GF2E3 T3 A A 44 A 2%, pp 221~230, 1994

A Study on the Nonlinear Behavior of Check Valve System
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ABSTRACT

This paper deals with the dynamic stability and the nonlinear behavior of a check valve system. The
nonlinear equations of motion of fluid-valve interaction model are derived, which are composed of the
unsteady Bernoulli’s equation included the jet flow mechanism and equation of motion of a check valve
formulated by one degree of freedom. Also, the derived equations of motion are nondimensionalized.
According to the change of the nondimensional parameters, the stabilities of the system are analyzed,
and the nonlinear interaction responses of the check valve and the passing flow rate are obtained. As
the results, the stability charts are constructed for the variation of nondimensional parameters. It is
shown that self-excited vibrations exist in a check valve system. And also the Hopf bifurcation and the
periodic doubling are found. The presented theoretical model of a check valve system can be utilized
to the design and operation of a piping system with the check valve.
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Fig. 2 Jet flow in contraction area and control volume

e 49
o] o33

o
(o3~ |
AHekg-¥

o2 o] YL T 349 £EF Wi
S wAE 2 3~49) SERRHALE
& FAGY ches ge e BAR,

(Ds-p4)A4:,OA4Uf_pAslléz+ 7A4134%?* (11)

AL (1D A (10) e thedshd,
ol o} zteo] fmxlc},

THEA T hyay7)

huse= ”3 5y 1= 2 >+~ (12)

oaba] A (12)Z Al (10)o)] dislge =4 jet flow

o] g% wHF T3 3~49 v|AA W Zo] w
J2o] olzf o} o] FEEr}
ps_ Do Vi _viAs  ; dQ
; }’+ z z A3+134 dt (13)
opefo R, R 2 1~29F T2 4~5004

%]
A 13 A selMe) 45 Ak st #al5
A, A (D) ohe o) Hrk,

Db ae
}’— +2g+h”2+1“ dt
D __ D5 aQ v}
o 7+hL45+[45 dt  2g (14)

aeeE, selz A Frelde] WY sl A
WA e 7 Frel A HEggae oz &
€95 4 1937 4 A0E A @6l wdshod,
F%o2 EAS ches} ol wolLe] li4P
of e MY AuggAe] HEHOE fEH)

Q=cudlo|1- (Cefdeyz]” RELE S

+ 2 2 2Leq iQ_}l/Z
AZCcA() Az dt

(15)

v=aZ i +2 L,=a5 L

i=1 ij i=1 i

g 3o S5 sk ol IHEAZ 7
Aahw Wrel FFUYALS ofdsh o] fEHLh

M

+C +k(x—x0) +F=0 (16)

a’t2 dt
714 ME B FARAE, Ce #HHAS, k

= BB 7}A (torsional stiffness)o]il x,= Hiy
o 3] ol we] X7 AHigleln, F& fald
ol& WHe sl R F85o|n),

FaE Fo 989 3w 7eiAE A9 oy
2 ApE 8 FEEY, 2 A ogm 3o

= xSAp an

k= ERIE oF(moment arm)o]y St wWiHol WA
ojth, 371A HAL dp=p—ps= 4 (13)FH A
(1495 HUTo=ZH olefie} o] FxXt)

== 1 ,0¢ 2 2
ap=H20— 19 @+ 22 Q

~H L) (18)

meba] o) e e vhgat o] fELrh

M

a’tz +C*+k(x Xo) + kSAp=0 (19)

2.3 FAY 23UH4Y

FE" FEubAle A wine] )73 (opening
area), A,& WHO 71 xo w2} 1 HHo] W
&4 Hch, welr] A, whes] Wne) zZhH e xo
v ot ZpAsE A= WaxR A" o714
We wre 7lssta EAd o 23" + 9=
vldAbgolt), o] & A (159 A (19) e B]lst
I FAAstsld FA] 9 A S ol o] I

o},
% Z
FLOW 11{7
% % /% 2
e
x

Fig. 3 Simplifid check valve model

H2ASTSIEHR A 4W A2, 19943 /223



‘2’5+25 +E(x—B)
—u{Aﬁ—;/fQZ LQ- @} 0(20)
-
e T M)
A @O A QDA AR 7 A B ohe
5 e,

(22)
Aﬁ_Z(Dl—Ds) Q= 9]
olwkd)®’ Aswrd
_ pl{asd —_ Az — 2Leq
M wd’ xd

A7 k3 dE 71T AN 1S
=319 SEubA Al S ) Asy] $)sted Aefubg A
(state-variable equation) 2.8 ¥, o}
o},
{g}=[KHg}+{f (@)} (23)
o714,
4] =laqu @ as]"=[%, £, Q"

acCc 1

Al (23)2] wlAE wFgAe oA M-S #3
W =] = = 5 8§ A (static equilibrium point or fixed
point) & #olo} g}, 2] (23)olA time dependent
e Falstd, AA HyUA AL ol o} 3ol H
o},

gx=0 (24)

