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ln tllis paper，e【Iuations calculaⅡngⅫf孤e of a ri百d cifcular cylinder at lock—in in unif而flow a他de‘|uced in

de面1．Besi(k，equaljofls calculating tI伦lift f0啪e on a lollg nexjbIe circular cylinder at lock-in a陀deduced based叽

rIlode肌alysis of a mLdti—de野ee舶!ed帅syst鲫．111e simpIined f0Ⅱ璐of the∞equatio璐are also舀ven．Funhe爪眦，锄
印pmximate method Io p刊ict the forces an【I fesponse of rigid circular cylinders and long ne妇ble circular cylinde舟at

lock．in is intI_o【juc。d in tIle case of low ma睁dampi嚷mtio．A method t0 eIinlim岫。眦de6ciency of t}lese equ撕。璐is

introduced．c(粕pa凼叩w汕expedmental柳lts sho啪the胡k“vene鹤of tIlis appID)【imaIe me山od．

1(ey words：加m静加击lc冽碗6咄函n；c拥砌叫访曲；鼬in；JD7B雠；呓厅；埘叫豇蒯b

1．IIltI州uctjon

Vortex—induced vibration(vIV)of cimular cylind^cal stmctur}es in steady unifo唧now is of prac—

tical interest to deep-sea exploi诅tion and other fields of en画neering．The need t0 u11ders圳VⅣhas
lead to a large number of fundamental studies．Feng(1968)used a flexjble cylinder埘th one de铲ee of

f碗dom in a埘nd tu肿el t0 investigate cross—n()w vibmtion at a relatively large mass—damping mtio(山e

pnoduct of nlass mtio and d卸埘ng raIio)0．255 and Reyn01ds numI)ers be咖1．0×104 and 5×1矿．

Brika and Laneville(1993)peffo咖ed a series of thomugh expe而ments in a诵nd tunnel而th a nexible

ciTcular tube allowed fo vibrale ordy in the响nsverse direction in a mge of relatively low Ikyllolds

n啪ber fIUm 3．4×103 to 1．18×104鲫d at mass．d踟ping ratios fmm 0．170482 for small amplitudes

t0 0．4108 for laEger帅plitudes．At 10wer mass．d栅pi嚷mtios哪a11er than O．05，Imalak锄d

W．11iamson(1996，1997a，1997b，1999)pe而砷ed a series of expe而ments in a water ch籼el to

study VⅣof一百d cylinders．some imponant phenomena such as bifurcations，hvo枷plitude b啪ches

of删ce(Feng，1968；Brika卸d Laneville，1993)at h曲mass—damping mtio and th毗锄plitude
br扑ches of resonance(I(halak and Willi锄son，1996，1997a，1997b，1999)at low瑚ss-d舯ping

mtio，juInp fmm one bmnch t0 another，abrupt cha|lge of phase，di％rent vortex sheddiTlg modes，

hvsteresis 100p，internlittently而tchj嚷rnode were obsenred．
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on the basis of experimental obseⅣatioIls，Sarphya(1979)and B锄啪(1984)sho、蒯thatfor
a一面d cylinder conscmined to肿ve in the transverse directi伽the displacement and liR f0I_{ce at lock—

in can be approximated by a sinusoidal fhnction诵th a phase ande妒．Fmm above印proximation，

several imponant relatio璐are found tIIrough linear t|le0陀tical aI】mysis(1(halal【and Willi咖n，
1996；Gova州han狮d Willi猢n，2000)．However，Ⅱle equatio哪desc曲ing these陀lations have not

been verified试tII experimental results．

In this paper，these equations are deduced in detail卸d simplmed f0肌s of these equations are

also given in山e case of low mass-damping ratio．Equations used to caJculate phase are also百Ven．

Furthem_lore，an坼邺iⅡlate method to p删ict the Iesp(mse and nuid f硫e of^舀d circular cylinders

and long nexible circular cylinders at lock．in in unifo肌now is intro(1uced in the case of low mass．

damping ratio．A rrlethod to eliminaie one d西ciency of these equations is introduced．CompaIison埘th

expe而menta：I results shows the e伍ectiveness of this aI)pmxima上e method and these equations．

