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Notation

Latin letters

A —stream cross sectional aregfYm

A, — surface of chamber @n

A, — coefficient depended on the probability of re@currence and the average
annual amount of precipitation (dmin ®®’s™* ha),

As—subcatchment area per junction (ha),

a. —empirical exponent (-),

a — constant of infiltration intensity (3,

B —width of the sewage table (m),

C —mean concentration (kg ),

Ccn — Chezy empirical roughness coefficient'fns™),

C: — frequency (repetition) of rain occurrence wittensityq (years),

¢ —concentration (kg i),

D —inner pipe diameter (m),

D. — maximum wastewater depth in connection (m),

D, —equivalent diameter of the conduit (m),

DP — coefficient of longitudinal mass dispersion(st),

D" —molecular diffusion coefficient (™),

DM —molecular diffusion tensor,

dso — diameter of particles, accounting for 50% of masgtie smaller ones (m),
d, —maximum depression storage (m),

d — depth of water over the subcatchment (m),

E —total energy head (energy line) (m),

E«— kinetic energy head (m),

E, —potential energy head (m),

E; —ordinate of junction bottom that receives inflowoodinate of groundwater
surface that has to be reached that groundwaterdt@urs (m),

Fr — Froude number (-),

F —catchment area (ha),

F; — total value of infiltration at a given time (m),

Fs— total value of infiltration needed to saturate tdatchment (m),

Fyx Fy, F,—components of the vector of mass forces in dirastio y, z(m s?),
f — friction factor (-),

f, —amount of water infiltrating into the ground &M,

f.. — maximum or minimunfy, value in time equal infinity (m’9,

fo — maximum or initial infiltration (mS),

g —acceleration of gravity (n9,

H —meandepth of the strearfm),
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H.— height of normal precipitation (mm),

H . — the average annual amount of precipitation (mm),
Hgw — ordinate of groundwater (m),

h — local depth (m),

h. — chamber depth (m),

hy, — critical depth (m),

h, —height of sewage surface above the reference (eJel
| —rainfall intensity (mm mir),

i — precipitation intensity (n$

IMD — initial moisture deficit (m i),

K — saturated hydraulic conductivity of soil (M)s

k —coefficient of equivalent sand roughness (m),

k' —dimensionless coefficient of surface roughness (-),
L —load (kg d?),

L. — connection length (m),

L, — overflow length (m),

M —Manning-Strickler coefficient (ff s,

m —mass of the analysed substance (kg),

m, —relation of maximum cross section velocity to theam velocity (-),
N — normal force (kg m§,

n — factor depending on the decrease and shape ohtbhment (-),
n —normal vector to surfacg

n. — Manning’s roughness of catchment (-),

nu —roughness coefficient acc. to Manning (3

O; —the peripheral length of contact between transgagevage and pipe material (m),
P — hydrodynamic pressure force (kg H),s

p —pressure (Pa),

p. —atmospheric pressure (Pa),

pr — precipitation (rain) probability (%),

Q —volumetricflow rate (n s™),

Q. — surface runoff (™),

Qqw— groundwater flow intensity (tha™),

Q.p— amount of precipitation on given area {dst),

Qsp— amount of runoff from the given area (tist),
q—mass flow over the limiting surfaee(kg m?s™),

q — unit rainfall intensity (dis™ ha),

g — individual intensity of rain (dirs™ ha™),

Re —dimensionless Reynolds number (-),

R, —hydraulic radius (m),

S— friction slope (m m),
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S — energy line slope (-),

S — subcatchment slope (M

S — average capillary suction from the soaked grqumét,O),
s— slope of the channel bottom (-),

Sk — critical slope of the channel bottom (-),

T — friction force (kg m$),

t —time (s), (min), (h), (d),

U —mean flow velocity (ms),

U. —dynamic velocity (m's),

u —local velocity (m 8,

u, — bottom velocity (ms),

u — critical velocity (m §),

V —volume of the liquid (i),

W— component of the vector of air velocity actitang the conduit (M3,
W, — catchment width (m),

X, Y, Z— spatial coordinates (m),

Zy —height of the bottom above the assumed datum (evel
Z — gravitational force component (kg M)s

Greek letters

a — Coriolis coefficient (-),

S —dimensionless velocity coefficient (-),

A —Laplace operator,

At — calculations time step (s),

AHnax— maximum change of wastewater level for timerirae(m),
J —internal source density (the so-called source elénleg m?s™),

¢ —velocity distribution factor (-),

n — coefficient of dynamic (physical) viscosity (Pa s),

n " —coefficient of turbulent viscosity (Pa s),

n° — coefficient of dispersive transfer of momentundiirectionx (-),
A —dimensionless coefficient of friction factor (-),

v —kinematic viscosity (fs™),

p —density (kg m),

7 —shear stresses at the conduit walls and wasteingeiace (N riv),
o — runoff delay factor (-),

w — runoff factor (-),

& —advective mass flow (kg /s ™),

&, —diffusion flux relative to thex-axis (kg m?s™).
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Introduction

The authors intended this study to be a set oépyatized information and ex-
amples of the use of numerical models to descrimtewater flow and transport of
pollutants in sewer systems. Definitions and matitezal models describing sewer
systems functioning presented in the first pan®the base for the development of
appropriate computer models. Simulations of bottrawylic conditions existing in
the analysed system and qualitative analyses agingetransported pollutants are
possible via presented models.

Besides the issues directly related to the construof the model and simula-
tions of sewer systems functioning, issues condewtth the concept of the model,
its calibration and computer simulations, were &tg&ehed upon in this book.

According to encyclopaedic definition, model is laygical system (physical
model) or mathematical description (mathematicadleiowith some characteristics
similar to some distinguished properties of reajeob Modelling, however, is
a method for studying various phenomena and presess solving mathematical
problems on the basis of properly formulated madels

In practical application in environmental enginagriamong the others, the
following mathematical models occur:

 dispersion of solid, liquid and gaseous pollutamtwater environment — flow

in non-pressurised systems (gravitational seweesysrivers and streams,
storage reservoirs) and pressurised (pressure seevater supply systems),

» removal of pollutants contained in wastewater iprapriate equipment

and technological processes of wastewater treatphent,

» flow of water and contaminants in porous mediag-oil profiles,

» spread of pollutants in liquid or solid form in tae.

The above exemplar application of mathematical modenvironmental en-
gineering, in the broad sense, reveals that modetian be regarded as an impor-
tant element in designing of the engineering stmest and may be significant in the
management of complex environmental systems. Appbic of various types of
mathematical models in engineering practice allewsontrol real system, as well
as to analyse its behaviour in various, often chepgconditions. Thus, modern
engineer working in today’s IT-enabled labour markaght to be familiar with
general rules of conducting experiments with nuoaénnodels. He should also be
familiar with the appropriate computer tools supipgr engineers’ works with cre-
ating technical documentation, testing, and anatysiariants of completed pro-
jects, as well as exploitative works support.

According to branch literature, modelling can gheé#dcilitate, eg. sewer sys-
tem exploitation due to the possibility to indicateeas with high probability of
silting occurrence, or places with the oppositebfgm — occurrence of too high
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flow rates leading to the damage of the channdbbrotin the first case, it is possi-
ble to assess possibility and profitability of sewgstem rinsing, and in the case of
cost-effectiveness, to choose appropriate scherhefughing. Using computer
models makes also possible identifying places esghds wastewater rising, which
threaten of flooding property or lower areas. Udimg mentioned models, it is pos-
sible to estimate the effects of changes takingepia wastewater flowing into
treatment plant in sewer systems or drained dyentistorm overflows to the re-
ceiver. The use of numerical modelling significarréduces cost of sewer systems
managing, and in many cases, shortens processaohiph, eliminating onerous
field research. Moreover, through possible multiasats, modelling facilitates the
decision on the scope of exploitation of the aredysystem.

Presented elaboration consists of two basic pdmegretical introduction and
practical examples of the computer software ustrgrfodelling the sewer system
work. The first part of the study provides an ovew of the most important issues
related to the modelling of hydraulic parametersefer systems, and the model-
ling of pollutants transport in these systems. avidual chapters contain rules
of selections, construction and use of mathematioadlels relevant to describe
phenomena occurring in sewer systems, in termsialftg and quantity.

More specifically were discussed issues related to:

» characteristics of the modelled object — seweresggidefinitions of neces-
sary input data related to the characteristiceeofes systems elements and
materials from which they are made, and propemiegollutants trans-
ported in wastewater in the form of solution andisents),

» hydrodynamics of modelled system (theoretical basi$ practical aspects
of modelling flows with free surface, equationsnmdintenance of momen-
tum and mass, Saint-Venant equation, simplifiecagqos for the flow),

» description of advective-dispersive pollutants $gort in wastewater,

» methods describing sediments transport,

» selected numerical methods that can be used inuemmodelling.

In addition to presented basic definitions of mbdglflow parameter and con-
taminants transport in sewer systems, the studyactn general description of
SWMM 5.0 program and examples of its applicationmdelling the abovemen-
tioned processes. Because of that this book Wik ® proper chapters, tables and
figures of SWMM 5.0 User's Manual wherever it iscassary. The authors at the
very beginning assume that the reader is familitin hasis of designing and sewer
systems exploitation — sanitary and storm watevelsas the combined ones — and
mastered a basic ability to solve problems of watet pollutants transport in these
systems.
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1 General characteristics of sewer system

1.1 Sewer system history

More than five thousand years ago, the first hytdadnical structure function-
ing as a sewer system was built. It was ratheoranstvater system than a combined
sewer system. Those times were followed by perniodghich the important role of
this kind of buildings in human material culturesygerceived, as well as by those
in which their importance was not appreciated. &onore complete introduction
and description of the changes occurring in the whperceiving the processes
taking place in gravitational sewer systems itdsichble to approximate its origins
and the subsequent development stag®sysewerhistory.ong

The first discovered constructions, performing tbke of sewer system, built
by humans, are dated back to about 3000 BC. Treelpaated in Habuba-al-Kariba
near the Assad Dam in the area of today’s Syriam@as collectors, pipes with
rectangular section were applied, while as sidesdesser round pipes. The system
consisting of them functioned mainly as a stormewatystem (drainage system)
rather than a combined one. On the grounds ofdiadr Babylonia (2500 — 500
BC), developed sewer systems equipped with raiowg® made of fired ceramic
pipes were also in existence (e.g. Temple of Bedpti, Babylonia dating back to
more than 2500 years BQDther well-known examples of ancient sewer systems
are objects in the Palace of Knossos on Creteatsodin Greek cities (e.g. gymna-
sium in Amphylopolis of about 430 BC or in the amti Dion — about 600 BC, in
the area of today’s Macedonia), as well as the c@ddaxima — a sewage canal of
ancient Rome which has been created after buildmgpen channel transporting
sanitary sewage and storm watdfsiiEman, 2001; Angelakis et al., 2005

After the collapse of the Roman Empire, the ancsamtitary knowledge was
lost for many centuries. Nevertheless, in mangsitf medieval Europe rainwater,
along with domestic sewage, were flowing in opettegs, instead of built-up sewer
systems. It was the eighteen century, when theosti#s of modern European
countries begun to develop sewer systems in bigscaf those days — Paris and
London. Such actions were enforced mainly by hyigigmoblems (outbreaks of
great infectious diseases), and by the need to geiiodically accumulated storm
water @shley et al., 1999 Therefore, commonly believed opinion that theesre
sanitary engineers who saved more lives than toh®doof that time did by inven-
tions such as flush toilets, siphon closing, aniddiawp sewer system, limiting the
spread of diseases of a digestive system, seerns tmrrect. The inventions of
previous centuries led the development of seweaesys$o the current form which,
in the light of current knowledge, function not prds a ‘simple tool' of sewage
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hydraulic transport, but also as a biological regdnside which a large number of
various processes occuPgmeroy and Parkhurst, 1972; Koch and Zandi, 1973;
Green et al., 1985; Nielsen et al., 1992; Stelmetchl., 1995; Garsdal et al., 1995;
Ashley et al., 1999; Huisman, 2001; Hvitved-Jacabs¢ al., 1998; Hvitved-
Jacobsen, 2002; Abdul-Talib et al., 2003; Myszograp05, 2006; tagdd
et al., 2010.

1.2 Sewage as adynamic system

Sewer systems (understood in general as systegwndliits carrying sanitary
sewage, general drainage and rainwater) are corsps&ms within which changes
occur not only with distance but also with time.eT&bovementioned changes ap-
pear in a rhythm of irregularity of sewage outf@hily, weekly, yearly), and be-
cause of storm and random water infiltratiddtaGzczyk et al., 1983; Stelmach
et al.,, 1995; Imhoff and Imhoff, 1996; Huisman, 200gbrowski, 2004; tagdd
et al., 2010. All mentioned processes of transport and biodegraa occur in all
types of sewer systems, but are the most visibteiaportant in relation to the
sanitary sewers and less to the combined sewerstamd water systems.

Sewer systems (all types of sewer systems) unaelst® dynamic systems can
be divided into the following, interrelated compatg the static part — construction
of sewers, and the dynamic one — wastewater witrdieophic organisms biomass
suspended in its depth, biological membrane (mgfitovering the walls of pipes,
sewer sludge and air occupying the space overdiestirface of wastewater.

Dependencies existing between presented compoftégtsl.1) are formed by
the following factors:

* The physical properties of the static elementewfes system — they are the
shape and dimensions of pipes, slope of pipe botteenroughness of the
wall.

* Hydrodynamic properties of the system — shapedchbywblume of waste-
water flowing stream which is affected by irregilaof water demand,
and the presence of random and infiltrated wateseparate sanitary sewer
system and also by the amount of precipitationamizined sewer system
and storm water system.

e Environmental conditions — parameters like tempeeaand pressure.

« Biological, chemical and physical processes in sesystem — these phe-
nomena will be only scour concerned in this study.
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Fig. 1.1. Components of dynamic system in grawityer system and the connections
between them, based oishley et al., 1999; Hvitved-Jacobsen, 2002

Qutflow
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1.3 Selected elements of the sewer system and their impact
on the transport and transformations of pollutants

Building the numerical model of dynamic system iawtational sewer system
collector (whether a storm water system, combineshaitary sewer system), at the
very beginning, the elements composing such a moust be isolated and de-
scribed. Thus, mentioned elements will be chareetérin detail in the further part
of this work, and their role in transport, and ptdhts transformation will also be
presented.

1.3.1 Sewage flow in pipes of gravity sewer system

Gravity sewer system pipes are usually made agdlesction pipes. Liquid
flow inside them takes place in the case of incat®ffilling of cross-section.
Therefore, they are considered as channels withregsprised flow and free
surface.

Cross-sections of sewer system pipes can havedtiffahapes depending on
the type of sewer system and local conditions. Afram circular cross-sections,
there are also egg-shaped, bell-shaped, and papediones. Sometimes trapezoi-
dal or rectangular cross-sections are udédioéek, 199Y. The SWMM 5.0 pro-
gram supports all of mentioned above most popwaakcshapes — more specific
information are available at the SWMM 5.0 User’snidal — Table 3-1.
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The assumption of constant wastewater flow, althotrge for the adopted
computational sections, is rarely met in most sesystems taken as a whole. In the
real conditions, during the exploitation of the sewystem on a technical scale
some changes in flow intensity occur, also as altres§ground water infiltration, or
sewage exfiltration to the ground. The intensitythese processes depends largely
on water relations in the ground in which the aithe is placed. Variations of sew-
age flow intensity during twenty-four hour pericale affected also by inequality of
water consumption within a settlement. Thus, iualctonditions, wastewater flow
in sewer conduits occurs with varying intensityrhowt time and on the length of the
sewer system in question.

The assumption on constant slope of the channsbrbptas well as constant
cross-section and dimensions between points oftipmg¢nodal point), is close to
true conditions. However, their realization dependsnly on the accuracy of con-
struction work done, and on the quality of the miate used.

Local resistances (due to friction and/or hydraubksistance) occurring in
sewer system can be considered in several wayy. ddrebe taken into account by
assuming an appropriate roughness factor, introduoorrecting substitute lengths,
or — difficult to apply in practice — detailed calations of real objects. In engineer-
ing practice, the first method is often adopted twe¢he availability of existing
theoretical studiesWalden and Stasiak, 1971; Sawicki, 1998; Orzechowsk
al., 2001; Dybrowski, 200¥, their experimental verification and widely amuli
methods, as far as sewer systems are concerned.

The adoption of previously mentioned assumptiore®nrstant flow intensity
between points of junction, dimensions, drop oftdratslope, and channel rough-
ness leads to the situation in which the exista@ficaiform motion is assumed. It is
a basic assumption made in the calculations ofdulir sewage channels for de-
sign purposes. With this kind of movement, totagrgy line, piezometric pressure
line, wastewater surface, and channel bottom arallpbto each other. Moreover,
piezometric pressure line and sewage surface danti this case, the slope of all
mentioned lines is identical and equal to hydradicrease, that is, the ratio of
height loss caused by frictions to the conduit ter{Btaszczyk et al., 1933

Calculations of sewer pipes parameters based dieromimotion are suffi-
ciently accurate in engineering practid®aszczyk, 1965; Btaszczyk et al., 1983;
Imhoff and Imhoff, 1996; Heidrich, 1999; Suligow®Q00; Ptuciennik and Wilbik,
2003. The above assumption is insufficient in detailedcalations to determine
the filling of the channel with sewage on defineddth, and linking the flow veloc-
ity with it. In such cases, in order to provide @quigtely accurate input data for nu-
merical simulations and to do the verifying caltiias useful in the exploitation of
sewer system, it is assumed that nonuniform mafpears in the channel.
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1.3.2 Characteristics of storm water runoff

It is difficult to qualitatively assess storm watenoffs, although they can be
characterised by specifying, for specific cases,atntent of various groups of con-
taminants. These groups includec{epa, 2011Bgk et al., 2012Krdlikowska and
Krolikowski, 2012

» settling and unsettling suspension, as well asdvigglids particles,

* inorganic substances,

e organic matter,

» living organisms, especially pathogens, bacterih\druses, protozoa, and

small tissue organisms.

The composition of polluting substances resultingrf storm water runoffs
and contaminants occurring in them are typical given catchment and atmos-
pheric precipitation. Proper and accurate stornemaioff assessment can only be
made based on the results of direct testing cyclemoffs from a specific catch-
ment. They are reliable only for the catchment famdhe case of given parameters
range Park et al., 20090ciepa, 201}

The load of contaminants present in this type ofagge is often compared to
those from municipal wastewater. In dependencénercontaminants rate, the ratio
of annual contaminants load carried with storm wat@offs to those in raw mu-
nicipal wastewater varies from a few to severalceet Soonthornnonda and
Christensen2008. This is a consequence of phenomenon specifdigtorm wa-
ter runoff to the catchments. Total annual flowstdrm water runoff is less than
domestic sewage. This proportion is reversed waference to instantaneous flow
intensities.

The composition of storm water runoffs can be dbedrusing similar indica-
tors as in the case of municipal wastewater. Ihdhae, the following are taken into
account Bgk et al., 2012Krolikowska and Krélikowski, 20)2

e concentration of total suspension/total suspendkdss— TSS,

» biochemical oxygen demand — BOD,

» chemical oxygen demand — COD,

e concentration of biogenic substances,

» concentration of heavy metals,

e concentration of chlorides,

e concentration of petroleum derivative substances.

Suspension concentration is the most significastofeof sewage contaminants
caused by atmospheric precipitations. The probkgonstituted primarily by con-
taminants associated with suspension, such asiorgampounds, heavy metals,
bacteria and viruses (Tab. 1.1). Additionally, gn#ficant share of oil contaminants
and the phenomena occurring on the surface of ssgpes complicate the issue
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(Ociepa et al., 2010; &k et al., 2012 They are for instance: ion exchange, cataly-
sis involving enzymes and mineral catalysts. Immstwater runoffs mineral suspen-
sion is a predominating element. Organic suspensiorthe other hand, occurs in
catchments like market places, green areas, eflgpanighe autumn as a result of
falling leaves. Size distribution of particles appeg in storm water of urbanised
areas is distinguished by high changeability arabitstitutes an individual charac-
teristic of a catchment. In most of the analyseis, concluded that the largest share
IS that of particles in the range of 10—g60

Table 1.1. Contaminants accumulated in suspeniiahikowska and Krdélikowski, 2032

Contaminants | Percentage of contaminants assoeiitethe suspension
COD 83-92%
BOD 90-95%
Total Nitrogen | 65-80%
Hydrocarbons | 82-99%
Lead 97-99%

The suspension concentration in storm water ruvendfes significantly and of-
ten exceeds values typical for sanitary sewagdepiends on the catchment man-
agement, type and degree of surface sealing,arafinsity, precipitation parame-
ters, and the number of rainless days before thegptation, and also on the sewer
exploitation Park et al., 2009; Bk et al., 2012 A high concentration is observed
in the run-offs of disordered catchments in whiobsirate erosion from unsealed
surface occurs. During a downpour, runoff watebgraven the heaviest suspension
fractions with high weight, which allows their easgdimentation. Over the dura-
tion of precipitation, the suspension’s share orratwater runoff decreases. The
share of the organic suspension increases in tbe efigreen catchments in au-
tumn. This takes place due to the presence of scave other dead parts of plants.

Significant concentration of suspension appears issnowmelt runoff and
often exceeds its concentration in storm water ffan@gk et al., 2012 This kind
of suspension is a mineral one, especially wheartdpom chemical substances
(usually chlorines), sand and other mineral agdesgare used to prevent the for-
mation of glazed frostCciepa et al., 2010 In this case, for the most part the sus-
pension is combined with various kinds of orgamd aorganic contaminants.

The individual size of suspension fractions is Higant in the transport of
contaminants integrated with it. The smallest foact contain the highest contami-
nants percentage, as they have the most developiedes, which has an impact on
sorption properties of molecules (Tab. 1.2).
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Table 1.2. Contaminants percentage associated imdlividual fractions of suspensions
in storm water runoffsirolikowska and Krolikowski, 202

Total Percentage of | contaminants percentage associated with
suspended | 0@ individual fractions of suspensions

: suspended :
solid value | 0.0 COD |BOD Total NitrogenLead
> 250um 11-40 30 25 13 41
50-250um 6 0 9 3 41
10-50pum 10-20 12 14 11 3
<10pm 45-63 58 52 73 56

The value of biochemical oxygen demand (BOD) irrmatavater is usually

low, and often

does not reflect the actual numideorganic compounds. This is

because biochemical processes are usually hampgréakic substances and in-
hibitors present in described sewaBelfrowski, 2003

In the runoffs from roads, car parks and manoegwaireas, BOD is not a good
indicator to determine the qualitative charactessbf storm water runoffsDgb-
rowski, 2004. Because of these reasons and due to the presépetroleum de-
rivatives in storm water, the COD indicator is mustre convenient (Tab. 1.3).

Table 1.3. Approximate contaminants concentratiorstorm water runoffsKrolikowska
and Krolikowski, 201p

Contaminants values in storm water runoffs
Contaminants indicators — .
Minimum and maximum
Average values range
values
Total suspended solids (gin| 5-40 000 80-17 000
BOD (g n1) 1-1100 7-83
COD (g m?) 5-3100 40-50
Chlorines (g rit) 5-428 12
Total nitrogen (g rm) 0.3-12.7 3-10
Lead (g m) 0.9-12.6 -
pH 3.9-8.7 5-8

Chemical oxygen demand (COD), defined as the amofirgxidised sub-
stances in a chemical way, usually characterisesiéigree of storm water runoffs
contamination quite well. Moreover, there often wcdependencies between COD



Modelling of hydraulics and pollutants transporsgwer systems 19

value and the concentration of other contaminatisnsh as heavy metals. COD
value varies from several tens to even severalstnud mg dm, and often exceeds
the value of 150 mg dm (Ociepa et al., 2010COD and its fractions have been
characterised in detail in the subsection concgrsanitary sewage parameters.

In storm water runoffs the concentration of heawtats is also significant,
mainly due to the possible presence of lead. Neghats, since the introduction of
the use of unleaded petrol on a wider scale, tobl@m in Poland and European
Union is now less important than in previous timdeavy metals are mainly pre-
sent in the runoffs of storm water from traffic tes, and areas heavily urbanised
and industrialisedRybicki and Rybicki 2001;4R et al., 2012, They come from
unburned fuel fractions, wear of tires and asphialtnost cases they are toxic and
carcinogenic compounds. Heavy metals may be praseséwage as dissolved
salts, ions or insoluble compoundgdlikowska and Krélikowski, 20}2

Chlorides occur generally in snowmelt runoffs assult of using chemicals to
fight glazed frost. These are mixtures of NaCl, Gaghd sometimes Mgg&l

Petroleum derivatives present in storm water rigaf€ all organic substances
from using and processing of crude oil. They amesent in sewage in dissolved
form, as an emulsion, or in suspension. Storm wateoffs can also be contami-
nated with aromatic hydrocarbons, derived from uned fuel fractions or
remained as products of tyre wear and asphaltsrfaigher concentration of pe-
troleum derivatives and oils in storm water runaftgside petrol stations may be
the result of accidents and road disasters, amwdodlthe use of faulty seals in drive
mechanisms, or of hydraulic leaks in motor vehicles

The pH of storm water runoffs is usually neutrabvigver, while rain has con-
tact with air containing carbon dioxide and otherdec substances with clearly
increased patrticipation within many urban areascipitation pH value decreases
below 7 Ociepa, 2011 In turn, on the catchment surface alkaline sarxsts may
occur. Thus, pH of storm water runoffs flow caniféhe range of 5-8, and some-
times even 9.

Also range of most important pollutants indicatalues (concentration) charac-
terising urban runoff water quality are given in B¥W 5.0 Manual — Appendix A.9.

