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ABSTRACT

Removal of suspended solids from raw water is an essential process in water treatment plants. Conventional sedimentation tanks in water
treatment plants occupy a large area and become expensive in urban areas. The use of plate settlers or tube settlers in sedimentation tanks
to increase the efficiency and hence reduce the footprint of sedimentation tanks is an economical solution in water treatment. This study
investigated the effectiveness of plate and tube settlers compared to conventional settlers in a water treatment plant. A three-dimensional
Computational Fluid Dynamics (CFD) model was set up using ANSYS-CFX 17.2. Seven cases (a conventional settler, three plate settlers and
three tube settlers) were analysed to compare the settler performances. The maximum removal efficiencies of all solid classes were approxi-
mately equal in plate and tube settlers with the same plate spacing and tube depth: around 100%, 67%, 28% and 9% for the solid classes with
particle diameters of 41, 17, 9.5 and 5.0 um, respectively. The settling efficiency remained unchanged with the increase of the plate settling
area beyond 60% of the conventional settler area under the given tank and flow conditions. The tube cross-section shape does not affect the
particle removal efficiency of a tube settler.
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HIGHLIGHTS

® Plate settlers and tube settlers are increasingly used to reduce the water treatment plant footprint with the increasing land prices in urban
areas.

® The present study compares the efficiency of these settlers in the removal of suspended solids of different size classes by three-dimen-
sional computational modelling using ANSYS CFX.

® The model developed here can be used to upgrade existing conventional settling tanks paying due attention to the removal efficiency of
different solid classes.

This is an Open Access article distributed under the terms of the Creative Commons Attribution Licence (CC BY 4.0), which permits copying, adaptation and
redistribution, provided the original work is properly cited (http://creativecommons.org/licenses/by/4.0/).
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GRAPHICAL ABSTRACT

Plate Settlers and Tube Settlers Analysed by CFD

Modelling
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1. INTRODUCTION

The sedimentation process where suspended solids (SS) are removed from raw water by either chemical or biological pro-
cesses is one of the essential processes in water treatment plants. The conventional sedimentation process relies on the
net downward force due to the difference in density between particles and fluid (Carlsson 1998). The water treatment
plants are generally located in urban areas, and the large area occupied by the conventional sedimentation tanks tends to
be responsible for up to 30% of the total construction cost of a water treatment plant (Tamayol ef al. 2008). Many factors
affect the capacity and performance of sedimentation tanks: solids characteristics, fluid characteristics, and design par-
ameters such as tank type, solid loading rate, surface loading rate, hydraulic retention time, weir placement, and solid
removal mechanism (Asgharzadeh ef al. 2011).

Several efforts have been made by designers to reduce the costs associated with the sedimentation tanks; the conventional
settlers are modified by inclined plates or tubes to reduce the particle settling depth and thereby to reduce the detention time
and the volume of the settling basins. A plate settler is a sedimentation tank with multiple inclined plates placed parallel to
each other, which combine to form a large effective settling area. However, the tube settler has a group of pipes or channels
with small cross-sectional area contiguous with each other. These are usually made of lightweight materials (PVC or similar
material), with or without a supporting frame. These tubes can be of different shapes including square, circular and hexagonal
(Fadel 1985; Gurjar et al. 2017).

The use of tube settlers and plate settlers is the result of economical technological development which helps to increase
design surface loads in sedimentation tanks. They increase the capacity of sedimentation tanks and drastically reduce the
plant footprint due to the significantly reduced particle settling path and settling time by increasing the effective settling
area (Faraji et al. 2013; Al-kizwini 2015; Balwan et al. 2016; Fouad et al. 2016; Al-Dulaimi & Racoviteanu 2018; Bhatia
2018). The superior performance of tube settlers and plate settlers compared to conventional sedimentation tanks is well
documented. Computational fluid dynamics (CFD) tools have been applied to optimize the design of contact chambers
and conventional sedimentation tanks to minimize short-circuiting and inactive volumes. The determination of the effect
of inclination angle, length, and diameter of the tubes on the SS removal efficiency has been the subject of many experimental
and numerical studies (Faraji et al. 2013; Tarpagkou & Pantokratoras 2014; Balwan et al. 2016; Al-Dulaimi & Racoviteanu
2018, Sharma & Bhatia 2018, Nguyen et al. 2019a).
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Although experimental investigations have compared the performances of tube settlers and plate settlers, their perform-
ances have not been systematically evaluated and compared in detail under sediment parameters of raw water such as the
particle size distribution of SS. Also, the effect of different cross-sectional shapes of the tubes has not been documented in
the previous studies.

