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Abstract

Chlorination of water beyond the treatment plarepuired for maintaining acceptable quality
of water transported in the transmission and distion system. While flowing through pipes,
the chlorine concentration decreases for differeaisons. Reaction with the pipe material
itself and the reaction with both the biofilm andbércles formed on the pipe wall are known
as pipe wall demand. This varies with pipe parameiehe aim of this paper was to assess the
impact of the service age of pipes on the chlowad decay constant. One hundred and fifty
three pipe sections of different sizes and fouledéint pipe materials were collected and tested
for their chlorine first-order wall decay constantbe results showed that pipe service age was
an important factor that must not be ignored. Rerrange of the 55 years of pipe service age
used in this study, the change in the wall decaged from 8% to 531% of the corresponding
values in the recently installed pipes. The eftdcervice age on the wall decay constants was
most evident in steel pipes. Other important figdimere reached.

Keywords: Water quality; chlorine wall decay constant, chlorivgs| distribution systems, transmission system,
pipe service age.

INTRODUCTION

Disinfecting drinking water is considered importdat the maintenance of water quality in
transmission and distribution systems. Treated waedisinfected before it enters the
transmission system (Clark and Coyle, 1990). Bezdasterial contamination of water can be
expected in the transmission and distribution systhe disinfectant should remain in the
water flowing in the pipe as a detectable residathat the potential for waterborne disease
and biofilm growth will be minimized. Previouslyhe Water Research Centre (1976) had
suggested some considerations for controlling b@atteumbers in treatment and distribution



systems; these include system cleaning, limitirgreétention time of the water in the network
and the use of alternative disinfectants which pexrgist longer in the water.

Due to its low cost, stability, and effectivenedslorine is widely used for disinfecting water.
Generally, a free chlorine residual in excess 8frig/l must be maintained in the distribution
system, thus ensuring that any likelihood of furtbentamination is eliminated. However,
chlorine concentration decreases with time dueotssemption. Clark et al. (1993) stated that
the chlorine residual can virtually disappear atiotss times during the day. Maul et al.
(1985a) concluded that the occurrences of the bigbecterial concentrations are attributed to
lower levels of chlorine residuals and prolongetkmgon time of the water in the network.
This temporal and spatial consumption of chlorisecaused by chemical reactions of the
chlorine with water constituents and with both Hiefilm and tubercles formed on the pipe
wall, as well as reaction with the pipe wall madkitself (Wable et al., 1991; Zhang et al.,
1992; Kiéné et al., 1998). Deposits, corrosion hydpcts (Zhang et al., 1992; Kiéné et al.,
1998; DiGiano and Zhang, 2005), microorganisms (ad al, 1991), organic impurities,
ammonia compounds, and unremoved metallic compowwtsh as iron (ferrous ions) and
manganese, are among the constituents of waterr¢laat with chlorine and lead to its
disappearance. Reaction with the pipe materidf isel the reaction with both the biofilm and
tubercles formed on the pipe wall are known as pipk demand. DiGiano and Zhang (2005)
pointed out that reaction of chlorine on the scalesting the inner pipe surfaces is the main
reason for the loss of such disinfectant withirtribsition networks. These reactions cause a
decrease in the chlorine content needed for didioie Maul et al.(1985a) observed that
there was a rapid decrease in both free and tdtlarice residuals in the water in the
distribution system, as residence time increaseke wiavelling from the treatment plant. Haas
et al. (2002) observed that chlorine residuals lassraged about 40% after 24 h of
disinfection of new pipes at high levels, as usedains disinfection. The studies of Maul et
al. (1985a, b) showed that free and total chlore®duals decrease rapidly as distance from
the treatment plant increases and free chlorinduaks disappear in the peripheral sections of
the distribution system. Moreover, chlorine concaitn decreases with an increase in water
temperature. The results of the study on the LRk distribution system show that free
chlorine residuals at 23°C were less than the spomding concentrations at 0-4°C (Kirsch et
al., 1994).

