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ABSTRACT

The effects of different water inlet types and inlet velocities on the hydraulic characteristics of
a horizontal sedimentation tank was simulated by the numerical solution of gas-liquid two-
phase flow model along with the realizable k-¢ turbulence model. Free water surface was tracked
by using the volume of fluid method, the governing equations were discretized by the finite vol-
ume method, and the coupling between velocity and pressure was solved by the Pressure implicit
splitting operator algorithm. The results show that: (1) for the design of the water inlet type of a
horizontal sedimentation tank, the arrangement of one inlet hole in the middle of the vertical
inlet-wall can effectively reduce the size of the circulation area and improve the operation efficiency
of the sedimentation tank; (2) with the total height of the inlet being fixed, reducing the height
of a single inlet hole and increasing the number of inlet holes can further reduce the size of the
circulation zone; in addition, the velocity fields on the cross-sections near the inlet holes become
more uniform; (3) a suitable inlet velocity should be determined so as to effectively improve the
hydraulic characteristics of the horizontal sedimentation tank. The research results have a certain
reference value for the optimal design of similar horizontal sedimentation tanks.
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1. Introduction

The horizontal and radial sedimentation tanks, as
important structures in wastewater treatment, have been
widely used for the removal of suspended solids and the
sludge sedimentation after biochemical treatment. The
research on the sedimentation tanks mainly focuses on the
influence of suspended solids in wastewater on the removal
efficiency and focuses on the method to effectively improve
the sedimentation performance [1,2]. But the design and
operation of sedimentation tanks are the two main fac-
tors affecting their sedimentation efficiency [3], therefore,
many scholars have studied something about them.

* Corresponding author.

The hydraulic characteristics and solid settlement
characteristics in sedimentation tanks have been studied
by using mathematical models. The Lagrangian method
(discrete phase model) was used to simulate the three-
dimensional (3D) fluid dynamics and flow characteristics
in a sedimentation tank by considering the momentum
exchange between solid-liquid two phases [4]. In order
to analyze the sediment concentration distribution more
accurately, Zhang et al. [5] established the suspended sed-
iment transport model, and used it to simulate the concen-
tration distribution in a sedimentation tank, which shows
that the simulated concentration distribution of each moni-
toring section is basically consistent with the experimental
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values. Tarpagkou and Pantokratoras [6], the dynamics
and the structure of flow in a rectangular sedimentation
tank were numerically simulated, by which the effect of
the plate settler on the process efficiency was evaluated;
and a conclusion was made that, compared with the previ-
ous design, the plate settler can improve the internal flow
fields of the sedimentation tank and increase its sedimen-
tation efficiency by 20%. Gao and Stenstrom [7], the per-
formance of three turbulence models of the standard k-¢
model, the renormalized group (RNG) k—¢ model and the
realizable k—e model, was evaluated by studying the hydro-
dynamics and solid distribution near the bottom of a sedi-
mentation tank, and the results show that three turbulence
models have nearly the same prediction of suspended sol-
ids concentration near the outlet, but have a significantly
different prediction near the inlet and in the sludge hopper.
The baffle of sedimentation tank has a great influence on
the hydraulic characteristics and sedimentation efficiency.
Shahrokhi et al. [8,9], the flow velocities were measured
and simulated in a rectangular primary sedimentation tank
with arranging different numbers of fixed-length baffles,
and the results show that the reasonable number of the baf-
fles in appropriate positions can effectively reduce the vol-
ume size of the recirculation zone, and reduce the turbulent
kinetic energy so as to improve the operation efficiency of
the sedimentation tank. Wei et al. [10], the effects of two
vertical baffles with different lengths near the inlet on the
liquid-solid two-phase flow characteristics in a radial flow
secondary sedimentation tank were simulated, which shows
that the used long baffles can make the flow field be more
conducive to rapid sedimentation of sludge. Rostami et al.
[11], a two-dimensional (2D) single-phase flow model was
used to simulate the streamlines, size of recirculation zone,
and the turbulent kinetic energy in a primary sedimenta-
tion tank, and the results show that different inlet positions
have a great influence on the flow patterns of the sedimen-
tation tank, and that increasing the number of inlets can
effectively reduce the turbulent kinetic energy near the
inlet zone and produce uniform flow. Asgharzadeh et al.
[12], the influence of baffle configuration on the velocity
and concentration distribution of a rectangular sedimen-
tation tank was studied by an experiment method. It con-
cludes that the operation efficiency of the sedimentation
tank can be effectively improved by placing an appropri-
ate height of baffle in the middle of the recirculation area.
The design parameters and inlet velocity have a great
influence on the hydraulic characteristics and sedimen-
tation efficiency of a horizontal flow sedimentation tank.
Therefore, the flow fields of an advection sedimentation
tank with different inlet flow velocities were simulated by
the study of Liu [13], and then the velocity distributions
on the characteristic sections were analyzed, which shows
that greater inlet flow velocity is not conducive to produc-
ing uniform flows, while the installed diversion baffles in
transition zone can improve the uniformity of flows in a
sedimentation tank. Patziger et al. [14], the effect of water
inlet geometry on a sedimentation tank was studied, the
results show that a reasonable inlet form can significantly
improve the efficiency of sewage sludge treatment. In order
to treat a larger wastewater volume, Rodriguez Lopez et al.
[15] studied the relationship between the hydrodynamic

