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Dynamic Characteristics and Stability Analysis of a Rotating Cantilever Pipe
Conveying Fluid
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ABSTRACT

In this paper the vibration system is consisted of a rotating cantilever pipe conveying fluid. The equation of
motion is derived by using the Lagrange’s equation. Also, the equation of motion is derived applying a modeling
method that employs hybrid deformation variables. Generally, the system of pipe conveying fluid becomes unstable
by flutter. So, we studied about the influences of the rotating angular velocity, mass ratio and the velocity of fluid
flow on the stability of a cantilever pipe by the numerical method. The influences of mass ratio, the velocity of
fluid, the angular velocity of a cantilever pipe and the coupling of these factors on the stability of a cantilever pipe
are analytically clarified. The critical fluid velocity(u,,) is proportional to the angular velocity of the cantilever pipe.

In this paper Flutter(instability) always occur in the second mode of the system.
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Fig. 1 Schematic diagram of a rotating cantilever pipe
conveying fluid

2. O|Eal
Fig. 1& o] AelA a4 o= 2183 5 9 =
of 1A IALEFE e oFHAE e FA 9
golZE welyst Aot} FHo J&gd o]FHAE 7K
o) slolx Alxglo] j§ o = aelshA| Foke
w, 9% Folze] THE Zolof| H|3| o} il meA
oy 7P B H oS A&atH, B #dstal, T

olg} 7}ttt
Fig. 1914 x & 92 sfo]zo] uA4H
A e Ad p, A A"YE, s A
oA MHFe HH p7A WP W o]zt gH

v, FAS SRS oudth 9 dfo|ze] HRE T
o A7IE B EL 7 R=H(assumed-mode method)
S o] g3to] Ty o] ZAE & 4= 9l

AT, 6, (2. 6y (x) £ 22 S0 B3 AARES
Z':x qll(t) Q2l(t) = E]E]_Dj' }q'g——aé‘, j—ﬂ:ﬂ— n’\?.‘ %_]E]l'éﬂf
30 42 ejular) HYRETS (

e

B Ot 2ol 72 5 o

by (z) = sinw i=1,2,3... (3)
¢y (2) = cos (\; ) — cosh (), z) (4)

+ o [sin()\,; x)— sinh()\i z)]

2.1 9T mo|=o| ofLfX|4
Mol e solzel Qo] A4 p A FEE g A

2 olgstel 72 4 Ut
Vvp= Vot vptw(xtw) 5)
AN vy = OR &, vy = A Al digt P A9
HSE, 225 0 = 5 AAAGES Yehiz 3l
A (6) 9 74 FEL vadt ol x8E A
Vo= Twj, Vp/a= wii+ wy (6)
x=zi, w=wk, w=witw,

o714 ()= AR ¢ o dF PEE YEa, w, d4
S0 99 58 A8 N w, B g Aolel BAE
theel Aaeka ARzl o A4 + Aok
_ 1 4‘(8 2 |
s = w1+5/0 E d’L’ (7)
wWeby Fae] JEe FAS 9% solze] gEo
o TeAUAS Febd 77 gt 2o
1 L
T,= 5m /0 (vpvp) dz )
1 fE as 8w,
Vp— 5/0 EI_I +EAI’ [«)zZ dLE (9)

A1 EI = oF vpolxo] wY AT, 4, = Tol=
o WS, 23 m & o) dolLe] dejdeld A
& L}E}LHU%, L & 9 stojze] AA| Aol vt

2.2 O|&RA S Yt ofx|4
ol el 9 fAls] gt vole, fel A

Srolt sfo|zel £Fo] TgHolol rk meb] f19)
Aigwe] FANE, 5 solzel Yua ¥ Fugol
s +9AEL 247 g 2o,
U, + U{l 1(6% 2} (10)
o= wyw 2\ ) |
ow,
U, (Tw+w2+wa:+ww1)+ U_z

v = U+ U (11)

Hep, ol4fAe SEuAE g 2ol mant.

