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ABSTRACT

Researchers in recent yeaYs have attributed the

d%namic insgabi]ity of certain hydrau?%c control devices

(such as gates, valves, and sea]s} to a yelocitv dependent
~hydrodynamic load which is equivalent to.a negative damping
coefficient in the differential equation of mog?ﬁn. Sucp a

model is not capable 'of predicting certain important (%atures

[P
P

of observed check valve behaviour. /

.

A semj—empirica] model for check vafyeyse]f-excited
vibrations is de(iZed. Jhe results show th?f the gross
behaviour of this model is qualitétively thé‘same as the,
experimental observations. Hence, the existence of a hydrg-
dynamic load component in phase with displacement appear;
essenfia] for the hydrodynamic;Iéadlmodél]ihg. *

ﬁ A general mathematical model is then derived from -
first principles. f]osure of the hydraulic control device
during vibradions and.unsteady flow phenomeno}f including mw
viscdus 1655@5 are taken into accognp.‘ The proposed model

can bé applied to anyhtype af‘hyanaﬁ1ic control device with

a jet>flow mecKIWtem-oF excitation. %wp apblicatfons for the
" mod&1 have been examined. Eheck Qalve apd.sealtqpplications\
shoh gpat,xgé modei resuTtsAaré in réasnnab]e agrgement with

the Experimenta? observations. ¢
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CHAPTER 1

INTRODUCTION

Fluids may be classified as liauids, gases, or

vapours. FEach class presents its own handling problems.
- b

sometimes required to transport solids in

Moreover, 1t i

The problem of controlling fluixd flows has
¢

suspéqsion.
a1Qays taxed ‘an's’ingenuity.
As operating htions for different applications
_havelbecome more arduous, e desian of fluid flow control
devices has changed, inevitablv becoming more cofplex and
sophisticated. Selection of any "device for a particular
application is determined by such factors as size of parti-
culate matter in flow, viscosity, velocityv, pressure, temper--
ature and whether the fluid's state remaiﬁs conslant tﬁrough-
out the system. The type of service required gj/the device
is also an important factor in its selection; fo; example,
whetﬁer it is required for iso]ating or requlating service,
and if shut-off service is needed, whether it be quick and
bubble tight.

= Today the%g are a great pgmber of different types
of fluid flow control deVice§. The applications to which
each type of these devices c%n be used are beyo;ﬁ the scopé-
of the present study. Only éheck valves, gates, and seals will

”~

be considered in this thesis.|
. b

L



1.1 Valves

.11 Oscillation or "Hunting" of Valves

Under certain conditions of operation, almost all
valves disp1§y a tendency to ”chatterh. Pro&isms of this
kind generally occur when the Qa]ve’is operating partia11y
closed ahd most frequently when just cracked open. They
are caused by the slight but rapid movements of the valve
e]ement which change the flow area, giving rise to Dreséure
fluctuations. For example, the spring type pressure relief >
valve is prone to Chatter, and here oscillations can builj////
up to such a degree as to'cause_mechanical failure of the :
seat (12). S]uike valves can also proddce undesirable
pressure fluctuations. In this cpse, the satlye of the
connection Setween valve 5p1ndxg§ﬂhé wedae is generally such

-

as to permit small movements O he wedge which result 1n

changes in flow and pressure.

4
=

In~the case of pressure-reducing varwes, oscillations
"are sometimes inadvertent]? initiated. Normallyv, this v@lve
is squitive to changés in downstream pressure and by auto-
matic adjustment, endeavours to maintajn a reasonably constant
outlét pressure. A change in the downétream conditions, due
to reduced draw-off for examnie{ causes the valve to move
in {he c1o;ing Qirectionu 1f the valve over-corrects in its

attempt to settle at the new required position, "hunting”

-

may be initiated unless sufficient damping is incorporated



in the servo-system,. -

These examples indicate that valve oscillation can

be a very real problem and if enaineers and manufacturers
are conscious of this fact and understand the controlling
mechanfsms, they can design and specify the inclusion of

appropriate preventive features.

1.1.2  Check Valves \W;,J i
Swing-check and 1ift-check valves act autosfatically

2

and are used in systems where flow in one dirng?gﬁ—gﬁly is

desired. Selection of the mest suitabie pattern and size
is determined by parameters such as warking temperature and
pressure, f]oQ velocity and allowable friction losses.

In the simplest form, a check valve—"(Fiqure 1.1)
comprises a casing containing a hinged flap which is sensitive
to small differences between j;sxream and downstream pressure:
As long as the downstream pressure is less than the upstream
pressure, the valve remains ooen, the dégree of op?ninq depend-
ing on the pressure difference. However, any drop in upstream
pressure below downstream pressure will cause valve closgre
and hence prevent reverse flow.

.- Yariocus forms of swing-check valves:range from the
single hinged pattern in_pipelines a‘few inches in diameter,

to the large multi-door patterns for large pipe systéms

several feet in diameter. Liff-check valves.are normal]y,’

L4

-
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A ®

assaociated with smaller pipelines up to about twelve inches

in diameter in high pregsure systems. p

The action 0f a simple check valve, installed in a &
, » LW

centriifugal pumping installation, is basically as follows. ‘ ék
i -

’

- Rl \
The valve door is normally hedd epen by impinging flow. [fI’

the reduction in flow velocity (following pumo shut-down) is
//////”/;1ow, as in the case of;E7centrifuoal pump which continues
to rotate for a short tAme after being shut down, the valve

- &

closes slowly.
When the pump is provided with a brake and therefore
shuts down very rapidly, the pressure at the pump is suddenly
{///f”iwx redyced below that of the fluid downstream of the valve, ands
] reverse flow may be established. The resulting pressure on

" the*valve disc slams it heavily onto its seat. This leads to P

¢ the generation of dangerous pressure“surges which can cause

damage to pipework and associated equipment or at the very

7 T

least, cause a loud startling noise which mav not be accep-
. W

r - L . . ‘d
table in commercial applications. ~

-

. ‘ 1.2 Hydraulic Gates .- ‘ ///’

’”Today there are many different types of hydraulic

/ ¢

gates. Gaté selection for a particular application is
deiermined by theaoperatinq conditions and the type of ser-
"vice reauired of the gate. The most common types are sluice,

radial or tainter, subqergib]g. dngm. and vertical-1ift with

1Y
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* |

skimmer wall gétes,,(Fiqure 1.2).
Hydraulic control gates in open channels and closed
conduits sometimes sufder from flow-induced: vibrations, but

»
the g:gcesses‘invo]ved in the excitation are not completely

"understood. Nevertheless, analysis of the vibration obser-

vations and measurements (5), (7), (8), (9), and (10) leads

to several general findings concerning the nature of vibra-

tions. The major parameter of gate vibrations was found to

be the gate lip and bottom seal design. The shape of this
gate feature affected not only'the magnitude of gate vibra-
tions but also the ooératinq zones ‘where vnp}ations occyrred
and the vibration patterns assumed by the gates. Other
factors which have gome effects on gate vibration tendencies
(7) include tailwater level, gate opening, gate rigidity,
side seal adjustment, adiacent gate settings, and wind,

particultarly on theante lifting cables.

N~

1.3 Hydraulijc Seals

-

ATl the well-known types of gate seé]s shown in
Figure 1.3 are similar in operation. The elastic element

i; provided with a rubber detail. The displacement trajec-

tories both of sealing element. and maki/kentre of seal

moving ‘parts may be-either curvilinear (Figure 1.3 (a), (b),

and (c))or rectﬁngu]ar (Figure 1.3 (d)}) or a combifation of

both. The hydropynamic +nad on a seal and the strained

e R L T



-
(a) (b)
(.
L~ ~
A4
7 e ,:/ % /, v /r7 . Y
oA Y A 8
4 Al ¥ 3 N BN N
A . {c) b N N Y (d)
o 7 - 2 N N N NS
- ,/; —— — P N N N
- P N N bt N
a's — R SERO
. 3 =~ ‘\ -fefr .
é, 3 Vé *Q\ i E\ — \': ‘\\“‘
s Z Z X N 3 N
v oz AR R R N X N
. N IR R
- N N N
N N N N
N N N N
- a AN N \\ RS
N R | N R g
B . AN N\ Ty~ — ==
: N NS B
- \ S =
W 7~
\ | J - -~
o o —
gl e {i/,'/"//"////,"/ S et s Fre A T _hSIiaii

— e —

- e — o —— )

(e)

' N
. \
D) W P22 20027

- /I///) .

P

/

Figure 1.2. Hvdraulic Control Gates )

(a)- Drum Gate; {b) Radial

.

or Tainter Gate: (c) Sluice Gate;

(d) Vertical Gate with Skimmer Wall; and (e) Submeraihle Gate.
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state of the elastic element are a]so“rather complicated.

It is evident that all types of seals of practical
use may vibrate under certain condifions. Especially the
seals of\?ates, dams, and naviqgtipn works are affected by
oscillations as they are intended to operate within a wide
range of hydrostatic heads and clearances. Conditions which
are necessary for the vibration to occur seem to involve
some facidrs which are diffiCU]t'tO determine by extérnal
analysis of gate and seal structure. To discover these
factors very carefully controlled ané ingenious experiments

are required.

Sometimes the seal oscillations occur 'suddenly’

in the course~af operation, and the same type of seal wil]

_vibrate on one éate ut not,on another which is apoarently
ooerpfing under the same ;onditions. Lyssenko and Chepaikin 
(14) indicated experimentally that seal's oscillations have
the following features:

a) For each type of seal, the oscillations were spon-
tanequs}y initiated and disappeared at nearly definmite heads.
. b)‘ The.oscillations were found to be periodic and stable
wiﬁﬂ/ﬁ»#ﬂ?ﬁ?’g;;;;dence of their_f}equency on head. ﬁ

Besides the ;npleasaﬁt noise, the seal oscillation'.
may cause intense and high-frequency'v{bratjon of gafé'enmpo-

nents.

PR
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1.4 Purpose of Research ’ ' ' .

~

Since the mechanisms of many hydroelastic phenpmena
are not yet understood, fully, it has not alwavs been possibfe
to model thm satisfactorily:- Whilé the technical 1iten§ture
is exﬁanding rapidly, the papers usually treat véry specifig
problems. In.addition, little effort has been directed to
ma}e much of the work done directly useful to the practicing”
engineer. . |

The’purpoée of this work is lo derive a general -
mathematical model for self-excited vibrations which ma;
fit most:of fluid flow control devices. Unsteady flow and
closure phenomena are essential featurqs which shqu]a be
ingluded in‘the proposed model., The  development of such a
model would not only gFeat]y assist in our understanding of
the excitation mechanism but would a1sq‘be of great importance . '

-

'fBr engineers whose'task it is to desidﬁ,structures which are

5 -

free from flow-induced vibrations.:



. CHAPTER 2 §

/
. "BASI'C CONCEPTS OF
- FLOW-INDUCED STRUCTURAL VIBRATIONS -
2.1 fntroduction ‘

.

Vibr;tions are a natural phenomenon &f elastic
objects being acted upon by external dynamic forces. Control
structures, for instance, are susceptible to 'vibrations "‘
induced by forces in flowing water. Usually vibration
tendencies in control structures have be€en infrequent, minor
in magnitude, and avoidable by special operation procedures.
However, reports of recent vibrations experienced‘on struc-
tures in service (3), (6), (7), (9), (10), (1), (12), (13),
and (23) havé'been of such magnitude that control structures
have been severely damaged and ;tructura1 alterations have

been required to ensure satisfactory performance.

A]fhouqh structural engineers have experienced
these phenomena for hundreds of years and have come to recog- .
nize their general natare atllea§t since the suspension bridge
failures 6f the 1800's, the methods developed for thei} study
are largely a contribution of aerodynamicists. The onset of
powered flight early in this century brought the aerodyﬁami-

cist an empirical familiarity with aeroelasticity.

Reroelasticity is a branch of sctence concerned with

11
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the effects of aerodynamic forces on elastic structures (25).
However, the material tovered b} aeroelasticitv is essentially
directed towards the.perforﬁance of aircraft components. Fre-
quent disastrous conseauences of aeroelastic phenomena now
known by such names as "flutter”, and "divergence" ;timulated
thetr analytical study beginning in the 1920's.

Flutter is defined by the aerodvnamicist (25) as the
dynamic instabi]ity of an elasticebody in a fluid stream, the
only forces necessary to.pfoduce it beina those caused by
deflections of theeelastic structure from its undeformed .
state. When the magnitude of the force increases with the
amplitude of the motion it causes, the phenomena arege called’
"self-excited”.

Bufﬁetiﬁg,.as usually defined,.reoresents the elastic
résponse of é’itructure to forces which are little affected/gy
the body motion. These forces mav result from the presence of
the body in a turbulent fluid flow, Resonant vibrations may

®be caused by periodic forces in the_flow field such as the
vortex street in the wake of a-bluff body, but as long as
the forces are not altered by the resulting elastic deflection,
the phenomenon is considered as forced vibration.

In recent years, the term hydroelasticitv has been
intréduced. It is concerned with the effects of hydrodynamic
foQﬁes on e}astic sﬁructures. This word was coined by analogy

to aerocelasticity to denote its naval counterpart. Heller and

N\



Abramson (26) propoggd the following definition, “Hydro-
e1a§ticity is concerned with phenomena involving mutual
interactions among inertia],_elastic and hydrodvnamic forces".
Hhen the effects of 1nertial forces are so small that they
may be neglected, the problem is one of "static hydroelas-
ticity". "Dynamic hydroelasticity" is concerned with
phenomena involving mutual interaction among inertial,
elastic, and hydrodynamic forces, quure‘%‘1.

While there are manyv similarities between aero-
-elasticity and hydroelasticity, a distinction,betyeen the
two also exists, as their names suqggest, on fluid proper-
ties. First, hydroelasticity mgy include the effect of
a free surface, the interface between two fluid media. Such
a surface is not present in aeroelastic phenomena. Sgcondly,
the possibility of cavitation exists in hydroelasticity but
not. in aeroelasticity. Thirdlv, the significance of the
ﬁdged mass which is usually negljgible in aercelasticity is
of great imbortance in hydroelastic phenomena (22). Despite
differences that are associated with the fluids invélved, it

~— ' -
is preferable to designate.both fields by the term "flyid-
\ ’ X

elasticity”, thus permitting the coherence sought in pre-
senting the characteristics of f]ow—inducgd vibrations.

-

The basic definition and characteristic of fluid-

[

“elasticity (1) is shown in Fiqure 2.2. The symbols F and 6
stand for generalized force and generalized structural deform-

ation, réspectively. Disregard for the moment,-all solid lines

9
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crossina the dotted boundary so that F = FE' It is then
‘o
recoanized that inside this boundary is the common probilepm
: , )
of determining a’'structures stress distribution, o, caused

by a loading, Fe- The underlined symbols, S and E are

opérators. They stand for the (sets off eauations which,
for a given structure, relate loadina and stresses 'to its
deformation. The loading, Feo is the sum of fluid-dynamic

forces, FG’ the body forces, FB’ and other forpes‘as distur-

bance farces, F The symbol, G, denotes a fluid-dynamic

0-
Operator that relates FG to a fluid flow characterized by

@ generalized staanation pressure, 0U2.

v

. g .
The dvnamic fluidelast#é problem is presented within.

d

the dfshed boundary. The loading, F, now depends on the
ormation, §. This is shown by the additions of a deform-

ation-denendent fluid-dynamic operator, £, and an‘inert1&¥/ﬁ

onerator, 1. By de]etingjl, the stafic %1uide1;stic problem

is retained within the dashed boundary.

2.2 .Classification of Flow-Induced Vibrations

_J

Whenever a structure is exposed to a high veloacity
fluid-flow, vibrations of the structure will be induced.

These vibrations mav be classified as one of three kinds (2):

—

(a) Forced vibratiops induced by turbulence in the flow ;

[N

~ (b) Self-controlled vihrations induced by flow periodi-
city; and '

(c) Self-excited vibrations induced by a fluid-elastic

-



phenomenon.
Structural motions of the first tvﬁe are uSua]fv
of a random nature and are called 'forced’' since the'motioh
of }he structure has no appreciable affect on thé fluid forces.
(This class of problems usually does not represent a source of
great concern to designers since the ana]ysi% of these pro-
blems is relativelv straight-forward as Jong as the fluid

forces are known.

Self-controlled vibrations occur when some periodicity

‘

f}ready exists in the flow field. If this periodicity coin-

Fides with ane of the natural freguencies of the structure,
“'the amplitude of vibration builds up to the point where the
magnitude and frequency of the fluid forces are now controlled
by the structural motion,' Ih‘this tvpe of vibration, an
»
.increase in stiffness or. dampting may prevent or limit the
amp]itude of motion. In some cases, it is also pbssible to
modify the structural geometry and thus eliminate the neriqdi-
city in the flow. ’
In the case of sélf—excited vibratians,.the oscilla-

-

t§5q§ of the structure creates the periodic forces which

&mo{ify the structutgg‘ motion. The difference betweén»these
f@ibrations and sé]f—coﬁtrol]ed vibrations '+s that in self-
excited vibrations the periodic forces disapbeqr 16 the
absence  of structural motion, and a change in geometry may

be the only effective remedy.

r¥
"«
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Both salf-controlled and self-excited vibrations

are termed fluid-elastic vibrations since they involve mutual

interactions of elastic, inertial and fluid~dvdamic forces".

The physical situations

in which flow

induced

vibratidhs arise are extremely diverse and, often, the mecha-
-

nisms® are not well understood.

At least two recent symposia

have dealt exclusively with flow-induced structural vibra-

tions (23), (279, but no reference text on the subject exists.

The study of fluidelasticitv draws on five disciplines:

(1)
(2)
(3)
(4)
(5)

2.3

devices are commonplace and have been the subject of many” )

investigations.

Theory of elasticity
‘Mechanical vibrgkions
FTuid mechanics

&

Theory of stability of non-conservative systems

Stochastic processes.

¢

Vikratians of Hydraulic fGates, Seals, and Valves,

Vibration problems_in flow control structures and

The purpose of this section is o/bttempt

to review current knowledge related to viprations of h

\ijﬁ“ 73?&@%1&\\
gates, seals, and valves by critjéal1y eva]uatiqp«the exist- o

< N

ing literature.  The literature of flow-induced vibrations

is so diverse that it is impossible to cover all known Cyses -

in 'the cpurse of a brief. survey.

Most of the rgported papers on flow-induced vibration

problems.in service involve, cut and try methods by which par-

1

- . "l 4
tial or complete solutions to these problems have been afitained

.
#

e
\
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but little is learned which can be applied to other similar

orobléms (3), (4). (5). (7), -(10). Several other papers
"have givenudetailed treatment for very soecific b}obIems

but the results may rarely be @enérali;ed. . A few general
papers on hydroe]asticify have been written (1), (2) with
an effort to put this relatively new field into the ;ame

/v~\g£:2eptual framework as aeroelasticity. However, in the
last few years some papers have appeared in the literature
attemot1ng to foster a reasonable understand1nq of the
various ohenomena:

Abelev and Dolnikov (9) classified the self-excited
Qibfat§ons of hydraulic gates into two basic éatehoriés:

" (1 " eddy mechanism of excitation and
(2) the. jet flow mechanism.

Beforé explai%ing these categories; flow séparatidn
and reattachment phenomenon must be reviewed briéf]y. “HWhen
a.high velocity flow passes an ohgtruclion §u;; as the gate.
bottoms (2)n1(28),ﬂthe flow separates and prdduces a,f>ee‘
shear layer. This unguided layer, which has a prqnopnceq
transverse ve1ocity"gfadient, is unstable”and éventua]ly“ani
lateral perturb:tfon céuses thenla(er to rdﬁi;yp.into vortices
which q;nw in size as fhey move downstream. Nh;d the Yateral

’ perturbat1ons result fr@m vlbration of the solid boundary on-
which the’ separat1on p01nt is located a reqular two-dimen- .

slonhl vortex train with a freauency of,format1on equal to -

that of "the sol1d boundary is produced.

e e AT N




q was used to descnibe the effect of h1gh velocity jets f]ow- .

