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Introduction

Bacterial contamination of tap water is of no doubt an important issue that needs to be addressed.
Growth of bacteria and biofilm in water distribution systems must be restrained. So, effective means
are necessary that would allow monitoring and controlling bacteria growth in pipes. Development of
necessary methods requires thorough research work that can be facilitated by the possibility to run
simulations of bacteria development in water distribution systems using a mathematical model.
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The main issue impeding successful development and application of a model is the presence of large
variety of different parameters affecting bacteria growth, making it almost impossible to model. The
processes (e.g. bacteria growth in water and biofilm, chlorine effect on bacteria, bacteria adsorption
and desorption) which are affecting bacterial regrowth in water distribution networks are not
completely understood. The bacterial regrowth is difficult to model by a heuristic approach such as
multiple regression analysis of observations made at monthly basis at various sites through a
distribution networks. However, there were several attempts to develop a comprehensive deterministic
model that would take into account main factors and describe bacteria proliferation in water
distribution systems. Examples of bacterial regrowth models now available are SANCHO [1] and
PICCOBIO [2].

Zhang et al. [3] proposed a model for bacteria growth that includes factors such as convection,
dispersion, deposition and detachment of bacteria as well as reproduction and mortality. Bacteria
reproduction, in its turn, is affected by chlorine, substrate concentration and temperature. The model
contains equations governing growth of bulk and attached bacteria as well as chlorine and substrate
concentrations.

However there is lack of efforts aiming to compare models with each other and test reproducibility of
the results obtained with different models. The present paper makes an attempt to compare results
obtained with the model proposed by Zhang et al. [3], solved by IMSL library of Fortran and the same
model with excluded dispersion term, solved by EPANET-MSX (Multi-Species eXtension) platform
[4].

EPANET [5] is a well-known simulation system for water distribution networks that allows modeling
of flow and pressure distribution in a drinking water network. EPANET allows finding of a hydraulic
solution for ramified water distribution systems. Recently a multi-species extension to the EPANET
called EPANET-MSX has been released. EPANET-MSX extension allows to model reactions and
behavior of different species in water. In fact, the model developed by Zhang et al. [3] can be
embedded into the EPANET-MSX and a solution for a whole network can be found.

However EPANET-MSX is not free of disadvantages. The issue that definitely needs to be addressed
is the dispersion term that, unfortunately, is not included into EPANET-MSX. According to Zhang et
al. neglecting of dispersion may introduce significant error into results.

The purpose of this research is to evaluate error that may arise when the dispersion term is not taken
into account and to test reproducibility of results obtained by two different methods. Simulation results
for two models — one with dispersion term and one without it — have been compared.

Methods and results

The solution for mathematical model consisting of equations proposed by Zhang et al. [3] has been
obtained in two different ways. First, solution of the partial differential equations has been found by
means of Fortran IMSL library, using DMOLCH routine. The routine has been already applied by
Juhna et al. [6]. Then the solution of the equations excluding advection and dispersion terms has been
obtained by EPANET-MSX (the advection term, however, has been taken into account in hydraulic
model that is a part of EPANET-MSX platform). The results were compared and the difference in the
results was evaluated.

The simulation was performed for a pipe that is 1000 m long with 100 mm diameter. The flow
velocity was 0.5 m/s.

The Fortran model had the following initial and boundary conditions:
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Table 1
Initial and boundary conditions for Fortran model

Parameter, units Designation Ivl:lt:lil lzl(;}ltng::z(;';:;;
Free (bulk) bacteria, cells/mL Xb 0 1000
Attached (biofilm) bacteria, Xa 10000 0
cells/cm’
Substrate, mg/L S 0 0.25
Chlorine, mg/L Ch 0 0

The EPANET-MSX model had the same boundary and initial conditions.

In addition a Neumann boundary condition was applied at the right end of the pipe for Fortran model
(the derivative is kept constant). The boundary condition is required in order to find a particular
solution for the partial differential equations used in the model.

Fortran model implies that the modeled region (the pipe) is divided into a certain number of nodes and
concentration of every species is calculated in each node. EPANET-MSX in turn provides and average
value across the pipe for every specie. In order to make the results comparable the pipe in Fortran
model was divided into 120 nodes and an average of nodes 2-119 was calculated.

