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Samenvatting
Vibratie en cavitatie kunnen op vele manieren opgewekt worden en vele nuttige doelen
dienen. Deze studie beschrijft fysische aspecten van nuttige vibratie en cavitatie voor een
breed spectrum aan toepassingen bij atmosferische en hogere tegendrukken.
Na een beoordeling van beschikbare apparaten worden de hydrodynamische vibrerend‐
element‐in‐buis instrumenten zoals beschreven in de patenten van Ivannikov geïdentificeerd
als apparaten met een groot toepassingspotentieel. Hun werking is echter nog grotendeels
niet onderzocht. Grote voordelen van deze instrumenten zijn de constructieve eenvoud,
schaalbaarheid, krachtig effect en aantrekkelijk frequentie bereik voor schoonmaakwerk in
diepboringen. Zelfgenerende vibratie waarbij het element botst in de buis met de buiswand
veroorzaakt wisselende stroming rond het element met een actief waterslag effect dat de
vibratie en cavitatie versterkt. Op deze wijze kan cavitatie opgewekt worden bij lagere
stroomsnelheden en hogere tegendrukken dan bij passieve instrumenten zoals
vernauwende openingen. Het ineenstorten van cavitatie bellen bij hoge tegendrukken
veroorzaakt uitzonderlijk sterke effecten, waardoor nieuwe toepassingen ontsloten kunnen
worden. Bij tegendrukken waarbij zelfs actieve cavitatie niet meer mogelijk is blijft zeer
sterke vibratie over, hetgeen kenmerkend is voor omgevingsdrukken die in diepboringen
aangetroffen worden. Dit unieke duale versterkte vibratie en cavitatie gedrag van de
bestudeerde apparaten is de sleutel tot de vibrerend‐element‐in‐buis technologie waarvoor
de nieuwe naam VibroCav bedacht is.
De studie richt zich op VibroCav instrumenten met een bal als trilelement, met uitzondering
van één test serie met een zogenaamd flip‐flop element. Verkennende testen in een 350 bar
test circuit in Assen gaven de aanzet tot de constructie van een gesloten 50 bar laboratorium
test circuit dat in het 3ME lab in Delft werd opgesteld met mogelijkheden om efficiënt te
experimenteren tot 10 bar tegendruk en 40 bar drukval over het apparaat. Er zijn vele
experimenten uitgevoerd in het 50 bar test circuit, aanvankelijk met ballen die aan de
onderzijde gesteund werden en vervolgens met hangende ballen in een buis met een
conische eind waarbij de ruimte tussen de bal en de buiswand van buitenaf ingesteld kon
worden. De invloed van de watersamenstelling, aanwezigheid van gas en materiaal keuze
voor de bal werden getest. Een aantal testen bij zeer hoge tegendruk werden uitgevoerd in
een gesloten 350 bar test circuit in Drachten. In totaal werden er 29 veldtesten op
industriële schaal uitgevoerd voor het schoonmaken van poreuze media rond water en olie
putten en 5 veldtesten om de technologie te onderzoeken voor het verwijderen van
afzettingen in putten.
Met laboratorium experimenten met het 50 bar circuit werden verschillende operationele
toestanden van de VibroCav instrumenten afgebakend als functie van stromingsdebiet en
tegendruk die benoemd kunnen worden als (i) alleen vibratie, (ii) actieve cavitatie uitsluitend
met vibratie, (iii) geen vibratie met passieve cavitatie en (iv) geen vibratie en geen cavitatie.
6
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Vibratie werd geconstateerd bij de hoogste tegendruk die behaald kon worden en zal
waarschijnlijk mogelijk zijn bij nog hogere tegendruk, echter het vibreren houdt op bij zeer
hoog stromingsdebiet en sterk vernauwde ruimte tussen de bal en de wand door het
verschuiven van het punt waar de stroming loslaat van de bal (zoals voor een bal bij een Re
getal van ongeveer 3 x 105 in een onbegrensd stromingsveld). Net zoals passieve cavitatie
wordt onderdrukt door toenemende tegendruk wordt ook actieve cavitatie onderdrukt; de
hoogste druk waarbij actieve cavitatie is waargenomen is 63 barg. Bij een van onder
gesteunde bal, zoals in het hogedruk circuit gebruikt is, wordt een significant deel van het
stroompad benedenstrooms van de bal aan het zicht onttrokken zodat actieve cavitatie
dichter bij de vernauwing tussen de bal en de wand plaatsgevonden kan hebben. Op grond
hiervan wordt de verwachting uitgesproken dat cavitatie 100 barg tegendruk zou kunnen
overleven.
De invloed van de waterkwaliteit en aanwezigheid van gas bleek niet significant te zijn.
Lichtgewicht ballen die van onder gesteund werden lieten heftige vibratie en sterke actieve
cavitatie zien, maar raakten snel beschadigd door de hoge contact krachten tussen de bal en
de ondersteuning. Hardstalen ballen bedden zich in een ondersteuning van zachter staal in
omdat de krachten de plastische limieten van de ondersteuning te boven gaan. De bal vlakt
af, of breekt, als het materiaal van de bal zachter is dan de ondersteuning.
De veldtesten voor het schoonmaken van poreuze media rond putten, gecombineerd met
een theoretische analyse leveren waardevolle semi‐kwalitatieve kennis op over de invloed
van de trilfrequentie, bron directiviteit, bronenergie, putgeometrie en mate van verstopping
op de werkingsdiepte van schoonmaak apparaten die met trillingen werken. De belangrijkste
golfenergie voor het schoonmaken van een poreus medium komt van de langzame Biot golf
die als een drukgolf door het poriën netwerk loopt. Hoe hoger de maagdelijke permeabiliteit
van het gesteente en hoe lager de golffrequentie hoe groter de werkingsdiepte zal zijn.
Beschadiging van de permeabiliteit door het verstoppen van de poriën nabij de put
vermindert de werkingsdiepte van de schoonmaakbehandeling en bij progressieve
verstopping kan de beschadiging buiten het bereik van de schoonmaakapparaten komen te
liggen.
Een beperkt aantal veldtesten voor het verwijderen van afzettingen in putten lieten een
significant potentieel zien van VibroCav instrumenten vanwege de gecombineerde effecten
van hameren, spuiten, golfenergie en schokgolven van ineenstortende cavitatiebellen.
De studie levert een gedegen basis voor een wetenschappelijk onderbouwde voortzetting
van de ontwikkeling van VibroCav technologie voor vele toepassingsgebieden in meerdere
industriële sectoren en is de voorloper voor een scala van vernieuwende technieken.
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Summary
Vibration and cavitation can be generated in many ways and serve many useful purposes.
This study describes physical aspects of useful vibration and cavitation for a broad spectrum
of applications at atmospheric or elevated pressures.
After a review of available devices, hydrodynamic vibrating‐body‐in‐pipe tools as described
in patents by Ivannikov are identified as having a major potential and being largely
unexplored. Major advantages of these tools are simplicity of construction, scalability,
powerful effects and attractive frequency range for well cleaning applications. Self induced
vibration with a free body colliding with the pipe wall causes alternating flow around the
body with a water hammer effect that enhances the vibration and cavitation. Cavitation can
thus be generated at lower flow rates and at higher backpressures than with passive tools
such as orifices. Cavitational collapse at high backpressure creates exceptionally strong
effects, giving access to novel applications. At backpressures where even water hammer
enhanced cavitation ceases to exist, very strong vibrations persist to pressure levels
encountered in deep wells. This unique dual enhanced vibration and cavitation behaviour of
the tools is the key to vibrating‐body‐in‐pipe technology for which the new name VibroCav
was coined.
The study focuses on VibroCav tools with balls, except for one series of tests with a so‐called
flip‐flop body. Exploratory tests in a 350 bar test circuit in Assen lead to the design of a 50
bar laboratory closed test circuit installed in the 3ME lab in Delft with facilities to apply up to
10 bar backpressure and up to 40 bar pressure differentials over the tools. In the 50 bar test
circuit many experiments were carried out, firstly with bottom supported balls in a straight
pipe and secondly with hanging balls in a pipe with a conical outlet allowing remote
adjustment of the gap between the ball and the pipe wall. The influence of water
composition, gas content and various ball materials was tested. Selected high backpressure
test were carried out with a 350 bar closed test circuit in Drachten. A total of 29 field trials
on an industrial scale were carried out for cleaning the porous media around water and oil
wellbores under widely varying conditions and 5 field trials were done to evaluate the
potential of the technology for the removal of scale deposits in wellbores.
The laboratory experiments with the 50 bar test circuit delineated various operational
modes of the VibroCav tools as function of flow rate and backpressure with regimes
designated as (i) vibration only, (ii) active cavitation always combined with vibration, (iii) no
vibration and passive cavitation and (iv) no vibration and no passive cavitation. The vibration
regime persists to the maximum backpressure that could be reached and probably to much
higher pressures, however at high flow rate conditions and a narrow gap vibration ceases
when the Re value increases beyond the point of drag reduction due to shifting of the
boundary separation point (Re approximately 3 x 105 for unbounded flow). Active cavitation
is just as passive cavitation subdued by increasing backpressure; but in this test circuit it has
8
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still been observed at a backpressure of 63 barg. With a bottom supported tool as used in
this test circuit a significant path downstream of the ball is obscured and active cavitation
closer to the gap might still exist. This is the basis for the expectation that for this tool active
cavitation may survive up to 100 barg backpressure. Tools with a hanging ball, in which
cavitation is more clearly visible, were not tested at such high backpressures.
The influence of water quality and gas content proved to be insignificant. Lightweight balls
showed in bottom supported tools violent vibration and strong active cavitation but were
easily damaged by the high contact forces between the ball and the support. With hard steel
balls and softer steel supports, bedding‐in is observed due to contact forces beyond the
elastic limit of the support. If the ball is softer than the support, the ball flattens, breaks or is
otherwise damaged by the support.
The field trials for cleaning porous media around wellbores combined with theoretical
analysis provided valuable semi‐quantitative understanding of the influence of frequency,
source directivity, source energy, wellbore geometry and permeability damage on the
penetration depth of sources for vibration based well cleaning. The most significant wave
energy for cleaning porous media is provided by the slow Biot wave, which is a
compressional wave in fluid in the interconnected pore network. The higher the virgin
permeability of the rock and the lower the wave frequency the better is the penetration
depth. Permeability deterioration due to pore fouling reduces the penetration depth of the
cleaning treatment and with progressive fouling the pore damage may get out of reach of
the cleaning tools.
The limited number of scale removal trials showed significant potential of the VibroCav tools
due to the combination of physical hammering, jetting, wave energy and shock waves of
collapsing cavitation bubbles.
The study provides a solid basis for a scientifically founded continuation of the development
of VibroCav technology for many areas of application in several industrial sectors and should
be regarded as the precursor for a range of innovating techniques.
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Chapter 1: Cavitation and vibration
1.1. Cavitation
1.1.1. Cavitation and its characteristics
What is cavitation? Reference texts on the subject of cavitation [1, 2, 3, 4] generally refrain
from attempting a concise definition of cavitation in a sentence or two, but rather focus on
the general features and characteristics of the fundamental phenomenon. When a liquid is
either heated or its ambient pressure is reduced, a state is eventually reached at which
bubbles, or cavities, become visible and grow. The bubbles may be filled with either the
liquid vapour or a mixture of vapour and ambient or dissolved gas. Slow bubble growth may
arise from the diffusion of dissolved gases into the cavity (sometimes referred to as
‘degassing’), or by the expansion of the gas or vapour content with increasing temperature
or decreasing pressure. More rapid or ‘explosive’ bubble growth will occur under conditions
where large quantities of vapour are released quickly into the cavity. Where this is caused by
temperature rise, we call the condition ‘boiling’. Alternatively, it may be brought about by a
dynamic reduction in pressure at a nominally constant temperature. This is the condition
known as ‘cavitation’.
History describes cavitation as a destructive phenomenon, and until recently most
investigations and scientific studies on the subject have been primarily concerned with its
prevention [1]. As with ship propellers, cavitation along the edge and the tip of the blades
causes slippage and a reduction in propulsion effect, and continuing cavitation may seriously
erode the blade’s metal. Similarly, in the modern use of ultrasound for medical diagnostics,
cavitation of body fluids must be avoided since the creation of gas bubbles in vivo can be
extremely dangerous to health.
An interest in actively exploiting cavitation and its immediate consequences has, however,
become apparent in the last two to three decades, as demonstrated by a marked increase in
scientific publications dedicated to its study. These have covered the ways in which it may be
generated, but have focused principally on understanding its immediate consequences and
the physical phenomena via which these end effects are mediated. Foremost of these is the
phenomenon of cavitational collapse, whereby cavitationally created bubbles become
unstable in an oscillating or otherwise changing pressure field and implode, thereby
releasing highly localized ‘hot spots’ of energy.
Although there are a number of ways of creating cavitation in the laboratory for
experimental purposes, only hydrodynamic and acoustic cavitation can currently produce
intensities that are sufficient and sustained enough for physical and chemical processing
applications [1]. Acoustically generated cavitation has a longer history of use that largely
arises from work in the 1980s and earlier on ‘sonochemistry’ and ‘sonoprocessing’. Initially
at least, these comprised the application of power ultrasound to bring about benefits in
14
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specific chemical reactions (sonochemistry) and other process applications that generally
involved mixing, dispersion or fragmentation. Ultrasound was also observed to generate
radicals in polar solvents such as water [1].
The application of hydrodynamic cavitation to chemical processing has occurred only very
recently. Furthermore, the applications of hydrodynamic cavitation appear qualitatively
different to those to which acoustic cavitation has been applied. Hydrodynamic cavitation
has for example been applied to enhance the anaerobic digestion of activated sludge [1], for
refining vegetable and animal oils in the production of biodiesel [1], and for breaking up
solid material in the froth flotation of phosphate ores [1]. These are all large‐scale bulk
processing applications, contrasting with the small‐scale fine chemicals applications of
acoustic cavitation. This difference probably reflects the different types of techniques and
different scales of equipment to which the two methods of generation are best adapted,
although large scale acoustic and small scale hydrodynamic applications are emerging.
It is useful at this point to introduce briefly some of the common features of acoustic and
hydrodynamic cavitation, in relation to the general requirements of creating and exploiting
cavitation. Figure 1.1 shows in very simple and general terms how the phenomenon of
cavitation leads to most of its chemical and physical effects. Essentially two things have to
happen:


A void or cavity has to be created, normally by imposing a very low or negative
pressure. The cavity then fills with vapour of the liquid and/or gas dissolved in the
liquid.



The cavity is compressed and reduced in size by a subsequent increase in pressure.
An increase in pressure may render the cavity unstable, in which case it can collapse
releasing energy. It is this localized and intense energy release that directly accounts
for the observed end‐effects.

As will be discussed below, intense concentrations of mechanical energy are created and
dissipated at the highly localized sites at which cavitational collapse occurs, which can give
rise to intense temperature and pressure transients or ‘hot spots’. These conclusions have
been supported by the observation of sonoluminescent photons of energy above 6 eV from
an oscillating acoustic pressure field of average energy density 2.22 J.m‐3, which represents
an energy enhancement of 12 orders of magnitude at an individual site of photon emission
[1].
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Growth

Collapse

Figure 1.1: Sequence of events occurring during cavitation. The first event is the creation
followed by growth and then collapse of a void (cavity) under respectively low to negative
and positive liquid pressures. The collapse of voids leads to intense but very localized releases
of energy.

1.1.2. Acoustic cavitation
Acoustic cavitation can be induced by the use of ultrasonic devices also called transducers or
sonotrodes that create ultrasonic waves in a liquid volume. Ultrasonic waves are longitudinal
sound waves with frequencies above 20 kHz that propagate through a liquid as elastic
waves. The resulting pressure field of the ultrasonic wave manifests itself as a sinusoidal
alternation of compression and rarefaction:
p  t   pa cos  2 ft   

(1.1)

where pa is the maximum acoustic pressure, f is the frequency of the wave, t the time and θ
the phase. At low intensity of the acoustic wave this pressure wave only causes a mixing
effect within the liquid that is called acoustic streaming. At an acoustic intensity whereby the
pressure around the anti‐node in the rarefaction phase of the cycle falls below the vapour
pressure pv of the liquid minute cavitational bubbles can be nucleated if the driving force for
nucleation suffices. The bubbles grow as long as the total pressure remains below Pv. A
further increase in acoustic intensity generates local negative transient pressures within the
liquid, which stimulate the growth of the bubbles and produce new bubbles.
Due to the time variance of the acoustic pressure field that is superimposed on the steady
ambient pressure, a subsequent compression of the bubbles takes place. Two types of
bubbles can be distinguished, stable bubbles that oscillate in size for many periods of the
sound field, and transient bubbles that exist for less than one or sometimes for only a few
cycles. During transient cavitation the expansion of the bubble is very fast up to a radius that
is much larger than that of a stable bubble. The high kinetic energies generated by
compression of such transient bubbles become concentrated in very small volumes, and
cause high local temperatures of thousands of oC and local pressures up to thousands of bars
upon their collapse. Since acoustic waves can penetrate porous material filled with a fluid,
cavitational bubbles can form and consequently collapse in the pores.
16
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Because cavitational collapse is essentially a process that releases energy, its actuation
needs a steady energy input. Inputs can be measured as the power per unit volume of the
working liquid (kW.m‐3). For acoustic cavitation, energy input is often calibrated in terms of
either the ultrasonic tip amplitude or the energy input to the transducer, either of which
may be directly monitored (and adjusted) at the transducer driver unit. Experience with
ultrasonic systems shows that there is a threshold value of intensity or energy input below
which cavitation will not occur. This threshold depends on the physical properties of the
liquid, such as vapour pressure and viscosity, but as a rule‐of‐thumb for atmospheric
ambient pressures energy inputs in excess of 35 kW.m‐3 are usually recommended [1]. At
higher ambient pressures higher power inputs are required to reach pressures around the
anti‐nodes that fall below the vapour pressure of the liquid.
Ultrasonic cavitation devices
Hielsher Ultrasonics [5] is a major supplier of industrial ultrasonic processing equipment for
many applications, such as dispersion, de‐agglomeration, emulsification, wet‐milling, cel
disruption, disinfection and chemical conversion using 18 kHz ‐ 20 kHz industrial vibration
devices with power ratings of 0.5 to 16 kW. A set of four of the largest devices (4 x 16 kW)
processes in flow‐through mode approximately 1 m3/hr for cell extraction for algae
production and up to 50 m3/hr for biodiesel transesterification. Another producer of
ultrasonic equipment is Prosonic [6].
1.1.3. Hydrodynamic cavitation
In hydrodynamic cavitation the flow field is the origin of the pressure fluctuation that brings
about the processes of cavitation and collapse depicted in Figure 1.1. In any flowing system
that is not at a perfect steady state, the liquid flow will be subject to local accelerations and
perturbations of the flow pattern.
Cavitation in streamlined orifices or along streamlined bodies
For a streamlined body, where the disruption to the fluid flow is minimal, the flow
streamlines follow the contours of the surface as far as possible. Pressure variations will be
particularly marked where the liquid accelerates by flowing through a constriction such as a
venturi tube or a streamlined orifice or along a streamlined body confined in a tube. At the
points of high fluid velocity, low static pressures will occur, and here minute air‐ or vapour‐
filled bubbles may form [2], that will then be carried on to a region of higher pressure where
contraction and possibly collapse of the travelling bubbles will occur.
The flow velocity across the constriction or orifice is related to the pressure profile. It thus
depends on pup, pdown and on the geometry of the streamlined constriction.

17
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For inviscid flow it is best visualized by applying Bernoulli’s equation to the flow upstream
and at location x of the obstruction.

1
1
pup  vup 2  px  vx 2  C
2
2

(1.2)

where ν is the liquid velocity at the subscripted point, is the liquid density, and C is a
constant value. A pressure below the vapour pressure of the liquid pv is the condition under
which cavities will form in the liquid and expand.
The above analysis enables the definition of a ‘cavitation number’, σ, a dimensionless
parameter that characterizes the propensity of a flow to cavitate [1, 2]. Bernoulli’s equation
1
(1.2) differentiates the static pressure p from a dynamic pressure term  v 2 which
2
represents the pressure drop due to the flow of the liquid. If we correct the static pressure
term for the vapour pressure of the liquid pv, then we express the cavitation number as the
ratio of the static and dynamic pressure contributions:



pup  pvapor
1
 water vup 2
2

(1.3)

The cavitation number basically represents the resistance of the flow to cavitation; the
higher the cavitation number, the less likely cavitation is to occur. Cavitation will appear if
the cavitation number σ falls below minus the pressure coefficient Cp.
Cp 

px  pup

(1.4)

1
water vup 2
2

Cavitation behind bluff bodies protruding from a surface
The antonym of a streamlined body is a ‘bluff body’, which is a generic term for a body
obstructing and disrupting a fluid flow as shown in figure 1.2.
When a flowing liquid becomes detached from its guiding surface, usually because of an
obstruction or a sharp deviation in the duct or flow containment “fixed cavities” are formed.
If we consider the simple case of linear flow past a spherical obstruction of radius r, see
figure 1.2a, there comes with increase in r a point at which the flow lines will detach on the
downstream side. In terms of fluid dynamics [1] flow is driven by pressure, with a higher
pressure on the upstream side of the obstruction than on the downstream side. If we
assume that liquid cannot support a tensile stress (or, more realistically, that tensile stress is
limited to the strength of the liquid), then a point will be reached at which the pressure on
the downstream side of the obstruction falls to zero, and the streamlines will separate from
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the surface. This separation of the boundary layer will create an empty space, or a cavity,
between the liquid flow and the guiding surface, which will eventually fill with vapour. The
subsequent trajectory of the cavity will depend on the pressures in the liquid flow, but at
perfect steady state the cavity will remain static.
In the case of an obstruction with a sharp edge, see figure 1.2.b, radius r becomes effectively
zero beyond the edge and the main flow will separate, leaving a liquid‐filled region possibly
with an eddy downstream (as shown). If the main flow velocity is high enough, the pressure
in the separated region will drop to zero and a vapour‐filled cavity will form. In both cases, as
in figure 1.2a and b, introducing a gas flow into the separated region may also create a gas‐
filled pocket, a condition designated as ventilated flow. The formation of a fixed cavity is
often followed by shedding, whereby small cavities detach from the main fixed cavity and
are carried downstream in the flow.

r
Cavity p < p vapor

Cavity p < p

vapor

Figure 1.2: Creation of a fixed cavity downstream of a flow obstruction. (a) Flow detachment
in the wake of a spherical obstruction below the critical radius, (b) a sharp‐edged obstruction
with a circulating eddy current downstream.
Also cylinders, spheres and discs can act as bluff bodies with downstream fixed cavities. The
discussions above show that the flow of liquid along or around a bluff body, or through an
orifice or narrow channel may lead to hydrodynamic cavitation. This cavitation can either
result from detachment of streamlines due to the shape of the bluff body, but can also result
from pressure drop due to constriction of the flow as has earlier been described for
streamlined bodies. Cavitation can also result from a combination of the shape of the bluff
body and the constriction of the fluid flow. For bodies moving freely in either unbounded or
bounded flows the causes for pressure drops that contribute to the occurrence of cavitation
become more complex and will be treated below.
Cavitation in the wake of bluff bodies
Mathematical descriptions of fluid flow around bodies with simple and symmetrical
geometries including cylinders, spheres and discs that move freely in an unbounded or
bounded flow have been extensively addressed, and are widely relevant in the field of
hydrodynamics and aerodynamics.
One way of describing the flow behaviour when a body is moving relative to a liquid is by
considering the drag forces on the body. These can be divided into two categories. Frictional
drag originates from the friction between the liquid and the surface over which it is flowing,
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pressure drag from the eddying motions set up in the liquid at the passage of the body.
When the total drag is dominated by the frictional component, the body is said to be
streamlined; where the pressure component dominates the body is bluff. One aspect of the
pressure drag component is boundary layer separation and the formation of a wake
downstream of the bluff body. A wake consists of a train of eddies extending downstream
from an object or obstruction to the point at which fully developed undisturbed flow is re‐
established. The formation of such eddies, vortices and wakes plays a determining role in the
creation of hydrodynamic cavitation. Cylinders and spheres are considered bluff bodies
because their drag is dominated by the pressure losses occurring in the wake. These are
mediated by the separation of the boundary layer from the body, which is shown in figure
1.3 for a ball in a water tunnel using high speed photography [7].

Figure 1.3: Cavitation around and in the wake of a ball in fluid flow [7].

A treatise on liquid flow around circular cylinders [8] differentiates the governing
parameters for an idealized, disturbance‐free flow, and the influencing parameters that
represent and characterize a wide variety of disturbances that will always occur in practical
situations and will very often determine the outcome. Within this framework, the principal
governing parameter is the Reynolds number of the flow, and mathematical solutions have
been obtained for flow around an unbounded circular cylinder [8, 9], and for flows around a
disk and a sphere in different sizes of solid‐walled tunnels [10]. Influencing parameters
include free‐stream turbulence, surface roughness, wall blockage, end effects, and
oscillation of the body in the flow. Beyond threshold amplitude, these latter oscillations may
override all other disturbances in determining the nature of the flow [8].
Confining a bluff body within a duct or other bounded enclosure can exert a dramatic effect
on the flow in the wake, and hence on the induction of cavitation. The blockage ratio (or gap
ratio) and the Re number have been identified as key parameters in determining how the
bounding affects the flow field downstream of the body, and whether fixed or shedding
cavities are formed.
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Supercavitation
In fixed cavities, the length of the cavity increases as cavitation becomes very strong. Vapour
or gas filled “supercavities” can result from the growth of such fixed cavities until their
length is very large compared with the body dimensions. Supercavities can sometimes be
created by ventilating the low pressure zones of a wake [11].
Given that cavitational collapse often gives rise to deleterious effects, supercavitation can
provide a desirable alternative because it gives steadier flow conditions and is less prone to
shedding than a conventional fixed cavity [2]. The phenomenon of supercavitation has been
recognised in the design of propellers [12], supercavitating pumps [13], high‐speed
underwater projectiles [14] and vehicles [15].
Cavitation by water hammer
Another source of cavitation is the water hammer effect that occurs when flow is suddenly
cut off [16, 17, 18, and 19]. The following description is based on Franzini et al. [20], where
the flow of a liquid, generally water, through a pipeline from a reservoir with a constant
liquid level is stopped by complete and instantaneous closure of valve N (see figure 1.4a).
Before closure of the valve the hydraulic grade line HGL in the pipe is sloping because the
static energy reflected by the pressure height at the inlet of the pipe M is lowered by
conversion into kinetic energy of V2/2g per liquid mass due to friction at the pipe wall hL.
Upon closure of the valve the water in front of the valve will be compressed by the upstream
column of liquid that is still flowing towards the valve until it is brought to a rest by the
returning pressure wave built up by the compression.
The compression of the liquid depends on the compressibility of the liquid and on the
elasticity of the stretching pipeline. The velocity of a pressure wave for a liquid such as water
in an elastic pipe is compared to that of a free wave in water reduced by stretching of the
pipe walls and equals:
C pipe 

Ecombined





g
 1
D pipe 
 


 Eliquid t pipe E pipe 

(1.5)

where Epipe is modulus of elasticity of pipe material, Ecombined is bulk modulus of the
combined elasticity of the liquid and pipe, and Dpipe and tpipe are the diameter and wall
thickness of the pipe.
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Time
B
Time
C

D

A

Figure 1.4 a) Pressure height in a pipeline between a reservoir and a valve N with friction,
b) Water hammer pressure head at N as a function of time for instantaneous valve closure
without damping and c) with damping and increased pressure head, d) Water hammer
pressure head at N as a function of time for valve closure in a finite time tc without damping
[20]
The travel of the pressure wave backwards from N to M is determined by a transient
hydraulic grade line parallel to the original flow grade line at a height of Δpimpulse/ϒ above
the normal HGL, where Δpimpulse is the water hammer pressure, and ϒ the specific weight of
the liquid.
The instantaneous pressure generation at complete closure of the valve equals:
pimpulse   c pipe v

(1.6)

In case of partial closing of the valve:
pimpulse   c pipe v

(1.7)

Substituting numerical values for a liquid velocity of 1 m/s, cp = 1253 m/s, gives a pressure
transient of 1.25 MPa, equivalent to around 12.5 atmospheres, occurring on the rapid
closure of a water tap.
When the pressure wave reaches the inlet M the entire water column will be at rest, but at
an excess of pressure of a height of Δpimpulse/ϒ. Therefore some water will start to flow back
into the reservoir. This reverse flow will cause a suction or pressure drop at N that will
without damping be just as far below the normal steady‐flow pressure as the pressure was
above it an instant before (see figure 1.4b). Then a wave of low pressure travels back from N
to M.
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The time for a round trip of the pressure wave from N to M and backwards to N is:
Tr  2

L

(1.8)

c pipe

with L as the actual length of the pipe. So the pressure head in N changes in time as
presented in figure 1.4.b.
A slight increase in pressure head over the value of Δp = ρ cp V for total instantaneous
closure was found to exist experimentally. As the wave front moves towards M, point C on
the transient HGL line moves with it and the pressure head at N becomes RS larger (see
figure 1.4.a). So in figure 1.4.c where the pressure head at N is plotted in time taking both
pipe friction and damping into account, the line ab is shown as sloping upwards and the line
ef as sloping downwards.
In a real situation instantaneous closure is not feasible, but for closure times tclose below Tr a
maximum water hammer pressure head of Δp/ϒ is reached between tclose and Tr (see figure
1.4c).
Just as the pressure goes up in front of the valve upon its instantaneous closure, the
pressure drops at the downstream side of the valve, because the liquid continues its flow
pattern, and a low‐pressure transient HLG exists. The pressure head versus time function is
thus opposite for both sides of the valve. As with other hydrodynamic cavitation
phenomena, vapour cavitation occurs due to water hammer effects when the transient
pressure in the liquid falls below the liquid vapour pressure (pv). The chance to produce
cavitation is larger directly behind the valve than in front of the valve if damping is not
neglected. Cavitation can occur as a single, large vapour cavity, which can lead to a column
separation, or as distributed small cavities or clouds of cavities in the liquid flow.
If an object such as a cylinder or a ball rapidly vibrates in a flow, and in particular when this
rapid oscillating behaviour of the object is combined with bouncing against the walls of the
duct, the stream lines of the flow become suddenly and frequently disrupted, and similar
effects are provoked as described above for the sudden closure of a valve. So the oscillating‐
bouncing behaviour contributes to the pressure drop in the liquid that is required to induce
cavitation.
Combined acoustic and hydrodynamic cavitation
A recent publication [21] describes a single ‘reactor’ system that includes generation of
acoustic and hydrodynamic cavitation as complementary to each other. This is shown
schematically in figure 1.5, and is interesting because it enables a comparison of the drivers
that are required for both generation modes, and also the strengths and weaknesses of each
in operation. Hydrodynamic cavitation is induced by forcing the circulating liquid through an
orifice at high pressure. Cavitation occurs downstream of the orifice in the low pressure
region (p2), and this may be reinforced by acoustically induced cavitation from the ultrasonic
transducer. Figure 1.5 shows that hydrodynamic cavitation will be created continuously
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whenever there is sufficient flow, and its characteristics will depend on the nature of the
orifice and the pressure drop across it. Ultrasonic cavitation, on the other hand, may be
switched on and off at will, and its intensity may be altered externally by adjusting the
power input to the transducer. These differences are probably what underlie the different
types of application; hydrodynamic cavitation is better suited to large‐scale, continuous
processes where a flow condition can be set and maintained, while ultrasonic cavitation is
easily controllable over short timescales, and thus suited to small‐scale batch processes
where the conditions need to be monitored and controlled carefully over relatively short
periods.

Feeder
tank

Return
 p
p

2

Cooler

p

1

High
pressure
pump
Ultrasonic
transducer

Cavitation
region

Orifice
plate

Figure 1.5: Combined ‘reactor’ system with facility to generate cavitation both
hydrodynamically and acoustically [21].

End‐effect measurements for the generators in figure 1.5 were carried out using a salicylic
acid dosimeter, which directly measures the hydroxyl radical yield from an aqueous solution.
For hydrodynamically induced cavitation, radical yields increased with the pressure
upstream of the orifice (p1) in the range 13.8 – 27.5 MPa. Below 0.7 MPa zero radical yields
were obtained. Applying ultrasound at the maximum upstream pressure (p1 = 27.5 MPa) at a
power input level of 420 W amplified the cavitation effect by an additional radical yield of
15% [21]. The addition of the ultrasonic component thus enabled the conditions of
cavitation to be adjusted or enhanced to suit the application.
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1.1.4. Hydrodynamic cavitation devices
Hydrodynamic cavitation can be generated in various ways by creating local high dynamic
energy peaks that lower the static pressure to below the vapour pressure of the fluid. A
selection of available devices is described below:


A high pressure homogenizer in which fluid is forced at a high pressure of 50 to 300
bar through a narrow constriction and projected onto a downstream plate. This
method is energy intensive due to the high feed pressure [22].



A high speed homogenizer where high dynamic energy is created at the tips of a fast
spinning blade in a rotor and stator configuration, also at the expense of a lot of
energy [22],



Flow constrictions in the form of an single or multiple hole orifice plate or a venturi
fed by constant flow, needing less energy than the aforementioned homogenizers,
with orifice plates generally providing more intense cavitational conditions than
venturi devices [22],



The annular space of a static outer housing with a fast spinning (3000 – 3600 rpm)
pock‐marked inner cylinder in a tool marketed by Hydro Dynamic Inc. as the Shock
Wave Powered Reactor or SPR. This method is described as very energy efficient [23],



A liquid whistle tool, whereby a liquid jet created in a shaped nozzle impacts upon a
steel blade that vibrates due to instabilities in the jet stream. The cavitational
performance of such devices can be influenced by adjusting the distance between
the blade and the nozzle outlet [24]. In view of the presence of a nozzle the energy
efficiency is expected to be comparable to that of a nozzle device, and



A rotary pulsed apparatus [25], whereby a closely fitting cylindrical rotor and stator
both provided with axial slots in the outer wall spaced such that the fluid flow is
interrupted if the slots do not coincide, impart strong pulses if fluid is pumped
through the device while rotating the rotor [26]. The energy efficiency is expected to
be comparable to the shock wave reactor device.

Of all available devices, an orifice and a venturi provide a flexible, simple and attractive
method for cavitation generation [22].
Cavitation can also be generated by the ‘vibrating‐body‐in‐pipe’ tool of Ivannikov [27]
consisting of a tube like housing and a body, mostly a ball, that is restrained in axial
direction, but can freely move transversely as illustrated in Figure 1.6.
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Figure 1.6: Various embodiments of cavitation generating vibrating‐body‐in‐pipe tools
proposed by Ivannikov [27]

Ivannikov claims that the tool will generate very strong, water hammer amplified cavitation
if the working body occupies more than 0.8 of the cross sectional area of the pipe and that
the action in the tool is so powerful that the cavitation will survive the ambient pressure
conditions encountered in deep wells.
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1.1.5. Consequences of cavitational collapse.
For acoustic cavitation a single bubble can be quasi stable or transient. A stable bubble
oscillates in size for many cycles by growing and subsequently shrinking during the
rarefaction and compression phase of the acoustic pressure, while a transient bubble grows
beyond a threshold size in mostly one cycle and collapses during compression. For
hydrodynamic cavitation the travelling cavities grow in size when transported by the flow as
long as the pressure remains below the vapour pressure, and beyond a certain size the
bubble becomes unstable, and collapses at increasing pressure of the flow.
Models that describe the bubble dynamics reflected by their growth and collapse due to the
changing pressure in the liquid are all based on the Rayleigh‐Plesset (RP) equation, that is
derived from the conservation of mass and the Navier‐Stokes equation for motion in the
direction of the bubble radius [1].
  3 R 2  pwall ( R )  p (t )
RR
 water
2

(1.9)

where pwall(R) equals the pressure at the bubble wall and p(t) the time dependent pressure
surrounding the bubble.
pwall ( R)  pg ( R)  4 water

R 2S

R R

(1.10)

where pg is the gas pressure in the bubble, S the surface free energy of the bubble and  water
the dynamic liquid viscosity.

