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Large Eddy Simulation of Flow and Tracer Transport
in Multichamber Ozone Contactors
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Abstract: Three-dimensional numerical analyses of flow and transport characteristics in two representative multichamber ozone contac-
tor models with different chamber width were conducted using large eddy simulation �LES�. Both time-averaged and instantaneous flow
patterns suggest that the flow is characterized by the occurrence of large turbulent structures leading to extensive short-circuiting between
chambers and internal recirculation inside the chambers. The flow is also found to be highly three-dimensional, as secondary vortices and
recirculation zones develop. The simulation results further suggest that the hydrodynamics in ozone contactors can be improved by
reducing the chamber width. The results of the LES are qualitatively verified using previously reported tracer test results obtained from
laboratory experiments. The LES technique, applied to the ozone contactor flow and transport of a tracer for the first time, is expected to
serve as a powerful tool for existing reactor flow diagnosis, reactor retrofitting as well as for new reactor design.
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Introduction

Past studies have suggested that the hydrodynamics in an ozone
contactor has significant impact on its process efficiency �Kim et
al. 2004; Tang et al. 2005; Kim et al. 2007�. A plug flow is the
preferred flow condition due to the absence of flow recirculation,
with the consequence of no fluid shear stresses and hence no
turbulence. The residence time of all pathogens in a plug flow can
be determined exactly from the length-of-the-flowpath and the
average velocity. If the residence time is known, the ozone dose
can be specified accordingly hence maximizing the inactivation of
pathogens such as Cryptosporidium parvum oocyst and therewith
minimizing the formation of undesired disinfection by-products
such as bromate. Consequently, a meandering plug flow through
multiple chambers in series, typically divided by vertical baffles,
has been the target flow condition for most ozone disinfection
reactors. Despite the intent of the design, however, nonideal flow
conditions exist in most multichamber ozone contactors, i.e. a
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significant deviation of the hydrodynamics from that of plug flow,
due to the presence of turbulence.

A recent three-dimensional laser induced fluorescence
�3DLIF� study by Kim et al. �“Investigating multi-chamber ozone
contactor using 3D laser induced fluorescence,” J. Am. Water
Works Assoc., in review, 2009� suggested that flow irregularities
such as short-circuiting �i.e. a faster flow through a part of the
reactor�, internal recirculation within the chamber, and dead zone
formation �i.e. area of the reactor with insufficient mixing� could
be prevalent in multichamber ozone contactors. In particular, the
channel width �i.e. the distance between consecutive baffle walls�
was identified as one of the critical design factors that determined
the extent of short-circuiting and recirculation. A corresponding
reactive transport model simulation further suggested that these
flow conditions would have a significantly negative impact on the
overall disinfection efficiency of the multichamber reactor �Kim
et al., “Investigating multi-chamber ozone contactor using 3D
laser induced fluorescence,” J. Am. Water Works Assoc., in re-
view, 2009�. Heathcote �1995� conducted tracer studies for sev-
eral hanging baffle designs based on a down scaled ozone
contactor model and found that an efficient baffle arrangement
would have a significant enhancement in tracer residence time. A
Laser Doppler Anemometer study by Shiono and Teixeira �2000�
also suggested that a multichamber reactor used for chlorine dis-
infection with a horizontally meandering flow could also be sus-
ceptible to the formation of recirculation zones within the
chamber. The above evidences were obtained from a limited set
of experiments performed using lab-scale model reactors, thus the
extrapolation of the findings to a wider range of design options
and operating conditions is inherently limited.

Computational fluid dynamics �CFD� models have been ap-
plied to verify the existence of these flow irregularities in multi-
chamber reactors, with the ultimate goal of developing a versatile

tool for reactor flow diagnosis and design. Two-dimensional CFD
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simulations with a number of different turbulence models �e.g.,
depth-averaged viscosity model, k-� model, and Smagorinsky
model� and different convection schemes �e.g., first- or third-
order upwind schemes and QUICK scheme� have been attempted
for flow simulation of multichamber chlorine contactors �Wang
and Falconer 1998a,1998b; Gualtieri 2006a,b, 2007�. For multi-
chamber ozone contactors, Henry and Freeman �1995� applied a
two-dimensional finite element analysis based on the Reynolds-
averaged Navier-Stokes �RANS� equations and standard k-� tur-
bulence model. They found that an additional guide vane would
improve the disinfection performance more than corner and edge
curvature modifications. A three-dimensional CFD simulation was
conducted by Murrer et al. �1995� to investigate mixing behavior
at three different spanwise locations by modifying the position of
gas injection in an existing ozone contact tank.

