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Abstract. The dfect of pipe fittings (mainly T-pieces) on particle accumulation in drinking water distribution
networks were shown in this work. The online measurements of flow and turbidity for cast iron, polyethylene
and polyvinyl chloride pipe sections were linked with analysis of pipe geometry. Up to 0.29 kg of the total
amount mobilized in T-pieces ranging from DN Y000-DN 25@250. The accumulated amount of particles

in fittings was defined a¥and introduced into the existing turbidity model PODDS (prediction of discoloration

in distribution systems) proposed by Boxall et al. (2001) which describes the erosion of patrticles leading to
discoloration events in drinking water network viz sections of straight pipes. However, this work does not
interpret mobilization of particles in pipe fittings which have been considered in this article. T-pieces were the
object of this study and depending of the diameter or daily flow velocity, thfficeatJ varied from 1.16 to

8.02. The study showed that pipe fittings act as catchment areas for particle accumulation in drinking water
networks.

1 Introduction important. Fick’s law was used to describ&dsion of parti-
cles from bulk flow to pipe wall. Although this mechanism
The accumulation of particles in drinking water distribution was not included in the model, from the experimental re-
networks is commonly observed. A considerable number ofsults it was apparent that the particles (specific gravity 1.64)
studies have been done on explaining fundamentals of proprecipitated better on polyvinyl chloride (PVC) than on ce-
cesses (van Thienen et al., 2011a; Boxall et al., 2003), anent lined metal pipe. The concentration of particles on PVC
mathematical description (Ryan et al., 2008; Boxall et al.,pipe wall is more sensitive to flow velocity, which do not in-
2001) and management advices (Vreeburg et al., 2004; Matclude region of gravitational settling (0.07-0.3m)s(Ryan
sui et al., 2007; Saldarriaga et al., 2010; Husband et al., 20108t al., 2008). The amount of particles deposited on the wall
regarding water discoloration in a water supply network hasof the PVC pipes was shown to be larger than the amount
been achieved. deposited on the wall of the cement lined metal pipes, for
A detailed work (Ryan et al., 2008) was carried out in or- the same working conditions (velocity, initial concentration).
der to explain the mechanisms responsible for particle acAlthough the lab-scale experiments were done in pipe loop
cumulation in drinking water networks. However, in the pro- (length=41m) consisting of four 90bends, there was no
posed particle sediment model (PSM) only the mechanism ofnformation on any influence of loop geometry on the accu-
gravitational force of particles where the threshold value formulation results (Ryan et al., 2008).
deposition is set as 0.07 m'sand for resuspension 0.2 mts The application of the stochastic water demand model
(in 100 mm pipe) was included. As a second mechanism, thé&IMDEUM (SIMulation of Demand, an End-Use Model) to-
deposition of particles on the pipe walls was described (Ryargether with turbidity measurements from a uni-directional
et al., 2008), which couldfect the deposition by the van flushing (UDF) program showed that maximum daily veloc-
der Walls forces which are known to be weak; in this caseities in range 0.05-0.1 nk give the highest concentrations
the small distance between the particles and pipe surface igf particles in a network (Blokker et al., 2010). While it has
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been concluded that maximum daily velocity is not the only concentration obtained during the trunk main flushing within
parameter responsible for particle accumulation, the role ofection consisting of four 9tbends and depressions in the
radial transport processes can be explained by, for examplgipe topography have been noted (Husband et al., 2010).
turbophoresis and turbulentfflision, which was based on The particle accumulation and the subsequent erosion
the laboratory-scale experiments (van Thienen et al., 2011byvithin the drinking water pipe networks has been broadly de-
in which the deposition of particles on the entire wall circum- scribed within the past few years. However, there is a lack of
ference at velocity 0.14 ntSwith particles of specific grav-  information regarding the particle concentration in locations
ity 1.2 was demonstrated. To describe these processes the vihere water flow changes due to geometry of conventional
tual mass ffect which refers to inertia of particles in water fittings (T-pieces, valves, bends etc.). In a recent study, we re-
together with the Magnus and thefBaan forces, which de- ported the analysis of detailed pipe geometry (topology) and
scribe the rotation of a particle in water, was discussed re-online turbidity curves obtained from particle erosion during
garding the particle accumulation process in pipe sectionsUDF via one and two hydrants simultaneously, and demon-
