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IN T R O D U C T I O N

This  f i n a l  report has been prepared by the AiResearch Manu—
t i ct u r i n g  company of Ar i z o n a , a D ivi s ion  of The G a r r e t t  Corpora-
t i o n , and s~~buui t t e c1  to the U . S .  Air  Force Systems Command , Aero
P i o p u l s i o n  i bo r a tor y .  The report covers th e  I n t e g ra l , Lo w — C o s t ,
H :  :h—T umpe r itm re Turbine  F e a s i b i l i t y  Demons t r a to r  Pr o g r a m  (Small

u:~ m na~ od A x i a l  Tu rb ine  P r o g r a m ) , w h i c h  was conducted under
A i r  Fuict ~ Aero Propulsion Laboratory Contract No.
F 3 3

~~

l 5 — 7 4 — C — 2 0 3 4 .  Th is  31—month program was a m a n u fa c t u r i n g
s tu d y and e v a lu at i o n  of an a i r — c o o l e d  laminated  ax i a l  t u r b i n e
ro to r  d es i gn .  The program included des ign , f a b r i c a t i o n, and
cold spin-p i t  test  ol an a i r — c o o l e d , l amina ted , ( h i g h — p r e s s u r e )
urbine wheel -derived from the AiResearch Model TFE731—3 Engine.

The outstanding technical manufacturing problem that limits
the achievement of high operating temperatures in small gas tur—
bi~i~ s has been the inability to provide internal passa ges for
e f e c t i v �  c o o l i n g  of turbine components without an associated
hi ;h cost of p roduc t ion .  A m a n u f a c t u r i n g  technique t h a t  can
, r o v m d e  the  r equ i r ed  comp lex i n t e rna l  passages , and a l low more
etfective cooling schemes for this class of turbine is the
Lamination concept. This concept permits utilization of combined
impinBernent , convec tive, -and film—cooling techniques in small
turbines of either radial or axial configuration. The c~~’al~ d
Laminated turbine is produced from numerous thin laminates
t~~at ire bonded together. Complex internal cooling passages are

~orn ed from a combination of laminate confi gurations that are
initially photo—etched from sheet material. When properly
stacked and bonded , the resulting component is finish—macP~ined
to provide the desired aerodynamic arid structural confi gurition.
The concept  is app l i cab le  to t u r b i n e  s ta tors , shrouds , and ro tors
( e i t h e r  a x ia l  or r a d i a l)  . Axial rotors can be produced with
either integral or inserted blades.

An AiResearch-funded research and development program
started in 1970 demonstrated the feasibility of the laminated
t u r b i n e  concept t h r o u g h  the m a n u f a c t u r e  of a r a d i a l — f l o w  t u r b i n e
rotor trom W n s o i l o y  sheet material. A Waspaloy wheel of this
c o n f i gu r a t i o n  was s u c c ess f u l l y  sp i n — t e s t e d  at room t emp er .it u r e
with speeds up to 70,200 rpm (1900 feet—per—second tip speed) .

With the feasibility of the manufacturing concept having
thus been establiuhed , the program requirement was for the
-irthor development ot the photoetching process , bonding

p a ram e ter s  and  a l l o y s , and f i n i s h — ma c h i n i n g  procedures  l ea d in g  to
the pr ’i - I u - 2 t i o u i  of an air—cooled laminated turbine rotor t h a t
would  p e r m i t  a sub sequen t  h i g h — t e m p e r a t u r e  test  e v a l u a t i o n .



Su c ce s s f u l  completion of the program could lead to lower
on ’; ine  costs  i~~r p ound of ou tpu t  power due to lower component
cos ts , i i c reased operating temperature capability, r e d u~~e - 1 f u e l
consuum~)too~, ,t i , i  increased power density (and hence wei 1ht reduc-
ti ons) train gas turbine propulsion engines and auxiliary power
s~~st~~nms . P r e l i m i n a r y  cost a n a l y s i s , based on a 7 . 5 — i n c h  ( 1i~~u i C t e r

m e  w h eel , i nd i c a t e d  t h a t  a 2 4 0 0 ° F  i n t e g ra l , cuo le’: , 1 i ; i i —
n a t  .1 u b i n e  would have a 3 5 — p e r c e n t  lower p roduc t ion  cost  t h a n
a conventional i n s e r t e d — b l a d e  t u r b i n e  wheel .  A more r ecent  Cos t
cJ i : ij ’ir i s on  of  the 1 1 . 1 3 — in c h  di ame te r  l amina t ed , cooled , A x i a l —
t 1 - ~ t irbi :ie w i t h  the e x i s t i ng  p r o d u c t i o n  TF E 7 3 1 — 3  i n s e r ted — b l a b
t u r b i n e  wheel i nd i ca te s  a 5 0 — p e r c e n t  cost savings  in p roduc tion
t o r  the i n te g r a l  l amina ted  configuration .

This  p rog ram included design and manufacturing studies.
The d e s ign  s tudy  considered poss ib le  axia l  wheel configurations ,
various cooling schemes , and desi gn of m a n u f a c t u r i n g  too l ing  and
equi pment. The manufacturing study inc luded evaluation ot
processes for photo—etching Wa spaloy lamina tes , bonding
processes , bond alloys , and evaluation of small test stacks and
on e  lir~ e stack (simulating the thermal mass and dimensions of a
t~~11-size wheel) . The manufacturing study also included :‘~e-;hani—
cal property testing of the test stacks , and definition at the
ti nal process and materials to be used . After the study ~- ha3es
were completed , one full—scale laminated axial turbine wheel was
bonded. The wheel was completely machined , and an eval~ uLion and
test phase including cold spin—p it testing was performed for
the purpose of establishing the integrity of the turbine wheel.
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In March , 1974 , AiResearch M a n u f a c t u r i n g  Company of Arizona
i n i t i a t e d  p r o gr a m  : r  the Un i t ed  S ta t e s  A i r  Force Aero P r op e l —
5 L O f l  2 ~borator to urove he feasibility of man u t i ct ur i :m J a
sma U , i n t eg r a l , cooled , . i- i l  t u r b i n e  wheel  u s i n g  a laminated

5 ‘ or i s t r u c ti an  concept. F’ cooled laminated turbine was 2raduced
r m nurIierou ~ t h i n  lan a tt e s  t hat  -.~ere ban -be-i t o g e t h er . Comp lex

i n t e i a i l  coo l i ng  p~~ssages were for: : ied f r o m  a com b i n a t io n  of
laminate configurations that are initially photoetched from
sheet material. Additional objectives of the program were to:

a Utilize a complex cooling configuration design
that will be - ‘omiatible with operation up to
2600°F.

o Further develop the photoetching, bonding
parameters , and finish machining procedures to
permit manufacture of the laminated axial
turbine wheel.

o Design and fabricate a laminated turbine wheel
using the established procedures.

o Evaluate the wheel material properties and
bond—joint characteristics.

o Prove the wheel integrity utilizing overspeed
test procedures.

Fi gure 1 is a flow chart of the Small Laminated Turbine
Program .

1. DESIGN

The AiResearch Model TFE731—3 high—pressure turbine wheel
(see Figure 2) was selected as the baseline design to be
modified for the integral laminated wheel concept. The TFE731—3
turbine is a conventional cooled turbine utilizing a forged
disk and inserted cast cored blades. The design effort consisted
of the study , anal ysi s , detail design , and tooling desi-ja of a
laminated , integral , cooled axial turbine . The most significant
activities were:

o The study of three cooling concepts with the most
comp lex design compatible with operation up to 2 6 0 0 ° F
being selected foc letail design. The selected
cooling concept , as seen in Figure 3, u t i l ize s
imp ingement cooling of the leading edge with film-
discharge slots , convection cooling of a two-pissije
center section , and Coflvection cooling with trailing—
edge center discharge in the trailing—edge section .

3
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F i g - i r t ’  2 .  A i P  a . - trch Model TPI: / 3 1 — 3  Cooled Turbine 22- -~~l
wi th Ies’ r ’ - 131-i I .  s.



LEADING TRAILING

J I

I

F ’l -~~~ ir e  3. C~~d ) 1 i n -j  Concept S e lec te d  for  F i n a l  D o t - i l l
Des ijn of t he Laittinited Ax ial Turbine ~ ,i eo I.
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o The f i na l  des ign  i ti 1i~t ~nj  i to ta l  of s i x t y — t w o
0.010— an1 0. 0~~O — i n c a a i s p a l oy  l am in a t e s , each
with a different phiotoetched cooling passage .

o ihe accomplishment of the therma l and stress anilysis ,
t m i  t h e  su~ ce~~~tul - i t t a i nm e n t  it the temperature and

l l : e  g a i l s  is  u u n ~n in Table 1.

o The d e .’el - e inen t  of very iccurite computer gr a p h i c s
Ie si j n  t e c u n l  ~aes to au toma t~~c i 1 ly  ~nake  t o o l in - ;
p lots ~ar eich oti the ruin itu c o n f i gu r a t ions
P h o t o e t o t i  tools  were s1m~~ly  made ~rum th~~se n i i u t e r
t o o l i n - j  p l o t s  by l i t h ogr a p hy t echni lue s .  In
~ I lit iun t i  imj-raving the accuracy of the tooling

I em I L : I e  r e su l t  L r i - j  pho toetched  p a r t s , t h e  ~ re ’i o ua ly
r’i u i  r u n  t o o l i ng  lead t ime was r e du c e d  V- lu r e
tha n s i l t .

I o The c o m p l e t i o n  of e s ti ma t e s  of the  p r e l i m i n- i r :
pr Liction costs , which i n d i c a t e d  t h a t  the t u rb in e
-
. -ai l s be fabricated for line—halt that of the nun—

I e nt i o n a l  in s e rt e d  blade T F E 7 3 1— 3  t u r b i n e .

TABLE 1. TEMPE RAT UR F ~ AND LIFE P REDICTIONS
FOR TIlE LAM I~JA TED T U R B [N L  W H E E L .

I
L i f e  it

rurbine Temperature Temperature
M at e r i a l ( ° F)  (Ho u r s )

W a s pa l o y 2 3 20 2 0

1 A s t r o L o y  2530 20

AF2— 1DA 2600 29

I
I
I
1
I



• M i d i(  l ACTURINU METHODS

:h~ m i n u f  icturiny methods task consisted of optimizin~ th e
p h ot o n ch  a j an d  b o n d i n g  p a rame ter s  to in e x t e n t  t h a t  w o u l - i
:1 - r n i t  faIn ~cation of an into j r a l— c o ol ed  laminato-J t u r b  i n n

~h ol. The most notable contributions to ~- fle p r o fJ r im r e u l  izu ’i
n e t  i n g  t h  s ~~i s h  were:

o Tne definition of the pro rerr id activated—dit f u s  i n n
bonding (ADU) alloy c o m p o s i t i o n .

o The i~~.~elopment  of hi gh— q u a l i t y  bond i r i g  tape
nor:: Itt ing more uniform , yet -cost effective ,
bon J—alloy application .

o The optimization of the bonding pressure , te:a~~ei~i-
tare cycle , and load for small stacks.

o The lu: inition of the photoetch acid bath chemistry
in - i lite .

0 The o timi zation of the photoetch process procuburo
and the associated process quality control.

o The establishment of a sheet stock cleaning ~Jr ce— F

isre fir Waspalsy that would allow high—qualit y
photoet-a n parts to be produced (see F i g u r e s  4

m m d  b )

c The deve lopment  of  i f u l l — s c a l e  wheel b o n d i ng
tool.

o The d ev e l o p m e n t  of t f u l l — s c a l e  wheel b o n d i n g
me thod .

o The determination at the critical bonding trans~ eat
thermal cycle re 3mi rene n t s .

o The d i ~ lopment of an ultrasonic nondestructive
t,eStjSJ umuthu -i to Jacrity the soundness of ban-is
in the turbine disk.

o The su c c e s s f u l  b o n d in g  a~ d machining of ani : i t e ;r 1 ll l y— cooled l a mi n a t e d  t u rb i n e  wheel as
shown Ira Fi-jure 6.

3 . EVALtJAT It iN AND TE ST I ~

2 !i l U a t i o n  - i n - I  t e s t i n- :j  was conducted on the f im i s h --j i - i ch i m m c i
iim t ug r a Ily—c iuled lam inate I turuise to verify its inte-jri .~ .
rh test a cons isterl i t

o Etress analysis using the latest design l i t  01 ::t , at ion
in arbor t ~ ~~st dii i sh the [ira i i c ted overspeed ~ u 1

8
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Figure 6. Fully—Machined Laminated Axial
Turbine Wheel.
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burst margin of the wheel. The predicted burst
m a r - ;  m a - i is 1.26.

0 Strouscoat testing to determine the relative
stress levels in the disk and blades.

o A a t r  l o S  of overspued and gr o w t h  check t e st a
up t 1 1 5 —p e r c e n t  spee1 .  N i  e v i d e n c e  was seen
of J a m -; crackin in ~~~~ bo nded l a m i n a t i o n  j o in t s .

he : : a x i m u m  bore g r o w t h  of 0 . 0 4 2  pe rcen t  was
:;onewhit less t h a n  t h a t  of a n o t h e r  A i R e s e ar c h
- m n c - i - -s t e -~ integral turbine wheel in production

~or lon-j life commercial and military app lications.

4 . ‘- ) N C L U S  I ( )N S

t he  p r o g r a m  es t ab l i shed  the f e as i b i l i t y  of des ignir m- j m d
m i : i  i~~ . m ‘turing an integrally—cooled laminated turbine wheel
::. ‘ - . -r oratinj complex cooling passages. It was also proven
t n m ~ t h e  t u r b i n e  wheel possessed good integrity.

it is recommended that this concept be further develop-ed
L : c o r p or a i i nj  more advanced bonding processes and materials 

i under United States Air Force Materials Laboratory
d - n t r m - c t  F33tl5—75—C—521 1 . Heat—transfer testing should be

- n tinted in order to correlate predicted characteristics with
, i t a i l  test  r e s u l t s .  Testing of laminated tu rb ine wheels
m iLd be conducted in a high—temperature rig to further
e s t a b l i s h  c o n f i d e n c e  in the wheel  i n t egr i t y, and to de t e rmine
l i t e  characteristics. This should be followed by redesi gn of
‘ :~~~~ t u r b i n e  ro tor , and testing in a gas generator or turbine
e n  ;ine . 

.
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DESIGN

1. GENERAL APPROACH

t h e  L a m i n a t e d  app roach  is bel ieved to provide  the most
cost — - f t  a n ’t i v e  me t hod for  f a b r i c a t i n g  a cooled , a x i a l — i  low ,
int omr • ll turbine wheel when the cooling scheme effectiveness is

::;.mrable with that of a sep~ ratuly bladed disk. With this
t a b r i c i t i o n  t echn ique , photochemica l  m a c h i n i n g  (P CM ) , or photo—

- t c h i n : , is the most straightforward and cost—effective method
of p r o d u c i n g  s t r e s s — f r e e , i n t r i c a t e l y  shaped l a m i n a t i o n s  t r a m

t i c  r e q u i r e d  h i g h — s t r e n g t h  s up e r a llo y  sheet .  Fo l lowing  2 CM , an
a c t i v a t e d — d i f f u s i o n — b o n d i n g  (AD B )  type of process is used to
j o i n  t h e  individual laminations to form the wheel shape , since
only low—bond pressures are required for producing high—strength
joints. Following wheel bonding, the process sequence is corn-
let~~d by post—bond diffusion , final heat treatments , wheel

i n s pec t i o n, and machining. Figure 7 is a flow diagram of the
des i gn and m a n u f a c t u r i n g  method used in fabricating a cooled
axial turbine wheel of laminated and bonded construction .

BASELI N E TURBINE

The baseline axial—flow turbine wheel design chosen for
the AFAPL Low—Cost , h i gh—Temperature Turbine Feasibility
Demonstrator Program (Small Laminated Axial Turbine Program) was
the AiResearch Model TFE731— 3 Engine high—pressure turbine
r o t o r .  The TF E73 1—3 Eng ine r equ i r e s  an a i r—cooled  c o n f igu r a t i o n
for the high—pressure turbine. The conventional design consists
of 62 separately cast blades attached to a forged disk. The
blades contain cooling passages , and the disk is externally
cooled . This 11.13—inch diameter turbine has a design speed of
2 9 , 6 9 2  rpm .

The Model TFE731—3 Turbo fan Eng ine (shown in Figure 8) is
2.7-bypass—ratio , two—spool , geared—front—fan engine rated at

3700—pounds thrust at sea-level, standard—day takeoff condi-
tions; and 817—pounds thrust at inaximwn cruise , 40,000—feet
altitude , standard—day, 0.8 Mach number. Corresponding thrust—
specific—fuel—consumption values of 0.506 and 0.818 , respec-
tively, reflect the excellent fuel economy of this engine.

The single—stage air—cooled high—pressure (HP) axial turbine
of the Model TFE731—3 has a maximum operating inlet temperature
of 1935°F (average) . This is a modest operating condition for
air-cooled turbines , since larger engines in commercial service
operate to 2400°F. Also , as explained below , further conserva-
tism exists because the TF’E73l—3 lIP turbine was designed for
t .iiTi ~ eratures well in excess of 1)35°F in order to permit further
en g i n e  growth without sig n i f i c a n t  11? turbine redesign. Actual
operating metal temperatures of the turbine parts , which is a

13
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i- - m i  i i c a nt  d e t e r m i n a n t  of li fe , are less for t he  TFE 7 I I —  L : i  ma
f l~~~ t a  -im caoled TFE731—2 .

rho  d e s i - i n — t i f e  c ri t e r i a  for  the  T F E 7 3 1 —3  lIP t u r b i n e
m i d  u S e d  the  a s s u m p t i o n s  of  an a v e r a g e  t u r b i n e  i n l e t  t emp er - st - ir e
( 1 ’  1 )  o 2000°F’ ( ‘-s i-a c u r ren t  Wi t I l  a : : aX  00:1: stress C i V  i i  i n : m e r i t - i n - I

m i n i - A : : :  : n a t . - r i a l  p r o p e r t i e s .  A l a i m u m  I l) ,000_ starL - : i p m O I l I t ;

s - l b  r • : t  ir e I , as was  growth c mpu~ L ty  to sc.; ,:-mm:ij ate a ~ i t  O j .

i’•n~r m g e  a - rb j fl ,. inlet tempe rature ( c o a l I p a r  : 1  wi th the
731—3 lu g i nc  a i x  m ac rn  uperat in- temper - mt ire if 19 i

The for-god lI P t u r b i n e  d is k  c c r r~~ nj air—cooled inserte I ;s s t
bi I s  ( F i  g i r e  9)  . Internal cooling of the uashro i-led b L a  LeS
i S  p r -m v m I l d t hr -iu -l im th ree  r ad i a l  pa s sag e s  d i s c h a rg i n g  a t  tnao
bla i~ tip. Ai r — m e t e r i n g  t o  these blades is controlled by ~r am i—
v•~ i . a i  orifices at each bl ade s h a n k.  The s ta t i o n a r y  c as i ng  it
t he  tip is se-jmeni ted to minimize thermal growth , providing fur
mini --~ i~,~1 runnin g t i p  clearance and high turbine efficiency.

Cooling air from the i l l ’  t u r b i n e  rotor is e x t r a c t e d  f r , : !
i1 - ~;nstream of the LIP compressor diffuser ahead of the deswirl
vanes (reter to Figure 10). It then travels down the baca-~siJe (
o~ the outer transition liner, and is taken on board the H P front
soi l p late through small orifices between the two labyrinth
seals. The front seal plate provides for  ax i a l  blade r e t a i n e  ion ,
an . I  f o r ms a pumping cavity through which the cooling air is
directed to the blade shank.

.-~ir enters each blade through a controlling forwari sLink
orifice . This orifice and the tip configuration may be - --di fi e-i

icco! ’mm )date  h i g h e r  i n l e t  t e m p e r a t u r e s, but  the i n t e r n al  x i —

~ i ; i r . m t i e n m  need not  be c h a n g e d .  The blade is d iv ided  i n te r n a l l y
i n t o  : m r A 1 se p-• i r a t e  c a v i t i e s .  The forward  cav i t y  i i s c l a nr  g o .~ a t

n i p  On ‘- ic suction side , with the other two cavities ii ~~
‘ h a r - n i a ;  to the p r e s s u r e  side if t im e b lade , is shown in i - I  ,~~ro- 9.
Pin-~~ir:a are -ised to improve heat—transfer characteristics i i i  t h e
railing—edge cavity . The lar jer central c a v i t y  em p l oy s i a — f m  as

to i n c re a s e  f l ow res istance , reducing the flow to this ;a/L t / ,
and encouragin g flow in the leuding and tr ai lin g el ;es .

3 . PRELIMI JAk~ liES 1dM

a. Blade Preliminar y I)esign

This pro gram: was a n - i n c  f a c t ur i n g  s tudy  of an i a m t e q r  m l
c~~u led , l a m i n a t e d , Waspal-iy oh~~el. The c o o l i r m - j  s cheme  W a s  t O  be
s~m i t  a L l  f o r  o u r  ition -at t u r b i n e  i n l e t  t e m p e r a t u r e s  i~ t i
2t , I J h ° L  w i t h  2 o :a pr o : : 1 s~~s - m u  re j : i i r e . t  to favor U i -  l E t l a . L
p r o~~em -;:~ . C om n p r - im i s u s  tn -at were in v e s t i g a t e d  i n cl ud e m ;- , i m : i l g
sc t m ’.ia: ie s m m i ~ l i c m t y  w i t h  m at e r i a l  c han g e s  to achieve 2 t u ) °F’ c a ~ a—
b i l i t y ,  m o d i f i e S  blade chord , in cac -ase l blaSe t hi kness , m a i d
red lu Old i i  umb e r  of Li aceS . An a dd i t i o n- i l  re Ju i r 011 111 t - i - m r  a i i - ;  t he
p r a i l i : : i r a - a r y  des i gn p h a s e  i t  the p r o g r a m  w a s  t h e  n o n m i i e r . a t  io n
of two coo t  ira- 3  schemes • A l l  a t  these  f a c t o r s  w er e  - ; u m a i i  m e r e-

l t~
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I
1 n ~ ‘- a r y in g  It roes 1:11 i!i J the p ie1 i i u i * a ~i i ’1’ ( 105 i ’J ra  ~ ! a : ;  o~ am -

n- 1 1 1 1  t m .

The f i r s t  coo l ing  S ch e r l e  COIlS i d er i l l was a L ia r -u— n mmm ci i-- ,
si n g l e — p a s s , r a d i a l — °  i t t  iL l s’ m o n f i - J u r a t  ion. Tim at s 2 l i e r u - l a : ;
selected (01 t e h o  1, asis it cia - ap i ic i t; .  An a l yse s  11 l i c i t a l a :

t arhine inlet temi pe r a t lia ti t~~~ : it o t ,  tup r ->xia ’ i i t a l y ,L~~) ( ) ° h - ’
w i t h  i t l at  v - I  ~- O L i r t  l i fe .  A l t h o u g h the  i~~ l o t  t a i a a h 1 i r~~~t U
1 i n:n t m i - o r  l i e  l i f e  ‘01 111 ut: 1*adn aa, a :  I m~; :iwitcl ai :iq t o
bel t a - n -i a t n i a l , this desr-jai was ju l- ge l to be :asrqinal , i ai I  a
h a :  g~,er ca j ab i  l i  coo l ing  u m i m e m e  was i pt  -f ;rab Le ;ppro acl~ tO)
satisfy tim e ~ 0tY F r e pr e s en t a t i v e  cuol iaa- ; scheme ru: Jui rer r~ i m t s  u t
a h~ program.

A s a n m l c—pu s sage , three—pass scheme W a S  m v ’  :; t L J  i t e ;a a I
ho a : ;  1 : - w h i t  io,c~lr  ap e r at i ng  t e m p e r a t u r e  1 u ri t s  t h o m  a the  : A rm —

Passa ic , s m a i g l e —p a s s  scheme ; however , in the ra - J io la Whef - P ith
siha -~~ l :S t i e  s~~t i s fact r y  , the t h r e e — p a s s  sciit ’aae has  cola -I: it
lowe r c o o l a n t  dow re-~ u ir e m e nt s .  A three—pass , t’-lu—passn h e , ti p
m c i  t ia i i L a : g — - m - i ge d m s c a i a r g t ~ scheme is shown schme:a -it~ cally i i i

Figure 11.

this scheme has hii gh—coolin-j capability mnd is typical of
one of AiReseanch’ s cooled—blade confi gurations; how ever , it  - urn
be cast . I t  was j u d ;  1 more advantageous to consider a cooling
Sc: . a i - ~u - 11th  afl even  h ig h e r  cool ing c a p a b i l i t y ,  and tha t lid  not
m oo - i to be cast . This approach WOuld  p e r m i t  a t t a i n m e nt  of t h a :
21i (JD°F objectmve , and woo l-i demon:; trote time unique c a p a b i l i t y  o f
th e  i t :- :  t : m i t e d  f a b r i cat i o n  pr oces s  to Prov ide  comp lex cora l ing
scheme s .

A n u ;aber of var i a t i o n s  were c o n s il e r u l  w i t h  t hase  o L -j e : t i - -:- s
in : m in d . The 0 - a m  ~ n j  e i ;e Shomil I be impi :igem:nt coo led , a l t  t h e
tr ailing e-Pj~ s n o ’ a l - I  be cooled w it a  i n t er n -a l  passages t ;m a t  m i S —
charge t i t i  u :acjh the trail incj edge.  The t ra i l  L i i  ed ge could al s-a
be film coole 1 , b - m t  some t o s s  of coo~~aai t fl ow control , aa ; - l
- ; u mp a :n s a t o r y  h ighe r  coolant dow rite , was ~ a t iciputed wi~~:m
trail i n g — e d aj e  f i  l :- i— - m o , l  u t - ;  p r ot e ct  ion . T h e  ( ‘ en t e r — h o ly r e - i  ion
of the bloW - would be cooled wi  L I t  l ie b a l i  n q —  i i i  I t r - i  1 l i a i - m — -
coolant , a~~x n ip t  lie  ii: t he liLa h a -  t i p w h a t -r e Some center—I on; f l ow
w o - a l i  be re-mo ire I. The r - n i - i i  t ag  ‘ ou t i ng  s c h i a u a - i e  is shown
schema t i ca l  1 y in  F i - ;  ir e  1.2 , a n d  t h e  o v c r al l  W h i t e I - le:; i ; f l  i ; p r o i d i
is shown in Fi gu r e  . As i l lu s t  i i t o a d , the  phot oe t ched l a mi n a t e
~~~~~~~~~~ a l l o ws  the i: - or~ - - n m m t i o n  of a soph i s t ica ted  hi gh—
ef i ec tiv e n e s s  c o o l i a m  ; ~c h i e r u , even in a small turbtne ( 1 1 . 1 3 —
i n i ch e s  in -1 i - m a - t i t e r )  . T he  : a i g l i — e L  te~~t i  ‘J a 1 I 1 C S S  cooling s u m  - 1 m m .
a-;u rpo i it e  :3 i a ’ m p i  I t  j c i m e a i t  an I t ilru cooling in the l e a m l  l a g  O S L O

-o i a ’’ a ct i o n  cooling i i i  t h e  m e n t o r  se c tm o n , Ifl Il ~( f l \ ,T i - t L \ ’ e —
c’i-il L u ’ ;  L r u i l i a m aj — e  13 1  ( l i S a 2 l i  i l  j e .
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h u e  c en te r  body r e ;  m i i i  w o u l - l  have  i a m t e r n :m l f i n s , ci W i L l y  ~f
• h -  p i n — f i n  v a r i e t y .  Cool-an t  o 1r  f l o w s  r a d i a l ly  o u t war  i i i i  t he

- ‘o at  e r — c ) i \ -  r e - ; lo n , w h i c h  m l s u  serves as a m n a n i t o l d  t u i  h u t _ l a  : i a ~
L e . l ; ’ ; d l  t r a i l i n g  ed ;es. Some of the c n j , L a m m t  d 1 3 m l a a i  ; - m c  a t

m a - a - I  I t  L i ;  in the  center— ho ly reg ion  to both co-il t :ii
r e - t i I l l , i i i  al ;-u to pr-cvm Ic m i s t  I a  ‘los to l i a i i n a t - -  t n ;  1 :  r t  iz

a -  - a s s  i a -S  :iJ L c) : -li I C i L, 0  o1~~2d i ’ j ( i  pruLie ;-m~~. ~~ ‘ I  a n t
l m j - 1 n -~ es a p a l a , i L  tue l i i  m i a a j ed ge , tur ns , t am - i :l--w s  to I L lila - J r g~
s I -  s c a m  t I c -  p r ess  i r e  t r iL l , or ;uct  t or i  S i - 1 e .~ of  the lii ace. hi a t

han t i  o t  Un: l,lAAc , there may be ins j :t ic ia r tt - m : I  f r  _ : i ~i

COO l u t  t ~ t_ -u i  :i a : .  i h i s c h i r - ~e -an  t h e a juewills . l a  t h A i  s r -~ g 1 u t
o: th- - l u - i l i n g  cd - ge , the  ~~- o u L  tnt wiL l f a u W  r A l l a l l y - u ~~~~~~~ a a , a d
i i  i-m c b : a r ; e  at  10 t i p i t  t h e  L - ~, i o t a;  ed ge .

T h i s  - c i i i ’. :0 m m  r -  r u m  se i :-~~~ a i r ei  on tr io  lila-i p r o f i l e  w_ t a ~_ I a e
tr ail i n ; — - - c  p ‘ n i ck r a e s s  . T t a e  trailing eU -~e W o S  c ut  b- - icr.  ~~i a
t O i o ; : e S : ;  o f 0. u 6 0  in~ to permi t all passages to lie a ide  ij
I a r i i a i i ’ o ’ i  p rocess , t a o s  e l i m i : a i t i n uj  any c o oL a nt  p a s s - i - ; - : a i ~~h i ; a —
i n ; .  TO ma a r i ta i n  the  s u a m e  m : m a i i a s t r e a m  f l o w — r a t e  t h r - at  - i r e  i l l  I

: ro- ’ u r  11 a ; r a a n , the blade row was closed 1.5 d e g r e e s  t r o t s t h e
C i i  r e a m  T~ h 7 3  1— 3 ::‘u n f i ;- i r a t i o i i .

A r e l i a r in a r y  e s ti r :m at e  c , f  the coolant flow requir em- acut s f o r
2t00°F ,;-er tion was i percent of the Lhroughflow . Det - iLat i
cal- mcI -mt -1 :1 : - I  were required to salve the h e a t — t r a ns t e r , t I n s ’ —
d~~:-m ri b - m t  ion , and  stress problems for this design. The ~e-i t -iresof m i m s  -- l a i s i g n  i nc l -u i e -i a l l  a t  the requirements fo r  h i g a m —  ~o o l in g
‘ a m - i L i l i ty , m : l  it was on that basis that the concept was

sa : l - ‘~~ L I I  f a r  d e t a i l e d  desi g n .

P .  D i sk  P r e l i m i n a r y  Des ign

l’he p r e l i ; a l : iar -/  S c s i -g a  of the  cooled , l ami  n a tc i , ; :-llu 1
i r n i n  Ut sn (for the A iR e s ea r ch  ~- 1udel TFE 7 1 1— 3 f l a g  me ) was

r i  ~- ‘t  a m , arid since the basic laminated Waspaloy iae- ;hii ni c it
L - u a n a n r a - re r i o t  a v a i lab l e , trio turbine -iisk was -:j e~~ a ~:t e - I  i c
1 ‘me a iteri-ol were isotropic ~a iS h umum o g :neous  ( W a u p i l  iy
: 0 1  i t  ion A )

T h a -  t inline disk w a s  u n - i l yzed  under t h r ee  l o ad i ng  ~~o i t  i i —
• ions:

(L) Y m m i t r i L ~~ ; - a l  1 o t a 1 t ~ it  29 ,692 rpm

( 2 ) t~~a e rm a a l ;r a m t e n t  l I t  t i m e radial direct ion - i

I h o r n s - a l  gr a  S i ’~ r i t  i ra  t h e  ixial ii r e ’  t ion

22



Ft - t i  - - 1 1 show s t h e  p r e l  L m i 1 i~ir l1’ (115k conf  I g u r - it i o n .  a- ’ i j u r e s  14 ,
i i , c a l  1a ill-istrat e the lisnl -i-ccine n t and stress dL stri hA t L ,n s

a t .1” , ‘i i2 r I m . IL should be noted that the radial - m d  t - i t i g e n t i  m l
s’ ress - li s t rmni tions across the disk web are quite unifor: :i. It

I ic  a ‘a ; t ha t the LI t h e loads are dispersed into the disk Sire- :—
l y I - -. ms ot ri-h al and tangential stresses so that t he  :~h e - i r —

mm a sm  •e;s  ~s m l n i m L m i e i , m a i l no t  a s i - j n i f i - c u a m t  f - i m -: t’,n

,‘hm ~’ r m m i  :j ’~~~ -
~~ m s - c c  were :~t ud ied  w i t h  a rb i t r a ry  t h e rm - i l g r a i l —

O c t  S .  l I t . -  r - : s  m l  La  m c i- ;  at e  L b - i t  every 100°!-’ of temper-at iL ~~
:~~ I : r - a a c e  a~- r s ’ - - e n  Lure and rimia will ad -i  approximately lt ,uhti — ps i

- ‘nra Ic s’ r- -ai • - n:a~ bore . h owever , 100°F or - a x i a l  t a - m a i n - r i ’ are
h i :  t e i -  - : t ’~~- acr m s ‘ cc disk -Sues not add an y  sm gni fic-a ra t tgcrma l
st r ~ -s , ;  • u t : a - - m .  u k .

T- a b , 1 ’~ 2 a c :mm a r i z e s  t h s~ max imum s t resses  of t h e  - l i sP  a t
I , 52  r p m , a t  1 t h e  b u r s t  mar  g in a t  r u o t m i — t e m - i p e r a t u r e  c on d i t io ns .

TABLE 2 . h I S K  STRESS RESULTS.

A v er  :e ‘I m a ;  ~ - : a t  i i i  S t re s s  — 60.3 ksi
‘-~ a x i : a ;rm i m t m g e t t t i a l  f lare Stress  — 94.0 ksi

adial Stress it Web 4a.3 ksi
mm S ra -~ ir Stress — 23.5 ksi

ii t u  :- . t ‘1 m r g  itt (Cold) * — 1. 35

- (j.~I 4  x u lt im a t e  strength -
\*i1Ji m t  - i cr - g i n  = a 

(
-_ ‘—_— - - ; where

\ — - v ur a g o  T a n g e n t i a l  S t ress’
m 1 ’ i n m a t ~ St~~-~ : . g L : m  a t  2 1 , 692  rpm = 140 ksi; and

esri i : a ’ .m - L n i : m i m : r m t m r  bond sit -t ar strength = 40 k s i .

4 . 1)1- I Al L S ) : ..)  I

a .  P L , - i b a : L m j l

T h e  i - i s i  ; : .  o b j e c t i ve s  f o r  the  h i g h — t e m p e r a t u r e  l a m in a t c u
1 a l t  b i m u l  to a a is  t y a ce-u i f o m  cc ~-u i r e m en t s .  These iri - u l u W u d

- r i a J i l u t I  O r a l a ’ m : t j  m l i i  Sj t _~~O I m 5 , -~ i th ei- hy p ot h e t i c a l , or t ak e n  t r u t a
- I  a t  - a  ; L t t h i . - r e - l  a t .  an  en i s t i t i -j  ‘ i : m - ; i n e  w i t h  - g r o w t h  p o t e n t i al  s-a m t —
- ab l e  1 - m r  h a  ;her  - t rbine t e m a m p e r a t i r e s .  The bla-ie i i  te  i i i  the
t y p e  o t  s er \ ’ l  ia~ Cj % i - T I i L i o n s  used to c a l c u l a t e  l i f e  are i prime
r e qu i r e m e n t - . in  ‘~h t ~~ r e - g a i l , the blad e p r o f i l e , ae r o d yn am i c
l e a i - g n , t a m  L i n e  in l e t  t e m p e r a t u r e  p r o f i l e , wheel d e s ig n  speed ,

- -and t i u m u  p r e s s u r e  l e z a - i ~~ were t a k e n  f r o m  the TFE731— i desi gn
t a r  t b a a -  l a m i n a t e d  ix i - i l t i r h i n m e  ro tor  desi g n .  M a j o r  Liep- -i r t A r e s
ir a  s u n m i  i cr  a ty  w i t h  th fl’P / 11— 3 were the  a v e r ag e  t i r b i a t u  i n l e t
t er a p a r  i s  c rc  ic- el ( t a r g e t e d  fo r  2 U00°F) , integral l i la - i c in ’I  d i sk
j r i~~~t a - a  m of f a r t  d ’ e  a t t t c h : - m e n t , i nc reased  c o m p l e x i t y  in t I m e  b l a d e
a n t or  a m i l  -~~-~~ I ;es , an - I  in in c r e ase  in c o ol i ny  t i o w  to su s ta i n
ti. h i - j h a t m a :  - :  ea a o et  ature 1- c f - c l .  The  b lade l i f e  r e q ui r e m en t  -.v -is
t a r - g a - t i - i  for 2 0  hmui rs W i t r i  t w o — p e r c e n t  creep l i f e  it  s te a d y —
st at e  m a x i m u m  t -arbine in let temperature c o n d i t io ns .

2 1
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Distribution (KSI) Due to Centrifugal
Loading Only (29,692 RPM) .

26



as

i 40~~~ r ~~
-
i

_- / ~- _iJ

I
-

~ /

50

I 

a

/
/
//

/
11

/
/ - -

/ / ‘N
7— -

/ N~

/ 50 70

-: : - : :~
4 ’  94

Figure 16. Laminated Turbine Disk Tangential Stress
Distribution ( K S I )  Due to Centrifugal Loading
Only ( 29 ,692 RPM).

27 

~~~~ -- - ------ - - -  



The selection of a blade material was an import ant -lua L - gn i

‘- ) ia s i - ht - ration since satisfactory mechanical properties arc’
criti cal ~or the achievement of the desired life. Waspal’);
C c a m a , m i t l u n  A was selected for the laminated turbine teasibility

b - -m - aistration because of ~ts availabili ty in sheet ih rm of the
-h- sir . l tmh icknesg , the amount of knowledge and exper ierm - -uc curt ’-
c or n  a en c h in I jnd bonding Waspaloy laminates , i d  tar- ~‘c r a e r  i I.
s m ~~t a b i l i t y  oti  t h e  mechanical properties for an inte gr al iic k am,1
bl a d e  des g it

F o s sib le  compromises  to the d e s ign  i n c lu d e - i  m o d i f i e d  b la - i e
chord , increased trailing-edge thickness , a i m - S  the use of a
--ma teri al o t her  than Waspaloy (Condition A) which was readily
available in laminate form for manufacture ol the lem orastrat or
wheels. Astroloy and A,F2—1DA are being in -iest igated as p o s si b le
material -uaniidates for future turbines , under another A ;r  I- - .r c - c
cont~ ra-:t.

