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The netural freguencics of vaiorctaon of the bleodang of a 12 stago,
3000 1,per. burbine heve been measured and compared wath the values obtained
by ¢.lcoulation.
In the ecleulations Tor the floxucal modes, correctilons hove becon
introduced for shoar ond rotary incréia., an cmplcical corrceteon as used for

the anflucnee of the anercowe in torsional staffness, duce to the platform,

on ihe froguencier ol torsional vabration,

-

The ngecoment of ousured and co-puted froquencics 1s suffrciont
for the purpose of compubing cratical speuds un Po o froquency of fave
kilocycles po: sucond obove which lamit the dascrupancy incrcascs with the

ordoer ol bhe moda,
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1.0 Introduction

As a votor blade passes through the vake of a stator blade or through
the wmke ol eny obstacle in the sbtreem, thore 13 a change 1n the gas bending
load eoa the blodoe, the load on stator blading is subjyect to samilay changes.
Buch poriodic chengses of load constitubte a pulsating force on the blade and
20 one of the horwonie constituents of this force 1s i1n resonance with one
of the nalural modes of vabrat.on of tne blade, large smplitudes of vibration
noy ba produced with correspondang bish stresses. I'rom thoe design of the
somprescor or burbince, the rolation of the Creguencics of the exciting forcus
to the rotusional spocd cun be deduced, 1t romains to determine the naturel
froquenceus of lne blades in ordur to predaict the critreal speeds during
operation,

11 1s cbviously an advanlagse 1f the natwal Progquencios of the blades
gan be accvratoly celoulabted from thoe design data and in the case of prasmatic
blades a satrsfrotory solution can bo obtaincd. The wethod used in the
caleculcibion of flixural vibration frociecices zs that of Tamoshenko' but in
the hishoer medos of vwibration 1t was Found necessary to arclude the cifcot
of shear and Jacobsuns? colulion has boen modifivd to produce the shear offeck
18 a corruction fiector to the purlly bunding soiucion. Correelicns arc also
racluded for robary incrbac and sgtage tumpoeraturce. The conventional mothod
Lo Tollowed in the caleulations of torsronal frocuencles with the additaion of
on cmpirieal corroction for the effuct of ond constraint.

2.0 Lymbols
The Tollowzing sywbols ore used 1n the calculations in the body of

this ruport, any cymbols not included in this 1list have thoir usual signafi-
crnce or are ooliued in the toxt.

o = arce of Cross Doctaon (in2)

2D = Puok bo peolr tip amplatude (an)

I = fodulus of Alostierty (1b/in?)

o = n v Ripadaty (1Q/in2)

fn = Iregacacy of atl £1xural mode (cap.es.)

I = Homunt of incrtis of scctron about neuwtral axas (1na)
) = Padiue of pyration of scction (1n)

Jo = Polor moment of ancertia of socotion (1n4)

Curcular Truquency {rods/s.e)

b3
(]

Ty = Fr.qucncy of nbf torsional rode

. Z
p = Jorght por wnit volume (1b/in”)
3.0 Hoeosureaent of Blods Fregueneles

The blade freguuacics wore meagsured by clawpang the blsde to the
draving couc of wni wl.octeo-magnetic transduccr driven by a powcer amplificr
from a deende oseillatoc.  The frequency wos altcered untal resconancce
cceurred, the mode of viboution beang indiccted by sand patterns, modos of

rbrotion having frequencies hizhee than 11 Ke.s were not studicd,



cecsurclents were taken at rooa terperaturc t1 and the values corrected to
the particuler stage feuperaturce o on the basis given below s

T = g i By
P 4 2

Et,.'

i = T e
i My /2

LG
s ty
The bladc frequoncies listed 1n Tobles I and IT wore obtained an this
WY »
Le O Calgulation of [luxural .iode ‘requoncics. .of, (1)

The blodes of thic turbine sre prisuctic and the differcntial cquation
of lateral or ilexural vibration is the standard countlon of a prismatic bean.

_@.?X.-. E"%@LI-Z- = O .ul...l'lll..l...(l)

ate  axb
in vhich ﬂ2 = EIZ
Ap
and X = co-ordinatc of length.