— kegio— 2{:on+/€3+£€‘§030 121 7] (]30
Cd dio

(25)

224 /EZASTEZEEX| /A 4P A 235, 1994

2 2 2 2
L_LL_Q%+L<6_;, ¢>qaz+2_’7ﬁ
a a d

2 2
_7i_ﬂi<ﬁ_ > 4o 1 Gh AP _
w3 qha\ed V)20 g T e =0

(26)

A71A quo, g groe HH HBadzolt), A (29)

~(26) 22 BE g g2 T b 2
_ 2
dh=—r 7z Abge @7)
”?3‘*'(72_ 'ﬁ)lﬁo-i'TCfIm
Cl10130+d2qfo+da(110+614:0 (28)
o] 7] A,

a= " v okg T
=—k,8’7 +ﬁpr

webd Al QD Al (28)% EW A HIHE T

{n}=[1s){n} (29)
oJ7]4 [J;]%= Jacobian matrixo]x zt -2 ofzj e}
2,

]11:0, ]12:0 ]13:0

]21:—/;"‘#*— ]22 ’25,

2 2
Js= ﬂg—é(ho— ﬂ-z:? %,
z
/- 6130 2# 030 —
jal_za/c qio  ace Js2=0,
2
_ d30 2<Cc ) 47} 30
]33 aCd qlo+ a Cd !& QSO+ aCc o

ol Matrix [J,]¢] A3 (eigenvalue) = HF *
&g BAS, A A9Fe] FE3E E2AR
o2 RS WEY & ok F, Fold &
Aolxm golw <rAsteh, whebd <A Y
& Foial seiele ghel w4 QDI A (28) 2
RE A2 HEPE Tk A (29)¢ Jacobian
matrix®} 2 FHLEA PSS WIS
e}, w3 T Fgepeleghe Weaverse] A7
R A AMEE Senlelghe Abgsta e, T det
ol el k52 Table 13} 3o},

YA AMe Ert b A A ddel



Aadve] v YA Fol B A7

Table 1 Nondimensional parameter used in analysis

a=1372 c«=0.85
7=4.64 c.=0.8
2=0.032 =41
£=0.45 Ap=26.7

A 7 U=E )3 dAdAedA Hg 8
Al ArgE ¢ ik aEBE Wy FA <l
Watel] W& kg AdsiMe] dostel, A g=0.59
o 744 kel Wsjel wel weAle) WakE sy
Fig. 49} 3o}, ol mH-x|7} &4stA] s4uke 2t
+ Hopf bifurcatione] &g & 4 gJom, =
Fr2o] A7) oFpal BT A4t 2 &
T ek A=dBe dA S A ket 27
WY fe F2 FebErl Hug A dFE
et ubel wel gk Hdelxel <A
chart& Fig. 54 =4])3}9dch, Fig. 59 9+ A chart
ol A A& F3sledzl stability boundarye)lx -1 A}
ofefl Bt odoo] Fojal u] mekg o]}, Fig
59] $1F A dAAN e BEAL Az HF3yH 3t
que FTehe Aol & B e 43 AR A
& olEFte AL v}, o)l WHE spring
force7} frAle] ARt FA =7 oot A
o E gt G = R AP Zt g
o] Ferolnh, ol WBY HYHHFPHo] WHLE
Wb EAFES ofmigi, a3y HEE
stopperel] 2Jdted Fof ubgko tfo]i} S 5
itk wepd WHe 28l AR ke o] Er),
Az Azgrne dAZdHdME @3 Az ok

2
1 -

1 Hopf
bifurcation
point

mode 3 mode |
g o o)
1 Hopf
] mode 2 bifurcation
1 4 point
-2 ; . .
-2 -1 0 { 2

Fig. 4 Eigenvalue evaluation for 8=0.5, k=0.9 - 5.0

Yol whrgsta solzAs) T4 of g
A AED F A skl vk 29, W
wope] eryeielolde Wst delw Do w
EHoz doji}= self-excited vibrations] Zz) s}
], $|% stability boundary= eigenvalues] Al4=2
7} <3 (zero)o] =+ Hopf bifurcation pointz} St}