20

I1f the free shear layer sdevelops }rom a sharp edgé
ahd does not reattach .to tge gate (2), (28), the frequency
of vortex formation may become "locked in" with the freadency
of the gate motion, tHQs reinforcing the excitation. Such
vibrations are self-controlled and may occur over a wide
range of gate ooenings. The addition Of stiffness and damp-
ing will be the most effective remedies for this vibration
type. ‘

Unstable flow reattachment occurs in the case of
intermediate gate widths..lThe result is aﬂstrong periodic
excitation which may lead to destrbctive vibrations at

certain heads and gate openings. |

Stablg flow reattachment will otcur for largeRgate
widths. This case is of little inferest because the méssive-
ness of such a structure will likely make it immune from
f1uctuatfﬁg forces. A1l thesé cases can be put unden)the
"eddy mechanism of .excitation" as suggested by Abelev tand

Dolnikov {9). -

The "jet f]ow mechanasm“ as defined by these writers,

ing over tﬁé top of vertical slu1cF gates and down between

’”

the downstream side of the qate and 1ts skimmer wall. The

'h1gh veloctty jet reduces the pressure 1n the gap so that

" the gate is drawn towards the wall. . This reduces the dis- - o

chargé_through tﬁe gap,'and may'produceusdme inertia pressure

|

-

- /



which drive; the gate back. The resul;ing horizontal gate
vibrations are thus <clearly se]f-exéiteq.

The di%fe;ence between these two categories of
hydraulic gate flow-induced viprations is that those due to
eddies ‘occur in the direction normal to the flow under the
gate (vertical direction), while those due to the jet-flow
mechanism are found to be normal to the fTow along the
downstream face of the gafe, i.e. they occur in the direction
of the minimum gate rigidity (horizontal direction}.

. In 1574, Hardwick (8), extending the ideas.ef
Naudascher and Locher (28f, explained the case of unstable
~reattachment very nicely, Based on his flow visualization
experiments on a vertical-Tift gate with a flat bottom w%ich
is free to vibrate vertically, H;rdwick found that eddies
wh%ch result from. the breakdown of the free shear layer
induce a temporarxjcowditiop of reattachment of the méin-
ms{ream to the gatg bottom and so generate an exciting force.
Osci11atory motion of the separation point amoli%ies"the
excitation and synchronizes it with the gate. Hardwick also
Qave a quantitative study of theAgété;;ihratioﬁalfreSpoﬁse.
He analyzed the pu1sat{nq hydrodvnamic force inte two compo-
nents, oné was in phase with the gate dJSplécement'and the |
other was .in phasé with its ve}ocityl These farceS’wgre then’

Combined in a differential equation of motion as a stiffness

and a.negative damping coefficient term Eespectively. Hig



Q

. |
entire work was based on thq critical assumption that the
mean flow velocity under the géte-during vibrations remaims

virtually unchanged and that| the motion {s simple harmonic.

This may be true for large qate openings but for small

énen{ngs the flow is very u steadvf I% the vibraiional
response involves remmted‘o eniné and closing of the gate,
the fluid velocity will be gero during a fraction of the
cyc1e. In addition the nedative damping coefficient term
sh6uld be determ1;ed exoerémenta]]y Thus, Hardwick's
@4p1anat1on is mot valid for the case where closure oceurs
‘wdur1ng the Cyc]e 1, . )
Abelev and Do]n1kov (9) iq their mathématicé1 mode]
for the jet~f10w mechénism; assumed a simple linear variation
in-discharge coefficieht which results in a pegatively damped
simple“harmonic oscillator. The effect of fluid iner;ia willt
undoubtedly inva1idate the assumed.variation in discharﬁe
coefficient which has not been éxperimentaily verified. - At
the very best, the proposed model will only be valid foy very
small oscillations where no appreciable variation in discharge

occurs.

Violent chattering of household taph when nearTy

fully closed has been experiencted occasionallv by most people,-

‘Suc? self-exdited vibrations have also been encountered with
_sinﬁ and bathtub plugs .of partibu1ar designs when .operating

nearly fully closed. While the vibrations subside on -full
! ' =~

i
+

R L T Iy ST



opehing of these devices or clasing them completely, and
failure vefy\rarely occurs, the unpleasant noise generated

is a source of nuisance. The seal problems reported by
Schmidgall (7) ‘and by Chepajkin and Lyssenkcd (14) are
di'scussed asaé phenomenon related tb the "jet-flow mechanism".

Sthm%dga?] (7) explained the Self-excited vibration
of seals as fo]fows: at static conditions, a gap forms
between t%é seal and the seal plate when the upstream
hydroséatic erce éctiﬁé against the seal js not great
enough taﬂdef{éct the seal to the seal pYate. However, once
a gap is formed between thg seal aﬁd se;1 p1até, water rushes
through the aap redu&iné tHe pressure and causing the"gép tol
close. IOnce c1oséd, the f1ow‘stops, the static conditions is
renewed, and the seal springs open againg thus setting up the
vibration cycle.

Chepajkin and Lyssenko {(14) analysed qate seal_ vibra-
tions usiéé a mathematical model very similar to tha;'of-
Abelev and Dolnikov (9) for gates. - Large variations do occur
in the discharge coefficient as it becomes a nonlinear func-
t{on of the gap cfoss-{ection anq fregdency of ostiljatién.‘
However, they neglected the 1ar§e variations in mean:f1uid
velocities in the~gap betuee; seal and sil) ﬁuring the vibra-
tion cycle and hence, the fluid inertial head has been neglec-
ted in comparison with the static head in their analysis.

Finally, this model boils hown again to a negatiVely'damped

‘
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simple harmonic oscillator as a result of a 1inea:‘variatiop
assumed for the discharge coefficient. Thus, Chepajkin and
Lyssenko's theoretical model based on small simple harmonic
motions and negative dambing appears inc§pab1é of accounting
for the flow phenomenon during a cycle which involves closure.

The only papers which give care to the importapce
of the large variation in discharae are fhesé’bi\ﬂgaver,
Kouwen and Mansour {(13), and Weaver and Adubi (12). However,
the first one gives a 0ua11tat1ve explanation on1v, being
based on pre11m1narv experwments on ¢check valve to determ1ne
thg static discharqge characteristics. In the seqond paper,
weavér and Adubi deducéd the sb]f—excitatio;}mgchani§%\‘or
swing check valve as a result of dynamic expertqénts and -
flow visualization during the vibration cycle. The results  _
~of this paper w1]1 be rev1ewed in t\e next chapter because

of its importance for the present research

2.4 - Matfematical Models - : - )

. § .
Although it is well-known that mo of structural

vibrations induced by fluid flow are due Ao the mutual inter-

actions among inertial, e1astic, and hydrndynamic forces, it////.

hasnot always been poss1b]e to model them’ sat1sfactor11y,
and the mechanisms of many hydroelasttc ohenomena are not

yet fully undprstood Toebes (1} has shown that the _analysis

-

of most fluidelastic phenomena may be v1ewe¢ briefly and *.

-



clearly by the determination of the so-called structura1‘
operators:, ingrtia] operators, and fluid-dynamic operators.
Weaver (2) has reported that the energy transfer from the
f}ujd to the structure is the result of nonconservative
hydrod}namic forces which manifest themselves in the form
of non-self-adjoint operators in the differential equation
of motion. In particular, such eaquations admit complex
eigenvalues or, 16 physical terms, osci]fatory types of
instability. In addition, the eigenvectors or unstable
mode shapes are generally not the normal modes of free
vibration but coupled modes which do not satisfv the usual
orthogonality conditions. Thus, Feqardless of the specifiﬁ
mechanism involved, hyd;0e1atic problems form a class which
is distinct fram free vibration, dynamic resoonse and conser-
vative stability problems. |

2.5 Added Mass Theory

A structure submerged in water exhibits different

dynamic characteristics than oné which vibrates in the air..

N , ey
It is found that'a system has a longer period of vibration
and a higher damping when vibrating in water, compared to
that in air. Since the stiffness does not change for small
vibration, the increase in the natural period of vibration
is only attributable to an increase in the apparent mass

due to the surrounding water. The water surrounding-the

body is in continual motion as energy is imparted to the



fluid and a pressure is exerted on the body. This apparent

additional mass is termed “"virtual",-"added", or "hydro-

~

dynamic" mass (22).

2

X

[=%

Fo= (M + M})

|

a
!

t

where M the added mass, may sometimes be much greater than

1°
M, the actual mass of the bodv. T

The ratio of the virtual mass to the actual mass of
the structure is known as the "virtual mass factor™. The
virtual mass is also sometimes expressed as a coefficient
times the mass of water enclosed in a right circular cylinder
ci}cumscrjbiﬁg the body. This coefficient is termed “vintﬁal
mass coefficient".

Weaver (2) has stated that if the fluid pressure on
an accelerated body is determined'from'the appropriate boun-
Qary.vaTGerD%obTem, the édded mass falls out of the analysis
as an inertia term. However, many problems canndt_be treated
in this way and it may be useful to use }n added mass térm
in a dynamic analysis of the structure.

The magnitude of tHe virtual mass depends~upon the
geometry and size of‘the structure, the level of submergence,
amplitude and. frequency of structural vibrations, and rela-
tive confinement (22). ’

When the céﬁfﬁninq‘surfaces are within about two

characteristic dimensions of the vibrating body, the added-

mass coefficient increases considerably and values from five
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to ten or morg are not unusual. For ship hull vibrations,
the added mass is not dependent to any great extent on
mode of vibration or frequency. This result appears to be
generally aoplicable as long as thé amplitudes are. small, -
up to five percent of a characteristic dimension of the
structure. The added mass becomes both ampliitude and fre-
quencv dependent at larger ampltitude values. It is still
not clear that added mass always increases‘wiph frequency

at large amolitudes (2).

2.6 Unsteady Flow

A The steady flow of fluids is now reasonably well
understood and many references have appeared on thjs \
ghbject. However, the same cannot be said for unsteadyv
flow. It is sometimes assumed that the'f}ow rate under
dynamic canditions can be predicted from- the steady state
characteristics of the system. For example, if the instan-
tanegus pressure drop-and.f]ow'areé are known, then the
flow rate at that instart is predicted as being the same
as the steady flow rate that would exisf at that steady

pressure drop and flow ared. ‘However, some investiqators

v > \
(20), (21) have turned theirﬁg{tentdpn to find the differ-
4 .

- N

-

ences between these two flow"‘;a?u_as.~ .
McCloy (20) has reported-three effects that can
~9ive rise to these differeaces which are as follows: =g

3
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(1) FMid inertia
(2) Dynamic discharge coefficient
(3) Friction losses.
For unsteady flow, a certain amount of the total’
p}e55ure drop ac;dss the sy;&em is needed to acce1er3te and
decelerate the fluid within the system. These inertia

effaects result in a delay in flow rate establishment. Since

the densities of liquids are much greater than those of gases,

it is clear that inertia effects are of more significance in

I

Tiquid flows than in gas$ flows. Under periodically varied
ps .

conditions, this time lag can result in attenuation of the ¢

flow rate amplitude as frequency ingfeqses. -

The discharge coefficient mavy change'qnder d;namic
o -

conditions, Daily, Hankey, and Olive (21) have taken into '~ r

-

account the effects of fluid inertia, and have shown thié,

for water ‘flow through gquare—edged‘orifices in pipes, the
"discharge coefficignt increases when the flow aqce1ergtes
and decreaies'when(the Flow decelerafes. ,AlsbLMcC1oy (20)
has shown :;at the discharge must be“freguency dependent.
Friction losses ma; he different unﬁér unsteady

conditiogs. Since even the "steady state" anal}sis'of
turbulent losses is extremely complex, it is not surbrjsiég
that there'is ]it£1e {nformétion concerning them under >; o _~l_w
unsteady conditions. Dai%y; Haﬁkéy2 and Olive (21) have .

shown that turbulent losses are affected -by the rate of - e

- ey
» . -
y + . -



)

“w ., -

a,
change of flow rate. Onfortunately their experimental

-

results concern only‘ﬁransient’condipions and do noét deal

~ with osctllatory flows. . - s
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CHAPTER 3
A MECHANISM FOR SELF EXCITATIbN IN

HYDRAULIC CONTROL ELEMENTS

3.1 Introductibn

Research efforts in the field of flow-induced
Structural vibrations have resulted in very diverée data
on speci}ic practicaﬁ or highly idealized vibration pro-
blems. However, little has been done to synthesize such
information. The great number of geometric® and dynamic
parameters as well as the comp?exi(y”of the phenomena

.o t ’

invollved seem to have discouraged }he search for a common
conceptual framework. A detai]ed knowledge of specific or
idealized vibfation problems, without proper insight into -
the basic f]ow‘feature; and mechanisms of excitation will
be of little use to an engineer whose taskeit is to design
a structur; that will safely withstand flow-induced forces.

The main object of this resepr%h is to derive a
gqneraj model for self-excited vibrations which may be \
applicable to most hydraulic control elements. Such a
model, based on %irst principles, would be of qreat‘imbor-
t;nce for desfgn'engineers, especia]i& if unsteady flow and

closure occur during operation.

' Before proceeding with the derivatiofi-of the theo-

El



31

retical podel, expgrihéntal observati5n§ of ﬁydrau]ic swiAg-
check valve vibrations (11),(12) will be reviewed briefly.

This will illustrate the most significant flow features, and
provide data for an acceptance test fox any proposed model,

as will be exp}ained later. Mathematical models of gate and
seal vibrations which appeared in the literature (9),.(14) i
are discussed ‘and compared with these ®xperimental obser-
vations. Since these modeis do not match the experimental
resu]ts,,a semi-empirical model is derived from the previous h
dynamic experiments. The object of the preliminary semi-
empirical model is to study .the nature of the hydrodvnamic
load (whether it is velocity and/ér disﬁ]acément dependent)

and to consider what flow features should be taken into

account in order to model the hydrodynamic load mathemati-

¢

Ti@ure 3.1 shows both.a static and dynamic stability
, ) . ¢
map of the valve (11). The static system characteristic-can

be determined by the curve along which-the avajlable hydro-

static pressure-difference just overcomes the elastic restrain-.

ing spring force and thus, just holds the valve plate agafﬂst

its seat, The region of dynamic instability, as obtained

experimentally, is divided by the static system characteristic

calTy. « ]

. . S . -
3,27 Experimental Observations of Chec& Valve Vibrations{11)
3.2.7 - Dynawtic Behaviour of the Valve
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- into two sub-regions. In the lower sub-region, the valve
is expected to close and remain closed statically since the
auailable hydrostatic pressure difference is large enough
to overcome the restoring spring force. In the upper sub-
region the valve is expected tu remain open statically since
the avuildb1e hydrostatic pressure difference is not suffi-
cient to close it. The occurrence of 1imi£.cycle oscillations
in the area above the dashed line indicates that élosure must
be caused by dynamic pressures in excess of the available

. hydrostatic head. Once the dynamic pressure has attenuated,
the spring will pull the valve open again. For the reqion
below the dashed 11ne, opening must be caused by some dynamic .
effect such as th£ reflection of a pressure wave or the mecha-
nical bounc1nq of the va]ve of f 1ts\seat To the left of tpe
1ower sub- reg1on of 1nstab111ty is a stable region where the
valve a]ways cToses and remains t?osedl To the mwight of the
upper sub-region of instabiiityﬂis another stabPe area ‘where
the 'valve does not hiasé. o

Theiinf]uence.of different parameters on the fre-

quenCy and amplitude of v1brat1on at.constant upstream pressure.
js of great importance in character1z1ng the- behaviour of the
system F]gure 3. 2 (a)" shows that for a constant ava11ab]e

-
hydrostatlc head and 1nit1al anq]e of openlng Lx ). the amp11-.

P

~ tude of vxbratron of tbe valve increases whlle ‘the frequency
o

decreases as the equ1v§1ent spring stiffness (Keq)‘jncreases.

)
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Initial Settxnn

~f

34



35

-

This is, of course, contrary to the effect of increased
stiffness on free vﬁbrat{ons. In addition, the ratio of
closing time to opening time during the cycle éf vibratianr
increases with an intrease in equivalent spring stiffness:
: Figure 3.2 (b) shows that the effect of increasing
~the initial angle of Openin§ on_ the frequency and amplitude
of vibration is qualitatively fhe same as increasing spring
stiffness; both increase ‘the violence of vibrationé.

J

3.2.2 Mechanism of Self-Excitation

. The mechanism of valve instability as reported by
Weaver and Adubi {11) can be explained as follows:

At the maximuh angle of\openinq, the valve begins
to drift closee¢ under the lnfluence of the hydrodynamic pre-
gsure difference, whict is sufficient to just overcome the
"spring force. As’ the disc nears the seat, it begins to -
accelerate as}the pressure difference begins to rise: This
’ ﬁrocess is an intergétive one. A small increase in the

-pressure differénce_advancbs the disc a small distance towards

seat. \Ihis reduces the flow area, leading to an increase

adeloss andAreductiohfﬁnfdiﬁcﬁa{qe, and hgnce a fuf}her
/n pressure dilference For rathef small anglés the
‘oressure dlfference is re]at1vely 1§rge due to the high rate -
of change of dlscharge wh1ch creates a swgn1f1cant 1nert}al
-prgssure djfference. Hence, the d1scdacce1erates rapidly

towards the seat.

LR RS SRR e
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As the valve slams onto its seat, waterhammer
pressure waves &re generated on both upstream and downstream
’ .sides. ' valve, r\esponding only to :thé pressure difference,
remains on ﬁts seat until this pressure difference. is reduced
to a point where'it either forces the valve open, or allows
the spring-restoring forces to initiate opening. It should
be noted here that wate}hammer wave reflection may initiate
'ooenjngvof/the valve when it ofherwise would have remained
shut {that is, in the dnstab1e reafon below the static system
character}stic). Once the valve opené, the flow béging reesta-
blishing itself and the pressure difference drops sufficiently

to 41low oOpening to continue under the influence of the spring.
&

The cycle of events is then repeated.

3.2.3 Features of Check Valve Vibration

-
s

N The siénificant conclusions drawn fro& the experi- -~
mental observations are: ®-

a) Fluid 'inertia produces"é much grehter flow ve]ocitx
during the c]osang port10n of the Cycle than at the same )
angle during the opening part, Figure 3.3 (a) Tb1s hyste- -
retic‘effect is a1so seen in the pressure différence'récords._
Figure 3. 3 (p): it leads to a net energy transfer from the
f]uid to the structure during each cycle.: .

b) A vortex ts shed from the lower edge of the vqlve

- plate at thg;maximum angle of opening but it has no 1mportant



< Yo 37
'oNo
06 o« © ©
.—---~.-- et ‘
o T N0 @ O R
// A A ’\”:) ¢
/ A N
1 */ . N ©
05 / | \ |
o) . A ZO
{
04— ., \
C\
O | -\
@ [ - . Ay
A .
= ! ,Q.o—’,"/) )
. — ® -
S ‘]l‘ ) /O// |
;§£ | © ). 70 ’ ’,ﬂy,,;—’
'z ClZL%f' i A B —’””:’/7#/’ ~
< / ®
L. ;
@ // \ o ,
© _7 - A 12 fps
'g{ 0y~ o _ ; |
I | e 24 fps
S ~ o 48fps.
0 1 2 3 4 ) 6 7

: Angle of 'ope‘ningﬂ, (deg.)‘,
Figufes.ﬂa) Veloc;t\ ‘Measu rcmewt; A"ro<> a Section ¢f the
. ‘Valve Apron During a Typacal Lycle of beratlon.:

Ref. (11) . ]



AP (kPg)

& AP ,,=!572kPq
120}
A
100}
1
80}
o
c -
s8]
g .
5 6ot
e
2 4
O .
o |
40}

Figure 3_3(b).

Anole

of ‘opening, ‘
Pressure Diffcrence. ‘'vs Ancle of Opening, Ref. (”)
= 1.32 KN~m[rad 3 Xy, = 4 1/2°

0!

< -

{deq.)

‘38



39
{
gffect in the excitation mechanism.

