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Abstract

Computational fluid dynamics (CFD) modelling has been applied to examine the operation of the pre-ozonation system at Wiggins
Waterworks, operated by Umgeni Water in Durban, South Africa. A hydraulic model has been satisfactorily verified by
experimental tracer tests. The turbulence effect induced by the gas injection was modelled by increasing the level of turbulence
intensity at the ozone contactor inlet. The simulated tracer response corresponded closely to the experimental results. The
framework of ozone reaction modelling was subsequently investigated using values of rate constants from the literature. The
predicted profile of residual ozone concentration suggests the current operating strategy can be improved to optimise the ozone
utilisation. The wide range of values found in the literature suggests that the 0zone reactions are strongly dependent on site-specific
characteristics of the water. Further experimental work is required to determine rate constants which are applicable to water from

the Inanda Dam.
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Nomenclature

C(t)  Concentration of tracer kg:m3org£?
C Tracer concentration at time i kg:m*org£?
C,;  Residual ozone concentration mg-£*
f(t) RTD density function -
k Turbulent kinetic energy m2.s?
K, Disinfection rate constant for
Cryptosporidium parvum m3-kmol-s*
k. Ozone consumption rate constant m3kmol-s*
k, Ozone self-decomposition rate constant ~ £-s™*
Number of surviving micro-organisms
attimet -
N, Number of controlled micro-organisms
att=0 -
T Time s ormin
T Mean residence time s ormin
\Y Mean velocity magnitude m-st
Greek letters
At Time increment S
oft)  Average mass fraction of tracer -
€ Turbulent dissipation energy m2.s3

Introduction

Ozonation is used in drinking water treatment primarily to oxidise
iron and manganese, to reduce odour- or taste-causing compounds,
andto inactivate micro-organisms. The peripheral benefitsinclude
possible reduction in coagulant demand, enhancement of algae and
colour removal. Ozonation of water is typically carried out by
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dispersing gas containing ozone into the liquid phase. The contact
between the two phases accompanied by an ozone mass transfer
takes place in ozone contactors (Bin and Roustan, 2000).

CT concept and the disinfection purpose of ozone

The most important hydraulic characteristic of an ozone contactor
isitsresidence time distribution (RTD). Underthe US EPA Interim
Enhanced Surface Water Treatment Rule (IESWTR) the physical
removal or the inactivation of waterborne pathogens during disin-
fection of drinking water is specified in terms of CT which is the
numeric product of the residual ozone outlet concentration (C) and
a characteristic contact time (T) (USEPA, 1999). The value of CT
is dependent on the target species and the disinfectant. The
effective contact time is taken to be T, rather than the mean
hydraulic retention time. T, is the time required for 10% of a pulse
of a tracer introduced at the disinfectant dosing point to have
reached the residual sampling point. Thus T, can be derived from
the RTD of a contactor, which in turn, is affected by its geometry
and operating conditions.

Cryptosporidium parvum is a parasitic protozoan which in-
fects humans and may cause gastroenteric disease. Due to its
relatively high resistance to free chlorine, its control is a particular
problem for water treatment works. Several studies have reviewed
the superior efficacy of ozone for control of C. parvum (Staehlin
and Hoigné, 1985; Korich etal., 1990; Gyrék et al., 1999; Driedger
etal., 2000; Rennecker etal., 2000). Because of the large CT value
for C. parvum (up to 5 mg O,-min-£") its reaction with ozone is
chosen to indicate the disinfection performance of the contactor.

Ozone contacting system at Wiggins Waterworks

The pre-ozonation system at Wiggins Waterworks, operated by
Umgeni Water in Durban, consists of four contactors. Each
contactor is preceded by a static mixer so that every chamber can
operate individually or in parallel with another contactor. The
Sulzer static mixer is 1 m in diameter. An 0zone-oxygen gas
mixture is injected as a side-stream through the static mixer which
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is employed to achieve high mass transfer of ozone to water. The
pre-ozonation system has an unusual configuration, as it was
converted from an existing structure. Water enters from the static
mixer at the bottom, and passes through three horizontal compart-
ments before it exits over the weir at the top. (Fig. 1)

The operating rule for selecting the number of contact cham-
bers in use aims to achieve an acceptable efficiency of ozone
transfer in the static mixers. Asthe flow through the plant changes,
the number of contactors in operation is changed. However the
effectiveness of disinfection also depends on the CT in the contac-
tor, which implies the need for a more sophisticated operating
strategy.

Why CFD?

