l systems has been ‘made. These
costs inc l ude development, product ion , support, accident cost and Fuel costs.
In these calc ulat ions the change in LCC due to -eight changes was calculated
and added to the other direct costs. The fuel costs were a change to the
Organic Advanced Composite system LCC by an added S2 ,L+84,000 , -.-i n i l e  ~ue l cost
savings reduced the LCC of the Advanced Metallic system b y S917, 200 .

A c c i d e n t cos t s , res .lt ing from stress corrosion related failures, tota l-
i ng Sl8 , l05,000 were added to Baseline LCC and S5,974 ,000 were added to the
Advanced Me ta l l i c  (Titanium) LCC. This l ower cost is cue to tne corrosion
res istance of titanium. Composite ‘at e rial is corrosion Free , so no cos t
was added .

The total Li fe Cycle Cos t for the Advanced M e t a l l i c  sys ten (SPF/DB
titanium) is S22 ,886 ,000 under the baseline LCC , -.- ib i le O raanic Adv anced
Composite. Vendo r A , is S39,815.000 over and Vendor B is  S22 ,968 ,000 over
the baseline LCC. Figure 12 shows tha t the ,- i e ip bt and ;ro -.t- fact ors a’e
added to the Organic Advanced Composite LCC .in I le reduci nc tne ~d ,-ani ec
Me ta l l i c  LCC . This anal ysis shows tha t the Advanced Meta l l i c  svs:e -- is :~ e
mos t cos t effective material system for the ATS aHp lan e, .-in icb s i j lu ~ e
l im i ted .” An other  a i r p la ne ”not vo l ume lim i t e d ,’ .‘io u l d not bai e tne -,eHnt
i mpact of the ATS nacelle growth , and may show tnat the Organic ~dva ncec
Compos i te system could be more effecti ve than the Baseline.

W I1IW~UI WE IG III AND W i l i l  WEIGHt AND G ROW th
GROWJII I ACTORS 120 tA I lORS

ACCI DE NI cost 0 
- 

1111 COST CHANGE
DUE ~ GEARSUPI’ORr cost 0 - 

~~~~ WEIGHT -

~ ~~

PRODUCTION COST 0 NACELI.E WEIGHt
DEVELOPMEN T cost 0 . 0

71 71 -

-
~~ 

65 
- -

~~~ 
- 

[ TOT A l.

-40

-20
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F i gure 12 .  L i f e  C y c l e  Cos ts  Compar ison Char t  ( M i l l i o n s  of 1977 D o l l a r s )
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SECT ION I l l

B A S E L I N E

The landing gear sys tems used as baselines For this study were the B-i
nose landing gear for the Phase I section and the ATS advanced fi ghter n ain
landing gear for the Phase II section of t hi s program . The contractua l
change in the Phase II section of the program specified that the proposed
landing gea r for the ATS program be used as a baseline .

3 .1 PHASE ~I BASELINE

The B—l nose landing gea r has twin wheels and tire s on a senh ican t i levered
strut w i t h  a folding drag brace. A jury strut down lock holds the drag brace
in the on-center position when the gear is in the extended and locked position .
The shocK Strut 5 a dual chambered a i r — o i l  p iston type.

This nose gear meets al l  the requir ements For the B-I airp lane and com-
plies w i t h MIL-A-8862. The dimensiona l constraints , ha rdware di m en s i ons ,
drawings , external loads , component loads, wei ght estinates , environmental
da t a , r e l i a b i l i t y ,  m a i n t a i n a b i l i t y ,  cos t and li f e  cycle estimates were
ob tained From the B-I program and are presented in Appendix A , the Phase I
report.

3.2 Phase II BASEL INE

The Phase II ba seline landing gear information has been o o t a i n e d  from
a separate Rockwell ATS stud y ~rog ram . The ATS advanced fi ghter con fi guration
use d as a baseline is shown in figure 5. The operational requirements for
th is aircraft are :

10 y ear  l i f e
500 aircraft total
20 wi ngs
25 a ircraft per wing
25 fl ying hou rs per month
150 sor ties per roonth , per w ing

The tricy c le type landing gear confi guration con sist s of a nose gear
and two main  land ing gear assem ol ies which have been des i gnee as an opti m um
gear w hich is compatio le with the above configured airfr a ’ii e st r -.ictura
des i gn for a 53,000 pound gross wei gh~ air vehicl e . This is a convent iona ll y
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configured main landing gear and u ses ‘‘ s tate-of-the-art ’ me t a l l i c  m aterials.
I t consists of two sing le wheel assemblies moun ted i n the en gi ne nacelles .
The gea r asse m b l y is full y retractable to the aft using a hy drau l i c  a c t u a t o r
w i th  power f rom the a i r p l a n e  hydr a u l i c  s y s t e m .  When f u l l y retracted , the
gear is completel y contained w i t h i n  the airp l ane contour.

The da ta presented in this section comp let e l~ describes a l l  the desi gn
parameters and constrai nts used in the des i gn o th e ATS adva n ced ~i gnt e r
main land i ng gear.

3 .2 .1 Design Requirements

The ATS main landing gear has been des i gned to comply w ith the lancH g
and ground handling requirements of MIL—A—8862. Since it i s  r e a d i l y ava i l -
a b l e , this specification has not been included -w ith this report.

The ATS main landing gear must meet the followi n g des i gn requ i rements
charac teristics .

3.2 .1 . 1  Performance. The performance of the landing gear system shall
per mit required ATS performance for landing, takeoff and flotation , and
shal l provide the fol lowi n g func t io ns :

1 . Absorb and/or transmit the static and dynamic energy resultin g
from the a i r  ve h i c l e  takeof f , landing ,  and ground — ‘anuever ing
operations.

2. Prov ide d i r ec t i ona l  contro l to accomp l i s h  s t e e r i n g , tur ning ,
p ivo t ing , taxiing, and braking of the air vehicle.

3. Provide ground flotation for the air vehicle during ground
maneuvers .

I.. Provide for retraction , ex te n s i o n , and locki ng of the mai n
and nose gears for the f l i ght and ground mode of operation ,

and provide indica tion and warning to the pilot of gear
position .

5. P rovide for towing , t ie-dow n and whee l jack ing .

3. 2. 1.2 Landin~ Gear Operation. The main and nose landing gear assemblies
shall be hydraulically operated and electricall y controlled. Gear position
shall be selected by means of the landing gea r contro l handle located in
the f l igh t  s ta t ion . Sequencing sha l l  be accomp lished by use of s w i t c h e s ,
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re lays , solenoid and /or mechanical l y operated va l ves. Protection agains t
inadverten t retractio n of the landing gear w ith the air vehi cle on the
ground shal l  be provided .

The ma i n and nose landing gears sha l l  be f u l l y r e t r ac tab l e  and com-
ple tely enclosed when in the re t rac ted pos itio n . The gears shall automati-
cal !~ lock in the extended and retracted pos tion by means of positive
mecha nica l locks. LOckIng the gears in ei ther the extended or retraced
position shall not oe dependent upon hydrau l ic pressure. The locks shall be
des i gned such that they sha l l release the gears prior to or at the same
i nstant the gear extension actuator receives hydrau l ic pressure. The ma in
gear doo rs and gear uplock mechan i sms shall be unlocked by hydraulic power.
Fa i ings and closures shall be desi gned w i th adequate c learance cons ider ing
f l a t  t i r e , f l a t  s t ru t  cond it ions , tire growth and insta ll a t ion m i s a l i gnrnent .
Interruption of the control sequence or dr i v i n g  power to the la ndin g gear and
f a i r i ng door actuat ion sys tem dur ing norma l or emer gency operation s h a l l  no t
resu l t in system mal~~’jrct ion or structura l damage to any part of the air
ve h cle. The landin g gear and fairing doors shall continue to the celected
p o s i t i o n  upon reapp l i c a t i o n  of hyrau l i c  power.

R et r a c t ing and ex tens ion  t ime for the main land ing gear and door asseni-

~ lies sha l l be as shown in table V I I .  The main landin g gears shall be
retracted and locked before the air vehicle reaches 75 percent of the gear
struct u ra l desi gn l i m i t  soeed (VLF ) at the max i mum rate of acceleration .

TABLE V I I

RETRACTION AND EXTENSIO N TI ME

Minimum Allowable Maxim um AI low ab leI
Time to Open Doors Time to Retract

And Extend And Lock Gears
And And

Item Temperature Lock Gears Doors

a. Above minu s 20° F 15 seconds 15 seconds

b. M i n u s  65° F to minus 20° F 30 seconds 30 seconds

Emergency extens i on time shall not be grea ter than 2 t i mes the maxi mum
allowa ble operating times sp ec i fied above ,
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The main landing gears sha l l  be des i gned to withstand air loads resulting
f rom speeds up to 300 knots equivalent air speeds (EAS) for all extens i on
posit ions to full extension , and shall be capable of operating (retract i on
and extension ) at speeds up to 250 knots EAS. Actua tors and linkages shall
be desi gned to withstand the loads imposed b y these des i gn operating condi-
t ions , i n cl ud i n g  the e f f e c ts of h ydra u l i c  su rges a n d p ress u res .

An emergency extension contro l shall be pr ovided that is independen t
of the normal gear operating controls. I t shall oe possible to extenc the
landing gear to the down. and locked position in t~ e event of ary s i n g le
hy draulic or el ectrical component Fai lure . The landin g gear s n a il ~e ;aoabie
of errergency extens i on to a down and locked position independent of the ai r
veh i c le hydrau l i c  and e l e c t r i c a l  power gene ra t i on  subsys tems . P r i m a r y  means
of emergency operating powe r shall not be dependent upon battery oower.
Emergency extension time shall be not greater than twice the maximum allowable
-3perating li m i t s  specified in table V I I .

p rovis ion s for jacking and towing shall be incorporated in accordance
w ith MIL-STD-809 and MIL-STD-805.

3 .2 .1 .3 Rel i a b i l i t y .  The landi ng gear system shall incorporate those
design characteristics essential to the achievement of the quantitative and
qualitative re l iabi li t y  requirements sped fied for the air vehicle.

3.2.l.~+ M a i n t a i n a b i l i t y .  The land ing gear sys tem s h a l l  incorpo rate those
des i gn characteristics essential to the ach i evement of the quantitative main-
:a i ” abi l it y requirements specified for the air vehicle.

The standard Air Force policy of three levels of maintenance (organiza-
tiona l , intermediate , and depot) shall be emp l oyed for  the l a n d i ng gea r
sys tems . The follow i ng qual itative requirements sh a ll appl y.

The landing gear system shall be self-suffic i ent to the extent of :e’-
m i t t i n g  p re f l i ght inspections to be performed withou t prepositioned AGE,
and perm i tting postf li gh t inspections to be performed withou t prepos itioned
AGE , excep t for  step ladders or workstands , and ground safety locks/devices

The landing gea r system shall permi t all maintenance to be accomp l i shed
by Air Force technicians five—skill level maintenance personnel , with
occas ional seven-skill level personnel , us i ng ex i s t ing A i r  Fo rce f a c i l i t i es
and , for mos t tasks , existing AGE . Des i gn for rep& r by Air Force technician
t hree-ski ll level maintenance pe rs o n n e l  s h a l l  be a goal.
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Equipment desig n shall reflect thoroug h consideration of the capabi lit i e s
of human resources available to maintain the equi pment and the utilization of
automatic test equipment to support maintenance personnel.

3.2.1.5 Major Component Characteristics. The main and nose landing gear
shock Struts shall comp l y w i t h  the requirements of MIL-L-8552 , MIL-T-60 53
and AFSC OH 2 -I . The shock struts sha ll be designed such that the passage
of o i l  through an o rifice shall absorb the energy of i mpact and in -w hich dry

n trogen is  used as the e l a s t i c  med i um to restore the unsprung par t s  to theH
extended p o sit Ion . The shock struts shall be capable of withstanding tne
Icads der ived from MI L~A-8860 , MIL-A-8862 , MIL-A-8866 , MIL-A-8867,
includ in g static strength and fou r l ifetime fatigue requirements. The air
-i eh ic le des i gn sinking speed shall be 10 Fee t per second at the lan dp lane
land ng des i gn .ie i ght and 6 feet per second at the max i mum des i gn landi ng

we i ’~ht. The shock struts shall be capab le of supporting the a i r  veh i c l e  on
~ flat strut (loss of nitrogen) through the comp le te l a n d in g c y c l e , at norma l
landing cond itions , wi thout damage to the shock Struts or carry-through
stru cture. A complete landing cycle at norfla l land i ng con di ti o r~s shall con-
s ist of landing at a landp lane landing des i gn -wei gh t at a sink speed of 6
feet per second. The landing runout and tax i des i gn load for the flat strut
cond ition shall be the static ge load at max i mu m tax i wei ght times a
dynamic factor of 1 .2. Compress n ratios shall be compatible with all
ap pl icable landing gear system performance requirements. The shock strut
shall have a des i gn vertical stroke of 12 inches measured at the axle center-
li ne and a des i gn 1. inch stroke from static to compressed pos ition . The
torsional spr in g rate , i n  the s ta t i c  posi t ion , shall no t exceed l. Li x lO~~
rad i ans per 1000 inch/pounds .

The m ain lanoing gear whee l assembl ies shal l  compl y with the require-

men ts specified in M IL-W -5013, except the whee ls shall be capable of beirg
rolled a distance of 2500 miles , including cons i deration for comb i ned
rad i al and side loads corresponding to those p roduced by 0.25G turns. A
pressure relief valve shall be provided for the wheel to preven t over-
pressurization of the .~,hee l and tire assemb l y. Provisions for a t ire change
counter shall be incorporated in each whee l for recording a minimum of 50
ti- c changes . A tire pressure gage shall be incorporated on the outboard
side of the whee l assembly. The gage shall conform to MIL-G-8 30l6, except
the gage shall ~ i thstand exposure to vibration and to a burs t pressure o~
the tire .

/

3 . 2 . 1 . 6  Dimens i ona l Cons t ra in t s .  The dimens iona l c o n s t r a i n t s  for the ATS
m a n  land i ng gear are shown in fi gure 5 , the ai r vehicle confi guration
drawing, and figure 6, the baseline main landing gear d rawing .
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3 .2 .1.7 Metallic Hardwa re Dimens i ons, Dimensions of the ATS main landing
gear hardware are shown i n  f i gure 6, the baseline mai n landing gear draw i ng .

3.2.2 Baseline Main Landin ~ Gear Descri ption

The ATS main landing gear assemb l y consists of a sem icar itileve red shock
strut with a sing le tire and whee l mounted i~ the eng ine nacelle. The For-
ward nacelle eng ine a I r intake section has a split  duct with a fai red center
island which extends from the inlet back to the eng ine compartment. The main
l anding gear is housed within this center island of the nacel le. The gear
assembl y is full y retractable aft , and is completely contained -.~- i t h i n  the
air plane contour when retracted . A hy dra u l i c  ac tua tor , us in g a i r  veh i c l e
hydraulic power , is used to extend and retract the landing gear.

The landing gear assembly is attached to the nacelle structure by

journaled trunni ons at the lower end of the strut main bod y and latched into
extended and retracted positions by a locking dev i ce at the top of the str ut.
The trunnio ns are supoorted by nacelle frames which are fastened to the Front
spa r of the .-i ing.

With the gear locked in the extended position , the vertica l and side
loads are reacted at the trun nions and the drag loads reacted by the
t runnions and the upper latch . The torsiona l loads on the gear are reacted
by the tcrq.ue lir.ks whic h are fastened to the fork (piston ) and tne strut
body. These links hinge to allow the fork vertical mo tion , but res i st the
torsion loads between the fork and the strut body .

The strut shock absorber w i l l  be an a i r — o i l  type in wh i ch the oassage
of metered o i l  throug h an o r i f i c e  is used to absorb land ing  im pact ene rgy
and to con t ro l  the ra te of com p ress i on. A snubber valve controls the rate
of extens ion of the p is ton . The shock s t ru t  w i l l  support the ~ i rplane .~ei ght
on the elastic med ium of nitrogen and hy draulic fluid wh i ch •w i I 1 cushion and
absorb the taxiing loads and w i l l  res tore the gear to the extended position
-w hen un l oaded .

The strut (outer cylinder) and fork (piston) w i l l  be fabricated from
300M stee l , heat t reated to 280-300 ksi. The strut consists of a mach i ned
cylinder and end caps . The u p p e r  cap contains the latch ing device which
has a bungee to hold the pin in position if the hydraulic pressure is
reduced. The fork (piston) is a machined part with an upper cylinder (piston)
and a l ower ang led cylinder (fork) section . The l ower cy linder is then hot
formed to the fork conf iguration . An axle socket is welded to the l owe r end
of the fork to complete the part. The axle socket has a jack pad on the
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bottom .-i h i ch w i l l  allow jacking of the air vehicle at gross wei gh:. The a x l e
is a machined 300M steel cylinder wh i ch is pressed into the axle socket. The
meterin g pin is a machined aluminum part which fits into the upper hollow
interior of the piston section of the fork. The upper aluminum bronze bearing
is positioned agains t the upper flange of the pi ston and held by the cy li ndri-
cal aluminum spacer which is pinned to the p iston . This spacer l i m i t s  the
stroke cf the piston .

The or i fice and orifice support tube are assembled and placed into the

upper end of the strut. The upper cap is then screwed onto the strut and the

o r i f c e  support tube is held between the strut and the cap.

Asse mb l y of the fork and strut consists of i nsert i ng the p iston section
o~ the fo rk  in to  the s t r u t  between the o r i f i c e  and the outer  s t r u t  w a i l
The lowe r aluminum bronze bu shi~ig is positioned into the lower end of the
strut and held in place by a retainer nut. This l owe r bushing provides the
p istor stroke l i m i t i n g  stop for the upper piston spader.