characteristics and the inlet flow rate of a pilot scale sedi-
mentation tank, and found that the flow conditions of sed-
imentation can be improved by changing the water inlet
layout.

In practice, the wastewater treatment efficiency of
a sedimentation tank is affected by its internal hydrau-
lic characteristics, and the hydraulic characteristics are
mainly affected by the design parameters, sewage inlet
form, inflow velocity, and the number, size and position
of baffles [1-15]. The above literatures have studied these
problems, but lack the research on the water inlet form of
a sedimentation tank. Therefore, by using a numerical sim-
ulation method with volume of fluid (VOF) and realizable
k—¢ model, the influence of different water inlet forms and
inlet velocities was studied on the hydraulic characteristics
of a horizontal sedimentation tank.

2. Mathematical model
2.1. Governing equations

The Reynolds averaged Navier-Stokes (N-S) equations
are always closed by the turbulence models, such as the stan-
dard k-e model, and the relatively improved models named
by the RNG k-¢ and realizable k—¢ models in computational
fluid dynamics (CFD) [16-18]. The realizable k—-¢ model can
well simulate the flow fields with bend streamlines [19].
Therefore, the realizable k—¢ model was used to close the
Reynolds-averaged N-S equations describing the flows in
horizontal sedimentation tanks. The governing equations
[20,21] are written as follows:
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where p is density; t is time; x, is the space coordinate in i
direction; p is pressure; u is molecular kinematic viscos-
ity; g, is the gravitational acceleration in 7 direction; u, and
u', are the time-averaged and fluctuating velocity com-
ponents in i direction, respectively; and the subscripts i,
j=12,3.

The Reynolds stress term, —pu;u; ,in Eq.(2), is often mod-
eled by the Boussinesq hypothesis relating these stresses
to the mean deformation rates and mean velocity gra-
dients [20], and can be written as:
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where (, is the turbulent viscosity; k is the turbulent
kinetic energy of fluid per unit mass; 3, is the Kronecker
function, with 5, =1(i=]) and 8, =0(i #j).
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In the realizable k—¢ turbulence model, the transport
equations for k and e are given by the study of Wei et al.
[20,21]:
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where ¢ is the turbulent energy dissipation rate; o,, oe
and C, are the empirical constants with a value of 1.0, 1.2,
and 1.9, respectively; G, is the production term of tur-
bulent kinetic energy k; and the other parameters are:
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in which Ei]. is the time average strain rate; o, is the rota-

tional rate; 51’]’ is the time average rotation rate tensor;
v is the average velocity.