The authors have not taken a closer look at the geometrystrated that these spikes corresponded to location of network
remarked that the internal irregularities in the distribution fittings (Rubulis and Neilands, 2010).
pipe system may be catchment areas for particles. It should In this work the influence of pipe geometry in accumula-
be noted that particles from wash-out during first flushingtion process of particles in drinking water distribution net-
turnover mobilized along the entire pipe length can be calledworks has been investigated. The major objectives of this
locally settled sediments (LSS) (Blokker et al., 2010). study were to (1) analyze UDF data from field events with
Boxall et al. (2001), Boxall and Saul (2005) proposed different diameter T-pieces and other fittings; (2) link UDF
the PODDS (prediction of discolouration in distribution data (shear stress, turbidity and mass) with equations of
systems) model by involving the term “cohesive transportPODDS by using MS Excel to model the erosion of parti-
model” where discoloration material is assumed to be ho-les; (3) explain the field measurements using an approach
mogenously distributed around the pipes circumference ifrom tracer studies regarding the particle transport in other
cohesive layers of particulate matter. The layer strength is andustrial applications.
function of the maximum daily shear stress. Material erosion
and regeneration processes can be modelled through calibra- Materials and methods
tion. Proposed empirical equations for the description of ero-
sion have been verified in lab-scale polyethylene (PE) pip o :
loop (length= 600 m) with an elliptical form (Husband et al., 2.1 Description of study site
2008), and in both plastic and rough corroded metal pipesThe UDF operation was performed in a town with population
with different diameters in field conditions (Husband and of about 9000 inhabitants. The overall network consists of
Boxall, 2010). The shear stress and subsequent erosion df3 km of cast iron (Cl) material, of 4 km of PVC and 3 km of
particles increased with the flow. It is considered that the acpolyethylene (PE) pipes (Fig. 1).
cumulation of particles occurs in layers around the complete The CI pipes were mainly constructed between the years
pipe circumference which is conditioned via daily hydraulic 1970-1990, while PVC and PE pipes were built during the
flow. The accumulation mechanisms via corrosion (direct)years 2000—2011. For the supply of drinking water networks
and the background concentration of material from upstreanthe treatment with aeration followed by rapid sand filtration
or the treatment plant (indirect) have been discussed (Husef 700 n? day* has been applied. The water quality outlet
band and Boxall, 2010). The origin of the particles in distri- of the plant from the grab sample program summarized in
bution network is has been widely described (Gauthier et al.,Table 1 is characteristic of corrosive water with a high salt
1999; Verberk et al., 2006; Husband et al., 2008; Vreeburgconcentration. Neilands et al. (2009) proved that the appli-
2007; Vreeburg et al., 2008); although , this is not the sub-cation of the online monitoring system reveals the problems
ject of the current paper. There is some criticism expressedvith the particle load in the network due to a deficient oper-
towards the PODDS model, e.g. that (1) the formulations ofation of rapid sand filters during the flushing process in the
the equations which predict the accumulation rate of parti-morning hours (Fig. 2).
cles should be subordinated to the fundamental laws (van The network had not been flushed before. The accumula-
Thienen et al., 2011a) and (2) the parameter that the ratéion of sediments in the network was assessed with the resus-
of change of the velocity or, subsequently, unsteady sheapension potential method (RPM) proposed by Vreeburg et
stress is applied during the early stage of hydraulic transienal. (2004) which revealed considerable risk of discoloration
event (e.g. fast valve openifaipsing) plays a significantrole  (Table 2).
for the first seconds of erosion of the particles (Aisopou et
al., 2010). It should be mentioned that PODDS supports th92_2
cohesive layer assumptions in the approach considering the
entire pipe length irrespective of the topographical featuresJn general, the online turbidity data from UDF were linked
while afterwards, some irregularities in washed out particlewith a careful analysis of technical drawings of each flushed

Experimental design of field measurements
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CAST IRON PIPES

PVC PIPES —
3 Pe PIPES

@ \WATER TREATMENT PLANT
1) RPM MEASURING PLACES

Figure 1. The diagram of the drinking water network indicating numerated circles for locations of resuspension potential method. Flushing
sections are indicated with a dashed line. CI pipes are shown in blue, the PVC pipes are shown in orange and the PE pipes are shown ir
green.