Past CFD simulations on ozone contactors have been exclu-
sively based on the RANS equations, in which only the time-
averaged velocity field is computed and all the unsteady effects of
turbulence are accounted for by turbulence models. RANS mod-
eling is appropriate in flows where the instantaneous flow is simi-
lar as the time-averaged flow. However, the complexity of
turbulence in flows that are dominated by large-scale turbulent
structures poses a significant challenge to any RANS turbulence
model. For instance, the flow around bluff bodies �e.g., baffle
walls in a multichamber reactor� may not be accurately simulated
by a RANS equations based model �Rodi et al. 1997�.

An alternative to RANS-based CFD models is the method of
large eddy simulation �LES�. LES lies between two extremes of
CFD approaches, i.e. models based on the aforementioned RANS
equations and direct numerical simulation �DNS�. DNS calculates
all turbulent scales �spatial and temporal� directly; therefore DNS
involves extremely high computational costs, which makes this an
impractical choice except for simple geometries or fundamental
studies of turbulence. In contrast, LES aims at directly simulating
large-scale flow structures that are affected by the geometry and
boundaries, and models only the small scales. Hence, LES offers
a substantial increase in accuracy over time-averaged approaches,
particularly when momentum transfer processes are dominated by
large-scale turbulent structures �Rogallo and Moin 1984� at much
less computational cost than DNS. Furthermore, given the re-
quired relatively high spatial and temporal resolution, LES deliv-
ers an enormous amount of information on the mean and
instantaneous flow field.

The objective of the present study is to employ the LES
method for the first time to simulate the unsteady and complex
turbulent flow behavior in open channel, multichamber ozone
contactors. LES is of particular interest, since the experimental
work by Kim et al. �“Investigating multi-chamber ozone contactor
using 3D laser induced fluorescence,” J. Am. Water Works Assoc.,
in review, 2009� suggested that the flow in multichamber reactors
was governed by large-scale turbulent structures leading to inter-
nal recirculation, dead zone formation and short-circuiting. Com-
parative simulations using a model based on the RANS equations
were also performed. This is considered particularly important in
light of the relatively high computational costs of LES compared
with RANS models. Two design variations with different chamber
widths are examined. The dimensions and the flow conditions are
identical to those of the experimental study performed of scaled
model contactors by Kim et al. �“Investigating multi-chamber
ozone contactor using 3D laser induced fluorescence,” J. Am.

Water Works Assoc., in review, 2009�.
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Numerical Approach

In this study, simulations were performed applying two different
numerical modeling approaches i.e. LES and RANS. The LES is
the main focus of this paper and therefore are described in detail.
The results from the RANS model are used only for comparison
purposes; details of this model are presented in Kim et al. �2009�.
The LES code �Hydro3D-GT� used in this study is an in-house
code that is based on the finite-volume method on a Cartesian grid
with collocated variable arrangement. The Hydro3D-GT code
solves the following filtered Navier-Stokes equations for incom-
pressible fluid flow �Pope 2005�:

�ui

�xi
= 0 �1�

�ui

�t
+

�uiuj

�xj
= −

�p

�xj
+

��2�Sij�
�xj

−
��ij

�xj
�2�

Sij =
1

2
� �ui

�xj
+

�uj

�xi
� �3�

�ij
a = �ij −

2

3
�ijkr�=− 2�tSij� �4�

�t = �Cs��2�S� �5�

� = ��x�y�z�1/3 �6�

�S� = �2SijSij�1/2 �7�

where ui and uj �i or j=1,2 or 3�=resolved velocity vectors
�i.e. u1=u, u2=v, and u3=w denoting the velocity components in
x, y and z axis directions, respectively� and p=resolved pressure
divided by the density. These quantities are filtered in space.
Similarly, xi and xj represent the spatial location vectors in x, y,
and z axis direction, respectively. � is the kinematic viscosity and
Sij is the filtered strain-rate tensor. The �ij term results from the
unresolved subgrid-scale fluctuations and needs to be modeled by
a subgrid-scale �SGS� model. The convection and diffusion terms
in the Navier-Stokes equations are approximated by central dif-
ferences ensuring second-order accuracy in space. An explicit
3-step Runge-Kutta scheme is used to discretize the equations in
time providing third-order accuracy in time. The Smagorinsky
SGS model �Smagorinsky 1963� is employed to approximate the
anisotropic part via �ij

a �“a” indicates “anisotropic”� where �ij is
Kronecker delta and kr is the residual kinetic energy. Then, an
anisotropic filter, �, is used with characteristic filter widths, �x,
�y, and �z. �t is the subgrid-scale eddy viscosity where the Sma-
gorinsky constant, Cs, is fixed at 0.1. �S� is the characteristic fil-
tered rate of strain.

