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Abstract: Modeling of water quality in distribution systems becomes nowadays a very popular tool applied in

the processes of systems design and operation. Usually, according to everyday practice and literature reports,

the chlorine propagation is one of the most frequently reported subjects of modeling. Meanwhile, literature

presents many examples of pollutants originated in polymer pipes’ material seriously deteriorating the quality

of water in distribution systems. In this case, the computational fluid dynamics (CFD) may be applied to

numerical calculations of simultaneous transport of several organic and non-organic pollutants in drinking

water supply systems constructed of metal or polymer pipes. This paper contains the presentation of

recognized pollutants migrating to drinking water from plastic pipes, possibilities of CFD application to water

quality modeling and basic set of necessary input data as well as range of simulation results. The numerical

calculations for dynamic benzene propagation inside the close loop pipe model was performed by Fluent,

Ansys. Inc. for the three selected values of velocity flow. Our modeling attempt was performed as the

preliminary step in the assessment of dynamic migration of pollutants originated from high-density
polyethylene (HDPE) pipe and the input data and initial and boundary conditions were based on the available

literature reports.
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According to the rapid development of computing technologies and availability of

various commercial and open source software, modeling of water quality flowing

through the distribution systems has recently gained wide popularity among scientists,

designers and operators of water supply systems. Numerical simulations focused on

water quality modeling allow to predict the propagation of selected pollutant, or several

pollutants simultaneously, along the whole system of drinking water distribution in

various operational conditions. The modeled pollutants of different kinds may enter the

water distribution systems in the source (ie disinfectants) or in any given point of

distribution system, including wall reactions or migrations from pipe material [1]. Thus,
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modeling of contaminants transport helps to understand the movement and behavior of

pollutants resulting in possibility of proper network planning and management.

The initial water quality, after processes of treatment and disinfection may be

changed due to different causes leading to its deterioration – oxygen decay, disinfectant

decay, the formation of disinfection by-products (trihalomethanes, THMs), change of

color, smell and turbidity [2] as well as by leakage of organic or inorganic compounds

from pipes materials during its contact with water [eg 3–5]. The strict regulations

concerning the proper level of disinfectant cause the necessity of studies and monitoring

of chlorine propagation and decay along the drinking water distribution systems – the

decay of disinfectant agent may result in the degradation of microbial conditions of

water supply network, causing thus a possible risk to the consumers’ health [eg 6]. The

recent literature studies show, however, that many different, organic and inorganic

compounds creating possible danger to water quality (eg discoloration and fouling),

customers complains as well as threats to public health may migrate from pipe material

to drinking water during the distribution process through the water supply systems

consisting of polymer pipes [eg 3–5, 7, 8] – eg metals and heavy metals, organotins

compounds, volatile organic components (VOCs) or thermal stabilizers such as Irganox

10XX series. The mentioned problem becomes more serious due to the rapid increase of

polymer pipes (PE, PVC) application to construction of water distribution systems.

Recent reports show that plastic pipes make up over 50 % of all pipes installed

worldwide [5]. In Poland approx. 70 % of newly constructed pipelines is made of

polymer pipes [9]. The most popular recognized pollutants originated from polymer

materials migrating to drinking water and influencing its quality and organoleptic

properties [4, 8, 10–12] are presented in Table 1.

Table 1

The most popular recognized pollutants migrating to drinking water from plastic pipes

Metal stabilizers Lead, organotins compounds, cadmium

Antioxidants
Irganox 1010, Irganox 1035, Irganox 1076,

2,6-di-tert-butyl-4-methyl phenol (BHT)

Products degradation

of antioxidants used

in polymer production

4-ethylphenol, 4-t-butylphenol,2,6-di-t-butyl-p-benzoquinone,

2,4-di-t-butylphenol,3,5-di-t-butyl-4-hydroxy styrene,

3,5-di-t-butyl-4-acetophenone, 3,5-di-t-butyl-4-hydroksy aceto phenone,

1,5-bis(t-butyl)-4-(2-carboxy-ethylidene)cyclohexa-1,4-dien-6-on,

3-(3,5-di-t-butyl-4-hydroksyphenyl)methyl propanoate,

3-(3,5-di-t-butylo-4-hydroksyphenyl)propanoic acid

VOCs

Esters

Butylacetate, Ethylhexanoate, Hexylacetate, Propylhexanoate, Butyl-

hexanoate, Ethyloctanoate, Hexylhexanoate, Hexamethylbutanoate,

Isobornylacetate, Ethyldecadienoate, 2,2,4-Trimethyl-1,3-2,2,4-TPD

Aldehydes Nonanal, Decanal

Ketones 2-Decanon, 2-Undecanone, 2-Dodecanone

Terpenoids Alpha pinene, Delta carene, Limonene, Alpha terpinolene, Alpha farnesene