№．1．仉㈧p删ng，+，u。and u’ifl I}Ie

l∞k‘iII嘴炯(m。譬)is very h．m‘is

Ⅱ碉格ratio；善is da呷ing舶；＆is the stmuhal

mImber；h0吨删lj懈r|epr删the l删
br柚ch．(G(帅舳aIld W汕舳∞，加0D)．

1
●。

～、

ng．2．heqLlency Vers岫rna鹤ralio 0f a circular cyljn．

der undeq印irIg VⅣ砒tIle hver brar曲．●

C枷aIdhan(2000)△Khalak(1999)口Hover

(1998)o A衄rMi(1985)(Covardhan帅d

Wiujan玛on。2000)．

2．Frequen呵

According to e)【perirnental resu】ts in the case of low nlass-danlping mlio， 胁ardhall and
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Willialllson(2000)gave the relationship between fmquency mtio卸d reduced velocity for ci刚k

cylinders at lock—in in Fi挚．1 and 2．rnle follo奶ng i山m蚍ion can be obtained fmm F嗨．1 and 2：

(1)Mass mtio肌+<10．0

，’ = u。／5．75， when 5．7‰> E，。 ≥1／5t (1)

{”={k。=
压二j匝

~『m。一o．54
， when 9．2斯k>u。≥5．7斯：。 (2)

where reduced Velocit)，U‘=u／(厶D)，Ⅱl舾s ratio m。=m／mD锄d f如quency ratio／。=／j：岛=

冉戛’mi。dle一。舭cylind⋯Dis【he dis幽ed—ofnuid；叫。恻ded一；
／js the f．r。quency of a cifcular cylinder allock—jn；／0 js the m￡u脚fiequenc)r of a cyljnder in s脚1 wa—

ter a11d厶=去~／后／(m+mD)；后is t王1e 1inear spring co璐tant；&is the relevant stmuhal number

when 10ck·in skuts and＆=厶D／u；丘t is the vortex shedding f呻enc)r of a body at rest；u is in．

now veloc时；D is the di帅eter of the cylinder．

(2)Mass mtio m’≥10．0

When m+=10．0，the cylinder almost directly tums intoⅡle lower branch鹅soon as lock．in 0r

synchmnization stans粕d／‘=^‰，一1．0，i．e．

f’=f■。=
／m++1．0

～m’一0．54
， when 9．2Ⅳ‰。，>U’>l／＆． (3)

Sa甲kaya(1978，2004)and Vikestad以以．(2000)pointed out that the added mass m。is∞t

equal to tIle ideal added mass and can change‰哪positive to negative in the whole lock．in础ge of

VⅣ．Wang以以．(2007)gave the f01lo衍ng esti脚Iion f0册ulas 0f added nlass c锄cient f；盯a circu．

1ar cylinder aI lock—in．

3．1 Ma髂Ra廿o m’<10．0

When 5．7靳：we，>U’>5．0，the added啪ss coemcient C。=ma／mD c粕be obtajned：

c。=旦≯一m’when 5．7靳*W。，>(，。>l／5t (4)

讪ere c一矗器cu’-s．叭·．o．stmuhm nu出r鼬c-。一。．2讪en·一>
船>200(R0shko，1954；Femando卸d Hass卸．2005)．

when 9．2M麓。>u‘≥5．7影☆。¨because厂+=冗。，i．e．

7nle added mass coemcient is

／m+mD

～m+ma

c。=一0．54， when 9．25∞麓。>u。≥5．75-厂孟。，
3．2 Ma鳃Ra廿o m’≥10．0

c。=一0．54，when 9．2靳麓er>u。>l／|sf

／m++1．0

～m+一0．54

(5)

(6)
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Eqs．(4)～(6)are the semi．咖Pirical foITllulas for the added mass of a circular cylinder at lock-

