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SECTION 1.0 

An Under-The-Wing (URI) f a n  r o t o r  w i l l  be b u i l t  and t e s t e d  a s  p a r t  of t h e  
NASA QCSEE Program. This  f a n  employe 18 v a r i a b l e  p i t c h  composite f a n  blades  
thae c ~ n f o r m  t o  t h e  aerodynumic des ign  desc r ibed  i n  t h e  Under-The-Win8 Fan 
F i n a l  Design Report. The composite f a n  b lades  w i l l  be m a n ~ f a c t u r e d  from d 
hybrid composite combination o f  m a t e r i a l s  c o n s i s t i n g  of Kev1a.r-49, type AS 
g ~ a p h i t e ,  boron, and S-glaso f i b e r s  i n  a PR288 epoxy res!n matr ix .  The 
m t e r - a ? .  is procured in prepregged p l y  form and molded under c o n t r o l l e d  pres- 
s u r e  and temperature c o n d i t i s n e  t o  a f i n a l  molded form. Erosion p r o t e c t i o n  
of the  b a s i c  organic  composite-material  b lade  c o ~ ~ s i s t s  of n i c k e l  ~ l a t i n g  
on s t a i n l e s v  s t e e l  wire  meeh which is bonded on to  t h e  molded blade and is 
app l ied  t o  the  l ead ing  edge por t ion  of t h e  blade.  Polyurethane coa t ing  is 
appl ied over  t h e  remaining exposed composite m a t e r i a l  s u r f a c e s  t o  provide 
e ros ion  protec:ion. A c i r c u l a r  shaped pla t form t h a t  provides  a por t ion  of 
t h e  inner  flowpath wall is bonded d i r e c t l y  t o  the  blade.  A model of t h e  
blade wi th  a t t ached  pla t form is shown i n  Figure  1-1. 

The blade has  been designed f o r  t h e  experimental  engine and w i l l  s a t i s f y  
a e r o s t e b ~ l i t y ,  l igh tweigh t ,  c y c l i c  l i f e  and s t r e n g t h  requirements wi th  t h e  
margins !dent i f led  in Sect ion 4.0, Design Analysis.  A f u r t h e r  modif icacicn 
of t h e  blade,  base.' on more recen t  devclogments i n  fo re lgn  o b j e c t  damage 
r e s i s t a n c e ,  is planned f o r  subsequent f l i g h t - t y p e  hardware. 





SECTION 2.0 

DESIGN REQUIREHENTS 

The design requirements for  the VTW compoeite fan blade were eetabl ished 
t o  provide r e a l i s t i c  long l i f e  operation of a f l i g h t  engine h e e d  on the s tan-  
dard day duty cycle  shown i n  Table 2-1, The deaign requirements a r c  l i s t e d  
a s  follows: 

Design Mechanical Speeds 

- 100% mechanical deeign - 3244 rpw 

- l O O X  SLS hot day takeoff - 3143 rpm 

- Miuimm steady-state  duty cycle  speed - 3326 rppp 

- M a x i m  design overepeed - 3614 rpm 

- Maximuc burst  speed - 4700 rpm 

r Design Life  and Cycles 

- 48,000 cyc les  

- 1.000 ground check-out cycles ,  r u l l  power 

Uechmical 3eeign Requirements 

- L a d e  is capable of operat ion i n  reverse  th rue t  t ravers ing  t o  
reverae through f l a t  p i t ch  or  throt,gh s t a l l  p i tch.  

- Blades a r e  ind iv idua l ly  replaceable  without major tea rdmn.  

- Blade untwjst has been factored i n t o  a i r f o i l  con£ igure t ion .  

- Stresses  a r e  within allowable e t r eaa  range diagram, uith  
e u f f i c i e n t  v ibra tory  margjn. 

- F i r s t  f l exu ra l  frequency crossee 2/rev above f l i g h t  i d l e  and 
below takeoff and climb engine speeds. 

- F i r s t  f l exu ra l  frequency has 6 rea t e r  than 15% margin over l / r e v  
a t  115% speed. 

- Blade n icke l  leading edge pro tec t ion  has been kept within aero 
a i r f o i l  Limits. 





Of these  uierhmical  design requirements,  t h e  f i r s t  i s  of prime importance. 
Succeftsful o p e r a t l s n  of t h e  experimental engine hinaea to  a gyeat degree  on 
havlng a blade which can withstand reverse -p i t ch  opera t ion  and o t h e r  i n l e i  
ciicrturhances including crosswind t e s t i n g .  Initially t h e  des ign requirements 
included p rov i s ions  f o r  sa t i s fydug  F M  s p e c i f i c a t i o n s  f o r  MID resistance. 
However, dur ing t h e  t e s t i n g  of p re lh t i i l a ry  blades  i t  was found t h a t  t h e  blade 
R I D  c a p a b i l i t y  was d e f i c i e n t  and POD requirements were dropped pending f u r t h e r  
developments on o t h e r  NASA and r e l a t e d  programs. 



