; pge3exu”j 6TVMRI ne~~ou rte~nv W DE ANGLE GUI DE VANE BACKGROUND OF THE

| NVENTI ON The present invention relates generally to gas turbine e
and,- nore specifically, to inlet guide vanes therein. A tu Wmmﬂmmh@ul“““
‘turbi ne engine configured for powering an aircraft in fli g

serial flow conmunication a fan, |ow and hi gh pressure conpr esscsms9*

conbustor, and high and | ow pressure turbines. Air is press
conpressors and m xed with fuel in the conbustor for generat mMJI
t

conbusti on gases which fl ow downstream t hrough the turbines

energy therefrom The high pressure turbine powers the high pre$®a
conpressor through a shaft ther SEBERNGLEGUIDREVANE pressure turbine
powers the fan and | ow pressure conpressor through another shaft

t her ebet ween. The engi ne operates at various power |evels including idle,
crui se, takeoff, and maxi num power as required for the proper operation of
the aircraft over its intended flight envelope. In a typical comercial

passengerg fl"ﬁ?f] consunption is a primary design

obj ective, ﬁékg’@e engi ne |is]\??%ere ore specifically designed to maxi m ze
fuel efficiency at cruise operation. Accordingly, the various stator
airfoils and rot @he prasdatsinventidnerdiates gomngdlyessgas tuabide teupines) emdamsore
preferably ¢ fo‘\@]fil gur.ed faqr maximn zi.ng aerodynam c performance at the cruise
desi gn p&PsFTIGHYclginlet gde vanss thetsiBndi ngly, aerodynanic performance changes
at the off design conditions not associated with cruise. Such off=design

operation is_parg &&H&ﬁﬁ'gﬁés%@ﬂieférfg?ﬁg cdrfighfdd ﬁ)?'p%vdeﬂhgtangdﬂc?ﬁt ihaﬁ?@ft' n the
conpressor. The typical turbofan conpr essor is a nultrstage axi al
includes in serial flow communication a fan, low and high pressure compressors,
combustor, and high and low pressure turbines. Air is pressurized in the compressors
and mixed with fuel in the combustor for generating hot combustion gases which flow
downstream through the turbines which extract energy therefrom. The high pressure
turbine powers the high pressure compressor through a shaft therebetween, and the low
pressure turbine powers the fan and low pressure compressor through another shaft

therebetween.

The engine operates at various power levels including idle, cruise, takeoff, and
maximum power as required for the proper operation of the aircraft over its intended
flight envelope. In a typical commercial passenger aircraft application, fuel
consumption is a primary design objective, and the engine is therefore specifically

designed to maximize fuel efficiency at cruise operation.

Accordingly, the various stator airfoils and rotor blades in the fan, compressor,
and turbines are preferably configured for maximizing aerodynamic performance at the
cruise design point or condition. Correspondingly, aerodynamic performance changes

at the off-design conditions not associated with cruise.

Such off-design operation is particularly significant in variable inlet guide

vanes in the compressor. The typical turbofan compressor is a multistage axial



conpressor having many rows of stator vanes and rotor bl ades through which
air |s pressurized in turn. Fixed stator vanes are typically used in the
downst ream st ages of the conpressor, with variable stator vanes bei ng used
“i.n the upstream stages thereof. And, a row of variable inlet guide vanes is
provi ded : f j I Lypi:Zi ng

Per T or O feeny 1 Gng b of A RS MG olR MARS IR vl WEiE "
maxi mum poessurizzdanatunonfiaéd statorengenare typieallyaniedin thodpwedssam stagesof and

bl ades arge therefore .confjgured in aeyadynam.c profile for Xi m.zi ng

conpr essitBHCURRTEOE RN Va3 tJfLFEat‘EFn‘é?é‘E% F155H PEedrn $HE WRSPSm 51a8es Yrreghdesi rabl e
conpressor stall. Efficient aerodynam c profiles for conpressor airfoils

i ncl udi ng st at ognyang%w ﬁ%ﬁﬂ%qmep%m@smtm@ (OGfIRd avaableﬁamef&&hmgu
decades, and may be found i n considerable detail 1 n reports preparéd by the
Nat i onal piehsirs epmptessorifot eginhiamgAerforraandeaber¢ MARRY theldesiraikiZight anvelope NACA
Techni cal. Not.e 3959, publ.ished in May 1957, vane, prqfiles and design charts
are presdMUdNg GFUItEHQ TRRERIUSS PAYYET %%‘%?té@ of thg sagEn heaERuy (mResShes. The

speci fi ¢ ahdd Qi i i i j j
5 (O AaiAfoRME CHEs SR RRESRRY REnhRukd! R pGEQTREH: FAIHE 1 biSpifind
i ncl udes campeession effidienck vatimut gnacheptablé dlogt separhition rr welesieatile ¢G@RPressehi ch i s

| ocated at . thirty-five percent (35% chord length fromthe | eadi ng edge of
the airfdtfl: The correspondi ng | eadi ng edge radius is 0.297 percent chord,
and the trailing edge radius is 0.6 percent chord. This profile is readily
scal able to inc Em@eﬁf%wﬂzmm FORRS SRR canPRE® atrfdily B¢Gdingedtbiivdigs 8%C and
hi gher, at the same 35% chord |l'ocation. The NACA 6% gui de vane profile is
one of aasériotes bladesy bhve dweniavaHablar fori magy rdecedesatand nmancheudovng amxi mum

airfoil thickn Jhe .various NA Lof il e v en avall able for
ecades POITRENE  alall i YeRBHE et o9, " Nob Bl AR R Confiin e JOF

ai rfoi | s AdreHaufid@O0PAEA).t For H¥afh16,3n MACASTéhhical NoleS3959 Uniblished iaNIgf an gas
t ur bi ne eng)] nes enjoyi ng many years of successful comrercial use in this