4．1踊n翻e-Ⅸ!gree·of_Fmed咖

A印ring—mass-damping model shown in Fig．3 is ad叩ted to study a circular cylinder at lock-in．

1nhe equation of motion is

，谚+方+砂=凡(¨

，y(f)is the lift force 0f nuid and y is the displacement of the cylinder．

U

M

Above equation can be ch￡lnged into锄other fo皿：

m{梦+2孙∞o多+∞6y}

ng．3．Spring．m瓣d舢ping model

=n(￡)， (7)

where∞。=√砉，d舢ping mIi。岛2五焉·
At 10ck—in，a 900d appmxim“on to the displacement and lift foI℃e(S呷kaya，1979；Be栅aIl，

1984)is

)，=Asin∞f， Fy(￡)=7ysin((cJf+≠)， (8)

where∞=2∥．

substituting n(f)=Py[sin“cos声+cos“sin j5]into Eq．(7)，one can obtain：

，n{多+2岛∞o多+ccJ5y}=Py[sin∞tcos≯+cos叫￡sin≯]．

Acc。rdiIIg to Eq．(8)，sin“=一寿and cos“=老．ne lifI foIce of nuid n埘be split into

nⅣ。coHlponents．one in phase诵th the c)rlinder accelemtion is一墨尝譬梦and the。ther in phase

诵th velocit)r is生瓮}与(Vikestad巩以．，2000)．Eq．(7)then bec呷1es

m{：；；值。叫。夕+叫3儿一等：；；+警．
Ab叭，e equation c锄als0 be changed into
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⋯等n 2m‰多+砌沁警．
Acc。Iding to the definiti。n 0f added mass，the expressi。n of added雠Iss is m。：!号芝』舢

(Willden and Grah锄，2001)．Above equation can be changed into another fo肌

(m饥)多+2m‰多+黝5y：掣夕．
Substitu【ing y=Asin以into Eq．(9)．Equating sine and c捌ne te册s，one can obtain

In addition．

一(m+m。)(￡，2+舢5=o，

2‰m：掣．
，ycos≯

％5■矿。
In the case of m。≠。，tan{5=号考学can be 0btained f梳Eqs．(11)粕d(12)，i．e．

声=}霉，，
in which，f2亏蒜2岛

when Ca>0

when Ca<0

(9)

(10)

(11)

(12)

when Ca>0

(13)

when C。<O

．mA is ideal added mass，cA=老is ideaJ a(Ided

mass coemclem，anQ乙A=I·u Ior a cl砌llar cyllnQer·

IIl a【ldilion，缸粕Eq．(11)tIle Iehtion benⅣeen lifI and anlplitude c趴be de(1uced：

尹，：毪挚，
or w—tten in another f．o珊： 砧篱A*’
whe“产翕叩M神ede商叫nuid．

substituti唱孙=f√堕≥当and片=√旦：》into炯e唧姐ti。n-ea凼to：吣盟辫A+ (14)

器蒿
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卟is is the equation百ven by l(halaI(卸d Willi舢son(1996，1999，2004)for a ri州circulaLr

cylinder at lock—in．However，they do not百ve any detail of deduction．

AI lock—in，experiments show thaI山e砌plitude of lm coemcient Cy a11d the amplitude of Vibm-

tion A’are tiIne．dependent(Mon辩and Williamson，2006)．sometimes Cy is substifuted谢th CyⅢ

(￡)and A‘is substituted with A二拇(￡)，where subscript‘矾s’means mot mean square vaJue．Then

Eq．(14)can be佩tten in another fo册：

Iy腊㈤：盟寰等马孔)． (15)

Because Cl，=√2cy(￡)。and A‘=√2)，盐，the follo埘ng equations can be obtained fmrn Eq．

(14)：

c一巫等等坦A。
。r c一盟筹y惫．
Because sin≯≈tan声in the case of low m’f，sin声≈

(16)

(17)

can J)e oblajned

fI啪Eq．(13)．Substitute it into Eq．(16)，and then the simpli6ed fonn 0f Eq．(16)isc一譬篙掣∥ ㈣，

