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Computational fluid dynamics (CFD) models are applied to understand the effects of baf-

fling structures on the buoyancy-induced turbulence flow in secondary settling tanks (SSTs).

Eleven SST geometries, including four circular SSTs and seven rectangular SSTs, are evalu-

ated in this study. The main research tool is a Fluent-based two-dimensional SST model. The

model is verified with observations from literature. The validated model is then applied to

compare the predictions of the effluent suspended solids (ESS) by the buoyancy-decoupled

and  buoyancy-coupled turbulence models on each SST geometry. Next, the effects of the

SST  baffling structures on the turbulence properties are compared and quantified. Addi-

tionally, stress tests are simulated on the SSTs, to predict their performances using both the

buoyancy-decoupled and buoyancy-coupled turbulence models.

The results for the original flow conditions show that the effects of the SST baffling struc-

tures on the buoyancy-induced turbulence can be divided into three zones: Zones A, where

the  baffling structures have negligible damping effects, and only the buoyancy-coupled tur-

bulence model provides accurate predictions; Zone B, where the baffling structures partially

dissipate the effect of buoyancy on turbulence, and the buoyancy-coupled model continues

to  provide accurate predictions but the buoyancy-decoupled turbulence model only pro-

vides qualitative but similar predictions; and Zone C, where the baffling structures fully

dissipate the effect of buoyancy on turbulence, and both models provide similar, accurate

predictions. Two indicators, the densimetric Froude number and the differences in turbulent
kinetic energy can be used to predict the need for buoyancy coupling.

©  2019 Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.
.  Introduction

n conventional wastewater treatment plants (WWTPs), the activated

ludge process (ASP) is the most popular technique to remove organic

atter and reduce nutrients such as nitrogen and phosphorus (Li and

tenstrom, 2014). After the bio-reaction in the aeration tank, the efflu-

nt has a highly concentrated biomass and must be separated by
∗ Corresponding author.
E-mail address: stenstro@seas.ucla.edu (M.K. Stenstrom).

ttps://doi.org/10.1016/j.cherd.2019.01.015
263-8762/© 2019 Institution of Chemical Engineers. Published by Elsev
secondary settling tank (SST), also known as secondary clarifier or

secondary sedimentation tank.

In order to study the flow field and solids distribution in an SST,

computational fluid dynamics (CFD) simulations have been developed

in the last 30 years and have become a practical approach. Larsen (1977)

was the pioneer in applying CFD to predict the hydrodynamics in set-

tling tanks and set the framework for future CFD settling tank research.

Since then, applications of CFD in settling tanks have become popular

and have been used to (1) understand the hydrodynamics in the SST

(Zhou and McCorquodale, 1992a, 1992b, 1992c; Tamayol et al., 2009);
(2) optimize internal structures (Gong et al., 2011; Patziger et al., 2012;

Ramalingam et al., 2012; Xanthos et al., 2013; Das et al., 2016; Patziger,

ier B.V. All rights reserved.

http://www.sciencedirect.com/science/journal/02638762
www.elsevier.com/locate/cherd
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cherd.2019.01.015&domain=pdf
mailto:stenstro@seas.ucla.edu
https://doi.org/10.1016/j.cherd.2019.01.015
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2016; Gao and Stenstrom, 2017) and (3) adjust operation process (Parker

et al., 2008; Patziger et al., 2008, 2012).

Compared with the experimental study, the main advantages of

CFD simulations are less expense and less time commitment. How-

ever, because of the limited computational speed and storage in many

of the early studies, simple turbulence models, such as constant eddy

viscosity model and mixing length theory model were used to qualita-

tively study the turbulence flow in the SST (Imam et al., 1983; Krebs,

1991; Krebs et al., 1992, 1995). However, the constant eddy viscosity

model needs a constant value to estimate the turbulence effects on

the flow. The mixing-length model requires an accurate estimate of

the mixing length. Neither parameter can be measured directly which

means that both models require additional information to estimate

these two parameters (McCorquodale et al., 2004). Since the disadvan-

tages of these two models, more advanced turbulence models such as

standard k-ε (SKE) model, RNG k-ε model and Realizable k-ε model, have

been applied in recent settling tank studies (Zhou and McCorquodale,

1992a; 1992b; 1992c; Vitasovic et al., 1997; Lakehal et al., 1999; Weiss

et al., 2007; Patziger and Kiss, 2015; Das et al., 2016).