The selected cooling scheme utilizes radial flow with h~a~~t-
trins fer surface augmentation , impingement , and trailin g— - - Ij-u
iischmrg e. The cooling flow enters each of two ceraterbo 1 1
cssau- s from a common plenum at the blade base, and flowing

radiall y through pin—fin arrays, cools the suction and ~redS crC
s t r f i c e m ;  in this region. As the air flows radially outwit 1 in
the more forward passage , portions are bled off into a i c c - S i n g —
edge - m’ m-J it y through slots in the intervening wall. ‘r~~- cooling
air discharges throug h the se slots at h igh veloc it y ,  and i- m ,--i a i g--a
on the blade wall in the stagnation region , then flows ift on
t ite suction side wall until it exits the blade through film -
slots in the suction surface. Similarly, air flowing ra h il l y
-)utwari In the aft portion of the centerbody passages is - .mstri-
b mi t e~ t h r o u g h  orifices into a trailing—edge slot through w - i i c b m

t t r i- fa l ls 3ft through pin—fin arr ays , cooling both sir ~a c-c s a:
t a m e  h1.~~- i e  i t  the trailing—edge reg ion , and discharging Lnto tb -a-c
ma mi m :-;tr -am it the extreme trailing edge. Figures 17 and 10
will am -i in visualizing the cooling flow pattern describe-u .

(1) Impact of the selected cooling configuration

The most prominent impact of this cooling scheme seli cti- a t
was the required increase in trailing—edge thickness to permit
t l t a  incorporation of trailing—ed ge discharge in the Ti- i,.7 b - i — i  lIP
t-m rbi nr ~ blade profile. The iaruin iate thickness -inC orientation
re~~uired the use of a 0.060—inc h minimum trailing—edge th ic i~ness
to maint a in adequate slot area. It was necessary to ut i1i ,~c
0.010—inch thick laminates over the e n t i r e  I r a  i l i x m g — e d u g e a c ) ioli
to ensure adequate slot area instead of the 0 . 0 2 U — t t i u h  thi - . ’k
stock used in the center section of the blade. TIme 0. 0~~U— i ;acha
mini mum thickness was achieved by cutting back on t h e  bl & tc
chord length , but this , in turn , necessitated rotatin g th e  blade
row -closed 1.5 degrees  f r o m  the la tes t  T F E 7 3 1 — 3  des i gn i n  a r J a ~ r
t O  m a i n t a i n  the  des i red  t h r oat  area  and t u r b i n e  vec tor  - l i , a  r ams .
The - m e r  -l yna rni c e f fe ct s  oL  r o t a tin g  and shortenin g the blade W a l e
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a t o  p a -  I L - c  ‘ i r a  m I i o ! ,i I m .  the sur fa - -e / e l u  L L ,- t m  a g i  - a a a a i

m o a  ‘ h a  n - ~ L’aU~~~ 1 ~:m r i t  L a . V -~~I~~i t_ I a ’~ ~‘i- ’n 7~~ i — J  l o n g .  l ot , a~~
a t t o : - .1 1 • l a a  l o a d i n g  m i a ; r  a: ,~, at .ail a j A i a i  s L -j t i - _-j n  ~~~~~~~~~~ 1 ( J —

n i t i c - m i t t  n tb -i  1 l i : a i t i i t ~~ I : .~ .de. ~ 1 a a 1 i t a t i a / ,  1’~’ , b - a u  ~r u  teSt;

ha a r i g e  was  a m i n c r e ase i i .  .. m c c i  ‘a . ’- and p r e - a su r  u— ’ i - a - t t  J I U C L L I 5 f . i

a ) V i�~ th e  i t t — h a l f  of  t : h i ~~t b1c - :~ - c a m  1-i .

A 5O. ’ o i td  a t 1 i aa a : . - a :t  ~. t t h is  c I l 1 1 1 j  s h a a - : a e  i e c t i , t .  a A r i  L i t O

i e c ’~; s i ty  f t  I a - c em en t  of  t h r e e  f i j i  a 1 1 7  c a a m , t  m a t  - As -vi L l a  v t ’-

I h a a  1 1  a m I - crass m~ e - t . l on  t ru: a S U 2 ~ i u fl 0 t a - s c  l a o  5 ~ !~ a C e . ~~ .

l b - t o  l u c - m t i o a a  u i ,  t h e se  w a i l t t  wou3 . I S i . A l a a~~ea) A S L v Le r i m a t t , a a  L i  - - -i

a t  v ’ a~~~, a : , a  L n L luet , - 2 a m the a . t i a ± ti S - l i ~~ t r  . i v l t l u t a i t ,  ‘ i t ~ ’ b - i a  ‘ a .  l b - a - : . ,
a l l s -.~ 1-i a ~s be Sut ,  j e c t  to L b - t a r t -a l  i r a - d ents i a - I  s t a  esaus

L -  t h a i c k n a ’ s s , b c  a t i - a i t , ari d t h e r a t m a l  ba m a ; - I  I a  
~/ 

( f - ~~r m I I  a L i o n , .

“i ’ha  f s .d ai tS t ha t  4 a ; t e  i n it i a l l y  cuIisa—u ~2r -C m a daita:ii ~~1 ti im. -j

h O  -:r.J aaa — a ;ect m a n  g eom e t r y  h u t  t i a ~ - g i  -J e a i  . a e ! o a l j a a a i a i - c L~ r a f a  1-c
co-u i £ ! i - J — 1. ds s i  g e  are as anu the blcie— ::aet,m t a r - :  m . ~ in;

‘ :ar l e . : a  r i - I  u i  t~~t . a t i O n 5.  h a  the l m i g l a — t e mma 1 . c i . i t  ir - .~ i i a . l i a t  a t e - i
b l a b - a~ , t i i  . .~~t I )n O f  t h E - S e  hi--i-Ic r wi lls :e r er am t o ,- ,m s the flow
a r c  sp lit b e t w ’ a e a m  the  two cen t e rbody  a a d i  ~tl ~ issJm ~et ~ , a i a I t
1 - b - m n  t —  m : , , l  t i a i l i n - g — a I - J e  (2 1/itieS. Thu m e t -a l  a r c c  at  a l a ;
a . a  m l  ~~~~~ , or t i~~- r  r a t i o , a i e L e r : t i i a , e s  the U c t - a l — t l c ’ a--’ a r e a i i i .

(‘ I V i  ‘ 1 a a S  a t  t h a ’ :  r a di  is .  ‘Fh ~~ i ;Vj St  tor~-J ar i di-/ i -i; r w al l , jr
i r , a a - i n -  i - r a a a - a , t  - l a t e , was  l a m - c o L e  fr o : : i  c u r a s i d e r a t  t o l l s  -i f  1 : a ; - ~~i .  g e a m e a m c
b a a  a t ’  it. S t eL ~ lr :ort aii n c -~ a , .i t ; i’. IfleaS I, -

,’ ~ r~~.,able si a h a C l j a , t
a a .  St -a la- c e t -~- t he  l - : . a  a i n a g— e d g e  -

~ t a g t m a t i o t a  r . g ion. The ~t h er
l a v a  m r  walls wore l a ; i t e i t~ yieli sm o o th ly  2 O r t V e f - g i t a  l o W

a t -  a s , w h e a t  ‘ ‘ a o - .-ei fi at: t he  base tu t b - i r a  t ;p of t .1a h a l  a i - ’ . l b - a u
l I t ’ - rat w a s  to keep c o o l- an t  -ie1ocit~ - in  t he c e n t e r  - i - ,s-a ,- ‘s ~ as

b a a  t ;  ~~ le.c r .~ -ises t r , . a d i s t r i b ut e d  bleed . 
a

i b m - a  1,1 i d e — w a l l  ap t ~ r t a t , i -~ -w as  -S e t er m i r.~~-1 b y - - , i i s i d e :  i a , j
t o  ta ’  I , . - 5 5 a - 5  ga amteiate j , ran il - er,tr a f-c ,nJ Lu~ i l a -j  t t i f~~ -

1’ -- i . ~~ l a - t C t a t t t a C t  t. : a a t  i i .  m r c ’ . a  1. t I  t imaic s thti  l/ -4 — ,~~l - 2 t J - J t ,
.a r u a w a s  i a n . j 5 ; 1 a ~~1 a ’ a b e  b a s e s e c t io n  (radius = 4.~~i5) . Tbt

i o n ,  of  b l a d e — w a i l  t b - t i c/ s e n s e s  a t  s t a t i o n s  OUtb ai :1 ~ f L b - a  -

1/ - :-m - .. ’t  io n w a s  U i S eS  -up-an man if acturing t o l e r a nce  C anS I , e i a —
L ois an - i  hi  a io  -ies i- j i m ex p e r  ience

l b - a : * ,i n h . n u  .iil et ,, to: j u L  a t - a r e  b - a i - ) t i l a ~ s~iI~~ct . ed w . s  - b - -~~~- i i —
mir, - - - i  f aoui ‘ r b - L 7 3 1 — .,b c ; t - j i ne  :e . i t . J .  h i s  j a’ . t m ~~~a n a . t  ~~~~~
loca l ~0m t: - r - a t a L a :  t b - m a t, i s  1,. I ° 1 i b  a l e  the r a d i a l  t y  i i a t ej r c t e l

1 1 t t  )c-c - , m r . i  t t  t he 1/4  SCC tiua i - a t  t b - a a i  b-if a - l u .
F i I - i a  a - 1 i m i ,3L a I te~ tb -a i t ~-i  ~ f i 1 e . To si Si b - a l  I L a na  a ~ S I 5 C)

I s i g n , the 1/4 SeCa  a a ~~~ t .  as t . i a ~ n e r a  • . - ‘ a i  au c t a  a , a  i- or
.r b- a ) : es of  ie~ t i l e-i  b - le a a t , 5 t t tj . i ~ and cr ea- ~ - -la: e ‘- a l ’  a 1 a

i tr aS . ~i s b - i  Sa a :t a t  temp er a L m a o u s a a a a l e a d s  01- a t h i s  se c ti u t i  , i i i l
‘ a - i k e  a ’  l i t ’ -  a i a : t i t i n - j  t a t  t b - a u  b- ,L~ b -u .

_ 
- 
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( 2 )  ‘
~~~a : m . L ~~~~~

:;Lom I e m ; i

l h a ’ • -~ : t  ei - a m . a L  t a aA it - t r a n s f e r  b o u n d a r y  ~~a i f l a j t  t i at  • i t  t a e
b L a d e  •-x ta ;r na l a Iiab .i t ic w a l l  t empera tu re s , t u r b u l e n t  .aI a d - at ta in m r

h - , a t  — t r a n s fe r  -~c off i c i e n t s , and s u r f a c e  s ta t i c —p r e s s  I to  lis-
a - itt at i o n s)  w a - r e  c omp u t ed  it the d e s i g n  t a rg e t  leve l of a 2 - ~ -j °k-

ir b - , iae inlet tm e a :~~ i ra tu re  (T 4 ) . The bl a b - a r u b  i a i V a i

t~ al pa ossure , is well -is i i i  o the r  ~r e s su r e  l e v e l s  in  i L l s
i ’ S L J i i , ~- - r e C’oSlI ltible with a F L 1 3 1 3 cycle - 10513 1  point l i t  icS.

b - h o sur i-a ce .‘. -i.)uity rat i- s used ti - a t ;taci g cal -culat i -.,;aS ItaC1 j5a~~j

t b ~ a ’  o f t  u t . ~ ut .  r a : t . m t i n  ; the bia-ic an -b - -cu Lt in~g b a - a k  L.o f - i i i l i t a
a l- l - t e j S  , - i a a V 1 - J .~~~a ’ , ’  discussed . Thu t a . m  g - . n t l - a l  ar id it -a m - i l  g~i~
lo a d ir i - ;  on a b l a b - u  S e c t i a m s  were also computed for later use in
t b - , - st ress a i a a l ’,’si s. F i - ; A r e s  2 0 [  ( a )  h r e~~-; h ( e)  I a n - i  11 [ ( .c~
a n r o I i ;n (e) ] sh -~~.’ the r e su l t s  of these  c a l c u l a t i o n s  -it i-i t 1055

gaut ’ loa m :; -if tnui b l a de .

The s t a y l a a t l a m a  reg ion of th is  blade has t y p i c  ~l 1y b - a ;  g b - a
- - ;‘:t ernil Ia - at—t ran st- .~r co fii ~~iuimt ~ in c o m b i n a ti on  w i t : .  cn -c s .A . L l y
h ic-j a’a d l i S i ) a . I L i C  w a l l  t e m p e r a t u r e s  fo r  small  e n g i n e  L u r L . m a ’ ~ b b -  aCe s
w i th .  r o l a t i - ’ e l y  s i m a rj . - b u - i l n a  J— u d ge radii. The lea lln-g ~~5 j ~~
- ‘Ol a o n ly  b - a . - cool -~:i by the jer.eration of e j u a l l y  n i g h c - i n;  : - t i / e
h a . .m t t  r a i i m ; f e r  r at e s  an the  wjjl inner surface. ‘b - h e  b es t  I : . - - hot - ‘

i or  .i~~ b i a a  .‘ i n - g  th e s e  h i - a l a  .c-,-ab m y  rates , in a fashion Lb at i/es
t b - t orts p r op o r t i on a l  to th e  local  e x t e r n a l  h e a t— t r a n s t e r  ;- . -

— 2 l a n t s , wa s by impin-;e:’. e r t t .  I t em s  critical to successi  i-i
1mb - i n -  ae n a e a i t  design a r ~ t b - au cooling— jet stajnat ion lao at i - - , - a t i
tne ;.all inner sur f IC-a , - a u I ge -~ rm~ tr ic fac tors such as m : a ~ - i t~ ;e::l-- - :t
slot ta .. .rght , gap d i s ta nc e  t . ram aa si a.,t to wall , and lea l i t a  ;—  I
mnno r radius.

B l a d e  cu r- Jot -Ire -and tite l a m i n a t e  d e s i a g m a  r e st r i c t  b r a  ( s l o t s
- . a’,’ u n i  -

,‘ bt -’ n orm .1 ta tb -m i a-urfac~ of a laminate) fur-ce tb - a ’~
ma : n m t o f  tb: im~.-in ,eane: t slot to be cl ose to the pr-ess i t e  wa - .1 i t a
or  h a t ’ to imp i~~ -J ~~ :1 traictly on the leading—aa dge sta -ji a-it Lull po i : a t .

A b - mi ~h— ’ie1ocir’,’ jet f l o w in g  near the pressur e—s i-he wil l L r~ ve.Iu,I
a r m y  ~-u s s i b i 1  ties at partial or comp lete film dischar ge u f l La j  ‘ ‘ m- ~
p r e s s  a r e  s m a face. Suct i e a— s i lu g i l l — p o s i t i o n  a i i S c m a . i r ] a . ,~ a.i tb -i ’i
b - m i c a  1 ctaalce , m a - i  was -lesir ab l e  for Lw -c reasons . F t at , t m

(I t - t oo l  i i . g  air a h. t mi j y a c  the r- .,c i a ~ sactiota n~ i l l  a f te r
i : m m j .- I n t - :merm t is ua :airab le tar heat—tra:~st-c r ~a u r t -  r lhia a m c e  . t b - t a ’

t l a a c O i a C  wa : ;  t b - i c  Ci  - :a ~~i i ~~r j a  j f l  o aaia i ns tr a± ain S t a t  I C  ~- f e S S  m m r C  at
1 1 ii C i  : u c b - a a r  ~e 1 SC-It ions ur b -a re s -sure— or S t 2 t 1 , , i a ’ - S i - ae

s l o t  - : . -hot i s oh a r i c  ja l it  t a a r  the suction sct i a a ’e r t — - i e a l e - i  t h n m t
a- - a , - . r a S i a l  at . a ’  m e — L ar u ss ur e  v a r i a ti o n  was a~~pr o:-.i a a c e l y  7

a - s i; wh - a  ~:i ;~~, b - a c  b - ate 1s i L t ~~— ., i r t a c u  s t a t  a c — p r e s s u r e  ‘ a i m  a t i o f l  W a S
ciii th *:  - a  i - a r  a t  p u .  “ 1i r i i , a i ,~ i i a j  t a t e  tl’s— ’ifu t: . i i O’ u t l  ge p a - c - s -
a l l  a ‘ a r  l a t i o r a  W i s  b u t ,a i h IC i i i  to a - ;h i e v i t . g  the  aj u a b - O C i lal i ml
.l i s t .t 1b - ,, 1 a L Ola 0 t  ~‘ u1 U t - J b low -with in tb -ic lea-i a n  ~— a: d-~e c m v i: . 1

l . a  s S t a m a  i p a - a n t , : ; u c t ; u n — S u L  ace d i s ch a a  go w_ a s Im a .i - . ’: a
Pt a~’t ~~ r r a a u 1  . In r .- sr-Ic t o  t h a t  se lect i o n  a t  s ia i - j le— side filita
b - i s  ;Li m i ye , it  u aau I-i - m i ti a b - i an pOi .ted out  tb - a - i t t b - a u niagni tj - i  01

:; a r t  acme S t al L  aC p l an s - i re - a j  t t e r s  su b s t a aa t i a l  1; f t  cii 5ja .at 1.~~ n a  ~~a d o

.13
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0 r e a u -; . r  e soj a - in the g ill re-ji~ari of the blade. Tt W o 2 J d  he

~ x~~r a m aaa ’ - i :  d i f f i c u l t  to balance tne flow discharging on U-aLm a
- i a ’ - S

The t - a a t c t f l - a i  -~~ each t the a w~ cen t e r b ol - ,’ r a d i a l  c-aol i r a j

~- :sa ,a us w .s La - ri t u  c- el the  su c L i o : a  .a.d p r e s i sr e  s u r m  ac~t~~, ita:I
t o  s ac ’ - - as  cool m t m  I . I n W  s u b - - p t ;  t i m - a  i i s t r~~b u t i on  c h . a m , r a a n i s  L o t

i a . 1 1 a ~ - t — - I b- a n and t r a i l l t : - i — a . . l .j  b - a u r t .L a i  of the r,la t~~ . T b - t a m
a s i- i ra i nte n t in e ach was tu  ii i’m - A u  -a re.atively a;-~ a.S L m a t  f l - s i - i
I eS:-  . r a  to - m i - I  1~i c un t r o 1 1i a a .~ b lu e - I  j a i L : )  the l’n~~-:~ t m - J — ’n I C A V I  tp

r am 1 1 ,n i — a - i i c  slot t r . , : a a  b - a a b  to t i~~ . I t a  a - m a i i t i - a ra , S 1a , .2 -~
:rg . - . am m a i r m a u n t  t i e n t — t r a n s i e r  rates are proportional to slut— 5- ~t

b - - r r ? s s u r e  a r u o , th e r ad i a l  - i a r i - i t i u m a  in l e a d i n g— c  i j e ca: a l l i t  ~
P more easily controlled w i t h  a u n i f o r m  n n a p p l y pr ea s u r e  i a .  L l a ’ c
cnn tr— forwa rd vmssa-je. t a a a - j t b - i e r  - I - n s i q n  i i a t ~nn t  f or  t he  ;e r a t ur h o - i j
:.a s : ; . a - ~~-s was to p rov ide  a - In - i a - at e lu-:al coo ln-~ t n  pr op  t t l . i ~ta tO

m e r a i i  i i  change in heat I-ia i on the suction m u  press m r- n
a i r t a - m s w i t h  spec m a l  a t t’~n t i  n a l  t o the  L i p  r a n Ij  a u r a  wb - a -n rna  t:i-: net
~~ ) a i d : ~~ — t  i - . -w r at e  is r e lat i v e ly  low.

-)j.- t  i-sos open to a c hi ev e  these  ai: ’is include pass--i’ju en tr m o o
a n t  ~~X i t . o r if ic i n g ,  p i t t — f i n  jauttern specirication , .50(1 -/ariationS
i n  ‘ b - t a :  m e t  t h r a s u g h — f l o w  t h a t  - l i s c l m . a r - j e s  f r o m  each p i s Sa  ~e at  t he
P i t - i- - t i p. Radial v a r i a t ion s  in p i m i — L i n  spac ing  can be i .~ -cd to
c .a t a a rol the frictional pressure .irup and b a l an c e  the  in c r e a s e s
iO tis a - i— ~ar e s s n ir e  -drop due  to r o t a t i o n a l  pumpin  j ,  t l . ereU ’, ’  .ac l i i e v—
i : -  a ra-lati v anfy nman st-arat pr e s s u re  passage . P i n — f  a ta sp ac l : .  ~~5

a s o  control the wall heat—tr atm ste r rate. Na- or the b~1~~ a ’ - t m~ - ,
the n - - a - a m n i a i ~ passage flu-.-i w i l l  be c o nt r o l l e d  P’, exit ur~ .t1 -li ra 3
So ‘ b - a  m ’.. suit L C I  ez.t  f l o w  re :a ma ins  to cool tb - a c top -jaart .n r o t  t O -n
hi  I

A ~~- i  m l  in j— .a- .1 ju discharge slot has been inc-~rpua ate-i ui t b - t i - i
- n - - S i g:. * m ’.ma mian-v .: e f f e c t i v e  cool i n j  o f  the r e l a t i ve l y mci i c - e s —
Sitle trail a r i g— u-I j’~ re lion at the hig h turbine i a a i a : t  t ’n na~~er it . i r -n~~
Sj ~f : : t  i tT i e d.  (2ons ic.Ierat ion - ‘mus t be j i v e n  to a c h ie vi m m  

~ . a s
a a i - a t  l i S t r i } , I I t . i f l i  ot  tiuw l it  t h i s  s l at , as wel l  - ms  o ga - a ’ ,- i t
i t t  j  a ~~

- i a i ’ a ?  c o l i  a a - j  rates on the s u c ti o n  a n s  p r a ’ s s u r r  w a l l s  w t t n
• 0 - -  ~ ‘i i i  I ab1 - i  t i  ;W - i ou  ~ressure drop . The inherent . a . i. ;  ‘n

ro ;bne-s~ 
- the l a r r i r a  i t e m — ies j ~ a a  in the -char  i -w i s e —  t i o w  i i :  u- . ti  t i

w i l l  a ’ m c r - ’  a . ; e  t b - a c  h ea t  t r o a t t i f e r  and f r i c t io n  t a c t  - j r .  I - i n — :  in
a t  mc a ’, ’s a m - . a rtic sla r l~’ u:;etul L i t  S s l o t  at  th is yc .’ - a m - t r ;  ai rs
i f l c r a - a : . a  t . t i  a n a t m — t r a n s t e r  r a t ’.a i f  su f i  icient pressure trap is

- a ’! a 1 loP 1 ~n

m it i - al j i e - a t — t r a n s t e n  - . m l c u l . i t ~~o a a s t - ; r  t he  b - a 1 - ~ b - i — t - , ,
- a ~ - u i  I t

I m i t t  l a T a m i  01  Can ~a i - i i c , a L a ~ s a t  - a pp r o x i m at e  co o l i r i~j L i  ,w a ‘-
O s to ~ p a-- m acn t i i  - .‘ m I ~at e s s  )r  C i a c h - a r -j e  t Low f o r  i t t  t i : , n : i L

h - a  r e - i - l i  to-i - i  a- , sr h i n e  fi l et  t :e” a ; a e r . it u r o  u s i n g  a n I . a t  ~~Jt ,m i ;
asra r ti j i  i • j -t ( t O O  I 00 :~claein e . The f i - p a r e  of s — j a e t c a n a a  t t -  t a t  co ~ I m a- ;

a aw W aS n a n lec  -~ - b -  -a s  I sL art i r a - ~ ~o b - r a t f o r  t h i s  I - - s i  j a i , WI.  L : .  a m a
u !a n spl a of 2 . 5  pe rcent  to t b - i a n  t o r w  i r A  and a f t  n a b - v - s  c i i  t i .

a 1 ’ -  ( P . - , r - - i r b - a r - - i  ; k a  the centanm—f rws r a l and c a : i a t . : r— i t t  ~ - a l ~~a , t
a . I S I ;  a ;~ r S , r eSpect  1 - i e tj .
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l i t ’ v a r  1st ion  in  l u - a c h i n g —  a r m - i  t r a i l i n g — E r ’ i - j a ’  C a a l i f l ’ J  tiow
I - - ¼ 1 - i ir a nmelits with radius was e5 *, i : aa t e d  i n i ti a l l y  w i t h  t ins  i n t e n —

i o t a  o t m - j mis t a a m - ;  the  d i :~ tribaL i - i r a  f o l l o w  a nj -u -a ta i . 1’s-I t aaer m aa 1
a a: a i ‘.51:;  a t  uS -h  o f  t h e  f i v e  p r i m a r y  blade S e c t i u a a s  b e i i a  J ‘ ,t O f l~
s a i r a - - i r rum blade base to blade tip. The approacta isa -‘J to

t a - t  e r m in e  t b - a u  ~n i t ia l  r a d ia l  co o l i i a -j  f l o w  C a  sLr~ buti-an ~I I 5  to
m m .  a k ’  t a , - 1- - a  i i : m - ; — a : J - j u  L l m ~ i a ’ i e ” a e i a t  f l o w  j u t  tfai~ i ll - b - — u - b -gO h O t
a 1 - .~- pr t~ t a t a a t  t o  t b - a u  l o u -a l  -J~ a S — : a e J t  1 , ,a ’i  - a t  ~~i !e i a  ri m i J ~~~ .

‘rhe v a r i  a t  i :1. fit b a n a L  La i-I was c a l c u lat e d  a s su : a  a l a o  L i a r b - e u  i - i—

P a l i t  v o t S u n  i r o r : m  U - i  1 k —m e ta l  temper-at i r a  from b - tub to t_ i~~- - a t
1 -  a - b - i n - ;  , a r : l  a t a i l i ng  a: l - J e 5 .  The ma J u l I  ~ ud . of t b - i a n  a S S - .Aa ae I

a i i t ’ t  a l  t e ru ; - e r  a .  ar ’s in a n m ~:b - a case was t’,’p - L 2 a i  ot  ~i hi jra— t an a~a’s r s t I r ’ :
I - t -  - la ~’si~ r u . ‘ b - a u  r a . i i . i l v - a n  it i -o n in hea t  I s m  I w a r : , t b - a -n rc t or e ,

. 1  i l a C  L o t  a )  1 ‘ 1n t u r b i n e  i n let  tu : :iper a  t u r a  a ;~rul i le , t b - a s  P1 i s - n
u - a  - - h - - i - a t h a t  i e t e m - ’ a i t a e - d  the g a s — s i - g a :  b - a~~a t — r r a n s f e x - L m t ~m s  a t

m a r i o  .5 t a m i m i ,  s tat i o ns , i r a - I  t h e  ol ache pn i : t etr 1 i t a t  ‘ i m t s r - i , n s
a ‘ m e t  ml a r a r a s  ‘n a m I t  a • a s ’n  be coole I .  ‘1 ’ b - a~ t raction 0t t b - m e  t a t - i l
c u o u i r , t law n eeded to cool e a c h  .c a S r t w i sj () Se ct  t o r i  of  ‘ n b - a - n  : 1 1  h as

‘.‘ as a: a a 1 ~ i i  r u c t l ’,’ p r o j  - a r t i a r t  .1 to the rd a t  ~~~/
- : b - : - a - ~ t t o - b- - i t  th  a t

S ’ a O  i - - n . A t a C t  throu (jh—t l.sw tract, ion -of 0 . .~Q i n  a r m - m b - a  I :  t t e
r u n t  e m  n y  ~ -a5 ’~~1 ;es was assua:ac-i t~~ be ade~~u - a r e  f u r  2 1 1  i ’n c t i / a n l ;
ta .a~ a l i t m  b - a ’  : a n a m t e r b o d y — t i p r e - j ion  of the iJade. Fi ;uram l~ i ra mc’is
Oa’ C-a a I m  d i s t r ib u t i o n  b r e a k d o w n  used f o r  all ti .:W a l .a l ~~~5 i,~

1 : 1 1  I a ’  -ar— trot .,; ta -mr c al c ula t  ions .

Cumoressible flow -analysis of the two cent-arba b- ; :a .’ities
a - : a - r ‘ m c c l  f-a r the variable—passage flow t n x b -~a :O ~ ‘na t 2-rh in ta t is

a - p a. The entire pass.a jan was modeled f a r  ~ :a 1 js i s  1 ccl a a in-~
i n  i. u t  a l - I  exit o r i f i c e s, - a o l v a r i a b l e  sp i C i r a j  p i n  t i n s . l a m at
t r a n s  fu r  a t a - t ’ ~ a a e n  t he coo l an t  an d p a s s ag e  w a l l s  was O o r a S i  i - - r a t ,

a t m — i  a t  I U - - -s r t i . .a r -j  c o n d i t i o n s  require I for a t ; b - a c r a - o a l a n al ;~~i u u t
t t a - - U L o m b - u s e ct ion  at  - ar my r ad ius  of in teres t  were -: - anm 1~ I t u

b - l i e coo lan t  supp ly p re ss u r e  at the  base of t i t a n  u i - m Ae
S t S la n c ’ t o a l f u r  t h i s  Ieau i j n  ,~ as com pat ib l e  w i t h  the Tk-’E7 t l — 3 - cy c l e

b- ’ a a i g ; — p a i n t  pressures. In the initial calculations , a — ‘of ian of
b - i C  p si W - 1 t 3  -us ed , s ince  t h i s  is ap pr o x i m a t e l y  has h is  i - — s P a n k —

- av i t ’ , ’  I r a - a s n a r e  in the c u r r e n t  TFL7 3 1 — i  lb - P L ir b i n e  UI  a i a n .  La t e r
eva  1 u.i~ 1 ‘ ( I a  o f t h e  leadi~a - ~— e d - ~e cuulin-j r e b - i i r a r t l a a ’n ts  r L i S t ,t I Lo is
p r a - s s a r a .t ‘a  13-i a ) s ia , whi;h is a reasonable est imate of t a t - s
O t t - i  i t a a h l & :  b - a l  i ia: s~ m a rak pressair-n for a modified coolant b - eli ‘men’,’
S; s t ’ r m  a m a  L , l an  Ti- ’L7 3 1— w i t h  co o l a n t — f l o w  rates i n c re a s a n -:1 $ a 5 a:
~ a~ -~ 

r ‘‘ a n t .

b - b - i a  s t a tj ~~ ~. re s- s - i r a n s on the  blade t i p  were rm ~~ - u i r - ~ ~ a 

a u , i - t n t ’ -  d e s i g n  of t ip  - l i S c~ a ar J a s o r it i c e s  t~-j :low t n c  t~~ ,~ i r ei
010 n a t . o t  a .a a a a j l i a a t  s i r  in u- th  t h e  center—forwar.A a n - i  i m a m m a t u r — a l  L
Cool i r a  o s s a g a m s .  The -ru ssur u s were deter u : l a O S  f r  j an  P a r  a

a S O t .~~r - .l c i i i  - i  ‘rFE 7 1 1 — 3  E n -j i a a e  u s in g  K u l i te pra .? s s u rt ’ ~- r o k ) e s .
t i r a c e  t he  i~~ m m :  m n a tu l UI - i d ’s  -ho e s  not  have a s’.j uea l er  L i p ,  b - a ’s
p r  :S :;~a re  w a n  t a k e n as  t I.-: av e r s - J o  of  p r e s su r e — s  ar t a - c e  and

mae  a s  ar e r nen t  - .  a 1 u ~~s fo r  t b - i .’ t e sted ‘ I ’ l L ?  1 1 — 3  bl a
wi a - h -J 0. 0 2 g — i a a e h  s - i - s c - s b - m r  t i p .  Kulite pr -abe test l a m  a h ad
t.a a a C l i  r * m l , a t a m c j  to t b - a m t e s t o a - l  turbine Inlet total press-Jr - , a l - i
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L ‘ i i C ’  , - - m a t .  ic p r e s~~ur us no m ] ..l ba a j a~ Le r iflined f o r  the l dlllit a it ’s J

1’ - a rain t b - ic -i- n ,i j n  t u r b in e  Jet  total pranssure . ‘ b - a m - j a -

r ’ , a I ~~~~ j oe  a~ i a a ’ ~ in the  L a ’ - , m c m  a t a ~~ bl a de s m  f L e r  s o mew ha t  l i ) a t l
t t - a , ; -  t e a  t b - i ’ m  aj a r e e _ p a i s a  jan I ’ F E l  3 1 — 3  b la r l i-  dan ~~i -j ~ a , t b - a ~s L ip
pr ’s’; a r e s , ~‘ure Ju t e r :a a in e d  U ’,’ j~- l ’ ’ ’ :t i n j  ‘ he t e s t  .1st a a
a o l  a t  1 ‘ a ’ C I a  t J  pa0~~~i ti O i a .

‘r b - -t o i - ’si .j r~ 
, m t t o r +  in b ot , i i  C ’sj , t . ’m C b a  1/ . 555- i  i a - S  il -i S .1 ~~m i  at

a -e ’l e c f  I r a ; i — t i n  s p a c i a ti s  a t ,  a t  w-~~~Id ‘-, m  i t , i a , - - -  ; n h iJ  v , -n .. a
p r m  m c -  a t — a  r a n s t e r  r a te s  -sI L o a n  ~~~~~~~ L a l .  .~ i ,  . pu ess r -n ,~‘ a~~Ls , - a t ,

0 1 5 0  pr , ‘ a: i 2 a t t s t a i ,t  pr e s s  ar e  pd~~s~~~j -n to g ’ I a t l S h S~~ i a j  f i i m t m i a r a
a r  p ~~1t l t  r o t , t L , . o am a J ,  ~:U r - , a ~~~~~ ~~~~ I a m i r a .a t ~ I a i b t  a c i —

m a .  mc ’ci m am c a l e os’.ablisht:s some p i r , — [ m r a  p a ’ term iesi’jra a - a m i i —
a o ’ s .  F i r s t  , t It ’s p in s . -ze a , ;  — I e t e r m j  i . e -a  oy t b - i s  l a m i r i - a  t n  t h i c k —

m a ’ :  3 , - s b - a m  ‘h i n ,  L o i s  U i - a le W O l i  0 .  0.~0 i n c h  . r a  t h e  ner a t -srbo-J ;
r a o n .  Sec aS , the  :ira c en t e r — t o — c e n t e r  a x i a l  sp a c i t a  n a-i t
a - as ru ‘vera :aai l t ~~clu a ’ t he  l a m i n a t e  t h i c k n e s s .  In  a ~:a al i
jn a s ;  ~;a - , t h i s  prevents unifui raa d i s t r i b u t i o n  of p in s  a - ~s t a t e

l ow  - 
a~~h 1; .  many  cases.  A t h i r d  c r i t er i  a is I i a )  ori_ - a t ~ -a ci t

c a - : a . ; w b - a a  cIa :aa - is t , of - - -sr se , be par a i l e l  to the 1 m a :  t , - i~~~~ i ra ,,
B a a a t i ~~~~t~a ( a 5t  C b-~~a r a : u a t  i n t h e  c e n t e r —  a f t  c a v i L ’ , ’ , “ a x i m a m a  t i n
an t t ’ ’ , m a  i m r a ’ m n a m S S  2 m a : .  ~t P- .m c h i e ’ ’e i as w 5 n l  a u -n possible w u ‘ a
S I  r ’ r pi ns r r a t , ,  , a  t u  i r a r  a] . to t’ a- ,m iIJ -:;a ~e w a l l s .  Than ~~~~ it-
a L S O  a t  

