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ABSTRACT

The axial dispersion of an ozone contactor is known to influence Cryptosporidium parvum
oocyst inactivation and bromate formation. While low dispersion is beneficial, an extent of
dispersion is not specifically addressed for the design of a new ozone contactor. C. parvum
oocyst inactivation, residual ozone, CT (i.e. Concentration × Time), and bromate formation
were numerically simulated with diverse dispersion number (d), ranging from 0.01 to 5,
using axial dispersion reactor model and kinetic parameters obtained from sand-filtered
raw water under three pH and three temperature values. C. parvum oocyst inactivation was
affected sensitively by the axial dispersion number especially at the region lower than
0.5. On the contrary, residual ozone, CT, and bromate formation were slightly influenced by
dispersion number. The axial dispersion number of the full-scale ozone reactor with
meandering horizontal flow was obtained with a tracer test. The equation for predicting the
dispersion number of an ozone contactor with horizontal meandering flow was developed
in the manuscript. The experimental axial dispersion number was slightly higher than the
theoretically derived one because of flow disturbance in the channel of the ozone contactor.

Keywords: Ozone contactor hydrodynamics; Axial dispersion reactor model; Dispersion
number; Bromate formation; Ozone disinfection

1. Introduction

Ozone disinfection has been used for drinking water
treatment for more than 100 years and has proven to be
effective since the strong oxidation potential of ozone is
more efficient at inactivating the Cryptosporidium

parvum oocyst than chlorine-based disinfectants [1–3].
Ozone produces much less trihalomethanes and halo-
acetic acids compared to free chlorine [4–6]. Encysted
parasites such as C. parvum are more resistant to con-
ventional chlorination and reported to cause acute
water-borne diseases [7]. As ozone can effectively inac-
tivate these encysted pathogens, the ozone reactor has
been extensively adopted in the world. Ozonation*Corresponding author.
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produces bromate, which is a by-product of the ozone
disinfection process with raw water that contains natu-
ral bromide. Bromate has been classified as a potentially
carcinogenic inorganic compound (category 2B) by the
international agency for research on cancer [8] and lim-
ited to 10 μg/L, the maximum contamination level
accepted in the United States [9]. It has been reported to
be a cause of kidney cancer in laboratory animals [10].

The most ideal reactor types, frequently found in
an ozone reactor design, are the continuously stirred
tank reactor (CSTR) and the plug flow reactor (PFR).
While the CSTR is well mixed and has uniform con-
centration, the PFR is characterized by plug flow that
does not allow mixing between adjacent flow elements
[11]. These ideal flow patterns cannot represent real
flow patterns in a full-scale ozone reactor because it
has short-circuiting, back-flow, and a stagnant zone.
These non-ideal flow patterns increase the axial
dispersion number, which is represented in Eq. (1).

d ¼ E

UL
(1)

where E is the axial diffusivity (m2/s), U is the axial
flow velocity (m/s), and L is the axial characteristic
length (m).

The axial dispersion number of an ozone reactor
has crucial influence on the inactivation efficiency of
C. parvum oocysts [12]. The importance of axial disper-
sion becomes more apparent when bromate formation
is of concern [13–15]. Consequently, reactor hydrody-
namics needs to be enhanced to minimize bromate
formation while achieving the target inactivation effi-
ciency for C. parvum oocysts [15,16]. The ozone contac-
tor model (OCM) software was developed to comply
with the needs and proved to be very effective in opti-
mizing an ozone reactor design and performance tar-
geting C. parvum oocyst inactivation and bromate
reduction [15]. While the lower dispersion is known to
be beneficial on the C. parvum oocyst inactivation and
bromate reduction, an appropriate extent of axial dis-
persion number in an ozone reactor design has not
been clearly addressed.