Table 1. The water quality in water works (treatment plants). The vehicle equipped with a manometer and the Siemens Sitrans
average results with standard deviations andfmient of variation ~ FM MAG 8000 online flow meter (Siemens Energy & Au-

(in brackets) are shown. tomation Inc., Germany). The standard deviation for mea-
surements was30s, depending on how fast the necessary
Parameter, units Average results flow rate was reached during the opening of the fire hydrant.
Conductivity,uScnt? 739+ 16(20) Mechanical cleaning of the measuring chamber in addition
pH 6.97+0.38(18) to the automatic cleaning of the measuring chamber of UL-
Iron (Fe tot), mgt!  0.05+0.02(4) TRATURB plus " was routinely performed.
Iron (Fell), mg I* 0.01+0.01(4) The clear PVC pipe segment (inner @ 75 mm) in the flush-
Turbidity, NTU 0344+ 0.32(94) ing vehicle was connected with a 1 m long fire hose (in-

Chlorine (tot) mgt! 0.038+0.033(17)
Chlorine (free), mgt*  0.012+0.021(8)
Langelier Index -1.23

Red-ox, mV 204-10(17)

ner @75 mm), which was connected directly to the stand-
pipe of the hydrant. The construction of the flushing vehicle
was done assuming that the water flow from the standpipe
would have the shortest possible path till the online turbid-
ity meter. The online turbidity measurements during UDF
were controlled with simultaneous turbidity measurements in
pipe section while paying particular attention to the loca- 9rab samples performed with a portable manual turbidity me-
tion of the fitting. In total, 67 isolated pipe sections were t€r Hach 2100P (Dr. Bruno Lange GmbH&Coligselfdorf,
flushed. The turbidity data during the flushing process wereG€rmany). This was done in a synchronized manner with all
recorded for at least every minute (in several cases evef® measuring equipment at the start of the flushing.

5 ) using calibrated online photometer ULTRATURB ﬁfﬁs

equipped with a controller sc 169 (Dr. Bruno Lange

GmbH&Co, Disselfdorf, Germany) installed into a flushing
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Online monitoring in treatment plant 119(max value) 240 (max value)
3 17 (max value)
2,5 —— NTU after treatment
plant monitoring
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treatment plant
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Figure 2. The online measurements of turbidity in the outlet of the WTP of the distribution network before and after the repair of the rapid
sand filters. Values on the top of figure show the peaks of turbidity. Modified from Neilands et al. (2009).

Table 2. The results of RPM ranking measured with Ultraflirb ~ thus, they did not influence the data generated by the model.

equipment in the field study place (Fig. 1). The verification of water residence time was conducted by
tracer studies (Fig. 3) since each well in the water treatment
Nr. Diameter Material Section RPM  Average plant had a dterent electric conductivity (EC) in the range
length turbidity of 500-90QuS cnt? (25°C).
(mm) (m) (NTU) All field measurements were recorded for several hours
1 100 PVC 326 14 1146 fand were m_ade from hydrgnts or at the t_aps in the b_uild-
2 150 cl 326 14 36.0 ings belonging to the drinking water supplier. For the field
3 150 Cl 397 7 6.9 measurements, online instruments 340Yswith controller
4 150 Cl 423 5 3.8 sc 104" (Dr. Bruno Lange GmbH&Co, Dsselfdorf, Ger-
5 150 Cl 401 10 10.7 many) and condu::lysér with controller con::stat' (s::can
6 200 PE 324 15 105.8 MeRtechnik GmbH, Vienna, Austria) supplemented with
7 100200  PvQCl 456 6 6.8 portable manual EC meter Cond 315i, (WTW, Germany)
were used. The results of model verification are not shown
in this study.

