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A comparison of the Eulerian and particle tracking
approaches for prediction of ozone contactor performance
Jianping Zhang, Peter M. Huck, Gordon D. Stubley and William B. Anderson

ABSTRACT
The Eulerian and particle tracking approaches, two commonly utilized numerical methods, were
evaluated for modelling drinking water ozone disinfection systems. The Eulerian approach predicts
disinfection performance by solving an advection-diffusion equation. Alternatively, the particle
tracking (Lagrangian) approach calculates disinfection efﬁciency by numerically introducing particles
into the ﬂow and predicting their trajectories through a spatially varying ﬁeld of ozone residuals. The
two approaches were used for modelling two hypothetical ozone reactors and a full-scale operating
ozone contactor. For ozone reactors with plug ﬂow characteristics, the two approaches match well
in evaluating disinfection efﬁciency (represented by the CT value). For reactors with non-ideal
hydraulic performance, the particle tracking model predicted slightly lower CT values than did the
Eulerian approach. This may be due to the trapping of particles in the dead zones of non-ideal
reactors, and the limitation on the particle numbers that could be used for data processing. The
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results of a full-scale contactor study further conﬁrmed these observations. The study also found that
the effect of particle size (1–100 μm) used in this study on the particle tracking method was
negligible. The Schmidt number has minor impacts on the Eulerian approach modelling results.
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particle tracking approach

INTRODUCTION
The use of an advanced modelling tool, computational ﬂuid

to model microbial inactivation processes: one is the

dynamics (CFD), has increasingly been applied for the simu-

Eulerian approach and the other is the particle tracking

lation

including

approach (also called the Lagrangian approach). In the

chlorination, UV irradiation, and ozonation (Do-Quang

Eulerian approach, the spatial distribution of viable micro-

et al. ; Lyn & Chiu ; Greene ; Ta & Hague

organisms in a reactor is viewed as a continuous ﬁeld,

; Templeton et al. ; Zhang et al. ). With a

similar to that of a dissolved species. The concentration

of

various

disinfection

processes,

CFD modelling approach, the velocity ﬁeld, residence

of microorganisms inside the reactor is expressed as a

time distribution (RTD), and disinfectant proﬁles can be

function of spatial coordinates and simulated by solving

obtained by numerical solution of the Reynolds-averaged

the species advection-diffusion transport equations with

Navier–Stokes and species transport equations (Zhang

appropriate source terms (Do-Quang et al. ; Lyn &

).

Chiu ). In a particle tracking approach, microorgan-

CFD modelling has also been employed for directly

isms are viewed as discrete particles and the motion of

predicting disinfection treatment efﬁciency (Do-Quang

an individual microorganism is independent of others.

et al. ; Greene ; Mofidi et al. ; Ducoste

The probable trajectory of each particle is calculated by

et al. ). In general, two approaches have been used

solving the particle’s equations of motion, assuming a

doi: 10.2166/aqua.2011.061
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known turbulent ﬂuid velocity ﬁeld. The inactivation efﬁ-

To model ozone transport and associated reactions,

ciencies of microorganisms are then determined by

ozone decomposition kinetics and mass transfer kinetics

incorporating microbial inactivation kinetics along each

sub-models were included in the form of species transport

microorganism’s trajectory through the reactor (Downey

equations. The general form of the transport equations is

et al. ; Chiu et al. ).

as below:

Several studies had been done to evaluate the Eulerian
and Lagrangian approaches in simulating UV drinking
water disinfection systems (Chiu et al. ; Ducoste et al.
; Lyn & Blatchley ). Most of the results have
shown that the two modelling approaches agree reasonably
closely, although the Eulerian approach predicted slightly
higher disinfection efﬁciency than the particle tracking
method. However, to date, most of the previous ozone reactor modelling studies have been based on the Eulerian
approach. The use of the particle tracking approach is very
limited. There therefore is a need to thoroughly investigate
the applicability of these two approaches.
In this study, both the particle tracking and Eulerian
approaches were used to investigate different ozone reactors:

