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FOREWORD

U ) This I n t e r i m  ‘1 echn i ca l  S ta tus  Report ((‘ontract or s  Ref erence No. PW .\ 3827 ) was j re-
par ed by Prat t  & Whi t  nev Aircraf t . I ) iv is i o n of Un i t e d  Ai rc ra f t  (‘orpo r at ion .  F :ist I l ar t f o rd .
Connect icut . as the  four th  Semiannua l  Report  unde r  Uni ted  Sta tes  Air Force Contract  F336 1 5 —
68-C- I 208. Proj ect No. 3066 . Task No. 306606. This report was subm it ted  by the Con-
tractor  on 3 1 December 1969 . and covers t h e  report period from 1 Ju ly  9ô9 to 3 1  Decein-
ber 1969. 

- .

(U) The findings and conclu sions of th is  report are not deemed as fina l by the Contr a ctor.
l’liev are subj ect to verif icat ion or revision in the Final Report to be published ~pon the
completion of this Contract.

(U) The Air Force Progra m Moni tor  is Mr. Wayne Tall. APTC , Air Force Aero Propulsion
Laboratory , Wright-Patterson Air Force Base , Ohio , 45433.

(U) This report contains no (‘lassified informat ion extracted from other Classified docu-
ments.

(U) Publication of this report does not const i tute  Air Force approval of the report ’s findings
or conclusions. It is published only for the exchange and s t imulat ion of ideas.

Wayne Tall
Project Engineer
Air Force Aero Propu lsion Laboratory

r
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UNCLASS i F I ED

UN CLASSIFIED ABSTRA CT

( U )  A comprehensive , four-phase . three-year program is i i i  pro—
grcs:~ to inves t i g ate  methods of improving  the  performance of
l’ai i — dr iv e t ur b i i ics .  The goals ol this  pr ogram are to develop tur ~
bine design l)r ocedures and aerodynamic technique s  for  high
work , e f f ic ien t .  low-pressure turbines.  The first phase effort  of
def ining the pr e l imin ~iry tu rb ine  design has been completed and
the results were re , ~cd ( Reference I ) .  The second phase con-
sists of an exp erime ~ t aI evaluat ion which includes establ ishm ent
of both two—dimensional  loss levels and three—dim en sional  flow
behavior for the baseline airfoils and for airfoils u t i l i z ing  various
boundary layer control methods. The design of the baseline
cascade packs was reported in the Referenc e 2 Report , and the
three-dimensional performance of the baseline airfoils was re—
ported in t h e  Reference 3 Report.  The test results of the base-
line airfoil boundar y layer control methods and the performance
of ’ the decreased solidity annular  cascades are pre sented in this
report.

(The reverse of th i s  page is b lank )
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A — area , square inches
B — axial  c h o r d , inches
C — absolute gas velocity, feet pe r second
CF - drag coefficient
C L — Zwj efe l load coefficient
C L* - load coefficient , ~ Cu/U
E — diffusion parameter
H — boundary layer shape factor

- work , Btu per pound
M - Mach number
P - pressure , psia

- pressure rise from minimum to exit value on suction surface
Q - exit dynamic head
H - fillet rad ius , inches

- radius of curvature, inches
Re 0 - Reynolds number based on boundary layer momentu m thickness
S - distance along airfoil surface , inches
T - temperature, °R
u — tangem -itial velocity, feet per second

- relative gas velocity, feet per second
Wg - gas flow, pounds per second
X - axial distanc e , inc hes
Y — tangential distance , inches
Z - number of airfoils

- absolute gas angle , degrees
- r&ative gas angle degrees
— b a m ~ iary layer thickness , imiches

5*  - b. un dary layer displacement thic~ ness
0 — b,undary layer momentum thickness , inches
o b - b~ade camber, degrees

— vane camber , degrees
r - g.ip, inches
TI - &ficiency, percent

Subscripts

o ink to fir st vane
1 inlet to first blade
2 exE from stage or airfoil section
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U )  I ) e siei a n ; i v s i s  am i d o p t i i m m i , a t i o m l  s tudi e s ~i a m r c r a f t  j e t  en g in es  inv o lve  a t rade he tsscen
co m u p o n e n t  e f f i c i e nc ie s  and en g im i e  si/ c an d ~ve ie l i t .  •-\d~ am i c ed m n ls ~.a m ) ‘.t i i d ies  sI1o~\ t ha t  the
b\ pa ss t u i rhOLimi  en~!i ne. \~i i i ch i  has seen im icr eased use in r e cent  n I i t a ! v  a i r L r a t t  app l i ca t io ns .
wil l  c o n t i m i u c  to be nt ;- - m i ia r ’~ i n te re s t .  One c h a r a c t e r i s t i c  of the  t u r b o t  an is t l i a ~ fuel  C~~() —

:io n m v in crca ~es w i t h  h\ r . iss r at io .  I k h e r  bypa ss ra t i os  r eqi m i r e  in :reased t a m i  I1o~ve r to be
suppl ied by t im e ( a im d r iv e  or low—pressure  t u r b i n e .  I Iowc~ e r. t i m e incr ea sed tu rb ine  posver
re qu i r e n w m i t s  mus t  be m m m c l  w i t h out  a tu rb ine  ef f ic iency decrement .

( U )  The eff ic iency of a tur b in e  is determined by the tu rb ine  d iameter ,  ro ta t iona l  speed ,
m iu mi mb er  of St ,iees and : i i r lo i l  loading.  In pa r t i cu la r ,  fan-dr ive t u r b i n e  des ign is constrained by
SC\ era i o ther  r equ mi r eme n t s . The r o t a t i o n a l  speed of ti m e t u r b i n e  mnt i s t  be l i m i t e d  im order
tha t  the fan t ip  Macli number  does not exceed the l imi t  for acceptabl e losses. For hi gher
b ypass ratios ,  where larger f am d iameters  ar e r e qui red .  th is  problem is fu r the r  ae~ ra~ a t ed.
Ap pl v imn! conv ent iona l  aerod y na m ics, at fixed rotat ional  speed . imicr e a sec i work can oid ~’ be
rc’ah i , ed by a f u r t h e r  imic reas e in the n u m b e r  of stages and -or th e t u r b in e  di a m i ic ter .  Reduc-
tion of the tur b im i e  d i a m e t e r  or airfoi l  so l id i t y  results  in a l ighter  t u r b i n e ,  but  also leads to a
sacrifice in eff icienc y due to losses associa ted wi th  increased airfoi l load ing.  If the turbine
d iamete r  and soi iL h tv  can be reduc ed wi thout  a pena l ty  in t u rb ine  et fie ien cy.  considerable
gains can be realized 1w th e  em imñ ne.  Therefore , the  promise of turbofa n engimies depends to
a large e x t e n t  on improved tan -driv e t u r b i m m e technolo gy.

U) The obj ective of the work done un der  t i - m is  contract  is to analy ze and test concepts which
will  incre ase ti - me fan—drive tu rb ine  loading v~ hU e m a i m i t a i n i m l g  or increasin g the ef l i ci em icy
level. The goals of ti - m is progra m are to develop desi gn procedures and tur h im e aerodynamic
techniques for eff ic ient  high-work . low-pressure tu rb ines  1w means of am i a lvt ica l  studies amid
cascade t e s t i ng ,  and to demons t ra t e  the effecti veness of the  techniqu e s by des i gn imig and test-
ing a two-stage tu r 1~ mi e t ha t  mi - meets or exceeds the  Com itrac : sta ge-work am - id eff iciency goals.

(U ) Ti -me compl ete ~‘ic~ ram is being conducted in four phases over a three year period which
commenced on I J~ n i i arv 1968. Ph ase I d e t im i ed  th e basic turb ine  design and an anal y s is  of
promising increased loading concepts was. completed.  The result s  of the Phase I s tudy were
r eported in the  Ref r ence I Report .  Phases I! and I l l  consist of expe r imem i ta l  test i ng to
verif y and ex tend  t h .‘ t u r b i n e  ae rodym mam ni c  techni ques a n t  lesi gmi proced ures for hi gh load—
imig levels. The des i en d eta i l s  ci the ba se line cascade test ir lo il s for b oth the a n n u l a r  seg-
m i ie mi t  and p lane cas sade rig were reported in the  Refer enc~ 2 Repor t .  The resu lts  of the
a n n u lar cascade tes t z of t i m e  four b asel ine a ir f o i ls  were r_ ’po m ~cd iii the Reference S Report.
Phase I \~ wi l l  subjec. t i m e ae r o dy mman iic  techm i iq i ic s  am i d ulesi ~ n procedure to a t~~ 0-stage rotat-
ing rig test.

( U )  \Vork on ti - me Cont ract dur in g  this  report period proc eeded omi Ph ase Ii am - i d ti -me design
am i d fabr ic a t ion  ef f or t  of Phase I l l .  1) es i emi work ~ as i m l i t : L i  on Phase IV.  lim e re sul ts  of
the boumida rv lay er control tech ml iqu e cviii im a t iO~ 1s and the  ned mu m s di i  v b as el i tie te sts are
descr il)ed in th is  Re p ar t .  ih e  s t a t u s ot th e  r i.’m i la i f l im mg Plia -  e II  tasks is also pr esem ite d.
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SECTION II

BAC K G ROU ND

( U )  The obj ective of I’hase I s ( u u l  v. as to se l ect a prel i m inary turbine  design t i ma t  is capable
of meet ing  the p ert ’orm :unc c r e qui rements  of this  (‘om itract .  These r e qu i remen t s  are sum um a—
rized iii Table I .

TABLE I
T U R B I N [  DESIGN PARAMETERS

Number of Stages 2

Average Load Coefficie nt , CL * 2.2

First Blade Tip Wheel Speed 1 000 fps

First Blade Inle t  I l u m b — T i p  I ) i amn eter  Ratio ~ 0.8

Exit Swirl Angle—Withou t  Exi t  Gu mi de Vanes 200

Exit  Swirl A m ig h e -- Wi th  Exit Guide Vanes 0
0

Turbine In let Temperature 14 50° F

Air fl ow ~ 50 lbs/sec

Average Stage E fficiency 91%

Life 10 ,000 hrs

(U) The Phase I analysis has been completed and ti m e resul .s were reported in ti -me Reference
I Report Th ese analyses included the  consideration of f l cwpat h .  reaclio n level , load coeffi-
cient ievei . and variations in work d is t r ib u t io n  (‘or which Vi ioci t v triangles were generated.
Futhermore , as part of Phase I . p re l iminary  ai r foi l  c o m i t oum r ~ were  defined for the same veloc-
ity triam igles at three levels of reaction am - md three levels of solidity for ti m e result ing stages.

(U ) The me diu m im -re act ion.  normal sol idi t y airfoils were sel’ ctcd for the Phase II and 111 base—
line evaluations.  These airfoil  sectiom i s ~ crc then subi ect ed . r add i t iona l  r e f in ement ,  which
imi cluded eva luatiom i of time two —u i imeum si o i i a l  ho um m m darv lay er  b ehavior  Tim e base l imi e airfoil
contours , for ti - me firs t and second va mics and il - me first an d se~ mid b -ides , were described in
the Ref erence 2 Report A l l  of ti - me ba seline airfoi ls  v. etc t al . r u .. . itcd a mi d  eva lua ted  in an an—
n u m l ar  segment cascade. l hcse results  were presented in th~ i~ e le r L  IILC S Report .  A sum mm ary
of the test resu lts is shown in Table 11 , wh ere the  mnL ’asure d loss cocU ic ier it s  ( l~~~ ) ar c tab-
ulated.
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M I A S U R I : D  LOSS VS PRFI ) l ( TLI) R A S F L I  Nl ~ Al RFOI LS

Ni u d spa m m T Overall
Turbine l)es ign Pred icted

NI ids oan Fxit  Boundary
Mach i .  No Test Corre lation Layer Test Pred .

First Vane 0.854 0.017 0.03 1 0.032 0.034 0.049
___________ _____________ 

0.023* 
______________________ 

0.032*

First Blade 0.780 0.0266 0.036 0.049 0.040 0 054

Second Vane 0.869 0.02 1 0.036 0.046 0.030 0.050
___________ ____________ 

0,028* 
_____________________ 

0.034*

Second Blade 0.904 0.028 0.030 0.044 0.038 0.042

* 1 ’ S
% i t h i inlet turbulence screen

(U ) The baseline secom d vane was chosen for fur ther  end wall loss s tudy  by the process of
elimination.  Time first-stage vam ie and blade inside diamete r end—wall extensions indicated some
separation bey ond ti - me test cascade whic h could inf luence probe readin gs near t i -m is wall in
future tests if it became more severe . Ti-me short second stage blade ch ord mi -makes ti m e fa bri-
cation of emid-wa ll bo um ndary layer control techniques difficult .

(U) Four boundar y layer com itro l tec iim i iqu es were selected for application to th e second
vane airfoil.  These airfoil  variat ions were fa b ricated and the results of tests condu cted on

ti -me four variations are presented in this report.

(U) As part of Phase II , lower solidity airfoils were also ( e.~mgne d . These airfo ils were de-
signed for a 15 perce nt increase in iweifcl load cocffi ciem ;t and are refe rred to as medium
solidity airfoils in reports under t h is Contract .  TI -me airfo i section and fa bricatio n coordi-
nates were reported in the Ref eremice 3 Report. These air ~oils were fabrica ted and evalu-

- 
ated dur in g this report period. Ti -me res u m its are prese u ited ma this report .
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SEC l ION I l l

1 ~V O - l ) I M l i N S l O N A L  Dl: SR ;N V I : R I H ( ’ .\ I I ON (TASK h a )

R FP OBJECTIVE

(U ) Provide ai m exper imenta l  ver i f icat ion ol’ the two-dimensional  des ign characteristics.

2. TASK OBJECTIVE ‘ -

(U )  TI -me pu rpose of this  Task is to conduct  pla n e cascade t Cs t s  in om d e r  to verify time
aerodynamic conc epts applied to the tu r b ine  design dur ing  t ime  P 1-muse I Progr ani , and
to establish the two—dimensional  loss levels for time chosem tu r b ine  airfoil prof i l es  at • 

-

design conditions.

(U) TI-ic plane cascade tests will serv e two equally impor tan t  purposes. First , the mea-
suited profile losses uv ih i be compared with those contained in the exis t ing design pro-
cedure s in order to verify t h e i r  accuracy . Secondly. the tota l  pressure and flow angle
profiles at ti - me exi t  plane wil l  im m d i c a te  whether  or not the surface boundary layer  has
separated. Each airt ’oil has been desig ned so tha t  sum ch two-dimensional  Separat io n
should not occur , and these tests will  cons t i tu te  a ver i f icat ion of the en t i re  airfoil  sec-
tion design procedure.

3. STATUS

(U ) Six medium-react ion normal-solidit y airfoil section cascades were desigmied and
fabricat ed. ‘[lie design detai ls  of the airfoil sections . inc luding the irfoi l coordinates
amid fabrication details  of ti m e cascade test packs , were presented in the Reference 2 Re-
port .

(U) Three of time cascade packs have h eem u tested anu the four t h  is cur rent ly  being
evaluated.  Data anal y s is  is proceedin g on ti - me tested ~‘irfoi 1s. 1 lotvev cr. for complete-
ness , time results of ti - me p lane cascade test ing will  he rc por ted in the  next hm i t eri ni  Tech-
nical Report . when ti m e results of all six cascade tests - e i t l  tie available.

(Tim e reverse of this  page is biau t
~)
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Si ( l I O N  IV

l 3 O t N l ) A R Y  L A V I - R  (‘ON I IWL I VAL U-VI ION (TASK l I e )

RH’ O B J l - (  I IVII

U )  l ) e l e r n min e  t i me  e f f e cts  of ti m e most promising bu mi m i d a ry layer  LOl i t to l  t echniques
on corner (low separation.

2. t A S K  OBJ ECTI Vii

Fhe R I I ’  obj e c t i ve  indicat e s  tha t  m n e t ) mo d s  to c h in - m inu te  corner (low separ at io n v. il l
he co!m5 id L ’red. 5mm hscquemm I bas e line test s ind ica ted  tha t  tIme e m i d— wal l  prob lem for these
ai r lo i ls  was not corn er b oundat ~ lay e r separat ion.  b ut ra ll i er time secondar y llos~ of the
e n d— wa U h’ ‘a umdarv  layer across the  c l m an m me ] .  This can be seen in th e’ base l i n e tests as
h i g h loss reg ion s in all suctio n sui r l ac e corners. These regions proba b ly or i g inat e  on time
end—wal l , but  i m migra te  fro m pressur e surface to suctiom i surface and accumula t e  in the
cor ners , 1l ierel ’ore . the boundary  lay er  contro l mnethod s  th a t ’app lv to ti - me baseline air-
foils are those tha t  red umce ti - me secondary (‘low at ti - me end-walls.

U i  F~ i~ boundar y layer control methods were selected and the se were applied to one
airfoil .  The clmo sen airfoil was time second vane ,  for r e a so mm.~ given in Sectiomi I I .  TI -me
selected methods ti -mat  were exper imenta l l y  evaluated are :

• flow fences am - i d increased surface roughness
• local a ir t ’oii recontouring -

• en d-wall  contouri n g
• local airfoi l  recambering

The results of these tests will be present ed in the above order.

(U )  These task objectives were met . am - i d ti -me task was completed by time following
steps:

• Ap n~ cation ot’ four nme t i i o d s of b ound ar ~ layer comitro l te c lm ni q tmcs indicating
tli~ Lest potemit ial for lowernig em - i d loss

• M e i s uu re mmien t  of al l  i m p o r t a n t  aerodyna m ic properties at the cascade inlet
anu exi t  planes

• Me. surement at desi gn Reynolds Nun ib e - ’ and design incidence for three exit
Ma~ i-i nuumbers

• Re eon stnu ct ion of ti - me ent i re  exit  pla ne loss dis t r ibut ion
• Rei ’~ m m tr um ct io n of ti - me emit i re  exi t  plane I ow pat te rn
• Flow visual izat ion of the  ai r to i l  and end— ~‘all flow p at terns
• (‘are fu l ana lysis of al l  data and visual  clu~es
• Me~.;i ire nie m it of ti - me airfoil surface stat ic pressure d i s t r ibu t ions  at three radial

loci’t ions
• L v a ! t4a t i on  of the ef fect iv en ess of each b~~.’ d a ry l ay er  control  mmi e t hod.  re t—

a t iv~ t o each other an d to th e  baseli n e te~ t results
• Sd ~ct ion of best b oundary la~ er com troi . c h u i i q u e  ( or  op t imi z a t ion
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3. (‘AS(’ .-\DI - - PA ( ’K DLSI( N

U )  The cascad e pack ~hmosen for t ime  boundar y  l ay er  com tro l t e c h m m i q t m e  eva lua t ion  Was
ti me second t u e . I lie design ol t ime  ba seline second v ane  cascad e pac k was presented
in ti -me 1~elerc nce , R epor t .  l ime bound ary  haven  te~ I u i i i q t i e ’s Were - app l ied to f1ui ~ casca de.
ami d t ime hardware va r i , j t i o m l s  lor cact i test will  be discussed in t ime se ctiom devoted to
cacti of t im e ’ ba u u - m d ar v lave r tec h i m iqu cs .

(U ) As in the baseline eva lua t io n , air t ’oil surface s ta t ic  press ure t aps  v. crc dis tr ibuted
a round each cascade test ai r frd a t  t~~’ root , mean and t ip section. l I m e  detai ls  of th ie
tap locations were given in t i c  k~ I e’te ; ; e e  3 Report.

( U )  A sing le cone probe was used for simultaneously m easuring local exi t  plane total
pressure s ta t ic  pre~~ure. amid e \ m t  gas t ’low am igle. l)et ai l s ot time i robe des igm i were pre-
sented in the Referen ce ~ Report.  TI -me probe was calibrated to determine total am -id
stat ic pressure errors (lute to time pi tc h angle over tIme test Macl i m u um iu ber  range. Based
on this ca l i b ra t ion  am i d time theoretical pit ch angl e , corrections were provided for ti -me
data reduction program.

(U )  A total  press ure probe was also instal led jus t umpstr eam of time test airfoil s in order
to measure time tosses of t i - me t u r n i n g  vanes . The tota l  pressure loss mr ieasured for time
inlet  t u r i m i n g  vanes was u sed to de te r m ine  ti - me local inlet  to ta l  pressure prof i le  tip—
stream of time tes t  a i r fo i ls . l’ur n ing  vane losses are used to defin e ti - me test airfoil  in iet
condit ions in the data reduct ion prognam which calculates the test airfoi l  per formance.

(U )  Time inlet  flow ang le approaching time test a i r t o i i s  was also measured (‘or the cas-
cade. The value of the incidence angle was deter - m ed from this measurement.

(U ) Ti -me experime ntal  accuracy of ti - me loss coefI’ic~en t ( l~~ 2 ) is es t im ua ted to be ±0.003.
Values tha t  w i l l  he’ g i v emi during ti - me discu ssion of tL e data  are to three signi fi cant
digits . The purpose for doing t i - m is is for iden t if i ca t~c’n on ly, si n ce som et im es i t is
easier to id em t e y a par t icu lar  test isv loss level ra th er  tham i its phy sical description.

( U )  Data fom all tests were t aken at t ime  airfoil  desi n~ Macli number  and Reynolds
Numiiber. as v~ cii as at two other Mach number  leve~s where ti - me Reynolds  Number
was no ion g em matched. ..~~s the air foil ex i t  Mach number  incr eases , ti -me Reyn olds
Number  also ucre ases l ime general te mm d en cy  is (or l i m e  loss level to decrease as Mach
m iun ib er amid l :cvno ld s N u m b e r  incre as e. This is t rue  u n t i l  M ach mim um bers  approach amid
exceed sonic ‘ niuc s . cau msi ng si -mocks. [lien. in ti - m i s  case. ti - me loss level increase s with in-
creasing Mach m mum m i s er  and Revm m o i ds  Number.

(U )  Dur ing  t ; , e  course of ti - mi s  i m - mv e s t i g a t i o n ,  a great number  of (low visua l izat ion photo-
graphs us in g  o m l and gr aphi te  trac ers vv cue  t aken .  ihese ~‘ui i oto gr ap lms ha ve a number  of
items in com m ‘on vv hic im slmo ui d he noted , including

• Profile flow pa t te rns  whic i m a l e  t’~ s in d i ca t e  t r a . i -~it iomi  on time t r a i l ing  p ortiomi of
the  su et i~i n sidc . a con dit  io i m f o u n d  in t m m r h i m i c s  ( evi l ii possible except iOfl observed
dur ing  I ee fence mn cr e~m ’te ’d ro umgh n e~s test )
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• No ( lo se se’ p a r . i t i o m m  observed oil t ime . i r f o i l  p ro f i le. ve n i t v i m m  l ime  v a l i d i t y  of t ime
a i i fo i l  su r f ac e  st a t i c  ~~i L ’ ss1 I d i s t r i b i i t i o m  program

• At t a ched  h o w  on t ime ’ cascade e nd—wal l  ex tens ions  wh ic h s u h s t a m t i a t es  use of the
second vane for I I te ’SC tests

• Indica t ion  of ’ a st rom - mg corner or secondar y flow effect  in t im e  sm i e t iomi  surface and
eu - m d-wai l  corners . vs i t h  i - mo ~i g tm of separa l ion. j u n  p l y ing  tha t  t ime m m  p o r t ant  thm i m g to
do us to decrease time cross-flow .

4. FLOW FENCE AND IN C REAS E D SURFACE ROU GH NESS

(U )  Even t h ough ti -mere se as co mis i i le rat s le doubt  about  t l me i r  ef ’t’ec t iv e m m e s s  im - m con t ro l l ing
secom idary flows. tev o mm - m ethods  t i - mat  ve c re given some considera t ion were ti - me use of a
flow fence amid increased su u r l ’ace r otm g immmcs ~, Time i n t e n t i o m  of ti - me flow fence was to
block or impede ch a m i n eh  cross—flows at t ime end wails ,  whi le  time i n t e n t i o n  of ti - me increased
st m rt ’ace rou mzl mne ss was to force time boun d :m u-y lay er  to be t u i r b i m l e n t  and .  c o m m seqt ieu i t hY .
as th in  as possible. Tim ese tests were carried nui t  in sp ite of t im e lack of pr o fu se largely
bec au se t h e~ wem -e e asm iv added ni - i to ti - me p r im ary test pro gr amu . and because it was  felt
tha t  t h e y  would add to our under s tum -.di n g of ’ secondary (lows , It wa s also possible to
do th is  tes t imi g  svi t i io ui t  in t e r t ’erin g w i th  t ime p r imary le st cehe du le . Both r n e th m ods were ,
in fact . s iummul t aneous ly  tested on opposite wai l s  of ti - me sam ne cascade.