In contrast to a mixed-compartment modelling approach, compu-
tational fluid dynamic (CFD) modelling offers the advantage of a
fundamental physical basis for representing the complex interac-
tion between flow and chemical reaction phenomena. CFD mod-
elling is based on the solution of sets of partial differential equa-
tions, which express the local and temporal phenomena, i.e. local
momentum, energy, mass and transport balances. Because of the
increasing power of computers, CFD modelling becomes an useful
tool to analyse a complex system, such as an ozone contactor.
The operation of the pre-ozonation system at the Wiggins
Waterworks has been investigated with the following objectives:

* To determine the actual liquid residence time distribution

e Toselectthe most appropriate position for monitoring residual
0zone concentration

» To optimise the disinfection efficiency of the contactors by
modelling the kinetic reactionsto achieve the most efficient use
of the ozone dosed to the system

The USEPA techniques stipulate that:

(i) in the absence of an RTD result, table of conservative design
factors may be used;

(ii) if an experimental RTD result is available then the experimen-
tal value of T, isto be used. CFD modelling can generate RTD
results which could be used in method (ii).

52 ISSN 0378-4738 = Water SA Vol. 30 No. 1 January 2004

13.7m
(d) side view

However, the power of CFD is such that a more rigorous approach
can be adopted. The reactions involving the target species and the
disinfectant can be incorporated in solution of the flow field so as
to explicitly calculate the exit concentration of the target species.

This paper discusses the verification of the hydraulic model
and the framework of implementing the ozone reaction kinetics on
the verified hydraulic model.

Hydrodynamics

Fluent 5.5.14 was the software used for the CFD modelling. The
details of setting up the initial model have been described else-
where (Brouckaert etal., 2000; Huang et al., 2001). The 3D model
discussed in this paper only considered the flow of water. The
interest of this investigation is in the overall RTD of the contactor,
rather than the interaction between the gas and liquid phase. The
assumption is based on the near complete dissolution of ozone in
water when the flow emerges from the static mixer. The gas flow
rate is only about 1% v/v of the water flow rate. Once ozone is
dissolved the oxygen in the stream remains as gas bubbles. Any
hydraulics effect introduced by the bubbles or the mixer was
indirectly represented by an increase in the turbulent mixing in this
one-phase model. The turbulent intensity was adjusted to give the
predicted RTD best fit to the experimental data.

Experimental tracer tests

Tracer tests were undertaken in order to experimentally determine
the RTD of the contactor. Lithium chloride was the chosen tracer
for its chemical stability and detectability at low concentration.
Two tracer tests were carried out under different conditions, i.e.
with and without gas injection. Approximately 7.8 kg of lithium
chloride was used in each test. The water and gas were maintained
at steady flow rates for the duration of the tracer tests. Three
sampling points were positioned along the weir, one pairon 2 min
from the side, and the 3rd one in the centre of the weir. Samples
were taken simultaneously at three points and were subsequently
analysed using an atomic absorption spectrophotometer.

From the experimental tracer tests, the tracer response curves
for the cases with and without gas injection showed a similar
pattern inthe overall RTD, with some difference in detail. Theinlet
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Figure 2
Experimental tracer response curves at various points along the
outlet weir without gas injection.
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Experimental tracer response curves at various points along the
outlet weir with gas injection.

flow rates were 107.3 M£.d* and 108.3 M£.d, with and without
gas respectively.

Without gas injection, the measured concentration appeared
slightly higher on the left side of the weir and the residence time
distribution was narrower (Fig. 2) than the case when gas was
present (Fig. 3). However, the shape of the overall response was
retained. The uneven distribution of liquid flow, with more going
to the left side, was observed irrespective of gas injection. The
effect was more pronounced when the gas was absent, as shown in
Fig. 2.

CFD simulated tracer tests

The same flow-rate values were used in the CFD simulations as in
the experimental tests. The FLUENT software provides a number
of established models for turbulence and boundary layer flow in the
vicinity of walls. The widely used k-e model was chosen for the
turbulence modelling. After specifying the geometry of the system
and the inlet flow rate, the only other parameter required from the
user was the turbulence intensity (T1) as shown in Eq. 1. Tl is the
ratio of the kinetic energy contained in turbulent fluctuations to the
kinetic energy due to the mean velocity.

v @)

The use of Tl ratio helps to provide estimated values of k and e in
the turbulent model. Values of 10, 20 and 50% T1 ratio were tested,
and the tracer response curves are plotted as the dimensionless
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Tracer response curve of 10% turbulence intensity ratio
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Tracer response curve of 20% turbulence intensity ratio
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Tracer response curve of 50% turbulence intensity ratio

tracer mass fraction against flow time as shown in Figs. 4 to 6.
CFD hydraulic model verification

In order to achieve a comparable basis between the experimental
data and the simulation results the RTD density function was
calculated from the mass balance of the tracer. For example, in the
experimental tracer test at a constant flow rate, f (t) is calculated as
follows:

f(t)=

[olm Y. cat @

c . c
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Comparison of predicted RTD density function with experimental
data. The mean residence time and T, are calculated from the
experimental data with gas.