Gao and Stenstrom (2018a) compared the influences of SKE, RNG k-ε

and Realizable k-ε models on the performance of a circular SST using

data from Burt (2010), and McCorquodale et al. (2004). Their results

showed that turbulence model selection has a strong influence on

the prediction of SST capacity and the SST hydrodynamics, especially

inside the inlet zone and near the sludge hopper.

Additionally, the applications of turbulence models lack consensus

of the use of the buoyancy term (Gb) in the turbulent kinetic energy

(TKE). In some early applications of the SKE model, this term was

decoupled in the TKE equation. Devantier and Larock (1986) explained

that coupling Gb in the TKE equation required solving numerically

stiff equations and difficulty in obtaining solution convergence. Some

other researches also ignored Gb in the TKE equation (Zhou and

McCorquodale, 1992a, 1992b; Vitasovic et al., 1997; Tamayol et al., 2009).

Comments on these researches were briefly summarized in Gao and

Stenstrom (2018b).

On the contrary, Gb was also widely applied in many other SST stud-

ies (Lyn et al., 1992; Dahl, 1993; Lakehal et al., 1999; Xanthos et al., 2010;

Shahrokhi et al., 2013; Ramin et al., 2014). Gao and Stenstrom (2018b)

studied the effects of the buoyancy-induced turbulence on Darvill SST

under varied MLSS concentrations and sludge settling velocities. Only

a vertical inlet baffle was installed in the Darvill SST to dissipate the

inflow energy. The results showed that installing the inlet dissipating

baffle alone cannot reduce the effect of buoyancy on turbulence. For

this case and cases like it, the effect of buoyancy on turbulence are

negligible only when the loading conditions are limited, often outside

of normal operating range.

Since flow in the SST is the turbulent, density-driven flow, under-

standing the effect of buoyancy on turbulence in different SST

geometries is very important. Additionally, decoupling buoyancy in the

turbulence model makes the numerical model converge faster than the

buoyancy coupled turbulence model; therefore, saving computing time.

A predictive tool to show when a decoupled approach will work is of

value in saving computing resources and effort.

In this study, 11 different types of the SST geometries, includ-

ing 4 circular SSTs types and 7 rectangular SSTs types are evaluated

to generalize the effects of the internal baffling structures on the

buoyancy-induced turbulence in SSTs with different geometries. The

following two questions are answered: (1) What parameter can be used

to quantify the effects of the baffling structure and to indicate if the

Gb-decoupled turbulence model will work under a normal flow condi-

tions? (2) If the Gb-decoupled turbulence model tends to work as the

Gb-coupled turbulence model under a normal flow condition in differ-

ent SST geometries, which parameter can be used to differentiate the

performance of the Gb-decoupled/coupled turbulence models, and is

useful to compare in different SST geometries?

Firstly, the measurements of the velocity profiles and performance

indicators, such as effluent suspended solids (ESS), sludge blanket

height (SBH) in the original and the modified Witney SST geometries are
used to verify the model predictions. Both the Gb-decoupled/coupled

SKE models are verified. Next, the predictions of the ESS by the Gb-
decoupled/coupled SKE models for all eleven geometries are compared.

Then, the effects of the varied baffling structures on the turbulence

properties by the Gb-decoupled/coupled SKE models are analyzed and

quantified. Additionally, stress tests are simulated on the Zones B and

C by both models.

