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ABSTRACT

Computational fluid dynamic (CFD) modelling has been applied 1o examine the operation of the
pre-ozonation sysiem 21 Wiggins Waterworks, opcrated by Umgeni Water in Durban, South Africa.

Ozonalion 15 employed in water meatment process primarily 1o achieve the oxidation of iron and
manganese, the destructon of micra-organisms and the rermoval of 1aste and odour causing compounds. [t
also aids in the reduction of the colour of the final water, enhancement of algae removal and possible

reduction of coagulant demand.

A hydrodynamic model has been satisfacionly verified by experimental wracer 1es1s.  The effect of the gas
mjection was modelled by inercasing the level of rurbulence intensity at the ozone contactor inlet. The
medel prediction of the overall mracer response corresponded ciosely 1o the experimenial results, The
framework of ezone reacrion modelling was subsequenty established using values of rate constants from
the literature, An accurate prediction of the ozone conceniration profile requires the application of the
correct ozone kioetics involved. In raw waters, the depletion of ozone 15 influenced by the presence of
natural organic matters (NOM). The observed ozone décay was found in good agreement using the pseudo
first-arder rate law. By measuring the total organic carbon (TOC) as a surrogate for NOM, the
cxpenmentally determined rate constants can be calculated to account for the effects of the ozone doses and
the water quality. The charactenisation srudy also aimed to provide sufficient information on ozone

depletion and to be operated easily, without the lengthy and costly analyses of a detailed kinetics study.

The predicted profile of residual ozone concenwalion suggests the current operating stralegy can be
improved 1o opumise the ozone utilisation. The propesed moniloring point was supggested ta be at the end
ofl second companment where most azone reactions have been completed. By coupling the transpon
cquations of the targer compounds with their chemical reaction rates, the concentration profile of these
compounds such as ozone can be predicied in order 1o assist the undersianding of an operztion and 1o antain

bener interprewation of experimental resulis.
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Applied ozone Amount of ozone applied 1o the sample a3 determined durimg ealibration of
the peone spparurus
Developed counirics There 15 oo established convention for the designation of develpped and

developing countries or areas in the United MNattons system. I common
pracrice, fapin if Afia, Canads and the United Siaigs in portem America,
Australia and Mew Zealand in Oceania and Europe are congidered
“developed” regions or areas, In intemabonal trade stagstics, the Southern
African Custems Unicn is 8lss reated o developed region and lsracl o5 a
devaloped country; countries emerging from the former Yugoslavia are
treated as developing countries; and countries of castern Europe and the
former USSR couniries in Evrope are pod incloded under either developed or
developing regions. (UM Statistics Division, 2003}

Half.ife (O Time mken for czone residual to decpease to half of jis inital value agr =0

Instantineous ozone Difference between applied ozone concentration and the sum af 1he ozone

consumplion! regidual and unreacted gzone ot a specifie tme

instanfaneous demand

Dreonafion Addition of ozoné-containing gas into the bauid phass

Crepnator A reacior whene GRORAHON HCCUTs

Crzone doge Amount of ezone actuslly iransferred 1o the sample in the kimetic experment;
nlzo refer o the setting of ozone-to-waler ratio st Wigging Waerworks

Deone residug) Dhsmnlved nzope messured ip aquenns phase af dmas

COzone ransferred Ozone transferred into the sample, i.e.: applied ozone subtmacts the unrescted

orane exiting

Unreaciad szone Dzone messured in gas phass exiting the reaction vessel
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INTRODUCTION

“Water is life, sanilation is dignity™
- Strategic_frame work for warer services, Ronnie Kasril, Former minister of water
affairs and forestry, South Africa
Approximately one-third of the world’s population lives in countnes with moderate to nigh water stress
(UNEP, 2003). The lack of availability or the inadequate quality of freshwater are the two most restrictive
issues for development in Africa; hampering industrial activitics, food production and contributing
significanily to the spread of disease. However, due 16 the declining state of the fresh water supply in both
quantity and quality, water-stressed eountries do not have the freedom to select available sources based

only on quality parameters.

In both the Millennium Development Goals (MDG) and the key outcome from the World Surnmit on
Sustainable Development {WSSD), the need to ensure environmental sustainability in eco-social growth
and indusmial development was reaffirmed. One of the targets is to halve, by 2015, the proportion of
people without susrainable access 1o safe drinking water and basic sanilation worldwide (UN, 2003).
South Africa, as 8 member of }91 United Nations Member States who have pledged (o meet these targets,
has drawn up strategies to provide more South Africans with basic waler and sanitation services. This
necessitates increasing the supply of potable water. In order 1o implemnent the stralegy in a susiainable

manner, efficient and effective operation of water meatment process needs to be sought.

South Africa has Himited water resources which largely derive from rivers.  Water gquality is thus dependent
on seasonal changes and river conditions, Furthermore, the accumulated effect of pollulants gathered
from many smzller flows into the major rvers leads 1o treatment problems in waterworks. Ozone, because
of its exceptional oxidising ability, has been under research for the past cenrury as an effective oxidant and
disinfectant in water and wastewater reatment. Ozonalion is one of the advanced Ireatment processes thai

have been introduced in local waterworks to treal waler 10 potable waier standard.

In this chapter, Sectlon 1.1 outlines 2 global and national target on provision of safe drinking water.
Section 1.2 describes Umpgeni Walter's Wigpins Waterworks and its ozonation system in this study.
Sections 1.3 and L.4 present the motivation and the objectives of the invesdgation, ang the chapter is

concluded by a davout of the thesis in Section 1.5,
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1.1 Demand on sustainable 2ccess to drinking water

AMCEN/UNEP (2003) reports that water stress (less than | 700 kL.capita.year™) or water scarcity (less

than ) 000 kL.capits”' . year'") is already observed in 14 of the 53 African counrics.

Water resources in sub-Saharan Africa, in particular, are subject (o climate changes and the consequent
effects which include variation in rainfall, reduced precipitation and increased evaporation. With a
growing population and demands from the domestic, agrculrural and industrisl seciors for water,
freshwater availablity is a priority concern {(AMCEN/UNEP, 2003). The bigh demand for waler is driving

vnsuslainable practices and competition for woter resources between sectors, communitics 20d nations.

Table [-1: Populstion and rencwable water resources per capita

(' World Bank, 2004; > \WWorld Resources Institute, 2004)

Water resource

Counlry/Region ' Population * Interpal t 2 Acrual f
(millions) (kL.person™.year) (kL.person'.year)
Year 2004 2004 2004
South Africa 45.6 990.8 1 105.9
Sub-Saharan Africa 719.0 5445.0 6322.5
Developed regions 1 000> 104343 115138
World 6300 6 879.8 8 549.2

Noles to Table 1-1:

* Data laken as the high-income countries defined by the World Bank.

t Internal renewable water resources (IRWR) per capita are the average annual volume of water generaled
wilhin a country's borders on a per person basis.

IRWR = gurface waler resources + groundwatcr resources - overlap.

} Actual renewable water resources per capila provide the maximum amount of water actually available, ona
per person basis, for each country. In reality, a portion of this water may be inaccessible to humans. Aciual
renewable water resources are defined as the sum of internal renewable resources (IRWR) and external
renewable resources (ERWR), 1aking into cansideration the quantity of flow reserved 1o upstream and
downsiream countries through formal or informal agreemenis or treatics and possiblc reduction of exiernal

flow due to upsiream water abstraction (World Resources Instinte, 2004).

Table 1-1 lists the population and the renewzble water resources of different regions in the world and
compares lo those data of South Africa. Both internal and actual renewsble water resources in
Sub-Saharan Africa (5445.0 kL.person™ .year'' and 6322.5 kL.person™ .year™' respectively) are Jess than the
world average (6879.8 kL .person” . year” and 8549.2 kL person™.year ') and are only balf of those values in
the developed regions (10434.3 kL.person’.year! and 115(3.8 kL.person.year'). When areas of low
rainfall coincide with high evaporation potential, the climale variation can resull in severe droughts. This
can be seen in the case of South Africa in 2004, which had less than {0% of the intemal renewable
resources ot the developed regions. Regulations such as water restrictions were necessary in major cifies

and towns in South Africa to cope with water shorages.
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Table 1-2 compares the percentage of the population with access to improved drinking water sources in
South Africa, with those values of the neighbouring countries. South Africa (total of 87%, 2002) is
positioned well above the average value of the Sub-Saharan African region (total of 58%, 2002).

[However there was little progress between 1990 and 2002 (total of 87%), when compared to the
neighbouring countries such as Namibja (58% in 1990 to 80% in 2002) and Botswana (93% in 1990 to 95%
in 2002) which have less waler resources than South Africa (AMCEN/UNEP, 2003). n comparison with
other regions. South Africa is cluser to the level of the Northemn Affica or Developed Regions (as defined
by UN) in urban areas, but seriously lagging in servicing the rucal areas.

Table 1-2: Proportion of urban, rural and total population with access to improved drinking water
sources (UN Stadstics Division, 2002)

Country/Region 1990 2002
urbap rural total urban rural otal
(%) (B () (%) (B (%)

South Africa 99 67 83 98 73 87
Namibig 99 43 38 98 72 80
Botswana 100 88 93 100 90 95
Sub-Saharan Africa 82 36 49 82 45 38
Northern Africa 95 83 88 96 84 90
Developed regions 100 99 100 100 94 98

In the South African context, the Department of Water A (Tairs and Forestry (DWAF) has set out to meet the
target of providing all South Africans with a functional water supply by 2008 and sanitation facilities by
2010, exceeding the targets mentioned in the MDGs and WSSD (DWAF, 2003). The provision of free

basic water thus commenced in 2003, supplying cach household with 6 kL per month free of charge.

To achieve this target in a sustainable manner, building new water treatment facilities should be avoided if
the present waterworks can be operated to meet the demand. Efficient and effective operation and control
of the present trcatment process is thus imporiant for capital savings and in preventing an additional burden

to the environmem from waste of chemicalsor energy.

1.2 Project background

Computational fluid dynamics (CFD) research in water and wastewater at the Pollution Research Group,
University of KwaZulu-Nata) (formerly known as the University of Natal), under Prof. Chris Buckley and
Mr Chnis Brouckaert, commenced in 1992, funded by the Water Research Commission (WRC). The
project at the time was intended to improve the operation and the perforrance of equipment in water and
wasiewater by means of CFD modelling. The results from the case studies of a clarifier and an anaerobic
compartment indicated the potentials of the CFD technique in better understanding the operations and in

designs to avoid undesirable flow behaviour (Brouckaert and Buckley, 2002).
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A subsequent WRC-funded project, entiled Compuwtertional fTuid dimanmics support o woler research
projeciy uimed lo exiend ihe shove findings by undertaldng s modelling exercise on & number ol prococs
units 0 woier and wastewaler o & jervice 1D indidrred and o promole the usc of CFD by waler suthonties,
consultants and waier rescarchers | Brouckaen e al., 2005},

The operition of an ozong contaclor in Umgeni Water's Wiggins Walerworks veas inveshgsted ns one of
the main case siudies in the sbovemnentioned project, initially undertaken by the awhor & an MScEng study
in 2001 and subseguenily upgraded 1o PRD & the end of 2002,

Anribulable to its high chemical setivity, ozone is found 1o be mare effectve 1o oxidise cenain classes of
recalcitrant orgunle mnd inorganic species and W mactivale waierbome pathogens resotant 1o the
conventional oxidants or disinfectant, Although the operational cost is high, muny waier restment plants
hnve incorporaled aronation in order 1o provide safer drindong wiser,

CFD modelling is a munerical pincedune 1o caloulste the propemiss of moving Mnd (Browckaen e al,
2004). It serves as a Nexible 1ol in exammng the performance of the ozone contactor. |5 application is
useful for the purpote of optimisation. design, or retrofitting an existing unit in waler trestment processes.
The power of CFD is such thal & more rigorous approsch can be adopied. The reactions invabvang the
target species and the disinfectant can be incorporated in the sohation of the Now field 5o & o explicily
calculme the exit concenirution of the angel species.

Additional ressarch exchange undenaken by the suthor in 2000 and 2003 1o visit Instinel National des
Sciences of Appliqueds (INSA) de Toulouse, France, were funded by the resesrch grami under the
Frinco-South African Science ssd Technslogy Ajgreement, enthiled Oprimivorion of Powble Waner
Proparatton angd Distribution in Durban, This agrecmeni wad cussdinaicd by Prol Mike Mulbolland,
University of Natal, Durban, snd Prof Marike-Véronique Le Lann, INSA/LAAS-CNRS, Toulouse. Partof
the modelling work was camed out st the Laboritaire d°ingémiene des Procddes de I°Environnement
(LIPE), INSA de Toulouse, under the supervision of Prof Alsin Liné

121  The waier reatment works

Umngeni Water was established i 1974, with the main fonction of supphying bulk treated waler (o an Arca of
24000 ke’ in the Greater Durban and Pietermaritzburg region, KwaZula-Natal, South Africa.  Most ol the
water is abtained from the Mgeni River which runs through & number of catchraents in the Midlands before
resching the Indias Ocesn in Durban,

Insnds Dam, completed in 1987, is the lowest dam gitusted on Mgeal River and supplics raw waiur 18
Wigging Waterworks. The Wiggins Waterworks (Figure 1-1) is the first large wiler punification plamt in
South Africa 1o employ pre-o2onanion.

od
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Res.® Res. 2

Figure 1-1: Treatment process at Wiggins Waterworks (Umgeni Water, 2002)

Water arrives at the volume-graded tower (A) and is first treated with ozone (B). Coagulant is then added
1o water in the flocculation step (C) and the agglomerated solids are settled out in clarifiers (D). Thereafter
water passes through a series of sand filters (E) to remove any suspended matter which escaped in the
previous step. Finally chlorine is added to disinfect water and to protect it from future microbial growth
and the water is stored in a large reservoir on-site before being distributed (F).