SECTION 3.0 --- 

BISIC DESIGN FUTURES 

3.1 FM ROTOR CONFIGURATION 

A c r o s s  s e c t i o n  of t h e  UTW e x p e r i i ~ e n t a l  engine showing t h e  fan  conf i p . 2  -- 
t i o n  is presented i n  Figure 3-1. There a r e  18 v a r i a b l e - p i t c h  composite r v r  
blades.  The root  of each blade is s t t a c h e d  t o  a  r o t o r  t runnion.  The tru.iinion!. 
a r e  r e t a i n e d  by the  d i s k .  7 e t a i n e r  s t r a p s ,  a t t ached  t o  t h e  t runn ion ,  lock t h e  
blade i n  a x i a l  p o s i t i o n  and r e s i s t  t runnion opening d e f l w t i o a s  under b lade  
c e n t r i f u g a l  loading.  A s l o t  1oc;ted i n  t h e  ou te r  c a s i n g  a t  the  r o . o r  t i p  per- 
m i t s  i nd iv idua l  blade removal i n  t h e  engine.  A f t e r  removal of the  forward 
r e t a i n e r  s t r a p  the  b lade  can be  pul led  d i r e c t l y  forward ou t  of t h e  t runnion 
s l o t .  

The s o l t d i t y  of t h e  blade a i r f o i l  is 0.95 st the  blade  t i p  and 0.98 a t  
the  hub, thus  t h e  b lades  can r o t a t e  about t h e i r  a x i s  without touching t h e  
adjacent  blade. The chcrd l eng th  is l i n e a r  wi th  radius .  This permits  r o t a t i o n  
of the b lades  i n t o  the  reverse  t h r u s t  mode of opera t ion  through e i t h e r  t h e  f l a t -  
p i t ch  and che s t a l l - p i t c h  d i r e c t i o n s .  Figure  3-2 shows a  t i p  and a  hub s e c t i o n  
of two ad jace3 t  b lades  i n  the  nominal-pitch p o s i t i o n ,  the  reverse  through ~ L c l i  
p i t ch  p o s i t i o n  and the  reverse  through f l a t  p i t c h  p o s i t i o n .  The s g b c r i c a l  
casing r a d i u s  and the  s p h e r i c a l  b lade  t i p  provide good b lade  t i p  c l ea rhnce  
throughout t h e  range of b lade  pi tch-angle  s e t t i n g s .  C i rcumferen t i a l  grooved 
cas ing treatment is incorporated over t h e  r o t o r  c i p  t o  improve s r a l l  margin. 
An a d d i t i o n a l  b e n e f i t  of t h e  cas ing  t rea tment  is t c  reduce the  m a t e r i a l  bulk 
over t h e  b lade  t i ? ,  f o r  a given c lea rance ,  which w i l l  reduce t h e  s e v e r i t y  of 
an inadver ten t  b lade  rub. 

3.2 AERODYNAMIC BLADE PARAMETERS 

A summary of t h e  a e r o  blade parameters is presented i n  Table 3-1. The 
blade  chord,  maximum th ickness ,  s agger ang le  and camber are p l o t t e d  a s  a 
func t ioc  of b lade  span i n  Figures  3-3, 3-4. 3-5 and 3-6 respec: 've ly .  

3.3 BLADE CONFIGURATION 

The f in i shed  b lade  conf igura t ion  is shown i n  Figure 3-7 and c o n s i s c s  of 
a molded composite b lade  and a  molded composite platform. The molded blade  
i s  shown i n  Figure 3-8. The pla t form is  desc r ibed  i n  Sec t ion  3.6, Pla t form 
gesign.  

The blade  molded conf igura t ion  c o n s i s t s  of a s o l i d  composite a i r f o i l  and 
a  s t r a i g h t  b t l l -shaped composite d o v e t a i l .  The molded blade  l ead ing  edge is 
s l i g h t l y  reduced i n  th ickness  along the  e n t i r e  span t o  a l low space  f o r  n i c k e l  
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Table 3-1. QCSEE UTlJ Composite Fan Blade Design Summary. 

Aero Def i n i t f o n  -- 
Tip Speed 

Tip Diameter 

Radius Ratio 

Number of Blades 

Bv. a s s  Pressur  . Ratio  

nspect  "nt io  

Tip Chord 

Aoot Chord 

TM Root: 

T~ T i p  

Root Camber 

T o t a l  '1 ~ 1 s t  

S o l i d i t y  

Tip 

Root 

306 m/sec (1005 f c / s e c )  

180 cm (71 in.) 

0.44 

18 

1.27 Takeoff 

2 .ll 

30.3 cm (11.91 i n . )  

14.8 c m  (5.82 i n . )  

1.92 cm (0.76 in.) 

0.91 cm ( 0 - 3 6  i n . )  

66.2" 

4s' 

Angle Change frorc Forward t.j Reverse 

Through F l a t  P i t c h  75% 

Through S t a l l  100% 
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Figure 3-3. UTW Bladc Chord Rndinl Distribution. 
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Fijit~rc 3-4. U W  Blnde Max. Thicknc:;~ Rndinl Distribution. 



i I 3-5. UlU. IIlndt- S t :iagcr Angle* Rntl l :I 1 Ill  s t  r i  INI  t inn .  







p la t e  over wire mesh protect ion within the f i n a l  aero  configuration. The 
doveta i l  is undercut e t  the leading edge and t r a i l i n g  edge t o  perrnit b e t t e r  
t rane i t ion ing  of  the cambered a i r f o i l  sec t ion  into t h e  s t r a i g h t  dove ta i l  and 
match the  r o t o r  trunnion configuration. 

The a i r f o i l  de f in i t i on  is described by 15  r a d i a l l y  spaced a i r f o i l  c ross  
sect ions which a r e  stacked on a common axis .  These are shown along with 
d e t a i l s  of the  blade cross  sec t ions  i n  Figure 3-9. Each sec t ion  locat ion 
corresponds t o  the l i k e  designated e leva t ion  defined on the  blade, Figure 3-7. 
The dot ted port ion of the leading edge def ines  the  aero p r o f i l e  and the ao l id  
inner >or t ion  descr ibes  the  molded composite croes sect ion.  Only a port ion of 
the lowest th ree  sec t ions  extend above t h e  flowpath. The a f t  port ion of these 
sect ions l i e  below the platform, therefore they do not need t o  correspond with 
aero defined prof i les .  

