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Abstract

This thesis focuses on the decay of chlorine in pipes of drglwater distribution networks due to wall and bulk
demand. Accurate prediction of chlorine decay is importasiboth chlorine concentrations which are too low and too
high pose serious health risks, the former due to pathogemetion and the latter due to the formation of disinfection
by-products. Water quality models used for the predictibohdorine decay make use of parameterisations for the
wall demand in the form of Sherwood numltsncorrelations, which couple the wall mass flux to a Reynoldsiner
Re Schmidt numbeBcand wall roughness. These correlations are subject tofisigni uncertainty, particularly for
turbulent flows. A combined analytical and numerical apphoia taken to study in detail the interaction between flow,
turbulence and mass transport, with the aim of improvingutihderstanding and accuracy of wall demand parameteri-
sations for chlorine.

Simulations of the chlorine decay in an axisymmetric pipthwvaydraulically smooth walls were performed for
Re= 10" to 1¢f andSc= 1000 using Reynolds averaged conservation equationse Maéses are typical for chlorine
transport in distribution networks. The simulations canéd that the assumptions made in water quality models for
chlorine wall demand are valid. Asymptotic solutions fagthEcsolutes were developed which are applicable both to
linear and nonlinear wall reactions. Results showed tle$ticorrelation is independent of the reaction type.

For rough walls, the two main wall demand parameterisattmasnutually inconsistent: one is valid for low and
the other for high wall demand coefficients only. Numeridaidation of flow and highiScmass transport over a d-
type rough surface &e= 2.5 x 10° showed that the inconsistency between the two paramdierisavas caused by
the geometry. For low wall demand coefficients, the exisgterfaoughness elements causes higher wall demand than
for a smooth wall. However, at high wall demand coefficiehts maximum wall demand achievable in the cavities
was much smaller than for the crests. Hence, the effectiffaceiarea and therefore the wall demand became lower
than for a smooth wall. A parameterisation was developecahwvreproduced the solute mass decay over the entire
range of wall demand coefficients.

Most of the solutions and parameterisations developedsrthiesis are on the same level of description as water
quality models. The findings of this thesis can be used asostipp evidence for the validity of assumptions made for

water quality models, and to inform how processes should daefted when these assumptions are violated.
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Nomenclature

A summary of the notation used in the thesis (except the appendices) isteedere. Numbers in
parentheses refer to the sections in which the notation appears for thinfe's Dimensions, including
massM, lengthL, time T and dimensionless, are represented in brackets. For the case of italicigts) a

maximum two levels of subscript ( such ﬁymbogubscripgubscrim) are used throughout the thesis.

Symbols

An Hydraulic cross-section area [L?] (2.4.1)
A Integration constant [—] (7.1)
At Empirical constant (=26) [-] (4.2)
Ay Matrix of coefficients foru in RANS equation [—] (4.3)
ar Empirical coefficient [—] (2.5.3)
a Taylor expansion series coefficient [—] (3.3)
& Empirical coefficient [—] (2.5.3)
a Taylor expansion series coefficient [—] (3.3)
ag Empirical coefficient [—] (2.5.3)
as Taylor expansion series coefficient [—] (3.3)
B Variable (=1 + InAg) [] (7.4)
Bt Empirical constant (=4) [-] 4.2)
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Matrix of coefficients fok in k equation
Matrix of coefficients foru in k equation
Empirical constant (=% x 10~%)

Taylor expansion series coefficient
Taylor expansion series coefficient

Taylor expansion series coefficient

Typical concentration variation in streamwise direction

Empirical coefficient (=1.44)

Empirical coefficient (=1.92)
Normalized local drag by friction
Empirical coefficient

Normalized local drag by pressure
Empirical coefficient (=0.09)

Matrix of coefficients foru in € equation
Matrix of coefficients for in € equation
Concentration (also RA concentration)
cyatx=0

Radial concentration scaling function
Crosswise mean concentration
Normalized RA concentration (&/cp)
Normalized crosswise mean concentratiort{#co)
Diffusion coefficient

Depth of the cavity

Averaged height of roughness elements
Relative residual

Empirical function

Variable

Relative error

Velocity similarity function

(4.3)
(4.3)
(4.2)
(3.3)
(3.3)
(3.3)
(7.1)
(4.3)
(4.3)
(8.3)
(2.5.3)
(8.3)
(4.3)
(4.3)
(4.3)
(3.2)
(2.4.3)
(5.1)
(2.4.3)
(7.1)
(7.1)
(2.5.2)
(2.5.2)
(2.5)
(4.3)
(8.1)
(7.3)
(5.4)
(3.3)
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Variable

Fanning friction factor

Function

Empirical function

Empirical function

Damping function

Gravitational acceleration
Function

Gram

Mass flux

Growth parameter

Growth parameter

Growth parameter

Decay coefficient (also the eigenvalue)
Turbulent kinetic energy

Matrix of unknownk values
Decay rate

Bulk demand coefficient

Mass transfer coefficient

Wall demand coefficient
Dimensionless decay coefficient
Kilogram

Pipe length

Typical length scale for concentration variation
Entrance length

efolding length

Mixing length

Litre

Metre

[M]
[ML—2T-]]
LT
[-]
[M~1L3]
L]
[L2T 2]
[L°T—2]
[T
[T
[LT 1]
[LT 1]
[-]

[M]

[L]

[L]

[L]

[L]

[L]

[L3]

[L]

(7.3)
(2.4.2)
(7.1)
(8.1)
(8.1)
(8.1)
(2.4.2)
(7.2)
(2.2.1)
(2.4.3)
(10.4)
(10.4)
(10.4)
(2.4.3)
(4.3)
(4.3)
(2.4.3)
(2.4.3)
(2.4.3)
(2.4.3)
(7.3)
(2.2.1)
(2.4.2)
(7.1)
(2.4.2)
(5.1)
(4.2)
(1.1)
(2.2.3)
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Milligram

Millilitre

Millimetre

Number of cells

Surface normal direction

Node in the network

Unit vector for surface normal direction
Crosswise mean p

Turbulent kinetic energy production
Hydraulic perimeter

Pressure (also RA pressure)

Kinematic pressure (also RA kinematic pressure)
Mean volumetric flow rate

Pipe radius

Crosswise mean bulk reaction rate

Radial coordinate

Bulk reaction rate (also RA bulk reaction rate)
Hydraulic radius

Right hand side matrix fon in RANS equation
Shift in the log law

Surface tangential coordinate

Unit vector for surface tangential coordinate
Second

Timescale for mass depletion in MTBL

Time

Crosswise mean

Velocity (also RA streamwise velocity)
Matrix of unknownu values

Friction velocity

[M]

[L3]

[L]

[-]

[L]

[-]

[L]
[ML™1T9]
[L2T 9

[L]
[ML™1T—?]
[L2T 2]
[L3T1]

[L]
[ML=3T
[L]
[ML=3T]
[L]

(1.1)
(2.2.3)
(2.2.3)
(4.3)
(8.3)
(2.4.2)
(8.3)
(2.4.2)
(4.3)
(2.4.2)
(3.1)
(3.5)
(2.4.1)
(2.4.1)
(2.4.3)
(3.5)
(3.1)
(2.4.2)
(4.3)
(8.3)
(8.3)
(8.3)
(2.4.1)
(7.4)
(2.4.3)
(2.4.1)
(3.2)
(4.3)
(2.5)



urf Under relaxation factor [—] (4.3)

v Wall normal velocity (also RA wall normal velocity) LT (3.3)
Y Velocity vector LT (8.3)
w Width of the cavity [L] (2.5.2)
X Dummy variable [—] (3.1)
X Streamwise coordinate [L] (2.4.2)
X Non dimensional streamwise coordinatex/L) [—] (7.2)
X Unit vector forx coordinate [L] (8.3)
y Wall distance (also wall normal coordinate) [L] (3.3)
y Wall normal coordinate in mass transfer urity/dn,) [—] (7.2)
Z Elevation head [L] (2.4.2)
a Variable & 7/bS9 (-] (5.4)
a Dimensionless second-order wall demand coefficient [-] (7.4)
g Ratio of the MTBL thickness inside the cavity do [—] (9.4)
B Variable & kwSd/ur) [—] (5.4)
fj Coefficient in generic linear boundary condition [—] (7.3)
r Numerical diffusion LT (9.2)
Y Coefficient in generic linear boundary condition [—] (7.3)
0 Half channel width [L] (8.2)
oL Infinitesimal length inx direction [L] (2.4.3)
Om Thickness of the MTBL [L] (7.1)
Oy Viscous length scale (unitHv/u) [L] (2.5)
€ Turbulent kinetic energy dissipation rate [L2T 9 (4.3)
€ Modified turbulent kinetic energy dissipation rate [L2T—9 (8.1)
£ Matrix of unknowne values [L2T 3 (4.3)
n Variable & 41m/3d/9) [-] (7.4)
Bk Adjusting coefficient for k [—] (2.5.3)
Bk, Adjusting coefficient for I [—] (2.5.3)

l Constant (=0.83) [-] (7.2)
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von Karman constant (=0.41)

Ratio of first-order wall to bulk decay coefficient
Periodic length

Parameter for change of variables

A atx=0

Dynamic viscosity

Kinematic viscosity

Density

Empirical coefficient (=1)

Empirical coefficient (=1.3)

Coefficient in generic linear boundary condition
Stress (also shear stress)

Stream function

Dimensionless numbers

Da
Re
Rey
Re
Re
Sc

Sh

Superscripts

Damkdhler number
Reynolds number
Roughnesfe
LocalRe

SheaRe

Schmidt number

Sherwood number

New iteration
Old iteration

Transpose

[-]

[-]

[L]

[-]

[-]
[ML7ITY)
[L°T1]
[ML~2]

[-]

[-]

[-]
[ML™1T—?]
[L2T Y]

(3.3)
(6.2)
(2.5.2)
(7.4)
(7.4)
(2.4.1)
(2.4.1)
(2.4.1)
(4.3)
(4.3)
(7.3)
(2.4.2)
(8.3)

(6.2)
(2.4.1)
(2.5.3)
(8.1)
(4.2)
(2.5.2)
(2.5.2)

(4.3)
(4.3)
(4.3)
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Fluctuation
Instantaneous

Plus units

Italic subscripts

Xa
Xea
Xer
Xp
Xtar
X

Xin

Analytical

Cavity

Crest

Diffusive

Far field

Nodei in the network

In i direction

Associated with théth cell(s) in streamwise direction
Entering the node in the network

Node j in the network

In j direction

Associated with thgth cell(s) in wall normal direction
Launder Sharma model

Associated with theth eigenvalue

Leaving the node in the network

Rough surfaces

In r direction

Turbulence

Total

Wall

In x direction

(3.2)
(3.2)
(3.3)

(5.4)
(9.3)
(9.3)
(5.4)
(7.4)
(2.4.2)
(3.1)
(5.1)
(2.4.2)
(2.4.2)
(3.1)
(4.3)
(9.1)
(2.4.2)
(2.4.2)
(2.5.3)
(4.3)
(3.4)
(5.4)
(2.4.3)
(7.4)
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Mathematical operators

arctariX)
d(X)

Arc tangent

Differential

Exponential

Natural logarithm

Logarithm to base 10
LambertW function
Differences (of twaX values)
Summation (of severa{ values)

Partial differential

Averaging operators

X)
X

Numbers

Acronyms

1D
2D
2D
AWWA

am

Crosswise averaging operator

Reynolds averaging operator

Euler’s (also known as Napier’'s) number

Ratio of Euclidean circle’s circumference to its diameter

One-dimensional

Two-dimensional
Three-dimensional

American Water Works Association

Ante meridian

(5.4)
(2.4.3)
(4.2)
(3.3)
(2.5.1)
(7.4)
(2.4.2)
(2.4.2)
(3.1)

(5.1)
(3.2)

(2.4.3)
(2.4.1)

(5)
(5)
(6.2.2)
(2.4.3)
(2.2.2)
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DBP
DNS
DO
EU
EVM
HAA
HRN
LES
LRN
LS
MCL
MPN
MTBL
NOM
NS
NTU
ODE
PC
PE
PVC
pm
RA
RANS
SDWA
THM
UK
UNICEF
USA

Centigrade

Disinfection by-product
Direct numerical simulation
Dissolved oxygen

European Union

Eddy viscosity model
Haloacetic acid

High Reynolds number
Large eddy simulation

Low Reynolds number
Launder Sharma

Maximum contaminant level
Most probable number

Mass transfer boundary layer
Natural organic matter
Navier Stokes
Nephelometric turbidity unit
Ordinary differential equation
Personal computer
Polyethylene

Polyvinyl chloride

Post meridian

Reynolds averaged
Reynolds averaged Navier Stokes
Safe Drinking Water Act
Trihalomethane

United Kingdom

United Nations Children’s Fund

United States of America

(2.2.1)
(1.1)
(1.4)
(2.2.1)
(2.2.1)
(3.4)
(2.2.1)
(4.1)
(2.5.2)
(4.1)
(8)
(2.2.1)
(2.2.1)
(5.3.1)
(2.2.1)
(3.1)
(2.2.1)
(5.1)
(2.4.2)
(2.2.3)
(2.2.3)
(2.2.2)
(3.1)
(2.5.2)
(2.1)
(2.2.1)
(2.2.3)
(2.2.1)
(2.1)
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US EPA United States Environmental Protection Agency
WHO World Health Organization

Chemical symbols

Cly Chlorine

CN~ Cyanide

Fe?t Ferrous

Fe3t Ferric

H,O Water

HCI Chloridric acid
HOCI Hypochlorite acid

Registered marks

EPANET
InfoWater
MATLAB
OpenFOAM
WaterGEMS

(1.2)

(1.1)

(2.2.1)
(2.5.2)
(2.3)
(2.3)
(2.3)
(2.3)
(2.3)

(1.2)
(1.2)
(4.2)
(8.2)
(1.2)
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CHAPTER 1

Introduction

Fresh wateris a scarce resource. Of all the water on Earth, only 3% is fresh, antdafnibss water is
inaccessible for use because it is stored in glaciers and ice caps. Omlth&ctotal amount of fresh water
resource is accessible in the form of groundwater and surface \aagbimost communities rely on these

resources for survival and welfgr¢Petersert al, 2010).

The quality of fresh water resources is continuously under threat, bfiemhuman activities. Major
sources for water contamination include industrial and urban wastewagans, agricultural pesticides and
fertilizers, and leachate from landfills. It is estimated that nearly two thiradetibns worldwide will face
fresh water stress by the year 2025 (UN Environment Programme, .2868)ng different water contam-
inations, pathogens (disease causing microorganisms) have the mosffittd. Each year, millions of
people die because of infectious diarrheal disease caused by waeegaihogens (WHO, 2010). Tragi-
cally, many of these deaths could have been easily prevented with basédpres for water disinfection

and sanitatioh

In urban areas, the solution to ensure safe access to drinking water s&lb &nmodern water supply
system, as schematically shown in figure 1.1. The preliminary component picaltyvater supply system
comprises infrastructure for water intake from a water resource. Eterwhen enters a water treatment
plant, where it is disinfected and impurities are removed using various cHeamdghysical processes.
After treatment, the water is temporarily stored in storage tanks until it is detivier the consumer by

means of a drinking water distribution network (Twett al, 2000). The wastewater produced is then

lwater with less than 500 parts per million of dissolved sof@sttenderet al., 2005).
2Some of the countries in arid and semi arid regions also usdineea sea water for their domestic consumption (Abderrah2@®0).

30ne of the Millennium Goals of The United Nations (UN) is tcafe, by 2015, the proportion of the population without airsible access to
safe drinking water and basic sanitation”. In addition, th¢ has declared the period 2005-2015 the Decade of Waterifiei(UN Millennium
Project, 2005).
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Chapter 1: Introduction

Water resources

and intake facilities Storage Drinking water

tank A distribution network,
; comprising
pressurized pipes
and junctions

| I T O T O A I A |
Wastewater

Wastewater
Pumping treatment

station

Treated water
treatment containing solute
plant disinfecting agents
(usually chlorine)

Wastewater collection Reuse or release to
system, comprising the environment
buried unpressurized

pipes or channels

FIGURE 1.1. Schematic of a water supply system which usually includes a water treaptaet} storage
tanks and a water distribution network. A water supply system is usuallyngzaoied by a
wastewater collection network, wastewater treatment plant and dispaddlds. Figure is not
to scale.

collected and transported via a separate network to a wastewater treatamgniyhere the wastewater is

treated for agricultural reuse or safe release to the environmentlf&obgloust al, 2003).

1.1. The chlorine deficit problem

To avoid degradation of the water quality during the transit time from the wagaimtrent plant to the
consumer, a disinfecting agent, usually chlorine, is injected into the wateotegpiit against growth of
pathogens. The World Health Organization (WHO) water quality guideline atecthat the minimum

chlorine residual (the amount of measurable chlorine remaining after elisimg the water with chlorine)
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Chapter 1: Introduction

anywhere in the drinking water distribution network should not be less tfzamilligrams per litre (mg/lit)

(WHO, 2010). However, it is far from trivial to enforce this guideline.

A drinking water distribution network generally consists of thousands @i different size, material
and age arranged in a complex network structure. In addition, there ésdpadial and temporal variability
in the water demand, as thousands of households consume water inelgiheadd intermittently. Conse-
guently, the residence time of the water in the network is highly variable. Dtinisgime, the chlorine
residual is depleted due to reactions with other solutes in the water, or withethveni’s pipe surfaces
(Rossmaret al,, 1994). Chlorine depletion due to reactions with the pipe wall is generakyresf to as
wall demang depletion due to reactions inside the water is catlelk demandWhen the chlorine residual

falls below the minimum threshold, it is referred to as the chlorine deficit pnolligure 1.2).

When a chlorine deficit problem occurs in a water distribution networkpitcaate critical health risks.
For instance, Agarét al. (2002) performed a study in the distribution network of Trinidad, and meske
that 96% of the chlorine residual was depleted during the transportaivery process, which resulted in
increased levels of diarrheal pathogens. This is not an isolated incttleag problems resurface regularly
worldwide. Recent examples include incidents in Europe (Egetaal, 2002), America (LeChevallier
et al, 1996), Asia (Semenz al,, 1998) and Africa (Bailey & Thompson, 1995).

A seemingly straightforward solution to avoid the chlorine deficit problem igaondtically increase
the concentration of chlorine residual in the water. However, apam fraving an adverse effect on the
taste of water, high chlorine concentrations lead to unacceptable levatgrdédtion by-products (DBPS),
which are known to be carcinogenic. Consequently, the standardstalscasmaximum concentration of

chlorine residual; the WHO guidelines recommend an upper threshold of 3lid (WgHO, 2010).

Clearly, it is a formidable challenge to design and operate a drinking watgibditon network for
which the water quality and quantity is according to specification at everyt pothe network, at every
point in time. Crucial tools for meeting this challenge are mathematical models fdicpoa of flow and

water quality in the distribution network.
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FIGURE 1.2. Chlorine deficit problems occur when the chlorine residual falls belowrtimmum threshold
due to wall and bulk demands in the network. Figure is not to scale.

1.2. Water quality models and parameterisations

Several water quality models have been developed over the yearsf @eencost widely used models
is EPANET, which is open source and has been developed by the Unitied Gtavironmental Protection
Agency (US EPA) (Rossman, 2000). This model serves as the basisvieral other (commercial) water
quality models such as WaterGEMS and InfoWater (Wadsldl., 2003).

The first step in creating predictions for water quality in distribution netw@sk® obtain accurate
estimations for the flow rate in each of the network pipes. EPANET simplifiesistdtion network to a
level on which pipes are represented simply as links between junctionegnththt have a certain volume
flow rate. This integral approach requires a parameterisation of thelbgses incurred in the pipes, i.e.
explicit correlations which link frictional and other losses to the mean veloc#tigénthe pipe. Once the

flow is determined, a water quality model can be executed. Current EPAIMEAd water quality models
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use the transport equations for solute mass, taking into account the sokgeletay (due to wall and bulk
demands) to predict solute concentration in all pipes in the network. Heréntdgral approach requires
parameterisations for the wall demand. Similar to the case of the flow field pswmameterisations correlate

a solute mass flux due to wall demand to the mean concentration inside the pipe.

Parameterisations are extremely useful as they capture the essentiatspiéxcprocesses in simple
algebraic relations. They allow models to be formulated on a high level, withadildy to include, in the
context of water distribution networks, details of the flow and the solute massport in each single pipe,
which would be computationally prohibitively expensive. However, as th#&es mass decay is directly de-
pendant on the parameterisations, any uncertainties / inaccuracies mrémegperisation will immediately
translate into inaccurate predictions. Currently, there are large undessaim parameterisations for wall
demand, in particular, in turbulent flows. As turbulent flow is the norm in nditgribution networks (Ho,
2008), it is important to identify the source of uncertainties and create Ipettameterisations. The work

presented in this thesis is a step in this direction.

1.3. Aims and objectives

The primary aim of this thesis is to increase the understanding of the effdtdsvand turbulence on
wall demand and to use it to improve existing parameterisations. The thesisxipleres whether and to
what extent detailed numerical simulations and analytical methods can bowdssttease the uncertainties

in the wall demand parameterisations.

In order to study the complex interaction between the flow, solute mass traasgowall demand in
detail, the mass transport in a single network pipe will be considered. Asendlidtussed in chapter 2, this
type of modelling is representative for modelling water distribution networssabse the residence time of

the fluid in junctions is very small compared to the residence time in the pipe.

The flow is assumed to be fully turbulent and in a statistically steady-state.oliite snass is assumed
not to cause any density differences in the fluid, and only single spexdetons will be considered. Nu-
merical models will be used to perform simulations for various scenariofvingorough and smooth pipe

walls. The models provide detailed information of both flow and solute masgpternasside the pipe and
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across the pipe cross-section.

The objectives of the thesis are to:

(1) review the methods by which the wall friction and wall demand are paraisedein pipes and
identify the uncertainties and open research questions in the parametessatio

(2) select appropriate numerical and analytical models which accuratsijcpthe flow and turbu-
lence levels in pipes;

(3) perform detailed simulations for the mass transport and analyse thtsri@sorder to understand
the dominant physics governing the wall demand;

(4) use the understanding developed with simulations to develop simple anatytidels that capture
the physics and can be used as parameterisations;

(5) provide bounds for the applicability of parameterisations currently irs@vater quality models

for distribution networks.

1.4. Outline

The overall structure of the thesis, as well as the contribution of eaghterhas described in this
section. The thesis comprises ten chapters and three appendicesrQhaptades a broad background of
the problem. It contains a detailed review of water supply systems, watktydndicators and models and
parameterisations for wall friction and wall demand. The current gapsawledge are identified which

lead to four research questions (section 2.6) that will be addressedrienttaénder of the thesis.

Flow and mass transport in single pipes are discussed in chapter 3. dptercimcludes the governing
equations, a discussion on turbulent flows and Reynolds averagigoacludes with a focused study on

axisymmetric pipes with smooth walls, which will form the focus of chapters 4 to 7.

Mass transport requires detailed information on the flow and turbulenceitie pipe. In chapter 4,
flow and turbulence models are discussed as well as their implementation. Teésrace validated using

data from direct numerical simulation (DNS).

Chapters 5 to 9 contain the main results of the thesis. The studies in chaptétsfetassociated with
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hydraulically smooth pipes. Hydraulically rough pipes are studied in clraptand 9. The contents of the

main chapters are briefly introduced below.

Chapters 5 to 7 study the criteria under which the current wall demandnptgesations hold and
present appropriate parameterisations for the cases where thet @arameterisations are subject to un-
certainties. Chapter 5 includes a study on first-order wall demandsaptah6, the effect of simultaneous

first-order wall and bulk demands is discussed. Nonlinear wall demaadsuwalied in chapter 7.

The studies in chapters 8 and 9 address flow and mass transport impipaghThe flow over a particular
rough surface is studied in chapter 8. A detailed comparison of flow simulatithsDNS data in the
literature is made. Results of this chapter are then used in chapter 9 to simslateder wall demands in

turbulent rough pipe flows.

Chapter 10 includes the conclusions and recommendations. In additi@ndip@ discusses effects
of pipe wall curvature on wall demand. Computational codes developethitothesis are presented in

appendix B. Appendix C includes a list of publications.
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CHAPTER 2

Background

Meeting the objectives posed in the introduction requires backgroungi&dge of water quality, treat-
ment and transport, as provided in the current chapter. The chaptsrsith a brief introduction of the
history of water supply systems (section 2.1). A discussion on the compaoofewegter supply systems
is presented in section 2.2. One of the components being discussed indfian $&the drinking water
distribution network. Chlorine wall and bulk demand in networks are disclsssection 2.3, and mathe-
matical models for networks are introduced in section 2.4. The latter sectioduts the most important
operational indicators for the purpose of network design, history eémguality modelling and the key
assumptions made in water quality models. The methods by which wall frictionemdrdl are parame-
terised are introduced in section 2.5. Discussions on the open rese@siiogs in such parameterisations
and the position of the current study in addressing them is presentedions2®. The chapter ends with a

summary (section 2.7).

2.1. History of water supply systems

Civilizations have historically flourished around water resources. Irgtahmunities were gathered
around wells, rivers or lakes, which gave them direct access to wdtgrs( 2008). Due to growing pop-
ulations and migration from rural areas, some residential areas had teilb&ulther away from water
resources. In such cases, the only alternative was (and still is) tptndnsater from resources to the

consumers. Consequently, ingenious solutions were developed to selwatidr transport problem.

Ancient water transport techniques were mostly open channels whictptreiad surface or ground

water. Qanats were networks of underground channels used in ahraienwhich were able to transport
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groundwater hundreds of kilometres away from the aquifer (Matie#. 2006). Another example is aque-
ducts, which were open channels constructed to transport surfaeeimancient Rome (Coates-Stephens,
1998). However, these techniques were limited to situations where the esbeirce was located at a higher

elevation than the settlement, which was often not the case.

To overcome this limitation, pressurized water transport was developexiofQhe first forms of pres-
surised water transport occurred in ancient China, where water a@sprted through a system of stone
pipes (Needham, 1985). The method allowed transport of water front lalieides to higher altitudes.
However, a source of energy was needed to overcome the effecavifyg Early civilisations relied on
wind, surface water streams and muscular energy by animals and menveétosteh sources could only
provide sufficient energy to support small communities and, therefaes replaced by mechanical pumps

after the steam engine was invented in the eighteenth century (Dickinsb®), 20

Steam engines could provide sufficient energy to transport water anwiea through extended pres-
surized pipe systems and therefore, application of such systems becameapalar in the nineteenth
century. For example, London saw its first systematic pressurised watsport system in the middle of
the nineteenth century (Hardy, 1984). In the United States of America (Ué@ssurised transport of water

was used in the late nineteenth century (Mulholland, 2002).

Parallel to the advancements in water transport techniques, an inceeaaezhess of the importance
of water quality for public health led to the development of water treatmenepsas. One of the main
advancements was made when research in the nineteenth century shatvaictborganisms can cause
infectious disease (O'Brien & Goedert, 1996). With microorganisms idethtifsea source of disease, atten-
tion moved towards finding disinfecting agents, which soon led to the disgco¥ehlorine as a disinfectant
(Crittenderet al,, 2005). Disinfection of drinking water then became an important task. T$tddrge scale
use of chlorine as a water disinfecting agent occurred in 1850, wheodhipound was used to purify the

water supply in London after an outbreak of cholera (Ashbolt, 2004).

In the 1890s, centralized water treatment plants were constructed in theTW®Aim of such plants
was to apply various chemical and physical processes to purify drinkatgr. From the mid-twentieth

century, drinking water standards were developed for the municipadidgnvater (Crittendeset al., 2005).
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For instance, the Safe Drinking Water Act (SDWA) was approved in theQdBgress in 1974, which
allowed the US EPA to establish regulations and methods for control and mgitwrdrinking water

quality (Panguluret al.,, 2005).

The combination of water treatment plants and pressurized water trafeplities are usually referred
to as water supply systems (Tweattal., 2000). The extent to which these systems are in use is one of the

indicators for the level of a country’s development (WHO, 2010).

2.2. Components of water supply systems

A brief discussion on the main components of a water supply system, namelnthetreatment plant,
storage tanks and the distribution network, is presented below. Thesegenip are also schematically
shown in figure 2.1. Water treatment plants are initially introduced after whatierstorage tanks and

distribution networks are discussed.

2.2.1. Water treatment plants.

Water treatment plants receive the water from water resources (via inttke facilities) and treat it for
municipal consumption. Various physical and chemical processes adeinglifferent units of a water
treatment plant to adjust the level of water impurities so that the treated watés lneal water quality
standards (Crittendest al, 2005). The water impurities are classified into two groups: particulate matter
and solutes. Each group and its associated treatment processes assatisseparately in this section. In
addition, a brief discussion on the use of chlorine for water disinfectiohcantrolling the finished water
quality based on local standards is presented (detailed discussionsabjhets covered here can be found

in many water treatment textbooks, see e.g. Crittersdeh (2005)).
Particulate matter and associated treatment processes

Particulate matter is characterized as impurities with such large size that thegt ¢ considered
as a part of the flutl Particulate matter can reduce water quality since it causes an increaséein wa

turbidity. Indeed, the light passing through the water is reflected by theeadsd particles and therefore,

IThis means that mean fluid molecular free path is much less thasizbef the particulate matter. The ratio of these two valepsasents the
Knudsen number (Birét al, 2002).
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FIGURE 2.1. Components of a water supply system usually include a water treatment mlanps, storage
tanks and (looped or branched) drinking water distribution networksir€iig not to scale.

the water loses its transparency. In practice, the lack of transparem@tén can be quantified in terms of
nephelometric turbidity units (NTY)Crittendenet al., 2005).

The main natural sources of particulate matter in water are sand and clay.isSgravitationally set-
tleable and therefore, it can be removed in a presettling pond in treatmets. pianvever, clay particles are
not gravitationally settleable since they contain repulsive electrical chamgtheir surfaces. Consequently,
a flocculation / coagulation unit is used in which chemical coagulants (sichlaroferric and aluminium
chloride) are added to the water to neutralize the electrical charge of atéigles which then form large

flocs. The flocs are removed by filtering the water in a filtration unit (Tchobbouset al.,, 2003).
Solutes and associated treatment processes

The second group of water impurities are solutes. In contrast with patgaulatter, the size of solutes
is of the order of the distance between the water molecules. Consequegesly,ithpurities do not cause
water turbidity, although they can decolour the water. Solute compoundsém ar@ categorized into four

major groups: metallic ions, non-metallic ions, organic molecules and solute @&$¢enderet al,, 2005).

Some of the most important metallic ions in water are iron, magnesium and maegelmek lead to

270 have a scale on the magnitude of NTU, well-treated drinkiater should have a NTU of less than 5, while in muddy watenthlise is beyond
10° (Crittenderet al,, 2005).
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odour, taste and colour formation. From a health perspective, nitrateci®fotine most important non-
metallic ions in water since it has a fatal effect on infants, known as “Blu®/Bsyndrome (Tchobanoglous
et al, 2003).

Organic molecules, which are usually referred to as natural organic r{fd@a), are mostly end prod-
ucts of various biological activities such as the growth and death of migao@ms. Aside from their effects
on the taste and odour of water, the main concern with NOMs is their reactiochlithine which produces
carcinogenic compounds, as discussed in more detail later in this sectierf e most important gases in
water is dissolved oxygen (DO) since it prevents the formation of odouatendue to biological activity
(Tchobanogloust al., 2003).

Several processes are used in treatment plants to adjust the leveltefsalierials. These processes
usually include aeration of water, oxidation of solute molecules (in an ozeonatiit), adsorption of so-
lute molecules (in an activated carbon unit) and filtration and replacemenotuté snolecules with other
molecules (in reverse osmosis and ion exchange units) (Rossman, Zaéégvel of DO is usually adjusted
in an aeration unit, metallic ions are removed in oxidation units, NOMs are renbgradisorption processes

and non-metallic ions are removed by filtration and replacement procéxsesr(denret al., 2005).
Disinfection of the treated water by chlorine

Once the level of different impurities is adjusted, the water is ready forfdidion. Various forms of
microorganisms may exist in wateeach of which can have serious health risks. For instance, cyaedbac
(also known as blue green algae) produce a very irritative toxin in watewever, the most dangerous
microorganisms in terms of human health are coliforms (such as Escheritifiattich can cause serious
diarrheal diseases like cholerdhe amount of coliforms in drinking water (which is expressed as the most
probable number (MPN) in 100 millilitres (mlit) of water) should be strictly controll€dionsequently,
disinfection is vital to eliminate microorganisms and to protect the water from tbgiowth (Crittenden

et al, 2005).

3Biological processes are either aerobic (which need oXygaraerobic (which stop if oxygen is present) or anoxic @htdre insensitive to the
presence of oxygen). Formation of anaerobic activities haeryadverse effect on water quality in terms of odour prodac{Tchobanoglous
etal, 2003).

4Algae, viruses, bacteria, fungi, protozoa and helminthsiaveng the living species that may exist in water resourcesi¢@denet al, 2005).