Torque links , wh i ch keep the wheel ali gned , are made of 7075-1736
aluminum and are bolted together at the apex and to the lugs on the fork.
The upper torque link  is assemb l ed onto the main trunnion pin between the
lugs on the strut.

Airframe tr unnions have s e lf-a li g r i i r~g bearings for the tru n n ion p i n.
I n s t allation of the strut into the wheel well is accomplished by positioning
:~‘e strut and in serting the trunnion pin through the a i r f r a m e  t runn ion
tea ring s , the strut lugs , spacer tube and upper torque arm lugs . Retainers
are then p laced into the ends of the hollow trunnion p in and held in p o s i t i o n
by a through bo l t .

Wheels w i l l  be 34 ~< 9.9 x 14.5 size and w i l l  be made from two 20I14-T6
al um i nu m forged whee l sections. Wheel assemb l y w i l l  include the tire , two
whee l sections , wh i ch are bol ted toge th er , ‘whee l bearings and the cy l indri-
cal false axle . Installation of the wheel assemb l y consists of sl i p p i n g
the false axle over the structural axle and screw i ng the retainer nut onto
the axle. The brakes w i l l  be contained w i t h i n  the 14.5 inch diameter  whee l .
The ~.hee l brake section w i l l  be keyed to the inner wheel sec t ion  rim and
the stationary orake i s mounted to two lugs on the fork. Brake operating
power w i l l  be provided by two i r~d i vidua l hydraulic sources . One pressure
source w i l l  provide the required whee l braking torque with the second
system as an emergency backup.

3.2.3 External Loads

The ex ternal loads acting on the baseline (300M steel) ma in landin g
gear of the ATS advanced fi ghter were obtained from a stud y of the ATS which
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generated loads us i ng a computer program entitled “Structural Wei ght Estima-
tion Program ,” known as ‘‘SWEEP. ’’

SWEEP is a computer program with major eng ineering ana l ysis modules
structured around preliminary des i gn proced ures and integrated into a working
program that can completel y anal yze structure wei ghts and mass properties of
major vehicle components.

The basis for the structural wei gh t anal ysis in SWEEP i s an appr ox i~’a-
t ion of the procedures and methods used in the actual structural anal ysis
and des i gn processes through the creation of an eng ineering description o~
tne components ii terms of ph ys i cal geomet ries , des i gn cr iteria , structural
sizings and mass properties . This is accompl isned throug h mathematical
modeling procedures and the adaptation of theoret ica l , empirica l , and/or
statistical methods t o a  logical but ~Iex ibl e , interrel ate d computational
orocedu re. The structural sizes are synthesized from des i gn requi rem ent s
and crit e r i a  data developed from evaluation of con fi guration design c r i t e r i a
dv special ana l ysis routines . The load ana l ysis in the la n ding gear s~-
routine o~ SWEEP Fo l lo ws the p rocedure outlined ifl MIL-A-8862A .

The takeoff and landing conditi ons for the ATS are defined i n  table V I I I
Add i t i o n a l l y, based on the aforementioned SWEEP program , external ra i n gear
loads were generated for eight c r i t i c a l  des i gn condi tion s . These generated
loads are summarized in table IX , wh i ch also desc r ibes app ropriate b a a  app li-
cation points , as well as appropriate strut extens:on length data. It snou ld

~e noted that the load denoted as ‘‘ UP” i s mean t to mean along the s t ru t /~~i sto r
axis, -while ‘‘AFT ’ or ‘INBOARD ’’ are orthogonal to the strut axis and eacn otn er.
Location of external load application points are also shown I n f i gu - e 13 ,
which also show s schematically the general location of the various components
of the ma in gear assembly. The ‘‘ schema t i c ’’ i s a :-ip ica l configuration Car
a l l  gea r concepts (300M stee l baseline , SPF /DB titanium , and gra p hite/epoxy
composite) inves i ga ted unde r this study . For the purposes of anal ysis ,
a l l of the aforementioned design loads were considered to occur in a rccm
temperature environment (703 F).

TABLE V I I I

ATS TAKEOFF AND LANDING CONDITIONS

Weight Landing Speed Sink Speed
Condition (ibs) Load Factor Ft/Sec. Ft/Sec.

Takeoff 53,000 1.629 253.2 6.00

Landing 47,400 2.743 202.5 10.00
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TAB LE IX

SIJ?’.MARY OF
MAIN L-\NDING GEAR EXTERNAL LOADS

(1) Load (z) (1)
Ccr1diticn Strut Application Load Limit Loads f ib s )