two

hypothetical

reactors

and

one

full-scale

contactor. Speciﬁcally, the objective was to compare these

∂
ðrα ρα φα Þ þ ∇  ðrα Uα ρα φα Þ
∂t



μtα
∇φ
¼ SðΦÞ
þ
 ∇ðrα ρα DðφÞ
α
α
α
Sctα

ð1Þ

where φα is the concentration of the species per unit mass of
phase α, rα is the volume fraction of each phase, Uα is the ﬂow
ðφÞ

velocity, ρ is the density of ﬂow, Dα is the kinematic diffusivity for the species in phase α, Sctα is the turbulent Schmidt
ðΦÞ

number, Sα

is the source term for a species transport

equation.
The species transport equations and the water qualitydependent source terms used for modelling ozone decomposition and ozone transfer have been described in detail by
Zhang et al. () and Zhang ().

two CFD approaches at different conditions for modelling
the tracer RTD and characterizing ozone disinfection

CFD-based CT

performance.
A common approach for determining ozone disinfection efﬁciency involves the application of a C × T concept [C is the

MATERIALS AND METHODS

ozone residual concentration in the contactor at time (T)]
(USEPA ). For a full-scale ozone contactor, C is usually

Numerical methods

deﬁned as the ozone residual concentration at the outlet of
a chamber and T is the residence time of microorganisms

Flow equations

in the chamber. For T, the USEPA employs a conservative

A two phase, three-dimensional (3D) CFD model has been

10% of the water (assumed to be the same as the ﬁrst 10%

developed by the authors to describe ozonation processes

of the microorganisms) to travel from the contactor inlet to

(Zhang et al. ). The hydrodynamics of ozone contac-

outlet, to ensure a minimum exposure time for 90% of the

tors were based on continuity and momentum balance

water and microorganisms entering a disinfection contactor

equations for the two phases: water and gaseous ozone.

(USEPA ; Chen ). Because of the existence of dead

The impact of turbulence on ozone contactor hydrodyn-

zones and short circuiting in full-scale ozone contactors,

amics was modelled in both phases. For the liquid phase,

microorganisms that enter the contactor at the same time

the standard k-ϵ model was used (Launder & Spalding

may encounter signiﬁcantly different pathways in the contac-

residence time T10 which is the residence time of the ﬁrst

). The turbulence of the dispersed gas phase was mod-

tor. Therefore, using a single residence time T10 may result in

elled using a Dispersed Phase Zero Equation model and

the inaccurate prediction of contactor hydraulic perform-

bubble-induced turbulence was taken into account as per

ance.

Sato & Sekoguchi ().

substantially in a contactor, suggesting that a single ozone
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At any instant in time of the parcel’s travel from inlet to
outlet, the total derivative dðCTÞ=dt is deﬁned as:

The subsequently developed integrated disinfection
design framework (IDDF) is a more sophisticated approach
for designing ozonation processes (Bellamy et al. ). The

dðCT Þ ∂
∂
¼ CT þ ui
CT
dt
∂t
∂xi

ð4Þ

IDDF approach employs the tracer RTD together with a disinfectant decay kinetic model to predict disinfection efﬁciency

Combining the above two equations, and multiplying

in a chemical disinfection process. However, the use of the

the result by the liquid phase volume fraction, rl , gives the

RTD ignores the complex 3D ﬂow behaviour within a contac-

transport equation for ozone exposure (CT). As with other

tor. Additionally, the IDDF approach makes the assumption

additional variable equations, the effects of turbulent diffu-

that ﬂuids in the disinfection contactor are completely segre-

sion should also be included, thus the ﬁnal form of the CT

gated. This assumption may over- or under-estimate

transport equation is given as:

disinfection efﬁciency (Greene ). Therefore, there is a
need to develop a more accurate approach to contribute to
the design and operation of ozone disinfection processes.