5The WHO and United Nations Children’s Fund (UNICEF) joint jeai reports that, in 2009, waterborne diarrheal was esticht have caused
1.1 million deaths in people aged 5 and over and 1.5 milliontgeiat children under the age of 5 (UNICEF and WHO, 2009).
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The most common and reliable method for water disinfection is the injection ofic@l¢or its com-
pounds, such as chloramines). Chlorid,] is a yellow diatomic gas with a very irritative smell. The
disinfecting property of chlorine is discussed in more detail in section 2.8.nTdin reason for using chlo-
rine as the disinfecting agent is its low cost and high disinfection capabilityri@k is soluble in water and
therefore, it can be used to keep drinking water free of microorganismsgdits time in the distribution
networlé. The chlorine concentration in water is referred to as the chlorine rdsidua to the critical prop-
erty of chlorine in protecting water from the growth of pathogens, the ctdaesidual is subject to strict
regulations. For instance, WHO suggests 0.2 mg/lit as the lower threshadiooine residual in drinking
water (WHO, 2008).

The maximum chlorine residual must also be bounded due to the risk of fomudtitisinfection by-
products (DBPs). DBPs are formed by the chemical reaction of chloritte \NOMs (especially humic
acids), and the main two groups of DBPs are trihalomethanes (THMs) ésucthloroform) and haloacetic
acids (HAAs). Both of the groups are believed to have serious caremogffects, as well as adverse
reproductive effects following exposure during pregnancy (WHI& Portert al,, 2005). Consequently,
WHO suggests 5 mg/lit as the upper threshold of chlorine residual in drinkaer (WHO, 2008) .

Controlling treated water quality based on water quality standards

The last step before treated water leaves the treatment plant is to checatdrequality and compare
with the maximum contaminant level (MCL) of the impurities allowed by local stadslai typical list of
MCLs in the standards for Canada, USA, European Union (EU) and \ighh@esented in table 2.1.

2.2.2. Storage tanks.
Urban water consumption per unit time, also known as water demand, vabismstially through the day.
The diurnal variation curves in figure 2.2 show hourly water demand fortypical cities, A and B, where
city B has a higher population (and therefore, a higher average daily dextgand) than city A. Regardless
of the population size, the hourly water demand in an urban area usuallgésdiwo peak demands between
6-9 am and 4-7 pm. These two peaks are associated with the working poplgaving their homes in the

morning and returning in the evening (Swamee & Sharma, 2008). The rdtieée the peak in water

6at20° C and atmospheric pressure, one kilogram (kg) of water diss@ maximum of 8 grams (gr) of gaseous chlorine (Schmittin@&0R
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TABLE 2.1. Water quality standards in Canada (Health Canada, 2010), the USA (AS2869), EU (EU,
1998) and WHO water quality guideline (WHO, 2008). The missing valuesiat included in
the standards.

Impurity MCL Unit Canada USA EU WHO
Coliform MPN <1 <1 <1 <1
HAA mg/lit 0.08 0.06 0.03 -

Iron mg/lit 0.3 0.3 0.4 0.2
Manganese mg/lit 0.05 0.05 - 0.05

Nitrate mg/lit 45 10 50 50

THM mg/lit 0.1 0.1 0.2 0.1
Turbidity NTU 0.1-1 0.5-1 - -

demand and the average daily water demand is called the peak flow factosaalty decreases with an
increase in the population (figure 2.2) (Twettal, 2000). One of the reasons for a decrease in the peak
flow factor with growing population is that larger cities will have more indusatlvity and, therefore, a

more uniform water consumption regime is expected.

Managing water treatment processes for a large population is non-tiiialtreatment process usually
takes several hours to complete. Consequently, treatment plants baseatieeiproduction rate on the av-
erage daily water demand. To handle the difference between constaniprnaduction and time-dependant

water consumption, water storage tanks are required.

Storage tanks are reservoirs which store water during the night (wkemater demand is lower than
the average daily demand) and provide the stored water during peak Adwe required volume of storage
tanks is then defined as the water volume which should be stored during thtefarigurther day time
consumptioh The tanks are also responsible for providing sufficient pressuiagdwater transport and

consequently, they must be located at higher elevations that the consuemgiion

2.2.3. Drinking water distribution networks.
Water transport from the storage tanks to the consumption area and ity filigtribution to the consumers is
done by an integrated network of buried pipes (which usually includesvalnd fire hydrants). The reason
that the pipes are buried is to protect the pipe from possible accidents) kadp the water temperature in

a certain range (WHO guidelines suggest@ s a desired water temperature in networks (WHO, 2008)).

“In addition, a certain volume of water is reserved to be abtietrl with massive fire incidents (Ratnayaital., 2009).
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FIGURE 2.2. (A) Hourly water demand for two typical cities, A and B, where city B hasghér population
than city A (Swamee & Sharma, 2008). Figure is not to scale. (B) Houwrbkdlow factor
(Twort et al.,, 2000).

The layout of a distribution network depends on how consumers are distlibThere are two widely
used layouts for networks: branched and looped (figure 2.1). Behoetworks are usually implemented
for small and decentralized communities, while the looped network is usecefdratized communities
like a city?. Regardless of the layout of the network, various pipes, with diffedemheters, lengths and

materials, are used to transport and deliver the treated water in the network

Typical pipe materials and their percentage of occurrence in distributiovories in the United King-
dom (UK) and Canada are reported in table 2.2. Each of the materials hesitslvantages and disadvan-
tages. For instance, plastic pipes (polyvinyl chloride (PVC) and polyetiey(PE) pipes) are more desirable
in terms of reducing pressure drop (as will be discussed later in this chaptevever, manufacturing such
pipes in larger diameters is usually more difficult than for metallic and asbestosnt pipes. However,
metallic pipes are susceptible to corrosion and asbestos cement pipediaredb® have carcinogenic
properties (Rathayalket al, 2009). The pipe material also has a significant effect on chlorine tilmpldue

to wall demand, which is discussed in the next section.

8The main advantage of a looped network versus a branched tmet is the case of pipe failure, the consumer will have adtive water access
routes (Swamee & Sharma, 2008).
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The length and diameter of a network pipe depends on its primary duty. Pigesribution networks
are categorized into three groups: primary mains, secondary mains #itolitiisn pipes. These groups are

schematically shown in figure 2.1 and their typical properties are presientiaole 2.3.

TABLE 2.2. Percentage of various pipe materials used in drinking water distributiororietin the UK and
Canada (Ratnayalet al., 2009)

Material Castiron Ductileiron Steel PE PVC Asbestos cement
Percentage in the UK 64 10 4 8 1 13
Percentage in Canada 51 23 0 0 11 15

Primary pipes have the duty of transporting treated water from the watémeeaplant to the storage
tanks, and then to the consumption area. The length of primary pipes is ustisily order of several
kilometres. The minimum diameter of these pipes is recommended to be 350 millimetreswhiah) ihay

differ slightly between different standards) (Ratnayekal., 2009).

Once the treated water is transported to the consumption area, secondegatiger water to different
districts. The typical length of the secondary mains is of the order of hdadsE metres (m) to a few
kilometres, and their standard diameter is 250-300 mm. Distribution pipes aresttstdge in the water
path from the water resource to the consumer. They serve water demsinddts and alleys. Generally,
their length is of the order of tens to hundreds of metres and their standandtér range is usually 100-200
mm (Ratnayakat al., 2009).

TABLE 2.3. Typical pipe properties in a drinking water distribution network (Ratnayzld., 2009)

. . % in large | % in small
Pipe Diameter Length Duty cities cities
Primary mains | >350 mm Several kilometres 'Cl'irt(;atment plant to the 5 10
Se(_:ondary 250—300 mm Hund_reds of metres to aV\_/atgr distribution in 15 15
mains few kilometres districts
letrlbutlon 100—-200 mm | Tensto hundredsofmetresDe“Very of water to 80 75
pipes households

2.3. Chlorine wall and bulk demand in networks

The disinfecting property of chlorine comes from the fact that its ions havigh capability to oxidize

a large number of other elements. This oxidizing mechanism involves the sobftidtiorine in water,
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formation of chloridric acid KICI) and hypochlorite acidHOCI), and reaction between hypochlorite acid
and other materials. These steps are introduced in the equations belaw, ehl@rine oxidizes ferrous
(Fe?™) to ferric (Fe*+) (Frateuret al,, 1999):

Clz+H20 — HCI+HOCI

HCI +HOCI + 2Fe?t — 2Fe®t + 2C1~ + H,0.

The same mechanism occurs when chlorine oxidizes constituent materiataiofamrganism. Unfortu-

nately, chlorine reacts with a large number of elements, not only microorganis

The reaction of chlorine with elements in the bulk of the flow is called bulk dem&t@Ms are the
main cause for bulk demand, and the most effective way to limit chlorine ddwayo bulk demand is to
control NOM formation in the network. Indeed, if treatment processethmremoval of solute materials
are performed in the treatment plant, the essential materials for the growth roongianisms in networks
are significantly removed and therefore, NOM formation and bulk demandeduced (Rossman, 2006).
Reactants such as metallic ions also cause bulk demand but are less déandrebause they are unlikely to
reform in large quantities in the network, unlike NOMs which are continudasiyied by biofilms (colonies
of microorganisms attached to the pipe surface (Noguera & Morgenro@,)p(Kiénéet al., 1993, 1998;
Rossman, 2006).

The reaction of chlorine with the pipe surface is called wall demand, which islynzaused by cor-
rosion. Consequently, wall demand is higher in metallic pipes (such as oasarnid ductile iron pipes)
than in non-metallic pipes (such as PVC and asbestos cement pipes) afdrthanon-metallic pipes are
more desirable in terms of chlorine conservation in distribution networksgirat al., 1999; Hallanet al,,

2002). Biofilms are also known to cause wall demand, but to a lesser ¢kteet al., 1999).

The reaction kinetics of chlorine is a complex function of ambient conditiomsh(as temperature),
as well as the concentration of chlorine and other reactants (AWWA,)1996 therefore not trivial to

define deterministic functions for the effect of each of the affectingmpaters on chlorine demand. It is
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standard practice to lump the effect of all these parameters into a singt®ne@te coefficient called the
demand coefficient. Several studies have shown that both wall and dadkions for chlorine decay are
best captured by first-order reactions in which the rate of chlorineuropson is a first-order function of
chlorine concentration (see e.g. Clark & Haught (2005); Mugotal. (2007)). However, the scatter in
the experiments on wall demand is significant and some studies (e.g. &ieh§1998); Jones (2001);
Rossman (2006)) indicate that wall demand may be better captured by raorlimestly second-order) wall
reactions. A quantitative discussion on the effect of pipe materials arttheatprocesses on wall and bulk

demand is presented in section 2.4.3.

The method by which wall and bulk demand coefficients are measured iy limefiduced here. Bulk
demand is usually quantified first. In this case, a volume of water with a knbanirme concentration is
left in a non-reactive container for a certain amount of time. From therdiifee in concentration, a bulk
demand coefficient can be inferred. To measure the wall demand caffizvater is pumped through a
pipe at a certain flow velocity. The chlorine concentration at the pipe ex@rand exit are measured. By
subtracting the contribution of the bulk demand to the chlorine decay, a wakhni@ coefficient can be

calculated. More details can be found in e.g. Mu&ttal. (2007).

2.4. Mathematical models for water distribution networks

The main duty of a drinking water distribution network is to provide consumétsdvinking water of
suitable quantity and quality. Given the complexity of distribution networks, itugial to have a good

prediction tool to ensure proper network performance.

Network performance indicators will be discussed in section 2.4.1. Theaitodgdiscussed include
water velocity, pressure and chlorine residual in network gipBetermination of these indicators requires
mathematical modelling of the flow and chlorine transport in networks. Flowchfadine transport mod-

els for distribution networks are introduced in sections 2.4.2 and 2.4.%atsgly. These two sections

90ther indicators are also used to evaluate network perfazmakRor instance, water age is an indicator for the time tleaitéd water spends
reaching the consumer. However, discussions on such indicate out of the scope of this study and the reader is reféorgvater supply
textbooks (e.g. Ratnayaled al. (2009)) for more details.
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include discussions on the history and evolution of the modelling techniquegiridamental modelling

assumptions and the state-of-the-art in distribution network models.

2.4.1. Main network performance indicators of a distribution network.
Water supply standards indicate that the water velocity in all of the pipes imarieshould remain within
a certain range, usually from 0.3 metres per second (m / sec) to 1.5 niBr&&e, 2007). The lower bound
of the velocity is to prevent settling of sedimefftand the upper bound is to protect pipes from mechanical

failure. The velocity range maintains turbulent flow in each of the networispip

The indicator for determination of the flow regime in a pipe is the Reynolds nu(Reger

_ 2pRU  2RU
==

Re (2.1)
whereR is the pipe radiusl]], U = Q/A, [LT 1] is the crosswise mean velocity (see chapter 3 for more
details) in whichQ is the mean volumetric flow rate.3T 1] and Ay, is the hydraulic cross-sectional area
[L?] (= mR? for pipes),p is the fluid density [IL~3], uis the dynamic viscosityNIL 1T '] andv = p/p
[L2T ~1] is the kinematic viscosity. The values pfp andv for water are shown in figure 2.3 as a function
of temperature. It is noted here that 106 m? / sec is a close approximation for water aPCHdesired
drinking water temperature (WHO, 2008)).

If Re> 2100 for pipe flows, the flow is regarded as turbulent and otherwisépilés either laminar or
in a transition-state (Bir@t al, 2002). For the standard water velocity range and pipe diameters ine@duc
in table 2.3, the range diein a network is typically 16— 10° (Ho, 2008).

The second network indicator, which is again related to the flow, is watesyre, usually expressed in
terms of the pressure hedd|[ The pressure head in each location of the network must fall within a lower

and an upper bound. The lower bound (which ensures a minimum watsupeeat the consumer’s tap

10rhe presence of sediments in the network may have severalssaus as poor treatment, accidents such as pipe burst aadeealf the pipe
surface materials due to corrosion (Ratnayekal., 2009).

11However, it is sometimes difficult to maintain turbulence ingfles, for example due to insufficient water demand during tiséfears of a
network’s operational life (Merna & Njiru, 2002).
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FIGURE 2.3. Water properties as a function of temperature. (A) water density, (Brvdynamic and kine-
matic viscosity (Crittendent al.,, 2005).

during peak water demand) is typically indicated to be 5. fthe upper bound for pressure head (which
protects pipes from bursting) is usually 30 m. High pressure heads dudag low water demand, i.e. at
night-time (Ratnayakat al., 2009).

The third network performance indicator is the chlorine residual. The ruppe lower bounds for
chlorine in water were discussed in section 2.2.1. The maximum chlorine aésida network occurs
immediately after chlorine injection (for example, in a treatment plant or in desigriacations in the
network) and is therefore, easy to determine. However, due to the sizeoamplexity of the network, the
minimum chlorine residual is much harder to control. Chlorine reaction with bulkpipe wall materials
was discussed in section 2.3. It suffices here to remember that if bulka@hdemand are very high, it may
cause the chlorine residual to fall below the minimum threshold. This situatibitifvwwas schematically
shown in figure 1.2) is called the chlorine deficit problem, which may causeatthealth problems by

increasing the risk of waterborne disease (Lee & Schwab, 2005).

2.4.2. Flow models.

The primary aim of flow models is to determine water velocity and pressurewasctdn of time in each

127hg pressure is needed to serve buildings up to three fldtigh rise buildings usually need to have their own boostgupku(Twort et al,,
2000).
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pipe of the network. Because of the large number of pipes in a networlis thison-trivial task®. To keep
the flow calculations tractable, the network should be modelled as simply ablposehe simplification
with respect to the pipe entrance effect is discussed first. The prolldoavanodelling in networks is then

introduced using an example. Evolution of the approaches for solvingribiam is discussed afterwards.

The first simplification applied in network flow models is to neglect pipe entrafieets. The entrance
length, which is the length required to reach fully developed flow, has bemlied extensively (see e.g.

Schetz & Fuhs (1999)) and the main findings are summarised below.

Figure 2.4 illustrates two pipes which take fluid from a quiescent ambient. Tigénlef the pipe from
the inlet to the point where the flow reaches the fully developed velocityipisfieferred to as the entrance
lengthLg [L]. Introducingx as the streamwise direction (with the origin at the pipe inlet), a fully developed
flow is reached when the velocity profile no longer changes inxtd&ection. For the case of laminar
and turbulent flows, the entrance length is approximatelyR2@d 30R, respectively* (Schetz & Fuhs,
1999). Consequently, the fully developed flow assumption will be apjatepior sufficiently long pipes.
As an example, a primary water main with a diameter equal to 350 mm has an enagth equal to
38.5 m and 5.25 m for laminar and turbulent flows, respectively. This leagtlgligible in comparison to
several kilometres, which is a typical length of such pipes. On the othek, fama distribution pipe with a
diameter equal to 100 mmg = 1.5 m -11 m, which can be a considerable fraction of the total pipe length,

particularly for short distribution pipes.

By neglecting the entrance length with respect to the pipe length, it is possiésutoe a fully devel-
oped velocity profile throughout the pipe. Consequently, it is possiblegovedi-established equations for
modelling the pressure drop for fully developed flows in each of the n&tpipes (as will be shown later in
this section). As a result, the flow in a network can be simplified by represggthinflow in each network

pipe by a volumetric flow rate only. This is demonstrated in the example below.

13ror instance, the number of pipes in the distribution netwafriCopenhagen (with an approximate population of 1,200,80@ported to be
approximately 6000 (Baboviet al, 2002).

145 etermination oL g for the case of turbulent flows is more challenging than for tenflows and thereforég for turbulent flows is defined in
different ways. The aforementioned value for turbulent flisueported for the case where the pressure gradient reanteguilibrium (Schetz
& Fuhs, 1999).
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FIGURE 2.4. Entrance length and development of velocity profiles in laminar and turbplpe flows (Tur-
bulent profiles represent time averaged values which are discusseaténdetail in chapter 3).
Le for turbulent flows is shorter than the counterpart length in laminar fldvigure is not to
scale.

Simple example on flow modelling in a distribution network

Consider a simple network as shown in figure 2.5, comprising two loops, @jggg with known length
(L), diameter and material, one storage tank containing water with a knowatiele\and seven junctions,
which will be referred to as nodes (denotedry In each of the nodes, there is a known water den@nd
[L3T 1], where the subscriptrefers to the node index. The water dem&hds assumed to be constant for
the sake of simplicity. The purpose of flow modelling is to determine water velocégdh pipe and water

pressure in each node. The unknowns in this problem then comprisevelgbities in eight pipes and seven
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FIGURE 2.5. A typical representative example for modelling flow in looped networlgur€ is not to scale.

values for pressure in seven nodes (15 total unknowns). The samt@enof equations must exist as well.

Determination of the volumetric flow rate and pressure in the network regbgessmultaneous solution
of continuity equations for nodes and energy equations for pipeseHugtions are briefly discussed here.

More discussion is also provided in chapter 3. For the nodés ng, conservation of volume requires that

2Qin = 2Qout (2.2)

where the subscripi® andout represent the flows entering and leaving the node, respectively. Naite th
the flow rate entering nod®, is equal to the sum of water demands in the other nodes, which is actually the

seventh (global) continuity equation.

The local energy density of the flow is usually expressed in the form ddrteegy headH [L] :

P U2
H=Z+—+ - 2.3
P 29 &3

whereZ is the elevation head], P is the pressurdfL 1T ~?] andg is the gravitational accelerationT ~2].
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The terms Ppg andU?/2g are the pressure and velocity head, respectively. An energy b&dram the

pipe entrance (nodg) to the pipe exit (nodej) is then expressed as:

Hj = H; + X Head losses (2.4)

Head losses occur for a variety of reasons. Losses due to valvegigigds, contractions and expansions
are called minor losses. Losses due to skin friction are referred to as msgasloFor simplicity, it is
assumed that all pipes are level, straight and of constant diameter. dhendy, only major losses occur.

A momentum balance for a pipe of length) between nodes; andn; results in:

AP Ay = TulijPh (2:5)

whereP, is the hydraulic perimetelL] (21R for pipes),ty is the wall shear stres$L 1T 2] andAPjj is

the pressure difference between the two not#is 1T ~2]. Equation 2.5 is usually expressed as:

2
AR; _ LY (2.6)
pg rh 29
where
o stjv; (2.7)

is the (dimensionless) Fanning friction factor (Bietl al, 2002) andry, = A,/P, is the hydraulic radius
[L] (=R/2 for pipes). Equation 2.7 relates the wall shear stress to the mean wateityaltd therefore,

comprises a parameterisation. The Fanning friction factor is a functi®eahd the pipe surface structure.

150btained by applying the Bernoulli equation along a streaendind taking into account energy losses (Rirdl., 2002).
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Details about the Fanning friction factor are discussed in section 2.5.1.

In the context of the example, equation 2.6 provides eight additional eqg&tithereby creating the
same number of equations as unknowns. Equation 2.6 is nonlinear andtbgiterative solution methods
are required to solve the system of equations. Several methods havdéwextoped over the last century,

the evolution of which is schematically shown in figure 2.6 and is discussed.belo
Evolution of solution methods for flow modelling

The first method for solving a system of nonlinear equations with a netviarktsre originates from
structural engineering. Hardy Cross was a structural engineer etvelaped a novel iterative method for
solving moment distribution in frames of a structure in 1932 (Volokh, 2002jeiLin 1936, he discovered
that there is an analogy between the moment distribution in a structure andetsigr distribution in a
looped drinking water distribution network. Consequently, he adapted hisoohéo the determination of
pressure and velocity in networks (Cross, 1936). The Hardy Cro#isoehés an iterative algorithm which
exploits the fact that the sum of the pressure drops in each loop in therkeésw@ro. This method includes

the following steps (Swamee & Sharma, 2008):

(1) Make an initial guess fdd for each pipe;

(2) Select the first loop of the network;

(3) Determine pressure drops in the loop (equation 2.6);

(4) Modify the velocities of each of the pipes in the loop so that the net preslsop becomes zero;
(5) Proceed to the next loop using steps 3 and 4 until all the loops in the rkesneprocessed;

(6) Repeat steps 2 to 5 until all the velocities in two sequential iterations aveiged.

The main advantage of the Hardy Cross algorithm is that it calculates thedtevand pressure drop
separately. In the early years, the algorithm was used in hand calculdiidriswas implemented in com-
puter programs in the 1960s (Liu, 1969). Although the convergenceeofisthod is very slow, it was
widely used for 40 years. However, the Hardy Cross method wassegest in the 1980s by more advanced

16gince equation 2.6 determines the pressure drops (rathieghéhabsolute pressure), a reference pressure is neediedrefdrence pressure is
usually taken to be the hydrostatic pressure in nogd@he storage tank).
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FIGURE 2.6. History of modelling in drinking water distribution networks (Panguktral., 2005).

algorithms once personal computers (PCs) became sufficiently pouwegtbdvide direct simultaneous so-
lutions for pressure and velocity (Panguletial,, 2005; Wood & Rayes, 1981). These algorithms typically
linearize the quadratic relationship between the pressure drop and velagith allows for the simulta-
neous solution of pressure and velocity using standard matrix inversiorodsetihe updated velocities
are then used for a new linearization of pressure drop, and this pnecedrepeated until the solution is

converged.

The main limitation of the Hardy Cross method and later developments in the 198Qkatséhey were
only applicable to steady-state conditions, i.e. they could not handle timexdiepewater demand. As
typical variations of the water demand in a network will have a timescale frorortes of an hout’ (see
figure 2.2), the methods must be modified to consider temporal variations iretiee demand. This issue
was first considered in the mid 1980s and led to the development of the dydamand modelling concept
(Graymaret al., 1988).

In a dynamic demand model, the diurnal graph (figure 2.2) is divided interaksegments, as shown
in figure 2.7. The number of the segments depends on the water demarehgnaeach time interval and
the more segments are defined, the more accurate the solution will becoraehlsegment the demand is
considered to be steady. This approach is widely used to solve for dydemands in distribution networks
(Panguluriet al., 2005).

170ther variations in a network which are important with respeenodelling are variations in water temperature and ini@der quality. However,
the timescales for these variations are from the order ofrabreonths to several years (DiBoegal., 1992; Bedientt al,, 1999).
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FIGURE 2.7. Dynamic demand modelling relies on dividing the time-dependant demaweé ato steady-
state segments (Panguletial., 2005).

2.4.3. Chlorine residual modelling.

The development of chlorine transport and decay models started afeafd®rinking Water Act (SDWA)
was approved in the US Congress in 1974 (Pangelual, 2005). This act allowed the US EPA to establish
regulations and methods for controlling and monitoring drinking water qualitg. first model for predict-
ing the transport of solute compounds in networks was presented in Y@8( 1980). The model was
able to predict the steady-state concentration of a non-reactive (vatige) solute material in distribution
networks. In 1985, the model was upgraded to handle dynamic water deroaditions (figure 2.7) (Clark
et al, 1986). However, the main problem with the model was that it was not ablensider depletion of

solute compounds due to wall and bulk reactions.

Several waterborne disease outbreaks due to chlorine depletion inrkewazurred during the 1980s,

which accelerated improvements in modelling of the chlorine decay prébletrudeyet al, 2003). These

1850me of these major waterborne disease outbreaks were in Braringland (1980, with 3000 cases of illness) and Pittsfield MBA (1985,
with 3800 cases of illness) (Hrudey al,, 2003).
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improvements were presented in the Water Quality Modelling in Distribution Systemig@nce in 1991,
where the US EPA and the American Water Works Association (AWWA) Rekdeoundation brought
together researchers from the world for a two-day meeting in Cincinna#, (A%/WA & US EPA, 1991).

This meeting was a milestone in the establishment of chlorine decay modelling esgaized tool for

water quality prediction (Walslét al,, 2003).

In 1993, water quality modelling came of age with the development of EPANEBRéYS EPA (Ross-
man, 2000). EPANET was the first well-established model with a physica@ermethodology for modelling
chlorine decay in drinking water distribution networks. EPANET provideditsis for several commercial
models, such as WaterGEMS and InfoWater, which are more userdfridmeh EPANET (Walskiet al,,
2003).

EPANET is an open source computer program that models dynamic watendema decay of a single
solute material (such as chlorine) in distribution netwdtkk is able to consider the performance of valves,
pumps and multiple storage tanks. In addition to the determination of velocitiesressupes in different
points of the network, EPANET is able to determine water age (the time that vpetieds in the network)
and the transport of reactive solute mass (like chlorine). Therefaseyitiely used as a design and research
tool to improve understanding of the movement and fate of drinking watestiteents in a network (Walski
et al, 2003; Rossman, 2000).

Calculations of chlorine transport and decay in EPANET consist of thefimg steps:

e Provide the network structure, water demands, storage tanks, pipesatsaaad sizes and the
surface topology as input parameters;
e Calculate the flow in the network using the dynamic demand approach;

e Calculate transport and decay of chlorine in the network based on thedlowiations.

As with flow modelling, some key assumptions are made to model chlorine tramsploe network. It
is assumed that the time that water spends in a network junction is negligible in ieompaith the time

that water spends in network pipes. Consequently, the effect of wéilbalk reactions in the junctions on

19ye to the recent awareness on carcinogenic effects of DBRsilti species modelling extension to the EPANET is underldpweent by the
US EPA to incorporate simultaneous modelling of chlorine gegad DBP formation (Shanet al., 2008).
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chlorine concentration can be neglected. Furthermore, it is assumedItimaixing occurs in the junctions
and therefore, the concentration of a species in flows leaving a junctioe iothmetric average of the

concentrations in flows entering the junctffn

C —_ zQin CXin
ou zQin

(2.8)

wherecy represents the crosswise mean concentration of the solute mass (st Bifap more details).
These two assumptions allow chlorine transport and decay in the entirerketNze modelled as the mass

transport in a large number of individual pipes.

Consider a small pipe segment with a length[L] which moves along with the mean veloclty as
sketched in figure 2.8. EPANET-based models assume that, except ip thivelayer adjacent to the pipe
wall, the concentration throughout the cross-section is equal (due to turbulent mixing). The chlorine is
consumed by reactions in the bulk of the fluid with a (crosswise mean) reaat®R [ML 3T 1] and by
reactions with the wall which cause a wall mass fiy{ML~2T ~1]. As the segment moves at veloclty,
it is assumed that there is no exchange of mass with the adjacent fluid. Messation for the chlorine

residual results in:

d .
at (AndLCx) = —RARDL — JPhoL. (2.9)

As with flow modelling (wheref was used to relate the wall shear stress to the mean velocity), a mass
transfer coefficient K[LT 1] is used in EPANET-based models to relate the wall mass flux to the mean

concentration (Rossman, 2000):

Jw = Ki (¢ — Cw) (2.10)

20na typical network, two types of junctions can be distiren@d: T and cross junctions, which account for 20% and 80%edttal, respectively
(Ho, 2008). Recent studies of van Bloemen Waandegs. (2005), Romero-Gomegzt al. (2006) and Ho (2008) have shown that the assumption
of full mixing is not always valid for cross junctions.
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FIGURE 2.8. Chlorine mass conservation for an infinitesimal pipe segment moving alih the mean flow
velocityU.

wherec,, is the concentration at the wall, which may differ fram

Similar to f, kf must be parameterised to model solute mass decay. The parameterisaticertgute
in section 2.5.2. However, it suffices here to say thas ka function ofReand the molecular properties of
chlorine and water. Substituting equation 2.10 into 2.9 and dividing By results in:

TR T (2.11)

As discussed in section 2.3, wall and bulk reactions for chlorine de@agest captured by first-order
reactions:

Jw = kwCw (2.12)

R = kpCx (2.13)
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where k, [LT1] and k [T 1] are the wall and bulk demand coefficients, respectively. As discussed
the previous section, the former depends on the pipe wall material while theitatefunction of the
concentration of bulk solute materials (such as NOMs). Tables 2.4 and\&Sygical values for these
coefficients in a network. Metallic pipes have a highgrtkan non-metallic pipes. Furthermore, water

which has not received treatment processes for removal of soluteiafmfsection 2.2.1) has a highey. k

Combining equations 2.10 and 2.12 gives

K¢Cx

= . 2.14
Substituting the equation above into equation 2.11 results in
do Kwks
— =—(kp+—"— 2.15
dt <b+rh(kw+kf)>cx (2.19)
ke
with solution
cx = Coe Kt (2.16)

wherecy is the crosswise mean concentration at the pipe entrane®), k; is the chlorine decay rat@ [ 1]
ande~ 2.71 is the Euler (also known as Napier) number. Given that the pipe segmfanire 2.8 moves

at velocityU and therefore has a positian= Ut, we obtain

Cx = Coe (2.17)

where the decay coefficiektL 1] is given by (Rossman, 2000)
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TABLE 2.4. Reported average values fay based on the (new) pipe material (Rossman, 2006).

Pipe material Castiron Ductileiron PVC Asbestos cement
kw (M/sec)x10° 0.05-1.92 0.12-0.18 ~0 ~0

TABLE 2.5. Reported average values fqy Based on the treatment method applied (Rossman, 2006).

Solute removal process Not applied Ozone Activated carboeveRe osmosis

Ko (1/5€C)x 107 1011 558 0.52 0.81
k== (kp+—2" ). 2.18
U ( b+fh(kw+kf)> (2.18)

Equation 2.17 is an important result because it links the concentration aipthemtrance to the con-
centration at the pipe exit In terms of the example (figure 2.5), if the concentrationgis known, the

concentration af; can be calculated and so on.

2.5. Parameterisation of wall flux

It was discussed in the previous section that the Fanning friction faetod the mass transfer coefficient
ks relate the wall fluxes of momentum and mass to the mean velocity and concentiatiem f and k
are known, it is then possible to solve equations 2.6 and 2.17 for all the giiples network and therefore,
it becomes possible to determine the main network performance indicatorsifyghessure and chlorine
residual). The parameterisation 6fand k depends on whether the pipe wall surface is hydraulically
smooth or rough. The difference between these two surface types isskstbelow, prior to the actual

parameterisations fdr and k.

A schematic showing for smooth and rough surfaces is presented in curlipe surface roughness
is a consequence of the presence of protrusions on the pipe siRipegoughness can have several causes
such as encrustation and tuberculation of corrosion products in metalli (3ipe e.g. Zhangt al. (2008);

Sarinet al. (2004)) or the formation of biofilms in non-metallic pipes (and also in metallic pipPg)e

2INote that models such as EPANET use a Lagrangian method anefdifes use equation 2.16, which allows for time-dependantahds. See
Rossman (2000) for more information.
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FIGURE 2.9. A Schematic of hydraulically smooth (left) and rough (right) surfacese former has protru-
sions with the averaged helgﬂtsmaller than the thickness of the viscous sublayer wdhite
the latter is larger than this thickness. Figure is not to scale.

roughness in networks is an important (and undesirable) phenomermenitsgan cause an extra pressure

drop and host colonies of microorganisms (DiB@&tal., 1992).

Rough and smooth surfaces can be distinguished by comparing the edidraight of pipe surface
protrusions (shown witldl in figure 2.9) to the thickness of the viscous sublayer. This sublayer isea lay
immediately adjacent to the wall in which turbulent momentum transport is negligildentparison with

viscous transport (see chapter 3 for more details). The thickness wisttais sublayer isd, where

& =~ (2.19)

is the viscous length scalk][and

T
U = % (2.20)

is the friction velocity [T 1] (see chapter 3 for more details). In the case thatsmaller than the thickness
of the viscous sublayed(< 53,), the surface is regarded as hydraulically smooth (figure 2.9 (left))thieo

case ofd > 703, the viscous sublayer breaks down and therefore, the surfaceriigdlly rough (figure
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2.9 (right)) (Kayset al,, 2005). A transition-state also exists between the two cases @ajs2005).