The model SSIIM �Olsen 2005� was employed to perform the
RANS simulations. This model solves the RANS equations with
the finite-volume approach on a structured nonorthogonal grid.
The SIMPLE method couples the pressure to the velocity field
and the standard k-� turbulence closure approximates the Rey-
nolds Stresses appearing in the RANS formulation of the Navier-
Stokes equations. A second-order upwind scheme is employed to
model the convective terms in the Navier-Stokes equations,
whereas diffusive terms are approximated with a central-
differencing scheme. Details of the model are available in Olsen

�2005�.
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LES and RANS simulations were performed for the
laboratory-scale multichamber ozone reactor the flow characteris-
tics of which were extensively evaluated using a 3DLIF tech-
nique. In order to reduce the computational cost, the 12 chamber
model reactor used by Kim et al. �“Investigating multi-chamber
ozone contactor using 3D laser induced fluorescence,” J. Am.
Water Works Assoc., in review, 2009� was simplified to a four
chamber reactor while maintaining the same chamber dimensions.
This simplified model is referred to as normal width �NW� model
in this study, whereas another reactor with half the channel width,
also examined in this study, is referred to as half-width �HW�
model. A schematic view of the flow domain including detailed
dimensions is provided in Fig. 1.

The computational grid employed in both LES and RANS
simulations together with the used boundary conditions for the
NW model is presented in Fig. 2. Three preliminary LES on suc-
cessively finer grids were performed and the results obtained with
the finest grid consisting of 1,396,050 total grid points �195
�88�82 in x-y-z direction� are presented herein. The same grid
was used for the RANS model. Note that as the RANS simula-
tions are performed using successively finer grids, the results
should become independent of the grid spacing. Such a grid in-
dependency is used as a quality indicator for RANS simulations.
LES also depends on the employed grid. However, in contrast to
RANS simulation, the grid in LES acts as a filter which separates
large-scale eddies from small-scale eddies. Hence, in the LES, the
grid is required to be fine enough so that the simulation �1� prop-

Fig. 1. Layout of the two model ozone contactors investigated in this

Fig. 2. Grid and used boundary conditions of the numerical models
�here: NW reactor�
24 / JOURNAL OF ENVIRONMENTAL ENGINEERING © ASCE / JANUARY

J. Environ. Eng. 201
erly captures the largest eddies in the production range of the
energy spectra and �2� cascades these eddies within the inertial
subrange �see below� in a physically realistic way. It was found
that all three grids captured the production range but the finest
grid was chosen as it provided the widest range of captured tur-
bulent scales.

The grid is stretched toward the bottom and the baffle walls
where velocity gradients are expected to be relatively steep. A
no-slip boundary condition �i.e. zero velocity at the wall� is used
at all wall boundaries. The grid in the vicinity of the water surface
is somewhat coarser than near the wall boundaries, since shear
forces are negligible at fluid-air interfaces. Accordingly, a sym-
metry boundary condition is applied at this free surface. Periodic
boundary conditions �i.e. velocities �not scalars� at the exit are
copied to the inlet after each time step� are used in the streamwise
direction to simulate a geometrically periodic and infinitely long
domain. This boundary condition prevents unwanted nonphysical
disturbance of the flow which is expected to occur in LES when
artificial inflow and outflow boundary conditions are applied. The
Reynolds number based on the hydraulic diameter �hR

=��4��Ac� / ���, where Ac=cross sectional area at the inlet sluice
gate� is 2,740 for both models corresponding to one of the experi-
ments performed by Kim et al. �“Investigating multi-chamber
ozone contactor using 3D laser induced fluorescence,” J. Am.
Water Works Assoc., in review, 2009�. The LES code uses an
adjustable time step that satisfies the Courant-Friedrichs-Lewy
stability criterion in every computational cell in order to maintain
stability of the explicit time discretization scheme. The time step
in the simulations presented here was of the order of 5/1,000 s.

Transport of a conservative tracer was simulated in the LES by
solving the following three-dimensional advection-diffusion
equation for the filtered tracer concentration, C:

�C

�t
+ uj

�C

�xj
= Dt

�2C

�xj
2 �8�

where Dt=turbulent diffusivity, calculated as the ratio of subgrid-
scale eddy viscosity to the turbulent Schmidt number. The turbu-
lent Schmidt number in the LES was set to 1,000 to maintain the
same ratio of molecular viscosity of water to the molecular vis-
cosity of the tracer �Rhodamine 6G� used in the experiments by
Kim et al. �“Investigating multi-chamber ozone contactor using
3D laser induced fluorescence,” J. Am. Water Works Assoc., in
review, 2009�. This is justified by the fact that the LES is able to
resolve two decades of the energy in the inertial subrange and