1.3.3 Municipal sewage in sanitary sewer system

The composition of so-called “fresh” sewage, the afywhich is dated in min-
utes, or at most a few hours, is often differeatrfrthe composition of wastewater
exposed to technological processes in sewage teeatdevices Roman, 1986;
Imhoff and Imhoff, 1996; Huisman, 2Q0The differences in wastewater composi-
tion are triggered to a large extent by the proeesd contaminants’ transformation
that occur during the transport in sewer systeniclwvbhan last even more than 20
hours Huisman, 2001; Hvitved-Jacobsen, 2002; Abdul-Taéb al., 2003;
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Myszograj, 2005;Krajewski and Niedzielski, 2005, 2005a; tagdd et abD1Q.
Heterotrophic biomass, which is also a processawof resulting in enzymatic
hydrolysis of suspension macromolecules, is atsatdld in wastewater stream.

Wastewater flowing in sanitary sewers is generated result of the use of wa-
ter, in industrial processes as well as for redidepurposes, and in storm wa-
ter/drainage system also because of the necessitlistharge storm water from
urbanized areaBfaszczyk et al., 1983; Imhoff and Imhoff, 199e composition
of municipal wastewater is thus determined by ngxim domestic sewage, some-
times industrial wastewater, random and infiltraveaters at different proportions.
As far as the combined sewer system is concermpegt ftom the abovementioned,
there is rainwater, and also water from meltingwgrice and snow mud. It can be
concluded that wastewater composition will be delgan on the structure and size
of a given settlement unit, as well as on the teehmondition of the sewer system
determining the intensity of infiltration and exfétion.

Generally, wastewater originated from human poprdatdomestic sewage)
has a complex composition, and contains organicimm@anic contaminants hav-
ing different sizes — table 1.Afdoh and Smisson, 1996; Huisman, 2001; Hvitved-
Jacobsen, 2002; Krajewski and Niedzielski, 2008unicipal wastewater contains
on average about 60% of organic matter and 40%ssblved and non-dissolved
inorganic matter. Among the organic compounds, gmedant are proteins partici-
pation of which may vary from 40-60%, and carbohyes present in amounts
from 25 to 50%. The content of fat is about 1®4injiuk and tebkowska, 2005
The biomass of saprotrophic organisms, as well agraber of other compounds
present in much smaller concentrations, also floatastewater stream.

Table 1.4. The composition of wastewater preseased percentage share of each group of
organic compounds in the total COD (Chemical Oxydamand) and TOC
(Total Organic CarbonXfajewski and Niedzielski, 20p5

Characteristic fractions

Index/component Dissolved | Colloidal Over Sedimenting
colloidal

Size (um) <0.08 0.08-1.0 1-100 > 100
COD
(% CODry) 25 15 26 34
TOC (% TOGy) | 31 14 24 31
Organic components in the total percentage share
Fats 12 51 24 19
Proteins 4 25 45 25
Carbohydrates 58 7 11 24
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The composition of municipal wastewater has begastigated many times in
the past. As a result of that research, the comtentajor components such as fats,
carbohydrates, proteins, organic acids has beemedeffNielsen et al., 1992;
Sophonsiri and Morgenroth, 20p4as well as other chemical substances. The
level of selected indicators of contaminants hasnbalso investigatedB(tler
et al., 1995; Orhon et al., 1997; Sophonsiri andriyenroth, 2004.

Impact of infiltrated water on the wastewater cosipon is usually revealed
in its dilution, and less in biogenic elements’ centration increase. However, that
takes place when infiltrated water comes from rtfrfrom heavily fertilized agri-
cultural areas. In some cases, infiltration cao #sd to a temperature change —
usually its reduction.

Taking into account the above, it can be conclutied not only the structure
of settlement (residents and industrial wastewaker) also daily and seasonal vari-
ability of temperature, as well as wastewater taartime in sewer system have
a significant impact on the quality of wastewatlesving to the treatment plant
(Nielsen et al., 1992; Stelmach et al., 1995; Huism2001; Hvitved-Jacobsen,
2002; Abdul-Talib et al., 2003; Lagdd et al., 2010

However, as accurate a determination of wasteveateposition as that pre-
sented in Table 1.4 is not widely used in the adrdf processes in technological
objects of wastewater treatment plants, or in xeeei— mainly rivers. This is due
to the high costs, labour intensity, and little aap of such analysis on the final
quality of the wastewater treatment processes,llysuiais enough to determine
total COD, BODR, suspended solids, and forms of nitrogen and glarsg.

1.3.4 Sediments and their transport in gravitational sewe systems
Sediments in gravitational sewer systems appean wihe velocity of flow
decreases below the value of hydraulic self-pwatian. They have a significant
influence on the processes occurring in sewer Bysts a cause of e.g. periodical
fluctuation of pollution loads entering wastewatezatment plants. Sediments
deposited during the phase of low canal filling doa flow velocity reduce the
pollutant load, thus during the phase of highrfdliand high flow velocity the de-
posited pollutants are washed away, thereby rapmtigeasing the concentrations
and loads of transported pollutants. This phenomeli@ctly influences the pollut-
ant load entering the wastewater treatment plasstam spillway and the sewage
discharge receiver. Sediments deposited in thenehaaiso cause changes in the
pipe cross-section shape and thus bring about elsanghe physical and hydrody-
namic parameters of the entire syst@raptree, 1988; McGregor et al., 1993; Ack-
ers et al.,, 1996; Hvitved-Jacobsen, 200bBbwski, 2004; Jlilati et al., 2008
Sediments also contribute to development of sulplaarrosion of pipes and have an
impact on the intensity of biological biodegradatal wastewater in sewer conduits.
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The techniques of sampling and measurements apgliedntly yield results
that only partially reflect the properties of sedmts in their natural environment.

The reological properties are influenced by accatiwh of sediments just be-
neath the wastewater surface. This may be onesah#jor reasons for the increased
resistance of sediments to the shear stress oldsen&boratory conditions. Investi-
gations of the properties of sewer sediments arallyscarried out in order to obtain
knowledge about the level of pollutant release @estription of reologic properties,
particularly the shear stress, which determinesrssd erosion.

Since studies concerning wastewater sedimentsedatkd processes are rela-
tively expensive, they are only conducted in cdestin which the biding law re-
quires mathematical modelling of mass transponvastewater plants and storm
spillways Dgbrowski, 2004; Lagod et al., 20L0The results of this research pro-
vide data necessary to calibration of hydraulic eted

Classification of sediment forms in sewer systems

The following classification of sediments is usacEU (Crabtree, 1988; Hvit-
ved-Jacobsen, 2092

A — non-organic and non-cohesive sediments,

B — sediments with the A-type non-organic structoue agglomerated by oil
derivatives and characterized by cohesive progrtie

C - organic sediments, moving over the surfaceedfrsents A and B with
lower velocity than flowing sewages,

D — biofilm developed on pipe walls,

E — sediments in storage tanks.

Additionally, two other groups of sediments are stimes distinguished
(Dgbrowski, 200%

F — storm conduit sediments,

G — pressure pipe sediments (after pressure sdtaehaent).

Sediments A and B are the major types found inevester systems, thus, they
exhibit the highest load of COD accumulated, altjfothe concentration of pollut-
ants in these sediments is lower than in the cbiggpe C.

The highest content of organic pollutants has leg¢ed in sediments from group
C, in which the COD content reaches the level dfougeveral hundred (even 300-500
gO.dnid). These sediments move over the surface of groapd®B during the phase of
low sewage flow in a wastewater pipe. The presehcsediments C and D in sewer
systems results in occurrence of biodegradatiosegs®s, because these sediments
contain heterotrophic organisms, the process fattiie transformations mentioned.
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Group D sediments comprise heterotrophic livingaoigms, therefore, the or-
ganic content in this group of sediments is highe Thickness of the layer formed
by group D is usually low (generally not exceedihgnm) but the anaerobic condi-
tions are possible. This, in turn, contributes donfation of hydrogen sulphide,
which induces sulphuric corrosion of pipe surfaatéacking subsequently the vault
and side walls of the canal.

Group E sediments are characterized by a high degrisagmentation, hence,
the grain surface area in the unit volume of sewagggnificant. This facilitates
extensive adsorption of practically insoluble origgpollutants and heavy metals.

Group F sediments present in wastewater and stgsteras are characterized
by variable, time-dependent (seasonal) compositionparticular, they contain
large amounts of leaves falling from trees duriatg lautumn. Pressure pipe sedi
ments (group G) commonly occur at the pipe slopd @ntain huge amounts of
organic compounds, especially fats.

The general description of the structure and pt@seof sediments should be
taken into account at the stage when minimal iatilims of conduits are designed. It
is also very important in modelling the pollutaoad transport in the sewer system
and the process of wastewater biodegradation, gliffaxent models of transport
should be used for different types and propertiesdimentsDgbrowski, 200

The sediments transported in the sewer are oftersibject of physical and
biochemical analysis and the proper way of sampfioiginstance using a sediment
trap installed at the bottom of pipes, is necessargbtain credible results. The
exemplary results of measurement are presentedhbleT.5.

Table 1.5. Characteristics of near-bed sedimersisiénegg-shaped conduits (1-1030x686
mm, 2 and 3-1780x1625 mnArthur and Ashley, 1997; dbrowski, 2003

No | Particle | Wet state Volatile Mean Mean Mean
diameter | density component, COD BODs flow rate
dso (Mm) | (kg ) (%) (@0:m?) | (@0, m™) | (m*d™)

1 0.5-11.0 | 1143-1998] 1.4-28.6 87522 28594 1900
0.5-4.0 1000-1066| 31.8-68.1 214000 82758 6700
3 0.09-2.5 | 1000-1108 55.6-91.p 124246 96119 7500

N

Based on measurements including the mechanicaégiep of sediments, it was
found that critical shear stressgdepend on the density of analysed sediments in thei
natural environmentWotherspoon and Ashley, 199Polish researche®gbrowski,
2009 have demonstrated that phenomena connected itnesgdransport and pollu-
tant release are largely dependent on the relationg the particular sediment pro-
perties, the most important of which include densitoisture, and porosity.
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Sediment transport in the gravity sewer system

Proper exploitation of sewer systems requires pingi conditions for self-
purification of hydraulic conduits. Such requirertgeare fulfilled when the canal
inclinations have been chosen properly. However ettonomic conditions limit de-
signing pipes that would eliminate deposition off aediments ensuring transport
thereof throughout the day. Therefore, the bindirgs of sewer system design en-
sure periodical transport of the best part of sedis) maximal annual sewage flow
rates, and effective channel ventilatidstaszczyk et al., 1983; gbrowski, 2004
Thus, in the real conditions of sewer systems nsexlis are periodically accumulated
in the pipes and then washed away during the pludiseligh wastewater flow rate.

Described at the literature studies show that thecentration of particles is
non-uniform in the whole stream of flowing sewages its value rapidly increases
towards the pipe bottonA(thur and Ashley, 1997; dbrowski, 2003 Since there
IS one more increase in the constant phase coatientconnected with sediments
deposited on the pipe bottom, the suspension tosihspthe layer placed between
the two mentioned layers of constant phase deasdit is referred to as the near-
bed transportRalarski, 1982. It is associated with the occurrence of theitgn
displacement, and saltation phenomena.

Data presented in engineering literatuBéagézczyk et al., 1983; Imhoff and Im-
hoff, 1996 suggest that, to obtain proper working conditiohshe sewer system at
the designing phase, it is necessary to allow ife mclinations that would yield the
lowest velocity of channel self-purification. Thigotion is understood as
a velocity that stops formation of a sediment betthe canal bottom. It is also advis-
able that self-purification should occur even & lihwest flow and filling rates. The
velocities mentioned are understood in two ways asn-silting velocity as well as
a terminal velocity $awicki, 1998

The convection velocity is a mean velocity in ticév@ cross section at which all
particles are being transported in the channdigfigiin a suspended form and partially
dragged near the bottom. In this case, the proeeedsediment deposition and forma-
tion of sediment bed do not occur. This terminol@ggiccepted in literature focused on
the processes occurring in sewer systems; it aiigthin research concerning debris
transport in rivers and other watercourdggfowski, 2004; Sawicki, 1998

The terminal velocity is a mean velocity in theean cross section that triggers
the process of erosion of sediments deposited glthnie lowest filling of the canal.
Laboratory investigations showed that uniform sediite are completely removed
after a 10% increase in the flow velocity descrilfildy et al., 1996; Nalluri and
Alvarez, 199p The literature sources do not present a univerdae of required
terminal velocity because its value depends onstwage composition, type and
shape of the sediment particles as well as thealidrradius value — the shape, geo-
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metric characteristics, and filling of tlsewe canal Btaszczyk et al., 1983; Nalluri
and Ghani, 1996; Bbrowski, 2004

When mean velocities are used, it is assumedtibdtaw velocity is equal in a
points of a given cross section. In reality, tlwnivelocity is different in every poi
and has the lowest valuesar the canal bottom, which is presentefigure 1.2.

DRAZUN VRS AN TN AL D e L, /47 Near_bed
transport

Velocity J L
diversification Sediments concentration

Fig. 1.2. Sediment transport in a sewenduit— a constant sewage level, based on
(McGregor et al.1993

Maintenance of wastewateoil velocity at the level of 1 nm, which seems
to be the simplest method of designing, would tesnlsome cases, in too hi
inclination of pipes, leading texcessivel high and economically unjustified pipe
depression. However, the sewage flow vity in sewer and storm canals should
not be lower than 0.8 nmi'sduring the phase of the maximum canal filling. je-
cific cases, where there is no possibility to eadine sekpurification velocity of
flow, pipe flushing should be made possi

The thrd value of the flow velocity that is essentialtire sewer exploitation
practice is connected with the beginning of erosibrihe conduit side walls. T
prevent the mechanical damage to the inner surdhgaipes, the flow velocit
should be lower than 3.0 rii*$or concrete and ceramic pipes and 5.0 for cast
iron pipes. The maximum admissible velocity of sggvflow inside storm condui
equals 7.0 m$(Btaszczyk et al., 1983

The recent approach to the problem of -purification of sewer conduits is
based on the shear stress methGdaljtree et al., 19S). The values of shear
stresses in the stationary flow may be derived ftloenformula for both the enert
balance of sewage stream in the conduit and thenbalof forces acting on t
sewage streanbgbrowski, 2003 Below, there is a general formula for calculal
the shear stress values:

T=pgR 'S (1.2)
where:z — shear stresses at the conduit wand wastewater interface (N p —
wastewater density (kg ), g — gravitational acceleration (™), R,— hydraulic radius
(m), S — energy line slopé the stationary flow is equal to the canal irefion
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The value of shear stresses is important for bioflevelopment and erosion.
Shear stresses between 3 and 4 Rusually prevent development of a biofilm on
canal side walls. In conduits with a diameter low®m 0.4 m, such stresses arise at
the wastewater flow velocity of approx. 1 m, dor bigger diameters, the velocity
should range between 1.2 and 1.4 T(Blvitved-Jacobsen, 20Q2In the case of
maximum filling, inclinations that match the camidmeterD allow maintenance
of shear stresses at the conduit walls- wastevwatsrface at the level of 2.5 N
These stresses do not decrease below that valoagaas the relative filling of the
sewer conduit is lower than a half of the crossiseteight Dgbrowski, 2003

The two methods mentioned above, based on thegeffeation velocity and
critical shear stress, allow for the achievementhaf same objective, which is
prevention of transported sediment deposition mgcavitational sewer conduits.
This issue is particularly important due to the esitie properties of transported
sediments Crabtree et al., 1995; Berlamont and Torfs, 1996géd et al., 2010
The shear stress of about 1.8 N ia required to remove the layer of freshly depos-
ited sediments, while the stress value of 800-MN®¥? is necessary to remove the
sediments after long-term pipe exploitation. Tagtrate the scale of the problem, it
is noteworthy that, during rainy weather, the valoéshear stress of 20 Nimvere
reported inside the pipes constructed with relativegh inclinations (apart from
sewer systems in mountain regions). The inclinatbrsanitary conduits should
ensure daily cyclical removal of deposited sedimemtcurring during the phase of
the maximum flow rate. In the case of the storntesys, the required intensity of
sediment removal should be attained during thefathinvent. If this condition is
not fulfilled, only special methods of conduit réfiation may restore the hydrau-
lic capacity of the pipe after several years oftsay system exploitation.

The technical activities aiming at removal of défgeos sediments are often
extremely expensive, therefore, proper choice @frtimimal conduit inclination con-
tributing to the self-purification velocity (suiti#values of shear stress) has become an
important issue at the stage of sewer system dddagides, sediments deposited at the
canal bottom pose a serious threat for the receivstorm spillway wastewater and
constitute heterogeneous strain for wastewatenezd plants by pollutant loads.

Description of sediment transport in gravitational sewer systems

The hydraulic transport of solid particles inside sewer systems may consist in
floating by the sewage stream and dragging aloagahnal bottom. The movement of
single A group sediment particle is induced by ftitees of hydrodynamic pressure
force. The component of gravitation force parahel conduit bottom may be insuffi-
cient because the commonly used low conduits botiagle of inclination. This
situation may be graphically presented as shoviigume 1.3.
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1 >
X

Fig. 1.3. Forces influencing the spheroid partafigroup A at the bottom of a gravitational
conduit Btaszczyk et al., 1983

The patrticle presented in figure above is influehlog the following forces: P —
hydrodynamic pressure force (kg M) sZ — gravitational force component (kg M)s
T — friction force dependent on the friction factsrd normal component of gravita-
tional force Ef N (kg m §%, N — normal force (kg m™§, while g — gravitational
acceleration (m$), f — friction factor (-) The inertial force and congruence of the
particle to the bottom are neglected. The requinedn sewage flow velocity, au-
thoritative for the inorganic and incohesive seditmparticle of diameted (m)
dragged along the bottom of a sewer pipe of dianietém), may be calculated
with following equation:

u=Y (1.2)
£

where:U — mean cross section velocity (m)su, — bottom velocity (m3), ¢ —
velocity distribution factor (-).

Thee factor is described as:

12D (1.3)
d
where:m, — relation of maximum cross section velocity te thean velocity (-).

Sediments deposited inside sewer pipes should ken tanto consideration
while determining the capacity of old canals. Theiments settled inside sewer
conduits affect the hydraulic resistance of flowthinee different manners: by de-
creasing the inner cross section area, changingotlnghness coefficient for pipe
walls, and decreasing the flow energy caused bywidwk load during elution of
deposited sediments.

The changes in the roughness coefficient valuetaftgflow resistance are diffi-
cult to predict because the surface of the sedsvmd usually forms spatially different
shapes, depending on the dimensionless Froude nuraod-r < 0.2 a smooth shape of
sediment surface is the most probable, for Fr=035-@nd Fr=0.35-0.6 distinct ripples
and dunes, respectively, were visible. Thereaftesmoothing of the sediment surface
occurs for Fr=0.6-1.0 and anti-dunes appear for E0 Ogbrowski, 2004

2
£=m, —é(mu =Din
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2 Hydraulic and hydrological issues related to urban
stormwater systems

2.1 Precipitation

Precipitation occurs mainly in the form of rainpsnand hail. In general, rain-
fall is characterized by 3 parameters: rainfakkidity I=Ah/At (changes of precipi-
tation heightAh in time At), rain duratiort and territorial rang&. The intensity of
the rain is not constant throughout its duratiorwadl as in the space covered by
precipitation. In sewer systems, as the concephdividual unit rainfall intensity
q (dn?s™ ha') is often used, instead of rainfall intendit§Kotowski, 2011

Intense and so maximum rainfall, with duration pfta several hours, are the
most important issues in sewer systems dimensiogimge they cause the highest
flows in storm water conduits or in combined sessgstems.

Not all runoff within urban area — rainwater cat@mnwithF area — flows into
the sewer system. Part of precipitation wets théasa and evaporates. Another
part fills terrains and soaks into the ground,lows$ outside the catchment of sewer
system in accordance with the land decrease. Fgmp height that is not the part
of flow is defined as a loss. Intensity or heigblations between rainfall and its
duration and frequency are developed for many ggugce regions. They are quali-
tatively related to each other, but they are naingjtatively identical. Basic form of
gquantitative description of rainfall are models aésng the dependencies of rain-
fall intensity| (mm min™) or unit rainfall intensityg (dn?s™ ha”) defined as rain-
fall per unit of time divided by the test areatloe height (mm) of precipitation on
its durationt and probabilityp;, or alterable precipitation frequency (years)
(Btaszczyk et al., 1983; Kotowski, 201Rrobabilityp, of rain emergence with fre-
quencyC of its occurrence defines the relation below:

:1%) (%) (2.1)

r

Rain probability defines how many times, over tlatary, occurs the rain
with the intensity equal or greater than the assuoree. Frequency of rain occur-
rence expressed in years indicates that in givsnmmer cycle, a rain with inten-
sity equal or greater than g occurs at least dheeexample, if probabilitp,=10%
is assumed, it means that the rain with intenkignd durationt with rain with
higher intensity can occur about 10 times during ¢entury, that is once in 10
years C=10). The value of rain occurrence probability,usmsed in hydraulic calcu-
lations is not hydrological important, but deteresrthe safety of trouble-free func-
tioning of drainage device&del, 200§.
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2.1.1 Precipitation model for sewer system designing
In Poland, the most common model used for sewedesyslesigning is the
Btaszczyk's model of 1958¢aszczyk et al.,198presented below:

66313/H’ C,
q= (2.2)

2/3
t

where:q — unit rainfall intensity, average in timgdn? s ha’), t — rain duration
(min), H, — height of normal precipitation — min. 30 annaskrage from several
years (mm)C, — frequency (repetition) of rain occurrence wittensityq (years).

The intensity of reliable rain for storm water gystcan also be determined
from the formula belowKlepacka et al.,1999

Ap

where:A, — coefficient depended on the probability of ragturrence, and the av-

erage annual amount of precipitation fdmin®®’s™ ha'), t — rain duration (min).
A, coefficient can be calculated from the equatiolowgSzpindor, 1992

A, = 66313/H; C, (2.4)

where:H, — the average annual amount of precipitation (n@n); frequency (repe-
tition) of rain occurrence with intensity(years).
A, coefficient can also be read form the table below:

Table 2.1 A, coefficient valuegEdel, 2006

Value of the probability A, coefficient value in dependence with the average
of rainp; (%) annual amount of precipitation H (mm)
up to 800 |upto 1000 |upto 1200 |up to 1500
5 1276 1290 1300 1378
10 1013 1083 1134 1202
20 804 920 980 1025
50 592 720 750 796
100 470 572 593 627

Synthetic pluviograms belong to the group of modaldng into account the
variability of rainfall intensity in time. Synthetipluviogram of the rain with a spe-
cific probability can be defined by pluviogram deghwith maximum intensities of
the rains occurring with a specific probabilityindividual time periods. Each time
interval may correspond to different number of saikach probability, however,
corresponds to different synthetic pluviogram. Amsal precipitation from a long
period is divided into intervals of 5 to 10 minut&sen, rainfall intensity and tabular
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list are calculated from each partial interval. &eed compounds between the rain-
fall intensity in defined partial time interval atioe probability of its occurrence, is
the basis for the development of synthetic plunaogg. This kind of pluviogram
demonstrates the maximum phase rainfall intensity function of rain duration for
defined probability of occurrence and exceededdeficonfidence level.

2.1.2 Rules of balancing of storm water outflow

Phenomenon of rainfall-runoff in urbanized catchtrisra complex issue and
difficult to generalize. The process of storm wataroff can be divided into three
phases: runoff creation, runoff concentration, aeder outflow. In calculations in
sewer systems usually crucial is participation offlow from the sealed surface
areas. Runoff concentration includes convertindaserdivided effective precipita-
tion into the outflow hydrograph created in the éstvpoint of the analysed catch-
ment. The processes of runoff on the surface (8hié&) and delay effects (field
retention) play the role in it. Sewer outflow is@la subject to the effects of sifts in
time and retention, as well, among others as dtrekthe existence of flow resis-
tances and filling of the channels for the caldatatlow (Kotowski, 201}

General formula for reliable stream of storm wataroff Q from the catch-
ment has the form:

Q=q WPk (2.5)
where:q — individual intensity of rain (dins™ ha™), ¢ — runoff delay factor (-),
w — runoff factor (-) F — catchment area (ha).

Delay factor also called the reduction factor affid! intensity is associated with
runoff time of storm water from the furthest poiftthe catchment to the calculation
section. Delay factap is mainly depended on the surface and shape afticbment.
It can be determined on the basis of the Birklg&edependenc&(ligowski, 2000

P= (2.6)
where:F — catchment area (ha);- factor depending on the decrease and shape of th
catchment (-).
For intermediate conditions, in the case wheniteaad channels decrease deter-
mines speed of 1.2 m‘sand the catchment length is twice more its wititbtor n=6
can be assumed. Facter4 can be assumed in the case of catchment witdéavease
and lengthen shape, howewesB in catchment with compact ar&uligowski, 2000
Runoff factor is defined as the ratio between thmant of water, which will
flow from the analysed surface into the channel #wedamount of water which fell
on the surface in the form of precipitation. Ictgaracteristic value for each kind of
catchment and it can be determined as folld@astgbuda, 2008
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Qo

sp
where:Qs, — amount of runoff from the given area (igt), Q,, — amount of pre-
cipitation on given area (dhs™).

The most important factors that determine the ruooéfficient are as follows
(Edel, 2008: type of land cover, slope, surface temperatunigal state of surface
moisture, geological structure of upper surfacestér having the greatest impact
on the runoff coefficient is a kind of surface sédie table below depicig factor
values in dependence with the kind of surface.

Table 2.2. Runoff coefficient value for various d#of surfacesGatabuda, 2008

Surface Coefficienty
Leak-proof roofs (sheet metal, roofing paper) 0.90-0.95
Bituminous roads 0.85-0.90
Stone and clinker paving 0.75-0.85
Paving as above but without the filled welds 0.50-0.70
Worse paving without filled welds 0.40-0.50
Broke stone roads 0.25-0.60
Gravel roads 0.15-0.30
Unpaved surfaces 0.10-0.20
Parks, gardens, meadows, lawns 0.00-0.10

If in a given area surfaces with various runoffféioents occur, substitute co-
efficient for the whole catchment can be determinsohg weight average. In the
case of cities, runoff coefficient can be assunmeddpendence with the density of
building. Runoff coefficient value for differentggs of building is given in table 2.3.

