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1 Particles in the drinking water distribution syst ems

1.1 Introduction

The quality of drinking water in the Netherlandsatsehigh standards as is annually reported
by the Ministry of Housing, Spatial Planning and tnvironment (VROM)(Versteegh and
Dik, 2006). Also the water companies themselvesntdap the voluntary Benchmark that
water quality is one of the least discriminatingtéas as all the companies ‘comply
generously’ (VEWIN, 2004).

Despite this reported high quality, water compastédkreport between 3000 and 6000
customer complaints about discolouration annualhye report on the Benchmark mentions
that of all the parameters turbidity is causing hafshe water quality failures. These figures
are based on the data in the report system ussmzhimunicate the outcomes of the legal
testing programme to the inspectorates (REWAB, 2004

The most common process associated with the pheranad discolouration is historically
the corrosion of cast iron pipes as is suggestati®site of the Drinking Water Inspectorate
in the UK (DWI, 2007). On many websites of Dutchteracompanies, however, particles
originating during treatment are also identifiedtss source of deposits in the network. Many
authors who studied the corrosion of cast ironataple water systems conclude that this is a
major cause of discolouration. (Smith et al., 194¢Neill and Edwards, 2001). Recent
studies (Prince et al., 2003) have suggested thet sources for particles besides from
corrosion play a role in the discolouration problem

A large proportion of the customer contacts thatkiing water supply companies across the
world receive, stem from complaints on the occueenf discoloured water in the drinking
water distribution system (DWDS). Fig 1-1 showgdal breakdown of customer contacts
for a UK water company (Vreeburg and Boxall, 200y 1-2 shows some examples of
discoloured water supplied to customers, that hedéo the complaints.

Pressure Other
problems Aesthetic
liness 19% Problems
Complaint 7%

0%

. No Water
Discoloured 40%
Water
34%

Fig 1-1 Typical breakdown of reasons for custonwertacts for a 5-year
period for a UK water company.

The pictures in Fig 1-2 show that the black to bwslv or red nature of discolouration is not
covered by the expression ‘brown water’. The défgrappearances of the discolouration
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suggest that there is not just one cause of thalgts, but probably a mixture of different
processes that can lead to discolouration in adosease.

Fig 1-2 Examples of discoloured water

Discoloured water incidents as shown in Fig 1-2atlyeaffect customers’ confidence in tap
water quality and the quality of service providgdwater companies. Although good
customer perception is a major driver for water panies (van Dijk and van der Kooij,

2005), a thorough understanding of the mechanismipeocesses that lead to discolouration
are currently lacking or at least not widely apglielence water companies can only respond
to discolouration complaints in a reactive mankiéithin modern customer focussed water
companies such reactive maintenance is no longepégeble, particularly within a strict
regulatory framework as in the UK. Water companiegently need a practicable
understanding of the processes and mechanismsdgtddiscolouration incidents and need
to develop management tools and techniques.

1.2 Nature of discoloured water

Although referred to as discolouration, the visefééct observed by customers is rarely
colour in a strict water quality sense, definedligsolved contaminants. Typically, if a
‘discoloured’ water sample is left to stand forralpnged period (over night) it will clear and
material will deposit (Fig 1-2). Hence, it can mncluded that it is particulate matter that the
customer experiences as ‘discolouration’. The medwe parameter requiring investigation is
therefore turbidity. However, different particlesvie significantly different effects on
perceived turbidity, or discolouration. A combirmatiof factors including obscuration,
reflection, refraction, diffraction and scatter tdvute, although scattering usually dominates.
Peak scattering occurs for particles at aroundanatfcron in diameter with a rapid fall off for
suspensions of larger or smaller sizes (Russed31New developments in measuring
equipment have made more sophisticated particlateasiavailable that are not dependent on
the scattering of light and therefore can give gedetail for a better understanding of the
volume of patrticles involved.

Particulate accumulations are also known to hanetagion with biological activity (Gauthier

et al., 1999). Of the organic matter 1 to 12% mplarticulate accumulations may consist of
bacterial biomass, making the deposits an impoftantor in the hygienic safety of drinking
water.
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Fig 1-3 Typical discolouration events; both grapbksord the turbidity response on a
disturbed flow velocity. Left measured in the Na#mels, righ ta similar incident in
the UK (Vreeburg, Boxall 2007)

Discoloured water events are difficult to studyeal systems because they often occur over
short periods seemingly for unpredictable reasanlF3 shows some typical short duration
events captured by turbidity instruments instaitedystems in the Netherlands and the UK,
respectively. The figures show that discolouraggents have the same characteristics: a
sharp rise in turbidity that reduces within a fesuts, despite considerable differences
between the Dutch and UK networks with respech#onhaterials used. Similar results are
found in monitoring turbidity and velocity at diffnt locations in the Melbourne (Australia)
drinking water distribution system (Prince et aD01).

The largest growth period for network in the Neltwets was from 1945 — 1980, hence, the
average age of the network is 42 years and theprignt pipe materials are PVC and AC
(see also section 1.5). Conversely in the UK, @igvarks have not experienced such
intensive investment meaning these networks dtelstninated by cast iron pipes dating
back over the last 100 years or more. The Austradetwork is more recent than the Dutch
network and has concrete or cement mortar linetiicasand PVC as dominant pipe
materials (Prince et al., 2003). The treatmenbhiss of the systems are also different, with
systems in the Netherlands having long adoptedyahigh standard of treatment and a policy
of no chlorination, while the UK has seen a var@tgifferent treatment policies, resulting in
a variety of levels of service both in quality aqéantity. The Australian network is supplied
with unfiltered water, and is dosed with chlorifiepride and lime (Verberk, 2007).

These historic factors are key to understandingdethels of service and the processes leading
to the occurrence of discolouration events as shavang 1-2 and Fig 1-3. This difference is
also manifest in the reactive trigger levels tl@hpanies use to initiate cleaning in response
to discolouration, typically around 4 contacts p@00 properties in UK compared with 0,5 to
1 contact per 1000 in the Netherlands and 6 canfaet 1000 properties in Australia. This
shows that, despite obvious differences in systémesnature of discolouration problems is
the same though the number of problems variesitikgly discolouration in the Dutch
systems should be almost non-existent considetsngstory of good treatment, very low
leakage and a network with a limited number of aast pipes, but turbidity measurement as
shown in Fig 1-3 show that discolouration does oecul other processes are involved
besides corrosion. This may also highlight the imststent nature of customers, with a
propensity to complain predominately when the dquali the water changes from what is
perceived as ‘normal’. In an area in which usualater is distributed with a low turbidity, a
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rise to a higher level could cause complaints. diteolute value of this level higher, however,
would not cause complaints in an area in whichiibemal’ level is higher. In other words:
the deviation of the level that is perceived asmalirather causes the complaints than the
absolute level. This complicates any quantificatibdiscolouration risk in terms of tangible
turbidity levels.

1.3 Particle-related processes in the drinking water distribution
systems

Discolouration is associated with the mobilisatidraccumulated particles from within
distribution networks. Such particles have différgaes and densities and, hence, probably
different origins, often characterised as eithéemal sources or from processes occurring
within the system. Particles can enter the distilounetwork as background concentrations
of organic and inorganic material from the souregew (Lin and Coller, 1997; South-East-
Water, 1998; Kirmeyer et al., 2000; Slaats et28lQ2; Ellison, 2003), due to incomplete
removal of suspended solids at the treatment paadthier et al., 2001; Vreeburg et al.,
2004b) or be added to the water by the treatmeamit jiself, such as carbon and sand
particles, alum or iron flocks and bio particlegyorating from bio filters (Alere and Hanaeus,
1997). The distribution system itself can also piceparticles, such as from pipe and fitting
corrosion and lining erosion (Stephenson, 1989aR1A99; Gauthier et al., 2001; Clement et
al., 2002; Slaats et al., 2002; Boxall et al., 200®logical growth (Le Chevallier et al.,

1987; Stephenson, 1989; Clark et al., 1993; Me@3]) and chemical reactions in which
dissolved solids can be transformed to suspendets $8tephenson, 1989; Sly et al., 1990;
Walski, 1991; Lin and Coller, 1997; Kirmeyer et @000); or external contamination that
may occur during operations such as pipe repaiasiit@er et al., 1996; Slaats et al., 2002),
intrusion (Gauthier et al., 1999; Kirmeyer et 2D00; Prince et al., 2001) and backflow.
Possibly the most common and significant biologpralcess is biofilm formation which can
result from the presence of assimilable organib@ain the water or the pipe wall (van der
Kooij, 2002). The effects of these complex anératting processes are further complicated
by exposure to various different physical and cleaitonditions during passage through
distribution systems including contact with a ranfdifferent pipe materials and ages and
different hydraulic conditions. The formation andwth of particles is a very complex
process which is currently poorly understood. Facsoich as contact times, contact surfaces
and hydraulic conditions are likely to play impart@oles in controlling these processes
(Huck and Gagnon, 2004). These sources, exterdah&rnal, rarely contribute directly to
discolouration events but facilitate the graduaiuseulation of material within the

distribution system.

Next to the sources and growth of particles, itriportant to understand the hydraulic
behaviour of the particles to determine the fatthefparticles in the network. Research in the
UK showed results for the distribution of partisiees found in discoloured water samples,
suggesting a reproducible distribution of part&ilees irrespective of network conditions,
source water, etc. (Boxall et al., 2001) It is segjgd that the size range of the particles was
predominately less than 0.050 mm, with an averamged around 0.010 mm and a significant
number of particles in the sub 0.005 mm ranges Uinlikely that gravitational settling alone
will be a sufficient force for accumulation of sugarticles since turbulent forces generated
by even the lowest flows within a distribution systare likely to be sufficient to overcome
gravity settling forces (Boxall et al., 2001). Tsgparticularly valid for the smaller sized
particles found within discolouration samples whiah dominate discolouration due to their
light scattering properties. Fig 1-4 shows matea@dumulation due to corrosion processes
around the complete circumference of pipe sampidsadack of invert deposits, consistent
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with these concepts. Samples such as these hanens¢gled in a laboratory facility and
significant discolouration was generated by exppsiem to flushing flow rates, despite the
disturbance of weakly adhered material caused bairuhg the samples..

~
-

Fig 1-4 Material accumulation around the completgimeter of cast iron pipe samples

Transport of particles will not only occur throutte liquid phase as suspended solids, but
can also take place as bed load transport: partioleng over the pipe wall. Though not
mentioned in literature, bed load is a distinctgusity for particle transport. All the
aforementioned particle-related processes in aor&tere visualised in Fig 1-5.

zgiifnded Biofilm Corrosion 2;iifnded
formation &
sloughing
s Precipitation &
(AOC and Regular 6"’6\ 6-\00 . P ation | (AOC and
dissolved deposition & ,(\6\ S occulatio | dissolved
solids) resuspension @ »“J solids)

//‘/ © J.H.G. Vreeburg

Bed load
transport

Fig 1-5 Particle-related processes in a networke Hirection of the arrows indicate the path
particles follow in the pipe. The vertically aimadows indicate particles settling on the pipe
wall; the horizontally aimed arrows indicate patés moving with the water as suspended
solids.

Overall it can be concluded that the mechanismitggit discolouration events are
complicated, poorly understood and interactive. sy the processes may be understood
through the framework presented in Fig 1-5. On tlesentation the hypothesis of this
research is based. The underlying cause of diskation is presumed to be formed by
particles attached by some means to the pipe wakpective of their origin, either imported
from outside the network, by the treatment or poedlwithin the network itself. In normal
flow the patrticles regularly deposit and partlyuggend without affecting the aesthetic
quality of the water. If flows are increased abawemal values in an hydraulic incident,
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scouring forces and shear stress increase condggaed then the particles may be
mobilised. This incidental resuspension may leacLigiomer complaints.

1.4 Goal of the research

The goal of the thesis is to analyse the procaashe network associated with typical
discolouration problems as shown earlier in Fig b&sed on the framework of particle
related processes presented in Fig 1-5. In thares¢he behaviour of particles in the
network will be explored aiming at an empirical enstanding of particle origin and fate in
the network. Finally, measures and strategiesheilproposed to control the particles in the
network to minimise discolouration problems.

1.5 The drinking water network in the Netherlands

The drinking water distribution system is a comgtied reactor vessel in which particle-
related processes interact with each other angiggematerial. This thesis study has
primarily been done within parts of the Dutch netkv@hough drinking water networks do
not differ very much around the world as it comediameter and material use, the ratios
with which materials are used are different (Fi)1-

Switzerland | ; ; ;
Sweden
. | | |
| |

UK

Germany :

+ : [
Netherlands 7:# ‘ ‘ I O Cast Iron

Norway | I I BAC

Luxemburg | : : I ‘ OPVC/PE
Ireland | O Steel
= .
|
|
|
|
|
I |

Finland : H Concrete
Spain |
Danmark |
Belgium |
Austria

0% 20% 40% 60% 80% 100%

Fig 1-6 Pipe material composition in several Eurapeountries in 1990 (Based
on several historic data sources in 1990, courtegyg Ekkers)

The main materials used for common distributiooeks are Cast Iron (Cl), Asbestos
Cement (AC) and plastic materials like Poly Vinyil@ride and Poly Ethylene (PVC and
PE). Concrete and Steel are mostly used for tigetaransport mains.
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The historical development of the Dutch drinkingevanetwork is shown in Fig 1-7.

140.000
120.000 -
100.000 = Other

E 80.000 ~PE

j__i ' = PVC

= -

2 60.000 AC
40.000 -&- Cast Iron
20.000 -

O T T T T T

Fig 1-7 Development of the Dutch drinking waterntsys(source: (Geudens,
2006))

Based on these data the network is relatively yqongaverage 42 years in 2006) and has a
minor part of unlined cast iron (less than 10%)e plart of unlined cast iron is declining due
to ongoing rehabilitation from more than 20.000ikM.970 to less than 10.000 km in 2005.
The “new” cast iron, being the nodular cast iropgsi have a inner wall protection with a
cement mortar lining, which eliminates the ironrogion process.

The use of materials for pipes in the Netherlaraashe considered as a ‘sign of the time’ that
also might explain partly the development of matlewse in the other European countries.
The oldest pipes stem from the period pre-1940hitkvcast iron was the only material that
was available to produce pipes. In 1950 the mdtdsbhestos Cement became available for
manufacturing pipes that had many advantages cadparthe traditional Cl pipes: it was
non-corrosive, cheap and easy to handle. The vegeaftiects of the fibre cement finally
banned the use of it in new pipes during the 199€-in the early 1960-ties the new plastic
materials were developed with obvious advantagessis and handling and that became the
dominant material for new pipes resulting in a reetnthat for almost 50% consists of plastic

pipes..
1.6 Setup of the thesis

1.6.1 General

Discolouration is a problem that is as old as puditinking water supply. Until a few years
ago this phenomenon had received relatively lgttention, however, with other
improvements in the supply of drinking water, discwation is now the single most common
reason for customer complaints. Research descimbids thesis focuses on the underlying
mechanisms of discolouration, going beyond thetiriiand accepted causes like corrosion.
New tools and techniques can be developed to sufioimplementation of planned
operation and maintenance strategies to contraligmlouration risk. Most of the research,
however, concentrates on the composition of theowenh sediment and the possible impacts
on (microbiological) stability of the water (Gawhiet al., 1996; Gauthier et al., 1999;

Introduction -7 -



Gauthier et al., 2001; Zacheus et al., 2001; Tenviet al., 2004, Barbeau et al., 2005;
Carriere et al., 2005). The actual discolouratisk as such is not assessed or evaluated.
For this thesis the role of particles in the DWB$he central theme. A summary of the
particle-related processes as shown in Fig 1-5beilthe leading principle, which leads to the
hypothetic development of the discolouration riskainetwork, as is sketched in Fig 1-8.

Effect of improved

treatment/contained
Effect of corrosion

cleaning

Critical
level

Effect of particle
Free water

risk

Discolouration

Cleaning

|
|
|
|
|
|
l
frequency 1 !

|
|
Cleaning :
I frequency 2 !

|

Fig 1-8 The development of the discolouration nsthe DWDS based on the patrticle
related processes.

On the vertical axis the discolouration risk is miffed to a tangible value that comprises
elements as the amount and mobility of loose déptsat may cause discolouration events
when resuspended. The horizontal axis is the fithe.start of the solid line shows the
increase in the discolouration risk as a resuthefparticle-related processes in the network.
The discolouration risk is determined by the amand mobility of loose deposits in the
network that may originate from all the processestioned in Fig 1-5.

* The net result of the number and volume of padithat are loaded into the system with
the incoming water minus the amount and voluméefdarticles that leave the system
with the water that is actually supplied to thetouosers.

» The net result of the biological activity in thetwerk with the formation of discrete and
loose particles attributes also to the discoloaratisk. This excludes the Fe and Mn that
is incorporated in the biofilm (van der Kooij, 2002&n der Kooij et al., 2003), because
these particles are not available for discolouthmgwater.

» The result of active corrosion processes are lpastcles that can either directly
discolour the water or add to the reservoir of éodsposits.

* Precipitation and flocculation lead to the growtlsmall particles to larger ones that can
settle in the network. It also may result in thenfation of particles from dissolved solids
(DS) into suspended solids (SS), for instance énotkidation of F& to F€* and the
consequent formation of Insoluble iron hydroxides.

» The net result of the hydraulic behaviour of theipkes as suspended and resuspended
solids but also some of the particles can leavenéteork again through the bed load
transport.
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Chapter 2 of this thesis describes the measurirtgade that are developed and applied in
this research to substantiate the net result gbdinecle related processes and their effect on
the amount of loose deposits in the network.

The research is next to the empirical understandinmarticle origin and fate also aimed at
operational measures and strategies to controbandhimise discolouration problems.
Following the hypothesis as illustrated in Fig d#8the development of the discolouration
risk the operational measures will be geared teetiphenomena:

* The introduction and production of particles in D&/DS

* The hydraulic movement and the accumulation ofigiegt in the DWDS

» The control of the accumulated particles in the DSVDleaning the network

Within the framework of the research the three gdrave been introduced to the drinking
water companies in the Netherlands and have bek&oown as the ‘three-stage-rocket’. The
thesis describes the three stages in differenttersathat are shortly described in the
following sections.

1.6.2 Introduction and production of particles

The ambition of water companies is to prevent poid at the customers tap (van Dijk and
van der Kooij, 2005). The introduction of particlato the network through the water leaving
the treatment plant could be a significant souoceérticles in the network. To test this
hypothesis an experiment is done, described in €hdpin which the sediment build up in
two similar networks is compared. The differenceveen the networks is that one is supplied
with typical Dutch drinking water (a groundwateisbd multi stage treatment) and the other
with the same water with an additional treatmenabyultra filtration membrane plant,
resulting in a theoretical particle free water. Toerosion process is excluded because the
there is no unprotected cast iron within the twiwoeks.

The biological processes should not to be undenastid (van der Kooij, 2002; van der Kooij
et al., 2003; Huck and Gagnon, 2004), and will ha&lysed briefly in the experiment.

1.6.3 Hydraulic movement and accumulation of partic  les

Some of the patrticles in the drinking water accuateuln the network probably as a result of
the hydraulic circumstances. Water demand varies the day and especially in the DWDS
‘in the street’ where house connections are madedlamwater is mostly stagnant or almost
stagnant (Blokker et al., 2006). Also in the larggansport lines the velocity of the water
varies with low flow and high flows alternating. & hypothesis on which the second stage is
built stipulates that if the velocity in the netwas sufficiently high during relatively short
time periods this will prevent the sediment fronswaaulating to unacceptable levels.
Actually the process ‘regular deposition and resaspn’ shown in Fig 1-5 must be managed
in such a way that the net result is zero.

Chapter 1 describes the development of the higbcitglself cleaning distribution networks
and research into the effects of those networkihemccumulation of particles.

1.6.4 Control of accumulated particles: cleaning of networks

If resuspension of accumulated particles is thenmause for discolouration events, than is
containing the amount of loosed sediments in theark a practical measure to reduce the
discolouration risk In fact the most common regetneasure used by network operators to
deal with discolouration is to clean the network.
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The implicit goal of cleaning the network is to veé the discolouration risk which is
visualised with the immediate decrease of the dlsration risk following the solid line in
the graph shown in Fig 1-8: the amount of resusplkeledsediment is removed.

Chapter 1 inventorises the commonly applied cleateéchniques and their efficacy to
manage the discolouration risk leading to a pratapproach for cleaning of networks.

1.6.5 Particle composition and behaviour in sedimen  t and transportation
systems

Over the years a number of practical studies haea Iperformed that have enhanced the
knowledge about the processes in the network amtiéhaviour of particles. In Chapter 1
three recent case studies are described concdamgglistance transport of high quality
water with different dominant particle processed amesearch into the composition and
behaviour of several drinking water distributiorst®ms sediments. In these case studies the
new technique particle counting is applied on taaegport networks and the potential of the
new pre-concentration methods TILVS and Hemofloexplored.

1.6.6 Discussion and conclusion

At the end of this thesis the results of the chapaell be brought together and the effects of
the several processes will be evaluated alongthéin impact on the practical operation of
the network.
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2 Measuring discolouration phenomena in drinking wa ter
distribution systems

2.1 Introduction

The actual discolouration of water is difficultiteeasure with traditional sampling because
the increased colour or turbidity of the watereporary and dependent on non-regular
hydraulic circumstances that cause increased \&sdn the pipes. Nevertheless every water
company or distribution network manager receiveses like those shown in Fig 2-1 that
are taken by a customer who experiences a dis@iloarevent. These samples show the
nature of the discolouration: the resuspensioretifesi material.

Fig 2-1 Samples handed in by customers. Left the
discolouration incident and right the sample afsettling

Discoloured water is defined as water with a tutiithat can be seen by a customer with the
naked eye. Based on the framework of the partidiged processes (Fig 1-5) this makes
turbidity and particles key parameters in the asialpf discolouration. The measuring of
turbidity with a turbidimeter and particles withrpele counters both use light to quantify the
amount of particles. In brief, turbidimeters measiine amount of $dight scatter from
particles in a sample cell. The sample cell cartaiora discrete sample or can be flown
through with a continuous flow. This reflects thevidity of the water, relative to a known
standard. In this thesis the standard Formazinbidity Unit (FTU) is used which is equal to
the Nephelometric Turbidity Unit (NTU). Conversetgpst on-line particle counters measure
a change in light intensity as particles pass ttinoailaser beam. The shadow (light
obscuration) cast by each particle is proportidodis size within a defined size range.
Particles can be counted and sized within diffepgaset and discrete bands (Hamilton et al.,
2003). In this study mostly MetOne PCX particle s were used, capable of measuring
32 different bandwidths of 1 um, starting at eithar 2 um.

The change in water quality between the time wdsahe treatment plant and the time it
arrives at the customers tap is determined by tbegsses in the network. The pictures in Fig
2-1 show that accumulation and resuspension oicpestis the basic problem. The change in
water quality is dependent upon the type of netwdnsport or distribution), the material
used, the hydraulic circumstances and the qudlitigeotreated water that enters the network.
Water quality in DWDS is regularly checked throwggimpling according to the Drinking
Water Act (Water-Act, 1958). In the Netherlands shenpling frequency and locations are
according this Act determined by the Inspector ablfe Health, a part of the Ministry of
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Housing, Spatial Planning and the Environment (WR@nd the results are reported
annually (Versteegh and Dik, 2006). These sampagekier give little information about the
change in water quality in the DWDS because thgueacy of sampling is limited and
literally an end-of-pipe quality control.

Particle-related processes in the network in nogmmalmstances deal with very low
concentrations and seldom lead to direct probldie.indirect discolouration problems
caused by the resuspension of accumulated parsibtegdd be measured to study the effects.
The measuring methods that can be used to an&lggmatticle related processes can be
categorised as follows:
» Direct methods
With these methods the incoming and outgoing waterdirectly and on-line analysed
for different parameters. An example are the camtirs monitoring of turbidity or
particle counts.
» Effect methods
These methods measure and quantify the effecngfierm processes in the network.
A classic example is the Biofilm monitor (van dewdq et al., 2003) to measure the
effect of AOC on biofilm growth. In this categotyet Resuspension Potential
Measurement (RPM) is developed.
* Concentration methods
These methods concentrate the water to obtairothéelvels of particles in
concentrated form to better analyse the amountangposition of particles in the
water.

2.2 Direct methods

2.2.1 Introduction

Considering the particle-related processes of Fagthe quality of the water will change
during transport through the network as is founarany authors (van den Hoven and
Vreeburg, 1992; Gauthier et al., 1999). The changeater quality can directly be measured
with parameters such as turbidity and particle tiognDuring the transport through the
networks particles are lost due to settling or pomdi by corrosion or biofilm formation
resulting in a difference between the incoming tnedoutgoing water and, consequently, a
difference in the turbidity reading or particle otgl1 The direct way to assess these
differences is to monitor these parameters of ditoor particle counts.

Water quality changes during the water’s resideimse in the network. Preferably the water
that leaves the treatment plant is followed throtighnetwork. Grab samples should then be
taken with a time lag that equals the residence.timthis way the package of water leaving
the treatment plant can be traced in the netwodkta@ actual changes can be assessed. This
actual tracing is necessary because the watertyjaalireatment plants will vary with
seasons, but also within days or hours. For instahe turbidity of the water can vary
between 0,1 to 0,3 FTU on a daily base. The watarsample in the network with a value of
0,15 FTU can either have entered the network al@ewf 0,1 FTU, but also at a value of 0,3
FTU. This start value is of importance to be ablanalyse what happens in the network.
From the REWAB system (the Dutch national datalimsehich the results of the samples
reported to the Inspector of Public Health are ishield) it can be observed that the variation
in the samples at the treatment plant often atiedrsame range as the variation in the
distribution network. The frequency of sampling dine fact that the samples are taken during
office hours make it highly unlikely that the saepleflect exactly the same package of
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water. Comparing samples that have been taken @@y at several locations will not lead
to valid conclusions.

The benefits of continuous monitoring in the netwitrat will be applied in this research and
further illustrated in the next paragraph are alydenown Parameters that can be analysed
continuously are turbidity and particle counts. @tbhemical and physical parameters such
as temperature, conductivity, pH and oxygen corttame been monitored in earlier research
but are not considered to give much added infoondbr the purpose of tracing particles
(van den Hoven and Vreeburg, 1992).

2.2.2 Continuous monitoring of water quality

Turbidity and particle counts are parameters thatacterise the potential discolouration
aspects, because the discolouration is definedwrbidity that can be seen by a customer.
The turbidity levels and particle counts of treateater are almost permanently under the
thresholds that are prescribed by the Inspect@®ublic Health (REWAB, 2004; Versteegh
and Dik, 2006). The changes in the levels are suihich makes it necessary to monitor the
water quality continuously. Fig 2-2 shows a schefeontinuous measuring equipment in a
network and a picture of the equipment used inrésgarch. Flexibility to install the
equipment at various locations is of utmost impwréea

Monitor 1 Monitor 2 Monitor 3

Flow direction

Fig 2-2 Schematic of monitoring with continuous tmimg equipment and a picture
of a mobile system.

The blue pipe represents a network and at thregitots the water quality is monitored.
Location 1 monitors the initial quality, mostlythe treatment plant. The other locations are
down stream and monitor the water quality to obth& mostly subtle, changes in
parameters.

2.2.3 Interpretation of the continuous monitoring o f turbidity

Continuous monitoring of turbidity at several ldoas in a network, starting with the
treatment plant can reveal the processes mentiorsttion 1.3 (Fig 1-5). Fig 2-3 gives
some stylistic patterns of turbidity measurementbi@e typical locations, being the
treatment plant, the transport network and theilligion network. These stylistic patterns
each represent a specific process in the netwotkadoely can they be measured as such in
real life. Most of the processes take place simelbasly, but with one being dominant and
explicitly recognisable.
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Fig 2-3 Stylistic patterns of continuous turbidmypnitoring at three locations. Effect of
settling is demonstrated in the decreasing turlgidithe residence time can be
determined when the peak value at the treatmenmi dfollowed in the transport an
distribution network.
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Fig 2-4 Stylistic patterns of turbidity monitorinBesuspension as result of increased
velocity during peak hours. In this case a typitalrning peak causes a relatively sharp
increase of turbidity. The increase is highesthia distribution network.
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Fig 2-5 Stylistic patterns of turbidity monitoringhe transport network shows the same
turbidity as the treatment plant. The pattern im thstribution network is typical for active

corrosion: increase during night hours with almettgnant water that is ‘flushed’ during the
morning peak resulting in a lower turbidity.

In Fig 2-3 trough Fig 2-5 the turbidity tracesla¢ treatment plant, in the transport network
and the distribution network are drawn in a grajn wrbidity on the vertical axis and time
on the horizontal axis. The treatment locatiort iha beginning of the network, typically at
the pressure side of the pump or ‘at the fencéhefplant. The transport network is typically
a larger size pipe that connects the treatment plah the demand points. The location in the
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distribution network is on the smaller sized pigegs) mm and smaller, at which the house
connections are made. In fact this is the watdrabially enters the properties and is
experienced by the customers. The colour of thesl{ined, blue and green) in this thesis are
often used to represent the flow direction with tieel upstream location, green the
downstream location and blue somewhere in between.

The first process presented in Fig 2-3 is setitihgarticles, represented by the decreasing
turbidity in the flow direction. With settling, pazles are lost and that leads to a decrease in
turbidity in the flow direction. This phenomenomaaften be observed when in the turbidity
trace at the treatment plant irregularities octliese can be the result of a backwash of filters
or resuspension as result of a pump switch.

The spikes in the turbidity can be used as nattaeérs to monitor the residence time in a
network. The peak values at each locations are tosiei@ntify the origin of the water and that
‘package’ of water can be followed through the rakw This has proven to be a very

powerful tool to actually measure the residence timthout adding tracers to the water.

In Fig 2-4 the turbidity trace in the three locasare drawn in separate graphs. The three
stylistic traces represent resuspension of pasticlanifested by local peaks in turbidity,
independent of turbidity elsewhere in the netwddkstly the peaks in turbidity can be related
to increased velocity in the pipes, for instanceeasit of a hydraulic incident. In this case the
resuspension is caused by the increased flow dtmamgiorning peak demand. The increase
starts at 7:00 AM or even earlier and ends afteginty three hours. Resuspension can be
observed both in the transport network and in te&ildution network, though in the transport
network there are fewer and mostly lower spiketrhidity. First, the variation in velocity in
the transport network is less than in the distrdyunetwork (Blokker et al., 2006), allowing
for a more regular settling and resuspension. Skdbe sampling point is at the top of the
pipe and usually some stratification of the resndpd sediment can be observed. This means
that part of the resuspended sediment will notlrélae measuring point at the top of the pipe.
The peaks in turbidity in the distribution netwdddow the household demand, with high
peaks in the morning and varying peaks in thedétexnoon and early evening. The day
peaks are also related to the weather conditiodgtantypes of connections: in hot, dry
weather in areas with gardens the peak in the rgazan be much larger compared to the
morning peaks. That also explains why discolouratnzidents are often associated with
extreme weather conditions.

The graphs in Fig 2-5 are again separated forileetiocations and present the turbidity trace
that can be measured when active corrosion oc8utie corrosion changes the water

quality (McNeill and Edwards, 2001). The typicattean is that the turbidity in distribution
pipes rises during the night hours when the wdsgmates because of low night use. In the
morning hours the water consumption increaseshifhgsout water with an increased

turbidity. The rise in turbidity is caused by tharficles that are released through the corrosion
process. The phenomenon has also been observedavgt@le corrosion products scale is
damaged by aggressive cleaning action (Vreebui@6)19 he typical difference between
resuspension and corrosion is that with the resisspe phenomenon, the turbidity rises when
demand increases while with corrosion the turbidityps with increasing demands. It can,
however, be difficult to distinguish the two proses in the case of a combination of settling
and resuspension in a distribution pipe. The paéfalling and rising turbidity can look the
same, but the difference is the timing of the peakarbidity. In the case of settling and
resuspension the turbidity decreases in the nightshand increases in the day hours, while in
the corrosion case this is just the other way attowiith increasing turbidity in the night and a
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decrease during the day. In both cases howeveasroestcomplaints occur in the morning

hours, which makes it impossible to use customserptaints as an indication for what
process is dominant

2.2.4 An example of continuous monitoring of turbid ity

To illustrate the stylistic graphs of Fig 2-3 thgbuFig 2-5 and demonstrate that the
phenomena occur simultaneously a case study isibdedcFig 2-6 gives an example of the
concurrent monitoring of turbidity at a pumpingti&ia (red line) and two locations in the
network (shown with blue and green lines). The noeiused are Sigrist KT65 white light

turbidimeters. Measuring accuracy is 0,02 FTU aftdibration and the measuring interval is
2 minutes and 30 seconds.

0,5

0,4
=)
L 0,37 — Treatment
2 — Location 1
g 0,2 - — Location 2
5
|_

0,1

0,0 T T T

04-jun 05-jun 06-jun 07-jun 08-jun 09-jun

Fig 2-6 Example of continuous monitoring of turbydat the treatment and two locations
in the network. The variation in turbidity at theatment plant is mirrored in the
network, showing a general decrease of the valtiégroidity.

The treatment plant is a conventional groundwaeatinent with nozzle aeration, rapid sand

filtration followed with a second nozzle aeratigapand rapid sand filtration (treatment plant
Carlifornié of Water Supply Company Limburg). Lacat 1 and 2 are located in the network

at a distance of 12 km and 13 km from the treatrpéantt.

The average turbidity ex treatment works is 0,38/ F&hd the values at the network locations
are slightly lower. The averages, maxima and minameasummarised in Table 2-1.

Table 2-1 Turbidity values. Results of four dayssneng with a measuring interval of 2
minutes and 30 seconds (n=2300 per location)

‘ Average Max Min
[FTU] [FTU] [FTU]
Treatment 0,33 0,46 0,25
Location 1 0,29 0,41 0,24
Location 2 0,27 0,49 0,22

There is however a distinct pattern in the turidggadings over the day at the treatment plant
that is mirrored at the other two locations. Fréwat pattern it is clear that the turbidity in the
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flow direction is decreasing. At the end of the sweang period at location 2 there is an
increase in turbidity that is not related to thebidity at the treatment plant and is probably
caused by a resuspension of settled material.i¥ataccordance with the observation that
for the majority of time the turbidity drops indteag that material is lost from the fluid and
probably settling at the pipe wall. An increase&détocity will increase the sheer stress and
resuspend the settled material.

If these locations were monitored with samplesntih@ould be impossible to analyse the
process of regular settling and resuspension ofmaatSamples are mostly taken during
office hours, so the 24-hour information on thetgrat will be lost. Moreover at the network
locations the levels of turbidity also vary on aér time scale with short increases. Those
are represented by the short spikes in readingen3@he scale of the time axis, these spikes
last for at least half an hour. The chance thafpéesrare taken during those short spikes is
unrealistic and that would leave the phenomenaeancl

Following the patterns in the network also allowsdetermination of the residence time
between the treatment works and the network logatiollowing the stylistic pattern in Fig
2-3. The maximum value at the tretament on Juna$fallowed in the network; a closer
detail of the graph is shown in Fig 2-7 and thadatéd values are summarised in Table 2-2.
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Fig 2-7 Detail of turbidity graph with the maximadminima indicated

Table 2-2 Summary of maxima and minima continucurstaring

Turbidity Date time Restime Average Restime
TM —loc velocity loc - loc
[FTU] [day hh:imm]  [h:mm] [m/s] [h:mm]

Maximum

Treatment 0,404 5-jun 12:17

Location 1 0,346 5-jun 18:47 6:30 0,51

Location 2 0,331 5-jun 21:25 9:07 0,41 2:37
Minimum

Treatment 0,269 5-jun 02:02

Location 1 0,244 5-jun 12:25 10:22 0,32

Location 2 0,235 5-jun 15:25 13:22 0,27 3:00
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The summary in Table 2-2 shows that in the flovedtion the turbidity of the water
decreases. Because the sampling times could b#fieléfrom the patterns, it is possible to
actually follow a plug of water through the systérhe residence time from the treatment
plant to location 1 is 6,5 hours during the daydtunight it takes more than 10 hours for the
water to travel the same distance. The residenee ltetween location 1 and 2 is two-and-a-
half to three hours during daytime, and three hdureng night time. Knowing the distance
between the locations allows for calculation of éaverage velocity of the water during the
residence time.

If samples were taken, then they probably wouldeHazeen taken during daytime. If the
samples would have been taken in the afternoon,ttieedifferences in turbidity would not
have been very distinct but probably in the rigtiten: the highest at the treatment declining
in the downstream direction. Earlier in the mornihg turbidity at the network location
would have been similar, but the treatment plant@a would have been much higher. If the
samples, however, were taken in the afternoon o 8u(see Fig 2-6) than probably the
turbidity at the three locations would have beery wbose to each other or even in reverse
order with a higher turbidity at the downstreamalibans. This means that dependant on the
time of sampling different conclusion could havemeérawn on the dominant process in the
network. The information on residence time anddlear demonstration of resuspension
would not have been noticed anyway.

The cumulative frequency distribution of the tuitydor all three locations is presented in
Fig 2-8.
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Fig 2-8 Cumulative frequency distribution of turibydmeasurements at three
locations

The cumulative frequency distribution of the treabplant has the shallowest inclination
showing that that is where the most variation d&dhighest values lie. In the flow direction
the slopes get steeper and shift to the left, atthig lower values and less variation. Only in
the 99,0 and beyond percentiles are there higHeesaindicating the high peaks when
resuspending.

From the frequency distribution the conclusion dhwloether particles settle or resuspend or
not can also be drawn.
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2.2.5 An example of continuous monitoring of partic le counts

The stylistic phenomena as shown in Fig 2-3 thrdtigh2-5 are related to the turbidity of the
water. Particle count measurements give more éetaiformation on the size and number of
particles than the general parameter of turbidiityhis study particle counters are used as
they are expected to give more information on thtigle related processes through the
measurement of the size and number of particlesuginturbidity and particle counts are not
universally related, they are related for specifater types.

Fig 2-9 shows the results of particle counts at ltveations measured with a MetOne PCX
monitor in 7 diameter ranges. The measuring frequénin the same order as the turbidity (1
to 5 minutes) because the time scale of the changesticle counts is the same as the scale
for the turbidity. The particle counts are calilegaccording to specifications. The treatment
plant operates a conventional groundwater treatpreatess with rapid sand filtration as the
finishing step. The backwash program of the plarsieit to start at midnight and the start-up of
the filters has an effect on the number of parsiatethe water.
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Fig 2-9 Total Particle counts at treatment basedapid sand filtration (RSF)
and distribution network

The arrows in Fig 2-9 indicate the peaks in theigarcounts and the mirrored pattern in the
distribution network. The same phenomena can berebd as in the case study with the
measuring of turbidity at a treatment plant and saownstream locations in the distribution
network (section 2.2.4). The downside of usingiplrttounters is the huge amount of data
that is generated. Each sampling gives the nunfiqearticles in a band width and with the
measuring frequency of a few minutes that is regliio monitor the short time scale
processes this generates large amounts of dateof@ne simplest compression techniques
that can be used is to present the total amoupadrbicles irrespective of the size as is
presented in Fig 2-9. As small particles (< 5 praate the total number of particles this
primarily gives information on these sizes of paeis.

Other compression techniques are based on desgth®relation between the number of
particles and the size of the particles. This caa Pareto-curve, a power law or an improved
power law (Ceronio and Haarhoff, 2005). Howevegsthcompressions result in the curve
characteristics that do not have a physical meaamugthus do not facilitate the interpretation
of the measuring data directly.

In this thesis the accumulation of particles is am@nt for the generation of discolouration
events in the distribution network. The volumeldd particles therefore is of importance
rather than the number. Theoretically for instaad®cculation process will decrease the
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number of particles, while the volume of the paesowill stay the same or increase
unmeasurable if sub-micron particles clog to messersuper-micron particles.

The particle volume concentration is also a goaicetion for those measurements that could
contain important information on what happens i particles in a specific sample. Is, for
instance, an increase or decrease in particle wloncentration caused by an in- or decrease
of the number or a change in numbers per diameter.

The particle counters that were used is this stuele MetOne PCX unless otherwise
indicated. These particle counters were able tosorean 32 single um ranges, allowing for
an accurate calculation of the particle volume withany modelling. Each measurement
gives the number of particles per ml in 32 ranggesiges have a diameter width of 1um,
starting at 1 um up to the ranges of >31 um,. Tdieree is calculated by assuming the
particles to be perfectly spherical with a diametguwal to the linear average of the boundaries
of a range. This reduces the 32 counts per rangase value: the calculated particle volume
concentration.

For this study the particle count measurementpi@eented as calculated particle volume
concentration in the unity part per billion volufi®® m*m?®). Per measurement or sample
the particle size distribution can be made andgmesl on a log/log scale (Ceronio and
Haarhoff, 2002). Analogue to the interpretatiorha turbidity, the particle counts can be
followed in the network (Fig 2-7). Also the presatidan with the cumulative frequency
distribution of the calculated particle volume rabbgue to the turbidity graphs. Fig 2-10
gives the calculated volume of the particle coamis Fig 2-11 gives the cumulative
frequency distribution of these measurements aigdesmeasuring location at the beginning
of a distribution network. The measuring frequeisc® minutes.
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Fig 2-10 Calculated particle volume during a perigdlays of measuring with a 2 minutes
sampling frequency
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Fig 2-11 Cumulative frequency distribution basedio& measurements of Fig 2-10.

This pattern shown in Fig 2-10 has sufficient pethles can be identified in the network. The
cumulative frequency distribution shows how irreguhe pattern is. The ratio between the
higher percentile values gives an indication ofshape and steepness of the curve. A steep
curve indicates a stable pattern, while a mord®haturve shows more variation in the
calculated particle volumes. For this researchvtiiees above the 80-percentile point gives
good information, because this part of the freqyehstribution curve shows the ‘spikeyness’
of the curve. The ratio between the 90% and 99,Bkéemtile values is used as a indicator for
the extremity of the curve (see Table 2-3).

Another characteristic of the calculated partiaddume trace is the average value of the
calculated particle volume and the distributiorire$ volume over the relatively short spikes
and the more constant lower values. To identifgéhelumes two parameters are introduced
called the Surface-90% and Surface+90%, (Surf-90&6Surf+90%). The Surf-90% gives

the ratio between the average value of the CPMabthe 90-percentile measurement and
the average value of the CPV over the whole meagyeriod. The Surf+90% gives the ratio
between the average value of the CPV’s above thee®entile measurement and the total
average CPV.

Surface-90% = 09* ﬁ* 1002 Surface+ 90% = 01* M* 100%

\/0—100 PVo—loo

With

CPV, 100 : Avl]erage Calculated Particle Volume whole measupegod [ppb
VO

CPV, 4, : Average Calculated Particle Volume measuremegiigden
percentile values 0 and 90% [ppb vol]

CPV,y 10 . Average Calculated Particle Volume measuremeeiigden

percentile values 90 and 100% [ppb vol]

The Surf-90% and the Surf+90% are expressed asmtages of the average value indicating
the particle volume concentration that is measdigthg 90% of the time and 10% of the
time respectively. Together the Surf-90% and thd+30% give 100% of the total average of
all the calculated particle volumes. Graphically Burface-90% gives the surface between
the y-axis and the frequency distribution curverfreero to the 90% value and the
Surface+90% gives the surface between the y-axisrenfrequency distribution curve from
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the 90% value to the 100% value. The higher thé+S06 value the more spikey the pattern
is.

All the characteristics of the example curve of Zig0 are summarised in Table 2-3. The
surf-90% and the surf+90% is given as a percertagee average value of the CPV.

Table 2-3 Characteristics of example curve

Frequency
Percentile
[%] [ppb] 100 7 PP FITFFF LT T T g rwssay R
90,0 14,57 22 /\sLJrfLO%
95,0 21,80 _ 7
98,0 40,18 5 \
99,0 58,39 g io \
99,5 84,15 g § N surt-00%
99.9 160,58 o §
10 %
0 Py
ratio 90/99,5 0,17 0,0 10,0 20,0 30,0 40,0 50,0
average [ppb] 9,85 Particle volume [ppb]
surf -90 [%] 66.4% Fig 2-12 Surf+90% and Surf-90%
surf +90 [%)] 33,6%

The information on particle size distribution camnused to see what the differences are
between the water with high particle counts andsequnent high calculated particle volume
and the lower particle counts. For instance thégearsize distribution of the calculated
particle volume at the 98, 25 and 5 percentile mmessents of the example (Fig 2-13) show
that the distribution is a proximally identical fitre different samples, but that the amount is
different, resulting in different calculated palktizolumes.

5,00
10000,00 - 98%: 40,4 [ppb]
1000,00 = 98% — = 4,00 —-25%: 5,2 [ppb
e 250 | 2 0: 5,2 [ppb]
= ’ -= 504 ° i - 5%: 3,6 [ppb
£ oo % GE:': 3,00 o: 3,6 [ppb]
3 E
£ 100 $ 2,00 |
2 o] : .
© ' ]' £ 100 < L)
oo - wi
0,00 0,00 :

1 10 100 1 10 100
Diameter [um] Diameter [um]

Fig 2-13 Left: Particle size distribution of saraplat the 5, 25 and 98 percentile point.
Right: Calculated volume distribution over the siaeges for the same samples.

Measuring the particle-related phenomena in theor&thas improved largely by the
introduction of online particle counters that canused in the network. Up till two years ago,
within this research turbidity meters were usedralyse the processes. This is sufficient to
get a good understanding of the processes and amgdea of what the possibilities are to
control the processes.

Particle counters add exciting new possibilitiestf@ analysis of the fate of particles in the
network. Haarhoff and Ceronio, for example, demm@st a technique to fingerprint the
particle composition of water and to model theipkrdistribution if insufficient ranges are
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available (Ceronio and Haarhoff, 2005). With theltmange particle counters this is not
necessary and the analyses can be performed actired data.

2.3 Effect measurements

2.3.1 Introduction

The changes in water quality measured by direchatst give an indication of what happens
in the network. The effect of the processes inOWEDS is the accumulation of sediment that
increases the risk of complaints. The effect meaments are aimed at determining the
discolouration risk itself.

Discolouration events, leading to customer compgaiawre mostly connected to ‘*hydraulic
events’, disturbance in the normal situation inrieéwvork. In a number of cases the
relationship to hydraulic events is not obvioug, dcloser study of the event typically reveals
the underlying hydraulic disturbance (Vreeburg,@99ypical ‘hydraulic incidents’ are pipe
burst, hydrant use and valve exercises that resu#tlocity and flow direction changes in the
pipes. The effect measurements that are commosly aisd discussed in this chapter are the
Resuspension Potential Method (Vreeburg et al.4@pand the registration of customer
complaints.

2.3.2 The Resuspension Potential Method

The Resuspension Potential Method (RPM) as developthe Netherlands is based on
measuring the mobility of the material in a netw@vkeeburg et al., 2004a). The principle of
the method is based on the phenomenon of resusperfsparticles caused by a hydraulic
disturbance. The method is primarily a relativemoetthat is in origin used to compare the
presence and mobility of sediment pre and poshi@miention in the network. An

intervention is for instance a cleaning action. fethod is developed to be applied in
distribution networks with typical small diametepgs in the range from 50 to 200 mm. The
majority of the pipes tested in practice is in taege of 100 to 125 mm.

The RPM consists of a controlled and reproducihdegase in the velocity within a pipe. The
reaction of the turbidity on this hydraulic distarize is measured and translated to a value for
the Resuspension Potential. An increase of 0.35mé#s]jdition to the actual velocity at the
time of measuring, was determined empirically (\bigg et al., 2004a). Main reasoning is
that this increase in velocity is mild comparedrte increase of velocity as result of a pipe
failure or the full use of a fire hydrant. The fule of a fire hydrant with a two sided supply
on a 100 mm pipe would increase the velocity witleast 0,6 m/s. The hydraulic shear stress
as a result of the increase in velocity of 0,35 ocadsses particles to mobilise, affecting the
turbidity of the water. The method is mainly apglia 100-150 mm pipes, hence the absolute
difference in shear stress caused by the unifollotitg increase is not very large. The
turbidity effect is monitored and translated intcaaking for the Resuspension Potential. This
Resuspension Potential has an obvious relationtivetactual discolouration risk, but not
necessarily with actual discolouration events. &drscolouration event, next to the presence
of mobile sediment (as measured with the RPM) alkgdraulic disturbance is necessary. In
hydraulically quiet networks, meaning networks withlarge disturbances caused by failures
and other unusual high demands, a high RPM cannsthgut complaints. On the other hand
a moderate RPM in a network with a few disturbaruzeslead to customer complaints.

Measuring methods -23 -



The Resuspension Potential Method is applied &swsl

. Isolate the pipe for which the discolouration risko be assessed, as for uni-directional
flushing (Antoun et al., 1999). The isolated lengtiould be at least 315 meters long to
be sure that only this single pipe is affectedh®/15 minutes disturbance of 0,35 m/s.
Open a fire hydrant such that the velocity in tigeps increased by the additional

0.35 m/s above the normal velocity and maintain ta for fifteen minutes; after this
reduce the flow to normal (total length affectethigss 315 m).

Monitor turbidity in the pipe throughout the fifteeninutes of extra velocity and

beyond that until turbidity returns to the initlalel.

Schematically this procedure is illustrated in Ei@4.