Discussion in section 2.5.1 is associated with the parameterisatiénfaf both smooth and rough
surfaces. In sections 2.5.2 and 2.5.3, parameterisationsawsé lpresented for smooth and rough surfaces,

respectively.

2.5.1. Parameterisation off.
In order to determine empirical correlations figiaboratory experiments were carried out for different flow
rates passing through pipes (Bietlal., 2002). In this casef is defined by measuring the pressure drop
between the two ends of the pipe and the volumetric flow @taesing equation 2.6. Reported parameteri-

sations forf in smooth pipes are discussed below.

For laminar flows, the dependencefabn Recan be determined analytically (see e,g, Rit@l.(2002)),
with the resultf = 16/Re For turbulent flows, several correlations exist, each valid for aipeange of

Re The first explicit correlation fof was the Blasius formula (Birdt al.,, 2002):

00791

= R/t 2.1x 10° < Re< 10°. (2.21)

The correlation in equation 2.21 was then modified for higReby Prandtl (1932), which resulted in the

following implicit correlation forf:

\/1T —4logRe/f —4.0, 23x10° <Re<4x 1. (2.22)
The next advancement in the parameterisatiorf efas with respect to rough pipes. The pressure

drop in rough pipes has been studied since the 1930s. Several expsrineze carried out by Nikuradse

(1950¥2 to classify the surface roughness. He introduced the concept ofimesg heighd [L], which is

the average height of the pipe surface protrusions (see figure 2.9)s ktudies, different pipe materials

227he original study by Nikuradse was done in 1933 and repant&erman. In 1950, results were also reported in English¢lwvare widely used
in the literature.
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with different relative roughnessT(ZR) were selected. By measuring the pressure drop and volumetric flow
rate at the two pipe ends, it became possible to present experimental daeretationship between the

relative roughness, flow rate and pressure drop.

Colebrook & White (1937) and Colebrook (1939) combined results of thespire drop for rough and
smooth walls into one implicit interpolation forméfa This formula was then plotted by Moody (1944)
which is shown in figure 2.10 and is known as the Moody diagfamihe Moody diagram illustrates the
relationship betweeRg relative roughness and the Fanning friction factor. It is seen thatrpipghness
increased, which eventually leads to a higher pressure drop in rough pipes. Itiaddhe friction factor
becomes constant for ea&lﬁZR at sufficiently highRe In this case, the flow is called fully rough which

indicates that the pressure drop is independeReof

Several researchers have developed empirical correlatiorfsiforough pipes which are not implicit
and are therefore easier to calculate. Each of the correlations is tunpédificsranges oReand relative

roughness. Two of these correlations are introduced here. Hadla88d)(suggested

. 10/
1 6.9 (d/2R
Nl —3.6log Ret <37> , 4x10* < Re< 10° (2.23)

and Swamee & Jain (1976) proposed

062
f= 0.0625 5, 25x 10" < Re< 10°. (2.24)

oo -+ 25|

Equation 2.24 is the default correlation used in EPANET.

23This work was carried out in the hydrodynamics laboratoryrgidrial College (Department of Civil Engineering).

24Note thatf can also represent the Darcy-Weissbach friction factoichvis defined as®,/pU?, and is therefore a factor of four higher than the
Fanning friction factor defined in equation 2.7. The twotfdn factors can be distinguished in the Moody diagram byldnginar behaviour,
which is 1§ Reand 64 Refor the Fanning and Darcy-Weissbach friction factors, eespely (Birdet al,, 2002; Rossman, 2000).
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FIGURE 2.10. Moody diagrgm shows 4 f as a function oReand relative roughnesd,(ZR) (Moody, 1944).
The data fod are adopted from Huguenin & Colt (2002).

2.5.2. Parameterisation ok; for smooth pipes.
As for the case of the friction factor, parameterisations must also be peva k so that the wall
demand can be modelled. This section discusses parameterisatigrisradthooth surfaces; rough surface

parameterisations will be discussed in the next section.

Correlations for kin smooth pipes are usually presented in terms of the dimensionless Shenwned n

ber Sh:
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2Rk
Sh= Tf (2.25)

in which D is the molecular diffusion. The value Bffor the solution of chlorine in water as a function of
temperature is shown in figure 2.11. The Sherwood number can be inéer@®the ratio of the realised
wall mass flux to a purely diffusive mass ffitx In general Shfor smooth pipes can be expected to depend

on the molecular properties of the fluid and solute, the pipe diameter and veladiynensionless form:

Sh=Sh(S¢Re). (2.26)

Here, the Schmidt numb&tcrepresents the ratio of kinematic viscosity (of the fluid) to the molecular

diffusion coefficient (Birdet al., 2002):

Sc— » (2.27)

5.
There are three methods for the determinatio8lo€orrelations: 1) laboratory experiments; 2) analyt-

ical solutions to the mass transport equations; and 3) numerical simulatiabsradtory experiments and

analytical solutions have been used extensively in the past. Numerical 8analhave received much less

attention and form the focus of this thesis. The three methods are dishedeed

Experimental correlations fd8h (and therefore § require measurements of, cx andJ, (equation
2.10). The first correlation for smooth pipes was obtained by using a mathioth dissolved materials in
turbulent flows (Linton & Sherwood, 1950). The method used a solulsteoond on the pipe wall (usually
benzoic acid) and a fluid (usually glycerine water) which dissolves this oanmgb (Harriott & Hamilton,
1965). Itis assumed that very close to the pipe vealis approximately equal to the saturated concentration.

In addition, ¢y is determined by measuring the concentration of the soluble material in theJfjavan be

25 detailed discussion on the physical representatioBlo$ also provided in chapter 7.
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FIGURE 2.11. Molecular properties for the solution of chlorine in water as a function optature. (A)
molecular diffusion coefficient for the solution of chlorine in water, @)for the solution of
chlorine in water (Crittendeat al., 2005).

determined by measuring the weight of the pipe before and after the expériifie values foc,, cx and
Jw are then used in equation 2.10 to determine a valuefoBl¢ determining k for different Reand Sc
(changing the latter is done by changing the temperature), a correlati@ni®then obtained. Using this

method, Harriott & Hamilton (1965) obtained (see also table 2.6):

Sh= 0.009R& 1350346, (2.28)

Advances in experimental methods in the late 1960s replaced the dissolvingdméth a more elegant
and accurate electrochemical method. This method used a fluid containitigepf@sric ions Fe3+) and
negative cyanide ion<C(N™) (figure 2.12) (Zhao & Trass, 1997). When the (metallic) pipe surfaselis
jected to a positive potential, the cyanide ions start to travel to the wall arabseeddectrons when they make
contact with the wall surface. Once released, electrons create ancallexirrent which is measureable (via
an electrometer). Using the molecular weight of cyanide and the numberctifosie released per ion, it is

possible to translate the measured electrical current to the mass absaf#ion the surface. If the positive
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TABLE 2.6. Shcorrelations for smooth pipes. “Dis.”, “Elec.” and “Analyt.” represédissolving, electrochem-
ical and analytical method, respectively.

Study Method Range d®e Range ofSc Sheorrelation
Harriott & Hamilton (1965) Dis. 16— 10° 430—1CP 0.009R& 91350346
Mizushinaet al. (1971) Elec. 310°—8x10° 800—15x10° 0.019R& 05?383
Dawson & Trass (1972) Elec. 310°—1.2x10° 400— 4600 0015R& 885032
Berger & Hau (1977) Elec. 810°—2x10° 10°—6x10° 0.016R& 86533
Zhao & Trass (1997) Elec. #410°—2x10° 550—4720 0013R& 885932
Notter & Sleicher (1971)  Analyt. 10-10° 107 —10* 0.014R&8850-33
Aravinth (2000) Analyt. 21x10°—10° 107 —10° 0.014R& 885033
Pipe wall
@ ® ©) ® S o @ O/
o8 O ©) o, ©
Pipe wall

High positive_'____'

potential Electrometer

FIGURE 2.12. Schematic of the electrochemical method which comprises passing @mnsafn electrically
charged pipe and measuring the electrical current produced at theyniface due to the ad-
sorption of ions with an opposite electrical charge (Zhao & Trass, 199@)ire is not to scale.

potential is sufficiently larg®, it can be assumed thay, ~ 0 and therefore, k= Jw/Cx. Consequently, it
will be possible to obtaishcorrelations based on the measurements (Zhao & Trass, 1997). ISeyma-
mental correlations foghby the electrochemical method are reported in table 2.6. These correlagams h
roughly the same exponents feeandSchbut a prefactor nearly a factor of two larger than for the dissolving

method.

Analytical methods have also been used for the determinati®mobdrrelations in turbulent pipe flows
with smooth walls. A discussion of these methods requires a discussion ofrarassort in turbulent flows,
which is presented in chapter 3. Analytical methods are also discussealitech5 and 7. It suffices here to

say that these methods are based on the method of separation of vakablszig, 2006). One of the main

26This is easily recognized because the mass flux at the walhiezindependent of the potential (Zhao & Trass, 1997).
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analytical correlations foBhwas proposed by Notter & Sleicher (1971). As for the experimental sudie
Notter & Sleicher (1971) used the boundary conditign= constant. Based on the analytical solution, they
proposed the followinghcorrelation for 100< Sc< 10* and 10 < Re< 1(F:

Sh= 0.014R&"88503, (2.29)

As this correlation directly follows from the governing equations, it is completdiable provided that
all assumptions hold (see chapter 5 for more details). Equation 2.29 is asistemt with the most recent
experimental studies (table 2.6) and is used in EPANET-based models toithetdy in equation 2.10 in

smooth pipes.

The third method to obtain parameterisations foiskoy numerical simulation. This method is exten-
sively used in this thesis. Simulation of turbulent flows can be pursued witretift levels of complexity.
The method which resolves all the turbulent fluctuations of velocity, pressud concentration is called
direct numerical simulation (DNS) and is, therefore, the most reliable nuatenethod to simulate fluid
flow and mass transport problems (Pope, 2000). However, simulatingeakniporal and spatial scales of
the turbulence is a very expensive task in terms of computational calculagencbapter 3 for more de-
tails). For the case of flow, the grid requirements are proportioraEtd" and for the case of higicmass
transport (as will be characterised in chapter 5), it is proportionR&6*SES/?2 (Schwertfirm & Manhart,
2010). Consequently, application of DNS is still restricted to ReandSc

The current state-of-the-art of the DNS for parameterisation isfriestricted’ to Re< 6000 andSc< 50
(Schwertfirm & Manhart, 2007). As an example$iicorrelations by the DNS approach, two correlations
by Naet al. (1999) and Schwertfirm & Manhart (2007) are reported in tablé®.7

27pNs data reported in table 2.7 are categorised as Eulerig®\BiNch is the most accurate numerical approach. However, mhg@n approach
has also been used for parameterisationsof khis method includes statistical tracing of a number of solaass markers and therefore, it
provides less detailed physical insight than Eulerian DN&wever, the method is applicable for higl&#e(see e.g. Papavassiliou & Hanratty
(1997) for Lagrangian DNS of compounds wiit up to 2400). Nevertheless, data obtained by this method ssdeslible in a theoretical
background than the Eulerian DNS (Schwertfirm & Manhart,7200

281he original DNS studies report the mass transfer coeffigieptus units (i.e. the mass transfer coefficient divided by fifiction velocity).
Here, the Blasius formula (equation 2.21) is used to deSiveorrelations based dRe
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TABLE 2.7. NumericalShcorrelations for smooth pipes.

Study Method Re  MaximumSc Skhcorrelation
Naet al. (1999) DNS 5250 10 010RE PSP
Schwertfirm & Manhart (2007) DNS 5250 49 0 7REEPSO-29
Hickel & Adam (2007) LES 5250 400 O1LRBP5O33

The highesiScattainable with DNS studies is still far belo8c~ 1000 for chlorine (figure 2.11) at
15° C (the desired drinking water temperature (WHO, 2008)). In order toeeudies to higheBg other
numerical schemes have also been used to dete®hio@relations for smooth pipes. In contrast with DNS,
which resolves all the temporal fluctuations due to the turbulence condititires,methods are mostly based
on partial or total averaging of the turbulence effects in time and spacetardfore, several assumptions
are involved in their simulation method (see chapter 3). In general, these raetteodategorised into large
eddy simulation (LES) and Reynolds averaged Navier Stokes (RANSdagipes. The latter is the focus
of this thesis and will be discussed in detail in chapter 3. One of the mostti®heorrelations by LES is
reported by Hickel & Adam (2007):

Sh=0.013R&87°5 033 (2.30)

for compounds witi5c< 400. It is seen that this correlation is much closer to the correlation by Notter
& Sleicher (1971) than DNS correlations for low8t It should be emphasized that &h correlations
presented in this section were obtained for boundary conditions in whictvalieconcentration of the
solute materiald,) remained constant. In the case of chlorine wall demand howeyewjll not remain

constant (see equation 2.14).

2.5.3. Parameterisation ok; in rough pipes.
It was stated in the previous section that parameterisation of the wall demimbutrent flows by numerical
methods is non-trivial. Application of such methods in turbulent flows ovegingpipes is much harder
since the effect of the surface structure must also be consideredtoDiie complexity of flow and mass
transport simulation over rough surfaces, DNS and LES of mass trdresf@w such surfaces is even more

restricted than for smooth surfaces. For instance, reported paramgteisinclude compounds wifc< 1
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(see e.g. Naganet al. (2004)). The complexity of the surface also prohibits application of solsitfon
fully developed flow to derive analytic&hcorrelations (Suga, 2007). Consequently, the effect of surface

roughness on the parameterisation of wall demand is usually obtainednegptily.

The natural (and therefore irregular) roughness pattern usedifameterisation of cannot be used for
electrochemical experiments. As stated before, electrochemical exp&sinesd a surface with high elec-
trical conductivity. Some of the materials used in pipes with natural roughiess. asbestos cement, PVC
and PE pipes) are not electrically conductive. Even the rough suriaoetallic pipes is not conductive
enough because the corroded pipe materials (which are the sourcegbihess) are not highly conduc-
tive (Sarinet al,, 2004). Consequently, the study of mass transfer over rough ssrfacelectrochemical

experiments requires artificially roughened surfaces (Lolja, 2005).

The artificial roughness pattern used in electrochemical experimentsamathbally shown in figure
2.13. For this pattern, the roughness elements (crests) are perpenttidhla streamwise direction. This
pattern is further categorized into three major groups; d-type, intermedidtk-gype. In the d-type pat-
tern, the width of cavities (void spaces between the crests) is equal dhéasshe crests. For the k-type
roughness, the cavities are three times wider than the crests. The intermedgigteess pattern covers the
remaining cases not covered by the d-type and k-type roughnesspdtteonardiet al,, 2007). In all of
the cases) is the length of one period of the roughness pattdris, the depth andav is the width of the

cavity.

Electrochemical experiments have used d-type surfaces to obtain a betsianding of the mass
transport problem over rough walls for two reasons. First, the medilgmiocess for the construction of
such surfaces (with appropriate alloying for electrochemical studiesksisrethan the k-type patterns; and
second, such surfaces (especially with lowgd) are better representatives for natural roughness patterns
(Lolja, 2005). Ranges ok/d = 3-8, d/R~ 0.001—- 0.1 and various crest shapes (square, groove or
triangle) were studied. Measured data were then collected and presgetitvediorm of the ratio between

the rough and smooth weih
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FIGURE 2.13. An artificially roughened surface includes one crest and one cavityérpenodic length of
the roughness patterh)((Leonardiet al., 2007).

2
Stk f
Sh =& < ZRQ,) Sée (2.31)

where the subscrifR refers to rough surfaces and

Re = — (2.32)

is the roughness Reynolds number. The empirical coefficignts and a are reported in table 2.8. Sincg a

is negative in all of the correlations in table 2.8 ahtkmains almost constant for fully rough surfaces (see
figure 2.10), the correlations indicate that wall demand for deep cavitiesés than for shallow cavities. In
other words, the (length averaged) rough surface mass transfécieo¢ ks, can be defined as (recognizing
that Shr/Sh= ki, /kr)

K = Bkt (2.33)
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TABLE 2.8. Conditions and proposed empirical coefficients for equation 2.31 ierdift electrochemical
experimental studies.

Study Re Sc =0 =5 &
Dawson & Trass (1972) 810°—1.2x10° 390-4590 1.94 -0.1 0.09
Berger & Hau (1977) &10°-2x10° 1000-6000 1.79 -0.17  0.12
Grimanis & Abedian (1985) 210°—-15x10° 500—-1500 2.0 -0.2 0.1
Lolja (2005) 3x10°-3x10* 27808520 2.138 -0.182 0.00654

in which 8y, < 1 for sufficiently deep cavities. Substituting equation 2.33 in equation 2.%8 ¢jine follow-

ing rough surface decay coefficient equation:

1 KuOiks

KR = O ko £ Bk

(2.34)

The effect of the reduced mass transfer coefficient on reducingetteydoefficient can be determined
by analysing the above equation. For very high wall demand coefficikpts>(ks), i ki becomes neg-
ligible in comparison with . The value ofkg from the electrochemical experiments then approaches
kr = B,k /Urn. For smooth walls, k> ks in equation 2.18 leads to= k;/Ur. Since8y, < 1 for very
deep cavities, such analysis shows that the rough wall decay codffmidngh wall demand coefficient is

decreased in comparison with the smooth pipe decay coefficient. (seeldésd.&).

The main limitation of correlations for electrochemical experiments is that theyrdyevalid for high
wall demand coefficients. Considering the asymptotic casg efk; in equation 2.34 givekg = ky, /Urp,
the same result as for smooth surfaces (equation 2.18). In other vtloedsorrelations for wall demand
using the electrochemical approach would suggest that there is noadftbe wall surface structure on the
value of the decay coefficient for low,k This is indeed in contrast with several experimental studies which
reported that the rough surface decay coeffici&n} {s increased in comparison with the smooth surface

decay coefficientk) for low wall demand coefficients (see e.g. Al-Jasser (2007)).

To overcome this drawback, a method of adjusting the wall demand coeffisiesed in EPANET-
based models to consider the effect of wall roughness on the dectiigcieoé This method is based on

the assumption that surface roughness increases the available readticg snd therefore, a higher mass
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withdrawal due to the wall demand is expected. In this case, the value ofalheemand coefficient for

rough surfaces is adjusted as:

kWR - ekw kW (2-35)

in which 8y, is an empirical coefficient which increases the wall demand coefficiesgicban the value of

the relative roughness (Rossman, 2000):

Cis

Ok, = — _
log &

W

(2.36)

whereCy, (> 0) is an empirical constant which should be defined for a reference caméiititerms of flow
and pipe roughness) in field measurements. In general, equation 2.86riated for the reference condition
by adjustingC,,. Itis then assumed th&x,, (> 0) remains constant for all the pipes of similar material. The
value of ky, for pipes of the same material but different roughness is then definequmstion 2.36. Since
the logarithm of the relative roughness (which is always less than 1laepjrethe denominator of this
equation, equation 2.36 implies that an increase in pipe roughness irectbasgall demand coefficient.
In other words B¢, > 1 for pipes with higher relative roughness than the reference rosghsandition
(Rossman, 2000) .

Substituting equation 2.35 into equation 2.18 gives the following equation farydmefficient in rough
pipes

1 By, Kuks

kR:uThekwkﬁkf'

(2.37)

When considering a low wall demand coefficien, k kr), the term containin@y, kw in the denominator

of equation 2.37 can be neglected in comparison wijtlarid, thereforekg = 6y, kw/Urn. For smooth
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TABLE 2.9. Comparison of the asymptotic behaviour of the two approaches fomgdeaisation of rough wall demand

kw < kg Ky > ki
Smooth conduits rI%/LVJ rh'%
EPANET erk:sw rh%
Experiments rl% ?:f:jf

walls, the condition § < ks results ink = ky/Urn. This, once more, confirms that the method used in
EPANET assumes that rough surfaces lead to an increase in the deffigiexat compared to smooth pipes.
However, for high wall demand coefficients(k> ks), the decay coefficient using the EPANET approach
is kr = k= ki/Urn. This is in contrast with the electrochemical experiments which suggest thdettay

coefficient for high wall demand coefficients and deep cavities is lowerklior smooth surfaces).

The results of the analysis are summarised in table 2.9. In general, the iedhléstable suggest
that each parameterisation (adjustingik EPANET or adjusting kusing Shi correlations) works for an
asymptotic case. However, an ideal wall demand parameterisation fon mealls would capture both

asymptotes, physically accurately transitioning from one to the other.

2.6. Position of the current study in the literature

Parameterisations for wall friction and wall demand are powerful toolstwgignificantly simplify the
analysis of flow and mass transport in network pipes. The previous seatioduced several parameterisa-
tions of f and k for both smooth and rough pipes, but also exposed weaknesses@nih dlae literature.
This leads us to formulate four research questions which will be addres#ais thesis. The questions are

discussed below and the position of the main chapters in addressing themwisistfigure 2.14.

Is the use of theShcorrelation by Notter & Sleicher (1971), which is valid for constantc,, (Dirich-

let boundary conditions) valid for first-order wall demand (Robin boundary conditions), and under
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which circumstances?

It was mentioned in the previous section that determinatiory @i EPANET-based models relies on
Notter & Sleicher (1971F5hcorrelation for smooth pipes. However, as this correlation was derived f
boundary condition in whicle,, was constant (Dirichlet boundary condition), this correlation may not be

appropriate for chlorine depletion due to wall reactions.

Chlorine concentration at the wall depends on details of reaction kinetiesafid turbulence near the
wall. If we assume that for very low wall demand coefficieqisz ¢k, we immediately see from equation
2.17 that the wall concentration is not constant along the pipe. Henceyélséan that requires answering is
whether, and under which conditions, the Notter & Sleicher (1$Htorrelation is applicable to first-order

wall demand? This question is addressed in chapter 5.
Do wall demand and bulk demand influence each other, and under whitcircumstances?

One of the assumptions in network models is that bulk and wall demands ddflnehite each other.
This is a reasonable assumption because of the high capacity of turbalesttd mix solute mass in the
bulk (see chapter 3). However, at higlh &nd k, the mixing capacity may become insufficient. In chapter
6, combined wall and bulk demands are studied in order to establish baamahith this assumption is

valid.
How should nonlinear wall demand be parameterised?

As was discussed in section 2.4.3, several studies have supporteddhbatiehlorine decay due to
reactions with the pipe surface can be appropriately modelled as a fisstvoatl demand (Clark & Haught,
2005; Mutotiet al., 2007). However, other studies (e.g. Kiétéal. (1993) and Jones (2001)) observed a
nonlinear relationship between the chlorine concentration and the ratdlafenaand. The question which
then must be addressed is how a generic wall demand should be parasdet€his question is addressed

in chapter 7.
How can parameterisations of wall demand over rough surfaces be iproved?

Section 2.5.3 clearly demonstrated that the two approaches for paranitercfavall demand over
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rough surfaces are mutually inconsistent, as both parameterisationsdiiegesat asymptotic behaviour for
high and low wall demand coefficients. The main reason for such inconsysitethat the parameterisations
insufficiently consider the complex interaction of flow, turbulence and masspiort which occur for rough

surfaces.

In order to improve rough wall parameterisations for wall demand, detaifedniation is required
about mass transport very close to the wall. Especially for the case oSlkighmpounds, this information
is extremely difficult to obtain experimentally, and the author was unable to fipdedevant literature on
this topic. Additionally, no literature on the numerical simulation of wall demanddagh surfaces was
found. In chapters 8 and 9, RANS models will be used to provide this infimmaand a detailed analysis

will lead to an improved physics-based parameterisation for a particulgh urface.

2.7. Summary

The current chapter started with a broad background on water suggignss. The history of water
treatment, transport and distribution was presented. It was discussebithelling the distribution networks
includes determination of the main network operational indicators which assyre, velocity and residual

chlorine.

It was shown how the application of assumptions on negligible pipe entrdfemseand full mixing
in network junctions simplifies modelling the network into modelling flow and masspoah single
pipes. A discussion of history and state-of-the-art of flow and masspaihmodels was presented, which
included introducing EPANET as a reference water quality model for tlegink decay problem. The level
of complexity by which EPANET models chlorine decay due to first-order aradl bulk demands in single

pipes was also demonstrated.

It was mentioned that flow and mass transport modelling in EPANET-basedisiadludes parameter-
isation of f and k. The parameterisation of these variables was discussed for both smdatsugh pipes.
Four open research questions in using such parameterizations for mgdéliimine decay were identified

and the position of the current study in answering these questions wasthete.
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FIGURE 2.14. Structure of the studies provided in the thesis. Numbers indicate the maitechaf the thesis.
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Momentum and mass transfer in pipes

The discussions in chapter 2 motivated why the study of flow and mass arams@ single pipe is
representative for a network. In this chapter, the focus moves frometveork scale to a single pipe. The
chapter starts by presenting the governing equations for flow and maspdrg turbulence and simulation
techniques in turbulent flows (section 3.1). Reynolds averaging is intestlim section 3.2. In section 3.3,
the universality of the near wall region is discussed, which is of greatrirmpoe for understanding mass
transport in turbulent wall bounded flows. The gradient diffusiondblyesis is introduced in section 3.4.

In section 3.5, the Reynolds averaged equations for flow and massdraitspn axisymmetric pipe are
introduced which form the basis for chapters 4 to 7.

3.1. Governing equations, turbulence and simulation methods

The continuity and Navier Stokes (NS) equations are believed to desceilbeliaviour of fluid motion
in differential form, as long as the fluid can be regarded a continuum.eTdesations describe the conser-
vation of mass and momentum, respectively. For incompressible fluids suatersthe continuity and NS
equations are(Hanjalic et al,, 2009; Birdet al., 2002):

a0,

e R 1

ox 0 (3.1)
oG 00 op oty . /oG 0q;

Pﬁ‘i‘pujaij—pgi c'Txi—FTXj’ Tj=H aij-i-& (3.2)

lEquations are provided for Newtonian fluids like water. @ateing fluids into Newtonian and non-Newtonian is basedtan relationship
between stress and strain. In Newtonian fluids this relalignis linear (Birdet al, 2002).
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where the hat sign (") represents the instantaneous value of the varadgdlémplicit summation over re-
peated indices is applied. The coordinate system is Cartesian dedcotes the velocity in the direction.
Furthermore, gis the gravitational acceleratiohT 2], p is the pressureML—1T—2?] and Tjj is the stress
tensor ML~1T2].

By solving the continuity and NS equations, the pressure and velocity fialthealetermined. Once
the velocity field is known, it is possible to study the transport of solute maashiggoverned b§/(Bird
et al, 2002):

a°+aj‘k:?+q<om> (3.3)

wherec’is the concentrationMIL 3] and is the bulk reaction rateML~3T~1]. The continuity and NS
equations (and consequently, mass transport equation) do not tedyegcahsolutions, except in very simple
cased and therefore, numerical methods are often the only way to obtain solutiamga(ic et al., 2009).
However, numerical study of these equations for turbulent flows istriaat because of the large number

of active scales in turbulent flows.

As a typical time history for the instantaneous dummy vari3bie figure 3.1 shows, turbulent variables
fluctuate in time without ever repeating themselves. The solution technique velsiclves all fluctuations
is called direct numerical simulation (DNS, as introduced in the previoudehaphis technique is usually
referred to in the literature as the most accurate numerical method for thyeodtiwdbulent flows. However,
considering the shortest fluctuations requires very high computatiosia{Rope, 2000). Therefore, the use

of DNS is usually limited tt(ReandScmuch smaller than those occurring in practical applicafions

To reduce the cost of the computation, methods have been developeddaHatreprocessed” NS and

mass transport equations. In this case, all the variables are avenagyetihte which is called Reynolds

2Here, it is assumed that the solute mass does not affect thel@ngity (which is the case for passive scalars) (Birdl., 2002). Due to the dilute
solution of chlorine in water, this is an appropriate assuompt

33Such as the Poiseuille solution for laminar flows in pipes. &geBirdet al. (2002) for more details.

4As stated in the previous chapter, the resolution of the nizaiemesh used for DNS is roughly proportionaRe® for the flow andRe?/4SS/2
for mass transport (Schwertfirm & Manhart, 2010; Haigjali al., 2009).
SEnsemble averaging is used for flows which are not statististgady-state (Hanjdliet al., 2009).
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FIGURE 3.1. Schematic of different turbulent simulation approaches for a time histbX/ (DNS data are
adopted from a time history for temperature by van Reeuwijk (2007))

averaging. The equations describing the behaviour of the mean (timegadg¢neariables are called the
Reynolds averaged (RA) equations (Reynolds averaged NS equatensually referred to as RANS). At
the cost of having to model turbulent fluxes, RA equations are computlyiomach cheaper than DNS (see
figure 3.1) (Pope, 2000). Since RA equations will be used in this studyatteediscussed in more detail in

section 3.2.

A different method of “preprocessing” the NS and mass transportemqsds by filtering them spatially
using low-pass filters. This method is called large eddy simulation (LES, aslited in the previous
chapter). LES resolves the larger scales in turbulence and models thersuoalés (figure 3.1). Although
the computational cost of LES is less than DNS, this method still needs heavgmedtbal calculations. In
other words, LES is computationally closer to DNS than RANS (Hirsch, 2007).

Different methods of turbulence simulation are appropriate for diffguestilems and purposes. Whilst
DNS and LES give more accurate results than RANS simulations, their appticaitiestricted to the avail-
able computational capabilities. The computational cost for DNS and LE&stisca function of the flow
Re Scand complexity of the geometry being simulated. For instance, recent DNISEShdtudies on flows

and mass transport in smooth pipes are restricté&kta 10* andSc< 400 (see table 2.7).
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Chapter 3: Momentum and mass transfer in pipes

The range oRein a network is typically 16— 10° (Ho, 2008). In additionSc~ 1000 for chlorine at
15° C (figure 2.11). Therefore, DNS and LES are still incapable of progidasults for the aforementioned
conditions. Hence, RA equations will be used in the remainder of the thedsnded studies have shown
that RANS models provide credible solutions both for smooth and rough (Beegmann & Fiebig, 1999).
The Reynolds averaging process and the turbulence closure proild®\NS equations are discussed in

the next section.

3.2. Reynolds averaging

The concept of Reynolds averaging is schematically shown in figure 31&.figure shows that each
instantaneous value of a variable liKein a turbulence context can be decomposed into a mg)aar(d a

fluctuating valueX’:

X=X+X, (3.4)

where the Reynolds averaging operator (shown with the overline) isediedis

X(%) = lim 1 tf((x;,t’)dt’. (3.5)

t—o t Jo

Application of the Reynolds averaging operator on equations 3.1, 3.2.amds3ults if:

6Uj

— =0 3.6

an ’ ( )
: — 00 — C—oud p— — 4 — T

Pt T Pui 0Xj P9~ ox +ax,- (T” p“'“1>’ Ti =M 0Xj + % )’ 3.7)

BDetailed discussions for derivation of these equationpegsented in many turbulent flows textbooks (see e.g. Pof@®)R0
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The equations above contain new unknown correlations for fluctuatamtupts (turbulent fluxes). In the
RANS equations, the Reynolds streﬁ represents the momentum transport due to turbulent fluctuations.
In the mass transport equation, the ta@ represents the turbulent mass transport. These correlations
form nine new unknowns (six for momentum and three for mass); a turtelleiosure (which relates the
unknowns to the mean variables) is needed before equations 3.6, 3.78acah3be solved. Turbulence

closures are discussed in detail in section 3.4, chapters 4 (for smoothaved8 (for rough walls).

3.3. Universality in turbulent wall bounded flows

Before discussing turbulence closures, some physical properties ofalhbounded flows require dis-
cussiord. For a fully developed turbulent wall bounded flow (like a pipe or chafine), the behaviour
of the inner layer, which includes the region immediately adjacent to the wall¢€fi§.3) is expected to be
governed by the wall shear stregg kinematic viscosityw and the distance from the wall A dimensional

analysis then suggests (see e.g. Pope (2000)):

Tsee e.g. Pope (2000) for complementary discussions.
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FIGURE 3.3. Schematic of different layers of a fully developed turbulent flow in a @ipea case for wall
bounded flows. Figure is not to scale.

LIELY (3.9)

which is a relationship known as the “law of the wall”. Herg,= /1y/p is the wall friction velocity
[LT 1], which can also be recognised as a typical velocity scale for the momenixrtofthe wall. The

relationship in equation 3.9 is often written in plus unitsias= F(y"), where

ut = E, andy" = Yy _ Y% (3.10)
Uy v

dy

where the quantity, = v/u; represents a viscous length scale. One of the features of the inneisldyat
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the summation of the viscous and Reynolds stress in this layer is (approximaiatant (constant stress

hypothesis), and is equal to the wall shear stress (Pope, 2000):

——  Odu T
—UVHV— = 2 =2
p T

% (3.11)

whereV represents the fluctuating component of the instantaneous wall normeityeiloThe inner layer
includes distinct sublayers (figure 3.3) which are discussed below.

Viscous sublayer

This is the layer immediately adjacent to the wall in which the effect of the Regradidss is negligible
in comparison with the viscous stress. The behaviour of the similarity funetiarthe viscous sublayer
can be studied by performing a Taylor expansion series (arpend) for the instantaneous and fluctuating

values of the streamwise and wall normal velocities:

G(y,t) = & (t) + & (t)y+ &s(t)y* + O(y®), (3.12)

V(y,t) = by (t) + ba(t)y+ bs(t)y? + O(y?) (3.13)

wherea;, 4, anddz andf)l, 62 and63 are the expansion constants for the instantaneous velocity components
G andv; respectively. The boundary conditions at the wallare?= 0 and thereforea; ™= b, = 0. Reynolds

averaging equations 3.12 and 3.13 results in

u(y) = &y -+ agy? + O(y*), (3.14)
v(y) = By + bay? + O(y3). (3.15)

In addition, equation 3.11 givés = u?/v for y — 0 (Since Reynolds stress is negligible in comparison

with viscous stress very close to the wall). Therefore, equation 3.14saba written as
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Chapter 3: Momentum and mass transfer in pipes

ut =y +0(y"t). (3.16)

Hence, in the viscous sublayer, the universal functiolepends linearly og.