2.2. VOF method

The VOF method [20-22] is used to track the liquid /
gas interface. The volume fraction of liquid, F, is defined
as the ratio of the volume occupied by liquid in a con-
trol cell to the total volume of the control cell. The value
of F ranges between 0 and 1. F =1 and F = 0 represent a
control cell completely filled with liquid and gas, respec-
tively; and 0 < F < 1 represents a control cell partly filled
with liquid, which shows the interface between liquid
and gas. The value of F can be obtained by solving a sepa-
rate passive transport equation, which is given by Hirt and
Nicholas [22]:

==0 (6)

The physical properties, p and p, of the mixture of gas
and water appearing in the transport Egs. (1)—(5), are deter-
mined by the presence of water and air in each control
volume, and can be computed by the following equations:

p=Fp, +(1-F)p, @)
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where p, and p, are the density and viscosity of air, respec-
tively; p, and p  are the density and viscosity of water,
respectively.

3. Physical model and boundary conditions
3.1. Layout of inlet positions

The physical model is a 2.5-m long, 0.5-m wide, and
0.5-m high rectangular sedimentation tank with a water
depth of 0.34 m. In order to study the influence of waste-
water inlet type on the hydraulic characteristics of the hor-
izontal sedimentation tank, 5 different water inlet types,
cases (a)—(e) in Fig. 1, are considered. Cases (a)-(c) have only
one inlet hole with a height of 0.1 m, and the inlet hole is
respectively arranged at different water depth in the vertical
solid wall: case (a) near the water surface, case (b) at half of
the water depth, and case (c) near the bottom of the sedi-
mentation tank; case (d) has two inlet holes with a height
of 0.05 m, and the two inlet holes are evenly arranged at
1/3 and 2/3 of the water depth; and case (e) has three inlet
holes, respectively with a height of 0.04, 0.02, and 0.04 m,
and are equally spaced in the vertical solid wall.

3.2. Calculation region and grid generation

The 2D numerical simulation was used for the study
of the horizontal flow sedimentation tank. The calculation
region with a water depth of 0.34 m is 2.5 m long and 0.5 m
high. By taking case (a) as an example, as shown in Fig. 2a,
Gambit software was used for its grid generation and the
whole region was divided into rectangular meshes. The
5 types of rectangular grids with a size of 4, 6, 8, 10, and
12 mm, were respectively used for the simulation to ana-
lyze the effect of different mesh densities on grid indepen-
dence, which shows that the rectangular grid with a length
of 8 mm, as shown in Fig. 2b, meets the requirement of
grid independence. The 5 cases (a)-(e) use the same grid in
Fig. 2b for the simulations.
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Fig. 1. Arrangement of water inlet types.
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Fig. 2. Computational region and grid: (a) 2D region and
(b) 2D grid.
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3.3. Boundary conditions

At the inlet boundary, the water inlet velocity value was
given, and at the outlet boundary the pressure outlet con-
dition was given; and the top boundary is connected with
the atmosphere, at which the relative pressure was given
as 0. The turbulence intensity at the inlet and outlet were
set. The bottom and side walls (including baffles) are taken
as solid walls, and their boundary condition was deter-
mined by the standard wall-function method.

4. Results and analysis
4.1. Effects of different inlet types on the hydraulic characteristics
4.1.1. Analysis of streamline distributions under the 5 cases

For the 5 cases (a)—(e) in Fig. 3 with a water inlet veloc-
ity value of 0.035 m/s, the streamline distributions show
that there are quite different sizes and shapes of recircula-
tion zones near the water inlets. The recirculation zones
are the “dead water zone’; therefore, it affects the effective
capacity of the sedimentation tank, and then decreases its
treatment efficiency.

It can be seen from Fig. 3 that, there is a large recircu-
lation zone with a length close to 0.8 m for case (a); and a
recirculation zone, respectively above and below the water

Case (e)

Fig. 3. Streamline distributions under 5 cases (a)—(e).

inlet for case (b), and the length close to 0.6 m of the below
is larger than the above; and a larger recirculation zone
appears above the water inlet for case (c), and the stream-
lines at the right-hand side of the recirculation zone go up,
and then a new recirculation zone is generated under the
main flow; the total length of the two recirculation zones is
close to 1.0 m. Comparing the streamlines of cases (a)—(c),
it can be seen that when only one inlet hole is arranged for
the horizontal sedimentation tank, its position set in the
middle, as shown in case (b), can effectively reduce the
size of the recirculation area, and the length of the recir-
culation area is reduced to 60% of the maximum value of
case (c), which can improve the operation efficiency of the
horizontal sedimentation tank.