2.  Methodology

2.1.  The  mathematical  model

The commercial CFD code ANSYS Fluent (v.17.2) is used to
determine the steady-state, turbulent, and density strati-
fied flow in the different SSTs. Consistent with the previous
research (Gao and Stenstrom, 2018a, 2018b), the circular
SSTs in this research are also investigated by the two-
dimensional axisymmetric approach. The major difference is
the Gb-decoupled turbulence model is also applied with the
Gb-coupled turbulence model. Since the current study focus
on the effect of buoyancy on turbulence, only the applied tur-
bulence model is shown below. A more  detailed description
of CFD model non-Newtonian flow behavior of the activated
sludge and sludge settling properties are shown in Gao and
Stenstrom (2018a).

The standard k-ε (SKE) model is applied in this study. The
transport equations for the turbulent kinetic energy (k) and
the turbulent dissipation rate (ε) are shown below:
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Gk represents the generation of turbulent kinetic energy
(TKE) due to the mean velocity gradients, and Gb corresponds
to the buoyancy-induced TKE. The SKE model without or
with the implementation of the Gb term is named buoyancy-
decoupled (Gb-decoupled) or buoyancy-coupled (Gb-coupled)
SKE model, respectively.
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The turbulent viscosity, ϑt, is then determined as a func-
tion of k and ε by

ϑt = C�
k2

ε
(5)

The dimensionless empirical constants are given the stan-
dard values suggested by Rodi (1993). C� = 0.09, C1 = 1.44,
C2 = 1.92, �k = 1.0, and �ε = 1.3.

Additionally, inlet densimetric Froude number (Fr) is
applied in this study to describe the inertial and density gravity

force in the SSTs in terms of initial momentum and buoy-
ancy flux. It was applied in the previous studies to describe the
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Fig. 1 – Different SST geometries. (a)–(c) in second and third geometries refer to the radial locations for the model
verification shown in Fig. 3. Since the geometries No. (3) and (4) are similar to No. (2), only the differences are named in the
geometries No. (3) and (4). Similarly, because the geometries No. (6–11) are similar to No. (5), only the differences are named
i

e
a
S
p
t

n the geometries No. (6–11).

ffects of the bottom density current in SSTs (Zhou et al., 1992)
nd to optimize the inlet-structure design (Krebs et al., 1995).
ince Fr is dimensionless, it can be used to compare the SST

erformance in difference geometries or loading conditions in
his study.
Fr =
(

u2
o

gHin
�−�r
�r

)1⁄2
(6)
Where uo is the inlet velocity; �r is the clear water density; and
� is the local density of mixture.
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Table 1 – Loading conditions of the different cases and their relevant geometries numbers.

Different cases Relevant geometries shown in Fig. 1 Inflow parameters Settling parametersa Dry solids density

No. No. MLSS RAS SOR Vo rh rp �p
g/L ratio m/h m/h L/g L/g kg/m3

Circular SSTs Circular SSTs

1450

1 1 4.600 0.80 0.866 7.710 0.390 10.00
2 2 4.187 1.09 0.332 12.64 0.340 12.25
3a 3 3.384 1.09 0.332 13.32 0.386 13.00
3b 3 2.904 0.83 0.673 13.32 0.386 13.00
3c 3 4.187 1.09 0.332 13.32 0.386 13.00
4 4 4.187 1.09 0.332 13.32 0.386 13.00
Rectangular SSTs Rectangular SSTs
5 5

4.187 0.91 1.01 12.64 0.340 12.25

6 6
7 7
8 8
9 9
10 10
11 11

a Vo is Stokes velocity. rh and rp account for rapidly and poorly settling floc, respectively.
2.2.  Geometries  and  meshing

Fig. 1 shows 11 different SST geometries. The circular SSTs,
geometry No. 1 is the Darvill SST described in McCorquodale
et al. (2004), and one loading condition is run for this geometry
(Case 1). No. 2 is the old Witney SST, and one loading condition
is run with this geometry (Case 2). No. 3 is the new Witney SST,
and three loading conditions are run for this geometry (Case
3a–c). Both the old and modified Witney SSTs are described by
Burt (2010). No. 4 is a new Witney SST created in this study
and one loading condition is run for this geometry (Case 4).
Therefore, 6 cases are run with these 4 circular SSTs.

