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ABSTRACT

The effect of guiding baffles downstream from surface aerators on the flow fields in an
oxidation ditch (OD) was studied using an experimentally validated numerical tool, based
on computational fluid dynamics (CFD) model. The two-phase gas-liquid model and the
3D RNG k-¢ turbulence model were used to describe flow motion in ODs. The algorithm of
pressure-implicit with splitting of operators (PISO) was used to solve velocity and pressure.
The volume of fluid (VOF) method was used to simulate free water surface. Comparisons
of the velocity distributions under the two conditions (with and without guiding baffles)
show that the installed guiding baffles downstream from the surface aerators can increase
the velocity at the ditch bottom, and the vertical velocity distributions in the OD become
more uniform, which will help to prevent sludge deposit at the bottom of an OD and have
an obvious effect on time prolongation for liquid-gas mixture.
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1. Introduction

OD is an improved activated sludge treatment pro-
cess, and plays an important role in the city sewage
and industrial wastewater treatment system [1,2]. The
hydraulic characteristics of an OD have a significant
effect on the efficiency of wastewater treatment for the
OD; therefore, many scholars have put forward some
measures to improve it with simulation and experi-
mental methods. Cao and Fu [3] did an experiment
about an OD, by which he put forward that installing
guiding baffles upstream and downstream from the
surface aerators can improve the velocity distribution,
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and eliminate sludge deposit at the bottom. Zhao [4]
proposed a calculation formula for the relationship
between the water head lifting and loss in an OD, and
also put forward that tilted guiding baffles can pre-
vent sludge deposit in the bend ditches. Yang et al. [5]
discussed the influence of the installation position and
the submerged depth of surface aerators on the dis-
solved oxygen concentration distribution. With the
development of computer technology and calculation
method, CFD has been widely used in the study of
ODs. Li et al. [6] simulated the flows of an OD with
and without guiding plate downstream from surface
aerators with the realizable x—¢ model, by which they
put forward the reasonable parameters for the
installation of guiding baffles. Oda et al. [7] used the
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3D multiphase flow turbulent model along with the
microbial reaction model, sludge settling model,
coarse bubble oxygen transfer model, and micro bub-
ble oxygen transfer model to analyze the biological
reaction and sludge flowing process. Chen and Yang
[8] proposed a corrugated baffle as a division wall for
an OD, which can reduce the region of low velocity
and prevent the sludge deposition. Simon et al. [9]
developed a theoretical model based on the quality
and momentum balance to predict the velocity field in
a test device, and the simulation results agree well
with the experimental data. Song et al. [10] modeled
the flow field in an OD, and obtained the velocity dis-
tribution in the straight channels, and the formation
and development of the cross-sectional circulations in
the bends. Tang et al. [11] used the RNG x—¢ model to
simulate the 3D flow field driven by submerged
impellers based on the multiple reference frame
(MRF) defining the impellers’ rotation, which shows
that the mathematical model can accurately simulate
the 3Dflow field. Yang et al. [12] used a new method
called moving wall model to optimize the flow field in
a full-scale Carrousel OD with many sets of disk aera-
tors operating simultaneously. Xie et. al [13] proposed
a two-phase (liquid-solid) CFD model for simulating
the flow field and sludge settling in a full-scale Car-
rousel OD, and applied the Takdcs double exponential
sedimentation velocity function to simulate the two-
phase flow. Based on the simulation results of the flow
field and sludge settling using this two-phase CFD
model, an optimized operation scheme of the OD was
proposed. Lei and Ni [14] developed a three-dimen-
sional three-phase fluid model, supplemented by labo-
ratory data, to simulate the hydrodynamics, oxygen
mass transfer, carbon oxidation, nitrification, and deni-
trification processes in an OD. Floc parameters were
modified to improve the sludge viscosity, sludge den-
sity, oxygen mass transfer rate, and carbon substrate
uptake due to adsorption onto the activated sludge.
The validation test results were in very satisfactory
agreement with laboratory data on the behavior of
activated sludge in an OD.