Turbidity
measuring Extra flow _ _
(hydrant) Disturbance velocity

V (m/s)

Av ﬂ I Normal velocity

t1 tz Time

Closed
Valves

Fig 2-14 Principle Resuspension Potential Methadtréase velocity4v) with respect to
normal velocity by opening a hydrant in isolatedepand measure turbidity

The result obtained from an RPM test is the tuthidBsponse of a pipe. A typical example is
shown in Fig 2-15 highlighting the four regionsté trace that are utilised to rank
discolouration risk:

* Base turbidity level

» Initial increase in turbidity at the start of thednaulic disturbance

* Development of turbidity during the hydraulic didiance

» Resettling time and pattern to base (initial) tdityilevel

Base turbidity level

The base turbidity level is the level precedinghilgdraulic disturbance. Base line turbidity
can be linked to the turbidity of the source wated can give some insight into the source of
the sediment. Baseline turbidity is also needgddge the time required for the turbidity to
resettle after the increased velocity has stopped.

Initial increase in turbidity

Following the actual disturbance the turbidity wile immediately to a certain level. This
initial increase indicates the instantaneous mytolf the sediment, resulting in peak
turbidity. A loose layer that is immediately availa causes the initial turbidity.

The initial increase is an indication of the maxmmturbidity that can be caused by a
hydraulic incident. High initial turbidity increaséhe chance that discolouration will be
noticed.
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Fig 2-15 Typical RPM turbidity trace resulting fromm RPM test, showing
the four regions used to rate the discolouratiaskri

Development of turbidity during the hydraulic ditance

The hydraulic disturbance is kept going for 15 nbésiiallowing the turbidity to develop to a
stable level. If the turbidity stays near the firge-minute level, then the amount of sediment
is considerable and the composition of the sedinsgmbmogeneous. A quickly reached level
that remains fairly stable during 15 minutes inthsaa high discolouration risk.

In many cases the turbidity drops during the 15wt@rdisturbance time. Three phenomena
can explain this:

* Arelatively small amount of heavy sediment is pregsn the pipe. The extra forces in
accelerating the flow also promote the initial iihy up of this heavy sediment. The
significance of this sediment is limited becauss gettling even during the deviating
hydraulic circumstances, making the discolouratisk smaller. The chance that the
initial discoloured water can actually reach a taggoint in which it can be visually
identified is small.

» Atoo-short length of isolated pipe caused by angrsolation, forgotten valves or
leaking valves. If the length is less than 315 msete@ater is drawn from pipes
upstream of the isolated pipe. This water origigdtem the looped network or from
pipes with larger diameters and is less disturbad the 0,35 m/s.

* A non-homogeneous deposit over the length of tsiedepipe, for instance in a hilly
area with concentrations of sediment in the depesH a pipe.

In all cases however the level of turbidity follogithe first peak determines the continued
discolouration risk. This level will be present oam extended time, allowing customers more
time to see it.

Resettling to base level

After closing the hydrant, it takes a certain antafrtime for the turbidity to resettle again to
base level. The time needed is important for tkealouration risk or, actually, the complaint
risk. If the turbidity stays high during a longearjod, the risk of noticing the turbidity in an
application, such as filling a white basin (bathtwashing bin, bathroom sink, etc) is greater.
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2.3.3 RPM and discolouration risk

Based on the turbidity trace measured before, duaimd after the disturbance of the velocity,
the Resuspension Potential (RPM) can be determirfedlRPM is based on a ranking of five
aspects of the turbidity trace:

* Absolute maximum value of turbidity during firsv& minutes of disturbance;

» Average value of turbidity during first five mingtef disturbance;

» Absolute maximum value of turbidity during last @mutes of disturbance;

» Average value of turbidity during last ten minutéslisturbance;

* Time needed to resettle again to initial turbidiyel.
The ranking system is based on the process thatndieies a discolouration event through
resuspension of sediment. The turbidity duringfitst five minutes represents the effect of
the acceleration of the flow velocity and is ratedthe peak and the average. The turbidity
during the last ten minutes is the effect of a Egjsturbance and can be lower than the
initial acceleration effect. This is also judgedtba peak and average value. The time to
resettle adds to the discolouration risk becaudetérmines the time that an increased
turbidity level is present and can be noticed layustomer. A high turbidity during the
disturbance that resettles quickly to the basd lea® a lower discolouration risk than a lower
turbidity that takes a long time to resettle.

For each aspect validation on a 0 to 3-point Ssateade: O is the lowest or best rating and 3
the highest or worst rating. The lowest value egjeint with ‘no resuspension potential’ is
thus 0 (zero) and the highest value or ‘maximurnscal@uration risk’ is 15. This flexible

rating makes the RPM a measuring method that msgsify used for the comparison of
different situations and less as a absolute meastoDl.

For the rating per aspect a scale must be madéstbalibrated to the turbidity equipment
being used. Also, site-specific elements can bentakto account. If, for instance. the
intuitive feeling of a network is that the discotation risk is moderate, then the rating scale
can be adjusted to this level. Changes in the Wiscation risk that may occur when, for
example, the treatment is improved or a cleaniogam is started can be related to the
earlier objectified level. A cleaning program shibldad to less sediment in the pipes that
should result in lower levels of turbidity duringetdisturbance of the velocity, leading to a
lower value of the RPM. The discolouration riskagdished in this way is a relative figure
that can be company-specific or even area or géeific. The effects of changed operation of
the network can be assessed specifically and itastaausly. For every situation and type of
measuring equipment a ranking table can be magendéng on the type of turbidity-
measuring equipment being used, local circumstalnigealso the goal of the measurements.
Table 2-4 and Table 2-5 give the values for disa@ton risk for the Sigrist KT65
turbidimeter at a dedicated measuring point andthieange Ultraturb equipment at the
flushing point, respectively.

Table 2-4 Example of ranking RPM for discolouratr@k using the Sigrist KT65 equipment
at a dedicated measuring point

0 1 2 3
Absolute max first 5 min  <0,3 FTU 0,3-1,0 FTL0-2,4 FTU >2,4 FTU
Average first 5 min <0,3FTU 0,3-1,0 FTU0-2,4 FTU >2,4 FTU

Absolute max last 10 min<0,3 FTU 0,3-1,0 FTU1,0-2,4 FTU >2,4 FTU
Average max last 10 min <0,3 FTU 0,3-1,0 FIl0-2,4 FTU >2,4 FTU
Time to clear < 5 min. 5-15 min 15-60 min  >60 min
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Table 2-5 Example of ranking RPM for discolouratigming the Dr Lange Ultraturb
equipment at the flushing point

0 1 2 3
Absolute max first5 min  <3FTU 3-10FTWO0-40 FTU >40 FTU
Average first 5 min <3FTU 3-10FTUL0-40 FTU >40FTU

Absolute max last 10 min <3 FTU 3 -10FTU 10-40 FTU >40FTU
Average max last 10 min <3 FTU 3-10FTWO0-40 FTU >40FTU
Time to clear < 5 min. 5-15 min 15-60 min  >60 min

The ranking tables have a variety in the bordeth®ftanges that shows the flexibility of the
methodology. Firstly, it allows for different tuthimeters and for different locations of
measuring being used. The Sigrist KT65 measurdsawthite-light lamp and the Dr Lange
Ultraturb with an infrared lamp resulting in diféet values for the same event. The Sigrist
KT65 is used by Kiwa Water Research because afainestness of the equipment that was
available when the monitoring system was constclictehe early 1980-ties. The Dr Lange
Ultraturb is a more recent turbidimeter that infused by water companies, because of it's
size and simplicity in use. The first table usekedicated measuring point at the researched
pipe itself, as is shown in Fig 2-14. The secofdetés meant for measuring at the flushing
point, which is more practical, but gives highelues for turbidity (Slaats et al., 2002). Both
measurement strategies can be tuned to each otheralibration experiment using both
methods simulateously,

Secondly, the ranking can be tailored to the acpglication. The first table is used to
distinguish subtle differences in resuspensioretowghat the effects are of different cleaning
methods. For that application it is important tthet measurement be sensitive to distinguish
the different levels of resuspendable sedimentabateft after cleaning. In this case it is not
that important to know how high the RPM in absolutdidity values was prior to the
cleaning.

The second table is used to prioritise the needl&aming in a whole area that has a certain
level of complaints. In that case the sensitivitgid be more in the higher ranges to rank the
areas that most urgently need cleaning. In this sassitivity in the lower ranges is not
important as the same cleaning method is usedhé&whole network.

With the ranking the sensitivity of the measurentant be tuned to the actual needs and
equipment. This allows for a change in measuringpgent or measuring locations without
older data being lost. The ranking can also besaegl) for instance, to changing standards or
company policies.

In the practical application of the RPM, the measyof the resettling time is often limited to
a maximum, for instance 30 minutes, or is ignotkid.is ignored the maximum ranking is set
to 12 instead of 15. As in the research will beveinthe RPM can also be adjusted for the
time the disturbance is performed. This influentbesvalue of the RPM for that case and
hampers the possibilities to use the RPM in anlabssense, but makes it only suited to
compare pre- and post levels in a specific area.

2.3.4 Typical RPM-curve

Fig 2-16 shows an example of an RPM indicatinggh iiscolouration risk. The
measurement has been made with Sigrist-equipmeiiialsle 2-4 is applicable. Scale of the
equipment was set at a maximum of 2,4 FTU anddhg#$ng frequency is two-and-a-half
minute. The base turbidity is rather constant amd (0,22 FTU). The disturbance is
performed from 10:15 to 10:30. The increased tuiypduring the first five minutes as well as
during the following 10 minutes is high and aboy& 2TU, which is the maximum turbidity.
This leads for the first four aspects to the maxmacore. The time to clear is several hours,
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meaning that on all the items the maximum scoreashed, resulting in the maximum score
of 15. Despite the fact that the base line turpiditvery constant and low, this location will
experience a high turbidity with any hydraulic etvérhe main problem in this area however
is the long time that a high turbidity is visibeen with this mild disturbance.

3,0

2,5
2,0 -
15 -
T

0,5 3 N Vv M

0,0 T T T T T
7:00 10:00 13:00 16:00 19:00 22:00

Turbidity [FTU] (Sigrist)

Fig 2-16 Example of RPM, measured with Sigrist4eoént with maximum scale
2,4 FTU, indicating a high discolouration risk wighmaximum score of 15. The
increased velocity occurred from 10:00 to 10:15 &mel effect is long measurable.

An example of the application of the RPM as an@aahg tool for a cleaning action is given
in Fig 2-17. The left picture is the turbidity dogi the disturbance, which was from 13:10 to
13:25. The RPM is ranked using the boundaries bfela-5. The maximum during the first
five minutes was above 40 FTU, but the averagebgaseen 10 and 40 FTU. Both the
maximum and the average of the last ten minutes aeove 40 FTU. The resettling time is
not measured to save time.

After cleaning the same procedure is applied. Tiidance starts now a 9:59 and ends at
10:14. One point is credited because the maximutiedast ten minutes is just above 3 FTU.
In this case it can be concluded that the cleawiag) effective resulting in a reduction of the
RPM which means that the resuspendable sedimeidegsremoved.
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Fig 2-17 Results of RPM method applied pre- and-plesning to evaluate the effectiveness of
the operations. The pre-cleaning RPM is 11 accadmTable 2-5 and post-cleaning is 1,
resettling time is ignored
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The RPM is suited for the evaluation of the buidai sediment layers that have a certain
mobility. Every type of measurement, however, iaflaes the parameter that is actually
measured and the RPM is not an exception to thatWihen the RPM is measured a certain
amount of sediment is removed during the 15 mindigsirbance. If the RPM is repeated
after a short while and the same result is meastinad it should be kept in mind that there
was a loading of the system because the removetheedduring the first measurement was
replaced with ‘fresh’ sediment. Especially whemwa loading of the system is expected, the
repeated RPM influences the measuring location.

2.3.5 Flexibility of the RPM and alternatives

The RPM was originally designed as a comparativasueng tool to asses the effect of
changing boundaries in a network. For instancesttaduation of the efficacy of cleaning as is
demonstrated in Fig 2-17. As an increasing numberater companies apply the principle of
the method, also an increasing variety of pracagglications occurs. All the different
application have in common that the effect of dullsance on the turbidity is measured.

A full evaluation of the RPM on all five aspectsju@es a measuring time of at least a few
hours, mostly consumed by determining the initeddlevel and pattern and the resettling
time. It also requires turbidity-measuring equipirpat can be expensive and which requires
skill to operate. As said, implementation of thagiple of the RPM during the last decade
has led to some alternatives in the analysis mesthuke first adjustment is to limit the
measuring time of the base level turbidity to someutes prior to the disturbance or the time
needed to isolate the pipe. Limiting the time ugsedheasure the resettling time to a specific
time, for instance 30 minutes is another adjustmBme examples shown in Fig 2-17 use this
abbreviated version of the RPM. As seen the rasgtiime is not clear in the first graph.
However the overall impression is that the discation risk is high (>12) and action is
required.

Limitation of the measuring time allows for moreasarements in a working day. It is
possible to do four measurements in an 8-hour wgréay.

Replacing the continuous monitoring by taking Btgrab samples during and after the
disturbance limits the total measuring time evethfer. All the adjustments, however, cause
loss of information, specifically on the base leaet the resettling time. For the assessment
of the trigger level towards the discolouratiorkrithis is less important as the examples in
Fig 2-17 show.

2.3.6 Customer complaints

Customer complaints are the ultimate effect-meagutool’ for actual discolouration events.
The measuring tool itself, namely the observatiba customer combined with the

motivation to inform the company, is however noekable tool. The turbidity level at which
customers are inclined to complain cannot be strasfined, but is dependant on local
circumstances. If, for instance, discoloured wetersed in an application with a running tap
as washing hands, than the turbidity or discolaomnat more difficult to notice than in case it
is used to fill a white bath. To determine a thaddHor the turbidity at which customers

would complain a duplo experiment is performed mal delegates at a technical conference
were presented a number of white and continuoushed bowls (Slaats et al., 2002). Each
bowl had water with different turbidity that waslidution range of a large flush sample from

a drinking water network. The threshold for compiiag is around 10 FTU.

Next to the actual threshold level for turbiditydi$ficult to define also the recording of the
complaints by the company is not always reliablé @nsequential. A classic example is a
large pipe burst with a lot of complaints; afterlile the customer service centre releases the
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message that the cause of the problems is knowthanhéverything is being done to solve
the problem as quickly as possible; at that pdiatdomplaints are usually not recorded any
more. Relatively small companies, especially, ré¢be complaints around large incidents
insufficiently.

With the ongoing merging of the Dutch water comparthe scale of the companies is
increasing and the customer service centres ambieg more professional.

A good customer complaints registration recordsyegemplaint and passes it on to the
relevant department in the company. Although it&tsucontradictory, the registration of
complaints should be done without knowledge ofddwese and nature of the complaints.

The former Nutsbedrijf Regio Eindhoven (NRE) hagbad customer complaints registration
system with a 24/7 manned call centre that fitdbscription that “every complaint is
registered”, including the multiple complaints chgrincidents. The results of this meticulous
complaint registration are shown in Fig 2-18
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Fig 2-18 Discolouration complaints Nutsbedrijf Rediindhoven 1992 — 1999.

In the period 1992-1993 the water company performedrefully planned unidirectional
flushing program that met the operational requineimésee paragraph 5.3). With the
customer complaints registration, the effect ofghegram was clearly demonstrated: the
number dropped from 633 to 245 in 1994 and eveppdd further, to 104, in 1995. Then, the
number of complaints gradually increased again whad in 1999 to a measuring campaign.
The RPM was applied in several series to evallegaliscolouration. RPM locations were
selected both with and without recorded complaimtsee a difference.

The measuring campaign revealed that most of tedit;ms had a high RPM, but the level of
complaints varied. There was no clear relationblegveen the number of recorded
complaints and the RPM. Almost all the analysedsead an elevated RPM, but not all the
areas had the same elevated number of complaimts siiows that the RPM is an indication
of the discolouration risk, but that for an actdesicolouration event also a disturbance of the
velocity is necessary that obviously is not alwdescase. During the RPM-series, however,
some extra complaints were recorded, as is showigig-19.
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Fig 2-19 Complaints during the RPM measuring cargpat NRE

Also, planned work on 23 March caused some comiglamdicating the discolouration risk
was increased and that the combination with thiendiance of flow conditions resulted in
complaints.

This case shows the capabilities of customer camtplegistrations as a monitoring tool for
discolouration risk. A complaint occurs when twadiions are met: a relatively high level
of resuspendable sediment in the pipe and a hydmdisturbance. Without the disturbance
the discolouration risk may stay unnoticed untihgthing actually happens.

The customer complaints level can be applied asmtoring tool, when the registration
system is well defined and consistently applieds dtifficult to give absolute figures on what
levels are acceptable. Complaint levels of 1 p@0lébnnections per year can for the one
company be a trigger to take action while the otteenpany aims at reducing the level to 4
per 1000 a year like is mentioned in the target2@®8 of the Melbourne water company
Yarra Valley Water.

2.4 Concentration measurements

2.4.1 Introduction

The difference between the level of incoming antfjoung particulate mass is subtle as is
shown by the measurements of turbidity and padicteints. To assess the composition of the
particles, a concentration is necessary for chdraié volumetric analysis. Based on the
calculated particle volume (see for instance Tak®} the volume of the particulate mass is
10 to 100 ppb. With a density of 1100 kd#inis means 11 to 110 pg/l. For a valid
gravimetric analysis at least 2,5 mg is necessaPHA, 1998), meaning that a sample of at
least 25 litre must be taken. These samples shimutdken over an extended time-period to
ensure that variations are sufficiently balanceerdlie sampling time. As is shown in Fig 2-6
the cycle of variation can be captured if samptinges are 24 to 72 hours.

Two experimental techniques of concentration haentiried in this study: The Time-
Integrated Large Volume Sampling (TILVS) and theriddow.

2.4.2 Time-Integrated Large Volume Sampling (TILVS)

Within the frame work of this study, an onlinerfiition device is developed using a dosing
displacement pump that feeds a constant flow ostoall filter membrane, termed a 'Time-
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Integrated Large Volume Sampler' (TILVS) (Fig 2-2BYy having a continuous delivery of
water through the filter, a large amount of watem be sampled, preconcentrating the low
numbers of particles and providing a time-integtagample. This is done by using a
True-dos M (Grundfoss) pump to deliver a consteow to the filter by applying changes in
pressure to keep the flow constant as the filtelsfand resistance increases. The filtration
unit is made of stainless steel and can withstgni 1.0 bars of pressure. The unit also has a
water overflow vessel to allow the pump to pasgieample from the sampling tap as the
inflow on the True-dos pump is not suitable for pling directly from a pressurised system.
The pump delivers a constant flow of water to iherf allowing the total volume that is
filtered over the duration of the sampling periode calculated. The updated version of the
TILVS, based on the experience in this study andicadof the manufacturer, is equipped
with a pressure sustaining valve fitted beforefilter unit. This improves the accuracy of the
pump.

Flow rates may range from 0.5-4.0 L/h over a peab#l9-72 hours depending on the particle
content of the sampled water. The flow rates shbaldhosen so that the sampling can
continue for 24 hours without clogging the filterttans membrane pressure over 10 bar. As
filter 0.45 um cellulose acetate filters are used .2 um cellulose acetate filters are also
tested. Only the results of the 0.45 um filterd bd discussed.

The membrane filters used in this study had a nsucéiler pore size than filters used in
comparable studies. (Gauthier et al., 1997) usethTellulose acetate filters, while (Nguyen
et al., 2002) used a non-destructible 1 um fileetrcdge. There were two reasons why a
smaller pore size is chosen for this study. Asaatliresult of the multi-barrier approach the
sediment loading of the Dutch drinking water (ie tirder of 0.05 to 0.2 ppm) is much lower
than elsewhere. Gauthier reported a concentrafiOm86 ppm in his study (Gauthier et al.,
1997), while Nguyen reported a value of 0.65 pprgu@¢€n et al., 2002). The advantage of
filters with a pore size of 0.45 um is that thisesize is close to the lower detection size
range of the used particle counters.

Filters are prepared by rinsing with deionised watel drying in a 105 °C oven. All glass
and plastic used for the preparation and handlirigeofilters were acid bathed in a 1:10
dilution of AR grade nitric acid (Merck) before ugeellulose acetate filter membranes are
used as they are suitable for both inorganic agdroc (volatile suspended solids) analysis.
Filters were analysed gravimetrically for total peisded solids (TSS) after drying in a 105°C
oven and cooling in a desiccator.

9

Fig 2-20 TILVS-unit. On the left is the pump, ia thiddle the water overflow
vessel and on the right the filter unit.
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2.4.3 Hemoflow

Another experimental pre-concentration techniqumiked the Hemoflow sampling
technique, developed in house by Kiwa Water Rebe&ig 2-21 shows a picture of the
equipment. Originally, this device was used to @uaeentrate large samples for biological
analysis. The pumps used have a low impact oruttelence of the water to restrict the
damage of bacteria as much as possible. The deviigesed on kidney rinsing machines and
the membrane filtration unit is developed to bedusekidney dialysis equipment.

Fig 2-21 Picture of Hemoflow pre-concentration unit

The installation consists of a stainless steetecatation vessel shown on the right in Fig
2-21. The vessel is controlled by a floater tap #uedflow is measured using a standard
household flow meter. With a conventional hose ldisgment pump, often used in medical
applications to pump blood, the water from the gbssfed in cross-flow over the membrane
filter, while the concentrate is fed back to thesad. The permeate is discharged as it no
longer contains particulate matter.

The flow over the filter is restricted to 800-900'mour, allowing more than 2000 litres of
water to be concentrated over 24 hours. The coratedtsample can be analysed on
particulate matter either by filtering or by evagiion at 105C. The residue can be analysed
analogous to the analysis of the TILVS filters, V&S, TSS and elemental analysis through
ICPMS.

Concentration techniques as the Hemoflow and th&$lare still experimental and need to
be further developed in future research. One ohth reasons for further development is to
get a good database with relevant values thatexae $o better manage the treatment
facilities and the discolouration problems in tkedwork.
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3 Effects of particle-free water in a common drinki ng water
distribution system

3.1 Introduction

One of the sources for loose particles in the DnigkVater Distribution System (DWDS) is
the treated water. Particles can enter the digtabunetwork as background concentrations of
organic and inorganic material from the source wétm and Coller, 1997; South-East-
Water, 1998; Kirmeyer et al., 2000; Slaats et24lQ2; Ellison, 2003), due to incomplete
removal of suspended solids at the treatment paatthier et al., 2001; Vreeburg et al.,
2004b) or be added to the water by the treatmemit jiiself, such as carbon, sand or calcium
particles, alum or iron flocs and bio particleggarating from bio filters (Alere and Hanaeus,
1997).

To quantify the contribution of particles to theeamulation of loose deposits in the network
two similar areas in a large DWDS were isolated suqgplied with different types of water.
The first area was supplied with particle-free wated the second with normal drinking
water. The particle-free water was producednbsitu post-treatment of finished drinking
water using an Ultra Filtration membrane type Oyl pore size. This first area is referred to
as ‘Research Area’ (Res) and the second as ‘Refertrea’ (Ref).

The hypothesis is that in the Reference Area, segbjply normal drinking water, a build-up of
a sediment layer will be observed, while in thedesh Area this build up will be much less
or even non-existent. With reference to the patrelated processes in the network (Chapter
1, Fig 1-5) the particles in the new layer orig;ntbom the drinking water itself, from either a
biological process or precipitation and flocculatgrocess in which the soluble form of
especially iron will change to the particulate fowhich may add to the sediment layer. The
corrosion process is ruled out as there is no uapted cast iron in the areas considered.

3.2 The experiment

3.2.1 Setup

Two similar areas with respect to pipes lengthsloer of connections and pipe material in a
large DWDS were isolated from the rest of the nekvamd supplied through a single
dedicated line. Every area contains approximate@/fousehold connections and the total
length of the pipes is around 7500 meters. Thersatie and real maps of both Research and
Reference Areaa are given in Fig 3-2 and Fig 3eBfarther described in the next section.

For the supply of particle-free water to the Resle#rea two UF installations were installed
each with a capacity of 7,5%h. The Research Area was pressurised with a gegawanp
group in combination with a 400%ulear water balancing reservoir for the UF watére T
separate pump group was monitored within the géonpexation centre of the water company
and can be remotely controlled. A scheme of theeotion of the Research Area and the
Reference Area to the larger network is given mm3-iL.. The starting point is the transport
network that is directly pressurised by the puntgbeatreatment plant Spannenburg (see
detailed description in section 3.2.3). From thievoek, drinking water is drawn into a clear
water reservoir that serves as a process buffem fne reservoir the water is fed to two UF-
installations. The filtered water is stored in ®46° UF-reservoir from which it is pumped to
the Research Area. Because the Research Areathaslamusehold connections, the
continuity of supply should be guaranteed. Emergeatves 1 and 2, closed during normal
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operation, are opened if one of the components. fliithe pump for the Research Area fails,
valve 1 will be opened and the Research Area caupplied with the normal drinking water
pressurised by the pumps at the treatment plate\2awill be opened if the level in the UF-
reservoir drops below a critical level due to matftions of the UF-installation. The UF-
reservoir will fill with normal drinking water ansupply can then continue. During the entire
research period the emergency valves 1 and 2 stdgeed as both the UF-installation and
the pump worked continuously.

Network Reference

I — area

— UF-installation

clearw@{
water

reservoir

= Research

e

UF-reservoir

Fig 3-1 Scheme of UF-installation connection. Véalus controlled by the pressure in the
Research Area, valve 2 is controlled by the lavéhe UF-reservoir. The solid arrows
indicate the normal flow direction, the dashed avsothe flow in case of failure of the
UF-installation or the pump

Prior to commissioning the UF installation bothamr@vere cleaned using a unidirectional
flushing program based on a velocity of 1,5 m/s €ffect of the cleaning was checked with
an adjusted RPM measuring campaign (Vreeburg,e2@04a) which also monitored the
build-up of a sediment layer.

Initially both areas were cleaned by flushing ia geriod 22-26 June 2005. The Research
Area was again flushed on October 5, 2005, bedeseF installation was commissioned on
October 24, 2005 after a 4 month delay due toistattp problems. During the experiment
incoming water was analysed with particle countetsvo periods of two weeks. oncurrently
particle counters were employed in the network émior the changes in water quality.

The incoming water was also analysed in one pemwitiithe concentration technique
Hemoflow (see section 2.4.3).

After a 12-month period both areas were cleanedtagdhe period 6-14 November 2006.
The flushed water was analysed for amount and ceitigo of the removed sediment. A
summary of the measuring campaign during and poitine experiment is given in Table 3-4
at the end of the Materials and Methods section.

3.2.2 The Research and Reference Areas

Fig 3-2 shows the characteristics of the Researel fhat was supplied by the patrticle-free
UF-water. The asbestos cement network was maimgtoacted in the 1970. In 1974 a new
part was constructed of PVC pipes. The networkdsraventional network, primarily
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dimensioned to supply sufficient fire flows an@ddcommodates 550 connections with on
average 2,6 persons per connection and a dailynttofal 22 litre (data 2004). Every

connection is equipped with a water meter.

(T

J

—— & rj
O — / s 160 PVC
Location 3 L 75/50 PVC
——

s 300 AC

\ N e 150 AC
Location 2
Location 1 200 m

UF plant

Fig 3-2 Research Area supplied with UF water. Tée lines represent PVC pipes, the red
lines AC pipes. Diameter indications for PVC pipes typical outside diameters and AC
typical inside diameters. Location 1, 2 and 3 dre particle count monitoring locations

Location 3

Location 2

160 PVC
110 PVC
75/50 PVC

s 300 AC
——— 150 AC

100 AC

Location 1

200 m

Fig 3-3 Reference Area supplied with drinking waltbe red lines represent PVC pipes, the
red lines AC pipes. Diameter indications for PV@qs are typical outside diameters and AC
typical inside diameters. Location 1, 2 and 3 dre particle count monitoring locations
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The dimensions of the network and the material isadesult of the typical company
policies in that time. Until the early 1970-tiefoaof Dutch water companies used AC as a
standard material for the construction of new neksoFor this water company the policy on
use of material changed in 1973 and PVC was thematerial of choice. The layout of the
network is a based primarily on the supply of fighting water (see also chapter 4) with
consequent low velocities in the network. The Luoet 1, 2 and 3 indicate the particle count
monitoring locations. Fig 3-3 shows the charactessof the Reference Area that is supplied
with the normal drinking water.

The network in the area was constructed duringetpegiods in the time span from 1968 to
1998. The asbestos cement pipes (black lines) manely laid during the period 1968-1969.
The PVC extension of the network where measuringtlon 1 is situated was constructed in
1976 and shows the typical material use and dirairgg of that time. The PVC-part of the
network that contains measuring location 3 was troated in de period 1995 — 1999. This
part of network is also a conventional networkmarily dimensioned to supply sufficient fire
flows, but has some smaller pipes in the loopsénsupply area. The total network
accommodates 520 connections with on average 2sémeper connection and a daily
demand of 118 litres (data 2004). Every connedsaquipped with a water meter. The
average age of this network and the total buildirea is younger than that of the Research
Area. This is also indicated by the average nurobpeople per connection and the slightly
lower per capita per day demand: In a new buil@ireg typically young families live, with a
larger number of young children that use less w@li@per use versus toilet use) and have
more modern water saveing equipment.

Both areas are situated in the city of Franekénénnorthern part of the Netherlands and are
supplied with water from the treatment plant Spaiueg.

The actual pipe data is summarised in Table 3-1.:
Table 3-1 Pipe length and material at Research Reterence Areas

Research Reference

Area Area
Material Diameter Length Length
[mm] [m] [m]
AC 300 84 3
AC 150 2097 611
AC 100 2500 1273
HPE 160 31
PVC 160 31 1174
PVC 110 1408 2291
PVvC 75 53 86
PVC 50 1140 1684
Total 7313 7152

3.2.3 The treatment plant

The city of Franeker is supplied by the treatmdabpSpannenburg that is located 38
kilometres south of Franeker. The pumping statich@treatment plant is connected to the
city of Franeker by a network of mainly AC and P¥f@ins in which the water has a
residence time of roughly 24 hours. The water imped to the water tower and further
distributed to the local DWDS. The water towerosigected in line which means that the
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tower functions as a fixed pressure point. Theagfercapacity is too small to serve as a true
balancing reservoir. The average water quality ttata Spannenburg are summarised in
Table 3-2. The UF installation is also locatedhatwater tower.

Table 3-2 Average water quality data from treatmaant
Spannenburg based on obligatory sampling scheme

Spannenburg

n avg min max
Turbidity FTU 52 0,21 <0,05 1,30
Temperature °C 54 12,0 10,0 13,0
pH - 52 7,55 7,40 7,65
SI - 52 -0,20 -0,33 -0,04
Dissolved mg/I 52 6,1 4,6 7,6
Oxygen
DIOC mg/l 4 7,5 7,3 8,1
Aeromonas n/100 ml 16 10 6 29
Chloride mg/I 4 30 30 31
Iron mg/I 12 0,03 0,02 0,08
Manganes pm/I 12 <10 <10 <10
Aluminium pm/I 4 <5 <5 <5
Magnesium mg/l 52 9,4 8,2 10,0
Calcium mg/I 52 31 25 41

The treatment process is a conventional groundviie@aiment that has an initial aeration step
and two rapid sand filtration steps separated $gcand aeration step and pH and softening.
The turbidity of the treated water, measured diyeadter the clear water pumps, has a certain
pattern that is related to the backwash prograthefilters, as is shown in Fig 3-4. This
pattern of peaks in turbidity is typical for treant plants with rapid sand filtration as their
final treatment step. Depending on the size otctear water storage facility, the patterns can
be more or less recognisable.
The underlying hypothesis on treated water as a sw@irce for particles in the network is
that, especially in the relatively short timesméreased turbidity, the major loading of the

network takes place.
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Fig 3-4 Turbidity of treatment plant Spannenburgidg several days, measured with
Sigrist KT65

3.3 Materials and Methods

3.3.1 General

Several measuring methods were used during theiexg@ to monitor the build-up of the
sediment layer and the loading of both the are#is particles. The particle load to the areas
was directly measured by analysing the incomingewan particle content and the effect of
the particle load was measured with the Resuspeftential Method (Vreeburg et al.,
2004a), paragraph 2.3). The changes in particleeobmere measured by concurrent particle
measurements at different locations in the araally, the overall effect was analysed by
harvesting all the sediments in both areas atrideoé&the experiment and analysing them.
Experimentally a few Hemoflow measurements weréopered to get an idea of the
composition of the particles. A summary of the aggtion and timing of the different
materials and methods is given in Table 3-4.

3.3.2 Particle counters and turbidity

During two periods the incoming water was monitongith three MetOne PCX particle
counters. Two particle counters measured in 32amstarting at the range 1-2 um patrticles
with an increment of 1 um up to a range >31um. Qaréicle counter was calibrated to start
with the range 2-3 pm with increments of 1 um up tange >31um. The monitors were
calibrated according to factory specifications asdd a measuring frequency of 2 minutes.
Monitoring locations for the Research Area aredatid in the map of Fig 3-2. Location 1 is
at the pressure side of the pumps right behind@@ent UF-reservoir (see Fig 3-1).Location
1 and 2 were directly connected to the distribupge with dedicated taps. In location 3 the
monitor was connected in an inner installation pfienary school.

The monitoring locations for the Reference Areaiadécated in Fig 3-3. The monitors at
location 1 and 3 were installed in the inner iratadn of a one-family house. Location 2 was
also situated in a primary school. The school looatobviously were closed during
weekends and nights and did not have any demahdse times, apart from the flow needed
for the equipment, that is estimated at 200 I/h.

During the first measuring period concurrently witle particle counts, the turbidity of the
drinking water at the inlet of the UF treatmentl¢etation 1 in Fig 3-2) was measured with a
Sigrist KT65 white light turbidimeter.
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3.3.3 Resuspension Potential Measurements (RPM)

The Resuspension Potential Method measures tha effa mild disturbance of the flow
velocity in a pipe on the turbidity of the waterdais described in section 2.3. The mild
disturbance (0,35 m/s) resuspends loose sedimeatsasing the turbidity of the water. The
standard RPM (Vreeburg et al., 2004a) is, for #pplication, adjusted to a shorter time of
disturbance: 5 minutes instead of 15 minutes, bilt the same velocity. The main reason is
that the original procedure requires 315 meteisadéted pipe (15 minutes disturbance at
0,35 m/s), which would restrict the number of veabileasuring locations to one or two for
each area. The adjusted procedure requires 105swétisolated pipe, enabling more
locations in each area. For each area, six locatoa identified that are indicated in Fig 3-5
based on the actual maps of the system. The sciesrathe networks are presented in Fig
3-2 and Fig 3-3. The locations are selected conaglsome practical point. First point is that
the use of valves should be limited. Each locatiam be disturbed by closing one valve and
using the hydrant in the neighbourhood. Seconéraoit is that the locations are spatially
apart from each other avoiding that the measurfrane location disturbs the other locations .
The RPM influences the measuring location, becaitbethe disturbance a certain amount of
sediment is also flushed out. For this reason tA®IRvas limited analysed to minimise the
effect on the locations during the experiment. €logations were kept undisturbed, thus
unmeasured, until the end of the measuring period.

The ranking table for the adjusted RPM is giveitable 3-3. The boundaries for the ranges
were chosen low, because we did not expect a baghdf sediment to either area. With the
visibility threshold for discolouration of 10 FT$kaats et al., 2002) at the maximum value it
indicates a realistic discolouration risk when RfeM is high.

Table 3-3 Ranking table adjusted RPM: 5 minutesidisince and measuring
on the flushing point with a Dr Lange Ultraturb

Pointsg 0 | 1 | 2 | 3 | 4

Max during disturbance [FTU] <1 1- 3-5 5-10 10>
Average during disturbance [FTU] <1 1- 35 >10
Resettling time [min] <1 1-5 5-1 10-15 >15

RPM1 . rems |

m J D RPM 5 i RPM4‘[\, '\l

‘RPM1' ~

Fig 3-5 RPM locations for the Research Area (laftyl the Reference Area (right)
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The RPM is measured in three periods:

- The -1 measurement to evaluate the RPM beforeicigdme area

- The 0-measurement to evaluate the RPM just aftandahg

- The 1- measurement to evaluate the developmehedRPM half way the experiment.
This has only been done at three locations (1,d24ano protect the other locations from
disturbance by the RPM itself, as previously merdth

- The 2-measurement at the end of the period to atathe end result after one year of
normal operation of the Reference Area and onefgealing of UF-water to the Research
Area

3.3.4 Total sediment analysis

The sediment that accumulated during the reseamtbdowas in both areas flushed out using
a dedicated unidirectional flushing program (semagph 5.3). The layouts for the flushing
programs are designed and documented followingtineiples for water flushing (1,5 m/s
flushing velocity, three pipe turnovers and a cleater front). The flow and turbidity of the
flushed water is monitored continuously. From efarsih turnover a sample was taken and
analysed for TSS, VSS, Fe and Mn concentrations.sBmples were drawn from the first
turnover because then almost all of the sedimarinmved. A calibration curve of the
relationship between turbidity and each of the ys&d parameters was made and used to
calculate the total volume of deposits and its cositppn. These calibration curves are
specific for this type of water and are differemt the different areas.

3.3.5 Hemoflow measurements

The Hemoflow method (section 2.4.3) was experinignapplied in the last stage of the
experiment to assess the composition and weigthteoparticles entering the Reference Area.
The heart of the methodology is that a large samgleme is concentrated using a cross-flow
membrane filter. The concentrated samples weregysedlfor TSS, VSS, ATP, Fe and Mn
levels.

In the period 2 — 13 November 2006 the Hemoflow sueament was operated and four
samples were collected. The sampling time varid¢didxen 24 and 72 hours, resulting in
sample volumes of 2000 to 6000 litres. To verify gerformance of the UF-installation also a
sample was taken at the outflow of the installation

The method is still in development and thus expeeds limited. In this particular case the
four preconcentrated samples of the drinking watene analysed on total suspended solids
by evaporating the complete sample at ¥D50bviously, this is not the correct way to
analyse the total suspended solids, because thigdshave been done through filtering the
sample and weigh the residue according to (APHAR8].9

The residue that was collected through evaporatism contained the mineral salts that were
dissolved in the normal drinking water. The TSS tha&alculated from the residue should be
corrected for these dissolved minerals. This isedbinough an ICPMS-scan of the
supernatant water of the preconcentrated samm@eddstruction with nitric acid. The
amounts of minerals found are compared with theameemineral level at the treatment plant.
If they are in the same order, then the contrilbutibthese minerals is subtracted from the
residue resulting in the correct TSS.

The complete residue was analysed for the orgaation by combusting the sample at
45(C according to (APHA, 1998).

The last sample from the UF installation was aredysorrectly for TSS by filtering and
weighing the residue. As could be expected thelvesivas too little to analyse for VSS.
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3.3.6 Summary of measuring activities

The measuring dates and types of measurement dhergxperiment are summarised in
Table 3-4

Table 3-4 Summary of measuring activities

Research Area Reference Area
Loc 1 Loc 2 Loc 3 Loc 1 Loc 2 Loc 3

Particle count
First period| 14-3-06/ 21-3-06/ 14-3-06/ | 30-3-06/ 30-3-06/ 30-3-06/
30-3-06 30-3-06 30-3-06 10-4-06 10-4-06 10-4-06
Second 12-10-06/ 12-10-06/ 12-10-06/| 30-10-06/ 30-10-06/ 30-10-06/
period| 18-10-06 20-10-06 20-10-06 | 10-11-06 4-11-06 10-11-06

Turbidity Input UF installation
| | 21-03-06 / 10-4-2006

Hemoflow
21-11-06/ 27-11-06 2-11-06/3-11-06; 3-11-06/66H61 -
6-11-06/10-11-06; 10-11-06/13-11-06

Resuspension Potential Method (RPM)
1 2 3 4 5 6 1 2 3 4 5 6
-1 (2005)| 24-6 27-6 24-6 24-6 24-6 24-6|22-6 22-6 22-6 22-6 23-6 23-6
0 (2005)| 13-7 13-7 13-7 14-7 14-7 14-7| 7-7 7-7 7-7 7-7 8-7 8-7
1(2006)| 14-3 14-3 - 14-3 - - (143 143 - 143 - -

2 (2006)| 6-11 6-11 6-11 6-11 7-11 7-11|6-11 7-11 7-11 7-11 7-11 7-11

Cleaning period

Initial 5 October 2005 24 June 2005
End 9 and 10 November 2006 13 and 14 November 2006
3.4 Results

3.4.1 Particle counters: general

The particle measurements show the particle coratént for various ranges. For this
experiment the particle concentrations were inttgat in two ways: the calculated particle
volume and the particle-size distribution. The akdted particle volume gives an indication
of the amount of sediment or suspended particldsarnncoming water. Simultaneous
measurements in the DWDS showed how the calcujsgtle volume changed and what,
presumably, was left in the pipes. The particlesistribution indicates how the properties of
the particles can change during the transport &tdldition. (see also section 2.2)

The measuring data is presented ‘as is’ and no $raoimg in the form of a running average
has been applied. In the cumulative distributiorves the data is processed to smoothen the
data more and draw conclusions from that.

3.4.2 Particle counters: particle volumes

The concentration of particles in the differentges was used to calculate the volume of the
particles, assuming that the particles have a gm@iahape with a diameter equal to the linear
average value of the borders of the range. Obwotist total particle volume concentration

of the water feeding the Reference Area is highan the that of the UF-water that feeds the
Research Area. To illustrate this, for two daysmythe first measuring period the particle
volumes of the drinking water at location 1 in Beference Area and the UF-water at
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location 1 in the Research Area were calculatedtlasa graphically presented as shown in
Fig 3-6. The unit is parts per billion volume (pAli*® m* m®). The measurements were not
simultaneous but gave a good impression of thermiffce in particle load on the system.

100,0 \
—drinking water

80,0 — UF-water

60,0

40,0

20.0 1 I l [
0,0 . \ h \ ‘
0:00 12:00 0:00 12:00 0:00

Particle volume [ppb]

Fig 3-6 Particle volumes of drinking water and URter during two representative days
in the first measuring period (March-April 2006)

The particle volume trace does not match the titsbichce from the treatment plant as is
presented in Fig 3-4. The distance between thénesd location and the entrance of the
Reference Area is about 38 kilometres. During thegport the characteristics have changed
in such a way that the regular pattern has disapdeAccording to the stylistics of section
2.2.2 there is a resuspension type of trace &Réference Area with peaks during the high
demand hours and low values during the low demanitish

For each measuring period a typical period withdvdata was selected from the total
measuring period as mentioned in Table 3-4 ancepted with two graphs and one table. The
first graph represents the total calculated pa&ticdlume concentration in ppb. The second
graph is part of the frequency distribution of tadculated particle volume concentration and
the table is a summary of various frequency peilesnthe average particle volume
concentration and the parameters Surf-90% and S+ see paragraph 2.2.5).

The graphs for the Research Area and the Refersmaeare on a different scale, because the
particle load on the Research Area is less tharotinéhe Reference Area (Fig 3-6). The
scales differ by a factor of 10, both on the fgsaph for the calculated particle volume and on
the frequency distribution graph. To characteitseuariation of the calculated particle
volumes the ratio between the 90 percentile an@®#ye percentile is calculated. When this
ratio approaches one the variation in the calcdlpteticle volume is very low, meaning that
the shape of the frequency distribution is steepel\the ratio approaches zero, the variation
is large and the slope of the frequency distribuigoshallow.

Another parameter to characterise the irregulariiiespikes in the traces the Surf-90% and
the Surf+90% are used as are explained in sectibB.2Vhen the Surf+90% exceeds 20%
the pattern has some spikes in it, indicating 286 of the overall average is contributed in
10% of the time.

For calculation of the particle volume, the pagidiameter range 1-2 um is not used, as only
two of the three particle counters used were capatineasuring this specific range.
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The Research Area

The results of the first measuring period in thedd@ch Area are given in Fig 3-7 and Table
3-5 for Location 1 and 2. the monitor at the thodation malfunctioned during the complete
period and the results were disregarded. The Gakxliparticle volume at both locations are
very similar as can be seen from Fig 3-7: the sare overlapping and the cumulative
distribution curves are almost identical indicatthgre is little difference between the two
locations.

20,0 ] 105,0

— Res Loc 1 ® Res Loc 1

100,0 - — = mRes Loc 2

—Res Loc 2

15,0

95,0

10,0

90,0

volume [ppb]
Percentile [%]

50

MMMM -
0,0 - T T T i

0,0 2,0 4,0 6,0 8,0 10,0
22-03-06 23-03-06 24-03-06 25-03-06 26-03-06 Particle volume [ppb]

Fig 3-7 Calculated particle volumes in Researcha®aed cumulative frequency distribution
during first measuring period. Curves are almodritical, indicating a stable situation

Table 3-5 Frequency percentiles Research Area 2200% to 26-03-2006

22-3-2006 to 26-3-2006
Frequency Res Loc 1 Res Loc 2
percentile
[%0] [Ppb] [Ppb]
90,0 1,37 1,18
95,0 1,55 1,35
98,0 1,78 1,57
99,0 1,95 1,73
99,5 2,12 1,99
99,9 2,55 2,92
Ratio 90/99,5 0,65 0,59
Average [ppb] 0,92 0,83
Surf -90 [%)] 82,3% 82,5%
Surf +90 [%] 17,7% 17,4%

The second measuring period (12 to 20 October 2008 Research Area is summarised in
Fig 3-8 and Table 3-6. Three locations could beitoogd of which the first two are similar
to the first period. In the third location an ddirig pattern can be recognised.
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Fig 3-8 Calculated particle volumes in Researcha®aed cumulative frequency distribution
during second measuring period

Table 3-6 Frequency percentiles, Research Area@3aD6 to 20-10-2006
13-10-2006 to 20-10-2006

Frequency | ReslLoc 1 ResLoc 2 ReslLoc3
percentile
[%] [Ppb] [Ppb] [ppb]
90,0 0,85 0,62 4,15
95,0 0,98 0,75 4,86
98,0 1,18 0,92 5,76
99,0 1,33 1,05 6,78
99,5 1,51 1,21 8,90
99,9 2,17 1,62 16,39
Ratio 90/99,5 0,56 0,51 0,47
Average [ppb] 0,55 0,38 2,93
Surf -90 [%)] 80,7% 78, 7% 80,9%
Surf +90 [%] 19,3% 21,3% 19,1%

The calculated particle volume loading on the ReteArea was not zero, which

theoretically could be expected. Though the UF+aBewas cleaned before it was used for
storage of the UF-water, it could have some sedimesiduals that were resuspended during
the research period. The frequency distributiobhaih periods was almost identical for the
first two locations, which indicates that the Utadlation functioned well. During the course
of the experiment the particle load picked up fribva reservoir decreased as can be seen from
the percentile values that are lower at locatiam the second period. The ratio between the
90% percentile and the 99,5% percentile were feffitist period higher than for the second
period, indicating that there was less variatiame &bsolute values in the second period were
lower, indicating a lower calculated particle laacerall. For the third location the ratio is
lower, indicating that more variation occurs, whisttonfirmed by the pattern on the left of
Fig 3-8. In this graph more peaks occur duringdagime. During the weekend of 14 and 15
October 2006 there were no peaks and all the p#ngts occurred during daytime. This
indicates that the peaks were caused by an inaeasecity in the inner installation which
indicates that resuspendable sediment is presier @n the installation itself or in the
distribution pipe that the installation is connekte.
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The Reference Area
The results of the first measuring period in théelRence Area are presented in Fig 3-9 and
Table 3-7. All monitors were functional so for @ilfee locations relevant data is available.
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Fig 3-9 Calculated particle volumes in Referenceaand frequency distribution during first
measuring period

Table 3-7 Frequency percentiles Reference Are&2006 to 10-4-2006
1-4-2006 to 10-4-2006

Frequency | RefLocl Refloc2 Refloc3
percentile
[%] [Ppb] [Ppb] [ppb]
90,0 14,57 2,95 7,55
95,0 21,80 5,00 18,32
98,0 40,18 9,56 39,45
99,0 58,39 12,94 48,60
99,5 84,15 14,42 59,09
99,9 160,58 49,01 69,25
Ratio 90/99,5 0,17 0,20 0,13
Average [ppb] 9,85 1,98 4,49
Surf -90 [%)] 66,4% 56,6% 43,8%
Surf +90 [%] 33,6% 43,4% 54,9%

The results of the second measuring period in #fer@nce Area are presented in Fig 3-10

and Table 3-8 and are limited to two locations jragacause of malfunctioning of the particle
counter at location 3

Particle free water -47 -



200,0 ] 105,0
—ReflLoc1
—Ref Loc 2 100,0 +

05.0 /

90,0 -

[N
a
o
[=)

¢ Refloc1
W Ref Loc 2

Percentile [%]

100,0 - ‘
|

| 85,0

&I l "“ L dﬁ “ m | l] h 80,0 - T T T T
0,0 - 0,0 20,0 40,0 60,0 80,0 100,0

31-10-06 01-11-06 02-11-06 03-11-06 04-11-06 Particle volume [ppb]

a1

o

o
—

Particle volume [ppb]

Fig 3-10 Calculated particle volumes in Referenceafand frequency distribution during the
second measuring period

Table 3-8 Frequency percentiles Reference Area32aD6 to 4-11-2006

31-10-2006 to 4-11-2006
Frequency Ref Loc 1 Ref Loc 2
percentile
[%0] [Ppb] [ppb]
90,0 9,25 6,53
95,0 18,77 11,25
98,0 36,26 20,94
99,0 49,77 30,71
99,5 117,97 39,57
99,9 307,70 55,12
ratio 90/99,5 0,08 0,16
average [ppb] 5,77 3,11
surf -90 [%0] 38,2% 49,2%
Surf +90 [%] 61,8% 50,4%

In both measuring periods in the Reference Areafrdguency distribution of the particle
volume for location 2 was steeper than for locafioAlso, the percentile values were lower
(Table 3-7 and Table 3-8). This indicates thatghsicle volume between the two locations
decreased and also that the peaks were lower hifdddcation measured during the first
period, shows a steeper frequency distribution tharfirst location, but also has higher
values. The 90/99,5 ratio is low indicating moreaton in values. Overall, the calculated
particle volume at the entrance of the Referen@aAvas highest and had the most peaks.
Towards the second location a settling of partiolesurs that is seen in the lower values of
the calculated particle volume and the 90/99,5¢m@rie ratio. Towards the third location
more influence of resuspension is observed indhet 90/99,5 percentile ratio.