1 L
T,= EJV[/‘O (vaf)da: (12)



e}

9
v

A u, 012

ol

A

to] w}o]

I3

O]Eq

)

10
= SR

1 =
— <

HAJo] mjg

o i 5 Z]',Q_. O]/\ o - :
& o)FfAS A

. i = _O/]

A7\ M fAle we o]
85

2
2}

K Wﬁ“ ol Wy
op o o T N ]
Mo & o & < CNCECS
oF X 2 = =
= = ® A - T o
JAH HA_I ~n &~ ‘Wo T e
- oF X o il —_— ) <
Kl i ] Vi & ¥ = k) K=! T = WE = T O N T
A oTayw ~ 5L = PR g ¥ TE L
- R o T OE ) = B e ol o Iy
oK g W oy B = o g ) T o oK WJ@ETE@@_
o o mﬂ %Aro VI AT = ~ v o K nmo O 75 %ﬁ o ©
2] el o ! ol %M %__H o m g =) g m QWIVA sy mﬂ m MM i ) &_m TR o
I s U © N or =& 8 o 5 B o B T D
- el | — T = = (SRS 8 o : e R
T —_ N © il = — S O Te) . m KH HW do T ﬁ X = R
2 o W oW = nﬂlodl = S S 3 a S O Eaquﬂlaﬂ el
= 3 b E — &5 r, 8 oS Y| P ox U ~ ol
llo o Mo T o A g 3 ° R 0 T I o ke 5 = -
K of e a e = | = w%xﬂﬂ?%ﬂ% o =
;A T . S o ol - fdl iy T " o -
<+ il RNE X = °73 R B b
w = o o =0 — = ol 2o B [=! o= T F
. W o B BL | 5 2o QO oy b do M o B ° 3 =~
o A = e 2% 2 = P poa W ™ N
S = ) =& g s g w TonFTgen SR w5
Jung_ﬁmﬂ% o 2 M oe S .g R G B oR =)
T B o —_ @ n » Ml = = X B N X o T = B -
ﬂmﬂ_alA & ._:9 T g g e.mm$ = R T
oo R Y E A5 8 < B 2 8 ?M%Hﬂg_%mﬂwuﬂo%
R I Tswmn_@ﬂw N 8 Doff.m Jod(ﬂl Lobiﬂ]1
= =) o ﬂ = 3 —_ — ‘I..f! G %) o = 2 T = e X E <
CRC I T ED .. | g 2 o g l.ﬁdﬂo_z £ oF = %
) RS — N o N 5 = g B 5 B ° EVL gy oY oy - =
J AR g < = N ) ) 5 8 =2 o H 4 X0 = o ol 8B i g =
N < g < 2 SN m = 2 & ) I N_.o ) oo =1 (- )]
T op - TR N MMM = Dm 5 5 = @ m 1M ~ K RO ooy = 2 o Mo o
T s T = 338544 = R e I By N R
T = N o o - .EﬂHAwﬂlo_gﬂlkoW7ﬁwnt
ar N - do ) ﬁa]%@.ﬁﬂmi __W
M N B ® 5% = s % =ELFIExT i
H E =T = AR = ook = - DRI
3o —
jul | ™ N ol o]/ - ) 0 { . _
Al ® & = U b B < tEoZe
o B % O I T
o M S ) - T MM i = o= A N
ol ol 5 N o 8 i . o~ P o = H)
o = . = gy o = o - I3 = s =y
) : 0
= = R = T o . T =L xR o M3 Gl
T —_ . w2 ) or ll o Q o E + R ~ 7E ru < ~< g
o T slg * X Lo FF s L R
jul ~ ~X X — - ™ °
e 2 — |8 W Bl ﬂﬂnm r + ~|1=IR 3 z 4 Ll iy
z A o o X n .. =% =R o Al e = RIY
= W —~ S o k = o S I A . = T s
% N = ek M 3 ol ) I s ° o o
.y Nj D ) (Ul _ N] Il g + u = ~ 1 .o %0 o
g = S ST S F N =B = W oF TE
T e F T 2If 2o g s I -k O
= I ety T o™ T g o SIS O o AT o
- F I g - N RO = | < o P S < = A )
T Wc N 10 NM o — &~ = ﬁ + 1 o o Il — 4 Ho 1cuo
w = o o W o -5 of ) +  ® L |5 =L 2 T mr ) X
¥ = op) s o & X o < — o W
ok = o0 T = N < 2l =1 B 5 zaLE
T = o 2 o EOAT R N WooR (.\le]ﬂw
- ) ) = SIES I B Bl s 03 B = < 0
) Wi a S ;3 3 op = I I 3 o © s | & o
= N .= w Il oW + X _
5 S = L =20 = Aol L
- ¥ X 2 220 %
zr gl = o X
B o