count ry, 18a7.ysne paefiles andydesigicharts aseprasentpd for the NAREA3sM6sarica of frof i | e
has been b i e \ﬁl“ v, i W8li rci al

t ur bof anpgll%fg@r%ﬁ( a%‘%%%%ﬁ%@kﬁé prlgﬁﬂlsgﬂﬁ%g eaegx(t) %&ngynarﬁ% g%%r‘ or mance
and effi cieddAT 2263-(ClgA Q3G duide-dawi gofileondi ti on for the variabl e vane,
which is typically at the cruise angle of attack. Accordingly, when the

gui de vane is rqtat Lts .nom nal zer o, angul ar posi.tii on cor.respondi ng
MTh t he desi gn GnIAGATS CUEh e Bt B Adr By R AR e her eof

provi des)eagest skl Rriat (Ch)B6eh W 1028kl 4 akiagifiabieicdnt P¥5%5EaRraléMpm of the

air flow ng thereover. However, the variable vane nust be rotated over a

range of fromy Hienlgading edge abthenjrfedr rewpemtaspepdingleadiag adge aadiveis @29t t ack
rel ative ir Lef | C : j .ran

e udes ot pft, by Bk EREE <8 RS HY paSel el STAGPHIAE { AR8R . o
i dl e opesailldbitooihclubie nerighwme thickosssesqetatenthan 8%C, dclidifg 8Py and kighet] r ene of
angul ar position_the vanes are rotated to a relatively open position

cor r espoRdhf §anE 8 P T Ioft9ner operation of the engine. And, the vanes
are positioned between these two opposite end positions for internediate

power operat i onnf NAR G%Q%B&e %ﬁx@?lgﬁ%%@ f \4EriesSofGROAIRS RARG %eﬁ{ ui se

range of turning angles tere egrees. In"a current opnent
pr ogr am fanfigurateni inclnding maxitnofra airfonlgthivkpess. \ilevarang NACA@ofilebheve nl et

gui de vape angyl.ar position.is desired.including twenty-four degrees (24 )
o um B BHERE oA aPk By Bedeizaing o tiopt ROEFESPIESEY on f or
a total gpmge of eighty-four degrees (84 ). This wi de range of vane angul ar

position has correspondingly wide and different angles of attack relative
to the incomng airflow Analysis has uncovered substantial flow separation

on the pressur e For ¢samplet He NA(A-48 sehies aufdilhisnfoopd in aurhafaargasduitineon, and
al ong the suction.side of the qane gl_tu%/t he naxilrrum.cltﬁsed 0sitio ! for the
convent i BHARCSNARRRBS MEBY | XE8TSST FhFGRE W SATTHTAR 1640 FtcﬂBlfF}@h Gosa' a3

conpressor performance of the variable inlet guide vanes nmay be obtai ned at
and near the design condition corresponding with a narrow angul ar range
centered on zero degrees, the conpres@or will experience poor off design
per formance 3 i ncl udi ng undesirable flow separation at the opposite ends
of the w de angul ar range of




operation. Accordingly, it is desired to provide an inproved variable inlet
gui de vane having i nproved off design performnce over a w de angul ar range
of operation. BRIEF SUMVARY OF THE | NVENTI ON A variabl e inlet guide vane
-f.or a turbofan engi ne conprising: opposite pressure and suctions sides

ext endi NYakb&aN AndraftitAAH, 1 NIECA-d3eRAENSroARhak baéd hded if 988a8 thiétpuRan from
root to tip; a spindle fixedly joined to said tip for rotating said vane

over a ravaye off haghgpdveer conwiarcisltsriofanwirsmafogngineand cl osed; and sai d vane
havi ng a maxi num t hi ckness between said pressure and suction sides greater

t han about ei ght of~,l ength of said chor and | ocated at ss than
about Lhirty- 11 vERoSALOh PRl Fa° RebE et R Ao Rite paf Elbimckal B
DESCRI PTI il dbsian [BANKNETorTihe vaRXNSI8 b)) which BRAgHitaB @andeiiselipfess ed and
exenpl ary "enbodi nents, together with further objects and advant ages

t her eof , attackorécqeadinglyuiveheh ythel guisiei Yaod is rotated fooits owininpl detzerd engular
description.taken in conjuncgtion w.th the .acconpanyi ng draw n I n_whi ch:
Fi gur e 1 POTIP, Epepoudint i, 10 dge a0 oy ha i BTy P RN
turbi ne epgfiReheRsl pANiRY at:&rptawférm}glaa& withGitaiHedifablel fl@hsepdratii 6 2 1S
an enl arged partly sectional "axial view of a variable inlet guide vane at

t he ent r athe errdlowingthermopessor of the engine illustrated in Figure 1.
Figure 3 is a top planiformview of exenplary variable inlet guide vanes

illustrated in H,gure 2.and taken along,lin r3.1.n corr ondi ngl y open
and partially cl %§§8V65h5h3| ?F‘agf_é?svﬁ’t"%ﬁ%s? bﬁirﬁﬁlg%l EAN IS %aﬁg%g)?ﬁf’rﬁglg %llgg% of an
exenpl ar yhavfify edrrdspendingly aditferennh@tle ol dRackaresivefio th@uiriswlemétihgdteavi ng a
profile in accordance with an exenpl ary enbodi nent . ]

compressor. This angular range includes a relatively closed angular position associated

with Jow power or idle operation of the engine at one extreme, and at the opposite

extreme of angular position the vanes are rotated to a relatively open position

corresponding with maximum power operation of the engine. And, the vanes are

positioned between these two opposite end positions for intermediate power operation of

the engine such as cruise over a corresponding cruise range of turning angles centered at

zero degrees.