Exp — experimental tracer test, ST — simulated tracer test
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In the case of the simulated tracer test, the mass fraction of the
tracer, a(t) replaces the concentration of the tracer, C(t), in the
above equation. Hence the area under the curve must be unity when
integrating over time. The RTD density function, f(t), was plotted
against flow time, t.

Although the gas injection did shift the distribution of flow
between the left and right sides of the contactor slightly, its effect
on the overall residence time distribution was remarkably small.
The model prediction using 50% turbulence intensity ratio agrees
especially well with the experimental data (Fig 7). The variation of
tracer response along the weir predicted by the model was con-
firmed by the experimental profiles, with tracer appearing slightly
earlier on the left than on the right side.

Ozone reaction kinetics

The use of ozone in water treatment is generally based on the
concept that reactions occur between dissolved ozone with water-
soluble substances. The distribution of the ozone introduced can
be globally categorised into off-gas losses, consumption, and loss
by self-decomposition. (Bredtmann, 1982). Since the transfer
efficiency of static mixers has been reported to be very high, about
85 to 98% (Bin and Roustan, 2000), for the present model, it is
assumed that there is negligible off-gas loss.

Ozone reactions in water are generally rather complex (Hoigné
and Bader 1983a;b; Hoigné et al., 1985, Sotelo etal., 1987, Park et
al., 2001). For the purpose of the reaction kinetic modelling in this
paper, the depletion of the dissolved ozone can be represented
schematically in Fig. 8. The ozone-consuming substances (OCS)
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inthe liquid consist of oxidisable species such as dissolved organic
compounds, or reduced inorganic species such as Fe Il and Mn I1.
Although pathogens form part of the OCS, they consume a negli-
gible amount of ozone due to their extremely low concentrations.
The disinfection reaction is therefore modelled as a separate
reaction.

Rate constants

The rate constants for the reactions categorised in Fig. 8 are taken
from literature for the kinetic modelling. Extensive studies have
been conducted to investigate the reactions of ozone with different
organic compounds using predictive models; however, the ad-
equacy of the model is difficultto achieve due to the complexity and
variety of the constituents in raw water (Park et al., 2001). The
application of the rate constants and assumptions will be discussed
below.

Self-decomposition

The self-decomposition of ozone in water has been studied by
several authorsasafirst-order reaction (Soteloetal., 1987; Beltran,
1995; Muroyama et al., 1999). The reaction rate was observed to
increase with increasing pH and dissolved ozone concentration.
The self-decomposition rate constant, k , was examined by Beltran
(1995) over a wide range of pH values. For the present model, the
value at pH 7 was used.

kS =4.8x10" g.g1

Consumption by ozone-consuming substance

The dissolved OCS may react with ozone or be oxidised by OH
radicals which are formed from ozone decomposition (Hoigné and
Bader, 1983a; Hoigné et al., 1985). However, no general correla-
tion is currently available to relate the ozone consumption with the
decomposition of OCS. Muroyama et al. (1999) assumed the
reaction between ozone and the OCS is first order with respect to
ozone and to the OCS. The ozone consumption reaction rate
constant, k, was referenced by Muroyama et al. (1999) from
experimental results and is calculated to be:

The amount of OCS present in the water is estimated from the
total organic carbon (TOC) content in water, using glucose as a
representative molecule. A typical value of TOC in the Wiggins
raw water is 3.3 mg-£*, which yields 8.26 mg-£* OCS.

Disinfection
The reaction kinetics between C. parvum and ozone is based on the
classical Chick-Watson inactivation model,

N
IogN—: —k,Co,t

0

(3)

where:
N/N, is the survival ratio of the micro-organism
C,, s the residual ozone concentration
tis the contact time
k , is the inactivation rate constant.

The value of k_appears to be influenced by the quality of water,
such as pH and temperature. This is reflected by the wide range of
k, reported in the literature (Joret et al., 1997; Gyiirék et al.,1999,
Do-Quang et al., 2000, Rennecker et al., 2000, Driedger et al.,
2000, Lietal.,2001). For this paper, the disinfection rate constant,
ku , was calculated from the experimental results reported by Li et
al. (2001) using an average residual ozone concentration 0.85
mg-£*and a contact time of 4 min, with the observed kill of 1.5 log-
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250
TABLE 1
Input values for kinetic modelling of ozone 2.00
reactions
Species Inlet mass fraction | 151
Ozone 2.5x10° 1.01
Ozone-consuming substances 8.26 x 10°
Cryptosporidium parvum 1.0x10°%
0.52
units. From Eq. (2).
. 0.025
k, = 0.441 £:mg™*-min* = 352.9 m*kmol*.s* Figure 9
. i . Simulated ozone concentration in mg/£.
The Fluent reaction modelling framework requires the Base case — inlet OCS mass fraction = 8.26 x 10

reactant concentrations to be specified as mass fractions.
In the case of pathogens, the mass fraction is not known.
The measure of interest is the survival ratio N/N,, repre-
senting the probability that a viable organism will sur-  2:00
vive the process. To represent this in the model, the inlet

mass fraction was set to an arbitrary value of 10%, and ;| 5,
survival ratios were calculated by ratioing simulated
mass fractions to this value. The value 10® was simply
chosen to be low enough for its effect on the ozone
consumptionto be negligible. The main input parameters
are summarised in Table 1. 0.52=