Table 1-3: Unit chemical treatment costs (cents.KL') of waterworks operated by Umgeni Water
(Umgenl Water, 2003)

Umzinte Aman- Mtwalume Hazelmere Wiggins D V Umlaas Craigie- Durban Midmar Avg

zZimtoti Harris Rd bum His
1998 8.50 443 5.45 282 .72 3.26 2.36 2.94 1.93 288 394
1999 11.72 5.0 7.03 5.56 1.99 445 3.23 5.01 3.71 3.68 6.0l
1990 10.87 6.64 6.97 6.01 2.19 3.77 3.08 4.8] 2.81 .84 5.54
2001 8.98 6.52 4.92 533 1.95 3.45 205 294 2.65 311 460
2002 10.66 5.46 5.35 6.94 2.66 4.31 2.62 3.95 3.39 409 5.24

The major economic concern of the process is in ozone geperation which has a high consumption of
electriciry. In spite of the cost of operating the ozone generators, the Wiggins Waterworks has the Jowest
operating cost per volume of water treated in any of the works operated by Umgeni Water (Table 1-3),
which is partly due to the low rurbidities in the raw water, and partly artributable to the beneficial effect of

the pre-ozonation on the downstream purification processes.

1.2.2  Pre-ozonation contacting system

Ozonation of water is carried out by dispersing ozone-containing gas into the liquid phase using techniques
of relatively low energy demand, such as diffusers or static mixers (Bin and Roustan, 2000). The ozone
reactions occurred in a liquid-gas contacting tank, known as the ozone reactor or the ozone contactor, as
referred to in this thesis.
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Figure 1-1: Appearance of the pre-oronstion coptsching system

Raw water enters the conacting sysiem through a distribufion reservoir (Figure 1-2 (a)).  The coniaciimg
system consists of four contactors.  Each of the contaciors (c) is preceded by a ststic mixer (b) such tha the
contacting chambers can operate indwidually or in paraliel. AR ozone-oxygen gas mixture iz injected a5 5
sida-stregm (hrough the staric mixer that is employed 16 achieve high mass vancfer of ozone 10 water.
Excess ozone in the gas phase is trmnsferred to the Thermal Destruction Linit (d) hefore it is released inmo the
aimosphere.  Ozone is produced at 10% (m/m) concentranon by 3 « 30 kg.h™' Trailigaz ozonators which
are fed with evaporated liquid axygen.

1221 Comlaciors
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[a) mometnic view (b} side view

Figure 1-3: Dimensions and flow direction i the ozone contactor (drawings adapted fram model)

The configuration of the contactor is unususl as it was convened from an existing structure.  Water enlers
from the bonom o the fromt end, passes theough three honzontal compartments, and exits over the weir at
the rear {see the dashed line in Figure 1-3 (b)) A pipe is located o the nght of the inlet at the botom
compartment (Figure 1-1 (o)) 1o discharge sludge periodically. This hatf of the contector will be referred
a8 the righr portion and conversely the other half will be referred as the lgff throughouwt this thesis.
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Conventionally a contactor is designed with vertical low baffies and accompanied by multiple points in the
tank to distribute ozone by diffusers. In comparison, the present contecting system at the Wiggins

Waterworks poses complexity in geometry and operation.

{.2.2.2 Static mixer

Wigpins Waterworks uses the Sulzer static mixer model SMX. A section of the internal structure is shown
in Figure |1-4. A section of vertical mixing plates is located immediately below the gas inlet. A
headspace of 500 mm is left with no mixing plates. Thereafler three altemaring orientation of mixing

plates which are offset at 90° to each to each other are installed before the water exits the static mixer.

The mixing is caused by the flow passing through a series of mixing elements arranged in such a way that
bulk fluid can be broken up into small pockets for improved mixing. One of the operstional beoefits for a

static mixer is its low requirement for energy.

Figure 1-4: View of the static mixer

The high mass mansfer efficiency of ozone to water using static mixers has been repornied in literature (Zhu

et al,, 1989; Bin and Roustan, 2000; Heyouni et al. 2002) as a result of enhanced mixing.

1.2.3  Ozone residual concentration

One of the operational objectives of the ozone contactors is to achieve the desircd residual ozone
concentration in water within the contactor. I[n relative terms, ozone is supplied in surplus to the
ozone-consuming substance (OCS) present in raw water. Afler the ozone is dissolved, it undergoes
various rypes of aquatic reactions until the OCS are consumed, Qzone is also depleted through
self-decomposition, but ar a much slower rate and therefore it is possible (o monitor ozone at a specific

concentration at a suitably chosen peint of the contactor.

In this context the term residual is the dissolved ozone which remains available. This parameter is
important in the control and operation of the contactor as it ensures that sufficient ozone is added to the
water. [However, overdosing with ozone should be avoided as it could increase the disinfection
by-products 10 an unacceptable level (Rakness ct al., 2000). Even when over-dosage with ozone does not

adversely affect the quality of water, it will always increase the operational cost.
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1.3  Motivation of the study

Presently the control of the pre-ozonation system at Wiggins Waterworks relies on the measurement of the
residual ozone concentration to be near zero at the flow outlet. Water leaves the ozone contactors over a
broad-crested weir. Turbulence and the de-gassing effect can cause the release of residual ozone. Even
when this does not exceed the safety exposure limit, it is a health concem as well as an operating
inefficiency. While this measurement provides for operational safety, it gives very little indication of the

performance of the ozone contactor,

Due to the intense energy demand in producing ozone, ozonation has one of the largest contributions to the
environmental burden of the water treatment processes (Friedrich, 2001). Thus, it is imporant (o optimise

the pre-ozonation system by achieving the most effective utilisation of ozone produced.

As described in Section 1.2.1 , a water treatment works consists of a series of processes. The flow
dynamics and the associated physico-chemical phenomena of each process are important aspects for the
optimal performance of the entire works. In chemical engineering, the design or the optimisation of a unit
operation can be done using various approachcs. Do-Quang et al. (2000) have calegorised these

approaches as follows:
s  Empirical relationships
s  Bench-scale and pilot-scale testing
s  Full-scale plant testing

»  Modelling

Empirical correlations, pilot/bench-scale tests, or full-scale tests are the conventional means of resolving
such types of chemical engineering problems. However, this classical approach is mainly based on the
global balances. Although this usually leads to simplification of describing the overall system and its
usefulness is recognised, relations as such are difficult to extrapolate. Modelling thus appears (o be a
favourable option to represent the physical reality and capture the macro-and micro-phenomena of the
process under investigation. The limitations of the computing power and time have been overcome by the

continual advances in computer technology.

Among the modelling tools, computational fluid dynamics (CFD) js based on the conservation laws of
mass, momentum and energy to model the flow hydrodynamics. The user input requires only the process
geometry, Huid properties and boundary conditions, without prior knowledge of the flow regime. In
contrast to a mixed-compartment modelling approach, CFD modelling offers the advantage of a
fundamental physical basis for representing the complex interaction between flow and chemical reaction

phenomena.

Because CFD modelling is a fundamental approach, its application is not limited by the range of the
operating conditions as most empirical relationships and small-scale testing are. The model represents the

physical process as a virtual unit operaiion. The effects of the upstream processes or the operafing
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conditions can be reflected by specifying the appropriate boundary conditions. This is an advantage above
the physical testing, as the larter often poses disturbances to the rest of the treatment works. However, it
should be noted that CFD modelling does not replace experimental tests.  As Anderson (1995) and Roache
(1985) pointed out, CFD modelling and physical experimemation supplement each other in the

understanding of physical phenomena.

1.4 Overall objectives

This work seeks to develop 8 combined hydrodynamic/kinetic model of the pre-ozonation contactor at the
Wiggins Waterworks to examine its operating efficiency. This will be achieved by the following

sub-objectives:

i. Determine the actual residence time distmbution as a function of flow conditions through the

contactor

il. Establish a qualitative understanding of the dissolved ozone concentration profile througbout the

ozone contactor
ii.  Determine the ozone reaction kinetic constants for the actual raw water

v.  Select the best possible position for single-point monitoring of residual ozone concentration in

order 10 achieve the most efficient use of the ozone

The first objective required an appropriate hydrodynanic model! of the ozone contactor. The hydrodynamic
model was then verified by performing experimental racer tests to examine the effects of the flow

conditions.

The second objective led to developing a kinefic model which builds onto the hydrodynamic model by
incorporating the ozone reaction kinetcs to the calcunlated velocity field. Residual ozone concentrations

were measured oa-site as a partial validation of the model.

The outcome of the kinetic model and the wide range of rate constants found in literature necessitated the
ozone kinetics experiments 10 be carried out in order to determine the rate constants applicable for the loca)

waler source.

The fourth objective was achieved by the incorporation of alt efforts which contributed to the formation of

the combined model and the results were interpreted in view of the last objective.

The study was focussed on the modelling of the ozone contactor only. The simplest CFD model considers
only the hydraulic aspects of a sysiem {Brouckaert et al.. 2005). This type of model is often used to predict
the residence time distribution and, in turn, provides the connection to the performance indicators which
lead the model o a higher level of complexiry. However complex the models may be, they must be

supported by experimental studies which ideniify the physical and the chemical elernent of the models.

Therefore if the static mixer was to be modelied, the combined contactor and mixer would be inevitably

complex, The required experimental data for validating the static mixer model would also pose inherent

1-9
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difficulty and may nat contribute greatly to the understanding of 1he comtactor performance. For the
purpose of the investigation, it was considered essential to concenirate on the ozone contacior insicad of the

static muxer.

CFD modelling is expected to conwibute lo the study in several ways, such as improved planning of
experiment§, better interpretation of results and lhe prediction of the effects of modifications to the
cquipment configuralion or operating strategy. By incorporatng e approgpriate reaction kinetics, jt is
possible 10 assess the effectiveness of the current operating strategy and (0 propose a new scheme fos

achieving the most efficient use of the ozone dosed to the sysiem.

1.5 Thesis outline

Chapter t
Introduction

Chapter 2
QOverall literature reviews

A

Chapter 3
Hydrodynaimic modelling

A

Chapter 4
Ozonation of natural waters

y

Chapter 5
Kinetics modelling

A
Chapter 6
Kinctics expenments

Chapter 7
Conclusions

Figure 1-5: Flow dlagram of thesls

Figure 1-5 indicates the course of the remajning chapters in the thesis. Theinter-dependence of chapiers is

indicated by arrows.

In Chapter 1 the need for producing polable water in a more sustainable manper is highlighted. One of the
means to achieve Lhis is by effectively utilising the present water treatment works. Amongst the many

tools available for process optimisation, CFD modelling 18 2 lechnique which provides comprehensive

t-10
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details on the flow dynamics in a vessel and, in conjunction with appropriate reaction kinetics, on the
chemical species under scrutiny. This investigation is a case study of the pre-ozonation contacting system
a Wipgins Waterworks, Urpgeni Water. When the more empirical approach is not suitable for the
complicated geometry and flow dynamics of the contactor under investigation, CFD modelling is a more

robust means to deal with a complex system based on the fundamental laws of fluid dynamics.

In Chapter 2, general reviews are given on the ozone chemistry and ozonation process Lo provide the
background for the subsequent chapters. Important reaction mechanisms and process unijt operations are
discussed. This converges to the crucial aspects in ozonc reactor engineering where the current mode of
operation is critically examined and the need {or modelling as an engineenng tool is discussed. This is
then followed by the introduction to the mathematical modelling, a prelude 1o the fundamenual principles of
the CFD modelling.

In Chapter 3, the details of the hydrodynamics modelling of the ozone countactor are explained. The
application of residence time distribution and the cormparison berween the simulated flow results and the
experimental tracer test are discussed. In Chapter 4, the reaction kinetics of natural waters are discussed
in view of the kinetics-related investigation. Chapter 5 describes the development of the kinetic
modelling and its full-scale experimental verfication. Chapter 6 explains the ldoetics experiments
involved in obtaining the relevant reaction rate constants. Each of the three chapters is distinctly defined

by its own goals more specific 10 the particular investugation.
Lastly an overall conclusion and remarks on the final model and recommendations are given in Chapter 7.
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LITERATURE

“Nothing in life is to be feared. It is only to be understood. Now is the time to
understand more, so 1hat we may fear less.”

- Mane Curie (1867-1834), French (Polish born) chemist

Because of its high chemical activity, ozone has been widely applied in many tvpes of the oxidative water
treatment processes. Once ozone is dissolved, complex reactions 1ake place 1hat involve sequences of
highly selective, direct reactions of the molecular ozone and those reactions of the more reactive but less

selective hydroxyl radicals which are produced from ozone decomposition.