Chlorine consumption was observed to be in two g@hg&hang et al, 1992; Kiéné et al.,

1998). The first phase occurs during the first 12tbours, or 4 hours (Jadas-Hecart et al.,
1992) and corresponds to reactions of the chlosiiile easily oxidizable compounds. This is

normally completed in the reservoir of the treatmglant. The second phase, or long-term
chlorine consumption, is slower than the first ghasd occurs in the distribution system. The
second phase is normally described in terms ofppar@nt first-order equation (Wable et al,

1991; Biswas et al, 1993; Rossman et al., 199 &gt al., 1998) as follows:

dC _
dt
where,dC/dt = rate of chlorine decay, mg/l per day
k = chlorine first-order kinetic constant or firstder decay coefficient, day
C = chlorine concentration at tintemg/I

-kC 1)

By integrating Equation 1 and lettirfig equalCy when timet equals 0, the first-order kinetic
equation used to describe chlorine loss is asvialio



C=Ce™ or LnC = LnC, —kt 2)

where, @=initial chlorine concentration, mg/I
t = time, days.

DiGiano and Zhang (2005) concluded that a zerofoosterall kinetic model is well suitable
for describing the overall chlorine decay in a higauberculated cast iron pipe, whereas, first-
order overall kinetic model is found suitable fanew cement-lined ductile iron pipe.

The overall chlorine decay constant during the sdqahase is defined by AWWARF (1996)
and used by researchers (e.g., Rossman et al., B@llam et al., 2002), to be the sum of the
bulk decay constant,,kand the effective chlorine wall decay constant, Wnits of both
constants are 1/time.

Chlorine wall decay were assumed (Wable et al, 18dwas et al, 1993; Rossman et al.,
1994; Clark et al., 1995; Kiéné et al., 1998) andnid to be characterized by first-order
kinetics (Vasconcelos et al., 1996). Zero-order|vdglcay kinetic reaction was found by
Vasconcelos et al. (1996) to be effectively chamazing the wall decay, however, he also
pointed out that the first-order model might betdret

In this manuscript it will be assumed that the allebulk, and wall chlorine decay constants
will be of a first-order kinetics.

Relatively few studies have been conducted conegriihe determination of the chlorine
disappearance rate in distribution systems. Thes&saare conducted either in the field or in
the laboratory. Field studies are normally carpet by isolating the pipe under study from the
network and by monitoring the chlorine concentmatigpstream and downstream. Chlorine
may be injected upstream. By knowing the time ddspge (retention time), the first-order
decay constant in the link, due to both the watet pipe consumption, can be determined
using the above equation. This constant is destiisethe apparent or total constant. Though
on-site studies are considered directly applicablethe distribution system as they are
performed under field conditions, large potenti®asurement errors are expected (Hallam et
al., 2002). Laboratory studies are conducted byopming the test in pipe sections and
monitoring the chlorine concentration with time. hga et al. (2003) studied the influence of
flow velocity on chlorine consumption rate usinglased loop 120-m long, 25-mm (1-inch)
PVC pipe. Haas et al. (2002) described the decaplofine residuals in new ductile iron and
PVC pipes, following disinfection at levels as gieed during mains disinfection (up to 100
mg/l of chlorine). Hallam et al. (2002) performéetir study on different pipe materials in situ
as well as in the laboratory and claimed that #imitatory and the in situ results are similar.
Rossman et al. (2001) performed tests in unlinectilduiron pipe loop to simulate field
condition. The pipe used was in service for sewsals and subjected to significant corrosion
and biofilm buildup. A recent study was carried dyt DiGiano and Zhang (2005). They
investigate the effect of the velocity and the gualf water (corrosion rate, dissolved oxygen,
and pH) on the decay rate of chlorine at the pipé of old cast-iron and new cement-lined
ductile-iron.

Kiéné et al. (1998) presented the relative impaeasf some parameters, namely, total organic
carbon and temperature of the water, pipe matebalfilm, and corrosion, which are



responsible for chlorine disappearance in netwggtesns. Zhang et al (1992) performed a
field study on three pipe segments, one asbestoerte(500 mm in diameter) and two steel
(700/800 and 500 mm in diameter), from the Macatrithution network. They concluded that

chlorine consumption by these pipes is negligif¥able et al. (1991) performed a field study
on three pipes of the Paris distribution networkey pointed out that in pipes transporting
water with high organic content, the transfer a# thrganic matter between water and pipe
surface is important and creates free chlorine wmpsion at the surface of the pipe.

As the chlorine decay in pipes is expected to chamigh the service age of the pipe in the

system, the work presented in this paper was ddetowards the determination of the

influence of the service age of pipes of differemdterials and sizes on the chlorine decay
constant. Thus, this objective goes beyond thectifags of the previous studies.