4．2 AppⅡ∞廿伽to A跏g n喇ble arcIllar Cylinder at Lock-in

A long nexible ciI℃ular cylinder c卸be aJlaJyzed埘Ih 6nite eleⅡlent IneIh()d．Experinlent(Brika

aJld L肋eville，1993)showed that v商ation of phase≠along a long nexible ciIcular cylinder at lock—in

is very small．Thellefore，every element of the long nexible circular cyJinder can be considered t0 be

under single—de乒。e—fI蒯om VⅣ诵th lhe s帅e phase声and not af!f＆ted by the va^ation of the、ribm—

tion踟plitude along the long flexible circular cylinder．F咖Eqs．(14)and(16)one c卸deduce that

t}le lin force ajor唱a 10ng ne)cible circular cylinder is in direct pmportion t0【he anlpiitude aJong a long

nexible circular cylinder．

Since the lm along a long nexible cillcular cylinder h鹤a mode sirnjlar to the砌plitude along a

long nexible circular cylinder in帆ifo咖now，which is als0 shown by Evangelinos d耐．(2000)，lin—

ear theory can also be applied to a 10ng ne五ble circular cylinder at 10ck—in．At lock—in，von既shed-

djng fjequenc)r is equal to the natuIal fkquency 0f a J0ng f】e)【ible circular cyljnder奶th added mass

taken int0 consideration．o is n砌e shape Vector and tIle element which renects the la噌est amplitude

{dong the ciI℃ular c)rlinder should be 1．0．F'or e瑚1ple，the mjddle eleHlent of the l吼mode shape vec—

tor①should be 1．0 for a long ne】【ible circular cylinder诵th tw0 simply suppoIted en(1s．7111e 6rst or

the last element 0f the l 8‘mode shape Vector毋should be 1．0 for a 10ng nexjble circuJar cylinder而th

only one buil卜in end．

卟e equation of a long nexible ciI℃Illar cylinder undeE90ing linear讹mtion is

万方数据



黝^『G M／吼讥口0。B∽西卿∞疵昭，22f3)。2008。37J一384 377

{M}碧+{c}童+{K}x={五(￡)}

where x=刚sin((cJ￡)．A is the la曙est a呷litude along the cylinder，{M}is mass matdx，{c}is

d舯pⅡlatrix，and{K}is stiffness眦lrix．
Ass哪e the lift{五(￡)}={FL}sin(叫￡+声)，

{M}譬+{c}文+{K}x={凡}sin(叫￡+声)
i．e． {肘}重+{c}膏+{K}x={凡}sin(叫￡)cos乒+{凡}cos((cJ￡)sin庐．

As sin(“)=一咖7。萱／(面T鳓山2)can be obtained缸Im x=刚sin(“)，tlle follo“ng equa．

tion

({M}+嬲c。s声)萱+{c}膏+{K}x={凡}c。s(Ⅲ￡)sin乒
can be obtained．

According to the d胡nition of a(1ded nlass，added mass啪t血is

帆l=嬲cos声，
then ({M}+{M。})戈+{c}童+{K}x={凡}cos(∞￡)sin庐．

Substituting X=《lM sin((tJc)int0 aboVe ecluation and equating sine and cosine temls，one can obtain

[一({肘}+{M。})∞2+∞5{M}]①=o

{Cl嘶叫={F，}sin声

where叫o is the l
m
natuJm angular fiequency．

In addition． 帆}：船cos声．
F舢above two equations，the f0110诵ng two equations can be obtajned：