Agsuidng the displaccacnt at any point x is given by y = X coa(pt + 0)

u

X = f(X)
2
Soation (1) becouos &‘?3‘5. =8X 1:1*}(
) axk 0?2

The guncral solution of this cquation is
X = oq (cosh kx 4 cos ¥x) + ¢y (cosh kx - cos kx) + o5 {wirh kx 4 sin kx )
+ ey (s1mh = - sin kx).

For a beau clarped ¢t x =2 ond free of x = 0, the cnd conditions are

dX
x =4, X:'a‘;c‘ :O,
2 3
X.:O_, "‘-"'-dx=—""dx"'ol X=0D

Using those condisions

{‘.nd COShk-GCOS Iw = "'1 ..-o..-.-.....n(2)
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The rools of couation (2) arc
n = 1,2,5,)-}-,5

% 1.675, 4.69%, 7.655, 10,996, 1,.157

1

and the frocucncy of any uode 1s obiadined by subotitution in
2 .2 ..

P e S 07

n o7 X oy LP

The genornl veuation rostricted to the present cooe bocoucs

o -
X = i,%}such 2 comn x (x - %) ~ cosue %%—bln k {x - %QJ covcasenal3)

o

X = g[&oscch %% gl k {x - %J - sce %?.cos k (x - %QJ cesenasne(h)

-

depuiasent on nobeing odd or uven,  Phese cquetions erc plotted in Tag (5)
si-ovryy vhe defleetion carves oif the facot four wodes, The cbove reasoning

s avarleblo wn Ref, (L) but is included in order to derive couations (3) and
(L) snd lotdo to the Tollowrag poarograph,

L.l  Corrcetion for Shear Defluction (Rei. (2))

yhen the wave lengih of the vibration as not large in coprrison with
e depth of the beanm o corvcetion rmust be applivd to the frequencios
gnleul: ted o in the srovicus puragranh,  Thls corrcction is to teke into
account tho rhecr gol'lecctions of the buat which can ao longer be noeglected,.
Dolaning o sheor dieeiributzon foctor 3 sach theat Shear loree | G
Sheer Llope 3
he cosrcaponding dallurentisl coudnon o cquotion (1) 13 civen in Ref. (1)

My ops oty o B& %7 L o

ax G ax23t2 nig atg
or My o4y 18y Lo vereneens(5)
st b2 3x2at? | o2 562

Introducing v = X cos (pb + 8) the genoeral zolution of cquetion (5) is

X = qq COS X 4 Cp S ¢¥ + C3 cosh rx - N ginh rx

WILLIC
S b \
ctzp_/{:f/(l ;.lm q\-:l ¥
R D_EP(_/’ /
wnd ,‘fr ’ }+



Asnsuring the bean to bo free ot x
condations opply.

n

0 and clamed ot x = £, the following cond

i, x = 0, 3% = ‘.3.3.).
ax2 b2 (-)JJ:_
2 2
or .{.3...}_{. = - B =
dx2 ba

Sine L e heoding wonent nnd shear foree wust be woro at the Tfroc ond.

- Py .4y
’ 2P ot
a b c'b'a}.

axd _ D2 an
ax’ b odg

Hu

rt whe elouped ond of Fhe boaa, the dlsplocasnt 13 zoeo and the slope of thoe
Bewd Jooowwe to abeae only.

or

£
Therefore t x = £, y=0, a&=z.0 4% L gx,
2z b2 - 3%°
o £
oy ,,Ci:,},{_ = *-'R;— Vo Xdx .
dx b "50

These ond coaditions wey bo uscd Yo clininatc the wrbitrsry constants oy, Co,

Gz, ) O to derive tho ircouency cauotion with the following rosults,
X o= el i 42 003 CX 4 r? cosi vrx « B (¢ ¢in gx + r sinh rx)]
v+ g2 L
here

B = (& cos gf 4 ¥ COSn T4
q sin gf + r sinh rg

2 b
o . . b
gos ¢f cosh 1) ~ pab_ . gin of sinh rf + -——-‘S—-———-E 20 seesneasl(6)
a"_pz + ob a2p + 2b

sanbios (6) 1 the corrcuponding Irecucncy equation to ccustion (2) of
»waprapii heO.