Radial sec t ions  through the  molded blade a r e  skawn i n  Figure 3-10. The 
doveta i l  a x i a l  cen ter l ine  is of foe t  from the  s tacking axis by 0.254 cm (0.1 in.) 
t o  provide a smooth a i r fo i l - t o -dove ta i l  t r ans i t i on .  

3 .4  MATERIAL S ELECTLON/BLXDE LAYUP CONFIGURATION 

The mater ial  se lec t ion  and ply arrangement f o r  the V T W  hybrid composite 
blade is based on previous development e f f c r t s  conducted by General E l e c t r i c  
rsld sponsored by NASA under Contract NAS3-16777, Impact Resistan e of Com- 
pos i te  Fan Blades, and development e f f o r t  conducted d ~ r i n g  the  preliminary 
design phase of the QCSEE Program. These e f f o r t s  led t o  the  se l ec t ion  of s 
combinatfon of f i b e r s  i n  a s ing le  blade t o  p r w i d e  the proper frequency 
responses t o  s a t i s f y  STOL engine conditions.  Figure 3-11 shows the  general 
ply shapes, layup arrangement, f i b e r  o r i en t a t ions  and mater ia l  i n  each p ly  
of the  blade. Figure 3-12 shows a t r i m e t r i c  view of :he general arrangement 
of the p l i e s  i n  the  blade. The f l e x  root  surface p l i e s  i n  the  lower region 
of the blade c rn ta in  S-glass f i b e r s .  These p l i e s  being near t he  surface 
and having r e l a t i v e l y  low bending s t i f f n e s s  and high t e n s i l e  s t rength  provide 
higher s t rain- to-fai lure  c h a r a c t e r i s t i c s  thereby allowing the  blade t o  absorb 
la rge  b i rd  impact loading wi tkwt  the  root  f a i l u r e  t h a t  usua l ly  accompanies 
b r i t t l e  camposite materials.  Torsional s t i f f en ing  p l i e s  tri the a i r f o i l  
region of th#? blade a r e  or iented a t  + 4S0 t o  provide the  shear  modulus re- 
quired f o r  a high f i r s t  corsional frequency. These p l i e s  contain boron 
towards the outer surfaces of the  blade and graphi te  i n  the inner  regions. 
P l iea  of Kevlar-49 a r e  interspersed throughout the blade with the majori ty  of 
them being or lented with t h e i r  f i b e r s  i n  the  longi tudina l  d i r ec t ion  of the  
blade. Several Kevlar-49 p l i e s  i n  the t i p  region of the blade a r e  oriented a t  
90' t o  the longi tudinal  a x i s  t o  provide chordwise s t rength  and s t i f f n e s s  t o  
the blade, 

The r e s in  system being used i n  t h i s  program i a  a product of the  3M 
Company and is designated a s  PR288. Thie is a r e s i n  system t h a t  has  proven 
sa t i s f ac to ry  fo r  the  necdd o r  advanced composite blading. Some of i t s  vnlque 
character! s ~ i c s  i n  the prepreg form a r e  : 





Forward Face 
of Dovetail 

Midchord Aft Face of 
Dovetai 1 

Figure 3-10. Radial Sections Through the Molded Blade. 



F'lgure 3-11. P l y  Layup 
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1 P l y  Layup and Mater ia l  Arrangement. 
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0 Has consistent  proceeeing charac ter is t ics .  

Can be prepregged with many d i f fe ren t  f ibe ra  i a c l u d ~ ~  hybrids. 

Uniform prepreg thickness and w e i n  content control.  

Typical processing shedules and propert ies  of the ~It288/AS prepreg a r e  
shown 3.n Table 3-11. Elaterial propert ies  for the  various f ibe r  composite 
prepregs used a r e  shown i n  TabLe 3-111, 

3.5 -. DOVETAIL DESIGN 

The dovetai l  deafgn f o r  the composite blade consis ts  of a s t r a igh t  bel l-  
shaped dovetai l  wlth a 8.89 cm (3-1/2 in.) radius. The b e l l  shaped dovetai l  
design achieves an e f f i c i e n t  configuration having both high s t a t i c  p u l l  
strength and good fat igue strength. A l l  a i r f o i l  p l i e s  extead continuously 
down in to  the dovetai l  and a r e  interspersed with i n s e r t  p l i e s  which a c t  t o  
f i l l  out the enlarged cross section. This is seen in F i p r e  3-13 which s h m  
a rad ia l  section of the blade root and dovetai l  p r io r  t o  dovetailnrachining. 

3.6 PLATFORM DESIGN 

The QCSEE UTW engine incorporates a variable p i tch  fan. The blade vari-  
able pi tch operation requires a c i r cu la r  opening through the  spinner and hub 
t o  permit a i r f o i l  clearance i n  the d i f fe ren t  blade posi t ion ro ta t ions  - e i the r  
actuated i n  the f l a t  pi tch o r  stall  direct ion.  To maintain reaeonable actua- 
t ion  forces and blade dovetai l  s t r e s ses ,  the  cent r i fugal  loading on each blade 
platform and dovetai l  is required t o  be kept t o  a minimum. This requires a 
lightweight design, Therefore, composite platforms i n  addit ion t o  composite 
blades are necessary. The following paragraphs sumar ize  the  design require- 
ments and descript ion of the  platform. The &tress and vibra t ion  analysis  
r e su l t s  a r e  tabulated and the weight and fabricat ion process is described in 
Section 4.2, Platform Stress  and Vibration -Analysis. 