 


∂
μtl
ðrl CTÞ þ ∇  ðrl Ul CTÞ  ∇ rl
∇CT ¼ rl Cl
∂t
ρl Sc

ð5Þ

To accurately predict ozone disinfection efﬁciency, a
CFD-based CT concept is introduced in the present study
which is deﬁned as the accumulated ozone exposure
R

Cdt for all pathogens passing through an ozone reactor.
This concept considers 3D variations of ozone proﬁles

As such, the source term for CT was deﬁned as:
SCT ¼ rl Cl

ð6Þ

inside ozone contactors and the differences in residence

where rl is the volume fraction of water. In most cases, rl is

time of the microorganisms. Such a CFD-based CT value

close to 1, therefore:

can be modelled by the Eulerian or Lagrangian approaches.
SCT ¼ Cl

ð7Þ

Eulerian modelling approach
For a continuous ﬂow system, the mass ﬂow rate
In the Eulerian modelling approach, the ﬂow conservation

weighted average CT value at the outlet of a contactor was

equations were solved to steady state conditions. The

determined by:

steady state ﬂow ﬁelds were then ‘frozen’ and the species

R
CTdm
CT outlet ¼ R
dm

transport equations for the dissolved ozone, chemical
tracer, and CT were solved. The source term of the CT
transport equation was derived as follows.
When a parcel of liquid ﬂuid ﬂows from the inlet to the

ð8Þ

where m is the local mass ﬂow at the outlet of the contactor.

outlet of a contactor, the cumulative ozone exposure as a
function of time is deﬁned as:
Z
CT ≡

toutlet

Cl;parcel dt

Particle tracking modelling approach
ð2Þ

tinlet

In the particle tracking approach, the ﬂow conservation
equations and chemical species transport equations were
solved ﬁrst to obtain steady state solutions. The microorganisms were then treated as discrete particles where their

It then follows that

trajectories were tracked simultaneously in 3D space and
dðCTÞ
≡ Cl;parcel
dt
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with time by solving Newton’s law of motion, with drag and
added mass forces being accounted for in the simulations.
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where k and ε are the local turbulent kinetic energy and

Newton’s second law:
mp

|

ð9Þ

dissipation, and Cμ is a turbulence constant. The variable
Γ is a normally distributed random number which accounts
for the randomness of turbulence about a mean value.

where mp is the particle mass, vp is the particle velocity, FAll

It should be noted that the turbulence time and

is the sum of forces acting on a particle, FD is the drag force

length scales in Equations (12) and (13) are of the same

acting on the particle, FB is the buoyancy force due to grav-

order of magnitude as the corresponding turbulent scales

ity, and FVM is the virtual (or added) mass force. This is the

used for describing turbulent diffusion in the Eulerian

force to accelerate the virtual mass of the ﬂuid in the volume
occupied by the particle.

modelling approach (Zhang ). Therefore, the two
approaches are consistent in theory, although they are

The buoyancy force and the virtual mass force are less

not identical in describing the impacts of turbulence on

important for this study because the density of the patho-

particle behaviour in a ﬂuid (Gosman & Ioannides ;

gen particles is close to that of water and the particle

Lyn & Blatchley ). The k and ε values used in both

sizes are very small (1–100 μm). The drag force between
ﬂow and particles is the major force being considered
and is modelled as:
1
FD ¼ ρCD AF jUs jUs
2

approaches are obtained by solving the liquid phase
turbulent model (i.e. k-ε model in this study), thus the turbulent model affects the above two approaches in the same
way.

ð10Þ

The sizes of the neutrally discrete particles used in
this study were between 1 and 100 μm, which encompass

where ρ is the density in the continuum, AF is the effective

the size range of pathogenic protozoa in water (MWH

particle cross section area, Us is the slip velocity between

).

