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. _. The purposec of ;his;thesig-is'to discover the

mecﬁanism of excitation apd‘mpthpds of alléﬁiation Of“5e1f1

"excitpd"fibrations in a.swing check valve following rap%d}

-
.

dpump shut-&pwn.

L

The problem was first encountered when the

valve manufacturer incorporated an adjustable spring»dambef

. into the orig1na1 de51gn to prevent its violent slammlng.

" Tests on the modified de51gn showed that,

rather than eliminate

. the slamming, the valve disc bounced several tzmes on it

at a8 well-defined frequency.

T seat
With increased damping the?

humber of oscillations as well as the amplitude increased while

the frequency decreased
stable 11mit cycle osc111at1on is. established.

cycle osq1llat1on continued until the valve pivot shaft pins

failed.

- the oscillations

These vibrations are clearly hydroelastic in nature,

For sufficiently high damping a -
This limit

: . "
being-perpetuated through a transfer of

energy from the fluid flow.

A two-

dimensional geometrically-similar model of

the valve was constructed with perspex sides for flow

.
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vishalizatiéh. A central portion ﬁléﬁg‘the hase of’the.model
was also 1aginated with pérspex.;o allow the projéctisn of a
collimated sheet of light. Aluminium powdar tracer preoparation
wa{\injected into ihe_flo? and cine«pﬁdtog;aphy‘of tﬁﬁ'f¥ow _
during vibration carried out. 1In addition, dynamic _ ure-
mentﬁ of upsﬁfeam and downstream pressures, valve‘%ngular |
displaccment and the load on the damper aTM were synchronized

with the films. The data collected in this way’ for a number

of restra1n1ng spring rates and initial _spring deflection

angles allowed a detailed stability map of the.valve s dynamic

behaviour to-be plotted. The essential characteristics of the
instability observed in the model are the same as those found:
in the prototype &alve‘tests although the model was not

scaled dynamically. This was necesshry in order to guarantee

the structural 1ntegrity of the model over/%he long period

of tests, -

The_ results of the research show that there is a
sudden increase in the hydrodynamic closing load as the valve
approaches its seat, primarily as a result of the changing
discharge characteristics. A}thougw‘upstream and downstream

waterhammbr waves are produced as the valve slams onto its

- seat, tfhe valve responds only to-: the prcssure difference ‘

across it. It remains .closed unt11 this pressuré difference

“reduces to the point where it either c}acké.the valve Open

or .allows the dampeér spring to pull it open. On the opening
ﬁart of-the vibration cycle théihydrodynamic closing ‘load -

is substan}ially lower than the-load at the- same angle during

ii




ciosing. This hystcretic‘eﬁfect shows that there is a net
enefﬁy input from the fluid dering cach-cyele and the motion

is perpetuated ' |

. Tests on the model further show that if the

damping ‘spring is stiff enough to eliminate the slamming,

either the valve will never close or it will exhibit limit )
- cycle esciilations. Clearly; neither alternative is acceptable.
Based on the aforementioned results, it was realised that
another possible meane of alleviating the problem is to alter
the discharge characteristics of the valve at small angles |

of closure by suitable changes in geometry. In the second

pait of the thesis, a number of such changes were ﬁade in the
model and . the experiments repeated., It was discovered that

by meﬁing the‘rate of change of_dischérge a more gradual
function of the valve closure angle, the dynamic instability

in. the model could be entirely eliminated.

iii



s

ACKNOWLEDGEMENTS

\

The author wishes to.ckpress his)sincere gratitude

to his spﬁervisor and friend, Dr. D. S. Weaver, for suggest-

ing thé problem and for his advice, assistance and
encouragement throughogt thg coursc of this work,

~ The author would also 1like to thank Dr, N. Kouwen
of the University of Waterloo and Professors J. L. Tlusty
and M. H, I, Baird of McMaster University for the_loan.of
part of his experimental equipment. | |

Appreciation is extended to the Canadian Common-

wealth Scholarship and Fellowship Committce and to McMaster

University for financial assistance. ' -
Tqé encouragement of my family and friends is also

gratefully acknowledged.

iv



ABSTRACT

TABLE OF, CONTENTS

/" ACKNOWLEDGEMENTS

CHAPTER 1

1.

CHAPTER 2

‘

2,

1

1

v2.,2

3

- 3.

.4

4.

1

INTRODUCTION

Introduction

Check Vaives

Closure of Check Valves
Oscillation or ”ﬁdnting”of Valves
Backgfohnd of thb Present Problem
<Purposc of the Investigaf?ﬁn

BASIC CONCEPTS OF FLOW-INDUCED
STRUCTURAL VIBRATIONS

Introduction

Classification of Flow-Induced
Vibrations £

Use of Mathematical Models
Virtual Mass of Submerged

Structures
|

Vibrations of Hydraulic Gates and
Valves

EXPERIMENTAL APPARATUS
Introduction

Experimental Circuit

The Valve Model

‘Instrumentation for Dynamic Measure-

ments

Introduction

12

12

17

19

20

23

30
30
31
37
39



CHAPTER

CHAPTER

3.4'2

30-4:3‘

3.4,4
3.4.5
3.5

3.5.1

3.5.2
3.5.3

3.5.4

4,5

(¥, T -

5.2
5.3

5.4
5.4.1

The Read-0ut System
Valve Di'splacement A
Hydfddynamic-Torque

Prossures

Flow Visualization

Flow Visualization in Water:
A Brief Survey

The Optical Arrangement
: T _
Aluminium Tracer Injection

Photography

Determination of S3pring Stiffnesses

Experimental Procedure

FREE VIBRATIONS - NO FLOW
Introduc;ion |
Thco;etical Formulation
Approximate Theory: Reduction
to a Single-Degree-of-Freedom

System

Experimcntal Procedures and Typical
Results *

Determination of an Approximate Added
. Mass

Discussidn and Conclusions

THE DYNAMIC BEHAVIOUR OF THE VALVE
Introduction |
Static System Characteristics
Variable Parameters

Parametric Vibration Tests

Spring Stiffness Kept Constant;
Initial Angle of Opening Varied

vi

39
40

42

44

46
46

51

54

54

56
56
60
60
60
63

64

71

72
74
74
75
79
79
79

PO
L St
it



CHAPTER

= S S - S - SR - V- S -
(%2}

5.4.2

5.5
5.6

5"7

w
-

oo
-

wun
IRy

=]

=

6.10

Initial Angle of Opening cht
Constant, Spring Stiffness Varied

Nlynamic Stabiljty Diagram of the
Valve

Closer Exnmlnation of the Dynamic

~Instability

Parametric Studies
Flow Visualization Studics

Expectations from the Flow Visualiza-
tion Programme

_Photographic Method
/y2501tn 1nd Discussion

SpeC1al Effccts
Fluid Bchaviour during Vibration

Reversc Discharge Charactcrist1cs of
the Valvc

Summary of Results: Mechanism of
Instability :

' INVISF[GATION OF DESIGN CHANGES TO

ELIMINATE VALVE VIBRATION
Introduction

Criterion for an Effective Selution
Series B Experiments and Results
Series C Experiments and Results
Series Cl Expe;imcnts and Rcsult;
Series B-Cl1 Experiments and Results
Seriés B-C2 Experiments and?Results
Sérics B-D Expefimcnts.and Results
Series B-Dl Experiments and Results

Series B-Cl-Dl Experiments and
Results '

vii

- 80 -

81

83

99
104

104

105
106
114

119

122
124

127

127

128

129

131
133
136
139
142
144
147

-




6

£
-

I
o

.11 ' Serics CI-DI Experiments and Rosults

6.12 Serics B Expﬁrimcnts and Rosults
. 6.13  Suggestion for Practicai Implementa-
g A tion of the Solution :
CHAPTEh f vCONCLUSIONS
REFERENCES _.
APPENDIX A‘ Exporimental Results |
CAPPENDIX B Design Data for the Model

viii

L]

150

159 °

159

164
167

e R T




FIGU;E
1.

1.

1
YA

1.3

L{ST OF ILLUSTRATIONS
T

. Inner Contours of Hydraulic Swing Check Valve

Check Valve with Hydrau11c 0il Cy11nder 1
Arrangement

Preliminary Icst Results on Ianufﬁcturer’s
Modified Design {

A Reduced Hydroefastic Triangle ' ﬁ
Schematic of Closed-Loop Experimental Cifcuit

General View of Experimenfﬁl Apparatus
\ ’ =3 —
Close-Up View of Test Section- _

Transition Pieces

ﬂ"‘
Transduc1ng System for Measurlng Valve Dis-
placement During Vibrdtion

,e
-

View Showing Remainder of Experlmental Equip-
ment

-
Load Cell Calibration

‘Determination of Spring Stiffnesses

Schematic Representation of Valve System-

- L)
Free Vibrations in Air

Free Vibrations in Water

Limiting Condition of Equilibrium of the Valve

o 4

Static System Characteristic of the Vaive
Stability Map of the Valve's Dynamic Behaviour

Dyﬁamic Measurements: K = 10.305 kN/m; 8_ =
4 1/20 €q : o

Lt Lt
o

14.168 kN/m: 8, = 4°

Dynamic Measurements; Keq

) . _ s}
eq = 28-85 k¥/m; e = 3%

cr . 40
eq 14.168 kN/m; 60 7

Dynamic Mecasurements, K

Dynamic Measurements; K

Dynamic Measurements; Keq

ix

28.85 kN/m; o = 4 1/2°




5.9
5.10
5.11
5.12
5.13

5.14

v A
Subsystem Excited into Free \1brat1ons while Valve_

Remalns Closed

Pressu?e
Keq = 10
P;essure
Keq = 14

Pressure

K = 28.

eq

Difference vs Angle of Openlng,
.305 kN/m; o.= 4 1/2°

Difference vs Angie of Opening,
.168 kN/ni; 8, =

Difference vs Angle ofmdpening,

85 kN/m, 8, = 30

= - = o
Keq 14.168 kN/m( 6, 7

Pressure Difference vs Angle'af Opening,,qx:f\\“'“\\
Pressure Difference vs Angle of Opening,
Keq = 28.85 kN/m; 8, = 4 1/20.

Results of Parametric Tests: "Frequency Ratio

vs Stiffness Ratio for Constant Applied Pressure

" =

Results of Parametric “Tests: Maximum Angle of
Opening. vs Equ1valent Sprlng Stiffness
Results of- Parametrlc Tésts:

Initial Angle of
Setting vs Max%mum

Valve Displacement

(a) Flow V1sualizat10n '0of Full View ef Valve

‘Durlng Vibratio

-(b) Flow through}Static Valve at Various Angles

Flow Pattern Variation over One Cycle of Valve
Vibration: Framing Rate = 12 fps;
Koo = 14.168 kN/mi 8 = 6° b

eq O
Synchron;sed Dynamic Measurement of V1brat1on
Recorded :in Fig. 5\19

Dif ferences in Flo“ Pattern between Closing and
gpening Parts of the Vibration Cycle: ,
raming Rate = 64 fps; Keq = 11.956 kN/m

: - o
6, = 5.5° \'.
Special Effects: . Vartex Action: gramlng rate =
64 fps, Keq = 14. 168 kN/m; 6, = 6

Special Effects: "Tadpoles" at Closure and at
Opening “of Valve

Velocity Measurcments Actoss a Section of the
Valve Apron During a Typical Cvcle of V1brat10n

i




s,

.25°

26

6.1

.10
11
12
13
.14
15

.16

Static Reverse Discharge Charactcr1st1cs of the
Valve

Actual Reverse Discharge Coeff1C1ent vs F1xed -

Angle of Closure

Series B Experiments: Design Modification and
Stability Map

Series B Experiments: Static Reverse Dischargé
Characteristics of the Modified Valve

Series C Experiments: Design Modification and
Stability Map ‘

Series Cl1 Experiments: Design Modification and
Stability Map . L

Comparison of Vibration Records of Scr1nq A,
Series Cl and Ser15> B-D for K = 11.956 kh/m;
8 = 6° _ g €q
0 : .
Series B-Cl Bxperiments: Design Modification
and Stability Map
N _ N . ’
Series B-C2 Experiments: Design Modification and
Stability Map .

Comparison of Static Reverse PDischarge Character-
istics of Series A and Series B-C2

Series B-D Experiments: Degign Modification and
Stability Map

Series B-D1 Experiments: Design Modification
and Stability Map

Comparison of Static Reverse Discharge Character-
istics of Series A and Series B-Dl1

Series B-C1-D1 Experiments: Design Modification %
and Stability Map

Series B-C1-Dl: Dynamic Behaviour of Valve at

4 = < = 20

heq 10.305 kN/m; 6, 4 1/2 |
Series B-C1-Dl: Dynamic Behaviour bf Valve at -
K = 28.85 kN/m; e _ = 3°

cq 0
Series B-Cl-Dl: Dynamic Behaviour of Valve at
K -= 28.85 kN/m; 5 _ = 4 1/2C

eq 0

Series B-Cl-Dl: Dynamic Behav?our of Valve at
_ch = 14.168 kN/m; 8 _ = 7°

xi




6.17
6.18
6.195
6.20

6.21

&

Series B-C1-D1: Static Reverse Discharge
Characteristics Compared to Series A

Series C1-D1 Experiments: Design Médification
and Stability Map :

Comparison of Static Reverse Discharge Characteris-
tics of Series C1-D1 and Series A.

Series E Experiments: Design Modification and
Stability Map : -

Suggested Vibration-Free Design of the Swing Check
Valve with Spring Damper :

—

——

X1ii




CHAPTER 1
INTRODUCTION

1.1 Introduction

Fluids may be claésified asrliquids, gases, or
vapours. Each class presents its own handling problems. More-
over, it is sometimes required to transport-solids in suspension.
This problem of controlling fluids has always taxed man's
+ ingenuity.

The taperpd plug appears‘to havg“been the earliest
method of arréstiné fluid fiow; indeed historians tell us that
two éalleys of the Emperor Cﬁligula (AD 12-41) were equipped
with taper-plug cocks to enable the vessels to be scuttled
in the even# of imminent capture, This common stop cock
retained its form and importance for many centuries while valve
design waited for the development of technology in other fields.
For example, the screw-down stop valve as we know it today
depended on the introduction of the modern screw-cutting lathe
about 1790.

Modern conditions of application have become more

exacting and valve designs may now be quite complex [1]1. '

Simple mechanical principles while still indispensable are

1 Numbers in square brackets refer to references given at the
end of this thesis.




being supplemented by electric, hydraulicQand pneumatic aids,
and the modern valve de51gner has to utilise his knowledge,
not only of mechanics and physics but also of new materials.
As operating conditions have become more urduouﬁgyvalve

design has changed, 1neV1tab1y becom1ng more complex and
sophisticated. Today, the greater emphasis on pub11c safety -
and the environment, the development of more sophisticated
sensing devices and the demand for more automatic control, all.
contribute to influence design. Phenomenal rises in' tempera-
tures and pressures, for example, have compelled toe abandon-

ment of long-standing designs and techniques; a‘fundamental

example being the.replacemeht of the spring-loaded safety valve

method of relieving pressure by the torsion-bar loaded, piston
assisted and thermal element types [1]. ' .

Valve selection for a particular application is
determined by such factors as size of partioulate matter in.
flow; viscosity, velocity, pressure, temperature and whether
the fluid's state remains constant throughout the 'system.

The type of service required of the valve is also an important
factor in valve selection: for example whether the valve is
required for isolating or regulating-service, and if shut-

off service is.needed whether it be quiok and bubble tight.
Each type of valve has its own characteristics that determine
its suitability for particular kinds of service. ’

Today there are a great number of different types

of valves on the market. For reasons of space the applications

to which each type of valve can be put will not be enumerated




heré. The book by the British Valve Manufacturers Association

[2] describes a variety of vglves in industrial use. Glickman | L
and Hehn [3] have-also written a general papér on this

subject  Suffice it to say ;hat the most common types are

the globe, check, gate, slide, rel1ef plug, butterfly,

diaphragm, cone, and pinch valves. The subclassifications:

are also numerous. For example the lubricated plug valve

may have a tapered or parallel plug;'or it may be a simple

gland cock.

1.2 Check Valves'

Swing-check and liEt-qheék valves act automatically
and are used in systems where flow in one direction only is
desired. Selection of the most suitable pattern and size,is
determined by parameters such as working t#mperature and
pressure, flow velocity and allowable ffiction losses.

Other types of check valves [2], [3] on thé market
include the s1mp1e flap, taltlng disc, multi-door, fecoil,
V-ring and cone check valQes In essence they are all merely
devices which permit flow in only one direction.

- In the simplest form, a check valve compr%{es a
casing cdﬁtaining a hinged flap which is seﬁsitive to small
differences between upstream and downstream pressure. As long

as the downstream pressure 1is less\ész the upstream pregssure,

the valve remains open, the degree;é% opening depending on
the pressure differcnce. However, any drop in upstream

pressure below downstream pressure will cause valve closure :




and hence prevent reversc flow.

Various forms of Sklng -check V&lvcs range from the

- -

single hlnged pattern in plpellnes a few imches in dlameter,
to the“large multi-door patterns fot large pipe systems
several feet in diameter. Lift check valves are norhally

associated with smaller pipelines up to about. twelve “inches

diameter in high pregssure systems.

1.3 Closure of Check Valves

The action of a simp}e check valve, installed in a N
centrifugég pumping installation, is basically as follows.

The valve door is normally held open by impinging flow. If )
the reduction in flow velocity (following pump shut-down) is slow
- as in fhe case of a centrifugal pdmp which continues to
rotate for a short-time after being éhut down - the valve

closes slowly.

When the pump is provided with a brake and therefore
shuts down very rtapidly, the pressure at the pump is suddenly
reduced below that of the fluid downstream of the valve,
and reverse flow may be established. The resulting pressure

on the valve disc slams it heavily onto its seat. This leads

to the generation of dangerous pressure surges which can cause

damage to pipework and associated equipment or at the very
least, cause a loud Startling noise which may not be acceptable ¢

in commercial application.
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1.4 Oscillation or "Hunting” of Valves

Under certain conditions of operation, almost all

valves display a tendency to "chatter". Problems of thi$
kind generally occur when the_vaive is operating partially
clo§ed, Or more nearly fﬁlly closed. They are caused by
the slight but rapid movements of the valve element”which
chaﬁge the flow area,-giving rise to pressure fluctuations.
For cxaméle, the spring type pressure relief valve is prone
to chatter, and here oscillations can build up to such a
degree as fo cause mechanical failure of the seat. Sluice
valves can also produce‘undesi}able pressure fluctuations. In
.this.case the nature of the connectioﬁ'between valve spindle
énd wedge is generélly sugh as to permit“5ﬁ511 movements
of the wedge which result in changés in flow and pressure.
In modern pumping installations the valve most lidble to
oscillate 1is the/terminai float-operated valve [4]. In this
‘case, Qave motion in the tank or reservoir can directly affect
the floatJand cause Tepeated closing and opening of the valve.

