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De snelheid waarmee de belangrijkste waterslaggolf zich voortplant kan wezenlijk
worden beinvloed door junctiekoppeling; Poissonkoppeling is hierbij van ondergeschikt
belang.

De methode der karakteristicken vervalt tot een gewone eindige-differentie-methode als
de roosterpunten buiten de karakteristieken vallen.

Het gascavitatiemodel van Kalkwijk en Kranenburg wordt instabiel bij grotere
gasfracties. De instabiliteit zal verdwijnen als, naar het voorbeeld van Geurst in het geval

van bellenmengsels, toegevoegde vloeistofmassa in rekening wordt gebracht.

J.P.Th. Kalkwijk & C. Kranenburg, 1971, ASCE J. Hydr. Div., 97, 1585-1605.
J.A. Geurst, 1985, Physica, 1294, 233-261.

Leidingsystemen voor drink- en rioolwater zijn in het algemeen beter op waterslag

doorgerekend dan leidingsystemen in de chemische industrie.

Het opnemen van historische aspecten in vakcolleges leidt niet alleen tot een beter zicht
op het betreffende vakgebied, maar verlevendigt bovendien het onderwijs.

Nut van lidwoord is minimaal.

Mede gezien het feit dat er nog steeds nieuwe diersoorten worden ontdekt, dient de
wettelijk vastgestelde lijst van beschermde uitheemse diersoorten vervangen te worden

door een lijst van onbeschermde diersoorten.

Het korten op de WAQ is niet rechtvaardig: WAO’ers hebben al de pech lichamelijk niet
volledig gezond te zijn; een financieel ongezonde situatie daar bovenop wordt teveel van
het slechte.

Uit een vergelijking van de misdaadcijfers van Australi€ met die van andere landen blijkt

niet dat crimineel gedrag erfelijk is.

De conditie van veel recreatievoetballers is zodanig dat op het veld de speelbal over de
meeste lucht beschikt.
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Summary

The transient behaviour of liquid-filled pipe systems is studied. The time scale is acoustic.
Pressure waves in the liquid, and axial, lateral and torsional stress waves in the pipes, are
the dominant phenomena. The phenomena in the liquid (waterhammer) and the phenomena
in the pipe system (structural dynamics) influence each other (fluid-structure interaction) if
significant radial and axial pipe motions occur. When, in addition, the dynamic pressure
drops to the vapour pressure, vapour bubbles will form in the liquid (cavitation). The major
new element of the present work is in the simultaneous occurrence of fluid-structure
interaction (FSI) and cavitation, which is investigated both theoretically and experimentally.

An extensive review of literature on the subject is given. One-dimensional basic equations
are obtained by integration of general three-dimensional equations for fluid dynamics and
structural linear elasticity. Three FSI-mechanisms (junction-, Poisson- and friction-coupling)
are taken into account. The governing equations, formulated as a hyperbolic set of fourteen
first-order partial differential equations, are solved by the method of characteristics.
Vaporous cavitation is numerically simulated by the relatively simple concentrated cavity
model.

The cavitation model, without the effects of FSI, is validated against experimental data
of Simpson [1986], whereas the FSI-model, without the effects of cavitation, is validated
against experiments of Vardy and Fan [1989, 1993]. Vardy and Fan’s test rig (laboratory
scale) has also been used for the purpose of the present investigation. Experiments, in which
the combination of FSI and cavitation is evident, were performed with a straight-pipe system
and with a system consisting of two straight pipes connected by a rigid 90-degrees elbow.
The agreement found between theoretical and experimental results justifies the application

of the present numerical model to larger pipe systems than those used in the laboratory tests.
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Samenvatting

Er is onderzoek verricht naar het kortstondige dynamische gedrag van leidingsystemen gevuld
met vloeistof. De tijdschaal is akoestisch. Drukgolven in de vloeistof en spanningsgolven
(longitudinaal, transversaal en torsie) in de leidingen, bepalen de fysische verschijnselen. De
verschijnselen in de vloeistof (waterslag) en in het leidingsysteem (dynamica van
constructies) beinvioeden elkaar (vioeistof-leiding interactie) ten gevolge van de radiale en
longitudinale bewegingen van de leidingen. Bovendien treedt dampbelvorming (cavitatie) op
wanneer de dynamische drukken in de vloeistof de dampspanning bereiken. Het nieuwe
element in het uitgevoerde onderzoek betreft het gelijktijdig optreden van vloeistof-leiding
interactie (VLI) en cavitatie, zowel in fysisch experiment als in numerieke simulatie.