~~~ b- ,or ’- :r..~ss ;ectt i t a , W b - m i c a a , ~ at 1~~e pr oP Wi ’,’ pr  - I - ‘ a

b - . i ; b - a a ’ r  a - r a t  — t r a m a s t e r  r a t a m s , a I ”t aS O n . m  U S e  o L  e xl s t i : ai  c o r ra l a —
• 
~O;aS t o r  m a r .  - ii. p in  i r m a  m a r  e o t  l i t  a p pr ox  m itt a t i on .

b - h a s  , r m a i  d e s ign  in b o t t a  pa ~~ a jes uses 0. SiC— a ra c b -~ a J a r - :
p l : a S  or , hot f t  ) . W~ i— i n c h  or 0. J b u — . t m c h  c u u i t e r — m c,~— c e , a L a r  r a ; , s —
‘ ma ’ a ’se .O j . i : l t I J ,  Wits variable ~,ar a~~ica ,ii:uaI or flow ~ire :a a , ,

S~~ 1: ’ a c m - ,a .  ‘ i ’ h a ~~ u p s  :i ng ,  in general , as ate 1-- San a t  t a . . u u a e  of
- ‘ , ‘ ul ada: w t a ’ a r ’ m  radial f I oW as q -a i t e  hi  ,j h ar i d  a’s n o a r a u s  L.i m c i  /
a . o ’ m k a a  I t a - - a r ‘ t a m  t i a  L~ K ’5’ i~~ ~ al l t - s : ’ r p a n r , a t s a  es .1 wn w i t h  1 ~•- .“sr
- [ a - , ’. t a t  0, • :.e m a o l a r a t ‘n a sr - a~ e r a ’. sre a t  the  b a n - - of t }a - o~ a

u S  co s ign -- s a r a n m a s i t a  C ia t jri’OSflt with t , I , - - .Iesi ;n at ‘t’1t -7 3 1 — i
H i  ‘ a t a . - i m m ’ -  t a b - a m  ( l u O O ° F . ( ‘ oo l s nt  - n a n p ’ :r a t a i - r i s e  j i t  a a-s
0 : r , t _ a ’ u — t o r w a r d  b - -- - i SSSJr’ ~s -a t s t u l  or  3 1 u °F t a r  ~ 1m’~ t n t  a l  b - - l i - i - :
l ’ ’S i r n  f l a W  at  ~~. ~8 pe r cent  of  l~3 - a t  .lfl a v e r d i a s  ~i’ I ’l’ of  .t t , u 0 °r .

T a , ” c -a rr e sp o :~u~~a m ~ coo l a n t  L ’s :- p a n r a r u r e  n a - .: ama ‘ t i n  r- ri.ram r— I L L:~ a S 5 ~ a -;’’ is a b o u t  4 7 5 ° F .  ‘ t h e  la s s Li ,’ : ta : a - a i : a L  m l ,  c o n s L a a a ’ p r a - ~s —
S a n a t as:-- ; a a ’ s  w a s  compromise in  L h a m  Last O l i n  th  m r - I  of ‘ :me  b~. a a -

a l l  a ; m ; m c - i t  W a . S  1i0 €m c i l ry  to I~~~igfl S i f f i C i a t n a p a :  — t i m a

l r a - s - m ~~re  i r  - a  to ~. Oa5~~ b - ae ,a ’,— tr aiasfer rates ,ip, m u  1 w a l l  . e . a ~ -r a —
r • .‘ s W i  ‘ t a m  i t  a r e a Su am a a Ic nsa -

The h i  j h— - :uo l  i t t  ; re a i r e r - a e n r a  of t b - ac  l ead  t a m - g — c J  ;‘ ‘ m a j i O m a
a t  ~n t r a i s i t a j  ‘;: a - :  i- , ,~ a n t  : a a t e t  r - - S S a a  as at t ar s  , 13c at

a a t ’  LI  m b - a ’  o 3 p s i  a , a ,, a * t a ,: coal a aat f l o w  in a ’ ; - a a a t s r  t - a rw sr  .i
a ~~~ ‘ h r  a’a 2.a ‘no ~ . 3 :’-, ~a - 2 - 2 - n t u t  of W 3 . lb -owe -ai r , th an l r a c l ’e-ase.a

p r a ’ s - ;  , r ’ -  .~ - a not  ,i’s~~ir~ a t , 1~~ L I ,  L a a - , ce n t e r — a f t  ;isssa- jam , a -

b - a - a r e f a r a - , m a , i a j ’ s ’ n  r i t i C - s  Wm. ; a a ; : o r po ra t - : i  to p t a  1 1 2 ’ ’  t,,-a
- i ’ - a ; i r .  I : a a s n a - ; e  j s r a n~~s a r ’ . Ha’s i ’ : c t i a a ~ ,i  rI ow spli ’ b - a t . ,. -na  -

a ’’ O a ’ ’ ’ a — f  i t ’ ~ ’ I L ~~ i i  , ‘n a a ’, - n a — t , $ p a S s a g e S  is c o n t r o l l - m a , in  a r t , b - - j
m r s  a~ — I l S C a a  in  Jo or it L t c i - i  a~ ‘ J m n u a  ~) i  3 1 1 2 .



The c r it  b - c a l  s u ct .io n , .it I~ 4 . 6 0 9 5  or a a a a a — f a a - m r t . km of  the
blade sb - an , was m o d e l s !  l i t  d ’ a t ~~~i L t o  d et e r m i ne  Lii ’:  t e m per a t u r e
and stress distributions art-i creep l i f e . The h e a t — t r a n s f e r
. i e s i - i a i  o f  t o r t  in the l a s s - h  m y — e d - j o  re-j ion was concetatrat .a - I eta

this sect f un  with the intenti on of later dup licating th’-se
C .a l c : .a l a t i - i t t a n  in  less - i e t , a  i i  a t  a l l  a L b - ’i ’ r  radi i t o  a r r i ve  ,aL a
t -  a t a  i des i - a n .  T r e a t m e n t  or  c r i t i c - m b -  sect ion h~~a t t t  r , a r a n f a n r  and
f l o w  ~ b - a~~ S i b - r t  i n d e p e n d e n t ly of n e i ’ ;hb o r i n g  sec t ions  of t h a -  b l u e
was  p e a ; s ib l a - , s i n c e  a l l  f l o w  w i t hi n  the l- . ;aa l i n q — a ’ l - j e  -2 I ’ ’ t  L’~ is
I a t t e a m  b - a r - - i t a ha . ; s t r i c t l y  chordwise .  F i l m — s l o t  and i a ’ aj ) i n g ’ .a a :a -n r a t —
s lo t  l a m s i - i n  t i o w s  were compa t ib l e  so t hat  r -ami i . s l  crossfi-s~; coa l . i
be held to a : - a i a i i m u m .

H a—~~i..~e imp ingemen t  h e a t — t r a n s  f a r  c o r r e l a t i o n s  ‘,‘I ’n re
t ak e n  I ram Ai k e s a ;a r c h  sponsored e x p e r i m e n t a l  st amP it - -s  a t  111 ~ zoo-s
St -ate University . The correlations used were compatibi’ -.ni h ,h a . b - . a m

l s a n i a i o r t m - l  b lade  l e a d i n g — e d ge geometry ( i n  t h at , the’: a- :c :ns:ate I fi r
~~ i . ;h t  ar p  l am a I i n a ; — a : -  l ’je c o n c a v i t y )  and were based -m b - .-o;i

p hys t o o l  pa rame te r s  of slot h e i g h t , s l o t — t o — s t a g n a t i o n  pa ir.t
d i s t a n c e , i m p i n g e m e n t — c o o l e d  s u r f a c e  len - j I .h , and c a v i t y  w b - - I t i t  a t
the  i m p l n ; e a r i a ; n t  s lo t .  Since c r o s s f l o w  was to be minimi,-a a m - I b~
desi-;n intent , its effect in degrading heat—transfer rat -ms was
a’a - ) t  considered .

\‘~ sualizir,.i the leading—edge cavity flow pattern (Seam
F i - m a i r e  17) the c o o lant  jet discharges from t h a ’  i m p iu a aj t n a r a e n t :  s l ot .
at a h i - ;h  ‘,.‘ e i o ci t - ’ , and f l ows  f o r w a r d  towards the s t a g n at i o n
p o m n t .  It  is c o n s t r a i n e d  to f l ow  a l a n - ;  the  p r e s s u r e — s t  l a m  •- : a ll
b y s p e n t t  c o o l a r a t  t ha t  is t r a ve l i n g  in t b - i a n o ppo s it e  a l i r a ’ - :t i  - a : ar t
t h ’ ’  a ;i c ti on  w a l l  and in the c e n t r a l  par t  of the cav i L ’, ’. A m ’ am ’r
m a - ’ap ln q  a r u - r  r a o t r  t: b - i - - s tag n a t i o n  po in t , the spent  cuaa b -ant t c a  a m , ;  j a i a i
I l aws  a f t  on ‘ b - i ’ -  r e m u S s u c t i - a a :— i - ; s l  b- i ai at e r s u r f ac e  ,mn d t a ~ , ’:,
- i i s c h a m - ; e s  ‘ b - a r o : a -j h  t b - t o  f i l m  s l o ts  i n t o  the arta iaa strea aaa .

The i n i t i a l  i m p i n g e m e n t  c on f igu r a t i o n  c a l c u l a t e d  f or  ‘ ha :
‘ — b - ’ a s r c e n t  co o l i n g  f l ow  in  tb - a c f o r w a r d  h a l f  of t he  b lade  - m i i o r - . t

- i ’ - l a z e d  -~n -a m- a a l a},la ’ pressure drop f r u a : a  the c e n t e r — f or . - ,- - a r.b -
p .15:-maqa: to the s r i - a t  i o n — : - ; ide St  at i c  p r e s s - i r e  of , h b  .4  ps i .  ‘i ’hc
f I m t — C a  )O i - a n t  S S Ct ~~~~ r -  r a n  f 1.- w a r e a m  was :.!etermi ;aed by ass au ~a i  r ap  am
w i d ’ . fl o f t . w . a 0 .  ( t b - I — i  n- :h  i - mom a t e  t h i ch n es s e s  , and a l e a a - t t l m  in the
r a d i a l  - ..li rec tmt .)n i a . a t  ‘,‘.‘a s a a~a:-a miriam of t w o — t h i r d s  of t b - i a :  b .b - maU~l a - r t ; t h in  t b - t a t  n - a r t  i o n  of t b - i a -  bi a - i c -  b e i n - i  consider ~~-I .  The fila:;—
slat:  f l o w  c a ’ ’f t i ci en t  i’. as c - ti c- a l atoal t o  a c c o a l a t  t a r  the - I a n p r e s s —
I r a q  e f f e c t s  o f  h t - ; b - m — m a i n s t r ’~ in cr ess  f l o w  r a a o r m i t m n t u m . Than
In !)  a rm- - r o a m a o a a t — s l a t  l e n g t h  in ac  r -a d a  m l  l i i  a s Ct i o a i  was .S a t t , i L
80 percent of the a c - m a 1 ab l e  1 - ’ ~~~ 1 t a , - i r a - I  t b - m a -  S b - a t :  ii ’. :igh t , w h i - : b - ,  is
critical to he ,aL— t ra n ;te r pe r fe r  - a r - c , W a r ;  a 0  l ’ .t m i s t  m i  to u t i

I a ’ ’  m ax i m u m  p re s s  ire drop p-’ a ; ~~ i L l t r  a n a l a j o f l e r  i t . , - b - t i  m b - a  b - i a - a t —
t r a n s f e r  c o e f f i c ie n t s .
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t~F aa ’n t he  i n i t i a l  h e a r — ’.r i _ a : c ’ :  m ’ - ; j r ,  ‘ i ’  1 : - a l  L t ~~~i--
s o a)n t h a ..- r : m a u l  an i l ’, -’sa .~ We i - n  a m a ; ,  L ’ s ’ - : a , t I t a n  l~~ t a . i~~~~~’ m i  0

a - r a t . a l ’ea ; w a ,-r e  fju rtml to baa h_ - t a t .  , , t  • ,‘tiS ‘aS • , t a ~: a t . m .  I - ’I  ,,.(,:

t a - n :  - n o t a t e  g r a d i e n ts in • b - a ’ s  ~~~ a ’~~:’. a a ’ , ,  .‘n I . ‘ a 2 ’ 1 I ~‘u
I a t e. U t  torts were then ‘ :; a a n  a t t  ~~~L .0’ - - m a ’ .— I ~~ .t t - a J - n  I

, t u a a l  m r a - a  f a a t ’ t b - m e  u r < i S t i n a j l t : a i , . i m .  j’ i ! &’s S ’ — ,-. m i  ~.. ‘~~S . L t i O I a , a m i  l , a n t , 2 a 2 ,
t he  ex i s t i ng  b - - i 5 S 1 : ’ s — t. i a ~~•’ i L ’ ; a  ~~~~~~~~~~~~ ,. a ‘ a , - ~~~~~ b - a n . ‘b - ta ’: H i  ~ a

i a n a :i i r a i a ’ . t - j o  L a n m e r a t u r e m ,  ,~ - - r  ‘a . :a . . , ‘ : -j  n’,’ a na t. at : a t~~rs
that are listed below:

o ‘l b -a ’s S t a s i p  l -n a - i i n — ’a i- ;t: L J i l J a ~ ~ f a h ~~ S l a a . , ,,, H a j a c

is not suit -abl e -
. - r -n , -. n : r a a s L J  i t .. a L 0 b~ .C inlet

t e ; a a p ’r r . s t sr e  ; S~~a m c a  . ‘ , a m  i n a s i . t -n — S s r t - .i n a n  i r ’. m~ t -
O u t S I a j a n —  m a r t s _a - n a r -  a 5 ’ 2 , t  .a~~ l a n a 1

’ a l a - m - l ! a : . ’ a J C - ) 1 S .

Ca n o l i n g  r an ~~~m r a n a - a e t a ’. -; ~ac . t b - t a n  ~~ t ,a  ~ a . A ’n i-J t a p - s l a t ’ a i m
a . ;x L r e m m r .’i ~’,’ tmc j r . ,  .~r , - r ~, r’ . i n j a n t l e r i t  -, aou l - - ,  a s  1,_ n  a —
c r asS by p e a a - : L r . a ’ m c - a a . pr . Lian ; a ’a . I :  a n ’,  I i  r i t a  ;a

of t b - i a~ ~~m . : i i a ,  a t - m t - I - a ~~i b - a - ,  t ha n  s i- i  ai’,’r . i t !  .t a -n .~~: J m a
w a :j l i  a t  co arsa :  n’ : a ’ a - l _ t  j a n i r o r  a u i t a - t  aa a, , : ,  •
i a a ~ ‘maI . ;e to lie - : a r r a . i t i u i o n  W itha t Im0 o ,0’j ° 1 a- .~~~
r i o 1 i i  i’as i ’s f lt

o ‘b - t i e ~a f l j - i n - m t m m e n t . ai I ~L i u a .aa t i o r i , as a m c ’ . s a  -a H /  t H a n

l am i n a t e d  ..:an t i  ~..arit i-o: , f o r  :ass L l . e  . :a a o i  ~~~ ot a m .. a—
S i . m e  o o aj l a u a t  d i sc o  a r . g e .  i i  a u  r . a t e a  a m a .: r . m j am € a . . a pa
t h a n , a a : d s t an t i a l  p ress  a re  ir ,j~ is r ’- .~ j il e t .1 2~ ass
the ava~~. able fii:am— slo ’n ar-n a lan s’ ! i a . g  a ~~-s .; a h a ; ,  m e —
s i rab le  pressure  d n - .-j - across t , a a C  . a l ~m c n  J a .’ : a e a m t sI - ~ t .

o ‘rhe original location of the i a m p i a a j - - : a a - r a t w a b - i  ~~.a a ;

not -aptimi~ ed , -and shifting i t  r w a r . a :, -a ’, ’ U’: sa m e —
f i. c ia l  a, f the  proper  f l o w  i i s t ri b- , t  I o n :  c, a a .  Ia-: a . ; i i ,. —
to  a aae:l

l ate st  sai i~~S -ma de of the l~~ m r m i a a  ~— e . a  go co- al in i’ ; a r - J i., L - ; r I
m : a c l  a n ’  i ncreases  in the  t i l r - a — l~~s- a aa .l r J t n slot ‘a r - n a , ‘I a r t. a L ~~ o r t  o f
tOm’s i m p i ng e m e n t — s l o t  ‘ l a n . ~ ; a m t , m : , . a  -as m : ~ j - 3  i : a  ‘ n t i s  f l . ,,~ a
i t t ’  - a ’ -  ;eome t r i c  changes pr o - -:e- .a L~~ t i S ’1a2 a5~~~’ a r - i  t a o  or  sat m . . l,
n - t a - - t i c  a m l  e f f e c t .  The - l a s t  SLi 0 ,nSS t  m l  a - s i  j f l  a l t e r  i t  i ~~t -
w a s  a l a  L r t c r a .-a . Ie  i r ’i t h a n  ctn u~ t a a r — f - , r - .-;o r s  ‘ .u ’ i i t ’ ,- ’ o o l ar ~ t — -a 4 - _ j ’

a ’ S m .~~~ t . a  i i )  p a t io  at  t1i~1 ; I i’ ,j  a - a l  s e c t a - i m a  radius.
a n or  5-I - h t :me  a .’ a u - a b l e  L - a t . a i  ~~ eau .u - a a a a  I a o p  to 47. -i p si  so t i m  it
1, ’ . ’ i t - a l .b -  Ia j the  Sj - i t  ~re  is  -0 ‘ i S t  a t .  I . and al  l~~w i t a - g  t b - a n  f l a w  r at ’s to
inc m a a . a Sas  f r . i m  Z . j  j a u r  t a r o t  to t i : a - ~~-a m :  1 . 4  p a n r c a ’ m a t  i t t  t b - ta .- f

S a l t  ot  h a :  bI aS’ - 2 a i  r - i , t he  l o u  a a a - J — taaia J e on~~K — : : ’ -  L a l  L a n l m a p a .,- r a L a L a n
- b - a ’ - X ’ -  a:; ’S a a b a t - m a t t i a  L i ’,’ , a r t  I ‘nb - i ’s lil.a ian 0 u ’ - - e 1.~ a te w iS

a - :  I
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p The f i n m l  ,les ign  s e l ec t ed  f ur  the l e a d i n g  edge at t : b - a a :
ar  a t .  u _ _ a ]  ta a2L i - a t m  ~‘u[)l .)yeS ~m a ’t imp i ng e m e nt  s lo t  t h a t  is 0.01 33—inch
hi b- a anti - ,: r a r s  85 percent  of the bl ade radial hei-;ta t in this
r o -

~ 

i - - n . ‘ i ’ b - m a ’ t o t a l  f i l m — s l o t  cli r a r rn a , sl a )r a s remain  the same as
am ; Lv macra t . j o n e d— —  two  l enin-a t - t b  i c k n a t s s e s  by two t h i  rds of

t b - t m  h i  a l e  b - ma - i - S a t  . D e t a i l e d  t h e r a m a l  a n a l y S is  ind a a n - a t e s  a i ’ m - a k —
- - a - j o s u r a  - met -—metal temperature of 1880°F , and a bulk—met : a t
t a ’ : n a p a : a - . a t u r e  of 1830°F for the 2YO°F s m e ’r a - ; e  t u r b i a a e  I l a l

r i  tu  re.

The inc rease  in f r i c t  l u a u  f a c t - sr  - IOU heat  t r a n s f e r  f o r  t b - a c
ro-.i- rh— surface trailing—ed ge slot ‘aver a smooth -duct was calcu—
L,a t.asd . These -: .alcul-nations predict a 25—percent increase Ir a
r i c t ion  t a c t - a r , and -an 8 8 — p e r c e n t  i nca  eas m . .’ i ra S t a n t o n  loa t he r

n o r  , t b - a o r d w i s e  f low t h rou g h  the slot at the critical section
s sia a m 2.5 percent of W3 in the aft half of the blade chord .
D e s p i t a -  increases in friction factor , there is ra t aun Is ru t : p r - n s s  are
b - a p  av-aalable from the center—aft passage to the L-xtremc- trail—

i n - n  - a m i - j e .  The m - :u -nn i tude  of p ressure  drop was such as to r - n qu ir e
s ab - ni t an ti -ul orificing ira the wall between t h an c e n t c r — a a ’ t -:s ’sity

a n - I tb - a - - trailin g—ed ge slot to keep the f l o w  down to re i - ~~ r i
l e ve l s .  T b - a  a: a n - m a l l  area h i gh — v e l o c i t y  on f i ces  in comb a u a a t i o n
with , a r e l a t i v e l y  shor t  t r a i l i n g — a n -i-jo s lot  in the  flow - I I i n -4 c t i or a
wou l d  i nh ib i t  the toramatiara of a smooth , unifm . arm , r a d ia l  -- l i s t r a —
0 1 ,, i )tl of f l o w  p r i o r  to discharge  f r o m  the slot . This f-a tar ,
in Ii :Jation to the obvious heat—transfer benefits , rn.mde than
m scorpon mti a a n of pin fins desirable.

ll x aut-airmi tior m of the characteristic heat—transfer pr- m otion
‘ r e ’. b - a -  U S , i ra  1 t h e  p re s su re  drab -) of va r ious  a t t a i n a b l e  p i i t -  t i n
arrays lan d  to  tb - m m se lec t i on  of design spec if ic -~t i o t - a s of 0 . 0 1 1—
i nc h  : ; j a a i a r e  p i r a s ( a s i ng le l a m i n a t e  t h i c k n e s s )  w i t h  t r - i a : sv a n r s e

a t v b -  l o n - a a t m - i i ri ,a l c e n t e r — t o — c e n t e r  spac ing  of 0 . 0 2 0  inch an - - I
0 .030  m a c b - a , r e sp e c t i v e l y .  The h e a t — t r a n s f e r  c o e f f i c i e n t s  b - e r m -. m r —

~it ’.-- .I with this array are -;re -ater than t w i c e  t h a t  of t : i m - . - r .‘ a g h —
a - - a s s  i a ;e  c a  Innos  with the s . a t a o  f l ow ra te .  The ph ys i c . u l  al a : - .:ns ions

- - f tb - it ’ slot are such that from three to four rows of pins a r i a ’ , be
p laced in the  f low d i r e c t i o n .  This  o r i f i c i n g  c o n s i s t s  of s l a t s
th at  are 1)~ 0111— t a o  0.  0 1 2 — i n c h  h igh , and cover  .a h i - s b - a .- er c e a a  t a - ~~m
of the - a’’ a a I able bl,salan length.

Fieat—tran saa :r design calculations at the c r i t i - -si sec’- ion
f o r  . a l  I flow cav i  t ies  w a s  p e r f o r m e d  detail to aIan ’,:ei a:,
- t i , ’ c o ? a uj t  ions  fu r  t a b - m a: t b - a a s r a a m  a l  a n a l y s i s, arm i f o l lo w i n g  th a t ,
~~t res s  an d  c r ee p  .mn ~

- i1y :  a s  at  t b - m a t  s e c t i o n .  The f l o w  d e s i gn  of
0~ a m a  : Ia : ct  a -rn~ of t h e  b - d a d e , i,oth above and below the  an

a - m - a r ’, er  u b - : -’art section , was completed a f t e r  life analysis of the
ca iti- s ii  :ICa_atjofl was accomplish ed . Flow rates in a11 c .ao i  taut
pas.; a - b - a r : ;  had been atstahli S b - a c t OS exp la ined p r e v i o u s  L y ,  a : ; - i a , t l i a ’r
a s  ~a t - r a :  ta of the a ; - : -  a a : i e t . ry  had b a t _ an i t a t e r m i  a i t ’S excep t 1~
imp a r ,u ’ : a ’ a e n t — s l i t , f i l m — s l o t , . t f l a i  t r a i l i n g — e d ge or i f ic e  s i - u _ a -a t .
T h e a t a m  - b - tat ails -ua .-r ’ .- S ’st. a ’ r a - a i r a a ’ - j  f ror t i  a f l o w — d i s t r i b u t  i aj : ,  st , a a a a i —
poira t , k e c ’p i r a - ;  L b - i a :  general pressure—drop r .- l , a t  i o n sh ip s  ca ’:ist inq

4-)
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a ’ ‘ b - i - ’ c r i ti c a l  ~~~ct. i ’;tt , bo a . J iL l. oa ’ . .m: j  t b -~ er n a - a l  c a i ca i  a L l  : - a a a t  to
- a - ’ - r : n i r a t -  b j a . a e — : a ; a - t  m l  ‘ n - a r t - C C  a t  a~ _ a 5~ I ’  w a r :  a s Sa : - ’m - t ;~ at ~ri

a ; - t t i a a - ;  f l a w  r a t - :  p r - a j a u r t i . s a a  a l  t a  ‘. b - a ’ a r a n a l lu-.a -la: a - -J u L  L ./  r t i i  is ,
. a n m  a b’~’ a - - s a , g n l a m i :. or ~.- C ’ s a t .-~~i i a n  sp l i t s  s i t ’a i l a r  t - ~. ‘nb - a ci i _ t a ,  : a l

‘ b - a - r a n s u l t a n a t t l a u r : t a , a l  L o - a a a  b - a r y  C t - - n a  l i t  a u n t s  u- _ a u  I i ; i ’r I  i
;mm a ’t a l  t ‘ a m a ;  ‘ - a , m t - a r e s  clo - ;-~ to t.b-moS~~ at: L b - i ’ :  - - r  i t  a c - a t sane ’: I_ -a i m .

t b - t a :  c r i t i c - a l  at- .:ct l m s b - a  I at I b - u ’ :  ~ i t - ’b - l  5’~ -°  LO at n t O ’-

a L 1. . - , t i m- - i l n a — s I - a t a r - .r . a  ua ., set  a ’. t t ,  • . c - a a r n - .~ 
( a f  ‘v . ’ - l a m a a a a i a : ,

a-  a, ’: t v . , : — t a , i r s s  a t  too  hi  - .-.n i’sa~-gt:. ~ t a t b - - i t  S’ .’ ,I ’ n~ o t t , a s  a t b - a ’.:
rrna ~ - a  a m - n ’ . - m v n t — s i u’_ wa , b - t a m  ‘w m t  ‘. a a a n r - n L ;  m e ’ - a r : R  t i m  I L~’ t _ a t ’ : r -  a

b - ’ a ’ r m ~~ ar e  d r o p .  Towar -  Is the L i  p 01 L i i -  - ij ~~, j - a t~~~~, I b - to UtiSi S t a r t -  ;5 ’. • I , ‘i t

S -w a s  a ct  it  a t n ia aI - ’ a n aa ,‘,al -aan ot u . 0 1 Q  i r , - r m ~ , a r a - J  ‘ a t - :  : . a ~ , n i — s lot
:a r t ’ .a ‘was a - a r. c r a a I i n - :  b- a ,  the r e r - m o i n i t i  j p ea -a s ir ~n’ u r u p .  _ a a  i~~ -~ r at~~

a : a .t a a l - J n a - : r  j e t  -ielu- :uties t a ’ s - m r  ‘ b - a c  ‘- ap  a - m a ;  a n t  t a i l!
0 ‘ m b - - c a l m ; a t e  r. - -r  :i~~ t i e r  .; .aol m a i L  t C . r p - : r at l t r ’n S . Tr a i l _ a m  ~ — . —

m ) r i ’ n m , - L t - j  was  . . a .2 J~ a , a I  a t  i l l  Se - 2 t 1 - an s  s t rL - s t l /  f r - a n  p a  ..,: , 
a l a - a; . cu t a s  ; U ~ r i ’. i a u a s  v/i a _ t i  ‘vi- : ~~ia~ — : i a a  s r r .u~ ’ i .u e n t , .i c m  I t a ’j  La  i n :  a t

:al s-_a .; ’n m o n .  The -a -a o l i 1 - ~ t r f t - ~~~~ n ess a: fda-. : an i :a ,i~
;n , i S  S t a n. it t  F i r  I t - n  2 _ a , i~~ a: 17 .: - ; a :  a r ’ab le  to ‘. ,  a t

a th i u ve :  by a a ’. ’ a;: . e .~ : a . ~~ n m  ‘,-_a 1 — a i I m _ a c _ a  -; u i a . -~ t a t _ a  t b - h a -i s .