(U ) The design of the flow fence evas described in ti - me Reference 3 Report . amid is shown
in Figure 1 (‘or com iV enicncc .  This fence was applied to ti - me second va n e outs ide diameter
evahl and its hei ght was obtained from ti m e suction surface se com idarv h o w  pat te rn s  ti -mat
were ohsen’e.. i i m :  ti - ic baseiim e te sts  reported in time Re fe rem ce 3 Report . Those pat terns
iu idicated a .  dm ai l  inward mov emen i t of ’ ti - me boumi d i m v  l a y -cr at t ime a irfoi l  t r a i l i ng  edge ,
ex te nd i m i m . ap proximate ly  0.5 inch (‘rom time wah i  sur ~~‘e . - -\i iowing (‘or time g rowth  of
the cor~cr vor tex  size from inside ti - ic passage to th e c d t  p l ane .  time fem ic e heig h t required
to s ignif i c an t i  - 

~ed uue e t i - me em - i d se~m ih cross—flo ss was es t imated  to lie one— h alf the  t ra i l ing
edge size , or ( .~~ percent of ti - me span. TI -me fence was mounted  in four passa ges midway
between a irfo ;l  surfaces am - id ex tended  ti -me full pa ssace ie m u gthi  from loadiu ig edge to trail-
ing edge (see iii gum re 2).

(U ) Roughe mi iag of ti - me inside d iamete r  wail sva sa e  - omp iished h~ a t t ach ing  emery cloth
to ti - ic end-wall reg ion in four passages. C’: !  - . ci t t ime evail h oun d a r  layer  indi-
cated tha t  the b oundar y layer Would be tr : i~ - . mm - i t i - me region between the  in l et
guide sumi es aim I ‘est a i r fo i l s .  Since t i - mis  ca lcu l a t i on  ~r ivnIe cii :up p r ox in ia t io m i  of the  pres-
sure gradient  t l ,~ough ti - me rig , it wa s decided to in cre a se t im e sur fa ce roughness in case
ti - me houm i dary l ayer  h ad not t rans i t iom - m e d .  TI -me c a t e m u u ’ m t c d  homm m ieia rv  la~ er th ickness  prior
to trarusition vs ~ -. 0.20 inch. A No . 50 grit e mne r ~ c lo th  w i t h  a rou gh mm ies s heigh t of 0.0 13
inch was umsed. u h - m is height is greater  tham i  the co mnpm ’t u d  c r i t m c a l  ,ml ue required for hou n d—
ar ~ lay er t r ans~i mou - m .  Ti -me emery cloth was c e m n e n t e f In  t ime  in side d iamete r  end—wai l  and
to the le a ding ‘dges of ti - me a irfoils  adj acent  to ti - me fri u i e ~ d i a m e t e r  s eal )  ( See Figure 3) .
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0 250 IN 1 . FENCES ARE MADE FROM 0.020
LEADING EDGE SHIM STOCK

ELEVATION 2 FENCES TACKWELDED IN
PLACE THEN CRAZED. BRAZE
RAD IUSEDA ROUND ROOT TO’
0.030 — 0 050 INCHES.

3. FENCES CENTEREOBETWEEN
A IRFO ILS AS SHOWN

SHEET METAL FENCE
FORMED TO THIS LINE

~~~ O F R O M ~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

FENCE INSTALLATION

Figure I Second V a ne 0. D. Shroud Fiovv Fence In stal lat ion

- 

1

- . -  ~~~~~~~~~ .4~. 
-

Figure 2 Oil and Gr aph i t e  Fl ow P at terns  --Sec om i d Vane ‘ mt h  View of Outside Diam ii et er
Flow Ie iccs;  M i ds pa n  l: x i t  M~mc l m No . 0. 903 —

P4C,E N’~ . 10

,-
~~~~~~~~~~~~~~~~ $~~~~IJ

____ - -

- ~ — -,- - . .—- —— - —--- .- - s a .~~k~ -—



— -~~..—, -- -- ‘---

r Se’.. - - . .— - ft fr -ft —- — • ‘ - 
— 

C,— - - “ - — ‘.,‘.“~ ft— ..’-. —‘- ‘S  - - •_ _

• , 

-

. 

- 

‘ 
- 

~

‘ ‘
~~~ 

,

/ i  -

I 

- 

/ 
V

-. 
_ _ _

Figure 3 Oil ann Graphi te  Floes’ Pa t te r n s - -Second Van e uth  \‘ieev of I n smde i ) i ameter
Increa ’ ed Surface Rougi mness :  Midspaui  E x i t  ~f ae l m No . =0.903

U) I ’lots of h mc impor t an t  aerod n amic  q u a n t i t i e s  “ased on the inlet  am i d e x i t  plane
n iea sure m ent s  (or each test will  a lw a s be pre seu - ite d in ti - me following order am - md will be
simply re fe rre -1 to as performance data  in t l mis  Repo r t:

• tot a l  pressure loss COil to u m r p lots
• exit  ga s angle contour plots
• a’ r . e~’ sp am evisc to ta l  press ure loss d is t r i h um li on
• ave r , .nc spanse i se loss c o e f t u c i e m u t d i st r i bu l  10mm
• aver ge spanwi se e x i t  flosv angl e  d i s t r i h u t on
• ave’r ;:i!e spa t m%si s e  e x i t  \ l a ehi  u u t m u m m h e r  d i s t r i imu t a on ,

l’he perform ami t e da ta  for t ime (low feu ice :In(i mnc r e .n  I ‘.e m r f a ee r o i mghn e~s te st are \ hov ~ n
iii F igures 4 th rough ~~ , Also. :m p lot o f ti - me i n l e t  glu e v a n e  a u - md e lmmc t  loss is shos~ui i n
F igur e  10.
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Figure 10 Inlet  Dn~e’~ Loss Ver su s Percent Radial  Spa n --  Second Vane Cascade With l.D.
Roughm ie ss and 0.D. Flow Fences

(U )  A compari ~oui plot of ti -ic average spanevise loss v ariation for ti - me flow fence and
increased roughnes s , versus bas e line loss coeff icients , is shosv n fri Figure I I  at approxi-
mately the sam~ Macli nu umbe r .  The var ia t iom i  of the loss coefficient  wi th  Mach numn iber
cart he seer -i to t.e s’erv sl ight  fro m the  dat: m of Figure 1 2. T Ime com fl r i bu t ion of each end
to tIme overall Ic .s is shown sc ’parate iv in - i Fi guire 13. i order to evaluate t l e  effect of
each end—esa ll  t : 2a t n len t  . . -\ su mmar y of these re cu lt~ is t a b u la ted  fri Table I l l .  svhere
the loss values  a~e comi ioa red ss mth  t ime h as e l i u - ie  t e st s- al l ies . Both t r e a tm e m i ts  resulted in
iumc r eas ed en d—vv .Ii loss~s. j il t  i mom .ugl i an un expected im ~r ove unen t  evas obseu~ ed in t im e
midspan region. The low m id s pam m v alues  appear  inco st e n t .  bu t  since t i m e end losses
se-crc con siderabl y hig h er t h a n  ti - me bas e l im ie v a l u e s , it ~, , s  not wor thwhi le  to pumrsue the
(low fence and uicrease d surface  roug h ness t ec lmu ii q u c s .
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Figure 1 3 E ffect of Macl i Number  on Pro fi le Loss Coefficient for 0. D. Flow Fence au-id
I . D. lu -icreased Roughness Evaluation

TABLE UI

EFFECT OF FLOW FENCES AND SURFACE
ROUG I - INESS ON SECOND VAN I LOSSES

Profile Loss Coefficients ( I  ~~2) - ; 
--I-

Mi dspan Midspan Midspan Exit
t )  I .D. to 0. D. Mach

Midspan Overall (Roughness ) (Fences) No.

Bas elim ie (Test) 0.021 0.030 0.026 0.033 0.883

Boundary Layer Control
(Test) 0.013 0.045 0.042 0.047 0.903

Baseline ( Predicted) . 0.036 0.050 - — 0.870
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R’ ) I h e  sh i f t  ~n ro~. i n I ~~ 1 u t  t h e  m m m a s i : i i u u n m m  c n r e u i u n t e r  m n t i a i l v  i u t e g r a t t ’~l luss (ro n ) ~)0
to ~4 re ret ’nt  sp am i ( Sei _’ I le l I r e  I I I cor r -c~p ommul ~ t o a \i I l t  mm ) t h e  c en te r  of t ime  St i c t i o n  

4c n r m md r  v u r t c \  from ~-I to t n 4  pcre L’I It ~u im . i m d n e a t n n m g  t h e  r educe d mi m i r t i o n u  e f t e c t  w i t h
r educ e d  eiuhi. l  F\ (lose . I I  1\\ e v e r ,  t i m e  p eak ii  ~ i t  t h e  so r t L ’ S cc ~t c r I ue r c : i~ed from
ahoI l t pe r e - cat  (or t b . ’ h ,~ c f n i m c ! i  I s  p~-r ~ : 1t  h~ t i nt ’ I e f l ~ ds, l im e i im ~idc V. all  loss in—
di c ate d a c o n m t i n u i o u s  u I l d m e . ’c t (~ \v ,i rd th e  .~ a l l  tIm e to t h e  s u r f a c e  r ou g i l c u i l u !, w i t l io uu t
t im e dc c r L ’ ,l’c ~in os e - n in t ime  h - ._ ’ l i ne d. tt .n  \ppa r e n t l y . t i me  cu d  ssaH b oundary  lay er  had
in fact ~raii~i t i on e d  to t u r h u l e n  I lov e ant i t ime r 1 uglier sur f  ice merel y mncr e a~t’d ti -me
f r i c t ion a l  drag.

(L Compari son of t h ie ba~~1 i mme ~~ ex i t  an g i e spanwi sc d i s t r i bu t i on  sv i th  t i - me floss’ fence
i n cr e a sed ~u r t a e e  r o u m g h m m c s ~ ex it  v a ~ am ~ :t-c~ is sh own ii i  I : i gu l r e  14 . The discharge ang le

vs-as riot affected by t i -me end-wall  t r e a t m e n t s  excep t  at ti -me outside vva ll .  where the anti-
cipated re du i c t ion  in o v e r t u m r n i m m g  due to r educed sccoimdarv h ove’ is indicated.

( U t  To prov ide a dd i t i o u i a l  clues as to ti - me beh avior  of ti - me flow in ) the  cascade , a mix ture
oi oil am i d g raphi te  was p a i m i te d  on t i - ic a in l o i l s .  Figures 2 an d 3. am ’md Figures 15 and 16
sh ovs ti -me loca t ion  of the (love - t’ences on -i the  outsi de v - al l  amid t l e  emery cloth orm the
in ~id -e vs ’all . The r t t e r n s  indicated ti - mat  the corner floss remained a t t ached ,  a l though
the end-ye ah losses are high.

38 . I
0 SECOND VANE — BASELINEo SECOND VANE —0.0.  FLOW FENCE & I D .  ROUGHNESS

Cl)w

30 
DESIGN PRED ICTEfl  0( INCLUDING RIG D~~rUSION)

~~~~ 16~~~~~

14j 20 40 60

PERCENT OF RA O IAL SFA N

Fi~ure 14 ( On lr -ar i SOfl  of Spans e ise Are r t~ e f  I x i t  Ga~ .\ ng l e  3aselinc Dis t r ibu t i on  and
‘\n gIu ~ Mcasul r ed  vs t i m F loss h en - ices - Su ir f a c  m~ougimnes s.
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Figure 1 5 Oil and Graph i t e  Floss’ Pa t te rns—Second Vane wi th  \‘ievv of Both Flovv Fence
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( 1 ’ ) I i t t ’ a i r t m m i i  s t i t f  tee  ~t . i t !~ prcs ’~u r e  ul i ’ . t n h u t i o n  at the ro t ,  mu - c an  a i d  t i p  ir e shovs ’ n
i i  l - i y u r c ’  I t h rou g h  10 . re ’~p c c t i \  c iv . ‘ftc n m - ’.’a-o i rcd load~ng u t  t i m - c  t u i j ’ . r ’ i, n  region “a s

i ’i ’ .t i d c imt i e a l  to t ime ik’’ .mr ed va lue ,  Time iu , id i n g  at the  roo t and t ip  ~~~~~~ iOns does not
t i r respon d to t h e  ~le~I g n v a l u e ’ ., p r in m at ’ i ly  d u lL ’ to t h e  - c \ I t — p l . i l l - e  c t  L’ct L’’,~’~1.nleLl  it )  tle~

t a i l  i n t i l L ’ RL ’fe r c i l ’ . c  3 Re p or t .  I l m i s  ~ p r i n m a r i l ~ du e to t h e  i’u i t d a m c n t  i d i i  t t ’r c nce
b ets y ce n t h e  J n r u t l . i r  s. °i ut ’nt  c :i ’.cail e am i d r o t a t i n g  n e . ‘ .mii ~ e t he l i m i t e d  e \ t e n ~i omi of
the  I I m ’ -I Oe  am i d i t t -o d e d i ame te r  walk  t t i d s to m ak e  th e  ex i t  p l .m n e ~~~~~~ prt’ssui rc ur i i—
t u ; n nd . t ;u o ’ . f ’ i u i c r i c ,  r a the r  t i m: in  r ep r oJuc in ~ t i u e  r l L h i a h l y  ine r t ’~ ’i ne ‘ . t . t : c  p re s\ ur e
ot th e axis ~ n in m i c t  n e  r o t a t i n g  (love . The r et ’orc . t he a i r fo i l  roots are s l i g h t i r  1 s ’  loaded.
a n d th e  , i r t  oi l t up ~ art’ sl i g h i t i  tu or e loaded . th a f l  t ime comm ipl et e  Ri rh in e  r et i l i  ired . Ti -me
s i t t l a t i o n  is f u r t h e r  c o m p l i c a t e d  by time fa ct  t h a t  the  root and t ip  arc both unloaded h e—
cause they must  tur in  f lu id  h a v i n g  a lov e-cr than  average ve lo c i ty .
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U )  l’i me bas e l ine sce ou nd v - t i ne  vs as r e tes ted  se - it Ii r eihes iene th in le t  guide  vanes .  Th is seas
nec essary since th e  III,I~ OInI! ~. . l ~ L’’~ t r I l I t i  t h t ~ o r nma i mt a l  i n l e t  gu Ide  vanes svere i n t e r t ’er iu ig
w i t h  t li ’’ test ai r k l i l  e x i t  p I : i l i e  ur l e . l ’ . m l r c m e a t s , as re po nl e-  I in t he  Rc t e r cnc e  2~ Report .
i lie e l e v a t i o n  and  l o e a t i I n  ot t - ; l : i I  st - c t  mon ol t i t t  redesi g m - i ed in le t  gu ide  vane  is shown
iii  F icure 20 . am i d t h e  \t ’ e I i I I I i s  . I I t ~ ~ 5 -~-.’i te t i  in I em i l - es 2 1  th roug h  2~

) I he t a h n i e a t i o n
coordinates (‘or c ae hm se t t i oni  are t , i l - ’u l a t e d  i n I ah lc s  I V t i i r o u i . i h i  X I I  in n t l me Append ix .

U )  The perl ’ornma m m ee da ta  Iu i  t i t t ’ sc_ I a I t vane.  n u r i t m a l  sol idi t y  b a se l iui e retest w i t h  the
r ed esi izned in le t  izui i d e vane s are p re sente d  m m  I : ig ui - es 30 th ro uc h  35 . The inlet  guide
va ne and du t -t loss is sh oes n in I - i gure  3~ . . \ i r  to i l  suntae e sta t ic  pre ssure d is t r ibut ions
at root. m ean i  amid t ip  section -m s arc shosv n in Figur es 37 through 39.
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~~~i 
EXTENDED 1(P SECTION R 11. 125 IN .

- 
0.5 IN~~ I

10 

~
__ _ L. 

~~ 
— T1P SECT ION R 1O.625IN.

- 
- - 1- 4 T .SECT ION R 9.844 IN.

z
C.)

. — MEAN SECTION R 9.0625 IN.

~ 9 -

- - 114 R.iT ECT IO NR.8.281 1N,

ROOT SECTION R - 7.500 IN.

Q.5 IN~ I

7 .L ,J EX TE ~i D ED ROOT SECT ION R 7.000 IN

AXIAL LENG TH -
~~ INCHES

NOTE: SOL ID BOUNDARY DEFINES TURNING VANE A I R F L OW PATH

Figure 20 E levat i on al id Section Location of t ime Redcs~’ned Second V at ie  lu i l e t  Guide
Vane
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UNCLASSIFIE D

p3,20 , - - - H~~T DIMENSI ONS

NUMBERO F FOILS 4.0
DIAMETER 15.0000 IN
GAGING L 0214 1N

I PITCH 1.5708 IN
— 

~2.40 t - 
‘ - ~~~~~ - ‘ - A X I A L WIDTH 3.2500 IN

BLADE INLET ANGLE 50.00 DEG
LU : - GAS INLET ANGLE 90.00 DEG

- BLADE EXIT ANGLE 39.06 DEG
- GAS EXIT  AN GLE 43.06 DEG

- - - 
GAGING ANGLE 40.56 DEG

~ +1.60 k 
~

-
~~~~

- 

/ UNCOVE Fi EDTU RNING 8.20 DEG
- 

~~

-‘ -
~
‘.
~~ / PRINCIPAL AXIS —31.09 DEG

° ~
‘.
~.:::c:z~~ ,

I— - 
~

‘

~~~~~~ ‘.,_,/“ M E T A L  AR EA 0.1968 I N 2

w +0,80 -

- “\ 0 C.G. 1.7483 1.2100

I ~~~~~~~~~~~~~~ 
‘

‘
~ 

0 R A D I A L  R E F . 1 ,7483 1.2100

0.00 - ~-~~- “ ~~“~‘ _~~~~~~ GAGE 2.5142 0.8279
0.00 0.80 1.60 2.40 3.20

AXIAL COORDINATE INCHES

Figure 21 Redesi gned I n l e t  Guide Van e . Second Vane Cascade. Root Section

HOT DIMENSIONS

+2.40~~~ 
- 

NUMBER OF FOILS 4.0
- DIAMETER 1 5.7810 IN

- GAGING 1.1087 IN
- PITCH 1 .6526 IN

C.) AXIAL  WIDTH 3.2500IN
+1.60 - . _

~~~
_ ___-  B ADE INLET ANGLE 90 00 DEG

C~~S ’ NLETANGLE 90.00 DEG
LU ~~~~~~~~~~~~~ ‘ E ’ ..ADE EXIT ANGLE 40.35 DEG

~~ 

-

~~~~ 

0250

C C.G. 1.7469 0.8682
- I 

- 
0 RADIAL REF. 1.7483 1.2100

~ 

GAGE 2.4816 0.5~~5
0.00 0.80 1.60 2.40 3.20

AXIAL COO RDINATE “— INCHES

Figure 22 Rcdcsigac d I n l e t  Guid e “ane. Second Vane Thse ade . I ’ S  Root Section
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UNCLASSIFIED

HOT DIMENSIONS

•2.00 
- 

- ‘ - - 
NUMBER OF FOILS 4 0

I D IAMETER 16 5620 IN
GAGING 1.2102 IN
PIT CH 1. 7344 IN

- A X I A L  WIDTH 3.2500IN

7 ~1 .20 0 . ~ BLADE INLET ANGLE 90 00 DEC
/ GAS I N  LET ANGLE 9~ .00 DEG

/ BLADE EX IT  ANGLE 4 2.30 DEC
/ GAS E X I T  ANGLE 46.90 DEG

—
‘-

~~~~ 
/ GAGING ANGLE 44 25 DEG

0 / UNCOV ERE D T IJ R~~!NG 908 DEC
~~ +0,4~~- P R I N C I ? A L  AXIS  —26.78 DEC

- L. E. IIA DIU S 0.0250 IN
T . E . RADi US 0.O25OIN

—0 .40~ 
- - 

METAL AREA 0.1855 IN 2

I” 0 C, G. 1 .7356 0.5496
0 RADIAL  REF.  1 .7483 1.2100

GAGE 2.4540 0 2843

—1 20 --
0.00 080 1.60 2.40 3.20

AXIAL COORDINATE — INCHES

Figure 23 Rede signed I n le t  Guide \‘an c . Second Vane (‘ascade . I Root Section

+2.40 - - - - 
HOT DIMENSIONS

NUMBER OF FOILS 4.0
DIAMETE R 17.3430 IN
GAGING 1.3262 IN

— +1 .60 -~~~~ - -~~—~~~ —~~~~~- — - - --- _ - -  _
-— __ - -- . - ~~TCH 1.8162 IN

- ,‘ -X i A L  WIDTH 3 2500IN
3LADE INLET ANGLE 90.00 DEG

0 GAS INLET ANGLE 90.00 DEG
I  / BLADE EXIT  ANGLE 44.82 DEG

GAS EXIT  ANGLE 49.80 DEG
40.80 - ~~  - - -

/
- - - GAGING ANGLE 46.91 DEG

UNCOVERED TURN ING 9.30 DEC

-- - 

/ 
~~~~~~

, - - .
~ 

0 C. G. 1.7155 0.2492

~~~~~
‘
~~
“

~
‘ / :  

~
‘] <~ 0 RADIAL REF . 1. 7483 1.2100

— 0.80 ——-—- -—--- -  - -- -  - ‘~~~~~~~‘~~ ~‘ - GAGE 2.4321 0.0152
0.00 0.30 1 .60 2.40 3.20

AX IP~L COORDINATE — INCHES

Figure 24 Re L’signed [ m if ~ t (;uidc Van e , .Seco n d Va~ c ( aseadc - 3 ~ Root Section
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HOT OtME NSIONS

÷2 20 . - t ’J UML IL I1OF FOILS 4 0
DIAMETE R 18. 1250 IN.
GAGIN G 1 4 5 1 4 i N .
PITCH 1 .LO S O I N .
A X I A L  WIDTH 3 2500IN.

— - BLADE INLIT ANGLE 90 00 DEC.
+1.40’ - - . - - . GAS INLET ANGLE ~‘() I~ 0 DEG.

LU GLADE E X I T  ANG LE 47  L5 DEC.
0 GAS E X I T  AN GLE 5 3 0 0 DEG.

GA(~IGG ANGLE 4’J.O0 DEC.
/ UGCOVE RED TURNIN G 965  DEG.

PR INCIPAL AXI S — 22 19 DEC.

~~ +O.6Q~ - . - --— - L . E . FIAOIUS 0.02501N.
C.) T . E . R A D I U S  0.02501N.

METAL AREA 0.1736 IN.2

~ _0.20L~
_ 

- - ,
0 

-- T 0  C C .  
~
l .6g7l 0.0585

0 RADIAL REF. 1 .7483 1.2100
- 

- GAGE 2.4249 —0.2678

000 0.80 1 .60 2 4 0  320

AXIAL COORDINATE — INCHES

Figure 25 Redesi gned In l et  Guide Vane , Second Vane Cascade . Mean Section

HOT DIMENSIONS

- - - NUMBEROF FOILS 4.0
- DIAMETER 189062 IN.

U) 
- GAGING 1.5786 IN.

FITCH 1.9799 IN.
C.) 0 ~ i~~AL WIDTH 3 2500IN.

. b L A J E  INLET ANGLE 90 00 DEC.
+1.00~

—---- I ~~~~~~~~~~~~~~~~~~~~~~~~~ — GAS INLET ANGLE 90.00 DEC.

LU 
: BLADE EXIT  ANGLE 50.13 DEC.

I / GAS EXIT  ANGLE 56. 10 DEC.

/ ( AGING ANGLE 52.88 DEC.
/ ‘J NCOVE REO TURNING 10.41 DEC.

+O 2O~~~~~ — - 
- / PRINCIPAL AXIS --19.10 DEC.

- - / - 
L. E . R A D m U S  0 0250 IN.

C.) ~~~~~~~~~~~~~~~ - 

- 

1 .B .RADIUS  0.0250 IN.

~~ —0 60~ — - 

METAL AREA 01704 IN 2

C C .  1.6908 —0.3909

___________ 0 RADIAL REF. 1.7483 1.2100
- 

~~~~~~~~~~~~~~~~~~~ 
CAGE 2.4368 -0.5699

0.00 080 1.60 2.40 3.20

A X ’ AL COORDINATE INCHES

F i gL mr e 2G Redesi gned I m i l d Guide ~‘~ i1t’ , Sccouid \‘. - I . e  Cascade . I ’S  Tip Section
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UNCLASSIFI ED

HOT ~~~~~.~~I N ( IC~~iS

4 1 . 40

u N I J M I [ P OF F O I L S  4 .0
D I A M E T E R  19 68 74 I N .
GAGI NG 1. 7072 IN.
PITC h 2 .OG1 7 I N.