口’’{C}鳓(cJ=①T{FI．}sin乒；
①T{肘。}鲥(tJ2=西T{凡}cos≯．

Fmm the above equati‘J|ls one c卸obtain

。 垂7{c}西 2m’咖T{岛}蜊组州2矿蒜2 1诃习可-‘
S0．

when Ca>O

when Ca<0

when Ca>0

when Ca<0

毽一业小塑酬盟Ⅵ生e．等十
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where{c。}=c。{，}is a diagonal mat五x of addedⅡlass，

ing mtio．Above e(Iuation tums into

善}=f{，}is the diagonal mat—x ofdan叩-

≯=雕一)，篡㈣h龇。n ⋯=垮挚，

吼}：苏：筹寒：等害sin声吉IDu2驯 sin如u2驯j 7cD2
sln Pu∥mDf

2{c}蜊∞专丌D2 mf l {c}西一膳D ； 1 2{善o}叫。嘶D2 +2—i再矿而瓦2■i瓦rm面2—ii驴了一m

2{如}叫。州JD2 。 2{岛}叫。嘭即m’A’ 47c3{孙}哆枷。A。
一

sinj＆u‘ZoD3”‘
一

sin声u”0乞
一

sin声u。0％

4一m’{蚓酬，。．，
=

￡，*2sin≯
^ ’

w．he陀Z is tlle len昏h of a 6nite element，mDf is the displaced nuid mass of a 6nite element，damping

mtio mat—x{如}={C}／(2mpo)and mf is the rnass of a finite element．

，n1啷，the mot nlean squar}e of lift coe￡ficient along the long nexible cillcular cylinder is

{c一：坐裂掣盟∥

Q。}

into above e(Iuation leads to

：坐≮≤学竖∥一
U。2sin≠

“ ’ (20)

ne lift dist曲ution along a long fl商bIe cll℃ulaLr cyllnder call be worked 0ut Mth Eq．(20，．

since sin声≈胁≯in nle case of low m’善，sin声≈鲨丛生÷台半can be 0b．

tained丘Dm Eq．(19)．Substituti唱it into Eq．(20)，one c粕0btain山e simpli6ed fo咖0f Eq．

(20)：

‰}=盟篙掣∥巾， ㈣，

which is similar to Eq．(18)．
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4．3 DynaIllical Instability A嗍

When，n’≥10．0，a circular cylinder can be appruximately considel℃d to be in the lower b聊ch

鹤soon越lock-in or synchmnization stans and added mass coemcientis Ca=一0．54．

When m’<10．O，added mass rr唧tum fmm positive into negative．FmIn Eq．(4)one can ob·

“n added mass coemcient Ca=0 when列uce(1 velocit)r is

u；=兰÷措(、／I孚一，．。)+5．。 (22)

Phase j啪p and amplitude jump between upper b咖ch and lower bI硼ch also occurs when re·

duced velocity U’is equal to U；(willi锄跏and Gov孤lllan，2004)．卟is is珈Iughly shown in Fig．

4．

ng．4．OveⅣiew diag锄of tlle low-m’筝

ty】pe 0f r器pon鸵．

} 十
旷

f=&。。仁气～

1nle amplitude柚d phase d0 not have one value in the inteⅡIlinent s“tching re矛on fhn upper

bmnch to 10werbmnch(Morse觚d Williamson，2006)，which is shoⅦin Fig．5．So，the州tchiIlg

re舀on where Ca is close to zero is a d)rnarIlical instability area．

When m。f is in a鲫1alJ qu锄city，it cafl be concluded fmm Eq．(11)that sin声should also be

in a snlall quant时．so I cos声I≈1．O caJl also be obtained．When added mass m。≈0，I cos声l is

close to zero acco础ng to Eq．(12)．Thus，Eqs．(11)aIld(12)cbnIlict诵th each other w．hen C。一

0．Ljnear tlleory is n0 longer vaJid in tllis砑on．卟is is tlle reason tht Eqs．(11)and(12)conflict

埘th each other when C。一O．Eqs．(13)一(18)aIld Eqs．(19)一(21)are no longerv“d in this r}e一

百on either．

Since C。≈0 appealls at lo(：k—in only when m’<10．0，dy枷c instability area珥}pears only山l—

derthe condition m‘<10．0．When m’≥10．0，the influence of dynarnic i璐tal)ilit)r aI．ea c锄be ne—

glected．

5．AmpIitIlde

Fmm tlle Gri仿n plot fbr山e cimular c”inder omy in￡阳nsve陪e VⅣ(Gri佑n，l 980；J<halak and
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ng．5．AmplIlude，恤aIld ph哦in山e internlinent鲥tching re画on fmm upperb砌ch to

lower hmch，where n=1偏(Morse and willi猢n，2006)．
Willianlson，1999；Gov础l明and Williamson，2000)，the folk而ng empirical foInlulas can be ob-

tained under the condition(m’+CA)f<O．05：

1．At the lower b啪ch

A。。0．6。 (23)