The one-dimensional axial dispersion model (ADR)
has been used to represent the flow motion close to
the PFR, expressed by dispersion, advection, and reac-
tion terms. The major advantages of the ADR model
over two- and three-dimensional computational fluid
dynamics model are simplicity and usefulness in pre-
dicting Concentration × Time (CT), pathogen inactiva-
tion, and bromate formation [15]. Dissolved ozone,
fast ozone demand, C. parvum oocyst, and bromate are
expressed by Eqs. (2)–(5). The programming code was

modified from the OCM software [15] to incorporate
ozone injection using side-stream venturi injector
(SVI), contrary to the fine bubble diffuser used in the
OCM software.

Dissolved ozone:

E � d
2½O3�
dx2

�U
d½O3�
dx

� kd � O3½ � � kR � ½D� � ½O3� ¼ 0 (2)

Fast ozone demand:

E � d
2½D�
dx2

�U
d½D�
dx

� kR � ½D� � ½O3� ¼ 0 (3)

C. parvum oocyst:

E � d
2N

dx2
�U

dN

dx
� kN �N � ½O3� ¼ 0 (4)

Bromate:

E � d
2½BrO�

3 �
dx2

�U
d½BrO�

3 �
dx

� kBrO3� ½O3� ¼ 0 (5)

where [O3] is dissolved ozone concentration, [D] is
ozone demand concentration, N is the number of C.
parvum oocyst, [BrO�

3 ] is bromate concentration, E is
axial dispersion coefficient, x is the distance from the
inlet in the axial direction, kD is first-order ozone
decay rate constant, kR is second-order rate constant
for ozone reaction with ozone demand, kBrO3� is first-
order bromate formation rate constant, and U is axial
velocity. In this study, a pseudo-first-order Chick–
Watson expression without an initial lag phase with a
second-order inactivation rate constant, kN in Eq. (6),
was used to represent the inactivation kinetics of C.
parvum oocysts with ozone [9].

kN ¼ 0:0917� 1:097T (6)

where T is the temperature (˚C).
The objectives of this research were to investigate

an extent of axial dispersion appropriate for
C. parvum oocyst inactivation, residual ozone concen-
tration, CT (ozone concentration times contacting
time), and bromate formation using axial dispersion
reactor (ADR) model and kinetic parameters obtained
from influent raw water. Additionally, a method to
predict the axial dispersion number of a full-scale
ozone contactor with a horizontal meandering flow
was developed.
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2. Materials and methods

2.1. The full-scale ozone contactor

The full-scale ozone contactor is located in South
Korea and has two trains each of which could treat
210,000m3/d of water as design capacity. The sche-
matic diagram and dimensions of the contactor are
shown at Fig. 1. The design hydraulic residence time
is 15.4 min. Ozone dosing ranges from 0.5 to 2.0 mg/L.
Ozone is injected using side-stream injectors and dis-
solved in the dissolution pipe of 9.0 m in length and
0.65m in internal diameter. The sand-filtered water
sample was obtained from a water treatment plant in
South Korea. The process of water treatment is com-
posed of coagulation/flocculation, sedimentation, sand
filtration, and ozonation in series. The axial dispersion
number of the full-scale ozone reactor was analyzed
with a tracer test using chemically conservative
Sodium Fluoride (NaF). The flow rate during the
tracer test was 158,400m3/d.

2.2. Ozone decay and bromate formation kinetics

Ozone decay kinetic parameters were obtained
from batch experiments using a multi-channel stop-
ped_flow reactor (MC-SFR) system shown in Fig. 2
[17]. The MC-SFR system can measure ozone decay
kinetics and can be used as a batch ozonation reactor
for bromate formation kinetics. The details of the
MC-SFR setup and experimental procedures have pre-
viously been described by Kim et al. [17]. Briefly, the
MC-SFR system is composed of six tubular reactors
with different reaction times. The flow can be isolated

during reaction by closing solenoid valves at both
sides of the tubular reactors. Reacted ozone solution
flows through a UV/VIS spectrophotometer after
being mixed with indigo reagent. To analyze the bro-
mate concentration, 2–3mL samples were collected
from the outlet of the MC-SFR system and instanta-
neously mixed with 0.1 mL of 0.5M ethylenediamine
(EDA) solution to quench the residual ozone in a vial.
The bromate and bromide ion concentrations were
measured according to EPA method 317.0 using a
Dionex DX-600 ion chromatography system (Dionex,
Sunnyvale, CA).