Table 2.3. Runoff coefficient value for differegpes of building Edel, 2006

Type of buildings Coefficienty
Very thick buildings (old neighbourhoods) with pdwurtyards 0.7-0.9
Compact buildings 0.5-0.7
Scattered buildings 0.3-0.5
Residential buildings 0.2-0.3
Inbuilt areas 0.1-0.2

Parks and green areas 0.0-0.1
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2.1.3 Methods of runoffs estimation

Two methods of runoffs estimation are commonly used

Method of constant rain intensitiesthis isshortened method applied in pre-
liminary projects and helpful in calculating catchments wiith area greater than 50
hectares. This method uses the relationship betweemainfall intensity and the
catchment area. At the very beginning of calcutejat is necessary to assume that
rain time is equal to the time the rain flows thghuthe channel. Then set it on the
basis of channel length and the average flow vsladi wastewater in the channel
in order to determine the reliable rainfall intépsi

Methods of border rain intensitiesthis method consists in determining the re-
liable rain and its parameters — intensity and tiluma- for each point of catchment.

In this method, the maximum rainfall intensity etekmined as the sum of:

e retention time of the field,

« time of wastewater outflow to the channel,

» time of wastewater outflow from the beginning oé tbhannel to the ana-

lysed calculation point.

Sewer system in the method of border intensitiesalsulated only for junc-
tions, and not in each of its point. Values caltdan junction are reliable for the
entire section above the concerned junction, upamext oneKdel, 2008.

2.2 Snowmelt

Besides the rainfall, there are also snowmelt édhito the sewer system. This
kind of water before draining to the receiver miistsubjected to treatment, espe-
cially if it comes from leak-proof, highly contansited areas (for instance, city cen-
tres, industrial areas). Volume of this kind of aratan be determined on the basis
of the standard of snow load, atlas of snow cover.

2.3 Groundwater

Besides the rainfall and melt water, also groundwatn enter to the storm
water system as well as to the combined one. Selmarnels can be located above
or below the groundwater table. In the first cabe, movement of groundwater
takes place in the conditions of incomplete saitbmanf soil pores with water (aera-
tion zone), in the second one, however, in theinglete saturation (saturation
zone). Groundwater goes to the sewer system mémnbugh its channels’ leak,
which is referred to as infiltration. There is alpossible opposite possibility —
transported wastewater through the channels’ lesis enter to the soil and
groundwater. This process is defined as exfiltratio
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2.4 Surface runoff modelling

There are many methods of calculation and modeliiveg surface of water
runoff going into the sewer system. SWMM 5.0 progmases the module RUNOFF
to calculate the surface runoff (hydrological mgd&his module uses the model of
catchment, which is divided into any number of sakchments with known area
and defined hydrological characteristic. Modellofgainfall-runoff process is done
by using a model of non-linear reservoir. In thisdal, catchment shape is not
a crucial issue. Therefore, catchments are ofteagmted in a symbolic way using
simple plane figures. Other parameters describatghenents, such as: width of the
runoff, degree of surface sealing, surface slop¢hénflow direction, volume of
field retention, Manning coefficient of roughneasid soil characteristics in terms
of infiltration rate (for sealed catchments) areryvémportant. Each of sub-
catchments ought to be attached to the approgtiatgion of storm water system
or to the other sub-catchment. Otherwise, the jmgwill generate errors and the
model based on it will not function appropriatefdditionally, for each catchment,
part of the sealed one with potentially smooth azef on which retention of rain-
water is zero, can be declared.

As far as unsealed surfaces are concerned, progginulates, for each time-
step, balance of the water from precipitation amfdtiation (that is surface water
penetration to the deeper layer of soil). In ordedo this, it uses one of three de-
scribed below methods: Horton formula, the GreerpBsnone, or the Curve Num-
ber Method.

Horton formulaassumes that effective precipitation is formed niaal pre-
cipitation intensity will be greater than the maxim possible intensity of infiltra-
tion (Rossman, 2030

This method is based on the empirical observatiaiich results in the fact
that soil absorption decreases asymptotically fitber maximum initial value to
minimal final. The shape of decline curve, howewan be determined by the time
constant. Water that has accumulated on the sudiaedo the field retention is also
subject to infiltration Zawilski and Sakson, 20P8

Input data required for the Horton method are devis (Rossman, 2030

« maximum and minimum infiltration rate,

 distribution coefficient describing speed of thitiig of infiltration rate,

» time of transition of fully saturated soil to driage with zero saturation.

Green-Ampt’s formula- method used to determine the infiltration, withn-
tinuous presence of water on the surface.
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Input parameters required for Green-Ampt's methog as follows
(Rossman, 2030

» hydraulic conductivity of soil,

* initial deficit of soil moisture,

» capillary suction.

Curve Number Method the method assumes that the total infiltratiapacity
of a soil can be found from the soil tabulated @Number. At the rainfall event
this capacity is depleted as a function of cumuéatainfall and remaining capacity.
The input parameters for this method are the cawaber and the time it takes
a fully saturated soil to completely driRgssman, 200 CNM method using the
effective precipitation model SCS (Soil Conservatiervice). In SCS model, total
precipitation was divided into two parts: effectimescipitation and loses.

Effective precipitation depends on the followingtfas:

* soil type and its moisture in the time before goeation,

* average total precipitation,

* way of using the catchment area.

These factors can be described in a collective wgatyg dimensionless parame-
ter CN (Curve Number), which is related to the maxin potential retention of the
catchment. The values of this coefficient rangenftbto 100.
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3 Modelling of the wastewater flow in gravitational wer
system

3.1 Hydrodynamics

The hydrodynamics of conduits of gravitational sewgstems largely deter-
mines the amount of sediments accumulating on ¢ftein and the thickness of the
biofilms, and also affects the rate and effectiwsnaf fragmentation of organic and
inorganic particles. The considerations presentethis chapter are conducted in
relation to water treated as the liquid dispergibase of a multi-phase mixture such
as sewage. In sanitary engineering issues relat@égdrodynamics appear, among
other, in relation hydraulic calculations of canated conduits, understood as the
determination of their shapes, dimensions, slofiéag with sewage, and sewage
flow velocities. In practice we encounter two bdsistances of performing hydrau-
lic calculations for sewer conduits. The first atg most frequent is designing
sewer networks where calculations are made fowiddal sections between spe-
cific trunk sewers, basing on predetermined credddta on the flow rate and the
adopted slope of the conduit and the roughnests efdlls Btaszczyk et al., 1983
The second case when calculations of this kindparéormed relates to validation
calculations and simulations of operation of a gesystem designed or built. Input
available in such a case include information comiogr the shape and dimensions
of the conduit, and its filling, based on which trumetric flow rate is calculated,
the flow velocities in the conduit, and the stresaethe boundary between the sew-
age and the conduit walls.

3.1.1 Flow of free surface liquid

Describing the flow of sewage in a gravitationaksesystem one can make use
of the theory of the flow of a liquid with free $ace in pressureless conduits. This is
justified by the fact that in closed conduits, hat fully filled with sewage, the flow
of sewage takes place solely due to the forcesanfity, inertia and friction. Move-
ment of this type is caused by the slope, i.eldhgitudinal inclination of the conduit,
and is referred to as gravitational floMifosek, 1997; Orzechowski et al., 2001

Gravitational flow can be divided into steady (anif) flow and unsteady
(non-uniform, variable) flow. Uniform flow takes gde when the cross-section
shape of the stream remains constant and is relai@siform motion. Non-uniform
flow can be steady (stationary) or unsteady (nafiestary). Non-uniform flow can
be divided into slowly varied and rapidly varieMifosek, 1997; Orzechowski
et al., 200}. The rapidly varied non-uniform flow takes pldonea situation when in
channel cross-sections situated close to each ¢itieee are considerable diffe-
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rences in depth. Such motion is usually causebtgl lobstructions disturbing the
flow, and thus — in relation to a sewage condwar be considered as a result of its
damage.

Slowly varied non-uniform flow of liquid in chanrseWith free surface is char-
acterised by domination of one component of thearg} vector, namely that which
is directed along the axis of the channel — theagewconduit. That property justi-
fies treating that kind of flow as a unidimensiomabblem Gzymkiewicz, 2000;
Huisman, 2001

3.1.2 General equations of flow of incompressible fluid

In the general case, the flow of a viscous andrmessible liquid — this is
how sewage can be characterised — is describeddansnof the Navier-Stokes
equations (quantitative equations of motion) arddfuations of motion continuity.
The equations are derived from the law of cons@maif momentum and the law
of conservation of mass, and in the Cartesian syttey have the following form:

2 2 2
du_ du du . au £@+Q(a”+a“+a“j (3.1)

—+tUu—+v—+w—=F -
ot ox oy 0z pOox plox® ody* 0z°

2 2 2
ﬂ+uﬂ+vﬂ+wﬂ:|: —l@+i ﬂ+ﬂ+ﬂ (32)
ot ox ody 9z * poy plox*? oy* oz7°

2 2 2
a—W+ua—W+va—W+wa—W=Fz—1@+Q 6W+6W+6W (3.3)
ot ox o9y 0z poz plox* oy> 0z°
u v, ow_, (3.4)
ox oy o0z

where:t — time (s),X, y, z— spatial coordinates (mj, v, w— components of the
vector of velocity in directions, y, z respectively (m$), p — density of the fluid
(kg ), p — pressure (Pay, — coefficient of dynamic (physical) viscosity (Ba
Fy, Fy, F,— components of the vector of mass forces in tloesx, y, z(m s‘z).

The system of equations presented above, evenhtibdgscribes every form
of motion, is applicable only in the case of lamiflaw, while the flow in sewer
systems should in many cases be considered ademtband flow of this type is
characterised by random fluctuations both of thetareof velocity and of pressure.
Due to the lack of knowledge concerning the fluttares, following the Reynolds
approach averaged values of velocity and pressutiene are introduced. The mo-
mentary values of those parameters can be presastedsum of the mean value

(Sawicki, 1998Szymkiewicz, 2000
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u=u+u (3.5)
vV=V+V (3.6)
W=W+WwW (3.7)
p=p+p (3.8)

It is also possible to address the problem of filowifferent manner than is the
case with the Navier-Stokes equations, hamely rygugelocity and pressure val-
ues averaged in time. Due to the averaging oféhed of the velocity advection in
time, in the equations there appears the so-ctdlesbr of turbulent stress. Its ele-
ments are the averaged products of fluctuatiomefindividual components of the
vector of velocity. The tensor of turbulent strelssing a function of flow turbu-
lence, has an unknown value, which causes thatier @o close the system of Rey-
nolds equations it is necessary to seek additiemgdirical information connecting
the turbulent stress with flow turbulencezfmkiewicz, 2000; Rup, 2008 sually,
in the case of flow with free surface of liquidgtis achieved by introducing so-
called turbulent viscosity. It is assumed that tlebt stresses can be described with
a term analogous to the diffusion term in the Na@tkes equations which de-
scribes stresses resulting from physical visco3itye concept of turbulent viscosity
relates to the average velocity, which for the $@spcase means that its coefficient
is constant and independent of the spatial cootelindhe components of the tensor
of turbulent stress can be written briefly as fako

n' og
3.9
= (3.9)
where:i, j=1, 2, 3,¢ and¢ represent deviation of velocity vector componédram

their mean value (m'Y.
Therefore, the system of Reynolds equations canrligen as follows $zym-

kiewicz, 200D

Ou_ ~O0u  0u Jdu 1ap 1
+u—+v—+w—=F - + 3.10
 ax dy dz X pox ,0(0,7) (3.10)
ov, ov,6 ov,6 o0v 1ap 1
— 4+y—+VvV—+ __F + 3.11
o Vax Vay Vaz ody Sloent)ot (3:11)
MWW W 1P 2w 312)
ot ox oy 0z poz p
ou, ov ow_ (3.13)
ox oy 0z

where:;" — coefficient of turbulent viscosity (kgTs™?), 0% — Laplace operator.
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In the formal aspect, the systems of equationsepted above is similar to the
Navier-Stokes equations, but its interpretationliféerent as it describes the rela-
tions between the flow parameters — velocity arebgure — averaged in time.

As follows from empirical experiments, the valuetbé coefficient of turbu-
lent viscosityy" is considerably higher than thatspfepresenting the dynamic vis-
cosity (Orzechowski et al., 20p1Coefficient;" can assume values of the order of
1 kg m's™ and is a function of the turbulence of flow, arad of the physical prop-
erties of the fluid as the coefficient of dynamisocosityn which assumes values of
the order of 1T kg m's™ (Szymkiewicz, 2000This justifies leaving out the dy-
namic viscosity from further considerations, aneraping with the turbulent vis-
cosity alone.

3.1.3 Equation of conservation of momentum in unidimensinal motion

In gravitational sewer, unsteady slow can be camedl as the propagation of
so-called long waves, i.e. such whose amplitudeeigeral-fold smaller than their
length Szymkiewicz, 2000; Huisman, 2Q0h waves of this type the accelerations
and velocities of particles in the vertical directiare negligibly small compared to
their accelerations and velocities in the horizbdieection. Therefore, only one
mass force will act in the vertical direction, itke force resulting from the gravita-
tional acceleration. Thus in a system of coordim@tenvhich axis is or-iented ver-
tically upwards, the unit mass force equals:

F,=-0 (3.14)
and the equation from the Reynolds system is sfiaglto the expression:
_1op =0 (3.15)
p 0z

After integrating the above equation along deptthiwithe range fronz, to h,
(Fig. 3.1)

=

Zap _ hZ
J‘E = —f,o gdz (3.16)

we obtain the relation:
plh,)- Hz,)=-pdh, -2,) (3.17)

where:h, — height of sewage surface above the referenderfddevel (m),z; —
height of the bottom above the assumed datum (evkel
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Fig. 3.1. System of coordinates in which the fldiguid with free surface is considered
(Szymkiewicz, 2000

Since this is gravitational flow with free surfaggth H describing mean cross-
section depth, pressure on the surface is equaitospheric pressure, therefore for
Z3<z< h, we can write the so-called hydrostatic law of pues change with depth:

oz)=p, +pgh, -2) (3.18)
where: p, — atmospheric pressure (Pa)- sewage density (kg ), g — gravita-
tional acceleration (n9.

Assuming that the vectors of velocity are paraitebxisx, and their compo-
nents along axig equal 0, and thus assuming that the vector ofcitgltvas only
one componeni=u(x, z, ), we can write:

T 2 2
UL Mg 10p, 7 [0, 0 (3.19)
ot ox pOox plox® 0z
Moreover, it is assumed that the bottom of the okéis inclined in the direc-
tion of axisx, and its slope is defined by anglg(Fig. 3.1). In such a system, the

only mass force acting in directionis the component of the force of gravity or-
iented along the bottom of the channel:

F, =—gsing (3.20)

A majority of sewage conduits are laid out withraadl longitudinal slope of
the bottom ¢), so we can assume thstifosek, 1997; Szymkiewicz, 2000

sing = tgg (3.21)
Hence the forc&, can be written as follows:

F =% (3.22)
ox
This causes that equation (3.19) can be writtethénfollowing way §zym-

kiewicz, 200D
0%u  0%u

ou odu 0z, 10 n'
HtU—+g—L+ == +ogH)-X—| —+—1[=0 3.23
ot Yox  9ox ,oax(pa AoH) p\ox* 0z° (3.23)



40 B. Kowalska, D. Kowalski, G. tagdd, M.K. Widomski

Empirical studies on flows in channels show thattfe channel cross-section
the vertical distribution of velocity can be treated, with a certain approximation,
as constant. Therefore the actual curvilinear ilistion of velocity can be substi-
tuted with a square distribution with constant meatocity defined as follows
(Szymkiewicz, 200@uzyrewski and Sawicki 2000

U(x,t):%f  x z t)dz (3.24)
Z4

where:H — the depth of the stream (m) and can be calcukskld-h, —z.
The actual velocity of the stream, illustrated dpaplly in (Fig. 3.2.), can be
written as the sum of the mean velocity and theadiewm from the mean velocity:

u(z)=U +u'(z) (3.25)

[
»
X

Fig. 3.2. Actual and averaged distribution of honital velocity vs. depttSzymkiewicz, 2000

As an approximation, the vertical distribution adrizontal velocity can be
treated as a step function (Fig. 3.3.).

L

z 4
hz

»
»
X

Fig. 3.3. Hypothetical vertical distribution of limwntal velocity §zymkiewicz, 2000
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Integrating the equations of motion versus deptheliminate variation from
directionz. The end result of the integration, after dividithg result obtained by
depthH which is always greater than zero, is a formukcdbing the flow of a liquid
in a square-section channel referenced to itsofimidth (Szymkiewicz, 2000

2 D 32

WP gl (Haz,)+ 90 juju+ 2 Pe 2 w108 -
ot 0X 0X H p ox poH L 0X
(3.26)

The first two terms of the equation describe thedof inertia, the third — the
force of gravity and pressure, the fourth — thesdoof friction against the bottom,
the fifth — atmospheric pressure, the sixth — tived of friction caused by air flow,
and the seventh — dispersion of momentum.

In equation (3.26), which is an equation of thesemumation of momentum, there
appear the following notationg:— coefficient taking into account the effect of non
uniformity of the actual distribution of velocitynian expression operating with
uniform distribution on the momentum of the stre#imesults from the rule of inte-
gration of derivatives with variable limits of iggetion. It corrects the error which
appears due to the calculation of momentum ondsestof average velocity, and it is
equal to or greater than one ¢J,— coefficient of dispersive transfer of momentum in
directionx (-). It permits taking into account the combindiet of turbulent viscos-
ity " and that of averaging the velocity in the vertidiaéction,n — roughness of the
channel bottom (roughness coefficierfollowing Manning (s m%). It can assume
values in the range of 0.009 + 0.03, where the toxaie relates to smooth surfaces,
e.g. coated with enamel or glazed, and the uppdaneaged channels and in a state
of neglecta — an empirical coefficient accounting for air wsity, density and pro-
file of velocity. It is assumed that~ 3.2510°° kg m®, W — component of the vector
of air velocity acting along theaxis of the conduit (nY, [W| and |U| — modules of
the specified vectors.

3.1.4 Equation of conservation of mass in unidimensionahotion

The equation of the conservation of mass in refat®m unidimensional flow
can be derived from the Reynolds system of equstiég in the case of equation of
the conservation of momentum, also in this caseagsime invariability of flow
parameters in parallel plangsz The equation, reduced in this way, is integrated
along depth, making use of the kinematic boundanditions for the determination
of the vertical velocities on the surface of theidland on the bottom. The final
formula — called the equation of continuity of nastireferenced to the width of the
channel, can be written as follow&zymkiewicz, 2000; Rup, 2003

oH 0
(UH) = 3.27
ot +6x(U ) 0 ( )
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3.1.5 Saint-Venant equation

In many cases encountered in practice the finagetherms of equation (3.26)
are omitted. This is possible, as its analysis idiraensionless system reveals
a small numerical value of the term of longitudidadpersion of momentum, com-
pared to the other terms. In most cases, also elsangair pressure and in its flow
in sewer systems are negligibly small, they mawerm be significant only in rare
situations of nearly complete filling of a sewagmduit or in the case of occur-
rence of the so-called chimney draught. Moreovesuming coefficienf=1 and
introducing in the formula the slope of the charmels well as a drop in the energy
line S (friction slope), we obtain a notation which, tdge with equation (3.27),
forms the Saint-Venant systems of equations:

ouU ouU oH

U, oH _ 3.08

ot Yo T - U (3.28)
H 9

9 (UH)=0 3.29

ot +6x( ) ( )

The S parameter included in the above set of equatidescribing waves
propagation in open channels at their unit widthyroe written as follows:

2

S=— _|U|U (3.30)

4/3

However, in engineering practlce other independe@miables are commonly
used. The flow rate and free surface coordinatesuaed instead of flow velocity
and sewage depth. Considering the influence ofcitglalistribution diversity at
cross sectio, and marking the cross section aredafiow rate asQ, one must
notice that considered variables refer to the whotess section of a pipe and are
properly interpreted. SdJ is a mean flow velocity at given cross section &ns
drop in energy line reflected to the whole crosgisa — connected to the hydraulic
radiusR, and roughness coefficientof the material of inner side of the pipe walls,
which may be presented &zfmkiewicz, 2000; Zoppou, 2§01

U X, t ——Hu xyz,t) A= Q (3.31)

2

S= [UJU (3.32)

S 4/3
where:R, — hydraulic radius, which is a relation of crosst®n areadA to the wet-
ted perimeter (m)Q; — the peripheral length of contact between trarisdsewage
and pipe material (mJé&owiecka-Kabsch and Szewczyk, 2001
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Coefficientf is sometimes defined as the ratio of the squastream momen-
tum at the actual distribution of velocity to thguare of momentum at averaged
velocity in the cross-section considered:

”usz
—_A
o UZA
Assuming additionally that the level of the chanbettom does not change in

time, we obtain an alternative form of the systén2§, 3.29), which is frequently
employed for the description of unsteady flow irroghannelsEven et al., 2004

(3.33)

2 2
90,0 |, ga g U IRIQ _,. (3.34)
ot ox{ A ox "Ry A
9AL N _g (3.35)
ot ox

where:R, — hydraulic radius (m)A — stream cross sectional are&)(r® — flow rate
(m*s™), s — dimensionless velocity coefficient (f)- roughness coefficientigs™?).

The systems of equations presented above, (2.28) &nd (2.34, 2.35), are re-
ferred to as the complete dynamic model or the aynavave model$zymkiewicz,
2000; Zoppou, 2001 As demonstrated by numerous experiments desciibéhe
literature of the subject, it permits obtaining ulés with good agreement with
measured data in cases when the assumptions adhpiad the derivation of the
equations are met, and namely:

 the motion of the fluid is a slowly varied motion,

« the force of gravity is the only mass force,

 the slope of the channel bottom is small,

» the vertical distribution of velocity is treatedwasform,

 there is no side inflow or tributary on the sectafrihe sewage conduit under

consideration,

« the fluid described in incompressible and homogeseowith no variation of

density.

The equations denoted as (3.28, 3.29) and (3.38) &re systems of first or-
der partial differential equations, of the hypeibdype, and describe slowly varied
unsteady motion. For the solution of a system afagigns of this kind it is neces-
sary to define in prior the initial and boundaryddions, which is usually achieved
by assuming that at the initial moment the flow wtesady — this permits the calcu-
lation of the initial values at(x) andQ(x) for timet=t, (Mitosek, 199Y. In the case
in hand the boundary conditions relate most oftethé values of(t) andQ(t), at
the initial and final cross section of the sewageduiit, respectively.
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The systems of equations discussed, in conjunetitim the boundary condi-
tions, are usually solved numerically — e.g. by mseaf the finite differences or finite
elements methods. The full Saint-Venant equatiaulshbe used in cases when the
Froude number for the system under analysis islemidan unity Fr < 1). More
detailed information on the criterion Froude numisegiven in the next subchapter.
The basic form of the Saint-Venant equation (32829) and some of its reduced
versions require the determination of the valudrop of the energy lin€ which can
be calculated as in formulae (3.30 and 3.32) anldariormulae presented below.

The empirical equation for the friction slope insteady flow can be written in
the following manner proposed by French (19&%ig¢man et al., 2000

s=—*+ 1y U (3.36)

Cow” R™
where: S — friction slope (m m"), Ccy — Chezy empirical roughness coefficient
(m*? s, a, — empirical exponent (-).
The empirical roughness coefficient may be preskagthe Darcy-Weisbach
equation:

A

Therefore it is possible to employ in the flow mbtiee equation that is en-
countered in the literature under the name of tarcpWeisbach equation:

s:iiu |U| (3.38)

89 R,
where:U — mean axial velocity in the active cross secfiars?), 1 — dimensionless
coefficient of friction factor (-).

Coefficient 4 is related with internal friction and with the ¢aat surface of
flow turbulence with the conduit walls, and morewately with their roughness.
The kind of material and the state of the surfacid® conduit are characterised by
the sand roughness index introduced by Nikurad883)Land studied in greater
depth by Henderson (1966), who proposed the foligwdlassification of surface
(Huisman, 200t

Cop = (8—9’)2 (3.37)

kU.

(smooth 4<k’ = <100 (rough (3.39)

where: K — dimensionless coefficient of surface roughnelsk(— coefficient of
equivalent sand roughness, defined as the sizgnafgrains that cause the same flow
resistance as that observed in experimental maasuate in a given conduit (my,—
kinematic viscosity, adopted for sewage to haveviiee of 1.31-10 (n?s™), U. —
dynamic velocity (mS).
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The coefficient of linear hydraulic resistancés calculated for the following
cases (intervalsATV-DVWK — A110P, 1988

 turbulent flow in hydraulic-smooth conduits — atxPrandtl,

» completely turbulent flow at perfect roughness €. & Prandtl,

» flow in conduits with natural technical roughnesace. to Colebrook.

For calculations of sewage channels and condugttait of the cases listed has
an application, and the equation that describes @ncountered in the literature
under the name of the Prandtl-Colebrook form@@\(-DVWK — A110P, 1988or
the Collebrook-White equation.