No. Descript ion Position Point Direction Takeoff Value Landing Value

1 T~o Point A C UP 25020 6215b
_________________ _________ - 

AFT t~~S4 15538
Sptr~-Up A C UP 21 33 4 b53

__________________ __________ _____________ 
AFT 

- 
3284

Spr ing Back A C UP 25020 b2156

______________ 
I 
__________ _____________ 

FORWARD 149Th 293~~- -

~~~~~~~~~ 

_ _ __ _ _ _

~ Bra~ed Ro l l  D UP 39 50 42 6h0

— - -  __________ 
AFT 

- 
31500 34128

3 I)rift - A D liP 12310 3l0~’8

_______________ _________ _____________ 
1N~BO.ARD 101)08 24 862

n ~rsv~Tunetr1-~ B D IjP 32095 28 04
- 

3rak ~n~ ______ __________ — 
A~T 

- 
256Th 2~~ n3

- B C UP 35’lS

-~ 
_ _ _ _ _ _ _ _  

.,- .&J~T 12343 
_ _ _ _ _ _ _ _ _ _

~ Th~~:ng B D UP b4381

J _____________ 
INBOARD 32 100

- I St~ ’jt Po~~ t ion : -~ = 2 inches from fuli” extended
B = 8 inches from fu l ly  extended i St a t i c )

2 Refer :o Figure (H for location of load application point
C = at ct~nterline of axle
V = at ground at t ire con tact poin t

* .~.naivs is
Coordinates

___________________________ conditior: :~~ept
4 ~~~ ‘4F ~r ”  \o. 1 forw ard

= 12 .5°

3:~

-
- ~— — — - — - - - - —
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3.2.4 Componen t Loads

Th e external loads , as previousl y d i sc u ssed , were used to obtain compon-
ent loads as described in this section. Fir s t, the appropriate deflection
(fo re or aft , i nboard or outboard) of the axle—to—lower piston tube attac h po i n t
po nt C on fi gure 13) was ‘‘ estimated’’ or ca l culated using the lower pist on

t ube section and -n ater i a l properties. Then , using the deflected geometry
dimensions , l oads .-,ere determ i ned by findi n g  the various reactions w i t h i n
the gea~ structure due to the external loads. These reactions were deter-
m i ned for a l l  conditions for the 300M stee i baseline gear confi guration .

~eact ion s calculated included the following:

U pper and Lower Bearing Reactions (x , Y)

Torque about the Piston/Strut Tube Axis (M
~~
)

Ut ’per Strut Pin Reaction (x)

Tr unnion Pin to Strut Tube Fl tting Reactions (X , Y , Z )

~ihere — ~ is ~-\~ T

+ ‘/ 
~ OUTBOARD

~ z ,s  ~P

3.2.5 Stress Anal y sis

The 3COM steel base lin e main l andi ng gear comoonents (see Fi gure 13)
were an3l— /zed using standard anal ysis methods to determine working stress
eveis at various :r- i t i cal s e c t i o n s  of the components and comb i ned loadin g

~ia~ g ins of safet y .-ie re determined for all components based on the 300M stee l
material ~rooe rties per table X. Load factors emp l oyed in the ana l ysis were
as fol low -a :

LIMIT LOAD = 1.0
ULT I MATE LOAD • 1.5
FITTING FACTOR 1.1 5

For the sake of brevit y , no detailed dis cuss ion of the ana l ysis w i l l  be pre-

sented . A summary of critica l (minimum) marg ins of safety for each component
of the 300M stee l gear concept is presented as table X I. Refer to fi gure 13
for component locations . No negat i ve marg ins of safety were determined by
th is analysis , hence , the 30011 stee l gea r concept (per fi gure 6) is considered
structurall y adequate for the previous l y defined desig n loads.
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TABLE X

BASIC MATER I AL PR OPERT I ES

30011 STEEL

275,000 - 305,000 psi 1ff

Room Temperature

F t (L and T) 275,000 psi

Ft CL and T) 227,000 psi
y

F
~ 

(L and T) 252,000 ps i
y

157,000 psi
U

Fb r 462,000 psi

Fb r 362,000 psi
y

29 x 106 psi

29 x 106 
~~

G l l x lO 6 psi

190 ,000 psi
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3.2.6 Wei ght

The total we i ght of the ATS main landing gear baseline is calculated
to be l1 6~ pounds , as is broken down in Table X I I .

TABLE X I I

WE I GHT BREAKDOWN

ATS MAIN LANDING GEAR BASEL I NE

Wt . Per Side
Descript ion (Pounds)

Strut (outer Cy linder) 139.30

Fork and Piston (inner strut cylinder) IL +3 . L40

Axl e 9 . 1 1

Torque Links (upper and l ower) (Aluminum) 5.20

Gea r Locks (up and down) 19.64

Actuator Cylinder 7 .3 8

Wheels (A l uminum) 66.00

Tires and Brakes 166.50

Misc.. (oil , a i r , anti-skid dectector) 25.50

Wei ght Total 582.00

ATS Ma i n Land ing Gear System - Wei ght Total 1164.00 PER AIR/VEHICLE
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3.2.7 Environmen ta l Data

The landing gea r shall be capable of operation in conditions as defined
below:

Temperature  65 to 120 °F

Pressure  10 . 1  to 15 .4  ps i

Humidity 0 to 182 grains H20/lb. dry a i r

Rai n Operational world wide pr~ c:D~ ta tion
extremes

Salt Fog and Spra y Salt particle size 1.0 micron
diameter minimum

Sand and Dust Dust s i z e  .1  to 10 mic rons  in dia.
Sand size 10 to 1000 microns in dia.
Concentration up to .5 gram/ft. 3 air

3.2.8 Development Cost

De ve l o pmen t or i m p le mentation costs include such nonrecurring costs as
Eng ineering hou rs fo r des i gn , system and progra m manage men t , tes ts and eval-ja-

~ion. Preproduction toolin g costs and crototype and test article fabrication
c o s t s  are a lso inc luded.  These cost  e s t i m a t e s  were developed p a r a m e t r i c a l l y
from data generated by other programs. See table X I I I  for Development Costs.

3.2.9 Production Cost

The cost estimate for the ATS main landing gea r was developed from severa l
sources of data. Material costs per pound and hours per pound fabrication
costs were obtained from B-I landing gear data. The wheels , tires, brakes
and an t i-skid device costs were taken from recent quotes for the Rockwell
-65 Sabre liner program. These costs were adjusted for differences in wei ghts.

~~ learning curve used for fabrication was 89?~ and was based on vendor
data. Assuming one release for the 500 units , the true midpoint for the fabri-
cation eff ort is unit 169.73. Adding the materials cost and the prorated
recurring costs of the tooling to the fabrication costs produces a cost
reduction curve of 92~ , see fi gure 14. See table X IV for results of the cost
ana I ys is.
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TABLE X I I I

BASEL INE DEVELOPMENT COSTS

(RDT&E costs in thousands of 1977 dol’ars)

Eng i n e e r i n g

Des i gn $ 393.04
Test and Evaluation 175.13
Fat i gue Drop Tests 107.00
Stat ic Tests 82.00
Engineering Test Ar ticles 82.00
Test and Log istics’Supp ort 38.20

Subtotal S 977.37

Preproduct ion

Fabr ication of 2 Shi psets $ 378.00

Too l ing

Labo r and Materials 150 .00

To tal  S 1 ,505.37
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TABLE X I V

PRODUCT ION COST - B A S E L I N E
(1977 Dollars)
500 Shi psets

Nonrecurring Costs

Tooling hours (19, 4 1 8)
Tool ing do l lars  $ 544,400
Tooling material $ 45,978

TOTAL $ 590 ,378

Recurring Costs

Fabr cat i on hours (755,729 )
Fabr icat ion dol lars $ 22 ,626 ,526
Production material $ 13, 816 ,634
Tooling hours ( 19,699)
Tool ing do l la rs  $ 54 1 ,134
Too l ing  mate r ia l  S 45,702
Tires ; orakes

ant is k id  detector $ 3 ,5 19 , 000

TOTAL RECURRING COSTS $ 40 ,548 ,996

CU MULAT IV E UN I T SHI PSET $ 82 ,279
COST - AVERAGE AT 500 SHIPSETS
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Total nonrecurrin g tooling cost w i l l  be $590,378 and tota ’ recurring
fabri ca tion and material costs w i l l  be $40,548,996. The total production cost
for 500 units w i l l  be $41 ,139,374 with a cumulative unit average at 500 of
$82, 279.

3 .2.10 R e l i a b i l i t y

The two r e l i a b i l i t y  fac tors tha t were determined for the baseline ATS
main landing gear were the corrective “M a i n t e n a n c e  Demand Rates ” (MDR) and
the condemnation rates. The condemnation rate is the produc t of the MDR
times a condemnation factor.

The condemnation factor is a variable which measures the amount of
repair possible before the equi pment must be condemned and discarded. The
condemnation factors we re established using data from previous experience with
similar equi pment and factors being used by A i r  Force Log is tics Centers in
the K051 system .

The Condemnation Rates were determined us ing vendor data and AFM66 -l
data for var ious aircraft and are presented in Table XV .

The total corrective MOR for the baseli ne landin g gear is 24,329 per 10 6

f l i ght hours. T i r e s  and brakes make up 95- of this total and are the
h i gnest  i n d i v i d u a l  MOR and also the hi ghest condemnation rates.

3 .2. 11 Maintain abil it y

The maintenance and log istics support costs for the flee t of 500
aircraft over a life span of 10 years wi l l  be $6, 151 ,000 spares cos t a n d
S3,676 ,800 personnel cost.

The baseline preliminary des i gn drawing was evaluated to define the
maintenance requ i red. This study established maintenance tasks , task times ,
personnel required , maintenance demand rate (MDR), and group support equ p-
ment required. This was done by perform i ng an on-aircraft and off-aircraft
analysis on each line replaceable unit (LRU ) such that the fd l owing infor-
m a t  ion is generated and tabulated.

A . Maintenance task or activi ty

B. Task time duration (estimated or time l ined )

C. Maintenance demand rate (MDR) for each task

D. Personnel requ i red (quantity) per task
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E. Requ ired ground support equ i pment per task (brief descri ption
of equ i pment)

F. LRU quality per aircraft

Support requ i rements are derived as fol lows:

A. “Maintenance Tasks” are those maintenance actions associated with
the system or LRU which requ i re corrective action when the item fails
or requires serv icing (e.g., pre fli ght inspect ion , tire remove or
replace , etc.).

3. ‘‘Task Tine Duration ” is the estimated tine required to accom p lish
the task.

C. ‘‘ Maintenance Demand Rate ’’ is the rate at which the maintenance action
-ii Ii occur during the life of the aircraft.

0. “Personnel Required” is the nu’Cber of personnel required to perform
the task.

E. “Required Ground Supoort Equ i pment ” is a brief technical descri ption
of the ground support equ i pment required to accomp lish  tne task
(e.g. , hydraulic cart , stand , c a l ib ra t ion un i t , etc.).

F. ‘‘LRU Qu an tity ” is the quantity of like LRIJ ’ s on the ai r cra ft.

tlaintenance actions and associated resources were identified for the
following genera l categories:

P e f l i ght inspec tion
Postf l ig ht inspection
Scheduled inspection
Servicing operations
On-aircraft corrective maintenance
0ff-aircraft corrective maintena n ce

The servicin g and inspections , maintenance is shown in table X VI . A
summary of MDR data which resulted from this ana l ysis is shown in tab le XV I I
and the detailed data is presented i n  A ppendix E, and includes tab le  E- l ,
On-A rcraft Corrective Maintenance and tab le E -l l , Off-Aircraft Corrective
Maintenance . Operational support equ i pment for both on-aircraft and off-aircraft
;s summarized in table X V I I I  and XIX respectively. -
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TABLE XV I I

SUMMARY OF MAINTENANCE D EMAND RATES

MOR
QTY. PER

WUC PER - 1000
NUMBER NOMENCLATURE A/C FLIGHT HOURS

I3CDA9C T i r e  2 10.00
J 3 E~C Brake Stack Assembly 2 .78
13E BE Brake Actuator Assemb ly 2 .78
I3CBL Strut Hydraulic Actuator 2 .15
13BAA9A MLG Cy linder 2 .135
I3CDA9 Whee l Assemb l y 2 .125
I 3BAC 1 Down lock Asse mb l y 2 .083
13BAC2 Uplock Assemb l y 2 .083
13BAQ I Torq ue Link—Upper 2 .011
1 3BAQ2 Torque Link-Lower 2 .011
13BAA 9B MLG Piston 2 .007
I 3GCB Anti-Skid Detector 2 .0068
I3BAA 9C Axle 2 .005
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TABLE XV I I I

SUMMARY OPERATIONAL SUPPORT EQUIPMENT
ON—A I RCRAFT MA I NTENANCE

OSE OSE
NO MENCLATURE I FUNCTION OR DESCR I PT I ON

Landing Gea r Too l Set Special Tools for Tire , Actuator , Brake
and Strut Removal

Air Vehicle Jacks Three Point Jacking System , 15 Ton Total Load~

Dual Purpose GNZ Servicing Cart GN2 Service Cart for Tire Inflation and
Stru t Servicing (2000 psi)

Hydraulic Servicing Cart Service Hydraulic Sys tem When Rep lacing
Actuators

Hydraulic Fluid Drain Receptacle Drain Receptacle for Use During Actuator
Remova l and Replacemen t A c tivi t es
(5 Gal.)

Ground Power Electrica l Cart Provides 1+00 Cycle Powe r to Aircraft for
1+00 Hertz Land i ng Gear Tests

Ground Hydraulic Power Cart P rovides Hyd rau l i c  Power for Landing
Gear Checkou t Following Corrective
Maintenance

An ti—Skid Test Set Provides for Functional Test of Anti-
I Skid Detector .
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TABLE X I X

SUMMARY OPERATIONAL SUPPORT EQUIPMENT
0FF-A I RCRAFT MA I NTENANCE

OSE OSE
NOMENCLATURE FUNCT I ON OR DESCRIPT I ON

Land i ng Gear Tool Set (Off Aircraft) Special Tools and Holding Fixtures
Used in the Dissassemb l y and Assemb l y
of Whe e l , B rakes , Actuators , Str ut
and Sensor.

Dual Purpose GN2 Servicing Cart Inflate Tires

Actuator Test Stand—H ydraulic Test Hydraulic Actuators
(Intermediate and Depot)

Clean and Refinish Actuator Stand Clean and Refinish or Resurface
(Depot) Actuators and/or Parts

Ga uge Set Gauoe for Inspection of Al l  Landing ~
Gear Precision Parts
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The Support Cost is g i ven by the following equation .

Suppor t Cos t = Spa res Cost + OSE Cost + Personne l Cost

where : Spa res Cost Ini t i a l  Spares Cost + Recurring Spares Cost

(OSE = Cost of special Operational Support Equipment
for a l l  bases. )

Personnel Cost of Maintenance Airmen and their training.

The I n i t i a l  Spa res cost equation is g iven below . The quantity of in t al
spa res is adj usted to assure .99 probabil i t y  of a v a i l a b i l i t y .

In i t i a l  Spares Cos t = Maintenance Demand Rate (MDR)

x Quantity/Aircraft
x F l i ght Hours/Month/W ing
x Turn-around Time
x Number of Wings
x Un i t  Cos t  of Spare

The Recur ring Spa res cost equation is shown below:

Quantity Recurring Spa res = Maintenance Demand Rate (MDR)

x Quantity Per Aircraft
x T o t a l  F lee t  F ly ing Hours
x Condemnation Factor

Cost Rec urring Spa res Quantity x U n i t  Cost

The USE costs have not been calculated sinc e there is no spec ia l opera-
tiona l support equ i pment requ i red speci fi call y for tbi ~ landing gear sys te m
beyond the OSE normally supplied for maintenance of the airc raft.

0
The Personnel Cost IS gnven by the equation be l ow:

Personnel Cos t = Maintenance Demand Rate (MDR)

x Quan tity per Aircraft
x Total Flee t Fl y ing Hours
x Cost/Productive Man-Hours
x Maintenance Task Time

where cost per productive manhours inc...ides efficiency, personne l
types and training of maintenance airmen .
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The Support Cost for the component parts of the baseline landin g gea r is
shown i n table XX.

3.2 .12 Safety

A sa fe ty h a z a r d  i s  ca u sed b y the hi gh stress corrosion rate of the base-
line landi n g gea r high strength steel components , and t h s  is a c ont ri 5uti n g
facto r to the ooerationa l costs. Tra d i t i o n a l l y, onl y those costs due to
sched uled and corrective maintenance ha ie been ana l yzed , but a safety anal ys i s
has also been made on the landing geo r to assess the cost due to stress
corrosion related accidents predicted to occur over a 10 year operationa l period.

Ca ta rece i ved fron Norton A i r  Force Base on landing gear accidents has

—~een e- .al uated and the following results and conclusions dra~in :

( 1) A c c i d e n t s  can be d i v i d e d  into three t ypes :

Minor
Ma j o r
Catas trophic

~~ A p roba Dil ity of occurrence can be assi gned for each type
of acc i dent. Thi s probability can be related to fli ght
hou rs to derive an accident occurrence rate (AOR).

(3) A cost  in percent of t o t a l  a i r c r a f t  cost  was c a l c u l a t e d  for
each type of acc~ aent .

(L1 An overall relationshi p be tween catastrophic ai rcraft losses
from gear onl y and total aircraft losses exists. This vias

modified for those gear related losses •~h i ch occ u r red
because of stress corrsicn.

The fol lowing equation -~as used to calculate accident costs:

Cost = . AO R x TFFH x POTC x TAC
x X

~,here AOR = A ccident Occu-ance Rate

TF FH Total Fleet Fly ing Hours

POTC - Percent of Total Aircraft Cos t

TAC Total Aircraft Cost

X 1 , 2 , 3 3 Types of Accidents

- —
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TABLE XX

BASELINE SUPP ORT COSTS
1 0 YEAR LIFE SPAN

(All costs are in thousands of 1977 dollars)

WUC TOTAL PERSO NNEL
NO. NOMENCLATURE SPARES ON A/C OFF A/C

— I
T ire — (I3CDA9C) 4,412.1+ 1+22. 1+ 192.0

Bra ke Stack Assy (I3EAC) 235.2 44.9 19.8

Brake Actuator Assy ( I3E DE) 156. 9 59 .9 1+ 1. 9

St rut  Hydraulic Act (13CBL) 32.3 13 .2 8.6

ML G Cy linder (13BAA9A ) 864.6 22.3 6.7

Whee l Assembly (l3CDA9~
’
~) 56. 0 1 3. 1+ 2.8

Up/Down Lock Assy (13BAC 1 , 2) 1+5 .2 22.3 6.3

Torque Link Upper ( I 3 BAQ I) 8.9 1 .0  0.1+

Torque Link Lower (I3BAQ2 ) 8.9 1.0 0.4

MLG Piston (13BAA9B) 224.6 - 1.9 0.2

An ti-Skid Detector (J3GCB) 16.3 0.4 -0-

Axl e (I3BAA9C) 89.7 1.6 0.2

Preventative Maintenance 2,793.2

Subtotals 6, 151.0 
~~3,397.5 279.3 

-

Personnel Cos t 3,676 .8

Total Support Cost 9,827.8
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The predicted cost of corrosion related acc i dents over a 10 yea r period
is $18, 105,000. This is due to m inor accidents costing $510 ,000, major
accidents costing $ 1 1 ,220,000 and catastrop hic accidents costing S6,375,000.

3.2 .13 Life Cycle Cos t -

Li fe cycle cost is the sum of development , product ion support cos ts  and
accident costs. It includes the cost of des i gning, testing, fabri cation and
opera ting the landing gear over the 10 yea r life span of the air vehicle.

Development or implementation costs ind uce Eng i neering, Preoroduction
and Tooling Cos ts . Section 3.2.8 details these costs which tota l Sl ,505,370 .

Produc tion costs include both recurring and nonrecurring costs for fabri-
ca tion of 500 units. The previous section on Production Cost describes the
methodology and table X I V presents the results. The total is S4l ,l39,374 and
the cumulative shipset cost average at 500 shipsets is S82,279.

The sup port cos t includes the cost of spares , operat iona l support equip-
men t and personne l requ i red to operate the landing gear over  a 10 yea r 1 fe
spar .. The previous M a i n t a i n a b i l i t y  section describes the methodo l ogy and
table XX 1 i st s the support costs . The total is S9,827,800.

Tu e acc ident costs are g iven n the previous section and total Sl8 , 105 ,000.

Tne to ta l Life Cycle Cos t is S70,577 ,000 for the 500 units o’er a 10 -,ear
l ife span. See table X X I .
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TABLE X X I

ATS BASELINE LI FE CYCLE COSTS

(Al I costs in thousands 1977 dollars)

Developmen t Cost (Nonrecurrinc)

Eng ineering 393
Two (2) Prototype Sets 378
Toolin g — Preproduction 150
Test 58~4

Subtotal 1 ,505

Production Cos t

Procuction Toolin g (nonrecurring) 590
500 Produc tion Units (recurring) 40,549

Sub total 41 ,139

Support Cos t

Spares 6.1 5 1

Personne l 3,677
OSE

Subtota l  9,828

Accident Cost 18,105

GRAND TOTAL 70,577
0
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SECT I ON I V

DES I GN S T U D I E S

4.1 PHASE 1 DESIG N STUDIES

Des i gn stud i es made for Phase I of this program were to deternine the
feas i b i l i t y  of usin g compos i te material for the B-l nose landing gear. These
s tu d i es were made in three sec t ion , each havin g d ifferent constraints.

There were:

- 
I. S u b s t i t u t i o n  - Constrained by fo rm , fit and function .
2. Modified - Constra i ned by fit and function .

3. Redes i gned - Constra i ned by funct ion onl y .

The studies showed that while some compos i te parts could be .-ie i gh t and
cost effective unde r all three sections , the more des i gn freedom allowed , the
greater the gains from the use of compos i~te material. These studies are p re-
sented in A ppend i x  A , the Phase I Report.

4.2 PHASE II CONCEPTUAL DESIG N STUDIES

Desi gn studies made for Phase II of this program were structured to
dete rmine the advantages of using advanced concepts and mate rials for a main
la nding gea r on the ATS , an advanced fi ghter aircraft. An advanced desi gn
confi guration of this aircraft , see f i gure 5, has been used as the baseline,
and since it is in this early stage of des i gn , onl y the ‘ function ’ general
cons t raint has been used. Conceptua l des i gns using three material systems for
tne main landing gea r have been made . These are:

I . Organic Advanced Compos i te System ,
2. Metal Matrix Composite System , and
3. Advanced Metallic System

The landing gear on this confi guration is a conventional tricycle gear ,
having a nose wheel and two main wheels. The m ain landing gear struts are
mounted in the nace lles , and are stowed in the island between the two eng ine
air inlet ducts. The location of the main gear wheels on the static ground
pla ne , to retain balance for landing performance , is the major constraint to
a main gear redesign. The location of the wi ng structural box , relative to
the whee l location described above , cons trains both the landing gear con-
figuration and nacelle structure. Configuration of the nacelle may be revised
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to accommodate different main landing gear systems . However , the shape of
the nacelle near the weapons bay is  cons t ra i ned b y the wea pon e jec t io n ang le.
The size of the eng ine air inlet ducsts must be maintained , but the shape can
be varied to allow changes in the center island whee l well area . See f i gure

7 for nacelle sketch .

4.2.1 Organic 5 Advanced Compos i tes Syst em

Studies in this section of the program were made to inves ti gate landing
gear confi gurations wh i ch could exp loit the strength and stiffness character-
istics of organic advanced compos i tes . Intermediate strength graph i te/epoxy
compos i te material was selected on the basis that it prov ides  a good ba lance
between strength and cost. A section on compos i te m a t e r i a l  s e l e c t i o n  is
presented in Appendix A , the “Phase I Report. ”

A number of conceptua l des i gns have been stud ied. They fall into two
groups; one us i ng “lea f spring ” concepts in wh i ch the compos i te material is
used to absorb the landing i mpact energy by beam deflection , and the other a
“conventiona l landing gear” concept which uses an air-oil shock strut to
absorb the energy . Four concepts were stud i ed and are discussed and evaluated
below .

The lea f spr ing  concepts use a se r i es  of f l a t  composite p lates bonded to
resilient material between them . The compos i te spring p lates w i l l  defle ct
under load to absorb the kinetic energy of the landing and the hysteresi s
property of the resilien t material between the leaves w i l l  reduce the hi gh
enercy return (reflex action ) of the lea f spr ing landing gear. Since the
energy absorption efficiency of this type of system is much lower than a
hydraulic shock strut , the whee l disp lacement during landing impact w i l l  be
much greater on the lea f spring concepts .

This concept was studied for the B-l nose gear in Phase I of this pro-
gram (see Appendix A) and while it was not considered a viable system for use
on the large B-l bomber , it was felt that it mi ght prove suitable for the
landing gear on a smaller airplane such as the ATS fi ghter.

4 .2.1 .1 Can t il ev er ”Lea f Spring ’’ Concept. This concept is shown ~n fi gure 15
and consists of a five foo t cantilever beam with the support trunnio ns
l ocated forward in the nacelle nea r the duct inl e t. A hydraulic cy linder is
used to extend and retract the cantilever gea r and to lock i t into both
positions. The wheel is mounted in a fork in the lower end of the cantilever
beam.

Vertical and drag landing loads are resisted by the cantilever beam and
reacted at the forward trunnion and the locking dev ce. Side loads on the
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wheel create side bending and very undesirabl e torsion on the ca nt i Ici er leaf
spring beam .

The size of the beam shown in fi gure 15 i s the result of a rough s i zing
calc ulation -.-i hich assumed that the beam was solid Gr/Ep, that the material ~~~
homogenous and that loca l buckling of the fib ers is controlled b y a retaini n g
overwrap or mechanica l fasteners . More realistic assumptions .‘~‘ould increase
the size of the beam .

The large forward end of ~‘e canti lever beam wou ld requi ‘-e -“ajor revi-
sions to the duct and nace ’ es to provide stowage space for it.  The
ducts would have to be resha~eu and the s p l i t t e r  .‘iidened. This would require
that the duct inlet be moved forward to provide acceptable inlet ramp ang les
and duct lines. The nacelle would have to be ~-sidened and , since the weapon
fall line lim i t s the i nboard location , the nacelle and engine would have to
be relocated outboard on the wing.

Location of the trunnion in the forward nacelle results in a l l  landing
loads being applied to structure ,eh i ch would have to be resized since , in

-the baseline concept, th is area is li ghtly loaded .

4.2.1. 2 Dual Beam “Leaf  Spring ” Concept. Fi gure 16 shows this dual beam con-
fi guration in which the forwa rd end of the lower beam is mounted in a trunnion
and the forward end of the uppe r beam is fastened to a retracting link which
is moved by the actuator cy linder to extend or retract the gear. The lower
end of each beam is a fork wh i ch is fastened to the axle of the wheel. Both
beams are bent n the unloaded condition and the landing loads then result in
axial loads which stra i ghten the l ower beam while increasing the bend in the
upper beam . Side loads on the whee l create side bending and tors i on in both
beams . This confi guration , with both the trunnion and the retracting l ink
forward in the na celle , w i l l  require major duct and nacelle revisions s i m i l a r
to those required for the canti lever concept.

4.2.1.3 Center Support Beam ”Leaf Sp ring ” Concept. Shown in fi gure 17 is a
“lea f spring ” beam with a center down lock support. The forwa rd end of the
beam is fastened to the trunnion which is located nea r the forward end of
the nacelle. The whee l is fastened to the fork at the aft end of the beam .
The :enter support is a down lock which has a “ladder ” confi guration. The
actuation cylinder w i l l  hold the down lock “on center ” when the gear is in
the extended position . Side load on the whee l creates side bending and
vertical different ial bending in the fork a rms of the beam and is reacted by
the “ladder ” down lock wh i ch eliminates the torsion loading from the upper
section of the beam . The major l anding loads are carried by the down lock
center beam support to the upper nacelle adjacent to the w ing forward spar ,
however , the beam trunnion s t i l l  introduces lan d ing loads into the forward
nacelle area .
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Figure 16. Dual Beam “Leaf Spring ” Concept
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The beam size shown in fi gure 17 is the resul t of a rough sizing calcu-
la tion s i m i l a r  to that made for the cantilever beam. It indicates that this
version also would require major changes to the duct and nacelle lines and
structural sizing, similar to that for the canti lever beam concept.

4 . 2 . 1 . 1+  Organic Compos i te Conventional Landing Gear Concept. Th i s  des i gn
uses a sem i cantilevered shock strut having a configuration similar to the
baseline landing gear. The strut uses an air- oil shock absorption system to
absorb the energy of land i ng, and to support the airplane wei ght. This strut
has trunnions low on the bod y of the strut and a latch on top which allows
the strut to react all loads without the need for drag braces .

Vertical loads are reacted by trunni ons whi ch are fastened to the side
w a l l s  of the duct.  Drag loads and moments are reacted by the trunnions and
the upper latch . Side loads and moments are reacted by the trunnion s .
Torsion loads between the fork (p iston) aid strut body are reacted by t~ o
torque links . The l ower torque link is mounted between lugs on the axle
socket of the fork and the upper torque link is fastened to the strut bod y
by the trunnion p in.

The composite s t ru t  is housed w i t h i n  the i s l a n d  be tween the a i r i n take
ducts of the nace l le .  Th is  is s i m i l a r  to the ba seline installation except
that , since the compos i te strut and fork mus t be larger , the i s l a n d  must be
widened to accommodate the gear. The outer diameter of the composite strut
is 9.80 i nches compa red to the base l ine  s t r u t s  outer d iameter  of 5.85 inches .
T he i s l a n d  has been widened to 21 inches maximum from the lB i nch m aximum
width of the baseline.

In order to avoid increasing the ove rall width of the nacel le , the shape
of the duct has been revised to retain the required duct area while narrowing
the duc t. The l ower contou r of the nacelle has been revised from a rounded
to a squ ared-of f  shape . T h i s  a l l o w s the height  of the duct s e c t i o n  to be
increased by extending it down into the lower corners of the nacelle. The
l ocation of the inboard lower corner of the nacelle was constra i ned by the
weapon system ejection line , see fi gure 18. These changes wi l l  increase
both the fronta l area and the wei ght of the air vehicle.

4.2.1.5 O rganic Advanced Compos i te Concept Evaluation. The three leaf spring
concepts all have the same major installation problem i n  that the duct and
nacelle lines and the forward nacelle structure sizing would require major
revisions to accommodate any of these concepts. This is caused by the require-
men t that the extended whee l location be fixed , relative to the aircraft C .G.,
and that a long beam is required to prov i de the large wheel displacement
necessary to absorb the landing i mpact energy with thi s system .
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W i th  a g iven load and beam ‘- ‘ate rial , the beam deflection and the rate
of d isplacement is a function of the size of the beam. The leng th  has been
kept large so that  the gross s e c t i c ~n w i d t h  can be m i n i m ized  and a l l o w a b l e
s t ress  l e v e l s  ma in ta i ned .  The beam s i z e s  requi red for any of the concepts
were very large and could  not be installed -.“ithou t the nacelle revision s
previously mentioned . These large beams would also be very heavy . An
exten s i v e  development program wou ld  be required to provide data on the energy
absorot  ion qual i t i es  of a layered beam us ing  compos i te  m a t e r i a l  i n t e r l e a v e d
w i th res i Ii ent material . The character is t i cs of the res i l i en  t ma te n  al and
i ts a b i l i t y  to absorb energy due to hys teresis effect must be defi ned. EFfect
on the performance of the beam due to methods of F a s t e n i n g  the leaves t oge tn e r ,
whether by adhesive , fas teners or over wrap, mus t be determined . After develop-
ment of the m a t e r i a l s , metho ds and des i gn , manu f a c t u r i n g  procedures for fabr i-
cat ion of the layered leaf  sp r ing  beam must be developed .

From the above d i s c u s s i o n , i t  has been concluded that , at t h i s  t ime , the
leaf sp r ing  confi gurat ion wou ld  not be a v i a b l e  land ing gear concept .

The conventional landing gear concept uses the more efficient hy draulic
shock strut to absorb the landing i mpact loads . The changes to the ducts and
nacelle , to prov i de the ex t ra three inches w i d th in the duct sp l i t t e r  necessary
to stow the strut , would be moderate , compared to that required for the lea f
spr ing concept.

Tab le X X I I  summarizes the comparison between the lea f  s p r i n g  concepts and
the conven tional landing gear concepts. The conventional landing gear concept
has been selec ted as the bes t Organic Advanced Composite concept, and w i l l  be
used i n the evaluation against the bes t Metallic Matrix Composite concept and
the bes t Advanced Metallic concept.

4.2.2 Metal 5 Mat r ix Composite System

Metal matrix compos i tes offer numerous advantageous mate rial cha racter-
istics for use in hi ghl y loaded components of a landing gear. They include
hi gh intrinsic strength , and hi gh specific strength and modu li. In addition ,
it is a ta i lora b le composite material wh i ch may be fabricated into parts
having specific strength and stiffness to resist b i -axial or tn -axial loads
and thus use minimum material thickness to save weight . The material is
hi ghly stable , has des i rable hi gh temperature propert ies , and in some appli-
cations , has the potential for reduced fabrication costs.

• The meta l matrix composite system most closely approaching a state-of-
the-art technology is boron/aluminum (B/Al). This compos i te consists of
boron filaments diffusion bonded into an aluminum matri x . To date , more
material and des i gn data has been generated in support of this mater ial
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system than any other metal matrix composite. Application programs for des i gn
ana l y s i s , fab rication process development , and hardware development of air-
frame and eng ine app lication have been conducted .

Major component fabrication prog rams such as the B-i boron/aluminum win g
root-rib web have demonstrated that metal m atrix composites may be substituted
for hi gh strength alloy s (i.e., titanium) w ith appreciable wei ght and cost
savings (33 percent and 45 perc ent respect i vel y).

The boron/aluminum material system has been selected as the metal matrix
compos i te to be used in this stud y. There are three primary methods of
fabrication used in boron/ aluminum production. The first is ‘‘green tape ’ ’
which is boron fibers attached to a green di sposable carrier paper by
acry lic binders . This material , when laminated with aluminum fo i l plies , may
be consolidated by diffusion bonding at h i gh temperature and pressure , -..lhHe
maintaining a vacuum environment on the part to extract the acy Hc binder as
it gassifies. The improper ‘‘out gassing ’ ’  of this material entraps the acrv l ic
binder between fiber and matrix and is probab l y the sing le larges t cause of
improper material consolidation and lower material properties .

The second method of B/P~I fabrication is through the stacking and
diffusion bonding of ‘‘ plasma sprayed” sheets or tape. Parts made using this
method would be more costly due to the d i f f i c u l t y  and expense of t~ e p las m a
spray process.

The t h i r d  method , and probab ly the method o f least techn ica l  r i s k ,
though not the least costl y, is t he consolidation by d i f f u s i o n  bonding of
stacked “mono layers .” Monolayers are single l aminate p lies , produced as a
tape which are gene rally  diffusion bonded to 75 to 80 percent consolidation .
It is this intermediate diffus i on b onding step wh i ch i n h i b i t s  t’e cost
savings po tential of this material , but ~ih i ch grea t l y red uces th e n t s L. Of
processing to the finished product.

Boron /a l um i n um com posi te ma te r i a l , co r rec t l y p rocessed by any of the
t hree methods , w i l l  resu l t  in m a t e r i a l  having very s i m i l a r  properties.
However , the plasma sprayed tapes have the least attractive material pro
pert es of the three .

Some typica l properties of boron/aluminum are :

Dens i ty — .093 pounds per cubic inch
Ul timate Tensile Strength - 230~ OOO pounds per square inch
Modulus of El a s t i c i t y  - 34 x 10 pounds per square inch
S p e c i f i c  Strength 2.5 x 10 6 inches
Spec i f i c  Modulus • 3 . 7  x 106 inches
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A more comp lete summa ry of proper t ies  for bo ron/a1umin u~’- may be fou na in
AFML-TR- 72-232.

A rev iew  o f the three processes ind icate s  that the monolayer process ,
on the b a s i s  of lower  technica l r i s k , shou ld be se lec ted  as the ‘ a~~r ica t ior
method for t h i s  s tud y .

D i f f us ion  bonding to e f f e c t  m a t e r i a l  c o n s o l i d a t i o n  is the major ea:ure
of a l l  three p rocesses .  T h i s  in turn makes tooling fe a s i b i l i t y t~ e des i gn
driver in app l y ing metal-matrix compos i tes to the landing ge a rorot h er co~’-
p lex airframe Systems .

Conceptua l des i gns us ing  a number of d i f f e r e n t  confi gura t ions  have been
studied to determine wh i ch may be best integrated into the airframe and most
ad vantageousl y use bo ron/aluminum components. Five concepts have been studied
(A through E) , and w i l l  be discussed and evaluated below .

1+ .2 .2 .1 Boron/A l uminum Concepts A and B. Two versions of a Fo l d i n g  drag l i n k
conf i g u r a t i o n  as shown in f i gure 19. Concep t A uses dual wheels and Concept
B a si ng le wheel. Both concepts use an a f t  canted a i r — o i l  shoc K s t r u t  .- i i t h  a
fo r’,jard folding orag brace. Retraction from the extended pos i t io r ~ for both
concepts requires fold r~g of the drag l i n k s  and r o ta t i on  of the shock S t r u t
and ~hee l up and for . .ard.

In Concept  A the dua l w h e e l s  a r e  mount ed on a n a x l e  that i s  supported
by the lower  drag l i n k  -.-~h ic h is fastened to the p iston of the shock Strut.
The sin ~~Ie .-i nee l in Concept B is supported by two Forks , one on the lower
d rag l i n k  and one on the strut p iston .

The wheel well width requirements for the dua l wheels is 32 i nches , a
l~ inch increase over the basel ine. The duct splitter and nacelle could
not be widened that much withou t lengthening the nacelle and relocatin g the
nacelle and eng ines outboard on the -~iing . This wou ld  r esu l t  in too great a
penalty to the aircraft for Concept A to be considered a viable confi guration.

Using a single wheel, Concep t B requires onl y a five-inch increase in
‘ee l ~iidth over the baseline. However , the location of the stowed wneei
- -.a’- zi in the duct results in an unacceptable distortion of the baseline

duCt  l H’es . The nac elle ,‘iould have to be lengthened to make the duct inlet
P -.

~ ac .e~ able. The forward location of the drag brace trun n ions result

— -~~ ~ais be i ng introducted into the forward nacelle area structure

