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Field Studies and M odeling Exploring M ean and Maximum Water Age Association to Water Quality in a

Drinking Water Distribution Network
John Machelf and Joby Boxalf

Abstract: This paper presents the findings of an investigatnto predicted / modeled water age and the
associated quality characteristics within a UK Kirig water distribution network to determine if thewas a
discernable link. Aquis (7-Technologies A/S, Denkjanydraulic and water quality software were used t
identify water volumes of different ages, generdigdocalized demand patterns in pipes in closiprity to

one another. The pipe network studied was smatladlya of a single material, having a consisteatnd due

to serving predominately light industry, but witlitéresting hydraulic patterns involving loops anctiny of
water volumes, and some long retention times. Rigck was undertaken to obtain water quality sasfilem

five network locations identified as containing eodd range of calculated water age. The sampleg wer
analyzed for standard regulated parameters by aJKAMAS) accredited water laboratory in line withK
water industry standard quality assurance praclibe. water sample analytical results were examinesee
how a number of physical, chemical and bacterigiaigparameters related to the calculated wateraagach
sample point, heterotrophic plate counts being wedhe indicator of general bacteriological wafaality.
Limited association between the calculated watearmage and quality parameters was observed. Further
investigations, taking into account mixing of difet aged water volumes and the maximum age coititits

to the mean age at each sample location, produmad association. The work demonstrated that meansag
not a sufficient guide to general water qualitytliis small network area. Mixing effects, and maximage
volume contributions, need to be taken into accifumtmore comprehensive understanding of watefitgua

to be obtained.
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INTRODUCTION

Most water distribution networks across the devetbprorld regularly suffer a low, but persistentminer of
failed water quality samples. Despite extensiveveational investigation and expansive interventibryas
reported that for many cases in the United Kingdbwn cause of these failures, especially bactericég
failures, could not be satisfactorily explained; WKR (2006). This is perhaps not surprising considgthat
drinking water distribution networks are complexndynic systems, comprised of a number of different
materials, introduced over several decades, witly lesidence times; in the order of days. The pipgerial
condition within these networks varies widely besmwf the effects of historic water quality, coioos
material accumulations, temperature differentidisinfection regimes and biological colonization dyariety

of micro-organisms. In recent years, ever tighegufation has prompted water companies and resaaroh
investigate aspects of water quality that has fggted the complexity of interactions between hytica(flow
velocity, pressure); physical (temperature, caiamhidity, taste and odor); chemical (chlorineshalomethanes,
metals); microbial (heterotrophs, coliforms, Ecolgnd biological (parasitic protozoa, helminths)thivi
distribution networks. In order to understand, amdntually better control the quality of water pagshrough
pipe networks, efforts to evaluate and model sofmth@se interactions have been made with some ssicce
Despite the associated knowledge base, in our apirit is not yet possible to model most water iyal
parameters without a great deal of experimentalreéind field work because knowledge about readtinatic
constants, pipe wall and bulk water coefficientsfrient requirements and other key model data i no
sufficiently developed to be readily applicable.eTlork presented here investigates one possibldigable
method that might help to explain the reasons dad network areas likely to be susceptible to,ehsater
quality sample failures; especially the sporadict&aological failures. This paper presents thelifigs from a
study of the effect of mixing different water agesnodes in a small network area of looped pipesvater
quality. The mean water age, and maximum age voloomtribution to the mean water age were calculated
using hydraulic and water quality software at fiseations from which water quality samples werestakThe
calculated water age and water quality sample &énalyresults were evaluated to determine if thees a

discernable link.

SCIENTIFIC BACKGROUND



Water quality changes within a distribution netwarliginate from hydraulic regimes and numerous fas
chemical and biological reactions and interactibetween the various materials that comprise digiob
assets and the composition of the bulk water voluhie reactions associated with these changes asdym
kinetic in nature and will therefore be governed tbye. Authors have frequently alluded that thegen
drinking water is in contact with the materials apfdistribution network the higher the propensity feater
quality to be affected in some way. Many of theseks are summarized in the AWWA report entitled &Th
Effects of Water Age on Distribution System Watearafty” (AWWA 2002); and it is stated that watereaig a
major factor in water quality deterioration. Otheorks suggest that it may be possible to use wageras a
surrogate indicator of water quality in general. té&/aage is not a definitive or defined parametert, ¢an
theoretically be associated with many of the phgisichemical and biological parameters used to tifysend

regulate water quality.

Physical

Increasing water temperature leads to increasei@ogical activity, may initiate new reactioniscrease the
rates of existing reactions, and will push the tieacequilibrium towards by-product formation; fekample,
the formation of trihalomethanes (THMs) from chimriand precursor materials, such as organic cBeilly
and Kippin 1983, Hass et al. 1984, Chung et al320@roz and Uyak 2005). LeChevallier et al. (1996)wed
that water temperature, flow velocity (variatioas)d residence time have an impact on microbialiggtand
that biological activity increases about 100% wiemperature increases by 10 °C and a temperatutd 8¢

was critical for coliform growth.