The average load to the Reference Area was a fatfd higher in particle volume during
both the periods. The distribution of the load cwae was smoother in the Research Area
than in the Reference Area. In the Reference Aweimgl the first period, 33,6% of the load
was delivered in 10% of the time. The Surf+90%hi@ Reference Area has values in the
range 34-62% and was much higher than in the Resdaea with values in the range 17-
22%. This indicates that a large part of the pirfiwad to the Reference Area was in the
peaks: in 10% of the time, 34 to 62% of the load wapplied. This is, however, not a
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guantitative determination as the volume flow datalacking. If high peaks coincide with
high volumes, the actual mass load would even gieehi

3.4.3 Particle counters: Particle size distribution

Particle-size distribution for momentary samplesvetihow the number of particles is
distributed over the different particle sizes. T@iges added information on how the
calculated particle volume is built up. A certamlume can for instance consist of many
small particles or a few larger patrticles.

Fig 3-11 gives the particle distribution for santple the 98-percentile value at the three
measuring locations(see Fig 3-2) for the measudaations in the Research Area. Note that
the axes have a logarithmic scale.
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Fig 3-11 Particle distribution in Research Area 98ues period 13-10-2006 / 20-10
2006. According to the low variability in particl®lume the lower percentile values are
not so different.

The same graph is made for the 98-percentile am@%kpercentile samples at the measuring
locations in the Reference Area (Fig 3-12).
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Fig 3-12 Patrticle distribution in Reference Areaftlthe high counts at the 98% percentile
value and right the low counts at the 25% percentdlue.

There is an order of magnitude difference betwberd8 percentile and 25 percentile counts
in the Reference Area that, in its turn, differgsiagan order of magnitude with the counts in
the Research Area.
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The graph with the 25-percentile samples in theeRegice Area (right graph in Fig 3-12)
shows that, at location 1, more large particlesevpgesent that disappear in the network
towards locations 2 and 3. This is consistent Withcalculations over longer periods, as is
shown in Table 3-7 and Table 3-8, which show aidech calculated particle volume from
location 1 to location 2 and a more moderate irsgdawards location 3. The decrease in the
amount of larger particles from location 1 to thiees locations occurred also in the 98-
percentile samples.

The effect of the UF treatment on the particlertbstion is illustrated in Fig 3-13, in which
the distribution of the 98-percentile sample irglben 1 from the Research Area is compared
with the 98- and 25-percentile samples at locatiamthe Reference Area.

10000,00 = Rof Loc 1 98% 500 ~Ref Loc 1 25%

1000,00 —-Ref Loc 1 25% 4.00 1 -=- Ref Loc 1 98%
100,00 -+ Res Loc 1 98% -+ Res Loc 1 98%

10,00 -
1,00 +

counts [#/ml]

0,10 ~

Particle size vol [ppb]

Y alin N
001 0 1,00 Ve !E ﬁ
0,00 - 0,00 -
1 10 100 1 10 100
Diameter [um] Diameter [pum]

Fig 3-13 Particle distribution of drinking waterg¢ation 1 Reference Area) and UF-water
after UF reservoir (location 1 Research Area) amdiwvne calculation per diameter size.

The contribution of the diameter-size ranges taoe volume shows that the difference
between the 25-percentile Reference Area samplé¢han@B-percentile Research Area sample
is not very large. The influence of the very snmalinber of larger particles is not very large.
The volume of the particles in the 98-percentiléeRence Area sample is dominantly
determined by particles in the mid-size range fibta 23 pm.

The particle volume in the 98-percentile sampléhefUF installation is probably picked up

in the UF-reservoir. The total volume of the pdetscin the samples is given in Table 3-9.

Table 3-9 Volume particles typical samples drinkiveger and UF water

volume particles

[ppb]
Ref Loc 1 98% 40,41
Ref Loc 1 25% 5,23
Res Loc 1 989 1,30

The UF-treatment cuts down the total volume ofgghasgicles considerably, which could be
expected, and also shows in the values presenttlier tables. The particle volume from
‘peak-events’ that are typically in the high pertdersamples may differ considerably up to a
factor of more than 30, but also in the normal eatige volume is cut by a factor of 4. This
sustains the hypothesis that most of the partogd briginates from incidents, either leading
to high particle volume at the treatment locatiomy resuspended particles that have already
accumulated in the network.
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3.4.4 Resuspension Potential Measurements
The results of the ranking of the RPM for both #éineas are given in Table 3-10.

Table 3-10 RPM measuring results. In every colusmnpeasurement the
rankings for the three categories are given andttital. Each measurement is
characterised with the average of all the measuréme

Research area -1 measure 0-measure 1-measure 2-measure
Date 24-6-2005 13-7-2005 14-3-2006 6-11-2006
location tot tot tot tot
Res loc 1 4 4 3| 11 1 1 1| 3 2 1 0| 3 3 3 2| 8
Res loc 2 4 4 4] 12 1 1 1| 3 4 3 0] 7 2 1 0] 3
Res loc 3 4 4 3| 11 1 0 1| 2 2 1 0] 3
Res loc 4 4 4 2| 10 0 0 O O 1 1 0] 2 1 1 0of 2
Res loc 5 4 4 3| 11 2 1 2| 5 1 1 0of 2
Res loc 6 4 4 2| 10 3 1 1] 5 4 2 0] 6
Average 10,83 3,00 4,00 4,00
Standard deviation 0,75 1,9 2,65 2,449
Reference areqd -1 measure 0-measure 1-measure 2-measure
Date 22-6-2005 7-7-2005 14-3-2006 6-11-2006
location tot tot tot tot
Refloc 1 3 2 2 7 1 1 1| 3 0O 0 0O O 0O 0 Oof O
Ref loc 2 4 4 3| 11 2 1 1| 4 4 4 2 101 4 4 3| 11
Ref loc 3 4 4 4] 12 2 1 1| 4 4 4 2| 10
Ref loc 4 3 3 1] 7 4 3 1] 8 3 1 0| 4 4 4 3| 11
Ref loc 5 4 3 3| 10 0 0 O O 4 4 2| 10
Ref loc 6 4 3 11 8 0 0 O] O 4 4 3| 11
Average 9,17 3,17 4,67 8,83
Standard deviation 2,14 2,99 5,03 4,355

The results of the -1 measurement show that bethsanad a relatively high RPM that was
evenly spread over the whole area, consideringtdmedard deviation. Considering that the
visibility threshold for turbidity is 10 FTU (SlaaR002), almost all the locations had a
realistic discolouration risk. After the initialeaning, not all the locations had a clear RPM.
The average, however, dropped for both areas teaime level, so the starting point for both
areas was equal. The standard deviation for therBade Area is somewhat higher that that
of the Research Area.

The ranking table for this RPM experiment is adgdsn this way that the original situation is
almost the maximum score, which is in this caseotiginal -1 level.

The RPM'’s after a year give the clearest picturthefdevelopment of the discolouration risk.
In the Research Area the increase in the RPM fight after the initial cleaning was only 1
point with a standard deviation that is constanbfath measuring periods. It can be
concluded that the accumulation of mobile sedimead of minor importance and the
discolouration risk stayed almost the same dutigperiod. For the Reference Area one
location (location 1) had a very low RPM, which masobvious explanation but caused a
relatively high standard deviation in the resuftb the other locations are more or less back
on the same RPM as the -1 measurement. This meainwithin approximately one-and-a-
half years, the network was recharged with pagitbethe same realistic discolouration level.
The results of the RPM measurements are shown igediyhin Fig 3-14 with the averages of
the RPM.

Particle free water -51 -



12,0
10,0

— 8,0 /
S 6,0
a /I/
X 4,0 W ¢
2,0
0,0 T \ \ \ T T

L & & & & & & B’
U <R N R A S N

—-RPM Research Area - RPM Reference Area

Fig 3-14 Average RPM in the Research and the Raferérea during the whole research
period, based on the data from Table 3-10

The standard deviations for each measuring poengeaphically presented in Fig 3-15. The
large standard deviation in the Reference Areaamiycaused by the very low values of
RPM-location 1, that cannot be explained with thailable data. Ignoring this location
entirely makes the image clearer, but doesn’t cedhg general trends. The average in the
end situation is even higher as in the -1 situagiod the standard deviation decreases to 0,6,
making the distinction with the value in the Resbakrea very significant.
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Fig 3-15 Average RPM with the error bars indicatitng standard deviation. Left the
Research Area and right the Reference Area, bosledan the data tabulated in Table
3-10.

The shape of line with average RPM’s confirms tiyedthesis that the RPM was largely
improved (decreased) as a result of cleaning aactile recharging with sediment that would
increase the RPM again was less in the Researchthae in the Reference Area. This
hypothesis was graphically shown in Fig 1-8 inieecl.6. Taking into account the standard
deviation in the results, the significance of tbeausion still holds true, though there is an
overlap in results. From the average data on RPitla@ standard deviation it can be
concluded that the increase in the RPM in the Rebedea has come to a stop what would
mean that the accumulation of particles was notsoradle with the RPM.
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The cleaning frequency for the Reference Area wbeldbased on these data, once every 1,5
tot 2 years, while the cleaning frequency for tles&arch Area would be indefinite. For the
Research Area the average RPM stays constant arstiaihdard deviation is declining.

3.4.5 Total sediment analysis

After the year period both networks were cleanetth wiunidirectional dedicated flushing
program. The flushed water was monitored for volame turbidity. Next to that samples
were taken from the first pipe turnover to analy§s, VSS, Fe, and Mn levels. The
parameters turbidity and TSS were interrelated asown in Fig 3-16. The relations with
other parameters were not made in the analysis.

The cleaning that was done prior to the experimerst not analysed in this way.
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Fig 3-16 Relation Turbidity — TSS for in sampleshef flushed water

The relations presented in Fig 3-16 were usedattstorm the turbidity of the flushed water
into suspended solids. With the measured volume tit@ absolute amount of suspended
solids removed with the flushing can be detrmined.

The relation FTU-TSS was different for both aresas] in the Research Area the relationship
was not as strong as in the Reference Aré®,652 versus R= 0,873The turbidity-TSS
relationships were different for the sediments tbimthe Research Area and the Reference
Area which was demonstrated in the slope of thesti®,788 versus 1,628. Sediment in the
Research Area has less light scattering charattsrand may be of a different composition.

All the pipes with a diameter larger than 75 mmewvidushed and the results of the flow
measurements calculated to the total removed anwdr8S and the relative amount of TSS
per meter of pipe. The results are summarisechitoRiesearch Area in Table 3-11 and for the
Reference Area in Table 3-12. The layout of theHing program is presented in Fig 3-17 and
Fig 3-18.
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Fig 3-17 Layout of flushing program Research ArBae actions are performed in the

numbered order. The smaller diameter pipes (less #80mm) are not flushed.

Table 3-11 Analysis data from flushing ResearclaAre

action nr | diam length material Velocity removedemoved removed
turbidity TSS TSS per

volume meter

[mm] [m] [m/s] [ftu*m3] [ar] [mg/m]
action 1| 150,0 350 AC 1,26 41,74 36,09 103,1
action 2| 150,0 850 AC 1,40 126,86 103,16 121.4
action 3| 100,0 500 AC 2,12 33,42 29,54 59,1
action 5| 100,0 500 AC 2,12 15,70 15,57 31,1
action 6 + 7| 150,0 450 AC 1,41 66,77 55,81 124,0
action 8| 150,0 350 AC 1,41 39,42 34,26 97,9
action 9| 150,0 340 AC 1,41 4,94 7,09 20,9
action 11| 100,0 240 AC 2,12 53,62 45,45 189,4
action 12| 100,0 200 AC 2,12 5,28 7,36 36,8
action 13| 100,0 265 AC 2,12 5,02 7,16 27,0
action 14| 100,0 500 AC 2,48 39,67 34,46 68,9
action 15| 147,6 400 PVC 1,46 116,79 95,23 238,1
action 16| 147,6 150 PVC 1,46 12,00 12,66 84,4
action 18| 147,6 575 PVC 1,46 32,54 28,85 50,2
action 19 147,6 170 PVC 1,46 11,65 12,38 72,8
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Fig 3-18 Lay out of flushing program for Refererdgea. The actions are
performed in the numbered order. The smaller diamgipes (less than 90mm)
are not flushed.

Table 3-12 Analysis data flushing Reference Area

action nr | diam Lengt material velocity removed removed removed
h turbidity TSS TSS per
volume meter
[mm] [m] [m/s] [ftu*m3] [ar] [mg/m]
action 1| 122,5 520 AC + 1,65 617,83 999,74 1922,6
PVC

action 2| 147,6 400 PVC 1,14 558,79 903,60 2259,0
action 3/ 101,6 160 PVC 2,06 73,33 113,13 707,1
action 4| 101,6 140 PVC 2,06 69,18 106,36 759,7
action 5/ 150,0 520 AC 1,38 390,24 629,16 1209,9
action 6| 100,0 350 AC 2,12 187,75 299,44 855,5
action 7| 100,0 240 AC 2,12 458,14 739,71 3082,1
action 8/ 100,0 64 AC 2,12 5,24 2,26 35,3
action 9/ 100,0 240 AC 2,12 75,32 116,36 484,8
action 10| 100,0 280 AC 2,12 53,43 80,72 288,3
action 11| 147,6 400 PVC 0,97 180,62 287,83 719,6
action 12| 101,6 400 PVC 2,06 168,61 268,27 670,7
action 13| 147,6 320 PVC 0,97 279,18 448,32 1401,0
action 14| 101,6 330 PVC 2,06 210,88 337,09 1021,5
action 15| 67,8 330 PVC 2,31 67,61 103,81 314,6
action 16| 101,6 330 PVC 1,03 33,12 47,65 144.4
action 17| 101,6 36 PVC 1,03 42,71 63,27 1757,4
action 18/ 101,6 205 PVC 2,06 28,50 40,14 195,8
action 19| 101,6 105 PVC 2,06 105,60 165,68 1577,9

At actions 20-23 the turbidimeter was malfuncti@nin

The totals for both areas are tabulated in Takl8.3-
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Table 3-13 Summary of sediment data for flushirgeReh and Reference Area
Total length removed Removed TSS

flushed TSS per meter
[m] [or] [mg/m]
Research 5840 525,08 89,9
Reference 5370 5752,52 1071,2

For the Research Area supplied with UF-water, #haive amount of sediment removed was
89,9 mgr/m and for the Reference Area this was JO@Qr/m. From the pipes in the
Reference Area almost 12 times more sediment waswed than from the Research Area.
Given all the possible errors in the measuremdangscain be considered as a significant
difference.

The samples have also been analysed for Fe, MW&8d To calculate the balance of the
samples Fe is assumed to be present as Fe(OOHJraad MnQ. Fig 3-19 and Fig 3-20
represent both the relative composition (left chand the absolute composition of the
sediment.

100%

80% +

O unknwon = Ounknwon
60% -+ HMnO2 15,0 1 HMnO2
>
B FE(OOH) E m FE(OOH)
40% -+ 10,0 4
BVSS BVSS
20% - [mg/l] 50 1 [mg/l]

0% - 0,0 -

N D DD DA DDA LD DD D AD D
P Y Y Y Y R O R R W v

Fig 3-19 Composition of flush samples from Rese#rea: left the relative compostion and
right the absolute composition

100% 250,0
80% - O unknwon 200,0 I O unknwon
60% | niEiEE, N LU mvno2 _ 1500 B MnO2
2o | B FE(OOH) Ej 1000 ] B FE(OOH)
20% -E:%s/” 50,0 .Y'nSS/I
O o ot e T T Wi“ii-alﬂi

Fig 3-20 Composition of flush samples from Refezehiea

The data on the relative composition is tabulate@able 3-14 and graphically presented in
Fig 3-21. The average VSS level of the samples tirResearch Area was 60,6%, while the
average VSS level of the samples from the Refer@nea was 42,5%. The TSS-Turbidity
relations also differed between both areas, eslheeigpressed in the slopes of the lines in
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Fig 3-16. Taken into account the standard deviatiese results suggest that the sediment in
the Research Area is of a more organic nature anldl ®e formed by a biological process in
the Research Area.

Table 3-14 Relative composition of sediments

Research Reference
Area Area
Average St Dev Average St Dev
[% of TSS] (n=16) [% of TSS] (n=21)
VSS 60,6 14,7 42,5 7,1
FE(OOH) 16,4 12,5 20,0 8,5
MnQO2 0,5 0,3 1,6 11
Unknown 22,5 12,5 35,9 12,1
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Fig 3-21 Relative composition of samples takenrdpfiushing of the Research
and the Reference Area. The error bars indicatesthadard deviation interval.

3.4.6 Hemoflow measurements

Analyses of the pre-concentrated Hemoflow sampiesliaown in Table 3-15. The correction
is based on the ICPMS scan that analysed all nignera
Table 3-16). Based on that the correction for tB&Janalysis is determined.

Particle free water -57 -



Table 3-15 Summary of Hemoflow samples

TSS VSS

Filter Sample Damp abso- Abso-
Sample volume volume rest Corr lute lute TSS VSS VSS

[1] [1] [mg] [mg] [mg] [mg] [ug/] [upg/ll %
2/11/2006 -
3/11/2006 1926 0,910 359,45 243,99 11546 43,17,95922,42 37,39
3/11/2006 -
6/11/2006 3.613 0,695 302,33 208,76 93,56 20,61 9(25,5,71 22,03
6/11/2006 -
10/11/2006 1942 0,960 364,80 274,87 89,93 19,34,3146 9,96 21,50
10/11/2006 -
13/11/2006 6.897 0,645 364,43 194,06 170,36 44,494,702 6,45 26,11
Total 14.378 469,31 127,61 32,64 8,88 27,2

UF-water
21/11/06 - | 2872 0,815 1t 1,2
27/11/06
Table 3-16 Correction for solubles in TSS

Ca Mg Na K
Sample org sample corr | org sample corr | org sample corr | org sample corr |totcorr
[mg/l] [mg/l] [mg/l]| [mg/l] [mg/l] [mg/l]| [mg/l] [mg/l] [mg/l]| [mg/ll [mg/l] [mg/l]] [mg/l]

2/11/2006 - 3/11/2006 | 33,0 26,7 66,6 9,7 82 202|740 723 177,8| 2,0 1,4 3,5 | 268,1
3/11/2006 - 6/11/2006 | 33,0 27,8 69,3 9,7 9,1 22,41 740 830 2043 2,0 1,7 4,3 | 300,4
6/11/2006 - 10/11/2006 | 33,0 258 64,3| 9,7 84 20,7740 803 197,6] 20 1,5 3,7 | 286,3
10/11/2006 - 13/11/2006 | 33,0 279 69,6 | 9,7 91 224|740 831 2045| 20 1,8 4,4 | 300,9

The difference in TSS concentration for the varipagods can be attributed to the varying
turbidity and particle content of the water. In prexiod 13-10-2006 to 10-11-2006 the particle
content of the treated water was measured at thanee of the Reference Area. This has a
good similarity with the water that was samplethatwater tower. Due to practical reasons it
was not possible to install a Hemoflow where theiga counter was located. The sample of
outflow of the UF installation did not contain afR$S as could be expected.

Fig 3-22 gives the calculated particle volume noaluding the 1-2 um ranges.

! This is below the minimum required mass of 2,5tmgroduce accurate values
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Fig 3-22 Total particle volume at the start of Refece Area during
Hemoflow sampling period

The average sediment load at the Reference Arearding to the Hemoflow concentrated
sample was 32,64 ug/l. Cleaning the system sholab753 gr solids were removed with
flushing. These solids were accumulated in theopdoetween the two cleaning procedures at
on 24 June 2005 and again on 13 November 2006 hvdiz period of 507 days. The average
daily consumption per capita in the Reference Avaa 118 Ipppd and 2,7 persons per
connection. In total this means that in the 507sd88.996 mhad entered the Reference Area
with a TSS of 32,64 pg/l. This is a TSS load of2@4. With flushing, in total 5753 gr TSS
was removed. However, the Hemoflow filters themaglgrobably retained an amount of TSS
that was not taken into account with these measemesnThe difference in colour of a clean
and used filter shows that the amount of solidshEeubstantial (Fig 3-23).

Fig 3-23 Picture of Hemoflow filters pre- and psstmpling. The increased colour
suggests that some of the particles are left irfittex, thus clouding the accuracy of the
sample

As the total amount of TSS found in a sample iheorder of 100 mg, it could well be
imagined that the coloured material also contamaraount in this order. An error factor in
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the order of 2 can be expected, making it diffitaltdraw conclusions from these
measurements. The measurements are reported laesbehe methodology can still be
applied if the filter itself is also analysed farspended solids. In this case, however, that
could not be done because the filters were alréamlyampered with and partly destroyed.

3.5 Discussion

Not surprisingly all measurements show that thensedt load at the Research Area was
significantly less than at the Reference Area. Téigeally the sediment load to the Research
Area should be negligible, but in practise it tuoos that even in the outflow of the UF-
reservoir some calculated particle volume was prte3édnese particles were probably picked
up in the UF-reservoir. Though the reservoir haehbedeaned before being taken into service,
it obviously contained some patrticles that setittethe first pipe of the network. The
Hemoflow measurement that had been done on thevautf the UF-installation shows that
the actual amount of TSS was virtually negligidlee total amount of loose deposits
removed from the Research Area at the end of tlesumg period was less than 8% of the
amount removed from the Reference Area. The méierdnce between the two systems was
the particle volume in the water that was supplsiice materials that were used and the
diameters that were applied are the same. The éHtrtient only removed the TSS from the
water, but left other components as AOC and otblerbde substances unchanged. The
chemical properties of the water were identical.

The average VSS level of the samples flushed fl@Research area was 60,6%, while the
average VSS level of the samples flushed from #fed@nce Area was 42,5%. In the
Research Area 89,9 mg/m of loose particles wesh#d out and in the Reference Area
1071,2 mg/m. Those percentages applied to the depasuld indicate that the

corresponding organics are 54,0 mg/m and 450,0 megpectively.

In the Reference Area 27% of the incoming TSS w@S {Table 3-15). If this percentage is
applied to the sediments found that would accooini21 mg/m of the total 450 mg/m found
in the Reference Area. If the VSS is considerdoketthe product of biological regrowth then
the net growth in the Reference Area results inrB88n organic matter and in the Research
Area in 54,0 mg/m organic matter, a significanteténce of a factor of more than 6. The UF-
membrane treatment doesn’t take out the AOC, asdtsoluble. Other biological properties
of the water such as colony counts are not considierthis study, but with these results it is
plausible that the amount of particles in the watet those accumulated in the network
promotes biological regrowth, because they offeerice to grow on (van der Kooij, 2000;
Huck and Gagnon, 2004).

In the Research Area a sediment amount has beaveenthat is equal to a sediment rate of
89,9 mg/m while in the Reference Area a sedimartegf1071,2 mg/m was found. (Carriere
et al., 2005) report sediment rates varying fromid@324500 mg/m and (Barbeau et al., 2005)
gives values of 260 to 410 mg/m. These sedimees rabwever, were based on samples
taken under different and non-uniform circumstartbas can lead to both over- and
underestimating of the ‘real’ sediment rate.

In earlier research sediment rates in small dianppes are found in the order of 3,9 to 247,3
mg/m. In a cast iron network that is supplied wildter treated with slow sand filtration as
the finishing treatment step, sediment rates waned ranging from 9,1 to 63,3 mg/m
(Vreeburg et al., 2007).

The Surf-90% and Surf+90% values of the particlew® of the Reference and Research
Areas show that the major part of the particle iogadvas done in a relatively short time. The
actual particle load to the system is also depemnoiethe volume flow. In the Reference Area
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the high peaks were often the result of resuspensioce they coincided with the periods of
increased demand, which would also indicate thatger load was being transported. To
make the mass balance, a real-time measuremdm @btume flow is necessary, but difficult
to measure. The development of a stochastic endaosel! (Blokker and Vreeburg, 2005;
Blokker et al., 2006) will facilitate this largely.

The traditional, and legally obliged, weekly orlgaample analysis of the treatment plant is
not sufficient to detect the short peaks in tutlyidir particle load. As is seen from the Surf-
90% and Surf+90% values, an important part of dtkrsent load was realised in a short
period that would have been easily missed in a Bagiprogram. Continuous monitoring for
analysis of network processes is applied longan len Hoven and Vreeburg, 1992).
Continuous monitoring for a few days at the treatnptant together with analysis of the
frequency distribution, the 90/99,5 percentileaathe average particle load and the Surf-90%
and Surf+90% are a better way to evaluate the tiparaf the treatment process.

According to the RPM measurements the Referenca Wes back on the starting level after
the period of 507 days or roughly one-and-a-hairgeDuring the same period the sediment
build-up in the Research Area was less than 8%isfrésulting in a significant lower RPM.
The measurements of the actual particle load thrqagticle volume concentration and the
Hemoflow measurement are not absolute, but sholausible and significant difference in
favour of the Reference Area. Based on the RPM uneagents, it is plausible that the
cleaning frequency of the Research Area is muchdothan that of the Reference Area. In
fact the cleaning frequency could be argued indefinecause the average RPM stays
constant after 6 months and the standard devideoreases. However, the average increase
of 1 point RPM in one-and-a-half year would imghat the initial level of 11 would be
reached in 12 years. This would mean an increaskeaming frequency with a factor of 8,
practically interpreted as a factor 5 to 10.

The beneficial effect for the operation of the nativis obvious in terms of saving cleaning
costs. Next to that, the overall level of the disaeation risk is lower. The theoretical effect
of improved treatment on the cleaning frequency mesult in a longer period with lower
discolouration risks (Fig 3-24).

RPM development

16

12
— 101 — Original
E g | treatment
o — Improved
x 5 / treatment
T / / /
2
0
Time

Fig 3-24 Theoretical RPM development with improtredtment

The effect is not only the prolonged interval bedawéwo cleaning actions, but also the lower
level of RPM over a longer time. The RPM does naeed the maximum level in both cases
shown in Fig 3-24, but complaints still can occlhis is depending on the thresholds in the
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ranking table but also on the severity of the hyticadisturbance. With the improved
treatment, the overall discolouration risk is lowe&er a longer time resulting in less
complaints.

3.6 Conclusions

From the research on the effect of particles inditieking water in this particular study, it can
be concluded that:

The patrticle load from the drinking water rechartfessystem to the initial RPM level
within one-and-a-half years. In this situation theaning frequency would be twice in
three years.

In the supply area of a conventional groundwatmattnent plant the loose deposits in the
network originate mainly from the treated water.

The growth of the organic material in a networkekated to the total amount of particles
in the water and the deposits in the pipes. Indhge the increase in organic material was
6 times more in the presence of particles thaheir mbsence.

Particle-free water prolongs the cleaning interadhis case by a factor of 5 to 10.

The major part of the particle load in the netwbdppens in a relatively short time.
Avoiding these peaks reduces the particle loadiderably.

Particle counters are powerful tools to analyséig@asrelated processes in drinking water
distribution network

The performance of treatment on particle load cabeaharacterised with daily samples.
At least a continuous monitoring of turbidity iscessary, but preferably continuous
particle counts over several days. Results arepreted with the cumulative frequency
distribution and the Ratio 90/99,5, the averagethrdSurf+90% values.
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4 Velocity-based self-cleaning residential drinking water
distribution systems

4.1 Introduction

The design of drinking water distribution syste®\DS) has historically been a matter of
skilled labour rather than clever design, mostlyndwted by the fire fighting demand and the
intuitive need for looping to sustain the contigwt supply. Without explicit knowledge
about the adverse effects of low velocity and leggjdence times, the importance of quantity
and pressure supersede the importance of watatyqu#dwever, with growing insight into
the effect of velocity on the build-up of sedimewgtkayers, together with the awareness that
discolouration problems are not exclusively reldtedast iron, more attention to the detailed
design of the DWDS is necessary.

Aesthetical water quality problems such as disa@dwvater occur when loose sediments in
the DWDS resuspend and reach the customer in ctratiens that can be visually noticed
and may lead to complaints. Regardless of theroo@the particles, the net result of regular
deposition and resuspension is the accumulatidmogk particles. In conventional
distribution networks the velocities are low, i thrder of a few centimetres per second or
even stagnant (Blokker et al., 2006), because débigd is mostly dominated by the fire flow
demands that supersede the drinking water demasdu®yral times (Snyder and Deb, 2003).
It is hypothesised that drinking water distributsystems with regularly occurring higher
momentary velocities do not experience an accunoulatf particles. Consequently, the
discolouration risk will be low and the networksidze considered self-cleaning. The
regularly occurring high velocity resuspends theigas that have accumulated in periods of
low velocities which typically occur during the hig

In this chapter the design principles of self-clagrDWDS are developed and discussed. The
effects of the wide implementation of these prifespon the newly laid networks in the
Netherlands are demonstrated. The design princgrkesestricted to DWDS that are
dominated by connections with a household demattdrpebecause, in the conventionally
designed DWDS, the discolouration problem actuallyls to customer complaints. The main
practical issues involved in supplying sufficiemeffighting flows, allocating valves to

sustain supply continuity, and impacts on costsadd¥essed.

4.2 Self-cleaning velocity

4.2.1 Gravitational settling

The particle-related processes described in Chapeig 1-5) suggest that a bottom layer of
particles results from gravitational settling. $edf and resuspension theories are described
by the formulas of Stokes and Shields. Berlamostdeveloped a Shields-based theory on
the resuspension of particles and experimentatlyeat at a formula that describes the critical
velocity for settling and resuspension of matanaewer pipes (Equation 1) (Berlamont and
van Goethem, 1984).
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(u* )cr = \/aBerlamontg M ds Equation 1

Pu,
with
(u),, . Critical velocity [m/s]
ageramont - Berlamont coefficient=0,8 for resuspension) [-]
s . Density of particle [kg/r
Pw . Density of water [kg/n
ds . Diameter of particle [m]

The relation between the critical sheer stresscitgio- and the average velocity v in the pipe
is described with Equation 2:

u.
V= cr .
A Equation 2
e
with
(u),, . Critical velocity [m/s]
v Average velocity [m/s]
A . Darcy-Weisbach friction factor

With a course estimation af= 0.02, representative for a pipe with a diamefef00 mm and
a Nikuradse roughness of 0,1 mm gives a relatiorFa0u.,

Typical particles found in the drinking water netk® have sizes that vary between 1 and
25 um (Boxall et al., 2001; Verberk et al., 2008)ough densities are difficult to establish
exactly, it is plausible that they are probablywienw as they are from an organic origin or
from iron hydroxides (Gauthier et al., 1996; Gaetlat al., 2001). Fig 4-1 shows the
relationship between critical velocities for reseisgion following the empirical Berlamont
formulas in a density range from 1050 kgt 2600 kg/rm. The low density represents the
flocky material formed by organic material and iftots, and the high density is typically
sand.

0,80 l Density

0,70 / [kg/m3]

0.60 m 2600
g 0,50 + 2000
< 040 | A 1500
£ X 1200
§ 0,30 - @ 1100

0,20 X 1050

0,10 +

0,00 T T T \

0 20 40 60 80 100
Particle diameter [um]

Fig 4-1 Critical resuspension velocities assumirrd,8 andA=0,02
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Under normal circumstances, velocities in converdialistribution networks are a few
centimetres per second (Blokker et al., 2006), Winould explain the settling of material
according to Berlamont. However, values of 0.05 wilkbe regularly exceeded, thus
theoretically resuspending sediment with diamdgeger than 10 to 20 um and with low
densities. Similarly Boxall et al (2001) arrivedtla¢ same conclusion that practically all
particles should stay in suspension and they pexptsat particles are caught in a cohesive
layer for which the strength is determined by theximum velocity that occurs in the
network. This can explain the fact that smaller bajater particles are found in the network
than theoretically could be expected.

4.2.2 Influence of turbophoresis

As mentioned in the previous section, particlesitbin the DWDS cannot have settled only
due to gravitational settling according to Stoka®/ and resuspension according to
Berlamont. The particles have been trapped, someincaviayer near the wall preventing
them from resuspending. This phenomenon can beaieegl by using the theory of
turbophoresis as first proposed by Caporaloni €t@r5). The main driving force that causes
a flux of particles towards the pipe wall dependglee gradient of turbulence in the area near
the pipe wall. The larger this gradient (i.e., kingher the velocity), the larger the
turbophoretic force driving the particles to thenwall, will be.

A graphic presentation of the turbulent diffusioxdurbophoresis is given in Fig 4-2.

#
il

Fig 4-2 Turbulent diffusion (left) and turbophorggright)

The y-axis represents the distance called neardisttince Y to the actual pipe wall in both
figures. The x-axis in the left graph represenésdbncentration c of particles. Turbulent
diffusion depends on the concentration gradiengmimg) that the transport is in the direction

of the —%:. The driving force is dependent on the concemmadiifferences, which are
y

represented in the left graph.

In the right graph of Fig 4-2 the x-axis is thebwient fluctuation on the average velocity in
the pipe. Because these fluctuations decay toresaothe wall, the near-wall turbulence is
highly non-homogeneous, with a gradient in turbogmtensity as a function of the near-
wall distance. When a particle with some inertithr®@wn into the region with lower
turbulence intensity near the wall, it is more lk#hat it will stay there than that it will make
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the return journey away from the wall, as it haswercome the turbophoretic force. The
turbophoresis is dependent on the inertia of v ,fand the transport is in the direction of

_(;_u’ meaning that the driving force is largest in¥i@nity of the wall. Once patrticles are
y

near the wall, it is difficult to escape again, dese the turbulence gradient is highest in that
area and drives the particles to the wall agdms €xplains Boxall's finding that particles
seem to stick to the wall but can also be removiednahigher velocities are applied.

The principle of turbophoresis is mostly appliedtoflow with particles and is not usually
used to describe water flows. Young et al. (198#pduced turbophoresis in pipe-flows and
showed it to be a dominant process for particldisgtin the near-wall region. In an extensive
literature review (Sippola and Nazaroff, 2002kitoncluded that turbophoresis has not been
frequently recognised in the literature, even thoiigvas proven to be a dominant transport
mechanism in turbulent (air) flows for some inaattles near walls.

The turbophoresis effect was probably observedtestrig with transparent pipes flowing
through with water and a high concentration of ingdroxide flocs which shows agreement
with the theory of turbophoresis (Lut, 2005). Tuastigate the process of loss of material
from the bulk fluid to the pipe wall, a 6 m. lonigpe test facility was built out of 200mm
internal diameter Perspex pipe. The facility wasirua pressurised re-circulating mode with
a downstream flow control. The source water wasaihy dosed with iron chloride to a
concentration of 10 mg/l iron corresponding toiidity of 10 FTU. After 4 days of
recirculation the turbidity had dropped below OB.F resulting in an accumulation on the
pipe walls, as shown in Fig 4-3, for the sectionhef pipe where the flow is stable and
unaffected by curvature or entry / exit conditionthat is particularly remarkable about what
is shown in Fig 4-3 is that at low velocities otiyg lower half of the pipes accumulates iron
flocs, which is consistent with gravitational setfl The higher velocity lets flocs accumulate
over the complete pipe perimeter. However, the gizbe flocs formed will be a function of
the flow regime and the relatively pure iron hyddexflocs formed are likely to be larger
than the size of particles typically seen in discoéd water samples. This adds to the inertia
of the flocs that are involved in the turbophoresis

Pipe diameter 100 mm

Flow 0,06 m/s Flow 0,14 m/s

Fig 4-3 Photographs of accumulated material withiRerspex pipe loop after 4
days re-circulation with high concentrations ofrferchloride (10 mg/l)

The circumferential settling can also be observetthé same test rig, but now loaded with
heavier kaolinite particles as shown in Fig 4-4eTéft picture shows the sediment from a
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bottom-up view, the right picture is again the sigev. The particles now only rise halfway
up the pipe.

Fig 4-4 Results of same test rig, loaded with katdiparticles. Left 0,06 m/s (bottom view)
right with 0,14 m/s

This phenomenon is in accordance with turbophofésisng and Leeming, 1997): particles
are transported from the bulk fluid to less tunt@dions near the wall where they can be
trapped in cohesive layers. With higher velocitibg, gradient is greater because the
turbulence at the pipe wall must always be zesylteg in a larger force driving particles
from the centre to the wall of the pipe. In lightlois theory, it can be suggested that at a flow
rate of 0.14 m/s the turbophoresis force exceeglgthvitational force, resulting in a uniform
supply of material at the pipe surface, while 860n/s the gravitational force is dominant.
The trapping of the particles on the complete mipd is, following the turbophoresis
phenomenon, a dynamic process that should stop thleemater flow stops. This was not
explicitly studied in the experiment, because atepping of the flow the installation was
drained and prepared for new experiments. The issa however was that the particles did
not immediately detach from the wall implying tladdo some cohesion to the pipe wall aplys
a role. This is consistent with the cohesive lakeory (Boxall et al., 2001).

The time scale of the experiment was a few dayg;wk too short to develop a biofilm. It
can, however, be imagined that turbophoresis t@tsparticles to the wall and in this way
incorporates them more easily in the biofilm.

4.2.3 Self-cleaning velocity: a decision

Particle settling and resuspension processes ayewmplicated processes and are not easily
described in mathematical terms. Strictly reasdnaud the Stokes/Berlamont approach, a
progressive relationship between the velocity &edsettling/resuspension would be
expected. With the phenomena observed in theitgftig 4-3 and Fig 4-4), the relationship
is obviously not only progressive, but probablylwiperience a kind of hysteresis.

The RPM-procedure resuspends a sediment layey adisturbance of the velocity of

0.35 m/s (Vreeburg et al., 2004a). Outcomes ofetfi’¥3M’s show that 0.35 m/s does
resuspend particles. Moreover, lab experimentsK&eu2001) showed that resuspension
occurs at velocities in the range of 0,2 to 0,4. Miese experiments consisted of loading a 6
meter pipe with a synthetic sediment and real sedisand, after settling overnight,
resuspend it with a certain range of velocity. Vamcity was increased gradually until
resuspension of the sediment could be observedliysDue to time constraints the
experiments were limited, but the conclusion otisgension at these values could be drawn.
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Based on these observations, from a practical pdiview it is hypothesised that a velocity
of 0,4 m/s would be the threshold for self-cleamegworks. This velocity is applied in
several networks and the effects were tested sethdl scale networks.

4.3 Methodology

4.3.1 Design principles of drinking water distribut ijon systems

The DWDS considered here are dominated by conmectigth a typical household demand
in residential areas, which is the majority of ghublic drinking water supply. In areas
dominated by industry, the demand patterns are sueeific and require a tailored design,
depending on local circumstances and requirements.

Historically, the most important design criteria @WDS are the minimal pressure, the
continuity of supply and the fire flow demand. With a velocity criterion, application of
these criteria result in the design of a loopeavogt consisting of pipes with diameters that
are sufficient to supply the dominant fire flow dmmds. During normal demand situations,
the pipes experience low velocities, because @pesliimensioned for the required fire flows
that are much higher than the drinking water dema@hdse networks are commonly found in
all water companies (Snyder and Deb, 2003). Blokk&kker et al., 2006) showed that
maximum velocities in this type of network are lre range of a few centimetres per second.
In a representative case study, she demonstraedeidence times may amount to 48 hours
in an isolated, 500- connection supply area.

For the self-cleaning new design, a minimal velogtadded as a design criterion which is
defined as a velocity that occurs daily for at {eaew minutes and is capable of
resuspending particles that were allowed to sdttteng low velocity periods. The velocity
criterion changes the layout of the network radyctal a branch-type network with
unidirectional high velocities. The branch-typewatk will demand another approach
towards continuity of supply and fire flow requirents; criteria that are intuitively better
served with looped networks. These design critgilidbe reviewed separately showing that it
is possible to make networks that both supply geglired fire flows and have a high
continuity of supply and still sustain sufficierglgcity to prevent accumulation of particles.

4.3.2 Minimal pressure

Minimal pressure in a network in the Netherlandgaserally set at 200 kPa at the connection
point of a house or dwelling. This pressure in coration with a well designed in house
plumbing system ensures that taps on the third fdbuildings can be supplied without

extra pressure boosting in the installation. Famad flow conditions this minimal pressure is
kept as a design value for new networks, howevérarflow situations pressure may be
lower.
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4.3.3 Continuity of supply: valve location and size of cut-off sections

Continuity of supply in a looped distribution netikos largely determined by the location
and functionality of valves and not so much bystracture of the network in loops (Trietsch
and Vreeburg, 2004; Trietsch and Vreeburg, 2006pp§ to individual connections is
interrupted when a part of the network is cut offrinaintenance or repair reasons. In
conventional looped networks, isolation of a cutsafction takes at least two valves, but in
practise an average of three to four valves is @@éar a single isolation. If the reliability of
the valves is assumed to be 90% (Rosenthal &(fll), a successful shutdown of a four-
valve section has a probability of :9.66. If the isolation could be done with only one
valve, the probability of a successful shutdown ldancrease to 0.9. An international
guestionnaire on valves, answered by 16 utilitteSurope, USA, Australia and Japan, shows
897,471 valves on 111,570 kilometres of main (Rtys#dret al., 2001). This means 8 valves
per kilometre of main. Assuming 4 valves for onéaffi section and 10 metres of main for
one connection, this results in an average cusedfion size of 50 connections.

The size of the cut-off section or the number ofractions in a cut-off section is a design
criterion that, however, is not quantified in mamages. It is remarkable that within the
aforementioned questionnaire no water company teg@xplicitly that there is a set number
of connections per cut-off section as a desigmeigain.

The addition of the velocity as a design criterobianged the layout of the network: self-
cleaning high velocity networks are characterisgd branched structure with a downstream
declining diameter that sustains a daily occurhimgh velocity of at least 0.4 m/s. The length
or size of the branches is determined by a maximumber of properties that can be cut off
simultaneously for repair or maintenance reasoostHe initial design criterion for self-
cleaning networks, the maximum cut-off number isase.00. Though in practise, water
companies in the Netherlands often use higher ntsnigeto 200 in the application of the
new design rules. For proper application of thagterules, the definition of a fixed number
is essential though it can be company specificedna criterion can, for example, be that the
length of the cut-off section is maximised.

Every cut-off section is designed as a branch witimidirectional flow that upstream is
connected to a looped structure of trunk mainss Tcounter intuitive towards the inherent
continuity of supply of a completely looped systéhe single connection of 100 property
lines, however, does not compromise the contimfisupply and even offers a higher
continuity of supply than a looped connection. Niextne more reliable shut off, the actual
isolation time is shortened when fewer valves hHavae exercised. Reinstallation is also
quicker and has fewer error possibilities: in ndrpractise, the cut-off section stays isolated
on a single connection until the hygienic safetgrsven by lab samples. After at least 24
hours all valves have to be relieved, which is@e® of errors for valves left shut in the
system.

Overall, it can be concluded that the single agdotut-off section offers a better continuity
of supply than the multi-valve sections in convenél looped networks. This is provided that
the cut-off section is attached to a looped maincsiire that has strategically located valves.
The continuity of supply can be further increaddtié connection of the branched cut-off
section is backed up with two extra valves in tr@mpipe. Failure of one valve, which has a
probability of 10%, induces the use of the two bapkvalves without affecting more
connections and keeping the failure confined toote cut-off section (Trietsch and
Vreeburg, 2006). The total probability of a sucbalsshut off of the section is then 0.9 +
0.1*0.9*0.9 = 0.98.
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4.3.4 Velocity for self-cleaning

The velocity in a household demand dominated DWLIBsary over the day from complete
stagnation during night hours to a high velocityindg typical peak hours in the early
morning. During warm weather situations, a secomtleven higher peak may occur in the
evening (de Moel et al., 2006). In order to be-skdaning the velocity in the peak hours
should be capable of resuspending the particlehthee settled during the low flow or
stagnation periods.

As is explained in the paragraph ‘Self-cleaningoegl/, the self-cleaning threshold velocity
is set at 0,4 m/s.

The new branch-like structure of a network decredise real extremes in velocity that
typically cause discolouration incidents. The edremes are caused by incidents such as
pipe breakage which cause very high flows durirgttleeding of the break. Looped
distribution network will act as a bypass for tleenpromised transport network, causing
higher velocities than with the normal maximum dachdn a branched layout, the
distribution network cannot act as a transport nétvand thus the maximum velocities will
only occur in high demand situations.

4.3.5 Demand estimation
Estimation of the demand of individual connectiansl groups of connections for the design
of the network is based on the so-caltedN method. This method has been used over the

last decades in the Netherlands to design housebphg installations and is laid down in the
National Standard for general requirements for wsui@ply installations (NNI, 2002).

Though widely accepted and documented in desigruadgnan original description of the
method could not be located. The core of the methdhat the nature and the size of the
tapping points on a single line determines the marm flow in a square-root relationship.
Every type of tapping point is credited with Tapgpidnits equal to 0.083 I/s (300 I/h). A toilet
cistern is, for example, typically 0.25 TU, andiilken sink tap has 4 TU’s. Table 4-1 gives a
TU count for a typical Dutch, single family homeapping units can be obtained from the
manufacturer of the appliances based on the maxiffawrthat the appliance can process.

Table 4-1 Typical house installation

Tap point per house Number of TUs
Toilet cistern tapl 0.25
Toilet washbasinl 0.25
Toilet cistern tap 2 0.25
Toilet washbasin 2 0.25
Kitchen sink 4
Dishwasher 4
Bath/shower mixer tap 4
Washbasin mixer tap (bathroom 1
Wash basin tap (bedroom) 4
Washing machine tap 4
Total per house 22

Maximum flow at the beginning of the installationtlae connection point to the DWDS is
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Omax = TU+/Nyy Equation 3
with

Omax : Maximum flow [I/s]
TU . Tapping Unit @ 0.083 I/s
Nty :  Number of tapping units in the installation

For the design of the cut-off section the totalisecis considered to behave as a single
installation, which allows calculation of the maxim flow at any point with any combination
of inner installations.

Oax = TU (z z NTUij Equation 4
i=1

with

n :  Number of types of inner installations

Z; . Number of properties with §j tapping points

Ntu | : Number of tapping points

An example of the maximum flow for several typedoiises is given in Fig 4-5

20,0
_ 15,0 ‘M
= n
g2 ATU=30
= 10,0 - eTU=25
= mTU=20
x
©
= 50-
0,0 T T T T
0 20 40 60 80 100

number of properties

Fig 4-5 Maximum flow calculated Wim\/ﬁ for various types of inner
installations characterised with the number of TiagpUnits (TU)

As a design criterion the maximum demand shouldeauvelocity of at least 0.4 m/s to
induce the self-cleaning effect. The limit for tm@aximum velocity is determined by the
available head at the beginning of the line or byabsolute value set for other reasons, e.g.,
prevention of a water hammer. Table 4-2 summass#ssign table for a typical number of

property connections. The maxima and minima aededlto the typical diameter, in this case
PN10 PVC.
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Table 4-2 Design criteria PVC PN10 pipes

Min number of Max number of
Outside | Inside houses houses
diameter| diameter TU =20 TU =20
[mm] [mm] Vmin = 0.4 m/s Vmax = 1.5 m/s
32 28.8 0 7
40 36.2 1 17
50 45.2 3 42
63 57.0 8 106
75 67.8 15 213
90 81.4 31 442
110 99.4 70 983

4.3.6 Fire fighting demand

The historic decision of public water supply toyade fire flows has had a significant impact
on the design of the DWDS. Fire fighting demandy \etween 30 fith to 240 ni/h, albeit
without much explanation or factual support. Tteevfis supplied by hydrants with 80 to 100
meter interspaces based on the requirement that buéding has a hydrant within a radius
of 40 to 50 meters. Throughout North America andhyriauropean countries, there are no
formal laws requiring water utilities to providediflows. It is generally up to the local
municipalities to adopt ordinances to provide th&hme lack of uniform rules led to the large
variety in required fire flows. Conventional DWDg&dherefore heavily dominated by high
fire flows and hydrant spacing (Snyder, 2002).

Incorporating the fire flow demand within the seléaning high velocity network concept
requires intensive communication with the fire tigy departments and organisations of fire
fighters during the design process. For the Netineld this has resulted in a guideline that
allows a fire flow of 30 nith, which was laid down in a national model agreetier
municipalities and fire fighting services (Esvel®96). The main argument to revise the
required fire flow was that the original higher derd (60 to 90 rith) was based on outdated
fire fighting practises and building codes. In tietherlands modern post-1950 buildings
meet such fire resistance codes so that high ffaavs the public drinking water networks are
not required anymore for the initial first attadktloe fire brigade. This facilitates the
development of so-called 30*h fire hydrants in the periphery of the pipes. Nexthe lower
flow, pressure requirements could also be lowessith@ hydrant flow is repressurised by fire
trucks. For back up, and if more flow is needeakder’ fire hydrants can be found in the
surrounding network.

