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An anal ytical  desi gn method capable of quantitatively evaluatin g and rank-
ing rotor blades for  res is tance  to bird impact damage was investigated.
This method was used to design blades having sufficient toler ance to meet
the bird- inges t ion  requirements of FAR 33. 77 f n r  turbofan engines in the
6800 to 1600 lbf t h ru s t  class.

Th e desi gn procedure was also used for the preliminary desi gn of a damage
res is tant  boron/aluminum composite fan blade for the 6800 lbf thrust  class
eng ine.

In additio n , two protective devices desi gned to prevent an ingested bird
f rom str iking sensit ive eng ine parts were presented.
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PREFACE

The study described herein was performed by the Avco Lycoming
Division to develop practicable desi gn technique s that would prevent
or minimize bird- ingest ion dama ge to gas turbine eng ines in the
6800 to 1600-poun d thrus t  class.  The work was conducted under FAA
Contract  DOT-FA76WA- 3806.

The s tudy comprises  three tasks.  Task I deal s with the develop-
rnent and app lication of analytic procedures  for desi gn ing and evalu-
a t ing  f a n/ c o m p r e s s o r  blading with suff icient  damage resistance to
sat is f y the b i rd  ingestion requirements  of FAR 33.77. The objective
~f Fask II was to extend the desi gn methodology to evaluate damage-
r es istan t  bladin g of adv..~nced materials  - part icularly composites.
The intent of Task III was to derive a practicable bird- ingestion protection
devi ce su i tab le  for  eng ines in the lower t h ru s t  ranges .

This contract was technically supervised by T. G. Horeff of the
Federal  Aviation Admin i s t r a t i on.  M r . T . Dickey and H. Kaehler  of Avco
Lycom in g Division were the Program Manager and Technical Director ,
r esp ective ly,  for this  study.  Principal contributors to this effor t  were
R. A. Ainsworth, D. Auth , L. Cernoch , J. Ot Connor , and W . Schneider
of Avco  Lycoming D ivision .
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~~. 0 INTRODUCTION

C KG ROL N

i n c e s t  ion ol b i r d s  is it m a j o r  and well documented operat ing
h a z a r d  t t i t c t i n g  l i e  stru ctural i n t e g r i t y  and surv ivabi l i t y of gas
~a r bj n~. u r i y i n c s . ( R e t  er en c e s  1 — 4). The U. S. Air Force, for ex-
amp le . re ports tpprox i;iiatel y 1000 bird strikes per year , occurring
m o s t ly  at  low altitudes md in the immediate vicinity of an airfield.
B i r d - t i  r e r u f t  collisions cost the Air Force some 10 million dollars
p e r  yea r , w i t h  e ng ine damage representing the largest dollar value.
A typ ical l a r g e  con n ercial opera to r  will  experience an average of
one bird strike per day, with the cost of repairs alone reaching
I m i l l i o n  d o l l ar s  p er  yea r . Ari d , of course , the possibility of a
c a t a s t r o p h i c  s t r i k e  is  a l way s  p r e s e n t , as evidenced by the recent
1o~~ of u j u i ib oj ~ - t a i r c r a f t  d u r i ng  takeof f  f rom Kenned y Internat ional
A irpor t .

The en-cine designer attempt s to solve this problem by:

1. S t r e n g then ing  e x i s t i ng en gine component s to absor b
inge~~ted ma te r i a l  with acceptable tolerance to damage

~~. A pp l y ing advanced mater ia l  with improved impact pro-
p er t i e s , and/ o r

3. In s t a l l i ng  protect ive devices to prevent  or deflect bird
d e b r i s  f rom s t r i k i ng  cr it ica l eng ine components.

j ) : sj - n~~ii fo r  D am age  T ole r ance

It is good des ign  pract ice to use primary structures whenever
possible to fulfill damage resistance requirements , since the use of
a n y  - t u m x i l i a r y  device tends to add weight, cost, complexity , and re-
duces  u v u r t l i  sy s t em re l i ab i l i t y

Th icken ing  of the low-p re s su re  stage is the most simple and
s t r i i gh t - f o r . w~m r d  approach.  Local leading ed ge thickening is part-
m u t i l a r l y e f f e c t i v e  in provid ing r u g ged , damage-tolerant blades to
sa f e l y a b s o r b  impac t  shocks  over the entire span and break-up the
carcasses b r  subsequent safe ingestion by the following compressor
s t m e s .

O t h e r  in od i f ic i t i n s  ir e  a l so  possible .  Par t-span shrouds , for
e x t 1 ) u } ) 1 e , h ive  a m a j o r  influence on impact resistance , since they
prov ide  added mass  and s t i f fness  to absorb and transmit direct im-
pact shocks .  On the o ther  hand the shrouds act as stress r i se ro ,
t end ing  to promote local b r i tt l e - type  f r ac tu re.  The number and
span-wise  loca t ions  of the shroud s affect  the bending response of the
blade , w h i l e  t h e i r  chordwise  placement affects  its torsiona l re-
sponse.  The shroud ’ s contact ang le affects  both bending and torsional
reac t ions  m u d  the degree  of load t rans fe r  to adjacent blades.
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The root confi gur a t ion  may  a lso be modif ied to a l ter  the bending
and tors iona l reac t ions  of the blades and disk a t tachments .

An anal yt ical  dama ge cr i te r ion  technique showin g p romise  for
de te rmin ing  the degree  of damage res i s tance  needed to meet  safe
in gestion req uirements  was studied here. The damage cri ter ion
r &a t ion  was developed based on limit theory  of s t r u c t u r a l  ana ly s i s .
Onl y the local contact r eg ion of the blade is cons idered .  Accord ing
to th e model , damage increases with increas in g valucs of the damage
function , reaching a maximum at 1.0. In pract ice , a maxim um
allowable damage level is determined by tests in a running eng ine .

A second method , based on a t ransient  fin i te-e lement  anal y s i s ,
was also used to stud y bending fa i lu re  of a blade away f rom the im-
pact site dur ing,  and jus t  a f te r , impact. This la t te r  method also
provides insi ght into the b i rd /b lade  im pac t p r ocess and a s s i s t s  the
analys t  in extending the c r i t e r i a  approach to new , untested desi gns .

App lication of Advanced Material s

The fan section of a hi gh -bypass  rat io fan eng ine accounts  for
a large portion of the wei ght .of the eng ine; consequently,  eng ine
manufac tu re r s  have made major  e f for t s  to reduce the wei ght  of the
fan. The total wei ght of the fan section is strongly in fl ue nced by the
wei ght of the fan blades since their  centr i fugal  loading de fines  the
size of the disk which ca r r i e s  them and the attendant static and
rotat ing s t ruc tures .

As a resu l t  of the basic requirement  of li gh t w e i ght and hi gh-
streng th , production eng ine s have generally employed fan blades
fabricated f rom titanium fo rg ings . Ti6Al-4V has been used in most
cases , but s a-n e applications have involved T i 8 A L - l Mo - 1V , which
has a somewhat h i gher modulus.  These mate r ia l s  are relat ivel y
well understood , and their mechanical propert ies  are available to the
desi gner.

Because of the c ontinuous drive to reduce eng ine wei ght , con-
siderable e f for t  has been expended in the development of composite
fan blade s usin g fiber reinforcement techniques.  Composite bladin g
of fe rs  the desi gner substantial savings in wei ght th rough the use of
low-density, hi gh-modulus , hi gh-strength f ibers  to re inforce  a soft
li ghtwei ght matr ix . Industry-wide evaluation of such blade s , howeve r ,
has found them to be deficient in their resis tance to fore i gn object
damage (FOD) .

Both of the analyt ical de sign procedures noted above were app lied
to the design and evaluation of damage-tolerant composite blading.
For composite-damage evaluation, a modified form of the damage
criterion relation was used to acoount for the fiber  reinforcement.
Equivalent isotropic material properties were used to i l lustrate the
desi gn of a boron/a luminum blade with improved resistance to bird-
ingestion damage.
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Protec t ive  Devices

In the past , eng ine manufacturers  have provided a variety of de-
vices to p ro tec t  their  eng ines from bird ingestion - typically by the
use of permanent  or retractable  inlet gri l ls  or vanes. Over the years ,
these p ro tec t ive  aevices have generall y proven to be impractical be-
cause of the complexitie s or performance penalties introduced by their
use - often wi thout  providing the desired protection.  The problem
a r i s e s  bas icai ly from the requirement  that  such protective devices
must  be s t rong enough to withstand very severe impact shocks without
cont r ibu t ing  f ragments  of their  own, while at the same time elimin-
ating any air bloc kage that  may result  from impact damage or from
retention of bird carcasses.  Anti- icing and maintenance requirements
compound the problem .

N ever th eless , alternate concepts are continuously being reviewed
since protect ive  devices offer the only positive means of eliminating
ingestion damage to the eng ines. (References 5 and 6 . )  Two inlet
desi gns show in g promise , par t icular ly for small turbine s , were con-
sidered durin g this study. The f i r s t  protects only the thin, hi gh-speed
blade ti ps fr om direct impact by an u .nfragmented bird , rel y ing on the
grea ter  damage tolerance of the thicker , lower-speed reg ions of the
blades near the hub to safel y absorb  the remaining impact shoc k . The
second approach is to prevent or minimize in gestion of birds into the
core eng ine by positioning the fan stage sufficiently far  upstream to
permit centrifuging of bird debris away from the compressor inlet.

BASELINE E~NGINE DEFINITIONS

Two basic fan eng ine c onf iguration s encompassing the 6800
lbf to 1600 lbf th rus t  range were con sidered for this study. The
la rge r  eng ine considered in this study is based on the ALF5OZ
m e d i u m - t h r u s t  turbofan (6800 lbf) , while the smaller engine is based
on the ALF 1O 1 turbofan (1600 lbf class) (Fi gures 1 and 2) .  Throughout
the study, the engine cycle was not varied , although the ellect ot
scaling was independently studied.

The ALF5O2 turbofan eng ine is based on the T55 eng ine core and
is rated at 6770 lbf SLS take-off  t h r u s t .  The fan assembly cons is t s
of a s ing le pa r t - span  shrouded fan stage , with a sin gle supercharger
stage located aft of the fan wheel and mounted on a conical support
by means of thrust  and roller bearings. The core eng ine is com-
posed of a seven-stage axial/sin gle-stage centrifugal compressor
driven by a directly-coupled, two-stage, air-cooled axial turbine,
A two-stage axial turbine drives the fan through the compressor
shaft  to the fan reduction gear. (Reference 7).

The ALF1OI turbofan engine is based on the LTSIO1 engine core
and is rated at 1 575 lbf SLS take-off t h rus t .  The single-stage Un-
shrouded fan is driven through a planetary reduc tion gear by a single-
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stage axial turbine . rhe core engine uses two axial and one centri-
fugal  compresso r  stages driven by a sing le air-cooled axial turbine
stage.  4 R e l e r e n c e  8).

The base l ine blade conf igurat ion selected for the hi gher th rus t
range  stud y was specially de s i gned for the la rger  machine purely on
the basis of wei ght and aerod ynamic and performance considerations ,
without r ega rd  for b i rd - ingestion capabili t ies.  This approach was
taken to ensure  a valid comparative base for evaluating the effec ts  of
“bi rd- proof ing ” on the final eng ine desi gn. Accordingly, a mid-
span shrouded , relativel y hi gh aspect ratio blade was specified ,
employ in g a th in mult iple c i r cu lar arc  a i r f o i l  for  good t ransonic
pe r fo rmance .

Two baseline blades were  selected for the lower thrus t  range
stud y .  The f i r s t  was direct l y scaled in linear dimensions from the
hi gher  t h ru s t  machine . Midspan shrouds were specified for con-
sistent scaling and comparisons with the la rger  size blading. The
second baseline blade was based on a thin, unshr ouded low aspect
ra t io des ign that  would provide a more eff icient , but heavier ,
machine .

Throug hout  the study, the eng ine cycle was not varied , but
matching of all three baseline fans at optir~ium speeds and pressureratios was car r ied  out to provide maximum fan efficiencies. Fan
performance  maps for the three baseline confi gurations are shown
in Figures 3 th rough 5. A summary  of the aerod ynamic and
s t ruc tura l  parameters  descr ib ing  the blades are given in Tables
1 throug h 3.

BIRD INGESTION REQUIREMEN TS

The bird ingestion requiements  for commercial certification by
the FAA are  specified in FAR 33 .77 , effect ive Octobe r 1974.
Briefl y, three  d i f ferent  ingestion c onditions must  be considered:
1) small birds at l i f t -off  speed of typ ical a i r c r a f t  (up to s ixteen 3 01.
birds , depend in g on intake s i ze ) ;  2) medium birds  at initial climb
speed (up to ei g ht at 1 - 1/ 2  Ib) ; and 3) up to one large bird (4.0 lb)
at maximum clim b speed.

For convenience , the pertinent  i~AR paragraphs are given in
Appendix A. Corresponding military and CAA (U. K.) requirements
are also provided.

Fan and a i r c r a f t  speeds co r re spond ing  to FAR 33.77 b i rd-
inges t ion r equ i r emen t s  a re  g iven in Table 4 for the baseline eng ine s
of this  s tudy .  In th i s  table , a i r c r a f t  pe r fo rmance  value s approp-
iate to the 6800 l h f  t h r u s t  class machine were taken as typ ical of a
medium (24 , 000 lb) tw i n - t u r b o f a n  t ranspor t .  For the 1600 lbf thrus t
class app lication , pe r fo rmance  value s for a li ghc (7800 lb) twin-
turbofan  execut ive  a i r c r a f t  were  used.
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1’ \~~ Li -  I - ~~-\~-,E L I N E  I l L  \ I ) h  D h F I N I  l I ON , £800 LBF
CI JR UST CLASS hN ( 1N l

N w i ib e r  uf h l t d e s  40

Hub R a d i u s/ T i p Ra d i u s  0 . 4 6

Ti p \ eloc~tv (ft/sec) 1293. @ 7500 rpm

Shroud Sp i n/ B l a d e  Span 0 . 58

Shroud  l~~eO } L t ,  Sp ill  W e i ht  0 .0807

Shroud  Cu nt cct Ang le (c lc ) 1 5

Huh Tip

Radi ms , -
~~

- CC. R ~i n . )  9. 08 19.80

C h o r d , c ( in . )  ~ .8O 4 .19

.- \ - ~p e ct  rat~ - , AR 3.81 2 . 5 5

Sol~ cJ~ t y ,  S 1 . 9 6  1.35

W u c i ij &: an~’k , u (deg)  1 1 . 3  3.0
LE

Leading ed ; u  t }~i ckn e s s/ ch o r d (%) 1 .34  0 . 5 5

M a x i i n ’ c r i i  thickness/chord (%) 7 . 5 3  3 . 3 9

Maxim um t h i c k n e s s  p o s i t ion / ch o r d  (%) 48.0 72 . 0

A i r f o i l  sec t u n  a r ea , A (in~ ) 0 .439 0. 386

M i ~. . M i i t e i i t  u f  I ne r t i a , 
~~~ax~ 

(in . 4 ) ~ O~~.x1 O 3 393 . x 10 3

M~n . N i n  ent ~f I n e r t i a , I (in. 4) 5. 39 x1 ~ _ 3  0. 49x l0 3

M~~ . axis ang le.  ~ ( - e - ~ 9 . 4  66 .1

Tors ic ,n al  c o n - cu t , K ( in .  4 ) 4 . 39x 10 3 1. L O x l O
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TABLE ~ - S U AL ED  J IA S E L I N E BLADE D E V I \ l  l’ iO~~, b O O  LBF
T H R U S T  GLASS ENGIN E

1~
Number of blades 40

Hub Radi us/Ti p Radius 0. —16

Tip V e l u c u t y  ( f t / s e c )  12 93 . ~ 13275 rp”-

Shroud Sp an ,  Blade Span 0. 58

Shroud Weight: Span Wei ght 0. 0807

Shroud Contact  An g le ( deg)  1

Hu~ Tip

itadius @ CC. R ( i n . )  5. 1 3 11 . 2

Chord , c (in . )  1 .58  2. 37

As pect r a t io , AR 3 . 81 2 . 55

Solidity, S 1. 3 1, 1. 3~

Wed ge angle , ~~~~~(deg)  11 .3  3 . 0

Thickness  at leading ed g e / c h o r d  (
~~~

) I .  3-I 0. 55

Maximum thickness/chord (%) T. 3. 3~

Maxim um th ickness  p o s i t i o n / c h o r d  (~
,) 48 . 0 7 2 . 0

Airfoil section area , A (in. 2) 0. 1-I ) 0. 12.3

Max . Moment of Iner tia , 1max ( in . 4 ) 2. 1 . 0x 1 0 3 - I L  0 x l 0 3

Mm . Moment of Ine r t i a , I - (in.4) 0. 547x10 3 - i . 345x10
3

I-n in .

Mm . axis  ang le, ~ (de~ ) - i 4  t~~t . 1

Torsional constant , K (in. 4) 0. -l -17xl0 3 0. Io 3xlO
3
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T A I ~ L }  I — L~c ) \3 /  ,\ SU1 CT R A l I (  B \ S } L1\E U L1\DE D E I ’ I N I l l ( ) N ,
0O I~ Ll 1- -

~ I-- J r r - ~US 1 (~ -\SS I N O I N E

N w i i b e r  , t  Bi id es  24

Hub R a d i u s / l i p  L - i W u s  0 . -1s

Ti p \ e h i ~~ it ~ (~ t I 5cc) 1 2 . i 3  (~ 1 ‘4 3(j rpm

1-lub Tip

R~cd ius  ~~ CC , R ( i n . )  ~.48 11. 40

Chord , c ( in . )  2 . 80 4. 10

A s i a - c t  r i t o , -c ~ 2. 10 1. 44

Solid~t , S 1 . ~5 1. 37

W&~d-~e . t i i ~~ie ,~~~~~ 
( c ~c~~ ) 1 1 . 5  3. 14

Th~ c b ~n c s s  of 1 e t c 1 u n ~ ed~~c / c h o r d  (~~
) 0.713 0. 2.3/

M~ x irn un i i ck n e ~ s/ c h o r d  ( H )  7 .  09 3. 17

N1~~xini u u  t } i c L n e s s  p o s i t u u i i C l m u r d  (
~~~

) 47 . 5 -o . 0

~i r f ~~ 1 s i - t i u l i  ar ~ -~ i , :\ (in . 2.) 0 . - I ~2. 0.370

~~~~~~~ M ,rn eu i t  u t  l u i e r t -i , I ~~~~~~~~~~ 193 . ~i o~~ 382..x10 3

M : i . \~~- i  ~~i u ~ of I ner t i c , 
~~~~~~~~~~~~ 

~~~~~~~~~~ ~~• ~~ x 1 O~~ 0 .

~~~_ 1 _ .  ~~~~IS - tn -~~~
- , ’ (o e~~ ) 9. 4 o3 . 1

l u r s i uc - i l  c sLi L K ( in . 4 ) 3 . i I ) x 1 0~ 1 . 32.~~1O

2.8 
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2. 0 B I R D - l O L E RA N T  BLADE DESIGN - TASK I

C EN ERA L

The  o b j e c t i v e  of t h i s  task  wa s  to  d e v e l o p  anal yt ica l  des i gn methods

capable of quan titative l y evaluating, ranking, and modifying standard

airfoil desi gns for r e s i s t a n c e  to b i r d  impact .

D am a g e  ana l y s e s  w e r e  p e r f o r m e d  u s i n g  a local damage  c r i t e r i o n

m e t h o d  th a t  was  used  at L y c o m i n g  d u r i n g  t h e  d e v e l o p m e n t  of t he  A L F  502

t u r b o f a n  eng ine . The i nt e n t  of t h i s  c r i t e r i o n  approach  is to re la te
si g n i f i c a n t  p r o j e c t i l e  and t a r g e t  p a r a m e t e r s  to the impact  condi t ion s
p roduc ing  cr i t i c a l  damage  i n the  blades . To ensu re  s u rv i v a b i l i t y  in t h e

dama ged s ta te , an accep tab le  dama ge level is d e t e r m i n e d  by anal y-
sis  of f u l l - s c a l e  eng ine i nges t i on  t e s t s . Eng ine s u r v i v a b i l i ty  wi th  other
blades  or at o ther  in g e s t i o n  c o n d i t i o n s may then be p red ic ted  wi th  some
con f idence  by app l ic a t ion of the  damage cr i t e r i o n . A d e s c r i p t i o n  of the
dama ge c r i t e r i o n  app roach  and app l i ca t ion  to desi gn of damage- to le ran t
b lading are  d i s c us s e d .

The r e s u lt s  of a f o l l o w - u p  anal ys i s  deal ing w i t h  the dynamic
b e h a v i o r  of t he  b l ades  d u r i ng  and j u s t  a f t e r  impact  by a b i r d  a r e  also
discussed . I he in ten t  of t h i s  w o r k  is to gain f u r t h e r  i n s i ght  into t he
b i r d / b lade impact  p rocess  w i t h  p a r t i c u la r  emphas is  on gr oss f a i l u r e  of
blades away f r o m  the  impact  reg ion ca used by excess iv e m oti on . A
t r a n s i e n t  f i n i t e - e l e m e nt  beam anal ys i s  was u sed  fo r  t h i s  w o r k .

T h e  aerod y n a m i c / p er f o r m a n c e  bene f i t s  and pena l t i e s  of a l t e r na t e
fan confi gurations desi gned for improved damage resistance are evaluated

i n t h i s  sec t ion .  An ae rod y n a m i c / p e rf o r m a n c e  anal y s i s  dea l ing  w i t h
p o s t - i n gest ion  opera t ion  w i t h  damaged b lades is a lso  desc r ibed .

The final  e f for t  in Task 1 was devoted to incorpora t ing  the  resu l t s
of the  above w o r k  into dcve~op in g blades capable of s a t i s f y ing  the
requirements of I - A R  33 . 77 , Effects on eng ine size and weight ,

aero dy n a mi c  e f f i c i e n - i e s , and p e r f o r ma nce and costs  a r e  shown .

BLADE LOCAL D A M A G E

At t h i s  t ime  the complex i ty  ol the  b i r d / b l a d e  co l l i s ion  phenomena
ha s prec l uded ri gorous  ana l y t i ca l  in v e su g a t i o n s  of d a m a g e - t o l e r a n t
des i gn r e q u i r e m e n t s. A c c o r d i n g l y ,  a c r i t e r i o n  app roach  w a s  soug ht

to p r o v i d e  i s imp le , r e l i ab le  method of a s s es s i n g  desi gn re q u ir e m e n t s
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an d to provide a ya rds t i ck  for  compar ing  the  damage s e v e r i t y  oi
d i f f e r en t  engine des igns  and ingest ion condi t ion s.

C r i t e r i o n  Anal ys is

The c r i t e r ion  re lat ion was developed f r o m  t h e  o b s er v at i o n  tha t
a metal sheet or plate will sus ta in  m a x i m um  s t r u c t u r a l  damage when
s t r u c k by a pro jec t i le  t r ave l ing  at , or jus t  above , t ha t  speed r e q u i r e d
to pene t ra te  (Re fe r ence  9). A s th i s  ‘bal l i s t i c -u n-u t  ve loc i ty ’ is
reached , the material shears immediatel y upon contact, o f fe r ing  little
fur t her  res is tance  to pene t ra t ion .

The r equ i s i t e  s h e a r - p e n e t ra t i o n  damage model can be developed
by cons ide r ing on ly t h e loca l contact  re g ion of the  blade ( t r e a t e d  as a
thin plate) and neg lecting both th e e las t ic  e n e r g y  a b s o r b e d  b y the  blade
and the ef fec ts  of blade support . If it is also assumed tha t  the  ve loc i ty
of the impacting project i le  decreases  l inea r l y dur ing  pene t ra t ion  of
the material  thickness , h , then the c r i t i c a l  impact  ve loci t y ,  V~ , ( tha t
is , the minimum requi red  to jus t  reach the aft su r f ace )  f i x e s  the
cr i t ical  duration for  penetra t ion as

= 24/v.

The impulsive load imposed on the blade can be equated to the
change in momentum of the impac t ing  p r o j e c t i l e  of wei g ht W a c c o r d i n g
to 

= v~
and , since exper imenta l l y obta ined f or c e - t i m e  r eco rds  i nd i ca t e  tha t
a t r i angu la r  contact-pressure si gnature gives a reasonable approxi-
mation to actual hig h-s peed impact  condi t ion s ( R e f e r e n c e  10) ,  t h e
resu l t ing  in tegra t ion  y ields
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for  the bal l is t ic  l imi t  veloci ty .  H ere , Pi is the peak impact  p r e s s u r e
app lied un i fo rml y over the bl ade contact  s u r f a c e  A . The p a r a m e t e r
W / A is the pro jec t i le  cal iber  dens i ty  or wei ght  per  un it c ross -
sectional area .

Dur ing the ve ry  short  impact in te rva l , the  b i rd  may be con-
sidered to act as a ri g id punch quas i - s t a t i c a l l y loadin g the  su r face  wi th
a un i form p r e s s u r e  over the contact su r face . Li m i t  ana lyses  app lied
to punc h/ indenta t ion  problems have shown that  the c r i t i ca l  p r e s s u r e
re qu i r e d to plast ical ly defor m the su r face  of an e l a s t i c / p e r f e c t ly
plast ic  ma te r i a l  of shear s t r e n g th , r , l ies  between

~ oa~ .
de pending on the c ross - sec t iona l  shape of the ( r i g id) indentor  ( R e f e r e n c e s
11 and 12) . For a thin  plate ( th ickness  d imension si-nail wi th  respec t  to
the contact  area d imens ions)  of e l a s t i c / p e r f e c t ly plas t ic  mater ia l ,
permanent  indentat ion by plastic flow of the m a t e r i a l  imp lies penetra-
tion of the plate (Fi gu re  6). U sin g t h e  l ower  bound plas t ic - f low indenta-
tion p r e s s u r e  as a conservative est imate  of the c r i t i ca l  impact p r e s s u r e
res ults in a shear -pene t ra t ion  damage c r i t e r i o n  expres sed  as

D ( I )

w h e r e  V . is the im pact v e l o c i t y ,  ( f t / s e c )

W / A  is the p ro jec t i l e  ca l iber  d e n s i t y ,  ( l b / i n .  2 )

h is th e ta r g et t h i c k n e s s , (in .)

and i is the shear  yield s tr eng th  of the t a r g e t  m a t e r i a l  (p s i ) .

According  to th i s  c r i t e r i o n , m a x im um dama g e is sus t a i n ed wh en p late
penet ra t ion  occurs , t hat is , when the damage level , D , r e a c h e s  1.
In pract ice , the maximum allowable damage l e v e l  mus t  be de t e rmined
by test .

In th i s  re la t ion , t he p a r a m e t e r  of most  i n t e r e s t  to t he  desi gner
is seen to be the blade local t h i c k n e s s , s ince  iii p r a c t i c e  the  eng ine
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(B) PRAND TL SOL UTIO N

(Reference 12)

Fi gure 6. Velocity Fields for Two-Din~ensiona l Flat Punch.
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in g e s t i o n  condi t ion s and m a t e r i a l  s t r e n g t h  a r e  e s s e n t ia l l y f i x e d . The
h ‘ -

~ r e l a t i o n s h i p was  found to c o r r e s p o n d  exact l y to that derived
emp i r i ca ll y b y blcNaughton and Perfect (Reference 13) from tests of
b i r d s  impac t ing  eng ine  i n t a k e  s t r u c t u r e s. In add i t ion , t h e i r  desi gn
equation also ind i ca t ed  - w i t h i n  the  range  of t e s t s  p e r f o r m e d  - t ha t
the b i r d  pene t r a t ion  ve loc i ty  va r i ed  accord ing  to W .  33 but wi t h no
account  bei ng made of b i r d  contact  a reas .

A n o t h e r  emp i r ica l desi gn equation , developed by B u r c h  and
A v e r y  ( R e f e r e n c e  14 ) f r o m  small a r m s  ammuni t ion  t e s t s , r e l a t e s  the
ballistic limit velocity to h ~~~~~ W ’  ~~~

, and A~ ~~~. In a ddit ion , a t a r g e t
m a t e r i a l pa rame te r , the Br inne l l  H a r d n e s s  N u mb e r  (which  is  r e l a t ab le
to a ma te r i a l’ s yield s t r e n g t h ) ,  was also inc lu ded , making t h e i r
empirica l equat ion ve ry  s imi la r  to that  developed by Lycoming .

In i t ia l  checks of the c r i t e r i o n  against  in -house  t e s t s , w h i c h  had
been p e r f o r m e d  w i t h  a v a r i e t y  of p r o j e c t i l e / t a r g et  combina t ions , was
s u f f i c i e n t l y successfu l  to w a r r a n t  spec i f ic  s ta t i c  f i r i n g  t e s t s  to
cor robora te  th e square  root of th ickness  re la t ion  for  blade damage
re s i s t ance . For these  t e s t s , t i t a nium sheet stock spec imens  w e r e
desi gned to simulate the 6800 lbf t h r u s t  fan blade dimensions  and
mat erial  and the root and midspan shroud suppor ts  provided by a ful l y
bladed dis k. Two- inch  d iameter  gela t in  balls were  used to s imula te
small-bird impact (Reference 15). The results showing the  e f f ec t  of
plate th ickness  on the c r it i c a l  t e a r i n g  veloci ty  is p r e s e n t e d  in IH ig u r e  7.
The cu rve  passing th roug h the torn  spe cimens  is seen to closel y f i t
t he  t heoret ical  r e l a t ionsh ip  proposed by the damage equat ion .

A pp l ica t ion  to F a n / C o m p r e s s o r  Blades

Bird  Impact Velocity - Inspection of the damage re la t ion show s tha t  -
for  all o ther  p a r a m e t e r s  r emain ing  constant  - the damage sus ta ined  by
a bla de is d i r e c t ly proport ional  to the normal  impact v e l o c i t y ,  ‘1N~

For a r u n n i n g  l an / c o m p r e s s o r  blade (Fi g ur e  8) t h e  i mp a c t  v e l o c i t y
dama g in g the blade is taken as the veloci ty normal  to the blade
expres sed  as

‘1w ÷ 

~o. S~1~~~ ) Cos — (~ ?~ 
CoSt ) ~~~I,/ ~~~ (a)
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Figure 8. Bird/Blade Impact Velocity Triang les.
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w h e r e  \
} \ ~~ ( R W ) is  the r o t a t i o n a l  speed 0 t he  blade at t he

imp a c t  r i d i ~us , R , an d  
~~F ~ 

i s  the ve loc i ty  of the  fo re i g n object
e n t e r i n g  t h e  s ta g e  a t  t h e  ang le ~3 f rom the  en g ine c e n t e r l i n e . The
s u r f a c e  tha t  d e c e l e r ;u t e s  t he  b i r d  mass  is r e p r e s e n t e d  by t h e  min Lm um

axis  of i n e r t i a  of the  a i r f o i l  sect ion , o r i e n t e d  at the an g le ~ f rom the
eng ine c e n t e r l ine . It is seen tha t  f o r  s t r a i g ht in ges t ion  of a b i r d ,

V
N 

= VPRN cos - 
V ~~ “ ,~~

so tha t  the  n o r m a l ve loc i ty  i n c r ea s e s  l inear l y wi th  ~an speed and
d e c r ea s e s  u n c u r l  w i t h  e n t e r i n g  v e l o c i ty .  Blade tw i s t  r e s u l t s  in
d e c r e a s e d  n o r m u l  ve loc i ty  near  the ti p. i u r t h e r m o r e , typ ica l blade
s e c t i o n  o r ie n t a t i o n  t e n d s  to make the normal velocity insensitive to
i n g e s t i o n  speed  nea r  the  hub , most  s e n s i t i v e  near  the  ti p.

The no rma l  impact  ~-e loci ty  d i s t r i b u t i o n  over the blade span is
shown  in F i g u re s  9 and 10 for  the  t h r e e  base l ine  blades at t he
a p p r o p r i a t e  FA R cond i t ions  spec if ied  previous ly in Tab le 4. M aximum
values a r e  seen  to occur  jus t  above the root and are  g r ea t e r  for  the
s m-t i l e r  s i ze  b i r d s . i’he fi gu r e s  also i l l u s t r a t e  the  m a x i m u m  extent
of ( sp h e r i c a l )  b i r d  impacts  over  the blade span .

Inspec t i on  of the  impact  ve loc i t y equat ion also shows that , und er
take-of f  and c l i m b  condit ion s , the  impact point is on the p r e s s u r e  face
because  the blade speed is typ ica l l y m u c h  hi gher  t han that  of the
e n t e r i n g  object . For example ,when the a i r c r a f t  is on t he gr ound  j us t
p r i o r  to t a k e - o f f , t hen  V F . ~ 

0. and the impact  v e l o c i t y
= V F~\N . cos 

~
) is at a maxiniurn ( de ta i l  i , Fi g u r e  11) . As the enter-

ing speed of th e  objec t  i n c r e a s e s  (due to i n c r e a s i n g  a i r c r a f t  speed) ,  the
normal impact velocity d e c r e a s e s  to ze ro . At  th i s  point , t he  fo re i gn
object/aircratt speed is

‘~~ / (ó # ~/ .cos,$ — s ~~~ )

See Fi g u r e  11 , de ta i l h. At  t h i s  co mbina t ion  of speeds and blade
o r i e n t a t i o n , the  b i r d’ s c e n t e r  of mass  imp inges  direct l y on the leading
edge and so r e p r e s e n t s  u pu r e  s l ic ing act ion , and the blade theore t ica l l y
s u f f e r s  no damage . I n p r a c t i c e  of c o u r s e , some dentin g or buckling
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( b )  V FO = V FO *
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( c )  V FO > V FO *

Fi gure 11. Variation of Impact Location With Ingest ion Speed.
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0! a t h i n  l e u d i u u g  edi~e can  be ex p ec t e d . Son~~- ~l u : ~~ u g e  w o u l d  a l s o  be
p r e d i c t  t - d  v t h e  c r i t e r i o n  it  r a d i a l  s t a t i o n s  j u s t  i n b o a r d  or ou tboa rd
Ot  t h u  b i r d  c e n t e r  of m a s s  r e s u l t i ng  i r o n  t h e  sli g ht l y di l i e  r e n t  c om b i n a —
‘ ions  of t h~ blade s p e e d s  and o r i e n t a t i o n s . It should  a l so  he noted  tha t
- i t  t h i S  V u - l o u :  j t y  1 s u f fi c i e n t ly  sm a l l  b i r d  ( s ma l l  w i t h  r e s p e c t  to  blade
p i t c h )  m t v  p as s  d i r e c t l y t h r o u g h t h ~- f an  s ta g e  w i t h o u t  s t r i k i ng  d b l a d e .

A s  ic f 1i~~l i t  speed in c  r e u s e s  beyond  
~~F. o . t he  n o r m a l  impact

v e l o c i t y  in c r ea s e s  in n i - u g n i t u d e ;  but  i mp a c t  wi l l  then  occu r  on the
s u c t i o n  s ide  of t h e  b lad - (Fi g u r e  11 , de ta i l c ).

\ plot of t h e  norma l impact v e loc i ty  as a func t i on  of f o r e i gn
ob j e c t  e n t r a n c e  v e l o c i t y is  shown in Fi g u r e  12 for  t h e  t h r e e  b a s e l i n e
e t l u t i r l e s , a s s u m i ng  a b i r d  s t r i k e  at the  80 p e r c en t  span loca t ions  and
w i t h  t h u  f an s  op e r a t i n g  at t h e i r  ma x i m u m  c r u i s e  rp m s . T yp ica l  fli ght
speeds  a r e  a l so  shown and ind ica t e  tha t  f o r  the  s a me  s i ze  b i r d  t h e  take-
off speed r u i -i ge s  i pose  the  most se v e r e  impac t  v e l o c i t y  c o n d i t i o n s  on
t h e  f u n  b l a des . P u r e  sl ic ing  of t h e  b i r d  p a s s i n g  t h r o u g h the  fan r o t o r
i s  s e e n  to o C c u r  in t h e  350-knot  r ange , imp l y ing m i n i m u m  damage not
onl y to  t h e  t i n  , l i c L -  b u t  to t he  b i r d  a s  well . T h i s  in t u r n  i n p l i e s  tha t
H u x i m ur n  d a n i u g e  t o  s u b s eq u e n t  s t a g e s  can L u -  expec ted  n ear  350 knot s with
less  damage  to s u b s e q u e n t  s tage s at the lower t I u  g l u t  speeds .

B i rd  Ca l ibe r  D e n s i t y  - Inspection of t he  c r i t e r i o n  equat ion also shows
t h a t  fo r  all o the r  pa r am e t e r s  r e m - t u n i n g  c o n s t a n t  t h e  damage  s u s t i m e d
b y a bl ade  i n c r e a s e s  w i t h  i n c r e as i n g  p r o j e c t  i l e  c a l ibe r  d e n s i ty ,  W/ : \ .
A ca l ibe r  d e n s i t y  r~~l~~t ion ap p l i c ab l e  to ( u n f r a gn - i e n t e d )  l e e , b i r d s ,
s t o n e u ~ or St e e l  spheres is

w _
~~& v j

w h e r c  th e  r e s p e c t i v e  d e n s i t ie s , ~y , may be t aken  as 0. 035 - , 0. 045 ,
0 . 10 , and 0, 28 l b / i n . 3. For bi rds , t h e  a I ~o~~e ca l iber  densi t y re la t ion
is applicable only to full , unfr agn-iented bird impact and can be calcula-
ted from an equivalent sjilo- rica l bird diameter , d

Q. determined
expe r u  en t u l l y b y N~ u - t c u l i  ( i~ e I c  r en ce  6) as

0.30
= 

~ui O W

-
~ 1

- - - - - - - - -



J~0O l h f  B A S E L I N E  B LADE
16 0 0  lb f  B A S E L I N E  H IGH Al B L A D E

- - -
~~~~ 1 6 0 0  ‘ Ib’ B A S E L I N E  LOW Al B L A D E