Aromatic

Benzene, Toluene, Ethyl benzene, m- and p-Xylene, o-Xylene, Styrene,

Isopropyl benzene, n-Propyl benzene, 1,3,5-Trimethyl benzene,

1,2,4-Trimethyl benzene, p-Isopropyl toluene, Naphthalene
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Nowadays, the EPANET-based (by EPA, USA) chlorine propagation modeling, as

the main disinfectant applied worldwide, is very popular and is being reported

frequently [eg 13–20]. Usually, the following set of assumptions is required: distribu-

tion network is consisting of sources, pipes and nodes; flow directions in pipes are

fixed, all hydraulic parameters and chlorine concentration in all outer sources are known

[17]. Usually, the obtained results cover predicted chlorine concentrations in modeled

systems nodes and pipes. However, these models have many disadvantages limiting the

proper assessment of water quality in distributional systems (eg in some EPANET-

-based models propagation of studied pollutant may be studied only in system nodes) or

just limiting their usage only to small networks as well as, which seems to be fairly

important, simulating changes of narrow group of pollutants in fixed hydraulic

conditions [2] – these may not be problematic for engineers and network operators but

may be insufficient for more complicated hydraulic analyses.

Computational fluid dynamics and water quality modeling

More precise numerical calculations of water quality inside distribution systems

covering different, not only chlorine, pollutants propagation in various, dynamic flow

conditions (laminar or turbulent), chemical reactions inside the water body with

different kinetic rates as well as migration of organic and non-organic compounds of

pipe material to water are possible when computational fluid dynamics (CFD) methods

are applied [eg 10, 21].

The development of CFD was started in the first two decades of XXth century and it

has recently reached high popularity, due to the rapid development of computational

techniques. CFD is now being applied in many branches of science and technology,

from dynamic hydraulic of water supply and sanitation systems, water and wastewater

treatment [22–24] to food industry [25], different technological processes [26], heating

and ventilation [27, 28] and modeling of flow in rivers [29]. This popularity is reflected

by availability of many open source and commercial CFD software.

One of the most popular commercial CFD software applied to water quality

calculations is FLUENT developed by Fluent Inc., which was required by Ansys in

2006. Since then Fluent is a part of ANSYS engineering modeling software package.

FLUENT was frequently reported as a successful tool in various simulation calculations

of fluid flow [25, 29–32].

Fluid flow modeling in CFD is based on the following governing equations [eg 29, 33]:

– Conservation of mass:

�
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t
div� �u 0

– For incompressible fluid flow:

div �u � 0
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– Conservation of momentum:
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– Navier–Stokes:
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where: � – fluid density,

t – time,

u – velocity,

u – velocity tensor,

�ij – stress tensor.

These equations, with the proper set of computational simplifications, boundary

conditions and support of numeric techniques provide for comprehensive modeling tool

for various laminar and turbulent, compressible and incompressible fluid, steady state

and transient fluid (gas, liquid or multi-phase) flows analyses.

Qualitative calculations in CDF covering transport and mixing of reactive and

non-reactive chemical species are usually based on the conservation equations of

considered species. The mentioned equation general form for i species may be presented

as follows [34]:

�

�
� �

t
Y uY J R Si i i i i( ) ( )� � � �� � �

�

�

where: Yi – local mass fraction of i species,
�

J i – vector of diffusion flux of species i,
Ri – production rate of i species by chemical reaction,

Si – creation rate of i species by addition from dispersed phase or any

other possible source.