MATERIALS AND METHODS

In order to accomplish the aim of this study, mibran 185 pipe sections were collected. Out
of these, 153 pipe sections were selected, prepasediescribed below, and used for
performing the experimental work. These samplesewesther new (i.e. not used before),
recently installed, or old pipes of different agdéaisage in the system. The last two types of
pipes were recently in service and were collectethfthe local distribution system, as part of
repair or rehabilitation works on existing pipeseTdistribution system receives the same
water which is composed mainly of water from desslon plants located at the Western coast
of the Kingdom of Saudi Arabia and relatively vemyall fraction (less than three percent)
from well waters. The two sources are mixed togettefore it enters the network. New
unused pipes will be referred to in the remainiag pf this paper as unused pipes. To avoid
dryness of the internal surface of the pipes, ctélé pipes were left in a tap water bath until
the time of testing.

Four different pipe materials were used in the wtuxhmely:, steel, , , cement-lined ductile
iron, polyvinyl chloride (), unplasticized polyvihghloride (uPVC), and polyethylene. Pipes
ages ranged from new to 55 years old. Pipes diasmmetaged from 12.5 mm (0.5 inches) to
300 mm (12 inches). Old pipes were recently iniserin a local distribution system.

All pipes were cut to a length of 1 m. Before perimg the chlorine decay test, each pipe
section was cleaned with tap water and mounted onlaine consumption-free glass sheet
and sealed (Figure 1). Prepared sections werel filleh chlorinated source water, made of
sodium hypochlorite added to unchlorinated souragewy the resulted chlorine concentration
equals to that used during the decay test, leftftula few minutes and finally rinsed with
water with a circa 2-mg/l chlorine concentratiomucBk action was done to avoid the initial
chlorine demand by the pipe wall, which is expedtedccur due to the presence of oxidizable
compounds on the surface of the pipe wall (Kiéra.etL998).

Pipe sections were randomly divided into 38 grofaseh group was tested over the same time
period. At the time of testing, the top surface wasered with a glass sheet similar to that
used for the bottom surface and sealed. A samplgesiing tube and stirrer shaft were
inserted through the top glass cover sheet. Bafeeg the glass sheets used for the top and
bottom covers had been cleaned, soaked in a catedrsource water, described above, with a
chlorine concentration of about 5 mg/l, and wastvét water with a chlorine concentration
equal to that used during the decay test.
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Fig. 1. Schematic of the experimental set-up

Chlorine decay tests were then carried out bynglithe pipe section with chlorinated source
water with an initial chlorine concentration of 2yt This water was first made of higher
chlorine concentration and left for some time (dbwwo hours) to avoid the first phase of
chlorine demand, described in the introduction. Zhmg/l concentration was enough to avoid
any incomplete demand by the pipes tested. Howsueh a concentration was not so high as
to cause an inconsistency between actual fielditond and lab conditions. A stirring device
made of four propellers fitted on a vertical stafequal spaces, and small motor to rotate the
shaft. Different sizes of propellers were usedany pipe section, propellers diameter is about
50 percent of the pipe diameter. This is to in@lneost completely mixed regime in the pipe
section and avoid unequal effect of hydraulicstanresults.

While stirring, the change of free residual chlerzoncentration with time was monitored by
testing the samples which are periodically withdraWwhe sampling program was stopped
when the chlorine residual concentration became, lainout 10 percent of the initial
concentration; however, if this was not reachedwithree days, sampling was terminated.
The maximum concentration at termination was 0.@@.nror some of the pipe sections, the
end point was reached after 30 minutes. The freggueh grab sampling was higher at the
beginning and decreased gradually over time, r@nfyorm one to ten minutes during the first
hour and from one to four hours beyond the firatriauring the first day, and from four to ten
hours thereafter. Sampling frequency was adjustethat the difference between any two
consecutive concentrations is about 0.1 mg/l. Semplere tested directly after collection.
Free residual chlorine concentrations were measut#idzing a Hach spectrophotometer,
model DR-2010, and adopting the DPD method.