The dimensionless friction factor can be calculattdr the Prandtl-Colebrook
formula:

i:—zlog( 251 +k/Dj:_2'°g 251, 1 . k
JA ReJi 371 ReJi 371 4R,

where:D — pipe diameter (m) — wall sand roughness (nfRe — dimensionless
Reynolds number (-).

j (3.40)

Re=PY D, _U 4R, (3.41)
n v
where:p — density (kg 1), # — coefficient of dynamic viscosity (Pa §); — equiva-
lent diameter of the conduit (n)z;=4 R, for most non-circular conduits (m).
The dimensionless coefficient of linear resistanaa be described with the
formula:

Another method of calculation of the slope of tinergy line (3.30) is the ap-
plication of the Manning equation to calculate @feezy coefficient:

Con=— R (3.43)
nM

where:ny — roughness coefficient acc. to Manning (8

The approach proposed by Manning was derived &adst flow, but it is also
used for unsteady flow after taking into accout tblations of the energy line and
n to time and to the wetted perimeter.

The Pawlowski equation is another alternative idrbgdynamic calculations, it
relates the energy line slope to the roughnesdicieeit and to the hydraulic radius
(Walden and Stasiak,197Huisman et al., 2000
1

S= nMZFU 18] (3.44)



46 B. Kowalska, D. Kowalski, G. tagdd, M.K. Widomski

where: y = 25,/n,, — 013+ 075, Rh(,/nM - O;LOj_

The equations presented above are the methods fregsiently applied in
practice for the description of the energy lingslo

3.1.6 Simplified equations of flow with free surface

Due to the complexity of the presented phenometien Saint-Venant equa-
tion is fairly often reduced through the omissidntloe term accounting for the
forces of inertia, and in certain cases also ofténe describing the forces of pres-
sure. The motion equation reduced in this mannerpmbination with the equation
of continuity, gives the model of dynamic wave dmdematic wave, respectively
(Mitosek, 1997; Szymkiewicz, 2000; Zoppou, 2001

For certain cases encountered in engineering peaatkinematic wave model
can be applied where in the equation of the comasienv of momentum only the
forces of gravity and pressure will be includedtHis description of steady flow the
inclination of water surfacs is parallel to the friction slop& (Walden and Sta-
siak,1971;Zoppou, 200t

s=S (3.45)
In that case the flow description is often redutedhe steady flow equation
(mass conservation):

‘;_tA+%_X -0 (3.46)
Q=Cc,R/*s"A (3.47)
and
‘z_tAJr‘z_S =0 (3.48)
A=a. Q" (3.49)

Equation (3.49) is a transformed Chezy equatioreravtthea, coefficient and
the exponentn at the value o@ can be calculated as follows:

P S
c [CCSIIZ 213 ! 3 (3.50)
Ozl/2

Defining the Chezy coefficient by means of a relatiaking into account the
Manning roughness coefficient we can write:
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1 3
Qe=——"—z, mM==

51/2 3/5 "’ 5
nM022/3

where:ny — Manning roughness coefficient (s'ff), O, — wetted perimeter (m), the
value ofm parameter depends on used equation descriking

With the maximum simplification of the descriptioh the hydrodynamics of
gravitational sewer systems one can use the bagsiatien of continuity and the
Chezy equation, in which coefficie@cy, the empirical roughness coefficient is
represented by the Manning equation:

U=M R s" (3.52)
Q=UA (3.53)
where:U — mean flow velocity in steady conditions (M)sR, — hydraulic radius
(m), s — slope of the channel bottom (MY A — conduit cross sectional flow area
(m?), M — Manning-Strickler coefficient dependent only @anduit wall roughness

(m*®s™), values of that coefficient most frequently enuued in sewer systems
are given in the Table 3.1.

(3.51)

Table 3.1. Coefficienh by Manning,M coefficient by Manning-StricklerATV-DVWK —
A110P, 1988; MOUSE PIPE FLOW, 2003; Sawicki, 1998

—_n -1
No Type of surface, material ?S_m_m) ?fnus s
1 Smooth glaze surfaces 0.009 111
2 Planed wood 0.010 100
3 Smooth concrete 0.0118 85
4 Normal concrete 0.0133 75
5 Rough concrete 0.0147 68
6 Plastic 0.0125 80
7 Smooth stone 0.0125 80
8 Ceramics 0.0143 70
9 Iron 0.0143 70
10 Bricks 0.0167 60
11 Broken stone wall, channel in bad condition 0.02 | 50
12 Channel in extremely bad condition, silted 0.030 | 33

The presented mathematical description of watev ftoopen channels clearly
shows that despite the flow state, hydraulic patarsesuch as hydraulic radius,
wetted perimeter and material roughness coefficGeatthe most important factors
in the analysis. Beside the data presented atathle 8.1, also at the SWMM 5.0
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User's Manual range of Manning’s coefficient foostd conduit material are pre-
sented — the Appendix A.7.

Equations describing the kinematic wave can beieghgluccessfully when the
conditions in the cross section modelled are inddpet of those that prevail in the
space considered below. This means a situationeatherFroude numbéir > 1.

3.1.7 Critical flow equations

An important issue from the viewpoint of sewagenfland the transport and
transformation of pollutants in gravitational seviethe type flow and the related
Froude number. That number is an important comploinetme equation describing
the reaeration of sewage during its flow in the agsvconduit. In turn, the degree of
sewage reaeration determines the run of biochempicadesses related with the
transformation and biodegradation of the pollutaMsreover, at Froude number
values offr > 1 the simplified model of kinematic wave candpplied for the de-
scription of flows with free surface.

The energy line in a sewer conduit is raised atlogesewage surface by a value
equal toau’/(2g), defined as the “dynamic pressure headh dfenotes the height of
channel filling, the equation of the value of metbal energy of the stream with
relation to the channel bottom can be written #evis (Mitosek, 199y

O'UZ 2
E=h+2_g=h+zag(?A2 (354)

where:A — cross sectional area of the channel, being etibmof its filling (i),

a — Coriolis coefficient (-), related with non-unifa distribution of velocities in the

cross section of the sewage strearm,local velocity (m'3).

The value of coefficien is always greater than unity, and increases with a
increase in the diversification of velocity in theoss section. That coefficient can
be defined as the quotient of the true kinetic gnef the fluidE',, being an inte-
gral of the kinetic energy of the stream filameans the kinetic energl"y calcu-
lated for the mean velocityd€&owiecka-Kabsch and Szewczyk, 20@ometimes
coefficienta is written as $zymkiewicz, 2000

=U—13”u3dA (3.55)

where:U — mean velocity in cross section (M) su — local velocity (m$), A — cross
sectional area (m).

Assuming a constant flow rat€Q£const), we accept that the energy in
a given cross section varies in the function ofdbeduit filling, and hence we have
(Mitosek, 1997; Sawicki, 1998; Orzechowski et &0
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forh— O A(h) —0, E— o,

for h — o: A(h) —o0, E— oo,

For both of the extreme cases presented, the serargyE increases to infinity,
and therefore there must exist such a depth fochwhiwill have a minimum value
(Mitosek, 1997; Sawicki, 1998; Orzechowski et @012 That depth is called the criti-
cal depth, and the motion that corresponds totlte—critical motion the criterion of
which can be defined by comparing to zero the gneegvative relative to depth:

2
dE_, aQ dA_ (3.56)
dh gA’ dh
The derivative of surface area relative to depth loa expressed by means of
the width of the sewage table in the channel:

d—A =B (3.57)
dh
Therefore, after the transformation of the turbtléow criterion for constant

flow (Q=const):

A _aQ’ (3.58)
B ¢
Such a criterion can also be determined by assumiognstant value of total
energyE=const for a variable volumetric flo®. For such conditions the depth
h will vary within the range from zero . Hence, for a positive value §f there
exists such a depthat which the flow rat€ assumes the maximum value. Basing
on the above we can write that:

2
1:2(9) B_au (3.59)
g\A) A gH

The Froude number resulting from the above forn(8l&9) constitutes the
primary criterion of similarity of phenomena witlbmination of the forces of grav-
ity, and it is a measure of the ratio of the foroésnertia (component of convec-
tion) to the mass forces (gravitlitosek, 1997; Orzechowski et al., 2001

That number is often used in the modelling of pmeeoa related with the flow
of fluids with free surface, which is the case ragtational sewer systems. Assum-
ing as the characteristic linear dimension of theduit the mean hydraulic depth
H anda = 1, we can write that:

Fr =Y (3.60)
JoH
Critical motion appears in the case when the Froudsber is equal to unity,
which happens wheiMjtosek, 199Y.
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» at a specific constant flow raf@=const, the total stream energy hdads
minimal,
» at a specific total energy he&econst, the flow rat€ is maximal.
All other values of critical motion are referred as the critical parameters.
Making use of the flow rate in uniform motion wenadetermine the channel slope

2 2]
s=_ @ -QU (3.61)
C°A°R, C-°A
Hence, after the derivation of the criterion ofticel motion we can obtain
(Walden and Stasiak, 1971

S =203
" aC’B
Basing on equation (3.60) describing the Froudebmimand substituting=u,

for a case wheRr=1 we obtain:
l'Ikr = ‘\/ gh<r (363)

The critical velocity can also be determined frdra tonditions of critical mo-
tion, where by includin@=u,, F we will obtain:

_|19A_ |0
u = |9A- |9y 3.64
o aB a ™ (3.64)

The critical velocity plays a role in the flow duids as that of the speed of
sound in the flow of gase©fzechowski et al., 20Q1lt is equal to the speed of
propagation of disturbances in unsteady flow, sagle.g. a wave on the free sur-
face of a fluid.

The sewage conduit filling deptl, is the critical depth and it was determined
for the specific shape of each conduit cross sector the simplest case — a rec-
tangular cross sectiol€h,, B) we have Walden and Stasiak, 1971; Puzyrewski
and Sawicki 2000

(3.62)

2
h, =3 0'Q2 (3.65)
gB
The above formula (3.65), substituted in equat®B4) permits to obtain:

au? h, 3
E=h, +—X=h +-XX==h 3.66
kr kr 2 2 kr ( )

and therefore:

h, = 2 E (3.67)

3
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Hence, we can conclude that in a rectangular secti@nnel, for critical mo-
tion, the kinetic energy amounts to one third anttital energy of the stream.

The critical motion, being a specific case of uniidlow (Fr=1) does not oc-
cur spontaneously in natural conditions. It is, beer, important due to the fact
that it constitutes the boundary between the afesaoquil flow, known also as
subcritical motionEr < 1) and the area of rapid flow — supercritidad £ 1).

h4

0 E min E

Fig. 3.4. Potential energy, kinetic energy andrteam in the function of channel filling
height Mitosek, 199y

In the case when the channel filling height is low&an the critical i{f < hy,)
the rapid flow takes place (Fig. 3.4), for whicle tRroude number is greater than
unity. At the same time the share of kinetic enengthe total energy increases, and
that of potential energy decreases.

When the flow is tranquilRr < 1), which is the case at a suitably small slope
of the channel bottom, with a decrease of kinetiergy there is an increase of the
potential energy of the sewage stream. Hence potltes of gravity are the dominant
forces in the systenMjtosek, 1997; Orzechowski et al., 2001

Assuming a constant flow rat@€const), we can write that:

2 2
E=h+ P ope I _E L, (3.68)
29 2gA
That relation (3.68) can also be presented by mefaasgraph which depicts
fluid flows in uniform motion at changes in kinetamd potential energy head in

relation to the channel filling height (Fig. 3.4).
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Analysing the graph in Fig. 3.4 one can note thahe area of rapid flow an
increase in filling height there is a decreaseheftotal energy of the stream, while
for the area of tranquil flow the total energy imases.

For the operation practice, the kind of motion éwage conduits is of funda-
mental importance, if only because of the sedimemteor erosion of sediments
accumulated at the bottom of channels. For a spexke the kind of motion can
be determined in several waydifosek, 199Y.

» analysing the criterion equation of critical flo®.%8) — if the left-hand side
is smaller than the right-hand side, the flow ie tonduit is rapid. In the
reverse situation we are dealing with tranquil flow

» calculating the value of Froude number — wirer>1 the flow in the con-
duit is rapid,

» comparing the current flow parametelrs 6, 9 with the corresponding
critical parameters in the conduit under analysis.

3.2 Advection-dispersion transport of dissolved substances

The need to simulate the transport of pollutingssaces and dissolved oxy-
gen in the sewage flux arises during developmerat obmplete model of sewage
flow in the gravitational sewer system. In properigintained sewers, sewage flow
velocity is generally uniform, which allows simpéi&tion of the model describing
the pollution transport. The application of furttsémplifying assumptions, justified
by the conditions inside the modelled object, alotw achieve credible results
with acceptable efforts. This simplification can ¢cmnsidered taking into account
the costs of data for model calibration measurenaewt the costs of numerical
calculation.

Dissolved pollutant fractions or dissolved oxygeroving together with
wastewater in the sewer can spread both horizgnéaltl perpendicularly to the
flow direction. When they disperse perpendiculaolyhe flow direction, the pollut-
ant fractions will be carried to the points of tfteeam cross section with different
mass velocitiesJames, 1986 Discharge of a sewage portion characterizediby d
ferent parameters than those of the wastewatealfctrtansported may serve as an
example. The sewage velocity is generally lowahatwalls and canal bottom due
to friction forces that push incoming sewage towatlde centre of the conduit,
where the flow velocities are higher. Spread ofytahts in sewer pipes with large
velocity differences in the cross section (condwitd high roughness caused by
bad technical condition or sediment beds on theohbutis increased along the flow
direction, which is most important in the initisdqod of sewage mixing.
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3.2.1 Preliminary assumptions

Most frequently, theoretical considerations of nilinkp are primarily focused
on passive pollutants, i.e. these that have naenfte on the shape of the flow velo-
city distribution. This exerts a crucial influenoa the model description and allows
separation of the water flow dynamics (regardedadsjuid dissolving phase of
a multiphase mixture like sewage) from the transpbpollutants. It is assumed here
that changes in the concentration of additives do¢€hange the physical properties
of the liquid phase and does not influence the ahyos of its flow Roman, 1986;
Szymkiewicz, 2000

Frequently in simulation of pollutant transfer, atcertain moment the dis-
solved substance is locally introduced to the a®lyarea in the form of a concen-
trated stream. An example of this situation isdiseharge of non-purified sewage
directly to the receiver, after which pollutantg alispersed due to on-going trans-
portation processeSéwicki, 2003; Lagod et al., 2009, 2010

The situation is slightly different in the casetloé gravitational sewer system:
pollutants concentrated in sewage are introduceskweer conduits, where there is
already a high level of the pollutants. In suctaae; no rapid concentration changes
are observed and the processes run more steatiy, Tt is often possible to dis-
tinguish two possibilities in the Cartesian cooedés system:

» the concentration of pollutants at the initial momes constant along two

spatial coordinates and changes along the thiribspariable,

» the concentration of pollutants at the initial mané constant along the

one spatial coordinate and depends on the other two

The first situation occurs when pollutants flowitaggthe volume of the sewage
conduit are quickly mixed in its cross section.sTailows simplification of the three-
dimensional spatial modelling with the one-dimenaiomodel of pollutant concen-
tration, which clearly and quite precisely desaitiee processes running in the sewer.

The second situation described can take place wtigimg of incoming pol-
lutants occurs along only one dimension of the aitnd usually the depth. It is
rather infrequent situation and can develop inddee of sewage containing oil and
its derivatives, which hardly mix with water andrfoa stable layer on the surface.
In such a case, it is possible to apply the twoedisional model instead of the
three-dimensional one.

The conditions presented above allow not only forgimplification of the
calculation schemes. Having practical values, tteay be applied as useful models
for real situations§awicki, 2003; Lagod et al., 2009The transport of dissolved
substances is traditionally described with the afsadvection-dispersion formulas,
which provide a one-dimensional description of sgavlow. These formulas re-
quire data supplied by hydrodynamic Saint-Venaniaéqns.
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Below, there are presented major assumptions kmatld be considered in the
implementation of the advection-dispersion modekiEwage conduits:

» pollutants are totally mixed in the cross sectibthe channel, which offers
homogenous conditions for their transformation -€lide or appearance
(modelled with uniformly spatially distributed sskr sources),

» according to Fick diffusion law, the dispersioniaixfis proportional to the
concentration gradient.

The diameter of sewers is small in comparison @& tlength. Thus, vertical
mixing runs relatively quickly during sewage flovesulting in vertical homogene-
ity of the concentration distribution. This juséi§i the visible simplification of the
formulas by decreasing the problem of dimensiopaliherefore, the vertical varia-
tion can be eliminated through the assumption timatmean vertical effect can be
described by Fick’s law and diffusion analogy.

3.2.2 Basic formulas and definitions

The measure of the quantity of a polluting substasantained in wastewater is
its concentration defined as the ratio of the sarfx# mass and the volume of the
fluid, in which it is dissolved:

_m
=y (3.69)

where:c — concentration (kg ™), m — mass of the analysed substance (g}, vol-
ume of the liquid (7).

Another value frequently used in environmental eagring for description of
flow systems is the pollutant load, which definlks tate of pollutant flow in sew-
age per unit of time:

L=cQ (3.70)
where:L —load (kg d@"), Q — volumetric flow rate (stream) fra™).

Transport of a wastewater pollutant may be desdrdsestrean® defined as
mass of substance passing through a unit arearmicpéar to the flow direction
per time unit — (kg Ms ™). The process of transportation of any pollutaaselved
in wastewater occurs due to a combined action gfcbaansport mechanisms,
i.e. advection and diffusion. Advection or, moreegfically its spatial gradients,
together with diffusion result in dispersion of jpthnts.

Advection denotes transport caused by flow of iheid, therefore, the veloc-
ity of pollution flow corresponds to that of fluftbw:

d=Uc (3.71)
where:® — advective mass flow (kg7s™), U — mean stream velocity (m's
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When the stream analysed flows at constant velecjtyal to the mean velocity
U, advection does not introduce changes in thellalisiton of pollution concentration
along the conduit axis. Changes will only be indliaden the velocity is variable in
the stream cross section. Therefore, advectiorribateés to spatial pollutant mass
transfer. However, changes can affect the entireadration distribution in such
a way that the individual distribution variablether diverge or converge in the vari-
able velocity field $awicki, 2008 In other words, advection can be described as
influx of pollution transported with mean fluid fhovelocity James et al., 1986

Diffusion is a process of transporting a pollutemtegions of its low concen-
trations, with diffusion flux proportional to thewrcentration gradient. For the di-
rection of thex-axis, it equals§zymkiewicz, 2000; Merher and Stolwijk, 2009
0

ox
where: @, — diffusion flux relative to the-axis (kg m*s™), D" — molecular diffu-
sion coefficient (ms™), dc/ox— concentration gradient.

Diffusion results in equalization of the pollutax@ncentrationsawicki, 20038
without changing the loads.

Formula (3.72) is known as Fick’s first law of diion, in which the minus
denotes flux towards the negative gradient, i.e¢handirection of decreasing con-
centrations. The formula describes the so-calleteontar diffusion, which exerts
a significant impact on transport of dissolved sabses when the dispersing phase
remains at rest or when its flow is laminar. Thieaf theD" coefficient (molecular
diffusion) depends on the physical properties efgblvent and temperature, it is also
comparable to the value of the coefficient of wagramic viscosity@" ~10° n? s7).

Formula (3.72) is also applied for description tfiey processes occurring in
wastewater flow, which however have not much in g@wn with diffusion in the
physical sense. Nevertheless, the effect of theseepses may be comparable to the
impact of the molecular diffusion mechanism. Infsaccase, the so-called diffusion
analogy should be mentioned, for which the proposlity coefficient is inter-
preted in relation to the process described avendiime Szymkiewicz, 2000

@, =-D (3.72)

3.2.3 Advection-diffusion transfer of substances

Taking into consideration a certain control vaeimited by surfaces, it
should be noted that the time-variable pollutarritent might be associated with
only two factors: mass flow over the limiting suwéar or transformations resulting
in increased or decreased quantities of the arghlgsbstance. This may be pre-
sented as followsSzymkiewicz, 2000

%jcdz+jqnda+jddz=0 (3.73)
> g z
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where: q — mass flow over the limiting surfacékg ni”s™), n — normal vector to
surfaces, 0 — internal source density specifying the intensitydecline or genera-
tion of the transported substance per wastewateimey the so-called source ele-
ment (kg m?s™).

Based on the Gauss-Ostrogradski theorem, the atmomeila can be trans-
formed to the form:

%+divq+5:0 (3.74)

In the following equation, mass flow q is subsgtlitoy dependencies repre-
senting advective and diffusive flow, hence thenfola Szymkiewicz, 2000;
Sawicki, 2003

%+div(Uc—DMgradc)+5:0 (3.75)

where: U=(u, v, w) — the velocity vector, H— molecular diffusion tensor having
non-zero elementd(", D,", D,"') on the main diagonal only.

Using the equation of continuity for fluid with cstant density, i.e. div U=0,
and assuming that the mixture of water and substanontained therein is an iso-
tropic medium, equation (3.75) can be expande&hbaifahan et al,. 2001

@+u@+v@ +W%—1(DM @j—i[DM @J—E(DM @j+5:0

ot odx ody 0z OX ox) oy oy) oz 0z

(3.76)

The above equation describes advection-diffusiothiee-dimensional space
taking into account the molecular diffusion procédswever, sewage transport in
the sewer system primarily has a character of nsgogc turbulent flow character-
ized by velocity and pressure fluctuations, whiebults in fluctuations of the pol-
lutant concentration. Since it is not possible btach momentary values of these
fluctuations, formula (3.76) cannot be used in ficac A solution to this problem
can be the approach proposed by Reynolds for thatieqs of momentum conser-
vation. By analogy, it can be assumed that momgmntaiues of velocity and
concentration are a sum of their mean temporalegahnd fluctuations, which, ad-
ditionally transformed following the principles operation on mean values, yields
(Szymkiewicz, 2000

%+div(_C—DMgram‘+U_'c')+5=0 (3.77)

where: U'c'— the turbulent mass transport caused by locatuaions of velocity
and concentration.
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Since there is no possibility of connecting W€ term with actual velocity
and concentration profiles, it is represented bggadte empirical dependence. It
assumes a possibility of description of turbuleahsport by means of average val-
ues analogous to molecular diffusion. The turbuléiftusion coefficient (with
a value reaching IO n? s7) is considerably higher than the molecular diffusi
coefficient D® >> D". Therefore, molecular diffusion may be ignoredtirbulent
flows.

The general form of advection-dispersion equatmnoine dimensional trans-
port of passive substances for the variable crestiom of the canal can be de-
scribed in the following waySzymkiewicz, 2000; Zoppou, 2001

i(Ac:)+i(Auc)—i(ADD a_cj+ AS=0 (3.78)
ot 0x 0X 0X
where:C(xt) — mean cross section pollution concentrationrfkd), U(x,t) — mean
cross section flow velocity (m™, A — surface of the active cross sectiorf)(d° —
coefficient of longitudinal mass dispersion®(st), 6 — source part determining the
intensity of pollution generation or decline in see (kg i’s™).

On the assumption that there are no side infldvis possible to write:

o, a_C_li(DDAa_Cjw:o (3.79)
ot ox AodX 16)4

Another simplification, after assuming a constaispérsion coefficienD®,
leads to the following form:

6_C+[U —D_Da_AJa_C— DP 0°C +
ot A 0x ) 0x ox*
The quantitative estimation of dispersion influergcthe pollutant fractions in-
troduced to the sewer requires assessment of té¥esity of turbulent diffusion and
the dispersing phase mass velocity. It is possbimeasure the mass velocity with
the direct methods, whereas turbulent diffusioa tomplicated process for quanti-

tative determinationHuisman et al., 2000; Kashefipour and Falconer, 20Qru-
kowski, 2002
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4  Brief introduction to the computer modelling
of sewer systems

4.1 Concept of model and modelling

Technical reference books often provide conceptdaiuition of the model as
a system, which task is to imitate the distinguisfeatures of another system, known
as the original. Encyclopaedic meaning for “modpfésents a physical system
(physical model) or a mathematical description [reatatical model) with some
properties similar to some distinguished featufeth® modelled objectWosiewicz,
1996. Modelling is a method of testing variety of pbarena and processes or solv-
ing mathematical problems on the basis of appriglyiformulated models.

4.1.1 Model description and division

According to the above defined conception of maaeldels can be divided into:

» physical, which reflect physical properties of rehjects, they are usually
built in the scale appropriate to testing, in pbgkimodels it is not easy to
reflect relation between individual elements forgithe system,

* mathematical, which reflect system using objectd eglations being in
force between them, described via mathematicdioak Krupa, 2008.

Mathematical model is thus treated as a mathenhatésription of modelled
object behaviour, usually in the form of differemtequations. Mathematical model-
ling, however, is regarded as a method of problsahging. It consists in prepara-
tion of phenomenon mathematical description angisglthe obtained system of
equations results. It should be emphasized thaspkeified models usually present
reflection of the actual events, which is oftennffigantly simplified. The effec-
tiveness of using mathematical models of phenomepaysical processes depends
directly on the level of simplification assumed rimodelling. This means that in
order to obtain model providing statistically siggant results, thorough under-
standing of the phenomenon or physical processgbeiodelled is necessary, as
well as simplifications assumed in the followingpt of model constructing and
the available mathematical equations describingstbdied phenomenon. Then, it
is crucial to define a set of input data allowihg &adoption of adequate initial and
boundary conditions, in dependence with its degfemmplexity.

In general, mathematical models provide concepdesaktriptions or approxi-
mations describing systems or physical processig usathematical equations.
Modelling can range various types of systems suchialogical or physical — in-
cluding electrical, mechanical, hydraulic, thermoamic, etc. Technical literature
provides many definitions of the virtual model, which, each time its different
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aspects are emphasized. To highlight one of théwmengerm with the following
adjectives is used: mathematical, numerical (digiigcrete) or computer.

Numerical or computer model of the sanitary netwisrla concept that has to
be understood as “structure” consisted of thrdeviohg elements:

» set of specific data representing the physical nimgspof the network,

» mathematical equations describing hydraulic refetim the network,

» procedures and algorithms for effective solvinghafse equations.