Thus, the CDF calculations of multiple species transport and mixing in different flow

conditions reflect convection, diffusion and reaction sources for each component

species. The involved chemical reactions of transporting, mixing and migrating may

occur in the bulk phase of fluid, on pipe/tank walls or particle surfaces as well as in

porous media. So the most important advantages of CFD application to modeling of

water quality in distribution networks should be now visible – the wide choice of

pollutants, possibility of simultaneous calculations of multiple chemical processes

occurring in water body and on pipe walls as well as in porous filtering bed,

concentration of studied pollutants may be observed in any, freely selected, points of

studied water system.

Usually, to apply CFD to engineering calculations the finite element method (FEM)

or finite volume method (FVM) is required. Thus, the standard regime of the
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above-mentioned techniques are enabled: preparing the spatial mesh of finite elements/

volumes and assignments of medium parameters, initial and boundary conditions in

pre-processor, numerical calculations in model processor (solver) and results viewing

and exporting in postprocessor. The appropriate skills represented by software users are

required. Generally, CDF software is not suitable for beginners – some level of

experience in computer modeling in FEM or FVM is necessary.

In Table 2, the exemplary necessary set of basic input data for flow and species

transport-mixing model as well as the possible results of calculations by commercial

software Ansys, Fluent [34] are presented.

Table 2

Input data and calculation results of CFD

Input data
Results

Material properties Flow inputs

Density, molecular weights,

Viscosity,

Mass diffusion coefficients

– Fickian or full multi-

component diffusion,

User defined scalar diffusivi-

ty, isotropic or anisotropic

Flow type: laminar/turbulent,

single or multiphase flow,

turbulences model and its input data,

Transport equations,

Source and sink terms,

Species transport type: mixing

or non-mixing, species volumetric

reactions,

Constant or time and space dependant

boundary conditions: inflow, outflow

and wall: mass flow, pressure

gradient or distribution, temperature,

velocity distribution, species inlet

mass fraction, wall surface reactions

Pressure and velocity of flow

distribution,

Mass and mole fraction of species,

Concentrations and molar concentra-

tions of species distribution,

Laminar and effective diffusion

coefficient of species,

Kinetic and turbulent rate of reaction

Modeling assumptions

The numerical calculations of time-dependent benzene distribution inside the closed-

-loop pipe system was performed by Flunet, Ansys Inc. The developed modeled domain

reflected the water body of 30 m long closed loop HDPE pipe of diameter 25 × 2.0 mm

with internal surfaces absolute roughness assumed as 1 � 10–6 m. The developed three-

-dimensional model consisted of 635112 nodes and 537959 elements, its volume was

equal to 10.855 dm3. Our modeling attempt contains several simplifications. The modeled

movement of the whole water body with constant flow velocity was achieved by

assigning the constant value of axial velocity to the selected small volume of fluid,

transferring the movement to the rest of the model domain – our calculations were

performed for three various values of water flow velocity magnitude: 0.5, 1.0 and 1.5 m/s

(Reynolds number, respectively, 10445, 20900 and 31350). Time duration of our simula-

tion covered 6 hours and was partitioned into 360 constant time steps of 60 s each.
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Our modeling was performed for the turbulent flow of the viscous liquid, the

realizable k-epsilon model of turbulences [35, 36] was adopted to our calculations. The

following properties of water were assumed to modeling: density 998.2 kg/m3, relative

molecular mass 18.0152, dynamic viscosity 0.001003 kg/(m � s); while the benzene

properties applied to numerical calculations were as follows: density 875.0 kg/m3,

relative molecular mass 78.11472 and coefficient of diffusion in water equal to 1 � 10–9

m2/s [10]. The initial benzene concentration was assumed to be equal to 0.0 g/dm3. The

boundary condition for benzene concentration applied to the outside boundary of the

modeled domain (the outer surface of water body filling the studied HDPE pipe, border

of the diffusive layer) was accepted as the concentration of benzene in water reported

by Skjevark et al [4] equal to 500 ng/dm3 (5 � 10–7 g/dm3 which means the benzene vs
water mass fraction in our model domain 5.01 � 10–10).

Results and discussion

Analyzed results of our preliminary simulation of benzene migration and propagation

inside the water body of closed loop covered mainly tested species distribution and

time-dependent mean mass fraction and concentration for all three water flow velocities

tested.

Figures 1–3 present the exemplary benzene distribution inside the selected part of the

modeled domain – the pipe elbow.