2.3 Hydraulic model

The pipe hydraulic model (1073 pipes and 986 nodes) wag-4 Analysis of turbidity curves

built up using the EPANET 2.0 system (Rossman, 2000)|n order to generalize the trends of particle erosion ob-
and the hydraulic head loss was calculated with the Darcyxerved during field experimetsDF the following assump-
Weisbach equation and top-down demand approach. Thggns were made:

time step for the hydraulic head loss calculation was set to

1s. The node demands were collected from a 6 month data 1. The hydraulic circumstances of the particle disturbance
survey for every connection. The daily patterns of consump-  Were based on the assumption that the accumulated par-

tion for inhabitants was set to 63Cmiay 1. The daily pattern ticles erode and are transported by a plug flow. The dis-
for companies and municipal organizations were set accord-  tance {, m) from hydrant outlet to location where ero-
ing to the information from the municipality of registered sion of particles starts was calculated with the formula
drinking water consumptions. There were two organizations below:

in municipality, working constantly day and night, but the 4.Q-t

total amount of water consumption is only about 0%, L=—"1s (1)
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Figure 3. Measured (green squares) and modeled (red line) con
centrations of the tracer near RPM measurement location No. 3 (se
Fig. 1).
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Figure 4. The turbidity pattern from UDF and schematic (graphi-
cal) representation for obtaining the algorithm for theodficient
wheret is time (s),Q — flushing flow [n¥s™!] and D for a certain location.

— diameter of pipe [m]. The same assumption has been

used previously and in addition a term “locally settled hvdrauli ll'sh t . valent to the minimal sh
sediment” (LSS) has been introduced (Blokker et al., ydraulic wall snear stress IS equivalent to the minimal shear

2010). stability of deposits according to a validated hydraulic model
in the conditions of the maximum consumption of water per
2. By using the principle of back-tracing, the location in day; the maximal shear stress to pipe walls is calculated as
networks corresponding to the spikes of 30 NTU and follows:
26 NTU in Fig. 4 were found using Eqg. (1) and an esti- D
mates of flow. T=pg, | @

3. The maximum value (30NTU and 26 NTU) of each Wherer is boundary shear stress (Nfm™), p — density of
spike was divided by the turbidity value just be- water (kg n®), g—gravity acceleration (nT$), D — diameter
fore spike, which means the average turbidity in of pipe (m),l =dimensionless energy gradient.
straight section is (17 NTU of turbidity from beginning) ~ The turbidity curve predictions were calculated in a cre-
Turbmay/Turby = J codficient. This value was used for ated algorithm (MS Excel). Using the PODDS model and
the calculation of next peak magnitude, in case the up-substituting the equations therein, the output turbidity is
flow had some other fittings. Hence, a comparison ofequal to
the diference between the particles originating from a
linear pipe section and the particles which accumulatedACC(t =1)= P?tafts) -enrk (32)
in the fittings could be compared. If a section is without
fitting, spike, which comes with clear front (turnover), AC,(t> 2) = AC, (t = 1) x | 1— i X At ”tj
is not considered. As many data as possible are needed Crnax
to create a database for several situations, according the-NTU value at previous time "
oretical mass-balance from a treatment station. Decrease term (3b)

A large number of data from flushing studies is needed towhere AC, is the turbidity value at the current time at the
calculate a fitting cocient for various conditions in order flushing outlet. At timet =1 turbidity will have the maxi-
to predict the fouling of pipes with particles at the locations mum possible peak value for corresponding layer strength
of T-pieces and valves. followed by gradual decrease of maximal peak value>a?
and so on. Charactétt is the value of the time step in sec-
onds,P — gradient term (NTU m?), n — power term (-)fa
— applied shear stress (NTUR), ts — current layer strength
(NTUmM™2), r — radius of a pipe (m)L — length of a ling
The stability of deposit layers is, according to the PODDS (m), nt is number of current time steRin iS output peak
model, based on the hydraulically induced shear of the bulkurbidity for the corresponding link, NTkly is the total ac-
water on the deposit surfaces. The daily maximum occurringcumulated mass following a flushing event.

