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Abstract

This paper presents a computational fluid dynamics (CFD) model of an aerated
wastewater treatment oxidation ditch, taking into account gas-liquid flow, mass
transfer and dissolved oxygen. This innovative study contributes to knowledge as it
considers the effect of bubble size distribution (BSD) and biochemical oxygen
demand (BOD) distribution on the dissolved oxygen (DO) distribution. Species
transport modelling predicts the DO and BOD distribution. De-oxygenation of local
dissolved oxygen by BOD is modelled by an oxygen sink that depends on the local
BOD concentration. Bubble coalescence and breakup models predict the BSD. The
behaviour of the ditch is non-ideal, which is indicated by the residence time
distribution (RTD) and the heterogeneous flow pattern and DO distribution. The
parameters with the greatest influence on the dissolved oxygen are the BOD and
bubble size. There is good agreement with the observed flow patterns and the
measurements of mean DO. This study identifies that the BOD distribution and the
BSD are important parameters for predicting the dissolved oxygen distribution and

are also current gaps in the published research.

KEYWORDS: Aeration; Oxidation ditch; Computational fluid dynamics; Dissolved

oxygen; Multiphase flow; Wastewater treatment



1. Introduction

Aeration can be as much as 45 - 90 % of the energy cost of a wastewater treatment
plant (Rosso et al., 2008). Aeration increases the dissolved oxygen and enables
chemical and biological oxidation (Thakre et al., 2008). Dissolved oxygen (DO)
allows the aerobic bacteria to remove the biochemical oxygen demand (BOD). An
oxidation ditch (OD) is a closed-loop open channel with horizontal surface impellers
that circulate flow within a 'racetrack’ (Potier et al., 2005). Ditches are widely used
due to their high BOD, phosphorus and nitrogen removal (Yang et al., 2010).
However they have a bend geometry, shallow depth and aeration that encourage

undesirable heterogeneous distribution (Karpinska and Bridgeman, 2016).

Mechanical surface aeration is the oxygen transfer through the water surface by
surface agitation (McWhirter et al., 1995). Diffusion aeration is the oxygen transfer
from a submerged source (Karpinska et al., 2010). Fine pore membrane diffusers
produce the smallest bubbles (Rosso et al., 2008). The mixing impeller provides
contact between biomass and the nutrients and encourages desirable homogeneous
distribution (Karpinska et al., 2010). The aeration performance also depends on the
hydraulic residence time (Potier et al., 2005). Oxygen transfer through the water
surface is usually considered negligible compared to the bubble surface area (Hu et

al., 2010). There is more information on aeration in the literature (Karpinska, 2013).

Computational Fluid Dynamics (CFD) can predict the multi-phase flow pattern,
dissolved oxygen distribution (Karpinska and Bridgeman, 2016) and aeration
performance of a wastewater aeration tank (Samstag et al., 2016). Smaller bubbles
increase the oxygen mass transfer by increasing the interfacial gas-liquid bubble
surface area (Karpinska and Bridgeman, 2016). One common simplifying
assumption is a uniform bubble size (Lei and Ni, 2014). Bubble coalescence is
therefore sparingly addressed (Climent et al.,, 2019; Dhanasekharan et al., 2005;
Karpinska and Bridgeman, 2018). However, studying the effect of bubble size

distribution (BSD) on dissolved oxygen is recommended (Le Moullec et al., 2010).



Species transport modelling can predict the oxygen mass transfer and the
distribution of DO (Karpinska and Bridgeman, 2016). The oxygen scalar equation
includes a source term for aeration (Huang et al., 2009). There is a sink term for the
consumption of oxygen by BOD (Yang et al.,, 2011). The BOD concentration is
commonly simplified as homogeneous in the aeration tank (Littleton et al., 2007).
However, it is recommended that the BOD distribution is modelled as a
heterogenous oxygen sink (Ghawi et al., 2014; Karpinska and Bridgeman, 2018).
The ideal oxidation ditch has a uniform flow pattern (Liu et al., 2014), uniform DO
distribution (Yang et al., 2011), uniform solids distribution (Xie et al., 2014), high
dissolved oxygen (Karpinska and Bridgeman, 2018), high residence time (Wei et al.,

2016) and low energy cost (Zhang et al., 2016).

This study takes into account gas-liquid flow, fluid turbulence, inter-phase oxygen
mass transfer, bubble drag force, bubble coalescence and BOD distribution. The
CFD model can predict the flow pattern and DO distribution in a full-scale
wastewater oxidation ditch. The CFD model can predict the dissolved oxygen more
accurately as it considers the BSD and BOD distribution. De-oxygenation of the local
dissolved oxygen by BOD is modelled by an oxygen sink that depends on the local
BOD. This is a novel approach to flow modelling. Predictions are also evaluated by
comparison between computation and on-site experimentation. Three phase flow
behaviour is ignored due to the complexity of the suspended solids. This study
identifies that the BOD distribution and the BSD are important parameters. It
identifies ways in which the CFD model can be improved. It considers how the CFD
model can improve the design of the oxidation ditch and the aeration devices.

This study identifies the factors that affect the uniformity of the flow pattern and
dissolved oxygen distribution and the level of the dissolved oxygen. There are
different aeration devices (surface, membrane diffuser, hydro-jet and air jet). The
energy cost of an aeration device depends on its water, air and power requirements
(Stenstrom and Rosso, 2010). Aeration devices are competitively bid on the basis of
oxygen transfer per unit of power (Thakre et al., 2008). The conversion of the energy
cost into dissolved oxygen can be evaluated in a CFD simulation (Thakre et al.,
2008). The CFD model will be used in the future by the company Wessex Water for

the design and energy costing of their aeration systems.