The results obtained for 20, 120, 420 and 720 hours of simulation are presented in Fig. 1 and Fig. 2
below.
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Fig. 1. Attached bacteria concentration (Xa, cells/cm®) calculated with EPANET-MSX and Fortran
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Fig. 2. Bulk bacteria concentration (Xb, cells/mL) calculated with EPANET-MSX and Fortran
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As it can be seen from the results, the difference between Fortran and EPANET results is less than one
per cent. This allows drawing two important conclusions.

First of all, as EPANET-MSX and Fortran use two different numerical methods for integration of the
differential equations and still the results are similar, then, probably, integration errors in both methods
are kept minimal. Moreover, it should be stressed that EPANET MSX neglects dispersion terms and
nevertheless allows getting the same results as Fortran that does include dispersion. Therefore,
dispersion might not be a significant factor for flows at velocities typical for distribution networks.
More thorough research also indicated that bacteria concentration follows logical trends in both cases
(e. g. bacteria concentration growth is suppressed if substrate is low and vice versa).

Conclusion

The two methods of finding solution for the equations, a bacterial regrowth model is based on, have
been compared with each other. The two methods are: application of EPANET-MSX platform and
IMSL library of Fortran. The results demonstrate a good reproducibility for the two methods. As the
EPANET-MSX method does not take dispersion into account, and still the results obtained with this
method well agree with Fortran results, one can conclude that dispersion term might not be significant,
in some cases.
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Juhna T., Kolyshkin A., Nazarovs S., Rubulis J. IMSL bibliotéekas un Epanet-MSX vides pielietojums
baktériju izplatiSanas simulaciju rezultatu salidzinasanai

Risinajums baktériju izplatiSanas problémai udensvados tika mekléts vairakos petijumos. Dazadi autori
mégindja izveidot modelus, kas dotu iespéju simulét baktériju augSanu dzerama iidensvada tiklos un noteikt kadi
faktori ietekme baktériju attistibu. Baktériju augSanu ietekmé daudzi faktori, kas apgritina aprekinu un ietvert
tos visus modeli nav iespejams.

Tomér eksiste modeli, kas no vienas puses nem véra vissvarigakos faktorus, no kuriem ir atkariga baktériju
izplatisanas, un no otras puses ir pietiekosSi kompakti, lai vinus varétu pielietot videéja limena datoriem, kas ir
pieejami laboratorijas. Tomér javeic peétijumi ar mérki salidzinat dazadus modelus un parbaudit rezultatu
atkartojamibu gadijuma, ja rezultati tiek iegiti ar dazadam modeléSanas programmam. Saja pétijuma tika
salidzinati rezultati, kas iegiiti ar Fortran IMSL bibliotéku un Epanet-MSX programmas paketi.

Zhang et al (2004) piedavaja matematisko modeli, kas apraksta baktériju augsanu iidensvados. Saja pétijuma
modela viendadojumi tika atrisindti taisnas caurules gadijumam, izmantojot Fortran IMSL bibliotéku. Tie pasi
vienddojumi, iznemot dispersijas locekli tika ievaditi Epanet-MSX vide. Rezultati tika salidzinati sava starpa.
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Tika atrasts, ka rezultati, kas bija iegiiti ar Fortran IMSL palidzibu, labi sakrit ar rezultatiem no Epanet-MSX
programmas. Var secinat, ka dispersijas loceklis viendadojumos var biit ne ipasi nozimigs atseviskos gadijumos.

Juhna T., Kolyshkin A., Nazarovs S., Rubulis J. Application of IMSL library and Epanet-MSX
environment for comparison of bacteria growth simulation results

The issue of bacteria proliferation in water distribution networks has been addressed by several authors.
Attempts have been made to develop a comprehensive model that would allow simulating growth of bacteria in
drinking water distribution networks and determining how different factors are influencing bacteria growth.
There are some difficulties, however, that one developing a bacteria growth model has to overcome. Bacteria
development is influenced by many factors and it is virtually impossible to take them all into account.
Nevertheless there are models available that in one hand consider all the significant factors and in other hand
are not too bulky enabling quick calculations with the computing power available in most labs. However
additional efforts are needed to compare models and check reproducibility of results obtained with different
models and various packages of simulation sofiware. The present paper makes an attempt to compare results
obtained with the help of Fortran IMSL library and Epanet-MSX software.