Generally, in an OD, aeration and mixing are pro-
moted by ensuring that horizontal velocity (HV) in the
reactor is sufficient to create suitable turbulence [15].
Thus, HV between 0.25 and 0.60 m/s with a typical
value between 0.25 and 0.35 m/s is an important fac-
tor in an OD for better operation [16,17]. An HV more
than 0.25m/s is usually recommended to supply a
sufficient quantity of dissolved oxygen (DO) to main-
tain aerobic conditions and avoid anaerobic zones,
and to prevent the settling of organic and solid parti-
cles [16,18,19].
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In order to prevent the sludge deposition, the mix-
ture should have a certain range of velocity; generally,
it is believed that the section-averaged velocity of an
OD is no less than 0.3 m/s, and the bottom velocity is
more than 0.15m/s [20]. It is noted that in recent
years, with an increase in the water depth of an OD,
the velocity of upper flow near water surface becomes
larger, and that of the lower flow near bottom
becomes too smaller, which makes the above required
velocity not be satisfied, and results in sludge deposi-
tion at the bottom. If the sets of surface aerators can-
not support enough energy source to meet the above
requirement of flow velocity, additional submerged
impellers are necessarily required; still, additional
guiding baffles can improve the vertical distribution of
flow velocity. The objective of this paper is that we
added guiding baffles downstream from surface aera-
tors to promote flow fields, and used the CFD package
FLUENT 6.2.16 to simulate the effect of added guiding
baffles on improving the vertical distribution of flow
velocities in an OD.

2. Mathematical model
2.1. Governing equations

The unsteady 3D flow governing equations for
continuity, momentum can be written as follows
[20,21]:

Continuity equation:
dp | O(pui)

E—’— 8xi
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Momentum equation:
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where t is density (in water t is equal to the water
density; in air ¢ is equal to the air density); ¢ is the
time; x; is the space coordinate in i-direction; p is the
pressure; t is the molecular kinematic viscosity; g; is
the gravitational acceleration in i-direction; u; is the
velocity component in i-direction; ¢ and u;’ are the
fluctuating velocity components in i- and j-directions,
respectively; the subscripts i, j =1, 2, 3; and —pugu; is
the Reynolds stress tensor.

The 3D Reynolds-averaged Navier-Stokes equa-
tions were closed by the RNG k-&¢ model, which was
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developed wusing renormalization group (RNG)
methods by Yakhot et al. to renormalize the Navier—
Stokes equations, to account for the effects of smaller
scales of motion [22]. Some workers claim that it offers
improved accuracy in rotating flows [23]. The flow in
an OD is a bend streamline flow, so the RNG k—¢
turbulence model was used here. The formulas for the
RNG k—¢ turbulence model are given as [20,21]:

Olpk) _ 0 [( ) ok
o + o, —a—xj ,Lt+o_—k a—x] + Py — pe 3)

a(pk)
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where k is the turbulent kinetic energy; ¢ is the kinetic

energy dissipation rate; Py = ,ut(%Jr%)% is the pro-
7 ! 7

duction term; §;; is the Kronecker function, ¢;; = 1 with
i=j, and 0;=0 with i#j,C, o, C; and o, are
empirical constants and have the values 0.0845, 0.7179,
1.68, and 0.7179, respectively; and other parameters
are: C;=142— ”q;%j“, n=Skle, S= (ZSi,jSi,]')l/Z,
iy = 438, = 0.015, S;j =} (5 + 5.

In the RNG k-g¢ model, the modeled transport
equations for k and ¢ determine the eddy viscosity,
and the Newtonian model (6) provides the Reynolds
stress tensor appearing in the Reynolds-averaged Ner-
vier-Stokes Eq. (2) to complete its closure.

2.2. VOF method

To describe the liquid/gas interface, the VOF
method [20,21] was used. The volume of water inside
a cell, V,, is computed as V,, = F x V., where V. is the
volume of the cell, and F is the liquid volume fraction
in the cell, which is defined as the ratio of the volume
occupied by liquid in a cell to the total volume of the
cell. The value of F in a cell should range between 1
and 0. F=1 represents a cell completely filled with
liquid, F =0 represents a cell completely filled with
gas, and 0 < F <1 represents the liquid/gas interface.
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The liquid volume fraction distribution can be
determined by solving the equation given as:

OF a(FM,‘)

ot + 8xi

-0 (7)

The physical properties of the mixture are derived
from those of water and air through the volume frac-
tion function. In particular, the average values of p
and p in a computational cell can be computed from
the value of F in accordance with:

p:(lfF)pa+F:uw ®)
w= (1 _F).ua +F:uw &)

where p, and p, are the density and viscosity of air,
respectively; and p,, and x,, are the density and viscos-
ity of water, respectively.