I A X I A L  ~‘ I L ) T I 1  3.2500 IN.
- - ‘ B LADE I N l E T  AN GLE 90.00 DEC.

I - / GAS INLET ANGL E 90.00 DEC.

w / BLADE EX:T  ANGLE 52.63 DEC.
/ CA S t  x : r  ANGLE • 58.90 DEC.

2 . ,/ CA r-c~ ANGLE 55 00 DEG.
- 

- . . uNc,UVEHE[) TURNIN G 11.26 DEC
PRIN C IPAL  AX IS  15.60 DEC.

0 ——- —-—--- 

- 
L . E . RA DIU S O.02501N. 

~~~~~~~~~~~~~~~~~~~~~ / M E T A L  A f lE A  ~~~~~: 
2

—1.00 -  - . . - -- - . . - - . 
X V

I 0 C C .  1 .6891 -0.7293

I— C RADIAL REF. 1.7483 1.2100

—1.80 ’ -— —— —----—- -.—

. 

— 

GAGE 2.4622 —0.8735

0.00 0.80 1 .60 2. 40 3.20

AXIAL COORDINATE INCHES

Figure 27 Red esigned I n l e t  Guide \ ‘a ne. Second Vane Cascade. ~~i ‘Fi p Section 

0 - HOT DIMENSIONS

N U M B E R OF F O I L S 4 .0
LU j DIAMETER 20.4687 IN.

GAGING 1 .83861N.
2 - PIT CH 2.1435 IN.

+0.40 / A X I A L  WIDTH 3.2500 IN.

/ NLADE INLET ANGLE 90.00 DEG.
I 

- . / ‘ A S  INLET ANGLE 90.00 DEG.

- ,‘ 3LA DE EXIT  ANGLE 55. 17 DEC.
/ ‘3AS EXIT ANGLE 61 .80 DEC.

~~ 040 - / GAGING ANGLE 59.07 DEC.
— - I / 

UNCOV ERE DTURN ING 11.84 DEC.
I / ‘hIN CIPAL AX IS  —12.08 DEC.

- L . E . R A D I U S  0.02501N.

~ ~1 20__5.5_ I~5~5 .-- TT 5 . ~~E T A L A R E A

C.G.  1.684 2 —1.0507

I C~ RADIAL REF. 1.7483 1.2100

_ 200 __________ 
- /J GAGE 2.4970 —1.1620

0.00 0.8C 1 .60 2. 40 3.20

AXIA l . CO OF~DINA TE INCHES

Fieur e 28 Red~si gIt ed I let Gu i de  Vane .  Second V; .1 ‘ (‘a~cadc . 3 5 l i1’ Section
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HOT DIMENSIONS

+1.36 r 
- NUMBER OF FOILS 4.0

0 . DIAMETER 21.2 SOOI N .
LU GAGING 1.9724 IN . 

PITCH 2.2253 IN.
2 I AXIAL  WI DTH - 3.25001 N .

BLADE INLET ANGLE 90.00 DEC.
+0.56 i— - —— . -  

GAS INLET ANGLE 90.00 DEC.

/ BLADE EXIT  ANGLE 57.79 DEG.
/ GAS EXIT ANGLE 64.89 DEC.

/ GAGING ANGLE 62.42 DEG.

/ UNCOVERED TURNING 12. 14 DEC.
0 - / - PRINCIPAL AXIS — 8.65 DEG.

~~ 
—0.24 r - ‘—-5— 

/ L. E. RADIUS 0.0250 IN .
—~ I / T . E . RADIUS 0.0250 IN.

I / METAL AREA 0. 1654 IN .2

2

~~~-1.04 - -- - - - - -  / ._ . . _  X V

_________ 
0 C. G .  1 .6735 —1 .3508

C RADIAL REF. 1 .7483 1.2100

1 ~~~~~~ 

.,,...J GAGE 2.5401 —1. 4311

0.00 0.80 1 .60 2.40 3.20

AXIAL ‘~OORDIN ATE INCHES

Fi g t mre .~9 Re~.csigned In le t  Guide Vane.  Second Va ~e Cascade . Tip Section
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Figure 36 inlet  Duct Loss Versus i’ercen it Radial  Spun—Second Vane Baseline ~V i th
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Figure 37 Static-to-Tot al Pr esst nre Ra t io  \ ersI !~ P eree l. ’ of A\ ia l  ( hord . Second Vane
Baseli n e Wit ’1 Redesi gned In le t  Guide Vanes - Root See tmon
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.- \n ia lvsis of t l n k  j a t . n  i f l h i I e . I I L ’Ii t h at e \eessl \  e u i i e l  h o u n n d a r v  i 1 ) ~~5L ’~ ~~~~~~~~ I 1 l I / ’ r ; I t I I t / ~

in t o  t h e te~l p s~age (line to oin ! ’sn d e  dn : n n e l i .’ r corner b ou ndar y  l a y e r  Sep:I t~i t I o I n  an d see—
on d ar v  f low c n n  re n t - . w n t h in  n i le  m ien  !ln dL ’ vane  ch an nel - .. I i n ns  can be Li . . ’ar l v  seen OI l

the  t o t a l  p r ess n n re  loss c on t o u r  nn ap - .  I 1- n g t n r e  31 ) 1,  \ V ) li . ’! e p ocket s  01 lar ge I~~-.es are seen

at t he out side p o r t ionn  of t in e  nc - . n  a i r l o i l  C l h n I i I i e l .  l o  L I / H e e l  t h i s . b o u n i d . I r ~ ave r bleed
sl o t - .  were cut  111 ) 1) t I n e  i n l e t  tHI ILI L ’ ‘~ .me pack iIl ~nde —dI : uk ’ter and o u t - . i dc— d i . Inne t e r  wa l ls.
The slots were cu t  close tel the  i n le t  gu ide  vane .  a h / I l  the  l u l l  l e n i e t h  of t l n e  cInt ~rd . on
t he a c u t e  angle ‘- ide of the  p.t- .- .a~.i -e . I n i l  ia i l ~ . a 0.1 2~ i n ch \\ ni le slot was cut  at  the out—
side—d ia n n ere r .  and a 0.0~)4 I n I c i I  slot at  t ine in s id e—diamete r .

( U FinN baseline second va n e  e~I - . e I n d e .  w i t h  t i n e  r e de s len e d  in le t  c - und e  vanes and the
bou ndary lay er  bleeds was lesn ~ d in t h e  a n n u l a r  se g nn n en t  cascade. Tine pe r f o rm an ce
(lata is presented in I : ig tn r L .s 4U th rou g h  4~ - I he in le t  duct  loss w i t h  t i n e  b oundar y layer
bleeds is indicated in Figure 4(1. I l ie a i r f o i l  s u n I  ace ~~~a 1 I e s  are s l IO\ ~ Ii il l I i g i n r e s  47
through 49 . .-\ ni a lv si s  of th is  da ta  w i th  t ine  boundar y l ay e r  bleeds showed significant  im-
provement of the  pressure loss contours at t i l e  e n d — w a l l s . espec~a lIv at the t ip  section.
The cascade was free of in le t  guide  vane wak es  and end-wal l  losses over all  of the Spain
wi th  the e x cep t i o n  of a small  rc ion at l i i i ’ ins ide d i a m e t e r  wall , wh ich  had a sl ight  dis—
tur ban ce.  Fur thermore , oil and ~‘r up hi t e  flow v i s i n a l i / a t i o n i  tests were made on the test
airfoi ls  and these are shown in 1- i g i nre s  50 th r o l ng ln 53. These ind i ca te  a t t a ched  flow over
t ine a i rfoi l  wi th  some radial  inf lo w at t he en c lw a li s .

(U A photograph of the  p a t t e r n s  on the  in le t  guide vane suct ion surface is shown in
Figure 54. It  can be observed fronn th i s  p hotograph tha t  there was a s t rong tendeiicy
for radia l flow toward th e  Need slot s along t i n e  eu i i 1 e vanes. Con sequ entI ~_ - . a program
to minimize  the boundar y  lay er  bleed slots , in order to m a i n t a i n  t i l e  lowest bleed flow
and still  prevent the acc um L. n l at i on of losses due to tine inlet  duet boundar y layer separa-
tion. ~ as undertaken.

I U )  As a result o, this pr ogram. it ~ as fo tn n d t h a t  tine o i i i . i de  d iameter  boundary  layer
bleeds Lould he re -.luc ed from 0.1 2~ to 0.047 inch in ~vi it~n and st i l l  prevent inlet  duct
b oundar  lay er  ci - - L t s  on t he test airfoi ls .  Tine insid e d iamete r  slots wen ’e not chan ged.
Tile per f orm an ce t u tu  of tine b aseline cascad e w I t h  these “O pt in l n i inn ’’ bleeds are shown
in Figures 55 t inro n g h (-10. The inle t  guide vane  and dtnc ~ loss wi th  tIne o p t i n n u m  bleeds
is shown in Figur e (~l - Anal y s i s  of t lnes e da t a  innd ica t ed  a sh i f t  of th e baseline loss coef-
ficie n ts to a sl ig h t l - . lo~~er level , compare d to t ine  or igin al  baseline data w i t h o u t  bleeds.
Ex t reme l y  thorou -. ’in checks of ’ hardware .  in s t t ’ un n nen ta t i c r  u n n d data  diii ilot resolve the
data sh i f t .  To ~-ertf ~ the accuracy of ’ t ine o p i j i n i n n i  h ieeu t est.  t h is test W as  rerun and
the lower loss ievc \-.,a s repeated , The reason f o r  t ine lower loss level s pr obably due to
a lower tu r b u lence  i n t e n s i t y  of t ine  f low as seen by t ine t ..- st a i rfoi l :  t h is lower turbulence
result ing from th e ni ee ding of in le t  bound ary layer.
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(U) An inlet screen was then installed in the cascade in order to restore a more realistic
turbulence i in tensi ty  !.~vel. The performance data of t lne b is e l ine  ai rfoi l  wi th  the screen
and op t imum boun~ arv lay er bleeds are shown in Ficures (~2 through 67. it  is impor tant
to note that  the loss level (0.03 2 (t ) dupl ica ted  tIne i n i t i a l  baseli ne value (0,034) with in
exper imental  accur a -y (± 0.003). Oil a ind graphi te  flow v sual iz at io n  tests on these air-
foils shown in FiguR s (~8 and 69 , indicate d u n i for m nn . innse p ar ated flow. Base d on these
results , t ine  reco nto i ic d airfoi l , contoured em nd-w al l  and r~cann bered airfoi l  cascade
packs were test ed ~‘. i t h  t i ne screen in the in le t ,  A f t e r  t h es e  tests , th e  b a seline evaluat ion
was repeated in orde to verif y t ine i m nte g r i ty  of thes e test s. T in e pc’r t o rma nce  data of
the repeated t ests are sinowin in Fig nnre .s ~0 th ron ch 7~ . Ti- - ’ a i r f o i l  surf ,Ice s t a t i c  pres-
sures are shown it i  hgures 7~ through 7~ . am i d t ine  flo~t i’ l i , ; n t i o n  ph oto gr ap in s  in
l i ll lnres  “~~~ ~~~ so. r i le repeated i ase i ine tests  ( overal l  io .~ cod i e m e n t  of 0.0349)
verified tine prev ious baseline (overall loss coeff ic i ent  of (r~ 326 ) very closely.
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1 ) Turbine a i r f o i ls  are , as we know , ver y sen sit ive to the location of b oundary  layer
t r ans i t ion .  ~ ii ic l i  in t u r n  is si r oi iol v a l i ec te d  by th e in le t  cond it  ions . A eoud c\amplc
is see n by the h u m p  at the  mi d spa n a i r f o i l  less coe f f i c i en t  in a l l  t h e  d a t ~i _ rI.~1;Irdlc sS ol
t he end—w a l l  t rea t  n ie n t .  1 he c o m bina t i on  of the  type of in le t  eoid e vane ,  inle t  duct
geometr y  and in le t  tu rbulence  tr i ~~ered th e t r ans i t i on  ear l i er  in th e  middle oh the air—
toi l  th a n  any where  else. causing losses to be s l i gh t l y  lug hi er there . I Jowcver ~ Since th is
feature  con siste n t lv  reappeared in all  the remain in g  da ta ,  and since even the  highest
mid spa n loss c oc l t i c i c i i t  level wa -I comp arable  to the design value for the  second vane . 

- 

- —

iio fur ther  note was taken of I Ii is flow behavior.

( U )  Even though the remainder  of th i s  progra m concentrates on end losses ra ther  than
profi le losses , it was felt t h at  the !tlIJst reli able data would be obta ined from the closest
simulat ion of turb ine  condi t ions  in an en g ine.  Ther efore , all of our experience indicates
that  these actual  conditions were met wi th  the  redesigned inlet  guide vane which set
the proper test airfoil  condi t ions , the opt imi z ed boundary layer bleeds which minimized
the effect of the inlet  boundar y  layer effects , and the  inlet  screen which main ta ins
engine—type turbulence  in tens i ty .  Therefore , the effects of a i r fo i l  recon t ourm g .  end—
wall recontouring and airfoil  rec ambering were invest i gated wi th  the redesigned inlet
guide vane , o p t i m u m  boundary layer bleed and an inlet  screen.

6. RECONTOU RED AIRFOILS

(U) One method of r cducin ~ the end wall losses that  was inve sti ~ated was local recon-
tourin g of the baseline second vane airfoil .  The airfoi l  sur face s ta t ic  pressure gradient
over the leading portion was reduced in order to decrease the loading at  the airfoil
leading edge , while keep ing the overall loading constant. A comparison of the base-
line root and t ip  airfoil  profiles wi th  the recontour e rl profiles , along w i th  th e  predicted
airfoil  surface stat ic  pressure dis t r ibut ions  is shown i~ Figures 81 and 82, These root
and t ip  recont iured sections were faired into the exk t i n g  nii dsp an contour at up proxi-
mately ti le 25 and 75 percent span locations. These c~ianges are in t ended to delay the
onset of stron~ secondary flow in the  upstream portion of the channel  and thereby,
to reduce the t o t a l  accumulat ion of losses near the ~ ~‘foil suction surface corners.

(U )  The eleva~ ion of the recontoured second vane i-z shown in Figure 83, and the pro-
files of tile airL’~l section are presented in Figures 8-4 through 91. The fabricat ion co-
ordin ates for ej eh airfoil  profile are tabulated in Tabks X I I I  through XX of the Appen-
dix.
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CONTINUATION OF FA IRING OF GIVEN SECTIONS
TO R= 11.945 end R=7.O iNCHES

~~
- 0.908 IN. —

~~~~ ________

f 11. 445 I N R T~POE FINING SECTION GG

~~1~~ 
11 .41 I N . R T I P SECTION HH

1
11.0 2 IN . A 10.86 IN. R FILLET SECT ION EE

7
10.46 IN. R 1/4 TIP SECTION 00

—
~~ *- O.194 IN.

9.4725 IN. A MEAN SECTION CC

8.4863 IN. R 1/4 ROOT SECTIC N BB

I T 7.6t IN. R ROOT FILLET SECTION AA
-I— 0.832 “1”

~~ 7.50 IN. A ROOT SECTION FF

Figure 83 Elevation end Section Location of the Recamt ’ered and Recontoured Second
Vane Airfoils 
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A X I A L  WIL. I H 0.8320 IN.
.0.04 — — — —— - - — — -. -. —----————---—‘ BLADE INLET ANGL E 37 .33 DEG.

GAS INLET ANGLE 37.3~ DEG.
B LADE EXIT ANGLE 30.57 DEG.

- GAS E X I T  ANGLE 30.57 DEG.
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I UNCOVERED TU RNING 20.09 DEG.
PRINCIPAL AXIS —17.16 DEG.

—‘ —0.36 1 .
~~~~~  

__. L E. RADIUS 0.0175 IN.
5 - 1. E. RADIUS 0.0100 IN.

METALAREA 0.092OIN.~

2 0 c .o . 0.4301 —0.3316

—0 .76 ___________ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

0 RA DIAL REF . ::~—0.20 +0.20 +0.60 +1.00

AXIAL COORDINATE — INCHES

Figure 84 Recontoured Second Vane , Root Section (FF)
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— - - - 
GAS II LET ANGLE 38.00 DEG.

I BLAD’ EXIT ANG LE 30,02 DEG.
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GAG I” 4 G ANGLE 29.54 DEG.

o UNCC ’~~REO TURNING 18.25 DEG.
PRINCIPAL AXIS —19.33 DEG.

—‘ ] L . E . IIA DIUS 0.01851N.
4 —0.36 --- ——— — -~~‘ -—~~~ - T. E . R ~~DIUS 0.OIOOI N.

META l AREA 0.0950 iN.2

O C . G .  v.4125
. .. 0 RA DIAL REF. 0.4301 —0.3316

—0 76 - .~ ~~~~~~~~~~~~~~~ 
G A E  0.5916 —0.3820

—0.20 10 20 +0.60 +1 .00

AXIAL CO OR D~~ATE -
~~ INCHES

Fi gure 85 Recontoured Second Vane . Rooi I l l I e t  Section (AM
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~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-
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‘
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X 
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0 C. G. 0.3464 —3.4008
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—0.80 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ GAGE 0.5419 —0.3982
—0.20 +0.20 +0.60 - +1.00
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Figure 86 Recontour ed Second Vane , I~ Root Section (BB )
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r
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______ ______ 
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_____ _____ 1 GAGING 0.3115 IN.
— PITCH 0.7440 IN.

AXIA L  WIDTH 0.8810 IN.

LU 0.00 ...~~~ . - - . _____-— BLADe INLET ANGLE 50.50 DEG.
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— —  - GA G U I.~ ANGLE 24 .75 DEG.
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I - 
- 
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—0.40 _ _ .L_
.... ~ - L. E. RADI US 0.0250 IN.

_ _ _ _ _  

0 3086 

o n

ri~~~ - ’~’~ 0 AD IAL REF. 0.4301 —0.3316

—0 80 —___________ I 
_____

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

‘ “2~”~~ GAGE 04937 —04080—0.20 0.00 +0. 20 +0 40 ~0.6O ~O.80 +1.00
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Figure 87 Recont oure d Second Vane. MCaI T Section t C(’)
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I HOT DIMENSIONS

NUMBER OF FOILS 80.00
DIAMETER 20.9200 IN.
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-

— I PITCH 0.8215 IN.
— A X I A L  WIDTH 0,9055 IN.

0.00 
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c~~-0.4O ----— -- — ——--- - .- - - — - - - L . E .  RADIUS 0.0275 IN.
I—. T. E. RADIUS 0.0100 IN. 22 I METAL AREA 0.1166 IN.

X Y
I 
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•i.. . , .. 0 RADIAL REF . 0.4301 —0.3316
080 

+0.20 ~~~~~~ 
GAGE 0.4425 _o.4034
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Figure 88 Recontoured Second Vane , .4 Ti p Section (DD )
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/ / BLADE EXIT ANGLE 23.25 QEG.
/ G\ .~ E X I TA N G L E  23.26 DEG.

-0 40 

~~~~~ E iii 
______  

-
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I ~~ 
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—0.80 __________ ____ - ..~~~ 
‘
~

-
~~~~

‘
~~

--‘ - L GAGE 0.4248 —0.3980

—0.40 0.00 
— 

40. 40 +0.80
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Fi gure 89 Reconto ur ed Second Vane , F l ~~t Sect io n (F E )
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0.00 ~~~~~~~~~~ ~
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—0.80 _______________ .._~~~~ GAGE 0.4061 —0.3857
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Figure 90 Recontoured Second Vane , Tip Section (HI-I )
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- I BLADE EXIT ANGLE 22.57 BEG. 

- - --

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

- 

UNC OVERED TURNING ~ ? ~ :
PRIr ~CIPAL AXIS —44.55 DEG.