For

each

particle

size,

the

particles

were

the particle and the surrounding ﬂuid and CD is a drag

uniformly injected into the contactor from the inlet

coefﬁcient. In the present study, CD is given by the Schil-

in a very short period of time (i.e. 0.1 s). The particle trajec-

ler-Naumann Drag model (Ansys ).

tories were obtained through a transient particle tracking

In ﬂuids, the random motion of ﬂuid elements (eddies)

solution.

imparts a continuous random motion to suspended par-

Since the particles were injected simultaneously at the

ticles. Repeated eddy interactions cause the particles to

contactor inlet but exited the contactor at different times

disperse over time. In the present study, the effect of turbu-

and at different particle number rates, the average CT was

lent dispersion is included within the particle transport

used to represent ozone contactor disinfection performance.

model using the classical stochastic approach of Gosman &

First, the CT for each particle trajectory was calculated by

Ioannides (). It is assumed that a particle is always

the integration of ozone concentration and particle tracking

within a single turbulent eddy before entering another

times along the particle trajectory. Then, the average CT

eddy. The characteristic ﬂuctuating velocity v0f , the eddy life-

value at the outlet of a contactor was determined by the fol-

time τ e and the eddy length le are calculated based on the

lowing equation:

following equations (Ducoste et al. ):
 0:5
2k
v0f ¼ Γ
3

P
CT outlet ¼
ð11Þ

ðCT Þi E pi Δt
P
E pi Δt

ð14Þ

where ðCT Þi is the accumulated CT along the ith particle trale ¼
τe ¼

Cμ3=4 k3=2
ε
le
ð2k=3Þ1=2
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the ozone dose ðCT Þi , Δt is the time period over which
these particles exit the contactor outlet.

ð13Þ

The procedures for calculating CT via the Eulerian and
Particle tracking approaches are summarized in Figure 1.
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Procedures for predicting CT through the Eulerian and particle tracking approaches.

Description of case studies

assumed to enter the systems from the reactor inlets. The
inlet velocity of the water was set to be 0.186 m/s and the

Veriﬁcation case study

inﬂuent dissolved ozone was assumed to be 2 mg/L. The
instantaneous ozone demand of inﬂuent water and ozone

Two hypothetical ozone reactor conﬁgurations were used to

decay kinetics constant were set as 0 mg/L and 0.05 min1.

examine the difference between the Eulerian and particle
tracking approaches, and to study the impact of ﬂow patterns on the CT distributions. Figure 2 presents the
geometries. Both reactor geometries are two-dimensional
and neither geometry represents a particular type of ozone reactor. Both geometries were meshed with a hybrid triangularquadrilateral mesh. The numbers of the mesh elements for
the two reactors were 10,564 and 19,376 respectively. To simplify the analysis, both systems were assumed to be single
phase reactors. Both dissolved ozone and inﬂuent water were
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These are reasonable values for ozone systems, and the over-

generated and were reﬁned in regions close to the gas diffu-

all conclusions would not be expected to be sensitive to the

sers and bafﬂes. The total element number was about

values chosen.

420,000.

In all the simulations, second-order discretisation of the

The system was modelled as a multiphase reactor. Based

governing equations was applied and the simulations were

on the common range of ozone system operational par-

considered to be converged when the root mean square nor-

ameters in the DesBaillets WTP, the inlet velocity of the

4

malised residuals for all the equations were less than 10

water and the velocity of the gas at the diffuser surfaces

and the global conservation imbalance of each species was

were set at 0.186 and 0.022 m/s, respectively. The concen-

less than 0.1%.

tration of ozone in the gas was 1.4% by weight. For both

In the particle tracking model, three different sizes of

the Eulerian and Particle Tracking approaches, the ozone

particles (1, 10 and 100 μm) were injected individually at

contactor was modelled using the same procedures as for

the reactor inlets over a period of 0.1 s. The number of

modelling the hypothetical ozone reactors. For Particle

each type of injected particles was set as 5,000 to provide

Tracking modelling, three different sizes of particles (1, 10

sufﬁcient modelling accuracy even though injecting lower

and 100 μm) were injected individually at the ozone contac-

numbers of particles (3,000) generates almost identical mod-

tor inlets over a period of 0.1 s. By trial and error, the

elling results in terms of CT and particle RTD prediction. CT

number of each type of injected particles was determined

values were calculated from the particle trajectory histories

to be 5,000, which is small enough to reduce computational

as summarized in Figure 1.

time but is sufﬁcient to provide accurate modelling results.
For instance, the average residence times predicted by
using 5,000 and 10,000 particles differ less than 1%.