3. Test model and boundary conditions
3.1 Test model size of a Carrousel OD with six channels

The test model made of organic glass is a
Carrousel OD with six channels, having a length of
0.85m, a width of 0.6 m, and a height of 0.16 m, as
shown in Fig. 1(a). The six straight channels are
labeled as 1~6, respectively, each of which has a width
of 0.1 m. The effective water depth is 0.11 m. Three
submerged impellers with a diameter of 0.06 m are
installed at the centers of the three bends, respectively;
and the distance from the installation center to the
ditch bottom is 0.055 m. The three surface 0.08 m
diameter aerators are installed in no. 1, 3, and 5 chan-
nels. The axial length of the surface aerators is 0.1 m.
The vertical distance from the axis to the ditch bottom
is 0.11 m. The horizontal distance from the axis to the
right end of the straight division plate is 0.325 m. The
submerged depth of the surface aerators is 0.04 m.
The 3D region of the Carrousel OD is shown in
Fig. 1(b).

3.2 Installation method of the gquiding baffles in the OD

As can be seen from the results using model tests
[24], the installation method for the guiding baffles
has a great influence on the efficiency of oxygen trans-
fer. The local amplification of the position and size of
the guiding baffle is shown in Fig. 2. The length and
width of the downstream guiding baffle are 2.31 and
6.36 cm, respectively; the vertical distance from its top
edge to water surface is 4 cm, and the horizontal
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Fig. 1. (a) 2D plane and (b) 3D region of the computational domain.

AT ]
SRS :
XSS ¥
- A
E“
&l 9
_1 60

12.6cm

Fig. 2. Local amplification for the guiding plate.

distance from its bottom edge to the surface aerator
axis is 12.6 cm; and the installation angle between the
guiding baffle and the horizontal plan is 60°, as shown
in Fig. 2.

3.3. Grid generation of the test model

The grid was generated by the GAMBIT software.
The combination of the structured and unstructured
grids was adopted. To generate a high-quality calcula-
tion grid, the thickness of disks and blades is simpli-
fied as an infinitely small one because of its very
small size compared with that of the calculation
region. The numbers of the elements for the OD with
and without guiding baffles are 589,632 and 559,788,
respectively. The grids for the OD with guiding baffles
are shown in Fig. 3. Fig. 3(a)-(c) shows the 2D plane
grid, 3D grid, and the grid of solid boundary of the
OD, respectively.

3.4 Initial and boundary conditions

It was found that the flow inlet and outlet condi-
tions for an OD have little influence on the flow field,
so they were ignored in the numerical calculation [20].
Boundary condition at the top surface of the computa-
tional domain was given as a relative pressure zero,
and that at the side walls and the bottom was given
by the Wall function. The motion of submerged impel-
lers relative to an OD was described by a MRF model
with a sliding mesh method. The initial condition was
given as a stationary water depth. The rotation speed
of submerged impellers and surface aerators was
specified.

4. Determination of the range of velocity for the test
oD

To prevent sludge and pollutant deposition at the
bottom of an actual OD, the designing rule for a pro-
totype requires that the averaged cross-sectional fluid
velocity, vp, is no smaller than 0.3 m/s (vp >0.3 m/s)
[20]. According to the designing rule and the hydrau-
lic geometric similarity principle, the range of velocity
value for the test OD can be determined. The gravity
similarity theory (also named Froude number similar-
ity theory) [25] states that the relationship between the
velocity values in a prototype and its corresponding
model is 4, = vp/vm = /I(L)'S, where the subscripts p and
m denote prototype and model, respectively; A, and .
(Ar =50) are velocity and length scale ratios, respec-
tively. Substituting the velocity value vp >0.3 m/s and
the length scale ratio /; = 50 into the above formula,
it can be obtained that the corresponding value should
be no less than 0.00424 m/s (vp; >0.00424 m/s) in the
test model.
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Fig. 3. Grids of the computational domain. (a) 2D plane grid, (b) 3D grid, (c) Grid of the solid boundary.