2 S   R0 
Pg ( R)  pv   p0  pv 
 
R0   R 


3k

(1.11)

with pv as the vapour pressure of the liquid, p0 as the initial surrounding pressure, R0 as the
initial radius of the bubble, and k as the isothermal/adiabatic factor.
From the RP equation the minimum bubble radius Rmin as well as the corresponding
maximum pressure of the spherical bubble can be calculated. The maximum or collapse
pressure is given by:
Pcollapse

 R 
 Pg  R0   0 
 Rmin 

3k

(1.12)

The minimum value of Rmin is the van der Waals hard core and that is about R0/10.
In practice however, bubbles never develop as single entities, but clusters of cavities are
formed. These cavities are smaller than a single bubble and the void fraction β is also small
and often taken in the order of 0.02%. If the void fraction were too large the separate
bubbles would coalesce. The outer cavities near the cluster boundary grow faster than those
closer to the centre, and collapse first at raising bulk pressure. These collapsing cavities give
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some part of their potential energy as shock waves to the surrounding liquid, but 25 to 50 %
of this energy is transferred inwards to the surrounding still un‐collapsed cavities. So
towards the centre of the cluster the cavities have stored more energy and their collapse
pressure is higher.
A first attempt to account for the existence of clusters instead of single bubbles to describe
the cluster dynamics was made by including the void fraction β and the energy transfer
fraction (0.25 ≤ ϒ ≤ 0.5) in the RP equation [28, 29].
p (t )  pv
3 1


 1   1     Rcluster 2  
Rcluster R
cluster  
 water 
2 2


(1.13)

In another approach the effect of all cavities in the cluster on the growth of an individual
cavity i is taken into account by a summation term over all other cavities j with radii Rj at
distances rij between the cavity centres. This term that can be seen as the pressure
generated by the surrounding cavities modifies the RP equation for the dynamics of Ri into
[30]:
2 
2
  3 R 2  pwall ( Ri )  p(t )   R j Ri  2 R j R j
Ri R
i
i
2
rij
water
j i

(1.14)

This equation was validated by two dimensional experiments, where the growth and
collapse of a hexagonal cluster of bubbles was measured. In practice the nucleation of
cavities or bubbles is always heterogeneous; on a solid surface nucleation is mostly initiated
by the presence of tiny adsorbed gas bubbles, while nucleation in a liquid is facilitated by the
presence of either tiny gas bubbles or foreign solid impurities. In the 2‐D experiments
hydrophobic micro‐cavities were etched on a silicon plate that acted as gas traps. A pressure
pulse is generated by a piezoelectric transducer, and the measured time evolution of the
radii of the six cavities matched well with the bubble dynamics predicted by the modified RP
equation (1.14). The outer bubbles grow out first to larger sizes, while shielding the inner
bubbles from the acoustic field. Upon their collapse a jet of liquid is directed towards the
centre and not towards the wall as is common for the cavitation of bubbles close to a solid
boundary.
In another paper [31] Bremond et al. studied the dynamic behaviour of a row of bubbles on
a solid surface. The wall acts as a mirror, and their mutual influence depends on the inter‐
spacing. Weak interactions occur where the separation distances of the bubbles exceed the
bubble radii and spherical symmetry is maintained. At closer separation distances, and
increased tensile stress, strong interactions arise in which bubbles flatten and form liquid
films between each other. These films can rupture, and the symmetry breaking between
adjacent bubbles can lead to the formation of microjets. If this spacing becomes too small
the bubbles coalesce.
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The adapted RP equation where the interaction between the cavities in the cluster is
described by the void fraction β and the energy transfer fraction ϒ has been used by
Kanthale et al. [29] to study the influence of the fraction of energy transfer ϒ, the initial
cluster radius r0 and the recovery pressure or backpressure Pr on the final collapse pressure
of the cluster in case of hydrodynamic cavitation. From numerical simulations the following
empirical expression was obtained for the collapse pressure in cavitating orifice flow with
diameter d0:
pcollapse  0.3023  pr 

0.972

 Rcluster 0 

0.714

 do 

0.539

 

0.9316

 Rcluster min 


 Rcluster 0 

2.604

(1.15)

It was found that an increase in backpressure also raised the collapse pressure and thus the
violence of the bubble collapse. This was confirmed by Arrojo and Benito [32]. In comparing
acoustic with hydrodynamic cavitation they emphasized that the most significant difference
is the time scale of the processes. In hydrodynamic cavitation the design of the cavitation
chamber plays an important role, and the threshold values for collapse of the bubbles are
lower than for acoustic cavitation. Besides, shielding of the electrical field at high bubble
densities does not occur in case of hydrodynamic cavitation. The bubble density for
hydrodynamic cavitation is therefore in general higher than for acoustic cavitation, but can
be reduced by increasing of the backpressure if needed.
The physical and chemical consequences of cavitational collapse underlie the use of
cavitation in a large number of applications. The mechanical energy input is concentrated at
highly localized sites where the collapse occurs. Understanding the magnitude of this energy
concentration and the effects of its dissipation into the surrounding liquid medium is the key
to identifying and quantifying these consequences. At the spot of the collapsing bubble a
transient high pressure shockwave is created, that also causes strong turbulence. Due to
adiabatic compression the temperature at the collapse spot increases to thousands of
degrees Kelvin, with a temperature spread due to thermal diffusion that is much slower than
the shockwave propagation. Calculations were carried out for the dissipation of temperature
and pressure from the point source of an imploding single cavity [33]. Temperature profiles
were calculated using Fourier’s second law from a point source of constant temperature
4000K, representing an extreme case (i.e. the highest temperature enhancement) because
the calculation included no cooling of the source with time. The pressure profile was
calculated using the Tait equation of state for a shockwave from the imploding cavity at an
initial pressure of 97 GPa, travelling at an initial velocity of 11,200 m.s‐1. These calculations
indicated that the pressure is reduced to 0.1 MPa (1 bar) at 315 m from the source after
115 ns, while the corresponding temperature profile at the same time falls to ambient at
0.55 m.
Recent developments in understanding ultrasonic cavitation and the associated
phenomenon of sonoluminescence, however, suggest that these calculations unrealistically
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overestimate the core temperature and pressure at cavitational collapse. Investigations of
single‐bubble sonoluminescence (SBSL) have been extensive; the use of a single bubble
allows observation in detail [34], and also preserves the spherical symmetry of the collapse
such that analysis can be carried out based on the Rayleigh – Plesset equation [35].
Shock waves have been observed experimentally from single bubbles undergoing periodic
cavitational collapse using a Streak camera with high time resolution [36], and their initial
velocity of propagation has been estimated from the images. This initial velocity was 3 times
lower than those calculated with the Tait equation. Other important factors in limiting the
intensity of the collapse response lie in the nature and composition of the liquid and gaseous
phases.
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1.2. Vibration
1.2.1. Vibration sources
Deliberate vibration, as opposed to unwanted vibration, has a multitude of industrial
applications. The most common application is a loudspeaker that produces sound waves in
the air. This study focuses on vibration sources used in a fluid environment at elevated
ambient pressures as encountered in well bores.
As such there is a family of acoustic vibrators or sonotrodes usually based on a piezo‐
electrically activated membrane and a horn to focus the wave energy at frequency levels of
10 kHz up to MHz values; these vibrators require a significant amount of electrical energy
often in excess of what can be supplied in deep well applications and work therefore
sometimes in a pulsed mode in combination with a condenser system to limit the energy
feed to the instrument.
Rather than having to supply high power electrical energy it is easier to supply hydraulic
energy to a vibration instrument in a deep well situation. Among the vibrators that are
driven by the fluid stream itself are nozzle type instruments that use an acoustic reflector
upstream of an organ‐pipe tube as an acoustic chamber creating ring vortices in the exiting
jet stream when the excitation frequency of the fluid jet matches the excitation value of the
nozzle; these tools have no moving parts and can be designed to operate at frequencies of
several hundred Hz to several kHz.
Other instruments use two outflow channels and a short‐circuit bypass to oscillate flow from
one side to the other and thus generate fluid pulses. This mechanism is called fluidic
oscillation. The tools also have no moving parts and operate at typically 250 Hz.
In the low frequency range tools exist that generate powerful pressure pulses by sudden
release of pressure build up between unequally sized tandem pistons that are axially
reciprocated typically operating at 6 Hz and purely mechanically acting impact hammer
tools.
An instrument with an oscillating and bouncing axially restrained ball as described by
Ivannikov [27] is also known to produce strong vibration.
A characterisation of the above vibration sources will be given in section 1.2.4.
1.2.2. Hydrodynamic vibration
Flow induced vibration in unbounded flow
Flow induced vibrations of structures/bodies are generally classified according to the type of
flow (steady flow, unsteady flow and two‐phase flow) and a considerable number of
vibration mechanisms have been identified [37]. Vibrations induced by the periodic shedding
of vortices are the most frequently occurring in practice, and are of interest to many fields of
engineering where a lot of effort is put into avoiding their occurrence that often leads to
disruption of the structure [38]. Detailed reviews on vortex induced vibration (VIV) have
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been written by Williamson & Govardhan [39] and by Sarpkaya [40]. These studies are
primarily concerned with vibrations of elastically mounted bluff bodies such as cylinders
restrained to move only transverse to the flow that can be regarded as unbounded. At Re >
40 two staggered rows of vortices, so‐called von Kármán vortices, develop from either side
of the bluff body into its wake. The periodic force on the bluff body by the shedding of the
vortices has a lift component in the transverse direction with the same frequency as the
vortex‐shedding fvs and a drag component with twice the shedding frequency. The
amplitudes of the cross flow vibrations are larger than those of vibration in the stream‐wise
direction. As the flow rate U increases, a condition is reached where the vortex‐shedding
frequency fvs of the body in motion approaches the body’s natural frequency fN close enough
for the unsteady pressures from the wake vortices to induce the body to respond. This
phenomenon of self‐induced vibration is referred to as resonance or lock‐in. This
synchronisation effect acts to increase the range of flow rates over which vibrations of high
amplitude occur. In the lock‐in range fvs becomes increasingly smaller than the vortex
shedding frequency of a body at rest [41]. This frequency at rest, the so‐called Strouhal
frequency fst is uniquely related to the velocity of the flow and the characteristic size of the
body D through the Strouhal number St = fstD/U, where U is the steady ambient rate of the
uniform flow.
The lock‐in effect is also observed when a cylinder is forced to oscillate sinusoidally in a
uniform stream. This happens when the imposed frequency in the transverse direction
approaches the natural vortex shedding frequency of the cylinder or when the driving
frequency in the stream‐wise direction approaches twice the natural shedding frequency.
The average flow rates in the wake were remarkably similar to those for self‐induced
vibrations.
The various vortex‐shedding patterns for different regimes of Re numbers are already
quoted by Blevins [37]. Two types of vortex shedding patterns were observed depending on
the excitation conditions. The 2S mode comprises two single vortices per cycle of motion,
while the 2P mode comprises two pairs of counter‐rotating vortices per cycle (see figure
1.6). In case of forced oscillations also a P+S mode exists.

Figure 1.7: 2S and 2P modes in vortex shedding [39]
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A schematic plot of the normalized amplitude A* (= y0/D, with y0=maximal response
amplitude) of the transverse vibration versus the normalized flow rate U* (=U/(fND) of the
stream shows a hysteretic behaviour at a critical frequency close to the Strouhal frequency.
A jump in phase and amplitude occurs at the change in vortex mode between the initial and
upper branch at the natural frequency in the fluid medium (fN ‐ water)(see figure 1.8). Another
jump occurs if the frequency in the fluid medium passes through the natural frequency in
vacuum (fN ‐ vacuum).

Figure 1.8: Three branches in vortex modes, and two jumps one in vortex phase and one in
total phase in normalized amplitude versus flow rate plot [39].

Experiments of Carberry et al [41] with oscillating cylinders provide direct evidence that the
phase angle and the lift force increase significantly with Re increasing from 2300 till 9100 for
a given A/D [40]. Feng demonstrated that at high Re numbers (104‐5x104) only two branches
exist, the initial and the lower branch [42].
Recently the phenomenological modelling of VIV of an elastically mounted cylinder in a
steady fluid flow has been improved. Two models that are often used are the force‐
decomposition model, where measured fluid forces are directly used as forcing terms in the
equation of motion of the cylinder, and the wake oscillation model that couples the equation
of motion with a non‐linear oscillator equation that describes the cross‐flow fluid force.
At very high upstream Re numbers turbulence‐induced or random vibration occurs [43]. The
random excitation fluid force originates from the turbulent flow due to upstream flow
turbulence and due to turbulence generated by the structure in cross flow. This turbulent
flow includes vortices.
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Vortex shedding from spheres has also been investigated over a large range of Re numbers.
Achenbach [45] studied flows past spheres in water at Re numbers up to 3000 by varying the
flow velocity and the sphere diameter, and in the upper Re range from 6000 till 5x106 flows
past spheres in a high pressure wind tunnel. The aim was to obtain information about the
periodic boundary‐layer separation and to find out how the vortices were discharged from
the sphere. In water the rolling up of the shear layer was followed by introducing a dye in
the layer, and the frequency of boundary layer separation in the air flow was detected by
means of hot wires. At about Re = 400 the separated shear layer periodically forms into
vortex loops that break away. At increasing Re number the loops lose their individual
character in the vortex street by merging into complicated configurations, and the vortices
come closer to the sphere. At the high Re range the signals from the hot wires also showed a
periodicity of the events indicating vortex release with a shedding frequency. At the critical
Re number of 3 x 105 the pressure drag coefficient drops rapidly because of a downstream
shift of the boundary‐layer separation point. This layer undergoes transition from laminar to
turbulent at a position that depends on the Re number. Also for a cylinder in a flow the
pressure drag coefficient drops rapidly at about the same critical Re number and increases
again at higher Re numbers.

Figure 1.9: Drag coefficient CD for a ball as function of the Reynolds number in unbounded
flow

Flow induced vibration adjacent to a wall
With regard to wall effects, Tsahalis [46] has reported for the lower Re range that the
resonant amplitudes decrease when the distance from an adjacent wall becomes significant
small, while King and Jones [45] have reported that periodic vortex shedding diminishes
when the distance from an adjacent wall falls below half the diameter of the cylinder.
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Recently experimental studies on the effect of wall blockage on the flow behaviour past
confined cylinders and spheres become more common and numerical studies become more
accurate with the increase in computational resources. The lift forces on a cylinder or sphere
and the vortex shedding frequencies in dependence of the ratio δ/D of the gap were
addressed [48, 49]. The problem bears similarity to that of a flow past a cylinder or a sphere
and an adjacent flat wall at a variable distance [50, 51, 52, and 53]. Most experiments were
performed at low Re numbers, and sometimes at the subcritical Re regime below 104. The
Strouhal number (calculated for unbounded flows to be about 0.2) was found to be more or
less constant for gap ratios beyond 0.3 and high Re; however at small gaps the vortex
shedding was suppressed. A nearby wall also induces an asymmetrical pattern in vortex
formation.
Sahin and Owens [48] computed over a large range of blockage ratios the effect of wall
proximity on the drag and flow stability for flows past a cylinder confined between two
parallel planes at Re up to 280. Asymmetric vortex shedding induced by a wall effect leads to
the development of lift forces and ultimately contributes to an oscillating behaviour. Zeng
and al. [49] numerically studied at Re numbers up to 300 the forces induced by a flat wall on
a sphere moving parallel to the wall, and compared their results with the experimental data
from Takemura [50]. The sphere experiences a wall‐normal lift force as a resultant of two
competing mechanisms. The vorticity generated at the surface of the sphere diffuses
downstream and becomes asymmetrical. The effective lift force then pushes the sphere
away from the wall. However, the flow along the sphere will accelerate faster in the gap
between the sphere and the wall, and the resulting lower pressure in the gap will direct the
sphere towards the wall (see figure 1.8).

Figure 1.10: Streamlines of the flow along the sphere at the symmetry plane for Re=200 and
δ/D=0.75 [49].
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A non‐uniform cross‐flow will often lead to a rotation of the sphere that also causes a lift
force. This force is however, small and is often ignored. Yang et al. [51] experimentally
determined the vortex shedding in the wake flow of a cylinder next to a flat plane boundary
up to high Re numbers.
Flow induced vibration for narrow gap sizes with bouncing
Compared to the case of an unbounded flow where the vortex shedding and the excitation
of a cylinder or a ball in the transverse direction are induced by the flow force past the
object, the situation for a ball in a pipe is more complex due to the existence of at least two
above mentioned additional wall normal lift forces. Recently experimental studies were
performed by Karlikov et al. for highly constricted flows, i.e. at gap sizes narrow enough for
bouncing of the vibrating ball against the pipe wall to occur. Since bouncing implies impacts
on the inner pipe wall the normal component of the impact force represents an additional
lift force, while the slip force contributes to the rotation of the ball along an axis near
parallel to the pipe axis.
For bounded flows and a gap ratio S = δ /Dball = (dpipe‐Dball)/ Dball, where Dball = ball diameter
and dpipe = internal pipe diameter, below about 0.35, vibration is more likely to be caused by
low static pressure due to high dynamic pressure in the gap. Karlikov et al. [54, 55 and 56]
studied the acoustic frequency at lateral self‐excited vibration of balls with a narrow gap
ratio between 0.10 and 0.35 for a flow through a cylindrical pipe fixed at the upper end in a
massive support. The Re numbers of the flows in the studies of Karlikov et al. varied from 104
to 105. In a pipe of a variable length balls of various sizes and densities were suspended on a
long filament which permitted free lateral movement of the ball [54, 55]. A water flow was
run through the pipe at increasing flow rates until at a certain flow rate the self‐excited
vibration of the ball started, accompanied by periodic impacts of the ball against the inner
wall of the pipe. When the natural frequency of the vibrations of the ball coincided with that
of the pipe by adjusting the free length of the pipe, a resonance mode commenced, where
the amplitudes of the acoustic waves were sharply amplified and hence easily to measure.
This natural frequency f at a given pipe length was measured to be directly proportional to
the mean flow rate U (= 4Q/πDpipe2 with Q = flow in m3/s). Such measurements were only
extended to flow rates where neither active nor passive cavitation emerged. The frequencies
f were plotted for various lengths of the pipe with diameter d against the flow Q, and
resulted in straight lines through the origin of the plot. The slope of each line depended on
both the gap ratio δ/Dball and the normalized mass of the ball ρball/ρwater.
To relate the self‐excited vibration frequency f with other parameters a dimensionless Sh
fD
number was introduced defined similarly to the Strouhal number as Sh 
, although not
V
coupled with a vortex shedding frequency. From the slopes of the lines in the plot it followed
that:
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(1.16)

with B = blockage ratio. Since the Sh numbers or the frequencies showed no dependence on
Re, the high gradient flow in the gap and the turbulent nature of the flow were mainly held
responsible for the lateral vibration rather than vortex shedding and the formation of a
vortex wake.
In a subsequent paper Karlikov et al. [55] measured the force exerted by the flow on a ball in
a pipe retained by a support. From this force they calculated whether the average hydraulic
resistance coefficient of the pipe in the presence of a ball (= 2 Δp / ρwater v2) and the drag
coefficient of the ball (= 8 F/ ρwater v2 π D2) were affected by the lateral movement of the ball
for small gap sizes. Only for light balls as for plastic, lateral movement of the ball causes a
50% increase in these coefficients.
A set of similar studies was conducted with cylinders of different mass and size oscillating
laterally in a plane channel of rectangular cross‐section with narrow gap ratios between 0.1
and 0.3 at Re numbers from 1.7 x 104 to 7.2 x 104 [54]. The measured Sh number depended
again on the gap ratio ((δ/D)‐1) as well as on the normalized mass of the ball ((ρball/ρwater)‐0.17),
but also marginally on Re. The same counted for the cylinder drag coefficient.
These experimentally observed self‐oscillations of the cylinders were simulated by
Kharlamov [53] by positioning dipoles at the centre of the cylinder with their axis along the
movement of the cylinder.
The idea of a laterally free moving body, mostly but not necessarily a sphere in a cylindrical
or conical housing, constrained either by a rod at the end of the housing or otherwise by
hanging of the body on a rod or string for a blockage ratio of less than 0.80 was patented by
Ivannikov [27]. The action of the tool consisting of the body in a housing was either to induce
pressure waves in the surrounding medium or cavitation or a combination of the two. The
tool was supposed to maintain its vibrational and cavitational action up to high surrounding
pressures, also referred to as backpressures.
1.2.3. Consequences of propagating waves
Waves, regardless if generated by transducers, sonic hammers, pulsators or by bouncing of
balls against a pipe wall as in hydrodynamic vibration tools, propagate from the source into
the surrounding medium, where the waves are used in oil, gas or water wells for seismic
stimulation or cleaning of the formation near the wellbore, the perforation tunnels or the
wellbore itself. In the liquid around the tool only longitudinal pressure or compressional
waves Pl (primary wave in liquid) are transmitted. These waves may have to pass several
steel walls and often a cement layer before they reach the porous medium around the
wellbore. Alternatively they reach the formation via perforation tunnels. The wave energy
that is not lost by reflection at the various interfaces enters the formation, where the waves
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meet a porous medium consisting of a solid matrix with fluid filled pores that are more or
less interconnected.
The behaviour of waves in a porous medium has been described by Biot [57] and confirmed
by Berryman [58], resulting in a widely accepted analysis that the single compressional wave
in the fluid changes at the fluid to rock interface into a fast compressional Pm wave and a fast
shear wave S m with speeds comparable to the velocity of sound in the solid matrix material
both described by Biot as waves of the first kind and a slow compressional Pl wave described
as wave of the second type which is unique to poro‐elastic materials travelling in the fluid of
the porous medium according to Berryman [58] and others at a speed significantly lower
than the speed of sound in water. The shear wave S m is a transversal wave that oscillates
perpendicular to the direction of propagation caused by transverse contraction or ‘Poisson’
effects.
The background to the work of Biot was the drive from Shell Oil Company to better describe
the behaviour of seismic waves in the underground. Biot determined that for the
propagation of fast waves of the first kind in a statistically isotropic porous elastic solid
containing a compressible viscous fluid for wave lengths that are large compared to the size
of the pores and in dynamic conditions with Poiseulle flow in the pores a certain critical
frequency exists at which there is no relative motion between the fluid and the solid; in this
situation of ‘dynamic compatibility’ energy dissipation due to fluid friction will be nil and the
attenuation of the wave will be extremely small and hence the penetration depth very large
as is required for seismic investigation of massive rock volumes.
Low frequency waves of the first kind can meet conditions of dynamic compatibility in the
subsurface and, where they reflect on interfaces of rock layers or other discontinuities, allow
due to velocity and attenuation contrasts seismic characterisation of the underground. By
definition the overall attenuation of these waves is low in order to obtain a satisfactory
depth of investigation and the energy ‘spent’ on the pore fluid and relative motion between
fluid and matrix is low. Nevertheless benign effects such as freeing of stuck oil droplets or
coagulation of oil droplets can be generated in the pores of reservoir rock if the vibration
source is very strong [59]. Some Russian researchers argue that in particular conditions
resonance effects produce signal enhancements that promote effects in the pores [60].
In contrast to this the slow compressional waves ‐ Biot dilatational waves of the second kind
‐ in the pores are highly attenuated due to frictional effects and relative motion of the fluid
and the walls of the pores at frequencies below the critical frequency. While the slow waves
are less interesting for seismic investigations because of their limited depth of penetration,
they play a dominant role in cleaning pores in the vicinity of a wellbore. The loss of energy is
spent mainly on dynamic friction due to relative motion of the fluid and the pores and visco‐
elastic compressional effects, both resulting fluid velocity effects and eventually in heat
generation. In qualitative sense the dissipation of energy occurs closer to the fluid to rock
interface as the frequency increases. A simplified approach to illustrate the influence of
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frequency in relation to the depth of penetration assuming a totally rigid porous frame was
proposed for this study by Smeulders [61]:
The mass balance equation and Darcy’s law are given by:
(1.17)
(1.18)
where w is the fluid velocity within the rigid porous frame,  is the porosity and k0 is the
permeability. These equations can be rewritten as:
(1.19)
(1.20)
where the fluid compressibility K f is introduced. For water, K f = 2.25 GPa. Subtracting the
above equations leads to
(1.21)
where
is the hydraulic diffusivity. The above equation now has the
form of a standard diffusion equation. For the one‐dimensional case, the penetration depth
L of the wave can be computed. This depth is defined by the half‐amplitude of the wave, so
where exp(‐αL) = ½, with α the attenuation coefficient. The attenuation coefficient of the
slow compressional wave Pl is given by
(1.22)
with   2f the angular wave frequency of the wave, if f is the frequency of the wave.
Substitution in the expression for the half‐amplitude of the wave allows the penetration
depth L to be expressed as

(1.23)
This simplified analysis provides an impression of the penetration depth defined as the half
amplitude of the slow compressional wave Pl as a function of the wave frequency. It is clear
that low frequency waves penetrate deeper into the porous medium.
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Figure 1.11: Half amplitude depth L [m] of the slow compressional wave in a porous matrix
with a range of porosities (por) and associated typical permeabilities k0 in milli Darcies for Kf
= 2.25 GPa and η = 0.001 Pa.

Desired effects of the radiation of the waves of various kinds into the porous matrix around
a wellbore include the creation of instantaneous fluid velocities in the pores that impart lift
forces on tiny solid particles inside the pores so that (i) these particles can be mobilised in
the flow through the pore and (ii) particle bridges in pore throats are destabilised. These
phenomena have been studied by Poesio [62] for frequencies of 20kHz and 40 kHz. He
describes a microscopic model assuming that a pore is a cylindrical solid wall tube.
Poesio developed a rationale for the mobilisation of a particle deposited on the low side of
the tube and held in place by its gravitational force, adhesive van der Waals force, repulsive
Born force, structural repulsive force and repulsive electric double layer force, resulting in a
total attachment force FA on the particle. If the instantaneous velocity in the tube causes a
lift force that leads to rolling of the particle, the particle is mobilised. If there is already
steady flow through the pore tube, e.g. due to injection from or production into the well
bore, lift force is already imparted on the particle; the cyclic velocity field created by the
slow wave will then be superimposed on the steady flow leading to easier mobilisation than
in the absence of steady flow.
Likewise, Poesio develops a theory on how to destabilise particle bridges that block a
formation pore throat being a narrowing of a tube‐like pore. The sticking mechanism is again
a complex interaction of forces and a certain drag or lift force is required to break down the
particle bridge, which can be provided by the cyclic velocity field of the slow wave and by
steady flow, with the precondition that the direction of flow is critically important for the
case of particle bridge destabilisation. If the steady flow pushes the particle bridge into the
pore throat than this force needs to be counteracted by drag and lift on the particles in the
bridge created by the cyclic velocity field. Obviously if the steady flow pushes the bridge out
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of the pore, the cyclic velocity field cooperates with destabilising the bridge and if the steady
flow is sufficiently intense no cyclic velocity field will be required. The latter technique is
called back flushing or back surging and is commonly applied in cleaning oil and water wells.
Poesios approach infers that a certain minimum ‘trigger’ velocity is required below which no
particle mobilisation or bridge destabilisation takes place. Shaking or pulsing the formation
and thus the pores itself by the fast compressive Pm and the shear Sm wave action may also
contribute to freeing up and mobilising fines, however these effects were not taken into
account by Poesio.
In order to understand the consequences of various frequencies for the slow wave, it is
important to qualitatively describe the cyclic velocity field generated in the pores as function
of distance from the fluid/porous medium interface. The maximum velocity in the tube‐like
pore is dependent on the power available in the slow wave at the point of the particle or
bridge. Assuming the same power input at the fluid/porous matrix interface and the same
radiation pattern for the high as well as low frequency waves, a high frequency slow wave
will lose its energy much faster than a low frequency slow wave, resulting in a deeper
cleaning action of the low frequency slow wave as illustrated above for the penetration
depth L, defined as the half amplitude value. However the number of ‘velocity hits’ capable
of mobilising a particle or bridge is lower for a low frequency wave and thus longer exposure
will be required for the same number of hits in order to obtain the same cleaning efficiency.
The next factor that merits consideration for the understanding of the effect of vibration
sources as wave generators is the radiation pattern of the waves. In the experiments of
Poesio [62] and Bas [63] an acoustic horn was used radiating a near cylindrical beam of
waves into the core sample, thereby maximising the amount of wave energy radiated into
the sample. Other vibration sources create waves as a point source, resulting in non‐
directional, spherical radiation of the wave energy resulting in a power reduction
proportional to the square root of the distance from the source if attenuation of the signal
due to other means is ignored. Some sources act as bi‐poles or multi‐poles with the result
that the radiated energy is stronger in one direction than another which is a feature called
directivity, described by many scientists, such as Pierce [64] and Zaslavski [65]. The results of
directivity will cause focussing of the energy somewhere between the spherical radiation
and focused directional beaming patterns. Directivity will thus increase the penetration
depth of the wave energy, but again, more exposure time will be required to obtain the
same number of destabilising ‘velocity hits’ in the same volume of rock around a well bore. It
is self‐evident that vibration sources with strong directivity, without the means of rotation
will only treat a rock volume in the beam direction of the source.
The real situation in nature is highly complex. Porosity, permeability, particle bridges,
particle sedimentation in pores, pore and pore throat geometry, vary within short distances
from a wellbore, resulting in huge variances in the consequences of beaming waves into
porous rocks surrounding a well bore. Also a vibration source may not give one frequency
only, but a frequency spectrum including harmonic multiples. In the forgoing qualitative
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discussion some important properties of the vibration source generating the waves have
been mentioned:


Energy of the source



Frequency spectrum of the vibrations



Directivity of the source

The properties of the source will have to be tuned in the best way to the task be it the
removal of near well bore formation damage or deeper damage, in combination with a well
thought‐out treatment process. Taking the variability of the formation into account this will
mean that a suitable source has a high energy output and a wide energy spectrum.
Directivity can improve the treatment depth but the directivity must be compensated by
source rotation and exposure compensation in order to obtain the same treatment results as
in the direction of the beam in a cylindrical rock volume around a well bore.
Commercial documentation often highlights only one ‘dimension’ of the treatment
characteristics of a vibration source, resulting in a biased expectation about the results of a
treatment. In the next section a characterisation will be given of commercially available
vibrations sources.
1.2.4. Characterisation of industrially available vibration sources
Seismic stimulation focuses on releasing oil droplets and promoting flow at distances of
many meters from the wells itself, aiming for low energy effects in a vast volume of reservoir
rock; this type of treatment requires low frequency waves of typically 5 to 100 Hz that
propagate deeply into the reservoir and therefore exhibit low attenuation with a wave
generator in suitably positioned wells or at the surface, Beresnev [66].
For cleaning the formation near the wellbore the treatment is focused on dislodging solid
particles, bridges of solids particles or emulsion droplets in the throats of formation pores
aiming for an effect within several decimetres to several meters away from the wellbore,
combined with flow to remove the dislodged material, attempting to strike a good balance
between the energy radiated into the formation and the depth of propagation. As such there
are low frequency well cleaning tools using typically 100 Hz to 1 kHz to obtain a reasonable
penetration and high energy high frequency tools using typically 10 to 40 kHz with a limited
penetration but with satisfactory effects in perforation tunnels and the first centimetres into
the wellbore wall. Tools that clean the wellbore itself often combine various effects such as
wave energy, shock waves from collapsing cavitation bubbles, jetting and mechanical
hammering; low as well as high frequency tools are used for this purpose.
The Vortech tool is offered commercially in the form of a well cleaning tool and a tool to
assist the drilling process. Its working principle is shown in patent US6029746 [67].
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Figure 1.12: Oscillation chamber for the Vortech tool [67]

Hydraulic oscillation is generated by allowing a high rate fluid flow from a central conduit to
enter into a resonance chamber with a significantly larger diameter. The flow is then forced
into a narrower conduit but is subject to self‐excited oscillating disturbances resulting in a
pulsed flow. For the cleaning tool the flow pulses exit from a single nozzle. The vibration
frequency is 100 to 245 Hz as described in patent US6470980. No information could be
obtained about the vibration energy created in the tool; however the cleaning tools are fairly
small in diameter with flow rates of several hundred l/min and a pressure drop of typically
50 bar. As such the tools can be characterised as omni‐directional low frequency vibration
sources with a relatively high penetration depth.
A tool with a similar working principle is offered by Dynaflow in the form of an organ pipe
‘StratoJet™’ as described by Chanine et al [68]; a tool that generates violent oscillations
combined with cavitation to assist the rock cutting process, being operated at up to 76 l/min
and pressure differentials of several hundred bar. An acoustic chamber in the tool works in
tandem with a self‐exciter at the bottom of the jet and the geometry of the jet, see figure 1.
The operational parameters are selected such that the two oscillations come in resonance.
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Figure 1.13: Working principle of self‐resonating cavitating water jet, after [68]

The vibration source is a downward focused energy beam impacting on formation closely
positioned below the outflow of the nozzle. The effect is claimed to be so violent that at high
backpressure conditions ‘vortex ring cavities’ are created providing a cavitation bubble
collapse assisted vibration crushing of the formation below the jet. The vibration frequency
is 10 kHz to 70 kHz and the pressure spent in the tool several hundred bar. In terms of a
vibration source, the tool is characterised by a focused very high energy beam at a high
frequency. The penetration depth of the resulting waves will be of the order of mm’s to
cm’s, however the rock destruction action is assisted by the collapse of cavitation bubbles.
Laboratory tests report a more than 20 fold increase in cut volume compared to a regular
high pressure jet operating at similar conditions.
Another tool is the Clean Well Tool [69] that works with a hydro‐mechanical oscillator in
combination with a resonance chamber where acoustic energy is created at approximately
260 Hz and emitted from dual pulse ports.

Figure 1.14: Schematic representation of the action of the Clean Well Tool [69]
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Wave studies with the Clean Well Tool have demonstrated that effective cleaning will take
place out to 1/4 wavelength away from the source, but that the speed of cleaning decreases
rapidly after 1/8 wavelength. This asks according to W.G. Groves, president of Clean Well
Tools Ltd., [69] for an optimum frequency of roughly 260 Hz. A higher frequency cleans
faster, but has a smaller penetration depth. Therefore Clean Well highlights that the
harmonics of the base frequency have a favourable effect because the formation is radiated
with waves of different frequencies. Energies per pulse range from 10 to 20 Joules were
applied in cleaning jobs. The tool, as a vibration source is characterised as a low frequency,
medium energy tool with a good depth of penetration. The dual pulse ports will provide a
measure of directivity, the direction of which will depend on the position of the ports.
During treatment account should be taken of the directivity in order to reach the desired
rock mass with adequate exposure. For circumferential treatment, the tool should be
rotated.
A next family of tools is the fluidic oscillator which is currently marketed by Halliburton
through their Pulsonix tool [70‐71], but was initially introduced by PerfClean International,
Inc in 1990 in the search for a tool that could effectively clean perforation tunnels. The tool
also has been marketed by Downhole Fluidics Inc [72]. The tool is based on a fluidic oscillator
as shown in Figure 1.15.

Figure 1.15: Schematic of a fluidic oscillator after patent US 5165438 [70] and marketing
information of the Pulsonix tool shown on the website of Halliburton[71]

The tool consists of a block with a fluid entry flow port (32) feeding a square or rectangular
nozzle (61). The flow then hits a splitter and is forced into two diffuser tubes (72, 73). A
transverse passage way (75) causes the flow to alternate, because if the flow is down one
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diffuser leg, the slightly lower pressure at the entry point of the transverse tube pulls the
flow towards the other diffuser leg; once the flow switches the opposite happens. The
Pulsonix tools are relatively small, with an OD of typically 40 to 60 mm, using a feed rate of
typically 250 l/min requiring a pressure drop of 100 to 150 bars causing pressure fluctuations
at approximately 200 Hz. The vibration source can therefore be characterised as a moderate
power, low frequency source with directivity. Halliburton equips the tool with side and
bottom ports to direct the wave energy; care must be taken however that the energy beam
reaches the zone to be treated. A commercial picture of the original tool, Figure 1.15 shows
two exit ports at the bottom of the tool, causing two lateral energy lobes in one orientation
of the tool, limiting the radiation in the other directions. Rotation of the tool would be
required to cover the full circumference of the well bore, which is often not done in field
applications.

Figure 1.16 Commercial documentation of Downhole Fluidics, Inc. showing the exit ports of
their fluidic oscillator, [72]
High energy low frequency down hole tools are marketed by Applied Sonic Research Corp
(ASR) in the form of their Hydro Impact Tool (HIT) [73], the principle of which is shown in
figure 1.17.
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Figure 1.17: The HIT system from ASR [73]