Sﬁ The valve geometry controls the fluid flow behav}our,
which in turn controls the closing ovortion of the vibration
cycle. ' |

d)4 Local flow effects are not significant.

e) The waterhamﬁer waves produced at closure have
almost completely attenuated before the next closure occurs.

f) The valve motion is not of a simple harmonic nature;
the opening portion of each cycle being much more\rapid than
the closing portion.

gq) The self-excited vibration freauencies are well below
the natural freoueﬁcies, indicating no obvious dependence
between natural frequencNes and 1imit cycle frequencies:

. i) The effect of an increqse in stiffness is confrary
to that nérma]ly expected. Increasing the initial anagle of
opening (ﬁo 1oaa setting) has the same effect as increasing.
stiffness, Figures 3.4,

L

" 3.3 Piscussion of Negative Damping Model

Consider a linear siitem of the simplest form, where
X sgaqu for the displacement, and'F for the excfting force.

In the case of a sihpIe harmonic ésciITator, the forcing func-

tion can be written in the form. - . ) i

-

F = Eo sin wt,

and the displacement.as

x = Xo"sinh(ut - ¢X
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where .
FO and Xo are amplitudes of the forcinghfunction and
displacement respectively;
w 1s the frepuency of the excitihq force;
t stands for the time; and
. A reeresents°the phase anale between the forciaﬁ
function and displacement.
Figure 3.5 shows the excitieg force plotted“Ebainst-the
d1sp1acement for dwfferent values of the phase angle. The
ared bounded by each curve is proportional to the net enerqgy
transferred to the system per cy\)e When the exciting force
is in phase w1th the d15p1acement ¢ = 0, the net éﬁ!ggy.
transferred per cycle is equa) to zero;.fﬁe exciting fo}ce

may be named as a displacement dependent force. The net

eneréy traneferepce per cycle is maximized when the exc{g\nq )
force is iniphase with velocity, ¢ = /2, and it can be \\\\\#
expressed as a velocity dependent force. _Ance again; the net
enerqy transferred per cycle becomes zero when the exciting
.force i's 180° out of phase with the displacement, ¢‘= ™.

Flow-induced vibrations are associated with the
tranéfer of energy from the fluid to the structure; this has
led some researcpers in recent years to directqpheir efforts
toward madelling the hydrodynamic load by a velocitv depen-
Qent cemponent. This velpcity dependenf component is equi;

valent to a negative damping force, as it causes a trans erence,

of energy to the system which perpetuates the motion.
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"The linear variation in the dynamic disehafge"
coefficient which has been assumed by fbelev and Dalnikov (9)

and‘Lyssenko and Chepajkin (13) reduces their*mode1é,»fof

"gate and seal vibrations respectively, to'a negative1yldamped

simple harmonig oscilTator. Such an oscillator exhibits limit

-

cycle oscillations but an increase in stiffness causes the

. ' H . i .
frequency of oscillations to increase (30). The reverse. is

’ ]
true for the valve Tibrations. Therefore, modelling:of the

hydrodynam1c load in the form of a ve]ocxty dependent term

(or negative damping coefficient) must be ruled out as ‘a

e
ol

./l
Further 1ns1ght is ga1ned “from the bnusue] features

possible mechanism.

P t
[ -

*

-

of valve behav:our, the self eXC1ted v1brat1bn frequencﬁes :°
are well be]ow the natura] frequenc1es and ﬁhe effect of an.
increéase 1n st1ffness 1s the opuos1te of th i normally expected

Henee, the hydrodynam1c ]oad may have a d15p1qcement dependent

Is

- component which w6u1d p}ay a s1gn1f1cant p rt in chang:ng the

. mode) of the" va]ye. o .' -

results ‘is carr1ed Out in order to. f1ﬂf

-system stxffness from that of a s1mp1e elastic structure Fh1s

phenomenon can he exam+QeJ c1ear}y by studjinq a semi- emp1rwqa1

tooe
~

3.4 - - Semi- emp1r1cal Modﬁ] of Valve karat1on

'3.4.1~; Mathemat1ca1 Foﬁmulat1on of t‘J W&drodynam1c Load

-

Further careful exam1nation of t'a exper1mental

.
-\.“



ssion -for the hydrodynamiclload in terms of va?ve displacement.
Figure 3.3 (b) shows the pressure diffg?ence across the valve
disc.p1otted against angle of opening. It is clear that for

'fhe same angle the hydrodynamic load is gréater during clos-
ing'than during opening. The enclosed area in the diagram

is proportional to the net enerqgy added to the system per

cycle of vibration. The }imit cycle oscilla@ion indicates

that this net energy addition per cycle is balanced by the

energy dissipated by the damping forces in the system pfﬁs

the kinetic energy lost due to the velocity of the va1ve disc

slamm1ng,nnto its seat. MNere this not the case, it wou]d have
resulted 1n osc11lat10ns of continu0us1y increasing.or decreasm
ing amp11tude dependang on whether the net energy added 1s

RV greater or sma}ler than the enerqy d1ssipated durlng the: cycTé>\)
. | The hydrodynam1c load acting upon va1ye disc, FH,.is’ )

. the result of two components, which are: . |

h. T a) the added mass and hydrodynamic: damping load FA This

component is due to the part1c1patlon of the surroundInq water

" in the motion; it can be expressed mqthematwcal]y hy the form

¢ .

X+ Colx . : SR 3.1.a

Fa = 9y s Gy

where. ' '
S vsvthe valve angle of opening;

A S Y the effective moment of idertia.of water. i.e.
B o ; V1rtua1 mass effects,» )

;”'”1.ECW is the hydrodynam1c damp1ng coefficient
b) . the hydradynamic ]oad F, not 1nc1ud1ng the added



mass and damping effects‘ This is g1ven by the ;ntegral of
~

the pressure d1fference akross the va]ve over its area.

F pr r, ds 3.1.b

. . S
where

Apris the pressure difference across the valve disc
acting upon an infinitesimal area, ds) exdludina
added mass and damping effetts
Es is ihe effective moment arm of the infinitesimal area,
ds, about the ceﬁtré‘%f rotation of the va1ve‘disc.

EENY

1

Thus, the total hydrodynamic¢ load FH is

Fy = Fa v F 3.1.¢

The pressure difference ./ Ap, is proportional to

r B ' - L

four s1gn1f1cant compOnents, these arer : ) N

na) the‘stat1c pressure drop across the valve, Hé.
b) “the inertia pressofe of the f1u1d in the upstream

and downstream pipes, Hi;

: 1 okn L -
ERKE SN

where - | : ‘ \ ‘
c ol _’%qix

I is the f1u1d 1nertance, gA' , .

c is the flulid specwfmc we1ght,

L
L, is the length of downstream pipe;

is the Tength of upstream pipe;

v -is the mean flow VeTocitylin pipe n. _ : R
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c) the effects of local high velocity flows para]le] to
or impinging against downstream side of valve disc. ‘This
component "is «<learly degendent on the total pressure drop
across the valve, H.

d) system losses due to fniction, entrence,-sudden

flow area changes and other minor losses.

Moreover, there are some other flow features which

*

have smaller effects on the pressure ¢§fference, Ap, sqgh'as

waterhammer pressure waves, cavitation, and vaortex formation.

The fluid velocity head is converted into a pressure head due
to the sudden valve closure at the last few degrees. fhe
result1nq waterhammer waves and cav1tat10n are- attenuated

as observed experimentally (14), before the next c&c!e of -
valve, osc111at10n and they do not have any domwnant effect

on the valve 1nstab1}1ty. However, the dynamic pressere.
wave action and the elastic strain energy'asibciated with: the
valve bouneing are\fesppnsible for initiat%ng Qa1ve 6pening.
when the spring force is not great enoegp to ovefcome the
hydrostatic toad on the valve disc.

LY

Careful examlnatlon of the’ experlmental ‘records
/
1nd1cates that the cyc]e of vaIve v1bratron can be d\v1ded

into three d1st1nct phases These are: the c1051ng time

from the max1mum anglé of openlng until re1ative1y sma]l

angles; q1051ng time Qver the last few degreES, and';he
. [ . - Lo .

openihg time. " Within eath’phase. theirafe of chapgeiof the

~7 R ' J

J

”

POPYS
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hydrodyqamic {oad with valve displacement is virtually
constant. | ?

< In éhe first‘phase whi'ch includes valve closing
over large angies,‘the hydrodynamic load increases slowly - -
with decreasing closure angle. This'ihcrease is simply
the result af decreasing the flow area and hence increasing
pressure drop across:the valve. Experibenta] ob;ervations
show that the valve motion is reJat{vely slow during this \
bériod of timg. ‘ . ’ ' »

During the segond phase, for smaller opening angles,

there "is an increase in the rate at which the;hydrodynamic
load increases with decreasing closure angle. This can be
explained by the 1argg'reduction ih Hischarqe'over-the last

few degrees of closure. Static experiments conducted on the

valve for various-fixed angles of closure (18) indicated that

" for small angles, the local flow véiobities thhouqh the gap

~..

between the disc and 1ts seat 1ncrease dramatica]]v as the~

‘angle decreases, even though the net discharge 1s dropp1ng

ThlS leads to a rap1d 1ncrease in head loss across the va1ve

as well.as 4 s1gnif1cant 1nert1a1 pressure difference owing

‘ ;to the rateaof change of dlscharge The rate of chanqe ‘of

both the stat1c head - Toss across the valve and dynamtc phessure

due to flurd inertia will acce1erate the valve d1sc untml 1t

slams hard-onto the seat.. l'i ce ., ',' _*; e

'-: Once the valve is cTosed a!he flow is sudden1y stoppeds
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Waterhammer pressure waves ate generated both upstream and

downstream of the vaive. The valve remains on its seat

until the pressure difference reduces to a point where it
either forces the valve open, or allows the spring-restoring

forces to initiate opening. The hydrodynamic load ddring

-opening decreases at-d. rate Which‘ﬁs smaller than that found

© e

for larger angles-during closing. The fact that the rate of
hydrodynamic 1oad»decregse-wfth increasing angle during”
gpening is sﬁa]1er than fhat during closing can be attri-
buted to the fluid inértia effeét wh{ch delays the reestab-
lishment éf flow. Ks'; resu1€; thg preysare ¢ifference /\\
across the valve is smal]e?, the spring stiffness\dominates,

and the valve digplays its natural response in quiescent-

fluid which is to open quickly.

Thus, the -mean hydrodynam1c pressure d1fference

during each phase .of.the cycle can be dep1cted by a stran;ht~

11ne approx1mat1on if care is taken to include only the same

area. This pﬁece w1se 11near approxlmat1on is 1nd1cated 1n
Figure 3.6 -~
Qhere: ' .

fai, az;,are;fhéwrates-of chénge of the Hy&réd}nahic‘

- ppessbre w{th valve obenfhj. i.e;,ﬁhejsippes

#nd oy . S
- ', 7 of the'straight line approximationévﬁﬁthi?
‘fhe three sibdivisions of the cycle; el
» . ' .o LT . ) ‘,', AN
- " pq_ . fs'the pressure difference across the valve . .

’ ' . B . oot
. S R j
) oo - S

. .

1 e
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at the instant of closing, if-the fluid inertia ;

and high flow velocity effects are neglected;

'P2 is the pressure difference across the valve:
- : “ .
at the instant of ¢losing; s
) is the pressure difference across the valve

at thg instant of opening;

Pmin is the minimum pressure difference during the -
cycleé‘ i

Xpax 1S the maximumianglerof opening; a@dal

"x, . 1is ‘the-angle af wich the fluid inertia and local

5

flow velocity effects become dominant.

It remains to ¢etermiﬁe these ﬁarameter values for
Qifférent vflve characteristics, ife. for %acb combination
of equﬁvalé;f spring stiffness, initial angle of dﬁeniﬁg,
énd hydros;;?ic‘pressure drop across the valve. '

_ In’fhe ?irst subdivfgionAof the cycle (dalve
c]osiég ;ver 1arger angles) the hydrodynam1c loa is the
dr1v1ng force Exam1nat10n of the exper1menta1 results
taken for f1ve 901nt$ from the 1nstab111ty reqlon 1nd1cates
that the pressure difference at the 1nstant of closrng (P ),
neglecting f1u1d 1ner%ﬂa and 1ocal high flow velocity effects.'
“ 1s 7inear1y dependent on the e}astic stra1n energy stored 1n
Jthe valve sprinq..as ‘shown 1n Figure 3 7 (a) This suggests
‘that the hydrodynamic work done during cIostng is related
to the elqstig'straip_epergy\storeﬁ in the valve systgm. - {

Lt



«1nstead of a bflfnear approximation.

51

For smaller opening angles during closing, when the

fluid inertia head and local high flow velocity effects become

significant, Figure 3.7 {a) shows the linear relationship
between the elastic strain energy stored. in the valve system
and pressure difference at instant o% closing (P2). Increas-
ing the élastic strain epergy, by incr%asfng Keq and/or X
regults in a larger amplitude and period 6f vibration. Hence,
the fluid has longé} to re-establish itself and higher dis- ’
charg;s,occﬂr. The Fesu]§ is higher fluid inertia and 1oca{
fToQ ve]ocityNQFfects.. This is shown by an increase in the
pressure di%ference across the valve at the instant of clos-

ing (P,), Figure 3.7 (a). In addition, the flujd inertial

-head controls the valve movement over larger angles (xﬁ) as
" shown in Figure 3.8. ' S ' . g

*\Nv’?  For small amplitudes of oscillation and hence small

values. of eTastic strain energy stored, the effects of fluid

'1nert1a and Tocal high flow velocity are sma11 (see F1gur&

;3 8 in which the angle Xy goes to zero for sma]l amp11tude

oﬁ~osc1l]atrons) ..This mdy-be explained by the convergence

iu

of preSSure q1fferenées P1 and P2 with decreasfng elasti? \_

stra1n energy as. shown in Figure 3.7 (a). Thus, for sma]]*

amplitudes of oscillation the]pressure difference across thei‘

valve dur:ng cldsing is appro&imatea by one straight line

-

Once the valve'is closed thelpressure differencel

~ .

4+
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o

increases rapidly due to'wateihammer waves both upstream and
downstream of the valve. A short time later, the reflected
waves reduce the pressure to a point where opening can-OCCUr,
either initiated by the reflected waves or the spring. The
pressure diffe}ence at which opening occurs, P3, is plotted
' against the spring force at the instant of opening in Figure
3.7 {b). This shbws Ehat the pressure difference at the
opening instant is proportional to the max imum spring force.
Fina]]yt the minimum pressure difference attained
during the cycle, at maximuﬁ‘ﬁngle of opening, is found to
be indegendent of valve char;tteristics and hence, is "taken
as a constant. |
In this subsection, a mathematical expression of fthe ™
hydrodynamic load has been developed to‘repéésent the exciting’
force acting upon the valve disc. In order to derivg the

differential equation of motion of the valve system it is

necessary to model the elastic structure.

3.4.2 Valve Modelling

The valve is modelled ‘as a siﬁ@]e-degree of freedom

system as shown séhemetica]]y in Fiqure 3.9,

where: -
< Iy is the valve disc moment.of inertia about its
~centre of rotation;
éd _is the damping coefficient of the valve system;
? - Keq fs the equivaleqt sp}in? stiffness of the ya]ve

: - . T . »
’ o
- ) . : . .



.

BACK FLOW )

. NORMAL FLOW g
DIRECTION

DIRECTION

i ¢ !
4 » : -~
& A . . . < -
) B !‘ . . -
’ - . ‘a\ . . -
) - Vo
. ) . \\ . -
4 \ - .
* A
Fiaure 3.9,

3\
hY
\

Schematic Representation ‘of’ the Valve's Model .

5

N !
.

PR ) v !
e -~
- - .
‘ - \ e Y
- ~ -
e - -
I3 . -\ )
o ‘J .
. . -
3 - { ’ .
, PR
f " . ' ' Jl



7)

systems 0 - i ;
X, is the initial setting angle of the valve in
quiescent fluid; and
X \is the valve angle of opening measured from the
- valve seat. ’ -
The differential equation of motion for the valve
. disc is:
GJd{ + Cdx +.xeq(xg- xo) + FH = 0 . . 3;3

The- hydrodynamic load F

H includes added mass and damping
f ) ’ ' . .

effects. This #s given by the integral of the total pressure’

. ! .
d1fference_across the valve over its area, ji.e. .

! ¢ \- N . af a

-

o Fyo T J APy tsqs \ S .
s ' 3.4
= C{ PagR S
.where: . 2~ ' 3 ‘
Abt “is the pressufe difference across the valve disc

' "acting.dpon - agn infinitésimal area, ‘ds, which has

\\.’ an effect1vﬁ moment arm reo about 'the centre of
FGE/LJORM/¢S1QC£ this pressure d1fference was
measured expertmental]y, it represents the load

/ felt by the valve disc and must include the gdded'
" ‘mass as well as the hydﬁbdyﬁhmie damping effects;’

Pay is the average pressure -dtfference acress the
- vdlves N Ces TR
S is the valve disc area. and ) .
€y js an integration coefficient to reduce thb
' elementary forces Aptds to a seTected centre w1th

: ‘{:'effective mamgnt. arm R . ‘,“ﬂ'g ' J,\‘ﬁﬁ.

o>



. for the valve disc becomes:
, i

) .o In

'As illustrated in the previous.subsection, the

average hydrodynamic pressure difference can be .replaced

/

by a piece-wise linear approximation of the form:

| < . [ '

Pav ™ = P - agx .. 3.5
where: . | .
| i = 1 ...... for x <0 ...... and x > x.; *
j 5 2 ,..... for Xx < Q ...:...and x < x;; and 3.6
io= 3 ...... for x 30 ...... and x > 0 .
v

Using equations 3.3, 3.4, and 3.5, the equation of motion

P

J,x % C

p d'x + (Keq - CjRosaj)x = K o " CiRospj 3.7

e

where the value of j can be ‘determined ac ording to equation
¥ . R ~ .
3.6‘ = o , ‘ ‘ |

The valve v1brat1ons .are governed by equation 3. 7

*Th1s piece-wise 11near deferentlal équation with constant

or T

™~

‘coefficients can be’ ‘analysed ysing the methodNQf piece-wite
matching a® described by Butenin (29},

}

N

.

3.4.3 . Semi-&mpirical Modéi\Resb]tslahd Discussions

l ¢ ;

: " chis sbc;ion, the aquation gnvgrning the valve

v1bratlon- is studfed 1n mofe detail by means of the phase-
‘p)ﬁne tﬁgﬁnique (36) ) The differential equation of motion’
has been quved numerfcal1y by computer using Runge-Kutta
Method (25) ' |
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The phpse p1éné simply represents a\grapH of }
displacement against ve1ocjty. for this partiéular 5rob1em,
the éhase plane }s divided 1nto three regigns in each of
which the trajectories* are descrwhed by a 11near d1fferent1a1

equation. -For this equation stable foci occur at:

 Keg¥o - iR SP. s
X507 X “T.R 5o, °nd x; =0
eq - “i0°%j :

The foci location for different valve characteristics is of
great importance in determining the system's behaviour.

First, when the maximum elastic strain energy stored

.

is small, j.e, Keq and X, are small, the hydradynamic load

during clos1ng has. been approx1mated by one straiqht line -

instead of the b1]1near approximation and hence, there is

only ‘one focus durang the cﬁos1ng part of the cxcle,‘_Figure

3.10 (a) shows a schematic phase plane of the system in which

the valve glams shut, bounce§ weakly several times and remains

[4

! <
shut. A typical computer output*

*,

for this cése is shown in
Figures 3.11. g . .
Increas1ng the equxva]ent spr1ng st1ffness or initial
setting angle resu]ts 1n shifting the stable foci te, ,the right
in tbe-phase plane; the valve anden1y'hegldk to execute lmmut'
Eycle oscillatfons;”Figufe 3 io (5) ' Furtﬁer increaée' in

‘the max1mum elastiC~strain energy stOred F1qure 3.10 (c),

* The curve described by the representat1ve point in the _
phase plane is called a trajectoﬁy :

** The computer programme 1ist’ is. qiven 1n Appendix A
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- AN
leads to Iarger amp11tude, 1ower frequency, ]imit cycle

osci]lat1ons The effect of such an 1ncrease in st1ffness

1
or 1n1t1a1 setting angle on the frequency and ampl1tude of

‘vibration is shown in Figure 3.12.