70 mrae J o velu ¢ of 8(1.5 for pectungulor seotion) and G/R = 0.375
ar s runteedvead, and Wop b roploced by gy where pp is the cureular freqguency
proviously oo deutated (shear neglected}, countion (6) can b ruplaced by



?12¢E,
cos af cosh ry - ——- sin qf sinh rg + (7)
~ _-'——I——;——‘[; L B I B I
L+ 8ak 2 ik + Bage

— = e T v - o v

!

f
" (I1+ipal*u— + 28%%)

in which o

1]

JFUREPPEAS - -~

r

r = /% (\, 1+ 4&%211* 2&2&2)

dauation (7) wuy be solved for ¢ the diuensionloss correction factor using
the velues of k given in pwragrnph 4.0, In the {igurc 6, ¢4 is plotted agoinst
& for the first four uodes of v1brot10n.

L,.2 Corrcection for Rotary Incrtia Ref. (3)

The cleients of o bema during vibration undergo tranalotory motion
cnd almo rotute, the correction te the froquenrcy of vibration due to the
rotary inertia of' the bean scetlon incrcises with reduction of the ratio of
pave length to depth of beann in a sinilor twsner to the shear corrcction.

In refs (3) the following expression for the corrcction as derived

d2
pmi = Pnb (1 - crl‘e"""é‘J laeao.ﬂle:uc.‘.'nl..l..‘lli(g)

whore ¢, ig o number havang values:=-

n

1]

n=1, 2, 3y L, 5
Cn = 2'32; lSG?, 38'7’ 71'53 J-lli--l

lie differcnce betwecn Pppi and Prp 28 neglicrible for the Mirst wode of
vibration of the blading uscd in this turbine, in the sccond node the correction
anounts to 3, Jor the shortest blades, 1n general it 1s cpproximately one
auarter of the shear corrcction.

Theorclical valuce of the flexural mode Trecuencics corrccted {or
shoar and rotary inertan, arc listed in T-vles IT and III, 1In thesc tables
ig the theorctlcal volue correeted in the bove wanner,

5.0 Caloulation of Torsional :.occ Wreouennics

The dif'ferentinl equotion of torsional vibration of a uniferm bar is
civen an Ref. (L) as

2 2
c2f _plab.o
3 g at
WG ) = angle of twist
asowaing 8 = X gin (pt + ¢)
vhore X=7F (x)



The dullcreatial ccvntion bocomen

2 2
a°X
C (:l--—a---ax2 + P—»-Q—JX "-'-:(:} l-clu-oul-.n---onuu--n.....,,,,,(9)

which hra ihe complete solufaon X = 4 swnp e + B cos n//ﬁﬂ.x
Cg "

1% Gg

The end conditions npplicable to a cantilever clauped at x = o and frce
ol X = £ oare -

X = 0, X=20

X = %:O
dax
. B:oazldT = E-ji bod 'Lz—n—:—j-)- gg‘ L R N R X I W ™ .......(10)
n .
21 h ¢ v PJ

The torsional stiffhese ¢ of o cowplex section such as an seroforl has
been dutermined fron the merbrane analogy {Ref, &) and 15 stated by Roark (Ref. 5)
in the following forn:-

Co (K o GF

here R ﬁ5 du

I
sy

o
du =  elomentary length along wmedian line

T o= thickness normal to the oedion linc,

L)

Por scectrom ol Lov percentnge thickaess

£y
P << Ap©
&4
3

The torsronnl stirfness obtainced above aesuacs thot the cross secbions
are Free o varp os they rotate about the torsional centre, but at the blade
root, the nrescnec of the pl.tfom prevents such werping and the root cross
section is congtroined to reuwin planc, The result of this constraint is to
wrerge the stilfness by an avount depending, on the shape of the section. 4n
approxiuaie cetinntrion of the inoreasc in staffness and 1ls effect on the
vroquency of borsionnl vibrotion can be obtoined by replacing the section by o
uniform channel seclion having the sane arca, btorsional otiffness and uaximmn
noneut of incertia. Jor o channel section of unaforu thickness 1t has been
shown by Tiuvoshenko {(Ref. &) that the forque at any section al o digtance x
from the claiped, constr.ancd ond 1ls rven by



3
= ¢f ilﬁ.mazg:._ﬂ)
dx dax-

2 3
ich 2 _ Dbl bhe
1in yhich a 55 (1 + W )