3. Results and discussion

While ozone decay is affected by a diverse range
of constituents in natural waters, its decay kinetics are
well expressed by the first-order kinetic expression, as
shown in Eq. (7) [18].

d½O3�
dt

¼ �kD½O3� (7)

where [O3] is the liquid phase ozone concentration, t
is the time, and kD is the first-order ozone decay
kinetic constant. Lev and Regli [19] incorporated a sec-
ond-order rate term for natural organic matter, and
changed Eq. (7) into Eqs. (8) and (9).

d½O3�
dt

¼ �kD½O3� � kR½D� � ½O3� (8)

Fig. 1. Dimension and shape of one train of the full-scale ozone reactor with side-SVI system. The depth of the contactor
is designed to be 6,000mm (unit: mm).
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d½D�
dt

¼ �kR½D� � ½O3� (9)

where [D] is the ozone demand and kR the second-
order rate constant for the decreased ozone demand.

The acquisition of the ozone decay kinetic parame-
ters (i.e. kR, kD, and fast ozone demand [D]0) from raw
experimental data was challenging because three
unknown parameters needed to be obtained using two
first-order differential equations and a set of experi-
mental data from the MC-SFR. Furthermore, optimiz-
ing kinetic parameters added further difficulty to data
processing. [D]0 and kD were obtained by linear
regression of ln([O3]) and time (t), where [D]0 and kD
corresponded to “the difference between the initial
ozone concentration and the y-intersect of the regres-
sion line” and “the slope,” respectively. Obtaining kR
was more challenging than the other parameters. The
method used was based on least-squaring the differ-
ence between the experimental and calculated ozone
concentrations, which is explained in detail by Kim
et al. [15].

Table 1 shows the experimental ozone decay of
the sand-filtered water sample at three temperatures
(i.e. 5, 15, and 25˚C) and three pH values (i.e. 6.0,

7.0, and 8.0) with an initial ozone concentration of
1.5 mg/L [20]. The qualities of the water sample
used throughout this study were TOC 1.4 mg/L,
UV254 0.02 (1/cm), pH 6.8, Br− 9.5 μg/L, and turbid-
ity 0.419 NTU. The bromate formation kinetics at
three pH values and temperatures are summarized
in Table 2 [20]. The formation kinetic coefficients are
quite small because of low bromide concentration of
the raw water. Note that bromide concentration was
as low as 9.5 μg/L in the sample.

The tracer results, shown in Fig. 3, matched well
with ADR model with a dispersion number (d) of 0.03.
Thus, the ADR model could be applied to the full-scale
ozone rector in order to study the effect of the disper-
sion number (d), ranging from 0.01 to 5.0, using nine
ozone decay kinetic coefficients from sand-filtered
raw water samples with three pH values and three
temperatures. The initial ozone concentration was
assumed to be 1.5 mg/L which is generally used for
ozonation to inactivate C. parvum oocyst. Axial
dispersion in an ozone contactor affects ozone
concentration, log inactivation efficiency, and disinfec-
tion by-product formation [14,15,21,22]. Lower disper-
sion numbers are known to increase log inactivation
efficiency [22,23] and thus could reduce bromate
formation by reducing ozone dosing [14,24].

Fig. 2. A schematic diagram of the MC-SFR.