The platform design selected fo r  the  QCSEE blade s a t i s f i e s  several  
requirements including (1) lightweight - less then 0.16 kg (0.35 l b .  ) , (2) a 
s t ruc tu ra l  s t r e s s  margin of safe ty  of 2 a t  3326 rpm t o  provide f o r  posi t ive 
margin a t  the design burst condition of 4700 rpm, (3) a f a i l  safe design i n  
the event the platform t o  blade bond becomes ineffect ive,  and (4) a low 
rad ia l  deflect ion - l e s s  than 0.05 cm (0.020 in.) a t  t i p  of platform overhang. 
In addition, the c i rcular  opening required for  blade ro ta t ion  is f i l l e d  by 
the platform. The p l s t f o m  is attached t o  the blade and contoured t o  match 
closely the spinner and hub which make up the fan inner aerodynamic contours 
and provide a smooth inner. flowpath. The platform is a l s o  designed t o  avoid 
interference with adjacent blades and adjacent platforms during variable 
pi tch blade ' wning. 

Structural ly the  platform is a varying width tapered beam cantilevered 
from the blade root. It consis ts  of honeycomb core s t ab i l i zed  by upper and 



Property pR288/AS 

Suppl ie r 3M 

Process Film - Cont . Tape 

Culle Schedule 2.5 hrs.  a t  "WO C (265' F) 

Postcure Schedule 4 hrs a t  135" C (275' F) 

Flexural Strength 

Room Temperature 193 k ~ / c m ~  (280 k s i )  

121' C(250° F) 138 kN/cm2 (200 k s i )  

E l a s t i c  Mod. 

Room Temperature 11.9 kN/cm2 (17.2 k s i )  

121° C(250° F) 11.6 kN/cm2 (16.8 k s i )  

Short Beam Shear 

Room Tempe rat u re 9.0 k ~ / c m ~  (13.0 k s i )  

121' C(250° F) 5.2 kN/cm2 (7.5 ks i )  

Charpy Impact 8.0 m-N ( & , o  f t - l a )  

Fiber Volume, % 59.8 

Sp. G r . ,  g/cc 1.58 

Void Content, % 0.0 
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Figure 3-13. Dovetail Molded Section. 



lower graphi  te/epoxy fnce slreets  which a r e  sinu: tancously  molded and bonded 
m t o  t h e  b lade  us ing a co-curing process .  The r e a u l t  i s  n one p i e c e  p la t fo rm 
desijia. With s t r u c t u r a l  p l i e s  extending around t h e  b lade  root  l e a d i n g  and 
t r a i l i n g  cdgc undercuts.  t h c  s i n g l e  p iece  de i sgn  has  t h e  inheren t  c a p a b i l i t v  
of bcing r e t a i n e d  even w i t h  o complete l o s s  o f  t h e  blade-to-platform adhesive  
bond. This  s a t i s f i e s  the  f a i l  s a f e  requirements.  

Figure  1-1 shows :I t y p i c a l  p la t form on t h e  b lade ,  whi le  Figure  3-14 is 
3 schema2ic shoving t h e  p l a t f r r m  t i e t a i l s .  





SECTION 4.0 

DESIZN ANALYSIS - 

4 . i  BLADE STRESS AND DEFLECTION ANALYSTS 

Ihe blade stress ana lys i s  w a s  performed using the  3-D f i n i t e  e l e r e n t  
computer program "P~-TAMF-SIG.~' This progran: is a param-t r ic ,  3-D, f i n i t e  
element eigenvalue and t h e d  stress ccmputer program. The program accounts 
fo r  the i n e r t i a  forces of  ro t a t i on  and v ibra t ion .  Account is taken of t h e  
s t i f f e n i n g  e f f e c t  of ro ta t ion .  The program gives d i r e c t l y  the  lowest e igh t  
modes, stresses and frequencies f o r  h spec i f i ed  speed of .otation. I11 addi- 
t i on ,  i t  gives 3ef lec t ions  and stresses a t  any given oper.hting rpm. The 
prokram uses an 8-noded box element (o r  a r b i t r a r y  shape) t o  bu i ld  up Lhe 
s t i f f n e s s  aud mass cha rec t e r i s t i c s  by Gaussian i n t eg ra t i on  - 24 corresponding 
t o  the  3 motions a t  each of the e igh t  modes and 9 i n t e r n a i  degrees of freedom 
t o  minimize s t r a i n  energy. The mater ia l  p r o ~ e r t i e s  a r e  3-D an iso t rop ic .  
Thermal s t r e s s e s  a re  a l so  computed. The root can be  res t ra ined  by both f r i c -  
t ion  and spr ings and d i s t r i bu t ed  pressures  o r  po in t  forces  can apply ex t e rna l  
load t o  the s t ruc tu re .  

The Lin i te  element model a e d  fo r  t he  blade ana lys i s  was generated t o  
geometrically represent t he  blade design. The representat ion required t he  
use of 254 nodal coordinates,  105 box elements, ard 7 s e t s  of an iso t rop ic  
mater ia l  p roper t ies .  The b a s i c  model is shown i n  2Ygure 4-1. The blade =s 
one element th ick ,  8 e l e m n t s  wide .snd 11 elements t a l l  i n  the  a i r f o i l  region. 
The shank/dovetail  region is one e leuent  thick,  reduces 20 4 elements d d e  
and is 3 elements tall. 