I = flexwsl rogadely of o Dlange in its plunc
h = length of web
b = thickness

In = wment of wertis about oxis of symmctry

The drst torm C 5}9- 1s ihnt part of the torque which is balanced

by shearing strecses due to twist and the second - a2 ¢ -[13-@« that part
dx ]

balsneed by sheoring stresses due fo the bendinp o the flanges in thear

planc, To anclude the sccond teria the difierentinl cquation becones

(]L'X 1 ﬁ _ pEEJ

i O = 0

o @’ o

l.'..‘lil'l..'ll.l..ll'..ll.lllli(ll)

For the fundamcntel mode of vibration p nay be replaccd by

_ °2n  [Co
P = g e
%55 /g

end cquotion 11 becoues

a1 dx . af 2L,
) ; v =
it o a? ax? 1e? 't

which has the complete solubion

X=Cycoshrx + G ginh rx + Cz cos gx + C), sin gx

ST 222
1 A /(s BZEE Y o
a2 / ( ' i 2@ )

1 vz HEE’Q%
= ( /(14 ——-2-9-—)—1)
o2 / £

in which g

1
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) . dx
The ond condrtions are x = o, X = o, — =0}
dx
dx 63X
}C:c,—_’.—(, "_":“U;
dx d

since ot the flxed unu the whole of the torque 1s balanced by shucring strosscs
due bo bonding and ot the free end the torque is zero, These ond conditions
arc uscd to derive the frequency squation,

qtﬂn q(, o r ﬁ&n-h I‘{’; = o no--ou---unon--n..o-(lZ)

Tor which volues of ¢4 corresponding to particular values of g can be
obtnined for the fundamental wedu. Por this mode 4+ for the full scetion varied
fromgg = 1,08 at 4 = 5, fo ¢y = 1.25 at £ = 2, ant foc the part section dy
= 1.2 for ¢ = 1,85,

Az dn the hiphee vodes of vibrobicn the nodel cross scetions other thon
ne root gootion ore not conetrained, values of &y cannot be obtained frou
countrion 1l for nodes other than the fundemental., /n approximation to the effcct
of the increnged root stiffness in the higher wodes mny be obtained by regarding
the increased ot udfness as egwivaicnt to o deercase in the clfective length of
the beam, i,c. the corrcetion 1s independent of the order of ihe node and therefore
for any given lonsth, the value of ¢4 wsed 1s that calculated for the fundamentnl
node,

The torsional centre of the section docgs not coincide wath the centre of
gravity (nd the walue ol J uvsed in the above coloulation is

J = Jy + KCF

whore O is the digtonce between the torsional centre ang the centroxd of the
scetion. Por the full ssetion the inorccse in incrtic aucunted to 4F.

6.0 Ploxural Vibration Sirosses

The curviture and honce the strecs ot any point on o vibrating beam
can be oblained by the differcntiation of equatizons (3) and (4).

2 2 .
i.o. S DET (sech Kl cosh x (x =% ) 4 cosec %6 sin k {x - &) )
dx2 o} 2 2 2 2

L4

when n=1, 5, 5, cte.

2 .2 . .
ax | DT (cosechb-ésinhk(x-&)+secl-\& cosk(:c-'g'))
de 5 2 2

' 2

n = 2, h, 6, oo,
These cxprossions awe plotted in Pag. 5. It can be scen that the maximun
curvabure ig olways at the root wherc the value is

o
de=X = 4
5 X

clx

2
Dk
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I Lhear doficebion and rotary inertaa ore negloctod the kiretic cnecgy
of the bean at waxamum velocity

£
ed. = E’-A'i }_Jz ‘\.2(13{.
28 1
o
_fat 2 2
8 Py o
= Dit i h p2
8 n

Thorefore 1 cuccosoive modes of vibration arc excited in such a way that the
zinctre oneryy of the boon 1o the seme for weeh, tioen the waximum stroan wall
also rudein constant.