For the rectangular SSTs, geometry No. 5 is the Krebs SST
(Krebs et al., 1996). No. 6–11 are the modified Krebs SSTs cre-
ated in this study. One loading condition is run with each
rectangular SST. Therefore, 7 cases are run with these 7 rect-
angular SSTs (Cases 5–11). Totally, 13 cases are run with these
11 SSTs. Each geometry run one case, except for the geometry
No. 3, which run three cases (Case 3a–c). The loading condi-
tions of these 13 different cases and their relevant geometries
numbers are listed in Table 1. The dimensions of the four cir-
cular and seven rectangular SSTs are shown in Tables 2 and 3,
respectively.

In this study, the computational grids for the Darvill SST are
approximately 218,700 cells; the Witney SSTs required approx-
imately 428,000 cells and rectangular SSTs require 230,000
cells. These sizes are selected after grid independent tests. The
results of grid independent tests on geometries No. 1 and 2 are
described in our previous study (Gao and Stenstrom, 2018a).
Since the Gb-decoupled turbulence model provide similar,
accurate predictions with the Gb-coupled turbulence model
on both geometries No. 3 and 4, in order to ensure that the
buoyancy effects are reasonably resolved, one coarser mesh
(225,000 cells) and one finer mesh (900,000 cells) are used. The
differences in the concentration field along the radial direc-
tion of circular SSTs on geometries No. 3 and 4 for the original
and finer mesh size are negligible and are shown in Figure.
S1 and Figure S2, respectively. Similarly, since Gb-decoupled
turbulence model predicts successful SST operation but not

as the predictions are accurate predicted by the Gb-coupled
turbulence model for geometries No. 10 and 11, two addi-
tional finer meshes (460,000 and 890,000 cells) are used for
both geometries No. 10 and 11. Figure. S3 and Figure. S4 show
that the difference among the three mesh sizes are negligible
for geometries No. 10 and 11, respectively.

Additionally, the predictions of performance indicators,
such as ESS, SBH and returned active sludge concentration
(RAS) by the Gb-decoupled/coupled turbulence models among
different mesh resolutions on geometries No. 3, 4, 10, and 11
are shown in Figure. S5 to Figure. S8, respectively. The results
show that predictions by the Gb-decoupled and Gb-coupled
turbulence models on the original mesh are similar to them
on the finer mesh on each of these four SSTs.

2.3.  Model  verification

Since the measurements of the performance indicators (ESS
and SBH) and velocity profiles for the Cases 2, 3a,b are available
in Burt (2010), they are used to verify the model predictions.

2.3.1.  Performance  indicators  comparisons
Fig. 2(a,b) shows the predictions of the ESS (Fig. 2a) and SBH
(Fig. 2b) by the Gb-decoupled/coupled turbulence models for
the Cases 2, 3a,b, respectively. It indicates that only the Gb-
coupled turbulence model correctly predicts the performance
indicators for the Case 2, while both the Gb-decoupled/coupled
turbulence models correctly predict the performance indica-
tors for the Case 3a and b. Therefore, the predictions of the
velocity profiles by the Gb-decoupled turbulence model for the
Case 3a and b are also added to compare the field measure-
ments. The results are discussed in the next section.

2.3.2. Velocity profiles comparisons
Fig. 3 shows the comparisons between the prediction of

the velocity profiles and the field measurements for Cases
2, 3a,b. Top, medium and bottom rows in the Fig. 2 rep-
resent the velocity profiles comparison for Cases 2, 3a,b,
respectively. The predictions of the velocity profiles by the Gb-
decoupled/coupled turbulence models are similar. Both the

Gb-decoupled/coupled turbulence models reasonably predict
the overall stream curvatures outside the stilling well.
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Table 2 – Dimensions of circular SSTs.