Practical experience and fundamental kinelic data have accumulated in recent years, enabling researchers
and industry to predict the chemical transformation during ozonation. The parameters affecting the
reactions are strongly dependent on the water composition and the ozone dosage. With the aims of
achieving the disinfection or the oxidation goals of ozonation, knowledge of the contactor hydrodynamics
is critical as jt is associated with the ozooe dosage and the contact time f{or the purpose of design and

operalional control.

In order to characterise the hydrodynamics of a contactor, the option of modelting has become more
affordable due to the advances in computer technology. From Section 1.3, the use of CFD modelling is of
particular interest as i1 combines the fundamenta! fluid dynamics laws and the reaction kinetics concepts
devetoped to reveal the performance of a reactor. A unit operahon such as an ozone contactor can be
described by solving the partial differential equations (PDEs) ol continuity, momentum. transport of
species and the chemical reactions of ozone, Thus CFD models have also been known as the deterministic

or glass box models, as opposed to the convennonal black box approach.

Section 2.1 provides an introductory note on ozonation. Section 2.2 gives the engineering aspects for the
ozonation process; whereas Section 2.3 discusses the fundamental aspects of the ozone chemistry. Thisis
then followed by a series of discussion on flow dynamics and the related mathematical modelling:
Section 2.4 discusses the current principles of the ozone reacior engineering: Section 2.5 provides the
mathematical fundamentals of the modelling and some fundamentl discussion of the use of CFD. Finally

some concluding comments on the chapier are presented in Section 2.6 .

2.1 TIntroduction

A significant amount of research has been given to the application of ozone in water and wastewaler

treatment.  Sectlon 2.1.1 presents a brief historical note on the usage of ozone in water treatment.

2-]
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Section 2.1.2 oudines the primary functions of ozonation. Section 2.1.3 discusses the roles of ozonation
and the related process benefits. The effects of applying ozone in different stages of 8 waler treaiment

works are giscussed in Section 2.1.4,

2.1.1  Ilistory of use

The use of pzone in (he water treatroent has been documenpted for over a century. The first tests of water
disinfection by ozone were aftained by De Meritens in 1886, 21 years after Marignac and Defarive achieved
the mansformation of pure oxygen into ozone (Le Paulow# and Langlais, 1999). The French chemist
Marivs Paul Orto obtained his Doctorate on ozonation from the Sciences Faculty of Paris in 1897, the firss
of its kind (Brink et al., 1991).

Initially the application of 0zone in potable water lreamment was in rapid growth predorninantly in Western
Europe. The Iirst full-scale applicadon of ozone in drinking water treatmem! was al QOudshoorn,
Netherlands, in 1893 (Brink et al., 1991). The wread of ozope application could be observed from the
locations of Lhe full-scale ozonation facilitics across various countries: Paris, France (1898); Wiesbaden,
Germany (190)): Niagara Falls. New York (1903); Saint-Petersbourg, USSR (190S) and Madrid, Spain
(1910). The application of ozone treatrnent became gready inhibited due to the development of the less
expensive chlorine during World War I (Brink et al.. 1991). Chlorine, much like ozone, is an oxidant as
well as a disinfectant which exhibits a longer half-life than ozone. However, chlorine also produces
by-products, such as trihalomethanes (THMs) which cause health risks (Glaze, 1987). The need for
reducing the free chlorine level in water hag resulted in favour of ozone. Thus ozone became the focus

again after World War 1l as the uses and the benefits of ozonation were gradually discovered.

France, in particular, was reporied (o have over 500 ozonztion plants in operation, mostly far drinking
water, by 1961 (L¢ Pauloué and Langlais, 1999}, In Northemn Arverjea, the spread of ozone application in
water treatment only started in the 1980s. From 1977 o 1984, the number of ozovation plants grew from S
to 20 in the United Stales, and frorg 23 to almost 30 in Canada (Glaze, 1987). By 1999, more than 200
water reatment works were using ozonation in the USA (Rice, 1999). Three medium-sized ozonation

facilives have been reported o be in operation in South Africa by 1981 (Brink ¢t al., 1991).

Ozone was initally utilised for disinfection angd contro} of taste and odour. In recent years more divecse
applications of ozone arc being implemented since the raditional treatment processes (chemical
coagulation, flocculation, fiJiration and slow sand filtration) are faced with difficulry to meet the sringent
water legislation and slandards.

2.1.2 Prnimary tunctions

Ozonation is employed in water reatmeal processes 10 achieve various functions. Brink et al. (1991) and

US Envirenmental Protection Agency (US EPA, 1999) summarised Lhe functions of ozonaton as below:
s Inaclivalion of micro-organisms

o Disinfecrion

i~
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o Algae contro}
s  Oxidation of inorganic pollulants
o Iron and manpanese m particular
= Oxidation of organic micro-polluiants
o Taste- and odow-causing compounds
o Phenolic pollutanis
o Pesncides
s  Oxidation of organic macro-pollutants
o Bleaching of colour
o Increasing biodegradability of organics

o Reducnon of isihalomethane formaton potential (THMFEP) and chlorine demand

Research in ozone chemistry has uncavered important mechanisms and in combination with the effort in

the engineering aspect has led lo achievernent of the above goals.

2.1.3  Rotles of ozone and its operational benefits

In potable water treatment, ozone is cammenly applied as a primary disinfectant, an oxidant or as a

precursor prior 1o other trealment steps.

Ozone is an etTective biocide and achieves the same level of micro-organism inactivation at a lower dosage
than other camenonly used chemicals such as chlonne, ¢hlorine dioxide and monochloramine (Korich et al.,
1990; Finch and Lee, 1999). The inactivation of micro-organisms by ozone ranges from the least resistant
bacteria. then viruses 1o the most resilient cysts (Camel and Bermond, 1998). For example,
Cryprosporidium parvunt gocys(, a coccidian intestinal parasite, has been known for their high resistance to
free chlorine {Dricdger et al., 2000) and thus pose difficulry to water treamnent plants for their removal. Iis
presence in potable water has led to the outbreaks of diarrhoeal illness documented in Canada, the US and
the UK (MHayes et al., 1989; Richardson et al., 1991; Mackenzie €1 al., 1994). Korch et al. (1990) found
greater than 90% inactivation of C. parvum by treating oocysts with | mg.L"' for 5 min. To reach 90%
inactivation, exposure 1o chlorine dioxide required 1.3 mg.L"! in concentration for 60 min. Using 80
me.L" of chlorive and 80 mg.L"' of monochloramine. the same degree of jnactivation could ooly bc
achieved after 90 min. However, the disinfeclion use of ozone is limited by the lack of residual
disinlectant capacity to prevent biological re-growth in the distribution network, In practice, ozone is
coupled with a secondary disinfecian! such as chiorine which can maintain a longer residual concentralion
n water (Rennecker et al., 2000; Doedger ¢t al., 2600; Lj et al., 2001). Algae blooms mav develop in a
warm, slable environment with high nutrient loads such as lakes and reservoirs,  Cerlain types of algae are

particitlarly sensitive to ozone. The most effecrive algae elimination is to first inactivate the
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micro-organisms by oxidants such as ozane before physical removal by Mlocculation and filtration { Bablos
etal. 1991h).

Ag 3 powerful oxidant, ozone has been found 1o be an effective means of oxidining inorpanic pollutants
such as iron and manganese. [ron and manganese ions are commenly found in raw water. When the
concenirations in water exceed 0.3 and 0.05 mg. L' respectively, the problems associated include staining
of plumbing fixtures and laundered clothes, foul tnstes and odour due 10 growth of iron hacteria in
distribution network (Lin, [993). The physicochemical restments that are most commonly used involve
an initial oxidation step to oxidise both jons into the respective ingoluble forms, followed by filtrstion 10
remave the precipitates (MNieminskl ond Evons, |993; McKnight g al, 1993}, Conventionally seraiion i
emplayed for the oxidation step.  Other axidation methods using chlaring and potassium permanganale are
alsa Kl

Initially, s mentioned (a Sectloa 2.1.1 , szonation was applied to control the taste and odour ol water.
The taste- and odour-causing compounds are associnted with many types of inorganic compounds such as
ifon; or organic compounds such as polysulfides, aldehydes and alleyelic alcoholi.  In modt eased, odowr
and tasies are caused by organie compounds a8 o regult of micro-orgonism metabolic products, industrial
pollungn, by-products fermed o mesmment snd digtrburion networks.  For ingance, geoenn
i1, 10-rans-dimetlryl-trane-9-decalal) and 2-meihylisobamesl {(2-MIB) are responsible for the carily or
sty toste and odours. The compounds can be detected at very low concentrations and sre nol camily
remeved by conventional water ireatment processes (Olage ot al., 1990; Ha et al., 3002},  Sioce the (a1
and gdowur problems are often tranment and from multiple sources, i1 is not definitve m literature of which
common oxidants are the mosl effective.  However, ozone is capable of oxidising geosmin and 2-MIB
without the sddition of other pxidants such ag « OH (Glaze et al., 1990). Ho et al. (2002} and Kim <t al.
i 1997) also found arone a more effective axidant for tate- and adour-contral.  Kim et al. {1997) fhond
peoamin remaval of 70 46 o B0 % can be cchieved when tresied with owone, whereas only 30 %600 40 %
was achseved in Ibe comventional neaiment.

Ozong is slio used o mest synthetic organic compounds [biocides, hydrocarbons, dyes, phenols and
sobvents} and naturally occurnng organic compounds (humic acids, fulvic acids and proteins). Ofien the
synihetic compounds are toxic and not readily degraded in the conventional water ireatment processes.
For exsmple, pemticides are ofien detected in raw water of the potable water treatment plant.  Degradation
of pesticides is hindéred when other compounds present in the water source hove higher oxidation rales or
exist in larger quantity.  Wilson et al. {1993) and Kang et sl {1997) bath demonstrated the effectiveness af
aronstion in improving the pesricide degradation.  In practice, the axidanion or mineralization of rexsiant
compounds are enhanced when cione 5 used iIn conjunction with hydrogen perooide or ulmavialer Iight
((lare ot al, 198T; Trapde =t al | 1997)

Process benefis bave been repomed that the sddition of ozone enhances the operation of the subsequent
mestmenl, shhough the sctus] mechanioms respossible may nod be well-ondermivod for all the benefis,
Improvements in granular activated carbon [GAC) and sand filtration are partly attributed to the increase in
biodegradability of orgamics due o oxidations [Mastronardi et al., 1993 ; Graham, 1999; Evans el al.. 2003,
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In ozonation of natural waters, organic compounds are reduced 1o lower molecular weight, which may
enhance their adsorbability onto activated carbon (Camel and Bermond, 1998). Ozonation also increases
the polarity of the organic compounds, which subsequently causes a decline in adsorption. Many studies
have found that the ozone/GAC systemn outperformed the GAC system as the increase in biodegradability
compensated for the lost of adsorbability. Vahala et al. (1998) found the removal of organic carbon was
greater in ozonated waters. Boere (1992) also found the partial oxidation of dissolved organics by ozone

led to changes in the adsorption behaviour and the enhanced biodegradation in the GAC columns.

Ozonation prior to coagulation-flocculation was also found to be beneficial (Bablon et al., 1991b; Jekel,
}994; Paralkar and Edzwald, 1996). There have been a number of postulates concerning the mechanism
responsible for this phenomenon. Reckhow et al. (1986a) suggested that oxidation products become more
polar (organic compounds) or insoluble complexes (metal ions). Other studies proposed that the
enhancement was due to the polymerisation of the organic matter (Farvardin and Collins, 1989) which led
to an increased association with aluminium. Furtherroore it seemed that ozone could induce the
destabilisation of particles coated with natural organic matter only in the presence of a complexing agent
(e.g.: calcium) (Chandrakanth and Amy, 1996). An improvement in calcium complexation can lead to
direct precipitation of the natural organic matter (Bablon et al., 1991). Amirsarderi et al. (1997)
investigated the turbidity and the removal of total organic carbon (TOC) by coagulation with and without
ozone pre-treatment. Reduction in turbidity and TOC were significantly improved by ozonation (10 to
30%) depending oo pH, However, Rencken (1994) found that ozonation was detrimental in the
flocculation of algae even at low ozone doses. Such conmadictory findings indicate that the mechanjsins

can be more complex and site-dependent.

Trhatlomethanes (THMs) constirute the major disinfection by-products formed during final chlorination
(Camel and Bermond, 1998). I[n raw waters, the predominaol haloform precursors such as fulvic and
humic acids are known for their oxidation by-products which initiate the formation of THMs upon
chlorination (Bablon et al., 1991b). As it is well known that THMs can not be removed by chemical
oxidation, their precursors must be destroyed or reduced before the final disinfection step. Numerous
studies have shown the possible reduction in trihalomethane formation potential (THMFP) by ozonarion as
the reactivity of the humic substances towards chlorine decreases (Amy et al., 1986; Graham et al, 1994).
In practice, ozone is often applied in conjunction with H,0, and UV radiation, known as advanced
oxidation processes (AOPs) 10 produce hydroxyl radicals. However, the results with AOPs can be
uncertain as they are affected by the decomposition of ozomne to « OH | the batance between the creation and

destruction of THM precursors, and the operating condition of the chlorination process (Bablon et al.,
199)a; Reckhow et al.. 1986b).