Table 1
Ozone decay kinetics of sand filtrate at three pHs and three temperatures

Temp.(˚C)

pH 6.0 pH 7.0 pH 8.0

kd
(1/min)

[D]0
(mg/L)

kr
(L/mgmin)

kd
(1/min)

[D]0
(mg/L)

kr
(L/mgmin)

kd
(1/min)

[D]0
(mg/L)

kr
(L/mgmin)

5 0.024 0.16 0.971 0.038 0.10 1.918 0.047 0.17 1.439
15 0.034 0.24 1.501 0.065 0.38 2.139 0.073 0.59 1.915
25 0.054 0.48 2.238 0.112 0.68 2.572 0.152 0.84 9.000
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The effect of the dispersion number on C. parvum
oocyst log inactivation is shown in Fig. 4. Log inacti-
vation is sensitively influenced by the dispersion num-
ber (d) when the dispersion number was relatively
small and the inactivation rates were high (e.g. pH 6.0
and 7.0 at 25˚C). The dispersion number 0.01 at pH
6.0 and 25˚C showed 34% higher log inactivation than
the dispersion number 5.0 in the same condition. From
this figure, it was interesting to note that reducing

dispersion from 0.5 to 0.1 would be much more
advantageous than reducing it from 5 to 0.5. In addi-
tion, inactivation of Giardia lambria and virus might be
more sensitive to the dispersion number because it
had much higher inactivation rate than C. parvum
oocyst under the same CT conditions using ozone
[25].

Residual ozone concentration was not affected
much by decreased dispersion number as shown at
Fig. 5. Residual ozone concentration became lower
with smaller dispersion number, which was beneficial
for the operation of ozone reactor since it should be
removed at the outlet. As the ozone decay rate was
increased (e.g. pH 8.0 and 25˚C), the residual ozone
concentration was more sensitively affected by disper-
sion number as shown in Fig. 5. On the contrary,
residual ozone at low decay rate (e.g. pH 6.0 and 5˚C)
was less sensitively affected by dispersion number.
Dispersion effect on CT (i.e. ozone concentration
times, hydraulic contacting time) was shown in Fig. 6.
CT differences between dispersion number 0.01 and
5.0 ranged from 3 to 5% for nine simulations. The
influence of dispersion on CT was also minor as the
residual ozone concentration. CT was highest at pH
6.0 and 5˚C in which condition residual ozone concen-
tration was highest among nine simulation conditions.

Table 2
Bromate formation kinetic constants and amount of initial fast bromate formation for different pHs and different temper-
atures. unit: (μg BrO3�/L)/(min·mgO3/L) for kBrO3�

Temp.(˚C)

pH 6.0 pH 7.0 pH 8.0

kBrO3� [BrO3� ]0 (μg/L) kBrO3� [BrO3� ]0 (μg/L) kBrO3� [BrO3� ]0 (μg/L)

5 0 1.94 0.066 1.58 0.080 1.76
15 0.008 1.68 0.099 1.42 0.111 1.73
25 0.025 1.65 0.100 1.38 0.110 1.87

Theta
0.0 0.5 1.0 1.5 2.0 2.5

E 
va

lu
e

0.0

0.5

1.0

1.5

2.0
ADR model
Tracer test

Fig. 3. Tracer test result of the full-scale ozone contactor
(flow = 158,000m3/d) and fitting with ADR model.
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Fig. 4. C. parvum oocyst log inactivation as a function of
dispersion number at different pHs and temperatures.
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Fig. 5. Residual ozone as a function of dispersion number
at different pHs and temperatures.
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Bromate formation is influenced by both CT and the
formation rate from bromide to bromate. Bromate for-
mation was negligibly affected by the dispersion num-
ber as shown in Fig. 7. Although the bromate
formation was highest at pH 6.0 and 5˚C, its difference
between dispersion numbers 0.01 and 5.0 was only
2%. It was because its influence of the dispersion
number on CT was minor and bromide concentration
was very low in raw water. Hence, the advantage of
enhanced C. parvum oocyst log inactivation at lower
dispersion number region was not adversely affected
by the boosted bromate formation.

Designing an ozone contactor with smaller disper-
sion number (especially less than 0.5) is beneficial for
higher inactivation efficiency and saving ozone dosing.
It was shown that the full- scale ozone contactor has a
dispersion number of 0.03, which is extremely favor-
able for pathogen inactivation and saving ozone. For
turbulent flow, axial diffusivity for single-phase flow
could be expressed as Eq. (10) [26].