( .3 )  51. a - i c  t -:aa - ii n -g a a a . i l y s is

la m a -  - L a s — - r c a _ a _ a r -a lo ii ,,, w er e :- . : :nu ’r ’ - - - a  o~~ fda ’.~ b l . i- ’i a t  a l l .
sca: t . l o a n s  r a m s a l t i n - ~ fr- art .tatl;—praa -a-a n o - s  a~ t’ f ’: r- ’n t a  a l a t  n - .~ t . ’
t~r a ss  a r e  :1’ : a snn : ’n ~ a n m  s a r f  a U - mat , t b -a s ’s  g a .~ l~~.a a s  i L - :  as- - : to

- a l  ua la ’ - ‘- ‘ ‘ c : a _ a : a  t e a l  I -u i  1~~sj  Ot  ~a :a ;  S t a U t l a t a  or L O a m  n j a - a - n  - ~e t- -

m2er t t r i t - ~m ; i 1  ,5) i- - S C _ a  t b - t i  J u . 3  1 -~~m s .  ‘rb - ac r a m ; 3 .~l ts  u a ~ t m a ~ [5 1

-:s ~-: a l a t i u :  a m d  a ie a - n  ‘‘:i~ . r , — a r - n - a  - a n a~~e r tu e s  , e sroa : i  a - I ’,’ a - -:
C ° a a ’  o : ’~~~~a f ~~~a r , -  a .in i cen ’m a : L — , a t — : .  a ss l o c a t i s a a n~ -w i t h  r’e.;~ - a n - : t  -

S . .,a K ing : ax ~~s , r a a t a l t a i l , - m n - j a n n L t o L  1 ~sl , a :  I - i / i S a  - a- I - a - a - - m a t s
- t e r a - - r m I  , a F t a m - a  -a ri tan cal S e Ct t . O n  ala - a u t  t h a n  st a - ’ k i a a - ;  a - m a t  ~ tO e 

I f u r - a c s  : ; a n a a t i o a a e d .  ‘n’ :m ’sse ‘sflt. i t i _ e s  S t a n  use-a to a ’a ’. - _ a C a f l i n - _ a
t h e  St . t :  t . a e — s ’ n a r e — s t r e s s  d i s t r i ou t a , o t~ , .a a ~ a t ; i a .: c r  cop i i  tan Si. b-ia _ a

h i s  m e .

data h i - g b - a — t e a t  ‘sr m t - a r e  L a n - a  n -m i t e - i  h i  a le  wa s  ;n a l ’ , - z a  a a s k .
: ; a : ct r o t a S  f r o m  a~~a n-ta to t ip  tm_ a - lea - _ ar i b - ac tie a n t e r n a l  a n - A  - ‘ :- : ‘ n - _ a r : . a l
• , r o f i t a m . T he tn  f u n : ;  W .r r c  t a a .a l i ; - m a  I n c a - : , L e r  i ’a 5 .~~i - J e 5  e m , a
t~r a i l i t i  i ~~m s lo t s .  l’he r ’ . at a,- _ a ; ,l  s- -ee - .I us -~ . l f e ”  ‘ n a . a s  t ur b a n : :
was  2 a d - . i 2  rpo , w i a m o l a  j a t  t han  i ’_ a m t i - J t m — p o I n a t  Spec I at  Luas  T FE 7i i— 3

h a a j l i — p r a a s . ; - .ar ’: t a r b -~ t a i - n  w i i e - .a l .  a

[ a  is .a e s i r i b - a l _ a  ~ :a ~ao ri t - -_ai_ ’ a , m , . -_ a a~ l ,,aSe a- s a g a s  a .o I ’m a t i  th e
a i i m - i ’ ’ f rom r oot  L i  t i p  lam ‘m b - a s  i i r c a t . a,~~n or  r o t  a t  a ~t i  -jo a at ‘vi--
s’ r i  a - ; h t  a : f lI  a a - J  an t b - a l t  ‘i f  c e r it a r u  L _ a  ~~~ t or c a n s  wi  i h a l  a t ac e  ‘ b - a ’ s  ;as—
L ’ : n d i m a - i  l a - a l .a c a - t e r n  c i  on t h e  al  m a e .  T b - t ’ . i  b l o b - c  l a - a t a  a ,~l t _ a  - _i a t t ,
b - m a -  d a t a - a  a ’ a t ; a - _ a d  b - a .  v a r - / a . : a  t b - t a : b - t a j a n _ a o l - _ ar -s r o : a  ~~~‘ , t t :  a a a l - I  a l —

a t U t - ;  i r s  ci fect si - on  - I r e - m a - l i f e .  By ~.l oL ’ . in  e r a - , - : ,  i i  fan  ‘ersus
I c r - a r m  a r . - ; b - ’ - , or tip o ffSet , i a .  Op t  - - a~~ 5a .a ia- g l a m c a n  b -aU - l o t - - n  ‘ :10 1

t a , i t . , a a x i m t z ’ _ a s  - I r e n e  i m f a n  b- a ’: ; a I t j a_a o n . - b - ia ’ m a n - b - b - t a .  m o a l  5t  i a ’~~~i~ u i _ s -
t_ I jb - .,a .atiO fl i m p o s - r i  ~a t t  tat -_ a - an t I C  m l  S-s~;L ia S fl Ot : h a r  b i t  a -’ b’, : h - a a t  ‘
I r a  - ‘ a - f l t  r t - t u ii  lais I L - t b - .  rn  t b - m i ;  l u s i - j n  e f t o a  t , on l y  I - - . m a a  i : a a _ a , - -
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a : a c ; a ’ a m t  m e l  j i r ’ c ’ n i on  was  c an. ;1-lere I s i n - a n h iar a  ‘/ - a r  i a ti o t a - , Ui L a :

a m-t i i i . b - i  r ’ - ‘ a t  - a m w ..- -i l - i  r an  a~ re a~ t C a t - _ a  ive c h ar  J a m S  in  t h a n  I i m i u c - e t e
I a - f  a f l i t i a ) ms  L b - a - i t  b - , a - i  b -a~~~r, - a _at .  a L l t a n - m - . l a ’ : tn t ’. ta me . T b - m a .: a ’ :  c a m 1 a a

ia_a t o t ‘ l i t _ a  b-~l a  a -n  W O s  L , m K a n n .  iS Lam , : a m  1 le U a .r t . .- e - . r t  L b - t a  s’~ a-a ’a i _ a m ;
a X I S , ‘ w i m u - ’ t a  ~a a n o - l i _ i l .,i laa.i~ i a - i l  a ,~t r -_ i i~~i a t  l i r a e ar  a w t m  An ., r t i m

a n b - m a n o r . an ;  ‘ - ,  ni _ t a _ b - b - a L m e  : , V ) - a a _ a r t t S  a ’. Ida -- ar ’ t i - I S a  50 .t i o t m .  ‘i’ a . i s
~-‘ ‘ n r m a  ; b - aa l~~o - t  t. - .ass-_a a oro -_ a  :5 the  - ‘ c ot  or or , ‘ ac i :~~at a ’: t a t , - n , a - —

or  or a r m  L i . :  1 -ae - ; t a a . - i t : , ar m A m a  :.~~a .r e - _i L l ,r o :i J h L I t ’: p~~3 i t a a : . at
o f  a 5 ’ -  c’. : na t e r S  a t  n a _ a s _ a  at  s e c t i o n s  aL- i ’-.’, ’ i t  when ‘a u - w a _- m i  i _ t a  t b - a ’ :
. a x ; a L  d i r a . n atauni .

S c a n t ang les selecte ’s fo~ the s’m _ a t y  w ’ - r ’ m  :rom u to 3 i-n ;r e ’s.; .
•‘h~ - ‘,-ar a mtion in ;alc il_ ar ’s -a life is slmow;a vi n : u r r r a a 1 i a - n a - a  . - 1 r m  l i t

i- i n~ n c m 2 .3 , where  i t  is a p p a r o n a t t h a t  an  i a a m : r ’n a -e in croc i- ’ i t  f ’_a ( a
t a c t  - a r  of  t h r e e )  is obta . i t~u i at  t b - a c  o p t i . m : a u r r a  I C - a l a  a: j i.: S ’_ a l s~~~ L ’ s i

( 3 .  3 c i a .r g r e c -a s )  - [‘he -an -j i.: of I • m a n - j r e e -_a cot pa res ‘‘ - n 1 ~-s l j
v.’ , . 5  ‘ 5- - T F E 7 3 1— 3  HPT b l a t - l a n  l e a n  _ ar ’ a  ~1e , a m _at  L i t re ‘uatS - m  L a  - - n . —
a - m l  i t  f , ; , - t  of the st a ; k t n - g  axis ru  ~-air eJ  a t  t b - m e  S m . n ’ n  of a a l ’n
l a m i n a  a t  ~- , l  b l_ i .l~ f r u a n m  the  L i - a  i - a if  t he  Ti-’E7 ; l — 3  desi  b - .  - m i _ a
o n  Is e ’ is a r a r s _ a l t  oI l  the  ab -~ f t _ a  I t t  - : a n a a ’n e r  of m a ss  I a _ a r  th an

a m  v - -cl t.~_ a a a n  f r a n t  the  ‘_ t a r a _ a a a — p m s s l  J . : TI 1:7 d—  b la .ie  - .1 ~n t an
j a i L  - - r : ~ a L c oo l  i - J - .i r a t  1 :,  r a a a a f l - j e s .

(-I ) blade—life calcuLation at : t b - t a _ a  : :r i ti ca l  s- ’ctio:

A s i n g l e  a a i l  a ’a e ’n w o r k  n u c l e i  s e rves  f u r  th ’~ s te  a - .l ’, — a t  a t e
- b - a e r a n ,.i i , , s t  r os s , a l a : i  C r eep  a t m  a l y si s  of t n - a  c r i t i c a l  soy ’ m a ) : ’ , .

Than tr io -b -el set ap f-ar tb - m is b - a l  a I_ a camasisted ot  2 ’ 18 e i ” :n e c n : a ’ s a t t _ i

3 t ’ -  n- a c es , t h e  20:na l . - l a n x i ty  b e m ,n j  ~.i r u _ a s _ a l t  of t b - a -.: i r r e
i : a t : a r a a . a l  Jeo :ar a_ ±t r ’,’ and  the trio 1- a l  l it  g t e c h nl - iu e  . r h i a t :m: .’ m a _ a l a s
sb -t o-ta, in F :-j mare 2 4 .

i-~:-: n ~- r a ~ al ._ a :j ; ,  a i t i on s , the a d i a b a t i c— i t  ~ll  t ernp~’t a t a m  - ‘ , a
r b - a - v  — a . a r , : f a m r  ‘; a _ a f f m a i a n a a t.. .-,, ‘were - _ u a s c a : :san ; a - : - - ’ ’i o u s ,j ’ . La

- - - b -  a n t  jma ~~-_ a a  ~es , t o o  t a a _ a~m ’ n — t r a : _ a f ’ a r  . ‘o’ . m : ~ m - .’:e r m t a  a ‘ . i - , t ’ . - I
Lj : ’ p i n — f i n  - a r t  a ’, ’ a; , sa m b -  ‘ b - a c  c - i l a : a t  t u a ’ a n r a t a r - :  i : a a a a L a a ,  a f o r
he at  p i - :k u p ‘w ’ s i - _ a  ‘ - a t a a , a t e  ~~. I n  t b -_ a  I-n a • l a a J — ’ :i -j a l t . ,

: ‘ :r a t  t a - ’ . m t . — t r a a : a f e r  r . it ans wera :  -.5~~a; a i O t .a i - l a t  10 ‘ e l  i S I b -  ~~~~~~ a
‘ b - m a -  S~~ r i -aa w i l l  - a t e - i  a t  t b - a - :  : ; ‘ A - j t ’ t _ a t i o a~ l e J i ob - - i t ,  - f a n  er a -at :, i t ’ - --

a l l , L a n a i : ,  m r  f L a t — p l a t o  la ~ a ’ n — ’ n C ,i , , j t a :r’ was COaaSvieL ’- : I a S  a t a ’ s
a -  - a t :  ~-.a p ~ . r - x i ~~~t~~,_ n La tb - a- .: La ; a l  i t  m ’  m a u b - i , a i u , ,ar .  ,‘\ - a - a i _ a a a t :
t . o ’ a p e r . t I i t  an w i _ a  a e t e r : a a a . m m u I b -_ a; n a - n  a t — : - - : ’ I m . a t - ; ’ - m  cons i  b - e r - i ’. .1 ,i a a 5 .  Ir a

L t  a i l i n g — a :  I b - a _ a slot , - a t i  - a t - a r  a - ~ e n a - n  t a _ f u - _it is : cr coat : ‘ t ’; i~~ t a t
-w i t h  l l a m a — i  [I t s  -~- _ i s  - l et ’-a r : n i i ua - _ a  I , a m a - I  s t i  : f f ’_ a e tj ’ , e  c-aol  a n  ‘ n i t ;  - - a ~-
tune .‘.‘ a s  a m l a : - a l a t e - i  f r - _ a :  t a ’ s . a ’ n — e x c a a  m : a - J e r  a r m s  a d er , a ’.. -

A s ’n e a d -~— s ’ n a te t ’,-i- a — - t a , : ’ i a n m a S i u n , ii t h e r m_ i l am _ a l - J t l . ,m m a  -, £ ;- - ; r i o  a t : -
a ’ , e a ~ .. a j ~ - a  , a  ; a -  t u r b i r a a :  in  b - _ a t. t e . ra ~ - -a r a t a m r a a  Q t  J ’ n Q O °F’ . i~ a b - i a t l - - a a

0’ ‘. - - “ - ‘ - n u ’, ; - a - 2 t 1  - m a  e t m a p r ’a :~tt a re  , t a m l , ,  w.a at - _ a u f l s i .. a - -  r an  I a n  ‘ be
- ‘i t t  ~~~~~~~~ ‘l ’ha ’r ne at _ a lt i r a  t - i : n a b -  c O a t  I C - .: j i s t r i b u ti a t ,  tnj a - a L a - i w a t  L a .
[‘I ; i t ’ -  2~~. Unt o a b - a e j a r l e a t i j u t  i t f i a i l t i , -r~~, t h a t  ar e  ‘ns a ~~~~~
t r ’’ n a t  tH a i : :  l i j a r - .- i n d i a _ a  t b - i - n  i~ .g }a .L _ a m . 1 : u a g — a ~i - i j e b - a l r - — n a ; a a _ L , , .  

a a a r’ a t  l a i r , t he I a s a a  - .m r a t  AL ’ :  - b - i f t e r et~c_ a  f r u a m n  t b - a c  l’.na l : a a j  - - I  b - a ’  a)
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‘ b - i a . ’ a.’ a I I— j a ra :_ ; ;ur e :i- a~ l’s it m a - I C b- aa ) i a , t b - a - _ a  t - . r t , a :  ‘na it  i t ’ - i f - n i n U t _ a ’:
- ‘ ‘ I a  s a  t i~~ t i  i t t I p r - _ a ; ,  ,r - :  n-/ ~L; i t  t b - i c  a a , a . ’ s L _ ) L ’W i r  I a a . a  j--

I o ’ , a t  j o l t , a t ,  i L I l a aol 1— p  aS.i 1 3’ s a liV i (Iur ‘ w a l l S .

( 5 )  a m a n r t ’ e l  t~a s p a . a l ’~ — A L e _ a p~~~r~~~~:r t i u ;

A j r  ‘ -.it i -_ a a l  Ot. ,nXb - iA iJ 1 : n l c a , f ,  tI a _ a f t  t.’ t  - w i _ a  i a a d e r t  i}’. C t t  C-a
m~ ’ t ’ ’ r m n a i t m - - t : a . I _ a  tun a t h a t  m i f f - i _ a .  -at —lari a t b - - m i  l _ a , a~ t a _ a t _ a :  V a t j- a l  ‘ j — e \

:a a : c h a : , t a . ; a l  ~- r 0 :  ‘:r’ t m - _ a  : l j f : ~~ r {r -_ a: . a  t b - u i ’ o m t b - a ,.’ -‘mi - - ~t ,t

a L l o y .  The a a r a p e r t y  of  ~ r i- ar ;  i a i t : - : i a _ a s t  i t ,  L b - t a n  _ a t a i f j t t  -

h ,’ase  o n ~~~~ ~ra - a f  t n a  i a h i ’~ b - . —ta . ’snn ,
~~an a at a r -_ a I a - a a a  a t e - b -  aa i..~~ a ’ - 1 _ a ’ u . an

a - r - ’ c i a t  cr - ‘ a :  S L U ’ .a a  t b - t n -i- a t a t e  t a t - _ a n  m l .  A . I— p - n i 2 C f l t  :r o - an , ,
1’ s l - ; a ’ m  r a n- / c  f - a r  t a o  .1 , a a a i : ,  ~Le I t lOLa L b - t o  uf V a:paloy—A W a S
t a . - ’,’t ’ l e t  ‘ : 1  t r i - a ma a l i t a t i  to-i m ’ ao t a t ’: oil - ‘a i Re aa -_a .m r - a a i  t a a t ; t I.a t 

~~, i i i

r - a m n  c a n u s  u i c_ a r a t i o u l  _a t he  a , - a l ’ n O t  n o a t e n i , ,a i st r e s s — r  a m - C  i t  • I

n o r  - l ’ t~~~ a; a mrve  is a.e~ a _ aa - . a ta t  at i v e  of m n m i a a ~~- three ,:-;m: a a
m m , a  ~m pr o t er t - .’ ‘ ! .a I i u : ;  o L  C I . :  parent ntat ’sr~~_ al , a:a I ~j

Si l ea - ‘A La be ip~ a ‘ :~~u. i ..at’s for  l ami n at e d  con st r  ac t  i - a .’:. .h t a _ a ’:

H t i a r a . ’ , i i  a i ti uaa ,I I c t a i l - a  I s t r e s s— r - a.a~-ta .a r e i _ a t  i o:a 1 a n a i t a  a L a _ a —
Ah e e a . s’, ac i~s b - a - a s  be_ a ma t - a k a . n ; a  . i ; i n aj  the best b~~i ’a . i i f l  ‘ a  ~a ’Lu’  u a - ; -  -s
10 i- :  m : - - ~~ t t .  e. T i m e  t e s t  mo_a a - it s l i t  b - i a  at e  t h e  a - j  - -J a l _at; a-n a
a’!’ t i  ;e S~ r n _ a s — r a p t _ a r _ a  p r op e r t i e s  of lie W I - _ a u - j u t  ~ m r a _a : .t  a a t _ a r  i i ,

t b - t a t  l a : - a i n a t a _ a d m a t e r -  - i i  I - a  i - t O m b -  if i  t : a a n  l ir e c t i o n  ~-.a~~a~~l-: , ta ‘ t t a _ a

1 a: ’ : o a t  m s. F ar  L a - a u  r a J  t r , i n ’ :i’so b - - i -  t a m e  1 a u n t : ;  a t e  :1 t a ’c - t ~ a m a  ‘ a ’ :
s’ r - ’ s s— r  a

~ 
CO p r o per ty  is s it  j b - m r l y  l eyr  I i a n U , oUt C - ’ a t  I n , S  1~~_a ’.) ’,’a _ a

a t  _a~~_a in t b - i _ a an: all. -i it  ~. -to  - 1) 10 taken . I t  w i _ a  - u . n  I - i -  a
C r - r n  ‘ h i s  l i - m a t  t an  1 a n t O n - a S — n  apt are  a i : t t _ a  on the la : : ai t i a t e . i S a m - _ a n t  a ft at
t h a n  2 — p - a cc e n t  cr ’s -_ an  c a r v e  e l - _ a  ‘i ) U S L I ’  s mn l e ct e - l  W a s  l~~~ a r -  - r i  a t - _ a  n o r
m a o  as ,i a T r L n i m - _ a : a  pt’-a~nart’; l e s i  b - t i  a; r i-_ a . ~~~ 2 -~~ ‘:1” -2- n a t ’_ ‘ .~ ‘ _ a ’ m~~

.i a a s i g a m  ‘-a r / c  as tb - i a_ a a - mb ; ”. a n i t a .  i t i :a  n - _ a~t d a ta  a r e  sb-aov. na, i t t

F a . .  a re .‘ a _ a .

Than St -n a l’/~~ St  at e  -a ’:re, m s  so lu t i  a t i  f o r  L b - a - _ a  a n t  m - ; . a l a; e -a ’. n - a t m
S aS -2- ’ a p i t . c i  t l i t n a  t b - a ’,,, - _ a u n - c p l - l t  L m h, t b - m e  t. w _ a — - J L : : a a _ a t a s i  i : a ,ai,  t . , - _ a r i a l

-.a r,a l  17 s a  a o f t a i C  h i t  l’s ;mI L I , - : ~ L ;c at i - o ’u , .a:i i t he  a _ a a , a  m i t t - :
r a d i a l  los I i t t - I  mo :ac a a t  ; a a t i a • j  an t h i s  se c t i o n  l~~ an ‘ - i s— i ::aab -. i:t.;
to - as  - i a - I an antit C i  f _ a  3 _ a  L i ud  i ~~~~~~ ‘I ’b - , is p r o j  r a t i m  cu n a t i a f l - _ a  a t ; a e r n - a a~
Str :SS ‘S ala : 1 1 : - l b - a  a aa i : ;  a a. I ‘a J a _ a t t ’ s r at -n I ~t r -asse s  t~ l’s s-a r m  be a
s t e ad , —~~t a t .e t w o—  L,, :- t a j a t : ;  1 - a l l  a l  ,in i a : a i - .al a tr ~a _ a .~ f ie l  i .  The st,r a t ;
‘ i a ’ ; t r i l ,  a t i o n  :~~r t , n  U L a ,  a~ 5.1_i m a_ a ; n r ; L J a a  at  _ if l  a v e r - a j u  rn of
2~~~Q aj ° F , a o l  -witat l . ’ s — p u t a n n n a t  ‘ : - i , ~ii a.y I I  s is _ ab - aa n w i a  t r a  F i j  a r - n  ._ 7 .
i i t f _ a  ‘I L a t h  -a- i n , , r ’’~~s i - J ’_ a  St r u s -_a - i t  t b _ a  Ic  a t i n y — c  a J O  s t a~~u a ~a t . i a . a a a
c a .  - a m , i t t  I b - i , ,  ~a t . u a t . , i t ,~~ i t l _ a . i  u n at  l a m  L b - a U  p i & n s S _ a i’—n w a l l  a t  a - t i  a

I a r - a aj i e r -  a a t  s tr essos  a a , ;c~t a; t I m e  h i gh l c . a i i u .  L a d le
t ’ - m a i ; - e r i ’ a r - u t , a-~ l t pia :li.i t i _ a  _a .a, l a _ a 1 a t m - i  l i -j r i_ a r wal l s .  i m a ’ _ a

A c w i l l Li at 4 5 a ) o j ’ aoL- b - or t b - a a m t  the  e : t t r a _ a a a a e
1- - a l i _ t a  a ’ :l 3an , ~a a L b - m a _ a  - l i v i  la_ a r ‘ m u l l . ;  ,,~r ’s  a_a :’Oai a o a .  icr  i I -  ‘ . i  ~~~ ‘

C a , - , l j fl r i t ,e:; in toe p i n . — t  it ~ a r r ’.a~ ’ A  a a m  a - - i  a - a m i _ a c t i  in , e t a
t a ’ - : t n -  s a r i - s c a n ;  ot  ‘u . n  t a t  a I ,n . i a - _ a  ,u ‘ m a l l - ;  ict iS , w l a , a t  - ,

h - a t  ~ a : a  ‘a - i , i dI co.~, A a i i . j ’a ” b -n t v .’a _ a - n t a  i - H t a :L a r - n_ a s  ot  ‘ u.n ul a .‘ _ a~~

a r i l I r a ’  L fl a n a t _ a ’, - ’  at .1 ~ b- -n . 1  i _ a  ,t t l ’ - ’ ; _ a .  T hi s  i m i  p _ i O  I a a _ a U L  i r i l
tr  .‘ in t t m  - a - _ a n a ’ n t  — m a / a  . mr  ‘m a ~ - 5 :1 -_ ar - a t b -me b - n a  a X i a a . u a i t  over  a l l  ‘ ‘ 1  a t ’s
s t r’ ’a s  o r  - i r s .  :-~~ t _ a s  ~~~~~ i t a  c~~. _ a  a ft  h a l f  a ;  t a t e  Li as’’ c: a  C a i i ’s

‘5(1
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ito l a n i  a ’ a t~~ l ow u ra bo th  p ru s su l  e a n- I  s_ a c t  r u n  walls , and thai I aw
a ’ a ll b - - ’ a a  i t  i r a  - a n  r u - i  aae l by b - m i  j h _ r _ a i  lin-j— ’su ,je cool ing n - i t _ a t ;  a m a - i k e

t b - -  l a t e  n a i n l y  h i aj h .

La ‘ mx  t~~l l  a t i n a - i the  st r e :; . ; . l i s tr i b ut 1 . o a , s , a : :  shown on F i  j a r e
.17 , a t  s l u , - _ ali a ”s ‘st - _ a l t h a t  t h e n  w a _ a  au - ppo a  t a _ a f l i t . ’J t a .  - l e a  - ‘ 0 —
m i n i ’ ‘ t a -  0 1 1 - a Lma ~~f . j j m ’ r , a _ a U — -’m t i i  1-, nation and I . h t c k : a o s ,; O a a
st  r e m -ma - ; leve l s , i n ,  I no o : .p urL a li t ;  to - a l a a : . l e  or o pt i m i ze  L b - a c

~ r m  a t a m - a t  , a a a . i a i — : n a ’ ’.a l — L  a - - n  r a t i o to r - - .i i--c - ’ a-tte .i-1 7— St it.. ’ a :;tnessa ns .
‘b - h e  m a s t  s i j r u i :  a - - ;  a n t  f a a - a t  a i’ a t a  t ha i  h ij h  s t r e ss  1’: ’’- - ls is Lb -au b - i

a - a  t i n — ,’ I- ;~ - , b at  .j e o : : a a n t r i - .; ,‘i r i a t u o : a a i  a l a  ~:t  ~. r o i i - i- ’ f-a r -_a b et t o r
- l i s a  1, i t  a ’ i on of st r e s s ’s_ a  t, n a r -a -_ a j h  t b - a ’ s  bia_ale cross ~ a ’ a _a t i u u a .

In  a I i _ t i _ O t t  n ,o the st e a d y — st at e  st r ess  c a l c u l a t io n , ,_a c re e p
a n ,  a l 2 ’ a-; ,s  O f  L a -tan b~~a a m I c ’,qas a l a-i -  p o r f u r m m a a _ a — .l .  ‘f h a_ a c n i t i a _ a l  :;- . a - _ a t i n _ a a ,

- ‘r  - - a - p  t , a m b - , . u ‘ m o r  u - .:curs  u’,”sr  a f i n i t e  r a d i a l  I. ’ : t a - ~ t l a  o f  t h an  b lad e ,
b~~a - i o — _ a ’ r - _ a _ a _ a  hi _ s tc il _ a at i o n  is r e c a l a u l - at e d  a f t e r  an

oi l  - ; r ocp  Str u n  .asinq the s t ea d y — s t a t e  ‘um _ al pa.r r t
1, 1 5 ’  l i t ,  1. i O t a ,  - ‘ a l a  _ a i , a t o - i  c c~a~m~-a s tr d i t a s  and st r - . :sa /_ al i _ a m  are
n . m n t l n  a - -i a n t i _ i  same e leanent  in the blade reaches the creep-

s- a a a . n m  l i , ; a t  - - i - i  - - b - a a  r n - n t .

i n ’  a ’ t  cent  cr eel )  l i f e  of  t he  f i a t _ a l  da s ign  a t  an
a V_a,t r  a ; ’ - ‘I ’IT o t  . n t 0 t i °F w i t h  a 5 . 9 —p e r c e n t  coo l in -~ f i a. ’s is c a l - a - i - -

I _ a ’  - - I is l m j . z  l a - _ a u r s .  The f a i lu r e  or max imum s t ra i n  iu n a t i o a i  i _ a
~fl ‘ a , - -  t t a t - ~~ n~~J e m : a - : f l t  w a l l .  Fi gure s  27 and 28 show the L e r t i r a e a i t
r a - a~~l ’ s U - m r  t h i s  a na l y s i s .  A l t h o u g h  the f a i l u r e  l o c a t i -_ an is it a
i n a r m  a b - a a t . a : : : j l m t  be cons i d a_ ar a i d  n o n c r i t i c a l  to tn’s part
a n t ’ ‘a ;n i ’ . ,, ’ , i ’_ c_a a a  u_ac acen tln ,a.an tb -me -ar_ am ep distribution i t  a - J .

a n  S :a  a t  c a  m ’_ a i .  s t n o i t i - a n  a p j a . i T - ) a c n i n aj  2 percen t  are  al so  : -~~ _a’ m o n t
i l o a a  ‘h a m  & m : m ’ . j a ’ -_a a m a - t i m , ; ,  s m _ I _ a , 1_ as ilnmj— ’sJaJe wall , -~a -aai - . a t a  th e

p r a : . ; s  ~ r i a  s a - Ic U c a l - i w  a - n t ’s  I a n I ; ~~1a ,  J e n e a i t  w a l l  a l so . The s t r es s
. l i ; t . r in .t mo n _ a t l u . 2  h o - at’ .; is - a la- _a shown in Fi g u r e  ~8. ‘ l b - t o p~~ ak
S t a n  a i - n — s r  a t ’  ~-r i s  l i e  s t r e s s  a m  the a_ aeaat ’sr—passa .b -~m di’; m - a ’± r  . , a s

a l l ’ ’  b- rum I L _ a  k s i  t m ~ 84 k s i , an .l ‘ b - m e  strain at  t h i s  L a : . a t i - i - n
a s  1. 1, pa r -  n _ a : a ’  - The 1 _ a  ii a - t a - J — -l-i gc sto_ aa l ’— sta t’s cu:-a ; ran~;s i~-/-n
s ’ r e s s  h - a ,--, hoc amr -  t . en si l e  l_ a - n to st a ’ - .a i n r e l i e f  d u r i n j  tb -m a a

m n i ’  a. a ,  a:ra :an ;a i u _ a r  m u d , a : l a . a  t he creep st ra i n  at  1 0 . 2  b - a - o a r s  i s  1.7
p er - : ’ ’: ’ . The -ar a :’ :p s t r a i n m a  t i r  c o m p re s s i o n  i ia _I t e n s i o n  a t  a_a

a H ’ ’ - I  a l  ; a m ~i - r . a u - :  u l 1~’ Li b - ’ s t a i u’a :ain e a fj u ij l  v a. .a lu e . la - a  - J O l l a _ a l  m l , n , --
t a m  ;ft  a - - na - s i ke - . m a ’  ri_ a sses -iI~~t i - j  a_ I i ’ s  p r e s s u r e  wal l  a t  m u  .1 - m a a . , i : i  b - a  a ’mai -

‘ m a s ’ ’ ’b - _ a . at~St a n , ’ i - a l l y - a t  10 .2  hours , and - J l i  t a a am S - A _ a t _ a  t a  -,~‘ . m l t ,
h a -  ou ’ ’a r — t  a Fa. ’~~ s ’res : - tes  have r i sen  si g n i f i c a n t l y .

‘l b - i ’ m  ‘a! a - _ a l _ a t  c i  2 — p - _ a r - l e n t  c r a _ a e j a .  f l Ue  of 1 0 .2  b - u - - i r s  a - s  a _ A —
j u st . a ”I b~’ ra - .; t o - a l  p r  a . ;t i . ; a :  a~_a a r_ ap o r t ab l e  l i f e  t i j - i a a n . i a - _ a
m e t r a - a a i t ; -  - i  t _ .~ 1 - :t - t t a a t m t i _ a  t b - i a r a _ a j a - a r t  m k a . l e  It  fe Ja .’te rm in e , ;  l i f e
w a L t a  a ~ 

-
~~~

-—
~ 

-r c ’an ’ . a- am: f i l e : ,  n a _ a  leve l b-jj~~’s-1 -upon as a ’ i ab l es  l a m  the
a a , i I -  i i  a t  10 1am ,  i :  a - : X p e r j _ a a a  a ’s i _ t a  ~ i’a_a I i C t . 1i1- J t. a.ma : b i t ; , -. L a i . . i - . t a a  l i f e .

l b - a ’  - - Ia f t ‘ a t  ._a a v ; an  aa ’ : tw€ _ aen c a L  2 4 1  1 , _ a  A l i f e  ,ind a ‘s po r t- ab l e  I a f ’s
in c r e  a - ; ’ - ., i n ;  ‘ r- ,r ai _ a .a-aLa t e a a . a - j n i t . _ a i ’ a ;  J a . _ a - n t -- ’~a a ’ ’ . ‘rh is 1tn~~u - j a u ,
! b - a o r a n  - n o , b - a  a a i - a  J a ~~; - - a  -.‘ ‘_ a t a t  a~._ a b i l i ty  ot  a su c a - m a s t - a l  l i r e  oL
I b - a ar , - a t  2 (~ a i (Y’F i ’J a ’r a . J a - .  ‘l it , a a u  I w i t h  a 5 . 9 — p e n c e a m t  W 3 caj -_ a l , a a a t
a i. - i i ~,’ I , i ~ ‘‘.
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Than 0- - i _ a t  ~ vo1a sh a n ’ L i  i a _ a a l a _ a t _arrnine-d UL- r t b - a ’ _ a  L i _ t a i l  LI,  1_ a

- t o S 1 ’ ,~i’i a t  .i 2 a a ,i a ,a ° I-’ a J a r _a - l a n  -I-Fr ni _ a k _ a s  i t  -Jes ir - .ibl ’_ a to  p L’-~ i a - - a ’, t b - e n
an l e a nt  01 a a - i - a - ,n _ a l i n let  L’s ~j a.e r~i t u re  leve ls  on alroi _ a~a 1 -

a ’ ’ : ;  i a u  t t i e  inalysis a r e  - a a i l y  i _ t a  t he  t : b - a - - r m : i a l  ba_ a _a n a l a~~-~’ - ‘ in i i —
r i o a , a n  w a t h  b- h a ’  coo lan t  t a - l ow l eve l  r f l a i a i t d l r a e l at  i . 3 ’ - p ’ _ a i - l a _ a : a t .  i’~~~~ .

C a  n a i l  g a s  s t - i a ’ a — i _ a -~~u : m d i r ~ ’ _ a _ a a m n i i t  a - o t i s  we ’re  a ’ - t - _ a r a a l r a ’ _ a .i
sa ’la _ aa:b - ~~~~ ‘n i’ le vel :a  a t  the  - n r i t i - .; i i  S a _ a l t I a t a  1 0 t b - a u  n a u  t~~~ t a - _ a 2~~ OK
an a l y s i s , m i  bel  aw the c r _ t i  n _ a l  ai a _ a’ _ a t i in t. _ a acc o a n t  fu r t i ,’s

effect aim c o - - l a n t  L ’s:u: , - _a r , u t : a r a _ a  m a n n a  ‘sac i i  a.:~~ r a t :  a l  ; -  a S t A  a j _a
Coo l _ a n t  t ~_ a t u~~’ r a t  ar e  r ;e i n  L b - a - _ a  -aen L _ a L  

~~-1 n a s a - b - e s  ~i - a S  C ut  ‘~ - t an  I , a ’ .

h~ ’ J ‘ — a ’ x - . ’hna ru -~ a n r  c. l c - _ a l - at i O : a s  W a _ a r e  I ’a ’s~ L o r : ’ t - -  I t a  a e a : a _ a r , : l l a a ’ . t n - _ a
a - -:’ ; - a i n i a ; l m t  a m r n ; l  , } a ’ s r t : a i l — b - a , _ a u a . i _ a r1 _ a u : a  a i L i - a m s .  ‘ i c a n u p e n i t  m r - _ a s -~~L
2 2 0 0 ° l - ’ art I 2 4 0 t , t °F - ‘n a_a r - _ a  . ; e t a _ a ; t , _ a a i  as b - i a _ a  p a in t s  of a’!~_ a r  a ; - -  a ,r a , i t a m

i_ n a - ‘-t t- a’ . ;  - - - r a t _ a a - e, i r u m  wh a - - n b - i  t ame variation in cree:. i i  t a _ a  _ a i  a i  I u _ a  
1.

Ra ’ m-oa l ‘ s oU t b - a _ a an i l ’ ’ _ a e a a  i n d ia - a t e  s u b st a n ti a l  i a n _ a r e  u _ a - _ a _a l a m
1a~’ a - i  i n - j — - - I - .;e m e t a l  t e : :a ;  Cr  i ’~ .~r _ a  ( ap p r o x i m a t e l y  110°F f a r  -_ a .a a : ,
.100°F u ’ -a ’r ’.n aSO i n 1/ e r  _ a - J C a . a :  ‘ a _ a l a ’ s  I t ,  h_ at tearupa_ arat _ a r e ) , 14 a t  t a - a - _ a -

_a ’

nit a’ . a c ’ .a ~ - a I a ; ’ a a a i  c_ I  b~’ d e-o a ’a_a a c ’. a ‘a in ~a. r _ a . -4 s _ a r e — w a l 1  and 
~--~

S5
~ ,

an—
l a . a ,’i :,m r _ a - ,,a .a], i t e : i a , a ar a t  i r a _ a s .  ‘l’he u f f e - ; t  is _a : : i o de ra a  e -i a _ a ; a - ~- i _ a - _ a  in ;

b ae r ’ mal  ;r a  i i - . n t a t n ’_ :aj ’ a _ a  ~h~~u t  ‘ , : i’s sa,a -_ a ti aa a , m m-i  L h a a _ a r ’ano :  rca 4 a m _ i _ na n a
a - f l  5L,a-’a;S S levels at t im _ a t e a  a a . : , -j  an I ; a_a and the  _ a u 1 d — ~~~ :n ; s - a r ’  ,- i,1 -_a

w a l  1 . Th - an , l i f e i n c r - _ a  ‘s i c_ a  w i t h  the  :aia~~or fa-a to,_a r b - a a _ a i a i -~ La , -;
a-  -a r - _ a n a s a:n i : a  m et a  ~— t a_ an ;;~e r a t  ar e  l e n d  r a t h e r  t h a n  bu t f a _ a r  a i _ a t r i k , _ a —

t o n  of t~_ a: - ;.- ’_ a r a t u r e  a n - i  rd a - e U  u t  t he rma l s t resses .  The ran -a _ a l t —
io g , . a -— ; a . o r c ’ s n L  -a r a_ a e~a. 1_ a . t e  ‘~‘e r s - _ a s  a v ’sr a j ’s  t u r b i n e  in l e t  to r - e r - .a—
t i r e  is show :,  m a t  1 - a  -~~_ a r ’ s  29 fo r  the fiat 11 b lad e  i e s iJ r a  ia t e r , :m s
o: u s — a _ a _ a l - n _ a L _ a t e - _ I  l i f e  a~~i r e p o r t u u _ a l a _ a  l i f e , with the 95~~ .u ’a _ a t ’at
co n t  a- a a m n i c e  1_avel, . The result.; s:, ,‘ n : a  i t t  F’i J m . a r a n  2 9  are s_ au :  - I t  i z _ a _ a

in  Ta~, l a  3 .

TR H I ~l - 3. SU f-L -bt i~ a’ (_a1 -’ I I I -  ;;i  — i_Ia_I-1PII kA i’L kL LA:- 1i a - 1 A I L l ,  a a L ,~ , a~~,

z — P E R C E N ’ I ’  _ I i U . a - J i l  L I k E  ‘- JLR SUS AVL I’b’C ~ 1. T I I R B I : I i I
I ‘ iL h T  TE ’IL ’iI an _a’~TU }~ li .) ,~iI a t~

-— - 

Li f e -i t-
T U r I J  i n c  Temper  i t _ a r ’ s  T a _ a t ni~a . er a t .a ru

-~ a r e r i a l  ( ° F )  ( h o u r s )

k a _ a p u L a y  2 3 2 0  2 0

i;stmna loy 2530 20

AF 2 — I D A  2 f a O O  
~~--- - -  -— 11 _ _ _ _ _

1’ , t _ a i  Wh ’_ aa_ a I life wa _ a.al-I of course  be
c a . a a s i ’ I e r a b l y  I o t a  ~aar , IC L a. a ’ n J m n y  on
t h e  i a tj  _ a -_a-- - _ a i - _ a  f o r  the p a r t i c u l a r

a aa t .m _ a r a .

5. F 1_ IJA L LA:-b - I ‘lATE D E F I N I T l - ) a -~

A -l i m e n s i o n a s i  t e a t - a r ’s s i, -~o M a a - I  p o s i t  a - a na l  tolei’ - a r m c - ’  inves ti—
gu t  a - i r a  WaS p ’ s r f - .a r m a : _ a d  to est i l _ a l i a h  b l a d e — w .~~l t j a i - a k u ’ aa ’ a ss an - i
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- aol i t - _ a  I low 1.- - m t h  i r a _ a - a  far t b _ a  pr-a t . u t -j p e ’  w h e e l  b l a n k .  ‘Fl ’s whee l
t o l a ’ r a a m n ’ - - 1 n i v a - s t i j - m  ‘ a n a t  was a_a: ;t blIShed based on tIa ’sfl a a ;  r ’  n t .

a m a  a :  m a  1 _ a t , a  m l  i i a w i n - J  m a _ a t i m o  Is . T h e  m e t h a  al t h a t  w a _ a  u t _ a t
Ir  ia - -i ta r t h i s  pr a j r v a a  fol lows:

o A l l  l ay o u t  I m e  -,4- rk  wi. l t i i  a - s  0 . 0 1 0  a - t a — n t ; , r a a a , < l a m a .41 a l i _ a t _ a
- ‘ n i b - L b  La - a  0 . 0 1 5  i n c h .

L a n e  A t  , _ a l
Toler- an-: ~ To _a. - - r i n a n e

o . . ( ‘ ‘ o a n  of l u _ I  s ize  passages  ~0 .  1)0 5 = u .  ~ 3 a j 5

o k~i a m _ a l wl a ’sa_ al a m a _ a _ a t  c ut t
S m  h_ ar  na - r e  t b - a _ a n  one
~~~~~~~~~ b - -  aa ’ I _ a t e r  ± Q . Q a 5 5 = Q , Q Q I J 5