Full-scale ozone contactor study
A full-scale case study was performed for ozone contactors
located at the DesBaillets Water Treatment Plant (WTP) in

RESULTS AND DISCUSSION

Montreal, Canada, which has a capacity of 1,200 million
litres per day. The St. Lawrence River is used as source

All results were obtained with the commercial available

water. The raw water is treated by ﬁltration and ozonation,

ﬁnite volume CFD code Ansys CFX©.

followed by chlorination before entering the distribution
system. The DesBaillets WTP has six parallel ozone contac-

Results of veriﬁcation case study

tors each with 2 cells and ozone gas is fed in the ﬁrst cell of
each contactor through 126 porous ﬁne bubble diffusers.

Figure 4 displays the simulated velocity ﬁelds inside the two

The total length, width, and height of each contactor is

hypothetical ozone reactors. As expected, ﬂow in reactor 1

23.8, 5.50 and 7.16 m, respectively. Figure 3 shows the geo-

was essentially uniform throughout the whole domain,

metry of a DesBaillets ozone contactor. A 3D CFD model

while signiﬁcant short-circuiting existed in reactor 2. A sub-

was

stantial stagnation zone or dead zone could be observed in

developed;

unstructured

tetrahedral

grids

were

the rectangular segment of reactor 2, where the ﬂow ﬁeld
has a very low velocity, indicating that microorganisms
may become trapped or may experience a relatively long
residence time if they enter this rectangular segment.
Similar phenomena were displayed by the particle
tracking results shown in Figure 5. For reactor 1, particles
passed smoothly from inlet to outlet without recirculation
and short-circuiting. For reactor 2, a small portion of the
particles was trapped in the ‘dead zone’ and most particles
Figure 3

|

Geometry of a DesBaillets WTP ozone contactor.
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Flow velocity ﬁelds in reactor 1 (left) and reactor 2 (right).

Eulerian approach at a default Schmidt number of 0.9.
Obviously, the ﬂow ﬁeld signiﬁcantly affects the CT distribution. In reactor 1, CT increased smoothly from inlet to
outlet. However, in reactor 2, much higher CT values were
observed in the dead zone compared with those in the
short-circuiting zone due to the substantially higher
residence time in the dead zone.
Figure 5

|

Particle trajectories in reactor 1 (left) and reactor 2 (right).

Figure 7 shows the velocity and Eulerian-based CT value
proﬁles along the outlets of reactors 1 and 2. It can be
observed that both the velocity and CT values were more

zone, as shown in the ﬁgure. Thus, reactor 1 was con-

uniformly distributed at the outlet of reactor 1. However,

sidered to be close to an ideal plug ﬂow system, and

they varied greatly from one to the other side at the outlet

reactor 2 represented a non-ideal system in which ﬂow

of reactor 2 due to the existence of strong short-circuiting

mixing was more complex as found in most full-scale

inside the reactor.

ozone contactors.

Table 1 compares the CFD-simulated CT values at the

Using the methodologies described in Figure 1, the CT

outlets of the reactors determined using the Eulerian and

value can be obtained either by solving a species transport

particle tracking approaches. It can be observed that the

equation (Eulerian approach) directly or by calculating it

effects of the particle size (1, 10 and 100 μm) on CT predic-

from particle tracking modelling results. Figure 6 shows

tion were negligible for both approaches. Since the size of

the CFD-simulated CT value distributions based on the

the primary target pathogens (Cryptosporidium oocysts

Figure 6

|

Eulerian CT distribution in reactor 1 (left) and reactor 2 (right).
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Comparison of CT values: Eulerian versus particle tracking

Case study

Reactor 1

Reactor 2

Particle

CT at outlet
simulated by

diameter

particle tracking

(μm)

(mg/L min)

1

6.50

10

6.48

100

6.48

1

6.98

10

6.96

100

6.95

CT at outlet simulated
by Eulerian approach
(mg/L min)
Sc* ¼ 0.9

Sc ¼ 1,000

6.52

6.50

7.74

7.68

*Sc: Schmidt number.