b T Y P
C R U I S E
R A N G E  

/

- 
-: 

:

\
\~~~~~~ 

,/
?O0~~ 

-

~ l i J O - \ -

‘ /
/

\ ‘ ,- ~. 
—

\ 
- -

— ~~~~~~~~~~ 

- I
0 1 0 0  200 300 400 500 600 700

BIRD IN GE STI ON VELOCITY (KNOTS)

i ’ u g u l l u  1! . V.1 r I i t  i i i  of [t i u pac t  V e l o c i t y  \V ith Ingestion Speed.

I ,

- ~~~~~~~~~~~~~~~~~~~~~~ -c— - . - - -— -—- - - a



o r b y C .35

A = 3 .1~~~W

if the  wei gh t / s i z e  data  f o r  c h i c k e n s  i s  n e g lec te d. o

0 33
3. qe w (‘r )

which  approximates  th e  two  (Fi gure  13 ) .  T l iu ~ u ‘t e  ~~~~~~~~~~~ i
’ ‘ 1  - -

sistent with the above quoted bird density value , s i l o  e - r sp i .. 
-

W = ~c d / ~ 
- 

~~~~~~~~ V J/ ~~~

or

~~: 0.0 y~ 
16/ /A. ,3

and constant .

W h i l e  t h e  above  c - u l u b i ’ r  d i e I s : ’ y r - 1 t i on  coulo l be u s ’ d t o

the  damage s u s t a i n e d  b y lul l  i nu p a c t  o f an en t i r e  U t  r d  oiu  a s i r  i~ i u l  - ‘ I ’ - ,
two f a c t o r s  wi l l  i n f l u e n c e  t h e  ac t ua t 1 ca l ib ’  d e n s i t y  c - t u s i m t  a i i i  - - t o
a blade in a r o t a t i n g  fan  ~ t a g u - . 1 i c  f i r s t  f a c t o r  i a - su i t s f r 1

s l i c ing  a c t i o n  of t h e  m o v i n g  l i l t ( l i - s  ~~~ t S  S i  ua g  i c  x’ u~ 5 t I i t ’  I i - ~ U ’ rU

as it e n t e r s  the  s ta g e . A t  ~ c t I t i c iuo t l y h i g h en t r a n c e  -sp eu : U~~,
b i rd  can be expected  to i n t e r  t h e  s t - u t y  b e l o r ’  b e i n g  s ’ r - y  or :-
corn ing blade . The f u l l — b i r d  c a l id i -  r d c i i  s i t  V W ( )U l ( l  - t i - i  : i~~’ , - u ~p 1 y.
At low entrance speeds , or f o r  l u t  r g e  i- b i r d ’  , sc v ’’  r u .! a - c - s w i t
s t r i k e  the  b i r d  as i t  e nt e r s  t h e  s tau _’ i - . If bl u d u -  ( I t t t ’ (  l i O n  ( 1J r i n g  1 0 ) - i ’

is ne g lected , the ca l ibe r  d e n s i ty  r d - i t  i o u  f or  a u : u n t  r u !  .il L e  -