The detailed analysis referred to SS of different sizes is essential to understand removal efficiency of different sediment
classes with varying sizes of particles in various designs. The application of CFD to simulate the settling process has been
widely accepted due to its visualization capabilities and data on the hydraulic regime under different conditions of geometry
and flow pattern, density and vortex zone, mass fraction, and settling velocity of particles (Nguyen ef al. 2019a).

The objectives of this study are to evaluate the efficiency of tube settlers with tubes of different cross-sectional shapes in use,
for removing turbidity and to compare the efficiencies of conventional settlers, plate settlers, and tube settlers for removing
turbidity of water within the sedimentation tanks of water treatment plants. In this study, a CFD model setup using ANSYS-
CFX 17.2 solves the bulk momentum and continuity equations for the mixture of solids and fluid using the Algebraic Slip
Model (ANSYS 2016). The flow field, SS concentration field, and suspended solids removal efficiency (R%) in conventional
settlers, plate settlers, and tube settlers are calculated and compared.

2. MATERIALS AND METHODS
2.1. Computational model

The three-dimensional model of sedimentation tanks was set up using the commercial CFD software ANSYS CFX 17.2, which
has been extensively used in modelling of complex flows (Tarpagkou & Pantokratoras 2014, Yu et al. 2016; Nguyen et al.
2019b). Flow in the sedimentation tank was defined as a liquid-solid multiphase dispersed flow where sediment particles
(dispersed phase component) are mixed with water (continuous phase component) forming a continuous medium mixture
with a varying composition and density. This mixture density is affected by the presence of solids in different locations.

Eulerian multi-phase mixture model in which all the phases are considered as continuous was used for the simulations
because the overall motion of the particle is of interest rather than tracking individual particles. The mixture model used
in ANSYS CEX is the ‘Algebraic Slip Model’ (ASM), which is a simplified version of Ishii (1975). The ASM adopts one
fluid with a variable composition where continuous medium with dispersed phase components of different diameters and
densities is used.

The three-dimensional flow field is governed by bulk continuity Equation (1) and bulk momentum Equation (2), which are
obtained by summing the corresponding equations of all phases in the mixture (ANSYS 2016):
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where ' is the Cartesian coordinate in the i direction, U, is the mixture flow velocity in the i direction, P is the pressure, ¢ is
time, g’ is the acceleration of gravity, 7, is viscous diffusion stress, 77, is turbulent diffusion stress, and 7}, is apparent diffu-
sion stress.

The concentration field for each class of solids in the tank is determined by the mass balance equation. For each class of
mass fractions (Ys,,) after using Boussinesq approximation,
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where Us is the slip velocity of particles, u; is the eddy viscosity, u is the dynamic viscosity, and Y is the mass fraction. The slip
velocity Us is the settling velocity of particles (Vs) determined using Stokes’ law given in Equation (4) and applied to the
settling of spherical particles in a laminar flow. p is the density, g is gravitational acceleration, S; is the specific gravity of
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solids, and ds, is the diameter of solids (Henricks 2011). The subscripts w, m and s, n denote quantities for water, mixture,
and class of solids.

2.2. Model validation

The model was validated using data from the study on settling tanks of the water treatment plant of Acharnes and Athens in
Greece by Stamou & Gkesouli (2015). Model validation was done for two scenarios S-1 and S-2 corresponding to inlet mass
flow rates of 0.25 and 0.31 m>/s, respectively. The model performance was verified by comparing the streamline patterns, vel-
ocity contour plots of S-1, and suspended solid concentration and removal efficiency of S-2 with the observations presented
by Stamou & Gkesouli (2015). The solid concentration was calculated using the volume fractions of solids.

2.2.1. Geometry
Acharnes water treatment plant uses 16 similar rectangular sedimentation tanks as shown in Figure 1(a). Each tank has a
length of 73.2m, a width of 14.4 m, and an average water depth of 3.5 m. Each tank has four inlet openings near the
bottom of the tank through which the effluent of flocculation tanks enters the sedimentation tanks. The effluent exits through
a series of V-notch weirs installed at three outlet channels. The flow rate varies from 0.25 to 0.31 m®/s. The plan view of a tank
is given in Figure 1(b). Since the tank is symmetrical around the xy plane, only one half of the tank was modelled to reduce the
computational time.

The geometry was developed in four volumes as Inlet, Outlet, Main Domain, and Change of Geometry to make the mesh-
ing more effective. The fluid domain was developed using the ANSYS design modeller (Figure 2).