The HIT tool generates pressure in a pressure chamber by the linear motion of tandem
pistons of unequal diameter. If the lower piston is pulled out of the lower seal bore the
pressure in the chamber is suddenly released downward. The linear motion is provided
mechanically by a conventional donkey head system, but could also be a linear hydraulic or
mechanical spindle type mechanism. The frequency of the wave generator is typically 6
strokes per minute delivering very high energy bursts to create low frequency waves that
travel deep into the reservoir to mobilise trapped oil. This vibration source represents the
low frequency, high burst energy side of spectrum of vibration sources and provides non
directional spherical radiation with the goal to impart effects on a large rock volume with the
fast compressional Pm and shear waves Sm.
The last vibration source that will be discussed is the tool consisting of a vibrating body
inside a pipe of Ivannikov [24] described in the cavitation section earlier in this chapter. This
tool has multiple wave generators, the first one being the hammer blows of the bouncing
ball against the inner wall of the tool housing and the second one being the oscillating lateral
outflow of fluid with an action like the fluidic oscillator using a mechanical switch rather than
a fluidic switch. Due to the large dynamic pressure differentials across the vibrating ball, and
water hammer effects cavitation can be generated under certain circumstances adding a
third source of wave energy, being the high frequency shock waves caused by the collapsing
cavitation bubbles. The vibration frequency is flow rate dependent but falls typically
between 500 Hz and 1 kHz, combined with higher order harmonics. Only the Ivannikov tools
generate cyclic hammer blows. A single ‘left – right’ cycle of the ball will create waves with
directivity and energy lobes radiating sideways from the point of impact of the ball; the
oscillating fluid jets project energy in the same preferred direction as the hammer blows.
The directivity improves the penetration depth of the waves. However due to the chaotic
transverse movement of the ball, directive waves with a good penetration depth are emitted
circumferentially. The energy of the cyclic hammer blows is a function of the mass of the ball
and the travel distance; hence tools with a large heavy ball and a large gap will have the
potential to generate powerful hammer blows. The complex effects of this tool has major
potential for near well bore cleaning, however its precise behaviour merits thorough
investigation.
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1.3. Scope of the thesis
This thesis describes the study into the design, understanding and improvement of a
hydrodynamic tool that produces powerful vibration and cavitation or a combination of the
two, and that is suitable for a large variety of useful applications in a wide range of ambient
pressures from atmospheric to the pressures encountered in wells of several km deep. Tools
selected for the study were based on the patent of Ivannikov [27] where an axially
restrained body, mostly a ball, confined in a housing with a narrow gap can move freely in
random transverse direction in fluid flowing through the housing; referred to as vibrating‐
body‐in‐pipe and VibroCav tools in this study. These tools are relatively simple of
construction, powered by the fluid flow and easily scalable to various applications.
The tool design benefits from the high dynamic pressure created in the narrow gap between
the body and the housing and consequent lowering of the static pressure if fluid is pumped
through the tool. Already at relatively low flow rates the free moving body starts to
oscillate, and at increasing flow rate the self‐induced vibration becomes accompanied by
bouncing of the body against the walls of the housing. Due to this oscillating behaviour the
flow in the pipe is suddenly cut off by the moving body causing a water hammer effect that
enhances the pressure drop across the body and intensifies the bouncing effect.
The static pressure in the core of the vortices created in the wake of the body that are
responsible for this self‐oscillating behaviour of the body may fall below the vapour pressure
of the liquid which gives rise to the generation of cavities. Cavitation also occurs in and
downstream of the gap, where the static pressure falls below the vapour pressure of the
liquid. In addition the bluff geometry of the body causes detachment of the streamlines from
the surface of the body, which contributes to the generation of cavities. The effect of the
water hammer enhanced oscillation is that cavitation is created at much higher static
pressures on the downstream side of the tool than with static orifices or similar flow barriers
and at the same downstream static pressure much stronger cavitation is obtained. At
pressures where cavitation becomes suppressed by high static pressures, very strong
bouncing releases pressure waves with rather low frequencies that propagate deeply into
the surrounding matrix.
Both the cavitational and the vibration behaviour of the tool will be influenced by many
parameters such as the shape and weight of the body of the tool, the flow rate, the fluid
properties, the gap, the roughness of the body and the housing and the surrounding
pressure. So regimes might exist where either of the two modes or a combination of the two
may prevail. Understanding of such regimes is considered the key to optimising the tool for
particular applications. The study also ventures into several tool configurations and sizes and
aspects such as tool wear. The thesis describes field trials for several tool applications in oil,
water and pollution control wells.
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1.4. Outline of the thesis
Chapter 2 focuses on proven and potential applications of cavitation and vibration. First the
mechanisms following from the collapse of cavitational bubbles or the propagation of
acoustic waves created by vibration will be highlighted. In particular hydrodynamic
cavitation and vibration will be addressed. Anticipated advantages and disadvantages of the
VibroCav tools for a particular application will be discussed.
Chapter 3 discusses the experiences with a simple 350 bar exploratory test circuit used in
Assen that have led to the design of a test circuit in Delft for frequent and systematic
laboratory testing of the behaviour of VibroCav tools. The Delft test circuit is then described.
It had a working range up to 10 bar backpressure and operated with a vertical straight tool
and a water column height of about 0.5 m above the vibrating body, mainly a ball, and a
total fluid volume of 0.25 m3. Backpressure was achieved by keeping a closed system that
could be pressurized by an accumulator. Two centrifugal pumps in series provided a
pressure drop of maximally 40 bar over the tool and the high pressure part of the system
had a 50 bar working pressure rating. The test chamber had three viewing windows to
observe the behaviour of the outflow and exit of the tool during operation. The vibrating
body, mostly a ball, made of different materials and at various sizes, in the cylindrical or
conical housing the body was either supported at the bottom by a rod at the end of the
housing or hanging on a string or a rod.
Chapter 4 describes experiments and results with various bodies in a vertical cylindrical
housing in the 50 bar Delft test circuit. The bodies were nearly exclusively balls of different
materials and sizes, supported at the bottom for most of the tests. The nominal gap ratio
δ/Dball was always small and varied for the small housings between 0.028 and 0.110, and for
the large housings between 0.022 and 0.035. For each experiment with a selected ball in a
specific cylindrical housing the flow rate of the liquid along the ball was increased and
subsequently decreased at a constant backpressure. Equally the flow rate was kept constant
and the backpressure was first increased and then decreased. In this way the behaviour of
the ball was studied for different flow and backpressure conditions at a selected gap ratio or
gap. Experiences with tool wear are also discussed in this chapter. A change in the tool
configuration required a significant effort which limited the efficiency of the investigations.
Chapter 5 describes experiments and results with the 50 bar Delft test circuit using tool
housings with conical outflow sections and balls hanging on a rod that could be remotely
adjusted in height with a hydraulic cylinder. This equipment allowed similar tests as
described in Chapter 4, but with remotely adjustable gap ratios and hence permitted
efficient testing of a wide range of parameters. The wealth of data created with these tests
is the input to a thorough analysis of the various regimes encountered when changing flow
rate and backpressure for a wide range of tool characteristics.
Chapter 6 provides results of high speed photography and an analysis of the movement of a
hanging ball in a conically shaped housing during experiments in the Delft test circuit. The
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effect of cavitation on the cyclic motion of the ball is described and discussed. Close‐ups of
the outflow of the VibroCav tool provide visualisation of the cavitation and turbulence
effects created in the fluid and the correlation of these effects with the movement of the
ball.
Chapter 7 describes experiences and results of high backpressure experiments with a 350
bar closed test circuit in Drachten. This circuit was assembled to carry out a limited number
of tests at pressures that are encountered in deep wellbores, without being troubled by the
problems encountered in the open exploratory test circuit used in Assen. In this circuit only
bottom supported balls were tested. Focus of these experiments was to study tool regimes
at very high backpressures, in particular cavitation. The tools were subjected to very high
flow rates and the tests were heavily influenced by tool wear, which is discussed in this
chapter. In particular the process of bedding in of a ball into a bottom support is considered
in detail.
Chapter 8 provides details of 29 industrial trials in oil wells (10), water wells (10) and
pollution control wells (9) for cleaning the porous medium around a wellbore using rotating
and rotated VibroCav tools. This chapter sets out the theoretical background for vibration
based well cleaning, describes in detail the application conditions during the trials and
ventures into semi‐quantified reconciliation of theory with field observation resulting in a
basis for a deeper understanding of the action of vibration based well cleaning tools. This
chapter describes in a novel way the interrelation between tool characteristics, energy,
penetration depth and formation damage characteristics.
Chapter 9 describes 5 industrial trials for the removal of scale in wellbores with a detailed
description of the application conditions. One trial was done to clean a stuck accessory in the
production tubing and four trials were performed to clean scaled perforations in. The
treatment conditions are discussed in detail. The physical effects of the rotating VibroCav
tool for scale removal are discussed, leading to conclusions about the scale cleaning process
and tool requirements.
Chapter 10 is an outlook into the extensive potential of VibroCav technology, reflecting on
the results of the study. This chapter ventures into possible applications in the fields of
useful vibration, mixing and cavitation and forms a basis for further R&D work.
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Chapter 2: Applications of cavitation and vibration
2.1. Effects of cavitation
Cavitation covers the phenomena of formation, growth and subsequent collapse of a swarm
of bubbles. The collapse of a bubble occurs in milliseconds and releases a large amount of
energy which results in local high temperature spots in the range of 1000 to 10000 K and
local high pressures in the range of 100 to 5000 bar. Bubble collapse also creates free
radicals and induces shock waves, and high local turbulence.
Only acoustic and hydrodynamic cavitation are considered to be effective enough to be used
in processing applications in chemical, electrochemical, food and bio‐processing industries,
for environmental waste water treatment as well as for cleaning and for fracture stimulation
applications. Recent overviews can be found in ref. [1‐5].
In acoustic cavitation ultrasound comes from a mostly piezoelectric transducer that transfers
the vibration after amplification to the sonotrode which is in contact with the surrounding
medium. This medium is a liquid or a spray of liquid containing at least 5 to 10% liquid
pockets as in dental cleaning devices.
The low frequency power ultrasound sources of 16 kHz to 100 kHz that are used in most
industrial applications generate large cavitation bubbles needed for high temperatures and
pressures in the cavitation zone. A higher surrounding pressure, referred to as backpressure,
causes a higher cavitation threshold, and thus the number of cavitation bubbles reduces.
The internal pressure of the bubble upon collapse will however, increase, which leads to a
more violent bubble collapse [6].
Acoustic cavitation provokes several striking effects. One of these effects is acoustic
streaming. At lower intensities the ultrasound pressure wave causes compression and
rarefaction of the liquid, and therefore induces motion and mixing in the fluid [7]. The
current of motion increases with the square root of ultrasonic power, and moves away from
the ultrasound source. At higher intensities of the ultrasound wave cavitation bubbles are
formed at the location of the lowest pressures during rarefaction of the fluid which can
violently collapse upon compression due to the wave action. Upon collapse strong shear
waves and turbulence are created.
A standing wave of ultrasound can be formed when the emitted wave reflects against a solid
surface or an air/water interface and the acoustic pressure at the nodes is zero. Bubbles
present in the liquid that are smaller than the resonance size accumulate at the anti‐node,
whereas bubbles with sizes beyond the resonance size accumulate at the node and coalesce.
This mechanism that is responsible for microstreaming in the fluid is used for ultrasonic
degassing.
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When a bubble collapses near to or in direct contact with a solid wall or an interface the
spherical symmetry of the collapse is disturbed, and a liquid microjet is formed. This also
happens when a bubble collapses in a cloud of other bubbles. Such a microjet is a very
strong current pulse with duration of about 0.5 to 1 µs and a volume of about 10‐4 µl.
Microjets play an important role in mixing, cleaning and disinfection, and are the main
reason for an increase in mass transfer by efficiently reducing the diffusion layer.
Upon a violent bubble collapse a high pressure pulse, called a shock wave, can be emanated.
The impact of shock waves on a material surface is one of the causes of its erosion, and plays
together with the microjets a role in cleaning or surface reactivation. It may also play a role
in the promotion of primary nucleation of compounds from solution.
The high temperature and pressure at the centre of the collapsing bubble can create all
kinds of radicals from the water, oxygen and nitrogen vapour molecules that can accelerate
chemical conversions.
Hydrodynamic cavitation generated by a constriction in a flow is referred to in this study as
passive cavitation. The constriction can be a venturi or a choke, an orifice plate or a free ball
moving laterally in a pipe. If the static pressure in the constriction falls below the vapour
pressure of the liquid, bubbles can be formed [8]. If the free movement of a ball in a pipe
contributes, owing to the water hammer effect, to the pressure drop in the constriction
cavitation already occurs at a lower flow rate; this kind of cavitation is referred to in this
study as active cavitation. After the constriction or gap the pressure increases and the
cavitation bubbles collapse. High intensity fluid turbulence is also created behind the gap.
The intensity of turbulence has a major effect on the intensity of cavitation, since the bubble
behaviour under turbulent conditions is more often transient instead of stable or oscillatory
in cases without turbulence. During active cavitation with a laterally vibrating ball, bouncing
of the ball against the pipe wall results in vibration of the system. In the resonance mode
where the natural frequency of the ball coincides with that of the pipe, the vibrations are
sharply amplified. So in this particular case the cavitational effects are accompanied by
pressure waves emitted by the vibrating pipe.
The major difference between acoustic and hydrodynamic cavitation is that for
hydrodynamic cavitation the medium has to flow through a gap, while for acoustic cavitation
the medium can be stagnant. During flow through a gap shear stresses are imposed upon
the fluid or suspension. Of the effects provoked by cavitation, acoustic streaming and micro‐
streaming will not occur in case of hydrodynamic cavitation, but the creation of turbulence,
microjets and shock waves will be similar, just as the creation of radicals in the core of the
imploding cavitational bubbles. Also in their applications differences exist. If cavitational
effects are required in small liquid pockets in a solid matrix as inside cells of vegetables,
acoustic cavitation is the only option. The energy requirement for generating hydrodynamic
cavitation is generally lower than for acoustic cavitation, and can for some applications as
for example for protein release by cell disruption, even be more than two orders of
magnitude lower [ 1, 9, 10]. For large scale applications hydrodynamic cavitation is also more
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suitable, because it can be scaled up relatively easy and the equipment is very robust and
energy saving. Erosion of the cavitation tool below the constriction has long been brought
forward as prohibitive for the use of hydrodynamic cavitation. Erosion can however, be
largely avoided by the use of tools where the cavitation bubbles leave the tool immediately
after their formation, and by using novel hard materials that are extremely wear resistant.
Below some important applications of cavitation will be discussed. These applications are
arranged according to the common use of specific effects of cavitation.
2.2. Applications of cavitation
2.2.1. Mixing
Intensive mixing by collapsing cavitation bubbles is explained by the existence of strong
micro‐vortices formed by cumulative microjets. Cavitation can be used for rapid mixing of
miscible fluids at a molecular scale, while for immiscible fluids very fine, highly stable micro
emulsions can be formed with droplet sizes down to 10‐100 nm with a lower energy input
than for mechanical mixing, and a lower content of emulsifier and stabilizer. Many
theoretical and lately also experimental studies [11‐18] have been devoted to ultrasonic
emulsification of oil in water and water in oil mixtures. The characteristics of three phase
O/W/O emulsions prepared by ultrasound have also been studied [19,20]. Because these
emulsification processes often need a mechanical pre‐emulsification stage, hydrodynamic
cavitation with high shear stresses in the flow is particularly well‐suited for the mixing of
large volumes in continuous operation.
If a liquid is mixed with solid particles finely dispersed suspensions can be achieved by the
use of cavitation. Cavitation bubbles collapsing violently at the solid/liquid interface can
even contribute to the breakage or erosion of the solid particles. Also mixing of gasses into
the liquid as fine stable gas‐bubbles can be reached by use of cavitation.
All these fast mixing processes with minute droplets, particles or gas‐bubbles can be applied
for rapid conversions in physical and chemical processes. An example of a physical process is
the water in diesel fuel application, where a near molecular emulsion of 5 to 10% of water in
oil is used to improve the combustion characteristics of fuels and to reduce the poisonous
components in exhaust gases. Another superior mixing effect is obtained by cavitational
mixing of additives in fuels to improve their reactivity. Mixing of water as minute droplets in
edible fats is another application. Cavitation is also used to obtain fine emulsions of drilling
fluids that remain stable with lower oil/water ratios and a better yield of viscosifiers.
The superior mixing of immiscible fluids or fluids and solids that can be achieved by
cavitation can also be successfully applied to speed up chemical reactions. These
applications are reported under chemical conversions.
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2.2.2. Cell disruption
Physical stresses resulting from imploding cavitational bubbles are held responsible for
cellular inactivation or lethality by disruption of the cell or the cell wall. This phenomenon
can be used either alone or in combination with conventional thermal or chemical methods
for a large variety of fluid decontaminations, and for cell decompositions in order to release
valuable contents.
Food sterilization can be achieved at reduced energy consumption and at moderate
temperatures, thus retaining heat labile nutrients and flavour components [21]. The
destructive forces of cavitational implosions inactivate common micro‐organisms such as
lactic acid bacteria, yeast, and heat‐resistant bacterial spores [22]. In fruit juice
manufacturing the energy consumption can be significantly reduced and the process
efficiency improved by applying hydrodynamic cavitation instead of conventional and pulsed
electric fields processing technologies as was reported by Gogate [2].
An important application of cavitation is in (waste) water disinfection by treatment of its
biological contamination either alone, as a pre‐treatment step or in combination with other
treatments. Over the years water remediation has been achieved by chemical and physical
treatments. Chemical methods have apart from unwanted side‐effects the drawback that
many microorganisms produce colonies and spores agglomerated in large clusters or are
entrapped in clay particles. Chemical treatment destroys the outer micro‐organisms but
leave the inner cells intact. Physical treatments as by UV light also have their restrictions.
Reviews about the use of ultrasonic cavitation for water disinfection have been written by
[23, 24], and recently by Gogate [2] on the use of hydrodynamic cavitation. In particular the
impact of shear in hydrodynamic cavitation in addition to the cavitational effects has been
very efficient in destroying the agglomerates of bacteria and clay particles, thus making
them more accessible for further treatment.
Other studies on the impact of ultrasonic inactivation of bacteria in water are from Joyce et
al. [25], of ultrasound in conjunction with electrolysis from Joyce et al. [26], on cavitation
combined with hydrogen peroxide treatment or ozone by Jyoti and Pandit [27,28], and for
hydrodynamic cavitation together with ozone from Chand et al.[29]. Especially
hydrodynamic cavitation at higher operating pressure appeared to be very effective for
disinfection of bore well water as was proven by Jyoti and Pandit [30].
For the removal of biological contamination of waste streams hydrodynamic cavitation is a
viable option. In a review by Sawant et al. [31] the large potential of the use of
hydrodynamic cavitation for ballast water treatment before the disposal of the water to
avoid translocation of organisms was emphasized.
This process of cell rupture by in particular hydrodynamic cavitation can also be applied in
conventional waste water treatment for sludge decomposition and thus for sludge reduction
[32, 33]. It has recently been shown for excess sludge from a membrane bioreactor that a
combination of hydrodynamic cavitation and ozone treatment provided 10 to 20% more
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sludge reduction at a given ozone dosage [34]. Disintegration of agglomerated sludge
particles also gave the ozone more access to the individual cells.
The use of cavitation as a cell disruption process in a suspension with a high cell density was
successful in the release of significant amounts of intracellular enzymes/proteins. Disruption
of brewer’s or baker’s yeast by hydrodynamic cavitation for protein release required a two
order of magnitude lower energy input than conventional methods or ultra‐sonication [2,
22]. A cell disruption process can proceed via total rupture of the individual cells at severe
cavitational intensity, causing the intercellular enzymes and other proteins to be
immediately released, or it can be shear driven under mild cavitational intensity, where only
the cell walls are destructed and the enzymes/proteins are slowly extracted.
2.2.3. Chemical conversions
Numerous applications of cavitation to improve chemical conversions have been studied.
The improvement follows from different effects induced by cavitation. Imploding bubbles
give better mass transfer due to more intense mixing of reacting fluids that can be either
homogeneously mixed or form emulsions. Cavitation also contributes to heterogeneous
reactions in suspensions where one reactant is a solid or where the catalyst is a solid. Strong
microjets from imploding bubbles can clean or even erode the solid surface. The shockwaves
and high turbulence caused by imploding bubbles can lead to rupture of high molecular
weight molecules in the liquid which causes the viscosity to decrease.
The high local temperatures and pressures in the centre of the imploding bubbles create as
said before radicals that may take part in the conversion. In some cases these radicals even
change the reaction path which leads to a different product. A huge number of chemical
conversions through radical formation are given in books and review papers as for example
in references [4, 5 and 35].
A most promising application of cavitational emulsification to accelerate the conversion is in
the preparation of biodiesel from all kinds of renewable resources. Biodiesel is an
oxygenated fuel consisting of alkyl‐esters of long‐chain fatty acids derived from vegetable
oils or animal fats through a three‐step transesterification reaction in an excess of alcohol.
The complex reactions at the interface of the only partially miscible fats and alcohols are
very slow and normally require high‐speed stirring, the use of catalysts and elevated
temperatures and pressures to achieve a 90 to 95 % conversion in 70 hours. Gogate [36]
found that cavitation could speed up this process to 15 min. Hydrodynamic cavitation
appeared to be in general 40 times more effective than acoustic cavitation and 160‐400
times more effective than the conventional approach [10]. Stavarache et al [37, 38]
established that by using ultrasonic cavitation much shorter conversion times were needed
than for mechanical stirring and less catalysts were used. This was confirmed by other
studies [39, 40] including the transesterification of fish oil in biodiesel [41]. Another huge
source for biodiesel production is sewage sludge. After an aerobic microbiological
conversion of the carbon compounds into lipids [42], these lipids could be further processed
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into biodiesel in a process that was speeded up by ultrasound. All these promising processes
to produce biodiesel were performed batch wise, and hydrodynamic cavitation seems very
well suited to convert such a large scale operation into a continuous mode.
For the hydrolysis of fatty oils in a conventional way temperatures between 250 and 350o C
and pressures of 30 to 60 bar are required. Pandit and Joshi [28] managed to convert castor
and kerdi oil by the formation of fine emulsions by either acoustic or hydrodynamic
cavitation under ambient conditions.
Cavitation is also known to be used for the rupture of large molecules in a liquid. Chivate and
Pandit [29] studied the acoustic and hydrodynamic depolymerisation of CMC and
polyethylene oxide by following the drop in viscosity. Cracking of heavy oil fractions can also
be achieved by cavitation.
Ambulgekar et al [43, 44] applied cavitation for the oxidation of toluene, nitrotoluene and
chlorotoluene with KMnO4 , and found hydrodynamic cavitation to be more effective as
compared to acoustic cavitation and far more suitable for large scale application.
Apart from the application of cavitation in the biological treatment of waste water by cell
disruption, cavitation can also be used for the degradation of chemicals in waste water.
Mostly oxidation of the chemicals occurs due to the generation of hot spots and radicals
combined with high turbulence in the liquid. It has been tested for the removal of dyes and
pesticides from effluents of the food processing industry. Sivakumar and Pandit [45] applied
hydrodynamic cavitation with multiple hole orifice plates for the decolourization of a dye
effluent stream. Rhodamine B could also be degraded from an aqueous solution by
hydrodynamic cavitation [46], just as alachlor ([47]] and p‐nitrophenol [48]. Wang et al. [49]
also investigated the combined effect of hydrodynamic cavitation and hydrogen peroxide.
The mechanism behind it is the enhanced formation of OH‐ radicals from hydrogen peroxide.
Recently Pradhan and Gogate [50] showed that a similar mechanism is working in the Fenton
process where hydrodynamic cavitation accelerates the degradation of the pollutant. Also
acoustic cavitation has been applied in a large number of studies for the degradation of
chemicals such as benzene, toluene, ethylbenzene, and xylene in water [Brautigam et al.
[51]].
2.2.5. Disintegration
In particular hydrodynamic cavitation can be used for size reduction of particles. Imploding
bubbles and shear are very well suited to disrupt aggregates or agglomerates, and to obtain
a size reduction of the particles as by turbulent shear grinding.
Patil and Pandit [36] used hydrodynamic cavitation in the synthesis of nano‐scale particles of
styrene butadiene rubber. Moser et al. [37] and Sunstrom et al. [38] used this technique for
the production of nano‐sized catalysts.
An important application of the disintegration of particles is for decomposition of sludge in
wastewater treatments. Kim et al. [32] have used hydrodynamic cavitation for sludge pre‐
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treatment to increase the biodegradability of sludge, while Hirooka et al. [33] used
cavitation on a mixture of sludge and sodium hydrate to reduce excess sludge production in
a dairy wastewater plant, and Hwang et al. [34] decomposed the excess sludge of a
membrane bioreactor with cavitation combined with ozone treatment. In the last case
hydrodynamic cavitation gave rise to higher mass transfer of the ozone to the disintegrated
sludge particles.
2.2.6. Crystallization
The size distribution of particles in a crystallised product is one of the most important
product specifications. The size of particles is directly dependent on the nucleation rate,
since this rate determines the number of newly created crystals in the case of a crystalline
substance. The effects of cavitational collapse have been studied with reference to the
induction of crystal nucleation. Bubble implosions lead to local transients in temperature
and pressure, and enhanced nucleation rates were observed by applying ultrasonically
induced cavitation.
Relating a temperature transient to nucleation seems counter‐intuitive, because for most
solutions an increase in temperature will lead to reduced super‐saturation, removing the
driving force for nucleation and crystallization. However, collapse also creates a transient
pressure increase, and an investigation on the crystallisation of ammonium sulphate from
water has suggested that this is what promotes nucleation [52]. A calculation based on
classical nucleation theory shows that the effect is negligible up to pressures of 70 MPa, but
that above this pressure a very rapid increase in nucleation rate will occur. Also the mass
transfer efficiency needed for the growth of the crystals could be increased. A pilot scale test
on adipic acid demonstrated that the size of the crystals could be better controlled, and that
better quality crystals with fewer liquid and gas inclusions and with less agglomeration could
be produced by applying ultrasonic cavitation.
Cavitation can be used for the production of nano‐scale crystals by enhancing the nucleation
rate, by disrupting agglomerates and even depending on the size of the particles by
turbulent shear grinding. Patil and Pandit [36] used hydrodynamic cavitation in the synthesis
of nano‐scale particles of styrene butadiene rubber. Sunstrom et al. [53] used this technique
for the production of nano‐sized catalysts.

2.3. Effects of vibration
Vibration in a fluid filled wellbore generates compression waves in the fluid surrounding the
vibration source. These waves may have to pass through steel pipe walls, filter tubes and a
cement sheath before they reach the rock mass around the well.
The rock mass is normally porous rock consisting of a matrix of solid grains or plate‐like
particles that are packed on top of each other and loaded with the weight of the overlying
rock matrix column. The matrix particles may be cemented or otherwise attached to each
other, in which case the rock is described as consolidated or the grains may not be
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interconnected but held in place by grain to grain contact points loaded with the weight of
the overlying rock matrix in which case the rock is unconsolidated.
The pores between the matrix particles are filled with fluids and the combination of matrix,
pores and pore content is described as a porous medium. If a compression wave meets an
interface with a porous medium, the wave energy is divided over 3 wave types, a fast
compression wave Pm and a fast Shear wave Sm in the solid matrix and a slow compression
wave that propagates through the fluid in the pores. The behaviour and effects of these
waves has been qualitatively discussed in Chapter 1 giving rise to a number of useful
applications.
Deliberate mechanical vibrations and hammering can be used in well construction for
applications like friction reduction, improving the cutting process of drilling bits, for the
generation of sound signals for well bore measurements and densification of gravel packs.
2.4. Applications of vibration
2.4.1. Cleaning a porous medium around a wellbore
Already by drilling into the porous rock solids and chemicals ‐long chain polymers in
particular‐ may have caused damage in the near wellbore area. During production the
porous medium in the direct vicinity of the wellbore, typically in the rock cylinder around the
wellbore with a radius of the order of 1 m is particularly sensitive to fouling. This is because
particles liberated in the far field due to flow and pressure effects and carried to the
wellbore by the production flow through the pores converge to the wellbore, while the
velocity in the pores increases leading to conditions where narrower throats between pores
may become bridged. Likewise in the case of injection, particles in the injection stream may
plug the pore throats in the direct vicinity of the wellbore. The near wellbore area can also
become plugged with deposition of asphaltenes, due to release and loss of volatile
components of the crude oil in the pressure drop that is required to create flow towards the
wellbore. Other fouling mechanisms are discussed in Chapter 8.
A well is connected with the porous medium such that production or injection can take place
in a durable way, taking account of the prevailing conditions. The simplest connection is the
open hole as it is drilled without any protection; a low cost method that is used if the porous
formation is fully consolidated. The most common method is to protect the hole with a steel
casing with cement between the casing and porous formation and perforating 20 to 50 holes
per metre of typically 10 mm diameter explosively reaching several decimetres into the
porous medium and thereby bridging the near wellbore area that may have been damaged
by the drilling process. Other methods involve placing filter tubes allowing formation sand to
‘self‐pack’ around the filter and placing ‐in a gravel packing procedure‐ a controlled sand bed
between the filter tube and the porous formation. The actual conditions in the well should
be taken into account when judging the possible effects of a vibration based well cleaning
tool.
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Waves entering the fouled rock mass around the well or perforation tunnels are under
certain conditions capable of mobilising particles in pores and destabilising particle bridges,
as described in Chapter 1. In the cleaning process particle mobilisation and bridge
destabilisation is just the first step in cleaning the near wellbore. The next step is
transporting the fouling particles from the well or placing the particles further into the
formation, allowing them to settle at a place where they will not be re‐mobilised by regular
production or injection activities.
Bakker et al, in 2002 [54] describe successful treatments with the tool that is the subject of
this study. Tambini in 2003 [55] reports of active cavitation and ultrasonic treatment as
emerging technologies, mentioning ultrasonic treatment in the 20kHz to 40 kHz region as a
treatment technology that reaches maximum twice the radius of the wellbore. Some of the
characteristics of this high frequency cleaning process were studied in the laboratory by
Poesio [56] for acoustic tools beaming focused wave energy into core samples. He
established that short bursts of acoustic energy are more efficient for cleaning than long
bursts or continuous beaming. His laboratory observation indicates that at the applied
frequencies cavitation can have a negative effect on the cleaning process. With the
translation of these laboratory results to viable field conditions account should be taken of
the strong directivity of the vibration source in the laboratory experiments which normally is
not achievable in a realistic down hole situation.
The development of an acoustic well cleaning tool based on pulsed 20 kHz radial radiation is
reported by Wong in 2003 [57] and van de Bas in 2004 [58]; the results with the prototype
radial tool did not compare well with the results of previous experiments with a linear
acoustic cell with a focused energy beam. Champion [59] announces in 2004 the
development of a very high power impulse tool generating pressure shocks created by high
voltage electrical discharges that violently vaporise wellbore fluid between two electrodes
with subsequent implosion of the vapour bubble. Many SPE paper report on case studies of
well treatments in the majority with fluidic oscillation tools; with the fluidic oscillator being
the most commonly applied tool for well cleaning at the moment of writing this thesis.
Willemse [60] reports favourable results with the fluidic oscillator in well conditions where
the perforations and reservoir rock to be treated were obstructed by inner tubes and filters,
in a so‐called ‘difficult completion’ situation; this work illustrates that the obstructions cause
only a limited loss of wave energy. Almeida [61] reports favourably about removal of
asphalthene deposits using diesel and butyl glycol pumped through a fluidic oscillator.
Roberts [62] reports good results for ultrasonic removal of organic deposits in laboratory
experiments with focused acoustic waves of 36 kHZ delivering 0.4 W rms radiated through a
horn onto the face of the core sample resulting in effective treatment 12 to 15 cm into the
core; the removal of damage by polymers was less pronounced.
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2.4.2. Cleaning the wellbore of scale and deposits
The wellbore itself, perforation tunnels and the near wellbore can become damaged by the
deposition of scale deposits formed by the crystallisation of various salts deposited from
produced formation water or injection water, the most important being carbonate and
sulphate salts. While carbonate salts can be dissolved rather easily with hydrochloric acid,
sulphate salts are much more difficult to remove and normally have to be broken up and
circulated out of the well. Gohlinezhad [63] provides an overview of various techniques that
can be used to remove insoluble scale, including mechanical removal with a drilling bit or a
mill, high pressure fluid jetting with rotating lateral jet nozzles, cavitation ‐however
described as being severely suppressed by high ambient pressures‐, abrasive jetting typically
using sand in a fluid jet stream, the use of vibratory fluidic oscillation tools and specially
designed explosive charges. Golinezhad is pessimistic about the scale cleaning performance
of vibratory tools alone, however in combination with mechanical destruction and suitable
chemicals satisfactory results can be obtained. A tool with physical hammering capability in
combination with strong vibration would have a good potential for scale removal.
2.4.3. Reservoir stimulation
Reservoir stimulation, also referred to as seismic stimulation or elastic wave based
stimulation is applied as a low cost Enhanced Oil Recovery method that initially caught a lot
of attention in Russia and later was embraced in the USA. The method needs powerful
waves that travel deep into the reservoir rock using vibration sources in wells near to the
reservoir or at the daylight surface. Given the vast volume of rock that needs to be radiated,
only low energy events can be expected, such as releasing oil droplets that are stuck in pores
and need a small trigger to become unstuck or to coalesce with a nearby oil droplets, such
that their larger size will be more mobile in the flow conditions in the reservoir as described
by Kostrov [64]. In Chapter 1 it has been explained that low frequency waves are most
suitable for this task with the fast compression and shear waves being the vehicles to radiate
energy deep into the reservoir, where discontinuities or resonance effects give rise to
reflective effects that generate energy events capable of generating the desired effects on
residual oil. Many papers have been written about reservoir stimulation, often with
considerable speculative expectations. A 2011 study [65] provides an algorithmic approach
to determining optimal signal frequencies for reservoir stimulation treatments, identifying
optimum wave conditions within the frequency band of typically 5 Hz to 50 Hz applied for
reservoir stimulation.
2.4.4. Friction reduction
Many operations in a deep well involve translation and rotation of long pipe strings within
pipes and in contact with newly drilled formation, the so‐called open hole. In all these
operations friction is being experienced that needs to be overcome with axial pipe force or
torque or a combination of the two. The friction forces may become so high that pipe string
may start to buckle sinusoidal or helically, generating so much friction that it cannot be
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lowered to the desired position, or that the mechanical axial strength of the pipe is
insufficient to overcome the axial friction when pulling the pipe out of the hole, or that the
mechanical torque capability of the pipe is insufficient for rotation of the pipe.
The prediction of the behaviour of pipe strings in deep wellbores in wells with complex
trajectories, including extended reach horizontal wells is within the knowledge area of string
mechanics practiced in drilling and completion engineering. The problem of mechanical
friction in a wellbore has a number of common denominators. If the pipe string is not in
motion and the goal is to start moving the pipe string either axially or by rotation, the static
friction has to be overcome. Once the pipe string is in motion, the dynamic friction remains;
often there is a major difference between static and dynamic friction. Axial friction results in
axial force, if the pipe string is rotated axial friction changes into tangential friction that
needs to be overcome by applying torque to the pipe string.
The magnitude of the friction force is related to the normal force between the pipe string
and the wellbore wall. In intervals where the normal forces are high, a lot of friction is
generated. If static friction suddenly changes into dynamic friction elastic energy in the pipe
string applied to overcome the difference between static and dynamic friction sudden
releases, giving rise to a feature called ‘stick – slip’ which may, for example, be extremely
damaging to drilling bits. The stick – slip phenomenon also gives rise to potentially damaging
torque vibrations in the pipe string. Other friction related problems occur when a pipe gets
stuck near the bottom, which may happen in the drilling process for a number of reasons.
The forces that need to be overcome are the force required at the stuck point and the force
required to move or torque up the pipe string in principally static conditions in order to
generate the required force at the stuck point. In a drilling situation special jarring tools are
used to provide axial hammering energy in order to free the pipe at the stuck point.
Vibrations in the pipe body at suitable locations are extremely useful to resolve friction
related problems. Vibration superimposes a cyclic stress field in the pipe string and at
contact points between the pipe string and the wellbore onto the non‐vibrating stress
condition, resulting in miniscule cyclic displacements that affect either the normal forces or
help to break static friction forces and reduce them – ideally ‐ to the level of dynamic
friction. This may assist in countering stick slip problems or getting more force ‘at the stuck
point’. Skyles at al [66] report in 2012 about a friction reducer tool with an oscillating valve
assembly providing pressure pulses at a frequency of 8 to 30 Hz working in tandem with a
Bellville spring vibration tool thus creating axial displacements of several mm. The tool is
being described as very successful for sliding drilling with a mud motor. Hilling et al in 2012
[67] studied various friction reduction tools for coiled tubing operations in extended reach
wells. As coiled tubing is stored on a reel rotation of the pipe string is not possible. Hilling
studied an 8 Hz rotary valve pulse tool, a 12.5 Hz poppet/spring mass tool and a 25 Hz fluidic
flow‐modulating tool all providing axial excitation of the pipe string; the latter outperformed
the other tools.
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2.4.5. Enhancing the rock destruction process
The cutting process of a modern polycrystalline diamond cutter (PDC) drilling bit is alike
cutting steel on a lathe; however, the medium to be cut by the PDC bit is not as
homogeneous as steel and due to frictional effects strong stick – slip related vibration may
occur that negatively interferes with the cutting process and potentially damages the
expensive PDC drilling bit. Deliberate vibrations at a suitable frequency near the drilling bit
may potentially provide beneficial effects. Ali et al 2011 [68] presents field experience with
an axial oscillation generator tool indicating that better rates of penetration can be achieved
at a lower weight‐on‐bit and that less torque at the bit is experienced. Deen et al 2011 [69]
used a torsion impact hammer to improve the drilling with PDC bits, leading to reduced
drilling costs. Babatunde et al 2011 [70] observed in laboratory experiments significant
penetration rate increases with vibration assisted PDC drilling. Li et al [71] conducted
laboratory experiments at 300 and 600 rpm and 60 Hz axial vibration with 0.09, 0.29 and
0.44 mm amplitude and found that the rate of penetration increased proportionally to the
amplitude of the vibration. Bruce et al [72] describe a vibratory drilling method referred to
as sonic drilling using 50 to 150 Hz axial vibration, using a surface exciter and resonance in
the drill string to drill and drive casing into unconsolidated or lightly consolidated formations
at more than twice the speed of conventional drilling operations; the vibrations cause
fluidisation and assist the cutting process; however, the maximum depth that can be
reached is 600 m. Fernandez et al [73] report about a US Department of Energy project for
the development of a down hole mud hammer device generating axial hammer blows
between .25 and 28.5 Hz with flow rates up to 1600 l/min and up to 53.5 bar pressure drop
over the tool; this tool showed substantial improvements in drilling rates in overbalanced,
hard rock formations, and needed at the conclusion of the project still substantial
improvements.
Freeing the formations fragments ‐ also called cuttings ‐ from the bottom of the hole
immediately after cutting, with the objective to avoid crushing the cutting more than once
by the drilling bit is normally achieved by strong fluid jets of drilling fluid directed in such a
way that flushing and cooling of the cutters is optimally achieved. Freshly cut fragments
however may be difficult to move because of ‘chip hold down’ created by the overpressure
in the wellbore and the flush of drilling mud filtrate into the freshly cut rock. A pulsing and
vibrating action of the jet stream will assist freeing freshly cut fragments, hence avoiding re‐
grinding thus improving the drilling speed and the life of the drilling bit. Chahine et al [74]
investigated in 1995 the use of self‐resonating cavitating water jets for rock cutting finding
that a significant improvement in cutting hard rock occurs over normal jet nozzles if the jet
impact pressure is below the rock strength. Vortech developed a pulsating bit sub operating
at 5 bar differential pressure emitting compressional waves claiming a significant increase of
the rate of penetration with coiled tubing drilling; Schneider et al [75] report in 2011
favourable results of the Vortech system.
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2.4.6. Wellbore measurements
Increasing use is made of vibrations at the drilling bit to describe the formation ahead and
around the well using vibration sensors in the drill string at a suitable distance from the bit in
a procedure referred to as seismic while drilling. A roller cone bit used to be a good sound
source because of the teeth impacting onto the bottom of the well during rotation of bit ,
however this not the case with PDC bits that have replaced roller cone bits to a large extent.
Malusa 2003 [76] found that the lateral vibrations of a PDC bit could be a useful sound
source. Anchliya 2006 [77] mentions the introduction of a swept impulse tool generating a
broadband signal at the bit while drilling. Synergistic use of vibration tools that stimulate
rate of penetration and the use of the vibration signals for seismic while drilling purposes
was reported by Fernandez [73].
2.4.7. Densification
In wellbore construction coarse homogeneous sand is sometimes used as a filter in the
annular space between an unconsolidated wellbore and a filter tube; this sand is placed in a
pumping operation in a procedure called gravel packing in the oilfield. The resulting gravel
pack is often formed by loosely settled sand grains and by fluid production from or injection
into the well the stacking of the sand grains may become denser, leading to volume
reduction of the protective sand filter and the exposure of sections of the filter tube that
may then be eroded by particles from the unconsolidated formation resulting in severe
damage to the filter tube. Although no literature references could be found for a technique
of gravel pack densification, vibration techniques are quite common in the field of geo
engineering for ground improvement and reinforcement. Terashi 2000 [78] describes that
vibro‐compaction using vibro‐rod and vibro‐flotation as vibration based techniques to
increase the strength and reduce settlement of loose granular soils.
2.5. Concluding remarks
The above applications for cavitation and vibration form a broad basis for a thorough
evaluation of the VibroCav vibration source selected for this study, because the source has
unique potential to generate very strong cavitation at elevated backpressures and very
strong vibrations. The mechanical hammering caused by the bouncing ball provides unique
features not found in existing applications.
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Chapter 3: Design of a 50 bar test circuit
3.1. Design criteria
The aim of the study is, as mentioned in Chapter 1, the design and optimization of a tool
with a free moving body also referred to as VibroCav tool in order to create powerful
vibration as well as cavitation both at atmospheric and at elevated backpressure. An
important aspect in this context is the investigation of the different tool regimes as function
of process conditions such as feed pressure, backpressure, flow rate and tool geometry.
Active cavitation with a vibrating body can already be induced at a lower flow rate than is
needed to get passive cavitation with a non‐moving body at the same backpressure and
when cavitation occurs in combination with body vibration powerful shockwaves and fluid
jets are generated by the implosion of a swarm of cavitational bubbles.
To create regions of low pressure next to the body the flow velocity of the fluid has to be
high, which requires a large pressure drop over a small gap between the body and the pipe.
Because at small gaps the vibrating body bounces against the pipe wall, mechanical pressure
waves are created like hammer blows, resulting in acoustic shockwaves travelling through
the fluid together with the short range acoustic shockwaves of imploding cavitation bubbles.
In case of passive cavitation with a still body only short range acoustic shockwaves happen.
Although cavitation caused by moving bodies has extensively been mentioned in literature,
and has frequently been encountered in practice mostly as an unwanted phenomenon, tools
that use moving bodies such as balls in pipes with small gaps between the ball and the pipe
wall are rarely described in relation to their vibration and cavitation behaviour. Most
literature on this subject refers to research performed by Karlikov et al. [1‐3] focussing
mainly on vibration effects, and this work together with that of Ivannikov et al. [4] were
taken as starting point for this study. From the patent [4] a straight pipe or tube was
selected, in most cases with a ball as moving body located at the end of the pipe. A straight
pipe was primarily chosen to avoid complicated hydrodynamic conditions upstream of the
ball. The size of the equipment described in the patent was at an industrial scale to be used
for example in cleaning applications for oil and water wells.
Our 50 bar test circuit was built to study the optimal working conditions of the vibration and
cavitation device at a convenient size of the total set‐up, so the circuit was geometrically
scaled down by a factor of 4.5 with respect to the scale in the patent. The scale used by
Karlikov [1‐3] was even smaller than that in the 50 bar test circuit. A parameter that was
kept the same as in the patent was the percentage of the cross‐sectional area of the ball
divided by the cross‐sectional area of the pipe (hereafter called the blockage factor) that
should be at least 80%. A second parameter that was considered essential to be kept similar
was the Reynolds number next to the ball in the gap. This Reynolds number is related to the
flow rate in the pipe and the size of the ball. The third and fourth parameters that put
restrictions on the flow rate were the cavitation number and pressure coefficient (see
Appendix I).
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3.2. Exploratory high pressure test circuit in Assen
The Ivannikov patent [4] suggests that active cavitation would be feasible with
backpressures of even 500 bar with the claimed method because of the water hammer
effect in the fluid column upstream and downstream of the ball. It was therefore decided to
perform exploratory tests with a high pressure test circuit to study the main characteristics
of the vibrator tool.
A 7 m3 test circuit was built at a location in Assen, the Netherlands, consisting of a 350 bar
three‐piston plunger pump feeding a test chamber and a throttling valve discharging into an
atmospheric storage and suction tank provided with a heat exchanger. The stainless steel
test chamber had four circular glass viewing ports of 40 mm diameter in the chamber wall
for visual observation of the outflow of the tool. The high pressure part of the system was
rated at 350 bar; thus, allowing for 50 bar pressure drop over the tool, a backpressure of up
to 300 bar could be applied by regulating the pressure with the throttling valve downstream
of the test chamber.
The test chamber accommodated a horizontal straight stainless steel housing consisting of a
straight pipe of 18.5 mm inner diameter, and a tool with a steel ball. Balls were used in
various experiments with an initial diameter of 16.69 mm, 17.00 mm, 17.46 mm, 18.00 mm
or 18.26 mm to obtain desired blockage ratios. Downstream of the ball a support was
attached to the end of the pipe to keep the ball inside the pipe and to allow the ball to
rotate and vibrate freely in the flow. The flow through the tool was regulated at values
between 3 and 18 m3/hr. The open storage vessel filled with water allowed entrained
bubbles to either re‐dissolve or to ascend to the liquid surface and the fluid to be cooled.
From the exploratory experiments performed in this test circuit the following was learned:


The plunger pump did not provide a sufficiently constant flow rate; this hampered
the steady generation of a plume of cavitation bubbles.



All five differently sized balls started to rotate and vibrate against the inside wall of
the pipe until at higher flow rates a plume of cavitation bubbles was formed.