approximately

- ~~~~~~~~~~~ - (5)
A A A P d.~ 

7

which is  s on i C  18 p er c e n t  g r e a t e r  t i t  i i  the full bird v u  i uc . I Ii  “ idt  h
of the b i rd  sl ice , w , depends on the ruin -

~ Luu r of  i i i  di ’s  ~~t i - i a  k ~ nd
is 

= (
~

)

-f  
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CURVE FIT WITHOUT C HICKENS
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Fi gure 13. Equivalent Bird Size Versus  Bird Wei ght.
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where the number of blades striking t h e  b i r d , n B’ can be e s t i m a t e d
f r o m

,,~~ ( / 1~~N d q )/(7~’a ~~~~ct~s
1
4 ) (T)

H e r e , N B is the  n u m b e r  of blades in the s tage , and N is the fan speed
in rpm.

Note that the number  of blades s t ruck  and the co r r e spond ing
s lice width  a re  independent of the b i r d ’ s point of im pact along the  span .
The nu m ber of blades s t ruck  per b i rd  for  the  basel ine eng ines opera-
t in g at the FAR ingest ion cond i t i ons  a r e  l i s t ed  in Table 5 . The ac tua l
n u m b e r  of b lades  s t r u c k  wil l  v a r y  somewhat , of c o u r s e , depending
upon the attitude of the (nonspherical) bird . In practice , the calculated
n u m b e r  is  expec ted  to be sli g htl y low s ince the  w i ng s  may be extended
and s ince  the b i r d  may be acce lera ted  t angen t i a l l y (and ro ta ted)  as it
is s l iced upon e n t e r i n g  the sta ge .

I n c r e a s i n g  in gest ion veloci ty  (or  dec reas ing  fan rpm)  results in
fewer  but t h i cke r  b i rd  slice~ impac t ing  f u r t h e r  back along the  blade
c h o r d . T his  im plies that  at the lower fli ght speeds loca l contac t
dama g e is  l i m i t e d  to the  blade lea din g ed ges but can be severe  and
resu]t  in excessive dis tor t ion and t e a r i n g  of many blades . At the

hi g h e r  fli g ht speeds , local damage may be reduced , but because of
the  g r e a t e r  loads imposed per  blade , l a rge  b lade motions may resul t
w i t h  poss ib le gross  f a i l u r e s  o c c u r r i n g  near  suppor t  points .

The second fac tor  a f f e c t i n g  the ca l ibe r  dens i ty  relat ion resu l t s
f r o m  b i rd  f r a gmenta t ion  at the hi g her  im pact ve lo c i t i e s . T es ts  by
M c N a u g hton and Pe r fec t  ( R e f e r e n c e  13) show tha t  birds remain whole
for  impact  veloci t ies  up to 260 f t / s e c , and are  full y d i s i n t eg r a t e d  by
400 f t / s e c . I n add i t i on , Mi tchel l  ( R e f e r e n c e s  16 and 17)es t ima ted
the impact  fo rce  of a full y f r agmen ted  or “z e r o - s t i f f n e s s ” b i rd  as
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o n e - q u a r t e r  that of a whole or “ sem i - r i g id” b i rd . The ca liber densi ty
re l a t ion ca n , t h e r e f ore , be adjus te d  to account for b i rd  s t i f fness  or
f r a g m e ntat ion e f f ec t s  according to

(w/t9)e~ 
(w/ ~) ~e)

w h e r e

1.0 “semi-r i gid” VN � 260 f t / s e c

• 2 .40 - 0. 0054 VN 
260< VN < 400

0 2 5  “zero-stiffness ” 4OO
~~

V
N

Bird  f r a g m e n t a t i o n  e~fec ts  have an important influence on the
damage f u n c t i o n  d i s t r i b u t i o n  along the span . R e f e r r i n g  again to F igu res
‘) and 10 , it is seen t hat near  the hub , whe re the impact velocity is
h i g hest , the b i r d s  a re predic ted  to d i s in tegra te  complete ly , t h e r eby
d e c r e a s i n g the impact force  on the blade. Less f r agmen ta t ion , hence
g r e a t e r  loads , occur f a r t h e r  out alon g the span unt i l , for  the 4-pound bi rd
at l eas t , f r a gmentat ion ceases near  the tip. This  implies that the b i rd
d e b r i s  leaving the stage near the hub behaves somewhat as a liqu id
d i s p e r s e d  in the a i r s t r eam and so tends to inf l ic t  l i t t l e  phy sica l damage
to the  exit s ta tors  or to subsequent stages . Near the t ip ,  h oweve r , the
b i rd  tends  to remain whole (sliced but unfragrnented)  and so can be
expected to leave the stage with essentially the same axial velocit y -

but p robabl y picking up most of the blade tangential component - pr ior
t o impact ing  on the exit s tators. Maximum damage to the fan exi t
s ta tors  can then be expected.

Fan Blade Impact Thickness

As noted previousl y , ‘ ‘e damage criterion, equation 1 , decreases
w i t h  in c r e a s i n g  blade thick i~ ~s at the point of impact. For convenience.
the impact thickness used in the desi gn calculation s is based on the

blade ’ s th ickness  at the center  of the contact surface.  For consis tency
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w i t h  the  b i rd  cal iber  densi t y re lation , these  d i m e n s i o n s  a re  set to
d i r ec t l y ma tch  the p r ojec t ed  a rea  of the  b i r d  sl ice  (Fi g u r e  14),  This
procedure also tends to  account  for  the known s h i f t  of the  c e n t e r  of
p r e s s u r e  t o w a r d s  t h e  leading ed ge .

To f u r t h i .- r  f a c i l i t a t e  the use of the n u m e r i c a l  damage fu n c t i o n  in
b lade p u r a r i u c t e r  studies,a convenient method of relating the impact
site thickness with readil y available desi gn parameters is required . Of
t h e  v a r i o u s  m a t h e m a t i c a l  r e l a t i o n s  t r i e d  ( e x p o n e n t i a l s , h i g h e r  o r d e r
pol yr ion-u i a l s , and t r i g o n o me t r i c  f u n c t i o n s ) ,  a s imple q u a d r a t i c  was
found to give c o n s i s t e n t ly best  r e s u l t s  in t h e  impac t  r eg ion and was used
throug hout this report (Fi gure 15). That is , for sufficient accuracy in
the fo rwa rd  reg ion of the  blade , t h e f unc t ion

J(x) — iQ~ 
4- 1q,~~ *R2 x~ (9)

w a s  Fitted along the chord such that both the leading edge radius and
wed ge ang le w e r e  s a t i s f i e d  at the  leading ed ge , whi le  the  m a x i m u m
t h i c k n e s s  (but not slope) was forced  at the  appropr i a t e  chordwise
location . Based on this  p rocedure ,

= . c4or d.~

= - - 
~~ 

) / x~~
where x = s / ch o r d , and  s is the  c h o r d w i s e  d i s t a n c e  f r om  the
leadin g ed ge .

Base l ine  Blades Damage Evaluation

The n u m e r i c a l  damages  along the  span have been computed for  the
6800 lbf t h r u s t  basel ine  fan and the  two 1600 lb f t h r u s t  basel ine fans  in
accordance w i t h  the  app rop r i a t e  FAR 33. 7 7 b i rd  inges t ion  r e q u i r e m e n t s
and a re  shown in Fi g u r e s  16 and 17 . The calcu lated damage v a l u e s
tend  to r en - u.cl r i  f a i r l y constant  over the i n n er  reg ion of the blades w h e r e
t h e  b i r d  is f ull y dis i n t e g r a t e d , wi th  i n c r e a s i ng  dama ge p red ic t ed  near
the outboard reg ion s w h e r e  less f r agmen ta t ion  takes place . In us ing
t hese c u r v e s , i t  should be r emembered  that  the  damage equat ion  does
n ot conside r the local e f fec t s  of t ip ,  par t- span  and/o r  root shrouds and
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6800 lbf BASELINE BLADE
FAR INGESTION CONDITIONS

20 - 
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Figure 16 . Damage Factor Distribution - 6800 lbf Baseline Blade .
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1600 lb f  B A S E L I N E  BLADES
FAR INGESTION CONDITIONS

- 
______ S C A L E D  B L A D E
— — — LOW 4~ B L A D E

12 -

T I P
T I P  ~~~~. . L O W R~1 1 - SCALED .

.
~

- 1\~ 1
/ . J

10 - 3 oz/ ~~~~~~

~ SH~~ U D  ( l
~~ b

/2
,~~~~ bJ

S C A L E D  I r
~ 8 -  H

! :: ~~~~ 

_ _ _
: HUB— . — I / f / I

H U B  
_________ L~ W

5 _
, , , , ,

S C A L E D

I I I I

0 0 . 2  0 . 4  0. 6 0 .8 1.0
DAMAGE FACTOR

Fi gure 17. Damage Factor Dis t r ibut ion  - 1600 lbf
Baseline Blades,
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s u p p o r t  c o n d i t i o n s , so t h a t  the  c a l c u l a t e d  va lues  do not account  for  t h e s e
lua u -a l  stress concentrating effects . I- xperimentally obt;imed damage

~ul}owib lt s m u s t , therefore , be correlated with respe~~t to span loca—

t ion .

F r o m  t h e s e  c ur v e s  it is also seen that fan blade damage is greater

f o r  t h e  l ar g e  s iz e  b i r d - i n g e s t i o n  c o n d i t i o n s . H o w e v e r , t he  i ng e s t i o n
r t - q u i r e n &’ r u t  c o r r e s p o n d i ng  to the  4-pound b i r d  r e q u i r e s  onl y that  eng ine
t a i l u r e  does not p r e s e n t  a h a z a r d  to the  a i r c r a f t , w h i l e  an eng ine d am a g e d
Ir o m  t h e  small and m e d i u m  size birds must still provide safe , 75 p er c e n t
power  op e r a t i o n . The  1. 5 pound b i r d - i ng e s t i o n  c o n d i t i o n  t ha t  c o rr e s p o n d s
t o  t h e  most  haz t rdous  a i r c r a f t  condi t ion , t h e  r e l o r e , pr e~~ en t  S t he
s t r u c t u ra l  des i g n e r  w i t h  t h e  mos t  s e v e r e  damage  c o n d i tio n  to be met .

The  e f f e c t  of blade s ize  - or equiva lent ly of eng ine t h r u s t  c l ass  -

is  shown in Fi g u r e  18 fo r  t h e  two rnidspan sh rouded  base l ine  blades
and a t h i r d  v e r s i o n  scaled up fo r  a 50 , 000 lbf t h r u s t  machine . Ope ra t i ng
s p e e d s  and b i r d  i n g e s t i o n  v e l o c i t i e s  w e r e  also a d j u s t e d  to  l i t  t h i s  v e r y
l ar g e  eng ine  s i z e  and i t s  a s s o c i a t e d  a i r c i a f t  t a k e - o f f  cond i t ions . The
c o m p a r i s o n  c lear ly i l l u s t r a t e s  the  d i f f i c u l t y  in desi gn ing  b i r d - t o l e r a n c e
i n t o  e ng in e s  of the  smal le r  t h r u s t  c l asses .

Note also t h a t  a s h o r t  chord  v e r s i o n  of the  50 , 000 lbi  t h r u s t  blade
is  s t i l l  c o n s i d e r a b ly mo r e  d a m age - r e s i s t a n t  t h a n  t h e  b a s e l i n e  o800 lbi
blade , imply ing  t ha t  add i t iona l  w e i g ht r e d u c t i o n s  can be o b tun e d  in t he
larger size machines and still provide comparable damage tolerance.

On t h e  other hand , for similar performance, the low-thrust machines

t e n d  to  r e q u i r e  lower  a spec t  r a t i o  blades to p r o v i d e  comparab le  damage
tolerance . A dditional weight p e n a l t i e s  m u s t  t h e n  be absorbed  by
i n c ~p r o v e d  p e r f o r ma n c e , ob ta inable  fo r  example , b y removal of the
sh rouds .

It is of i n t e r e s t  to see if the  most h a z a r d o u s inges t ion  speeds
s p e c if i e d  b y FAR 33 . 77 also co r r e spond  to the  i n g e s t i o n  speeds pro-
d u c i n g  ma x i m u m  c a l c u l a t e d  f i n  b l ade  dam i ge . The v a r i a t i o n  in dama g e
w i t h  f l i ght speed is  shown in Fi g u re s  19,  20 , and 21 fo r  t h e  baseline
eng ines . M a x i mu m  damage speeds 1 i’ e seen to be somewhat  hi g he r  than
t h e  FA R  cond i t i ons , depending on t h e  point  of im pact . The hi g h cal-
cuL i t e d  u h i n u i g e  values  shown i t t  t he  v e r y  low inges t ion  ve loc i t ies  resul t
from impacts very ne t r t h e  thin l eading ed g es and t y picall y do not
r e p r e s e n t  as h az a r d o u s  ;i. cond i t i on  to the eng in e or ai r c ra f t as would
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Fi gure  18, Ef fec t  of Eng ine Thrust  Class on Damage Factor.
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s i m i l a r  damage  l e v e l s  ca l cu la t ed  fo r  i m p a c t s  f a r t h e r  back along the  span .

The b r e a k u p  b e h a v i o r  of the  b i r d  is  also seen to  have a l a r g e  e f f e c t
in t h e s e  speed r a n g e s  - v a r y ing f r o m  ful l  d i s i n t e g ra t i o n  and low impac t
loading at the  lower a i r c r a f t  speeds to e s sen t i a l ly no d i s i n t e g r a t i o n  and
hi g h i m p a c t  loading at t he  hi g h e r  a i r c r a f t  speeds . The p o i n t s  of maxi-
mum damage , as well  as t h e i r  va lues , wil l  v a r y  somewha t  a cco rd ing
to t h e  f r a g m e n t a t i o n  re lat ion  used  in the ca lcula t ions.

D a m age  C o r r e l a t i o n  wi th  Tes t

In e s t a b l i s h i n g  ph ys ica l  damage  l i m i t s  to c o r r e s p o n d  w i t h  the
n u m e r i c al damage- facto r  calculat ion s , t he  r e s u lts of fu l l - sca le  eng ine-
bi rd inges tion tes t s p e r f o r m e d  at Lycorn ing  d u r i n g  eng ine deve lopment
w e r e  analyzed. All cor roborative test data based on the  6800 lbf t h r u s t
mach ine  inc luded the b asel ine  fan blades , a b ir d - to le ran t  fan desi gn ,
and two intermediate designs. Desi gn changes  included t h i c k e n e d
a i r fo i l  sect ions  and detail  changes  to the midspan and root shrouds .

A ll t e s t s  w e r e  p e r f o r m ed  using a pneumatical l y dr iven  inges t ion
gun cons is t i ng  of a hi gh - p r e s s u r e  a i r  s t o r a g e  tank coupled to any of t h r e e
f i r i n g ba r re ls ( 1-inch , 2 - inch , and 5- inch  d i ame te r)  having quick r e sponse
va lves to r e lease  the  s tored a i r  (Fi gure 22) .  Birds are  encased in a
st y r o f o a m  sabot w i t h i n  the b a r r e l  and are  f i r e d  e i ther  wrapped in a
strong ny lon bag to maintain a ti g ht spher ica l  shape at impact , or
unwrapped  to more nearl y s imulate  fli g ht in ges t i on condi t ion s. F i r i n gs
have been conducted in var ious  combinat ions e i the r  s ing ly ,  in t andem ,
a n d / o r  in groups  to s imulate flock i n g e s t i o n . F i r i n g  ve loc i t i e s  r a ng e d
f r o m  125 to 260 knots  - Po in t s  of impac t  inc luded  the  ti p, sh roud , hub ,
and sp i n n e r  reg ions . I h r e e  hi g h - s p e e d  m o v i e  c a m e r a s  w e r e  used  to
r e c o r d  t h e  t e s t s .

M a x i mu m  calculated damage levels c o r r e s p o n d i n g  to succes s fu l
eng ine t es t s  a re  shown in Fi gure  23 . Minimum values ca lcu la ted
f rom excess ive l y damaged b lades a re  also shown . The reg ion be tween
the two re pr e s e n t s  an as y et unk n own re g ion t h at ma y o r ma y not
p rov ide  a g r ea t e r  allowable damage l imi t  l ine . Blade f a i l u r e  data f r o m
a 4. 2-pound bird tes t  were  included in t h i s  plot , s ince the- damage -

al thoug h acce ptable fo r  the l a r g e - b i r d  t e s t  r equ i r emen t s  - would have
been excess ive  for  the med ium-b i rd  test  r equ i rement s.
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6800 lbf FAN ENGINES
M E D I U M  B I R D  I N G E S T I O N  T E S T S
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Figure 23. Medium-Bird Ingestion Test Dama ge Limits.
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in e v a l u a t i ng  t h e  f an  b lade  damage  s u s t a i n e d  in t h e s e  t e s t s , t h r e e
g e n e r a l  impac t  r eg ion s w e r e  c o n s i d e r e d  based on the  local support
conditions: namely, the i nboa rd  reg ion near  the  hub , the  local sh roud
region , and the ti p reg ion ou tboa rd  of t he  sh roud . The use of sep~~: at e
c r i t e r i a  f o r  t h e  t h r e e  d i l f e  r en t  reg ion s is c o n s i s t e n t  w i th  the  local
damage  cr i t e r i o n  approach , s ince  the  r e la t ion  used  is independen t  of
suppo rt condi tions .

The f i r s t  r eg ion , the  i nne r  blade span near  the hub , was found to
r e m a i n  e s s e n t i a l ly undamaged  th roug hout the tes t  s e r i e s  so that  t he
c a l c u l a t e d  l i m i t  l ine  shown h e r e  (D 0. 35) is expec ted  to be r a t h e r
c o n s e r v a t i v e .  A pparen t ly ,  a th resho l d damage level must  be r eached
b e f o r e  p e r m a n e n t  d e f o r m a t i o n  can be obtained. T h i s  is c o n s i s t e n t
with the indentation pressure theory that first requires the development
of a force sufficiently high to cause ini t ia l  plas t ic  deformat ion in the
c r i t i c a l  a r ea  unde r  the  punch and secondly is fol lowed by p e n e t r a t i o n
when t he fo rce  is s u f f i c i e n t l y hi gh to cause al l of the ac t ive  ma te r i a l
u n d e r  the  i n d e n t o r  to reach  the flow l imi t .

Impac t s  in the  second reg ion (i . e. , the re g ion near  the midspan
sh roud) tend to roll back the leading edge and produce spanwise tears -

a p p a r e n t ly e m a n a t i n g  f r o m  the  shroud fo r w a r d  blend rad ius  (Fi gure  24) .
Impac t  is seen to occur on the p r e s s u re  face , te nding to fo rce  the blade
out ag a i n s t  t he  i n c o m i ng  a i r  and back ag a i n s t  the  d i rec t ion  of r o t a t i on .
Shing ling of some shrouds was noted on some tes ts . The f a i l u r e  damage
l ine  of approxi mate l y 0. 49 was drawn f rom a test  w he r e  impact  of a 4 . 2-
pou nd b i rd  resu l ted  in the loss of a blade jus t  below the shroud (Fi gu r e
25~. An adjace nt blade was lost at the root approximate ly one-hal f
rev olut ion la te r , tha t  is , somewhat  a f te r  the b i rd  had passed th roug h
the sta ge . The b lades w e r e  contained and the eng ine was shutdown wi thout
incident .

In the  t h i r d  reg ion , t he  ti p reg ion outboard of t h e sh rou ds , con-
s ide rab le leading edge d i s to r t ion  can be success fu l l y sus t a ined  f r o m  a
s t r u c t u r a l  damage point of view (See Fi gure  2 6 ) .  The f a i l u re  l ine for
t h i s  re g ion (D ~ - . 46) was de t e rmined  f r o m  tes t  condit ion s more  severe
than  thos e  spec i f i ed  by the FAR inges t ion  r e q u i r e m e n t s  (Fi gu r e  27) .
The f a i l u r e  p a t t e r n  shown in th i s  l a t t e r  tes t  indicates  l a rge  blade mot ions
o c c u r r e d  as the b i r d  began impac t ing  the blades , since they we r e
apparen t l y de f lec ted  ou twards , p ro t ec t ing  one of the fo l lowing blades
( F i g u r e  28) . The f i f t h  t ip  - approximate l y 90° away - was subsequen t l y
lost many revo lu t ions  la te r  by r e inges t ion  of one of the blade f r a g m e n t s .
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M u 1 — ~~p u i i  s t r ike  of -1 .2  lb Bird

Fi g u r e  25. Fan After Large-Bird Ingestion
Test , 6800 lb f .
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t ~I l t L t r ( I  ~t r i k e  1 . 5 II ) 1~ irc 1
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Fi g u r e  27. Fan Afte r M e d i u m- B i r d  In gest ion
‘rest , ~800 Ibi En - -  inc.
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A check of t he  t r e n d s  t o w ar d s  le s s  damage at hi g he r in g es t ion
v e l o c i t i e s  p r e d i c t e d  by th e  anal y s i s  w a s  m u d e  by c o m p a r i n g  the  above
t e s t  - c o n d u c t e d  at 175 knots  i n g e s t i o n  ve lu  i t y  - w i t h  an i den t i c a l  t e s t
p e r f o r m e d  at 260 kno t s . (See Fi g ur e  29 ) .  C o n s i d e r a b l y l ess  damage
was  s u s t a i n e d , as p r e d i c t e d.

In all the t e s t s , t he  n u m b e r  of blades s t r u ck  c o r r e l a t e d  well
w i t h  the  expected values .

S i m i l a r ly ,  b i r d  f r a g m e n t a t i o n  seemed to follow t h e  p r e d i c t e d
b e h a v i o r . Total d i s i n t egr a t i o n  was  obse rved  fo r  impac ts  in the  hub
(and  sp i n n e r )  reg ion , as p r e d i c t e d , and l i t t l e  or no damage was noted
in t h e  s u p e r c h a rg er  or core  eng ine s tages . Par t ia l  or no f r agmen ta -
t ion  was  obse rved  fo r  sh roud  and ti p s t r i k e s  r e s p e c t i v e ly,  aga in  as
p r e d i c t e d . For t h e s e  l a t t e r  f i r i ng s , local c o n c e n t r a t e d  damage was no ted
in the  e x i t  s t a t o r s  b e h i n d  the  point  of impac t , c o n f i r m i n g  tha t  l i t t l e  or no
f r agm e n t a t i o n  o c c u r r e d  as the  b i r d  passed  t h r o u g h t h i s  por t ion  of the
s t ag e -  ( Se e  Fi gu r e  30).

C o m p a r i s o n  of t he se  f a i l u r e  levels  w i t h  the  basel ine blades plotted
in Fi gu r e  18 shows  the  o r i g inal 6800 lbf blade would not adequatel y
s u s t a i n  a 1 . 5-pound b i rd  s t r i ke  outboard of the  sh roud  at the  FAR con-
d i t i o n s . Sca l ing  t h i s  blade to the  50 , 000 lbf t h r u s t  c lass  mach ine  show s
the  l a r g e r  b lade  is except iona l ly safe and even can be si g n if i c a n t l y
li ghtened and s t i l l  m a i n t a i n  adequa te  b i r d  t o l e r a n c e. Scaling to the  1600
lbf size , however , results in a totally unsa fe  blade . Even the h e a v i e r
wide-chord desi gn appea r s  inadequate and will  r equ i re  f u r t h e r  t h i c k e n i n g
for  i m p r o v e d  b i r d  r e s i s t a n c e. T h i s  compar i son  clear ly i l l u s t r a t e s  the
d i f f i c u l t y  in des i g ni ng  b i r d  t o l e r a n c e  into an eng ine of the  small  t h r u s t
c lasses. Redes i gn p r o c e d u r e s  for  t he se  blades w e r e  c o n s i d e r e d  below
as par t  of t h i s  t a sk .

To f u r t h e r  a s s i s t  the  desi g n er  in j ud g ing the  s a f e t y  of a g iven
des i g n /t e s t  combina t ion , t he  o b s e r v e d  damage was ranked a c c o r d i n g  to  an
a r b i t r a r y  damage s e v e r i t y  code,  ran g ing f r o m  z e r o  for  no da mag e to 10
fo r  loss of a fu l l  b lade  (See Fi g u r e  3 1).  The r e s u l t s  c o r r e s p o n d
s u f f i c i e n t l y wel l  to p e r m i t  r e a s o n a b l e  p r e d i c t i o n s  of t he  damage s e v e r i t y
t h a t  can he expec ted  in each of t he  t h r e e  impac t  reg ion s. More  impor tant -
l y ,  t h e  c h a r t  can be used  to set  t he  a i r f o i l  t h i c k n e s s  needed to  reduce  the
damage to  some p r e s c r i b e d  lower  level .
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Outboard  Str i ~~~s of 1~ 5 lb J3 ird

L 4~2 ~~~~~~~~~~~~~~~~~~~~
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’

1 - i  ~u r e  ~0 . 1)aniaged Fai i  S t i t u i -  .- \ f t e  r Hi g h —V e l o c i t\
1 n c t H ,t Strike on Rotor  Blades .
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It  is a l s o  i m p o r t a n t  to  no te  t h a t  f o r  s i r c i i l - i r  c - i l c u l a t e d  damag e
l e v e l s , s h r o u d  i m p a c t  p r o d u c e d  t h e  g r e a t e s t  d a mt g e  s - .- 1 r i t \ ’ , i m p l y ing
t h a t  t he  local s t r e s s  c o n c e n t r a t i n g  e f f e c t s  of t h e  s h r o u d  m o r e  t h a n  o f f —
set  t h e  g r e a t e r  f o r c e s  and d e ule c t io n s  r e s u l t i ng  f ron,  i mp a c t s  n e a r  t h e
t ip .  ! oca l  s h r o u d  r e d e s i gn to m i n i m i z e -  s tr e s s  c o t R e n t r a t i o n s is
m d :.  - i t e d , i s  i r e  p r o o f — t e s t  f i r i n g s  a i m e d  - i t t h e  sh r o u d  r e g i c .

A i r f o i l  Shape C o n s i d e r a t i o n s

The a i r f o i l s  mus t  be c o n f i gu r e d  to p r o d u c i -  t h e  p r e s c ri b e d  aero-
dynamics , to be s t r u c t u r a l ly sound , and to avo id  c r i t i c~tI  r e so n a n c e  and
s e l f - i n d u c e d  v i b r a t i o n  at  all r u n n i ng  cond i t i ons , - i s  wel l  as b e ing  able
to w i t h s t a n d  b i r d  i nge s t i o n  damage. It should  be r e c o g n i z e d  tha t  in
t r a n s o n i c  b lad ing ,  w h i c h  e n c o m p a s s e s  most  of the  p r e s e n t  s t a t e - o f - t h e -
a r t  t e c h n o l og y ,  t he  o p t i m u m  ae rod y n am i c  bladici g is  v e r y  t h i n  and can
onl y be i n c r e a s e d  in t h i c k n e s s  at a cost  in p e r f o r m a n c e. W h e r e  damage
t o l e r a n c e  i s  t he  p r ime  c o n s i d e r a t i o n , subsonic  a i r f o i l s  tha t  have  a
r e l a t i v e l y t h i c k  l e a d i ng  ed ge and maximum t h i c k n e s s  pos i t ion  well
f o r w a r d  of m i d c h o r d  a re  best . Double c i rcu la r  a r c  des i gns  a r e  less
des i rab le , whi le  m u l t i ple c i r c u l a r  a r c  desi gns w i t h  th in  l ead ing  ed ges
and maximum t h i c k n e s s  p o s i t i o n e d  a f t  a r e  least  des i r ab le  f r o m  an
i n g e s t i o n  v iewpoint .

P r o c e d u r e s  to t h i c k e n  t h e  b a s e l i n e  blade s w e re  s t u d ie d  based on
t h e  1 . 5-pound b i r d - i ng e s t i o n  cond i t ion  and c o n s i d e r e d  s ep a r a t e l y the
e f f e c t s  of m a x i m u m  t h i c k n e s s , l e a d i ng  ed ge r ad ius , c h o r d  l e ngt h , and
s t a ge  s o l i d i ty  in i n c r e m e n t s of 10 to 50 p er c e n t . Dan-t a g e  f a c t o r
r e d u c t ion s  w e r e  found to be essent ia l l y l i n e a r  w i t h  r e s p e c t  to t h e s e
i n c r e m e n t a l  c h a ng e s .

Reduc t ion  in t h e  damage f ac to r  of a l m o s t  8 p e r c e n t  r e s u l t e d  I r o m  a
50-percent i n c r e a s e  in max imum t h i c k n e s s  (F i g u r e  32). A dec rease  of
a lmost  17 p e r c e n t  w a s  r e a l i z e d  w i t h  a s i m u l t a n e o u s  50 p e r c e n t  i n c r e a s e
in l ead ing  ed ge r a d iu s . An addi t ional  50 -pe rcen t  i n c r e as e  in chord
l e ngt h  ( to  r e c o v e r  t h e  o r ig inal a i r f o i l  shape)  is b e n ef i c i a l  onl y if the
o r i g inal  so l id i ty  is also r e c o v e r e d. V e r y  s i m i l a r  r e s u l t s  W e r e  obta ined
rega rd l e s s  of posi t ion along the  span .

These  r e s u l t s  point  t o w a r d s  the  use  of t h i c k e r , lower  aspect  r a t i o
fans  of comparab le  so l i d i t y  fo r  i mp r ov e d  local r e s i s t a n c e  to  i ng es t i o n
damage . Th i s  approa ch of f e r s  le s s pe r f o r m a n c e  lo ss - or e v e n  a per-
f o r m a n c e  g a i n  if p a rt - s p a n  s h r o u d s  can  be eliminated - but will also
invo lve  i n c r e a s e s  in  w e i g ht  md eng i n e  leum. ~t h . l a b l e  6 p r e s en t s
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T-\ BLE t - EFFECT OF V A R Y I N G  BASELINE BLADE CHORD ,
16 00 LBF BAS ELINE ENGINE

Chord Length Increase  (%)

I - i r t c i i e t e r s  0 11 2 5

N . II~ Rotor Blades 40 36 32

R~~~er  Ti p Chord  4 . 2  4 . 6 5 .2

A s p e c t  I~~t t i u  2 . 9  2 . 6 2 . 3

Inc r e - i s ed  Fan Lencth  ( in . ) 0 0 . 3  0, 7

Fan C r u i s e  E f f i c i e n c y  I n c r e m e n t  (%) 0 - 0 .2  -0 .4

i~ I’ a r t - S pan Shroud  For All Desi gns
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compa r ison of pe r fo rmanc e v d u c s  fo r  s e ve r a l  a l t e r n a t e  c h o r d  l e n g t h
des i gns .

It should a lso  be no ted  t h a t  w i t h  f e w e r  wide  c h o r d  h i a d e s , each
blade m u s t  a b s o r b  gr e a t e r  b i r d  mass , poss ib l y w i t h o u t  b e n e f i t  of
m idspan  s h r o u d  suppor t , so tha t  t h e i r  dy n am i c  r e s p o ns e s  to impac t  may
become a c r i t i c a l  c o n s i d er a t i o n . Blade dy n a m i c  r e s p o n s e  to t h e  F A R
i n g e s t i o n  c o n d it i o n s  were  c o n s i d e r e d  below as p a rt  of t h i s  task .

Blade Support Consideration s

Sep a r a t e  c o n s i d e r a t i o n  w a s  g i v e n  to t h e -  des i gn o t h e  a l - t e e  s u p p o r t s
and c-ons t  r a m t  s w h i c h  a r c -  e x p e c t e d  to  play  an i m p o r t a n t  ro le  in t h e

blade ’ s r e s p o n s e  to f o r e i gn - o b j e c t  i m p a c t , but w h o s e  e f f e c t s  we  i. e not
i n c l u d e d  in t h e  local  s h e a r — d a m a g e  c r i t e r i o n  anal y s i s .

Much of the  analy ses on blade s h r o u d  c o n s t r a i n t s  wa s  p e r f o r m e d

u s i n g  a st m n d a  r d  Ly c om i n g  b l a d e — d i - s i gn C Om p U t e r  p r o g r am  w h i c h  is
based  on a s t r e n g t h  of m a t e r i a l s  a p pr o a c h  t b - i t  t r e I c .s a )l cde is a t w i s t e d ,
r o t a t i n g  c a n t i l e v e r e d  beam w i t h  v a riab l e  s e c t i o n  p r o p e r t i e s  and t a k e s
into account the  s tead y - s t a t e  sh roud  and ae rod y n a m i c  f o r c e s  and  c e n t r i-
fuga l  r e s t o r i n g  m o m e n t s. Local ( st a t i c )  impac t  f o r c e s  and m o m e n t s
can be app lied at any sect ion , and the  r e s u lt i n g  s t r e s s  d i s t r i b u t i o n s and
sh roud and root reac t ion fo rces  can be dete rmined by this method.

The local impact sites and peak force levels imposed in these

anal y ses w e r e  d e t e r m i n e d  f r o m  the  n o r m — i l  d e c e l e r a t i o n  loads developed
b y a b i rd  cen te r  s l ice in accordance  wi th  the  appropriate FAR in g e s t i o n
condi t ions .

The N A S T R A N S t r e s s  anal y s i s  p r o gr a m  was  a l so  used  t o  spot -

check t h e  t r e n d  r e s u l t s  p r e d i c t e d  by t h e  blade desi gn p r o g r a m  and  to
m o r e  a c c u r a t e l y a s s e s s  local s t r e s s  c o n c e nt r a t i o n  e t l e c t s . Re f e r e n c e  18 .

I mp a c t  Force  Anal y s i s  - The m a s s  of a ful l y f r a g m e n t e d  or z e r o -
s t i f f n e s s  sp h e r i c a l  b i r d  s t r i k i n g  a flat  ri g id wal l  is  d e c e i t - r a t e d  over
the  d i s t ance  d 5 = d ( F i g u r e  33) .  If t i l e  b i r d  doesn ’ t I r i g m e n t  i t  a l l ,

I . e . , a s~~~~i _ r j g id~b i r d , the  c c i r s s  w i l l  be s topped  in s o l i l e  s m a l l e r
d i s t a n c e , S = ~~~ d , w h e r e  fi is t aken  as 0. 25 c o n s i s t e n t  w i t h  t h e
I r a g n en ta t ion  behav~ or app l ied  to the  c a l i b e r  d e n s i t y  r e l a t i o n  ( R e f e r
to I- .( 1 11 t t io fl  8.) H e r e  aga in , t h e  t e n d e n c y  fo r  b i r d s  t o  r e m a i n  whole
up to  n o r m a l  in~pa t speeds  of 260 I t / s e c  and to be f u l l y d i s i n t eg r a t e d
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b y 400 f t / s e c  may  be used  to  f i x  t h e  l i m i t s  f o r  s e m i r i g id a n d  z e r o —
s t i lln e s s  b e h a v i o r . 1. he s topp ing  d i s t a n c e  S may  t h e n  be e s t i m a t e d
Iron

0 . Z 5  “s e m i r i gi d ’ V
N~~

26O ft/sec

S ~ l . 15 + 0.0054 V 260< v <400

( 
N

1.0 “ze ro  s t i f f n e s s ” 4O 0~~ V
N

For a b i r d  s l i ce ,  the  i m p a c t  f o r c e  imposed  on a (rig id) blade results

f r o m  d e c e l e r a t i n g  the  component  of t h e  s l ice  n o r m a l  to t h e  s u r f — i c e ,
so t h a t

- AAP CoS (/0)

A s s u m i ng  cons t an t  d e c e l e r a t i o n , a , t h e  d u r a t i o n  of i m p a c t  b e c o m e s

= 25/~~~

so that the average force is

,i . m i =~~~~ Yi’- = ~L VN 
(II)

N U 
~~ 2 5

For sinusoidal deceleration , the peak force developed during t h e  i m p act
interval would be ir/ 2 times this a \- e r a ge  force , while a triangular
or versed sine load ing  would deve lop  t w i c e  t h e  a ver a g e  f o r c e . A
t r i a n gu la r  pulse was taken in t h i s  work  for c o n s i s t e n c y  wi th  the  c r i t e r i a
analysis .

The n o r m a l  i m p a c t  f o r c e  d i s t r i b u t i o n  over  t h e  span of t h e  t h r e e
baseline blades for the appropriate FAR ingestion conditions are shown
in F i g u r e s  34 and 35 . Forces  a r e  g r e a t e s t  for  the  i i  r g e r  b i r d s  ( an d
f e ’w er  b l a d e s ) ,  and i n c r e a se ’  t o w a r d s  t h e  t i p w h i e  r e  h - -a s  I r a g i n e n t i t i o n  o c c u r s .

Shroud  Sp~a n w i s e  P o s i t i o n  - The location of the shroud along the span

s t r o n g ly i n f luences  the  impac t  loads t r a n s f e r r e d  to  ad jacen t  blades
and , consequen t ly ,  the  de f l ec t i on  b e h a v i o r  of t h e  s t r u c k  blade ’ . For a
( s t a t i c )  evaluat ion of the  role  p layed by t h e  s h r o u d  p o s i t i o n , t h e  6800
lbf ba se l i ne  blade was inves t i gated for  two a l t e r n a t e  sh roud  pos i t ion s -
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FAR IN G E S T I O N  CONDI T IONS
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at 75 p e r c e n t  span and  100 p er c e n t  span . F o r c e s  used in the anal y s i s
c o r r e s p o n d  to s t r i kes n e ar  the ti p (80% span) and hub (30% span) in
a c c o r d a n c e  w it h  t h e  F A R  1. 5 -pound b i r d - i n g e s t i o n  r e q u i r e m e n t s . In
all cases , the shrouds were held fixed in the tangential and axial

directions to simulate dy n a m i c  boundary  c o n s t r a i n t s  in e f f ec t  d u r i ng
the  s h o r t - d u r a t i o n  impact  pulse .

NAST RAN analyses were also performed to check the trends
i n d i c a t e d  by t h e  s tandard  blade desi gn computer  p rog ram . The 6800 lbf
bas eli ne blade was represen ted by the 204 t r i a n gu l a r  bending pla te
e l e m e n t s  shown in Fi gu r e  36 . Nodes along the hub w e r e  full y c on-
s t r - e i n e d  to model a b u i l t - i n  root . T h r e e  nodes at each sh roud  locat ion
were fixed in the tangential and axial d i r e c t i o n s  onl y ,  as in the  beam
pro g r a m,  to s imu late  the sh roud  cons t ra in t  dur ing  the impact pulse .

The changes in maximum stresses for various combinations of

s h r o u d  p o s i t i o n s  and impact  s i t e s  a r e  compared  in Fi gure  37 . The
normal ized stresses shown are based on the max imum f r e e - b e a m  root
s t r e s s e s  calcula ted  b y the two methods . The t r ends  p red ic ted  by the
des i gn p r og r a m  a r e  seen to be in excel lent  a g r e e m e n t  w i t h  t he  NASTRA N
solut ion s.

The results show first that sh rouds  a r e  b e n e f i c i a l  in r educ ing
t h e  b lade  overal l  bend ing  s t r e s s  levels  and second tha t  the  mos t
d e t r i m e n t a l  s t r i k e  loca t ion  is n e a r  the  t i p.

Displacements of the blade elastic axis a r e  shown in Fi gu r e  38 fo r
the three shroud location s. The r e s u l t s  con f i rm  the  i n tu i t i ve  expecta-
tion that m i n i m u m  def lec t ion  of the  s t r u c k  blade - hence  m a x i m u m
load transfer to adjacent blades - takes place with shrouds at or just
below the impac t si te. Further , s ince maximum impac t f o r c e s , blade
de f lec t ion s , and root bending s t r e s s e s  occur for  s t r i k e s  near  the t i p ,
an opt imum spanwise  location of the shrouds  would be 2 to 2. 5 inches
from the ti p ( to  accommodate  m e d i u m - t o - l a r g e  b i rd  impact)  or at 75
to 80-percen t  span for t h i s  blade.

Shroud Contac t  Ang le - A stud y s imi la r  to the above was p e r f or m e d  to
i n v e s t i gate the in f luence  of the shroud contact  ang le on the def lec t ion
and stresses in the struck blade. The same prog rams w e r e  used , but
now the shroud boundary c o ns t r a i n t s  were  relaxed to pe rmi t  the shrouds
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to disp lace along the  c o n t a c t  a ng le  l i r,e , t h e r e b y a p p r o x i m a t i ng  blade
motion a f t e r  in ~~ -l c t  (See Fi g ur e  39 ) .

The displ a c em e n t s  of the  6800 lbf base l ine  blade e las t ic  axis  a r e
shown in Figure 40 for strikes at 80 and 30-percent span. Here again ,
the  r e s u l t s  have been n o r m a l i z e d  for  the ba se l i ne  ti p disp lacements
in the t a ng ent i a l  d i r ec t ion . The i n c r e a s e d  f l e x i b i l i ty  p r o v i d e d  by the
l a rg er  contact  ang les is apparent . Mechan ica l  a s sembl y r e q u i r e m e n t s
limit the contact angle to approximately 40 deg rees in practice, with
v ib ra t i on  and f l u t te r  r e q u i r e m e n t s  being somewhat  m o r e  r e s t r i c t i v e,
typically wi thin 15 to 35 deg rees . From these results , it is seen tha t
the contact  ang le can provide  the de s igne r  wi th  some m e a s u r e  of con-
t ro l l ing  the def lec t ion of the s t ruck  blade . For example , if t i p impact
causes blade loss above the shroud , the contact angle can be increased
to p rov ide  gr e a t e r  f l ex ib i l i ty at  the s h r o u d  w i t h  c o r r e sp o n d i n g l y g r e a t e r
load t ransfe r towards the root. For blade failures near the root , on
th~ other hand , the shroud ang le may be dec reased  in o r d e r  to r e s t r i c t
overa l l  blade motion , t h e r e by t r a n s f e r r i ng  a l a rg er  p o r t i o n  of t he  load
out t h r o ug h the  s h r o u d s .

A s  a desi gn guide for maximum f lex ib i l i ty of the  blade,  t h e  s h r o u d
c ontact ang le should  be normal  t o  t h e  m in imum axis  of t he  s t r u c k  air-
foi l  section.

Shroud C h o r d w i se  Pos i t ion  - Tue NASTRA N program was used to
determine an op t imum c h o r d w ise  posi t ion for  the  s h r o uds  in l ieu of the
blade design prog r im , since the local stress patterns are of concern
for this aspec t of the s h r o u d  s tud y. H e r e  aga in , t he  b800 lbf base l ine
blade was d e f i n e d  b y the  s d - - c triangular bending plate mesh , built-in
ri g idly at the  hub , and f i x  ~d onl y in the  t a n g e n t i a l  and ax i a l  d i r e c t i on s

a at t he  shroud radii to simulate the short-t ime dynamic restraint con-
di t ions . T h r e e  sh roud  pos i t ion s w e r e  c o n s i d e r e d , 33 -pe rcen t  chord ,
5 0 - p e r c e n t  cho rd , and 67 -p e r cent  cho rd .

The maximum stresses in the  blades , no rmalized with respect to
the  5 0 -p e r ce nt  c h o r d  r c s u J  s a r e  shown in Fi gure 41 . The midchord
p o s i t i o n  r e s i~ lt e d  in the  lowes t  peak s t r e s s  f o r  i l l  - st r i k e  l oca t i ons  s t u d ie d ,
in-ipi y in ,g t L it  t h e  hi -s t chord posit ion l o i  t h e  sh r o u d  is t w a  y f r o m  t h e
i m p a c t  s i t e  but near the section ’s m a x i m u m  t h i c k n e s s  po in t . The worst
shroud  loca t ion , e s p e c i a l ly fo r  t i p s t r ik e s , is f o r w a r d  n e a r  t h e  t h i n
lea ding e d ge .

8~



P R E S C R I B E D  MOTIO N

( a )  80% SP AN STRI KE

P R E S C R I B E D  MOTION

( b )  30% SP AN STRIKE

Fi gure 39. Shroud Contact Ang le and Reaction Forces.
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Blade Root Cone Ang le - A consideration also investi gated throug h the
use of the NASTRA N program was the effect of the root cone angle on
t h e blade ’s be havior . An extreme case of zero  degree root ang le was
run for comparison with the 18-degree angle prescribed for the base-
line blade. The modified blade was represented by the same number
of node s and t r i angu la r  bending plate elements;  the same loading and
boundary condit ions w e r e  imposed.

The simulated bi rd  s t r ikes  at the 30— and 80 -percent span sites
resu l ted  in ve ry  minor  changes in deflection and s t r e s ses  between the
two models , indicating this parameter has  a neg li gible influence on a
blade ’ s r e s i s t ance  to b i rd - inges t ion  damage.

Multi ple Str ike  Probability

The preceding damage analyses are based on a single impact on
un dama g ed blades . These paragraphs discuss  the possibility of a
blade bein g str uck more than onc e by successive birds entering the
stage.

A local blade reg ion that is permanently deformed by a bird s tr ike
will present a more unfavorable incidence angle to a subsequent impact ,
should it occur in the same location along the span. A greater damage
i n t ens  ty  wou ld t h e r e f o r e  be expected from the second impact than
f r o m  t h e  f i r s t , wh ich  would then be super impoded over the previous
damage . Leading edges torn by the first impact , for example , would
be expected to separate entirely if s t ruck again. Such damage has been
noted in smal l -b i rd  ingest ion tes ts  where sixteen 2 to 4 ounce birds were
fired into the annular area between the hub and ti p of the 6800 lbf thrus t
basel ine fan. (See Fi gure  42 .)

Shing ling of blades should also be avoided , not only to maintain
v i b r a t i o n/ f l u t t e r  control  of the blades during pos t - inges t ion  operation ,
but also because the adjacent blades may no longer be supported
adequatel y to absorb the possible impacts of successive birds .

E s t i m a t e s  of the  probabi l i ty  of a blade sustaining multiple
strikes when more than one bird is ingested w e r e  made us in g a
n umer ica l  s t r i k e  s imulat ion p r o g r a m  developed at Lycoming. Input
~.o the  analyt ical  model  cons i s t s  of a f r eq u e n c y  t d h le  de sc rtb ing  the
p r o b a b i l i t i e s  of a g iven i n t egr a l  number  of blades being s t ruck  by a
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Sixteen 2-4 oz Birds Fired Into Blade Annulus

F

Fi gure 42 . Fan A ter Smal l -Bird  Inges tion  Test ,
6800 lbf Eng ine.
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sing le bi rd (n of equation 7) ,  t h e  t o t a l  n u m b e r  ol b i rds  be ing  i n g e s t e d
(per F-\ R 33. requirements ot Tabl e 4), the total number of

blades in the  fan s t a g e  - m d  t h e  S i z e  ol t h e  sp i n n e r  ar e a  w i t h  r e s p e c t  to the
t o t a l in l e t  a ia -r wo  r an d o m  n ui nb e  i’s a c e  g e - t i  ~ i - c ’ ed to d e t e r m ine  for  each
s t rik e  in t h e  b l ade  an n ulu s  t i e  q u a n t i t y  oi b lades  s t r u c k  and a p r i m a ry  blade
n u m b er  or p o s i t i o n  i t  t h e  f a n . T h e  p o s i t i o n  an n  each  su b s eq u e n t  pos i t ion
fo r  all s t r u c k  blad a .-s  in t h e  st a ge  a r e  inc  c a - n  i~~f l t e d  b-c one , and t h e  p r o c e s s
r e p eat e d  for  t h e  n un u e r  ol b i r d . s  i n g e s t e d . Each  j lade  in the  a r r a y  is
e x a c t  m e d  f o r  t h e  n u n - b e  r o.f s i m u l a t e d  s t r i k e s  and  the  r e s u l ts  t a b u l a t e d .
T h is  t a b u i t t i o n  is t h e n  r ep e a t e d  u n t i l  c t o t a l  of 100 s im u l a t e d  i i iges t ion con-
d i t i o n s  I r e  made . The  r e s u l t s  a r e  an a v e r a g e  of t h e s e  100 samp les .

H i s t ogr a m s  of t h e  n u mb e r  of b1~~des s u s t a i n i ng  mu l t i ple s t r i k e s
a re  shown in Fi gu r e s  43 t h r o u g h 45 fo r  the  t h r e e  base l ine  eng ines .
T h e s e  p r e d i c t i o n s  imply t ha t  w h e n  the  eS0 O lbf fan i ng e s t s  t h r e e  1. 5-
pound b i r d s  st r i k i n ~ at r andom o ;e r  t h e  in le t  rea some 23 b lades
(out  of 40) w i l l  not be s t r u c k  at all , whi le  14 blades wil l  be s t r u c k  once .
A n o t h e r  2 blades a r e  e x p e c t e d  to be s t r u c k  twice  - a l thoug h not neces-
s a r i l y in the  same place a long  t h e  span . It is  also pos s ib l e  that  on
occasion one blade may be s t r u c k  3 t i n eS .

For the  l u u O  lbf t h r u st  c las s  eng ine , t h e  low a s p e c t  r a t i o  desi gn
s u f f e r s  f e w e r  m u lt i ple s t r i k e s  t h a n  t u e  s h r o u d e d  blade  des i gn , even
thoug h one a d d i t i o n - t i  s i m t ; m l i  b i r d  m u s t  be i n ge s t e d . Because  of the
smal le r  s i z e  b l i d i n g ,  m u l t i p le i m p ac t s  on a blade  a r e  now more likely
to s t r i k e  the  s a i c e  r eg ion . T h i s  is L - sp e c i a l l y t r u e  f o r  the  case of the
1. 5-pound b i r d  s in c e  t h i s  s i ze  b i r d  e xt e n d s  over  mos t  of t h e  span .

P r o b a b i l i t y t a b l e s  can be c o nst r u c te d  f r o m  t h e s e  r e su it s  - and
f r o m  t h e  r e s u l t s  of a s i m i l a r  anal y s i s  w h i c h  c o n s i d e r s  a lso  the  impact
a rea  along t h e  span - to  show ti e - p r o b a bi l i ty  of -t u l i d e  s u s t a i nin g
m u l t i ple s t r i k e s  and t h e  p r o b a b i l c ty  of a bl i dL - s u s ta i n i ng  m ult i ple s t r i k e s
in the  same ar e t . ( R e l e r  t o  Tab les  7 at-i d K) Th e s e  r e s u l t s  show that
a bSOO lbf t h r u s t  blade his only a 5. 3-percent chance of b e i n g  h i t
more t h a n  once by - i  1 . 5-p o u n d  b i r d  and  onl y a 0. 8-percen t chance of

b e i n g  hit niore t i t i t i i  o n c e  in t h e  s d n I t -  a r e m . I h e  c h a n c e s  ol n -t u lt i p le
in p ac t s  in t h e  s a n t e -  a r e - - I  by  1 . 5 ~p~i t i t ~d b i r d s  r e  m o m  ~ to 3 pe r e t - n t  f o r
t h e  -s r r t ~e l 1 e r  e i t g I r e e .
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B L A D E  D Y N A M I C  B E H A V I O R

‘Ihe  i n t e n t  of t h e  c r i t e r i o n  ap p r o a c h  d e s c r i b e d  in t he  p r e c e din g
sec t ion  w a s  to  d e t e r m i n e  c r i t i c a l  c o m b i n a t i o ns  of b l a d e / b i r d  i n g e s t i o n
cond i t i on s c a u s i n g  u n a c c e p t a b l e  leve l s  ol eng ine  d a t c i a g e  b a s e d  on local
bend ing  or t e a r i n g  damage in the  f o r w a r d  p a r t s  of the  bh i d ’ . In t h i s
s e c t i o n , blade f a i l u r e  due to e x c e s s i ve  b e n d i n g  mo t i o n  is s t u d i e d  as an
add i t iona l  b a s i s  fo r  d e t e r m i n i n g  u c -c - c c c e p t a b l e  l eve l s  of eng ine  damai~e .
F u r t h e r  i n s i g ht i n t o  me thods  f o r  t r e a t i n g  b i r d  i n g e s t i o n  d a m a g e  can a l s o
be g a i n e d  w i t h  t h i s  l a t t e r  a p p r o a c h , e sp e c i a l l y w i t h  r e sp e ct  to t h e  r o l e s
p l ayed  by c e n tr i f ug a l  f o r c e , b lade  s i z e  m d  s h r o u d / r o o t  r e s t r a i n t s .
L a r g e  d i sp l acemen t  e f f e c t s , and t h e i r  i nf lu e n ce  on fo rce  g e n e r a twn  can
a lso  be eva lua ted.

T r a n s i e n t  Ana l y s i s

The  t r a n s i e n t  r e s p on s e  of f an  b l a d e s  t o  b i r d  i n i p a c t  f o r t e en-i c it ~ t t  Ia n ,

in t e r m s  of d i s p l a c e men t  and st r e s s e s , was ob t a ined  by c_ o n s i d e  r oa r th e

s t r u c k  b lade  as a s e r i e s  of s m a l l , n t u l t i - l a y e  r i d  b e n d i n g / s he a r  beam

element s . The t h e o r e t i c a l  anal y s i s  emp loyed is ba sed  Ofl an exp l i c i t

i n c r e m e nt a l  t r a n s i e n t  f i n i t c - - — e l c n a c n t  p r o c e d u re  h - s c  r ibec i  by - u l u s , I p and

V an Dc r l i n d en  h R  e fe  ct - n e  1 9 ) .  The L y c o mi n g  c l e v a - I n p e d  c o m p u te r p r o g  ra m

also account s t n r  a e n t r i f u g a l  f o r c e s  and l a r g e  d c - - f o r m a t i o n s . B u i l t  - in  an d /

or  pinned  r o l le r  const  r a in t s  w e r e  a lso  made  a v a i l a b l e  f o r  t r e a t i n g  t h e  root /

shrouds boundary conditions .

The  f i n i t e - e l e m e n t  models  u s e d  in the  c_ a e s t u d ie s  c o n s i s t e d  of l~
e l emen t s  ov e r  t h e  span , each e l e m e n t  be ing  c o n ip r i s t - d  of 10 l a y e r s  of
linea rl y elastic m a t e r i a l . For  s i m pl i c i t y ,  an equ iva l en t  bean  t h i c k n e s s
d i s t r i b u t i o n  ov e r  the span was used , based on the actual n--iini n-ium m om e n t
of i nc  r t i ; t  - c - n d  a i r f o i l  s ec t iona l  ~i r e - - c d i s t r i b u t i o n s  a c c o r d i ng  to

j / 2  ~~~~~~~~~~~ (12)

Essentiall y, this  model  d e f i n e s  t h e  blade ~is u n t w i s t e d  a n d  t a t  r a - e t - e t a g u l a r
s ec t ion  and  is , t h e r e f o r e ,  s o m e w hat  m o re  t i e x i b l e  t h a n  t h e  i c _ i n t l
undamaged  blade . The e f f e c t  of l ead ing  ed ge ’ b e n d in g  or r o l lb a c k , w h i c h
would typ ical l y tend to locall y stiffen t h e  b l a d e ,  was  not  c o n s i d e r e d .
Such local permanent deformation would hi— expe cted to reduce ti p
e x c u r s i o n s but wou ld a l s o  t end  to  c o n c e n tr s , t e t h e  b en d in ~ s t  I- m-,s t o w a r d s
th e ’ c i i  rfoil sect ion j u s t  i nboa rd  ol t h e -  d i n c a t  ge .
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For all c a s e s  i n v e s t i ga t e d  a 1. 5-pound bird impact correspond-

ing to t he  I A R  i n g e s t i o n  ond i t ion  was  used , w i th  the ( s l iced )  b i rd
mass  a s s um e u  to be u n i f o r m l y d i s t r i b u t e d  over  the  ou t e rmos t  4 inches
of the  b lade . A t r i a n g u l a r  f o r c e  pulse based on the r i g id blade collision