o L , a - ~’ -o .a ’ of l O X  s i z e  t a r  j e t s  + 0 . 0 0 2 5

o Layout  o f  4X s i z e  ( g r i d
a nd t oo l ing  1 -ar -j e t s )  + 0 . 0 0 2 5  = U.02i06

• ;  a ~ 
‘,~

‘ - . - r ~: a S i ri- 3 1 I )  X S 1 Z C

1 . a ’ ~’ u it ar t -i incoL’por ttinaj
e tch  U .acto r  + 0 . 0 0 5  = I’O .uh_ a a

o Pho to  r a .ma i - _a ot i o n  ( 1 ,- l ice
lOX t.o I-_I to f a l l  s i ze )  ± 0 . 0 0 0 5  0 . 2 0 1

o P o s i t ion i ng  of P’ s i - n e
p o sit i v e  on ~r a 3 ±0.005 0 . 1 ) 1 ) 1 2 5

(a El c h i n -3  ( i a n  a n - _ a _ a )  - r u - a —
es_ a  ( - _ a . u20 t : , m a K r a e a s )  ± 0 . 0 0 2  = 0.002

o 1-’ i x m  are  ( t a_a l in  j )  1. a n r a - —
i n a t i o n  p o Si t i a_ a :-i i r a  a ~‘ 0 . O O 2  = 1 .0 0 2

o Blade - a U n t - a _ a r  0 . 0 0 3  0 . 0 0 3

o 131_a a ’~ j;US1LId1 ~u .0u25 =

‘rot a l  = ± Q . u l ) l

Prob a b l e  ‘1’ - a l a _ a r a m a a a _ a  S’ t - ;k  = ‘

~~~~~ 

1. 3 ~~

T = F U . 0 0 a 75
S —

A f t  ‘-r  the wb~~- _ al  t _a l e r i t ce i _ a  -J e s t  1 - J u t - i o n  wa s c o r n [ m L a ’t ’ ? - i ,
a l a  a I-  t n _ a l a ’ r a r u _ a ’ s  ~ atL 0- a l  t a n u n _ a t e  b l a n k  was i a _ a t _ a u  a - - s i  d m a ’ s  I
Th an  a r a a - ~ m a  y - a r } ) e a a a ?  -i t  t h i s b - ’ a l . a : i r ,  was to inve st 

~ 
a t e  t hai  i i —

r a a . m r a s a - a a .m l  ‘ ‘ ( a _a r m _ a t _ a r  istics of  a I ir - ,p_ a l a i n i n _ a t . a _aa - a b l a n k  I ,  I a _ a t a j  I
u n r _a i n spec t  1 a f i  n m .  a p a s t  I f l Sp a J  ‘ t i o u a  a t  r -  ‘p r a _ a : ; ’.a r t a t m ’ / e a i r — i a s _ a  a



f e a t u r e s .  Also , the b lank  - , , as  s ized to than T F E 7 3 1— 3  W h- _ a -_ a t

- nv e looe  (1 1.  3 2 — i a n _ a La n l i a i m a e  ta_ a r b y 2 .  5 — i n c h e a ;  w i d e )  , _ at a ’I them au  o r e

al iowod  an e a r l y  a s se s smen t  of  the  e t ch ing  - m d  b o n - i i n a -j p r ’  n e s s .
The b a m - . I i r a j  f u r n a c e  t o o l i ng  f o r  t h m s  b l a n k  was de t a i l ed , m n d
this t o o l i n g  was -used fo r  a r - a : a  a f ~-a ut u r e  of the  p r o tot y pe  wheel
b i _ a r a b .

-rha _ a 1 ir a ~ _a ta_ad a i r  f l aw j L a ni ai : lge s’n a _ a k  ( 2  i n _ a b c s  La 2’ I . 5 a n b - i a _ a _a

by  ,~ . iaa anh es ) was detaiL_a l , and than shot b - i a p b - i i c~~~~
- J u l i t a - J  a t )- ‘ ‘nr ’.~ ‘

and t _ a t  ‘ i a i t . . J  t o u l i a a j  was c o : a i p i a n t ’ s l .  ‘Pb - na _ a m i n I- -n_a st-u o-a aa as
v a t  l a - i s r e p r e s e n t a t i v e  t u a -’b i a a e  h~~- a d e  -a - ao l  a n-~ — f 1 o w  ;. - .a s _ a - a - ~~ .i r ,  a p a _ a s

t h a t  W u t ’s  m i r f .a aw tea Lan - i to _ a u t a b l i . s a .  t a t e ’  1 -r a n s _ a - u r ’ s — d r o p  ia - a  ur  i a n —
te r i s t i cs . The r e s u l t s  ire  d i - _ a - _ a u s _ a e -. l ia _ a S ec t ion  IV of t b - m i s
re p o r t .

The detail design effort was reviewed ta en sa r an t h a t , t a me
f m n _ a l  1:1 f i l m  too 1in-~ :r aa ._ a te n , s were  b e i n g  p r o - i _ a a e - i  to a a~ j a . m t c
d m , ” a e n m a i o n a l  to l er anc es . ‘rhe i n s p e c t i u am  r e s u l t s  r e i _ a~.l-_ a d + Q . - J Q [ 7 —
ci r a n _ a m f a n r e n t i a l  and 0 . 0 0 3 - I — r a d i a l  s h i f t .  At t h a t  p o i n t , a
rem m r _ a  ‘Lion -am t:a-_a i : ’ s t h u - m  of t ’s t -a l l  ianai - Jrt of the coo1it~ _a
b - - _ a a s s a ( 3 e s  w as ira i Li .-it ’s~ m i t t  ar t-u n to ensure a re- i_ action i _ i a  t o l — _ a r --
a n c e s  rd ate-i to t n - _ a  t o o l mn g . The new method , ‘._ a t i l i z i t t _a’ a - - a , u t - er
a ided n L a ’ s i -.~n t ech ni  ~:1es , i n c l u d e d  d e f i n i t i o n s  of t h e  a a u l i r a 3
p a s s _ a - b - C E  t-i~ s t aa ’a u . ~ b - a t — l i .  e l e - _ a a _ a n t s  t hat  used -.a, I a  x/y di j i  t i z e d —
c o o r d i n a te  S/ S t -_a l a n  at each Z—secti-an . The coordinates were Uci
i_ fl’ ;) a l t  A ;i tu F~~ul m ln i — _ a : n I I L - a  t en , and r e t _ a r ~J aced g r _ a a - a h i c a l  I ;  u _ a  a_a
f i a t _ a L  .‘heck p r I or  to t~~pe tn~ . -_ at  ia - i to  a Geu ~h a _ a r  A u t o m a t i c  p L u t t i t ; . 3
t ab l e  w i t h an opt - _ a -i l n_ a :-:p- -_ a s ure  head .  The f i t _ a _ a l  1:1 size
Z — s e c t -  ion: tool  in -j  m a s t e r  i . _ a  a ’_ a L~n ’-;._a L i a _ a  -a l l y  p l o t t e d  O a a  ~ p L a u t  a—
s a _ a r a s l t - i v e  g l a s s  p lat e  to a t o l e r a n t _ a u  of  ± 0 . 0 0 1  in ch  or i _ a S S .
~‘lyiar p h a a t o - p a s i , t i ’ e_ a  ra re  m l_ a;.I a n  o f  t he  t i n _ a l  t o o l ia a j  fo r e -a ~; b -~ of
the l a m i n a r - _ a _ a .  1-i ; _ a r _ a  30 is an ‘s a-: -.m r : a _ a l u  o r one of t b - i a _ a  a m _ a -_ a l :

)O 1S g ’ s t i o i’ it e i  aj :  t ’ 4 i s  a m i t a  i i  ta a - - a l r ap n i cs  m e t h o d . The b _ a : 4 - _ a : i t t a
t o  ‘h i s  I ’~ -

~ ~-3 ra ; a n t l t a a m l  - a r e :

o S a u s t a - t~~al1y i nc r eased  a c c u r a c y .

a-) “ O 0~~ n- _ a a’asi ;t - _ a n t plmot.uauna hin aj s ince  t h e  o p t i :_ a l l 2’
- j e a a e ’ r . a t - _ a - l  l i n e  w id t h  is  p rec i se  (÷0.0005 corn—
p.a r an - I  to a 1r~~wu line photo—re _ al_ a ned to s i z e .

a F a st e r  t . . .m r a a _ a r a  and t i m e

I’~n; a f i n a l  - ;heck o b -  the  c o n a l i a a - J — b - - m s s a  j a n  m i a a i :aa :ia SI  ‘Z a _ a  , 3
,spec a - a l  0 .  u l - i — i n c a t h a i _ _ a L a r m - _ a s s  j a h i - _ a L o e t c b - i a.m m  W ama p~a 1 o-_a - spec i : ;e_ a .a  was
: r - m - i -  w a - t n  ‘ ,‘ a r l u ’ a s  t a  . f _ a  t a t  I ~-m:a s i z e s.  F i -j u r e  31 shows I la ’s t , I a r a i e
s~~e-.: 1aa ae r 1 s b - l i  a t  ‘ i _ a t _ a  o1 t i - ;  a t  a- y i t i sp e -~~t - _ a _ a I  u t t e r  a~~ t ( c u i n - J , _ a t ; . I 1-’ i .~ _a re
12 :,b - i- a ’.’ns - t n  mr _ a l a n  ,‘

~~ 
I ‘!t . a_a ’.’I o f  s i t e  ala L n a a _ a  s p ec i m e n s .  T h a _ a  L t a s p ’ _ a a —

I i o t a  r e _ a - a l t  a a r ’ .’ g / a _ a r u  1:. F i - j - r - _ a  133 _ a r a - I  ‘r m o l e ’  4 .  Na - - t a n  tfle
a i a a r’ab a _ a r lit h o t ’s  ( m a  t a t  a . _ a t n . h Lh O U I J h, - m m  t b - i a ;  tool ia t aj l i _ n .m W i . . I a  a
( A  - a . 0 0 4  pr , ( u n a n  a t b - t a _ a  - J r e a L e a i t ‘ I_ a L  i _ a l , a s u m  i n sidewa1~. _ at a ape

1. . 0.  .‘ a r  - . mt i o n  u r _ a t w -~~a _ a : i  C a ; , 1 1 , m :a a U a m L W ’ n d J l  CW a l a  I h 1 ; ~~~ -

‘ I i m a . ’ r a r b - u r  a_ a , t b - a d  i a - n I l  I C_ a _ a t .Li:ae width b - a  a t  a . m n  ~ r-. ) i a a .’- _ a c o n s i s t e n t

a - I
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_
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r a m  ; ts L a ;  B ( 0 . 0 0 7  i _ m a C l u ) ,  and  t h i s , a ; o a ap l a _ a d w i t h  t h e  a a  1a’ ’L~a a r  6
a ,  - ‘s s i .o -  ( 0 .  01 i _ t a d _a l~~’ 0 . 0 3 0  _ a a c h )  , a j a  - I j x i c a t j  the m i n j a a t u a a  ‘ji z a ,,
hole f i t  u t  a ’ , i i )  t,a c - L a ’( m a - c l  a c a ’ a u r  a L & - l y in 0 . 0 1 0 — i n c h  P a ; p a i a a y  S t t I _ a ( _ a t

s t  ock • The 0. 0 _ a - a ) —  j uch  P~a n a ~ a 1, y sheet  used in f_ lie - i - _ a t - a u  d’~~ i-
an as r - l a  tj ) . a ( C  ly l,a i’~~a ‘ j- ,ms s _ a a a ;a - a , a na l  - m Cant;; n ;t ei_ a t a_ a t a _ a t a i n c )  w a , ;

a w i t h _ a  a a ,  O . 0 l 8 — m r n - c ~ . l i i a a -  w i d th .

I t i a _ a  t a -m . i u a - ~ - a u _ a - a  i n v a ’ ; L i a j ~m t  L - ,) O . i  a _ a _ a i s t e d  i r a  definiraq two lan—
s i-j n  r _ a l,c- s :

o l-’ i i : - t , t j , a ’ 1j~
_a (- wL ’lLh a- ; n ; f . b a _ a  a ’ a , f l _ a t, a n t  f i a t  -a  ‘J l ’J c r a

r t a t _ a - r u m l  and t I m J , c k i ( - ; S  a,ia a n y  _ aIn cJ  I a n  l - u l a a i a a itia i t .

a_ a b - )t_ aCoilal , t i_ ac c a n t  a I l e s t .  ho l e  in - a g i’.’er u acSi-; fl a:t , a:a,a- S

i _ a a r ( ’  ( C T : ~n;i s L a - a ; t ’ L ’ ~’ if a r a t i o  of 1:1:3 or a ; (  I_ a a L a _ a r
is n_a a j l _ a ’ - 1 L i l a  ~j ;ar I O t a _ a  t ;a a - ra n ;icIiS o f  r - u a t a m r ±  a t
t h i c k n e s s, ra l r t ’o \ a est  l_ a a , l c  d imension , and l o i a a ~~e ’c t

hal e  -i a a _ a S  _ a o a a .

H, n a l r- tor detail U-_ asign is shown I r a  1’ a - ~~m i ’c_a 3 1  [(a)
-
~~~ -) i a ; h  ( d )

Tam e ia_ a .ai yn u t i l i a ’a - a ;  a total of i
’

2 l amina tes , 2 4  a ’ w : a l ; i a

are’ at  0. 0~~0— inch  _ a h a n-~~t, s tock ciad 38 of 0.010—inch _ a i i a _ a e ’ t  st a ,ck .
( ac: ,  a,f Li _ a _a ;‘ . 1 m u - _ a i n a t -n a has a d i f  t e r e n t  coo1in~j  jan . ;  m a C n - , defini—
t, L a t a  t,o e a a  i l - t a n  t .i u -  yrL J - a n - l  ly St_ acka_aa .u laminates to ii t / e  L t a - _ a
desi r eP b laP -  - _ a t _ a - i  - I i  _ a k  iti t , a_a r a a a 1. cool, i ray p ‘i ss a a~a _a ar r  t n - ; a n  - i_ at - .
‘I’he’ I - a u - u i _ n  at  ‘s or - a a i a , ~w~~c t i a _ a d be tween  two sol i_ a ; end pla ’ us of
l’~ m n -; j ;  l -~ -, ’ t_ - a f o r i a a  ti _ a c r a  - m l t a  i nd a’ a n L i m e ’  t u r b i n e  d isk  • ‘ i’ha_ a

e:-t _ - rra ii  b l o ab -  anal disk s~
, a p t - is P a ’ n -;j  j l i c a i  to l a _ a  l a  m e a n  t a _ a_ a a a _ a r

a act LI a - J al t i m e  wheel  e l c - u n i a - n L , ; .
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I-B- I

~ AI . tL00~ —.- ~~ -

0.2516 ~~ 
-. 0.380 NOM INAL

32 - STACK ING AXIS
— -a - -- — TOOLING AID FOR

a - ‘ - BLADE POSIT I ONING
A Y

1

0005 -~ 

-

- 

GAUGE
11117 MAX 

- - 4,6095 R
11, 113 

B R E A K

0.37 0.36 
~~~~~~ : -

0.477 0.474 ~~~~~~ I 
- 

~i55 1.53
0.27 0.25 • 0,150 0 146

0, 150 0,146~~- ’ - .~ ‘ ‘~~~~ _— l l IA iO.00 2
[llI ~~~~1iOi~~~~~~~ I - ~--~~A R E F TYP -

p -

A ‘
I
~~ 

~~~~~~~~~~ ~~j

I

2.153 - 2.404 3,110

2 147 ~ 2.396 3.100
- 

STACKING DIA. D IA.

- — - DISTANCE - I

3 100 0.13 C I R C U L A R
DIA. 1 ~~~~ 2.86 3,505

- 
‘ 

- 
006 

- 2,84

CIRCULAR 0,015 • 
D I A

a ~~
-
~_ a j  0,005 ‘ TYP

y I~/
a

V

TA-~ 1-C-I 
~8 430 1 ~ - 8,330

8,420 k ~ a 8,320
DIA 4.057 R 0,030 D I A

8,215 ’- 0,020 4065
8,265 0,260 

- 
- 

- 
TYP A

DIA R 
a I 0.260 A

~i’ I ,

0, 150 — ~~
- 0.908

P L A N E  H P L A N E  J

Fi j u r e  .34. C ,t i a t _ a i t a n m a , ’ a t  (b )

-- - -- - - ~~~— - 
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LEADING EDGE

- ‘

~ 

-

H 0.0629 CENTER OF
STACKI NG - 

a LAMINATE +1 VENT
PO INT ---‘ / PASSAGE AT R -=5,5750

- LAMINATES 
J / STACKING -

- 
-

- -~ p— - _a PLANE

- -  a 

~ a

+ L A M I N A T E S  -

- -
- TOOLING AID FOR

BLADE POSITIONING
-

‘V
.. . - 

IT R A I L I N G
EDGE

AFT SIDE OF ROTOR

SECTION A-A

TYPICAL BLADE LOCATION

Fi gure .N. C - n u t u i a u e d  ( c )

f

74



STACKING AXIS
- LAMINA TE NUMBE R + LAMINAT E NU MBER

1 0.76-INCH THICK END PLATES

2 0.020-INCH THICK LAMINATES

3 0.010-INCH THICK LAM I NA I ES

~D (~) ~ ~ 0 (~~~
‘
~ ( 2 )  (

~
)

TOOLING AID FOR
- - - - i ‘~~ ‘~~~~~‘~ BLADE POSITIONING

L E A D I N G  EDGE
PASSAGE LOCATOR “

~~~ 
—‘

~~~ TRAI L ING EDGE
V A R I F I C A T I O N   PASSAGE LOCATO R

-~~ VAR I FICAT ION 
- --  H=5,5750

R=5.4953 

‘

R=5.3677—’-’— ~
—

n’5.2401 - : - - 

~~

“ -‘ - - 

~~~~
-1

~~~~ 
- ‘- R=5,2285

R—’5.0882 - - - — ),

R—’4.9331 : - - - - -R=49 190

R= 4.7712 - - 
- a

f R=4.6095 -‘- - -
~ - R=4 ,6095

R= 4,4622 
~ 0.335 

- \
0.140

0.056 ~~~ i
- - - 

~~~~~~~~‘—‘-~~~:a  a -  R - 4 2950-
~ 

- —  ~~ “~~~ ‘ ‘ 
~~~~~~~~~~~ ,

8.425 0,300 R 30 
~~~ 4,2696

DIA. A OA10~ R
REF. ,‘ - - _ .  -- 

HUB CONTOUR R 4000
-..‘0.388 

~~~

.

A

A ‘

3.650 R
R E F . 0 156

DIA. R E F

F’ i -j U r e  a O l .  C - _ a a t i m m U e d  ( d )
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0.500
STACKING 

~ 0.250
AXIS  -

30° ~ LAMINAT E NUMBER TO BE RE AD
WITH ‘V” NOTCH AT BOTTOM OF
NUMBER

A

6.000
0.100

11.320-INCH DIAMETER- R E F E R E N C E  FOR
~l LAMINATES NUMBER:

- 

- -1 , -2 , -3, -22 , -23 ,
a +25 AND +26 ONLY

/ f - - - 11.200-INCH DIAMETE R
/ - ‘ R E F E R E N C E  FOR

/ / A L L  L A M I N A T E S  O T H E R

~ T H A N  THOSE

~ NOTED ABOVE

TYPICAL L A M I N A T E

Fianjure 14 .  Concluded (e)
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Si -~’ l i O N  IV

~1A N u h - -Ac Tv RINc ;  MET h ODS TASK

~~~~~ n~ i i _ a u L m a _ a t u r i l i g  uan - t .l taa j a a t a s k  cons; st -P ot en t u t u  z i i p
; h o t  - - t a ’t ; i ~~a~~; a n d  P en d i n g  p a r a J a - t  -r s  t a  - :an e xt a nt  L i , - t w a - n a b

j e r n h l t  1 ate ’ Icat jut ot  an i nt , - -~ r a i— co o 1 ed  l ar r i a _ a i L e d  u r n  t : , a n -
wh~ ’ a n - l .  1’(, i s I , m _ a k  i nt ’ l u - t & - d  h a -  e v , u i u a a  i o r  of ; 

c ;t t c h i a n p
I’. a S a  toy l a i t a n i t  a t i o n s , t a c n - . a l i i i a , l r n J c c : r ,~~-s , a i d  b ra c t a l l - - y s  u t ;  3 1 7 —
i_ n o  a r n u m l - -r o f  sma l l  t e s t  s t a c k_ a  a r _ a d  crc - 1 _ am r~~- - s te P ( a ;  i r a  - n i  a t m  n p

t h e  a- r ma i  lO SS a i m P  d i m e n s i o n s  of -a f i u i l — s i , _ a a Wl’aO- .-l b l a _ a l a k )
T h i s  t - ~ sk I n c l ud a - i  u n a a - c h u i a i c a l  í a;  c - r I  ~- t e s t i n g  of  L i  e s m a l l  t e s t
s t a c k s , dc~’a - iO ; i u u - a i t  of f t c  1 - a l  i — s i z e  c-; h a - i  P l a n k  L _ a - t u d i n n - ~ t a - u i ,
a ana l of at; ul t r a c a u n a i c  f l O l t O a  - s t r  act a ‘~‘~~ test in-j r n e t l _ a e a n a  L a )  vc- r a 1/

n . e s o a t a m d n n a n - s s  , - t  bonds i t  L i l a - tUt I. i n _ a u  w h c - a - 1  b l a n k .  r l a f a c  t~~sk
w a s  c o n a c _ a l u d -u w i t h  the  finish machi f l l t : j  a t  a L -  : . n i ed  1 _ a _ a r _ m o t e l
t - . i u  i i n C  w h e e l .

1.  h -  -~ I D l ’ .G OpTIa,lita - ;\ f Ip,

a . l ab o r a t o r y  E v a l u a t i o n  of A c t i v a t e d — D i f f u si o n  l~ - r , -l ir -np
/ a )  L a y s

C a t l J i L i C i t c -  c aj r - ; r n a n - r c i a l  b~~ozing a l l oys were üb taa a n e d  as a r -p a . —
a t e n n n ; z e d  - a c - i -  r f rom A l l o y  P a :t a i s  I n c . ,  T r o y ,  M i c h i ; a n  ln

-; — 10 0  to -t ’32 5 r u s h  f r a c t i o n a . ar h r u c  a l l o y s  desi g n a ted  A P I — 9 1 4 ,
A P I — 9 i 5 , and :-, a - - 1 i — 1 l 5 [-a- w a re evalu,_a l~~o Can t he  b - - s i _ s  of f ~ow c a t a d
I - - -ít a~ h a t  c n m  , a C C  c h a r o c t a n n i _ _ a t i c s  . The n o m i na l  c o mp o s i ti a  a of t h a n se
i1 L a y s  a s q i ‘: -n a r t  Table  . 3 .

T e s t s  w a r t  c o m n aj u c t e a ;  w i t h  T — ; o i r t sp ec ime n s  pr e~ ar c h  I rca .
0. 0 2 1j — i n c l a  t a a S ~o a l o y  S P a - a t to a i e t a - r a ’ n u a . c  th an:  1 i-;-cidus Lea n t eu -at-ares

a Pu t l l r a - u  ~allu~’s. T l a ’ . l i q u i d u s  t a - f l i p u r u t u t  € - S det:u-r rantan a -d f o r
P C _ a C  a l l o y s  ar c  S a t  - .-.‘fl l a n  Tot  - t o i as c om p o r t  d t~~ the  a I ic- v
r c - i - i ce r s  a n m b i  i s h a ~d 1 m ;u ~u d u a -~ t a n r a p  - u u : a t  or es

P .  Bond Projp,r~~~ ,Determa- _aa t i o i

( I )  S t a a - k s  ~~ , ,/ , a t e ’  .3

I A q m a r ~ ity 01 1 2 — h a - P u  a t :  1 8— i n c h  by  0 . 0~~0— ~~: n c h  t l a a c k

~~a s p - a  b y s h a - a n t  w a n ;  j - t a u t u a : t c : l t u c i  to prc v l c f a n :  ran-c~ a a m y a ~ i O l  1 a i ! a i f l - a~~~a - S

1 . 4 —i n c h e s  W i _ c i a :  lay 2 . O — a rmc _ a h -S 1 - 1 . 3 .  Thu  j -’h a - t -  Ct_aha,-a,l l i n a _ a t .  - f e s
a
~ a .re C l C ~~C i i I # a ( l I a r u o r  to J— ~ [L a y u~ .- p l u c m f  b r a  .:as Si cc :  f l e d  u r n  I t a

n a  - - ~ U C a  a ‘ ‘ a - i j ~~t - - a a - 1-  ‘W

g ( a )  V - p e a r  d a , j í~~~~ _ a a -  L U C  4 t o  5 ‘ a m n u L e s

C L )  h i a v l r n a J  p t a - v t O a l S I ’ 1 l - a a U  t i c -  sh e e t _ a  I l o t  t-
W a r }_ au ; -  , v - a ~ - ’ - r — i a a - i a a  a t  4 0 —  t-  - f a 0 — j - s i - ;  l a l a n - S _ a - J 1  - W t , ,  h

h a l - i a  t a C
~ I t -  rt u- zzla- 1_a tO  8 i i a a n a h e _ a  I r - - i a a  t i m e ’  s u r  1 c _ a

( c )  C o l d — w a t e r  r i - a s ’ -  ( t o 1 - - w i t  a a )
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d

TABLE 5. NOMI N AL COMPOSITION OF TURE E CANDI DATE B R A Z I N G  ALLOYS .

A l l o y
D~~s i ; na t i o n  C Cr Si B Fe Co Ni

9 14 0 . 0 3  —“ 4 . 5  3 . 5  — — —  2 0 . 0  Balance

9 15 0 . 0 2  113.0 4 . 0  3 .0  4 . 0  — —— Balance

915E 0 .03  15.1 3.1 2 . 6  2 2 . 4  Balance

TABLE 6. CO MPARISON OF LIQUIDUS TEMPERATURES
OF THRE E CAI~1DIDATE BRA ZING ALLOYS.

AMI ~1 I
Alloy Publ i shed  Determined

Desi gna t ion  Liquidus  L iqu idus

914 1940°F  1975°F

915 2150°F 2130°F

9 15E 2112°F 2 0 2 5 ° F

I
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(d) App ly Wyndote F.S. alkaline commercial cleaner for
4 to 5 minutes (no current , only soak)

(e) Cold—water rinse (tap water)

(U Pickle in 50—percent Muriatic acid for 4 to 5 min ites
(Fresh acid is not nece ssary)

(y) Cold—water rinse (tap water)

(h) Place in 50—percent nitric acid for 4 to 5 minutes
(Fresh acid is not necessary )

(U Cold-water rinse (tap water)

(j) App ly alkal ine cleaner (same as above ) for 4 to 5
minutes

(k) Cold—water rinse (tap water)

(1) Pickle in 50—percent Muriatic acid for 4 to 5 minutes
(Fresh acid is not necessary)

( m)  Cold—water rinse (tap water)

(n) Rinse in dionized water

(o) Vapor degrease for 10 to 15 minutes with the sheet
held in a vertical position (spray at least 3 times)

(p) Stack the clean superalloy sheets between individual
shee ts of brown paper . The sheets should only he
handled using clean white gloves.

Bond all oy app lication consisted of hand spraying the ADB
powder and an acrylic binder with an appropriate solvent to form
a uniform layer on one side of each lamination. Sufficient
coated laminations were then stacked to yield an unbonded height
of 2.1 inches.

All small sheet stacks were bonded in a laboratory ABAR
Vacuum Hot Press. This equipment provides a hot zone three—
inches square by eight—inches high . The stack is centered
within the hot zone on rig idly—mounted vertical rams that can be
adjusted to apply a controlled axial force to the stack during
bonding . The press is equipped with up to eight type—K
sheathed thermocouples that can be positioned at any location in
the furnace or on the bond tooling.
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The three stacks were bonded with an applied pressure of
15 psi normal to the laminations utilizing the bond thermal
.:ycles shown in Table 7.

TABLE 7. BOND THERMAL CYCLES.
__________________ - 

Bond
Stack Bond Tempera ture Time

Designation No. Alloy (°F) (Hours)

1 914 1975 2

2 915 2130 2

3 915E 2025 2

The three stacks were given a post—bond diffusion heat
treatment of three hours at 2000°F in order to improve joint
homogenization. This cycle was followed by a three-cycle heat
treatment of:

1. 4 hours at 1975°F with air cooling*

2. Plus 4 hours at 1550°F with air cooling*

3. Plus 16 hours at 1400°F with air cooling *

*All heat treatment was conduc ted in a
protec tive atmosphere of argon or in
a vacuum.

Metallographic samples were removed from each stack after
bonding and prior to the three—hour diffusion—heat treatment.
Considerable grain growth was observed in these stacks , partic-
ularly in Stack 2, as a result of heating the Waspaloy above the
gamma—prime solvus; approximately 1925° Isee Figure 35 (a) and
(b)]. Metallographic sections from these stacks (after post—
bond therma l treatment) showed no observed change as a result of
the post-bond thermal treatments.

Mechanical properties were established for these three
stacks using specimens taken parallel. (longitudinal orientation)
and perpendicular (transverse orientation) to the plane of the
laminations. Room-temperature tensile properties and 1500°F
stress-rupture properties were obtained in these two orientations
(see Tables 8 and 9). Examination of these properties showed
Stack 1 to have the best room-temperature tensile properties in
both orientations , with the longitudinal values similar to forged
Waspaloy given the 1825°F solution treatment per AMS (AiResearch
Materials Specification) 5544B. Stack 1 provided lon jitudinal
1500°F stress—rupture strength approaching the base—metal
strength , but the transverse orientation showed low—rupture
strength. The room-temperature tensile properties of Stack 2
and 3 were approximately the same in both orientations , but
considerably lower than the Stack I material. At 1500°F , the
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AT 2130°F

Figure 35. (a) Optical Micrographs Showing Bond—Joint Regions
in 0.020—inch Waspuloy Sheet Stacks (1, 2, and 3)
Bonded a:~ Indicated . (Kallinys etch) (May . :lOOX)
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TABLE 8. ROOM — TEtI PLR ATUR E TE I K ;I L E  I~ROPER TIE S OF I3OI~DED
0. 0 2 0 — I N C h  WALPALOY SHEE T STACKS 1, 2 , AN D 3.

Bond Specimen 0 . 2 %  ~ .s. 1 U . T . S .  E longa t i on  R of A
A l l o y  O r i e n t a t i o n  ( k s i )  j (k s i )  j (

~~
) ( % )

AMI 914 Long i t u d i n a l  128.0  184 .5  1 4 . 5  11.5
( S t a c k  1) L o n g i t u d i n a l  127 .0  180 .2  12 .0  11.5

Average 127.5 182.2 13.3 11.5

Transverse 124.5 147.5 4.5 4.5
Transverse 125.0 143.8 3.0 2.5

Average 124.8 145.6 3.8 3.5

A~1I 915 Longitudinal 112.8 135.0 3.5 1.5
(Stack 2) Longitudinal 111.5 128.2 3.5 1.5

Average 112.2 131.6 3.5 1.5

Transverse 110.0 115.0 2.0 1.0
Transverse 110.6 117.5 1.5

Average 110.3 116.3 1.8 ~l.0

AN! 9l5E Longitudinal 116.1 136.1 3.5 2.0
(Stack 3) Longitudinal 117.0 133.8 3.5 2.5

Average 116.6 135.0 3.5 2.3

Transverse 113.1 119.5 2.0 <1.0
Transverse 116.2 130.0 3.0 1.0

Average 114.7 124.8 2.5 <1.0

Typica l forged Waspaloy room—temperature tensile properties
(1950°F solution temperature ) 122 0.2% Y.S., 188 U.T.S., 25.5%
elongation , 26.3% R of A.
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TABLE 9. 1500°F/47.5 KSI STRESS—RUPTURE PROPERTIES OF
BONDED 0.020—INCH WASPALOY SHEET STACKS 1, 2,
AND 3.

Ru p tur e 1 (3)Bond Life I1~
1ongation R of A L-M

A l l o y  Ur i en t a t i o n  (Ho urs~~~~ (
~

) (%) Parameters

iCiI 914 Longitudinal 25.0 40.0 33.1 41.9
(Stack U 24.0 29.5 37.0 41.8

Transverse F.O.L. (U 1.0 1.0

0 . 6  < 1. 5 1.0 3 8 . 7

AMI 915 Longitudinal 56.0 19.0 25.4 42.6
( Stack 2)  42.5 26.0 27.2 42.4

Transverse  3 6 . 0  3 . 5  3 .2  4 2 . 3
49.0 10.5 11.0 42.5

A:1I 9l5~ L o n g i t u d i n a l  2 5 .0 ( 2 )  
— — —  4 2 . 0

(Stack ~
) 

25.0 25.0 29.2 42.0

Transverse 0.4 0.5 <1.0 38.4

0.1 0.0 O.~
) 37. 5

Typical forged Waspaloy stress—rupture properties (1950°F
solution tempera ture ) , 47.5 ksi/1500°F: 54 hours , 28.0—
percent elongation

~~~F.o L failed on loading.