2.1.4 Points of application

Depending on the objective of the partcular waterworks and the raw water quality, ozone can be applied in
a single- or multiple-point manner during the treatment processes.  In the United Stales, it is most common
to apply ozone at the head of the waterworks, known as pre-ozonation, as a primary disinfection step. In

Europe, ozone is commonly applied as the last stage of treaunent process, known as post-ozonation (Bablon
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ct al.. 1991b). Ozone can also be applied during any point in the watersorks in order 1o contral atgae

growth within the plant, known as intermediaie-ozonation.

Camel and Bermond (1998) summarised that pre-oxidation typically leads 10 the elimination of inorpanic
compounds, colour, turbidity and suspended solids, bad tastes and odours, and panly degrades nalural
organic fmaers and inactivate micro-organisms. Intermediate oxidation is intended to degrade toxic
micropollutants, increase biodegradability and remove frihalomethanes precursors; whereas the
post-oXxidation aims to eliminale all remaining micro-organisms and minimise the disinfection by-praduct
formation. Bablon et al. (1991b) provided a similar sumimary with slight difference in details. Table 2-)
ouflines some of the ozone applications; however, Lhe optimal point of ozone application will require a

nmuch more sophisticated investigation.

Table 2-1: Poiots of ozooe appllcation (Babloa et 3l 13910)

_ Conuwol objective Paints of application Required dose
Alpgue Pro, Inter Low-Mecd
Biodegradables Inter Med
Cl; by-products Inter, Pre LLow-High
Colour Inter Med-High
Fe/Mn Pre, Inter Med
Particles Pre Low
Pathogens Pre, past Med-High
Taste and adour Inter High

Pre- or inlermediate-azonation reduces thc demand of the subsequent secondary disinfeciant in the final

water (Jadashecart et al., 1991; Pryor et al., 1999).

2.2 Ozonation praocess

Ozone is usually produced on-line in an ozone generator fed with dried air or oxygen. Typical ozone
concentrations achicved are in the range of 15 g.kL" if air is the feed pas and may be increased up to
150 g. kL' 1f oxygen is used (Hoigné, 1998). The transfer of ozone is accomplished by diffusing the
ozone-containing gas inlo water. As a safety measure, the depleted gas is passed through a thermal or
thermal/catalytic process (o destroy (he residual ozone which remains in the gaseous phase.  An ozonation
process in drinking water Lreatment must be effective using reasonably low ozone dose, at ambicnt

temperature and the reaction tGmes within a few minutes (Hoigné, 1998).

The major components of an ozonaton system can be globally divided into the generalion of ozone and the

diffusion of ozone (0 waler in treaunent.

2.2.1 Ozone geueration

The gencration of ozone involves the dissociation of molecular oxygen into oxygen radicals which then

reacls with the molecular oxygen o produce ozone (Glaze, 1987), as shown in Scheme 2-1.

0y—— O+ +:0  [1)

N
o
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‘0+0,— 0, [2]
Scheme 2-1; Ozonc generation
Corona discharge is the most comumen method to praduce ozone in water reatment, The ozone generating

enii consists of a rmbular grounded elecorode and a dielcetric double-tube lined with high potential

electrodes. The cross-section view is presented in Figure 2-t.

Ground elecoode Discharge region
mm

0, or air ——» ——» 0,/0, or

Air/ O,
High-polential
d
electrode Dielecmric
material

Figure 2-1: Ozone-generating unit (Beblon et al., 1991a; Glaze, 1987)

The electrode is usually a conductor coated on the inner surface of the dielectric material which can be
either glass or ceramnic. The feed gas (dry oxygen or air) passes through the discharge region while a silent
electrical discharge (corona discharge) is supplied in an air gap between the charged elecirodes (Hoigné,
1998). Electrons are acceleraled to acquire sufficient kinetic energy such that they dissociale molecular
oxygen into oxygen radicals for the reactions in Scheme 2-1 to take place (Bablon, 19918). A cooling

water jacket is firied around the unit to prevent heat build-up ang the thermal destruction of ozone.

Ozone production is inherently an inefficient process, with low yield and high energy consumpton. Using
the corona discharge process, Glaze (1987) reported that ozone is generated at concentrations of | to 3% for

air as the feed gas, and 3 to 7% for oxygen. Undesirable reactions may occur as follows:
s Dissociated oxygen radicals may recombine to form molecular oxygen.
¢«  High concentrations of oxygeo radicals or electrons promote the destruction of ozone.

*  Presence ol moisture or organic jmpurities leads to the formation of nious and nitrc acids which

shotien the life of the dieleciric or electrade material.

Ozonek and co-workers formulated an exergy model 10 analyse the energy utilisation efficiency on an
industrial scale of ozone generadion (Ozooek et al., 1997). The mode! indicated that most exergy losses are
due lo the energy losses in the compressor, the reducrion valve, the reaction and heat exchange zones and in
the cooling water pumps. The applied electrical energy used in the generation of ozone does not exceed

0% or 20 % when the feed pas is air or oxygen respectively (Ozonek et al., 1997).
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2,2.2  Diffusion systems and ozone coatactors

Ozone transfer is achieved by direct contact of water and the ozonated gas. A number of techniques are
available to maxinuse the dissolution process by increasing the contact area.  These techniques and dheir

advantages and disadvantages aré tabulated in Table 2-2.

Table 2-2: Comparison of various contacting gysteros (Blo and Roustan, 2000; Babloo et al,, 15%1b)

Types Advantages Disndvantapes
Convantigna! 1'ne bubble « Good yansfer efficiency » Deep contactor basin requited
diffusion » Low mainicnance s Possible clogging of diffusens

* Low hydraulic loss . ) _ = Large head loss
Turbine nixere « High transfer efMfcicncy without deop * Energy is required
B » Possible maintenance problems of
* No clogging submerged parts
Injector
Packed columns * Reserbles plug flow s Limited application
= Reduced gas pressare » Possible scale build-up
Othier sysiems: o B
Deep U-tube = High transfer efficiency « Limited experience
~ Smaller arca required on-sitc - Consoruction cost

The fine bubble diffuser contactor is the most widely used system for ozone transfer because il is operated
without addition of energy input (Bablon et al., 1991b). The gas phase is usually dispersed as bubbles
(2 or 3 mm diameter) by porous ceramic diffusers placed ai the bottom of the contacior (Bin and Roustan,
2000).

o
'
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+_
TR

-+ B SR e,
ﬁ{c] Turbine {d} Emulsifier

|::} Pessible injechien poands of ozone
e Warer flow

Figure 2-1: Some designs of ozone contactors: (a-1) to (a-3) US EPA (1999); (b) 1o {d} adapted from
Legeron (1982)

There are geveral copacior conlgurations, bafM2 srangements and Now patems avoilable as illustrated in

Figure 2-2 (a-1) ta {8-4). From (a-1) 1o (g-3) the gas flow is identified 10 be counter-current againgt the

water Dow, co-current with the warer flow, or both co- and countér-curment 16 the waier fow; whersas (a-3)

shows a hanzonial amangement of water Mow.

Turbine conracring syatems (Figure 21 (1)) is more approprale when a high ozone dose is necessary {Bin
and Roustan, 2000). The rodating elements are generally located above and close to the gas sparger sa 1hat
ihe gas is dispersed evenly ond the water iz well-circulated.  The main desigh requirement i3 1o mamisio &

29
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constant gas flow rale, irrespective of the water flow raie (Bablon ctal, 1991} The mmificadon includey
the contl igxue a8 the energy consumption is constnt regardléss of the waier Mow mtes, and the ranifer
elliciency problems as the efficiency decreases with decroszing pas-to-liguid ratio {Bablon &1 al., 1991)

Clgomated s can be (njected into the liquid stream under pressure.  Because of the shon comac 1ime, the
usg of injector or siatle mizers & bplcally followed by & resction vessel 16 attun the desired defention
thmg.  An example using this device Is the Cholay-le-Rol water reatment where the contset eolamn i
eguipped with an emulsifier, .e., the injecisr is simuated &1 the top of vertical dissolution ubes (shown m
Figure 2-2 {d)).

Martin and Galey (1994) found high osone wransfer efficiency using a static mixer followed by » plug flow
reactor at labormory-scale, sumilardy 1o the armngement made in the pre-ozonation system ot the Wigging
Watersrotks, They found the dissolution of orone is achievable in & very shom contact tme (15 5} and the
ozone iransfer rate was obigined 51 & high-water-llow with low-gas-flow. [t is thus possible 10 carry om
the operation if & thorl contagt tme and still sccounl for the axddation and diginfection. The efficiency of
the static mixer was also found 1o be higher than other @ns-liquid mixing mechansms, wivich was suppomed
by various |{lermiure references (Hevound et al., 2002), This was also found earfier by Tha e al. (1989)
who demonstaicd 3 grestly enlanced ozone mass transfer faie wilng a stalic mixer compared 19 a bubbls

columnmn.

Figure 1-3; Ap indunirial Deep U-tube (Bin and Rourian, 1000)

Another design of ozone contactor i the Desp U-Tube which is o patested design by Lyonnaise des Enc,
& French water treatment company now Imown as Viela. The design consisis of reo verical conceniric
tihes of approximancly 20 m in depth.  Water lewn dowmaand through the inner iube and ozone i3 injested
through an onfice inio the waler fiream near the top of the inner ubs and travels dovwnsand with the Dow af
water [ Figure 2-3)

In general, orone contactors are gas-liquid reactors employed in water freatment, primarily due to the large
interfscial ares for the mas ramfer o occur (Cockx et al.. 1999 and alio due 16 the ense of odjusting, the
residence time for the subsequent orone resctions W ocour (Ekambara and Joshi, 2001). The design of
ofone reactors B besed on the knowledge of kinetic dam, parameters of ihe gas-lHguid transfer und the
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hydrodynamic behaviour which has strong dependence on the contactor configuration and operating

conditions of systems (Do-Quang et al. 2000).

2.2.3  Ozone destruction

The management of ozone off-gas destruction is gencraily considered as an additional but important
subcomponent to the main ozonation system. Ozone which still remains in the off-gas is at the risk of
being emited to the atmosphere. The process soucture and personnel must be protected from possible
exposure to high levels of ozone. In a conventional ozone contactor (discussed in Section 2.2.2 ) the
off-gas from upstream chamber may contain as much as 0.2 10 0.5 g. kL' (Bellamy et al., 1991). The
maximum allowable conceptration of ozone in air varies amongst different countries. The limit is
typically < 200 pg.kL™' (about 0.1 ppm (v/v)) for an 8-hour working day (Hoigné, 1998). Hence ozone

concentration in the off-gas can greatly exceed the maximum allowable limit.

Currently the most common methods are thermal destrucrion, catalytic and combined thermal/catalytic
systems. The thermal destruction systems depend on ozone decomposition at elevaled temperatures. The
hatf-life of ozone in dry air may vary from 20 to 100 h at room temperature, which is drastically reduced to
1o 112 minat 120 °C. The half-life is further decreased to a mere 0.04 t0 0.4 s at 250 °C (Bellamy et al.,
1991). Ozoune is heated in a thermal destruction umit to about 300 to 350 °C. The catalytic or the
combined systems make use of a catalysi 1o achieve a lower operating temperature. Catalytic destruction
systems rely on the metal, metal oxides, hydroxide and peraoxides for their ability to decompose ozone.
Since moisture condensation on the catalyst can greaily reduce the catalyst performance, a heating chamber
is usually required to raise the water-saturated off-gas temperature above its dew point (Bellamy et al,,
1991).

2.2.4 Instrumentation and control systems

There are a number of functions of ozonahon in water treatrment, as discussed in Section 2.1.2 . Contro)
methods depend on the particular ozone application and the measurement techniques and devices.

Continuous contro! systems may focus on one or more of the following criteria;

« QOzone producrion

e  QOzone residual concentralivn

o  Off-gas ozone concentration

e Water flow rate

¢  Specific water quality parameter(s)
The power of the ozone generator can be varied to produce the ozone required without changing the gas
throughput (Bablon et al., 1991b). However, adjusting the ozone generator 1o match the required ozone

dose is not favoured. It 1S more common to change the gas flow rate, which is at a fixed ozone

concentranon, to be proportional to the water flow in order to attain the desired ozone dose.
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The concept of ozone dose comtrol through the measuremeniz of the off-gas ozane concenmration was
originafly developed for wastewater disinfection where maintaining ozone residual is difficelt and fouling
of the residun| ozone sensors frequently occurs ( Bahlon er al | 1991k}

If specific water quality parameters are monitored 1o schieve the objective of ozonation, the basic sensor in
the control system i3 an analyser which measures one or misfé target compounds (Bablon et al., 1991B),
This type of controed is not widely spplied due w the lack of availability of such a sensor designed for
CONUIMIOLE Mmeasurements,

A mare comman control sysiem 15 10 maintain the ozone residual to a pre-determined vakue, Thais can be
schieved by a dissalved orone analyeer and the regidual recorded is compared 1o a set value (Liecho, 20K
Bablon etal, 1991).  Allernatively, the control system can be designed as a cascade sysiem which initiully
sdjusts the orone dose to the water flow mte and the gecondary control tims 1o the correct treatment rale
secording 10 the ozone residual level,

This ruizes the issue of choosing an sppropriate posiion (o measure the arone rezidusl, sinee the disgsolved
gIone concentrabon can vary greatly from the doming potol 1o the sampling point (Kilham, 2002). In an
optimised sysiem, ozoos s often measured in one of the three points: &t the injection paint; at the coniactor
vessel; or &t the exit of the sysiem (before the thermal destruction unit). The messuremest of an oaone
residual concentmation s critical 25 the value provides infonmation on (Kilham, J002);

= The ppstream unils — whether the unis ars all workong, mclsding the ozone generator

= An mdication on the kevel of the ozone transfer =ficiency

s  The likelihood of whether the wrgeted conaminants have been destroyed.