A mathematical model describing growth of bacteria in water distribution pipes has been proposed by Zhang et
al (2004). In the present paper the equations of the model were solved by means of Fortran IMSL library for a
straight pipe. The same model excluding the dispersion term was used in Epanet-MSX environment. The results
were compared.

It has been found that the results obtained with IMSL library agree well with the results of Epanet-MSX
software. The results indicate that the dispersion term may not be significant in some cases.

Juhna T., Kolyshkin A., Nazarovs S., Rubulis J. [Ipumenenune IMSL 6u6auorexu u cpeast Epanet-MSX
JJISI MOJIEJIMPOBAaHNSI Pa3MHOKeHHUsI 0aKTepHii B BOAONPOBOIHBIX CHCTEMAX

Pacnpocmpanenue baxmepuii 8 6000NPOBOOHBIX CEMSX UCCAEI0BANOCL MHO2UMU agmopamu. Bviiu npouseedenvi
NONBIMKU pa3pabomams Mooeib, ORUCHIBAIOWYIO POCT bakmeputl 8 mpyoax nodawu 800vl, KOMopas NO360J1A
Obl makoice onpedenums GIUAHUE PATUYHBIX PAKMOPO8 HA pasmuodicenue baxmepuu. Oonako cyuwjecmsyiom
HeKomopvie mMpyOHOCMU, npenamcmsylowue paspabomre nooobHoti modenu. Ha pasmnooicenue u
pacnpocmpanerue bakmepuil ausiom MHozue Gakmopwvl. Bee gpakmopwl, npoussodsuue kakou-mubo 3ggdexm
Ha pocm 6akmepuil, NPAKMUYECKU HeBO3MOICHO Y4ecnb NOTHOCIbIO.

Hecmomps na smo, cywecmayiom mooenu, komopwvie, ¢ 0OHOU CHMOPOHbL OEpym 60 BHUMAHUE 6Ce NApamempul,
umerowue Hauboiee 3HAYUMENbHOE GIUSHUE HA pazeumue Oaxmepuil, HO ¢ OpYeol CMOPOHbL 0OCMAMOYHO
KOMNAKMHbL U He mpebylom OOnbuUX GbIYUCIUMENbHbIX MOWHOCmell 015 ux ucnoavzoganus. Oonaxo,
HeobX00uMbl OONOIHUMENbHbIE UCCIe008AHUS, HANPAGIEHHble HA CPAGHEHUE De3VIbmamos, NONYUEHHbIX C
HOMOWbIO PA3TUYHBIX MOOeel U NOGMOPIEMOCMb Pe3YIbMAmos, NOLYYEHHbIX HYMeM UCNOAb308AHUSL PASHBIX
NPOSPaAMMHBIX HaKemos. B dannoil pabome coenana nonvlmka conocmagunv pe3yibmanmvl MOOEIUPOBAHUS C
nomowwio npocpammul Epanet-MSX u pezynomamol pewienusi ypasHenuti mou gce camoii Mooeiu ¢ NOMOUbIO
oubnuomexu Fortran IMSL.

Mamemamuyeckas mooenvb, onucvleaowjas pocm 6axkmepuii 8 6000NPOBOOHbIX Cemsx Ovlia NPedsoNCeHd 8
pabome Zhang et al (2004). B oannou dice cmamve YPAGHEHUS GbIUEYNOMAHYMOU MOOeau Obliu peuieHvl ¢
nomowwro oubauomexu Fortran IMSL. Te oice camvie ypagHenus, UCKIOUAs TUULb ONUCLIBAIOWUTL OUCHEPCUIO
unen, Oblau UCNOAL308aHbl 8 npocpamme Epanet-MSX. Bvino npouszsedeno cpashenie NoIy4yeHHbiX pe3yibmamos.
Ionyuennvie pesyiomamol CEUOCMENLCMEYIOM O MOM, YMO peuienue, NPOU3BeOeHHoe ¢ NOMOWbIO OUbIUOmMEeKU
Fortran IMSL, xopowo coenacyemcs c pe3yibmamom mooeaupoganus 8 cpede Epanet-MSX. Dmo makoice
VKA3bI8AC HA MO, YO OUCNEPCUSL 8 HEKOMOPBIX CIVYASIX He UMeem NPUHYUNUATLHO20 3HAYEHUSL.
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