~
2
~ Furnace malfunction .

~
3
~ Larson—ni11er
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stress—rupture strength of Stack 2 was excellent in both
o r i e n t a ti o ns , and  c o n sid e rab ly  hi gher  than  was provided by the
other  two bond al l o y s .

Based upon these o b s er v at i o n s , a second bond cycle  and
j~ost—bond thermal treatim ir t was selected for investigation.
This was to achieve a better b a l a r e e  between tensile and stress—
r u p t ur e  p r o p e r t i e s .

(2) Stacks 4, 5, 6, and 7

Three sheet stacks (Stacks 4, 5 , and 6)  were prepared f o r
bond ing  by the  same process as t i n  p r e v i o u s  s t acks .  A f o u r t h
stack (stack 7) was also prenared using 0.002—inch nominal thick-
ness AMI 915 bond alloy in tape form as the bond—alloy applica-
tion technique .

Bonding procedures were the same as those noted for Stacks
1, 2 and 3; however , the axial load during bonding was reduced
to 12 psi. The bond therma l cycle for each of the four stacks
is described in Table 10. Stacks 4 and 6 were post—bond
diffusion cycled to promote joint ductility , and then all fo ur
stacks were given the Waspaloy three—cycle heat treatment. All
but Stack 4 received a 1975°F solution treatment.

Mechanical properties were established for these four
stacks , as shown in Tables 11 and 12, in order to provide a
comparison to the previous stacks as shown in Tables 8 and
9. Stack 4 again exhibited the highest—tensile proper .ies in
both test orientations. The lowest tensile strength was
exhibited by the 9l5E bonded stack , (Stack 6) . This is attri-
buted to the increased void formation in the bond joint.
Comparison of the two AMI 915 stacks , the sprayed—alloy powder
(Stack 5) , and the tape alloy (Stack 7) showed that the tape
provided a definite advantage in tensile strength and ductility
in both orientations. This is attributed to a reduction of the
apparent joint width by 50 percent , as seen in Figure 36.
Comparison of the two AMI 915—sprayed—alloy stacks (Stacks 2 and
5) bonded , respectively, at 2130° and 2090°F showed that lower-
ing tie bond temperature reduced the transverse—rupture life and
du cti l i t y  50 percent , but ha d l itt le e f f e c t on the tens i le
properties. A further comparison of Stack 2 and Stack 7
showed that the lower bond temperature gave three times less
transverse-rupture life and ductility while gaining 20—percent
better transverse—tensile strenqth , and double the tensile
ductility.
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TABLE 10. BOND THERMAL CYCLE AND POST-BOND
h EAT TREATME N T .

AMI 914 (sprayed powder), Stack 4

Bond cycle: 6 hours at 2000°F ( i n  vac~ u;; )

Post—bond diffusion : 3 hours at 2000°F (in vac~~im )

Final heat treatment: 4 hours at 1900°F solution
treatment (in air), plus bal-
ance of Waspaloy heat treat-
ment *

AMI 915 (sprayed powdeLi , Stack S

Bond cycle: 6 hours at 2090°F (in vacuum)

Post-bond diffusion : None

Final heat treatment: Waspaloy cycle *

AMI 9 l5E  ( sprayed  p o w d e r) ,  Stack 6

Bond cycle: 6 hours at 2050°F (in vacuum)

Post—bond diffusion: 6 hours at 2070°F (in vacuum)

Final heat trea€~ent: Waspaloy 3 cycle*

AMI 915 (0.002—inch tape), Stack 7

Bond cycle: 6 hours at 2090°F (in vacuum)

Post—bond diffusion: None

Final heat treatment: Waspaloy 3 cycie*

*Wagpaloy heat treatment:

4 hours at 1975°F with air cooling — so lu t ion  t r e a t m e n t

p lus 4 hours at 1550°F with air cooling — doub le—age  t r eat m e n t

plus 16 hours at 1400°F with air cooling

NOTE: All heat treatment was conducted in a. protective
atmosphere of argon or in a vacuum .
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TABLE 11. ROOM — TEMP ERATU RL Tr:NN1u• ; PROPERTIES OF BONDED
0. 0 2 0 — I d C I I  WA SPAL ‘i’ Sh EET STACKS 4 , 5, 6, AND 7.

Bond 0.2% ‘i’.S. U.T.S.fElonyation R of A
Alloy  O r i e n t a t i o n  ( k s i )  ( k s i )  j (%) (%)

AMI 914 Longitudinal 129.2 184.0 14.0 13.5
(Stack 4) Long itudinal 126.8 173.0 10.0 7.8

Average 128.0 178.5 12.0 10.7

Transverse ~26.5 165.5 8.0 5.5
Transverse __ (1) 107.0 1.0 1.0

__________  

Average 126.5 165.5 8.0 5.5

AN! 915
(powder)  Long i t u d i n a l  — — —  141.0 4.0 4.0
(Stack 5) Long itudinal ——— 144.0 5.0 4.3

Average ——— 142.5 4.5 4.2

Transverse ——— 109.0 1.0 1.0
Transverse ——— 122.0 1.0 1.0

Average ——— 115.5 1.0 1.0

AM! 915E Longitudinal 117.0 131.0 3.5 1.1
(Stack 6) Longitudinal — — —  134.0 1.5 1.0

Average 117.0 132.5 2.5 1.1

Transverse ___ (21 
69.2 1.0 1.0

Transverse ~~~~~~~~~~~~~~~~ 3.05 1.0 1.0
Average ——— 6 9 . 2  1.0 1.0

AMI 915
(0.002—
inch  tape ) Long itudinal 117.5 151.5 6.0 6.6
(Stack 7) Longitudinal 116.8 153.5 7.0 5.9

Average 117.2 152.5 6.5 6.3

Transverse 115.8 141.0 3.0 1.9
Transverse 118.6 146.0 4.0 4.3

_ _ _ _ _ _ _ _ _  

Average 117.2 143.5 3.5 
- 

3.1
(U Bond (let e(:t present
(2) 

~rc,k in tJ reads

Bond de fe ct

I
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TABLE 12. 1 5 0 0°F / 4 7 . 5  KSI STRESS—RUPTURE PROPERTIE S OF
BONDED 0.020—lu ll WASPALOY SHEET STACKS , 4,
5, 6, AND 7.

Rupture Larson—
Bond Life Elongation R of A Miller
Alloy Orientation (Hours ) (%) (%) I’araneters

A N L  914 Longitudinal 20.9 28.0 32.0 41.8
( St a c k  4 )  Longitudinal 41. 3 21 .0  2 3 . 0  4 2 . 4

T ran s v e r s e  0 . 0  0 . 5  < 0 . 5
Transverse 0.2 0.8 0.7

1CM 915 Longitudinal 44.0 24.0 20.1 42.4
( s p r a y ) L o ng i t u d i n a l  3 3 .0  2 0 . 0  2 6 . 0  4 2 . 2
(Stack 5)

Transverse 22.1 3.0 3.6 41.9
(1)

Transverse 3.5 1.0 <0.5 40.3

A 1 [ 9l5L Longitudinal 20.9 12.0 16.0 41.8
(Stack 6) Longitudinal 29.5 1~~.0 19.0 42.1

Transverse ~~~~~~~~~ <0.5 <0.5

Transverse F.O.L. < 0.5 <0.5 
__________

A!II 915
(0.002— Longitudinal 39.0 22.5 23.0 42.3

c~~~~Y 
Longitudinal 33.2

(2) 
17.0 23.3 42.2

Transverse 16.0 2.0 2.3 41.5

Transverse 16.0 2.0 <0.5 4~~.5

~~~Suspccted gauge defect

(2)Tnnperature control malfunction. Total specimen time
64.2 hours with 31 hours at 14°F

~~~~~~~~~ 
— failed on loading
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I

AMI 914, STACK 4
- - 

‘
~~~ . (SPRAYED POWDER)

I -

I

AM 1 915, STACK S

~~~~~~ ~~~~~~ A M I  915 , STACK 7
- 

- . (0.002-INCH TAPE )

I .

I
I .

‘ 

-

Fiyurc 36 . Op t ic~~l M ic rogr ~q ’O s of T r a v e r s e —Or i e n tat i o n  T e n s i le
Specin f os )t 0. ) 2 t ) — 1 r r ~~ h Wasp a loy  Sheet  S tac k s  4 , 5 ,
and 7. (f1i ~~. b OX)
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Bond—Process Selection — Stacks 8, 9, 10, and 11

With the in!~ornution then available, the bond alloy , rppl i-
ca~ ru n technique, and the tentative bond thermal cycle were
st Ie:ted f L i t  would provide the best balance of tensile and
s~ r e s s — r u ~~tur e  p roper t i e s  fo r  W a s p i l o y .  E v a l u a t i o n  o t  th e
n e - h a :  i c r  I u r o ; er t i e s  of Stacks 1 t h r o ugh  7 i n d ic at e d  n u t  IOU
3i~ was  the  most  s u i t a b l e  bond alloy. While AMI 91~ does nut
o~.~~er as hi  jh tensile properties as AMI 914 , it does p r o v i d e
s l I er 1) 1  s t r e s s — r u p t u r e  s t r e n g t h  in both  tes t  o r i e r : t r t i u n s
tilether with hi jher t r a n s v e r s e — r u p t u r e  d u c t i l i t y .

Use of tape is the alloy application technique was also
sebected ,stnce this will provide improved process contri1 while
£)ot~entially offering somewhat higher tensile properties result-
ing t rim the red iced amount of bond alloy at the Lund i n t e r f a c e .
In order to define optimum bond temperature , four additional
small uheet sticks were prepared for bonding for 6 hours at
2110° , 2115° , 2140° , and 2150°F.

Four stacks were prepared for bonding by the same pro~ ess
rsed tur Stack 7. Stack 8 was bonded at 2140°F , and was ~iven
the same Waspaloy heat treatment used for Stacks 1 thrur:h 7,
wh ile the other three stacks (Stacks 9, 10 , and 11) were left
in the as-bonded condition.

Metalloyraphic sections removed from these four stacks
revealed that temperatures below 2140°F resulted in some porosity
at the bond interface. At bond temperatures above 2115°F, the
Wi spaloy grain boundarys were found to contain a eutectic phase
with the s~ oultirieous elimination of the thin layer of bond
material at the original bond line .

Mechanical properties were established for Stack 8 b~~~1ed
at 2140°F (as shown in Table 13) - This stack exhi~ ited
tensile and stress—rupture properties tflat were slightly hi gher
i n  l~~th test orientations than Stack 2 , which was also bonded at
2140°F , haL with sprayed ADB alloy (see Tables 8 and 9)

Based en the results of the last four stacks , the SiX—hOL~r
2 1 4 0 ° F  bui i cycle was selectu l for use in bondini r lar~~u wheel
blan< stack. A temper ature variation of r - 2 0 ° F  was antlci i r t eJ
in bonding t h i s  l a r g e  b l a n k  s t a c k .  BasedThpon the prey
me~~uUu~~riphic evidence , defect—free joints were produced when
bend i ng in lr~ 2 120° to 2160°F terper~ ture range , and theretore ,
the 2140°F bond cinperature was cxc ifed to produce a. so in I
wheel  b l an k .
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TABl E I ~~. MLCIIA . ICAL PR( ITRT!ES OF BONDED 0.020—
dASh’A i ‘V ShlI ~E’ STACL 8.

Tens ile P r o p e r t i e s  
___________

0. 2 Y . S . U . T . S .  E l o n g a t i o n  R of A
di. Orientat ion (k s i )  ( k s L )  ( f )  ( t )

1 T r a n sv rs 112.5 117.5 1.5 1.9
2 ~r i n s v rse 112.5 125 .0  2 . 0  4 . 0
5 L o n g it u d i n a l  113.3 13 2 . 5  2 . 5  4 . 0
1, l ongitudinal 113.3 138.0 3.0 1.2

* l o n g i t u d i n a l  116.5 175 .3  13.5

1500°F S t r e s s— R u p t u r e  Proper t ies  — 4 7 . 5  k si
R u p tu r e  L a r s o n —

S eciraen L i t e  i : longa t ion  R of A M i l l e r
.u.  ) r i & :n t a t i o n  ( f l o u r s )  ( % )  (~i) Par c~e ter

3 Transverse 54 .1  6 . 0  5 .9  4 2 . 6
4 Transverse  4 7 . 4  4 . 0  4 .  3 4~~.5
7 Longitudinal 63.1 19.0 8.2 42.7
8 L o n g i ta d ir i a l  4 7 . 0  17 .5  12 .4  4 2 . 5

* Longitudinal 67.8 7.4 39.5

h eat  Trea tment :  2 hours  at 1975°F w i th  air  cool
p lus 4 hour s at 1550°F w i t h  a i r  c u l
p lus 16 hours at 1400 °F w i t h  a i r  000i

* O . Q 2 O i n c h  Wasp aloy  sh ot  to s p e c i f i c a t i o n  AMS 5 544B
( 6 2 . 5  ks i  at 1 35 0 ° F )  fo r  compar ison  to the  bonded
baspaley u s i n g  A M I 915 t r a n s f e r  tape .
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2 .  A1l~ -’J.ob— S;Ack BOND IN G

The purpos e of t h i s  t a sk  was to provide ea r ly  design feed-
back I or the :j .t i miz a t i o n  of  I ~ow passage shape , and to deter-
mine ix i u l  st . e ’k  co mpr e s s i o n  i u r i n h  bond ing .  T h is  act ~vit’:
was re ~~; . i  r od p r io r  to bond ing  t o  l — s i ! O  wheel  b l a nk u  i i i  Oi a i r  to
de in . :  the 1—sect  i i  e l en i e n t  luu &tions for ict i il i1e~~~i Ii ( ,L  th e
w n e el  lamin at  L n l h ;  . Ihe r .gi  in : t i i : c t il, 1 ro ju ir ed  this ~ nj .rt. a
.1 ve r y e ar ly  s t a .  :r in t .h bond—proc is:; i !:  1’ .pr lun t t t~~ k l i t  order
10 ac ;  in~n eu at e  t h ion ~

— 1 :ai fl. ~ ~. j o  and c r  e.: j r  union t 1. inc  s

Five s t ac k s  were pr e par e d  and bonded u t i l i z i ng  too S a i 0
p roCes:-;e:; iS ( ‘nh ~ l e ye d  for Stack 7. Thickne s s  of the indi -~i t~~ t l
lim in it i ons  w i s  mea s ured be L i r e  and  if t r  t ape  app l i ca t ion  to
dot ermine  tn  av e rag e  s p r i y ~~a b o n d — j o i n t  t n i ok n u s s .  A f r u r

) f l c l i f l y , the bonded—stack  he igh t  was determined for the f i V e
s t ic k . ;  b e f o re ~ rep arat ion  for a i r f l o w  t e s t i n g .  The av er i se
j o i n t  th i c k ne s s  for  the  f ive  s tacks  was determined to range
f ro r :  0 . 0 0 0 9  to 0 .0012  inch (see Table 1 4) .

Fi gure  37 i l l u s t r a t e s  the  a i r f l o w  test setup . Dur ing  air-
fl o w t e s t i ng ,  a l l  the s t acks  exhibited leakage through the
1ira:nate inter f a c e s — — n e g a t i n g  the v a l i d i t y  of the a i r  f l ow  d at a .
The Leikiqe was a r e s u l t  of j o i nt  poros i ty  due to the 1 bond—
£ 0 )  t e i ;ipur . itu re  of 2 0 9 0 ° F .  So f u rt h e r  a i r f l o w  tes t ing  was
c on u u c t . Li s ince any add i t iona l  da t a  would have occur red  too late
to assist  the design a c t i v i t i e s .

3. LARGE-STACK BONDING

l~~e pur p ose  of  the l a r ge— s t a c k  bonding task was to v e r ify
L i r e  labo r a tor : b o nd  c recess  on a. f u l l — s c a l e  wheel b lank . Ii
la rge  st  rca so i l a L e d  t he  up~~i o x i m it e  t her r il F a . S s  and lire nsions
of L i i ~ wheel bl in k , as mown in 1 i Jur e 38.  The l)h o t o e t e h e~
l i i  i ~s w ; c U  i i i  construct LeO 01 th is  s tack  inco rpor  a.L~~ -

a L r j  Ii f i~~i slo ts  and holes  to ;a r : iu lu t  the wheel  b lank  cool 1 0 1

L a . S 5 a . J C S .  The ch. ‘i: icai—m ill L r ig  t c:iil i juos u t i l i z e d  to p r ej a l :
t h e i i :  r i b  s t ick  l a n ii nat e s  were a.pj r pr i ut .  1 y ii: Lined L~ I ~

h r equ i red  accuracy of l a m i nat e  r . j rod~~c t i o n  re j u i red in  c c
l ar g e  wheel b l a n k .

a .  luimi n ito Fr ~ a x it 1 u i i

The l a rg e stack cons £St ( i of 2~) laminations , 11.2 inciiei; in
d iame te r  b1’ 0 . 0 2 0 — i n c h  t ;h i c k , t h a t  were  p lac ed  between two (7 5 ~
inch  L i c k  W i s p a l ey  c r 1  p b i t e :;. I r  b r  to tape app i Lo lt i o n , t h e
rbo ic; lii alliat (i 1 t a i l s  w i t  o l e r i r i ic the m e t h od i i  ted in

t -~ec ’ ie:i IV.  1.h .  ( 1) .o t - }iiS i it .  h o l l o w i ng  l i r : i r i r t i o ~i cl~~ in—
jog , ore t a r  ~ f 1 2 — i  tel wia L ire L~~~e was ~ ropcrlv po .~it i n i c i
oil ,n f a c e  e l  t a . .d i  la: i i i  ~t, . ihe Li ~~u oven tying Lire COO l til l
p i s s i g s w i :; i , l i i1 i p r i o r  . s)tld 1~t fJ . Two layers o h  t g ;  w er e
u p p I  i c i  to t i re  i n te r  f t - s  P. tweet Lie end plates ui1 the
1 i r r i z i a t e s



TABLE 14. WASPALO Y JO I iT TH IC KN E S S MEA SURE?I EN T S
FOR THE F I V E  AIRFLOW TEST STACKS.

M a t e r i a l :

~~~i~~i cation : 0 . 0 2 0 — i n c h  Sheet , AMS 554413

Bond A1~~ y: AMI 915 0 . 0 0 2 — i n c h  t ape

Bond Cycle :  6 hours  at 2 0 9 0 ° F  in vacuum

Calculated
Sheet S tack  Average Jo in t
I.D./do. of Average Lamination Average Stack Thic]:ness
Lami nates Thickness ( inch) h eigh t ( i nch )  ( inch)

9 l 5 ( T P E ) — A / l 0 9  0 .0 192  0 .190  0 .0 0 0 9

9l5(TPC)—B/109 0.0191 2.210 0.0011

9l5(TPE)—C/b09 0.0191 2.210 0.0012

915 S— b / l b  0 . 0 19 7  2 . 2 3 0  0.0011

915 S—2/lbo 0.0192 2.216 0.0010

I

I
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Figure  38.  Large Stack Laminates, End P l a t e s ,
and the Bonding Fixture .
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The l a m i  nate and the end plates  were then s tacked on the
b on d ii ; i  tool  ( F i gure  38 )  - F i g u re  39 dep ic ts  the  16 t y p e — V
t h . :r rnuco 11 les t hat  were tack welded to the bore a o l  o u t s id e
ii ir n r or  of t he  0 . 7 5 — i n c h  t h i c k  p l a tes .  Two locat  ir i g p i n s  wer e
then in serted in the lower too l ing  p l a t e , the upper t oo l ing
p la . t. e wa~ i n s t a l l e d, and the e n t i r e  f i x t u re  was then  Ij l :i~~ed i n

h s h ic c L n j  b ox .  F igu r e  40  dep ic t s  ~ t re  ~t a c k f~g and  c r i t i n g
of t h e  l a m i n a t e s  and the end p l a t e s .

b.  i nch L I I J

The l a r ; e stack was shi pped to the b o n d i n g  vendor  fo r  ben i-
i r i j  ii a 7~~— t o n  capac i ty  vacuum h o t — p r e s s  f u r n a c e , as s h o w ; .  i t t

Fig ire 11. The press design minimized bending mot ents ;:d i ) ~~
d ccci d u r i n g  axial loading, and the bond ing  was p e r f o r m  I it
5 U — : s i  i x i a . i  p r e s s u r e .

The f u r n a c e  was induction heated by a 14—inch diameter
: i r  - t u r n  coi l  wi th  d i r e c t ly  induced assembly  h e a t i n g .  Two
p i t s , 4 — i n c h e s  t h i c k  by 12 inches in d i ame te r , of ATJ g r . r p ir i te
w i r e  r u e d  to provide  f l a t  t oo l ing  support  to the top  a n d b ~ttiu
of I n c  isse b ly ,  as we l l  is , a r a d i a l  hea t  pa th  w i t h  m in ~~ma~~—
h ea t  c ap a c i t y .  Fo l lowing  p lacemen t  of the  lowe r g r a p h i t e  p l it e
a n d as se mbl y in t h e  f u r n ac e , F ib e r f r a x — F e l t  was p laced b e t v o e r
the in d u c t i o n  c j l  ins ide  d i ame te r  and the assembly o u ts id e
Iviri ’-ter to insulate against excessive heat (Figure 42) . F h ;
press was  evacu a ted  to ap p r o x i m a t ely  165 Pa b e f o r e  heat . i n

b e g a n .  D u r i n g  the  7 2 — h o u r  p r ebond—outgas s  cycle  a t  7~ u ° t~
1 2 0 0 ° F , the chamber p res su re  was observed to v a ry  from 0~~f t .~
3.3 Pa.

f-s i a x i a l  load of 50 psi was applied when the assc: i rb 1~ tem-
p e r at u r e  r eached  1 8 00 ° F .  This  load was ma in tained thru i~~h i t
t~ rema inder of the bond cycle. The assembly temperatur~ ; ia.

S jhiliz :d it 2140°F , and held for 6 hours. The stead y—st ate
t V : : cratur ,. distribution achieved during the 6—hour hold
t o  : u i t . - r i  that th e temperature of the stack outside diameter U .
increased to 2l~i5°F in order to achieve the desired 2 1 4 0 ° F

r n i : r : : um it the bore.  As t he  t empera tu re  rose above 1 8 U0 ° F , t h e
-:r c j i:i chamber experienced a rapid increase in pressure. This
;,ress zre increased from approximately 1.3 Pa at l8~~U°F to a
maxim ;: of 20 Pa it 2140°F. This pressure rise was later
attributed to a leak in i f l  i n st r um en t a t ion  f i t t i n g  in the  v a c u u m
rhirn b r
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c .  ‘ a n t  — P u n  I L x ’ cussing

Fol l o w i n ;  b on d i n g ,  the  lar ge  as—bonde d  st i ck  was examined
u t  rason i -al 1;- it  lizing in A nt o n ition I n d u s t r i e s  3 — 4 5 0  S r ~~es
Lab r i t o r -  Sy s t e m .  T h i s  ‘ S ’ ~~~ t~ incorporates i w a t e r  ir i cr u i to

i n k  j i t i is a m o t o r i z e d  s;.o:ininJ hr c1~ e w i t h  a tr ot ’s
i t t  i - t i  i . lb . i r l : . h t t r s i O n  t e s t  in  t o  t h ou , w i t h  w at er  is t h e
cu ~p l o t t , -; iS em~ loye i i t t  a l t  t C SL S .  A p o l a r  p lo t ter is c ) r ;ne c—

t h e  unit , ard is tisu i to obtain a ;rap hic record of the
st e at i . This  i n s p ec t  L o t i  pro io ~ to be valuable in bocutin ~ two

:: t)l ri r~~ 1 re ions midway between the bore and the outer pci ; i : ; ~e Lu C

--. 1  th oath r ;  ions  bo~~ote . I on the same diameter. Sc’jeral m u c h
sri i t i e r  r i n d i c a t  ions were a lso  det ~~cted , an I t h e  m aj o r i ty  of  hone
were adjacent to the bore , as seen in Fi gure 43. The cr ltr isorti ;
inspect ion also established tha t the two unbonded areas were

cit ed close to the upper aol lower 0.75—inch plate /1i ;tiintto

~ntertaces rather than within the main laminated rejion.

At  the perimeter of the  b l ank , t he i n s p ect i o n  ca p ib i li - : y was
I :a t e d  by the cooling slots and holes that interfered w i t h  he
sc a n n i ng  r e s o l u t i o n .  C om p a r i s o n  of the u l t r a s o n i c  recor L~ be l u r e
and a f t e r  hea t  treatment showed that there were no new in~ i.;atioris,
rod t~re existing indications had remained the same . The stick

was g iven a lmos t  the  same Waspaloy heat treatment us the small
stacks. The one exception was that the 4—hour 1975°F cycle was
reduced to 1900°F in order to minimize any potential cracking
f r o m  quench  s t resses.

d.  E v a l u a t i o n  and Tes t i ng

In order to assess the microstructure as a function uf
location in the large stack , and to determine the nature ot the
sonic indications , three cylinders were removed from the heat-
treated stack in an axial orientiti,n (norma l to laminates)
The locations of these cylinders are shown in Figure 43. Defects
were identified at the interface between the end plates and the
laminations in all three cylinders. A typ ical unbo nded region is
show-n in Figure 44. Examination of cylinder 1—3 from the jJl rij)}uery
of the large stack revealed 10 unusual joint microstructure a~
shown in Figure 3 3 .  i t i ~~ .;rr;;sual microstructire was later deter-
mined to exist throughout the ~t rck.

A total of ten U .s-inch diameter cylinders were removed in
the ix i ii and tangential orientations from t he  heat—treitc h la r g e
sheet stack for mechanical property determinations (see Fij ire ~3).
Th ;e cylinders were located in regions the ultrasonic inspection
:;li’ wed to be free a L  to lications. The results of the tensile an 1
stress—rupture testing of these specimens are shown in Tab I • s 15
10 1 l..

101



- . . •. -
I 

‘ 
0 

-

- 
-

“V -r 

-
‘ 

V, . . - ,

•~ ~~~ ~
.~

- --~tr ’ - 
~~~~~~~~~~~~ 

- - ‘

r 1 

‘

~,

- •~~j i~ ..

t i J ;~ Ii. Lit i t S ~~i i i C  ( — S c  1 ; 1 C t r a r t  3h o w i i nj  l . a c i t i o n  i t  i~’ s i i I l  - 
—

inch i0 j L i i t . i ~t 1 _ , L i e n ~~~C ~leflS~~ic c t  St r e s s_ I c ip i :r
Sp. c~~11et b ~~ t h i .  t ;o i ; .d  R e gi on s  of toe h j O A L - V I t c . i t :u d

~~ - t k . ,. £ ) - ) \  t . 1 i ¶ i. )1i • C) I

:letalLojr 1I hi c SI;ec u i ~~i l S  ~1I , fl , t i l l i

102



UNBONDED
REGION

V ______________________________ V—V.— .

V 
-
~~~

‘-V-V
~ ~~~~~~~ 

—

i—s

I I .

I .‘ -
. 

~~~~

V .