The Taylor expansions can also be used to infer the second propetg ofscous sublayer, which
forms one of the cornerstones of this thesis: the cubic dependenté ofiy. By subtracting equation 3.14
from 3.12 and 3.15 from 3.13 we obtain

U(yt) = (&2 — &) y+ (4 — &) "+ O(y®) (3.17)
S—— N——
2 %
V(yt) = (b2~ B2) y+ (Bs — Bs) y? + 0. (3.18)
\7—/ \7—/

The continuity equation of the fluctuating Ve|OCiti@$I/K/an = 0) and the no slip boundary condition at the
wall (i.e. 9/0x = 0) and symmetry over they plane giveV'/dy = 0 and thereforeb, = 0. Multiplying

equations 3.17 and 3.18 and Reynolds averaging the results gives:

UV = ably® + O(y*). (3.19)

Henceu'Vv 0y?2 in the viscous sublayer (Pope, 2000).
Log layer

This layer is still influenced by wall effects, but turbulence dominates wgeous effects. Therefore,
the universal velocity profile is expected to be independent of the vigdoghis layer. This implies that
the velocity gradient is not a function of the viscosity (Hargjat al., 2009). Differentiating equation 3.9

(with respect tgy) results in
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Chapter 3: Momentum and mass transfer in pipes

du  dFdy" udrF

dy ~dyr dy ~ vy (320

Only whendr/dy* O y+*1 does the velocity gradient become independent of the fluid viscosity and
hence, the velocity profile in the log layer is expected to be logarithmic. Figdrei®dws the data of some

of the classical experiments for the determinatior,dbgether with the relationship (Biret al., 2002)

1
ut = EIny*+5.2. (3.21)

Here,k = 0.41 is the von Karman constant.
Buffer layer

This layer is situated between the viscous sublayer and the log layer. qLemdly, both viscous and
turbulence contributions are important and none of them can be ignofesl.cduses difficulties in deter-
mining the similarity function in the buffer layer. Extensive numerical and expntal studies have been
performed to fit empirical correlations to the velocity profile in this layer (Habjet al., 2009). These

correlations will be introduced in the next chapter.

The wake

This layer is a part of the outer layer, which is expected to be indepentiém molecular properties.
The velocity profile in this layer depends on the geometry and thereforeyangyn different cases such as

pipes and channels (see e.g. Pope (2000) for more details).

3.4. The gradient diffusion hypothesis

There are several ways in which the unknown turbulent fluxes cankelliio known resolved variables.

Currently there are two levels of closure widely used for turbulence modigfrst moment closure, also
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FIGURE 3.4. Experiments on wall bounded flows. Data from Laufer (1954), Dai¢$@50) and Schubauer
& Klebanoff (1955)

known as eddy viscosity models (EVMSs) and 2) second moment closurdsndtie EVMs assume that the
turbulent fluxes (momentum and mass) can be directly related to the mean ftsafiel therefore, provide
closures on the level of the first-order moments. Second moment closisréise name suggests, solve
additional explicit equations for the turbulence fluxes and provide adgsom the level of the second-order

moments. In this study, EVMs are used to model flow and mass transport inemtipipe flows.

The simplest and most commonly used closure in EVMs is the gradient diffbgmuthesis:

oy, du;

U= — a7

Ui Ui VT <0xj + axi) (3.22)
Jc

o — —_Dr —

uic Dt o’ (3.23)

Here,vt and Dt are the turbulent viscosity and turbulent diffusion coefficient, respalgt{L>T 1]
(The subscriptl refers to turbulence in this thesis). In contrast witland D (which are the molecular
properties of the fluid and solute mass, respectively)and Dt are flow properties. Analogous 8¢

Scr = v1/Dr is the turbulence Schmidt number. However, singeandDt are flow propertiesSer ~ 1
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FIGURE 3.5. Schematic of the coordinate system for smooth pipes.
irrespective of the flui®i(Bird et al, 2002).

The gradient diffusion hypothesis involves a linear relationship betweabuolant fluxes and the mean
variables (mean concentration and velocities) analogous to moleculainaffuss turbulence is a funda-
mentally different process, this hypothesis is not always valid, which lsdveral proposals for nonlinear
relations between the turbulent fluxes and the mean variables. One pojagsifor nonlinear EVMs is
algebraic Reynolds stress models which are discussed in e.g. Popé. (R000s thesis, use will be made
of linear EVMs.

3.5. Specialisation on chlorine transport in pipes

The governing equations, for the problem which will be studied in chagtérs/, are now discussed.

The geometry for this problem is a pipe, as sketched in figure 3.5. By malerfgltbwing assumptions:

(1) the pipe is axisymmetric;

(2) the pipe walls are hydraulically smooth;

(3) flow is fully developed;

(4) flow and concentration are statistically in a steady-state;

(5) transport due to streamwise diffusion is negligible in comparison with theciidn;

8Average values from 0.6 (Fleseh al, 2002) to 1 (Koeltzsch, 2000) are reported &ur .

83
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equations 3.7 and 3.8 simplify to:

1d du dp
rtjr[r(v+vT)(jr] T
dc 0 Jc

(3.24)

(3.25)

wherep is the RA kinematic pressuré3T —2]. The coordinate system is shown in figure 3.5 andandy

represent the streamwise, radial direction and the distance to the walh@wadal coordinate), respectively.

The governing equations for rough surfaces are discussed in ch&mad 9.
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CHAPTER 4

Flow models for turbulent pipe flow with smooth walls

Before mass transfer can be studied, the flow field in the pipe must be detdin@onsequently, the
aim of this chapter is to introduce linear EVMs used in chapters 5 to 7 for mogletiifoulent flows in
smooth pipes. The governing equation for the flow field in smooth pipes vesemied in the previous
chapter (equation 3.24). The EVMs which are used for solving this equiatichapters 5 to 7 are discussed

here.

The models discussed in this chapter are selected based on their abilityratelyamodel the behaviour
of vr close to the wall. It will be shown in chapter 5 that capturing the third-ordpeddence oft to the

wall distance is crucial for obtaining the correct exponentJoin the Shcorrelation.

This chapter introduces two turbulence models which have this dependanoedified van Driest
mixing length (section 4.2) ankle model (section 4.3). Both models are compared against the standard

benchmarks for turbulent pipe flow.

4.1. Turbulence models for RANS

As discussed in the previous chapter, linear EVMs are considereddautinent study. Linear EVMs
are usually categorized based on the method by which the turbulent visisod#tiermined (Hanjatiet al,,
2009):

(1) Algebraic models which rely on direct relations betwegerandu;
(2) Differential EVMs, which are further categorized in one-equati®Ms (which introduce one
auxiliary differential equation for determination vf) and two-equation EVMs (which introduce

two auxiliary differential equations for determinationwaf).
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Chapter 4: Flow models for turbulent pipe flow with smoothle/al

Detailed discussions on various models in these categories can be fouxithootes on turbulent flows
(e.g. Pope (2000)). In this section, the models which are used for flowlhmgde chapters 5 to 7 are
discussed. From the first category, the modified van Driest mixing lengthlnsagged in the current study
and introduced in section 4.2. The high Reynolds number (HRNE model, which is a two-equation
EVM is discussed in section 4.3. It will be explained later in chapter 8 that nbthese models are suitable
for flow in rough conduits and therefore, a I&®e(LRN) EVM is used in chapter 8. The turbulence models

used in each of the chapters are summarised in figure 4.1.

4.2. Modified van Driest mixing length model

The modified van Driest mixing length model is an algebraic EVM. In generalingibength models

relate the turbulent viscosity to a mixing lendgh[L]:

2 du

m d7y (4-1)

The mixing lengthl,, is a function of the geometry and will be discussed in more detail later on. By
combining the constant stress hypothesis (equation 3.11), the gradfestatifhypothesis (equation 3.22)
and equation 4.1, the velocity profile is given by (Pope, 2000):

= iz (4.2)
° 14 (144 )
For the turbulent viscosity profile, equations 4.1 and 4.2 give:
dut 2142
YT _ 42 m 4.3)

m dy+ 1+ <1+4|$2)1/2.
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bulent flows simulation and modelling framework.

Equations 4.2 and 4.3 are valid for all mixing length models in the inner layevif@d the stress can be

assumed constant (chapter 3)).

At this point, the only remaining issue is to spedify For the case of wall bounded flows, the mixing
length must vary from zero at the wall to a constant value far away frenwtil. Prandtl proposed a linear

variation of the mixing length with respect to the distance from the wall (PA&9)2

lm = KY. (4.4)

Using equations 4.1 and 4.2, it is straightforward to demonstrate that eqdadios consistent with the
log law (equation 3.21). However, viscosity affects the mixing length in theoussublayer and buffer
layer and therefore, equation 4.4 must be modified very close to the walDriast (1956) proposed the

following (empirical) mixing length model:
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Im = Ky (1—exp<2f>> , AT =26 (4.5)

As can be seen, the modification comprises a dampirg ofose to the wall. The van Driest mixing
length model faithfully reproduces the velocity profile in the viscous sublaye the buffer layer, and
produces accurate estimates ¥grfrom the buffer layer onwards (Pope, 2000). However, the stangard
Driest mixing length fails to model appropriately the behaviow-pfn the viscous sublayer. As mentioned
at the beginning of the chapter, for simulation of mass transport of &@tompounds, it is crucial that

vt Oy2 very close to the wall. This issue is discussed below.

If a Taylor expansion is performed (arougd = 0) for the standard van Driest mixing length model

(equation 4.5), it is seen that this model has a second-order depgrateyic near the wall:

1= %y*ero(y+ ). (4.6)

Hence, using equations 4.1 and 3.16, the turbulent viscosity scales as

T I+2dqu Oyt

4.7)

mdy+

This behaviour is not correct. Indeed, it was shown in section 3.3utiaf] y+3 in the viscous sublayer.

Using the gradient diffusion hypothesis (equation 3.22), we obtain

vr = _W/‘;; =25 o) .8)

i.e. athird-order dependence op Equation 4.8 is usually denoted by (Bietlal, 2002)
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L by+3 (4.9)

and laboratory experiments and DNS studies have showb th&5 x 10~ (Notter & Sleicher, 1971; Bird
et al, 2002).

To correct this inconsistency in the original van Driest model, the followingifization was proposed
(Hannaet al,, 1981):

) , At =26, B" =4 (4.10)

Substituting equation 4.10 in equation 4.3 and using a Taylor expansion, liecstmown that the near wall

behaviour ofv using the modified van Driest model is correct (Bétdal., 2002):

VT KBy (4.11)

The modified van Driest mixing length model faithfully reproduces velocity mmbulent viscosity
profiles close to the wall (Biret al, 2002), as will be shown in figure 4.2. Equation 4.2 was solved
numerically using a trapezoidal integration method (the MATL Ahctioncunt r apz, see appendix B for
application of the function and e.g. Atkinson (1989) for more details). Tlmarical domain is the half
width of a pipe which was discretised with 200 segments. To check grid mmvee, the calculation was

repeated with double resolution. No considerable sensitivity was oluserve

Figure 4.2 show the velocity and turbulent viscosity profiles predicted bidudified van Driest mixing
length model, compared with DNS results R& = uR/v = 1142, wherdkg is the shear Reynolds number
(Wu & Moin, 2008). Figure 4.2 shows that the modified van Driest mixing lemgtidel can accurately

Ia registered trademark of MathWorks Inc.
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predict the velocity and turbulent viscosity in the viscous sublayer, blafer and the log layer. However,
this approximation deteriorates in the pipe centre (i.e. the wake). This ooetasise the constant stress
hypothesis (equation 3.11) is only valid in the inner layer. However, the tayer is less important (than
the inner layer) for simulation of wall demands as the concentration will be almiferm far away from
the wall. It will be shown in chapter 5, which deals with the wall demand in smaptspthat application
of the modified van Driest mixing length model provides results for solute messydwhich agree well

with other analytical and experimental results.

The study in chapter 7 also deals with the wall demand problem but for nanliaactions, however,
it focuses on the study of highccompounds (such as chlorine). It will be shown in chapter 5 thati
sufficiently high, all of the changes in the crosswise concentration poxfdar in the viscous sublayer and
consequently, the mass transport problem is not affected by chantfesvalocity and turbulent viscosity
profiles in the buffer zone and log law layer. Consequently, equatiosa®d 4.9 are used in chapter 7 to

model the entire flow field.

4.3. HRNk — & model with wall functions

Thek — & model is one of the most widely used turbulence models available. As the nggesss it
introduces two new variablésande, which represent the turbulence kinetic enedg$ 2] and the energy
dissipation ratel[°T 3], respectively. From a dimensional analysis, it follow that a suitableesgion for

VT iS

vr=Cu (4.12)

whereC, = 0.09 is an empirical coefficieAt The governing equations for a fully developed flow in an

axisymmetric pipe geometry, augmented with the HRNg turbulence model, are (Pope, 2000):

2Turbulence models generally contain a number of empiricalficieits such ag;,. The value of coefficients are generally based on DNS and
experimental data (Pope, 2000).
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FIGURE 4.2. Comparison of fully developed smooth pipe flow velocity and turbulenogisg profiles by the
modified van Driest mixing length model and DNS data by Wu & Moin (2008 Re = 1142.
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1d ] du]  dp

rdy|' WHT)dy} ~dx (4.13)
1d7 vt dk du\? B

rdy|' <V+0'k> cly%\'T <dy> —e=0 (4.14)
1df vt de du\?e e

rdy| <V+Ga> dy} e <dy) kG =0 (4.15)

whereC; = 1.44,C, = 1.92, 0 = 1 ando, = 1.3 are (empirical) coefficients. However, the equations are
only valid when molecular viscosity does not play an important role. This ise¢agon such models are
called HRN models. Consequently, HRN models are not valid in the viscolsysuland the buffer zone
and therefore, wall functions must be used to bridge the distance fraimgtheyer to the wall. In the current

study, the modified van Driest mixing length model is used as the wall function.

Equations 4.12 to 4.15 are discretised with a conservative finite differaeteod (Hirsch, 2007) on
the grid shown in figure 4.3. The numerical code for solving the discreéigedtions is also presented in
appendix B. Fractional indices in the figure denote a non-weightedge&a; » = (Xj + Xj;+1) /2. The

variablesu, k ande are defined in the cell centres, and the cell adjacent to the wall has itseogleat

y* =50.

The equations 4.12 to 4.15 are nonlinear and therefore, an iterativesabps needed to solve them. Let
the superscriptén) and(n-+ 1) denote the values of the variables in the old and new iteration, respectively,
A second-order accurate discretisation of equations 4.13t0 4.15 is

(n+1)  (n+1) (n+1)  (n+1)
. (n) Y —Y (n) U Y
1 M+t (V +VT1+1/2 Orjyi AN +VT1—1/2 Ay _Uj

Mj+1/2 Arj h

(4.16)

(D) (n+1) (n+1) | (n+1)
(n) ki1 —kj (n) ki —kjy
1 i+ (V TV ) T e TV TV T,
j+1/ j+1/2 i-1/ j-1/2 T P-(n+1) . S(.n+1) -0 (4.17)
Fi+1/2 Arj ] ]

3The finite difference discretisation, which is extensivesgd throughout the thesis, is conservative since it isvatgrit to a finite volume discreti-
sation when multiplied by; ;1> (Hirsch, 2007).
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FIGURE 4.3. Domain discretisation for HRM — € model includes half width of the smooth pipe, with the
first node ory™ = 50.

(n+1) _(n+1) (1) (n+1)

: ()& =& © () &
1 Fi+w1 (V +VTJ-+1/2) L Arji1 r (V +VTJ-,1/2> Arj,l/Jz e ﬂp(m_l)_c ﬁe(‘n_,’_l) _0

Mj+1/2 Ar 1k§n) i 2k§n) i =
(4.18)
where
m om0\ 2
p _y [ LU H T (4.19)
) P2\ Arjape Arj 1

is the discterised turbulence kinetic energy productl@T[2]. In addition, it was considered in equation
4.16 that-d p/dx= —d(P/p)/dx= U2/ry (equations 2.6 and 3.11). As equations 4.16 to 4.18 are linear, it

is possible to organise these equations as
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Buu™b 4+ B k(™Y gD — o (4.21)

Cou™b 4y ceMV =0 (4.22)
where

4D {u(1n+1)7u(2n+1)7ugn+1), ...,uﬁjﬁﬁ%uﬁ,’jﬁ?,uﬂﬁ”}T (4.23)

(D) _ {k(lnﬂ),kg”“),kg”*l), ...,kﬁ:flz),kﬁ:flf,k.(\lr:ﬂ)r (4.24)

g(n+l) _ [3(1””) e e O s W s&?m} ! (4.25)

are the vectors containing the unknowns apds aN; x 1 vector for the right hand side of equation 4.16.
N; is the number of cells in thedirection. The matriced.,, By, Bk, C, andC; are all of sizeN; x N;. The

system of equations can be written as a single matrix-vector equation:

A, 0 O u ry
Bu Bk —I k =10 (4.26)
C, 0 C €

wherel is the identity matrix. Equation 4.26 can be solved once the boundary conditierspecified.
Since the first node is located in the log layer, the following boundary condittan be derived (see e.g.,
Pope (2000)):

U (R—r
o = % in <T(N+1/2)> 152 (4.27)
K \Y)
2
Ky = 1 (4.28)
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VU2

, 4.29
K(R—Trn,+1/2) ( )

EN =

N

In addition, the symmetry condition in the pipe centre gives the following baynoanditions at the

first cell:

u(l) =u(2), k(1) =k(2), (1) =¢€(2). (4.30)
The iterative algorithm for solving this system is briefly discussed below.félowing steps are taken:

(1) SpecifyRe, v andR;

(2) Initial guess fowu, k ande;

(3) Determine the matrices and right hand side of equation 4.16;

(4) Solve system of linear equations 4.26 to determifie?), k(™1 ande(™;

(5) Calculate the relative residual E for all three variables;

max<xl(n+1) - l(n)7 2(n—i—l) - xz(n)w')

E=
max( X"V x(™ D)

(4.31)

(6) If E< 1079 for all the variables, then terminate the calculation (the results are not sensitower
E). Otherwise, proceed to step 3 after updating the variables accordihg tander relaxation

scheme

XY gt XM 4 (1 —urf)x™ (4.32)

whereur f is the under relaxation factor. Application of this method enhances the rgamee since the
changes between two iterations remain controlled. For the current stdidy 0.1 is applied. A number
of N, = 200 cells was used to determineandvy for Rg = 1142. The solutions converged after 4100

iterations. Figure 4.4 shows the relative residuals (E) as a function oflitheer of iterations.

The converged profiles farandvt are shown in figure 4.5 (note that the first node is locatgd at 50).
The figures also include DNS results by Wu & Moin (200Rg(= 1142). In comparison with the modified
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L L L L L L L L
0 500 1000 1500 2000 2500 3000 3500 4000
Iteration

FIGURE 4.4. Convergence of the HRK— € model.

van Driest mixing length model (figure 4.2), the HRN- € model reproduces the profiles in the outer layer
(y" > 50) more accurately. The HRN— ¢ model will be used in chapter 6, where the bulk demands are
studied and more accurate flow and turbulence levels in the bulk (than the rdadifi®©riest mixing length

model) are important.
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FIGURE 4.5. Comparison of fully developed smooth pipe flow velocity and turbulenositg profiles for the
HRN k — & model and DNS data fdRg, = 1142 (Wu & Moin, 2008).
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CHAPTER 5

First-order wall demand

As stated in section 2.6, the first research question in wall demand pareaugderis related to the
criteria under which th&hcorrelation by Notter & Sleicher (1971) can be applied to modelling solute mass
decay due to first-order wall demand. In particular, the Notter & Sleict®fX) correlation was determined
for constant,,. The questions which must be answered are then: is this correlation vattteféirst-order

wall demand and what are the bounds for which the assumption of analegld?

In order to answer these questions, a wide rangg,oiskconsidered to cover chlorine wall demand
with different materials (table 2.4). In additioRe= 10* — 10° is adopted as the typic&erange for a
well-designed network (section 2.4.1). Furtherm@&e= 1000 is considered as a close approximation for
chlorine at 18 C (figure 2.11), which is the recommended temperature for drinking watetG\\2008).
The modified van Driest mixing length model is used in this chapter to model smoahveipcity and

turbulent diffusion coefficient profiles in the mass transport equations.

In section 5.1, a separation of variables is performed to derive a oneaisiomal (1D) model for the
radial concentration profile from the two-dimensional (2D) axisymmetric RAgi@nsport equation posed
in chapter 3 (equation 3.25 with no bulk reactions). A 2D model is also pregdor solving the original
2D mass transport equation. The numerical methods for both models (whielplicable for arbitrar$qg

are introduced in section 5.2.

Results presented in section 5.3 are used to verify the 1D model by comfisipedicted concentra-
tion profile with the 2D model results. The results of the 1D model are also gexhpéath the EPANET

parameterisation for first-order wall demand.

In order to characterize hig8c compounds for the case of first-order wall demand, an asymptotic

analytical solution for higfsccompounds is proposed in section 5.4. Results are then compared with the
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1D model to determine the criterion for higdtcompounds. The chapter ends with a summary in section
5.5. The study in this chapter is extended in chapter 6 where simultanedusdies wall and bulk demands

are studied.

5.1. Governing equations

Equation 3.25 is the governing equation for an axisymmetric RA mass traqspbieém. The study in

this chapter does not consider bulk reactions and therefore:

Uso — = — [r(D+DT)aC] ~0. (5.1)

For the case of first-order wall demand, this equation is subject to a Robirdary condition at the wall:

D‘;f (X, R) = KuCu. (5.2)

At the pipe centre, a symmetry condition is imposed:
&(x, 0)=0. (5.3)

In addition, c(0,r) = ¢ is considered at the inlet (due to the assumption of full mixing in junctions, see

chapter 2).

As the system of equations 5.1 to 5.3 comprises a linear partial differentiatieq (PDE) with variable

coefficients (velocity and turbulent diffusion coefficient), two solution rodthare available:

e Numerical methods;

e Analytical methods.

99



Chapter 5: First-order wall demand

The first approach uses a simple and well-established numerical techHigwever, it does not provide
much insight into the physics of the problem. In addition, the computationalofdis approach is also
higher than the second approach. A discretisation of equations 5.1 to&ZJtmodel) is used in this study
as a verification of other models which are proposed in this chapter. Howsrce the aim is to provide a
deep insight into the problem, an analytical approach will be pursued nilatd analytical method to solve

equations 5.1 to 5.3 is to use a separation of variables:

C(X,r) = Z Cxn(X)Crn (1) (5.4)
n=1
wherec,, [ML™3] and ¢, [-] are the functions describing the streamwise and wall normal condiemtra

profiles, respectively. Substituting equation 5.4 in equationcy,an be characterised as (see e.g. Weigand
(2004))

Cxny = Co€ X (5.5)

wherek;, is thenth eigenvalue of the following boundary value problem

1d don|
knuoerFa |:r(D+DT) ar ] =0 (5.6)

which is derived by the same substitution and governs the behaviay: e value ok, is not specified
in equation 5.6. Finding the values kf (via a characteristic equation) for which both equation 5.6 and
the boundary conditions are satisfied is called a Sturm Liouville probleme(geeKreyszig (2006)). The

corresponding solutions @f,, are the eigenfunctions of the boundary value problem.

Considering constart, as the boundary condition (i.e. Dirichlet boundary condition), Sleiethex.

(1970) determined a characteristic equationkfpin equation 5.6 based on explicit functions toandDr.
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By assuming that all the changes in the concentration profile occur in traugisablayer (which is the case
for high Sccompounds as discussed later in this chapter), Notter & Sleicher (199g®du = u;y" and

Dr = bvy+3/Scr as explicit functions fou andD+ in equation 5.6. They solved this characteristic equation
and determined the first four eigenvalues which eventually led to the detéionioéc(x,r) in equation 5.4.

Equation 2.10 was then used to determipand the Notter & Sleicher (197 8hcorrelation.

The study by Notter & Sleicher (1971) did not consider the effect ofiRbbundary conditions (equa-
tion 5.2) on the solutions for the characteristic equationkforThese boundary conditions were partially
addressed by Biswae al. (1993) who assumed a constant velocity and turbulent diffusion cieeffin the
crosswise direction. With these assumptions, equation 5.6 becomes adsemhtial equation for which
a characteristic equation fé, was determined for first-order wall demands (i.e. equation 5.2). The first
three eigenvalues in this characteristic equation were then determinediénated for an existing network
by adjusting the effective turbulent diffusion coefficient. Howevergsithis method needs calibrations of
this diffusion coefficient for each specific flow rate, it was not incoaped in water quality models like
EPANET (Clark & Haught, 2005).

As higher eigenvalues decay quicker than lower ones, they will be okimfkl near the pipe entrance
only! (Bird et al, 2002). Consequently, the solution far away from the entrance is detrhinthe lowest

eigenvalue of the problem. In other words, equation 5.4 is simplified to

c(X,r) = cx(X)ce(r) (5.7)

wherecy(X) = (c(x,r)) was previously introduced in section 2.4.3 as the crosswise mean coticerdrzd

c¢:(r) is a dimensionless radial scaling function [-] with the following property:

(G(r) =1 (5.8)

lsee chapter 7 for the effect of pipe entrance on the devejamncentration profile.
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where

B fORerr_Z/R
(X)y = foerr ==/, Xrdr (5.9)

is the crosswise averaging operator. Substituting equation 5.7 in equatiancbaleraging, yields

dec, 2 da R_
<Uq>a—@er(D+DT) |:dr:|00 (510)
By using equations 5.2 and 5.3 we obtain
doy KwCr, =
dx (ue) + o cx=0 (5.11)

wherec;, = ¢;(r = R) is the value of the radial scaling function at the pipe wall. Equation 5.11 isafier
ordinary differential equation (ODE) iawith the solutionc, = coe™** (equation 2.17), where(the lowest

eigenvalue) takes the following form

K KwCr,,

N (5.12)

The decay coefficierk can also be deduced on more detailed physical grounds. Indeed tfiisiene

is the ratio of the mass withdrawal rate and the total mass flux convected by #mefiow:

 $dwds
~ [[ucdA

(5.13)
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HeredsanddA are the infinitesimal perimetric and areal elements, respectively. By subsjiadira-

tions 2.17 and 5.7 into equations 5.1, 5.2 and 5.3, the governing equatigndabtained:

1d deg
k Z_—|r(D+Dy)—| = 14
w+rmﬁ(+-ﬂd4 0 (5.14)
which is a second-order ODE with variable coefficients) andDt(r). As stated in chapter 4, the van

Driest mixing length model will be used to determing) andD+ (r). The boundary conditions are:

do
=0 (5.15)

As stated beforek is the lowest eigenvalue of equation 5.6 and equation 5.12 is its characteyisiitos
(Kreyszig, 2006). Eigenvalues may have a closed form solution for siogses, but often can only be

determined numerically in more complex situations (Weigand, 2004).

Equation 5.14 is one of these complex situations, sinesd Dt are non-trivial functions of. In
addition, the Robin boundary condition (equation 5.16) cougleanddc /dr(r = R) which significantly
complicates solving the characteristic equation. For such cases, nuniteriatbn is carried out between
the characteristic equation and the ODE (i.e. equation 5.14) until the eigengattonverged and the
boundary condition is satisfied (Weigand, 2004). At each specifiadr, the value forc(x,r) is then
determined by applying in equation 5.12 and consideriog(x) andc,(r) in equation 5.7. This solution is

called the 1D solution since it separates the 2D behavioaiimb two 1D ODEs in thex andr directions.

5.2. Numerical simulation

The numerical simulation of equations 5.1 and 5.14 form the 2D and 1D modetd) are discussed in

sections 5.2.1 and 5.2.2, respectively. In each section, the discretisaimme and the method for solving
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the discretised equations are discussed. The numerical codes adegriovappendix B.

5.2.1. The 2D model.

In order to perform the 2D simulation, equation 5.1 is discretised via a caiserfinite difference numer-
ical method (introduced in the previous chapter). The code for the nusheotution is briefly discussed
below. Figure 5.1 shows a schematic for the domain discretisation. Using-arfles upwind and second-
order central difference scheme (see e.g. Hirsch (2007)) for trectide and diffusive terms respectivély

equation 5.1 is discretised as:

. Gj+1—Cij .. Cij—Cij-1
Cij—Ci—1j 1 Tn (D+DTj+1/2> rj <D+ DT,-,m)

Arjia Arj_ap

Uj =0 (5.17)

DX liv1/2 Arj

where indices and j are associated with theandr directions, respectively (figure 5.1). Application of
the upwind scheme for the advective term allows for explicit marching ix theection which significantly
speeds up the simulation. As the upwind scheme is only first-order accathbea numerical diffusion (as
discussed in more detail in chapter 9), it is important to check for grid eganee (which is discussed in

the next section).

The Robin boundary condition at the wall (equation 5.2), symmetry condititireipipe centre (equa-

tion 5.3) and constant concentration at the pipe entrance are, respediigcretised as follows:

CGiN-—1—CiN CiN—1+CiN
D sINF s INP — k sINT SNr 1
P (5.18)
Ci1=Ci2 (5.19)
Cy,j = Co. (5.20)

The following approach is used to solve discretised equations:

2The terms containing the velocity are referred to as the divesterm and the terms containing diffusion are referredstdifiusive terms.
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FIGURE 5.1. The 2D domain discretisation for modelling the mass transport equation.

(1) equation 5.20 is used as the boundary condition for the cellsi with,;

(2) all the cells withi = 2 are selected;

(3) equations 5.17, 5.18 and 5.19 form a system of linear equations abrtimeA.c = r.. Here,Ac
(Nr x Ny) is the matrix of coefficients; (N, x 1) is the vector of unknown concentrations with the
same andr¢ (N; x 1) is the right hand side vector for equation 5.17 (and the boundarytmorl
at the pipe wall and centre);

(4) the system of equations is solved;

(5) increment and return to step 3.

5.2.2. The 1D model.
The 1D model is also discretised via the same finite difference scheme. Aatbef the grid and

variables is shown in figure 5.2. On this grid, equation 5.14 is discretised as:
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FIGURE 5.2. The 1D domain discretisation for modelling the mass transport equation.
Cri 1—Cr; Cr. —Cr;
. i+1 J . J -1
1 i+ <D+DT' 1/2) Ar —Tj <D+DT>1/2) Ar;.
kujcr, + - ‘“/ZA . : 20 (5.21)
lj+1/2 rj
with the following boundary conditions (equations 5.15 and 5.16)
VIV (5.22)
ArNr_l/z 2
Crl - Cl‘z- (523)

Sincek is not knowna priori, the following iterative approach is carried out:

(1) aninitial value foik = ky /rpU andc; =1 is assumed (see section 5.3.1);

(2) equation 5.21 is solved numerically and the profiledaand the value foc,,, are determined,;

(3) equation 5.12 is used to updte

(4) if the updated value df is converged in the form of the relative residuat EO~° (see chapter 4),
the solution is converged;

(5) in the case thdtis not converged, step 2 is repeated using the updated
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5.3. Results

Numerical results for the 2D and 1D models in the previous section arenpeeseere. Both models
rely onu(r) andDr(r) profiles by the modified van Driest mixing length model (chapter 4). A number of
N; = 150 and 300 cells were used in the 2D and 1D model, respectively. Thenagkslogarithmically
distributed in the crosswise direction with more resolution near the wall. ForRhen? 1D models, such
distribution resulted in 18 and 36 cells in the viscous sublayer( 5), respectively. A grid convergence
study for a doubled resolution was also performed, which showed ratigakdifference in the results.
For the 2D model, the cells in thedirection were also logarithmically distributed. The simulation was
performed for a length equal to 3R A number of 18 cells were logarithmically distributed, which resulted
in 375 cells inx < R (with the first cell atx/R = 1073). In addition, a doubled resolution in thxedirection

is also used to check grid convergence.

The results include concentration profiles and the decay coefficiengsprbiiles of the 1D model are
verified against the 2D model profiles in section 5.3.1. A comparison betthieegxperimental results for
k and the 1D model was also provided. In section 5.3.2, the 1D model resuksife compared with the

EPANET parameterisation.

5.3.1. Decay coefficients and concentration profiles.

For verification of the 1D against the 2D model, a comparison was undertakBe= 10°, Sc= 1%, and
kw/U = 104, It will be observed in this section that the value fgr/k) is chosen to have a considerable
concentration gradient in the viscous sublayer. The decay coefficianthe 2D model is determined
based on the folding lengthLe, defined as the streamwise distance from the origin at wiuichr)) /co =
eL1. Once thee folding length is determined, the 2D decay coefficient is defineki-asl/Le. The decay
coefficient for the 1D model is a part of the solution (equation 5.12). Feoc#se considered here, the 1D

and 2D models givér, = 2.01x 10~ and 2x 10~°, respectively.