A dual pressure situation can now be considerédemesign: the maximum flow for
drinking water purposes with a minimum effectivegsure of 200 kPa in the pipes, and a
maximum flow for fire fighting demand with a minimueffective pressure of 5 kPa in the
pipes. The minimum pressure in the network dependse hydraulic resistance in the
hydrant-standpipe-hose combination. This possdMegressure during fire flows could
endanger the safety of the drinking water becabifgedback siphoning of the water and re-
entrance of leakage water. The use of a fire hydoatie full fire flow extent, however, is
very rare and in those cases, post-incident messti@uld be taken. In practice however, this
is seldom necessary.
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4.4 Application of high velocity design principles in the

Netherlands
The design guidelines for self-cleaning networksenfermally introduced in the Netherlands
in 1999 (Boomen and Vreeburg, 1999). The introductvas accompanied by a big campaign
of introductory workshops with individual water cpanies that proved to be very useful to
train designers in the use of the new rules. Thaged the face of new networks to
branched-type small pipe networks. A typical exargila new network is shown in Fig 4-6.

R SR \

e Monitor
5 location

Fig 4-6 Example of new high velocity network. Theitnoifocation are used to measure the
effect of the new lay out on water quality (see¢ise@al.5.3)

The complete section is connected to the main ld@a® PVC structure at location “1” and

is composed of unidirectional PVC @110 and @ 6&gpifhat end in @ 40 mm ZPE pipes
between locations 3 and 4. Note that the endseopijes are not connected to loops, which
would be typical for a conventional network. Thd/mhite circles represent fire hydrants that
can supply 30 rith and can be connected to a @ 63 PVC pipe. Alidnyis are marked as

30 n/h hydrants, but the ones on pipes with diameteoye 100 mm are capable of
supplying 60 n¥h or even more. The principle and technical layafithis connection is

shown in Fig 4-7. Applying a number of differenaudieters allows for more flexibility in
design, but more complexity in the actual making araintaining of the networks.
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Fig 4-7 Example of technical layout of new networél aewly designed 30%h fire hydrant

Note especially in Fig 4-7 the details of the lamtnection and the hydrant that also allows
for a decline in the diameter of the pipe. Thisipmqent is specially designed for these
purposes.

Since the formal introduction of the new desigmd#ads, the Dutch water companies have
gradually applied these guidelines, and the gemdiaacteristics of the newly laid networks
have slowly changed, as is shown in Fig 4-8. Therés originate from a questionnaire that
was answered by 80% of all water companies inphi@g of 2005 and was aimed at the
analysis of the diameter and length of pipes thatypically used in new networks.

Classification of newly laid pipes 1994 - 2004

4 ®>150
20% ® ¢ ® * ¢ A

50% " —

< | - |

2 40% =

@ ¢<50

G A63-90
30%

% ° . B 100-110

@

o

Q

o

Fig 4-8 Classification of newly laid pipes in thethrlands. Introduction new design
guidelines in 1999

The total length of new pipes considered in thesgjaenaire was 4500 km, of which 2400 km
was laid in the period 1994-1999 and 2100 km inpdseod 2000-2004. The segment of
110/100 mm pipes significantly decreased from 56%s$s then 45% and the amount of
small diameter pipex(50 mm) increased. A more or less abrupt changéeabserved in
the 63-90 range, which can be explained by thetiadddf 30 ni/h fire hydrants that can be
connected to @ 63 mm PVC pipes.
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4.5 Water quality effects

4.5.1 Experimental setup

The hypothesised effect of regular high velocitresetworks is that it prevents particles from
accumulating into layers of loose deposits. Tofyahiis effect, an experiment was set up in
the supply area of one treatment plant. Three rdiffetypes of DWDS were isolated and
during a certain time the particle content at défe locations was measured. The
characteristics of the three DWDS differ in layant size of the pipes. The first area is a
conventional DWDS that is representative for mdshe existing networks in the
Netherlands with a looped layout and dominatedabgdr diameter pipes. The second
network can be characterised as a first-generaiginvelocity network. That means that the
majority of the pipes are branched, but that tlaenditers are not fully tuned to the high
velocities, especially at the end of the branchiés. third DWDS complies fully with the
design rules for high velocity networks, which me#mat the ends of the branches are also
downsized to diameters of 40 mm.

4.5.2 Materials and methods

In each of the areas at four locations the watatityuvas measured with particle counters.
Two Pamas Waterviewer particle counters were availdhe first of which was continuously
located at the entrance of the network and theraths alternated between each of the other
three locations. The particles were counted irrdinges 1-2, 2-3, 3-5, 5-7, 7-10, 10-15 15-20
and > 20 um. Measuring frequency is 2 minutes hadtuipment is calibrated following
manufacturers instruction. With reference to theigla-related processes shown in Fig 1-5,
the first measuring location is the incoming watke, other three are the outgoing water. For
the branched-type networks, the first locatiorhes $tart of a cut-off section and for the
looped network it is the supposedly-preferred syppint for the area. In the last case, the
other connection points to the loops are considarédxd less important for the daily supply of
the network. The differences in particle voluméhat various locations will lead to
conclusions towards the self-cleaning capacitigb®iconsidered DWDS.

45.3 Three areas

Area 1: conventional DWDS
Fig 4-9 presents a map of the conventional DWD® e measuring locations.
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Fig 4-9 Area 1: conventional DWDS. Locations 1, 2n8 4 are measuring locations for the

particle counters

As the network is looped there are several feedoigts though the one at location 1 is
considered to be the most important. Location& ke opposite location of location 1 on the
same @ 150 mm AC loop. Location 3 is at the ‘tojppa®@ 100 AC mm loop with shuttling
water. Location 4 is at a dead end with a diam@téB8 mm PVC and with 8 houses

downstream.
The network was mainly constructed in 1986 witlr@apnally 650 connections and was not

systematically cleaned for 13 years.

Area 2: first-generation high velocity network
The map for the second area is given in Fig 4-10.
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Fig 4-10 Area 2: First generation high velocity netwolocations 1, 2, 3 and 4 are
measuring locations for the particle counter; theclked valve is closed to isolate the
branch

This network has a central loop with some smaltanbhes with 373 connections in total and
was constructed in 2002. Location 1 is now theddrentrance of the network and is
equipped with a flow meter; the valve at the seaommthection point is closed, indicated by
the red circle right in the picture. Location zisranch with 30 connections downstream,
location 3 is on the @ 110 mm ring, and locaticat 4 @ 63 mm dead end. The network was
constructed in 2002 and the material used is exalysPVC PN10 with external diameters &
63 and @ 110 mm.

Area 3: High velocity network

This is the network that is represented in Figth#& was used to illustrate a new network.
This network was constructed in 2004 using the kiglbcity design criteria to its full extent.
In the branch 157 connections are served andrtssttilocation 1 with a particle counter and
a flow meter. Locations 2, 3 and 4 are on one batilgoes down to a 40 mm pipe (location
4). Location 2 serves 12 connections through a @e88PVC PN10, location 3 serves 6
locations through a @ 50 mm PVC PN10 and locatisapplies 2 connections with a @ 40
mm ZPE pipe.

4.5.4 Results of water quality analysis

The measurements were done in the period form Junduly 6 2006

The results of the particle counters are transfdrimt calculated particle volumes, assuming
that the particles in a certain range are spheaicdlhave a diameter that is the averaged of
the boundaries of the range. From the calculatbdehwes a distribution frequency and a table
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of 90, 95, 98, 99 and 99,5 percentile values ar@emAlso, the ratio between the 90 and 99,5
percentile is calculated. For each combinatiorooétion 1 (incoming water) and the other
locations (2, 3 and 4), separate graphs of theulzakrd volume and the distribution frequency
are made, as well as a summary table with the peie&alues. For Area 1 (conventional
DWDS, Fig 4-9), the results for the calculated igetvolume and the distribution frequency
are presented in Fig 4-11 to Fig 4-16 and Table Re3ults of Area 2 (first-generation high
velocity DWDS, Fig 4-10) are presented in Fig 4td Fig 4-22 and summarised in Table 4-4.
Finally, the results of Area 3 (high velocity DWDEg 4-6) are presented in Fig 4-23 to Fig
4-28 and summarised in Table 4-5.

Results Area 1
For Area 1 (i.e., the conventional DWDS), the inaugraverage of the calculated particle
volumes is less than the outgoing calculated pariclumes. The 90/99.5 ratio of the
incoming water is relatively low. For locations 13de4 the 90/99.5 ratio increases; especially
for location 4, this increase indicates that thigesre values are less. For all locations the
absolute values of the percentiles increase, lmeatishowing the greatest increase. Location
4 can be considered a mixture of a classical deddeading to a hydrant and a flowing end
as meant in the high velocity networks. The meagyperiod coincided with some high
temperatures (extreme for the Dutch climate), wihésulted in relatively high velocities in
the pipes. The frequency distributions of the nekwocations (2,3 and 4) are all to the right
of the frequency distribution of the incoming waf€he Surf-90% and Surf+90% (see section
2.2.3) show that more than 40% of the average imgiparticle load is entering in 10% of
the time. Outgoing, the Surf+90% values are leslicating a higher base level of outgoing
particle volume.
The conclusion is that the net particle volumesimoved from the network during the high
velocities due to the extreme weather conditiotés Theans that there was particle volume
accumulated in the network.
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Fig 4-11 Particle volume Area 1, Loc 1 and 2 Fig 4-12duency dist Area 1, Loc 1 and 2
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Table 4-3 Frequency percentiles and curve charasties Area 1

Frequency A1, A1, A1, A1, A1, A1,
Percentile Loc 1 Loc 2 Loc 1 Loc 3 Loc 1 Loc 4

[ppb] [ppb] [ppb] [ppb] [ppb] [ppb]

90,0 0,67 5,93 0,25 1,59 0,56 5,17
95,0 0,85 11,49 0,38 2,53 0,87 6,17
98,0 1,09 22,35 0,83 4,29 1,86 7,04
99,0 1,64 25,85 1,38 5,95 2,97 7,98
99,5 2,63 28,63 2,46 7,62 4,61 10,45

ratio 90/99,5 0,26 0,21 0,10 0,21 0,12 0,49

Average [ppb] 0,38 2,82 0,17 0,88 0,34 3,04
surf-90% 58,4% 42,6% 56,5% 58,2% 57, 7% 77,4%
Surf+90% 41,5% 57,4% 43,4% 41,7410 42,3% 22,6%

Results Area 2

For Area 2, the first-generation high velocity DWRse frequency distributions show a
different image. In the low percentiles, incomimglautgoing are practically the same. In the
higher percentiles there is deviation, meaning tthafparticles are removed in peaks, also as a
result of the relatively high velocities in the wetk due to the extreme weather conditions.
The peaks come regularly in the late afternoonfearéning, which is consistent with the

high demand during hot days. At locations 2 ankigihfluences the shape of the frequency
distribution curve because of the high and longkp&ae Surf-90% and Surf+90% values
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show that most of the particle volume is removeshart peaks. They indicate that in these
locations, sediment has accumulated that is nouspeshded as a result of the high velocities.

In location 4 of Area 2, comparable to locationffea 1, there is a net accumulation taking
place as the frequency distribution of the incongngcentration is higher than that of the
outgoing one. During the measuring period for lmragt a maximum of the extreme weather
conditions occurred, also causing the incomingigartoad to be higher as result of high
velocities in the total network. With these highncentrations, however, a net accumulation
occurred, as is shown in the average value ofdleulated particle volume. The 90/99,5 ratio
and the Surf-90% and Surf+90% values show thashlape of the curve is practically the
same, indicating that this pipe accumulates sedisuath acts like a classic dead end. It also
shows the relative small effect of a dead end:rsedt accumulates, but extreme velocities
are rare because the maximum flow is determinetidyew houses that are connected.
Because the pipe is not looped, disturbances titatr@lsewhere in the network do not
influence this location.
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Table 4-4 Frequency percentiles and curve charasties Area 2

frequency A 2; A 2, A 2; A 2, A 2; A 2,
percentile Loc1 Loc 2 Loc1 Loc 3 Loc1 Loc 4
[ppb]  [ppb] | [ppb]  [ppb] | [ppb]  [ppb]
90,0 0,66 | 1,55 0,98| 7,68 6,72 3,44
95,0 0,80 4,02 1,21 14,0 11,29 5,30
98,0 0,98 6,91 1,45 17,3 14,19 7,83
99,0 1,13 9,84 1,65 20,4 15,97 9,47
99,5 1,24 16,79 1,80 22,5 18,85 10,97
ratio 90/99,5 0,53 0,09 0,55 0,3 0,36 0,31
Average [ppb] 0,41 0,89 0,62 2,1 2,81 1,48
Surf-90% 79,1% 37,1% 79,1% 29,0% 57,9% 58,3%
Surf+90% 20,9% 62,899 20,8% 70,9% 41,6% 41,6%

Results Area 3

Area 3, the high velocity area also, experienceserand of high particle volume coming into
the network during the period that locations 1 arade monitored (Fig 4-23). In this case
however, the frequency distributions of both theoiming and the outgoing water are

practically the same, as are all the other vallies indicates that the high sediment load can
be absorbed without a net settling of material:s#ié-cleaning effect as it is hypothesised.
Also, in the other locations, the distribution foegcies are practically the same for the values
below the 90%. The Surf-90% and Surf+90% showtth@butgoing water has more spikes in
concentrations of calculated particle volume tHanihcoming water. With almost identical
average values of the calculated particle volurtes also indicates the self-cleaning effect as
it is hypothesised.
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Table 4-5 Frequency percentiles and curve charastied Area 3

Frequency A 3; A3; A3; A 3; A 3; A3;
percentile Loc 1 Loc 2 Loc 1 Loc 3 Loc 1 Loc 4
[%] [ppb] [ppb] [ppb] [Ppb] [ppb] [Ppb]
90,0 19,35 18,37 1,46 1,48 1,29 1,65
95,0 22,30 25,11 1,79 2,77 1,54 3,54
98,0 24,83 35,94 2,16 5,19 1,82 5,20
99,0 26,41 41,46 2,49 7,02 1,99 6,08
99,5 27,33 48,55 2,81 9,35 2,14 7,16
99,9 29,67 62,79 3,61 17,58 2,46 27,39
Ratio 90/99,5 0,71 0,38 0,52 0,16 0,60 0,23
Average [ppb] 5,85 6,32 0,82 0,84 0,73 0,90
Surf-90% 60,7% 54,5% 76,6% 53,0% 77,8% 51,4%
Surf+90% 39,2% 45,2% 23,3% 46,9% 22.2% 48,6%

During the measuring period there were some exisehwe days. The total volume supplied
by the pumping station that supplies the researeh, amongst others, is presented in Fig
4-29, together with the measuring periods in tmedlareas. Also in the same graph the
temperatures in the areas are given on the right(ERMI, 2006). There is a clear
relationship between the temperature and the votame supplied. As the temperature is
extreme, also the daily volumes are extreme andwoently the velocities and flows in the
network. Especially during the measuring periodairieas 2 and 1, the extremes are high.

daily volume [Mm3]

60,0

70,0

50,0 60,0
40,0 Mﬁv‘i 50,0
30,0 — soseee000000  iiiiiiiiiiiiiid 40,0
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Fig 4-29 Daily volume supplied by the pumping statiwat supplies the
Areas 1, 2 and 3 during the measuring periods. Teasuring periods
are indicated by the straight lines in the graphke daily volume is
given on the left vertical axis and the maximumpterature on the right
vertical axis.

4.6 The self cleaning effect

To illustrate the self cleaning effect in Area 2larea 3 and to distinguish them from Area 1
a further analysis is made of the frequency peresntA ratio is determined from the
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equivalent percentile values of the distributiogginencies of the locations that are
simultaneously monitored.

X% percentilevalueloc 1
X% percentilevalueloc Y

Ratio= Equation 5

The ratio between the 20% to 99,5% percentilesai@ilated for the incoming location
(location 1) and the 20% to 99,5% percentiles atdtmer locations (Y= 2, 3 and 4) and
graphically represented for Areas 1 and 2 in FRPZ4nd for Area 3 in Fig 4-31.
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Fig 4-31 Ratio Percentiles Area 3: High velocity DWDS

These graphs show the ratio between the distributimves and illustrate how the frequency
distribution curves relate to each other. If thigores above 1 than the value of that particular
percentile measurement of the ‘incoming’ waterighbr value than that of the ‘outgoing’
water. When the ratio is below 1, then the outgmalgie is higher than the incoming value.
The ratio curves for all locations in Area 1 arenpbetely below 1, indicating that the
percentile values of the outgoing water are coestst higher than the percentile values of
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the incoming water. This shows that over the wimoéasuring time there was a net removal
of sediment.

The location 2 and 3 of Area 2 show a ratio cuhat trosses the value of 1, indicating that in
the lower percentiles there is a net settling ofiglas that are removed in the higher
percentiles. This shows that over a part of thesuag period there was a net settling and
over a part of the period there was a net remdvs¢diment.

Location 4 of Area 2 is constant above 1 indicanget settling over the whole measuring
period, which is explainable because that locasantrue dead end.

For Area 3, the high velocity DWDS all curves crtss value of 1 in the higher percentiles
and have in the lower percentiles values moderabejightly above 1.

When the ratio curve crosses the value of 1 duhiegneasuring period this indicates that a
part of the period there was a net settling andraigf the period there was a net resuspension
of sediment. This is the self cleaning effect, lseathe settling and resuspension are in
balance over a period of a few days. During thesuriag period of Area 1 there was an
extreme situation towards the demand in the netwidik measuring was done in the hottest
period in the summer of 2006, which led to an errdnigh demand (see Fig 4-29). The Area
1 was not cleaned for a long period so the conmfuss plausible that the area was saturated
with sediment in such a way that even a small em@en demand resulted in a resuspension
of sediment albeit not leading to turbidity on cdaipt level (>10 FTU).

The locations 2 and 3 of Area 2 can also be corsidas true self-cleaning because the
percentile ratio curve crosses the value of 1 dutfie measuring period. Though the network
is constructed in 2002 and was not cleaned urgihtieasuring in 2006, there was not so
much sediment accumulated to show the same efdbidocations in Area 1. The network
in these locations is also self-cleaning over tle@asairing period. Location 4 in Area 2 is a
true dead end that even in the high demand situagdiment is accumulated. It also shows
that the accumulation of sediment in a dead end dothave to lead to discolouration events
because extreme velocities are almost impossililgeimormal situation.

For all locations in Area 3 the ratio curve cros$esvalue of 1 during the measuring period,
even in the extreme circumstances that are comigat@those during the measuring period
in Area 1. This shows that the settling and resasipa are in balance during the measuring
period of a few days and the complete network @aodmsidered as self cleaning.

4.7 Discussion

Adding the velocity criterion to the design criteleads to a DWDS that has a very different
layout as a transport network: branched insteddagfed. During workshops with designers
to teach the new rules, this layout turned outd@lzonfusing point. In the conventional
approach to DWDS there is no difference betweernayw@ut of the transport and the
distribution system: both are looped. The loopimghie transport system is mainly to ensure
the reliability of the supply to larger areas. Begl of a transport pipe doesn’t affect individual
connections directly, but it affects areas thatkew@wvn as nodes in a network model with a
concentration of connections. Failure of a distiidoupipe, however, affects the connections
directly and the looping doesn’t prevent the iniption of supply to the connections of the
failing cut-off section.

The second confusion for network designers isttiebranching of pipes leads to ‘dead
ends’. However, the alleged dead ends in the nergide are in fact ‘flowing ends’ with a
high velocity. The conventional dead ends are gtensions of pipes that are necessary for
supplying fire demands to remote areas. A pipe wétly little or no regular demand is
extended to allow for a fire hydrant leading teowetdead end with water with very long
residence times and no velocity. One of the pgfaflthe new design is the extension of
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branched pipes to accommodate high fire flow dersatiis can only be done if there is
enough regular demand to ensure a high velocitiyerpipe.

Theoretical design trials showed that the new aesiguld potentially be 10 to 20% cheaper
in investment costs. This motivated the water camgsato initiate a discussion with the fire
fighting departments to evaluate the conventiomalffghting demand of 60 fth or more.
Though the fire fighting demand has been reduc&@®toi/h for large areas, it is still one of
the main issues in meetings with fire fighters. Tieev design made water companies aware
of the role they should play in planning new builgiareas.

The measurements presented show that the hypatesitect on water quality actually does
occur and that the water quality benefits are séalilt also shows that the detailing of the
design is especially important. The first-generanetwork showed that the effects are easily
compromised and that the rules should be strigthtiad. Now that the networks are actually
in place, it allows for the evaluation of the desaiteria that leads to adjustments of the

design rules. Several companies have adjusteq«fm_da method of estimating maximum

flows, because, as it turns out, actual flows aveel than estimated. This can be explained
with the fact that the number of people living ih@use has decreased while the number of
tapping points has increased. As the method prglmlginates from a period in the ‘50s of
last century, the simple square-root function isatzurate any more. Blokker developed the
SIMDEUM model that shows good results in estimatimgdemand (Blokker et al., 2006).

For a first setup, however, thn/ﬁ-method is sufficient.

The water quality measurements in Area 3 showedhleaself-cleaning effect is real and
sufficient to keep the pipes clean. However, ifitgthe intended velocity of 0.4 m/s is
probably not reached as indicated by some tridls thie SIMDEUM model in this location
and the experience of other flow measurements.cdhelusion is that the self-cleaning effect
is reached if the network is designed with an aatimation of the flow, but also with a

higher design velocity than required. It is the bomation of theq\/ﬁ-method with the

design velocity of 0,4 m/s that results in a sé&faing network.

Adjusting the design velocity to a more realist&ue also requires an adjustment of the
demand estimation to the same level of realisms Téguires a more sophisticated estimation
method that can be offered in further developméthe® SIMDEUM model.

The discussion with the fire departments on theafisiee drinking water network for
supplying fire fighting water focussed attentiontbe more general aspects of fire safety in
buildings, from a drinking water perspective. itrted out that residential sprinklers may well
be a meaningful alternative, as was shown in Stals Arizona, USA (Ford, 1997). The
challenge is to incorporate these new insightgéndafety into the new networks without
affecting the velocity criteria. This is easierareas with a high domestic demand. In Europe
the household demand varies from 90 litres pergmepgr day (Ipppd) in the eastern part of
Germany to over 200 Ipppd in the south of EuropbeWithe basic per capita per day demand
is higher, probably also the peak demand will lgghér. That will result in higher peak
volume flows and a possibility to apply larger @p#& combination with a lower fire flow
demand, more flexibility in the network is availakib incorporate the hydrants but also to
accommodate residential sprinkler systems. Forrdeson, the American networks, with
individual demand of over 300 Ipppd help the patisés become evident.

The new design rules led to networks that haveléggh of pipes: loops are not closed
anymore, leading to at least a 10% reduction ie pgpgth. Next to that, fewer valves are
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necessary because of rational valve location (Jcfeand Vreeburg, 2006) and less material
is used in the smaller pipes. In the Dutch situmtiith soft sandy soils, the application of
smaller pipes also reduced the overall cost of-fagag because the material component in
the total cost is considerable. In more complicaiaghations with rocky soils, the relative part
of the material costs in the total cost can be lEssthe Dutch situation the new rules lead to
networks that turn out to be 20% cheaper in investroosts compared to conventional
networks. The cost savings on maintenance thrdughihg are not considered, as they may
vary locally depending on the water quality. If thater quality is good, i.e., has a low
sediment load to the network, the maintenance e@ostalready low compared to networks
that are supplied with a higher sediment load (@ral).

An overall cut in construction costs by 20%, howewas a very strong motivator for the
water companies to do pilot studies with the nesgigterules, which led to the degree of
implementation that is proven by the statisticahdan network materials (Fig 4-8).

The introduction of the design rules requires @wuheined effort by many parties. During
introductory workshops at water companies, stra@sgstance was felt against the new rules,
especially with the introduction of what was peveei as numerous dead ends. Because of the
very complicated particle-related processes im#tevork, as explained earlier, pilot trials are
crucial to investigate the effectiveness of the ag@proach. This circle of discussion can only
be broken with pilot projects that show the podisies of the approach and demonstrate the
improved water quality and the saving in constuctosts.

An important point of discussion during implemeiaatof the new design rules in water
companies is the uncertainty of the developmemtater demand in the area that is supplied
with the new network. Commonly this uncertaintg@vered by an over-dimensioning of the
network: “just to be sure”. This, however, comprees the high velocity design rules in the
very essence and should be avoided. This is pessilthe extension is considered in more
detail and analysed on how it would affect the blees that are typical for the high velocity
network. Substantial extensions such as new sta@et®ther new housing developments will
lead to new branches that can be connected to aimestructure. This main structure will
mostly have some flexibility that allows for extseanch connection, because it is looped. The
diameter is mostly 150 mm or higher and the capaaritge of such a pipe is relatively high.
Minor extensions such as a few new houses cantdeagroblem when they can only be
connected to a branch and especially when thiore mt the end of the branch. In that case it
is necessary to also enlarge pieces of the bramch upstream. In practice however, there is
no data available on how often an extra capacitienetwork is used within a period of ten
to twenty years. During the implementation periathwhe Dutch water companies that
started in 1999, the growing awareness of the eénfte of velocity on water quality has
mostly led to the choice not to build redundantacay but to extend networks when the
expansion actually is needed and take the extta émsthe replacement of pieces of the
existing network.

The costs saving, however, were not the originakedto establish new design rules, but the
anticipated improvements of water quality and #duction of the discolouration risk. In the
chronological order, first the new design rulesevapplied resulting in high-velocity
networks and only then was it possible to verify éffect. The comparative particle count
measurements in the three different areas did shaithe hypothesised effect of self
cleaning could actually be observed. Although theumstances in which the measurements
took place were not representative for a longeiodethey did convincingly show the self
cleaning effect. The extra presentation of theosatif percentile values for the different
locations are clear on the self cleaning effect.
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The analysis of the effects on water quality weaussed on the accumulation of particles in
the network and the effect on the aesthetical waiatity. Biological quality, however, will
probably also be improved, following the propositio regard the network as a bioreactor
(Huck and Gagnon, 2004). In this approach the abmit@e and contact area are important
factors. With the new design the contact time bdldecreased. Firstly because the volume of
the network decreases, decreasing the averagemesitime in the network. Secondly
because the flow direction is unidirectional avoglstagnant water in the periphery of looped
networks. Blokker showed that residence timessimgple 500 connections network can go
up to 48 hours (Blokker et al., 2006). In a 500r@xtions newly designed network the
average residence time is actually the average nigioner the volume of the network
resulting in residence times of maximal severalrbou

The relative contact area in the newly designed o will increase linearly with a
decreasing diameter. A decrease in diameter whiglstar of 2 will double the contact area,

but decrease the volume and consequently the remdane with a factor of 4. The overall
effect will be that the biological regrowth processill decrease with a positive effect on
biological water quality.

4.8 Conclusions

Resuspension of accumulated particles in drinkiagewdistribution systems (DWDS) is the
main cause for customers complaints to the watepemy about the water quality.
Preventing the particles from accumulating in tHe¥¢DS can be achieved by high velocities
in the pipes.

The research on the effects of particle volume entration in three different areas shows
that the basic hypothesis for self-cleaning netwptlkat daily peak demands can be used to
prevent particles from accumulating, is confirmed.

The high velocities during the peak demands resubfiee particles that were settled during
the periods of low velocities on a daily base .Ha tonventional networks it turns out that,
under high demand situations, also part of thensexi is removed, but that the level of
accumulation is higher and a net accumulation atitiurs.

The design method based on an empirically detenieak velocity of at least 0,4 m/s in

combination with a demand estimation based orqtl/lg-method was implemented in the

Netherlands in 1999. In reality the actual selfolag velocity is probably lower as well as
the actual maximum demand. Implementation of a meastic self cleaning velocity is
therefore only effective if the demand estimati®iiought to the same level of realism as is
proposed in the SIMDEUM model (Blokker and Vreeh®@05).

Since the introduction of the new design rulesaalgal change in the distribution of pipe
diameters in new networks shows that the desighaodebas been applied and has led to
considerable savings in construction costs, argdsitill sustaining sufficient fire flows that
meet the modern requirements.

Cost calculations show that residential networksgieed with the new design rules are
around 20% cheaper than conventional networks,rapg on local circumstances.
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5 Cleaning of networks

5.1 Introduction

Aesthetic water quality problems, such as disc@dwrater, occur when loose sediments in
the drinking water distribution system resuspendl r@ach the customer in concentrations
that can be visually observed with the naked eyesabsequently may lead to complaints.
One of the actions to prevent complaints is totltimeé amount of resuspendable sediment in
the network. This is done by regularly removing lnger of loose sediments in a network.
The layer is built up by the processes shown inp@hal (Fig 1-5). Usually these problems
are dealt with by cleaning the networks using gechniques as unidirectional flushing,
pigging or water/air scouring aimed at removingdkeumulated sediments from the pipes
(Antoun et al., 1999).
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Fig 5-1 Cleaning frequency

If the sediment layer is removed, but the othetiglarrelated processes as presented in Fig
1-5 are left unchanged, the build up will startingand cleaning will be necessary within a
certain period of time. This is shown graphicafiyFig 5-1, in which the vertical axis is the
discolouration risk that can be determined withRiM (paragraph 2.3.2) and the horizontal
axis, the time. The effect of cleaning is such thatlayer of sediment is removed and no or
much less loose sediment is available for resuspenshe (re)charging of the system with
particles continues, however, and after a whilarieg is necessary again. Limiting the
recharging of the system by improved treatmentirfstance, will result in a lower cleaning
frequency (dotted line in Fig 5-1).

Though cleaning the network is a good method toagarhe sediment layer in the network,
it has a bad operational image. The reasons ferctiild well be the problems that are
associated with conventional flushing as a custanoamvenience, seemingly a waste of
water and sometimes adverse effects resultingcreased customer complaints. Without
proper pre- and post-assessment of the need faminlg and the effect of cleaning, it is easy
to misinterpret the recurrence of complaints. Ta@urrence may be caused by insufficient
cleaning leaving the discolouration risk at the eamonly slightly lower level. It can also be
caused by a rapid recharging due to insufficiesdtinent.
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In this chapter the operational requirements arssipte effects of several cleaning methods
are described and discussed. The efficiency ofmé#hods and the relevance of the
operational requirements are illustrated by sonpegments.

For analysis of the discolouration risk, the RPMsvagplied. In the earlier experiments only
continuous turbidity measurements were used becdubat time the RPM was not
developed yet.

5.2 Cleaning methods

To clean pipes, several techniques are used thet e same historical development based
on practical experience and a subjective appreciati the results. Three methods are most
commonly used in pressurised drinking water distidn systems:
* Flushing with water
Water is flushed through a pipe with a certain higlocity. The increased sheer stress
resuspends the loose sediments and removes théntheitlushed water;
» Water/air scouring: Flushing with water and injelcseér
Pressurised air is injected into the water flowstag extra turbulence and thus extra
sheer stress to resuspend the loose materiakthatioved with the water;
* Pigging
Soft or hard pigs with a diameter equal to or dliglarger than the diameter of the
pipe to be cleaned are introduced into the pipeparsthed through the pipe with water
pressure. The pig scrapes the loose sedimentef/éti and carries it to the outlet.
Often more than one pig is used.
Other methods, like high pressure jetting or me@iscraping, are used in pipes that are
taken out of service and are not pressurised. Timesleods are not widely applied to remove
sediments on a regular base and thus fall outeo$tiope of this study that concentrates on
practical methods.
The cleaning of networks involves skilled labouhea than scientific analysis. Despite this,
however, there is little awareness of common operak conditions under which the methods
are most effective. Extensive research incorpogaimvater company enquiry in the UK and
USA (Friedman et al., 2003) learned that not athpanies had a regularly scheduled flushing
program: 20 out of 23 responses in the USA andt®bL5 responses in the UK responding
in having one. Of those companies responding, 1farJS and 5 in the UK evaluated the
results of the flushing. There was also a wide eandghow the cleaning programs were
conducted. This confirms that there is little skdakaowledge about the optimal operational
conditions to get efficient removal of sediments.
Also in evaluating the removed deposits, as is dynearious researchers (Gauthier et al.,
2001; Zacheus et al., 2001; Torvinen et al., 2@#peau et al., 2005; Carriere et al., 2005)
there is no uniformity in sampling methods withpest to velocity and volume flow to obtain
the deposits. The lack of insight in the operatisagquirements led to an underestimation of
the complexity of flushing and a negative imagéusghing, because of problems that resulted
from what is called ‘conventional flushing’ (Antowt al., 1997). The problems are the
increased number of customer complaints duringimanaediately after the flushing and a
minimal short-lived water quality benefit, but alsg@otential for increased coliform
occurrences.

5.3 Water flushing

5.3.1 Introduction

Water flushing is the most common and longest adptnethod for cleaning networks
(Antoun et al., 1999; Friedman et al., 2003). Thagyple of the method is that an increased
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water flow causes an increased velocity in the pipieh leads to an additional sheer stress
on the loose deposits in the pipes. These loosesits@re whirled up and removed by the
flushed water. The extra flow is most commonly iceldi by opening a hydrant and blowing
off the extra water. Despite the long history, érlittle known about the operational
requirements for effective flushing.

Conventional flushing is the approach used by mtkties in the UK and USA (Friedman et
al., 2003). This was also the method mostly apphettie Netherlands until 1990.
Conventional flushing is defined as opening hydsamta specific area of the distribution
system until pre-selected water quality criteri@ aret, mostly by a visual assessment of the
turbidity. Though this seems to be a clear debnitin practice there is little uniformity in the
application of conventional flushing. This makeattit hardly can be seen as a standard
method. There are even examples that the end gioantilushing, expressed as a certain
turbidity of the water, is reached by slowly desiag the velocity of flushing by gradually
closing the hydrant, even compromising the litper@tional criteria. This makes
conventional flushing an ineffective method resigltin the problems mentioned in the
previous section.

In the 1990s at several locations the conventitbagshing was refined to unidirectional
flushing (Oberoi, 1994; Slaats et al., 2002). Adage of the unidirectional flushing is that a
more clear operational guideline is applied thavés less room for ambiguity. The basic
characteristic of unidirectional flushing is thiaétflush flow is directed in one direction
through manipulation of valves aimed at reachimgaximal velocity. Sometimes dedicated
flushing points are applied instead of hydrantetiuce outflow resistance in the hydrants
resulting in higher flows in the pipes. The benefithe unidirectional flushing is that it
requires careful planning to meet the operatioaghmeter of unidirectional flow.

The intended effect of flushing is the increas#aw resulting in increased sheer stress that
resuspends the sediments. For an effective flugi@ggirements must be set to the velocity
and the amount of water flushed. Next to that edspirements should be set on the planning
of the order of flushing to prevent recontaminatidrcleaned pipes. In other words: Water
used for flushing should be conveyed of clean pipbsse requirements will be described in
the following paragraphs and illustrated with exments.

5.3.2 Minimum velocity

The value set as minimum velocity in several stsithel,5 — 1,8 m/s (Brashear, 1998; Slaats
et al., 2002). The reasoning behind this is pahi#ytheoretical approach based on Shields’
and Stokes’ equations, though this leads to lowéoities than 1,5 m/s e.g. (Boxall et al.,
2003). For the other part, the value of 1,5 misised on practical experience that these
velocities are significantly above the normal dailgximum velocities. With 1,5 m/s all the
sediment that could cause discolouration would tteeremoved. Finally the velocity of

1,5 m/s is well attainable, taking into accounuanber of valve manipulations.

The flow resistance of a hydrant-standpipe-hosebteation often limits the maximum
capacity to 60 to 90 ffh. At this flow the resistance approaches thelats head in the
network. Typically, the hydrants are installed @®Im pipes and a 60°h flow pushes

2,1 m/s through those pipes. Normally the veloritthose pipes are in the order of a few
centimetres per second (Blokker et al., 2006).

Apart from the theoretical approach looking at plessibilities of obtaining a velocity of

1,5 m/s, a practical approach is to see what happdime velocity is not reached. The adverse
effects of low velocity are best demonstrated leyrtbgative effects of conventional flushing
as mentioned by(Antoun et al., 1997): the incredsmmplaints after flushing. This effect
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can be explained with the results of turbidity meaments during an experiment with two
flushing velocities (Fig 5-2). In this experimenta 3 inch cast iron pipe first a
flushing/disturbance was applied with a velocityogf m/s. The pipe was isolated by closing
a valve near the hydrant that was located in sughyathat a unidirectional flushing was
caused. Turbidity was monitored with the Sigrist@sT earlier described (Chapter 2) with a
measuring frequency of 10 minutes. The experimexst performed in 1998.
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Fig 5-2 Influence of flushing velocity on sedimenbitity; first flushing on 21/9
was with velocity less than 1,5 m/s (at least 0g),,second flushing with at
least 1,5 m/s.

The monitoring started on 20 September and theseandistinct difference between the
turbidity at the treatment plant and at the redeéocation in the network. This difference
indicated that the network was being loaded witttiglas. The turbidity at the monitoring
location was stable until the disturbance/flustomg21 September. The stability in turbidity
indicated that the layer of sediment was not malmlder normal flow circumstances. In the
early afternoon of 21 September, a disturbancéfiiigstook place with a flow of 6,5 .
Because the pipe was an old 3” unprotected casipifme the velocity is as least 0,4 m/s, but
presumably higher because the effective flow asgabe decreased by corrosion products.
The turbidity following the disturbance is highbah the turbidity prior to the disturbance. It
took almost 24 hours before the turbidity residgdia though not to the starting level. After
that, the turbidity pattern had more variation thiaa pattern before the disturbance. In the
afternoon of 24 September the hydrant was openaid dgut now intentionally causing a
unidirectional flushing with a velocity of at leas® m/s (flow is 27 rith) under the same
unidirectional conditions as the original flushifidne total amount flushed during the second
flushing was three times the pipe content and thimwas conveyed through clean pipes (a
clear water front was used). The turbidity durihg bpening of the hydrant was high, but
only for a short period. Directly after closing thydrant, the turbidity dropped again to the
initial level and stayed stable.

This indicates that the flushing/disturbance witbwaer velocity mobilised the sediment
without actually removing it completely. During thesturbance, though, a part of the
sediment was removed. The flushing with high véjoe@moved the sediment

instantaneously and limited the customer inconvergeesulting from the flushing to the
actual flushing time.
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These results lead to the conclusion that the itglo€ 1,5 m/s is sufficient to remove the
drinking water sediments in this case, while thedovelocity had an adverse effect. Though
this is only one experiment, the results make theese effects of conventional flushing
understandable: Too low velocity disturbs and meed the sediment without actually
removing it.

The operational requirement for velocity in wateshing is set on 1,5 m/s amongst others
based on this experiment. It must be noted tha¢toxelocities could also effectively remove
sediment, but with the experience gained over das/(see also section 5.3) it can be said
that it is universally applicable for many netwarkd treatment combinations. Moreover, the
awareness that too low velocities can have adwdfsets because of the mobilisation of the
sediment, attributed to the acceptance of thisiregquent for minimum velocity for flushing.

5.3.3 Flushed volume

The materials that must be removed from the pipdte loose particles. With a sufficient
increase in velocity, the relevant particles welsuspend and be flushed out with the water
flow. In principle all particles will be resuspermtienmediately after the sheer stress from the
increased velocity is exercised. The depth of dmtigle layers is in the order of some
micrometers or millimeters (Vreeburg et al., 20018t would indicate that a scouring effect is
only necessary during a short period. The velqmibfile over the cross-section of a pipe with
a turbulent flow is not linear. These two effectak® that if just a bit more than the volume of
the pipe is flushed no additional sediment woulddreoved and that the minimal flushed
volume should be more than one time the voluméefipe to be cleaned

An example of many experiments in pipes in the Bedmds is presented in Fig 5-3. It shows
that the nature of the sediment removed was agtloaibe deposits that resuspend
immediately and completely when the sheer stressineeased. Fig 5-3 shows the
measurements of the turbidity of the flushed wdteing a flushing of a 400 mm AC pipe
with a velocity of 1,5 m/s. The distance betweanfthishing point and the clear water front is
3600 meter and the flushing is unidirectional fritra clear water front to the flushing point.
Turbidity is measured with a Dr Lange Ultraturb ctésed earlier with a measuring frequency
of 1 minute. The theoretical first turnover wasward 40 minutes, which was confirmed
during the experiment with the sharp decay of tlithi The exponential further decay can be
explained by the non-linear velocity distributidhe lower turbidity is the mixing of the fluid
layers closer to the wall that move slower thankthkx of the fluid.

The drop in turbidity during after ten minutes hishing and gradual increase again after 25
minutes of flushing are probably caused by theyular nature of the deposits in the pipe. The
layer of sediment is not distributed evenly over tomplete pipe. What causes this
irregularity cannot be explained by the experimiergsults. It is speculated that this could be
caused by the horizontal level profile of the pilpat can have a slight ‘top’ half way the pipe.
The pipe is laid in a flat terrain, but undergrolenk! differences of e few tens of centimetres
could have caused this.
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Fig 5-3 Turbidity measurements at the flushing pofra 300 mm AC pipe, length
3600 m, volume flow 680°%h (1,5 m/s). Horizontal axis is the time elapsédra
the start of the experiment

As said these kind of observations (a sharp drdprinidity after one turnover of the pipe) is
observed in many experiments of which this is orele. It leads to the second operational
condition for water flushing to remove the sedimeiffiéctively that the flushed volume

should be at least two times the content of the papovercome the velocity dispersion. In the
Netherlands the first set of operational requiretmstated a refreshment rate of 3, but in
practice it was sufficiently proven with measuretseas presented in Fig 5-3 that two
turnovers are enough as the water clears fairly aftr two refreshments.

5.3.4 Clear water front

The turbidity trace in Fig 5-3 shows the effect whiee water used for flushing itself is not
clear enough. First, this clouds the effective paiht of a flushing when this is defined in the
form of a turbidity threshold. Carriere (2005) agjtly reports a stop criterion for flushing of

1 FTU, but that on several locations, values béddwl U could not be reached. Probably the
effective removal of sediment from the pipe hapgéal, but the water used for flushing has a
turbidity of 5 FTU. The second effect is that wilie flushing ‘up-stream-sediment’ is carried
to the flushing location, already partly loading ghipe with sediment. A third effect is that

the ‘upstream-sediment’ is resuspended with vetxscibwer than the threshold velocity of

1,5 m/s, with effects as shown in Fig 5-2.

This sets the third operational requirement toatffe water flushing: the water used to flush
the pipes should come from pipes with no resusgdadadiment. This concept is called
“Working from a clear water front.”

5.3.5 Discussion of water flushing

The effect of water flushing has long been undereded because of the negative effects of
the so-called conventional flushing. Much of thgate/e effects mentioned by (Antoun et al.,
1997), such as an increased number of customerlaongduring and immediately after
implementation of flushing and a minimal, shorelivwater quality benefit, can be explained
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when the operational requirements are consideradtlrer the lack of operational
requirements. The complaints during and immediadéibr the actual flushing could be
caused by the low velocities that are the resulanfilomly opening fire hydrants. The effects
of the increased velocity can be felt in the vitirof the flushed hydrant, but also in more
remote areas where the sediment is disturbed. Tlisation of sediment, as shown in Fig
5-2, explains the complaints that are seeminglgysd. Unidirectional flushing is recognised
as a good technique, but guidelines are mainlyedrlyy “good management practices”
(Friedman et al., 2002) to minimise the costs fifishing program rather than to maximise
the effect.

The operational requirements should all three befonen effective cleaning of the network.
Moreover, it forces the operators to make minuéagifor the flushing involving valve
exercising. Implementation of the three requireragnies a relatively simple framework to
make flushing plans.

A widespread misunderstanding is that water flughises large amounts of water. However,
a good flushing plan uses only at maximum threesithe volume of the network. For
example, in the Netherlands this volume can rougblyelated to the yearly demand in a
network. The total length of the network in the INatands is 110.000 km (Geudens, 2006).
There are no sufficient data on the diameter tistion in the network, but a fair estimation
would be an average diameter of 150 to 200 mm.alleeage daily consumption in the
Netherlands is 3,0*F0m®. This gives an average residence time of 15 toa®ifs. Three

times the volume of the network is equal to 45 kafraverage demand or 0,53 to 0,94% of
the total yearly demand. A complete flushing prognce every 3 years would add 0,18 to
0,31% to the Unaccounted For Water on a yearlysbasi

5.4 Water/air scouring

5.4.1 Introduction

Water/air scouring or air scouring was developepart because of the seemingly insufficient
results of the conventional flushing programs. Wethod is based on injecting pressurised
air into the water flow to create more turbulennd acouring stresses to resuspend the
sediments (Fig 5-4). Another reason for developing method was that more aggressive
cleaning would not only remove mobile sediments,diso the more firmly attached
voluminous corrosion products. The two-tiered godhat case is not only the removal of
loose deposits, but also the reinstatement of ydealic capacity. The claimed extra benefits
of water/air scouring compared to conventionallflng are that it would take less water and
the efficiency of sediment removal would be better.

Operational requirements are the ratio of air/wdtex minimum flow of water and the air
injection regime. The requirement of a clear wéiant is also applicable for water/air
scouring. The required volume is determined byflth& needed to release the injected air out
of the system. In the 1990s in the Netherlandgpthesiple of water/air scouring was applied
by several water companies, but varying operationtdria were used without an objective
base. The definition of the best operational resjugnts was based on limitations of air
compressors or on the appreciation of the streofgtihe outflow. One of the requirements, for
instance, was that the injection of air should beeadintermittently, which was based on the
observation that a continuous air injection blottleswater flow. Later experiments learned
that this blockage was caused by the pressure beaig too high, resulting in too great an
air flow at the injection point as result of expiams based on the Boyle-Gay-Lussac Law.
The highly pressurised air expanded in the lowesgure in the pipe and blocked the water
flow towards the flushing point. The solution wadiiit the air pressure, which required
adjusting the equipment.
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Fig 5-4 Principle of water/air scouring

5.4.2 Operational requirements of the experimental setup

In 1997 a test rig was build at the WL|Delft Hydresito determine the optimal operational
requirements for water/air scouring. The setughef@xperiment is sketched in Fig 5-5. The
goal of the experiment was, firstly, to visuallypagciate the phenomena that occur in the
water/air mixture and, secondly, to determine therational conditions that allow for an
effective cleaning.

Discharge

Transparent
i pipes
Reservoir

Fig 5-5 Experimental setup of water/air scouring tegt

Several experiments were conducted varying thevatiet ratio, the initial velocity of the
water and the injection pressure of the air (Poth®98). For optimal operational conditions,
the following boundaries were determined:

» Initial velocity of the water in the fully-filledipe is 0,5 m/s

* The air/water flow ratio is 1:1

* The pressure of the air is 0,5 bar above the wassure.
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When these requirements are met, a stable systéargefair bubbles separated by areas of
very high turbulence is formed in the pipe. Dirgatbwnstream of the injection point, a
stable flow of a half-filled pipe and a large aorget is formed, as is shown in the video
capture in Fig 5-6. (The camera view is in thedtio: from the discharge point towards the
air injection point as shown in Fig 5-5.) In thé& lgicture the upper transparent pipe element
is just downstream of the injection point. The uppaf of the pipe is filled with the injected
air forming the first air pocket (Fig 5-4). The sed, lower transparent part is at the end of
the 400 meter pipe of the test rig (Fig 5-5) anovahthe high turbulence area that can
resuspend the sediment and which separates thaityockets. These areas of high
turbulence are baptised ‘hydraulic pigs’ referringigging as the cleaning method. They are
formed at the end of the first air pocket at thjedtion point and propagate through the pipe.
The right picture shows the same test run, but imowoth locations are only the air pockets
and the water. After the injection has stoppedpipe will be refilled, driving out the large
pockets of air.

Fig 5-6 Video capture of air/water test rig

Based on the results of the test rig, the phenomehwater/air scouring can be described as
follows. An initial flow of 0,5 m/s is created byening a flushing point. Air is injected at a
preset flow and pressure resulting in an air/wibev ratio in the pipe of 1:1. In the pipe a
relatively stable system of air pockets separatelighly turbulent areas is installed. The end
point of a flushing action can also be determindéti & turbidity assessment of the flushed
water. The air in the water should be releasedrbefeasuring the turbidity.

After stopping the injection of air, the pocketsaafare flushed out of the system. The
flushing point can be closed when air is no longégased from there.

5.4.3 Discussion of water/air scouring

The development of water/air scouring for cleamegvorks was initiated by the
unsatisfactory results of the conventional watgsHing. The lack of water quality
improvement by conventional flushing was one reabanhalso the need to use less water was
an argument to look at alternatives.

The momentary water flow needed for water/air sicguis obviously lower then the flow
needed for water flushing, as the resuspensiom figrnot the sheer stress of the water, but the
areas of high turbulence between the larger aikgtsc The total volume needed to clean the
pipe is, however, at least two pipe volumes. Thst fiipe volume is removed from the pipe
with the air and replaced by the air/water mixtéier stopping the air injection, the air has
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to be removed from the system. The tests have prthat the removal of air is difficult with
the low velocity of 0,5 m/s and air is probablyt lef the system. This rejects the claimed
benefit of less water use with respect to watestfing, though it could be true with respect to
conventional flushing.

The requirement of a clear water front is stillaeenended in this situation, but less stringent
as in the case of water flushing. As the water §ldv@re are lower, also the upstream
disturbance is less, and the danger of unplanretdrdances and entrainment of upstream
sediment is less.

Application of water/air scouring needs two acqasisits: one to inject the air and the other
one to release the water/air mixture. This mean®msruption of the system. Moreover, the
injection point also introduces a possible exteomsitamination of the water. The air is
compressed by a mechanical compressor and precaustiould be taken to prevent oil or
other contamination.

