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Inﬂuence of density ﬂow on treated water turbidity in a
sedimentation basin with inclined plate settler
K. Takata and R. Kurose

ABSTRACT
The removal efﬁciency of particulate matter from a sedimentation basin with an inclined plate settler
in drinking water treatment facilities is sometimes reduced by density ﬂow caused by temperature
increases in the raw water. In this study, the structure of the density ﬂow and its prevention are
investigated by means of three-dimensional computational ﬂuid dynamics (CFD). The results of CFD
show that upward velocity is uniform and normal operations are performed before the increase in
inlet water temperatures. After the onset of a temperature increase in the raw water, the upward
ﬂow velocity on the inclined plate settler increases, especially in the upstream zone of the plate. This
velocity increment has a strong correlation with increase in turbidity as a result of the overﬂow of
particulate matter. The effects of the installation of bafﬂe plates on the inclined plate settler to
reduce turbidity were explored. The CFD results using bafﬂe plates show a signiﬁcant decrease in
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upward velocity on the inclined plate settler. This suggests that bafﬂe plates are effective in
suppressing the overﬂow of particulate matter. To verify the prediction by CFD, bafﬂe plates were
installed in a drinking water treatment facility. The results show that the turbidity of treated water
was reduced by the proposed procedure.
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INTRODUCTION
The sedimentation basin is a water treatment facility used in

to be caused by density ﬂow, which occurs as a result of the

many industrial ﬁelds. Various measures and improvements

temperature difference between the inlet water and the sedi-

have been made to reduce their installed area and enhance

mentation basin. Typical density-driven ﬂow occurs when

their solid–liquid separation performance. In drinking water

the inﬂow to the sedimentation basin of higher-temperature

production facilities in particular, an inclined plate settler is

raw water exposed to solar radiation increases ﬂow velocity

often used in water treatment plants as a solid–liquid separator

ﬂuctuations. This prevents normal operational performance

to increase sedimentation performance. The performance of

and decreases treated water quality.

sedimentation basins is susceptible to temperature differences

The research on these density ﬂows and carryover has

because of a very slow upward velocity. The removal efﬁciency

had a long history. Many research reports have been written

of particulate matter from these basins is decreased by the

(Adams & Rodi ; Lyn et al. ; Zhou et al. ), start-

overﬂow of coagulation matter with the treated water. This is

ing with the pioneering research on horizontal ﬂow

sometimes caused in summer daytime by a temperature

sedimentation basins by Camp ().

increase of raw water compared with the temperature of

Recently, with the development of computer analysis

water in the sedimentation basin. A temperature difference

code for ﬂuid ﬂow, various studies using computational

of only 1 C is sufﬁcient to cause such a decrease in efﬁciency

ﬂuid dynamics (CFD) have been conducted to clarify ﬂow

(Goula et al. a, b). This phenomenon is considered

structure and improve solid–liquid separation performance

W
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(Tarpagkou et al. ; Das et al. ). There have also been

water treatment facility in Hyogo Prefecture, Japan, with a

several reports focusing on optimizing the bafﬂe plate,

daily treatment capacity of 40,000 m3 per one operation

which enhances sedimentation velocity, and its veriﬁcation

line. Figure 1 shows the measured inlet raw water tempera-

(Krebs et al. ; Mohanarangam & Stephens ; Hey-

ture and treated water turbidity, and Figure 2 shows the

dari & Bajestan ; Razmi et al. ; Xanthos et al.

temperature distribution in the sedimentation basin. The

; Lutfy et al. ). In particular, the installation of

red numbers show temperatures higher than those at

bafﬂe plates at the basin inlet has been examined for increas-

11:00 AM. The relationships between the measured and

ing sedimentation velocity, and for increasing inlet ﬂow

observation results are summarized as follows:

velocity to reduce the effect of temperature differences
between the inlet water and the basin water (Goula et al.

(1) Treated water turbidity had a nearly constant value

a, b). The inﬂuence of temperature differences on

when the temperature of the inlet water to the basin

sedimentation performance for particles of various diam-

was constant during the morning.

eters has also been studied (Goula et al. a, b).