In definition of the model, mathematical relatiai®wing for network and its
hydraulic behaviour modelling, are essenti@vietniewski et al., 2005

To present the concept of mathematical model moeeisely, it can be said
that it is the representation of a specific regnsent created for a precise purpose
with usage of a finite set of symbols and matherahtoperators. Whereby, this
representation is lacking details and featureseiveat to the achievement of target
set to the modeRutkowski, 2006

Network model is often understood in a simplifiedywonly as the data descri-
bing structure of the network. Thus, the model s&tof appropriate input data saved
in a format understood for the program, and whicimt base for the numerical calcu-
lations. However, mathematical equations describiydraulic phenomena are attri-
buted to the simulation program. Model for the datian of network functioning is
a program based on mathematical model describangitten network operation in the
selected conditions. Depending on the type, themgrams differ in speed of functio-
ning, mathematical procedures of calculations,st@pe of performed analysis and
obtained information, and handling complexity, adl\iKwietniewski et al., 2005

Taking the above into consideration, it can be kated that the mathematical
models of wastewater flow and transport of polltgan sewer systems, as based on
number of assumptions and requiring a large nurobémput data, determining of
which may be burdened with errors, ought to bertsghas approximate description
of physical and biochemical phenomena and not tmiurate reflection. The years
of experience of researchers show, however, thgtitdementioned simplifications
and possible inaccuracies, with the awarenesseofdbcurrence, such models can be
considered useful in scientific researches, deasipand operational work.

4.1.2 Modelling description and division

Concerning the engineering systems one can sayrtbdelling is a form of
idealization of real operation performance and plaignificant role in model re-
search in which exploitative reality is a modellggject with reference to the re-
search model having optimal parameters and theeeeimient of maximum effect
guaranteedenczew, 2006
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General modelling is based on three principles:

» isomorphism — allows to study interconnected systemponents, processes
or phenomena,

» analogy — allows, on the basis of decompositiosystems into subsystems,
to look for the analogy among them and problemgesbkarlier, or analogy
to other problems,

» similarities — with reference to exploitation syatesimilarity to operational
reality.

Computer modelling is a part of support of systempsration and management
in water and sewer system companies, and it coacamong others, the hydraulic
modelling Denczew, 2006 Hydraulic modelling based on numerical map aiow
to identify the parameters of transported mediunal as a result, to asses to what
extent and in which parts the system performauitetion Rudziewicz, 2006

However, mathematical modelling is the developmeinsuch mathematical
model (represented e.g. by differential equatiosteay), so that the obtained com-
putational results express the best course of (utpodelled process represented
by series of actual processes measurements. Theheiefore, a direct comparison
of developed theory (as a model) with the real ssaataRutkowski, 2006

4.2 Computer modelling of sewer system

Computer modelling is a very wide issue and regui@mbination of theoreti-
cal and practical knowledge of many fields. Thec@lthing is knowledge of mate-
rial aging, of which pipes are made, besides, tghiiti conduct field research on the
network, and also proper interpretation of resuds,well as knowledge of pipes
hydraulics, network functioning and its cooperatigith other elements of sewer
system Kwietniewski, 2008, Lsaiewski, 2008

Computer modelling of the network is the processasfstructing the network
model consisting of three main stages:

e preparation of network structure and data desdajiltitn a graphic and de-

scriptive way, e.g., wastewater inflows determiormfi

» creation of a computer file containing data abdetodel in a format un-

derstood for simulation program,

« verification and calibration of the model.

4.2.1 Calibration and verification of the model

Calibration and verification are undoubtedly thesmamportant and at the
same time the most difficult stages in the proadssiodel creation. They require
a lot of experience. Calibration process is defiasddetermining such numerical
values of the input data — model parameters, talgetagreement between values
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observed on real object and results of calculationisined via model at the as-
sumed level of accuracy. The aim of calibratiomoisninimize the differences be-
tween the results of measurements and calculatakisg into account measure-
ment errors $iwoi, 2005.

Model calibration is usually realized in the follmg four stages:

e preliminary approximations of tar parameters altoyvito initiate the cali-
bration process,

e conducting the field measurements and determinatiaata set controlling
the calibration process,

« model calibration in established state conditioiith wegard to a number of
independent and well-defined operational and techrsituations, which
occurred during the field measurements, includixigeene situation,

« calibration is realized on the basis of the analgdisystem functioning for
a longer period of time.

Calibration is usually performed by checking andgible adjustment of model
parameters, such as pipes roughness, local resstaspatial distribution and the
size of wastewater inflow. Calibration process reggiidentification and verifica-
tion of the following elementK{vietniewski, 2008

» required model accuracy,

* necessary measurement data,

* number of measurement points,

» frequency of measurements,

* network topography,

» pipes roughness coefficients,

* junction tributaries,

* pump characteristics.

Due to large number of unknowns, absolutely aceucatibration is not possi-
ble. In practice, there is always needed a comm®erméetween the desired level of
accuracy and reliability of the estimated parangetand minimising costs of re-
search §iwoi, 20095.

According to Polish language dictionaihyttp://sjp.pwn.p) verification is a re-
view, methodology, procedure for resolving whettier sentence (statement, hy-
pothesis) is true (positive verification) or falgegative verification).

It is the first step in calibration (e.g. comparimgasured fillings of the con-
duits with the expected based on the model). lbnger includes the adjustment of
calculated data to the results of measurementfiv@ion of the model can refer to
input or output data. Verification of the input dajenerally involves checking if
they are within the appropriate range. It may comce.g. diameter, roughness, or
the ordinates. This procedure reduces probabifitgoonmitting errors in the first
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phase of model building. The output data verifimatis their comparison with data
obtained from measurements. Calculation result®bserved to see how they dif-
fer from the measurements ones. On that basisdrisluded that the model is reli-
able Bylka, 2013; http://sjp.pwn.pl/

Results of verification and the fact whether thedelds accepted or rejected,
largely depends on the assumed criteria of vetificaand compliance measure. In
order to fully validate the model, verification sia be carried out twice. The first veri-
fication is carried out on the so-called dependestierial, that is, on measurement data
used in model identification. The second verifimatis carried out on the independent
measurement data, and therefore not used in medelapment$oczyiska, 199Y.

4.2.2 Computer simulation with calibrated model of sewersystems
Network functioning simulation is a computationabpess performed in simu-
lation program on the basis of real network moadhel a set of selected parameters
such e.g. wastewater discharge stream. The rddhlisgrocess is a list of informa-
tion about the work represented by the model uededitions specified by input
parameters. The effects of sewer system workingoeaas follows: fillings, veloci-
ties and flow rateswietniewski et al., 2005
Computer simulation is based on models experimemid,is used mainly in
the field of sewer systems computer simulationfiaé cognitive nature (accurate
cognition of the network in different variants),dapractical one (planning renova-
tions and modernizations). Computer simulation $pecial case of computer mod-
elling, and is now more widely used in cognitivedattecisive activities of water
engineering and sewer system compariEnzew, 2006, Licznar 2008
Simulation can be defined as experimenting on aahoflgiven system using
the interactions and observations having equivalémtreal system. The use of
simulation model makes it possible to directly uefhce the system by values, the
influencing effects of which, one would observe. rBtover, it gives possibility to
observe its distinctive values on the system m{Retkowski, 2006
Capabilities of network simulation modelswietniewski et al., 2005
» knowledge about the parameters of network funatigrn a variable static
and dynamic conditions — analysis, evaluation armchitaring of real pa-
rameters of working network,
 identification and analysis of network failures,
» planning of existing network modernization — inéhglthe assessment of
the impact of new elements on network functioning,
» evaluation of exploiting efficiency — effects opegrs and renovations,
» planning and verification of network monitoring s,
» current analysis of network functioning.
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5 Introduction to SWMM 5.0 software

5.1 Characteristics of SWMM 5.0 software

A computer program SWMM 5.0 (Storm Water Manageniadel) was cre-
ated by the Water Supply and Water Resources Divisf the U.S. Environmental
Protection Agency’s National Risk Management Redeaaboratory as a result of
work and research carried out in order to assedgeduce risks for human health
and environment. The research program of this prej@s mainly based on activi-
ties involving the control of water, land, subsgdasources and air pollution.
SWMM 5.0 numerical model has become a useful todhé implementation of the
tasks connected with Agency activities, due taligity to describe/reflect a single
event, or dynamic simulation of long-term qualitatiand quantitative parameters
of outflows from urban agglomeration. Surface réinobdule in SWMM 5.0 is
applied in set of subcatchments, within which priations occur, and water and
contaminants outflow emergeRqssman, 20J0SWMM 5.0 sewer system module
reflects transport via the system of pipelines,dtots, containers, pumps and regu-
lators. The program keeps track of the qualitatiwel quantitative parameters of
outflow of the individual subcatchments, calculgtihe flow rate, level and waste-
water qualitative parameters in each part of trstesy during the simulation con-
sisted of multi-time steps. It is possible with thgplication to analyse in detail
sanitary sewer, storm water runoff and the combinreg] for both branched as well
as ring system, in each stage of construction.

5.2 Brief history and capability description of SWMM

SWMM program in its first version was developed WEEPA in 1971. For
many years it was used mostly for scientific pugsodue to the difficult service —
troublesome procedure for data preparation, arlddadata visualization connected
with network structure and results of calculatioims1994 the version working on
MS Windows OS was prepared, but from the perspedithese days, it was very
functionally limited and guaranteed only calculagoof the systems built mainly of
200 objects. Since the nineties of XX-th, centuWNBM has been used to prepare
the several commercial simulation software packadg#sE and SWMM by DHI of
Denmark, and Hystem-Extran created by ITWH in Hampare among the most
famous programs. In these applications, algorithmse used to solve the differen-
tial equation of unsteady flow, modelled on thasplemented with SWMM, which
are then supplemented with graphic visualizatiah developed database.

Software in its basic form, is free accessible len website. Together with the
program, it is possible to download the user mafindtnglish) including files con-
taining source codes allowing for adapting it terisspersonal requirements, for in-
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stance, to create the other language versionscinent version of the package, be-
sides the computational block includes an integratatabase and graphic module.
Software allows to calculate the surface runoff o in channels, and also model-
ling of quality change of wastewater and the sediaten processSkotnicki, 200p

The database collects information about the modistieicture of sewer system
(parameters of catchments, junctions and collegtarsd data concerning connec-
tions between these objects. Data relating to gteark and calculation results are
stored in separate files. Calculation module ctdléise modelled system parameters
from the database together with additional relewsormation, for instance, precipi-
tation characteristics, and performs hydraulic Bgdrological calculations passing
the results back to the database. Calculationpexfermed in three stages. The first
is the appointment of so-called “effective pre@pdn”, that is the volume of pre-
cipitation involved in outflow formation. The effiae precipitation is total precipi-
tation decreased of hydrological losses resultingnfevaporation, wetting of catch-
ment surface, surface retention, and infiltratibhen, the effective precipitation is
converted in the catchment runoff. It is the hydgital part of calculations often
called precipitation-outflow transformation. In thi@rd, hydraulic part of calcula-
tions, network channels runoff is determined. Bvsked by the storm water outflow
from the catchment calculated in the previous st#tgis possible to calculate the
flow in collector with free surface and under tlregsure. This program also allows
to simulate the phenomenon of wastewater impatheground $kotnicki, 200p

Although this program was developed to simulate gh@cesses occurring in
the storm water system and the combined ones,asiibcesses for sanitary sewer
systems can be also simulated. In this case, lygial stages of calculations con-
nected with the formation of surface runoff wouksl dmitted. They are often called
precipitation-outflow transformation (catchmentfage, surface retention, infiltra-
tion, evaporation, effective precipitation, catcmneutflow, etc.).

Hydraulic stage of calculations sets flow in chdsmmaused by wastewater in-
troduced to the network by its users, or by storatewrunoff calculated in the pre-
vious stage. Program allows to calculate the flawpiessure pipe, and with free
wastewater surface. Simulation of overfilling, tieathe phenomenon of wastewater
flow on the ground, is also possible. Additionahtiges of the program include
tools allowing for changing the wastewater quahtyile flowing through channels,
or the calculation of snowmelt — surface runoffdarced from melting snow.

With SWMM 5.0 program the following issues can blved Rossman, 2030

 calculation of the flow rate of sanitary sewers simm water runoffs,

 calculation of the flow intensity in different typef sewer systems,

» determination of filling the gully with wastewater,

» determination of the wastewater volume spilledidatfom the sewer system,
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» determination of the storm water infiltrating intosaturated soil layers,

+ estimation of evaporation on the stagnant watéaces,

e calculation of the surface runoff,

» opportunity to include in the calculation of sevggstem functioning the fol-
lowing objects: pumps, overflows, outlets, consuamptegulator, distribution
chambers, and reservoirs,

» estimation of contamination runoff from the catchinsurface during down-
pour.

5.3 Calculation of surface runoff by SWMM 5.0

Surface runoff in SWMM 5.0 is described by the omiland outflow from so-
called subcatchment areas. Inflow to the subcatohareas can come from rainfall,
snow melting or runoffs from other subcatchmentse @ifference between the in-
flow to subcatchment and sewer system is definddsses. These include infiltra-
tion, evaporation, and surface runoff. Accordingpt@gram assumptions, runoff
from subcatchment area occurs when the water @egeds the maximum possible
retention. Water depth on the subcatchment suréacaculated with the equation of
water balance. Surface runoff in SWMM 5.0 is caoedl from the Manning’'s equa-
tion (Rossman, 2030

Q, =W, Glr']ﬁ)(d + dp)S’2 5. (5.1)

where: Qs — surface runoff (ths™), W, — catchment width (m)p. — Manning’s
roughness of catchment (g, — maximum depression storage (m);- depth of
water over the subcatchment (18);- subcatchment slope (i

Figure 5.1 shows a schematic transformation of, miow and inflow from the
other subcatchment surface into surface runoffd ssenbol was described by the
equation 5.1.

Surface runoff, calculated from the Manning’s egqmtenters the sewer sys-
tem through the inflow into junction defined by thger, or it can flow freely to the
surface of another indicated subcatchment.

Evaporation Rainfall,
Vi Snowmelt

____d '_ - —Q
3d 1T T _%
l 1 Infiltration

Fig. 5.1. Conceptual view of surface runoff in SWNI Rossman, 2030
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5.3.1 Methods of calculating the infiltration in SWMM 5.0

Infiltration is the process of runoff entering fraime ground surface into un-
saturated soil layers — permeable subcatchmens.s8%8¥MM 5.0 offers three ways
to calculate infiltration:

Horton equation— assumes that effective precipitatiOf(t), identified with
surface power, arises when intensity of total giémiion OC(t) exceeds maximum
possible intensity of infiltratiofNF(t).

OE(t) = {OC(t) — INF(t) when 0C(t) = INF(t)}
0 when  0C(t) < INF(t)

The curve of maximum capacity of infiltratidiNF(t) when OC(t) >INF(t),
depends only on the initial soil moisture in aenattone.

The Horton’s concept leads to the conclusion thééctve precipitation
depends on two factors variable in time:

* initial soil moisture (at the start of precipitatidhat ist=0),

» intensity of total precipitatio®C(t) and relatively stable characteristics of

soil and vegetation cover.

This method is based on empirical observations sttpwhat infiltration de-
creases exponentially from the initial maximum tmimum level during prolonged
precipitation. Required input parameters for thithrod, in SWMM 5.0, are maximum
and minimum level of infiltration, distribution cfiieient describing how quickly infil-
tration level decreases in time, and required tineansition of completely saturated
soil to the level with zero saturatioRgssman, 20)0These parameters are available
in help menu of SWMM 5.0 as “Horton infiltrationpganeters”.

SWMM 5.0 uses the Horton’s equation to calculafitriation as a function of
time (Rossman, 2030

(5.2)

fo=1f,+(f,—f,)&™ (5.3)

where:f, — amount of water infiltrating into the ground &), f, — maximum or
minimumf, value in time equal infinity (MY, f, — maximum or initial infiltration
(m s%), t — time since the beginning of precipitation &)~ constant of infiltration
intensity (5%).

There are research results indicating inadequadhieoHorton’s model in the
Polish conditions for a big catchments. The stuldgusface infiltration carried out
in the catchment of the Skawa River revealed therage intensity of infiltration
from a dozen to several thousand (mm),hin dependence with type of soil and
vegetal cover. These values practically excludeptiesibility of effective precipita-
tion description within the Horton’s formuldelaziiski, 2013.

Green-Ampt’'s Equation this method was developed to determine the infiltra
tion in the case when water is still present onsiinéace. Mein and Larson revealed
how this equation can be adapted to uniform raid, suggested how the parameter
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of capillary suction can be defineBRdssman, 2030The Mein-Larson’s model is
two-phase model. The first stage predicts the velwihwater which will be infil-
trated before the catchment surface will be sagdra®ince the saturation, the vo-
lume of infiltrated water is calculated from thee®Bn-Ampt’s.

ForF < F, =MD sk, (5.4)
]
KS

for Fy> . | K(lmJ 55)

where:f, — amount of infiltrated water (M3, i — precipitation intensity (m™9,
F; — total value of infiltration at a given time (nf); — total value of infiltration
needed to saturate the catchment @&n); average capillary suction from the soaked
ground (m HO), IMD - initial moisture deficit (m i), K — saturated hydraulic
conductivity of soil (m$) (Rossman, 2030

Equation 5.4 revealed that the amount of waterireduor saturation is de-
pended on instantaneous intensity of rain. If titaltvalue of infiltration at a given
time is greater than the total value of infiltraticequired to saturate the catchment,
calculations are carried out using equation 5.5eMbrecipitation is lower than the
value of saturated hydraulic conductivity of saill rain infiltrates and is used to
calculate and correct the initial lack of moistivt® (Rossman, 2030

After choosing Green-Ampt's method of infiltratisalculation, SWMM 5.0 re-
quires the following parameters: initial moistuedidit of the soil, the soil's hydraulic
conductivity, suction head at the wetting froRbésman, 20)0These parameters are
available in help menu of SWMM 5.0 in the “Green-gtrinfiltration parameters”.

Curve number methodthis method uses a model of Soil Conservation Servi
— SCS. In the SCS model the total precipitation draisled into the effective one and
losses. Effective precipitation is defined as & péitotal precipitation that through
runoff forms hydrograph of surface outflow. Effeetiprecipitation is therefore de-
pendent upon the average total precipitation, aildype, use of catchment area, and
soil moisture preceding the rainfall. All of thefsetors are included in the dimen-
sionless parameter CN (Curve Number) associatddmadiximum potential retention
of catchment with values varying from 0 to 108vw.dziobak.pl

Input parameters for this method required by SWMNI &e as follows: data
about the ground parameters, soil hydraulic condtctand required time of com-
pletely saturated soil transition to a level whea¢uration is zeroRossman, 2030
Required parameters can be found in the publicai@$ Urban Hydrology for
Small Watersheds,"2Ed., (TR-55), June 1986, or in help menu of SWMN by
selecting “Curve Number Infiltration Parameters”.
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5.3.2 Groundwater flow calculation in SWMM 5.0

SWMM 5.0 in calculation uses two-zone model of grdwater showed in
Figure 5.2. The upper zone is unsaturated witledsfit moisture content, while the
bottom zone is fully saturated. The moisture coniteit is constant.

TOT

Fig. 5.2. Two-zone model of groundwat®ossman, 2030

In figure 5.2 the following parameters were mengidrf, — infiltration from
the surfacefg, — evapotranspiration from the upper zofye; percolation from the
upper to the lower zone that depends on the meistontent in the upper zone, and
thedy height,fg. — evapotranspiration from the bottom zone thatfisnction of the
upper zonealy, f. — percolation from the bottom zone to the grourtdwéocated
lower — it is dependent on the height of the botmoned,, fg — lateral inflow of
groundwater to the sewer system depends on thétheighe bottom zond, and
the depth of junction or conduit arrangement tiegeive a supplydy — height of
the upper unsaturated zor,— height of the bottom saturated zode;r — total
height of saturated and unsaturated z&wséman, 2030

After calculating flows occurring during a speaifiime step, water balance
equation is written out, as well as calculationaofew level of groundwater and
unsaturated zone. Groundwater flow is calculatethfequation 3.7 placed in chap-
ter 3.4.4.

5.3.3 Snow melting consideration by SWMM 5.0 in estimatig runoff
quantity
Snow melting calculation in SWMM 5.0 is part of e runoff modelling.
Level of snow in a given subcatchment is estimdtgdpplying snow accumula-
tion, changes in positioning due to removing, ahdaurse, by taking into account
snow melting. Snow after melt is treated as an tauf@il runoff for given sub-
catchment, on which it was locatd®igssman, 2030
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5.3.4 Surface retention used by SWMM 5.0 to calculate flos

In a situation when the maximum level of transpbit@stewater in the junction is
exceeded, its flow over the surface occurs. SWMMi$ equipped with function that
allows for temporal retention of wastewater infltivat emerged from sewer system
during its overload, and to re-introduce it inte tirain, when wastewater level in con-
duits is stabilized. For the steady flow and kingenaave methods, wastewater that
emerged from the sewer system outside, in furthéutations is treated as excess,
which is retentioned temporarily. Then, when wastewlevel in sewer system is sta-
ble, excess is entered into the system. For thardignwave method, in determining
surface retention, for junction, the area wheretevester may be temporarily stored is
required to be introduced. This area is located/@laogiven junction. If the flow that
emerged from the system is not able to retenti@ngiven area, it gravitationally flows
down, for instance, roads, streets, avenues, to apaduits or draindjpssman, 2030

5.3.5 Methods used by SWMM 5.0 to determine wastewater clity

SWMM 5.0 bases calculations of the quality of wastier in conduits on the
fact that conduit acts as continuous tank reacithr ideal mixing (CSTR — Continu-
ously Stirred Tank Reactor). Flow quality calcwdag will be the most accurate if
time of wastewater flow through a conduit will bgual to time step assigned to the
analysis. Concentration of contaminants presetitdrconduit is determined by using
mass conservation law taking into considerationaherage flow rate or conduits
filling. Wastewater quality in the tanks is caldeldin the same way as for the pipes.
For the other junction points (e.g. drains), whilih not need volume indication,
wastewater quality flowing from the junction is @allated by mixing concentration of
contaminants flowing into the junctioR¢ssman, 2030

5.4 Getting started with SWMM 5.0

SWMM 5.0 can be used on PCs operating in the WINCBO®/NT/Me/2000/
XP/Vista/7. The software is available as a siniggevihich contains a self-extracting
setup. When setup is run, program starts to inatabmatically. During the installa-
tion, the user will be asked about location wheeeflle should be unpacked and in-
stalled. If there is a need to remove program ftbencomputer, it can be done by
deleting directory where it is installed. This idfeient because SWMM 5.0 does not
save any information to the registry of systemmiythe installationRossman, 2030

5.4.1 Main dialogue

Main dialogue of SWMM 5.0 is divided into seven fgaas it can be seen in
Figure 5.3. They are: Main Menu, several Toolbar§tatus Bar, the Study Area
Map window, a Browser panel, and a Property Editioidow (Rossman, 2030
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Fig. 5.3.Basic element of SWMI 5.0

SWMM 5.0 Main Menu, like in thether software running ithe Windows
environment, is located at the top of dialogue. It éstssfunctions to control tr
program such as: File, Edit, View, Project, RegTools, Window, and Help. With
these functions various operations can be perforrfeedinstance, opening pri-
ously saved data, saving data, loading backgrocmapsing default properties f
newly created project. More detailed descriptiorthef selected nctions of Main
Menu will be presented later in this work. Toolbarghe program are divided in
four basic categories: standard, maps, drawingctdhjand animation. They can
freely hide or activate by choosing in Main MeView — Toolbars and then
checking or unchecking ¢happropriate toolbar categc

Map is a space where network layout is created, il used to visualis
drawn objects, and to present the results of caticuns.

Browser panels divided into two tabsData, andMap.

SelectingData provides access to all data in the project. Belbes hirowse
window, there are icons for adding, deleting ortiedi objects selected
a browser. Panel containing these icons is show&iture5.4.



Modelling of hydraulics and pollutants transporsgwer systems 71
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Fig. 5.4. Graphic browser panel

SelectingMap in Browser panelallows to choose junction points for sub-
catchment, and connections of certain parametech si3: connections length,
wastewater flow rate, subcatchment area, ordir@tguhction point. Selected pa-
rameters are showed as a legend in map window $E3y. Property editor is used
to change objects’ properties contained in thegatojlt appears when given object
in the map window is selected by double clickingn@arking it and choosingdit
Objectfrom the browser panel showed in Fig. 5.4.

Another, the third method of editing is identifyitige object occurring in the
map window, and then right-click and selBcoperties In order to cancel the value
entered intoProperty Editoy Esc should be selected before closing a window of
a given editor.

Status Baris located in the bottom part of dialogue. Frore téft, there are
showed the following issues: state of automaticwation of conduit length (in-
cluded or excluded), current unit of flow volumevén in Table 5.1), flow status,
level of map zoom, and coordinates of cursor pmsi(iX and Y). Flow status is
showed graphically as a tap, which may be repredesd follows:

= with no flowing water, when calculations have heen carried out yet,
a with flowing water, when calculations have beerried out properly,

m cracked tap with flowing water, when in previouphpperly carried cal-
culations any data was edited.

5.4.2 Creating a new project

In order to create new project, click on the icChon the Standard toolbar, or
selectMain Menu— File — New. At the first time, an essential element before
creating a network is to check and possibly mod#fault settings. This is done by
selectingMain Menu— Project— Defaults —which is showed in Fig. 5.5.