Chemical

Older water was shown by Burlingame (1995) to beemmmrrosive to iron pipes when compared to thased

by relatively young water, and that where phosplkatepounds were used for corrosion control, thificacy
could be diminished with time because hydrolyziegctions reduce the impact of the phosphates on the
discoloration producing corrosion mechanisms. Mugotal. (2007) demonstrated that the release @f in
distribution networks was a function of the watdéemistry and the hydraulic flows, and hence watg, a
within the network. Rossman et al. (1994) and Wale{2005) highlighted that older water may haittéel or

no residual disinfectant due to substance decayreactions with network materials with the reshlittthe

biocide efficiency of the system is significantlyduced, thereby promoting additional biologicaiiatst that
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could give rise to unpleasant tastes and odorsiva@s et al. (2008) evaluated the effects of cherand
residence time on the presence of culturable badebiofilms compared to that in bulk water, aodnd that

bulk water bacteria may dominate in portions ofstribution system that have low chlorine residual.

Biological

Biological issues in distribution networks inclutacteriological regrowth (Camper 2004, Regan e2@03)
biofilm formation (Emtiazi et al. 2004, Berry et &006) and microbial corrosion (Beech and Sun@4)
Factors influencing bacteriological re-growth irddutemperature (Szewzyk et al. 2000); water resielé¢ime
(water age) (LeChevallier 1990); concentration gfamic compounds (Percival and Walker 1999); redidu
disinfection concentration (Niquette et al. 200ajd distribution system materials (Keinanen-Toivetaal.
2004). Kirmeyer et al. (2000) showed that operaigractices impact on slow growing organisms, sash
nitrifying bacteria. (Speh et al. 1976, LeChevalke al. 1987, Prévost et al. 1997) showed thations with
long residence time, such as the peripheral pattseadistribution system and service reservoirs,\alnerable
to bacteriological re-growth because of decreadsihfdctant residual, the transportation of seditseand

increase in water temperature.

Heter otrophic plate counts (HPC)

The World Health Organisation explain that undertgkplate counts as part of a suite of analysesnwhe
responding to claims of ill health is the most veigdead use of HPC analysis, with most water suptieing
counts at both 37 °C and 22 °C, but a few only at’@. The rationale is that plate counts may ingica
significant event within the distribution networgt that HPC bacteria may be related to ill healtltétounts
are also widely used when investigating compladritpoor taste or odor, as changes in HPC populgatinay
indicate proliferation of biofilms, which can besasiated with microbial mediated generation of some
organoleptic compounds (Standing Committee of Astalf998). Operationally plate counts are also coniyn
used as part of acceptance criteria for new maiios o being put into supply and in assessing wetality
following mains rehabilitation work. The use of otsiof heterotrophic bacteria has, therefore, g lustory in
the United Kingdom. The count at 22 °C has beenl asea general indicator of water quality since518the
count at 37 °C was originally introduced with trediéf that it could indicate potential faecal cantaation, and
although this has now been disregarded, it is st#d for operational management in the United #&amy

(despite being dropped in the EU Directive). Caolifiobacteria are also no longer regarded as indeaib
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faecal contamination, but are of use as indicatdrgeneral microbial quality. This acknowledgestthame
coliform bacteria may be part of the natural baatdtora in water and proliferate in biofilms. Gmrms are
also considered useful for monitoring the effeate®es of water treatment processes and the didovieat new
or rehabilitated mains (Standing Committee of Agtdy2002). HPC has no health effects, it is indieabf
network cleanliness or the relative amount of conitation; it is generally accepted that the lowke t
concentration of bacteria in drinking water, thétérethe water system is being maintained. Theee®yr3, 5

and 7-day HPC were used as an indicator of watalitguchange”.

Water age modeling

There are a number of hydraulic and quality sinmotatsoftware packages that can calculate water age;
EPANET (USEPA), Piccolo (Alied Power), SynerGEE ®fa (Advantica), InfoWorks WS
(Wallingfordsoftware), Aquis (7-Technologies A/SA. thorough understanding of mean water age profiles
across a network can facilitate the opportunityntooduce design options and operational stratetjiat are
aimed at reducing mean water age and hence mitrotrigamination (Water Science and Technology Board
2005). Prasad and Walters (2006) used an evolutiamanputational model to establish the optimumimimm
water age in a given network. However, whilst there lot of anecdotal and idealized data concertie
association of water age and water quality, thlatienship has never really been demonstrated livea
distribution network. Modeling mean water age igg@d method for obtaining an overview of the age
distribution across a water distribution networlowéver, most mean age models calculate a flow wedgh
average value at nodes as if they were differenteotrations of the same chemical; but it is notesi to treat
water age in this way. Mixing two different wategeavolumes produces a single volume comprised of tw
different age components, and the mixture doesaoessarily have the characteristics of eithehefdriginal
volumes, or the average of the two. The mathematgdied in this manner causes small, older, water
components to be disguised, and gives no indicadfotheir origin. Machell et al. (2009) presentedvater
quality model that enhanced aspects of current oaksth The modified approach predicted water age
distributions by allocating water volumes to “ag@sh and calculated the percentage of differentunas
mixing at nodes thereby keeping track of the diférage components being mixed. The method alsdtoned

the maximum age of water within all pipes in théwwek. This functionality is available in the Aqu(3-
Technologies A/S) software and was used here wrm@ie the maximum age component in a small area of

distribution network.