Nomenclature

BOD
BODip
BODioad
BODsjnk
BSD

Co

Cps, C*
CL
CFD

HRT

KL

KLa

Lk

Mg, Mgp
MRF
MUSIG

specific interfacial area, m?

biochemical oxygen demand concentration, mg/L
biochemical oxygen demand influent concentration, mg/L
biochemical oxygen demand influent mass flow rate, kg/s
biochemical oxygen demand sink, kg/s

bubble size distribution

initial dissolved oxygen concentration in aeration tank, mg/L
drag coefficient of spherical bubbles in pure liquid
saturation dissolved oxygen concentration in water, kg/m*
dissolved oxygen concentration in water, kg/m*
computational fluid dynamics

scalar/species concentration, kg/m®

bubble diameter, m

mass diffusivity, m?/s

standard mass diffusivity of oxygen at 20 °C, m%/s
dissolved oxygen concentration, mg/L

dissolved oxygen influent mass flow rate, kg/s

dissolved oxygen sink, kg/s

interfacial forces between phases, N

gravitational acceleration, ms™

Henry coefficient, Pa

hydraulic residence time, s

velocity scale turbulent kinetic energy, m?s?

local mass transfer coefficient, m/s

overall / oxygen mass transfer coefficient, s*, h™
interfacial transfer of oxygen between phases, kg/m>s

mass transfer from phase p to q and from phase g to p, kg/s

multiple reference frame

multiple size group




Greek letters

Qg Pq
Hm
Mt

oxidation ditch

oxygen transfer rate, mg/h
pressure, N/m?

partial pressure of component A in gas phase, Pa
population balance model

particle size distribution

Reynolds averaged Navier-Stokes
mixture Reynolds number
residence time distribution
turbulent Schmidt number

time, s

temperature, °C

gas velocity, m/s

liquid velocity, m/s

tank fluid volume, m®

volume of fluid

effective velocity, m/s

wastewater treatment plant

mole fraction of component A in liquid phase

effective density of phase q, kg/m®

mixture viscosity, kg/ms

turbulent viscosity, kg/ms

shear viscosity of phase q, kg/ms

gas volume fraction

volume fraction of phase q

turbulence length scale eddy dissipation rate, m?/s®
density, kg/m®

liquid water density, kg/m?

density of phase g, kg/m?




2.

2.1

13 °C at the wastewater treatment plant (Cengel and Boles, 2008). The dry oxygen
occupies around 21% by volume of dry air. The standard mass fraction of oxygen in
air is 0.232 at 1 atm pressure and at 20 °C (Degremont, 2007). Oxygen has a higher
density and viscosity than air (Cengel and Boles, 2008). The saturation dissolved
oxygen concentration in water is equivalent to a volume fraction of air in water of

0.036 (Degremont, 2007). The mass diffusion coefficient of oxygen in air is

Materials and methods

Physical properties

The physical properties (Table 1) are at the mean annual ambient temperature of

1.26x10™° m?%s and in water is 1.2x10"° m?%s (Cengel and Boles, 2008).

Table 1 - Physical properties.

Temperature (°C)

Density of water (kg/m?)

Density of air (kg/m°)

Density of oxygen (kg/m°)

Viscosity of water (kg/ms)

Viscosity of air (kg/ms)

Viscosity of oxygen (kg/ms)

Bubble diameter (mm)

Mass fraction of oxygen in air

Saturation of air in water (volume fraction)
Saturation of dissolved oxygen in water (mg/L)
Mass diffusivity of oxygen in air (m*/s)

Mass diffusivity of oxygen in water (m?/s)
Turbulent Schmidt number of oxygen in air
Turbulent Schmidt number of oxygen in water
Molar concentration Henry coefficient (Pa.m3/mol)
Molar fraction Henry coefficient (Pa)

Mass transfer coefficient of surface aeration (h™)

13
999.4
1.233
1.370

0.0012
0.0000179
0.0000201

4
0.233
0.036
10.5
1.26x107
1.2x107
0.7
0.7
61636
3.4x10°
3



2.2  Mathematical modelling

2.2.1 Two phase flow

The multi-fluid model is the most commonly used multi-phase flow model for the
large bubble population in an aeration tank (Héhne and Mamedov, 2020; Hreiz et al.,
2019; Karpinska and Bridgeman, 2016; Karpinska and Bridgeman, 2018). It solves
the continuity and momentum equations of each phase (Ranade, 2002).

Mass conservation equation (Ratkovich, 2010):
3} N . .
ot (agpg) + V- (aqpqvg ) — Lp=1 ( Mipg— migy) =0 (1)

where pqis density, term aq pq is effective density of phase g, v4 denotes its velocity,

myq and my,, are mass transfer mechanisms from phase p to g and from q to p.

Momentum conservation equation (Ratkovich, 2010):

0 . N . . .
ﬁ(aqpqvq) + Ve (agpgVg Vg) = —agdp +Veou, (Va, o +Va, v5,T)+p, g+ F

2
where p is the pressure shared by all phases, py denotes shear viscosity of phase q,

and FTI is the sum of interfacial forces between continuous and disperse phases.

