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Atuw,
The bssic aim of thk project k to deJine and in estigate ,he

Jlulrer condition which occr.r a, tke ping andlusetage oJ rhe ahcrltft
straat re D any fiyirrg aerofoil s,rch ss engirr. firrs dbring flighl

det diff.rent condirions dnd high sgee* *re.e ,he l rllet qr,tes
& ibration on lhe wi|.g arrd/aselage of the ahcrnfr sr retatrc ako o,
t,e stbctu.e of the frns whieh leads to a kish rhk of slrucl re
fi.ilarc, if lhese vibrations are hot con rolled. fhe projec, gires song
malhod of qrlculalirlg ll,ttlu also ,he project suggests sorne crawert
,o this problem U) girt g ah s.aatple ob attfoil Jins nodel tu .b.9
high telocity wirh the basic eqralioas a,td datd,
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Mass ofrhe hlade
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Inlroducl!on
The dynamie stal,ilj$ can be

divided into rhrer types of
problenrs rrhich are . {htter ,

Bullalitlg end L\ndni.

Our prc]ect conserrales on
llutter condition rvhich has
b.en deircd ,s the d)rranlic
instabiljty ol an clastic body in
a air slream and is produccd
by aerodtnamic lorces $hich
resul! lronr the dcllection of ille
elasiic body 1i0m it's
ut]dei'rrrmed state. Tle detenni
aalio of cailical or flutter
sfeeds 1ir the conlinuous
slructurc ol an eirqeii is a

complex process since such a
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slrrclurc posscsses itn jn1jrttc

nunrber ol raturirl or ronr:l
mod.s o a libralion . S inplil]'irrg
a-ssunrpiir)ns such as brakiig
down lha smrclurc into a

nuflbc1 of concenlrated masses
connecled bI xeightless eleslic
beams (lunped mass c.)ncsfl)
arc made tJol whateler metlod
is enployed th{: ,atural nodes
and lreqre.ci.s of vibralion of
lh! s!ructre m!\l be kno$n
bclbrc llultcr spccds llrd
fteclnerlcies .an lre lourd . It is
fiund rnosi lrequentl,! in
akcraft srucures sulrjecled lL)

large aerod-vnarilic loads such
as wings .tail unils and co lrol
suraaces .Flu{ter occnls at a
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ffiiical or fllltle. speed Vr
which in tun is detred as the
lowest ai! speed at which a
given sJntcfure will oscillate
with s.stained simple hamoric
molion . Flight at speeds below
afld lbove the fllrtte. speed
iepreseDts conditions of stable
and Lmstable, that is dive.gent,

and inc.tia lorccs during a

conrbined bending end t.rrsional
osciilation in \lhich the
indilidual mo:ions are 90'
deg:ees out of phaselil. 1.1 a

pure bendirg or pnrc torsio:ul
oscillalior the aerodlinani.
lor.es produced b-!" ihe
ellbclir. lring in.idence
oppose the moiion j thc
geomctric incidenc. in pu.e
bending renlains constelr! and
therefore dose not .t1'ect llrc
aerod).anic darlrpi.g forccs
while ia pure iorsion dte
geometic incidcnce producos
aerod):nami. for.es which
opposc the motion during one
llali' of the cycle b!! assisl i1

during the olher half so rhal lhe
overall effect is nil -Thus pure
bendilg or pure torsional
oscillatiors ars quickly damped
oul .This is not the case in the
combiled oscillalior when the
rnN)(imnfi !\\ist oacurs al zero
be.ding and vice lersa. that is a
90" degrec phase dilference .