From the evidence in the literature it seems ctbat the longer water is in contact with the faloicthe
distribution network, the higher the propensity fiiiferent physical, chemical, and biological paetens, and

overall water quality, to deteriorate, and thas tmight be reflected using simulated water age.

AIMSAND OBJECTIVES

The aim of this work was to investigate whetherewaige simulations can be a useful surrogate faerwa
quality. This was undertaken through field studiea small localized area of a distribution netwodmprised
of a small number of pipes of the same material sind, exhibiting interesting hydraulic patterneedo a
looped layout. Software predictions for both mega and maximum age contribution to the mean ageatdr

were explored.

METHODOLOGY

Water age is a potential surrogate for water quailitd this work investigated the distribution ofteraages, not
absolute values. Water age was therefore allodatéalje bins”, and the water quality associatedhwich age
bin was compared. The objective was to demonstvhtther calculated water age could be used asragsiue
indicator of overall water quality by trying to bet understand the effect of water mixing and maximage
contribution to the mixed volumes. This understagdmight then be used to determine why and wheog po
water quality might be manifest in a distributioatwork. Aquis (7-Technologies A/S) hydraulic andteva
quality modeling software was used to calculatermeater age in a water supply network. A hydrauoicdel
consistent with currently UK build practice was dispressure calibrated to data from a 1 week intersirvey
to an accuracy of +/-0.5mwec. The simulation resgétserated were used to identify a small localeres of the
network containing water volumes of different agegieographically small area with pipes of a singlaterial,
with a consistent demand due to light industry wastified. Five sample points were set up wheterasting
hydraulic patterns were predicted to be generayepife loops and mixing of water volumes, and whsrme
long retention times were exhibited; providing @dd range of water age and potential for changesater
quality. Field work was then undertaken to obtaiater quality samples over a five day period. Theewa
sample analytical results were examined to see homumber of physical, chemical and bacteriological

parameters related to the calculated water agacht ®ample point.

Hydraulic and water quality modeling



The study area, dominated by light industry, wdected for its hydraulic complexity (looped configtion),
but physical simplicity (pipe material and sizeheTpipe network was high pressure polyethylene PP
comprised of sections of relatively short pipe kasgof consistent diameter, which were nested m ltvops,
providing an interesting range of ageing and mixéffgcts. The area took supplies from two differemater
treatment plants blended prior to entry to theritistion network. One plant treated upland reserveater
using ferric sulfate as the primary coagulant, #rel second plant had two separate treatment traires;for
upland reservoir water, and one for river watethhased aluminum sulfate based treatment traine. Aduis
models were used to calculate the mean age of watemes within each pipe in the study network andze
outlet of the service reservoir supplying the nekwoas allocated an age of zero hours. Cyclic el¢dmeriod
model simulations were run to ensure stable wajervalues were calculated for each pipe. It wadentifrom
results that stable, repeatable age values wesgneblt and this was the case for all the sitesyrgid. The
numeric mean water age values are summarized ite Tlalthese are the 24 hour average values forl8ayf
simulation. Calculated water mean age was theriggdlaigainst a street map background to determirexenh
stand-pipes could be fitted to take water qualdyples from the water age volumes of interest. Frager
quality sampling locations were identified; Fig@rehows their location on a map background that st®ws
the topography of the pipes and the range of mestervage within them. Sample point 1 was locatedhen
inlet main supplying the area immediately priotte localized looped part of the network; effedijvacting as
a common inlet and reference point for water qualample analysis. Sample point 2 was on the fitain
supplied inside the looped part of the localizeghaiSample points 3 and 4 were on 2 different fupps and
sample point 5 was on a leg from the looped pip#gortunately, fire hydrants coincident with the tera
volumes of interest were only available at 3 of pla¢ential sampling locations SP1, SP4 and SP5ttandne
at SP5 was not ideally located but deemed usalileeimbsence of any alternative. Alternative sohgifor the
other 2 mains were found in the form of a flow metieamber at the inlet to industrial premises fBB8Sand a
sample tap in an in-line meter pit at SP2. TheaaBP2 was used without modification and the floatan at
SP3 was removed, and a hydrant and stand pipdléastdhe stand pipes used comprised a standard UK

hydrant cap, approximately 1m of 13mm diameter pamel a regulation sample tap.