For reactor 2, the particle tracking-based CT was slightly
lower than the Eulerian approach-based ozone exposure CT.
The reason for this might be that a small portion of the particles were trapped in the dead zone as shown in Figure 5.
The particles which enter into this low velocity recirculation
area take a very long time to pass through it. Even though a
very long tracking time was set for the particle tracking modelling, still about 2–5% of particles were not able to escape
from this dead zone after ﬁve times the hydraulic retention
time. These particles, however, should be considered to be
disinfected, as they have sufﬁcient time to contact with
ozone residual during their very long stay in the ﬂuid
Figure 7

|

Distribution of (a) velocity and (b) Eulerian-based CT at the outlet of reactors
1 and 2.

domain.
The effect of the Turbulent Schmidt number (Sc) on the
Eulerian approach was studied. The Schmidt number is a

and Giardia cysts) for ozone disinfection treatment falls

measure of the relative strength of the turbulent viscosity

within the simulated range (MWH ), the above result

and turbulent diffusion (Launder & Spalding ). In

suggests that an arbitrary particle size in the range of

most environmental ﬂow situations, both turbulent viscosity

1–100 μm could be chosen when the particle tracking

and turbulent diffusion are important, and the Schmidt

model is used to simulate ozone disinfection performance.

number is usually close to 1 (Lakehal ). As shown in

The most important ﬁnding from the results in Table 1

Equation (5), when the Schmidt number is much lower

is that the CT values predicted by the two different

than 1, turbulent diffusion may be dominant for the trans-

approaches were very close for reactor 1 but differed slightly

port process. When the Schmidt number is much higher

for reactor 2. The negligible difference for reactor 1 was due

than 1, it means that turbulent diffusion is relatively

to the fact that reactor 1 exhibited more ideal plug ﬂow be-

unimportant.

haviour and there were no short-circuiting or dead zones

Figure 8 shows a comparison of the CT value distri-

within the system. Therefore, the corresponding residence

butions in reactor 2 at two different Schmidt number

time (T) and ozone proﬁles (C) on particle trajectories can

conditions: one was the Ansys© CFX default value 0.9 and

better represent those values in the main ﬂow. Both

the other was 1,000. The purpose of modelling CT at a

approaches are equally capable of characterizing the per-

high Schmidt number (1,000) was to ‘turn off’ the turbulent

formance of this reactor.

diffusion term and thereby investigate the effect of turbulent
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CT distribution in reactor 2 at different Schmidt number conditions (left: Sc ¼ 0.9; right: Sc ¼ 1,000).

diffusion on the CT value prediction. It was observed that

effect of spatial variations in the value of the turbulent

the CT distributions were similar in the main ﬂow stream

Schmidt number and showed that in both natural environ-

for the two Schmidt number conditions, but they differed

mental ﬂows and engineered structures, predictions of

inside the dead zone areas. Higher CT could be observed

solute transport were insensitive to changes in the Schmidt

in these dead zones for a high Schmidt number (1,000)

number.

due to reduced turbulent diffusion, which also led to a
thin stream of ﬂow with high CT values along the outside

Full-scale ozone contactor study

wall. However, the velocity of this sidewall ﬂow was substantially lower than in the main ﬂow stream (as shown in

The two CFD modelling approaches were also applied to

Figure 4). As such, it is expected that the contribution of

simulate the hydraulics of and determine CT for the ozone

this high CT sidewall ﬂow on the mass ﬂow averaged CT

contactor in the DesBaillets Water Treatment Plant.

at the outlet location is limited.