The claimed ability to remove more firmly attachmirosion products is not reliably
measured in any experiment in this study. Howelvereffects on turbidity are measured in
experiments described later. From those experimeoaés be concluded that the hard scales
on corrosion products are damaged and probabgaat partly removed.

5.5 Pigging or swabbing

5.5.1 Introduction

Pigging or swabbing is based on the introductioa pig or swab, typically foam-like or
plastic, in a pipe and pushing this through thepiping water pressure. Pig originally stands
for Pipeline Inspection Gauges and were first usdte oil and gas industry to clean and
inspect pipe-lines. The squealing sound the alegsys made also contributed to the naming
of the pigs. The pig usually has a diameter latigen the diameter of the pipe, so there is a
high sheer stress along the pipe wall scrapindotbge deposits and attached products from it.
The debris is pushed out of the pipe with the Ple left side of Fig 5-7 shows some
examples of pigs used in cleaning drinking wateepi They come as soft sponge-like
material, and also coated with a sealant prevetitiagigs to get soaked or with additional
swabs as seen on the large horizontal pig. Onghéside of Fig 5-7, the dedicated outlet of
a pigging action is shown.

Fig 5-7 Left, some examples of pigs used in pipenahg; right, the outlet of pigs with a
dedicated flushing point
Pigging was developed as an alternative to conmealticleaning methods, with the aim of

using less water and having a greater efficienagimoving semi-attached or cohesive layers.
Sometimes the removal of biofilm is advertised ias of the benefits of the method.

Cleaning of networks - 98 -



Applying the pigs in encrusted cast iron pipes megufirm pigs. The soft pigs will get
damaged and small parts of the pigs will stay englpes. That can lead to the clogging of
water meters and taps.

5.5.2 Operational requirements

The application of pigging as a routinely appliéebning method is mostly restricted to

larger diameter pipes, typically above 300 mm. @Ga&ngperational requirements are not
available but often tailored to the particular attan with regard to the number and type of
the pigs. The common element is that usually sépéga are launched within short intervals
and that, after the removal of the last pig, some is allowed for refreshing the water in the
pipe. There are no requirements for a set velafithe pigs, which make the requirement for
a clear water front less important. The total vaduoh water used is at least two volumes of
the pipe: at least more than one volume is neeulést the pigs pass the pipe and at least one
complete volume for refreshment after the lastipiggmoved.

5.5.3 Discussion pigging

Pigging is a costly method compared to the othehas. It requires a very careful
operation, because the introduction of the pig®duces a risk for contamination that is
larger than the risk associated with water/air sogu Pigs can be introduced under pressure
with special equipment (Fig 5-8) though this regsispecial appliances to the pipes.
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Fig 5-8 Launce installation for pigs in a pressudsgpe

The pigs themselves should be disinfected very aredl are disposable, which adds to the
total costs of the method. Because experimental @&t lacking, it is difficult to give an
opinion on the efficiency of the method. For renmaMdoose deposits it is not likely that the
method is very effective, as the loose depositsigine and should be resuspended in a liquid
phase. If the deposits are merely pushed forwaréihount of material in front of the pig

will probably soon become too large to be effedyiveansported and the pig can start rolling
over the sediment. It could also occur that theodi#p are pushed into the spaces between
joints and other spaces. Visually, the method appeabe effective as the amount of material
coming out of the pipe just in front of the pigvisry concentrated (Fig 5-7).

Pigging in larger transport mains, above 300 mmopisetimes applied as alternative for
water flushing when the minimum velocity for flusgicannot be reached or if the volume
flows associated with water flushing cannot be priypdischarged of at the flushing point.
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The cleaning efficacy of the pigs in that caseragbpbly higher than flushing with too low
velocity, but should be assessed with pre andpestsuring of the RPM.

Another application of pigging is in charging nawartsport main with diameters larger than
300 mm. The pig is introduced in the empty pipe pnshed forward with the water and
consequently filling the pipe. The pig is now napkcitly used to clean the pipe but to see if
any large object is left in the pipe, which is setdom the case.

5.6 Case study: water flushing

5.6.1 Introduction

Since the end of the 1990-s a number of water camapdave adopted the planned
unidirectional flushing as an adequate way of dlegthe network. A case study in the city of
Venlo described in this section shows the resulsioh a program. The city of Venlo is part
of the network of the Water Company Limburg andupplied by the treatment plant Hooger
Heide. The water quality data from this pumpindistais given in Table 5-1, based on the
reports in REWAB.

Table 5-1 Water quality data from treatment plamiodger Heide (Source REWAB)

2001 2002 4 2003
parameter Unityy avg min max avg min max Avg min max
Turbidity FTE | 0.48 0.07 240 0.31 0.06 140 0.25110. 0.63
pH [-] 763 755 785 756 7.20 7.8 773 750 7.83
Hardness mmol/ 1.27 124 130 1.27 120 136 13281 1.52
Iron pug/l | 53 30 170 30 20 40 23 10 40
Manganese pg/l| <10 <10 <10 <10 <10 <10 <10 <10 <10
SI [-] -0.15 -0.15 -0.15|/0.01 -0.16 0.28 | 0.04 -0.120.13
EC mS/m 254 215 27. 28.4 245 32.0

2004 2005
parameter Unityy avg min max avg min max
Turbidity FTE | 0.16 0.12 0.29 0.17 0.09 0.42
pH [-] 778 756 7.88 7.70 7.58 7.85
Hardness mmol{ 135 1.34 137 144 134 161
Iron ug/l | <20 <10 20 <10 <10 20
Manganese po/ll <10 <10 <10 <10 <10 <10
SI [-] 0.11 0.04 0.18/ 0.04 -0.120.16
EC mS/m| 29.3 28.0 30.5 328 285 36.5

The water quality data shows that the treatmentge® based on traditional groundwater
treatment through aeration followed by rapid saltchfion, has been working adequately
when evaluated on average values. They all meddtibeh water act standards. Starting over
the course of 2003, the pumping station at Hoogad $ supplying a mixture of water
treated with the traditional groundwater treatmaamd drinking water from a new treatment
plant Heel. The Heel-water is supplied directlyittie clear water reservoir of the pumping
station Hooger Heide through a separate transgsigis. This means that the original
groundwater treatment plant has a lower produdaimhthat the deficit is supplied with
‘better’ drinking water.

From the clear water reservoir the water is pumpgrthe distribution system. The mixing
improved the overall water quality significantlyg @ shown by the average turbidity, iron and
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manganese levels. This is especially expressdteiddécreased maxima of the values; given
the fact that extremes are only rarely spottednduai sampling program, this shows the
improvement of the water quality.

The network is partly made of cast iron and stedlpartly of asbestos cement as is shown in
Fig 5-9. The network was cleaned during 2002 iress\stages, starting with the larger pipes
and progressing through the distribution networkdasure of the clear water front.

pipes made of non-ferrous material, primarily agbesement. The yellow circles represent
the RPM-locations.

5.6.2 Materials and methods

Results of the cleaning were measured with an satjuRPM procedure(Vreeburg et al.,
2004a). In total 34 measuring points were sele(®egl5-9), of which 15 were located in
unlined cast iron and steel pipes and the otheén 18 other materials. The RPM procedure
was adjusted for the length of the disturbanceoge® minutes instead of 15 minutes. The
main reason was that this shorter disturbance medja shorter length of isolated pipe,

105 meters instead of 315 m, which made it easiprdcess the actual measurement. Fewer
valves had to be closed, and often it was suffidierctlose only one valve in the
neighbourhood of the hydrant used.

The monitoring of the resettling time was stoppfdra880 minutes, which limited the overall
time needed for the measurement. With this proeeduvas possible to perform one
measurement in one-and-a-half hours and to de65o&r day.

The measuring equipment was a Dr Lange Ultratuttndimeter built in a dedicated RPM
tool that also had a transparent part to visuglpyreciate the turbidity of the water. Data were
immediately processed in a laptop computer moumt@dspecial van (Fig 5-10).

The ranking table for the RPM was also adjusteglntaximum and average turbidity were
ranked and so was the resettling time (Table %+%)c¢ategories. The RPM ranking ranges
from O to 12 points in this system. The boundafiteshe RPM ranking are chosen in such a
way that the ranking is sensitive in the lower &89
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Fig 5-10 Measurement equipment for RPM

Table 5-2 Ranking table with adjusted RPM-ranking Venlo

Points| 0 1 2 3 4
Max 5 minutes [FTU] <2 2-10 10-25  25-50 >50
Average 5 minutes [FTU] <2 2-10 10-25  25-50 >50
Resettling time [min] <5 5-15 15-25  25-30 >30

Not all 34 locations were monitored regularly. A lBcation the RPM’s were measured prior
to cleaning and 29 locations also post-cleaningbkng the evaluation of the efficacy of the
cleaning. To follow the refouling of the systemridg three years (2002, 2003 and 2004) all
locations were monitored, in 2005 18 locations, ian2006 only three locations. The main
reasons for the decreasing number of measuremenésdue to financial and planning
constraints.

5.6.3 Results

One example of the actual turbidity measurementsigahe RPM procedure in an AC pipe
shows the basic information; represented in RP¥Ipibture is clearer and shows the typical
saw tooth that is hypothesised (Fig 5-11).
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Fig 5-11 Left: Turbidity data for an AC location in Me; Every line represents a RPM
experiment repeated on a yearly base. Right the sarbiglity data translated into RPM-
ranking

The individual data show that the cleaning wasatiffe. The RPM dropped from the
maximum of 12 in this case to a value of 2 and deehafter a short while. It seems that the
recharging of the system was relatively quick, that it stabilised afterwards, though with an
increase again towards the end of the measuringdoer
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Similar data can be shown for a location on a icastpipe (Fig 5-12). Compared to the AC
location, the cleaning at the Cl-location was reoetective as it was in the AC location and
also the recharging of the system seemed to havaer@a constant and higher rate.

12
350 ~04-03-2002 \ /
300 = 09-07-2002 10

07-05-2003

27-05-2004 8
- 26-04-2005 .
- 09-05-2006 6

N
a1
o

=)
2
L, 200 =
2 f \ =
g 150 I .\ g V
I TN .

50 )

0 e

1 4 7 10 13 16 19 22 25 28 31 34 37 40 0 ‘ ‘ ‘ ‘ ‘
Time [min] 2001 2002 2003 2004 2005 2006 2007

Fig 5-12 Left: Turbidity data for a Cl location Menlo; Every line represents a RPM
experiment repeated on a yearly base. Right the skataetranslated into RPM-ranking

The individual cases showed some variation andatr@lways as clear cut as the examples
shown. A reason for this could be that the locatiare not varied, but every RPM is
measured at the same location. The cleaning effdbe RPM in itself (see also section 2.3)
interferes with the outcomes, probably causingRR® even to decline if the period between
two measurements is too close to each other. WHeelotations are averaged, however, the
overall picture is consistent with the hypothesipattern. The average of the RPMs (Fig
5-13) has the saw tooth shape, suggesting a cpémeiquency for this area once every four to
five years. The error bars in Fig 5-13 are onedseshdeviation large, showing the increase in
variation of measurements as the time progressessiall standard deviation for the last
measurement can be explained with the fact thatahily concerns three measurements. The
data on the measurements are also tabulated ie bakl
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Table 5-3 RPM-data on cleaning with water flushing

date RPM date RPM date RPM date RPM date RPM date RPM date RPM
Loc 1 non-Fe 11-10-01 11 08-05-02 2 22-10-02 4 17-11-03 3 17-11-04 2 28-11-05 3 01-11-06 9
Loc 2 CI 06-08-01 11 08-05-02 5 22-10-02 3 17-11-03 7 17-11-04 9 11-11-05 9 01-11-06 7
Loc 3 non-Fe 22-10-01 12 15-05-02 2 22-10-02 1 17-11-03 6 10-11-04 5 28-11-05 5 01-11-06 7
Loc 4 non-Fe 12-07-02 11 16-10-02 3 16-05-03 6 27-05-04 11 26-04-05 10 09-05-06 8
Loc 5 non-Fe 08-11-01 12 22-08-03 2 09-03-04 0 09-03-05 5 30-03-06 6
Loc 6 non-Fe 28-06-02 9 12-07-02 6 16-05-03 6 27-05-04 6 13-05-05 9 09-05-06 4
Loc 7 CI 04-03-02 12 09-07-02 5 07-05-03 6 27-05-04 9 26-04-05 10 09-05-06 12
Loc 8 CI 08-11-01 10 09-07-02 5 07-05-03 2 27-05-04 3 26-04-05 4 10-05-06 3
Loc 9 non-Fe 06-11-01 10 14-10-02 3 19-05-03 6 27-05-04 7 26-04-05 9 09-05-06 12
Loc 10 non-Fe 06-11-01 11 15-10-02 3 19-05-03 8 27-05-04 7 26-04-05 7 09-05-06 7
Loc 11 CI 06-08-02 12 16-10-02 3 19-05-03 3 28-05-04 10 13-05-05 7 10-05-06 9
Loc 12 CI 05-11-01 11 13-11-02 3 02-06-03 7 27-05-04 9 13-05-05 12 09-05-06 12
Loc 13 non-Fe 06-08-02 12 22-11-02 0 02-06-03 4 28-05-04 8 13-05-05 11 10-05-06 12
Loc 14 CI 05-11-01 12 03-06-03 8 19-12-03 7 03-12-04 11 29-11-05 9 30-11-06 3
Loc 15 CI 20-11-01 8 04-06-03 4 19-12-03 9 03-12-04 11 28-11-05 9 29-12-06 12
Loc 16 CI 26-01-04 11 03-12-04 10 28-11-05 12 29-12-06 7
Loc 17 non-Fe 06-08-02 11 29-11-02 3 21-10-03 4 06-12-04 4 28-11-05 3 30-11-06 11
Loc 18 CI 06-08-01 12 22-05-03 2 19-12-03 8 03-12-04 11 29-11-05 12 30-11-06 12
Loc 19 CI 01-11-01 11 22-05-03 6 18-12-03 8 03-12-04 8 29-11-05 6 29-11-06 5
Loc 20 CI 24-02-03 10 23-09-03 5 09-03-04 5 09-03-05 5 30-03-06 6
Loc 21 CI 07-08-02 12 20-06-03 10 02-02-04 12 09-03-05 12 06-02-06 12
Loc 22 non-Fe 14-11-02 8 08-01-04 1 30-06-04 5 11-07-05 4 18-07-06 6
Loc 23 non-Fe 23-10-01 9 21-08-03 8 02-02-04 5 09-03-05 8 06-02-06 2
Loc 24 CI 27-11-01 12 30-10-03 0 28-05-04 5 18-05-05 4 17-07-06 9
Loc 25 non-Fe 06-08-01 8 11-09-03 3 08-03-04 3 14-03-05 4 10-03-06 3
Loc 26 non-Fe 26-01-04 9 09-03-05 7 10-03-06 7
Loc 27 non-Fe 27-01-04 5 14-03-05 8 30-03-06 6
Loc 28 CI 08-10-01 11 19-12-04 1 02-06-04 8 08-06-05 7 17-07-06 8
Loc 29 non-Fe 02-12-03 4 02-06-04 3 08-06-05 8 17-10-06 8
Loc 30 non-Fe 02-12-03 6 02-06-04 3 21-10-05 2 17-07-06 11
Loc 31 non-Fe 20-11-01 10 08-01-04 2 30-06-04 5 11-07-05 3 17-07-06 10
Loc 32 non-Fe 30-10-01 12 11-09-03 4 09-03-04 6 09-03-05 2 30-03-06 3
Loc 33 non-Fe 30-10-01 12 21-10-03 1 02-06-04 0 08-06-05 6 18-07-06 11
Loc 34 non-Fe 27-01-04 4 30-06-04 5 11-07-05 5 18-07-06 8

Avg Cast Iron/Steel  14-01-02 11,0 02-05-03 4,2 08-11-03 6,6 07-11-04 8,0 06-11-05 9,0 07-08-06 8,4 01-11-06 7,0
Avg non-ferrous 02-02-02 10,6 13-04-03 3,2 11-11-03 4,4 03-12-04 5,8 02-12-05 6,7 24-04-06 7,8 01-11-06 8,0
Average RPM 24-01-02 10,8 22-04-03 3,7 10-11-03 5,4 22-11-04 6,8 21-11-05 7,7 21-06-06 8,1 01-11-06 7,7

14,0
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Fig 5-13 Averaged RPM'’s at 34 locations pre- and mbs&ning with water
flushing. Error bars at one standard deviation

By further dividing into the material categoriesoafst iron/steel and non-ferrous the RPM
reveals more discerning, as is shown in Fig 5-Bhgitlering the averages the cast iron
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network was not cleaned as thoroughly as the nootfe material and seems to recharge
more rapidly. However, this was only in the beginof the post-cleaning period while the
recharging rate in the period 2004-2006 was theesdime last three values in 2006 should be
interpreted with some care, because they are masadower number of actual samples, for
example, the last cast-iron RPM value was basezhermeasurement only.

=4—cast-iron/steel
14,0

=& non ferrous

12,0

]

8,0 - \‘i*
|,

6,0
4,0 I

2,0 I

|—i’=l'

RPM [-]

0,0 T T T T T T
2001 2002 2003 2004 2005 2006 2007 2008

Fig 5-14 Average RPM’s, separated into ferrous and-feorous pipe materials;
error bars set at one standard deviation

The cast iron and the non-ferrous material detat#oin the same rate, though the increase in
RPM in the beginning is somewhat different. Thiswsh that the resuspendable sediment
does not originate from the cast iron exclusivilgould be argued that the more rapid
increase in RPM in the cast iron network is caused combination of corrosion and loading
from the treatment plant. This cannot be confirrbedause the material causing the RPM is
not analysed. Probably that would not have rendemaech more information because in both
cases a form of iron is the dominant element. Afterinitial corrosion this process has
stabilised again and the deterioration is primardysed by particles from the treatment. (see
also section 3.5). This leads to the observatiahdleaning of cast iron initially (re)starts the
corrosion process because probably the proteatae 8f corrosion products is damaged.
After the corrosion scale is stabilised again tbhethant charging process is the particle load
from the treated water.

5.6.4 Discussion

Flushing with water reduced the RPM significantiythis demonstration case. Also the
recharging of the system is clearly shown in tleegase of the RPM value. Because of the
adjusted RPM, the information on the actual tutlyidssociated with discolouration risk is
somewhat limited, but the overall effects are ckayugh. Though the initial RPM pre-
cleaning is almost at maximal value, the effedhefabsolute maximal turbidity is even more
illustrative. The average of the maximum turbidityring the disturbance pre-cleaning is
almost 300 FTU, while the average of the maximurhidlity during the disturbance post-
cleaning is 13.2 FTU (Table 5-4). The last measerdnn 2005 gives a value of 74 FTU for
the average maximum turbidity.
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Table 5-4 Turbidity values for RPM measurements

24/1/ 22/04/  10/11/  22/11/  21/11/
2002 2003 2003 2004 2005
Av. Max turb. [FTU]| 297,2 13,2 26,1 43,4 73,6
Av. Max turb CI [FTU]| 346,1 14,2 44,2 60,2 121,2
Av. Max turb non-CI [FTU]| 248,3 12,3 11,9 30,1 36,0
Av. av. Turb. [FTU]| 181,1 6,6 16,3 25,5 43,9
Av. av. turb CI [FTU]| 212,3 9,0 28,5 38,2 73,7
Av. av. turb non-CI [FTU] 149,9 4,7 6,7 15,4 20,4

For post-cleaning, the average max turbidity desgddo 13,2 FTU, but especially the
average turbidity has dropped to 6,6 and that Islveéow the visibility threshold of 10 FTU
(Slaats et al., 2002). If only the non-ferrous mates considered, the value drops even lower
to 4,7 FTU.

With this case study, the effect of cleaning indes materials was also disclosed. The
efficacy of the cleaning was marginally less thmmon-ferrous materials, which is plausible
looking at the inner surfaces of a corroded cast pipe (Fig 5-15). Hydraulic scouring will
be influenced by the irregular surface of the layfezorrosion products. In a smooth pipe the
loose deposits will be more easily resuspendeddhaarough surface. This effect is showed
for the different materials in the post-cleaningi@ged RPM (Fig 5-14). The recharging of
the pipes with sediment leading to increased RPs of the same nature, though it looked,
in the beginning, that the increase in RPM was mapel. This rapid increase can be caused
by the sediments that were not effectively remdweidwere remobilised due to the lower
velocities in the irregular surface “holes”. Théeetive velocity in the shadows of those
“dunes” was probably less than 1,5 m/s, causingrtbkilisation of the particles (Fig 5-2).
Another plausible explanation is that the corrogoocess was re-initiated because of (mild)
damage of the protective hard scale of the cormogroducts.

The effect that the measuring of the RPM has oratheunt of sediment because some of it is
removed with the disturbance of the velocity ledan underestimation of the actual RPM.
In the comparison in the particular case studyithef little importance because the locations
were all measured with proximally the same intesval

5.7 Case study on aggressive cleaning of cast iron pipes through
pigging

5.7.1 Introduction

Unlined cast iron pipes are historically suspettelde the main cause of discolouration.
Consequently, cleaning these pipes has receivedod dttention. Cleaning a cast iron pipe,
however, is a delicate procedure. The inside cfraantusted cast iron pipe, as is shown in Fig
5-15, showing that corrosion products can blockhyaraulically-effective cross-section of a
pipe. The build up of a layer of corrosion produwds been studied by several authors. A
comprehensive description of the corrosion scalerles given by (Sarin et al., 2004). Iron
corrosion scales consist of porous deposits, wdbrese shell-like layer near the top of the
scale enveloping a soft porous core. The porous ltas a high percentage of ferrous phases
(e.g. Fe(OHyand Fe C@, which can readily dissolve to produce large ditias of Fé*

which can be oxidised to Feand flocculate to small iron hydroxide particlesthe presence
of carbonates, the Fecan also form FeC§ihat adds to the hard layer confining the soft
deposits and protects it against further corrofiRwstschutzschild or protective layer). The
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capacity of the scale to release iron ions is mess than the porous media. Damage of the
scale will increase the release of iron consequéediding to elevated levels of iron and also
turbidity. When the water has sufficient carbonakesprotective layer will repair itself in due
time because of the formation of Fe£O

Renbaanstraat 37
's-Gravenhage
100 GGY 1900

27 juni 2000

Fig 5-15 Picture of the inside of a 100-year-oldtdasn pipe

Cleaning cast iron pipes has the danger of damdgacelatively hard protective scale.
Should that happen, the stabilised corrosion pgststs again or is at least intensified.

5.7.2 Experimental setup

In the cast iron network in the city of Tilburg arpof that network was cleaned using pigs.
The cleaning of the pipes was done using sevendiskof hard foam pigs. At least three types
of pigs were used for each line.

In the cast iron network 5 locations were seleetiedghich turbidity was continuously
monitored and RPM was determined (Fig 5-16).

Location 2
Location 4

Location 3

Location 5

Location 1
Pumping Station

Fig 5-16 Monitoring locations in cast iron networkbiurg

At location 1 the turbidity at the treatment plaras recorded. Location 2 was close to the
main transport system at which the possible chaimgesbidity between the treatment and
this location were recorded. Both locations weredu® monitor the incoming water in the

sense of the particle-related processes model.tionsa3, 4 and 5 recorded the changes in
turbidity after the transport through the cast ipgpes.

Cleaning of networks - 107 -



5.7.3 Materials and methods

Turbidity was measured using a Sigrist KT65 turtyidnonitor. This is a white light
turbidimeter that measures the scattering of lagtet 96-angle. The monitor does not work
following the 1ISO-7027 standard, but was chosentforobustness and capability to be used
in an experimental environment.

Pre cleaning in the period 26 April — 3 May 2008 tarbidity was monitored at all locations;
on 2 May the RPM was determined at locations 2,&hd 5. Post-cleaning, the
measurements were repeated in the period 13-202D@tewith RPM at 15 June 2000.
Approximately a year after cleaning, the measurdésnwere repeated from 1-8 May with
RPM on 4 May 2001 and identified as second posinte).

The ranking table for the RPM is given in Table.5FBis ranking is quite different from the
other ranking used in this chapter (Table 5-2). figdatively low values are connected to the
Sigrist equipment that records relatively low valu& number larger than 2,3 FTU could be
any value because it would be above the thresHdliecequipment, which was set at

2,4 FTU.

Table 5-5 Ranking table RPM with Sigrist KT65

0 1 2 3
Absolute max first 5 min <0,5 0,5-1,5 1,5-2,3 >2,3
Average first 5 min <0,5 0,5-1,5 1,5-2,3 >2,3
Absolute max last ten min <0,5 0,5-1,5 1,5-2,3 >2.3
Average max last ten min <0,5 0,5-1,5 1,5-2,3 >2,3
Time to clear < 15 min. 15-30 min  30-45 min >45 min

5.7.4 Results
The results of the Resuspension Potential Methed@ammarised in Table 5-6

Table 5-6 Results RPM analysis

Location Pre-analysis tol Post-analysis tot Pomtaysis  tot
Loc 2 00 O O 3]0 0 0 O 000 O O O] O
Loc 3 32 2 1 1113 2 3 1 9111 1 1 1] 5
Loc 4 32 3 1 12,3 2 1 1 7111 1 1 0 4
Loc 5 11 3 1 913 2 1 1 1021 1 0 3| 7

Average| 8,8 Average 6,5 Average| 4

From these results one sees that the need foriotpass not very high because the average
RPM was 8,8, though the average was clouded byidoca that hardly had any
resuspendable sediment. The effect of cleanindp@mther three relevant locations that are
more in the heart of the network (3, 4 and 5) watdarge. The average RPM dropped a few
points, but after a year the turbidity dropped eftather.

The turbidity measurements during the pre-cleaperpd are presented in Fig 5-17.
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Fig 5-17 Turbidity measurements during pre-cleamegod; on 2 May the RPM is
determined

The turbidity increased in the cast iron networkeTrregularities on 2 May were caused by
the RPM measuring. For the post-cleaning peridasresults are presented in Fig 5-18 with,
on the left, the turbidity of location 2 as theanting water and location 3 as a trajectory. The
right graph shows the results from location 2 imbaation with locations 4 and 5 and is on
a larger scale to show all the relevant values.
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Fig 5-18 Turbidity post-cleaning; location 2 senassincoming water; in all the locations the
typical corrosion pattern can be observed

Locations 3, 4 and 5 showed a turbidity patteri wes not present in the pre-cleaning period
and was also not recognisable in location 2. Themged pattern indicates that the particles
that caused the turbidity were produced withinghpe by corrosion. This pattern can be
explained by an active corrosion process. The ppeoduced particles with a constant rate
but during the night hours the residence time effater was longer, allowing more time for
the particles to be picked up. During the day, wiesidence time decreased, the time for
picking up particles was less and the turbiditypgred accordingly.

The results for the second post-measurement, akngesar after the actual cleaning, are
represented in Fig 5-19.
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Fig 5-19 Turbidity second period post-cleaning; Iboa 2 serves as incoming water

The regular patterns were still recognisable, iatiing that the process had not stabilised yet.
Location 4 showed a relatively high turbidity patt¢hat cannot be explained.

5.7.5 Discussion

The RPM results show that cleaning with pigs wasveoy effective in this case. The average
RPM value dropped, but not very much, and afteza yhe average RPM level dropped
without an active cleaning program. What this aomid drop in RPM was caused by is not
clear. The negative effect of damaging the stablerl caused the turbidity to follow a certain
pattern, which is consistent with an active cowangprocess. This means that a particle
production process had been initiated. The prodngirocess, however, was not enough to
contribute to a layer of loose sediment, as theageRPM value did not increase but rather
decreased.

In fact, several phenomena were disclosed withrtf@asuring campaign.

* An active corrosion process can be measured wétlhétfp of continuous turbidity
measurements. The pattern is very typical wittoasise in turbidity during times of
stagnation, usually the night hours in the netweitk a household-dominated demand.
The turbidity drops sharply with an increase inkéocity in the morning hours as a
result of the increased demand in that period.

» The particles produced by the active corrosion ggeaon’t necessarily contribute locally
to layers of loose sediment.

* Pigging damages the stable and hard layer on ttpeaforrosion products as described
by Sarin et al, (2004) and will take some timetab#ise again.

5.8 Discussion of cleaning methods

5.8.1 General

Cleaning networks is the main reactive measure artaperators take when confronted with
discolouration events. Historically, hydrant flusépior conventional flushing without any
guidance of flow, was the only means that was algland that did not work well. With
knowledge of the role of particles in discolouratend the importance of velocity, it is now
clear that conventional flushing cannot work préypand can even have an adverse effect.
However, if only appreciating the colour of the ardbeing flushed with the conventional
procedure, it seems as if the flushing procedusedféctive in removing sediments. This
shows the persistent misconception that the effich@ cleaning method can be judged by
appreciating the water being flushed. The conchusiiat conventional water flushing is not
effective is valid, though.
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The ensuing search for more aggressive and magete# methods to clean pipes was
therefore aimed at the wrong criteria. Howevelqgically led to procedures such as water/air
scouring and pigging. Water/air scouring producéat af violence at the outlet point and
measures had to be taken to prevent damage resintiim darting hoses. Pigging produced
very dirty water (Fig 5-7) in relatively short plsigrhe effect of these methods were judged
conventionally on the basis of the colour of théerghat was flushed out and not so much on
the total amount of sediment removed or, more itgndly, on the amount and mobility of
sediment that was left behind.

Introduction of the RPM as a measuring method estbhh unbiased pre- and post-
assessment of the discolouration risk and madeat that the efficacy of any cleaning
method is better appreciated by analysis of therss=ud that was left behind instead of
analysis of sediment removed. The analogy usedhesou cannot see how clean a table
gets if you are underneath it and can only seelithé¢hat falls off during cleaning.

Anecdotal in this aspect is the setup of the igdior water/air scouring. The setup of the test
rig was motivated by the desire to put an end eéodiscussion of what was actually the
hydraulic process in the pipe that was responsisléhe cleaning. The standing practice was
to inject air intermittently while operating therapressor at full throttle. The test rig (Fig 5-6)
disclosed the actual process that required a aainaitainjection aimed at the water flow with
only a mildly above-normal pressure. That was nooress contradictory to the standing
practice and effectively changed the working pracedbut it also led several companies to
leave the water/air scouring method and procedlde@lanned unidirectional flushing as a
more effective method.

For pigging, two key projects played an importané that demonstrated less an inefficiency
of the method but more the importance of understanithe fouling process. The first was the
disappointing long-term effect of an extensive miggproject. A relatively large area was
cleaned up to the distribution pipes using a ckegter principle and a pigging procedure that
allowed multiple pigs to clean the pipes. Obviouklg was a very costly project that
involved a lot of late night work to avoid custonaiésruption as much as possible. After a
year, however, complaints started again and arysisddegan to more closely examine the
cause of the recurrent complaints. It turned oat the particle load at the treatment plant was
the major source of particles and that the piggwag effective in removing the sediments, but
that the cleaning frequency was about a year. pittare of the black bath used in the
introduction was actually taken in that supply ar&egular cleaning with planned and
unidirectional water flushing turned out to be acimmnore cost-effective way of managing
the discolouration problem, and it also starte@waduation on how to improve the
performance of the treatment plant.

The second key project was the evaluation of cleatrunk mains with pigs by a water
company. Turbidity was monitored at several loc&ipre- and post-cleaning, but RPMs
were not possible. At that time the RPM was narotested and confidence in the method
was not high. Besides that, there were time coimstreBased on the turbidity measurements,
an argument could be made that only one out oétbieaning actions was effective. Closer
analysis showed that the pig in that case was mthvedgh the network at a velocity close to
1,2 m/s. The conclusion was that the actual clepwias done by the high water velocity
rather than the scouring of the pig.

A number of projects that were done within consudiaconstraints showed that alternative
methods to planned unidirectional water flushingen@aore costly and not more effective.

Cleaning of networks - 111 -



5.8.2 Cleaning of cast iron

In both cases cleaning of unlined, old cast irosteel pipes showed to be complicated. In
both cases it is plausible that post cleaning treosion process is activated, resulting in
production of particles. More aggressive cleanisig@ higher velocities, water/air scouring
or even pigging showed that these procedures plpbaimage the inner hard scale on the
corrosion products, reactivating the corrosion psscand releasing the contained layers of
soft deposits. The reactivation leads to an in@@asternal production of particles
measurable through increased turbidity. This cjeadicates the operational dilemma for the
cleaning of cast iron pipes. Cleaning with watasfling has a positive effect and recharging
to the initial level of RPM directly after cleanimgore rapid than with other materials, but this
effect stabilises after one to two years. More aggjive cleaning leads initially to a better
effect, but reactivates the corrosion process nrabiiin increased levels of turbidity and
releases soft deposits contained by the corrosiales thereby affecting both the pipe wall
and the water quality.

5.9 Conclusion regarding cleaning methods

Cleaning is the most appropriate short-term respémsliscolouration problems. The
available methods are water flushing, water/aiusog and pigging.

Water flushing is the most effective method wheitisbperational requirements are met for
velocity, flushed volume and order: 1,5 m/s, 2 i volumes and a clear water front.
RPM is very suitable to evaluate the need for @sdlt of cleaning when applied pre- and
post-cleaning.

Cleaning cast iron pipes has an initial deteriagagffect on the corrosion that is difficult to
prevent.
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6 Particle composition and hydraulic behaviour: cas e
studies

6.1 Introduction

Particle composition and hydraulic behaviour vargoas different drinking water networks.
The particle composition at any given place inritbevork depends on the initial composition
at the treatment plant, the net result of partielated processes in the network as presented
in Fig 1-5 and the residence time in the networdwNbarticles can be produced by chemical
and biological processes or flocculated from smaléaticles to larger ones. The hydraulic
behaviour that transports the particles is depeanafathe size and density of the particles.

A drinking water network can roughly be separated a transport and a distribution network
(see also chapter 1). The hydraulic circumstantésrims of flow velocity and shear stress
differ in transport systems and in distributionteyss because of the difference in function
between the two.

The function of a transport system is to convegtretly large quantities of water from one
place to another without actually supplying wateectly to connections on the pipes. Often
transport pipes are connecting lines between ptaduplants and reservoirs or distribution
systems. The velocities in these transport pip@& dary on a minutes base and are relatively
high, up to 0,5 to 1,0 m/s occurring on a dailyebas

The function of a distribution network is to actyaupply the water to the installations
directly connected to the pipes. The demands abskesuently the velocities in these pipes
vary much more. In conventional networks the alisokelocities are low (Blokker and
Vreeburg, 2005; Blokker et al., 2006).

In practice it is difficult to make a clear cut ingtion between the transport and distribution
system as they are mostly interconnected. Sometineesansport pipes are part of a separate
dedicated transport system, which enhances thadatisn, but in the Netherlands mostly the
transport system and the distribution system aegrated.

In this chapter three case studies are descrilaexplore the composition and hydraulic
behaviour of particles in drinking water distrilmrtisystems. Within the case studies two new
analysis methods are explored to characterisedimpasition and behaviour of the particles.
One approach explores the feasibility of a pre-eatration technique to analyse the
composition of very low concentrations of particesmally occurring in drinking water. It is
called the Time Integrated Large Volume Samplin. V5). The other approach aims at a
hydraulic characterisation of sediments flushedadutistribution systems using a standard
Jar Test Equipment (JTE).

The first two cases deal with typical transportegss. One of them is a low pressure
transport system supplied with water with low paeticontent originating from water
abstracted from an artificially recharged aquifidre total transport distance was in total 23
kilometres. This transport system is used to febdlancing reservoir and subsequently the
flow was rather constant and the variation in vigies was low. In this case study the new
TILVS methodology has been tested.

The other case also dealt with a large transpsteay, but now incorporated within a
distribution system. This means that the pressuhggh and that flow is more dependent on
normal demand because there are no balancing o&sewithin the system. The flow
situation is thus less clearly defined resultingniore variation in velocity than in the low
pressure dedicated system. The treatment procélse wfater is based on a surface water
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treatment that just prior to the measurements weshded with a UV-disinfection and a
granular activated carbon filtration. The partidad of this surface treatment is also assumed
to be low, using these additional steps.

The last case study deals with a dedicated prtgadentify the hydraulic characteristics of
drinking water sediments using the standard JarH@sipment. The hypothesis is that
sediments can be characterised using the hydreapiabilities in a JTE experiment. Within
the case study sediments from several treatmentspdaie analysed that include samples from
the distribution network that is supplied with thater from the aforementioned low pressure
transport system. Information about the hydrautiaracteristics obtained from the JTE
experiments in combination with the elemental cosmpm of the sediments and their
probable origin will enable more dedicated meastogsevent and control discolouration
problems.

6.2 Casel: Low pressure transport system

6.2.1 Introduction

In the low pressure transport system of AmsterdaateWSupply a case study was performed
on the behaviour of particles. The goals of theiuere to gain more understanding of the
behaviour of particles in water with a presumed fasticle load in a large transportation
system and to evaluate the method of TILVS in coration with particle counters

(Chapter 2).

With respect to the particle-related processesKggé-5) in this case the particle load of the
water should be very low because the final treatratap is slow sand filtration. Theoretically
this water type could be compared with water tbatgh ultra membrane filtration with
regard to the particle load. Corrosion of cast imoaxcluded because the transport system did
not have unlined cast iron but was made of cememtamlined steel and concrete pipes
dating from the early 1960-s. The condition of liheng is unknown, but there is no

indication that it is not in good condition. Onlg@iances such as valves are made of cast
iron, but do not contribute significantly to theablength of the system.

6.2.2 Material and methods

Characteristics of the Amsterdam water supply system

For the city of Amsterdam potable water treatmextueos at two locations, Leiduin and
Weesperkarspel. This case study deals with therempetal results obtained from the low
pressure transport system that connects the Letcekatment plant to the main distribution
pumping stations in the city of Amsterdam.

Drinking water from the Leiduin treatment plant hexlergone a number of treatment steps.
The source water is surface water from the rivan&khat is pre-treated by flocculation with
iron chloride, settling in open basins, followedrapid sand filtration. Then the pre-treated
water is transported over 60 km to a dune areaenihes infiltrated. After an average of three
months’ residence time in the dunes the waterssratied via wells and canals and
transported in an open system to the Leiduin treatrplant. The infiltration in the dune area
turns the water into groundwater or at least deanétgroundwater characteristics such as a
constant temperature, anaerobic water and low ldesgaron and manganese. At the Leiduin
treatment plant the water is aerated, rapid sdtsidd, ozonated, softened, filtered over
activated carbon and finally slow sand filteredu§tec soda is used for the softening. The
distributed water has a very good quality (TablB).6Fhough on average the AOC level is
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higher than the recommended 10 pg/l (van der Kad?2) the water can be qualified as
biological stable and is according to Dutch traxdfitdistributed without a disinfectant
residual.

Table 6-1 Water quality analyses at treatment plagtuin (REWAB, 2003)

Parameter Unit Min Average Max
Turbidity NTU <0.1 0.12 0.36
Temperature °C 15 135 25.1
pH - 7.96 8.37 8.69
SI - 0.3 0.48 0.7
Dissolved Oxygen mg/L 5.9 9.1 12.4
DOC mg/L 0.9 1.1 1.4
AOC pa/L 4.2 13 30
Aeromonas (30 °C) n/100 mL 0.5 21.2 1100
Chloride mg/L 75 93 112
Iron mg/L <0.01 <0.01 0.13
Manganese mg/L 0.000 0.000 0.002
Aluminium pa/L <3 3.7 4
Magnesium mg/L 8.8 9.9 10.9
Calcium mg/L 39 43 47
Copper Mo/l 0.3 0.9 2
Barium pHa/L 13.8 16.3 18.6
Zinc pa/L 0 0.13 0.7

Fig 6-1 represents the transport system from Laitluihe two main distribution pumping
stations at Haarlemmerweg and Amstelveenseweg. frerbeiduin treatment plant several
main lines transport the drinking water to the wasside of the city of Amsterdam. Most
water goes through the Haarlemmermeer intersecifterwards the main splits into two
lines: Amstelveenseweg North and AmstelveenseweghSmefore reaching the
Amstelveenseweg storage reservoir (Fig 6-1). TheiNme is somewhat shorter than the
South line and has part of its supply divertechidistribution system at the booster station
at Osdorp. The transport mains that are monitoredarede of concrete and cement mortar
lined steel and the total distance between Leidnith Amstelveenseweg is about 23 km. The
system is operated with gradual velocity changdedd the clear water balancing reservoirs
at Haarlemmerweg and Amstelveenseweg. Samplingatagdslocations were directly
connected to the transportation mains.

At Amstelveenseweg two sampling points were avéatatne at the North line and one at the
South line. During the first period of measuring fharticle counter was connected to the
South line. For the particle counting during th&€M$ measuring at location
Amstelveenseweg the particle counter was conneattte sampling tap at either the North
or the South location.
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Fig 6-1 Map of the sampling sites used in the studiduin is the treatment plant
location. Sampling also occurred at Haarlemmermesit Amstelveenseweg on both
the North and South lines. The distance betweetuireand Amstelveenseweg is 23 km.

Sampling strategy and analytical methods

Two TILVS units (see paragraph 2.4.2) were deplatetthe Leiduin treatment plant in
parallel and ran in conjunction with a particle oter for 10 days. The experimental setup of
the TILVS in combination with the particle counterdrawn schematically in the right of Fig
6-2. The TILVS units were then moved to Amstelvesvesg reservoir and run separately on
the North and South lines for 5 days. Both unitsewen with a particle counter. The units
were then run simultaneously on the South linefedld by the North line so that replicate
filter samples could be collected for further chemhanalysis. One sample was for elemental
analysis while the second sample was for volatigpended solids analysis (VSS).

Transport line

Light source

Detector

|

TSS Particle counting VSS

Fig 6-2 Left photo: TILVS-unit. Right drawing: Scheitgbf the experimental TILVS-PC
setup used.

The particle counters used were Met One PCX units 32 channels of one pum band width
ranging from 1 to >31 pm. The particle countersenalibrated at the same time and ran
simultaneously in the laboratory and at the Leidagation to compare the magnitude of the
signal from each unit. The results were in reaslenaggreement showing peaks at the same
time and having an average difference less the# ifbtotal particle counts.

The TILVS filters were analysed gravimetrically total suspended solids (TSS) after drying
in a 105°C oven and cooling in a desiccator. Amgpdas with a mass below 2.2 mg were
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excluded from gravimetric and further analysis aadsidered to be below the detection
limits.

In the test case the two filters were *harvestealrf each run. One of them was used to
determine the Volatile Suspended Solids by burthedfilter at 450C (APHA, 1998) and
weighing the ashes. The second filter was useth&gravimetric analysis followed by a
destruction and ICPMS analysis for all the metalshis way the kations of the sediments
were determined and by presuming their most lil@lypns a mass balance of the sediment
was made. Inorganic analysis was undertaken biita laboratory at Nieuwegein and
involved microwave digestion and analysis of thgedt filtrate. The samples were digested
using 4 ml of 65% HN@(Merck Suprapur) made up to 100 ml using metad-fsater and
digested for 30 minutes. ICP-MS was used to andtysk, Mg, Ca, Si, Mn, Al, Cu, Ba and
Zn. Iron was analysed by flame-AAS. Four filterritasamples were also analysed.
Insolubles were negligible.

Eventually only four duplicate samples were fit forther analysis. Other samples were not
viable due to a malfunction or leakage in thediiwn units or too low mass on the filters.
During the tests several modifications were madéedilter unit and the overall operation of
the equipment.

6.2.3 Results

Particle counting

The calculated particle volume and frequency distion of the volumes (see paragraph
2.2.5) is presented in Fig 6-3. The percentileosaéind other curve characteristics are
summarised in Table 6-2 and Fig 6-4.

50,0 120,0
— Leiduin
e 100,0
— 40,0 +— H'Meer
[<] .
2 — Aweg T 800
g 30,0 1 g 50.0 H Leiduin
g g ’ * H'meer
(5]
§ 20,0 & 40,0 t 1 A A'weg
@
g 20,0
£ 10,0 : j
o
0,0 ¥ /
0.0 : ; : : | 0,0 20,0 40,0 60,0 80,0 100,0
29-7-05 31-7-05 2-8-05 4-8-05 6-8-05 8-8-05 10-8-05 Particle volume [ppb vol]

Fig 6-3 Calculated particle volumes in low presstremsport system and frequency
distribution. The AW location is the North location
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Table 6-2 Frequency percentiles and curve charasties

Frequency AW
percentile LD HM South
[%0] [ppb] [ppb] [Ppb]
90,0 1,10 6,60 33,06
95,0 1,28 7,12 34,41
98,0 1,51 7,83 36,23
99,0 1,77 8,44 37,79
99,5 2,20 9,15 38,97
99,9 4,19 12,14 41,50
ratio 90/99,5 0,50 0,72 0,85
average [ppb] 0,74 5,02 27,71
surf -90 [%] 78,7% 85,0% 87,3%
surf +90 [%)] 21,3% 15,0% 12,7%

0,50 =+ Leiduin/H'meer
-& | eiduin/A'weg
_ 0,40 1
g
= 0,30 4
c
[]
o
2 0,20
2 *—*——*—*”/‘/
I
0,00 T T T T T

o

20 40 60 80 100 120
Percentiles [%0]

Fig 6-4 Ratio of percentiles values at the two nelwhmcations and the
treatment locations. The A’'Weg location is the Sdathtion

The input at the Leiduin location was very compéeatith the particle load and the stability
as was produced by the UF-installation that is dlesd in paragraph 3.2. The extreme peak
on the evening of August 3, 2005 was probably chbgean incident with pumps that could
not be traced in the operational records. The peskclearly recognisable at the second
location, which made it possible to determine &esgce time of 9,5 hours between the two
locations.

The total particle volume increased in the flowedtron. The pattern stayed very stable, as
can be seen from the 90/99,5 percentile ratio hadsurf-90% and Surf+90%. Also the graph
with the percentile ratios shows that the increaag a true growth of particle volume and not
a resuspension. The flow through the pipes waeratbnstant as it was used to fill a
balancing reservoir and no obvious resuspensiokspaauld be measured.

Particle-size distribution changed during the tpamsas is shown in Fig 6-5. There was a
clear increase in the number of larger particles.tke presentation the average was taken for
the 12 measurements from 10:00 to 11:00 at Augasid3August 7 respectively. As the
variation in time was not very high (Fig 6-3) tlen be assumed representative for the long-
term process.
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Fig 6-5 Particle- size distribution and volume dibtrtion at LD, HM an AW South
locations. Size distribution based on an averagéZzo$§amples during one hour

Unlike what has been observed so far, there weteles larger than 31 um that obviously
dominated the particle volume. Those particles makeo 30% of the total particle volume.

TILVSand particle composition

The composition of particles was derived using TH.\At the Leiduin treatment plant even
after filtering 191 L (Table 6-3), a mass abovedbk&ction limit could not be collected,
indicating a TSS less than 13 pg/L. At Leiduin mpnedhantly small particles (1 pm) were
present and these particles contribute very littltne mass (Fig 6-5).

At Amstelveenseweg samples up to 112 L were fittevéh a maximum mass of 6.6 mg
retained on the filter. The Amstelveenseweg Santhhad an average TSS of 58 pg/L, while
the Amstelveenseweg North line had an average T8% pg/L. Statistically there is no
significant difference between the concentratiotheftwo lines, though the particle counts
over the sampling period also had a lower volumpaoficles in the Amstelveenseweg North
line (Fig 6-6 and Table 6-4). As the TSS and the#igda count measurements were
independent of each other it might be indicativa oéal difference.
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Table 6-3 Total mass, TSS, VSS and elemental cdropasi particulate material in the

Leiduin transport system. The first part givesdhsolute mass per filter, the second part
represents the concentration in the water. Thesamples from Leiduin were too small to
analyse properly.

Leiduin AW South AW North

Location 6 sam- 23/8 23/8 24/8 24/8 25/8 25/8 26/8 26/8

ples #1 #2 #2 #1 #2 #1 #2 #1
Filtered Volume  [I] 48 - 191 95,8 95,8 92,4 92,4 &9 79,6 112,4 112,4
(TSS) [mg] 0-1,2 3,2 5,8 6,2 6,6 3,1 3,9 4,2 4,2
(VSS) [mg] - - 1,4 - 3,6 0,6 1,6
Fe(OOH) [ual - 522,5 1017,5 539,3 683,7
MnO2 [md] 24,9 61,7 25,7 31,6
AL(OH)3 [ma] 145,9 370,5 166,1 - 208,7 -
Ca(C0O)3 [ual 388,5 658,9 433,8 414.6
Si02 [md] - 243,8 553,1 262,5 - 300,0 -
Unknown [no] 18745 3538,3 1672,6 - 2561,3
(incl. VSS)
(TSS) [mg/l] <13 334 60,5 67,1 71,4 38,9 49,0 37,4 374
(VSS) [mg/] - 14,6 39,0 7,5 14,2
Fe(OOH) [no/ - 55 - 11,0 6,8 - 6,1 -
MnO2 [na/l] 0,3 - 0,7 - 0,3 0,3 -
AL(OH)3 [na/l] 15 - 4,0 2,1 1,9 -
Ca(C0O)3 [na/ - 4,1 7,1 54 3,7
Si02 [na/l] 2,5 6,0 - 3,3 2,7
Unknown [nall 19,6 - 38,3 - 21,0 22,8
(incl. VSS)

The calculated particle volumes from the concurpamticle count measurements at the two
North and South locations showed a slightly différienage than in the first measurement
period. The North location now had a higher avei@ge2 ppb versus 27,7 ppb during the
first period) and the South line had an even higiverage (62,6 ppb) (Table 6-4).
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0,0
22/08

24/08 26/08 28/08

Fig 6-6 Calculated particle volume and frequencyrihsition during TILVS sampling at
AW North and AW South

The frequency distribution and the curve charasties showed a rather constant level
without many spikes, which could be expected bex#us flow in the pipes was filling a
balancing reservoir. Especially at the South largtbut also to a lesser degree in the North
location during this measuring period a daily répeppattern could be observed. This is very
like the turbidity pattern associated with corrosaescribed in paragraph 2.2.3 and 5.7.
Corrosion is in that case assumed to be a probassdleases particles at a more or less
constant rate. As result of this constant relelaseurbidity rises according to the residence
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time. The longer the residence time, the highetuhadity. The change in the particle
volume as observed at the Amstelveense Weg SodtNarth was probably also caused by a
constant process, with associated dependency té\beof particle volume and residence
time or, more precise, contact time. The elemartalyses of the TILVS samples give more
information on the composition of the particle séergnd the underlying particle production
mechanism, which in this case cannot be a classiogion due to the lack of ferrous
material.