- In the case of pressure-reducing valves, oscillations
are sometimes -inadvertently initiated. Nofmally, this valve
is sensitive to changes 'in downstream-preSsure.and by automatic
adjustment, ehgeavours to maintain a'reasonably constant outlet
pressure. A change in the downstream conditions, for éxample
due to reduced draw-off, causes the valve to move in the
closing direction. 1f the valve over-corrects in its attempt
to settle at‘thc new required positiﬁn, "Hunting“ may be

initiated unless sufficient damping is incorporated in the

"
'
N
+
g
¥
3



servo-system.

In all the cases mentioned, if the period of valve
. vibration falls in pﬁase with thehperiod-of the fluid-mass
oscillation in the ﬁiﬁe\a\;epeating pressure pattern occurs
(8], [9]. Such resonance is usually avoided by introducing
damping to.the vglve arrangements. With float-operated valves, -
the float %s usually arranged to opefate within an auxiliary
container,;thereby shielding it from wavé motion.

These examples indicate that valve oscillation-can

be a very real problem and if engineers and manufacturers are
conscious of this fact, they can design and specify the

. i

!

inclusion of appropriate preventive features.

1.5 Background of the Present Problem

The swing check vaivé detailed in Fig. 1.1 is typical
of a variety of valves manufactured and marketed by the Darling
Valve and Manufacturing Company. of Nilliémsport, Pa., U.S5.A.
Under conditions of rapid pump shut-down in service, the
disc was-found to slam so hard on the seat that it often led _
to shéaring of the pivot pins connecting the swing arm to

t

the pivot shaft. 1In addition, it created a very real noise-

annoyance problem to customers. An external hydraulic oil

damper, shown in Fig. 1.2, was then incorporated into the

original design, the aim being to reduce the slamming force

on the seat. The results of this modification; shown in the
form of gross pressure traces (which may be taken to indicate

valve displacement), obtained in tests of a 12 inch diameter !
N\ ‘ | i

. : : T
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Breather vents. . ; : ‘

0 Reservoir
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valve

6“' Cylinder
- , ‘ -
Vert, ] ‘
supp.arm [amma)
—
Bonnet

Bonnet ,._.——4—-—-"“/
gasket

il
flow direction

Normal

Figure 1.2. Check Valve withi llydraulic 0il Cylindér Arrangement.
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prototype valve, were as follé;éi-

With little or no damping, the hydrodynamic load
on;the valve element was such that closure was followed
by several oscillations.at a'well-defined frequency but -
reduéing amplitude, Fig. 1.3(3). ~

With an increase in the amount of damping the
number of oscillations as well as the amplitude increased while !
the frequency @ecreased,'Fig. 1.3(b).

With sufficient damping a ‘stable limit cycle
oscillation 1is cstabiished,‘Figf_l.Stc). This limit cycle
oscillation wbuld continue, if pqrmitted, until some mechanical
failure occurs. - IR : o

:The‘problem is fluid-elastic in nature - under
certain cqﬂditions the elastic and inertia forces of the vdlve
interact with the hydrqdynamig forces in such a way that

energy is transferred from the flow to perpetuate the motion

of the structure.

1.6 Purpose of the Investigation °

It is clear frpm the above that the dynamic behaviour

of the valve system was not understood. . The proposed method
of alleviation of the slamming vibrations actually had the o
effect of making them much worse. Before the most effective
cure can be devised, it seems necessary to develop an under-
standing of the mechanism involved.

The purpose of this work wag therefore two-ﬁold:
(1) to develop an understanding of the phenomenoh res-

ponsible for the dynamic instability of the valve;




-

10
Q L
(a). Very little damping.
5 (b) Increased damping. * B

] - Y

(c) Limit Cycle Oscillations:Valve heavily damped.” }
|

i TR B

Figure 1.3. Preliminary Tcst Results on Manufacturer's
Modified Design.




(ii)

f " .

to conduct an exhapstive investigation into the
S :

dynamic behaviour 6fvthe Jalve with the object of

<

devising a means of improving its performance.

r
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) CHAPTER 2

BASIC CONCEPTS OF FLOW-INDUCED ,
STRUCTURAL VIBRATIONS

2.1 Introduction

The vibration of structural members when exposed
to a flow g;pld has long been of interest and concern to the
engineeri.fév;n-fhough structural engineers have experienced
thése pheﬁb%ena.for hundreds of §ears and have come to |
recégnisé-%heir éeneral nature at least since the sﬁspension
bridge failures of the 180055, the methods developed for their
study are largely a contributfon of the aerodynamicist. The
onset of powered flight early in this century brought the
aerodynamicist an empirica} familiarity with tﬁé problems
arising érom the mutual interaction between aerodynamic and
elastic forces. Frequent disastrous consequences of aero-
eiastic phenomena now known by such names as "flutter'”, "buffet-
ing', and "divergenCe" stimulated their analytical study
beginning in the 1920's, thus assﬁring their prominent role
in béth theoretical and experimental aerodynamics to the
present timc. -

Flutter is defined by the aerodynamicist [10] as the
dynamic instability of an elastic body in a flhid_stream, the
only forcés necessary to produce it being those caused by

deflections of the elastic structure from'itS‘qndeformed

state. If the system is linear in its response to loading, its-

%
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13
stab#lity to infinitesimal motion provides the complete
definition of its flutter properties and the origin of the
forces producing this motion becomes unimgortant. If, on the

other hand, the system is nonlinear such that dynamic stability

is dependent on the degree of elastic deformation, it is

—_

“clear that the origin of the forcing function is of vital
importaﬁ&e~[11]. When the magnitude of the force increases
with the amplitude of the motion it provides, the phenomena
are_Ealled "self-excited™, [12].
Buffeting, as usually defined represents the elastic
__ Tesponse of a s%ructure to forces which are little affected
by the body motion. These forces may result from the presence
- of the body in the fluid flow field, such as the alternating
fdrces_accompanying the vortex street in the wake of a bluff
body, but as long as the gorces are not altered by the result-
ing elastic deflection, the phehomenon 1s considered as forcéd
vibration, [13}, [14].

‘ Following the failure'of the Tacoma Narrows bridge
in 1946, structural engineers have made significant progress
"in applying the theories of aerbdynamic stability to the
analysis of bridge oscillations. But while it is generally
accepted that both flutter and buffeting may be involved in
thesclbridge mdtiﬁns, the complex nature of the structural
geometry and stiffness of the prototype bridges usually demand
model studies of the‘structural behavibur which leave the
true nature of the dynamic excitation unresolved.

In the very recent past, the term hydroelasticity

has become increasingly popular in discussions of problems
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falling in between hyvdromechanics and structural mechanics.

This word was coined by analogy to aeroelasticity to denote

its navai_counterpart. :By taking advantage of the great
attention which has been given to aeroelasticity, it is

possible to define, by analogy, hydroelasticity. Heller

and Abramson [15]'p£oposed the following definition:
"Hydroelasticity 1s concerned with phenomena involving mutual
iﬁteractions'among'inertial, elastic. and hydredynamic forces'.
Thié mutual interaction between types of foéces is the necessary
condition for classifying a problem as one of hydrdglasticity.
When the effects of inertial forces are so small that they may
be neglected, we have a problem of "static hydroelasticity"

in which the mutual interaction is betweénhydrodYnamic and
elastic forces only. '"Dynamic hydroelasticitf” is concerned
with phenomena involving mutual interaction among inertial,
eladtic, and hydrodynamic forces, Fig. 2.1. -

While there are mén; similarities between aeroelaéticity
and hydroelasticity, differences between the two also exist.
First, hydroelasticity may include the effect of a free surface,
the inteyface between two fliuid media. Such a sufface i§ not

present in aerocelastic phenomena. Secondly, the possibility

of cavitation exists in hydroelasticity but not in aero-

elasticity. Thirdly, the significance of the added.mass which

1s usually negligible in aeroelasticity is of great importance

.
!
z
]
i
!

in hydroelastic phenomena. . ) =
Interest in flow-induced vibrations arises primarily

because of the possibility of damage or disastrous failure [9].-

{ | |

W ekt bk & d



15
AMIC .
HYDRO— =
ELASTICITY :
ELASTIC S HYDRO—
FORCES| DYNAMIC
ORCES
STATIC
HYDROELASTICITY

Figure 2.1. A Reduced Hydroelastic Triangle.‘
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An equally important reason in many cases is that undesirable
noise levels-.are sometimes produced. Thi% occufs, for example,
in the case of propeller blades which can "simg" in water owing
to high-frequency vibrations jnduced by vortex shedding, [25].
Research efforts in the field of flow-induced

structural vibrations have yielded gﬁundant data on specific
vibration problems encountered with structures in service and
some of the cut and try measures used to improve design, [16],

[17]), [18), [19]. Other yesults in the literature illustrate

the dynamic behaviour of highly idealized structures, [13],

e 4 ——————— et = v

(147, [20]), [25]. However, relatively little has been done
to synthesize the accumulated information. The multitude

of geometric and dynamic parameters as well as- the complexity
of the phenomena involved seem to have discouraged the search
for a common conceptual frame-work.

Relatively few papers have been devoted to developing
an understanding of the méchanism of the vibration excitation
although'there have been a few recent-attempts to remedy this /
situation, (211, [22], [23], [24]. Inmn design-oriented research,
the objective has usualiy been the solution of some immediate
and specific problems. But without proper understanding of the
basic flow features and mechanisms, a detailed knowledge of
specific or ijdealized vibration problems is of little help '
to an engineer whose job is 1o design a structure that will

safely withstand flow-induced forces.
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2.2 Classifications .pof Flow-Induced Vibrations

Flow-induced structural vibrations may be classi-
fied as one of th/péﬂtypes (a) Forced vibrations induced 1

.by turbulence 1ﬁfthe flow; (b) Self-controlled vibrations
induced by flow periodicity, and (c) Self-excited vibrations

-

induced by a fluid—elastic\phenomenon.

Structural motion induced by.turbulence-in the flow
is usually of a random nafure and is called "forced" since the
motion of the structure usually has no appreciablé effect on
the fluid forces. This class cf. problens usually does not

represent a source of great concern to designers since the

¥
{;

3
11

|
L
!‘
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3

analysis of these problems is relatively straight-forward.
} in the case of selfrcbntroiied vibrations, some
periodicity a1reaay exists in the flow field {26]. If this
periodicity coincides with one.of the natural frequencies of
the structure, the amplitﬁde of vibration builFs up to the
point where the magnitudeand frequency of‘fhe fluid forces
are now controlled by the structural motion. A dynémic feed-
back mechanism develops. Two.possibilities exist ﬁor‘preventr
ing such vibration or severely 1imitiﬁg its amplitude -
either the addition of stiffening and damping to the
structure, oOr some geometry change which eliminates the
original périodicitf iﬁ the flow.

\ .
In self-excited vibration problems, the motion of

i
. : i
t structure,creates the periodic forces which amplify the %
structural motion. These vibrations are different from self- |

controlled vibrations in that the perilodic forces disappear <1f
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in the absence of structural motion. For this class of 5
problems, a change 1in structural gecometry may be the only ' %
effectiye means of preventing destructive vibrations. : ;
Both self-controlled and self-excited vibrations o
are termed fluid-elastic vibrations (aeroelastic or hydro-
elastic) since they involve mutual interactions of elastic,
inertial and fluid-dynamic forces.
In a recent papé;, Naudascher [23), suggested a o
‘classification of the complex flow phenomena, and defined 3
+he "basic control mechanisms'”, underlying all flow-induéeé! :
vibrations arising from shear-layer instabilities. Asserting
that ”moét flow-induced vibrations can be traced to an
instability of the flow', he demonstrated that the most common
flow instabilities associated with shear layers result in
random flow fluctuations when they are combined with random
disturbances at higher-than-critical Reynolds numbers. ”ley‘iﬂ
when these disturbances (and the fluctuations of velocity
“and pressure which they generate) become modified by means
of control mechanisms can the inevitable trend toward.
disorder (turbulence) be diminished or delayed. Thesé control
‘mechanisms may begzexternal (periodic finite-amplitude

disturbance, imposed from outside the flow system) or internal ..

(regular, self-generated disturhﬁnce, resulting from the inﬁe}Q
action of the flow with its boundaries). Internal control
mechanisms represent the important form of control regarding
flow-induced excitation. llere, a distinction exists between

phenomena involving rigid flow boundaries and those involving
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“Jelastlc ‘or elastically- restra1ned flow boundar1es. In these
cases the control mechan1sms are termed fluid-dynamic and
f1u1d-e1ast1c, respectively. Both f1u1dfdynam1c and fluid-
elastic control mecHanisms are described in terms of feedback
mechanlsms. B -
" The 51mp1est feedback mechanism is the fluid- dynamic

control in which velocity and pressure fluctuations caused
by some disturbance are amplified as they are convected down-
stream; they interact with the rigid boundaries of the flow
field, giving rise to new disturbances which, when transmitted
back to the origin of the shear layer, will trigger the
development of new fluctuations. However, fluid-elastic
resonance is significantly more complex: physically, because
énergy transfer from the flow to the structural motion takes
place as well as energy transfer from the basic to the
fluctuating components of the flow; analytically, Becausexthe
dynamic characteristics of the structure are needed in |
addition to thé flow parameters for describing the flow.

| In a later paper, Naudascher and Locher [24] showed
that the flow past-a protruding-wall without'flow“re-
attachment is highly sensitive to f}uid-elastic control. They
concluded that flow- induced structural vibrations in this
case can only be determined by a detailed study of the complete

system including the dynamic characteristics of the structure.

2.3 Use of Mathematical Models

Because the mechanisms of many hydroelastic phen-

omena are not yet fully understood, difficulties have been




encountered in trying to model them mathematically. The
essence of most structural vibrations induced by fluid flow
is that structural defofmation and fluid-dynamic loadiqg'are_'
interdependent. The géneral mathematical approach to the
analysis of the vibrations consists of the determinatibn of
the so-célled structural operators, inertial operators and
fluid-dynamic operators. Weaver [32], [26] has shown that the
energy transfer from the fluid to the structure is the result
of nonconservative hydrodynamic forces which manifest them-
selves in the form of noﬁ—solf-adjoint oparators in the
differential equation of motion. The solutions-to these
special :lass ofrmathematicalproblems exhibit two unique
characteristics. First, such equations admit complex
eigenvalues or, in physical térms, oscillatory types of instability.
Secondly, the eigenvectors are generally ﬁot the normal modes
of free vibration but coupled modes which do not satisfy the
usﬁal orthogonality conditions. It is therefore quite clear
that, regardless of the specific’ mechanism of instability
involved, hydroelastic problems form a class which is distinct
from free and forcedtvibration, and conservative stability
problems. '

It is pertinent to add that the mathematics needed

to deal with these problems is still being developed {J1].

2.4 _Virtual Mass of Submcrged Structures

1

When a vibrating body is immersed in water, its

natural frequency is reduced to a value considerably lower
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than that measured in air. The water surrcunding the body
is in continual motion as energv is imparted to the fluid and

a pressure is exerted on the body. Because of the difference

R PRy P T

in dgnsity this energy 1s much larger in water than it is in air. "
This effect, well-Kknown in accelerated motion problems in
hydrodynamics {27}, can be accounted for by an addition to L

the mass of the body referred to as "added" or "hydrodynamic"

2 e

. d“x .
F=+M) S5 T

dt™ T

P ke mans

_ _ ) |

mass: T . '
|

]

where My the added~ma§s, may sometimes be much greater than - f
the actual mass M of the body.
The virtual mass effect is only present in the
case of accelerated motions, which of course include vibrations.
If we write in general

My = K x (mass of fluid displaced by the body)

K is a coefficient which depends upon the shape of the body,
its relative confinement and its degree of submergence. g
Lamb [27} called these "hydrodynamic inertia coefficients"

and Other wri

ters have used expressions such as virtual

inertia or virtual mass coefficients.

The effect of the surrounding fluid can be thought

i
l
t
of in two ways - either the fluid causes a resistance to l
1

.motion of Ml g—% , or it causes a virtual increase in the

: dt” i
mass of the body, which behaves as if it has the mass (M + Ml) :

instead ‘of M. The mass (M + Ml) may be called the virtual mass,
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while My is -the "added virtual mass".
A considerable amount of cxperimehtal work has
been carried out on the added mass of beaﬁs vibrating jin
water, [27], f28], [29], [30]. Moullin et al. [28] carried
out exhaustive experiments over a period of years on the
vibration of beams in water. They found that the added mass
was not dependent to any great extent upon the mode of vibration
6r the  frequency. This finding has recently been confirmed
by Blake [29). However Todd [30] has shown that flexural
mode shapes may be affected by three-dimensional flow around
the ends of relatively short beam-like bodies because of
the subseqﬁent redistribufion of effective mass. For more e
difficult geometries it may be necessary to détermine the
added mass experimentally.

Todd [30].discussés in his book an extensive review
of research on added mass effects, especially reshlts concérn-
ing amplitude, frequency, submergence, and relative confinement.
wﬁen a ship moves from deep to shallow water her vibration
characteristics change, the natural frequencieé being lowered.
If a natural frequency in deep water is just above that of
some periodic disturbing'fo;ce in engipes, propeller or
auxiliaries, resonant vibrations may result when she moves

- over shallow water. This reduction in natural frequency is
due to an increase in the added virtual mass in the presence of
restrictfng boundaries.

Whén the confining surfaces are within about two

characteristic dimensions of the vibrating body, the added

¥
t
i
{
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mass increases considerably

are not unusual. The importancejof this in lowering the

natiiral frequency is demonstrated /by the problems encountered
in trying to reduce the vibrations of hollow-cone valves
[31]. An attempt to stiffen the valfe by incréasing the
number of vanéé froﬁ four to six resulted in an increase in
confinemént of the fluid between the vanes which mofe-than

offset the 1ncrease in stiffness. The natural freguency was

lowered rather than increased, and the vibration amplitude

was 1ncreased. : -

For ship hull vibrations, the added mass does not
depend to any gfcat extent on the mode of vibration or the
frequency. This result appears to be generally applicable as
léng as the amplitudes are small - of the order of about five
percent of a characteristic dimension of the structure. As
théAémpliéudefis inctéased, the gdded‘mass becomes bothl
ampli;ude and frequency dependent [32]. Iﬁ is still not cleér,
howevéf, that added mass always‘inéreases with frequency at
1arge'amp1itudes.