>

For Sufficiqntly \arge stiffness or initial anéle,
the valve $lams shut ghen bouncés;back.ohce and remains f
open‘at a smqll arigte. Any further increase in eauiva]ept
spring stiffness‘sr initial a;g1e heyond this point simply
results in increasing the.ang1e at which the valve finally
stays epen. The schematic phase-plane representétion,'
Figure 3.10 (d), shows that if the closing hydrodynamic load
over 1arge angles does not brang‘cﬁe va1ve disc'into the
second reg1on of the phase plane,. the vaive wa]l not close.
OACE the valve disc crosses the separatxon 11ne dur1ng closing, )
1t must reach the seat Figure 3.13 shows a, typacal compu -

ter output for the transient\response in this case.

£ 1

L The influence of cnszgi::;:::?meters (stiffness and
initial .angle of valve setting)™ e frequency and amplitude

qf vibration fon‘éonstanﬁFhydrostatic,ppessure difference is
shovm"in %igur’es 3:14 and 3. 15’ In Figure 3.14 the amplitude’

of v1brat1on is pIotted against the equiva1ent\5pr1ng stéff-. .

gness’ Each cifye represents +a different 1n1tia1 setting

ﬂthe equivalent Spring stfffness. The qbove fiqures show that

: '% The rhtio of frequency of vibratfon to the fundamental-'

frequency of ‘the valve 1n the quiescent water for ¢ach
spring combanation.,

-

1ZangTe ' In Figure 3. 15 the frequency ratio 1s p?Otted-agatnst*QQ::'
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- for a constant ay%j1ab1e hydrostatic head the amplitude of

EY

vibrition of the Qé]ve increases while the freguency decreases

" as springmsti?fnessﬁor initial setting angle increases’.

N

%he’pieéé4wise lTinear approximation of the hydro-
dynamic load gives rise to a displacement dependent hydro-

dynaﬁic force. -This component of the hydrodynamic load

represents the fluid-elastic interaction during the vibration

‘tycle. - From equation 3.7, the effective system stiffﬁess,

K, becomes: X A L .

1

= l~.-' ’ - N " 3 = > ( .8
K= Keqi CiRgSes jo= 1,2, and 3 3

Since the/;)ope of ‘the linear approx1mat1on of the hydro-

dynamig yoad is greater dur1nq c1os1ng tﬁan that durtng
'opeEJaQ'(a > u3) the effect16e system stiffness is greater
dur1ng the open1nq than dur1ng the clos1ng part of the cycTe.

Thws explains the phenomenon of .rapid opening and slow clos-
a l .-
ing for 1arge amp11tude valve pSC111at1ons ‘For'smaii

amplltudes, the f10w does not have the qhance to become well

estab11shed, Hence, the d1ffergn¢e in effectlye-system stiff-
. N N N ~ £ . , . . . -
ness between opening and closing is smaller and the limit

cycle more nearly afbroximates a simb]é,harmonié motion.

N -
« . . i - -
L .
N LS, . . w . , v

. i
3.4.4 ’? éoncluéion T ~ , m,v;t.".w;fﬁﬂf ﬁ‘-

’ :(D »,
A semi empirical model of check va!ve self excitad

]

vibratlous hﬁs been der*ved ﬁn,ordeﬁ zo understand tﬁe effect
of a displacement dependent wydrodynanic {g&é conponent A



‘ ﬂavxpemmemtal observatlons.‘ Hence, the exi

-
mathematical‘exprpsﬁion %or the hydrodyﬁamic load js obfafned
in the form of piece-wﬁse 1inea€ approximation whicﬁ results
i a disb]acement dependent hydrodyngmic 1oad-cqmponent. .

The main features of the model results are:’ '
1) 'Tﬁe valve motion is not of a simple harmbnic nature;
the obening poption of'egch cycle is more rapid than the

, i ,
¢closing portion, .o ) -

2) The self-excited vibration fregqlencies are well

below the naéur91 frequencies. | |

‘ 3} The effect of an increase im stifffness is the
',oppos{te of that ngrmal1y expected. Incr asing the initial
setting angle of,opening.(Ho load setting)l has the £ame’
effect as incréasiﬁgfst%fﬁnqgs. » '
These features of the resu1ts sho éhé@'the‘gross
behavxour of the model is qua]1tative1y th same as the
b ehce’ofia“

dasa}acement dependent component 15 essent \ for hydro-

e

'dynam1c load mode]lxng‘

I

~.3.5 . Derivation of'the General Model
| ' ' - ’

‘ 3.5.1" {ntroduction and ASSumptions o .

- l

| 'A(In the'previous sections it has been showh that L3
-lnegatsvely damped simple barmonic ' ‘ r Iust be ruled
,opt as- a possible mechanism. sinée it does not natcb the

expervmental observations., ln addit?en, the valve uotion



is not of a simple-harmonic nature.-

-
. - .

On the other hand, the development of a simple
semi-empirical model with a disp1acéhent.dependent hydro-
dynamic load. showed all the essential featufes of the observed
Timit Cyéle oscillationd® “This displacement dependent (or
f1u1d e1ast1c) gomponent may decrease the effective system

) styffness, i particular during the closing part of the
_cycje. Hence, an increase in the sbriﬁq stiffnegs'results
in a decrease in frequency of oscillagion‘

While the aéreement between the above model and .the
expériments is _encouraging) the!lack of a fundamenfal bas}s-
for the model renders it rather _unsatisfactory. Héncé,
_fufthef research was carried out to develop a model from
ffrstiprinciples. o . ' . 0

Since the mode]'is 16tended to incorporate a genefa]
éxpression for f1u1d discha?ge in its simplest form,it fis-

~a35umed that: -
a) The fluid in the system is incompressible. |
“ﬁjﬁ o | b):‘Thé*§y;tgm ana{vsf& is b%sed an a‘one*dimgnsfongl
| fléwz‘ L \ | ~. _
i - g ‘_g)x The velocity and preSSure of the fluid are uniform

»‘:'over a- transverse cross section of the conduit

R \1' d) Uatarhammer pressure waves and cavitatioa which may ‘




| be applled ' - , - _,Z e

f) The flqid/pﬂh({;l device (valve, seal, or gate)
moves in.a direction normal.to the flow direction and hence,

.the folq0wing equation resu!ts' 15%;”x|

- 774

e) . PresSdre Fluctuations due to vortex shedding are

negligible compared with the hydrostatic and fluid iner;ia?v

pressure.

the pumping action can be neg1ected.‘ For check valves which

hove_in the direction of ?10w, the flow is basipal]y around
the valve plate and apy pumping aetion which exists'is

neglected.

g) A]thouqh the added mass effect depends on the rela-
tive pos1t10n of the moving parts with respect to the conf1n-
ing surfaces and perhaps on the frequency of osc111at10n, it

is taken as a constant 1ndependent of frequency and amplltude

of vibration. ° -. ‘ :

hf System- losses are assumed to be turbulent.

“
~~

3.5.2  Fluid Dischargé During Vibrations

« -

Figure 3.16 shows a diagrammat1c arrangement of a

#

hydraulic control element (valve, gate, Or seal) in & condurt
lof varyang cross section S1nCB ‘the f?uid is assumed to be .

,inqompre551ble, Bernoul]i S equaf1nn for unsteady f%ow can

RN If &ernou]}i svequatiOn is applied at points l and 2*

[

Pyt .

“I
e
- -‘

. :4'«.,
..

.
R
z
“

P, w2l R
= 4 fi + h PR 112 3% ‘:”%':3??¢f"" q
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\\ .
N
\\
where: ) \\\‘
.Pi is local stqfxc pressure at section i; /
F ‘1s mean fiufd. {f1oc1ty at section i3
hfij ”represents the flow losses between thé two
sections 1 and j dhg to friction,  entrance,
sudden flow area changes and other minor losses;
Ijj is tHe fluid inertance between the two sgctions .
i and j;‘amd |
q . is the fluid flow rate.

Also between sections 2 and 3 gives: Q‘
L2 2 ~ : |
P v P v
._3 . 2 = ——§. ._c . dJ.
s "7 -7 o tzg Myt 123 at
!

3.1

where v is the-velocity at the vena contracta throdgh the

c
control element which has flow area ac; contraction, coeffi-

cient Ce» and velocity coefficient Cy

Between sect1ons 3 and 4 the jet is diffused traﬂs-

>

‘verse]y uritil 1t completely fills the ﬁownstream p1pe 'As

RN

the flow expands in the downstream djrect1on, the pressure
increases to supply the retarding force. necessary to decrease :

the momengum flux., Bernoulli s equation betueen these two

N

" sections gives: : . v
. L - g s N
L iy S ) s
P ¥ »P v i : o : _
-.-3..4» L __9_4...1-}" ’ ...I ig_ ' , 3.]‘2
s T 2% g " fag- T34t IEPREE
‘anaily betwean sections 4. and 3 results ‘n. o
P, ﬂ;vazi‘ fps ‘n °2 L u”gﬁ ‘ﬁ:ﬁgﬂ'i f.w.*;: 1!‘?
T 1% T T ’5,'2'5 * "f“: ¥ Ils dt Loty 3B
-‘ . .. B C . e - j : ©ow . “ £ "m i L :\ LY .‘, ) a
T AT "



The continuity equation’ is ,

q =\*°272‘ = Ve Co 314
From equations 3.11 and 3.14 . -
K P - p '.: . B
L2 . 22q9.'2°"3 dq ‘ 3.15.2
Ve v x L= - Iz &t/ ‘
where K
, c.a_ 2 '
A os - (5 ; and e 3.15.b
! 2. .- N .

a is the cross-sectional-area of the conduit at sec-
tion i. © o :

éﬁuationg 3.10, 3.12, .and 3.13 can be Eombinéd‘tdgéther:in

“the form of: B a
) ' ‘ |
o P,-P, P.-P o ‘
‘ 2.3 ] 6. . : d e J,2 2
—= = S gt ) S (he +hg thl ) - S={vo-ve)
g o - ‘TZ 347457 dt N f12 i":,“4 ~fas ng 2 ¢ o
, | 3,16 .
Substituting into equation 3. 15 gives the followind ) _
' P P : AR
| 2 . 22 1 i, d B RTA
B RS LA RS I . *
where ‘
. , ,
| - R S i
h Al h . AN i .
f " le ‘+ hf34 + hf45 -9 . A .3.]7.‘!1 o ""'!
Dox Iy Y I23'* Ty *45 2 R AL
. -, ° . . . ’ " i [ . -, )

v . . - o i

nomog o

L . » The head lnss dun to tha ;udﬂdn expansioo tan be. .
ff'« jf,;i ,estimytad anaiyti:ﬁlly by tﬁﬂiying thc‘:onpntun.nqnation. f ‘ .'3
3 ;;” w:llt is usnful to %ﬂggiﬂa 2. control woluﬁt %nclasing thq ;}';'1.,
fiuid Jast dcwnstrQin of fﬁtségnggaj davtcc. This coutret fﬂf%;:
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’ b ‘ !

¢ .
volume is shown separate1y in Figure (b) with one end
(3) at the entrance to the large conduxt’and the other end
(4) far enough downstream to be in a reqion of paral1e1
flow. Noté;ghat twolregioné hay be specified in the?cdhtroj
vo?bme- one which appears as a highly. irregular Flo& éhd.
the other a region hf'reasonably shooth flow:ﬂ Because of
the high turhuience aqd‘mikinq ac;ion in the pocket of fluid
there is little recovery of pressuhé from the kinetic,energy
of the fluid enter1ng from the main’ stream Instaad, the
kinetic energy 15 dwss1pated dnto internal enerqxnaﬁduheat
transfer‘ The oressure 1n ‘the pocket thus tends to rema1n

'eqqai tp the Iow pressyre P3 at the point of sEparation (33)

’ If shear stresses are neg]ected the momentum

equatxon for the above control volume becomes,

e Poa m a2 2., — S g.,
P3d P 4 Da4¢4-pcav +Oa4 34'&%' 'i . 3.]

"Upmlusing ‘the momentum equat1on (3. 18), Bernou111 s ‘equation

h

(3.12), and the cantinuxtv equation (3 14), the solution for

T
h . ‘, ':, l . "—\
f34 is. . 2; " ) ! .k» .. ,.-: P
h, ’”‘(1‘7&4)2' . ST T e
f34 ﬂzg' B Ce? c I - S ‘7'v

A

Since flow Iosseﬁ are, properttonai to velocitv head, the losses

and velocity heaas can be combfned tngnther 1n the form of

-

m-v% 5% m

t‘. AN M

uhera v 1: a factpr uhieﬁ aecmmts for flon 19::#_5/ ahd * Ff‘ .

.
- .
P . , {

, |
Lo :.. B
* " N

“
£
LN
i
i
e e P ’.‘
Tig . [
4
¥
F
}
4
3
v
3
.



a, and length L.,chen the equ alent length (19) L* is .

.79

velocity heads referring to section 2 of th conduit, i.e.

s

the friction factor of an equivalent pipe of\cross-sectional

'area'az, average flow velocity Voo and characterized by the

same losses and veloc{ty head as the actual system {31).

Hence ¢ can be written as:

a oy

2 2 i
v = 1 - @___ + at s . 3.21-
. ctac Z i ag 4

where

v. is the loss factor for conduit i whose cross-sectional
1 . . .

area is ay.

SimiTar]y, the,}nertia head-éaﬁ be replaced by a

equivalent term: . = " o - N

 dg - LY dg VR 3.22.

< ! dt,  a,9. -dt -

L* is'the—Tength of~the pipg‘of constant‘crqss-sectional area

qzt that has the same inertia effect as the actual system"

If the cdnduit consistﬁ of sections\of dffferent crnss section

A

L L L ) o . RN , '
i ;

L* = a, I — ce CL 3.23
‘Substituting equations 3:14, 3.20, and 3.22 into 3.17(a) -
gives: P T

- Y . 2, 9w - . o ;

Sz“ - Cﬁ 35‘529 %;x9-¥? g% ’%‘;%gl.ﬁ\ﬁ~-:;r 3.2
ﬂhere ;QA.izj : 1¢.:x;‘“g.t # l.}u.::w.’ SR B

cq 1: thb 4ttchtrga :oeffictcnt cgccv): R ";5’J'5€ -

&

" o A,P ujm tom ﬁy&nosga&tc pmwn er iewu th

Y AR




3.5.3 Elastic Structure Modelling

.
e oipiivioteon - .

o *§§4fv¢ccoa

syster.
Equation 3.24 is a ron]inear first order differ-
ential equation.which represents the fluid discharge through
the controf,e]ement as a function of total static pressure
drop across the system, loss -factor, fluid inertia- factor,
dyn%m}c discharge coefficienf, and. degree of opening of the

control”element. -

L !

LY

i

. I
4 The hydraulit_contré? deyice ig modejled as an
ela;tic sing{e degree of freedom §ystgm;, The opening gap
of thé cdntrol device, beiﬁg.measured in the direction of
‘open1ng, is t;ken as the gengra!1zed co- Ordinate Hence,
the equation of motion of the vi rat1ng body in a generd’l
“form 1s* h‘ :
T MK+ ek + K(x - X ) ¥F = 0 | S 3.25
For certain cases this equation. owing to the type of )

contro1 device, may be regarded as an equation of force
'ba]ance. In cases where the control element rotatas. it
represents an equatien of momant ba]ance " The, generaiized

co- ordiﬂate x may be: either 2 translational or a rotationa?

displacenent of thg 3xstem.‘ It fo]inus thgt M c. and K nay e
\r!prcscnt reﬂud§ﬂ7n§ss' danping ferde coefftcient » and {'-:
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. linear spring stiffness or reduced moment of inertia, damping
*torque coefficiént, and torsional stiffness depending on
whether the ‘generalized coﬁordinhte is a translation or a
rotatién respectively. This assumption helps in génera]izing -

the present probem for further analysis. ,

The hydrodynamic load F in equation 3.25, not includ-
ing added mass (or inertia) and damping effects, is given by
the integral of the pressure difference across the control

element over its area.

o Fo= J“Ap ds o7
r R i

, *
i S

The pressure difference, 4p, is the result of four différenf

. components, as described in section 3.3; these components

'briefly are: ) !

L a) tatal statlc pressire drop across the system,

AP = P.| - PS’
- \ - R
b} inertia pressure of thé fluid, r%% ;
e c) local high flow velocity effécts and

d) system losses which are assumed to be turbuleﬁt.
For—simplrcity. the hydrodynamic load 15 reptaced by an

average pressUre differenqe acting upon the control element

.
4.

whose arca 1s s. Hence. the differeht1al equatiou of notion.
K equation 3-25 becnnps -?‘f; e' :,254 f} f o o
Hx + Cx ‘F K(x-m ) ¢ c,s:ag.,p—lz— q( %?-.; ] . '. 3.26

nE
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and the fluid discharge through the control element is given

by: 2 . < )
2 _ .2 % 5Py 42 2L* dq
q = Cd . [ 29 Pl —7 - 2, dt] ?8.24
2 .

In the equat1on 3.26 C is a coefficient resulting
from the integration process over the surface of the vibrat-.
ing body. This coefficient depends on the type and qeometry'
of ,the control element under consideratfon (valve, seal, or
gate). For example, in the case of seals, which have a very
complicated geometry, this coefficient reduces the elementary
pressures to a force acting at an effective centre of effort,

The system dynaﬁic behaviour is governed by equations
3.24 and 3.26 which are coupfed,,non-lfnear differentiéf
equations. A non-dimensional. form o? tﬁése‘eéﬁatﬁons would
assist in generalfziné the presenttprobleﬁ., In addition, the
}esults‘can also be presented in a more compact and meaning-

ful way. . S » }

i s .
.

.3:5.4 Non;DimensionaL Analysis

V-

Before non-dimensionalif¥ng equations 3.24 and

‘3.26 it_is,necessary to introduce the reference quant1ties

Ky @ps d, Ap-and g " Thé referente frequency, w 'xis
related to-the reference sttffness,'Kf; by: - |

Any characteristic dtmension of flow COntrn} device can be

, et
>
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taken as the'reference dimension, d, which should have the

!

same units as the generalized displacement, x. It may be

an angle of rotation when equdtion 3.26 repreaents'a moment

- balance (check valves or seals); in other ca;es,'when'the

¢

governing equation is a force balance (gates), it may
fepresent a characteristic length. }The opposite is frde

for C., it may be either the moment arm for the case of
moment balance por a dimensionless boefficient Fqua1 to“ﬁnity
for the case of force balance.” According to these defini-

tions for C. and d, the product (C.d)'is in length-units

for both cases.~ Then; the reference pressure difference,

A8 : : .,

Apr, is defined as:
APy :,u% °(“rlcid)2 , L 3¥£iib)
- and the reference flow rqté, Q.
= 2 "'A Yo-. J
9 °2 [2g%Pr
o 1 ;
= 32 wr C'i' ‘,d | ‘ ’ ’ ‘ ) 3.27A(C) .
“where D 1s the fluid densrty '
If the width' of the control device is def1ned by W, the “’;
f1ow area, a_ ., becomes: o 4 '
L C,v T o »
2 =~Hi¢ ST saee(a)
when x is a linear displacemenb and n 1engtﬂ-un3t§. o L
. \ - -
’ If X represents an angle nf rotation, eQuaz¥on 3. 23(1) e
Abecones. .; S P - - P
i-'ﬁc Sx oo R . f 3 28&#}
C e . -
-~ ' .—’ . ) .. ”;“:} , ) o - -‘” ﬁ-. . '.. I .‘ ".~ _‘-;“f o ‘:‘J.";""'
, " :." ‘ x:‘.h" S Lo AT 5 \u,“‘a . \i k .}" et
2 o B ﬁt 3 N




Then, the dimensionless guantities are:

discharge q = q/q,
pressure 4P = aP/aP
stiffness K = KIK,
displacement x = x/d

. _ /7
time T = ‘rt

From eauations 3.27, 3.28, and 3.29, the system

equations 3.24 a;H 3.26 become:

2— -
§—§+2C%§‘+K(X—B)+']2’Ui—u§"\ha -
&
-2 —
=2 2 X 5 =2 do |
@ ‘e 7o v s ]
-C X

with an 1nertia factor
a = 2L*/C1d
damping factor
£ = C/Zer

initial opening factor

g = xO/d
and mass ratio factor
. 3.
C.-
B - esd

where n is eijther

"n = ?2’”“ o

" when d has the units of length, or

n = ?2/Sd

3.30

2

3.31 '§
3

N .