Secondly there appears to be an overall decretrging in the calculated particle volume
concentrations that is consistent at both locati®hss cause of this is unknown. During the
measuring time there were no anomalies reportdamibe treatment process, though it is
most likely treatment related. This typical patteamnot be recognised in Fig 6-3 that
presents data from the same location but a few eaneer.

Table 6-4 Frequency percentiles and curve charasties

Frequency | AW North AW South
percentile
[%6] [ppb] [ppb]
90,0 48,27 70,95
95,0 50,05 74,16
98,0 51,84 78,53
99,0 53,10 79,86
99,5 55,38 81,55
99,9 58,08 90,07
ratio 90/99,5 0,87 0,87
average [ppb] 42,23 62,58
surf -90 [%] 88,0% 87,9%
surf +90 [%] 12,0% 12,0%

At Amstelveenseweg VSS was highly variable, randgingh 15-55% of the TSS with an
average of 33% (Table 6-3). From the elemental nagi@ysis and the VSS an approximate
mass balance can be made. It was assumed thatsHaesent as FeOOH, Mn as Mn@l

as Al(OH), Ca as CaC@and Si as Si@ Although this is probably an oversimplificatioh o
the possible compounds present, these are thg tkehinant forms and have been
previously used for such calculations (Gauthiealgt1996; Gauthier et al., 2001). It was not
possible to calculate a mass balance for the Leildhaiation because of the low amount of
mass retained on the filters.

Because the samples were taken in duplo and deeifilanalysed on TSS and elemental
analysis and the other on VSS, these results lalve tombined to make the mass balance.
To convert the VSS-level from the one sample toather, the VSS of the one sample are
calculated as percentage of the TSS and this pagers applied to the other sample (Fig 6-7
and Table 6-5).
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Table 6-5 Elemental analysis and VSS as percentafg8sf

Location AW AW AW AW  average

South  South  North  North

23/8 24/8 25/8 26/8
(VSS) % of TSS| 24,1% 545% 154% 38,1% 33,0%
Fe(OOH) % of TSS| 16,3% 16,4% 17,4% 16,3% 16,6%
MnO2 % of TSS 0,8% 1,0% 0,8% 0,8% 0,8%
AL(OH)3 % of TSS 4,6% 6,0% 5,4% 5,0% 5,2%
Ca(CO)3 % of TSS| 12,1% 10,6% 14,0% 9,9% 11,7%
Si02 % of TSS 7,6% 8,9% 8,5% 7,1% 8,0%
Unknown % of TSS| 34,4% 25% 38,6% 22,9% 24,6%

The unknown components account on average for alangsarter of the mass. This is in the
same range of the measurements of Gauthier, whalfthe undetermined components range
up to 20% of the mass on the filter (Gauthier gt1896; Gauthier et al., 2001). Regardless of
the level of TSS, the relative contribution of thetals measured was very consistent, making
up 42% of the overall mass regardless of the vanah VSS and whether samples were
taken from the North or South line (Fig 6-7 and [Ea5).

The results of the elemental analysis show thaetheust be a large increase in the
concentration of particulate metals in the trantgimn system. The increase showed also in
the colour of the filters, which at Leiduin hadexry pale grey colour after sample collection
whereas the filters at both Amstelveenseweg satopétions had a red/brown colouration.

composition TILVS samples

100%

75%

O Unknown
@EVSS
HCa(CO)3
50% 0Sio2

- H H - oz
) i i i i
0% ‘ ; ;

OMnO2
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B Fe(OOH)

Fig 6-7: Elemental and VSS contribution to total mafss
particulate material. Each analysis consists of filter, VSS as
percentage of TSS is applied to the second filter.

Though the original composition of the particulatatter at the treatment plant Leiduin was
not sufficiently known because the mass on therfiltvas too little, it can be said that there
was a true increase in particulate matter. A comparwith the composition of the water at
Leiduin as analysed in the routine sampling progf@able 6-1) was not possible because
this concerns all the solute and particulate foofrthe elements. The increase in mass was at
least with a factor 2,5 to 5,5 and was probablyaooifined to one process.

The most plausible explanation for the increaghéniron content in the samples is an
ongoing flocculation in the transportation pipesdese there is almost no unlined iron or
steel in the system. The increase in the partiedtaimn of silicium, aluminium and calcium is
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also very constant and is not present in thesetijeasnn the incoming water can plausibly be
explained by leaching of the cement mortar liniogaching can nearly always be expected in
cementitious pipes (van den Hoven and Vreeburg?2)199

The increase in VSS or organic fraction is probaalysed by a biological process.

6.2.4 Discussion

In the Leiduin system an increase in the partideme was measured by the particle
counters. This increase in particle loading was aleasured concurrent with the particle
counters operated TILVS that showed an increasess i@lected on the membrane filters.
The calculated particle volume concentration inseelby a factor of 37 and the TSS levels
increased with a factor 2,5 — 5,5. This discrepdmetyeen the growth factors is significant
but both indicate a significant growth of partidelanatter.

The increase in calculated particle volume was dated by a few larger particles in the
range >31 um. For the calculation the average demmeset on 31,5 um and even then the
dominance is evident. It is, however, questionaldlether these larger particles can still be
considered as purely spherical. If not, whichkelly because of the formation of flocks, than
the influence on total particle volume is overestied. Taking this overestimation in account
than the growth in particle volume and particulatgss would be more in accordance.

As indicated in Fig 6-7 and Table 6-5 the VSS i@cof the TSS ranged from 15 to 55%.
The organic material in the TILVS samples is anontgnt but variable component with an
average of almost 25%. This may simply be an artefaithe low masses retained on the
filter reducing the accuracy and reliability of #48S measurement. However, it also seems
likely that the biological contribution will be ggular over time. It could also be an artefact of
the sampling point, being a tap at the pipe wdike Water was drawn from flow lines at the
wall, which can be influenced by the biofilm ane tiarbophorectic effect that traps particles
at the wall. Loose parts of the biofilm can distthib VSS measurement. The VSS range
found in this study is lower than the range fougddauthier (Gauthier et al., 2001) for the
>5um fraction in Nancy, France and Montreal, Can&ad#hese studies VSS varied from 40-
76% of the TSS. The lower VSS found in this stuglijkiely to be attributed to the low AOC
concentration of the Leiduin water which is a résifithe extensive treatment used including
the artificial ground passage that provides growater characteristics to the water. On
occasion visual inspection of the filters from T&VS found the presence of nematodes,
which would have made a large contribution to ti8&S\and would also indicate that there
was still some biological growth occurring despite low AOC concentration.

The fact that the filters used in this study hay®ee size of 0,45 pm versus the >5 um
analysed by Gaulthier is probably not an explaryaf@ector. According to the particle counts
the range from 1-5 pm account for a few percenteftotal particle volume (Fig 6-5).
Especially the larger volumes found at the netwodations are dominated by the particle
above 5 pm.

Iron was the element that was the highest conwittiet particulate mass making up 16% of
the material, next to the unknown fraction (Tabi®)6Although the percentages may vary,
iron has commonly been found to be the elementeaxtgst proportion in pipe deposits
(Gauthier et al., 1996; Smith et al., 1997; Gauthteal., 2001; Zacheus et al., 2001).

The TSS concentrations increase by at least arfat®)5 to 5,5 during transport from the
treatment plant at Leiduin to the distribution res& at Amstelveenseweg. The increase of
particulate iron and manganese may indicate aicléesculation of these metals, which are
present in the infiltrated water and removed alngostpletely in the treatment process. It is
unlikely that the increase in the amount of patéitaiiron would be due to corrosion of iron,
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as the pipes are made of concrete or are cement kvith only cast iron fittings, such as
valves. The concentration of elemental iron indlear water at the treatment plant is reported
as less than 10 pg/l, so post-flocculation of seliron could account for the increase in
particulate iron of 5,5 to 11,1 pg/l present as&aK).

Physiochemical processes have been found to bendabttlose to the treatment plant (Sly et
al., 1989). It is possible that the small lightweigarticles that leave the treatment plant act as
a catalyst for further particle formation and grbwlue to their large surface area (Stumm and
Morgan, 1996). Pipe loop experimef®@ark et al., 1994) have demonstrated that pasticl

get larger during transport.

Decades of water transport could have createdea ysediment in the main. Disturbance of
the layer adding to the particle volume increaseislikely, however, considering the results
of the particle counts which did not show the tgbi®@suspension characteristics. Moreover,
the flow in this pipe is relatively constant whislould lead to equilibrium between
resuspension and settling rather than a net ressigpe

A biological process has had a contribution bec#usé/SS levels also grew. The average
VSS level over the four samples amounted to 18/ while the original total TSS-level was
<13 pg/l. A nematode on one of the filters wasbles The biological process was not
studied further, as there were no biological aredyas the ATP-level or HPC determined.
The contribution, however, was probably not vergésas the AOC-level (on average

13 pg/l) of the water is very well in the neighbeood of the level set for biologically stable
water (<10 pg/l) (van der Kooij, 1992).

The growth of the particulate matter during transgmrough the system as well as the growth

in calculated particle volume cannot be explainét & single process. In this case three

contributions can be recognised based on the as@@gposition of the particulate matter on

the TILVS filters:

* The particulate form of iron is 16,6 % of the TSl & most probably caused by post
flocculation.

* The particulate form of aluminium, calcium anda@iim is 25,7% of the TSS, most
probably caused by leaching of the cementitiousip

» The VSS is 33,0% of the TSS, but is highly variedné is most probably caused by a
biological process.

* The remaining fraction is 24,6% of the TSS andrdénown cause.

The differences in the contribution of the threegassses to the composition of the TSS was

not significant, indicating that there was no doaminprocess that can account for the major

part of the growth, but that the three processes hamparable contributions in this

particular case.

6.2.5 Conclusions regarding the low pressure transp ort system

The growth of the calculated particle volume coricdion and the TSS concentration in this
low pressure transport system was equally causgudmypitation and flocculation of
dissolved iron to particulate iron, leaching oftpgardate aluminium, silicium and calcium

from the cementitious pipe material and biologgawth. Eventually these processes
increased the particle volume load to the distidsuhetwork measured in TSS with a factor
of at least 2,5 to 5,5 with possible effects iatthistribution system.

TILVS is a new tool in distribution water qualitggearch and has proven to be useful to pre-
concentrate particulate material to characterisecimposition of particles in low
concentrations in drinking water. The trial shovilealt further development of the TILVS
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sampling protocol is necessary to enhance thebrityeand reproducibility of the method.
The combination of particle counting and TILVS elealconclusions on the composition,
origin and changes in time and place of particutatecentration in the distribution system.
The specific case of the Amsterdam low pressuresprart system showed that during the
residence time in the transport network the patwlume of the water increased
significantly.

6.3 Case 2: High pressure transport system

6.3.1 Introduction

To study the behaviour of particles in a high puessirinking water transport network, water
from a surface water treatment plant was measwadgiseveral weeks at several locations,
at the treatment plant itself and at two distanatmns in the transport network. Similar to the
previous case the treated water was assumed taaHaweparticle load to the system, at least
at the time of measuring. A few weeks before thasueements, the treatment process was
extended with UV disinfection and activated granckrbon filtration as final step, which
probably had an effect on the total particle load.

The goal of this case study was to analyse thegdsamm particle volume and composition in
this water type during transport through a highspuee transport network using particle
counters only. The high pressure transport syssepauiit of the total drinking water network
and has more velocity variation than a dedicatstesy that supplies a balancing reservoir as
the low pressure transport system in the previasgs study.

6.3.2 Materials and methods

The treatment process used on the water that wagared in the high pressure transport
network was a multiple-barrier system. It startathwtorage in basins with a residence time
of five months and a chemical dosing to softerviater. After low pressure transport the
water entered the actual treatment process byrmupsscro sieves. The water was then
coagulated and clarified in a settling processoB8dary coagulation was followed by rapid
sand filtration, UV-disinfection and activated gudar carbon filtration. After storage the
water was pumped directly into the transport astrithution system. UV-disinfection and
activated granular carbon filtration were instaljest prior to the measurement period to
replace the former dosing of the disinfection raald

The three monitor locations are schematically preskin Fig 6-8. The first location was the
Treatment plant right after the pumps. In otherdgoit was “At the fence of the treatment
plant”. What looks like a single line connecting tineatment plant to the second location is in
reality a looped system that serves a large areattyi without balancing reservoirs. All the
transport lines are made of cement mortar lineel gipes with diameters varying from 1200
to 800 mm at the second monitor location. The deebetween the treatment location and
the second location is 30 km.
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Fig 6-8 Schematic presentation of the monitoringtamns

The second location was a booster station thabgieglly boosted the water pressure by one
bar or less to prevent low pressures in the penploeation. The booster pumps only worked
during times of high demand and were bypassed wbem operation. The actual sampling
point at the second location was at the lower jpiresside or suction side of the pump.

The third location was in the periphery of the saort network and basically serves the
distant locations. It was connected to the secoadtion by a single pipe with a diameter of
600 mm. connected to the booster station by aifiea diameter of 800 mm. All these
pipes are also made of cement mortar lined steelatal length of the pipelines is 12 km.

Water quality was monitored using MetOne PCX phrtiounters installed at the three
locations with a dedicated sampling point at theedbthe pipes. The particle counters worked
in multiple ranges, with a 1 pum width. Two of thetarted from 1 pm and measured in 32
ranges with the last range >31 um. One particlastarted from 2 pum and measured in
31 ranges with the last range >31 um. The paniclemes are calculated ignoring the

1-2 um range.

The data from the particle counters are presergedaa clarified in paragraph 2.2.5.

6.3.3 Results

The calculated volumes from the particle countsthedrequency distributions are presented
in Fig 6-9 and Table 6-6.
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Fig 6-9 Calculated particle volume and cumulativeguency distribution of the high
pressure transport network

The frequency distribution shows that the levepafticles increased in the flow direction.
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The second location shows a dual effect: below/theercentile value the particle volumes at
the booster location are lower than those of thattnent plant, indicating a net deposition of
the particles. Above the 70 percentile, the patidiume at the booster location is higher
than at the treatment. The calculated particlemel@at the location Treatment Plant was
constant and had no relation with the pattern oleseat the Booster location nor the
Periphery location.

The frequency distribution of the third locatioea&ily shows an increased level of particle
volume and also a more shallow distribution indirgg@imore variation and peaks. The 90/99.5
percentile ratio for the first two locations waglhj indicating a stable particle volume level.
This ratio was lower for the third location (Taléle).

Table 6-6 Frequency distribution percentiles

Frequency Loc Loc Loc
Percentile | Treatment Booster Periphery
[%0] [Ppb] [ppb] [Ppb]
90,0 3,62 4,98 6,21
95,0 4,07 6,08 8,61

98,0 4,48 7,18 11,10
99,0 4,68 7,88 13,77
99,5 4,84 8,44 16,17
99,9 5,25 10,30 21,93
ratio 90/99,5 0,75 0,59 0,38
Average 2,81 2,89 4,47
Surf-90% 85,2% 78,0% 78,5%
Surf+90% 14,8% 22,0% 21,5%

The averages and the Surf-90% and the Surf+90%rootife image: The Surf+90% value at
the Booster location was higher than at the Treatdoeation indicating higher peaks at the
Booster location. The higher average at the Penyplloeation and the higher Surf+90% value
showed the net removal of particle volume. Produnctf particles was also possible but less
likely looking at the Surf+90% value that also sleolthat peaks occurred and were thus
resuspension driven.

Compared to the UF water in paragraph 3.4 (FigaB«¥ Fig 3-8) the total average particle
load was a factor of 4 to 5 higher with a similagly pattern. The ratio 90/99,5 of the UF
water was lower, but the Surf-90% and the Surf+8@%aes were in the same order.
Compared to artificial groundwater based multi isatreatment with a finishing step of slow
sand filtration in the previous case (location ItDTliable 6-2) the average particle volume
concentration was also a factor of 4 higher butdatkadier pattern as shown in the ratio
90/99,5 and the Surf-90% and Surf+90% values.

The Booster location showed a regular patternwiaat dependent on the operation of the
booster pumps that caused resuspension. A clotal oliethe Booster location particle
volume concentration trace, in combination with ¥eéocity at the booster station, showed
clearly the relation of the velocity and the pdeticolume concentration (Fig 6-10). This
relation shows that the loose particles were re=uedgd with every increase in velocity
caused by a switch of the pump, also indicatingvall of resuspendable sediment in the

pipes.
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Fig 6-11 Percentile ratios for the combinations ofasw@ing locations

The presence of resuspendable sediment is confioypéte graph showing the percentile
ratios (Fig 6-11). Between the location Treatmertt pcation Booster the percentile ratio

line crosses the value of 1 showing that thereegaslibrium between the incoming and
outgoing volume concentration. With the patterrdent in Fig 6-10 it is clear that this had to
do with the resuspension of sediment.

The percentile ratio between the Treatment locadiwhthe Periphery location shows a net
removal of sediment as the incoming calculated@artolume concentration was
consequently lower than the outgoing. Given the treatment, it is plausible that this had to
do with the removal of old sediment. Also the rditi@ of the locations Booster and Periphery
shows a net removal.
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The estimated residence time between the Treatimeation and the Booster location was
more than 24 hours. The variation in particle voduroncentration at the Treatment location
was too low to recognise a pattern at the Boostation to verify this estimation.

For the 25-percentile and 98-percentile value #réigle size distribution for the three
locations was compared. Based on the particleds&gbution the particle volume was
calculated, excluding the 1-2 um range becausewvdwssnot available on the third particle
counter.

The particle distribution and the particle volumsticbution over the diameter ranges are
shown in Fig 6-12 and Fig 6-13. The total partisidumes are summarised in Table 6-7.
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Fig 6-12 Particle size distribution of 25-percentifeeasurement and volume distribution per
diameter range for the three measuring locations
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Fig 6-13 Patrticle size distribution of 98-percentieéasurement and volume distribution per
diameter range for the three measuring locations

Table 6-7 Particle volumes 25 percentile and 98 eetite particle volume

Particle volume
25% percentile  98% percentile
[Ppb vol] [ppb vol]
Loc Treatment 2,50 4,84
Loc Booster 2,07 5,65
Loc Periphery 3,74 10,70

The increase in volume in the 98%-percentile valsas different for the location Booster

and location Periphery with respect to the partsize distribution and volume at the
Treatment location. At the Booster location all targes were higher, but stayed in the same
ratio to the distribution of the Treatment locatiéw the Periphery location there was a shift
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in the particle size distribution with an increas¢he 2-4 um range, a decrease in the 5-9 pm
range and an increase in the 5-30 um range. Tihease in the larger diameter particles
accounted for the majority of the increase in thlewated particle volume in that location.

In the low 25%-percentile counts the particle disttion of both the measurements at
location Treatment and location Booster had theessimape and were almost identical, while
at the location Periphery there were more largeigbes. This indicates that the particles at
the Periphery location had a different composiaod might originate from older sediment.

6.3.4 Discussion

The particle load resulting from the treated watethis system was a factor of 4 to 5 higher
than was measured in the UF treated water (paragrdp and the slow sand filtration treated
water of the previous case study. Compared todheihg of the part of the network in the
Reference Area discussed in paragraph 3.4 therigaslia factor of 2 to 3 lower and much
less ‘spikey’ meaning a higher Surf-90% value ahalnger Surf+90% value.

The treatment process at the Treatment locationrea@ntly adjusted and extended with a
UV-disinfection and activated carbon filtration.gesially this last extra filtration step could
have an effect on the calculated particle volungktae particle size distribution of the water.
Though this cannot be verified with the measuresenthis series, it can be seen that the
particle size distribution in the first and largpstt of the transport network does not change
significantly.

Clearly there was sediment in the first part oftleéwvork as can be seen from the reaction of
the particle volume concentration on the velocittha Booster location. Increasing velocity
resuspended material causing increased particlensbnd also the ratio of the range of
percentile values of the treatment location andoth@ster location show that net sediment is
reuspended. The origin of the sediment could béoldétreatment process, but the
characteristics of the particle size distributidihe resuspended particles were relatively the
same as that from the treatment.

In the present situation between the Treatmentilmtand the Booster location it seems as if
there is no production of particles. The charastes of the frequency distribution are the
same as with the self-cleaning networks. This wauigigest that the transport system is self-
cleaning and that no accumulation is happening.vEhecity in the network is actually within
the ranges for the self-cleaning threshold forrdtistion networks, but for larger pipes the
consequent shear stress is lower.

Towards the third location there was a changeerptrticle content of the water, both in
volume and in particle size distribution. There iau@re large particles that consequently
contribute to a higher degree to the particle vaum this case there were no data available
on the chemical and biological composition of thetiple volume that could have contributed
to a better understanding of the water quality gean

From the average values of the calculated partigleme it is feasible that relatively more
sediment was transported out of the system thamts put in. There are a few possibilities
for the origin of the sediment that was removedolild be production from a biofilm or
other biological process, leaching of cement (there unlined cast iron) or flocculation of
smaller particles to larger particles that haveuaudated.

The pattern of the particle volume concentratiothatPeriphery location, if observed on a
smaller scale, had a pattern that is consistetit avitormal demand pattern as was also
observed at the Booster location (Fig 6-10). Tineosk identical Surf-90% and Surf+90%
values show also that the patterns were similag. @dse level of the Periphery location was
higher, though, than the base levels at the othetdcations. Together with the change in
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particle size distribution this points to the rgserssion of particles that probably originated
from the ‘old’ treatment. Other production procesklee flocculation, leaching or a biological
process are less likely because production didictoin the first part of the network with
longer residence times as is observed in the l@sgure transport network fed with artificial
groundwater-based drinking water. The resusperwfitid’ particles would be the most
logical explanation, especially when the changeaatment process is taken into account.

6.3.5 Conclusions with regard to high pressure tran sport network

The particle volume loaded on the network from thidtiple barrier surface water treatment
water is a factor of 4 to 5 higher than with thefiaral ground-water based treatment process
finished by slow sand filtration in the previouseastudy. During the transport through the
network the particle composition and particle voluconcentration didn’t change

significantly. In the periphery of the network tbarticle composition and volume changed,
indicating old sediment being resuspended.

Elemental analysis is necessary to draw final agichs on the particle-related processes that
dominate this network, though it is not likely thpatrticles are produced either by a
physical/chemical process or by a biological preces

6.4 Case 3: Composition and hydraulic behaviour of drinking water
distribution systems sediments

6.4.1 Introduction

Discoloured water is caused by the resuspensidepdsited sediments as a result of an
increase in the flow velocity of the water in thpgs. The composition and the hydraulic
characteristics of the layer of deposits or patiadetermine how high the discolouration risk
is. In this case study the composition and the dwytr characteristics of some drinking water
distribution sediments were examined.

Particles in the water are subject to several grGeavitational and turbophorectic forces
drive the patrticles to the pipe wall while a dragcte initiated by the flow velocity will
resuspend them. The strength of a particle layé@s @esistance to resuspension is dependent
on both the composition of the sediment and thedwldt forces. Boxall suggested that layers
formed in flows causing high average shear stralé®@stronger or have a higher resistance
against erosion than layers formed in pipes witlvfpatterns that cause lower shear stresses
(Boxall et al., 2001).

Several studies into the composition of loose digposdrinking water systems show various
outcomes (Gauthier et al., 2001; Zacheus et a1 20orvinen et al., 2004; Barbeau et al.,
2005). All concluded that the major componentshefsediments were organic matter and
that the larger part of the inorganics was formgdhydrated) iron hydroxides. About the
origin and development of the particles no studsoisclusive.

For a good understanding of the origin and accutiamaf the sediments not only the
chemical and biological composition are importéuit, also the hydraulic properties. Within
the framework of this case study both the compasiéind hydraulic behaviour of sediments
from different distribution systems were studietieThydraulic behaviour, or more

specifically the resuspension characteristics efséamples were explored using the
conventional Jar Test Equipment (JTE). The goaltwasvestigate the applicability of the
standard JTE for the hydraulic characterisatioloo$e deposits in networks and the influence
of the chemical composition on those hydraulic abtaristics. The main advantage of the
JTE would be that with the simple and already statided test a representative characteristic
can be developed that can qualitatively relateediffit types of deposits to hydraulic
conditions and chemical composition.
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6.4.2 Materials and methods

Field sampling
For this research several sediment samples weee @kt of four different distribution
systems in the Netherlands that are supplied witerdnt types of water. (Table 6-8)

Table 6-8 Sampling location characteristics

Pipe Internal Flushing| No of | Treatment
material diameter velocity | samples| Location
Location [mm] [m/s]

Berlicum AC 150 2.0 3 Nuland/Loosbroek
Rosmalen PVC 101.6 (110 ext) 1.2 4 Nuland
Koudum A PVC 101.6 (110 ext) 1.5 1 Spannenburg
Koudum B PVC 101.6 (110 ext) 1.5 3 Spannenburg
Koudum C PVC 101.6 (110 ext) 15 2 Spannenburg
Amsterdam A Cl 101.6 (47) 0.6 1 Leiduin
Amsterdam C Cl 76.2 (3") 1.2 1 Leiduin
Amsterdam D Cl 127 (57) 0.5 1 Leiduin
Amsterdam B Cl 101.6 (47) 1.0 1 Weesperkarspel
Amsterdam E Cl 250 1.4 1 Weesperkarspel
Amsterdam F Cl 101.6 (47) 0.4 1 Weesperkarspel

Samples were taken during the unidirectional flnglwith an intended velocity of 1,5 m/s in
isolated pipes made from various materials. Actetdcities were calculated based on the
measured flow rates. Samples were taken durin@iréteurnover of the pipe content; firstly
because then more of the sediments could be resbparagraph 5.3, (Vreeburg, 1996));
secondly because then definitely only sedimentsgorein the pipe itself are sampled. Longer
flushing times could drag sediment from upstreapegiinto the sampling location, unless
these pipes were also cleaned and could be coedideso-called clear water front (paragraph
5.3 and (Schaap and Vreeburg, 1999)).

At locations Berlicum, Rosmalen, Koudum B and Ctiplé samples were taken during the
first turn-over. Samples were identified with tleevh name, an optional letter indicating more
locations in one town and a number, indicating nsam@ples at one location during the first
turn-over. (For example: Koudum B-2 is the secamd@e at the B-location in Koudum).

All locations except location Rosmalen were flushatthin the routine cleaning procedures

of the companies. Location Rosmalen was recenishiéd, but incorporated in the sampling
because of persistent brown water complaints atsprezific connections on the flushed pipe.
Three of the Amsterdam locations were supplied wigiter from the treatment plant Leiduin
and transported through the low pressure trangystem that was the subject of research in
the first case study.

The average composition of the water leaving teattnent plants is given in Table 6-9, based
on the routine samples taken within the legal watelity analysis program for the year
2004. (REWAB, 2004). The Leiduin data for 2003 gireen in Table 6-1.
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Table 6-9 Average composition of the treated watéhe different feeding points

Nuland Loosbroek Spannenburg

n avg min max n avg min max n avg min max
Turbidity NTU 52 0,38 0,12 0,78 52 0,13 0,06 0,262 50,21 <0.05 1,30
Temperature °C 13 122 80 149 13 124 11,1 13 4820 10,0 13,0
pH - 52 7,78 769 788 52 803 782 8,13 52 7,55407,7,65
Sl - 4 058 057 059 4 088 083 099 52 -0,20330-0,04
Dissolved mg/L 52 9,8 91 10,7 52 11,7 95 123 52 6,1 46 6 7,
Oxygen
DOC mg/L 4 75 73 81
KMnO4 mg/l 02 4 2,8 25 33 4 2,0 19 23
Aeromonas n/100 mL 52 40 0 92 52 0 0 3 16 10 6 29
Chloride mg/L 52 108 86 130 4 53 52 54 4 30 30 31
Iron mg/L 52 0,04 0,02 0,06 52 <0.01 <0.00,01 12 0,03 0,02 0,08
Manganese pg/L 52 <10 <10 <10 52 <10 <10 <10 12 <1010 <10
Aluminium po/L 1 <5 <5 <5 1 7 7 7 4 <5 <5 <5
Magnesium  mg/L 4 9,6 94 98 4 100 98 100 52 9482 100
Calcium mg/L 4 830 820 850 4 770 740 790 521 3 25 41,0

Leiduin Weesperkarspel

n avg min  max n avg min  max
Turbidity NTU 729 <0.10 <0.100,27 397 <0.10 <0.10 0,88
Temperature °C 725 124 59 194 3642,1 3,7 223
pH - 728 8,39 8,11 8,79 3648,04 7,79 8,60
SI - 206 048 0,24 0,73 53 0,29 -0,09,62
Dissolved mg/L 78 9,7 6,1 129 52 78 57 10,9
Oxygen
DOC mg/L 51 11 06 20 51 32 26 4.2
KMnO4 mg/l 02
Aeromonas n/100 mL 94 2 <1 14 52 3 <1 34
Chloride mg/L 710 99 89 109 13 78 72 81
Iron mg/L 103 <0.01 <0.010,03 51 <0.01 <0.010,09
Manganese ug/L 104 <10 <10 <10 12 <10 <10 <10
Aluminium pa/L 52 5 <3 23 4 7 <3 12
Magnesium  mg/L 104 100 9,2 11,0 51 6,6 58 7,0
Calcium mg/L 208 4.3 39 48 53 490 46,0 52,0

At the treatment plants Nuland, Loosbroek and Seaburg groundwater is treated with
aeration and rapid sandfiltration in one or twa@seta Leiduin and Weesperkarspel are multi
barrier treatment plants that treat surface wa&terthe Leiduin location the water is captured
from the Rhine River, coagulated and rapid sanerét. Then the water is infiltrated in the
dune area and retrieved again after an averadgwesd tonths residence time. Post treatment
comprises aeration, rapid sand filtration, and @ation followed by pellet softening and
activated carbon filtration and finally slow sarittdtion (see also paragraph 6.2.2). The
Weesperkarspel plant looks much like that, allbeit the source water is retrieved as seepage
water from a polder and not infiltrated The treatins a true surface water treatment. The
water is coagulated, then stored in a reservoh witletention time of three months and then
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rapid sand filtered. The post-treatment also cémsisozonisation, pellet softening and
activated carbon filtration, and finally slow sdiltration.

Water and sediment composition

The water samples with sediments were analysedS@&ahd VSS using the AWWA

standard method (APHA, 1998) filtering the watanpkes with sediments through rinsed,
dried and weighed 0,45 um filters. The filters wagain weighed after drying at 105°C to
determine the TSS level and again after burnirdp@tC to determine the VSS level. The
sediment from the samples taken at the BerlicumRamginalen location were analysed on Fe
with AAS; the Fe concentration of the Koudum andsé&ndam samples were determined
within the ICP-MS scan, as was the Mn concentratiotme Berlicum and Rosmalen samples.
Turbidity of the samples was measured with a DrgeabTP4/LPV159.

Hydraulic behaviour

The hydraulic behaviour of the sediment was evatliatith the conventional Jar Test
Equipment (JTE). The goal was to link the impellelocity to the turbidity at the middle and
bottom level in the beaker representing some hydrptoperties of the sediment (Fig 6-14).
The turbidity both at the bottom and the middlehaf jar was measured with a HACH 2100N
lab turbidity meter using dedicated siphons (Fi)+to take samples at the different levels.

Middle

L

| Bottom

Quiescent
zone

Fig 6-14 Secondary flow pattern jar Fig 6-15 Siphonar test equipment

Originally, the standard jar test was used in tnegit-related research to optimise dosing rates
and the mixing intensity for coagulation/sedimeiotaflotation. Since the introduction of the
mean velocity gradient G (Camp and Stein, 1943g¢isdvesearchers have studied the
velocity field in the jars and the applicability @fgeneral parameter to represent the mixing
conditions (Cheng et al., 1997). The overall cosicln was that the flow in the jars is a
complex system in which the mixing intensity isuadtion of the impellor speed and location.
Turbulence is consequently not homogeneous thratighe beaker. The secondary flow
pattern as is hypothesised in Fig 6-14 shows thidieamiddle level the direction of the flow

is upward and at the bottom level downward. Liggattioles will not be able to ‘escape’ from
the bottom turbulence because of the downward dausing a difference in turbidity at the
middle and the bottom level.

The beakers of the JTE were filled with 1,8 liteéshe stirred samples from the distribution
networks and left to settle for at least 6 hourscfumplete settlement. The stirring rate in the
jars was varied in a range of 10, 15, 20, 30, 8596, 120 and 150 RPM.
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The 6-hour settling time frame was determined pilrexperiments on artificial sediments
consisting of a kaolinite mixture and a ferric hyxide flock mixture.

The objective was to determine the critical stgrmate (CSR) defined as the stirring rate at
which the turbidity in the jar reaches a constamel: the CSR was reached if an increase in
the stirring rate doesn’t increase the turbidityhef sample.

At the CSR there will be a bit of sediment in the@egcent zone as can be seen in Fig 6-16. In
the second jar the CSR is reached, still leavimgessediment at the bottom. Increasing the
stirring rate beyond the CSR resuspends this Igdilt doesn’t increase the turbidity
significantly.

Fig 6-16 Bottom view Amsterdam C after 10, 30, 60Sh&PM

The samples were all tested within 2 to 5 dayg #fiee actual sampling. To find out whether
compacting or any other physical change would qdber Koudum and Amsterdam samples
were retested after 4 to 5 weeks of storage itattn@vithout any special preservation
measures to assess the effect of ageing on thecetsi.

6.4.3 Results

Water and sediment composition

Chemical analyses of the samples are given in Ta&ile.

The amount of sediments (TSS) and turbidity aBadicum and Rosmalen location were
significantly lower than at the other locationschtion Berlicum proved to be relatively
clean, and also showed low turbidity during flughifthe location Rosmalen was flushed four
months prior to the experiment because of perdisiisnolouration problems at two specific
connections. The low turbidity and TSS levels shibtt the cause of this problem could
not be found in the sediment from the network. Aplanation for the problems is still being
researched. At the other locations the TSS andditylbevels were higher indicating more
loose sediments and a greater need for cleaning.

Case studies -135 -



Table 6-10 Analysis results

Sample TSS VSS  VSS% Turbidity Mn Fe Al Si v flush diam

ID [mg/ll  [mg/] [FTU] [ug/l] [mg/ll  [mg/ll  [ug/l [m/s] [mm]

e BE1 11,0 49 44,55 26,0 280 2,1 0,0 8,9 1,2 150,0
3 BE2 10,0 5,0 50,00 10,7 260 2,0 0,0 9,6 1,2 150,0
T BE3 10,0 6,2 62,00 11,3 285 1,9 0,0 9,0 1,2 150,0
QD BE4 14,0 4,4 31,43 9,8 380 1,9 0,3 9,6 1,2 150,0
6§ RO1 2,8 2,0 71,43 2,3 130 0,4 0,2 10,3 2,0 101,6
g C_Ers RO 2 3,9 2,0 51,28 4,0 160 0,7 0,0 8,8 2,0 101,6
RO 3 13,0 5,9 45,38 12,0 520 2,8 0,1 9,8 2,0 101,6

KO A 3250 1350 41,54 290,0 2000 51,7 0,9 12,9 15 101,6

£ KOB-1 83,0 35,0 42,17 72,0 500 13,7 0,3 3,3 15 101,6
3 KOB-2 430,0 1800 41,86 390,0 3200 74,6 0,9 9,8 15 101,6
é KOB-3 200,00 91,0 4550 143,0 1900 29,3 0,4 5,4 15 101,6
KO C-1 58,0 26,0 44,83 39,0 400 8,2 0,2 1,9 15 101,6
KOC-2 2750 1250 4545 216,0 1900 41,3 0,9 8,7 15 101,6

% £ AMA 12,0 3,6 30,00 16,0 100 2,2 0,0 0,2 0,6 101,6
S 2 AMC 36,0 6,5 18,06 68,0 200 8,0 0,1 0,5 1,2 76,2
<2 AMD 130,0 21,0 16,15  260,0 700 42,2 0,2 1,8 14 127,0
e AMB 40,0 10,0 25,00 57,0 500 10,1 0,1 0,6 1,0 101,6
8 é AM E 55 0,8 14,55 5,0 0 1,2 0,0 0,1 0,5 250,0
<~ AMF 32,0 7,4 23,13 59,0 200 8,8 0,1 0,5 0,4 101,6

The Koudum location had the highest sediment loatithe Amsterdam LD location had a
moderate load. The relation between the flushingoity and the TSS level in the sample
showed that with lower velocities significantly lewTSS levels in the flushed water were
obtained (Fig 6-17).
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Fig 6-17 Velocity versus TSS in all flushed sampédg @nd in Amsterdam location (right)

At the Amsterdam locations the relationship betwtbenactual velocity and the TSS-level
was very clear, as is shown in the right graphigfa-17. This hints to the practical value of
the guideline that is applied in the NetherlandBush with a minimum velocity of 1,5 m/s.
(section 5.3)(Vreeburg, 1996; Schaap and Vreeld@99). Because the samples were taken
in the same distribution area, the actual sedieveils should be within the same order. With
different velocities however different amounts eflsnent were removed with an increase at
the high velocity. The amount of data is howeverlitile to draw significant conclusions.

At the Koudum location with the same velocity andhie same type of pipe (PVC), different
levels of TSS were found in the flushed water.
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The relative composition of the samples can beutatied if the Fe is assumed to be present as
Fe(OOH), Al as AL(OOH), Mn as Mnand Si as Si0 For the locations with multiple
samples an average was taken (Fig 6-18)
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Fig 6-18 Relative (left) and absolute (right) compiosi sediments in the network

There were distinct differences in the compositiohthe samples. Remarkable is that the
relative VSS-component in the Amsterdam locatios significantly lower than at the other
sites. The average Fe(OOH) content of the Amsterskemples was 39% against 27% in the
other samples. The main difference was that thetémdam samples were taken out of cast
iron pipes and the others from PVC and AC.

The absolute levels of the most prominent compa@r$S and Fe(OOH) content) showed
the iron level in the Koudum locations to be higtiem the Amsterdam location despite the
lack of cast iron in the Koudum network.

Hydraulic behaviour
Fig 6-19 shows the typical results for the Koudurtt &hd Amsterdam B locations.
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Fig 6-19 Turbidity in Koudum C-1(left) and AmsterdBn{right) samples with differences
between the bottom and middle positions

For all the Koudum samples there were distinceddhces between the middle and bottom
position of 25 to 30%. For the Amsterdam locatitiis difference was much less in the order
of a few percent. This was, however, consistenafithese samples. In the Berlicum and
Rosmalen samples there were no clear differendegeba the two positions.

Fig 6-20 shows the results of the low-turbidity gdes from Berlicum and Rosmalen, in one

graph, next to the high turbidity samples from Koodand Amsterdam for the determination
of the CSR. The CSR can be read from the figurésegpoint that the turbidity line reaches a
plateau.

Case studies - 137 -



10.0

300

9.0 1
§ 8.0 —--BE1

- 250 —a

= - BE 2 I —+—KOA
= 70
o
2 6.0 -+BE3 = 200 = KO B-1
<]
fl o o | B | -
= > 150 —— —
g / / — TTROL 2 o KO B-3
E .o . g
z 11 -*-RO 2 £ 100 =
5 50/ / —KOC-1
B —+~RO 3
2 10 50 —— --KO C-3

00 ‘ ‘ ‘ P

0 50 100 150 200 0 T T

- 0 20 40 60 80 100
Stirring rate [RPM] Stirring rate [RPM]

300

=) 250 - AM A
'_
% =AM B
§ 200 =
§ -+ AMC
Q 150
2 AMD
k=]
£ 100 =AM D
5
€ 50— <-AME
=}
'_

0l ——

0 50 100 150 200

Stirring rate [RPM]

Fig 6-20 Critical Stirring Rate results from jar test all samples separated for the Rosmalen
and berlicum locations (left upper graph), the Kaodlocations (right upper graph) and
Amsterdam locations (lower graph)

The results show that except for the Amsterdamdation the sediment was in full
resuspension at 20-30 RPM. According to the dédimiof the Critical Stirring Rate, this
means that despite the different actual velocitiigs which the sediments were flushed out,
the critical stirring rate was around 30 RPM.

The JTE experiments for some of the samples weesated after unconditioned storage for 5
weeks. The results for the Koudum B-2 are showfigne-21 for both the middle and bottom
position. As can be seen, the results were iddntidach is also representative for the other
stored samples.
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Fig 6-21 Koudum B-2 samples before and after 4-vgemiage. Left the results from the
bottom jar position; right those from the middle jacation
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6.4.4 Discussion

The main components of the sediments in the sanapéesrganic matter and iron hydroxides,
which is in accordance with many other researcBbsdt al., 1990; Gauthier et al., 2001,
Zacheus et al., 2001; Gauthier et al., 2003; Barle¢al., 2005; Carriere et al., 2005). The
absolute levels of sediments are also in the raspgerted by these researches, though the
Rosmalen and Berlicum levels are low. In the stoidgarbeau (Barbeau et al., 2005) TSS
levels of 10 to 15 mg/l during the first turnovee dhowed but they claim that typical levels
are in the range of over 200 mg/l. In experimemtscdbed here this whole range of values
was actually measured (minimum 2,8 mg/l and maxird@o mg/l).

The Amsterdam samples taken at the Leiduin locat{@gM-A, -C and -D) had a slightly
higher iron content than the samples of the pdeteumatter that were taken during the first
case study at the Leiduin treatment location itSéie increase could be the result of the
prolonged residence time and the further floccatatf the material, but could also be iron
picked up from corrosion products. The iron couddtly be present in the crystalline form
and partly in the flocculant form. This would indte that although the samples from the cast
iron pipes have relatively high iron content, nibttze iron originates from the corrosion of
the pipe, but could also for a significant pargorate from the treatment plant.

The results of the chemical analysis were sligdifierent from those quoted in literature.
(Carriere et al., 2005) reported an Fe(OOH) conéB8-72% in the deposits and a VSS of
14-24%. In our experiments these levels were 2686 for the Fe(OOH) and 15 to 50 % for
the VSS. It should be noted that the drinking watehe Netherlands is not chlorinated,
which could account for the higher relative levad/SS. The absolute levels, however, were
still low. It is remarkable that the relative iroantent in the cast iron location (Amsterdam
locations) was higher compared to the Koudum looati but the absolute levels are lower.
Corrosion was very likely the source of the ironhes cast iron location. Apparently, the iron
source in the Koudum case was from the treatmeiié whthe Amsterdam case also the
pipes themselves were a source. This was suppoytdte fact that the Fe-concentration at
the treatment plant in Spannenburg is much hidiear in Leiduin (0.03 mg/l vs less than
0.01 mg/l, Table 6-9). In earlier research it Wasven that post-treatment flocculation of Fe
can contribute significantly to the amount of paes and sediment in the network
(Paragraph 6.2).

In the PVC locations in Koudum as well as in thieeotAC and PVC location, the origin of
the iron must have been the treatment plant bedaese was no cast iron in the network.

The depth of the sediment layer can be calculateshvan average density of the sediments is
assumed at 1050 kg#rand also assumed that sediments were settlé¥abSthe lower half

of the pipe over a width of 0,2&*D. The results of the test rig (see section 4.2H)w that
sediments can settle over the complete circumferehthe pipe wall. The assumption that in
this case the sediment settles on 50% of the ciiexemce is done, because the velocities in a
distribution network are mostly very low (Blokkerad., 2006). Table 6-11 gives an overview
of the calculated layer depths. This table alsggmts the sediment rates, which are the
amount of sediment from the flushed water everdyritiuted over the pipe length.

One study on sediment rates reported values froto 28500 mg/m (Carriere et al., 2005)
and another gave values of 260 to 410 mg/m (Barbeals, 2005). These sediment rates,
however, were based on longer flushing times teguired to get one pipe turnover.
Consequently, the rates are higher because upstediment was also entrained in the pipe.
Carriere explicitly reports a stop criterion fanghing of 1 FTU, but that at several locations
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values below 5 FTU could not be reached, meantanatant sediment entrainment at the
sampling location. This leads to an overestimatibtine sediment rate in the considered pipe.

Table 6-11 Calculated sediment layer depth

Diam TSS VSS sed sed rate
layer
depth
[mm]  [mg/l] [mg/l]  [pm] [mg/m]
BE 150,0 11,3 51 16 3,93
RO | 101,6 6,6 3,3 6 5,00
KOA | 101,6 325,0 135,0 314 247,28
KOB 101,6 237,7 102,0 230 180,83
KOC| 101,6 166,5 75,5 161 126,68
AMA | 101,6 12,0 3,6 12 9,13
AM C 76,2 36,0 6,5 26 48,69
AMD | 127,0 130,0 21,0 157 63,30
AMB | 101,6 40,0 10,0 39 30,43
AME | 250,0 5,5 0,8 13 0,69
AMF | 101,6 32,0 7,4 31 24,35

The method of harvesting the sediments from theesysvas not uniform in the studies on
sediment composition. Barbeau (2005) used unidieak flushing with a velocity of 1,8 m/s,
while Zacheus (2001) and Torvinen (2004) used thgipg method. Gauthier(2001) and
Carriere(2005) flushed with several flushing velies (0,65 to 2,3 m/s). Also, the flushing
time was not defined; Barbeau(2005) used a set pb26 minutes which, in that case, meant
at least 5 turnovers of the pipe. Considering iaendters of the pipes (203 mm), this must
have had an effect upstream of the pipes.

The technique for cleaning and sampling will infiage the composition of the deposits
present in the water samples. Moreover, the piggmgedure was not uniform for the
number of pigs used per length of pipe nor fontblecity with which the pigs propagated
through the system. Pigs will detach cohesive Byt probably have a limited transport
capacity for the sediment (Vreeburg, 1996). At lnigngths the pigs will roll over the
sediment instead of transporting it, and then sedtsicome out in short plugs just before the
pig emerges. Consequently the results varied wiitedyr absolute sense (Zacheus et al.,
2001) and did not correlate to the type of wategpipe material. The general conclusion that
soft deposits play a mayor role in the microbiavgh in a network, however, holds true
considering the VSS level of the samples.

Though not intended the samples at the Amsterdaatitm were flushed with different
velocities. This clearly showed that with the loelacities also less sediment is removed with
the flushing. The sharp rise in the removed sedimgh increasing velocity at 1,4 m/s
showed the validity of the threshold of 1,5 m/d iBaused in the Netherlands. It also showed
the aforementioned influence of the flushing valpon the measured level of sediments.

The sediment layer depth proved to be very thihtlug layer already caused high turbidity
when resuspended. This could also be observeeifath during the experiments, where after
settling only thin layers of sediment could be aled. In practise this limits the value of
visual observations through laparoscopic inspeatigpipes for sediments.
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In the Koudum locations under relatively identicahditions different amounts of sediment
were removed during flushing. All the locations pegt of conventional ‘in-the-street’
networks that were strongly looped and dimensidoeghtisfy the fire demand that largely
exceeded the actual drinking water demand (SnyuDeeb, 2003). Actual flow velocities in
the network were difficult to determine either bgasuring or modelling (Blokker and
Vreeburg, 2005). Differences in velocity are a glale explanation for the differences in
sediment layer next to the possible influence wéll@ifferences in the pipes. A difference in
level of the pipe bottom introduces a gravitatidioate parallel to the axis of the pipe.
Through a bed load transport the sediment can rnrtree lowest point in the pipe. These
variations in velocity and level are subtle andareeken into account in the design process
of the network.

The JTE test on the sediment from the Koudum looatshowed the anticipated difference in
turbidity at the middle position and the bottomipoa for sediments that have a certain
amount of light components. The sediments fromAimsterdam location did not show this
difference, neither did the samples from the Barticand Rosmalen locations. The difference
in light and heavier components was primarily ia tlon content of the sediment. If the iron
originated from the treatment plant or was a prodfipost-coagulation, then it would be of a
flocculant nature and would have low density. ™as the case in the Koudum samples. If
the iron originated from corrosion, which was mikely at the Amsterdam locations, than
the iron would be in the crystalline form, suchgagthite (Alpha-FeOOH) with a higher
density, which would explain the JTE results.

The repeated tests on the stored samples aftemkeks showed that the age of the sediment
did not influence the JTE results or the compositioheavier or lighter material. Within the
sensitivity of the JTE, the reaction was identiealjs shown in Fig 6-19. This indicates that
the compacting of sediment did not take place withis period of a few weeks. As the
samples were stored in 20 litre jerry cans witlkealht of about 40 cm, the sediment layer at
the bottom of the can was much thicker than therlaythe network and that did not have an
influence on the compacting. Obviously, possiblersital or biological processes during the
storage also did not change the characteristittseo$ediment.