\ b *

w

2.5 Vibrations of Hydraulic Gates and Valves ) ‘ ‘

The physical situations in which flow-induced:
vibrations arise are so di&ersc tﬁat-i; is impossible to cbVer;
all known cases in the course of a Brief survey. In fact, in
the last two vears, two different symposia have been organize&

solely on flow-induced structural vibrations, [33], [34]. The

purpose of this sectidn is.to briefly review current knowledge
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‘Telated to vibrations of flow-control structures such as
hydraulic gates and valves by critically evaluating the
existing literature,.

Violent chattering of household taps when.nearly

fully closed has been experienced by most people occasionally.

—
- ' L B T s
- ,
o \

" Such self-excited vibrations have also been encountered with

sink and bathtub pluggiof particular desikns when operating

nearly fully closed. Although'these phenomena have been
exXperienced for many years, to the author's knowledge“oniy

cne paper, that of Weaver, Kouwen and Mansour‘[SD], ha; given

a lead towards developing dn adequate explanation of Eﬁe

mechanism of‘excif;tion of these vibrationf. While tﬁ; :
vibrations subside on full opening of these devices or closing
them completely, and fai}ure very rarely occurs, the unpleasant {_
noise generated is a source of nuisance.

Various papers have reported on vibration problems
encountered with hydraulic sfructures in service and the cut ]
and try methods by which partial oI‘gompiete solutions to these
problems have been atiainedr (16), [18]; [53], [s41, [55],
[S6). In none of these papers has a clearly defi&ed mechanism

H

of the vibration excitation emerged. However, in the last two
years a few papers have appeared in 'the literature attempting
to foster a better understanding of the various phenomena.

Abelev and Dolnikov [52] classified the.seif—excited

vibrations of hydraulic gates into two basic categories.
The first category involves vertical vibrations due to the kind

of unstable flow reattachment when vortex formation in the
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wake past the g&te is svnchronized with and controlled hy the
gate motion. This they called the ”edﬁy mechanism of
excitation".

The second category involves'self-excitation which

may resudt from high velocities of the jet-flow directed along

. 1
the vertical face of the gate. " This they termed the "jet- b

flow mechanism of excitation". This simplified cléssification
is useful ﬁnly in so far as +it may serve as a background against
which various problems repofted‘in the literature may bé |
examined. -

Among the flow features which play a significant
part in the excitation of structural vibrations are those :
jnvolving flow separation and reattachment. Whenever flow
-separaies from a boundary, a free shear layer 1s produced
At certain CTlthal values qf the Revnolds number, any lateral
perturbat1on of the unstable shear laver causes the layer
to roll up into vortices which grow in size as they move
downstream. When the eral perturbations result from
vibration of the solid beundary on which the separation point
is located, a regular'two—dimensional vortex train’with a
frequency.of formation equaf to that of the solid Boundary
is ﬁroducéd. vaudascher and Locher [24] discussed three -
possible cases of flow separation from a protruding boundary,
such as a gatc; i) the case of no subsequent reattachment
of the tree shear layer, (11) the caée.of an unstable
reattachment aﬁd‘ {(111) the case 6E_a stable reattachmént:

In the case of no reattachnment, increased exéitation

results from gate v1brat1on. The frequency of \orte\ Eormatlon

—— g o
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chdheé "locked in" with the frequency of the gate motién,
thus reinforcing the excatation. Such vibrations are self-
controlled and will occur over a hldevrange of gate openings.
This is undoubtedly the nature of the gate vibrations described
by both Campbell [18] and Schmidggll [16] although their
description of the excitation as ""pressure fluctuétions
resulting from Von Ka;ﬁén vortex trails" appears to be a
technical mlsnomer. ' = A
Unstable flow reattaehnent occurs ‘in the case of
intermediate gate widths and results in stfong periodicity 1imn
the excitation due to §ortex shedding. Catastrophic vibrations
may Tresult from gate opéé§§ién at certain heads and openings.
The recent work of Hardwick [51] falls into this category.
Extending the ideas of Naudascher and 1ocher, Hardwick studied
specifically the excitation and elastic response of a vertical-
1ift. gate with a flat bottom which is free to vibrate vertically.
Based oﬁ his flow visualization experiments, Hardwick found
that eddies resulting from the breakdown of the free shear
layer lying close to the bottom of the gate induce time-
dependent reattachmenc of the mainstream 1o the gate bottom,
thereby gen@ratlng an exciting force. Oscillatory motion of
_the separation point reinforces the excitation and synchronizes
'if with gate motion. He also gave 2 semi-quant1té}1ve
consideration of the gate’s vibrational response, attributing
the instability to the presencé of a negative damping coefficient

in the equation of motion. His entire work was based on the

crucial assumption that the mean velocity of flow under the

" e emadena s
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gate during the vibration remains virtually unchanged and .
< / :
— . ; - . / . .
that the motion is simple harmonic. However, during operation

at very small gate openings, vibrations lead to repeated

ERE

opening and closing of thé gate. In such cases the flow is

very unsteady, the fluid velocity being zero during a fraction -
of the cycle of vibration. Thus Hardwick"s explanation is

not valid for the case Qhere closure occurs during the cycle.

Stible flow reattachment will occur for large gate

=

widths. This case is of little interest because the massive- i

ness of such a

Ui

tructure will likely make it inrmune from
fluctuating forces. All the caSes‘so far discussed pay be
put into the clﬁssification "eddy mechanism of excitation" as
defined by Abelev and Dolnikov [52]. o -

These writers' cldssification "jet-flow mechan;sm.of -
excitétion” was used to describe conditions when water flows
over a partially open gate which is provided with a skimmer
wall. Flow.between,rhe gate and its skimmer wall occurs as a
high velocity jet which lowers the pressure in thelgap so that
the gate 1s drawn towards the wall. This reduces the discharge
through the gap, setting up inertia preésures which force :ﬁe
gate away f%ﬁm the wall. The resulting horizontal gate

vibrations are thus cléafly self-excited. The seal problems

reported by Schmidgall [16] and by Chepajkin and Lyssenko [22}

as well as the "chattering” of valves and sink stoppers dis-
cussed earlier are pﬁenomonologically similar and are related
to the "jet-flow mechanism”. ' 1

In a recent paper, Chepajkin and Lyssenko [22]

i)

attempted a positive identification of the physical mechanism®*- ]

) S



of self-excited oscillations of gate scals. However, they
neglected the large variations in mean fluid velocities in
the gap between seal and sill during the vibration cytlé.
Large variations do occﬁr in the discharge coefficient as
the gap is alternately Closed and opened during the vibration.
This fact was demons;téted in the paéer by Ne;ver et al. [50].
Thus, the larger_proportion of the energy transferreéd from the
flow to the vibrating‘;tructure may in fact result from the
hysteretic effect of the different flow velocities during
closing and opening as well as inertiz pressures generated
from acceleration and deceleration of the flow past the closure
device (whether it be §eal, gate or valve). Hence Chepajkin
and Lyssenko's theoretical development based on small simple
harmonic motions and negativé damping appears incapable of .
accounting for the flow phenomenon which must occur during a
cycle which involves closure.

Abelev and Dolnikov [52] in their mathematical
model fof the jet-flow mechanism assumed a simple linear
variation in discharge which again reduces to a negatively
damped simple harmonic oscillator. Such a model is reasonable
as long as the amplitudes are small and no closure occurs
which causes a rapid reduction in discharge. It seems quite
clear that the problem being considered in this thesis is

most closely related to this phenomenon.

The only paper appearing in the literature which ”
t
scems to appreciate the importance of the large variation

in discharge is that of Weaver, Kouwen and Mansour [50].
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However, the discussion presented is qualitative only, béing
based on preliminary experiments to determine the static

discﬁarge characteristics. It remains to establish through
dynamic experiments and flow visualization the exact nature

of these phenomena when oscillations involve closure.




CHAPTER 3

EXPERIMENTAL APPARATUS

oy

3.1 Inttoduction

In many problems of applied fluid dynamics there
are situations in which it is difficult to picture the exact
nature of the flow field. In the planning for this rese;rch
programme the need for flow visualization was recognized
early. For studying complicated time-dependent flon,
investigators have employed visual methods to observe the
general qualitative features of complex flow patterns, and to
determine the limits of flow regimes. Among the earliest
examples are the work of Osborne Reynolds (1883), [36] on
transition to turbulent flows,and the studies of L. Prandtl
and co-workers (1926), [37] on production of vortices down-
stream of a stationary cylinder.

In order to observe the flow of tramsparent fluids,
the usual procedure is to observe the motion of tracerl |
pﬁrticles that are placed in the fluid. For successful
visualization these tracers should contrast sharply with the
background. In addition it -is désirable td be able to control
both the concentration and the position of the tracers. The
method used in this thesis involved suspending tracer particles
tH?ﬁughout the fluid medium and illuminating only the region of

interest. -
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This suggested the design and construction of a
two-diﬁensional'model of the prototype check valve. As the
valve behaviour is dependent on the maximum pressure -
difference across the valve, some means of pressure control is

also necessary. This chapter describes the development of

the model and the instrumentation used for the required

-

measurement.

3.2  Experimental Circuit o b

' _\'4"‘. \
The main parts of the experimental circuit are shown

in Figs. 3.1 and 3.2. The required preésure'control could be
obtained using the existing constant-head water tank and its
associated equipment. This tank provides a head of 11 feet of
water and a capacity of about 900 gallons. A six-inch diameter
stéel pipeline was laid and connected to the constant head
reservolr and a gate valve was used to regulate discharge.
Water was discharged through the test section into an under-
ground reservoir from where the water was recirculated through
" the high level tank by a centrifugal pump. The overflow from
the constant-head tank was discharged directly into the under-

ground reservoir.

At the entrance into the pipeline from the high level
reservoir, a short cruciform, shown inset in Fig. 3.2, was
inserted to prevent the development of a vortex and hence
the suction of air into the pipeline from the free surface |
of water in the tank.: Also downstream of the gate valve a

longer cruciform was 1inserted into the pipeline to prevent

re

| - —onm e
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Figure 3.2. (encral View of lixperimental Apparatus,




the development of secondary flows in the pipeline.

Two identical transition sc¢ctions, shown‘in plan
view in Fig. 3.4 were used to transform the six-inch diamefer
circular pipeline Cross-section into the 6" x 9" rectangular

cross-section of the test section. The cross-sectional

i e e R s o VAN i s il el il 5. Lk

geometry transformation was effected over a length of 12
inches and the flow was allowed to develop over the remaining
24 inches of rectangular pipeline. This ensured that the

flow entefing the valve very closely approximated two-dimensional

v, S 1 s gl ervid | DU

flow and was free of secondary flows. A double-screen filter

o

was installed about 20 inches from the test section inlet to
¥

provide a uniform turbulent flow field and also to prevéﬁt

unwanted foreign bodies from appearing in the test section i

during filming. This filter could be cleaned and replaced

RPN

through a cover plate which was screwed te the top of the

pipeline.

i

At the downstream end‘the pipeline rises a total
of 16.5 inches as shown in Fig. 3.2. This was to provide
‘enough reverse hydrostatic head under no-flow conditions to
permit expulsion of air from the test section. The entire

pipeline was frcely supported at a height of 17 inches above

the laboratory floor. j

For flow visualization the aluminium tracer particles ?
were injected into the pipeline at a point 18 inches upstream ;i
of the test-section. A transparent pressurized tank, described

‘elsewhere, was designed for this purpose.
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" essential character of the'dynamic instability will be preserved

3.3 The Valve Model.

The purpose of the fwo-dihénsional’modpl was to
permit flow-visualizationx It was felt that_the vibration
experienced with the protd;ype wasrnot predominantly dependen£
on three-dimensional fluid-flow effects. Also, the flow at the
vertical‘iongitudinal cenfreline through the valve should be

two dimensional because of symmetry. It follows that the

in a two-dimensional model. This assumption was justified by
.subsequent experiments in whicﬂ the essential nature of the
vibration obéerved_with the prdtotype valve was also observed
with its éeometricall; similar two-dimensional model.
| It was appreciated from preliminary experiments on the
prototype that the relatively large mass of the disc and the
high spring rate of its elastic system led to very large
hydrodynamic closing loads and slamming forces. To aésure
-model integrity, a low-mass disc model and relatively weak
springs were therefore required. The relatively weak springs
also, meant low frequencies of vibration and large amplitudes.
Practical -considerations dictated the choice of the
6 inch diameter valve for the study although the phenomenon had
‘been observed with larger diameter valves of the same design. [
The model was therefore a two-dimensional geometrical replica
of the 6 inch diameter prototype. The scale ratio was 1:1.
The test section width was one and a half times the diameter
of the valve.ﬁ.The central one sixth was made transparent. é
, _ j

The choice of test-section width was based on making the flow
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through this central transparent section {rec from cdge cffects,

so that the flow.was truly two-dimensional.
The valve disc ‘was modelled by a one-inch thick
perspex plate, nine inches wide by 7 1/8 inches.long so that Lo
a cross-section through the model was essentially identical
to that of the prototype. The pivot shaft diameter was 7/8
inch, Fhe same as in the prototype. The prototype swing arm

" was used in the mode}f/ The model pivot shaft was supported

symmetrically in two 3 inch long cylindrical brass bushings.

The prototvpe seat ring was modelled‘py L-shaped sheet metal
pieces screwed to the seat. The pifdt sbaft was extended

4 1/2 inches at either end. Three inches from one end of this
shaft a steel bar 14 inches long, 2 inches wide and 3/4 inch
tHick was welded to the shaft. Two inches from the free end of M
the bar, 1 1/4 inch diameter grooves were machined to support

an assortment of compression springs. This spring arm and the
movable 7 inch long receptacle holding the.cohbréssion springs
are shown in Fig. 3.5. Thisoreceptacle is boltéd‘to a one‘

inch thick quadrant-shaped aluminium plate which wasﬂitself (
rigidly bolted to the laboratory floor. |

At the other end of the pivot shaft a pointer was

attached to the shaft to indicate the digplacemént oﬁﬁ?he
valve on a protractor attached to the body of the Valfe, ~The B
protractor scale was graduated in dcgrees ‘

The ¥ront and back of the model were covered with
3/4 inch thick perspex plate. A bleed valve, shown in Fig. 3.3, -

was fitted to the bonnet to rid the valve of air bubbles which
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uould otherwlsﬁ prevent c0mp1ete 11qu1d fllllnq of the \alve - g.

;1 "Reverse flou was simulated by sett1ng the nodel up :30
inffhe pipeline such that the flow tended to close the valve. lé
3.4 iﬁstrumentation for_Dynamic”ﬁéasﬂrements - . %
3.4.1 - Introduction =~ ) S | !

- Three b351c quantities were chosen for direct o ‘ z i
measurement, namely the valve dlsplacement the dynamic ‘ % .
pre ;ur; fluctuations and qg 1nd1cat10n of the load on thé ?

valve. A fourth quantlty, the fiuid ve10c1ty fluctuations
was to be obtained or observed from streak lengths of stream-

line patterns on the flow visualization films.
f”

3.4.2 The Readout System »

-

A 12 channel Honeywell Visicorder Oscilloéraph,

x

model 2106 with its galvanometers driven by an Accudata 117
* -

multi-channel di}ézt“coupled amplifiér was chosen as the
readout system. One reason was>its facility for the simultaneous
recording of many signals. This'was very important in giving
a total picture of the events taking place simultaneously at
the valve during the vibration. Another attractive feature
was its ability to automatically draw time-base lines of up
to one-hundredths of a second across the s;gnal trace A

S .
third reason was.that, because its,"pen" is a beam of light

reflected from a mirror controlled by a galvanometer, it does
not suffer from the disadvantage of poor frequency response

duc to pen inertia experienced with some conventional pen
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recorders. Its very high frequency tresponse (up to 13kHz) .~
. guaranteed faithful reproduction of signals as picked up by

*

the various transducers.

3.4.3 Valve Displacement

The design of a system for measuring valve dis--

. e
placement during vibration presented an interesting challenge.

-
a

These vibrations are of rather large amplitudes and low .
frequefcies. Impact of the valve disc on the seat was involved
and there was a substantial fraction of the period of vibration

) Ve
during which the valve remained closed. It was highly desirable

to have a clearly defihed-point of closure of the valve as well

as a sharply marked point of departure of the disc from its seat.
A capaéitive displacement probe was chosen principally

because 6f its excellent frequencf response, 1its reliability

in terms of repeatability of résurts and its availability.

A transducing system for cohvertiﬁg pﬁrely angular rotation of

the pivot shaft into strajght line motion of a detector red,

was designed as shown in Fig. 3.5. An eccentric collar was

'1
!
|

rigidly attached to the p&vot shaft by a number of.set-screws.
A spring-loaded detector rod picked up the rotation of this
egpentric collar and converted it into straight line axial
motion. Contact bereen detecfdr rod and ecceqtrfc collar
was maintained through a steel ball beariqg.

‘ The MC1 capacifive probe was used to monitor the

motion of the detector rod. The signal was amplified using

a Wayne Kerr-Vibration/Distance meter, model B731B, filtered

and fed into the Visicorder. This vibration meter is a
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Figure 3.5. Transducing System for Measuring Valve
Displacement During Vibration,
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portable instrumengt for the accurate measurcment of distance
and vibration amplitude from 50 micro inches to 100 thousandths
of an inch over the frequency range 1 Hz to 10 kHz. This
system is shown in parts in Figs. 3.3, 3.5 and 3.6. The low -
pass filter (Wayne-Kerr model F731A) had a cut-off frequency.
of 100 kHzl Its purpose was to remove ripple voltage resulting
from higher order harmonics of the ﬁodulated 50 kHz signal
which ‘'was the output from the distance socket of thé amplifier.

This tragsducer was calibratfd by noting the pen’
deflection on the Visicorder cscillograpg for angular displace-
ments measured on the protractor. It was found that detector
rod displacement varied linearly with angular displécement of
the valve.

~

3.4.4 Hydrodynamic Torque

An indication of the variation of the hydrodynamic
) )

load on the valve was obtained by using a piezo-electric load
cell to detect the variation in the compressive force in the
springs. The load cell is a force transducer, its purpose
being to convert a mechanical force into an electrostatic
charge signal which can be trang?ormed in a charge amplifier
to an electric output voltage and transmitted to a recording
device. A Kistler quartz load cell Type 903A having a resonant
Ercqucncy of 60 kHz was used for® the exXperiments. It was
iﬁstalled in a groove machined into the spring supports.

Its sensitivity having been matched to the charge

ampliEicr; it was calibrated by applyfné accurately known loads
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on the transducer and measuring the pen deflection on the
Visicorder corresponding to these loads. The ‘calibration

curve is shown in Fig. 3.7.