In a current development program for a derivative turbofan engine, a wide
range of variable inlet guide vane angular position is desired including twenty-four
degrees (24°) maximum open position and sixty degrees (60°) maximum closed
position for a total range of eighty-four degrees (84° ). This wide range of vane angular
position has correspondingly wide and different angles of attack relative to the incoming

airflow,

Analysis has uncovered substantial flow separation on the pressure side of the
vane at the maximum open angular position, and along the suction side of the vane at
the maximum closed position for the conventional NACA-63 series of guide vane
profiles. Although good compressor performance of the variable inlet guide vanes may
be obtained at and near the design condition corresponding with a narrow angular range

centered on zero degrees, the compressor will experience poor off-design performance



4 of the present invention nodified froma conventional NACA profile
illustrated schematically in flowhart form DETAILED DESCRI PTI ON OF THE
ILNVENT1ON Illustrated in Figure 1 is an exenplary turbofan gas turbine
.engi ne 10 configured for powering an aircraft (shown in part) in flight
over a sui taaljpe fl.ight. envel ope jncluding power |evels ranging from.idle,

crui se, tAKEENE undesirahle o SeRseAlion at e eppesie ends el dheiflerangplar range of
axi sym‘ret(;}je%%ngbout a longitudinal or axial centerline axis 12, and
i ncludes 1I'n serial flow comunication a fan 14, conpressor 16, conbustor
18, high pressure turbine 20, and | ow pressure turbine 22. Air 24 enters
the inlet of theAaoglinglyaitdsidssipedetesprovide dnbiynprévedivaniablerinjet gdideivage

propul si qn thr.ust, ap inner portion of the air beipg channeled into
the hi ghq&w&ﬁ%oveﬁ‘ eI PeTisTRRGE GV 4 Widegngut EHRY OLPREEN zed. The

pressurized air is discharged into the conbustor wherein it is mxed with
fuel and ignited for generating hot conbustion gases which fl ow downstream
through the two turbines 20,22 that extract energy therefrom The high
pressure turbine 20 powers the high pressure conpressor 16 through a

cor r esporBRIEF SUMMARNYOEIHEEEWENIRON: he | ow pressure turbine 22 powers
the fan through a correspondi ng shaft therebetween. D sposed at the
entrance of tgg hL%ﬂ%Fﬁq§su e coggre%sgr 16 i s a conpressor stator 26 which
i's illustrated SEHENRINEHYYE YAPCTBF & TR G engiieofprising: ORpASTE PLFSEYre 26

i ncl udes @ s@aﬁuﬂs?ﬁd@ae&tdiﬂir%&laﬁgﬂa%ﬁbﬁdabétm@uma@fngs@mah@ﬁﬁh%ﬂe@gerscaﬂdqﬁ _

vari able inlet guide vanes 30 extending radially rnwardly tromthe casing.

The gui despemifiom eehtmED; & kpindleciredhgiodned Raatdtip {61 yosatingt aifevansvovet 2
conpr essqr, rotor . i xt e radi;a rdly from
supporti nran #eo‘%fgarnggflaggg%trl %r%\%wgéﬁn(gpe%i arrﬁgtd(?s%g\? %{‘dy%a?&lagaemr% @Yl}%a glr%ﬁl%'fmsever al
rows whi ahicllgdsk vetveehrsakipprieekiuig asd a@Ridnaiddsh@esionihag sbont Eightt pgcdmtofr veni ng
stator vanes therebetween which pressurize the air in turn for subsequent

h
del i very lergth nEsaid gherds @id loggied atdessithan ahaut Hilrtefiva perceni sheed bngthviseras 30,

t he remai engi ne, including the high pressure conpressor 16, may
have any %%ﬁ\%%cﬁ{l%%#gl configuration. As illustrated in Figures 2 and 3 each

vane 30 is in the formof an airfoil having a first or pressure side 34 and
a cir cunfgrieprth s CRIPNOMS OFer$E DROWIRGSUCt i on side 36 which define the
aerodynam c surfaces of the vane over which the air flows during operation.
The two sides 34,36 extend axially along a chord 38 between opposite

| eadi ng and tr ai Thenipvendes ingegordanesgwith grefpirgd apd spemPlaROAMROYIEYNES, | v
inner ro | ald [PI v I W, $tS i n
radi ol origelits oRP A Shicka B Say bl ThordlHS 1 AR, BRACEAAP p LTS

ot her wi sehedotlywas dbesledeldsdriptiomtakieniiz corgurction dyithethe acqoarfaoying deavinger eof .
Each vane 3%0&15 a unitary or one-piece conponent and includes an integral
cylindri &PMU%%nni on or spindle 48 extending radially outwardly fromthe
vane tip and through a conplenentary cylindrical aperture in the casing.
The spindle is pRAKeNtd 2panlyYseBROHAl Side vikw BEas aRdmhiEl BoFpasomriiRer ei n
and is integrally or fixedly joined to the vane tip for rotating the vane
as desi r engide eonftgusgsbion ppweringrareairczafbin flight. i ncl udes a correspondi ng

trunni on nounted in an aperture in an inner support or frame conponent. As

shown in Figur ti rq I L I, Q4 0 each
of the vane spi%§ %gq%*y“?%“]%%‘%gﬁé@gﬁaﬁ%’ﬂ %aelrw%‘lr'%‘gg%?%?é ﬂrx%%tgﬁildﬁgq?%e vanes
i N uni soat the efgare ddtrReompréssbinef thaerdindillastraxgbindtigae 1of the engine. A

sui tabl e actuator 54, shown in Figure 3, rotates the ring 50 when desired
for in turn rotating the | ever afrm; K2 and rotatin .tlge .;}@di vj dual vanes 30
within the casi ddeure Figyarter Plaiogevey < & pble inlst grideyanedn of
one of t jjaplre,, il | is i i Ny m’l
angul ar g%gy?%%gggg%?ggg%%%%g?ﬁmﬁ Hqtﬁﬁ?aégi%ﬁkﬁgﬁgin?ﬁo%&guﬁ as clgsﬁi se
oper at i odlosed drigular positiesspondi ng angl e of attack relative to the incom ng
airflow Shown in dashed Iine in Figure 4 is the substantially w de angle