An observable plume of cavitation bubbles could be generated at flow rates between
6 and 7.2 m3/hr with an 18.00 mm ball (see figure 3.1) at a backpressure of 1 to 25
bar.
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10 mm

10 mm

a

b

Figure 3.1: Straight plume of cavitation bubbles behind the tool for an 18.00 mm ball size in
the Assen test circuit seen through the glass viewing ports. The tool is positioned at the right‐
hand side of the window where the plume comes from with a flow rate of 6 m3/hr (a) or 7.2
m3/hr (b).
The high force exerted on the ball by the flow and movement of the ball caused deformation
and mechanical wear damage at the bottom area of the ball and the top of the support (see
figure 3.2). In some tests the damage was so severe that movement of the ball was
restricted to rotation only. The largest ball even broke into two halves along a plane from
the bottom up through the centre. Cavitation erosion damage was observed on the ball in a
ring just above the bottom area and at both sides of the support (see figure 3.2). Also the
pipe wall showed a wear ring at the narrow gap between the ball and the wall caused by
mechanical wear and possibly cavitation erosion.
Area of wear
10 mm

Cavitation damage

a

Area of wear

Cavitation damage

10 mm

b
Figure 3.2: Wear and cavitation damage on the 18.5 mm ball (a) and on the support for the
18.5 mm pipe(b).
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It is difficult to maintain constant backpressure at changing flow rates with an open
system, because the throttling valve needed to be adjusted at every change in flow
rate.



The high circuit pressure requires a lot of pumping power that converts into heat that
has to be removed by cooling. A closed system where the pumping power is only
used to provide the pressure drop over the tool would require much less energy.



Dirt or corrosion particles in the water may influence the cavitation behaviour
because of their potential to act as nucleation sites.



Gas bubbles already present in the water or purposely added may also act as
nucleation sites. By injecting small amounts of nitrogen gas into the system at
concentrations below the saturation level at the pressure conditions upstream of the
ball a cavitation plume could be provoked at a higher backpressure than without gas
injection.



Disassembling the circuit for changing the tool was a cumbersome task and operating
the system required a certified and experienced high pressure pumping engineer.
This limited the amount of testing that could be done, while it became clear that
more systematic testing was required for a proper analysis of the behaviour of the
tool.

The results of these exploratory tests as well as the design criteria derived from the patent
of Ivannikov [4] were used for the design of the 50 bar test circuit.

3.3. Description of the 50 bar test circuit
The 50 bar test circuit was designed for a vertical tool and for up to 10 bar backpressure with
total fluid volume of 0.25 m3 and a water column height of about 0.5 m above the ball. The
backpressure was achieved by fluid circulation in a closed system that could be pressurized
by an accumulator to a backpressure of up to 10 bar. To provide a pressure drop of
maximally 40 bar over the tool two centrifugal pumps were installed in series. Hence the
flow system from the pumps to the upstream side of the ball was designed for a working
pressure of 50 bar at 110oC, being the maximum of the backpressure plus the maximum
pressure drop over the tool and the flow system up to the tool at the envisaged maximum
temperature of the experiments. A simplified functional schematic of the test circuit is
presented in figure 3.3, a photograph in figure 3.4, and a drawing in figure 3.5.

77

VibroCav

Hydrodynamic Vibration and Cavitation technology
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Valve02
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Hydraulic hand pump P03

I01
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Pressure P1
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Accumulator

A01
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PRV02
Pressure

Test
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Temperature

P2
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Temperature T1
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C02
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Valve03

Temperature T3
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Figure 3.3: Functional schematic of the 50 bar test circuit

Figure 3.4: Photograph of the 50 bar test circuit
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Valve02

F1

P2

P1

A01

Figure 3.5: Drawing of the 50 bar test circuit

The circuit was filled with distilled or tap water. At the start of an experiment the chosen
backpressure for the system was obtained by increasing the overall pressure in the circuit
with the pressure accumulator A01 behind inlet valve 03. To reach the desired pressure a
membrane in the accumulator was expanded with pressurized nitrogen. The height of the
test chamber was 1.1 m. It contained the vibration tool, two arms with sound sensors and an
additional support arm for e.g. a light source. The pipe and three arms protruded in the
chamber through leak tight penetrations in the lid at the top of the chamber. An automatic
vent valve VV01 was installed in the lid of the test chamber to release gas accumulations in
the top of the chamber. The chamber bottomed out into two coiled tube heat exchangers
that acted as coolers to remove the heat generated during an experiment or as heaters for
experiments performed at elevated temperatures.
The total volume of water in the circuit was 0.25 m3 provide sufficient residence time for air
and stationary cavitation bubbles to either re‐dissolve or to assemble at the top of the test
chamber, where gas bubbles can merge and leave through the vent valve. In experiments
with degassed water the circuit was filled from a separate vacuum vessel via inlet valve 03.
For experiments with nitrogen gas addition nitrogen was injected via valve 02 through an
injector I01; excess gas could also leave the system via the vent valve.
Three glass viewing windows were mounted in the vertical wall of the test chamber, two
opposite each other and a third under 90 degrees. These windows allowed the bottom part
of the ball and the outflow of the pipe to be illuminated, and the movement of the ball and
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the cavitational events to be observed. To record the movement of the ball a conventional
halogen lamp was used as well as a cold light source or a stroboscope. The light source was
positioned outside the vessel V01 or for the cold light source with a flexible arm inside the
vessel. Photos or films were registered with a 6 MP photo camera or a 640x480 film camera
or as detailed in Chapter 6 with high speed cameras.
At the same height as the lower end of the tool but at horizontal distances of about 30 and
40 mm from the centre of the housing, two piezo‐electrical sensors were mounted on the
sensor arms attached to the lid of the vessel. These sensors recorded the amplitude and the
frequency of the acoustic pressure waves, caused by mechanical vibration and by cavitation.
Two centrifugal pumps (Grundfos, CRN 10‐21SF, CRN 10‐20) lined up in series, each with a
power rating of 7.5 KW, delivered flow in the circulation loop of up to 18 m3/hr at low
pressure differential and 6 m3/hr at a pressure drop over the tool of approximately 40 bar,
see figure 3.6 for the pump curve of the combined system. A flow scheme is given in figure
3.7. While the pumps were operated at constant power, the flow rate through the loop was
regulated with ball valve 01 positioned in a bypass. Because the suction pressure of the first
pump may reach 10 bar, and the pumps in series were capable of increasing the pressure by
40 bar, the working pressure of the pumps and the high pressure part of the circuit was 50
bar. The actual flow rate and pressure drop over the tool could be fine‐tuned by closing of
bypass valve Valve01. The system was protected against over‐pressurisation with two safety
release valves which were set at 10 and 50 bar for the low and high pressure parts of the
system respectively.
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Figure 3.6: Grundfos information of the pump curve of 50 bar test circuit. The pump
combination used is marked with a red box.
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19 m3/H

P02

Vibro
Cav01

PRV02
10 bar

Valve
01

V01

C01

P01

Valve03

C02 V01

Figure 3.7: Flow scheme of the 50 bar test circuit.

The vortex flow meters (Endress + Hauser, Prowirl 72F) turned out not to measure correctly
when vibrations occurred above 500 Hz with a force beyond 1 g.

3.4. Description of the vibration and cavitation tools
The VibroCav tools designed to obtain vibration and cavitation consisted of a housing with a
freely moving body inside. The body was axially restrained either by a bottom support at the
end of the housing or by hanging it on a string or rod as drawn in figure 3.8. The body itself
was mostly a ball, but in one case a cylindrical body was used, rounded at the top and with a
reversed V‐shaped indent at the bottom that could tumble over an angle of a few degrees
across the bottom support (named ‘flip‐flop’). The housing was for fixed gap tools a straight
cylindrical pipe; for the hanging ball also a conical housing was used. The advantage of a
conical housing is that for one ball size the gap can be adjusted without having to
disassemble the tool.
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Hanging
Support

Housing

Housing

Hanging
Support

Housing
Conical
housingpart

Bottom
Support

Figure 3.8: Alternative supports of the body for alternative housings: straight cylindrical
housing with fixed gap for a given ball diameter and conical housing with adjustable gap

For the first set of experiments as described in Chapter 4 vibration tools were used with a
vertical cylindrical pipe as housing and a horizontal support at the end of the pipe to restrain
the ball. The housing was directly connected upstream to a vertical pipe of the same
diameter that connected to the horizontal tubing above the lid of the test chamber. Only
one experiment was carried out with the ‘flip‐flop’ tool.
For the second set of experiments as described in Chapter 5 tools were used with a hanging
ball in either a cylindrical or a conical housing. The ball was attached with either a fibre or a
bar to the top of the connecting steel rod or to a hydraulic cylinder at the top that could be
moved vertically with a hydraulic hand pump P03. With this hydraulic cylinder the height of
the ball inside the conical housing and hence the gap could be remotely adjusted.
The properties of the various tools are summarized in table 3.1. The initial diameter of the
body and the housing are presented here, because during the experiments the diameters
may have changed slightly due to wear by the interaction between the body and the
housing.
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Material of ball

Density (kg/m3)

16.67

Chrome Steel

7850

Initial diameter of the
housing (mm)
18,50

17.00

Chrome Steel

7850

18,50

0,088

0,844

17.00 x 40.00 flip‐flop

Chrome Steel

7850

18,50

0,088

0,844

Initial ball diameter (mm)

Gap ratio
S
0,110

Blockage ratio B
0,811

17.46

Chrome Steel

7850

18,50

0,059

0,891

17.46

Si3N4

3440

18,50

0,059

0,891

18.00

Chrome Steel

7850

18,50

0,028

0,946

44.45

Chrome Steel

7850

46,00

0,035

0,933

44.45* maximum clearance

Chrome Steel

7850

46,00

0.035

0.933

44.45* minimum clearance

Chrome Steel

7850

44.50

0.001

0.998

44.45

Nylon

1150

46,00

0,035

0,933

45.00

Chrome Steel

7850

46,00

0,022

0,956

45.00 X 70.00 flip‐flop

Chrome Steel

7850

46,00

0,022

0,956

Table 3.1: Tools: types and sizes (* conical housing, unmarked = straight housing)
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Appendix I: Comparison of test conditions
The following assumptions were made in the calculations needed for comparison of the
tools: (i) The liquid is homogeneous, incompressible and frictionless up to the appearance of
cavitation and the temperature stays constant; (ii) Conservation of mass and momentum
occurs; (iii) The difference in height between the water levels before and after the ball is
assumed to be negligible; (iv) The ball is standing still in the pipe in a steady flow; (v) The
backpressure of the test chamber equals the pressure at the exit of the pipe; (vi) The flow
velocity increases gradually from the velocity upstream in the pipe to the velocity in the gap.
Downstream of the gap the streamlines deflect from the ball.
For the calculations of the values in table 3.2 below the following definitions were used.
Gap ratio S:

S


Dball
Aball
Apipe



d pipe  Dball
Dball

1
 Dball 2
4

1
 d pipe 2
4

Blockage ratio B:

B

Velocity in the pipe vpipe:

v pipe 

Q
Apipe

Velocity in the gap vgap:

vgap 

Q
Q

Agap Apipe  Aball

Pump pressure ppump:

p pump 

Pressure coefficient Cp:

Cp 

Cavitation number σ:



1
 water vgap 2 B 2  pback
2

pgap  p pump
A 2
 1  pipe2
1
Agap
 water v pipe 2
2

p pump  pvapor
1
 water v pipe 2
2

Cavitation will appear if the cavitation number σ falls below ‐Cp. Another definition
encountered for the appearance of cavitation is that the cavitation number σ divided by the
negative pressure coefficient (Cp) is smaller than 1.
New cavitation number σnumber:

 number 


C p

In table 3.2. the newly defined cavitation number σnumber is given, which should be smaller
than 1 for cavitation to appear.
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Reynolds number in pipe Repipe:

Re pipe 

 water v pipe d pipe
 water

Reynolds number in gap Regap:

Re gap 

 water vgap Dball
 water

Comparison of the Re numbers, the blockage ratios and the newly defined cavitation
number of Ivannikov et al. [4] and Karlikov et al. [1‐3] with those of the tools used here
show that for all three parameters the values are lying in the same range.

Test condition

dpipe

Dball

S

B

Flow rate

ppump
(bar)

σnumber

Repipe

Regap
x105
12.78

(mm)

(mm)

1

82.50

76.00

0.086

0.849

(m3/h)
49.0

2.0

1.46

x105
2.10

Ivannikov2

63.00

60.00

0.050

0.907

60.0

14.6

0.89

3.37

34.51

Ivannikov2

63.00

61.00

0.033

0.938

36.0

12.6

0.96

2.02

31.32

Karlikov3

15.70

12.00

0.308

0.584

5.4

1.6

1.11

1.22

2.23

Karlikov3

15.70

12.90

0.217

0.675

5.4

2.3

0.90

1.22

3.07

3

15.70

13.70

0.146

0.761

2.7

1.7

1.42

6.08

2.22

18.50
18.50
18.50
18.50
46.00
46.00
44.50

16.67
17.00
17.46
18.00
44.45
45.00
44.45

0.110
0.088
0.059
0.028
0.035
0.022
0.001

0.812
0.844
0.891
0.947
0.934
0.957
0.998

12.0
10.0
7.0
3.5
18.0
14.0
1.0

15.3
16.7
18.5
21.7
10.0
14.6
32.5

0.73
0.78
0.85
0.94
0.97
0.99
1.03

2.29
1.91
1.34
0.67
1.38
1.08
0.08

10.99
11.29
11.58
12.21
20.18
24.49
35.35

45.25

44.45

0.018

0.965

16.0

30.0

0.96

1.25

35.05

46.00

44.45

0.035

0.934

18.0

10.0

0.97

1.38

20.18

Ivannikov

Karlikov
Small tool
Small tool
Small tool
Small tool
Large tool
Large tool
Large tool with tapered housing
(h=20mm)*
Large tool with tapered housing
(h=10mm)*
Large tool with tapered housing
(h=0mm)*

Table 3.2: Comparison between tools of Ivannikov, Karlikov and tools used in the 50 bar test
circuit1) Ivannikov et al. [4], 2) Ivannikov private communication, 3) Karlikov et al. [1‐3].
*) h is the height of the ball in the housing counting from 0 if the middle line of the ball is
positioned at the bottom end of the housing.
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Chapter 4: Cavitation and vibration by flow along a bottom supported ball in
a 50 bar test circuit
4.1. Introduction
The behaviour of a body that moves laterally in a pipe with a narrow gap by passing flow has
not in depth been studied in spite of its considerable importance for many applications. It is
known that broad ranges of flow rates exist for which self‐excited vibration sets in that can
be accompanied by bouncing of the body against the pipe wall. These ranges shift for
different body and fluid densities and for other variables like the flow rate, the total mass of
the body, the gap, the fluid properties and the surrounding pressure. Bouncing of the body
against the pipe wall mostly causes intense vibrations and strong acoustic waves that
propagate in the surrounding environment.
Based on [1] and own observation in the exploratory Assen test circuit, at low flow rates the
body, mostly a ball, may already start rotating around its axis, caused by viscous drag and if
appropriate by spiralling of non‐rectified flow approaching the ball. At higher flow rates
vibration of the ball is induced primarily by the high dynamic pressure in the passage
between the ball and the wall of the pipe and consequent low static pressure, resulting in a
static pressure differential across the ball. Instabilities in the flow around the ball shift its
position off centre, and once the ball moves it is forced to the side with the highest flow
velocity. Upon its movement the passage opens on the opposite side, reversing the direction
of force; this alternating force results in self‐exited oscillation. A certain minimum flow rate
is required for vibration in conjunction with bouncing of the ball against the pipe wall, the
onset of which is signalled by an increase in acoustic noise, particularly for the larger balls.
For condensed fluids cavitation can be observed in regions of still higher flow rates due to
the increased static pressure drop in the gap, and imploding cavitation bubbles are
transported by the flow along the body. Two types of cavitation can be distinguished; so‐
called active cavitation where the body vibrates and so‐called passive cavitation where the
body stands still. Active as well as passive cavitation is suppressed at increasing pressure
downstream of the tool, the so‐called backpressure. When varying the flow and/or the
backpressure different regimes of tool behaviour and effects like vibration and cavitation
can be observed; such observations are studied in depth in this chapter.
The theoretical flow rate, at which passive cavitation sets in for a given body and pipe
configuration, fluid properties and backpressure can be estimated from the cavitation
number σ and the pressure coefficient cp in the narrow gap between the body and the pipe
as for instance described by Brennen [2]. The theoretical flow rate in case of inviscid flow,
where passive cavitation sets in for a given gap and pressure difference over the ball, can be
estimated from the cavitation number:
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p pump  pvapor
1
 water v pipe 2
2

(4.1)

pgap  p pump
A 2
 1  pipe2
1
Agap
 water v pipe 2
2

(4.2)

with vpipe = flow rate in the pipe upstream of the ball and pgap = pressure in the gap. If σ < ‐
Cp passive cavitation starts. Cp does not depend on the geometry of the gap in the ideal case
of an inviscid liquid.
Another definition for the onset of passive cavitation is that the cavitation number σ divided
by the negative pressure coefficient (Cp) is smaller than 1.

 number 



(4.3)

C p

This newly defined cavitation number designated as σnumber is used below. The flow rate for
the actual onset of passive cavitation can differ substantially from the theoretical value for
many reasons, such as viscous effects, surface roughness of the pipe wall and presence of
fine solid particles or dissolved gasses [1]. The flow rate required for the onset of passive
cavitation increases at higher backpressure.
Active cavitation can develop at lower flow rates for a vibrating body, since an additional
dynamic pressure and hence a lower static pressure is created in the gap by the water
hammer effect [3]. This additional static pressure drop results from the lateral movement of
the body which partially shuts off the flow, and causes a local pressure drop of an
approximate magnitude of:

Pwaterhammer  c water v

(4.4)

where c = speed of sound,  water = density of water and  v = instantaneous reduction in flow
rate.
The flow rate range where active cavitation might occur at a given backpressure is a less
explored area. Since unstable behaviour of the surrounding fluid determines the flow
pattern and thus when and how vigorously the body starts vibrating, the flow rate at which
active cavitation starts is prone to fluctuations and its onset can thus vary. The transition
from one regime to another can also show hysteresis meaning that the transition happens at
another value if the regime is entered by increasing or decreasing the flow or the pressure.
Depending on the application, specific regimes where either vibration or cavitation, or a
combination of the two persists can be persecuted with a particular tool.
The oscillating behaviour of a laterally free moving body in an unbounded flow has for long
been subject of detailed study. In unbounded flows shedding of vortices and vortex wake
formation behind a ball are mostly described as the cause for lateral movement, see Chapter
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1. For bounded flows however, and a gap ratio S = δ /Dball = (dpipe ‐ Dball)/ Dball, where Dball =
ball diameter and dpipe = internal pipe diameter, below about 0.35, vibration is more likely to
be caused by the low static pressure due to the high dynamic pressure in the gap. The
behaviour of a body for narrow gaps in flow regimes of increasing velocity seems to be a
poorly explored area both at atmospheric and at higher ambient pressures.
Karlikov et al. [1] studied the acoustic frequency with laterally self‐excited vibration of balls
with a narrow gap ratio between 0.10 and 0.35 for a flow through a cylindrical pipe fixed at
the upper end in a massive support. Intense vibrations of the ball, made from plastic,
duralumin or brass, together with bouncing of the ball on the internal pipe wall were
observed. The bottom of the copper or steel pipe was immersed in an open water tank, so
the backpressure was near‐atmospheric. The ball was hanging on a filament that allowed
lateral movement of the ball. The free length of the pipe was adjusted to obtain resonance
between the vibrations of the ball and the free pipe in order to obtain accurate
measurements of the vibration frequency. A linear relationship between the vibration
frequency of the ball and the flow rate was found for the flow range before the onset of
either active or passive cavitation.
Karlikov et al. presented three pictures of phenomena that were observed in the flow just
below the gap to illustrate what happened close to and beyond the onset of cavitation at
increasingly higher flow rates. The pipe wall was made of transparent plastic, so cavitation
could be visually observed. First vortices were noticed downstream of the narrow gap at
higher flow rates, followed by cavitation plumes emerging alternately on different sides of
the vibrating ball that could be attributed to the generation of active cavitation. The third
picture showed symmetrical and therefore passive cavitation. When passive cavitation
started the vibration stopped. This was ascribed to the stabilizing effect of the symmetrical
wake in case of passive cavitation.
Thus Karlikov et al. showed by observing the movement of the ball during bouncing and by
analysing the pictures that the following regimes existed at increasing flow rates in an open
system, i.e. at atmospheric backpressure: (i) a flow regime without or with vibration of the
ball, but without bouncing against the pipe wall, (ii) a regime with vibration and bouncing
against the pipe wall, (iii) a regime with vibration, bouncing and active cavitation, and (iv) a
regime with no vibration and passive cavitation.
A later patent by Ivannikov et al. [4] focused on the design of tools with a laterally free
moving body in the flow in a pipe to improve active cavitation. A narrower gap ratio of
maximally 0.118 was claimed to be necessary to obtain optimal active cavitation. It was
suggested that cavitation could still be obtained at very high backpressures up to 500 bars
due to free turbulent vortices that should be able to nucleate cavitation.
The study described in this chapter focuses on the identification of the vibration and
cavitation behaviour of bottom supported laterally free moving bodies, mostly balls of
various sizes and densities in an aqueous flow through pipes of various diameters at narrow
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gaps according to the recommendations in the Ivannikov patent. The behaviour was not only
studied at atmospheric pressure, but at backpressures up to 10 bar.
What happens at higher than atmospheric backpressures is most relevant, since in many
applications vibration and cavitation tools should still be functional at high ambient
pressures as encountered in water and oil wells. Also the role of the water quality reflected
by the presence of solid impurities, and of gasses present in the water on the cavitation
behaviour will be shortly addressed.

4.2. Tool description
The investigated tools consisted of a free body in a housing shaped as a cylindrical pipe of
about 50 cm length with an internal diameter of 18.50 mm or 46.00 mm with a narrow gap
between the body and the housing. The body, mainly a ball, was supported by a horizontal
bar to prevent axial movement while fluid was pumped through the pipe as shown in figure
4.1. The bar was attached to the pipe wall at the very end of the pipe. This implies that the
ball was totally accommodated inside the pipe and the fluid behaviour in the gap invisible to
the eye unless the effect was strong enough to emerge from the pipe.
Only one differently shaped body was tested consisting of a cylinder, rounded at the top and
with a reversed V‐shaped indent at the bottom that could tumble over an angle of a few
degrees across the support; this tool was named ‘flip‐flop’ (see figure 4.2).

FLOW

FLOW

Ball

Figure 4.1: Bottom supported ball

Figure 4.2: Bottom supported ’flip‐flop’

The sizes of the balls are given in table 4.1 together with the nominal gap ratios S = δ/ Dball,
(where the gap δ = dpipe ‐ Dball), the nominal blockage ratios B = Dball 2/ dpipe2, and the
densities of the balls. In the small pipe the nominal gap ratio varied between 0.059 and
0.110, while in the large pipe the nominal gap ratio varied between 0.022 and 0.035. Note
that at these narrow gap ratios wear effects on the pipe wall and the ball have a strong
effect on the gap; the term nominal is used to express that the stated gap ratio and blockage
ratio are based on the initial inner diameter of the housing and the initial diameter of the
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ball. Most balls were made from chrome steel; one was made of Nylon, one of Delrin, and
one of super hard and wear resistant Si4N3.
Initial ball diameter (mm)

Material of ball

Density (kg/m3)

16.67

Chrome Steel

7850

Initial diameter of the
housing (mm)
18,50

Gap ratio
S
0,110

Blockage ratio B

17.00

Chrome Steel

7850

18,50

0,088

0,844

17.00 x 40.00 flip‐flop

Chrome Steel

7850

18,50

0,088

0,844

17.46

Chrome Steel

7850

18,50

0,059

0,891

17.46

Si3N4

3440

18,50

0,059

0,891

0,811

18.00

Chrome Steel

7850

18,50

0,028

0,946

44.45

Chrome Steel

7850

46,00

0,035

0,933

44.45

Nylon

1150

46,00

0,035

0,933

45.00

Chrome Steel

7850

46,00

0,022

0,956

45.00 X 70.00 flip‐flop

Chrome Steel

7850

46,00

0,022

0,956

Table 4.1: Tool specifications

4.3. Description of experiments
The tools were positioned in the 50 bar test circuit described in Chapter 3, where the fluid
flow was generated by two centrifugal pumps in series. The total flow corresponded with the
operational pressure of the pump according to the PQ curve of the system. Part of the flow
went through a bypass and the flow through the tool was changed by throttling the bypass
flow. The pressure in the chamber downstream of the ball in the pipe, referred to as the
backpressure, could be varied by changing the pressure in an accumulator. The tool inlet
pressure thus equalled the pump pressure minus the dynamic pressure loss between the
pump and the tool which was very low due to the large diameter of the interconnecting pipe
work. The pressure drop over the tool equalled the tool inlet pressure minus the
backpressure. Several series of experiments were performed using the smaller and the larger
balls in either of the two pipes.
In series 1 the flow rate through the tool was first increased stepwise from zero to its
maximal value at a constant backpressure between 1 and 10 bars for 6 steel balls in 2 pipes,
and subsequently decreased stepwise zero. The sound level was recorded continuously.
In series 2 the flow rate was increased stepwise at an atmospheric backpressure from zero to
its maximal value for 6 steel balls in 2 pipes, and at maximal flow rate the backpressure was
first gradually increased to its maximal value, and then lowered again till atmospheric
pressure was reached. Thereafter the flow rate was decreased again stepwise at
atmospheric backpressure. In these experiments the sound level was recorded.
In series 3 the water quality was changed in a few experiments with a 17 mm ball size and a
gap ratio of 0.088 for comparison with experiments done in series 2.
In series 4 nitrogen gas was added in 9 experiments for comparison with experiments done
in series 1.
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In series 5 a Si4N3 ball in the small pipe and a Nylon and a Delrin ball in the larger pipe were
used to perform experiments equivalent to those in series 2.
In series 6 a differently shaped body designated as ‘flip‐flop’ was used that could only tumble
a few degrees across the horizontal support bar.

91

VibroCav

Hydrodynamic Vibration and Cavitation technology

4.4. Results and discussion
4.4.1. General behaviour of balls in a flow for a small gap

Flow rate up to 18 m3/hr

Karlikov et al. [1] already showed that by increasing the flow rate at atmospheric
backpressure the behaviour of the ball changes from vibrating without cavitation through
vibrating with active cavitation to no vibration with passive cavitation. Vibration without
bouncing only happens at very low flow rates and will not extensively be discussed here. The
expected transition from one regime to another is sketched in figure 4.3 for a given gap size.
The parabolic shape of the passive cavitation boundary was deduced from the behaviour of
a fixed orifice where dynamic pressure effects related to the square of fluid velocity are
dominating. The transition between vibration and active cavitation was assumed to be a
straight line because impulse effects that are proportional to fluid velocity were expected to
be dominating. The vertical bold line at 0 barg represents the range for experiments done by
Karlikov. The positioning of the pictures shown by Karlikov et al. [1] is indicated by red stars.
The grey area shows the domain of the experiments of this study.
no vibration,
passive cavitation

vibration,
active cavitation
vibration,
no cavitation

Karlikov
photos

Karlikov experiments
0
bara

no vibration, no cavitation
0
barg

Backpressure to 10 Barg

Figure 4.3: Expected generic regimes at different flow rates and backpressures for a given
gap size. The grey area shows the domain of the experiments in Chapters 4, 5 and 6.

Introductory experiments showed that for a given gap size the flow rate at which vibration
with bouncing starts is fairly independent of the backpressure, but is subject to hysteresis.
This means that at a certain backpressure a higher flow rate is observed where the ball starts
bouncing (without cavitation) at increasing flow rate than at its return to vibration without
bouncing (called ‘no vibration, no cavitation’ in figure 4.3) at decreasing flow rate. At a
further increase of the flow rate the vibrating ball induces active cavitation. At higher
backpressures active cavitation is more difficult to induce, so the flow rate required for
inception of the regime of active cavitation is larger.
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The transition between vibration and active cavitation did not show hysteresis during the
introductory experiments. It appeared that under certain conditions active cavitation does
not happen at all, for example when the water hammer effect is too small to contribute
sufficiently to the pressure drop in the gap. In the passive cavitation regime the ball stood
still. The line, where passive cavitation starts at various backpressures, can for a ball standing
still in the centre of the flow be calculated from the cavitation number σnumber for each
ball/pipe combination. The series of experiments discussed below are done to validate and
further explore the regimes of different ball behaviour as sketched in figure 4.3.
4.4.2. Results for small balls
Although the experiments of series 1 were performed for all four small steel balls in the pipe
with an initial diameter of 18.50 mm, only a few representative results will be presented
here to elucidate the generic relevant findings.
Figure 4.4.a presents the flow rate, the pump pressure, the backpressure and the pressure
drop over the ball versus time for a ball of 16.67 mm nominal diameter in an 18.50 mm
nominal pipe, i.e. with a gap ratio of 0.11. The flow rate is first increased in steps, and then
after reaching the maximal value decreased in steps as a function of time at a constant
backpressure of 5 barg. The steps up and down of the flow rate during this experiment are
indicated in figure 4.4.b by vertical arrows. At an increasing flow rate the ball stopped
vibrating at 17 min and at a corresponding flow of 8.4m3/hr passive cavitation set in. For this
ball and gap size no active cavitation bubbles were noticed underneath the pipe during
vibration at a flow rate below 8.4m3/hr. The occurrence of some active cavitation can,
however, not be totally excluded.
At a further increase in flow rate till 11.9 m3/hr more passive cavitation was observed. At
decreasing flow passive cavitation stops after 28 min and the ball resumes vibration at 28
min. The energy needed for vibration causes the pump pressure to rise after a temporary dip
and causes the flow rate to decrease consistently with the PQ curve of the pump. Till 40 min
the ball continues to vibrate, and active cavitation ‐ if there was any ‐ went unnoticed. In
some experiments also a dip in pressure during the increase in flow rate was identified, that
could be related to ceasing vibration of the ball. Disturbance in flow measurements directly
at the start and at the end of the experiment can be attributed to low frequency vibration of
the ball and at the very end with a minimal flow rate to measurement errors.
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16.67 mm ball in 18.50 mm pipe
30,0

Act cav Passive cav Act cav
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Vibration

no vibration,
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20,0
15,0
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vibration,
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5,0
0,0
00:00

05:00

10:00

15:00

20:00

25:00
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ΔPtool (bar)

Energy (kW)

30:00

35:00

40:00

vibration,
no cavitation

45:00

Backpressure (barg)

0
bara

no vibration, no cavitation
Backpressure

0
barg

a
b
Figure 4.4: a) Flow, pressure and energy data versus time for a ball of 16.67mm in an 18.50
mm pipe at 5 barg backpressure, b) Process steps through the regimes. The striped lines
depict hysteresis during the transition from one regime into the other.

For two balls of respectively 16.67 mm and 17.00 mm in a pipe of 18.50 mm diameter the
minimal flow rate resulting in passive cavitation was plotted against the backpressure (see
figure 4.5.a); this minimal flow rate increased from about 3.5 m3/hr at 0 barg to about 11
m3/hr at 8 barg, as cavitation was increasingly suppressed by the increase in backpressure.
The newly defined cavitation number σnumber remained practically constant with raising
backpressure as was expected, but was higher than 1 (see figure 4.5.b). Passive cavitation
was thus observed at a lower flow rate than would be expected for inviscid flow [1]. So
apparently the fluid used cannot be treated as ideal and other effects such as strong local
turbulence, presence of air and easy nucleation due to the presence of small particles
appear to play a significant role.

Minimale flow for passive cavitation versus backpressure

σ number
number versus backpressure
1,8

15,0

1,6

1,2

σ num ber

Flow rate (m ³/hr)

1,4
10,0

5,0

1,0
0,8
0,6
0,4
0,2

0,0

0,0
0,0

1,0

2,0

3,0

4,0

5,0

6,0

7,0

8,0

9,0

10,0

0,0

1,0

2,0

Backpressure (barg)

16,67 mm bal

3,0

4,0

5,0

6,0

7,0

8,0

9,0

10,0

Backpressure (barg)

17.00 mm ball

16,67 mm bal

17.00 mm ball

a
b
Figure 4.5: a) Minimal flow rate for passive cavitation and b) σnumber versus backpressure for
passive cavitation.
The most relevant findings for the series 2 experiments performed with the four small steel
balls in the small pipe will be illustrated for a 17.00 mm diameter steel ball in an 18.50 mm
pipe. Figure 4.6.a shows the flow rates and pressure data as a function of time (left hand
vertical axis).
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17.00 mm ball in 18.50 mm pipe with rusty water
105,0

45,0
40,0

Vib

35,0

Passive cav

Passive cav

Vibration

Vib

Flow rate

The total sound level is plotted on the right hand vertical axis. First the flow rate is raised in
steps at 0 barg backpressure till the maximal flow rate is reached at 9 minutes. At very low
flow rates and backpressure approximately between 1 min and 2 min and 37 to 39 min
strong noise indicates vibration, possibly combined with cavitation. The presence of
cavitation at these low flow rate conditions could however not be visually confirmed and is
therefore inferred from the relatively high noise level. At the maximal flow rate passive
cavitation is observed. When after 12 min the backpressure is gradually increased at
maximal flow rate also the pressure upstream of the ball, the pump pressure, increases. At
higher backpressures less cavitation occurs at the same flow rate. At 7 barg backpressure
passive cavitation disappears, and the ball resumes vibration, causing the sound level to
increase. After reaching a backpressure of 9 barg the backpressure was decreased and finally
after returning to 0 barg the flow rate was lowered in steps. The regimes encountered in this
experiment are indicated in figure 4.6.b.
no vibration,
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Backpressure (barg)
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Energy (kW)

Sound level (dB(c))

0
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0
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vibration,
no cavitation
no vibration, no cavitation
Backpressure
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Figure 4.6: a) Flow, pressure, energy and sound data versus time for a steel ball of 17.00
mm in an 18.50 mm pipe, b) Process steps through the regimes.

The pressure drop over the tool and the maximal flow rate at increasing backpressure are
shown in figure 4.7.a for various experiments with the small balls in the 18.50 mm pipe
together with similar graphs for experiments with water qualities varying from distilled
water and tap water to rusty water and water containing fine particles. The differences
caused by variations in water quality are relatively minor. The pressure drop over the ball
decreases from about 26.5 bar at atmospheric pressure till about 23.8 bar at 8 barg
backpressure. The corresponding maximal flow rate increases from about 10.3 m3/hr till 11.2
m3/hr as shown in figure 4.7.b. as should be expected from the PQ behaviour of the
centrifugal pump system of the test set up.
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Pressure drop over the tool at maximum flow rate versus
backpressure for a 17.00 mm ball in 18.50 mm pipe

maximum flow rate versus backpressure for a 17.00 mm
ball in 18.50 mm pipe
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Figure 4.7: a) Pressure drop over the tool and b) maximum flow rate versus backpressure for
various water qualities at increasing and decreasing backpressures.

The sound level already becomes as high as 85 dB(C) at low flow rates. It is also high at
maximal flow rate for backpressures between about 6 and 8 barg (see figure 4.8). This
counts for experiments with different water qualities at maximal flow rate and increasing
and decreasing backpressure as shown in figure 4.8. In all cases the sound level rapidly
increases from 80 to 85 dB(C) when the backpressure is increased, and at about 6 till 8 barg
the sound level increases even more. The highest sound level can only be explained by
vibration and bouncing of the ball against the pipe wall. So above about 6 till 8 barg a
transition takes place from passive into vibration or active cavitation. Energy calculations
showed that during an experiment the energy spent over the tool remains about constant.
Most fluid compositions show comparable behaviour; only the test with demineralised
water shows earlier and more violent vibration, likely combined with cavitation.

sound level at maximum flow rate versus backpressurefor a
17.00 mm ball in 18.50 mm pipe

so u n d le ve l (d b (c))
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water containing fine particles

Figure 4.8: Sound level against backpressure at maximal flow rate for various water qualities
for increasing and decreasing backpressures.
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In series 4 a minor stream of nitrogen was injected into the system to see whether this
would provide a larger cavitation plume. This was done for a steel ball of 17.46 mm diameter
in a pipe of 18.50 mm at a flow rate of 8.4 m3/hr, and a backpressure of 1.9 barg. Figure 4.9
shows, that gas injection has little visual effect on the cavitation cloud in this experiment.
The length of the cavitation plume in the photos is between 10 and 20 mm but a much
longer plume of 100 to 200 mm is visible to the naked eye.

10 mm

10 mm

a

b

Figure 4.9: Cavitation without (a) or with (b) nitrogen injection

Figure 4.10 shows the results of an experiment for a 17.46 mm Si3N4 ball in the 18.50 mm
pipe. The procedure was similar to a series 2 experiment as presented above for a steel ball.
A minor flow of nitrogen gas was injected. When increasing the flow at 0 barg the ball
started to vibrate immediately. The subsequent increase in noise suggests transition to
active cavitation followed by passive cavitation at 5 min. Upon an increase in backpressure
at maximum flow rate, vibration with violent bouncing suddenly occurred. This violent
bouncing suddenly stopped upon a decrease in backpressure, but bouncing seemed to re‐
occur at very low backpressure. This experiment can tentatively be reconciled with the
transition through the various regimes shown in figure 4.10.b.
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Figure 4.10: a) Flow, pressure, energy and sound data versus time for a Si3N4 ball of 17.46
mm in a 18.50 mm pipe with minor nitrogen injection, b) Process steps through the regimes.

4.4.3 Results for large balls
The same type of experiments as in series 1 and 2 were carried out for larger balls in a larger
pipe of 46.00 mm diameter with even smaller gap ratios. In figure 4.11 a series 2 type
experiment is presented for a 44.45 mm steel ball in the 46.00 mm pipe. At 0 barg and
increasing flow rate the ball starts vibrating without cavitation, and at higher flow rate
probably with minor active cavitation that went unnoticed, until a regime of increasing
passive cavitation is entered without vibration of the ball.
With a large ball and a relatively narrow gap strong passive cavitation is obtained at 0 barg
and maximal flow rate. Upon a continuous increase in backpressure a moment is reached
after about 18 min where the ball still does not vibration and no cavitation was observed.
This moment is indicated in figure 4.11.a by a pink vertical line. Soon however, the ball
resumed its vibration accompanied by strong active cavitation and a strong sound signal up
to 8 barg backpressure. When subsequently the backpressure was reduced, active cavitation
continued until passive cavitation occurred.
The passage of the ‘no vibration, no cavitation’ regime went unnoticed or was obscured by
the hysteresis effect. Upon the stepwise lowering of the flow rate at 0 barg passive
cavitation was followed by vibration. Most likely the amount of active cavitation was again
minor and went unnoticed. The film record of this experiment shows that there was no
vibration and no cavitation during the ‘pink vertical line’ moment. The tentative correlation
of this experiment with the various regimes is shown in figure 4.11.b. The active cavitation
boundary line is an inferred straight line fitted with the test data primarily on the basis of the
noise measurements and visual observation of cavitation features. The position of this
transition line varied for each experiment and may be influenced by the gas size; however
this aspect was not investigated in detail.