l he \ing sho\,'n in tig.(l) in
various stages ol a bendi.g
lorsion oscillalio. .At rhe
posilion of zero bcnding lhe
ii!'is! of lhe lving cituses a

posilivc geomet.ic incid€ncc
end therefbre an aerodylamic
fbrcc in the sa e direcdon es

dllr molion of the rving. A
similar but reversed siruaion
exists as lhc wing moves in a

oscillalion

Old Methods of Crlqrlatins
l'lutler

Cellerally an elastic system
taYing just one dsgree of
f.eedom can ot be rnstable
rnless some peculiaj
*echa{ica1 characledstic exists
$rch as a negatve spring fo.ee
or a negative damping fo.ce
.However i1 !s possible aor
systeas wilh two or morc
degrees of f.esdonr to be
u.strtie lritholit possessirg
u.Bual cha.a.reristics -The
lorcei associated with each
individual de$ee of Aeedo&
call interact cousing divelgent
oscillations for cerlain phase
differences .The flltter of a
wiag il which the flexural and
tonsional modes are coirpled is
an imporlant example of this
t?e o, instabiliay "So]!1e
irdication ot the physical
n3tilre of wing bending
torsioD flulter may be ltad &orD
ar'r exa&ination of aelod]rramic
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downward direction; the
negative geometric incidence
due to {ring twist casses a
dornward aerodlEamic force .

It follows tlat aithougt the
eff€ciive wing iacidence
produces aerodla1arnic forces
which oppose the rnotion at a1l

st€es the aercdynamic forces
associaled wiih the geome,trlc
iociderce have a destabiliziag
erfect. A1 a cefiain speed, tire
flutto. spoed Vr , this
desrairilizing aotion becomes
grater tha! the stsbilizing
forces and &e oscillations
diverge .In practical cases thg
belding and torsioral
oscillations would not be as

n ch as 90" degees out of
phase, however (he same trasic
p.irciples a?ply .

We can see llom fig.(1) fire
importanes of the relative
positions of the i.ertia aris of
the wing (th€ axis linking tle
centers of gravity of the wing
segiions) and :he t'lexural axis
.ll, for example the inertia atis
vele all of ttre flexual axis
th6t the inertia forces act in t
serse iflcleasing wi.g awist
whereas in a for,&ard positioll
tha inertia forces create the
opposite effect .The positio. of
the itrertia axis may be adjrt.sted

by a rcdisaibution of wing
weighl, a paocess krown as

mass-balancing. Other factors

aftecting ite tendency of the
wing to l]uttff are its €lastic
stiffness both in bending ard
torrion and &e flexual axis;
the lalter slodd tre as rear the
qriarter chord posilior as

possible since this $.ill piace it
in close proxi$iry to tLe
aerodFamic center th€aeby
reducitg tLe magdtllde of tbe
aerod)mamic twistiu mt,rtent.
However adjustrnonts to all
these pa*mete$ are influenced
by factoa! o&el tiar flulter
prevetrtion; of these weight
corsideratioas are of primary
inlportmlce-

TLe estimation of {lutte.
spe€ds and fre$ercies is a

complex problem; the degree of
completity has been incleased
by the complication of modem
aircraft struc,ulr.!. Howaver the
accuracy of the cornputatior
has been inrproved by the
iatro{uction ot digital ard
analogue computers wiic!
enable a co$paradvely large
nu$ber ol de$ees of &eedom
to be illcbded ia :he idealized
rlto&l of the actlal slructu1e
.Gerelally flutaer calculalions
are based on an assumptron or
deteiminatio! of ahe normal
modes of the aircmft .Sorne
yea.s ago the standard
p.ocedure for calculatirg
loamal modes was to rcprcsent
the aircraft stnLtxe Ity a finite
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n! ber (<60 usunli],) ol'
masses oonneatcd by a sedet of
wejghdcss elastic beams .'l'he
nonnal mod.s lvher€ ihen
oblained by qalculating
irflLtencc coelficicnts tbr the
masses and applyjng
Focedurcs similar 1() the
ca1lxlalio. ol springs fiorion
-This melhod ol structurel
rcpresenialior is slill applicablc
lo structu.es ol ligh Alt ratio
bul hxs hcen repiaced tn cases
oahigh srreep a,rd low AR rutio
ln :relhodri hased on lhe ne$er
slrurural analvsis techniqucs .
,o. eiianple the ibrce rnd
dispiacencrt nrcthods of
Argyris l2l .