(2) Coagulated matter ﬂowed through the inclined plate set-

However, the research on density ﬂow has mainly addressed

tler from about 2:00 PM, and a proportion of the turbid

horizontal ﬂow sedimentation or circular sedimentation

matter was collected in a trough with the treated water.

basins without an inclined plate, for wastewater and water

The remaining coagulated matter was suspended in the

puriﬁcation facilities.

clariﬁed zone – the upper part of the inclined plate

The effects of an inclined plate (lamella clariﬁer) on ﬂow

settler.

in a settling basin have been examined by the CFD method
for small-scale water puriﬁcation treatment (Tarpagkou &
Pantokratoras ). Although important results on sedimentation ponds have been reported as described above,
no research has been done to address the mechanism of density ﬂow in large-scale water puriﬁcation plants using the
inclined plate settler. Addressing this knowledge gap is the
object of this study.
In the present study, we aim to elucidate the transient
phenomena of density ﬂow in a sedimentation basin resulting
from temperature ﬂuctuations in raw water ﬂowing into the
basin. The CFD method was used for this elucidation. We
also aim to clarify the cause of particulate matter carryover

Figure 1

|

Figure 2

|

Measured temperature and treated water turbidity.

from the sedimentation basin when an inclined plate settler
is used in a large-scale water puriﬁcation plant in Japan. In
addition, a method to prevent carryover was investigated by
CFD, and the effectiveness of the proposed method was
tested by applying the method to a commercial facility.

OBSERVATION OF DENSITY FLOW
Investigation and observation of physical density ﬂow were
conducted in the treatment facility by measuring water
temperature in the sedimentation basin and the turbidity
of treated water. Observation was done in a drinking
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Measured temperature distributions ( C) in the sedimentation basin at
11:00 AM and 5:00 PM.
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(3) Large amounts of coagulated matter ﬂoated from the

the Boussinesq approximation, and the transport equations

inclined plate settler and ﬂowed horizontally upstream

of energy (temperature T), turbulent energy k, and turbulent

to downstream inside the clariﬁed zone.

dispersion rate ε in Cartesian coordinates as follows.

(4) A part of the coagulated matter was collected together
with treated water from all collecting troughs, and the
remaining matter ﬂowed downstream in the clariﬁed
zone.
(5) Coagulated matter not collected by the trough ﬂowed
downstream. The clariﬁer zone was covered by coagulated matter.
(6) The temperature of the upstream zone near the water

Continuity:
@Ui
¼0
@xi

(1)

Navier–Stokes:


@ρUi @Uj ρUi @P
@
@Ui

þ
μ
 ρui uj  ρgi β(T
¼
@xi @xj
@t
@xj
@xj
 T0 )

surface increased, and the maximum temperature differ-

(2)

W

ence in the basin was measured to be 1.1 C. It was clear
that the overﬂow of coagulated matter was substantial
when the temperature difference in the basin was large.
(7) The coagulated matter ﬂowing in the clariﬁed zone
began settling around 5:00 PM, and normal operating
conditions appeared to resume.
The observation results suggest that the cause of the
degrading of water quality is the enhancement of ﬂow velocity caused by the temperature difference between inﬂow
water and the basin interior.

Turbulent energy k:
  
@ρk @Ui ρk
@ μt @k
 Gs þ GT þ ρ ε
þ
¼
@t
@xi
@xi σ k @xi

(3)

Turbulent dispersion rate ϵ:
  
@ρ ε @Ui ρ ε
@ μt @ ε
ε
þ C1 (Gs þ GT )
þ
¼
@t
@xi
@xi σ ε @xi
k
(1 þ C3 Rf )  C2

ρε2
k

(4)

Energy (temperature) T:

NUMERICAL SIMULATION OF DENSITY FLOW
Governing equations and simulation model
Detailed velocity and temperature distributions in the sedimentation basin are necessary for clarifying the mechanism
of density ﬂow. The measurement of velocity is one approach.
However, the sedimentation basin is designed to maintain a
uniformly slow speed to settle small coagulated matter. Therefore, accurate measurement of small velocity ﬂuctuations in
the basin is difﬁcult. Given this situation, CFD was considered
an effective tool to clarify such ﬂow ﬁelds. In our study, the
structure of the density ﬂow was elucidated by obtaining
detailed velocity and temperature distributions through CFD.
The CFD approach enables transient velocity and temperature
distributions to be obtained in the analysis region, and is effec-