2.5 Modeling of particle erosion in drinking water
network including fittings

www.drink-water-eng-sci.net/5/47/2012/ Drink. Water Eng. Sci., 5, 47-57, 2012
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To predict the erosion of particles and obtain the characteof a fitting, L — length of pipe, NTlY denotes average out-
of the turbidity curve, the following equation was used: put turbidity in first peakC — the stored turbidity, calculated
from layer shear strengtti (NTU m°).
AN =Rx Ag

whereAN is the increase or decrease of turbidity (NTB), 2.6 Calculations of particle mass

is the rate of supply (NTU ), As is the pipe surface area The mass (kg) of particles in a fitting was calculated using a

(m?). following equation:
Turbidity peak for plug flow will occur at some (current) geq '
time C, after which it will gradually decrease, described by M = £(Q x t x Turbx TSS/10°) )

NTU decrease term. The maximum peak value was calcu-
lated from the dference of the standard maximum veloci- Wheret is time (in seconds)Q — flow rate (Is?), Turb —
ties (hourly and flushing), in terms of corresponding shearthe turbidity data from the online photometer (NTU), TSS —
stresses regardless of the mass accumulated in pipe. The tthe total suspended solids which was assumed as a constant
tal accumulated mass was used to calculate the total turbid77.3mgt?t) for all the calculations (Boxall et al., 2003)
ity mass via linear daily shear stress—turbidity relationship,where a wide range of samples obtained froffedent drink-
NTU m? = —475000r gy + 529000. Because of the total tur- ing water networks were analyzed.
bidity dimensions, the obtained value should be multiplied In the Eq. (7) all the turbidity online measurements were
by the number of cubic meters in the pipe to obtain the to-summed up and each of the turbidity readings was converted
tal link turbidity and its maximal peak value. The magnitude to mass, using the above mentioned TSS constant, allowing
rate of decrease depends on theficient: P and exponent the total mass of the flushing event to be calculated. It was
n (variables in our cas® = 0.1 andn=0.5) in the rate of assumed that the flushing plug flow velocity was equal to the
supply from the layer calculations: flow velocity. Thus, by logging online discharge data, time
from the start of the flushing event and knowing the diam-
R = P(tfiush— Tdaily)"- (5)

eters of the pipes located downstream from the flow veloc-
Weak layers (according to shear stress stability) can storIty and thus past distances downstream from the pipe being
more turbidity units than strong layers. This means that pipe

%?Iushed were calculated. As reported earlier, close similari-
with a low flow rate have a higher potential of turbidity ac- ies between online turbidity measurements peaks and down-
cumulation and the same factor is referable to the fittings.

stream fitting were detected (Rubulis and Neilands, 2010).
By generalizing the PODDS model, it can be said that in the

conditions of a constant flushing flow and a constant sheaP Results and discussion
stress, the output turbidity will have only one peak without ) _
considering the local turbulence in the fittings. As it was ob-3-1  Field experiments

served from the case study, after the first turbidity peak ayjore than 67 isolated sections were flushed using UDF to
second or third peak may follow, which often are higher thancgjject turbidity data from washed-out particles. Both sec-
the first one. It was calculated that time of all the next peaksijons of Cl, PVC and PE pipes were examined. The pipe
mainly conform to the time it takes the plug flow to travel gigmeters ranged from 100 to 300 mm. The discharge from
from the fitting of a downstream pipe. Thus, in this study we the hydrant was maintained constant to ensure constant shear
have applied an additional term to the aforementioned tursiress on particles; therefore, the possible fluctuations in hy-
bidity equation in order to account for all peaks representingq,aylic conditions could take place only due to the changes

the downstream fittings.

Rxt
Turbidity (t>2)=NTU(t=1 1-—
urbidity (t2 2) = NTU( )X( NTme)
Rxt
NTUs x I (1- 6
TR X( (thxNTUxTSle&G)) ©)

Additional term describing the impact of a junction
where

NTU(t=1)=RxAg
NTUiotal = Cmax/(7Tr2|—)
NTU; = NTUqpta/t

t is time (in seconds)R — rate of supply (NTU m?), As —
pipe surface area # r — radius of pipe (m)J — coeficient

Drink. Water Eng. Sci., 5, 47-57, 2012

in water productiofconsumption ratio. In Table 3 all data
corresponding only to flushed sections with T-piece are sum-
marized, since this type of fitting has most often been repre-
sented, instead of the bends of 36(°, 9C°, but those data
were too few to make some valid approximation trends.