0.00
E
= -0.02f
c
Q
£
é -0.04F
[=X
k2
kel
& -0.06F
2
—— present method
-0.08 - = Caietal.(2004)
0 4 8 12 16 20
Time (sec)
Fig. 2 Comparison between present numerical results
and results of Ref. (15), w=4rad/s,7,= 15s
25
%]
Ko}
o
S 20r Second mode
=
(]
& 15 F
k! —— Present results
kS o Reference (16), 1997
2 10f
(O]
£ .
5 First mode
I 5
(=]
4
0 1 1 1 1 1

0.0 0.5 1.0 1.5 2.0 25 3.0
Angular velocity (£2)

Fig. 3 Comparison between present numerical results in
Ref. (16)

0.02 -

0.00

-0.02

-0.04

Dimensionless tip-displacement

-0.06

Fig. 4 Tipresponse of a rotating cantilever pipe
according to fluid velocity (£2 = 3)

Fig. 49} Fig. 5+ %:ﬂr 3 ZHErd o3k 3%

Tho]Lo] WH)E BTl H

3 7 3} wjo
_cl.:)r

110] ,

tlo oX

pas :10

lo i ™
M
lo

2, ot

ol rE
2o
rir
R
o

Mo o
=

od e
= —(0

0.0

-2.0x10™

-4.0x10*

Dimensionless axial deflection

-6.o><1o"’0 ! L ! !
Time (s)

(a) Axial tip—deflection

0.00

-0.03

-0.06

-0.09

Dimensionless tip-displacement

Time (s)

(b) Bending tip—deflection
Fig. 5 Tip-response of a rotating cantilever pipe

according to angular velocity (v = 0.5)

Im()
o

12 14 16 18
Re(»)

20 22 24

Fig. 6 The complex frequency of the rotating
cantilevered system as a function of flow
velocity for 8= 0.1, first mode

2 AN Wee AR v d¥S B 3
A Sl mE o dolzo] HWLE Ayrd,
3 AEmrE ARG EHd =Esty] del dAs=
3 ojdutolze] Ao AL FAd A AEHE
7F15<d wel wste] Z&wr7E 59 o oF 341 % 7



25
8.02 ar
S ]
0
= S
E E
4t
—Q=1
————————— Q=2
Q=3 8}
6 8 10 12 12
Re()) Re())
(a) First mode (b) Second mode
Fig. 8 The complex frequency of the rotating
cantilevered system as a function of flow
ar velocity for 2=1
2t 20
2
E o
;“g
2k ' <
E
-4 L L L L L L L
12 14 16 18 20 22 24 26
Re()

(b) Second mode

Fig. 7 The complex frequency of the rotating
cantilevered system as a function of flow

velocity for 3= 0.3

Im(»)

Re(n)

Re()n)

(b) Second mode

(a) First mode Fig. 9 The complex frequency of the rotating
cantilevered system as a function of flow

velocity for 2=3



Fig. 6 - Fig. 9% 23w 89 a9 34 4&ue
S B GE SARE 4 AR Aozl 344
& AT Astoltt. Z, solZe] Fejy RergE o]
L AARE gel WakE AN Fatol 24 REA
EAE Aot AWAOE I AEEst HEFE AAF
& e /b A9e wolx AW F4E YAK
& ge AQTE A2 B T £ A sk AAF
Gol maee S5 e 9B solze F9e 3
At FAFL WU 5 Yk E, SeE B v
q Gge H4 ALEe] Ggol wa APl T 3
o] o Atk A% o 4 otk

4.7 2

of AFANNE FAFES H A 9% solxe] <
4%, & By Bo4e Qos): s 84 A%E
o ol W AAfL) Wael Yake] £HsA skl
ooAwHoE BAW ARE A A A4 dEwst
FASE AARE gol F7hs, Aulsh AARE g
o Nz A AFS e ¢ 5 Uk & sol g
e el Afsel nAE dFe HA A%E
o gaurt Aue gl o Atk AL & & vk

Foes

(1) Ryu, B. ], Jung, S. H. and Kang, Y. C, 1998 "A
Study on the Dynamic Stability and Vibration Control of
Cantilevered Pipes Conveying Fluid”, Transactions of
KSNVE, Vol. 17, No. 1, pp. 171~179.