Geometry Values

Geometry No.a Diameter of the clarifier No. 1 35.0 m No. 2 18.3 m No. 3, 4 18.3 m
Surface area 962 m2 263 m2 263 m2

Radius of the inlet pipe 0.5 m 0.4 m 0.4 m
Depth of side wall 4.1 m 1.8 m 1.8 m
Tank floor slope 10% 7.5% 7.5%
Hopper floor slope / 60◦ 60◦

Stilling/Center well diameter 6.0 m 5.49 m 1.65 m
Stilling/Center well depth 2.7 m 0.8 m 1.8 m
Stamford baffle depth 0.6 m / /
Stamford baffle length 1.7 m / /
Outboard launder Peripheral launder Peripheral launder Peripheral launder

a Different SST geometries are numbered in Fig. 1.

Table 3 – Dimension of rectangular SSTs.

Geometry No.a Tank length
(m)

Tank depth
(m)

Inlet  height
(m)

Outboard
launder

Height  of all
the vertical
baffles (m)

Length of all
the horizontal
baffles (m)

Horizontal
distance of
the vertical
baffles (m)

No. 5

60 4.5 0.5
Peripheral
launder

/  / /
No. 6 /
No. 7 /
No. 8 2 3 /
No. 9 3
No. 10

/
No. 11

a Different SST geometries are numbered in Fig. 1.

Fig. 2 – Comparisons of the performance indicators (a: ESS; b: SBH) between the model predictions and field observations
f

3

3
G

T
l

or Cases 2, 3a,b, respectively.

.  Results  and  discussion

.1.  Comparisons  of  predicted  ESS  by  the

b-decoupled/coupled  turbulence  models
he predictions of the ESS by the Gb-decoupled/coupled turbu-
ence models with these 13 cases are shown in Fig. 4. It shows
that the change of the internal baffling structure, impacts the
need for a coupled model, the results are divided into three dif-
ferent zones, based upon the dissipation in turbulence. Cases
in Zone A the baffling produces only limited reductions in the
effect of buoyancy on turbulence and simulations require a

coupled model. In Zone C where there are larger reductions
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Fig. 3 – Comparisons of radial velocity profiles (m/s) between the model predictions and field measurements for Cases 2,
3a,b, respectively. R is the ratio between the radial distance of the vertical measurement location to the radius of tank. Case
2 (first row), Case 3a (second row), Case 3b (third row). The profiles of R = 0.22 for the Case 2 and R = 0.15 for the Case 3a are
inside the stilling well. Other seven profiles are outside the stilling well. For Case 3a and b, the predictions of the

buoyancy-decoupled turbulence model are also included.

in the effect of buoyancy on turbulence, either model can be
used. Cases in Zone B may require a coupled model and the
criteria are discussed later.

For the geometries No. 1, 2, 5–9, Cases 1, 2, 5–9, the predicted
differences between the Gb-decoupled/coupled turbulence

models are significant, and only the Gb-coupled turbulence
model correctly predicts the ESS for these 7 cases. This implies
that the effect of buoyancy on turbulence is strong in these
geometries (Zone A).

For the geometries No. 10 and 11, Cases 10 and 11, the pre-
dictions of the ESS by both models are below the ESS limiting

(30 mg/L), but the predictions differ by approximately 15 mg/L.
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Fig. 4 – Predictions of the ESS by the Gb-decoupled/coupled
turbulence models with these 13 cases (a: circular SSTs; b:
rectangular SSTs).
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he predictions of the ESS by the Gb-coupled turbulence model
re approximately 12 mg/L while the predictions of the ESS by
he Gb-decoupled turbulence model are close to the limiting
SS, 30 mg/L. This implies that the effect of buoyancy on tur-
ulence is partially dissipated by the internal baffling (Zone
).

For the geometries No. 3, Case 3a,b,c and the geometries No.
, Case 4, the predictions of the ESS by both models are simi-
ar, within 5 mg/L. This implies that the effect of buoyancy on
urbulence is largely dissipated by the internal baffling (Zone
).