Figure 1 shows the modeled distribution of benzene inside the selected part of the

modeled water body. It is clearly visible that the distribution of the pollutant

concentration depends to the water flow distribution inside the water stream – the

locations of the highest benzene concentration zones are close to the pipe wall. The

mean benzene mass fraction for the presented time step was equal to 1.859606 � 10–10,

which means 1.86 � 10–7 g/dm3.

The benzene distribution presented in Fig. 2, according to the higher flow velocity,

shows higher values of the pollutant concentration and better mixing of benzene inside

the water body. The mean benzene mass fraction for the presented time step was equal

to 2.473962 � 10–10, while its concentration was 2.47 � 10–7 g/dm3.
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Figure 3 presents the distribution of benzene concentration during the same time

duration, 600s, but for the higher value of mean flow velocity, shows the highest

concentrations of the tested pollutant and nearly total mixing of the pollutant inside

the water stream. The mean benzene mass fraction for the presented time step was equal

to 4.99121 � 10–10, so its concentration in the modeled water body was equal to

4.98 � 10–7 g/dm3.

Figure 4 presents the comparison of the results of all tested variants of benzene

concentration modeling inside the close loop water body moving with the three various

flow velocities: 0.5, 1.0 and finally 1.5 m/s.

Figure 4 shows that propagation ratio of benzene inside the flowing water stream

of various flow velocity clearly depends to the flow speed and the Reynolds number.

The higher flow velocity, the grater increase of the tested species concentration inside

the water body. In all tested cases, the benzene concentration reaches the same,

based on literature reports [4], maximum level, the accepted concentration equal to

5 � 10–7 g/dm3, assumed as the boundary condition, but in the different time. In case of

flow velocity equal to 0.5 m/s the level of maximum concentration was achieved after

100 minutes, while it was observed 70 min. and 20 min. for 1.0 m/s and 1.5 m/s,
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respectively. It’s shows the clear relation between the velocity of flow (as well as

Reynolds number) and concentration of benzene in all tested cases. Moreover, the shape

of curves presented in Fig. 4, showing the time-dependant concentration of BHT for

various tested flow velocities, resembles the curves reported for the different pollutants

migrating from pipe material to water, eg butylated hydroxytoluene (BHT) or dibutyl tin
(DBT) [37, 38].

Summary and conclusions

The presented literature review shows a high potential of CFD application to water

quality in distribution systems modeling. One may compute different scenarios, from

the simplest ones (eg non-mixing transport of species in simple system) to the most

complicated cases (eg mass transport of n-species with volumetric and wall surface

reactions inside the complex distribution systems). The presented above advantages of

CFD application allow numerical modeling of probably all engineering cases and

problems encountered in practice. The popularity of CFD modeling among water

distribution systems’ designers and operators may be limited by its disadvantages:

usually complex structure of open source software, high cost of commercial programs,

required experience in data management and simulation calculations, high system and

hardware requirements, full range of necessary input data (in dependence to the level of

problem simplification). Nonetheless, the CFD’s capabilities and range of possible

application make it a worthy tool in modeling of water quality in distribution systems.

The presented preliminary modeling of dynamic, time-dependent benzene distribu-

tion inside the water body of closed loop water pipe, resultant from the migration of the

pollutant from the HDPE pipe wall material to water, shows the good agreement with

the concentrations of benzene in tap water reported in literature. Our calculations

showed the clear relation between the calculated benzene concentration and velocity of

flow and its Reynolds number – higher value of flow velocity (as well as Reynolds
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number) caused increased rate of benzene migration to the main zone of water stream

resulting in quicker reaching the maximum observed concentration and more intensive

mixing.

The next, planned step in development of our experiment is the laboratory

experiment allowing to observe the process of benzene migration for HDPE pipe to

water which would permit to adjust and validate our numerical modeling.

Acknowledgement

This work was supported by the Ministry of Science and Higher Education of Poland, No. 4508

/B/T02/2009/36.

References

[1] Ratnayake N, Jayatilake IN. Water Sci Technol. 1999;40:115-120.

DOI: 10.1016/S0273-1223(99)00473-4.

[2] Musz A, Kowalska B, Widomski MK. Ecol Chem Eng S. 2009;16:175-184.

[3] Hem LJ. Potential water quality deterioration of drinking water caused by leakage of organic compounds

from materials in contact with water. In: Proceedings, 20th NoDig conference. Copenhagen; 2002.