Adjusting default settings is a great facility whitreating network composed
of multiple elements with similar properties. Onassigned attributes in default
settings are automatically assigned to all newlisoituced objects. Defining default
properties should be performed before drawing #tevork.
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Project Defaults
ID Labels | Subcatchments | Modes/Links
[ Object ID Prefix
R ain Gages :RG
Subcatchments S
Junctions J
Outfalls Out
Dividers D
Storage Units Store
Conduits C
Pumps Pump
Regulators Rea
ID Increment 1

[[] Save as defaults for all new projects

[ ok | [ cancet | [ Hep |

Fig. 5.5. Default settings, tab of objects idestti

Figure 5.5 depicts the three tabs. For each of thé&rpossible to save the de-
fault settings for all newly created projects. Irder to do this, select window
showed in Fig 5.5 “Save as defaults for all newjguts”. In the first tab ID Labels,
in ID Prefix identifier symbol for each object cam entered. Special attention de-
serves the last point, that is, ID Increment séuleas 1.

It is value, of which the numeric identifier willebincreased in particular ob-
jects. In this case, elements consisting netwotkbeidescribed in ascending order,
every 1. For instance, if junctions are being mdrée “J”, enter a prefix letter “J".
As a result (at increment of 1) other junctionsl w#é marked: J1, J2, J3, and so on
(Rossman, 2030

When ID Prefix is left blank for individual objec¢tthen these objects will be
mark only by numbers.

More detailed description of the characteristicedividual objects is showed in
Chapter 5.4.4. Description of the subcatchmentactharistics is in chapter 5.4.4.,
however the detailed description of methods ofitmafion calculation is in chapter
5.3.1. More detailed description of junctions armhreections characteristics is in
chapter 5.4.4, however description of methodsaf ftalculation is in chapter 5.4.6.
In SWMM 5.0 connections are identified both witreapconduits and closed pipes.

Starting work with the project in SWMM 5.0 theredspossibility to choose
one of the available units of flow intensity, désed in Table 5.1.
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Table 5.1. Flow intensity units available in SWMM5

System of units Symbol Units
CFS feets?
us GPM gallon &
MGD Megagallon day
CMS mst
Sl LPS litre §*
MLD Megalitre day"

5.4.3 Network drawing

After setting default properties, it is the righhé to draw the sewer system.
This chapter presents the rules of applying theaibjinto Map (Figure 5.3).

While drawing, toolbar showed in Figure 5.6 is used

GOV o~ ®aET

Fig. 5.6. Drawing objects toolbar

In order to create the network in SWMM 5.0 at fits¢ necessary to apply indi-
vidual objects in appropriate places on the majis Ehdone only in an approximate
way, since the program does not allow to enterdinates at the time of drawing.
Giving specific coordinates to junction points @spible while editing. In order to do
this, select the object by double click of mouseyyselecting it from Browser panel
(see Figure 5.3), and then edit the coordinatesY>Coordinate).

While drawing Subcatchment area it is necessarsetect £ from drawing
objects toolbar (Fig. 5.6) by clicking on it withet left mouse button in order to acti-
vate it. Then, outline the shape of subcatchmesd.&Belect the vertices of polygon
with the left mouse button, and then the right neolistton or “Enter” finishes sub-
catchment's drawing. As before drawing, objectdipes in Defaultshas not been
introduced, they can be given by selecting EditapBrty with double-click on an
individual object, and then writing needed prefiName. At the beginning of draw-
ing junction points, selec™ Junctionform the drawing toolbar, and then, with left
mouse button place it in the right place on the n$WMM 5.0 has also other junc-
tion points such asV Outfall, = Storage Unit <> and Divider

When applying outfalV on the map, it need to baembered that it is the last
point of the system, and thus can be connecteastaope side. After the application
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of junction points, connections in the form of opmmnduits or closed pipes can be
drawn. In order to do these, seli— from drawgaiidar Conduit and then mark,
according to the flow direction, two junction p@nhat are going to be connected.

In SWMM 5.0 drawing the following objectsC? Pump & Orifice, 4
Weir, ¥ Outlet,is carried out in an analogous way as drawing eotions. Con-
nections shape in SWMM 5.0 can be selected in editeonnections’ characteris-
tics (Conduit) (described in 5.4.4). Program ha® adossibility to create irregular
shapes of open conduits. Description of the condiggular shape can be done
through unwindingshapeoption in the Editor of Connections Propertieg(5.7)

Conduit 1
Property Value

Name 1 ~
Inlet Node 9

Outlet Node 10

Description

Tag

Shepe CIHCUU—\R ..............
e T S
Length 400

Roughness 0.01

geometry

ICIick to edit the conduit's cross section

Fig. 5.7. Editor of Links Properties

Unwinding of this option will activate the followgnwindow (Fig. 5.8.):

Cross-Section Editor @

Shape Transect Name

IRREGULAR IR v|[4)

o’

[ ok | [ cacel | [ Hep |

Fig. 5.8. Connections’ Cross-Section Editor
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In newly opened window showed in Figure 5.8 by urdivig Shapemenu, any
shape of conduit can be selected. If there is d teeereate irregular shape of conduit,
Irregular should be marked in this window. Then, click edin showed in Fi-
gure 5.8 that will allow to describe conduit's @esction shape in newly unwinded
window (Fig. 5.9).

Transect Editor 3

Trarsect Name Description
stream @]
Station Elevation | A Propeity Value
(m] [m) >
] Roughness:
g R Left Bank 001
2 s 2465 Right Bark ool
3 1.8 244 Channed om
5 |31 2438 Left 0
5 |36 245 Right 0o
o
7 |4 2466 _
Stations 0
8 = s Elevations 0o
9
10 e
o) (oma ) ()

Fig. 5.9. Irregular conduit cross-section editor

Newly opened window showed in Figure 5.9 will hawedata placed iBtation,
Elevation, and Transect namehowever data connected with Manning roughness
coefficient located on the right part of the windare derived from the value entered
in Default Conduit roughness can be edited by assigningopppte values for the
left or right edge, or for the conduit bottom. Foe data shown in Figure 5.9, there
was depicted cross-section shape possible to sheelbctingview.

In the development of storm water and combined sew&em model, crucial
element is to describe precipitation over givencsithment. &2/ Rain Gageis
used to do this. It is chosen from the objects drgwoolbar (Fig. 5.6). After select-
ing, the object is applied to any point on the mAjen calculating, object location
is not of importance, what matter is only subcatehtiio which it is assigned.
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Transect Viewer @

Transect stream
| @ Overbank € Channel .

248

247

246

Elevation (m)

245

244

1 2 3 4 5
Station (m)

[EopyTo._l I Print II Close ]

Fig. 5.10. View of created channel transect

In SWMM 5.0 there is possibility to use curve drasennection, which can
actually reflect, for example, river meanders asasf closed pipes. This is done by
selecting one chapter which is going to be editedn after marking this connec-
tion, click on the right mouse button, and théartices which will change the cur-

soron ™. Next, once again click on connection wigiirmouse button and select
Add vertexrom menu. After that, the added vertex can be makeany direction.

If junction point has been already located nothie wanted place, it can be moved
by clicking with the left mouse button and draggintp the right place. This opera-

tion can be done only when the cur:k - is activehentoolbar (Figure 5.3). The

shape of catchment surface can also be editedrder do do this, the particular

subcatchment is selected by clicking with the meftuse button in its centre. Then,
click with the right mouse button and in menu clodertices Afterwards, in

a manner similar in curving connections, subcatetirsbape can be edited. There
is also a possibility to add or remove the vertex.

In SWMM 5.0, surface runoff from subcatchment scefaan be drained to the
selected junction point such &utfall, Storage Unit, Divideor to other subcatch-
ment. Graphically it is presented by an intermittéme representing the flow line.
In order to create this line it is necessary tedaine junction point receiving sur-
face runoff from a given subcatchment. This is don&ubcatchment Properties
Editor. It is precisely described in Chapter 5.4.4.

A major convenience while drawing sewer system\WiMdVl 5.0 is function
Convert toandReverseThe first option makes easier changing, for eXamjunc-
tion into other junction point represented Oytfall, Storage Unit, Divideror vice
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versa. It is also possible for the links and nosiesh as:Conduit, Pump, Orifice,
Weir and Outlets which can be exchanged between them. By usirggftimction,
network shape can be adjusted efficiently, avoidingh activities as: removing
unnecessary objects and drawing new in their plaReserseoption is used to
change flow direction in connections. After usistart and end junction point is
being interchanged.

5.4.4 Enter the properties of hydrotechnical, and hydrol@ical-climatic
objects
After drawing the network, the next step in cregiproject ought to be intro-
ducing properties for each object within the netwd¥hen describing this Chapter,
objects were divided into hydrotechnicalunction Outfall, Divider, Storage units
Conduit Pump Orifice, Weir, Outlets and hydrological-climatic including@ub-
catchmentRain gageAquifer, GroundwaterandSnow packDragging objects into
the map, SWMM 5.0 assigns them to specific featgiesn in Defaults (Chapter
5.4.2). Object characteristics can be changederidfiowing ways:
» by double-clicking on an object on the map,
» by right-clicking on an object, which unwinds mettienPropertiesshould
be selected,
» selection of an object frorowser pane(Fig. 5.4), then object edition by

choosing 4 Edit Objectin Browser panel
More information on the properties of given objsateceived by clicking “F1”
whenEditor propertyis unwinded.

Describing properties of hydrotechnical objects

» Edition properties ofunction O :

In SWMM 5.0 Junctionare points, which connect the links one to anothmer
fact, they can represent a combination of natupagihoconduits or drains. Junction
properties editor is presented in Figure 5.11.

Inflow — this option is used to describe the externalpsupf additional
stormwater, wastewater, water infiltrating into thestem, or sediments to a given
junction. Three kinds of inflows can be chos&irect, Dry weather, RDII This
function is necessary in creating the project shibmed system, or sanitary one.

Treatment- this function is used to describe propertiesaftaminant remov-
ing in junctions.

Max depth— maximum depth of conduit filling (diameter).

Surcharge depthk depth in junction over the maximum state forahhtihere is
not yet flood occurs (m).
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Junction 19
Property Value
Name 19 A
#-Coordinate 7768.420
Y-Coordinate 6736.840
Description
Tag
rfloms ND .................................
rostment ND ........................
Invert EL 1010
Max. Depth 3

Click to specify any external inflows
received at the junction

Ponded area- function allowing for determining the retentisarface for junc-
tion, on which wastewater, which flowed from drawijl be temporarily stored.
Then, they will be re-introduced into the seweltsys when wastewater level stabi-
lizes. This surface should be provided widiow pondingoption is selected. It can
be found throughOption— Generalin the Browser panel (Fig. 5.3) {n

In SWMM 5.0 junction points are alsOutfall, Divider and Storage Unit
Properties described for junction, from the namehi® retention surface, for the
abovementioned junction points are the same. Belmvoptions forOutfall, Di-
vider, and Storage Unthat junction does not have.

» Edit Outfall properties.

This object is treated as the final junction pamthe sewer system. It ought to
be remembered that outlet can be connected withgne side only.

Tide gate— outlets can be equipped Tide gate If wastewater level in the
place to which it can be introduced is higher thestewater level in sewer system,
then reverse stopping flap breaks inflow from thesmle into the sewer system.
Only when wastewater level in sewer system is highan its level outside, runoff
from sewer system can occur. This prevents thersevidow. If outlet is needed to
be equipped in a flap, select in outlet propertidsor fromTide gate if flap is not
necessary, select “No”.

Type- giving outlet type, boundary conditions arefseit. SWMM 5.0 offers
5 types of outletsFree, Normal, Fixed, Tidal, Time series

Fig. 5.11. Junction properties editor
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In the case of stabilized water state in the rexgiFixed), there is necessary to
give its height. This parameter is introduced iRired stage After select of the
variable state of water in the receiver (Tidal)sthhangeability ought to be de-
scribed. It is given in unwinded windo@urve Namein which water level in the
receiver is described for each hour.

» Edit Divider properties.

It is a junction point in sewer system which divddeflows into described out-
flow pipe into a certain way, characteristic foe ttype of divide chambeb{vider).

It works only in the calculation of kinematic wameethod, and is treated as a sim-
ple junction in the dynamic wave method. There pssibility to select 4 types of
Divider, differing in a way of sharing a supp@utoff— divides whole inflow above
the defined valueQverflow— divides whole inflow above the capacity of inbéie,
Tabular — after selecting this kind of chamber, divisignexecuted on the basis of
division curve created by the us@feir — overflow division.

After selectingCutoff division chamber, itCutoff flowborder flow value need
to be inserted. Above this value, there will appeer divided flow. ForTabular
chamber, after unwinding iBurve nameproperties editor, inflow and outflow val-
ues are inserted, which will describe the shapeuofe division. For this kind of
chamber, division will be executed with regard tme of described curve as
a function of total inflow. FoWeir chamber, in property editor insert minimal flow
that will trigger a division Min. Flow), flow depth Max. Depth, coefficient of
overflow outflow Coefficien}, which values are presented in the further phtttis
Chapter to describé/eir properties.

» Edit Storage Unifproperties.

Chambers are junction points to store wastewatkem®. They can represent
either very small chambers or larger storage Uikiégsponds. They can also be used
to capture the peak of flood wave.

Evap Factor— values from “0” to “1” describe the degree ofperation form
the chambers surface. “1” in this case means ¢vtgboration, while “0” its absence.

Shape curve- this option is used to describe the shape ofmblea. User has
a possibility to choose to methodiunctionaland Tabular.

After choosingFunctional the surface of chamber is calculated from below
formula Rossman, 2030

A=a-h’+c (5.6)
where: A, — the surface of chamber Imh. — chamber depth (mj — coefficient
value in the functional relationship between sufacea and storage depth-
exponent value in the functional relationship betwesurface area and storage
depth,c — constant value in the functional relationshipween surface area and
storage depth.
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When the user decides to chookabular method to describe the shape of
chamber, theurve nameavindow needs to be unwind, and next in newly apgba
Storage curve editoArea corresponding to the points of chamber depth, Ishiogi
described. On this basis, the program will estintdi@mber volume. This curve is
called inCurve nameand in the standard way assigns iCurve namen the editor
of chamber properties.

 Edit of Conduitproperties.

In SWMM 5.0 links are treated as closed pipes @noponduits, which con-
nect two junction points. By means of connectiomastewater is transported from
one place to the another.

Inlet node— so-called “upper drain”, from which wastewatereintered into
a connection.

Outlet node- so-called “bottom drain”, into which wastewatesupplied.

Max. Depth— maximum height of filling for given connectiomy.

Roughness- Manning’s roughness coefficient for open corglwt closed
pipes. Values of these coefficients are placedhéHelp menu of the program in
tabConduit propertieg-).

Inlet offset— at this point, enter the difference of ordinaggght for the bottom
of conduit and drain at the “upper drain” (m).

Outlet offset- at this point, enter the difference of ordinlaggght for the bot-
tom of conduit and drain at the “bottom drain” (m).

Initial flow — initial wastewater flow rate in the pipe, befaadculations (cho-
sen unit of flow rate).

Maximum flow~ value of maximum allowable flow in the pipe tall not be
exceeded during simulation. This value can be edtdor the dynamic wave
method (chosen unit of flow rate).

» Edit Pumpproperties.

Pumps are used to transport wastewater to theglacated on higher ordinate
where gravitational flow would be impossible.

Inlet node- so-called “upper drain”, from which wastewatepumped, is defined.

Outlet node- so-called “bottom drain”, to which wastewatepisnped, is defined.

Pump Curve- unwinding this window is necessary to select ohéhe four
available pump types, Iump typeln the editor of pumps characteristics, propertie
of pump, depending on its type, are necessary fatbeduced. Then, it is assigned
atPump Curvewnindow, in the editor of pump characteristics istandard way.

There are the following available pump types:

Type 1 — Off-line: it is a pump of separable typghwcollective, dewatering
drain. Efficiency of this pump depends on wastewatdume in collective dewa-
tering drain. Pump works independently from the exesystem. When dewatering



Modelling of hydraulics and pollutants transporsgwer systems 81

drain is full, then its inflow yields. It is resuchevhen wastewater state in the drain
is lower than before.

Type 2 — In-line: amount of pumped wastewater igetheled on the height of
drain filling, from which wastewater is pumped.

Type 3 — In-line: amount of pumped wastewater isetheled on the height of
amount of wastewater in “bottom” and “upper” drain.

Type 4 — In-line: type 4 pump efficiency is depemden the height of drain
filling from which wastewater is pumped. Flow igguéated on the basis of curve
resulting from the application of points definingetlevel of wastewater and the
flow rate. Figure 5.12 shows the characteristicguwhp types available in program.

p— — ~
2 LS = | {
z —] —] —
5 1 3 : 5 - 3 -
- o —_ i D (5 a
H a
S t -
Volume Depth Head Depth

Fig. 5.12. Characteristics of pumps available inNBW5.0, from left: Pump of type 1,
Pump of type 2, Pump of type 3, Pump of typ&dgsman, 2030

» Edit Orifice properties.

This object in SWMM 5.0 is used to regulate wastewautflow from junc-
tion points. In particular, it can be used as atlebdrom the tank storing flood
wave. The user has a possibility to choose eitbéoim outlet or the side one. This
object can be used to simulate outflow from thektaither for kinematic wave
model or dynamic one. If the object is not attactethe tank, then it can be used
in calculations only for dynamic wave method.

» Edit Weir properties.

Overflows similarly to the holes are used to wastw regulation between
such objects as drains or tanks. They can be wssichtulate outflow from the tank,
either for the kinematic wave model or dynamic dhée object is not attached to
the tank, then it can be used in calculations datythe dynamic wave method.
Overflows can also be located along the side ofla@nin the editor of overflow
propertiesName, Inlet node, Outlet nodmeans the same as for the outlet.

Weirs, like orifices, are used to model outlet agidersion structures in
a drainage system. Weirs are typically located imanhole, along the side of
a channel, or within a storage unit. They are irally represented in SWMM as
a link connecting two nodes, where the weir itselplaced at the upstream node.
A flap gate can be included to prevent backfl®egsman, 2030
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Table 5.2. Equations describing consumption forousrtypes of weirs in SWMM 5.0

Type of weir Cross Section Shape Flow Formula
transvers rectangular Cwl, h*?

lateral rectangular Cwloh®®

triangular triangular CwS h*?
trapezoidal trapezoidal Cwlo h*2 + CysS 2

where:C,, — weir discharge coefficient ths™ m™), L, — weir length (m)h — head
difference across the weir (n§,— side slope of V-notch or trapezoidal weiy, —
discharge coefficient through sides of trapezoidait (n s m™).

» Edit Outletsproperties.

Outlets in SWMM 5.0 are devices used to contrdlawtrom the drains or tanks. They
can be used to simulate outflow from the tankeeith calculation kinematic wave or
dynamic one. If the object is not attached todhk, tthen it can be used only in calculations of
dynamic wave method. In the editor of consumptgulators propertiedlame, Inlet node,
Outlet node, DescriptiorandTag have standard meaning. When the user decidesdsech
Tabular method to describe flow through the consumptigaletor, therCurve namevin-
dow needs to be opened, anéRating curve editosome points of wastewater surface level,
flow rate through the regulator is needed to dasciithis curve should be nameddarve
nameand in a standard way assign it in curve narie &ditor of regulator properties.

Describing properties of hydrological-climatic objects

» Edit Subcatchmeniroperties.

In SWMM 5.0, subcatchment is an area that receigaés or snow, which is
then discharged to one of junction points or anosiacatchment.

Subcatchment 6
Property Walue
Mame H -
X-Coordinate 63955
Y-Coordinate g77a.070
Descnption
Tag
Rain Gage
Dutlet
Area 2
Width 500 7
User-assigned name of subcatchment

Fig. 5.13. Editor of subcatchment properties
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» Edit Rain Gageproperties.

In SWMM 5.0 theRain Gageoption provides information on rain for given
subcatchment area to which it is assigned. Datthemrecipitation can be defined
by the user or loaded into the program from anrezidile. In the editor of precipi-
tation properties, options froldameto Tag have a standard meaning described in
properties of subcatchment and junction. InDetta Sourcehe user can choose to
load data describing precipitation directlyirfe serieg or to load precipitation
value from the external file. The first case nest@sdard procedure of loading pre-
cipitation data by unwindingeries nameWhen data is loaded from the external
file, in File nameselect source file from which data will be load&tien, in Sta-
dium ID, identification number contained in soufie has to be entered. There is
a need to give a unit, in which source data isdiaded. It is done iRain unit.

Aquifer and Groundwater

In developing the simulation of surface flow in ap@nduits, a very important
element that could significantly affect obtaineduls, is taking into consideration
flow of water infiltrating and exfiltrating from pes. Activating Aquifer and
Groundwater editor of properties is discussed while describatdition of sub-
catchment properties.

In SWMM 5.0 the aquifer is used to describe vettmavement of water infil-
trating from subcatchment surface to which parsicidquifer is assigned. It also
describes groundwater infiltration into the sewgstem, and exfiltration as well.
The user can assign the created aquifer to oneoog subcatchment surface. Val-
ues concerning hydraulic conductivity, dependingtle type of soil, withering
plants, field capacity and porosity, are availablaelp menu of SWMM 5.0 i&oil
characteristic

Groundwater flow is calculated from the followingrfnula Rossman, 2030

Quu=AHu-H P -AHL-H T +AMH,-H.) 67
where:Q,, — groundwater flow (frha™), Hy, — height of saturated zone above bot-
tom of aquifer (m)Hs, — height of surface water at receiving node abayafer
bottom (m)H — threshold groundwater height (m).

Other items from the formula 5.7 are describedwelo

Groundwater flow coefficient value ofA; coefficient, in formula to calculate
groundwater flow. It is a multiplier to the diffaree of ordinate of groundwater and
junction bottom that receives inflow.

Groundwater flow exponenrtB; value from the formula on groundwater flow.

Surface water flow coefficientA, value.

Surface water flow exponenB, value.

Surface groundwater interaction coefficienf; value.
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Fixed surface water depth set depth, at which wastewater mirror is located
junction point receiving inflow (Receiving node)edve 0 if this depth is to be vari-
able in time, and determined during flow calcutam§. In the formula on ground-
water flow it isHsg,, (M).

Threshold groundwater elevatienordinate of groundwater elevation (bottom
elevation + water table elevation) that must behed when the flow of groundwa-
ter is going to occur. If this position is not &, then ordinate of junction bottom
receiving inflow is assumed in calculations. Itrépresent a& in the formula on
flow rate (m above sea level).

Editing of Snow packproperties is significant when it is necessary the
combined and stormwater system to take into accadditional part of flow origi-
nating from melting snow. Activation @&now packproperties editor is discussed
while describing subcatchment properties editinditd window of snow layer
consists of two tabsSnow pack parameteend Snow removal parameterh the
first tab, parameters values are entered for tbiferent types of surfaceé?low-
able, ImperviousndPervious The minimum and maximum value of snow melting
coefficient is used to estimate general coefficaggcribing snow melting for each
day in a year. This general coefficient of meltisgised to calculate melting rate. In
order to fully represent the issue concerning snmiting, parameters included in
Snow melof climatic option editor, should also be desaidib€o describe this pa-
rameter, withData selected in a browser, choaggématology— Snow meltAfter
these activities window showed in Figure 5.14 wadltivate.

Climatology Editor

Temperature | Evaporation | “Wind Speed | Snow Melt | Areal Depletion

Dividing Temperature
Between Snow and Rain
(degrees C)

ATI weight (fraction)
Negative Melt Ratio
[fraction)

Elevation above MSL
[meters)

Latitude [dearees)

Longitude Camrection
[+~ minutes)

[ ok | [ cancel | [ Hep |

Fig. 5.14. Climatology Editor Snow meltab



Modelling of hydraulics and pollutants transporsgwer systems 85

5.4.5 Simulation

After drawing the sewer system and introducing pheperties of the objects
included in it, the appropriate calculations carmpbgormed. This is done by click-
ing the following icon [» located on the toolbar (F&15) or by selectinilain
Menu— Project — Run simulation Calculation correctness and precision of ob-
tained results are showedRun statuglisplayed after the simulation (Fig. 5.15).

Run Status
-
'\:!-‘) Fun was successful
Cortiniity Emror
Surface Runoff; 048 %
Flaw Fouting: 0.00 %
Cuality Routing: 018 =

Fig. 5.15. Calculation status — correct

Continuity errorinforms about errors indicated in the volume be¢éanVhen
the error is about +7% for large systems and +3f/shaaller ones, then simulation
should be performed for shorter time step, or gt after correction of connec-
tion length of junction points should be checkeldei® is also a possibility to check
the continuity errors irstatus reportwhich can be seen after simulation. They are
available in main menu (Fig. 5.1) Report— Status All calculated data on the
sewer system are included here. In a situationnwhe sewer system is described
in incorrect way, preventing proper calculationgeraattempt to perform calcula-
tions the following message appears (Fig. 5.16).

‘,Run Status ‘

Q Run was unsuccessful.
See Status Report for reasons.

Fig. 5.16. Calculation status — incorrect

After clicking OK status report appears that inferabout errors occurring du-
ring calculations (Fig. 5.17). Reported errors hbgen marked by the numbers, and
their detailed description is given in SWMM 5.0 UséManual in the appendix.
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Performing the correct calculations by SWMM 5.0uiegs not only creating
the proper scheme of sewer system with introdutirggitor relevant properties of
the objects, but also significant element is s@lgcappropriate time step (s) for
which calculations are made.

f@ Status Report E]@
|

EPA STORM WATER MANAGEMENT MODEL - VERSION 5.0 {(Build 5.0.007)

ERROR 209: undefined object * at line 130 of [PUMP] section:
5 20 z1l " oN

Analysis begun on: Fri Apr 13 Z21:44:19 2007
Total elapsed time: < 1 sec

Fig. 5.17. Exemplar errors report

Time step is chosen by selecting from the browsgg. (5.3) at marked tab
Data Option— Time stepThis will activate the following window (Fig. 5.}8

Simulation Options @

| General | Dates | Time Steps | Dynamic Wave | Files

Days HrMin:Sec
Reporting 0= 000500 % _
Runoff: = e
Dry Weather 0 & | ‘ oroooo S
Runoff: - e =
Wet Weather |0 &) 001500
Routing _ 20 | Seconds

[ ok | [ concel | [ Hep

Fig. 5.18. Simulation time options
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The choice of time step for calculations is mad®aiting Sufficiently long
time step can be determined from the following fol®ms Rossman, 2030
» for connections:

LC
(9m,)*”
where:At — calculations time step (1), — connection length (my — acceleration of
gravity (m s%, D, — maximum wastewater depth in connection (m).