~~~~ ~ø~ u ir e res i zi n g to react these loads .

• Si c I r- in - i~~ Conceo t C. Conceot C is show n i n fi gure 2!~, ard
a 4 - ~~4 I  a , - -o’ ~r- ck ansorber mounted on two retracting links w ith a
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forward n onfo lding drag li n k .  Thi s gear is retracted cy rotating links :jp

and fo rward  wh ich  pu l l s  the s t ru t  up and rotates the drag l ink up oto the
s towed pos i t i o n .

Ver ti ca l  l a nd i n g loads would be reacted by the strut into the r et r acti n g
a rms and the upper trunn ions .  Drag loads wou ld  be reac ted  ~y the urag S t r u t

and the fo rw a r d  t r unn i o ns .  The s i d e  loads on the - ‘heel ,~ i 1 1  n d uce s i de
bend ing and t o r s i o n  in to  the drag brace and bendin g in the shock stru t . The
r e t r a c t  in9 links w i l l  be subjected to axial loads only.

Both the drag l i n k  and the p is ton  of the shock s t ru t have doub le Forks
suppor t i ng  the whee l .  The shock s t r u t  is suppor ted low on the c y linder by
the retracting lin k s  which are tubular struts fastened to the main tr unnions.
T he cy l i nde r  and p i s t o n  of the s t r u t  wou ld  be B/A l , but the fork sect ion wou ld
be t i t an ium . The drag s t ru t  and the re t ract i ng l i nks would  Pe B /A l , diFfusion
bonded to titanium end fittings .

The ma in  t runnion s are located hi gh in the ~!heel well directl y under the
f ront spar of the s t ruc tu ra l w i n g  box . T h i s  r e s u l t s  fl a very short and
d i rect load path for the major  landing loads.  However , the l o c a t i o n  of the
drag brace and forward t runnion in the n a c e l l e  wou ld  requ i re  r e s iz i n g  of the
structure in the forward nacelle to react the drag and  side landing loads .
The width of the whee l well must be increased six inches over the basel ine to
provide for this concept. Revision of both duct and nacelle lines would be
required to meet the duct sizing requirements .

4.2.2.3 Boron/A l uminum Concept 0. A ‘‘ t r a i l i n g  a rm ’’ configuration , Concept 0,
i s show n i n f i gure 2 1 . The whee l is mounted in a double fork on the t r a i l i n g
arm , which is supported by the forward trunni ons and the shock strut nea r the
center of t he beam . T h i s  concept has the a i r - o i l  shock s t r u t  suppor ted by
two r e t r a c t i n g  l inks , and operat ion is  s i m i  lar  to Concept C.

Ver tica l and drag loads i nduce bending i nto the tr a i l i n g  beam and are
reacted at the forwa rd trunnions and the shock strut mount. Side load on
the whee l results in side bending and torsion on the trai ling beam and
bending in the shock strut. Axial l oads in the retracting links result from
the landing loads and bending in the strut .

Parts proposed to be made from boron/a l uminum are the cyl inder and piston
of the shock strut , the beams of the drag brace , and the retracting links .
The caps and end fittings w i l l  be titanium , and the shock strut mount fitting
on the beam would be machined aluminum .

This confi guration reacts major landing loads at the fron t trunn ion s
from the trail ing beam , as well as at the aft trunnion s from the shock strut.
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Thus , w h i l e  the a f t  t runn ion  is v e r y  y ell placed to react loads di ‘e ct l y into
the for .- .ard spar of the .~ing s t r u c t u r a l  box , the Forw ard t runnion is  loca ted
for~-~ard in the nacelle .yhere the structur e mus t be resized to accommodate the
major l and ing  loads in t roduced by the for . %ard end of the t r a i  l i n g  Dearn .

Inc reased  room i n the whee l w e l l  must be provided for this concept .  The duct
sp l i t t e r  must be w idened  s i x  inches over the b a s e l i n e .  L ine  changes to ma in-
tain duct area while  reducing the w idth of the duct , a nd na c e l l e  cha nges to
accommodate the duct , would be required .

L4. 2.2. 4 Boron A luminum Conce pt  E. F igure  22 shows Concept E , a c o n v e n t i o na l
landing gear confi guration ,-jh ich has a canti levered a i r - o i l  shock strut w n i ch

i s  the ma in  s t r u c t u r a l member as w e l l  as the energy absorb i ng dev i ce . T h i s
confi guration is s i m i l a r  to the baseline con fi guration -which was described i n
S e c t i o n  I I I .  The s t r u t  mounts on trunn ions , low on the s t r u t , and locks i n to
t h e  ex tended and r e t r a c t e d  p o s i t i o n  by use  of a latch on top of the Strut.

~ s i n g le fo rk  suppor ts  the ax le  and wheel wh i ch s i m p l i f i e s  anti-skid sensor
in s t a l l a t i o n  and remova l of -wheels and tires . Vertical loads are trans~ erred
f ro m the S t r u t  to t- ’e trunn ions.  The d rag  loads are resisted by the strut
t r un n io ns  and the upper l a t ch .  S i d e  loads are reacted by the trur ,nions .

The shock s t r u t , ~shown in f igure  23. is an a i r — o i l  type and parts pro-
posed as B/Al include the strut cylinder , on f ice and support tube , the
p ;ston and the metering p in base plate. The torque links are also proposed
as B/A l .  T i t a n i u m  end f i t t i n g s  wou ld  be d i f f u s i o n  bonded to the ends of both
the B/A l strut cylinder and the p i ston. The upper strut cap and the lower
t runn ion  lug f i t t i n g s  wou ld be machined t i t a n i u m .  The fork is p roposed as a
powdered m etalur gy hot isostatic pressed titanium casting wh i ch would be
electron beam welded to the titanium end fi t t i n g  on the B/Al p i s t on .

The trunni on s are located below and just forward of the stru ctural .-~~in g

box , s i m i l a r  to the baseline confi guratio n , with the advantage of the short
load path. The stowage area in the duct splitte r wodl d have to be s l i ght l y
widened to 19 inches from the 18 i nch baseline dimension.

4.2 .2.5 Meta l M atrix Composite Concept Evaluat i on. Concept A is not con
s i d e r e d  a v i a b l e  co n f i guration since the width requirements would force
unacceptable changes to the air vehicle. Concepts A , B , C , and D kinematics
are good in that the wheel m otion after land ing impact is advantageous for
absor bing Spinup loads and reducing spring back loads . These concep t~ have

a larger number of major parts than Concept E , the conventiona l type landing
gear. Concept D is estimated to be the heaviest concept due to the long
trailing beam loaded in bending . Concept E , with fewer parts , is estimated
li ghtest.
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The forward trunn ion locations on Concepts B , C , and D require resiz in g
nacelle structure in that area , while Concept E has the trunn ion in the same
location as the baseline concept. Both Concept C and U require the duct
sp litter to be widened by six i nches over the baseline , while Concept E
requires onl y one inch extra . Duct and nacelle changes w i l l  increase both
the frontal area of the aircraft , and its wei ght. These changes also increase
cost , so Concept E is estimated to be the l owest cost confi guration.

Fabrication of the components on any of the confi gurations w i l l  be ve ry
difficult and would require an exten sive manufacturing and tooling proces s
development program prior to fabrication of any parts .

From the eva l uation g i ven above and summarized in tabl e XX I II , Concept E ,
the conventional landing gear configuration , has been selected as the bes t
confi guration for the metal matrix composite , and w i l l  be used in the evalua-
tion against the bes t organic compos i te concept and the best advanced metallic
concept.

4.2.3 Advanced Meta ll ic System

Superplastic formed and diffus i on bonded (SPF/DB) titanium has been
selected as the advanced metallic sys tem to be investi gated in this study .
This material has an outstanding strength -to-dens i ty ratio and resistance to
corrosion . The SPF/DB process w i l l  be used to fabricate complex landing gea r
parts at lower costs.

The basis for the SPF/DB process is the supe rp l asticity and diffu sion
bonding properties of titanium .

Supe rpla s ticity in  titanium is a phenomenon in wh i ch very large tensile
elongations may be realized because loca l thinning (necking) does not occur
unde r the proper conditions of temperature and strain rate. Diffusion bond-
ing is the joining of titanium under pressure at elevated temperature ~i it h out
melting or use of bonding agents. Fortun ately , through a natural occurrence ,
superp lastic formin g and diffus i on bonding of titanium can be accompl ished
under i dentical parametric condit ion s . This allows the superp lastic form ing
and diffusion bondi n g of titanium to take place concurrentl y wit h i n  the die
cavity. Many structura l forms are possible , including sandwich structures
made by expand i ng face sheets and core aga i nst die forms . The classic
difficulties normall y associated with Fabricat ing sandwich structu res , such
as parts fit—up, clos e tolerances , adhes i ve or braze alloy strength , do rot
exist with this technique. Examp l es of parts made us ing this SPF/DB process
are shown in fi gure 24.
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TABLE X XIII

EVALUAT I ON — METALLIC MATRIX COMPOSITE CONCEPTS

NACELLE
FAB- STRUCTURE COST

CONCEPT KINE MATICS MAJOR PARTS RICAT I ON WE I GHT REVISIONS EST I MATE

A Superior Fwd Drag Links (2) Difficult Heavy Very Not a
Aft Drag Link Extensive Viable
Lock Concept
Piston
Cy l i nde r

B Superior Fwd Drag Link D if fi cu 1t~Heavy Ex tens i ve Ve ry
Aft Drag Link Hi gh
Lack
Piston—Fork
Cy linder

C Superior Drag Link Diffi cult Heavy Major High
Piston

I Cy linder
Retracting Links (2)
Lock

D Superior Trailing Beam Difficult Heaviest Major Hi gh
Piston
Cy linde r
Retracting Liriks(2)
Lock

E Adequate Piston - Fork Difficu lt 1 Lightest Minor Lowest
Cy linder
Torque Links(2)
Lock
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Three different landing gear confi gurations were studied to determine
which one could most efficientl y use component parts fabricated from SPF/DB
titanium. Studies were a ‘‘ t r a i l i ng arm ’’ concep t , a ‘‘four bar linkage ’’ con-
cept arid a “con ventional landing gear” concept. Each of these concepts has
advantages and disadvantages and require different types of component parts.
Eac h concept ~i i l l  be discussed separatel y and then subjectively evaluated
to deter m ine .-,hi ch advanced metallic concept i s  bes t and should be selec ted

~or comparison to the bes t of the organic advanced compos ite and m etal na tr i
compos i te concepts.