anal y s i s  d i s c u s s e d  p r ev i o u s l y in the  p ar a gr ap h , Blade Support  Considera-
t i ons , was  a l s o  a s s u m e d  in e v e r y  case . The d u r a t i o n  of t r a n s i e n t
r e s p o n s e  s t u d i e d  was  typ icall y taken as a p p r o x i m a t e ly 6 t imes  the impact
pulse duration to e n s u r e  coverage  of the full f i r s t  deflect ion cycle .

C e n t r i f ug ~J F o r c e  E f f e c t s

An i mp o r t a n t  f e a t u r e  of b i r d - t o l e r a n t  fan blade desi gn and
anal y s i s  c o n c e r n s  t h e  ef f ec t  of c e n t r i f u g a l  f o r ce  on the  bending behav io r
d u r i n g  and j u s t  a f t e r  impact . In gene ra l , c e n t r i f u g a l  loading wil l  i n c r e a s e
t h e  b lade ’ s f r e q u e n c y  w h i l e  d e c r e a s i n g  both  deflec t ions  and s t r e s s  levels ,
the  m a g n i t u d e  of wh ich  wi l l  be dependent on the shape and extent of defor-
m a t i o n  in the  i m p a c t e d  blades .

The calculated blade deformation patterns with and without the
c e n t r i f u g a l  f o r c e  f i e ld  a r e  shown in Fi g ur e  46 fo r  the  6800 lbf t h r u s t
b a s e l i n e  eng ine fo l l owing  i ng e s t i o n  of a medium b i r d  at takeoff , Ti p
d i s p l a c e m e n t s  a r e  compared  in Fi g u r e  47 . It is seen tha t  the  c e n t r i f u g a l
f o r c e  has  e s s e n t i a l ly no e f f e c t  d u r i ng  the  impact  pe r iod . Tne ro t a t ing
blade  r e a c h e s  i t s  r a t a x i n i u m  disp lacement position earlier than the non-
rotating blade en d  o s c i l l a t e s  w i t h  a hi gh e r  Ir e q u e n c y.  T h e s e  e f f e c t s
a r e  caused  p a r t l y by t h e  c e n t r i f u g a l  f o r c e s  a c t i n g  to l imi t  the  bending
e x c u r s i o n  of t h e - b lade , and pa r t l y to the centrifugal stiffening effect
t h a t  t e n d s  to i n c r e a s e  the  bend ing  f r e q u e n c y ,  in t h i s  case , f r om  200
to 330 cp~ . -l hese values , in fac t , very n e ar l y match  the  lowes t  n a t u r a l
f r e q u e n c i e s  of t he  a c t u a l  ba se l i ne  blade (205  and 310 cps).

F or  bot h r u n n i n g  and  s t a t i c  b l ades , t he m a x i m u m  bending s t r e s s e s
occ ur  jus t  ou tboa rd  of  the shroud . Also for bot h cases , the peak bending
s t r e s s  v a l u e - s  o c c u r  at t h e  peak d i s p l a cem e n t  t i t i c e s , but the  s tat ic  b lade
valu e - is 37 p c _  rce’nt hi gher than the’ running blade ( see  Fi g u r e  48),  The
i n f l u t ’n  e of  t h e ’  hi g he r  be nding mode ’ s on t h e  s t r e s s  h i s t o r y  is also seen
in t h e -  f i g u r e .

Comparison of the centrifugal r e s t o r i n g  force  on t he impact
r e s p o n s e  of t he  l eOO l b t  t h r u s t  b a s e l i n e  b lades  ( sca led  v er s i o n )  a r e
shown in I- i g ur e s  - 1 )  t h r o u g h 51 . Note -  t h a t  fo r  t he se  smal ler  s ized
blades , a si g n i f i c a n t  p o r t i o n  of the  1 . 5-pound b i rd  impacts  below the
sh r o u d . T h e r e  ~t r , -  e s s e n t i a l l y no d i f f e r e n c e s  in d isp lacements  of the
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Figure 47 . Centrifugal Force Effects on Ti p Displacement -
6800 lbf Baseline Blade.
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Figure 48. Centrifugal Force Effects on Maximum
Stresses - ~i80O lbf Baseline Blade .
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two blades during impact , an d ver y little additional mot ion of e i t he r

blade a f t e r  impact .

For these blades , the peak bending s t r e s s  of the nonro ta t ing  blade

is some 60 pe rce nt hi gher  than that of the ro ta t ing blade . Note that
superposi t ion of hi gher  modes combines to su pp r ess the peak s t r e s s
in th e f i r s t  cycle.  

-

It i s seen f r o m  this  stu dy that the c e n t r i f u g a l  s t i f f e n i n g  e ff ec t

is si gn i f i can t  and shou ld no t be ne glected in b i rd  impact s tudies . It
is sugges ted  that such nonrotat ing impact ana ly ses can be used  in
conju n ction w i t h  s ta t ic  ri g t e s t s  to extrapolate the r e su l ts  to rota t ing
con di t ions , t h e r e by min imiz ing  the n-iore costl y fu l l -scale  ro ta t ing
t e s t s .

These resul ts  also show that nei ther  the 6800 lbf nor the 1600 lbf
blade dis places si gnif icant ly during the force generat ion port ion of the
impact pulse,  even without centr i fugal  loads; but some displacement
will have occurred (at least near the ti p) towards the end of the pulse.
This  implies that generat ion of the peak force  follow s the ri g id blade
coll is ion assumption fa i r l y well; but a somewhat less severe  or

‘t r a i l ing-of f ” of the force  his tory will occur towards the end of the
impact - especially near  the tip. A somewhat reduced overall impulse
load mi ght t he re fo re  be expected than has been considered he re .
H owever , the increas ing blade motion also implies that a somewhat
l a rge r  bird slice will be imposed towards the end of impact , tendin g
to cancel out any beneficial effects  of the blade ’s motion. Calculation s
based on the r i g id blade tr iangular  force pulse w e r e  mainta ined  accordingly
th roug hout this  effor t .

It should also be noted that because the f i r s t  torsional f requency
is typ icall y some 2. 5 to 3 t imes  hi gher than the f i r s t  bending f r e q u e n c y ,
the actual blades will  tend to twist  back into the b i rd  mass  du r ing  the
im pact in te rval .

Blade Size Effects  • 1

The effec ts  of blade ize - or equivalently of eng ine th rus t  class -
were  evaluated using the t ransient  response computer p rog ram,  and ,
as with the local damage evaluation discussed in the pa ragraph ent i t led
Baseline Blades Damage Evaluation , three directl y scaled blade s
corresponding to 1600 , 6800 , and 50 , 000 lbf t h ru s t  eng ines were
modeled. Medium bird- ingest ion analyses were  per fo rmed  for both
rota t ing and nonrotat ing blades to fur ther  i l lus t ra te  the influence of the
cent r i fugal  force field .
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The resulting tip deflection s are  shown in Fi g u r e  52 , and the
his tor ies  of the maximum stressed elements are  shown in Fi gure 53 .
It is seen that the deflections , and especially t h e s t r e s s e s , in the
50 , 000 lbf thrus t  blade s are  dramatically less than in e i ther  the 6800
lbf or 1600 lbf th rus t  blades , again point ing out the added d i f f i c u l t y
in desi gning forei gn object tolerance into the small th rus t  class machines .

The d i f ferences  in t ip deflection between these blades f u r t h e r
i l lustrates  the ef fec ts  of eng ine si ze,  since it is seen that  the sma ller
blades tend to impact on adjacent blades causing addi t ional  damage ,
while the la rger  blades tend to remain  isolated f rom thei r  nei gh b o r s .

From Fi gure 54 , it is seen that for  the same size b i rd , the
maximum tip deflections decrease both for  the la rger  engine  sizes
(due to the greater  blade mass) and for  the smal ler  eng ine si z es (d ue
to the g rea te r  influence of the part-span shroud) .  The n~~ x i mu r n
stresses , however , c ontinually de crease  w i t h  in c r e * s ing  eng ine s ize .
The influence of the centrifugal fo rce  appears  somewhat  g r e a t e r  for
the smaller blades , possibly due to t h e  re 1at i~ 

‘ gr~~a t e r  d i s t o r t i o n s
around the shroud.

Shroud Effec ts

The dynamic behavior of the 6800 lbf base l ine  blade w a s  i l so
compared with an unshrouded ve r s ion  us ing  the  t r a n s i e n t  ana ly s i s
computer program. Here again , th e response to impac t  by a 1. 5-
pound bird at FAR take-off condition s was cons ide red , aga in  a s s u m i n g
a t r iangular  force  pulse uniforml y d i s t r i bu t ed  over  the  outer  4 inches
of both blade s. The 6880 rpm cent r i fu ga l  f o r c e  f ie ld  was included
in the (large deformation) analy sis .

Displacements and s t resses  in the shrouded and unshrou ded
versions of the baseline blade are  shown in Fi gures  55 th roug h 57 .
It is seen that removal of the part-span shroud resul ts  in very  l i t t le
difference in blade motion during the impact interval , but eventuall y
the ti p displacement of the f ree  blade far  exceeds that of the standard
shrouded desi gn.

The peak s t ress  is also hig her for the f r ee  beam and now occurs
in the root , rather  than just outboard of the shroud as in the standard
blade. Thus , the f ree-s tanding  blade is more likely to fail , and shoul d
it do so, would then impose greater  imbalance loads on the rotor
support s tructure and greater  impact energ ies on the containment r ing.
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Figure 52. Engine Size Effects on Tip Displacements.
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From a de s i gn methodology point  of view , it is  i m p o r t a n t  to
not e that  the above conc lus ions  a re  cons i s t en t  w i t h  those  reached
sta t ica ll y us in g the s tandard  blade desi gn p r o g r a m . ( Refe r to Blade
Support Cons ide ra t ions ) .  The maximum s t r e s s  d i f f e r e n c e s  be tween
t he shrouded and unsh rouded  desi gns were  more  p ronounced  in t h e
s ta t ic  anal y s i s , but the location s of maximum s t r e s s  were  the  same .
So , for many app l ica t ion s , para m e t e r  s tudies  based on the s imp le
and fas t  desi gn pr o gr a m  may be p r e f e r a b l e , espec ia l ly if a wide  var i e t y
of de si gn variables a re  to be cons ide red .

A s imi lar  anal ys i s  p e r f o r m e d  for  the  1600 lbf t h r u s t  eng ine
com pared the shrouded scaled base l ine  blade wi th  the  u n s h r o u d e d low-
aspect  ra t i o base lin e bla de . The impact  fo rce  pulse assoc ia ted  w i t h
the i r  respec t ive  FAR ingest ion r e q u i r e m e n t s  w e r e  imposed on each ,
a gain d i s t r ibu ted  over the outer 4 inches  of span . Note  f r o m  Fi g u r e
58 that  because of the  l a rge r  b i rd  slice s t r i k i n g  the  low aspect  ra t io
blade , the peak f o r c e - i s  considerably g r e a t e r  than that imposed on the
sca led blade . This g r e a t e r  loading,  plus the lack of shroud support ,
res ul ts in considerably g r ea t e r  dis placement for th e low aspect  ra t io
desi gn .( See Fi gure 59) . The maximum s t r e s se s  a re , h o w e v e r , s imi la r .
See Fi g u r e  60 . This  impor tan t  r e su l t  c on f i rms  the p rev ious  anal y t i c
wor k that pointed towards  the use  of low aspect  ra t io  blades fo r  b i r d
to lerance  in the 1600 lbf t h r u s t  class machines .

These results  also imply that the th icken ing  a s soc i a t ed  wi th  t he
change f rom 40 to 24 blades is roug hl y equivalent  to the support  provided
by par t -span shrouds .

Pinned-Root Concept

The preceding stud y sugges ts  that , for  blades of s u f f i c i e n t  n ia s s ,
bending deformation may be c ontrolled th roug h i n e r t i a  eff ects ra th e r
than the r e s t r a in t  provided by a bui l t - in  root . Accord ing ly ,  the  p inned-
root concept (normall y used onl y to m i n i m i z e  s u r g e - i n d u c e d  s t r e s s e s  in
a blade root) was inves t i gated analyticall y us ing  the t r a n s i e n t - a n a ly s i s
procedure described above.

A dynamic evaluation of the 6800 lbf t h r u s t  baseline blade was
per fo rmed  cons ider ing  that the root element was f r ee  to ro ta te  about
its minimum axis of iner t ia  and the resul ts  compared wi th  those  of a
bui l t - in  root . See Fi g u r e  61 . Both blades were  assumed unshrouded
and operating at the FAR take-of f  speed of 6880 rpm . A t r i a n gular
force pulse reaching a maximum value of 6700 lbf dur ing  a 0 , 68 m sec
impact durat ion was again imposed and d i s t r i b u t e d  un i forml y over the
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outermost  4 inches of the blade to simulate the impact of a 1. 5-pound
bi rd  in ges ted  at 1 20 knots.

The dis placement of blades at the tip and at the cen te r  of impact
a re  com pared in Fi gure 62. It is seen that the displacements during
impact  a re  essen t ia l ly the same for both the pinned and buil t- in desi gns ,
imply ing the fo rces  developed by the bird and t ransmi t t ed  to the blades
a re  the same for ei ther desi gn. Since the behavior of the blades
d u r i n g  the ingest ion period are  the same , no variat ion is expected
e i t h e r  to local blade damage or to core eng ine damage or per formance.

Fi gu re  63 , however , shows that s t resses  developed in the
p inned-root  desi gn a f t e r  ingestion are one- thi rd  that developed in the
bu i l t - i n desi gn . Additionall y,  the location of the maximum stress
r eg ion has now moved well outboard of the root to within 3 inches of
t he  t i p. Loss of a 3-inch tip fragment , should it occur , would be
less ser ious  than the loss of the ent i re  blade span . Table 9 indicates
the reduc t ion  in loading that would be realized on the bearings , supports ,
and containment s t ruc tu res.

TABLE 9 COMPA RISON OF CANTILEVER VERSUS
PINNED-ROOT LOA DS AT FAILURE

St ress  Full-Span Loss 3-Inch Tip Loss

Imbalance Force (lbf) 15 , 000 4 . 600

Kinetic Energy (in. lb f) 112 , 000 42 , 700

Maximum rotation of the root is 24 degrees (at 2. 2 m sec) so
there should be no undue problem with providing adequate clearance
at the disk rim.

Based on the above analys is, the pinned-root concept appears
to be an a t t r ac t ive  approach to bird-tolerant fan blade desi gn . Fur ther
evaluation is still required , howeve r , because the blade twist effects ,

• ( w h i c h  .iere not cons idered  h e r e ) ,  will tend to inh ib i t  pure rotation about
the pin , so that for  ti p impacts at least , the blade response may approach
that  of a s tandard cantilevered blade.
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A E R O D Y N A M I C  CONSIDERATION S

General

An i m p o r t a n t  phase of the desi gn p rocess , p r i o r  to se lec t ing  the
de t a i l ed  blading,  is th e aerodynamic design of the f a n / c o m p r e s s o r
compo~ ents  w h e r e i n the  flowpath geomet r ies  and blade speeds a re  set ,
both of wh ich  a f f ec t  the  inges t ion  cha rac te r i s t i c s  of the individual  com-
ponents . In t h i s  design  ph a s e , all of the va ry in g t rades  be tween  size ,
p er fo r m~ nce , cost , and s t r uc tu ra l  i n t eg r i t y  and r e l i ab i l i t y  mus t  be
c o n s i d e r e d . For example, inlet guide vanes can be used to improve
e t l i c i e n c y  but wi th  an in c rease  in cost and noise . A l t e r n a t i v e l y ,  the

h u b / t i p r a t i o  can be inc reased  to re duce tip speed , or the blade
o r i e n t a t i o n  ca n be modif ied  to accommodate lower inlet ve loci t ies . Both
of t hese  l a t t e r  approaches  may resu l t  in e f f i c i ency  ga ins  but a lso r e su l t
in en g ines  of i n c r e a s e d  s ize , wei ght , and ins ta lled drag.

Any in h e r e n t  weakness  resul t ing f rom decisions made in this
phase of the desi gn must  be cor rected  by blading of increased  s t r eng th;
w h i c h  f a c t o r s  tend to i nc r ea se  wei ght and redu ce performance.

In o r d e r  to obta in  a c l ea r  p e r s p e c t i v e  of prac t i cab le  ae rodynamic
redesi gn proc€~dures , studies were performed using the damage
criterion analyss to weigh reduced wheel speed designs and reduced
in let velocity desi gns . The resul ts  a re  descr ibed in the fol lowing two
5 e Ct Ofl S .

lJpon experiencing a bird impact , the fan/compressor could
suffer some damage and performance degradation. The performance
l oss wi ll show up as a reduction in fl ow and efficiency (for a given
s pe ed) and a co r res ponding loss ir’ surge pressure ratio.

If the  damage is not so severe as to cause surg in g of the corn-
p resso r , the  pe r fo rmance  loss is usually modera te  and can be to lera ted .
If s u r g ing of the component occurs , the per formance  loss is usually
too g rea t  and some redesign would be necessary .  This  redes i gn e f fo r t
can take e i ther  of two approaches to reduce the per formance  loss:

1. The component subject to damage can be redesi gned to
reduce the extent of damage to a level that  wil l  not
severel y reduce the surge marg in , or

2. The engine can be rematched to provide increased surge
margin for the damaged component.
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The first approach will normally reduce the efficiency potential of the
component and degrade engine performance. A weight penalty is also
incurred. The second approach usually results in a ba si c loss of
cycle p ressure  rat io and /or  eff iciency , consequently resul t ing in
degraded performance throug hout the operat ing range . An ef for t  to
determine the sen~ it ivi ty  of the eng ine to per formance  loss a f te r
ingestion is d iscussed below in the paragraph Operat ion with Damaged
Blades .

Reduced Wheel Speed Designs

The reduction of fan wheel speed pre sen ts  an a l t e rna t ive  approach
to reducing  impact damage; in fact , reduced power takeoffs  have become
increas ingly common since th i s  p rac t i ce  can substantial ly extend l i f e  of
the hot section (Refe rence  20) .

An init ial  evaluation of the b i rd - res i s t ance  benefi ts  stemming
f rom a 10-percent reduction in take-off  th rus t  for  the 6800 lbf basel ine
eng ine showed only minor changes in fan speed (less than 4%) wi th
even smaller changes in the calculated damage level .

Thus , aerodynamic redesign of the fan assembly was undertaken
to evaluate the potential for increased bird tolerance in a machine
specifically desi gned for up to 30-percent lower tip speed . The pro-
cedure pursued was to reduce the blade ti p speed by moving up to a
larger  fan with an increased inlet hub-tip ratio . The meridional
velocity levels were  held constant , as was th e fan blade hub wh eel spe ed
levels , in orde r t o retain a constant hub loading level .

The prel iminary fan desi gn study was conducted using a com-
puter program that calc’ilates stage velocity t r i a n g le s and subseque nt
blade losses and eff ic iencies . The loss system used is based on
diffusion factor correlat ions modified from NASA t e s t i ng ,  together
with adjustments  for end-wall , Mach number , clearance , and Reynolds
number effects  and has been corre la ted  against  both in-house and
published performance data with good results. All performance
estimates used in the stud y are  based on this prel iminary desi gn program .

A ser ies  of designs varied the fan inlet hub/ t i p rat io f rom the
0. 44 level of the 6800 lbf thrust  baseline machine up to 0. 6, which was
felt to be as hi gh as could be practically considered. The baseline
blade geometry  was modif ied  to provide the r e qu i red  flow , p r e s s u re
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ratio, and velocity t r iang les along the span. The c h a r a c t e r i s t i c s  of four
a l t e r n a t e  fans  t h at w e r e invest igated a r e  l i s ted  in ‘l ab le 10. It is seen
that the ti p d iameter  of the  Ian i n c r e a s e d  by 5 inches , while the eng ine
length increased  by 7 in ches . For the hi gher  h u b / t i p rat io  desi gns , a
small gain in efficiency resulting from a lower Mach number is counter-
ba lanced by a lower aspect ratio and inc reased  duct length e f f ec t s  that
t end to reduce the overall  e f f i c i ency  gain .

The changes in fan e f f ic iency  and damage res is tance  shown in
Fi gure 64 point towards the 0. 5 hub / t i p  rat io  fan confi gurat ion as
an excellent combination of fan performance and damage res i s tance  -
althoug h at the cost of a l a rger , longer , and heavier  eng ine . Fi gure 65
compares this  configurat ion with the baseline fan assembly. A 10-
percent  wei ght inc rease  is es t imated  for  t h is desi gn (approximate ly
46 lb) . Refer  to Table 11.

Prel iminary desi gn studies were  also conducted to invest i gate
the effects of vary ing the tip speed of the 1600 lbf t h r u s t  machine.
In this  case , however , the flowpath was held constant  to mainta in  the
same eng ine diameter . The rpm of the scaled vers ion fan was v a r i e d
± 5  percent to see if si gni f icant  pe r fo rmance  or b i r d - r e s i s t a n c e  changes
would result .

A preliminary airfoil  shape was desi gned to account for wheel-
speed changes , but the blade number , thickness , an d chord remained
the same as the baseline blade . Table 12 compares the two a l t e rna t e
desi gns . -

Fi gure  66 shows that the slower , more ef f ic ien t  vers ion ( C - I )
resul ted in a sli ghtl y less rugged blade because of the less favorable
incidence ang le for bird str ikes at a i rcraf t  take-off speeds , while the
fas ter  version (C-2)  show s a sli ghtl y better  res i s tance  to damage due
to the more favorable incidence angle.

Reduced Inlet Velocity Desi gns

Impact damage also can be lessened by reducing  the  inc idence
ang le of the blades with respect to an incoming  b i rd , One n-ieans  of
accomplishing th is  is to desi gn the fan for  reduced axial velocity —.
ideally t o match  that  of the b i rd . However , because the  a i r c r a f t  velocity
at takeoff is low re la t ive  to the usual fan inlet axial  ve lp c i ty  desi gn
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6800 lb f BASEL INE ENGINE
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Fi gur e 64. Cruise Ef f i c i ency  and Damage Factor
Changes Versus  Hub/T i p Ratio.
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TABLE 11 - WEIGI-IT PENALTY OF LOW WHEELSPEED DESIGN A-2

Component 
-- 

Weight Increase - Percent

Fan Disk 18.0

Blades 12.8

Spinner 6.4

S/C Disk Assembly 10. 5

Bear ing Support 10. 8

Fan Shroud 38.9

Cowl Support Assembly 9. 5

Vane Assembly DEGV 13 . 6

Vane Assembly Stator 1 11. 3

Vane Assembly Stator 2 11. 8

Front Frame 6.8

Carrier  Assembly 4. 3

Containment Ring 2. 0

Miscellaneous 3.0

j Total Wei ght Increase 46 .0 lb.
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TABLE 12 - MODIFIED WHEELSPEED DESIGN

1600 lbf Basel ine Engine

Baseline C-l C-2
Character is t ics  (Scaled) (- 5%) (+5%)

Desi gn S peed (rpn-i) 13, 274 12 , 610 13, 940

Take-off Speed (rpm) 10,940 10,393 11 ,489

Tip Speed (ft/sec) 1310. 1243 1374

Tip Inlet Radius (in.) 11 .3 11. 3 11.3

Fan Cruise Efficiency Increment (%) 0 +0 .7 -0 .6

__________________________________ - - ——_______________
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Fi gure 66 . Damage Factor Comparison of Modified
Wheelepeed Desi gn - 1600 lbf Eng ine.
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c riterion, only a moderate reduction is possible in practice.

A desi gn ( B - l )  with a 17-percent reduction in axial velocity
was obtained by simultaneously increas ing  the annulus area of the
6800 lbf baseline eng ine by 15 percent and moving the ti p radius
outward to mainta in  the baseline hub/t ip  ratio. Here again , a pre-
l iminary airfoi l  shape was designed to provide the desired leading
edge incidence ang le with the necessary  flow , p ressure  ratio , and
core inlet conditions.

Table 13 presents  a comparison of the si gnificant aerodynamic
parameters  for this  and the baseline desi gn. The estimated desi gn
point ef f ic iency level increased about 1. 3 percent for this confi guration
but , again , at the cost of a la rger  and heavier machine (Fi gure 67).

The damage factor  distr ibutions for the two best aerodynamic
redesigns are  compared in Figure 68 and indicate that on balance the
A - 2  confi guration is preferable when considering local damage
tolerance,  since it is substantially better near the tip and almost the
same as the baseline over the remainder of the span.

Operation with Damaged Blades

These paragraphs discuss a method of predic t ing the reduced
p e r f o r m a n c e  levels resul t ing  f rom operation with var ious  amount s of
fan damage , based on damage sever i ty  levels and the flow area affected
b y the  dama ge . The e f f e c t s  of damage on fan pe r formance  maps were
estimated using eng ine test resul ts  as a guide. In all cases , sinc e no
v i s ib le damage occur red  in the core compressor , co mbustor , or t u rb ines ,
it was assumed that  there  was no deter iorat ion in pe r fo rmance  of these
component s.

Test  Data Anal y sis  - Data f rom th ree  representa t ive  eng ine ingestion
tes ts  per formed during the early development phases of the ALF 502
eng ine were  anal yzed to determine damaged fan (component) performance.
The damage ranged f rom minor bending of leading edges as a result of
ice ingestion tests that caused a change in local incidence onl y , to
extensive rollback of leading edges caused by medium-bi rd  ingestion
tests that caused flow-blockage of the tip section.

Fan and supercharger performances were isolated from engine
per formance  by using the tes t  data in conjunction with  a computer
program that simulates the undamaged core eng ine . By f ixing the
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TABLE 13 - ALTERNATE LOW AXIAL VELOCITY DESIGN

6800 lbf Baseline Eng ine

Characteristics Baseline B-i

Fan Inlet Axial Velocity (f t/sec)  605 500

Desi gn Speed (rpm ) 7500 6500

Take-Off Speed (rpm) 6880 5985

Tip Inlet Raiius (in .) 20. 0 21 .8

Tip Relative Mach No . 1. 30 1.. 22

Hub-Tip Ratio 0. 44 0.44

Number of Blades 40 4.6

Fan Cruise Efficiency Increment (%) 0 + 1 .30
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FAR INGESTION C 0 ND IT I O~~11 1/2 lb BIRD

22 - r— B-1 TIP
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DAMAGE FACTOR

Figure 68. Damage Factor Comparison of Alternate Fan
Desi gns - 6800 lbf Eng ine.
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power turbine inlet tempera ture  at the value measured during the test ,
the specific work available to the compressor can be determined from
the turbine character is t ics, and for a series of assumed hi gh com-
pressor  inlet temperatures , the associated re fe r red  flow , r e f e r r e d
speed , and compressor p ressure  ratio can be determined by satisf y ing
continuity and energy balance between the compressor and turbines.
If the high compressor inlet pressure is then adjusted to vary the core
airf low until the fuel flow matches the tested values , the supercharger
p re s su re  ratio and temperature ratio will be known , and the super-
charger efficiency can be calculated. The results may then be com-
pared with the performance map representing the undamaged super-
cha rge r. Once the supercharger performance is established , the
thermodynamic conditions throughout the core engine are known, and
the power available for the fan bypass flow can be obtained along with
the thrust from the hot exhaust gas. The thrust being provided by the
bypass flow is then obtained from the difference between the measured
net t h r u s t  and the hot exhaust thrus t . These data , along with the nozzle
char acter is t ic , a re  used to determine the bypass flow , p ressure  ratio ,
and fan eff iciency.

Ice Ingest ion Test (Test  No. 1) - Maximum damage re sult ing f rom
ingest ion of large 12 x 4 x 3/8-inch pieces of duct ice while demon-
strat ing the eng ine icing protection system is shown in Figure 69. One
blade (No. 11) was rolled back 1 1/4 inches at the ti p leading edge ,
while six other blade s suf fered  minor bending of the leading edge in
the sam e area. Six bypass stators were  also bent . Post-ingestion
calibration runs were  performed f i rs t  with the total damage, next with
fan blade No. 11 replaced , then with the six bent blades also replaced ,
and finall y with the six bent s tators also replaced. The pertinent
measured  tes t  data for each calibration run are  shown (at d i f f e ren t  power
set t ings)  in Table 14.

Using the procedure described above, the fan and supercharger
were found to be operating at the conditions shown in the lower part
of Table 14 which indicates that the supercharger was operating with
no performance degradation due to the damaged fan. The total damage
calibration run produced stall , but the test  was made wi th  an 8-per-
cent reduced-area cold nozzle which caused the fan to operate closer
to stall than normal .

Small Bi rd  Test (Tes t  No . 2) - Fan rotor blade damage sustained by
ingest ion of 16 small birds  is shown in Fi gure  70 . One blade t ip  was
rolled back, and another ti p suf fe red  minor deformation . Two blades
sustained rolled-back leading edges at the part-span shroud. The
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Sixteen 2 -4 o~ Birds Fired Into Blade Annulus
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Figure 70. Fan After  Small-Bird In gestion Test
(No. 2) , 6800 lbf Eng ine.
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p r e -  and p o s t - i ng es t i o n  t est  data of Table  15 show that  for the same
cornpr ~~ssor  sp eed , t he  fue l  flow d e c r e a s e d , t h e r e b y ind ica t ing  a
dec r e a s e  ii c omp r e s s o r  d i s c h a r g e  p r e s s u r e. The fan speed increased
in o rde r  to pass s u f f i c i e n t  f l ow  to b a l ance  the  powe r be ing  p rov ided

by the power  t u r b i n e . ‘l’hc overa l l  s up e r c h a r g i ng  p r e s s u r e  r i s e  dec reased

5 p er c e n t , ‘.~h i I t ’  t h e  t l t i c n - n c y  dec reased  3 p e r c e n t  f r o m the  undamaged
(-o n dit  i u n . Dan L t ~eCl fan m d  i J J c - r c h ; i r g ( r o p e r a t i n g  c o n d i t i o n s  a r e  g iven

~fl I i ~l ~
- I

M e d i a t e  B i r d  Tes t  ( T e s t  N o . 3) — The t h i r d  t e s t  selected for  t h i s  stud y
p rov ided  p o s t - i n ge s t i o n  ope ra t i on  data for  the most ex tens ive l y dama g ed
f a n ,  r e s u l t i n g  f ro m t h e  i n g e s t i o n  of t h r e e  medium b ir d s . See Fi gu r e  29.
Ro to r  b lade  d a nc ig e  was l i i i  i t e d  to two a r e a s , i . e . , the  ti p reg ion of
f o u r  blades ( esp e c ia l l y b e n d i n g  of b l i u c  No . ~7) and rollback of t h r e e

l e a d i ng  ed ges  at t he  rn idspan sh rouds . T h r e e  b y p a s s  s t a tur s  w e r e
dis lod ged and f o u r  t d j a c e n t  v a n e s  w e r e  ben t . (See Fi g ur e  30) . I h e  super-
c h a rg e r  in l et  s t a t o r s  also e x h i b i t e d  S o n i c  ( i i  ~t o r t i o n . The  s u p e r c h ar g er
r o t o r  was not  d a ni a i~cd .

~n t h i s  case , t h e  p r e -  and p o s t - i n g e s t i o n  data shown in Tables  1 5
and ~6 i n d ic a t e d  tha t  t h e  f ue l  f low r em a i n e d  c o n s t a n t , whi le  the  fan speed
i n c r e a s e d  some 5 p e r c e nt  to n m a i n t a i i  the  power  ba lance. The per-

f o r m a n c e  an a l y s i s  d e s cr i b e d  above i n d i c a t e s  t h a t  damage  to the  fan
c a u s e d  t h e  s up e r  h a r g e r  to o p e r a t e  w it h  a 7 - p e r c e nt  r educ t ion  in
p r e s s u r e  r i s e  m d  e - t f l c m e n c y .

Fan P e r f o rm an c e  - Fan maps r e l l e c t  i t i g  t he  v a r i o u s  de g rees  of dama ge

w e r e  ob ta ined  b~’ s c a l i ng  t h e  u n d t t t  m~~ed f i n  c h a r i c t e r i s t i c s  shown in
F i g u r e  7 1 f o r  t h e  3-i a i id  98 p er c e~~i s p ee d  l in e s . H e r e , point  A
r ep  r e  s - ~ s t h e  r ot it  i n g  s ta l l  po int  f o r  an u n d a m a g e d  fan at 94 p e r c e nt

s pe e d  whi le  p o i n t  B r e p r e sen t s  t h e  s t a l l ed  point  of the  i ce  i n g e s t i o n
t o t a l  d amage  r u n .  ‘I ’he u n d a m a g e d  94 per cen t  speed l i n e  was scaled
so it would col lapse  to .~ h u e  s t a r t i n g  at B. Lines  A B  and A ’Bt  show
t h e  s h i f t  in  t he  ~ill l i t - c  w i t h  d a m i g e  f r o m  t e s t  No . 1 . The o the r  speed
c h a ra c t er i s t i c s  v~ .t r e  s i m i la r l y s ca l ed , i s  w e r e  the  e f f i c i e n c y  character -

i s t i c s .

- l he - i l l — b i r d  i n g es t i o n  t e s t  ope r a t i n g  po in t  is shown at C ’
and ex tended  p ar a l le l  to t h e  s t i l l  l i ne  to i t  t h e  i l b  pe rcen t  speed
l i n e  of t h e  u n d a m a g e d  f an .  Sca l in g fo r  t he  o t h e r  de gr e e s  of damage
w e r e  o b t a i n e d  in a s i m i l a r  m a n n e r.  and the r e su l t ing  reduc t ions  in
flow , e f f i c i e n c y ,  an d  p r e s s u r e  r i s e  a re shov4 n in ‘l able 17 .
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Damaged fan speed and ef f ic iency  c h a r a c t e r i s t i c s  are  shown in
the map of Fi gure 72 which was used in the eng ine pe r fo rmance  com-
puter program to estimate the th rus t  and fli ght per formance  that can
be achieved at maximum rat ing for the  dif ferent  levels of damag e.
It should be noted , also , that the magnitudes of change in these fan
charac te r i s t i cs  are s imilar  to that obtained f rom inlet  d i s tor t ion
tes t s .

Eng ine pe r fo rmance  for  d i f fe ren t  damage levels is shown in
Fi gure  73 for SLS standard day condi t ions  and in F igu r e  74 for  25 , 000
ft . M = . 7 c ru ise  conditions. This pe r fo rmance  is obtained with the
nominal cold jet  nozzle without any danger of stall; however , the  stall
marg in for the test  No . 3 damage ( m e d i u m - b i r d  t e s t )  reduces  to 7
percent at take-off  ra t ing.  (See Fi gure  75) .

The percentage of undamaged take-off  th rus t  achievable b y
each of the damaged confi gu r ations shown in th e ba r char t  of Fi gure  76
point s out that , in t h e wors t  cases , the eng ine cou ld still mainta in
84 percent of  i ts  t h r u s t  when operating at i ts  maximum ra t ing .

The degradation in fan per formance  does not increase  in a
simple proportion to the apparent damage . if a blade t w i s t s , the
incidence changes and causes a change in local flow and work input
for that section of the fan. However , if the  blade inc idence  becomes
too hi gh , local separation occurs and the stall can af fec t  adjacent
passages ; th is  is especially the case for severe  rollback of the ti p
section. The adjacent blades , in the direction opposite to rotat ion ,
not only experience hi gher flow but more posit ive incidence . The
adjacent blades in the direction of rotation experience flow with  a
negative incidence which causes them to unload. Due to the resu l t ing
work input variation , the flow must readjust  to fo rm an equilibrium.
In the reg ion s where the fan blades are  severel y rolled back , energy
equivalent to the square of the tip speed is imparted to a fluid with
neg lig ible axial velocity and with a hi gher radial static p r e s su re
gradient necessary to sustain the hi g her  cen t r i fuga l  force  f ield .
Therefore ,  flow recirculation and mixing occur and this  flow enters  the
stator vanes with hi gh incidence , causing hi gher losses within the
vanes , but does not experience a static p r e s su re  r ise  in the vanes pro-
portional to the energy it absorbed. It would seem that the reduction
in performance would not be as severe  if the rolled-back leading edge
of the rotor was broken off because the blockage would be reduced.
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Figure 72. Damaged Fan Efficiency and Pressure Ratio Maps.
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s an i n t e r e s t i n g  r e - o u t ot t h i s  s t u d y , t h e  t i p s ect  ion ul r o t o r
blade No . 11 , ex t  en  si v e l y r o l l e d — h i c k  d u r u n u . ~ h - st  No . 1 , c i n s e d
nea r l y all 01 th e  l o s s  in 1~~ 

orm a n c e  of t h i s  e ng i n e . T h e  r c - tn a i n i n g
six d a m a g e d  blades  and  s ix  ( l u l l  i c e d  b y 1 ) - t S s  v an e s  onl y a c c o u n t ed  f o r

a 2 1 / 2  p e r c en t  r e du c t i o n  in  L i i i  t - t l t C i e n C y .  B l a d e  N o . 11 not onl y
caused  a. r e d u c t i o n  in e f f i c i e n c y  hu t  i t  dso  c a u s e d  a col lapse  of th e  fan
speed c h a r a c t e r i s t i c s  in f low and p r e s s u re  r i s e .

It w a s  a l so  found  t h at  the  l o s ses  f o r  t he  damaged f a n  used  in I c s t
No . 1 a r e  a lmos t  i d e n t i c a l  to t h o s e  of t h e  damaged  f a n  u s ed  in Te~-,! \- .
2 when  the  p e r f o r m a n c e s  a re  ev a l u a t e d  w i t h  t } e  s i n e n o z z l e  a r e a
loading.  The  r e s u l t s  also imp ly t h a t  no d e g r t d x ! a o n  in s u p e r c h a r g e r
p e r f o r m a n ce  o c c u r s  when all the  d a u u ; i g e  t ake s  p la ce  o u th o ar d  of t h e
sh roud , poss ib l y because  the  s h r o u d  t e n d s  to m a i n t a i n  the  s ta t i c

p r e s s u r e  r i s e  a long the b lade hub sec t ion . Tes t  No . 2 sh o w e d  some
p e r f o r m a n ce  loss in the  s u p e r c h a r g e r  due to  the  l i n  d a m a g e  w h i c h

occu r r ed  at the  mid-span sh roud  ev en  thoug h t h e r e  was  no ph y s i c a l
damage  to the  supe r c h a r g c - r . The  su p e r c h a rg e r  s p e r f o r m a n c e  loss
in Tes t  N o . 3 was hi gh e r ;  howeve r , some of t h e  s u p e r c h a r g e r  v a n e s
w e r e  d i s t o r t ed .

It is expected  t h a t  a d ju s t i n g  the  p e r f o r i n . t n c e  maps  ( u s  was
done h e r e )  does not app ly for  t he  e n t i r e  r a n ge  of t he  f an ;  h o w e v er ,
the  upper  po r t i on  of the  map is the  m o s t - i m p o r t a n t  w h e n  t r y i ng  to
a s sess  the m a x i m u m  t h r u s t  avai lable f r o m  the  d i  n L i g e d  e n g i n e.

The data ap p e a r i n g  in l able 17 w e r e  c or r e l a t e d  wi th  t h e  ilow
area af f ec t ed  b y t h e  damage t o  p r o v i d e  a m et h o d  of e s t im a t in g  d e g ri d a -
t ion in fan p e r f o r m a n c e. T h i s  c o r r e l a t i o n  is p r e s e n t e d  in Fi gu r e  77 .
The v a r i o u s  t y p e s  of r o to r  damage c l a s s i f i e d  ar e :

Ma jo r  - S e v e re  l e a d i n g - e dge r o l l b a c k  at t he  t i p sec t ion

M o d e r a t e  - L e a d i n g - e dge bend ing  and rol lback at t h e
sh rouds

M i n o r  - Lead ing -edge bend ing  c a u s i ng  a c h a n g e  in
n t - i  den c~-

The major  and m o d e r a t e  ro to r  d u t l n L g e s  had  an e f f e c t  on t h e
fan ’s ca pabili ty to produce  p r e s s ur e  r i s e  and flow , w h e r e a s  t h e
mi nor rotor damage and the  s t a to r  d a mag e  p roduced  onl y a d e t e r i o r a t i o n
in fa n e f f i c i e n c y .
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FLOW AREA A F F E C T E D  BY DAMAGE ( % )

Figure 77. Performance Changes Versus Flow
Area  Af f ected by Da mage .
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P E R F O R M A N C E  AND COSTS ANALYSES

In udd i t i on  to the s t r u ct u r a l  and aerod ynamic  c o n s i d e r a t i o n s
involved  in evaluat ing  and modif y ing t he f a n/ c o m p r e s s o r  blading f o r
s u f f i c i e n t  d a m a g e - r e s i s t a n c e  to sati sf y the b i rd  i nges t ion  r equ i r emen t s
of FA R 33 . 77 , t h e ef f e c t s  on en g ine p er f o r m a n c e , a i r c r a f t  ope ra t ion
c h a r a c t e r i s t i c s  and acquis i t ion , operat ion , and main tenance  cos t s  must
also be cons ide red .

The anal yt ic  p r o c e d u r e s  used to de t e rmine  en g ine pe r fo rmance ,
m i s s i o n  c h a r a c t e r i s t i c s, and cos t s  data are  d e s c r i b e d  below . Co m-
p ar i s o n s  of d a m a g e - t o l e r a n t  eng ines wi th  t h e i r  b a s e l i n e  de s igns  a r e
also p r e s e n t e d  below in the p a r a gr a p h  Damage-To le ran t  Blade Desi gn .

P er f o r m a n c e  Anal y s i s

The p e r f o r m a n c e  c h a r a c t e r i st i c s  of the  two t u r b o f a n  eng ines
encompass ing  the  6800 to 1600 lbf sea level s t andard  (SLS) t a k e - o f f
t h rus t  r ange  w e r e  evalua ted  for  both the base l ine  c o n f i g u r a t i o n s  ( those
de s i gned for  optimum pe r fo rmance  without r e g a r d  to b i r d - i n g e s t i o n
r e q u i r e r n en ts )and  the redesi gned b i r d - t olerant  ve r s ions .

The base l ine  con f igu ra t i ons  ful f i l l  the p r imary  mechanica l  and
p e r f o r m a n c e  c r i t e r i a  o f the  r e spec t ive  eng ine  app l i ca t ions . Mat hemat ica l
m o d els  of the ae rod ynamic  and t h e r m o d ynamic  c h a r a c te r i s t i c s  of the
m a j o r  componen t s of t h e s e  eng ines  a r e  combined  in a c o m p u t e r
t ) r o g r a m  to p roduce  a de ta i led  aerot hermod ynamic  math ema t i ca l  model
of t h e  e n ti r e  eng ine . T h e s e  models  cons i s t  of co l l ec t ions  of aero-
d y n a m i c  component  pe r fo r m a n c e  maps , duct and m e c h a n i c a l  loss
d c f i n ’ t  ions , and t u r b i n e  cooling a i r  labyr i n t h d e s c r i pt i o n s . The pe r-
f o r m a n ce  ana l ys i s  c o m p u t e r  p rog ram uses  an i te r a t i v e  solut ion pro-
ced u r t -  to p rovide  i n t e r n a l  component  speeds and a i r f iows , as wel l
as e x t e r n a l  eng ine  p e r f o r m a n c e  data . The resu l t s  of the  s tud ies  a re
used  to scale  and m a t c h  component  r ep r e s e n t at ions and to op t i m i z e  t h e
e ng ine s fo r  s pe c i f i e d  a i r c r a f t  op e r a t i ng  c o n d it i o n s .

The n C a th  mode l s  d e l i n i n g  the  l a rge r  eng ines  have been s u b s t a n t i a t e d
w i t h  m e a s u r e d  t e s t  data , w h i l e  onl y the  c o r e  eng ine  p e r f o r m a n c e  p r e d i c t i o n s
of t h e  sma l l e r mach ine  have been c o n f i r m e d  wi th  o p e r a t i n g  eng ine t e s t s .
S c a l i n g  p r o c e du r e s  were used to def ine  the fan c h a r a c t e r i s t i c s  of both
of t he s m a l ler  base l ine  eng ines .
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The  pe r f o r m a n c e  i n f o r m a t i o n  g e n e r a t e d  f r o m  t h e s e  t e c h n i ques
for  t he  b a s e l i n e  eng ines  a r e  p r e s e n t e d  in Tables  18 , 19, and 20 .

D u r i n g  t h e  c o u r s e  of t h i s  s tud y,  t he  n io d e l s  w e r e  m o d i f i e d  to
s imula te  c hanges  in a i r f o i l  des i gn , sh roud  t h i c k n e s s  or l oca t i ons ,
h u b/ t i p rad iu s r a t i o s , etc . ,  as s p e c i f i e d  by the  d a m a g e - t o l e r a n t
r edes i gn r e q u i r e m e nt s . In most  cases , remat c hing of component s
was  so minor  as to have neg li g ible e f f e c t .

Mis s ion  Anal ys is

M i s s i o n  anal y s e s  w e r e  pe r f o r m e d  for  both t h r u st  c l a s s  of eng i ne s
to d e t e r m i n e  d i f f e r e n c e s  in f l i g ht p e r f or m a n c e  and cos t s  b roug ht about
by incorpora t i ng dam a g e - t o l e r a n t  blading in t he base l i ne  engines . A
medium-weig ht t w i n - t u r b o f a n  t r a n s p or t  was s e lec t er ~ as r e p r e s e n t a t i v e
of the  6800 lbf t h r u s t  c l a s s  eng ine s . For  the  1600 lbf t h r u s t  c l ass
eng ines , a 6 to 8 place t w i n - t u r b o f a n  g e n e r a l  avia t ion a i r c r a f t  was
chosen . P a r t i c u l a r s  of t he  two a i r c r a f t  a r e  g iven in T a b l e  21

In each case , a miss ion  was de f ined  by a fu ll takeoff  gr o s s  w e i g ht
it r a t e d  cyc le  t e m p e r a t u r e  ( i n c l u d i n g  g r o u n d  run , a c c e l e r a t i o n  in gr o u n d
e f f e c t , and climb to c l e a r  an obs t ac le ) ,  an o p t i m u m  c l imb to c r u i s e
a l t i t u d e , and an a c c e l e r a t i o n  to c r u i se  M a c h  n u m b e r . N o r m a l  c r u i s e
speed is t hen ma in t a ined  (b y g radua l  r educ t ion  of the t u r b i n e  inle t
t e m p e r a t u r e )  un t i l  all avai lable  fue l  has been consumed .

For  the  l a r g e r  a i r c r a f t , two c r u i s e  a l t i t u d e s  20 , 000 and 35 , 000
feet ) and t h r e e  c r u i s e  Mach numbers  (0 . 6 , 0. 7 , and  0 . ~) w e r e  e xa m i n e d .
For the smal le r  a i r c r a f t , a c r u i s e  a l t i tude  of 25 , 000 feet and Mach
numbers  of 0.60 and 0.65 were chosen for study.

Airc  ra f t  p e r f o r m a n c e  c h a r a c t e r i s t i c s  i n c l u d i n g  r a n g e  and flig ht time

w e r e  d e t e r m i n e d  by a s t andard  Ly co m i n g  m i s s i o n  a n a ly s i s  c o m p u t e r
p ro g ram for  the base l ine  eng ines and the d a m a ge - t o l e r a n t  v e r s i o n s .

Cost  Anal ys is  of A l t er n a t e  D e s i gns

A cost  anal y s i s  of a l t e r n a t e  e n g i n e  d e s i g n s  w a s  made  to a s s e s s  the
econ omic pena l t i e s  i n c u r r e d  in s a t i s f y i n g  t he b i r d - i n g e s t i o n  r e q u i r e  -
ment s of FAR 33 . 77 . M a n y  of the  s t a n d a r d  l i fe - cy c l e  cost e l e m e n t s  ( 1or
example , spa r e  eng ines  and powerp1ant s~ f a c i l i t i e s  and s up p o r t  equi p m e n t)
we re assumed to be equivalent  for  ti _ Ce eng ine a l t e r n a t i v e s . f l i e  cost
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TABLE 18 - B A S E L I N E  EN G I N E  P E R F U R M \ N C E ,
6800 LBF THRUST C O N F I GUR A T I O N

TSLS

Take- I n i t i a . I  Ma\ . Max.
Rating 

- 

of f  
- 

Clim b 
- 

Cl imb  
- 

C r u i s e  
—

STD Altitude (feet) -0- 100 2000 35,000
Fli gh t Velocity(kt) -0- 120 160 400

Net Th rust (lbi h770 5480 4960 1432

Fa.n:
Refe rred Speed 6870 6870 U770 7690

(rpm)
Referred A irflo~ 21.5. 216 . 2 14 . ~4 1 .

(ib/ sec)
P r e s s u r e  Ra t i o  1.44 1.43 1 . 42 1 . 53

Superchdrger :
R e f e r r e d  Speed 6870 6870 &770 7n -0)

( rpm)
R e f e r r e d  A ir f l o w  3 6 . 2 6  36. 11 35 . 26 39. 77

( l b / s e c. )
P r e s s u r e  Rat io  1 , 64 1 . b4 

- 

l , u~ - 
1. 7~~

Core Compressor-.
R e f e r r e d  Speed- 17 , 420. 17 , 390 17 , 300.

( r p m )
R e f e r r e d  A i r f l o w -  2 4 . 0 9  2 3 .98 2 3 . 7 4  25 .07

( l b / s e c . )

Press-ure Ratio 6. 09 b . 93 6. ~ l ~~. 57

Bypass  R a t i o  5. 9 1 5 . 98  t . 07 ~
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T A B L E  19 - SCALED BASELINE EN GiNE PERFORMANCE
1 600 LBF THRUST CON FIGURATION

________- -  

SLS
Take - In i t i a l  Max . Max.

Rat ing 
______ 

Off Clim b Clim b Cruise

STD A l t i t u d e  ( feet )  -0- 100 2000 25000
Fli ch t  V e l o c i t y  ( k i t )  -0— 115 150 350

Net Thrust (lb) 1550 1225 1000 435

R e f e r r e d  Speed 10920 . 10 , 91 0 10430 11720
( r p m )

R e f e r r e d  A i r f l o w  59. 75 60. 6’) 59.63 69. 63
(lb7 sec.)

Preasure Ratio 1. ~3 1. 33 1. 31 1. 38

Supercharger:
R e f e r r e d  Speed 10920 10910 10430 11720

( r p m )
R e f e r r e d  A ir f l o w  7 . 17 7 . 1 3  6 .86 7. 61

(lb/ sec)
P r e s s u r e  Rat io  1. 28 1. 2~ 1. 26 1. 33

C u r e  C o m p r e s s o r:
R u t e r r e d  Speed 43780 4 3350 42350 44240

( r p m )
R e f e r r e d  .~~ rflow 5. 85 5. 8~ 5.67 6 .03

(I b/ s e c)
P r e s s u r e  R a t i o  9 .30  9. 22 8. 91 9.86

By pa s s  k a t i o  8. 34 8. 5 0  
— 

8. 69 9. 15______________________________ ____________ )

151

- - 
- -~~~~~~~~~~~~~~~~~ —~ -— - - --  —- - - --________________ a 

- - -  - -4



TABLE 20 - LOW ASPECT RATIO BASELINE ENGIN E PERFORMANCE ,
1600 LBF THRUST CONFIGURATION

SLS
Take - Initial Max. Max .

Rating Off Climb Climb Cruise

STD Alitiude (feet) -0- 100 2 , 000 25 , 000
Fli ght Velocity (kt) -0- 115 150 350

Net Thrus t  (ib) 1575 1247  1018 444

Fan:
Refer red  Speed L0290 10260 9860 11000

(rpm)
Ref e r red  Airflow 60. 35 6 1 . 1 6  60. 66 70 .15

( lb/ sec)
Pressure Ratio 1.35 1.33 1, 32 1. 39

Supercharger:
Referred Speed 10290 10260 9860 11000

(rpm)
Refer red  Airflow 7 .27  7. 14 6 . 9 5  7 .62

(lb/s ec)
Pressure Ratio 1 .29 1 , 28 1. 27 1 .33

- 
Core Compressor

Refe rr ed Speed 41000 40710 39470 41240
(rpm)

Refer red  Airf low 5. 89 5. 80 5. 69 6 . 02
(ib / sec)

Pressure  Ratio 9.38 9. 19 8 .96  9 .83

Bypass Ratio 
-__

8. 40 9. 56 8. 72 9. 20

I

152

-
- ~~~~~~~~~~~~~~~~~~~~ - --—------- - - - - — -— - -