Since a first-order overall chlorine decay constarassumed, the first-order kinetic constant
for chlorine decay is equal to the negative valfithe slope of the best fit of the plots drawn
for Ln(C) versus time. The chlorine decay constigtermined from the data collected from
tests in the pipe sections corresponds to botltdehsumption by the pipe wall and by water
constituents and is called the overall decay comsta

The first-order kinetic constant for chlorine comgtion by the constituents of the water
alone, k, was determined by conducting a similar test tlean, chlorine-consumption-free
bottle. This test was repeated five times durireggtudy period to observe any change in bulk
rate constant. The,k/alue was 0.28 day on average (standard deviation = 0.021)layhe
chlorine wall decay constant,kis determined as the difference between the dvdeaay
constant and the bulk decay constant.

Because chlorine reactions in pipes are affectethéyature of the compounds in the water
and by temperature (Kiéné et al., 1998; Wable e1291), the initial chlorine concentration

(Hallam et al., 2002), and the mixing condition®$Bman et al., 1994; Clark et al., 1995), all
tests were conducted at constant room temperaisirggy the same water and a similar level of
mixing, which is almost completely mixed, and ah¥ples having the same initial chlorine
concentrations, thus ensuring that all other caonstnot under study were consistent.

RESULTS AND DISCUSSION

Chlorine decay at the pipe wall surface is a funrcof both mass transport of chlorine from
the bulk liquid to the pipe wall surface, and theemical reaction at, or with, the pipe wall
surface. The value of the wall decay constant desdrabove is representing the effective
decay constant {f, units 1/time. Such a constant is a function ki hydraulics, and the
intrinsic wall decay constant (¢ units of length per time (Rossman et al., 199%)e
effective wall decay constant was also shown taffected by the pipe size (e.g., Rossman et
al., 1994; Haas et al., 2002; Menaia et al., 2003).

The intrinsic wall decay constant should be deteetlifrom the effective wall decay constant
using mass transfer equations appropriate forydeahlics in the pipe reactor.

The intense mixing in the pipe section reactor es@ continuous renewal of water at the
pipe surface. This results in the elimination af thlorine mass transfer resistance at the pipe
wall and the following equation is applicable (D&@Go and Zhang, 2005):

dcC K
C o c=k + 8w 3
dt * o, 3

The second part of the right hand side of Equa8)rrepresents the effective chlorine wall
decay constant. Therefore, Equation (3) showstkieaeffective wall decay constant equals the
ratio of the intrinsic wall decay constant, Ko the hydraulic radius (equals half of pipe edi

if flowing full).

Since completely, or nearly completely, mixed ctiods are intentionally made in the pipe
reactors of this study, it can be assumed thatawidr conditions are similar, and hence, for



similar sizes, the only parameter changing witlpees to the effective wall decay constant is
the intrinsic wall decay constant. Therefore, ih & said that, for pipes of similar sizes, any
observable differences with respect to pipe agebeaimferred to result from changes in the
intrinsic wall decay constant.

From the experimental data it was found, as assuthed the variations in the long-term
overall chlorine concentration with time are bésed by a first-order equation.

Significant chlorine consumption by some pipe wads observed. The laboratory chlorine
wall decay constants of 302 pipe sections rangeah 10.11 day to 100 day. Such a wide
range of values was due to the variability in tigepnaterial, age, and size. According to the
results, the wide variation found in the valueshaf chlorine wall decay constants proves that
a single decay coefficient for all the pipes forgnthe distribution system, will not adequately
predict residual chlorine at any point in the naetwas also indicated by Clark et al. (1994a).

Figures 2 through 5 illustrate graphically the atdn in chlorine wall decay constants with
pipe age.

For all pipe materials, the pipe service age wamdoto alter the wall decay constant. The
condition of the internal surface material of thepchanged with service time. Such a change
varied with different pipe parameters, including thaterial used. This is expected to alter the
chlorine consumption rate. The results were coesistith this expectation. It was found that
the effect of pipe service age is best quantifigddmparing the value of the decay constant at
a certain age with that of the corresponding rdgenstalled pipes. As can be seen from the
figures, wall decay constants either decreasedaivedy affected) or increased (positively
affected) with service age. For the range of 55s/@apipe service age used in this study, the
change in the decay constants ranged from 8% t&058flthe corresponding values in the
recently installed pipes.

Among the four pipe materials steel (Figure 2) warest affected by the positive effect of

service age on the wall decay constants. This coelplistified as the increase in pipe service
age results in corrosion of the internal surfacéhefpipe, hence more chlorine consumption.
With age, a biofilm layer may develop on the in&rsurface of the pipe. This layer may either
create a chlorine demand or it may protect thermadepipe material from chlorine. Unused

steel pipes showed lower chlorine decay constaats those recently laid in the ground.

