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Prediction of Flutter Characteristics of

Rectangular Cross‐Sections byた―ε nlodel
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ABSTRACT

In this paper,■ utter analysis of rectangular cross― sections based onた ‐ε rnodel is discussed.

Recently,some successful application of the computational fluid dynanlics to the simulation of

iu■er has been reported.■ is noteworthy to mendon here that almost a1l ofthe acЮ elastic application

has been perfolllled so far by ineans oftwo― dilnensional analysis.These good perfollllances of 2D

analysis is due to the turbulence viscosity which acts as the rruFrllC Spanwise momentum diffusion.

However,two― dilnensional analysis is essentially an approxiination and thus it is necessary to

exanline physical consistency of the obtained results.In this paper,the authors have followed

Matsumoto(1994,2∞ 1),whO have invesagated iutter characte� sucs ofgene�c rectangular cЮ ss―

sections,by means ofた …ε model and physical consistency of the obtained numerical result is

examined.As a result,good agreement was obtained for B/D=5 and 10 cross― sections,however,

for B/D=20 cross― section,■ utter analysis indicated a conseⅣ ative prediction in■ utter speed.

INTRODUCTION

In this paper,flutter analysis of rectangular cross― sections based onた ―ε lnodel is addressed.

Recently,some successful application of the computational fluid dynamics to the simulation of

iutter has been reported.For exarrlple Larsen and Walther(1998)has reported the applicability of

the discrete vortex― method in some generic configuration at irst and then extended it to some

practical b� dge cross―sections.The authors has exarrllnedた ‐ε rnodel on the prediction of vortex―

1)D■ Eng。

2)Associatc Professot D■ Eng.



212

induced vibration and torsional■ utter ofgene�c rectangular cЮ ss_secdons(Shimada and lshihara
1999,2000).ItiS noteworthy to mention here that almost a1l ofthe acЮ elasdc applicatiOn has been
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is produced from implemented turbulence mOdel

or nume� cal dissipation and acts as the nlimic spanwise momentum dirusion.This feature is

extraordinanly advantageous on solving the problems involved with the aeroelastic vibration,which
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separation and reattachment Ofthe f10wo Matsum

Scanlan and TOmko(1971)and have investigl

acrodynanlic forces in detail using a series of
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:he unsteady aerodynanllc fOrce according to B/D

ratio.Furthel.1lore,they also rnade a detall investigation Ofthe contribution of each component on

the flutter characte� stics,such as frequency and damping by means Oftheir o� ginal“Step_by―
step"complex eigenvaluc analysis.

In this paper9the salne approach is fbHOwed by the computatiOnal■ uid dynamcs based Onた―
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flutter is discussed.

NUMERICAL METHOD

The Reynolds― averaged incompressible Navier― Stokes oquatiOn is expressed as fo110ws:

D%=_ユ
D′  れ

where,L is the eddy �scOsity coefrlcient and is g� en as 4=Qた 2/ε
.Turbulent kinetic energyた

and・ its dissipatiOn rate ε are obtalned by the following transport equatiOns:
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The empirical parameters in the equation are a1l of which are identical to thOse used in the

conventional standardた ‐ε model.亀 iS the production term of turbulent kinetic energy.In the

present analysis a model proposed by Katoそ %Launder(1993)in whiCh the productiOn tellll is

modifled based on the assumpdon of■ ow ilTotationality is employed in order to preventthe excessive

production of turbulent kinetic energy near the leading edge:
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(4)

The present method employstwo… layer model(Norns&Reynolds 1975).ThatiS,theた equation
is solved by assigningた=O on the solid boundary. Instead of solving ε oquation,the ε nearthe wan
is deterrmned by the turbulent kinetic energyた using a length scale′ε.]Eddy viscosity in the region
in which ε equation is not solved is calculated using the turbulent kinetic energyた and a length

scale t same aS ε,

′

一
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ε=1重, 4=qた 12ら

The length scale t andら are prOportional to turbulent eddy ι(=り )sCale and are determined
using following relations,

(5)
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model is applied to the region only within threc lneshes away from the solid boundary.The above

set of equation is transfo.11led by using a generalized c00rdinate systenl and is then solved by the

rlnite dil匿brence inethod.The convective tellllin the velocity transport equation is discretized by a

third― order upwind difference scheme,and the convective telllls in theた and ε transport equations
are discretized by a first― Order upwind difference scheme to stabilize the numerical instability at

high]Reynolds number arising from the nonlinear effect of the convective term.The pressure is

obtalned by solving the POisson equation which is given as,

アP=―
静 券 )+浩 |ス(券寺 】ギ     0

The lReynolds number is chOsen tO be R`=22,000 so as to be consistent with the order ofthe

Reynolds number in the compaFё d experiinents.The number of grid pOints is 320× 200=64,000.