De resultaten van een uitgebreid literatuuronderzoek zijn gerapporteerd. Eendimensionale
basisvergelijkingen worden verkregen na integratie van de algemene driedimensionale
vergelijkingen uit de vloeistofdynamica en de lineaire elasticiteitstheorie. De drie VLI-
mechanismes (junctie-, Poisson- en wrijvingskoppeling) zijn verdisconteerd. De
basisvergelijkingen, geformuleerd als een hyperbolisch systeem van veertien eerste-orde
partiéle differentiaalvergelijkingen, worden opgelost met de karakteristieckenmethode.
Dampcavitatie is numeriek gesimuleerd met het, relatief eenvoudige, geconcentreerde
caviteiten model.

Het cavitatiemodel, zonder VLI-effecten, is gevalideerd aan de hand van experimentele
resultaten van Simpson [1986], terwijl het VLI-model, zonder de effecten van cavitatie, is
gevalideerd met experimentele resultaten van Vardy en Fan [1989, 1993]. Vardy en Fan’s
proefopstelling (op laboratoriumschaal) is ook gebruikt met betrekking tot het huidige
onderzoek. Experimenten, waarin de gevolgen van zowel VLI als cavitatie duidelijk zichtbaar
zijn, zijn uitgevoerd met een systeem bestaand uit een enkele rechte buis en met een systeem
bestaand uit twee rechte buizen die onder een hoek van negentig graden verbonden zijn door
een stijf bochtstuk. De goede overeenkomst tussen theoretische en experimentele resultaten

rechtvaardigt de toepassing van het ontwikkelde numerieke model op grotere leidingsystemen

dan die in het beschreven laboratoriumexperiment.
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1. INTRODUCTION

Fluid-structure interaction is the general term used for physical phenomena where moving
boundaries between fluid and solid play an important role. The moving boundaries cause a
dynamic coupling which makes a simultaneous treatment of fluid and structure necessary
when modelling the phenomena. In the present study fluid-structure interaction refers to the
dynamic coupling between a pipe system and its contained liquid. The liquid is allowed to
vaporize so that liquid-vapour-pipe interactions may take place. Key words are:
waterhammer, cavitation, structural dynamics and fluid-structure interaction (FSI). These are
explained in section 1.1. In section 1.2 the present investigation is placed in its local
historical context; a survey is given of previous research in Delft. (A more general review
of literature is given in chapter 2.) Section 1.3 describes the objectives of the present work

and gives an outline of the report.

1.1. Basic concepts

The subjects waterhammer, cavitation, structural dynamics and fluid-structure interaction are

introduced in the next subsections.

1.1.1. Waterhammer

Waterhammer, also referred to as pressure surges or hydraulic transients, is a spectacular
form of unsteady flow in liquid-filled pipe systems. It is generated by abrupt changes in the
steady flow conditions. These changes are mostly due to the rapid closing or opening of
valves, and to the stopping or starting of pumps. Other causes of waterhammer are load
rejection of turbines, seismic excitation and pipe rupture. Waterhammer involves large
transient pressure variations which may damage the pipe system and its components. In order
to prevent damage, waterhammer can be suppressed and controlled by devices like: surge
tanks, air chambers, flexible hoses, pump flywheels, relief valves and rupture disks. In
practice waterhammer analyses are carried out in order to judge whether the quite expensive

devices are necessary and if so, what their dimensions should be. Predicted maximum
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pressures prescribe the required strength of the pipe work.