—0.40 
~~~~~~~~~~ 

- 
- 

~~ 

0.0275

METAL AREA 0.1438 IN. 2

I ~~~~~ 0 C.G. 0.2813 —0.3210

I ~~~~~~~~~~~~~~~~~~~~~~~~~ 0 FIAD IAL REF. 0.4301 —0.3316

—0 80 ______ _____ —— —— ~~~~~~~~~ - ~~~ GAGE 0 4050 —0 3849
—0. 40 000 +0.40 +0.80
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Figure 9 Rccon t oured Second Vane , Tip D~ i I n i n g  Sect ion (GG)
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Figure 98 Comparison of Recontour ed Airfoil Spanwise Loss Coeff icient Distr ibution
with Baseline Values

(U )  The measured exit flow angles were almost  ident ica l  to th e  baseline values at the
root section.  whi le  there  was all increa se in u n d e r t u r n i n g  at t i le t i p  sec t ion.  There was
no flow separ . flon on ei ther  the airfoi ls , or at ti le end-wall  extensions.  The blow visual-
ization test p 1 otographs (shown in Figures 99 and 1 00) verif th i s conclusion.

(U) The airfoi l  surf ace sta t ic pressure dis t ribu t ions a re shown in Fi gur es 101 through
103 at the roc 1. mean and t ip  sections. Tne root SeetiOi l is unloaded and the  t ip  section
is .s l ight ly 1110! C highl y loaded than  ti le indicate d design predicted values. The reason
I’or this was explained previously in Section ii.
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Recontoured Airfoi ls  ~\ i t h  Redesign ed In le t  Gu ide Vanes.  Op t i n iu n i  Boundary

Layer Bleeds and Inlet Scre en—Tip Section

7. END WALL CU\ FOUR 1NG

U ) Another  b ound ary  layer contro l  method tested was end -~ all  c o n t o u r i n g .  The in-
t e n t  of ’ th i s  (les’en was to reduce the  local airfo il  load in ~ . an d  c onseq t l en t l \  t he  secondary
flow losscs . wi hout  causing any appreciable  di~.tur ba nc e  Ic th e  blow at  o t he r  sectiO ll S
of the  airfoi l  or downstrea m of t I le  a i r fo i l  row. Secondary flows occur wh en the  mo-
m e n t u m  of the  fluid near an end—wal l  has been reduced to a p oint  where it can 1)0 longer
w i t h s t a n d  the  pre s sure—to— suction su r f ace  pressure gr ad ien t  i I l l I l r essc d  by the  potent i a l
b low. An a t t empt  was made to reduce the dr iving press ure gr a dien t  forces vi a a suit-
ab le end-w a ll  d :sign.

I L )  Th e desi gn of t h e  end—wal l  co n tour  was ba sed on t ~ o c o n l p u t a t  i cns . The i ’ir st was
t he c a l c u l a t i o n  If the  pressure d k l r i h u t i o n  al’oliI ) d an a i r f o i l  Ol t I l L ’ desired p r o t i l e  on

pla Il e su r t a ce .  l i l l s  pr ogr ail l  a l lows s t r e a t r i t u b . . heig ht  \ a r i . I t l c n s .  bu t  i’~ n O t  .ib le to
account  for ru.! i Pres sure gr a ( l ien t ~ . 1 he second \\ .1’ t i l e  U l c u l a t I o I l  ‘I t he  .1 \ i s~i. I l l —
metr i c .  i m i t r a b l a  I _ ~ flo w b ehavior.  l i l L ’ g i l l d e ! i n c s  e s t . i h i m ~hc~t d I I n I  t h e  des ign re quired
t h at  t i l e  eI l d —W ~. i!  con tour  111(1st d e L r c . I S U  t i le  loLa1 , M I t L l I I  l o ad ing .  n h I I ~ t n ot  U . i ( I ’ U ’ s ep. i r , i—
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l ion O i l  the  e n d — w a l l . 1111151 n ot  cause j l i  I ICIea se  of pos i t ive  I I I U i d e l l e e  by lucr e  1 1 1am ) S
dem.~ree.s. and i ih is l  not l l ) L r ease  t l ie  a l l  erse pres su re ~‘r , ld m e n I on t i l e  u I I l c t ) ve r e d  port  iofl
of t h e  , i m r l o i l  s ( i e t iu I l  sI.i rLit .’e. I - J e l l  LI I  the se could be sepa r u t e ! \  c s t i n i a t e d  b~ t i le  app li —
cat ion of t h e  two a~ a m l aN e procedur es , a l t  b ough correct sol L it  IL )  n Ja a gen u ine  t !mre e —
di mensional  calcu Li t i L l ! )  Is not yet pos sible.

(U )  The best and f imma l  contour  S~~I S one w i t h  sinusoid al  inlet  and ex i t  wal l  height  dis—
t r i bu t i o i l  . hav ing  t lie leadin g and t r a i l i n g  edges in t e r s ec t i ng  at I he in fleet ion points.
The end—wall  contours I’or both tile inner  and outer  wa l ls of tile second vane  a i r f o i l
are shown in Hgui es  104 and I OS . [he ins ide—diameter  ~va ll contour  ~vaS the  one that
was ac tua l l y  desi gned , and t i le  ou t s ide—diam e te r  v, a l l  con tour  ~ as sca led tr omii  t i le i ll Si d e—
dI ameter  wall design.  The design st t i& l  i L’s in dica  ted t h a t  t i l L ’ e n d — w a i l  c o n t o u r i n g  using

depths  large enough  to produ ce a s i g n i f i c a n t  r e d u c t i o n  i l l  t i le  t a n g e n t i a l  Iwessure d i f f e r-
ence should not be accomplished by new contours contained coln l ) le t e iy  w i th in  the air-
foil row. :\iso . t i le  most acceptable  contour  was one designed to counterac t  t i le  airfoil
blockage effects  b inc rea s in g  the a n n u l u s  area il l t h e  leading edge region. l i l e  i l I l et
and exi t  sections were connected by a con sta n t area secti Oil st : ir t i l l g at  approx im ate ly
24 percent of ’ axia l  chord and ending  at  app ro x i l i l a t e l y 76 percent of ax ia l  chord. The
actual m an u f a c t u r e d  contour  is also indicated in these figures , and deviat ions from the
design contour are noted.

(U) The per formance data for this  a irfoi l  are shown in Figures 106 through 1 1 1 .  TheSe
plots are of the same paramet er  as those shown for the previous tests. Tile data  in these
figures is presented at a midspan exit  Mach numb er  of 0.843 , the value nearest  ti le design
point .  Data were also taken  at nl id~pan ex i t  M acIl  numbers  of 0. 71) and O. t) SS. Analysis
of the desi gn p oint  data  ind ica te s  t h a t  there  was a negli gible increase in loss level at the
root section , am i d a large increase iii  loss coet iieieim t at  the t ip  section. as coniparcd to
the baseline ~aiu es .  The spanwise in tegra ted  value from the  nl i d sp an to tile inside-diameter
wal l was 0.0374. and Irom the nli dsp an to the outside-diameter  wall was 0.0482. The
corre spondin u baselin e values were 0.0353 and 0.0345. respectivel y. The overall into-
grated spanwi C lUs~ c o e f f i c i e n t  for the  end-wall  contoured a i r fo i l  was 0.0428. as coin-
pared to 0.03. - ‘.~ for  t h e  basel ine te sts .  A comp ar is ion plot of the spanwi se loss coefficient
for both the  ‘lu -wall  contoured ,  and the  b aseline , is shown hi r :ig ,mre 112.  Tile loss
coefficient showed .i decrease of loss w i t h  Mac il nun lb e r . ti le values  decr easing from
0.0444 to 0.O~ S6. as Mach number  decreased from 0.79 to 0.98S . This eff ect is most ly
due lo an m c i  case in Re~ noIds Number  as exp la ined  in Part 3 above.

(U) Tile span ’I~i .~e integrated exit  gas flow angle (Figure 107) indicated a large und t ~r-
turning at th e root and ti p sections . Flow visual i zat ion photographs of this test a r -
shown in Figures 113 and 114.

(U Tile a i r f e i l  surface s t a t i c  pres sure d i s t r i b u t i o n s  are shown in Figures 11 5  through
117 ~it the roe t. I l leall  an d t ip  sections.  t h e  pre dicted cur~cs shown on the se  plots are
those for tile b a se l ine  a i r fo i l  and not for t h e  contoured en( 1-~~ all  con l i gu r at i on . As pre-
viously not ed.  t i le t i p  section wai l  was not specil ’ically designed.  E nd—wall  con tou r ing
t ech i l i ques  ma wel l succeed Wilen th r ee— d i i l l en s ioua i  I n e t i l o L l s  l ) r  p o t e n t i a l  f low and
boundary  iay e ~a icu I a t i on s  are avai lable .
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U N C L A S S I F I E D

S. R L ( ’ A M Ui -  RE1 ) Al RFOI LS

U l iie f i n a l  hon m i d arv  lay er  L- ofl t  rol t L’Ll l  m i i q u e  tested ~ as t he  loc , i l l  v reca mn he rcd sc eo mm d
va ne air f o i l .  Local rL ’camu ber i i i t t .  tO rL ’I.Iu ce secoiidar ~ losses at I lie root and t i p  sect ions
oI the  seco mmd ane .  requi red  a s t r e a i n l i m i e  a i ia l ys is ul  t i m e  en t i r e  s t m .md t u r b i n e .  1 he im l ie t
a i r t u t i  a l i g l es we re  held c I l m i s t a n t  to a l low t li e use of t I le  same in le t  h a rdw are .  1 lie t ip
sect ion ~ as closed or reduced by 5 degrees , wh ile t he  root se ct i o n  was opened or in-
creased by 5 degrees. lh i s  t e c l i i i i que  was used since (lie ends beh ave essen t ia l ly  m dc—
pen den t lv  01 one ano the r ,  i h e  camber changes were t hen c u r v e d — I m m i e — t a i r e d  i n to  the
or i g ina l  camber  at  the  25 and 75 percent span sections as rep orted in t ime Reference 3

Repor t .  ih e  st r eaml im i e  analy sis  ind ica ted  t h a t , in order to m a i n t a i n  t u e  sam e stage
work and react ion level. ( lie second stage blade would have to be opened by increasing
t he e x i t  gas ang ie by 0.5 degree across th e  Span.

(U) Comparison plots wi th  baseline airfoils at the root and tip section are shown in
Figures 118 and 119 . The elevation of the recamber ed airfoil  w i th  the reference see—
ti OIms  are shown in Figure 83 and t im e section profiles are presented in Figures 1 20
through 1 27 .

U )  The performance data for the recan ib ered airfoi l s are g iven in Figures 1 28 through
133. I llis da ta  is shown at a mid span exit  Macl i number  of 0.880. Data ~ crc a l so ta k en

at Mach num b ers  of 0.82 3 and 1.033. The resu l t ing  sp am iwi s e loss coeff icients  are com-
pared w i t h  the baseline values in Figure 134 at ti le desi gn Macli number .

(U )  The overall  in te gra ted  loss coeff ic ient  for the  recambered ai r fo i l  was 0.0329 as
compared to 0.0349 lor the  hase l imie value.  The root sec ti omi showed a si gm i i fi cam it reduc-
tion (0.0286 versus 0.0353) . while the t ip  section indicated a she l it  increase (0 .0372
versu s 0.0345 . co m pared to baseline values. Flow visua l i i .a t i oi i  photogr aphs of these
airfoils are shown in Figures 135 and 136. The measured h o w  angles at the t ip  section
indica te  a t tached flow wi th  only a s l i g ht  u n d e r t u r n i m ~ f ro m t h e desi gn values .  The root
section da ta  indicate  a large increase im i u n d e r t u r n i n g  ov er base l ine va l ues, but  .hcre is
110 ind i ca t i on  of flow separation 0m m t ime f low visu a i iz ~ .i ,n photogr aphs.

(U ) Airf ’oil surface s ta t ic  pressure distr i butions are sh~~wn in Figure s 137 through 139.
The predicted curv e l’or the recambered air foil sectio ;. is also shown. T h e  same corn-
nients apply to these data  as in prev ious discussions 0r airfoil  surface static pressures.

(U )  It is espec ially c o m f o r t i n g  tha t  a l l  the observed r~su l (s of th is  t e s t  are in complete
accord w i t h  reasonable  exp e c ta t ions .  In  short , t i le  ap 1’Ilica tio n of this  m et h od to tu rbine
design should offer no special d i l ’l i cu hi t ies .
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U N C L A S S I F I E D

- 
HOT DIMENSIONS

(“1 NuMB ER OF FOILS 80.00
- DIAMETER 15.0000 IN

CJ I GAG ING 0.3319 IN
PITCH 0.5890 IN
AX I /~L WIDTH O.8320 iN

w +~ .24 . . - BLADE INLET ANGLE 37.33 DEC
GAS INLET ANGLE 37 .33 DEG
BLADE EXIT AN GLE 35.57 DEG
GAS E X I T  A N G L E 35.57 DEC

D GAGING ANGLE 34.29 DEC
UNCOVERED TURNING 17.29 DEG
PRINCIPAL AXIS —22.84 OEG

c
~ 

—0.16 ~~~~~~~—.—-— - - — . L. E. RADIUS 0.0175 IN
I— - T. E. R A D I US 0.0100 IN

- METAL AREA 0.0999 IN2

0 C. G .  0.4125 —0.3248
0 R A D I A L R E F .  4125

0.00 0.40 0.80 1.20

AXIA l . COORD INATE — I NCHES

Figure I 20 Recamilbere d Second Vam ie , Root Section (FF)

H OT D I M E NSION S

+0.64 -
~~~~~ J f T ~~~~~~~~~~~~~ N U M B E R  OF F O I L S 80.00

DIAM ETER 15.3000 IN
GAGING 0.3247 IN

— I PITCH 0.6008 IN
X I A L  WIDTH 0.8357 IN

+0 24 ~~~~
— - -—- -— - -- -

~~~
- —. —-- .  - - .. BLA DE INLET ANGLE 37 .73 DEC

- 
( A S I N L E T ANGLE 38.00 DEC

- _~~DE EXIT ANGLE 33.88 DEC
- (A S  EXIT ANGLE 33.88 DEG

/2 CAGING ANGLE 32. 71 DE C
//- - ~ N C O V E R E D  T U R N I N G 16.03 DEG.-~ —0.16 1 / / . - - - - -  F ’T NCIPAL AXIS —23.51 DEC

7 / L C. RADIUS 0.0185 IN
cN ~~~~~ / r~~~-’—------ 

~~~~~~~~ 
T. E. RA DIUS 0.0100 IN 

- _,:.Gi~i 
M E T A L  AR EA 0. 1009 IN 2

— _____ _ L _ __ _~~~~~~__ _~~~ . ____ 

‘) C. G. 0.3996 —0.3394
~~ 0.56 

0.00 +0 .40 +0 .80 fl .20 ~ R A D I A L  REF.  0.4 125 -0 .3248

AXIAL COORDINATE ‘HNCHES 3AGE 0.5766 —0.3563

FIi ~ur e 1 21 Reca mbere th  Second V ,~ne , Root , 11ct  Sect ion ( AM
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UNCLASSIFIED

+0.60 — - - - -- - — - - HOT DIMENSIONS

NUMBEH OF FOILS 80.00
U.S DIAMETER 16.9 726 IN

GAGING 0.3033 I N
PITCH 0.6665 IN
AXIAL  WIDTH 0.8565 IN

w +0.20 — n —  H BLADE 1NLET ANGLE 42. 10 DEC
GA S INLETANGLE 42. 10 DEC

- B L A D E  E X I T  AN G LE 27 . 17 DEC
GAS E X I T  ANGLE 27.17 )EG 
GAGING ANGLE 27 .07 DEC
UNCOVERED TURNING 12.00 DEG
PRINCIPAL AXIS —29.78 DEG

—_____ 
- - -  - ——----

~ 
L. E. RADIUS 0.0225 IN

I-. T. E . RADIUS 0.0100 iN
METAL AREA 0.1068 IN2

0 C. G. 0 3464 —0.4008
O RADIAL REF 04125 —0 3248

—0.40 0.00 +0.40 +0.80
AXIAL COORD INATE INCHES

Figure I 22 Recambered Second Vane , 1/4 Root Section (BB)

40.40 
~~~~~~~~~~~~ HOT DIMENSIONS

C,,
NUMBER OF FOILS 80.00

C.) DIAMETER 18.9450 IN
GAGING 0.3115 IN

I PITCH 0 7440 IN
I I AXIAL WIDTH 0.8810 IN

m— 0.00 - -----1— —------ - -——— — 
~~~~~

—i BL ’\DE I N L E T  AN GL E 50.50 DEG
- 

GAS I N L E T  AN G LE 50.50 DEG
- BL WE EXIT ANGLE 24 .58 DEC
- 

GA: 1 X IT ANGLE 24.58 DEG
GA I~JG ANGLE 24.75 DEG

C.) UNI~OVERE D TURNING 10.67 DEG
..J 0 PRI IICIPAL AXIS —39.90 DEC

~~ —O. 40 ~~~~
———

~~~~ 
—._ - - _.-—— -~ L. E.RAD IUS 0.0250 IN

T. E. RADIUS 0.0100 IN
U.S M E IA L A R E A  0.1117 IN2

I X V

-~~~~ - 
0 C. 0.3086 -0.4308

-
~~ 0 I,.A DIA L REF. 0.4125 —0.3248

—0.80 _________________________ ~~~~~~ — —-- 4 ( ~ 3E 0.4937 —0.4080

—0.20 +0.20 4-0.60 +1.00

AXIAL C O O R D I N A T E  INCHES

Figure J ~3 Rec a rnh cr cd Second Vane . Mc ii Section (CC)
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U N C L A S S i F ED

+0.40 — - —  — -— -- - - - HOT DIMENSIONS

C,) NUMBER OF FO1LS 80.00
DIAMETER 20.9200 IN
GAGING 0.3307 IN
PITCH 0.8215 IN
A X I A L  WIDTH 0.9055 IN

~~ 0.00 — —— i 
-- —---- - - - -  B LADE INLET ANGLE 57 .41 DEG

GAS INLET ANGLE 57 .40 DEG
B LADE EXIT  ANGLE 23.60 DEG
G A S E X I T A N G L E  23,ôO DEC
GAGING ANGLE 23.74 DEC
UNCOVERED TURNING 9.81 DEC
PRIN CIPAL AXIS  —43.79 DEC

~~-0 40 - . ~~~~~ 
L. E. RADIUS 0.0275 IN

- T. 8. RADIUS 0.0100 IN
METAL AREA 0.1166 IN2

0 C.G. 0,269 1 —0.4297
- - . . ~ 0 RADIAL REF. 0.4125 —0.3248

—0 80 ..— 
~~~~~~~~~ 

- ---~~~~.. GAGE 0.4425 —0.4034
—0.20 +0.20 ÷0.60 +1.00

AXIAL COORDINATE INCHES

Figure I 24 R ecamnbere d Second Vane . 1/4 Tip Section (DD)

HOT DIMENSIONS

- NUMBER OF FOILS 80.00
// DIAMETER 21.7200 IN

- G A G I N G  0.320 1 IN

7/ PITCH 0.8529 IN

I I / /  AXIAL  WIDTH 0.9155 IN
o.oo —~

—- -
~~~

-——— ——
~~~

——- - --- /1. -. - RLADE INLET ANGLE 59.76 DEC

I / GAS INLET ANGLE 59.90 DEC
I / ILADE EXIT ANGLE 21.94 DEG

/ I A~ EXIT ANGLE 21.94 DEG
______ - - -‘--/--

~~ 

-— I AGING ANGLE 22.04 DEG
C UNCOVE RED TURNING 11.54 DEC

- 

p 

- F P . INC IPALAX IS  —44.85 DEG

~~ —0.4D ——~~~~~~ _____ —
~
-—

~
—--—-

~ ~~~~ ~~- - 

~ ETAL AREA 0.1318 IN2

_ _ _-

~~ 

~~
- -- -— -

~~~~
-----

~
- - ‘) C. C. 0.2774 —0.4079

; RADIAL REF. 0.4 125 —0.3248

—0 8C -~~~~~~~~~~~ ~~~~~~~~~~~~ i i~~ GAGE 0.4382 —0.4101
—0.40 0.00 40.40 - - - 

+0.80
AXIAL COORDINATE INCHES

Figure 1 25 Recambered Second Vane , Fi hh: t  Section (EE)

PAGE NO. 109

I I ~~’(’ I



— 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
.— - —-.- .-. -

~~~~~ _ _ _ _ _ _
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4°- 40 r— - - - - HOT DIMENSIONS

U.S N U M B E R  OF F O IL S 80.00
- DIAMETER 22 8200IN.

GAGING 02799 1N.
PITCH 0.896% IN.

- A X I A L  WIDTH 0.9291 IN.
0.00 ---- - - - --- - -  BLADE INL ET ANGLE 62.72 08G.

GAS INLET ANGLE 62.75 DEC.
- BLADE EXIT ANGLE 17.90 DEC.

GAS EXIT ANGLE 17.90 DEC.
- - 

GAGING ANGLE 18.20 DEC.
UNCOVERED TURNING 15.04 DEC.

- 0 PRINCIPAL AXIS —46.26 DEC.
—0.40 —- - . - - - - . L. 8. RADIUS 0.0276 1N.

- T. E. RADIUS 0.0100 IN.
2LU . METAL AREA 0.1712 IN.

2 I X V
0 C. G. 0.3032 -0.3756

- 

~~~~~~~~ 0 RADIAL REF. 0.4125 —0.3248
-0.80 ____________ ________ ~~~~~ 

~~~~~~~~~~~~~~~~~~~~ GAGE 0A510 —0.4380
—0.40 0.0 +0.40 +0.80

AXIAL COOR DIN ATE INCHES

Figure 126 Recambere d Second Vane , Tip Section (1111)

+0.40 r —
~~

- -  

~~~~~T HOT OIMENSIONS

NUMBER OF FOILS 80.00

~~~~~~~~~~~~~~~~~~~ 
_..

~~~~ - DIAMETE R 22.8900 IN
I GAGING 0.2764 IN

PITCH 0.8989 IN
AXIAL WIDTI-r 0.9300 IN

0.00 -—------- ———--4--- - - ---
~~ 

H - — - BLADE 1NLET ANGLE 62.90 DEG
GASINL ETANGLE 62.90 DEC

— - BLADE EXIT ANGLE 17.57 DEC

~ L. ...- — - ./ i. .  GAS E~~ T~~NGLE 17.57 DEC 
- 

- GAGIN ANGLE 17.91 DEC 
- UNCOV~~F1ED TURNING 15.29 DEC

0 j PRINCI ’A L AX IS —46.39 DEG
-0.40 ~~~ — — ~~~~~ - ‘ -.--— I.E. RI DIUS 0.0275IN

- T. E. RAOIUS 0.OIOOIN 
- METAL ~REA 0.1745 IN2

X V
- -  

~0 C. G. 0.3049 -0.3742

0 RAOI., L REF. 0.4125 -0.3248

-0.80 __ .. ___  _ _ _ _  ~~~~~~~~~~~~~~~~~~~ GAGE 0.4521 -0.4412
.0.40 0.00 +0.40 •0 2 )

AXIAL COORDI NATE —I NCHE S

Figure I 27 Recanibered S- -~ond Vanc . Tip De linlri g Sc~ t ion (GG)

PAGE NO. 110

I I r ’ f ~~ “~4 ~~~ ~~~~~~~~~~~~ I I I 

- — —~~~~~- — --— — -- - 
-



- .--- ~~~~~~~~~ --- - — ~~~~~~~~~ — --~~~. 

U N C L A S S I F I E D

- 

~~~~~ 
-:

~ 

i - 1~;.;~j It i li- — . --H
I ~ . 1 1  LL~~~~~~~~~ _____- — ———-- —.--.-—.--—-,.. , . .  

~

\__

~

____ -.—--— _ ( ,-_
~ 

— —

~~~~~~~~ III ILi~. [
~ \ \_ _..L~: .~J: / J/ ~1// /[~

~ik ~~~~~~~~~~~~~~~~ ~~.;‘~ L
_‘H1

-
. I 

~~~~~~~~~4LL~~~~~~~~~~~~ -~~I ± 4 /

_ _ _

~

~~~ 
*

~~ ‘~~~ 

±1 ~~~ _I 
_ _

-_ I~I~~~ . - 
- 

I - .
I ‘k \

~\ . 
I ~~~~~~ f i

’ _ I T1~ } . .. ‘~~~~~~~~~~ t~~~~~~~’ /~~~~~~~~~ •~~~~~~t ~~~~ 
_ :_ J_ __i ~ ~J-— ___

~~

1

~~ 

~~~~~~~ .~ -— —- --.—--- —4-—

- j - - 
‘

~~ ~/ I  -~~~~~~ ‘~ - ‘  . - .  .- - i —
~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

! L.I_ . .. 4P
/ r ~. .

~~~~

CONTOUF’ S 
I

Fi itir e I 2S Pres’.t.Ir e Lo~ Con tou r s . Second \ . tne - Ser cc ;I  I i i ’ i . i l I c d .  Three Flow Pj~\IIcc~.
M i d \ p ~In Lxi i  Mac h \o . = O.~~ (J. Rec: Ini ~~-rcI1 .\ i r t -I l I .  Wi t  Ii Rede~igiie d Inle t
Gu i de  \‘~i ne~ and  Op t i m u m  l3ounda rv  L ay er  RIeed ~

PAGE NO. I 1 1

U~~CL 1.SSIFIED

- - ——~~~~~~~
--—- .-— -~~ -.- .--—.— .—- - —-,~~ —. ~~~~~~~~~~~~ 

- -



r -- —----- —- — ~~-~~~~~~ .-- —

U N C L A S S I F I E D

~~~~ R~~~
-
~
-- 

~~~~ 
-

:~~~~~~~~ 

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

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

~~~~
— -

~~~~~~~~~~~~~~~~~
- - , 

.
-

~~~
--

~~~~~~~~~~~~~~~
— - - -— .

- i ~iT~ I~~ I}D t~I~~~

~

F :  J

~~I.* 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

7 _
__t

~~ 

:~r~i±-~ L~~~~~~ ~~~~~~ _ _

_
_

~

4 
~~~~~~~~~~~ 

~~~~~~2) ~~~~~~~~~~~~

i ’ J~~~~i~~ ~ 
_ _

T 1 ~ j~b v~~ J~ 44:L ~r~~.II
1 , 

- 
—

H -  
- 

~~~~~~~~~~~~~~~ 
~~~\ ~.\ - 

~~~~~~~~

. .\  ~~~~~~~~~~~~~ I ‘ -“
I - . . 

~~~~~—
.. . -..- .- 

EXIT GAS ANGLE CONTOURS . 1)8 G~~EES
F igu re  I 29 l : \ i t  (~:~ Ani ’k ( ( ‘ 4 t ’ L l : ~~ ~~~. L ’I d d  \ ane  - ~~~~ ~~\ L I :~ 1 hr ce I I . I V ~ P . I — \ .I~~e’..

\ t 4 d ~~p. II I~ it \l..~ ii \~~I ( i .  
~

I I . 1~I I.,.INI 4 
~ . • J I ~~4~~\ 

1’ ~ I~ I. I~I.S igJ1 ~’tt In l e ’.
( ,IIId I.~ \ . IIIe~ I1 11 ( Ipt  ~~~~ I I  h I1LI.~ r I ~~~ 13 I’l l ’,

PA Ge NO 1 1 2

II~~~~~~’~~~P ~~~~~~~~~~~~~~~~~~~~~~~Li ~~~~ - ~~~~~~~~ • . - ‘ t I ~~~. 

___________  ~~~~~~~~~~~~~



r ~~~~~

‘

~~~~~~

- --- - - -

~~ 

—-
~~~~~~~~~ ~~~~~~~~~~

-

~

-

~

- . . 

UNCLASSIFIED

_____ I ____
o (0 —~~

O

_ _ _  

~~~~~~~~:1 

_ _ _  _ _ _  _ _ _  _ _ _  

:~~~~~~~

I—

~~z o
—

-~~~~~-.~~
-~ .)

I ‘

—

o

LI

__ ;
- Od/OdV

PAG E NO. 113

Ur ~ C L . L S H F I F D  

- - -- .—--~~~~- - _ —~~~~~~ — -- -
~~~~~~~~~

- -
.~~~~~~~

- -
~~~~~~ 

~~~~~~~~~



~ ~~~~

=

~~~~

.

~~~
-- — — —  — — - — — —- —

~~~~~~~~

UNCLASSIFIED

\
\

_ _-  _ _ _  _ _ _  _ _ _  _ _ _  _ _ _  0
N.

>
I LI

0 i

I
_ _ _ _ _ _  _ _ _ _ _ _  _ _ _ _ _ _  _ _ _ _-A _ _ _ _ _  ..E~~~i

Ii 2-j  ~~~.0 /

—4’
O >~~~~

In
Ui

_ _ _ _  _ _ _ _  _ _ _  _ _ _ _  _ _ _ _  0

>

_ _ _ _  _ _ _ _  - - _ _ _ _  ‘-J --___

I C-)

_ _ _  _ _ _  _ _ _  _ _ _  _ _ _  _ _  0
/ a c ~~~~zo

U
_ _ _ _ _  _ _ _ _ _  _ _ _ _ _  _ _ _ _ _  ____ —____  0

z 8°
0 0 0 0 0 0 d

IN] 131fl303 5501 1

PAG E NO. 114

,,r,(’ ! ,~
U~~~~~~

... . . & % I ~% J I k



___________________________ __ _ ‘__________ ‘

~
‘____ ‘_ ‘___ •______ ______

~~
__ ____ _____

_i-.-- -~~ -—- ~~~~
--- — -—- —— - 

~
—
~~~~

‘-‘ 
~~~~~~~ ~~~ .Te,: - ,

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

UNCLASSIFIED

1’

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

=

_ _ _  

_ _  

_ _ _  _ _ _  _ _ _  _ _ _  

~~~~~~~~~~

~~~~~~~~~~~~~~~~~~~~ ________  ________  ________  -., ~ -J

-
~~ - O> 0

‘ID

i:~i

S3~U O30 1
3 19NV SV9 IIX3

PAGE NO. I I 5

U r-!cLi’~SS~~ !FD

-. - .— —  - --- -.— - — - -~~~~~~~ - —— ~~~~~~~~~~~~~~~~~~ ~~~ _—-.__~~~~ : 1 .