@ρCp T @Uj ρCp T
@
@T
þ
¼
K
 ρCp uj t
@t
@xj
@xj
@xj

Here, U, u, T, and t represent mean velocity, ﬂuctuated
velocity, mean temperature, and ﬂuctuated temperature, respectively. Also, μ, ρ, g, and β represent ﬂuid viscosity, density, the
force due to gravity, and the volumetric thermal expansion coefﬁcient, respectively. Cp and K specify speciﬁc heat and thermal
conductivity. The numerical values of these physical properties of water used here are μ ¼ 8.0E-4Pas, ρ ¼ 995 kg/m3,
g ¼ 9.8 m/s2,

sible Newtonian ﬂuid are the Navier–Stokes equations with
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β ¼ 3.0E-4 K1,

Cp ¼ 4.178 kJ/(kg K),

and

K ¼ 0.61W/(m K). In this model, the Reynolds stress term
and constants in Equations (2) and (5) are assumed as follows:


2
@Ui @Uj
ρ ui uj ¼ k ρδ ij  μt
,
þ
3
@xj
@xj

tive in examining the structure of the density ﬂow. The
equations governing momentum and energy for an incompres-

(5)

ui t ¼ 

Kt @T
,
ρ Cp @xj

Kt ¼

μt Cp
,
Prt

(6)

(7)
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Boundary and inlet conditions

viscosity of the ﬂuid, which is deﬁned as
μt ¼ Cμ ρ

The purpose of CFD was to describe transient ﬂow caused

k2
:
ε

(8)

by the change in inlet water temperature. In this simulation,
the measured temperature at 1:00 PM was used to represent

In this model, the turbulent Prandtl number Prt ¼ 0.9 was

the water temperature under normal operating conditions,

used. The terms Gs, Gt and Rf in Equations (3) and (4) are

thereby obtaining the steady-state ﬂow ﬁeld. The ﬂow ﬁeld

deﬁned as follows:

between the onset of density ﬂow at 1:00 PM and its termin-



@Ui @Uj @Ui
Gs ¼ μt
þ
,
@xj
@xi @xj

ation at 8:00 PM was calculated by applying the measured
(9)

temperature shown in Table 1 as the inlet water temperature. This temperature was given hourly in stepwise

GT ¼ gi β

μt @Ui
,
σ t @xi

(10)

fashion, and 7 hours of transient phenomena were calculated by computer.
The dimensions of the analysis ﬁeld are schematically

GT
:
Rf ¼
Gs þ GT

(11)

The following numerical values were used for the parameters in Equations (3), (4), (8), and (10):
σ k ¼ 1:0,

σ ε ¼ 1:3,

C3 ¼ 0:00,

σ t ¼ 0:9,

shown in Figure 3. The basin was 25 m long, 5 m wide,
and had a maximum depth of 8 m. Boundary conditions
are schematically shown in Figure 4: in the inlet water
region, depicted by the blue square on the left side of
Figure 3, the inlet ﬂow speed was set at 0.005 m/s, based

C1 ¼ 1:44,

C2 ¼ 1:68,

Cμ ¼ 0:09

on operating conditions. In the efﬂuent region (trough),
natural efﬂuent conditions were stipulated. The water surface was set to the free-slip condition, and measured

Equations (1)–(5) were solved using analysis code for ﬂuid
ﬂow (NuFD/Front Flow Red).

efﬂuent water height between that surface and the overﬂow
trough was speciﬁed. Velocity components were set to zero

Figure 3 shows the analysis model used for the simulation. The model is three-dimensional, with the same

at the wall of the sedimentation basin, including the surface
of the inclined plate settler.

scale as that of the commercial plant, having dimensions
of 25 m in length, 5 m in depth, and 5 m in width. The
three-dimensional

mesh

consists

of

373 × 50 × 88 ¼

1,641,200 meshes. The positions of the inlet and outlet

Table 1

|

Measured turbidity for cases with and without bafﬂe plates

were set the same as that in the physical facility.

Turbidity [NTU]
Conditions/Time

11:00 AM

5:00 PM

No bafﬂe

0.3

2.7

4 bafﬂes

0.2

1.05

8 bafﬂes

0.2

0.6

Target value

< 1.0
Turbidity [NTU]

Figure 3

|

Calculation model of the sedimentation basin for CFD.
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Date

No bafﬂe

4 bafﬂes

8 bafﬂes

8th Aug.

2.4

0.65

0.45

9th Aug.

2.5

1.05

0.6

16th Aug.

1.85

0.6

0.35

18th Aug.