Figure 9 displays typical particle trajectories inside the

Table 1 shows the Eulerian approach-based CT values

contactor. It was observed that large recirculation zones

at the outlets of reactors 1 and 2 for the two different

existed in the two cells, causing short-circuiting and dead

Schmidt numbers. The Schmidt number had a negligible

zones. The existence of these might reduce the overall con-

effect on reactor 1 performance but did affect CT predic-

tacting opportunities between ozone and pathogens and

tions for reactor 2 to a somewhat greater extent, although

make disinfection efﬁciency signiﬁcantly less than it other-

the impact was less than 2% over the range simulated.

wise could be. These non-ideal ﬂow behaviours may be

For reactor 2, even with a very high Schmidt number

responsible for the difference in modelling results obtained

(1,000), the Eulerian-based CT values were still slightly

using the two approaches, as discussed below.

larger than the particle tracking-based CT values. This is

Figure 10 presents a comparison of the tracer RTD

consistent with the results of Grimm () in investigating

curves simulated by the Eulerian and particle tracking

other scalar transport problems. Grimm investigated the

approaches and those measured by tracer tests. The tracer

Figure 9

|

Particle trajectories in the DesBaillets ozone contactor.
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three particle sizes (1, 10 and 100 μm). Figure 10 clearly
shows that the effect of particle size with respect to particle
RTD prediction was negligible.
Table 2 shows the average CT value at the DesBaillets
WTP ozone contactor outlet calculated by the Eulerian and
particle tracking approaches. Again it can be seen that particle size had a negligible effect on the particle trackingbased CT.
The results also showed that, for the DesBaillets WTP
ozone contactor, the difference of the CT values predicted
by the two modelling approaches was less than 12%, with
the Eulerian approach-based CT being higher than the particle tracking-based CT. This was consistent with the
observations of the veriﬁcation case studies. As suggested
Figure 10

|

Comparison of tracer curves: particle tracking versus Eulerian approaches.

tests were performed using a step injection of hydroﬂuorosi-

by the veriﬁcation study results, such a difference is
mainly due to the existence of the short-circuiting and
dead zones in the ozone contactor.

lic acid. A distribution pipe was installed on the inlet surface

Table 2 also shows that the Eulerian-based CT value

to provide uniform injection of the tracer across the width of

simulated at two different Schmidt numbers (0.9 and

the contactor and tracer samples were collected at the con-

1,000) was approximately 5% smaller at the higher Schmidt

tactor outlet. All analyses were performed by École

number. However, even when the Schmidt number was set

Polytechnique de Montréal researchers (see El Baz 

at an unreasonably high value of 1,000 (when turbulent dif-

for details). The RTD results of both approaches ﬁtted the

fusion is negligible), the Eulerian-based CT value was still

measured residence time data reasonably well, although

larger than particle tracking-based CT values, although the

minor differences between the two modelling approaches

difference was less. This is consistent with the modelling

can be observed. Such minor differences are not surprising

results for hypothetical reactor 2, as discussed above.

given the fact that the two modelling approaches are differ-

With reference to UV reactors, Ducoste et al. ()

ent in nature even though they tend to predict particle

observed that ‘turning off’ the diffusion term by setting a

turbulent diffusion in similar orders of magnitude. The

high Schmidt number may make the Eulerian approach ﬁt

particle tracking-based RTD curve appears to slightly

better with the Lagrangian approach. This may be because

under-predict actual experimental results, indicating that

UV reactors are usually designed to have high hydraulic efﬁ-

the particle tracking approach may predict less particle dis-

ciency. By visual inspection of the velocity ﬁelds predicted

persion than actually occurs. As such modelled particles
may escape from the short-circuiting passages faster, resulting in a premature RTD curve. On the other hand, the

Table 2

|

Comparison of Eulerian versus particle tracking approaches for prediction of CT
values for the DesBaillets WTP ozone contactor

Eulerian approach may slightly over-predict species diffuCT at contactor outlet

sion, resulting in a delayed RTD curve. In addition, the

simulated by the

deviation between the experimental and the modelling
results may also be inﬂuenced by possible experimental

CT at contactor outlet
simulated by particle
Particle diameter (μm)

tracking (mg/L min)

uneven tracer injection at the inlet, and impact of tracer

1

0.94

sampling locations.