TABLE ~ 1 - T W I N - T U R B O F A N  -\ IRCRAFT USED IN MISSION ANALYSIS

- 
E N GI NE  THRUST CLASS

PARAMETERS 6800 lbf 1600 lbf

Desi gn Gross  Wei ght (ib) 24000 7800

A c cu n n~ u d i t i o n  (max. seating) 24 - 32

Pay load (lb) 2200 1200

W in g  Loading ( lb / f t 2 ) 62 47

W i n g  Aspec t  Ratio 7 . 5 8

Total Fuel Weight (ib) 10, 50fl

Fuel Reserve (ib) 1 ,000 405 (1)
399 (2)

( 1)  Scaled Fan Baseline Eng ine

(2) Low Aspect  Ratio Fan Baseline Eng ine

* Long range mission s based on:

12 passengers  + baggage and 3 crew for 24000 lb G. W .
a i r c r a f t

4 passengers  + baggage and 2 crew for 7800 )b G. W. air -
craf t .

15.3

— - - - ~~~~~~~~~~~~~~~
_ a



- ---~~~~~~~~~~~ —-4

c1em ent ~ t h a t  w e r e  c o n s i d e r e d  to be of si g n i i i c - i n c t -  i r e  t h e  i n v est -
men t  in  e n g i n e s  and a i r f r a m e , t h e  fue l  c o s t s  o r  f l i g ht h o i r , and  t h e
di r e . t m a i n t e na n c e  c o s t s  p er  f l i g ht h o u r .

I n v e s t m e n t  in Eng ines  and A i r f r a m e  — 1) t ’t a i l ed  d e s i gns  and s u b s e q uen t
p r i c i n g  by c o t i v e n t i n a l  m e t h o d s  a r e  not a l w a y s  a v a i l a b le  or  f e a s i b l e
f o r  st~~~i i t - 5  i t  t h i s  t y p t - . E s t i m a t e s  of t h e  eng ine p r i c e s  w e r e , t h e r e f o r e ,
m a ’~ e by M a u r i r ’ s p a r a me t r i c  cos t  e s t n i : t t i n c  r e l a t i o n s h i ps (C . L . R . ) ,
w h i c h  is es~ a-c ial1 y s u i t e d  t o  t h i s  t a s k  b e c a u se  of i t s  ease  and ab :  i t y
to sho ’~v r i  lat i v i -  c o s t  i t  ft r i  n i  e s . ( R e t  - r en c e  21 ) . B y t h i s  me t  hod ,
e n g i n e  r a u  t n a  cos t s a r e  t - s t i n i a t c d  b y l i n e a r  i n t e rp o l a t i o n  of a r i - I a —
t i o n s h i p di sc r i b i n i t  h i s t r i~ al p r o d u c t i o n  c o s t s  fo r  a d v a n c e d  t e c h no l o g y
a i r c  r a f t  e n g i ne s  and a m a t e r i a l  i n d e x  f a ct o r  (M I F ) .  T h i s  fa t o r  is
b a s ed  on the  s u m m a t i o n  of t h e  p r o du c t s  of e n g i n e  p a r t s  w e i~~ht s t a l ~& - n
f r o m  a bi l l  u t  n a t e  r i a l )  and a m at  e r i al  ty p e  f a c t o r  M T  F . T h i s  m a t e r i a l —
t yp e  f a c t o r , in t u r n , is t h e  p r o d u c t  of a r e l a t i v e  cos t  f a c t o r  and a re la-
t i v e  m a c h i n a b i l i ty  f a c t o r  to  r e a c h  t yp e  of m ate r i a l  u s e d .

S ince  onl y d i f fe r e n c e s  in c o s t s  w e r e  of i n t e r e s t  in t h i s  s t u d y, t h e
e f f e c t s  of v a r i o u s  b l a d e  des i g n s  on e n g i n e  c ost  we N c o n s i d e r e d  to be
onl y a f u n ct i o n  of w e i g ht and ma te  r i a l  d i f f i -  r e n c i - s • A c h a n g e  in one
po un d  of weig ht w a s  c o n s i de  red  t o  r e s u l t  in a 5 pee i f i e d  d o l l a r  c hang i-
in t h e  a c q u i s i t i o n  p r i c e  ot the engine . Furtherxnore , 5L ni e en g i n e
a c q u i s i t i o n  e o s t  S a r e  ap p r o x in i a t  e l y 2 5  pe r t n t  of t o t a l  ai r a f t  c ost s ,
t h e  w e i g ht c l i f f e r e n c i s in  en g i n e  de s i gns  a n d , t h e  r e f o r e , c o s t s  w i- re
a s s um t - d  to  i t  t o  t a i r !  r a n i e  c o s t s  b y a f a ct o r  of 3 .

A u ,  r t  i z a t i o n  of t ot a l  a c q u i s i t i o n  c o s t s  in  d o l l a r s  pe r  op e r a t i ng
h o u r  w er e  based  on a l O - p e  rc  u t  r e s i du a l  ove r  1 5 y e a r s  at a u t i l i z a t i o n
of 2000 h o u r s  p e r  y e a r .

Fue l  C o s t s  - Fue l  c o n s u m pt i o n  fi gu me s w e r e  o b t a i n e d  f r o m  t h e  co m p u t e r  -
iied p e r f o r m a n c e  and m i s s i o n  s i m u l a t i o n s  d e s c r i b e d  above  fo r  t h e
v a r i o u s  a l t e r n a t e  d e s i gns . Of t h e  various niissions evaluated , one was
a rbit rar i l y choi-~ -n  as a - -  standard t o  be used in t h e  cost stud y t o  r each
engine size . 1 he standard mission t o r  t he  ~ 800 lbf  t h r u s t  cla ss engines
was taken as a lon g- rang i- fli ght of a p p r oximat ely ~500 N M  c r u i s i n g  ~~t

Ma h 0 . 8, and 35 ,000 fi t - i . Fo r  t h e  1600 lbf  t h r u s t  c l a s s  e n g i n e s , an
approximatel y 1200 NM rang e  c m~ui Se - i t  M a c h  0. 65 iu ~d 2 , 000 t i - c t

was taken as t h e  standard niis sior . Fuel costs in dollars per hour were
based on pounds of fuel consuuin -’: and fli g ht t in t- u s i n g  a W i -  i g l i t  of  ( , 5
pounds  p e r  g a l l o n  and a p r i c e  of - I t  t ent s p er  g a l l o n .
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l ) i r e c t  M a i n t e n a n ce  Cos t s  - M a ny  of the a l t e r n a t e  e ng i n e  de s i gn i t e m s
n o r m a l l y c o ns i der e d  u n d e r  d i r e c t  m a i n t e n a n c e  cos t s  w e r e  a s sumed  to
have neg li g ible di f f e r e n c e s  and , t h e r e f o r e , were  not inc luded  in the
ana l y se s . Scheduled  i n s p e c t i o n  i n t e r v a l s  and t i m e s , f o r  example ,
would not chang e  wi th  the  sl i g ht d i f f e r e n c e s  in fan  b l a d e  conf i g u r a t i o n s .
Also , the  improvement s  in r e l i ab i l i t y  and r epa i r ab i l i t y of the b lades
and , the  N - f o r e , the  mean  t i m e - to - f a i l u re  and m a n - h o u r s  to r ep a ir  a n d/
or  r e p l a ce  t h e m  wou ld  probably not be m e a s u r a b l e.