Gas-liquid fluid flow is characterised by the momentum exchange inter-phase drag
force. The rise velocity of the bubbles and the bubble diameter predict the drag force

(Talvy et al., 2007). It uses the mixture Reynolds number (Ishii and Zuber, 1979):

|”g_ ul|

Rem = pi dy o

(3)

where, Rep, is the mixture Reynolds number, p; is liquid water density (kg/m®); dy is
bubble diameter (m); ug is velocity of gas phase (m/s); u; is velocity of liquid phase

(m/s), um is mixture viscosity (kg/ms).



In the viscous (transitional) flow regime the drag coefficient is defined:
_ (2% 0.75
C, = (Rem) (1+ 0.1 Re,,*7) )

Bubble size is important for inter-phase momentum and mass transfer, as it
influences the interfacial gas-liquid bubble area (Fayolle et al., 2007). One common
assumption is a uniform bubble size. However, turbulent eddies cause there to be
bubble coalescence and a bubble size distribution (BSD) (Nopens et al., 2015).
Bubble coalescence is caused by bubble wake and rise velocity (Luo and Svendsen,
1996). Bubble size also depends on the orifice or pore size of the diffusion aerator
(Wang et al., 2009), although this is not modelled in this study. A uniform mean
bubble size of 4 mm in this study is taken as an average value from the literature (Lei
and Ni, 2014; Le Moullec et al., 2010; Terashima et al., 2016; Xu et al., 2010).

The bubbles are modelled as a polydisperse phase (Frank et al., 2005) using the
homogeneous multiple size group (MUSIG) model (Lo, 1998). The homogeneous
MUSIG model is suitable for bubbly flow in an aeration tank (Frank et al, 2005). The
coupling between the multi-fluid model and the coalescence model is through the
inter-phase bubble drag term. The multi-fluid model that incorporates a bubble size
distribution (BSD) requires a population balance model (PBM) (Climent et al, 2019;
Dhanasekharan et al, 2005; Karpinska and Bridgeman, 2018). The bubble size
range modelled in this ditch is 0 - 8 mm with four equal subdivisions. The effect of
hydrostatic pressure on bubble size (Fayolle et al., 2006) and the deformable bubble
shape (Wang et al., 2009) are ignored, which is similar to other CFD models.



2.2.2 Oxygen mass transfer

Oxygen mass transfer between the air and water phases (Fayolle et al., 2007):

Ly = K,a (C[ — Cp) (5)
where Ly is the interfacial transfer of oxygen concentration (kg/m°s). K is local mass
transfer coefficient (m/s). The interfacial area, a, is the ratio of the total surface area
of the gas bubbles to the liquid volume. The product of these terms K,a is the
oxygen mass transfer coefficient (s). C_ is the DO concentration in water (kg/m?),
and C.* is the saturation DO concentration in water at the temperature T (kg/m?).
Using Higbie's film penetration theory (Higbie, 1935; Le Moullec et al., 2010):

Ug— U 6a
Ka =2 /DO | gdb ! dbg (6)

where D, is the standard mass diffusivity of oxygen (m?/s), dy is bubble diameter (m),

0g is gas volume fraction, and uy and u;, are the respective gas and liquid phase
velocities (m/s). The local distributed mass transfer coefficient K. depends on the
spatial distributions of these other parameters. Oxygen mass transfer can be
increased by increasing the interfacial bubble area or the driving force of the oxygen
concentration (Degremont, 2007; Gillot and Heduit, 2000).

2.2.3 Two equation k-g turbulence model

The Reynolds Averaged Navier-Stokes (RANS) equations (Launder and Spalding,
1974) model the effects of turbulence on the mean flow properties for the whole
range of turbulent length scales. The standard two equation k-¢ (k-epsilon)
turbulence closure model (Pope, 2000) solves two additional transport equations for
turbulence quantities: velocity scale turbulent kinetic energy, k, and turbulence length
scale eddy dissipation rate, €. This turbulence model is the most popular for an
oxidation ditch due to its robustness, low computational cost and reasonable
accuracy (Cockx et al., 2001; Fayolle et al., 2007; Lei and Ni, 2014; Xu et al., 2010;
Zhang et al, 2019). The two-equation turbulence models assume isotropic
turbulence (Launder and Spalding, 1974). The turbulence models are assessed in
detail in the literature (Launder and Spalding, 1974; Pope, 2000; Rodi, 1993).



2.2.4 BOD and DO distribution

The species transport equation predicts the local mass fraction concentration of a
scalar. Species can be coupled to the momentum equation as an equation of state,
or treated as a passive property that is transported by the fluid. The species
transport of a scalar concentration in turbulent flow (Ranade, 2002):

0
a(pl Cs)"l'v'(plUl Cs):V'<(pl Dm+SLCtt)VCs> (7)

where, Cs is the concentration of scalar (kg/m?); U, is statistical average velocity
(m/s); Dm is mass diffusivity (m?s); p is turbulent viscosity (kg/ms);

Sc; is turbulent Schmidt number.

For the absorption of the gas into a dissolved liquid there is an equilibrium between
the two phases (Degremont, 2007). Henry's law states that the dissolved gas in a
liquid is proportional to its partial pressure above the liquid. The proportionality factor

is therefore Henry's law constant.
Pyg = H* Xy (8)

where Pag is the partial pressure of component A in the gas phase (Pa), Xa is the
mole fraction of component A in the liquid phase, H*is Henry coefficient (Pa).