It is clear that an effecnve conool system relles greatly on the measurement technlgues of the dissnived
orone.  |he pexl section will diseoss general consideration of ozone residual sarmpling.

2241 Resighal sampling

b shoabd b moted that modt methods for dissolved ofone measurement are modifications of chlaring
residiual methods that determine the total oxidarts in the solution (Bablon et al, 1991b). Since orone and

ithe secondary oxidanti produced as a resadi of cxsdation by-products are powerful oxidising agenix,
specific enalytical wechnigee must be selected with care.  Rcagents used for Jissolvod ozone concentration

are ofien oxidised by orone or it oxidation/decomposition orodocis.  This can cause interferences
aifecting the dissolved orone messuremenia [ Bablon ez al., 1991h)

Rakness &1 al. (2000) and Bablon er al. (1991h) have discuszed the remdual sampling 1o 8 great extent.
Boih streased thai the sample handling time must be minimised, a5 ceone found ai the pH in most water is
subjectad o continuous rapid decomposition.

211
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For an on-line sensor, the ozone loss due 1o decay in the sampling line mun be reduced in order 1o oblain
neas resl-time response (Rokness er ol , 2000). The sampling detention ume should be shorl enough 10
ensure that 1he measured residusl is w leas 30% of the scmuml residual masde the contacior (Figure 2-4).
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Figure 2-4: Reductlans of mezsured ozone resldua) due to ozone decay and sample line HDT
{Rakness et al., 2000, pl42)

Om o Full-scale ozonation plant, commerciad sensors are curremily ovailable w measure the orone residunl.
Addinonal equipment may be nécessary if a pomt withio the contaclor is required.

2.} Ozone chemisiry

Ozone (0,) was mirially detected by its chametenstic pungent odour and the name was derived from the
Gireel: word alew (ocein). meaning jo rmell, by Schénbewn in 1840 (Greenwood and Eamahaw, |964b;
Brady end Holum, 1993}  The O; molecule has 3 bemt geamerry and is described ns o rezonance hybnd of
fmruanﬂﬂlfﬂﬁﬂﬁfdipnhm”hanm 1-5
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Figure 1.5: Resonance structures of the cxone malecale (Holgnd, 1998)

In Figure 2-5. all sirucrures congist of rwo o bondt and one delocalised ® bond in which the orbial is
sreiched over ihe three oxygen aloms (Oreenwodd and Eamahaw, |988b).  Thede aructures also mdicute
the stromp ebectrophilic or electron-deficient natune of onone whete one end of the ozone structune has six
elecirons (ebel, 1981}, The selectuveness of molscular anone rescliond i srmibated 10 this end-tanding
electiravphalic O-atom,
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2.1  Chemical and physical properties

Al room tampersture ozong (8 a blue pas, diamagnetic and unstable. It is readily detectable m
cancentrations as low as 0.02 to 0.05 ppm (vv) and sppears colourless in dilue form (US EPA, 1999),
When the concentration reaches 240 ug kL’ in air, it is considered a nasal toxicant at the lowest observable
level (Hoigne, 1998},

Dyzone has a high standard reduction potential in bath acidic and basic media [Brady and Holum, 1993)
Scheme 1-2 shows the iendency of ozone 1o ransfer an oxygen atom dunng reachion, prodocing ovygen

Ens
Oy * TH] ) + 207 ==0,_, +H,0 E* = = 108V

Oyy) +HiO ¢ 26" =0y, + 20H,, E*= 2124V
Scheme 1-1: Redos poteatial of azone (Brady and Helum, 1953}

This high reactivity makes orone o health harand, for example, s a polluant in smog.  Exposure to ozone
at o level of 1.0 yg kL' for over |0 min is dangerous for all people (Brady and Holum, 1993} When
applying this high reactivity approprisiely, otone is a powerfol oxidising agenl.  Amongst the commanky
used chemicals In waler reatment, ozone s only second la the ydronyl free radieal, OH-, i@ termd of the
oxkinption ahility (US EPA, 1999). Therelore sny unutilised cxone i the gas stream requires further
treatment {such as & devtruction facility) before releasing the spemt gar 1o atmosphere.

Chpane i§ generated in gaseous form, The mechanism end equipment of arone generation wat discussed in
Secton 2.1.1 (page 1-6). Therefore orone musl be dissolved before sgueous resctions can ke place.
The solubility charscteristics of orone heve been studied extendively (Roth and Sollivan, 198]; Bablon &
al., 1991 Rischbieter et al, 2000%. In lteraurs, the wohubiliny dats are commoenly reported either in erms
of the solubility, §, or a1 an sheomption coefficient, §  Both are relaed o the dissalved concentration of
pEone in waler al saforation, Ces

5 iz often expressed as the so-called solubility ritio as milligrams per litre af ozone in water o milllgrams
per lite of ozone in gas (Bablon et al, 19912} A, also known a3 Bunsen sbeorption coefficient, i3 the
volume of gas expressed st NTP, dissolved of equilibrium by o unil volume of Tiuid ot o given iemperature
when the partial pressuee of the gas i the umil atmosphere (Bablon et al., 1991a). [n general, czéoe
Sissolution is accepted to follow Henry's law, shown in Egn. (2-1)

P, = Hx, (2-1)

whire P, is the partial pressure of the solute, j, in the gas phase, expressed in atmosphere (amm); i is called
the Henry's law constant, in units of stm.mole fraction™'; and x,, is the mole fracrion of the solute in the
Iiquid phase.

The dissolved orone concentration is related 1o the orone partal pressure 81 thermodynamie equilibrium
ilee et al, 1999 Thus C., can be related 1o the partial pressure of oxone F; ot 4 given femperahire.
Lnder thermodynamic ideality, the expression for the C in kg kL™ can be written as:
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Co = AMP, (2-2)
where M 1s the density of gas at standard temperarure and pressure (2.14 g.L"' for ozone).
Hence the solubility data of gases are also found to be reported in the Henry's law constant.  Data of the

comman water tregtment oxidants using air, oxyeen (in acrarion} or chlorne (Cl), chlorine dioxide {ClO-)

{in chlorination) are compared 1o the values of ozone in Table 2-3.

Table 2-3: Sclubility data of various paseous oxidants (Liley et al,, 1997; Bablon et al,, 1991a)

Gaseaus oxidants g Cras H ar 20°C
iy mig.L™' Tor Py= 1 (@t mal fracton ')
Alr . - fG400
Chlorine 4.54 14200 1.773 g Cl.L" ar 100 mmHg
Chlorime dioyide = 60 1R0MHI0D 4 1g ClOa. L™ ar $% by val,
Omypen 0.049 0 20401
Ozone 0,64 1404 3760

Ozone is sparingly soluble in water (§ = 0.64) but more soluble than oxygen (f = 0.049). A1 100% ozone,
only 1400 mg.L" is achieved af saruration; whereas chlorine. under the same condition, is about 10 times

mare soluble.

Roth and Sullivan (1981 and Rischbieter et al. {2000) have crtcally reviewed the experimental data on
ozone's solubility in water and both found the data considerably scanered. This can be anributed to the
decomposirion of ozone, pH or temperature of the warter. Table 2-4 listed values of the Henry's constant of
ozone reported in literature al various lemperatures.  Although some incongruence of the data may have
been conmbuied by the earlier, less accurate analyucal methods (Roth and Sullivan et al, 1981), the

dependence of solubility on the lemperature can sull be marked,

Table 2-4: Effect of temperature on ozone solubility (Bablon et al., 1991a; Roth and Sullivan, 1981)

H {utm.mole frecton™)

Temperamire (*C) [i] G 20 15 0 A0
Kawarmara {1932} - 3400 4610 G910 0520
Stumm (1958) . 1150 - 1930 4530
Kirk-Othmer {1267) 2850 3330 4370 - 8210 2500
Bablon et 2l (19914} 1940 1180 4610 6355 §102 -

The scattering of data can also be anribuled to expeimental difficulties related to the decomposition of
ozone which alse depends on a number of variables such as pH (Rischbieter et al, 2000). However the
effect of pH is ofien suppressed by using & buffered squeous system in order 1o measure the effecl of
lemperature.  |n literature, the combinanon of temperzture and pH or the temperatre alone constitute the

input variables to the prediction of Henry's canstant of ozone,

2.32 Reactions

Ozone reaclions in water are generally known to be complex. Figure 2-6 depicts that dissolved ozone

undergoes reactions with various dissolved compounds (M) in twvo ways:
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undissolved O, (g)

+ o . .
0:(g) =4+ 0, (aq) M,  direct reactions
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decomposition
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l chain reaction ™3,
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stcondary M pM',, radical-type reactions

oxidants

Figure 2-6: Aquatic ozone reactions (adapted from Hoigné and Bader, 1983a)

e Direct reactions: with molecular ozone; selective reactions to give Mox as the oxidation product.

e Radical-type reactions: with secondary oxidants; extremely fast (in us scale) but less selective

reactions 1o generate M’ox as the oxidation product.

The dashed arrow signifies the chain reaction induced by some oxidation products which catalyse the ozone

decomposition.

The kinetics of the ozone reactions are typically first-order with respect to ozone and first-order with
respect to the dissolved compound. Therefore the rate equation can be written as (Hoigné and Bader,
1983a; Bablon et al., 1991a):

05 +M —— Produets (2-3)
d|0
-9 4, o1 -

Ozone decomposes during (he ozonation process znd trnsforms into secondary oxidants such ag=OH | the
hydroxyl radical. These are highly reactive oxidants but are generally consumed in a fast and
nen-selective manner. For examples, almost all dissolved organic compounds present act as an OH sink.
This renders the radicaly-type reactions to be relatively inefficient for oxidising target compounds which

may be present at very low concentration,

In natural waters, these aquatic reactions are affected by various parameters such as pH, temperawre and
dissolved compounds in the water matrix. In the treatment process, ozone is generated in the gaseous form
which requires dissolution metheds prior to its aquatic reactions (as depicted in Figure 2-6). Therefore the
complexity of reactions is compounded due to the influence of mass transfer of ozone to water, The
classification of ozone reactions in literature often incorporates parameters to account for the effect of mass
transfer (Beltran, 1995). The rate of ozone transfer may become a limiting factor when ozone is consumed
quickly. However, in the present investigation, the transfer of ozone is assumed to occur mainly in the
static mixer before the combined flow of water and the ozone-containing gas reaches the contactor (sce
Section 1.2,2 ). The present section will thus focus only on the intrinsic kinetics relating ozone to other

constituents in the water matrix. The effects of mass transfer will be briefly discussed in Section 2.4.2 .
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The kinetics of ozone decomposition is outlined in Section 2.3.2.1 . An extensive list of ozone reactions
with prescribed compounds can be found in literature.  For the purpose of this thesis, only the pertinent
categones of compounds m the respective ozonation functions (discussed in Secdon 2.1.2 ) will be

discussed.

2.3.2.1 Decomposition

Ozone decomposition occurs through a seres of reactions, resulting in the formation of shon-lived radical
species (Bablon et al., 1991). While ozone reacis roore selectively with cenain consuments in water, other
radicals are responsible for the less resmicled reactons.  Various reaction mechanisms have heen

postulated for the decomposinon of ozone.

The Hoigne, Siaehelin and Bader Mechanism (Bablon et al.. 199}a) presents a consistent set of chain
reaclions, which accounts for initiarion, propagation and break-in chain reactions for ozone decomposition

al mear newtral pH values,

Initiation step 0, +OH™ —is HO, + :0; by =7.0%0' [Mv]'{lj ("]
Propagation steps HO, == 07 +H" pK, =48 ]
0, + +0; —2 .05 +0, ky=16%10° (M's?) (2]
03 +H™ =2 07 +H" by =5.2x10' (M5 [3]

ky=23x10"(s")
“HO, —*» \OH+ 0, ke=11x10° (5) (4]
0; + “OH — HO, ky =2.0x10° (M7s7) [5]
-HO, —¥ HO,+0, ke =2.8x10° (5”) [6]
Termination sieps  +HO, + -HO, —2— H,0,+ 20, by, =50x10° [M".s" ) [7]
'HO,+ +HOy —f5 H,0,+0,+ 0, kg =50x10" (M's7) 8]

where M is the molar conceniration (mal.L'")

Scheme 2-3: HSB mechanism of ozooe decom position (Bablon et al., 1991a).