range of angul ar, posjtions of the vape between fully.open agnd . fully closed.
The ful |y of osodepied 5 Sherlgrerd difoh b anremRIanneTfel e voHsie ilet guide
count er clALk W $urdd Thi!s fading 3 FofBth BB AHES With ANGbplary Bmbbdiffent he vane

pressure side 3 aces 6

4



axially forwardly to partially block the airflow C ockw se rotation of the
vane 30 to the fully open position corresponds with an opposite turning
angle F at which the vane suction side 36 faces axially forwardly for fully
.openi ng the fl ow passages between the adjacent vanes. Each vane may be

i denor a St opier SekaY by ftioD ROV Bt AL PR afiOR TRACA bR HRERaRET cLi'S,

spi ndl e 48hdndtieally i fislvdhartfoanr € 3. A nom nal or design angul ar position of
the vane is illustrated in solid line in Figure 4 slightly offset fromthe

direction of the axial centerline axis of the engine which is represented
by the axial axis X, with the tangential axis Y extending in a
circunferential direction around the casing. At the design angul ar

posi ti 0“@&1“@@5‘%@%%?@&%%?%@%@%& of attack relative to the
incomng arrflow w th maxi num aerodynam c efficiency with mnimal, if any,
fl ow separation over its entire outer surface. However, the substantially
w de angl e rangelibistratedr it Figureofl ishen waaeplkéy hebefangisharbinesegirendl ar
position E and e open. angul ar position F relative to the desjgn.angul ar
position® tgeig?rr BRYERE AQIarcrat Govay inapibh1n gt AVsE aof““élgleaﬂlghéf t he
vane rel at| - i \ i of, A ] or mance
o the. vaneihs ehile dORR ARGl Bl RonfiROL Bl keo B SLOHARRNS dofleh 0t
associ at éa edatiipld. HEhenrihener id RGRynimecamail hbout pdsngineiisal of axiah&nnelifowakiof

maki ng t varjaple jnlet guide vane 30 ilJustrated in Figure 4, a suitable
NACA- ser H gswﬁﬁna@ﬁ%@ sriak flow cogunyNigation raaf{aad 4pgorapessen 15 erabystori1$ 1 a1 |y
sel ect ed L, { R nr8RIIREBLAET R NN RIN { Rrorapese at a corresponding design

angl e of agihtpe;ck gssoc’%gzte’ wmt%ﬁrg?%?se operation for exanple. As indicated

above, the NACA 63§CI A4K6) 06 gui de vane profile may be used to ]
conventi onal | y Ade24# gnters the inletyf dhedéngineadndfio prespraized byitha fas fouprodedipg

avai | abl e NA technical reports.and.potes. .For, ex | t hi.s, NACA- 63
ool oo\ Brepfsiont BRAUNGE of SRR AGURLSE B8 el ihaRi P ino e Hidh ReRtline | o
t hi cknesgompre6f6r aBakEréif RO RuRdbl peRtRizel O ThE pebsairizd HirGh aisdhdrs@hinkdre
| eadi ng edge, with a | eading edge radius of 0.297% chord and a trailing

edge r adthgscosbugtossyherrin it is mixeq iy ek adeignidedos generating Bes)comghyisden St okes
aerodynapi&.f TR NS o, e, KW e I he

aer odynag%'sgsp‘glgrﬁ ornmance o ﬁ?%g%éﬁolru E {t/‘g\r,l\@éo. ﬁ%%gﬁzat ﬁr}ag%gﬁg ygllgegg%r edicts
t hat t hethdf@dnpr oThd &ight pleasiraaabiriead0 eoaer thenhighcppssufe compresat 16 he

desi gn angul ar positiop, it experiences signjificant flow separation al ong
the suct HEpugh EoTrasmeabhe et ‘g?fé cRER P BEGPER SR uRIng RePPWEBARR di at o
cl osed apgliBrodoh blobitdRhaRhe sRafFt@ienfeerl thirty-six degrees (36 ) and

hi gher. And, substanti al fFow separation on the pressure side of the NACA
profile is predicted at the maxi mum open position correspondingly with the
turni ng angl e FispofEdgtithe entragee b tHedvigls pyrssuae icomprassard$pis rdeomfressopoor

aer odynap rfor r these off desian | .eS-.0f tgek sin t he
NACA b of ics 2BLVBY AflRlsalsfifaftally 37 SAE (808 iR RS BUdCRance
Wi t h theinghrissat anmiNaYabian 28 30d 3641ty Bdipotts ditadid Qi rewos/aliglle inlseghide® defi ne
a substantially inproved aerodynamc profile for_the_ vane 30 illustrated in
Fi gure 4vaniesti0hetending radialbyninwardly frome the cpsing o dde rapidearanes chppned the om
which it;] i: £ ' '

mpr oved SIPPR L EE to BHT sBBEF of Bnplresich BT REBDAVRRRERAT Ay .o
vane 30 omahily Gloirpa aggokting rowr diskiordnirhe nmaxi mum t hi ckness of the NACA
profile, and relocating that increased maxi mumthickness closer to the

| eadi ng edge of _th rofi]e for_defining the resultin ariable inlet guide
vane 30 for redd¥i fffatp w%w% Eléﬂ%ﬁ%ﬁ}scﬂvefq'}émetrﬂefowev@gm defif casEpohng | dos

t her eof i : j £ Wel-¥ angul ar
posi ti on%s%e%rb?rtlﬁeg (f'/oa e. és%gg%ngé ?ﬁ ﬁéﬁ%ggﬁfvﬁéﬁgﬁé}é@e%ﬂgﬁéﬁ%ﬁ %ee still
mai nt ai nthagirdgh fumi fensubsequedy ddivery ophe admbustat Bitdonthaeradable bdetdasde ed
design angle of attack. As shown in Figure 4, each radial section profile
of the vane 30 has a maxi numthickness T represented by the dianeter of an
inscribed circle between the pressure and suction sides of the vane, which
maxi mum t hi ckness is greater than abogt eight percent of the Iength C (8%
of the vane chord 38; and, with that maxi mum vane thi ckness being | ocated

| ess than about thirty-five percent chord | ength (35%) formthe vane

| eadi ng edge 40. In conparison with the conventional NACA profile 56, the

t hi ckness of the vane is increased as well|l as relocated closer to the vane
| eadi ng edge for providi ng enhanced aerodynam c¢ performance for the off
design angles of attack. 8 Furthernore, the relatively small |eading edge
of the NACA profile 56 is preferably increased in size to define the