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

-
---- =

~~~~~
- - .--

~~~
-- - -  — -—- —- .

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

~~~~~~~

UNCLASSIFIED

_ 
_ _-

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

_ -

________ ________ _______ _______ _______ _____ 0c~j

-

~~~~~~~

_ _ _ _  _ _ _ _  _ _ _ _  _ _ _ _  _ _ _ _  0
In

(I-. —

LI

_ _ _ _ _  _ _ _ _  _ _ _ _  _ _ _ _  _ _ _  _ _ _ _ _  O
N-

Cf) 0

>

_ _ _ _ _  _ _ _ _ _  _ _ _ _  ____ —_____ 00 CD
0 0

_ _ _ _  _ _ _ _  _ _ _  _ _ _  _ _ _ _  0 1~ ~~~~~~~~~~~~~~ 
—

— o 
.

0~

>
7 ~~

‘I
-- Il

~~~~~~~
_______ _______ _______ — J —______ 0

C.,

x~~~0

LI
_ _ _ _ _  _ _ _ _ _  _ _ _ _ _  _ _ _ _ _  — 0 .-~(N

m

U
___ ___ ___ ___ ___ —-_ _  0

~ON H3VIIJ IIX3

PAC.E NO.

p I P V P1 t~’
- - ~~ - ~~~~~~~~~~~~ ~~~~~~

- -  - - 
~~~

. - --.. .- - --~~~~ — ~~~~~~~~~~~~~~~~~~~~ 
-. _ .~~

—- — —  — - -  —
~~~ 

-, -— 
~~~~~~~~

--
~~~~~~~~~

— -  - . . —
~~~~~

—- 
~~~~~~~~~ ~~~~~~~~~~~~ --



- _ _ _ _ _ _ _ _ _ _ _ _ _ _  ____

UNCLASSIFIED

_ _ _ __ _ _ _  _ _ _ _ _ _O.OO L 
1L 20 30 40 50 60

PERCENT OF RADIAL SPAN

Figure 134 Comparison of Recamber ed Airfoil Spanwis e Loss Coefficient  Dis t r ibu t ion
with Baseline Values
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Figure 135 Oil and Graphi te  flow Pat te rns -  Second Van e R ecamb ere d Airfo i1s~ M idsp an
l x i i  Mach ~\ O . 0.880
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Figure 136 Oil and Graphi te  Flow Pat terns--Second \‘ane Recan ibered Airfoils: Mid span
Exit  Mach No. =0 880
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9. (0N ( LUSIONS

(U )  la b l e  X X I summarizes th e  mea sured loss coef f ic ien t s  for the  various boundary
layer cont ro l  t ech n i ques. o the r  t h a n  t h e  f low f e n c e —  i n L ’ I e ~Ised surface roughness test
which showed no promise for f u t u r e  inves t iga t ion .  Overall  loss coeff ic ients  are shown ,
as well as in tegra ted  \ a l u e s  f rom n iidspa n to each of th e  end—wal ls .  Also . comparison
plots of the  aver age span~ ise c o e f f i c i e n t s  and exi t  gas t low ang les are shown in Fi gures
140 and 14 1 b r  t he  bas el ine  a i r fo i l .  the  r c co i i t oure d a i r f o i l , end wall cont ’~ur in g. and
recamber ed airfoi l  invest igat ion.  These p lo ts a re at ~he midspan exit Macl i numbers of
Table XXI.

o. i: - ________________________  ________
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Figure 140 Compari son of B as eline Loss Coefficients \Vi tl - Those of \-‘arious Boundary
Layer Control  Methods
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~~ B1.I XXI

INTI:GR1V rI D AVI :RAGL PROH LE LOSS COLFI :I( 1ENTS
SE CONI) \‘.- \ N l -  CA SCAI)F

Loss Coeffici ent ( l .~ 2)
Mids p an M id spzi n
Macl i No. Overall To l .D. To 0.1).

Baseline 0.860 0.0349 0.0353 0.0345 
- 

-

Recontoured Airfoil  0.863 0.0336 0.0338 0.0334

Ilii d Wall Contoured 0.843 0.0428 0.0374 0.0482

Recambered Airfoil  0.880 0.0329 0.0286 0.0372

(U) Based on these comparisons , it appears tha t  the most promis ing  method for im-
pr ov in~ t u r b i n e  performance is tha t  of local airfoil  reca mb ering. The reasons for choos-
ing recamber ing are that :

• This t echn i que was shown to have a strong effect on end losses. i nc lud ing
si gn i f i c a n t l y  r e d u c i n g  t h em .  it  is impor tan t  to decrease end- w al l  losses since .
proport ional ly ,  the end loss per-unit-area is about 2.6 t imes  the  profi le loss
per-unit-area

• This is a techni que which is a na tura l  part of th e  airfoil  design opt imiza t ion
if a sat isfactory end-wal l  model is available

• Thi s techni que readi ly  lends itself to fabricat ion.

(U )  The other techni ques showed no promise of rcdL ~‘ ‘g  end-wall  losses for the con-
f igur a t ions  t h a t  were in’ . ~st ga t e d .  1-yen t h ou ch a gre~ t Jeal \~as le arned about  these
other techniques  in this  progr am . and c~ L i  t hough  t hLI  e may be a -~ii~~e’~t a l  m et hod
of app l y ing  them ,  it is not now clear how th i s  can be lone wi th in  the scope of this
Contract.  As a result . re ca mbe r ing Is the  on l y  p r ac t i c~ I pa th  ava i lab le .

( U )  It is concluded tha t  the greatest P r of i t  lies in the  i ir ection of rec ani ber ing  airfoils.
Consequent ly .  Phase LI l a  w i l l  p r imar i ly  C ns i st  of a ~‘a ~~~~ of loca l reca mb eri n g t est s
designed to give us the best q u a l i t a t i v e  and q u a n t i t a t i v : ‘n f o r n i a t i o n  ab out  th i s  method.

10. TEST PROCEDURE

(U )  The test procedure emp lo~ ed d u r i n g  t h e  Task Il ~ i. u n d a r  layer  control  t echn i que
eva luat ion  was ident ica l  to th : i t  of the  F .tsk I lb  bas e l i~ e v a l u a t i o n .  This proced ure was
descr ibed in comp lete detai l  in the  Reference 3 Repo r :
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S I (  l l ( ) N V

Ml -  l ) l t ~ .l S O l l l ) i l \~ ..\ IR I  OIL  1-V A L L A T I O N  ( [ASK l i d )

OBJ ECFL V E

( U )  The i n i t i a l  obj ect iv e  ob [ask l i d  Wa s to inves t  gate two a d d i t i o n a l  boundary  la~ cc
co ntrol i i ie t  lioils, ot h e r  ( li .i  i i  th e ts~ 0 n ic i buds t h a t  wei e inv e st igat ed und er I ask l ie ,
on two d i f f e r e n t  a i r foi ls .  Since ( l i e  pe r fo rm ance  of the  I our baseline a i r f c i l s  W as very
simil ar  Reference 3) . Task I Ic ~‘. i~ n i odil  ied so tha t  four boundar y Li v er control
methods were appl ied on ly  to the second vane ( see Section 1V of t l I i s  repor t ) .  e l i in i—
n a t in g  the need for Task l i d  as or i g ina l l ~ conceived. By m u t u a l  agr eement  w i th  the
Air Force . the work sub st i tu ted  for the or igin a l  TaSk l id  v. as th e eva lua t ion  of the
per f o rmance  ot lower sol idi t y and hie her  Ioa .l coe t’f ’i ci ent a i r t ~i ils des i gned f or  the
same veloc i t y  tr iangles as the ba seline ai r foi ls  of Task I lb. [he p er f or m an ce  of the
first vane and first blade Lower-solid itv airfoils is reported in this section.

2. TASK OBJECT IVE

(U) Each of the four medium so l i .hitv airfoils will  be evaluated in an a n n u l a r  segment
cascade , ex ac t ly  as in Task l ib  ( Reference 3 1. As of the  t ime  of ’ wr i t ing  this  inter im
report , work on the first  vane and blade had been completed:  an~ for these two air—
f’oils. the task objectives were met by the fo l l owing  steps:

• Measurement  of all impor t an t  aerodynamic proper t ies at the cascade in le t  and
exit  p lanes

• Reconstruction of the ent i re  exi t  plane loss distr ibution

• Reconstruct ion of the ent i re  exi t  plane flow pattern

• Measurement  of the airfoi l  surface static press ire distr ibut ions at three radial
locations

• Careful analy sis of all data and visual clues.

3. AIRFOIL  SECTiON AND FACILITY DESIGN

(U) The medium—react ion.  med ium-so l id i t y  airfoi ls  were designed to the same turbine
velocity diagrams as th e normal sol id i t y  a i r fo i l s .  TI “-c were reported in the Reference
1 Report  . A  sun imarv  of the p e r t i n e n t  desi gn ~a lue  . the  a i r f o i l  e l eva t ions ,  gagin g dis-
t r i bu t i o n .  a i r foi l  sec- l i o n s . predic t e d  -aI r 1a~- L~ pr essii r . ’ l i i s t r i h l i i l o n . and  a i r f o i l  radius of
curvature  for cacti of t h e  four airfoi ls  wa s present ed .tt  f iv ~ -panw i se  lo cat i ~~n s in t he
R e f e r e n c e  3 Re p or t .  The tour  a i r f o i l s  ar .’ t l ie  I i r ~ t a ‘~. secoad \ . i ncs . and the  f ir st and
second bla des . The fah i i ~at ieii c’< I o r d i f l : i t e ~ oh ’ each t o i l  w e re  al so t a b u l a t e d  in the
Ref erence 3 Report , i nc lud ing  ( lie a i r f o i l  angle s . a r . . i l  area s , ax ia l  chords and uncovered
turn ing s .
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( U )  I lie test section design for  each of the  fou r  med iu m— s o f id i t  a irf oils  is a’. close as
possib le to t l l c ’ normal  so l id i ty  cascades. Since t l ie  i i o r i i i a l  s o l i d i t y  cascadl e exhaus ted
to a iiiosp liere and t lie in e ih ium sol idi  iv cascade rig was con ncL -tcd  to t he  laboratory
exh aust s\- s eill . di fI ere nce s  in ( lie ex i t  coii fi t’u r a t  ion s of t liese cascades re sul ted .  The
inle t  guide va ne  design s were iden t i ca l  fo r  both  i i g s . [lie des ig t is  of t h e  inlet  guide
vanes were presented i i i  t h e  Refereiie e 2 Report.

(U)  Sta t i c  pressure i n s t r u m e n t a t i o n  was instal led in order to de te r m ine  the stat ic pies—
sure d i s t r ibu t io n s  on (lie airfoi l s , and over both ( l i e  test a irfoi l  inlet  ai id exi t  end walls
in the medium—sol id  i t \  cascade rig. The sta t ic  pressure i n s t rumen ta t i on  on t h e  airfoils
was located at the mean section and at a section 0. 1 inch br om ( lie outer and inner end-
walls. These sections are shown in Figure 142 , and the axial  chord locations oh’ (lie pres-
sure taps are listed in Tables XX II  through XXV for the four configurat ions tested.
Great care was t aken  to preserve f he contour and smooth ness of ’ the suction side of
each instrumented airfoil .  ‘i’o this  end , all hypodermic tube leads were placed in grooves
on the pressure surface , and pressure tap holes were then dri l led into these tubes from
the suct ion surf ’ace ( see Figure 143). The inst rumented airfoil was located next  to the
center channel in each of ’ the four configurations.

M N O P

i L ~L~~ ll1 ’ f
I INSIDE

A A D I A M E T E R
WALL

PRE SWIRL VANE I - TEST A 1RFO IL

C C 
F LQW~~~~ -~~~

- 
G 

MENTATI ON

C / OUTSIDE
/ J DIAMETER

f WALL

M N 0 p

Figure 142 Medium Solidity A n n u l a r  Segment Cascade — Fk wp at h  Cross-Section
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~Ol I . SF . \1 l ( ’  l’Rl’ S St R E I N S F R V M  l - N I A I ’ I O N
MI l ) l t \l SOLII ) 11Y

.\~ i.il Length
Sect ion .-~irfoiI  Side From I .. I - . N ‘hx

Root Suct ion

Sectioii 0.044 0.056
0. 1 28 0. 1 65

A-A 0 .2 11  0.273
0.295 0.382
0.379 0.490
0.462 0.598
0,546 0.707
0.630 0.816

Pressure 0.5 20 0.674
0.2~ 5 0.344

Mean Suction

Section . 0.084 0.100
0.251 0.299

C-C 0.335 0.400
0.4 19 0.500
0.502 0.599
0.586 0.700
0.670 0.799
0.754 0.899

Pressure 0.703 0.840

Tip Suction

Section 0.100 0.110
0.309 0.340

G-G 0.499 0.5 48
0.574 0.631
0.655 0.720
0.710 0.780
0.792 0.870

Pressure 0.68 1 ~ ‘~~~~-- ~~~~~~~~~~~~~~~~~ 0.747
_____________ _________________________ 0.3°0 ~~~~ - ‘ . ..-

~~ 
‘

-~ 0.429
N OTE : l i p  sectio n t aps  are a c t u a l l y  locat ed P’ r al i e l  to \s a l l  oil section J—J

shown iii F igure 142 .
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1~~13LF X x i i i

A I R F O I L  SI  ..\ FJ C J’h ~h S S L R l .  I N S I R L M F N T A  l I O N

M E D I U M  SOLIDI lY
FIRST S F A ( ; l - . BLADE

Axia l  L ei igth i
Sect ion Airfoi l  Side From L.F . X b x

Root Suct ion

Section 0.074 0.1 24
0.276 0.464

A-A 0.405 0.681
________________ 0.476 0.800

Mean Suction

Section 0.060 0. 105
0. 1 50 0.264

C-C 0.239 0.421
0.359 0.632
0.4 19 0.737

Tip Suction

Section 0. 1 08 0.20 1
0.2 15 0.400

G-G 0.323 0.600
0.377 0.700
0.430 - _

____________________ ___________ ~~~~~
- 

~~, ______________

NOTE: Tip section taps are actually located para Id to wall on
section i-i shown on Figure 142.
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FABLE X X I V

AIRFOIL  STATIC P R E S S U R E  INS [RUM I N  FAT I ON
M L I ) I U M  SOLIDITY

SL( ’ONI) STAGE VANE

Axial  Length
Section Airfoil  Side From L.E . X / bx

Root Suction

Section 0.083 0 990
0.167 0. 1 99

A-A 0.250 0.298
0.334 0.398
0.4 18 0.496
0.510 0.608
0.585 0.696
0.668 0.795

Pressure 0.56 1 0.669
0.19 1 0.227

Mean Su ction

Section 0.088 0. 1 00
0.176 0.200
0.264 0.300
0.371 0.421

C-C 0.440 0.500
0.528 0.600
0.616 0.700
0.705 0.800

Pressure 0.620 0.704
0. 1 79 0.203

Tip Suction

Section 0.256 0.275
0.473 0.509

G-G 0.544 0.585
0.618 0.665
0.674 0.725

Pressure 0.762 ~~~~~~~~~~~~~~~~~~
_ _ _ _ _ _ _ _ _  ______________ 

0.759 Lj ’
~. :-~, ’ ._.~~3~~ 0.S16

NOTE: 0. 1). taps are actual l y  located p a ral le l  0 wall on section i-i
shown on Figure 142.
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TABL E XXV

A I R F O I L  STATIC P R E S S U R E  I N S T R U \ I F N F A I’ION
Ml I ) I t NI SO L I I ) I F Y

SE CON I) STAGE BLAI)E

..~x i a l  Length
Section Airfoil Side From L.E. X/bx

Root Suction

Section 0.081 0.125
0.200 0.308

A-A 0.342 0.528
0.530 0.8 17

Mean Suction

Section 0.058 0.100
0. 1 74 0.300

C-C 0.289 0.500
0.405 0.700

Tip Suction

Section 0.100 0.200
0.200 0.400

G-G 0.300 0.600
0.400 ~~~~~~~~~~~~~~~~

NOTE: Tip section taps are actua l ly located pa. a 1lel to wall on
section i-i shown on Figure 142.
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Figure 143 Typical In stallation of Airfoil Surface Static Inst rumentat ion

(U) The stat ic  pressure ins t rum enta t ion  in the test airfoil  exi t  pl ane was located on both
end walls. 0. 1 inch axia l l y  downstrea m from the test airfoils.  11~ese taps are located
section 0-0 on Ficures 142 and 144. A total of f i f teen t aps for each end-wall were cv -
distributed c i rcu m ferent i a l l v  so that two complete channels  were surveyed. The static
pressure ins t rumen ta t ion  for the in le t  p lane Wa S located down st r e am of (lie pre swirl vanes
at section M-M (Figures 142 and 144) . Three taps were placed on each end-wall at the
centers of th e three channels.

O \ M

IN LET ST A T I C TAPS INLET TRAVERSE PLANE

FLOW E XI T  TR ’~~~~ER SE PLANE

Figure 144 Medium Solidity A n n u l a r  Segment Cascade -- ‘ nfolded View of Test Section
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( I )  Four in l et  s tat ic  pressure taps ar id  to u r  to ta l  t e i i mpe r am u re  pu )hcs ‘~-ere loc ated
betcl re and a l t e r  the  in le t  p fei iu  ii screen. Four  pre ssil re l aps . locat e d in t lie e x i t  p l enum .
measured the  exi t  s t a t i c  pre ssure. A s tudy of these p lenu m coni i g i i i a t i ( > I 1 s  showed the
static pressures were equal to the total  I~ressti re~ t h erefore , t i m e s ta t ic  taps were used for
p l enum total pressure readings.

V I The ax ial  locat ions of the traverse planes in time medium solidity cascade rig are

shown in Fir~ures 142 and 144. FIo ’.v quantities necessary tor e v a lua t i o~i of (lie airfoil
performance are measured at both these in le t  and exit plai ~es. ‘I he traversi~.g mechanism

moved the ~robe i ii c i r cumferen t i a l  ares of constan t  a n n u lar  ex ten t ,  a nd across the flow
from the center three channels .  The to t a l  pressur e and gas ang le w as  traversed a nine—
tee m i radial locations d i s t r ibu ted  symmetr ica l ly  sp anwise about  the  mean.  The percents
of span for these locations are as follows: 0, 2 . 5. 8, 11 , 14 , 17 , 22 . 30. 50, 70 , 78 , 83,
86. 89. 92 . 95 , 98 arid 100. In order to define the end-wall regions more accurately.
more traverses were tak en iii th e end regions.

(U) The probe used to measure the total pressure and flow direct ion was an extended
tip yaw angle-seeking cobra probe. This probe has low blocka ge, operates well at high
Mach numb ers .  and is ideall y suited for the traversin g me ch anis m used in this rig. A
front view of the cobra probe is shown in Figure 145.

f 
- -

4 - , , - ... 1 —

I 4

I -
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Fi gure 145 Probes Used in M e d i u m  S’ -~:~l i t ~- \ l :~:H. :r ( ‘a’ . dc I ~- :n 1 e l I  to Rig h t :
1.5 In ch M i n i m u m  j I~~k , e e  ‘~~~I I H r . I ’ Pr obe I 1’ u o i .~ i .\ \ ) .  “Kn ee ”
Probe Pi t L Ii ,.\ ri g le ). “Ba ’, ~ l’ i lb .. h\ I \ F I( ’ + ~
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I U) [lie slope oh ’ the  outer  w a l l  gives a good ind i ca t i on  t h a t  s ign i f i can t  i ad i a l  veloci t ies
wil l  ex i s t  in all t Ime  cascade c o i i l l g u r a t lo n s , and stream l ine  ca l cu l a t i o ns  us ing t h e  Tur—
l I m e S rca in l ine Pr ogra iii proved I I r i s  to be the  case. Th er ’l  I ir e ,  lie cobra probe re—
qu red c a l i l i r a t  ion t ’or p i tc h  angle  imic i d e i lLe  A t~ p ical e x a i i r p l e  u t  t h i s  p i tch  angle error
i5 shown in I ’ i gn ire  14( 1 . I he p i t c h  an g le  is t h a t  angle m easured f r o m  the  s a l t  axis of
(l it.’ p robe , and is equal to ( l ie  sum of ’ 1)0 3. 11(1 t h e  are t angent  of t i m e  radial  velocity
co mu po n em i t  divided by the  sE ream l ine  ve lo ci t~: or t an  1 (~ r

L

0.040 —

PRO8E SN 13—006

~~~~~ ao 3o
;

1 10 P I TC H A N G L E

~~ 0.020 ____________________________

_ _  _  _ _0.010_ _ _  
_ _

APPROACH MACH NI MBER

Figure 146 Medium Solidi ty Cascade Pr the Calibration

(U )  For the purpose of correct ing the total  pressure measuremen ts  of time cobra probe ,
the actual  p i tch am igle was measured at  the test a i r fo r l  ex i t  plane wi th  a pitch angle
probe. A p ic ture  of t h is probe is shown in Figure  I ~ S Each cascade test airfoil exit
plane was cal ibrated and a ty pc ial  result  is sl) on ~ n in i - gure  14 7 . 1 ler e . the  exper itr ienta l
results for the second blade are compared svi t l i  the  a ‘ii t i ca l  predict ion At the test
airfoil inle t  pla ne.  general ag reement  w i t h  the  p r e d i c i e l  va ir ,:cs made it reasonable to
use these values  when ana l y t i m i g  the performance of t I.e in le t , guide vanes and calcu-
la t ing the test airfoil  inlet  tot al  pressure profi le.
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I I. ) I~i ut  l~ to i t i i t i a l  mime  IL ’sI Oil t h e  f ir st  ~ a r u e  c :i sL .ide , a h .u i i j o  p robe ~s : s  use d to m easure
ti me st~i i i ,  r r es\ L r..’s at  t i n t .’ e x i t  p l a n e .  I h ì i s  prolie is als o s i i u W ii  I i i  I i gn i re  I IS . . - \ l t lio~i gh m
t his pr obe is  d i l ’t ’ i t . u l t  10 L i s t .’ f o r  mi ieasnm r in ~.! s t a t I c  l l rL ’ssii rt. u t  h igh dLs ig i l  V om it ~sla c li
u um i ihe r s .  it did n d i c . u t e  a si i ioo t ii  S t . u t i c  l i i ’es sn irL ’ p r o f i l e  a t  a m ean section ex i t  Ma ch
n u m i m b e r  of ’ U .fl.  l’~x pe r i em mc e  ~vi t l i  ~r eV m~ 1is t e s t i i i g  also sh owed ilmi s  smmioot lm v a r i a t io n  of
static press(mre at t he  ex i t  ~ I ane.

4. DISCUSSION

( U) Ti me t e s t i n g  and : na lv s i s  of the  da ta  on the  m i i e d i u n i — r e a e t  iou.  n m e d i u n i — s o h i d i t y
f irst vamie and f i r s t  b lade im : s been eomi ip lete d.  I ru t  i L l  t e s t ing  of the  second vane and
seco n d b l ade has been done . but  the  data  analy s is  was not completed at t h e  t ime of
writi ng of’ t h is interim report.

(U) For t h e  f i rs t  vane and first blade , data  were takeim at time design Mach numbers
and at Macli num b ers  0. 1 below and above the design value. \~ b ile holding the design
Reynolds Number constant. Also, data were taken l’or the first \ an e cascade at
Reynolds Numbers 50 and 75 percent be low t h e design Revm iolds Number and 50
percent above (lie desi gn Reynolds Numi ibe r wh ile holdin g the M ach Number  con stant
at tIme design value. Except for the 75 percent below design Reynolds Number point.
Rey nolds ~ uimihe r data s~ crc also taken for t h e first blade. T u e  purpose of tak ing  the
test data  i i i  th is mai m er ~ ‘is (.1 isolate the Ma cl i num i ber and Rey n o lds  Number  effects.