[n pure water, these radical reactions are initiated by the reaction of ozone with the hydroxide 1ons, OH™
{Stachelin et al., 1984). From the rate constant values, il can be seen that the free-radical initiating step is
the rate-determining step in the mechanism. Moreover the generation of hydroperoxide radical «HO,
and superoxide radical <03 in Scheme 2-3[1] from the hydroxyl ion OH™ indicates the stoichiometry is

unity and other species capable of consuming the hydroxyl ion without generating the two radicals bring

stability on the ozone molecule in water {Bablon et al., 1991a),

However, the HSB mechanism shown in Scheme 2-3 introduces some transient compounds, <HO, and
-HO, as chan intermedistes. Although Staehelin and co-workers demonsmated the existence of

+HO, with the aid of computer simulation (Stachelin et 2l., 1984), this postulated species has nol been
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measored directly (Bablon et al.. 1991a; Westerhoff et al., 1997). The validity of the model also depends

on a conroversial equilibrium value for the ozonide radical, -0 (Westerhoff et al., 1997).

0y +OH™ —4— HO; +0, k= 4.0x10" (M"s7)
Scheme 2-4: Injtiation step of the TGF mechanism
Tomiyasu, Gordon and Fukutomi, have proposed another reaction scheme (the TGF mechanism) that

involves a two-election transfer process or an oxygen atom transfer from ozone to OH™ (Bablon et al.,

1991a) {shown in Scheme 2-4), as opposed to the ope-electron transfer in the HSB model.

The TGF model does not include the postulated intermediates as in the HSB model. However, the
mechanism proposed in the TGF model was only verified experimentally in basic medium (Tomiyasu el al.,

1985; Westerhoff et al., 1997) and further experimental work may be necessary to demonstrate its validity.

Both mechanisms indicate the decomposition increases with alkaliniry as ozone is initiated only by OH™
(Stachelin et al,, 1984: Tomiyasu et al., |1985). Staehelin and Hoigné (1982) found that O, decomposilion
was slow due to the accumulation of H,O, at pH below 8 and the rates were measurable if pH was below 10.

At pH above 10, decomposition was exiremely fast.

The decomposition is also dependent on temperature. At pH 7, the rate increases with increasing
temperature from 10 to 40 °C and beeomes exceedingly fast when the temperature is above 30°C and at a
pH above 8 (Sotelo et al., 1987).

In nom-pure water, ozone decomposition may also be affected by the type of solute present in water
{Stachelin and Hoigoé, 1985; Bablon et al., 1991a). [norganic compounds (such asOH™, -HO, and
some cations) and organic compounds (such as glyoxylic acid, formie acid and humic svbstances) and
uliraviolet radiation at 253.7 nm are all capable of inducing the formation of O3 (Bablon et al., 1991a),

which assist in the initiation step in Scheme 2-3, reaction [1).

Some inurganic (e.g.: phosphate species) and orgamic (e.g.: primary aleohols, humic acids) act as the

promoters of the {Tee-radical reaction. They regenerate the superoxide anion,+«O;. romOH™ . On the

other hand. those compounds which scavenge OH~ without generating the chain camer «O; are called

the inhibitors to the chain reactions. Some common inhibitors include bicarbonate and carbonate jons,
teniary alcohols (e.g.: tert-bucyl alcohal), alkyl groups and humic substances (denoted as HS in Figure 2-7)
(Staehelin and Hoigné, 1985) which consume OH™ but do not produce the chain intermediates. Such
solutes quench the radical-type chain reaction and in some way stabilise the aqueous ozone (Hoigne, 1998).

The overall mechanismn in non-pure water is shown in Figure 2-7.

(R
|
oo
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H,0
[nitladon:
oM™, Hoy, Fe. | O - 0,
CHOO™, UV, HS... V ;
<0, Promation:
0,, HS,...
0, 2
0, ]
) lohibirion:
CO,", HCOy,
-BuCH, HS...
0, -0H
& )
0,
Figure 2-T: Mechanlsm diagram of ozone decomposifion induced by radical-type reaction (Bablon et
al., 1991a)

Various rate equalions have been supgested for the decomposition of ozore.  Since the srong influence of
OH was observed in the mechanisms discussed, the reachon order is often related 10 OH™ as well as O,.
Values of the reaction order with respect to ozone typically ranges from 1.5 ~ 2 in acidic environment to

1.5 = 1 in basic medium; with respect to hydroxide ion from 0o 1 (Sotelo, 1987).

Most namrzl waters that undergo ozonation contain other solutes which may competle with ozone to react

with OH™ (Hoigné, 1998). The reaction products also oxidise further by oxygen to form peroxy and oxy

radicals, and evenmually release -0 or -HO,0rH,0,.

In summary, the decompasition of agueous ozone occurs more rapidly at higher pH or in presence of
elevaled concentranons of compounds which behave as the initiators or the promaters in the radical-rype
reaclion scheme.  The rate is impeded when pH is decreased or compounds which scavenge OH™ but do

not produce chain-carrier radicals, such as bicarbonates.

2.3.2.2 [Inorganic compounds

in general, the reaction of ozone with inorganic compounds present in water follows a (irst-order kinetic
law with respect 10 ozone and the compound itself as described by Egn. {2-4). The rale constants are
alfected by pH as many inorganic solutes are only reactive when not protonated (Hoigné et al., 1985}, A
selected range of inorganic compounds that pose problems in the water treamment effort will now be

discussed in more detail.

Reactions with Iron end manganese. Iron and manganese are rwo of the most abundant elements present
in narure. Both iron and manganese exist in water in the reduced forms (Fe'™ and Mn®%) which are soluble

and cause unpleasant effects of staining and colouring (Lin, 1 993),
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The removal of iron and manganese are usually achieved by oxidising the ions into the respective insoluble

forms as indicated in Scheme 2-5.

03 - 03 H_-;O

> 2Fe™” »Fe(OH), ¢  0.43 mg O,/mg Fe

i M T T » MnO, 4 0.88 mg O,/mg Mn

Scheme 2-5: The oxidation reactlon of Iron and mangancse with ozone
(Bablon ct al,, 1991a; Bablon ct al,, 1991b)

H,0

Iron can be easily oxidised by ozone directly as shown in Scheme 2-6 [1]; by the hydroxyl radical from the

ozone decomposition product [2]; or possibly react with the ozonide, +O3 [3].

Fe’' + O,— Fe’* + +0; (1]
Fe*" +«OH —> OH ™+ Fe** [2]
Fe®* +:07 + H,O — Fe’" + O, + 20H" (3]

Scheme 2-6: Mechanism responsible for the oxidation of iron by ozonc and Its related products

The removal of manganese is more difficult than iron as indicated from the stoichiometry in Scheme 2-5,
Per unit manganese requires approximately double the amount of ozone (0.88 mg) as iron (0.43 mg) (refer
to Scheme 2-53). The oxidation of manganese can be severely impeded when other substances in water

exhibit faster rates of ozone consumption.

Reactions with reduced non-metal species. Although it is thermodynamically possible for the halides to
be oxidised by ozone, the reaction rate varies greatly from very fast for iodides to negligible in the case of
chlorides (Hoigné, 1998; Bablon et al., 1991). The rapid reaction of ozone with iodide shown in
Egn. (2-3) is often applied for the analysis of ozonated solution when the concentration is high.

0;+21" +H,0——0,+1; + 20H" (2-5)
Free bromine (Br,), hypobromite (BrQ"), free iodine (I;), hypoiodite ion (I07) and iodate ion (105 ) are
some of the halogen-containing oxidants that can be preduced when bromide or iodide ions are present in
ozonated waters (Bablon et al., 1991a). Apart from these oxidants, the presence of bromide ion in the raw
water or the use of chlorine as a secondary disinfectant can lead to the formation of halogenated disinfection
by-products (DBPs). The halogenated DBPs such as trihalomethanes and haloacetic acids are suspected to
be carcinogens and are therefore a health concern (Pryor and Freese, 2000). In particular, the brominated
DBPs appear 1o pose a greater health risk than non-brominated DBPs (US EPA, 1991). Ozone has been
found to be effective in reducing the DBPs precursors (Richardson et al., 1999; US EPA, 199]).

Ozone reacts with the inorganic forms of sulphur fairly fast. The reaction rates decrease with the degree of
anion protonation (Bablon et al., 199]). Sulphide is oxidized to sulfate by the general reaction shown in

Egn. (2-6). This reaction is of importance when treating sulphide-containing groundwater.

§% +40,—— S0} + 40, -6

Ammonia can be oxidised by the following reaction in Eqn. (2-7)):

NH} +403 '—+NO;+ 402 ‘!"H‘?'O‘ (2'7)
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The rate of reaction is very slow and it decreases with pH due to the protonation of ammonia as ammonium
ion (Hoigné, 1998). The ozonation of surface waters may enhance the nitnfication of ammonia as the

organic compounds are converted into more biologically degradabie types.

2.3.2.3 Organic compounds

Ozone reacts with dissolved organic pollutants, natural or synthetic. In general, ozone reactions with the

subsmrate Moy, are first-order with respect 1o M., ang ozone:

d[0
- dI]] =k0,.org [01][Morg:| (2-8)

The reactivity of a target pollutant must be high in order for degradation 1o occur. For organic pollutants,

the functional groups in their molecular siructures influence their reacdvity towards ozone. The reaction
sites are either multiple bonds or atoms carrying a negative charge, attracting electrophilic oxidants such as

ozone. Radical reactions are therefore not selective.

Natural water may be polluted by natural substances (e.g.: amino acids and carbohydrates), products or
wasles related to human activity (e.g.: solvents, hydrocarbons and pesticides) or compounds produced due
1o high concentration of organic matter. The presence of organic solutes can influence the ozone
consumption and reactions pathways in several ways: the direct consumption of ozone (e.g.: phenol); the
initiation of ozone decomposition by producing ozonide and «OH,; the inhibition of ozone decomposition by
ozone-scavenging species; and the promotion of O; decomposition by ozone-scavenging species with

producnon of superoxide radical ions (e.g.: formate).

Many specific pollulants have been swdied and data may be found in literarure.  Bablon et al. (1991) and
Hoigné and Bader (19832 & 1983b) have compiled extensive lists of the organic water pollutants and their
reaction with ozone. In natural waters, analysis of organic pollutants is usually limited by their diversity
and the analytical methods required for quantification of the pollutants, especially at [ow concentrations.
Therefore raw water is generally analysed for the priority pollutants. Some of the more commonly

encountered problems with organic pollutants are described in details.

Reactions with odour and taste causing compounds. Amongst the micro-pollutants, control of tastes
and odours is a common problem for water treatment works (Ho et al,, 2002; Morioka et al., 1993; Glaze et
al., 1990). The occurrences of the odour- and taste-causing compounds are as a result of the microbjal
activities in rivers, reservoirs or the treatment plant. Compounds like geosmin angd 2-MIB are detectable at
concentrations of nanograms per lire. The removal of the taste and odour is accomplished by altering or
breaking the organic structure of the source compounds through oxidation. Because of the bulky chemical
structure of geosmin and 2-MIB (showo in Figure 2-8), only swong oxidants such as ozone can oxidise

these compounds at reasonably low dosages.
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Figure 2-8: Structures of MIB and geosmin (Ho ct al., 2004)

Reections with cel) congrituents. The cell constituents are the macromolecules which are often of a high
molecular weight. A special fcature of these macromolecules is that their specific structural
conformations are determined by low-energy bonds (Bablon et al,, 1991). Hence the reactivity of the cell
constituents lowards ozone is dictated by Lie functonal group of the chemical structure. While the
carbohydrates are less reactive with ozone due to the lack of strangly electrophilic sites, the reaction rates of

the amino acids is significant, especially at neuaal and basic pH.

nactivation of micro~organisms by ozone is better understood with the knowledge of the chemical
components constituting biological cells.  For bacteria, the first site of aftack appears 1o be the cyloplasmic
membrane duc (0 the various proteins amongst its constituents (Giese and Chnstensen, 1954).
Fusrthermore ozone disrupts enzymatic activity by acting on the sutfhydryl groups of certain enzymes. For
viruses, the first site of attack is the virion capsid, also due to its proteins (Cronholm et al., 1976; Riesser et
al, 1976). Ozone inactivaies the bacteriophage 2 ribonucleic acid (RNA) by breaking the phage coat and
releasing the enclosed RNA (US EPA, 1999).

Reactions with dlssolved natural organic materials. Natural waters contaip a spectrum of organic and
inorganic compounds. The towal organic load or characierised as the 101al organic carbon (TOC) are
present in dissolved and suspended forms. The dissolved organic materials or dissolved organic carbon
{DOC) is a fraction that can be analysed after the water has been filtered (0.45 #m) and consists of almost
90% of TOC (Bablon etal., 1991). The main constituents of the organic materials are polymerised organic
acias, collectively called humic substances.  Although the humic substances are ofien used ss an indicator
of the DOC in water due to their relatively high concentraton, very few kinetic studies have been
conducted. Hoigné ()998) sununarised that there seems to be only a small fraclion of the functional

groups which exhibits a significant rate constant for reacting with molecular azone.