- ’ /\\;z
3.32(a) :

4

E

3.32(b) -2

3

3.32(c) . 3
©3.32(d) é%
, . .

- 3.32(e). ..
©3.32(1) :
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. .
when d is a rotation ancle.

0 3.5.5 Parametric Studies .
~ ¥
. A simple mathematical model for hydraulic control
¢
devices has been derived from first principles. Since

several parameters are iptroduced into the governina ecuations,

L

a parametric study for these eauations should be a further

understanding of the different cases in which this model can

be applied. These parameters are: .

a) ‘'stiffness . . . . . . . .. .. Coe e Y
b) initial gap opening (no load openiﬁq} - .
. ¢) hydroséatic pressure differencs .A. RS-
d) damping . . : . f Coe ; ST T~

) ef inertia ... . .'. B
£y Toss . . .o oL ; v

, g) mass ratio . . . . . .. .. L L. . . . wu

| h) dynamic discharge coefficient . , . . . . Cd:

Each parameter will be studied Y%n tura while Qeeoinq the

other parameters constant. The system'é differential equa-

t

tions are solved qumqricalTy“b} the Runae-Kutta Method (26).
The~numerica} values of the par%mete?s used a}e.noted in
_Appendix B. ‘ 7

’ a) Stiffness (K)

Y | The stiffness parameter is aefined hy the ratio 0%'
the §ysteh stif?ness‘tothe referénfé stiffness. The dimen-

“sionless displacement (X) is plotted-acainst *thé dimen-

- o
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tag

sionless time (1) in Fiéure 3.17 (a), while the phase plane
15 presented in Figure 3.17 (b). Fiqure‘3.17 (c) shows the
dimensionless discharge (q) againgt dimensionless diizlﬁ;e-
ment. It is clear from these figures that increasing the
system stiffness causes the following:

1) The amplitude df oscillation 1ncreases while the
frequency decreases. This is in contrast with the effect of
increasing stiffness in free vibration and shows the same
trends as observed experimentally.

2) The control device opens faster and closes slower
than 1n cases characterized by smaller stiffness. This is-
attributable to the fact that the spring force is the driving
force during the opening and the resisting force during the
- closing part of the ;ycTe. This phenomenon is exemplified
in the phase plane plet, Figure 3,17 (b}, wh§re the control
device has higher velocities during opening and lower velo-
cities during closing. ", ) -

3) The area enclosed by the curve of discharge against
displacement, Figure 3.17 {c), increases, and hence the
energy transferred to the system per cycle increases. This
results in increasing amplitude oscillations until the-ppint
at which the net energy transferred 'to the system is balanced
by the energy dissipated by damping for;¢s and the kinetic
energy lost in' siamming. . - '

4) « The maximum f1oy rate is increased although flow

.
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re-estabTish%ent is more delayed. This results in higher
fluid inertial head in the last few deqrees of the closing
portion; in increased slamming ve1oc1£y, and in higher values
of waterhammer pressure waves subsequent to closing.

]

b) No Lead Setting Factor (8)
Fiqﬁres 3.18 show the same curpes as the orevious
case, but the no load setting factor is taken Qs the variable
parémeter, holding the other factors constant. Theg effect
of an increase in initial settinglis similar to the effect
of an increase in the system stiffness. This is illustrated
by equation 3.28 where the dimensionless spring force, Foo
is: A -
(x - 8) ‘

'n
"
=]

= - K (8 - Xx)
Since the dimensionless displacement, x, is smaller than the‘g
parameter 8 over most of the cycle, an increase in the para-
meter 8 or K should have a similtar effect on the results of
the model. < v"'/

The above fiQUreS show that the opening time of the
control device is indepe”ﬁent of the initial gap opening,
“Figure 3.18 [a), although an increase in the system stiffness
results in a dacrease in the opening t}me. Figure 3.L7 (a).
This is expiained by the dependénce of the naturél;fre;uency
‘of the system«on its stiffness and the faét that the centrol

element resembles its natural response in-quiescent fluid
)
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during the opening portion of the cycle. Thus, an increase
in stiffness increases the system's natural frequencv, result-
ing 'n a shorter opening time. On the other hand, the system's
natural frequency in quiescent fluid s 1ndependent qf the
initial gap opening. Hence, the opening time stays constant
with differentsvalues of no load setting factor (8).

c) Hydrostatic Pressure Difference Factor (:P).

There 1s no need to carry out further parametric
studies for this factor since its effect is obvious from
equation 3.30. An increase in hydrostatic pressure difference
should 1éad to a decrease in amplitude and period of oscilla-
tion, i.e. it has the opposite effect of anm increase in
‘"stiffness or initial gap §etting. The stability map of the
check valve, Figure 3.1, shows that an increase in stiffness,
initial gap setting or a decrease in hydrostaticdpressure

- - “_..
difference should have similar effect on the va}we's,dvnafuic’;

- A

behaviour.

d) Damping Factor (%)

The ﬁode1's behaviour with different values of
damping factor is the sam® as the behaviour of any mechanical
system. Simply, decreasing the dampiﬁq factor results in a
decrease in the energy digsipated by the damping forces whié%
inriurﬁ'causes an oscillation of incréasinp amplitude apd
velocity until a balance is again achieved between energy
dissipated and energy transferred to the device from the

flow. Figures 3.19 show the system's behaviour fpr different
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values of damping factor while the other factors are kept
constant,

.;) Inertia Factor ()

The’inertia factor has a very significant effect
on.the system's behaviour. As defined from equation 3.32 (a)

. ) . ¢ A
the inertia factor\is:

13

2L*/%1d 3.32 (a)

where

} —
2

L* =

I

a
2§ ay

<]

The equivalent length, L*, depends on the geometric properties =«

of the system under consideration. For a control devief in
a pipeline system,Aa35uming that the up§tream and downstream
pipes have the same cross-sectional area, the equivalen{~
length can be written as:

L = L o+ L, + 1 2
Tu d voa,

where -
- 1 .

Lu is the upstream-pipe length; L
Edris the downstream pipe length;
VV is the jet length through the control device, which

has vena contracta c%oss-sgctiona] area a; and

& +ts the pipe crosS-sectional area.
In the case of pipelines, since the jet equivalent length

is very small in comparison with total equivalent length, it

. can be neglected. 'Bbt in-the case of seal vibration, the

-

. L J .
S et 2

2 D

i

(R bic ey 38 e bt sl
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upstream and downstream equivalent lengths a;e nearly zero
and the jet equivalent length becomes dominant. The inergia
factor in this case s;ould be a function of displacement
because the jet cross-sectional area, av, i§ a function of
the gap opening and pressure difference.

For small values of inertia factor, the flow 1is
more readily re-established. The fluid diséharqe becomes
mearly in phase with the displacement, i.e. the maximum
f]ow rate is reached at the maximum angle of opening, Figure
3.20 (c). At the beginning of the closing portion of the
cycle, the discharge rate of change reverses rapidly. The
result is an increase in the closing hydrodynamic load and
hence, the closing time decreases dramatically aé shown in
Figure 3.é0 (a). _

Generally, as the 1nert{a factor increases, a lag
develops in discharge re-establishment, the vibratignal
wave-forms distort, and‘the amplitude, period of oscillations,
and slamming belocity increase drématicalf?% The onening
time of the control device remains essentially the same
since the spring stiffness is unchanged. The parametric
resu]t; of the model with different values of inertja factor
are shown in Figure 3.20. T
f) Loss Factor (u)

In this analysis turbulent flow is assumed to exist

.

in the system. The toss factor includes all kinds of losses

-

*. v .
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Figure 3.20(c). Parametric Results of the Model: Dimensionless

- Discharge vs Dimensionless Displacement for
Different Values of Inertia Factor.
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wh%ch may occur in the system_'such as friction in conduits,
entrance, exit, sudden chénges in cross-sectional area,
valves,‘and elbow 1osses. A1l these losses are taken as
.constant sfnce«the:; is apparently no information concerninéi
the variation of turbulent losses under unsteady conditions.
No sidnificant effect deriving from the loss factor has been
observed on the vibrational! response of the system. An
increase in the loss factor r;sults in a slight increase in
the period of oscillation whi]e'the amplitude and wave-forms '
remain essentially the same.
g) Mass Ratio Parameter (u) . ' ' Y
The mass ratio parameter repregents the density
ratio between the working f]uia and the vibrating structure
material. Its value can be varied over a wide raﬁge since
the working fluid may be gas or liquid, and the material of
the vibrating structure.can be either steel (valves and gates)
or rubber (seals). EQUaéion 3.30 shows that the exciting

hydrodynamic load is a function of the mass ratio parameter

and hencas it should have a significant effect On’theadynamicﬁ

be;aviour of the hydraulic contro] devite. Figure 3.21 shows
the system's ;response for three différent fluid media. The
sblid line represents the system's response under the~action
of water flow while the system's behaviour under the action
of air flow is represented by the broken Tine.

For small values of the mass ratio, as in the case
. - \ - .
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of air flow, the fluid inertial head over small openings_is
relativelv small compared witp thke static head. Hence, the
Vtotal hydrodynamic pressuresdifference is not sufficient to
close the control device against the e]astié force. This
results in damped oscillations which virt@ally resemble the
natural response of the el%stic structur n a quiescent
fluird. '
For the case of heavy gases, Freon for examp]ef

the fluid inertial pressure becomes more-significant and

provides an extra dynamic pressure which can force the

control device to close against‘the elastic force. Since

the fluid inertia is small, the maximum discharge during the _

-

cycle of oscillation occurs almost simultaneously with maxi:ﬁ
mum opening.ﬂ The f]oy and therefore the hydrddyn@mic closing
load rapidly become re—estab]ishéd and accelerate:the control
device towards its seat. |

For water flow which has relatively high ma;s ratio,
the fluid takes 1onger to re-establish itself. A lag
" develops and the maximum discharge occurs sohetime after
the co;trol device has reached its maximum opening. This
results in an increase in ampTitude and period of vibration.
In addition, the closing portion becomes much longer than

the opening portion.
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h) Discharge Coefficient (C,)

{

_Experimental observations in the fiterature have

<

shown that the static discharge coefficient of fluidic
contro; elements is displacement dependent, (11) and (13),
while thgadynamic one is displacement and frequency dependent,
~(21) and (32). F;r the present, the dynamic discharge coeffi-
cient:is taken as a constant to demonstrate that the system's
instap{lxty is not necessarily attributable to the linear
variation in discharge coefficient which has been assumed
in recen£ papers (9), (14).

Since the elastic force dominates during thé'opening
portion of the cycle, the dynamic discharge coefficient,
which has been assumed to be.constant here, has a slight
effect on the amp]ituqe‘of vibration and the opening time
remains constant. As the dynamic discharge coefficient
increases, the flow is more readily re-established as seen
in Figure 3.22 (b), and hence, controls the closing part
of the cycte. This result is shown in Figure 3.22 (a) where
the closing time is much Tonger for the hi;her value of the

P

dynamic discharge coefficient.
<_;J?

v ‘ Y




CHAPTER 4
. MODEL APPLICATIONS AND COMPARISON

WITH AVAILABLE EXPERIMENTAL DATA

Although 1t is impossible to establish a mathematical
mogdel which 1sr3ufficient1v general to reoresent all tyopes of
fluid control devices, a single model cam represent auilte a
variety of such devices appearing to have the same excitatyon
mechanism. Accordingly, the model developed in the‘DFeviOuS
chapter is applicab]e for any fluid control device with a
jet flow mechanism of excitation. The model has been deriveéed
in auvery simple but general way; hence, the parameters
appearing in the differential equations of motion can be
calculated for any oroblem under consideration. Swina check
valves, plug va]ves.'d~bu1b rubber seals, and hydraulic aates
with-a skimmer wall are some examples of devices havina a
mechamism of self-excitation which can be explained by the
proposed model. Only two abplicat1ons, check valve and seal
vibrations, are studied and comoared with the avéi]able
experimental data.

4.1 Swing Check Valve Application

4.1.1 System Under Consideration

T

The experimental circuit used in reference (11) is

shown in Figure 4.1. The required pressure was obtained by

M- Tetn g mmmw‘v

N gl M ooy o e~ ¢
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using a constant-head water tank. A six-inch diameter stee!
pipeline was connected to the constant head reservoir and a
gate valve was used to regqulate discharge. At the entrance
into the pipeline from the high level reservoir, a short
cruciform was inserted éo prevent the development o? a
vortex. ‘Also downstream of the gate valve a longer cruci-
form was inserted into the pipeline to prevent the secondary
flows in the p}peline.

Two identical transition sections were used to
transform the six-inch diameter circular pipeline cross-
section into the 6" x 9" rectangular cross-section of the
test section. The cross-sectional geometry transformation
was affected over a length of 12 inches and ?he&f1ow was
a1lowgd to develop over the remaining 24 inchés o% rectan-
gular pipeline, A double-screen filter was installed about
" 20 inches from the test section inlet. The nuﬁerica] values

of parameters are indicated in Appendix C:

4.1,2 Discharge Coefficient of the Valve

Adubi {(11) has conducted steady state'expgriments,
in which the valve was held fixed at different angles and
revérse flow through it was measured. Then he derived the
rgverse discharge coefficient, Fiqure 4.2. It is clear that
tie static reverse d}s harge coefficient does not apply

quantitatively under t unsteady flow conditions of valve

.
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of Opening, Ref. (11}.
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3
A
oscillations.

Daily, Hankey, and Jordaan (21) have taken into
account the effects of fluid inertia, and have shown tﬁat,
for water flow through square-edged.orifices in pipes, the
discharge coeffjc?ent increases when the flow’accelerates,
and decreases when the flow decelerates. Mc¢Cloy qnd
Mchuigan (32) have examined experimentally and theoreti-
cally the combined effects of time varying preésure drop
and orifice area, and sipce in this case fluid inertia

" effects did not account for all the flow rate reduction, it
- was deduced that the orifice coefficients must be frequency
dependent. At present very little is known about discharge
oefficient variations in uns;eady fluid flow, and the ,
Xxact nature of these changes cannot be accounted for in
his ana]ysis./// : ~
X ~
4.1.3 Model Results in Comparisonewith Available

Experimental Data

The parameters included in equations 3.30 and

3.31 have been evaluated for the system under

3

Figure 4.1. The numer1ca1 values of parameters are given in

Appendxx C... The parametr1c results of the model and the

onsideration,

‘s A

DR T 7L AW PPN

-~

exper1menta1 data are shown in Fiqure 4.3, In Fagure 4.3(a).

~r

the: max1mum d\splacement of the valve 1s plotted agalnst the |
» N
equ1va1ent spr1ng st1ffness. The frequency ratio 1s ‘plotted
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against the equivalent sprina stiffness in Figure 4.3(b).

Figure 4.3 shows that the results of the model and
the experimental observations behave in a qualitatively
similar manner. 1In addition, a close prediction for amplitude
and frequency of oscil]atfon can be oﬁtained by the model.

Thé valve behaviour with certain parameter values can be.
‘eithér stable (in the sense of opening or closing) or unstable
(exhibits a limit cycle oscillatidal.

The valve instability ts due to the high rate of
change of discharge over the last few degrees of the closing
portion and the.hysteretic hydredynamic loading reSu]tin%
from fluid inertia. These results are shown in Figure 3@}7 (c)
which agrees with‘fhe exﬁerimental observatians repo?ied by
Weaver and Adubi (12), Figure 3.3 (a}. ‘

' The model has'Seen derived from first principles.
and someda§sumptibns have been made for pdrposés of simﬁl%city
(see section 3.5.1). Tﬁe fluid phenomena which have been
neglected in comparison with static, loss, and fluid inertiai
heads must have a small effect on the hydrodvnamic load in R
view of.the good agreement with experimental observations.
.The.discrepancy is undoubtedly largely due to the approximation

maqe"regarding the dynamic discharge coefficient. Hence, it

~
-

is unreasonable to expect complete agreement between.the
model and experimental data.. More research is necessary in

order to develop a better under&tandipg of discharge coeffi-
- - .
e '

o
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.cient variation under conditions of accelerated and decele-

rated flow.
:

LJ

4.1.4 Effect of Design Changes on the Vdlve's

Dynamic Behaviour

‘The theoretical model of the valve has shown that

tK@“&il:gtion could not be eliminated by adjustments of
stiffness, damping, initial setting anale or other parameters.

Only a change in valve geometry which changes the discharge

+

charactéristics, may p§ovide7re1ief from the dynamic insta-
bility. Adubi (11) has examined the effect of various changes
in the design of the valve. However, it could not be known

beforehand precisely how each modification to .the valve

+

geometry would modify'the flow rate to achieve the desired
result. In this séction the theoretical model of the valve

is used to predict the effect of geometrﬁc design changes

on the valve behaviour. ;
The discharge must be reduced more gradually over

DU ebumisunnnticittistmuns oot It Y50 o g I e

a much greater angle of closure so that there"is no sudden
;ise iﬁ ¢losing pressure difference across the valve.  This
can be ach{gved by desigh%ng a small flow area (qv) with ‘
Tower. value of discharge coefficient over small angtes of - ’VJ/f
vaive opening. Thetproposed:ﬁesign by Adubi (11) of:a
vibration-free swing éheck valve is shown in Figure 4.3.° . o
The fiow area agaf%st the\aﬁg1e of valve openirg of this

o, A N

»
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Figure 4.4, Suggested Vibration-Free Design of the Swing-Check Valve -
) " with Spring Damper, Ref. (11). '
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désign is ghown in Fiéure 4.5, Inserting the flow area
during vibration into equation 3.30 aﬁd using a small value
for the dynamic discharge coefficient (Cd = 0.5) resJ]ts in
stabitizing the valve dynamically. Figure 4.6 shows the °
valve reponse for the same case shown in Fiqute 3.17, .
K = 0.5. This represents a point in the lower sub-region

of the stability map, i.e. the valve is statically stable

in the sense that it sta}s.clased. The modified valve
slammed shut, bounced weakly once and remained shut instead
of executing 1imit cycle oscillations. On the other hand,
Figure 4.7 shows the valve's dynamic response for the case
shown in Figure 3.17, K = 1.3, which is represented by a,
point inh the upper sub-region 0? the stability map. Hence,
“the valve is statically stable in the sense that it stays v
open. The valve with désign changes slammed shut, hounced

back and remained open at a small angle instead of execut-

ing 1imit cycle oscillations.

[ttt ms S DN N AL 5 <157 . © sl R A

The mathematical model can ‘be used to p?;dict how

modifications to the valve geometry modify ‘the vallve's
N
dynamic stabi¥Yity behaviour,.

4.2 Application to Seal Vibrationz

As explained in Chapter 1, many cases are known fin
practice where’ the gate seals develop self-excited vibrations
over a wjde range of operating heads. Seal vibrations may

be due e‘ither solely to a jet-flow mechanism; Figure 1.3(a),
AN / - , :

!
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{b), or to a combination of jet-flow and eddv mechanisms, ¢
Figure 1.3(c), (d), depending on the seal confiqguration.
Seals with a jet-flow mechanism of excitat}on can be
described mathematically by the proposed model. In this
sectioq the ‘proposed model is used to predict the dynamic
behaviour of J-bulb rubber seals. Preliminary analysis

has shown that the model results are in aood aqgreement

with the experimental data given by Lyssenko and Chepaijkin

(14).

4.2.1 Inertia Factor

The inertia factor is one of the most important
parameters to be considered $¥ different model applications.
Although it has a very high value for valves 16 pipeline
systems, its value is relatively small for the case of
seals. The inertia factor, as defined by equafion 3.30,
depends on the system equivalent length, L*, which was
defined -by:

L = L o+ Lyt

In application to check valves, the upstream and downstream
equivalent lengths, Lu and Ld, dominate. The jet equivalent
length, azlv/av, can be neglected and hence, the system

equivalent length is considered constant during the cycle

.of oscillation. When seals are considered, the equivalent

Tength is mainly due to the jet of fluid through the controj'

iy g LR T

i e .