For case (d) in Fig. 3, three small recirculation zones
appear near the inlet holes, and the biggest length of recircu-
lation zone is close to 0.4 m. The size of recirculation zone is
significantly reduced compared with the three cases (a)—(c),
and the length of recirculation zone is reduced to 40% of
the maximum value of case (c). However, the size of recir-
culation zone for case (e) is further reduced, and its length
is reduced to 30% of the maximum value of case (c), and is
significantly smaller than that of case (d). Compared with
cases (b), (d), and (e), when the total height of the water
inlet holes is the same, the more the number of water inlet
holes is, the smaller is the size of the recirculation zone in
the sedimentation tank, and thus the more uniform is the
streamline distribution near the water inlet holes. Therefore,
with the same total height of the water inlet holes, the
recirculation area in the sedimentation tank can be effec-
tively reduced by reducing the height of a single water
inlet hole and increasing the number of water inlet holes.

4.1.2. Analysis of the velocity vector distributions under the
5 cases

In addition, by comparing the velocity vector distribu-
tions of the 5 cases (a)—(e) in Fig. 4, it can be seen that the
high-speed flow near the water inlet is in the surface layer
under case (a), in the middle layer under case (b), and in
the bottom layer under case (c). The flow field distributions
in the region near the inlet holes of the sedimentation tank
under the 3 cases (a)—(c) are much uneven, thus, the veloc-
ity gradient along the cross-sections changes greatly, which
is not conducive to sedimentation of solid particles. It can
be seen from the velocity vector distributions of cases (d)
and (e) that, with an increase in the number of inlet holes,
the velocity distributions on the cross-sections become
more uniform. Such velocity field is conducive to sedimen-
tation of solid particles, and improve the operation effi-
ciency of the horizontal sedimentation tank.

4.2. Effects of different inlet velocities on the hydraulic
characteristics

The inlet velocity of primary sedimentation tank is an
important factor affecting the operation efficiency of sed-
imentation; therefore, a reasonable inlet velocity should
be determined. We take case (a) (in Section 4.1 — Analysis
of the velocity vector distributions under the 5 cases) as an
example to study the effects of different inlet velocities on
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Fig. 4. Vector distributions under 5 cases (a)—(e).

the hydraulic characteristics. The 5 different inlet veloc-
ity values of 0.015, 0.025, 0.035, 0.045, and 0.055 m/s are
given for the simulations, and the calculation region, grid
division, the other boundary conditions, and solution
method are the same as that in Section 4.1 — Analysis of the
velocity vector distributions under the 5 cases.

4.2.1. Analysis of the streamline distributions under
5 different values of inlet velocity

The simulated streamline distributions under the 5 dif-
ferent values of inlet velocity are shown in Fig. 5. It can
be seen from Fig. 5a that, with an inlet velocity given as
0.015 m/s, at the left-hand side of the tank there is a recir-
culation area with a length of about 0.56 m below the inlet
streamlines; and at the right-hand side a larger recircula-
tion area with a length of about 0.9 m appears below the
outlet. The reason is that, too small inlet velocity results in
a very small flow velocity field in the whole flow region,
and the small flow velocity field along with the fluid vis-
cosity easily produces recirculation zone forming a “dead
water zone”; therefore, the effective volume of the sedimen-
tation tank is reduced, and the treatment efficiency of the
tank is decreased.

(e)

Fig. 5. Streamline distributions under different inlet veloci-
ties of (a) 0.015 m/s, (b) 0.025 m/s, (c) 0.035 m/s, (d) 0.045 m/s,
and (e) 0.055 m/s.