5. Result analysis and discussion

5.1. Analysis of flow field structures with and without
quiding baffles

Under the two conditions (with and without guid-
ing baffles), the simulated streamlines in the horizon-
tal plane located at z=0.09 m vertically away from
the ditch bottom, were plotted in Fig. 4(a) and (b),
from which one can observe that: flow velocity distri-
butions at the bend outlets are extremely non-uniform
owing to the submerged impellers, and the inertia
force also makes the velocity distributions in the
bends be more non-uniform, for example, in No. 1
channel, the velocity is very smaller near the straight
division wall, but is much greater close to the outer
wall, which leads to a recirculation zone.

Comparison of the flow structures shown in
Fig. 4(a) and (b) under the two conditions (with and
without guiding baffles) shows that the areas of recir-
culation zones after the bends are nearly the same, in
another word, the guiding baffles cannot change the
sizes of recirculation regions, from which it was
believed that the guiding baffles do not lead to the

(@) 067

0.5 17

0 01 02 03 04 05 0.6 0.7
x (m)

sludge retention in the upper half ODs, also will not
cause sludge deposition upstream and downstream
from the guiding baffles.

Without guiding baffles, the recirculation zone
appears at the left and upper corner of the outside
channel, as shown in Fig. 4(a), which is the dead
region for sludge retention, but it disappears with
guiding baffles, as shown in Fig. 4(b).

5.2. Analysis of bottom velocity improved by guiding
baffles

Fig. 5 shows the arrangement of points for the ver-
tical lines 1-20, along which the velocity distributions
will be analyzed. Here, with a constant rotation speed
of submerged impellers and surface aerators, the sim-
ulated velocities in the horizontal plane located at
z = 0.02 m vertically away from the ditch bottom were
compared between the two conditions (with and with-
out guiding baffles), as shown in Table 1.

It was seen from Table 1 that: the velocity
increases obviously near the ditch bottom (z = 0.02 m)

(b)osy

-
01 02 03 04 05 0.6 0.7
x (m)

Fig. 4. Computed streamlines at z = 0.09 m: (a) Without guiding baffles and (b) With guiding baffles.
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Fig. 5. Diagram of lines for vertical velocity distributions.

downstream from the surface aerators; for example,
the velocity at point 9 increases from 0.046 to
0.063m/s, so it is increased by 36.96%. The phe-
nomenon shows that the mixture obtains energy from
the surface aerator, and then is guided to the ditch
bottom, which makes the bottom velocity be increased
largely. The velocity values at points of 10, 11, and 12
also have confirmed that the guiding baffles can effec-
tively increase the ditch bottom velocity.

Table 1
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In addition, according to Table 1, the guiding baf-
fles can improve the flow velocities not only in a local
small range after the guiding baffles, but also in the
bend regions, and even in a long region after the bend
regions; for example, at points 15, 16, and 17, the bot-
tom velocities are also increased by 16.66-17.33%. This
phenomenon reflects that the effect of guiding baffles
on flow can still continually go through a considerable
distance downstream of the surface aerators. There-
fore, the guiding baffles have a significant effect on
promoting the vertical mixing of flow, resulting in the
uniformity improvement of velocity distributions. The
effect of the guiding baffles on the velocities at points
(18, 19, and 20) in the side straight channel of the OD
is not obvious.

5.3. Analysis of total velocity improved by quiding baffles

In order to further display the obvious effect of
guiding baffles on improving the velocity distributions
in the Carrousel OD, we observed and analyzed the
HV distributions along the vertical lines in Fig. 6. The
positions of the vertical lines, such as the lines 3-10
and 15-17, are shown in Fig. 5. Fig. 6 was determined
by the calculated HVs under the two cases (with and
without guiding baffles) with the same computation
boundary conditions.