The near wall concentration profiles lat = 0, 0.5 and 1 are shown in figure 5.3 for both models.
The initial concentration profile at= 0 for the 2D model is constantd). The 1D model describes the

equilibrium behaviour ot (i.e., the behaviour sufficiently far away from the pipe entrance). Toergat
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FIGURE 5.3. Comparison of the concentration profiles in the 1D (solid line) and 2D mdstlss) forSc=
10%, Re= 10 and ky/U = 104,

kx = 0 the profiles for the 1D and 2D models are very different. Howevem ka—= 0.5 onward, the two
solutions are almost identical. This implies that the assumptions made for thataeriof the 1D model

are valid. Entrance effects are discussed in chapter 7.

Another observation from figure 5.3 is that the concentration profile hagpproximately linear be-
haviour very close to the wall. Similar to the case of the viscous sublayer irhwh@nentum transport
is dominantly molecular, the mass transport in a layer very close to the wall is dotlyirgoverned by

molecular diffusion. This layer will be referred to as the mass transfemdemy layer (MTBL) and will be

characterised in chapter 7.

Figure 5.4 compares the decay coefficients between the 1D model armihexp@l data of chlorine
removal due to the wall demand (Clark & Haught, 2005; Mugbtal, 2007). The experimental data span
a range of Reynolds numbers from 2000 to 8000 and were obtaineddifargnt pipe materials, such as
galvanized, cast, and ductile iron. Each of the experimental points pomds to a specific velocity, pipe
diameter and k. The 1D model curve of the decay coefficient was obtained by fikaegnd varying k
such thatRe= 5000 (as the value close to the average of the apliethnge in the experimental data).

Results of the 1D model show good agreement with the experimental data.
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FIGURE 5.4. Comparison of the model decay coefficient and the experimental dadaotile (Clark &
Haught, 2005), cast and galvanized (Muttal, 2007) iron pipes.

The decay coefficient varies linearly with, KJ for small ky/U. For highSccompounds (which are
characterised later on), all relevant processes take place in the visaoblayer (figure 5.3) and so, the
averaged streamwise advective mass {lux) can be approximated Ry (c;) ~ U (making use of equation
5.8). In addition, when /U is very low the concentration profile is uniform (fully mixed), g9~ (c;) = 1.
Consequentlyk = ky/rnU which is plotted in figure 5.4 with a dashed line. For sufficiently highlt,
diffusion of the solute through the MTBL becomes the limiting factor, so kha¢écomes independent of
kw/U as can be observed in figures 5.4 and 5.5. The decay coefficiltends weakly oRe(figure 5.5)
with an approximate factor of two difference betwd®m= 10* andRe= 10° for high ky/U. For allRg the

uniform concentration assumption holds fQr/k) < 10°.

The corresponding concentration profiles are shown in figure 5.6.cdheentration profiles are very
similar for differentRe and the curves shown in figure 5.6 are typical dowariation forRe= 10%, 10,
and 16 andSc= 10®. Figure 5.6 confirms that for small,KU, ¢, is approximately constant throughout
the cross-section. For,KU = 10°° the concentration is practically uniform while there is a significant

difference between the wall and average concentrationf@ldk> 10-°. Because the significant changes in
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FIGURE 5.5. Decay coefficient curves for different Reynolds numberSat 103,

the concentration profile take place in the viscous subldyer) ~ U which means that (equation 5.12) is
solely determined by;,. The fact that the significant changes of the concentration profile take m the

viscous sublayer will allow for a higBcasymptotic solution to be derived in section 5.4.

5.3.2. Comparison with EPANET.
As stated in chapter 2, tighcorrelation by Notter & Sleicher (1971) is the correlation used in EPANET-
based models to determine the decay coefficient due to first-order walhdeémeaquation 2.18. Figure 5.7
shows the results fdethat follow from equation 2.18 (EPANET) and equation 5.12 (1D modelRfoe 10*
andSc= 10°.

Excellent agreement is observed between the 1D numerical approaehasid EPANET. This agree-
ment implies that the Robin boundary condition is consistent with the Dirichletdeny condition (applied
in the study by Notter & Sleicher (1971)) in termsloivhenScis sufficiently high. Under such conditions,
krn, < 1 and therefore, the Robin and Dirichlet boundary conditions behargyridentically. However, the
agreement between the EPANET approach and the 1D model breaksatd®ax 100 as will be shown in
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FIGURE 5.6. Radial concentration profiles 8c= 10°%, Re= 10" — 10%, and various {¢/U.

the next section. It is concluded that for hi§acompounds (which will be shown in the next section to be
the case for chlorine), the effect of the difference in the boundandition is small, and the wall demand

parameterisation in EPANET provides accurate decay coefficients fathmalls.

5.4. Analytical solution

Figure 5.6 indicates that for higbg the entire wall demand problem is confined to the viscous sublayer.
Figure 5.8 shows the radial mass flux (obtained with the 1D modé®eat 10* andSc= 10°. The total
mass fluxo: = (D + Dt)dc/dyis decomposed in the molecular diffusive fliix= Ddc/dy and turbulent
diffusive flux Jr = Drdc/dy. Here, the change in coordinate system fromo y is justified because the
viscous sublayer (with a thickness of 4k) is much smaller thaR and thereforeR— 5u; /v ~ R. In other

words, the effect of wall curvature is negligible. The validity of this assiiongds shown in appendix A.

It is seen thad is practically constant and equal to the wall mass flux at the \gh(k,,Cy), and that

turbulent mass transfer is dominant for > 1. Therefore, there is a full analogy with the constant stress
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FIGURE 5.7. Comparison of the decay coefficients in EPANET, the 1D numerical frasatkanalytical solu-
tion for Re= 10* andSc= 103 (similar results hold for otheRevalues).

property of a turbulent inner layer, and it is possible to approximate thewsdbbehaviour by

dc

In order to obtain an analytical solution, equation 5.24 needs to be augmitiieal boundary condition.

Since equation 5.16 is already used, a natural candidate is; tieaids to one away from the wall

Cr(y— ) =1 (5.25)

As the entire process takes place in the viscous sublayer, it is convem@rgnge to plus units:

%(D+DT)d—q — KuCr, . (5.26)

dy*
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FIGURE 5.8. Normalized mass flux budget in the viscous sublay@&eat 10* andSc= 10°; J represents the
mass flux and,, = ky Gy is the mass flux at the wall.

In order to obtain an analytical solution, a simple expressiofoin the viscous sublayer is required

for whichvt /v = by+3 (equation 4.9) is used. Usirgr = vr /D1 and assumin&cr = 1 results in:

(1+ (ay+)3) S;L — Bc;, (5.27)
where
a=+vbSc B= leVJSC (5.28)

The exact solution to equations 5.27 and 5.25 is
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2
Cra _ % Bln (aw + 1) + 2\/§Barctan<\/§(2ay+_l)> + 60 + @T[B (529)
6a (a2y+2 o ay+ + 1) 3 3

where

1
Cr, = Cr, (Y =0) = ———. (5.30)
14 2vsh

Equations 5.29 and 5.30 describe the radial concentration profile andamakntration for higlsc It
should be noted that equation 5.27 is formally only valid very close to the wak fquation 4.9 is also
only valid inside the viscous sublayer (see figure 4.2). As was shown ireflg, this is the region in
which ¢; changes considerably; outside the viscous sublayes, practically constant. Consequently, the
overprediction invt of equation 4.9 outside the viscous boundary layer only very marginakgtafthe
accuracy of the solution. This is clearly demonstrated by the close agrebetareen the numerical and
analytical solution in figure 5.9. The solution given here is consistent wibithan suggested approximate
solution for constant,, (Garcia-Ybarra & Pinelli, 2006).

An analytical expression fdcis obtained by approximatinquc) ~ U (which is applicable because

only varies in the viscous sublayer), and substituting equation 5.30 intdieq&al2 to give

1 Kw

= 5.31

Using equation 2.18, th&hcorrelation for the analytical solution of the wall demand problem is given

by

3
Sh= g\fg

ReSd/® = 0.163Re S, (5.32)
™3
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FIGURE 5.9. Comparison of concentration profiles for the numerical model antytce solution forRe=
10f andSc= 10°.

Using equations 2.7 and 2.21, it is straightforward to show that for smoots & ~ 0.1R&87°
and thereforeSh= 0.016R&8755d/2, which is in good agreement with the Notter & Sleicher (19%h)
correlation (equation 2.29). This confirms once more that the EPANEToapprfor parameterisation of
first-order wall demand is appropriate. In chapter 7, it will be shown tiiatis not a coincidenceall
boundary conditions with explicit dependencyciphave aShcorrelation of the form of equation 5.32 for

high Sccompounds.

It may be questioned for whicBcequations 5.31 and 5.32 are valid. For this reason, the 1D numerical
model results (which are valid for 889 are compared to the highcapproximation, equations 5.31 and
5.32. Defining

_JkaK

€ K

(5.33)

as the relative error (for the analytical decay coefficient), figure hbvs this error as a function 8tand
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FIGURE 5.10. Deviation of the analytical decay coefficiekg (valid for high SQ from the numerical decay
coefficientk (valid for all S§ as a function ofSc

Re Accepting a relative error margin of 5% (which occursRa= 10°), the highScapproximation is valid
for Sc> 100. The same relative error margin was also used by Notter & Sleichéi)1® propose th&h

correlation in equation 2.29 f@&c> 100.

5.5. Summary

A 1D model was derived which can reliably predict the decay coeffieisentell as the radial variations
in the concentration profile for a fully developed pipe flow. Velocity and ulebt diffusion coefficient
profiles were modelled by using a modified van Driest mixing length model. Sofut@rthe 1D model
were obtained using a fast and robust iterative method. The comparmbmedn the decay coefficients
of the 1D numerical model and EPANET showed that for sufficiently l8ghthe EPANET approach for
parameterisation of first-order wall demands is appropriate. In additiorastdemonstrated f@c= 10°
that regardless of the Reynolds number, the concentration profile isxamyately uniform fork, /U < 107°.

In this case, the effect of the boundary layer on the concentrationgzofin be ignored. Results of the 1D
model showed that the concentration profiles are practically indepeatiRefor constantSc

With a maximum error of 5% in the asymptotic valuekadnd forSc> 100, all relevant aspects of the wall
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demand problem take place within the viscous sublayer. Based on thivatiser an analytical solution
for the concentration profiles in the viscous sublayer was derivedfidéion of the concentration profiles
and decay coefficients calculated by the analytical solution showed excafjeeement with the 1D model
and EPANET.
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CHAPTER 6

Combined wall and bulk demand

The study in this chapter extends the study in chapter 5 by considering cexinfirist-order bulk and
wall demands and therefore, it addresses the second researtibmpesed in section 2.6: do wall and bulk

demand influence each other, and under which circumstances?

Most of the governing equations were introduced in the previous chaphter minor changes due to
the bulk demand are discussed in section 6.1 and results are providediam €2. The results include
concentration profiles and decay coefficients for various combinatfomallband bulk demand coefficients,
and are categorized into a case where bulk demand dominates the wall damdeandase where both of the

demands are of the same order of magnitude. A summary of the chapter isal&ted in section 6.3.

6.1. Governing equations

For the case where first-order bulk demand is included, theitefik,c appears in equation 3.25. With

this term included, the governing equation épbecome&

1d da

and the decay coefficiektwill be of the form:

ke ko
NSRRI (6.2)

1see the method for derivation of equation 5.14 in chapter 5.
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Note that(c;) = 1 and therefore, does not appear in the numerator of the second terardeinto
determinek andc;, the iterative 1D model, introduced in chapter 5, is applied. In order touge@n
accurate velocity prediction in the outer layer, the HRN g, model introduced in chapter 4, is used to

provide the profiles ofi andDr.

6.2. Results

The equation for the decay coefficidgtequation 6.2, may be rearranged as:

Ko
k= ——(A+1 6.3
ugy MY (6.3)
where
Kw

is the ratio of wall and bulk decay coefficients. The following cases catidtimguished:

(1) A > 1, Wall demand dominated,;
(2) A < 1, Bulk demand dominated;
(3) A~ 1, Mixed demand.

The first case was covered in chapter 5. In this section, cases 2 aadi8@ussed. Similar to the study
in chapter 5, which was performed for a wide range pfikis also desirable here to consider a wide range

of ky. As for the dimensionless parametgr/k, ky is also made dimensionless:

Da= 21 (6.5)
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Here, the dimensionless grola is known as the Dandhler number (Bircet al,, 2002). A wide range
of Da is considered in this chapter to capture a wide range of chlorine bulk de(eaadhe discussion in
section 6.3). It was shown in chapter 5 that the results are insensifReg®long as /U is constant. Pre-
liminary simulations in this study showed that the same argument holds for thefcBse Consequently,
Re= 1(° is considered for all of the simulations in this chapter (which is the aveRage a typical distri-
bution network (Ho, 2008)). In addition, the value®d= 1000 is considered to be a fair approximation for

chlorine.

6.2.1. Bulk demand dominated {\ < 1).
In the absence of wall demand (i.e., k= 0), the expression for the decay coefficidnfequation 6.2)

simplifies to

k=2, (6.6)

The Robin boundary condition at the wall now changes to a Neumann bouodnditiondc /dr = 0.
The (numerical) decay coefficiekts plotted againdDa with a solid line (figure 6.1), revealing a practically
linear relationship. Recall from chapter fjc) ~ U. Using the same approximation, equation 6.6 is

simplified to

k
K— Ub (6.7)
which is the decay coefficient for the uniform concentration conditioruaign 6.7 is plotted in figure 6.1
with a dashed line. It is observed that equations 6.6 and 6.7 are identicah&dl Da. However, a slight
deviation between the two equations can be observed for Ragén order to study this deviation in more
detail, the ratio of the numerical decay coefficient (equation 6.6) to the ramif@ncentration condition
(equation 6.7) is shown in the inner plot of figure 6.1. This figure showsettaations 6.6 and 6.7 start to

deviate from each other whdba > 10-3. However, even aba = 1, the deviation is less than 5%. This
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=
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FIGURE 6.1. Bulk demand dominated decay coefficient (outer plot) and the ratio of thétk decay coef-
ficients (inner plot).

implies that the assumption ¢fic;) =~ U holds for a very large range &fa.

Figure 6.2 shows the concentration profiles at diffef@ain the viscous sublayer (A) and bulk region
(B). It is seen that the wall concentration is a functionD#. For Da < 102, the wall concentration is

almost equal tdc;). However, the difference betweey), and(c;) = 1 gets larger aBa increases.

Itis also seen in this figure that f@ra < 1073, ¢;(r = 0) ~ (¢;) = 1 . ForDa > 10~3, the concentration
profile is no longer uniform in the bulk region. An intriguing observation ig tegardless oDa, all the

concentration profiles coincided yt ~ 1700.

The deviation ot (r = 0) andc;,, from (c;) occurs forDa > 102 as is shown in figure 6.3. Due to the
(molecular) limited mixing in the viscous sublayer, the deviation,pincreases much faster thesir = 0)
(which is located in a region with a much larger turbulent diffusivity). Thieeaon for the concentration
uniformity (¢, = ¢(r = 0) = (c;) whenDa < 1073) in figure 6.3 is consistent with the inner plot of figure
6.1 (which shows that the assumption(at;) ~ U holds forDa < 10~3).

6.2.2. Mixed demand (\ =~ 1).

For mixed demand, the iterative solution of equation 6.2 for a range,@f kand Da results in decay
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FIGURE 6.2. Concentration profiles for the bulk demand dominated case.

coefficients shown in figure 6.4. FOr< 1, the value of the decay coefficient converges to the bulk demand
dominated decay coefficient (which is shown in figure 6.1). Similarly, it issolesd that the total decay

approaches the wall demand dominated decay coefficient (figure 5A)fol.

To evaluate the EPANET assumption on the independency of wall and bulkrdks, it is now assumed
that wall and bulk demands do not influence each other because the takas place in the viscous sub-

layer, whereas the latter mainly takes place in the bulk. This means that théicaaypression foc;,
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FIGURE 6.3. Variation of wall and mid-channel concentrations verBas

(equation 5.30) is applicable. If, in addition, it is assumed that) ~ U, the following analytical decay

coefficient is obtained:

k
Ky — Ub(/\a+ 1). (6.8)
Here
Kw
Na= (6.9)
rkp (1+ 21'8?3)

is an analytical formulation foA. The parametera andf3 were introduced in chapter 5 (equation 5.28).
Equation 6.8 is consistent with the decay coefficient used in EPANET. Ip#ukage, the wall decay co-
efficient term (equivalent togd\s/U in equation 6.8) is determined using tBé correlation by Notter &
Sleicher (1971), which is derived for the constapt(Dirichlet boundary condition), and the bulk decay

coefficient is assigned as in equation 6.7 (i/\K) (Rossman, 2000).
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FIGURE 6.4. Mixed demand decay coefficient.

To check the accuracy of the analytical approximation (equation 6.8)ldtéve erroe (equation 5.33)
is calculated for numerical and analytical decay coefficients. Figuren@wsscontours (isolines) @f. For
Da < 103, the error is less than 0.1%. The error slightly increases Viligeis larger than 103, the reason
for which is that the assumption a@fic;) = U no longer holds. This was discussed in detail in the previous

section. Despite some small deviations (maximeim 5%), equation 6.8 is a good approximation for the
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FIGURE 6.5. Contours o

total decay coefficient for higBccompounds (like chlorine) as long Bs < 1 (the averag®a in a typical

network is discussed in section 6.3).

The concentration profiles for the mixed demand case are shown in figure was found in chapter 5
that wall demand only affects the wall concentratiay), In addition, results of the previous section showed
that the bulk demand affects the entire concentration profile. In the case@d demand, the entire profile

is also affected.

It is seen in figure 6.6 that the value @f is not only a function oDa but also l,/U. The bulk con-
centration profile is only affected by the value D&. Based on observations so far, a diagram may be
constructed for the validity of the assumption of uniform concentrationlprdfhe results may be catego-
rized with respect tok/U andDa. Figure 6.7 shows different regions for which the uniform concentatio
assumption is valid or violated. F@a > 10~2 both viscous sublayer and bulk layer uniformity assump-
tions are violated. The viscous sublayer uniformity remains validk 102 and k, /U < 1076, This

assumption is violated for,g/U > 107,
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FIGURE 6.6. Concentration profiles for the mixed demand case. 126
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FIGURE 6.7. Concentration uniformity regions of the mixed demand case.

6.3. Summary

Combined, higlsg first-order wall and bulk demands in turbulent flows were discussedsiciiapter.
Using the ratio of wall to bulk demantl, three cases could be distinguished; wall demand domination, bulk
demand domination and mixed demand. The first case was discussed invibeigpohapter and the other
two cases were considered in the current chapter. The approximaitgosoof/\ (equation 6.9), which was
obtained using the analytical solution to the wall demepdequation 5.30), provides a good description of

all these cases. The most important findings of the cases studied hersrararised below.

Bulk demand dominated A « 1:

e The decay coefficient is practically a linear functiorDdH;
e WhenDa > 103, the concentration profile becomes non-uniform across the entire fluad lay
e The deviation of;(r = 0) (for Da > 10~3) causes a maximum 5% deviation in the assumption of

(ug) ~U whenDa < 1.
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Mixed demand A\ ~ 1:

e Combined bulk and wall demands only very weakly influence each other;

e Because of the weak influence, an analytical approximation of the deedicgent is accurate
with maximume = 5% forDa < 1;

e ForDa< 1073, the concentration profile is only affected in the viscous sublayer, whitewscous

sublayer and bulk layer concentration profiles are affecte®for 10 3.

Considering very large pipe diameters in a network (table 2.3) and vernybhigtdemand coefficients
(table 2.5), the value dba in a network is of the order of 1¢ for Re= 10°. Consequently, this study
demonstrated that wall and bulk demands can indeed be treated indefhefudeil practically conceivable
values of k, /U andDa. The design choices made in water quality models such as EPANET areotieeref

fully justified.
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CHAPTER 7

Approximate solutions for nonlinear wall demand

The third research question with respect to wall demand parameterisaied posection 2.6 is ad-
dressed in the current chapter. The question was how nonlinear wadindks of higifsccompounds can be
parameterised in turbulent smooth pipe flows. The 1D model which was usedjiers 5 is applicable for
linear wall demand only and therefore, cannot be used for this purposead, a generic framework for

high Scmass transport is developed.

The governing equations and solution methods for the framework aresdiestin section 7.1. It is then
shown in section 7.2 that tHeéhequation for smooth pipes is universal for arbitrary boundary condition
Application of the framework to linear and nonlinear wall demands is disduisseections 7.3 and 7.4,

respectively. A summary of the chapter is presented in section 7.5.

7.1. Governing equations

For the case of arbitrary wall demand, equation 3.25 (wif0) is supplemented by a generic boundary

condition at the wall:

f (cw gf(r . R)> —0 (7.1)

wheref represents any function describing arbitrary wall demands. As equatlocen be nonlinear, the
1D model, which is based on a separation of variables, cannot be usedediiently, an alternative model

must be developed.

The first step in developing such a model is to study the asymptotic behavidiie concentration
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profile in the crosswise direction. It was shown in chapter 5 that for Biggmass transport, the crosswise
concentration profile is expected to be uniform, except within the MTBL,revisggnificant changes ia
occur. The MTBL can be characterised as the layer in wilgh< D (Kays et al, 2005). The cubic

dependence ofr on wall distance (equation 4.9) can be used to define the thickness of tBe (&f,):

3/ Ser
= 4 /Ecav. (7.2)

Om

Equation 7.2 indicates that for higbccompounds, the MTBL will be nested in the viscous sublayer
(see figure 7.1). Indeed, taking chlorine as an exampéa(1000), equation 7.2 indicates that ~ oy
and the viscous sublayer has a thickness®f Figures 5.3, 5.6 and 5.9 also clearly demonstrated that the

concentration profiles is almost linear fp& op,.

A dimensional analysis of the advective and diffusive terms of equatidniB.the MTBL results in:

oc omC

Yox S, L (7.3)
10 oc 1RDC

whereCis a typical concentration ardis the typical length scale for the streamwise variations. The typical

velocity in the MTBL was estimated by evaluating equation 3.1%-atd,.

The central premise of the approximation is that streamwise variations ogamuoh longer length
scales than changes in the wall normal direction, li.e> R (Sookhak Lariet al, 2010; Garcia-Ybarra &
Pinelli, 2006; Notter & Sleicher, 1971). Therefore, it follows from théreates above that advection will

be negligible relative to diffusion if the rati®/L satisfies

— < bRa, (7.5)
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FIGURE 7.1. Schematic of the velocity profile (left), turbulent diffusion coefficientfje (middle) and the
concentration profile (right) of a compound wiit>> 1 inside the viscous sublayer. Figure is

whereSer = O(1) and therefore not included. The validity of this assumption will be establiaht end
of this section.

When equation 7.5 holds, equation 3.25 will no longer depend trdeed, by neglecting the advective
term, changing the coordinate to mass transfer wall unjts= (R—r)/dn and assuming thad, < R,
equation 3.25 simplifies to

0 Dt oc o
5 (145 )50

(7.6)
Using the cubic fowt (and thereforé®+) given in equation 4.9, the following linear ODE with variable
coefficients is then obtained:

0°C 0 [..0C
7t 7% O

(7.7)
whereC = c¢/cp. At this point, only one boundary condition will be specifi@gx,y — o) = ¢x(x) = (€(X)),

) — (&
which states that tends to the bulk concentratian = (c) far away from the MTBL. With this boundary

condition, equation 7.7 is of the same form as equation 5.27 and therefsuéisrin the following analytical
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solution (see also Garcia-Ybarra & Pinelli (2006); Sookhak ke&al. (2010)):

o~ y+1 1 2y—1
C=Ck+A In—ﬁ(—arctan—) 7.8

whereAis an integration coefficient, which can be determined by specifying the walidary condition in
equation 7.1. Th& dependence of the approximate solution of equation 3.25 will be brougftyazy (x)
andA(X).

To complete the approximation, an equation is required which governs tlawibahofc,. Such an

equation can be obtained by averaging equation 3.25 over the crad&sisec

d D oc

d—)((uc> — EE(r =R)=0. (7.9)

Because is constant throughout the cross-section except in the MTBL, we gaoamate(uc) ~ Ucy.

This results in

doc  Jw _
U&Jrﬁ =0 (7.10)
where
ac _ Dggoc

Jv=-D3 (r=R (7.11)

- 255=0).

Substituting equation 7.11 into equation 7.10 results in
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46, 9o 00 (7.12)

whereX = x/L, andL is given by

Udm rjReSE/3S<,1r/3

L=y = 3 Reb?

(7.13)

The typical length scale can be interpreted as the distance for which the solute mass in the entire cross
section is depleted by the flux through the wall. Equation 7.13 can be useddh ttte validity condition

in equation 7.5, which now takes the form of

ReS&/3p?3 > 1. (7.14)

In deriving the approximation abovBgr = O(1) andr,/R= O(1) were used. Even for very low values
of Re= 2000 andSc= 100,ReSé&/3b?? ~ 466 and therefore, the condition in equation 7.5 is satisfied for

high Sccompounds in turbulent flows.

Equations 7.8 and 7.12, when augmented with the boundary condition in egdaticcomprise a set
of coupled equations which can be used to construct approximate anladgiicgons for the concentration
profile and the mass transfer through the wall. Because the derivatisnndbeely on linear techniques
such as a separation of variables, this includes nonlinear boundatitiona. Examples will be discussed

in the next sections.

7.2. A universal Sherwood number equation

Consider a boundary condition given by
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oc, ~

(Y="0)=9(Cw) (7.15)
whereg(Cy) is a generic function which depends on the wall concentration. Mostdasyrconditions
can be captured by equation 7.15, including the standard (linear) Diritléethann and Robin boundary
conditions, but also higher order demands and other boundary comsditiomhich the wall flux depends
nonlinearly on the wall concentration. It will be shown here that for lolauy conditions which satisfy

equation 7.15, th&hcorrelation is universal, and is consistent with the classical correlatidddiier &
Sleicher (1971).

Using equation 7.15, the integration coefficiénin equation 7.8 is given bﬁ: g(Cw)/3. Hence, the

concentration at the wall is

. _ 2m/3
CW:CX_TQ

(Cw)- (7.16)
For dissolved solutes (like chlorine) in the flow reacting with the pipe wall, thiaton above implies

that there is a maximum attainable mass flux which occurs when0. Indeed, the mass flux is bounded

by:

9
Cw) < ——=0C ~ 0.83¢,. 7.17
9(Cw) /A x (7.17)
The physical reason is that the mass flux at the wall is limited by the rate at wiaitgial is transported
through the MTBL. Indeed, the MTBL behaves like a thin film in a stagnaid,fite. the wall fluxJ,, can
be approximated by, ~ ID(cx — cy)/dm, Wherel is a prefactor to accommodate the effects of turbulence
in the near wall region. This expression has a structure exactly identiegltation 7.16. By setting, = 0

and noting thag(¢y) = Jw0m/(Dcp), equation 7.17 is obtained whepr- 0.83.

A universal correlation for th&h can be derived for boundary conditions satisfying equation 7.15.
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Substituting equation 7.16 intl, = k¢(cx — ), and usingly = g(Cw)DCy/dm results in

9 D

ki = ————. 7.18
(= o35 (7.18)

In other words, kis independenbf the type of boundary condition. Using equation 7.18,3heorre-

lation for highSccompounds is:

Sh= fiRaScm (7.19)

which is identical to equation 5.32, proposed for first-order wall demaridwe universality is a direct
consequence of the linear dependence of the wall concentration mjradig the concentration difference
between wall and bulk, as is evident from equation 7.16. The underlgaspn is the invariance of the ODE

to scaling because of its linearity.

As stated in chapter 5, the universality of equation 7.19 compares fdlpuwrih experimental data.
The Fanning friction factof was defined a$ = 2t,,/(pU?) = 8R&/R€ (section 2.4.2) (Birckt al, 2002).

Substitution into equation 7.19 results in

1/3
Sh= E’k’é/s\/}eesé/3 (7.20)
T3S

which corresponds well to the established correlasbr= 0.0566,/TReS&/3 (Bird et al, 2002, equation
14.2-5). By applying the Blasius formufa= 0.0791Re %2> (Bird et al,, 2002, equation 6.2-12), we obtain

Sh=0.016R&*8755¢/3
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which is in good agreement with ti&hcorrelation by Notter & Sleicher (1971) for the Dirichlet boundary
condition: Sh= 0.014Re&"885d/3.

7.3. Linear boundary conditions

Analytical solutions for Dirichlet, Neumann, and Robin boundary conditamesprovided in this sec-

tion. Consider a general linear boundary condition of the form:

B =0 = (1- Bod+¥ (7.21)

Here[~3 =0, 1 and ¥2 imply Dirichlet, Neumann and Robin boundary conditions, respectivetyyamdo

are constants. In terms of the template in equation 7.15, equation 7.21 becomes:

9(Gw) = ”_mg@”” (7.22)

Using equation 7.16, the wall concentration is given by

2m/3y

P Ty
Cy= = — (7.23)
B+243(1-PB)G
and the wall gradient by
oc, ~ =

where
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. (1-p)S y
E=~= —, —. (7.25)
B+2Y3(1-p)5 (1-B)5

Substituting equation 7.24 into equation 7.12 and solvingfeesults in:

& = —F + (F + 1) exp(—EX). (7.26)

Equations 7.23, 7.24 and 7.26 are a general solution for linear masstrnghdary conditions. The

specific solutions for Dirichlet, Neumann and Robin boundary conditiomsliacussed below.

Dirichlet boundary conditions: E =0ando=-1

Equations 7.23, 7.24 and 7.26 are now given by:

Cw=Y (7.27)
oc . _~_ 9

5= =5 5&Y (7.28)
o~ ~ 9

=Y+ (1-Y) 2T[\@exp(—%. (7.29)

This solution is in correspondence with the lowest eigenvalue solution ofavgi(2004, equations 3.23
and 3.26).

Neumann boundary conditions:ﬁ =1

Equations 7.23, 7.24 and 7.26 become:

_ _  2m/3.
CW:CX_TV

(7.30)
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oc, ~
%(y =0)=y (7.31)
G =1—YX (7.32)

Here, a Taylor expansion series aroung 0, taking the limit ofﬁ — 1, was used to obtaick. These

solutions are consistent with Biet al. (2002, equation 10.8-32).
Robin boundary conditions: E: 1/2andy=0

Equations 7.23, 7.24 and 7.26 now simplify to

1
Cw=— G (7.33)
1+ —an/éo
oc _ —
a—y(y: 0) = aCy (7.34)
G = k%), k= o 7.35
cx—eXIO(— A), —m ( )

wherek is the non dimensional decay coefficient. The equations above conegpentically to the solu-

tions presented in chapter 5 (equation 5.31). Note that the maximum dedéygienefor this boundary

condition is

~ 9
lim k= ——~~0.83 7.36
G0 2m/3 ( )

which is consistent with equation 7.17.

7.4. Nonlinear boundary conditions

Using the method presented in this chapter, approximate analytical solutioriseceonstructed for

nonlinear boundary conditions. Since some of the studies on chlorindgideplee to wall demand propose
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second-order demand of this compound (Kiéhél.,, 1993; Jones, 2001; Rossman, 2006), the same type of

demand is also considered here as a demonstration for nonlinear walldieman

e
o5V =0 =45 (7:37)

wherea is the non dimensional second-order wall demand coefficient. Substitujiragien 7.37 in equa-

tion 7.16 gives

ewzﬁ—l(\/1+2’ﬁax—1) (7.38)

wheren = 41/3d /9. Substitution into equation 7.37 results in

2

o y=0) zaﬁfz(\/lJr 2ﬁ6x—1) (7.39)

'

and equation 7.12 is therefore given by

%+6ﬁ*2<\/1+2ﬁﬁx—1>2:0 (7.40)

The following change of variables

3 1 (7.41)

V1+2nc—1

simplifies equation 7.40 to
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A+1dh 9
A OX  4m/3 (7.42)
which has a solution
Alnh— -2 1B (7.43)
 4m/3 ' '

o~ ~ ~ -1
Here,B = Ag+InAg with Ag = (—1+ Vv 1+ Zﬁ) . The solution can be compactly written as

A=W <exp<4]_i/§i+ |§> > (7.44)

whereW is the LambertV function (Corlesst al,, 1996). To verify the asymptotic solution in equation
7.44, results were compared to the 2D mass transport model introduceaibitech (the code for the model

is presented in appendix B). The only difference is that the boundagitian at the wall is second-order.

The boundary condition 7.37 is incorporated by using a simple iterative meitindelrgo the linearization

approach described for solution of the HRN- € model equations in chapter 4.

The values 10!, 1P and 13 were chosen foit and the problem was solved fBe= 10° andSc= 1C°.
Grids includeN = 600 andN = 300 nodes in th& andr directions, respectively. Logarithmic spacing was
required because of strong variations very close to the wall and neantrence X = 0). The first grid
points were located af = 10~° andy™ = 10~3, which results in cell sizes varying up to eight orders of
magnitudé. A grid convergence study with double resolution was also performedgtamded no practical

difference in the results. A constant concentration prafiter) = co was used at the entrance.