Water Quality Sampling

The previously installed sample tap in the metemaber at SP2 was checked and prepared simply blyifig,
then heat flame sterilizing using a blow lamp, &meh flushing again. The four fire hydrants andhdtpipes

-7-



were prepared by thorough cleaning. Hydrant bowdsewdoused with disinfectant, and the stand pipeew
attached to the fire hydrants and disinfectedtin with the highly chlorinated water from the hydréowls by
opening the hydrant until chlorinated water had pletely filled the stand pipe and was spilling detbllowing
24-hour disinfection, the fire hydrants were slowphened to gently flush the highly chlorinated watet of the
apparatus. During this preparatory work, Aquis wasd to simulate diurnal flow patterns in the piphesen
for the sampling program. The modeled diurnal dlpe results were used to determine an appropfiate
rate through each stand pipe during the water tyusdimpling period. Flow rates were set to enshaé normal
flow patterns for each pipe in the network were distupted / exceeded during the sampling exearisehence
minimal impact on water age. Water quality samplese collected from all 5 sample points at 6am, 2auth
12 noon, each day for 5 days; producing 75 sampléstal. Each sample point was run for 2 minutderpo
samples being collected. It was decided that repesampling per day was necessary to yield reptatben
daily average values. 6am, 9am and 12 noon providetbles representative of overnight, peak demadd a
daytime operation respectively. This was intendedvwercoming any variability due to the influendedaily
patterns in hydraulic conditions. Repeating thimgling for 5 consecutive weekdays was deemed tinémmim
necessary to provide indication of possible watality trends. Sampling weekdays only, minimizexdgible
effects of different demand patterns over the wedke The 75 sample total that this strategy geadrat
represented a significant program of work and aattid sampling was not practicable. The resultenfithe
first and second day 6 am samples revealed elevwatedevels (after 18 hour standing). Since theepiwere
PVC in this area and there had been no excessimabljc disturbance, this was thought to be duieaio from
the hydrant bowls or stand pipes. 2 min and 5 rishied samples were therefore taken for the eaolynimg
(6am) sample round during the last 3 days of samplit was determined from these that there was a
measurable change in water quality caused by Hredgpipes, therefore only the 5 min flushed sambpéese

been used in the analysis, and the iron resultddgs 1 and 2 were discarded.

Water Quality Analysis

Water quality in the UK is generally of a very higtandard, and observing measurable deterioraticany
quality parameter within a stable distribution netkis difficult. Significant change in water qugliwithin a
network tends only to occur, for example, duringrge such as burst mains where the resultant chiarfigav
velocity disturbs corrosion products or other mateaccumulations. Therefore it was necessary taitoofor
small changes that in other circumstances wouldaly be considered unimportant. The water quality
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parameters monitored were chosen because theyegped physical, chemical and biological measuratsare
indicative of general water quality. 2, 3, 5 andiad HPC were chosen as the focus of the bactergabg
analysis because coliforms and e-coli are rarebndoin potable water in UK networks, and becausy th
represented the best standard measure availatile fwroject. The samples were analyzed for therveptality
parameters shown in Table 2 by a UKAS (NAMAS) aditesl water analysis laboratory in line with UK

standard quality assurance practice.

Physicals

pH, conductivity, color, turbidity and temperatusere used to represent the physical parametershidoge
was expected for pH, conductivity was potentialtyiadicator of change in dissolved ionic speciedpicand
turbidity being indicative of iron corrosion anar bacteriological activity or sloughing of biolegi material

from biofilms. Turbidity can also be generated wihgdraulic events disturb accumulated particuladtemal.

Metals

Iron, aluminum and manganese are the most routinedpitored metals reflecting water treatment preces
failures, corrosion of metallic network componeatsd hydraulic disturbance of material accumulatiand
corrosion products. These parameters are ofterdind aesthetic water quality problems; the mostreebeing
where the network is mostly old cast iron maindeéifve water treatment reduces iron and mangahes@ast
treatment inadequacies will have caused iron andgareese to accumulate, particularly in low flowoeély
areas of the network. When these materials ararbist, they may cause black, brown or orange disatibn
which may, in turn, result in failed regulatory hidity samples. High iron or manganese residuaés ar
unacceptable because they can cause the bulk wad@pear turbid, give rise to astringent or bitestes, and
the deposits are unsightly and may stain waténdgjist and fast washing machine spin speeds ma daosvn

or black staining on washing due to oxidative effec

Chlorine

Chlorine is the most widely used disinfectant ie tHK and monitoring free and total chlorine is web
measure the potential for bacteriological re-growatid proliferation. The difference between free &widl
residual values is indicative of the presence diupants such as ammonia, or oxidizable organicenit and

manganese can interfere with chlorine residual oreasents producing high results. Available freeodhk is



an indicator of the health of the water within thetwork and its potential to prevent the prolifenatof

microbial organisms.

Biological

Bacteriological analysis parameters included totdiforms, Ecoli, faecal streptococci, clostridiyarfringens
and heterotrophic plate counts. Coliforms consist telated group of bacteria species from humahaammal
waste (faecal origin), and from environmental sear§vegetative origin). Coliforms are used as iaigic
organisms because their presence is indicativeontiacnination. Total coliforms indicate the presen€doth
vegetative and faecal contamination. Ecoli is foumdhe intestinal tract of warm-blooded animalgl as
indicative of pollution from human or animal wask@aecal streptococci can provide evidence of refaatdal
contamination. Clostridium perfringens is a useftlicator of either intermittent or historical fadc
contamination of a groundwater source, or surfaatemfiltration plant performance. The detectionether
organism should trigger investigation because fiolucaused by fecal contamination presents therpiad for
consumers to contract pathogenic diseases. 2aB¢dY-day Heterotrophic Plate Counts (HPC) wereseh@s
the primary indicator of water quality “change”. |Gay counts serve as a relatively easy way to nreasu
estimated numbers of bacteria that have the patefai increased contamination. The most widely ligpp
routine test in most of the UK is 2-day and 3-d&3CGH However, when investigational sampling is resgii(in
response to an illness complaint for example) 5-diag 7-day counts are also done as these provitla ex
information about slower growing organisms as wslthe 2-day and 3-day counts information. Moreaaded
water quality analysis were not considered, asotijective here was to discern if water age modelirg a

useful surrogate to currently applied and regulatater quality parameters.