For pipe segments in the distribution system wliileeechlorine decay constant becomes high,
it might be economical to replace it to avoid siachigh chlorine demand and thus to meet
water-quality goals. Clark et al. (1995) in thelbératory experiment on two galvanized-iron
pipe sections, one brand new and the other 30-dfsya the ground, observed that chlorine
was consumed in a few minutes in the old pipe, ed®it remained stable over a 24-h period
in the new pipe. Clark et al., (1994), in their slation of the North Marin Water District
network, observed that wall demand was highesthferoldest unlined cast-iron portion of the
system.
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Fig. 2: Variation of chlorine wall decay constanthwpipe service age for Steel pipes.

Cement-lined ductile iron (CLDI) (Figure 3) weres$ affected by service age than steel .
CLDI exhibited similar patterns of response to itherease in pipe service age. Nevertheless,
with an increase in pipe service age, the chlona# decay constants decreased initially and
then increased after a certain age; the chandeeitrénd was approximately between 15 and
25 years of age. This suggests that in the etatyes of pipe age, the cement layer works as an
insulation layer protecting the iron from chloriagack. However, this protective cement layer
consumes chlorine but this consumption decreas#s age as it becomes saturated with
chlorine. Rossman et al. (2001) postulated theedeser of wall demand of unlined ductile iron
over time by pipe acclimation to the chlorine oe ttepletion of the chlorine-demanding
substances attached to the pipe wall. The poséftect of age beyond the inversion point
could be justified as, after a certain period, fietection layer is corroded and the iron
becomes exposed and starts to consume chlorines iBhia hypothesis and further
investigations are needed to attest this. Withremease in age, the iron corrosion increases
and hence chlorine consumption increases. Unlikel,stecently installed CLDI pipes showed
lower chlorine wall decay constants than for cqreegling unused pipes.
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Fig. 3: Variation of chlorine wall decay constarithwpipe service age for cement-lined ductile
iron.

As can be seen in Figures 4, and 5, respectiv®lyQ) , and polyethylene pipes were affected
negatively by pipe service age. This decreaseanthll decay constant was relatively low. A
higher rate of decrease was observed during theJiyears of usage. Polyethylene and uPVC
pipes exhibited a relatively stable value overrdraainder of the service age beyond the first 3
years. However, it should be noted that this stadiibn in the decay constant value could
occur before the first 3 years of usage. For atheke pipes, the chlorine wall decay constants

of the unused pipes were higher than for all obéhosed. This was not observed for the other
materials tested in this study.
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The results of this study are inconsistent with tesults of Menaia et al. (2003) who
concluded that the walls of new pipes have no Sagmt effect on chlorine consumption and
assume that the same applies to all synthetic rabter
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Fig. 5: Variation of chlorine wall decay constanthmpipe service age for polyethylene pipes.

As can be noticed from the above findings, oveetisome of the pipe materials illustrate an
increase in wall decay constant and other pipe maégeillustrate a decrease in wall decay
constant. This interesting finding might contraslisbme expectations, and further researches



might turn up some information related to why chier decay at the pipe wall
increase/decrease over time.

Biofilm thickness is expected to increase withitirease of the TOC of the water as noted by
Kiéné et al. (1998). According to the results a$ tlesearch, the biofilm layer was responsible
for some chlorine consumption in a number of theepj Thus, TOC affects the chlorine wall
decay constants. This is inconsistent with previ@sgarch conducted by Hallam et al. (2002)
who pointed out that TOC had no influence on therafe wall decay constant. However, the
finding of this study is consistent with that ofékié et al. (1998).