The analytical solution and the 2D numerical model are in excellent agredfiggme 7.2). In the far

field wherex > 1, InA <<7\ and therefore, equation 7.43 simplifies to

1A conservative method such as the applied finite differenseretfisation method is crucial for such extreme stretchingtliids & van Reeuwijk,
2009).
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9
Aar = ——=X. 7.45
far 4_,_[\@ ( )
Moreover, equation 7.41 simplifies Ay ~ 1/(n&,,, ), and therefore
- 1
CXfar - ﬁ/ (746)

The far field solution in equation 7.46 is shown in figure 7.2 together with the ncaheesults. Note
that the vertical axis is scaled loyin order to collapse the far field behaviour. This figure indicates that the

far field solution is valid fox > 100.

The approximate solutions do not account for entrance effects, sosefsluo study the local Sher-
wood number in the direction §h). In figure 7.3,Sh = 23, (X)R/(D(cx(X) — cw(X)) is normalised by the
analytical value from equation 7.19 for all three valuea oTwo observations can be made; 1) The entrance
length scald_g is much shorter thah, and 2) the steady-state value faly is about 3.5 percent larger than

the analyticaSh

The difference betweesh, and theShcan be traced back to the differences inheprofile. The wall
damping employed in the modified van Driest mixing length model is purely empimchbaly satisfies
cubic behaviour very close to the wall. Betweercly™ < 5, Dt is up to thirty percent higher than a
pure cubic. This will make the MTBL a bit thinner in the simulations, and the maximathflux higher.
Indeed, whilst the maximum achievable flux according to equation 7.1®is/R = 9/(2m/3) ~ 0.83,
the maximum achievable flux using a numerical solution of equation 7.6 with the suedn Driest wall
function results in ®n/D ~ 0.85. This is 2.4 percent higher, and accounts for a significant parteof th

observed deviations. The rest of the deviation is likely to be caused byféue @ approximations.

The reason the entrance length sdaleés much shorter thah can be understood by realising thatis

related to the time it takes for the mass in the MTBL to deplete:
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FIGURE 7.2. Comparison of the approximate analytical solution with the 2D modei fer10-1, 10° and 16.

Com _ Cdm &
™m0~ 55~ b (7.47)

Using the velocity scale at the edge of the MTHl,(d,u;), the entrance length scalg can be esti-
mated by
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FIGURE 7.3. Local Sh, normalised byshin equation 7.19.

Le O ?UT% = i“ = t;C;R. (7.48)
The normalisatiorx/Lg is shown on a secondary horizontal axis in figure 7.3. Clearly, equatitsh 7
much better represents the entrance length scalelLth&hnumber of simulations at differef®e. and Sh
(not shown) indicate that the estimate equation 7.48 is robust. It is interestiotetthat equation 7.48 does
not contain any dependence 8n For practical purposes, equation 7.48 indicates that entrance effiédcts
not be important beyond the first few pipe diameters. For the case abgavg turbulent flows, the same

issue was indicated for the developing velocity profile in figure 2.4.

7.5. Summary

The intention in this chapter was to provide parameterisations for nonlindadevaands in smooth
pipes. A method was developed to construct asymptotic solutions forSdgbmpounds for both linear
and nonlinear boundary conditions. An advantage of this method is thawvides relatively simple closed
form solutions which predict accurately the concentration profile and treassfer. In addition, the analysis

provided useful estimates for 1) the length sdalevhich represents the length it takes for all the material
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originally in the pipe to deplete (equation 7.13), and 2) the typical length kgdte which entry effects are
important (equation 7.48). Substitution of typical valuesReandScshowed that > R, andLg/R=O(1).
The developed solutions are therefore widely applicable for Bigfarbulent mass transport in pipes whose

length is much larger than its diameter (which is the case for chlorine trarispwtworks).

It was shown in this study that the analytical solution$in flows subjected to arbitrary wall demands
is consistent with experiment8hequations derived for various types of wall demand. It was desctitzd
Shis a universal number, independent of the type of wall demand. Coas#y, theShcorrelation by
Notter & Sleicher (1971) which is used in EPANET-based models for paeaisation of first-order wall

demands in smooth pipe turbulent flows can also be applied for nonlineadevadnds.

The linear boundary conditions, Dirichlet, Neumann and Robin, were stadi@ subcategory of arbi-
trary mass transfer boundary conditions. Analytical solutions for stréserand cross-sectional concentra-

tion profiles were derived and compared with the literature.

For the case of nonlinear boundary conditions, the second-ordertraasger boundary condition was
studied. This condition was chosen as a similar case is also reported in sindibtorine wall demand
(Kiénéet al, 1998; Jones, 2001; Rossman, 2006). Results of the concentratiatiorawere compared to

the 2D numerical model and found to be in excellent agreement.
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CHAPTER 8

Flow models for turbulent plane channel flow with d-type rough walls

The current and next chapter will focus on flow and mass transpertrough surfaces. As for the
chapters on smooth surfaces, the flow field simulations will be presented ahtpser, prior to discussions

on mass transport in chapter 9.

In the chapters on rough walls, a plane channel geometry is adoptecerr@ay equations for flow
(momentum) in a such geometry are discussed in section 8.1. Since the ndegatalents used in chapters
5 - 7 (law of the wall and modified van Driest mixing length) are not applicairiedugh walls, the Launder
Sharma (LS) LRN k — & model is used to model the turbulence. As the cubic dependenge isf of
crucial importance to the appropriate simulation of highiwall demand, a detailed verification of the
model for a smooth wall is carried out in section 8.2. Section 8.3 introducestigé wall geometry under
consideration, and contains a comparison of flow field results with existing & LES results for rough
channel flows. The important properties of the flow field (with respectamihss transport problem) are

also emphasized in this section. A summary of the chapter is presented in $4tion

8.1. Governing equations

In contrast with the studies in chapters 4 to 7, the study on rough sunfapesformed for a plane
channel geometry. The reason for choosing such a geometry is thebdigilsf DNS and LES studies,
which can be used to verify the flow model. Moreover, a plane chanwoehgey is interchangeable with a

pipe geometry for sufficiently higRe as wall curvature will be negligible (see appendix A).

Due to the presence of roughness elements, the flow is no longer uniftimexidirection and therefore,

the wall normal velocity # 0. Consequently, the turbulence in the inner layer is no longer equilibriugn, an

1 ow Re as introduced in chapter 4.
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wall functions no longer appropriately describe its behaviour.

Several studies were done to modify HRN- € equations to enable them to deal with the near wall
effects, such as the dominating molecular viscosity, wall blocking andymessflection (Rodi & Mansour,
1993). The main idea of a LRIN — € model is that by introducing empirical functions, the governing
equations for the HRM — € model are adjusted in a way that there will be no need for further near wall
treatment. Consequently, the equations can be integrated up to the wall andr@avall functions are
needed. These models are a good choice when dealing with complex gestiletrisorners or regularly
ribbed walls (Bergmann & Fiebig, 1999).

The continuity and RANS equations for a planar geometry are (Pope):2000

&jL@:O (8.1)
ou odu 0 0 d oul adp

&+va’ 6[( +V1) 3 }+6y[(v+w)6y}+ax (8.2)
ov ov 0 ov| 0 ov| adp
u&+v@ = [(V—G—VT) ax] + 3y [(v +v1) ay} + 3y (8.3)

In this coordinate system, a general LRN- € closure is (Bergmann & Fiebig, 1999):

ok ok 0 vT | ok 0 vT | 0k

—+Vv—=P—¢+— — | = — — | = 4
“ax”ay EJF6x< V+ck 6x>+6y<[v+ck 6y> (84)

0 0¢ € 0 vt | 0€ d vr| 0¢

— +v— = (C f1P-Cyf2¢) - + — —| = — —| = E .
“ax JrVay (C1P—Cafa) Kk * 0X ([V+ O¢ 6x> * oy ( vt O¢ 6y> + (8:5)

where the turbulent kinetic energy producti@iis given by
ou  oav\?
P— 4 8.6
v (5 5) (8.6)
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and

2
Wq . (8.7)

E=€—8&y, Ey=2V|——
W W |: ay
In the equations aboveé,is the modified turbulent kinetic energy dissipation rat€l[ 3] ands,, is the

value ofe at the walf. In addition,E, f1 and f, are empirical functions. The turbulent viscosity for the LRN

models is defined as (Rodi & Mansour, 1993):

k2

where f,, is the empirical damping function. Comparing equation 8.8 with equation 4.12,bvisws that

fu should tend to 1 far from the wall (sineg becomes negligible in comparison witj) and 0 at the wall.

A large number of LRNk — € models have been developed over the years, each with slightly differ-
ent empirical and damping functions, and optimised for specific criteridn(as@ specific geometry). A
comprehensive list is presented in Rodi & Mansour (1993). Here aitigsfis on the Launder Sharma (LS)

model.

The LS model is a classic LRKN— ¢ model, showing a good performance for modelling flow over walls

with regularly spaced ribs (Bergmann & Fiebig, 1999). In the LS model,

92u\°
and
f, = exp 34 f —1-0.3exgd—R€) (8.10)
h (1+Ra/502| 7 7 ' '

2By usinge instead of, the wall boundary condition is simplified significantly. dgithe Taylor expansion series presented in chapter 3, bean
2
shown thag,, = 2v <%> and thereforeg,, = 0. See Rodi & Mansour (1993) and Pope (2000) for more details.
w
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where

k2

Re = —
4 VE

(8.11)
is the local Reynolds number (Rodi & Mansour, 1993). The LS URNe model is used in this chapter to

model the flow field.

8.2. Smooth surface results

For the flow simulations in this chapter, the simulation and modelling package Opéviks used.
OpenFOAM is a widely used open source code for the simulation of tranppenomena (OpenCFD,
2008). OpenFOAM contains generic finite volume discretisations of mathelingtigators on unstructured
meshes, which can be combined into solution methods for transport equdtle&Sk — € model is one

of the available turbulence closures in OpenFOAM.

Since simulation in OpenFOAM requires a 3D geometry, the domain sketchediie gl is consid-
ered. OpenFOAM supports several cell shapes. The domain o siae whered is the channel half width
andA is the domain size in the streamwise direction, is discretised with hexahedronTdedlsimulation
is performed on a unit of width in the Front-Back direction. As for roughl wianulation (see the next

section) A /& = 2 x 102 is used. The following boundary conditions are applied:

(1) Gradient of the variables, v, p, k and€ in they direction is zero in the mid-channel (symmetric
condition at channel centre);

(2) Gradient of the aforementioned variables inytdérection is zero at the wall;

(3) No slip condition for the velocity is considered at the wall;

(4) Periodic boundary conditions are applied for the left and rightsfa¢¢he domain (where the flow
enters and leaves the domain). In other words, the left and right fee@ssumed to be physically
connected and therefore, all the parameters in the LS model governiagaygare equal for the

left and right faces (i.e. fully developed flows);
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FIGURE 8.1. Smooth plane channel geometry.
(5) Gradient in the Front-Back direction is zero.

A total number of 400 cells were used in thelirection, and logarithmic grid clustering was used to
increase the resolution near the wall. The first cell next to the wall is locatgd= 0.7. Thex coordinate
was discretised with 60 evenly distributed cells. The veloaity the mid-channel was chosen such that
Re = 2003, which allows for comparison with DNS results of Hoyas & Jiménez@R0lhe conditions for
convergence ai, v, p, k ande in OpenFOAM were defined as the relative residual O~° since the results
were insensitive to lower residuals. The streamwise velocitys(compared with DNS data of Hoyas &
Jiménez (2006) in figure 8.2. Clearly, the LS model faithfully predicts thecitglfield for a smooth wall.

It can be shown thaf;, should have a first-order behaviour with respecy tery close to the wall in
order to reproducer = by+3 (see e.g. Rodi & Mansour (1993) for more details). Various LiRis models
then use different empirical correlations ffr to produce the first-order behaviour. However, since the
exact value off, very close to the wall does not affect the flow field, it is not obvious theitt® model will

reproduce an appropriate prefacior
As an example, figure 8.3 showg for the LS model compared tf, calculated from DNS databy
Hoyas & Jiménez (2006). Althougfy from the LS model shows a satisfactory power law close to the wall,

3The DNS data includegV’. Using the gradient diffusion hypothesis (equation 3.233,possible to determiner. In addition,k ande are parts
of the DNS data. Consequentlfy, can be determined from DNS data using equation 8.8. The dafg oy Jiménez (2004) were derived by the
author and are in agreement with results reported by Rodi &ddan(1993).
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FIGURE 8.2. Comparison of the fully developed smooth plane channel flow velocitfii@io LS LRN k — ¢
model versus DNS data by Jiménez (2004)Rer = 2003.
the prefactob is incorrect. This will lead to inaccurate values far close to the wall, as shown in figure
8.3.

The LS turbulent viscosity indeed has a third-order dependence onaheligtance in the viscous
sublayer and converges to the correct valueofrom y"™ = 20 onwards. However, the near wall values of
vt in the LS model are about a factor of 10 smaller than what they shofildrbether words, the LS model
reproduces equation 4.9 but with a prefadio (the LSb prefactor) which is 10 times lower than the real
b. Consequently, using the LS model to study h&gimass transport will require extra consideration, which

are discussed in detail in chapter 9.

8.3. Rough surface results

A schematic of the geometry of the problem is shown in figure 8.4. The geonwisysts of regularly
spaced ribs (which will be called crests) on the surface of a plane ehaiihe space between the ribs

will be called the cavity. One periodic length of the domaihié the centre to centre measurement of two

4The primary aim of the classic LRN models was to reproduce thegitg fields. Since the near wall behaviour ff does not affect the velocity
profile, the inaccuracy of this function in reproducing close to the wall was not thoroughly modified in the literatu@nsequently, all the
classic LRN models suffer from such an inaccuracy,inSee e.g. Rodi & Mansour (1993) for more details.
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FIGURE 8.3. f, andvr inthe LS LRNk — & model versus DNS results by Hoyas & Jiménez (2006).

sequential crests. As stated in chapter 2, the ratio of the cavity width to defithis used to characterize
the roughness type. Rough walls wittid ~ 1 represents a d-type roughness (Leonerdi., 2007; Djenidi
et al, 1999), and whemv/d > 1, the geometry has a k-type roughness. The value/df= 1 is adopted

in this study (i.e. d-type roughness) since it is a better representatiaeni@iural roughness in distribution
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FIGURE 8.4. The modelling domain studied in chapters 8 and 9 comprises one periogth lefra half chan-
nel with d-type roughness. Figure is not to scale.

network pipes (Lolja, 2005). This choice w/d allows for comparison of the flow field with DNS results
by Leonardiet al. (2003) and Leonardit al. (2007), LES results by Cut al. (2003) and the mass transport

with electrochemical experiments (in chapter 9).

Another important ratio of regular roughness patterns/d. Most DNS and LES studies on d-type
rough surfaces have usadd = 2 (Cui et al, 2003; Leonardet al, 2007; Djenidiet al., 1999; Orlandi &
Leonardi, 2006). However, experimental data for mass transportson surfaces are reported only for
A/d > 3 (Dawson & Trass, 1972; Zhao & Trass, 1997; Lolja, 2005). Cquegtly, two cases with/d = 2
and 4 are simulated in this study. The first case is used to verify the flow §aldst DNS and LES studies.
The second case is then used to generate conditions similar to the electratfexpériments. Both of the
rough surfaces used in this study hal@® = 102, in close correspondence with the experimental studies

on mass transfer (see chapter 9).

Figure 8.5 shows important locations on the domain highlighted with numbersagitdldetters for
further citation. The figure also shows the applied coordinates. Cooediandy have their origins on the
intersection of lines G and 1, or simply the point G1. The tangential coordésttats from the point C3
and follows the surface inside the cavity (i.e., it passes C3, F3, F7, CC@ndhe normal coordinateis

perpendicular t@ and points into the fluid.

Simulations were performed on a coarse, intermediate and fine mesh. dhaioesof the meshes for
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FIGURE 8.5. Schematic of the modelling domain geometry plus the applied coordinatess lihich are
nominated by letters or numbers will be used to cite specific locations in tmeeggo Figure is
not to scale.

the rough surface with/d = 4 is presented in table 8.1. The reason for the application of three meshes is
to monitor the effect of numerical diffusion, as will be discussed later in #68@n. Meshes for the rough
surface withA /d = 2 are similar to those with /d = 4, except that the A1-C3 and A7-C9 blocks hay8 1

of the resolution in the direction. Figure 8.6 also shows the fine mesh of the rough surfaceXydtk- 4)

inside and over the cavity. It shows that extra resolution is providedthearest, as well as on the interface

of the bulk flow and the cavity.

TaBLE 8.1. Numerical meshes for/d = 4.

| C3-G7 | A1-C3 | A3-C7 | A7-C9 | Total number of cells
Coarse 40x 70 60x 250 40x 250 60x 250 42800
Intermediate | 60x 70 90x 250 60x 250 90x 250 64200
Fine 80x 70 120x 250 80x 250 120x 250 85600

The simulations use the following boundary conditions:
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(1) Asinthe case of the smooth surface, the gradient of all the variabiles imall normal directiom
is zero;

(2) Periodic boundary conditions are applied to left and right domairsface

(3) Gradient iny is zero at the upper domain face (symmetry condition at the channel gentre)

(4) Gradient in the Front-Back direction is zero.

The simulations are performed f&e= 2.5 x 10°. Before discussing the results, a grid convergence
study is carried out to ensure that the results are independent of theegaldition. This is particularly
importance because the default OpenFOAM discretisation scheme fatiadns first-order upwind, which

has numerical diffusion (see chapter 9 for more discussion).

Figure 8.7 shows the turbulent viscosity profile of the rough surfaceMyith= 4 for (y—d)* = (y—
d)u;/v =1 (line B1-B9) for three meshes introduced in table 8.1. The method for themdetgion ofu,

and interpretation of the results in the figure are discussed later in this sddtaver, it is sufficient here

12

0.8

0.4

02

(1).4 1.6 1.8 2 22 24 2.6
x/d

FIGURE 8.6. Domain discretisation of the fine mesh inside and around the cavity.
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FIGURE 8.7. Turbulent viscosity profile (across line B) féy —d)u; /v = (y—d)* = 1. Results are provided
for three meshes introduced in table 8.1. Figure shows that the soluti@misrged for the
intermediate mesh.

to note that the results in the figure are provided for a location where therimahrgiffusion is expected to

be most visible since bothy andDt decrease near the wall.

Figure 8.7 shows that numerical diffusion has a considerable effettteoresults for the coarse mesh
(smoother curve). However, grid convergence is observed for themediate and the fine mesh. To stay on

the safe side, the fine mesh was used in this study.

Figure 8.8 compares streamlines for the LS model with DNS results by Ldoetaadl (2007) for a
A/d = 2 geometry. The streamlines for the LS model were determined by calculatisty¢laen functiort

for the flow field, which is related to the velocity components as (Btrdl., 2002):

ov
U= (8.12)
oV

Equations 8.12 or 8.13 can be integrated (with respegtdady) to determine the stream function.

Equation 8.12 was used to determine value®¥dh figure 8.8 (left). The values fd# are shown on the
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FIGURE 8.8. Flow streamlines foA/d = 2 by the LS model (left) and Leonaréi al. (2007) DNS results
(right). The values on the LS model streamlines represent the value sfrgam functiony).

streamlines. Application of equation 8.13 also gave identical values, whictoteer confirmation for the
convergence of the velocity restltsSinceW is determined from equation 8.12 by integration, a constant
value forW should be considered at specific locations for determination of the intagatistant. Herey

is set to zero on the wall, as is standard practice for no slip boundarytiomsd Bird et al., 2002).

The streamlines in figure 8.8 (right) are adopted from a DNS study by lrdbeal. (2007) forRe=
2.4 x 10%. This study (as well as other relevant studies such aseCai. (2003), Leonardet al. (2003),
Smalleyet al. (2001), Orlandi & Leonardi (2006) and Orlandi & Leonardi (2D08oes not report values
of W for streamlines. However, the qualitative agreement between the LS aS8d&llts is good, and the
centre of the recirculation zone (inside the cavity) is practically at the samaéidagapproximately @d

from the wall).

The difference between values ¥fbetween adjacent streamlines provides a measure for the flow rate
between them. Figure 8.8 (left) clearly shows the rapid increase in the ftewarad therefore the velocity)
when moving away from the crest of the wall. Furthermore, analysis ofahees of¥ indicates that the

circulating flow rate in the cavity is almost negligible in comparison with the flow ratilearbulk.

Spue to the continuity equation, application of each of ttmerihentioned equations must give identical results for agreeksolutions (Bircet al.,
2002).
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The drag force over a smooth surface is caused by the shear faheesairface, referred to as frictional
drag. For the case of rough walls, pressure causes an extra dcagréberred to as pressure drag and
consequently, the total drag incredsékhis increases the wall shear velodigyfor rough walls. The length

averaged wall shear stress is defined as (Leomrarali, 2007):

- T/ (Crs- %+ Cit-X)ds (8.14)
0
where
v ov-§
= (8.15)
P— Po
Co= Uz (8.16)

are the normalized local friction and pressure drags, respectivelyet@l, 2003; Leonardet al., 2007).
In the equations abové, S andii (pointing into the fluid) are the unit vectors in tlkes andn directions,
respectively. In additiony = (u,v) is the velocity vector angb(=0) is the reference pressure (which is

considered as the pressure at point B1 with 0 and(y—d)™ = 1).

Figure 8.9 shows Cand G, of the current study (foh/d = 2 and 4), together with DNS results by
Leonardiet al. (2007) forA /d = 2. The figure shows that the LS model adequately reproduces DNISsresu
for A/d = 2. In general, both friction and pressure drag increase at the p@intl@s is due to the presence
of a sharp corner. The high turbulence levels at this corner, as evigen figure 8.7, cause vigorous
mixing which results in thin shear layers and therefore, a highFQrthermore, the corner is a stagnation

point which indicates high pressure and therefore, a high C

Using equation 8.14 and the results of figure 8.9, the friction velocity is 9.1 x 10~ and 89 x
1073 for A/d = 2 and 4, respectively. The friction velocity contains simultaneous eftéqtsessure and

friction drag. For the geometry under consideration, the main contributoy i® friction drag, which is

6Although, under special circumstances, a rough surface @amlgss drag than a smooth surface (P@gald., 2010; Choi, 2006).
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FIGURE 8.9. Local friction and pressure drags fdfd = 2 and 4 by the LS model plus Leonastial. (2007)
DNS results foir /d = 2. Locations for different points in figure 8.5 are also determined.

in accordance with the findings of Leonastial. (2007). The Moody diagram (figure 2.10) can be used
to determine if the surface is in a fully rough state or not. Using equation 2. Faheing friction factor
f=1.06x102andf =1.01x 102 is determined fol/d = 2 and 4, respectively. Consequently, the

surfaces can be considered fully rough Re= 2.5 x 10°.
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The rough surface (which increases the friction velocity) affects thecig profile in the log layer.

This effect can be incorporated in the log law by (e.g. Jiménez (2004)):

u+:%ln(y—d)++5.2—8 (8.17)

whereSis the shift in the law of the wall. For the case of a d-type fully rough surfeagous experimental
and numerical studies have shown tBas almost constant as a function Be Reported values for this
parameter are between 2 and 3 for the case of d-type roughness Adith 2 (Leonardiet al, 2007; Cui
et al, 2003) . The velocity profile by the LS model along the line C1-Al is showngiaré 8.10 for both
A/d=2 and 4. This figure also shows DNS data by Leonatail. (2003) (A /d = 2). The value oSfor the
DNS data is 2.6. For the LS model results, this value is 2.2, which is in agreewitarthe DNS results.
For theh/d = 4 caseS= 2.2 is determined. The decreaseSiis expected aS— 0 asA/d —  (i.e. the

geometry becomes smooth).

Once the velocity and turbulent viscosity fields are determined by the LS nitddglpssible to calculate

u'V from the gradient diffusion hypothesis (Hangadit al., 2009):

uVv = —vt <6u+0v> . (8.18)

Results of the LS model far'v’ are shown in figure 8.11 (left) fox/d = 2. Figure 8.11 (right) also
shows LES results for the sarhgéd (Cui et al, 2003). Results of both figures are normalizedJsy It can
be seen that results of the LS model are very similar to the LES results. Thighseif evidence that the
LS model is appropriate for the prediction of the flow field and Reynoldsstisefor the geometry under

consideration.
8.3.1. Critical flow properties for A/d = 4.

A comparison of the LS model with DNS and LES dataXgd = 2 has demonstrated that the LS model is

suitable for flow and turbulence predictions. In this section, critical flawpprties for the case af/d = 4,
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FIGURE 8.10. Streamwise velocity profile by the LS model over the crest (line C1-Al)\fal = 2 and 4
together with Leonardgt al. (2003) DNS results fok /d=2.
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FIGURE 8.11. Reynolds stressifV') by the LS model (left) and Cut al. (2003) LES results (right) fok/d = 2.

which will be used in the next chapter for the simulation of solute mass trangpetreported.

Figure 8.12 shows LS results of streamlinesXgd = 4. As in theA /d = 2 case, a recirculation zone
forms inside the cavity and the mean flow does not enter the cavity. This impligb¢haverage flow does

not transport the solute into the cavity and therefore, the only mass transpchanisms between the bulk
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FIGURE 8.12. (A) Flow streamlines and values of the stream functiéfor A/d = 4, (B) turbulent viscosity
inside and above the cavity fayd = 4.

and the cavity are molecular and turbulent diffusion.

Figure 8.12 shows the normalized turbulent viscosity profil¢v for three vertical sections C4-F4,
C5-F5 and C6-F6. The figure also sholds/D for Sc= 1000 andSc: = 1 on the secondary vertical
axis. Outside the cavity (for/d > 1), turbulent diffusion dominates over molecular diffusi@ (D > 1).
However, inside the cavity molecular diffusion dominatBs D). It is then concluded that for the high

Sccase under consideration, the mass transport inside the cavity is gdwgrngolecular diffusion.
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8.4. Summary

The study in this chapter was focused on the simulation of the flow field fgireurfaces. The LS
LRN k — & model was introduced, implemented and verified for two cases; a smoothetHeow and a
d-type rough surface with /d = 2. For the case of smooth channels, it was shown that the LS model
faithfully reproduces the velocity profile. However, the near wall valuerowas lower than the DNS data.

It was discussed that although such inconsistency does not affealtaty, special consideration will be

required for the simulation of higBcsolute mass transport.

For the case of a rough surface wkjd = 2, a comparison was made with DNS and LES results. Good
agreement was found with the results from the LS model. Results for a maiyjsimulation forA/d = 4
were also presented. The results will be used in the next chapter to simulsdenanrasport over a rough

surface. The key properties of the flow are:

(1) The mean flow does not enter the cavity;
(2) D1/D < 1 inside the cavity for a compound wic> 10°. This implies that the mass transport

inside this area is governed by molecular diffusion for s8ch

The aforementioned observations are used in the next chapter forétegipn of the mass transport results.
In addition, they are used to present an analytical solution for determindtithre @oncentration decay

coefficient for the rough surface being studied.
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CHAPTER 9

Geometry limited mass transfer in turbulent plane channel flow wih d-type

rough walls

Following the description and verification of the LS model in the previous chapee current chapter
studies the physics of higBcmass transport over a d-type rough surface Wit = 4 atRe= 2.5 x 10°.
The aim of this chapter is to develop simple parameterisations of wall demaralifgir surfaces (the fourth
research question posed in section 2.6). Similar to the study in chapter Shyhiegpof mass transport
is revealed by imposing a wide range of wall demand coefficients and amgatyge mechanism of mass

transport.

As this is, to the author’s knowledge, the first time wall demand has been dtusiieg a LRNk — ¢
model, smooth wall demand must be analysed first. The smooth wall verificats@ction 8.2 showed that
the prefactob was a factor of 10 too low, and a simple method to compensate for the diféeiepesented

in section 9.1.

The governing equations for mass transport and their discretisationgfootigh surface being studied
are presented in section 9.2. The rough wall simulations are discussextions®3, which makes use of
the flow calculations for thé /d = 4 case described in the previous chapter. The dominant physics of the
mass transport mechanism are identified and used in section 9.4 to devéhgple garameterisation for
the decay coefficient. In section 9.5, the performance of this approampared with the two existing

parameterisations that were discussed in section 2.5.3. A summary of therdbgpesented in section 9.6.

9.1. Compensating for the inaccuracy in the prefactoib

In section 8.2, it was established that the LS model correctly reprodueesiiic dependence of on

the wall distance, but the prefactors (the prefactoib for the LS model) is a factor of 10 too low (figure
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8.3). Given the strong influence bfs on k (equation 5.31), this difference must be compensated for. A

simple solution will be outlined below, after the influencebp$ onk is explored.

The LS flow field results for a smooth channel (as presented in sectioar@.2sed to model the first-
order wall reactions. The approach presented in chapter 5 is usedtmdek via the 1D model. The only
difference is that the equations are now in a Cartesian coordinate systese &quations are presented in
appendix A. The results are then compared with the analytical solutionrpeglsim equation 5.31 (with

rn, = o for channel flows, see appendix A):

1 Kw

The analytical decay coefficient f@t= 3162 is shown as a function of,KU in figure 9.1. The reason
for selection of this specific value &cwill be clarified later in this section. It was shown in chapter 5
that for small values of k, equation 9.1 simplifies tk; = ky/Ud. This region is known as the uniform
concentration region for which the wall concentration is approximatelyleéquie bulk concentration. For
very high values of |, equation 9.1 reaches an asymptotic value giveksby (9u;vb)/(2r/3v/S@). In
this region,c, ~ 0. The asymptotic value &4, in this region is then a linear function W

Figure 9.1 also shows the decay coefficient determined by using the nafmHbianodel in chapter
5 with the LS flow results folSc= 3162. It can be seen in this figure that the asymptotic value of the
LS decay coefficient is too low. This is a direct consequence of therimcioprefactoib for vt in the LS
model (figure 8.3). Sincb s is 10 times lower than the rebl(= 9.5 x 10~%), we do indeed expect that the
ratio between the decay coefficient of the LS model and equation Q/DITLSZ 0.46. This difference is

naturally unacceptably large, but a straightforward correction capjbléed to circumvent it.

The correction is simply to simulate with a differé®q s (the corrected LSq. Indeed, definingggs=
</bLs/bSc¢ the offset in the LS model decay coefficient can be compensated doa physically realistic
decay coefficient is obtained. This is shown in figure 9.1Sqis = 1000. As can be seen, the results of

the LS model decay coefficient using the modiftegs are in agreement with the real decay coefficient
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FIGURE 9.1. Decay coefficients of the smooth surface using the LS model resultsigh&capproximation
analytical solution in equation 9.1.

ka. In this study,Sqgs = 1000 is used, which correspondsSc= 3162. Although this value abcdoes
not match the properties of chlorine in water (see figure 2.11), it is closestoathditions of experimental
electrochemical studies in which an aver&gpe- 3000 is used to determineSii correlation (Zhao & Trass,

1997).

9.2. Governing equations and numerical method

With the assurance that wall demand can be sufficiently simulated usingDt from the LS model,
the next step is to move to a rough surface. The governing equation fartraasport in a plane channel

geometry is (Bircet al,, 2002):

u@+vic_a ( ac ac
ox oy Ox

o1 %]+ 5 [©+00 5 9.2)

where bulk demand has been neglected. The wall demand is modelled bynebRobdary condition at the

wall (figure 8.4):
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oc
D— = kuCu. .
an wCw (9.3)
In the centre of the channel, a constant concentration boundary ceonditised, and periodic boundary
conditions are used on the left and right faces of the domain. This sulatfgetin boundary conditions is

justified becausk >> A, whereL is the typical length scale for changesim thex direction' (chapter 7).

As OpenFOAM does not support Robin boundary conditions, a custaa trensport solver was devel-
oped, the code of which is presented in appendix B. Equations 9.2 antedBeretised on a rectangular
structured grid, shown in figure 9.2. The domain includes the crests. \Howad| the cells located inside
the crests are rendered inactive by setting 0. The concentration, velocitiesu andv and the turbulent
diffusion coefficientDr are all located in the cell centres. The flow data andDt) was imported and
interpolated to the grid. Resolutions were similar to the fine mesh introduced imahieys chapter (table
8.1).

A central difference scheme (as introduced in chapter 5) is used to mhed#iffusive terms in equation
9.2. However, application of a central scheme for the advective termiesatt in numerical instability in
the convergence of the solution, because the scheme is not monotonaracabse over and under shdots
(Hanjalic et al,, 2009). Consequently, a first-order upwind scheme is used to apprexadeective terms.

The advective termadc/0x in equation 9.2 is then discretised as:

R i e O T

U|7J AX |f U|’J > O
R o R R S

Ui = If Uij <O.

170 check the validity of these assumptions, the results wiscecampared with appropriate boundary conditions for thesliping concentration
field. A loop of 50 periodic lengths was simulated. In this ¢ase periodic length was simulated at each step. A symmetricdzoy condition
was considered at the channel centre and a uniform contientgarofile was assumed at the inlet of the first simulated péritength. The
concentration profile at the outlet of each simulation was thged as the inlet boundary condition of the next simulati@esults using this
approach of simulation did not show considerable differsnce

2Elements in the coefficient matrix are positive definite. Hosveapplication of the central difference scheme for the aiilve terms can cause
negative elements in the coefficient matrix, if the advectiomihates the molecular transport (Hargadt al., 2009).
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FIGURE 9.2. Schematic of the domain discretisation. Figure is not to scale.

In addition, the advective terndc/dy in equation 9.2 is discretised as:

GG i
Vi.i gy, ifvij >0

CCij+1—Gij

Vii ey if vij <O.

