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COMPARISON OF SIMULATION TOOLS FOR BACTERIA REGROWTH MODELING IN
WATER DISTRIBUTION SYSTEMS
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Bacteria transport and proliferation in water distribution systems,
no doubt, should be contained. Simulation tools are required for
effective monitoring of bacteria concentration in pipelines. The
issue of bacteria proliferation attracted attention of many authors.
There were several attempts to develop a comprehensive model for
simulation of bacteria growth in drinking water distribution
networks. Factors influencing bacteria growth were also
addressed. There are some difficulties hampering development of
effective simulation tools. Bacteria growth is influenced by many
factors, so most important are to be selected as it is virtually
impossible to take them all into account.

In previous publications the model proposed by Zhang et al
(2004) has been considered. It has been shown that the model can
be embedded into EPANET-MSX software and the EPANET-MSX
results were compared to simulation results obtained by a
validated Fortran routine. Good agreement was found.

The present paper checks the validity of the model embedded
into EPANET-MSX software for a small network. The results
obtained by EPANT-MSX model are compared with the results
obtained by Zhang et al. (2004) using split-operator method. It is
shown that the results are comparable that gives hope that the
Epanet-MSX model can be used as an effective simulation tool for
modeling bacteria regrowth in water distribution systems.

Introduction

Safety and security of drinking water is of no doubt an
important issue. Good bacteriological water quality
must be maintained all the time. However, keeping
water in distribution systems free of contaminants is not
an easy challenge. There are various sources of
contamination, including cross-connections, treatment
plant breakthrough, installation and repair of pipes,
hydrant repairs, pipe flushing events [1]. After
September, 11 attacks there are rising fears of possible
deliberate contamination of water distribution network
of a city. Moreover, many attempts and threats to
contaminate an urban drinking water supply system
have already taken place [2].

So there is a need for protective means to enhance
security of water distribution systems. Effective tools
are necessary that would enable us to detect a
contamination, to determine scale of contamination
spread and finally to de-contaminate the network. The
present paper focuses on efforts of developing a

simulation tool allowing to model proliferation and
growth of bacterial contamination of a network.

There have been many efforts to develop an accurate
model for water quality [6]. However, it has never been
an easy task. A comprehensive simulation tool for
bacterial contamination spread in a water distribution
network must include both a hydraulic model and
bacteria regrowth model.

A model of bacteria concentration dynamics
including convection, diffusion, deposition and
detachment of bacteria as well as reproduction and
mortality is proposed in [8]. Bacteria growth factor is
considered to be influenced by chlorine, substrate
concentration and temperature. Equations governing
growth of bulk and attached bacteria as well as chlorine
and substrate are included into the model.

The equations of the model [8] are:
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where X, is bulk bacteria concentration, X, is attached
bacteria concentration, S is substrate concentration, Cl,
is chlorine concentration, v is velocity, Dy is diffusion
coefficient, up, and u, are growth coefficients for free
and attached bacteria respectively, defined by (1.5), Kget
is detachment coefficient, kq is bacteria mortality factor,
Ry is hydraulic radius, Y, is growth yield coefficient of
bacteria, f is number of bacteria that are produced for
each milligram of organic carbon in cell biomass, ky is
first-order kinetic constant for chlorine decay in bulk
water and k,, is zero order rate constant for the wall
reaction.

The bulk bacteria growth coefficient u, has the form:
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The attached bacteria growth coefficient u, is
expressed in similar way.

More detailed description of the model can be found
in [8].

Table 1. Parameters of the pipe

Parameter Value Units
Length of the pipe 120 meters
Diameter of the pipe 150 millimeters
Flow 7.7 - 270 m?/h

The model (1.2)-(1.4) was embedded into a Fortran
routine and experimentally validated in [3]. However
there are difficulties in applying the model for a
complex water distribution network due to lack of
means of combining a hydraulic model with the
regrowth model. Recent release of the multi-species
extension for the Epanet software (Epanet-MSX)
provides a basis for combining a hydraulic model and a
regrowth model. The software allows to use data of the
hydraulic simulation for a network as the input data for
a mathematical model of bacteria regrowth.