These methods give influence
cocflicicnts at thc nodc poirls
in th. {chal sl.octlrlr so that il
oni\ remains ro break down Lhe

weight irto concenfared
dasses al drese nodes aor the
nomral modes to bc found as
b€lilr. .A rcriew of ,llrlter
calculalion is given in ret:l3l
-wl1ile Ilisplinghoff , Ashle]
.nd Hallman l,ll gjrc erllnsi\e
covcragf of th. theory, alavjd
l5l described tiultcr and
oscillatoay pressnre 1ts! on a
?2? aile.on in a wind tuincl
:tnd sub c.iaical llute.
chara.lerislics ol a iigid lirli
scale 727- 1\ ing segmena \\ ere
prescrllcd ,

We have roled prcviouslv
lhai lorulal mode cstimalion
mav be car:ried out b_l- wind
l.nrel lest on {luiaer model. .

lhcse are olten used 1!) check
iheorrdcal calculaiions il lhc
ai.crali design insolporaled
some new f'eatrrc or the aircarlt
ties in the tmnsonic region
.Thc model is not.equired to be
lighly .epresentative as lorg as
tle basic structural
characler;stics of tlc actual
rircrall afe included . 11 should
be .ipabl. ol alteratio. so lhal
diaLrent param.ters ma), be
changed .ts desi..d .Again , lbr
a detailed ac.oLurt ot flutle.
models xl]d illllrer model
testing rclirencc should be
madc 1o Bisplirgholf , Ashlc),
and Hallman 1.11.

All rc\rly designed aircrall
are subjected early i. lhc lile of
a pro,olype 10 a ground
rcsorance tcst to dctentine
actual nonnai modes and
lieqxencies -I he primar)
obiecls ol suoh |esls xre to
chcck lhe aecurac) oI the
ralclrlalod noamal modas on
rvhicti the flulter prcdictions arc
bared and io shor up anr
unanticipated pcculiarilies in
the \ibrational behavi{)I ol- rhe
aircrall .tjsxall) rhe ai.crafi
aests or so$e low iiequencl
suppoft svsten or evcn on it's
deflated tvres. Elesr.o
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d-,_nalr1ic cxcrlers arc il{,unied
in pairs on the wings and taii
$ith accelerometers as the
nreasurin!: dcvi.es. dre lest
proced rc is generally to llrst
discor.er thc (csonart
frequencies by recording
anplitude and phase of a
selecled numbd of accelero-
lneters over a gir,cn ftequency
r.rg.. The alrcrrfl resfonsc is
marsLrred bli eccelclometals
.rccorded on sensilized pape. or
magncric 13pc and tlc .iampirg
filurd liom Kennld) Pancu
polar FloG -Another excilalion
lcchniqua. knorvn as
''Ito11king", r]scs impulsc
rockets plaoed i, posiiions
$h!rc lhe) are able 1o excile a

r:rodc urlh rcasonahie purily .

In addirion to thc grouod
aesonancc lest tnoclem
p.olotvpc aircrxil are sLtbiected
to fligll flutler lests . lnitiall!
thc airc.aft's specd is limiied to
a lalue Io$€r tlun &e li ir
speed alld then gradualll,
lncreased by sale incrcments ,
each incremenl heing based oir
rhe pre\ious flight flultcr lesls.
'l irc method mosl licq.rcnlly
employed is to apply a
conli:luous sinusoidal sxcita-
lion t0 the aircrati in fligh!
.lhis t)'pe oi excitation is
capable ol exciling all the
mo.les so lhal their dainping
can then be measured. I \'pes of

sinlsoidai erciler inciude rolary
ineitiit cr.it.rs" lincar irc.tir
excjt.rs, e\cili.g 1r conl(,
su.aale bt appl)ing ar1

electrical signal to the conlrol
uni! and so or.