However, the upwind scheme is known to have numerical diffusion (Hi&@®i7). This numerical diffusion
is in addition to the molecular viscosity (for flow) and diffusion (for mass tpang and therefore, causes
numerical errors. The numerical diffusion in tkendy directions (assuming flow purely in theandy

directions, respectively) is:

3This is the case for maximum numerical diffusion.
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M= 2 g ry = VI

=, . ©.4)

The method for controlling this numerical diffusion is to use a grid sufficiently o that the value of
the numerical diffusion is negligible in comparison with the molecular viscosityflda) and molecular
diffusion (for mass transport). The criterion applied for controlling nucakdiffusion in chapters 8 and 9
is max(Ix,y) < 10-2(D + Dr) which is achieved for the intermediate mesh. The fine mesh is used to be

on the safe side.

9.3. Results

As in the study in chapter 5, a wide range @f/k) is considered. In accordance with the results of
section 9.1 Sg s = 1000 is considered which corresponds physicallpte= 3160. Figure 9.3 shows the
concentration contours for different,KU. It is seen that for lower /U, the concentration in the cavity is
only slightly lower than in the bulk. However, for high,KU, concentration levels inside the cavity drop
significantly. Therefore, wall mass flux in the cavity will become small in coisparwith the crest. This

phenomenon becomes clearer when the decay coefficient is studied.

The decay coefficient is defined as the ratio of the mass withdrawal frersygtem to the mass being
convected by the bulk flow (chapter 5). Sinke« 6, A can be considered as an infinitesimal element of
length (in comparison witl®) and therefore, the decay coefficient for (unit of width of) the roagiface

shown in figure 8.5 is:

_ 1 /& kG ds
A [Slucdy

ke (9.5)

Figure 9.4 shows decay coefficients for the rough and smooth surfadesratio of the rough and
smooth surface decay coefficients is also shown in this figure. It cagdvetsat for small /U, the rough

wall decay coefficienkg is 1.5 times higher than the smooth wall decay coefficignt This is due to the
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FIGURE 9.3. Concentration contours for differengkU.

fact that when k is small, molecular diffusion is not a limiting factor and therefarg~ c« everywhere
on the surface (figure 9.3). In addition, the reaction length for one gieriength of the surface with/d
=4 is (A +2d)/A = 1.5 times higher than the counterpart length for the smooth surface. Haowever
kw/U ~ 2 x 1076, kg andk are equal and for even highey RJ, kr < k. Hence, despite the extra surface
area, the decay coefficient iswer for a rough surface than for a smooth surface at higlilk This
phenomenon will be referred to as geometry limited mass transfer, becayskffisive) transport through

the cavity becomes the limiting factor.

To further clarify the behaviour of the decay coefficient for roughi gaometries, its value is decom-

posed in the contribution of the crest and the cavity kre= Ker + Kea. Approximatingf(’;*l1 uc dyin equation

9.5 adUc,d, we obtain

(9.6)
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FIGURE 9.4. (A) Decay coefficients of the rough surfadex) and smooth surfacé) as functions of /U,
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where

C3 C9 Cc7
C1 Cc7 C3

are the integral wall mass flux of the crest and the cavity, respectivetythE case ok /d = 4, the area of

the crest and the cavity are equiH{ d = 3d) and therefore, it is expected that for smajl fewhency, ~ cy),
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FIGURE 9.5. The rough wall decay coefficienkg) plus decomposed cavity and crest decay coefficidqts (
andker) as functions of .

both regions contribute equally t. This expectation is confirmed in figure 9.5, whégg and k., are
plotted. When increasing,k kca asymptotes to a much lower value tHap This is a direct consequence of

the geometry limited mass transport inside the cavity.

Figure 8.12 showed that the cavity is governed by molecular diffusion aaréftire, behaves like a
MTBL, which is much thicker than the MTBL over the crest. Therefore, th&imam possible diffusive
mass flux in the cavity is much lower than over the crest and consequentipase transfer through the
cavity becomes negligible (compared to the crest) for higfik For one periodic length, the ratio of
crest and smooth surface(s— d)/4d = 3/4 (note thaf\ /d = 4). Figure 9.4 confirms that for high,KU,
the ratio of rough to smooth surface decay coefficients is closg¢apadthough is slightly higher (since the

contribution of the cavity in the decay coefficient is not zero).

9.4. Parameterisation of the rough wall demand

Results of figures 8.12 and 9.5 suggest that the wall demand for the caditha crest have different
behaviours. For the case of the crest, the results suggest that theegakinthe MTBL is approximately
the same as for a smooth surface. For the cavity, this thickness is fromdiieadthe depth of the cavity

d. These two observations are used in this section to develop a parameteffisatice rough surface decay
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coefficientkg.

The starting point for the parameterisation is to decompose the analyticdl waldecay coefficient

into the analytical coefficients for describing the contribution of the credtlae cavity,

kRa - kcaa+kc|fa. (98)

Using the definition folkca in equation 9.6, and definindt,, = 3dkycCy,,, Wherec,, is the average wall

concentration in the cavity

1 Cc7 q
Cwea = 3d Jes CwdsS (9.9)
we obtain
~ 3d kyCu,

The study in chapter 8 demonstrated that the cavity is dominated by diffugiong8.12). Additionally,
figure 8.7 showed that the turbulent viscosity increases rapidly at théeicgenf the bulk flow and cavity.
Consequently, it is assumed tleat ¢, on the line C3-C7 and that the mass transport from the bulk flow to
the cavity (and its further consumption by cavity walls) is molecular diffusianidant. This mass transport
is then described by thin film theory (Biet al.,, 2002):

C —
Jcaa — Dix cha

o (9.11)

whereaq is an empirical coefficient between 0 andolq is the effective thickness of the MTBL inside the

cavity). Together with the Robin boundary conditigg, = kwCw,, €quation 9.11 can be rearranged to
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Cx

Coeca = T agkd (9.12)
14852
and therefore,
3d ky /U
= 9.13
ke = 35 1+ agReyScy (9.13)

Results of section 9.3 agree well witly = 0.7 for Sc= 3162. The analytical decay coefficient for the
crestker, will be approximated using the smooth wall solution (equation 9.1), taking intousatc¢he ratio
of the length of the crestX — d = 3d) to the periodic lengti:

A—d A—d 1 kw
= = — . 9.14
Kera A ka A U51+2n\@kw 3/s@ ( )
9u; b

This completes the formulation of the parameterisation. The parameterisatigheaimdlividual con-
tributions ofkc,, andke, are compared to the simulation results in figure 9.6. The agreement is good,
especially at low and highk'U. At intermediate /U, ke, Seems to slightly underpredict the mass trans-
fer. This demonstrates the separable nature of the mass transport &ddgmpounds over d-type rough
walls. In other words, the crest can be considered as a smooth sarfd¢ee molecular diffusion can be
considered as the dominant transport mechanism inside the cavity. Me@ch is however necessary to

see how widely applicable the parameterisation is.

9.5. Comparison of different parameterisations of wall demand in raigh pipes

The two major methods for parameterisation of wall demand of Bigtompounds in rough pipes were
introduced in chapter 2. The electrochemical experiments showed thdtebead rough walls involved a

modification of the form k, = 6yks, wherefy, < 1 for sufficiently largeRey (equation 2.31). Water quality
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FIGURE 9.6. Analytical versus numerical decay coefficients for the d-type rougtase as functions ofk
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TABLE 9.1. Conceptual comparison of the existing parameterisation methods fgin veall demand with the
parameterisation proposed in this study.

Parameterisation| Ky k<< ki Ky |f> ks
Smooth conduits erh";’Li rhka
EPANET Ir(:UW rhifu
Experimental rl% %
Equation 9.8 BE:SW erl:Lljf

models such as EPANET take into account the added surface areaeaaghasameterisation of the form
kwr = Bk, Kw, Wherefy, > 1, i.e. an increase in the wall demand coefficient. Table 2.9, which showed th
behaviour of the parameterisations for low and high wall demand, can eaudmented with the behaviour

of the new parameterisation (table 9.1).

Let us consider a sufficiently deep cavity and assume that the new paraateia fully describes
the wall demand as a function of,KU. Furthermore, it is assumed that the experimental and EPANET
parameterisations match as well as possible. For the EPANET parametesisdtiowill be at small /U,

and for the experimental parameterisation, this will be at highk

All parameterisations are schematically shown in figure 9.7. The two clagsicaineterisations each
capture a limit behaviour, but provide incorrect predictions at the other lithi. EPANET parameterisation
overpredictkg at high k,/U. From a practical perspective, this is good because it provides amatise
estimate, although chlorine levels may be much higher than strictly necessargsadt. The experimental

parameterisation will underprediky; for low kyy /U .

In fact, for the simple geometry studied in this chapter, the new parameterigatesentially a blend
of the two existing parameterisations. This once more illustrates (within the limitatidhe aew param-
eterisation) that the modifications of the wall demand coefficient or the massdracoefficient are driven
by the geometry. For smallkU, the extra surface area will enhance the mass withdrawal but the geometry

becomes the limiting factor of the mass withdrawal for highgfuk.
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FIGURE 9.7. A conceptual schematic &k using three methods of wall demand parameterisation.

9.6. Summary

A comparison between mass transfer in turbulent flows over a smooth aitypa dough surface was
performed in this chapter. The study was restricted td = 4 andRe= 2.5 x 10°. A wide range of
first-order wall demand coefficients was studied. Results of the masparasimulation showed that for
relatively low k,, the rough wall decay coefficient is 1.5 times higher than the smooth wall. Ouothiee

hand, the ratio of the rough to smooth surface decay coefficient bec&rfer @ery high k, /U .

It was discussed that these values were dictated by the geometry. Foy Joly the additional surface
area of the rough surface causes an increased mass decay auefficiapared with smooth walls. For
high ky /U, the mass transfer through the MTBL was shown to become diffusion limiteaseZpiently, the
rate of wall mass flux in the cavity becomes negligible in comparison with the wedsimass flux. This
effectively “switched off” the cavity. For th&/d = 4 case, the surface area with and without the cavity is
1.5\ and 3\ /4 respectively. The latter is close to the calculated ratikrgk for high wall demands (0.8,
see figure 9.4).
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A parameterisation of wall demand was presented, based on decompokitierdecay coefficient into
the coefficients describing separate contributions of the cavity and tbe Besults using this model were
verified by the numerical results. In general, presenting such a simgigiealbmodel supports the feasibil-
ity of parameterisation of wall demand over rough surfaces on a physms@é. This parameterisation was
also conceptually compared with the two existing parameterisation apprdactresigh wall demand in-
troduced in section 2.5.3. It was shown that the new parameterisationipettiicular geometry, correctly

captures both high and low,Kimits, in contrast with existing parameterisations.
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Conclusions

The work presented in this thesis was motivated by the need for accurtge quelity models for
water distribution networks, and aimed to improve understanding about therio# of flow and turbulence
on wall demand. A combined numerical and analytical approach wasguirstihe main findings and
conclusions will be discussed in sections 10.1 to 10.3 and are summariseléih@ab A discussion on the
contribution of the findings to water quality modelling and further extensiomsiao presented in sections

10.4 and 10.5, respectively.

10.1. First-order wall and bulk demand in smooth pipes

Chapters 4 to 6 laid the foundations for the thesis. First, turbulence modetscarefully selected
based on their ability to reproduce the cubic dependence of turbulepsitison the distance to the wall in
the viscous sublayer. The cubic dependence is crucial for appte@gifaulation of wall demand for high

Sccompounds such as chlorine. In chapter 5, two solution methods for thelevalind were developed:

(1) a 1D model valid for arbitrar$scwhich predicts the decay coefficient and concentration profiles.
The model is based on a separation of variables;
(2) an analytical solution valid foBc>> 1. The solution is based on the observation that all transport

occurs in the viscous sublayer and that the total flux in the MTBL is apprdgigneonstant.

The methods were extended in chapter 6 to include first-order bulk deraaddyere used to answer two

research questions (posed in section 2.6), which will be discussed.below

Is the use of the Sh correlation by Notter & Sleicher (1971) which is validdostant g, (Dirichlet boundary

conditions) valid for first-order wall demand (Robin boundary condifjpaad under which circumstances?
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The analysis in chapter 5 shows that the Notter & Sleicher (1971) correl@tuation 2.29) is in very
good agreement with thehcorrelation derived for first-order wall demand (equation 5.32). Eason the
correlations are identical, even though the boundary conditions areetiiffés that changes in concentration
in the streamwise direction occur on much larger scales than in the wall noineeti@h. This observation
was exploited in chapter 7, which facilitated the development of severahagmptotic solutions for linear

and nonlinear wall demands.

It was shown that the decay coefficient exhibits different behaviourvéry low and very high wall
demand coefficient&,. For ky/U < 10% the concentration profile is uniform and therefag~ cy.
Consequently, the decay coefficient is independer8adnd represented by= ky/rpU. For high wall
demand coefficients, the diffusive transport through the MTBL becatimedimiting factor and there-
fore, cy = 0. For this situation, the analytical asymptotic solution for h&ghcompounds predictk =
(9uvb)/(2rU rh\/§\3/@), i.e. kisindependentf k, and depends on flow and molecular properties only.

Bounds were established for the validity of t8& correlation by comparing the differences between
the decay coefficient predicted by the analytical method (validsfos- 1) and the 1D model. Accepting
a maximum 5% relative erroe) in the value ofk, the Shcorrelation is valid forSc> 100, once more
in agreement with Notter & Sleicher (1971). Since, for the case of chlo8oe: 1000 for the desired
water temperature (28 (WHO, 2008)), the correlation is applicable for modelling chlorine firsteomvall

demands.
Do wall demand and bulk demand influence each other, and under wingchmstances?

It is common to assume that wall demand and bulk demand do not influencetbachWhilst this is
a reasonable assumption it is important to establish the parameter rangadorthvé assumption is valid.

This was the topic of chapter 6.

As expected, the interaction between wall and bulk demand was indeedigaky The only nonlinear
effect of combined wall and bulk demands on the decay coeffikiaatthe attenuation of the average
mass flux(uc). For largeDa, the concentration profile in the bulk is no longer constant, and therefore the
approximationuc) ~ Ucy is no longer valid. It was shown that with a maximum 5% relative egpm(the

value ofk for high Sccompounds, the assumption of uniformity in the bulk concentration profile Hotds
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Da < 1. As typical values foDa in distribution networks ar®a ~ 10~° (see tables 2.3 and 2.5 and note
that the averagRein a typical network is 1®(Ho, 2008)), it can be concluded that wall and bulk demand

can be safely assumed to be independent of each other.

10.2. Parameterisation of nonlinear wall demands

As an answer to the third research question posed in section 2.6, patiaat@terof nonlinear wall
demands was addressed in chapter 7. The chapter was inspired byghtsidsveloped in chapter 5. Using
a dimensional analysis, it was argued that the contribution of streamwisetamvwas negligible compared
to the wall normal mass transport. This resulted in a PDE which depended watimormal direction only,
the solution of which had the same form as the asymptotic solution derived jitecHa The streamwise
concentration profile took the form of an ODE. Because this method dictlyobin a separation of variables,
it could be used to obtain solutions for mass transfer problems with nonlioeadary conditions. Several
closed form solutions were presented, notably those for Dirichlet, NemarahRobin boundary conditions,

and one example of a nonlinear boundary condition was provided.

One of the most remarkable findings was that all boundary conditions ofabsdc/or (r = R) =f (cy)

have a universahcorrelation:

2kiR Y
Sh= Tf = :\gRqséB. (10.1)

This offered a direct explanation for the close correspondence batthie Notter & Sleicher (1971) corre-
lation for Dirichlet boundary conditions and first-order wall demand {Rbloundary conditions) as studied
in chapter 5: both are part of the clads/dr (r = R) = f (cy) and therefore have the sarBacorrelation.

The asymptotic solutions also provided an upper bound to mass flux due tdenzdind,},,, given by

Dcy

<1505

(10.2)
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Study

TABLE 10.1. Summary of the findings of the study.

Approach of study

Findings and results

First-order wall and bulk de
mand in smooth pipes (studie|
in chapters 5 and 6)

1D mass transpor
dmodel (by separation
of variables)

(1) TheShcorrelation for the Dirichlet boundary condition is apjlide for first-
order wall demand foBc> 100. For the case of chlorine at%6, Sc~ 10° and
therefore, the correlation is applicable for modelling fostder chlorine wall
demands;

(2) The bulk concentration profile is uniform as longzes< 1. For chlorine bulk
reactions in distribution network§a ~ 10~° and therefore, the concentration
profile uniformity assumption holds;

(3) For the case of higBccompounds and pure wall demand, the concentration
profile is not uniform in the viscous sublayer fof kJ > 1075;

(4) For the case of higBccompounds and bulk demand, the concentration pro-
file is not uniform in the bulk fobDa > 1073,

Parameterisation of nonlinear
wall demands (studied in
chapter 7)

An analytical
framework for
approximate solutiong

(1) Shis universal;

(2) Maximum attainable wall flux due to wall demand is set by thiekness of
the MTBL;

(3) The pipe entrance effect is negligible for solute massesthe solute mass
entrance lengthg = &y /b;

(4) Solutions for the case of linear and second-order wathatels were pre-
sented.

Wall demand for rough
surfaces (studied in chapters
and 9)

2D flow and mass
8 transport model for
d-type rough channel

(1) The LRN LS model is able to faithfully model the velocity fel

(2) An adjustment irScis needed to modify the natural inaccuracy of the LS
model in determination oft close to the wall;

(3) Molecular diffusion dominates over turbulence inside ¢havity;

(4) For small gy /U, the extra surface area causes an increakg @ompared to

k (for smooth walls);

(5) For high k, /U, the diffusion transport through the cavity becomes the {imit
ing factor, and causes a decreaskgdrtompared tdk (for smooth walls);

(6) Based on this insight, a new parameterisation was degdlahich correctly
reproduced the behaviour kg for low and high I /U.

which implies that the maximum wall flux is controlled by flow and molecular propgrtiet the reaction

type and rate.

The solutions are only valid sufficiently far away from the pipe entrance eigrance effects are not

taken into account. In order to obtain an estimate for the lelngthver which entrance effects are important,

a dimensional analysis was carried out, which resultdgis &, /b. In the range oReandScapplicable to

distribution networksl g is of the order of a few pipe diameters, and the solutions derived in chajpier

therefore suitable for these situations.
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10.3. Wall demand for rough surfaces

The main uncertainty regarding parameterisation of wall demand pertainagh surfaces. The two
existing parameterisations are mutually inconsistent, predicting differemtystic values of decay coeffi-
cient for low and high wall demand. These differences led to the foustareh question posed in section
2.6.

To address this question in chapters 8 and 9, a numerical study wascoeshdi obtain insight into the
complex interaction between flow, turbulence and wall demands. Thedivahtage of using a numerical
method for studying wall demand on rough surfaces was the availability déilii#ow and concentration
fields. This made it possible to extract the dominant mass transport mechamisose it to construct a
physics-based parameterisation, as opposed to fitting a power law thmmagurements as is the norm in
the experiments. A second important advantage of using a numerical meésoithat it became possible
to perform the first systematic study for the dependence of the rougtdeedly coefficienkg on the wall

demand coefficientk

The study was conducted with fixé&teandSg and a d-type rough channel geometry was used. The
LRN LS model was used for the turbulence closure. Although the modefdljthreproduced velocity
profiles and turbulence levels, analysis of the near wall behaviouf ashowed that the prefactdr for
the cubic dependence of on the wall distance was a factor 10 too small. As the mass transport depends
sensitively orb, this problem needed to be solved. A simple solution was to simulate with a diffégen

which was justified because the cubic dependence was correctly vepchd

For the case of low wall demand coefficients, (ki < 10~7), it was shown that the decay coefficient
kr for the d-type rough wall increased in comparison with a smooth wall. Foetloee wall demand
coefficients, the concentration was uniform through the fluid, and theaserin wall demand could be

attributed to the increase in surface contact area.

However, for high wall demand coefficients(RJ > 10°), k becameower than for a smooth wall.
At first sight, this seemed counterintuitive, given that the rough wall basehigher turbulence levels and

surface contact area than the smooth wall case. The reason candxt sk to the turbulence levels
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inside the cavities, which were very low. Indeed, the cavities were domimgteablecular diffusion and
consequently, the fluid in the cavity acted like a thick MTBL. Analogous to theofimwall case, the
transport through this layer became the limiting factor fgrd sufficiently high. As this happened for
much lower Iy /U because the layer was thicker, this effectively “switched off” the coutidn of the

cavities. The mass transfer became limited by the geometry.

A detailed analysis of the flow field suggested that the crest and the cavuky lbe modelled as two
independent regions each with their own behaviour. The crest beélikea regular smooth surface, and the
cavity like a stagnant layer of fluid governed by molecular diffusion. @qosently, the analytical solution

of chapter 5 was used for the behaviour of the crest, and the cavity waasllsuusing thin film theory.

Although the agreement between the analytical model and the numerical simsilat not entirely
perfect, especially at intermediatg RJ, it captured both small and largg, KJ adequately. In particular,
the model was able to successfully reproduce the observed geometry limigsdinaasfer to the cavity.
Both the parameterisations used in EPANET and the electrochemical apmeae unable to reproduce

this behaviour.

10.4. Implications for water quality modelling

From a practical perspective, the overriding conclusion is that the mésigisions that were made for
EPANET with respect to wall demand for smooth pipes are very good. d$dts from chapters 5 and 6
clearly show that both wall demand and bulk demand are appropriately nubétaikhe range of parameters
occurring in water distribution networks. The main model uncertainties areregbect to the reaction
kinetics, which are best unravelled with laboratory experiments and wesa&le of the scope of this thesis.
However, the findings of this thesis, in particular those in chapter 7, may gulzkequent incorporation of

improved reaction kinetics in water quality models.

It was shown in chapter 7 that nonlinear wall reactions behave identicdiigstarder wall reactions,
and consequently, they can be incorporated into water quality models likREPAvithout complications.
Nonlinear wall reactions are of particular importance for various typesadér quality deteriorating phe-

nomena. For instance, chlorine decay kinetics have been suggesteddrstalies to better correspond to
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a second-order wall demand than the commonly used first-order wall difidgaméet al., 1998; Rossman,
2006). Another example is the wall demand of solute compounds essentta fgrowth of biofilms, which

is usually modelled by a Monod equation:

KiCw

= K2 + Kscy

(10.3)

whereK; [LT 1], K> [-] and Kz [M~1L3] are the growth parameters (Tchobanogletial, 2003).

Rough walls, however, are the norm in water distribution networks. Thdteeof this thesis show that
neither the EPANET parameterisation nor those stemming from electrochempeiments are able to
capture the effects of wall geometry on wall demand, even for a simpléynwalj geometry as considered
in chapters 8 and 9. As stated in chapters 2 and 9, EPANET capturesutiie wall behaviour for small
kw/U by attributing the increase in surface area to a higher wall demand caoeffligiebut fails to capture
the high k,/U asymptote. The rough wall parameterisations in electrochemical appsoadjust k and
therefore, do capture the higk, KJ asymptote, but fail to reproduce the effects of higher surface area fo
low ky/U.

The wall demand characteristics for a pipe with natural roughness will loé mere complex. Rough-
ness elements are neither square nor spaced equidistantly, havingrdifizes and shapes. Consequently,
the effects of geometry limited wall demand will occur over the entire rangg A0 kthe deepest cavities
becoming “inactive” first, and the shallower ones following for largefW. Therefore, the linear behaviour
observed for the d-type rough walls at loy & might not occur at all or have a different slope (as in figure
10.1). For natural rough surfaces, the EPANET paran®jgis therefore likely to be dependent op ;J,

and not generic.

10.5. Further research

The work on rough walls in this thesis comprised an exploratory study offfeet ®f k, /U on the

rough wall decay coefficietd for one pipe geometry at fixeésicandRe Whilst the study provided valuable
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FIGURE 10.1. Schematic okr for the EPANET approach, d-type and natural roughness.

insights and led to the development of a simple parameterisation of wall denrdhdtfparticular geometry,
much more work needs to be undertaken before the coveted robusigiarsations for wall demand for

rough walls become reality.

The current results should be interpreted qualitatively rather than quaedigamainly because of un-
certainties in the turbulent viscosity levels very close to the wall. These tant#gs are inherent when
using RANS models, as any turbulence model is partly empirical. The mostaaeaimulation method
available is DNS, which does not rely on turbulence modelling at all. Howévercomputations become
exorbitantly expensive d8eincreases, especially for higgtmass transfer problems (see e.g. Schwertfirm
& Manhart (2007)). Here, a hybrid approach might be most effectogerform rough wall simulations
with DNS, and to feed the time averaged flow field results (velocity and turbuiecosity) to a RA mass

transport equation.

With an accurate flow model in place, a detailed programme could be condnotddch roughness
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was systematically studied:

(1) Analyse regular roughness patterns. Vary the spacing, the caigittand width and determine
the appropriate dimensionless parameterisation for d- and k-type rouigh wa

(2) Study the influence of the element shape;

(3) Consider regular roughness patterns with increasing complexity;

(4) Analyse synthetically generated roughness patterns which apptexiaral rough walls.

The programme above should be accompanied by laboratory experimenteirtaverify the robustness

of the parameterisations.

There are several other avenues for further research. Therenca of dead zones in distribution
networks, which are places where the flow is stagnant or lafhindli cause inaccuracies in water quality

predictions.

Furthermore, the study performed in this thesis was restricted to consumpaosirgle solute com-
pound. However, recent awareness of the serious health effed@@$ has also urged parameterisation of
solute mass formation. Similar to the case of chlorine decay, which is modelledkaygems, source terms
can also be considered for the case of solute mass formation. The metjiedq@resented in this thesis are

equally valid for source terms, and an extension to multiple species is a natgaession

Lexistence of such zones is a result of poor hydraulic desigass water demand in the early years of the network’s omerattiife, when the
population is usually less than the design population (B&ith, 2002).

2ps stated in chapter 2, extensions to EPANET are in progessld a multi species simulation ability to the model which cawo alonsider
formation of solute compounds (Shaetal., 2008).
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APPENDIX A

First-order wall demand in turbulent smooth channel flows

In order to determine the effect of wall curvature on the rate of the ctrat@n decay coefficient, a

study on a smooth channel geometry (figure A.1) is performed here. Dimeatlel introduced in chapter 5

is applied for the RA mass transport governing equation in a smooth chgemmletry (Birdet al,, 2002):

oc 0 oc

subjected to first-order wall reactions at the wall:

Jc
D— = kyCu.
dy wCw

Application of the method introduced in chapter 5 results in

i—» g
X v

FIGURE A.1. Smooth channel geometry.
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FIGURE A.2. Decay coefficient as a function of,Kor a smooth channel and pipe geometrRat= 10°.

d dg] _

wherek was introduced in equation 5.12 (replaciagwith cy). In addition,c, is the crosswise scaling
function. In this case; = c«cy, wherecy, was previously defined in chapter 3. The 1D numerical code was
applied (with minor modifications to account for the differences in geometefaild can be found in the
code in appendix B) foRe= 10%, 10° and 16, andSc= 1000. The results fdk were then compared with
the counterpart results for pipe geometry presented in chapter 5. Agishows the comparison for the
case oRe= 1(P.

It is seen in this figure that althoud®e (and thereforeRe) is identical for both geometries, the decay
coefficientk for the pipe is two times larger thaefor the smooth channel. The same phenomenon was also
observed foRe= 10* and 10. This phenomenon is a direct consequence of the difference in thautigdr
perimeter. It was discussed in chapter 5 that in the case of pure wall defwaere l = 0), a physical

representation of the decay coefficient is
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The reason for the difference between the decay coefficients of thgewmetries is now clear. Since
the hydraulic radiusy, of a pipe is two times smaller than a smooth channel, the decay coefficient will be

two times larger under the same conditions. This is in agreement with the resdenpd in figure A.2.

Equation A.4 indicates how the two separate curves in figure A.2 can be madiajpse, namely by
plotting kry against k,/U. The result is shown in figure A.3 for both geometries and all the tRealues.
As can be seen, the two curves collapse entirely, and geometry indeperideonfirmed. Hence, for wall
demand problems at higReandSg results are geometry independent, as long as one takes into account the

hydraulic radius.
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APPENDIX B

Numerical codes

The numerical codes written for flow and mass transport modelling arergessin this appendix. The
codes are written in MATLAB and presented in an order based on theirafiygication in each of the
chapters. In section B.1, the flow modelling codes including the modified veestOnixing length model
and the HRNk — € model are presented. In section B.2, the 1D model mass transport adiitstforder
wall and bulk reactions (used in chapters 5 and 6) is presented. Inrs&8pthe 2D mass transport code
is presented. This code is used in chapter 5 (with first-order wall rea¢téord 7 (for second-order wall
reactions). The last code presented in this appendix is the subrouticedatation of the unknown matrix

coefficients for the mass transport problem in chapter 9.

B.1. Code introduced in chapter 4

Two codes are presented here. The codes include the modified vahrbisiesy length model and the
HRN k — & model for the 1D flow fields.

B.1.1. Modified van Driest mixing length model.
The velocity and turbulent viscosity profiles are determined by the modifie®rviast mixing length model.
For the implicit function ofu™ using mixing length models, the cumulative trapezoid integration (line 10) is
used. Here is the code:

[ S AR EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEER

o% Modi fied van Driest mxing |ength nodel (Bird [2001], p. 164)
%*************************************************************************
close all; clear all; clc;
Retau = 1142; nu = le-6; kappa = 0.41; Aplus = 26; Bplus = 4; b=9.5e-4; N=200;
y = linspace(le-5 1, 2000);
yplus = y*Retau; dyplus = yplus(2) - yplus(1);
Implus = kappa * yplus .* ...

(1- exp(-yplus./Aplus))./sqrt((1- exp(-yplus/Bplus)));

200



10
11
12
13
14
15

Appendix B: Numerical codes

uplus = cuntrapz( 2 * dyplus./ (1+ sqrt(1+ 4 * Inplus.”2)));

nuT=zeros(si ze(upl us));

nuT(2:end-1) = 2* nu * Inplus(2:end-1).22 ./ ...
(1+ sqrt(1+4*Inplus(2:end-1).72)) ;

nuT(end)=nuT(end-1);

B.1.2. HRNk — & model.

The code for the HRN — &€ model introduced in chapter 4 is presented here. The code comprises the

following main sections:

(1) Introducing input parameters and constants (lines 7-21);

(2) Mesh generation (line 31 and internal functioigrid in line 146);

(3) lterative solution including initiating variables (lines 39-41), assemblihefcoefficients matrix
(line 51-66 and internal functionalc matricesin line 167), setting boundary conditions (lines

68-80), solving the system of equations (lines 83-85) and checkingthergence (lines 96-123).