The spatial distribution of dissolved oxygen considers the mass transport of oxygen
in the air phase, interfacial mass transfer of oxygen from air to water phase, mass
transport of oxygen in the water phase and absorption of oxygen into the water
phase (Karpinska et al., 2015). The oxygen scalar equation includes the
consumption of oxygen by BOD. This is usually addressed by a homogeneous
oxygen sink throughout the ditch (Guo et al., 2013; Littleton et al., 2007; Yang et al.,
2011). However, a suggested improvement in this paper is to consider the effect of
BOD distribution on dissolved oxygen by modelling it as a heterogeneous oxygen

sink. This is also suggested by other investigators (Karpinska and Bridgeman, 2018).



The dissolved oxygen sink in this study uses both a uniform and a distributed BOD.
There is a two-way coupled relationship between DO and BOD. Higher local DO is
more likely to increase the BOD degradation and result in local lower BOD
(Degremont, 2007). Firstly, the spatial distribution of BOD in the water phase is
predicted by using the species transport equation. Secondly, the reduction of local
BOD is modelled with a distributed sink in the whole of the ditch, that is solely

dependent on the local predicted mass fraction of dissolved oxygen:

BODload

BODjp = DO x e

%)

where BODygk is the local sink term of BOD (kg/s), DO is the local predicted
dissolved oxygen concentration (mg/L), BODjy4q is the influent mass flow rate of BOD
(kg/s), BODjy is the influent BOD concentration (mg/L).

Firstly, the spatial distribution of DO in the water phase is predicted by using the
species transport equation. Secondly, the reduction of local DO is modelled with a
distributed sink in the whole of the ditch, that is solely dependent on the local

predicted mass fraction of biochemical oxygen demand:

DO, = BOD X ’;‘;‘Tﬂ‘f (10

where DOgjnk is the local sink term of DO (kg/s), BOD is local predicted biochemical

oxygen demand concentration (mg/L), DOysaq is influent mass flow rate of DO (kg/s).



2.3 Boundary conditions

2.3.1 Water surface

The disturbance of the water surface can be caused by wind, variable influent flow,
rotation of the surface aerator and the rising bubble plume and re-circulation from the
diffuser and hydro-jet aerator (Wicklein et al, 2016). However, these are often
assumed to be negligible when compared to the water depth (Guo et al., 2013). In
this study the water surface is planar similar to other CFD models (Climent et al.,
2019; Fayolle et al., 2007; Guo et al., 2013; Karpinska et al., 2015; Lei and Ni, 2014,
Yang et al., 2011; Zhang et al., 2016). It uses the 'degassing’' boundary condition
(Talvy et al., 2007). It only allows air to be released from the water surface from
rising bubbles. It eliminates the need of a free surface model, thereby reducing the
complexity and computational cost. To model the shape of the water surface the

volume of fluid (VOF) model is preferred but used sparingly (Xu et al, 2018).

2.3.2 Inlets and outlets

The influent over the weir is a velocity inlet boundary condition (0.25 m/s), with its
depth equal to the measured water height over the weir. The influent air content is a
volume fraction of air that is equivalent to the influent DO measurement (0.08 mg/L).
The effluent is an outlet pressure boundary condition. The jet aerator is an inlet
velocity boundary condition (3.5 m/s) that creates additional flow. The water in the jet
stream is saturated with air with a volume fraction of air of 0.036. The grid diffuser is
a single surface, that is equivalent to the surface area of the open pores in the
membrane tubes (Fayolle et al., 2007; Gresch et al.,, 2011). The inlet velocity
boundary condition of the diffuser is 0.01 m/s (Zhang et al., 2016). The flow from the
diffuser is pure air with a volume fraction of air of 1. Two scalars represent the
oxygen in the air and water phases. The influent mass fraction of oxygen in water is
equivalent to the influent DO measurement. The influent mass fraction of BOD in
water is equivalent to the influent BOD measurement (300 mg/L). The mean annual
influent flow rate is used, but the effect of influent flow rate is also studied. However,
the flow from the hydro-jet aerator and the recirculation from the surface aerators

have a more significant impact on the flow pattern than the influent weir flow.



2.3.3 Mechanical surface aerator

The multiple reference frame (MRF) model calculates the solid-liquid interaction
force from the rotational mechanical surface aerator (Fan et al., 2010). It produces a
directional momentum source of the water, without producing additional flow rate.
The rotational speed of the drum is 70 rpm. The maximum tangential velocity

predicted by the MRF model is the correct hand calculation value.

Oxygen transfer rate (OTR) of mechanical surface aeration (Huang et al., 2009):

OTR = Kia V (Cps — Co) (11)

1 kg kg
0.000833 —x 2000 m> x 0.0105— = 0.0175—
s m S

where OTR is the oxygen transfer rate of the spray water (mg/h), K a is the oxygen
mass transfer coefficient from the air to water phase (h™), V is tank volume = 2000
m? and C, is the initial DO concentration (= 0). Cps is the saturation DO
concentration at 13 °C (Degremont, 2007), which is 10.5 mg/L (0.0105 kg/m?).

There is no physical measurement of the mass transfer coefficient of the brush
surface aerators. Therefore a comparison is made between literature values (Thakre
et al., 2008) for different surface aerators at 70 rpm (brush rotor = 3 h™, cage rope
wound rotor = 4 h™*, cage fin rotor = 4.5 h™, curved blade rotor = 14 h™). A value of
3 h is chosen for the brush surface aerator. The oxygen mass flux source is equal
to the aeration capacity of the surface aerator (Yang et al., 2011). Therefore a mass

flow rate of 0.0044 kg/s of oxygen from each of the four surface aerators is modelled.