The objective of the current study is to adapt the
model proposed in [8] to the Epanet-MSX software and
test it. The testing procedure includes comparing results
obtained with the Epanet-MSX model for a pipe to the
results obtained with the validated Fortran routine
mentioned in [3] and then comparing Epanet-MSX
model results for a small network to the results obtained
for the same network in [8] using the alternating split-
operator method.

Methods

Simulations have been performed both for a straight
pipe segment and for a small network. Totally, results
of the Epanet-MSX model were compared with the
results of two other simulation tools: the data obtained
by the validated Fortran model [3] and the data
provided in [8], obtained with the help of the alternating
split-operator method. All the tools are based on the
model [8]. A remark should be made of the Epanet-
MSX model. The equations proposed in the model [8]
are partial as convection and diffusion are involved.
Unfortunately, the Epanet-MSX software deals with
ordinary differential equations only. Therefore,
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diffusion term must be neglected. Convection term, in
its turn, is not necessary as the hydraulic model is
calculated by Epanet software and the results are used
for the transport model. The Epanet-MSX model has
been tested against other simulation tools in two steps.
First, simulations have been performed for a 120m long
pipe. The parameters of the pipe are presented in
Table 1. Two cases are considered. A normal operation
of the pipe containing substrate, chlorine and bacteria
(assumed to be non-dangerous) is modelled in the first
case. An intrusion with high bacteria inflow into a clean
pipe is modelled in the second case. The parameters of
the model in both cases are shown in Table 2 and
Table 3.

Table 2. Conditions for the normal operation

Parameter Boundary value  Imitial value Units
Free Bacteria 108 108 cell/m?
Biofilm 107 107 cell /cm?
Substrate 0.4 0.4 mg/1
Chlorine 1.0 1.0 mg,/1
Table 3. Conditions for the intrusion
Parameter Boundary value  Initial value Units
Free Bacteria 10? 0.0 r;s:']llh'n"i
Biofilm 0.0 0.0 cell/em?
Substrate 0.4 0.0 mg/1
Chlorine 1.0 0.0 mg/1

For the case on normal operation, typical values of
free and attached bacteria, substrate, chlorine
concentration for water distribution networks are
selected. Bulk bacteria concentration in several water
networks of Europe and North America was found to be
in the range of 10" - 10° cell/m® [7]. Concentration of
10® cel/m® is used for simulations. Biofilm
concentration is assumed to be 10" cell/cm?® in
compliance with data of [4, 5]. Concentration of BDOC
(substrate) in water distribution systems of the USA is
reported to be up to 1 mg/litre [7]. The value of 0.4
mg/litre is chosen for the simulation of normal network
operation. Chlorine concentration is set to 1 mg/litre.
The BDOC and chlorine concentration also complies
with [8]. The initial conditions for the case of normal
operation are the same as boundary conditions.
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For the case of intrusion it is assumed that water
with bacteria concentration ten times higher than the
normal concentration enters the pipe. Initial conditions
for the pipe are all zeroes. That corresponds to the case
when the pipe is clean from bacteria, substrate and
chlorine. Simulation for the both cases are performed
for a pipe. Two solution tools are used: the Fortran
routine [3] and the Epanet-MSX model. The obtained
results are compared to check how close are the results
of the Epanet-MSX model to the results of the validated
Fortran model and whether the Epanet-MSX model
may be suitable for simulation of bacteria regrowth in a

pipe.

Source

Figure 1. Small hypothetical network used for simulation.

Simulation of bacteria behavior and dynamics in a
small water network is performed as well. A small
hypothetical network used in [8] is used for simulation
(Figure 1). The network model has been created in the
Epanet-MSX software environment and simulations
were performed. The obtained results were compared to
the results provided in [8]. The model is solved in [8]
with the alternating split-operator algorithm. Solving
the model under the same conditions by the Epanet-
MSX method allows to compare the two methods and
verify if Epanet-MSX environment is suitable for
bacteria growth simulation in a network.
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Figure 2. Chlorine concentration in nodes.