3.4.5 Pressure
It was desired to measure the upstream and downstream

pressures in order to determine the effective pressure

&q
difference across the valve at any instant during the vibration.

Two'home-made"strain-gauge type diaphragm pressure transducers
using a Hewlett-Packard Carrier Preamplifier model 8805A for
bridge-excitation and signal-mo&ulation were available at the
beginning of the experiments. Almost immediateiy, problems
were encountered over the presence in the modulated signal, of
60 Hz line fr;quency noise. Although gke ideal filter to use
in such cases is a narrow band-reject filter, the prohibitive
‘cost of such a unit led to the decision to use a low-pass

filter (cut-off frequency, 60 H;Q of cheap construction.

Pressure wave shape was preserved in each case but four

undesirable effects were noticed during analysis of the results,

First, there was a distortion of signal rise time; secondly,
a frequency-dependent phase shift made results computed for
instantaneous values of pressure difference across the valve
from the two different transducers inaccurate. Thirdly, the
signals were severely attenuated and finally, there was the
inevitable suppression of components -of the signal of
frequencies higher than about 15 Hz. Thé difficulties led to

the search for a different pressure transducer.

L TYPREE T Y PEN
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The pressure transducer used for the [inal results was
‘a variable reluctance pressure transducer made by Whittaker

Corporation, model P7. It was operated with the PACE model

CD25 meter readout type carrier system. The response of this
transducer indicator'wa§ flat to 1000 Hz, and the n3tural fre-
quency of the stainless steel diaphragm was 14 kHz.
found that there was no need to filter the outp't signal
because the excitation frequency wés quite high, of the order
of 1000 Hz to 3000 Hz.

This transducer was used both as a singlé pressure
transducer and as a diffeféntial pressure transducer. Measure-
ments were taken very close to the point of valve action thus
permitting the use of short connection lines. Excellent
results were obtained with this pressure transducer.

The transducer was calibrated by applying known
pressures and measuring the siénal tracers corresponding to
these pressures on the Visicorder oscillograph. The rated

transducer linearity was N 1/2%.

3.5 ‘Flow Visualization

3.5.1 Flow Visualization in Water: Brief Review of Techniques

Many techﬁiques have been developed for the !
visualization of wﬁtef flow. Methods of indicating flow ' !
patterns may be broadly classified into two groups: static
methods - those applied to boundary surfaces; and kinetic
methods - those applied in the fluid itself, either in the

stream or, in the boundary layer. Static methods illustrate
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the pattern ofivelocity gradient and therefore of shear stress
at a solid boundary and may involve the deposition of solids
or liquids on the-bqﬁﬁégry surfaces. Kinetic methods may be
ﬁsed to investigate the flow in either a boundary layer or in
the main stream itself, and generally involvelinjecting tracer
material into the fluid. C;ré is necessary to ensure that
neither the tracers hor the injection tubes modify the flow in
the boundary layer because interference with the.flow pattern
“may render incorrect, deductions based on it. Injecting
tracers into the main stream is less crysical.

For quantitative results and those from which time-
dependent.flow characteristics are to be deduced, kinetic
techniques must be used. The oldest of these, applicable to
flow in an open channel consists of scattering on the liquid
surface a light powder (such as aluminium OT lycopodium) and
iliuminating the particles. Morris agg Haythornthwaite [38]
used the technique to illustrate two-dimensional flow into a
model of a compressor intake and improved a poor presshre dis-
tribution there directly as a result of their observations.
‘Difficulties associated with 2 free surface may be resolved
by submerging the model and introducing tracers below the free
surface. Highly reflective particles in suspension may be
illuminated from an intense light source through a narrow slit
approximately parallel to the main flow. The flow may then be
examined by viewing the illuminated "slice'" along a direction
approximately perpendicular to it. Such an aqueous suspension
is readily made from small spherical particles of aluminjium

which have first been wetted with alcohol. Chester, Halliday
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and Howes [47] show in their book that aluminium particles

show to partlcular advantage in a channel of rectangular
section because the angle of optimum reflection is about 90°

to: the ‘{ncoming light. Where the main flow is horizontal
-éndlfhe-slit'is vertical the particles may be viewed from the
side without significant optical distortion of the flow pattern.
The methgd is well suited to photography and accurate results

- are obtainable if}tﬁéispecific gravity of the tracers is close

to unity.

A drawback to the prolonged-ﬁse of aluminium particles

L e TATATEr TETR et epE

is thét they soon become tarnished by an oxide film. Small
| spheres At polystyrené were suctessfully used by, among others,
McEachern and Bowker [39] and Winter [40}. Winter and a number
of other workers also experimented on a limited scale with air
bubbles as tracers. It was found that optically, air bubbles
are unsatisfactory“pecause they reflect incident light only
slightly. The ideal angle of réflection is 90° because tracers

may then be viewed in a direction normal to the incident beam

I
i
I
h
!

and distortion of the flow pattern by optical refraction is
eliminated.. An even more serious drawback to air bubbles is

their low density.

" 1in general the velocity at any point of a two-

dimensional flow field can be determined from a photograph of

PR Tk

the pattern made by the tracers provided the exposure time is

knoxn. In steady two-dimensional flow a qualitative indication

of the strecamline pattern can be obtained by allowing a fairly,

-

long exposure.

{
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Fbr many years injecting stredaks of dyqs has Eeeﬁ

a popular method of introducing discrete tracer filaments into
a fluid stream. The technique is especially useful in water
tunnﬁls where the flow around a model at various depths can

be indicated. A critical drawback, however, is the disturbance
of the flow caused by the tubes which dispense the dye. The
‘method, moreover, is unsuitable for highly turbulent flow
because dye filaments are then rapidly dispersed and broken up.
A further drawback to using dye filaments in closed water
ciréuits is that the dye is recirculated and increasingly
contaminates the water. In short runs this may not seriously
affect the clarity of observation but for 1lgnger runs the
contamination may be enough to render the new dye filaments
-indistinguighable from the bulk fluid. Dye filaments cannot

be pulsed accurately enough to give direct velocity measure-

ments. The use of dyes is therefore better confined to

-

A
boundary layer work or steady flows with low turbulence.

The hydrogen bubble technique, apparently first used
by Geller [41] to study low-speed water flow through a duct,
has been improved upon by a host of other workers, notably
Clutter, Smith and Brazier {42]. These workers developed the
technique of using a crimped cathode to generate well-defined
filaments of bubbles. The bubbles are generated from the wholc‘
of the wire but if the apexes are closely spaced the bubbles
arc swept towards tﬂe apexcs before being shed.into-the flow.

By pulsing the supply to the cathode £hey_determined the main-

stream velocity about an airfoil from photographs showing rows
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af bubbles released from the cathode at known intervals of
_time. Hith'SUfficient power input, the hydrogen-bubble tech-
nique is not restricted to low velocities. Illumination
of the bubbles is fairly critical. They are best seen against
a dark backgfoundlﬁnd Clayton and Massey [43] as well as
Schraub et al. [44].discovered that a parallel beam of lightr
should be so positioned that the light is déviated thrqugh
about 65° into the viewing direction. |

The principal objection to the method lies in the
difference between the densities of bubbles and water. However,
the bubbles are usually émali enough for their rate of rise to
be only a small proportion of the main-stream velocity of the
water.

For reasons of space, only the principal methods
of flow visualization in water have been briefly discussed
here. A discussion of techniques not mentioned hefe as well
as an extensive bibliography, is contained in References
[42], [43} and [45]. ' i

The purpose of the flow visualization in the present
work was to give a clear picture of the nature of the unsteady
flow field during the vibration process. It was also desired
to obtain a good idea of the fluid and valve disc velocity
variations.

' Aluminium tracer injection was chosen over all othér

' methods for this work because of a number of outstanding
advantages it possesses over the other pfingipal methods, given

the aim® and conditions of the present experiment. It is

?
|
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relatively simple to injsct enough aluminium tracers into the
closed.éircuit system to keep the quality of the cine-photo-
graphy reassnably constant.from test to test. The alsminium 4
tracers also possess the optimum light reflecting angle of 90°
Moreover. 1t was believed that aluminium tracer’ injection offered
the least expensive and most easily controlled of all the
techniques ‘considered. Finally, previous experience by other

workers had shown that excellent photography was possible

with this method.

3.5.2 The Optical Arrangement

A

- The most successful lighting for photographing flow

" Tines beneath the water surface is a thin slit of intense light
that illuminates only the flow region.of in;éfest. ‘Financial
considerations called for the design of'a}éighting system
which was both simple and inexpensive. The type of liéhting.
requircd for the'phoiography conEemplated had to be a narrow
vertical plane beam at leasi‘lz inches long;‘ This tslled for
either a long pencil-thin source of‘light-capabie of being
focussed with a pafabolic reflector, or a ssries of point
sources arranged in - a straight line. A survey of the
intensity ard efficiency of various'lightﬁsources was carried
out befpre fws alternste sources were chosen, Ihe first
system was a Wcstinghousé 1500 Wstt,'ZOS»Volt tungsten
halogen lamﬁ equipped with a parabolic polished-alqminium
;efléc{or Its filament was 9 inCﬂcs ldng and the light

intensity could be -varied W1th the, operatlng vgltage. ThE'

second 11ght source used wuas-a serics drrangement 0 flve 300

A
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Watt, 120 Volt Kodak Carousel projector lddps-each of which was :
equipped with its own polished glaés reflector. A;}'cooI;Qg .
of both systems was ‘carrled out ‘with a 20 inch fan.’ . -W§

Prellmlnary experlments were carried out'to deter—
mine the feasibility of using a cylindrical plano-Convex
perspex lens to focus the light beam before it reached the
transparent ﬁortion of the valve apron. Based op‘the reeult o
of several expe;imentsfg?d previoos work [46], a plano- _

{
Convex cylindrical lens was cut out of a 5 inch diameter

solid stock of cast acrylic rod, 12 inches 10;E§§;TQ35 lens

was carefully pollshed to high transparency and proved quite

adequate. Coollng the lens presented a real problem as the

heat ffom either of the llghtlng systems ‘could easily cause,
melting. A special housing for the leng\W3§/desiéned comolete
with a 1/4 inch thick hea£ resistantégiess Elate 12 inches long

" and 4 inches wide. This cut down the amount of heat radiated

to the lens but unfortunately it also reduced the amount of’

~light reaching the lens.

’ o . W
The housing for the lens and heat-resistant glass
was made of sheet aluminium and painted flat black to¢ minimize
&,
reflection. " Two perforated pipes were used to distribute

cooling air over the entire length of the lens. The air

~ was tapped from ; 20 psi laboratory supply. Even with all these
>pr6cautions, exoerience.showed that further care was required

to prevent the lens ffom warping under tﬁe effect of prolonged

heating, even -at moderate temperatures. The 1ights'hére_

therefore turned on only when requ1red and even then not for
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. . — - . - L.
prolonged periods of time. The optical system is shown in

Figs. 3.3 and 3.6.
With these light so@rces the tracer particles could
be photographed at shutter speeds up to 1/1000 second deﬁ%nd-

ing on aluminium particle concentration and film rating.

-

-

3.5.3 Aluminium Tracer Injection

A pressurized transbarent tank was used to inject
the aluminium tracer into the system-upstream aof the test
valve, Thig injeg;ionltank was madelfroa 6 inch diameter
perSpex“piping SO ihat the level of, the tracer preparétion

could be visually monito?eg‘in the course of an cxpériﬁent.
Its design was based on calculated injéction'rute and
pressure which would eliminate the need for replenishing the
preparation.during the normal course of shooting about 100
feet of film. Calculation showed that tﬁe tank matcriali
could §afely‘withstand_up to 60 psi without rTupturing. "However,
there was ne;er-a need to operate the system above a pre-
set preésure of 15 psi. A Bourdon gauge indicated’  the injection
brossure.and q‘saf¢§§-relief'va1ve Kept tﬁis pressure constant. ‘
This tank is shown in Fig: 3.3:

The tracer wns-injected into the pipeline about
30 inches'upgtream of the valve seat. A 1/4 inch steel tube

was inserted into the centre-top of the rectangular duct,

touching the bottom of the duct. A number of 3/32 inch dia-

meter holes were drilled into the bottom three inches of the

downstream side of this tube. A valve fitted to the outside %5




54

'exténs{on of this tube controlled the rate of tracer injection.
The aluminium powder was made into an aqueous sus-

pension by wetting a measured quantity of the powder with’
methyl alcohol and then vigorously shaking the m}x;ure before
transferring it into the ihjectioh'tank. The taﬁk was then

" made up to volume by addition of water-alcohol mixture.
Experience showed that the-make-up of w#ter-alcohoi prevented
-the tracers, once injected into the system, from staining

the sides of the transparent plexiglass of the test section.

3.5.4 ﬁhotograﬁK; N

o

Still or movie cameras were mounted on a stand in
front of the test section as shown in Figs. 3.3 and 3.6.

Two different cine-cameras were procured for the
experiments. The first was a Hycam high-speed camera capable
-of speeds ranging from 50 to 3000 frames per second full frame.
Difficulties were encountered because of the lapk of a suitable

.wide-angle lens to use with this camera. . This resulted in the
camera having to be moved a considerable distance from the
test‘section to foﬁus the lens. The iigﬁt reaching the film
decreases with the distance of the camera from the object being
filmed. Thus to obtain enough light for filmin§ at this
relntivelf far cameru‘position, more concentration of tracer

. was alﬁays required. This resulted in streamlines of the flow
around the valve being indistinguishable from onec another.

| The other camera available was a Bolex H16 Reflex
16mm cine-cﬁme:a capable of spceds ranging from single frame

to 64 frames per second. It was fit;éd with a 25mm fl.1 wide-
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angle lens and it proved excellent for all the,éine-photography
‘attempted. This camera was'slightly modified by the installa-

tion of a microswitch and trigger circuit to synchronize the

f
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operation of both the camerz and the Visicorder oscillograph.
Provision was made for bolting the camera to its Staﬁd so that
vibratlon of the camera was eliminated. The camera was also
operated with a remote control switch to ensure camera
stability. " . |
- 8till photography'was done with an Asahi-Pentax
Spotmatic 35mm single lens reflex camera. .
| Primarily two types of films were used although
a third type was brlefl) e\per1mented with, Fi}st for
prellmxnary exper1ments, Kodak 4-X Negative film, Type 7224
having a speed rating in sunlight of 400 ASA was used. This
‘ was a very fast film bBut it also had a disadvantage of being -
Qf%}her grainy<so that the prints obtained from this film
lacKed the excelient definition that was desired. For all the
, permanént movies shot in thésé experiments, Kodak Plus-X
Negative film Type 72317 ha\1ng a speed rating in sunllght of
‘64 ASA has been used: For all still photography Kodak Tr1 X
"Ektachrome 35mm black and vhite film having a speed rating in
sunlight Sf 125 ASA has been used.

Special problems encountered in cine-photography
ﬂinvolvcd the effect of fluid floﬁ velocity and valve disc _
-speed on the quality of picture obtained at different filming
specds. At the higher fram1ng speeds (ma1n1y at 64fps, 1/180

sccond shutter speed),the f11m qtopped both the flow and the
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disc. At low filming speeds a better flow definition was

obtained but the disc became blurred during those parts of its

oscillation where its velocity was greatest.

'
s

3.6 Determination of Spring Stiffnesses

Five different sets of compression springs were
assembled for the experiments. All had uncompfessed léngths of
4 inches. Differences in spring coil diameter allowed insertion
of some into others. In this way eighteen different combina-
tions could be made. The springs were arbitrarily designated
as A, B, C, D and E for identification purposes.

Their stiffnesses were accurately determined on an
Instron Tester machine by plotting a load-deflection character-
istic curve for each s;ring. The slope of each curve yielded
the value of the individual spring stiffnesses. These curves,
lshown in Fig. 3.8, indicate that all the springs ‘except E
exhibit excellent linearity éven foerarge'deflections. Under

the influence of large loads spring E tended to bgnd as a beam

as well as deflect axially, resulting in-larger apparent

deflections.

R

3.7 Experimental Procedure

A typical vibration test was carried out in the
following manner. Complete liquid filling of the pipeline
was effeccted by operding the upstream gate valve and bleeding
nif out of the system by opening the bleed valve on top of the

test section. The gate and bleed valves were then closed.

. o
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Any tests ﬁnder no-floﬁﬂconditions could now be performéd.
Next, a spring combination of Kknown toﬁal stiffness
was inserted into the spring drm and the test valve.opened
to a predetermined initial Ahgle using the protractor. A
iecofd of the displacement, preSsuré and torque transducer
outputs under no-flow conditions was then m#de. The upstream
gate valve was opened completely, and depending on the initial
angle and spring stiffness, the valve either c&osed without
vibration, did not close at all, or went into spontaneous
~r}bration. It wa; found that in some marginal cases vibration
céuld be induced by giving the spring arm a jolt.
Where shooting a film waS contemplated the camera
light meter reading was taken to determine the exposure timel
at a desired film speed. At least nine variables must be
"considered in obtaining the optimum.photograph with an available
light source: |
(1) exposure time
(ii) water velocity
(iii) film type
(iv) developer
(v) developing time
(vi)  particle size =
(vii) pnfticle'type - “
(viii) particle concenfrntioh

(xi) aperture

In order to keep particle concentration constant from test to

test cnough tracer was injected to obtain a given light meter

—_— ij
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reading and then injection was stopped, thé camera was
synchronized with thé visicorder oscilibéraph and the film
was shot.
The film was then developed in the darkroom using
Microdol-X developc} with an averége developing time of 8 1/2
minutes, as specified for average contrast by the film |

manufacturer.

~




CHAPTER 4
FREE VIBRATIONS - NO FLOW

4.1 Introduction

In this chaptey, the equations gﬁverning the small
amplitude free vibration of the model valve in air'qnd in
quiescent water are derived. These linear differential equa-
ti;ns are solved analftﬂcally and a computer hgz-been used .
to obtain numerical data. Experiments to determine the first
natural frequency of the system in air and in quiescent water
are descyibed. Comparisoh of the experimental results with

the theoretical predictions shows, among other things, that

the assumptions made i} deriving the theory are fully justified.

o

L

4.2 Theoretichl Formulation /

» Kxhﬁf;f//d.l shows a schematic representation of the
valve system: ’ _

Consider the system for the purposes of "exact"

analysis as a two-degree-of-freedom system, the two masses
being the mass of the spring arm and the combined mass of the
valve plate and swing arm. The two stiffnesses are the
torsional-stiffness K, of the pivot shaft and the combined
stiffness K. of the compression springs.