( U )  The in le t  guide v anes  ha ve been ca l ibrated for all four airfoil  cascades. Their
performance ssa,s dete r mi ned b t raver s ing the inlet  to the te st airfoils.  The measured
tota l pressure loss contours t. Figur es I 4~ t h rough 1 5 1 1 .  the out-of -wake average span-
w ise loss di~t r ih ut i on  ~ i t h  probe corre ct io i is  (F igures  152 through 155 )  and the inlet
guide va ne a~ erage spanw ise exit  flow angle (Figures  iSo  throu gh 159)  are presented.
The out—o f-wake total pressure levels were calculated for ch ic test airfoil inlet comidi—
tions since the test airfoil flow channel was not in t i c path of the inlet  guide utile wakes.

(U) Analysis of the inlet guide vane data indicates i ’iat the first vane and first blade
test airfoils had acceptable inlet pressure loss conto u rs (Figur e s 145 and 1 49). Exit
gas flow angles from these two guid e  va n es  were also satisfactor y (Figures 156 and
157). the incidence on the test airfoils being small o ,‘‘r the major portion of the air-
foil span. The usua l passa~e secondary flow causes inc  over turn in g  at the inlet  guide
vane walls  noted in t lmu .’se finur es . Time second vane i i le t  guide vu 1C pressure loss
contours.  h owever , show excessively large losses ana incidence (+ 5 ° ). i nd ica t ing  that
t ile inlet  guide vanes mu st he corrected before f u r t h - ’r tes t i i lg  can be ju stified Figures
ISO and I 5~S I, This did not come as a surprise since. ‘i not ed in time Reference 3
Report. the normal soh i di t ~ second vane inlet gu ide - ane of time sane desi gn (Task hI I i)
had to he redesigned for  the  (T ask I l c  boundary  liv control evaluatiom i .~ee Section
lV of this  Repor t ) .  ‘[h is i n f o r m a t i o n  became kn own  ‘ ~t er  t h e  guide vanes were
fabricated for  t h is m e d n i m - s o h i d i t v  test .  i lie second blade e.iscadc Lll s() has a drastic
positive inc i dence in t ime upp er  half of t h e span. I b i s  inlet  guide vane must also be
corrected before  add it ion a l  tests  are made.
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( 1 ) ‘l Ime p lots of t i me  i m i m p o r t a l i t  a e r ( ) d v I m a I m m i L  ( I u l a i l t l t i e s  h:ISL L I Oil  t i m e  t i m l e t  an t I  ex i t  l) !.Iuie
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l’liese P lOts art - p r esem m te ( l  f o r  the  Salime r : r. i1 m eI ~ m S ai id in t l i ~’ sanie order as t h e  per—
forn i: inc e data in Section IV .
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( U ) i lie first vane airfoi l cascade pressure loss contours  Figure 160) indic ate  low loss
pockets over the n i i d span areas w i th  t l ie  higher loss rel iuTi s  iii t Ih - a i r t o i l  suc t io n surface
and end—wall  corners. These losses or iginate  at the end—wal l  and mi grate  from the [li e s—
sure surface to the  suc t ion  surla ce and accumula t e  in t h e  corner s . I l i i ’ . is re llect ed in
the p lot of the  average spaiiwise d i s t r ib u t i on  of the tota l  pressure I t ~s t I gt l r e 164) and
loss coef f icient (Figu re 166) where the  collection of e n d — w a l l  Ios~ is ev iden t .  The inte-
grated overall loss cocft ’icie n t for th i s  airfoi l  is 0.050, and the  mid span v.l iie is 0.0315
at a ni idspan exit  Mach numbers of 0.835. The midsp~i n loss co e t l t c i e i i t  predicted by
boundary layer calculations is 0.025.

(U) The effect of Mach number and Reynolds Number on the ni idsp an loss coefficient
is shown in Table XXV I for tile first vane. Tile loss levels change on l y w i th in  the experi-
mental  error with Mach number at constant design Reynolds  Number. The loss level
at constant Mach number  has its lowest value (0.025) at 75 percent of desi gn Reynolds
Number , indicat ing that boundary layer transit ion point for this Reynolds Number  is
optimum (i.e. , transition takes place just in time to prevent flow separation).

TABLE XXVI

MEDIUM SOLIDITY
FIRST VANE

PROFILE LOSS COEFFICIENT VARIATIONS AT MEAN SECTION
l _ ~~2

DESIGN: M = 0.854 , R = 4.38 x iø~

- 0.5R 0.75R R l . 5R

M — O . l 0.035

M 0.047 0.025 0.0315 0.040

M + O . 1 0.03 1

(U) The airfo l exit gas angle co ntours( Figure 152 i  indicate close agreement with the 
-

design angles i r the midspan p orti on of the first va ~c . with some overturning at the
root and tip d~ie to secondary flow. This is more cli -an y shown on the exi t  angle span-
wise p lot on which the design angles are also shown (Figure 158) . The data gave no
evidence of flow separation , and this was verified by visual observation of the oil and
graphite flow patterns.

(U )  Airfoil sm face static pressure distr ibution at the root , mean and t ip  are shown in
Figures 172 thrc ’igh 1 74. The experimental  and i~redicted values are indicated on these
plots. As noted iron i the c i rcun i ferent ia l ly  averaged ~ia ch num b er  dis t r ibut ion (Fig-
ure 170) . the Mach nuniber at the  mean WaS very d o  a’ to the design value , with a sub-
stant ial l y lower Mach number  at the root. Conseqw j I t l y ,  the experimental  data dupli-
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cated t he p~e d ic t ed  p re ssure d i s t r i b u t i o n  close l y, an d (lie root sect ion  ind ic at e s  an un —
loaded ai rfoi l . . \ s i i n i l a i  p r ob l em . h u t  to a lesser degree . ex i ’ t s  at  t h e  t Ij )  Sec t ion.  As
discussed iii de ta i l  i i i  t he  Re t e r e n Le  3 Repor t ,  ( l ie  reaso n b r  t h i s  is the  i n a b i l i t y  01 the -

a i i i i u lar  scgni ent cascade to reproduce Ui e desired s ta t ic  pre ssure gr adie nt  at (lie exit
plane.

1.0 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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Q- ‘.‘-
~
-
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~ o.a — --- - - - -
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~cj~ — DESIGN SUCTION SIDE \
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° 0 PRESSURE SIDE
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~ ~~~~~~~~~~~~~ I _ _ _
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P E R C E N T  OF A X I A L  C H O R D

Figure I 72 Static-to-Total Pressure Ratio versus Percent of Axial Chord , First Vane Medium
Solidity — Root Section
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Figure 173 Static-to-Total Pressure Rat io  vers us Percent of A . ’aI Chord . First Vane Medium
Solidity — Mean Section
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Figure 174 Static-to -Total Pressure Ratio versus Percent of Axial Chord. First Vane M e dium
Solidity — Ti p Section

(U) The first blade airfoil cascade pressure loss contours ( Figure 16 1) show a large loss
pocket at th e root section , indicat ing flow separation at the wall.  The average spanwise
pressure loss distribution (Figure 165) and loss co eff ic icn t (F igure  1 67) also show this
to be the case. As noted in the Reference 2 Report , analyses were made to determine
if potential  pr o~ems of flow separation would exist on the inside end-wall  extensions
downstream ci d i e  test airfoil for each cascade design. Unfor tuna te l y ,  the end-wall
extension for the first blade cascade was not suffi ciently long to main ta in  a small
enough pressure gradient  to prevent separation. Some evidence of this  was seen in the
normal solidity first blade baseline evaluation , reported in the Reference 3 Report.  The
traverse inst rumentat ion used on tha t  cascade , however , was suff ic ient l y  close to the
airfoil , so that the performance ca l ibra t ion  was not adversel y affected. The medium-
solidity first b iade cascade traverse ins t rum enta t ion  was located fur ther  downstream
in the wall serarated region , giving results which are not indicat ive of the airfoil per-
formance.

(U) The airfoil surface static pressure distr ibutions are pre sented for the fir st blade in
Figures 175 through 177. The same comments  apply to this  data as to the surface pres-
sure distributions for the first vane a ir toi l .  Fu rthermore.  ( lie scrarated f low at the root
section cause d -i major shift  in the flow distr ibut ion , causing a large increase in Mach
number at the ~~ section (Figure 171) .
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Figur e 175 Static-to-Total Pressure Ratio versus Percent of Axial  Chord , First Blade Medium
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5. CONCLUSIONS 
. .

(U) Conclusions drawn as a result of the performance evaluat ion of the medium -
solidity airfoils and comparisons wi th  the normal solidity results will  be rep orted in tile
next interim report , after conip letion of Task lId.

6. TEST PROCEDURE

(U) The annula r  segm ent cascade tests of the niedi ~ ai- solidit y airfoils were performed
in the Wiligoos Laborator y at Fast h ar t  ford on X-2 I 4A st and. These lwr bo r rn an ce
tests required various combinat io ns  of compressors nd exhausters.  as wel l as the test
stand natura l  gas burner  to a t t a in  the desired Mach umbers and Re nolds Numbers
at the cascade exi t  pla ne. Test conditions were alwa~ ~ chosen so as to prevent the
condensation of atmospheric water vapor.

(U ) For each of the four configurat ions , four tests ~ d c  re quired for a complete per-
formance evaluat ion at any test point .  The first and e~oi 1(l of these tests were the
traversing of tile test airfoil  inlet  and exi t  p lanes -wi t  I the  to ta l  pres sure cobra probe.
A third test to determine t h e  p i tc h  angle was con ducted b~ rav ersi ng the test airfoil
exit  plane with ti le pi tch ang le probe. Fin a l ly ,  a flow su alii .a t ion test was conducted.
The procedure listed below was used for these tests:
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. i hi e cascade t ds t  pack \~‘as i t i s ta ll ed on t h e  s t and and all  of t h e  i I S ed i n s t r i i i i i e i i t a —

tiDI l  W~ls connected

. The traversi n g 1,r~ t)e was in s t a l l e d  e i the r  at the  inle t  or exi t  p l:Ine 01 t h e  test air—
foil

. The travers ing probe ~V I S  c o r r e c t l y  locat ed re la t ive  to the  test  airfoil

. The total  Press ure t ransducers  for the t ravers i n g probe and data recordi ng equi p-
ment were cal ibra ted

. T h e  laboratory compressors and exh au sters wh ich were required for the test were
started and allowed to reach stea dy ope r at i n g condi t ions  ( appr ox in late ly 2 hrs.)

. Test stan d burner  was started and the required aerodyn ani ic  condi t ions  were set
at tile cascade exit  plane mean section

• Fixed ins t rumenta t ion  readings were recorded with traversing probe removed.
This step was repeated after  the midsp an trav ers e ,  and at the conclusion of the
test

• The cobra probe was traversed circ um fer eI l t i a~ly at th e  n ine teen  required r adia l
locations s t a r t ing  at  ti -i c outer diameter. Data was s imul taneously  re :orded on
plotoniat charts and punched onto computer cards

• Tile test to determine tile pi tch angle at the  cascade exi t  p lane was carried out
using the prec eeding steps .  excep t  tha t  ti le cobra probe was replaced by the pi tch
probe

• Tile flow vi su ahi z a t ~on test was carried out w i t h  the exhaus t  p lenum cov er removed .
I:or this f inal  t cst  the  a i r t o i i s  and end-wal l s  of the cascade pack were painted wi th
a Liver of g raph i t e  and heavy oil. Tile air  to ta l  te r :~era tu r C  was set at  about
1000 F and the t o t a l  pressure ~ as set t o eive tile r ‘( 1 air ed Maci l  I lun lb er .  Test stand
sa t e t v  rule s prevented d u m p i n g  of ho t t e r  air  in to  the cell wi th  ti le exhaus t  cover
removed. t i m s  p r e v e n t i n g  s i i nu i a t io n  of the de sig i Reynolds  ~ un iber. Ai r  was
allowed to flow through the  cascade for one min i. ~e and the result ing p at terns
were observed. in  order to de te rmine  if removal c f th is  cover af fec ted  tile cascade
per lorm ance. a test \5 .tS made ~ here the  cascade ~~as t raversed and tile pert ormance
data ob ta ined  wi th  t i le  cover removed. There ~va~ no difference between th i s  data .
and data  taken wi th  tile cover in place at tile same low conditions.

(The reverse of th i s  page is h la ’.k)
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SECTION VI

I’ REL IMINA RY DESI GN MANU:\ L PREPARAT I ON (TASK lie)

RE P OBJECTIVE

(U )  Prepar e the prelim inary dra ft  of the Turbine Design Procedure Manual .

2. TASK OBJECTI VE

(U )  The purpose of this task is to do preliminary work on the pr erar ation of a
Turbine Design Procedure Manua l .  This manual  wil l  contain the following information
for each computer program used to design the Contract turbine :  a flow diagram: a
listing for all input  and output  items and their  defini t ions:  a list of definit ions for
each term used in the computer  code: a write-u p of the p ert i n ent  equ atio ll S: a listing
of the computer code in Fortran IV : a copy of the computer program decks in
Fortra n IV : any necessary test cases for deck check-out.

3. STATUS

(U )  All of the decks listed below have been converted to Fortran IV . checked out on
an IBM 7094 . and a tape containin g these decks has been received by the Air Force.
In addit ion. flow diagrams and test cases were also supplied. These decks included:

• Turbine Meanline Design Program
• Turbine Stage-Off Design Program
• Turbine Streamline Analysis Program
• Airfoil Pressure Distribution Program
• Airfoil  Boundary Layer Program
• Turbine Airfoil Design and Section Properti es Program
• Airfoil Curved Line Fairi i t g Program
• Airfoil Straight Line Fairing Program

This completes the requirem ents of Task lie.

( U )  Engineering write-up of the above listed decks is n process. and rough drafts
have been completed for most of these decks. The Twbin c Mean l in e Design Program
write-up has been received by the Air Force . Those re m ainin g will he completed as
part of the requirem ents for Task lid , Design Procedure Manual Preparation.

(The reverse of this page is bh rk )
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APPENDIX

TABLE NOS. IV THROUGH XII

REDES IGNED SECOND VANE
CASCADE TURNING VANE

TABLE NOS. XII I THROUGH XX
RECONTOURED SECOND VANE



TAB LE IV

RED ESIGNED SECOND VANE CASCADE TURNING VANE

Radius of Root Section 7.5000 Ax ial Chord 3.2500 Actual Chord 3.744 3
Pi tch 1.5708 No. of Foils = 4.

• Percent Foil X Foil V Foil Y
X Suction (Ci rcle)

0.0 0.0 1. 9060 1 .118*0
0.0* 0.0325 1 .9060 1.9060
0.02 0.0650 1.9058 1.9058
0.03 0.0975 1. 9052 1.9052
0.04 0.1300 1.9044 1.9044
0.05 0 .1625 1.9032 1 .9032
0.10 0.3250 1 8926 1.8926
0.15 0.4875 1.8737 1.8737
0.20 0.6500 1.8462 1.8462
0.25 0 .8 * 2 5  1.8098 1.8098
0.30 0.9750 1.7642 1.7642
0.35 1.1375 1.7091 1.7091
0.40 1.3000 1 .6443 1.6443
0.45 1.4625 1.5694 1.5694
0.50 1.6250 1.4842 1.4842
0.55 1. 7875 1.3885 1.3885
0.60 1.9500 1.2822 1.2822
0.65 2 . 1 1 2 5  1.1649 1.1649
0.70 2.2750 1.0367 1.0367
0.75 2 .4375 0.8975 0.8975
0.80 2.6000 0. 7470 0.7470
0.85 2 .7625 0 .5854 0 .5854
0.90 2.9250 0 .4 127 0.412 7
0.95 3~087S 0.2289 0.2289
0.98 3.1850 0 .110 1 - 0 .110 1
0.99 3.2175 0.0718 0.1718
1.00 3.2500 0.0339 0.0250

Foil L.E. Circle X = 0.0250 , Y = 1.88 10 . K = 0.0250
Foil T.E . Circle X 3.2250 , V = 0.0250 , R 0.0250

Foil L. F .  Tangency Pt. Suction X = 0.0250, Y = 1 .9060
Foil I .E . Tangency Pt. Pressure X = 0.0250 , V = 1.8560 •~ - •

Foil T .E. Tangency Pt. S~clion X = 3.2444 , Y = 0.0408 S

Foil T I . Tangency Pt. Pressure X = 3.2056, Y = 0.0092

Foi l Nose Point X = 0.0 • V = 1.8810
Foil Tail Point X = 3. 2408 , Y 0.0056

Foil Area (Less Core ) = 0- 1 968

Gaging LAMBDA 1.0214 , X = 2 .5 142 , Y 0.8279
Gag ing Angle 40 .561

(‘enter of Gravity X = 1.7483 , V = 1.2 100
Radial Reference X = 17483, Y = 1.2 100

• Inlet Angle = 90.000. Delta Beta I = 0.001
r- :x i l Ang ie = 39.060, Delta Bela 2 = 0.001
Uncovere d Turning = 8.198

Constant Section Thickne ss .050
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• TABLE V

R EDESIGN ED SECOND VANE CASCAD E TURNING VAN E
• Radius of 1 /1114 Section = 7.8905 .~ s ial Chord = 3.2500 Ac lual Chord = 3.6746

l’ itc h 1.6526 No . of Foils = 4.

Percent Foil X Foil V Foil Y
• X Suction (Circ le)

0.0 0.0 1.495 1 1. 470 1
0.01 0.0325 1.4950 1 .4950
0.02 0.0650 1. 4949 1.4949
0.03 0.0975 1. 494 5 1.494 5
0.04 0.1300 1.4939 1.4939
0.05 0.1625 1.4930 1.4930
0.10 0.3250 1.4849 1.4849
0.15 0.4875 1.4702 1.4702
0.20 0.6500 1.4485 1 .4485
0.25 0 .8 125 1.4 192 1.4192
0.30 0.9750 1.38 17 1.381 7
0.35 1.1375 1.3353 1 .33 5 3
0.40 1.3000 1.2 79 7 1.2797

• 0.45 1.4625 1.2143 1.2 143
0.S0 1.6250 1.138 4 1.1384
0.55 1.7875 1.0518 1.05 18
0.60 1.9500 0.954 0 0.9540
0.65 2 .11 25  0.8449 0 8449
0.70 2.2750 0.7243 0.7243
0.75 2 .4375 0 .592 2 0 .5922
0.80 2.6000 . 0.4489 0.4489
0.85 2 7625 0.2944 0.2944
0.90 2.9250 0 .1291 0 .1 29 1
0.95 - 3.0875 —0 .04 68 —0.0468
0.98 - 3. 1 850 —0 .1602 —0 .1602
0.99 3 .2 17 5  —0 .1 97 8 —0 .1978
1.00 3.2500 —0 .233 1 —0 .2422

Foil L. E. Circle X = 0.0250, Y = 1.470 1 . K = 0.0250
Foil T.E. Circle X 3.2250 , V — 0 .2422 , K = 0.0250

Foil L.E. Tangency Pt. Suction X = 0.0250 , Y = 1.495 1
Foil I.E. Tangency Pt. I ress ure X = 0.0250 , Y = 1.4451
Foil T .E. Tangency Pt. uc~ion X = 3.244 1 , V = —0.2260
Foil T .E. Tangency Pt. et.~~ure X = 3.2059 , V = — 0. 2c8 4

Foil Nose Point X = 0.0 , V = 1.4 701
Foil Tail Point X = 3.24 12 , V = —0 .26 13

Foil Ar ea (Less Core) = 0.1915

• Gaging LAMBDA = 1.1087 , X = 2.48 16 . V = 0 .5545
Gaging Ang le = 42 .135

Center of Gravity X = 1.7469 , V 0.8682
Radial Reference X = 1.7483, V = 1 .2 *00

Inlet Angle = 90.000, 1)- h a Bela I 0.001
Exit Ang le 40 .355 , l~e lta Beta 2 0.00 1
Uncovered Turning — 8737

Constant Section Thickn, ’ss = .050
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TABL E VI

RED ESIGN~ D SECOND VANE CASCADE TU9NING VANE

Radiui of 1/4k Se&tiiin 8.2810 Axi.il ( ‘liord = 3.2500 Ac tual Chord = 3.6127
l’it~ h = 1.7344 No. of Foils = 4.

Percent I-oil X Foil V Foil V
x Suction (Circle)

0.0 0.0 1.1160 • 
1.0910

0.01 0.0325 1.1160 1.1160
0.02 0.0650 1. 1159 1.115 9
0.03 0.0975 1.11 55 1 .11 5 5
0.04 0. 1300 1.1150 1.1150
0.05 0.1625 1.1143 1.1143
0.10 0.3250 1.1077 1.10 11
0.15 0.4 875 1.0955 1.0955
0.20 0.6500 1.0772 1.0172
0.25 0.8 125 1.0521 1.0521
0.30 0.9750 1.0196 1.0196
0.35 1 .1375 0.9791 0.9791
0.40 1.3000 0.9298 0.9298
0.45 1.4625 0.8712 0.8712
0.50 1.6250 0.8026 0.8026
0.55 1.7875 0.7236 0 .7236
0.60 1.9500 0.6337 0.6337
0.65 2 .1125 0.5328 0.532 8
0.70 2 .2750 0.4207 0.4207
0.75 2.4375 0.2974 0.2914
0.80 2.6000 0.1633 0.1633
0.85 2.7625 0.0186 0.0186
0.90 2.9250 — 0 .1362 — 0 . I 3~ 2
0.95 3.0875 —0 .30 10 —0 .30 10
0.98 3.1850 — 0. 4063 —0 .40 63
0.99 3.2175 — 0.44 * 2  — 0 . 4 4 * 2
1.00 3.2500 —0 .4753 —0.48S0

Foil L.E. Circle X = 0.0250 , Y = 1.0910 , K = 0.0250
Foil T.E. Circle X = 3.2250 , Y = —0. 4850 , = 0.0250

Foil I.E. Tangency Pt. Suction X = 0.0250, V = 1.1160
Foil IF. Tangency Pt. l r~~si.rc X = 0.0250, V = 1.0660
Foil T I : . Tangency Pt. I~~~t iun X = 3.2435 , V = —0.4682 • - -

I-oil ~~E. Tangency Pt. Pr~~sure X = 3.206S , V —0 .50 18 ~ •~.• l~ i

Foil Nose Point X = 0.0 Y = 1.0910
Foil Tail Point X = 3.24*8 , V = —0.5035

Foil Area (Less Core) = 0. 855

Gaging LAMBDA = 1.2 *02 , X = 2.4540, Y 0.2843
Gaging Angle = 44 .250

Center of Gravity X = 1.7356 , 1’ 0.5496
Radial Reference X = 1.7483 , i’ 1.2100

Inlet Angle 90.000, 1 U., Bela I 0.001
Exit Angle = 42.300. Delta Beta 2 0.001
Uncovered Turning = 9.080

Constant Section Thicknes .050
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TABLE VII

REDESIGNED SECON D VAN E CASCAD E TURNING VAN E

Radius of 3/8R Section 8.67 15 Axia l Chord = 3.2500 Actual Chord = 3.5567
htch = 1.3162 No. of Foils = 4
Percent Foil X Foil Y Foil V

x Suction (Circle)

0.0 0.0 0.7611 0.7 367
0.01 0.0325 0.7617 0.76 17
0.02 . 0.0650 0.7615 0.7615
0.03 0.0975 0.7613 0.7613 - 

-

- • 0.04 0.1300 0.7609 0.7609
0.05 0.1625 0.7603 0.7603 .1
0.10 0.3250 0.7541 0.754 1
0.15 0.4815 0.742’ 0.7427
0.20 0.6500 0.1261 0.7261
0.25 0.8*25 0.7029 0.7029
0.30 0.9750 0.6731 0.6731
0.35 1.1375 0.6357 0.6357
0.40 1.3000 0.5905 0.5905
0.45 1.4625 0.5367 0.5361
0.50 1.6250 0.4739 0.4739

• 0.55 1.7875 0.4015 0.40 15
0.60 1.9500 0.3192 0.3*92
0.65 2 .1125 0.2268 0.22u8
0.70 2.2750 0.1241 0.124 1
0.75 2 .4375 0.0112 0.0112
0.80 2.6000 —0 .1 115 — 0. 1115
0.85 2.7625 . —0.2440 —0.2440
0.90 2.9250 —0.3859 —0 .3859
0.95 3.0875 — 0.5368 —0 .5368
0.98 3.1850 —0.6299 —0.6299
0.99 - 3.2 175 —0.6641 —0.664*
1.00 3.2500 —0.6966 —0.7069

Foil L.E. Circle X = 0.0250, V = 0.7367 , R 0.0250
Foil T.E. Circle X = 3.2250, V = —0.7069 , K = 0.0250

Foil L.E. Tangency Pt. Suction X = 0.0250. V = 0.7617
Foil I.E. Tangency Pt. P?essure X = 0.0250, Y = 0.7117
Foil I.E. Tangency Pt. Si ction X = 3.2427 , Y = —0.6893
Foil T.E. Tangency I’t. P~ rssure X = 3.207 3, Y —0.7245 _________________

Foil Nose Point X = 0.0 , V = 0.7367
Foil Tail Point X = 3.2426, V —0.7246

Foil Area (Less Core) = C. 1790

Gaging LAMBI)A = 1.3262, X = 2.432* , Y = 0.0152
Gaging Angle = 46.906

Center of Gravity 1.7 155 , Y = 0.2492
Radial Reference X = 1.7483, V = 1.2100

Inlet Angle = 90,000, Delta Beta I 0.001
Exit Angle 44.825, Delta Beta 2 = 0.001
Uncovered Turning = 9.303

Constant Section Thickness = .050
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TA BLE VIII

REDESIGNED SECOND VAN E CASCADE TU~tNING VANE

R:iijius of \Iean Sect ion = 9.0625 Ax ial Chord = 3.2500 Actual Chs,rd 3.4991
• Pitch 1. 11980 No . of I-oils = 4.

