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The magnitude of excess particulate matter separation from a flocculated suspension
at upflow settling conditions was predicted from the concentration distribution of batch
settling data. The settling data pairs were fitted to modified population-growth model.
Settling surfaces at upflow operation were increased by inlaying pipes into the column
and inclining it for 508, 608, 70 and 808 coinciding with 0.5563, 0.7152, 1.0455 and
2.0594 mm/s decreased surface hydraulic loading rates, respectively. The respective
removal ratios observed at the applied loadings were 0.878, 0.848, 0.756 and 0.520,
while the corresponding predicted efficiencies by mean value method were 0.865,
0.831, 0.773 and 0.512, respectively. It was demonstrated that removal predictions
obtained from the batch settling tests were quite compatible with the observed remov-
als of actual upflow operation. The investigation also demonstrated that concentration
distribution of batch settling data heads successfully to predict the excess particulate
matter removal at upflow settling. � 2008 American Institute of Chemical Engineers AIChE
J, 54: 2045–2053, 2008
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Introduction

Gravity settling refers to the common cost-effective phase-
separation methods for solid particles from solid-liquid sus-
pensions in industrial and environmental processes, i.e., in
water and wastewater treatment plants. The particles in sus-
pension are separated from the liquid phase depending on
particles’ physical properties,1 and the forces induced on par-
ticles in suspension. Settling has been the subject to many
researches for decades, and well delineated by a great deal
of modeling studies.2–24

The solutions to mathematical modeling studies by numer-

ical methods provide susceptible demonstrations to the prob-

lem. However, the broad variations in size, shape and density

of the particles, as well as particle-particle interactions are

the factors complicating the modeling of settling in solid-

liquid suspensions.18 It was stated6 that articles presented on

the modeling of continuous sedimentation disclose the fact

that nonlinear nature of settling phenomena makes it neces-

sary to include some ad hoc assumptions in the model to

obtain a good fit of data. It was also stated that25 the theory

behind ideal sedimentation tanks assumes that the suspension

moves in uniform flow, although numerous studies have

shown numerous nonuniform flow patterns, which explains

why the solid removal efficiency of real clarifiers does not

match the theoretical predictions.
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The development of simple mathematical approaches to
sedimentation is of noteworthy interest to specialists in envi-
ronmental technology.12 An easily applicable approach was
proposed for the determination of the surface area of the sec-
ondary settling tanks, based on a simplified solids-flux
theory, of biological wastewater treatment facilities.26

Another practical approach for one-dimension (1-D) model-
ing of continuous sedimentation, which considers the clarifier
as a set of layers was also proposed.13 The simplified layer
model based on Kynch sedimentation theory,27 which is
known as solids-flux theory, has been largely put to use.16

The complex and interdependent separation mechanisms
taking place in hindered settling columns need to be facili-
tated by mathematical approaches, to predict the separation
for the given operational conditions with reasonable accu-
racy.20 Batch settling tests provide the downward velocity of
sludge/supernatant interface, and the performance of continu-
ous-flow settlers is commonly predicted evaluating the batch
settling data of the identical suspension.28,9 Coe and Cle-
venger29 were the first to establish the simple graphical tech-
nique to predict the susceptibility of full-scale continuous-
flow settlers from batch tests.12,23 However, it was claimed
that30 the design of continuous flow settlers for flocculated
suspensions from batch settling data based on the superna-
tant-suspension discontinuity height is just approximate
because the surface height of the sediment, building up the
bottom of the cylinder, is not distinct, although some others
claimed that settling layer in a settling column is distinct.9

It was also well reported that sedimentation tanks having
increased settling surfaces provide enhanced settling on
inclined surfaces, and the investigations well delineated the
effective separation mechanisms from the solid-liquid
phase.9,10,31,32,33,34,35,36 In such a practice upflow velocity
can easily be decreased, without decreasing influent flow
rate, by inlaying tilted plates or tubes into the settling tanks.

The goal of this study was to present a lumped-parameter
approach to predict the performance of the settling tanks at
upflow operational conditions. The approach is based on the
concentration distribution of the particulate matter, rather
than the solid/liquid interphase, at batch settling conditions,
because concentration distribution provides more accurate
data as compared to descending solid/liquid interphase at
batch settling tests. The excess removal at upflow conditions
corresponds to the removal of particles of which settling
rates are lower than the upflow velocity. In this study, it was
deduced that the excess removal can be well predicted, proc-
essing the batch settling data by the mean value method,37

where the excess removal is due to increased particle colli-
sions in the flocculated conditions, resulting in adsorption of
tiny particles on big particles and, additionally, mechanical
filtration effects particularly effective in hindered settling
region.

In the study, a mineral substance, bentonite clay, was
selected to be tested as being cohesive solid particulate mat-
ter, because of its constant chemical composition and physi-
cal properties during the study. Additionally, as compared to
the random nature of impurities encountered in natural water
and wastewater environments, e.g., activated sludge sus-
pended impurities, a clay material due to its constant charac-
teristics all the time seemed the most appropriate cohesive
material for this study. In the study, batch and flow tests

were carried out in plastic cylindrical columns, being away
from friction effects originating from both the wall roughness
and column diameter. Flow tests were carried out at upflow
conditions. The settling surfaces were increased by tilting the
settling column in which a tubular module was also inlaid to
multiply the settling surfaces. Particulate matter removals
observed at flow tests were compared with the predictions
obtained by the evaluation of the batch settling data.