.2.3 . 1 T r a i l  rig Arm Concept. A t i tan i um land i rig gear us i rig a t r a i l  i rig
a n con~ g u r a tio r ’  is shown in fi gure 25. The .,hee l s ~o unt e C  in  a do ub l e
or~ ar ‘he att end of a beam which is supported ~~ ‘; t -~~m ion s at the fcr ,-i~,rd

end and the shock absorber near the center of the bear The shock ab soroer
is ta~~terred to the upper link and two lock links , ~Ir Ch prov de the r e t r a ct i on
and locking -echan i sm for this concept. The lock li r k s  provide over-center
locking in botr, the extended and retracted positions. A p a i r i n g  or partial
heel .-ie I l  door has been incorporated into the t r ai l i n g  beam .

The k ine m at i cs of this system result in a whee l motion , at im p ac t , t hat
i s advantageous for absorb ing spinup loads and aou ld reduce spring back
loads . This sy stem would not have the advantage of emergency unpowered free
fa l l  to a l ocked extended pos i tion. The double fork holding the .-ihee l .- 4 i 1 1
regu i re a specia l anti -skid sensor i n~ ta I lat ion and -ii 1 %  make wheel and t re
rer~ova l more comp l icated .

V ertica l and fore and aft cads result in bending of the tra l l i n g  beam
and are reacted at the forward trunni on and the shock absorber. The side
loads result in side bendin g and tors ion in the t r a i l i n g  beam and are reacted
at th e for.-~ard trun n ion s onl y. The lock link s are li ghtl y loaded since they
onl y serve to hold the upper lin k  and the shock absorber ‘‘on-center ’’ . The
uppe r Hnk is hi ghl y loaded in compression Since it mu st react the fu l l  shock
absorber landing im pact loads . The t r a i l i n g  beam , •the upper link and the
lock l inks ..~i H a l l be fabricated from titanium using the SPF/DB process.
The shoc k absorbers used in compress ion in this confi gu ra t ion i s a ‘‘Li quid
Spring, ” -i h i ch is smaller and li gh ter than the a i r - o i l  type . The ‘‘L i quid
Spring ’’ i s a ier~ hi gh pressure cylinde r which absorbs enerqy by metering
oi l  throug h an o rifi ce , and for a spri n g, compresses a closed volume of speca l
oil  rather than using the air ‘‘ spring ” which is used in the a i r — o i l  shock
ab sorber. The “Li quid Sprin g ” cy linder w i l l  be machined from 300M steel.

This con fi gu ra t ion , using a double fork to hold the whee l , w i l l  require
a wi der whee l well which would widen the ai r  intake duct sp l itter approxi-
mate l y 3 inches and require revising both duct and nace lle lines to retain
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the necessary duct area. Trunnion s at the forward end of the t r a i l i n g  beam
introduce major landing loads into the forward duct and nacelle structure ,
wh i ch w i l l  require chat the baseline structure be res i zed to react the loads .

4.2.3.2 FoL - Bar Linkage Concept. This titanium concept is show n in fi gure
26, and consists of a vertical beam with a double fork at the lowe r end .-i hich
supports the wheel , a drag brace lowe r link and an upper l i nk wh i ch , with the
nacelle structure , makes up the four bar lin kage. The shock absorber is
fastened to the upper end of the vertica l fork and to a lock link •-ih i ch is
attached to the lower trunnion .

The whee l and fork motion during the shock absorbing stroke is nearl y
vertical , si m i l a r  to the baseline. The rotation of the upper lin k  and the
lowe r drag link con t ro l the motion of the fork , and the shock absorber pro-
vides the energy absorption to li m i t  the travel of the fork during landin g
impact . Th is landing gear also w i l l  not ‘‘free fall’’ into extended positi on in
an emergency, and the double fork has the disadvantages of requiring a
special anti-skid sensor installation and a more comp l ex wheel and tire
remov al  opera t ion .

Ver tica l and fore and aft loads result in column and bending loads in
the vertical fork and axial loads in the upper and lower links , which are
reacted by both the upper and l ower trun ni ons . The side loads result in
side bending on the vertical fork and both the upper and lower links and are
reacted at both the upper and lower trunnions. In the extended position ,
the lock link is latched into an over center position w i t h  the shock absorber
so that they car react axial loads in both directions f rom the shock absorber
landing mpact and rebound loads.

The vertica l fork , both the upper and l ower links and the lock li n k ,
w i l l  be fabricated from titanium using the SPF/DB process. Exar’p les of
SPF /DB des i gn for the vertical fork and the drag link are shown in fi gures
27 and 28. The shock absorber in this concept is also a ‘‘l i quid sp rin g. ’’

but it is a balanced cy l in de r des i gn and its major load is tens i on due to
the movement of the v ertical fork dur ing landin g impact. This “ l i quid
spring ’’ cy linder w i l l  also be machined from 300M steel.

The air intake duct sp l itter would also have to be ~ i dened 3 inches for
this con f guration , since the double fork size w i l l  be s i m i l a r  to the t rail-
ing arm fork. Both upper and lower trunn ions ri this confi guration are
located under the structura l w ing box so that the load oaths are short and
the la nding loads are not introduced into forward nacelle structure.

4.2 .3.3 Conventional Landi ng Gear Concept. ~nce pt ua l stud y of a conven-
ona I land i rig gear us i rig t i tan urn a it h the ShOLK strut as the ma i n structur a l
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member , as well as the energy absorption dev i ce , is shown in fi gure 29. This
landing gea r is quite s i m i l a r  to the baseline landin g gear wh ich was cescribed
in Sec tion l i i .  The shock strut is mounted on trun n ions , low on the strut ,
and locked into both extended and retracted pos itions by a latching device on
top of the strut. It has a single fork holding the axle and whee l which
simp l ifies installation of the anti—skid sensor and remova l of whee l and tir es .

Vertical loads arid side loads are reacted by the t runn ions and drag loads
by the trunnions and the upper latch . Torsional loads between the strut and
the fork are reacted by the torque links .

The shoc k strut w i l l  be made from SPF/DB ti tanium and w i l l  be an ai r - o i l
type in which energy is absorbed by metering the oil throug h an o r i f i c e . The
fork and wheels w i l l  also be SPF/DB titanium part s. The size of the titani u m
s i ng le fork and shock strut regui res an increased width of whee l w e l l  to stow
the landing gear. The width of the air intake duct sp l i tt er has bee n w ide ned
to 19 inches to prov i de the additio nal whee l well space. The tru rrn ions are
loca ted under and just forward of the front spar of the wing box , th us retain-
ing the short load path of the baseline desi gn.

4.2.3.4 Advanced MetalHc Concept Evaluation. Since each of the SPF/DB
titanium concepts studied in this section would make a viable landing gear
sys tem for the ATS airp lane , a subjective evaluation was made to determi ne
the best concept.

Kinematics of the t r a i l i n g  arm concept during landin g are superior to
the other two concepts in that the wheel motion is advantageous for absorb 1 rig
sp inup loads and s p r ing back loads would be reduced. The convention al landing
gear concept has the fewest number of major parts , -ih i le the four bar linkage

S concept has the mos t parts . The conventiona l landing gear conceot is
estimated to ce li gh tes t and the t r a i l i n g  beam concept the neavies t • due to
the long beam highl y loaded i n bend i ng . The l i q uid spring tip e shock Struts
used in the tra i l i n g  arm and the four bar linkage concepts have the advantage
of be i ng sma l le r  and l i ghter than the ai r-oi l type of shock strut , but the
s ta t ic hei gh t of the gear w i l l  var’/ widel y with the changes in the temperature
of the special silicone o i l  used as strut ~luid. The very hi gh pressure used
in these units require supe r finishes and special sealing wh i ch increases the
cost.

Both the tra i l i n g  arm and the four bar linkage concepts use two pair
of hi ghl y loaded tr unn ior r s mounted on the structure , while the convention al
land ing gear concept has onl y one pair of trunn i oris and a drag load la tch
mount. The forward trunni -,n on the tra i li ng arm concept would require
resiz ing structure in the forward nacelle , while bo th other concepts have the
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trunnions under the structura l wing box . The -.-i idth of the air intake duct
sp litter must be increased three inches to accommodate either the tr a i l in g
ar m or the four bar linkage concepts , but onl y one inch for the conventional
landing gear concept. The revised w idth results in duct and nacelle changes
w hich w i l l  increase both aircraft frontal area and wei ght.

Cons i deration of both the concept and the duct ano nacelle revisions
necessary to ins t a l l  the t r a i l i n g  arm concept indicate that i t  would be mos t
expensive , ~- i h il e the conventional landing gear concept should be least
expens i ye .

The eval uation above has been summarized i n  table XX I V , and indicates
tha t for the advanced me t a l l i c  concept , the conventional landing gear con-
fig uration is bes t and should be used i n the evaluation against the best
organic compos i te concept and the best m e t a l l i c  matrix concept.

4.2.1+ Conceptua l Des i~~n S tudies Evaluation

Des i gn studies have been made ~f a number of concepts in each of the
three material systems : Organic Advanced Compos i te , Metal Ma trix Composite
and Adva nced Metallic. Evaluations have been made -.-/ i th in each of the sections
to determine the best confi guration for the parti cular material sys t em . The
purpos e of this section is to make a subjective evaluation of the best con-
cept of each material system to dete rmin e wh i ch of the concepts is marg inal
and should be e l i m i n a t e d , a n d  which are considered viable and should be
carried to tie preliminary des i gn stage so that cos t and wei ght comparisons
can be made.

A review of the concepts selected in each of the three material systems
reveals that the baseline confi gu ra tion , using a strut as both the main
structura l member and the energy absorbing device , was evaluated as bes t in
each case. A l l  con cept s , then equa l l y meel the “function ” constraints; that
is, each w i l l  f u l f i l l  the landing gea r requirements for the ATS air vehicle.
Manu fac tu r ing  processes for f ab r i ca t i on  of the component parts using the
three material systems are not at the same state-of-the-art level. Evaluation
ind icates that both Organic Advanced Compos i tes and Advanced Metal l ics are

S closer to a state—of-the-art process than Meta l Matrix Compos i tes .

There have been a number of Ai r  Force p rograms devoted to develor ng
organ ic compos i te land in g gea r components. A number of components havt been
developed for th! A-37 airplane . These programs and other related efforts
have sh~ .in tha t -~omposite land i ng gear components are prac tical.

90

— ~~~~~ .— 
- 

- - . - -—--—- -_
.__.-

_ -— . -- - -—- — —‘~~
-..

~~
—-- --

—*. - -,_ . _ .— -



LU
I— 4.1

I.- < Ill (5
51

0 —  .C 51 51
‘I, .— 0
LU z

LU ‘I)
UJ~~~~ Z U. • 51_a~~~~ 0 0 I-
...I I— _ (5 0
L U L~~~(I~ (5 U.
(_)~~~~~~~ — z 51 z
Z~~~- L U  0z

a~I— C C 5)
-- .- 0.