4

Taking moments about the centre of the pivot shaft,

L
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.Jl el + ks L 8y - ka (02 61) 0_ _ {4.1a)
J, 6, + Ky (8,-67) = 0 (4.1b) i
where ;
H
Ky is the torsional stiffness of the pivot shaft, ;

9.6262 x 10% 1b.-in per radian;

K is the equivalent stiffness of the combined springs,' ﬁ

in lbf/inch;
1 is the mass moment of inertia of the extension

arm about the centre of rotation of the system, o

1.01 lbf-in-secz;
Js is the mass moment of inertig'of the swing arm 4
and the valve plate about th'e centre of rotation ;
of the system, in lbf-in-secz;
8, and 6, arc the absolute angular rotations of the o

spring arm and swing arm respectively about the EE

centre of rotation, in radians, and
L is the distance between the spring support and the

1*]
centre of rotation, 12 inches.

Equations (4.1) are simultaneous lineoar differon£ia1 equations
with constant cocfficients. Assuming a particular solution in

the form

0, .51 sin (wt +a)

02 - 62 Sin (Nt +(l)
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and substituéing, we obtaing
L2 2 A R
(KL™ + Kg-u Jl)_ -Ky 8y
. s ..y = {0} (4.2)
-ke (ka-m Jz) 8,

-

For a non-trivial solution, equation (4.2) yields the frequency

equation of the system:

2
172

b - 4

The solution of equation (4.3) yields the two natural frequencies

of the system:

. . . — Y ENY 7
2 “[Jlke 75 (K LKD) ¢ v [J)K 435 (K L7+K )] -43,J,K LK

M)

o<

4.3 Approximate Theory: Reduction to a Single-
Degrce-of-Freedom System

It is normally desirable to have the torsional stiff-
nosstof the shaft Ky as great as possible. However in order to

provent the slamming of the disc on its seat, Ks may also be

rather large, in which cuse-Ka and KSLZ may be the same

order of magnitude. It is of interost to soe for what range

of (Kqu/KO), the simple single-degrece-of-freoedom approxima-

tion is good.

Japts Ky« 0y (KLE + KW+ K LK, = 0 (4.3)

(4.4)

_’-A..Qt"ut?tl

e
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— 1f }\e >> }\SL , then
/
lim (8,) = 8, (4.5)
KB -+ ®

. Substituting equation {(4.1b) into cquation (4.1d), we obtain

L1} (13 : 2 . "
Jy 8y + Iy, + KL% =0 . (4.6)

and using equation (4.5), equation (4.6) reduces to

2

(Jp + J,) o) + KL%, = 0 — NS
y
from which
) Kst . | 6.9)
mn = m—1+ 2) : ) .

4

4.4 Experimental Procedure and Typical Results

Free vibration tests in air were\performed as
follows: The pipeline was completely drained of water and a
predetermined spring stiffness was arraﬁged in the spring arm.
fhe spring arm was then suddenly relcased from a depressed
position and the resulting t;nnsiont vibration recorded in the
form of displacement and torque transducer outputs on the
visicorder oscillograph. The valve was arranged to eoxocuto

frce vibration about an equilibrium position of 4% with an

initial amplitude of about 2°. From these rocords the funda-

mental froquency of the system was dotormined for each spring

combination. The results are listod below, and plotted in Fig. 4.2



. ,.. | ) o
| ! | Fundamental Frequency of Valve in Air -(Cyclcs/ sec) |
Stéﬁf?gss I Determined Experi-f Computed £rom _ f Single-degree-of-
(k LZ/K y: : megt%éi;t.) Y'exact" thcqrx: freedog ‘approx. :
S ;] a la : - "na

0.034 | 8.5 " 7.86 7.87
0.052  9.86 9.62 ' 9.63
0.058 10.89 10,22 - - 10,24
0.069 11.18 11.10 - .12
10.076 | - 12.10 11.63 1166

. 0.096 ©12.90 13.13, 13.17
0.1137 14,28 14,24 14,30

| o.1204 14,97 14.66 14.71
0.1309 15.00 15.28 . 1534
0.1376 15. 28. 15.66 15,73
0.1586 16.71 16.80 16.89
0.1758 16.95 17.67 17.78
0.1825 |  17.88 1800 . 18.1%
0.1930 | . 18.00 . 18,51 18.63
0.1997 18.65 . 18.82 18.95
0.3097 21.28 23.35 _ 23.60
0.3269 éz.ss_ | 23.97 24.24
0.3336 | 22.82 24,21 - 24,49
0.3717 25,25 25.52 25.85

Table 4.1 j

-~

Iﬁ equations (4.1) th(4.8), the value of,J2 was

not kuown. Its valuo was estimated in the following manner:
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Figure 4.2, Free Vibrations in Air.
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-(K Lz/K ). J2 WaS calculatod and an average taken. This average
'xosultq in uolumnq 3 and 4 of Table.d4.l are calculuted

. syqtom in water. the pipelino was completely filled with

‘water and the upatroam gate valve was then shut so that no

?poqltian of 4° with un initinl amplitude of approximately

. . t “.’- ;
“From equation (4.3) ’ ‘ _ . o,
’ . L : - s - — .
20 0.y 42 | _
- ] 2 "‘ (4!9) -
_.JIN W (KSL +K3) e . . ‘

seconds and then réleased. The valve displacoment.and spring

| Fig. 4‘;5§§  N &

Using the known  vilues of J,, K, L. and Ks; and the experi-

.mentally measurod values of w for a number of small

value of J, for froe vibration in air is 0,45 lbf-in sec?.

Using the average value of J, and fho'appropriaﬁe theory the

To dotormino tho fundamontal frequency of the

flow occurred. The spring arm was kept depressed for a fow

fdgee were recorded oﬁ‘tho visicorder oscillograph. Again

tho valvvﬁwaq arrangod to vibrnte froely about an equilibrium

2° From the recorda, the Eundamental.ﬁpequqncy of the
qutem under thiq conditidn ‘WA doterminoq\for each spring

comblnation. The results are listed below, -and plotted in
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7 . hmdamentul Frequency of \.’al\,e in Quiescent Water (Cps)
‘ Stéﬁfqgss’ ‘ ' Detenmined experi- Computed from | Single-degree-of
2 - menxally .| "exact" theory | freedom approx.
(FSL /%g) . £w(°th ) ) fw wo-
PR .
0.034 |- 528 4.65.. i +4.69
“0.082- | s 5,67 5,74
0.058 | 636 | s.01 e
0.069 - .78 1 651 .  6.63
[ 076 . %SO I C S | 6.95
le0006 ). 766 | 7.66 . 7.86
0.1137 s 8.08 ﬁ727 | . 8.53 .
. 0.1204 © | . 8.20 - 8,50 8.78
01309  8.39 [8.8¢ 9.15
0.576: [ a1 3\9.04 | e
oasss | s.er | \;?es 10.07 -
0.1758 fé.aai ' 10.12 . 10.60
0.1825 | - 9.88. 10,29 | 10.80 +
0.1930 10.95" 10.56 - 11.11
Coasery | 10 1072 11,30
0.309?‘_ S12.200 0 ) 12,98 B U
0.3269 12,72 13.27 . 14.46 h
0.3336" 12,73 | 1339 461
R ‘"fTablo'a.z /
Aq in tho case of froe vibration in air, the value
of . for froo vibration in water was not known. Jz was once

/"\
ngain ovnluated from equatlon (4.9) uiingﬂ/iporimentally
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mensured'vnlués of w for a number of small (Kstlka). An
average value of J2 obtainced from this procedure (2.802 lbf-in-
secz) was then used with the aﬁprOpriatu theory to cq}culate
the results in columns 3 and &4 of Table 4.2, |
~ Values of the dampﬁng factor were also deterh ned.
from the oscillographic records for both free vibratio#ﬁin
air and in quiescent water. In the case of froe vibratién in |
water, only i few cycles could be recorded for the lower spring .;‘
stiffness as the vibrftion decayed very rapidly. | |
The damping factors were calculated from measured a
values of the lognrithmic'decroment of transient vibrations.
Substantial variations in the mcnsurod values of the damping
factor rosulfed from three sources of orror. First, chafing
_occurred in the coils of the different springs. This problem
could not be avoie’d because spring stiffngss was varied by
. inserting one spring into another. Secondly._the contribution
to the damping factor by the sealing compuund~introducod into .
.the bushings on o;gg:; side of the pivot shaft. could not be

estimated. It ap quite clear that this contribution is

!

difforont for vibration in air and in water.' Thirdly, ther
weTe orrors in measurement which cannot be equalized in owgry
ﬂowevor. in spito.of the variations, a clear trend
was establizhed in tho rosults. The results show that the
damping is substantially greater in water (by a factor of

about 2) than {t is in alr.
»
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4.5 Determination of an Approximate Added Mass

A structure submorged in water o&K}blts different
dynamic characteristics from one which vibrates ¢n air.
Theoretical analysis as well as laboratory tests indicate ihat
a system has a longer peridd of vibration whonlvibrating in
water compared to that in air. For small amplitude vibrationa
the stiffness of a structure’submerged in water does not
change appreciably compared to the stiffness in air. Hence

the increase in the period of vibration of such a system is 5

only at§i3295§§10 to an increaseein the apparent mass of the
systom to the participation of the surroundiﬁghhutor in

the motion. This apparont additional mass due to the motion

of the surrounding wator is termed “virtual mass" or “nddod
mass" of the water.

The magnitude of"the added masx certainly depends
on the goometry of the structure, its relative confinement and
tho level of ﬁubWergenco. For ship hull vibrations, Todd [30]
has shown that me nddedlmass,is not dependent to any marked _
oxtont on the mode¢ of Yibrntion or frequency. Apparently this i
rosult is applicable provided the amplitudes are small -
gonerally not_groﬁtor than about 5V of a characteristic . :
dimonsion of the structure. However, lLogvinovich and
Savchenko 155] have, demondtrated that as the amplitude is
increasxed, the added mass becomes hoth nmplitudu and £roquoncy”

dependent., Nevertholless, it has stili not been clearly

4
H
s
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mass of the structureé is known as the "virtual mags factor",
Frdm-tho results of the experiments, |
“Added {mertia" due to the presence of fluid
= (2.802 - 0.45) 1bg-in-sec?
* 2,352 1bg-Mysec’
"Added inertia factor" a is given by
J,(water) - J,(air) :
2 2 . .
= NPYCEY = 5,22 i
2lair)

—

Q

" Also,

J,(water) :
2 . 2.802 6.23
32IaIri 0.45 PR

This means that even for small amplitude free vibration in
water the effective mass of the disc incroased by a factor
of about 6.23. |

4.6 Discussion and Conclusions

The small discrepancy between compufod and experi-
mental rosults evident in Figs. 4.2 and 4.3 for stiffness = x
ratios greater than 0.3 are likely due, at least in part, to
the error in dethrmihing the oxact value of tho stiffness of
sprlng[B roportoﬂ in Chapter 3. This particﬁlar apring was
{involved in all the.combinations uged to 6btu1n stiffness

ratios above this value,

. The following major conclusions. may be drnwn.ffom"
the results of the work rapoftod~in this chapter:
'(ii The added mass of water participating in any vibra-

xidns of the valve iz much larger than thq_ﬁnss of the disc
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T‘*:nnd mus t therofore?be taken into account in any vihration
anﬂlysis of the system, | ‘
(1i) . Within tﬁe range 0 <(KSL%?K°) < 0.2 the valve system

- may recasonably bo npproximatod by a singlo-dogrec-of-freedom

_system, provided also that (leJl) < 1, In the case of free
‘vibration in wator.(&é/Jlj > 1, and the range of stiffness
ratio ovor uhfch the system behaves like a single-degreo-
of-froedom system, shrinks appreciably.

(1i1) ~ Over the range whore the system behaves upproxiﬁately
Is u single-degrec-of-freedom system, the udded'muss of ~
fluid uppogés to be little affected by frequency. This is in

agroement with the findings of previous workers, notably

Todd [30}.

(iv) The vibration expoerienced with the valve is not &

resonance phenomenon. In preliminary vibration tests the

observed frequgncy of vibration has always been much lower
than the natufnl froquoncy of the system in wator for the
relovant spring stiffness. |

(v) The damping in the system when vibrating in water ’

appoars to have increased by a fnégot of about 2 compared

to the case of freoo vibrations in alr.

-

1
!
i
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CHAPTER 5
THE DYNAMIC BEHAVIOUR OF THE VALVE

5.1 Introduction

—‘ﬂIn this chapter, the dynamic bohaviour of the
choci valve as designod originally by the manufacturer is
studied, its limits of stability are dotorﬁined and the
influence of change of paramoters in the region of {nstability
is examined. Based on these cxperimental studies the koy
paramoters hpparonily governing the instability are determined.
Valve vibration is shown to be self-oxcited, and the region of
solf—oxcitétion on a stability map is ehown to have two zones
with slightly different characteristics. A mpéhanism of
instnbiiity is thon postulated.

Before proceeding with the work in th;s chapter, the
use of springs without an oxternal damper on the mogel must be
justified. The significant conclusion drawn from the pre-
liminary experiments cnrriod'aﬁi on the externally damped pro-
totype valve is that for high enough dnmping the damper
becamo inoperative and the dynamic hehaviour of the valve bocame

depondent dnly on the elastic deflection of the pivot shaft and

‘hydraulic oil dampor comnections. It was this o\nati&ity

plus the initial angle of valve opening which determined- the

froquency and amplitude of the observed valve vibratlon.

14




5.2 Static System Churacteristics

As part of the programme to dovelop an understanding
of tho valﬁe‘s'bohaviour, the théorotica] hydrodynamic
torque required to just ovorcome thc’qpring arm rostoring
torque at the point of closure was calculatod. XX
It wns assumed that in this limiting condifton. the
equilibrium of the valve is dotermined solely by tho restoring
force in the spring and the effective pressure difforence

across tho valve. The equilibrium equation is determined by

taking woments about the contre of the plvot shaft ax shown
in Fig. 5.1. Tho moment due to the submerged weight of tho
dlac and swing arm woré found to bo negligible compared to the
moménts.duo to the spring and hydrodynamic;forcos in the asystenm,

Tho vesulting oquation is:

' Koq 06 - (Pu-Au - Py Ad) L (5.1)
wvhere . 2
quoh } (5.2)
K - W »
o4 - 2 .
K0+S3L |
and Ks u kl + kz

0. « initial angle of valve ohoning, in radiang

- B = avoerage prossure (30.34 kPa) acting on upatroeam
valve faceo Au (0.04137 mz);
Py = average prossure (4.099 kPa) acting on downstream

valve face A, (0.0348 mz).

T, " oliuutlve radlus arm from the centre of pre\suro

——
e Tl T

to thv gontre of rotation (0.1222 moetroN) .

" -
Lot .

K
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I Pivot shaft

Py Pq
Au Ad
m 7%
' /|
Vaive disc

Flgure 8.1, Limitlng Condlition of lqui\lhrlum
of the anvo

rm——
S —




~this critical value,

"be stable in the sense of the valve closing and remaining

y

{

77 . a

R

)

L = distance from the spring support to the centre
of rotntton (0 3048 metres) nnd
Ka is the stiffness of the pivot shaft, (10 876147_
kN -m/radian).

As long as the hydrodynamic torque oxcoods the spring
oy :
rostoring @orque,(Koq 0,0+ the valve remains closed. The

valve can opon up only if tho hydrodynamic torque reduces holow

A static characteristic for the valve has been

dorlved using equation (5.1) and the appropriate areas, radlus

and hydrostutic pressures, i.e., ' ' ;

3 . :
1.3595 10°
. 0 * = p—t- R C(5.3)
A eq . . -

s

The result ls plottod in Fig. 5.2. The ‘shape of this

characteristic is dependent on the hydrostatic pfessuro and

will move up or downv&yponding on whether the prasaufo is

higher or lower. This curve is based on the avallable hydro- |
stutic head and 13 of significant importance in undbrstanding |
the valve's dynamic bohuvlour.

All points to tho left of the curve ideally should

¢losed boecause the availabie hydrostatic pressure In the

system is sufficient to overcome the spring fostbring force.
To the right of this éurvo. the rostoring torquoe from tho
spring at closure ls greater thun the torque cvxerted by the
avallable hydrostatic¢ prossure. MHence in this rogime the

valve will not close unless the hydrodynamlc pressure exceeds




2%

20~

ok

(Vaive closes ond remains closed)
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_thé hydr&stntic.prussuro.

5.3 Vnriublo Pnramotors Ce

For studying tho dynnmic bohnvlﬁﬁr of tho valve, -
tho purumoterq thnt can bo varied are the spring stiffnoss

and the initial anglo of opening. Hence the natural frequdncy

T w2 P AN, L R

of froe vibration nnderostoriqg,tofquo at closur6 can be

controlled. While thb.vu;vo dynamics are also depondént on

the total availablo hydrdstutlb prossurgd/ this could not ho

varied with the coxisting Oxpvr\muntulﬁlutuup.

5.4  Parumetrlc Vibration Tosts
o  Ih5tho§o tosta, tho pipeline was complotely filled ]
with wator and the upst;onm'gutp valve was shut so that no _
flow occurred. A prudoturmlﬁod apring stiffness was arranged
In the spring arm, and the valve oﬁenod to u desired initial

angle. Tho Upstfoum.guto valvo was then oponed fully and the

valve allowed to close from thls inltial angle. T

R 4.1 Qprlng Stiffnoas kept Conﬁtant. In\tlal
. Angle of Opening Varled

Thoso experiments have the same effect as hogding

tho natural frequency of the valve constant nnd incronsing

3

the rostoring toﬁquo at closure.
At amall initlal ungloq, dopondlng .on the spring
‘ étlffuoss. the valve sluammed shut. bouhced woukly onco or ' !

twiceo and romalned shut,




As tho lnltlu} angle was Incrensod, tﬁo valve
‘spddoqu‘bogun to oscillate with whut.apponrod td he constant
amplitudo. !urthor increase in initial unglo led to lurgor
amplitudo. lower froquoncy. limit cycle 01c111utions.