I ‘- 

-V V 
-

I . .
I I 

- 

-
S - 

- 
~~~~~~

Figure 4 4 .  Opti c-il ~ 1crogra~)ho of C y l in d er  fil  Show i ng an
Unbonded Region I3etw o, n t h e  1 - b t b  Plate in ch the
Adj ici ti t , . ii .rnatior i . This Region A t l n a F d
as a I~on ic Iridica l ion on tt i l  V C— t ~c ti ;  EeeuiT i,1 .i f l(J
in Figure 43. ( K i  l Un g s  1It c l i ) (~1a r  - : 100X)

103



- ‘-V - —~~ 
—5- 

~~~~~~~~
I • 

- —
- \ ~~ \ ( — - V

1’ ~~~~

~~~ \~~~~$ ‘* :

,A4~~ i~ ~~~~~~~~~ ‘ 1  BOND- JOINT

: . : - ‘
‘ 

I 

—

F i g u r e  4 ~~ . 
i pt  ical  M i c ru g r a ph  of C y l in d e r M3 Showing
1 i l f l t t i i t e  J o i n t  I r r e gu l a r i t y  a t  the } , V r 1p i l r~:
of the  L i  r j  S t u d  i n t i r e  As—B ond e d
Con d i t io n .  (f b i  I I i  ri ;s Etch ) (Mag. : b OX)

104



TAIILE 15. TEriSILE PROPERTiES FOP THE LARGE SHEET STACK
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P u; l~ I ’  u ’ .t i 1 40 0 0 1 wH .h or 0)1 it

- - ‘ , - t  I i ’ -  ~~ ; - t ; .  : ~ .I; _ i 1) i i  0 r i — r u ; ’ I ’ - i t ’ . ,  inr 11 . 1 11 w i n q ,
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‘ i  : i t
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R io - H
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1 0— 1  r i ’ S— i i - ; n n t i a l  R.T. 102.4 :.~~7.6 17.0 10.9

iS— ,. 101.8 169.0 1 6 5  14.6

1—5 O n i r i- A x i a l  1 100 t . i . * 7 0 . 1  0 . 0  0 . 0
- ions  and
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f I t ! : . ;5_ iuz j LUre and t . o ! t s u b e  j i r u j o n  t .~ L O S  w ;re Iut.’ iii t u t u
1 1 ’ spec 1 1 t 5 - : S  .Luc iL : i  i n Li~~ l~ t iFI i11 - i t . lJ region.

jh , ,se v i i  a - -s w i L e  n o t i c i - i L  I V  L , ~.- ; i  tha n those p r e v a~ iio~l; e.- J i s —

L i  tea ~n u n t i l  sheet s tacks  U51! J 1 Simi  t a r  bond temper i t  a r ~~ t u r f

bi~~i t treatment.

I IX - im i t i itiOn ~~ f the fr nctur o-d test.~~t;ueiirne n s reveabel fur td - ’r r
e ’ 1 ( l e O 2 0  u t  ‘1 j ’ s ; i l  j o in t  utli21 - jui t,ructure ;u u i H J i t . , ions .  1 n J u r o ;  4~,
show: ;  the iso, a; of a double i n t e r  L iOc d e l i n e a t i n g  the tal j  -iaein t
sI -eto ; in are burt V and pe r ip heral  regions  of the large sho t .
st ick. T h is  c u t u t it t O n  a~sio ’ir ed  to consist  of two l ines  of ~-art i—
oh s. A s i m i l a r  i ni c r o s t r u c t u r e  had not been observed w i t h  the
a :- . dl sheet: s t a c k s , and is bel ieved to lie associa ted w i t h  the
j V ) 0 I  1 t 1 0 0 2 t i t i  ta- il f ’-ropert L O S  of the large sheet stack.

An al ys i s  of the bond cycle  exp er ienced b’2 the Lar g e . } ~~ee n
stick iisclosed t h a t  a number of potentially important -1if~~er—
20 ,2  ti were , ncountero .. d when cornp ired to the sr:a .tl Sh e e t  sticks

bo;r- ;~~d in the laboratory. The most noteabLe differences were:

o The h e a t i ng  ra te  f rom below the bond al loy
solid u s , ap~ r o x r u : r i t e l 3’ 1700°F , to the bond
L I - E l f  i s t a r  ( 2 1 4 0 ° i ’)  . The r a t e  achieved in
laka ’ -r a to ry  b on d i n g ,  although not ~)recisel~’
controlled , was app ro~-:imatei~ - 2 5°F  per m i n u t e .
The LaSt; experienced by the isige stack was ~~ 50 J
per nhi r tn t c . This lower ra te  was iroposed by the
phys ica l  r e s t r a i n t s  of induct ion hea t ing  the
la rge  stic k in ti;e bonding f a c i l i t y.

o The vacuum enviro nment achieved in the laborator3
bonding  was s i g n i f i c a n t l y  improved over tha t
encoun tered  by t h e  large sheet s tack . A 72—hour
c iu t g a s s in g  of the ac ryl i c  bond a l loy binder ari d
i r t r j h i i t e  p l ates was r eg ui r e d  due to the low pump-

ing  speed of the v a c u u m  egu ipment .  Fu r the r  com-
promise was incur ~o-b  when a leak developed du r ing
the hoisting cycle .

b -sbsegu ent  l abo rato ry  tes t s  were conducted based on the r e s ul t s
(it  the  l , i r ’t a -  sheet  s t a ck .  These tests  were designed to u v i lj j t u
t t r e  et fec t  of the hea t ing  r a t e  and bonding atmosphere our mechani—
c i i  ~)ru ) ) er t i e s .  These tests  were conducted at ; part  of the wh eel
f tb r .n c i t  i on  task.

4 .  FIRST WHEEL B LAN K BONDING

A su i v u -j  was i n i t iat e d  to i d e n t i f y an a l t e r n a t i v e  bond
f a c i l i ty  d i , : t!~~ the l i m i t a t i o n s  in the heating rate rod
atmosf l ierla- c a ut r t i e xh ib L t o d by the bonding vendors e’~uiipmont.
Subuetjuentl y,  Rockwel l lot -i’nitional Corporation , Los Ange h i t S
Aircraft Division , was ch~~~e r u  because they succeeded in det ion—
s t r a t i n g  n i t  acceptable hea t ing  ra te  using an in s t r u m e nt e d  t es t
p ar t .

4
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irge Sh’’et St i c k .  Jj e c im en  1—2 (Up ~ ’r View ) w . u s

J ) .t n ’ o V d  I V I
V

U I J I  bi t t - , j •
e (aJ1 )t , ~~~u . J  l 2 o n t i t n i e i l sr .~~~ i I  s f

‘ l i t  ‘ ‘ ;  0 1  . i  Da r t L t I i t . t : r  I - i C c , l- ;L . ; e 5 s  1~pee i f s - t i

( l o w - i  V i , w )  :Ju-,,-i ’-U Altt ;o:;t (“,ntin tous l~~ Uld , 1;:t .en—
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TWO t i t : a l i  s t acks  were s u b s e q u e n t l y  bonded in O u  War Lu v e ri t y
the hea ti  ui g r a t e  I S  t he  no d u min an  t~ ciuso ~~f poor bond propert  i us
in Lhne l a rge  stack . ‘Ihes o s t  - icks werO prepared -ni l bonded i - len—
tic ill y 1 . 1) ~I t i c k  8 (a p pr oxj .m i t e l :  2 5 o F / m i n ) ,  excep t  [or the i r a - a t —
i n g  r a t e .  Stack was b co l t  -d u n - ; i r u j  t i n e  1.5°F per m i n u L -  r a te
ach ieved w t t f i  1. 110 l a i ge  st ick , t u t u .; J L - i u ; k  I C ) W S S  hurtle -u using 7 I

~
er  nu~~ r r u t e  ( an t i c  ~pa L e h  rate for h i t  Rockwell facil i t y )

A m et a l l o g ra p h i c  sect ion from S t i c k  ~ ( see  Figure 47) di .~—
closed r j u i nt  i : uL c rc ) s t r u ct u r e  ident i cal  to tine large s t i c k .
Initial m c ti l l og r np hic o x - t i n t  u . iait . i on  of the ou t s ide  :;ur ) nce  of
S tack  10 ind icated  a good bond l ine , - t s  shown in FI f u i c 41 ) .
Based on this ex ittilnation , the bonding pr oc eo2doa ( l  on the in i ti a l
wh eel b l i n k  us L o g  the same 7°F per minu te  h e a t i n g  r i t . i - ;  used
,n S t a ck  10. However , subsequen t  m e t . nl l a gr ap h i c  e x a u i i u i a t l i - u n of
the i n t e r n a l  j o i n t  i n t e r f a c e s  exhibi ted excessive poros i ty , - i s
sn- - wui  in Fi gure  -.19. This in :  e r i o r  poros i ty  is r e l at ed  Lu the-
ar e -L ar e n t i a l  loss of the l i q u i d  phase to gr a in  boundar ies  d u r i ng
b o t t l i ng . This phenomenon is modi f ied  at the stack e x t e r i o r  to
exhibit a continuous liquid film.

a. k imiuiate Photoetch Process Definition and Optimization

During development of the Waspaloy photoetchiny process , a
number of important considerations in attaining consistant
dimensional quality of the photoetched features were determined .
These considerations established the basis for the processing
steps note-i in Table .17.

b. Wh eel  B lank  Preparat ion

Figures 50 and 51 show a typical photoetched laminate. The
phnut oc~ :h1d l a m i n a t i o n s  and end plates were cleaned , as spec i f ied
1st Se2Lion 1V.1.b . ( 1) of this report , prior to tape 1;-: lacit ion .
:~ 1minations  e x h i b i t i n g  a mat  f i n i s h  were not vapor t ot t ed . The
cleaned sheet  l a m i n a t i o ns then had the bond— al loy  t ipe r tp ~. l i od .
‘i ns’ .- application consisted of cooling the tape prelorron below
.F) °1- to foci liti t - removal of the polyethylene backing . The
t ipe preforms w a re then j h aced i n  posi t ion on t i re  i n d i v i d ua l
1- i m ir i a t e s .  These m d  L v i d i i a l  l a m i n a t e s  were then exposed to .r
ti i t  r i t - - i  v a po r  of et hyl  eth .;r . The e t h y l — e t h e r  v ap o r  partially
h o1:: I f i c - s  1 he a c ry l i c  t . n j o -  b i n d e r , and promoted adhesion o.I~
t t u e  Lope Lu the L a min a t e .  The l a m i n a t e s  were then removed front
t i n e  v ipor , and were r a ck e d  on the o u ty a s s  tooling , as shown in
Figure 52. TIre ° .ouliiicj was then sea led , evacua ted  to less than
0.01 la , utid heated to 450°i for 50 hours. This  outyas; cycle
removed - i ~~j ) i  ‘ix .:iun i tely 75 j urotnt of the acrylic binder , and
rendered Lii ’ : tape brittle so that it could be r ia r d i l ;  r onlov tu ( l
f r o m  tPne h i -n i t :  cool ing  p a s s i u j i -  a r eas.  The l a m i nat e s  wer o t  then
s t a q u ’a n t i a l l y  issembled tnt the bond fixture. l-’igure ‘

~ show s si x
I a n i m a tes  L y p  u cal of the 62 l amina tes  used . F igures  51 m d  55
show e le ; ; e— II :; o f  laminates of leading— and t r a i l i ng— e d ge p or—
t i u r i t ;  of 1-iurut u t tes f r o m  the assembly s t a c k .  ~~ eive cypc— K
s h i e - o t b i e - u l  th ier ul u ocu - i f ies w o re th en ins ta l led  on t h e  bond fixture
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T;W1 1- , 17. Wi- I ALOY t/\ -~U riTl- ChlE1- ~ CAL—MI LLING P R O C E D U R E .

E x t reme care must be used in all steps to insure maximum :i :nnll t . y
with a l l  pa r ts .

1. C l e~i n i n u j

a. Sho~~L S w i l l  be precleaned as n o t e d  in
Section IV.l .b(l).

b. Vapor degrease just prior to Photo Process
s teps. Sheets should be photo processed
within 24 hours of the cleaning operation.

2. Photo Process

a. P r e — e t c h  in ferric chloride for approximately
f i v e  seconds

b. Rinse with tap water

c. Squeege and air dry

d. Dip in 18.0 to 18.5 Zahn seconds (No . 2 cup)
v i scos i ty  photo res is t  (KTFR )  , and wi thd raw
at  a ra te  of 8 inches  per m i n u t e .  ( G y r e x
dip coater)

e. Prebake at 210°F for 2.5 minutes in an
infrared (I.R.) oven. (Gb —quartz I.R.
oven) -

f. Rotate sheet 90°, and repeat Steps d and e.

j .  Expose the sheets for 1.75 minutes on the
Gyrex 905 exposure system. (Two passes at
No. 30 setting)

h. Develop for 2.0 minutes (KTFR) developer ,
- t u l  s p ray  r inse  thoroug h l y  for  one m i n u t e  -

i. Post b a k e  t u r  20 minutes at 250°F

3. ~~~~~~~~fl o

1. Use tr:.:h 4 6 °  Be F e r r i c  Clo rj de  as e t c h ar -u t .
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________________________________________ -~~~~~~~~~~~~~ -

(see F i g n n i  o S  5~ i :r l 57 )  , a; - ; tire- comp leted assembly W~iS lulted
:n ;-l t ce  i i i  the c aty a s s  Lu- - I fu r  shipping. ‘i’h : 00  l o S  LOO t W ~S

0 . - i cV t a t  e-i atid f i l l e d  w: tlu ) r O a s s u r i  zed a rgon  to p reci  he c° n 1 L - i r~ i—
n i t  i -n , i i i  the wheel h i -n J :  was  shipped to Rockwell Intern it ion -il
(se F igu r e  a 8 )  -

- h - c u  I in-j P r oce d u r e s

!‘l: e w i - e l  bla nk a s s e : nL l y  was placed in I: l i - a  v a c u um  ~y m a i i nV J

r i  er r at rhe ko :kwell  I n t e r r i t t i on i l  t i r a i l i t y,  as shown in

F i -j  : r a  5~ - T I tV a L
V

; : i  -couple La ids and  f a Cu a : I  feedthro:-jh ( . i S snows

in Fi pir~: toi) were instalici , an-i the assembly was baskf:l ].a-i
-.~ith ar ; :n  as i  welded ( see  F igu r e  6 1)  . The c- .an1~Jetai - ; 1 ) S e l oo i ;
.eis p 1 i si r-n the hot irust;, -in I connected to t i C  ‘7 - i  11)ol

t o t - i n - .; sy s t e m , as shown ~n Fi gure 6 2 .  t h u  k - - : kwe i l
Ln t--r : itionai bonding facilin utilizes resisnance—heateli

;c siattens on the t ap  in - I b-u t tom s u r f a c e s  of tne .~he-a1
b l a re - ;  i ss e m b l y .  ‘i’ a r u p e r a t . t r e  u n i. liur;nity of these platte -rt~; 1 1

moni°.-s:o-s ann contrullu-1 throughout the bonding Cycle . ;~o V o ~~~.r i ~~
n r c  V 0 i ~~~~~~ it  or: was co :u t r o l l e d  Let within +3°F for the  area ,f

s o  t t - .i tn r s in n direct cant t~~ t w i t h  the  r e -t r t .  A f t e r  e - / u j — ; u
it . : :% t O) :~..~ljw 0.01 Pe- , ho assembly  w i g  helium leak t -ste~. in .n

s e a l ’ -  t~ ~~~ i: - .- .:essary, prior to £ n l t i at i nj  the  bo nd ttn r:nlal cyVlu .

r i o — bun— i cyc l e  cons i s t ed  of he - i t i n y  the- retort -a: I b lank  t
214i°F inC holdin j for 6 h o u r s .  l I e -  ~o a t r n y  r a t e  fr o m  L 7 0 0 ° F
O I n - ) u  ;h 2 14 0 ° F  was con t ro l -~~ to a~ -~~r~~xn : ;a te 1y 7°F  per i t  1 I t e -  -
ret a> : ial  lua l of 50 psi ‘~ is a~~~L~~ec at 1901 °), e u - A  ~ - n S t a t
‘- t a - s- bout the remainder ,t the b-s.d ;jcie. T h e -  i- . t a a .0

m n stained the pr e s s u r e  be Low 4 .  u l  P.i thr-,u piu  n t  the- b-si.i yc a e -
Fs.a s’ V - a r i - \o_ s t a t e  t ernperat  i r e -  l i st o  ~b it  io n achie ’ . ’eoi i~ l i i t t  
6 — h o - -a r tn - IC a t  th e -  bond t ’a: -u ;-e+ rt Ire - roasulte-i in t iixooaa . i Ci
t’ :ro sttial ot 10°F be-Luau :. t t , t a 0~~+~~ ins t~h pe r~~p h r , o r -  t boa .- . h n ~
I. larn o .

- Post  —I )  n i l  Pr- J V 2 C S S  i f l J

Vi sail ox ia 1 5  r t  ion  ‘_ h i - :  5 O , , a  ; wl~ ea i  ol m t .  ( s e - a  1- i p~re
‘ I) i t  i i - - i t u l  l i mi t e  b - n a t — i l  03’ SW n i l  :joeuu icl ; -ie - . th e
n — n , : n n l ’ - l  b la nd - :  / 5 V ~ -a :-: ir fl . . - U~~~~

’V L ~i V ~ 1 . a t :y ,  t t l i  ;~~ s~ t Oe -  b i  i t i u -

~s q i o u n u  t l . o a  5 1 : ,  :1- : i t  t 0 - ~ u t t O e - t t t  15 t~~~~o i i r j - -  shn- .ut 0:

heat tr ea t- u 0 , ‘ o t  n ; , ~i wis a~~ - u i u i  alt r u S e t f l i  - i V I . i V l~
Inspe V t  - - a .  the ~ltr is J n V ~~ ; r :, a t., -re nrdi~s~t tve of - i
on  ~ ree -Sf  porusit L i a r - 

- It  tn - a  wi r e - e l b l a n k  lw -t in i t e-  sect
W l i i - ~~ t ~~.i : ;  r ’ n s o : n t n  h o a r - t o e  i s :  i f t e r -  t e - t~ t r e a tn i e r u t .

f .

O V/ er i l  I ) .  l o — i : n - ; k~ -ii m t ; L,.:L
V c y l i t m i e r s  were r ent ’ vooi  u .

el onet ru .:il 1::; :il - .lr j oa t a  ;~~~~r . i :n - j  ( : 0 . 1 ) 1 rom the h e ; L — t a L - - . i t - a . i  t - ~~~~ V i O k .

O s -  0 ) f  0 u ’ i xij l  _~ ‘h i n  b a r s  r ’ o n n / c n t r o r n u  t h e  bore a r i a ~~*s
p r e~ h O ;  f o r  me till ;r-~ : r  - i : i i i y s i . r . The m o a n i a i nV i n t - J  c-i - ]  iu i de r s
were pr o -p ar es f - t n  :ie ;}t t u t ~ t t — ~ j e - t  ty te5tiui-j . 1’ lLle IC 5lu ’ )\~S
the u n e c h n - i r t  - ~~ I H . - -  t u ca - ~b .~~ j n e i l  -

1 2 0
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TA1: J L 18. R Oul-1 — ’ U l ;M l L R A T U R E  T E _ i S I L E  PR0PER ’r I ES
OF Till - : F I R S T  Wh E E L  u tLA : d .  - 

-

U . T . S .  ~~~~ Y .S. EL.  P of A
Specimen (ksi) ( (ksi) (%)

k.idial (longitudinal) 150.2 — — — 9.2

A xin l (transverse) 61.7 —— — 4 . 0

NOTES : Thermal History

Diffusion Bonding — heat at 7°F/minute to 2140°F, hold
for 6 hours , air  cool

I 

Heat Treatment — 1900°F f o r  4 hours , argon gas fan cooled
P1-as l550°I-’ for 4 hours with air coaling
Plus 1300°F for 16 hours with ai.r
cooling

I

I
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b i g  n e  64 i l l u s t r a te s  the ty p i ca l  m i c r o s t r u t u r - i l
1 P 1 C l  r a n n o  ef bonds obser/o;.n i l l  the- - .a r os S Soo - ;t iO f l  o f  the- wheel

i - I  i t t 1: - d i - . ss j ? o r o S l ty  W - i a  ;bset . i c - I  a t  each of the  lanot , n-ate-
i n i t  ‘n r  I ices with -h e  f o l l o w i n g  t hr e e  types of Los-I— j o i n t  n il cro—
s tr : i t. -ti es:

( 1)  ‘Ivp in A , n u anb onule - - I

(2) i y ~ - - - 13 , si n  
~ 
1e-—L~ nd interface

3) 1:’~ en (2 , 1 o u b l e - — I 4 - a t~ - I  i n t e r  f~xee

T I r o .’ s o :-,b o n .  led j o i n t  ( 2 -ope A ) wa s  c h a r as t e-r i z e d  b~ -~~ SO i i i —
s t - i ’ d i  f t u s i or i  bo nd V i t  t t I .~ interface Lirat c r -at e  1 -S Z u s s  i f

r- i r n o - — j r a i n u i  m a t e r ia l  e s s e - t i t i  1113 fr e e  of : a r hi  ne - s  , -nod w~~t : r n a - a t
~~, V I ’ t  i i ~~1c: e a t o s ct L s  s t r i a t .  t r ’ : .  The s i r i j ~~- : — b u : O interLx-s e
(T7SC B) exhibited -a s~ :sil ir c ut e - C L  o s— t r e e , t i n e — g r  n i l e-S

i : o : u — b o n Ied st r u ct  i r s  ~~:. one- si -I-a of the  i r n t e r f  J - 2 e- , bu t
-.1 i. is ion apj 0 ares to hi oe b it e s  in ;m i b i t e d  on the  o ther  s i - 1 e -  by a

- rO ln I 0 1 5  i t  an of pre--aipitates . eat the doub le—bond  i nt a r f a - ; e
(Thi-~? C) , ben-i i ra j  h a- i  eteen i nh i b i t - a -u  by a f i l m  of j~-ree- ~ l ta tes

a O t  u a t h n  -~ ar races -

:< t0n i :mi t ~~on of the a t t i r e  stack t h i c k n e s s  r e v e a l e d  -a p r e—
i i  n t t s l e  : - a tt e r n  fo r  the three  types  of i n t e rf a- :- e s .  Ty ; - e  A
ass i r r i i t  both s u r f a c e s  of the  m a t i n g  l a m i n a t e s  h - i - I  been pre

.r ro .:--I Ira chem ical milling, or if the cleaned lamin .ite- s a r .r a ~~: V  h-i-i
0 - nfl 0 1  t~ —whi te i i i  app ear irice . Type B was pr od a c e - I  b~ ~ 

)iOtS p
b- :t. u’on - as cho :;ucal— ;aillcx i or suast—whjte and vapor—hone-il 1-~x: i:iit~
s ;r t - i c ’ o s .  Ty a e  C h a i r  Is W e i ~

(
~ the r e s u l t  of vap r h o i n i : i - j  L . .: iniaLe ~

Ott U th  sides or  the j o i n t .

In - i i d i t i o n  to the c le an i ng  procedures  oat , l i n e d  in
Sec t i o n  f - A  1 .b .  (1 )  of t h i s  r e -po r t , -J apor  h o n i n g  was se lect ed  is
a pron ibl oa means  of  r e ; r o v i i n - ;  the tr~i:us 1- .rcunt brown f ib  pr e - ;u r - t

on L i i . : 0. 0 1 9— i n - n h  t h i c k  1 x n : t i n a t i o n s .  A l l  t ho .: lamin t t i _ e t c  - t
this type that were not : u c . - i e  th y ;neille-i ex h i m s i t e ; t y s s  C toas ts.
On . i laboratory s-.a.ile , the /aper_ _h .. na in ushani ice- h al been
‘o f  I o : n ~ t iv,: with small she-e-s s t _ n - I -si; h o w e ver , i5, s 0: the-se
asasks ut iL ~~z’;i t b ;  - s , i m t a . t  m r - s it ’ ;- )  0 . 4 14 — i n c h  t h i c k  : S V i t s i  -li .
Us..’ of t ents c o n t a min a t e - I  a h m u ~~t . in the- w l n e - -. ; l b i a i ~~: ‘ ie- ::ion.str-m t-;s
t I n  i t  v at - er  h o n i : n  j is sot 0 t )~ lC!V C l ~~ accep t-iS le . COrlt .iiai l :ten it l y ,

.t i n - u l i i n : 1 : u u t io j i s  were ~~~i.e- i t i ~~d by a techni-j uen or alt ornate
- rric— chlor ide solution immersion and mechanical sar:ibL asi -_ j.

l i i ;  m e ch an i c - -i l. p r o p e r °  ias of t l ie -  whe -i blank, as sin W I t  1 ; .
Table 18, W( nO V \.

~ i y pool , m i : d j _ ~~ i t  t I & J  t I  i t I l 0 t  m y
oh  7° F p-s r m m - a t ;  also - m t ~~~rLu:xLe to less than -~~~- L 5 n l : n :  I u~~~il t a
I t  W .t 5  .10 t_ ot rm i:1e -- 1 tha ’. — ;V a of t h e  l o w — i n e l t i r a ; so n s ti  t o -  n i t  t o  he-
f 1 1 - i o n i t  e - b r - u rn b e - m ~~~1 t rme- ~ -. 5 )  m l ~ ) jo; Snaditiud by l - : h i ~~ e - J i t  ~ a
l i i ~ ; h i .-r  h ’ n i t . i n 3  r a t :  t F . t - ; .. I i  - l’s c r i t : r s ;~~ I j i i j  1 w ; r in  j o .  D i s —
c - m : ; s i’ans --.;t lx - I t o :  bo r i l i r t - :  - z e : , i  ar m l ;  :ate~n ~~~~~~~ a hut ~l m :r -  u~ - i t m n t ~
r V u t . - w i n  aLt ai rn - .ibt u , 11 - tt it  i to  r i sk  o r -  - .1 tuna t o  I ; - .-

o n  ; u i p m o n m a t . d ;1,se n e st l y ,  I ni oa . r t n ; l j r . ~~t e  i i  ; i n m j  h r  o a t  li~~i-’ per
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m m . ’ e an  to 1700°F’ , f o l l n w e - 1 by 10° 1- ’ per ; n i i m a a e  5~~ Lu 2 1 4 0 ° F  w a s
S-~ -S uS5  I i i  1~’ l e n n i  i n s t r a t ; i  U n j  - in  in ~~t r -~-ir - n’; r a t ’ :  t e st .

P r t - . )r  t i  f tb r : . cat i on  of the second wheel blank , two specimen
s n n - e :  St  i n k s  ( S t  acks  11 tn -I 12) we-re prepared t o  verify the

L e c l m n a  ~~e o n  t a :- ; to ec  ‘ r e - a L t : . ;  n a t ’ s .
s - u - - . n i - ~~- w i t ,  ;,r . e r r . ( - e m .1 I _ i- n - i a - i S o : Vn i l n r i , t o  s~~~s ci : f l ;r ;  St ick ‘

.

S a sk s  11 ~in.i 12 : _ i _ i n j~ i n c ur  o r  A t e - - .  i i ’  - : o n u t ~a n u m n t - r t e - - a  9 . 0 14 — i n c h
thick lit t on a t  - t h i s  nate-ri ml 4 1 5  s l e wn s - i  iti n orr is chi- _ i rm len

1)  ~~ V - ~~ I ’ a L a t e  s~ .i rn L . 0 rd - ; L ~ m n r - t ;  pr-ace- ; al . e .  St - a sk  11 was
h u t ‘V at .il° i-’ po o r min ut e ta 2 1 - 1 0 ° F , wt ,i .f ; S ta nk 12 w a s  ho_n m t O l
i t  11° F’ noa r m i n i  A t e n  La 2 17 ~° l- . The- h igher  bond t e n i p e r a t o  ir e

o~ S t _ n  -
~~ 2 was selected to pr jVi-i’; a cem ip- ar ison of p rop-s r t~~~o.i

i t . an r . i n t ;e of O e n S  t e t i i u e - r a t u r ’ ;n .  -

[ l i e  l n u e c ;u a n i c a l  properties exhibited by these two sticks , i s

SO ~~t t  :n I - ti les 19 and 20 , ~ o — r u  I t b o w  t . i~u w -  u x i l i b i t u d  ~~~~
-

5, - i n  8. T o - -  :‘ p j a r e n t  ca is’-; V~~~~~~ 5 the reduced h e a t i n g  r a t e  mmp-a s s- .a
I min i n 

~~ ~. oti s in the ‘i e n n - i u r s  b o n d in g  e-~ u i p me n t  heaters. Toe
1) n t  J o i n u t  nn:crostructure of both ~ t- . tcI-r - s was s i m i l a r  to Stack ~~~,

an -i - d t - , -~~~A s-e:np l e ta  i n t e r - l i t  fusion across the interf Ices.
5: -

~~ lb  . 1 1  . 1 not exh ib i t  the  ;r a i n — b o u n d a r -j  eu t ec tic  to  a n i r i  in
5’ m - : k o ~ 8 and 12.

The bond cycle selected for the second wheel blank
asn c r~~~ru t e d  the 11°F per minute heating rate , and -i s l ig h t l y
s i -j O u r Lun d  t emsu era tu re  of 2 16 0 ° i -1-20°F. Although the ro~ aits
of m e - : h ir : ic a l  pr op e r t y  test ;; -of St ack  8 i nd i ca t ed  somewhat  n m - ~iae r
1- ~ T n i 1~ t ; r t o i . ; S  t h a n  those achieved  in Stack 12 , i t  is not  a n t ic r -p a t e -.I
t i n a t o ~ n n . - same degree  of process  t e m pe r at u r e  con t ro l  c ou l d  U :
a c h : e ; - .i a t  the Rockwell  In t e r n a t i on a l  l a c i l i ty  on a wheel  b l an k .
: : m O r O :  - ire , t a t e -  process tennnp ’;rature cycle approximating ti m - u t

i t t  i l i :~~ - m  f o r S t ack  12 was : ;s te-- ;t e i an n the basis  of a r n  n l i s t l c
C3’c I c  n h a t  c o -r i d  be obt~ r i n n _ n i  a n t  f a l l — s c a l e , n o n — l a b or a ~. i r y
e ~~ L p r r u o _ n r t t  -

5. :° I-; ( _ ):~D W h E EL i;L’t~i1< £ 3- Sib  [Nd

i . ~ !u ’se L II a : n k  P r ej aa rat  : aS

Wt :’si b lank  ~-re p a c a t a u n  o r - a c e - - l a n e s  f i r  the second whene l
l i n k  wi re the sam e as Lb ~~~~: I r n _ n  f ir s t , ex . - e-pt  far  ‘ lie-

V i l O  i t :  j~~ note-I c1e -- t ;.Ln- 3 j V LSJ _n a - a  n o - n  a n - t i  L i c - i t r  en S .  Tb. . - b _ i n m - .i i ;t ~~
pr~~c e du r ’  V 

~~ r u  I . l i _ n  S e - l i t  - - i r -  d i ;  a - a - ;U .  • a wIre - -i  L I  ank , e -X S L o j i t  [or
l i e  i m~~ r ( : J S O ~~ s e a  t m n- j r a t e  i n n  n b-o s t . . c ; : np ’a  ra  t un e  -

V m n i - n - i l  ‘ - > : a n m u m x t a t i u : n  - a! t I m ’ ;  ban  In ; I wheel b l a n k  ( s e e-  I i  jure l a j )
i l i u m :  i t o - n  L i t  l~ t a - a t i u n  a!  t :  L.~~i u I  alloy was achieve -i . The
ex ° on r u t . - f  f l o w  Wa S : ; 1 : n m l - i i ’ to t h a t  imsScrV ’ 1 Vi m sina I I s r  i s k;
h o - s I  - J  w i t h  t h e  same pa r :mn etaers - t h i s  b l a n k  w iS a so -~~n I s O
t i n t _ n S- i ~~te p0:41—bond t m o ; m t  t r a  n t ; : i e - t m ’_ as St ask  8. F’o l l - W .i i u - j  i _ n i t
t r , - - t t t O u t , t Oo _ n b i - a ; n k  W ~s n l t r a n ; _i~~t si l l y  i n s p e c t  ‘ ± 1 .

1 3. 1



‘i : n l - i i .  19. ~~~~ I \ N  Smn [ ,  P P - : W E R T I E S  ) h - ’ T’I’1~C~ ii.

R o h
U . T . S .  0. 2~~~ ‘L . S.  EL.  ;~ :sf
(ksi) (ksi) (%) (v’ ) ( o r )

I~I - t t — -_i a u r a t  .re l o s n i s i b e

~ r V m a t S - / C  r~~e 103 .3  — —— 0

Tr i n 5 s ~ ti.- r se  107.1 105.1 1.0

1 _ n O n J °F -~t r s s  R - i p t a r u ,
-17. 5 k s a

Tn i n s ;  - r a e  — — —  — — —  3.5 47 . 1

NOTES :

i h a rmna l  h i s  t n r v

Diffusion bonding = heated at 2 5 ° F / mm  to 2 1 4 0 ° F , he ld  t o r
h hours , cooled

l i e - i t  t n - t t m e n t  1900°F ’  fo r  4 ho-irs with ar  ;— . rn ~-n s  f a n
s o o l mn g
Pi ns 150U °l’ for 4 hours wi t h  air cooling
P1 -A S 1400°F for 16 h - ir s  w i t h  r a i n  s uo l i t

I l l

I



, _ it 1. .~0. !tl CIIA’I  n A L  i l - I- id  RT I l-b UI-’ STACK 12.

i . T. S . .2 - ’t ’ . S . E l o n g - i n  i _ i t t  F L i f t -
(kgi) (tn ) (I) ( t )  J ( t a r i

P oom— ’l’- . nn :  -ra j~~ V T o m ; ;  i l _ n

Tn m t s : ’ - r s ’ . ’ 1 1 4 . ;  104 .1  2 . 5
T r a n sv- n s e  110.0 101.8 2 . 3  ———

1500°F St n i o sS  J ! .mpture ,
4 7 . 5  Lsi

Trins’.”-rSe — — —  — — —  4.0 11. t~ 2 3 . 0

HOTEL: T h e rm al  H i s t o r y

D i !  fats ion S e l l - t i n y  — hea t  a t  11°F/minute  to 2 i 7  4° ;
hold  fo r  ( hours , a i r  c a - a l

i i  -~it  T m -  i t  ‘i - ~~~t . . — 197 5°F  for 4 hours ~ ‘i L~~n :r r _i - n
f an  coo l ing
P i t a -a 1550°F ’ f o r  4 m o a n s  w~~tn a a lit
Coo l i nnj
P l u s  1400°F ion 11, hoUrs w i t h  a i r
cool ing

13 -1
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i i - ; u r ’ -  ~~ ‘J m ew o f t i n ’ -  A : - ; — h o n d e ( i  Second Wi n -ct Blank . 1- l w  oil

~u ’_n Bond A l  t oy  i n ;  Vi snili le , i o ;  f il l et s  on Ther r ’io—
a p i  as an-i arm t h i n  I..ower Trail m n ~j — L - 1 ’ ; e U i : : u a n o ;  I i n ;

iand . Note Ero ; i n  _ I t iii . - [ and  i t  the F a r  R i - h i l t  01
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F’ m m m r :s ~~ o i i n . i  t 7  ; 1 - a - . t i m - u  - n l t r a a o ; ij c  i m i s p e c t i - -an t o . ;  . tt s
- r  t ’ i c ’h S 1- l~. ~~t n5~~ ~‘ 5 - n n - , ~ l . ’ ~l h i  a nk .  h u e - s .  rus~~1 L t ~ a n .  m a i L - _ n a

h i t  t I t  i , :  w -re tie l u t e _ n t  t o u t  - m ; . L - ; - i e - a  ir e  i n ;  i i i  L [ne tm - ma S e a ’ . 0 _ i n , .
‘rh~~s i i a s p t ; - t~~on ~_ _ n c 1 m n ~ o j - a e i i  oat ~ ie l  I r e - s a l t . ;  in  e lm ’ ; U t _ n  ~‘; a t ’s - i

1 m as~; on the i i  l ir a l  t o - i  r i ; - - 1 i t i~~~n c - a - a .ae-i U j  the ao r t a e - r i m - a l  ~~i i  Is

o - )lm n u; ~~.isa  m ~es .

d- :cess low a I t h e  a - n a - i  a l l o y  was ubser  v e t  to ha-i ’: , 5 - ; - ; r r _ n  a
-55 -  to a n - u - ) / ‘ : r — t o s . n u t e m - a~ m r _ n  - ; - o n - I m t i o n  to ~ 1-S) ° l-’ t h a t  ‘j c ; -J r r ’ ; - l  b r

1: n r o x i a n i t .. e l y 10 n u m n - a ’ - _n. ;  i i t s- ;  m n it i -a l m o s t a n ; J  to 2 1 10 ° i .

Li i a i - I  l w  w i s  i l s o  oi_ u n ; ; i’ i- - n i i .  t m m i  a o u - i l l  c .i o l la r ~ o i s s  • ; - _ n .~~ m . .

most 01 the bi n iea . l’i~~-a r -~ ‘ 8  . i _ n p L ; t s  t o _ n  e ;- : t - sn t  o f  l i~~~n ;
‘ i n m t  m - o;sultua j in -a ir - sir e c a t  -n i o S t  ‘if t he  b l a ;e -  t i n ,  i n ; ; n , i r  ~e
JiJ 1’ L S

I n  o r - i o n  to  a / - n  o - t  boo nom :ig tiaru -a-j ir the blade walls 0 -m rs9
i l r : o i i  t i m u i s h  : n i ah i n i n - ~~, mL ’das necessary to a c c u r a t e l y  - i e t e r —

mi n ;- ’ t 5o; [ - ; c a t i en  o f  t i me interior cooling j_iaSsa-jeS . -1’ . : a s  i r _ n a i e t n t
o n a x i - i l  p- s i t r o nS  re r e s e : n t m n g  l a m i n a t e  m n t e - r~~accs wa;-a i t o  i i Z e - - l
t~ a se t  t r a n  l i e-  the avera-;e—~ oi:nt thickness and c o o l m n : - j — ~~- i s s  n j _ n

~~ si L ions .  ‘rhis d at a  i n n  I ~~; 
_ n t e I Lb i t  the average—Joint : L : n o  ; r : n m e - -a

in tn t - ; 0. 0 2 9 — i n c h  t i-r ick 1 s t - t i n  it e s  was I i . 0 0 0 8  i n c h , while- i n .  the-
0 . O i O — o n c h  thick la _ nni o m m a t _ n s  i t  was minus 0.00031 inch. Tnn is
tLO t d L I V S  i nt e r f a c e  t h i c k n e s s  is the r e-s-a l t  of the gr eat e r  r a t i o
of b ind a11~ y to l~aspe - 1 .;t ’ v o l o nm e  iii  the 0 . 0 1 0 — i n c h  th ick
Lamm :;ntions . The overnll ave-rage j ._ iuma t thickness was e s t n b l i sh e - - a
m n ;  0.00015 i n c h , which was below the  smal l  s t ack  thickness - i f
0 . 0 0 0 h S  in c h , ‘an d  was p r u b ib it  duo  to the temperature e:Vn c’nr sion
C n n  t ) -a :~ tered d u n i : 1 3  bonding .

C’~’ l i n n J u : r s  -0 . l b — i n c ; m  in -;tameter were again removed u i S ~1
in :  a n n  n x i a l  o r i e n ta t i o n  to to i r~ wheel l amin a t e s  ad j a c e n t  to ‘ih’:-
bo r e , m d  r i  u s  I l-i  at  tabs _ i u r - ; i d e  - L a a m e t e r  - ‘[‘ l ie-se s a l t :  L a s  w- _ n r -_n

n - - a  f i r  m n u e t a l l o ir a p h ic  e- ’;a i aat ion  a n - i  mechanical p r op er t y
t - - tin. .; or t h e  second wheel blank.

F i  l a n e  t~~ t sh u w -s the  b on d— jomn at m i c r - ~ s L r r n - st i r~e a t  -; .l r o  0 a
at ions in -t -cylinder remove-I trom the bore _ if t O e  W t . - ; ’ ;~~ ~~ i I i t ~~.

Tho-se a°: n - a  a t u n ’ o;s i t o _ n  simm iar to tIn se exhibited Up _ npnu :itn ii _ no. ~~ f t  -

S’ _ n - ; k 11 0 it  ,-,- is  n _ i a n - I c - ;  in  °:‘ m u a i~~ - _ i t i t  r y  - C-aiit; leue - nor ton—
- i n  I f i t; a e. o;- _ n - m r  ;J a t  -sn _n r : ; n .~_ n m - f a - s _n o - - w i t n a  v e r y  lit tle - i_n n L ’ u : t r
5orosit’,- . /t S i l n u l  Ic 1 0;nlo’ ’’; n o- a i m a l L ~ ’ i t  t o e-  u - _ n t_ s o  l i _ n  I :  i n - a _ n t - ar

t V : I n i b n t i s i m m i  u r  .itr ; ; ts i ;s.

‘I’ n i e  r i o t - n ,  i t ~~r i n ~~ - ; y l m m n - I o n s ~e-te ~repir’;s t -  r : ‘ l o c I , a n n i - n _ n i  r n , , - r t  p
tet ,tL n , ; .  tse- res~~lts uf ‘ t n - - s tests. (ref -n Lu I i b t u :  / 0  1 ;. ~- t  i , k 4
12) t m ;  sh-o.-.rm i t  I ;i~l ,_ n 21.  Dot’ t ) t b -  s r ; i l l  d i - ; . ,  ‘ :( . t - ‘ 1 ’ ’ 5} t-
C m n i I t : r i S m - : - u o ’ - A f r - m m  t n n o ;  ‘ . n . - o s l n_ i l m t ; ~~ t t , ’ ;Sn . - n u t - S h e - s O  a n  ,n I i~ - r t L a S
u l s o  re l  L ’~- :t t t i _ n -J i n  i i t i - on 0 :-t I o V a t -  n i t .  pm . ’ n ” - r t i e s  t t i i t  Jo e i f
t s s - c n u t ’ - - i  w i t h  ti~~o — a a , n e  n t - a n ,  O nO C  i t  L o s _ n t  . n o e c k : - ’ - t , s .  A . - am -  . r m s - .- t n
on t [ ~ . -  i t t - i  m i i i  t . c ra ’,r e - s  ‘ t n - m t  L i n e  w t , e - o ; ., — U 1 e - n S-: Oc :~~~i 1,  ~- r _ i n  51 i ’;S  ar e
I a — p o o r _ n i - i t t  l o w . -r  t h O u  tO - , i~~hi~ I - - i  L f l  t i m i -  ~ n t . m i l  S ta c t : , i t e l  L i - i t
o V ;~~ stru t s—r n t . ; r ’ :  ~- r  - - m  ‘. n o  ; i n ’ s  a c , — [ i ~~~~~e - i i L  ino 1her . :nls I r e - n , ;
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TAI ILt 1. ~ i l l / tN I n  A 1 .  PROPERT ISS OF
I ~-i j : o t ;  FROM Ti lE

t i C D N D  Wil l -h  I L  B L A N K .

UT S Jo . 2-I VS E l o n u j a t i o m i  Li  f 1~

______________________________ 
( L s i )~~ (k n i)  ( t )

Roorn— ’I u m m i :  - e r a t  a r e  ‘Font s i i _ n

Lo m. ~i i t . , u d i na 1  110.8 — 3 . 4

1- 100 °F T e n s i l e
Lon-- ; it n - i  ;n~m L 1 0 7 . 9  — — —  2 . 8
Long i t  - l i n a l  112.2 —— — 3 . 0

1 4 0 0 ° F  T- -n s i l e

T r a n s v e r se  9 6 . 0  —— — 0 . 6
‘ i r m n sv e r s o -  ‘)7. 3 0.2

1500 °F  St r et -;s R a p t u r e ,
- 1 7 . 5  k s i  ———

~ r - _ n n n s ’. ’ - r ~~’ ———
T a -  r - - a l  l 1 is tor ~

[) i f fu s i o n  t u - _ n l l t I - t  — h ea t  at  11°F per n~i i ,n u t e  t - -
2 1 6 5 ° F , hold  fu r  6 n e ar s , ~m . ,  n n i t

cool .  I n i t i a l  ~_n x - ._ n - a r s a . on a  to
2 2 0 0 ° F  f o r  15 n a i n u t e s  - o n  h-, ’ e- t i : t ~~.

Heat ‘t r e a t _ r e n t  — 19 7 0 °F  f o r  4 l io-j rs  w i t h  ar .j u m a  ; i S
L e -cool i n- .J
P l is  1 5 0 0 ° F  f u r  4 h - o a r s  w i t - a  si r
c o_ n i  o, .
P1-as 14 0 0 ° F  f o r  16 he ars w i tn air
0- cl ing

1~11



bt - l i o ”ed t - r e s u l t  fro:in the higher bon d t e m p e r a t u re  used in the
w O n t - i  b l a nk s t a c k , and  t hi s  to r e - i  I was also observed with previons
St n e ks  bot h - i in the I a b o r a tu i p .

b.  F i n i s h  M~t ’h i n in y

-\ f’ er t ; n o ’  l j U t n  j j .° a - o  r n - i  he i t  t or e - i tme n t , the  second whee l  i _ i l  n o k
.~ - i S  S o n S  L~ tIle ) t  n l~n— ac h a m n n m m i  ve n d o r . ‘T’ I ’,e v en d or  m n - s h r i n e - i
t one  [ tri m !n - IL ’uO w h t _ n ’ ; l  b l a r r k  Li . ; t h e  re-~ u o r _ n u  shape p r i or  to t i ;i ~~t
bl m l ,  , i is ~o am o - l . o n n e -i - ; .  F i - ; - .r ci 7~ shows a ~~s t : n r n  of t i n - _ n  r u i n -j O
n a - i - i; n ; - m r - - t - e r a s sen n b l y  p r i a m :  to U i a - i t _ n  : ti - .m c i ’n o ; ;  n t j .  F i g u r n -  7 1 is a
n - h o t  o - ; n  t i - i n  of th e  wheel  b l an k  a f t e r  t h e  n n n a c h ~~n L n g  ot  two  s a n a p l e
b i , t  i s s.

T In -  m a c h i n i ng  task :~as - ;unn p l et e d  w i t h o u t  any  d i f f i c a i tL e s ,
an I F’ i ;u r o ;  72  sia- -.~ -s t n a e  - a - a i m  i n , -n I r o t o r .  F L  j are  73 a s  a
el . - s o n — n p of t he  b i a l e  t~~ , n ’ a i .  As seen f r o m  F i - .jo a r ta 7 3 , the

n I ’ t — °  i ps e x h i b i t  ‘i r c p i n .  H ;rees of p 1- i j - ~ in-~ . Radi ogr a p h i c
m n s p e ’ ’ i - c a w is , :-a : . I a - 2 L ’ t  n ‘_ - f ; r u l ,u r  - i _ n f i r~e- the  p 1u-j -~~ing .
Fr  n ’ ;r o’s 74  end 75 s b n  -

-~~ r i  ~~r a~~nn a rm_n snait s m m  t he  b l ad e  a r ea s ,
i n n  I ;  a t :  l n a j t i n e  ~iri an-~~t~~~- .’ af no.’ ent ra l p i a - j . ;L n - j . As p r e vi c- i s ip

n . Io _ n t - n r m l n ’ ni , t i e  • r _ n  . ,~~ te- : r- st t  excess b o n d i n g  m a t e -n i l
L o w  a s s o c i a t e- i  .~~o t t n  • nrc ‘ o~n o ~~-~ r i t  ir e  e xc ur s i o n  expe r i enced  l a r i n a

h- t . - d i s - j .  T h i s  p i~~-j i t . ;  i _ n t  . o  So m a  n a s t  expec ted  to occur  a f t e r  the
:u ’i o n . g  ::li ,: t : ,  ods  :~~~r - 

- 1m m , i t e a  wheel fabrication process ire
o pt  j r  n ~ed -

I
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Fig ,r~- 7 1. Se :’j; n - t  B u n .  a c - n  L i n e - - i  01 i n k  k i t  n o r  • n s s o _ n n - m a n 1 a - n i t _ h S m , n i n  b
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f I [ - ’aI F I ON V

EVALUATION AND TESTING

The , -vo .tluat , i n n  and t o - s t  n t u g  of t i n -  f u l l y — m a c h i n e d  l - t m l r ; - l t E ’ d
r b i  nn-  wh i~~-l C O n S  .i s tu d  of a i m  - n d - n  m t i ona 1 s t r ess  i n - n  ly s  i s ,

St  ressc ~~t_ t es t  n n t g  , - t  in n _ n  co ld sp a  m m - - p i t  p r ow tl .  t e s t s

1. I’ii RI ’SS AI AI~ a SI~

a .  i n t r o d u c t i o n

A second  s t re ss a n a l y s i s  of the l a m i n a te d  t u r b i n e  wheel  w a s
1~~. - i - f n r n - t i - d  be t o r e  gr o w t h  t u st i . m u -j was m a  t i a t e d . The second
a n l .i o s i s  was do- o -Jnft-d n e c € ’s sdr ~ 0 c c - m u s t -  the geometry used i n  the
or~~g i n a i  s tr e s s  a m a l y s i s  w a s  a l t  - r e d  c o n s i d e r ab l y  d u r i n g  f a b r i —
( a t i - ; t .  and m a c h i n i n g ,  as can be seen 0y comparing Figures 76
and  77. The whie -1 confa . -pnr atiomn changed  in  t h r e e  ba s i c  a r c -u s :

o The hub  g e o m e t r y  nea r  t h e  bore

o The t i  a ns i ti o n  a re a  f r o m  ti _ ni -  hub  to the
web of the  wkn - i . - 1

o The b l n n o ~- p l a t f o r m  a rea

The second s t r e s s  model  was c o n s t r u c t e d  utilizing the final
I a ” u ut  d r a w  i n ; - _ n s , g iv i n g  the most accura te  geometry  a v a il . n i  le .

I 
i i ;  a i c a t i r n  t o n  t he  g e o m e t r i c  d i f f e r e n c e s  between the

i n i t i a l  and  s i-n u n d  st ie s s  models , a more  s o p h i s t i c a t ed  a n a l  t i c a l
~~~~~u .t i  veiS use d . The a n a l y t ic a l  model  i n i t i a l l y  used e va lu at e - i