2.3.3  Competitiveness amongst 0Zone reactions

The dissolved ozone has been known to react with dissolved compounds in water in [wo ways: the direct
and selective oxidation by molecular ozone: the indirect and non-selecrive oxidation through the generation

of hydroxyl radicals. For the lactter reason, ozonalion is also considered as an advanced oxidalion process
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(AQP) (Glaze €1 al., 1987). The question emerged is whether the decomposition of dissolved 0zooe 1o the

hydroxy! radicals will compete with the more desired molecular reactions of ozone.

Beloran (1993) examined the extent of direct and decomposition reactions of ozone using the film and the
surface rencwal models of the gas-absorption theory. The 1est water was made up from a known solute M

with pure water.

The film model was basad on a stagnant liquid layer at the surface of the liquid next to the gas. Dissolved
gas moves through the film layer by molecvlar diffusion only (Charpentier, 1981; Danciavert 1670). The
application of the film layer concept allows the concentration profiles of ozoae and Wie solute (o be
deterniined in the (i'm layer. Consequently this profile indicates where the ozone is depleted (Figure 2-9):
the presence of dissolved ozone in the bulk water (black solid lines) shows (hat the main oxidznoo route of
solute M would proceed with the dissolved molecular ozone; whereas the abseace of ozone m the bulk
solution (grey dotted line) indicates at fast depletioo of ozone was enhanced by its decomposition iato

hydroxyl radicals.

Gas-liquid

) Film layer Bulk water
interface I
~ ~ 7 \
_ _ pH2

£ pH 7 :
= |
E }
E }
S |
g 1
=) 1
1) . 1
£ H 12 I
] T P 1
o 1
1
........... !

Depth of liquid penetration

Flgure 2-9: 1dentification of ozone decomposition in organic-free water using film theory (adapted
from Beltrdn, 1995).

Figure 2-9 also indicates the influence of pH on the ozone decomposidon. In his investigation, Belirdn

found that at pH values of 2 and 7 ozone decomposition exhibited firs(-order kinetic bebaviour in

organic-free water. Since there was ozone residual concentration in the bulk water, it indicated that the

decomposition was slow and occurred mostly in the bulk water. However, al pH 12 ihe decornposition

was (oo fast 1o allow accurate deterrnination of the reaction constant. Most of the ozone was depleied

whilst moving through the film layer.

In the film model, the kinetic regime of a gas absorbing into a liquid and then undergoing chemical reaction
15 characterised by the dimensionless Hata number (Ha). Ha is defined in equadon Egn. (2-9) for an
irreversible first-order reaction and in equation Eqn.(2-10) for an irreversible second-order reaction
{Charpentier. 1981: Danckwerts, 1970).

0.5
v (03 (2-9)
kL
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(kpD6,C)
Ho=—-ovo-— (2-10)

]
L

where & s the first-order rate constant; &, is the liquid phase mass wansfer coefficient; D is the czone

diffusivity in water; C,, is Lthe coocentralion of the solute M; and kp is the sccond-order rate conslant of the
direct reaction between ozone and M. The classification of the kinetic regirses using Ha numbers is
tabulated in Table 2-5.

Table 2-5: Classiflcation of the kinctc regimes according to Hatta numbers (Schwikkard, 2001;
Cbarpentier, 1981)

Ha Kinetic regimes Description

< 0.02 Very slow reaction In bulk solution  Reaction does not oceur in the Hlm; mass transfer keeps the
concentration of absorbed gas in the bulk solution

0.02w0.3 Slow reaction in bulk sclution A two-stage process where the sbsorption of a gas is followed by
reaction in the bulk solution; a ncgligible portion of absorbed gas reacts
in the diffusion film

0303 Moderately fast reaction Absorbed gas reacts mainly in the film, only small portion remains in the
bulk solution

>3 Fast reaction in film layer Reaction is fast and occurs completely n the film lsyer: concentration oY
absorbed pus in the bulk solution is negligible.

Hence Ha indicates whether the overall reaction rate is controlled by reaction kinetics or the gas-to-liquid
mass ransfer, The reaction occurs mostly in the bulk solution when Ha is below 0.3 and the reaction rale
is contralled by the bulk volume. When Ha is higher than 3, the reaction ocenrs completely within the
houndary layer and the reaction rate is controlled by the interfacial surface area, which requires a contacting
device to create a large interfucial area. A large ligud volume and interfacial area are required for a

recacuon that occurs within both the film layer and the bulk solution (Schwikkard. 2001; Charpentier. 1981).

The surface renewal model was based on the concept of continual replaceinent of liquid elements at the
interface from the bulk solution. Thus the rate of gas absorlion is a function of the ¢xposure time of the
liquid element, which is imially fast and decreasing with time (Charpentior, 198); Danckwens, 1970).
The diffusion time, tp, is defined in Eqn. (2-11) as the ume butween nwo consecutive renovations of the
liquid elements. Therefore it is the time vsed for ozone o diffuse through the liquid slement (Belrin,
1995). DU‘”-‘

ly = ———
D ‘ki (2-1T1)

The reaction time, tg, is detined by Egns. (2-12) and (2-13) respectively tor a (irst-order and a second-order
reachion.

tp =— (2-12)

lo =
R kpCaq (2-13)

If the effects of mass ransfer and chemical reaction are to be accounted for scparstely, then tp corresponds
to the boundary dividing the film layer and the buik water and the exact reaction zone can be established by

(r (Beltrdn, 1995). The efiects of this are illustrated in Figure 2-10.
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Figure 2-10: lllustrarion of gas-sbsorpdon theory (adapted from Beltréu, 1995). The reacton zone is
assumed with a fasr second-order reacrlon rate.

{f ty is much less than g, it can be deduced that the reactions are slow because the liquid elements are

replaced before 2 substanual reaction can develop. However, if ty is mooch less than 1p, fast chemical

reactions are expected as the dissolved gas is depleted before the liguid elements are renewed (as shown in

Figure 2-10).

Therefore the decomposition and hence the radical reaclions will compete with Lhe direct molecolar, if bolh
reachons occur in the same zone. Beluan (1995) found this to be the case if kp < 10° M ' s and Cg <
10 M or when pH 2 10 and kp > 10° M s™") with C3 < 10° M. In realicy, the concenraton of pollytants
in surface walers is typically low (< 10° M). Therefore the rate constant of the direct reaction with ozone

must be greater than 10° M™.s™ 1o disregard the decomposition in a kinetic study.

2.4 Ozone reactor engineering

Gas-liqwd reactors such as the ozone comtactors are oflen applied indusirially to achieve the desved

reaction rates.

2.4.1  The C-r concept

The Surface Water Treamment Rule (SWTR) prescribes the Cf approach (o estzblish conditons for
achieving vanous degrees of the chemical removal of contaminauts or the inactivation of walerbome
pathogens during disinfection of dnnking waler (USEPA. 1999). The C't concepl is based oo the
Chick-Watson law which assumes the raie of inactivation of micro-organisms, r, obeys 2 [irst-order

reaction with respect to the number of micro-organisms, V.

A =k, C"N (2-14)
dr
where k, 15 the disinfection rate constant and 2 8 the reaction order with respect io disinfectant

concentration C. [t was originally assumed by Chick that n = ),
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Assuming that the disinfectant concentration is constant with time and with the initial condition that N = Ny
att =0, the integrated Eqn. (2-14) becomes (Lawler and Singer, 1993):

In[’\i’} - —k,C (2-15)

0
The C-f concept applied in ozonation means that the log of inactivaton is proportional 1o the numerical

product of the residual ozone outlet concentration (C) and a characteristic contact time () (USEPA, 1999).
The C7 rule promulgated by SWTR is widely adopted by waterworks as a guide to desiga and to operate
ozonation systems, perhaps justified by its simplicity. Mowever, as simplification is always accompanied
by restriction. The inherent assumption of the Chick-Watson law is limited in applying the characteristic

contact time for different types of reactors.

2.4.2  Facrors influencing performance

The performance of an ozone contactor is influenced kinetically (reactions of ozone with the water matrix)
and hydrodynamically (contactor hydrodynamics). The kinedc influences encompass all parameters
which affect the ozone reaction kinetics, such as pH. tcmperature or raw water conslituents (Glaze et al.,
1987; Bablon et al., 1991a; Hoigné, 1998). The hydrodynamic influences are often quantified by means of
hydraulic residence time or by evaluating the effective contact 1ime, in order to assess whether sufficient

time has been allowed for the reactions to complete (Bablon et al,, 19915, US EPA, 1999).

For canvenfional water treatment praclice, the overall rate of azonation pracess i1s cantrolled by the sum of
the rates of the chemical reactions with individual types of solutes (Hoigné, 1998). Ozone-to-water mass

transfer wil) only become rate-limiting if the ozone consusaption is very fast (Hoigné, 1998).

The advantage of ozonation is largely attributed to the ability of ozone o inactivale micre-organisms and (o
oxidise the reduced inorganic compounds and the organic compounds with ozone-reactive functional
groups. Jtis due to this seleclivity of ozone that low doses ofien suffice to achieve the goals of disinfection

and oxidation (Hoigné, 1998).

An ozonation process for water reatment must be efective at 6zone concentrations of only a few mg. L™, at

ambient temperature and within reaction fimes of a few minutes (Hoigné, 1998).

2.5 Fluid dynamics and CFD modelling

Fluid dynamics were generally divided into theoretical and experimental branches as the case with many
other physical sciences. The advaaces in computer technology has revolutionised ftuid dynami¢s such that
systems of highly non-linear parmnal differential equations (PDEs) can be applied to numerically perform the
experiments. In this sense, CFD is not puse theoretical anatysis as there is still inadequacy in numcrical
assessment of the PDEs (convergence proofs, error truncations or mumencal siability) and no rigorous

physical models for all description of flow.
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Experiments

Flgure 2-11: Fluld dynamies science

Il must be noted here that it 1s not the focus of the thesis (6 conduct a ful) literature survey on the fluid
dynamics modelling techniques. The madelling aspect of this investigation was (imited by the financial
resource and the available computational code at the dsme.  The intentdon was nat to find the best possible
compuationz) 100l for use, but 10 interpret the simulated resules in order to achieve the investgation
objeciives. The purpose of this section should therefore be to provide sufficient background for the

discusston in the subsequent chapters.

2.5.1 History of computational fluid dynamics

The foundation of fluid mechanics celies on the equations decived by Navier (1827) and Poisson (1831),
and de Saint Venant (1843) and Stokes (1845) independently more than a century ago. The equations are
commonly referred to as the Navier-Stakes equations. Due to the complex, non-linear nawre of the
mathematical equations, no general analyticsl solutions has been obtained. The science of fluid dynamics
started o branch in two directions towards the ¢nd of the 19® century (Kuipers and van Swaaij, 1998).
One branch was the theoretical hydrodynamics which evolved from Euler’s equations of motion for a
fricionless, non-viscous fluid.  The other branch was the highly empirical science of siydranlies which was

doiven by finding the soludions of practical problems.

The unification of the nvo branches was shiown in Prandtl’'s boundary layer theory which demonstrated
both experimentally and theoretically that viscous forces are important in boundary layer region and cannot
be neglected.  The initial development, mainly in aerodynamics. involved the approximate analyncal
solution or frapsformation and the relevant numerical integration. The CFD-based approach as an
engineenng tool started in the 1970s when the usc of compuiers became feasible in solving the full set of

conservalion equations.

With the increasing computing power, the application of CFD is no longer limited in the aerodynamics
study. CFD has found application in many ways. such as the designs of automobiles and aircraft, the
designs or the improvement of reactors and even the flow study of environment.  The simplest modelling is
one which relates the inlets and the outlets of a process by some form of empirical or scaled-tesling
relationships. This is generally known as the black box approach which is applicoble when litt)e insight
into the pracess is needed (De Clercg, 2003). The fundsmenlal laws of physics and chemistry can be
incorporated and solved 1o reveal more 2bout the process performance. Depending on the complexiry of

physical problems, vanious modelling levels can be applied from the tessl computabonally demanding
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rero-dimension models, e assume on identical staa at every point in space (De Clereg, 2003), 1o the
physically-representative two- or three-dimensional models (Do-Quang et ai., 2000). The dependence of
the state variables on the spatial resolution cin also be addressed by the laner, more complex models. The
refatively inexpensive computing facility and ji5 capability can probably justify the cost against the
potential benefty.

CFD modelling has been applied in the investigaiion of stired reaciors (Koh and Xantidis, 1999}, bubble
columns {Eknmbara and Joshi, 2003Y, mwbuler resctors {Hjertager et al., 2002}, diffuser pumps (Shi and
Tsukamoms, 2001, mixed anoxic wastewater weaiment vesscls (Brannock, 2003) a3 well 3z indusinial
pzonation wowers (Cockx et al., 199%: Do-Cuang et al.. 2000a; Ta and Hague, 2004).