Table 4. Hypothetical network

Link Length (m) Diameter (mm) Flowrate (m3/h) Velocity (m/s)
1 1000 200 15.3 0.135
2 800 150 4.0 0.063
3 1200 200 7.1 0.063
4 1000 150 0.6 0.009
5 2000 150 23 0.036
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Figure 3. Bulk bacteria concentration in nodes.

The parameters of the network are shown in Table 4.
The simulation for a small network was performed
under the same initial and boundary conditions as in
[8], that is free bacteria concentration at the entrance is
10* cell/litre, substrate concentration is 0.4 mg/litre,
chlorine con centration is 1.0 mg/litre. The initial
conditions for all other pipes and nodes are zeroes.

Duration or simulation for the pipe was 120 hours,
for the network — 60 days. Simulation for the pipe was
performed for three various velocity values.
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Results and discussion

Bacteria concentration values for the pipe obtained
from the Epanet-MSX model agree well with the values
obtained from the Fortran model. Good agreement
between the results is seen for three flow velocities and
for both normal operation and intrusion cases. As the
Fortran model has been validated experimentally [3],
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the obtained results give basis for consideration that the
Epanet-MSX model might be suitable for predicting
growth and proliferation of bacteria in a pipe. The
results are presented in Figure 4. The charts show
bacteria concentration in the pipe after 120 hours of
operation. The concentration is averaged over the pipe
length.
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Figure 4. Results of bacteria regrowth obtained with EPANET and Fortran
models for various cases: a) normal operation of a pipe, biofilm concentration;
b) normal operation of a pipe, bulk bacteria concentration; ¢) intrusion into
a pipe, biofilm concentration; d) intrusion into a pipe, bulk bacteria concen-

tration. Concentration units are cell/m® for bulk bacteria and |::<3]1.£'-:1'n2 for

biofilm.

The results for the network obtained with the
Epanet-MSX model are shown in Figure 2 for chlorine
and in Figure 3 for bulk bacteria. The results agree well
with the results provided in [8], given the first-order
kinetic constant for chlorine decay by wall demand
value is taken in reasonable range (in this study the
value 0.0048 is used instead of 2.6, as originally
proposed, as such a high value leads to instant decay of
chlorine). Good agreement of the results obtained by
different tools is in favor for consideration that both
tools are suitable for simulation.

So, the Epanet-MSX model might be enough
accurate to be used for simulation of bacteria regrowth
in water networks.

However, the ultimate challenge is to compare the
results obtained with the Epanet-MSX model to
experimental results. As experiments with urban water
distribution networks entail technical difficulties, a pilot
device is needed simulating a part of a water

38

distribution network. Bacteria concentration data
obtained by measurements at the pilot device ought to
be compared with the results from the model.
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Juhna T., Nazarovs S., Rubulis J. Simulacijas metozu
salidzinajums baktériju pieauguma modeléSanai tidens sadales
sistemas

Baktériju transports un izplatiSanas tdens padeves sist€mas ir
jakontrole. Simulacijas riki ir nepiecieSami, lai varétu veikt efektivu
bakteriju koncentracijas monitoringu. Daudzi autori pétija bakteriju
augSanu Udensvados. Tika méginats izstradat modeli bakteriju
augSanas simulacijai tdensvados. Tika pievérsta uzmaniba arl
faktoriem, kas ietekm& bakteriju augSanu. Diemzel, ir dazadas
problémas, kas apgritina modela izveido$anu. Piem&ram, bakteriju
augSanu ietekmé daudzi faktori, tatad jaizvélas svarigakie, jo pilnigi
visus faktorus nemt véra nav iesp&jams.

Ieprieksgjos pétijumos tika izskatits modelis, ko piedavaja Zhang et
al (2004). Tika paradits, ka modeli var ieklaut Epanet-MSX
programmatiira un rezultati, kas bija iegiiti ar EPANET-MSX
programmatiiras palidzibu tika salidzinati ar rezultatiem no validétas
Fortran programmas. Salidzinajums paradija, ka rezultati ir stipri
lidzigi.