Comparison of the simulated velocities in the horizontal plane located at z = 0.02 m between the two conditions (with

and without guiding baffles)

Velocities (m/s)

Points Coordinates (x, y) Without guide baffles With guide baffles
1 (0.050, 0.050) 0.064 0.064
2 (0.175, 0.050) 0.070 0.070
3 (0.300, 0.050) 0.078 0.078
4 (0.425, 0.050) 0.087 0.091
5 (0.550, 0.050) 0.103 0.106
6 (0.550, 0.150) 0.043 0.101
7 (0.425, 0.150) 0.039 0.048
8 (0.325, 0.150) 0.049 0.054
9 (0.130, 0.150) 0.046 0.063
10 (0.050, 0.150) 0.047 0.051
11 (0.015, 0.165) 0.050 0.054
12 (0.000, 0.200) 0.062 0.067
13 (0.015, 0.235) 0.077 0.080
14 (0.050, 0.250) 0.082 0.089
15 (0.175, 0.250) 0.060 0.070
16 (0.300, 0.250) 0.065 0.076
17 (0.425, 0.250) 0.073 0.088
18 (-0.100, 0.400) 0.044 0.044
19 (-0.100, 0.200) 0.053 0.053
20 (-0.085, 0.065) 0.038 0.038
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Fig. 6. Velocity distributions in vertical direction (with and without guiding baffles).

Fig. 6(a) and (b) shows the velocity distributions is speeded. The bottom flow velocity is made larger
along the vertical lines 3 and 4 upstream from the owing to the directing effect of the guiding baffle
submerged impeller in the sixth channel. When water = downstream from the surface aerator. Then, the water
runs through the surface aerator in the first channel, flows to the submerged impeller at the right end of
the water obtains energy from the surface aerator and the sixth channel, and in the longer distance, the
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momentum of the upper, middle, and bottom water
exchanges. Therefore, when the water arrives at the
vertical lines 3 and 4, the velocity of upper part of
flow is little larger with guiding baffle than that with-
out guiding baffle, but their bottom velocities are
nearly the same.

Fig. 6(c) and (d) shows the flow velocity distribu-
tions along the vertical lines 5 and 6, respectively,
which was affected by the submerged impeller. The
abrupt increase in the velocity near the installation
position (at z=0.055m) of the submerged impeller
reflects the great effect of the submerged impeller on
flow. The velocity distributions of the two cases with
and without guiding baffles are similar. The velocities
of the upper half part flow downstream of the sub-
merged impeller are slightly decreased, but those of
the lower half part flow are more increased, especially,
in Fig. 6(d).

Fig. 6(e) and (f) shows the flow velocity distribu-
tions along the vertical lines 9 and 10 downstream
from the surface aerator in the fifth channel, which
reflect the change of flow velocities owing to the
directing effect of the guiding baffles. The velocities of
the upper part flow decrease obviously, and the ditch
bottom velocities are significantly increased. The
velocity distribution of the total flow field has been
improved, which is helpful to reduce the possibility
of sludge deposition due to the smaller velocity at OD
bottom, and to promote the momentum exchange
between the upper, middle, and lower flow in vertical
direction.

Fig. 6(g)—(i) shows the velocity distributions along
the vertical lines corresponding to points 15, 16, and
17. Although the vertical lines are far away from the
guiding baffle and the surface aerator, the correspond-
ing velocities at the ditch bottom are still increased,
which shows that the guiding baffle not only
improves the local flow near the surface aerator, but
also influences the flow field structure at a great dis-
tance away from the surface aerator.

In addition, the installation of guiding baffles down-
stream from the surface aerators can guide the dis-
solved air water into the bottom of the ditch, which
increases the mixture time between oxygen and water,
and improve the utilization ratio of oxygen in water [3].

6. Some discussions and further study plan

Numerical simulation and experimental methods
are dependent upon each other. Experiment is the
main way to investigate a new basic phenomenon,
taking a large amount of observation data as the foun-
dation; still, the validation for a numerical simulation
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result must use the measured (in prototype or model)
data. Doing numerical simulation in advance can
obtain the preliminary results, which can make the
corresponding experiment plan be more purposeful,
and often reduce the number of tests needed by sys-
tematically doing experiments, and are much useful
for the design of experimental device [20].