RESULTS

Mean Water age

Figure 2 shows the mean water age calculated fun e&the sample points. Table 1 summarizes themwat
mean age at each sample point; the values beirp tdikectly from the water quality simulation outile
rather than interpolation from the visual outputFigure 2. These single values are average 24-luesa
obtained once a stable age pattern had been ofbt&irem Table 1 it can be seen that the samplegondered

by water mean age was 1, 2, 5, 4, 3.
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Water quality

Table 3 presents a summary of the results of tldysis of the water quality samples as site specifine
averages. This provides a general overview of wqtetity at each sample point over the 5 day sargpli
period. The analytical results are shown in thepeter order presented in Table 2. There wereihoda for
regulated parameters. However, there was an ofdeagnitude difference in site average for 3-dagt @rday
plate counts across the sample sites. The watdityquaean parameter values were plotted with stashda
deviation error bars for each sample point, ordéneéhcreasing calculated mean age. As the pl@saeking

to explore trends as a function of simulated waige as a general catch all to water quality as sgipdo
deterministic relationships, plotting by age catygwas deemed most appropriate. Consistent stasialts
were noted for pH and conductivity, and no coun&embserved for coliform, Ecoli, faecal streptazganr
clostridium perfringens, so these parameters ar@msented in a graphical form here. Figures B show the
plots for the other parameters. Figure 3 showsplogs for the physical parameters. Color and tutpid
appeared relatively stable (within the +/- SD elvars). Temperature showed an increase with metar wge

for the first 3 points, then a decrease, followgdamother increase. Temperature changes shoukktrdfie
ground temperature and the residence time, or Blge.expectation would be a consistent upward tiend
summer and downward in winter rather than the flatbns seen here. Figure 4 shows plots for thalmdton
shows some appreciable fluctuation, however, if BR2garded as abnormally low, the pattern appnaieés to

that of temperature. Aluminum is relatively statbet increases at SP3 which has the highest mean age
Manganese is very low and stable. Figure 5 shoes &nd total chlorine plots. Free chlorine appears
demonstrate the final stage of an exponential dexaye. Total chlorine shows a decrease as mean age
increases through sample points 1, 2 and 5 butititeeases again at sample points 4 and 3. Thiodstinates

an inverse relationship to iron and temperatur@AR value for iron is regarded as low. Figure 6ash@-day

and 3-day HPC results. The +/- SD error bars at5Ske large, otherwise 2-day and 3-day HPCs appear
relatively constant other than the 3-day countSRA and SP4 which slow some increase. Figure 7sstiemb-

day and 7-day HPC count data. Within errors, (SHA208) and SP3 (117.58) have large error barsutd be

argued that the general trend for 5-day and 7-¢fg gounts is to increase with increasing mean age

Perturbations in the data set as a whole, suggetdrwquality changes between sample points mightoao

adequately represented by mean water age alontheFuanalysis was therefore to undertaken to déterm
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whether the maximum age contribution to the mead, the mix of different aged water supplying SP4 an

SP5, might provide a better association.

Analysis of water mixing at sample points

The water volume mixing and maximum age functidiediin Aquis were used to further investigate water
age components contributing to the mean water afeeasample points. Figure 8 shows the type aflteplot
that provided insight into the mixing of differeaged water volumes at the sample points. The pipers
represent the mean age of the water in the pipesttee arrows show the direction of flow. The prearts
situated at each node give a visual representafitime proportion of mixing occurring; the pie g&crepresent
the different age contributions to the mean watgr. &/here the mix was between waters of very simaigges
at, SP1 SP2 and SP3, it was assumed to have téglaffect. The other sample points, SP4 and SRBe w
receiving water comprised of a mixture of signifidg different aged water volumes. The pop up bokigure

8 shows the detail of the waters from two diredionixing at SP4, highlighting the fraction of egipe flow
volume mixed, and the calculated mean age at thig.prhe age fraction shows that 80.7% of the watehis
location is between 3 and 4 days old and 19.3%fi&den 6 and 7 days old with a mean of just oweays. At
SP5 the age fraction shows that 95.6% of the watketween 2 and 3 days old, 4.4% is between 78zshalys
old, and the mean age at the peak flow condition2iswours. These results were based on mixing ragan
volumes at the nodes. However, more detailed aisaly@ng Aquis was used to calculate the maximum ag

contributions to these mean age volumes i.e. tthesblater volumes were identified.