[4] Skjevark I, Due A, Gjerstad KO, Herikstad H. Water Res. 2003;37:1912-1920.

DOI: 10.1016/S0043-1354(02)00576-6.

[5] Heim TH, Dietrich AM. Water Res. 2007;41:757-764. DOI: 10.1016/j.watres.2006.11.028.

[6] Tamminen S, Ramos H, Covas D. Water Resour Manage. 2008;22:1579-1607.

DOI: 10.1007/s11269-008-9244-x.

[7] Ferrara G, Bertoldo M, Scoponi M, Ciardelli F. Polymer Degrad Stabil. 2001;73:411-416.

DOI: 10.1016/S0141-3910(01)00121-5.

[8] Al-Malack MH. J Hazard Mater. 2001;B82:263-274. DOI: 10.1016/S0304-3894(00)00366-6.

[9] Kwietniewski M. Ruroci¹gi polietylenowe w wodoci¹gach i kanalizacji. Rozwój rynku w Polsce i na

œwiecie. In¿ Bezwykopowa. 2005;2:40-44.

[10] Denberg M, Arvin E, Hassager O. J Water Supply: Res Technol – AQUA. 2007;56:435-443.

DOI: 10.2166/aqua.2007.020.

[11] Brocca D, Arvin E, Mosbak H. Water Res. 2002;36:3675-3680. DOI: 10.1016/S0043-1354(02)00084-2.

[12] Musz A, Kowalska B. Wp³yw materia³u ruroci¹gów wykonanych z tworzyw sztucznych na jakoœæ wody

wodoci¹gowej. Przegl¹d literatury. In: Polska In¿ynieria Œrodowiska piêæ lat po wst¹pieniu do Unii

Europejskiej. Dudziñska M, Paw³owski L, editors. Lublin; 2009.

[13] Islam MR, Chaudhry MH, Clark RM. J Environ Eng, ASCE. 1997;123:1033-1044.

DOI: 10.1061/(ASCE)0733-9372(1997)123:10(1033).

[14] Al-Omari AS, Hanif Chaudhry M, Fellow A. J Hydraul Eng. 2001;127:669-677.

DOI: 10.1061/ASCE0733-9429(2001)127:8(669).

[15] Hallam NB, West J, Forster CJ, Spencer I. Water Res. 2002;36:3479-3488.

DOI: 10.1016/S0043-1354(02)00056-8.

[16] Boccelli DL, Tryby ME, Uber JG, Summers RS. Water Res. 2003;37:2654-2666.

DOI: 10.1016/S0043-1354(03)00067-8.

[17] £angowski R, Brdys MA. Int J Appl Math Comput Sci. 2007;17(2):199-216.

DOI: 10.2478/v10006-007-0019-y

[18] Munavalli GR, Mohan Kumar MS. Water Res. 2005;39:4287-4298. DOI: 10.1016/j.watres.2005.07.043.

[19] Mutoti GI, Dietz JD, Arevalo J, Taylor JS. J Amer Water Works Associat. 2007;99:96-106.

[20] Zierolf ML, Polycarpou MM, Uber JG. IEEE Trans Control Syst Technol. 1998;6:543-553.

DOI: 10.1109/87.701351.

[21] Farmer R, Pike R, Cheng G. Comput Chem Eng. 2005;29:2386-2403.

DOI: 10.1016/j.compchemeng.2005.05.022.

Computational Fluid Dynamics Modeling of Benzene Propagation... 107



[22] Rauen WB, Lin B, Falconer RA, Teixeira EC. Chem Eng J. 2008;137:550-560.

DOI: 10.1016/j.cej.2007.05.011.

[23] Dufresne M, Vazquez J, Terfous A, Ghenaim A, Poulet JB. Comp Fluids. 2009;38:1042-1049.

DOI: 10.1016/j.compfluid.2008.01.011.

[24] LeMoullec Y, Gentric C, Potier O, Leclerc JP. Chem Eng Sci. 2010;65:343-350.

DOI: 10.1016/j.ces.2009.06.035.

[25] Norton T, Sun DW. Trends in Food Sci Technol. 2006;17:600-620. DOI: 10.1016/j.tifs.2006.05.004.