© © N o O~ W N e
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Here is the code:

function [yc, yb, ul, el, epsl, nuT, ...

ueqgn, eeqn, epseqn, epseqgnnod, resplot ] = channel _kepsilonHRN(.

delta, Retau, nu, N, a)

% k-epsilon paraneters

K = 0.41; % Von Karman constant [-]

B =5.2; %intercept log-law [-]

Cnu = 0.09; %coefficient for turbulent viscosity [-]
Cel = 1.44; %coefficient for P_eps [-]

Ce2 = 1.92; %coefficient for eps_eps [-]

se = 1.0; % Prandtl nunber for e [-]

seps = 1.3; %Prandt! nunmber for epsilon [-]

%iteration paraneters

urf_u = le-1; %under-relaxation factor for u [-]
urf e = le-1; %under-relaxation factor for e [-]
urf_eps = le-2; %under-relaxation factor for epsilon [-]
rres_u_mx = le-10; %relative residual criteriumfor u [-]
rres_e_max = le-10; %relative residual criteriumfor e [-]

rres_eps_max = le-10; % relative residual criteriumfor epsilon [-]

%cal culate friction velocity and forcing term
utau = Retau * nu / delta; %friction velocity [nls]

201



27
28
29
30
31
32
33
34
35
36
37
38
39
40
i
42
43
44
45
6
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82

IS

Appendix B: Numerical codes

f

%
[

%
un
un

%
uo
el

ep

it
is
wh

= 2*utau"2/ del ta; % forcing paraneter [nis2]

initialize grid

im jo, i1 jp, ...

yb, yc, dyb, dyc, ycwall] = initgrid(N a, delta, utau, nu);
calculate desired velocity at first internal point

onD = utau * (log(ycwall(jO) * utau/ nu) / K+ B);
oml = utau * (log(ycwall(jl) * utau/ nu) / K+ B);

iterate until a solution is obtained
= ones(size(yc));
ones(si ze(yc));
ones(size(yc));

s0

= 1;itres=0;

converged = fal se;

ile ~isconverged

% cal cul ate eddy viscosity
nuT = Cu * e0.72 ./ eps0;

% assenbl e matrix, apply boundary conditions and solve the u eqgn
[Au, Ae, Aeps, Bu, Be, Beps,
Cu, Ce, Ceps] = calc_matrices(nuT, u0, e0, eps0);

%set rhs of u, e, and epsilon equations ...
ru = -f * ones(size(u0));

re = zeros(size(e0));

reps = zeros(size(eps0));

% set Robin BC's for u (see Pope, p. 443)
Au(jm jm =-0.5* (nuT(jm + nuT(j0)) / dyb(j0);

Au(jm jO) = 0.5 * (nuT(jm + nuT(j0)) / dyb(j0) - utau™2 / unonD;
ru(jm = 0;

Au(jp, j1) =-0.5* (nuT(j1) + nuT(jp)) / dyb(jp) + utau*2 / unont;
Au(jp, jp) = 0.5 (nuT(j1) + nuT(jp)) / dyb(jp);

ru(jp) =0;

%set Dirichlet BC for e on first internal cell
Be(jm jo) =1
re(jm = utaur2 / sqrt(Cm);

Be(jp. j1) = L
re(jp) = utau”2 / sqrt(Cm);

%set Dirichlet BC for epsilon on first internal cell
Ceps(jm jO) =1,
reps(jm = utau*3 / (K+rycwall(j0));

Ceps(jp, j1) = 1;
reps(jp) = utaur3 / (Krycwall (j1));

% assenbl e matrix and sol ve system
A = [Au, Ae, Aeps; Bu, Be, Beps; Cu, Ce, Ceps];
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r =[ru; re; reps];

x =A\r;

us = X(1+0*(N+2): 1*(N+2));

es = X(1+1*(N+2):2%(N+2));

epss = X(1+2*(N+2):3*(N+2));

ul =u0 +uwurf_u * (us - u0);
el =e0 +urf_e * (es - e0);

epsl = epsO + urf_eps * (epss - eps0);

%cal culate the residuals to check on convergence

res_u = max(abs(ul - u0)); rres_u =res_u / max(ul)
res_e max(abs(el - €0)); rres_e = res_e /| max(el)
res_eps = max(abs(epsl - eps0)); rres_eps = res_eps / max

Y(epsl);

isconverged = (rres_u <= rres_u_max) && ...
(rres_e <=rres_e_mx) && ...
(rres_eps <= rres_eps_nex);

if (mod(it, 50) == 0) || isconverged
di sp(’ ")
disp(['iteration ', nunmRstr(it)]);
disp([’'residual u: ", nun@str(res_u, '940.2d"),
", relative: ', nun@str(rres_u, '940.2d")]);
disp([’'residual e: ", nun@str(res_e, '940.2d"),
", relative: ', nun@str(rres_e, '940.2d)]);
disp(['residual eps: ', nun@str(res_eps, '9%0.2d"), .
", relative: 7, nun@str(rres_eps, '9%0.2d")]);

subplot(3, 1, 1); plot(yc, ul, ".-k")
subplot(3, 1, 2); plot(yc, el, ".-k")
subplot(3, 1, 3); plot(yc, epsl, '.-k)
dr awnow itres=itres+l;
resplot(1, itres)=it; resplot(5, itres)=rres_e;
resplot(2, itres)=res_u; resplot(6, itres)=res_eps;
resplot(3, itres)=rres_u; resplot(7, itres)=rres_eps;
resplot(4, itres)=res_e;
% verifyODEs(u0, us, e0, es, epsO, epss);

end

% prepare for the next tinestep

it =it +1;
u0 = ul; e0 = el; epsO = epsl,;
end
di sp(’ 0
disp(['>> solution converged in ', nungstr(it - 1), ' iterations <<']);
diSp(y |);

verifyODEs(u0, ul, e0, el, epsO, epsl);
[ueqn, eeqn, epseqn, epseqnnod] = diagnostics(ul, el, epsl, nuT);

ye(j0:j1);
el(j0:j1);

yb(j0:jp); ye
ul(jo:j1); el

yb
ul

203



139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157

159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194

Appendix B: Numerical codes

epsl = eps1(j0:j1); nuT = nuT(j0:j1);

R e %
% I nternal functions

R e %
function [jm jO, ji, jp, ...

yb, yc, dyb, dyc, ycwall] = initgrid(N, a, delta, utau, nu)

jm =1 % virtual point on bottom

jo0 = jml; %first interior point at bottom

jl = jJO+N-jm % last interior point at top

ip = j1+1; % virtual point at top

sc = linspace(-1, 1, N';

yw = 50 * nu / utau; %first internal point at y+=50

yc = (delta - yw) * tanh(a * sc) / tanh(a);

yc =[-2 * delta - yc(1); yc; 2 * delta - yc(end)];

yb = 0.5 * (yc(21:end-1)+yc(2:end));

yb = [-2 * delta - yb(2); yb];

dyc = [diff(yb); NaN;

dyb = [NaN; diff(yc)];

ycwal | = delta - abs(yc);
end
R R %
function [Au, Ae, Aeps,

Bu, Be, Beps,
Cu, Ce, Ceps ] = calc_matrices(nuT, u0, e0, eps0)

% Set up matrix system as

% [ Au Ae Aeps ] [ u ] [ ru ]
% [ 10 ] [ ]
% [ Bu Be Beps] [ e ] [ re ]
% [ 1 [ 1 = ]
% [ Cu Ce Ceps ] [ eps ] [ reps ]

nuTh = zeros(size(u0));

rc=yc;

% c=ones(si ze(yc)) For plain channel
nuTh(j0:jp) = 0.5 * (nuT(jmjl) + nuT(jO:jp));
rb(jo:jp) =0.5* (re(jmj1) +re(jo:jp));

% matrix for turbulent diffusion operator

T = sparse([], [1, [], N2, N+2, 3*(N+2));
for j =j0:j1
T(j, j+1) = rb(j+1)*nuTh(j+1) / dyb(j+1) / (dyc(j)*rc(j));
T(j, §) = - rb(j+1)*nuTb(j+1) / dyb(1+1) I (dye(j)*re(j)) ...
- rb(j)*nuTh(j) / dyb(j) / (dyc(j)*re(j));
Z(j' j-1) = rb(j)*nuTb(j) / dyb(j) / (dyc(j)*re(j));
en

%create matrix for production of TKE
tflx = zeros(size(u0));
for j =j0:j1+1

dudy = (u0(j) - uo(j-1)) / dyb(j);
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tflx(j) =-0.5* (nuT(j-1) + nuT(j)) * dudy;
end
P = sparse([], [], [], N+2, N+2, 3*(N+2));
for j =j0:j1
P(j, j-1) = 0.5 * tflx(j) [ dyb(j);
P(j, 1) = 0.5* (tfIx(j+1) / dyb(j+1) - tfIx(j) / dyb(j));
P(j, j+1) =-0.5 * tflIx(j+1) / dyb(j+1);
end

% zeros matrix
Z = sparse([], [], [], N2, N+2); %all zeros

% Construct matrices for u-equation

Au =T,
Ae =17
Aeps = Z;

% Construct matrices for e-equation

Bu =P
Be = T/se;
Beps = - spdiags([0; ones(N,1); 0], 0, N+2, N+2);

% Construct matrices for epsilon-equation
Om = spdiags([0; eps0(j0:j1) ./ e0(j0:j1); 0], O, N+2, N+2);

Cu=0Cel* Om* P,

Ce = Z

Ceps = T/ seps - Ce2 * Om
end

function [uegn, eeqn, epseqn, epseqgnnod] = diagnostics(u, e, eps, nuT)
% u- equation
uegn.r_turb = Au(j0:j1, :) * u;
uegn.r_force = f * ones(N, 1);
ueqgn. r_disp= Aeps(j0:j1, :)*eps;
% e-equation

eeqn.r_turb = Be(j0:j1, :) * e
eeqn.r_disp = Beps(j0:j1, :) * eps;
eeqn.r_prod = Bu(j0:j1, :) * u;

% epsi | on-equation
Om = spdiags([0; eps(j0:j1) ./ e(j0:j1); 0], 0, N+2, N+2);
CepsT = Au / seps;
CepsE = - Ce2 * QOm

epseqnnod. r_prod =Cu(j0:j1, :) * u;
epsegnnod. r _turb=Ce(j0:j1, :) * e;
epsegnnod. r_di sp=Ceps(j0:j1, :) * eps;

epseqgn.r_turb = CepsT(j0:j1, :) * eps;
epseqn.r_disp = CepsE(j0:j1, :) * eps;
epsegn.r_prod = Cu(j0:j1, :) * u;
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% cal culate the fluxes on the interfaces
uegn.tflx = zeros(N+1,1);
eeqn.tflx = zeros(N+1,1);
epseqgn. tflx = zeros(N+1,1);
for j =j0:j1+1
dudy = (u(j) - u(j-1)) / dyb(j);
dedy = (e(j) - e(j-1)) / dyb(j);
depsdy = (eps(j) - eps(j-1)) / dyb(j):
uegn. tfIx(j-jo+l) =- 0.5* (nuT(j-1) + nuT(j)) * dudy;
eeqn. tfIx(j-jo0+1) =- 0.5* (nuT(j-1) + nuT(j)) * dedy;
epseqn. tfIx(j-j0+1) =- 0.5 * (nuT(j-1) + nuT(j)) * depsdy;
end
end
L
function verifyODEs(u0, ul, e0, el, epsO, epsl)

utau = sgrt(sqrt(Cmu) * e0(j0));

nuT = Cu * e0.72 ./ eps0;

nuTh = zeros(size(u0));

nuTb(j0:jp) = 0.5 * (nuT(jmj1l) + nuT(jO:jp));

% check u-equation
ruT = zeros(size(u0));
ruF = zeros(size(u0));
for j =j0:j1

ruT(j) = ( nuTh(j+1) * (ul(j+1)-ul(j)) / dyb(j+1) ...
- nuTb(j) % (ul(j)-ul(j-1)) / dyb(j) ...

) 1 dye(j);
rur(j) =f;
end

ru = ruT + ruF;
ru(jnj
ru(j p)

% check e-equation
Pb = zeros(size(u0));
for j =j0:j1+1

dudy0 = (u0(j) - u0(j-1)) / dyb(j);
dudyl = (ul(j) - ul(j-1)) / dyb(j);
tflx = - nuTb(j) * dudyO;
Pb(j) = - tflx * dudyl,
end
reT = zeros(size(u0));
reP = zeros(size(u0));
reE = zeros(size(u0));
for j =j0:j1
reT(j) = ( nuTh(j+1) * (el(j+1)-el(j)) / dyb(j+1) .
- nuTb(j)  * (el(j)-el(j-1)) / dyb(J)
) [ dyc(j) | se;
reP(j) =0.5* (Pb(j) + Pb(j+1));
reg(j) = -epsi(j);
end

nuTh(j 0) * (ul(j0)-ul(jm) / dyb(j0) - utau”2 * ul(jO) / unonD;
nuTh(jp) * (ul(jp)-ul(jl)) / dyb(jp) + utau*2 * ul(jl) / unont;
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307

308 re =reT + reP + ref

309 re(jm = utaur2 / sqrt(Cm) - el(j0);

310 re(jp) = utau”2 / sqrt(Cmu) - el(jl);

311

312 % check epsi | on-equation

313 repsT = zeros(size(u0));

314 repsP = zeros(size(u0));

315 repsk = zeros(size(u0));

316 for j =j0:j1

317 repsT(j) = ( nuTh(j+1) * (epsl(j+l)-epsl(j)) / dyb(j+1) ...
318 - nuTh(j)  * (epsl(j)-epsl(j-1)) / dyb(j) ...
319 ) [ dyc(j) / seps;

320 repsP(j) = 0.5 * (Pb(j) + Pb(j+1)) * Cel * epsO(j)/e0(j);
321 repsg(j) = - Ce2 * epsi(j)*epsO(j)/e0(j);

322 end

323

324 reps repsT + repsP + repsE;

325 reps(jm = utau*3 / (Krycwall(j0)) - epsi(j0);

326 reps(jp) = utaut3 / (Krycwall (j1)) - epsi(jl);

327

328 di sp(’ ***** VERI FYI NG | MPLEMENTATI ON OF CDES *****')

329 di sp([’ residual u-eqn: ', nun2str(max(abs(ru)), '%2.4e")])
330 di sp([’ residual e-eqn: ', nunPstr(max(abs(re)), '%2.4e')])
331 disp(['residual eps-egn: ', nunm@str(max(abs(reps)), '%2.4e")])

H ’ ’
332 dl sp( Khkkkkkkkkkkhkhkhkhkhkhkhkhkhkhkhkhkhkkhkkhkhkhxhkhkkkx )

333 end
334
335 end

B.2. Code introduced in chapters 5 and 6

The 1D mass transport code for the determinatiok ahdc; is presented here. The code comprises the

following main sections:

(1) Mesh generation (line 15) and internal functemmdgrid(line 61);

(2) Determination of velocity and turbulent viscosity profiles by the modifiedMaest mixing length
model (lines 18-25);

(3) lterative solution for the determination k&ndc; including initial guess fok (line 36), calculating
the coefficients matrix (line 41 and the internal functiaic Ain line 74), solving the system of

equations (line 44) and checking the convergence of the results (linesd48).
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Here is the code:

function []=Al gebraic()
%

% 1D mass transport nodel used for linear wall and bulk reactions
%

close all;clear all;

Ny=1000; 9%\unber of gridpoints in X direction
jm =1 %/ rtual point on bottom
jo = jml; %irst interior point at bottom
il = jO0+Ny-jm %.ast interior point at bottom
ip = j1+1; %W/irtual point at bottom
del ta=1,;
ut =0. 037; nu=1e- 6;
Sc=1000;

[yb, yc, dyb, dyc]=scndgrid(delta, Ny, ut, nu);
%

ycplus = (delta - abs(yc)) * ut / nu;

| mpl us=0. 41*ycpl us. *(1-exp(-ycpl us/ (26)))./sqrt(1-exp(-0.26*ycplus));

u =ut * cuntrapz(ycplus, 2./(1+(1+(4*Inplus."2))."0.5));
Dt = 1Inplus .~2 .* ..

[0; (u(3:end) - u(l: eﬁd-Z)) .1 (ycplus(3:end) - ycplus(1l:end-2)); ...

0] * nu/ ut;
Dt(end) = Dt(end-1);
Uav=trapz(yc, u);
%

for g=1:10
kb= 1ogspace(-10,-1,10); kbb=kb(q);
kw=l ogspace(- 10, -4,7);

for p=1:7

D=1e- 6/ Sc;

kwi=kw( p) ;

i sconverged = fal se;

k=kww \ Uav; Y%ecay rate L"-1
abst ol le-8;

reltol le-8;

while ~ isconverged

A=calc_A(jp, D, k, u, Dt, jO, dyb, dyc, kbb, kww);
r=zeros(jp,1);

r(ip)=1

cr=inv(A) *r;

cw=0.5* (cr(1) +ecr(2);

ucav = sum(u(2:jp-1) .* cr(2:end-1) .* dyc(2:jp-1)) / delta;
k1 = ( kbb+(kww * cw/ delta ) )/ ucav ;

i sconverged = abs(abs(k) - abs(kl)) < abstol && ...
(abs(k)-abs(kl))/k < reltol;

abs(k - k1);
k = ki;
end
disp([’ 1
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disp(["kw =", nun@str(kw)])
1);

disp(['kb = ', nun@str(kbb)
end

end
%

function [ yb, yc, dyb, dyc]=scndgrid(delta, Ny, ut, nu)

ybplus =
ybplus = [-ybplus(2), ybplus]’;

(1 ogspace(-3, 0, Ny+l)-le-3)*ut./nu;%/ (Retau-le-1);

ycplus = 0.5 * (ybplus(1:end-1) + ybplus(2:end));
ycplus = [ycplus; 2*ybpl us(end)-ycpl us(end)];

yb = ybplus*nu./ut-delta;
yc = ycplus*nu./ut-delta;
dyb=[ NaN, yc(2:end)-yc(1l:end-1)];
dyc=[yb(2: end)-yb(1:end-1); NaN;

end
%

function [Al=calc_A(jp, D, k, u, Dt, jO, dyb, dyc, kbb, kww);

Ad = (sparse(jp,jp));
for j =j0:jp-1
Ad(j, j+1)

Ad(j, j-1)
end

At = (sparse(jp,jp));
for j =j0:jp-1

= double(D/ dyb(j+1) / dyc(j)
Ad(j, j) = double(- D/ dyb(j+1) / dyc(
= double( D/ dyb(j) / dyc(j));

)
j) - D/ dyb(j) / dyc(j));

At(j, j+1) = double( 0.5 * (Dt(j)+Dt(j+1)) / dyb(j+1) / dyc(j));
At(j, j) =u(j)*(k)- kbb +double( - 0.5 * (Dt(j)+Dt(j+1)) / dyb(j+1) / dyc(j) ...
- 0.5 % (D(j-1)+Dt(j)) / dyb(j) [/ dyc(j));
At(j, j-1) = double( 0.5 * (Dt(j-1)+Dt(j)) / dyb(j) / dyc(j));
end
A=Ad+AL ;

A(1, 1) =-D/ dyb(2)- 0. 5*kww,

A(1, 2) =Dl dyb( 2) - 0. 5* kww;

AC(jp) » 20jp-1)=dyc(2:jp-1);
end

end

B.3. Code introduced in chapter 7

The code presented here is used in chapter 7 and comprises two patésTpart includes the 2D mass

transport code for second-order wall demands. The code also @sdlnd analytical model for determination
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of the far field solutions for such reactions. The first part of the coalealso applied in chapter 5 as the 2D

mass transport model. However, the first-order wall demands wereeoad in that chapter.

The first part of the code comprises the following main sections

(1) Global function in lines 1-36;

(2) Grid generation (lines 61 and 75) and associated internal funciioeatégrid xin line 128 and

creategrid rin line 142);

(3) Determination of velocity and turbulent viscosity profiles by the modifiedMaest mixing length

model (line 66 and internal functidmydrodynamicén line 166);

(4) Initiating the variables and defining the entrance boundary conditioes 82-93, except line 90);

(5) lterative solution including determination of the coefficients matrix (line @d iaternal function

creatematrixin line 186), check the convergence (lines 96 and 106) and calculatish gfines

117-119).

The far field solution for second-order wall reactions is also present@wes 211-241.

Here is the code:

function approximte_secondor der

cle

close all;
Retau = 2350;
Sc = 1000;
Nx = 600;
Nr = 300;
xend = 1e3;

%do the 2D cal culations ...
alphas = [0.1, 1, 10];

for i = 1:1ength(al phas)
al pha = al phas(i);
disp(['----- al pha=", nunPstr(al pha)]);
[x r c sh{i}] =TwoD 2nd(Retau, Sc, alpha, Nx, Nr, xend);
ch{i} =c(:,1);
cwWi} =0.5* (c(:,end-1)+c(:,end));
end

save([' TwoD_Sc’, nunstr(Sc), '_Retau', nunRstr(Retau)])

| oad([' TwoD_Sc’, nunRstr(Sc), '_Retau’, nunRstr(Retau)])

%this routine establishes that the Van Driest diffusivity profile generate
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% 2.4 percent higher mass fluxes than the analytical mass flux of
%9/ (2 pi sqrt(3))

L = x(end) / xend;
for i = 1:length(al phas)
al pha = al phas(i);
ch_an{i} = ansol _nearfield(x/L, alpha);
end
cb_anf = ansol _farfield(x/L, alpha);
b = 9.5e-4; %note: can be inferred from b=kappa®2 Bplus / (ScT Aplus”2)

Sh_an =9 * b*(1/3) / (pi * sqrt(3)) * Retau * Sc™(1/3);

R e TR %
% 2D nodel %
R R LT %

function [x rc ¢ Sh dcdyw] = TwoD 2nd(Retau, Sc, al pha, Nx, Nr, xend)

% convert to a dinensional form

R=1;

nu=le- 6;

ut=Retau * nu/ R

D=nu/ Sc;

c0 = 1;

ScT=1. 0;

b = 9. 5e-4; %nuT = b yplus”3

deltas = (b*Sc)"(-1/3) * nu/ut;

Y%hanging the non-d al pha to the dinensional form
al pha=-al pha/ (c0*del tas);

reltol = le-10;

% create and unpack grid variabl es

grid = creategrid_r(N, R ut, nu);

vnam = fiel dnanes(grid);

for i=1:1ength(vnam; eval ([vnan{i}, =grid.’,vnan{i}, ';']); end

% cal cul at e hydrodynam cs

[u nuT] = hydrodynami cs(ycplus, ut, nu);

DT = nuT / ScT,;

U= trapz(rc, rc .* u) ./ trapz(rc, rc); %average velocity

% cal cul ate the physical |engthscale L
rh = R2;
L rh * U* deltas / D

%now L is known, the x-grid can be initialised

grid = creategrid_x(grid, Nx, xend, L);

vnam = fiel dnanes(grid);

for i=1:1ength(vnan); eval ([vnan{i}, =grid.’,vnan{i}, ";']); end

%---- end initialisation
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% set west boundary condition for forward marching
c = zeros(Nx, Nr+2);

c(1,:) = c0;

r = zeros(Nr+2, 1);

Sh = zeros(size(x));

for i=2:Nx
ax=x(i)-x(i-1);

A = creatematrix(grid, u, D, DT, dx);
r(jo:j1) =u(jo:j1) .* c(i-1, jo:j1)’ [ dx;

cw=10.5"* (c(i-1, j1) +c(i-1, jp));
its = 0;
i sconverged = fal se;
while ~ isconverged
% set matrix-coefficients for non-linear BC

Aljp, j1) =-1- 0.5 * alpha * drb(jp) * cw
A(jp, jp) = 1 - 0.5* alpha * drb(jp) * cw
c(i, 1) =A\r,;

cw=0.5* (c(i, j1) +c(i, jp));
BCres = (c(i, jp)-c(i, j1))/drb(jp) - alpha * cw2;

i sconverged = abs(BCres/ (al pha*cw'2)) < reltol;
its = its + 1;
end

if (mod(i, 50)==0)
disp([’x-location=", nunstr(i), '/', num@str(Nx),
", iterations: ', nunRstr(its)])
end

% cal cul ate local (x) Sherwood nunber
%Jw="- D* (c(i, jp)-c(i, j1))/drb(jp); %... exactly identical
Jwi) = - D* alpha * cw'2;
kf = Jdw(i) / (c(i, jO)-cw;
Sh(i)=kf*2*R/ D;
end

% nondi mensi onal i ze vari abl es before outputting
c = cl/co;
dcdyw = Jw * deltas / (D * c0);

function grid = creategrid_x(grid, Nx, xend, L)
vnam = fiel dnanes(grid);
for i=1:1ength(vnam; eval ([vnan{i}, =grid.’,vnan{i}, ";’]); end

xi = logspace(-5, 10gl0(xend), Nx)';
Xi = (xi - xi(1))/(xi(end) - xi(1))*xi(end);

X =xi * L
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grid. Nx = Nx;
grid.x = x;
R R %
function grid = creategrid_r(N, R ut, nu)
jm =1 % Virtual point on bottom
j0 = jml; %First interior point at bottom
il = jJO+Nr-jm % Last interior point at bottom
ip = j1+1; % Virtual point at bottom
Retau = ut * R/ nu;
ybplus = (logspace(-3, 0, Nr+1)-1le-3)*Retau;
ybplus = [-ybplus(2), ybplus]’;
yeplus = 0.5 * (ybplus(1:end-1) + ybplus(2:end));
ycplus = [ycplus; 2*ybplus(end)-ycplus(end)];
rb = flipud(1l - ybplus/Retau)*R;
rc = flipud(1l - ycplus/Retau)*R;
drb = [NaN; rc(2:end)-rc(21:end-1)];
drc = [rb(2:end)-rb(1:end-1); NaN;
grid.Nr = Nr;
grid.jm=jm grid.jO =j0; grid.j1 =j1; grid.jp =jp;
grid.rb =rb; grid.rc =rc; grid.drb = drb; grid.drc = drc;
grid.ycplus = flipud(ycplus); grid.ybplus = flipud(ybplus);
R %
function [u nuT] = hydrodynam cs(ycplus, ut, nu)
% Van Driest modified mxing | ength nodel
kappa = 0.41;
Aplus = 26;
Bplus = 1/0.26;
I mplus = kappa*ycpl us. *(1-exp(-ycpl us/ Aplus))./sqrt(1-exp(-ycplus/Bplus));
u =ut * cuntrapz(ycplus, 2./(1+(1+(4*Inplus.”2)).70.5));
u=u - u(end);
nuT = Inplus .72 .* ...
[ 0; ...
(u(3:end) - u(l:end-2)) ./ (ycplus(3:end) - ycplus(l:end-2)); ...
0] * nu/ ut;
nuT(1l) = nuT(2);
nuT(end) = -nuT(end-1);
R R L e %
function A = creatematrix(grid, u, D, DT, dx)
% unpack grid variables
vnam = fiel dnanes(grid);
for i=1:1ength(vnam; eval ([vnan{i}, =grid.’,vnan{i}, ";']); end
A = sparse(Nr+2, Nr+2);
for j =j0:j1
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DeffT =D+ 0.5 * (DT(j) + DT(j+1));
DeffB =D+ 0.5* (DT(j-1) + DT(j));
A(j. j-1) = - rb(j) * DeffB/ (rc(j) * dre(j) * drb(j));
A, J) = u(j)/dx ...
+rb(j) * DeffB/ (rc(j) * drc(j) * drb(j)) ...
+rb(j+1) * DeffT / (rc(j) * dre(j) * drb(j+1));
A(j, j+1) = - rb(j+1) * DeffT / (rc(j) * drc(j) * drb(j+1));
end

% Neumann BC at r=0

A(jm, ]:n)=—1;
Alfm, jo)= 1,
G = = m o m o m e e e e e e %
% 1D anal ytical model (far field) %
G = = m o m e e e et %

function [cb cw dcdsw] = ansol _nearfiel d(x, alpha)
eta = 4*pi*sqrt(3)*al pha/ 9;
lanbda0 = 1/(sqrt(1+2*eta)-1);
B | anbda0+l og(| anbda0) ;

% ... too slow when dealing with large x ...
% | anbda = lanbertw(exp(9/ (4*pi*sqrt(3))*x+B));

% construct Wight onmega function instead and use interpolation
Wom = | ogspace(-3, 5, 5000);

xWom= Wom + | og(Wonj;

|anbda = interpl(xWom Wom 9/(4*pi*sqrt(3)) * x + B, "spline’);

cb = (2%l anbda+l) ./ (2*eta*lanbda.”2);
cw = (sqrt(l+2*eta*ch)-1)/eta;

dcdsw = al pha / eta”2 * (sqrt(1+2*eta*ch)-1)."2;
R R %

function [chb cw] = ansol _farfield(x, alpha)

eta = 4*pi*sqrt(3)*al pha/9;
%Btilde = 0;
% | anbda = Btilde + 9/(4*pi*sqrt(3))*x;

% ch (2*lanbda+l) ./ (2*eta*lanbda.”2);

cbh =1 ./ (alpha * x);

cw (sqrt(1+2*eta*ch)-1)/eta;
chb(ch > 1) = NaN
cw(ch > 1) = NaN
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B.4. Code introduced in chapter 9

The internal function for the determination of the unknown matrix coefficitartshe 2D mass transport
code introduced in chapter 9 is presented here. The difference lrethisénternal function and the 2D
mass transport code presented for chapter 7 isviba0 here. The function includes application of the

first-order upwind scheme for the advective term. Here is the function:

function [A] = TwoDmassMatri xRoughVal I s(. ..

jp, ip, dxb, dxc, dyc, dyb, u, v, D Dt)
%*************************************************************************
9% his function determnes the unknown matrix [A] coefficients (except the
Y%oundary nodes) for the 2 D mass transport probl emover rough walls, which

% ncl ude application of first-order upw nd schene.
%***************~k~k******************~k~k************************************

A=sparse(ip*jp,ip*jp);

for w=2:jp-1
f=1,
for t=(w1)*ip+2: wip-1
f=f+1,
i=f;
j=w,
%**************************************************************
if v(i,j)>0 & u(i,j)>0
DDT=D+Dx (i, j);
al pha=0.5*(Dt (i +1,j)-Dt(i-1,j))/dxc(i,j);
beta=0. 5% (DX (i,j+1)-Dt(i,j-1))/dyc(i,j);

A(t,t)=u(i,j)/dxb(i,j)+v(i,j)/dyb(i,j)+DDT*(1/ (dxc(i,j)*...
dxb(i+1,j))+ 1/ (dxc(i,j)*dxb(i,j))...
+1/ (dyc(i, j)*dyb(i,j+1))+1/ (dyc(i,j)*dyb(i,j)));
A(t,t-1)=-u(i,j)/dxb(i,j) +0.5%al pha/dxc(i,j)-...
DDT/ (dxb(i,j)*dxc(i,j));
A(t,t+1)=-0.5*al pha/ dxc(i,j)-.
DDT/ (dxb(i+1,j)*dxc(i, J))
A(t,t-ip)=-v(i,j)/dyb(i,j) +0.5%beta/dyc(i,j)-...
DDT/ (dyb(i, j)*dyc(i,j));
A(t,t+ip)= -0.5%betal dyc(i,j)-...
DDT/ (dyb(i,j+1)*dyc(i,j));

elseif u(i,j)>0 & v(i,j)<0
DOT=D+DX (i ,j);
al pha=0.5* (Dt (i +1,j)-Dt(i-1,j))/dxc(i,j);
beta=0. 5% (Dt (i,j+1)-Dt(i,j-1))/dyc(i,j);

ACt,t)=u(i,j)/dxb(i,j)-v(i
dxb(i+1,j))+ 1/ (dxc(i,

,i)1dyb(i,j)+DDT*(1/ (dxc(i,j)*. ..
j
+1/ (dyc(i, j)*dyb(i,j+1)

j
)*dxb(i,j))..
) +1/ (dyc(i, l)*dyb(l inl:
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el se

el se

el se

At t- 1): u(i,j)/dxb(i,j) +0.5*al phaldxc(i,j)-...

DT/ (dxb(i,j)*dxe(i,j));
A(t, t+1)=-0.5*al pha/dxc(i,j)-.
DDT/ (dxb(i+1,j)*dxc(i, J))
A(t,t-ip)= 0.5*betaldyc(i,j)-.
DT/ (dyb(i,j)*dyc(i,j));
A(t,t+ip)=v(i,j)/dyb(i,j)-0.5%betaldyc(i,j)-...
DDT/ (dyb(i, j+1)*dyc(i,j));

if u(i,j)<o & v(i,j)<0

DDT=D+DX (i,j);
al pha=0.5*(Dt (i +1,j)-Dt(i-1,j))/dxc(i,j);
beta=0.5%(Dt (i,j+1)-Dt(i,j-1))/dyc(i,j);

At t)=-u(i,j ) dxb(i,j)-v(i,j)/dyb(i,j)+DDT*(1/ (dxc(i,j)*. ..

dxb(i+1,j))+ 1/ (dxc(i,j)*dxb(i,j))...

+1/ (dyc(i,j)*dyb(i,j+1))+1/ (dyc(i,j)*dyb(i,j)));
A(t,t-1)=0.5*al pha/ dxc(i,j)-...

DOT/ (dxb(i,j)*dxc(i,j));
A(t,t+1)=u(i,j)/dxb(i,j) -0.5%al pha/dxc(i,j)-...

DDT/ (dxb(i+1,j)*dxc(i,j));
A(t,t-ip)= 0.5*betaldyc(i,j)-...

DDT/ (dyb(i, j)*dyc(i,j));
A(t,t+ip)=v(i,j)/dyb(i,j)-0.5%betaldyc(i,j)-...

DDT/ (dyb(i,j+1)*dyc(i,j));

it u(i,j)<o &8 v(i,j)>0
DOT=D+DX (i ] );

al pha=0.5*(Dt (i +1,j)-Dt(i-1,j))/dxc(i,j);
beta=0.5%(Dt (i,j+1)-Dt(i,j-1))/dyc(i,j);

At t)=-u(i,j)/dxb(i,j)+v(i,j)/dyb(i,j)+DDT*(1/ (dxc(i,j)*. ..

dxb(i+1,j))+ 1/ (dxc(i,j)*dxb(i,j))...
+1/ (dyc(i, j)*dyb(i, J'+1))+1/(dyC(i,i)*dyb(iyj))):
A(t,t-1)=0.5*al pha/ dxc(i,j)-.
DDT/ (dxb(i,j)*dxc(i,j));
-0.

A(t,t+1)=u(i,j)/dxb(i,j) 5*al phal dxc(i,j)-...
DDT/ (dxb(i +1,j)*dxc(i,j));

Alt,t-ip)=-v(i, J)/dyb( j) +0.5*betaldyc(i,j)-...
DOT/ (dyb(i, j)*dyc(i, J))

At,t+ip)= -0. 5*beta/dyc(| D
DDT/ (dyb(i,j+1)*dyc(i,j));

DDT=D+Dt (i, );

al pha=0.5*(Dt (i +1,j)-Dt(i-1,j))/dxe(i,j);
beta=0.5*(Dt (i,j+1)-Dt(i,j-1))/dyc(i,j);

ACt,ty=u(i,j)/dxb(i,j)+v(i,j)/dyb(i,j)+DDT*(1/ (dxc(i,j)*. ..

dxb(i+1,j))+ 1/ (dxc(i,j)*dxb(i,j))...
+1/(dyc(i,j)*dyb(i,j+1))+1/ (dyc(i,j)*dyb(i,])));
A(t,t-1)=-u(i,j)/dxb(i,j) +0.5%al pha/dxc(i,j)-...
DDT/ (dxb(i,j)*dxc(i,j));
A(t,t+1)=-0.5*al pha/ dxc(i,j)-...
DDT/ (dxb(i +1,j)*dxc(i,j));
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end
end
end

Alt,
Alt,

-ip
DDT/
t+ip
DDT/

):
(dy
):
(dy

v(i
b(i
-0.
b(i

i,

i,
5

i,

j)1dyb(i,j
j)*dye(i,j
*bet a/ dyc(i
j+1)*dyc(i

)

));

i
y

+0. 5*beta/ dyc(i,j)-...

i)
));
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