2．At the upper b瑚ch

4’一一0．3865—0．705lg[(m’+CA)善]， (24)

where A’=A／D，A being the舯pljtude of the c)，linder．St而ctly，Eqs．(23)and(24)can be印一

plied oIlly to the peak锄plitude，not山e mnplitude ever，where in the upper bmnch or the lower

b瑚1ch．However，Eqs．(23)ar．d(24)can be used as an good印pm】【i眦tion because of the sHlall

nuctuati伽ofaⅡlplitude in山e upperb砌ch and t11e lowerb瑚ch in the case of(m’+CA)}<0．05

(GovaIdh粕and Willi锄son，2000)．

An印pIU)【inlateⅡlethod for a circular cylinder谢Ih low mass—d舢ping mtio aIlock-in in unifo册

flow is蹈follows：

Step 1．Calculate f呻ency ratio厂’at lock—in州th Eqs．(1)一(3)．

S“ep 2．Cdculate added mass C。at lock—in with Eqs．(4)一(6)．

Step 3．Calculate锄plitude at A’10wer b舢ch and upper b舯ch with Eqs．(23)～(24)．The
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Step 4．

Step 5．

Step 6．

醐，vG M／吼讹0僦n局g妇丽昭．22(3)，2008，37I一384 38I

砌plitude of upper b娜ch tums into the amplitude of lower b枷ch at reduced velocity

u；which can be ob嘶ned f硒Eq．(22)．
CaJculate phase≯acco—ing to Eq．(13)or Eq．(19)．

Calculate the mot meall square of lift coe佑cient Cy旆acco—ing to Eqs．(16)卸d(20)

or simplifie(1 Eqs．(18)and(21)．

Dispose of山e deficiency of calculation in the d”laⅡlical instability area．

7．Companson砌th Experimental R醛ults of砌舀d Circlll盯CIylhlders

7．1 nla畿

(1)m’=3．3，m。}=0．00858

Comp“son with experimen诅l 11esults is shown in Fig．6．Phase tmnsition occurs at U；=6．24

acco嗣ing lo Eq．(22)．

(2)m‘=10．1，m。r=O．0134

Comp鲥slon诵th experimental 11esults is shown in Fig．7．卟e calcul“on shows that拳=177．10

at U。=5．84 obtainecI fmm Eq．(13)is in昏)0d靶ement谢th e)【perimentaJ 11esuIts．

ng．6．m’=3．3，m。f=0．00858

200

160

—120
已一

e
80

40

O

5 6 7 8 9 10

矿

7．2 mnpⅡtude and Lm

When m。=3．3 and m’}=0．000858，A‘=0．6 at tIle lower b舢ch and A’=0．99 at t}le

upperbmnch can be obtajned according to Eq．(23)a11d(24)．When m’=10．1 and m。f=

0．013534。A。=0．6 at t11e lower bmTlch can be obtained．

C0mp撕solls among the calculated I鹊ults舀ven by Eq．(16)，Eq．(18)锄d the experiⅡlental re—

sults百Ven by l<halal(锄d williarrlson(1997a)are shown in F垮．8 and 9．ne results西ven by Eq．

(16)and simplified Eq．(18)眦close co each other，indicating tllat simpli6ed Eq．(18)c锄al∞