Maximum Age Analysis

Figure 9 shows the maximum age profiles at the #armppints, summarized in Table 4. The maximum age
values in Table 4 were taken directly from the wapgality simulation output file rather than intetation from

the visual output in Figure 8; values are 24 houwerages for day 19 once a stable pattern was firmly
established. From comparison of Tablel and Talitea@n be seen that the sample point order isrdiffiewhen
consideration is given to maximum age contributiwthe sample points when compared to mean admse t
locations. Although it is possible to track all nraum age volumes, where the maximum age differechfr
mean age by a relatively small amount (SP1, SPS&3] it was deemed that the maximum age contoibut
water quality would be negligible. The maximum agmtribution to flow was only therefore considerfed

SP4 and SP5.
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Water quality analysis- maximum age and volume mixing

The data set was re-ordered to reflect increasiagimum age components at the sample points and/aker
quality parameters were re-plotted ordered by sampint maximum age contribution; Figures 10 to Ade
categories were again used rather than age vaisesp direct mathematical function was being sought
consideration was being given to age as a genarebgate to water quality. Figure 10 shows the dsefor
physical / aesthetic parameters. Color and tunpigitpear relatively constant within errors (largeebars for
SP1 and SP5 color for example) however there éatative increase with increasing maximum age dmostion
albeit by a small amount. Temperature exhibits aexpected drop at sample points 3 and 4 followediby
increase to SP5. Figure 11 shows the trends fomlmetf SP1 is considered unexpectedly high, iron
concentrations generally increase with increasisgimum age contribution, within analytical tolerascand
errors. This is in contrast to the mean age pladmnum increases from SP1 to SP3 but then decsedbdés
apparent decrease may be explained by the dilefi@ct of younger water merging from SP1 and SR& po
SP5 and SP4 respectively. It may also be indicativeeposition of aluminum due to low flow veloesi
Manganese appears stable at a low concentratignré=iL2 shows the trends for chlorine. When comsitle
against the maximum age, and within error barsh icte and total chlorine show a decreasing treitd w
increasing maximum age contribution, correctingapparent ambiguity in the mean age plots. Thisyémw
behavior was anticipated from the literature (Thstet al. 2008; Ramos et al. 2010). Figure 13 shbedrends
for 2-day and 3-day HPCs. 2-day and 3-day platentsodoth increase with increasing maximum age
contribution, again sorting out the ambiguity séerthe same plots ordered by mean age; howevere tre
large +/- SD values for the “change” values at &Rd SP5. Figure 14 shows the trends for 5-day adaly7
HPCs. HPC 5-day and 7-day trends are similar whelered by maximum age contribution, showing an
increase from SP1 to SP3 (assuming HPC 5-day atisSBB®%) then a reduction in values at SP4 and b

could be due to mixing with younger water at thesations effectively diluting the numbers of heteophs.

DISCUSSION

Modeling

It is important to remember that hydraulic and wajeality models can only be as good as the datd ts
create and drive them. Calculated water age andnmu@x age contribution is dependent upon the acguolc

the hydraulic model demand allocation and the miaystharacteristics of the modeled assets. Unogytas
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always present and, in such a small area of a mktwih low flow velocity industrial demand patterthe
propensity for error is appreciable. In particulae exact nature and magnitude of flow routes atdaw flow
loops, such as studied here, has low certainty foressure only calibrated model, yet informativierimation
has been demonstrated here. In the future workn&gld to be completed to reduce such modeling taictes
before water age (mean and/or maximum) or moreamé@iestic modeling could be used in a regulatorygteat.
But, this work does demonstrate the potential dssege predictions, using models built to currerggsure only
calibration standards, to both understand pastrveptality failures, as well as to proactively idénipossible

problem areas in a network.

Sampling

As regulatory water quality within the network w@8.9% compliant, it was anticipated that small gemin
water quality were being sought to demonstratevtheer age / water quality relationship. Samplind dot
account for possible source water quality variagtialthough this is likely to have been minimal odeweek
duration, or the time required for a given voluniemater to travel between each of the sample pointshe
ideal scenario the water volume sampled at samgilet @ should have been tracked through the netwmrk
ensure the same water volume is sampled at the sdingple points; as only by doing this would thesteffect
of increasing water age on water quality be measus®wever, this was deemed practically prohibitisad
instead it was decided to try to obtain represemamean values from intensive sampling. Elevateah i
concentrations noticed in some of the first 6 ampdas were thought to be due to rust from the stapels due
to chlorine disinfection and 18 hours standingwidts therefore decided to take 2 minute and 5 mifiushed
samples from each sample point on days 3, 4 amil theo6am sample round to see if there was a medasur
change in water quality; as 2 minute sample resuttald have been more reflective of the influenéghe
standpipes rather than anything else. Despite gakare setting hydrant flows prior to embarking the
sampling program some variations in network pressand therefore flow rate from the hydrants, wadent
during the sampling period. SP5 hydrant was obseagehaving the lowest flow. Replicate samples didalve
been very useful to enable re-analysis of physiocdl metal parameters where sample results appeausdal.