~~ U . 5 J  i - S I
~- 0. 4-’ 0. 4.1 1 — i -
Lñ ~ ) ( 5  ~f l I5 0

~~ ~~~~~~~~~L~ . — dJ .— dJ 0 5 )
0 ~~~~~ - I
~~ 7 <  C~~< U.
Cl, .- .- .-

-J -J -

‘/,
I-. U.) 4.1 5)
0.. 1 1 —  u~U.) 51 (5 51U.) (.

~~~Z U.
Z — —  > 5) -0 UJ I— ‘5 -U.) - 5) 0 -

LU Z z -

‘I
-~~
-~ z -

~~ I-~ — C C
— U~ Z .~~~~~ I
)< Z < I/I C C  4.1 _i _J

I.-. I— .— .— -~‘ -~~0 — ..J _J U. C
(4) LU 1 < 0U.) .~~ (4. .~J U. ~flZ .~~ C C ~~~ O P< 0 U. L . — O O  — — . — C U . U .  L i - U . O O
P— > ‘. 0 0 ‘1) _) _J —I (5 ...J ...J •— 5) 0 I 5) 

~
.- p~0 U.. Li- C U -.1 C •

~ C
O C U . U . U .  . U . U .  O C ’ S  0 C U . U . .~~,I) Z E 4.I~~— 5 ) s1 S  ~~~~~~~~~~~~~~~~~~~~~~5 , n — 0 .~~~~~0. U . 0 .~~~~~~~~U u ~~~ —~~~~~I f l — Q .~~~~~~5)~~~~~> . 0 .0 Q .  5 1 0 . 0 O~~~~~>.U

~~ 0.. U.) ..J ..J -~~ o. U.) < 0.. J

< ‘I,
C..) (4 5)
— 0 4.1 -
I— (5 - ‘ 5
< U. S

LU 5)
LU 0. 5) 5)

U.
(5
5)

S CI
C

I— 51 C
0. ‘5U) ‘5 I

z E C —
0 .— S ’ S
,.j ,

~~ ..J - C
U.

c ‘5

I-
(5 C(4 0 0
I- i.~ U.)

91

• - -  - -
~ --~~~ 

- .—
-.5’ - 

S •5~~~~
- 

-



The Advanced M e t a l l i c  material sys tem using SPF/DB titanium has been
proven to have both cos t and wei ght saving advantages . The desi gn advantages
and manu facturin g feasibility of th Is techno l ooy has beer’ established by a
number of Rockwell R&D programs and A i r  Force arid NASA contracts.

A n ex tens i ve l i tera tu re s u rvey has been made to discover other metal
matr ix app lications and to see how the tooling and production comp l exities of
‘retal matrix composite fabrication have been solved. It is f a i r l y evident
that w i t h  the exception of eng ine blad es and thin -.-ia l l ed tube structure ,
l i t t l e  or no fabrication experience with comp lex m etal mat rix parts exists.

The major structura l components to be made p rom boron/aluminum in this
program are the strut cy li nder and the pi ston. These parts are heavy -.-ia l l ed
cy l i nders s ubjec ted to ax i al , bending and internal pressure loads. Cross
plied lam iate orientations must be used to g ive m u l t i - a x i a l  load carry ing
capab I Ii ty.

W h i l e  tu be s t ruc tu res of bo ron/al umin um have bee n s u ccess f u l l y fabricated
in  production for space shuttle strut applications , these tubes were thin
w alled s t ruc tu res , rela t ive ly li ghtl y a x i a l l y l oaded . These tubes were made
using unidirectional (0° orientation) taoe with rela ti ve l y f~w pl ies thickness
and onl y 3 . 4  inches in diameter. The tubes required for the strut and piston
for this concept mus t be laid up with cross p l y orientations of + 45° and 9Q9
as well as the 0° axial or ientation to accommodate the mul t i - a x i a l  stress
state. They must be up to 108 plie s thick and 9.2 inches outside diameter.

T h i s  then produces a very h i gh risk producibi l it y  prob l em . While the
same too l i n g  conceot of s a c r i f i c i a l  t oo l i n g  appears a t t r a c t i v e  for t h i ck  w a l l
tube fabr i c a t i o n , severa l major processing prob l ems become apparent. First ,
the thick wall therma l coefficient of expansion prob l em must be solved .
Throug h tr ial and error this tolerance could be provided for in the outer
ha rd too l. The second prob lem , how ever , is  not as e a s i l y overcome . When the
in ner expandable tooling mandrel expands from i n t e r n a l  pressure , it f orces
the r ad i al  and o f f - a x i s  or iented f i b e r s  to e f f e c t i v e ly “s t r e t c h” to meet the
outer large r radius as the matrix becomes molten and consolidation takes place.
Th is would produce parts with one , poss ib l y two , i n t r i n s i c  characteristics
.,h ich would be very undes i rable from a des i gners standpoint.

If the fibers could “stretch ’’ r a d i a l l y, this would either cause a pre
l oad on the fiber , cause fiber breakage or y ield fibe r separation as the
my lar pattern ply is forced to wrap over a larger diameter than it was fabri-
cated for.

More realisticall y, assuming these high strength fibers do not stretch
to provide the rad al di splacement required for consolidation , the matrix
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would effectively move through fibers towards the outer d iamete r  as the inner
too l expands . This would y ield very hi gh fiber volume fractions on the inner
sur face and moderate to low on the ou te r . A mix of properties through the
th ickness of the part would  resu l t , and s ince  t h i s  wou ld  not c o r r e l a t e  -w i t h
an es tab l i shed  da ta base of ma te r i a l  p rope rt ies , a fu rther risk factor is
introduced wh i ch mus t be conside red in this evaluation .

It may therefore be concluded that boron/aluminum fabrication , -i h i Ic
poss bi y the bes t characterized of the Metal Matrix compos i te system s , i s
not a state—of-the-art technology. A sub stantial amount of manufacturing
process and tooling development w i l l  be required before it may be considered
so.

Due to the very hi gh producibility ri sk invo l ved in the fabrication of
comp l ex Metal Matrix component parts , it is concluded that this material is,
at the present time , marg ina l , and sho u ld be excl u ded f rom f u r the r des i gn
effor t in this program. The two material systems selected for preliminary
des i gn s tudies and analysis are the Organic Advanced Composite System and
the Adva nced Me ta l l i c System . Table XXV summarizes the comparison between
the three material systems .

4.3 PHASE II PRELIM INARY DESIGN STUDIES

The conce ptu al des i gns of the organic composite and the advanced met a l l i c
material systems wh i ch were described and selected earlier in this sect ion ,
have been refined to a preliminary des i gn stage from wh i ch a cost and wei ght
ana l y s i s  ~ii l l  be made.

4.3 .1 Organft Composite Prelimina ry Des~~ n

The conventional landin g gear confi guration was selected as the bes t
organic compos i te conceptual des i gn earlier in this section. A preliminary
design , f i gure 30, has been made using this concept. This confi guration
uses the shock strut as the main structura l member s i rn i lar to the baseline
des i gn. The par ts of this design to be fabric ated from organic compos i te
material (Gr/Ep) w i l l  be the shock strut cy l i nd er , trunnion support , o r i f i c e
support tube , p iston/fork , i nner p i s ton s h e l l , upper and lower torque links
and the wheel.

To facil itate the preliminary desi gn and anal ysis of these mult i - a x i a l
loaded members , the compos i te laminate used was (O~ + L~5°) orientation . In
a fina l des i gn the orientations would be further optimized For “Iayup ” fab r i
cation or changed to facilitate “filamen t wind i ng” operations , but for the
scope of this study , satisfactory wei ght and cost estimates can be obtained
by u s i ng (0~ + 45°) laminate.
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Th i s no ta t ion (0 -+- 45 °) denotes a five layer laminate having a top axial
pl y (0°), a 45° (to axial) pl y, a ce nt e r a x i a l  ply, a 45° p l y (90° to other 45°
pl y) and a bottom axial p l y. Mul ti p les of two la m i na tes a re u sed tc ach ieve
the requ i red th i ckness .

4 .3 .1 .1 Shock Strut Cy l inder. The shock strut cylinder i s a pressure vessel
wh i ch is also subjec ted to both axial and bending loads . The loads are
reacted at the trunnion and at the upper latch . The trunnion support is
separate and is adhesive bonded to the strut. The latch is mechanically
fas tened to the strut by the threaded upper end cap. The shock Stru t w i l l
be 9.8 i nches outs i de diameter compared to 5.8 inches for the baseline
metallic landing gear. This was done to increase the cross section of the
compos i te cylinder to compensate for the decreased properties of the com-
posite when compared to the hi gh strength stee l of the baseline des i gn.

The Strut cy li nder w i l l  be fabricated by filament winding on a metal
mandre l which w i l l  make two parts at once . The upper necked end w ith the
titanium insert w i l l  be fastened to each end of the mandrel. After cure the

two strut cy linders w i l l  be cut apart at the thicker , interleaved , In- - icr end
ring at the center of the mandrel. The inside of the cy linder , w h i c h  ias
cured aga i ns t the ground f i nish of the mandre l , w i l l not need to be mach in ed .

The out er s u rface , however , w i l l  have to be mach i ned to prov ide an accurate
surface for bonding to the trunnion support cone and to the titanium wear
co l la r .  See f i gure 31 .

4.3 .1.2 Trunnion Support. The trunnion support is a cone shaped composite
part wh i ch is bonded to the lower end of the shock strut and provides support

for the trunnion p in , the upper torque lin k  and the mou nting pin for the strut
extend/retract actuator. This support configuration was selected because it
mo re e f f i c i e n t ly uses the excellent two dimensional p roper t ies of compos i t es
than lug ty pe des i gns .

Two trunn ion supports wi II be filament wound at once on a metal mandrel.
The larger end of each part w i l l  be in the center of the mandrel. The
t run n ion p i n area of the part w i l l  be reinforced by a laminated Gr/Ep insert.
Th is insert w i l l  be separatel y la id up and cured in a matched metal mold to
fina l di mens i ons. The inner trunnion support cone w i l l  be filame n t wound
onto the mandrel , the two inserts w i l l  be placed H pos ition and the outer
trunn ion support cone f i l amen t  wound over the inner cone and i n s e r t s .  A f t e r
cu re , the two trur inion support cones w i l l  be cut apart and removed from the
mandrel. The trunnion support w i l l  be machined on the ins ide onl y in the

area to be bonded to the strut cy linder . See fi gure 32.

The titan i um wea r collar w i l l  be adhesive bonded to the lower end ring

of the cy linder and then the trunn ion support cone w i l l  be pos itioned and

adhes i ve bonded to the strut cy linder. Separa te l y cured Gr/Ep bulkheads w i l l
be adhes i ve bonded to both strut cylinder and trun nion support cone. The
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K PA RTING LINE
(AFTER CURE)
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F gure 31. Stru t Cylinder Filament Winding Tooling
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ho les w i l l  then be d r i l l e d  in the t runnion support cone and the cy l i n d r i c a l
bus hings adhes i ve bonded in p lace.

4 . 3 . 1 . 3  O r i f i c e  Support Tube. The o r i f i c e  support  tube is a cylinder which
carries the axial loads from the orifice to the uppe r f i t t i n g  on the stru t
cy linder. Thi s load is the landing shock load which results from the pressure
caused by the metering of the hydraulic flu i d  between the orifice plate and
the metering p in to absorb the impact energy .

This tube w i l l  be filament wound on a two p i ece m andrel -.~- h i c h - j i l l
disassemble for removal of the cured cy li n der. Reinf orcement bands of 90°
(circumferent i a l ) p lies are wound on each end to resi st the ‘broomi ng ’’ of
the cy l i nder due to radial pressure from the conical shape of the f i t t i n g .

The tube is adhes i ve bonded and then b l i n d  riveted to the m etal end fitt i n g s .

~ .3 .l .4 Piston/Fork. The piston/fork i s  a s t r -~ctural n’en’ber wh i ch Fi t s
into the strut cy linder and is subjected to pre s-~ure loads in  the upper p iston
end and a xia l and bending loads over the entire len gth f rom the pi ston uoper
end to the fork lower end. The .-ihee l and axle is mounted i n  the f i t t i n g  at
the end of the fork. The loads app lied b y the axle are ‘esisted by the upper
and lower beari n gs in the strut cy linde r arid the hyd raulic pressure act ng
aga i ns t the inner piston shell . The p iston/f ork assembl y consists of three
par ts ; the p iston/fork , the i nner p iston shell and the axl e support f i t t i n g .

The piston/fork w i l l  be filament wound on an infla ted mandrel which i s
a boa y of revolution. Additional 90° reinforcement plies - w i l l  be added to
the fork end. After winding, the wet part w i l l  be placed in a mold and the
wet .~ii n din g s post-formed to the offset fork configuration and cured. The
part w i l l  be removed from the mold and the inflated mandrel collapsed and
removed f rom the piston/fork. See f~ gu re 33 .

Mach i ning, both inside and outside on the piston end w i l l  be required .
The outside of the lower p iston body must be fi n i sh e d to close tolerance
s ince it r~ust seal against the strut l ower bearin g. The upper end of the
p iston must be mach ined to match the upper bearing. The inside sur’ace must
b e mach i ned to ma t ch the inner p iston shell for a good adhesive bond joint.
The fork end mus t also be machined to match the axle f i t t i n g  for bond i ng .

4.3 ,1 5 Inn er Piston Shell. The inner p iston shell is the pre ssure vessel
component of the p iston/fork assemb l y. The dome end of the inner p iston
shell is subjected to the maximum hy draulic pres sure generated between the
or ifice and the metering pin. These loads are resisted by the si de w a l l s
of the inner p iston shell and tran sferr ed to the piston/ fork side wall through
the adhes i ~e bon d.
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Two inner piston s ne lls w i l l  be fabricated at once b y FHament wind i n g  on
a metal mandrel. .4 metering p in support f i t t i n g  w i l l  be fastened to each end
of the mandrel and wound in to the inner pisto n shel l . After cure , the t w o

-

. inner p iston sh e ils w i l l  be cut apart and removed from the mandre l . The
outer surface w i l l  be mach ined to match the piston/fork for bending.

4.3 . 1 .6 Piston/Fork Assembl y . The inner p i ston she ’l is bonded inside the
p iston and the inside sur face ma cni ned to provide a true cy l i n d r i c a l  surface
wh c h  is p a r allel to the outer surface of the p iston. The upper bearing /snubber
valve is pinned to the uppe r end of the p iston .

The ax ’e support f i t t i n g  is a -lachined steel part w hi ch supports the
axl e and “hee l and reacts the landing loads in to the fork. In addit i o n , this

~i t t I n g  Hcorporates lugs which support the lower torque l in k .  This avoids
having to fasten lugs to the compos i te piston/fork. Thi s f i t t i n g  i s ex tended
up to the fork to provide the stationar y mount For the disk brake.

Too l ing w i l l  be used to locate arid hold the axle support fitting for
bonding to the fork. Bl i n d  rivets w i l l  also be used to fasten the fit t i n g  to
the Fork. This ccmpletes the p iston /fork assemb l y.

4 3 .1 .7 Torque L inks. The re are two torque li n ks which are hinged together
at the apex and fastened at the base , to the stru t cy l ir -der and the piston/
fork . They resist the torsional loads on the gear while allowing the vertical
m otio n of the fork.

Tne confi gurat on of this system , while s Hn ilar to the baseline 5 d i f f e r s
in that the links are longer to allow mounting tha t is more compat b l e w i t h
the composite piston/fork. The top li n k  is mounted on the tru nni on p in in
the st .-u t tr un n ion support . The lower l ink  i s fastened to the fork metal
axle support fittings . Thus , no lugs are required to be Fastened to the com-
pos ite c tru r or forL .

aot h the upper and lower torque links are filament wound and made two
at a ti me on meta l mandrels. The apex titanium fittings are fastened to each

S 
end of the mandrel and wound into the torque links . The links are reinforced
at the base by interleaves which w i l l  be wound into the torque link body.
Afte r curing the links w i l l  be cut apart at the link base , a t the cen ter of
the mand re l , and removed. The links are machined at the base and dri ll ed for
the base mounting ho l es . The cy lindrica l bushings are adhes i ve bonded into
the torque li nk base ho l es .

4.3.1.8 Wheel. The whee l is a mechan i ca l assemb l y of metallic and Gr/Ep
composite laminated components. The metallic components include the forged
a lu minu m rims , the steel bearing liners , the bear ings and the stee l false
axle . The components made from Gr/Ep are the . iee l disk and the whee l cone

102

- 
-

—-—--5.--- - — —
~~ - -~~-~~~~

-- -.



which includes the hubs and the rim b olting rings. This wheel configuration ,
us i ng a “cantilever ” tire , p rov i des room for a larger diameter and more
efficien t brake stack. This requires that the brake key support be si rn i-
cantilevered from the whee l rim. Aluminum has been selected as the rim
materia l . With ventilation holes between each brake key , it w i l l  d issi pa te
hea t etter and provide a simp ler i nstalla tion for the brake keys .

The al uminum rim w i l l  also provide for a flat tire runout and while this
is not a wheel sp ecification requirement for sin g le wheel assemblies , the
M IL-A—8862 spec ifi cation for multi-whee l assemblies , specifies flat t r e
loadi ngs . Therefore , it appea rs appropriate that a more viable metal rim be
used i n th i s des i gn .

The wheel disk and the whee l cone components are Gr/Ep compos i te iamina ~
tions cut into pie shaped segments and laid up w ith staggered butt joints on
a metal mo ld. Interleaved reinforcements are added to both the hub and the
rim boltin g ring area . In addition , on the wheel co ne the hub is rei n forced
w ith 90° circumferential overwrap ing. After cu ring, bo th parts are machined
on the rim flange mating surfaces and on the hub inner surface for the bea n rig

l iners . The steel bearin g li ners are then adhesiv e bonded in  p lace. The
aluminum rims are made from 20l4—T6 a luminum forgings . Both rims must be
machined on; the bead seat , the mating and sea l surfaces , the bol t i n g  flanges ,
and the brake key seat surfaces .

Ass embl y of the wheel-and tire Consists of r’ount in~ the tire on the
i nboa rd and out board r im s , positioning the inner whee l cone and the oute-

~i heel disk to sandw i ch the ri m  flanges and insta l l H g the shed assemb l y
bo lts. The bearings and the false axle are then ns t alled . THs completes
the w heel asse mbl y wh i ch may be acco mp l ished i n  the shop to avoid i n s t a l l i n g
bearings on the flig h t  line.

4.3.2 Advanced Metallic System Preliminary Des i gn

A p re l im i na ry des i gn , f i gu re 34 , of the conventional landing gea r con-
fi gu ra t ion , using SPF/DB t itan um , has been made from conceptual designs
stud i ed previousl y in th is section . Thi s confi gu rat ion uses the shock strut
as the main structural member s i m i l a r  to the ba seline des i gn. Par ts con
sidered for SPF/DB titan i um fabrication included the fork , the strut c y linder ,
the torque links and the wheel.

4.3.2.1 Fork. The single fork , wh ich supports the axle and whee l , i s a par t
of the piston/fork assemb l y . It is fabricated us i ng the SPF/DB process and
then welded to the lower end of the p iston .
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The fork w i l l  consist of two side plates , two axle housing fittings and
two torque link lug fittings . The plates w i l l  be bent and placed into the
die with the fittings located by die cavities, see f i gure 35 . Die and parts
are then heated and pressure introduced between the fork sid e p l a tes to b u l ge
them into the die cavity and against the fitt i ngs so that all parts become
diffusion bonded . After remova l f rom the die, the part is then machined to
f inal shape and welded to the p iston.

4.3.2.2 Strut Cy l inder. The strut cylinder is a pressure vessel and , in
add i ton , has bo th axial and bending loads acting on i t. The cy linder has been
des i gned as a truss core sandwich stru cture to provide a more efficient section
for a x i a l  an d ben d ing loads .

It -.~i l l  be fabricated using the SPF/DB process to form the sandw i ch
structure and to join it to the trunnion lugs f i t t i n g  and the cy linder end
reinforcem ents. The inner , outer , and core sheets of the truss core are
trimmed to size and coated with “stop—off” compound to con t rol what a reas
w i l l  be di ffus on bonded . These sheets are then placed on the cyl i n d r i c a l
mandre l with the cy l i nder end reinforcements. The trunnion fitting  is l ocated
in the lower die cavity ari d the mandrel , s~ith a l l  the other parts i n  p lace,
is posi tioned in the lowe r die and the upper die secured i n  place .

The die and parts are brought up to temperature and pressure i , intro-
duced on the outside of the sheets on the mandrel to bond al l  parts toqether
per the ‘‘ stop.-off’’ pattern. After bondi n g is completed , the pressure is
diverted to the area between the inner and outer sandwich sheets -whi ch ‘wi l l
cause the outer sheet to stretch up i-ito the larger c y lindrica l ca / it -/ of the
die , and to p u l l  the center core sheet into the truss core confi guration.
After remova l from the die tie cy linder and the tr u nnion p i t t i n g  are machined
to final dimens i ons. See fi gure 36.

4.3 .2.3 Torque Links. The torque links were desi gned as SPF/DB t tan ium
par ts , b ut preliminary evaluation revealed that these parts were not cos t
effective agains t aluminum parts simi lar to the baseline torque links .

4.3.2.4 Wheel. The wheel consists of two halves which are assemb l ed with
the tire and held together by bo lts just under the rim . Each wheel half
consists of the wheel disk , half of the whee l hub , the sealing ring and half
of the rim. Both whee l halves w i l l  be made from titaniu m using the SPF/DB
fabrication proces s concurrently to form the wheel disk and diffus ion bond
it to both the hub and the sealing ring.

The whee l disk consists of three sheets, an inner and outer disk and a
ring which is the rim reinforcement. These parts are placed on the lower
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di e over the die cavity //h i ch has the hub and the wheel sealing r ing p o s i t o r e d
in it , see f i gu r e  37 . T he flat upper die is then secured in place . The d e
and par ts a re hea ted and press ur e is app lied to the under side of tre disks to
bond the sheets together  aga ins t  the f l a t  upper d i e .  A f t e r  bond ing ,  the pre-
sure is diverted to the upper side of the disk and i t is forced down into tne
die cavity where the disk is formed into the radial beads configuration of the
die and diffus i on bonds to the hub and seal ing ring. After removal from the
die the excess ma terial beyond the rim is ma chined off and the hub aid seali n g
ring mach i ned to final dimension s .

Each wheel half is completed by p o s iti o n nq the bearings H the hub and
adding the retaining device. The tire is then mounted on the n i 1~s arid the
whee l disks fastened together using the wheel assemo l y colts .
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SECT I ON V

ANALYSIS AND EVALUAT I ON

5 .1  PHASE I - ANALYSIS AND EVALUAT I ON

Des ign concepts s tud ied  in Phase 1 were evaluated to select the parts
considered bes t in the three sections ; Substitution , Mod i f i ed a n d Redes i gned ,
as described previous l y in Section IV Design Studies , and presented in detail
in A pp endix A , the Phase I report.

5. 2 PHASE I I  - A N A L Y S I S  AND EVALUAT I ON

The p r e l i m i n a ry des ign d rawings of the Organic Advanced Composite and
the Advanced Meta l l i c  systems , prepared in S e c t i o n  IV Des ign S tu d i e s  fo r
Phase I I , have  been analyzed and evaluated to provide data for wei ght and
cos t compa r isons w i t h  the Baseline System . Analysis and evaluations made
were:  St ructura l Ana ly s i s , P r o d u c i b iHt y  Eva lua t i on , Insta l l a t i o n  E v a l u a t i o n ,
Wei ght , Develop ment Cos t, Produc tion Cos t , R e l i a b i l i t y ,  Acciden t and Mainten-
ance Cos t Analyses . The results w i l l  be used to generate the Life Cycle
Cos ts in Section VI.

5 .2.1 Structural Anal ys i s

5.2.1 . 1  Externa l Loads . The external loads for both the Organic Advanced
Composite concept and the Advanced Metallic concept are assumed to be the
same as those for the baseline gea r (300M steel configuration), refe r to
the Baseline (Section I I I )  te~’t.

5.2.1.2 Component Loads. The componen t loads (reactions and moments) were
ob t a i n e d  by the same procedures discussed in the Baseline sect ion text.
Since a revie w of the critical margins of safety for th e 300M stee l baseline
gear concept indicated that three conditions (2, 4, and 8) de ter m i ned the
des i gn , onl y these conditions were investiq ated for both the Organic Advanced
Compos i te and the Advanced Metallic concepts wh i ch have s i m i l a r  geometric
confi gura t ions .

5 . 2 . 1 . 3  Anal ysis. Both the Organic Advanced Compos i te concept and the
Advanced Metallic concept were anal yzed using standard methods to determi ne
working stress levels at various cr 1 tical sections of the components and com-

bined loading marg ins of safe ty were determined for all components based on
the material properties listed in table XXV I ~mr the graphite/epoxy material ,
and in Table XXV II for the titan i um material.

1 12
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TABLE XXV I

ROOM TEMPERATURE MAT ERIAL PROPERTIES

1980 GRAPHITE/EPOXY

UNIDIRECT I ONAL (t = O.00525”/p I y)

Ftu 230 Ks i E
~ = 21.0 Msi

x

Ft u  9 Ksi E~ = 1.5 Msi
y

u
x = 230 Ks i Gxy = 0.7 Ms i

F~ U = 25 Ksi V,,,,,~ = 0.015

FSU = 83 Ksi V~y = 0.210
xy

tO3/+45]~ 
LAMINAT E

Ftu
142 KSI Ex = 13 .8 Ms ix

Ftu 27 Ks i E~ 3.2 Ms iy

ECU

x = 153 K S i  0xy ~ 2.6 Msi

F~
U — 36.5 Ks i V 0. 145

yx

FSU 
55 1(5 1 V — 0.635xY xy

Ebru — 50 Kgi (Minimum)

(I) X is 0° DIrect ion , V is 90° Direct ion
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TABLE XXV I I

MECHAN I CAL PROPERTIES AT ROOM TEMPERATURE -

- SPF/DB TITANIUM

(Shee t in Thicknesses Below 0 .180 Inch )

Property Value Property - V a l ue

F
tu~

S
~
(5 i 125 e, percent 10

F
~~

,k
~

i 1 1 1  E , 1o 6 psi 6.0

Fcy,ks i 1 1 7  E
~ 

106 psi 16.4

Fsu, ks i 76 C , 10 6 psi 6.2

Fbru~
k5i e/D~~l .5 192 u 0.33

e/D=2.O 246

Fbr y , ksi e/D=l .5 158 W , lb/in.
3 

0.160

e/D—2.0 192
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A detailed discussion of the anal ys is w i l l  not be presented for the sake
of b r e v i t y ,  howeve r , a summary o f c r i t i c a l or min imum marg ins of sa fe t y  of
both ma te r i a l  systems i s  g iven in tab les  X X V I I I  and X X I X .

The des i gns for bo th material systems are considered to be structurall y
adequate in that no negative marg ins of safe ty were determ i ned by this

ana lys i S.

5.2.2 Pr o ducibi l ity

Al l  three material systems and the concepts studied using them have been
evaluated for producib il ity as a part of the Des i gn Studies section.

The Meta l Matrix Compos i te system was evaluated as a very high produci-
bi 1 i ty risk in the Des i gn Studies Evalua tion conducted in Section IV . This
was due mainl y to the problems anticipated in fabrication of the cross pl y
orien tations and the thickness of the meta l matrix composite required for
these mult i - a x i a l l y  and hi g h l y loaded pa rts.

Th is Des i gn Studies Evaluation rated both the Organic Advanced Composite
and the Advanced Metallic systems as having onl y a moderate producib M i t y risk ,
and they were selected for prelimina ry design studies . Landing gear com-
ponents have not been fabricated or-i a prod uction basis using either of these
material systems and there is always moderate producibi l ity risk in bringing
a new system to production status .

The landing gea r parts fabricated from the Organic Advanced Composite
material Gr/Ep, use the filament winding techni que on the shock strut
cy linder , the trunnion support , the orifice support tube , the piston/fork ,
the piston inner shell , and the upper and lowe r torque links. The wheel
disks are made by lay ing up segments of laminations on a metal mold.

Both of thes e fabrication methods have been used to make parts simi lar
to th e parts in fi gure 30. The tooling and fabrication p rocedures have bee
described in the Design Studies section , and do not pose any hi gh risk pro-
ducibi l ity prob l ems .

The advanced Metallic system uses superplastic forming and concurrent
diffus i on bonding (SPF/DB) of titanium as the fabrication method for the
strut cylinder , the fork and the whee l , see fi gu re 34. This process has
been used at Rockwell to fabricate parts in many si mi lar conf igu rations,
including truss core panels. The parts listed and the tooling arid fabri-
cation methods described in the Des i gn Studies are not considered high pro-
du c ibi I ity risks.
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5.2.3 Installation Eva l uation

Installation of either the Organic Advanced Compos i te or the Advanced
Metallic landing gear would require a wider whee l well. Sin ce the whee l well
is located in the splitter between the eng ine air intake duc.ts , the ducts and
the nacelle have been revised to maintain adequate duct area .

The Advanced Metallic landing gea r requires only a one-inch wider whee l
well and therefore , only a minima l change in the ducts and na celle. This
increased size results in 8.8 pounds added to the duct and 9.7 pounds added
to the nacelle.

The Organic Advanced Compos i te landing gear is much large r than the base-
line and required that three-inches be added to the width of the duct splitter.
This required a size and shape revision of both the ducts and the nacelle ,
as described in Section IV. A wei ght increase over the baseline of 34 pounds
on the duct and 34.1+ pounds on the nacelle resulted from changes . See
fi gure 7.

5.2.4 Wei ght

Baseline landing gear wei ghts were calculated from fi gure 6. These
were presented in Section II I  Baseli ne , and are used i n  this section for com-
parison purposes. The weight of the components of both the Organic Advanced
Compos i te and the Advanced Metallic landing gear des i gns , fi gures 3~ 

and 3L~,
have been ca l culated and are presented in table XXX . The advance d Metal l ics
concept is li ghtes t at a total wei ght of 110 14 pounds and the Organic Advanced
Compos i te concept heavies t at a tot al wei ght of 1 208 pounds . The baseline
concept wei ghed 1164 pounds .

5.2.5 Development Cos t

The development costs of the Organic Advanced Composite des i gn and the
Advanced Metallic des i gn have been estimated . These costs were developed
sim i la r  to those for the baseline development costs wh i ch were described in
Section I I I .  Table XXX I shows thes e development costs and comoares them to
the baseline development costs . Two vendors provided development costs for

-
S the compos i te parts in the Organic Advanced Compos i te des i gn and since

they were different by a si gnificant amount , they were presented separately
as Vendor A and Vendo r B.

The baseline des i gn has the lowest deve l opment cos ts since it uses
state-of-the-art materials. The Vendor B compos i te cost is next at $598,040
over baseline , while Vendor A i s the hi ghes t cos t at S988,01+O ove r baseline ,
and Advanced Meta ll ics is $680,860 over baseline development cost.
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TABLE XXX

WE I GHT COMPAR I SON
MATERIAL SYSTEMS BY LAN DING GEAR COMPONENT
(ATS MAIN LANDING GEAR) (POUNDS PER SIDE)

Organic
Advanced Advanced

Baseline Compos i tes Metall ics
(Steel) (GrfEp) (SPF/DB Ti .)

Nomenclature (Ibs) (ibs) [ (lbs.)

Tire 72.0 72.0 72.0

Whee l 66.0 109.0 67.8

Brake 94.5 94.5 94.5

Axle 9.1 22.3 10.5

Piston/Fork (Movable 143.4 9 8 . 6  1 1 3 . 0

Strut Cy l inder 139.3 125.5 120.9

Torque Link - Upper 2.5 9.3 2.3

Torque Link - Lowe r 2.7 4.5 2.2

Act uators 7 . 1 +  7 .4  7 . 4

Locks 19.6 19.6 19.6

A nti—Skid Detector 1.7 1 .7 1.7

Oil 5.0 15.8 11. 7

M i s c .  Pins F, Fasteners 18.8 23.8 28.4

TOTAL lb/S de 582.0 604.0 552.0

TOTAL MAIN GEAR lb / Air Vehi cle 1164 1208 1104

119

- 
——-~~~ - . 