A largo onough initlal nnglo was cvontunlly ronchod
at which the valve qlnmmod shut. bounced back once and
romainod open at a small angle. Any\further 1ncrouso in
initial nnglo beyond thls point moroly 1ncruusod tho anglo at
which the valve finai\y qtayod open. For theso lnrgor initial
angloy the hydrostatic pressure in the dystuom. was Inswtticlont
to kbep the vulvolclosod-aguinst the purttculur spr1ng Combina-
tion usod.,. ‘ o h

§.4,2 1Initlal Angle of Oponlng kopt Constnnt-
-Spring Stiffnoss variod

In this sories, not only 1sa tho rnqtorlng torque .
nt cloaure 1ncronaing wlth innrouqlng ati[fnosa. but the:
natural Eroquonuy of the ulvo is also 1ncronslnn.
| » For qufflciontly amall apring stlffnoqqos. tho
vulvo qlnmmod shut and romalnod closed,

A48:prlng «;lanOﬂq was tucrouqod the valve swddenly

“hegan to oxocuto limit cyclo escillations, Rurther lnureuqo

in «prlns uti(?nuaq tncroasoed. the violence of the osuillutions. | ‘

. A high enough apring stiffnoas way evvntually ) i
fnserted for which the valve slnmmud shut, houngpd back once

| and vemained open at 4 small angle. Any further anfouaa in-

stlffhoss merely incroawed the angle at which the vuive £ihd11y'

atayed open.
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5.5 Dynamic Stability Diugram of the Valve - K

- a-.—_:,/ —s

Stability data-from the abdvc'puramctric'studics is
.hplotfcd qn{a graph of stiffness against {nitial'anglc”to

form the stability map shown in Fiéi 5.3. The curve
represented by the broken line is thc_statif~charactcr1§tic

of Fig. 5.2. Points on thc diagram whcrc.yibrafion was
observed éxperimcn}ally'are_rcﬁrcéentcd'as dynamicélly unstable,
It appears that the region of-instabiiity is - almost evenly

divided on either side of the static system characteristic,

ol — s ———— w—— s -

L i
The symbholic division of the unstable rcgion‘iptb“

two sub-regions is not artificial. In the.lower sub-region

the valve is expected to close and remain closed since the | '

available hyarostatic pressure is large enough to ﬁvcrcomc‘

the restoring force of the spring. This is shown f&rthcr.by

cxpériments in which the valve was held shut for a few seconds L

and then released. It remained shut and no vibratidﬁgicnsucd.
. e

It follows that the cause of valvc‘opéning in this subé'

region includes dynamic as well as static forces in the system.

. In the upper sub-region the valve is cxpected to
remain open since the available hydrostatic pressure is not

sufficient to close it., The fact that it did close indicates

that closure in this portion is effected by the addition of a

4
[

hydrodynamic component to the available hydrostatic pressure |

duidi,

bringing the total closing préssurc to a value sufficient to

overcome the §pring restoring force. This additional hydro-

dynamic pressure component must be the result of the rate of Jj

change of discharge and local flow effects. Once the valve %

) v

s
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closed, however, these dynamic pressure effects disappear and”

.:]
1
R
|
i

the valve is pulled open, at~teast initially, by the spring
. . \ X -
restoring force. Once open, the flow is re-established in the

‘system, and the cycle repeats itself. Experiments in this sub-
region show that the valve opens and vibration is instantly

re-established on removal of an external static force holding

‘the valve clesed. : ' : Lo

é
§
}
5
:
;
!
3
E
n

To the leé% of the lower sub-tegion of instability
is a stable region'whcfe the valve always closed and remained
closed. To the right of the upper sub-region of instability
is another stable area where the valve does not close. In both
the'se stable regions, all efforts to induce valve vibration

failed,.

5.6 Closer Examination of the Dynamic Instability

Having made the foregoing qualitative observations,
A .
it was decided to study in depth the dynamic measurements taken

LY

at five judiciously chosecn points within the region ofrself- bt
excitation shown in Fig. 5.3% These oscillographic records,
shown in Figs. 5.4 to 5.8 displaf the instantaneous va;ues
of thcippsfream presshre, the downstream pressure, the resuit-
ant pressure dif}crcnce across tJe-valve, the valve disblacémgnt
and the torqﬁe. From each of these figures the following
general features of the vibration process arc observea; ,
At the maximum angle of opening, the Vaive is just

beginning to resume closure. There are waterhammer waves ~ i

travelling back and forth within the pipeline and these waves !
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can bc scen in the upqtrcam and dounutrcar prcqqurc traces,
However, thc valve responds only to the cf*cctivc pressure
dlffcrcncc whleP can be seen.at this point to be relatively
smooth., The valve begins to drift close undcrbthc influence
of this pressurc difference, which is sufficient to just
ovcfEOmg fhc spring force. As'thc disc nears the secat if

~ begins to accelerate as the pressure differcnce begins to rise,
 This process is an interactive one. A smail increase in the
pressurc difference advances the disc a small d1stancc towards
the scqt. Th]b reduces the flow area, leading to an ‘
increcasing head loss and reduction in the discharge, and hence
a further rise in.pressure difference. r?his fise in prcssurETT
is evident in_the upstream pressure trace where the decaying
waﬁgrhammer waves are superimposed on an increasing mean
upstream pressure. Atthe same time the mean downstream
pressure is decreasing. At rather small:angles the pres:ure
difference is rclﬁtivcly large and the disc accelerates rapidly

towards the seat.
) -

At closure the valve impacts hcaV11y on the seat.
Instantly there is a sharp increase™in upstream pressure and - - - .
a sha}p drop in downstream pressure as the velocity head of

the fluid is converted into a pressurc head. The resulting

Y

pressure waves travel independently in the\pipclinc while the
valyve remains closed - the upstream pdsitive pressure wave
‘travelling back to the high level reservoir to be reflected
as a rarefaction wave, and the downstream pressure wave

travelling to the open end of the pipeline to be reflected as
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a positive p}cssurp wh?é, fThc records of upstream and down-
stream pressurc show that while thé valve remains closed the
downstrcam pressure wave pcrforms'approximatcly onc complete
cycle while the upstrecam pressurce completes only onc-half a
‘cyclc; This is'bccau#é the length of the pipclinc-downqtroam
of the valve is approximdtcly half fhe upstream pipe length.
'Intcrcstingly the flexibility of the transition section reduces
Véhc average waterhammer wave épeed.to about 500 feet per second
and leaves the wave shape ncarly sinﬁsoidal,

The torque rccord'lndicutcs that the impact of the
disc on the seat excites frce vibrations gf the sub-system
of the torque arm, shaft, and springs about the seat as shown
schématica}ly An Ffﬁ. 5.9. .Analysis shows that the natural

frequency of this system is given by’

1 ///3(Ke + st% | s
= m - *
n m1.” K fE

where m is the mass of the torque arm. By substituting the

¥Lleyanf values into this equation the calculated values of
the natural frequency may be compared with those shown on the
torque records. The calculated and’c#pefimcntal values were
found to be in close agreement at hetween 51 and 56.7 Hz.

The small disturbances scen on the pressure tgaces
could be attributed to.two independent factors - thé\inflﬁence
~of pipeline motiop'whiéﬁ'Wood (48] (1969) showed would

result in.jagged.prcssure responsc, and the possibility of

cavitation which Duc [49] (1965) claimed would lead to the

1
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same cffcct.; Slncc-bogh tthdowngtrcnﬁ pressure trace and
the prcssurc'diffcrcncc_gcroxs the valve indicate theso »
pressuro values close to the vapour ﬁrcssurc of yutor.at'thc
prevailing temperature ovor o very small time interval, it iy
impossible to discount the posgibility of cavitation.
Moreover, the pipecline was frecly supportcdfand was obsorvod
to move quite sub;tuntinlly during the experiments which
involved valve vibration.- Iﬁ.ig;ggprchyg suggestod that the
high freunncy pcakﬁ' f the preossure ;%sponsc may be a
consequence of both 6f- these factors,

The pressurc difference records show coﬁclusi@cly
that for thosc points chosen in the sub-region where the
hydrostatic pressure is sufficlent to overcome the spring
force, (Figs. 5.4 and 5.5), the valve opens only after the
pressure difference falls below the value fcquircd to close
it. Hence in this sub-region the dynamic pressure wave action
‘is solely responsible for opening the valve. Onco fﬁc valve
is partiallyIOpcn, flow is rc-established, the prossuro
difference continues to decrcase and opening continues,

For points to the right-of the static system
.characteristic, (Figs. 5.6, 5.7 and 5.8) closurc of tﬁo
valve depends on the hydrodynamfc pressurc cxcceding the ’
maximum available hydroétatic prcssﬁrc by an amount sufficient
to overcome the spring force. The vaIVC'rcﬁains closed until
the pressure difference drops below that necessary to overcome
the spr%ng forces. Thus in this sub-region éf instability it

is the combined cffect of the spring force and the pressure

-~
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wave actlon that causes the bnivu ﬁn ru-dpun. Again the
vﬁlgc is scon to open very quickly. 0nc¢ tho muximum d1n- 6
placement -1s reached, the cycle of ovents 1a ropoated. #

Flgs, 5,10 to 5.14 give pressuro difference ucross

the vilve disc plotted ﬂgﬁinst angle of opoening. Those

Tosults, obtained from Figs, 5.4 to 5.8, 1ndldnto that tho

pressure diffofoncu is greator during closing than during
opcniﬁg for the samo angle. Thus, moro onorgy was added to
the system during tho closing ﬁart of the cycle than was taken
out of the system during tho opJ;lng part of the cyclo, Thig
hygtoretic offoct 1s an indicatlon of the nonlinoar nature
of'thcrphenOmcnon and tho limit ;yclc oscillatlon suggosts
that ;his not energy addition per Eyclo is exactly balanced

by tﬁe onofgy dissipatcdisy the damping fbrccs.in the systom,
Any cxcess cnergy addition beyond that disslpated by damplng
would havc.rosultod in oscillations of contlnuously increaslng
amplitgdc{ On the other hand, if the work done by ‘the damping
forces werd to excoed the not enorgy inpﬁ? por cycle, thoso
oscillatiol would have been damped out.

The values of the avajlable hydrostatic preossuro,

and the approximate thecoretical prossure differenco

K 0
(ap = )

required to just overcome the spring arm restoring torque
arc indicated on cach diagram by the hrokon 1incs. Thc-

relative |position of the two lines is an indication of t%c part ”
of the sthbility diagram which the curve represents.,  As

i

i
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indicated in Figs. 5.10 end 5.11, the available hydrostatic
pressure’ is higher than the theoreticel static pressure
difference, required to oﬁercome-the springs airclosure so
that the valve should close and stay closed. The eﬁo points
on the stab111ty diagram represented by -these curves fherefore
are from the region of instability to the left of the static
system characteristic. In Figs. 5.12, 5.13 and 5.14 the
available hyérostatic pressure is lower than the theoretical
static pressure difference Tequired to overcome the spring at
closure indicating that the valve should not close. The points
on the stability.diagram represented by these diagrams are from
the region of instability to the right of the static system
characteristic. Both of these observations are to be expecte
in light of the results. The pressure difference during

the closing part of the cycle increases sharply as the valve
approaches its seat especially for closing. angles less tharl
about 2° =

The ‘enclosed area in each dlagram is proportional to
the net energy input to the system per cycle of v1brat10n.

The size of each area, 2$s well as the maximum pressure difference
attained subsequent to closure, appear to be related to the |
maximum angle of opening, and therefore the violence of the
vibration. Experimental observations, shou that the’larger

the_enclosed area the more violent was the vibration.

5.7 - Parametric Studies

Experiments were conducted to determine the influence

of change of parameters (stif Eness and initial angle of valve
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setting) on the {requency and amplitude of vibration at con-
stant_upstfcam pressure. .
These experiments were carried out as described in

sections 5.4.1 and 5.4.2. o

Both the frequency of oscillation and the maximum
displacement of the valve were determined from the Visicorder
strip chart records of these pxperiménts. These ;gsults are
summarized in Figs. 5.15, 5.16 and 5.17. 1In Fig. 5.15 the
ratio of frequency of vibration to the fundamental frequ;n;y’
of the valve i tiescent water for each spring combination
is plotted again§t the stiffness ratio, (KSL2/K0). All the
curves are for full upstream hydrostatic pressure and each
curve represents a different initial setting of the valve.
In Fig. 5.16 the maximum displackement of the valve is plotted
against the cqgivalent‘spring sfiffness ch given by equation
(5.2). In Fig. 5.17 the initial angle of valve openiné 8,
is plotted against the;ﬁaximum dynamic displacement of the
valve for different stiffness ratios. ‘

Figs. 5.15 and 5.16 show that for a constant available |
hydrostatic head and initial angle of opening, the amplitude y
of vibration of the valve increases while the frequency decreases |

as spring stiffness increases. This is, of course, contrary

to the effect Of increased stiffness on free vibratiqns. The
apparént explanation for this phenomenon is that the
incrcaséd spring force meant increased resistance to valve
closure. This slows down the closing part of the cycle

considcrably; thus changing the form of the hydrodynamic

——a
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closing load which is a path- dependent, non- conscrvatlve forLc.
The net result is a lowering of the frequency of V1brat10n with
increasing spring force. Fig. 5.17 shows that for constant
hydrpstéti; hédd and valve stiffness the maximum.valvc
displacement is linearly‘depen&ent on the initial angle, at
least 1n the range, of .all the measurements.

Thus, the effect of increasing stiffness and initial
angle orn frequency and amplitude of vibration are qualitatively
the same. Both increase the violence of the vibration,
thereby hreatenlng the structural. Lntcgrlty of the model
at the iarger values of both parameters

5.8 Flow Visualizatiaon Studies

- 5.8.1 Expectations from the Flow
Visualization Programme

The main reason for the considerable emphasis in

this research programme OnN flow visualization was. the

expectation that the vibration phenomenon would be accompan1ed

by observable variations in flow pattefﬁ and fluid behaviour
in the valve aPron during valve vibration. Quantitative
results were obtalned from the flow visualization f11ms for

the vibrating valve, wh1lc only qualltat1ve results were 1

obtaﬁng& from fluid flow through the valve open and held.
statio;;ry at particular angles. {

Thﬁ oscillation frequency for the unsteady tests
was made low, and the amplltude of oscillation large. The

best photographic resulls weTe obtained for large amplitude,

low frequency osc¢illations.




o

5.8,2 Photographic Mcthod

As discussed in Chapter 3, suctibn.3.5.4, the
Bolex H16 Reflex 16mm‘éine-camcra was used EorJall the cine-
photography described in this thesis.

A series of mulfiple picture sequences on l6mm,
plus-X Negative film was taken using this cine-camera, which
could be operated up to a maximum of 64 frames per second.

) Using either of the light sources described in
seEtion 3.5.2 at full power, enough aluminium tracer was injected ﬁ
into the closed-circuit ekperimental system to obfain a
light meter reading of between 9.5 and 10 on the Bolex camera ’
light meter,. This value was arrived at on the basis of

3 i
numerous experiments which gave the best photographic results

for this amount of light entering the camera. Injection of

SRS

LA

aluminium tracer was stopped ofice this light meter reading
was obtained, thus eliminating rticle concentration from

photographic considerations..

é
!
|

In order to make det d comparisons possible
between opening and closing portions of the vibration cycle,
the same vibration sequence was filmed at 12, 24, 32, 48 and

4

. 64 frames per second. Closcups were also filmed to focus on

some important details of the flow. These films were synchronised
with the records obtained on the Visicorder oscillograph ,1
thfough a common trigger mechanism. o

For/the steady flow tests, still photography was

done with an Asahi-Pentax Spotmatic 35 mm single lens reflex

camerd. Kodaleri-X Ektachrome 35mm black and while film

! i




106

o
having a speed rating in sunlight of 125 ASA wwgluscd. By
injecting more aluminium tracer than was used for cine-
photography, it was possible to.obtain reasonably good
photographs of the ;}om at the different angles of valve v

opening at shutter speeds up to 1/250 second.

5.8.3 Results and Discussion

Fig. 5.18 shows a full view of the valve during

.~ a vibration cycle taken with the still camera-using a wide
‘angle lens. This picture shows~fﬁe flow both upstream and
downstream of the valve and also shows the valve in the last.
stages of its acceleration towards the seat. It shows that

the flow entering the valvé from the transition section 1is

reasonably two-dimensional. This is true whencverothe_stréam-
lines df flbw do not cross one another and it is evident

from the picture that the streamlinﬁs'are reasonably parallel
as the flow enters the valve. The flow downstream of the
valve is seen to be quite turbuien;.

Steady flow through the valve at different angles
is featured in the next sequence of photographs up:to around
8° Figs. 5.18(b). An attempt was made in these photographs
to eliminate the three-dimensional view seen in Fig..5.18(a).
This reéulted in loss of part of the field of view. The
increase in fluid velocity in the valve apron as the angle
increased is evident from these photographs taken ét the same
shutter speed. Again the turbulent nature of the flow in the

valve wake is obvious.
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A study of these and other similar photographs led to
the conclusion that all the significant fluid-dynamic eveﬁts
are taking pia;e in the area close to the valve seat - in the
apron just upstream of the seat and in the slot. Any
possibility of the presence of a sigq}ficant vortex trail in
ther wake capable of dominating the valve;s behaviour was dis-
carded on the basis of the photqgraﬁhic'evidence. Hence all
the phofography of the unsteady flow during valve vibration
was concentrated around this area.

fig: 5.19 shows o sequence of photographs_&epicting
one full cycle of valve vibration. The approximate expo;ure
_ time interval of each of these frames is marked on the
synchronized record shown in Fig. 5.20. These prints are
from a2 segment of film shot at 12fps (1/33 sec. shutter speed).
el As the preésure difference across the valve begins
to increase the valve starts to accelerate. Simultaneously,
.the flow velocity through the valve increases, as is shown by
the longer streaks in pictures 2, 3, and 4 of Fig. 5.19.
Bethen pictures 2 and 3 the valve, which has been closing

steadily yp to this point is actually stopped and driven back

ek itin d id s g -

slightly dpgﬁ (generally”tess than one deéree). This 1is
shown clearly in the displaccment record of Fig. 5.20. This
event always coincides with a vortex rolling up and separating

from the valve seat at around this closing angle.

L ——

When flow separates from a boundary, the separation
streamline coincides with a free shear layer across which a
stecp velocity gradient exists and along which there is a flow

of vorticity. Such a shear layer is seen in, for example,
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picture 1 of Fig. 5.19 and in 211 the pictufc; of Figs. 5.21
and 5.22, as a result of flow separation from the downstream
édge of the valve disc. As the valve closes, the motion of
the disc generates a disturbance of this free shear laver.

£\ The vorticity of the free shear layer becomes concentrated in

220 the growing disturbance as shown in picture 3 of Fig.. 5.21

and pictures 11 to 16 of Fig. 5.22 and leads to the formatdion
of the vortex shown in these pictures. This vortex grow?
in size as it entrains fluid from the valve wake.

As the relatively large vortex leaves the seat
(pictures 14 and 15, Fig. 5.22),'the downstream pressure
momentarily increases, thereby arresting the closing motion.
The closing motion Fesumes as the vortex is swept into the
wake flow.