Additionally, the results of the geometries No. 1 and 2 are

onsistent with Gao and Stenstrom (2018b), where an inlet
issipating baffle alone cannot reduce the effect of buoy-

ig. 5 – Predictions of the turbulent viscosity (kg/m-s) by the buo
–4, respectively).
ancy on turbulence under the normal loading conditions. Also,
comparisons among the predicted ESS by the Gb-coupled tur-
bulence model for the geometry No. 5 (the original rectangular
geometry) and the geometries No. 6–9 (the first four modified
rectangular geometries) show that a poor baffling structure
can increase the ESS.

3.2.  Analyzing  the  effects  of  the  internal  baffling
structures  on  turbulence

In order to analyze the effects of the different baffling struc-
tures on turbulence, turbulent viscosity profiles are compared
for these 13 different cases. Figs. 5 and 6 show the predictions
of the turbulent viscosity by the Gb-decoupled turbulence
model on the circular and rectangular SSTs, respectively. As
shown in Fig. 5 for Case 3a–c and Case 4 in Zone C, the turbu-
lence is reduced significantly by forcing the influent to flow
through the baffling structure created by both the vertical
and horizontal baffles. However, without the horizontal baffle
(Cases 1 and 2), the turbulence is not dissipated and extends
to the entire SST.

Also, in Fig. 6 for the Cases 10 and 11 in Zone B, the tur-
bulence is reduced significantly by forcing the influent to flow
through several vertical perforated walls on the depth of entire
SST. However, without a baffling structure or with a poor baf-
fling structure (Cases 5–9), the turbulence is prevailing in the
SSTs and the strongest area is near the effluent weir.

The predictions of the turbulence viscosity profiles by
the Gb-decoupled turbulence model directly show that the
effects of the baffling structures on turbulence are varied.
Good baffling structures can significantly dissipate the effect
of buoyancy on turbulence, while the effect of buoyancy on
turbulence is strong in the SSTs without a baffling structure
or with poor baffling structures.

In order to quantitatively describe the influence of the
baffling structure on the turbulence, the averaged turbulent
kinetic energy (TKE) by the Gb-decoupled/coupled turbulence

models for these 13 cases are calculated and the differences
of the averaged TKE predicted by the Gb-decoupled/coupled

yancy-decoupled SKE models for the circular SSTs (Cases
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Fig. 6 – Predictions of the turbulent viscosity (kg/m-s) by the buoyancy-decoupled SKE models for the rectangular SSTs
(Cases 5–11, respectively). The maximum turbulent viscosity in the Case 11 is less than 10% of it in the Cases 5–10.
Therefore, in order to show the turbulence dissipation in the Case 11 clearly, a different colormap below the turbulent
viscosity profile of the Case 11 is also applied in the Fig. 6.

Table 4 – Predictions of the averaged TKE (m2/s2) by the Gb-decoupled/coupled SKE models and calculations of their
difference for each case. Three difference zones are classified based on the difference of the averaged TKE.

Cases No. Geometry No. (Fig. 1) Averaged TKE (m2/s2) × 1−4 Difference (%) Different zones

Circular SSTs Circular SSTs Gb-decoupled Gb-coupled
1 1 3.39 2.10 38% A
2 2 8.50 5.00 41% A
3a 3 3.46 2.93 15% C
3b 3 7.90 6.60 16% C
3c 3 3.60 3.10 14% C
4 4 3.65 3.00 18% C
Rectangular SSTs Rectangular SSTs
5 5 6.33 0.37 94% A
6 6 7.00 0.66 90% A
7 7 6.20 1.10 82% A
8 8 6.00 1.00 83% A
9 9 5.70 0.60 89% A
10 10 4.40 0.91 79% B

11 11 1.10 

turbulence models are compared. The results are shown in
Table 4 and indicate the differences of the averaged TKE by the
Gb-decoupled/coupled SKE models. The differences between
predicted TKE for both Cases 1 and 2 (Zone A) of the circular
SSTs are 38–41%. For Case 3a–c and Case 4 (Zone C), the differ-
ences in TKE are less, 14–18%. The larger differences for Cases
1 and 2 indicate the need for a coupled model, but the smaller
differences in Case 3a–c and Case 4 show that both models
produce similar results.