with �a� normal chamber width �NW�; �b� half chamber width �HW�
study
small-scale turbulence up to frequencies of 100 Hz. The tracer
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was initially introduced at constant concentration at the inlet of
the reactor for 500 time steps �i.e. for the duration of approxi-
mately 2.5 s� to represent a pulse injection. The residence time
distribution �RTD� was normalized by the total introduced tracer
concentration such that the area under the curve was equal to
unity. The time scale was normalized based on the theoretical
residence time ��� per chamber, which was 27.3 and 12.8 s for the
NW and HW reactors, respectively. The RANS model also solved
the convection diffusion Eq. �8� for the transport of a passive
scalar. In the slightly modified RANS version of Eq. �8�, uj are
the Reynolds-averaged velocities and Dt is the turbulent diffusiv-
ity calculated as the ratio of eddy viscosity �obtained from the k-�
model� to the turbulent Schmidt number �Sc�. In the simulations
presented here Sc=0.7 as suggested in Launder �1978�. This is
considered a standard value and is also used in commercial codes
as a default value �see Fluent user’s guide 2003�. The computa-
tional costs are worth mentioning. In order to obtain a fully de-
veloped flow field �i.e. fully developed turbulence in LES and a
converged time-averaged flow field in RANS� the RANS simula-
tion was about 5 times faster than the LES on the same grid �2000
iterations in the RANS simulation versus 10,000 time steps in the
LES�. Once the flow field had been established the tracer simula-
tion of the RANS simulation was about 14 times faster than the
one in the LES due to the fact that only one equation needs to be
solved �C� while in LES equations for u, v, w, p, and �C� need to
solved in every time step. Practical RANS computations are ex-
pected to have an even greater speed advantage over LES as the
RANS grid may not have to be as fine as used in here.

Results and Discussion

Accuracy of LES Simulation

Even though the LES approach has proven to be able to accu-
rately predict the flow for a number of different applications,
there is still a need for reassessing the accuracy of the LES ap-
proach and the numerical methods involved especially in complex
flows �Rodi et al. 1997�. In this study, commonly used indicators,
such as the distribution of dimensionless grid spacing along the
walls and the energy spectra of the flow, are used in order to
evaluate the quality of the LES. The quality of the near wall grid
resolution is assessed based on the distribution of the dimension-
less grid spacing, y+, defined as follows �Versteeg and Malalasek-
era 2007�:

y+ =
d

�
��w

�
�9�

�w = 	
Ū

d
�10�

where �w=wall shear stress; d=distance of the first grid point off

the wall; and Ū=time-averaged velocity at the corresponding grid
node. � and 	 are the density and the dynamic viscosity of fluid,
respectively. The no-slip wall boundary condition is the math-
ematically correct formulation only if the first grid point off the
wall is placed within the viscous sublayer �i.e., y+
11�, in which
the effects of turbulence are negligible compared to viscous ef-
fects. If the first grid point is placed within the viscous sublayer,
the highest possible accuracy is achieved. Fig. 3 shows y+ values
near the chamber bottom and the left side wall of a baffle. The

+
values of the first grid point in wall units y are consistently

JOURNAL O
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below 3, hence considerably smaller than 11.0, justifying the no-
slip wall boundary condition and guaranteeing the accuracy of the
LES results.

Power density spectra �PDS� were also examined to evaluate
whether the inertial subrange of the turbulent energy transfer was
adequately resolved in the present LES. Fig. 4 shows the PDS of
the x and z velocity components �u and w, respectively� at se-
lected locations, where the flow is accelerating and the turbulence
energy is relatively large. The energy prevailing in large eddies
with lower frequency is successively cascaded to smaller eddies
with higher frequencies. The simulated decay follows the Kol-
mogorov slope of �5/3, when the PDS is plotted versus fre-
quency both in logarithmic scales, confirming that the energy
transfer from large scales to small scales is physically realistic. A
sudden drop of the spectra represents the virtue of the SGS model
dissipating the remaining energy. Noteworthy are peaks in the
spectrum of the u-velocity signal in the NW reactor at around 200
Hz. These are small-scale numerical oscillations that are caused
by the higher-order central-differencing scheme used for the con-
vective terms. These oscillations do not affect the simulation re-
sults since they contain very little energy and are rather
considered numerical artifacts. Using upwind-based schemes for
the convective terms may remove these oscillations. However,
they would also introduce numerical dissipation and would lead
to considerable less accurate results at the same time.