When this condition is met, then dynamic wave i db spread to all length
of connection.

 for junctions:

t< (5.8)

CIA[AH
2.Q
where: At — time step of calculations (), — constant equal 0.4 received on the
basis of SWMM 5.0 work experiencAHmax— maximum change of wastewater
level for time interval (m)As — subcatchment area per junction (&), — sum of

network supplies to junction.

Calculations should be carried out for the mostauaiirable conditions, that is
for the shortest connection having the smallessssahapter diameter into which
the greatest amount of wastewater flows. BasechenSWMM 5.0 work experi-
ence, it was found that 20-second time intervallisost always adequate to obtain
correct calculationsRossman, 2030 To simulate the analysis of runoff quality,
there is required the smaller time step of abos)5

Instability in the numerical calculations in SWMMO05usually occurs in the
following situations:

» Lack of wastewater in junction despite the factt the a given junction
point constant or variable supply is determinecde Tédason of this is too big
time step and runoff from given junction point bkeetbottom of the system.
This problem can be eliminated by reducing the titep of calculations.

» High speeds in the system.

It is also recommended to avoid connection of mardrotechnical devices such

as pumps, overflows, outlets, consumption regugaioholes to a single junction point.

At < (5.9)

5.4.6 The calculation option

Hydraulic and hydrological calculations made in SWINB.O are based on the
principle of mass, energy and momentum conservatdmle making the calcula-
tions, program bases on the final elements metRmbgman, 2030 Described
program can calculate the flow using three altéveanethods: dynamic wave rout-
ing, kinematic wave routing, and steady flow rogtin
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- "
Simulation Options @

General | Datez | Time Stepz | Dynamic ‘W ave | Files |
Process Models Miszelaneous
R ainfall/Funaff [ &llows Panding
S b elt D Report Control Actions
Groundweater [T Repart Input Summary
Flow Routing [ 5kip Steady Perinds
“wéater Quality Minimurn Conduit Slope
0 [E4]
Infiltration Madel Fouting Model
@ Horton ) Steady Flow
) Gireen Ampt $ ) Kinematic 'wWave
) Curve Mumber ¢ @ Dynamic 'Wave

[ ok | [ canesl | [ Hep

Fig. 5.19. Layout of choosing the method to cal@uthe flow intensity
based on SWMM 5.0 screen

Steady flow rate

The first of the offered methods is steady flonerathe calculation procedure
is in a way somewhat idealized, but on the othexdhaery simplified. It assumes
in advance that in each calculation time stepfltve is uniform and steady. In this
way, flow from the top to the bottom of the pipecsnstant. Steady flow routing
does not include the channel retention, changélewfdirection and the flow under
pressure, accumulation, pressure losses at thenehantlet and inlet. It can be
used in the branched system, in which each jundiem only one outlet channel.
This method can provide the first approximation tfeg initial analysis using long-
term continuous simulation®@ssman, 2030

Kinematic wave routing

Another option to calculate is the kinematic wawgating. The Saint-Venant
equation is used in this method together with tbev fcontinuity equation. How-
ever, calculations are simplified by omitting theeitia and hydrostatic force
(Mitosek, 1999

In this method, the surface of wastewater dromjisaéto the channel decrease.
However, this method takes into account in calowhat the situation in which the
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excess of flow escapes outside through the draid,raay be retention until the
wastewater decreases in the pipes. Then, it istetséack into the sewer system.
However, this method does not take into considamatie flow accumulation, pres-
sure losses at the channel inlet and outlet, clsaimgow direction, and pressure
flow (Rossman, 20)0This method can be used in a branched systednalao for
moderately long time steps, from 5 to 15 minutes.

Dynamic wave routing

The last option of the flow calculation is the dgme wave routing. Model of
a given solution also uses the Saint-Venant equaliot this time conjugated with
the flow continuity equation (taking into accouhetboundary conditions). Thus,
the method for calculations uses system of firdeodifferential equations describ-
ing the transient slowly-variable motion. This nadhtakes into account the flow
under pressure, and situation when the exces®wfdkcapes outside through the
drain, and can be retention until the decrease adtewater in pipes. Then, it is
inserted back to the sewer system. Dynamic wavengtiakes into account chan-
nel retention, flow accumulation, change of flowedtion, losses at the inlet and
outlet if the channel. It can be applied to bramkchad ring networks. The method
ought to be chosen for systems undergoing the phenon of deposits accumula-
tion, due to a limitation of gravity flow or by adjting it via overflows, consump-
tion regulators, and outlets. This method provithesability to use small time steps,
which are often necessary for reliable analysimiil time steps)Rossman, 2030
It is usually the most complicated method of caltioh available in the program,
but so that it provides the most accurate refleatibthe modelled network.

5.4.7 Results and their presentation
As a result of calculations, the values of baswwflcharacteristics changes
(flow intensity and filling) in the individual eleemts are obtained. The results take
the discrete forms, which means that informatioavailable only in selected areas
of the system and consecutive time steps. The ladilens results allow to track
changes in time such as flow intension, fillingyvil rate, the quality indicators in
junctions and in the middle section of the chanleigth Skotnicki, 2005;
Rossman, 2030
Forms of displaying results are as follows:
» results in map window — see Fig 5.3 and chapted. 6.2
e graphs that can be used to get information in akquiay about the rela-
tions that exists between arbitrarily selected petar, or how one parame-
ter changes in time — see chapter 6.2.2 and Hg. 6.
» results presented as tables — for more detailectigden see chapter 6.2.3,
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animation, by means of which it is possible to dyitally depict simula-
tion results — see chapter 6.2.4 and Fig. 6.8,

longitudinal profiles of modelled network, whichrcéde combined with
animation showing changes in the position of thetemater surface in the
channels during the simulation — see chapter &2dFig. 6.10,
presentation of results by status report — seeteh&2.6 and Fig. 6.11.

Advantages and disadvantages of SWMM 5.0
As the main advantages of SWMM 5.0 following canntbentioned Zawilski
and Sakson, 2008

ability to check the sewer systems functioningdavide variety of options,
ability to create models for sanitary sewers, starater system, and com-
bined sewer system, both for the branched andsyatems,

wide range of calculation methods choice, botHlfiw and infiltration,

large selection of channel shapes, and the pasgilgilcreate open troughs,
clear visualization of results,

ability to solve many problems in the field of hgdlics and hydrology,

no costs associated with the purchase of the pmogra

The main noted disadvantages of SWMM 5.0 are:

inability to print the image from the program maivap window in a par-
ticular scale,

possibility of temporary errors occurrence whilerkiog in the program,
which after switching off and on of the programeee,

many of tabulated parameters available in help mapuaessary in devel-
opment of the model, are described in U.S. units,

it does not allow for direct storing of calculatioasults, such option ap-
pears only while trying to exit the program,

a large practical disadvantage is lack of ‘back e@mnd’ also known as “re-
do command”, which forces the user to careful aétenduring working
with this program.
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6 Exemplary design of stormwater system with SWMM 5.0

6.1 Description of ssimulated stormwater system

The exemplary project of storm water system peréatroy the dynamic wave
model for LPS unit, allowing to rehearse the earliescribed capabilities of
SWMM 5.0 will be presented in this chapt&a¢piuk and Jarostawski, 200.7The
main task of the designed network is to transgutstorm water of surface runoff
derived from the GR1 rainfall event and three sajgasubcatchments. The first
subcatchments, marked as S1, has an area of 3\d#),of 200 (m), inclination of
1%. The surface runoff is being directed to junctid. The area of subcatchment is
consisting of 25% of impervious surface, made obatin concrete, for which Man-
ning’s coefficient equals to 0.012 (s¥) and arable land characterized by n=0.013
(s m?). The surface retention depth for impervious asesqgual to 0.0017 (m) and
for the pervious area 0.004 (m). The Horton metbbdhfiltration calculation is
going to be applied to the model. The S1 subcatahiiselocated on silty soil for
which infiltration rate varies in range of 3.3-7§@m h"). The remaining input
data for Horton’s model of infiltration are: deceate equals 3.0, drying time 7.0.
Characteristics of soil required to descriptionnfiltration are available in menu by
Horton infiltration parametersFig. 6.1. presents the editor of subcatchmergro
ties after inputting all the necessary data.

The properties of S2 differ from S1 only by thesaequal to 2.5 (ha), width of 200
(m), inclination 0.5% and 18% of impervious arehe Burface runoff is directed to J2
junction. The properties of S3 subcatchment afelsvs: outflow to J1 junction, area
of 2 (ha), width of 150 (m), 30% of impervious ar&nning’s coefficient for imper-
vious surface n=0.011 (smooth asphalt), Manningsfficient for pervious surface
n=0.24 (s m"™) — dense grass, the surface retention depth foervious area is equal
to 0.0015 (m) and for the pervious area 0.005 Huojfon’s model of infiltration, clay
soil, infiltration rate 0.254-50.8 (mm™y decay rate 4 and drying time 12. The plastic
pipes of Manning’s coefficient n=0.013 (s*ff) were applied to network construction.
All pipelines are aligned with the inclination dk# The lengths of pipes: C1=100 (m),
C2=90 (m), C3=90 (m), C4=130 (m). Pipelines C1, C2,have the circular shape of
cross section while C4 has an egg-shaped crossrsedhie maximum heights of cross
section are C1=0.4 (m), C2=0.3 (m), C3=0.6 (M), @4{m). The C4 was equipped
with a flap gate. The elevation of junction bottiznower by 0.1 (m) from the elevation
of pipe bottom for pipelines C1, C3, C4, excludihg outfall junction. In case of pipe-
line C2 the difference of elevation between theirepsn junction bottom and pipeline
bottom equals to 0.1 (m), while the same differdoc¢he bottom of downstream junc-
tion and pipeline bottom is equal to 0.2 (m). Thput data concerning geometrical
characteristics of junctions are presented in taldle
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sSubcatchment S1 2
Property YValue I
MName S1 ~
»-Coordinate 1443.218
Y-Coordinate 7823.344
D escription
Tag
Rain Gage GR1
Dutlet J1
Area 3
Width 200
*% Slope 1
% lmperv 25
MN-lmpery ooz
N-Perv 013
D store-lmpery oomvy
Dstore-Perv 0.004
Z2Zero-lmpery 25
Subarea Routing OUTLET
Percent Routed 100
Infiltration HORTON o
Groundwater NO
Snow Pack
Land Uses ]
Initial Buildup NOME
Curb Length 0 -~
Infiltration parameters [click to edit)

Fig. 6.1. S1 subcatments properties editor

Table 6.1. Characteristics of junctions

J1 J2 J3 J4 J5
Bottom elevation (m above sea level 100 99|96 99.69.24| 100.5
Max depth (m) 2.2 2.1 2.5 3.0 2.5

The remaining last nodal point of the network is fhee outfall (marked as
Outl). The elevation of outfall bottom is 99.98 @lmove sea level). The storm wa-
ters are transported from junction J4 to a stotag& of bottom elevation equal to
101.5 (m a. s. |.). The maximum depth of the ster@mk is 3 (m), the shape of the
tank is described by tabular function reflecting tielation between the depth of

tank and the area of sewage cross section — se6.Eig
Storm water is transported to the tank by a pumpY®E 4, with the initial sta-

tus set as ON. The curve presenting the charaitsrisf the pomp is described as
relation of storm water depth to flow rate. Theues applied to the characteristics

are presented in Fig. 6.3 — left, while the chamdstic is shown at the right side.
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Storage Curve Editor
Curve Name
Tank
Description
Depth Area  ||A View...
(m) [m2) ]
I
2 |os 15
s
4 |18 15
5 |22 15
— oK
— . e [ ok |
I
8
] v
Fig. 6.2. Storage tank curve shape editor
Pump Curve Editor Curve Viewer |
Curve Name Punp Type N
oumg TYPE4 vl Pump Curve pump
Description
280
0
240
Degth Fi i
[5:] ILF?;I] 2 Wiew. ﬁm
- (]| |3
- Load, <180
2 03 120 31811
E— [’
s e
4 og 200 100
- =
I K.
B[1A £ 0 05 1 15 2 25 3
7 |2 270 Degih (m)
8 |25 20
oo d o=

Fig. 6.3. Editor of pump characteristics (left))qw characteristics (right)

Outfall from the tank is regulated by the circutsdle outlet, marked as R1, of

diameter 0.3 (m) and outflow coefficient 0.65.

The studied network will be tested for the rain&lent of time duration 2 (hr)
and rainfall height 47.5 (mm). The rainfall integsiluring the first hour of simula-
tion was equal to 0 (mm ™}, between $and 2°35.1 (mm k") and between" and
3912.4 (mm RY). Fig. 6.4 presents the modeled storm water nétwor
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GR1

Fig. 6.4. The scheme of modelled storm water nekwor

The presented network will be tested for the dycamwéve model with LPS
(Tab. 5.1) as flow units, time step length 15 s tatal time of simulation 4 hours.

6.2 Visualization of ssmulation results

This chapter contains various possible mannerhebbtained results visuali-
zation. The results of calculation may be preseagthaps, graphs, tables, profiles
or state reports.

6.2.1 Results in a map window

One of the possible manners of result and inpw é&at subcatchments, lines
and junctions presentation is visualization on e supported with the legend.
The legend presents the intervals of values desgribe selected physical parame-
ter. The more precise reading of the applied parane SWMM 5.0 is possible by
Annotationfunction available in main menu undéiew — Map optionsor by the
direct RMB click in the map window (Fig. 5.3.) atiekn selectingptionsfrom the
menu which opens the window shown in Fig. 6.5.

Figure 5.6. shows the developadnotationwindow in which, in field No. 1 it
is allowed to set the IDs and values for subcatctispdinks, nodes and rainfall
events (rain gages). It is also possible to chdogesize for IDs and values (by
Font Siz¢ The remaining menu items visible in the fieldrkeal as No. 2 allow
graphical filling of subcatments area, determinthg size of node representing
junctions and thickness of line representing pipedj arrows showing direction of
flow and finally the color of map’s background.
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| Map Options ‘f
Subcatchments
Rain Gage IDs
Nod: [¥] Subcatch IDs
- Node IDs
Links Link IDs L
: Subcatch Values
—L | Label Node Values
2 ma_,s __________________ Link Values
| Annotation
| D Use Transparent Text
Symbols =
Font Size 10 3
Flow &mows
At zoom of 100 {4
Background
[ ok | [ cencel | [ Heb

Fig. 6.5. Map options editor — Annotation

6.2.2 Presentation of results as graphs

The results of simulation and the selected parasetescribing nodes, links
and subcatchments or various phenomena occurririggdilne storm water network
operation, e.g. Snow cover, precipitation, nodéibms may be presented as graphs.
Settings allowing to show the above are availabléhe menu poinSystemThe
prepared graphs may be printed, copied to the @dipbor file as well as saved as
metafile, bitmap and text files.

Presentation of results as graphs is availableelgctng the main menu item
Report— Graph — Time seriesor by using the proper icon. Fig. 6.6. shows the
Time series plot editor in which time related chesmgf flow velocity for C1, C2,
C3, C4 pipelines were set.

£ Time Series Plot -
Start Date End Date
04,/09/2007 v 04/03/2007 ¥, _'
Time Format Object Category
Elapsed Time > Links |
Varniables Links
Flow o]
Depth c2 @
¥ Velocity c3 E]
Froude No C4
Capacity @
[ ok | [ cocel | [ Hep |

Fig. 6.6. Time series plot editor
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TheTime series plasettings editor presented in Fig. 6.6., aftercsielg OK, allows
graphical presentation of time-varied flow velodity selected pipes — see Fig. 6.7.

-f'f Graph - Link Velocity B@
)

Link Velocity
[ = Link €1 —— Link C2 ——Link C3 ——LinkC4 |

o

,—%
J..

-
o

ﬁ&\

o
@

Velocity (mis)

=4
@

o o o
o X} =

o

05 1 15 2 25 3 35 4
Elapsed Time (hours)

Fig. 6.7. Time dependant flow velocity for pipelin€l, C2, C3 and C4

SWMM 5.0 allows presentation of the following paeters as graphs:

for subcatchments: precipitatioRginfall), snow cover $now dept)) total
losses of evaporation and infiltratioboSsey, surface runoff Runofj, in-
flow of groundwater to the syster®\\V flow), groundwater table elevation
(GW elevatioh

for nodal points: storm water deptBdpth), height of storm water table
(Head, volume of storaged storm wateralums, lateral inflow (surface
runoff + all other external inflows)_éteral inflow), total inflow (lateral in-
flow + upstream inflows)Total inflow), flooding intensity Flooding), con-
centration of each pollutant after any treatmenagWoff concentration of
each pollutant),

for links: flow rate Flow), average water deptbépth, flow velocity (Ve-
locity), Froude numberHroude no.)ratio of depth to full depthQapacity),
pollutants concentratiorConcentration of each pollutant

the remaining data available Bystemmenu point: air temperatur&@gm-
peraturg, total rainfall Rainfall), total snow cover§now depth mean
evaporation and infiltration lossekasse}, total runoff Runofj, total dry
weather inflow DW inflow), total groundwater inflowGW inflow), Total
RDII inflow (1&l inflow), Total direct inflow Direct inflow), total external
inflow (Total inflow), total flooding Flooding), total outflow from outfalls
(Outflow), total nodal storage volum&torag8.
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6.2.3 Presentation of results as tables

If a precise numerical values of the obtained tesale required the presenta-
tion of the results as tables is available. Tableg be activated by the main menu
item Report— Table and therBy objectfor the selected object &y variablefor
the selected paramet@&y objectoption allows to obtain the table containing sever
al variables for one object only whiBy variablepresents the values of the selected
variable for the numerous objects of the same type.

Tables are also available by direct selectionrable icon from the toolbar,
then selectioy objector By variablefrom the drop menu.

Tabularized are presented for the time steps acwptd the report step deter-
mined inTime stepptions inReportingin theData browser menu item.

It is also possible to present all the parametaystibned in the previous chap-
ter for all subcatchments, nodes and links.

6.2.4 Presentation of results as animations

The SWMM 5.0 software allows the dynamic presentatf the results of
simulation as animations, which can be activated eontrolled by the main
menu itemViev— Toolbars— Animatortriggering display of Animator window
(see Fig. 6.8.).

Animator ] ]!

M4 <« = » 1

Fig. 6.8. Animator window

Animator window contains standard display buttamsghe region No. 1 (Re-
wind, Back, Stop, Forward) and animation speeceslid area No. 2. To present
time-variable changes of the studied object’s patamits required to select, at the
Map window in the browser, the required option.

6.2.5 Profiles

The SWMM 5.0 contains the function allowing prepiana of the longitudinal
profiles of modeled network which option can beestdd by the main menu item
Report— Graph — Profile or by selection of th&rofile icon. TheProfile plot
window is presented in Fig. 6.9.
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£ Profile Plot [;]
Create Profile Links in Profile
Start Node
0
End Node
0
[ 0K ] I Cancel ] I Help ]

Fig. 6.9. Profile plot window

The longitudinal profile may be prepared by two heets. The first one is
based on the direct assignment the links, in thedlew map, for which the profile
is required by adding them to winddvinks in profileby Insert linkicon. The se-
cond method relays on determination of the inéiadl final points of the profile by
assignments of the proper pointsStart nodeandEnd nodeof the profile, then the
Find pathshould be introduced. The profile developed far ¢arly prepared mod-
el, with starting point J1 and final point Outl tabed byFind pathincluding links
C1, C3, P1, R1, C4 was presented in Fig. 6.10. profile shows the wastewater
depth for the second hour of the simulation forakhthe flooding from node J1 and
total filling of C1 and C3 pipelines. The dynamisuwalization of wastewater table
may be achieved by application of animations.

#5 Profile - Node J1 - Out1 Q@‘

Water Elevation Profile: Node J1 - Out1

Elevation (m)

1] S0 100 150 200 250 300 350
Distance (m)

04/08/2007 02:00:00

Fig. 6.10. Longitudinal profile of storm water syst — links C1, C3, P1, R1 and C4
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6.2.6 Presentation of results by status report

Status report available in the main mé&teport— Statusallows the nhumber of
interesting information concerning the modeled mekwy Fig. 6.11. presents the
fragment of status report concerning joins (nodes).

'f'.'} Status Report Q@
_________________________________________________________________________________________ A
Maximum Time of Max Maximum Length Max/ Total
Flow Occurrence Velocity Factor Full Minutes
Link Type LPS days hr:imin m/sec Flow Surcharged
cl CONDUIT z05.37 0 0l:51 1.64 1.00 1.56 106
cz CONDUIT 8Z.96 0 0Z:00 1.17 1.00 1.60 79
c3 CONDUIT 269.51 0 0zZ:00 1l.26 1l.00 0.69 25
Cc4 CONDUIT z63.03 0 0z:00 1.587 1.00 0.77 0
Pl PUMP Z69.33 0 0z:00 0.93 0
Rl ORIFICE 269.30 0 0z:00
v

Fig. 6.11. Status report window

The status report contains information concernihg: selected unit of flow,
method of flow calculation, time related input datgethod of infiltration calcula-
tion and calculated characteristic parametersdioisj links and subcatchments.

6.3 Analysisof surface runoff quality

The SWMM 5.0 allows the chemical analysis of sugfaenoff and flow inside
the pipelines. This problem will be presented om éxemplary combined sewage
network created by application of previously depeld model of storm water sys-
tem with added inflow of sanitary waste water idfbnode — assignment lofflow
— Dry weather inflow The value of inflow was set as 1 Yg1" in Average value
window, which value was multiplied bMultipliers determined by the assumed
Time pattern Determination of time pattern requires desigmatd type of time
pattern (monthly, weekly, daily, hourly), name béttime pattern and numeral val-
ue for the Multipliers. The hourly time pattern wsedected to our exemplary mod-
eling attempt and the hourly mean inflow of sapitaewages were assumed as
follows:

8:00-9:00— 1 (dn? s™),

9:00-10:00— 0.9 (dni s,

10:00-11:00- 0.4 (dni s™),

11:00-12:00- 0.1 (dni s™).

Fig 6.12 presents windows of the editor allowingaduction of sanitary sew-
age inflow to the model.
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' Inflows for Node J4 B

Direct | Dry'Weather  RDI|

Constituent FLOW ¥
Average Value |
[LF"SaIgE I E\
Tine Pattemns inflow P :@ @
v X
v]€ X
@ X
ok J [ comet | [ teo |

|[ Time Pattern Editor

X]

Name

inflow

Description

Muliphers

Type
HOURLY v/

7 AM

BAM

3 AM

03

10AM

04

11 4M

01

12PM

1PM

o

i e

iF

Help

Fig. 6.12. Dry weather inflow for J4 and time pattéor dry weather

Next, to obtain the possibility of qualitative ays¢s in SWMM 5.0, it is
required to define the pollutants available ate@statershed. Two types of the pol-
lutants are accepted to further analyses — acaptdi®WMM 5.0 documentation by
Rossman (2010). The first one is Total Suspendets $6SS) (mg drt), the
second is Lead in (ug di The Lead concentration was assumed as a fragtibn
lutant to TSS, making 25% of TSS concentration.igkssent of qualitative module
and edition of pollutants is available in the maianu browser, iQuality — Pollu-
tantswhereAdd objectshould be selected. In a new edition window thmeaf the
pollutant should be assigned i.e. TSS and then.Ueachse of the second pollutant
the unit should be set as (ug drand TSS should be assignedCasfractionwith
the value of 0.25. Fig. 6.13 presents the PolluEalitor window for Lead.

Pollutant Editor

&

Property

Value

Name

Urits

Rain Concen.
GW Concen.
14 Concen.
Decay Coeff
Snow Only
Co-Pollutant
Co-Fraction

iLead
UGAL

i1}
ili]
0o
oo
NO
155
025

User-assigned name of the pollutant

[ ok | [ camca | [ Hep

Fig. 6.13. Pollutant editor
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The next step in qualitative modeling is to asstgntype of development (resi-
dential, industrial, undeveloped) for area of sotfu@ments. The two types of devel-
opment were assumed in our examtesidentialand Undevelopedntroduced to
the model by selection dpuality — Land usesand Add object the names of the
development types should be inputLliand use nameThen, we move forward to
determine the type of function describing pollusabtild up and washing off, sepa-
rately for each pollutant tested. In the tab tiB2dldup TSS should be selected from
thePollutantdrop list (in our case Lead is a fraction of TSSaty definition of the
second is required), then we select a POW typemgtion inFunctionmenu item,
note the appropriate units, mass per area andrper for area set asormalizer
The maximum buildup was assumed as 56 (Kg) heith the rate of accumulation
equal to 1.12 (kg haday™) so the above data are required to be assigndthio
buildup andRate constantThe Power/ Sat. Constantas assumed as 1.0. Next, we
change the tab to Washoff and select the TSS ftaist of available pollutants.
The EMC (Event Mean Concentration) should be seteets a governingunction
of Washoff load. The value @oefficientshould be assigned as 200 which reflects
the mean concentration of TSS in mass per volunitg inrour example in mg T,
the zero value should be set in the remaining itéfigs 6.14. presertand Use Edi-
tor for Buildup and Washoff for TSS and Residentialca

Land Use Editor ‘ Land Use Editor x|
General | Buldup | Washoff General | Buldup | Washolf
Pollutant 155 v Pollutant 155 v
Property Value Property Value
Function POW Elineten TEMC
Max. Buildup 56 Coefficient wm
Rate Constant 112 Exponent 0o
Power/Sat. Constant 1 Cleaning Effic 00
Mormalizer AREA BMP Effic. 0o
}8uildup function: POW = power, EXP = exponential, Washoff function: EXP = exponential, RC = rating
| SAT = saturation curve, EMC = event mean concentration
[ 0K I i Cancel ] [ Help ] l 0K l [ Cancel ] [ Help ]

Fig. 6.14. Buildup Land Use Editor and Washoff Lasrge Editor

Having finished the determination of Residential@lepment we may contin-
ue to the Undeveloped areas. The name of the dawelat, i.e. Undeveloped,
should be assigned in the General tab into the litend use namehen in Buildup
tab the TSS should be selected from the list ofpiikitants and POW ought to be
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chosen as a governing function with ex buildupequal to 28 (kg hd andRate
constant0.56 (kg ha day"), area adNormalizerandPower/Sat. Constargqual to
1.0. The TSS again should be selected in the WaskimfEMC as dunctionwith
the Coefficeintequal to 100, the remaining values should be asdigs 0. The next
step in qualitative modeling in SWMM 5.0 is assigmnof the individual type of
development to the subcatchments, editing the ptiegeof a basin and selecting
the optionLand Usesthen in the new window dfand use assignmeittis required
to precise the percentage share of each type @lamwent on the area of water-
shed. For subcatments S1 and S2 these percentsgess dollows: Residential
=75%, Undeveloped=25% (see Fig. 6.15.), while ®itSvas assumed Residential
=80%, Undeveloped=20%.