3.2

0.5

0.35
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is indicated by the CFD results. This suggests that the
deterioration in water quality was caused by the overﬂow
of particulate matter, which was not only in the inlet raw
water but also ﬂoated upward from the basin bottom.
There was a strong relationship between the velocity
increase resulting from temperature differences and degradation of water quality by overﬂowing coagulated matter.
Density-ﬂow conditions were the most typical at around
5:00 PM, and then started to gradually change as a result of
the decrease in temperature difference between inlet water
and the basin interior. Around 8:00 PM, the maximum
upward velocity at the inclined plate settler of the upstream
Figure 4

|

zone declined, and the temperature distribution in the sedi-

Boundary conditions of CFD.

mentation basin appeared to shift to a stratiﬁed condition.
This condition was expected to return to a uniform velocity

RESULTS AND DISCUSSION

distribution as in the normal condition by the time the
lower-temperature water ﬂowed into the basin. The transient

Mechanism of the generation of density ﬂow

temperature distributions produced by CFD show that the

Figure 5 shows transient velocity and temperature distri-

in a downstream direction. When velocity ﬂuctuation was

butions

higher-temperature raw water ﬂowed in the clariﬁed zone
normal

substantial, at around 3:00 PM, higher temperatures in the

operating conditions, just prior to the generation of density

along

a

basin

cross-section

under

left upper zone and lower temperatures in the right

ﬂow. These results indicate that ﬂow velocity was nearly uni-

bottom zone formed in the basin. These CFD results were

form inside the inclined plate settler. However, for water

compared with measured ones. The measured temperatures

temperature increases between 3:00 PM and 5:00 PM, a sub-

also show the formation of a higher-temperature zone in the

stantial velocity increment in the area upstream of the settler

upper left zone and a lower-temperature zone in the lower

Figure 5

|

Calculated transient velocity and temperature contours in the sedimentation basin.

Downloaded from http://iwaponline.com/ws/article-pdf/17/4/1140/409107/ws017041140.pdf
by guest

1145

K. Takata & R. Kurose

|

Density ﬂow of sedimentation basin with inclined plate settler

Water Science & Technology: Water Supply

|

17.4

|

2017

right, almost identical to the CFD results. Thus, the predic-

model). Different plate numbers were used to compare the

tion of density ﬂow by CFD was accurate, and its

inﬂuence of up-ﬂow velocity at the inclined plate settler on

extensive use is considered a possibility for investigating

treated water quality.

the prevention of density ﬂow and improving water quality.

Figure 7 shows the calculated transient velocity and
temperature distributions in the case of four bafﬂe plates,
and Figure 8 shows the distributions for eight plates. Figure 9

Prevention of density ﬂow

shows the average axial velocity distribution in the longitudinal direction at the center of the inclined plate settler. The

To prevent the velocity increment caused by the generation

results show a major change in the ﬂow pattern in both

of density ﬂow in the upstream zone of the sedimentation

cases, and the increment of up-ﬂow velocity in the upstream

basin, the effects of a bafﬂe plate installation were investi-

region was reduced compared with that before installation

gated. The installation was in the clariﬁed area, just above

of the bafﬂe plates. Most notably, the use of eight bafﬂe

the inclined plate settler. In previous studies, the extension

plates was more effective in reducing the up-ﬂow velocity

of the settler to near the collection trough and the relative

than four plates. The difference in maximum velocity in

reduction in the effects of density ﬂow by increasing inlet

the upstream region between the eight-bafﬂe-plate case

ﬂow velocity were investigated (Goula et al. a). How-

and that without a bafﬂe is approximately a factor of

ever, in our study, the installation of bafﬂes was the most

three. In the previous section, it was indicated that the

feasible method since the facility was under operation and

cause of the deterioration in water quality was the overﬂow

the improvement had to be done during operation. The baf-

of coagulated matter with the treated water, as a result of the

ﬂes can be installed easily from outside, and therefore it was

increased ﬂow velocity caused by density ﬂow. Based on the

suitable for the type of sedimentation basin studied, and thus

results described above, the bafﬂe installation is effective in

bafﬂe plates rather than settler extensions were investigated.

improving water quality because it reduced the up-ﬂow

Bafﬂe plates are considered effective for reducing the vel-

velocity.

ocity enhancement at the inclined plate settler and can
also suppress the upstream-to-downstream ﬂow in the clariﬁed zone, caused by the density ﬂow.