A number of computer runs were made to  provide s teady-state  s t r e s s e s  
under cen t r i fuga l  and pressure loading cond i+ - ioa  and vibratory (eigenvaluel  
eigenvector) r e l a t i v e  s t r e s s e s  a t  zero and speed conditions assuming the  blade 
dove ta i l  t o  be f ixed a t  t he  r a d i a l  cross  s ec t i on  corresponding t o  the  PA plane 
as defined i n  Figure 3-10. ?'he s teady-state  r e s u l t s  a t  3326 rpm ( t h e  blade 
duty cycle s teady-stete  speed) show tha t  t h e  highest  t e n s i l e  s t r e s s e s  e x i s t  i n  
the a i r f o ~ l  t o  dove ta i l  t r a n s i t i o n  region s l i g h t l y  above -he ieading edge 
undercut. The highest  calculated t e n s i l e  stress is 15,490 N/cm2 (22,560 p s i ) .  
The highest  compressive s t r e s s  is 3790 ~ / c m ~  (5,500 ps i )  a t  t he  dove ta i l  t ran-  
s i t i o n  t r a i l i n g  edge undercut. Th? highest  calculated shear  stress is  3400 
~ /cm2 (4,930 ps i )  i n  the  reg,on of t he  leading edge overhang. Based on 
materiel  development tests, t-he minimum expe . ted t e n s i l e ,  compressive and shear  
s t rengths  a re  58,600 N/cm2 (B5,Ol)O p s i ) ,  17,240 N,'cm2 (25,000 p s i ) ,  4,480 N/cm2 
(6,500 ps i )  providing margins of s a f e ty  of  2.7. 3.5 and 0 .? respec t ive ly .  The 
m r g i n  of s a f e t v  i n  shear  a t  the  leading edge undercut region is expected t o  
be improved by the addi t ion of the  platform which w i l l  share  i n  carrying the  
shear  loads t o  the dovetai l .  Figure 4-2 shows a p lo t  of s t r e s s e s  a s  a func- 
t ion  of blade span length. Figule 4-3, 4-4 and 4-5 show maximum stress and 
loca t ions  as w e l l  as stress mapa a s  a percentage of maximum stress f o r  t h e  



Figure 4-1. Firite-Element Model, Composite Blade. 
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Figure 4-3. Cal; u l a t e d  Blade Radial Stress. 
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concave and convex blade faces f o r  radial chordwise and inter laminar  shear  
stresses, respectively. Figure 4-6 gives a p lo t  of blade def lec t ion  and 
twist as a function of span length, Figure 4-7, 4-8 and 4-9 ah- r e l a t i v e  
r a d i a l  s t r e s s e s  over the blade f o r  the  f i r s t  t h r ee  v ibra tory  modes. These 
maps of r e l a t i v e  r a d i a l  s t r e seee  rmder vibratory conditions s h w  the  changes 
i n  stress locat ions f o r  t h e  d i f f e r en t  vibratory modes. 

Blade vibratory s t rengths  as determined from specimens and preliminary 
QCSEE blade t e s t i n g  are shown on t h e  s t r e e s  range diagram i n  Figure 4-10. The 
an t ic ipa ted  maximum vibratory stress is 11 k a i  s i n g l e  amplitude on t h e  bas is  
of t e s t i n g  Gn o ther  engine programs. For t h e  s teady-state  conditons ehown, 
t h a t  of a hot  day takeoff and maxi- standard day cru ise ,  the  combination 
of s teady-state  mean stress and expected meximum vibratory stress results i n  
an acceptable blade l i f e .  

The bladz composite doveta i l  s t r e s s e s  were determined using t h e  r a d i a l  
load d i s t r i bu t ion  from the  above blade ana lys is  and experimental da t a  from 
prevlous 2-D doveta i l  speciaens and blade tes t ing .  Maximum doveta i l  crushing 
stress is calculated t o  be 15,290 N/C& (22,180 p s i )  and maximm doveta i l  
calculated shear  stress is 4,760 N / c d  (6,900 p s i )  at a blade speed of 3326 
rpm. Based on doveta i l  development tests, t h e  expected minimum doiretail 
crushing and shear  s t rengths  a r e  55,160 N/C& (80,000 psi)  and 16,550 N / c d  
(24,000 ps i )  respect ively showing adequate s t a t i c  s t rength  margins of  s a f e t y  
i n  each case. These s t m n g t h s  were f u r t h e r  v e r i f i e d  by two blade-dovetail  
pu l l  t e s t s  which dewnst ra ted  corresponding minimum c y h i n g  rmd shear  
s t rengths  of 56,750 N/cm2 (82,300 p s i )  and 17,650 N/cm (25,600 psf)  respec- 
t ive ly .  It is expected t h a t  these  s t rengths  would ac tua l ly  be higher  i n  t h a t  
the t e s t  load reached the  capab i l i t y  of t h e  loading f i x t u r e  without doveta i l  
f a i l u r e  . 

'Ihe dovetai l  vibratory s trengths were projected from previous composite 
experimental da ta  and the  QCSEE doveta i l  s t a t i c  s t rength  data. Figurs 4-1:. 
shows the allowable stress range diagram f o r  doveta i l  crushing and Figure 4-12 
shows the allowable stress range diagram f o r  doveta i l  shear.  The ?;rrlci~a:ed 
maxinnnn s i n g l e  amplitude vibratory s t r e s s e s  a r e  5,589 N/cm2 (8 , lW p s i )  i;~ 
crushing and 2,340 N/cm2 (3,400 ps i )  i n  shear  and a r e  based on the ant icipnted 
maximum blade radiel vibratory s t r e s se s .  For t h e  s teady-atate  conditons 
shown, t h a t  of hot  day takeoff and maximum cru iae ,  t he  combinat jo~,  of steady- 
s t a t e  m a n  stress and expecttd -iaimtnn vibratory stress r e s u l t s  i n  an accep- 
t ab l e  dovetai l  l i f e .  