For the rectangular SSTs, the differences of the averaged
TKE by the Gb-decoupled/coupled SKE models for the Cases
5–9 are more  than 90% (Zone A), and for the Cases 10 and
11 are approximately 80% (Zone B). These differences among
the two sets of cases are much smaller than in the previous
example.

The differences of the averaged TKE shown in Table 4

explain the prediction differences of the ESS by the Gb-
decoupled/coupled SKE models for these 13 cases shown in
0.27 75% B

Figs. 5 and 6. For the circular SSTs, since the averaged TKE is
significantly dissipated for the cases in Zone C, the averaged
TKE by the Gb-decoupled SKE model is similar to it predicted
by the Gb-coupled SKE model. Therefore, both models predict
similar ESS. For the rectangular SSTs, since the differences
among the cases in Zones A and B are much smaller than
the differences in the circular SSTs, the predictions of the ESS
by the Gb-decoupled/coupled SKE models only show qualita-
tively agreement. For the cases in Zone A, which the difference
of the averaged TKE by the Gb-decoupled/coupled SKE mod-
els is large, the ESS can only be correctly predicted by the
Gb-coupled SKE model. Therefore, the difference of averaged
TKE by the Gb-decoupled/coupled turbulence models can be
used as the indicator to quantify the effects of the baffling
structures and to show the Gb-decoupled turbulence model
tends to work. Also, further study is needed to differentiate

the performance of the Gb-decoupled/coupled SKE models for
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Fig. 7 – Predictions of the ESS as a function of inlet Fr in Zone B (geometries No. 10 (a) and 11 (b)) and in Zone C (geometries
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he geometries in Zones B and C and is illustrated in the next
ection.

.3.  CFD  stress  tests

ince Fig. 4 shows that the Gb-decoupled turbulence model can
lso predict reasonable ESS for the SST geometries in Zones B
nd C, stress tests are simulated for these geometries by both
odels to compare the prediction of the SST capacities and to

urther distinguish the performance of the models. The stress
ests are simulated by increasing the inlet densimetric Froude
umber (Fr).

Since the lowest surface overflow rate (SOR) applied for the
ases in the Zones B and C is 0.332 m/h  shown in Table 1, it is
pplied as the initial SOR for the CFD stress tests. Fr is then
ncreased as the increase of the SOR and other conditions are
ept constant.

Fig. 7(a)–(d) shows the predicted ESS as a function of inlet
r for the geometries in Zones B and C. It shows that as the
nlet Fr increases, there is a critical Fr (Fr-crit). Below Fr-crit,
he predictions of the Gb-decoupled/coupled turbulence mod-
ls are similar. As the inlet Fr exceeds the Fr-crit, the predicted
SS by these two models begins to diverge. Therefore, the inlet
r can be used as the second indicator (indicator No. 2) to fur-
her differentiate the performance of these two models for the
ones B and C.

Fig. 7(a) and (b) shows that for geometries in Zone B, the

alues of the Fr-crit are both 0.263. The small value of Fr-crit
ndicates the predictions of the ESS by these two models are
similar only when the Fr is very small and the predicted ESS
diverges quickly with increasing Fr. When the Gb-decoupled
turbulence model predicts the ESS over the limiting (30 mg/L)
for the geometries in Zone B, the Gb-coupled turbulence model
predicts approximately 12 mg/L ESS. For geometries in Zone C
shown in Fig. 7(c) and (d), the values of the Fr-crit are 2.52 and
3.03. Fig. 7(c) and (d) shows that the predicted ESS by these
two models respect to the Fr-crit are close to the ESS limit-
ing (30 mg/L), which indicates that both models can correctly
predict the ESS before it reaches the limiting value.

The CFD stress tests show that both models work in Zone
C from the low flow conditions to the limiting flow conditions,
whereas the Gb-decoupled turbulence model works well when
the buoyancy-coupled turbulence model for low flow condi-
tions in Zone B. The results are consistent with the reduction
of the difference of the averaged TKE (indicator No. 1) showing
in Table 4, which the geometries in Zone C fully dissipate the
effect of buoyancy on turbulence, while the geometries in Zone
B partially dissipate the effect of buoyancy on turbulence.