~~~~~~~~~~~~~ 
S - - - -~ -.- 

——5.—-- -~~ -——-- 
‘.5 - 5 ., -



TABLE XXX I

DEVELOPMENT COST COMPARISON

RDT&E COST

(I n Thousands 1977 Dollars)

Adva nced Vendo r Vendor
Metall ic A B

Compos i te Compos
SPF/DB (Graphite (Grap h i te

_________________________ Baseline (Titanium) Epo xy) E poxy )

Eng ineerin g

Des i gn S 393.04 S 373.39 S 1+91.30 S 1+91 .30
Test & Eva l uation 275 .13 261.37 343.91 3L+3.9~
Fat i gue Drop Tes ts 107.00 235.00 250.00 250.00
Static Te~,ts 82.00 176.00 190.00 133.00
Eng . Tes t Article 82.00 176.00 190.00 133.00

S 
Tes t & Log istics Support 38.20 36.22 47.66 

- 
47.66

S 977.37 $1 ,257.98 $1 ,512.87 51 ,398.87

Pre—Production (2 rhi psets)

F a b r i c a t i o n  $ 378.00 S 822.00 S 880.00 604.00

Labor & Material $ 150.00 $ 106.25 SJO ~~~~~~ ,~~ S 100 .54

$1 ,505.37 $2,186.23_ ] $2,493.41 $2,103.41
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5.2.6 Production Cos t

The prel i m i na ry des i g ns of the Organic Advanced Composite des i gn and the
Advanced Metal l ics des i gn comp le ted in Sec t ion IV  Des i g n Studies have been
subjected to a deta i led cos t anal ysis. Hardware cos t data for these des i gns
were mainl y “gras s roo ts ” or parametric estimates by manufacturing experts .

Cos t 2stimates for the co~’-’osi te parts were obtained 
from two composite

n.]nufactur-~rs and was used to si~rp l ernen t the costs develooed from grass roots

es L i n’ates. This resulte d in ~-,~r- differert cost estimates which are presented

as Vendor I cost and Vendo r B cost.

Costs of the Advanced M etallic desi gn us i ng SPF/DB titanium have also
b ee n based on “g rass roo t s ’’ es timates w ith the -~at er i~~1 costs based on the
lates t vendor quotes or catalog prices . - 

-
, C

The tooling and fabrication concepts for both of these des i gns  i s
described in Section IV Des i gn Concepts . An 8O~c lea rnin g curve was used
for both t he composite and the advanced m et a l l i c  des i gns . Assuming one
re l ease of 500 units for each of these des i gns , the true midpoint for either
fabr ication effort is unit 153.76. Addin g the material cos t and the prorated
recurring costs of the tooling to the fabrication costs p roduces cos t
red uction curves of 85~ for the composite des i gn and 84~ fo r the advanced
—~e t a l l i c  des i gn , see f i gure 38.

I tems not using composite materials or SPF/DB t itanium were evaluated on
current costs or estimates based on corporate standards and projected for
production quantities . Thirty-five percent (by ~.seight) of the parts used in
eithe r of these designs are i dentica l to the baseline parts and another five
percent are simi lar except they may be s l i g htl y li ghter or heavier.

Cos ts developed for landing gear components wh i ch have been studied us i ng
different materials are shown i n  table XXX II . The strut cylinder , made from
either Advanced Metal l ics , SPF/DB titanium or Organic Advanced Composites , by
Vendo r B , is the onl y part that offers a cos t savings ove r the baseline
($3590 for Vendor B composite part and $1200 for the advanced metallic part).

Comple te landing gear production costs are shown in table X X X I I I  where
they are listed for comparison with the costs for the baseline des i gn. The
Vendor B average production shi pset cos t is lowest with the basel ine cos t
next at $9353 more and the advanced me tall c concept $20,738 more and the
Vendo r A organic advanced compos i te $31 ,328 more than Vendor B costs.
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TABLE XXXI I

LANDING GEAR UNIT COSTS COMPARISON BY COMPONENT

(Thousands of 1977 Dollars/Side)

Vendor Vendor
B

CCST COST
Organic 

- 

Organ c
Advanc ed -~dvanced Advan ced

Component Baseline Compos tes C orrpos i tes ~er~~~1 c s

Strut Cylinder 14.3 15 .30 ‘0 .71 1 3 .1

Pis ton/Fork 1 1 . 1  22.00 17.42 16.4

Torque Link—Upper .4 .59 .83

Torque L ink-Lower  .4 .42 1.59 .14

Whee l Assemb l y 1.1+ 6.40 4.95 3 . 5

Total 27.6 44.71 36.50 33 .8
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TABLE X X X I I I

PRODUCTION COST COMPAR I SON

(1977 Dollars)

500 sh;pse ts

Vendor Vendor
A B

O rganic Organic
Adva nced Advanced Advanced

B a s e l i n e  Compos i tes  Compos i tes  M e t a l l i c s

Nonrecurrin g Costs

Tooling Hours ~l~~.4l8) (13 ,500) (13,500) (14 ,276
Tooli ng Dollars S 544,400 S 370 ,845 S 370,845 S 392 , 162
Tooli ng Material S 45,978 S 31 ,320 5 31 ,320 5 33, 120
Total S 590,378 S 402, 165 S 402, 165 S 425,282

Rec u r r i ng Cos ts -

Fabrication Hours (755,729) (503,679) (503,679) (1 ,019, 156
Fab rication Dollars S22 ,626,526 515, 085,200 $1 5, 085 ,200 S30 ,5l3 ,535
Production Material S13, 816 ,631+ ~S33 , 122 ,8OO C5 51 7 , 057, 100 S 1 l ,952.950
Tooling Hou rs (19, 699) (13, 419) (13. 419) (14 , 190
Too l in g Dollars S 514 ,134 S 368,620 S 368,620 S 389,799
Tool ing Material S 45,702 S 31 ,132 S 31 , 132 S 34,234
T i r e s ; b rakes ;
ant iskid detector S 3,51 9, 000 S 3,519, 000 S 3,51 9, 000 S 3,519, 000

TOTAL RECURRING
COST S40 ,548,996 $52. 126 ,752 $36 ,061 ,052 $46,409,518

CUMULATIVE SHIPSET
COST - AVE. AT 500
SHIPSETS S 82,279 S 104 ,254 S 72 ,926 S 93,6614

Purchased Composite Parts included as Product~ on Mate rial

[COSTS SHO WN PROVIDE A RELATIVE COMPARISON OF
CONCEPTS FOR DESIGN EVALUATION. THESE COSTS
DO NOT INCLUDE ALL ELEMENTS REQUIRED FOR
PRI CING. ESTINAT ES FOR FAC IL ITIES , E Q U I P M E N T ,
RESEARC H, DEVEL .OPMENT , TEST , AND ENGINEERING
ARE NOT INCLUDED.
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5 - 2 . 7  R e l i a b i l i t y

The re l i a b i l i t y  of the b a s e l i n e  land ing  gear hardware was p resented  i n
Sec t ion I I I  and a r e l i a b i l i t y  a n a l y s i s  has been completed for the Advanced
Organ ic Composi te and the Advanced M e t a l l i c  des igns. The r e l i a b i l i t y  f a c t o r s
tha t were determined for each design , fo r  use i n  comput i ng l i f e  cyc l e  cos t s ,
were the corrective “Maintenance Demand Rate” (MDR) and the condemna tion
ra tes which are presented in table XXX IV .

For those components that were the same or made from s i m i l a r  iietal . the
same rel i a b i l i t y  rates that were developed for the baseline in Section I I I
were used for the alternate des i gns. These components constituted the
majority of the corrective MDR’ s (97?~) and condemnation rates (98.5~ to 99.14~ ).
The components inc lude t i r e , brake st ack assembl y ,  brake ac tua to r  assembl y ,
strut actuator ,down l ock assemb l y, uplock assembly, anti-skid detector and
t he ax le .  The to ta l  MDR for these components is 2 3 ,7 5 1  and the condemnation
rate is 2800.5 per 10 6 f l i gh t  hours . They are shown in tab le  X X X I V  as
subtotals .

For those components that were diff erent in the alter nate des i gns , the
baseline MDR ’ s and condemnation rates were changed to reflect the reduction
or elimination of failures due to corrosion . Review of landing gear data
from H i l l  A i r  Force Base i n d i c a t e s  tha t S t r e s s  co r ros ion  is  a major f ac to r
in land ing gear repair and replacement. AFM 66-1 data were rev iewed  to
dete rmine the impact of corrosion on the MDR and cordemnation rates of landing
gear components. Corrosion associated modes of failure ave raged 1 l~. ~or
la nding gea r component MDR ’ s and 146k to 79?~ for condmenation rates for land-

ing gear components and whee l assemblies, respectively.