Fig. 3. Distribution of y+ for both models: �a� along the chamber
bottom; �b� along the vertical baffle wall

Fig. 4. PDS of the LES of “u” and “w” velocities: �a� PDS at three
selected points; �b� location of the three points where time signals
were sampled
F ENVIRONMENTAL ENGINEERING © ASCE / JANUARY 2010 / 25
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Flow Characteristics

Fig. 5 presents the distribution of the time-averaged normalized

absolute velocity �Ū /Ubulk� along with two-dimensional stream-
lines that are depicted in the right half portion of each figure.
Areas of higher speed �white contours� are found along the outer
regions of the meandering flow path �i.e. near the right side of
each chamber�, clearly suggesting the occurrence of short-
circuiting through each chamber. As the flow exits each chamber
near the bottom or near the free surface, it is accelerated to twice
the average bulk velocity �Ubulk� due to the presence of the sharp
crest of the baffles. The streamlines indicate that a large recircu-
lation zone occupies approximately two thirds of the chamber
width in the chambers of the NW reactor �Fig. 5�a��. Noteworthy
is the fact that the effective flow width �We� is approximately
equal to the gate height �h� in both cases. A small counter-rotating
secondary recirculation zone occurs at the corners of the bottom
and the baffle walls on either side of the baffle. Such a secondary
recirculation zone is not observed near the water surface. A third

Fig. 5. Distribution of the time-averaged absolute velocity and
streamlines in the center-plane �z /L=0.5� of the camber: �a� NW
model �LES�; �b� HW model �LES�; �c� NW model �RANS�; and �d�
HW model �RANS�
cell is observed at the downstream side and near the free end of

26 / JOURNAL OF ENVIRONMENTAL ENGINEERING © ASCE / JANUARY
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the baffle and its streamlines resemble those of the flow in a lid
driven cavity �Ghia et al. 1982�. These counter-rotating inner cells
are shear-driven by the larger clockwise rotating outer cell.

Although the HW reactor exhibits similar flow features such as
similar effective flow width, some differences are noteworthy. In
particular, the size of the primary recirculation zone is consider-
ably smaller compared to the NW model. In addition, the primary
recirculation zone of the HW model does not occupy the entire
chamber height �H�, in contrast to the NW model, but extends to
only about two thirds of the height of the chamber. Flow accel-
eration is also observed as the flow passes underneath or over the
baffles. The secondary recirculation zone in the bottom/baffle cor-
ner is similar to the one found in the NW model, while another
secondary cell appears near the free surface. A counterclockwise
rotating cell near the free end of the baffles is absent in the HW
model suggesting that the shear that is induced by the main cell of
the NW model is stronger than that of the HW model.

Figs. 5�c and d� present the Reynolds-averaged velocity con-
tours as predicted by the RANS model for the NW model and the
HW model, respectively. The distributions are very similar to the
time-averaged velocities predicted by the LES, indicating that the
turbulence closure model �i.e. the k-� model� is able to capture
the effect of large-scale turbulence on the mean flow reasonably
well.

Profiles of the LES predicted time- and spanwise-averaged and
normalized flow-through velocity �v̄ /Ubulk, i.e. the velocity in the
y-direction� at three different vertical locations in the chamber for
both the NW and the HW reactors are presented in Fig. 6. Also
included are the velocity profiles from the RANS simulations.
The differences in time-averaged �from the LES� and Reynolds-
averaged �from the RANS simulations� velocity profiles are fairly
small, particularly in the HW model, although the RANS model
seems to overestimate the near wall gradients compared to the
LES with the maximum deviations in the order of 10–15%. The
calculated velocity profiles clearly deviate from those of plug
flow �i.e. uniform velocity profile�, indicating the presence of se-
vere short-circuiting �i.e. flow with locally high velocity near one
wall� and recirculation �i.e. negative velocities at near the oppo-
site wall�. Close to the chamber bottom �Fig. 6�a�, y /H=0.27�,
the absolute values of the velocity peaks are smaller in the NW
reactor compared to the HW reactor. The area over which recir-
culation occurs is considerably larger in the NW reactor. At half
water depth �y /H=0.5�, there is yet faster moving fluid near the
right wall in both models, but the recirculation has almost disap-
peared in the HW reactor. At y /H=0.72, the NW model still
shows the same trend with a large velocity difference between the
left and right wall flows, while in the HW reactor the reverse flow
has disappeared and the velocity profile is closer to that of the

Fig. 6. Time and spanwise-averaged velocity profiles across the
chamber width �W� at different depths: �a� y /H=0.27; �b� y /H=0.5;
and �c� y /H=0.72
plug flow.
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Fig. 7 presents the distribution of the LES calculated instanta-
neous normalized speed �U /Ubulk� profiles in both reactors. Al-
though the instantaneous velocity distribution overall resembles
the time-averaged velocity distribution presented in Fig. 5, the
prevalence of turbulence and unsteadiness is apparent. In particu-
lar, smaller vortices are observed in both reactors, especially
along the shear layers that form between the main flow path and
the recirculation region. In the HW reactor, these vortices lead to
a partial disruption of the main flow path. The instantaneous ve-
locity in the main flow path reaches about 2.2–2.7 times the bulk
velocity, again indicating severe short-circuiting in both reactors.