98

VibroCav
44.45 mm ball in 46.00 mm pipe with de-aerated water
No Vib
30,0

Active cav Vib

Vib

Active cavitation

Vib

25,0

Passive cav
Active cav

20,0

105,0

no vibration,
passive
cavitation

98,0

Passive cav
Active cav

84,0

10,0

77,0

5,0

70,0

no vibration,
no cavitation

vibration,
active cavitation

91,0

15,0

0,0
00:00

Flow rate

Hydrodynamic Vibration and Cavitation technology

vibration,
no cavitation

63,0
05:00

10:00

15:00

20:00

25:00

30:00

35:00

Flow (m³/hr)

Ppump (barg)

Backpressure (barg)

ΔPtool (bar)

Energy (kW)

Sound level (dB(c))

0
bara

no vibration, no cavitation
Backpressure

0
barg

a
b
Figure 4.11: a) Flow, pressure, energy and sound data versus time for a steel ball of 44.45
mm in a 46.00 mm pipe, b) Process steps through the regimes.

The sound level at maximal flow rate (see figure 4.12) also increases with the backpressure
from about 77 dB(C) at 0 barg up to 90 dB(C) at 2.3 barg backpressure while the ball stands
still with passive cavitation. During the dip in sound level from 2.3 till 3.6 barg, i.e. at the pink
vertical line moment the ball stands still without cavitation. After this moment the ball starts
vibration at a sound level up to about 98 dB(C) from 3.6 till 9 barg. After initiation of
vibration at 3.6 barg active cavitation was seen that slowly diminished at increasing
backpressure. Upon a decrease in backpressure the reverse sound pattern was seen, only
the dip is missing.

Sound level at maximum flow at decreasing backpressure
for a 44.45 mm ball in a 46.00 mm pipe
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Figure 4.12: Sound level for a 44.45 mm ball in a 46.00 mm pipe at maximal flow rate a) at
increasing and b) at decreasing backpressure.

The energy consumed by the tool can be calculated from the pressure drop over the tool
times the flow rate. Figure 4.13.a shows that this energy decreases at maximal flow rate and
increasing backpressure up to 3.8 barg for experiments with the 44.45 mm ball in the 46.00
mm pipe without and with nitrogen gas injection. At 3.8 barg backpressure the ball starts
vibrating with active cavitation which caused a jump in energy consumed by the tool. When
the backpressure is decreased again as shown in figure 4.13.b the energy dip is much less
pronounced – just as the dip in sound level – at the transition from active to passive
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cavitation and occurs at a lower backpressure. The energy consumption further decreases
gradually.

Energy spent in the tool at maximum flow at decreasing
backpressure for a 44.45 mm ball in a 46.00 mm pipe
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Figure 4.13: Energy spent in the tool for the 44.45 mm ball in the 46.00 mm pipe at maximal
flow rate and a) at increasing and b) at decreasing backpressure for various types of water.

From figure 4.13 also the pattern of energy spent over the tool at increasing and decreasing
backpressure can be estimated. This is schematically done in figure 4.14, where the
transition through the different regimes is also indicated. The energy spent over the tool is a
better measure than the pressure drop, because for a centrifugal pump the maximal flow
depends on the pressure drop via the PQ relationship. If the backpressure is increased at
maximal flow from atmospheric, passive cavitation is visible to point B. At point C the
regime of ‘no vibration, no cavitation’ switches to ‘vibration, active cavitation’. The energy
spent over the tool suddenly jumps up to provide the energy needed for vibration. If the
backpressure is further increased, active cavitation is diminished and more energy is
consumed by the tool for vibration. At point D active cavitation is completely suppressed
resulting in a ‘vibration only’ regime. When the backpressure is again decreased active
cavitation re‐starts at point D and survives at a backpressure much lower than that
corresponding with point C, until the passive cavitation energy level is approached at point F.
This behaviour is further evidence of significant hysteresis.
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Figure 4.14: Scheme of the energy spent over the tool with a 44.45 mm ball in the 46.00 mm
pipe against the backpressure at maximal flow rate.

Comparing figure 4.6. for a small steel ball with a gap of 1.500 mm with figure 4.11. for a
large steel ball with a gap of 1.450 mm demonstrates that the vibration effects of the large
steel ball are much more pronounced. This indicates that the vibration energy increases with
the ball size for balls with the same specific gravity and comparable gap size. Comparing
figure 4.10. for a relatively lightweight small Si3N4 ball with a gap of 1.040 mm with figure 4.6
for a small steel ball with a gap of 1.500 mm shows a higher sound level than for the
lightweight ball in spite of a smaller gap, which illustrates that ball mass and travel distance
are only two parameters of a complex behaviour of the tools.
4.4.4. Nylon and Delrin balls
A series 2 experiment was also performed for a Nylon ball with a 44.45 mm diameter. The
results presented in figure 4.15 reveal that when the flow rate is increased in steps at 0 barg,
the ball stops vibrating if the flow exceeds 15 m3/hr and passive cavitation starts. This flow
regime of passive cavitation can be more clearly seen for the nylon ball from the lowering in
sound level than for the steel balls. The sound level increases again when at full flow and
gradually increasing backpressure the ball resumes vibration most likely with active
cavitation at 12 min. This continues until the backpressure was reversed and the experiment
was stopped prematurely at 7.5 barg by closing of the flow because the Nylon ball became
too much damaged as seen in figure 4.16. This also demonstrates the large pressure exerted
by the flow on the ball aggravated by the water hammer effect during active cavitation. The
damage caused by bouncing against the internal wall of the pipe is also seen as an eroded
ring around the ball (see figure 4.16.b.)

101

Hydrodynamic Vibration and Cavitation technology
Flow rate

VibroCav
44.45 mm Nylon bal in 46.00 mm pipe
No Vib
30,0

Active cavitation

Vibration

25,0

Pas cav Act cav

105,0

91,0

15,0

84,0

10,0

77,0

5,0

70,0

02:00

04:00

06:00

08:00

10:00

12:00

no vibration,
no cavitation

vibration,
active cavitation

98,0

20,0

0,0
00:00

no vibration,
passive
cavitation

vibration,
no cavitation

63,0
14:00

Flow (m³/hr)

Ppump (barg)

Backpressure (barg)

ΔPtool (bar)

Energy (kW)

Sound level (dB(c))

a

0
bara

no vibration, no cavitation
Backpressure

0
barg

b

Figure 4.15: a) Flow, pressure and sound data versus time for a Nylon ball of 44.45 mm in a
46.00 mm pipe, b) Process steps through the regimes.
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Figure 4.16: Damaged Nylon ball of 44.45 mm.

A series 2 experiment with a 44.45 mm Delrin ball shows similar results although the passive
cavitation regime observable around 13 min where the sound level suddenly drops, is much
less pronounced than with the Nylon ball and is already finished before the backpressure is
increased (see figure 4.17). In picture 4.18.a a large cavitation cloud is visible at the left hand
side underneath the pipe after 13.19 min, and in picture 4.18.b a smaller cloud at the right
hand side with a less dense cloud as a re‐bounce at the left hand side. In picture 4.18.c six
seconds later at 13:31 min the re‐bounces are even better visible. This experiment was also
stopped at 5 barg backpressure because of damage of the ball. The active cavitation plumes
seen in this experiment were very strong in comparison to those in other experiments in
spite of the fact that the support damaged the Delrin material.
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Figure 4.17: a) Flow, pressure and data versus time for a Delrin ball of 44.45 mm in a 46.00
mm pipe b) Process steps through the regimes.
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Figure 4.18: Active cavitation clouds below the Delrin ball at a flow rate of 15.8m3/hr after
13:19, 13:25 and 13:31min showing re‐bounce features.

4.5. Tool wear
The experiments with Nylon and Delrin balls exemplify that the forces on the ball and
support are very high and for weaker materials destructive. The contact of a ball with a flat
surface quickly leads to stresses beyond elastic limits. In general it was found that if the
support was made of softer material than the ball, the support would plastically deform and
form a seat by bedding in of the ball. If the ball was softer than the support the ball would
flatten. Although a support below the ball is a very simple construction, care must be taken
in the design of the ball and support that no stresses occur beyond elastic limits, and that
preferably wear resistant materials should be selected.
For steel balls an eroded ring around the ball and a ring abraded in the inside pipe wall can
be noticed after a while. The ball rotates axially in the pipe and reflects against the wall at
every bounce, resulting in significant friction between the ball and the pipe wall. Again if the
material of the wall is softer than the ball a ring of wear develops in the wall and in the
reverse case the ball mostly shows wear as in the case of the Nylon ball (see figure 4.16).
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It is striking that the ball, apart from significant rotation around a more or less vertical axis,
does not rotate around any other direction. In a vertical position of the tool apparently no
forces develop for ‘non axial’ rotation; other attitudes of the tool have not been
investigated.
4.6. Flip‐flop
The cylindrical body (see figure 4.2), rounded at the top and with a reversed V‐shaped indent
at the bottom that could tumble over an angle of a few degrees across the support, had the
tendency to remain static in the flow. In rare cases when it started to oscillate active
cavitation was seen and alternately a vertical row of cavitation clouds were formed on either
side. This is shown in figure 4.19. for atmospheric backpressure and a maximal flow of
11.2m3/hr.

10 mm

Figure 4.19: Active cavitation for the flip‐flop of 45.00mm diameter at 0 barg and a flow of
11.2m3/hr.
As the flip‐flop was less successful in generating active cavitation than expected,
experiments were stopped after a few initial trials.
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4.7. Conclusions



In this study the vibration and cavitation behaviour of a supported body freely
moving in lateral directions by the flow in a pipe was studied as a function of the flow
rate and the ambient or backpressure at various narrow gap sizes. The bouncing of
the body, mostly a ball made of steel, Nylon or Delrin, against the internal wall of the
steel pipe induced vibration of the pipe wall. For a given ball size, ball material and
gap ratio the occurrence of vibration with or without cavitation or merely of
cavitation depended on the flow rate and the backpressure.



Cavitation caused clouds of imploding bubbles downstream of the ball. Cavitation
could be either active cavitation if the vibration of the ball contributed through a
water hammer effect to the static pressure drop in the gap, or passive cavitation if
the flow rate in the gap sufficed to lower the static pressure below the vapour
pressure of the liquid. In case of passive cavitation the ball stood still. For active
cavitation clouds of bubbles were formed at either side of the ball, while for passive
cavitation the bubbles developed symmetrically around the ball. Because the ball was
totally accommodated inside the pipe, cavitation could only be observed if the
passing flow transported the bubbles out of the pipe.



At a given backpressure active cavitation could be induced at lower flow rates than
passive cavitation. Both active cavitation and passive cavitation were suppressed at
higher backpressures. Cavitation could however be achieved within the limits of this
50 bar test circuit up to about 10 bar. Vibration of the ball could be achieved up to
the maximal reachable backpressures of 10 bar at relatively low flow rates.



At a given gap size and backpressure various regimes were observed at increasing
flow rates: (i) no vibration and no cavitation at very low flow rates, (ii) vibration with
bouncing but without cavitation at higher flow rates, (iii) vibration with bouncing and
active cavitation and (iv) at still higher flow rates passive cavitation without vibration.
The flow rates needed to achieve active and passive cavitation increase substantially
at higher backpressures. Significant hysteresis is seen at all transitions between
regimes where the ball behaviour changes from no vibration into vibration or visa
versa.



The vibration energy increases with the ball size for balls with the same specific
gravity and comparable gap size. The energy is also larger for heavier balls of the
same size.



Because of the strong force exerted by the flow, the water hammer effect on the ball
and the rotation of the ball around its vertical axis, either the bottom area of the ball
is flattened or the support bar is deformed by stresses beyond the elastic limits of the
material and by wear. Flattening of the ball and/or deformation of the support
hamper free movement of the ball in the flow. For weaker ball materials as Nylon or
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Delrin the bottom of the ball even showed an indent from the support. Bouncing of
the ball against the internal pipe wall during vibration caused a ring of wear either on
the wall or the ball or both.



Supported bodies hamper an early observation of either active or passive cavitation.
A body such as a ball hanging on a filament is therefore better suited, especially
when the bottom end of the ball is hanging just inside or slightly outside of the pipe.
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Chapter 5: Cavitation and vibration by flow along a hanging ball in a conical
housing in a 50 bar test circuit
5.1. Introduction
In Chapter 4 the behaviour of a supported ball that can move laterally by the passing flow in
a straight vertical pipe with a narrow gap between the ball and the pipe wall was studied.
This was done for balls of various sizes and densities at different downstream pressures in
the chamber downstream of the pipe. The study was focused on the identification of
regimes where upon a change in behaviour of the ball different physical phenomena such as
vibration/bouncing of the ball ‐ with or without cavitation ‐ occurred that could support
different applications.
It was observed that a certain minimal flow rate is required to induce vibration of the ball in
conjunction with its bouncing against the pipe wall, the onset of which is signalled by a
strong increase in acoustic sound. The collisions of the ball with the pipe cause vibrations in
the pipe wall. From the tool pressure waves are then emitted into the surrounding liquid.
For condensed fluids cavitation can be observed in regions of higher flow rates due to the
increased pressure drop in the gap next to the ball, and imploding cavitation bubbles are
transported by the flow downstream of the gap. Two types of cavitation can be
distinguished; so‐called active cavitation where the body vibrates in the pipe and so‐called
passive cavitation where the body stands still.
The regimes with active and with passive cavitation are indicated in figure 5.1 that is
composed from observations made in Chapter 4. For passive cavitation the flow rate must
suffice to decrease the static pressure in the gap below the vapour pressure of the liquid.
Cavitation bubbles will then nucleate and grow in the gap during their further transport. For
active cavitation the pressure drop in the gap is partially provided by a water hammer effect
caused by vibration of the body. By bouncing against the wall the body frequently cuts off
part of the flow stream.
From the regime chart in figure 5.1 it can be seen that the transition line for passive
cavitation follows a parabolic relationship as the increase in dynamic pressure required to
lower the static pressure below vapour pressure relates to the square of the fluid velocity,
hence flow rate, as can also be calculated from the pressure coefficient and the cavitation
number. The transition between active cavitation and vibration is expected to be a straight
line because the occurrence of active cavitation is induced by water hammer effects that are
straight proportional to fluid velocity. The vibration regime thus widens up at higher
backpressures.
At high flow rates and backpressures a regime exists without vibration of the ball and
without any cavitation. This probably happens when the turbulence in the wake of the ball
becomes too high (above the critical Re number) to sustain the lift forces needed for
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oscillating the ball. This transition line between a vibrating and a non‐vibrating ball is
approximately horizontal because the critical Re number corresponds with one flow rate.

Flow rate

The regime chart clearly demonstrates that a vibrating ball makes it possible to still have
cavitation at higher backpressures ‐ as needed for a number of applications ‐ than can be
achieved without vibration at the same flow rate.
no vibration,
passive
cavitation

no vibration,
no cavitation

vibration,
active cavitation
vibration,
no cavitation

no vibration, no cavitation
0
bara

0
barg

Backpressure

Figure 5.1: Generic behaviour of the ball at different flow rates and backpressures as
recorded in Chapter 4.
The larger sized high density balls produced higher vibration energies than the smaller high
density balls, while the low density large balls gave more active cavitation under further
similar conditions. However, bottom supported low density balls of polymer materials were
more prone to damage caused by stress levels beyond their elastic stress limits as induced
by the fluid flow. Active cavitation and the occurrence of various flow regimes could also less
easily be recognized for smaller balls than for larger.
The pipe only had one length from where it was enclosed by the lid of the chamber till the
end of the pipe, and was made from steel. Both length and type of material have an effect
on the flexibility of the pipe and thus on the waves emitted by the pipe. This effect was not
studied. Bottom supported balls were as mentioned in Chapter 4 positioned totally inside
the vertical pipe which hampered early observation of cavitation. Bottom supported balls
also do not allow the gap between the ball and the inner pipe wall to be changed easily and
continuously.
In this chapter large size hanging balls that can move freely in passing flow with various gap
ratios are tested. A hanging ball can be positioned partly outside the pipe, and does not
suffer from wear at its contact area with the support. In addition by choosing a pipe
consisting of a straight part at the top and a slightly conical part at the bottom, the gap
between the ball and the inner pipe wall can be adjusted by changing the height of the ball
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in the conical pipe. This enables efficient study of the effect of the gap ratio on the flow
regimes for the same ball size. 1

5.2. Tools with a hanging ball in a conical housing
Preliminary experiments with hanging balls were performed with a 44.45 mm diameter
Nylon ball hanging on a Dyneema string in a straight vertical steel pipe with an inner
diameter of 46.00 mm, see figure 5.2.
In subsequent series of experiments the string was replaced by a long steel rod that
connected the vertically adjustable plunger of a hydraulic cylinder at the top with the 44.45
mm diameter steel ball at the bottom. The housing of the ball at the end of the pipe was a
20 mm long conically shaped tube with a diameter of 44.50 mm at the top and a diameter of
46.00 mm at the bottom, see figure 5.3. Several types of steel were used for the pipe with
the housing. By changing the volume in the hydraulic cylinder the height of the plunger and
thus the height of the ball, and therefore the gap, could be adjusted, see table 5.1.

FLOW

Ball

Figure 5.2: Hanging ball on a string in a straight housing used for exploratory experiments.
Hydraulic

Hydraulic

Hydraulic

Cylinder

Cylinder

Cylinder

FLOW

FLOW

Ball

a

FLOW

Ball

Ball

b

c

Figures 5.3.a, b, c: Hanging ball on a rod with either a ball‐joint or a long tool A or compact
tool B in a conical housing.

1

The results of this chapter have been the subject of a paper called ‘Hydrodynamic cavitation at elevated
backpressure’ for the 8th International Symposium on Cavitation CAV 2012
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The heights of the balls in the conical tool are given in table 5.1 together with the nominal
gap ratio S = δ/Dball, where δ (the gap size) is defined here as the internal diameter dpipe of
the conical housing at the height of the centre of the ball minus the ball diameter Dball, and
the nominal blockage ratio B = Dball2/ dpipe2.

Height of the ball Diameter conical housing
at given ball height
(mm)
0
10
12
14
16
18
20

(mm)
46.00
45.25
45.10
44.95
44.80
44.65
44.50

Nominal gap
ratio S

Nominal blockage
ratio B

(m/m)
0.035
0.018
0.015
0.011
0.008
0.004
0.001

(m2/m2)
0.934
0.965
0.971
0.978
0.984
0.991
0.998

Table 5.1: Relationship between ball height gap and blockage ratio.
The 44.45 mm ball and the lower end of the rod were connected with either a ball joint or
with bearings. The ball in the joint, being a small ball screwed to the rod, was located inside
a small bell housing that was connected to the large steel ball of the tool (see figure 5.3a).
The curvatures of the ball joint and the bell were fitted by polishing and grease facilitated
rotation of the ball and its lateral vibration as a pendulum (see figure 5.4).

10 mm

Figure 5.4: Joint between bar and ball and dismantled conical hanging tool with ball joint laid
down in horizontal position.
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In a later version of the tool the ball joint was replaced by bearings and the diameter of the
rod was substantially increased to avoid its rupture, see figures 5.3.b and 5.5. In the final
version the tool was also made smaller by shortening of the bearing housing, see figures
5.3.c and 5.6.

10 mm

Figure 5.5: Long sized tool A of 145 mm length with bearings.

10 mm

Figure 5.6: Compact tool B of 95 mm length with bearings

Types of experiments
The tools were positioned in the 50 bar test circuit described in Chapter 3, where the fluid
flow was generated by two centrifugal pumps in series. The total flow always corresponded
with the maximal output of the pumps. The flow through the tool was regulated by adjusting
the flow through the bypass. The pressure in the chamber downstream of the tool, called
the backpressure, could be varied by changing the pressure in an accumulator. The tool inlet
pressure thus equalled the pump pressure minus the dynamic pressure loss between the
pump and the tool, which was very low due to the large diameter of the interconnecting
pipe work. The pressure drop over the tool equalled the tool inlet pressure minus the
backpressure.
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In a number of experiments the acoustic frequency, and in all cases the total sound level was
recorded by two sensors in the fluid. The following series of experiments were performed:



The first series of experiments was done with a large Nylon ball hanging on a
Dyneema string in a straight vertical pipe. The flow rate was stepwise increased and
at maximal flow rate the backpressure was increased, and subsequently decreased
until at 0 barg backpressure the flow rate was again lowered in steps.



The second series of experiments was performed with a ball connected with a ball
joint to a rod that was attached to a plunger in a hydraulic cylinder. With the plunger
the height of the ball could be changed in its conical housing. With the ball height
also the gap between the ball and the housing was changed. At a backpressure of 9
barg the flow rate was gradually increased until the ball reached a subsequent
regime or until the maximal flow was reached. Then the reverse procedure was
followed where the flow rate was decreased at 9 barg backpressure until the next
regime was entered or till the minimal flow was reached. After that the ball was
raised by 1 mm and the procedure was repeated. This happened until the maximal
height of the ball or the minimal gap was reached.



Subsequently nine series of experiments each at a constant backpressure between
0.5 and 8.5 barg were done with a steel ball attached to a rod with bearings in a long
sized tool A. The backpressure was lowered in steps of 1 barg between the series of
experiments.



The long sized tool was then redesigned to a shorter length to fit potentially in a
smaller space (compact tool B). In the next six series of experiments the shorter tool
was used for similar experiments as for the medium sized tool with bearings.



An additional series of experiments was performed with a ball hanging on a rod in
compact tool B, where at a more or less constant flow rate and a given ball height the
backpressure was first increased in small steps till maximal backpressure, and then
decreased in small steps. In another series the backpressure and ball height were
kept constant and the flow rate was changed in steps.

For the last series of experiments also the frequencies and pressure amplitudes emitted by
the tool were measured at two distances from the pipe wall by means of piezo‐electrical
sensors. These signals were by Fourier transformation converted into frequency spectra and
the pressure amplitudes were calculated.
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5.3. Results and discussion
Results for a Nylon ball hanging on a Dyneema string
A nylon ball with a diameter of 44.45 mm was mounted in a vertical straight steel pipe with a
46.00 mm inner diameter. The Nylon ball was flattened at the bottom and rested on a steel
support that matched the shape of the missing ball segment (see figure 5.7). A 4mm
diameter Dyneema string with a tensile strength of 7500 N went through the centre of the
ball and was fastened with a knot underneath the support. The string was enclosed by a
braided sleeve of poly‐ethylene fibre and knotted around a horizontal bar at the top. When
the string no longer gained length by stretching due to forces exerted by the flow on the
ball, an experiment was started. The ball was initially positioned inside the housing with its
lowest point 2 cm above the end of the pipe.

10 mm

Nylon ball hanging on a Dyneema string
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98,0
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84,0
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00:00

Flow (m³/hr)
ΔPtool (bar)
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Figure 5.7: Nylon ball on Dyneema string
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Figure 5.8: a) Flow and pressure data versus time for a 44.45mm Nylon ball in a 46.00 mm
pipe till overstretching of the Dyneema string. b) Process steps through the regimes.

The flow rate through the tool was increased stepwise till maximal value by closing the
bypass valve at a backpressure of 0 barg, see figure 5.8. Apart from a few anomalies in the
flow rates, the sound level in figure 5.8 shows that vibration of the ball occurs till a flow rate
of about 12 m3/hr was reached. At all flow rates beyond 6.7 m3/hr active cavitation clouds
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left the pipe as shown in figure 5.9. This figure however, only shows the most dense
cavitation clouds with a length of about 10 mm. The plume of cavitation bubbles underneath
the pipe that could be seen by the naked eye had a length of at least 0.2 m. The dense
clouds of cavitation bubbles were generated at spots close to where the ball bounced
against the pipe wall, and left the pipe as separate clouds. At about 12 m3/hr the ball
stopped vibrating and no longer cavitation bubbles as clouds were observed underneath the
pipe (see figures 5.8 for the flow and sound levels and figure 5.10, left hand side).

10 mm

Figure 5.9: Cloud of active cavitation bubbles at flow rates of 6.7 m3/hr, 7.8 m3/hr and 9.8
m3/hr for a 44.45mm Nylon ball in a 46.00 mm pipe.

10 mm

a
b
3
Figure 5.10: a) No cavitation bubbles at a flow rate of about 12 m /hr and b) a ring of
passive cavitation bubbles at a flow rate of about 15 m3/hr.

At higher flow rates passive cavitation was seen as a ring or shower of bubbles leaving the
pipe as in figure 5.10 (right hand). Here again the length of dense bubbles was about 15 mm
and the shower of less dense bubbles was at least 0.2 m. The large gas bubbles floating
around in the chamber demonstrate that cavitation serves as a means for degassing.
Comparison of the photos in figure 5.9 and 5.10 shows that apparently a regime exists
between active and passive cavitation where the ball stops vibrating, and where no
cavitation bubbles are observed
At total closure of the bypass, thus at maximal flow through the tool the backpressure was
raised, and the flow rate increased possibly due to suppression of the passive cavitation. At
even higher backpressure the ball resumed its vibration, which caused the flow rate to drop
and the pump pressure to increase to deliver the energy for vibration. The increased
pressure drop over the ball combined with strong vibration resulted in overstretching of the
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Dyneema string to the point that the ball protruded out of the pipe and the measurement
became unreliable (figure 5.11).

10 mm

Figure 5.11: Ball protruding out of the pipe after a flow rate of about 17 m3/hr.
In the next experiment the string broke at a pressure drop of 7 barg over the ball, which
equals a force of about 1100 N, while the tensile strength of the Dyneema string was 7500 N.
The failure of the string may be caused by dynamic stresses, however, the ball was also
observed to be continuously rotating, causing wear to the fixed Dyneema string. It was
concluded that the ball should be free to rotate.

Results for a steel ball hanging with a ball‐joint on a rod
To facilitate rotation and lateral movement of the ball with minimal friction a ball joint was
selected to connect the ball with the rod. A conical tool was used to adjust the gap size by
changing the height of the ball.
Conical tool with ball-joint
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Vibration
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Rod broken
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Figure 5.12: Flow and pressure data versus time at about 9 bar backpressure for a ball
hanging on a ball joint in a conical chamber.
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In this experiment the flow rate through the tool was directly increased till its maximal value,
and then the backpressure was raised. At about 8 barg the ball started to vibrate (at about 5
min), which temporarily unsettled the flow meter during one minute. In two steps the ball
height was increased, and therefore the gap was decreased. As a result the pump pressure
increased and the flow rate decreased. At this position of the ball active cavitation occurred
as is shown in figure 5.13 by two subsequent snapshots. The length of the shower
underneath the pipe as seen by the naked eye but not on the photo was again about 0.2 m
long. The shape of the cloud in the left hand picture also illustrates that the ball is rotating.
At this gap the pressure drop over the ball and the dynamic loading due to the strong
vibrations caused rupturing of the rod. Therefore a thicker and thus stronger rod was chosen
for the next series of experiments. Instead of a ball joint bearings were used to allow low
friction rotation and lateral movement of the ball at higher loading conditions.

10
mm

Figure 5.13: Active cavitation was noticed at a maximal flow rate of 13.9 m3/hr and a
backpressure of 9 barg in a medium sized tool with a ball joint.

Results for a steel ball hanging with bearings on a rod in tool A
Nine series of experiments were done with a steel ball in a conical housing and with a rod
connected at the top to the hydraulically adjustable plunger. Each series was performed
after a stepwise decrease in backpressure with intervals of 1 barg from 8.5 till 0.5 barg.
At a given backpressure a number of experiments were performed where the initial gap was
varied by changing the height of the ball in the conical housing. The height was chosen to be
zero when the centre of the ball was at the bottom of the housing. The ball was moved
upward with a hydraulic system and the higher the ball was raised the smaller the gap
became. At a selected initial height of the ball, i.e. at a given initial gap, the flow rate was
increased until a change in behaviour was observed of the ball or the fluid, such as vibration
of the ball or the occurrence of either active or passive cavitation.
At a change all flow and pressure data were registered before the next step was made until
the maximal flow rate was reached. Then the flow rate was lowered in one step till minimal
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flow rate. Thereafter the ball was pulled up for another 1 to 2 mm until the next initial
height of the ball was reached, and the procedure was repeated (see figure 5.14a as an
example for the series experiments at a backpressure of 4.5 barg).
When in the course of a single experiment the flow rate was increased, the pressure drop
over the ball also increased causing compression in the hydraulic system for the plunger and
some sagging of the ball. The resulting change in height was always registered and
accounted for in the results.
These nine series of experiments thus provided information at increasing flow rates about
the regimes of no vibration, vibration with bouncing of the ball, active and passive cavitation
in the 3‐dimensional space, defined by the flow rate through the tool, the backpressure and
the height of the ball or the gap. In a number of cases a regime of no vibration of the ball
was identified between the regimes of active and passive cavitation, where no cavitation
was visible underneath the pipe.
How the regimes were deduced from a series of experiments at one backpressure of for
example 4.5 barg in figure 5.14a will be discussed in detail. A single experiment at 4.5 barg
backpressure and an initial ball height of 14.7 mm is given in figure 5.14b. At the lowest flow
rates with an opened bypass valve the flow meter mostly does not function properly when
the ball vibrates at a low frequency as can be seen in figure 5.14b between 24 and 25.5 min.
Upon slightly closing of the bypass valve the ball started vibrating and bouncing at a higher
frequency and active cavitation started at a flow rate of 7.4 m3/hr, while the sound reached
a level of 101 dB(C). The active cavitation observed at that moment is shown in figure 5.15.
At a flow rate of about 13 m3/hr active cavitation could more clearly be seen. At a maximal
flow rate of 14.5 m3/hr vibration of the ball stopped. The sound level decreased till about 84
dB(C) and passive cavitation started at a flow rate of 14.7 m3/hr. Passive cavitation stabilizes
the ball by developing symmetrically around the rotating ball in the gap and stops rotation of
the ball. Unfortunately no picture was taken from this specific passive cavitation event, but
from figure 5.16 where passive cavitation is shown at different conditions in particular at a
lower backpressure, the symmetrical behaviour of passive cavitation can be clearly seen.
Because of the higher pressure differential over the ball at the higher flow rates, air
entrapped in the plunger was compressed resulting in some sagging of the ball. When the
flow rate was lowered till about 6 m3/hr vibration of the ball resumed. This flow rate of 6
m3/hr is much lower than the flow rate of 14.5 m3/hr where the ball stopped vibrating in an
increasing flow. This demonstrates the occurrence of hysteresis between a vibrating and
non‐vibrating regime. The process steps through the regimes at a backpressure of 4.5 barg
and a height of about 14.5 mm are given in figure 5.14c. Thereafter the flow rate was
decreased to its minimal value and the next experiment at another initial ball height was
started.
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Figure 5.14: Flow and pressure data versus time for a steel ball in a medium sized tool with
conical housing at 4.5 barg backpressure. a) Seven experiments are presented at about 4.5
barg backpressure and at increasing initial ball heights. b) Time stretched view of the
experiment at an initial ball height of 14.7 mm. c) Process steps through the regimes.
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10 mm

Figure 5.15: Subsequent bursts of active cavitation at a flow rate of 7.4 m3/hr and a
backpressure of 4.5 barg.

10 mm

Figure 5.16 Passive cavitation at a flow rate of 15.2 m3/hr and a backpressure of 0.0 barg.
By evaluating the nine series of experiments the various regimes could be delineated in flow
rate versus ball height plots, each for one particular value of the backpressure (figure 5.17
for a backpressure of 4.5 barg).
Flow rate versus ball height
at a backpressure of 4.5 barg
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Figure 5.17: Regimes in a flow rate versus ball height plot at a backpressure of 4.5 barg.
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The data from the nine series of experiments (each series at a given backpressure) can also
be assembled in plots where for a selected narrow range of ball heights the flow rates are
plotted against the backpressures, and where the different regimes are marked with striped
grey lines. This has been done for three ball heights of 14‐15 mm, 15‐16 mm and 16‐17 mm
in figure 5.18a, b, c. How the regimes were determined, is schematically indicated in figure
5.18d.
In all three cases passive cavitation is seen to be promoted by low backpressures and high
flow rates as can be expected. The maximal flow rate depends on the ball height. Active
cavitation already happens at lower flow rates than passive cavitation, but dies out at higher
backpressures. At backpressures beyond 10 barg only vibration of the ball remains in a large
flow domain. The effect of the ball height on the positioning of the regimes is observable.
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Figure 5.18: Regimes in flow rate versus backpressure plots for ball heights of 14‐15 mm, 15‐
16 mm and 16‐17 mm. d) Overview of the regimes.

Results for a steel ball hanging with bearings on a rod in compact tool B
A compact tool was designed to fit into a smaller space for example if the tool needs to be
positioned perpendicular to the well‐bore axis to project the outflow to the well‐bore wall.
This tool also appeared to have the advantage that the counter balance of the ball is larger,
which allows the ball to vibrate at a lower lift force. The 44.45 mm ball and its conical
housing were made from stainless steel. The height of the ball could be measured digitally.
Similar series of experiments were carried out as for tool A where for increasing flow rates
the regimes were marked at a constant backpressure and increasing ball heights. Only here
121

VibroCav

Hydrodynamic Vibration and Cavitation technology

the height of the ball was changed in steps of 2‐3 mm instead of 1‐2 mm. The flow rate was
increased per ball height until the next regime was reached.
The data from the nine series of experiments were rearranged in figure 5.19, where for
selected narrow ranges of ball heights the flow rates were plotted against the
backpressures. In these plots the different regimes are clearly visible.
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Figure 5.19: Plots of flow rate versus backpressure for ball heights of 9‐11 mm, 11‐13 mm,
13‐15 mm and 15‐17 mm.
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For ball heights up to 5 mm no vibration of the ball was induced by de flow. Probably the ball
was hanging too much out of the housing and the surface area of the pipe wall downstream
of the ball did not suffice to induce enough lift force by the flow for vibration. Till 9 mm ball
height vibration but no active cavitation was seen (figure 5.19a). At all ball heights the ball
stopped vibrating at increasing flow rate beyond the regime of active cavitation before
passive cavitation was observed. At ball heights of 17‐19 mm no active cavitation was
observed. With a very narrow gap and fast vibration a water hammer effect by cutting off
the flow could probably not develop sufficiently to contribute to the pressure drop in the
gap to get active cavitation. Figure 5.19 demonstrates that passive cavitation was generated
at high to maximal flow rates up to a backpressure of 7 barg. Surprisingly the regimes for
tool A and the compact tool B were not identical. For tool A passive cavitation for example
starts at a slightly higher flow rate. This could be caused by a difference in flow rate
upstream of the ball due to a difference in lengths of the tools as well as by a difference in
material of the housing of the ball. The higher flow rate in tool A needed for active cavitation
could be related to the higher lift force needed to swing the ball.
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In figure 5.20a the flow rates in the compact tool B in case of active cavitation were plotted
for all ball heights versus the backpressure at an increasing flow rate. This gives quite a
spread in the volumetric flow data because of the various ball heights. However, if the flow
velocities in the gap were plotted against the backpressure as in figure 5.20b the data points
for the minimal flow velocities where the onset of active cavitation was observed more or
less form a straight line (see solid line). This confirms that the relationship between the
onset of active cavitation and backpressure is approximately linearly related to the fluid
velocity and physically related to water hammer effects. Extrapolation of this straight line
suggests an end point at minus 1 barg (vacuum), see dotted line in figure 5.20b.

Active cavitation regimes in flow velocity in the
ball gap versus backpressure plots for 7-21 mm
ball height

Active cavitation regime in flow rate versus
backpressure plots for 7-21 mm ball height
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Figure 5.20: a) Plot of flow rate (m /hr) and active cavitation an b) flow velocity in the ball
gap (m/s) versus the backpressure at increasing flow rate for all tested ball heights.
Active cavitation

Hysteresis during change in backpressure at a given flow rate and ball height
In earlier experiments (Chapter 4 and in section 5.4.3.) where the backpressure was first
increased and subsequently decreased at constant flow rate it was observed that different
border lines were obtained between the various regimes if a transition was made from a
regime with a vibrating ball to a regime with a stationary ball and in the opposite direction.
This phenomenon of hysteresis is further explored here in experiments with a 44.45 mm ball
hanging with bearings on a rod in the compact tool B.
At five different initial flow rates and a constant ball height the backpressure was first
stepwise increased till its maximal value was reached, and thereafter stepwise decreased.
Initial flow rates were selected between about 5.5 and 13.0 m3/hr by regulating the bypass
flow. For the lowest initial flow rate of 5.5 m3/hr, the progress of the experiment is
presented in figure 5.21a. Upon the increase in backpressure from 0 till 4.5 barg an increase
followed by a decrease in sound level during passive cavitation was observed coinciding with
an increase and decrease of the ΔP over the tool.
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Figure 5.21: a) Flow rate, pressure and sound level versus time for a height of 15 mm, b)
Process steps through the regimes.
At 4.5 barg the ball started to vibrate, while the sound level and the ΔP over the tool
increased, and consequently the flow rate decreased. When the maximal backpressure was
reached, the backpressure was subsequently stepwise lowered and active cavitation was
observed between 4 and 3 barg. The ball stopped vibrating at a backpressure of 3 barg, with
consequent dropping of the ΔP over the tool, an increase of the flow rate and a decrease in
sound level. The hysteresis effect is better shown in a plot of the flow versus the
backpressure as given in figure 5.21b where the various regimes are presented.
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Figure 5.22: a) Flow rate versus backpressure (going up and down) for 5 different initial flow
rates and a ball height of 15 mm for conical tool B, b) Sketch of the procedure of the five
experiments at various initial flow rates against a regime chart.
The five experiments at various initial flow rates are presented together in figures 5.22a and
b. At backpressures below 1 barg the onset of passive cavitation happens at lower flow rates
than with higher backpressures for unknown reasons most likely related to the experimental
set‐up. A clearly defined line can be drawn in figure 5.22a that marks the boundary between
the regime of passive cavitation at high flow rates and low backpressures, and the regime at
higher backpressures where neither cavitation nor vibration can be seen. Figures 5.22a and b
also indicate that no hysteresis happens upon crossing of the boundary between the ’no
vibration, passive cavitation’ and the ‘no vibration, no cavitation’ regimes, because the ball
stands still in both regimes. There is a slight discrepancy between this boundary where
passive cavitation starts at increasing flow rate and that in figure 5.19c for further identical
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operating conditions. This is most likely caused by the fact that for the last series of
experiments a new tool was used that had not yet suffered from wear. The gap was thus less
at the same ball height. The regime chart also indicates that cavitation can be suppressed by
an increase in surrounding pressure, but that vibration can be provoked up to high
backpressures.

Hysteresis during change in flow rate at a given backpressure and ball height and
frequency of vibration of the tool
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Additional experiments were performed with conical tool B at various backpressures (3.5
and 7.5 barg) and ball heights (12, 15 and 18 mm) where the flow rate was stepwise
increased and subsequently decreased. This is illustrated for an experiment at a constant
backpressure of 3.5 barg and a ball height of 15 mm in figure 5.23 a and b. Till 8 minutes the
flow rate was too low (<1.5 m3/hr) to be reliably measured and till 16 minutes the low
frequency of about 150 Hz, as registered by the sensors disturbed the flow meter. At about
17 minutes at point 1 in figure 5.23 the sound level caused by vibration and bouncing of the
ball against the pipe increased and the frequency emitted by the tool was about 410 Hz. At
this point a flow rate of 3.0 m3/hr could be reliably measured. At point 2 at a flow rate of 6.0
m3/hr the ball was still vibrating and active cavitation clouds left the pipe. At point 3 the
vibration of the ball stopped causing the pressure drop over the ball to decrease, and the
flow rate to jump to 7.8 m3/hr. At this flow rate passive cavitation appeared. At a further
rise in flow rate till its maximal value was reached at point 4 more passive cavitation was
seen. After 37 minutes the flow rate was lowered stepwise and passive cavitation slowly
disappeared. At a flow rate of 6.0 m3/hr at point 5 cavitation was no longer seen underneath
the ball that was standing still. At point 6 the ball resumed its vibration.
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Figure 5.23: a) Flow rate, pressure and sound level versus time for a backpressure of 3.5 barg
and a ball height of 15 mm, b) Process steps through the regimes.