The total mass of washed out particles from T-pieces in
this study ranged from 0.05 to 0.29 kg. This mass was cal-
culated by taking into account the relationship between tur-
bidity and total suspended solids from studies of Boxall et
al. (2003). The quantities of particles in our study were
higher compared to the data from literature. The mass of
about 0.0001-0.04 gmh was found to be present in four
different Canadian networks (Carriere et al., 2005). The
quantity of particles described by the other authors was
even smaller: 0.00008 gth (Jonas and Murphy, 2002) and

www.drink-water-eng-sci.net/5/47/2012/
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Table 3. Description of T-pieces.

Case study Vgaymax Tdaymax  Viush Tiush Junction J Mass in V/D Pipe Pipe length
(mst (Nm?2) (ms?!) (Nm? type (mm) (=) junct. (kg) (- material (m)
1 0.21 0.15 0.43 0.59 T-piece DN 2000 1.87 0.24 1.05 Castiron 457
2 0.24 0.21 1.7 7.55 T-piece DN 2000 2.96 0.2 1.2 Castiron 253
3 0.02 0.002 1.52 6.4 T-piece DN 2000 8.02 0.05 0.1 Castiron 240
4 0.39 0.22 0.37 0.45 T-piece DN 2260 2.23 0.2 1.56 Castiron 300
5 0.02 0.002 2.14 11.96 T-piece DN 2000 3.4 0.11 0.1 PE 159
6 0.23 0.19 0.67 1.33 T-piece DN 1800 1.53 0.25 1.53 Castiron 75
7 0.27 0.24 0.39 0.47 T-piece DN 2800 1.86 0.15 1.08 Castiron 170
8 0.02 0.002 0.77 1.72 T-piece DN 2000 3.94 0.18 0.1 Castiron 295
9 0.27 0.24 1.13 3.6 T-piece DN 2860 5.6 0.17 1.08 Castiron 204
10.1 0.21 0.15 0.46 0.62 T-piece DN 2800 1.4 0.29 0.84 Castiron 745
10.2 0.21 0.15 0.46 0.62 T-piece DN 580 2.75 0.22 14 Castiron 400
11.1 0.21 0.15 0.52 0.81 T-piece DN 2800 1.53 0.2 0.84 Castiron 745
11.2 0.21 0.15 0.52 0.81 T-piece DN 580 1.52 0.2 1.4 Castiron 400
12 0.02 0.002 1.39 5.01 T-piece DN 580 2.7 0.17 0.133 Castiron 245
13 0.04 0.004 1.5 5.97 T-piece DN @00 1.16 0.14 0.4 PE 360
14 0.25 0.22 0.54 0.86 T-piece DN 2000 3.35 0.15 1.25 Castiron 170