. Land Use Assignment
Land Use % of Area
Residential ?5
Undeveloped 25
I 0K ’ [ Cancel I I Help I

Fig. 6.15. Land Use Assignment for S1 and S2

The last stage of qualitative model developmentftie presented example, is
determination of the initial concentration of pddaots on the surface of
subcatments. Two manners are possible, by detetioninaf the number of dry
days before the modeled rainfairtecedent dry day®r by assignment the precise
value of pollutants concentration in (kg Haas Initial buildup in the pollutants
editor. In our case the first option was selecfettecedent dry daysumber equal
to 10 was assigned hWyption — Dates— Antecedent dry daydhen, the qualita-
tive analyses are available. Fig. 6.16. presergstithe-varied concentrations of
TSS in (mg dr) for pipelines C1 and C4. TSS appears in the pipslafter the
first hour of simulation duration, in the momentrainfall event beginning. It is
visible that occurrence of TSS may be observedesdr the pipeline C1 than in
C4, which is the clear result of distance betwasaiyaed pipeline and subcatment.
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& Graph - Link TSS JaEd|
@

Link TSS

1800 . -
L RS

1400

~ 1200
@ 1000
800
60.0
FTif ) Ea——
200
00

TSS (MGA]

Elapsed Time (hours)

Fig. 6.16. Time dependant concentrations of TS8pelines C1 and C4

Fig. 6.17. shows the time-varying concentratioh.e&d in (g diT) in pipe-
lines C1, C2 and C4. Again, similarly like in cgsesented in Fig. 6.16. pollutant
appears in the pipelines at the beginning of rdiefeent which caused flushing of
the watershed surface and removal of the gathexdichents and their transport to
the storm water system.

£ Graph - Link Lead =Joed
® Link Lead
[—Link c2 —Link c1 —Linkc4 |
450 —
400
350 J I‘
300 l
g 250 u
F 200 H
—150
100
50
00 —
¢ ! Elipsed Time (hour:;) ! :

Fig. 6.17. Time-varying Lead concentration in C2, C4 pipelines

6.4 Calibration file

The SMWMM 5.0 allows the comparison of modeled mekwfunctioning simu-
lation results to the result of in situ measurememaincluded in calibration file. Be-
fore application to the project the measuremerd dabuld be inputted in properly
prepared text file. The calibration files contdie imeasurements results of the singu-
lar parameters which can be compared to the resfutslculation in SWMM 5.0 and
the validation may be presented in the graphiacahfas time-varying curves.
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Calibration data may include:

* subcatchment runoff,

* subcatchment washoff,

* node water depth,

* link flow rate,

* node water quality,

* node lateral inflow,

» node flooding,

» groundwater flow,

» groundwater elevation,

* snow pack depth,

 link flow depth,

* link flow velocity.

To Upload the calibration file to the model in SWM\D it is necessary to use
main menu optiorProject — Calibration data which triggers calibration file win-
dow presented in Fig. 6.18.

. Calibration Data

Calibration Yariable Mame of Calibration File

Subcatchment Runoff |

Subcatchment W ashoff

Node Water Depth
Link Flow Rate

Made ‘W ater Quality

MNode Lateral Inflow

Mode Flooding

Groundwater Flow

Groundwater Elevation

Snow Pack Depth
Link Flow Depth
Link Flow Welocity

| Babiowse | [ 4 Ea | [ ok | [ camcel | [ hHep |

Fig. 6.18. Calibration data editor

The next step in uploading the necessary data $elect the proper position
containing Calibration variable, than in the fidme of calibration filethe as-
signment of path to file with *.dat extension comieg data is required, by direct
typing or by using Browse option presented in Bid.8.
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The procedure for calibration file for another adle is the same as presented
above. To edit the content of calibration file, thy@ion Edit, when the file is se-
lected, should be chosen. In case of a new fitey éfiputting its name with *.dat
extension, clicking Edit allows to open the edilondow and introduce data to the
file. The New calibration file should be saved I four columns format. The first
column should contain the ID of a given object, skeond — time duration of sim-
ulation in days, the third — time duration of siaidn in hours and minutes or in
numerical format, i.e. 5:12 and 5.2 (introducingr@ans the beginning of the
simulation), the fourth, last column ought to camtdne numerical value of tested
parameters. The exemplary calibration file for sumplified model is presented
below.

J5

01:100.2

01:200.5

01:300.51

02:00 0.63

0 2:30 0.56

The above text file presents storm water deptmémte J5 in the given period
of time since the beginning of simulation, for fivet day of calculations. The first
row of the table shows that at time of 1 hour af@driinutes storm water depth is at
height of 0.2 m. The remaining rows should be ustb&d analogically. Fig. 6.19
presents the calculated by SWMM 5.0 (red line) mmecsured and included in cali-
bration file (green points) depths of waste watemade J5.

i &2 Graph - Mode J5 Depth ‘;@I

@
Node J5 Depth

Computed @ Observed I

08

0g

T T - T
2 25 3 s 4 45 5
Elapsed Time (hours)

o 05

Fig. 6.19. Comparison of calculated by SWMM 5.0 amehsured depths of waste water
in node J5
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7 Exemplary calculations of hydraulics and pollutants
transport in real sewer systems by SWMM 5.0

7.1 Simulation of hydraulics and pollutants transport in real storm
water system

This chapter contains the exemplary quantitativd guoalitative numerical
simulation of the real storm water system locatethé residential district in a town
of population equal to approx. 65 000. The exangubksented below shows each
required step of model development, setting theghpdrameters, running the cal-
culations and, finally, analysis of the results.

7.1.1 Data for simulations

The task is to perform numerical calculations oamfitative and qualitative
operational conditions of the selected part of etavater system for the rainfall
event presented below in Table 7.1. We assumentieeduration of simulation equal
to 24 hours. The presented exercise is based arudat also at the scientific paper
published in Ecological Chemistry and Engineerin@Mdomski et. al., 2032

Table 7.1. Time dependant characteristics of asduaiafall event

Day Time Rain | Day Time Rain
volume volume

(month/day/year)| (hr:min) (mm) (month/day/year) :iffin) (mm)
03/16/2010 00:00 0 03/16/2010 09:00 0
03/16/2010 01:00 0 03/16/2010 10:00 0
03/16/2010 02:00 0 03/16/2010 11:00 0
03/16/2010 03:00 0 03/16/2010 12:00 0
03/16/2010 04:00 0 03/16/2010 13:00 0
03/16/2010 05:00 0 03/16/2010 14:00 0
03/16/2010 06:15 5.7 03/16/2010 15:00 0
03/16/2010 06:30 5.2 03/16/2010 16:00 0
03/16/2010 06:45 8.1 03/16/2010 17:00 0
03/16/2010 07:00 7.4 03/16/2010 18:00 0
03/16/2010 07:15 10.2 03/16/2010 19:00 0
03/16/2010 07:30 9.7 03/16/2010 20:00 0
03/16/2010 07:45 8.6 03/16/2010 21:00 0
03/16/2010 08:00 9.1 03/16/2010 22:00 0
03/16/2010 08:15 9.6 03/16/2010 23:00 0
03/16/2010 08:30 6.7

03/16/2010 08:45 4.3
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General input data:

Characteristics of storm water system (diametamsgths and elevations) —
read from the map.

Material — concrete.

Area of subcatchments — read from the map. Theadligiap (bmp, emf, wmf,
jpg and jpeg files are acceptable) of the consitievatershed was used in model
development.

Type of wave — dynamic.

Input data for qualitative modelling — Table 7®e assume two types of ba-
sins — residential area and undeveloped area.

Table 7.2. Models and input data applied to qualigacalculations

Pollutant buildup Pollutant washoff
W =C3-Q%
B =(C;(1—e%Y) W — concentration of
B — pollutant buildup (mg di) | pollutant in surface runof
Model C; — maximum buildup C; — washoff coefficient,
possible (mg d) equal toEMC (-)
C, — buildup rate constant® | C, — exponent, &1 (-)
t —time (d) Qs — surface runoff flow
rate (dm-s™)
C,=50 (mg dri?’) _ ]
TSS C,=2 (d) TSS | EMC=101 (-)
: . Co-pollutant to TSS _
gris;dentlal TP 58 mg TP per kg TSSTP EMC=0.34 (-)
Co-pollutant to TSS
TN 550 mg TN perkg | TN | EMC=2.64 ()
Applied TSS
values C,=100 (mg driT) (.
TSS C,=3 (d) TSS| EMC=70 (-)
Co-pollutant to TSS _
;Jrr;ievelope TP 49 mg TP per kg TSSTP EMC=0.12(-)
Co-pollutant to TSS
TN 460mg TN perkg | TN | EMC=1.51(-)
TSS
7.1.2 Solution

1. First, we need to set the main, general optionsuofsimulation. Go t@ata—
Options openSimulation Optionsand selecGeneral Now you can set the
most fundamental options of simulation — units gty routing method etc.
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rSimulaticm Options o yﬁ
General | D ates I Time Steps | Dynamic ‘Wave I Files |
Flows Urits Infiltration Model
=) CFS ) CMS @ Haorton
) GPM @ LPS () Green Ampt
T MGD () MLD () Curve Number
Raouting Methad Mizcellaneous
) None [ &llows Ponding
© Steady Flow [T Repart Cantral Actions
[ Repart Input Summary
() Kinematic \Wave
[ Skip Steady Periads
@ Dynamic wave [T 1gnare Rainfall/Runoff
ok ] [ Cancel ] [ Help ]
Fig. 7.1.Generaloptions of simulation
2. Then, you can entéatesand set the period of simulations.

C)

Simulation Cptions
e =

| General| Dates | Time Steps I Diynaric ' ave I Files |

Date (M/DA) Time [H:M)

Start Analysis on 03416/2010 = oo =

Start Fieporting on 03A16/2010 =5 0000 S

End Analyziz on 03472010 = oooo S

Start Sweeping on 01401 =
End Sweeping oh 123 =
Antecedent 0
Dy Days
[ 0K ] [ Cancel ] [ Help ]

Fig. 7.2. Temporal parameters of simulation



Modelling of hydraulics and pollutants transporsgwer systems 109

3. Next, selecTime Stepand correct time step settings. Set time stepl éojes.

9 N
Simulation Options ﬁ

1
Tine Steps | Dynamic wave | Files
Days Hr:Min:Sec
Reporting 0 B mE00
Runaff: — .
Dy weather 0= olomon
Runaft: = ~
0= :15: =
wiet Weather 00:15:00
Fouting 5 Secands
[ Ok ] [ Cancel ] [ Help

Fig. 7.3.Time Stepsetting

4. Go toDynamic Waveand adjust the available settings.

1l
Simulation Options %‘“
| General | Dates | Time Steps| Dynamic Wave | Files
Inertial Terms
) Keep @ Dampen 0 lgnore

Diefine Supercritical Flow By

) Slope () Froude Mo, @) Bath

Farce Main Equation

@ Hazerwillams (0 Darcy-weishach

ariable Time Step

: s, I
Usze Adjustment Factar [%)
Conduit Lengthening Minimurn Surface Area
[Uze O far Mo Lengthening) [Use O for Default Area)
Time Step [sec] 0 Suare Meters 1]

[ ok | [ cawce | [ Hee

Fig. 7.4.Dynamic Wavesettings
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5. After completing theDptionssetting we need to create the input data for the
modelled rainfall event. Seleétydrology — Rain Gagesand using a + sign
create a neviRain Gage Then input the data presented in Tab. 7.1. Reraemb
to change th&ain Formatto VolumeandRain Unitsto (mm).

Data tap

- Titke/M otez -
- Optionz b
- Clirnatology =
=- H__I.Jdralag_l,l e

™ F ain Gages

Subcatchments
o Aquiters
i Snow Packs

e Uniit Hudroaraot ™
4| n 3

o=
+ % 4]
Fain Gages

RG1

S“BRBQIENC<0NQ|

Fig. 7.5. Creating the neRain Gage

' Rain Gage RG1 &
Froperty | Yalue I
W amea RG1
*-Coordinate 3423913
-Coordinate 3872283
Description
Taa
Rain Format
Fiain I nterval INTEMSITY

WOLLUME

Snhow Catch Factor  CUMULATIVE
Data Source TIMESERIES
IEEEN
- Series Name RG1
DATA FILE: I
- File: Mamne "
- Station 1D
- Rait Urits IM

Type of rainfall data recorded at rain gage

Fig. 7.6. Changing thRain Format
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" Rain Gage RG1 =
| Property Walue |
RETE] RG1
#-Coordinate 32393
-Coordinate i k]
Dezcription
Tag
Rain Farmat YOLUME
Rain Interval 015

Show Catch Factar (1.0
Data Source TIMESERIES

- File M arne
- Station D

- Rain Uit

Unitz of rainfall data

Fig. 7.7. AdjustedRain Unitsto mm

Time Series Editor | I
Time Series Name e
RG1
Description ;
E Time Series RG1
]
10
Mo dates means times are relative to start of simulation. 9
Date Time - " 8
M/D) ‘[H M ol n [ vew. ] =
3/6/2000 0300 0 it | [
Load..

03A6/2000 0400 0

—————— 4
03/16/2000 0500 0 Save.. :
036/ 0R15 57 2
03/16/2010  0B:30 52 :
03/16/2010 D545 81 oK o : 4 5 8 10 12 14 16 18 20 2

Elapsed Time (hours)
n3A6/200 0700 74
03/16/20010 0715 102 [ coneet |
; ComTo. | [ P | [ Cee |
m3A6/mMn 0730 97
L Help | —
| | G e

Fig. 7.8. Complete®ain Gagefor our simulation

6. Now we are ready to start building our model. Udidhe map of modelled
basin bywiew — Backdrop — Load
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Fig. 7.9. Map of the study area — storm water syste

7. Now we start to draw the storm water system staftiom marking the nodes in
locations of chambers. Input all the necessary afagach chamber (most crucial

are elevation and depth, read from the map) to obdeacteristics.

E

Junction 77 @
Properly Valug: ﬁ
Name 7
} | — o]
*r-Coordinate 4060.281
. Iy Description
Tag
ety Inflaws NO
Treatment NO
[ 1rwertEL 186.09
a Max. Depth 516
|nitial Depth 0
| [surcharge Depth 0
Ponded Area 1}
. .
i .
| ||User-assigned name of junction

Fig. 7.10. Nodes and node parameters
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r?vi‘ Study Area Map

Subcatch
Imperviousness
20.00
40.00
60.00
20.00
.l -
% H . =T
.
&
- ..
.
.
-
-~
. ey .
L] * ot * - ~' ¥
- L v LR ¥,
u-.: .‘. " . -
> wey -
N iR i
- .
e 3 LA, -
» aap) 1]
L == 1,
L B R
- e & L
ANt
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4o semy 2
-
-
»

Fig. 7.11. Developed network of nodes

8. Set the Free outfall in the location of outflow rfiache modelled network —
outflow elevation and typd~REE) are necessary.

Outfall 79
Fropery Yalie ]
Hame 75
X Coordnale R R
Y Coordinate 4211.240

e || Descrition

Teg

Infiows ND

Trestment no

InvertEl 1798

Tide Gale ND

Fired Outial
Fired Stsge 0

I —
CuveName  ~ |

meSeies Dutial ||

Seties Name

User-assigned name of outfall

Fig. 7.12. Model outflow
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9. Then, join the nodes (chambers) and outflow bydindpresenting pipes, in-
putting all the geometrical and material charastms of the real pipelines. To
each link the following info is required: shape,ximaum depth (diameter),

length, roughness and inlet and outlet node.

DS M 7 MiyEEbEIER M M(4$a a0

Conduit 62 [
Froperly Yalue |
Nams i) |
Inlet Mode 7 |
Outt Node b
Description
Taa
Shaps CIRCULAR
Mak Depth 10
Length 17514
Roughness 0014
Inlet Ot ]

Outlt Offset ]
Inital Flows ]
Masimium Flow o
ErtryLoss Cosfl. 0
Exit Loss Coeff. o

svg LossCostt. 0

Flap Gate NO

‘User-sxs\gned name of Concuit

Fig. 7.13. Drawing the links representing pipelines

Data | Map
Themes
Subcatchments
[Imperviousness
Hodes
[Mane
Links
‘ Mane

Time Period
Date

[p3nesz010

<

Time of Day
[Do15.00
1

Elapsed Time
0.00:15:00

Apimatar
(LI BT
0

SHRABQIMOA0OND

£2 Study Area Map
Subcatch
Imperviousness|

20.00
40.00
80.00
80.00
%

Fig. 7.14. The developed model consisting of nadeklinks
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10. Now we need to draw the subcatchments on eachagiinarea — using the
button Subcatchment. Then, carefully input all xguired data and set the out-
flowing node for each subcatchment. The most cletiaracteristics of the sub-
catchment are: Rain Gage, Outlet (the draining padea, width, inclination in
%, percent of impervious area, Manning roughnessgipervious and pervious
area and land use type (available after settinitguarameters).

£5) Stucly Area Map
Subcaleh
mzervocsness|

Subcatchment 403

Froperty Value
Marme 403
#-Coordinate BA26 991
*r-Coordinate 4802641
Deszcription
Tag
Rain Gage RG1

§ Outlet 55
Area 00314
Wfidth 11.75
% Slope 1.8
% Impery 86
M-Impery ooz
N-Pery 015
Dstore-lmpery 254
Distore-Pery 4572
ZZerolmpery 1]
Subarea Routing QUTLET
Percent Routed 100
Ifltration HORTON
Groundveater NO
Snow Pack
Land Uses 1
Initial Buildup NOME
Cuib Length 1]
User-assigned name of subcatchment

Fig. 7.16. Subcatchements characteristics
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':bv):- Study Area Map

Subcatch
Impervicusness

20.00
40.00
60.00
80.00
%

Fig. 7.17. The developed model of storm water joigsl with subcatchments

11. We have just finished the hydraulic model of owrist water network, now
we should start the quality modelling. We needreate the three pollutants:
TSS, TN and TP (Total Suspended Solids, Total i#rg Total Phosphorus).
Go to Quality — Pollutants and press the greeet set the data according to
Tab. 4.2.
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Co-Fraction

&
wll Pollutant Editor
0 Property
- 7 Mame
|j & Units
= Rain Concen,
Caontral Curves — G Concen.
Diversion Curve ™
‘ ’II ; I 14l Concen.
Decay Coeff.
* -4 o 5 Onl
oy il
R & Ca-Pall
o-Fallutant
Pollutants L
T

Uzer-azsigned name of the pollutant.

Data | Map
— Pollutant Editor
Links -
Tranzects 4 Froperty
i - Controls Name
E| Quality Al =
: Pollutants |ﬂ Ursfs
i Land Uses Rain Concen.
E‘ E:UNES G Concen.
i i Control Curves
i Diversion Curve ™ I% Cencen.
&l 'II > Decay Coeff,
& o= Show Orily
@+ & 4] Co-Paliutant
Follutants Ca-Fraction 0.00005
TS5
T

User-azsigned name of the pollutant.

Ok

Fig. 7.19. Pollutant TP as co-fraction of TSS
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Date _ddag " || poltutant editor
[ Links wll =
Trarsects Praperty |.\-"a|ue
i Cantrols O Mame T
- Quality — | 57 |l | Urits MG
Pollutants ‘E Rain 00
oo Land Uses Oy aih Concen, .
= Curves = G Concen. 0o
- Control Curves | ¥ 5) Concen 0.0
- Diversion Curve ™
4 1 b i Decay Coeff. o
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Fig. 7.20. Pollutant TN as co-fraction of TSS

12. Now we need to create and edit two types of lamd-uResidential and Unde-
veloped.

Data b ap

- Links -
. Transects

... Contrals

(=)~ Cluality s
Pollutants | =

=l Curves
i Control Curves

i Diversion Curve ™
i m b

o=
+ & 4l
Land Uses

Residental

HERBQIMO 90N

Undeveloped

Fig. 7.21. Created land uses
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Fig. 7.22. Land use editor and two land uses cteate

13. Now we need to input the data for pollutaBtaldup andWashofffrom Table
7.2. for the both previously created land uses.

Data | Map

[ Links o
© - Transects
© i Controls
E! Quality |
¢ Polutants |ﬂ
¢ ioLand Uses
[ Curves
¢ Control Curves

- Diversion Curve ™
T

4

@ Study Area Map

Subcatch
Imperviousness

20.00
4000
60.00
80.00
%

o= 4
+ B 4]
Land Uses
Residental
Undeveloped

NERPQIM o0

-
Land Use Editor

General | Buldup | 'washaff

Poliutant 155

Property ‘Value

Function {EXP

o
Rate Canstant 03

Power/Sat. Constant 2

Nomalizer AREA

SAT = saturation,

Buildup function: PO = power, EXP = erponential,

Ok

| [ cenea | [

Help

Fig. 7.23. TSS build-up data for Residential lasd u
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Fig. 7.24 Buildup data for Residential land use — selection of pafit

Buildup function; POW = power, EXP = exponential,
SAT = saturation.

[ o

] [ meneat | |

Help

——————————————————————————

E @ Study Area Map
) e
O 20.00
|; v 20.00
<> 50.00
= 80.00
Diversion Curve ™ || -
“ 1 o)
-4 @ [ Land Use Editor
+ B 8 )
Land Uses & General | Buildup | ‘W ashoff
& T Polltant 155
Undeveioped Property | Walue
Functian EMC
Coefficient m
Exponent 1.0
Cleaning Effic. oo
BMP Effic. i}

Fig. 7.25.Washoffparameters for TSS and Residential land use

Washoff function: EXP = exponential, RC = rating
curve, EMC = event mean concentration.
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Fig. 7.26. Undeveloped land use general data
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Fig. 7.27 Washoffparameters for TSS and Undeveloped land use
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14. Now we need to carefully assign land use type th sabcatchment.

15.

16.

Subcatchment 628 (5]
| Property Yalue | 2

| M EME E28
#-Coordinate 3395.023
‘Y-Coordinate 4055.077
Dezcription
Tag
Rain Gage RG1
Outlet 212
Area 0.0242
‘width 52
% Slope 33
% Impery 10
M-lmpery nma
M-Pery 015
Diztore- mpery 254 %
Dstore-Pery 4572 . ST A E
#Zero- mpery 2 | Land Use
Residental

Subarea Routing OUTLET

Percent FRouted 100 Undeveloped
Infilkration HORTOM
Groundwater KO fl
Show Pack
Lahd Uses
| Initial Buildup MOME
3 Curb Lenath 1]

|
Assignment of land uses to subcatchment
[click to edit]

B e

Fig. 7.28. Land use assignment

When we are done, our quantitative and qualitathadel is ready. Press
yellow lighting icon or selecProject — Run SimulatioriThen check the val-
ues of all errors displayed which should be, feuacessful simulation, lover
than 3% (see figure 7.29).

Having run the simulation we may study the resoftsalculations. First, let's

check the hydraulic conditions (i.e. flow veloc#yd flooding) during the time

of the highest storm water flow (07:30). To obttie required results it is re-
quired to scroll down the lists available under &Gibhments, Nodes and
Links and set the proper time duration of simulatio
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I;??i‘. Study Area Map
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40.00
50.00
&0.00
%

.
Run Status
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Contirwity Error

Surface Runaff:
Flow Routing:
Quality Routing: 0.95 %

Fig. 7.29. Simulation after run, all errors areegtable
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Themes 7 Node
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- 50.00
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Fig. 7.30. Results of hydraulic model - velocityflofv and flooding

17. Now we can draw the profile of selected part of metwork — we are going to
select the pipeline located in the right bottont pathe model, where flooding
was observed.

Water Elevation Profile: Node 1-79

8§ o s = 5 = g &

183

Elevation (m)

182

181

0 100 200 300 400 o0 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700
Distance (m)

Fig. 7.31. Profile of the selected pipeline presenmodeled flooding
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18. Finally, we can check the results of numerical glalitons of storm water qual-
ity by selecting TSS in Links menu.

Themes
Subcatchments

‘ None hd |
Modes

‘ None hd |
Links

|18 -

Link
TSS
Time Period 0.05
Date 0.25
[0aneszmo M 0.50
a0 1.00

MGIL

SHEREYITCA0N

Time of Day
|07:45:.00 M
3

Elapsed Time:
0.07:45:00

Animatar
(LI T 3

Fig. 7.32. TSS concentration distribution in moeelhetwork

The further usage of the presented model is limitgdacking model calibra-
tion, requiring the application of in situ measusms results into the calibration
file. The positively calibrated and validated modgthe real, existing sewer system
may be successfully used in network management.
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