2.4 Geometric model and mesh generation

The aeration devices are shown in Figure 1. The jet aerator has a submerged flow
stream of saturated aerated water through two horizontal nozzles. The four Kessener
brush surface aerators are located in two sets of pairs across the channel width. The
diffusion aerator injects air through a grid of 32 porous membrane pipes. The
modelled geometry is shown in Figure 2. The jet aerator is in the top left of Figure 2
and near the grid diffuser. The four surface aerators are modelled as partial cylinders
representing only their submerged part (Brannock, 2003). The geometry of the grid
diffuser is simplified by a single upward facing square inlet (top left of Figure 2),
similar to other CFD models (Fayolle et al., 2007; Gresch et al., 2011). The entire top
surface is the water surface. The solid surfaces are the outer walls, floor and central
wall. The water depth is 1.8 m, full length of ditch is 65 m and width is 21 m.

Fig. 1- Aeration devices.



y

Fig. 2 - Geometric model.

The finite difference numerical method (Launder and Spalding, 1974) interpolates
the computed cell centre values of the variables onto the mesh. Because of
numerical accuracy there is a fully structured hexahedral mesh and second order
numerical discretisation. Structured meshes are more accurate, because the grid
lines are better aligned to the boundaries, which better captures the boundary layer
flow. There is less numerical diffusion due to the lower cell skewness and the better
orthogonality of the grid lines (Ranade, 2002). In the mesh independency study
(Climent et al., 2019; Karpinska et al., 2015; Zhang et al., 2016), there is no
significant difference between the flow patterns for the meshes between 206 to 698
thousand cells. For the stability of convergence of the solution the volume fraction
solver solves the water and air phase equations consecutively. The under relaxation
factor is lowered to 0.3 for the scalar equations to make the rate of convergence
more stable. The rate of convergence is fast and converged between 3000 and
10000 iterations. The simulations are between 15 and 36 hours for the mesh with
396268 cells. The computer hardware is a 2.50 GHz processor with 16 GB RAM of
memory. The simulations are speeded up by parallel processing. The well known
commercial CFD software 'ANSYS-CFX' is used.



3. Results and discussion

3.1  Water flow pattern and volume fraction distribution

Figure 3 shows the velocity vectors near the water surface without any aeration
devices. Flow circulates clockwise in an almost plug flow regime. There are three
recirculation zones. There is flow short circuiting from the influent to effluent that
reduces the residence time. The influent has low DO and the air quickly reaches the
water surface and dissipates out and there is no air in the rest of the ditch.

The ditch operates with one jet aerator, four surface aerators and one diffusion
aerator. Figure 4 shows the velocities with the aeration devices. The devices
increase the mean velocity in the ditch by a factor of 15. The jet aerator and surface
aerators reverse the flow direction in the ditch to anti-clockwise. This is an intention
of design to mitigate against short-circuiting from the influent to effluent. The jet and
surface aerators create a strong flow current and there is a heterogeneous flow
distribution. The upward flow from the diffuser creates a re-circulating radial flow
pattern. Maximum velocities in the ditch are near the water surface: 0.34 m/s
(surface aerator), 0.47 m/s (jet aerator) and 0.64 m/s (diffuser). There are small air
patches just above the aerators (top of Figure 5). There is a plume of rising air from
the jet aerator (middle of Figure 5). There is a stack of rising air from the diffuser

(bottom of Figure 5).
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Fig. 3 - Water flow pattern without aeration devices.
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Fig. 4 - Water flow pattern with aeration devices.
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Fig. 5 - Volume fraction of air with aeration devices.

3.2 Residence time distribution

The hydraulic behaviour of the ditch can be characterised by residence time
distribution (RTD) (Gresch et al., 2010; Karpinska, 2013; Nauman, 2007). The
species transport of a passive tracer has the same properties as water (Le Moullec
et al., 2008). The tracer concentration is measured in the effluent and this evolution
with time is the RTD (Figure 6). The theoretical hydraulic residence time (HRT) is the
mean residence time, which is the ditch volume divided by the mean influent flow
rate (Nauman, 2007). The mass diffusivity of the tracer in water (1.35x10° m?%s) is
low enough to have no diffusive effect on the RTD (Wicklein et al., 2016). The
turbulent Schmidt number of the tracer is 0.7. The most important parameter is the
predicted dimensionless HRT when it is compared to the theoretical HRT. Moreover,
the dimensionless time at the peak tracer concentration will determine the degree of
flow short circuiting. The predicted HRT is the time at the 50 % cumulative graph
area. In practical terms, this is the time when half of the mass of tracer has travelled
from the influent to the effluent. The predicted HRT is 0.570 of the theoretical HRT.
With the aeration devices this improves to 0.695 and the time for initial breakthrough
also improves from 0.0321 to 0.0855. The devices increase the residence time and

therefore improve the hydraulic efficiency of the ditch.
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Fig. 6 - Residence time distribution of effluent with aeration devices.