As flow area decreases, the fluid velocity increases
and this can be seen fromxpictnrcs 3, 4 and 5 of Fig. 5.19.
Between pictures 4 and.S-there is a radical increase in pressure
difference across the valve, Fig. 5.20. This causes the valve
to begin its sudden acceleration towards the seat. This
acceleration 1s clearly evident in picture 5 of Fig. 5.19
which shows the disc urred and the fluid moving at a
relatively high velocity. As the disc slams on the seat, this
fiuid velocify rs reduced suddenly to zero. The main effect

o :

observed on the films is the appearance of '"tad-pole" like
streaks, which are shown in the pictures of Fig. 5.23. The
occurrence of very high waterhammer pressure waves and thei'
reflections results in the high pressure difference scen in

Fig. 5.20, kceping the valve c¢losed against the seat. The
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Figure 5.19. Flow Pattern Variation over One Cycle of Valve Vibration: 4
Framing Rate = 12 [ps; Keq = 14,168 kKN/m; ¢ = 6°.
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Figure 5.21. Differences in Flow Pattern between glosing and Qpening
parts of the Vibration Cycle: Framing Rate = 64 tps; ch = 11.95606

kN/m; Qo = 5.5 9.




total time during %which the valve rermains closed depends on

the length of the pipeline and the waterhammer wave celerity.
As the pressure difference falls very sharply bPclow the value
necessaf?lto overcome spring resistance, the valve opens

e

_raBi y. This is clearly shown in picture 7 of Fig. 5.19

! .

'yﬁere the disc 1s moving so quickly it is once again blurred.
Flow velocity at tﬁis angle of opening is definitely much

less than,af the corresponding closing angle as can be seen
from the photographs. The rapid opening of the valve continues
untii maximum valve displucement is attained under the
inglucdte of.thc decreasing pressure difference and the restor-
ing action of the spring._'Picture 8 of Fig. 5.19 shows the
valve at its maximum angle of opening. This picture also shows
the flow impinging on the downstream face of the disc, an
occurrence which is not evident in any of the photographs in

~ the klosing part of the vibration cycle. The synchronised
hrecord shows that the pressure difference is now once again i
a minimum, signalling the beginning of a new cycle and explain- E

ing the similarity between picturé 1 and picture 8.

5.8.4 Special Effects

(i} Vortex -Action
The action of the vortex discussed in the last

section is shown more clearly with the photographs of Figs.

5.22. These pictures show a closcup view of the disc and

the seat and were shot at 64 frames per sccond (exposure time

+

. ic ' T3 77 show ; :

1/180 scc.). Pictures 11 to 17 of Fig. §5.22 show quite clégily%\>|
i
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that the motion of the disc is arrested as the vortex rolls

up and leaves, (Fig. 5.22, picture 16)}.

{11) Appearance of "Tadpoles"”

Pictures 1 and 2 of Fig. 5.23 show the effect
produced when the fluid mqtion is suddenly stopped by the
valve closure. The effect Sn'fiuid motion‘of the rapid-
opening of the valve is shown in picture 3. Both rapid
deceleration and acceleration produce "tadpole'-like streaks,
the body end resulting E?om the longer photographic expasure

-of the stationary aluminium particle. Of course, the tail of
these "tadpoles' are produced when the fluid is moving. Hepce,
the tails point upstream when the valve shuts, and point down-

stream when the valve suddenly opens.

* In summary the following general comments are offered

on the difficulties of the flow-visualization for this problem.

4 s

(a) Attlower framing rates (be;yeen'lz and 24 frames/sec)
the flow in the valve apron appears-ag well-defined long
streaks making reasonably precise flow-velDcity measurements
possible. However, the flow in the slot is not so well-defined

because the high flow velocity does not allow sufficient time i

for film exposuré of the particles. Also, the high velocity

of the valve disc near closure and opening results in its

blurred appearance.
(b) At higher framing rates (between 32 and 64 frames/sec},
the flow in the apron appears._as shorter streaks because of the

smaller exposure time. Velocity measurements at these framing %

rates are thercfore more susceptible to error. However, a much J1




Figure 5.23.

Special Effects:
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(32fps) J

"Tadpoles'" at Closure and
at Opening aof Valve.
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clearer definition of the flow in the slot is obtained,
expecially of the separation region on the downstyeam face of

the disc. The disc still appears blurred at small angles of

“opening and closure, but much-less so.

(¢} Flow details like the voftex rolling off the seat
during the initial stages of ciosure are notvclearly seen at
lower framing rates because the time interval between pictures
is relatively large . - -.

(d) The relatively large size of the valve restricts the
field of view, especially if a strictly two-dimensional picture
is desired. o

(e)* The motion picture sequence showé pipeline movement
after each valve closure but this effect cannot be illustrated
with still photographs.

(f) Finally, the events described by the flow-visualiza-

tion 1llustrate the great difficulties involved in any attempt

at modelling the hydrodynamic ﬁdfces mathematically.

5.9 Fluid Behaviour During’ Vibration
An attempt was made to obtain quantitative fluid
velocity measurements from the films. The average velocities

werce measured across the Same section of the flow in the
s :

valve apron for the différcnt angles of valve opening during

one cycle of vibration.; The results plotted in Fig. 5.24 are

0

for onc such section af approximately 85 = 20 These

measurements were madq:by dividing the actual length of the
streaks by the shutte} speed applicable at the {raming rate.

: f i
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An average for a number of such measurements was taken across
i -

!

the section on each frame and the valve angular displacement
rgpresented on the frame was also determined. «w*

' "3 - In Fig. 5.24, the same Wibration‘seqdence was

Eilméﬁl%t 124 24’ahd 48 frames pefﬂsecond, and the measurements a
were made across fh? same seétion in the valverapron. The

results indicate quite ciearly that at the same valve angular
displacement, fluid vglotities are.much greater during closing

than during the opening pi;t of the cycle. A visual.examination

of the pictures showh in.Ftg. 5.19 confirms this. In the
)

closing part of the cycle the flow vélocity increases to some

. I -0 ‘ - T
maximum value around 3° valve angular displacement and there-

i1
at

after drops rapidly towards zero as the disc accelerates ‘

towards 1ts seat.

Because the flow is unsggady, a change in the

- total pfessure drop across the valve is needed to acqelérate
and decelerate the fluid within the system. The conjugate
pair of variables, P;,Q, used to describe such unsteady flow

must satisfy the equation ‘ L

d o -
= 2 5.5
1R - ep (5.5)
where I is the pipeline inertance,

Q 1is the discharge, and

AP is the pressure difference.

.

r

The development of the inertia pressurc becomes conceptually -

obvious from this cquation as the flow passage diminishes very

e



rapidly in the last few degrees of closure.

5710 Reverse Discharge Characteristics of the Valve -
LY

In order to examine-the change in discharge as the
valve closed, Steady state experiments wére conducted in
which the valve was held fixed at different angles and Teverse
'; flow&¥hrough it was measﬁyed. These tests involved determining
thé time required to collect a known volume+of fluid éischarga
ing under the dinfluence of ;.cénstant hydrostatic pressure.
The results are shown in Fig. 5.25.

This diagram showsrfhat the discharge remains
- relatively constant between 20° and 8%°. Thereafter the dis-
charge drbps very rapidly especially from about 3° to 0°.
The non-zero discharée at 0° is due to leakage between the
disc edges and the front and back perspex cover plates of the
model. The clearances were quite small and were necessqu to

guarantee unri‘%%icted motion of the disc as well as to prevent

scratching of the perspex. 4 ' é

4
Considering the rate of change of momentum over

these last few degrees before closuré, it will be appréciated

'»i'
I
!
"

that the resulting hydrodynamic closing forces would be
substantial. Thus, even when the pressure drop across the

valve due to the hydrostatic pressure is not enough to close

the valve against the spring forces, there is an indication

here that the rate of change of fluid momentum provides
]

enough of an additional pressure difference to overcome the 2 ,I
- 1

1

i

spring forces and close the valve.
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It is ecmphasized here that the static discharge

characteristic of Fig. 5.25 does not apply quantitatively

under the unsteady flow conditions of valve vibration. Mowever,

~

it provides a qualitative indication of the reverse discharge

during valve closure.

It appears that the sudden drop in dis&harge eccurs
at slightly smaller angles while the increase in discharge
OCCuUTsS af larger angles under dynamic conditions.

For these experiments the pressurepdifference across
the valve was also_ﬁeasured at each fixed angle. . Based on

the equation

2AP°

Q=CqA /= (5.6)

a curve of the reverse discharge coefficient against angle of

-

closure’ was plotted as shown in Fig. 5.26. This curve is based

on the actual minimum area available to the flow. This
behaviour agrees very well with that of the prototype valve

reported by Weaver, Kouwen and Mansour [50].

5.11 Summary of Results: Mechanism éf instdbility
~ By summarizing the main results of the work reported
in iﬂis-chapter, it is possible to deduce the mechanism by
which the dynamic instability observed with this valve is
gcneratedﬂ
Analysis of the records of the valve vibration

L]
indicate that there is a sudden increase in hydrodynamic

¢
{
!
|
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closing load as the valve approaches its seat, Figs. 5.4 to
5.8 and Figé;'s.lo_to 5.14. The cause of this sudden increase
in closing load is- the changing discharge characteristic of the -
valve especially in the last few degrees of closure.

As the valve slams onto its seat waterhammer
pressure waves ave generated upstream and downstream of it.
The valve, responding onlf to the pressure difference across
it, remains on its seat until this pressure difference reduces
to a point where it either forces the valve open, or allows
the spring restoring forces to initiate opening. As Figs.
5.10 to 5.14 show, the hydrodynamic closing load is substantially
less during the opening part of the cycle than it is at the
same angle during the closing part. fhis hysteretic effect
indicates that there is a net energy transfer from the fluid
during each cycle and the vibration is perpetuated.

Thus the mechanism of excitation of the valve
vibration is governed mainly by the nature of the hydrodynamic

closing load which is closely controlled by the reverse

discharge characteristics of the valve.

]



CHAPTER 6 g

INVESTIGATION OF DESIGN CHANGES
TO ELIMINATE VALVE VIBRATION

6.1 Introduction

The vibration experienced with the valve was self-
excited. Its mechanism of excitation was found to depend
mainly on the dynamic discharge characterisfics during the
last stages of closure. [t was therefore realized that the
vibration could not be eliminated by adjustﬁents of damping or
other structural parameters and that only a change in valve
geometry, which changed the discharge characteristics, could
provide relief from the dynamic instability. 1In particular,
it is necessary to reduce the discharge over a much gre;ter
angle of closure so that there is no sudden rise in closing
pressure difference across the valve.

Various changes to the design of the valve were
evolved; each design change was capable of generating a more
gradual reduction in reverse discharge at small angles of

valve opening than the original design. However, it could not

be known beforehand precisely how cach modification to the
valve geometry would modify the flow rate to achieve the jz
desired result, In order to determine'the most effective and - 2
economical measure to eliminate the valve vibration, a number ﬁ

. - : I

of changes . 1.

(i) to the valve apron geometry, - -

(ii)} to the valve plate, and _ J

127
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(111) tb the valve seat
wvere tested on the model to determine their effectivencss’
singly and in variéus combinations. The results of this
experimental investigation leading to a practical solution
of the .vibration problem are GConGed in this chapter.

A major design criterion specified by the manu-
factu{er was that 1t must be possible ;o pass, through the
valve, a steel sphere of the same' diameter as the pipe for
which the valve is used. This criterion was fulfilled in all
the design modifications tested.

6.2 Criterion for an Effective Solution

A completely successful solution of the vibration

problem requires that the dynamic behaviour of the modified

valve must match the static system characteristic of Fig. 5.1.

.This means that the valve must be stable at all points on its
stability map. Below the static system characteristic the

valve must close without vibration and remain closed; above

the static system characteristic the valve should remain open -

at a small angle determined by the difference between spring
force and available hydrostatic pressure. The degree of
effectiveness of a given design modification is indicated by
how closely the dynamic behaviour of the modified valve
conforms to the above.

In.evaluating a design modification, the stability

diagram has been chosen as the sole indication of its effective-

ness. In a number of cascs the static reverse discharge

b
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-

characteristic was determined for comparison with that of the

original design and to foster an understanding of the reason

for their pffectiveness or lack of same.

-

The modified designs tested were arbitrarily labelled

series B, C, D, E or some combination of these for identifica-

tion purposes. On this basis the scries of experiments on the

original design was called series A. Series B generally
_ - Ve
involved valve body geometry modification; series C involved

the use of appendages to the valve plate, and series D

involved a change in the valve seat geometry.

6.3 Series B Experiments and Results

Series B experiments involved tests carried out on
the valve with only the valve apron modified. The principle
of "the design modification was to reduce the discharge at

.small angles before the valve reached its seat. This was
carried out by filling the apron as shown-in Fig. 6.1 with a

perspex plate attached to it with silicone sealant adhesive.

A
Shown on the valve drawing 1in dotted line is the actual

shape desired. It was observed that the limiting streamline

very closely conformed to the desired geometry. The approxi-
mation had the advantage of.bcing much less expensive to make
as well as being easily removable.

Also shown on Fig. 6.1 is the stability map for the
valve modified in this way. The:stat{c svstem characteristic
of Fig. 5.2 is shéwn in dashed lines on the graph.

Comparison with Fig. 5.3 shows that the region of

self-excitation both above and below the static svstem

© - e ey — et o e

P

f
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churacteristic is considerahly reduced. 'Within the region of

self-oxcitation, experiments showed that the vibration was
much less violent thamn in the tests Qith the original design,
series A, . The amplitude of oscillation was also considerably
lower in this case than it wés at.the same initial setting

for series A.

-

In order_ to Bettef understand.the'reason\for the
partial success of this modification, the static réverse ﬁﬁs-
charge characteristic of'fhe valve was determined. This
curve, shown in,?ig. 6.2, indicates that the reverse discharge
decreased more'gradually than sefies A until an angle of
closure of 29: from this point it‘drops very shafply until

complete vaive closure is attained. - This relatively high

rate of change of discharge once igain sets up the inertial
compcnént of hydrodynamic pre§sure‘which leads to the instabiliﬁy.
However, since the discharge at 2° is considerably less than.
series A, the region of ;nstability is reduced and the

vibration is less violént. Comparison of the .reverse discharge

characteristics of series B and series A shows that the

slopes are very nearly equal between 0° and 1°.

6.4 Series C Experiments and Results ~

In this series of experiments ihe onﬁ? modification ‘
in the design involved attaching appcndages'io the downstream
face of the valve plate as shown in Fig. 6.3. These iﬁ
appendages were made of 0.5 inch thick perspex plaﬂb'and

o : .
" attached to the valve plate at an angle of 45 with silicone

% L e

sealant adhesive. 1In the closed valve position the clearance




ge Q f/sec (m3/sec %107

T

Reverse Dischar
N
(8 8]
W

T NSNS T NN VNN NN NN SN SN SR I
0 4 8 12 16 20 24
Angle of Opening, 8_, (deg.)

Figure 6.2, Series B Experiments: Stuatic Reverse Discharge
Characteristics of the Modified Valve.

{ e A I



133

bctyeep_the seaf and the necarest point,&n the appendage ‘
was 3/16 inc:h.‘.' )

Also shown in Fig. 63;,i5 the.resulting stability
map of the valve. The static system charattcfiétié-is'shown'”
in dashed lines on the map.

Comﬁarison of this diagram with Fig. 5.3 ghOwS
‘that the region of self-excitation iS'TEéUCQd slightly in
its upper half aﬁd“hardlyiat:ali in its lower half.’ %hié
indicates that this modification "does not result in any

. \ .

dramatic impirovement in the discharge characteristics; however
’ Ve .

experimental results showed that the amplitudes of vibration

~‘were reduced about 50% and the frequency increased slightly

.- “

over that of series A.

6.5 Series C1 Experiments and Results °

In xhis.series the gap between fhe.éeat and the
nearest pbint on ﬁhé appendagé when the valve was clbsing,1
was fgduced‘to 1/16 inch. This modification, and its
stability map are shdﬁq in'Fié. 6.4. Comparison with series

A and series C shows the dfastic reduction in the region of
sélf-excitation; the'entirq upper gub—regién of instability.
now is siable while.thé lower sub-region is clearly reduced.
This ﬁeaﬁs that dynamic pressure due to reduction
in discharge is pevér very much greater than -the hydrostatic
prcsgurc di{ferencd when the valve is closed.‘ However, there

i% sufficient pressure reduction due.to waterhammer wave

reflection to open the valve once it is clopsed,

¥ i
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of effecting a large enough reduction in the rate of change

This modification by itsclf does not appecar capable

of discharge to provide complete relief from the vibration.

Once again the amplitude of vibration in.this case was reduced.

b)\more than 50% compared to series A and the frequency s

.increased sllghtl), (see Appendlt A) dnd Flg 6,5. Fig. 6. 5‘

'shows the comparlson between_ﬁlhratlon records for series A ’
—*———Gﬂé—&&Llﬂsﬁﬂl,£0¥fthe Same initial angle of valve setting,
spring stiffness and upstream head. - The récord shows that the
vibration is much less violent in the case of series 1 than
in series A?

-

6.6 . Series B-Cl Experiments and Results

n Series B-Cl experiments invélved the combination of
5 rthe‘modifications carriedhqut for series ﬁ and Cl. It is.
.shown in Fig. 6.6, togethér with its stability m#p.
Apﬁarenﬁly the gdaition of the aproﬁ'filler does
not improve the behaviour over the digc-appendage of modifica- §
tion Cl. 1In facf; it seems to be a little worse. This is i
not surprising since in the case of series B-Cl the path of l
flow through the valve is less tortuous than in the case of
series Cl1, and hence the pressure’ dé&p is less at larger \
~angles. This apparently results in more reverse discharge

and less prcésure drop at a given angle of .opening. Examina-

tion of Appendix A %hows that hoth the valve maximum dlb-

placement and frequency of vxbrqtlon are very similar for

. _ I
ser1es B-Cl1 and series Cl. ¢
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) Series B-C2 Experinments and Results

Fig. 6.7 shows the form of series B-C2 and its

stability diagram. In this case the appendage was attached

“qn® - .
at 90° to the valve plate. The minimum permissible clearance

between appendage and

seat was once again arranged. This

experiment was carried out solely to observe what effect, if

any, the angle of attachment of the appendage has on the

dynamic behaviour of the valve. -This information i% of

importance for the practical implementation of the successful

solution as we shall see later, since an appendage to be

attached at 90° is less expensive and casier to manufacture

than one to be attached at‘45°.

L.