Olher tl'pe of tlllter inrohe
controi snrfaces. Ahhouqh
coltrol surfacc tlulte. is nor
usuallY calas1..)phi0 it ean be
unpleasilnt. ilo\t-'e\'ca io fios!
nlldsm aiicrali tle control
surlaces are op.ralad bl porer
u,1ils posscssirlg *lhcirnl
sii{iness 1o p.elent llutter
oecuring. Preriolrs aalnadies
inchded m&ss b|lanring ol $.
conl.ol surface to redistribul.
ihe irerlia lorccs ibr sirnilar
:rasors lo lhose applictble 1(}

qirg b.ndi!S torsion Uutlel
-Ailcron Buzz is ! lonn of
lluiaer associated !riih shocks
oscillaairg on the upfcr and
lo*er ,'virg srrriirces and
inleracting uith the boundan
leyer in an unsteady iashion
.Empirical metl'rods a.e uscd lo
prcdi.i aild ar,oid this
phenomenoa .

Flutler on En{aine -Fins
Siall !'lntter :-

l_h. non linear ae.oduamic
reacli{}n lo the {otion oa lhe
airl'oii strucllrr. and the one -
degrec of iieedo,. p.operl) arc
rery, useful 1ir anaiysis of rhe
subsonic slall iLdter behavior.
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That means the aaalysis of
bending stalt tlutter ;s
completely indepe{dq1t iom
that of:orsion. In this sectio.,
the goveming equalions for the
ts,o flutter Epes a.e preseded.

Bendine Stall Sluttet
Two dimensional study for a

lpi.ai seciion will be car.ied
out. With lhe propenies of
subso!1ic stail flutter , if the
w/T done by the force actirg
thrcughoul the displa.ement is
positive , then the arnpli ude
will hcrease and rtall fluiter is
to be expected Ref.[6] "

*!rt
1r)

alrd wirh highly simplified .ase

of a,, -E=9,6,.n,
- dc 

"1
do 1,,=n

(2)

,i.e. ilcn Vs characterisiic has a
aegaliye slope at tho static
opealion incidence .h general,
Case A ,B a]ld C iadividuaily
may be either positive , zero or
aegative. There are eiglrt
important cales as ill[shaled irl
lable {1) -

Tle critical veloci, of the
berlding stall flutter ( VBs.) cai
be evaluated frolt1 :

2cda

*l*."1
Tol5ioial Stall Flutter l,
General

I0r torsionol vibrsiioa &e
d),namic angl. of incidence
depands on ihe follov.ilg two
effeclsi
1. The instantaneous anguld

displacement "I".
2. The instania.eous linea,

velocity ir a direction
nomal to the cord .
Both of &ese effects are

limctioll of time ,wLile oa y &e
second effect is a fimcaion of
the cord position of point X (
&a).

As b bending stall flLltter ,
tie power whicl catlsed the
stall flltte. ir 1olsio,r Rel[7] is

(5)

- rdc, 1J'c"i
"=t J" ",- 8 d" 

,,

13)

(4)

witl cos p > l(p > 0). a

positive power caa only occm
if ar is sullicicnlly negalile

tlC 1d'c"l*, or -r;nn ''"^ I t

ll6
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r, - 7 pr,{+t)r s;a,p

lt,e;+soi+c,ol+...]
{6)

r

Similar to the beading oose
(if sin I * 0) the several
corldiiiors fol torsio,l stall
fluher will be sirmrnarized as in
following iable:

The critical velociE ol tLe
torsional stall tttter ( Vrsr) can
be evalualed lrom :

ZIc f
Y,uo > (r0)

which calr be cortpuaed iom
lhe quasi - statac simplificatior
exteriDent, that giyes a simple
way to detemine *te
aerodynarnic forces acting o,
the blade ( bTlical section ).
To check tle theoretical .esrlls
for slall flutte. in blade cascad€
a q4)ical axial eornprcssor stage
was choseL It co.sists of 32
alurrdarm ca&tilever blades .