Service age effect on the internal surface of tlaenml cannot be explored directly as the
development of tubercles and a biofilm layer wobéd expected to cause opposite effects —
either increase chlorine consumption as the tuegrahd the biofilm consume the chlorine
(Kiéné et al., 1998), or reduce the wall consumpti@cause the biofilm prevents chlorine
penetration. Such an effect was also suggesteddtlprl et al. (2002). Because the biofilm
layer varies depending on the characteristics @hater flowing into the system, it could be
useful to explore chlorine consumption by the inémpipe material alone. Therefore, in this
study, chlorine consumption by the pipe materianal was explored in some of the pipes
which had been recently extracted from the distidpusystem. No research has been done to
date on the effect of biofilm developed on interpigle walls, as also pointed out by Hallam et
al. (2002). To avoid the effect of biofilm, the enbal surfaces of some of the pipe sections
used in the study were brushed with a soft brugienmove most of the biofilm attached to the
surface, if present, and the pipes were then rinsed

During brushing, care was taken to avoid disturbaoicthe internal pipe material. Brushed
pipes were tested for chlorine decay. The restltsved that there is a decrease and increase
in the new values from the corresponding chlorird decay constants. For medium age steel
and pipes, around 18 years old, the removal ofl#lyier caused a decrease of about 7% and
12%, respectively, whereas, for the old pipes i$ waticed that constants increased by 15%
and 18%, respectively. The decrease might be exgiaas the layer removed was consuming
chlorine more than it was isolating the pipe maileftiom consuming chlorine, whereas, the
increase could be that the layer was protectingrthterial more than consuming the chlorine.
For new steel and pipes, no significant differem@es observed in the value of the decay
constants. Both and cement-lined ductile iron pgfeswved higher chlorine consumption rates
when the layer was removed. This increase ranged 8% to 12% of the corresponding pipes
before removing the layer. This increase increas#s pipe service age. No clear change for
pipes was observed when such a layer was removetkcfease was found for, uPVC, and
polyethylene pipes; however, this was insignificdhtis recommended to carry out further
studies, of a similar or a modification to this tred presented in the research, to establish the
effect of the biofilm and tubercles formed on tligepwall on the wall decay constant.

Such an understanding of the variability in chlerihecay constant with service age helps in
estimating the design age, and thus the suitalafitje investment in replacing all or parts of
the distribution system. Deposits in the field gipEso contribute to the chlorine demand
(Kiéné et al., 1998); such an influence on chlorine corsion varies from one distribution
system to another.

Variations of chlorine wall decay with pipe age @dso help in assessing the effect of pipe age
of the different pipes comprising drinking watestdbution systems, on the movement and



fate of chlorine within drinking water distributiogystems. This can be attained by using
certain computer programs incorporating an appabgrichlorine mass transfer model.
Rossman, et al. (1994) and Vasconcelos et al. {1@&éloped a mass-transfer-based model
and incorporated it into a computer program calRIANET. Different users (e.g. design
engineers, water distribution system operators, ntemance workers, planners, and
researchers) need these predictive models to des@gmage, and study distribution networks.
Different applications were reported and includeedcting water-quality degradation
problems, calibrating system hydraulics, designimgter-quality sampling programs,
optimizing the disinfection process, evaluatingraienal and control strategies and storage
reservoir design and operation of the distributgystem, planning and designing of new
systems (Clark et al., 1995), determination of fEobareas or periods in the network, and
sampling design for use in future water-quality manng.

CONCLUSIONS

Results of the experimental work performed on 1@ gections of different sizes, ages, and
materials, leads to several conclusions including:

1- Pipe service age is an important factor that shdeldconsidered in the consumption of
chlorine in some pipes such as steel, cement-tinetile iron pipes.

2- For the range of the 55 years of pipe service agd in this study, the change in the decay
ranged from 8% to 531% of the corresponding vainése recently installed pipes.

3- The positive effect of service age on the wall gemanstant was the highest for steel pipes
among the tested materials. Chlorine wall decaycénent-lined ductile iron pipes was
less affected by service age as compared to sped.p

4- The chlorine wall decay constants for uPVC, andygthblylene pipes were affected
negatively by pipe service age. Age effect wastiradly small. All sizes tested were
affected by the pipe age with the same trend. (Bgee effect did not show any effective
relationship with pipe size).

5- Variation in the long-term chlorine concentrationpipes is best described by a first-order
equation.

6- For all of the pipes tested, pipes not used besbmved higher chlorine decay constants
than those recently laid in the ground, whereas,whas the opposite for steel pipes.

7- A wide variation in first-order chlorine wall decapnstants was found ranging from 0.11
day" to 100 day. Such a variation was due to the variation in pipaterial, size, and
service age.

8- For pipe segments in the distribution system whieechlorine decay constant becomes
high, it could be economical to replace it to aveitth a high chlorine demand and thus to
meet water-quality goals.



9- A standard method for determining chlorine wallajeconstants in pipes should be used.
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