CFD disinfection results 0.025
. . Figure 10

Two cases of different ozone-consuming substance load- Simulated ozone concentration in mg/.

ing were examined. The level of OCS changes with the Comparative case — inlet OCS mass fraction = 1.652 x 10
water quality, and hence the residual ozone concentra-

tion is dependent on the OCS loading. The inlet mass | ggo

fraction of the 0zone-consuming substance for the base
case is as listed in Table 1. The comparison was made
with doubling the OCS inlet mass fraction of the base
case to obtain the value of 1.652 x 105 .

The simulated residual ozone concentration for the  0.604
base case (Fig. 9) indicated that most of the ozone
introduced is reacted in the lowest compartment. 0.406

At the higher OCS level, the distribution of ozone
concentrations throughout the reactor is significantly 449
altered (Fig. 10). The disinfection performance of the
contactor on the present operating condition is illustrated

0.802

inFig. 11, indicating that the removal of C. parvumis more .10 Figure 11
than 99%. The OCS level was doubled for the purpose of Simulated survival ratio of C. parvum.
comparison. Although the OCS concentration was still Base case — inlet OCS mass fraction =

low, the removal dropped to 90%. The increase in OCS
loading significantly increases the C. parvum survival  1.000
ratios (Fig. 12). This means that with higher OCS loading,

an increase in the ozone dosage is needed. 0.802
Discussion

0.604
Modelling the effect of gas injection by simply increas-

ingthe turbulentintensity isclearly avery roughapproxi-  0.406
mation, and cannot be expected to provide an accurate
description of the detailed flow patterns in the contactor. ¢ .208
A full two-phase model, besides involving considerably
greater computational difficulties, would also introduce
many unknown factors and uncertainties concerning
aspects such as bubble size, bubble coalescence, etc. The

Figure 12

8 . Simulated survival ratio of C. parvum.
model andexperimental results showed reasonably quali- Comparative case — inlet OCS mass fraction =

tative agreement with the left / right distribution of flow.
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On this aspect the high turbulent intensity model resembled the
experiment with no gas injection better than the experiment with
gas injection, which is contrary to what one might expect. How-
ever, the main purpose of the model is to predict the disinfection
performance of the contactor, and the very good agreement ob-
tained between the approximate model and the overall experimen-
tal RTD indicated that the model is adequate.

The current operating strategy requiresimprovementto optimise
the ozone utilisation, although there may be some limitation on the
equipment, such as the maximum throughput of the static mixer.
The figures from the kinetic modelling should not be taken as
definitive asitis not known how well the kinetic data from literature
apply to the Wiggins raw water. Nevertheless the variation in the
profile of ozone concentration indicated that OCS is a significant
factor. As the rate constants were found to be dependent on the
local water source, a specific kinetic study is thus required to
characterise the raw water supply from the Inanda Dam.

The CT conceptisan approximate approach which requires the
liquid residence time, the inlet and outlet concentrations of the
dissolved O,. This approach has been developed for the conven-
tional ozone contactor with multiple dosing points. In a long
contactor of the configuration discussed in this paper, O, may have
all been depleted before the end of the contactor. The depletion of
ozone will not only be due to reactions with the target species, and
hence the 0zone concentration at the outlet will not be appropriate
for the CT formula.

One of the advantages of CFD modelling in this investigation
is to examine the different scenarios and positions to locate the
most suitable point for monitoring the residual ozone concentra-
tion. From the simulated results obtained thus far, it would appear
that it would be best to choose a monitoring point at the end of the
second compartment.

Conclusion

The OCS variation is shown to have a significant effect on the
residual ozone concentration profile. Application of CFD model-
ling to a full-scale ozone contactor has been demonstrated in this
paper. With sufficient validation from experimental data the
simulated results can provide information to a more effective
operation of an ozone contactor. For future work, an experimental
study on the ozone demand of the water is required to characterise
the raw water supplied to Wiggins Waterworks. The ozone
contactor will be equipped with 3 residual ozone sensors to provide
data on the local ozone concentration at selected positions, and to
aid the validation of the CFD model. There are 6 internal points
located in all three compartments. The positions of these points
were chosen based on the simulation results, and a monitoring
program will be in place for data collection.
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