2.2.2. Computational grid

The main domain and outlet volume shown in Figure 2 were meshed using structured grids with hexahedral elements. The
regions of complex geometries including inlet and change of geometry shown in Figure 2 were meshed using unstructured
grids. The refined mesh was used at the inlet openings and outlet channels to derive detail flow properties in these regions,
which are of more interest in the study. The computational grids consisted of approximately 219,300 elements. To ensure that

(b)

Outlet channels
Inlet oprnlngs f 44 f

Xy symmetry plane

LLLL

X L=73.2m

Figure 1 | (a) Sixteen similar rectangular tanks in the Acharnes water treatment plant and (b) plan view of the rectangular tank (Stamou &
Gkesouli 2015 Gkesouli 2018).
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Figure 2 | The tank geometry developed in the ANSYS Design modeller.
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the results are grid independent, several preliminary computations were carried out before choosing this element size: the
grid independency study results are shown in Table S1 in Supplementary Information.

2.2.3. Boundary definition

The computational domain, which is half of a sedimentation tank, is shown in Figure 3. At the two inlet openings, the parallel
flow was applied with a uniform horizontal velocity. The turbulence intensity was set at 5%. Inlet flow characteristics under the
two scenarios are given in Table 1. Similar to that given in the study by Stamou & Gkesouli (2015), the inlet solids with a density
of 2,730 kg/m?> were divided into four classes as given in Table 2 and assumed to be uniformly distributed across the inlet. The
sum of the inlet mass flow rates was set as the outlet boundary condition. The bottom of the tank was set as a no-slip smooth wall,
and solids were assumed to be deposited and removed from the domain. The direct settling of large particles is expected on the
bottom, and other particles are expected to settle and slip along the inclined plates. As noted in the modelling of sedimentation
tanks by Gao (2019), the SS removal efficiency is not seriously affected by this no-slip smooth wall assumption to cause a change
in the comparisons in the study. The top surface (free surface) of the domain was treated as a free-slip wall, and hence, the
normal velocity component and normal gradients of other variables were set to zero. All the vertical walls except the right
side of the domain at which symmetry condition was used were treated as hydraulically smooth walls, and no-slip condition
was applied. The advection scheme used was upwind. The turbulence model used was the standard k-o model.

2.3. Model application

The validated model was applied to investigate the effect of (a) the number of plates on plate settler efficiency and (b) the tube
cross-sectional shapes on the efficiency of tube settlers using the suspended solid removal efficiency (R%) in each case. R% is
determined using Equation (5), where S!_ and S! ; are the inlet and outlet solid concentrations, respectively, of the solid class i
(i = 1-4). The outlet-suspended solid concentrations are calculated using Equation (6), where VF 4 is the volume fraction of
solids and p,)iq is the density of solids.

Ryp=2=L =1 2100 )

ANSYS

R17.2

7.500 22500

Figure 3 | Fluid domain with applied boundary conditions.

Table 1 | Inlet flow characteristics of the scenarios used for model verification

Scenario Mass flow rate (m3/s) Inlet velocity (m/s)
S-1 0.25 0.119
S-2 0.31 0.149
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Table 2 | Details of the inlet suspended solid classes (Stamou & Gkesouli 2015)

Scenario S-1 Scenario S-2
solid solid diameter  Settling velocity Inlet solid mass Inlet solid concentration Inlet solid mass Inlet solid concentration
class (um) (mm/s) fraction MF;, Sin (Mmg/l) fraction MF;, Sin (mg/l)
C1 41 1.6 0.45 3.15 0.45 3.15
C2 17 0.27 0.17 1.19 0.36 2.52
C3 9.5 0.086 0.23 1.61 0.04 0.28
C4 5 0.025 0.15 1.05 0.15 1.05
Total 1.00 7.00 1.000 7.00
Sout = VEiolid X Psolia (6)

Seven cases were analysed for the evaluation of different settler performances. Those include (i) conventional settler, (ii)
three different plate settlers with plate spacing of 3 m (PS-1) (Figure 4), 1 m (PS-2), and 0.5 m (PS-3) where spacing is
measured streamwise (Figure 5), and (iii) three different tube settlers with rectangular (TS-1)-, hexagonal (TS-2)-, and hexa-
gonal chevron (TS-3)-shaped tubes with an equal interior cross-sectional area of 2,170 cm® The depth of the tubes
(0.415 m) in the three tube settler configurations was equal to the plate spacing in the PS-3 (Figure 5). Hence, the particle
settling depth and effective settling area of PS-3 and tube settler configurations were maintained approximately equal.
Plates and tubes have been installed in the sedimentation tanks of Acharnes water treatment plant at an inclination of 60°
to the horizontal plane. The wall thickness and length of tubes and plates were kept constant at 0.02 and 1.5 m, respectively.
The percentage of the increased settling area « of the plate settlers was calculated using Equation (7). Ay is the settling area of
conventional settler, and A; is the projected area of plates calculated by Equation (8), where # is the number of plates, W'is the
width of a plate, and L is the length of a plate (Nguyen et al. (2019a)): the « values of PS-1, PS-2, and PS-3 were 24, 60, and