The resulting stabélity map, Fig. 6.7 shows that

the dynamic behaviour

[

of the valve is insensitive to the

%

angle of 'attachment of the appendage, at least for acute

angles, since the areca of self-excitation in Figs. 6.6 and

6.7 are practically the same. The important parameter 1s

definitely the clearance between appe

parameter controls the discharge at a given angle.

Comparison
and series B-Cl shows
hehaviour betwcen the

Also shown

_charge characteristic

of the vibration records of series B-C2
the very close similarity of valve

two.

in Fig. 6.8 is the static reverse dis-

of the valve for this case. This curve
'] “

_exhibits the rapid drop at small angles indicative of a

substantial rate of change of reverse discharge which is

responsible for the‘dynamic instability. The more gradual

ndage and seat since this

o dm

I



) RIS
s
l D SERIES B-C2
30 /
ﬂ/:
wy
wi 25t
£
o \
3 .
- L_ X STABLE |
g} 20 §anve does
uz_ not ‘close)
b
|—
m .
15}
g A
x N
% ~ .
L~
; 10} \
i STABLE X .
s (Valve closes and remains closed)
35
O
w St A STABLE
_ o = UNSTABLE
. {035) {on {105) (14) §
U | 1 | | R B Y t [ B L 1 1 2 1 A Y
0 | 2 3 ) 5 6 7 8 5 i
8
i

INITIAL ANGLE OF OPENING 8, deg. (rod) i

CFigure 6.7. Series B-C2 Experiments: Design Modification
and Stability Map.




r

3

/secx10

3

(5.7) . Serieé A
_ © Series B-C?2
ot
(2.83

Reverse Discharge , Q, ft¥/sec(m

Angle of cpening, 8 (deg.)

Figure 6.8. Comparison of Static Reverse Discharge
Characteristics of Scries A and Series
- B-C2.




-, —

142

change in reverse discharge between 2° and about 7° explains
why the upper halt of therregien of self-excitation is now . e
stable. It appears that some means of controlling the

discharge characteristic in the region from 0°-2° is essential

s

to .fémoving the instability entirely.

B

I3
.

" , - ‘
6.8 Series B-D Experiments and Results

The results of the previous series bf experiments
showed that modifications involving changes to the valve
apron or attachment of appendages to. the vaivc plate, whether
used alone or in combination will not sufficiently reduce the
rate of change of discharge to eliminate valve vibration,
Clearance between an appendage and the valve seat c;nnot be
held below a certain value for all angles below about 60,
otherwise contact between appendage and seat would result,

It wasAEherefore decided that a mére gradual
reduction in the rﬁte of change of reverse discharge in
the region from 0° to 2° would be achieved only by modifications
to .the seat and valve plate. This is because of the
possibility of holding the flow area to very small values
with this arrangement without premature contact occurfing.

In order to emphasize the critical importance

of minimizing the available flow passage at small angles of
opening, series B-D, shown in Fig. 6.9, was examined. In
this series, a lip was attached to the valve secat and a

corresponding portion cut away from the valve plate to allow

proper valve secating. The valve apron was also modified

®
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as shown'in Fig. 6.9. " A cksaranhe of 1/16 inch at complete
- b Y .

valve closure between the cut-away portion of the valve plate

’

and the lib was used din ‘this series of experiments. The

resulting dynamic behaviour of the valve"is shown on the

& - . R

stability map of Fig. 6.9. o
Comparison of results of serie; B-D with-those of

saries-A:showg that the on}x'fﬁﬁroyement hés oécurred in the
lower half of the'gegion of selffe;citation. However at'--

- those points where;vibrafion oéﬁﬁrred, the oscillations herei
less vialent, the Bmplitgde of.vibrution being reduced by an
average of rmore than 50%. This is shown for one point of the
{ stability map in Fig. 6.5. ‘

24

K

6.9 Serjes B-Dl Experiments and Results //

/

e Series B-D was ifiproved by reducing the clearance /

between the lip and the cut-away portion of the valve plate ///

to a little less than 1/32 inch. This modification is sh

/3

in Fig. 6.10. Excépt for small leakage the valve is
essentiafly.closed'ht around 2°. e

The size bf the lip used was not arbjitrary. The
reverse discharge characteristics of seriiﬁ/A shows a high
slope befween about 69 and-no. Examingp{bn of the vibration
records of series A sﬂowcd that the <udden acceleration of
theﬂvalve_towérds its seat occur /d between 1.5° and about 3°
depending on the initial setting. The choice of lip size was
based on preventing the sudden reduction ™g discharge in the
last 2° as scen in scr;cs B, (Fig.6.2) and B-C2, (Fig. 6.8).
. yd . -

rd F
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A figure of 29 was also chosen to safeguard the structural
integfity_of the valve plate as it slams onto the seat. fhis
meant a cut-away of 1/4 inch by 1/4 inch by 9 inches in the
present experiments. To further enguré the structural
‘integrity of the model, the lip was lowered by 1/16 inch to
allow contact of the valve plate with both the seat and the
lip. | |
The dynamic behaviour of the valve modified in

‘this way is shown in Fig. 6.10. The lower half of the
region of self-excitation 1s now completely stable but a
considerable area of instability remains in the upper half.
This nevertheless represents a remarkable'i@provement in the
dynamic behaviour of the valve.r For the first timé a modifica-
“tion in design was demonstrated to guarantee that if the
spring stiffness used in the valve design is not stiffer than
what the hydrostatic pressure in its system can overcome, no
matter the initial angle of opening, the valve would be .
stable. This suggests that even if the dynamlc pressure due
to waterha@mer wave reflection is sufficient to dislodge the
valve from the seat by some small angle, the flow is not

eqtablxshed and the valve. settles down on the scat again.

Normally if a valve is to be prevented from slamming

by inclusion of springs in the valve system, rational design
practice would ensure that the included springs would not be
so stiff. that thc available hydrostatlc pressurc cannot close
the valve against the spring force. However, as shown by the

remaining area of instability this modification does not
\' '
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represent a fool-proof practical solution of_thé beiatién
problem. If, due to chanies in operating coﬁditioné the
availablé*hydrostatié head dropped, the valve could become .
unstabie'due to opening caﬁsed by the spring.

To understand:why the'valve was dynamicaliy uﬁstablé_
at the larger angles, the static reverse discharge character-
istic was determined. This curve is shown in Fig. 6.11. It
show; a much gentler slope between 2% .and 0°. However the
slope is relatively steep between 20_; 4%, This enables the
generation of an additional hydrodynﬁmic pressure componeﬁt
due to fluid inertia which forces the valve shut against the
spring. Once the valve is closed however, the dynamic pressure
due to fluid inertia disappears whereupon the spfing restoring
force initiates valve opening. It follows tﬁat a combination
of B-D1 and B-Cl should eliminate the unstable region

A

enfirelyi# ' | -

6.10 Series B-Cl-D1 Experiments and Results

The results of-geries B-D1 showed that the only
region of instability left was the top half. It was relatively
easy this point to synthesize a complete practical
solut}on of the valve proBlcm by combining series B-Dl with
either\EE;ies Cl or series C2. One such combinatian is shown
as series B-C1-D1 in Fig. 6.12. Also shown in Fig. 6.12 is
its dynamic stability characteristics.

Clearly this represents a complete practical solution

of the vibration problem. Its dynamic stability characteristic
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.éxuctly matches the static svetem characteristic of Fig. 5.1
which has been indicated by dashed l{nes in Fig. 6.12.

" Figs. 6.13 to 6.16 show the dynamic behaviour of the improved
—design.at four randomly chosen points on the stability map.
Inrthelregion below the static system characteristic, represented
by Figs. 6.13 and 6.14, the valve closed, bounced weakly once
.and remainedﬂcloscd. In the region above ihe static system
characteristic, the valve clésed.once &epending on the initial
setting, bounced back and executed damped oscillations about
some angle determined hy‘thg difference between spring force,
initial settiﬁg_nnﬂ available hydrostaéic pressure. All attempts
to produce oscillations by letting the valve drop.from 1drge
angles failed. : , _ ’

The reverse dischﬁrge characteristic for this case -
is shown in Fig. 6.17. Also shown for comparisoﬁ is the
reverse - discharge characteristic for the valve of original ' f

_doesign. The slopes of the two curves, especially at the
smaller angles of.opening (between 0° and about 6°) are

drdmnticaily different, the curve for the improved design

showing a more gradual reduction in the discharge as the valve

closed.

6.11 Series Cl;Dl Experiments and Results : = ; f
The results of earlier experiments with the modifica— ‘ h

. tions involving attachment of appendages to the valve plato If%
(series C, €1 and C2) showod clearly that little iﬁp?OVchnf [
in valve stability resulted from modifying‘tho valve apron SQ
- 3 _ !
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geometry. | In fact whenever the apren wa; moditied, a
relatively less tortuous.puth.of flow resulted; the fluid
was discharged more or less as a horizontal jet so that no
“substantial improvement in the rate of c¢hange of discharge-
at very small anglés was achieved.' It followed that .the
solution achieved in series B-C1-D1 owed little to thé
modification of thé valve apron. Besides, a modification to
Qbe apron constitutes the most difficult anﬂ expensive of all
the improveﬁents in design suggested. It was felt that
removal of the valve apron modification should not atfect the
dynamic stability behaviour adversely; morcover, it represented
a simplification of the final solution and a real cost-saver
with respect to possible practical implementation in the
prototypé valve.

Thus, series Cl-D1, shown in Fig. 6.18 was examined.
The results, shown on the stability map of Fig. 6.18 confirmed
the expected valvo behaviour. It shows the valve stable at all
points on its stability map.and therefore represents a
complete practical solution of the vibration problem.
l' Its roverse discharge_choracteristic, shown in

Fig. 6.19 is practically identical to that of scries B-C1-D1

between 0° and 6°. This is the critical zonec where a very

gradual reduction in the rate of change of roverse discharge
is imperative if dynamic instability is to be avoided. Also
shown on Fig. 6.19 for purposes of comparison is the roverse

discharge characteristics of the original design.
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6.12 Series E Experiments and Results .

: =5 _
An attempt-fo reduce the reverse didcharge ot small
angles of valve opening involving the use of couhtérﬁjet% 10 . )
the flow in the slot area was hade. Eleven, 3/16 iﬁbh_diﬁmeter
"holes were drilled at 60° to the down§tédﬁm-féce_of thé Arsc'
and positioned in such a way that‘fﬁe'ﬁolgé'wefé covered by
the valve ;cép at\complete valve-closyre._;ﬁt';ma}i;anéies,
flow through gheg%fhole% was expected to reduce the flow
velocity -in th§ §iot as .it formed a counter-jet to the normal
revcrsc-discharééi Tﬁis modification,. togcthcr with its
stnbifity map, is shown as scrigs E in Fig. 6.20.

- Comparison with series A shows that the arca of solf-
excitation was slightly extended. Results shown in Appendix'A_
also indicate that the amplitudes éf vibration wore compﬁrable
to those of series A. The vibrations were observed to be.vcfy
viblcnt at the larger angloﬁ of initial setting and no attempt
was made to determine the outer limiis of the region of sclf-
"excitation as the structural inﬁogrity of the‘model was
-threatened.

Evidently the pressurce difference ncrosé the valve
disc is not sufficiont to induce an approciable flow through
the slots. In addition, whoﬁ the dynamic pressure forcoes

the valve off the scat, the flow is apparontly more casily

established and henceo, the lower stability reogion is extended.

6.13 Suggestion for Practical Implementation
of the Solution '

4
Tho implementation of the final solution representod

by cithersories B-C1-D1 or sories C1-D1 should be a rolatively

¢

PR LT IR,
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simplé_aﬁd inexpcnsivé exercise.  Busically it involves the
addition of two riﬁgs, (bne to the valve scat, the other

to the downstream face of the valve disc) and thé removal

of a portién of the downstrcam fuc? of the‘diéc. No alterd-_
tion to the vélve casing geometry is necessary but it may

well be quite helpful in reducing the dynamic pressure ﬁﬁen

the valve swings through large angles as in closing during
reguié} service. The prﬁposed solution, for the 6 inch diameter

‘ S
prototype modelled in this thesis, is shown in Fig.6.21.



" figure 6.21..
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CHAPTER 7
CONCLUSIONS

The dynamic behaviour of a hydraulic chock valve
‘which was found to vibrate violently upon rapid shut-down
of the pump has been successfully modelled in t&b dimensions.
In order to exporimentally investigate the H}droolnstié vibra-
tion of thc valve its two-dimonsional gcomctrtfully similar
model und a water tunncl test Fncllxty were dosigned® andl built,

Using this model, a technique, more goncrally usod
for the visualization of‘steady fléws, has been domonstrated
to bo adaptable to tho study of unstepdy'fiow, yielding valuablo
information, '

As a tosult of both thodrotical and oxperimentul
stud%g? carriod out on tho transiont bahuVipur of tho valvoe
model vibrating with small amplitude in air and in quioscent

.wntor, a numbor of importan} offocts havo beon domonstratod.

- First, the offoct of closo confinemont on tho hynamic behaviour
fof o body vibrating in a hoavy fluid quuh as wutor* has boon
shown to be a romurkublo incroaso in Its addod mass factor
which in turn dramatically lowers 1t3‘fundumontn1 froquongy.
This agroos woll with the work of Todd [30] who showed that

tho vibration bohaviour 6f a ship ;n open wator is qulite
different from its bohuviour in 4 shallow channel beocause of
an apparont incroase in its added mass and o corrusponding

docrease tn Lty natural frequoncles, . Secondly, damping, whlch

163
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ded_fﬁﬁ] asserts remained viftuully unchanged tor sm@)l
oqclllutlon§* of bodies in relativclv uncon{ ined sutirroundings,
has hoen shown to increase quite ﬁubqtantiully for a body,
auch as this vnlvo. vibrating in a cloqol\ confined environ-
ment. L , ' .

-VA'élodr uﬁdprétahd{ng of the dynam}g_bohaviourlof
the valve systom has emergod from the résult;'of this work

which show thut there iq a sudden increase in the hydrodynamld

clouing 1oad as tho vnlve approuchoq itq seat. The cause of
the suddun_lnuroaao in the closing load s the changing dls-
charge characteristic of the valve, especially in.the lait

few gog¥663 before closure., As thoévalvo.slums onto its
seat, waterhammer pTOS&urOS are prodhcod upstroam and downstroeam
of tho'vnlvo. However, as the--valve reqpondq only to tho
proessure dlfforonuo acrosas it lt remainsg on ltq seat until the
prossure difference reduces to a pelnt where it olthor forces
the valve open, Q- allows the apring restoring. forces to .‘ T
pull it open. The h)dlod)nqgia clovlng load is less durling the

opening part of. the vibration cycle than it is at the samo .

sggnglo during the Llowlng pﬂlt. ~Th1q h)qtorotlc effoect means thnt.
i
thore ls. aanat onmrgy truaner from tho fluld durlng ouch

\

¢ycle and the vihru1ion 1q purpotuutod . The phonomonon 11

k]

clenrly hydroo;ﬁ%tlu In nuturu _
d Tho authur hu\.contributod ta the styte-of- the-art

il » .
tochnology of flow- lnducod atrugtural vibrati??s. and fulﬂ\lled
" the atutoq purpode of. this thoqia By devuloptng an undorstandlng

) of the dynumlc hohnvioul or tho vn\vo ayatom, domonwtruttng




165

the mechanism by which the escillations are induced and, ore
important trom a ‘purcly practical design scense, developing
changos in the basic valve design to eliminate the valve

vibratiaon,

Economical dosign of hydruﬂllc Structures preo-
fsupposos accurate knowlodgo of the loadings which_occur in
practice and awnronoss of the poxsibility of flow-induced
vibrgtion. The work of thiw thosis emphasizos the advisubllity
of more frequent use of modo%s at the design stage’ to determine
p}ototypv behaviour of‘novbl‘deqiohq: 1t {s not always )
| poqqiblo to nntlcipnto\Ghe hydroclastic problems which can
"~ deveolop. When they do $?§ur modol studleq to qgeortain the

, nature of the phonomonon as woll as the offocts j{ modifications

~affer many advantages over the usuul cut and tr&lmodifications

’

to the prototype. S ' . S

™
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SIRING ™~ | CINTIRLRRELE™ 7777777 | (Rinney o | Srise s,
STIFFNESS | -OF SETTING appipg | VIBRATION FROM SEAT
(1bg/in.) - Y WA f nax
. (degroos) N - g?%gtzl__” (degrees} |
| A 2.07 6.9°
o B N M -
K~133.5 | 5° . ¢ 2.15 3.0°
; (1 NV -
[ B-CL] NV -
B-CZ| NV .
B-D N M* -

Guide to Interpretation of Resulty in Appqﬁgix A

NV indicates "No Vibration',

N M* indicates "Vibration obscrved but no

measurcments taken'.

. ) : € -
V- D* indicates "Vibration dnmpcj%, (genernlly

after 3 or 4 cycles).

o . o 2 '
L K = (K LK)

ks me— el gl e e g = 8
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APPENDIX B ) .
{fa) Design hata for thc*Mbdcl
dength of the pivot shaft » 21 inchos
Diamcter of the pivot shaft ) . 7/8 {nch
_ Distance between pin positions .
/fﬁkon pivot shaft “ _ » 6 7/8 inches
Welpht of perspex disc, bolt and nut <« 3.50 1b¢
Length of - spring arm S .14 inehes”
F "
Cross-scctional area of spring arm « 1,50 [nz (2"x3/4')
Welght of spring arm. " » 5.95 lbg

Weight of plvot shaft

3.58 1bg

(h) .Determination of Koo

—_—

The torsional stiffness K of the pivot shaft was
. .,

calculated from

GJ
K o - m 4
0 Ll
where ! {s the shear modulus of the shaft material, ‘
I is the torque necessary to twist the shaft

through angle o,
{e the distance between the points of applica-
tion of the force,

: 4
and - J oon %%e i the polar moment of incrtia of the shaft.




—~

K, - nGat __ll"s (0:875) xlU(
m TG ETS T

e (9.6262 x 10%) 1b-1n/radian

- (€) Calculation of K

eq..

_ Keq is the of foctive spring constant for the

valvo system,and is made up of the scries combination of K0 and

2

K, 15 Thus,
1, .1, b
R i A e
1 K Kb
€., “ (= )
cq
. K0+KqL

(d) Convorsion from British :E\lntcrnntionnI'Unltﬁ

. N
1 psi « 6.9 kPa.= 6.9 kN/m
1 inch = 2,54 ¢cm = 0.0254 m,
1 lbf/in

176.13 N/m = 0.17513 kN/n.
1 £t3/min = 0.0004719474 m’/sec.

i1b, . 4.45 N,

1 Ibp-ft = 1.35682 Nem.

1 ft/ﬁcc = 0.3048 m/scc.