4.2 PLATFORM STRESS AND VIBRATION ANALYSIS 

The ana ly t i ca l  approach tmed i n  evaluat ing the  platform was t o  ca l cu la t e  
t he  s t r e s s e s  and mechanical frequencies using simple conservative models of 
u n i t  width cross  sec t ions  represent ing the  platform design. The stress were 
calculated f o r  t h e  platform operat ing i n  t h e  5259 "G" cen t r i fuga l  force  f i e l d  
r e su l t i ng  from 100% speed operation at 3326 rpm. Posi t ive  margin at a 41% 
overapeed conditon of 4700 rpm is l p e t  by maintaining a margin of s a f e t y ,  
IB = 2 a t  3326 rpm. As a fu r the r  precaution t o  guard against  a possible  
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Figure  4-7. Ca lcu la t ed  B l ~ d e  R e l a t i v e  Radia l  S t r e s s e s  f o r  First Flexura l  Mode. 
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F i g u r e  4-8. C a l c u l a t e d  B l a d e  R e l a t i v e  R a d i a l  S t r e s s e s  for S e c o n d  F l e s u r a l  Mode. 
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Figure J-9.  Calculated Blade Relative Radial Stresses for First Torsional Mode. 
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m a t e r i a l  proper ty  1 oss  from t h e  planned manufacturing co-curing p rocess ,  m1.y 
70% of t h e  published m a t e r i a l  al lowable is wed. 

Figure 4-13 shows a c ross  s e c t i o n  of t h e  platform. Since t h e  o u t e r f a c c  
s h e e t  ( l o c a t i o n  5 flowpath s u r f a c e ,  Figure 4-13) is an e c c e n t r i c  compressively 
loaded s h e e t  operacing i n  a c e n t r i f u g a l  f o r c e  f i e l d  producing l a t e r a l  loading,  
and is s t a b i l i z e d  by t h e  honeycomb hond, i t  has  been i n v e s t i g a t e d  f o r  its 
beam-column c a p a b i l i t y .  It is desigr.ed t n  be adequate even wi th  a p a r t i a l  
l o s s  of honeycomb bond. For c o r r e l a t i o n  wi th  t h e  a n a l y s i s  and t o  i n v e s t i g a t e  
va r ious  a l t e r n a t e  design f e a t u r e s ,  t y p i c a l  p la t fo rm s e c t i o n s  have been manu- 
fac tu red  and t e s t e d .  The t e s t i l g  has  supported t h e  a n a l y t i c a l  f jnd ings  and 
at l o c a t i o n  3 has  i d e n t i f i e d  t h e  load  c a r q i n g  c a p a b i 2 . t ~  t o  be  g r e a t e r  than 
490 Nfcm (280 lb / in . )  normal t o  t h e  b l a d e  c e n t e r l i ~ e .  ' h i s  has  allowed a 
MS = 2 a t  l o c a t i o n  3 t o  be i d e n t i f i e d  by test where an otherwise  d i f f i c u l t  
a n a l y s i s  would be require6 t o  i d e n t i f y  t h e  maximum s t r e s s .  A stress and 
margin gf s a f e t y  summary is presented i n  Table 4-1 f o r  6 po in t s  o f  i n t e r e s t .  

The pla t form v i b r a t o r y  c h a r a c t e r i s t i c s  a r e  i n v e s t i g a t e d  from t h r e e  p o i n t s  
of view. F i r s t ,  the  pla t form is  considered c a n t i l e v e r e d  from t h e  blade.  
Second, a s  a member running from f o r e  t o  a f t ,  it is considered f r e e  from t h e  
blade t o  f l e x  i n  a f ree - f ree  ( f loat ing!  cond i t ion ,  and i n  tlr: t a n g e n t i a l  
d i r e c t i o n  ( s t i l l  f r e e  from t h e  blade) i t  is considered t o  be c a n t i l e v e r e d  
from t h e  l ead ing  and t r a i l i n g  edge s t r a p s .  Third ,  t h e  upper face  s h e e t  wi th  
a p a r t i a l  l o s s  of the  honsycomb bond is considered.  The f i r s t  n a t u r a l  
f r e q u e ~ c y  f o r  these  var ious  nodels a r e  t a b u l a t e d  i n  Table 4-11. 

The pla t form is s t i f f e r  than any of t h e  models used t o  c a l c u l a t e  t h e  
f i r s t  n a t u r a l  frequency. Therefore,  t h e  p la t fo rm 's  f i r s t  n a t u r a l  frequency 
is h i g h e r  than those  c a l c u l a t e d  and w i l l  be above t h e  e x c i t a t i c n  f requencies  
o f  the  blade.  