• Percent F oil X Foil V Foil V
• X Suction (Circle)

0.0 0.0 0.3960 • 0 .37 *0
0.01 0.0325 0.3960 0.3960
0.02 0.0650 0.3959 0.3959

• 0.03 0.0975 0.3956 0.3956
0.04 0.1300 0.3952 0.39S2
0.05 0.1625 0.3946 0.3946
0.10 0.3250 0.3889 0.3889
0.15 0.4875 0.3787 0.3787
0.20 0.6500 0.3633 0.3633
0.25 0.8125 0.3424 0.3424
0.30 0.9750 0.3154 0.3154
0.35 1.1315 0.2819 0.2819
0.40 1.3000 0.24 13 0.24 13
0.45 1.4625 0.1931 0.1931
0.50 1.6250 0.1369 - 0.1369
0.55 1.7875 0.0723 0.0723
0.60 1.9500 —0.00 11 —0.00 11
0.65 2. 1 12$ —0.0835 —0.0835
0.70 2.2750 —0 .175 1 — 0.1 75 1
0.75 2 .4375 — 0.2759 —0.2759
0.80 2.6000 —0 .3859 —0.3 859
0.85 2.7625 —0.5049 —0.5049
0.90 2.9250 -.0.6327 —0.6327
0.95 3.0875 —0.769 * —0.7691
0.98 3.1850 —0.855 2 — 0.8 552
0.99 3.2 175 —0.877 9 —0.8779
1.00 3.2500 —0 .9140 —0.9250

Foil L.E. Circle X = 0.0250, V = 0.37 10, R = 0.0250
Foil T.E. Circle X = 3.2250, Y = —0.9250 , R = 0.0250

Foil I.E. Tangency Pt. Suction X = 0.0250, Y = 0.3960
Foil I.E. Tangency I t .  I’ressure X = 0.0250, V = 0.3460 

~~~~~~~~~~~~~~~~ 
Foil T I.  Tangency l’s. Suction X = 3.2419 , Y = —0.9066 ~~~~~~~~~~~~~~~~~~~ i?~
Foil I.E. Tangency Pt. Pressure X = 3.2081, Y = —0.9434

Foil Nose Point X = 0.0 • V = 0.37 10
I-oil Tail Point X = 3.2434. V —0.94 19

Foil Area (Lest Core) = 0- 17 36

Gaging LAMBDA = 1.45 14, X = 2.4249, V = —0.2678
Gaging Angle = 49.880,

Center uf Gravity X 1 6977 , V = —0.0585
Radial Reference X = 1.7483, Y = 1.2100

Inlet Angle = 90.000. Delta Beta I = 0.001
Exit Angie = 47.550, Delta Beta 2 = 0.00*
Uncovered Turning = 9.654

Constant Section Thicknes; = .050
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TABLE IX

REDESIGNED SECOND VANE CASCADE TURNING VANE

Radius of I/ ST Section = 9.453 1 Axial Chord = 3.2500 Actual Chord = 3.437 1
Pitch 1.9799 No. of Fe,iJs = 4.

Percent Foil X Foil V Foil V
X Suction (Circle )

0.0 0.0 —~~ t I  * —O.0 .aj 9
- - 0.01 0.0325 —0.0090 —0.0090

0.02 0.0650 —0 .0091 —0.009 1
0.03 0.0975 —0.0094 —0 .0094
0.04 0.1300 —0.0096 —0.0096
0.05 0.1625 —0.0100 —0.0100
0.10 0.3250 —0.0144 —0 .0 144
0.15 0.4875 —0.0227 —0.0227
0.20 0.6500 —0.0346 —0.0346
0.25 . 0.8 125 —0.05 11 —0 .0511
0.30 0.9750 —0.0728 —0.0128
0.35 1.1375 -0.0999 —0.0999
0.40 1.3000 —0.1326 —0.1 326
0.45 1.4625 —0. 1722 — 0.1722
0.50 1.6250 - —0.2 185 - —0 .2185
0.55 1.7875 —0.2724 —0.2 724
0.60 1.9500 —0.3341 —0.334 *
0.65 2.1125 —0.4043 — 0 .4043
0.70 2.2750 —0.4829 —0.4 829
0.75 2.4375 —0.5703 —0.5703
0.80 2.6000 —0.6666 —0.6666
0.85 2.7625 —0.7720 — 0.7720
0.90 2.9250 —0 .8664 —0.8864
0.95 3.0875 — 1.0096 —1.0096
0.98 3.1850 —1. 0862 —1.0862
0.99 3.2175 — 1.1 123 —1.112 3
1.00 3.2500 — 1.14 15 — 1.1 532

Foil L.E. Circle X = 0.0250, V = —0.0339 , *4 = 0.02 50
Foil T.E. Circle X = 3.2250, V = — 1.1 532 , R = 0.0250

Foil I. E. Tangency Pt. Suction X = 0.0250, V = —0.0089
Foil I.E. Tangency Pt. Pressure X = 0.0250 , V = —0.0589 - •
loil T I. Tangency Pt. Suction X = 3.24 10. V = — 1.1 340
Foil T i. Tangency Pt. Pre~~ure X = 3.2090, Y = — 1.17 24

Foil Nose Point X = 0.0 , V = 0.0339
Foil Tail Point X = 3.2442, V = —1.1 692

Foil Area (Less Core) = 0.1704

Gaging LAMBDA = 1.5786. X = 2.4 368, Y = —0.5699
Gaging Angle = 52.877

Center of Gravity X = 1.6908, V —0.3909
Radial Reference X = 1.7483, Y = 1.2 100

Inlet Angle = 90.000. Delta Beta I = 0.001
Exit Angie = $0.1 33. Delta Beta 2 = 0.00*
Uncovered Turning = 10.405

Constant Section Thickness = .050
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TABLE X

REDESI GNED SECOND VAN E CASCADE TURNING V ANE

Radius of 1(4 f Section = 9.8437 Axial Chord = 3.2500 Aclual Chord 3.3792
• Pitch 2.0617 No. of Foils = 4.

Percent Foil X Foil V Foil V
X Suction (Circle)

0.0 0.0 —0.4270 —0.4 520
0.0% 0.0325 —0 .4270 —0.4270
0.02 0.0650 —0 .42 71 — 0.427 1
0.03 0.0975 — 0.42 72 — 0.4272
0.04 0.1300 —0.4274 —0.4274
0.05 0.1625 —0.4277 —0. 427 7
0.10 0.3250 —0.4305 —0.4305
0.15 0.4875 —0.4358 —0.4358
0.20 0.6500 —0.4439 —0 .4439
0.25 0.8*25 —0 .455 1 — 0 .455 1
0.30 0.9750 —0.4699 —0.4609
0.35 1.1375 --0.4889 —0.4889
0.40 1.3000 —0 .5 12 5 —0 .5125
0.45 1.4625 —0 .54 13 —0.54 *3
0.50 1.6250 —0.5761 —0 .576 1
0.55 1.7875 —0.6 176 —0.6 176
0.60 1.9500 —0.6662 —0.6662
0.65 2. 1125 —0.722 8 —0.7228
0.70 2.2750 —0.7878 —0. 7878
0.75 2.4375 —0.8615 --0.8615
0.80 2.6000 —0.9443 —0.944 3
0.85 2.7625 . —1. 0362 —1 .0362
0.90 2.9250 — 1.13 73 — 1.137 3
0.95 3.0875 — 1.2477 —1. 24 7 7
0.98 3.1850 —1. 320 1 —1.3201
0.99 - 3.2175 --1. 3455 — 1. 3455
1.00 3.2500 —2.3 6 76 —1.3800

Foil L.E. Circle X = 0.0250, V = —0.4520 , R = 0.0250
Foil T.E. Circle X = 3.2250, V = —1.3800 . *4 = 0.0250

Foil L.E. Tangency Pt. Suction X = 0.0250, V = —0.4270
Foil I.E. Tangency Pt. Pressure X = 0.0250, V = —0.4770 ,.

~~~~~
,

Foil T I. Tangency Pt. Suction X = 3.2402, V = ~— 1.36O l
Foil T.E. Tangency Pt, Pres ,ur,. X = 3.2098 , V = —1 .3999

Foil Nose Point X = 0.0 V = —0.4520
Foil Tail Point X = 3.2449, ‘1 = —1. 3952

Foil Area (Less Core) = 0.1 65

Gaging LAMBDA = 1.7072, X = 2.4622 , Y = —0.8735
Gaging Angle = 55.900

Center of Gravity X = 1.6891, V = —0.7293
Radial Referen ce X 1.7483, V 1.2100

Inlet Angie = 90.000, Delta Beta I = 0.001
Exit Angle = 52.630 , Delta Beta 2 = 0.00 1
Uncovered Turning = 11.264

Constant Section Thickness = .050
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TABLE XI

REDESIGNED SECOND VANE CASCADE TURNING VANE

Radius of 3/ST Section 10.2343 Axial Chord = 3.2500 Actual Chord = 3 .3321
Pitch = 2 .1435 No. of Foils 4.

Percent Foil X Foil V Foil V
X Suction (Circle)

0.0 0.0 —0 .8247 —0.8497
0.01 0.0325 —0.8247 * —0 .8247
0.02 0.0650 —0. 8248 —0 .824 8
0.03 0.0975 —0 8248 — 0.8248
0.04 0.1300 —0 .8249 —0 .8249
0.05 0.1625 — 0. 825 1 — 0.825 1
0.10 0.3250 —0 . 8266 — 0.8266
0.15 0.4875 —0.8294 —0.8294

• 0.20 0.6500 —0.8340 —0.8340
0.25 0.8125 —0.8403 —0. 8403
0.30 0.9750 —0.8489 —0.8489
0.35 1.1375 —0.8602 —0. 8602

0.40 1.3000 —0.8748 —0.8748
0.45 1.4625 —0.8934 —0.8934
0.50 1.6250 —0.9166 —0.9 166
0.55 1.1875 —0 .9455 —0.94 55

• 0.60 1.9500 —0.9810 —0.9810
0.65 2.1125 — 1.0244 —1. 0244

• 0.70 2.2750 — 1.0763 —1. 0763
• 0.7$ 2.4375 —1.1 373 — 1.1373

0.80 2.6000 — 1.2074 — 1. 2074
• 0.85 2.7625 —1.2860 —1 2860

0.90 2.9250 -- 1.3733 — 1.3733
0.95 3.0875 — 1.469 7 —1 .4697
0.98 -3.1850 — 1.5344 —1 .5344

• 0.99 3.2 175 — 1.5 583 —t . 558 3
1.00 3.2500 — 1.5769 —1.5 899

Foil I.E. Circle X = 0.0250, Y = —0.8497 , R 0.0250
Foil T.E. Circle X = 3.2250. V = —1.5899 , R 0.0250

Foil I.E. Tangency Pt. Suct ion X 0.0250, Y — O .P 7

Foil LE. Tangency Pt. Pressure X = 0.0250, V = - 
- -

Foil I.E. Tangency Pt. Suction X = 3.2393. • - • 
~~~~~~~~~~~~~~~~~~~~~~ ~~

- •
,
.

Foil I.E. Tangency Pt. F essure X = 3.2107. . -

Foil Nose Point X = 0.0 V = -0.8497
Foil Tail Point X = 3.2455 . V = — 1.6042

Foil Area (Less Core) = (.t6’7 0

Gaging LAMBDA 1.8386, X = 2.4970, V = —1.1620
Gaging Angle = 59.065

Center of Gravity X = 1.6843, Y = —1.0507
Radial Reference X = 1.7483, Y 1.2 100

Inlet Angle = 90.000, Delta Beta 1 0.001
Exit Angie 55.174 , Delta Beta 2 = 0.001
Uncovered Turning = 11.840

Constant Section Thicknics = .050
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TABL E X II

RED ESIGNED SECOND VANE CASCADE TURNING VANE

Radius -f I p Section = 1 0 6 2 5 0  Asi .~l Chord = 3 . 2500 Actual  Chord 3 2963
Pitch 2 . 2 2 5 3  No. of I oils 4 .

Percent I-oil X Foil V I-oil V
X Suction (Circle)

0.0 0.0 — 1 . 1 9 5 3  - 1.2203
0.01 0.0325 — 1 . 1 9 5 3  — I . 1 9 S 3
0.02 0.0650 —1.1 953  — 1 . 1 9 5 3
0.03 0.0975 — I . 1 9 c 3  — l . 1 9 c 3
0.04 0. 1300 — 1.1 954  — l . l9~ 4
0,05 0. 1 62 5  — 1 . 1 9 5 4  — 1 . 1 9 5 4

0.10 0.3250 — l . I 9 S 9  - -1 . 195 9
0.15 0.4875 —1.19 69 —1.19 69
0.20 0.6500 — 1.19 85 - 1.1985
0.25 0.8 125 — 1.200 8 —1. 2008
0.30 0.9750 - 

— 1 . 2 0 4 1  — 1 .2041
0.35 1.1375 — 1.2087 — 1.2087
0.40 1.3000 —1. 2 150 —1. 2 15 0
0.45 1.4625 —1. 223 8  —1 . 2238
0.50 1.6250 —1. 2358 — 1 . 2 3 5 8
0.55 1.7875 — 1.2 523  — 1 . 2 5 2 3
0.60 1.9500 — 1 . 2 7 5 1  — 1 . 2 7 5 1
0.65 2 .1125 —1.3057 —1. 3057
0.70 2.27 50 —1. 34 5 6 —1. 34 5 6
0.75 2.4375 —1. 395 2  — 1. 3952
0.80 2.6000 — 1.4534 — 1 . 4 534
0.85 - 2.7625 —1.5 191 — 1.51 9 1
0.90 2.9250 —1. 59 17 —1. 59 17
0.95 . 3.0875 — 1.6 726 — 1.6 726
0.98 3.1850 —1 .7288 —1.7 2 8 8
0.99 3 .2 17 5  —1 . 7544 — 1 . 7544
1 .00 3.2500 —1 .7662 — 1 . 7800

Foil I.E. Circle X = 0.0250 . V = —1 .2 203 , R = 0 .0250
Foil I.E. Circle X = 3.2250, V = — 1 .7800. 14 0.0250

Foil I.E. Tangency Pt. Suction X = 0.0250, V = — 1 .1953
Foil I.E. Tangency Pt. l’ressure X = 0.0250 . V = —1 .24 53 -

Foil r i- rangcncy Pt. Suction X = 3 .2 383 . V = —1 .7586
Foil T I. Tangency Pt. Pressure X = 3 . 2 1 1 7 . Y = — 1 .8012

Foil Nose Point X = 0.0 , V = —1.2203
Foil Tail Point X = 3.2462, = —1 .793 3

loll Area (Icss Core) = 0.1654

Gaging LAMBDA = 1.9724 , X 2.5401, Y = —1 .43 11
Gaging Angle = 62.420

Center of Gravity X 1.6 7 35 , V = — 1 . 3 5 0 8
Radial Reference X = 1.7483 , V = 1.2 100

Inlet Angle = 90.000, l)elta Bet a I = 0.000
Ex it Angle = 57 .790, ‘elta Beta 2 = 0.000
Uncovered Turning = 12.139

Constant Section Thickness = .050
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TABLE XIII

RECONTOURED SECOND VANE

Radius of FE Section = 7.5000 Axial Chord = 0.8320 Actual Chord = 0.8432
Pitch = 0.5890 No. of I- oils 80.00

Percent Foil X Foil Y Foil V Foil V Foil V
X Suction (Citcle) Pressure (Circle)

0.0 0.0 —0. 2059 -0 .2011 — 0 .1571 —0.201 %
0.01 0.0083 — 0.2 196 — P 2 1 9 6  — 0. l (~60 — 0.1 862
0.02 0.0166 —0. 2329 — 0.2329 —0 . l 7S O —0 .1836
0.03 0.0250 — 0.2 458 — 0.245 8  — 0 .1820 —0 .1853
0.04 0.0333 —0 .2583 — O 2 5 S 3  — 0.1923 —0 .1923
0.05 0.0416 —0.2705 —0 .2705 —0.20 10 —0.2010
0.10 0.0832 —0.3266 — 0. 326 6 —0.2422 —0.2422
0.15 0.1248 —0.3744 — 0.3744 — 0.2792 —0.2792
0.20 0.1664 —0.4143 — 0.4143 —0 .3 11 1 —0. 3 11 1
0.25 0.2080 — 0.4465 —0 .4465 — 0.33 74 —0.33 74
0.30 0.2496 —0.4 7 11 —0.4 711 — 0.3572 --0.3572
0.35 0.2912 —0.4882 —0.4882 —0.3699 —0.3699
0.40 0.3328 —0.4979 —0. 4979 — 0.3752 — 0.3752
0.45 0.3744 —0.5001 —0 .500 1 —0.3727 —0 .3727
0.50 0.4160 —0.4950 —0.4950 —0 .362 1 —0.3627
0.55 0.4576 —0.4824 —0. 4S 24 — 0 .3453 —0.3453
0.60 0.4992 —0.4622 — 0.4622 — 0 .32 14 —0.3214
0.65 0.5408 —0.4344 —0.4344 — 0.2914 — .0.2914
0.70 0.5824 —0.3987 —0 .3987 — 0.256 2 —0. 2562
0.75 0.6240 — 0.3550 — 0.3 550 —0.21~,4 —0.2 164
0.80 0.6656 —0.3028 —0.3028 — 0.17 28 —0 .1728
0.85 0,7072 —0.2420 —0 .2420 —0.12 60 —0.1260
0.90 0.7488 —0.1719 —0 .171 9 —0.0 763 --0.0763
0.95 0.7904 —0.0922 —0.0922 —0.0244 —0.0244
0.98 0.8154 —0.0394 —0.0394 0.0074 0.0075
0,99 0.8237 —0.0210 —0.0210 0.0180 0.0099
1.00 0.8320 —0.0022 —0 .0 0.294 —0.0

foil I. E . Circle X = 0.0175, V = —0.2011 , R = 0.0*75I-oil 1.1:. Circle - X = 0.8220 , V = —0.0 *4 = 0.0100

I - t i  L.l . Tangency Pt. Suction X = 0.0026, V = —0.2 102 
_________________

oil L.1 . Iange ncv Pt. Pressur e X = 0.0302. V —0.1891
I t i l  1.1 . iangencv I’t . Suction X = 0.8312, V = —0.0040
Foil I . l • . Tangency Pt. Pressure X = 0.8141, V = 0.0061

Foil Nose Point X = 0.0069, V = —0.1872
Foil Tail Point X 0.8271 , V = 0.0086

Foil Area = 0.0920

(;aging LAMBDA = 0.2941, X = 0.6024, Y = —0.3787
Gag ing Angle = 29.950

Center of Gravity X = 0.4301, V = .-0.3316
Radial Reference X = 0.4301, V = —0.33 16

Inlet Ang!e = 37.330 , D E Ir A  Bl-:TA I
Exit Angle = 30.570, DELTA BETA 2 = 14.vOJ
Uncovered Turning 20.089

M m .  Moment of Inertia = 0.00077115
Max. Moment of Inertia 0.00450036

Principal Axis Angle = —17.163

Pitch/A xial Chord = 0.7080
Pitch/Actual Chord 0.6986
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TABLE XIV

RECONTOURED SECOND VANE

R.sJius of \ ~ Section = 7.6500 Ax isl Chord = 0.8357 Actual Chord = 0.8563
Pitch = 0.6008 No . of toils 80.00

Percent Foil X Foil V Foil V Foil V F~ j l y
Suction (Cir~lc) Pressure (Circle)

0.0 —0. 0083 —0.2334 —0.2284 —0 .1826 —0.2284
0.01 0.0001 —0 .2474 —0.2474 —0 .19 16 —0.2 130
0.02 o.oosc —0.2608 — 0.2608 —0.2 005 — 0.2100
0.03 0.0168 —0.2739 — 0.273 9 —0.2078 —0.2 112
0.04 0.0252 — 0.2866 —0.2866 — 0 .2 175 —0.2 175
0.05 0.0335 —0.2989 —0 .2989 — 0.2258 —0.2258
0.10 0.0753 —0.354 7 —0.3547 —0.2646 —0.2646
0.15 0.1171 —0.4017 —0.40 17 —0.2983 —0.2983
0.20 0.1589 —0.4401 —0.440 1 —0.3268 —0 .3268
0.25 0.2007 —0.4703 —0.4 703 —0.3497 —0.3497
0.30 0.2425 —0.4926 —0.4926 —0.3665 —0.3665
0.35 0.2842 —0.5072 —0.5072 —0.3768 --0.3768
0.40 0.3260 —0.5143 — 0 .514 3  —0.3803 —0.3803
0.45 0.3678 —0.5138 —0.5138 —0.3768 —0.3768
0.50 0.4096 —0.5059 —0.5059 —0.3664 —0.3664
0.55 0.45 14 —0.4904 —0.4904 —0.3492 —0.3492
0.60 0.4932 —0.4673 —0.4673 —0.3254 — 0.3254
0.65 0.5350 —0.4365 —0.4365 —0 .2954 — 0.2954
0.70 0.5767 —0.3977 —0.3977 —0.2594 —0.2594
0.75 0.6185 —0.3507 —0.3507 — 0.2182 —0.2182
0.80 0.6603 —0.29 53 —0.2953 —0 .1725 — 0. 1725
0.85 0.7021 —0.2316 — 0.23 * 6  —0.1230 —0 .1230
0.90 0.7439 —0.1595 — 0 .1595 —0.0702 —0.0702
0.95 0.7857 —0.0790 —0.0790 —0 .0 146 —0 .0 146
0.98 0.8107 —0.0267 —0.02(,7 -0.0197 0.0195
0.99 0.8191 —0.0085 —0.0085 0.0311 0.0220
1.00 0.8275 0.0099 0.0121 0.0433 0.0121

Foil L.E. Circle X = 0.0102, Y = —0.2284 , 14 = 0.0185
Foil T.E. Circle X = 0.8175. V = 0.012* , *4 = 0.0100

Foil L.E. Taneency Pt. Suction X = —0.0056 . V = —0.2379 -

t oil 1.1:. Tangency Pt. Pressure X = 0.0234 . Y = —0 .2155
I oil TI. Tang e ncy Pt. Suction X = 0.8266, V = 0.0080
Foil T.E. Tangency Pt. Pressure X = 0.8094, V = 0.0180

F oil Nose Point X = —0.0011. V = —0 .2 138
Foil aiI Point X = 0.8225, Y = 0.0208

Foil Area = 0.0950

Gaging LAMBDA = 0.2962. X = 0.59 16 , V = —0.3820
Gaging Angle 29.535

Center of Gravity X = 0.4125 Y = —0.3438
Radial Reference X = 0.4301, Y = —0.33 16

Inlet Angle = 37.732 , DFLTA BETA I = 1 ~• ‘149 
-

F.xit Angle = 30.022 , DELTA BETA 2 = I ..F.0l
Uncovered Turning = 18. 155

M m .  Moment of Inertia = 0.00077791
Max . Moment of Inertia = 0.00472626

Principal Axis Angle = — 19 .327

Pitch/Axial Ch(ird = 0.7*89
Pitch/Actual Chord = 0.7016
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TABLE XV

RECONTOURED SECOND VAN E

Radius of RB Section = 8.4863 A~ iaI Chord = 0.8565
l’itch = 0.6665 No . of I-oils = 80.00 Actual Chord = 0.9464

Percent Foil X Foil Y Foil V Io,~ V J~’oil Y
X Suction (Circle) Pressure (Circle)

0.0 —0.0543 —0.3634 —0.3570 —0.3074 —0 .3570
0.01 —0.0458 —0.3771 — 0 .3 77 1 —0.3156 —0.3393
0.02 —0.0372 —0.3903 —0.3903 —0.3234 — 0.3352
0.03 —0.0286 —0.4030 —0.4030 —0.3307 —0 .3347
0.04 —0.0201 —0 .4 152 —0.4 152 —0.3376 —0.3378
0.05 —0.0* 15 —0.4270 —0.4270 —0.3442 —0.3442
0.10 0.0313 —0.4792 —0.4192 —0.3719 —0.3719
0.1$ 0.0741 —0 .5208 —0.5208 —0.3925 —0 .3925
0.20 0.1170 —0.5526 —0 .5526 —0.4073 —0.4073
0.25 0.1598 —0.5749 —0.5749 — 0.4 *68 —0.4 168
0.30 0.2026 —0.5883 —0.5883 —0 .42 15 —0.42 15
0.35 0.2454 —0.5931 —0.5931 —0.4215 —0 .42 15
0.40 0.2883 —0.5893 —0.5893 —0.4 168 —0.4168
0.45 0.3311 —0.5773 — 0.5773 —0.4073 —0.4073
0.50 0.3739 —0 .55 11 — 0 .557 1 —0.3927 —0 .3927
0.55 0.4167 —0.5287 —0.5287 —0 .3 122 —0.3722
0.60 0.4596 —0.4921 —0.4921 —0.3450 —0.3450
0.65 0.5024 —0.4472 —0. 4472 —0.3101 —0.310 1
0.70 0.5452 —0.3939 —0.3939 —0.267 1 —0.2671
0.75 0.5880 —0.33 19 —0 .33 19 —0.2165 —0 .2 165
0.80 0.6309 —0.2616 —0.2616 — 0 .15 94 —0.1594
0.85 0.6737 —0.1842 —0.1842 —0.0968 —0.0968
0.90 0.7165 —0.10*0 —0.1010 —0.0293 —0.0293
0.95 0.7593 —0.0 134 —0.0134 0.0425 0.0425
0.98 0.7850 0.0408 0.0408 0.0874 0.0867
0.99 0.7936 0.0591 0.0591 0.1027 0.0896
1.00 0.8022 0.0775 0.0797 0.1182 0.0797

Foil L.E. Circle X = —0.0318, Y = —0.3570 , R = 0.0225
Foil I.E. Circle X = 0.7922 , Y 0.0797, *4 = 0.0100

Foil L.E. Tangency Pt. Sucti n X = —0.0509 , Y = —0.3689
Foil I.E. Tang. ncy Pt. Pressure X = —0.0181, V = —0.3392
Foil I .E. Tangency Pt. Sucti ~n X 0.8012 , V = 0.0755
Foil I.E. Tangency Pt. Press i ‘e X = 0.7835 , Y = 0.0846 ~~~~~~~~~~~~ -

Foil Nose Point X = —0.0469, V = —0.3403
Foil Tail Point X = 0.7967, Y = 0.0886

Foil Area = 0.1068

Gaging LAMBDA = 0.3033, X = 0.5419, V = —0.3982
Gaging Angle 27.070

Center of Gravity X = 0.3464, V = —0.4008
Radial Reference X = 0.4301. Y = —0.3316

Inlet Angle 42.100, DELTA BETA I = 20 250 -

Exit Angle = 27.170, I)ELTA BETA 2 = 4 500
Uncovered Turning = 12.000

M m .  Moment of Inertia = ;.00079620
Max. Moment of Inertia = 0.00602193

Principal Axis Angle = —29 .781

Pitch/Axial Chord = 0.7782
Pitch/Actua l Chord = 0.7042
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TABLE XV I

RECONTOURED SECOND VAI’JE

R.idius of (‘C Sec t i ri = 9.4725 As ci I  ( ‘t iord = 0.88 10

I’it ch  = 0.7440 No . of I .~its 80.00 Actu a l Chord = 1 .0660

Percent Foil X Foil V I-oil V Foil Y Foil V
X Suction (Circle) Pressure (Circle)

0.0 —0.1087 —0.4728 —0. 464 % —0.4202 —0. 464 %
0.01 —0.0999 —0.4838 - 0.-t .S38 —0. 4259 —0.4450
0.02 —0.09 11 —0.4945 —0. 4945 — 0 .43 13 —0.4402
0.03 —0.0822 —0.5049 —0.5049 —0. 4364 —0.4 39*
0.04 —0.0734 —0 .5150 — 0 .5150 —0.441 2  —0. 44 13
0.05 —0.0646 — 0.5247 — 0.5 2 47 —0 . 44 58 —0.4458
0.10 —0.0206 —0.5685 —0. 5685 —0.4647 —0.4647
0.15 0.0235 —0.6039 —0.6039 —0.4778 —0.4778
0.20 0.0675 —0.6304 —0.6304 —0.4 858 —0.4858
0.25 0.1116 —0.6480 —0.6480 —0. 48S9 —0. 4889
0.30 0.1556 —0.6563 —0.6 563 —0.4 872 —0.4872
0.35 0.1997 —0.6552 - -0.6552 —0.4807 —0.4801
0.40 0.2437 —0.6447 —0.6447 —0.46 92 —0.4692
0.45 0.2878 —0.6247 —0.6247 —0.452 1 —0.4 52 t
0.50 0.3318 —0.5952 — 0 .5952 —0.4288 —0. 4288
0.55 0.3759 —0.5563 — 0.5 563 — 0.3982 —0.3982
0.60 0.4199 —0.5083 —0.5083 —0.35 92 —0.3592
0.65 0.4640 —0.45 13 —0.4513 —0 .31 13 —0 .3 113
0.70 0.5080 —0.3857 —0.3857 — 0.2553 — 0.2553
0.75 0.552 1 —0 .3 117 —0 .3 117 — 0 .1 92 2 —0 .1922
0.80 0.5961 —0.2299 —0 .2299 — 0.1230 —0. 1230
0.85 0.6402 —0 .14 12 —0 .14 12 —0.0486 —0.0486
0.90 0.6842. —0.0465 —0.0465 0.0307 0.0307
0.95 0.7283 0.0533 0.0533 0.1144 0.1144
0.98 0.7541 0.1153 0.1 153 0.1665 0.1659
0.99 0.7635 0.1363 0.1363 0.1843 0.1693
1.00 0.7723 0.1574 0.I~~94 0.202% 0.1594

Foil L.E. Circle X a —0.0837. V = —0.4641, R = 0.0250
Foil I.E. Circle X = 0.7623 , V = 0.1594 , R = 0.0100

I-oil I.E. Tunec icy Pt. Suction X —0. 1032 , V = —0.4797
Foil I.E. Tangency l’t. Pressure X = —0.0720, V = —0.4420
Foil T I - .. Tangency Pt. Suction X = 0.77 16, V = 0.1556
F oil T.E. Tangency Pt. Pressure X = 0.7534, Y = 0.1639

I- ’il Nose Point~ X = —0 .1030 , V = —0.4482 
~~~~