f 
On ’o ly  t - - : c — d m m n n -n s i o n ai  s t resses  induced  by r ot a t i o n .  The o r . - -ater
p r - . _ n i ’ ann is l i m i t n - u  in  t h a t  i t  solves fo r  radial , tangential , and
o ;n .o n v a l e n t  s t r e s se s  o n ly .  B l a d e  l o a d i n g  was a c c o u n t e d  t o r  by
si - ’  - c i f m ca t  101 of a u n i  f or m ly  d i s tr i b u t e d  load a t  the r i n , wit i ch
l i i  r eal  m t y  is n o t  the cane..- .

‘[ he an - i . 1 ;t i c a l  model used  in  the  second s t r ess  a n a ly s i s  d o n s
u t  r ii ze  a t m  no . .- h u m  c e— - l i m o  - n ; s m o r - t l  L m m  t o — e l  n e n t st r e s s  an a L-s i s
f - c  a m  a x i s y i n u n i n o - t i  m c  }~ n e t ~ - L e n i n - - n  I o n -  to the  ~,lade~V t, S n I - r u —
l~~t i .-d i n t e r m : i l i 1- i n  t o o , m e - p  a n n  l i - - t r  c P u -  s i i e ci  t i e d  ge - t n  

-
R i d  m l , ,t xia i , ta mn-; o -m-toi a l , sP o or , , l t n d  e-~ u m v n l t n n t  s t r e s ses  a t e -
c -n l c u lat c i , a s , m r ’ -  l , 1~ i do- s t r es s - n . In addit ion , t h is I ogr i m n n
€,- V - m I _ n~t t o - g  t i ’ -  o n _ n j - I t - t o -  S t  i t o 2  - it st me ss at etch m ; O n I t  p o i n t  i n  t ho-
i n- - , - n i - i  yr a
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1 - . ~~~~~~~~ - i_ n  t . ioh a n -  i ~~~~~~~t;i .; 
V

A’ I t -  be- ; i n i m i ~a -;  a t  t h e  ;‘acund stress analysis , a m ite—
u lu t i i o ~ n ; t . . t n  n - I L i C - n  a r i h i n  the wheel geometry was constructe-i , and
a t n o - 1 l l  n e t w o r k  •~as  t h e n  ;ur.eratenl . The model was fixed axi- illy
a n  he t r o u t  or n~ . n s t r a - t m  a~m t

I t t  o r - .1 -r  to ~et t er  a i t t  L mt e the a - - t o o l  g e o m e t r y  of  t I n e  o~I u e u l ,
h er  o n  l i t  ~c ,it 1ons  t - ,  t he  Ut i de/whee l  j e u ;n t e t r ;  wi _n m- _n

i t _ n _ n  t r r . P m e ni t J i n~T i  ;n i t i  na piar.i’o;; s, tfl,: b l o b  c~~o.1 mn -4 — - )m r
is .; n - i - S  n - m r  Ul t I e  ‘n i p  wu~ e fml le~ w i t _ n i  b u n n - l m n ~ ; n . i t e r i - n L ,

i nn ti, - m ,n ide ~ t -m-c t~~n-~ axis a n-i b e - e u m  ;r ne /-_n -~ a p s t r e a m i  0 . 0 1 - ,  i , n c; 1 .

T) ,mnr - . - - , n: - n - - - l .ite tn t~~ s , t i n e  bI l.a wa~ n t l ~ i e_ n  f o r wa r - i  on t he d i s k
a t -  n , , :~ - ~ l )  m n .- : t r , i n n - a  toe  a la i c  tba ~ a-on-o ss nea r  t in - ;  tip of t O - -

1 La I-  - n n o c n ’ . - l  W u S  m n~ nrc m 5a I to icco m t  f o r  t O n . - ,- i - l i  t i~o na l  i - a s s  1-i ’ _ n
- Lu’ fi lled C - u t  o n j  - - s a n  - c - n .  -i~f te r  a l l  or t h e s e  mona l t i c  n oi-~ r os
• n a n  -~ h m ’ n e  L mu- o i l  were -  - m i s , t i m e -  t n m u i n i l was e v - n l u a t - .-- i to deter—
inn r u e  th e  s t res s  b i d s i n ;  L . . _ n  b i a s _ n  ,~nd d is k.

The -i n ak was assuan1e-~i Lu  tid Je- no ther :-ial .jradient in : Ipos - _ n  - in .
a t , a _ n i  was  a s s a ; n m t a i to h - u ! e -  a un i urm meta l  t e m p e r a t u r e  O f  70 ° i- .
T O t s  is i n  t - ; r ’ i e n t n e n m t  ~m tO otoul test conditions to whico to-n -_n
• “ na ’  - c i  was  tn . - b.-a ex_nose 1 . -

~~ a - b m t i o n a l l y ,  t he  whee l  was a s s a n n - ~ a to
a t ; s - n r go  ce rm t . r i t - a  pal l - ~~.i - 1 m t i j  o n l y .  The s t ress  model  was - : / i I u a t - ~ .1
a t w o  - m n f t e r e - n m t  n~-ee-d nn . i L ~~ures 78 thr ni -ogh 82 show p r e l i- at e d
s t r e s s  i t  l i d — n er c un t  S u e-t i  ~~), t’)2 rpm ) - Fi g - a r e s  83 t hr - i ij i r  87

n a ; stress Loi r e- i s  at 120—percent speed ( 3 d , 630  rpm)

R e s ult s  
f

~~~ res .i l t s  o f  t h i s  n n a l r si s  desc r ibe  the com p l e t e  S t u t e  Ot
st r e s s  in the  I i n n i n - m t e - i  ~t aee 1.  A b r i e f  summary of the re-salts
O r  th e  .m n a l ? t m  m l  st re s s  - n i a - l e l  sari be seen in  P ub i c  I - 

$

- . _ n P F  2 2 . S U’ l - i i i- . -k RESUL TS OF TIl E SECOND STRESS
AS:’ -.si~; P - ; i ~ n ,- -FIL D ON TUE LA :-IINATLD
‘ i Li ;a L~i. c n i . L

100—Percent [l~~O— Per ;u :it
Par m eter Spe ed J Spec-i

A v e r  ige ‘[‘ nm ~n~m r ’ i .j l  a L r e ~~s (~- ‘ h I )  d 6 . 2

i x  n tr ot  1 n n a - j e r i t i a l  5’. S o S _ n
i t  t h e  Bore ( F y ; I )  8 5 . 3

‘-i- t xn m um Rad ai l Stress
- i t  t im e  Web (Ku ) bO .5 9 5 . 7

‘-1 m t- t i n -n an ,;h .±~~r S’,ress (KSI) 31.9
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F i g u r e  78. L a m i n at  --1 T u r b i n e  Wheel  Rad ia l  S t ress
Di str m b - m t ion (KSI) at a Speed of 29 ,692 RPM.
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- l u r e 80 - i n - n u n - m t - n - I  ‘r u r b i n no Wheel  T a ng e n t ia l  St  ru s s
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1- i qu r e  82 . j , n n n n j n _ n t - .- l  [a rb in e  Wheel  E q u i va l e n t  S t r e s s
D i s t  r i b n i t lo n  ( P N [ )  i t  a N p c e l ot  2 ) , 0~ 12 [f l y .
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Fi .pare 8 L a m i nat e d  I’ - n r b i n r -  Whee l  R a d i _ n 1  S t r e s s
Dii; rihut ion (KS I. ) at a Speed of 35 , 6 3 0  RP~1.
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F i g u r e  87. L a m i n a t  osd T n n ’ b i n -n ’;  - V h . o e l  i-quiva lent Stress
L i s t  r i b u t  i o n ,  ( [ s I )  i t  .1 Speed of 35 ,630 i~I ’~1.
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From these r e s u l t s , i t  is poss ib le  to c a l c u l a t e  the  b u r s t
nn ~i r - ; L n  O h  t h i s  whe-a l  u s in  t t he  c j u a t i o n :

Bur ; ;t  ~ar g in  = 1
1 ( B F )  ~ (U l t i m a t e  S t r en~~th )
ieiero -j e  Tan p .-n t i a l  St ress

wh’ r o :  BF Burst 1 i-~ t n 5

U I  t im at e  S t r e n -n t h  I i ) .  8 k si  (fir t a mini t _ n I  W i _ no tie;)

F a - - v i i i  J l J ’;n ’ n t ar  m b t n - - ’n i t _ C  atrenijth iI,S arrived at e-t-:p-~ r u i n .an

t~~l l~ a ’  A t  R e - n ’  - a r c h , sad r e p r e - t n e n~t s  n ’ u n n i n . i l  ; n i . i  t - _ n r~~al p r  . p _ n r  t i e s .
Use o~ t n e -  n b  - J o  e-~~a .1t i o n  n t n - i  t i t i i ss u m p t i o n  n a t  t he  b n t -s t
f- a . t , m  t a i l s  b’~ twe-~ n 0 . 8  e. 1 1.0 y i e ld s  a b o u s t  m a r 3 1  0.
l.2°~ a t e .! l.4u it full spa - n ( 2 9 , u - i2 rpm) . ‘l’heoret±-cail , a
n om i - a ~il  ~. h -  Oi ~ ho iii U -ar st _ i i i  i ~ poi n~~’1 somewhere  b e t w e e n  ~7 , t 8 i
r u m  and  -41 , ui -il rpm .

d .  . ‘-. ) _ n C l U S i n J n n S

The a n a l y t i ci l  s t r e s s  n - n o - l C l , in c o n j u n c t i o n  w i t h  t o - -
i - . u i l a bl e  m a t e r i a l  p r u _ n - er t i e s  fo r  l am i n a t e ! W a s p i l o y,  i t ’VIl / ’itC-J
t h a t  l i t t l e  r i s k  is i n - j o b  -.1 in t e s t i n g  to l l i— e n ;r c e n t  - - :Lnr_ n~oe-ei
C c n n u i t  1 - n .

2 .  STRESSCOAT TEST

a . I _ n t r O d i J t i O f l

The Stress-sort teaturn-j - i t . the laminated turbine wheel was
noducted in cotnj s on ;t i o :n  w i t h  t h e  stress analysis 01 t h _ n  w i n -  -c i ,

an-i to assess poso Lb Lu ar -s m i  of str e ss  coj -’m n r e n n t r u t i o n o . T h e  e f f ec t
of non a n t  form p 1 i ;i ng  of L a ;  bi m- e c o o l i n g  p a s s ag e s  w a s  01
p m rt jcniia r interest.

b.  C o n f i g u r a t i o n  nih Tes t

For this test , t n-i 1 i t u i n i  at e - -h  wh e e l  ana l c a l i b ra t i o n  0 u r
S m c imens J~~~C C V_V-a  -oA -i~~t , - - s L r a i n — n ~~ e-~itr J -

~ u a s c ia t
A f t e r  coat  on g ,  O~~-; .4 0 -_ n- a l a n n - n  - c i  L i o r ot i o n  U m r s we re  a r m - _ n - s  m a n . n _ n r  

V

,: ,n tr o l l o I C o i l - I  n t o i m , s , an i wer e -  ii L~~w o- l to t i m o r m a l l ; s L .m b i  I i zu
be f r i .; t e s t . i n -j  w a s  iou t i  n

The wheel  - .~as  t n i o n a t a  a in the -Irive arbor of the spin pin
u r n  I - i t  t , h r ;  S 5 I ; t - n  t m n n e , a s- i l  L b r r t l - o ,  bar w ig p lac-ad  in  Li- ;  1- i t  i t

-Vi 1 ~~‘ ,i ’ . 1- /n in ~.lmu pr-sximit; ~ I t h e  wheel  - The j i l t  - -- u _ n  t i n e - f l
Se m u o n , and t i m e -  uress-are -w . i a n l u s~l~ red n-: - - ni son is not - a
v e r _ n i s l y  iS t - .’st wh ’a - a- i t-~ n n e p - a r  itar e- , a n - I  i n e r n o t o r e , t h e  S t r - ;s a c - . it
ser n s i t m v i  t y .

1 (5



The wheel w-a a therm - F n - : ; L - a o a  t ed to the  l a s  ir e - i-I spec- I , then

~n -ee 1- - r a t ’ - i t o n  i .u_ np l -at .n l - / ~~~. T i c  s p i n — p i t  i i ce -u r n  w i t

r - l i ; a s - 1  to  nn l L aa n n l i t Z e  o r  e t a  ‘oa .t - . t t o n n lj ) V a r a tn a r e  r i s e  t h a t  V
j i a i

c l o _ n t - a i a -a s i t u  °_ h a  S t r e - sn a  a - it. ‘[‘Lu proce-3-ara la sso ib e i  -iU ~ Je

w i s  n t I l L 2 0 0  1 / u  e a ch  o f  tne f o u r t e- s t s  p e r f o r m e d .

c .  R e_ n  n i t _ n

I l n e  re-salt s of t h a a  S t r e - n ; n ; - s on V_u o t e s t m a a j  m u ’~ 5 O n ;nFnar i z—; I i t

3.

‘[A Ll  1. 2 3 .  STRE SSO oAT T l t S F  RESt  LV -T S -

- - ------ -.— _ _ - 
~

-

~

._
j-- 

~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~ 
- -

C u  airatm na L .nr i o n - r t a ml  S t re ss  at  S r e n o s  i t
So ne~i t 1 -z i ty  .~ L r - a s s  10 0 — i - -mr a - m a t  l~~0— P o r c - ; o ° :

S - - I ( in./i;a.) p s i )  -;~~~~-l (ksi) - A~ - o; ’_n .i ( - ~si)  Zone

.10 , 750 0 2 j  11.0  1 2 2  ‘1 _ l i 1

12 , 0-Li j 2 3  1 6 . 0  1 2 2 — 9 0  17 s — l 4 1  2
14 , 100 4 9 5  l~.- .l 9 8 — 6 7  141—9 3

1 , 050  5 i u  16 .8  07 - 57  9 6 - 8 3  4

:h e l o c a t i - o n m-i of the  st r ess  z one -s  m ay  P r -  seen b i n  t h u
n . .-; t — t t - a - - ; ’ ~ eo ’. oy r at hs  ( S o . - - I- in ~ a res  88 k P r a t t - n h  9 2 )  -

i hie r ’o s i it s  o t  the t e st_ i : ,  
~ 

i -a -n l i c at e d  t ha t m y  :ent~~— ~ f e r n ’ i
~ol .a ;Ln or t h a  b lad e s  h - i  I rnot r -m .n . n I t _ e d  in ~a j ’  - -x se s si v -  - a t r - _ n s s
‘- - o c e n a t r a t  t a n s  - a nn t h - ;  h i  i n - a -  or d i s k .  -hood q u al i t . o n a t i v e  a

a n n  h i  3 e o n  by c on - i e o r i ~~-~ t t i - ;  m- / t o - J r a - n a s  of t i n ;  St . rna ssc- .- it  t
r ’. ;s a ] . t a ;  ( F r  ~ ~r -~s d O  L 1 ,r - . n .a n h 9 2 )  to t O - ;  i l la s  t r o t l o t u s  or
ej - s i v il e nt  s t re s s -a - s  o U t - a  L t . J : n  f r o n o  t i n _ n  s a c  n a d  s t re s s  i n
( F i g  ~ren ; /7 u t ,  a 8 7) . n - ;  st ress  n _ n~- ie l  t t a i n 2 ~~tes hi~~h s t u - _ n s _ n
le :n;ls elm t h o m  s p a n t r a  ~m -n i, 1- _ n o f  t a n - ;  w I n - a - e l  a t  t O n _ n  t r a n su t  a - _i : ,  i re  -

a - - - ’ V i ; en  ‘S n - -  ba - n o - i a n  I -a - i- _ n b , A t ,  m at  t a n - ;  him I- a- root on tom ’; l e n  n i t
o L ‘, ..de if t i , .  iii . n  Re~~O L _ s rom t m e  Stre~~ a m  t e st l  n~~
comb s re ri-aver ab1~ it  t h e s -~ to i t i o n a s  -

\hn it lat-all y tin -_n s t n - a a- is : n ; - I a l  shows  an -ar-c a of h u  ~h a t _ r e-so
.a - a t  b .~-;low thom n a o—w--b tt  n: n Suti- 3 :n a r - m a  on the  i o w n , s L r ’ a -~u ;n , t  a-a ,

w h i c h is - a - m o  I n  t n  m j r - e o m t n u e : n t  r i t o n t i m - a -  S tr - a s s so a t  t e s t  res n i t _ s .
TO’; 1 2 - i t  a n ) .  o f  t O  ;a  h i - t O  n tn .e- n j s ar e as  p~~~1 ace-i  ny  t h i n S t  r e s s —
- 1 - u t t a t  co- n i _ n n r a - s  tair-/ ~ I i  4 1 t - n  t O - a  lo ca t . i o:n of h i -j h ly  S t L - m na s ua i
i r e  ~ r u d . u n a - i  by ~~

a- i 0  s’_r’_ n ;:.n n l o l - - I .

Jil l)
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C . T , n m c l n a s i - , n , s

T h e r e  a n n  - jeer! g u a l it m t i v e  a u j r - m e m o n i m t  between the S t rc s n;c oat
en; t r -  : ;u l t  s m m _ n i  l i e  a-; LFo - n ; n ;  m n a l ys  is per f o r m e d  on t i n e  w he el  -

ho m m m o m x e e c t - ; d  areas o h  S t  1 -3 5  n s e m n se n t r a t i on n ;  were d isco v er e d
C a n - n - ;  t - :n, ti nn : ‘r h a -  n iac in - i  t a t r o n a n ;  u n t i 1 1’ n a l n ;  p u r f - a r n n . - ;d 1:, v d td ,

c a - i - m  L ’ ; ( ~ m t _ e l y  si n n e r  L I / - t n  t ne  s t a t _ u .- o f  .- ;t r e n a . o  in the wheel .

3. - ; ;- -. oi;’rii TEST

a.  I a m t r u- .a n -a t u i _ n m

.nmn a o,ni t — - - l sa rk u m no wheel iri s growth te-sted if l  ‘.ir ci ’- a - r - t i-i
a l e - t e n  t . o n i e  L i n e  u ’ h e - a - I  i s-n o n on - to u ;x p on i u r e -  to ov-anr ;~ - n a !  :.; ‘ n I ~i - n i  L I _ n~ m . i ,

to ‘.‘u ’ r t f \ ’  t he  a- - l i e - -i i n t - - rjr t tj .  In - m n a - h i t i - _ n i , i t  w i n o  de to u r u P ] . ’;

to  u t - r n  as mu c h  - t . ; ~~ : u ssil ,ta .- a h o , t  the  e f f e c t  of I a r n j x , m t  con—
s r - - t i ’ r n - n a  - i n o n n t t L i l y ,  cu r l  i t s  u l r l ~~Ly to y i e l d  - m n - i  r e d a . str 11, :ot ~~
i on a , a t ;  in  r i a - - ; l o m n s  o f  ~~t i O S -c o n n c o l - n t ) r a t i o n n .

0. i i ’ a - ..~a lt a n

The r u n n ; u l t s  c m i  tho- grnu\- .t . i test.t n ug is shown in I - i t - i a  es 9 3
s m - i  94  , rhc - r n ; onto 1 g r o wt h  n~iai b e -na -n  p l a t t e d  m a ; ii function of
speed.  As ca nu ie seen i j a n the t o - n i h . reno t.nlts , u t o t a l  t n - l i t  hU n t

~n - w t h  of o n l y  0. 101 u n , c h  eccnarro .:J in t he  b a -a r c -  a m i t e r  the- m - n r m - u ~-l
i - _ n i : ,  rca at . 1  _n~ _n - e c i  o f  .34 , 100 r n - r n  ( n e j a -r u x o , n n a t e l v  11 5 —p er c o i n t

~~si-~ma -~~ a - u ! )

At the n 2 O J l n j  Lu - t i  ion of  to me over  na_nee d tom noti m m - ;  , - i  Zi , — n i ~~ in~~p-c-c—
a n n  was n’i aaductcd . Srrm l l vat-la:; , wit ia accornp u ir 1- i n n - . ; an1 a naru nicc~.ie

- u  ack .a nm the J - 1 . u - n - - — t  l j/ l ands  a L :L ua - m r u ; J  Lu i , a v - ;  O p o ; l i ’ ; i l o t  ir iq
e- ’ o .a - r ; ;  ‘ n a - - i t ’ ;_ n ° I I lJ .  SO C ’ - i m n n n r n  u t i o n  or j o i n t  cr i c k n o  wer e  i n r u t , a c i ,
n _n a  the : ;er - - i i t 2 of Li me ‘:- a - . ! m m d  c i - u c k  j i r e~. - a - ; . n L i - n n  ‘.-. i n ;  m e t .

‘ .a- ; - : c - a - : ; ; a ’y - o  ‘th e t L t l l  cr a ck s  w e - i - a -  -jemnL-ri1 L i- per~ .-- ;_n -ai c a l i t  n_n t e n
j e in L n ; , - i n n - i  t a n S _ n  t n ~~t - i n o s o n e t a - m t - - u i  w it h  the  Poindn ;ni j e u n t t .  It  I n ;
bel i-;~~- m  t i n - u t  t . h n o i  c m  - i k n- :; e tC - n  m~ - :oa .Lt of e-Xn5e t ;nouJ- , - 1’) i - t i n  n oa t  t i n e
l ieu L t~ - n o -m o o ;  to i e :~~ d n i l  h r .  t o t m - j  n _ n a t - t r i a l  i n n  t i n e  t i 1  n i _ - i .  T t n ;
, t - alI - : - ) i n 1 t ~ nAto ; -u i / i  a l t  -~ - - j m tn - -j t t . t me UX COSS . ;  1.-end n ; m t - a n. j a l  in
t i e  t u~ - a r i f i c r a n o  1 - u l i m n - j  ~~~a t . mn ; n ru .;sult u I  L i i i ;  ev u ;r a ; !~ n . -

i n  ~~ . UI ti-u ri n i n  - inn -; ; a - - n t  t - fl w n.  - a - a - )  n o n - h  t n - n t  c-i , end i -i S imO ’r . i n  a, II
F i-~ a r e  o 5 ,  0~~ n m n b o n u V s a, n -J 0-5 5 ~rr- -s ~eu  L n o m  - a iSk n .; e ct i - nm  m a  i r u s n i l t
of t a m e  n i : - r n - j .u c ;o_n 1  t o - s t  -

O - S mt Iti- t ry ir I a ‘e m n n ; l  us a a n . .

The I t -  c -a im -ma g r u .iw I n n - a - .: -;  .or r c nnj i t  this bore-- - i ii I_ l a o _ n  w imtm en . 1 t in- i
il u ’ , - 4 nLrm-a L i  i teL ml c t - e n - J o - - i t  i) . 0- [ ’ ~- . ; I  m e - m i t  u l, L t n e -  bar-a O i i Y n I e t  er ,

w I n i ~m hm a. ; n . r - o - w h a t  i - a n ;  t [ ~~~~ t m - u t  - i t  t n t - n i n a - i  o.m~h eV s e . i m - u ; h n i t _ e - ; ra l
i rbi j ue wins-I in t - r u - i u s t i - -n i 0  t e n u g — l i t u ;  - :uml a a- _ n r c i m i  ~u mu i m a l i  i i

n n . ; - i  u c at  L o r i S  -
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Figure 95. Ultrasonic C—Scan of the Laminated
Turbine Wheel after Spin—Pit Testing.
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The program established the feasibility of designing and
manufacturing an integral , cooled , laminated turbine wheel
incorporating complex cooling passages. It was also proven that
the turbine wheel possessed good integrity.

It is recommended that this concept be further developed
incorporating more advanced bonding processes and materials
developed under United States Air Force Materials Laboratory
Contract F33615— 75—C—5211. Heat—transfer testing should be con-
ducted in order to correlate predicted characteristics with
actual test results. Testing of laminated turbine wheels should
be conducted in a high—temperature rig to further establish con-
fidence in the wheel integrity, and to determine life character-
istics. This should be followed by redesign of the turbine rotor
and testing in a gas generator or turbine engine.
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