2 9o} guleirt QtY Aol mAe oiEe 1
3t71 $l3te] Table 19 7]1F s}ejv|e] oz B
dunAste sebeleo] g uire] A As|AS
F-3§ e stability®] boundary W& A -k 3
HA ol A st T},

AHAT o Gk A g A AgE st
= Fig. 6] =A]atdc}, 2Hal7} AR Babxd oy
< Zragt, e wEs e kg 99
9] F7he doiuyiAl kel wield wWBel A

0
e 2 ojng X Ba,

o

5
4 p .
— stable
53 . open
83- 3 P : .. .:. P N :
o - unstable:
= :
=
S 2 oS .............................
® stable :
close stability
0 i : . :
0 0.2 . 04 - 06 0.8 1

beta, (8)
Fig. 5 Stability chart of check valve system

stiffness, (k)

R TR T R TR
beta, ()
Fig. 6 Effect of damping factor on stability of valve
system

o

=LZHUSSEEX A 44A A 23, 1994d,/225



R ERE L

g4

8-A inertance @9 <33 o]l PHFA
inertanceo]] #WeEix o2 Afog slo|Leol 7
o7} Aol Al o= Fhab), o] WL Fig. 7o =

Alstedet, Fig. 724€] a7} ARl wiel FAdo] 2
I o7} B4E B <dde] TS B T U2
U, dAdoz g 2dA 4] Wste =
gtk webA inertane] < FE- =LA Yt

FFEA g g gol L fR{Fo vpE £A
of 23 4o 2, Fig. 8ofjxje} o] &Alo] AHA|H
Holgedod e zhAsixul =Wl AT odode
Hale o] Fx] E3to g Ao 27 of Pl A
3% upel zle] qrEAle Wiv o] et A
ol AE on|E 2R E3ich

tE A} gpel gk A=A 458 ¥ Fig 9=

2y & 5 ook A 3R B4E FHYIY
o] ZUlFAR, YA o P} He Ak

5
4 -
@
g %
L
&
=2
w
1 .
0 T T T T
0 0.2 0.4 0.6 0.8 1
beta, (8)
Fig. 7 Effect of fluid inertia on stability of valve sys-
tem
5
4 -
g
g 3
5]
£
5 29
w2
l -
0 T T T T
0 0.2 0.4 0.6 0.8 i

beta, (8)
Fig. 8 Effect of head loss on stability of valve system

296, 2 ASZEZEEX| A48 A23F, 19949

Ao Wust SEEA s He byl
ofo] ZFrhehch kbl whek gAel <ol 74
Az WHAA A folsof deh,

BAue po) odek:ol Wnel A A9
Yeule] BAAE AetulHEA 2 G Fig 10
oAH % % aleh of Wl A A &3 A
S} Ak, AMAoR Wesh 4o fA7t

T i
e A%, & BN b A A3 B
S e wEsh RERYg PsE e
o) zras} kAol o AT WIS FUY

Fihe Malth

QYA AHeN A o] shetule] wste] @ Y
BAY SEAE stete Fasith mebd shefvle

\ 310
\ ——— = 267
N 5= 40

stable
open

stiffness, (k)
/

stable™\. -
close \ -

"5 ez o w5 a5 1
beta, ()

Effect of pressure difference on stability of

valve system

———

5 ] B
{ N e p= 0.0
i "\ M= 0.032
l- \ = 0.05

494 \

H \

) : . stable
% | . open

s 343 .

w [

o i

= \

= 3

=2 B

@ \

“\
\\

1 U e
stable™w_  Smmm__TTTmeees
close =TI

0 . , ; .

0 0.2 0.4 0.6 0.8 1

beta, (8)

Fig. 10 Effect of inertia ratio on stability of valve sys-

tem



Hlagne) v 4y ol g AT

W3le] w2 £2-29-8 Runge-Kutta method3 A}
St eAEFoZH WHE Y YRFA AE
< debstaal ol

SN kA AR NE AR EF
Aol dlAbETh AAlE WBHrl d3 AdE A s}
A He oAy £F o8 wiHe] spring force
o} Fzeoll o3 WHe] YA #3E olFH o
d AR ARse 5olth B3 5L T3
22 A} MAWE I = A, F
Ae WB7E 23y A He 52
o 2|3t WHe)e g} a7} Wl H 9| spring forceX
o} ZA =] 23 A2 A s He EFold

e
= BAZ gAste] Wn
ol ol A7}
2 seoleel 34 4ol

EER R Tsys}oﬁ A4 shebule| ghe Table

13} Ay, eAAE Aol WHIL stopperel] ¥
24 rebound”} delu}r] w ol AAZE wbiA
ol gk 22yt glelof six|w), shAle] #Hea|da
+F A mehg $iste wbibAlE o (zero) &
2 gy,