2.5.2 (oveming equations

The maothemapcal descrption of any Muid Oow §s govermed by the lews of conservation of mass,
momentum and energy. For an incompressible fluid the energy equation is solved only when the physical
problem involves heat transfer.  The system of equations 5 thus reduced 13 one MAass conservanon
Egn. (2-16) and three momentum equations in the r-, y- and r-direction in Eqn. {217},

25310 Adasr consermaiion

In thres-dimenigion, the conservation of mass or tlde known @8 the cquation of conbmuiny in
Canesipn-{ensor form is;

2 A
2t e =0 (1-16)
Local derivative Convective defvative

where g8 the fluid denzicy, ;8 the length in dirsension §, and w, i5 the velocity in the ith direcrion,  The
local derivetive is phyzically the rute of change of the flow variable, which is o in this insiance, at a fized
poind.  The copvective derivative is physically the rate of change of the Tow varisble due ta the mavemen
of the Muid element.

2822 Momentum conservaliomn

The equation for the conservalion of memenim is

2 (o 2 ) - 2 25
T e M T T, T PR 2-17)

whers ry i the total suress wendor in the f-th direcvon scung on the /=th plane. pg, 15 the body force on the
Muid elemant acting in the J-th direchon and P iz the static presaurg,  For en infompressible Newionian
Mubd the viscous seress is propontional to the rtes of deformation and velume diletion:

o= _E”" EH" I_i ﬂg

M, a3 (2-18}
L 5 LS = Fl

Dz formation Chlation
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where 1 is the molecular viscosity and J, is the Kronecker delta (3= 1 for i =j; §,= 0 fori # j), The

combination Egns. (2-17) and (2-18) leads to the well-known Navier-Stokes equations.

The continuity equation in Egn. (2-16) and three momentum balances in Eqn. (2-17) form a coupled system

of nonlinear PDEs. To date, there is no general closed-form solution to these equations (Anderson, 1995).

2.5.3 Turbulence modelling

One of the unscived prablems in Nuid dynamics is the prediction of nurbulence. Turbulence cccurs when
velocity gradients are high, resulting in chaotic disturbances in the flow domain as a functioo of space and
time (Chung, 2002). 11 is generated by contact of neighbouring layers of fluid moving at different
velocilies or by contact of a solid boundary such as walls. Tn turbulent flows, large eddies form
contipually, break down into smailer eddies and evenmally disappear, and the turbulent kinetic energy is

thereby dissipated in (he process.

1f the turbulence, large- or small-scale, is a viscous flow which locally obeys the Navjer-Stokes equations,
and thatifa grid is fin¢ enough 1o caleulate the details of this turbulent flow directly from the Navier-Siokes
equations with no additdonal modelling of urbulence effects, this class of CFD calculation is known as the
Direct Numerical Simulation {(DPNS) of rurbulent flows. The rgorous method by DNS requires a
sufficiently fine grid to capture all scales of the energy range. It is therefore not applicable 10 industrial

Mow caleulations due to exorbitant computational effort.

The governing Navier-Stokes equarions can be, [0 some extent, averaged in space or time o remove the
smaller scates. This gives rise to a less computationally expensive set of equations (refer to Appendix A).
However the modified equations contain more unknowns than avaiiable equatious. Such a problem is
vesolved by furbnlence modelling or the Reynolds averaged Navier-Stokes (RANS) method to provide
these unknowns in terms of the known quantities.  Although turbulent flow is important in many spheres of
engineering and has been a subject ol extensive investigations for many decades {Bradshaw, 1578; Gawski,
Sarkar and Speziale, 1992; Hanjali¢, 1994a; Chung, 2002), no single murbulence model developed thus far is

universally acclaimed 1o be superior. A list of varicus turbulence models is outlined in Appendix A,

The choice of a suitable turbulence model is dependent on the classes of flows, the level of accuracy

required, the available computational means and the time available for the simulaton.

2.5.4 Discretisation techniques

The lermn discretisation has specific meanings in setting up a mathernatical model. Anatytical solulions of
partial differenrial equaticns involve closed-form expressions which are continuous throughout the domain.
In essence, discretizanion is the process by which a closed-form mathematical expression is approximated
by analogous expressions which preseribe values at a finite number of diserete points in the domain
{Anderson, 1995).

The flow domain is replaced by a finite number of grid points. The grid points can be gencrated by dividing

the domain of interest into contro| volumes or computational cells ar elements which have a relatively small
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size in comparison with the macroscopic volume of the domaip (Kuipers and van Swaaij, 1998). This step
is generally known us meshing. If the PDEs in the governing equations are replaced by approximate
algebraic difference schemes which are expressed only in terms of the flow variables at the discrete grid
points, the original PDEs can be replaced by a system of algebraic equations which can be solve for the flow
variables at the grid points. In this sense, the PDEg are discretised and this method of discretization is also

known as the method of finite differences.

The accuracy of the solution is dependent on the tnesh type and s size. At presenl, most of Lhe avaitable
meshing softwares have the capability to assist modellers in choosing the most suitable mesh. The details

of meshing will not be dwelt on since it is not the main objecnive of the discussion.

The common forms of discretisation are summarised below from Chung (2002), Zwillinger (1997) and
Anderson (1995). Since the subject is covered extensively in literature, only the essential aspects are

highlighted for the purpose of the thesis.

Finlte difference. The finite difference methad is a technique 0 represent a system of PDEs by
approximale algebraic difference equations. Most common finite-difference representations of denvalives

are based on Taylor’s series expansions.

Finite element. The finite element method gives solufions at discrete points or the so-called lattice points.
Iis disadvantage is the difficulty in applying the boundary conditions as it may be prowruding. Howeves it

has a great advantage in accommodating complex geometry.

Finite volume. The finite volume method provides solutions across the discretised volumes. One of its
advantages over the finite element method 35 its noo-invasiveness in applying the boundary condilions
because the values are located within the volume element.  The finite volume method does nrot require a
scrucmured mesh (i.e.: where the grid points are aliocated in the low domain sn a regolar fashion) as it is

oflen the case for the finite element method (Anderson, 1995).

2,5.5 Model formulation

(n CFD medelling there is a sequence of sleps required 1o translate the physical problem staternent into a

computationally achievable model. These steps are generalised and demonstrated in Figure 2-32:
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translanon
Assessment

pre-processing

}

pumerical solution

'

posi-processing

-

Flgure 2-12: CFD modelling procedure (sdapred from Fluent, 2003; Koipers and van Swaal), 1998;
Anderson, 1995)

Assess the physical phenomens in order to formulate the farpét parameters and the basle
assumptians. The first siep is 10 analyse the flow problem into computable informeton aod to identify
with the applicable physical model, e.pg: compressiblefincompressible Aow; imviscidvizcous Muid;
compogition of Muid and 1s property ele (Fluen, 2003).  Thereafer the wargel parameiers are decided in
order 1o meet the invesngenon goals.  The parameiers can include the physical quantines (such as velooity
values) and the model-bound variable (such az the order of the numerical residual errorg). These wrget
pararoelers are important o CFD modelling since they direct the extent and the depth of mode) required for
thee Thow analysis.

Pre-processing: generafe grid and define bovwndary conditions. The sscond siep is the so-calied
pre-processing of CFD modelling,  1tinvelves building o model for the flow geometry, applying a mezh
for the volume discrensation and locating the boundaries of the Mow model (Chung, 2007; Kuipers and van
Swaalj, 1998). Various rypes of pre-processors heve been developed and are svailable commercially.
The m-depth discussion on prid genermuan is outside the scope of the mveshigation and can be found
numerous literanere, &g, Anderson (1993), Tucker (20017 or Chung (2007)

Solution strategy and tools. The next slep is to enter the informotion into the Mow model and 1o apply an
appropriate solunon srratdgy, A pood space or hime digcrehsaiion scheme 05 vkl for cbining a
convergiog solution with less computstional difficeloy (Fleend, 2003). The solution methods are generally
iterative ond convergence 15 wsually obtained by the uss of relaxabion techniques (Sharrai, 1990%,  Careful
choice of relaxation parameters makes a major conmribution towards both the rate of convergence and the
production of a solution at all (Sharmam, 19904, Commercial CFD solvers usually include 100ls 10 observe

the progress of the calculation,
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Past-processing: results analyses. Post-pracessing is the final step in CFD analysis. This includes
examination of the results and interpretation of the data and images. One needs 1o check whether the
convergence criteria have been met and 1o post-process the data of interest funtber. Depend on the madel
complexity it may also be of interest to evaluate the dependence of solution accuracy on the grid refinement

(Kuipers and van Swaaij, 1998; Sharrart, 1990).

2.5.6 Model validation and verificanon

Computational fluid dynamics ss regarded a novel tool in the analyses and the designs of engineering
processes.  As with any [orm of modelling, the credibility of simulated results remains a roajor concern for
the modellers. Despite the large knowledge base, the accuracy of the numerical solution is still uncertain
(De Clercq, 2003). The processes of validation and verification are thus necessary m addressing the
application of madelling techniques to physical problems.  1n some cases, the validation and verification of
the CFD simulated results are difficult or may not be possible.  However, it is impontant to realise that the
difficulty in validation and verification cffort should not be used as a reason for not using CFD (Sharrau,
[990).

The errors in the simulated soluton are quantficd in the step of verification. The simulation will reach a
solution iccording 10 some pre-determined criteria set by the modellers. [t is necessary to check whether
the mesh provided to the modcited yeometry is adeyuate. This is addressed by refining the mesh size
and/or the time step (for unsteady sizte). Although the dcenser mesh reveals more flow details, the
computing power required increases rapidly with the mesh density. The reduction 1n mesh size and/or
nme siep are generally repeated until the compulted solution shows no dependence on the sizes of mesh or
time step. The mesh can then be considered sufficiently ine. Numerical errors ¢an also arise from Lhe
approximation method applied in solving the governing equations. [t is particularly notable when the high
diffusion terms are present due to truncation error. This phenomenon is also known as the numerical
diffusion (Sharrau, 1990).

The validation step involves the comparison of the simulated results with experimentally measured values.
Errors and uncertainty of (he cooceptual and the computational models are identified and assessed during
the validation process (De Clercg, 2003). The prediction of CFD can only be as good as the pbysical
models applied and the boundary conditon represenied.  Specific requirements have to impose on the
quality of experimental data, such as the complefeness in the data set and the error analyses in experimental

measurements.

Therefore the uses of expenmental, theorerical and computalions) sciences are required in develaping,

verifying and validanng a CFD modcl.

2.6 Conclusions

Advanced oxidation processcs, such as ozonation, may completely or partially oxidisc organic compounds
{e.g.: dyes or pesticides) which are difficult to degrade in conventionat waler treatment processes. The

uniqueness In the ozone's resonance structure renders ils selectsvily and high reactivity in agqueous
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rcactions. As a result of panial oxidation. less recalcitrant compounds are formed and can be removed in
subsequent processes. Under such conditions, ozonation is beneficial as pre-treatment steps to other

Processes.

To operate an ozonation effectively, it is important 10 achieve combined understanding of the contactor
hydrodynamics and reaction kinetics. The use of CFD modelling has emerged as an engineering tool 1o
provide insight into complex processes which would otherwise be intractable under a conventional black
hox approach, such as an ozonation. For example, CFD modelling has been used as an essential tool to
design clarifiers in waterworks, and this support to water related projects has been sponsored by the WRC
(Brouckaert and Buckley, 2002).

The present study will assist in the design stage of such plants incorporating the pre-ozonation systero in
future. Application of the CFD maodelling enhances the understanding of the fluid dynamics in the system.
Combining with apprapriate ozonaton kinetics, the work can be used to predict the effects dve lo
equipment modiftcations, to provide better interpretation of experimental resvlis and to improve the control

of the system. Thereby ozone can be utilised efficiently to ensure the quality of the final water.
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HYDRODYNAMIC MODEL OF THE OZONE CONTACTOR

“The first step to knowledge is to know that we are ignorant.”

- Socrates (470-399 B.C.), Greek philosopher

The hydrodynamics within the Wiggins Waterworks’ ozone contactor are expected to be complex and
turbulent. A three-dimensional CFD model was constructed to simulate the physical phenomena with the
aim of generating insight ta the flow dynamics. Because of the physical constraints to measure detailed
flow parameters within the full-scale contactor, the hydrodynamic model was validated through a global

approach, known as the residence time distribution (RTD).

This chapter describes the CFD application to model the hydrodynamics of an ozone contactor and the
validation of the predicted residence time distribution using experimental tracer data. The importance of
understanding hydrodynamic behaviour is discussed in Section 3.1 . The overall objective of the project is
re-emphasised in Section 3.2 with some additional goals towards the hydrodynamic modelling aspect of the
ozone contactor. One of the major simplifications was the develapment of a one-phase (i.c., water only)
hydrodynamic model to represent the nwo-phase system. The assumptions and the choice of modelling
parameters are discussed in Section 3.3 . The effect of the gas injection oun the hydrodynamics was
modelled by increasing the level of turbulence. Section 3.4 descnbes the procedure of the experimental
racer tests which were carmied out for the model validation. The predicted tracer responses corresponded
well with the experimental results. Effecis of various operational or modelling options on the overall
hydrodypamics are compared in Section 3.5 . General conclusions for thig chapter are presented in

Section 3.6 .

3.1 [Introduction

Fractions of fluid reside within a reactor for different length o