7.0 fecueacy of Regulis

T factors cougwn, dalflorcences botween the compubted and the measured
reducsol blode fecquenielos moy boe diviacd inbo btwe cleosses, 1.c. those
»roducin, crrors of constant propo:tion ond lhosc ain which negl.oct produces
Crrors ol NCrofilng or awerddasiny wroportion. In the Tfarst clase foll the
wieertaintics 1n tne values to be miven the moduli of Jlasticaty and o the
vuction constants. Varistions in the chemical couposition of the blade
miborinl way cousc a denarbtuce of 2-53 from the nominal valuves of the modula
srabh o auch sanllor varcction o the caterainl density.  The crrors in the
wcction consbanie ore aus to tolorances in the manulacture of the blades and
to the aprroximete novure of the cxprossions o boprsional stiffncss. Such
tolerancas result an a possible varaation of 12-13% in I/4 and G/J fron the
nominel vaelue for this scetion., The naxuium frequency sprecd to be cxpected
fron theoe {octors, 1f the cffuect of the tolerance on blade longbth 1s taken
as sanall, 1z + &% Wxpora enbs on nomanally adenticel Lladus have shown that
the froquency variolion 1s batween B77 of the —wwen.  VYaclors of the second
clase uwre ceascdoree 10 patagraphs 7oL and 7.2

7.1 Acguracy of Compusud Mroguuncics of Llexurasl nodos

The cowputed end acnsured feocouencres oo I'ubles 1T end III arc plotted
in Fiz, 7, wnd they show the agrovient, withan lne li sy of pa.azreph 7.0,
mp te a Trequensy of five kalocycles por sceond awove Whwch thoerc 18 o
nere o.1) dricocpancy.  Sn woplanatoon ney be {ouna in the doparturc of the
~clual wad conditrons frow the esswacd condilions rs the trangducer uscd in
the wosdrv.anl of the notural rreguencies hos o 20all meount of floxabilaity
in chie draive sechonis..  The oxesgtouce of Jrocdons tn 62t cauvses the ond con=
ditions o epprocch the ingued-frsc stalc, the clastic reotroint an tilting
of the c¢l.vip ond draive 1s o functzon of freguency rad will be a miniasum at
she roponanl $ilbing freguoenciue of the systun. fhe restroint 5 the lnnge
bucoug od doess waportoace 2 the order ol the node of vabr tion 1s wnerocsed,
tad ot ohash ordore Lhe mwrsgurad frequency wall be Shet of the nenged-froe
ot he,  in frgure § tne rotzo of the norsured to Lne caupubed Creguencics of
th. socond Cloexurcl wode is ploioed ¢ eanst the couputid froguency, on thoe
grcubh Ls oo drown o laine o8 o ratio of Cu699, thet as che retio bobwoeen
the compubed hin ud=free firet wode ond the compubed claupod-{ree scoond
Mo, frogueneles.  In fioure 9 o siailar geeph 1s drewn vor the third
[lerure L mode, these Papnres show tlie crirereh of tne oynstol fo the hanged
B.°6u,  In condirattion ol this cxplonction a Lroo=free bura of similar
concvbents plo 2o an the sime oxerber pove agroveent of mecsured end computed
frequencics w to tharty kailocyoeles por seoond, thoe upper linit of measurcncnt.



iy Lrewray of Couputed sraouencien ol Dorsionl Hodes

11 and IIT show o clozer agree-
ment of theorctical and vengwred values thirn the [lexural modes. It 13 considered
thet the wicrcased ~ccuracy is due to the stiffness In forsion of the exclting

tiechaniam,
3,0 sone LasLon

Eal

Trom the froouuncies lasted in Tablce IT and IX1 11 won be concluded that
“he cliaods of colevlaticn of the natural frecucnciss of prisuwtlic blades wsad
wn lhas report cre of gufTicioent accur~ey up to a Iroouency of five kilucyeles
per gecond, Tt is probable thet the cctudl facoucmezos of vibration would agroec
vore elosuly with duc theoretical values LEF the blode rools were encostred, the
condition approaeched in orcctice by color blades ot hich rototional speoeds.
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Blnde Scetion Data