Fig. 11~14& WH 271¥W9 B=0.591 A$, u

o o =]
- > @

o©
b

Displacement, x

(-]

o

10 20

30 40 50 60

Nondimensional Time, T

(a) k = 06

Displacement, x
2

3o 40 50 60

Nondimensional Time, T

30 40 50 60

Nondimensional Time, 7"

2.4

) 10 20
(b) k=
0.8
1 bt
s 0.6 ]
=
&
@ 0.4 ]
=
& 0.2 ]
[—
0
0 10 20
(c) k=
0.8
1l
- 0.8 ]
=t
-]
g 0.4
Z oz ]
=1
0
0 10 20

30 40 50 60

Nondimensional Time, T

@ k =

3.2

Fig. 11 Time response of displacement at §=0.5

B ABTSEEHSX /A 40 A 2%, 199437227



s - 34

94

B A EE w3lx|7|HA] 13 time domain &
w}3} phase plane AbollA]e] $o|t}, Fig. 1114
A k7d AREA 9o AEL Fristy, AFF
71 ARE ¢ 4 givh Figs 11~14(a) 8 £=0.6
odu WuAE FIEA AR FAM 7l T
o $%-& °d(zero)ol| 33l Figs. 11(d) ~14(d)
9] k=3.29dE ddA AT d49d Jem=
g AR gres $Hi) Figs. 11(b, ¢) ~14(b,
o) k=1.49 E=2.44 Az Bl A
o] gwfolck, o] SRHe FH3A wx AFe] o
ojulz gty oju WEBE F&3HA del I A

uHE-5m, o]

g A3} wad 23e +5E

o sl Hghld Hel fgo] BASA %z
Wzl 2y el Hehgel Aok, FBTH WA

A& Fig. 13(b, c)oM £ 4 9ok =%, Fig
13(b, c) ~14(b, c) o] EIAHI °ﬂ°-M 735, A
=2 ¢kAF loop &, limit cycleg 3 A 3}od
PE%?L o] WtAgHS & 4 glr}. Figs. 11~142] 4

£ E3ld o A A dBArE BT
7399l Fig. 14(b, c)ollA] limit cycle®] *“periodic
doubling™e] &%t} periodic doublinge] W 3}ok

A &0 ARy st ZAeE 0.1 3
Fig. 15¢] = A) 8}l  Fig. 15(a)dl] A] periodic
dowblinge] o5 HHsA BEE & Uk VY,

0.5

0.4
<
o 0.3
an
=
= 02
2
= 0.1

0

0 10 20 30 40 50 60
Nondimensional Time, 7
(a) k=06

0.5

0.4
=
&; 0.3 |
=
S o2
2
= 0.1

]

0 10 20 30 40 50 60

Nondimensional Time, T

M) k =

1.

4

30

40 50 60

Nondimensional Time, T

2.4

0.5
0.4
<
< 0.3
0
= 0.2
E o
2
= 0.1
0 :
0 10 20
(c) k=
0.5
0.4 4
=4
S 031
an
& o2 ]
S
2
= 04
0 .
1] 10 20

30

40 50 60

Nondimensional Time, 7

@ % =
Fig. 12 Time response of discharge at §=0.5

228 /YL ZTESEHEX /A 4d A 23, 19949

3.2



A2 vAYA T BY AT

0.5 0.5
0.4 1 0.4
[~
< 043 0.3 4
20
E—’ 0.2 0.2 4
=a
0.1 4 0.1 4
0 - . . 0 - r .
0 02 04 06 08 O 02 04 06 08
Displacement, ¥ Displacement, ¥
(a) £=0.6 (b) k=14
0.5 0.5
0.4 0.4 4
[[=4
< 0.3 0.3 4
Y]
g
8 0.2 0.2
(=
0.1 4 0.1
0 - : r 0 : - .
] 02 04 06 08 O 02 04 08 08
Displacement, ¥ Displacement, ¥
() k=24 (d) k=32
Fig. 13 Dynamic response on £ — Q plane at 3=0.5
Fig. 15(b) = Hopf bufurcation point®} vj-$- ZA}%h
E=3.1042 A3}=Z M equilibrium pointE& FAl2