A more quantitative view of instantaneous normalized flow-
through profiles predicted using the LES at three different instants
in time and at three different vertical locations in one chamber of
the NW �upper figures� and HW �lower figures� models are pro-
vided in Fig. 8. The time-averaged profiles are also plotted in Fig.
8. At any given instant in time, the instantaneous velocity deviates
clearly from the mean value and the instantaneous velocity
maxima are either above or below the mean values demonstrating

Fig. 7. Distribution of instantaneous velocities in the center-plane of
the chamber �z /L=0.5�: �a� NW model; �b� HW model

Fig. 8. Instantaneous velocity profiles across the chamber width �W�
at different depths: �a� y /H=0.27; �b� y /H=0.5; and �c� y /H=0.72
JOURNAL O
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turbulence and intermittency of the flow. The maxima of instan-
taneous velocity are about 5 times higher than the plug flow value
in the NW chamber, but the velocity maxima are “only” about 3
times higher in the HW reactor. At y /H=0.72, this ratio is still
approximately 5 in the NW model while it has decreased to a
factor of 2.2 in the HW model, which is mainly due to the ab-
sence of recirculation at this depth. More details of statistics of
velocity fluctuations �i.e., rms values of the velocity� are provided
in Kim et al. �2009�.

Streamlines of the secondary flow in y-z planes at five differ-
ent streamwise locations within the first chamber are shown in
Fig. 9. These suggest that the flow field is highly three-
dimensional. At x /W=0.0 �i.e. the plane of the reactor entrance�,
two small countercirculating vortices near the side walls are ob-
served in both reactors. At x /W=0.25, these vortices are still
present in the NW model and a general downward movement �i.e.
as a result of the main recirculation zone� is observed. There is a
nodal point at z /L=0.5 and y /H=0.42 at which streamlines di-
verge. This nodal point corresponds to the center of the main
streamwise recirculation zone. Along the upper side of the baffle
opening �i.e. y /H�0.1�, the streamlines from the recirculation
zone and those from incoming fluid converge. In contrast, the
small vortices near the entrance region are dissipated at x /W
=0.25 and a new recirculation zone forms near the free surface in
the HW reactor. Converging streamlines, similar to the NW reac-
tor, are found along the baffle opening height and a pair of nodal
points corresponding to the center of the streamwise recirculation
zone is also found relatively close to the chamber bottom �y /H
�0.2�. Above approximately half the chamber depth �i.e. y /H
�0.5�, the flow exhibits an upward motion. At half the width �i.e.
x /W=0.5�, a pair of large, symmetric, and counter-rotating vorti-
ces are observed in the NW reactor again suggesting three-
dimensionality and fluid entrainment. Near the bottom of the

Fig. 9. Time-averaged streamlines in selected spanwise planes: �a�
NW model; �b� HW model
chamber, the fluid exhibits an upward movement over the entire
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width. The secondary streamlines of the HW model suggest that
the flow is almost two-dimensional at x /W=0.5. At x /W=0.75
and 1.0 for both reactors, upward motion is found over the entire
chamber width. The small vortices near the free surface are al-
most dissipated at x /W=1.0.

Tracer Transport

Fig. 10 presents snapshots of the distribution of instantaneous
normalized tracer concentration as predicted by the LES �left� and
as observed in the laboratory �right�. The experimental 3DLIF
image was adopted from Kim �2007�. It has to be noted that,
although the flow conditions are identical, the amount of tracer
introduced into the reactor is less in the LES, explaining the dis-
crepancy between experiment and simulation �especially in the
first chamber�. Nevertheless, there is a fairly good qualitative
agreement between the observed and the predicted concentration
distributions in the second to fourth chambers. Higher concentra-
tion �brighter contour� is found near the baffles or near the free
surface, whereas lower concentration �darker contour� prevails in
the center of the recirculation zones. The concentration distribu-
tions support the occurrence of the aforementioned flow features
i.e. short-circuiting and occurrence of a large recirculation region
in each chamber.

Fig. 11 shows the instantaneous distribution of the isoconcen-
tration surface �i.e. the surface with tracer concentration higher
than 1% of input concentration� as a function of time. These
images again confirm the nonideal flow in the reactor. The short-
circuiting is observed as a distinctive plume, for example, in the
second chamber of the NW reactor �upper series� at t=10.1 s.
Internal recirculation and the accompanying dead zone are appar-
ent in the images taken at 90.5 s �the first chamber� and 114.2 s
�the second chamber�. As a result of nonideal flow, the tracer is
widely distributed across the NW reactor: some parts of the in-
jected tracer have already escaped the reactor while other parts
are still present in the inlet region �e.g., images at t=23.5 and 43.7
s�. Consistent with the previous hydrodynamic observations, the
short-circuiting is less severe in the HW model. Consequently, the
tracer is less widely distributed across the HW reactor compared
with the NW reactor. For example, at t=10.1 s, the tip of the
tracer plume in the NW reactor already reached the half of the
volume of the reactor, whereas the front of the tracer plume in the
HW model has just passed through in the second chamber. At t
=23.5 s, the tracer in the NW model is about to exit the reactor,
while in the HW reactor the tracer is only halfway through. At t
=114.2 s, while tracer still occupies 3 out of 4 chambers in the