Section A. Chord b 1.25 1n.
Area A 0.138 in?
Loment of Tanertia (Bending) I 1.01 x 1072 idb
v f " ax. 12.23 x 1077 in
TFolar Moment of Inertia J 13,24 % 10_3~1n4
Torsional stiffness frotor K 0.636 x 1077 ink
Section B. Chord h  1.15 1n.
-"\*1‘6& A O-lll-l- 'anZ
loment of Inertiz (Bendang) T 0.39 » 10™7 ink
1 " bt AKX . ?.j x 10 5 'lnl!-
Polar lioment of Tnertia J  7.69 x 107 sl
Torsionnl gtiffness Factor X 0.576 x 10 1nh
Turbine Data
Density of Rex 3257 ot 20°C 0.282 1b. in™>
moN g3, n 0.285 1b. 1077
" " H.R. Growm Max. 0.285 1b. 1057
Retor Blades
Stage No. 12i;%ﬁ1 ¢ hoterial Temp. °C | E. lb/ln.2 0 1b/1nn2
1 2.03 11 Pox 326F 736 2.2x10¢ 0.82x107
2 p.22 " 707 .ok M 0.8, "
7 2.1 " n , 685 2.27 " .85 "
L 2.66 " " ! 663 .29 | 0.86 "
5 2.85 ¢ i GILL .52 1 5 0.87
6 3.105 M " 620 2.32 " g.5% n
7 .52 0" FalW BT, 598 2.17 " 0.8L "
8 3.59 " " 576 2.20 " 0.B2 ¢
9 Eo3.95 " " ha5 2,25 " O.80 1
10 DL,z " 533 2,06 " 0.85
11 L 467 M n 511 0,29 " 0.86 "
12 5.03 " " 539 2,30 " 0.87 ™
Stator Blade
- ! 2
Stage No. 1?%%%%1 haterinl {Temp. °C 5. 1b/in.?} ¢. 1b/1n.
1 1.85 in LR Culue 750 o.oex10l | 0.76x107
f 2 2,02 " " 722 2.07 ¥ .78 0"
3 2.22 " " 696 2.0 M 0,79 "
i 2.0 " 67 2,12 " | 0.80 "
5 2.62 " L 652 2.1, " | 0.80
6 2.8, i L ‘631 2,16 0.8L
7 3.06 " T.CLE.T. 609 2.16 " 0.81 ¢
3 3,08 " " 537 2,19 " 0,82 "
9 3.6 v " 565 2.21 " 0.83
10 L,00 " | " By 2.0 ") 0.8, "
11 L.36 ¢ R a2 2.27 " 0.8 ¢
12 L7200 " 5G0 2.3, " 0.87 "

i

H

Bladce leneth in above Tables s the mean length to the blede platform.

t
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TABLE IT

Measured and Calculated Rotor Blade Frequoucics

Plexural Modes

7 {c.p.s.) . ¥2 {cupesa) 3 (cepess)
Obsd | caled ! pbad Caled ! Obsd ; Calcd !
Stago| T w, D P, | 7, |F P P F o 7
X = 1 1 4 1 2 2 | 2 2 13 3 3 3
| b, t, | b f t, t, | b i t, t, )
5 | .
i : i
|1 7163 1371 1 Leco 19)2z 10060 3687 | 12450 10870 |
P 2| LB75 1634 11685 1660+ 9050 7820 | 10u4L0 0420
. 301645 1Al [LA0 14221 B2L0 7222 9020 8155
b {1635 1967 (1190 1176 732 604 | 770 6LL0
5| 1218 1080 [1020 10021 6.8l 57511 6130 5720
| 611014 909 | 883 B76L 5945 5308 540 5226 111820 10550 | 15510 13500
fo7 906 778 | 75 738, %208 L4470 | 4650 k416 110920 9378 | 13020 11560
al 787 679 | 6LO 6371 L66L L0288 | 3005 3821 110130 8742111200 10120
gl 627 5.5 | 532 5502 3741 3283 | 3335 3POL, 8915 7h05 1 9338 5575
101 515 451} 450 4aB8| 3109 2723 | 2820 2725 . 7316 6LO6 | 7895 7290
111 430 379 | 386 385 2629 2318 | 2415 2355 6419 D66l | 6762  6L15
12 369 5270 3 335 2265 2010 % 2100 2048 5713 5065 | 5880 5575
3 1
Tocsionel Modes
' ; T4 (c.psSe ! T2 {Capsss) ! T2 (Cenass)
g 5 (ks P Cilcd - Obsd.( P Caled ‘ Obsd Ualcd .
Stego, T T, T T T T T LT T T T !
% L 1, 171 g2 PR 2, b2 2 173 3 3 ¢ 3 |
.: ' 1:1 L2 ' L xE t'i ’t2 ; t t,1 t2 t |
L ] |
— : 4
b3 402 BRT3 2956 36271 12630 10907; AB68 L0910
o | 3753 5270|273, 33120 11360 9200 8211 3935
3§ 3357 2945 [ 2535 3020 10320 9050) 7516 9063'
3062 2700 {2303 2089 937 B8268) 6927 810
5 12007 2490 Pl 2455 B460  7502| 6432 7365
& ! 2610 2330 2004 22651 7846 70051 601 6792 |
7 12575 204011001 2017 7165 6l56% 5402 60501 ;
8 | 214 1850 {1677 1845  6GLS 5733, 5032 2535, 9820 @h72) 7386 9225,
g 11986 1727 {153k 1672 5918  5lu6) 4602 5016 918 7386 7670 8360
10 | 18,3 1614 | W15 15281 5347 4682 4oLS 4587 8660 7583 7079 7645!
11 1675 1477|1315 1051 L4822 4252, 2947 L4223 7827 69011 6580 7041i
P12 11534 1360 | l226 13061 4351 3857 3678 3899 7162 63,9 6130 6498
H ! ! ' i