Veriﬁcation

We predicted the ﬂow ﬁeld using CFD with different
numbers of bafﬂe plates and determined the effective instal-

In agreement with the CFD results, the installation of bafﬂe

lation to minimize the effect of density ﬂow. The numbers of

plates was effective in improving water quality. It was found

bafﬂe plates selected were four and eight, and were installed

that eight bafﬂe plates were more effective in reducing the

with equal spacing (shown in Figure 6 as the calculation

velocity than four plates. In the CFD calculations, we

Figure 6

|

Calculation model using bafﬂe plates in two cases.
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Calculated velocity and temperature contours in the sedimentation basin using four bafﬂe plates.

Figure 8

|

Calculated transient velocity and temperature contours in the sedimentation basin using eight bafﬂe plates.
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assumed a homogeneous ﬂuid without considering the

Water turbidity without bafﬂe plates was measured for com-

behavior of the coagulated matter. Therefore, it was necess-

parison purposes.

ary to verify whether the results were applicable to a
commercial treatment facility.

Table 1 shows measured turbidities for all cases. The
turbidity with bafﬂe plates was much lower than that of

Veriﬁcation was done at the same drinking water treat-

the no-bafﬂe condition, thus demonstrating bafﬂe effective-

ment facility mentioned earlier. In this part of the study,

ness. These results indicate that velocity increases are

four and eight bafﬂe plates were physically installed.

suppressed by bafﬂes and that coagulated matter carried
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Calculated average axial velocity distribution [m/s] in the longitudinal direction [m]. Graphs show distributions at 1:00, 3:00, 5:00, and 8:00 PM.

by the treated water is reduced. The results also conﬁrmed

that in the downstream zone. This is attributed to the

that eight bafﬂe plates were more effective in turbidity

increased water treatment load in the former zone as a

reduction than four plates.

result of the generation of density ﬂow. However, the case

Table 2 shows measured turbidity over time. Turbidity

with eight bafﬂe plates produced the least turbidity at each

increased with time, and the rate of increase with no bafﬂes

trough, and turbidity was less than the target value.

was largest. Although turbidity increased when bafﬂes were

Although turbidity in the upstream zone was also greater

added, the magnitude of the increase was small compared

than that in the downstream zone, turbidity at each trough

with that of the no-bafﬂe condition. This again shows that

had a nearly uniform value. This shows that the treatment

the installation of bafﬂe plates is effective in enhancing

load was normalized by the effect of the bafﬂe plate. All

water quality.

the above results indicate that the substantial increase in

Figure 10 shows plots of measured turbidity at each col-

upward velocity, which exceeds the sedimentation velocity

lecting trough at approximately 4:00 PM on different days
(for days as shown in Table 1), when the inﬂuence of density
ﬂow was considered strong. In the case with no bafﬂe plate,
turbidity at troughs in the upstream zone was greater than

Table 2

|

Measured turbidity over time for cases with bafﬂe plates and no bafﬂe plates

Turbidity [NTU]
Time

No bafﬂe

8 bafﬂes

9:00 AM

0.3

0.2

2:00 PM

1.3

0.5

4:00 PM

2.7

0.6
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Figure 10

|

Measured turbidity at each collecting trough. Circles show the case of no
bafﬂe plate, and triangles the case of eight bafﬂe plates.
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of coagulated matter, degrades water quality in the no-bafﬂe
case. In the case with bafﬂes, the increase in upward velocity
is restricted to less than the limiting velocity, thereby maintaining sedimentation capacity.

CONCLUSIONS
The structure of density ﬂow in a sedimentation basin with
an inclined plate settler was described by CFD. A method
that could be used for the prevention of this ﬂow was investigated. The results are summarized as follows:
(1) A transient density-ﬂow structure in the sedimentation
basin, from onset to settlement, was predicted by CFD.
Treated water degradation was suggested to be attributable to the overﬂow of impurities from the collecting
trough. This overﬂow was suggested by an increase in
upward velocity caused by temperature differences
between the inlet water and the sedimentation basin.
(2) CFD indicates that installation of bafﬂe plates in the
clariﬁer zone is effective in suppressing the upward velocity. A physical investigation of the most effective bafﬂe
plate installation and the impact of the bafﬂe plates on
water quality was carried out by measuring turbidity at
a commercial treatment plant.
(3) The use of CFD is effective not only for predicting transport
phenomena but also for designing and improving water
treatment facilities. Because such facilities are so large that
implementation of physical experiments is difﬁcult, CFD
can provide an effective alternative research procedure.
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