~

ket



device. The upstream and downstream equivalent lengths are
negligible in comparison. In this case, the svstem equiva-
lent length becomes function of the vena contracta area, ays .
and jet length, lv, which in turn are functions of seal

displacement and frequency.

4.2.2 ﬂodef Results in Comparison with

Available Experimental Data

There is little available information concerning
the j1et length and vena contracta area for seals eswecially
under unsteady flow conditions. For this reason the jet
equivalent length has been assumed to lave a relatively
small constant value over the whole cycle of oscillations.
Fiéures 4.8(a), (b), (c), and (d) show the model's results
applied to seal vibration, The numerical values for para-
meters are noted in Appendix D.

Figuré 4.8 (a) shows that the seal oscillation is
not of a §imp1e harmonic¢ nature, although the frequency of
oscillation is close to the natural frequency of the seal.
The opening time is longer than the closing time. This is
undoubtiji‘ due to the small inertia factor which results
in smaller values of fluid inertial head and phase shift
between displacement and discharge. The maximum discharge
.during the cycle of se§1's oscii]ation occurs almost giﬁu]-

taneously with maximum ooeninq; which contrasts with the

e
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beﬁa&i0ur of checi>yalve., Both the flow rate and the
hydrodynamic closing load rapidly become re-established.
The closing load due to static pressure drop plus inertial
he?d then accelerates the seal towards éts seat. Hence,
the seal c105g§ rapidly executing a higher frequency of
‘osc%1]ation than that for valves with greater values of
inertia Fgctor. This ré;ult is shown in the phase plane
plot, Figqure 4.8(b), where the opening velocity is slower
than the cfosing velocity. Tﬁe small phase shift between
the seal-displacement and flow re-establishment is shown
in’Figurg'4.8(c). The hydrodyqamic'oressure difference
facross/;he valve during a cycle-of oscillation is shown
ﬂdn Figune’4.8fd): The area encgaseﬁ is proportionaT'to
the energy transferréd to the seal per cyclee Note that
the)minfmum pressure difference is not a great_dedl Ies§
than that at_s%al ppéning. i
| Thus, the theoretical model shows .that fhe seal
.?stillates with é frequency {21.7 Hz) which is close to its
natural ffequency'(18.7'Hz). This agrees with the experi-
ménta}‘data given by Lyssenko and Chapajkin (14). They
have reported fhat the J-bulb rubber seals vibrate in a
periodic non-sinusoidal manner with a frgquency range from
10 to 390 Hz. In addition, thg oscillations are éonsidered‘

dangerous sinfe the seal frequenéynénd the natural frequency.

of the gate and its parts could coincide.
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4.3 “.Gate Vibrations

[

It is known that hydraulic leaf gates and gate
valves may be subjected to various modes of Selfiexcited \
Vibrations differfng in their physical characteristics and
in the conditions under which they are generated. The jet
flow mechaﬂjsm as descr%bed in Chapter 2 produces the |
horizontal vibrations of partially ooeﬁéd hydraulic leaf
gates with a skimmer wall. Also, if a vertical leaf gate’

e .

or valve is operating under very small openings, the flow

separation and reattachment to the gate hottom is prevented

" and hence, the eddy mechanism of excitation is no longer

valid. Vertical gate vibrations ynder such conditions are '
caused esseﬁtia]Ty By the jet-flow mgchanism; )

The proposed model 2?” be used to depict the staqi—
lity behaviour of-hydrau1%c gates un&er the action of a- |
_jet-flow mechanism of excitation. Such appljcation is
.éonsidered beyoh& the scope of the prgsént research since
- . the model must be developed using the ﬁpBroprJafe desiign

characteristics and eX¥perimental data.



) CHAPTER &
CONCLUSION

The neqativeﬁy damped simple harmonic oscillator
proposed by earlier researchers must be ruled out as poSsible
machanism of e;citafion for many hydraulic control devices.
Such a mode]’is‘not-capable of predicting certtain important
aspects of the observed behaviour. Thus, the hygrodynamic
load cannot be expressed mathematically as a-simple velocity
dependent component.

‘ A sem1-emp1r1ca1 model for check valve V1brat1ons
has been developed which shows that the essent1a] features
of the observed behaviour can be predicted by representing
the hydrqd}namiq 1oad_ae a di§e]acément dependent foree.
This djeplacement déﬁéﬁﬁent comeoqent.causes a deceeas%iin’

» frequency”pf osciilatign witen the gpr;ng stiffness ieeyeaseel
Although this phenomehbn is'in contrast w%th free vibration,
it agrees’ with the exper:mental observatlons While this. '
mode1 presents encourag1ng results. its general app]mcab1}1ty
is lim1ted by its lack of a f1rm bas1s in fundamental pr1n~‘

- ciples. . . ' T

Thus, fufther researeh was conducted to develop .a

- |
- general mathemat1cal model for ﬁyﬂraulﬁc control devices

-~

from first, principles: Thls modeI can be applied to any',

.control device with -a Jet flow mechanism ‘of excitatlon

5
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Unsteady flow phenomena have been taken into account in

Jeriving the model's equations. A complete parametric

”-study'was unqertakén to show the influence of each parameter

on the model's behaviour. The model was thén tested against

available experimental data for check valves and seals. The

1

results were found to be in good agreement quantitatively
with the available experimental data reported by Weaver ét'al
(34) and qua11t&t1vely with that of Lyssenko and Chepagkin

(14). The quant1tat1ve data of the latter were 1nsuff1c1ent

l
X

for comparison.

\w

The mechanism of instabi]itv is considered to be

L

' the same for plug va]vfs, check va]ves, gate véTves, hydrau-

ldc gate.J-bulb rubber.seals, and other fIOW‘contro] devices
operating at smal} open1ngs.7 Therefore,'the proposed-mode

can be used to prgdict the dypamic behaviour of the control

\devices and the effect of désign changes on their dynamic

h ]

stability. : oy -
An important area for further research relating Eo
self excw;ed 05C1]1&t10n5 Tf flow controi devices is in

establ1sh1ng dynamic d1scharge coeff1c1ent character1st1cs

Such charaqterlst1cs can ‘only be studied throuqh'd1ff1cu1t
: A

°

and tedrous exper1ments ¥ﬂw are expeCted to be dependent

on total pressure dxfferéhcb, frequency of oscxllat1on and

! ]
Specwfwc device geometry L | "
‘ngavertheless, approximate dynamic dis;harqe:boeffi-'

J
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cients give quite reasonable agreement with experimental
obrservations. The model is therefore, useful for both
1mpr2ying our undérstanding of the mechanism of self-

expitation and obtaining stability characteristics for

the design of flow control devices.
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APPENDIX A
COMPUTER PROARAM

fhe purpose of this program is to obtain a numerical
solution of a system of first-order ordinary differential
equations with given initial values. The modified Runge-
Kutta method for the solution of initial-~value problems
is qsed. It is a fourth-order integration procedure which
©is stable and self-starting; that is, only the functional
values at a single previous point are-required io obtain
the functional values ahead. Control of accuracy and adjust-
ment”of the step size is done by comparison of the results
due to double and single step size.J

Given the system of first-order ordinary differen-

tial equations

/ = g_ﬂ_ = ' \J ’
y] - dx f] (x’ .Y], yza R ) yn)
7/ ) N . -

y2 -.- ﬁz" - fz (x’ y]’ .yzs LI SR} Yn)

- . . . . . » . . .

.

ro Ay, i
G L TS R A Yo

and ;he tnitial values:

Yilxg) = vy, 00 YaUkg)d vy ge ey (X =y g
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and using the vecié} notation, the given prohblem appears

as follows: ' . o \‘;‘*“f:*i*
v/ - 41
- X
= F (x,Y) with i(xo) = 10‘. Y -
where Y, F and Y, are column vectors.
Al Semi-empirical Model of Check Valve

The equation of motion for the valve disc is

de + Cdx + (Keq - CiROSaj)x = Keoxo - ciRoSPj . .37

s

Substitutiﬁg x for the time t, Y1 for the displacement x,

and y, for the velocity % and rearranging the following 'w\;l
equations are obtained:
dy] ’
Y9. T dx ° Yy . .« e . A.2(a)
S LI C.R SP.-Cy,-(K R 1A
P r 3, Mea %o CiRe®P i Cara(eq -CiRgSeyiv ] A-2(b)
or | . C
4 dy N
!. = -z = _I_:_ (X, _!_)
dx
14 /

which is“the_same form given by equation A.}.

v At the instant of closing, Fhe displacement y,
continues in the negative direction which hag no physical
meaning. The minimum displacement of the valve disc is
zero representing the closed position. Hence, fhe following

cbrrection should take plage:

LI

ik
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Yy 7 0 sy, = =Ry, at y, < 0
where the coefficient of restitution Rc {s equal to zero
if the hydrqstatic pressure force is smaller than the spr?ng
force, and is equal to a small positive fraction if the <
hydrostatic pressure force is greater than the spring force
at the closing position. " This small fraction can replace
the waterhammer an;j bouncing effects which initiate'mhe

valve opening in the latter case.

s
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COMMONZCC/X,Y, CFBY, AT - T T T e

ESSURE COMINATES

BT R



/

:

GI“ENSTCN.VCZ),CEPY(Z!,Fc"T(E),HY(Z1,PZ(é),FYC(Z),AUX(%,E)

EXTERMBL FCT,0UTP

-

Sk = £8,520528%17,C
THA = 0.017453%5,Q
Fi = Z0.86C5ES%34,(.
F2 = 20,BEO5E5347,;
F1. = 20, BEG5E5%19,7F
PEMIN = 20,97€20842,%
. .
. 2EATA = f.us
2 L og.LeT
FC £ 0.4009
v = G.317€7
PE T =g,025
L PENT(Z) = 0.6,
sC z-0.0 .-
ATy =7
. xC 2 C.8
Yt = gL
Yez) = e.p
iY’rl = ﬂ.ﬁ
yrax o= YHE
L,
w2 =oveay, Ot
' CF°§(1;;=-£;0 R

7k



st x 0 L1304 L

C. = I5,0%7EATA
ALFAL = (S1-DFNIN)/YMAX
ALFA = (FI-TFMIN)/ZYMEX
XY = (Y¥AX=-0,028261€)*SL

CFYINZ _= P1-ALEX1%XY

ALcaz = (P2=DFMTIN2) /XY

TTReNT(n) = 0.0 —-
FENT (1) = FE/10.0
FRMT (L) = {,CE=03

KRY =1 . - -
TU) = EFMT(1)

sty = vyt ‘ T -

v 1) = YY2
1 SR I <ll)/0.817h§’

!

’rava P!IlﬂF?IFf (SEC)/
naTa KY/1CHCISPLACENE, ~+b1 (cﬂé)/
. CRTH, }ZIT’FVFLEFITY £y t&caaf ¢y /.

Pﬂ’n »vrlaﬂnnrsnnar NS, FFN7 |”EP,I

(S l
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WETTE(R,20) | ' . 7 o
20 FCOMBTOAPY, 2X ) 2P TaNOo? 11X, 2 TIMI+, 18X, *DISBLACSMENT®,
111X, *VELCCITY* 20X *ACCELERATION® , Ty *THLF*, /)
MEITE(E,40) “ .
LT FCAMAT(1CX 42 (SEC.)*3 1S, (PAC,)~, 13X,
1% (RAC/SEC)® 30X, (RAC/SKLSEC) >,/ /1)) ’

=]

.3

+

CILL RKCS{FOMT,NCIN,1+LF,FCT,GUTF) :
ICN WEITE(5,210) IHLP
T17 FCAMATIIF15EX,Tk) ‘
BE(1) = 0.0 , ‘
BE(Z) = L5 ) - S ST
8CC1) = €0 _ S
Brez) = tel - : : S S
Crt1) = -2,5 N
ety o= 2,8 L o Ce S
GELL FBF(B®,0C,2,HYyHY,10,18) o
CBLL FLIMEL (T,S,KKK) . . . S R S A
“LALL PLCTA12.908.04=3) - . ~ | S
. C T y . S
CRLL MAF(RC,CRy2,HY H2 ,18,18) o ‘
. o " \ , g T \ IRPRA
s . S R SR
t RN ~ A - - ’ -
. vﬁ . . it : .

PRNPREE S Y
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CRLL FLTMEL(S,Y,%XQ)
CALL FLCT(040,040,83¢)

STeF : .
ENC ,
SUARCUTING CUTP({TIKLFLNCINM,PPMFT) - [N

 CCMNCN/B/YY1,YY2 XXy Kb yF1,P2,03,YFAX,CENTN, TN, A,RC,CoALFAT,
JALEA2,ALFRI LSy THO XLy RC y KKKy XY, SL
CCMYCN/B/T(500),S(E10),V(500) ,SO(E0n)
CCYNCN/CC/X Yo DERY,ALX
CIVENSTCN Y(2),CE°Y(2) 420X (3,2),08%™ (5)

r's

CIFCINLFLETL10)  G6C TG 10C
IFLY{1).LT.0.0)  €C TC 70
IFEYYZLEC.0.0) GC'TD 16T

TFEYUZI*YY2) 60,60,1CC
T 60 IF(YYZ.LTD.0) GO 19 1(¢

TF(AES(Y¥AX=YY1) oLE4 G LLCEY GO TC 30

-

YRAX © = Y1)

CFYIN ‘= B3-ALFA3eYMR) I *

ALESL = (er=mERTINIZYMRX, . . e :

R = (YMEX-D.029361€)°SL o "“,.L~n ,
CrrooiTica i ee e aen L T T L



" v0

i

TLXKK)
S {KKK)
VIKKK)

SPIKKK)

2

KKK

Y(2)
fEQY(i)
c?

[

CERY (2

]

o

"

1]

CEMINZ - = F1=-ALFA1'XY

ALFAzZ = (F2=NEMIN2) /XY

£C TC toc -

CCNTINUE

¥ = XXOYYLR(X=XX) 2 (YY1-Y (1))

Y(2) = YY24YYL®(Y(Z)=YY2) 2 (YY1-Y(1))
Y1) = 0.0

CWEITE(6,200) KKKyX, (Y(1),T=1,2),(CERY LIV T=1,8) ,IKLF]

X
Y1)
Y(2) .
S (KKK) /7 8e 747452

KKK+1

-FC2Y(2) \\fj7
Yoy

1.0 . . :
CI*cQ=A.

(SK'TFsz*Pz-c'vtza-(sx-;iALﬁpz)'vix))/cn

AR IR ES WS N4
BUN(1,T)
ALY, T)

= Yty
g'rco!(lgf

L 4
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BUX{,T) = 0.0 - -
3 ALXLE,I) = 8.0 IR :
,TT76C TC tae - o o -
/ ' . - . .\ . -
~ »
20 HSITE(6,40)
L0 FCOMATCINY,5X,SSTEADY STATE SCLUTICY IS CaTATAEC
157519x,"MAX, ".RFOQ Jel5. FEQCENTS) |
EENT(S) = E.0 T :
1% 0 CeNTTAUE I ~ " '
o tme-teytmws o
" . : o - oL .
!F(Vx:).En,xxi.auc,t(z;'ec.vvz) *=xXX -

19 ﬂ‘TTE(5,¢ﬂﬂD kkx,x,(vt17,1=1,9>,tcrqvfty,Is:,c),anF_ o
*200 FCONAT(IN,T5,5(5X, 516, ¢>,=x,: W7y o o,
_ S T e

. - T ', ’ L - . \ s . [ ‘\ ) ..
Y ekKR) = ¥ G B ; L - - o .
- . ) . i s | VR e s . .t
sk s vewy e L T T - S
R 2 K A e T F T
oo ..bcxxx)~-? tKKK)IB.iiT&, oS ;
. . v} ‘ - ' . ' . . 4_‘ - N - N T :'-;q, - ) _“{_.

S Iécnnu;nw 1007 co tvﬂ.u" e T e
. guw 2 KKKTi ‘ - ' _ | e

.. N

' i v ~
.

e 118, YVt” v:a"“‘_
R vvv g.Vtzt .
L PO X

B, x_
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GC TC 320
300 WEITE(G,310) INLF
310 FCANAT(1H1,5X, T4)
FRYT(S) = 5,0
KKY = KKK=1

A
ny
9

CONTINUE .

QETURM , o ‘ .

ENT , “ _— Sy
SU2TCUTINE FOTIX,Y, NERYY, ‘ R
cc~~cu1n1vv1,vvz,xx,ub F1,P2,PY, vrnx,cprrn,cr,n Rc,c,nLFﬂi,,
14L=az,ALrnw x,vuc,xc Se, KKK PXYHSL

CIU=N<ICB V(z),EEFV(Z) ,
' ~,
cr = ;.0'
' 14
C‘EQY‘i_‘ = Y(z} LA ‘ . | - o . ‘, 7 . .
.2 = cx*pa'n S .

1r1v(21; 10,8520 ° R S
zv(vvz.rr .0 co To P SRR

% L e ... LN .
.. S S \“_n’. - - P "
;e . -, - . N N

'fépvcge?géi,é*iséiiﬂé}z?#aée}i{23f35§$?§§ti51)ggfi))1@&1-

. TS ,
e . v e R
5 - ) " P
] b : - -‘ b,
. v > . hd . -
N .t X ) - e W
’ ~ \ . N X L =
= SR A - . .-/
* .' ,-r, o \- .
P 3 ’ i - : . e+ .
- '] ‘ - . - - . 5
. «
EaN O N . .. - - " : p
N o ¢ . o R "a "
re . ! t : - -
- % . i A 4w .
" . | . PYY . "
» x - N M . * PR R
’ b B L * " o s~ ‘R . R !
- ST N Vel , : = .
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CC TC 20

IF(Y(1)oLToXY) GO T3 4G
CERY(Z) = (SK*THC=-7%P{-C4Y(2)-(SK~72ALFAL1)*Y(1))/CY
GC TC 30 )

CEOY(2) = (SK2*THO=24FZ-C*Y(2)~-(SK~=-Z"ALTA2)2Y(1))/CH

1

CCNTINUYE

RETURMN
END
SLESCLTINE

RRGE(FINT HNCIM,IFLF,F(T, CUTE) C

| CC*PChlcc/x YyLERY, ALY v
| DIVENSIEN Y(2),0E8Y(2), ﬂUX(a,Z),A(h),EIQ) Cta), PQP’(S)

CC 1 T=1,NCINM

BUN(AR, T) = 0EREEEET2IERY LT

Xz03VT(Y) .

XENC=FPMY () ’ e S

pzooNTCl) - TN -

PENTCSY=E. I .

CBLL FETOr,Y,CEFY) o

s | S Y

EFRCR TECSY . ' , !

.Lp(y~(35hcex3)39,37.2° LT s

. L . :
» " N . o H
& f Ti;' N
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L
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EITSASATICNS €M0 SLNGT-<UTTY vETHCD
8(1)=,.F

Al?)=,2a22¢22

p(3)=1.707107

BLU) =, 1FEEEET

e{1)=%,

E(2)=1.