Fig. 10. Computed �left� and measured �right� t
NW model, most of the tracer has already left the HW reactor.
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Residence Time Distribution Analysis

Fig. 12�a� presents the RTDs experimentally determined by Kim
et al. �“Investigating multi-chamber ozone contactor using 3D
laser induced fluorescence,” J. Am. Water Works Assoc., in re-
view, 2009� and those simulated by the LES and RANS models
for both reactors. Note that the reactor used in the experiment
consists of 12 chambers with chamber width equal to that of the
NW reactor. Since the periodic boundary condition used in the
present LES simulation does not accurately represent the inlet
flow condition of the laboratory experiments, the RTDs for the
first chamber do not agree well. However, magnitude and shape
of the LES computed RTD curves match the observations very
well from the second chamber onward where the effect of the
boundary condition is almost negligible. In particular, the pres-
ence of a sharp short-circuiting peak and a secondary peak that
result from internal recirculation �i.e. the tracer exiting the cham-

istribution in the chamber at an instant in time

Fig. 11. Isosurface of tracer concentration at six selected instants in
time: �a� NW model; �b� HW model
racer d
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ber after single recirculation� are noticeable in both experimental
RTDs and LES RTDs �for the NW reactor�.

The RTD curves obtained from the RANS simulations show
much more severe short circuiting and also exhibit pronounced
secondary recirculation peaks. The unsteadiness and intermittency
of the flow are not fully expressed in the RTDs obtained from the
RANS simulations which deviate largely from those measured or
computed by the LES. Since the RANS model predicts the same
Reynolds-averaged flow for every chamber and for every time
step of the tracer transport computation, the secondary recircula-
tion peaks appear very regularly in time. The peaks are obviously
expressing the entrapment of tracer in the recirculation zones and
subsequent release of tracer from the recirculation zones.

The RTD curves for the HW reactor obtained by both LES and
RANS models show also noticeable differences �Fig. 12�b��. The
LES calculated RTD from the first chamber is characterized by a
single short-circuiting peak that occurs slightly later than that in
the NW reactor. No secondary peak is detectable as internal re-
circulation is less severe. The RTD curves obtained at later cham-
bers gradually become a symmetrical Gaussian-shaped curve
centered at around =1.0. Overall, the RTD curves become closer
to that of a plug flow reactor �PFR� as the number of chambers
increases, diluting the effect of nonideal mixing condition in each
chamber �i.e. gradual disappearance of short-circuiting peak�. The
LES simulation clearly suggests that the reactor with narrower
chamber width gives a RTD that is much closer to that of a PFR
than the reactor with wider chamber width. The RTD as calcu-
lated by the RANS model exhibits a much higher peak that is
maintained through all eight chambers. These early peaks suggest
that most of the introduced tracer is transported along the short-
circuiting flow path with little tracer being trapped in recirculation
zones. In both cases �the NW and HW reactors�, it might be
possible to improve the RANS model predictions by calibrating
the turbulent diffusivity of the tracer. This is considered beyond
the scope of this study.

Cumulative RTD �F� curves are obtained by integrating the
RTD curves in Fig. 12, and the t10 /� values are evaluated �Fig.

Fig. 12. Tracer RTD curves at the exit sluice gate of each chamber:
�a� NW model; �b� HW model
13�. Note that t10 /� represents the time required for 10% of the
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tracer �injected as a pulse� to exit the reactor. This is commonly
used as a characteristic time to evaluate the disinfection credit
according to the current regulations �U.S. EPA 1999�. Two critical
conclusions can be drawn from this analysis. First, the t10 /� value
of the NW reactor predicted by the LES is 0.3, which is much
smaller than the t10 /�=0.7 value of the HW reactor. According to
the disinfection reactor baffle classification by the U.S. EPA
�1999�, the NW reactor would be classified as a poor baffling
condition reactor in which no baffle is typically installed. This
result suggests that even though the reactor is designed as a mul-
tichamber, the occurrence of nonideal mixing behavior could
have a detrimental effect on the overall hydrodynamics of the
reactor when the baffle configurations are not properly designed.
For example, Crozes et al. �1998� carried out an experimental and
numerical study on a multichamber chlorine contactor and
showed that the t10 /� values increase with an increase in the num-
ber of baffles over a defined contactor length. A recent study by
Kim et al. �2007� suggested that a full-scale ozone contactor with
10 chambers was best represented with a cascade of only 7 con-
tinuous stirred tank reactors. The HW reactor, according to the
same classification, would be considered as the superior baffling
reactor. With respect to regulatory compliance �U.S. EPA 1999�,
this reactor is preferred for a greater disinfection credit. This flow
condition also helps minimizing the process overdesign and re-
duces the formation of disinfection by-products such as bromate
�Roustan et al. 1993; Do-Quang et al. 2000; Kim et al. 2007�.
Second, the t10 /� value obtained from the LES matched well with
that experimentally measured. In contrast, the RANS model pre-
dicts that t10 /�=0.22 for the NW reactor and t10 /�=0.58 for the
HW reactor, which are much smaller than the values obtained
with the LES. Since the regulatory disinfection credit is based on
t10 /�, reactor design based on the RANS simulation would result
in a significant �e.g., over 25% in NW reactor� underestimation of
t10 /� and consequently overdesign of the process �in terms of
increased ozone dose and/or increase reactor volume�.