‘ A
Ki _ |t
0 50, /‘sow
'3_|QK///\/////////////////"
5000 y
'&, SECTION A-A

Figure 4 | Longitudinal section of plate settler configuration of PS-1 (all dimensions are in millimetres).

Figure 5 | Plate arrangement in PS-3.
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138%, respectively. The o values of TS-1, TS-2, and TS-3 are approximately equal « to PS-3. Simulations were carried out
under the boundary conditions and SS characteristics of the scenario S-2.

a= :2—; x 100% (7)
A; = nWLcos60° (8)

3. RESULTS AND DISCUSSION
3.1. Validation of the model

In the model validation, the streamline pattern in the xy plane (which is marked in Figure 2) at z=—1.9 m and the velocity
contour plot in the xz plane at y = 0.7 m were compared for scenario S-1 — the comparisons are shown in Figures 6 and 7,
respectively. The streamline pattern at z=—1.9 m plane depicts an eddy (V1), which is formed due to the incoming jets
from the inlet openings. This eddy is approximately 20 m in length (Stamou & Gkesouli 2015) as shown in Figure 6(a).
V1 has been displayed to the same size satisfactorily in this study too (Figure 6(b)). Figure 7(a) and 7(b) similarly depict
that the two jets entering through the inlet openings push the incoming water to the right side of the tank. The velocity
inside the tank varies between 0 and 0.12 m/s and is in a similar pattern as shown in the two plots.

Stamou & Gkesouli (2015) report the turbidity measurements for the scenario S-2 at x = 63 m at the plane 0.1 m away from
the side wall of the tank. The suspended solid concentrations of the four solid classes were computed from the computed
volume fractions at the same location for S-2, and the total SS concentrations are compared in Figure 8. Accordingly, the
computed concentrations show a good agreement with the measured turbidity in the study by Stamou & Gkesouli (2015)
with a correlation coefficient of 0.8. The volume fraction contour plots in the yz plane at x =63 m are shown in Figure S1,
and the data used in Figure 8 are presented in Table S2 in Supplementary Information. The slight differences in the SS con-
centrations could be due to the assumptions made in the simplified ‘Algebraic Slip Model’ utilized in this study and also due
to the possible errors in observations in this complex flow. The comparison of the percentage removal of solids classes is
shown in Table 3. The removal efficiency of the solid class C1, which is the class of particles with the highest diameter, is
99% in the study by Stamou & Gkesouli (2015), while it is 100% in this study. The removal efficiency of the solid class

} 0 10.000 20,000 (m)
— I I
5.000 15.000
y — 0.00 0.03 0.06 008 012
: = | O ———————

Figure 6 | Streamline pattern in the xy plane at z=—1.9 m: (a) Stamou & Gkesouli (2015) and (b) computed in this study.
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Figure 7 | Velocity contour plot in the xz plane at y = 0.7 m: (a) Stamou & Gkesouli (2015) and (b) computed in this study.
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Figure 8 | Variation of SS concentrations at x = 63 m along the tank depth (y) for the scenario S-2.

Table 3 | Comparison of solids removal efficiencies

solid class Measured removal efficiency (Stamou & Gkesouli 2015) Removal efficiency (computed in this study)
C1 99% 100%

C2 57% 55%

C3 25% 21%

C4 9% 8%

C4, which is the class of particles with the smallest particle diameter, is approximately 9% in the study by Stamou & Gkesouli
(2015) and 8% in this study. The computed removal efficiencies of solid class C2 and solid class C3 show differences of 2 and
4%, respectively, with the measurements given in the study by Stamou & Gkesouli (2015). However, the total solid removal
efficiencies R% of the tank in scenario S-2 in the study by Stamou & Gkesouli (2015) and in this study show the same value
of 67%.