B(7)=1,

E(4)=2C.

c(1)=.5

C(?)=.2c22032
FL7)=1,707187-
Cty)=.5 '

FECEACATICNS OF FISSY SLNGE-KUTTA STEF,

CC 7 I=1,MTT™

AUX (1, 1)=Y (D)
BLY(Z,1)=CERYLT) ,
AUN(2,T) =0,

ALX(E,T)=0,

TEEC=( —

HzH4+H
THUE = et
1sTEF=0

1eENT =0

" STALY CF 4 BUNGF-KLTTA STEP

TE C(XAH=YENT) 2B 7 44, €

3

5 FEXENT-X
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CECCECTING CF TMITTAL VALUES €S THIS STEF
CALL CUTE(ISEC,MOIN, FCTNT)
IF(FGMT(E))LC,2,04C

115<ST=1

1<75F=TCYEF+1

STISY OF INNERNCST 2UMNCE-KUTTI LCCF
J=1

py=a(dy

BJ=2(J)

Cd=C(d

CC 11 I=1,NCTM

Ey{=paCEEY(T)

B2z AP (C1-BJ"AUX(E,T))
Y(I)=Y(I)+F2 \_ -
RZ=RZ4I32+4C7

BUN(E,T)=BUX(6,1) +Q2=CJ*F1
IF(J-4)12,15,1%

J=d+1

1F{J=-2)17,10L,13

X=X 4 ,S¥H '

CALL ECTX,Y,PETY)

£CTe 19

ENN CF TAMEFVQST FLNGI-%LTTA LCOP

TEST £E ACCUSACY
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15 IF{ITEST)1€416,20 . , \\
aﬁ . ) , \ Rix |

<

4D

18 CC 17 T=1,NCIM

17 ALY (U, II=Y (D) ' ) - | ' \
176S7=1 x
ISTEF=ISTEFSTSTEP~2 .

18 TFLFSTRLFe1 - @
X=X=¥ I
=,5%H -~
rc 1¢ I=1,NCIM s
Y(I)=AUX(1,T) i
CERY(TI=ALX(2,T)

10 AUX(6,1)=2UX(3,1) ,

" ecres e

IN £ASE TTEST=1.TESTING CF ACCURACY IS PCSSIALE
20 IMOC=1STEE/2 , '
IF(IETEF=-INCO-TMOC) 21,22,21

21 CALL FCT(X,Y,DEPY) o .
cc 2z IS0 - , e
AUXLS,TY=YCD) - . )
.22 AUXLT,TIZCERY(D) . " ' . o
ceve ¢ Syt S
. —— N \L * (T?{v)_:wm"m . .
CeveLIBTICN OF TEST. vBLLE oEbT S
28 TELT=C, s , ST !
. 'tec24 T=1,NTIM . oo e
2 CELT=CE onaux(e,1)~nesxpvxcu,x;—vtta) s : v e
| ptwu-ccuﬂunze, Ry Ef o g
_ /\ T T e T
" Ny, ' \ o ) . ‘ N L,
. . 1 n - ’ 1 S e ‘
« ™ :‘ ‘,‘ . ° ., [y L | '
\ R L ; Lol »
1° ' = o ‘ .
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. W29, TEIVIIIEAUNLT, )

,”Sz thLEsTHLE-]

0:

€E€ICR IS TCO GTEAT Lo

Z5 IC(IELF=10)26,38,2¢
ZF CC 27 I=1,N0IM .
L7 BUXCU,TIZAUXIE,T)

ISTZF=ICSTEF+ISTEO-4
X2 Y=}

JENC=C . . -
GCTC 19 :

‘ \K;;

RESULT VALUES AFE GaCT-
28 [ésLL FCT¥,Y,nETY)

£C 2S I=1,NCIM

PLX(1,T)=Y(D)

AUX(Z,T)=CERY(T)

BLY I, T)=2UXK6,T) -

Y(T)=AUX(E,T)

X = X=H
.. CBLL LUTFTHLF,NBTV,EcMT)
X = %M - ’

IF(EEPT(EY)L0,20,40
T CC 1 I=1,NCIM o
YT EICNeL, D o
1 CEQY(T)=AUX(2,1).
©YSEC=1HLF L -

TECTENC) 22,32, 30 B

INGESHENT GOTS.DouaLer

- ¢ .
S N
v . A N
R I
. .
- 3
. ' ’
: - v, yas .
s ‘ -
. . - PN
- N -
. . o
. _ -
* oy

A, o o~

-
]
)
»
-
V-
»
h‘i
.
n/'
AN ‘w
“a
t‘-—v:'ﬁ/
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5

T

k

(d I
A

]

n
15

(=]

sy

CGCTC 2 Do !

TF(TFLF) 4, 33,33,
T™N=1STEE/ 2 _
TF (ISTER-TMOD-TNOEY 4, U,
TF(DELT=, 825PPNT(4)) 35, 35,4
FLESTHLESL 1 e
ISTEF=ISTEF/2

HzHak

GCTC 4

N

1

CETURNS TC CALLING SRCCFAM
THLe=11
CALL FCTUX,Y,BERY)

IrLE=12
ce” c g
IPLF'13 ’ ,
caeL CUYP{IHLF,hOI* PQP?)
FE?L”N .

END, .
(BN, o o
SUBRCLTING POP (Xy YNy kX B Y, NEX,HHY) -

CIMENSTCN X (1) vca»,vu«a) HY-(1)
Kx=1g . , v

lvriﬁ o ' :
xt=1ﬁ;u F
YLzE.§

YW=ze€ 0 0
Yi:t‘:’.r‘g < : /
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YNEXL=FLCET (MBI 20,1 ‘
YYsYL=FLCAT (NHY) %041 . |
CALL FLCT(0.0,0eD,=3) ' | '
CALL CATE(CY)
CALL LETTER(10,042530.0,14534)
CELL LETTES(105041,304C5143,3.5,
CALL FLCT(245000,-2) ‘
C2LL LETTET(NHXy 001y 30lsX¥y0047,HX)
CALL LETTER(NHY,0e1590.55003,Y¥,HY)
CALL FACTER (M X, ¥, XLyYL XM, YM) 3
CALL FLCT(XM,YM,3) ,
COLL FLCTIXL,YM,2)
CALL ELCT (XL,YLy1) '
CELL FLCT (XM, YL, 1Y | | .
S CALL FLCTOXM,YM, 1) . ’ '
YSTYL=YF) /FLOAT (NY)
XFzX¥ > i BT
. YH=yw ' o o
Z0 CELL FLCT(XH,YH,3) L o S e
.o COLL FLET(XH#,07,¥YH,2) .~ ‘ : C :
COLL FLCT(XL=~e0T,YH,R) , _
CELL BLETOXLYH, ). R -
-CLL INCFTCtx# YH, 23, YF) . L o '
Farrr=(1n,1u,vnx vF ' - RIS

-

4

QH*NAQEL 1 ®)
1) " %

%

t

CALL LETTER 10,8, 1, cve- 28y YH=a 35, YD) T
Yi= YF+VS _ : .- . ~ -
IEORLELNDY 60 TC 20 . . e
XOTOXL=XMYJELOAT(NYY . . S

22 COLL ELCTOXM,YM,® | -~ - 0 oot
R 4 L X T L T L A 3 R TPVl N B




[ 4

CALL FLCT(XH,YL=-407,2)

CALL FLCT(XH,YL,2)

CALL INCHTCOXMH,YM,XW,YH)

ENCCRE(1C,20,X0) XH

COLL LETTER(10,061,904,XH+e05,0,S,X7)

Xk=XFeXS

IFCX+F.LE.XL) GO TO 22
FCINAT(2FCS10,2) '
RETURN

END

-

L) ¥
.
.
s
.
.
\
. .
- - B - b
N
- - b
3 ’h ’ .I>

- xaiy
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. .
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.
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.
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singul rity over a. very small opéning.

AR S

. .
. N T

‘ L
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A.2. General Model of‘ngraulic Control Devices

Yo
]

~j$£' Substituting™in, Thg model equations (equations 3.30
- At . Ry ' _
and 3.31)“x for the time J&-yl for the discharge g, Yo fow
the A#sb]acement X, and y3'for the velocity ?‘and'rearrang-

.
/

ing get the following equaﬁ:ons"

/ “Z'c _Y 2
yl ="' -—[AP - ypy.l —"——2——— ( e e e e e e A.3(ﬁ)
. J -
/ . .
yz‘ = y3 \\\.;’ !\.&. ..-\ . . - . . . . : . . ‘- . A.3(b)
j‘)‘_.- . e - ® : !
y } ? 4 J
y; i F(@-yz) - 2£y3-§u(Ar - byy >\ayl)_. . - A.3(c)
or . ' -
7’ dY '
l L= _— = _E (Xl 1)

- dx
} N . -
which is'the same form given by equation A.T.

It .is important to note that equation A B(a) is

|
a singular equatzon, d.e. at the closed p051t10n, both the

N——
discharge Y. and the disp)acement yz are equal to zero. |

Physically, the rate of change of ‘discharge with time y1 ~
shou]d be equa1 to zero when the controI device fs closed

The foll ing substitutlon was uspd to this mathematical

Lo K : \ .
y?_ﬁz o B - at yz @.nf

"y;' =k o at_ ’2 < and #2

where k 1s a sma11 pnsitive c0n§tant. The approxinate ~j'
value of k is determtnad hy thg valwe whicn gives a .
smooth curve of discharge agafnst dispIateuent at ’2 ‘:fa‘j:?

. e kN \ ' v p- '. ) ’**," at
- i I P e Y.l . " L - .o e -
s L, M v R + . - .
T
-
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S 2 B B |

N ", ( T 1064

R¥ MASS FATIO

ren PIMERCIANLISS SESSEURS AITSININAE

£ST LCSS FACTOS o

aLea INERTTY FACTCH i
N » 9

cr OYNAMIC PISCHARES ECEFFICTENT ’

Aol ‘g;;-;
FC IS THE CCEFFICIENT CF RESTTITUTTICN,

AT IMSTANT CF CPEMING,IF THE HYCKCSTATIC FPESSUSE
FCOCE IS GREATED TRAW THE SFRING FOSCE TAKE RC=0.0%5,
TF THE SERING FCSCE IS CSTATER THAN THZ HYCGOSTATIC
FPESSUIE FCRCE EUT 2C=9,0 '

CCYMCN/ R/ 2EATA,CPR,SK2,EEATAYTATA,ALFA,0M,PST,CN, 00,
LYY L, Y2, VYT XN FH Y AY  ¥C, B0, KKKy EET YL, D0EC, 0
CONNENZRT (706D 5S(TT0),4 (700D, UC7ED) ;2 (708) -
CENNENICIFRLE |

CCMFON/GE/X,Y,BERY, AUX

CTIMENSICM Y(I)SCERY(I),FRMT () JHY (2 ,F2(2) b 12),3UX(8,3)

CININSTCN AB(2),8C(2),C01(2),08¢2) - )
CIMENSTON EP(3),5G(2) e
ZYTERNAL FCT,0UTP ' : S -

in
m

04 LEZ o X ~

$.3I7% ‘AJ _ < ,‘ o ‘

-

™
"

°d

a0

. ‘ . \
B.T17RY. . P : 3 , -

o



TOGRAN TET (INEUT,IUTFLY,TAFES=INCYT,TAFEE=CLTIPLT)

2y
XXX EXXX N XXX HE XX XXX X I XN AR I XXX XELLXXAX XXX XN XX XXX Y XN X XX X
cvvivvxnyxxxyxxrxxxxxxxx{xxxyxxxxxxywxxxxxnxxvxxxxxxxx&xxxxxxxxtyxxxxxx‘
Ay / e ' . L i Xy

0% . ' . ‘ : " X¥

o o SR o . “ x
wy A MECFANIS® FCR SELF SRCITATICN . X X
nx . : : . ) ¥ %
Nl * ! s—-‘--/\.

~x : ¥N WYCRAULIC-CCNTRCL OSVICES . X X
b4 ‘ . ) EER oo o XX
nX ‘ .7 : : XX

. \' - L4 ' N )

Py - "y / x>

”XYYX*XXYX¥¥XX¥¥¥X¥XXY¥72XXi)?xxxY)XXXX¥XYXXXX¥¥XXX%XXXYXXXXXXYXXXXX??XY
ﬂvyywvxxvxxxx)XXYXYYXYXYYXY}#&XﬁXX!X’XX!¥YX¥x¢1}XXX!X¥XXX&XXXXXXXXXX!\XY

o

)

( ‘ i ( ‘ : . . i -~
A .- L
[ ) - , B ) . oy
o (n: CESCRIFTION €7 SLIICLTINE RYGS .
ne :::::::::::::::z z::::;:::zz:: , 1
¢ *Hrc sutseyTIrE CAN £f U<=c
T . cen :\cq1 fIFFE”EN?YAL sanr:cus HITA GIVEN IN IT!AL anu_- v,
CECENITICN CF n_rp;»-zfré-ns
C_\ ‘-fquahb;-d-.fégnnudﬁﬁﬂbh
pEvY -am ??PU’ 51" CL*=UT v=’fcq u"H ’I?FhSIﬂt ccca*rc ca
, ' 'rugL Te a,arxfr soﬂsxsvss
< ‘ Jx?v V£L -vc (o ACCLPACY 9;» uﬁ cH egnv»s r:s rcvquhzc,-
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n FEMT (1)
. % FEMT (2)
L FERT (2)
f FEMT (4)
n
'T ?
z
g
n
n
¥ "
L4
\ E
s 5 Y
~n
s
~ ) reoy
~ 3
p' 4
i
A Y2 )
. K
L {48
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[} . »
Tren 'RETWECY CLTEUT SLRQCU~INE AN SUEACLTINE 3IKGS.
EXCEPT PENT(E) THE CCMPCMEMTS ARE NCT CESTSCYED 8Y
\ . ,
SUBPOUTINE RKGS AMD THEY AL

-LCHEP PCUND CF THE INTERVAL (INFLT),
SUFPEP. BOUND CF THE INTERVAL (INFUT),

-INITIAL TAGREMCEAT OF THE INOEPENCENT VARIAELE (INPLT),
-UFPE® ERSCR ECLAT (INPUT).TF ABSCLUTE ERROF IS GFSATER
THAN PEMT(4) INCREYENT GETS HALVEQ. IF INCREMENT IS LESS
THAN PE¥T(3) ENC ARSOLUTE TRECS LESS THAN FRNT (4)/50
INCPEVENT GETS COHBLEC. FRAT (4) MAY EE cwnncco BY HEANS
CF SUBFOUTTNE CUTFUT,

FSWI(E)‘-\C INPUT-FAREPETﬁQ. ‘L“ﬁtU*iﬁﬁ RKGS INIALIZES FEPTIS5)=3,
\

IF THE USTR KANTS 7€ YEOKINATE SUBRCLTINE RKGS AT ANY'
CLTEUT PCINT,+E HAS 10 CHAMGE: cewrxsy 1C NCN-Z3IRC 8Y
T MEANS CF st CLTFUT SUBQCUTINE '
~INPUT VECTAR CF TNTTIAL anu=s.4(a=s1ﬂcv=o)
" LATESON Y IS THE RESULTING VECTCR CF C‘FFNCENT VARTABLES |
CCMPUTED AT INTECMECIATE EOINTS . |
- TheuT vsr*cn CF ERROR WEITHM?S. (DESTROYZD) ‘
THE SUM CF ITS CCPECNENTS MUST RE ECLAL 10 1 LATERCN
S £ESY TS THT ¥E CTCR'.CF DERI2A” BVES KHICH estcac TC.
FULCTICN\V1LLE<”Y AT A PcI’T x.; L : 8
-nn INBYT yaLee WHICFH svzcr=1=s axs uLnef: OF ECLATICh‘ Ir'
{-C’ CYQTL‘N ) N {’ -

- ou*°u7 vattf qucu snfc*tz== 't xur==° £F EISICTINS -

N -



162

CF THE 'TFITIAL INCREMENT, TF IHLF CETS GREATER THAN 10,
T ) SLTFOUTTH T F4ES PITUSNS WITH €5%5CF MISSACE IFLF=11 IMTC

V3

5 VATN BECESAV,ESGCD MISSACE TRLE=12 05 IHLF=11 APFEARS TN
o 'CASE PFEMT(3)={ CG TN CASE SICMNIFEMT(2))NELSIGN(FRIMT(2) -
n -FEMT(1) SSSEEZCTTIVELY,
5~ FCT <THE NAME C° 2N EXTERNAL SUIRCUTINEw THIS SUESOUTING CCVF-
c LYES THE SIGHT rnsé €INE< MEEY CF THE SYSTTM TC GTVEN
0 VALUES CF X ANC Y. ITS BAFIMETIR LIST MUST BE X,Y,CERY,
5 . \ )
y cLTe ~THE NAPE ©F AN EXTEFNAL CUTPLT SUBSOLTINE. ITS PARAMETER
o LIST MUST 9E IFLE,NCIN,PENT, IF FEMT(S) IS CHANMGED TC
. . NCMeZTE0,SUESCLTINS IKGS I3 TERVINATEC, ' “
. ! s v . N ) ) .
f 1R ~ AN AUXTLTIARY sic:acs Agfny.htru 2 ROuS fnb NCI¥ ccdgiif.
. . A
h REMACKS
f: C eeomeeee
- Y . A \
f TFE PEECECUSE TERVIMATES AND FETUSNS TQ CALLING BACGRAM,IF
h (1) PCRE THeM 10 EYSECTICNS CF THE TRNITTAL INCRENZNT £RT NSCESSARY
0 TC e =a*x<=acrcnv ACCUFACY tSPRCR PESSAGE IKLF = 11D, |
r (2) INITIAL IHCSEMEMT 1: ERUAL TC 9 ¢3 HM WRCNG SIGN (EEFQR
f . wESSACE THLF = 12 CR THLF 3 13), Lo
o (2, Tre thLF TETEGATICON CELLIFYRRTS WORREC. 'P°CLGH, .
’,; . L)y cLPSCLT*rc CUTE HAS CHAMEER PEM—(T) - ?c NCh-?E‘O.u

( . =~ s - v .
) - 3 \{.'.
. - . s .

“TEV FFYS1CAT. DIVENSICAS E?‘itfiérﬁlgé R
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IS THE CCNTRAL ELEMENT A2T2 WHICH IS SUBJECTED To THeE
ESSLRE CTFFERENCSy

IS THE CPOSS-SECTICNAL ASEA MF THE CCNEUIT JUSY UPSTFEAN

CF THE CCNTROL TEVICE, |

IS THE PEDUCIC FASS [(C3 MOMEUT €F INERTIA) OF THE POVING

EARTS, 1

TS THE MCMENT BR¥ CF THE CENTRE QF PRESSURF,

THE ACCELZRATICN OF GRAVITY, .

THE SEECISIC WEIGHT OF THE FLCWING FLUIC, -
THE FLUIC CENSITY, .

THE ECUTVALENT LEHGTH OF THE SYSTEW,

e 4
(N in N

-t
o

4

(L) REFEFENCE AUANTITICS

FEFERENCE TINENSTOM o S
REFERENCE STIFFNESS

FEFERENCE FIECUENCY : . \
CEFEFENCE PCESSURE CIFFECTNCE '

3832342 45
CAPPING FACTCF ’ o -
PIP H*ICBLESS TIF=h=§< S ' T
'NITIAL SSTTING pAFAH“Tro o L :
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Rn MASS TATIO
ren PIVERSTANLTSE ZETSEURS fITEISIse
EST LCSS FACTAS :’
2LF A INERTTY FACTCER i

N » y
cr OYNEMIC DISCHARGE CCESFFICTENT
FE IS THE CCSFFICICENT OF RESTITUTTCN,

AT IMSTANT CF CPZMING,IF THE HYLGCSTATIC FoESSURE
FCOCE IS GREATE® THAN THE SF2ING FOSCE TAKE RC=0.0%,
IF THE SF2ING FCSCE IS GSTAYER THAN THZ HYCSOSTATIC
FPESSUIE FCICE €UT 3C=0.0 '

CCMMCN/ZR/2EATE JCPR,SKIBEATAYSATALALFA,0M,PST,C0,0C,
TYYL, Y2, YT, XX FH, Y AN, ¥C, S0, KKKy DEFY],T0EG, T
CONVEN/R/T(T0C) 3 SU7300,0(700),U(7C0) ,2(700) -
COMMCNICIERRE - ‘

COMFCN/GE/X, Y, CERY, ALY

ENSTCN YU3)4CERY(3) 4EFMT(€) JHY (2) 4+ 7(2) 4 bW (2) ,3UX (8, 3)

CIv

PININSTCA AB(2),BC(2),00102) ,0E¢2) . .