E ¼ 0:25�Dp �U (10)

where E is the axial diffusivity (m2/s), Dp is the pipe
diameter (m), and U is the axial velocity (m/s). Eq.
(11) could be obtained by combining Eqs. (10) and (1).

d ¼ E

UL
¼ 0:25�Dp �U

UL
¼ 0:25

L
Dp

� � (11)

The theoretical dispersion number of an ozone contac-
tor in turbulent flow region could be obtained using
Eq. (11). Since the ozone contactor shown in Fig. 1
had open channel hydraulics, the pipe diameter (Dp)

could be replaced with the hydraulic diameter (DH),
defined as in Eq. (12).

DH ¼ 4� A

P
(12)

where A is the cross-sectional area (m2) and P is the
wetted perimeter (m). Eq. (12) shows that smaller
hydraulic diameter and longer channel length were
beneficial for lower dispersion number. The theoretical
dispersion number of 0.013 was obtained for the full-
scale ozone contactor with 4.6m hydraulic diameter
using Eq. (12), which was smaller than the observed
dispersion number of 0.03 obtained from the full-scale
tracer test. The difference might be caused by the
meandering flow between chambers which may
increase diffusivity at the turning point and by sud-
den change in hydraulic diameter at the first and last
chambers. Thus, the ozone contactor might have more
room to reduce dispersion number if the geometry of
this contactor could be further optimized. For exam-
ple, internal curved guiding baffles at the turning
point of the channel might decrease the dispersion
number [27].

The n-CSTRs in series model has been applied as
another option to decrease dispersion number. Note
that increasing the number of successive chambers
could decrease dispersion number. The n-CSTRs in
series could be implemented by multiple up-and
down-vertical flow chambers in a full-scale ozone
contactor. The dispersion number of an ozone contac-
tor with multiple successive CSTRs in series could be
acquired using Eq. (13), proposed by Villermaux [28].
The dispersion number of 0.03 could be obtained from
16 chambers in series using this equation. Since the
observed dispersion number of the actual ozone cont-
actor is generally larger than the theoretical one as the
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Fig. 6. CT as a function of dispersion number at different
pHs and temperatures.
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Fig. 7. Bromate formation as a function of dispersion
number at different pHs and temperatures.
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results of non-ideal flow show (i.e. short-circuiting,
back-flow, and stagnant zone) [27], more than 16
chambers would be necessary to obtain the dispersion
number. That is, non-ideal flow in a multiple-
chambered ozone reactor with vertical flow could
increase the dispersion number and thus the number
of chambers [29]. Furthermore, 16 CSTRs in series
might be impractical considering increased capital cost
and reduced ozone reactor volume by baffle wall.
Hence, an ozone contactor with horizontal meandering
flow seems to be beneficial for disinfection efficacy
compared to a vertical flow one with multiple cham-
bers in hydrodynamic characteristics.

Pe ¼ 1

d
¼ 2:0�N þ 1 (13)

where Pe is the Péclet number and N is the number of
chambers.

4. Conclusions

The axial dispersion number 0.01 at pH 6.0 and
25˚C showed 34% higher inactivation efficiency than
the dispersion number 5.0 for C. parvum oocyst from
mathematical simulation using ADR model and ozone
decay kinetics obtained from raw water. C. parvum
oocyst inactivation was affected more sensitively by
dispersion number when it was smaller than 0.5. On
the contrary, the influences of dispersion number on
the residual ozone, CT, and bromate formation were
small. An equation was developed to calculate an
axial dispersion number of a horizontal meandering
flow ozone contactor using the length and wetted
perimeter. The calculated dispersion number was
smaller than the observed one. The reason is thought
to be related to flow disturbance at the turning point
between chamber and by sudden change in hydraulic
diameter at the first and last chambers.
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