The value of C- , Cr aad Co for
tre reterence cross seetion of
such a blade (take[ aa 0.75 ) of
blade letg*r) whe.e obtained
experimene;lr !s;ng
geometiisal model of
bladcs in a lorv specd
tunncl.
Then thlr values olc,, . Cr and(i) al larious values of tbe
angl€ oi xtlack ( a" ) are
erperimertal work which
denotes the geo elrical angle
of attack Tle t\o outer
models blades werc "dummv'
simul*ing only the influcnce of
cascada interference o, tlle
values of the nonnal force
coelficient C. were .alculated
using the relation :

C,o =-(a'r { C,. ranrz)seca

{ )B), .unerical dillerentiaaion
values of

and;

,1 : ld,
2 da 1,,_.,

(7)

,= **i._,, (8,

. 1 J'C,' 3ur;

"hi,{-)' 1,t" .. .,,

(e)
a

thres
tind

As \\{] have seen, the
bcndinli and torsior siall autter
depcnds on {an)/ pamlreters

dc,\, - tdc \
-: ).(,, anl a l

,.t.t I \d" )
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',( /.t L , t.l t.,
- : ttnl .l

,1,, Jo , d,,

are obtained. and \,alues of
J(,. (t't' ./ ( 1

Ltntl )

,l.t Jn' ., ,l,t

ard the cridcal lalues of l"
bending end rorsional stall
iluller ire el,aluated bt using
equation 5 . I0 respeciilel) 311

aho\.c llrl es ,rt in rh-. resrlrr

Resulls rnd discussion'lh! essenaial f-eaturc ol stall
itrtrer is onlincar aerodynamic
reaclion to lhe fiotion ol thc
xi oil / struclurc. I'hus
allbough couplirg and fhase
hg nra! be allcr thc results
sonl. whal. lhc basic instahiliry
and jls prlncipal Lalures irc
cxplicable in te rms of rTorlinear'
nonnal fbrce ard raomenl
characlerislic lEl. Srall fl rier ol
blndes is associrted with
various yalues of angle ol
tnach. !o obtain such
claracteristics and a\ralualad
dre $rll ilult.I on blades the
qualri stalicsinrfliii.ation
e\peli$ent \as Lrsed. The
g.orrctrical modcl of ihrc.
bl.des in a iorv spced wind
lurnel \lere considerrd- to
oblain lhc diilerent \alues oa
C", . C! and CD, ill additiorl t0
it s dcrirati\'es, see table (l),

(2) and (l). ln goner:1l uls.s th.
coelllcienls indilidldlh ma\
be cilher the lositi!., zer.] L{
negitirc. ihe bciravior ol srall
t]trrlcr is tariable throllgh rhe
ditlirrnt angle of auac[ (hieh
are showl in figures (2), (li
and (.+).

aigLrre i:) shou' the cllct of
m:!lc aliack on th. slall flutter
hel.rior whi!h exhibir lhe
lriticll flultlr alnplilud I
angle of alla.l 10". \hile the
iigurir (3) slr.,\ iic criiical
llutcr anrplirude ot occtrli .i
rngl! ol ntlick 35". 1_he ligurc
(.1) sho*s lro\1' the lLnte.
anplitud. .brngls !r ith angle
olaxa.li 15",25" ..d 35".

Conclusion
lI the siruchrral dempi g of

drc blade is incruascd . rhe
c.ilicrl r.iocir! ol berding stall
llurlei rises corrscqlantl)
Frc llris point of riei tle
comfosiles arc prrnrising ibr
fun ,nd aial comprcssor blades
.On the othcr h*nd , rheii s$nll
spcciilc n1uss leads to smaller

It is c1c.rr that iubsoni. si311

llullcr o.curs usuall! xt 10.6
0.8) ol (RIlM.i,.,, bcr:arse in
this region ol rerulsions the
angle ol atack mi:ry rcxch ihe
critical lnlues (.]bove :0")
.Hence rlot tl. f'uli vahie ol
(RPI\''),,,,,, is substiruted il1ro rhe
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calculations ol bending
&equercy for roaating blade.
The ir!fluence of the air det$ity
at ahe compresso. itrlet should
be evaluated for rctual l'ligltt
corditiors of the j€t engine
.The ctmpressibi lity effecls at
higlt subsonic velocities rnay
lead to $rbstantially Ligh€r air
density at the engioe's ialet .lt
is fousd that tlrc srtail€r ths
lergrh of the blade's chord , the
higlter the crilical velocity of
beoding stall flutte. (VBSF)

which requires 1no.e deep
aaalysis ol the aerodlra&ic
effecrs.