[26] Liua SX, Penga M, Vaneb L. Chem Eng Sci. 2004;59:5853-5857. DOI: 10.1016/j.ces.2004.07.001

[27] Nergao COR. Energy and buildings. 1998;27:155-165. DOI: 10.1016/S0378-7788(97)00036-4.

[28] Zhao B, Chen JJ. Building and Environ. 2006;41:710-718. DOI: 10.1016/S0169-555X(01)00184-2.

[29] Ma L, Ashworth PJ, Best JL, Elliott L, Ingham DB, Whitcombe LJ. Geomorphology. 2002;44:375-391.

DOI: 10.1016/S0169-555X(01)00184-2.

[30] Liu SX, Peng M. Comput Electron Agricult. 2005;49:309-314. DOI: 10.1016/j.compag.2005.05.003.

[31] Mohammadi H, Bahramian F. Cardiovasc Eng. 2009;9:83-91. DOI: 10.1007/s10558-009-9078-z.

[32] Ahmad AL, Lau KK, Bakar A, Shukor A. Comp Chem Eng. 2005;29:2087-2095.

DOI: 10.1016/j.compchemeng.2005.06.001.

[33] Wesseling P. Principles of Computational Fluid Mechanics. Springer Series in Computational Mathematics;

2000.

[34] Ansys Fluent UDF Manual Ansys Inc; 2009.

[35] Launder BE, Spalding DB. Comp Meth Appl Mechand Eng. 1974;3:269-289.

DOI: 10.1016/0045-7825(74)90029-2.

[36] Tsan-Hsing S, Liou WW, Shabbir A, Yang Z. Comp Fluids. 1995;24:227-238.

DOI: 10.1016/0045-7930(94)00032-T.

[37] Widomski MK, Kowalska B, Kowalski D, Kwietniewski M, Czerwiñski J. In: Urban Water. Mambretti

S, Brebbia CA., editors. WIT Press; 2012. DOI: 10.2495/UW120051.

[38] Adams WA, Xu Y, Little JC, Fristachi AF, Rice G, Impellitterit CA, Environ Sci Technol.

2011;45:6902-6907. DOI: 10.1021/es201552x.

OBLICZENIOWA MECHANIKA P£YNÓW A MODELOWANIE JAKOŒCI WODY

Wydzia³ In¿ynierii Œrodowiska

Politechnika Lubelska

Abstrakt: Modelowanie parametrów jakoœci wody w systemach dystrybucji jest obecnie stosowane zarówno

w procesie projektowania, jak i w eksploatacji sieci wodoci¹gowych. Najczêœciej stosowanym w modelo-

waniu wskaŸnikiem jakoœci wody w sieci jest rozk³ad chloru. Badania literaturowe wskazuj¹, i¿ istnieje du¿a

grupa zanieczyszczeñ pogarszaj¹cych jakoœæ wody a pochodz¹cych z materia³u przewodów. W celu

numerycznego okreœlenia transportu tych zanieczyszczeñ w sieciach wodoci¹gowych wykonanych z ró¿nych

materia³ów mo¿e byæ zastosowana obliczeniowa dynamika p³ynów (CFD). W artykule przedstawiono

najczêœciej identyfikowane w wodzie zanieczyszczenia pochodz¹ce z materia³u przewodów wykonanych

z tworzyw sztucznych, mo¿liwoœci zastosowania CFD do modelowania jakoœci wody oraz niezbêdne w tym

celu dane wejœciowe. Zaprezentowano numeryczne obliczenia rozprzestrzeniania siê benzenu w wodzie

wype³niaj¹cej uk³ad zamkniêty wykonany z przewodu HDPE. Obliczenia modelowe przeprowadzono za

pomoc¹ programu Fluent, Ansys Inc. dla trzech ró¿nych prêdkoœci przep³ywu przez modelowany przewód.

Przedstawione obliczenia zosta³y wykonane jako wstêpna ocena zachodz¹cej w warunkach dynamicznych

migracji zanieczyszczeñ organicznych z materia³u rur HDPE, w zwi¹zku z czym dane wejœciowe oraz

warunki pocz¹tkowe i brzegowe ustalono na drodze badañ literaturowych.

S³owa kluczowe: jakoœæ wody, modelowanie numeryczne, benzen, obliczeniowa dynamika p³ynów, sieci

wodoci¹gowe
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