Y o ”~ N



The vane 30 illustrated in Figure 4 may be simlarly defined with the
substanti al departure fromthe NACA profile for increasing the maxi num
section thickness and noving it closer to the section | eading edge, while
.preferably additionally increasing the radius of the | eading edge for

conbi ned f enhancenent . In th ef.erred enbodi nent iJllustrated
in Figur e‘}%%s ?%gﬁ%e%%@ﬁrt ?llek?{’(gé%e’ ?cg?d?légﬂﬁ }G%Ihgrels%lﬂf’ gpmggeéfqrolﬁ, fnsaygr eat er
than or eafiyabny CordMidnal Eship@r#eal of the chord length C (10%), and is
correspondi ngly | ocated down to about, and preferably equal to, twenty-five
percent of the chord length C (25%) fromthe vane | eading edge 40. The
maxi mum prof i | eAs Hluskated & Bilgyres grastl Sreaph yaneal( is in thedpma bban aitioikbavingt he
radially o rotip section,40.to.aboyt fourteen percent chord ( .14%) at
the radi & T5E O RPSBESICEL i R SRiren il GestY arhd of “Jeder rige b, on
from t he Jigaklide@ne dge aerb@ya869 @0HARG! of, the RAné deetisvhRhOhet 41€ flv eniiggdi ng
edge 40 is preferably proportional to the profile maxi mumthickness, for
exanpl e @peraEanpeflaevo (S1dp%)34516 griend axiallieslong a dhwed38i brjvpen ohpositeadi ng
edge radius;. var.li f.rom,abo L1 %G for. the vane t 0.to ab 1.6%C for
the vane FERE B BEIMIR ond gl o Fanditna raelbihn 8 sdact on
in flow segallpbientipl46ndTHd ang pRerfeabl Bvists Sh eddisltrédsdestion up iLabowngsover a
| arge range of the open and cl osed positions of the vane, with the inproved
9  conbid§acEDAVYTits fhapebwartap plrrwise vatycasrdesedi farpaadnizing senodyramife

| eadi ng i correspondi ngly thick | eading edge. The

avai | abi &):gﬁ?ng%%fe\r%e&%ﬁaerodynam c analysis software permts further

nodi fication of the NACA profile for further aerodynam c performance

i nprovenent in tHaeh okfie A@9$ grunianeop osd-pieod Bomponep@ahd dndledes dnhiategeAn | i ne

or canber of the NACA profijl 6 may  be suitabl dified to define the
pressure caﬁad@aﬁfwwogioaégmﬂfﬁ g%eﬁ‘ienfhﬁé rgdially PB%"’%‘WJ‘@F‘ the yars Hp apd ow
separ at i giolier £f L&k t?erggl_lr inOkheat reftgdi 1 he
desi gn posiotlggn. %ﬁ@]ﬁ%gﬁt\?ﬁy%&&%ﬁ% 9 pr o(TBi eh%éé‘ Ctr?%glgbe useds\bg]gflée)l i

r ef er enc eopvestiphalywmioohteil sin rthelichdirgl fomrotationnthenetrh ik ebtegrallyood fikedlpcat i on
t her eof .I.ea(?i nﬂjge%ge .rgdi us, . an canber ,to étébst ant i a‘LJB% nghi m nate fl ow
separ at i %781 'A HE ¥ FHPIRF MITE BE A A2 detiied diRge Speraf PE&8PSH%6 of
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relative to the design position within the entire w de range of angul ar
posi ti oncomppn@kanpl e, al though the NACA profile 56 effects undesirable

fl ow separation along the vane pressure side at the naxi num open angul ar
position F of |ﬁg; : ' it F has
a substantiall é&lsrse}\l &2@3 9%%?"%?1% %g%ag%?ﬂﬁggvﬁvﬁ}gE@@gﬁg@egﬁ%&&h@ge
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elimnated, flow separation at the corresponding 36 closed position. In
vi ew of ratetingthe trdividudl vanessi(ywithimxhercasing. osed position E of 60 , the

conplete elimnation of flow separation thereat may not be achi eved, but

since that clos i4dlon corresponds w.ith idle gperation of. {he engine,
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varying the conventional NACA profile 56, substantial inprovenent in
aerodynam c performance of the variable_ in|let guide vane nmay be obtai ned
for the of f=deskhgrifullnglased rptien resrespongswifh furnipgdhe yanggouptesclagkwise
per f or majce: f] Al t.her. ringly
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including stall margin for exanple. Pgeferably, the radius of the trailing
edge 42 of the vane 30 renmins at about 0.6 percent of the chord length C
whi ch corresponds with that of the NACA profile 56. Mdern three

di mensi onal aerodynam ¢ anal ysis may now be used to advantage for

custom zing a specific profile of the pressure and suction sides 34,36 of
the variable inlet guide vane for producing correspondi ng velocity

di stributions thereover for maxi m zing aerodynam c performance not only at
t he specific design condition, but over a range of off design angul ar
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However, any change in the NACA profil es necessarily changes aerodynam c
performance for the specific design angle of attack therefor. The
variations in vane profiles described above provide overall benefits due to
.the required wi de angul ar range 11 of inlet guide vane position, yet