It was obsewed, that values
of CD, CL and Cs o arr
individuai blade standing ;n tie
cascade depend on the aascade
a$angarent {stepping aryle
beaween the blades, and
di$tance betwegn 1wo
individual blades). These
relations need a more deep
study in the futule. The re$rts
of the dyI1amic cascade model
(containiflg plastic bladeo were
used for checking of tle actual
deflection , caused by botding
stall flutter a1 the typical
references s€ction Dositioned ar

10.?51 span of tlie Llade and on
measffing tbe a gular
delomation daie to torcional
s1al1 flutier at the saine typical
sectio. .This dynamic test gives
more infomaJiod which we.e

not !6ed due lo the simplified
theory used in ahis rssoarch,
the resxlt$ oblairred i0 this
research are valuable for
pr6c1ica1 use in design atld
developiiedt of heavily loaded
rnililary jet erigines.
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.tr!c,Al cltl-rol!er,y!1,?4.t!!.!-1Q11:

Flutler wirh increasing amplitude in rime .

Flutter amplitude grows smoolhiy from zero to
finito ampliaudc

where (a, ), = | 1r, - ,0, ' +,'.rrc;)/21c,1

Ar< 0
tsr > 0

Cr > 0

No Flutte! at smail amplitudes if an extemal
disturbance caries the syst€r.r beyond a critical
amplitude i then the tlutter will conti&e to grow
up 10 vcry large alnplitude.. Negatile power is
ody at ove this c.iti€al value of amplitude the

Soit llutler starts lrom zerc ilmplitudc up to
equilib.irrrl't amplitutle . Value ol (0; ), usually

larger than (0,1 ).

Similar to case ( 4 ) but critical amp;lruae (4., )., (o).
Ar> 0
Br< 0

Similar to case ( 2 ) if 81 is very sma11 ard similar
to case (4) ifCr is very sma11 .

Similar to cas€ (1) if 81 is very imall and similar
io case (,1 ) if Cr ! very small .

Table (l) General Conditioas oftorsioral stall llutrrr .
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t
Ar< 0
Br< 0
a,< 0

No Flutter

2

Ar > 0
Br> o
Cr > 0

Ar> 0
Br < o
f r < 0

4

f,

Ar > 0
Br,0
Cr < 0

6

Ar < 0
Br < 0
Cr> o

8

Ar< 0
Br > o
a,<0
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Table ( 2 ) Values of aerodynamie normal force coelficieot
atrd it,s derivatiyes.

Tatle ( 3 ) Values of aerodynamie momelt coetficierlt and
it's dorivatives.

-1.2',790't5

-1.84444
:2.226139
-2.626512
-2.770009
-2.62s511
-3.392558
-3.73t57 t

-6.4749
-5_79281

-4.48086
a.$462
-0.0014
+1.661'l
-3.56406
-3.88494

+30.913
+58.239
+91.708
+52.865
-150.480
-44039A
-t2.9724
+322.70

+402.800
-3323.404
-9947.030
-17698.40
+12462.95
+44521.80
+120.4000
-11104.70

5
10

15

20
25
30
35
40

+0.2396
+0.5686
+0.6708
+4.5'7'78
+0.5511
+0.4638
+0.5383
+0.4901

+3.',l'1034
+1.!7120
+0-12432
-0.55470
-0.28170
+0-0'7290
+0.95442
-0.545428

+101.9333
+l14"0081
+106.3752
+17.2t190
+36.61750
-40.90700
-69.24010
-51.30750

-1294.1216
-1999.0572
-2436.1880
-26',74.0002

-1185.264"1
+3538.6778
+4653-t',l03
+1672.1606
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dC"

5
10

15
20
25
30
35
AO

1,.268'7

1.8142
2.1303
2.2937
2_2029
1.8238
2.1566
1.92'74

+6.2537
+3.6225
+1.8125
- 1-0405
4.3441
-0.5301
+3.8141
-2.6272

Table ( ,l ) Vahes of aerody[rmic lift coelficient alld it's
derivatiye.

FiS . (l): Alt.ninBm ( actnal blrde )
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