The hysteresis between the upward and downward flow can be more clearly seen if the
pressure drop over the ball is plotted against the flow rate as demonstrated by the points 1
to 6 in figure 5.24a (pink line). In both point 2 and point 5 the flow rate equals 6.0 m3/hr
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while at the first point the ball continued to vibrate while at point 5 the ball was standing
still.
In figure 5.24a also another illustrative experiment with hysteresis is shown. The experiment
at 7.5 barg backpressure with the same ball height (purple line), showed identical results till
a flow rate of 5.0 m3/hr. In both cases the ball vibrated with active cavitation. At higher flow
rates however, the ball kept vibrating with active cavitation in case of the higher
backpressure (purple line), while at the lower backpressure (pink line) the ball stopped
vibrating and passive cavitation developed.
All numbered points in figure 5.24a are located on the pink line of the experiment at 3.5
barg. When point 2 for a vibrating ball and active cavitation is compared with point 5 for a
stationary ball without passive cavitation, both at the same flow rate, a difference in
pressure drop over the ball is noticed. This energy difference that equals the flow rate times
the pressure drop is about 1200 W. Comparison of point 7 on the purple and point 3 on the
pink line, both at the same ball height but at a different backpressure, at a flow rate of 7.8
m3/hr shows a difference in energy of around 1800 W for a vibrating ball with active
cavitation and a stationary ball with passive cavitation. For flow rates higher than 7.8 m3/hr
the difference in pressure drop decreases, but the vibration energy remains about the same
because the flow rate increases.
For the experiments in figure 5.24b a similar regime pattern is observed for the two
experiments with different ball heights but for the lower hanging ball (blue line) higher flow
rates are required for active cavitation owing to the larger gap. A hysteresis effect is also
here clearly visible.

Pressure drop over the ball versus the flow rate at
two backpressures for a ball height of 15 mm
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Figure 5.24: Pressure drop over the ball versus the flow rate for 3 experiments with conical
compact tool B. In a) the results are compared for two backpressures and a ball height of 15
mm (7.5 barg for the purple line and 3.5 barg for the pink line), while in b) the results are
compared for two ball heights with a backpressure of 7.5 barg (15 mm for the purple line, i.e.
the same line as in figure 5.24a, and 12 mm for the blue line).
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For the flow rates indicated in figure 5.23a by the points 1 to 6, which are the same points 1
to 6 shown in figure 5.24a, the frequency (f) and the relative power (P) of the waves emitted
by the tool and received by the two sensors are given in figure 5.25. The blue signals come
from the close‐by sensor positioned just underneath the edge of the pipe, and the red
signals come from a sensor further away from the tool but at the same height. The power
determines the amplitude of the wave at the prevailing frequency.
When the tool is vibrating as in point 1 the self‐excited vibration frequency of the tool is
about 410 Hz and also the higher harmonics of that frequency are visible. At 410 Hz the
power of the wave as indicated by the close‐by sensor is similar.
For the flow rates where active cavitation occurs as at point 2 the self‐excited frequency is
490 Hz with a high power of 610, while the average power level lies above 10‐2 . The average
power level thus lies higher than without active cavitation.
At point 3 and at maximal flow rate at point 4 there is passive cavitation and no vibration,
and the sound level is also higher than 10‐2. In these last two spectra the frequencies
between 900 and 1000 Hz with a low power of 6 and 3.4 might be caused by unexplained
vibration in the equipment.
At a flow rate decreasing till 6.0 m3/hr as at point 5 the ball remains non‐vibrating with a low
sound level, and with an unexplained very low power frequency peak of 0.8 at about 1500
Hz.
For a flow rate at point 6 of 3.2 m3/hr, the ball resumes its vibration and again a sharp
frequency peak at about 430 Hz with a high power of 115 is visible together with its higher
harmonics.

127

VibroCav

Hydrodynamic Vibration and Cavitation technology

Fourier plot

Fourier plot

2

2

10

10

0

0

10

Power

Power

10

-2

10

-4

-4

10

10

-6

10

-2

10

-6

1

10

2

10

3

10
frequency (Hz)

10

4

10

1

10

2

10

3

10
frequency (Hz)

4

10

point 1) vibration

point 2) active cavitation

flow rate 3.0 m3/hr, f = 410 Hz, Pmax = 130

flow rate 6.0 m3/hr, f = 490 Hz, Pmax = 610

Fourier plot

Fourier plot

2

2

10

10

0

0

10

Power

Power

10

-2

10

-4

-4

10

10

-6

10

-2

10

-6

1

10

2

10

3

10
frequency (Hz)

10

4

10

1

10

2

10

3

10
frequency (Hz)

4

10

point 3) passive cavitation

point 4) passive cavitation at max flow

flow rate = 7.8 m3/hr, f = 960 Hz, Pmax = 6

flow rate = 12.0 m3/hr, f = 980 Hz, Pmax = 3.4

Fourier plot

Fourier plot

2

2

10

10

0

0

10

Power

Power

10

-2

10

-4

-4

10

10

-6

10

-2

10

-6

1

10

2

10

3

10
frequency (Hz)

10

4

10

1

10

2

10

3

10
frequency (Hz)

4

10

point 5) no vibration

point 6) vibration

flow rate = 6m3/hr, f = 1500 Hz, Pmax = 0.8

flow rate = 3.2 m3/hr, f = 430 Hz, Pmax = 115

Figure 5.25: Power (P) and frequencies (f) of the waves emitted by the tool at the flow rates
indicated by the points 1 to 6 in figure 5.23a and 5.24a. Blue signals relate to the close‐by
sensor and red signals to the distant sensor.
128

VibroCav

Hydrodynamic Vibration and Cavitation technology

This sequence of specific frequencies that can be distinguished from the power level during
increasing and decreasing flow rate is better illustrated in figure 5.26.
In the experiment at 7.5 barg backpressure and a ball height of 15 mm (purple line), the
frequency of the vibrating tool lies between 400 and 500 Hz up to 6.0 m3/hr. After a jump
the frequency increases from 600 to 750 Hz with increasing flow rate while the tool keeps
vibrating and active cavitation is produced. A hysteresis effect is noted when decreasing the
flow rate. The jump may be related to a change in vibration mode.
The high frequency at point is 5 relates to a low peak power feature of Pmax = 0.8 in non
vibrating mode and is probably related to a resonance effect in the test equipment.

Frequency versus the flow rate at two
backpressures for a ball height of 15 mm
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Figure 5.26: Frequencies of the maximum power peaks versus the flow rates for the two
experiments with conical tool B with ball height 15 mm presented in figure 5.24.
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5.4. Conclusions
From the results the following conclusions could be drawn:



A hanging ball also offers the opportunity to use a conical housing instead of a
straight one, where the gap can be adjusted by the positioning of the hanging ball in
the housing. Another advantage of a hanging ball is the elimination of wear and
damage caused by the bottom support.



Experiments with a hanging ball have provided a much better insight in the behaviour
of the tools because the occurrence of cavitation and of vibration and rotation of the
ball could be better observed. The use of a conical housing and equipment to
remotely adjust the position of the ball in the conical housing, and thereby the gap,
permits a good analysis of the flow and vibration regimes that are encountered
within the physical limitations of the test circuit.



An experiment with a nylon ball hanging on a Dyneema string experienced
premature failure well within the nominal tensional strength of the string due to
torsional wear and possible dynamic overloading resulting from water hammer
effects. It was concluded that friction free rotation of the ball was important for good
vibration action of the tool. The experiments following the ‘Dyneema’ tests were
carried out with vertical tools and a hanging ball that could rotate and laterally move
with minimal friction.



The vibration regime is bounded by a parabolic line and ‐ at higher backpressure and
flow rate ‐ by an almost horizontal line.



The transition between the vibrating and static condition of the ball is subject to
significant hysteresis.



In the vibration regime there is a linear transition line between active cavitation and
vibration only; the transition itself is practically free of hysteresis.



The regimes most importantly demonstrate that with a vibrating ball cavitation is still
possible at high backpressures and at flow rates lower than needed for passive
cavitation without vibration. The regimes also demonstrate that vibration of the ball
is feasible up to high backpressures at moderate flow rates.
Vibration of conical tool B provides a wave energy spectrum with a maximum power
peak at 400 to 750 Hz depending on the flow rate and a series of up to 10 higher
harmonics. Active cavitation increases the average power level compared to the
vibration only regime.
The onset of active cavitation at increasing backpressure relates more or less linearly
with fluid velocity and is therefore related to impulse dominated effects such as
water hammer.
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Chapter 6: Visualisation and analysis of hydrodynamically induced movement
of a ball hanging in a conical housing
6.1. Introduction
In the former two chapters the vibration and cavitation behaviour of either supported or
hanging balls in a bounded flow through a pipe was reported. The gap ratio S = δ /Dball with δ
= Dpipe ‐ Dball where Dball = ball diameter and Dpipe = internal pipe diameter, was kept at a
small value below about 0.035. The behaviour of the ball was strongly affected by the rate of
the passing flow and by the pressure downstream of the ball, the so‐called backpressure.
Various regimes could be distinguished that were related to the behaviour of the ball. The
transitions between the regimes not only depended on the flow rate and on the
backpressure, but also on ball characteristics such as its size and density, on the gap ratio, as
well as on other tool and fluid parameters.
At higher flow rates self‐excited vibration of the ball is induced by flow instabilities in
conjunction with bouncing of the ball against the internal pipe wall and rotation of the ball
about an axis parallel to the flow direction. The vibration becomes more powerful as the
flow rate increases, and either active cavitation where the ball oscillates, or passive
cavitation where the ball stands still in the centre of the flow may occur. Passive cavitation
starts if the static pressure in the gap decreases below the vapour pressure of the water, and
bubbles are formed. At lower flow rates an additional pressure drop is needed to induce
cavitation which comes from the dynamic pressure drop caused by vibration of the ball in
the fluid. This vibration cuts off the fluid flow and causes the so‐called water hammer effect.
At higher backpressure the flow regimes are shifted in the direction of higher flow rates as
has been illustrated in Chapter 5.
Because in all the experiments the ball was positioned for a major part inside the housing,
being either a straight or conical housing, observations of the behaviour of the ball in
relation to vibration and cavitation events were largely hampered. For this reason the focus
of this study has been the development of techniques to better visualize the movement of
the ball inside its housing, and to relate its oscillating behaviour to the bouncing frequency
against the internal pipe wall as measured acoustically, and when visible with the formation
of clouds of active cavitation bubbles. If feasible also the pattern of the flow that leaves the
pipe would be visualized.
For this purpose the part of the ball protruding from the end of the pipe in the 50 bar test
circuit described in Chapter 3 was illuminated by a sheet of light emitted by a high power
cold light source mounted on an arm just outside a viewing window of the chamber, and
photographic images and films were made with a high speed camera positioned in front of
an opposite viewing window. To follow the rotation of the ball marks were grafted in the
surface of the ball and the ball was illuminated by a diverging cold light beam next to the
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high speed camera while the rotation was recorded. The flow pattern was made visible by
addition of particles that could float in water.
6.2. Equipment
The positioning of the cold light source and the high speed colour digital camera in front of
two opposite viewing windows in the tool chamber of the 50 bar test circuit described in
Chapter 3 is sketched in figure 6.1a.

High speed camera

Light source

Sensor 1

High speed camera

Sensor 1
Sensor 2

Sensor 2

Light source

a

b

Figure 6.1 Cross‐sectional view from the top of the test chamber showing a) Illumination of
the vibrating ball and camera position with a sheet of light, b) Illumination of the vibrating
and rotating ball and camera position with a diverging light beam.

The 1 to 2 mm thick sheet of polarised light parallel to the pipe axis is provided by a LED fibre
optic illuminator (REVOX, SLG‐50s). The photographic images and the films made by the
digital camera (Mikrotron, EoSens, MC3011) come from a straight beam of light reflected by
the illuminated ball underneath the pipe and by the end section of the pipe wall. By taking
pictures with the camera under an angle with the light sheet as shown in Fig 6.1a, the
oscillating movement of the ball with respect to the inner pipe wall could be most clearly
recorded.
Polyamide microcapsules that are more or less spherical with a mean diameter of 50 µm
(Dantac Dynamics PSP‐50) were added to the liquid for flow visualization. These capsules are
small enough to be good flow tracers, and large enough to scatter sufficient light for
detection by the camera.
For visualization of the rotation of the ball a diverging beam from the light source was
directed towards the ball, and the light source was positioned next to the camera as
sketched in figure 6.1b. On the bottom part of the hanging ball 15 evenly spaced indents
were grafted that could be seen underneath the ball.

133

VibroCav

Hydrodynamic Vibration and Cavitation technology

6.3. Results and discussion
In all three experiments a steel ball was used with an initial diameter of 44.45 mm in a
conical housing with an initial diameter of 44.50 mm at the top widening to 46.00 mm at the
bottom of the housing. This housing was connected at the top to a straight pipe, as
described in Chapter 5 for the short tool with bearings.
The operating conditions for the three experiments are given in table 6.1. The pictures from
the camera were used in the first two experiments to analyse the oscillating behaviour of
the ball at different flow rates and backpressures, and to visualize flow phenomena in the
fluid that leaves from the gap.
In experiment 1 the ball was vibrating without active cavitation leaving the pipe at a flow
rate of 3.3 m3/hr and a backpressure of 2.8 barg. The ball was located at a height of 14 mm
in the housing, resulting in a gap of 0.55 mm and a gap ratio of 0.011.
Pictures were made with a speed of 3999 frames per second. The total number of frames in
experiment 1 that were analysed to calculate the frequency of the oscillating behaviour of
the ball was 2270 frames. A single frame consisted of 250 x 250 pixels, and the size of one
pixel was 65 x 65 µm.
Experiment 1

Experiment 2

Regime

Vibration

Active cavitation Vibration/rotation

Camera speed (frames/s)

3999

3999

2000

Total of frames

2270

2270

2270

Ball height (mm)

14

14

14

Flow rate (m3/hr)

3.3

3.7

2.8

Ppump (barg)

6.77

5.01

7.59

Pback (barg)

2.8

1.18

5.37

Vpipe average (m/s)

0.6

0.6

0.5

Average flow movement in
pipe between frames (µm)

145

161

249

Vgap average (m/s)

26.1

29.0

22.4

Average flow movement in
gap between frames (µm)

6519

7246

11190

Size 1 pixel (µm x µm)

65 x 65

47 x 47

88 x 88

Frame size (pixels)

250 x 250

400 x 200

960 x 360

Table 6.1: Operating conditions.
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6.3.1. Experiment 1
Two pictures corresponding with frame 3 and frame 8 are given in figure 6.2. These pictures
represent the contour lines of the ball in the pipe. In the upper picture the ball is maximally
to the left with respect to the inner pipe wall seen at the right hand side of the picture, and
in the lower picture the ball has moved maximally to the right. The distance between the
two positions is marked by the two vertical blue lines. The points where the ball actually
collides with the inner pipe wall are located higher up inside of the pipe and cannot be seen
in the contour pictures.

5 mm
Inner
pipe
wall

Frame 3

Inner
pipe
wall

Frame 8
Figure 6.2: Two frames for experiment 1 with the ball in two extreme positions.
The horizontal positions of the ball during its movement from one side of the pipe to the
other are drawn on the vertical axis in figure 6.3 (expressed in mm or in pixels) as a function
of time for the first 19 frames of experiment 1. The change in position of the ball is deduced
from the average movement of a large number of points lying on the contour line of the ball
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as marked in figure 6.2 by a red line. The bottom and the top of the sinusoidal curve in figure
6.3 correspond with the moments of collision of the ball with the left and the right hand side
of the pipe. The time between two subsequent extremes in position thus represents half of
the amplitude of the oscillation and the time between two maxima allows calculation of the
frequency of the collisions.
position of the ball versus frame number and time
time (ms)
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Figure 6.3: Position of the ball for the first 19 frames as a function of time.
Closer observation of the photographic images of frame 3 and especially of frame 8 reveals
the existence of white clouds of illuminated polyamide particles. These particles that were
added as flow tracers and expected to be evenly dispersed in the fluid, apparently became
clustered due to the formation of vortices below the pipe exit. This clustering of particles
and the high velocity of the fluid coming out of the gap prevents a PIV analysis of the fluid
for velocity calculations.
From a Fast Fourier Transform (FFT) analysis of the total number of 2270 frames taken
during experiment 1, the frequencies corresponding with the maximal amplitude of the ball
movement expressed in pixels could be derived as presented in figure 6.4. The first and
following harmonics are seen in the figure and the frequency of the first harmonic with
amplitude of 3 pixels is 437 Hz. This amplitude differs from the value of 4.5 pixels in figure
6.3 due to the FFT analysis.
The frequency was also calculated from a FFT analysis of the pressure amplitude data
recorded by the pressure sound sensors positioned in the chamber next to and slightly
below the tool. The frequency derived from these measurements is 435 Hz and agrees well
with the frequency from the analysis of the ball movement.
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FFT ball movement data

FFT sound sensor data (Blue = sensor 1, Red
= sensor 2)
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Figure 6.4: FFT analysis of the movement of the ball expressed as pixels A or as pressure
amplitude from the sound sensors.
In figure 6.5 all deviations in position of the ball for each time cycle during the whole
experiment of 2270 frames are plotted on top of each other. The amplitudes remain about
the same during the whole experiment and the maximal movement of the ball from left to
right remains about 0.55 mm and corresponds with the gap size at a ball height of 14 mm.

position of the ball during each subsequent cycle
0,4
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0,2
0,1
0
0

0,5

1

1,5

2

-0,1
-0,2
-0,3
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Figure 6.5: positions of the ball during its movement in 2 subsequent time cycles plotted on
top of each other.
6.3.2. Experiment 2
In experiment 2 the flow rate was increased to 3.7m3/hr and the average velocity in the gap
to 29.0 m/s. Also the frame and pixel sizes were changed. Under these conditions the ball
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was vibrating more vigorously and active cavitation was observed (see figure 6.6). In frame
89 a small cloud of white illuminated particles appears just outside of the pipe. Till frame 93
this cloud becomes larger and flows down. In frame 93 at first active cavitation is spotted
that further develops into a large cloud of cavitation bubbles in frame 94. This cloud
disintegrates in frame 95 in a number of vortices of bubbles. In frame 94 a second cavitation
vortex develops left from the white cavitation cloud as a dark shadow because this vortex
appears in the shadow of the ball. In the next frames 95 and 96 this second cavitation vortex
is even better observable because the first vortex is then disappearing by implosion of the
bubbles. In frame 98, cavitation is no longer observed.

87

93

88

94

89

95

90

96

91

97

92

98

Figure 6.6: Twelve frames for experiment 2 showing active cavitation (3999 fps). The white
arrow shows the movement of the ball.
The horizontal positions of the ball for these particular frames are plotted in figure 6.7 as a
function of time and frames. Also for this cycle a sinusoidal curve is observed, although its
shape is slightly distorted by the cavitation, and probably also to some extent by the less
clear contrast between the contour of the ball and the fluid. From the figure 6.7 the
direction of the ball movement as indicated in figure 6.6 by arrows in the frames were
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deduced. This shows that cavitation is observed underneath the pipe as the ball moves into
the direction of the wall.
position of the ball versus frame number and time
time (ms)
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Figure 6.7: Position of the ball for twelve frames from experiment 2 as a function of time.
From a Fast Fourier Transform (FFT) analysis of the total number of 2270 frames taken
during experiment 2, the frequencies corresponding with the maximal amplitude of the ball
movement expressed in pixels could be derived as presented in figure 6.8. The first and
following harmonics are seen in the figure and the frequency of the first harmonic is 351 Hz.
The frequency was also calculated from a FFT analysis of the pressure amplitude data
recorded by the pressure sound sensors. The highest peak in this frequency spectrum is 700
Hz but this is the second harmonic. The first harmonic is also clearly seen and has a
frequency of 350 Hz that agrees well with that from the movement of the ball.
FFT ball movement data

FFT sound sensor data (Blue = sensor 1,
Red = sensor 2)
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Figure 6.8: FFT analysis of the movement of the ball expressed as pixels A or as pressure
amplitude Pmax from the sound sensors.
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In an experiment under identical operating conditions but with a frame rate of 5600 frames
per second similar results were obtained, but the occurrence of vortices during active
cavitation are more clearly identified as can be seen from the photos in figure 6.9.
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Figure 6.9: Twelve frames for duplicate of experiment 2 showing active cavitation (5600 fps).
The white arrow shows the direction of movement of the ball.
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6.3.3. Experiment 3
In experiment 3 a diverging light beam was used, resulting in a lower light intensity than in
the previous experiments. In order to capture enough light the high speed camera could only
record at 2000 frames/s. The flow was reduced to 2.8 m3/hr and the backpressure increased
to 5.5 barg to avoid active cavitation because a clear image of the indents in the lower part
of the hanging ball was needed. From former observations it was known that the ball always
rotated during vibration, and that only in case of passive cavitation no rotation occurred.
From figure 6.10 it can be seen that the ball rotates to the next of the 15 evenly spaced
grafted indents. The ball rotates with 1.7 revolutions per second. In some cases the ball
rotated under further similar conditions in the opposite direction. Movie recordings
consistently show simultaneous vibration and rotation; this can however not be shown in
this report in still pictures.

10 mm

Frame 1

Frame 78

Figure 6.10: Frame 1 and 78 of experiment 3 showing rotation of the ball.
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6.4. Conclusions



During vibration the ball is always rotating either clockwise or counter clockwise
around an axis parallel with the direction of flow.



The ball vibrates with a constant amplitude and frequency at a given flow rate and
gap size in conditions without observable active cavitation following a sinusoidal
displacement versus time relationship.



In case of active cavitation the frequency also remains constant for a constant flow
rate; however the displacement versus time relationship shows distortion, probably
caused by the cavitation effect.



The frequency of vibration calculated by FFT analysis from the ball movements agrees
with those obtained by FFT analysis from pressure data recorded by sound sensors.



The movement of the ball during vibration is consistent with the gap size.



If active cavitation occurs, it is observed to be leaving the pipe when the ball moves
towards the pipe wall.
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Chapter 7: Cavitation and vibration by flow along a bottom supported ball in
a 350 bar test circuit
7.1. Introduction
An important aim of this study is the design of a tool consisting of a free moving body in a
housing, that operates either by vibration of the body, mostly a ball, or by cavitation or by
both actions together in an environment of atmospheric up to high backpressure. Cleaning
of water or oil wells for example to restore the permeability of the porous rock formation in
the inflow horizon or to clean the wellbore itself should be an important application of a
vibration based cleaning tool.
The waves induced by vibration of the ball with frequencies of 100 to 1000 Hz are able to
disrupt assemblies of tiny particles that cause blockage of the pores. The penetration depth
of waves in this frequency range is several decimetres and the power of these vibrations is
not much affected by the backpressure. Cavitation is much more affected by the
backpressure. To induce cavitation at higher surrounding pressures the flow rate has to be
substantially increased.
Shock waves from imploding cavitation bubbles have a lower penetration depth, and their
cleaning action therefore remains limited to surface cleaning of the well bore from fouling or
mineral scale layers and the cleaning of gravel beds behind filter tubes in the immediate
vicinity of the well bore.
In the 50 bar test circuit tests could only be performed up to a maximal backpressure of 10
barg. Both passive and active cavitation died out at backpressures of 8 to 9 barg at the
maximal flow rates that could be achieved with this test circuit. In order to perform
experiments at sufficiently high flow rates and at backpressures as encountered in deep
wells, a new 350 barg test circuit was assembled in Drachten. These experiments allowed
study of the dependence of the regimes where no vibration, vibration combined with
bouncing, active or passive cavitation or a combination of vibration and active cavitation
occurred, on the flow rate at high backpressures behind the ball for different gaps between
the ball and the housing of the tool.
Because a 350 barg test circuit is much more demanding to operate than the 50 barg test
loop, only a limited number of selected tests were done in the 350 barg circuit. This chapter
discusses these experiments with a flow passing along a bottom supported ball in a straight
horizontal tool at high backpressures. Sufficiently high flow rates were generated by a
‘Garden Denver’ triplex plunger pump. Balls of various diameters and types of material were
used in housings of two diameters.
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Because at high flow rates the force exerted by the ball on the support was very high,
significant wear or even breakage of the support occurred. Therefore the behaviour of the
tool was analysed where the elastic limits and strength of the support were exceeded.

7.2 . Description of the 350 bar test circuit
To build the new test circuit in Drachten the former exploratory test circuit in Assen was
dismantled and modified to meet new specifications. A major modification to obtain a
closed circuit concerned the triplex plunger pump. The original pump was only suitable for
low suction pressures and for 350 barg at the discharge side. So the pump had to be
dismantled and rebuilt to make also the suction manifold suitable for 350 barg pressure.
The tool in the test chamber remained horizontal, and the loop was built from carbon steel
oilfield components, see figure 7.1. All flow‐lines had an internal diameter of 2”. The test
circuit also had cooling facilities and the total volume of the closed circuit was 0.3 m3. For
each run the system was flushed and refilled with tap water. No degasser was installed.
Before the start of an experiment the system was pressurized by use of a small air driven
piston pump until the required pressure was reached. The maximum flow rate that could be
achieved with the pump was 40 m3/hr.
The pulsation caused by the plunger pump was prevented by two pulsation dampeners pre‐
charged with nitrogen. The horizontally positioned tool could be equipped just as in Assen
with a cylindrical pipe of 18.50 mm inner diameter as housing, but also with a housing of
46.00 mm inner diameter. In the smaller housing four steel balls and one Si4N3 ball were
tested, while in the larger housing two steel balls and one Si4N3 ball were tested. A cylindrical
support bar was attached to the end of the pipe to retain the ball inside the pipe, see figure
7.2. The tool was placed inside the test chamber through a stuffing box and spaced out in
front of four viewing windows with a diameter of 40 mm. One of these windows was used
for illumination with a halogen lamp, and another contained a pressure sensor.

Figure 7.1: 350 barg test circuit in Drachten with a closed system, a pump with high pressure
suction, two pulsation dampeners, a test chamber and high pressure pipe work.
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Figure 7.2: horizontal test chamber with viewing windows and with tool inside.

7.3. Results and discussion
Nine series of experiments were performed: five series with 4 small steel balls, one series
with a small Si3N4 ball in an 18.50 mm diameter pipe, two series with 2 large steel balls and
one series with a large Si3N4 ball in a 46.00 mm diameter pipe, see the first 4 columns in
table 7.1. In one experiment with a small steel ball a very small amount of nitrogen gas was
added. For each series with a fixed combination of ball and pipe size a number of
experiments were done starting at various initial backpressures (column 6) and at a number
of higher average pump pressures (see column 7). The pump pressure was kept at a more or
less constant value during each experiment, except for 4 experiments. During an experiment
the flow rate was increased stepwise which caused an increasing pressure drop over the ball
at a decreasing backpressure. The range of minimal and maximal flow rates that were
reached for a series of experiments is also given in table 7.1. (column 5).
Three series of experiments (series 4, 5 and 9) will be discussed in detail. The first series
concerns experiments with a 17.46 mm diameter steel ball in a pipe with an inner diameter
of 18.50 mm at initial backpressures of 48, 100, 150, 210 and 260 barg and at four average
pump pressures of 75, 110, 170 and 220 barg and at one decreasing pump pressure. For an
initial backpressure of 48 barg the stepwise increase in flow rate from 8.5 till 18.3 m3/hr
caused the backpressure to decrease till 16 barg, and the fluid force exerted on the ball and
thus on the contact area between the ball and the support to become as high as 1500 N
excluding water hammer forces, see table 7.2. , resulting in deformation of the contact area
between ball and support.
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Flow rate
range

Initial backpressure

Average pump
pressure

m3/hr

barg

barg

min ‐ max
mm

mm

1

16.67

18.50

steel

8.4 – 26.4

40 – 60 – 130 – 180 –
230

50 – 100 – 150 – 200 –
230 (decreasing)

2

17.00

18.50

steel

7.8 – 30.8

40 – 85 – 140 – 200 –
250

50 – 100 – 150 – 210 –
250

3

17.46

18.50

steel

7.8 – 22.5

48 – 100 – (150)* –
210 – (260)

75 – 110 – (170)* –
220– (280 decreasing)

4

17.46

18.50

steel +
nitrogen

8.1 – 22.2

(60) – 80 – 100

(80) – 100 – 130

5

17.46

18.50

Si3N4

7.8 – 21.0

30 – 70 – 150

80 – 100 – 200

6

18.00

18.50

steel

2.1 – 9.6

50

60 (increasing to 260)

7

42.86

46.00

Si3N4

13.5 – 25.2

50

50

8

44.45

46.00

steel

8.4 – 34.8

8 – 45 – (95) – (150)
–200 – 250

15 – 50 – (100) – (150)
– 200 – 250
(decreasing)

9

45.00

46.00

steel

8.4 – 38.1

10 – 40 – 100 – 150 –
(200) – (250)

15 – 50 – 100 – 150 –
(200) – (250)

Table 7.1: Experimental conditions; * experiments between parenthesis are considered not
reliable because of a too large fluid force was exerted on the ball. The tests between brackets
() yielded doubtful results.
At the four lower flow rates in table 7.2 vibration of the ball occurred. Noticeable vibration is
always accompanied by bouncing of the ball against the inner wall of the pipe. At flow rates
of 16.2 and 17.9 m3/hr vibration increases the pressure drop in the gap due to the water
hammer effect and active cavitation occurred. At the two highest flow rates passive
cavitation was observed for a non‐vibrating ball. This implies that for a ball of 17.46 mm
diameter in a pipe of 18.50 mm inner diameter passive cavitation was obtained at an almost
three times higher backpressure than could be reached for the same ball‐pipe combination
in Chapter 4 because a two times higher flow rate could be imposed.
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Flow rate

Backpressure

Pump‐pressure

Force on ball

m3/hr

barg

barg

N

8.5

48

72

560

vibration

13.5

39

73

795

vibration

16.2

35

73

894

active cavitation

17.9

33

78

1061

active cavitation

18.3

16

80

1502

passive cavitation

Regime

Table7.2: First experiment from series 4 with a 17.46 mm ball in an 18.50 mm pipe at an
initial backpressure of 48 barg and an average pump pressure of 75 barg.
The observed regimes of vibration with bouncing of the ball and of either active or passive
cavitation are also shown figure 7.3.a where the flow rate is plotted versus the backpressure.
17,46 mm steel ball in 18,50 mm pipe

17,46 mm steel ball in 18,50 mm pipe
25

25

20

Still

15

flow (m3/hr)

flow (m3/hr)

20

Vibration
Active cavitation

10

Passive cavitation

5

Still

15

Vibration
Active cavitation

10

Passive cavitation

5

0

0

0

100

200

300

0

backpressure (Bar)

100

200

300

backpressure (Bar)

a

b

Figure 7.3: a) Regimes for three experiments starting at different backpressures from series 4
and b) regimes for all experiments from series 4 and 5.
In spite of the chance that some damage had been inflicted on the support at the highest
flow rate, the next experiment at an initial backpressure of 100 barg was performed with the
same tool. In this experiment the backpressure decreased from about 100 barg to 7.5 barg
as the flow rate was increased stepwise from 8.6 m3/hr to 19.4 m3/hr (see figure 7.4. and
table 7.3.). At a low flow rate of 8.6 m3/hr no vibration of the ball was observed but at a flow
rate of 12.5 m3/hr and 81 barg backpressure vibration was noticed (see also figure 7.5.a, b).
At a flow rate of 15.4m3/hr and a backpressure of 63 barg the ball still vibrated and a
cavitation cloud of 1 cm length was formed (figure 7.5.c).
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28
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24
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140
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12
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20
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0
0
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Back pressure (Bar)
Temp w ater (C)
Flow (m3/hr)

0
250

time (sec)

Figure 7.4: Flow rate and pressures versus time for a 17.46 mm steel ball in an 18.50 mm
pipe.

Flow rate

Backpressure

Pump pressure

Force on ball

m3/hr

barg

barg

N

8.6

100

112

285

no vibration (figure 7.5.a)

12.5

81

105

560

vibration (figure 7.5.b)

15.4

63

110
1110

active cavitation (figure
7.5.c)

1110

passive cavitation (figure
7.5.d)

2789

passive cavitation (figure
7.5.e)

17.1
19.4

64
7.5

111
126

Regime

Table 7.3: Experiment with the 17.46 mm ball in the 18.50 pipe at an initial backpressure of
100 barg and an average pump pressure of 110 barg.
Since at 15.4 m3/hr the ball is vibrating and the cavitation cloud appears at the narrow side
of the gap, we are dealing with active cavitation. By increasing the flow rate to 17.1m3/hr
passive cavitation started to occur at a backpressure of 64 barg all around a non‐vibrating
ball. So these flow rates apparently suffice to invoke either active or passive cavitation at a
backpressure of 63 to 64 barg, see also figure 7.3.a. Passive cavitation was still seen at a flow
rate of 19.4m3/hr at a pressure drop of about 118 bar over the ball. This pressure drop over
the ball induced a fluid force of about 2789 N on the contact area between the ball and the
support.
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10 mm

a

b

c

d

e

Figure 7.5: Pictures through a 40 mm viewing window of the flow downstream of the 18.50
mm pipe outlet showing: a) no vibration, b) vibration without cavitation, c) active cavitation,
d) passive cavitation, e) passive cavitation
After lowering the flow rate till about 8 m3/hr, the next experiment was started at an initial
backpressure of 150 barg and a constant pump pressure of 170 barg (not shown in table 1).
Directly after this measurement the tool was dismantled, because the observations did not
meet the expectations. Indeed a clear indent was observed on the support that was also
broken off at one side, see figure 7.6. After replacing the support, the third experiment of
series 4 at an initial backpressure of 210 barg and a pump pressure of 220 barg was
performed. The observations at four flow rates in this experiment have been added to figure
7.3.a. The fourth point at a flow rate of 17.1 m3/hr showed unexpectedly that the ball did
not vibrate, but no passive cavitation was observed. At a force of 1110 N exerted by the ball
on the support an indent as shown in figure 7.6 could easily have been formed and have
stabilized the ball before the pressure drop in the gap as needed for either active or passive
cavitation was reached.

10 mm

10 mm

Figure 7.6: Damage inflicted on the support by the fluid force on the 17.46 mm ball.
Since in series 5 only traces of nitrogen gas were added, this series can be considered as a
duplicate of series 4. The findings about the regimes from this series have therefore been
merged with those of series 4 in figure 7.3.b. Only one point at a flow rate of 19.8 m3/hr and
a backpressure of 70 barg with passive cavitation does not fit in the total regime picture.
So from figure 7.3 it can be deduced that vibration with bouncing of the ball can be obtained
at flow rates between about 7.0 and 17.0 m3/hr up to backpressures of 200 barg at lower
flow rates of about 7.0 m3/hr. Active cavitation occurs up to 63 barg backpressure if the flow
rate is increased above 15.0 m3/hr, changing into passive cavitation at 64 barg backpressure
and a flow rate of 17.0 m3/hr.
In series 9 experiments were performed with a 44.45 mm diameter steel ball in a pipe with
an inner diameter of 46.00 mm at initial backpressures of 8, 45, 95, 150, 200 and 250 barg
and at five average pump pressures of 15, 50, 100, 150 and 200 barg and at one decreasing
pump pressure. For an initial backpressure of 8 barg the stepwise increase in flow rate from
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8.4 till 34.8 m3/hr at more or less constant pump pressure caused the backpressure to
decrease and passive cavitation was observed for a non‐vibrating ball (see figure 7.7).
44,45 mm steel ball in 46,00 mm pipe
32
28
24
Still

flow (m3/hr)

20

Vibration

16

Strong noise

12

Active cavitation
Passive cavitation

8
4
0
0

100

200

300

backpe ss ure (Bar)

Figure 7.7: Regimes for all experiments starting at different backpressures from series 9.
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Figure 7.8: Flow rate and pressures versus time for a 44.45 mm steel ball in a 46.00 mm pipe.
In the experiment with an initial backpressure of 45 barg the flow rate was increased from
8.4 m3/hr till 30.0 m3/hr at a slightly decreasing pump pressure of about 45 barg as shown in
figure 7.8. At the highest flow rate of 30.0 m3/hr vibration suddenly stopped and after
dismantling the support was seen to be broken, see figure 7.9. This happened after the ball
was subjected to approximately 20 bar pressure differential, resulting in a force on the ball
and support of some 3100 N, excluding possible additional forces due to water hammer. The
erratic pressure fluctuations may have been caused by bending and failure initiation of the
support bar.
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10 mm

10 mm

Figure 7.9: Damage inflicted on the support by the fluid force of 30.00 m3/hr on the 44.45
mm ball.
At a flow rate of 26.4 m3/hr active cavitation was expected at a backpressure of 39 barg. The
experiment at an initial backpressure of 150 barg showed inconsistent results and was
discarded. The results about the regimes of the experiments are given in figure 7.7. It follows
from this figure that passive cavitation only occurred at low backpressures, as could be
expected, but the maximal backpressure for cavitation was not determined. Vibrations
however, could be induced at backpressures beyond 200 barg even at flow rates above 20
m3/hr.
The experiments with the 45.00 mm diameter steel ball in the 46.00 mm steel pipe showed
comparable results. Surprisingly however, the 42.86 mm diameter Si3N4 ball in the 46.00
steel pipe with a larger gap ratio of S = δgap/Dball = (dpipe ‐ Dball)/Dball = 0.073 and a blockage
ratio of Dball2/ dpipe2 = 0.87 did not start to vibrate and bounce.
7.4. Stress on ball and support
The Drachten experiments show clearly that either the ball or the bottom support is very
quickly mechanically overloaded. Generally the yield strength of the ball material was higher
than the yield strength of the material of the support. Particularly if the support is a flat or
cylindrical surface the stress at the contact point of the spherical ball and the support is so
high that plastic deformation occurs in the support, resulting in ‘bedding‐in’ of the ball. This
has been observed in many experiments. There is also evidence that the vibrations cause
fatigue as in several cases the support showed brittle failure. In fact many of the Drachten
experiments were disturbed by deformation of the support.
The knowledge area concerning the analysis of the ball and bottom support problem is
contact mechanics. Exploratory work has been done to analyse the interaction between the
ball and the support assuming a flat and concave support. If the ball is axially constrained the
static force F on the ball can be estimated from the pressure differential over the ball:
F  1 / 4Dball Pball
2

(7.1)

This formula has been used in the preceding sections. The forces on the support bar using
this formula are shown in figure 7.10. Water hammer during vibration may cause higher
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forces than predicted with formula 7.1., but these are difficult to quantify and have been
excluded from the analysis.
Force acting on ball as function of differential pressure
over the ball excluding water hammer effects
120

Delta P over ball [bar]

100
80
Ball mm 44,45

60

Ball mm 17,46

40
20
0
0
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1000

1500
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3000

3500

4000

F due to deltaP [N]

Figure 7.10: Forces on a ball as function of the pressure difference over the ball, excluding
water hammer effects in the case of a vibrating ball.
Roark’s Formula’s for Stress and Strain [1] page 702, table 14.1, based on the theories of
Hertz allows the calculation of the contact area, maximum contact stress, and displacement
caused by an elastic sphere pressed with force F onto an elastic flat or concave surface:
If

CE  (1   ball ) / Eball  (1  sup ) / Esup
2

2

(7.2)

in which CE = elasticity constant, ν = Poisson ratio, E = modulus of elasticity and sup =
support and for a ball on a flat surface

K D  Dball

(7.3)

and for a ball on a concave support surface with a radius of curvature of rconcave

K D  2 Dball rconcave /( Dball  2rconcave )

(7.4)

rcontact  0.721( FK DCE )1 / 3

(7.5)

 contact , max  0.918( F /( K DCE ) 2 )1 / 3

(7.6)

dimpression , max  1.040(( FCE ) 2 / K D )1 / 3

(7.7)

then

In which rcontact is the radius of the area of contact between the ball and the supporting
surface, σcontact, max the maximum tension and dimpression, max the maximum indentation,
assuming elastic deformation. If Eball = Esupport and νball = νsupport = 0.3 then

rcontact  0.881( FK D / E )1 / 3

(7.8)

 contact , max  0.616( FE 2 / K D )1 / 3

(7.9)

d impression, max  ( F 2 /( E 2 K D ))1 / 3

(7.10)
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The load conditions for the support bar itself are estimated from the following formulas [2,
Ch C2], assuming that the cylindrical support bar with a length of Dpipe is supported at the
pipe wall, but otherwise free:

M max  FD pipe / 4

(7.11)

In which Mmax is the maximum momentum generated in the support bar and in the case that
the bar is fixed to the pipe wall:

M max  FD pipe / 8

(7.12)

The resulting tension in a cylindrical support bar with a diameter dsb is:

 max  1 / 2M max d sb / I

(7.13)

in which I is the moment of inertia of a round bar:
I  d sb / 64
4

(7.14)

The contact between a ball and the support bar and the subsequent bedding process is
geometrically complex. For the sake of simplicity it has been assumed that the bedding in
occurs from a flat surface. However for the strength analysis of the bar the cylindrical shape
of the bar is taken into account. The above formulas thus allow the simplified analysis for
the small tool that was equipped with a support bar of 6 mm diameter shown in figure 7.11.
Behaviour under load for a 17.46 mm ball in 18.50 mm pipe
for a 6 mm support bar
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10

600

r concave [mm]
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Figure 7.11: Load conditions for a 17.46 mm ball in an 18.50 mm pipe with a 6 mm support
bar as function of the pressure differential over the ball. r concave is the approximate radius of
the bedding surface assuming plastic deformation beyond contact stresses of 1000 N/mm2.
Assuming a maximum allowable normal stress in the support bar of 1000 N/mm2 it can be
seen that a 6 mm support bar is sufficiently strong for the applied pressured differentials
over the ball. If it is assumed for simplicity that plastic deformation takes place for stresses
beyond 1000 N/mm2 and the material of the ball is harder than the material of the bar, the
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ball will bed itself into the support bar, as seen in figure 7.6. Due to the vibration of the ball
and assuming an initially flat contact surface between the ball and the support, the bedding
surface develops as shown in figure 7.12.