3.3 BOD distribution

The BOD distribution in the ditch is not addressed in other CFD models (Guo et al.,
2013; Littleton et al., 2007; Yang et al., 2011). It should not be ignored and is
therefore modelled. The species transport of a passive tracer is modelled with the
same properties as water (Le Moullec et al., 2008). The mass diffusivity of the BOD
in water (3.5x10° m?/s) is low enough to have no diffusive effect on the BOD. The
turbulent Schmidt number of the BOD tracer is 0.7. From measurements, the mean
annual influent BOD is 300 mg/L and the effluent BOD is 5 mg/L. The local sink term
of the BOD in water depends only on the local DO (equation 9). The BOD distribution
is adjusted by a factor in the BOD sink term to give a minimum ditch value of 0 mg/L.
The BOD distribution is shown in Figure 7. It predicts a mean BOD ditch value of 15
mg/L and an effluent value of 18 mg/L. Where the local residence times are the
highest (near the central wall) the BOD concentrations are the lowest.

BOD (mg/l)
40

36
32
28
24

Fig. 7 - Biochemical oxygen demand distribution.



3.4 Dissolved oxygen distribution without the effect of BOD

The distribution of the dissolved oxygen is firstly predicted without the de-oxidation of
BOD to only consider the effects of the aeration devices. The predicted water and air
velocity distributions are quite similar. The oxygen mass fraction in the air phase
predicts oxygen hotspots near the aeration sources and then it is quite evenly spread
around the ditch. The inter-phase oxygen mass transfer from the air to water phase
is also highest near the aeration sources (Figure 8). The mass fraction of the oxygen
in the water phase is equivalent to the DO concentration. The highest DO

concentrations are near the surface aerators and above the diffuser (Figure 9).
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Fig. 8 - Inter-phase mass transfer coefficient.

Fig. 9 - Dissolved oxygen without BOD.



3.5 Dissolved oxygen distribution with the effect of BOD

The uniform BOD (15 mg/L) is the mean value of the BOD distribution (Figure 7).
The comparison between the uniform and distributed BOD show that the mean (0.41
and 0.42 mg/L) and maximum (1.26 and 1.24 mg/L) DO in the ditch are similar. The
main difference is the variation of DO. For the uniform BOD the lowest DO is near
the central wall (Figure 10). For the distributed BOD the lowest DO is downstream of
the influent and near the outside wall (Figure 11). In the BOD distribution (Figure 7)
the highest BOD is downstream of the influent and the lowest is near the inside wall.
This result is expected by the two-way coupled relationship between DO and BOD.
This is also because the highest local residence time is near the internal wall that is
furthest away from the influent. An important finding of this study is that the BOD
distribution has an influence on the DO distribution. Therefore a uniform BOD should
not be assumed (Guo et al., 2013; Littleton et al., 2007; Yang et al., 2011).
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Fig. 10 - Dissolved oxygen with uniform BOD.
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Fig. 11 - Dissolved oxygen with BOD distribution.



3.6 Parameter Study

Bubbles break up and coalesce producing a bubble size distribution (BSD), which is
a key parameter for oxygen mass transfer (Lei and Ni, 2014). Oxygen mass transfer
can be increased by reducing bubble size, which increases the total interfacial
bubble area (Fayolle et al., 2007). It can also be increased by increasing the OTR of
surface aeration (Degremont, 2007). Numerous studies model a uniform bubble size
(Cockx et al., 2001). However it is recommended that the effect of BSD and mass
diffusivity on oxygen transfer should also be studied (Le Moullec et al., 2010).

The parameters are studied to see their effect on the DO distribution. Table 2 shows
the predicted mean and maximum DO without the effect of BOD. In red is shown the
percentage change to the mean DO in the ditch. The 'standard’ model is shown in
blue, and has a mean bubble size of 4 mm, physical properties at 13 °C and a mass
transfer coefficient of surface aeration of 3 h™*. Summer conditions at 20 °C are also
simulated with different physical properties. A fourfold increase to 12 h™ for surface
aeration is also simulated. Different mean bubble sizes (3, 2, 1 mm) and a BSD are
also simulated. Parameters that have an effect on the DO are temperature, mean
bubble size, BSD, surface aeration, molar fraction Henry coefficient, mass diffusivity

and turbulent Schmidt number of oxygen in water (Table 2).

Table 2 - Effect of parameters on dissolved oxygen without BOD.

Parameter Values Mf;, aa:sTea:S Mean DO Max DO Mean DO A Mean DO
5 (mg/L) (% saturation) (% saturation) (% saturation)
(x10™ m/s)

‘Standard' (13 ° C) properties 1.119 3.46 39 33
Summer (20 ° C) properties 1.084 3.43 45 38 +5
Surface aeration (h™') 12 1.125 3.90 46 37 +4
Bubble diameter (mm) 3 1.274 4.44 50 42 +9
Bubble diameter (mm) 2 1.476 5.72 64 55 +22
Bubble diameter (mm) 1 1.783 7.23 78 69 +36
Bubble size distribution
(BSD) (mm) 1-6.3 1.387 3.15 37 30 -3
Molar fraction Henry 6.8x10° /
coefficient (Pa) 1.7x10° 1.74 / 6.81 20/ 78 17 / 65 +16 / +32
Mass diffusivity of 2.4x107 /
oxygen in water (m?/s) 0.6x10° 4.23/2.75 48 / 31 40/ 26 +7 /-7
U8 S el @7 1.4/0.35 - 3.54 / 3.31 41 /37 34/32 1/ -1
oxygen in water




The DO distribution for the parameters studied includes the effect of the BOD
distribution (Figure 7). Comparing the summer (20 °C) and annual mean conditions
(13 °C), the mean and maximum DO are quite similar. When the surface aeration is
increased fourfold there is an increase in maximum DO to 1.77 mg/L. The dissolved
oxygen near the surface aerators increase the most. When the mean bubble size is
reduced to 3 mm, the maximum DO increases to 1.62 mg/L. For a 2 mm bubble size
it increases further to 2.32 mg/L. For a 1 mm bubble size it increases even further to
3.64 mg/L (Figure 12). The increase in total interfacial bubble surface area for a
reduced mean bubble size does increase the inter-phase oxygen mass transfer

(Karpinska and Bridgeman, 2016).