In Fig. 5b, with the inlet velocity given as 0.025 m/s,
the length of the recirculation zone below the inlet is about
0.7 m, while below the outlet is only about 0.35 m. In Fig. 5¢,
when the inlet velocity is increased as 0.035 m/s, the recircu-
lation zone below the inlet increases to 0.8 m, while below
the outlet and in the lower right corner of the sedimen-
tation tank a very small one appears and can be ignored.
It can also be seen from Fig. 5d and e that, when the inlet
velocity increase to 0.045 and 0.055 m/s, the recircula-
tion areas with a length of about 0.9 m is basically similar
to that of the inlet velocity 0.035 m/s, that is, length of the
recirculation area does increase with the inlet velocity of
0.045 and 0.055 m/s, compared to that of 0.035 m/s.

Fig. 5a—e show that a small inlet velocity of the sedi-
mentation tank produces a larger recirculation area below
the water outlet at the right-hand side; with a gradual
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increase in the inlet velocity, the recirculation area gradu-
ally decreases. Therefore, the water inlet velocity of sedi-
mentation tank should not be too small. With the inlet
velocity greater than 0.035 m/s, the size of the recircula-
tion zone at the right-hand side of the sedimentation tank
becomes similar; therefore, the inlet velocity of 0.035 m/s
is the reasonable one.

4.2.2. Analysis of the influence of inlet velocity on the
sedimentation tank

The five lines 1-5 representing different cross-sections
at a location of x = 0.1, 0.5, 0.9, 1.3, and 1.7 m are shown in
Fig. 6; and the velocity distributions along the five lines
under the different inlet velocities of 0.035, 0.045, and
0.055 m/s, are shown in Fig. 7.

It can be seen from Fig. 7a and b that, on lines 1 and
2, the higher the inlet flow rate is, the higher becomes the
surface velocity of the sedimentation tank; but the veloc-
ity distribution near the bottom is similar. The higher sur-
face velocity near the inlet will transport solid particles in
sewage to the outlet of the sedimentation tank, and take
the particles out from the sedimentation tank, which is not
conducive to the sedimentation of suspended solid particles.

From Fig. 7c, on line 3, the velocity distributions near
water surface and the bottom under different inlet veloc-
ities are similar, but at its middle region are different; the
larger the inlet velocity is, the greater becomes the middle
region velocity.

From Fig. 7d and e, with the different inlet velocities,
the velocity distributions on lines 4 and 5 are similar in
the upper fluid layer; but the higher the inlet velocity is,
the higher becomes the velocity in the lower fluid layer. If
the velocity at the bottom is too high, fine solid particles
will be lifted up, which is not conducive to sedimenta-
tion, and reduce the treatment efficiency of the sedimen-
tation tank. Therefore, the inlet velocity of the primary
sedimentation tank should not be too large.

As stated above, Fig. 7a—e show that the inlet veloc-
ity of the sedimentation tank cannot be too small or too
large. Determining a suitable inlet velocity can effectively
improve the treatment efficiency. For the rectangular sed-
imentation tank in case (a), the suitable inlet velocity is
determined to be 0.035 m/s.

5. Further study plan

Numerical simulation and experimental methods
depend upon each other. Experiment is the main way to
investigate a new basic phenomenon, taking a large amount
of observation data as the foundation, still, the validation
for a numerical simulation result must use the measured

0.50
. {Linel  Line2 Line3  Line4 Line5 <7
50_25_ ! ! : : o
- 1 ; ; ; ;
0.00 —m—"m————+1—+——+r1——]—1
0.0 0.5 1.0 L.5 2.0 2.5
x(m)

Fig. 6. Positions of the 5 lines.

(in prototype or model) data. Doing numerical simulation
in advance can obtain the preliminary results, which can
make the corresponding experiment plan be more pur-
poseful, and often reduce the number of tests needed by
systematically doing experiments, and are much useful for
the design of experimental device [19,20].
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Fig. 7. Comparisons of horizontal velocity distributions along
lines 1-5 under different inlet velocities: (a) line 1, (b) line 2,
(c) line 3, (d) line 4, and (e) line 5.
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Sedimentation tank
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Flow meter

to the cooler

(b)

Fig. 8. Sketch of (a) experimental system and (b) measurement of particle dynamic analyzer. (1) Laser; (2) signal processor;
(3) 1D fiber-optic probe; (4) receiver; (5) 2D fiber-optic probe; (6) self-motion shelf; (7) computer; (8) sedimentation tank.