angul ar _g5ony fanarais of parfaiy ek Bl alofEvisR i tin SBE Rl Bdpe' "o
descri be%llyeagéx{l Rkemﬁén bRespond dgthesh bpdifte REMERY Afde FNGk WHRAPHE Wane

enbodi nents o present invention, other nodifications of the invention
shal | be sagiivarside 3¢ facehadelly kirivaeily for fulle operting therflavh passegasiiehyeenithe ei n,

and it is .th%refore, desired to be secured in the appended clains all such
modi fi cafPBFETXESSa | within the true spirit and scope of the invention. 12
CLAI M5 A variable inlet guide vane (30) for a turbofan engine (10)

conpri si ng: opRiehtvan®iR§ PelrbtafdhbotCd pivBBaxas é')ﬂéndix%%t}ﬁ&)g}ﬂhé epdi 6¥ahél ong a
chord (38) between |eading and trailing edges (40,4 @ and in span from root
(44) to vhpe essthe midshordderfopuay thdreadfdeqrrgspontheg withdhs epnter of thercirculant i ng

sai d vane_.over,a..f.ange. of ~angul ar, positiong between open and cl osed; and
221 d vangPRGCIRRRER FLEREH te B9Rink] RERTELARSr BBSTeR 0 B80S on

si des gr enis@htell NiaNscHIO Uhe Gh ItguRees CaiphtlPf offsen G dhe Aneétidihnef dhe aRfl | ocat ed
at | ess than about thirty-five percent chord |l ength fromsaid | eadi ng edge

(40). 2. conterdine agis b tht engineovivElisrenresantaddishths axigl da i mithabgtangaoial has a

radi us gr r..than about 0. rcent..of said.chord | th, 3 A vane
accor di na)? I?y%)ftg?(ﬁ?% IW%IF%W%E%%} @lgﬁgoﬁgﬂlﬂg}ﬂeﬁ%ﬂg%ngg ghel %es@neagg'él%rt han or
equal t opadiaet, the Raehasentorddspoiiifly ahgle Of @At Rlativvdo itise @OSMBRPAMIbWIQ! Y
| ocat ed down to about . . . o . . .

with maximum aerodynamic efficiency with minimal, if any, flow separation over its

entire outer surface.

However, the substantially wide angle range of operation of the vane 30
between the closed angular position E and the open angular position F relative to the
design angular position has a correspondingly large variation in angles of attack of the
vane relative to the incoming airflow. Accordingly, aerodynamic performance of the
vane correspondingly changes at the off-design positions thereof associated with the

wide range of angular positions.

In one method of making the variable inlet guide vane 30 illustrated in Figure
4, a suitable NACA-series guideline profile 56, illustrated by dotted-line, is initially
selected for optimum aerodynamic performance at a corresponding design angle of
attack associated with cruise operation for example. As indicated above, the NACA 63-
(CLA K06 guide vane profile may be used to conventionally design a corresponding
airfoil based on the publicly available NACA technical reports and notes.

For example, this NACA-63 series vane profile has the A,K; mean or camber
line, a maximum profile thickness of 6% chord length or greater located at 35% chord
from the leading edge, with a leading edge radius of 0.297% chord and a trailing edge
radius of 0.6% chord.



twenty-five percent chord length fromsaid | eadi ng edge. 4. A vane
according to claim2 or 3 wherein said | eading edge radius is proportional
to said vane maxi numthi ckness. 5. A vane according to claim2 wherein said
»vane maxi mumthi ckness is greater than or equal to about ten percent of

sai d chor d | engt gl ik 95ALRHAAL (AP N P BLS LN RREGERbW SRR enoth

fromsaid | eadi ng edge, a sai edge radius rs about e

percent otorapiter soFiv@réBay BeMisedite knd$se the .acfddyRimROpepformiidendss thaigdideane
(30) according to any one of the preceding clainms, said _nmethod conprising:
sel ect i ngvaneNACAlthepghe shigy analysi apredigisothat dhe BYCAapiofile a6dkasi ageeptablee of
at t ack; ageqoé r}]creizasé ma%(i qu)n t hiickneSﬁ of si@arildi lél)@%egcr %fg | €. apﬂ -

rel ocating se?féml%g_r aseaﬂ_ ?’rﬁ?ﬁ‘({%w &d Pdsér KRG eléeﬁ?i%ga_ne 81e of
sai d pr of ¢dp@ratien dRh fife SiRiioh Yidé tRAOT at k&S cl8tirél Bngléddich @5 tHeSgteehbdiate! oW
separation from sai ag};essure and suction sides at angles of attack

di f f er ent Clospdnangde & dhisirgiad amdligure #3of thirty-aixndagiens @6coraai fughes. chadm 6

furth i Siing.J ' idthigc i d_NACA prefile, at said

| eading capepfii “E5RHE MAChRy P SEP AT ety A G SRS s S ean o

inlet guigexivame opén posifiei b@@lesgﬁﬁdaﬁgy RGitH mecduaiiﬂ% Gngle i Wiguhen. CSuehri sing
e e

nmodi fyi ng_canmber of said NACA profi (56) to define said pressure and
suct i ons BewWespyraiomeyrrespordsi witly Repaptredynanmde pgupaeange der theey offudesignr t her

duci : | f i i f k. 9.
R e Mt

nodi fied in maxi mum t hi ckness, chordal |ocation thereof, |eading edge

radi us, and cantifractadaisbstignthegresgneinveantival 6Df dcovdydamic aidlysis Basognbot h
sai d pressure a%d suction sjdes (34,36) of said varjiable inlet guide vane
at opposi %54 &p SRfingd sebstantially feroxsd pedynagie Petfils der e vaps 8 ilustirtedegr ees

and thirty-18i i i b : A
conpr ossar SPaTor BRI Skl fhah I B ERIEE OIS e Pt 3 i
vari abl e demived. gui de vanes (30) extending radially inwardly fromsaid

casing; and each vane including: opposite pressure and suction sides
(34, 36) extendi al on chaord,(38). bet l.eadi n ag}d traili gges
(20, 22) and" r adVBrS SPoPieBbaAteS Bl o e g g Py e adbtomis i, R o7E2E)
fixedly jdvsipacariple Sfiafladk PosishsPb Riealdny 300 uiyebe bbtaifdoy amra@ing2@e f or
rotating said vane over a r ar}\?e of angul ar_ posi tions between open and
cl osed; dnagkimum thickness of the NACA profile, and relocating that increased maximum
thickness closer to the leading edge of the profile for defining the resulting variable inlet
guide vane 30 for reducing flow separation from the pressure and suction sides thereof
at the off-design angles of attack within the wide range of angular positions of the vane.
Such off-design performance is enhanced while still maintaining efficient aecrodynamic

operation of the vane at the desired design angle of attack.