10

0.98

100

0.95

errors, including those associated with ﬁeld sampling,

The effects of particle size on the prediction of ﬂow
hydraulics, represented by particle RTDs, were studied for
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*Sc: Schmidt number.

Eulerian approach
(mg/L min)
Sc* ¼ 0.9

Sc ¼ 1,000

1.07

1.02
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CONCLUSIONS

Ducoste & Linden ), UV reactors typically have much
smaller recirculation zones than those in the ozone contac-

The disinfection performance of two hypothetical ozone

tors investigated in the present study. For ozone contactors

reactors and a full-scale operating ozone contactor for the

which can be expected to have at least some short-circuiting

treatment of drinking water has been simulated using a

and/or dead zones, it appears to be inappropriate to comple-

CFD model. The Eulerian and particle tracking approaches,

tely shut off the diffusion term in the Eulerian approach. In

two commonly utilized methods for the study of ozone

addition, it is also questionable to turn off the diffusion term

disinfection processes, have been compared. Several impor-

in the Eulerian approach but use the dispersion model in the

tant conclusions can be drawn from the cases considered

Lagrangian approach.

here:

The results of this study suggest that the differences in
the predicted values between the Eulerian and particle

•

For ozone reactors with plug ﬂow characteristics, the

•

For reactors with non-ideal hydraulic performance, the

tracking models may be caused by the discrete nature of
the particle tracking method and the limited number of
particles used in the data processing procedures.
Table 3 presents predicted CT values using the exported

crete nature of the particle tracking method and complex

processing was 100. Since the particles are modelled as pas-

particle trajectories in the non-ideal reactors. It is

sive particles and do not inﬂuence the hydrodynamics or

expected that, to obtain more accurate particle tracking

turbulent dispersion it is only necessary to have sufﬁcient

modelling results, more powerful computers and speciﬁ-

particles to cover the range of possible paths through the

cally designed post-processing programs could be

ﬂow domain and to provide sufﬁcient samples for quantify-

consuming to export and post-process data for particle trajectory numbers over 100 because each particle trajectory
is comprised of very large numbers of points and each

particle tracking model predicted slightly lower CTs
was about 12%. This difference was mainly due to the dis-

maximum number of particle trajectories used for the data

trajectories. It becomes very time and computer memory

dicting contactor disinfection efﬁciency (CT value).

than did the Eulerian approach. The difference in CT

data with different numbers of particle trajectories. The

ing the impact of turbulence on the mean particle

Eulerian and particle tracking approaches ﬁt well in pre-

•
•

employed to process a larger number of particles.
The effect of particle size (1–100 μm) on the particle
tracking method was negligible.
The Schmidt number has only a very limited impact on
the Eulerian approach modelling results.

data point contains multiple parameters. The results in

The implications of this work are that both the Eulerian

Table 3 suggest that CT predictions based on particle track-

approach and particle tracking approach are useful tools

ing modelling results may ﬁt better with the Eulerian

for understanding the complex performance of multiphase

approach if the data processing method could be improved

ozonation systems. The Eulerian approach may be a more

to allow a sufﬁciently large number of particles to be

practical method for the simulation of ozone disinfection

exported and used for CT predictions.

performance since it is much more computationally economical than the particle tracking approach. However, the

Table

3

|

particle tracking method more closely reﬂects the actual
Effect of particle
diameter ¼ 10 μm)

trajectory

numbers

on

CT

prediction

(particle

physical behaviour of the microorganisms (as particles)
and has been successfully applied in UV reactor design

Particle trajectory

CT at contactor outlet simulated by particle

numbers

tracking (mg/L min)

20

0.96

40

0.95

60

0.98

100

1.02
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and optimization. Further investigation should be conducted
to study the effects of model inputs on the two modelling
approaches and to evaluate the accuracy of the two
approaches based on bioassay validation studies on pilot
or full-scale ozone disinfection systems. In the meantime,
it might be appropriate to slightly reduce, for design
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purposes, CT values obtained using the Eulerian approach.
For the real contactor investigated here, a reduction of
approximately 10% would be appropriate.
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