Here a numerical method has been used to study the
influence of water inlet types and inlet velocities on the
hydraulic characteristics of a horizontal sedimentation
tank. Next, further study will be done to validate the simu-
lation model by an experimental method. Particle dynamic
analyzer (PDA) will be used to the test model for the sed-
imentation tank. Fig. 8a shows the experimental system
of the sedimentation tank. Fig. 8b shows the sketch of the
principle of PDA. PDA (type 58N50) is employed to mea-
sure the flow field in the sedimentation tank. It was devel-
oped on the basis of traditional laser Doppler anemometry,
composing of laser, transmitting system, receiver, signal
processor, computer, as well as a 3D self-motion shelf. The
different measurement sections along x-coordinate axis
in the sedimentation tank are illustrated with the dashed
lines in Fig. 6.

After doing experiments on the sedimentation tank, the
measured velocity values will be compared with the simu-
lated one, by which the reliability of the simulation results
will be further verified. After validating the mathematical
model, it will be used to predict flow fields in a similar sed-
imentation tank with different inlet types and inlet veloci-
ties, by which a better inlet type and inlet velocity can be
obtained.

6. Conclusions

By using the CFD method to study the effects of dif-
ferent water inlet types and inlet velocities on the hydrau-
lic characteristics of the horizontal sedimentation tank,
the following conclusions have been made:

e When only one water inlet was arranged, its position
at the middle of the vertical wall can make the length
of the recirculation zone be small, and can effectively
improve the operation efficiency of sedimentation.

®  When the total height of the water inlet is fixed, reduc-
ing the height of a single water inlet hole and increasing

the number of water inlet holes can make the size of the
recirculation zone become small, and make the distri-
butions of flow velocity fields on cross-sections become
more uniform, which is conducive to the sedimen-
tation of suspended solid particles so as to improve
the operation efficiency of the sedimentation tank.

® The water inlet velocity of the sedimentation tank can-
not be too small or too large; that is, a suitable inlet
velocity should be determined so as to effectively
improve its treatment efficiency.
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— Parameter with a value of 4.0 for the
computation of C

—  Parameter for the computation of C,

Parameter

— Parameter in Eq. (5)

— Model parameter in Eq. (5) with a value of 1.9

— Time average strain rate for computation of C,

—  Volume fraction of liquid

Gravitational acceleration in i-direction, i = 1, 2,
and 3 m/s?

—  Production term in Eq.(4)

Turbulent kinetic energy, m?%/s?

—  Pressure, kg/m-s?

— Time, s

— Velocity component in i-direction, i = 1, 2, and
3 m/s

Fluctuating velocity component in i-direction,
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u* — Parameter for computation of C,

v —  Average velocity, m/s

W — Parameter for computation of C,

X, —  Space coordinate in i-direction, i=1, 2, and 3 m

Greek

i —  Kronecker function in Eq. (3), 8,.]. =1 withi=j

and §, =0 withi#j

€ — Kinetic energy dissipation rate, m*/s®

&,  — Parameter for the computation of C,

n —  Parameter for computing C,

v —  Molecular kinematic viscosity, kg/m-s

u, —  Turbulent kinematic viscosity, kg/m-s

p — Density, kg/m?

G, —  Parameter in Eq. (4) with a value of 1.0

G, —  Parameter in Eq. (5) with a value of 1.2

() —  Parameter for computation of C,

Q. — Parameter for computation of C

i "

Q; — Time average rotation rate tensor for the
computation of C,

o,  — Rotational rate for the computation of C,

Subscripts

a — Air

ij — Direction,i=1,2,and 3;j=1,2,and 3

t —  Turbulence

w —  Water

A list of abbreviations

1D — One-dimensional

2D — Two-dimensional

3D — Three-dimensional

CFD — Computational fluid dynamics

N-S — Navier-Stokes

PISO — Pressure implicit splitting operator algorithm
PDA — Particle dynamic analyzer

RNG — Renormalized group

VOF — Volume of fluid
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