As shown in Figure 4, each radial section profile of the vane 30 has a
maximum thickness T represented by the diameter of an inscribed circle between the
pressure and suction sides of the vane, which maximum thickness is greater than about
eight percent of the length C (8%C) of the vane chord 38; and, with that maximum vane
thickness being located less than about thirty-five percent chord length (35%C) form the
vane leading edge 40. In comparison with the conventional NACA profile 56, the
thickness of the vane is increased as well as relocated closer to the vane leading edge for

providing enhanced aerodynamic performance for the off-design angles of attack.
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sai d vane having a nmaxi mum thi ckness between said pressure and suction
sides greater than about eight percent of length of said chord, and | ocated
at | ess than about thirty-five percent chord length fromsaid | eadi ng edge
.(40). 11. A stator according to claim 10 further conprising an actuation
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wherein said | eading edge radius is proportional to said vane nmaxi mum
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said chord |l ength thereat, and said maxi numprofile thicknesses are | ocated
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said | eadin dage radi I S..about 1.1 9% of id chord | en at_saigd tip
and abouttnd ke ededity T, kPR n The ol bS e et Rrdnf bl i ng 10
any one Qfircles@efieskBe EGtrebpodifg BicBsus@hill HRA6GN BB iRk Valeckness, chordal

| ocation thereof, |eading edge radius, and canber of said vane cooperate to

substantially elimnate flow separation along both said pressure and

suction sides (34hgeyanst 3¢ Hysteaing i1 Simue go&iay; b singarkyp definedywithytheour

degr ees i ty=Si e laf i o¢ Sail i : 17,4
vari abi o oyt dephe WRARCES NACHERECHAThECAAL Wy B S Loty
opposi t e thiclksss ard ardinguic tlosdr tsitlitesec(iGdt |ca6ing @& rvliilegprafieably @addithmoratly ( 38)
bet ween l.eading and traiJjng edges (40,42). and in span fromroot (44) to
tip (46) ;m%eassmaﬁ?éadc‘zﬁst)fj the fea P eflgs iz gomyi Quoarf‘empf%?nlmf%mmg sai d vane
over a range of angul ar positions between open and cl osed; and

~In the preferred embodiment illustrated in Figure 4, the maximum thickness T

of each vane radial section is greater than or equal to about ten percent of the chord
length C (10%C), and is correspondingly located down to about, and preferably equal
to, twenty-five percent of the chord length C (25%C) from the vane leading edge 40.
The maximum profile thickness also preferably varies from about 10%C at the radially
outer tip section 40 to about fourteen percent chord (14%C) at the radially inner root
section 44, both at the preferred 25%C location from the leading edge.

Correspondingly, the radius R of the vane leading edge 40 is preferably
proportional to the profile maximum thickness, for example eleven percent (11%) or
greater thereof. Accordingly, the leading edge radius varies from about 1.1%C for the
vane tip 40 to about 1.6%C for the vane root 44. 3D aerodynamic analysis confirms a
substantial reduction in flow separation along the pressure and suction sides of the vane

over a large range of the open and closed positions of the vane, with the improved



sai d vane having a nmaxi mum thi ckness between said pressure and suction
sides greater than or equal to about ten percent of |ength of said chord,
and -l ocated at about twenty-five percent chord length fromsaid | eadi ng
.edge (40). 18. A vane according to claim17 further conprising a trai I i ng
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vXvz[ 2 Xsuc%on sides 34,36 of the vane at a suitably large range of open and closed angular
positions relative to the design position within the entire wide range of angular position.
For example, although the NACA profile 56 effects undesirable flow separation along
the vane pressure side at the maximum open angular position F of 24° | the improved
vane 30 at the maximum open position F has a substantially reduced, if not eliminated,

flow separation along the pressure side.

Correspondingly, analysis predicts that the NACA profile 56 experiences
substantial flow separation on the suction side thereof at a relatively large intermediate
closed position G of 36° , whereas the improved profile of the vane 30 has substantially
reduced, if not eliminated, flow separation at the corresponding 36° closed position. In
view of the substantially large maximum closed position E of 60°, the complete
elimination of flow separation thereat may not be achieved, but since that closed
position corresponds with idle operation of the engine, flow separation is not significant

for idle performance.

Although the total range of vane angular position from maximum closed E at
60° to maximum open F at an opposite 24° effects a total range of eight-four degrees
(84° ), substantial improvement in aerodynamic performance of the vane 30 is provided

over a large range of off-design angular positions of the vane while still maintaining
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operation.

By selectively varying the conventional NACA profile 56, substantial
improvement in aerodynamic performance of the variable inlet guide vane may be
obtained for the off-design angular positions. However, due to the proven performance
of the NACA profiles, variations therefrom should be sparingly made to avoid otherwise
compromising overall performance of the compressor, including stall margin for
example. Preferably, the radius of the trailing edge 42 of the vane 30 remains at about

0.6 percent of the chord length C, which corresponds with that of the NACA profile 56.