舀ve 900d results in the case of low mass一‰ping mtio．

7．3 DisposaI of tlle De6dency

Fig．8 shows that the difrerence between the calculated results and exl)erimental reSults is large

near the dyllamical insk山iljty area m肌tioned in section 4．3．Since linear th印ry is no longer valid in
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this re矛on，Eqs．(13)一(18)and Eqs．(19)～(21)can only百ve wmng results in this re舀on．
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Calculation

ng．7．m。=10．1，m‘#=O．0134

ng．8．，，l‘=3．3，m。f=0．00858

O．8

O．7

0．6

0．5

0．4

O．3

O．2

Lower

bmnch

Lower
branch

5．0 5．5 6．O 6．5 7．O 7．5 8．O 8．5

￡厂

ng．9．m’=lO．1，m。f=0．00134

扪

The applloaches to get而d of the deflciency aI℃pn叫蒯as f硝lows：

1．calculate u；according to Eq．(22)when m’<10．0．

2．caJculate u：=(1—5％)u；and u嘉=(1+5％)u；

3．Phase be附een u：aIld u；is equal to t}le phase at ui；phase be附een u嘉卸d u；is

equal to tlle phase at ui．
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4．c￡m between u￡and u嘉c卸be ob诅ined thmugh linear interpolation beMeen c厶m at U￡

锄d C五。at U嘉．

These印pmaches a陀shown in Fi铲．10 aIld 11．Ⅱm。≥10．0，there is n0 such deficiency．

【，．T ￡厂
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5．o 5．多6．of 6．叼．o 7．5 8．o 8．5 9．o 9．5

(1—5％)(，．T￡厂T(1+5％)(，．T

F电．10．Disposal【o山e discontinuo吣point 0f pha船at l∞k-in．

ng．11．Di8p0韶l lo tlle deIiciency of the盥at 10ck·in

8．Disc|ussio吣and Co眦lumIlg R岫rks

(1997a)

ThlDugh tIle 1inear theoI_etical analysis for a cir}cular cylinder at lock—in，e(Iuations for calculating

phase，1ift coemcient of a ri舀d circular c)rJinder aIlock—in are de(1uced in detajl．Moneover，equations

f打calculating the p}lase and t}le lift dist曲uted along a long nexible circular cylinder at lock—in can al·

so be deduced througll fhe ljnear mode anaJysis．Simplmed fornls of fhese equatiolls a陀孚ven too．

An印pro妇mate metIlod to p硎ict the r；esponse and nuid forces of rigid circular cylinders and

flexible circular cylinders at lock．in in unif0册now is introduced in the case of 10w mass．d砌ping随．
tio．0ne metho【l to eliITlinate the deficiency in calculation is also given．Comp面son诵th experim印tal

results 0f ri百d circular cylinders shows the effectiveness of this印pmximte method．

111e precondili吣for lJ】e equations and the approxiIna￡e nlethod黜肌’≥0．54，(m。+“)f
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<o．05，9．25厂l：we，>u+≥l／＆，and fhe circular cylinder only in transverse VⅣ．

Risertubes and tension 1e铲of deepwater pla怕肿atlock—in ar：e fnostly under nonlinear Vibration

Ⅵ抽en aspect Iatios are not large enough．Strictly speaking，a1)ove印pmxiHlate method and equations

based on linear mode andysis 0f multi—DOF system call not be印plied to lhem precisely．However，the

appm)【imate method舀Ven in Ihis paper is an e髓ctive method in the case of la增e aspect mtio since

there is no mo陀other efI＆Iive nonlinear theory llsed to analyse VⅣ0f long nexible circular cylinders

Be跏瑚，P．W．，1984．VorIex shedding rmm oscilLating bIufr b【，(1ies，，4删．砌．凡u谢胍曲．，16．195～222．
蹦ka，D．an(1 k鹏vjlJe，A．，J993．Vonex-川uced vibraljofls of a lo碍f】exjble circ山r cyJin(k，．，．几蒯眦曲．，

2S0．48l一508．

Ev绷gelin嘴，C．，I_ncor，D．and l(amiadakis，G．E．，2000．DN§de—ved force(1ismbution 0n nexibk cvlinders sIlb．

ject Io vortex—induced vibra【ion，_，．刷I庇b S仉耐．，14(3)：429—440．

Feng，C—C．，l％8．7巩e r，be∞“，删矿加rt既施zk甜弓护吝c骷讥／20埘P∞‘s觚幻肋可口，矗ns姚抽g d厂cz如rⅡ，耐击sB以幻凡

酬讹‰，M删er’s卟esis，Dep帅llent 0f Mechanical Engineeriflg，卟e University 0f踟tish Colurnhia，Canada．