δ

10 mm

δ

10 mm

a

b

Figure 7.12: Scaled drawings of a 17.46 mm ball (grey) in an 18.50 mm pipe (light blue) and a
6 mm round support bar with bedding radii shown for a pressure differential of a) 25 bar and
b) of 100 bar, δ = gap
An initially flat support surface would thus be rolled by the vibrating ball into a concave
shape with a radius rconcave such that the contact stress is 1000 N/mm2 or less for the
maximum force applied on the ball for all positions of the ball during random vibration.
Complete bedding in results in a spheroid impression with a bedding radius that can be
approximated within ½δ from the centreline of the tool by rconcave being the locus of points
that fulfil the condition that for point contact no stresses in excess of 1000 N/mm2 are
generated. The plastically deformed material is rolled out to the sides to form a shape within
the maximum tension limit. Bedding‐in results in a lateral force counteracting the
hydrodynamic force that pulls the ball to the wall, because the reaction force for the axial
force acting on the ball is normal to the bedded‐in surface; this force can be approximated
by taking the lateral force component of the force normal to the bedding surface with rconcave
at ½δ, as shown in figure 7.13.

Figure 7.13: Lateral force counteracting the lateral hydrodynamic force on the ball for the
case shown in figure 7.12 b)
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In actual practice the lateral force will be larger because the sides of the bedding impression
will provide a line instead of a point support at 1000 N/mm2 to the ball. As mentioned
before the bedding‐in process of a ball into a cylindrical support bar is geometrically more
complex and a full analysis is considered beyond the scope of this study. In qualitative sense
however, the bedding imprint of a ball into a cylindrical bar is of an ellipsoidal shape (see
figures 7.6 and 7.9) resulting in lower lateral forces in the direction of the short axis than in
the direction of the long axis and probably some preferred direction of vibration, hence
directivity of the tool perpendicular to the cylindrical support bar.
At high differential pressures rconcave comes very close to the radius of the ball, resulting in
increased lateral force counteracting vibration of the ball. Once the ball has been vibrating at
high differential pressure the bedding imprint will have been made in the support bar for
that particular differential pressure level. If the tool is then operated at a lower differential
pressure, the ball will be less free to move than if the tool would not have been subjected to
the high differential pressure.
For the larger tool equipped with an 8 mm cylindrical support bar, the conditions during the
Drachten tests have been different, as shown in figure 7.13.
Behaviour under load for a 44.45 mm ball in 46.00 mm pipe
for an 8 mm diameter support bar
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Figure 7.13: Load conditions for a 44.45 mm ball in a 46.00 mm pipe with an 8 mm support
bar as function of the pressure differential over the ball. r concave is the approximate radius of
the bedding surface assuming plastic deformation beyond contact stresses of 1000 N/mm2
The larger tool has been limited by the strength of the support bar, with failure predicted at
approximately 28 bar pressure differential in the case of free or point wise suspension of the
support bar, which is considered the most likely case as the support bar loosely fitted in
holes in the wall in the pipe. Failure is likely at lower pressure differential due to fatigue,
which is consistent with the observations shown in figures 7.8 and 7.9. Before failure, the
support bar may have plastically yielded and deformed by bending, interfering with free
lateral motion of the ball.
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At the time of the experiments, the weak nature of the support bar was not recognized. The
test with the larger tool will have been less influenced by bedding in.
δ

10 mm

Figure 7.14: Scaled drawing of a 44.45 mm ball (grey) in a 46.00 mm pipe (light blue) and an
8 mm round support bar with bedding radii shown for a pressure differential of 25 bar, δ =
gap
Smaller balls are more sensitive to vibration stabilization due to bedding in, if it is assumed
that the hydrodynamic lateral force is proportional to the axial force on the ball. This is
illustrated by figure 7.15.
F lat as % of hydronamic axial force acting on ball @ 24 bar
pressure difference across ball
10%

F lat / F

8%
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44.45 mm ball

4%
2%
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0,5

1

1,5

2

Gap [m m ]

Figure 7.15: Lateral force due to bedding‐in as percentage of hydrodynamic axial force acting
on a 17.46 mm and a 44.45 mm ball as function of gap size.
As a result of the bedding‐in effect for the small tool and the weakness and failure of the
large tool, most tests at higher pressure differentials had to be excluded for the
determination of the tool regimes.
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7.5. Conclusions



The VibroCav tool has been tested in horizontal position for a limited number of
tests, using bottom supported balls in pipes with an internal diameter of 18.50 mm
and 46.00 mm at flow rates of up to 38 m3/hr and backpressures of up to 200 bar.



Active cavitation was visually observed at up to a backpressure of 63 barg. Vibration
was observed at up to 200 barg backpressure. This backpressure was the maximum
operationally achievable and there is no evidence that vibration would cease at even
higher backpressure; however if the flow rate becomes too high the ball may stop
vibrating.



Even at low pressure differentials over the ball the yield strength of the steel ball and
support is easily exceeded due to the small contact area between the ball and a flat
or cylindrical support leading to plastic deformation of the softest component. If the
support is made of softer material, the ball will bed itself in by plastic deformation of
the support, which ultimately leads to a stable situation with stress levels below the
plastic limits.



Bedding‐in interferes with the freedom of the ball to vibrate as it generates a lateral
force counteracting the lateral force that causes the ball to vibrate. Smaller balls are
more sensitive to vibration stabilisation due to bedding in than larger balls at the
same pressure differential of the ball.



At high pressure differentials and larger tools care must be taken for the mechanical
strength of the support itself, taking account of fatigue due to the high cyclic stresses
when vibrating. These aspects are points of attention for the design of the tools.



Bedding‐in influences already at low pressure differentials the free lateral motion of
bottom supported balls. Hanging balls do not suffer from this problem, provided that
the hanging suspension is properly designed with low internal friction characteristics.
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Chapter 8: Industrial trials for cleaning a porous medium around a wellbore
8.1. Fouling of the inflow horizon in wellbores
Oil and water wells are connected with permeable reservoir rock, through which fluids flow
to the well bore. The inflow interval can be several meters long in wells with a low
inclination to hundreds of meters in near horizontal reservoir penetrations. There is a wide
variety of reservoir rock, such as sand stone or carbonate rock and the rock may have
various degrees of consolidation and be undisturbed or naturally fractured. The purpose of
the wells is in the majority to produce or inject fluids. The effective permeability in the
immediate vicinity of the wellbore plays a major role in the production and injection process,
and impaired permeability of the near wellbore interval greatly increases the pressure drop,
because the fluid velocity in the pores is high compared to the velocity further away from
the wellbore.
The characteristics of the inflow interval have been extensively studied and there are many
reasons why the pressure drop required causing fluid flow from the far field in a permeable
porous reservoir is higher than would be expected from a simple radial flow model based on
far field permeability and porosity values. These reasons include deviation of the well bore,
partial completion of the reservoir thickness and limited entry through perforations
however. If these factors are ignored however, the stabilised flow of fluid into the wellbore
of a single well in open communication with a bounded radial reservoir is given by the semi‐
steady state equation:
PI 

Q
2k0 h

Pi
 r 3

  ln e   Sm 
 rw 4


(8.1)

in which PI = Productivity Index (m3/s.Pa), Q = flow rate (m3/s), ΔPi = Drawdown = Pressure
drop required between the average field pressure and the wellbore (Pa), k0 = ‘far field’
permeability of the reservoir rock (m2), h = vertical formation thickness (m), η= dynamic
viscosity (Pa.s), re = drainage radius of the well (m), rw = radius of the well (m) and Sm =
mechanical skin factor (dim less) [1,2]. If the well is undamaged Sm will be 0 allowing k0 to be
calculated for selected values of re. For the calculations in this study re = 300 m has been
used, a value commonly used in the oil industry. The flow rate at Sm = 0 has been designated
in this study as Qi or initial flow rate.
The decrease in permeability in the near wellbore area, compared to the permeability in the
far field are interrelated through the mechanical skin Sm:

Sm  (

k0
r
 1) ln d
kd
rw

(8.2)
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in which , kd = permeability of the damaged region and rd = radius of damaged region.
Mathematically Sm is only dependent on the permeability ratio k0/kd and not on the absolute
far field permeability k0, however the damage mechanisms will strongly depend on k0. The
inverse ratio kd/k0 is a measure for the pore damage. For the undamaged well Sm = 0.
The pressure drop associated with mechanical skin Sm only is by definition [2]:

Pskin  (

Q
) Sm
2k0 h

(8.3)

in which ΔPskin = additional pressure drop due to skin (Pa). ΔPskin can be approximated
through an analysis of flow rates at a known ΔPi using the following formula:

Pskin  Pi  (Qi  Q) / PI

(8.4)

The relationship between penetration depth L of the Biot slow wave into a porous matrix
defined as the distance from the wall of the porous matrix at which the amplitude of the
slow wave is halved can be approximated by the following formulas:

L  1.23 Dh / f

(8.5)

Dh  k0 K f /( )

(8.6)

and,

in which Dh = the hydraulic diffusivity (m2/s), f = frequency (Hz), Kf = bulk modulus of pore
fluid (Pa), and  = porosity (‐), see also Chapter 1, section 1.2.3.
If Sm > 0, the inflow horizon is impaired. Impairment can be caused by many factors, such as
fouling by colloidal solids, polymers or emulsions from the drilling fluid, by crushed
formation due to perforating, by fines of the gravel packing process and by particles
liberated in the reservoir due to fluid flow or matrix crushing or by particles in injection fluids
or a combination of such factors. Restrepo [3] describes a skin factor characterisation
methodology that deepens the understanding of the various factors involved and their
relative importance based on statistical correlation in a number of oilfields.
A well is normally drilled using a drilling fluid with a higher hydrostatic pressure in the
wellbore than the pressure of the pore fluid in the formation, a so‐called overbalance, to
avoid reservoir fluids invading the wellbore and causing safety risks or contamination of the
drilling fluid. The drilling fluid normally contains solids from the drilling process and additives
to control the viscosity and the specific weight and to reduce the fluid loss to the formation.
For weight control, ground barite (BaSO4) is normally used and for fluid loss control polymers
that screen out on the wellbore face and form a seal together with fine solids, referred to in
the drilling industry as mud cake. Before the mud cake is established a certain amount of
mud and filtrate is injected into the near wellbore with pore fouling potential. If drilling fluid
losses are experienced, materials such as ground coconut shells, fibres, and fine carbonate
particles, generically called lost circulation additives, may be used to plug the near wellbore
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area on purpose. Techniques exist to minimise drill‐in permeability damage such as the use
of ground CaCO3 as weighing material for reservoir drill‐ins and for reducing drilling fluid
losses and the use of HCl to remove fine CaCO3 particles by dissolution. In many cases
however, wellbores are left impaired after the drilling process. Barite fines cannot be easily
dissolved. Underbalanced drilling, i.e. allowing the reservoir to flow during the drilling
process and thus avoid reservoir impairment, is gaining popularity as a drill‐in process;
however it is expensive and less safe than the established overbalanced method.
After drilling the reservoir interval is commonly protected by installing a steel casing across
the open hole section and by placing cement between the casing and the formation. The
casing, cement layer and first centimetres or decimetres of formation are then explosively
perforated in under‐ or overbalanced condition. The explosive destruction of steel, cement
and formation creates fines that are blown into the formation surrounding the perforation
tunnels, causing impairment, particularly if the well is overbalanced when firing the
explosives. While underbalanced perforating is preferred to avoid impairment, it is not
always technically feasible.
Another method of securing the inflow horizon is by placing a filter tube across the open
hole in the inflow interval and by filling the annular space between the filter tube and the
formation with a layer of narrow size range well rounded sand, commonly referred to as
gravel. This method is called gravel packing and is discussed in more detail later in this
chapter. Placing the gravel can also lead to impairment by fines that are injected into the
formation in the immediate vicinity of the wellbore. The skin factor is often higher, hence
worse, after a gravel packing operation, compared to before.
Common to the production process is that all fluid from the far field must transit an inflow
area close to the well bore in a predominantly radial fashion. The flow of fluid through pores
and fractures in the reservoir rock mobilizes and entrains sub‐pore sized particles. Pressure
changes due to the production process influence the strain in the rock matrix, which may
result in the generation of fine particles due to rearranging and crushing of the grains and
scraping of the grain surfaces. These fines concentrate in the inflow area, typically
representing the first centimetres to decimetres from the wellbore. Particles that
individually could be entrained through the pores into the wellbore form a bridge of stacked
particles if sufficient particles are forced simultaneously through a pore throat. A swarm
consisting of particles that are significantly smaller than the pore throat diameter is capable
of blocking pore throats. For small particles smaller than typically 10 μm electro‐kinetic
forces come into play in the formation bridges, which dominate below a particle size of 1 μm
[4]. A continued supply of particles results in blocking more and more pore throats in the
flow path to the wellbore with increasingly finer particles becoming trapped in developing
particle bridges. This process results in progressive deterioration of the permeability near
the wellbore, which thus impedes the flow to the wellbore. The described mechanism
pertains typically to porous media such as sand stone. The same plugging mechanism tends
to happen also in flow through fractures in the narrower passages formed by irregularities of
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the fracture walls. Accumulation of fines over time commonly leads to deterioration of the
inflow of reservoir fluids, where homogeneous reservoirs with clean uniform pores are less
conducive to fouling and inhomogeneous reservoirs with a wide pore size distribution and
pore fill such as clay particles are very sensitive to fouling.
If fluids are injected into the formation for pressure maintenance or secondary oil
production, fine solid particles in the injection fluid or emulsion droplets may impair the
near wellbore injection horizon. Generation of rust from the injection conduit due to oxygen
content and pick up of rust particles in the injection fluid is also a cause of impairment of the
injection horizon.
Figure 8.1 depicts two fouling mechanisms, the upper one representing and external filter
cake with particles that deposit against the face of the well bore in an overbalanced
situation, giving an indication of the particle sizes involved in relation to the size of the pore
throats. The lower picture shows a fouling process in the formation itself with particles that
are much smaller than the pore throats.

External Fouling
d 50 (particles) > 1/3 d 50 (pores
thoats)
Filter Cake

Internal Fouling
d 50 (particles) < 1/3 d 50 (pores
throats)

Wellbore

Reservoir rock

After: Abrams

Figure 8.1: Two typical fouling mechanisms and typical sizes of fouling particles.

The fouling processes in oil, gas and water wells have a large degree of similarity in the way
they form with notable differences between injection and production modes due to the flow
direction. However the manifestation and relative importance of the fouling processes are
specific in each case as the actual situation in a well depends mostly on a unique
combination of permeability, porosity, homogeneity and fouling mechanism.
Motivation for wellbore cleaning
Wellbore fouling represents a very costly problem in the hydrocarbon and water industry. If
the blockages are not removed, more wells will be required to achieve the same production,
or more pump energy will be required to lift the reservoir fluids to surface. For injection
wells, increasing injection pressure or decreasing injection flow cause the same problem.
Many techniques are used to clean the damaged inflow interval, including flow reversal,
application of strong sudden strong pressure drops (surging), hydrodynamic jetting and
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particle dissolution. In the last decennium the use of vibration tools has gained interest as
described in Chapter 1.
8.2. Effects of hydrodynamic vibration and cavitation
Drive fluid is pumped via a conduit through a specifically designed tool positioned opposite
the treatment horizon. At lower flow rates the ball in the housing of the tool vibrates at a
frequency typically between 100 and 1000 Hz and consuming 5 kW to 50 kW hydraulic
energy, depending on the tool size, tool design and flow rates used. The vibration of the ball
is accompanied by bouncing of the ball against the tool housing as will be described below;
this causes pressure waves that propagate via the wellbore wall through the rock matrix and
the fluids in the pores. The pressure waves have the potential to destabilise particles
deposited in the pores and to have a de‐stabilising effect on particle bridges. The flow of
reservoir fluids transports mobilised particles to the wellbore in the presence of pressure
waves which prevent particle deposition and the formation of new particle bridges.
Alternatively the particles are transported away from the wellbore to places where the
particles deposit in conditions that are less damaging to the flow processes.
The vibrating ball cuts the flow as it approaches and hits the pipe wall, causing (i) a water
hammer effect enhancing the vibration action and the pressure drop over the ball and (ii) a
fluid pulsation effect alike the effect of a fluidic oscillator. A single vibration cycle with the
ball moving from one side of the pipe to another produces pressure waves with directivity.
Tool rotation adds a third pulsation effect with fluid jets being circumferentially projected
against the inner wall of the well at a very low frequency. Hence a triple effect is created
consisting of hammering of the ball against the pipe wall, fluid pulsation at the same
frequency of hammering and a very low fluid pulsation effect due to tool rotation. At certain
flow rates of the drive fluid and backpressure conditions the tool not only produces vibration
of the ball, but also active cavitation. At even higher flow rates vibration ceases and passive
cavitation starts to occur. Cavitation causes high frequency shock waves and suction effects
in the immediate vicinity of the tool. The shock waves have a limited depth of penetration
but assist the entry of particles into the wellbore, in conjunction with suction effects in the
cavitation flare. Through the water hammer effect, active cavitation can be generated at
much higher backpressures than is the case for passive cavitation at the same flow rate,
however the maximum simulated wellbore pressure at which substantial cavitation has been
observed during high backpressure experiments is 63 barg (see Chapter 7). The resulting
effects of the tool therefore depend on the wellbore pressure prevailing at the depth of
application, with long range propagating pressure waves at all depths and with short range
cavitation effects only present above approximately 1000 meter true vertical depth, as a
hydrostatic pressure gradient of 1 bar/10 m is commonly encountered.
If acid soluble particles contribute to the fouling, the treatment may be enforced by adding
acid to the drive fluid.
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8.3. Industrial trials for wellbore cleaning
For the industrial trials rotating tools with semi‐tangential outflow of the drive fluid and
controlled speed of rotation were used to project the drive fluid to the wellbore wall while
the tool is moved across the inflow horizon, see figure 8.2. To produce the strongest effect
for a treatment the largest tool is selected that can be lowered into the well, on a conduit
that allows the required flow of drive fluid to the tool.

Figure 8.2: Rotating VibroCav tool showing four tangential jets of drive fluid.
To test the potential of the vibration and cavitation treatments for cleaning the inflow
horizon in oil and water wells, suitable candidate wells were found for a field investigation of
the technique on an industrial scale. A total of 10 treatments were conducted in oil wells in
Oman, three of which were combined with acid treatment, 10 treatments of drinking water
production wells in the Netherlands and 7 treatments of pollution control water wells.
All trials were conducted in wells with filter tubes across the inflow interval and with
controlled sand fill between the filter tube and the wellbore wall. The well configuration is
also referred to as gravel packed well completion (see figure. 8.4). The purpose of gravel
packing is to stabilise the formation matrix consisting of non‐ to poorly consolidated sand.
For the controlled sand fill, well rounded sand is selected with a grain size distribution that
matches the opening of the filter tube and the grain size of the formation sand. The trials
differed significantly in treatment depth, deployment technique, well geometry and
treatment conditions to obtain information for a wide spectrum of conditions and well
configurations.
8.4. Equipment and operating procedure
For all trials vibration tools were used with a ball as freely vibrating body with semi‐
tangential outflow through several vertical slits in the tool housing. The slits commenced just
below the ball.

165

VibroCav

Hydrodynamic Vibration and Cavitation technology

For a number of trials (37%, all in Oman) the tool was lowered into the well on a jointed drill
pipe to reach the treatment interval using a well maintenance hoisting installation. During
the treatment the drill pipe was rotated at 40 to 60 rpm.
For the remainder of the trials a drive fluid conduit was used that could not be rotated, such
as continuous steel tube from a reel (coiled tubing) or reinforced plastic pipe from a reel. For
these trials rotating tools were used, referred to as ‘Roto VibroCav’ , mostly with a housing
OD (outer diameter) of 3.2” (81.28 mm), in which the rotation was caused by reaction
forces due to the tangential component in the outflow of the drive fluid, as shown in figure
8.3. A hydrodynamic brake was used to control the speed of rotation in order to maintain
adequate radial impact.

Rotating Housing

Free Body
A

A’
Support

A

A’

Figure 8.3: Principle sketch of a VibroCav tool that can freely rotate due to a sealing bearing
at the top of the tool (not shown). Rotation of the housing is caused by the tangential
component in the outflow of the tool. (During the industrial scale trials, the tool was
combined with a hydrodynamic brake to avoid free spinning of the tool).
The drive fluid was pumped at rates of 350 to 550 l/min (tools with 2.5” or 3.2” housing), up
to 700 l/min (tool with 4.5” housing), projecting the outflow from the tool against the
wellbore wall. When possible the well was produced at a flow rate significantly higher than
the drive fluid pump rate to ensure net inflow from the formation to entrain dislodged
material into the wellbore and flush this material out of the well with the production flow.
The general approach during a treatment was to start at the bottom in the treatment
interval and move upwards with a speed of typically 1 to 2 m/min. During several treatments
successive passes were made to enhance the cleaning effect.
The ten Oman oil wells with a wellbore diameter of typically 8.5” at a vertical depth below
the surface of 1000 to 1500 m were provided across the inflow horizon with a wire wrapped
filter tube, also called wire wrapped screen, mounted on the outside of a perforated base
pipe as shown in figure 8.4.
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.
Figure 8.4: Schematic drawing of the inflow horizon (treatment conditions) in Oman oil wells
showing an 8.5” wellbore in the sandstone porous rock formation, the gravel pack between
the wellbore wall and a wire wrapped filter tube with a 6 ½” OD. The filter tube is mounted
on the outside of a perforated base pipe with 4 ½” OD and typically one 10 mm OD hole per 5
cm length. The treatment tool is shown inside the base pipe.
Due to operational constraints in the Oman trials and sub‐hydrostatic pressure conditions in
the wells, it was not possible to produce to surface during the treatment, so the drive fluid
and mobilised material were injected into the formation. This was considered highly
undesirable at the time but no alternative existed. Water was used as drive fluid and on
several wells batch volumes of 15% hydrochloric acid were added to dissolve acid soluble
fines.
The ten trials in Dutch drinking water wells were distinctly different from the Oman wells in
depth (15 to 184 m) well bore diameter (16” to 32”) and inflow interval completion where
polyethylene filter tube is used with many vertical slits with a width of typically 0.2 mm and
a height of 50 mm as shown in figure 8.5.
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Figure 8.5: Schematic drawing of the inflow horizon (treatment conditions) in Dutch drinking
water production wells showing a 16” to 32” wellbore in the water sand, the gravel pack
between the wellbore wall and finely slotted filter tube with a 6” to 20”OD without a
mounting tube. The outflow from the VibroCav tool directly impinges on the filter tube.
The seven Dutch pollution control wells were spaced out ground water production wells
surrounding an industrial site. In the environmental permit the Operator has the obligation
to extract more water via these wells than the rainfall and other water spillage on the site;
inability to extract the required quantity of water constitutes an environmental permit non‐
conformance with serious consequences. All wells had the same geometry and were
relatively small compared to drinking water production wells. These pollution control wells
had a stainless steel slotted filter tube with 6” ID, placed in a 16” hole with gravel fill in the
annular space outside the filter tube and the depth of the production interval was between
44 and 15 m.
During the trials in the water production and pollution control wells it was possible to
produce more water than the drive fluid pump rate, resulting in a net production from the
well and removal of the dislodged material.
8.5. Analysis of the treatment
Before each treatment of a water or pollution control well a production rate was measured
under controlled conditions, allowing the pressure drop at a controlled production rate to be
measured in order to establish the PI. These measurements were repeated after the
treatment to establish the improvement; this was unfortunately not done for the wells in
Oman.
During the treatments, the pump pressure, drive fluid pump rate and outflow rate were
measured and dirt and sand were collected from the produced fluids. In all wells, except the
Oman wells, video runs were made across the treatment interval before and after treatment
to see whether the jetting action and tool movements had caused damage to the well
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completion. In view of the presence of the base pipe in front of the wire wrapped screen,
video inspection was not useful in the Oman wells and therefore not done.
For the oil wells in Oman the production was closely monitored during the year following the
treatment to observe the effect of the treatment over time and monitor developments in
the water production of the wells. The only records that were made available by the
operating company were the gross production, oil and water rates without pressure data. It
was therefore not possible to analyse the skin effects of the treatments.
8.6. Results and discussion
8.6.1 Trials in oil wells
The Oman trials in oil wells are summarized in the table 8.1:
Industrial Deviation
trial

Interval
bottom

Interval
lenth

Qi

Qt/Qi at Pump rate
time of
during
treatment treatment

Total vol
pumped
during
treatment

HCL 15%
pumped

Returns
during
treatment

Improvem Est. one
ent oil year oil gain
rate

m3

ltr/min
no

%
22%

m3
3650

nr
1

vert

m
1343

m
117

m3/d
140,0

0,29

ltr/min
350

m3
225

2

vert

1607

459

100,0

0,24

350

210

no

22%

1460

3

hor

1691

569

125,0

0,22

350

339

no

42%

9490

4

hor

1832

711

135,0

0,59

350

230

no

4%

1095

5

hor

1229

275

220,0

0,09

375

210

no

114%

2920

6

hor

1361

308

390,0

0,64

375

220

no

NC

0

7

hor

1771

755

155,0

0,39

375

363

no

NC

0

8

hor

1347

200

360,0

0,14

350

190

10

no

NC

9

hor

1323

190

110,0

0,73

360

81

7

partial

83%

9125

10

hor

1466

509

58,0

0,69

360

204

16

yes

3%

365

Table 8.1: Industrial trials in oil wells in Oman completed with gravel packed wire wrapped
filter tubes with 4” ID in a 8.5” hole. All trials were carried out with a 3.2” tool deployed on a
drill pipe using a well maintenance hoisting installation. ’vert’ denotes that the treatment
intervals were vertical, ‘hor’ denotes horizontal intervals. NC denotes that the results were
not conclusive. Qi = initial flow rate and Qt = flow rate at the time of treatment.
Without pressure information, it is not possible to provide mechanical skin Sm data from
equations 8.3 and 8.4, however some ranging calculations based on general assumptions for
permeability and porosity and the data from table 8.2 provide typical values for the Oman
wells of the order of 10 to 25.
The wellbore pressure during all treatments was in excess of 100 bar, hence the principle
tool actions were vibration hammering and fluidic pulsation at typically 500 Hz and slow
pulsation due to tool rotation of approximately 3 Hz. The perforated base pipe prevented to
a major extent the direct exposure of the screen and the gravel pack to the fluid jet exiting
from the tool. The geometry of the hole, gravel pack, filter tube and the tool was largely the
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same in all cases and would not explain major differences in performance. Good
improvements of up to 114% in oil rate were obtained. There was however, little consistency
in the results.
Estimates were made of the incremental oil production in the first year after the treatment
mentioned ‘estimated one‐year oil gain’ the right column of table 8.2. The reported figures
do not represent in all cases the full benefit because the oil lifting rate was not always
increased in spite of a possibly cleaner well immediately after the job. Some of the wells
showed an increase in water production. Significant improvements were seen on wells
while injecting the drive fluid and the liberated material into the formation; this can be
explained by the fact that flow reversal assisted by slow wave stimulation may have been
very effective in breaking down particle bridges. The injection rate of drive fluid was high
compared to the flow velocity through the pores during normal production, allowing the
particles to be displaced far enough from the wellbore to settle in positions that remained
stable during the lower production flow pore velocities. Poesio [5] observed the effects of
flow direction in tests with cores. Well cleaning by injection is only valid for internal fouling;
in case of external fouling the blocking material would be pushed into the formation.
No measurement was made of noise or vibrations. It can therefore not be excluded that the
tool did not vibrate enough in the less successful trials 4, 6, 7, 8 and 10. Significant tool wear
was observed after the treatments, particularly due to deformation of the bottom support
for the ball. This resulted in ‘bedding in’ of the ball and reduced or no freedom to vibrate.
Due to lack of pressure data it is difficult to quantify the results on a well by well basis. It is,
however, possible to calculate some generic conditions during the treatments such as the
penetration depth of the slow compressional waves as a function of frequency for various
typical permeabilities, and the mechanical skin Sm as function of the damage radius rd for
various permeability damage ratios.
Half Amplitude Depth L
5000

Frequency f [Hz]

4000
k0 [mD] at 30% por = 10000

3000

k0 [mD] at 25% por = 1000
k0 [mD] at 15% por = 100
k0 [mD] at 10% por = 10

2000

Wellbore wall

1000

0
0,0

0,2

0,4

0,6

0,8

1,0

Distance from well centre r [m]

Figure 8.6: Wellbore radius rw + Penetration depth L where the slow compressional wave
reaches its half amplitude value, as function of frequency for various permeabilities.
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The penetration depth L as used in figure 8.6 is defined as the distance from the wellbore
wall where the slow compressional wave induced by vibration and bouncing of the ball
reaches its half amplitude value in relation to the centreline of the well bore (at rw = 0.108
m). It is calculated from equations 8.5 and 8.6 using the data from table 8.2.

Property

Symbol

Value

Unit

Bulk modulus pore
fluid

Kf

2.25

GPa

Pore fluid viscosity

η

10‐3

Pa.s

Porosity



30

%, for highly permeable formation

Porosity



25

%, for medium permeable formation

Porosity



15

%, for low permeable formation

Porosity



10

%, for tight formation

Table 8.2: Values used for calculations for figure 8.6.
The spread in permeability in figure 8.6 of several mD (milli Darcy) to several D matches
values encountered in oil formations in Oman. The typical penetration depth of vibration
based treatment in Oman oil wells can be judged from figure 8.6., ignoring the effects of the
gravel pack that normally has a permeability of at least one order of magnitude higher than
the formation.
An important point to note is that also for low frequency tools the penetration depth
strongly decreases with decreasing permeability. As the wellbore fouls up over time, the
near wellbore permeability will reduce and the compressional slow waves will propagate
through less permeable formation with a reduced depth of penetration.
Figure 8.7 shows the relationship between mechanical skin Sm, and the damage radius rd for
various values of pore damage ratio kd/k0 calculated with equation 8.2, using rw = 0.108 m.
The depth of internal fouling is strongly dependent on the permeability damage ratio kd/ko.
Near‐wellbore pore blockage with kd/ko = 0.01 as can be the case for formation damage by
mud solids, locked in behind the gravel pack stays very close to the wellbore wall, and can
still be reached by lower frequency vibration tools but not by high frequency tools. The
lower the permeability the more the matrix will behave like a non‐porous solid and more of
the vibration energy will be taken up in the fast compressional waves and shear waves.
These waves may give rise to possible increased physical shaking of the pores, however in
view of the low attenuation of these types of waves the effect may be minuscule.
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Mechanical Skin Sm vs damage radius rd
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Figure 8.7: Mechanical skin Sm as function of the damage radius rd for various permeability
damage ratios kd/k0 ; rw = 0.108 m.
Figure 8.7. that is simply based on formula 8.2 shows the importance of the formation type
(k0 and  ) and pore throat damage (kd). In a heterogeneous formation the smaller pore
throats may be conducive to fouling, while the larger ones may stay open, with the result
that the average kd stays high, in which case the damage radius will be large at the same Sm.
The advantage of this is that the depth of penetration of the low frequency vibration tools is
also better. However if a well is allowed to foul up strongly, the damaged zone may extend
beyond the reach of the cleaning tools. The case kd/k0 of 0.001 is indicative of a situation
with effective mud cake providing a highly effective seal at the wellbore wall. Taking kd as a
single value is a major simplification of reality; the types of damage will differ from pore to
pore resulting in a porous medium with widely varying permeability on a microscopic scale.
Figure 8.8. compares the damage radius as a function of mechanical skin Sm with the
penetration depth L from the well bore wall as a function of frequency. If an originally highly
permeable formation with k0 = 10000 mD is fouled to an effective permeability of kd = 1000
mD, hence kd/k0=0.1 and a maximal mechanical skin Sm  10, it can be seen that a tool with
a typical frequency of 500 Hz reaches with 50% of the amplitude presented at the wellbore
wall approximately 0.15 m of the damaged formation from the wellbore wall and higher
frequency tool considerably less. The same comparison for fouling the same highly
permeable formation to an effective permeability kd of 100, hence kd/k0 = 0.01 shows that a
500 Hz tool reaches the damaged formation with its half amplitude value with a mechanical
skin of up to 50, while a 2500 Hz tool would only be able to reach with its half amplitude
value a damaged zone with a skin of up to 25. The plot also shows the value of the extremely
low frequency fluid pulsation due to tool rotation. This way of plotting thus allows judging of
the effectiveness of vibration based cleaning tools for particular permeability and fouling
conditions and is used in the analysis of the results in water and pollution control wells.
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Mechnical Skin Sm

Damage radius rd as function of mechanical sking Sm compared with rw+ L
as function of frequency
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Figure 8.8: Comparison between damage radius rd as function of mechanical skin Sm (right
scale) and the penetration depth L + rw as function of frequency (left scale)
A third factor to consider is the energy intensity Ir (W/m2) that is available for the
mobilisation of fouling particles at a distance r from the centreline of the wellbore. A relative
intensity can be defined by taking the intensity at the filter wall If in Oman wells as 100%. For
spherical radiation the factor Ir/If for the well geometry in the Oman wells is depicted in
figure 8.9:
Relative Energy Intensity for spherical radiation for the Oman well
geometry
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Filter wall
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Figure 8.9: Relative energy intensity Ir/If [%] as function of distance from the wellbore centre r
[m], assuming spherical radiation of the compressional waves, ignoring attenuation and
taking the intensity at the filter wall in the Oman wells as 100%.
The energy intensity reduces with 1/r2 for spherical radiation with the result that maximally
approximately 30 % intensity remains at the wellbore wall of the energy intensity delivered
at the filter wall if no attenuation would take place in the gravel pack sand. The loss of
intensity will be less for tools with directivity, as is expected to be the case for the Roto
VibroCav and more if some attenuation in the gravel pack is taken into account.
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From a point of view of tool selection for cleaning porous formation it is important to
optimise the tool such that it emits the maximum vibration energy possible and that the tool
is rotated to benefit from directivity of the energy beams. In practice this means that the
largest tool should be selected fitting the geometry of the well and that the tool should be
provided with a flow rate at which maximum vibration energy is obtained. The rotating jets
of the Roto VibroCav provide inside the wellbore pressure pulses of 3 Hz with a tool with 3
nozzles rotating at 60 rpm that contribute to the cleaning process. These low frequency
pressure pulses will have been extensively shielded by the base pipe but nevertheless have
found their way to the gravel pack and beyond via the holes in the base pipe.
8.6.2 Trials in water wells
The trials in the Netherlands for the regeneration of drinking water production wells are
summarized in the following table:
Industrial
trial