In t h i s  s tud y,  di r i - c t  m a i n t e n a n c e  t -o s t s  w e r e  d e t e r m i n e d  so le l y
by the  eng i n e  o p e r a t i n g  c h a r a c t e r i s t i c s  and t h e i r  e f f e c t s  on eng ine mean
ti m e - b e t w e en -  r em o v a l  M T B R ) .  The  p a r a m e t r i c  cost e s t i m a t ing
r e l a t i o n s h i ps s u gg e s t e d  by Sa l l ee  ( R e f e r e n c e  22) w e r e  u sed  to e s t ima te
t h -  g i f t e r e n c , - s  in .\ I T B R  and z u t a i n t e n a n c e  cos t s  based  on t u r b i n e  inlet
t e u i l p i -  r a t u  ri  and f l i g ht d u r a t i o n .

D A M A G E - T O L ER A N T  B L A I)E D E S I G N

1 he r i - s u i t s  of t h e  p r e c  i - d i n g  anal y se s  and t e s t s  w e r e  used  to
d e s i gn b l a d i n g  w i t h  s uf f i c i e n t  d amage  r e s i s t a n ce  to s u c c e s s f u l ly meet
t h e  b i r d - i ng e s t i o n  r e q u i r e m e n t s  of FAR 33 . 77 . The ap pr o a c h  s e l e c t e d
was  t t h i c k e n  t h i -  a i r f o i l  sec t ions  of t he  base l ine  b lades  of both eng ine s .
Fo r the  6~t~H 0  lb f  eng ine , p a rt i c u l a r  a t t e n t i o n  was paid to the m i ds p a n
r e g i o n  and t o  t he  m e c h a n i c a l  d e s i g n  of t h e  sh roud . For  the  1600 lbf
rr lai h i n e , t he f i n a l  damage  - t o l e r a n t  conf i g u r a t i o n  w a s  based  on the  low
aspec t  r a t i o  b a s i - l i ne  b lade  r a t h e r t h a n  the  s h r o u d e d  b a s e l i n e  des i gn .

For  both c a s i - s , an i t t  r a t iv e  p r o c  e d u r e  was r equ i  r i d  to  op t i m i z e
the  d e si g n  s t r u c t u r a l l y and ae rod y n a m i ’. all y. The r e s u l t s  of a b i r d -
i ng e s t i o n  t e s t  p er f o rmeil on the  damage  - t o l e r a n t  6800 ibf eng ine was
used  to c o n f i  rn t he r e d e s i gn p r o c e d u r e . F ina l l y, p e r f o r m a n c e  and
cost pena l t i e s  w e r e  e v a l u a t e d  fo r  both  t - n g i n e  c l a s s e s  based  on typ ica l
m i s s i o n s  in r e p r e s e n t a t i v e  a i r c r a f t .

Dan a~~ T o ler a n t  6800 lbf B iad ing

~l he d a m a g e - c r i t e r i o n  d i s t r i b u t i o n  along the  span of t he  base l ine
blade  f o r  t h e  1 . 5 -pound  b i r d  FAR i n g e s t i o n  c o nd i t i o n s , when  compared
with t he i n g e s t  ion t e s t  p rog  r am re su lt s , dv f i n e  s t he t h i ckness  r equ i re  -
ments ( a t  l e a s t  at  t ho i m u l p : t c t  s i t  i s  aft of the  l ead ing  edge)  fo r  an acc-eptabie
b i r d —  r e s i s t  a i i t  b i ade  d e s i g n .
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ro obta in  the n e c e s s a r y  t h i c k n e s s  d i s t r i b u t i o n  ove r  the span , the

base l ine  blade sec t ion  p ro f i l e s  w e r e  th ickened  by s i m u l t a n e o u s ly
i n c r e a s i n g  t m~~~ and the l e a d i n g - e dge r a d i u s . Add i t i ona l l y ,  the
loc ation of t m~~ was shi fted fo r w a r d  and t h e lead ing ed ge wed ge ang le
was in c r e a s e d , both of which combine to fo rm a s t i l l  heav ie r , b lun t e r ,
f o r w a r d  re g ion . These  c h a n g e s  shown in Fi g u r e s  78 and 79 point  out
t he e x t r a  t h i c k e n i n g  incorpora te d in the  shroud a rea .

The hig h des ign  Mach number levels that  d i c t a t ed  a mu l t i p le
c i rc u la r  a rc  a i r f o i l  section w e r e  compromised  somewhat  b y c hoos ing
sect ions  wit h d e f i n i t i o n s  c lose r  to that  of a double c i r c u l a r  a rc .  A
r epr e s e n t a t i v e  s t r e a m l i n e  sect ion of the two blades is shown in Fi g u r e
80. The resul t  of these  changes  is an ove racce l e r a t i on  of f low on the
su ct ion  s u r f a c e  and a hig h e r  shock Mach number level than  would
o therwise  be obtainable . The penalt y in bypass  e f f i c i e n c y  r e s u l t i n g
from these  changes  and the  a s soc ia t ed  inc idence  i n c r e a s e s  r e q u i r e d  to
main ta in  the  cascade  t h r o a t  a r ea  w e r e  e s t ima ted  to be one pe r cent  f o r
SLS takeoff  and 1 . 6 -pe rcen t  for  c ru i se .

The resul t ing  damage c r i t e r ion d i s t r i b u t i o n  along t h e span is
compa r e d  wit h t he baselin e blad e and t est pro g r a m  values  in Fi g u r e  81.
It is seen f rom the fi gure  that a gene rous  m a r g in of safe t y was incor-
porated at the shroud reg ion over that  p rov ided  b y the  base l ine  blade .
This was done to minimize t e a r i n g  in t h i s  reg ion and to g u a r d  a g a i n s t
blade f ai lu re bel ow t he sh roud , wit l- the consequent  loss of mi d s p a n
suppo rt f o r t he adjac en t  ( hig h aspect  r a t i o )  blades .

Addi t ional  t o l e rance  was also i n c o rp o r a t e d  out t o w a r d s  the  t i~~ to
in hibit t i p rollback . The outermost  3/ 4  inch sli g htl y exceeds  the known
limits of the  acceptable damage range , but ful l  impact  by a ( s p h e r i c a l )
1 . 5-pound  bird  is not possible wi th in  2 inc h es of t he t i p in any case .

It is also seen that  the damage c r i t e r i o n  jus t  ou tboard  of t h e  root
reg ion slig htl y exceeds  the known acceptable  damage l ine , but s ince  no
dama g e of any kind had ever been obse rved  in th i s  reg ion , t he t h i c k n e s s
he re is expected to provide more  than  adequate  damage t o l e r a n c e .

Compar i sons  of the p r e d i c t e d  damage levels be tween the  damage-
tole rant  blade and the base l ine  are  shown in Fi g u re 82 f o r  the  t h r e e
b i rd  s izes  of FAR 33 . 77 . Althoug h a sli ght improvemen t  is noted
between the hub and the  13- inch  radius , t he ma jo r  improvement  was
obtained between the 13- and 18- inch  radi i  tha t  r e f l e c t s  the desi gn
concerns for the outboard reg ion near the shroud .
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6 800 lbf ENGINE
FAR INGESTI O N CONDITIONS

1 1/2 l b  BIRD

20

18 -

/ 
“
~~~~~~13 LA D E LOSS

~~~ l 6 -

~~ S HR 0 U D I

~ 14 j~~~~ 4 . 2  lb BIRD TEST

ACCEPTABLE DAMAGE

r~~~~ 1 2 -

1 ——— BASEL INE BLADE
10 . j 

____HUB DAMAGE TOLERANT
rm

8 -

6 I I

0 0 . 2  0 . 4  0 . 6  0 . 8  1 . 0

DAMAGE FACTOR

Figure 81 . Redesi gn Damage Factor Limits - 6800 lbf
Blade.
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680 0 lb f  E NGINE
FAR INGESTION CONDIT IONS

1 1/2 lb

20 JL ~ 
/ . :1 ~..i’

3 o z ~~~~~~~ 
~~: h1’ ~~~~

18 \ \ ~~~~‘j/ 4t~ 
,:

I

~~~ 16~~_
S H R O U D  I I  t /

~ 1 4 - 

V —— — BASELINE BLADE
DAMAGE TOLERANT

ci ,~~~~~~~ _ II L -

1’.)-

~~~~~~ ll~~~~~~~~~~~ i

8 -

I I I I
0 . 2  0. 4 0 . 6 0 . 8  1 . 0

D A M A GE F A C T O R

Figure 82. Redesi gn Damage Factor f o r  FAR
Conditions - 6800 lbf Blade.
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In addition to t h i c  1< i - f l i n g  t I i i -  ai r f o i l , t h e  s h r o u d  w a s  p o s i t i o ne d
fu r t h e r  out t ow a  i -d s t h e  t i p  ( f r o m  Ei~ t o  (,3 p t - r e  i - n t  of t h e  s p a n )  f o r  h~- tt ~- r

s up p o r t  d u r i n g  t i p  i m p a c t , w h i l e  s t i l l  s a t i s f y ing t h e  v i b r a t i o n  and
f l u t t e r  r e q u i  re mn e nt s of t h e  n e w  b l a c i t -  ( l i - s i g n . T h i s  c h a n g e  was add i t ion-

all y b e n t -  f i  c ia l  in t h a t  it  r i - d u ,  t - d  the cin t 1e v c r ed  i- c g ion  o u t b o a r d  of

the sh roud  b y 11 per cen t .

N l e c h a n i i  al c h a ng e s  t ,  the s h r d ) u d  w e r e  a l so  in~ u r p o  r u t  H . ( Set-

Fi g u r e  83 ) .  -l hi s’. included t i  r st , an i ni r eu s e d  c o n t a t ang le t o  ~r o v i d e

g r e a t er  b lade  b e n d i n g  f l e x i b i l i t y and l o u d  t r a n s  t i  r to  t he  root , a n d

second , an i n c r e a s e d  s h r o ud  c o n t a c t  u r e a  t o  f u r t h e r  i n h i b i t  s h i n ~~l i n g .

T h e  shape  of t he  s h r o u d  w a s  a l so  ch a n g e d  to  p r o v i d i -  a m o re  b l u n t

s u r f a c e  t o  i m p a c t  on t h e  ad ja  ent  b l ade  if s h in g l i n :  s hou l d  o c c u r .
G r e a t e r  b l end r a d i i  w e r i -  a lso  in ’.  o r p o r a t e d , e s pe c i a l l y n e a r  the  l e a d i n g

ed ge , to r e d u c e  local  s t r e s s  c on c e n t r a t i o n s .

R e i n f o r c i n g  t a b s  w i - r e  a l so  a d d e d  u n d e r t he  root  s h r o u d  c o n t a ct
s u r f a c e s  to  i n h i b i t  sh ing ling in t h e  hub r e g ion and the  po ss ib l e  r e s u l t a n t
loss  of t h e  b lade  in the  do v e t a i l  or di sk  t enon  reg ion .

The damage- to leran t  blade ’ s r e s i s t ance  to -r o s s  bendin g f a i l u r e
was also eva lua ted  usin g the t r ansi en t  response  method . (See Fi gu r e s
84 and 8~i . )  The maximum ti p d isp lacement  of the new desi gn ari d the
maximum st r e s s  value j u s t  outboard  of the s h r o u d  w e r e  both reduced b y
30 percent  compared with the basel ine blade.

In the event of blade fa i l u r e , the new heav  ic- I- bl~~d’.- woul d impose
grea te r  i m b al a n c e  loads on the sha f t  b e a ri ngs  and as s o c i a t e d  su n p o r t
s t r uc tu r e  and also impose g r e a t e r  impactin g k ine t i c  ener ~~ics on t h e  COfl-

ta inment r i ng .  These  r e su l t s  a r e  s u m m a r i z e d  in Table 2..~ f o r  va ’ ious
f a i l u r e  locations a long the span.  Redes i gn to accomodat’.-  ~~i c Se  g r e  it e r
imbalance loads r e s u l ts  in m i n o r  W e i g h t  i n c r e a s e s  in t he  r o t a t i n g  a n d
s t a t i c  s u p p o r t  s t r u c t u r e s  hut  r e q u i r e s  an t p p r o x i i n t t  el y P i — p e r c e n t  w e ig ht
n c r i - ; ,  se f or the  c o n t a i nm en t  r in ~~ .

T he  s t r u c t u r a l  i n t e g r i t y  of t he  i m p a c t -t o l e r a n t  desi gn  w a s  c h e c k e d
fo r  s a t i s f a c t o ry  s t e a d y - r u n n i n g  s t r e s s e s  at t h e  eng ine de s i gn o p e r a t i o n a l
speed u s ing  t h e  NA~— h 1 R A N  f i n i te - e l e m e n t  c o m p u t e r  p r o g r a m . The
st r e s se s  in t h i -  t h i c k e n e d  b lade  w i - r e -  e s s e n t i a l l y the  same as f o r  t h e
b a s e l i n e , w i t h  i n c  u - t- - ,s es  in t h e  i i  ax imu m  span st i- ’.- sses  nea r  t h e  root and
in t he  s h r o u d  reg ion of l e s s  t i - t n  5 p c i -c e n t . The m a x i m um  r oot r e a c t i on
forc es inc u - c a se d  by  20- p e i c en t . -\ u - o t o r  d is ’  w e i g ht i n c r e a se  of approx-
imate l y 1 5 pi n i  i - n t  w i  s r e q u i  red  to c a r r y  t h e  h e a v i e r  blades.
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S H R O U D  R EDE S I GN
6800 lbf E N G I N E

BASELI~’L

DAMAGE T O L E R A N T

Fi gu r e  83. Shroud  Redesi gn for  Damage Tolerant
Blade - 6800 lbf Blade.
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DAMAGE TOLERANT REDESIGN
6800 lb f ENGINE

3 .

DAMA G E T O L E R A N T
— — — - B A S E L I N E
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Fi gure  84 . Effect  of Redesi gn on Ti p Displacement -
6800 lbf Blade.
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DAMAGE TOLERANT REDESI GN
6800 l b f  E N G I N E

DAMA G E T O L E R A N T
B A S E L I N E
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Fi gure 85. Effec t  of Redesi gn on Maxim um S t re s ses
6800 lbf Blade .
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St at ic  and eng ine runn ing  t e s t s  c o n f i r m e d  the  s t r u c t u r a l  i n t egr i ty  of
t he  d a m a g e - t o l e r a n t  eng ine , inc lud ing  s a t i s f a c t o ry  v ib ra t ion  and f l ut t e r
cont rol by t he redes i gned sh rou d . In pa r t i c u l a r , a f u l l - s c a l e  medium -
bi rd  i nges t i on  tes t  conf i rmed the inges t ion  capabil i t y of the damage-
t o l e r a n t  bladin g. T wo l . 5-pound b i rds  s t r ik ing  the shroud region
r e s u l t e d  in minor  bending of t he leadi ng ed ges s t ruck  near  t he shrouds ,
w i t h  one blade exhibit ing a small ( 1/ 4 - i n c h )  ti g ht spanwise t e a r  at
the  sh roud  radius . (A th i rd  bi rd  s t ruck  the sp inner  without caus ing  any
damage to the sp inner , fan , or core  eng ine) .  See F igu re  86. Pos t -
in g e s t i o n  operat ion showe d e s sen t i al ly no change in eng ine p e r f o r m a n c e,
t e m p e r a t u r e , or vibra tion levels .

A pe r fo r manc e analy sis of t h e d a m a g e - t o l e r a n t  eng ine r e su l t ed  in
a t a k e - o f f  t h r u s t  penalt y of onl y 1 percen t  and a TSFC penalty at c r u i s e
of onl y 1 p e r c e n t  f r o m  the baseline eng ine (Refe r to Table 23).

These  m ino r eng ine perfo rmance changes have a corresponding ly
smal l  i n f l u e n c e  on a i r c r a f t  op e r a t i ng  c h a r a c t e r i s t i cs as shown in Tables
2-1 and 25 . M a i n t a i n i n g  r a t ed  cycle  t e m p e r a t u r e  for  t akeof f  i s seen to
r e s u l t  in an i n c r e a s e d  t akeof f  d is tanc e to c lear  an obstacle (200 f ee t )
at fu ll wei g ht of approximate ly 20 feet , or less than 1 percen t . Alter-
na t ive ly, the  cyc le  t e m p e r a t u r e  could be inc reased  by 10 d e g r e e s  fo r
t akeof f  w ith no change in a i r c r a f t  takeoff  pe r fo rmance , but wit h d e c r e a s e d
h o t - s e c t i o n  l i fe .

The s t r u c t u r a l  and per formance  changes  a re  also seen to have
onl y a minor influence on the total ope ra t i ng  costs . Table  26 . It is
i n t e r e s t i n g  to note t hat the l a r g e r  A -2  ( reduced  wheel speed) desi gn
is somewhat  m o r e  expens ive  than  t h e  d a m ag e - t o l e r a n t  v e r s i o n  and still
does not have suf f ic ien t  damage res i s tance . Consequent l y, miss ion
anal yses  w e r e  not p e r f o r m e d  for  tha t  c o n f ig u r a t i o n .

Damage- T o l e r a n t  1600 lbf Blading

A s imi la r  redesi gn p rocedure  was under taken for the  smaller size
m a c h i n e , but in t h i s  case , the unshrouded  low aspect  ra t io  basel ine
blade was t h i ckened  rathe r than the  scaled shrouded desi gn du e to t he
bet t e r  p e r f o r m a n c e  and economics of the wide -chord  conf igurat ion . In
p ar t i c u l a r , t h e  low asp ec t  ra t io  desi gn allowed removal of the pa r t - span
s h r o u d  wi th  a c o r r e sp o n d i n g  g a i n  in e f f i c i e n c y  that m o r e  than made up
for  the r educ t i on  r e s u l t i n g  f rom the aspect  ratio chang e . At the same
time , t he i nc rea sed  hub/ t i p radi u s ra t io  reduced  t h e ti p speed , which
fu r t h e r  r e d u c e d  the  noise  level - a pr ime r e q u i s i t e  fo r  the  bus iness
a i r c r a f t  m a r k e t .
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I t t - c a u se  of t h e  a b s e n c e  of  t h e -  s h r o u d , t h -  a l lowab le  dam age -  l i m i t s
W e -  r e  ba sed  on t h e -  v a l u e s  i t  t h e  (

~b00 lbf  e n g ine  t e s t s  be tween  t he  s h ro u d
and t i p i- c - d un  on l y s ince  t h i s  g ives  a b e - t t  - - r  r e p r e s e n t a t i o n  of t he  b l a d e
end  Suppo rt c o n d i t i o n s  of t h e - smal le  u nia~ h ine

A st r a i g h t t u r w a r d  spanwise  l i n e a r  t h i c k e n i n g  p r o c e d u r e  w a s
s p e c i t i e l f ro m  hub t o  t i p w i t h  t h e  t n a x  i n c r e a s e  v a r y i n c  f r o m  30 p e r c e n t
at t h e  hub to  17 p e r c e n t  at the  t i p .  The lead ing  ed ge r a d i u s  was  doubled
at  t h e -  hub , i n c r e a s i n g  to fou r t i m e s  at t h e  I m. ~— ; i m i l a r  t h i c k e n i n g
m i c u u l i c a t  i on s  w e r e  i n c o r p o r a t e - d  in t he  a i r f o i l  ~ e -  t i , n , t e n d i n g  t o  ; r i d u L -e -
a g a i n  a t h i c k e r , m o r e -  b l u n t , f o r w a r d  r e g i o n . F i g u r e  I~7 shows  t h e
i r e d i c t e d  d a m a g e -  l ev e l s  of the  t h i c k e ned b l a d e  c o mp ar e d  w i t h  t h e

b a - , e - l i n e -  . Bes t  j u d g e - m e - n t  of the a l l o w a b l e  l i a m a g e -  and f a i lu r e  d ama g e
l i m i t s  ~n

- e s k e t c h e d - i n  b a s e d  ( in  t h e  c or r e s p o n d i n g  6800 ibi eng ine i ng e s t i o n
t e s t  S . It is e xp e c t e d  t ha t  t h e  r e d e s i gn  w i l l  p r o v i d e  a d e q u a t e  dani agt -
t , l e r a~ece to  s a t i s f y t he  1 . 5 - p o u n d  b i rd  FAR i n g e s t i o n  r e q u i r e -r u e n t s .
A d d i t i o n a l  t h i c k e n i ng ,  i i  r e q u i r e d , shou ld  be m i n o r .

In a d d i t i o n , t h e  t r a n s i -nt  bend ing  r e s p o n s e  of the  d a m a g e - t o l e r a n t
d c- s i gn was c o mp a r e d  w i t h  tha t  of t h e  low aspec t  r a t i o  b a s e l i n e -  b l a d e ,
agai n fo r  a 1. 5-pound bird impact under FAR ing e st ion c o n d i t i o n s . See
F i g u r e s  ~~ and 89. T h e - thicke r blade shows approximatel y 25- and

Z O - p e - r  ent r e d u c t io n s  in t i p d i s p l a c e m e n t  and m a x i m u m  s t r e s s  va lues ,
r es pc c t i v t -  ly.

It shou ld  h poin ted  out tha t  t h e  abso lu t e  v a l u e -  of peak s t ro s s  in
t h i s  r ow  b l ade  is 61 p e r c e n t  g r e a t e r t h a n  t h a t  of t h e -  d~e i n a g ’ - - t o l e r a n t
6800 lbf  b l a t h -  w h i ch  s u c c e s s f u l l y s u s t a i n e d  t w o  1 . 5 - p o u nd  b i r d  s tr ik e s
w i t h  onl y m in o r  d a m ag e  at t h e  s h r o u d ) ;  but , t h i s  va lue  is a lso 32 p e rc  i -n t

l ower  t h a n  that  ca lcu la ted  for  the base l ine  blade w h e n  it s u st a i n e d  a
b lade  f a i l u r e -  ( s ho w n  p r e v i o u s ly in Fi g ur e  27 . The l i m i t i n g  s t r e s s  as
d e t e r m i n e d  b y ac tua l  impac t  t e s t s  is not ava i lab le  at t h i s  t i m e , so t h a t
fu rther modification to this d e s i g n  may  s t i l l  be r e q u i r e d , e i t h e r  by 

- 
I

a d d t i o n a l  t h i c k e n i n g  o r  t h r o u g h the use of a p i n n e d_ r o ot  or  p ro t ec t ive
I e vice .

W h e n  r u n n i n g  at t he  10 0 - p e r c e n t  d e s i gn Sp eed , t he c e n t r i f u g a l
s t r e s s e s  in t h e  root of the  r e d e s i gned  b l a d e  a r e  mode ra t e  (45  ks i
m a xin lu i n  at 1 / 3  cho rd , 30 ks i  a v e r a g e - ) .  A e r o d yn a m i c  bending s t r e s s e s
a re  r e d u c e d  somewha t  due to t h e  inc r e a s e d  bendin g s t i f f n e s s  of the
h e a v ier  de s i gn . S t a n d a r d  v i b r a t i o n / f l u t t e r  c he ck s  c o n f i r m  t hat all
d ynamic  e x c i t a t i o n  r e q u i re m e n t s a r e  s a t i s f i e d  w i t h , , u t  r e c o u r s e  t o
p a rt - s p a n  s h r o ud s .
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A s i l u i l m a r y  c i  t h e -  r o t o r  ari d c o n t a i n r n e i i t  r ing  w e i g h t  r e q u i r e m e n t s

f o r  t h r e e  of t h e - l ower  t h r u s t  c l a s s  b l ades  is  shcwn  in T a b le  27 The

a e o l i t i on a l  w e i  ~ ht  penalti e s in~ u r red in st re -n gt hening I h e -  low a s o c - c t

r i t l u b a s e l i n e  I- - ide  is seen  to  be r e - c so n ab l y low .

Pc r f o r r n a n c e  c c ) m l i a r i  s un s  show a fli  e l i - s t  t h - g r a d a t i o n  in t h r u s t  and
SFC caused  by t h e  added  d a m a g e -  re s i s t a n c e -  of the  st r e n g t h e n e d  blade .

R e f e r to  Tab le -  28 ) .  The b i r d - t o l e r a n t  l i e - s i gn , h o w e v e r , s t i l l  showed
a p e r f o rmance  ga in  ove- r the  s h r o u d e d  b a s e l i n e  v e r s i o n .

\~ i s s i o n  c o m p a r i s o n s  l i s t e d  in T a b le  ~~c show tha t  t he  f l i g h t  c h a r -
ac t ’ - r i s t i c s  of he d a n i a g e  — t o l e r an t  e l i d i m -  ri r e e s s e n t i a l l y the  same as
t h o s e -  of t h e  ( low a sp ec t  r a t i o )  b a s e - l i n e -  and t h a t  t h~ - r e  i s  an improve-
men t  ove r  t h e  s c a l e d ( s h r o u  e d )  b a s e l i n e  c O d  i n c

In l ine  wit h t h e  p e r f o r m a n c e  e va l u t i o n s , s i i ~~d a r  c o n c l u s i o n s  can
h e -  d r a w n  about  c o s t s . ( R e - i c r  t o  T a b i e -  3 0 i . 1 hi- ~t u i ~ a g e - t u l e r a n t
b l ade  i mp o s e-s  a smal l  cos t  p e n a l ty  on t h e  t h i n )  w i l e -  - c h o r d  ba se l i ne
d e s i g n  but is s t i l l  not as exp e n s i v e -  u s  t h e -  sh r o u d e d b a s e - l i  n e  e - n g i n e ~
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3. 0 AD V A N C E D  MATERIA LS - TASK II

GENERA L

A s imi l a r  design p rocedure  was followed in Task II to f ac i l i t a t e
desi gn of f a n / c o m p r e s s o r  blades for  improved b i r d - i m p a c t  to le rance
t h r o u g h the app lication of advanced ma te r i a l s.

The major  incen t ive  fo r  the use of f a n / c o m p r e s s o r  blades of
advanced  ma te r i a l s  is to reduce  eng ine and a i r f r a m e  wei ght . For
example , a c o m p o s i t e  b o r o n / a l u m i n u m  blade would wei g h app rox ima te ly
60 p e r c e n t  of an equivalent  t i t a n i u m  blade , whi le  a gr a p h i t e / e p o xy
v e r s i o n  would wei g h o n e - t h i r d  of a t i tanium blade. Addi t ional  wei g ht
sav ings  would resu l t  f r o m  the li gh t e r  disks , shaf t s , bea r ings , etc.
p e r m i t t e d  fo r  the  suppor t  of the  li g h t e r  blades .

P e r f o r m a n c e  bene f i t s  a r e  possible as well because hi gh - s t i f f n e s s
and hi g h - s t r e ng t h  ma te r i a l s  p e r m i t  the use  of t h inne r  and hi ghe r  aspect
ra t io  blading without  r e s o r t i ng  to shrouds  fo r  control l ing f lu t t e r  or
v i b r a t i o n . Grea te r  sa fe ty  may also be realized , especiall y with com-
pos i te  b lad ing ,  s ince fa i led  composite blade s would tend to d i s i n t egr a t e ,
t h e r e b y r e su l t ing  in less secondary  damage and eas ie r  containment.

Desi gn analyses  of composi te  fan blades were  p e r f o r m e d  following
the me thodo logy  presen ted  in Task I for  s tandard  i so t ropic , t i t a n i u m
blades;  that  is , “ s h o r t — t i m e ” anal y s i s  by the local damage c r i t e r i a
r e l a t i o n , fo l lowed by the  “ long- t ime ” s t r u c t u r a l  response  analys is  pro-
v i d e d  by the  t r a n s i e n t  impact  f i n i t e — e l e m e n t  p r ogr a m . For the local
damage  anal y s i s , an equiva lent  composite  shear  s t r ength  was used for
c o m par i s o n s  wi th  the  shear s t r eng th  of t i t an ium blades . For the blade
mot ion  s u d y,  equivalent  i so t ropic tens i le  and shear modulii w e r e  used .

CA N D I D A T E  FAN BLADE MATERIA LS

The basic s t r u c t u r a l  r e q u i r e m e n t s  for fan blade ma te r i a l s  a re
that the y be li g h twe i g h t w i t h  h i g h sti f f n e s s  and hi gh s t r e n g t h . Presen t
fan en g ines  a r e  con s t r a in ed in so far  as that  specif ic  values of s t i f f n e s s
and s t r e ng t h  a r e  ~- e - r y  much the same for  all orthodox m a t e r i a l s
(Tab le  31) .

The l i g h t e s t  s t r u c t u r a l  m a t e r i a l , m a g n es i u m , has  excep t i ona l ly
low s t i f f n e s s  (E  = 6. 5x 10 6 ps i ) .  It also has v e r y  low e r o s i o n  r e s i s t a n c e  -
an i m p o r t a nt ,  c o n s i d e r a t i o n  for  p r a c t i c a l  Ian a p p l i c a t i o n s. A l u m i n u m
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which  is somewhat  b e t t e r  on both t h e s e  counts ,  was o r i g inall y and widely
used  in th e f o r w a r d , low-tempe ra tu r e  stages of compre s sor 2~ Steel blades ,
o r i g i n a l l y used fo r  onl y t h e  - i f t , hi gh - t e m p e r a t u re  s tages  ,a r e  now typically
used  for  t h e  f o r w a r d  c o mp r e s s o r  s t ages  as wel l , due mainly to t h e i r
be ite r  e ros ion  r e s i s tance .

To da te .  candida te  li g ht wei ght metal  sys t ems  for  fan blades a re
l i m i t e d  to  t i t a n i u m  because  of i ts  a l l - round  s a t i s fa c t o r y  p rope r t i e s. It
is  40 p er c e n t  li g h t e r  than  s teel  but has the same , or be t t e r , s t r ength .
The s t i f f n e s s  is  onl y one-half  tha t  of steel , but it is sti l l  60 pe rcen t
b e t t e r  than a lu nun ur -n . I ts  e r o sio n  r e s i s t a nc e  (and b i rd  to lerance)  has
also been adequate  for  fan applica t~ons. T i -6 Al -4 V  is the  mos t  common
a l l o y  fo r  mos t  p roduc t ion  app l ica t ions  but some use has been made of
T i - 8 Al - lM O - lV  w h i c h  has a sli ghtl y hi g he r  modulus (and lower resis-
t a n c e  to  s t r e s s  c o r r o s i o n  c r ack ing ) .

B e r y l l ium would be a v e ry  a t t r a c t i v e  m a t e r i a l  fo r  fan blades 
6b e c a u s e  of i t s  low d en s i t y  and abno rma l ly hi g h s t i f f n e s s  (E 42x 10 ps i ) .

I t s  b r i t t l e n e s s  and lack of toug h n e s s , however , has  so fa r  prec luded i ts
u se  -is  a p r a c t i c a l  Ian b lade  m a t e r i a l.