ST pétijuma ietvaros tika parbaudita EPANET-MSX modela
pielietojamiba nelielam Gidensvadu tiklam. Rezultati, kas tika iegiiti
ar EPANET-MSX programmas palidzibu tika salidzinati ar
rezultatiem, ko ieguva Zhang et al (2004). Tika paradits, ka rezultati
ir salidzinami, tatad var cerét, ka EPANET-MSX modeli varés
izmantot bakteriju izplatiSanas model&sanai arT tidensvadu tiklos.

KOxna T., Hazapos C., PyGyauc 5SI. CpaBHeHUEe MeTO/10B
CHMYJISIIIMHM POCTa 0aKTepuii B BOJONPOBOAHBIX CHCTeMaX
Pacripoctpanenne OGakTepuii B BOJONPOBOIHBIX CHUCTEMaX, 0Oe3
COMHEHHS, MOJDKHO ObITH orpaHmdeHo. [t sddexTrBHOTO
MOHHUTOPHHTA M MOJIETUPOBAHUS KOHIIEHTpauK OakTepuil B TpyOdax
HEOOXOUMBI HMHCTPYMEHTHI, IO3BOJISIONIME CHMYJIHPOBATH POCT
Oakrepuii. 3amaya O  CO3MaHMM  TAaKUX  HWHCTPYMEHTOB
paccMaTpHuBanach MHOTHMH aBTOPAMH. BBIIO HECKONIBKO IMOIBITOK
pa3paboTaTh MOJAENb Ul CHMYISAINH pocTa OakTepHil B CHCTEMax
TIOJIAYX TINTHEBOH BOJBI. Taxke N3ydanuch (akTOPHI, BIUSIONINE Ha
poct Oakrepumil. OIHAKO CYHIECTBYIOT HEKOTOpPBIE TPYAHOCTH,
npensTcTByIonme pa3paborke 3G HEeKTHBHBIX METOJOB CUMYJISIINY.
Ha pocr Oaktepuii Biaustor MHOTHE (akTopbl. Bce MX BKIIOUUTEH B
MOJIeJIb IPAaKTHYECKH HEBO3MOXKHO, IIO3TOMY Ba)KHO BBIOPATh T€ M3
HUX, KOTOPbIE OKa3bIBAIOT HANOOIIBIIEE BIHUSHHE.

B mpempiaymux — myOnmkammsx — paccMaTpuBalach  MOZENb,
npeokenHas B mybnukanun Zhang et al (2004). Beuto mokasaso,
YTO MOJENh MOXXHO BKIOYHTH B mporpammy EPANET-MSX u
pe3yabTaThl OBLIM CPAaBHEHBI C pe3yNbTaTaMH, IOJYYEHHBIMH C
HOMOIIBIO IKCTIEPUMEHTAIILHO MIPOBEPEHHOMN MOJIeIH,
peanu3oBaHHOW Ha s3bIke Fortran. beuto oOHapyxeHO Xopoliee
COOTBETCTBHE PE3YIIbTATOB.

Hacrosimast paboTa mMeeT cBoei IeNbIo MPOBEPKY MPUMEHUMOCTH
MOJIeNW, BKMOYeHHOW B mporpammy EPANET-MSX, mns
HEeOONBIION BOJOMPOBOJAHONW ceTH. Pe3ynbTarhl, MOJIy4eHHBIE C
MOMOINBI0 MOAENH, OBUIM CONOCTAaBIEHB C Pe3yIbTaTaMHy,
nonydeHHbIME B TyOnmkanuu Zhang et al (2004). IMokasano, 4to
pe3ynbTaThl CpPaBHUMBL. JTO JaeT HaIeXOy, YTO MOJEIb,
BKmoueHHass B mporpammy EPANET-MSX, wmoxer ObITh
UCIO0JIb30BaHa Kak 3()(GEKTHBHBIH HHCTPYMEHT CUMYJIALME POCTa U
pacrpocTpaHeHus: OaKTepHuil B CHCTeMaX MOAaYH MUTHEBOM BOBI.
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