The data on the water quality at the treatmenttplenicated some differences in water
guality especially on the iron and manganese leVdis levels at Nuland and Loosbroek were
higher than the levels at the Leiduin and Weespspie treatment plants, but that did not
result in very different levels of sediment. Thedks at Spannenburg were the highest. During
other research at this plant it turned out thatodekwashing program had a significant
influence on the turbidity and consequently tha icontent of the water. The spikes in
turbidity, mostly with a duration of one to two heuproved there was a large loading on the
system which showed in the high sediment leveladaun the pipes.

The critical stirring rate (CSR) did not vary sifycantly across the samples. This showed that
the JTE is not sufficiently sensitive towards clegeastics of the beginning of resuspension.
This was already expected from the pre-experimaittssynthetic sediments, but confirmed

in the tests with the actual sediment. All the sezhts were resuspended at an impeller speed
of 30 RPM. As the original objective of the JTE viaget an optimal mixing it is not
surprising that at the lower rates a good resuspersuld already be reached. This might be
influenced, for instance, by taking out the baffiesn the jars, which would get a more
uniform flow pattern at the bottom in such a waattthe beginning of movement would be
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observed better. This would, however, compromiseutiiformity of the JTE. Another
possibility would be to vary the stirring rate maller steps from 1 to 30 RPM.

The experiments with the JTE had an explorativanedb see if there was a clear difference
in sediments from different treatment plants amgepnaterials. As the CSR did not vary
significantly across the samples, this shows eithatrthere is not much difference between
the hydraulic capacities of the different sampliethat the JTE is not the right instrument to
assess these differences. Because the shear staessthe velocity distribution over the
geometry of the jars is not uniform this shouldelsplored in more detail before the
conclusion can be positively made about the apatgess of the JTE for this purpose.

6.4.5 Conclusions case sediment analysis

The major components of distribution system drigkivater sediments are from organic
matter and iron hydroxides. They account for 4350 of all the sediment in the considered
samples, which is similar to other studies. The ditEnot conclusively proved to be a good
tool to determine the hydraulic capacities of tedisients, but it has potential that should be
further explored. Judging the difference in turtyidit different levels in the jars gave
gualitative information about the density of thdisgents and led to conclusions about the
origin of the iron content being the lighter flotat form (treatment) or the heavier
crystalline form (corrosion).

The JTE showed that hydraulic capacities of thénsewlt, within the range the JTE can test,
did not change after storage of the samples dwéwgral weeks. Considering the time
consuming nature of the test procedure this makasssible to test multiple samples that
were taken in relatively short time, for instanceidg a flushing program.

The absolute sediment levels drawn from one systambe largely influenced by the
flushing velocity applied, as was observed in tlmeséerdam case. At the velocity of 1,5 m/s
considerably more sediment was flushed out thah Mwer velocities. Velocity and pipe
level play an important though subtle role as shbowthe Koudum case in which under
seemingly similar circumstances different levelsediment were found.

Iron originating from a conventional groundwatezattment plant can accumulate to higher
levels of iron in flushed samples than iron levadsa result of corrosion.

6.5 Conclusions

The (in)stability of the water with regard to tharficulate matter has a large influence on the
growth of the particulate matter in the distribat®ystem. The difference in particle volume
concentration growth between the two transportesgststudied, was mainly determined by
this stability, resulting for one system in a grbwf particle volume concentration with a
factor of 32 and for the other system to negligdpewth of particle volume concentration.
The surface-water based treatment produced mdrke stater with respect to particle volume
than the artificial-groundwater based treatmenthilatter case the production of particles
was not significantly dominated by one processcéitation, leaching and biological growth
seemed to account equally for the increase inquéatie matter. The increased iron levels
could also be retrieved from the sediments fourttiéndistribution network, though this was
based on only a few samples.

The method of TILVS and the application of the Tast Equipment are promising measuring
methods that characterise the composition anddf/gediment.
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7 Summary and conclusion

7.1 Historical development

The drinking water distribution system has longrbeee working field of mere technicians.
The design and construction of the network is atergid to be more a matter of skilled labour
and less that of engineers and scientists. Thepapbn for this might be the perception that
the network is a relatively simple technical coanstion with the first priority being to supply
enough transport capacity and integrity to fuliétbasic goal of a water company: ‘supply
sufficient water in sufficient quantities’. The neirk was long considered to play a minor
role in the total scheme of water quality manageireard the focus on capacity led to a
situation, especially for the distribution netwook,over-dimensioning, resulting in long
residence times and even to the stagnation of flows

Historically, over-dimensioning the distributiontwerk was primarily caused by the
interdependency of the drinking water distributsystem with the supply of water for fire
fighting. The need to supply fire flows dominatke timensions of the pipes leading to a
network that is grossly over-dimensioned with respe the actual drinking water supply.
The appearance of the network, though, does ngestighis over-dimensioning. Pipe
diameters of 100 to 150 mm don’t appear to be tgoNdoreover, the general perception is
that the investment costs of the pipes are onlihpdetermined by the material costs, making
a more detailed design not worth the trouble.

A second important reason for the over-dimensiowinie distribution network is that a
distribution network’s layout design is based oa design principles for reliability of a
transport network. The pipes should be looped trantee a ‘double-sided’ supply in case of
failure. The goal is to increase the continuityhef supply or in more common words: “If the
water cannot come from one side, there is an ateaon the other side.” For a transport
network, this effectively increases the continwfysupply because there are usually no direct
connections to the network. Failure of a pipe dussaffect directly the water supply, but
only the transport capacity. Transport networksusththerefore be designed in such a way
that, in case of the failure of a pipe, enough weaa still be supplied to centres of demand
(Vreeburg et al., 1994).

For a distribution network, however, the supplymections are made directly to the pipes.
Failure of a pipe, consequently, stops the suppdrioking water to those connections and
the looping of the distribution network does natremase the continuity of supply.

The water quality issue discolouration that acfueliconnected to the role of the network is,
however, over- simplified: discolouration is causgdcorrosion of unlined cast iron pipes.
Within the context of the first historical networlfss is a logical presumption, because, then,
networks were exclusively made of cast iron. Onagenof a heavily encrusted inner pipe
wall explains this simplification of the problemhd& search for new materials that would not
corrode led to the use of asbestos cement and B\pipa material, but these new materials
did not solve the problem.

As was said previously, the distribution networlagechnician’s world which is reasonable
given the complexity of the construction of eargtworks. Making joints and handling the
heavy cast iron pipes demanded craftsmanship. $aaraples are given in the pictures of
Fig 7-1 showing the manufacturing of a lead jomaicast iron pipe, explaining the naming of
the profession ‘plumber’ in English and ‘loodgietarDutch.
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Fig 7-1 Pre-1940 pipe laying with lead joint

Water quality changes and hydraulics have morecéspigan the technicians and plumbers
are trained for. Easy solutions for complex watgliy issues, such as conventional
flushing, did not work satisfactorily and discolation problems were considered almost
unavoidable.

At the start of the 1990s the problem of discoltiorg however, got attention in the research
program of the Dutch Water Companies (BTO, an agrofor the Dutch
“BedrijfsTakOnderzoek”, the joint research prografthe Dutch water companies). The
direct cause of the attention was what resultech facresearch project initiated by the water
company in the city of Eindhoven (then, NRE, NutsfjERegio Eindhoven, but now merged
into the company Brabant Water) in which continuousmitors were used to explore the
cause and nature of discolouration problems. Tssarch resulted in the first setup of what
eventually led to the model of particle-relatedgasses, as is shown in Fig 1-5 (Chapter 1).
Counter measures that were introduced in the cair$892 were the systematic cleaning of
the network based on the principles of good wateshing (1,5 m/s, three times the turnover
volume pipe and a clear water front) and a raisear@ness of the treatment operators on the
effects of peaks of turbidity. This awareness aéd some game-like competition between
operators to achieve the best and most stablalitylon the outgoing water. As the water
company had a very good registration system of ¢amis, the effects could be monitored
with the complaint registration system, which résdilin a spectacular drop in complaints, as
is shown in Fig 2-18.

The development of a motorised wrench to exercdeeg that could be mounted on a bike is
anecdotal. The bike mounts were a convenient wapéoate the many valves that were
necessary to guide flows to hydrants during thehilig program. Bikes were much easier to
move around than cars. This is an example of thHegmness of the company to go beyond
the historical developments, and it also ‘infecteaime of the other companies to adopt the
results of the research as well. Water CompanytSikketnemerland (now part of the PWN
Water Company) was one of the first to adopt the cencepts for a network design for
branched-type networks.

The results of the research projects within thenéaork of the BTO on discolouration were
very quickly disseminated in the peer-to-peer gseoilnat worked around the research groups
known as the ‘Regional Distribution Groups’. Origiity five groups, each with about ten
companies convened three to four times per yedistiuss operational issues and research
results. The groups were technically-orientated soidtion-focused. The relatively simple
model of particle-related processes appealed to¢benmon sense. The translation of this
model into an effective set of rules for water flungy that is potentially as effective as other
much more costly methods, like water/air scourind pigging, enhanced the acceptance of
the particle concept significantly.

Practitioners such as network operators are by@dexible and can adopt to new concepts
easily, especially when those concepts turn obeteffective and cost saving. The same
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practical nature is, however, a drawback becausatain to scientific proof is not always a
priority. The idea “It works, doesn’t it?” is al$lee reason why historical mistakes were
allowed to continue for a long period.

In almost every water company, there used to l@paration between the production
department and the distribution department. Theareh on discolouration started in the
network and the success of the cleaning prograsgsttier with the new design rules, proved
that the discolouration problem could be manageHtimthe boundaries of the network. The
cleaning programs are, however, a true end-of-pghation that can be thought of as dealing
with the symptoms. High-velocity networks are begteared to prevent discolouration and
are a more sustainable solution.

The separation between the production and distabutepartments frustrated, for a while,
the next step in the prevention of discolouratignimmiting the introduction of particles in the
first place. In the joint research program of thedh water companies (BTO), the Delft
Cluster Research Program and in the research pnogiréhe Delft University of Technology
room was made to get a more scientific foundatorritie empirical outcomes but also to
explore the possibilities of preventing the introtilon of particles.

7.2 Measuring methods

For this research, several new strategies of megswere developed, of which the
continuous measuring of particle-related parameiiexgurbidity and particle counters are the
most important. Though the continuous monitoringuobidity is the method that has been
used the longest (van den Hoven and Vreeburg, 1882papplication was not common
within the drinking water network. The quality diet drinking water leaving the treatment
plant was primarily determined with the obligatsgmpling program. Increasingly, however,
water companies used the continuous monitoringridity at pumping stations to measure
the effect of the operation of the treatment preceswater quality.

Recently, particle counters have become availaigsh has enabled a more quantitative
measurement for the calculation of the particlaiugd entering the network and its
development within the network. The calculatedipkrtvolume, together with the particle
size distribution as applied in this thesis, givdsermation on what happens to the particles in
the network and where the possibilities to redheeparticle load are.

To calculate the particle volume the particle ceumére sufficiently fine-meshed and there
was no need for modelling as Ceronio (2005) deexof heir work showed that particles
larger than 30 um were rare and that within thexadllable 1 um size ranges all relevant
particle could be counted. This made further manigiheedless, as the actual data could be
used. The large quantities of data were quite meadalg within current spreadsheet
programs. The approach to use modelling to fingetrfine origin of the particles is not
further explored in this thesis.

With the results and success of the continuous tmiang at the treatment plant and in the
network, a discussion has started on the adde@ wdlpermanent water quality monitors in
the network. This discussion is inspired by thdina-pressure monitoring that is applied to
manage the pressure situation in the network. dhgparison of these quantity-based
pressure measurements with the quality-based ityipdrticle count measurements is not
simple.

Water quality monitors will not function as opeaatal tools for immediate intervention as the
pressure monitors do. If, for instance, pressuexpectedly drops in the network, typically
an acute cause can be found and dealt with. Radizinters or turbidity monitors in the
network, however, give information on the reguleygesses that cannot be interfered with at
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the time of measuring. Moreover, effects can omyabalysed over an extended measuring
period and data have to be processed prior topirgtation. Then, for instance, a regular loss
of particles can be identified but not immediatedyinfluenced with a specific action.
Continuous monitoring at the treatment plant iSuwlde make operators aware of the

‘normal’ low peaks in turbidity or particle countsach peak adds to the sediment layer in the
network, and every peak that can be avoided déeeyaccumulation. The monitors provide
information that allows operators to be more aad to avoid the peaks from happening in
the future. This differs fundamentally to on-lineegsure management.

Water quality monitors like turbidimeters and pa#icounters in the network are best
employed for a dedicated objective, for instancartalyse the RPM or to see how the particle
content of the treated water changes during tmsp@rt and distribution. In discussions with
network operators on the costs and amount of eqgnpnthe end-of-the-day advice is to have
three to four mobile systems that are flexible easy to handle. Conscience application of
this equipment to answer concrete questions is efbeetive than rigid application of fixed
monitors without a dedicated purpose.

The Resuspension Potential Method (RPM) has pravée a powerful tool to analyse
discolouration risk in a network. The flexibility the ranking system makes it possible to
tune the sensitivity and range to the needs ofipsystems. The ranking system used in the
Venlo system (see sectionh 5.7) is different frbat bf the Franeker case in Chapter 1. In
both cases the RPM serves as a comparative too¢ésure the effects of (remedial) actions.
The Venlo case, discussed in section 5.7, is pariarger analysis system that, in total,
contains 695 locations in an 8500 km network maadmn a regular basis. The goal of the
analysis system is to pinpoint areas with the ragdescolouration risk. These high ranking
areas are cleaned in the order of declining averafjgRPM so the limited cleaning resources
can be optimally applied. The cleaning resourcedianited by the manpower available to
perform the dedicated flushing actions.

In the Franeker case the objectives were to seddmyvt would take to recharge the system
to the initial discolouration risk level and to &yate the difference between the two systems.
These objectives demanded a lower absolute tuylitdieshold in the RPM ranking than the
Venlo case. It can also be imagined that in thel&/ease the ranking system was gradually
adjusted to lower absolute turbidity levels, beedilr® overall discolouration risk decreased
as a result of the optimal use of the cleaninguess.

The RPM analysis typically demands a flexible syst# equipment that can be applied to
hydrants. In both aforementioned cases, small srueke designed that are dedicated to this
type of work and are operated by trained stafthla way it is possible to perform 4 to 6
measurements per day per truck. It is clear theét ewery RPM a certain amount of sediment
is removed, influencing the ‘virginity’ of the measg location. This matter is not evaluated
thoroughly within the scope of this study, but thare indications that in low loading systems
the recharging of the system is so low that a yaapetition of the RPM is sufficient to
remove the accumulated particles from that yeathdnvenlo case obviously the
accumulation is enough to fill the gap of the poesg RPM. It could, however, also mean that
the accumulation in the rest of the network is altythigher than would follow from the

RPM locations analysed. For that reason RPM arsalggjuires a number of locations at
which measurements should alternate.

The possibilities of concentration methods like ThieVS and the Hemoflow are explored in
this research and they prove to be promising buyefully developed. They allow for a
closer analysis of the particle process, but ateyebreliable enough to be used on a routine
base. The strength of the methods is that the gmeentration is a relatively straightforward
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procedure. The weakness is that the circumstanaghkich the measurements are done are
often not very favourable. Moreover, the methodstene consuming and require a fairly
steady process or a sufficiently high enough nurobanalyses to give sound information.
Unreported in this research are several trials tiéhTILVS that were unsuccessful because
of difficulties with the equipment and an obvioask of experience. Also, the actual amount
of material caught on the filter paper was freglyetoio low to be processed (less than 2,5
mg).

Based on these experiences, four new pieces of Fle§uipment have been made that can be
used in future research, so the method can besfuditveloped.

The Hemoflow was only used during the last peribthe experiment with the particle-free
water in the distribution network. Due to inexpade, the analysis made on the concentrated
samples was not adequate. Also, it seems thatad tbeé material to be concentrated was left
in the filter itself. The colour changed during tnealysis period, suggesting some material
was left in the filter. As the total mass of thetjgailate matter was in the order of 100 mg, it
is plausible that a similar amount could have Heé#nn the filter compromising the accuracy
of the measurement.

Despite these disappointments, the strength ahtthods was that they allowed for a more
accurate analysis of the particle load and that tdoenbined with a relatively simple sampling
procedure that didn’t require highly trained persen

The setup of the research on the effect of pasticldreated water by isolating two areas in a
real network has proven to be very successfulldvad for the analysis of the effect of one
factor, particle load, while keeping all the othelevant factors like pipe material and
hydraulics, relatively constant. This approach akso be applied to other dedicated research
in the network, for instance, the effect of caghion water quality by isolating a cast iron
network and a non-cast iron network with the sameedsions in one supply area. The
biggest problem in the research was keeping thatesbareas undisturbed during the analysis
period. The major success factors were patiencgyaod registration, and there were unique
opportunities for objectified analysis of differateéms involved in the discolouration
processes.

The use of test rigs and artificial pipe loops Vuasted in this study. The first priority was to
understand how processes run in the actual situddanicking the real situation in pipe
loops was tried in a test rig, for which some pietuare shown in section 4.2. The results of
these test rig experiments were disappointing. gifenomena to be studied, accumulation
under different hydraulic circumstances, are diffito translate to test rigs. The test rig that
was used to analyse the phenomena of water/airiagphhowever, was successful because it
had the dimensions of a real-life system.

The further development of test rigs, therefore, lba of major importance for the further
understanding of micro-mechanisms in the procassia® network. The eye-opening effect
of particles settling over the complete circumfeiadrof the pipe urgently requires further
investigation to get more knowledge on the micralavof particle settling in the vicinity of
the wall. It will also have an effect on the stuafybiofilms and their growth in the network.

7.3 Treatment

The effect of particles in drinking water can wad observed in the propagation and
development of peaks in turbidity or particle cauimtthe network. The shape of the peak
fingerprints an amount of water that subsequeratyze followed in the network. First,
residence times in the network can be preciselgrdened (see section 2.2.4). Secondly, the
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changes in water quality can be analysed spedyfjaatd other parameters can also be
continuously monitored.

Turbidity is not a quantitative measurement, megutivat it cannot be used to determine a
particle load. Particle counters and the calculaggticle volume give more quantitative
information. The presentation of measurements usiadgrequency distribution of the
calculated particle volume concentration, togetiién the average value, the percentile ratios
and the Surf-90% and Surf+90%, proves to be powerftharacterising the patterns. The
overall effect of turbidity and calculated partigi@lume in the network can conveniently be
seen using these parameters, as is shown in se&id® and 3.4. Though these parameters
look very promising and useful in interpreting theasurements and disclose the patrticle-
related processes, a lot of experience still h&tgained. Combining the particle counts and
the elemental analysis of the water could be aea@alby fruitful possibility deserving further
exploration.

Within this thesis two types of treatment were gs@dl directly that proved that the particle
volume concentration at the treatment plant waghmbnly parameter that could account for
the particle volume in the network. In the artdilcgroundwater based multi-barrier treatment
(section 6.2), post-flocculation of iron hydroxidaused a considerable particle load in the
distribution network as did the leaching of the eatituous pipe material and a biological
growth process. The surface water based multidrasgistem produced a more stable type of
water that did not put an extra particle load ® distribution network after the transport. The
initial particle volume at the surface water treatiplant was a factor 4 higher, 0,74 ppb
versus 2,81 ppb. At the end of the transport syskenaverage particle volume of the
artificial groundwater based system grew to a le¥&l7 to 62 ppb, while the average particle
volume in the surface water treatment based systayed constant in the first part of the
system and grew to a level of 4,47 ppb in the seqant.

The stability of the water towards post-flocculatipotential is not a single parameter but will
be an important indicator for the particle loastan the network. The total iron and
manganese level are not sufficient as they inditeesoluble as well as the particulate form.
The soluble fraction can grow to a particulate fdhat adds to the sediment load of/in the
network Theoretically a TILVS-analysis distinguistae particulate fraction of the iron and
the soluble fraction and could function as parthef parameter set that characterises the post-
flocculation-potential of the water. There is, haee still a lot of development and validation
of these parameters necessary to get suitabld taalyes.

Using the Surf-90% and the Surf+90% shows thatgelpart of the particle load in the
system occurs in a relatively short time. Sometjnrekess than 10% of the time more than
50% of the particle volume is loaded on the sys{Barf+90% > 50%). A suggestion for
improving the sediment load of the treatment withexdding new treatment steps is to
concentrate on decreasing the peaks. This meansadetg the Surf+90% or increasing the
Surf-90%. Suggested values for the Surf+90% arethean 15% and subsequently for the
Surf-90% is more than 85%. lllustrative are theipkr count figures as shown in Fig 2-9 and
in the turbidity graph in Fig 3-4. These graphsvsltioat the peaks in turbidity and particle
counts are mostly connected to the backwashinidterfs. Those peaks decrease in the
network, indicating a loss of particles that acclateiin the pipe and constitute a
discolouration risk. A first step in improving threatment process is to decrease these short
period loads that are responsible for high Surf+3@daes. In section 3.4 the effect of peaks
is shown for a more distant location (start of Reference Area), but it is also clear that
peaks contribute greatly to the load in the system.
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The case study on the composition and hydrauliewielr of sediment (Chapter 1)
confirmed the role of treatment in loading the ratwwith particles versus the role of
corrosion of unprotected cast iron. The sedimergl&ein a cast iron pipe with a low particle
load treatment plant were lower than the levelsan-cast iron pipes supplied by a higher
particle load treatment plant under comparable dayldr circumstances. Though the low level
particle load at the treatment plant (which wasgtaindwater based multi-barrier system
discussed previously) increased considerably inaWwepressure transport system, still the
absolute levels of particulate iron were low conaglaio the load in the Reference Area
discussed in Chapter 1.

This thesis concentrated primarily on the behavadyrarticles and did not consider the
biological implications. Research into the relasibip between turbidity, particle counts and
Cryptosporidiumevels showed that this relationship is not umfdqiHuck et al., 2002).
Especially during suboptimal situations, there iglationship between particle counts and
Cryptosporidiunremoval. Turbidity was a less effective paramaienonitor the filter
performance because it was less directly relat€ryptosporidiunremoval.

This indicates that optimising a treatment pro@esparticle counts probably also has an
effect on the biological stability of the water.

Further research into the effect of particles mtiieated water and their fate in the network is
highly recommended to get more insight into hoyrevent the loading in the distribution
system and possibly improve it's biological stdili

7.4 High-velocity networks

Within the model of particle-related processestmdof the accumulation of particles by
controlling the velocity is one of the ways to mgeahe discolouration risk. Velocity should
be controlled in such a way that the particled|esttduring low demand periods, are
resuspended during high demand periods, prefemabéydaily base. Effectively, that would
mean that on a daily base no net accumulation rvicpes will occur.

Though it is a logical consequence of the modeVas difficult to persuade water companies
to adopt new design rules that would lead to higloesity networks. A main reason for that is
that the consequence of the new design is a nettiatks branched instead of looped. This is
counter intuitive to the common concepts for nekgdhat prescribe looping for reliability
and forbid dead ends for water quality reasons.blsc misconception is that there is a
difference between transport and distribution nek&oThe reliability concept for transport
networks (Vreeburg et al., 1994) directly trangiati® distribution networks doesn’t lead to
reliable distribution networks.

For the reliability of transport networks, the gmhould be looped to guarantee a ‘double-
sided’ supply in case of failure. The goal is torease the continuity of supply or in more
common words: “If the water cannot come from o sthere is an alternative on the other
side”. For a transport network this effectivelgreases the continuity of supply because
usually there are no direct connections to thespart pipes. Transport networks should be
designed in such a way that in case of the faibfi@pipe enough water can still be supplied
to centres of demand (Vreeburg et al., 1994).

For a distribution network, however, the supplymections are made directly to the pipes.
Failure of a pipe consequently stops the suppbrioking water to those connections and the
looping of the distribution network does not inceahe continuity of supply. Increasing the
reliability of the network has to be translatediiricreasing the supply continuity. Once that
switch is made, it is clear that the time of intgxtion is a decisive factor and not the looping.
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As a spin-off, the location of valves in existingtworks must be analysed critically, resulting
in higher reliability, or continuity of supply, witfewer valves (Trietsch and Vreeburg, 2006).

The presumed adverse effects of dead ends on gquadéty are mainly based on so-called
classic dead ends that connect a distant fire Inydoathe network. For the fire hydrant a
relatively large pipe is needed, causing long exsie times in this pipe as there is little actual
demand. This will have a negative effect on wateality. The dead ends in the new networks
are better described with the term ‘flowing endsie pipes are dimensioned on the actual
water demand in such a way that a velocity of O/gdwmll occur once a day, removing the
accumulated sediment.

The demand situation in a distribution networkighty variable over a 24-hour period. For
the design of distribution pipes, detailed insiigitd the patterns of an individual connection
is necessary. This insight was lacking at the tineedesign rules were implemented. To
overcome this lack of knowledge, a practical solutivas found by using the design rules for
inner installations: thevtn approach. As is described in Chapter 1, thisgidsiads to a
network that is self-cleaning within the time sctde research was done. Further
development of a stochastic demand allocation mslu@lvs that actual demands are
underestimated towards thémestimation (Blokker et al., 2006). Still, thewsetk that has
been designed proved to be self-cleaning, obvideslging to the conclusion that the velocity
required to remove the sediment on a daily badmasr than the estimated 0,4 m/s.

Further development of the SIMDEUM model (Blokkéeak, 2006) will give increased
insight into the actual demands and velocitieherietwork without the need for meticulous
measuring, which is virtually impossible in reah&. However, with this knowledge, also a
better estimation of the real resuspension velasihecessary so the design can be optimised.
The conclusion up until now, though is that the baration ¢/n — 0,4 m/s gives a self-
cleaning network and can be applied as such.

From the perspective of fire fighters, the hydrantthe drinking water network are a “natural
source” of water. This is understandable givenhikeoric situation that fire fighting and
drinking water belonged to the same municipal depamt, Public Services. This situation
however stopped the need for critical analysihf water source for a long time. An
international survey on the standards and legwsiatn fire flow supply (Snyder and Deb,
2003) showed that formal arrangements are lackingalso general insight into the actual
need is rare. In discussions with fire fightershia Netherlands, it became clear that even the
30 n/h is still twice as much as is actually used Fer first attack of the fire.

The new design rules forced water companies aadifjhting departments to sit down and
discuss the requirements for protecting people fiioes. In those discussions the added value
of sprinkler installations was brought up for thetection of typical houses. The test case in
Scottsdale, Arizona, is very convincing for the edldalue of domestic sprinklers (Ford,
1997). However, the possible impact of domesticgfers is still underestimated and under-
researched.

The original goal of the new design rules was tprone the water quality and to reduce the
discolouration risk. This original goal has beem@sét completely surpassed by the
economical effects and the sometimes emotionalidgons with both the water companies
and the fire fighters. However, the comparative sneaments as presented in section 4.5
convincingly show that the hypothesised self-clegraffect can actually be observed. In the
aforementioned emotional discussions, this has stlskegraded to a minor argument, but
should still be a major driver to improve the desig the distribution networks.
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The new approach for designing distribution netw@kowed that the conventional approach
is hardly a systematic procedure. Practically, care say that the development of a
distribution network has not changed significarsityce the beginning of the public drinking
water supply. Though the original goal of the negign was to improve the water quality, it
turned out to be the start of a critical reviewthsd design principles for drinking water
distribution networks. Wider application of thesaandesign rules in, for instance, the
rehabilitation of networks will require adjustmeritsit potentially can save 10 to 20% on
investment costs. Applied to the UN Millennium Dement Goal to reduce by half the
proportion of people without sustainable accessate drinking water, this would mean that
this can be done with less money or reduce thegptiop even further with the same amount
of money.

7.5 Cleaning methods

Conventional flushing was historically the most omant answer to local discolouration
incidents, next to the rehabilitation of unlinesgtc@on pipes. Chronologically, cleaning of
networks was the first aspect of the particle-eelanodel that was researched. With the
introduction of the continuous monitoring of turitydand the RPM, tools became available to
evaluate the effect of cleaning of networks (Vregh@996).

The adverse effect of a too low velocity on the fitytof sediment could explain why
conventional flushing is counter effective, ashis &ggressive cleaning of unlined cast iron
pipes. This demystification of the effects of clean together with the development of clear
rules for effective cleaning through flushing, upded the cleaning methods from low-end
work to a high-end design process. Several watapanies spend as much as one or two
man-years towards the development of flushing pl&hsse plans are based on all-pipe
network models that could rather easily be extchtem Geographical Information Systems.
The advantage of this application of network caltiohs is that it is not necessary to model
the normal demand precisely. The flushing volumsoisnuch higher than the normal demand
that the latter can be neglected within the catauta

The initial base for 1,5 m/s as a minimum threstotdvater flushing was dictated by the
need for a practical guideline. An important argnineas its practical feasibility without the
need for large investments and indications thabild work (Fig 5-2). Together with the
requirement for a clear water front, it proved ragiise to work very convincingly for the
practitioners. A noteworthy anecdote was the floglaction of a @400 PVC pipe with a
length of 5 km. Shortly after midnight, techniciastarted flushing, and in ten minutes the
flushed water was so turbid that they scepticatimmented on the time that would be
required for the water to clear: at least to senmdter exactly one pipe turnover,
approximately one hour, the turbidity dropped shaapd after two hours (two turnovers) the
water was completely clear. These results were geigkly communicated across informal
circuits and the requirements for flushing weradbpadopted and applied.

One of the traditional disadvantages of water filngls the seeming waste of water. This is,
however, the image of conventional flushing in vihacfire hydrant is opened and let run for
as long as it takes for the water to clear. Withdffects mentioned on turbidity in adjacent
pipes, this can take a long time, indeed, leachrantextensive waste of water. With the
planned unidirectional flushing, 300 metres of pipa be refreshed three times within 10
minutes, or two times within 6,5 minutes. The ubwater is limited to a maximum of three
times the contents of the network. The actual jpenith an increased turbidity during
flushing is limited for the example pipe of 300 nestto 6 to 10 minutes.
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A good flushing plan uses at maximum three timesvttiume of the network. For the
Netherlands’ situation this means that a complet&hfng of the entire network demands 0,53
to 0,94% of the total yearly demand. The networthmNetherlands does not different from
any other drinking water network, which means that figure can be applied to many
networks.

With the RPM it can also be made clear that thieafy of a cleaning action is not so much
the amount of sediment taken out of the pipestimiamount of sediment that is left in the
system. Pigging is often intuitively consideredediiective method, based on the extremely
dirty water that emerges from the pipe just befbeepig comes out of the pipe. But if this
amount is divided over the total volume of the pibe result would not be that spectacular.
The research also showed that most alternativeadstto water flushing use more water
instead of less.

The effect of cleaning pipes can have an effedherbiofilm in the pipes, though that aspect
has not been included in this study. The flushihgipes has primarily concentrated on the
removal of loose sediment and that probably witl semage the biofilm itself, as it is
attached to the wall. Mechanical cleaning methats ss pigging will affect the biofilm,
though it probably is difficult to actually remotiee sticky film. On the other hand, the effect
of removing a biofilm does not have a lasting dffenothing is changed in the Biofilm
Formation Potential of the water (van der Kooigkt 2003). The biofilm is probably
relatively quickly recharged again. In a biofilm nitor, the development of a biofilm is
relatively fast up to a certain equilibrium levela few months (van der Kooij et al., 2003).

7.6 Conclusions

The objective of this thesis was to analyse thégeirelated processes involved in the
generation of discolouration problems in the nekwdo this end, new measuring methods
have been developed such as continuous monitofiglwdity and particle count, the
Resuspension Potential Method (RPM), and the Titegrated Large Volume Sampler
(TILVS). With these new methods the discolouragooblem could be seen as related to
loose deposits in the network. The incidental rpsnsion of accumulated loose patrticles is
the main cause of discolouration events in the adwr he origin of the particles is mainly
the treated drinking water, followed by processethe network like post-flocculation,
corrosion and leaching and biological growth argtoeth.

Irrespective of the cause of the particles the mdation to layers of loose deposits can
initiate water quality problems. Managing the acalaton is possible through managing the
velocity in the pipes and through removing the éodsposits through effective cleaning.

As remedial actions to manage and control the thsication risk in the network, three stages
of measures have been identified:
* Prevent particles from entering the network or gdormed within the network.
Particles in the treated water are the main soofreecumulated deposits in the network,
especially the particles that are released to étwark due to variations in the operation
of treatment processes. There are several waymitglarticle release into the network,
depending on the dominant cause:
o Improve the treatment system: aimed at the remafvadirticles, for instance with
the addition of an extra polishing/filtration step.
o Improve the existing treatment process in suchyathat peaks are avoided which
may lead to a substantial reduction of particlelloa the distribution system.
o Adjust the treatment process to decrease the ¢aityosr the post-flocculation.
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The parameters suitable to monitor the particld foam a treatment plant to a
distribution system are the Surf-90% and Surf+96gether with the average of the
calculated particle volume. Based on the experiempcél now a Surf-90% of 80 to 85%
or higher of the average patrticle volume charastsra stable operated treatment process.
A goal for an average particle volume alone iseraiugh, but should be accompanied
with parameters that characterise the post-floticulgotential of the water, the biofilm
formation potential (van der Kooij et al., 2003&he corrosion-index (van den Hoven
and van Eekeren, 1988). The total iron and mangac@stent are preferably
accompanied by a TILVS-analysis to determine thiéquaate fraction after sufficient
validation of these parameters for this purpose.

Prevent particles from accumulating

Particles accumulate specifically in the distribatnetwork as a consequence of the low
velocities. Conventional distribution networks designed to supply a high volume flow
for fire fighting. Reduction of this fire flow, tegher with a new approach to network
design with branched sections and declining dianmetsustain a velocity of 0,4 m/s once
a day, based on demand estimation following the methodology, results in self-
cleaning networks that do not accumulate loose slepo

Remove accumulated sediment

The regular cleaning of networks prevents the actation of sediment to unacceptable
levels. The critical level of accumulation can beasured with the Resuspension
Potential Method that is also used to evaluateetfieacy of the cleaning method.
Flushing with water under the operational condgiofh1,5 m/s (i.e., two to three
turnovers of the pipe content and a clear watettfns effective to remove the deposits
that cause the discolouration risk.

7.7 Recommendations for future developments/research

The research described in this study discloses sditiee particle-related processes in the
network and shows that unconventional approach#eetdistribution system led to new
operational guidelines. Those new guidelines angrogersial against the common belief, up
until now:

Discolouration is mainly caused by patrticles frdra drinking water itself versus the
common belief that unprotected cast iron is thennsaurce for discolouration problems.
Cleaning with water flushing is effective undelicitoperational circumstances versus
ineffective conventional flushing.

Distribution networks should be shaped as brancesaorks with a declining diameter
and high velocities versus looped networks witlgdadiameter pipes.

The application of the new operational guidelinemdnds a lot of flexibility for all parties
involved with the designing, building and operat@metworks. But, it also demands more
proof and substantiating to facilitate the actogbliementation. The following
recommendations are seen as the most importadas fiet future research:

Analysis of the effect of improvement of treatmeither by adding new steps or by better
operation of existing treatment steps:

As this study shows it is likely that distributipnoblems can be prevented or at least
contained if the treated water meets certain staisd& new definition of particulate

water quality towards distribution stability must 8eveloped analogous to the biological
stability (van der Kooij et al., 2003) or chemis#dbility (van den Hoven and van
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Eekeren, 1988), including an on-line and mobile sneament technique that can be
applied both at the treatment plant as well asngthrough the distribution system.

» Development of water quality models that deal wisinticles:

Presently the limits of water quality modelling aetermined by the accuracy of the
hydraulic water movement calculation. Developmdrthe model SIMDEUM as
proposed by Blokker et al (2005) will bring the efatjuality modelling a step further and
will enable more accurate water quality modelling.

This new base for water quality modelling shoukbatxtend the model parameters
beyond the commonly modelled disinfectant residOéliously particle movement is one
of the new parameters, but also modelling DOC, Afddh and manganese will enhance
the possibilities for network maintenance.

» Development of test rigs for closer analysis ofrtiiero-processes that govern the settling
and resuspension of particles in the piped netwdrghallenge in developing pipe rigs is
to either accelerate or concentrate the processasier to get a reasonable time frame for
test procedures.

* Further development and validation of measuringhoes like the TILVS and Hemoflow:
The concentration methods are vital for establiginmore knowledge on the composition
of particulate matter in the water and the effectshe build-up of sedimentary layers.
The methodology must be standardised and providiédargood process description. In
due course a database can be filled with the el&theomposition of particulate matter in
different water types and the effects of that i tietwork.

The combination of the TILVS together with the tatan content of the water could be a
suitable parameter to monitor the post-flocculapotential of the water.

» Development of alternatives for fire flows througydrants:

Hydrants are still dominant in the design of netgpbut their actual contribution to fire
safety is relatively small. Discussions with firghters sparked interest in the total
concept of fire prevention and pro-action, in whiesiter obviously plays an important
role. As water specialists, we have an interestieg field to explore to optimise the role
of the public drinking water supply in the totakfiprevention and pro-action scheme. The
domestic sprinkler, for instance, is a proven pdweéool to enhance fire safety, but has a
very bad image with the water companies becauigeaequirements that industrial
sprinklers impose on the network. The main develpnshould be in the direction of
developing sprinklers that need less water thamptbesent ones to be applied on a large
scale. This can save potentially 90% of all firendge costs and can save up to 40 to 50
lives per year, not to mention many casualties.

» Bolder and more flexible operation of networks:

Incorporating the velocity requirement in the dasid distribution networks opened new
ways of approaching the distribution concept. Violked an awareness of the role of
valves in the continuity of supply (Trietsch ande¥burg, 2004; Trietsch and Vreeburg,
2006). The possibilities of introducing the velgaititerion into the transport network as
well as strategic valve locations should be exgpl@eng with possibilities for more
active control of the hydraulics in the networklwitor instance, remote controlled valves
and pumps to ‘keep the water moving'.

Summary and conclusions -154 -



8 Samenvatting en conclusies

8.1 Historische ontwikkeling

Drinkwaterleidingnetten zijn altijd het domein geasévan de fitters. Het ontwerpen en
bouwen van leidingnetten wordt meer beschouwdeais/akmanschap dan als een
werkgebied voor ingenieurs en wetenschappers. Baavieg hiervoor kan zijn dat een
leidingnetwerk meestal gezien wordt als een rdlaeavoudige technische constructie met
als eerste prioriteit het voorzien in voldoenddetrouwbare transport capaciteit om het doel
van een drinkwaterbedrijf te verwezenlijken, najkeliHet leveren van water in voldoende
hoeveelheid”. Lange tijd is verondersteld dat hedtwerk slechts een kleine rol speelt in het
hele proces van waterkwaliteit en de focus op dégitbeeft ertoe geleid dat met name het
distributienetwerk is overgedimensioneerd met elgoty lange verblijftijden en zelfs
stilstaand water.

Historisch gezien is de overdimensionering vandmgtibutieleidingnet voornamelijk
veroorzaakt doordat de levering van bluswater &flgk was van de drinkwatervoorziening.
De noodzaak om bluswater te leveren bepaalt gretdadle afmetingen van de leidingen en
dat leidt tot een leidingnet dat behoorlijk is ayedimensioneerd voor wat betreft de vraag
naar drinkwater. Als je een netwerk bekijkt, lijlgt echter helemaal niet zo
overgedimensioneerd. Leidingen met een diameted08rtot 150 mm zien er niet geweldig
groot uit. Bovendien lijkt het zo dat de investgshkosten voor leidingen slechts voor een deel
worden bepaald door de materiaalkosten waardoarieetle moeite waard lijkt om een
gedetailleerd ontwerp te maken.

Een tweede belangrijke reden voor de overdimensimpean het distributienetwerk is dat de
layout van een ontwerp is gebaseerd op de ontwiagapes voor leveringszekerheid van een
transportnetwerk. Daar moeten leidingen vermaasdevoaangelegd om een tweezijdige
voeding te garanderen voor het geval een calanoipgieedt. Het doel is om de continuiteit
van de drinkwatervoorziening te vergroten of meteaa woorden: “Als het water niet van de
ene kant kan komen, dan komt het wel van de arnderie” Voor een transportleidingnetwerk
is dit daadwerkelijk zo omdat daarop meestal gestid aansluitingen zijn aangebracht. Het
uitvallen van een leiding zal dus geen effect haliyede levering aan de aansluitingen maar
wel op de transportcapaciteit. Transportleidingrethoeten daarom zo zijn ontworpen dat
als een leiding wordt afgesloten er voldoende wederworden getransporteerd naar
zwaartepunten van verbruik breekt (Vreeburg etl&94) en het vermazen van het
transportnet vergroot hierdoor daadwerkelijk deetevgscontinuiteit.

In een distributienetwerk worden de aansluitingemer wel rechtstreeks op de leidingen
gemaakt. Het afsluiten van de leiding betekentdigrde levering van drinkwater aan die
aansluitingen ophoudt en dat betekent dat een z@ngaan het leidingnet de continuiteit
van de levering niet vergroot.

Het waterkwaliteitsaspect dat wel is verbonden adeetol van het leidingnet, het bruin water
probleem, wordt echter te sterk versimpeld: bruatewwordt veroorzaakt door het roesten
van gietijzeren leidingen. Binnen de context vare€iste historische leidingnetten is dit wel
een logische veronderstelling omdat toen de leitetign alleen maar van gietijzer waren
gemaakt. Eén foto van het inwendige van een setckrgodeerde en aangegroeide leiding
verklaart deze vereenvoudiging ook wel. De zoektoelar nieuwe materialen die niet roesten
heeft geleid naar het gebruik van asbest cemeRV&hals leidingmateriaal, maar
klaarblijkelijk hebben deze nieuwe materialentbrein water probleem niet opgelost.
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Dat het netwerk het terrein van de fitters is,aglaarbaar als je kijkt naar de complexiteit
van het aanleggen van de vroegste netwerken. H&ewenet de zware gietijzeren leidingen
en het maken van verbindingen is vakwerk. Een ypaambeelden daarvan worden getoond in
Fig 7-1 die het maken van een loodstriktouw verinigdin tussen gietijzeren pijpen laten
zien. Dit verklaart ook de naam ‘loodgieter’: hekwestaat letterlijk uit het gieten van
vloeibaar lood dat slechts gedaan kan worden demrvakman.

Fig 8-1 Het aanleggen van een gietijzeren leidingeen loodstriktouw verbinding voor
1940

De waterkwaliteitsveranderingen en de hydrauligaelementen waar een fitter of een
loodgieter niet voor zijn opgeleid. Eenvoudige @giogen voor gecompliceerde water
kwaliteitsprocessen, zoals het conventioneel spwerkten niet voldoende en bruinwater
problemen werden daarom als min of meer onvernijigdgezien.

Aan het begin van de jaren negentig van de vorgevekwam het bruin water probleem in de
belangstelling van het BedrijfsTakOnderzoek (BT@j) ve Nederlandse
waterleidingbedrijven. De directe aanleiding vom loelangstelling was het resultaat van een
onderzoeksproject dat was gestart op initiatief vainwaterleidingbedrijf van Eindhoven (de
toenmalige NRE, Nutsbedrijf Regio Eindhoven, nuemdéel van het bedrijf Brabant Water)
waarin met behulp van continue monitoren onderzegek gedaan naar aard en oorzaak van
de bruin water problemen. Het resultaat van diteongek was een eerste opzet van wat later
het model van deeltjes gerelateerde processen amlew zoals dat is weergegeven in Fig 1-5
(Hoofdstuk 1). De operationele maatregelen die emidgevoerd in de loop van 1992 waren
het systematisch schoonmaken van het leidingnetrdatlel van goed water spuien (met de
randvoorwaarden van 1,5 m/s, 2 tot 3 maal ververaarde leidinginhoud en een
schoonwaterfront) en het bewust maken van de iedrgrders van de zuivering van de
effecten van pieken in de troebelheid. De bewudstmgrvan het effect van pieken heeft een
soort van wedstrijd doen ontstaan tussen de vdieuthe bedrijffsvoerders wie de meest
stabiele troebelheid van het uitgaande water veeleteiken. Omdat het bedrijf een zeer
goede klachtenregistratie had, konden de effectedem gemeten hiermee worden gemeten
en deze lieten een spectaculaire daling van healddachten zien, zoals weergegeven in Fig
2-18. Anekdotisch is in dit geval de ontwikkelimgn een gemotoriseerde brandkraan sleutel
om de afsluiters te bedienen die op een specketie kbon worden vervoerd. De
gemotoriseerde sleutel was zeer geschikt om deafgligiters te bedienen tijdens de
spuiprogramma’s en fietsen waren veel gemakkelpkemee rond te rijden dan auto’s in de
spuiwijken. Het is daarmee een voorbeeld van deiditeeid van het bedrijf om buiten de
paden van de historische ontwikkeling te gaan enirfecteerde’ daar ook andere bedrijven
mee om de resultaten van het onderzoek te accemrroe te passen. Zo was het
Waterleidingbedrijf Zuid Kennemerland (nu onderdesst PWN Waterbedrijf) een van de
eerste bedrijven die de nieuwe ontwerprichtlijnenrwertakte leidingnetten toepaste.

De resultaten van de onderzoeksprojecten van hét\Bdrden zeer snel verspreid in de
professionele netwerkgroepen die rondom het oné&ra@ren geformeerd, de zogenaamde
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Regionale Distributie Groepen (RDG'’s). Oorsprorjkekare dit vijf groepen, ieder bestaand
uit ongeveer 10 bedrijven die drie tot vier keer jpar bijeen kwamen om operationele zaken
te bespreken en ook de onderzoeksresultaten tbdnesen. De groepen waren gericht op de
techniek van de waterleiding en voor oplossingsterHet relatief simpele model van de
deeltjes gerelateerde processen sloeg goed ad@e siger in de groepen. De vertaling van het
model in een set van effectieve randvoorwaardem water spuien waarmee deze methode
potentieel net zo effectief, zo niet effectieverals duurdere methoden zoals water/lucht
spuien en proppen vergrootte de acceptatie vaddsdtjes concept aanmerkelijk.

Praktijkgerichte mensen zoals distributie medewsrkgn van nature geneigd om nieuwe
concepten te accepteren, zeker als die effectikbstenbesparend blijken te zijn. Diezelfde
praktijkgerichtheid kan echter ook een nadeel aijidat er niet heel veel belangstelling is
voor wetenschappelijke bewijsvoering. Het princifiéet werkt toch goed?” is ook de reden
waarom historische vergissingen lange tijd kunrignem bestaan.

Bijna ieder waterleidingbedrijf kende een scheidumgsen de afdeling Productie en de
afdeling Distributie. Het onderzoek naar aard erzaak van bruin water is gestart vanuit de
distributie en het succes van de schoonmaakprogeasemen met de nieuwe
ontwerprichtlijnen bewezen dat het bruin water pgeln kan worden beheerst binnen de
grenzen van het leidingnet. Schoonmaakprogramnija’ezhter echte end-of-pipe
oplossingen en zijn eigenlijk symptoombestrijdiBg hoge snelheid leidingnetten zijn meer
gericht op voorkomen van het probleem en daarmeeneer duurzame oplossing. De
scheiding tussen de afdelingen Productie en Didtatheeft de volgende stap in het
voorkomen van bruin water door het voorkomen vamudeering zeker tijdelijk gefrustreerd.
In het gezamenlijk BedrijfsTakOnderzoek (BTO) vaNkderlandse waterleidingbedrijven,
in samenwerking met Delft Cluster en het onderzosjamma van de Technische
Universiteit Delft is er ruimte gemaakt om meer evesichappelijk bewijs te krijgen voor de
empirische uitkomsten, maar ook om de mogelijkheédeamderzoeken voor het voorkomen
van de deeltjesbelasting van de zuivering.

8.2 Meet methoden

Voor het onderzoek zijn verschillende nieuwe meatsgieén ontwikkeld, waarvan het
continu meten van de deeltjes gerelateerde paresraials troebelheid en deeltjes tellingen
de meest belangrijke zijn. Hoewel het continu metamde troebelheid reeds lang bekend
was (van den Hoven and Vreeburg, 1992), is de ss@pg ervan niet wijd verspreid in het
drinkwater leidingnet. De waterkwaliteit af pompgia werd voornamelijk vastgesteld met
het wettelijk verplichte bemonsteringsprogrammaoknemend mate echter, wordt continue
meting van de troebelheid op pompstations toegepaste effecten van maatregelen in de
bedrijfsvoering van de zuivering op de waterkwidtlite meten.

Sinds kort zijn deeltjestellers beschikbaar gekonierhet mogelijk hebben gemaakt om een
meer kwantitatieve bepaling te doen door het bere@kean het deeltjesvolume in het water
dat het leidingnet inkomt en de ontwikkeling daarwahet leidingnet zelf. Het berekende
deeltjesvolume te samen met de deeltjesgrootteelneg] zoals toegepast in dit proefschrift,
geven informatie over wat er gebeurd met de deeftffewaar de mogelijkheden liggen om de
deeltjesbelasting te verminderen.

De deeltjestellingen waren voldoende fijnmazig aehdeeltjesvolume te berekenen en er
was geen noodzaak om de deeltjesgrootte verd@ingptelleren zoals Ceronio (Ceronio and
Haarhoff, 2005) voorstelt. Hij laat zien dat desdtproter dan 30 um zeldzaam zijn en dat
daarom binnen de 32 beschikbare 1 um ranges &\eardge deeltjes kunnen worden geteld.
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Dit maakt verder modellering overbodig omdat gabkan worden gemaakt van de echte
aantallen. De grote hoeveelheden meetgegevens gaeehhanteerbaar met de huidige
spreadsheetprogramma’s. De mogelijkheden om meitippghn de modellering een
vingerafdruk te maken van de deeltjes en daardeohlerkomst te bepalen is niet nader
onderzocht in dit proefschrift.