(2) Langthjem, M. A. and Olhoff, N., 2003, "Modal
Expansion of the Perturbation Velocity Potential for a
Cantilevered Fluid-conveying Cylindrical Shell”,
of Fluids and Structures, Vol. 17, pp. 147~161.

(3) Paidoussis, M. P., Sarkar, A. and Semler, C., 2005,
"A  Horizontal Fluid-conveying Cantilever:
Coherent  Structures, Beam Modes and Jumps in
Stability Diagram”, Journal of Sound and Vibration, Vol.
280, pp. 141~157.

(4) Benjamin, T. B., 1961, "Dynamics of a System of
Articulated Pipes Conveying  Fluid(I.
Proceedings of the Royal Society (London),
Vol. 261, pp. 457~486.

Journal

Spatial

Theory),”
Series A,

(5) Benjamin, T. B., 1961, "Dynamics of a System of
Articulated Pipes Conveying Fluid (. Experiments),”
Proceedings of the Royal Society (London), Series A,
Vol. 261, pp. 487~499.

(6) Yoo, H., Ryan, R. and Scott, R., 1995, “Dynamics
of Flexible Beams Undergoing Overall Motions”, Journal
of Sound and Vibration, Vo. 181, No. 2, pp.261~278.

(7) Kane, A., 1987,

"Dynamics of Cantilever Beam Attached to a Moving

T, Ryan, R. and Banerjee,

Mase”, Journal of Guidance, Control, and Dynamics, Vol.
10, pp.139~151.

(8) Southwell, R. and Gough, F. 1921,
Transverse Vibration of Airscrew Blades,”
AR.C. Reports and Memoranda No. 766.

(9) Theodorsen, T. 1935, "Propeller Vibrations and
the Effect of Centrifugal Force,” NACA TN No. 516.

(10) Schilhansl, M., 1958, "Bending Frequency of a
Rotating Cantilever Beam,” Journal of Appl. Mech.
Trans. Am. Soc. Mech. Engrs, 25, pp. 28~30.

(11) Hamdan, M. N. and Al-Bedoor, B. O. 2001,
"Non-Linear Free Vibrations of a Rotating Flexible
Arm”, Journal of Sound and Vibration, Vol. 242, No. 5,
pp. 839~833.

(12) Fung, E. H- K and Yau, D. T. W. 2001,
"Vibration Frequencies of a Rotating Flexible Arm

"The Free
British

Carrying a Moving Mass”, Journal of Sound and
Vibration, Vol. 241, No. 5, pp. 857~878.
(13) Panussis, D. A. and Dimarogonas, A. D., 2000,

"Linear In-Plane And Out-of-Plane Lateral Vibrations of

a Horizontally Rotating Fluid-Tube Cantilever”, Journal
of Fluids and Structures, Vol. 14, pp. 1~24.
(14) Yoon, H. L and Son, I S. 2005, "Dynamic

Behavior of Rotating Cantilever Beam with Crack”,
Transactions of KSNVE, Vol. 15, No. 5, pp. 620~628.

(15) Cai, G. P, Hong, J. Z. and Yang, S. X, 2004,
"Model Study and Active Control of a Rotating Flexible
Cantilever Beam”, International Journal of Mechanical
Science, Vol. 46, pp. 871 ~889.

(16) Fung, E. H. K. and Shi, Z. X., 1997, "Vibration
Frequencies of a Constrained Flexible Arm Carrying an
End Mass”, Journal of Sound and Vibration, Vol. 204,
No. 2, pp. 259~269.