3.2. Performance of plate settlers and tube settlers compared to that of conventional settler

Computed streamline patterns in the plate settlers and tube settlers under same boundary conditions given by Stamou &
Gkesouli (2015) show a reduction in the size of the flow recirculation zone at the inlet region of the tank and an increased
upward flow in the tank. The upward flows in plate and tube settlers provide a conducive flow pattern for particle settling
compared to that of the conventional settling tank. Figure 9 shows the comparison of streamlines among the conventional
settler, plate settler PS-1, and the tube settler TS-1. The particle removal efficiency (R%) increases as the number of plates
is increased in the plate settlers (Figure 10). This can be attributed to the increasing effective settling area as well as the
upward motions, and the reduction of the settling path of particles. However, R% remained unchanged with the increase
of the settling area beyond 60% of the conventional settler area for the given geometric and flow conditions. The reason
for the limit of this removal efficiency could be the transport potential by the velocity head (kinetic energy) of the fluid,
which depends on the head difference across the inlet and outlet and the head loss of the flow through the tank. However,
this fact has to be investigated under different flow and geometric conditions.

In tube settler, it was found that the cross-section shape does not affect the removal efficiency as long as the tubes’ cross-
sectional area, length, and number of tubes are the same (Figure 11). Although the settling area has a significant effect on the
SS removal efficiency, it is also important to investigate how the location of the tube/plate settlers and the ratio of height of
the tubes/plates to the tank depth affect the SS removal efficiency.

These CFD simulations in plate settlers and tube settlers have given different removal efficiencies (R%) with respect to
different particle diameters, which might be extremely difficult, if not impossible, to characterize by experimental studies.
The maximum R% values of different solid classes in different settlers are compared in Figures 12 and 13. According to
Figure 13, the maximum R% values of all solid classes in PS-3 are approximately equal to that of TS-1, TS-2, and TS-3.
This is due to the equal spacing between plates of PS-3 (which is 0.415 m) and the depth of the tubes in the three tube settlers.
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Figure 9 | Comparison of streamline patterns at the plane z=—1.9 m: (a) conventional settler, (b) PS-1, and (c) TS-1.
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Figure 10 | SS removal efficiency of plate settlers compared with conventional settler.
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Figure 11 | SS removal efficiency of tube settlers compared with conventional settler.

Therefore, the removal efficiency of particles of any size is mostly affected by the effective settling area and the particle
settling depth. The maximum R% values are around 100, 67, 28, and 9% for the solid classes with particle diameters 41,
17, 9.5, and 5.0 um, respectively. The maximum improvements of solid removal efficiencies were approximately 1, 10, and
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Figure 12 | Comparison of removal efficiencies of conventional settler and plate settlers.
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Figure 13 | Comparison of removal efficiencies of plate settler and tube settlers.

3% for particles with a diameter of 41, 17, and 9.5 um, respectively, in both plate settler and tube settler, compared to the
conventional settler.

Under the studied case, there is no significant difference in the performance of the three different types of settlers for the
largest particle size. However, there is an indication of better performance of the plate settlers and tube settlers in removing
smaller solid particles. This performance of different types of settlers could be significantly affected by flow fluctuations in
settling tanks. This study shows that the CFD model developed can be applied for such detailed comparative studies. No
doubt that such studies demand high-end computers.

The CFD modelling can be used to compare design changes in plate and tube settlers to predict and optimize the SS
removal efficiency. In process modifications of full-scale units, CFD analysis could be used to avoid possible costly design
errors. Furthermore, CFD analysis can also be a useful tool in the design modifications where the capacity increase is required
without compromising the SS removal efficiency in a region with land area constraints.

4. CONCLUSIONS

(1) Installing inclined plates and tubes in the conventional settling tank facilitated an increase in settling particles by reducing
the recirculating zones and increasing the upward flow.
The solids removal efficiency of conventional settler increased by the installation of plates and tubes to attain low particle
settling depth and high effective settling area.
The tube settler cross-sectional shape does not affect the removal efficiency as long as the tubes’ cross-sectional area, length,
depth, and number of tubes are kept constant.
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(2) Under the given tank and flow conditions in the studied case,

(a) the removal efficiency of plate settlers remained unchanged with the increase of the settling area beyond 60% of con-
ventional settler settling area,

(b) the maximum attainable removal efficiencies of all solid classes were approximately equal in plate settler PS-3 and
tube settlers, and they were approximately 100, 67, 28, and 9% for solids with diameters of 41, 17, 9.5, and 5 um,
respectively, and

(c) there is no significant difference in the performance of the three different types of settlers with respect to smaller diam-
eter particles, although the removal efficiency was enhanced by plates and tubes. The smallest diameter particle group
<5 pm still remained at almost 100% inside the tank, which limited the maximum attainable overall efficiency to 85%.
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