;__ 

~~~~~~~~~~I ill Tail Point X 0.7665, V = 0.1685

Foil Area = 0.1117

Gaging LAMBDA = 0.3115 , X = 0.4937. Y —0.4080
Gag ing Angle = 24.7 50

Center of Gravity X = 0.3086. V ‘~ —0.4308
Radial Reference X 0.4301, V — —0.3316

Inlet Angle a 50.500, DELTA BETA 1 = :3.500 -

Ex it Angle 24.580, DELTA BETA 2 = 4.000
Uncovered Turning a 10.674

M m .  Moment of Inertia = 0.00078028
Max . Moment of Inertia = 0.00818481

Principal Axi s Angle = —38.899

Pitch/Axial Chord = 0.8445
I’itch/Actual Chord = 0.6979
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TABL E XV II

RECONTOURED SECOND VANE

Radius of Ill ) Section 1 0.4600 Asi . it (‘h,,rd = 0.9055 Ac tual  Chord 1.1749
(‘itch a 0.82 15 Ni,. ut I-oils = 80.00

Percent Foil X Foil V I-oil V t oil V Foil V
X Suction (Circle) l~ressure (Circle)

0.0 — 0 .1631 --0.5384 —0.5273 —0 .4 868 ‘— 0.5273
0.01 —0. 1540 —0.54 79 — 0.54 79 —0 .4907 —0.5069
0.02 —0. 1450 —0.557 0 — 0.5 57 0 —0.4945 —0.5 0 15
0.03 — 0. 1359 —0.5659 — 0.5659 — 0. 4980 —0.4998
0.04 —0.1269 —0.5746 — 0.5746 — 0.50 12 — 0.5012
0.05 — 0.1178 —0.5829 — 0. 58 29 —0.5043 —0.5043
0.10 —0 .0725 —0.6200 —0.6200 —0 .5164 —0.5164
0.15 —0.0273 —0 .6493 —0.6493 — 0.5234 — 0 .5234
0.20 0.0180 --0.6702 —0.6702 — 0.5257 — 0.52 57
0.25 0.0633 —0.6821 — 0 .68 21 — 0.5232 — 0.5232
0.30 0.1086 —0.6349 —0.6849 — 0 .5 159 — 0 .51 59
0.35 0.1539 —0.678 1 —0.678 1 —0 .5036 —0.5036
0.40 0.1991 —0 .66 15 —0.66 15 —0.4 85 7 —0.4857
0.45 0.2444 —0.6350 —0.6350 —0 .46 16 —0 .46 16
0.50 0.2897 —0.5984 —0.5984 —0.4303 —0.4303
0.55 0.3350 —0.5 520 — 0.55 20 —0.3905 —0.3905
0.60 0.3802 —0.4 958 — 0. 4958 — 0 .34 16 — 0.34 16
0.65 0.4255 —0.4303 --0.4303 — 0.2843 —0.2 843
0.70 0.4708 —0.3 557 — 0.35 57 —0.2194 — 0.2 194
0.75 0.5161 — 0 .2726 — 0.2726 — 0.148 1 —0. 148 *
0.80 0.5613 —0. 18 19 — 0 .1 8 19 — 0,07 12 —0.07 12
0.85 0.6066 —0.0845 —0.0845 0.0109 0.0(09
0.90 0.6519 0.0184 0.0 184 0.0977 0.0977
0.95 0.6972 - 0.1260 0.1260 0.1888 0.1888
0.98 0.7243 0.1924 0.1924 0.2455 0.245 %
0.99 0.7334 0.2 148 0.2148 0.2647 0.2492
1.00 0.7424 0.2373 0.2392 0.2840 0.2392

Foil I.E. Circle X = — 0.1356 . V = —0.5273 , 14 = 0.0275
Foil I.E. Circle X = 0.7325, V = 0.2392, 14 = 0.0100

Foil I.E. Tangency Pt. Suction X = — 0. 1554 . V = —0.5464
Foil II-.. Tangency l’t. Pressure X = — 0 .126 5 , V = —0 .50 14
Foil I.E . Tangency Pt. Suction X = 0.7417, = 0.2355

F 
Foil T.F . Tangency Pt. Press.i re X = 0.7234 , V = 0.2435

Foil Nose Point X = —0. 1587 . V = — 0. 5 * 25
I-oil Tail Point X = 0.7365 , y = 0.2484

Fail Area = 0.1166

Gaging LAMBDA = 0.3307. X = 0.4425 , V = —0.4034
Gaging Angle = 23.739

Center of Gravity X = 0.269 1. V = —0.4297

k Radial Reference X = 0.430L Y - - —0.33 16

Inlet Angle = 57 .407 , 1)111 TA  BETA I 2o.758
Esist Angle 23 .599 . DElTA RITA 2 1.500
Uncovered Turning = 9.789

Mm. Moment of Inertia = 0.00074674
Nt .is. Moment of Inertia 0.01048401

Principal As is Angie 43.784

I’ilch/Axj al  (.‘hord 0.’~072
I’itch(Actual Chord 0.6992
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TABLE XVIII

RECONTOURED SECOND VAN E

Radius of FE Section = 10.8600 Ax ial Chord = 0.9 155 Actual Chord a 1.1982
= 0.35 29 No. of I-oils = 80.00

Percent Foil X Foil V I oil V Foil V Foil V
X Suction (Circle) Pressure (Circle)

0.0 — 0 .1 85 1 —0.5304 —0 . 5179 —0.4776 -- 0 .5 179
0.01 —0. 1760 —0.5387 —0.53 86 —0.4806 — 0.4973
0.02 — 0 .1668 —0.5468 —0 .5468 —0.4845 —0. 49 17
0.03 — 0. 157 7 —0.5548 — 0. 5 548 —0.4879 —0.4900
0.04 —0.1485 — 0.5625 — 0.562 5 —0.49 14 —0 .49 14
0.05 —0. 1393 —0.5700 —0. 5700 — 0.4944 —0.4944
0.10 —0.0936 —0.6034 —0 .6034 —0.506 1 —0 .506 1
0.15 —0.0478 —0 .630 1 —0 .6 30 1 —0. 5 124  — 0.5 124
0.20 —0.0020 —0.6496 —0.6496 — 0.5 135 — 0.5 135
0.25 0.0437 —0 .66 13 — 0.66 13 —0.5094 —0.5094
0.30 0.0895 —0.6648 —0.6648 —0.5002 —0.5002
0.35 0.1353 —0.6595 — 0.6595 — 0.4855 — 0.4855
0.40 0.1811 —0.6449 —0.6449 —0.4649 —0.4649
0.45 0.2268 —0.6207 —0.6207 — 0.438 1 —0.438 1
0.50 0.2726 —0.5863 —0.5863 —0.404 1 —0.404 1
0.55 0.3184 —0 .54 16 — 0 .54 16 —0.3620 — 0.3620
0.60 0.3642 —0.4866 —0.4866 — 0.3 116 — 0.31 16
0.65 0.4099 — 0.42 13 —0 .42 13  — 0.2535  —0.2 5 35
0.70 0.4557 —0.346 1 — 0.346 1 —0 .1884 —0 .1884
0.75 0.5015 — 0.26 15 — 0 .26 15 — 0.1 17 1 — 0. 117 1
0.80 0.5473 —0.1684 —0. 1684 —0.0402 —0.0402
0.85 0.5930 —0.0677 —0.0677 0.0419 0.0419
0.90 0.6388 0.0395 0.0395 0.1289 0.1289
0.95 0.6846 0.1522 0.1522 0.2204 0.2204
0.98 0.7120 0.2222 0.2222 0.2774 0.277 1
0.99 0.7212 0.2459 0.2459 0.2972 0.28 15
1.00 0.7303 0.2697 0.2716 0.3161 0.2716

Foil L.E. Circle X = —0. 1572 , Y = —0.5 179 , 14 = 0.0279
Foil T.E. Circle X = 0.7203, Y = 0.2716 , 14 0.0100

Foil I.E. Tangency Pt. Suction X —0.1758 . V = —0.5387
Foil I.E. Tangency Pt. Pressure X = —0.1483. V = —0.49 15
Foil I.E. Tangency Pt. Suct.on X = 0.7297. V = 0.2680 . -

Foil I.E. Tangency Pt. Prey ura X = 0.7113. Y = 0.2759

Foil Nose Point X —0.1813 , Y = —0.5039
Foil Tail Point X a 0.7243, V = 0.2807

Foil Area = 0.1242

Gaging . LAMBDA = 0.3378. X = 0.4248 . Y 0.3980
Gaging Angle = 23.334

Center of Gravity X = 0.2674. V = —0.3990
Radial Reference X = 0.4301. V = —0.33 16

Inlet Angle = 59.762. DELTA BETA I = 23.045
Exit Angle = 23.247, DELIA BETA 2 = 4.366
Uncovered Turning = 10.844 -

M m .  Moment of Inertia = 0.0007 8773
Max. Moment of Inertia = 0.0 11554(2

Principal Axis Angle ‘ —44.493

Pitch/Axial Chord 0.9317
Pitch/Actua l Chord = 0.7118
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TABLE XIX

RECONTOURED SECOND VANE

Radius of GG Section a 1 1 . 4 450  Axial Ch ,rd r 0.9300 Actual Chord = 1.2024
Pitch a 0.8989 No. of I uil~ 

. 80.00

Percent ‘F Foil X Foil V Foil V Foil V Foil V
X Suction (Circle) Pressure (Circle)

0.0 --0.2173 —0.4729 - 0.4577 — 0 . 4 169 --0.4577
0.01 —0.2080 —0.4783 —0.47113 -0 .4 182 —0.4370
0.02 —0 .1987 —0.484S —0.4845 — 0 .4 2 32 — 0 .43 16
0.03 —0 . 1 894 —0.4902 —0 .4902 — 0 .4 2 7 2  —0.4302
0.04 —0 .180 1 —0.4959 —0.49 59 — 0 .43 19 —0 .43 19
0.05 —0.1708 —0 . 5014 --0.5014 — 0.43 56 — 0.4356
0.10 —0 .1243 —0.5274 — 0. 5274 —0. 4~ 00 —0.4500
0.1$ —0.0778 —0.5502 — 0.5502 —0 .45 79 —0.4 579
0.20 —0.0313 —0.5693 —0.5693 —0.4593 —0.4593
0.2S 0.0152 —0.5839 —0.5839 —0.4542 —0 .4542
0.30 0.0617 —0.5931 —0 .593 1 —0. 4426 — 0.442 6
0.35 0.1082 —0.595 8 —0 .5958 —0. 4244 —0.4244
0.40 0.1547 —0.59 10 — 0 .5910 —0.3999 —0.3999
0.45 0.2012 —0.5773 —0.5773 —0.3689 —0.3689
0.50 0.2477 —0.5534 — 0 .55 34 —0 .3317 — 0 .33 17
0.55 0.2941 — 0.5 182 —0 .5182 —0.2882 —0.2882
0.60 0.3401 —0.47 10 —0 .4710 —0.23 87 —0.238 7
0.65 0.3872 — 0 .4 112 — 0 .4 11 2  — 0 .183 1 — 0 .183 1
0.70 0.4337 —0.339 1 —0.339 1 — 0 .121 7 — 0 .12 17
0.75 0.4802 —0.2553 — 0. 255 3 —0.0545 --0.0545
0.80 0.5267 —0.1602 —0.1602 0.0 182 0.0182
0.85 0.5131 ‘ —0.0548 —0.0548 0.0964 0.0964
0.90 0.6197 0.0604 0.0604 0.1799 0.1799
0.95 0.6662 0.1846 0.1846 0.2685 0.2685
0.98 0.6941 - 0 .2632 0.2632 0.3239 0.3239
0.99 - 0.7034 0.2900 0.2900 0.3448 0.3288
1.00 0.7127 0.3171 0.3188 0.3616 0.3188

Foil I. E. Circle X = —0. 1 898. V = —0.4577, 14 = 0.0275
Foil I.E. Circle X = 0.7027. Y = 0.3*88. R = 0.0100

Foil L.E. Tangency Pt. Suction X = —0.2045 , = —0.48 10
Foil I.E. Tangen ’y  Pt. Pres5iire X a —0 .1795 , = —0 .4322 ~~~~~~~~~~~~~~~~~~~~~~~ -
Foil I.E. Tangency Pt. Suct~~n x = 0.7121. V = 0.3156
Foil T.E. Tangency Pt. res~.,,, X = 0.6937, V = 0.3233

FoIl Nose Point X = —0.2143 , V = —0.4451
Foil Tail Point X = 0.7065 , V = 0.3281

Foil Area 0.1438

Gaging LAMBDA = 0.a459 . X = 0.4050. Y = —0.3849
Gaging Angle a 22.630

Center of Gravity X = 0.2813, V = —0.32)0
Radial Reference X = 0.4301, V = —0.33 16

Inlet Angle = 62.900. DELTA BETA 10.000
Exit Angle = 22.570. DELIA BETA 2 = 7.500
Uncovered Turning 14.5’

Mm. Moment of Inertia = 0.00098658

~~~~ Moment of Inertia 0.01280395

Principal A xis Angie a —44 549

Pitch/A*iil (. i 0.9665

Pitch/Actual C .d 0.7476
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TAB LE XX

RECONTOURED SECOND VANE

R.~ lius of lIlt Section 11.4100 \ s i ! (liord = 0.9291 Act ua ’ (‘hord = 1.2031
ht~ li - 0.8961 No. of I ,,ils = 80 .00

Percent Foil X 1-oil V Foil V Foil ‘5 1 - i 1  V
X Suction (Circle) Pressure (Circle)

0.0 — 0 .2 154 —0 .4778 --0.4628 — 0 . 4 2 2 1  — 0 .4628
0.01 —0.206 1 —0.41135 —0.4835 — 0.4 2 35 —0. 442 2
0.02 —0. 196 8 —0 .4 898 —0. 4898 —0.4 28 4 - 0.4368
0.03 — 0 .1 8 75  — 0.4957 — 0.4957 — 0 .4 32 3  — 0 .4353
0.04 — 0 .1783 — 0 .50 15 — 0 .5 0 15 — 0. 43 70 — 0 .4 3 70
0.0$ —0 .1690 —0.50 12 — 0.50 7 2 —0 . 44 06 —0 .4406
0.10 — 0 .1 22 5 —0.5337 -- 0.5337 --0.4547 — 0 .4 547
0.15 —0.076 1 —0.5 5 68 — 0.5 56 8 — 0 .462 5 — 0.462 5
0.20 —0.0296 — 0.5758 — 0.5758 — 0. 4638 —0.4638
0.25 0.0169 —0.5901 —0 .590 1 — 0.4587 —0.4 587
0.30 0.0633 —0.5988 — 0.598 8 —0. 4472 — 0.4472
0.35 0.1098 —0.6009 —0.6009 —0. 4293 —0.4293
0.40 0.1562 —0.5952 — 0.5 952 —0 .4050 —0.4050
0.45 0.2027 — 0.5806 —0 5806 — 0.374 3 —0.3743
0.50 0.2491 —0.5559 — 0.5 559 — 0.3372 —0.3372
0.55 0.2953 —0.5 199 —0 .5 199 — 0.2938 —0.2938
0.60 0.3421 —0 .47 70 —0.4720 —0.2440 —0.2440
0.65 0.3885 —0 .4117 — 0 . 4 1 I~ — 0. 1882 — 0 .1S82
0.70 0.4350 —0.3393 —0.33 93 —0 .1264 —0 , 1264
0.75 0.4814 —0.2 553 —0.2553 —0 .0589 —0.0589
0.80 0.5279 —0.1603 —0 .1603 0.0143 0.0143
0.85 0.5743 — 0.0552 — 0.0552 0.0928 0.0928
0.90 0.6208 0.0595 0.0595 0.1766 0.1766
0.95 0.6673 0 .lS29 0.1829 0.2655 0.2655
0.98 - 0.6951 0.2608 0.2608 0 .32 12 0.32 11
0.99 0.7044 0.2874 0.2874 0.3420 0.3260
1.00 0.7137 0.3143 0.3160 0.3590 0.3160

Foil L.E. Circle X = — 0 .18 /9 , Y - ~ —0.4628 . 14 = 0.0276
Foil T.E. Circle X = 0.7037 , V = 0.3160 . 14 = 0.0100

Foil I F .  Tangency Pt. Suction X = —0.2028. V = —0.4860
I-oil I.E. Tangency Pt. Pressure x = —0.1 776. V —0.4372
l i l T I T.ingcncy It Soc ion X= 07132 ~ 0 3 12 8
Foil 1.1;. Tangency l’t. l’re sure X = 0.6947, V a 0.3204

Foil Nose Point = —0.2124, Y a —0.4502
Foil Tail Point X a 0.7076, V = 0.3252

Foil Area = 0.1423

Gaging - LAMBDA = 0.3455. X = 0.4061. V = —0.3857
Gaging Angle = 22.676

Center of Gravity X = 0.2801, V = —0.3265
Radial Reference X = 0.4301, Y = —0 .33 16

Inlet Angle = 62. 122, DELTA BETA 1 = 11.047
Exit Angie = 22 .6 16 . DELTA BETA 2 = 7.249
Uncovered Turning = 14.2 10

~l,n. Moment of Inertia = 0.00094165
‘ilas. M.,ment of Inertia = 0.012 15547

l’rincipal Axis Angle = —44.566

I’ i t th -\sij l  Chord = 0.9645
Pitt h/ Actual Chord 0.7448

(The reverse of this page is blank)
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(L) A comprehensive , four.ph2se . three-year program Is in progress to investigate met hods of improving the performance of
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utilizing various boundary [aye, contro l methods. The design of the baseline cascade packs WIls re rorted in the Referen .e 2
Report. and the thrce-dimensIcnal per formance of the baseline airfoils was reported in the Reference 3 Report. The lesi
results of the baseline airfoil bo.lndary layer control methods and the performance of the decreased so ltd ity annular cas ‘~des
are presented in this report.
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