4.  Conclusions

In this paper, a Fluent-based 2D SST model is used to
generalize the effects of internal baffling structures on the
buoyancy-induced turbulence. Eleven SST geometries, includ-
ing four circular SST geometries and seven rectangular SST
geometries, are evaluated. Predictions of the ESS by the

buoyancy-decoupled and buoyancy-coupled SKE models on
these eleven SST geometries are compared, and the effects of
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Table 5 – Summary of all the cases and relevant geometries which can be correctly predicted by the Gb-decoupled or
Gb-coupled turbulence models.

Correct predictions by Gb-decoupled or -coupled models Zones Cases No. Geometries No.

Gb-coupled turbulence model only A 1, 2, 5–9 1, 2, 5–9
Gb-decoupled turbulence model (partiallya) & Gb-coupled turbulence model B 10, 11 10, 11
Gb-decoupled turbulence model (fullya) & Gb-coupled turbulence model C 3a–c, 4 3, 4

a Partial means the prediction of the Gb-decoupled turbulence model is similar to the prediction of the Gb-decoupled turbulence model only
if the inlet Fr is small. Fully means the prediction of the Gb-decoupled turbulence model is similar to the prediction of the Gb-decoupled
turbulence model from the low inlet Fr to the limiting Fr (ESS ≥ 30 mg/L).
the internal baffling structures on the turbulence properties,
such as turbulent viscosity and averaged TKE, are analyzed
and quantified. The results show that the effects of the baf-
fling structures can be divided into three different zones,
which negligibly (Zone A), partially (Zone B), and fully (Zone
C) dissipate the turbulence. Furthermore, CFD stress tests are
simulated on the geometries in the Zones B and C by both
buoyancy-decoupled and buoyancy-coupled turbulence mod-
els and the inlet densimetric Froude number is applied to
further differentiate the performance of these two models in
Zones B and C.

Based on the simulation results on these different SST
geometries, the following conclusions are made:

• The effects of the SST baffling structures on the buoyancy-
induced turbulence are varied on both circular and
rectangular SSTs. Good baffling structures can significantly
dissipate the effect of buoyancy on turbulence, while the
effect of buoyancy on turbulence is strong in the SST with-
out a baffling structure or with poor baffling structures.

• The difference of the averaged TKE by the buoyancy-
decoupled/coupled SKE models can be used as the first
indicator (indicator No. 1) to quantify the influence of the
baffling structure on the effect of buoyancy on turbulence
and to differentiate the performance of these two turbu-
lence models.

•  The inlet densimetric Froude number can be used as the
second indicator (indicator No. 2) to further distinguish the
performance of the buoyancy-decoupled/coupled SKE mod-
els for the SST geometries in Zones B and C. Below the
critical inlet Fr (Fr-crit), both models predict similar results.
As soon as the inlet Fr exceeds Fr-crit, the predictions of the
models gradually diverge.

• Only the buoyancy-coupled turbulence model can correctly
predict the performance of the SST geometries in Zone A,
while the buoyancy-decoupled turbulence model works as
well as the buoyancy-coupled turbulence model under the
low flow conditions in Zone B, and both models work from
the low flow conditions to the limiting flow conditions in
Zone C. This point is also summarized in Table 5.

5.  Future  research

The applicability of some more  advanced turbulence models,
such as Reynold stress and LES models, have not yet been
validated for SSTs partially due to the development of their
damping term on the effect of buoyancy on turbulence. How-
ever, for the geometries which can also be correctly predicted
without implementation the Gb in the turbulence model, the
performance of these more  advanced turbulence models can

be compared with the turbulence models in the k-epsilon fam-
ily in the future research.
Appendix  A.  Supplementary  data

Supplementary material related to this article can be
found, in the online version, at doi:https://doi.org/10.1016/
j.cherd.2019.01.015.
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