Components made comp le tel y of a composite were estHated to be co-ros i on

f ree and the rates reduced accord ing l y. Components -iade of ~oth — eta l a~’d
compos i t e s  -,qe re rev iewed on an i n d i v i d u a l b a s i s .  In the case of the whee l

ass emb l y, wh i ch was des i gned w ith some aluminum and some compos ite elec — en ts ,
the M DR was reduced by 2 . 6~~. Where there is movement bet~..iee n m e t a l l i c  and

compos i t e  e lements , i . e . ,  the p i s t on , i t  was a ssumed there wou ld  be a 6~
inc rease i n  the MDR .

-
‘ Since titanium is corrosion resistant , b ut not corrosion free , the

MDR ’ s were p red ic ted  to be 7S~ less than the basel m e .  The resultant change

in the rates for those baseline components that were redesi gned to use
composi te  and t i t a n ium m a t e r i a l s  ranged from 7;~ for the MDR to 60~ for the

condemnation rate (table XXX IV ) . This resulted in a si g n i f i c a n t  change in

sparing cost and a mino r change in personnel costs .
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5.2.8 Maintenance

The Organic Advanced Compos i te and the Advanced M etallics preliminary
designs , figures 30 and 3k , completed in Section IV have been ana l yzed to
provide maintenance cost comparisons to the baselin e for a 10 yea r support
time span. Since the confi gurations of both of these designs are similar to
the baseline confi guration , the identifiable maintenance tasks and the maint-
enance anal ysis methodology is the same as tha t used in the baseline mainten-
ance analysis described in Section I I I .  The Basei Inc MDR ’ -5 are shown in table
XV and a comparison of MDR For all three designs is presented in table XXX IV .
The MOR for tires shown in table XV is based on actual tire failure plus wea r ,
which requires that t i res mus t be rep laced or retreaded every 100 fli gh t hou rs
(FH). See Appendix E for d e t a i l s .  O f f - A i r c r a f t  task t ime is 20 minutes on
Baseline and 25 minu tes on Organic Compo site or Advance Metallic due to number
of parts and fas teners .

Subsystem scheduled inspections wi l l  be red uced for the Advanced Material
systems due to the improved corros i on resistance of the materials. The
inspections MOR’s are: Baseline 20,000; Organic Composite = 5, 000 and the
Advanced Metallic = 10 ,000 per 106 flight hours . The Maintenance Actions
for Prefli ght and Postflight servicing and lubrication are the same for all
three des i gns.

S The support costs were estimated as an increase or decrease from the base-
line support costs presented in table XX , Section I I I .

The change (L) in support cost is g iven by the following equation:

Supoort Cost L Spa res Cost + . OSE Cost + .~.. Pe rsonnel Cost.

The change in these costs is giv en by the equations be l ow:

~ . I n i t i a l  Spares Cost Ini tial  Spares Cost (new desi gn) — I n i t i a l
Spares Cos t (Baseline)

Recurring Spares Cost = Recurrin g Spares Cost (new des i.gn) -

Recurring Spa res Cos t (Baseline)

OSE Cost was zero since there is virtuall y no difference in the
three con f igu ra t ions .  Support equi pmen t  is , for the most part ,
a function of the confi guration of the parts and the position
in the aircraft and not the m aterial.

~ Personne l Cos t a ~ Maintenance Demand Rate (MDR)
x Quantity per Aircraft
x Total Fleet Flying Hours
x Cos t/Productive Manhours
x Maintenance Task Time
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The increase or decrease in support cost for the Organic Advanced Corn-
pos i te or the Advanced M e t a l l ic  des igns from the Base l ine  des ign is g iven for
each component of the landing gear in table XXX V . The Advanced Me tallic
system support costs are $382,400 lower than the $9,827,600 Baseline support

S 
costs. The differences in cost of Organic Advanced Compos i te spares between
Vendor A and Vendor B result in support costs which are $178 ,300 higher than
baseline for Vendor A and $21 3 , 100 lowe r than basel ine for Vendor B.

5 .2 .9  Eva lua t ion

Results from the foregoing analysis and evaluations have been studied
and are compared and discussed below .

5.2.9.1 Total Landing Gea r System Comparisons. Al l  three material systems
can be desi gned to meet the structura l requirements of the landing gear and
there is only a moderate producibility risk in using either the O rganic
Advanced Composite des i gn or the Advanced Metallic des i gn.

Installation of the Organic Advanced Composite landing gea r requires the
greatest change in the nacelle which added 68.L+ pounds to the base line air
vehicle wei ght. The nacelle changes for the Advanced Metallic desi gn added
only 18.5 pounds over the baseline wei ght . This is because the ATS aircraft
is “volume limited” in the whee l we ll area . The nacelle must be increased in
size and wei ght , at increased cos t to p rov i de room for a larger , thoug h
l i ghter , landing gear.

The total wei ghts given in table XXX shows that the Advanced Metallic
desi gn is li ghter than the baseline and the O rganic Advanced Composite des i gn
is heavier than the baseline.

Development costs are hi gher for the advanced material systems . The
Vendo r B , Organic Advanced Compos i te development costs are lower than the
Advanced Metallic , while the Vendor A development costs are hi gher.

Production unit (shipset) costs are lowest for Vendor B , Organic Advanced
Compos i te system , while both the Vendor A , Organic Advanced Compos i te and the
Advanced Metallic system costs are hi gher than the baseline .

The reliability of both advanced mater ial systems is better than the
baseline. As measured by MDR , they are about 7 ; better than the baseline

S However , as measured by Condemnation Rate , the Organic Advanced Composite
system is ~4O~ better and the Advanced M etallic system is 6O~ better than the
baseline system .

Maintenance costs are l ower than the baseline system for both the
Ad’ianced Metallic system and the Organic Adv~ ced Compos ite sVstem from Vendor B;
however , us i ng Vendor A spares costs , the maintenance costs would be hi gher .
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A summary of the above eva luat ions is  presented in Tab le  V I .  An examin a-
t ion  of this chart does not revea l which material system is best since the
Advanced M e t a l l i c  syste m is the l i ghtest  we i ght and has the lowest  main tenance
cost s , but the Vendor B , Organic Advanced Composite sys tem , has the lowes r

• product ion costs and the Baseline system has the lowest development cos ts .  A
l i f e  cyc le  cost a n a l y s i s  must be made before the most cost effective material
system can be determined for the ATS aircraft.

5.2.9.2 Selected Best Components Comparisons. An eva l uation has been made
us i n g  se lec ted  components to ob ta in  a more general picture of the effects of
using advanced ma terials for landing gears ~ihen the aircraft is not ‘‘ volume
li m i ted ,” tha t is , the larger stowage requirements for advanced mat erials
would not increase the size of the aircraft.

A n examination of the weights of individua l components in table XXX
presents  a d i f f e ren t  picture of the meri ts of the material systems than is
shown by the wei ght totals. The Gr/Ep whee l ~‘i ith the al uminum ri m used in
the Organic Advanced Compos i te des i gn is very heavy and has a large effect
on the we i ght of the who le  system , whi le other  pa r t s  y i e l d  wei ght sav ings.

Other than the whee l , the strut cylinder , the piston/fork , and the :~-io
torque l inks  are the main parts stud ied in the a&ianced material systems .
An examination of these i tems , p lus the hydraulic oil necessary for different
s i z e d  cy l i nders , revea ls that these Organ ic  Advanced Compos i te  pa r t s  save
39.2 pounds and Advanced Metallic parts save ~+ 2 .8  pounds when compared with

the baseline wei ght , see table XXXV I.

TABLE XXXV I
COMPONENT PART WEIGHT COMPAR I SON

(Weight in Pounds/Side)

Wei ght
Organic

Wei ght Advanced Advanced
Part Nomenclature Baseline Composites Metal l ics

Strut Cylinder 1 3 9 . 3  - 1 3 . 8  — 18 . Li

Hydrualic Oil 5.0 + 10.8 + 6.7 -

Piston/Fork lL13 . Z+ - 4 4 . 8  - 30 . 4

Torque Link Upper 2.5 + 6.8 - 0 .2

Torque Link Lower 2.7 + 1 . 8  - 0 . 5

TOTALS 292 .9  - 3 9. 2  - 4 2 . 8
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The fabr ication costs of the component parts using advanced materials
are shown i n  table X XX I I. These costs are , i n  genera l , hi gher for advanced
materials , b ut since most of the parts selected above are li ghter , their
“ef fec ti ve cos t’’ w i l l  change when the ‘‘ cos t of wei ght ” i s  used to reduce the
cos t of the parts. The ‘‘cos t of •ve i ght ’ ’ i s the savings wh i ch can be rea l ized
by the l ower wei gh t part when the size of the a i r  vehic le,fuel requirements
and the cost factors can be reduced due to the lower weight of a component
part. This is the ‘‘ casca d ing ’’ ef fec t of we i ght reduction in the preliminary
desi gn stage of an aircraft development program. In the ATS aircraft stud y
this cos t was calculated to be $431 per pound. The new costs can be found
by calc u la tin g changed (.) costs with respect to the baseline costs , using
this formula:

Total L Cost = ~ Unit  Proc~uct~ on Cos t + Cost due to Wei ght

Where Unit Cost is the change in production cos t ,
-~ Cost due to Weight = L Weight x SL+3l/pound and
S43 l per pound is the “Cost of Wei ght ” for the ATS.

Usi ng the wei ght savings on parts from table XXXV I , for cost savings see
table X X XV II . This table shows that while the production unit costs may be
hi gher for advanced materials , the lower weight of these components reduce
the cost so that the Organic Advanced Composite parts from Vendor A cost
$4,800 less , from Vendo r B, $11 ,550 less and the Advanced Metallic parts cost
S I L e ,300 less than the Baseline cost of this group of parts.
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SECTION V I

LIFE CYCLE COSTS

6.1 PHASE I - LIFE CYCLE COSTS

The life cycle costs presented in Phase I were those for the B-I
nose gea r which was the baseline for that phase. The Life Cycle Cost for the
B-I nose gea r is $24,702,638 , based on 240 aircraf t and a 10 year time span.
This is detailed in the Phase I Report in A ppendix A. Since the ba seline has
been changed for Phase II , the above data is presented for inf o rmation onl y .

6.2 PHASE II - LIFE CYCLE COSTS

This sec tion of the program presents the resul ts of the Phase II Desi gn
Studies and the Anal ysis and Evaluation sections in terms of Life Cycle Cost ,
which i s the tot al cost over the life of the air vehicle. Included are all
cos t s assoc i a ted w i t h  des i gn ing, procuring and operating the landing gea r for
a 10 yea r period. These costs are d i v ided  i nto fiv e major categories ; Develop-
rnent , Production , Support , Fuel Costs and Accident Costs.

The l i fe c yc le  cos t s tu dy fo r the baseline , covered in Section I I I ,
described the methodology used to estimate the development , prod uction and
support costs. In addition to these direct costs , the change i n  cost due to
.‘~e i ght changes has alsc been calculated. The basis for this cc~st is that a
revision to the size and cost of the aircraft and to the operating cost is
necessa ry i f the wei ght of the landing gear or nacelle is changed. This cos t
has bee n added to tab le  X X X V I I I  as l ine i tems and is a -. to the cos t of the

organic advanced composite or the advanced met a l l i c  desi gn for the development ,
production and support costs.

Life Cycle Cos ts for al l  five categories are shown in table X X X V I I I .  The

Development cost for the Advanced Metallic design w i l l  be $670,500 less,
the Organic Advanced Composite des i gn from Vendor A w i l l  be S4,648 ,lOO more,
and from Vendor B $4,258,100 more than the baseline.

Production costs are $3,258 ,400 less for the Advanced Meta llic design ,
for the Organic Advanced Composites desi gn from Vendor A , $35,640,400 more
and from Vendor B $19,574 ,600 more than the baseline.

The Support Costs include soares and personnel costs, but since the

operationa l support equipment (~ SE) s th~ same for each design , it was not
calcu ated . The Adva nced Metallic des i gn Support Costs are $5,909,200 lower ,

and the Organic Advanced Cc~posites design from Vendor A are $15, 147,300
hi gher and from Vendor B $14 ,755,900 highe r than the baseline.
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Fuel cos ts were not calculated for the base line aircraft in Section II I
since , for the purposes of this comparison stud y ,  onl y Fuel cos t differences
between the des i gns are important. In this section the net difference in fuel
consumption due to wei ght differences between the des i gns is calculated and
presented as a fuel cost. These costs , shown in table XX X V I I I  are a to both
the Advanced Metall ic des i gn , 5917,200 less , and to the Organic Advanced
Compos i te design , Vendor A and Vendor B , $2 ,484 ,000 more.

Accident costs are a result of the safety hazzard caused by corrosion
related failures as presented in Section II I  for the Baseline. The assumption
has been made tha t titanium is 673~ corrosion res istant compared to steel and
tha t composites are totally corrosion free . These accident costs are presented
in table X X X V I I I  and are a ~. to both Vendor A and Vendor B composite ,
S 18 ,105,000 less and o Advanced Metallic $12 ,885 ,600 less than base ] m e .

The tota l Life Cycle Cost (LCC) of the Adva nced Metallic des i gn is
S22 ,885,600 less and the Organic Advanced Composite from Vendor A $39,814 ,800
more and from Vendor B S22 ,967,600 more than the baseline total LCC of
S70,577 ,400.

This anal ysis shows that the Advanced Metallic SPE/OB titanium is the
most cost effective material system for the ATS airp lane . It also shows that
the eva l uation made in Section V and summarized in table VI cannot fully
eva l uate the studies since it does not account for the major effect of both
the weight of the landing gear and the wei ght of the added nacelle structure .
Table XXX IX presents the same LCC data i n a forma t which shows the magnitude
of the j- ei ght and growth factors. It show s that these factors reversed the
total LCC for bo th Vendor A and Vendor B , O rganic Advanced Composite des i gn.

While bo th advanced material systems show LCC savings over the baseline ,

~ihen ..ieight and growth effects are not considered , the larger and heavier

Organic Advanced Composite shows a reversa l from LCC savings of S5,550.000
and S22 ,400,000 to a S39,800,000 and $23,000,000 LCC increase for Vendor A
and Vendor B respectively. The LCC savings , over the baseline system , for the
Advanced Metallic (Titanium) system increased from $6,100 ,000 to S22 ,900,000
when weight and growth effects are considered .

The Life Cycle Cos t are:

Baseline — 5 70,577,400
Organic Advanced Compos i te

Vendor A — $ 1 1 0 ,392 , 200
Vendor B $ 93,545,000

Advanced Metallic - Titanium S 47,691 ,800
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The Life Cycle Cos t analysis presen ted is specificall y for the ATS air-
plane which is “vo l ume li mited ,” and would not be the same for an aircraft
which is not vo l ume limited since the weight and growth factors would be
different.
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SECT ION V I I

CONCLUSIONS PND RECOMMENDAT I ONS

7 .1 PHASE I - C O N C L U S I O N S  -

The conc lus ions  reached a f t e r  the Phase I sec t ion  are l i s t e d  in the Phase
I Report which is presented in A ppendix A of this report. The most i mportant
conclusion drawn was that the usage of composite material for land ing gea r
components can be increased as desi gn freedom is  increased.

7.2 PHASE II - C O N C L U S I O N S

The des i gn studies , analysis and evaluations made in Phase II of this
program resulted in the following conclus ons:

I. Whe re i n s t a l l a t i o n  requirements w i l l  a l l o w , t he mos t compact and
si mple landing gear w i l l  be most efficien t , regard less  of ma te r ia l
used for fabrication.

2. A “ lea f spr ing ” con f igu ra t ion  landing gear is not a v i a b l e  concept
at this time .

3. Metal Matrix Composites for fabrication of comp l e x , th i c k , h i gh l y
loaded landing gear components is not a state-of-the art technology.

4. R e l i a b i l i t y  of landing gear components is high , but there are
di f fe rences due to the cor ros ion r e s i s t a n c e  of the m a t e r i a l s .

5. Developmen t and production costs are the most important costs since
they also de term i ne the cost of spares which makeup approx i matel y
two-thirds of the support costs.

6. A major increase in the size of an air vehicle to accommodate a
larger though li ghter landing gea r may negate the savings accrued
in the landing gear itself.

7. A landing gea r for the ATS airplane made from Advanced Meta ll i c
SPF/DB titanium w i l l  ha ve lowe r Life Cycle Costs than the baseline
stee l or the Organ ic Advanced Composite Gr/Ep land ing gear.

8. Landing gear des i gns using Organic Ad ianced Composite material are
pract ica l and would be cost effectiv e in an installation where the
aircraft is not vo l ume limited in the landing gea r whee l well area.
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9. A L i f e  Cycle Cost analysis trade stu dlj must be perf or-ned to obta in
a t rue assessment of the cost Hpact 01 major changes in the
ma terial or configuration of the landin g gea r .

7 . 3  RECOMMENDAT IONS

F u l l  s i z e d  landing gear hardware , using eithe r the Organic Advanced
Compos ite ~r/EP) m a ter i a l , o r Advanced M e t a l l i c  SPF/DB t i tan i um ) m ate r ial ,
shou ld Ce deve~ -jped and used on the nex t new A r  Force airplane when trade
stu d ies and a Life Cycle Cost Anal ysis shows that either mat erial is cost
ef ec ti ve for the sp e c i f i c  i n s t a l l a t i o n .

A landing gear development o rognam IJs ng t i t a n i u m, fab ricated by s~~ er-
o i a s t i c  f orm i ng and diffusion bonding, sn ould be s t a r t e d  so that  a d d i t i o n a l
desi on , a n a l ysis , t e s t  and cos t  data can be p rov ided  for L i fe  Cyc le  Cost
trade stud ies to assess the cos t effectivenes s of ne.-~ or replacement landing
gears.
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