E f f o r t s  d i r e c t e d  t owards  the  development  of advanced  composi te
m a t e r i a l  a r i s e  because  li g h t w e i g ht r e i n f o r c i ng  f i b e r s , wh ich  a re  avail-
able  c o mm e r c i a l l y ,  have s p e c i f i c  s t i f f n e s s  and s tr e n g t h s  tha t  a r e  5 to
10 t i m e s  hi g he r  t han  or thodox m a t e r i als . ( R ef e r  to Table 3Z) .

For fan blade app l i ca t ions , t h e  most  e f f e c t i v e  r e i n f o r c i ng  f i b e r s
a r e  seen to  be g r a ph i t e  and boron (or  b o r s i c )  because  of t h e i r  v e r y  hi gh
s t i f f n e s s  and s t r e ngt h . G la s s  and s tee l  f i b e r s  cannot be expected  to
p r ov i d e  a d dit i on a l  s t i f f n e s s  but can provide  a d d i t i o n a l  s t r e ng t h . The
i n t e r m e d i a t e  s t i f f n e ss  of K e v i a r  makes  it a t t r a c t i ve  as an a u x i l i a ry
f i b e r  in h y b r i d  des i g n s  to smooth  the  load t r a n s f e r  f r om  the  ve ry  hi gh
m o d u l u s  g r ap h i t e  or boron f i b e r s  to the  low modulus  c a r r i e r  m a t e r i a l s.

U s ing h ig h - s t i f f n e s s / h i gh - s t  r - ng t h  f i b e r s  to  r e i n fo r c e  a base
n i - i t e r i a l  p r o d u c e s  p r u j H - r t i e s  f t , t t  a r e  c o n s i d e r a hl ’, d i f f e r e n t  in the
l o n g i t u d i n a l  and t r a n s ver s e  d i r ec t i o n s , Th i s  a n i s o t r o py  enab les  the
des i g ne r  t o  o p t i m iz e  th e  s t i f t n e s s  and s t r e ngt h  in d i f f e r e n t  a reas  of the
,1-&de . M - , t e r i a l  I 1 l t - c h an i c a l  p r o p e r t i e s  a r e , t h e r e f o r e , not s t r ic t l y bulk

v a l u e s  hut  v a ry  s h-t r p l y b e t w e e n  and w i t h i n  the  l amina  m a k i ng  up a
blade c r o s s - s e c t i o n. C o m b i n a t i o n s ol uniaxial  and equ i valent i so t rop ic
p r o p e r t i e s  a r e  t y p ica l l y u sed  for  p r e l i m i n a ry  desi gn s t u d i e s  w i t h  t h e
r i a t e r i a l  n e a r  the  root  t e n d i n g  t o w a r d — i  the  un iax ia l  and tha t  n ea r  t h e

184

- 
- - 

~~~~ r~ ’— -~~~ -. -



— -

CO
CO

— ‘0
I.Infl • in

‘ V I  N It -
~~ nfl 0 (S . NI

(I) ‘V _~ . • - . . .
0 0 ~~ 0 0 iS4 iS~ NI

lxi (S~~

az
4-’ .0

—

‘V Clx4 ~~~~~~~~ N
Z ~~ ~< 0 N CO nfl 0 CC NI 0

~~ U~~~ N ~r ~~ nfl ‘.0 iS4 -
~~ —

,., ~~~ nfl ‘.0 —0 — — ‘0 —0 —
H U~~~~ç~lxi

0

0
-4
ILl
-4

0
lxi 

— N 0 ‘0 NI C in ‘-0
~ -4 ‘5’ ‘0 —0 0’ 0’ 0’ 0’ CC
FJ) ~~ . 0 0 0 0 0 0 0 c-i

~~~~~
- ‘V .00 ~~~~~~~

-4

p4 --

H

~~~ .~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
. lxi 14 ‘V 0 0 ‘V

H ILl ~ 0 ~ lxi ~

185



m i d - s p a n  tending  t o w a r d s  the  i s o t r o p ic. The s p a n w i s e  p r o p e r t i e s  nea r  both
the t i p and leading ed ge may in fac t  be somewhat  wor se  than  the  i so t rop ic ,
since , t y p icall y ,  ± 45 d e g r e e s  lamina  p r e d o m i n a t e s  in t h e s e  reg ions .
Tables  33 and 34 l i s t  t y p ical  eng i n e e r i n g  desi gn p r op e rt i e s  of r e i n f o r c e d
epoxy,  a luminum , and t i t a n i u m  l am ina t e s . ( R e f e r e n c e s  23 th rou~th 27) .

The un iax ia l  p r o p e r t i e s  of a g raph i t e  or boron r e i n f o r c e d  epoxy
l a m i n a t e  a r e  seen to  be s u f f i c i e n t ly hi gh when the f i b e r s  a r e  ali gned in
the d i r e c t i o n  of the loa d but d e t e r i o r a t e  v e r y  rapidl y when the f i b e r s
a r e  o r i e n t e d  at an ang le to  the  load . This  condit ion ex is t s  because at
o f f - a ng les the low shea r  s t i f f n e s s  and s t r e n g t h  of the epoxy ma t r i x  does
not adequately t r a n sf e r  the load between f i b e r s  and between lamina. At
90 de g rees  to the  load , the f i b e r s  still  tend to s t i f f en  the m a t r i x , but they
also act as s t r e s s  r a i s e r s  and so tend  to reduce the t r a n s v e r s e  i~t r e ngt h
of the  larnina .

The equiva len t  i s o t r o p ic p r o p e r t y  l i s t i ngs  show that  the spec i f i c
s t i f f ri e s s e s  and s t r e ngt h s  of gr a p h i t e  and boron r e i n f o r c e d  epoxy a r e
still  supe r io r  to t i t a n i u m  and would , t h e r e f o r e , be s t r u c t u r a l ly sui table
for  fan blade app l i c a t i o n s. These  ma te r ia l  combinat ions  have not been
s u c c e s s f u l  in p r a c t i c e , however , because  of t h e i r  low e r o s i o n  res i s -
tance  and s u s c ep t i b i l i t y  to impact damage . P r o t e c t i v e  coa t ings  a r e
cal led  for  to c o r r e c t  the  e ros ion  problem , whi le  more  compatible shear
s t i f f n e s s  and s t r e ngt h  p r o p e r t i e s (f o~ example , such as those  p rov ided
by a u x i l i a r y  f i b e r s  of K e v i a r  or by a meta l l i c  m a t r i x )  wou ld  be r e q u i r e d  to
improve  the  impac t  damage r e s i s t a n c e. It would also appear  that  shear
r e i n f o r c e m e n t  ( f o r  example , t h r o u g h  the  use  of s teel  mesh or s tap les)
could be u sed  to help d i s t r i b u t e  local impact  loads to nei gh b o r i ng  f i b e r s
and lamina .

I t is a l so seen tha t  the  equivalent  i s o t r o p i c  p r o p e r t i e s  of both
b e r y l l ium and boron r e i n f o r c e d  a luminum a r e  s u p e r i o r  to u n r e i n f o r c e d
t i t a n i u m , so that  e i t h e r  of t he se  compos i t e s  should be su i t ab le  for  fan
blades f rom a s t ruc tu r a l  point  of view .

A s i m i l a r  s i t u a t i o n  ex i s t s  fo r  boron r e i n f o r c e d  t i t a n i u m  composi tes.

Good shear  p r o p e r t i e s  ar e  a pa r t i cu la r  concern  of f i be r  re inforced
b lad ing  m at e r i a l s , not onl y to p rov ide  a smooth t r a n s fe r of c e n t r i f ug a l
for  eg  be tween  f i b e r s  and larn ina , but a lso  to  f a c i li t a t e  t h e  d i s t r i bu t i on
of impac t  loads app lied n o r m a l ly to the  f ibe r d i r e c t i o n s. A compar i son
of the  s p e c i f i c  shea r  s t i f f n e s s e s  of candidate  composi te  m a t e r ia l s  is
shown in Table 35 . When  c o n s i d e r i ng  c e n t r i f u g a l  loading ,  t he  g r ap h i t e /
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epoxy composi te  is the  best  of the  r e s i n  sy s t e m s  s tud ied , whi le  the
b o r o n / a l u m i n u m  composi te  is  t h e  bes t  of the metal  s y s t e m s,

A m e a s u r e  of a m a t e r i a l ’s ab i l i ty  to t r a n s f e r shear  loads that
is m o r e  su i tab le  to impact  c o n s i d e r a t i o n s  is the  c o m p a t i b i l i t y  of the
shea r  and t e n s i l e  modul i i , G/ E . Based on t h i s  p ar a m e t e r , the  S g la s s /
epoxy looks bes t  in the  r e s i n  s y s t e m,  w i t h  both g ra p h i t e  and boron
r e i n f o r c e d  epoxy composi tes  not p e r f o r m i n g  as well as t i t a n i u m.

Boron r e i n f o r c e d  a luminum is again best  in the  metal  s y s t e m s  and
should , in f ac t , p e r f o r m  somewha t  b e t t e r  than  t i t an iu rn ,at leas t  up to
the  point  ol shea r  f a i l u r e  01 the  a l u m i n u m  m a t r i x . Since  the  shea r
s t r e n g t h  01 a l u m i n u m  is  onl y o n e - h a ll  t ha t  01 t i t a n i u m , addi t ional  shea r
s t r e n g t h  r e i n f o r c e m e n t ( w i t h  s tap les  or w L r t - m e s h )  may be r e q u i r e d
to ra i se  the  f a i l u r e  leve l .

COMPOSI TE F A N / C O M P R E S S O R  BLADE ~-\PPLICATI0N S

In the  earl y 196 0 ’ s ,Ly coming  explo red  t h e  use  of li g h twei g ht com-
p r e s s or  blades made of glass  f i ber s  and epoxy.  A l t h o ug h t h e s e  com-
pos i t e s  w e r e  not s u c c e s s f u l  because  of t h e i r  exces s ive  f l e x i b i l i t y ,  the
techno logy  was l a t e r  expanded to the  desi gn and f a b r i c a t i o n  of gr a p hi te
f i b e r / e p o x y  fan blades su i tab le  fo r  use  in a small t u r b o f a n  powerplant
employ ing Lycoming ’ s T53 eng ine as the core . By the  mid 1960 ’ s ,
h o w e v e r , i n d u s t r y - w i d e  e v a l u a t i o n  of such blades  found them to be
d e f i c i e n t  in t h e i r  r e s i s t a n c e  to r a in  e r o s i o n  and b i r d  i n g e s t i o n. These
p rob lems  s t i l l  p r e v e n t  g r a ph i t e / e p o xy  fan b lades  f r o m  e n t e r i ng  produc t ion.

A c c o r d i ng l y,  the  m a j o r  e f f o r t  of t he  r e s e a r c h  and deve lopmen t
p r o g r a m s  conducted  s ince  that  t i m e  h a s  been d i r e c t e d  t o w a r d s  improve-
m e n t  of impac t  t o l e r a n c e  and , in p a r t i c u l a r , to b i rd  i ng es t i o n . A t t e m p t s
to i m p r o v e  b i r d - i mp a c t  r e s i s t a n c e  of epoxy blades have inc luded  modifi-
ca t ions  to the  lan-u ina layu p t e c h n i q u e s  and the  i n c o r p o r a t i o n  of d i f f e r e n t
s ize  f i b e r s . H yb r id  desi gns made  of c o m b i n a t i o n s  of gr ap h i t e  and boron
f i b e r s  a ug m e nt e d  wi th  K e vla r  and g la s s  f i b e r s  have  also been i n v e s t i ga ted ,
a s has the use of v a r i o u s  sty les and combina t ions  of monolayer  tapes and
woven c lo th . B o r o n / e p o x y  sh e l l s  app l ied over  t i t a n i u m  and s t a in l e s s  steel
co res  have  been m a n u f a c t u r e d  and t e s t e d . L e a d i n g - e dge p ro t ec t i on  u s i n g
n i c k e l  p l a t e s , steel  w i r e  mesh , and s t ee l  s tap les has also been t r i e d .
Pol y imi de r e s in s  have been i n t r o d u c e d  in l ieu of epoxy because of t he i r
gr e a t e r  s t i f f n e s s  and s t r e n g t h . ( R e f e r & -n c e s  28 th roug h 32 ). Al l
r e s i n - b a s e d  blade desi gns t e s t e d  to dat e , however , &t ave  been def ic ien t
i n t h e i r  to le rance  to b i r d — i m p a c t  d i m i g e .
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Resin  - m a t r i x  r e i n f o r c e m e n t  t e c h n i ques have been extended to
metal  m a t r i c e s  because  of t h e i r  hi gher  s t i f f n e s s  and s t r e n gt h  p r o p e r t i e s ,

as well  as t h e i r  g r e at c r  r e s i s t a n c e  to impac t  and eros ion , Metal
ma t r i x  t e chno logy  has been c a r r i e d  to the point w h e r e  hi gh - t e m p e r a t u r e
m a t e r i a l s  sui table fo r  the  t u r b i n e  sec t ion  have been ach ieved ;  but fo r

fan  appl i c a t i o n s , the  a l loys  s tudied a re  typical ly a luminum and t i t an ium.
Al thoug h the  p r i n c i pal f i b e r s  used  fo r  fan appl ica t ions  have been boron
or b o r s i c ,  some work  us ing  gr a p h i t e  f i b e r s  has been done.

Aluminum m a tr i x  componen t s  a r e  produced  e i t h er  by d i f fu s ion  -
bonding two l a y e r s  of a luminum foi l  a round  the  f i b er  l aye r  or by
pl a s m a - s p r a ying a luminum powder  on the  f i b e r s . The composi te  tape
is then cut to the  d imens iona l  shape , the p r e - f o r m s  a r e  layed up to
ach ieve  the  n e c e s s ar y  t h i c k n e s s  and mechanica l  p r o p e r t i e s , and the
assembly is d i f f u s i o n - b o n d e d  to shape in a closed die .

T i t an ium m a t r i x  c o m p os i t e s  a r e  produced in the  same fa sh ion ,
but t he  d i f f u s i o n  bon ding of t h i s  m a t e r i a l  r e q u i r e s  hi g her  t e m p e r a t u r e s
and p r e ss u r e s  t h a t  genera l l y r e q u i r e  the  use  of b o r s i c  f i b e r s  to p r e v e n t
e x c e s s i v e  r e a c t i o ns  be tween  the  m a t r i x  and f i b er s .

Al thoug h the development  of metal m a t r i x  compos i tes  has  not been
as ex tens ive  as the r e s i n -r e i n f o r c e d  s y s t e m s , several  p r o gr a m s  have
been c o n d u c t e d  on f a n / c o m pr e s s o r  blade appl ica t ion s. Adequa te

- - mechan ica l  p r o p er t i e s  to w i t h s t a n d  the  loads imposed under  normal
ope r a t i n g  cond i t ions  h a v e  been shown. Impact  t e s t s  i n d i ca t e  tha t  t h e s e
blades a r e  less  r e s i s t a n t  to f o r e i gn object  damage  than  c u r r e n t  t i t a n i u m

— blades but s ug ge s t  tha t  t hey  mi ght meet  fl i g ht r e q u i r e m e n t s. Some
fl i ght t e s t s  a r e  be ing  conduc ted  us ing  i n t e r m e d i a t e  fan or c o m p r e s s o r
s tages  w h e r e  t h e  p o s s i b i l i t y  of l a rge  objec ts  r e a c h i n g  the  compos i te
blades is smal l  c o m p a r e d  to the first  stage . ( R e l e r e n c e s  3 3  to 38).

A p r o m i s i n g  app l i c a t i o n  of a me ta l  m a t r i x  co m p o s i t e , d e s c r i b e d
by Troha  and Swain  ( R e f er e n c e  39 ), u ses  t h e  hi gh s t i f f n e s s  p r o p e r t i e s
of a bor s i c / t i t a n i u m  compos i t e  in lay  to s t i f f e n  an e x is t i n g  l i t an iur r i  fan
blade for  i m p r o v ed  f l u t t e r  r e s i s t a n c e. T h i s  approach  was proposed in

-

, 
l ieu of i n c r e a s e d  a i r f o i l  t h i c k n e s s  or the  use of p a r t - s pa n  shrouds .
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COMPOSITE DAMAGE CRITERION

In order  to d e t er m i n e  composi te-m~t t e r i -~i impact c h a r a c t e r i s t i c s
in a f o r m  sui table  for  the  des ign  and evaluat ion of composi te  blades ,
the  analy t ic  damage model ( Equation 1) was  r e f i n e d  t o  include
the  shear  s t r e n g t h  c o n t r i b u t i o n  of the  embedded f i b e r s . An equivalent
shear  s t r e n g t h  r e l a t i o n s h i p  was developed for  use  in the c r i t e r i o n  to
account  fo r  the  s t r e n g t h , s i ze , and amount  oi f i b e r s  in each ply and
t h e i r  o r i e n t a t i o n  f rom the  radia l  d ir e c t i o n . A concen t ra t ion  fac tor  was
a lso  in t r o d u c e d  to account  for t h e  ma tr i x  s t r e n g t h  reduct ion  w h i c h  can be
caused  by the embedded f i b er s .

The composite ’ s equ iva len t  shear  s t r e n g t h  is ca lcula ted  accord ing
to

— 

~~~~~~~~~~~~~~ 
Q3)

w h e r e  dq and w a r e  the b i r d  d i a m e t e r  and s l ice  w i d t h  ~i e t e r m i nin g  t h e
spanwise  and c h o rd w i s e  ex ten t  of the  shear a r ea  s upp o r t in g  t h e  impac t
(Fi gure  9 0 ) ,  The t h i c k n e s s , h , is t aken  is 1he sum of the  p l y t h i c k n e s s e s
at t he  impact  s i te . The  shea r  f o r c e  f u n ct i o n  becomes

{

CoS~~ +
~~~

and summed ove r  all p l i e s  at the  i m p a c t  s i t e .  Ih e thi k~a-s-’
is ca lcu la ted  f r o m  the  f i b e r  d i a m e t e r , D 1 ,  and  l i i u r  v o l u n  t

a c c o r d i n g  to

A1~~~~~~



*0—AflI 203 AVCO LYCOM INS DIV ST**Ir0,iO CC**~ P15 21/5IMPROVCD ReSISTANCE TO ENSINC SIRO INSEST!Ot4.*UI

_ _

I’
nU 

END
DATE

—. — FIL NE 0

10—7 7
-
—

I
! 

I



1.0

I . I

~ I.25 ~~~.4 ~~~



TIP I—
L)

L u~

• 

L . E .  

__________• 
0 20 40 60 80
FIBER ORIENTATION , ~

I I
I 

~ / I

I
I FAIL

SHEAR STRAIN , I

Figure 90. Equivalent Shear - Strength Parameter 8
of the Composite Blade .

193



for  a un i fo rm rectangular  a r r a y  of f ibers .

The shear s t rengths  of the f ibe r s  and matrix material are denoted by
and r m and , assuming the matrix fails at the fiber failure

stra in,

~~~~~~m/~#) ~~~~~~~ (it)

The s t rength  contribution of the f ibers  is neg lected in those plies running
parallel to each of the shear areas , while the matrix volume contribution
is varied according to

V1 = ( / - ,tç,)cos o( 
~~~~~

and

= ( / — ,v ,,)& 1n 0 -s- ,tJ .,,

Similarly a shear s trength concentration factor , km~ is applied
to the matr ix  to account for the strength reduction caused by the
embedded f ibers  according to

K, (4,,- i )c os  ~ ÷ /
for the spanwise shear area, and

1<’2 = (4,~— i ) s i n  ~ 
-

~~ /
for  the chordwise shear area .

The equivalent shear strength of 50-percent fiber ratio boron /
aluminum and graphite/epoxy composites based on this model are shown

4 in Fi gure 91 . A 1 to 1 proportion of boron/aluminum plies taken in the
± 45 degree directions to approximate the laminate orientation near the
lead ing edge is seen to perform nearly as well as solid titanium -
providing the concentration factor in the matrix is small. If large con-
centrations of s tress occur , the boron/aluminum composite has inferior
impact resistance to a similar g raphite/epoxy composite. The graphlte/
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Figure 91. Comparison of Composite Equivalent Strength.
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• -

epoxy laminate, in fact, is relatively insensitive to stress concentrations
around the fibers since the low-strength epoxy contributes very little to
the s t rength of the composite in any case.

To minimize s tress concentrations in the boron/aluminum
laminates , it is desirable that the f ibers  are uniformly spaced-out
as much as practicable. This implies that for the same fiber volume
ratio large fibers are preferable to small fibers , since the distance
between f ibers  in a uniform , rectangula r ar ray  is ( f rom Figure 90)

= of ( - k f~- ’ _ / )  C,’)

For the same reason , rectangular arrays of fibers are preferable to
hexagonal a r rays  (of the same fiber volume ratio) so that rather than
building laminate thickness with parallel plies, small cross-bracing
angles should be specified.

The low delamination strengths of the two compos ites po int out the
need to desi gn the laminate for gradual t ransfer  of load from layer to
layer . Sudden large variations in ply orientation should be avoided.
The delamination curves in Figure 91 also point out the desirability
of introducing through-the-thickness reinforcement , such as provided
by rivet s or staples ,to strengthen the matrix bond between plies .

DAMAGE-TOLERANT COMPOSITE BLADE DESIGN

A preliminary stress and vibration evaluation of composite fan
blades ,perforrned to study the structural  characterist ics  of a direct-
replacement blade for the 6800 lbf thrust  eng ine ,showed a 42-percent
reduction in blade wei ght using a typical boron/aluminum composite
and almost a 70-percent reduction if a graphite/epoxy composite could
be used (Refe r to Table 36) . Part of this weight reduction resulted
from the use of the lighter wei ght composite material and partly because
the use of a midspan shroud was not considered. Consequently,  disk
loads are reduced , as are the imbalance and containment weight require-
ments.

The reduction of average centr ifugal  s t resses in the root of the
composite blades is substantial and results in far  hig her safety factors
than for the titanium blade; this implies that composite blades can be
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designed to provide better performance either by increased tip speed
or by increasing the chord length towards the tip.

The first bending frequency of an unshrouded boron/aluminum
replacement blade matches that of the shrouded titanium blade and
so should provide a similar level of f lutter  and vibration control. The
graphi te /epoxy replacement blade does not quite reach this  level ,
indicating that additional thickening (or increased chord length) may
be required.

The damage cr i ter ion analysis  also indicates a reduction in damage
tolerance because of the lower equivalent shear s t rength of the com-
posite. Assuming an equivalent shear strength of 45. 0 ksi can be
achieved in a boron/aluminum composite in the impact area near the ti p
leading edge (from Fi gure 91) ,  then a 19-percent increase in the damage
factor (Equation 1) would be expected. A 42-percent  increase in
thickness  would there fore  be required to provide the same degree of
local damage res is tance as a titanium blade.

The lower equivalent shear strength of the graphite/epoxy would
require  a somewhat grea ter  increase in thickness for comparable
damage tolerance.

Based on these results , a 1. 42 scaled boron/aluminum version
of the damage-tolerant titanium blade would appear to be a reasonable
minimum requirement  for a successful damage-tolerant composite
blade . The airfoil  thickness and chord length would be scaled directly ;
the number of blades would be reduced by the same factor (to 28) to
maintain the same airfoil  shape and stage solidity.

A typical laminate design for this  blade would consist of a center
core with the plies ali gned alon g the span direction (zero degrees)  to
take the centrifugal loading , an outer cover with the f ibers oriented
± 45 degrees to the span to provide the necessary torsional s t i f fness
and strength , and a numbe: of intermediate plies to smooth the load
t r ans f e r from cover to core (See Figure 92) .

To enhance the laminate structural  characteris t ics, the center
plies can be oriented to appr oximately ± 13 degrees , which will
si gnificantly increase the torsional stiffness of the core while still
maintaining some 90 percent of the zero degree st i ffness. This
procedure also improves the dimensional stability of the blade and
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minimizes stress concentrations and the residual stresses incurred during
manufacture, both of which may cause separation of the plies. The
cover plies can also be oriented at ± 35 degrees to provide substantial
spanwise stiffening with only minor losses in torsional stiffness. The
intermediate  layers , oriented at approximately ± 26 degrees minimizes
the fiber angles between plies and thereby minimizes the formation
of hi gh interlamina shear strains.

The percentages of the airfoil  section areas for the core , t ransfer
and cover plies vary from 63 , 11 , and 26 percent at the root, to 37 ,
19, and 44 percent at the 60-percent span; and blend to 30 , 21 , and 49 percent
at the ti p. The leading edge would comprise approximately 12 cover
plies of 4-mil boron f ibers , (or 6 plies of 8-mu fibers).  The impact area
near the ti p would extend over the full 20 cover plies with the t ransfer  plies
lying jus t  outside the contact area.

The weig ht savings of this blade over the damage-tolerant titanium
blade would be only 12 percent per blade; but the overall disk loading
is reduced by 30 percent , partly because there are fewe r blades and
partl y because of the lower center of gravity broug ht about by removal
of the shrouds.

The centr i fugal  s t ress  in the root is very  low , being only 55
percent  of the damage-tolerant titanium blade.

The dynamic impact behavior of these  blade s was also evaluated
using the t rans ien t  f in ite-e lement  analysis , again for the 1. 5-poun d
bird  t ip -s t r ike  conditions . For simplicity, equivalent isotropi c material pro-
p e r t i e s  we r e speci f ie d t h rou ghout the blade. Inspection of the tip displacement
plot s of Fi gure  93 show s that the direct replacement composite blades
deflect considerably more than the (unshrouded) t i tanium baseline blade ,
mainly because of the ir  lower inert ias.  The damage-tolerant boron/
aluminum blade deflects less than the titanium baseline because of its
proportionatel y grea ter  thickness and chord length (mass).

The peak bending s t resses  in the direct replacement composites
are  very similar and some 30 percent greater  than the titanium baseline ,
again pointing out the need for additional thickening for equivalent

resistance to bird impact . The peak bending stresses in the damage-
tolerant boron/aluminum blade , however , are some 30 percent less
than in the t i tanium baseline blade (See Fi gure 94).
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Figure 93. Tip Deflection. of Composite Blades.
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6800 lbf ENGINE
FAR IN G ESTION CONDITIONS

1 1/2 lb BIRD STRIKE 2 in. FROM TIP
BASELINE BLADE

1.50 Gr/ Ep

V
1.25 - I/~I,
1.00 - 1: k~,

Ø~
/AL

I/ I
~ 0.75 -

~~~. 0.50 -
j B/AL (DAMAGE-TOLERANT)

0
w 1~~~,-•1 ~ 

~~~~~~~~ . ii,.—, . J .~~~~ .J .

,
~~~ ItIII

0 I 
~
I’

~ 
I

1 2
TIME (mse c )

— 0.25 - I

—0.50 -

Figure 94. Maximum Stresses in Composite Blades.
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p

An aerodynamic analysis of the damage tolerant composite con-
fi gura t ion  at the  desi gn point indicates that an eff iciency increase of
1. b percent can be anticipated over the damage-tolerant Litanium rotor ,
assuming the composite blade surface quality is equal to that of a
machined blade. This increase is made up of a 2. 0-point gain due to
shroud removal combined with a 0. 4-point loss due to the wider chord.
The efficiency gain at SLTO operation would be 1. 4 percent over the
titanium version.

The lower aspect ratio composite design should also be less sensitive
to inlet disturbances and also should provide greater freedom from stall.

The estimated cost differences between the boron/aluminum and
titanium damage tolerant configurations are shown in Table 37. A 73 -cent
per hour reduction is anticipated using the composite blades.
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TABLE 37 - COST COMPARISON OF DAMAGE - TOLER~u’4T BLADES ,
6800 LBF THRUST CLASS ENGINE

Costs in Dollars/Hour per Engine

Costs Ti ta niurn Blade i~~ ~~~ ~~~~~~~~~~~~~~~~~~~~~~~
_____________________________ 

$/hr $/hr (% ~)

Amort ized Cost (1)

Engine 13 .50 13 .33 (.- ; •2 4 )

Airframe 40. 50 40.42 (-0. 19)

Sub Total 54.00 53.76 (-0 .46)

Fuel Cost @46 cents/gal 60.05 59.86 (-0. 32)

Direct Maintenance

Material 9.96 9.96 (0.,)

Labor 2.72 2.69 (- 1.14)

Sub Total 12.68 12. 37 (-0 .24)

Total Operating Cost 126.72 125.99 (-0.58)

(1) 10% Residual @ 15 years  - - 2000 Hour/Year

Totals may not check due to rounding.
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4.0  PR O T E C T I V E  D E V I C E S  - TASK III

G E N E R A L

An a l t e r n a t e  a p p r o a c h  to s t r e n g t h e n i n g  the  eng ine to w it h s t a n d  b i r d
s t r i k e s  is to provide  a p r o t e c t i v e  device  to prevent  inges t ion  of a b i r d , or
at le 3 s t  to  p reven t  an inges ted  b i rd  f r o m  s t r i k i n g  a s ens i t i ve  eng ine par t .
The  use  of suc h pr o t e c t i v e  d e v i c e s  is m o r e  p r a c t i c a l  in small  eng ine

app l i ca t ions  w h e r e  the  wei g ht and s ize pena l t i e s  of bui lding i n g e s t i o n
d a m a g e - t o l e r a n c e  into the  eng ine  becomes more  cost ly. No a t tempt  was
made to d e t e r m i n e  the eng ine  s ize c r o s s - o v er point at w h i c h  p r o t e c t iv e
dev ices  would be r equ i r ed. Based  on the p r e c e d i n g  s tudies , however ,
it a p p e a r s  that  the  1600 lbf t h r u s t  s ize  is s t i l l  of a s u f f i c i e n t  s ize  to
w a r r a n t  s t r e n g t h e n i n g  of the  eng ine - fo r  example , by t h i ckened  wide
chord  b lades  - but eng ines of smal le r  s ize may need some inlet  pro-
t e c t i o n  to supp lement the bas ic  engine 1 s inges t ion  capabil i ty .

Two desi gn t echniques  p romis ing  to s a f e g u a r d  onl y t h e  mos t  c r i t i c a l
reg ions of the  eng ine w e r e  i n v e s t i g a t e d  in th i s  t a sk . The  f i r s t  c o n s i s t s  of
a s e r i e s  of de f l ec to r  doors  a r r a n g e d  c i r c u m f e r e n t i a ll y ar o u n d  the  in le t
to p ro t ec t  onl y the  ti p reg ion of t h e  fan b lades  .. the  more  s ens i t i ve  r e g i o n .
The  second re loca tes  the  c or e  sp l i t t e r  So as to protect  the  s u p e r c h a r ge r
and c o r e  eng ine f rom b i r d  deb r i s  a f t e r  i ts pa s sage  t h r o u g h the  hub r e gio n
of t he  fan .