The p l a t  form weight a t  less than .:6 kg ( .35 lb . )  is composed o f  20% 
honeycomb, 10% adhesive and 70% graphite/ep9xy composite. It is f a b r i c a t e d  
i n  one p i e c e  which is s imul taneously  molded and bonded onto  t h e  composite 
b lade  us ing a co-curiiig process .  The upper face  shee t  o r  flowpath contour 
is contxol led by a hard d i e  f i t t e d  around t h e  blade. The graphi te lepoxy 
uppzr face  s h e e t  is layed-up on t h e  contour formed by t h e  d i e  x.d blade roo t  
su r face .  A contoured aluminum honeycomb core  is next  pu t  i n  p l a c e  followed 
by t h e  lower face  s h e e t  l a y e d - u ~  on t h e  honeycomb core.  The layed-up assembly 
is then put  i n t o  a vacuum bag and =he e n t i r e  assembly is co-cured onto  t h e  
blade.  The r e s u l t  Is a one p iece  pla t form design.  Thf2 o u t e r  contour  o f  t h e  
pla t form overharig is then trinnned t o  f i n a l  dimensions. 

4.3 BLADE VIBRATION ANALYSIS . - 

Blade " i n s t a b i l i  t) " o r  " l i u i ~  c y c l e  vibratio.1" can be a problem on fans.  
I t  is charac te r ized  b:r a high amplitude v i t r a t i o ; ~  i n  a s i n g l e  mode (normally 
' 2 f i r s t  i l e x u r n l  o r  t o r s i n n a l  mode) a t  a r o t ~ h t e g r a l  per-rev frequency. 
??ecse of  the  n o n l i n e a r i t y  i n  t h e  aeroiynamir-s involved,  i c  has  r e s i s t e d  

. ,-tir I s o l u t i o n s  s o l e l y  theoreLica1 means. Accordingly, General E l e c t r i c  
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Ptgure 4-13. Platform Cross Section. 



Table 4-1. Plat form S t r e s s e s  mid Margins o f  Safety .  

Locat ion  S t r e s s  Yargin 
of Descr ipt ion and kN/cd of 

l n t e r e s t  - Type of  S t r e s s  ( h i )  - S a f e t y  

1 Flexural  S t r e s s  i n  Owrhand up t o  05 16.5 
2 . 5  cm ( 1  Inch) wi th  Addi t ional  (24) > 2 . 0  
S i n g l e  Thiclcne3s Overhang up t o  1 cm 
( .400 Tnch) 

7 
& Tens i l e  S t r e s s  i n  Lower Face Sheet o< 13.8 > 2 .2  

(20) 

3 Tens i l e  S t r e s s  Capab i l i ty  a t  This 
Location is Corre la ted with T e ~ t  - > 2 . 0  
Resu l t s  

4 Tens i l e  S t r e s s  i n  Leading Edge a< - 13.8 > 2 . 0  
Not Shown S t r a p  (20) 

5 Ccarbined Compression and Flexural  a< - 24 > 2 .0  
S t r e s s  i n  Upper Face Sheet (35) 

6 Shear S t r e s s  Between Upper and T <  .05 > 2 . 1  
Lower Face Sheets  ( ,071 



Table 4-11. Platform Natural Frequencies. 

I Models Considered 
First Natural 

Frequency 

Cant tlever 
(Plat f orm) 

1 Free-Free 
(Platform) 

I Cant ilevered Mass 
End Strans 
Supporting a 

Free Platform 

I Clamped Beam 
Face Sheet Partial 
Loss of H/C Bond 



has adopted a semiempirical "reduced ve loc i ty  parameter" approach f o r  limit 
cycle  avoidance. Reduced ve lo - i t y  parameter, VR, gives a lreasure of a blade 's  
s t a b i l i t y  aga ins t  s e l f  exc i ted  v ibra t ion .  This parameter is defined a s  

where : 

b = 112 chord a t  516 span-m 

W = average air ve loc i ty  r e l a t i v e  t o  t he  blade over ou t e r  t h i r d  of 
t h e  span-mlsec 

f t  =. f i r s t  t o r s iona l  frequency a t  design rpm-radlsec. 

The b a s i c  c r i t e r i o n  used t o  s e l e c t  t he  design of the UTW composite blade w a s  
the requirement of having a reduced ve loc i ty  parameter i n  t h e  range of 1 .3  
t o  1.4. This allowable range is based on previous t e s t i n g  of a va r i e ty  of 
fan configurations i n  combination with the  specif ic .  aerodynamic design of 
the UTW bl-ade. The 18-blade design using a hybrid of boron, graphi te ,  Kevlar- 
49 and g lass  mater ia l  was s e l ec t ed  as providing the  des i red  aeromechanical 
requirements. The operat ing and st a l l  c h a r a c t e r i s t i c s  c f  t h i s  blade a r e  
presented i n  Figure 4-14 i n  t e r n  of reduced ve loc i ty  versus incidence angle.  
This shows the c i ~ p a b i l i t y  of reaching f u l l  r o t a t i n g  stall p r i o r  t o  encounter- 
i ng  blade i n s t a b i l i t y .  

l[he Campbell diagrami f o r  t h e  UIW blade ajsembled i n  t he  trunnion and d isk  
is sbown i n  Figure 4-15. The coupled frequency of  the  blade-trunnion assembly, 
a s  p lo t t ed  here ,  is somewhat lower than the  ind iv idua l  blade frequencies due 
t o  the f l e x i b i l i t y  of  t he  supporting trunnion and disk. The expected f i r s t  
f l exu ra l  frequencies a t  2 l r ev  crossover is shown t o  be a t  67% speed. This i s  
above the engine f l i g h t  i d l e  speed and below t h e  normal operat ing speed f o r  
takeoff , climb and crax c r u i s e  f l i g h t  condi t ions,  therefore ,  is a t r ans i en t  
point i n  the f l i g h t  mission and not  sub jec t  t o  continuous s teady-state  condi- 
t ions.  Blade exc i t a t i on  stresses a t  2 / r ev  c.rossover w i l l  be monitored 
during engine t e s t i ng .  Blade p i t ch  changes and speed changes w i l l  be employzd 
i f  they should become excesslve. 