Conclusions

The LES results suggest the occurrence of deficient flow condi-
tions and nonideal solute transport behavior in the two multi-
chamber ozone contactors examined in this study. The flow
through these reactors is characterized by the presence of exten-

Fig. 13. Cumulative tracer RTD curves at the exit gate of each con-
tactor
sive short-circuiting and large internal recirculation that cause the
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occurrence of a dead zone in each chamber. These observations
are consistent with the experimental findings by Kim et al. �“In-
vestigating multi-chamber ozone contactor using 3D laser in-
duced fluorescence,” J. Am. Water Works Assoc., in review, 2009�,
who carried out tracer studies in a scale reactor that had the same
dimensions and flow rate as used in this study. The LES results
suggest that the flow is highly three-dimensional with a pair of
symmetric counter-rotating secondary vortices and nodal points in
the center of the recirculation zones. The RTDs evaluated at sev-
eral locations in the reactors confirm that the chamber width of an
ozone contactor is an important design parameter.

Considering that multichamber design is intended to provide
plug flow conditions, above findings conclude that careful design
is necessary to avoid the occurrence of nonideal hydrodynamics
and significant deviation of the flow from the original design
intent. The LES results show that these hydrodynamic deficien-
cies could be partially prevented by decreasing the chamber
width. The present LES was performed for only two representa-
tive designs and other design options such as the dimension of the
baffle inlet height and flow rate need to be studied further. Nev-
ertheless, this study showed that LES can be a useful tool for new
plant design as well as retrofitting existing reactors for better
process efficiency.

Additional simulations performed with a RANS model dem-
onstrate both similarity and difference between these two model-
ing approaches. Although Reynolds-averaged velocities from the
RANS model match closely with time-averaged velocities ob-
tained from the LES, the RANS model tracer transport predic-
tions differ significantly from both LES prediction and
experimental measurement. Underestimation of characteristic
residence time, t10 /�, which is used for disinfection credit evalu-
ation, by the RANS model could lead to process overdesign.
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Notation

The following symbols are used in this paper:
Ac � cross-sectional area at the inlet sluice gate;
C � instantaneous tracer concentration;

Cs � Smagorinsky constant;
D � lower baffle height;
Dt � turbulent diffusivity;
d � normal distance from a wall;
E � normalized RTD;
F � cumulative RTD;
f � frequency;

H � water surface level;
h � the height of sluice gate;

hR � hydraulic radius;
kr � residual kinetic energy;

L � thickness of reactor in z direction;
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p � resolved pressure divided by the density;
Sc � turbulent Schmidt number;
Sij � filtered strain-rate tensor;
�S� � characteristic filtered strain rate;

t � time;
t10 � time required for 10% of the tracer injected

as a pulse to exit the reactor;
U � instantaneous absolute velocity;

Ubulk � bulk velocity �flow rate divided by cross
section area� in x direction at the inlet gate;

Ū � time-averaged absolute velocity;
u � instantaneous velocity component in x

direction;
ui and uj � instantaneous velocity vector;

v � instantaneous velocity component in y
direction;

v̄ � time-and spanwise-averaged through-flow
velocity;

W � chamber width;
We � effective flow width;
w � instantaneous velocity component in z

direction;
x � spatial position in x direction;
xi � spatial position vector;
y � spatial position in y direction;

y+ � boundary condition evaluation factor;
z � spatial position in z direction;

� � anisotropic characteristic filter size;
�x � characteristic filter width in x direction;
�y � characteristic filter width in y direction;
�z � characteristic filter width in z direction;
�ij � kroneker delta;
 � normalized residence time;
	 � fluid dynamic viscosity;
� � fluid molecular viscosity;
�t � subgrid-scale eddy viscosity;
� � mathematical constant approximately equal to

3.14159;
� � fluid density;
� � theoretical residence time;

�ij � stress tensor; and
�ij

a � anisotropic stress tensor; and
�w � wall shear stress.
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