Here, an experimentally validated numerical tool
has been used to study the effect of the installed guid-
ing baffles downstream from the surface aerators on
the flow fields in an OD. Next, further study will be
done to validate the simulation model by an experi-
mental method. An experimental model for the Car-
rousel OD was made of organic glass, as shown in
Fig. 1. Acoustic Doppler velocimetry (ADV) will be
used to measure velocities of the test model for the
OD under the two working conditions with and with-
out guiding baffles downstream from the surface aera-
tors. The 4 points for measuring the velocities are,
respectively, arranged at 0.2, 0.4, 0.5, and 0.8 of the
water depth from the ditch bottom, along the 20 given
vertical lines, as shown in Fig. 5. After measuring the
velocity values, the measured velocity values can be
compared with the calculated data, and further, the
reliability of the calculation will be verified. After vali-
dating the simulation model, the CFD method can
predict the flow fields in an OD with different sizes
and installing positions of a guiding baffle, and the
predicted results can be used to optimize the size and
installing position of the guiding baffle.

7. Conclusions

The guiding baffles can be used to promote the
momentum exchange between the upper, middle, and
lower flow in vertical direction, by which the bottom
velocity can be increased, and the local velocity distri-
bution can be improved in an OD. The improved
hydraulic feature is conducive to the elimination of
sludge deposit in an OD, and improving the efficiency
of water treatment.

The limitations of the guiding baffles are as fol-
lows: (1) the vertical distance from the top edge of the
guiding baffle to the horizontal plane through the sur-
face aerator axis equals to the radius of the surface
aerator; (2) the installation angle from the horizontal
plan to the guiding baffle is 60°; and (3) the horizontal
distance from the bottom edge of the guiding baffle to
the vertical plane through the surface aerator axis is
12.6 cm in the test OD, but this value should be fur-
ther determined in different ODs.

The effect of the installed guiding baffles
downstream from the surface aerators on the flow
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fields was numerically simulated by the experimen-
tally validated tool in an OD. Next, further study is
needed to validate the simulation results by an experi-
mental method.
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Nomenclature

model parameter in (5) with a value of
0.0845

Cy — model parameter in (4)

Cy — model parameter in (4) with a value of 1.68

D — diameter (m)

F — liquid volume fraction in a cell,
demensionless

Si — gravitational acceleration in i-direction,
i=12,3 (m/s%

k — turbulent kinetic energy (m?/s?)

p — pressure (kg/m s%)

Py — production term in (3) and (4)

R — radius (m)

S — parameter for computing C;

Si — parameter for computing C;

t — time (s)

u; — velocity component in i-direction, i = 1,2,3
(m/s)

u — fluctuating velocity component in i-
direction, i = 1,2,3 (m/s)

V. —  volume of a cell (m®)

U — averaged cross-sectional fluid velocity for a
model (m/s)

vy — averaged cross-sectional fluid velocity for a
prototype (m/s)

Vo — volume of water inside a cell (m?)

X; — space coordinate in i-direction, i = 1,2,3 (m)

Greek letters

p — a constant of 0.015 for computing C;

0jj — Kronecker function in (6), 6;; = 1 with i = j,
and ¢;; = 0 with, and with i #

& — kinetic energy dissipation rate (m?/s’)

i — parameter for computing C;

ilo — a constant of 4.38 for computing C;

AL — length scale ratio, demensionless

Ao — velocity scale ratio,demensionless
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u — molecular kinematic viscosity (kg/m s)

Uy — viscosity of air (kg/m s)

Uy — turbulent kinematic viscosity (kg/m s)

Uy — viscosity of water (kg/m s)

p — density (kg/m°)

Pa — density of air (kg/m?)

Puw — density of water (kg/m?)

O — model parameter in (3) with a value of
0.7197

o, — model parameter in (4) with a value of
0.7197

Subscripts

a — air

c — cell

i, — direction, i=1,2,and 3;j=1,2,and 3

L — length

M — model

P — prototype

t — turbulence

v — velocity

w — water phase

A list of abbreviations

ADV — acoustic Doppler velocimetry

CFD — computational fluid dynamics

HV — horizontal velocity

MRF — a multiple reference frame

OD — oxidation ditch

PISO — algorithm of pressure-implicit with splitting
of operators

VOF — volume of fluid

WWTPs — wastewater treatment plants
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