Interval
bottom

Interval
lenth

Pipe
size

Hole
size

Gravelpack
Thickness

Initial
specific
flow rate
m3/hr/m
NA

Specific
flow rate
before
treatment
m3/hr/m
4,4

Specific
flow rate
after
treatment
m3/hr/m
4,9

nr
11

m
21

m
6

inch
10,0

inch
23,6

inch
6,3

12

85

35

6,0

23,6

8,3

NA

3,6

13

34

13

12,4

27,6

7,1

84,7

14

129

52

6,3

19,7

6,2

15

122

41

9,8

19,7

4,4

16

119

18

8,0

15,7

3,4

15,0

4,5

17

117

17

8,0

15,7

3,4

22,5

8,4

18

19

10

19,7

31,5

5,4

47,1

19

251

75

9,8

23,6

6,4

20

184

62

9,8

23,6

6,4

Tool

Tool
Clearance

Pump rate
drive fluid

Production/ Improve
drive fluid
ment
rate

3.2" RC

inch
3,4

ltr/min
367

%
118%

%
11%

5,5

3.2" RC

1,4

433

158%

55%

33,6

40,8

4,6

517

468%

22%

19,5

12,0

12,7

1,5

550

203%

6%

13,9

8,6

9,4

3,3

10%

2,4

550 (3,2");
700 (4.5")
483

314%

4,7

3.2" and
4.5" RC
3.2" and
4.5" RC
3.2" and
4.5" RC
3.2" RC

231%

4%

9,4

3.2" RC

2,4

583

200%

12%

21,5

21,9

4,5" RC

8,2

550

242%

2%

53,0

22,8

23,6

3.2" RC

3,3

467

250%

3%

28,1

13,8

13,8

3.2" and
4.5" RC

3,3

467

243%

0%

Table 8.3: Industrial trials in vertical drinking water production wells in the Netherlands
completed with slotted filter tubes varying in size from 6” to 20”. All trials were carried out
with a 3.2” or 4.5” tool deployed on a flexible hose on a reel. RC denotes that a Roto
VibroCav tool was used and NC denotes that the results were not conclusive. Data provided
for smallest tool used, unless stated otherwise.
The trials in drinking water wells are characterized by major differences in geometry and
much lower wellbore pressures than in the Oman trials, between 1 and 25 bar. In most of
the trials significant cavitation will have taken place. The improvements are again erratic
and generally less good than observed in the Oman trials, in spite of the fact that the wells
produced at a rate in excess of the drive fluid pump rate. There is also no clear correlation
between the geometry of the well or the interval depth and the treatment result.
During trial 15 the video inspection showed a number of broken segments of the
polyethylene filter tube at the location of the slots. Investigation showed that the well was
provided with the first generation plastic filters that were susceptible for hardening and
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embrittlement. However breakage of the filter tube is also an indication that the cavitation
action may have been damaging.
It was expected that the opportunity to generate cavitation in these wells would be
beneficial for the treatment; this was not borne out by the results. An explanation may be
found in the flow direction and the pore fluid velocities that were achieved during the
treatments. The reason for the treatment was that the wells suffered from production
deterioration after prolonged production. It is therefore likely that the wells were damaged
by internal fouling generated in the far field and deposited in pore throats and pores while
flowing towards the wellbore. During the treatments the direction of flow was towards the
well, thereby inducing a dynamic pressure difference consolidating the bridges. The cyclic
velocity field generated by the wave action caused by the vibration tool was only partially
able to break down the bridges. This interpretation would be consistent with observations
from Poesio during core tests [5]. A better treatment may have been to combine flow
reversal plus vibration to break down the bridges and then produce the wells at a moderate
rate to ‘nurse out’ the liberated fouling material. Such an approach was not considered at
the time but merits serious consideration for future jobs.
The water wells are characterised by a very large open hole size, coarser, highly permeable
sands compared to the Oman oil wells and by a substantially coarser controlled sand layer
(gravel pack) placed between the open hole and the filter tube. The compressional waves
have to travel beyond the gravel pack to affect the generally finer grained original formation;
hence strong waves are required that propagate deep into the formation. A second reason
for the poorer results than expected may have been the reduced strength of the
compressional waves due to the energy consumed by cavitation and the cavitation effects
being less effective for formation cleaning in the generally large well bores. A third reason
may be the lower effect of the low frequency pressure pulses created by the rotating jets of
the tool in view of the large wellbore diameter of the water wells compared to the tested oil
wells.
Fortunately there was much better historical flow rate and pressure information of the
water wells. A common way to monitor the condition of a water well is to observe the
specific flow rate, being the flow from the well divided by the level drop between the
pumping and the stabilised non pumping condition, i.e. the PI = Q/ΔPinflow, usually expressed
in m3/hr per m water level drop while pumping. Using these data the original permeability k0
could be estimated and diagrams could be constructed providing the skin Sm at the time of
treatment, the damage radius for various pore blockage ratios and the expected treatment
depth as function of the tool vibration frequency. Such diagram for the one of the better
water well trials is shown in figure 8.10.
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Figure 8.10: Diagram showing skin Sm as function of damage radius rd and penetration depth
L + rw as function of frequency f for various pore blockage ratios for a moderately successful
water well cleaning operation with a Roto VibroCav tool. Note that 0.15 L means L at kd/k0 of
0.15.
The water well described in figure 8.10 where a clear improvement was obtained had the
highest initial specific flow rate of 87.4 m3/hr/m of the wells for which such information was
available. It concerned a relatively shallow well indicating a very high initial permeability
calculated at 183 Darcy (trial 13 in table 8.3). The penetration depth L of the slow waves for
the Roto VibroCav tool vibrating at several hundred Hz will have been in the range of 1 m for
clean formation with the very low frequency fluid pulsing due to tool rotation reaching much
further. If the fouling caused a permeability blockage kd/k0 of 0.05 the damage will have
been well within the reach of the tool. Reasons why the cleaning was less perfect may be
that (i) the damage was deeper into the formation combined with a lower blockage ratio, (ii)
the energy at the source of the tool was too low to destabilise the fouling particles, (iii) the
relatively high formation flow towards the wellbore of 8.8 m3/hr/m during the treatment
caused flow induced stabilisation of dirt bridges, (iv) the fouling material may have been of
chemical or biological origin and may have been attached to the pore walls, (v) the wave
exposure time of the treatment could have been inadequate, (vi) mobilised particles could
have caused reverse fouling of pores during transport by flow to the wellbore.
The energy picture deserves closer attention because a certain minimum amount of ‘trigger’
energy is required to mobilise particles and destabilise particle bridges. In view of the large
wellbore and thick gravel pack a centralised tool is 35 cm away from the wellbore wall and
the energy will have to pass approximately 20 cm of gravel pack sand before it reaches the
formation. The energy density will decrease approximately with the square root of the
distance from the vibration source. Figure 8.11 shows the relative energy intensity for
comparison with the situation in the Oman oil wells depicted in figure 8.9.
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Relative Energy Intensity compared to Oman for spherical radiation for
a water well with 22% improvement
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0,3
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Figure 8.11: Relative energy intensity Ir/If [%] as function of distance from the wellbore centre
r [m], assuming spherical radiation of the compressional waves for the water well geometry,
ignoring attenuation and directivity, taking the intensity at the filter wall in the Oman wells
as 100% at 0.057 m from well bore centre.
Apart from the energy intensity required to trigger particle mobilisation, it is important to
consider the number of ‘hits’ of cyclic velocity changes above the trigger level. This number
will be proportional to the frequency and the exposure time. Hence with a low frequency
tool a long exposure time will be required to obtain the same result as with a high frequency
tool. For a comparable particle mobilisation effect a comparable number of cyclic velocity
hits above the trigger level will be required per unit volume of rock to be cleaned. At the
time of the industrial trials no systematic experimentation took place to study this aspect.
Essentially the same tools and the same operational tool parameters were used in Oman and
in the water wells. Figure 8.11 illustrates that the average energy intensity at the wellbore
wall was one to two orders of magnitude lower than in the Oman case. The well was shallow
and the tool may have produced significant cavitation, which is beneficial for the removal of
fouling in the gravel pack, but reduces the amount of vibration energy available for action
deeper into the formation even further. It has been assumed for figure 8.10 and 8.11 that
the Roto VibroCav tool was centralised; this was however not the case resulting in locations
with a higher energy intensity at the filter wall combined with even lower energy intensity at
the opposite side; this may however have resulted in some deep cleaning. A further
explanation for the positive result in trial 13 may be found in effects created closer to the
filter wall. Although the gravel pack sand is coarser than the formation sand, it may have
become fouled by smaller grains from the formation and hence have lost its superior
permeability. Figure 8.12 is a diagram assuming that the formation starts at the filter wall:
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Figure 8.12 Diagram for the same well as shown in figure 8.10, but assuming that the
formation starts at the filter wall. Note that 0.15 L means L at damage ratio kd/k0 of 0.15.
At the filter wall approximately 10% of the energy intensity of the Oman wells for a
centralised Roto VibroCav tool and severely fouled pores close to the filter wall could be
reached by the tool. The effect of jetting, low frequency fluid pulsation and cavitation will
also have been beneficial. Note that the mechanical skin factor after cleaning is still high
indicating that the cleaning job was only partial. On the basis of the above discussion the
most likely explanation for the positive results on this water well will be that the fouling in
this well was relatively close to the filter wall, resulting in partial cleaning of the gravel pack
and maybe some of the formation sand outside the gravel pack.
A typical well where no results were obtained (trial 20, table 8.3) is analysed in the diagrams
in figure 8.13:
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Figure 8.13: Diagrams showing skin Sm as function of damage radius rd and penetration
depth L + rw as function of frequency f for various pore blockage ratios for an unsuccessful
water well cleaning operation with a Roto VibroCav tool. For diagram ‘a’ it has been
assumed that there is no effect of the gravel pack and for diagram ’b’ that the fouled
formation starts at the filter wall. Note that the X axis covers only 1 m, instead of 2 m in
figure 8.10. Note that 0.15 L means L at kd/k0 of 0.15.
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The calculated virgin permeability k0 of the typical unsuccessful well was 14.5 Darcy, hence
an order of magnitude smaller than the moderately successful well, which reduces the
penetration depth of the vibrations. For a situation in figure 8.13.b some effect of the Roto
Cavitation tool should have been expected, however, if the damage is predominantly far
away from the wellbore, the tool is not able to reach far enough in spite of the fact that the
geometry of this well was slightly more favourable with rf = 0.12 and rw = 0.30. Again lack of
energy intensity and flow induced stabilisation of dirt bridges while flowing towards the well
are likely reasons for the disappointing results. The rotating jets of the Roto VibroCav
providing inside the wellbore pressure pulses of 3 Hz with a tool with 3 nozzles rotating at 60
rpm did not produce a significant cleaning action.
Due to the many factors involved, it is difficult to pinpoint the exact reasons for the limited
success for the treatment of water wells. Nevertheless it is considered likely that the limited
power of the Roto VibroCav tool as a vibration source for the typical water well geometry
and continued inflow during the treatment were the two most prominent adverse factors in
the water well program. Vibration tools for water wells have to be optimised for high energy
low frequency vibration. The use of focused vibration sources that are active at the filter wall
merits consideration. The treatment technique should include cyclic flow reversal to deal
with reverse dirt bridge stabilisation.
8.6.3 Trials for pollution control wells
Trials for pollution control wells are summarized in the following table:
Industrial
trial

Well
Name

Timing

Deployment

nr

Interval
bottom

Interval
lenth

m

m

Tool

Pump rate Additives Production/ Improve
drive fluid
drive fluid
ment
rate
ltr/min
m3
%
%

21

PP101

2003

Flexible hose

44

20

3.2" RC

500

22

PP102

2003

Flexible hose

44

15

400

23

PP103

2003

Flexible hose

38

15

2.5" and
3.2" RC
3.2" RC

24

PP104

2003

Crane/pipe

43

15

3.2" RC

25

PP101

2007

Crane/pipe

44

20

26

PP102

2007

Crane/pipe

44

15

27

PP103

2007

Crane/pipe

38

15

28

PP104

2009

Crane/pipe

41

15

3.2" RC

350

110%

49%

29

PP105

2009

Crane/pipe

37

15

3.2" RC

400

102%

20%

3.2" RC

130%

130%

138%

10%

500

130%

38%

350

143%

104%

500

127%

1)

143%

101%

350

5% HCl

1 m3 CBS

2)

Table 8.4: Industrial trials in vertical pollution control wells in the Netherlands completed
with 6” slotted filter tubes in 16” holes. All trials were carried out with a 3.2” or 4.5” tool
deployed on a flexible hose on a reel. RC denotes that a Roto VibroCav tool was used. CBS is a
sulphate dissolver. 1) This trial was stopped due to sand production. 2) This trial was
cancelled due to sand accumulation in the well.
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The results in the pollution control wells were good compared to the other trials and in
some wells (well PP 102 trial 22 and 26 and well PP 104 trial 24 and 28) good results were
obtained during repeated treatment. Sand production on wells PP 101 and PP 103 indicates
that the washing action, combined with cavitation may have compacted the gravel pack
resulting in lowering of the top of the controlled gravel bed, thus exposing the upper part of
the screen to fine formation sand. The construction of the wells is such that it is not possible
to fill up the space between the filter tube and the formation sand retroactively with
controlled gravel.
In the pollution control wells the internal diameter (rf = 0.07 m) of the stainless steel filter
tube was small compared to the OD of the Roto Cavitation tool and the gravel pack behind
the filter was directly exposed to the rotating jet resulting in a reasonable tool centralisation
within the well geometry and significant action of the low frequency pressure pulses created
by the rotating jets. Production of fine sand during the cleaning jobs indicates that the
washing action of the jets was significant.
During none of the trials measurements were made that actually proved that the tool had
been vibrating during the treatments. At the time it was thought that if a certain minimum
flow rate was applied the tool would be in active vibration mode. Later investigations in the
50 bar test circuit in Delft learned that there is an upper limit to the flow rate for vibration
and during some of the industrial trials this flow rate may have been exceeded.
Another important factor that may have negatively influenced the performance of the tools
is tool wear. All trials were conducted with a bottom support for the ball and deformation of
the contact surface and bedding‐in of the ball were frequently observed. Bedding‐in limits
the freedom of the ball for lateral movement causing stabilisation of the ball.
The geometry of the pollution control wells was better than for the water wells, but worse
than for the Oman wells, as shown in by figure 8.14.
Relative Energy Intensity for spherical radiation for pollution control
wells compared to Oman
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Figure 8.14: Relative energy intensity Ir/If [%] as function of distance from the wellbore centre
r [m], assuming spherical radiation of the compressional waves for the geometry of the
pollution wells, ignoring attenuation, taking the intensity at the filter wall in the Oman wells
as 100% at a distance of 0.057 m from wellbore centre.
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Based on assumed well initials of 6 m3/hr/m an analysis was done of a successful (trial 21)
and a less successful (trial 22) well cleaning trial in the program. The results are shown in
figure 8.15.
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Figure 8.15: Diagrams showing skin Sm as function of damage radius rd and penetration
depth L + rw as function of frequency f for various pore blockage ratios for a successful ‘a’
and an unsuccessful ‘c’ water well cleaning operation with a Roto VibroCav tool. For diagram
‘a’ and ‘c’ it has been assumed that there is no effect of the gravel pack and for diagram
’b’and ‘d’ that the fouled formation starts at the filter wall.
The comparison between the results of the two trials seems contradictory. With the
assumed well initials the penetration depths of the vibrations were better for the ‘bad’ well.
However the skin is much lower in the ‘bad’ well and the fouling mechanism may be deeper
into the formation, while for the ‘good’ well the fouling may have been be predominantly in
the gravel pack close to the wellbore, in which case situation ‘b’ should be compared with
situation ‘c’ with the condition that very little energy intensity was available for situation ‘c’
implying that the deeper formation could hardly be affected by the treatment. The rotating
jets of the Roto VibroCav providing inside the wellbore pressure pulses of 3 Hz with a tool
with 3 nozzles rotating at 60 rpm may have contributed to the cleaning process.
The good results on the repeat treatment of PP102 after 4 years (trial 26) may have been
due to use of CBS, which suggests that the well suffered from sulphate scale deposition. The
relative good improvements obtained during the repeated treatment of PP104 after 6 years
(trials 24 and 28) suggest that this well suffered from near wellbore damage, combined with
gradual deterioration further away from the wellbore.
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8.7. Conclusions
 The industrial trials have provided further insight into major parameters controlling
the characteristics of vibration based well cleaning tools, being (i) the mechanical
skin and effective permeability around the wellbore, (ii) the relationship between the
effective permeability and the penetration depth as function of the vibration
frequency and (iii) the energy intensity as function of geometry and tool directivity
and (iv) the number of cyclic velocity ‘hits’ above the trigger level for particle
mobilisation per unit rock volume to be cleaned and (v) the effect of continuous pore
flow on the stabilisation or destabilisation of fouling particles.



The best moment of cleaning a well after the drilling process is immediately after
drilling, because the damage is likely to be close to the wellbore and hence relatively
easy to remove. If fouling is allowed to take place over prolonged periods of time, the
pore damage may be outside of the reach of vibration based well cleaning tools.



The penetration depth of any vibration based well cleaning tool is dependent on the
effective permeability around the wellbore. If a well progressively fouls up due to
plugging by particles entrained with the flow from the ‘far field’, a situation may arise
in which the vibration based cleaning tools can no longer reach the damaged zone.
There may be a small benefit of ‘pore shaking’ if the vibration energy is not used for
slow wave energy dissipation; this effect was however not evaluated in this study.



The Oman trials indicate that flow reversal is beneficial for the vibration based
cleaning process. Less energy intensity will be required to destabilise bridges and
mobilise fouling particles. Cyclic flow reversal is an important technique to consider
for vibration based cleaning operations.



The Oman trials indicate that chasing mobilised fouling particles into the ‘far field’ at
a higher injection rate than the production rate can create a condition of sustained
production improvement. The fouling particles settle in pores where insufficient
production pore flow velocity is created to re‐mobilise the particles towards the
wellbore.



The wellbore geometry must play an important role in the design of a vibration based
cleaning operation. The trials in water wells indicate that insufficient energy intensity
was available for significant cleaning work. Focused vibration tools delivering the
vibration energy at the filter wall merit serious consideration.



The rotating jets in the Roto VibroCav tool provide very low frequency pressure
pulses that are likely to contribute to the cleaning process if the tool is sufficiently
close to the wellbore wall. The Oman and pollution control wells trials indicate that
this may be the case.
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Vibration based wellbore cleaning may be seen as (i) producing cyclic velocity ‘hits’ in
the formation pores to trigger the mobilisation of fouling particles and (ii) a
considered process to remove the mobilised particles from the well or place them
deep into the formation in positions where the particles are harmless to the
production. High frequency tools (kHz range) suffer from a very shallow penetration
depth but benefit from a high ‘hit rate’ and are therefore considered suitable for
near wellbore cleaning with relatively short exposure times. Low frequency tool
(several Hz to 1 kHz) reach deeper at comparable energy emission at source but need
longer exposure time to obtain a useful density of hits.



Tool wear may have interfered with the trials to such an extent that no or severely
compromised vibration took place during some of the unsuccessful treatments.
Acoustic measurements must be made for future treatments to prove that the tool is
producing vibrations.
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Chapter 9: Industrial trials for removing scale deposits in wells
9.1. Scale deposition
Scale deposition in the pores of the reservoir and on pipes in well bores is quite commonly
observed. The presence of Ca2+, Sr2+, Ba2+ in formation water with CO32‐ and SO42‐ ions at
saturation level from either formation or injection water is often the cause of deposition of
CaCO3, CaSO4, SrSO4 and BaSO4 scale in a well as the aqueous streams get mixed and the
temperature and pressure change or water evaporates (gas wells) when the fluids flow to
surface. Calcium carbonate scale can be dissolved with acids like diluted HCl; however
sulphate scale cannot be readily dissolved and the use of strong acids may be unwanted
because this may be destructive for the well materials. Scale may decrease the well bore
diameter so much that the flow from the well is significantly reduced. Scale may also plug
perforation tunnels and formation pores or obstruct accessories like sliding side doors or
side pockets so their functionality is affected. If a scale layer breaks off, it may cause
obstructions elsewhere.
9.2. Scale removal
Scale represents a very costly problem in the gas, oil and water production industry, not only
inside the well bore but also in the porous medium around the inflow area of the well. Scale
can be removed chemically, mechanically or physically. With chemical methods the scale is
converted into soluble substance and produced out of the well. By proper placement the
well bore itself and the surrounding porous medium can be reached, however placement of
the chemical treatment fluids in low permeable zones, often the zones most affected by
scale, may be difficult. Moreover the use of chemical substances may be unwanted.
Mechanical methods by crushing the scale in direct contact with a rotating drilling or milling
bit and flushing the liberated debris from the well are relatively rough, may leave a thin layer
of scale behind and hold a risk exists of damaging the pipe wall. A physical method such as
crushing scale using hydrodynamically generated vibrations and cavitation bubble collapse
or strong vortices has the potential to remove scale from the well bore and the surrounding
formation, including the less permeable zones.
Physical scale removal techniques include hydrodynamic jetting and hydrodynamic vibration
and cavitation. In the last decennium the use of fluidic oscillation has gained interest, using
frequencies of 120 to 200 Hz to obtain acoustic waves in the fluids and successful field
applications have been reported [1]. The use of 20 to 60 Hz vibration for impact drilling and
milling of scale provides successes in the field [2]. Ultrasonic devices have also been
considered for the task of scale removal [3].
This study ventures into the area of low frequency vibration and the tools that have been
investigated produce apart from strong vibration also strong cavitation if the well bore
pressure is typically lower than 100 bar. As cavitation is suppressed by higher wellbore
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pressure, the vibrations become stronger. At higher well bore pressures strong vortices take
the place of cavitation and assist in dislodging scale. The effect of the investigated tools on
scale thus varies depending on the depth of application. At shallow depths the effects of
shock waves and hydro jets due to cavitation bubble collapse play a major role in breaking
and dislodging scale inside and close to the wellbore, supported by the effects of radially
penetrating low frequency vibration. At deeper depths the low frequency vibrations and
radial effects become stronger because less energy is consumed for the generation of
cavitation bubbles, however the tool continues to generate very strong vortices and hydro
jets that assist in dislodging the scale inside and close to the well bore.
9.3. Effects of hydrodynamic vibration and cavitation
Drive fluid is pumped via a conduit through a VibroCav tool positioned opposite the
treatment horizon causing vibration of the tool at a frequency typically between 100 and
1000 Hz and consuming 5 to 50 kW hydraulic power, depending on the tool size, tool design
and drive fluid flow rates used, as schematically depicted in the figure below:
Drive fluid
pump

Return flow

Casing
Treatment
depth
Vibro cavitation
tool

Treatment
zone

.
Figure 9.1: Sketch showing a fluid filled well with a steel casing and a VibroCav tool lowered
on a pipe through which drive fluid is pumped to the treatment zone at a certain treatment
depth.
The vibrating body bouncing against the tool housing as described in Chapter 8 causes
vibrations of the pipe with scale and travel into the surrounding of the well. The tool itself
hammers against the casing wall. The cavitation generated at shallower depths or strong
vortices in the intense fluid jets emerging from the tool at deeper depths, combined with the
vibrations and physical hammering of the tool against the wall break the scale and flush it
away. The return fluid flow then returns the scale debris to surface.
9.4. Industrial trials for scale removal
To test the potential of the Roto VibroCav tool for scale removal in gas, oil and water wells,
test wells were found for a field investigation of the technique on an industrial scale. Most
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oil and gas wells produce unwontedly formation water together with the hydrocarbons in
the process of depleting a reservoir that normally fills itself with formation water after the
hydrocarbons have been extracted. A total of 5 treatments were conducted one of which in
an oil well in Denmark and four in oil wells in Oman. All these wells produced a considerable
amount of water with scaling potential and the production was negatively affected by flow
restrictions created by scale build‐up.
9.5. Equipment and operating conditions
For all trials a 3.2” Roto VibroCav rotating tool was used with a 38 mm ball as free body in a
housing with an internal diameter of 40 mm and lateral, slightly tangential outflow through
several vertical slits in the tool housing. The slits commenced just below the ball.
Drive fluid

Rotation

Rotating Housing

Free Body
A

A’
Support

A

A’

Figure 9.2: Sketch showing the ‘Roto VibroCav’ tool used for the industrial trials for scale
removal.
The rotation was caused by reaction forces due to the tangential component in the outflow
of the drive fluid. A hydrodynamic brake was used to control the speed of rotation between
typically 100 and 200 rpm in order to maintain adequate radial impact. The pipe that was
used to lower the tool into the well was in all cases a continuous steel tube from a reel; this
equipment is known in the oilfield as coiled tubing.
When possible the well produced a return flow rate significantly higher than the drive fluid
pump rate to ensure as much flow of drive fluid, oil and formation water as possible to flush
scale debris out of the well. The wells in Oman were provided with a gas lift facility; gas was
supplied via the outside of the production tube and injected into the production flow to
lower the hydrostatic pressure in the production tube and increase the flow. The wells that
were treated were all horizontal in the reservoir section. The conditions for the Oman trials
are shown schematically in the figure below.
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Figure 9.3: Sketch showing the conditions for the Oman trials and the use of lift gas to
enhance the flow for flushing out scale debris.
The treatment was generally started at the top of the scaled zone at approximately 2 km
depth along the hole and 1.5 km vertical depth and the tool was moved into the well with a
speed of typically 1 to 2 m/min. Produced formation water was used as drive fluid for the
Oman jobs. During several treatments successive passes were made across the same interval
to enhance the cleaning effect. The drive fluid was pumped at rates of 320 to 420 l/min
(comparable to the flow rates in the Drachten test circuit, see Chapter 7), projecting the
outflow from the tool against the wellbore wall consisting of 7” casing cemented in 8 ½” hole
and explosively perforated with typically ½” diameter shot holes at 20 shot per m and 6” to
12” deep perforation tunnels. A stand‐off device was used to keep the tool approximately ½”
away from the casing wall to allow free rotation of the Roto VibroCav head. The stand‐off
device hammered against the casing wall while the jetting action of the drive fluid exiting
from the rotating head assisted in washing away liberated scale. The typical treatment
conditions close to the tool are shown in figure 9.4.
7. Reservoir rock
1. Cement
5.Rotating
tool

2. Casing

6. Standoff device

4.Scale

4.Scale
3. Perforation
4.Scale

187

VibroCav

Hydrodynamic Vibration and Cavitation technology

Figure 9.4: Schematic drawing of the treatment conditions for scale removal trials in Oman
oil wells showing 7” casing cemented in an 8.5” horizontal wellbore in sandstone formation,
typical 20 perforation holes and perforation tunnels per meter, on the left hand cleaned and
on right hand presence of scale with the 3.2” Roto VibroCav Tool (5) and stand‐off device (6)
drawn in.
The well in Denmark was treated to remove scale that interfered with the operation of a
sleeve type valve, a so‐called ‘Sliding Side Door’ or SSD. The valves were used in a well to
have closable access to a production zone. The functionality is shown in figure 9.5.

Figure 9.5: Functionality of sleeve type valves (SSD’s) as used in oil wells in Demark. By
shifting the inner sleeve with a tool that grips in the recess in the inner sleeve, holes in the
outer shell of the valve can be opened or closed. The valve needs free movement of the inner
sleeve for proper operation.
The production tube for the trial in Denmark had an outer diameter of 4 ½” and inner
diameter of 4” and was horizontal in the production interval. The scale in the entire
production tube was first mechanically cleaned with a 3.55” drilling bit, leaving scale in the
recesses of the tool and a thin layer of scale on the tube as shown in figure 9.6.
Scale

Rotating
tool

Stand off
device

Sliding
side door

Figure 9.6: Schematic of the treatment conditions in the Denmark industrial trial in horizontal
4 ½” OD production tube with an SSD’s at a vertical depth of approximately 2200 m, with the
3.2” Roto VibroCav tool and a stand‐off device drawn in. Three of such SSD’s with
approximately 100 m tubing in between were treated in this trial.
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Treated seawater was used for the Denmark trial and the tool was lowered at approximately
2 m/min over the tube interval and reciprocated several times over the SSD positions.
A stand‐off device was used above the tool to ensure that could freely rotate without
leaning on the side of the well bore.

9.6. Analysis of the treatments
Before each treatment in Oman an oil production rate was measured under controlled
conditions with the well being gas lifted, allowing the Productivity Index (m3/hr/bar) at a
controlled production rate and lift gas rate to be determined. These measurements were
repeated after the treatment to establish the improvement.
During the treatments, the pump pressure, drive fluid pump rate and flow rate of scale
contaminated drive fluid, oil and formation water were measured and scale samples were
collected from the produced fluids in all cases. The samples were analysed in the laboratory
of the oil and gas operator.
In the Denmark trial, it was simply checked with a shifting tool whether the sleeve in the
valve could be shifted to the ‘open’ and ‘closed’ positions after the scale removal treatment.
For the oil wells in Oman the production was closely monitored during the year following the
treatment to observe the effect of the treatment over time by monitor developments in the
oil and water production of the wells at controlled gas lift conditions. The available
production records allowed the incremental oil production after the treatment to be
determined.
9.7. Results and discussion
The scale removal trials are summarized in the table 9.1.
Indust
rial
trial

Country

Bottom
interval
vertical

Bottom
interval
along hole

Interval
lenth

Completion

Pipe ID
across
interval

Drive Fluid
Pump rate

inch
4,0

ltr/min
320

Drive
Fluid
Type

Total
vol
pumped

Return
Flow Rate

Seawater

m3
77

ltr/min
500

nr
1

Denmark

m
2024

m
3286

m
216

2

Oman

1210

2190

269

Perforations/
gaslift

6,0

375

Water +
FR

120

450

3

Oman

1175

1847

517

Perforations/
gaslift

6,0

420

Water

236

ca 350

4

Oman

1205

2111

111

Perforations/
gaslift

6,0

350

Water

346

400

5

Oman

1280

2830

565

Perforations/
gaslift

6,0

375

Water

260

450

3 Sliding side
doors

Comments on
Est. one
flow during year oil gain
treatment
m3
Well on natural Not
production
determined
Well on gas lift,
returns to
station
Partial returns
at surface
during
operations
Well on gas lift,
returns to
station
Well on gas lift,
returns to
station

6935

0

2190

5840

Table 9.1: Industrial trials for scale removal in oil wells with co‐production of formation water
with scaling tendency. All trials were carried out with a 3.2” Roto VibroCav tool deployed on
coiled tubing. All trials were carried out in horizontal intervals along the interval length
shown in the table. ‘FR’ denotes that friction reducing additives were used. ‘Dehydr’(ation)
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water is produced formation water. ‘Returns’ refers to the out flow of the well during the
treatment; ‘partial’ means that the out flow rate was lower than the drive fluid pump rate.
After the treatment for trial 1, one of the three valves proved to be operational while the
other two could not be shifted. The trial was therefore only partially successful. Checking
whether the valves would shift was done after retrieving the cleaning tool from the well.
When it was determined that only one valve would shift correctly, the well owner gave no
permission to continue cleaning in attempt to clean the other two valves. With a well bore
pressure of approximately 220 bar, the predominant mechanisms will have been low
frequency vibration, strong vortices, flushing by the drive fluid exiting from the rotating head
and hammering of the stand‐off device. The combined effect was sufficient for one, but
insufficient for two of the three valves to return them to normal service. There can be many
reasons for the unsuccessful results, such as the accuracy of tool positioning which is
notoriously difficult with coiled tubing, exposure time, possible presence of scale between
the sleeve and the valve body that was out of reach for the tool action or insufficient tool
action.
The four Oman trials were successful, apart from trial 3. The estimated one year oil gain
exceeded the costs of the treatment operation by a factor 5 to 10. During trial 3 the drive
fluid pump rate was higher than the production rate, which very likely resulted in re‐
depositing scale debris in the perforation tunnels or the formation. During trial 4 the tool
was lost in the hole and the cleaning operation was only partially completed; large pieces of
scale debris may have accumulated above the tool due to an inadequate flow rate and
jamming of the tool. The experience of tool jamming in trial 4 underlines the importance of
breaking up the scale in sufficiently small particles that can be flushed out of the well with
the lifting forces of the return flow; use of highly viscous fluid batches to promote the
transport of scale debris out of the well merits consideration. At a vertical depth of typically
1500 m with a wellbore pressure of around 150 bar, the predominant mechanisms will have
been low frequency vibration, strong vortices, flushing action by the drive fluid exiting from
the rotating head and hammering of the stand‐off device, combined with flow into the well
via the perforation tunnels. The low frequency vibrations may have been particularly
effective in the perforation tunnels away from the wellbore.
It is remarkable in all tests that results were obtained in near horizontal hole, while test
circuit experiments with non‐rotating tools indicated that tool inclination interfered with
free lateral movement of the ball. Tool rotation as takes place in the Roto VibroCav, if
safeguarded with an effective stand‐off device, appears a good measure to ensure random
bouncing of the ball.
The condition of scale can vary from tough to brittle and it therefore difficult to predict the
effect of a tool. Gholinezhad [2] describes the use of drilling and milling bits and even
explosives for the removal of very hard scale and reports that the use of acoustic waves
alone is unlikely to be successful. The effectiveness of a vibration based scale removal tool is
based on a combination of mechanisms like mechanical hammering, acoustic wave
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impingement, imploding cavitation bubbles or very strong vortices in a fluid stream jetted
onto the scaled up wellbore, and washing action; in fact all the effects generated by the Roto
Cavitation tool. For successful scale removal physical tool vibration and hammering is
considered of high relative importance; hence the tool should be optimised for these effects.
In general this will mean that the largest tool fitting the well geometry provided with the
largest possible ball with maximum mass would be selected with a fairly wide gap, operated
at a flow rate to optimise the vibration and bouncing strength. The stand‐off device should
be designed to optimise lateral hammering against the pipe wall aiming for circumferential
coverage. Deliberate rotation of the vibration head using a mud motor or string rotation and
the application of mechanical cutting structure in the vibration and jetting head would
combine mechanical destruction and liberation of scale with vibration and jetting based
scale removal.
In view of the strong decrease of energy intensity with the distance from the tool, it is
essential that the tool action is emitted as close as possible to the target.
9.8. Conclusions
 Mechanical hammering, low frequency vibrations, strong vortices and flushing action
have likely been the contributing scale cleaning mechanisms at the depth of the
trials. The strong vortices generated by the vibrating ball and jetted in the drive fluid
stream against the pipe wall by the rotating tool housing provide a strong washing
action. Mechanical hammering of the tool against the pipe wall and transfer of the
vibrations to the production tube or casing assist in disintegration of the scale.
Further away from the wellbore, such as in perforation tunnels and the surrounding
porous matrix, a positive effect of the low frequency vibrations can be expected. The
relatively large scale debris must be produced out of the well, as re‐deposition will
very likely result in near wellbore plugging.



During scale treatment it is possible that liberated scale particles are too large to be
flushed out of the hole effectively. Large scale particles are a threat for the tool
becoming stuck, because they may accumulate above the tool and bridge when
pulling up the tool. The use of viscous fluid batches to promote the transport scale
debris merits consideration.



The 3.2” Roto VibroCav was not yet optimised for the vibration action. The outside
dimensions of the tool allow the installation of a larger and heavier ball. Also the ball
and chamber gap can be optimised to realise maximum effects from mechanical
hammering by the tool.



Tool wear may have interfered to such an extent that no or severely compromised
vibration took place during some of the unsuccessful treatments. It is considered
important that down hole and surface measurements are made to ascertain that the
tool is vibrating properly.
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For scale removal from completions accessories like SSD’s it is critical that the tool is
precisely positioned opposite the accessory and that the exposure to the tool effects
is sufficiently long.



Tools for scale cleaning should be optimised for vibration action. This means that
tools should be chosen with a heavy ball as large as possible within the given
geometry and a ball to chamber clearance selected to achieve the strongest
vibrations at the available drive fluid flow. Means of actively tuning the clearance to
achieve the strongest vibration effect would be beneficial. Maximum advantage must
be taken of the mechanical hammering of the stand‐off device and the tool must
have primary or secondary functionality to break up scale particles to hydraulically
transportable dimensions without allowing the existence of oversized particles. Use
of batches of viscous fluid to promote the transportation of scale debris from the
well merits consideration. Down hole filtration of the scale debris in situations where
the debris cannot be circulated to surface may also be considered.



Apart from ‘self’ generated rotation by tangential outflow, tools can be externally
rotated by means of rotating the pipe on which the tool is lowered into the well from
surface or by means of a down hole motor activated by the drive fluid or a
combination of the two. The advantage of an externally rotated tool is that the
outflow ports can be purely radial resulting in improved projection of the outflow
onto the well bore wall. Externally driven tools can also be better combined with a
cutting structure at the bottom and top of the tool to enhance the mechanical scale
destruction capability of the tool.



For scale removal from accessories like SSD’s it is recommended to combine a shifter
tool with the cleaning tool to check whether the SSD will operate after cleaning and
immediately resume cleaning if necessary. The shifter tool will also aid in accurate
depth positioning. The use of an optimised rotated tool with cutting structures at the
top and bottom of the tool may also be considered; the combination with shifter
functionality may then be less realistic.



In future scale cleaning applications vibration must be measured with down hole
and/or surface microphones to ascertain the tool is working optimally. During a
treatment sound can be used to find the optimum operating conditions of the tool
and immediate action can be taken if the tool stops vibration.
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Chapter 10: Outlook
10.1. Introduction
The study has revealed enormous potential and also limits of vibrating‐body‐in‐pipe tools for
the hydrodynamic generation of cavitation at elevated backpressures and useful vibrations.
For cavitation applications the strong points of the tools are the simple construction,
cavitation generation at elevated backpressure, low energy consumption compared to other
cavitation generating tools and scalability for processing large flows. Disadvantages include
the high noise emission, and tool wear leaving metal traces in the treated fluids, however
these points can largely be overcome with sound abatement methods and good tool
engineering.
For vibration based wellbore cleaning applications, the tools are unique in the aspect of
mechanically hammering of the body against the inside of the tool, combined with a
vibrating outflow of the tool providing some directivity and a wide energy spectrum. If the
tool produces cavitation, shockwaves of bubble collapse enhance short range cleaning.
The work to date has given an in depth insight into the physical phenomena involved in the
tools and their effects, but has just lifted the tip of the vale of the potential of VibroCav
technology. The technology development deserves scaling up and investment. In the
following sections envisaged application potential is discussed.
10.2. Vibration
This study has demonstrated that the intensity of tool vibration is a function of tool size, tool
geometry, mass of moving parts, flow rate through the tool, condition of the drive fluid and
the downstream pressure. Depending on the conditions, the vibration intensity may vary
from insignificant to very strong.
It has also been observed that strong tool vibration does not necessarily match with the
strongest cavitation effects; hence it is anticipated that tools can be optimised specifically
for vibration effects at minimum expense of energy. For applications in deep wells it is
generally attractive to aim for the maximum effect at the lowest possible flow rate. If
vibration is the purpose of the application it may not be desired from the perspective of tool
wear that cavitation occurs.
Induced vibrations in the upstream pipe work of the test loops have been observed.
However it is not clear whether these vibrations are tool vibrations propagated through the
pipe wall or through cyclic water hammer effects in the drive fluid. These two types of
induced vibration are very difficult to distinguish from each other with the instrumentation
used to date. Hence the knowledge about induced vibration is currently still limited with
respect to the importance of water hammer in tools with partial flow shut off.
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If continued R&D would indicate that it would not be possible to generate strong cyclic
water hammer effects with partial shut off tools, it could be envisaged to pursue the
development of stop‐flow vibrating tools. It is anticipated that it will be a major challenge to
build durable stop‐flow tools, however industrial ceramics and poly crystalline diamond
materials may provide satisfactory solutions.
Some promising applications based on vibration include:



Cleaning of porous media around deep wellbores



Removing scale in deep wellbores, combined with mechanical disintegration



Friction reduction in wells



Increasing drill rates with vibrating bit action



Freeing of stuck drill strings



Improve gravel packing of filter tubes



Improve sand slurry flow for suction dredging

10.3. Mixing
In these applications the tool and system parameters are tuned to optimise the generation
of fluid shear and reduce the amount of energy required to achieve the desired effect.
Generally a high volume rate capability and low noise emission will be favourable features.
In mixing applications the amount and nature of cavitation is subservient to the mixing effect
and in some applications for mixing one may want to avoid that cavitation occurs e.g. in
order to avoid chemical change. The general purpose of the mixing application will be to
achieve a high degree of homogeneity and stability at the minimum expense of energy and
stabilising substances while treating high volume rates.
For emulsions the application would aim for a higher degree of dispersion of the immiscible
fractions than possible with other methods: micro‐emulsions trending to ‘near molecular’
emulsions where the droplets of the immiscible phase become so small that the highest
degree of stability is obtained with the minimum amount of emulsifying chemicals.
A particularly interesting application for a ‘near molecular’ emulsion is the water in fuel
application where a fraction of up to 10% water is used to improve the combustion
characteristics of fuels and improve the quality of exhaust gasses. One can visualise that
‘water mixing kits’ are built as car components with full integration with the fuel injection
and exhaust quality management systems. It could be a retrofit solution for clean diesel cars.
Prototype ‘mixing tools’ have been used already with good results for mixing of drilling fluid.
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Some promising applications for mixing include:



Mixing of water based drilling fluids



Emulsification of oil emulsion drilling fluids



‘Near molecular’ homogenisation and emulsification



‘Near catalyst free’ esterification for biodiesel



Stable water in fuel emulsions

10.4. Cavitation
The tools for these applications would be optimised specifically to produce the desired the
cavitation effect, ranging from maximum implosion energy ‐ e.g. to force chemical change ‐
to maximum flare length and suction effects – e.g. for well cleaning applications. The project
was started for the development of well cleaning technology. Several tools have been
successfully applied in industrial field trials and with the knowledge gained more effective
treatments are considered feasible. Particularly geothermal wells appear good candidates.
Some promising applications include:



Cleaning of shallow porous media around wellbores



Removing scale in wellbores, combined with mechanical disintegration



Cell disruption for drinking and sewage water decontamination



Destruction of viruses



Sewage sludge digestion



Stimulation of phase transitions in fluids



Low temperature ‘pasteurisation’

10.5. Way forward
VibroCav technology should be seen as a useful addition to the existing inventory of
processing and well intervention tools. The potential is so extensive that structured R&D
work and investment is considered warranted. It is hoped that this study has paved the way
to further development of VibroCav technology.
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