Het succes en de resultaten van de continue matimigde zuivering en in het leidingnet
heeft een discussie gestart over de toegevoegdelevean permanente
waterkwaliteitsmetingen in het leidingnet. De dssie is geinspireerd door de continue
drukmetingen in het leidingnet. De vergelijking vdgze kwantiteit gerelateerde druk
metingen met de kwaliteit gerelateerde troebelhetthgen en deeltjes tellingen is echter niet
eenvoudig.

Waterkwaliteitsmetingen kunnen in tegenstellingkioaintiteitsmetingen niet dienen als een
operationeel instrument om direct in te grijpers Aljvoorbeeld de druk in het leidingnet
plotseling daalt dan zal daar een acute oorzaakkigmen worden gevonden en een actie
worden ondernomen om het probleem te verhelpentj@sellingen en troebelheid metingen
in het net geven echter voornamelijk informatierade reguliere processen waarop niet kan
worden ingrepen op het moment dat wordt gemeteveBtien moeten gegevens over
langere tijd worden bewerkt en geanalyseerd voaidaig kan worden ingegrepen. Er kan
dan bijvoorbeeld worden geconstateerd dat er ediey®an deeltjes in het leidingnet
optreedt dat echter niet met een directe actieN@den beinvioed. Continu meten bij de
zuivering is wel nuttig om de bedrijfsvoerders beie maken van het optreden van
‘normale’ pieken in de troebelheid of de deeltglrigen. ledere piek draagt bij aan de
sediment laag in het netwerk en met iedere piekaleworden voorkomen wordt de opbouw
van de sedimentlaag vertraagd. De meetinstrumestédian de bedrijfsvoerders in staat om
alerter te zijn om toekomstige pieken te voorkonigihverschilt fundamenteel met de on-
line druk metingen,

Waterkwaliteitsmetingen zoals troebelheid en deligllingen kunnen het best worden
ingezet met een specifiek doel, bijvoorbeeld onoplservelingspotentie te meten of om te
zien hoe de deeltjes in het water af pompstatiatsgedragen tijdens transport en distributie.
Bij discussies met netwerk beheerder over de kamtdmet aantal instrumenten is het
uiteindelijk advies meestal om drie tot vier mobietonitors te maken die flexibel en
eenvoudig hanteerbaar zijn. Het is effectiever pecHieke vragen te beantwoorden met een
geplande inzet van de apparatuur dan om een amaatadors in het net te fixeren zonder een
gericht doel.

De Opwerveling Potentie Methode (OPM) is een kiiganstrument gebleken om het bruin
water risico in een leidingnet vast te stellen.fleribiliteit van het beoordelingssysteem van
de metingen maakt het mogelijk om de gevoelighaid de metingen zo in te stellen als
noodzakelijk is voor de toepassing. Daarom is kebbdelingssysteem in de Venlo-studie
(zie paragraaf 5.6) anders dan dat in de Frarstkdre van hoofdstuk 3. In beide gevallen
wordt de OPM gebruikt als een middel om de effegmingrepen te bepalen. De Venlo-
studie, zoals besproken in paragraaf 5.6 is edardeel van een groter analyse systeem
waarmee in totaal 695 locaties over 8500 km leid@igegelmatig worden gemeten. Het doel
van het systeem is om gebieden met een hoog baterwsico aan te wijzen. Deze hoog
risico gebied worden vervolgens schoongemaakitgovde van een aflopend gemiddeld
bruin water risico, waardoor de gelimiteerde mggleéden voor schoonmaken optimaal
kunnen worden ingezet. De mogelijkheden voor schaken worden beperkt door de
hoeveelheid mankracht die beschikbaar is om dafsgerschoonmaakacties uit te voeren.
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In het geval van de Franeker-studie was het dodkearien hoelang het zou duren tot weer
hetzelfde bruinwater risico zou zijn bereikt omdde manier het verschil tussen de beide
systemen te bepalen. Voor dit doel was het noodigaken een lagere absolute troebelheid te
gebruiken in het beoordelingssysteem voor de OPMraet Venlo-studie. Het is ook
voorstelbaar dat het beoordelingssysteem van Wetdo-studie langzaam wordt bijgesteld
naar lagere absolute troebelheidswaarden, omdaldeznene bruin water risico geleidelijk
zal afnemen vanwege het optimaal gebruik van desuhaakmogelijkheden.

Voor het meten van de OPM is een flexibel meetdipsienoodzakelijk die kan worden
aangesloten op brandkranen. In de beide genoemdiestvas de apparatuur ingebouwd in
fitterswagens die speciaal zijn aangepast voaatitt werk en worden bediend door goed
opgeleid personeel. Daardoor was het mogelijk dot 8 metingen per dag uit te voeren.

Het is duidelijk dat met iedere OPM meting een rekmeveelheid sediment wordt
verwijderd, waarmee de ‘maagdelijkheid’ van de roeetie wordt aangetast. Hiermee is niet
altijd rekening gehouden in deze studie, maarjeneel aanwijzingen dat in laagbelaste
systemen de deeltjes accumulatie zo laag is dghaeifks herhalen van de OPM voldoende
is om al het sediment te verwijderen. In de Veniad® is dit klaarblijkelijk niet het geval en
is de accumulatie genoeg om het gat van de OPMIkenv Dit zou echter ook kunnen
betekenen dat de werkelijke OPM in de rest varsysieem hoger is dan volgt uit de analyse
van de gemeten OPM. Daarom is het noodzakelijkld&@PM wordt uitgevoerd op een
aantal vergelijkbare locaties die regelmatig wordfgewisseld.

In de studie beschreven in dit proefschrift zijnndegelijkheden concentratiemethoden als de
TILVS en de Hemoflow nader bekeken en ze zien elbetovend uit, maar zijn nog niet
volledig uitontwikkeld. De methoden maken het mogelm de deeltjes processes beter te
bekijken, maar zijn nog niet betrouwbaar genoegautinematig te gebruiken. De kracht van
de methoden is dat het pre-concentreren een fedatiwoudige methode is. De zwakte is
daarentegn dat de omstandigheden waarin de metimgeelen gedaan vaak niet erg gunstig
zijn. Bovendien vragen de methoden nogal wat tijdl@aarmee een redelijk regelmatig
proces of veel metingen om zinvolle informatie tigglen. Verschillende proeven met de
toepassing van de TILVS zijn niet nader beschreradat het resultaat onvoldoende was
vanwege problemen met de apparatuur en gebrekraarng. Daarnaast was de hoeveelheid
afgefilterd materiaal vaak te weinig (minder dab g) en een betrouwbare analyse te doen.
Met de ervaring die hiermee is opgedaan zijn vieawe en aangepaste TILVS apparaten
gemaakt die kunnen worden ingezet in nieuw ondérzodat de methode verder kan worden
ontwikkeld.

De Hemoflow is alleen gedurende de laatste fasénearxperiment met het deeltjesvrije
water in het leidingnet gebruikt. Als gevolg vanafeervarenheid is de analyse van de
geconcentreerde monsters niet goed gedaan. Dabbesésnd de indruk dat veel van het
materiaal dat moest worden geconcentreerd ooktifiltee zelf achterbleef. De kleur van het
filter veranderd gedurende de analyse periode wogt @uidt dat er materiaal achter bleef. De
totale hoeveelheid materiaal in het geconcentremaester was inde orde van 100 mg en het
is mogelijk dat ongeveer eenzelfde hoeveelheid maateook in het filter was achtergebleven.
Hiermee wordt de nauwkeurigheid van de meting dteikvioed.

Ondanks deze teleurstellingen is wel duidelijkdikracht van de methode is dat een betere
analyse kan worden gemaakt van de deeltjesbelastinigit de monstername procedure
relatief eenvoudig is en dat geen speciaal hooglehpersoneel noodzakelijk is

De onderzoeksmethode om het effect van deeltjdankwater te bekijken door het isoleren
van twee vergelijkbare gebieden in een echt leit#hgs heel succesvol gebleken. Het was
mogelijk om het effect van één parameter te bekijkamelijk deeltjesbelasting, terwijl alle
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andere parameters zoals leidingmateriaal en hydeardlatief constant bleven. Deze
methode kan ook gebruikt worden bij ander gerictiteszoek in een netwerk zoals
bijvoorbeeld naar het effect van gietijzer op deestavaliteit door twee gebieden van
ongeveer gelijke omvang in een leidingnet te isolevaarvan de ene uit gietijzeren leidingen
bestaat en de andere uit niet-gietijzeren materiaal

Het grootste probleem in het onderzoek was hetsioged en geisoleerd houden van de
beide gebieden Geduld en goede registratie wagdrelhngrijkste succesfactoren maar het
resultaat was dat er unieke gelegenheid was ornchitenide aspecten die te maken hebben
met bruin water objectief te kunnen analyseren.

Proefleidingen en testinstallaties zijn slechtsdokpgebruikt in het beschreven onderzoek.
Het primaire doel was om te begrijpen hoe procekgmmn in de werkelijkheid. Er is
geprobeerd om deze werkelijkheid na te bootseempeoefleiding installatie waarvan
enkele foto’s zijn getoond in paragraaf 4.2.2. Bsuitaten van deze installatie waren
teleurstellend. Het eigenlijk proces, het accunareran deeltjes onder verschillende
hydraulische omstandigheden, laat zich moeilijkalen naar een proefinstallatie. De
installatie die was gebruikt om het water/luchtispun beeld te brengen was wel succesvaol,
omdat deze installatie de afmetingen had van eenl@dingsysteem

Voor het begrijpen van de micro-mechanismen indidingnet kan het verder ontwikkelen
van proefinstallaties toch van belang zijn. Het eptelijke effect dat deeltjes niet alleen op
de bodem van de leiding bezinken maar hechten etavohedige wandoppervlak maakt het
dringend noodzakelijk om meer onderzoek te doenaaanicro wereld van deeltjes
bezinking in de nabijheid van een (leiding) wandk®@nderzoek naar de groei en
ontwikkeling van biofilms zou in een dergelijke talkatie nader kunnen worden bekeken.

8.3 Zuivering

De verspreiding en verandering van pieken in debietheid of de deeltjes tellingen in het
leidingnet laten goed het effect van de zuiverofdyeter het effect van deeltjes in het
drinkwater, op het leidingnet zien. Door de piekdieen hoeveelheid water van een
vingerprint voorzien die gevolgd kan worden in leadingnet. Allereerst kan de verblijftijd
precies worden bepaald (zie paragraaf 2.2.4). Rasatrkunnen de veranderingen in de
waterkwaliteit worden bepaald, ook op andere pataraelan de troebelheid.

De troebelheid kan niet gebruikt worden om de ¢eeltelasting te bepalen omdat het geen
kwantitatieve parameter is. Deeltjes tellingen ehdaaruit berekende deeltjesvolume geven
meer kwantitatieve informatie. Het presenterendemeetgegevens met behulp van de
cumulatieve frequentieverdeling van het berekeresddtjgsvolumen samen met de
gemiddelde waarde daarvan en de Surf-90% en de 3%, blijkt een krachtige manier te
zijn om patronen te karakteriseren. Het totalectfi@an de troebelheid en het berekende
deeltjesvolume kan gemakkelijk worden gezien, zisaggedemonstreerd in paragraaf 3.4.
Hoewel deze parameters er veelbelovend uitzierudtigrwaren om de metingen te
interpreteren en de deeltjes gerelateerde procésdmygrijpen, moet er nog veel ervaring
worden opgedaan. De combinatie van het meten Vateledtjesvolume en het analyseren van
de watersamenstelling verdient zeker nader ondkrzoe

In het beschreven onderzoek zijn twee typen zuigebekeken en is aangetoond dat het
deeltjesvolume in het water af pompstation nie¢wige parameter is die het deeltjesvolume
in het leidingnet zou kunnen verklaren. Nacoagelasin ijzerhydroxide tijdens het transport
veroorzaakte een aanzienlijke deeltjesbelasting kebdistributieleidingnet dat werd gevoed
met water met meerdere behandelingsstappen waodbdigceerd uit kunstmatig grondwater.
Ook uitloging van de cementlaag in de leiding em l@ielogisch groeiproces veroorzaakte een
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deeltjesbelasting. (paragraaf 6.2). De oppervlaatemnzuivering in meerdere stappen
produceerde stabieler water dat geen extra desgsting vormde voor het distributienet.
De concentratie van deeltjesvolume in het oppetelaiter was direct na de zuivering een
factor 4 hoger dan dat van het kunstmatige gronetw@i74 ppb versus 2,81 ppb. Aan het
einde van de transportleiding was het gemiddel@d#jdevolume van het kunstmatige
grondwater gestegen tot 27 to 62 ppb, terwijl dat kiet opperviaktewater constant bleef in
het eerste gedeelte van het leidingnet en totgp7groiede in het tweede gedeelte.

De stabiliteit van het water voor wat betreft dvlokking-potentie wordt niet bepaald door
een enkele parameter, maar is wel een belangrigkeator voor de deeltjesbelasting van het
leidingnet. Het totaal ijzer en mangaan gehalteesvoldoende omdat dit zowel het
opgeloste als het in deeltjiesvorm aanwezige ijgenangaan betreft. Het opgeloste deel kan
uitvlokken tot deeltjes die bijdragen aan de deslhelasting aan of in het leidingnet. In
theorie wordt met een TILVS bepaling onderscheim@gkt tussen het discrete gedeelte van
het ijzer en het opgeloste deel en deze infornkatiegedeeltelijk de uitvlokking-potentie van
het water aangeven. Er is echter nog een hoevdeadhdierzoek en validatie noodzakelijk om
geschikte streefwaarden te bepalen.

Met de Surf-90% en de Surf+90% kan worden aangetdanheen groot gedeelte van de
deeltjesbelasting in een relatief korte tijd geedhi Soms wordt in minder dan 10% van de
tijd, meer dan 50% van het deeltjesvolume aandidinignet geleverd (Surf_90% > 50%). De
deeltjesbelasting aan het leidingnet kan in daabsterk worden verbeterd zonder nieuwe
zuiveringsstappen toe te voegen als er bij de fi@dvering van de bestaande zuivering meer
wordt geconcentreerd op het verminderen van deepidRit resulteert in een lagere
Surf+90% en een hogere Surf-90%. Voorlopige straafden voor de Surf+90% zou minder
dan 15% kunnen zijn en voor de Surf-90% dat verrmgmeer dan 85%. lllustratief hiervoor
zijn de deeltjes tellingen van Fig 2-7 en de tréledid van Fig 3-4. Deze grafieken laten zien
dat de pieken meestal te maken hebben met hesfaalprogramma van de filters. Deze
pieken nemen af in het leidingnet wat betekenteattjes verloren gaan in de leiding en
bijdragen aan het bruin water risico. Een eerste sin dit zuiveringsproces is het
verminderen van deze korte periodes van belastsndaelhoge Surf+90% waarden doen
ontstaan. In paragraaf 3.4 wordt het effect vapidken verderop in het leidingnet getoond
(de start van het Referentie gebied), maar hetgssteeds duidelijk dat de pieken een
belangrijke bijdrage hebben aan de belasting vafeltengnet.

De rol van het zuivering bij het belasten van ka&tihngnet met deeltjes versus de rol van het
roesten van onbeschermd gietijzer wordt bevestogat de case studie over de samenstelling
en het gedrag van sediment (hoofdstuk 6). Ondeeligdoare hydraulische omstandigheden
was de hoeveelheid sediment in een gietijzeremigidievoed door water met een lage
deeltjesbelasting, lager dan de hoeveelheid sedime&en niet-gietijzeren leiding gevoed
door water met een hogere deeltjesbelasting. Hodevklge deeltjesbelasting af zuivering (de
op kunstmatig grondwater gebaseerde zuiveringlderaer is genoemd) behoorlijk toenam
in het transportleidingnet waren de absolute waawd®r het discrete ijzer laag vergeleken
met de belasting in het Referentiegebied, zoalssdatsproken in hoofdstuk 3.

In dit proefschrift is voornamelijk aandacht voat lyedrag van deeltjes en met de
biologische implicaties wordt geen rekening gehoudnderzoek naar de samenhang tussen
troebelheid, deeltjes tellingen @myptosporidiumaat zien dat deze niet uniform is (Huck et
al., 2002). Vooral tijdens suboptimale omstandigirerd er een relatie tussen de deeltje
tellingen en de verwijdering vadryptosporidium Omdat de troebelheid in mindere mate was
gerelateerd aan de verwijdering v@ryptosporidiumwas dit geen geschikte parameter om
dit te monitoren. Dit duidt erop dat het verbetevan het zuiveringsproces voor wat betreft
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de deeltjes tellingen waarschijnlijk ook een effegt hebben op de bioloische stabiliteit van
het water.

Het wordt sterk aanbevolen om nader onderzoekda daar het effect van deeltjes in het
water af pompstation en hun lot in het leidingibet.onderzoek zal een beter inzicht
opleveren in hoe de belasting van het leidingnetwarden voorkomen en mogelijkerwijs in
hoe de biologische stabiliteit daarvan zal verlegter

8.4 Hoge snelheid/zelfreinigende leidingnetten

Het beheersen van de accumulatie van deeltjeshdd@turen van de snelheid in de leidingen
is volgend het model van deeltjes gerelateerdeggsmn één van de manieren om het bruin
water risico te beperken. De snelheid in de leidmmoet zodanig worden gestuurd dat de
deeltjes die gedurende de perioden van lage wasgwop een dag bezinken, tijdens perioden
van hogere watervraag van die dag weer worden apgedd. Dat zou betekenen dat er op
dagbasis geen accumulatie van sediment zou optreden

Hoewel dit een logische vervolgstap is in het model de deeltje gerelateerd processen, was
het erg moeilijk om waterleidingbedrijven zovektggen dat de nieuwe ontwerpregels voor
de hoge snelheid leidingnetten werden geacceptBetdngrijkste reden voor de
terughoudendheid is dat de consequentie van devaieatwerpregels is dat leidingnetten
vertakt zijn in plaats van vermaasd. Dit is contraitief ten opzichte van het algemeen
aanvaarde concept dat voorschrijft dat leidingmefermaasd moeten zijn vanwege de
leveringszekerheid en dat dode einden verbodervaipwege de waterkwaliteit. De basla
misvatting hierin is dat er een verschil is tussen transport leidingnet en een distributie
leidingnet. Als het leveringszekerheid concept vioansportleidingen (Vreeburg et al., 1994;
Vreeburg et al., 1998) wordt vertaald naar distiddaidingnetten, levert dat geen
betrouwbaardere leidingnetten op.

Voor de leveringszekerheid van transportleidingrethoeten de leidingen vermaasd worden
aangelegd om een dubbelzijdige voeding te garandera het geval dat een leiding buiten
gebruik is. Het doel is om hierdoor de continuit®ih de levering te vergroten of in andere
woorden: “Als het water niet van de ene kant kam&o, dan komt het van de andere kant.”
Voor een transportleidingnet wordt hiermee daadelgkkde leveringscontinuiteit vergroot
omdat er gewoonlijk geen directe aansluitingen agrde transport leidingen.
Transportleidingen moeten zo zijn ontworpen dajdamal een leiding buiten gebruik is er
voldoende transport capaciteit overblijft om hetevan zwaartepunten van verbruik te
kunnen leveren (Vreeburg et al., 1994).

In een distributieleidingnet worden de aansluitimgehter wel direct gemaakt op de
leidingen. Het uitvallen van een leiding heeft thisgevolg dat de levering naar die
aansluitingen wordt wegvalt en het vermazen valeidengen vergroot dus niet de
leveringscontinuiteit. De leveringszekerheid van @istributieleidingnet moet dus worden
gezocht in het vergroten van de leveringscontirtuiés die omschakeling eenmaal is
gemaakt, dan is ook duidelijke dat de tijd dat keseringsonderbreking duurt bepalend is en
niet de vermazing. Een nevenopbrengst van dezelbeng is dat een kritische beschouwing
van de plaatsing van afsluiters in een bestaaddfmet, kan leiden tot een hogere
leveringszekerheid c.q. leveringscontinuiteit, metder afsluiters (Trietsch and Vreeburg,
2006).

De vermeende negatieve effecten van dode eindele amterkwaliteit zijn voornamelijk
gebaseerd op de zogenaamde klassieke dode eireleardverafgelegen brandkraan
aansluiten op het leidingnet. Voor de levering bhrswater is een relatief grote diameter
nodig hetgeen dan resulteert in een lange veirjdigimdat er slechts een geringe
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drinkwatervraag is. De lange verblijftijd heeft esggatief effect op de waterkwaliteit. De
dode einden in de nieuwe leidingnetten zijn inegfestromende einden’. De leidingen zijn
zodanig gedimensioneerd dat er dagelijks een skedipereedt van 0,4 m/s, waarmee het
geaccumuleerde sediment wordt verwijderd en autsoiate verblijftijden beperkt.

De drinkwatervraag in een leidingnet varieert star&r 24 uur. Om de distributieleidingen
goed te ontwerpen is het noodzakelijk om een géldetale inzicht te hebben in het
verbruikspatroon van een individuele aansluiting.izicht ontbrak op het moment dat de
nieuwe ontwerprichtlijnen werden geintroduceerch pektische oplossing om deze
ontbrekende kennis te overbruggen was om de ontege[s voor binneninstallaties te
gebruiken: de zogenaamdéngmethode. Zoals beschreven in hoofdstuk 4 leveréed
benadering een leidingnet op dat zelfreinigend geakirende de onderzoeksperiode. De
verdere ontwikkeling van een stochastisch eindgklmodel laat zien dat het werkelijke
verbruik wordt onderschat met dérgmethode (Blokker et al., 2006). Het leidingnet da
ontworpen was met de/g methode was echter wel zelfreinigend, hetgeedeainclusie
leidt dat de werkelijke snelheid waarbij zelfreinig optreedt klaarblijkelijk lager is dan de
geschatte 0,4 m/s.

De verder ontwikkeling van het SIMDEUM model (Bladket al., 2006) zal de kennis
omtrent de werkelijke verbruiken en snelheden \ategr zonder dat uitgebreide metingen
noodzakelijk zijn, die in de praktijk overigens eageg onmogelijk zijn. Dan is echter ook
een betere bepaling van de zelfreinigende snetitmdzakelijk, zodat het ontwerp verder kan
worden geoptimaliseerd. De conclusie blijft eclstaan dat de combinatie van déq
methode en de 0,4 m/s een zelfreinigend leidingplevert en als zodanig ook worden
toegepast.

Voor een brandweerman is de brandkraan in hethigidit een “natuurlijke bron” voor
bluswater. In historisch perspectief is dit beggiix omdat vroeger de drinkwatervoorziening
en de brandweer tot dezelfde gemeentelijke diepsh@are Werken behoorden. Deze situatie
heeft lange tijd de noodzaak voorkomen om deze voon bluswater kritisch te beschouwen.
Een internationale enquéte over richtwaarden egeveig voor bluswaterlevering (Snyder
and Deb, 2003) laat zien dat er nauwelijks fornoelereenkomsten zijn, maar dat er ook
nauwelijks inzicht is in de werkelijke bluswaterloefte. Tijdens discussies met
brandweerlieden in Nederland werd langzaam duldé zelfs 30 rfiuur nog twee keer
zoveel is als daadwerkelijk wordt gebruikt tijdeesn eerste aanval.

Door de nieuwe ontwerpregels werden waterleidingpesh en brandweerlieden gedwongen
om na te denken over de noodzakelijke randvoorvesewvdor de bescherming van de
bevolking tegen brand. Tijdens deze discussies dentheerwaarde van woning sprinkler
installaties aangegeven voor het beschermen vanat@mwoonhuizen. Er is een zeer
overtuigende toepassing van woningsprinklers intesincase in Scottsdale, Arizona (Ford,
1997). De mogelijkheden voor woningsprinklers woréehter nog steeds onderschat en zijn
zeker niet voldoende onderzocht.

Het oorspronkelijke doel van de nieuwe ontwerpregehet verbeteren van de water
kwaliteit en het verlagen van het bruin water nsiDit oorspronkelijke doel is bijna geheel
ondergesneeuwd door de economische effecten vareaee regels en de soms heftige en
emotionele discussie met de brandweer. De vergelij& metingen zoals gepresenteerd in
paragraaf 4.5 laten zien dat het verondersteldeer@ende effect daadwerkelijk kan

worden vastgesteld. En hoewel dit in genoemdedeeén emotionele discussies bijna tot een
ondergeschikt punt is geworden, zou dit toch darggijkste drijfveer moeten zijn om het
ontwerp van distributieleidingnetten te verbeteren.
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De nieuwe methode voor het ontwerpen van distefeitlingnetten laat ook zien dat de
conventionele methode nauwelijks een systematigoteedure kan worden genoemd. In feite
kun je zeggen dat het ontwerp van een distribudilgnet niet wezenlijk is veranderd sinds
het begin van de openbare drinkwatervoorzieninggwéb het oorspronkelijke doel van het
nieuwe ontwerp was om de waterkwaliteit te verleteblijkt het ook een start te zijn
geweest om de ontwerp principes voor drinkwateribigtie leidingnetten kritisch te
bekijken. Een bredere toepassing van de nieuweeasptegels op bijvoorbeeld het
rehabiliteren van oude leidingnetten zal zeker aasipgen vergen, maar potentieel kan ook
hier 10 tot 20% bespaard worden op de investerogisk.

Toegepast op de UN Millennium Doelstelling om hettal mensen dat geen toegang heeft
tot veilig drinkwater te halveren, zou dit betekemiat dit met minder geld kan worden
gerealiseerd of dat voor hetzelfde geld nog meerseretoegang tot veilig drinkwater kan
worden verschaft.

8.5 Schoonmaak methoden

Naast het vervangen van onbeklede gietijzerenngat was het conventioneel spuien van
leidingen van oudsher de belangrijkste beheersegeltals reactie op lokale bruin water
incidenten. Het schoonmaken van leidingnetten Wasnologisch gezien het eerste
onderdeel van het deeltjes gerelateerde model @abwderzocht. Met de introductie van het
continu monitoren van de troebelheid en de Opwargdbotentie Meting (OPM) kwamen er
methoden beschikbaar om de effecten van schoonntakeaten (Vreeburg, 1996).

Het negatieve effect van het spuien met te lagiheden op de mobiliteit van het sediment
verklaarde waarom het conventioneel spuien nietca#f was net zoals het agressief
schoonmaken van onbekleed gietijzeren leidingemeegatief effect heeft. Het ontrafelen en
demystificeren van de effecten van schoonmakereenoritwikkelen van heldere regels voor
effectief schoonmaken met water spuien brachtegawan het schoonmaakwerk op een
hoger plan. Meerdere waterleidingbedrijven invastee meerder mensjaren aan de
ontwikkeling van spuiplannen. Deze plannen wardrageerd op zogenaamde all-pipe-
models die relatief eenvoudig konden worden afdetan Leiding Informatie Systemen
(LIS). Het voordeel van deze toepassing van leittigerekeningen is dat het niet
noodzakelijk is om een precieze modellering vanalenalen watervraag te hebben. Het spui
volume is zoveel hoger dan de normale watervrahdeize laatste kan worden verwaarloosd
in de berekening.

Oorspronkelijk was de minimum spuisnelheid vanr/S voornamelijk noodzakelijk om een
praktische standaard te hebben. Belangrijk argumastdat de snelheid praktisch haalbaar
was zonder dat grote investeringen noodzakelijlewaamen met serieuze aanwijzingen dat
de snelheid voldoende zou zijn. (Fig 5-2). Samehdegandvoorwaarde van een
schoonwaterfront bleek dit goed te werken voor r@étgsch ingestelde distributie
medewerkers. Anekdotisch in dit verband is het beeld van een spui actie op een @400
mm PVC leiding met een lengte van 5 kilometer. K@atmiddernacht werd de spui geopend
en binnen tien minuten was het spuiwater zo trogaetle fitters sceptisch zeiden dat het wel
tot zonsopgang zou duren voordat dit weer eendé&sdgoenlijk drinkwater zou zijn. Na het
verversen van precies €én leidinginhoud, na ongexereuur, daalde de troebelheid sterk en
na twee uur (twee leidingverversingen) was het maikomen helder. Dit soort resultaten
werden heel snel bekend in informele circuits enashelvoorwaarden voor effectief spuien
werden heel snel verspreid en toegepast
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Eén van de traditionele bezwaren tegen water spsiileet schijnbare verspillen van water.
Dit is echter sterk verbonden met het conventioapléen waarbij een brandkraan min of
meer willekeurig wordt geopend en blijft spuienarad het water nog niet helder is. Met alle
effecten van lage snelheden op de troebelheid idoeldoorlijk lang duren en dat geeft
inderdaad een verspilling van water. Met een gaehereid spuiplan kan een 300 meter
lange leiding binnen tien minuten drie maal worglerverst of twee maal binnen 6,5
minuten. Het waterverbruik is beperkt tot maximd@ maal de inhoud van de leiding. De
werkelijk tijd dat er bruin water in de leiding wd@mt tijdens het spuien is ook 6 tot 10
minuten.

Een goed spuiplan verbruikt maximaal drie maalnt®ud van het schoon te maken
leidingnet. In de Nederlandse situatie betekentelitwaterverbruik voor een compleet
spuiplan voor het gehele leidingnet 0,53 tot 0,94# de jaarlijkse watervraag bedraagt.
Aangezien het Nederlandse leidingnet niet wezemgjischilt van leidingnetten in andere
landen voor wat betreft relatieve lengte en inhdwehnen deze cijfers worden toegepast op
vele andere leidingnetten.

Met de OPM kan ook worden vastgesteld dat de effegt van een schoonmaakactie niet
zozeer wordt bepaald door de hoeveelheid sedinieaén leiding wordt verwijderd, maar
door de hoeveelheid sediment die achter blijftpPem wordt vaak intuitief beschouwd als
een effectieve methode omdat het water dat viak segrop uit de leiding komt extreem

vuil is. Als de hoeveelheid sediment echter worttieeld over de gehele leidinglengte dan is
het resultaat niet meer zo spectaculair. Het ommgdrheeft laten zien dat de meeste
alternatieve methoden voor water spuien meer watgaats van minder water gebruiken.

Het schoonmaken van leidingen kan ook een effddbdre op de biofilm in die leidingen,
hoewel dat aspect niet is meegenomen in het besshomderzoek. Het spuien met water is
voornamelijk gericht op het verwijderen van losigezht en zal waarschijnlijk de biofilm niet
aantasten omdat die aan de wand vast zit. Mechanisethoden zoals proppen zulle de
biofilm waarschijnlijk wel aantasten, hoewel hetertigk zal zijn om de kleverige film echt te
verwijderen. Aan de andere kant zal het verwijdetamde biofilm geen langdurig effect
hebben als er niets veranderd aan de Biofilm vogrpimtentie van het water. Waarschijnlijk
is de biofilm snel weer hersteld. In een biofilmmitor is komt de ontwikkeling van een
biofilm relatief snel tot een evenwicht, binnen eamtal maanden (van der Kooij et al.,
2003).

8.6 Conclusies

Het doel van het beschreven onderzoek is om d¢ekegerelateerde processen te analyseren
die betrokken zijn bij het ontstaan van bruin wateblemen in het drinkwaterleidingnet.
Hiervoor zijn nieuwe meetmethoden ontwikkeld zdeas continu meten van de troebelheid
en deeltjes tellingen, de Opwerveling Potentie Me{OPM) en de Time Integrated Large
Volume Sampling (TILVS). Met deze methode kon helirowater probleem worden
gerelateerd aan het losse sediment in het leidinD®eincidentele opwerveling van de
geaccumuleerde deeltjes is de belangrijkste oorzamkoruin water incidenten in het
leidingnet. De bron van de deeltjes is voornamdigk drinkwater zelf, gevolgd door
processen in het leidingnet zoals na-coagulatestem, uitiogen en biologische groei en
nagroei.

Onafhankelijk van de bron van de deeltjes kan betirmuleren van de deeltjes tot een laagje
van los sediment de oorzaak zijn van waterkwadipeablemen. Het beheersen en sturen van
die accumulatie is mogelijk door de snelheden itedkngen te sturen en door de losse
deeltjes te verwijderen door effectief schoon t&ema
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Om het bruin water risico in het leidingnet te berisen zijn drie niveaus van maatregelen

bepaald:

* Voorkom dat deeltjes in het leidingnet komen ofét leidingnet gevormd worden.
De belangrijkste bron voor deeltjes in het leidiegrijn de deeltjes in het drinkwater zelf
en in het bijzonder de deeltjes die als gevolgwamaties in het zuiveringsproces
vrijkomen en in het leidingnet worden gebrachtziir verschillende manieren om de
deeltjes belasting van het leidingnet te beper&éirgnkelijk van de dominante oorzaak:

o0 Verbeter het zuiveringsproces met betrekking totetevijdering van deeltjes door
bijvoorbeeld een extra polishing of filtratie stap.

o Verbeter het bestaande zuiveringsproces zodanigielke¢n worden voorkomen
hetgeen kan leiden tot een substantiéle verminglean de deeltjesbelasting naar
het leidingnet.

o Pas het behandelingsproces aan zodat de corr@sifitee na-coagulatie wordt
verminderd.

De deeltjesbelasting vanaf het pompstation kan @mtkpaald met de parameters

Surf+90% en Surf-90% samen met het gemiddelde badekdeeltjesvolume. De

ervaring met deze parameters tot nu toe laat zaemet een Surf-90% van 80 tot 85%

of meer er sprake is van een zeer stabiel zuivepmuges. Een streefwaarde voor

alleen het gemiddelde deeltjesvolume is niet vaidee maar zou gecombineerd
moeten worden met een parameter die de na-coagplatentie karakteriseert, de
biofilm vorming potentie (van der Kooij et al., Z2)0en de corrosie-index (van den

Hoven and van Eekeren, 1988). Het totaal ijzer angaan gehalte zou gecombineerd

moeten worden met een TILVS-analyse om het aavaeetliscreet ijzer te bepalen,

nadat de TILVS voldoende is gevalideerd voor dildo

* Voorkom accumulatie van deeltjes
Deeltjes accumuleren specifiek in het distributidihgnet als gevolg van de lage
snelheden. Conventionele distributie leidingnetigm ontworpen op een hoge vraag naar
bluswater. Verlaging van de bluswatervraag, sametne®n nieuwe aanpak van het
leidingnet ontwerp met vertakte systemen met eeenaénde diameter waarin minimaal
eens per dag een snelheid van 0,4 m/s optreeditEseerd op een drinkwatervraag die
bepaald is met de/g methode leidt tot een distributieleidingnet delfreinigend is en
waarin geen sediment zal accumuleren.

* Verwijder geaccumuleerd sediment
Door regelmatig schoonmaken van het leidingneheakediment niet accumuleren tot
onaanvaardbare niveau’s. Het kritisch niveau vamsent accumulatie kan worden
gemeten met behulp van de Opwerveling Potentierlgetie ook gebruikt kan worden
om de effectiviteit van de toegepaste schoonmadhkode te bepalen. Door he spuien
met water onder de randvoorwaarden van 1,5 m/® tetedrie maal verversen van de
leiding en een schoonwaterfront wordt het lossknsent dat het bruin water risico
bepaald effectief verwijderd

8.7 Aanbevelingen voor verdere ontwikkeling en onderzoek

Het in dit proefschrift beschreven onderzoek vaaitlankele van de deeltjes gerelateerde

processen in een leidingnet en laat zien dat eeonwentionele benadering van het

distributieleidingnet leidt tot nieuwe uitgangspemtvoor de bedrijfsvoering. Deze nieuwe

uitgangspunten gaan in tegen de tot nu toe algesmm®raarde overtuigingen:

* Bruin water wordt voornamelijk veroorzaakt door Ities uit het drinkwater zelf
tegenover het algemeen aanvaarde uitgangspunhbekleed gietijzer de belangrijkste
bron is voor bruin water problemen.

Samenvatting en conclusies - 166 -



Schoonmaken door middel van waters spuien is effauits uitgevoerd onder strikte
randvoorwaarden versus de indruk dat water spyetecconventionele manier niet

werkt.

Distributieleidingnetten moeten vertakt worden adegd met een afnemende diameter en
hoge snelheden versus het uitgangspunt van vermégdagnetten met grote diameters.

Toepassing van de nieuwe uitgangspunten vraagtaedle flexibiliteit van alle partijen die
betrokken zijn bij het ontwerp, de bouw en het behe&van de leidingnetten. Het vraagt echter
ook om meer onderbouwing en bewijs om de daadwigd&eénplementatie eenvoudiger te
maken. De volgende aanbevelingen hebben betrekkirte belangrijkste aspecten voor
nieuw en/of verder onderzoek:

Een verdere analyse van het effect van verbetergermg door ofwel toevoegen van
nieuwe behandelingsstappen of een betere bedmfswgpvan bestaande
zuiveringsstappen:

Zoals in deze studie aannemelijk is gemaakt, kupmeblemen in het distributienet
voorkomen worden of op zijn minst beperkt als hatldvater af pompstation aan
bepaalde richtlijnen voldoet. Er zal een nieuwertlid moeten worden gemaakt voor de
distributie-stabiliteit analoog aan de biofilmvomgspotentie (van der Kooij et al., 2003)
of de chemische stabiliteit (van den Hoven andiekeren, 1988), waarin inbegrepen
een on-line en mobiele meettechniek die zowel apbmpstation als in het leidingnet
kan worden ingezet.

De ontwikkeling van een waterkwaliteitsmodel voeelijes

Op dit moment wordt de toepassing van waterkwésiendellen beperkt door de
nauwkeurigheid van de berekening van de hydrawdigehweging. De ontwikkeling van
het model SIMDEUM zoals voorgesteld door Blokkealet2005)zal de
waterkwaliteitsmodellering een stap verder brerigeate richting van een echt water
kwaliteitsmodel.

Met deze nieuwe basis voor waterkwaliteitsmodeitgkan ook het aantal
modelparameters worden uitgebreid verder dan hetttoe gebruikelijke
restchloorgehalte. Uiteraard zullen deeltjes déetaken van de nieuwe parameters ,
maar ook het modelleren van parameters als DOC, #€@€en mangaan zullen de
mogelijkheden voor leidingnetonderhoud uitbreiden.

Het ontwikkelen van een proefinstallatie om de migrocessen die de bezinking en
opwerveling bepalen nader te bestuderen. De uitdayj de ontwikkeling van de
proefinstallatie is het vinden van mogelijkheden afmel de processen te versnellen
ofwel te concentreren om de proeven binnen eerijledermijn te laten verlopen.
Verdere ontwikkeling en validatie van meetmethodisrde TILVS en de Hemoflow.

de concentratiemethoden zijn van cruciaal belangr@@r kennis te vergaren over de
samenstelling van het deeltjes materiaal in heemert de effecten daarvan op de opbouw
van sedimentlagen. De methodologie moet goed wagdstandaardiseerd en beschreven.
Op termijn kan een database worden opgebouwd mgetvgas over de samenstelling van
discreet materiaal in verschillende watertypen ereffect daarvan in het leidingnet. De
combinatie van de TILVS analyse samen met hetltgt@a gehalte van het water zou
een goede parameter kunnen zijn om de nacoagplaiiétie van het water te bepalen.
Ontwikkelen van alternatieven voor de levering barswater via brandkranen
Brandkranen zijn nog steeds dominant bij het orppweain leidingnetten, hoewel hun
daadwerkelijke bijdrage aan de brandveiligheidtiefl@ering is. De discussie met de
brandweer hebben de belangstelling gewekt voordmravwentie en pro-actie, waarin
water duidelijk een belangrijke rol speelt. Voorteraspecialisten is er een interessant
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nieuw gebied om te ontdekken waarin de rol vanpnbare drinkwatervoorziening kan
worden geoptimaliseerd binnen het totale beeldpramentie en pro-actie. De
woningsprinkler is bijvoorbeeld een bewezen toepgsdie de brand veiligheid sterk
bevorderd, maar die een zeer slecht imago heblpee kiaterleidingbedrijven,
voornamelijk vanwege de eisen die industriéle tesip@en van sprinklers stellen aan
leidingnetten. De belangrijkste ontwikkeling vooomingsprinklers zou erop gericht
moeten zijn om sprinklerkoppen te ontwikkelen diader volumestroom nodig hebben
dan de huidige zodat ze op grote(re) schaal kunmmeden toegepast. Potentieel zou dit
de totale schadekosten van brand met 90% kunnesrksgpen 40 tot 50 levens per jaar
kunnen sparen om niet te spreken van vele gewonden.

* Een gedurfdere en flexibeler bedrijfsvoering vadifgnetten
Door het snelheidscriterium mee te nemen in hetermt van distributieleidingnetten zijn
nieuwe manieren voor het beheren van leidingnefé@ntroduceerd. Het heeft de rol van
afsluiters expliciet gemaakt binnen het conceptdecontinuiteit van de levering
(Trietsch and Vreeburg, 2004; Trietsch and Vreepb20§6). De mogelijkheden voor de
introductie van het snelheidscriterium in het toreidingnet alsmede de strategische
plaatsing van afsluiters zou verder moeten worddwikkeld samen met de
mogelijkheden voor een meer dynamische netwerkgiumet bijvoorbeeld op afstand
bediende afsluiters en pompen om het water ‘in lggvgete houden'.
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List of abbreviations

AC
AOC
BTO

cl
CSR
DS
DWDS
FTU
lpppd
NCI
NTU
PE
PVC
RPM
RSF
TSS
TU
VSS

: Asbestos cement
. Assimible Organic Carbon
. BedrijfsTakOnderzoek van de Nederlandse

Waterleidingbedrijven
Joint research Program of the Dutch water congsani

: Cast Iron

. Critical Stirring Rate

: Dissolved Solids

: Drinking Water Distribution System
: Formazine Turbidity Unit

. Liter per person per day
: Nodular Cast Iron
: Nephelometric Turbidity Unit

. Poly Ethelyn

. Poly Vinyl Chloride

: Resuspension Potential Method
. Rapid Sand Filtration

. Total Suspended Solids
. Tapping Units

: Volatile Suspended Solids
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Dankwoord

Hoewel het schrijven van een proefschrift een imlligle activiteit is, is het onderzoek
dat daaraan ten grondslag ligt absoluut geen iddele bezigheid. In mijn geval is dat
zeker zo, omdat het onderzoek dat in dit boekiegchreven alleen maar tot stand heeft
kunnen komen doordat velen zich ermee hebben bembain het einde van het boekje
is het dan ook eigenlijk de leukste taak om alndémsen te bedanken die een bijdrage
hebben geleverd. Het frustrerende van die taaghteedat het onmogelijk is om
iedereen te noemen omdat het er vreselijk veelgajmeest, maar ook, hoe vreemd dit
wellicht ook mag klinken, omdat ik lang niet iedemebij naam ken die metingen hebben
verricht en de resultaten hebben toegepast.

Hans van Dijk en Ron van Megen zijn ontzettendrogigk geweest voor het
totstandkomen van dit boekje. Hans is de inspigigenentor die met slechts kleine
opmerkingen in staat is geweest mij te motivererhetnu eindelijk allemaal eens op te
schrijven, maar vooral ook de verdiepingsslag tkena@n om met name het belang van
de bronterm in de zuivering te benadrukken. Deisijdu rijp om op een andere manier
naar de zuivering te kijken in relatie tot de witealiteit in het leidingnet en ik kijk
ernaar uit om de discussies die we daarover heppdteed om te zetten in daden,
onderzoek én onderwijs. Ron heeft goed gezienetatdodzakelijk is voor zowel Kiwa
als de TU om nauwe banden met elkaar te hebberefhvoor mij de mogelijkheden
geschapen om dit daadwerkelijk invulling te geM@aarmee heeft hij een mes aan drie
kanten weten te laten snijden: Kiwa en de TU zijmeetbaar beter van geworden en ik
heb het beste van twee banen gekregen.

Een cruciale factor in het onderzoek van de afgaigaren zijn de mensen geweest die
de gelegenheid hebben geboden om te “spelen imetwerk”. Hoewel ze het vast niet zo
bedoeld hebben, heb ik het praktijk onderzoekdatty ervaren: lekker buiten spelen met
je vriendjes en dan nog leuke dingen doen ookelladge rij van mensen die dit hebben
mogelijk gemaakt wil ik hier met namen noemen (Qdaasakkers die in 1989 de moed
had om een jonge knaap met een vlotte babbel anpg te laten gaan en Gerard Engels
die het als één van de eersten aandurfde om eeerketolgens de nieuwe richtlijnen te
ontwerpen en te bouwen. Theo van den Hoven is mgntor en klankbord geweest
tijdens die eerste onderzoeken en hij heeft meegetlem de essentie uit een brei aan
gegevens te halen met de simpele opmerking: “Watdeavraag ook al weer?”. In hen
wil ik alle mensen danken die mij mijn gang lieggaman en me vertrouwen hebben
geschonken maar me daarbij bovendien het gevobknelpegeven met iets nuttigs bezig
te zijn.

Uiteraard zijn al mijn collega’s van Kiwa en de Tierst belangrijk geweest. Met name
natuurlijk mijn directe colleges uit de kennisgro#fjater Infrastructuur bij Kiwa Water
Research. Over de jaren hebben we als groep videscle namen gehad, maar we zijn
altijd de loyale en hardwerkende, maar vooral lezlkb mensen geweest.

Heel bijzonder vind ik het dat Peter Schaap mijrapenf wil zijn op de dag van mijn
promotie. Peter is naast een aardige vent en gaigge ook de persoon die me
inhoudelijk scherp heeft gehouden. Zijn karaktezksgt opmerking: “Je weet het allemaal
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weer prachtig te zeggen, Vreeburg, maar klopt datel” is een voortdurende inspiratie
om met beide voeten op de grond te blijven. Daatrtaeeft hij ervoor gezorgd dat veel
van mijn wilde plannen voor projecten en metingaadiverkelijk werden uitgevoerd.
Zonder hem had dit proefschrift niet tot stand lemkomen.

De andere kring van collega’s, bij de TU, bieden leeel eigen manier van
ondersteuning. Mijn kamergenoten Bram van der éedPeter de Moel hebben zeer
bijgedragen aan het onderzoek. Bram door me mé&betien te bieden om
daadwerkelijk onderzoek te doen in een bijzondeirignet en Peter door me continu uit
te dagen om scherp in one-liners te formuleren em &en beetje onder de duim te
houden. Mijn andere paranimf en TU-collega, Ja¥aeberk, heeft op een heel
bijzondere manier bijgedragen. Allereerst doordsiuten te regelen’, maar vooral door
zijn kritische en enthousiaste blik op het conaept mijn proefschrift, waarmee ook hij
een meer dan wezenlijke bijdrage heeft geleverchateindresultaat.

Zoals gezegd hebben veel mensen binnen de beakijfanh de drinkwatervoorziening
bijgedragen aan het onderzoek en is het onmogetijlze allemaal te noemen. Ik prijs
me gelukkig met zo veel mensen die zodanig gelavevat ik doe dat ze daadwerkelijk
mijn adviezen uitvoeren en me hebben verbaasd engédevens uit de praktijk waarmee
ik nu kan aantonen dat het allemaal werkt zoalslagten dat het zou werken.

Naast de mensen die aan het daadwerkelijke ondehat®en bijgedragen, heeft de
grote groep familie en vrienden mij gemaakt tot ikieen, waardoor ik het onderzoek
heb kunnen uitvoeren zoals het is gedaan.

Mijn broer heeft hierin een speciale plaats omgaukieraard onbewust, mij altijd heeft
gestimuleerd en uitgedaagd om het beste uit mijif boven te brengen. Vanaf onze
vroegste jeugd hebben wij eendrachtig samengewarkamen geleefd en ik hoop dat we
dat nog vele jaren zullen volhouden samen met gezanen.

Mijn ouders zijn er altijd voor mij en mijn geziregeest op een vanzelfsprekende manier
die zich niet laat omschrijven. Het is mij een bijder genoegen om dit proefschrift aan
hen op te dragen als een kleine premie op de opebeattl.

Sabine en Linda maken dat ik met vreugde en lidédeude schuld aan het terugbetalen
ben. Jullie zijn voor mij het klankbord dat ik ngdieb en ik heb jullie een beetje
misbruikt om te testen of waar ik mee bezig bendigenoeg is: geen kritischer publiek
dan twee tieners. Ik hoop dat ik jullie op dezelfid@nier kan stimuleren het beste uit
jezelf naar boven te halen op ieder relevant getichodig is om gelukkig en tevreden
te zijn.

Voor Willemijn kom ik woorden tekort om te besckigjn wat ze voor mij betekent en
hoe zij heeft bijgedragen aan mijn carriere. Hetelser dat het zonder haar allemaal niet
mogelijk zou zijn geweest.
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Jan Vreeburg was born in 's-Gravenhage on OctoBet960. He graduated from
Gymnasium@ at the Sint Maartenscollege in Voorburg in 19T9thiat year he started his
study Civil Engineering at the University of Techogy in Delft from which he
graduated in 1987. During the last years of thislgtfrom 1984 to 1987 he also worked
at the department of Sanitary Engineering of tloeltst of Civil Engineering. From 1987
to 1989 he worked with the Dune water company @ravenhage on the field of
drinking water distribution. In 1989 he joined KiWwdater Research where he is still
employed as principal researcher. In 2001 he jothedJniversity of Technology Delft
for a part-time job to incorporate his findingstbe field of drinking water distribution
within the curriculum of the Department Sanitarygirering.
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