The margin for f i r s t  f l exu ra l  freqoency over l l r e v  a t  115% speed is  
approximately 5O%, and t h e  margin f o r  f i r s t  f l exu ra l  frequency below Zlrev 
a t  1CO% speed is approximately 13%. 

The second f l exu ra l  mode crosses  s eve ra l  per / rev  l i n e s  i n  t he  opera t ing  
speed range. Each of these crossings represent  a p o t e n t i a l  f o r  forced 
resonances, however, i t  takes considerably more energy t o  dr ive  t h e  higher  
v ibra t ion  frequencies such . s  second f l e x  md no problems a r e  rinticipated. 

The f i r b t  t o r s iona l  frequency 6 l r e v  crossover is a t  approximately 83% 
speed with t he  100% speed freqwncy margin being approximte1.y 6% over 5 l rev .  
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Since the exc i t a t i on  forces  should be  small  a t  t he  h igher  order  crossovers,  
no vibratory problem a r e  an t i c ipa t ed  during normal engine operat ing condi- 
t ions.  

4.4 BLADE IMPACT ANALYSIS 

I n  addi t ion t o  t he  aeromechanical considerat ion of s a t i s f y i n g  f l u t t e r  
requirements, designing f o r  b i r d  impact r e s i s  t a n m  is a l s o  of major importance. 
Fl ight  engine QCSEE blades w i l l  be  required t o  absorb the  impact of s ix t een  
.09 kg (3 oz) b i rds ,  e igh t  .68 kg (1-1/2 lb.) bf tds, and a 1.8 kg (4 l b  .) 
b i r d  i n  order  t o  s a t i s y  FAA spec i f ica t ions .  Ihe  object ives  a r e  t o  s u s t a i n  
l l t t l e  o r  no damage during s t a r l i n g  Ingest ion,  be ab l e  t o  maintain 75% engine 
t h r u s t  following .68 kg (1-112 lb.) b i r d  ingest ion and t o  be ab le  t o  have a 
s a f e  engine shutdown with a l l  damage being contained wi th in  t h e  ecgine casing 
foll.owing a 1.8 kg (4 lb .)  b i r d  ingest ion.  

Wo d i f f e r e n t  damage modes require  considerat ion i n  t he  design. The 
f i r s t  is a b r i t t l e  root  type f r ac tu re  which can r e s u l t  i n  t he  blade br.oaxl.12 
off  c lose t o  the doveta i l  and the second is l o c a l  damage which can r e s u l t  i ~ i  

a i r f o i l  delamination and a l o s s  of mater ials .  

The projected el iminat ion of root  f a i l u r e s  during I.arge b i r d  impact i n  
t h e  QCSEE blade has been achieved by a combination of j i~d ic ious  a i r f o i l  and 
dovetai l  design. More f l e x i b i l i t y  and s t ra in- to- fa i lur ,  c apab i l i t y  has  been 
b u i l t  i n t o  the blade root  through the  use of hybrid marerials .  The dove ta i l  
design provides f o r  energy d i s s ipa t ion  through cen t r i fuga l  r covery and 
increase ln i ' r i c t ion  energy. Figure 4-16 i l l u s t r a t e s  t h e  magnitude of energy 
t h a t  has t o  be absorbed by the blade at t h e  root ,  t i p ,  and p i t c h  f o r  t h e  
spectrum of r e l a t i v e  b i r d  ve loc i t i e s  f o r  a 1 .8 kg (4  lb . )  b i rd .  This shows 
t h a t  t he  most vulnerable condition and blade impact loac t ion  is during climb 
at approximately 91.4 mlser (100 f t l s e c )  and a t  t h e  blade 50% span loca t ion ,  
respectively. The gross i~ capabi l i ty  of t he  QCSEE blpde is shown i n  
Figure 4-17. This shows the advantages of the  QCSEE doveta i l  attachment and 
t h e  use of hybrid mater ials  over the  g rev iow fixed-root s o l i d  graphite-type 
blade. The magnitude of t h e  impact loading can be ca lcu la ted  i n  term of 
momentum. Figure 4-18 shows a p l o t  of p r o j e c t i l e  normal momentum f o r  a .68 kg 
(1-112 lb.) b i r d  at the  blade 50% and 75% span loca t ions  as a function of  
a i rp lane  speed. 

4.5 WEIGHT 

The weight o t  t he  composite blade was computed using t h e  f i n a l  blade 
configuration as shown i n  Figure 3-7, This weight breakdown is shown in 
Table 4-11?. 



Bird Velocity, f p s  

F i g u r e  4-16. UIW Blade T r a n s f e r r e d  impect E n e r g y  
for a ? .81 kg (4 lb) B i r d .  
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Figure 4-17. QCSEE Composite Blade Predicted Gross Impact Capability. 



B i r d  Velocity, f p s  

B i r d  Velocity, m/oec 

Figure 4-18. lSrW Elade Inpact Momentum for a 0.68 kg (14-lb)  Bird. 



Table 4-111. UTW Composite Blade Weipht S l m a n e r y .  

Cmposite 

Leading Edge Protection 

Polyurethane Coating 

P lac fom and Adhesive Bond 

Dovetail  

TOTAL WEIQlT 

Weight 

w - lb . 
1.74 3 .33 

.20 .45 

.@7 .15 

.15 - ,  .: b 

-47 - 1.03 - 

2.63 5 . 8 0  