Replicate bacteriological samples would have ghvigher confidence in HPC results.

M ean age vs. maximum age contribution
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Calculating mean water age in a distribution nekymovides a reasonable overview of the age profii®ss
the network. However, it is clear that such calttates overlook what could be very important watetumes
that have a much higher age than the average, lhighvare “lost” in the math used to calculate theamage
due to the flow weighted mass balance average ledilou performed at nodes, Machell et al. (2009).
Considering the water quality analytical resultdesed by mean age, and by maximum age contribididhe

mean, the following observations were made.

Physicals

Although color and turbidity appeared relativelynstant (within the large error bars for point 1 gwdiht 5 for
example) it could be argued that they increase witheasing maximum age contribution; albeit bynzal
amount. The decrease in turbidity at the final paiay be explained by the dilution effect of watgking from
the first point; which would infer that the colagdre for the last point is also slightly low fdret same reason.
After 3 consecutive increases with increasing mage temperature exhibits an unexpected drop felibly a
further increase at the final point. During summemths it would be expected that the longer watén & pipe
the more heat is transferred from the surroundmegsilting in an overall net increase in temperatuiti
increasing water age. This pattern persists whdered by maximum age contribution, except it drafper 2
consecutive increases. This unusual pattern coassiply be attributed to local environmental fastdfior
example, ground surface material (tarmac / soiriceete), openness of site, or depth of pipe atsdmple
points. However, if points 2, 3 and 4 are considesienilar within the error bars, it could be argukdt there is

a tendency for temperature to increase with iningasaximum age contribution.

Metals

Analysis of the metals results with respect to mmaxin age improved the understanding of the processes
occurring with iron showing a clear increase withximum age contribution as compared to mean age. Th
iron results will have been influenced by the egcesidence time and corrosion to SP5, and théftala at

SP4, but these effects are still too low to infleercolor and/or turbidity. Aluminum shows overailuton

effects caused by the network mixing at SP4 and SP5

Chlorine
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Ordering free and total chlorine by maximum agetigbution, Figure 12, rectifies the apparent angnslown

in Figure 7, where total chlorine appeared to iaseewith increasing water age. Figure 15 highlights
change for total chlorine, with mean age on thenpri x-axis and maximum age on the secondary x-@kis
finding supports the argument that it is necessargonsider the maximum age contribution to unaeist
chlorine residual response. Comparison of Figuremé& 12 show how consideration of maximum age can
improve the understanding of changes in chloringceatrations, total chlorine in particular. Thigiimavement

is notable, as while most chlorine modeling is agstcloser to deterministic modeling than the gat® of
water age, lumped first, or occasionally secondeprexpressions are used to capture the reactiods an
interactions occurring making the assumption oWfleeighted mixing at nodes as mean water age nmugleli
As with water mean age calculations, this assumptib flow weighted averaging is suspect for chlerin
modeling. For example, it is well known that follmg secondary chlorination different reaction kiogtoccur
(Boccelli et al. 2003, Carrico and Singer, 2009 ). Hence, the decay characteristics of mixed water
comprising higher chlorine residual (younger wataixed with lower chlorine residual (older waterjllwot
necessarily have the characteristics of the avemeentration with the original rate coefficierithis

highlights one of the limitations of currently ajgal approaches to chlorine modeling in complex oefa:

Bacteriological

No coliforms, E-coli, clostridia or faecal strept@ci were detected in any of the samples theredtjfying the
need for the suite of heterotrophic plate countditierentiate small quality changes. Figure 16hlights the
added insight gained by consider both mean andmani age for 3-day HPC, similar changes are evittent
2-day HPC but to a lesser extent. 3-day plate oondered by maximum age contribution in Figure 16,
produces an increasing trend (within large erraiska points 4 and 5) that is inverse to the totdbrine
pattern, Figure 15. Figure 17 shows the effectrdéong 7-day HPC with mean or maximum age contigims.
Again 5-day counts show similar but not as straegds. Within the large error bars at points 1 aridcould

be argued that the general trend for 5-day andy7ptide counts is to increase with increasing maga again
inverse to chlorine trends. Although HPC levelshiis investigation are relatively low, 3-day andl&@y counts
reveal order of magnitude increases over the sampderiod suggesting a lowering of water qualitythwi
increasing water age, whether by mean or mixing emakimum age contribution. The difference in trend
between 2-day and 3-day, and 5-day and 7-day cowfiiscts extra information about slower growing

organisms visible in the latter.
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UK regulations state that there should be “no atmabichange” in HPC counts, i.e. measurements stehdd/
no sudden or unexpected increases, as well asgndicant rising trend over time (for repeat samgliof a
site). HPC cannot “fail” in the literal regulatosense, but investigative sampling should be impigatk if
there is sudden change or unexpected increasdimithand, presumably, this could/should apply teetispent

in the network as well as over a period of time it@ymg a particular site.

In summary, it could be argued from the evidenas@nted that there is a relationship between veaferand
the associated water quality. However, a strorgticiship is not demonstrated and perturbatioriérresults

suggest other influencing factors are at play.