0.026 gm! (Delanoue and McMath, 1997). The conclusion lated to particles by applying “bottom-up” demand model-
in this study was that neither flushing (0.37—-2.14) sior ing, has been described earlier (Blokker et al., 2008). The
daily maximum velocity (0.02—-0.39mY correlated with  same opinion is postulated in the cohesive transport model-
the washout mass of the particles. It should be noted that ing approach called PODDS (Boxall et al., 2001; Boxall and
similar conclusion about flushing velocity (0.65-2.3TH)s  Saul, 2005; Husbhand and Boxall, 2010) which predicts that
and washed out mass of particles has previously been olthe particle deposits on pipe walls are conditioned by shear
served (Carriere et al., 2005). Analyses of the impact of dailystress.
maximum velocity on washed out mass of particles normally This conclusion is not fully consistent with the approach
should be done by applying a careful hydraulic analysis usingpostulated in the PODDS since it may indicate that the par-
a “bottom-up” demand allocation principle, e.g. SIDMEUM ticles will not accumulate in an annular manner. In this
(Blokker et al., 2008), rather than the “top-down” approach study, the asymmetrical accumulation of particles within
used in this study. the fittings was found, which is consistent with the scien-
In the previous studies, the concentration of particles (ortific studies performed in other areas of research (Fokker
water turbidity) in distribution networks were studied de- et al., 2003). The flow structure and, specifically, vortex
pending on (1) source water quality and treatment processpairs formed downstream of the 96end have been investi-
Unfiltered systems have the greatest mass of solids comgated in both micro-channel systems, e.g. 0.209 mm (Xiong
pared to those applying filtration, with the mass decreasingand Chung, 2008), and pipe systems with diameters typical
based on source water and level of treatment (Ryan et alfor drinking water mains, e.g. 150 mm (Peters and Ruppel,
2008; Vreeburg et al., 2008); (2) the distance in the network,2004). It should be noted that in both cases, the velocity
namely the increase of the particle concentration towards thevas significantly higher than that found in drinking water
mains dead ends (Gauthier et al., 2001, Matsui et al., 2007)networks, respectively 0.55-8.23 mtgXiong and Chung,
the amount of deposits does not compulsorily increase at th@008) and 8.3-31.1 m% (Peters and Ruppel, 2004), and in
end of pipe mains. If there are no suspended particles trandioth cases a fully developed vortex formed while circular
ported to the end of a pipe, which may settle, then there ismotion (outefinner wall vortex after fittings) started to de-
also deposit formation; (3) the topography which is indirectly velop already at lower velocities which correspond to the
confirmed by the number of customer complaints about wa-conditions in drinking water systems. Some tracer studies
ter quality in undulating terrains compared to those in flat ter-have reported an incomplete mixing at the pipe fittings (e.g.
rains (Polychronopolous et al., 2003); (4) diameter of pipescross and double T-piece) in water flow, and simulations
where increased particle concentration in trunk mains, whichwith computational fluid dynamic (CFD) models at veloci-
in the network acts as sedimentation tanks, has been prevties (0.35-1.4 m3) have shown flow trajectories and pos-
ously shown (Husband et al., 2010; Saldarriaga et al., 2010)sible vortex zones suitable for accumulation of particles af-
(5) An incontrovertible factor thatfBects the concentration ter fittings (Ho et al., 2006; Webb and van Bloemen Waan-
of particles is the maximum daily velocity, which can be re- ders, 2006). Guided by the concept of particle rotational
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Figure 5. Turbidity potential of accumulated particleg)(in T- DJ—M&A&L&. ‘ ‘ .
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Figure 7. Turbidity curve for flushing site 1.

Flushed 133m (d300)

Figure 6. The section of Cl pipe layout for site 1 (see Fig. 1). The
locations of hydrant and fittings are indicated. The T-piece with re-
duction on right and left, respectively, to 100 mm is indicated under
No. 1 and 2. The diameters of pipe segment in mm is shown in
brackets.

Figure 8. The section of CI pipe layout with two 9®ends. The

trajectories in drinking water networks generated by iNer- .- eters in mm are shown in brackets.

tia: the Magnus and the 8man forces (van Thienen et al.,

2011b), the development of radial processes in fittings in-

stead of gravitational settling can be expected. _ _ )
To generalize the observations from field experiments ancd2 Modeling of particle erosion

to compare results of the erosion of accumulated particleﬁ d . . ) .
in different T-pieces, the relationship between the maximum' . °T°€' to model partlcle_erospn from field experiments
and average turbidity value from each specific section was’ h(_are network sections with T-pieces were ﬂUSh.e d, an al-
calculated { codficient), which characterized the poten- gorithm was addec_j to the P.O.DDS and the modeling resul_ts
tial of the accumulated particles. The hydraulic conditions V'€ compared .W'th the original PODDS pqrqmeters. This
in specific T-piece were expressed in the relationship |mproveq modglmg approaqh allows us to divide the mgd-
(maximal velocity per hour in typical day and diameter of eled stra_lgm pipe sectlong In segments bet_ween Fhe fittings
inlet section of T-piece) as non-dimensional parameter. and app_llcatm_n of the caiécient for_ the potennal particle ac-
With the increase of the maximum velocity per hour in cumulation Q) in every step. The first site presented here had

the same fitting, the accumulated concentration of particlesa typical straight section of Cl transport main with a nomi-

will decrease (Fig. 5). This relationship obtained from field na_l diameter of 2.00mm fand' tW.° T'p'ec?‘s fgr connections
. . . éFIg. 6). The location of this site is shown in Fig. 1 and other
experiments will supplement the knowledge presented in th ; . o ;
PODDS model (Boxall et al., 2001), parameters which describe this site are shown in Table 3 as
V/D reaches “self-cleaning” proportion, which is approx- Cas_e Study No. 1. - -
imately 0.35ms! (Blokker et al., 2010); theoretically, after Flgure ! ShQWS the temporal turbidity response within
that J continues in a linear line with a value of 1. The same flushing, reaching two peaks: 110 and 68 NTU. Measured