Femando，L．P．锄d Hassan，A．，2005．Vortex s)mchmnization n晒。璐in shedding fI砌aIl 0s【：illating cyIinder，

P^"泌。厂用E触，17(011703)：l～4．
1(}1alal(，A．and WiⅡi删，C．H．K．，1996．D，mfrIics of a hydrof4asfic cyljnder wich very Iow fnass卸d d锄piflg，．，．胁勋删．，lO(5)：455—472．
I(11alaI【，A．an【I WiIli帅son，C．H．K．，199r7a．F1uid forces and dymrnjc8 of a hvdmelasIic structur；e埘山venr 10w

mass and dampi【lg，，．用眦＆兀删．，11(8)：9r73—982．
Khalal(，A．龃d WiUj硼lson，C．H．K．，199r7b．Investi刚ion of rel“ve e妇kts of ma％帅d damping in vonex—indu(：ed

“hration 0f a circular cylinder，如l们趔矿瓢蒯西酒n鲫初g锄d M拈f砌z A咖咖姗扔，卯一7l，34l一350．
1(}lalal‘，A．帅d Williamson，C．H．K．，1999．M0liom，forces aJld m(xle tra商tio璐in voftex．indu(：ed vibralio鹏af low

衄睁d舢ping，．，．州u池＆九以．，13(7_8)：813—851．
Gova—Ilan，R．蛐d Willj绷son，C．H．K．，2000．M(xk焉of vortex fomlacion a|ld肺quency response of a舶ely vihmc．

ing cyJinder，_，．用“J!d胍也．，420，85～130．

∞ffin，0．M．，1980．Vo舵x．excited cH舯flow岫ratio鹏of a sin—e cylin抽cal tube，As肘E．，．Pr黝啪比s谢‰h．
加f．，l吆(2)：158～166．

Mor靶，T．L．珊1d Willi肌son，C．H．K．，2006．Employing contmUed vil，rations to predicl nuid forces on a cylirld盯

unde唧嘛vortex．induced舶ration，’，．用础5：c兀衄．，22(6_7)：877～884．
Roshko，A．，1954．0n t11e(1evelop耵舱nt of turhuIent眦II‘es的m vortex stree【s，NA(A TR l 19l

S叩kaya，T．，1978．nuidforces on 0scilkIt吨cylinde舟，如￡胛以矿耽帅尸铆C咄“明d(k吼D蛹m，AScE，
104．275—290．

Sarpkaya，T．，1979．Vorte)【一induced osciUations，a鸵lective review，．，．驯．胍砒．，拍(2)：24l一258．
＆叩l∞ya，T．，2004．A critical reView 0f the in研璐ic陇岫瞬0f vortex-induced“bmtio璐，．，．用越出5：cn以．，19(4)：

389～447．

Vikestad，K．，Van(1iver，J．K．aIl【l IJarsen，C．M．，2000．Added眦ss a『ld osciUalion fk砷ency for a circular cylin．

der subiected to vortex-induced vibrations alld extemal distur量Ⅺnce，_，．fYu础踟俐．．14(7)：107l～1088．

Wang Yi，Chen Weirnin aIld Un Mj卸，200r7．V撕ation of added眦ss and its applica60n t0 tIle calculation 0f啪plitude
response for a circmar cylinder，醌打弛(妇帆魄．，21(3)：429～437．

WiIJden，R．H．J．明d GT曲锄，J．M．R．，2001．Numericaj pm击ction of VⅣ佣long nex洲e circuI|lr cyJinders，．，．

用诎5：c删．，15(3_4)：659—669．
Wim猢n，C．H．K．明d cova兀】han，R．，2004．Vo岫·induced“bmtio璐，A删1．砌．删脓曲．．36．413～

455．

万方数据