1.1.2. Cavitation

Waterhammer not only leads to high pressures but also to low pressures. Low pressures
involve the danger of pipe collapse, especially in case of buried pipelines. When the pressure
comes below a certain level, cavitation occurs. Distinction should be made between gaseous
and vaporous cavitation. Gaseous cavitation occurs when the pressure falls below the
saturation pressure of the gas, so that it comes out of solution. This is a relatively slow
process compared to vaporous cavitation. Vaporous cavitation occurs when the pressure
drops to the vapour pressure. Vapour cavities will form in the liquid. When the vapour
cavities appear as tiny bubbles dispersed throughout the liquid along great lengths of pipe,
it will be referred to as distributed cavitation. When the vapour cavities coalesce and form
one local bubble occupying a large part of pipe cross-section, it will be referred to as column
separation. Column separations generally occur near specific points in a pipe system such
as valves, pumps, bends and high points. Column separations occasionally occur in pipe
intermediate points when two low pressure waves meet. The collapse of column separations
is usually attended with almost instantaneous pressure rises. These may be avoided by
positioning air-inlet valves at critical points in the pipe system. In general the policy is to

prevent cavitation.

1.1.3. Structural dynamics

Steady-flow and waterhammer analyses provide information on the liquid behaviour under
operational conditions. Static pipe stress and structural dynamics analyses give insight in the
corresponding behaviour of the pipe system. Where the liquid-analysis yields extreme
pressures, the structural analysis provides dynamic stresses, reaction forces and resonance
frequencies. It is not unusual to perform an uncoupled calculation. Pressure histories,
resulting from a waterhammer analysis, are used as the dynamic loadings in a structural
dynamics analysis. The calculation is called uncoupled since the predicted structural response
does not influence the liquid pressures. This procedure is doubtful since pipe motion can

significantly affect dynamic pressures. Fluid-structure interaction should therefore be considered.



1.1.4. Fluid-structure interaction

In conventional waterhammer analyses pipe elasticity is incorporated in the propagation speed
of the pressure waves. Pipe inertia and pipe motion are not taken into account. This is
acceptable for rigidly anchored pipe systems. For less restrained systems fluid-structure
interaction may become of importance. In that case the dynamic behaviour of liquid and pipe
system should be treated simultaneously.

Three liquid-pipe interaction mechanisms can be distinguished: friction coupling, Poisson
coupling and junction coupling. Friction coupling represents the mutual friction between
liquid and pipe. The more important Poisson coupling relates the pressures in the liquid to
the axial stresses in the pipe through the radial contraction or expansion of the pipe wall. It
is named after Poisson in connection with his contraction coefficient », and it is associated
with the breathing or hoop mode of the pipe. Poisson coupling leads to precursor waves.
These are stress-wave induced disturbances in the liquid which travel faster than, and hence
in front of, the classical waterhammer waves. Where friction and Poisson coupling act along
the entire pipe, junction coupling acts at specific points in a pipe system such as unrestrained
valves, bends and tees. A standard example is the moving elbow, which induces pressure
waves in the liquid through a combined pumping (compressing) and storage (decompressing)
action. An illustrative explanation of Poisson and junction coupling can be found in
[Tijsseling & Lavooij 1990].

The main effects of fluid-structure interaction are problem dependent. When compared to
predictions of conventional analyses, predictions including fluid-structure interaction may lead
to: higher or lower extreme pressures and stresses, changes in the natural frequencies of the
system, and more damping and dispersion in the pressure and stress histories.

In practice pipe systems are never entirely rigid. Too rigid systems may experience
extremely high stresses due to temperature effects. The problem is to judge when fluid-
structure interaction is of importance. In [Lavooij & Tijsseling 1991] a provisional guideline
is proposed in order to answer this question. The guideline is based on characteristic time
scales of the system under consideration. It says that fluid-structure interaction is important
when the time scale of the pipe system is 1) smaller than the time scale of the liquid and 2)
larger than the time scale of the excitation. The eigenperiods of the pipe system, the main

periods of the waterhammer waves and, for instance, the effective closure time of a valve,



provide the relevant time scales.