FAN TIP PROT ECTION

The p r e c e d i n g  anal y s i s  and i n g e s t i o n  t e s t  r e s u l t s  have shown t h a t
the  ou t e r  reg ion of the  fan blade is most s ens i t i ve  to b i r d  impac t , w h i l e
the inboard  reg ion near  the  hub is qui te  capab le  of w i t h s t a n d i n g  b ir d
impact  with minima l  damage . In p a r t i c u l a r  t i p s t r i k e s  on the  un-
shrouded w i d e - c h o r d  blades p roposed  for  the  s m a l l e r - s i ze  eng ines should
be p reven ted  if possible . Thi s ind ica t e s  tha t  an opt imum fan b lade  pro-
t e c t i v e  device  would be one w h i c h  e x t e n d s  i n w a r d  f r o m  the eng ine cowl ,
pr o t e c t i n g  onl y the  ou te r  po r t ions  of the  b lades  and leaving the  i n n e r

po r t ion  unp ro t ec t ed. (See Fi g u r e  95) .  B y prov id ing  the  d e v i c e  w i t h
ret  r a c t a b il it y  so that it can be dep loyed onl y in the c r i t i c a l  t a k e - o f f  and
i n i t i a l  c l imb flig ht reg imes  ( w h e r e  most s t r i k e s  o c c u r) ,  pe r f o r m a nc e  and
cost p e n a l t ie s  need not be i n c u r r e d  d u r i n g  t h e  c r u i s e  p hase of f l i g ht . The
o u te r  c o w l  i s  a lso prov ided  w i t h  doors  tha t  act in p a r a l le l  w i th  the  i n n e r
doors  to p r ev i d e  a ( ori t inuous a i r f l o w  to t h e  fan  t i ps d ur i n g  the  p e r iod
when  thc  i n n e r  doors  ar e  dep loyed .
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The blade -tip protection design that was studied consisted of 12
inne r deflector doors, each approximately 9 x 9 inches and hinged at
the forward end. (See Figure 96). Each door is controlled b y a sing le
fluid actuator to allow some flexibility and to provide a means of absorbing
a portion of the normal kinetic energy without detrimental door damage.
The deflectors are positioned 9. 5 inches in front of the fan, which with
the full actuated ang le of 1 8 d e g r e e s , shields the blading f rom ti p to mid-
spa n . Althoug h the de f l ec to r  can be positioned closer to the fan to pro-
vide mo r e r eli able pro t ec t io n , it i n c r e a s e s  th e r is k of ae r od ynamic dis-
tu rbances  enter ing the fan and also tends to increase  noise . The cir-
curn f e ren t i al  gap between doors can be minimized by allowing the doors
to over lap the in te rna l  I-beam s t ruc tu re  that brid ges the door flowpath
and mechanical ly connects  the fo rward and aft positions of the cowl
as sembly.

The outer doors are either mechanically linked to the inner doors
or , preferably, actuated automatically by the p r e s su re  di f ferent ia l
between the inner and outer flows . Similar blow-in doors have been
v sed successfu l ly in air l ine operat ions with  several  types of eng ine s in
paSt years .

This design tends to minimize the icing problems associated with
past protective devices , in that conventional means of inner-duct anti-
icing are available.

Engine performance penalties are also minimized -vith this design.
At the start of the take-off run and up to approximately 40 knots, the
blow -in door feature is expected to provide additonal airflow to the
engine, thereby improving the i n l e t per formance , since at these  speeds
the inlet  is still smaller  than optimum. The inlet total p ressure  loss
w ill gradually increase, however, reaching an est imated one-percent
at the initial climb speeds of 115 - 120 knot s . When the ~ief lectors  are
retracted for the other flig ht regimes , their  e ffect  on eug ine performance
is neg lig ible , and the onl y effect  on airc raft flig ht performance would

• result f rom the weig ht of the system.

• Impact forces normal to the surface of a fully dep loyed door , shown
in Figure  97 , are  a funct ion of ingestion veloc ity and bird size. The
fo rces  are  moderat e and readil y control led using standard material gage
thicknesses  and design  procedures . The resul t ing desi gn does not impose
length or diameter  penalt ies on the eng ine pod; but the weig ht of the
mechanism is estimated at 70 pounds for the 6800 lbf thrust-class engine .
The podded wei g ht for  th is  machine is approximately 1900 pounds , so
that the overal l  a i r c r a f t  wei g ht penalty amount s ~~ 3 . 7 - percent per

207

- - ____________________



L .

*-

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

-

~~~~

•

,

~~

\

208 

- - --  ______ 
.4

- f-=- -#_~~~~~~~~~ - - 
—--- •. - -— - ,— -- -



FORCES @ FAR INGESTION CONDITIONS

BIRD SIZE 6800 lbf ENGINE 1600 lbf ENGINE

3 oz 381 lbf @ 100 kts 308 lbf @ 90 kts
1 1/2 lb 2193 lbf @ 120 kts 2014 lbf @ 115 kts

4 lb 7560 lbf @ 160 k ts  6645 lbf @ 150 k ts

4n
4 lb BIRD12 ,000

~ 10 ,000 ’
U-

- 8,000
1 1/2 lb BIRD

~ 6 ,O0O~

~ 
4,000 ’

~ 2 ,0OO~ 

100 

‘
~ o: B I R D

INGESTION VEI..OC ITY , V FO ( k t s )

Figure 97. Impact Forces on Deflector Door.
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eng ine . When applied to the smaller thrust machine, the weight penalty
will  be conside rabl y g r e a t e r  on a p ercentage  basis  since the doo r thickness ,
a c t u a t o r s , and a t tac hment weig hts , etc . , will not scale direct ly. In
eit her  case , h o w e v e r, aerod ynamical ly optimum engines of reduced
wei g ht and i n c r e a s e d  e f f i c iency  could be used to compensate for  the
added nacel le  we ig ht and t a k e - o f f  perfo rmance penalty.

The est imated costs of this  sys tem are marginal ly g r e a t e r  than
th e  da m a g e - t o l e r a n t  eng ine option . R e f e r to Table 38.

An addi t ional  considerat ion involved in protecting the blades from
b i r d  impact  is t h e shape of th e spinne r . A blunt sp inner designed to

• b r e a k u p  a b i rd  upon impact and to distribute the mass over a large
annula r  reg ion would provide more protection than a smoothly blended
shape that  t ends  to guide a full unfragmented  bird into the stage . The
f o r c e  of such a collision on a blunt spinner is t r a n s f e r r e d  directly to
the main bear ing  mount that typically has more than adequ at e s t rength
t o  wi ths tand  the impact of a 1. 5 - p o u n d  bird at the FAR ingestion speeds .

As shown in Figure 98, the more blunt the s p inne r shape, the great-
er  i t s  ability to f ragment  a bird for  subsequent safe passage int o the fan .
B i r d  f r agmenta t ion  is not predicted fo r  the FAR take -o f f  conditions ,
ho w e v e r, since even for  a 90-degree  impact, the onset of breakup will
not occur  un t i l  a fli g ht speed of 155 knot s is reached . A unifo rm 45-
d e g r e e  cone would not begin f r agmen t ing  a bird until  220 knot s.

A blunt sp inner that also minimizes the c ross -sec t iona l  area having
smal l  cone angles  is indicated to provide maximum protection for the fan .

CORE ENGINE PROTECTION

Ingest ion of bird debris int o the core eng ine of a turbofan power-
p lant can cause t empora ry  or permanent powe r loss as well as causing
damage to the supe rcha rge r , compressor , or combustor hardware.
T his st u dy was conducted to exp lore the effect of the axial distance
s e p a r a t i n g  the fan stage and the core inlet splitter . As shown in Figure
99 , b i rd  debr is  par t ic les  become exposed to the fan ’ s centr ifugal  force
f ie ld  dur ing the i r  passage throug h the stage and ,ther efore ,tend to be
c e n t r i f u g e d  radial l y outward away from the inlet to the core engine . The
furthe r aft the inlet is , the less debris wil l  be ingested by the core
eng ine . It would also appear that , on the average , the heavier particle s
of a f r agmen ted  bird - having more  resistance to acceleration by the air
ve loc i ty  - would tend to leave the rotor  at a lowe r axial velocity than the
li ghter particles and so tend to centrifuge more into the bypass stream.

210

~~~~~~~~ ‘~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ 
. •.• - - — • . - — - . - — ____________________ a



• -~~~~ a . . ..

0z
I I

Z ~~. ~~ 
I 

0 C\3

0 0  c ‘ 0 0
+ + + I I + +

~~ v ~Q —. — — — —

U)
V
C)

V
‘-4
V

0 Lfl Lfl “.4

.~O 0 ~.O — N
0 r’.J rs.~ Q I 0 (\~

‘ ‘ d  d V

_ _ _ _ _ _  — V

V

U)
4-4 U)

‘-4 c~
.4 ~ —‘ “.4

Z— ~ ~ — 0
V

~Z4 0 U)

Cd
0 0

V

QE4 I

Cl) ..,. ‘ V
4-4~~~~4 U)

I.,
Cd 0

U) “ V
O .~ Lfl ~~

55 — 4-’

~
r4j 4-’ — U)

Q
0 ~z~. V 0 U) Cd

Q V
4: .

~~
a 4-’

0 — 
4-’

4.’ V V 0 4-’ Cd ~ VU) N Cd I. U)

I 
fl 

~ 
I

— —  _ _ _ _  _ _ _ _  _ _ _ _

k 

211

— • ~~~~~~~~~~~ 
-

~ 
—- 

______ - ~~~~~~~~ ~ 
-



:::~~~ 

kts

/ .1
>- 400 - —

I E-- - -- 

200

V FO = 100 kts

I—

I #% I.-.
IOU-

.
~~

10 20 30 40 50 60 0

SPINNER ANGLE (DEGREES)

Figure 98. Bird Fragmentation Due to Spinner Impact.
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The debr is  that does enter the inlet , t he r e fo r e , would tend to be com-
prised more  of the smaller  li g hter par t ic les .

It is seen in F igure  100 that the t r a j e c t o r y  of a par t ic le  exi t ing  f rom
th e hub can be ca lculated f rom

= (- )/~~~
RH #~~R)4 ~1.~ 

- 

(17)

for  any g iven radi us change , A R . The axial and tangential  velocity com-
ponent s of th e b i rd  par t ic les  are denoted by VA and V T res pect iv ely. The
exposed ar ea of an inl et sp l i t ter  of outer radius R 5 positioned a dis t ance
X aft of the fan exit is , t he re fo re ,

= ~ ~

- 

,~~a ,q2 
— ( .~ t % )

2 

3 
(18)

It is expected that on average the exiting bird particles will be
acce le rat ed ta ngenti ally by the a i r foi l  to the full fan wheel speed . V~ ,.
Because the b i rd  part icles are some 900 time s more dense than air ,
however , it also seems reas onable t o assume t hat th e ai rf oil will not
fully accelerate  the bird debris  axiall y from it’s entering veloc ity
V FO, to the exiting air  velocit y, V e• It can then be secn  from Equa-
tion 18 that the amount of exposed area can be decreased by increasing
the separation distance and/or the tangential wheel speed. Decreasing
the axial velocity (or splitter outer radius) also decreases the inlet area
exposed to debris ingestion .

A plot of the exposed inlet area ratio (A~~/A~), as a function of
debris  axial velocity V A, is presented in Figure  101 for  various amount s
of axial separation between the fan exit and core inlet . The condition
shown corresponds to the 6800 lbf thrus t  class engine ope r ating at the
1 . 5-pound bird FAR ingestion condition of 6880 fan rpm and 120 knots
fli g ht spe ed.

Assuming no axial acceleration or centr i fug ing of the bird debris
dur ing  its passage throug h the rotor , the baseline design has 85 per-
cent of the inlet area exposed to ingested material. Extending the fan
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6800 lbf ENGINE
FAR INGESTION CONDIT IONS

1 1/2 lb BIRD

~ 80 % OF ALL BIRD STRIKES

(((~Y7(77
0 100 200 300 400 500 600

BIRD E X I T  V E L O C I T Y  — f t / s e c

Figure 101 . Exposed Core Inlet Area Versus  Bird
Exit Velocity 6800 lbf Eng ine .
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an additional 1 .5 inches would provide comp lete protection for  the core
engine. A more reasonable , but still  conserva t ive  assumption would
be that 25-percent acceleration is obtained with effective centrifuging
starting near the rotor 3/4  chord  (approximate l y 0 . 8-inch fo rward  of
t he exit). For these conditions , the calculated exposed area is 80 per-
cent ; an additional 1.9  inche s would be required for comp lete protection
of the core engine . Figure 102 .

A similar plot for the low aspect ratio 1600 lbf thrust class turbo-
fan is presented  in F igure  103 for  the 1. 5-pound  bird FAR ingest ion
condition . Assuming again that  25 -p e rcen t  accelera t ion is obtained
( f rom 194 to 257 f t/ s e c ) ,  with ef fec t ive  cen t r i fu g in g also sta rt ing at the
rotor 3/4 chord , then the analysis predicts that all of th e b i rd  debr i s
would just centrifuge out over the sp litter so that comp lete protection
of the inlet would be obtained with the baseline design.

The weight penalties for these two engines are shown in Figure 104
as a funct ion of added axial spacing. The wei g ht penalty per inch is
seen to be modest with respect to en g ine weig ht .

These  resul t s i~ dicated that  quite small length and weig ht in c r e a s e s
can yie ld cons ide rab le  benef i t s  to core  eng ine inlet exposure . Increased
f a n - t o - s u p e r c h a r g e r  cascade distance can also provide additional noise
benefi ts .

It should also be noted f rom Equation 18 that the amount of debrLs
entering the core eng ine may also be r educed by minimizing the sp lit t e r
outer radius, R s Figure  105 . Thi s opt ion woul d be sp ecial l y benef ic ia l
if no supe rcha rg ing sta ges were  present  as in the 1600 lbf t h r u s t  base-
line turbofan  So that  s u p e r c h a rg e r  penalt ies resu l t ing  f rom reduced wheel
speed wou ld not be incu r r ed .
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1600 l b f  E N G I N E
F A R  I N G E S T I O N  C O N D I T I O N S

1 1/ 2  lb BIRD

,.  100 1 ~~_ • :~~: . -4 80% O F  A L L  B I R D  S T R I K E S

80 

• . /
~~~~ 6 0 -  II /
0 

1~. 
j

:~~~ /

40 - 

- - 

• ~7
2:~~ 

100 .10/ 
.
3~0 4~ O~~~~~/OO~~~~~~

B I R D  E X I T  V E L O C I T Y  - f t / s e c

• Fi gure  103. Exposed Core Inlet Area Versus Bird Exit
Velocity - 1600 lbf Eng ine
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Figure 104. Weight Pen~1ty Versus  Axial
Distance Increase .
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5. 0 CONCLUDIN G REMARKS

This study has resulted in a practicable desi gn method to assess the
resistance of an eng ine-to-bird ingestion damage at various engine/air-
craft  operating condition s , to provide quantitative guidelines for modif y ing
an eng ine for improved damage tolerance with special reference to meet-
in g the FAA bird-ingestion certification requirements , and to extend ex-
isting blade im pact or eng ine ingestion da ta to the desi gn of new untested
designs. With this methodology, it now becomes possible to maximize the
bird in gestion capability of an engine with some confidence , while mini-
mizing its wei ght , performance ,and cost penalties , and to do so early in
the de sign phase.

The use of a local damage criterion , coupled with test correlations ,
provides a rapid and consistent approach to ensuring satisfactory com-
pliance with bird-ingestion requirements. In addition , the influence of
the various eng ine and fli ght parameters making up the criterion re-
lation, augmented by the results of the transient impact analysis and the
post-ingestion performance analysis , provides the desi gner with a
quantitative understanding of the factors affecting eng ine safety and re-
liability.
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APPENDIX A. BIR D IN GESTION REQUIREMENTS

A 1. FAR. PAR T 33-6, FEDERAL AVIATION REGULATION
31 OCTOBER 1974

FAR 33.77 FOREIGN OBJECT INGES TION

(a) In gestion of a 4-pound bird , a p iece of t ire tread , or a
broken rotor blade , under the condition s set forth in paragraph (f) of
this section , may not cause the eng ine to

~i) Catch f i re

(2) Burst  (penetrate its case)

(3) Generate loads greater  than those specificed in 33.2 S , or

(4) Lose the capability of being shutdown.

(b) Ingestion of 3-ounce birds , 1-1/2 pound b irds , or mixed
gravel and sand , under the conditions set forth in paragraph (f) of
this section , may not cause more than a sustained 25 percent power or
th rus t  loss or require  the eng ine to be shut down.

(c) Ingestion of water , ice , or hail , under the conditions set
for th  in pa ragraph (f) of this section may not cause a sustained power
or thrust loss or require the engine to be shut down.

(d) For an eng ine that incorporates a protective device , com-
pliance with this section need not be demonstrated with respect to
forei gn obje cts sought to be in gested under the conditions set forth
in paragraph (f) of this section , if it is shown that -

( 1) Such forei gn objects are of a size that will not pass
through the protective device .

(2) The protective device will withstand the impact of the
foreign objects; and

(3) The forei gn object or objects stopped by the protective
device will not obstruct the fl ow of induction a i r  into
the eng ine .

(e) In showing compliance with paragraphs (a) and (b) of this
section, the eng ine need be tested by ingesting only that forei gn object

• specified in paragraph (a) of this section which the applicant shows has
the most severe effect  on the eng ine and by ingesting the mixed gravel
and sand specified in paragraph (b) of this section and either the 3-
ounce birds or the 1- 1/2 -poun d birds , as specified in paragraph (f)
of this section .

(f) The prescribed forei gn object ingestion condition i are pro-
vided in Tab1~ A-i .
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•-\ 2. U. S. ARMY REQUIREMENTS, AV-E-8593B

4. 5 . 20 Bi rd  Ingestion Test .  An eng ine subs tan t i a l l y identi cal (as
approved  by the Government )  to the endurance  test  eng ine sha ll be
subjected to a bird ingestion test. One bird shall be ingeste d for each
50 s q u a r e  inches  of inlet  a r ea  (and f r a c t i o n  the reo f ) . The b i rds  shall
wei gh ~. O ounces to 2 . 4  ounces and shall be ingested while  the eng ine
is opera t ing  at i n t e rmed ia t e  power at condi t ions  s imula t ing  a f l i gh t
speed of 100 knots t rue  a i r speed ,

A 3. U . S. N A V Y  REQUIREMEN TS, MIL-E-8593A

4. 6 . 4. 4 Bird Ingestion Test.  The tes t  eng ine shall be ~ubj ec ted to a
b i rd  inges tion  t e s t  conducted in such a m a n n e r  as to ve r i f y the require-
ments  of 3 .2.  5. 6. 1 . The b i rds  shall  be inges ted  in a random sequence ,
d i sp er s e d  over the inlet  a rea , to sim ulate an encounte r with a f lock.
If approved by the U s i n g  Se rv i ce , syn the t ic  “bi rds ’S ma y be used for
testing. The contractor shall specify in the p r e t e s t  datd. the c r i t i cal
target  a reas  for  each b i rd  s ize  and the p r ocedure  to be used for  b i rd
ingest ion .  Hi i~h speed ph o t o g r ap h ic  c ov e r ag e  of the  in le t  is r e q uir e d
d u r i n g  the inges t ion  t e s t .  The test  wi l l  be c o n s i d e r e d  t~ be satis factor-
ii y completed when , in the ~ud gement  of the Us ing  Service , the per-
f o r m a n c e  cr ’.teria of 3 . 2 .  5. 6 . 1 have been m e t  and t he re  is no evidence
of m a j o r  st r u c t u r a l  damage  wh ich  cou ld  cause  the  eng ine to fa i l .

A 4. U. S. AIR FORCE REQUIREMENTS ,  1~4 lL -E - 5 O O 7 D

3 . 2 . 5. 6 Envi ronmenta l  Inge s t ion  Capabi l i ty

3 .2 .  5. 6. 1 Bi rd  Ingestion.  When r equ i red  by the U s i n g  Serv ice  the
eng ine shall be capable of i i igesting the number  and d i f f e r e n t  s i zes  of
birds at the b i rd  ve loc ity  and eng ine speed as descr ibed below . Under
the conditions of a , b , and  c , no failures shall result which will Ca U se  shut-
down of the engine although some damage  to the eng ine pa r t s  may occur.
No eng ine  fla rn eou t  wi l l  occur  and the eng ine sha l l  r e cov er  to the oper

a.ting condi t ion that  e x i s t e d  p r i o r  to b i r d  i nges t i on  w i t h i n  the t ime spec i f ied
in the eng ine spec i f ica t ion  for  i tems a , b , and c . For item d no eng ine
failure shall occur which would result in damage  to the aircraft .

a. Birds weighing 2 to 4 ounces (a maxim um of sixteen at  a time) and
b i r d s  wei gh i n g  2 pounds (one at a t ime)  inges ted  at a b i rd  veloc ity
equal to the take-off  fli ght  speed , wi th  the eng ine at maximum rated

• speed ,

b. Birds  wei gh ing  2 to 4 ounces  (a maxim um of sixteen at a time) and
birds we igh ing 2 pounds (one at a time) ingested at a bird velocity equal
to the cruise flight speed w ith the engine at maximum continuous speed.

225

- 
- •• _____________ - - A



- —-

c. [li rds w ei gh in g  2 to 4 ounces (a max imum of s ixteen at a time)
and b i rds  we ig hing 2 pounds (one at a time) ingested at a bird velocity
ec iua l  to the descent  fli gh t speed wit h the eng ine at an associated eng ine
speed .

d. Birds w e igh i n g  4 pounds ingested at a bird velocity based on the most
c r i t i c a l  f l i g h t  speed w ith the eng ine at maximum rated speed .

c’ . The number  of b i rd s  to be in gested shall be based on the area at the
f a n / co mp r e s s o r  f ace .  The number  of birds to be ingested shall be one
~ or 4 ounce b i rd  for each 50 .~quare  inches , or for  each fract ion la rger
t h i n  50 percent  thereo f , one 2 pound bird for each 225 square inches ,
or for  each f r ac t ion  l a rge r  than 50 percent  thereof , and one 4 pound
b i r d  f r  ea ch 400 square  inches , or for  each fract ion l a rge r  than 50
p e r c e n t  t h e r e o f .  The b i rds  shall be ingested in random intervals , and
randoml y d i spe r sed  over the eng ine in let a rea .  If any of the above
su es of b i r d s  cannot  pass  t h r o u gh the inlet , that portion of the require-
ment  sha l l  not be app licabl e.

A 5. BRITISH CIVIL AIRWOR THINESS REQUIREMENTS , BCAR SECTION 3

Chapter C3-4 - Type Tests  for Turbine Eng ines for  Aeroplanes

~l0 BIRI) STRIKES (see C3-4  App. , 4) The Board shall be satisfied
that  no ha~~ardous  condition can a r i s e  to the aerop lane as a result  of the
eng ine st r uck by a b i rd  or bi rds  except where  the Board agrees  that
the eng ine instal lat ion in a pa r t i cu la r  aerop lane is such that the eng ine
cannot be str uck by b i r d s .  Comp liance with this r equirement  shall be
shown in accordance with 20. 2 and 20. 3.

No TE: Where the Board is sat isf ied that  the engine cannot be struck by
b i rd s  and comp liance with this  r e qu i r emen t  is not established, the eng ine
approval  will be endorsed according ly.

20. 1 General

20. 1 . 1 Where a retractable guard is fitted, com pliance with the
requi rements  shall be established with the guard in position.
Unless  it is also established that the requirements are met with
the guard retracted ,the eng ine approval will be endorsed to the
e f fec t  that compliance with the requirements  has only been
establ ished with the guard in posit ion .

20 . 1 . 2  W h e r e  a fixed guard  is fitted , compliance with the require-
ments  shall be established with the guard in position .

20.2 Strikes by Large Birds (see C3-4 App. , 4 . 1 ) .  It shall be
established that when the front of the eng ine is struck by a lar~ e
bird in the condition s of 20 . 2. 1 , no haza rdous  condition can arise
to the res t  of the aerop lane as a resul t  of the damage that may
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be cause d.

NOTE: For the purpose of this  requirement  comple te loss of
power is not considered to be a hazard.

2 0 .2 . 1  Conditions

Wei ght of Bird . (a) Impact against  f ront  of eng ine: at least
4 lb.

(b) Ingestion into eng ine: at least 4 lb unless
a lesser weight provides a more critical
case for the engine, bearing in mind its
characteristic s such as intake size.

Number . One .

Speed. The maximum true air speed which a repre-
sentative type of aeroplane in which the engine
is l ikely to be installed, is expected to achieve
in normal operational service up to an alt i tude
of 8,000 feet.

20. 3 Strikes by Medium Sized and Small Birds (see C3-4 Ap p . ,
4. 2). It shall be established that when the f ront  of the engine
is struck by a number of medium sized b i rds  in the c onditions
of paragraph 20.3.1 , or small birds in the conditions of 20.3.2
there is no unacceptable immediate or ultimate loss of eng ine
performance , no ser ious  increase of eng ine operat ing temper-
atures  or deterioration or engine rianaun g cnarac te ris tics ,
over the full range of eng ine operating conditions , and no
dangerous physical damage.

NOTE: If the loss of engine performance is found to exceed 2 5%
the eng ine may not be suitable for  installation in som e types of
aerop lane.

20. 3. 1 Conditions (Medium Sized Birds)

Wei ght of Bird.  Approximately 1. 5 lb. (e. g. seag ull).

Number .  One for the f i r s t  300 sq. in. of a represent-
ative intake area , plus one for each additional
1 ,000 sq. in. with a maximum of ten.

Speed. The maximum true a i r  speed which a repre .-
sentative type of aeroplane , in which the
eng ine iB likely to be installed, is expected to
achieve during the climb immediately after
take-off .
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Duration of
Ingestion . Not greater  than one second .

20. 3. 2 Conditions (Small Birds)

Weight of Bird. 2 to 4 oz. (e.g. starlings-).

Number. One for the first 50 sq. in. of a representative
intake area  plus one for each additional 50 sq.
in. with a maximum of 16.

Speed . The maximum true air speed which a repre-
sentative type of aeroplane , in which the eng ine
is likely to be installed, is expected to achieve
during the climb immediately after take-off .

Duration of
Ingestion Not greater  than one second .

20, 3. 3 If birds lod ge in the eng ine intake and adequate indication
of this condition is provided to the fli ght crew by the in-
s t rumentation l is ted  as n e c e s s a r y  by the eng ine con-
st.ructor (in accordance with C3-2 , 3.4. 2) then either:-

(a) it shall be established by direct  measurement  that the blade
stresses  are  not so hi gh as to cause blade fai lure before a
landing can be made , or

(b) a test in accordance with C3-4 , App. ,  4. 2 . 2  (a) will be re-
quired .

20. 3.4 If the birds lod ge in the eng ine intake and no adequate
indication of this condition will be available to the fli ght crew ,
then it shall either:-

(a) b3 established by direct  measurement that the blade stresses
are  not so hi gh as to prevent safe operation of the aero-
plane until the next  visual  inspection of the eng ine intake , or

(b) a test  in accordance with C3-4 , App. ,  4 . 2 . 2  (b) will be re-
qui red .

CHAPTER C3-4
APPENDIX

4 BIRD STRIKES (see C3-4 , 20).

4. 1 Strikes by Large  Birds (see C3-4 , 20 . 2). Acceptable methods of
meeting the requirements  of C3-4 , 2 0 .2  a re  detailed in the paragraph
4. 1.
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4. 1. 1 In the c ondtions of C3-4 , 20 .2 .1 e i ther  (a) or (b) of th i s
paragraph ‘t. 1. 1,

(a) (i) Tests in the conditions of C3-4 , 20 . 2. 1 (a) during which
the engine need not be running and the test may be com-
pleted on a static ri g.

(ii) Tests in the conditions of C3-4, 20. 2. 1 (b) during which
the eng ine should be r unning at Maximum Take-off
Power conditions .

(b) Adequate evidenc e from experienc e of b ird s t r ikes  on
eng ines agreed by the Board to be of comparable size , de-
si gn , construct ion and per formanc e , obtained dur ing de-
velopment or dur ing operation .

4. 1. 2 The methods emp loyed in accordance with 4. 1. 1 should be
supplemented , where  necessary ,  by specific evidenc e on-

(a) the effect  of the bird s t r ike on appropr ia te  eng ine corn -
ponents, e. g, , entry guide vanes , f ron t bea r i ng  housing,

(b) the compressor  casing s t reng th relative to multiple blad e
fai lures  and the pussibLi~y of blade s compacting, and

(c) the strength of the engine structure and main shafts re-
lative to the unbalance and excess torque likely to occur.

NOTE: Should evidence reveal  the possibil i ty of con-
sequential  damage , e. g. , sha f t  f r a c t u re  or eng ine f i re , the
Board may requ i r e  additional tests . -

4. 2 Strikes by Medium Sized and Small Bi rds  (see C3-4 , 20. 3).
Acceptable methods of meet ing the requ i rements  of C3-4 , 20. 3
are detailed in this pa rag raph 4. 2

4 . 2 . 1  Ei ther : -

(a) Tests in the conditions of C3-4 , 20. 3. 1 ( for  mt dium sized . I

b i rds )  and C3-4 , 20. 3. 2 ( for  small b i r ds )  on an eng ine
runnin g at Maxim um Take-off  Power conditions.

NOT ES ; (1)  For eng ine s in which the a i r f low is divided
so that  not all the flow passes throug h the centra l  or “core ”
eng ine , and where  it is accepted that the ef fec t  of bird
s t r ikes  occur r ing  on the bladin . outside the “core ” eng ine
flow cannot a f fec t  the func tioning of the “core ” eng ine (e. g.
by debr is  en t ry ,  surge , f lame-out  e tc . )  the test may be
divided into two parts .
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(i) The “core ’ eng ine should be treated as in (a), the
number of birds being calulated from the ratio of
“core ” flow area to main intake area . A deliberate
effort should be made to cause the birds to enter the
“co r e” eng ine by representat ive f i ri ng s , although it is
accepted that some “co re” eng ines ma y be se l f -p ro tec t ing .

( i i )  The fan or bypass stages may then be tested separately,
if desired on a suitable ri g. If it can be demonstrated
from a limited number of separate shots that no
si gnificant damage or performance loss is occurr ing
(and taking into account possible bearing and shaft  loads
dr i s ing  f rom a full ingestion) results  f rom such a reduced
number  of ingestions , without res t r ic t ion as to t iming,
would be acceptable.

(2) If , in any of the medium sized bird tests , the birds have
passed into the areas of the eng ine unde r test without
lod g ing, the prescr ibed  small bird tests may be waived.
In cases where  eng ines have been shown to be self-pro-
tecting against  medium birds (e. g. b y momentum
separation) such results cannot necessarily be consider-
ed as applicable to small birds.

(3) If a f te r  any of the tests it is fo und that si gnificant damage
has occurred , fur ther  evidence or other r unning may be
required to show that C3-4 , 20. 3 is complied with ,

or (b) Adequate evidence from experience of bird str ikes of appro-
priate wei ght on eng ines agreed by the Board to be of comparable
siz e , desi gn , construction, performance and surge  marg in ,
obtained during development or during operation.

4 . 2 . 2

(a) Should it be elected to show comp liance with C3-4 , 20 . 3. 3 (b)
the appropriate test of 4. 2. 1 (a) should be continued with the
eng ine running at Maximum Continuous Power condition s for
a period of one hour .

(b)Should it be elected to show compliance wi th  C3-4 , 20 . 3. 4 ( b)
the appropriate test of 4 . 2. 1 (a) should be continued with the
eng ine r unnin g at Maximum Contuiuous Power conditions
for a period of 5 hours .

NOTE: It is acceptable f~ r the periods of r unn ing prescr ibed
in 4. 2. 2 (a) and (b) to be preceded by a stop for an inspection ,
if desired .
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