Notu:~ ¥, is the fiaal theoretical value of the flexural frequency of the n

th mode.



Twa sured and Calouln

JUNRICT LD

. 15 -
Ly I

bud Stntor Blade ¥roipwicicg

Flezural Modes

| Pt (copess) ' Fo {c.p.s.) 03 (Capesa) |
Obsd. ; Onlaf, ‘I Obsd, i Calet Obs. Culcd.
vhog] T oo, oo R, B i) B ¥ i F P
1t1 1tg ‘ ) ! i 311 th { 2y 2 3t1 3*2 3 3
| i
15 crel o1t e |
1 | 17% 14357 1587 15107 9110 75801 9945 9030
o | LB79 190U 1961 1918 S877 82721 12090 10700
3 L1965 16501 163 1010 8793 7420 11ﬂ°co 914
L 11735 Mza‘moz 1389, 7924 67211 uB1s 7985
5 1 /2 123511187 1172 6980 w351 | 7439 6848 ]
6 11207 103531013 10011 6002 -143 633 908 ] |
7 11005 8581 872 8431 5243 VS5 WST Ll ! |
8 Bhr o sk 765 TEUL 638 Tu95 T 4795 K534 19773 o718 | 17430 11890y
9 ! 78 602 1 52! 6201 4030 AL 3511 37L0 1eCLZ2 7829 1 10950 0862;
10 | o 0310 .0 S17E L0 LM 3250 137 [PELR 7?5 9126 8379
11 PIL LRSS UORAL B35 3190 27921 270h 2676 (7643 6705 | 770 7161
12 1 L3n 3085 379 B?Bf 205G 2510 R 2Al6 [ 7073 6200 6650 £219)
| _ . L ;
1oreionr] vades
r1{c.p.s { 12 (CeTreSe Tz (Capeiia) '
(}bra(("i P‘ )”)alcﬁ T Obsdg : | )Cch@. Obza Caled. é
Stogs T T 7 T T, M. T, T T T T
S A 2, 2, |z ¢,'2 5y 3y 13 4.3 !
i 1 2.% 1 2 1 2 I
' E E
1 4988 KAIH0T 5701 L367] L350 13100 11080 L3300 ;
2 w06L 3hOh 2856 351%| 1L030 9241 | 08555 10520
3003602 30400 265% 3212l 10500 86921 7965 9637
|4 3075 2778 2452 2918 9682 ozl2l 7UhT 8754
b5 ,“972 on3h 2085 26611 8anz 76231 G857 BO2D
6 2722 335, 21 2409 8281 TUBL ' AZLZ 7RG
7 12577 2162] 1wk 21970 7671 gu62 | 9831 6589
8 12350 2024 1837 20570 7132 61x3 !t wol0 6171
9 2095 18L8[ 16b3 1818| @332 r4BD T 4967 6l X
10 11907 1561 1516 16521 572. L9686 1 1542 49501 9751 &hL9h | 7580 8262
{11 §17q 1528, 1508 L5L4| 5198 4560 E o6 L3 9020 7912 | 7008 75345
212 .160E 1420; 1309 1,001 K791 L2400 3928 K203 | 8L01 735 i6@48 ?0065

!
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