Modemn three dimensional aerodynamic analysis may now be used to
advantage for customizing a specific profile of the pressure and suction sides 34,36 of
the variable inlet guide vane for producing corresponding velocity distributions
thereover for maximizing aerodynamic performance not only at the specific design

condition, but over a range of off-design angular positions as large a practical.

In the preferred embodiments disclosed above, the maximum thickness of the
vane radial sections or profiles is 10% of the chord length at the vane tip 46 and
increases to 14%C at the vane root 44, and is located at 25% chord from the leading
edge, with the leading edge having a corresponding radius varying from 1.1%C at the
tip to 1.6%C at the root. These three elements may be varied in accordance with
conventional aerodynamic analysis for maximizing the off-design aerodynamic

performance without otherwise compromising performance at the design condition.

Further analysis may be used to optimize the variations in these individual
parameters as they collectively affect aerodynamic performance. And, the same
analyzes may be used for evaluating cooperating changes in the vane chamber and other
portions of the pressure and suction sides for reducing or eliminating undesirable flow

separation over a substantial range of angular positions of the vanes.

However, any change in the NACA profiles necessarily changes aerodynamic
performance for the specific design angle of attack therefor. The variations in vane
profiles described above provide overall benefits due to the required wide angular range

11
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While there have been described herein what are considered to be preferred and
exemplary embodiments of the present invention, other modifications of the invention
shall be apparent to those skilled in the art from the teachings herein, and it is, therefore,
desired to be secured in the appended claims all such modifications as fall within the

true spirit and scope of the invention.
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opposite pressure and suctions sides (34,36) extending along a chord (38) between leading and
trailing edges (40,42) and in span from root (44) to tip (46);
a spindle (48) fixedly joined to said tip for rotating said vane over a range of angular positions
between open and closed; and
said vane having a maximum thickness between said pressure and suction sides greater than
about eight percent of length of said chord, and located at less than about thirty-five percent
chord length from said leading edge (40).

2. A vane according to claim 1 wherein said leading edge (40) has a radius greater than

about 0.3 percent of said chord length.

3. A vane according to claim 2 wherein said vane maximum thickness is greater than or
equal to about ten percent of said chord length, and is correspondingly located down to about

twenty-five percent chord length from said leading edge.

4. A vane according to claim 2 or 3 wherein said leading edge radius is proportional to

said vane maximum thickness.

5. A vane according to claim 2 wherein said vane maximum thickness is greater than or
equal to about ten percent of said chord length and is located at about twenty-five percent
chord length from said leading edge, and said leading edge radius is about eleven percent of

said vane maximum thickness.

6. A method of making said vane (30) according to any one of the preceding claims, said
method comprising:

selecting a NACA-series guide vane profile (56) having a design angle of attack; and
increasing maximum thickness of said NACA profile, and relocating said increased maximum
thickness closer to a leading edge of said profile to define said variable inlet guide vane for
reducing flow separation from said pressure and suction sides at angles of attack different than

said design angle.
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ACA profile at said leading edge thereof to define said leading edge radius of said variable

inlet guide vane.

8. A method according to claim 6 or 7 further comprising modifying camber of said
NACA profile (56) to define said pressure and suctions sides (34,36) of said variable inlet
guide vane (30) for further reducing flow separation therefrom at said different angles of

attack.

9. A method according to claim 6, 7 or 8 wherein said NACA profile (56) is modified in
maximum thickness, chordal location thereof, leading edge radius, and camber to substantially
eliminate flow separation along both said pressure and suction sides (34,36) of said variable
inlet guide vane at opposite open and closed angular positions of about twenty-four degrees

and thirty-six degrees relative to said design angle of attack.

10. A compressor stator (26) comprising:

an annular casing (28);

a row of variable inlet guide vanes (30) extending radially inwardly from said casing; and each
vane including:

opposite pressure and suction sides (34,36) extending along a chord (38) between leading and
trailing edges (40,42) and radially in span from root (44) to tip (46);

a spindle (48) fixedly joined to said tip and pivotally mounted in said casing (28) for rotating
said vane over a range of angular positions between open and closed; and

said vane having a maximum thickness between said pressure and suction sides greater than
about eight percent of length of said chord, and located at less than about thirty-five percent
chord length from said leading edge (40).

11. A stator according to claim 10 further comprising an actuation ring (50) pivotally
joined to each of said vane spindles (52) for rotating said vanes in unison over said angular

range including a design angle of attack between said open and closed positions.

12. A stator according to claim 10 or 11 wherein each of said vane leading edges (40) has a

radius greater than about 0.3 percent of said chord length.
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14. A stator according to any one of claims 10 to 13 wherein said leading edge radius is

proportional to said vane maximum thickness.

15. A stator according to any one of claims 10 to 14 wherein said vane (30) includes a
profile at said tip (46) with a maximum thickness equal to about ten percent of said chord
length thereat, and a profile at said root (44) with a maximum thickness equal to about
fourteen percent of said chord length thereat, and said maximum profile thicknesses are
located at about twenty-five percent chord length from said leading edge (40), and said leading
edge radius is about 1.1% of said chord length at said tip and about 1.6% of said chord length

at said root.

16. A stator according to any one of claims 10 to 15 wherein said vane maximum
thickness, chordal location thereof, leading edge radius, and camber of said vane cooperate to
substantially eliminate flow separation along both said pressure and suction sides (34,36) at
open and closed positions of about twenty-four degrees and thirty-six degrees relative to said

design angle.

17. A variable inlet guide vane (30) for a turbofan engine (10) comprising:

opposite pressure and suction sides (34,36) extending along a chord (38) between leading and
trailing edges (40,42) and in span from root (44) to tip (46);

a spindle (48) fixedly joined to said tip for rotating said vane over a range of angular positions
between open and closed; and

said vane having a maximum thickness between said pressure and suction sides greater than or
equal to about ten percent of length of said chord, and located at about twenty-five percent

chord length from said leading edge (40).

18. A vane according to claim 17 further comprising a trailing edge radius of about 0.6

percent of said chord length.
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