Modelling BSD reduces the maximum DO only slightly from 1.24 to 1.21 mg/L. BSD
does not have a significant effect on flow pattern, but it does increase the inter-phase
mass transfer by 24 %, as it increases the overall interfacial bubble area (Table 2).
The range of bubble sizes in the ditch is from 0.99 to 6.32 mm with a mean of 1.94
mm (Figure 13). The largest bubbles are close to the aerators and the central wall.
The DO distribution for the BSD (Figure 14) shows a slight difference when
compared to a uniform bubble size (Figure 11). When doubling the mass diffusivity of
the oxygen in water this increases the maximum DO to 1.53 mg/L. When halving the

molar fraction Henry coefficient this increases the maximum DO to 2.07 mg/L.
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Fig. 12 - Dissolved oxygen with BOD distribution - bubble =1 mm.
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Fig. 13 - Bubble size distribution (BSD).
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Fig. 14 - Dissolved oxygen with BOD distribution and BSD.

3.7 Comparison between CFD and experimental

The experiments are conducted at the wastewater treatment plant in August 2018.
The temperature is measured at 20 °C. At this higher temperature the saturation
concentration of dissolved oxygen is reduced to 9.1 mg/L. The flow patterns are
observed by sketches, photographs and videos. The DO measurements are taken at
17 locations near the water surface with a portable optical DO meter (Hach™). The
measurement technique is the luminescence DO method (LDO) (Roman and
Felseghi, 2014). The comparison with experimental data is only feasible when the
dissolved oxygen includes the effects of the BOD.



3.7.1 Flow pattern

There is generally agreement between the prediction and experimental observation
for the following fluid phenomena (Figure 15). The flow direction around the ditch is
anti-clockwise. There is stagnant flow near the effluent weir, upstream of the surface
aerators, upstream of the diffuser and near the central wall. There is a radial flow
pattern above the diffuser. Downstream of the jet aerator there is a strong flow
current, return flow along the right outer wall and fluid turbulence. There is higher

flow observed downstream of the surface aerators and near the influent.
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Fig. 15 - Calculated water flow pattern (left) and physical observation (right).



3.7.2 Dissolved oxygen

The comparison between the predicted mean DO in the ditch and the physical
measurements are generally favourable (Table 3). The comparison for the variation
of DO in the ditch is not as favourable (Table 3). For a uniform BOD the mean DO is
in good agreement. The maximum and variation of DO in the ditch are lower than the
measurements. Lowering the bubble size to 2 mm gives a mean DO that is higher
than the measurements. The maximum DO and the variation of DO is nearest to the
measurements for a 2 mm bubble (Table 3). The BSD gives a mean DO that is
nearer to the measurements when compared to a mean bubble size of 4 mm. The
maximum DO and variation of DO are still quite similar to a mean bubble size. As the
bubble size is reduced, the mean and maximum DO increases due to the higher

bubble interfacial area. This causes the variation of DO to increase (Figure 16).

With the BOD distribution, the variation of DO compares better with the
measurements than with a uniform BOD. The closest match to the measurements is
a 2 mm bubble and a BOD distribution (Table 3). An important finding is that the
BOD distribution is more accurate than a mean BOD when comparison is made with
experimental data. The BSD predicts a range of bubble sizes in the ditch from 1.0 to
6.3 mm with a mean of 1.9 mm (Figure 13). This compares favourably with the best
match with experiment, suggesting that 2 mm could be the mean bubble size in the
ditch. The BOD distribution and the BSD addressed in this study are important
parameters for predicting the DO distribution. Unfortunately, in the literature there is
no previous study of BOD distribution and little previous study of BSD for the CFD
modelling of aeration tanks (Climent et al., 2019; Dhanasekharan et al., 2005;

Karpinska and Bridgeman, 2018).



Table 3 - Calculated vs. measured dissolved oxygen (mg/I).

Statistic Measure ‘Standard’| Bubble Bubble Bubble B!Jbb‘le s1:ze Tempezature Surface ac-.:ration
model (3 mm) (2 mm) (1 mm) distribution (20 °C) (12 h™)

Uniform BOD
Mean points 0.44 0.51 0.48 0.55 0.62 0.49 0.43 0.46
Maximum points 1.38 0.76 0.84 1.15 1.67 0.70 0.68 0.71
Minimum points 0.06 0.02 0 0 0 0.04 0 0
SD points 0.44 0.20 0.23 0.36 0.63 0.19 0.17 0.17
Mean ditch - 0.40 0.38 0.39 0.38 0.40 0.37 0.39
Maximum ditch - 1.26 1.64 2.34 3.58 1.12 1.24 1.86
Minimum ditch - 0 0 0 0 0 0 0
Distributed BOD
Mean points 0.44 0.46 0.49 0.58 0.80 0.45 0.45 0.46
Maximum points 1.38 0.78 0.93 1.23 1.79 0.72 0.78 1.03
Minimum points 0.06 0.07 0 0 0 0.12 0.05 0
SD points 0.44 0.20 0.28 0.40 0.64 0.17 0.20 0.28
Mean ditch = 0.42 0.40 0.40 0.40 0.40 0.40 0.40
Maximum ditch - 1.24 1.62 2.32 3.64 1.21 1.25 1.77
Minimum ditch - 0 0 0 0 0 0 0
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Fig. 16 - Calculated vs. measured dissolved oxygen with BOD distribution at
different mean bubble sizes.