CINENSTCN £B(3),5G(2) | .
ZYTERRSL FCT,0UTP . S e

< = B.LE - . -

2 = 0.7 » , - -

cJ = o.“!ﬂ’f-l ‘ A s . \
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CI = 00‘9000 ,
cLeNvp = 2,4
Vo = 12,12
FCU = CAMA/G
e TL = 5,0 ) ™~
. N
r = C.Bi?ﬁ53'18.0
k2 = ER,520528%20,1
he = SRCT(SKE/NJ) ,
reE2 = [.E*PCH*(TT*HR4C)%¥Z,
E£~a = A7(S=DY “
. )
0 CESIGN FASAMETEES ' .
" SEs=ss=s=ssTs=sz=z=m - T o
R ZEATA = CekF e, <
v \A-'q: "“‘&L"' oy
'72 ske = 1.0 . g U‘V'V:V,k’, o,
: : ;:,',"J{fv"gg
“,&fhg E*:'ﬂTD = L'.ﬁ “‘-u-‘o, 'a"’ f’ ‘E“’&;u
i 3 ) ‘ ".—
4 Cp = ccu~5'c*(cz°~2.§3ﬁtJ b %%?
7S . * Y] ] -
X reo = 5L7,838/00R ¢ g
-0 r ' M v
FeY = §n,0 | v
aLey 2 2,0%STLZUNTIY D) L
cc = 0,°E '
cr = £,°5 )
- : N ’
v . P - L] ‘e . .
¢ : i I 4 :é"'ﬂ‘:’ 3y '
WETTCH6, 1) EATA,NET,Gp ,0LFA, k3 *
« ) \
. o N .
- o ‘ .
; : h - z

PRV



3 OFCOMATIIY,5X,*%AYa = »,c96,¢,//,

¢Sy, 4r-c

e, *en o

3Sx,aLFp
LEY, *wS

pe
EENT(2)
Er

YrAYX

XC

Y1)
Y(2)
51

[}]

[

L1

13

i

=
[ 4

= ‘):1;04)/lw

= '951509,//,

- "9€1619,//,

= ®yE18.S,//)

Ceb
28,0 ‘ .
0.0%

1.0"

g.r

0.0

(L

£eC5 ~

C.T

Y1)

Y(2)

Y3
L.0

¥
.
L LI

[y
L]
The

e

%
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A : . . ]
-> - . r - .
* ~ .‘ ‘o
4 - v ) J .
g ‘[(Qr{l}ﬂ\ » ' .
¢ . . ' SR U
) PENT (1) 0.0 ) ) o . . >
FEMT(2) =- /1040 ' _ \ .
Coeowreay = QusE-03 & ,
{4 . » o .
< Kk =4 " ‘
- ' ‘ t‘ ‘ |\\‘ ‘: ,
’ . ‘ - ' R :
FAC5 = 0L5RTPeDES ’ | | |
(1) = ®BEM 1) . S
" 1 é ‘ 1 , + : . YV1 \ | ‘ - ) I ‘ l‘ ';‘ ‘:‘:‘ \" N :L\\\:\‘ ‘ ‘;""\-‘ 2 h “ .
v = vve | A TR
N I I IR S S0 = S
201) . # FACS o - "
. j L \ * ‘
- - .~ RN ;“ ~ ““ . ,
P . T . S - ) .
pOTA BX/ZRTIVE (V2 T A :
o o T
‘cava l-Y/ltf-D'S"LAC“‘l ,ﬂ-n'r L0 L R R T S
‘. CATE P2/1CEVELOCTTY GEeos o T T : S
CATA PH/1OHOISCHARES 5300 )/ - N e T .
. eaTa HFI;BHPPESSUP“ cuw*rrwmcf ,am gy RRNRE
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07 weITE(E,716) THLT ’
310 FCRVATULRL,EX, IL) |
- o } ' len. .
REC1) = 0.0 L
AE(2) = 100 ‘

BCL2) . . =. L+5 .

(e ]
=]
-
. T
N e
L
# (]
Ly *
® 3
LY. B
n
k4
td

caLy rAp(ne, BC 2y HX, MY, ¥,18) .
CeLL =erftgf.v,xggw R

CALL iLc1(12.ﬂ;ﬁng~3) T

t -
.

raLL *AF(’C,C01:2o“V,F2,1‘)1¢)
Cavt. CLTYVL(V,O,KkK) T e ;

fﬂLE FLCTID, o,u.n 999)'" T

v N o
" | . ' L s ' , .‘ ‘ -'_-~~:\:“V
:ae e e

v

Cfﬁythii[7¢ATlgtlE\§K°,F£§Tl &§;§4Lsa.
,xx,uu§v¢z) 3?&

evanéitine FOT (ThiF,0EY x,caiksgww L

v 13
L
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v
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.
M
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,..tr.cf,zw B

»,v’: .




P

i

.

€0 TELYYLLLT, Let) GO 10 1cn I

>

*%.

CFPCh/E/7(7OU) §(730),V(700),U(T(C),2(7tt)

€« CCHUSENIEAFACS

. L

COMMENAGE/X, Yy CERY ALY
. b

CIVENSTCN TEPY(Z),Y(3),FUX(3,3),FRMi(T) .

. IFCIELF.GTL10) €C 19 206, .
IF(Y(2).£7.0.0) GO T¢T00 .

BN

i

TE(YY3.EC, 0.0) €0 1 :cc -

IF(Y(’)*YYJi 60 60,160 - T
| . s - - .

YRRy = yy2o ’
S OIFOHDLEToS) vaak L Y
. -, oy - oL, . .
€C T¢ 100 - e
70 ccwr*nueﬂp R

- -
voa . . !

R pjux;gxz'(x-xxy/«vvz-vxz))" ,

P“vxro'

—ti

-YVB#VYZ'(Yf’)*YY})I(YYZ'Y(Z)

Y

y(t; i X n‘o ' ‘ L. . ,‘t-.

Cvesy b o
1{.‘,. 'v\l‘"‘ '1.- |., ,,'\ AR N . , s

. A : v o o o
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LIRKK) = Y(R)
?('{"(—‘() - TACE

K¥KY 2 KK+t

Y(T) = -ECEy(2)

PERY(1) = [.0 .

CEIYL(ZY = ¥ ()

FACT = SKE®(PEATA-Y(Z))

FATh = 2,0%7EATACY(2)

FATS = Q. ESTKF(COR-FSTAY(1)%<2,0-ALFASCESY (1))
CEIY () = FAC3-FACL-FAgE

TC 3 T=1,NCTP
ALXC1,T) = Y(T) '
BLX(Z,T) = PEDY(T)

BLY(2y1) = 0,0

ELX(E,I) = 0.0

-

CCNTINUE

IFAYLZ) gECaYYPWRND Y () LERLYYR) ¥=TY
19 WEITE(£,700) KKK, Y, ®¥(1),T=1,7),FA0N5, 025y (1)
2C0 FOPMAT (X, IR, E(TXyE1E,C),/7/)
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SIKKK) = Y(1)

Vidikk) = Y() -
LIKKK) = Y (2)

Z(X¥KK) = FACS )

IF(KKK.GT.700) GC T9 20¢

Kk = KKK#1
|
110 Yy1 = Y1)
) Yv?2 = Y(2)
YY3 = Y(2)
X X = X
rreg = CECY(1)-rzey1
negyy = reey(g) -
GC TC 22¢
300 WEITE(£,210) THLF S -— ‘
310 FAIVAT(1K1,5X,IL) : -h\““4~\\\
: PFNT(5) = 5,0 ° ] ™
KKK = KKK=1 ‘ :
IT0LCNTINUE . .
RETUEN ' ‘ .o
1Y -

SUIRCLTING FOTIX,Y,2680) - . .
CCMPCN/AZZZATA CPE TKE JZEATY JEAT A ALFA, CN P S 'C’ “Cs



g

Ny

fn

(=

n
t

1V71$Y72)YY397‘X’PF9&"?A’ s XC,HEN KK, T77Yq,n0%C, 0

L]

COUNCEN/C/FACE ‘

CIMENSTCM Y(3),0ETY(3)

EF s C*Y(2)
TE(Y(2).EC.0.0) GC TC 1¢ |
TFSF,LT, L. 003JAND,Y (1),LT,3, M 6C 7C 15

TF(EFLLT.C.001EANDLY(),6T.C.0) CC TC 20

v .

EARY = EATA®®2,0=(CCY*Y(2)}422.¢
FErs = YL Z{CReY{Z)))%22,0
PEQY (1) = (CCB=CSI*Y{1)%*2,1-FAGLI*F102)/ALFA
GC ¢ 20 .
G _ S
CEAYC1) = 6,0 . |
6C TC 20 Lo
£27¥(1) = (.015
cc TC 20 '
t£2Y(1) = reoyqenred \
£EIYLE) - = ¥ (3) , \
N C - Lo
FEGT % SWRS(OFATISY{Z))
CEARy = éko;?ﬁn*a#yxza

G e
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D 5*FF (CPE-FST*Y(1)¥%2,0-ALFA%CERY (1))
FACT-FACY-EACE

A ' . !

n
o
[y ]
(V4]
"

¢ ]
>
——
)
~—
13

RETURN
ENG | ) _
SUBRCLTINE  PKGS(PIMT,NCIM,TKLF,FOT,0UTS) -’/,/

COMPENZGE/X,Y,DERY, AUX - S :

CIMENSICA YA3),CERYC2) ,aLX (2 ,3¥,A(k),E(b),C(wi,FRPT(5¥

€C 1 I=1,NCIM S . -
1 AUN(R,T)=.CEEBREETHICRY(T) |

X=PANT (1) o L ‘

IXENO=FENT(2) S . :

F=EaNT (3) . | o

oA

b T

eENT(E)=E, .0 . . - . N .

(CELL FCTCX,Y,0e0) SN 3 -
- . A L f’:‘ A i i ., o ': ' ,.-‘ .

ESRCR.TEST. . S - B .

IF(F*(XEBC-x))38,37,? e T T L 1

EEEPARATICNS rop FL%C‘-#LTTA rrrﬁcr R
2 pyys o : C A,
n(?l=-2° #6532
a(aosa._t go

--wtt«S«.tee EEE7

Ettyaz;,ﬁ,”' :
', . Bt2yagy

S
> ~

“- 6(1;:1, hJéfﬂ.i -

. .
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»2

3

5

REGCRETAG €F INTTYAL \WALUES

E{4¥=2,
Cin=,5 -
C(2)=,2328€3
C(N=1,707407
C(%)=,5 |

ECCEARATICNS OF FIRST SLNGE-XUTTA STEF

£C 3 I=1,NCINM
ALX(1,1)=Y(])

BUXACZ,T)=TEFV(T)
LY (3

yI1=¢,
BLN(E,T) =0,
1e€C=(
H=H+b
IFLF=-1
1STEF=g
IEN(=C.

STAST CF 8 PUNGE-XUTTA STEP
o IF((¥¢H~X§N£)‘H*7v595
[ B

H=YENCwX
TEND=!

v

L.
e

w——
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7 caLL cuvclvnkc,an'v =’~13
_ Irxﬂsr*t=a)an,e,uf |

R v
‘ ”‘ Y w
sten T |
. v g . N
e ISTEFEICVERes . o0 W
v - L e v .
- . . RN e
+ . T .‘:‘. f"‘ -2
- "f 4 1
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f w o cal e M ‘; ¥
ST LT PRI NI & S ey .
o o i - BRI St g ot -
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15

v

.';’_

1
11

1'

£ . TEND ¢F

N
‘i
[ ,'

START OF INNSFMLSTY AWANCE=KUTTY LCCF

BJ=R ()
NELYN .

CJ=C ()

CC 11 T=1,NCTM
G1=pACEEY(T)
RZ32J*IF1-BJPAUX (£, 1))
YTy =Y () 4R2

R2=R24R2482Z “
BUX(E,T)ZALX(E,T) $R2-CJ*RY
TFUJ=4) 12445 ,45

J= J41 .
TF{J-2)12,14,13 ,
Y=X4,5%H : _

CALL FLTUX,Y,DEFY)

€cre 19

. t‘

MBECMEST RLYGE-KLITA LODP,

1{\1 LF nc_unncv ,
1:0;1551}:5\1&,20 |
‘ \ e

. - "
t © ah

o 17 I 1uﬂ (]
thtu,!)w‘tra'], e

\

t"ﬂq e N | S
Jf : g
rﬂznzenm vsp.z R
IFLF-IHL‘tt TN S .
* . ‘e - ' o . .
o SRV

e .
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IT =0 TH"*" 1€ N"’ FCS:IEILU‘Y RCE TESTII\G Ci ﬂCCU'MCY ‘.;
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+

0C 19 I=1,¥CIM
Y(T)=AUX (1, 1)
CEQY(1)=2UX(2,1)
19 ALX(&,T)=2UX(3,])
¢CTC ¢

Yy

o’ IN CASE YTEST=1 TESTIAC CF ACCURACY IS BCSSINLE
20 I¥OC=ISTESR/2 ’ \

) JFLISTEF-INOR-INMCT)21,23,21
i1 2

z
AUX(S,I)=Y(T) ,

22 ALYLt?,Iy=CERY(D) '
5;76/9

O

v - A
\

| CCMFUTATIEN OF TEST VELLE DELT L , N
z3 FELT=C, | g - :
BELIIETIS ST O & |

2 TELT=CALTYEUX (8, 1) %18 stk -y B L e
Vo IRCETeesvryae,2g,ze S L o0 '\

&

<2

IS
- 4P

- 4
‘o

s

[ 2}

| ERRCR IS TC0 GPEAT N o
,°2§'IF(!FLF—!&)Z&,;Q,?e.” e o
e e T R T S
,?*-‘L*‘“ I’=Atx:5,rl T B R v - | \
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ny
O

CCTC g®

FESLLT VALUES AFE GJCT
CALL FCT(X,Y,0EPYY

LC 2¢ 1=1,NCIM
ALY,V =Y (D)
BLX(Z,T)=CEPY(T)

BLX (3, T =ALX (ByT)
YeTy=auxés, 0
DERY (1) =AUX (7, T)

Y = Xe=H '

caLL CUTF(IHLcyﬁﬂI”,FFPT).

X = A4H
IF{FRFTLEY)L0,3C0 L1

LC 31 T=1,NPIM

Y(I)=AUX{1,T)
CERAY(T)=AUX (2, T)
1FEC3 JHLF

A

TF(TEND) 72,32,3¢

INCRENENT GETS COUBLES
THLE=THLF=1

ISTER=TSTER/2

F=Ha¥ ‘ .
TECTRLE YL, 23,33 |
IFaR=1STEE22
iF(Isisp-!rov-PQQOJasza,u

~1=(UEtT?}£Zf¢°“?(ﬁ!11§sEE

THLFRIHLF=1 |

1STER=FSTER /2

A
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euf
%))

g
*q
4o

ETIE N

H=HaeH
CiTe W

-

FETURNS TC CALLING PRCGEAM
THLE=11 '

CALL FCTUX,Y,CEEY)

crTe 29

-
«

THLF=12 \
GC7C 29
IkLF= 13

CeLL CU'C(IHLrofBTF F3pY)

RETUEN

END \ '
SUBACLTINE FAP (XY 4 kX, kY, NFX 0 HY)
CIMENSTOM XE1),Y (1), HX(1),% (1)
NY=1g | u*\\
NY=11

YU ‘= ?2,¢ : PN

XN:;,Q p

CXXTXLSFLOAT (NHXO 2L L -

] : . ~' \‘ ‘
CALL SLAYU0.Cy0e0,=1) . \u;%éiwf, 3
L gaEsy L AT

YYSYL-FLCAY (NHY)*R, 1

4—»&0

CoLL LETYEIR (10, Co2534, 0,1.,1.,13"'“?“‘L z =)

CBLL LF"‘°(1Q,0 1,39 .ﬁfd‘l.,,,,ntt
C LL FLCTIP.,E.. ’3’

C‘LL LFY'Eclﬂﬂx,ﬁ.igﬁ C.!!;t-e HX! .,". J '

178
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CALL LETTEC(MHY,041,8040,048,YY,HY) <

. CAPLL FACTCT (Mg Xy Y g XL g YL g XM,yYN¥) ) ‘
COLL ELCT (XM, Y¥, 3)
CELL FLET (XLyYM,2)
CALL FLCT(YL,YL,1)
CELL FLCT(XMyYLy1)
CALL FLCT(XM,YM,1) °
YS= (YL=YM) /FLOAT (RY)
RE=XM
Yhz=YW

$0 CELL FLCT(XH,YH,3)

CALL FLCTUXH#.074YH,2)
CELL ELCT(XL=0074YH, )
COLL FLCT(YL,YH, 2)
CALL INCHTCEXMyYH,XP,YF)
ENGCTE (10, 320,Y0) YF .
CALL LETTEC(10,0,1y 840,043, YH=,C5,YD) '
YH=Yp+YS
TF (YR, LELYL) GO TC 290

o XSE(XL-XM)/ELOAT(NY) : J N
122 CALL FLET(¥H,YM,3) \

AL FLET Ox, YReL 07, 2N o
CILL ELCT (XHyYL=007,3) "
COLL' FLET(XH,YL,2)

CALL TRCETCOXH,YM, X4, ¥h) - . , |
ENRECECI0, 10, XM) XK . : S
CALL LETYEC (10,041,300 ,XM4,05,3a45X7) =
WXk AYs L * :
IF(MFLLELYLY GO TO 22- AU N

Lo 2 eramaT(2REl1e.2) . - B

e e T S U
o END L e T
y SO0 - . - .

B , ot » L .
.'1 ) * e * . - . » » - - he

v, <t



APPENDIX B

NUMERICAL VALUES OF PARAMETERS
USED IN PARAMETRIC STUDIES

Stiffness parameter ™
Initial setting parameter

Hydrostatic pressure
difference parameter

Dampfné factor
Inertia factor

Loss factor

Mass ratio

bischaége coefficient

Area ratio

g

e 180'.”

K = 0.9

8 = 0.5
AP = 26.6946

£ = 0.45

a = 1372
v = 40

y = 0.03184
¢y = 0.85

n = 4.64



.

-

'Loss Factor

C ‘ RPP[NDIX c

NU*ERICAL VALUES OF PARAWETERS
U%ED N VALVE APPLICATION

Pipe cross-sectional avea
Just uvstream of the va?vo

Area of valve p]dte '

-Moment of inertia of the valve
'system (7nc1ud1ng added mass)

woment Z:gﬁpf centre of pressure
on vdaly out DIVOt - i

{:jkf*‘“;*“"tﬁﬂTgélent lenath of the valve

System

Damping factor (1nc1ud1nq hydrow ,

dyhaﬂlc damplnq)

IEY

-1ax1mum hydrostat1c pressure

differerce

Dynamlc discharqe coefficient

‘ Tors1ona1 sprwnq stwffness K

var1aﬁﬁe

Initial sett1nq ang1e x
variable

181

.

A= 0.0348% 5°

: a9
S = 0.043 m°
. ) ' 5.
J = 0.431 N-ms
C, = 00222 m
1* = '16.76d m
- 0.8

[y

o

u 1
~No £
(%) [T
o

el

by

fram 0.5 KN-m/rad to
- 2.5 KN-m/Y§d

from Z‘dbq. to.6 deg.

»



3 3 ““b ‘
) APPENDIX D -
NUMERICAL VALUES OF . PARAMETERS ’ )
USED IN SEAL APPLICATION SRV

4

gl

Moment of inertia of. the R L
"seal moving parts (rnc]ud1ng T S
-added mass) — e

0.1357 N-ms®

-
M

EQU]VaTent length of the jet - . T ;
through the sea] element T T L* O 9144 m

H

Loss factor ,-= 7 o R e {5:9 R
'Q y ’ ’ ) - “ ', - ‘ o B . . !

. © ‘Hydrostatic>pressure - - . - L .
d1fferencea e . o AP.= 26,3 KP

H

.

A
Dynamic d1schﬁrge<noeff;c1ent o . Cd‘

1
o
o
[S2 TN

) St1ffness of the seal ' o T K

In1t1a1 sett1ng anqle ' L SR X =

- . ¢

. L » -
.
’ Y
.- . )
= 3 - it B
;
L.
. - .
¢ -~
- = N
- >
o " . .
- “ .
. N 8
St -
: >
~ '
i B
, *
. . , .
: i «
4 N . \
» . . L
. 2
4' "
.
.
R
L]
t A V.
4]
R
.
v &
,
Ny "
- *
B 2,
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