Further work should try to reduce uncertaintieagset material and hydraulic model demand allocatata.
Benefit might also be obtained by undertaking a@rduration sampling program (weeks or monthserattian
days) and including all the hydrants in the arash@r than a select few), and source water vanatsould be

monitored throughout.

CONCLUSIONS

This work produced limited evidence of the ass@mmbetween calculated age of water and water tyuali
characteristics. Although not deterministic, tlisainotable result for a well performing distribbatinetwork in
which no water quality events occurred and hendg small changes in water quality parameter welident;
and these approaching detection limits for manypaters. Mean age proved limited association wéthecal
water quality, and it was necessary to consideingigffects, and the maximum age component, toimistame

association as demonstrated by iron, chlorine,HP@s.

Neither mean nor maximum age approaches fully éxgdbathe observed patterns of water quality chamgleis
localized area of the network. Reasons for thislccénclude model uncertainty, especially in the rdal
demand patterns, lack of knowledge about the tnreition and the bacteriological colonization withhe
pipes, and source water variation. However theiffigel do highlight the limitations of flow/volume ighted
and complete mixing at node assumption made in mugleling software, and the need for research and

development in this area.
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Figure captions

Figure 1. Calculated water mean age profiles as#émaple points

Figure 2. Network layout, sample point locatiomgwfroutes and mean age

Figure 3. Color, turbidity and temperature orddsgdample point mean age

Figure 4. Iron, aluminum and manganese orderecgimpke point mean age

Figure 5. Free and total chlorine ordered by samppiet mean age

Figure 6. 2-day and 3-day plate counts orderechbypte point mean age

Figure 7. 5-day and 7-day plate counts orderechbypte point mean age

Figure 8. Mixing of different aged water volumes

Figure 9. Maximum age profiles at the sample points

Figure 10. Color turbidity and temperature orddrggample point maximum age contribution

Figure 11. Iron, aluminum and manganese orderesabple point maximum age contribution

Figure 12. Free and total chlorine ordered by sarmppint maximum age contribution

Figure 13. 2-day and 3-day HPCs ordered by sanmgte maximum age contribution

Figure 14. 5-day and 7-day plate counts ordereshinyple point maximum age contribution

Figure 15. Total chlorine residual ordered by mage and maximum age contribution

Figure 16. 3- HPC ordered by mean age and maxingercantribution

Figure 17. 7-day HPC ordered by mean age and mamiage contribution
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Table captions

Table 1. Water mean age at water quality sampletpoi

Table 2. Analytical parameters

Table 3. Summary of water quality results (orddrganean age at sample point)

Table 4. Maximum age of the water volumes at tmepda points, and the maximum age volume contriloutio

the flow.
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Sample
Point
SP1
SP2
SP3
SP4
SP5

Mean Age
(hr)
56.81
71.08
117.58
97.81
71.91

Tablel
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Physical Chemical Biological
pH Iron HPC 2-day @ 3T
Conductivity Aluminium HPC 3-day @ 22
Colour Manganese HPC 5-day @°80
Turbidity Free chlorine HPC 7-day @ 22
Temperature Total chlorine Total coliforms

Ecoli

Clostridium perfringens

Faecal streptococci

Table 2.
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Parameter

Mean water age
pH
Conductivity

Colour
Turbidity

Temp

Iron

Aluminum
Manganese
Free chlorine
Total chlorine
HPC 2 day 37c
HPC 3 day 22c
HPC 5 day 30c
HPC 7 day 22c
Coliforms
E-coli

Faecal Strep
Clostridia

Table3

Units

hours

pH unit
uS/cm
mg/I
Pt/Co
NTU
Celsius
ug/l

ug/l

ug/l

mg/I

mg/I
CFU/mlI
CFU/ml
no/ml
no/ml
No/100ml
No/100ml
No/100ml
No/100ml

SP1

56.8
7.3
202.3

1.3
0.2
15.7
23.4
41.7
3.1
0.1
0.1
0.1
0.1
21.4
39.8
0.0
0.0
0.0
0.0

SP2

71.1
7.3
195.7

1.1
0.2
16.8
13.7
52.9
<21
0.1
0.1
0.2
1.9
77.1
203.2
0.0
0.0
0.0
0.0

- 27 -

SP5

71.9
7.2
200.0

1.4
0.4
17.5
70.4
34.9
3.8
0.1
0.1
2.3
40.1
20.7
126.4
0.0
0.0
0.0
0.0

SP4

97.8
7.3
199.2

1.2
0.5
16.3
47.4
40.9
<21
0.1
0.1
0.3
16.9
16.3
159.8
0.0
0.0
0.0
0.0

SP3

117.6
7.3
198.7

1.2
0.3
16.6
55.4
83.2
2.9
0.1
0.1
0.3
0.3
42.5
286.8
0.0
0.0
0.0
0.0



Sample point

SP1
SP2
SP3
SP4
SP5

Table4

Mean
age
(hrs)

56.1
71.1
117.6
97.8
71.9

Max
age
(hrs)

58.6
72.1
118.7
164.4
175.6

Max age contribution
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(% flow)

n/a

n/a

n/a
19.3
4.4