Calculations with fluid-structure interaction are necessary in situations with high safety
requirements, mostly encountered in nuclear and chemical industry. They may also be useful
in post-accident analyses [Wang et al. 1989; Obradovié¢ 1990b].

1.2. Previous research in Delft

Delft has a rich history with respect to the subjects introduced in the foregoing section. Here
Delft stands for Delft University of Technology and Delft Hydraulics (formerly Delft
Hydraulics Laboratory). A survey is given of work that is related to the present study. The
realization of the present project as a co-operation between Delft University and Delft
Hydraulics is shortly described. A more comprehensive literature review is given in

chapter 2.

1.2.1. Waterhammer

The Industrial Technology Division of Delft Hydraulics has almost thirty years of experience
in the area of waterhammer. The research started in the mid sixties [Vreugdenhil 1964] and
developments kept pace with the increasing power of computer facilities. The results of
experimental and theoretical work have been published in [Manuel 1968; Manuel et al. 1968;
Nuhoff et al. 1969; Wijdieks 1972, 1974, 1978, 1983; Provoost 1978].

In the Laboratory of Fluid Mechanics of the Department of Civil Engineering of the Delft
University of Technology, quite recently, experiments were performed on hydraulic rams.
Hydraulic rams are self-operating pumps which hamness the waterhammer phenomenon. The
work has been reported in [Tacke 1988; Tacke & Verspuy 1989; Verspuy & Tijsseling
1993].

1.2.2. Cavitation
The research on cavitation due to waterhammer started in the mid sixties as well. Ten years

of close co-operation between Delft Hydraulics and the Delft University of Technology has

led to many valuable results.
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Siemons used a separated flow model' in a theoretical treatment of cavitation [Siemons
1966, 1967]. Dijkman extended this model by taking into account the effects of dissolved gas
[Dijkman 1968; Dijkman & Vreugdenhil 1969]. Kalkwijk and Kranenburg developed their
bubble flow model' and compared the results with experimental data obtained in a PVC
pipeline with length 200 m and diameter 0.08 m [Kalkwijk & Kranenburg 1971, 1973]. The
separated flow model and the bubble flow model are compared in [De Vries et al. 1971;
Kalkwijk et al. 1972]. At Delft Hydraulics experiments were performed in a steel pipeline,
with length 1450 m and diameter 0.10 m, in order to examine distributed cavitation. The
experimental results are compared with predictions of the separated flow model and the
bubble flow model in [Vreugdenhil et al. 1972; Kloosterman et al. 1973]. De Vries simulated
the experiments by applying the concentrated cavity model' to distributed cavitation regions
[De Vries 1972, 1973, 1974]. Safwat did also experiments at Delft Hydraulics [Safwat
1972abcd]. He investigated column separations in a plexiglass pipeline with optionally a high
section with or without condenser. The pipeline had a diameter of 0.09 m and lengths varied
between 40 m and 58 m. Column separations were modelled at two fixed points, distributed
cavitation was modelled in a primitive way [Safwat & de Kluyver 1972; Safwat & van den
Polder 1973a]. Kranenburg did an extensive study on the effects of free and dissolved gas
on transient cavitation [Kranenburg 1972, 1974ab].

A review of cavitation research in Delft can be found in [De Vries 1975]. Provoost
reviews the three developed cavitation models in [Provoost 1976] and compares the results
with the field measurements reported in [Provoost 1975]. Some numerical aspects of the
concentrated cavity model are dealt with in [Provoost & Wylie 1981].

In the second half of the seventies the research in Delft concentrated on cavitation
susceptibility and cavitation on valves [Oldenziel 1975, 1976, 1979, 1982ab; Oldenziel &
Teijema 1976].

1.2.3. Fluid-structure interaction (FS1)

At Delft University Kuiken performed a comprehensive theoretical study on FSI in straight
tubes [Kuiken 1984abed, 1986, 1988]. Dieterman investigated theoretically and

1 see section 2.2