23 eply e =

5.
2 AFolA
g3t 2k
NERET ISR
vel FAAEL 45

HEdg Auste] Wue

"r?'"é‘ ?‘f}&’i c},

2d
=

BE
P
TS

) Sho] o %2} Wy

£ limit cycle-g 3 As}ta

=

S99 Q7Adts nwe gofabd

€ 2de 3t A=z W@
e olBA uAdy 3

At

8] A3 %1% mechanism-2-

=2

=

%a-e_r£~ A%¢ 5 e
& Asisict, ugub— R
g WTHES Wne Fgs

A2 she] Wnel
o] BA vy
% ] O:Izs]:_.- ﬂL‘z w

=t ol®

a3

mechanism-& 34 3led AA|slelm WEAAA HR
g gletelel o] o ghel] wE kA
(3) B A 2] eigenvalue

bifurcation®] &M & FH3}gD
o] EAEE UdF3ATh

3 4

Qo
=

L.
=

s M3kt
%3l Hopf

WE A Apeialg
=3 periodic doubling®]

Displacement, ¥

(c) k=24

0.8 0.8
0.4 1 0.4 4
h\\
e 0 of/ D
=
I -04 -0.4 1
=]
)
> -0.8 -0.8
-1.2 4 -1.2 1
-1.8 r " . ~1.8 . T -
0 0.2 04 06 08 0 02 04 08 08
Displacement, ¥ Displacement, ¥
(a) £=06 (b) k=14
0.8 0.8
0.4 1 0.4
w0 0
=
T -0.4 -0.4
=
IC)
> -0.8 -0.8
-1.2 1 -1.2 4
-1.8 4 T - . ~1.8 . r .
0 02 04 08 08 0 02 04 08 08

Displacement, X

(d k=32

Fig. 14 Dynamic response on % — % plane at 8=0.5

0.8 0.8
0.6 4 0.6
0.4 0.4
0.2 0.2
0t - 03 — (- -
e _p2 -0.2 §
2 -0.4 -0.4
_g ~-0.8 -0.8
o -0.6 4 ~0.8
- —1
-1.2 -1.2
-1 -1.4
-1.6 -1.6
~1.8 -1.8

o 02 04 06 08
displacement, ¥

(a) k=28

0 02 04 06 08 |
displacement, ¥

(b) k=31

Fig. 15 Phase diagram response at #=0.5

ok

%ELPMI argoa

ro
H
B
u|o
oﬁ

7

A A

J-*o Hlel ojate] A=

383X A 4F A 2%, 19944229




upas) - £ - e

(1) Housner, G. W, 1952, “Bending Vibrations of a
Pipe Line Containing Flowing Fluid,” Journal of
Applied Mechanics, Vol. 19, pp. 205~209.

(2) Paidoussis, M. P. and Issid, N. T. 1974,
“Dynamic Stability of Pipes Conveying Fluid,”
Journal of Sound and Vibration, Vol. 33, pp. 267
~294.

(3) Chen, S. S., 1971, “Dynamic Stability of a Tube
Conveying Fluid,” ASCE Journal of the Engineer-
ing Mechanics Division, Vol. 97, pp. 1469 ~1485.

(4) Wiggert, D. C,, Otwell, R. S. and Hatfield, F. J.,
1985, “The Effect of Elbow Restrainit on Pressure
Transients,” ASME, Journal of Fluids Engineer-
ing, Vol. 107, pp. 403 ~406.

(5) Paidoussis, M. P. and Moon, F. C., 1988, “Non-

230 /E= LS SIEEX A 4W A2, 19949

linear and Chaotic Fluidelastic Vibrations of a
Flexible Pipe Conveying Fluid,” Journal of Fluid
and Structures, Vol. 2, pp. 567 ~591.

(6) Lee, U., Pak, C. H. and Hong, S. C., To be
appeared in Nov. 1994, “Dynamics of Piping Sys-
tem with Internal Unsteady Flow,” J. of Sound and
Vibration, Paper No. P/97/93.

(7) Weaver, D. S., Adubi, F. A. and Kouwen, N,
1978, “Flow Induced Vibrations of a Hydraulic
Valve and Their Elimination,” ASME ]. of Fluids
Engineering, Vol. 100, pp. 239~245.

(8) Weaver, D. S. and Ziada, S., 1980, “A Theoreti-
cal Model for Self-Excited Vibrations in Hydrau-
lic Gates, Valves and Seals,” ASME ]. of Pressure
Vessel Technology, Vol. 102, pp. 146~151.

(9) Kolkman, P. A., 1976, “Flow-induced Gate
Vibration,” PhD-Thesis, Delft Hydraulics Lab.
Publication No. 164.