3.8 Discussion

3.8.1 CFD modelling

The accuracy of the CFD model is evaluated by comparison with site measurement
data. Modelling the effect of BOD predicts the right level of DO. There is good
agreement between the simulation and the physical observation in terms of the flow
pattern and the mean DO, but not for the variation of DO. The BOD distribution
improves the accuracy by better agreement with the measurements of variation of
DO. The bubble size distribution (BSD) improves the accuracy by better agreement
with the measurements of mean DO. The BSD predicts a mean bubble size of
1.9 mm, that agrees with the best agreement with the measurements. Therefore the
BSD seems to predict the right mean bubble size. The study shows that the DO is
affected by various parameters and therefore it is important to use the correct
physical data. The CFD model can be used as a powerful tool to assess the aeration

performance of an oxidation ditch.

Measures can be taken to try to improve the accuracy of the CFD model. Local
refinement of the mesh close to the aerators may improve the accuracy. Quantifying
accurately the oxygen transfer rate of the surface aerators by experimental
measurement is useful. Including the transfer of atmospheric air through the water
surface can be implemented in an oxygen source term. To predict the disturbance of
the water surface the volume of fluid (VOF) surface tracking model may be used.
The most significant change would be to consider three phase (gas-liquid-solid) flow.
Tracer testing on the full-scale ditch can be used to validate the residence time
distribution. The bubble size distribution may be helpful in understanding the different
bubble sizes that are produced by the aerators. Bubble size measurements can also
be undertaken. This would help validate the BSD and may be used for data for the

bubble sizes at the inlets of the aerators.



3.8.2 Aeration design

The benefits to the aeration design are as follows. For all the aeration devices there
is an increase in water velocity which can mitigate against sludge deposition. The jet
aerator and surface aerators provide a dominant flow direction which reduces flow
short circuiting. For all the devices there is an increase in ditch residence time. The
drawbacks to the aeration design are as follows. The main cause of heterogeneous
flow distribution is the jet aerator. The jet aerator causes the flow from the surface
aerators to become asymmetric. The surface aerators produce undesirable
heterogeneous vertical flow distribution. The oxygen transfer rate of the surface
aerators is difficult to quantify unless it is measured. The diffusion aerator produces

undesirable local flow recirculation.

The CFD model can be used to optimise the design of the ditch and aeration
devices. The optimal design is to improve the uniformity of the flow pattern and DO
distribution, increase the residence time and reduce the energy consumption.
Aerators can be optimised individually in terms of their number, position, orientation,
water flow rate and oxygen supply. Possible design cases can be for the optimum
rotating speed of the surface aerator and the pore size of the membrane diffuser.
Design recommendations from the literature can be used, although care must be
taken because they always have a unique design scenario. The energy requirements
of the aerators can be calculated for each possible design scenario. This can then be

used in order to conduct a cost (energy) to benefit (aeration) analysis.



4, Conclusions

This paper predicts the gas-liquid flow pattern and dissolved oxygen distribution in a
wastewater treatment oxidation ditch with various aeration devices. The study
considers the effects of BOD distribution, bubble size distribution and other
parameters on the distribution of dissolved oxygen. Predictions are evaluated by the
comparison between computation and on-site experimentation. CFD modelling of
gas-liquid flow and species transport of DO and BOD is undertaken. The input

uniform mean bubble size is an average value from the CFD models in literature.

Without the aeration devices the flow behaviour in the ditch is mostly plug flow. The
jet aerator, membrane diffuser and surface aerators increase the flow velocities and
cause undesirable heterogeneous flow distribution. However, the hydraulic residence
time in the ditch is beneficially increased by the aeration devices.

To predict the dissolved oxygen distribution, the oxygen scalar equation has a
source term for aeration and a sink term for the oxygen consumption by BOD. The
BOD distribution is modelled as a heterogeneous oxygen sink, unlike previous CFD
models that simplify it by using a uniform BOD. The uniform and distributed BOD
predict similar mean and maximum DO concentrations, but have differences in the
variation of DO. The dissolved oxygen is affected by temperature, surface aeration,
bubble size, BSD, molar fraction Henry coefficient, mass diffusivity and turbulent

Schmidt number of oxygen in water.

There is good agreement between the predictions and the physical observations in
terms of the flow pattern. The comparison between the predicted mean DO and the
measurements show good quantitative agreement. The variation of DO in the ditch
shows better agreement when there is a BOD distribution. The nearest match to the
measurements is a 2 mm bubble size, that agrees with the mean bubble size of
1.9 mm that is predicted by the BSD. This study identifies that the BOD distribution
and BSD are important parameters and are also current gaps in research. The study
identifies ways in which the CFD model can be improved. The study also considers
how the CFD model can be used to improve the design of the oxidation ditch and the

aeration devices.
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