RESULTS

Identiicttion of unsteadv aerodvnamic foК e coefflcients

As well known,elongated cross― section prbduces lnOtion induced fbrces by the interaction

betwecn thc heaving and torsional lnotion and so― called coupled flutter is inducedo Sincc it is a

divergent vibration,which rnagnifles its amplitude as the increase ofwind speed,onc hasto ascettn

that its onset vel∝ ity is not within the region ofdesign wind speed.For this purpose,flutter analysis

is performedo For the two― degrees― of― freedonl system which consists of heaving and torsion,

aerodynaFnlC lift and pitching moment are expressed as fb110ws,



214

Fig。 1.Derlnition of rnotion and force components

(8)

(9)

where κ=ゎω/υ iS reduced circular frequencゝ 乳
*andA′・

(j=1,4)are unSに ady wind force coerlcien撻

and b=B2is a half chord length B.In the fo1lowing calculations amplitudes is yρ =0。 025 for

heaving and偽 =2 deg.for torsional motion,which fo1lowed the experiment by Matsumoto et

al。(1994).

Unsteadv aerodvnanic force coefflcients

ln Fig。 2 comparisons were rnade between the experilnental and present nume� cal results.A

coefflcient which is often used for an index of torsional instability is A2・・ A2*刈 implies possible

occurrence of the onc― degrec― of― freedorFl tOrSional instability,i.e。 ,torsional flutter,on the other
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(a)MaXimumvdues oflqPJ

Fig.5。  Relations between the relative angle

coeFlcients.Expe� mentis by Matsumoto

(a)JИD=5,叩 =15

(b)BИD=10,こル%B=15

(C)3/D=20,叩=lo

Fig。 3.Variation Of instantaneous stК adines(TOrsional motiOn:偽 =2 degree.Ve■icd line is 5D
from the lei cOme■ )

― Experiment

TI

Heaving(B/D=20)

〇
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o)Definition of the relative angle of attack

of attack and the peak ofthe■ uctuating pressure

Relative angle α ldeg。 )

ＸＥ
一Ｑユ

ig。 4 the pO� iOn wheК  IのJ iS largecorresponds,to the inside Ofthe sep霞 激 ion bubble.It can be
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)d shear layer is independent of the length of the

after body.Phase difference scems to be expressed by a unique line lbr each reduced wind speed

except for B/D=20 at助びB)=7.5。
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In ig.5(a),peak valuc oflの
J is illustrated against the relat� e angle ofattack,which is

deined in the fig.5(b).As Matsumoto(1994)has pOinted out,the linear relationship can be also

recognized between lのJ and the relative angleofattack inthepresentnumerica results.

Flutter characte� stics

According to the method which was proposed by Miyata(1989),complex eigenvalues of the

system which implements acЮ dynamic li■ and Pitching moment expressed as Eq。 (8)and(9)are
de�ved from the fo1lowing equation.

Tors10nal
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In flg。 6 eigenvalue loci ofB/D=5,10 and 20 which are representative oflow‐ speed― torsional,

high‐ speed― torsional and torsional‐ branch―coupled iutter type respectively are exhibitedo Also in

the figure,in order to validate the present eigenvaluc analysis,result Of the step― by―step analysis

by Matsumoto(2001)are also exhibitedo With respect to frequency9 for each type the result byた ‐ε
model are well agreed with the expe�mental result.Especially in ig。 6(c),characte� stic oftorsional―

branch―coupled■utter type are clearly recognized in the present siinulated result,ioe。 ,as the reduced
wind speed becohes largeL both ofthe branches are getting closer each othe■ h the expe�ments,
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loganthIIuc damping ofthc heaving― branch is always positive and this characte� stics are the same

for the computational results.In the case of B/D=5,the experilnenta1 locus gradually inOreases,

whereas in the computation ittums to decrease almost at脚 =12.In order to claritt the reasOn of
this dittrence,computational results in which onlyA4'iS replaced by the expe� mental aerodynamic
data are presented in the same flgureo Since this di]brence was improved,the analytical precision

in the prediction ofA4'iS f°und to be involved with.On the other hand,in the torsional― branch,the
tendency is the same between the experilnent and the computation,ioe.fronl a certain reduced

wind speed the sign of the damping turns to be negative.In each]B/1D ratio,as the]B/D ratio

becomes larger the nutter speed also increases,however,in the case of fig。 6(o,the present
computation is conservative comparing with the experiinental result.Result of“ step―by― step
andysis"by Matsumoto has suggested thtt A2・ and pЮduction ofAlネ and Ll冨e predominantin
the contribution to the torsional― branch logarlthIInc damping.In flg。 6(1り,the cOmputatiOnal result
in which Al'and礼

*were replaced by the expe�
mental aeЮdynamic data also demonstrtted the

prediction was improved.Therefore the pК cision in the pКdiction ofAl・ and氏亀
・is seenled to be

concemed with and may be to the dil圧 じrence in prediction of the unsteady pressure distribution.

CONCLUDING REMARKS

Flutter characteristics of rectangular cylinders for B/D ratios of 5,10 and 20 were calculated

by lneans oftwo― dilnensional analysis based on theた ―ε lnodel.The lnethod was concluded to be

effective for estilnating global characteristics of the unsteady aerodynarnic forces and flutter

characte� stic for B/D=5 and 10,howeveL for B/D=20 cross― section the estimation of autter speed

becomes conseⅣ ative。
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