i . L particle erosion was compared with the simulations of
function can be obtained for other types of fittings. PODDS, which replicates only the rise and exponential de-

cay of first peak of turbidity within the first 200 s of flushing.
Introduction of the coféicient J into PODDS and dividing
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300 S this field should concentrate upon gaining a greater under-
. mjﬁzﬁzmmgggggﬁ standing of the development and formation of vortex or cen-

g trifugal forces in pipe fittings of drinking water distribution
200 g networks.

rﬂjﬂj:;/\ .

[m}
@Eﬂ:‘mﬁjﬁ 1 ”qjtb% Average turbidity=109NTU 4 Conclusions

'
/ \ M Measurements of turbidity, flow during UDF and analysis of
N L e

pipe geometry showed significance of accumulation of parti-
‘ cles in pipe fittings. Turbidity potential of accumulated par-

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 . . . .

Time; (5) ticles (J) was determined for T-pieces of several sizes from
DN 10Q'200-DN 25@250 for ClI and PE pipes. The existing
turbidity model PODDS was updated with an additional term
for pipe fittings — (). The total mass of particles accumulated
in T-pieces ranged from 0.05 to 0.29 kg. The study showed

the simulated section in two segments allowed us to gain twothat pipe fittings (T-pieces, valves, bends etc.) act as catch-

peaks which approximately repeat measured data. ment areas for particle accumulation in drinking water net-
The second flushing site was chosen since it had two 90W0rks'
bends which are infrequently found in drinking water sys-
tems, unlike T-pieces (Fig. 8). The flushed section was 718 mpppendix A
long and consisted of sections of 200 and 300 mm. The ve-
locity obtained during flushing reached 0.57 and 0.87Mm's  Notation
respectively.
The online turbidity results are shown in Fig. 9 which As pipe surface area (fh
shows two visible turbidity peaks. The simulation results C stored turbidity, calculated from layer
with PODDS and with PODDS supplemented with the co- shear strength
efficientJ are also shown here. Both simulation results only AC; changes in turbidity potential (NTU#s™)
partially follow the magnitude of the first peak and display D diameter of pipe (m)

Twrbidity (NTU)
&
g

=)
=1

2}
S

o

Figure 9. Turbidity curve for flushing site 2 containing two 90
bends.

a much steeper decrease in turbidity compared to the mea-f a dimensionless cdgcient called
sured values. The upgraded model, havingfitcient J, is the Darcy friction factor

in a better agreement with online data compared to the orig- ¢ gravity acceleration (nr$)

inal PODDS. The repeatability of accumulation of particles AH  the head loss due to friction (mB)

in fittings was proven with UDF in one CI pipe section of J codficient of a fittingturbidity potential
1358 m length with 20B00 mm diameter two times within a of accumulated particles

5-month period, showing same pattern of turbidity (Rubulis L the length of the pipe (m)

and Neilands, 2010). M mass of particles (kg)

Due to the non-disclosure agreement, the authors of the AN in/decrease of turbidity (NTU)
PODDS do not present the values of model parameters ( Q  flow rate (n¥s ™ orIs™)

b, P andn). Thus, in this study these were estimated using r radius of pipe (m)

a trial and error approach. Some authors have attempted toR rate of supply (NTU m?)
replicate the erosion of particles using the PODDS approach t time (s)

and have used the following parameter val@gyx= 10, TSS total suspended solids (mg)!

k=-0.15, b=1, P=0.0000065 andn=2.5 (Aisopou et \ the average velocity of the fluid flow (m%
al., 2010) andChax=5.0, k=-15, b=-25, P=0.0065, T boundary shear stress (N'im1)

n=-3.5 (Naser, 2006). By using the parameter values from p density of water (kg m’)

Aisopou et al. (2010) and Naser (2006) in our case studies, © a mathematical constant

the modeled results fiered significantly. These results indi- approx. equal to 3.14

cate that the parameters are site specific and therefore cannot

be generalized.
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