Theoretical Considerations

Promotion of settling surfaces

The settling rate of a particle, v, in quiescent settling is
given by Eq. 1

v ¼ h

t
(1)

where h and t indicate the downward distance taken by the
particle and time period for particle travel, respectively. In
upflow conditions, settling rate of particles is decreased by
the countercurrent flow velocity, S0, as in Eq. 2

v� S0 ¼ h

t
(2)

where t indicates hydraulic retention time in the tank at flow.
If the tank inner surfaces are increased by tilting, then
upward velocity S0, is decreased to S00 as depicted in Figure 1;
the figure demonstrates how the upflow velocity in a hollow
cylindrical tube is decreased by tilting for three fictitious
compartments where q represents the flow rate.

Figure 1. Three planar fictitious surfaces formed by
tilting.
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For the tilted-tube in Figure 1, Eq. 2 can be restated for
the conditions having increased settling surfaces, or
decreased upflow velocity (fictitious upflow velocity), as in
Eq. 3

v� S00 ¼
h

t
(3)

where S00 refers to decreased surface hydraulic loading rate in
the tilted tube. Eq. 3 implies that inclination gives rise
decreased surface hydraulic loading rate. Figure 2 sketches
out how the surface hydraulic rate decreases by tilting.

In Figure 2, following geometrical relations can be written
down

l1 ¼ d

sin h
and l2 ¼ l1: tan h (4)

The cross-sectional area of the tubes in a tilted position
produces planar elliptical surfaces in vertical projection, hav-
ing axes of d and l1, for which the surface area can be
restated as in Eq. 5

A ¼ p:
d

2
:
l1
2

(5)

The vertical length of the tilted tube is

h ¼ h0: sin h (6)

Then the number of elliptical surfaces m, formed in a
tilted tube is

m ¼ h

b
(7)

Resultant total settling surface area formed in a tilted tube
is given as in Eq. 8

A0 ¼ m:A (8)

Equation 8 can be rewritten as follows using Eqs. 4 to 7

A0 ¼ p
4
:h0:d: cos h (9)

For a total number of tubes in a module, the total surface
area formed is

X
A ¼ n0:A0 (10)

Mean value method

Mean value method foresees that if a function f(x), is
continuous (a, b) interval, where a denotes the origin, then y
value existing in this interval (sec Figure 3) can be written
down as in Eq.11,38,39 where c indicates the point on y
ordinate

Zc

a

f ðyÞdy ¼ �y:ðb� aÞ (11)

in �y which indicates the mean value. �y can be singled out as
follows

�y ¼ 1

b� a
:

Zc

a

f ðyÞdy (12)

Above mathematical expressions suggest, in graphical
terms, that the area A, in Figure 3a can be transformed to an
equal area A, of a rectangular shape (Figure 3b), of which if
the length is fixed to a 2 b interval, then its height becomes
�y, which is called the mean value. Figure 3c shows that once
�y is drawn, the areas on the left and right side of the inter-

Figure 2. Presentation of geometrical relations in a
tilted tube.

Figure 3. Mean value method for planar surfaces.
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section of the crossing-curve become equal to each other (A1

5 A2).

Prediction of settling efficiency

Particles in suspension can be designated within two
groups at upflow settling: one stands for the particles having
settling rates higher than fictitious upflow velocity, v > S00,
and the other refers to the particles with settling rates lower
than fictitious upflow velocity v < S00. While the former
group of particles settle and separate from the suspension
wholly, the latter are removed or separated only partially.
Removal of particles of the latter type at upflow operation
may be attributed to adsorption and mechanical filtration
effects, of which the latter is particularly effective in hin-
dered settling region.

For the settling rate distribution of the particles obtained at
batch settling tests, two domains are considered as depicted
in Figure 4: Domain. 1 represents the area for the particles
having settling rates higher than S00 and domain. 2 refers to
the particles which have settling rates lower than S00. Particles
falling in domain. 1 settle wholly, while the particles in do-
main. 2 settle only partially. The removal ratios for the for-
mer and latter are shown as rP[P0

and rmean, respectively as
depicted in Figure 4.

Considering that frequency distribution curve in Figure 4
represents settling rate vs. particle removal percentage for a
certain column depth at batch settling conditions, then total
removal of particulate matter at upflow operation will be the sum-
mation of the removals in domain. 1 and domain. 2, as in Eq. 13

X
r ¼ rP>P0

þ rmean (13)

Replacing the removal ratio terms in Eq. 13 with the set-
tling parameters, it takes the following form

X
r ¼ ð1� P0Þ þ 1

S00

ZP0

0

vdP (14)

The influent flow distribution and effluent weir hydraulic
loading rate also largely influence the particle separation in

flow tanks. The suspension is supposed to flow at rather qui-
escent flow conditions in the settling column for efficient
separation efficiency. The uniform distribution of the influent
to the cross-section of the column inlet, accompanied by uni-
form and satisfactorily low hydraulic weir-loading in the
outlet, prevent flow short circuiting and resuspension of the
settled particles back into the column. The weir hydraulic
loading rate to prevent the resuspension of the settled
particles was checked by the following criterion40

Q

Lweir
< 5hS00 (15)

where Q and Lwier indicate the applied flow rate and total
length of straight weir in the column outlet, respectively.

Curve modeling

In the study, following curve estimation model was used
to fit x and y variables into functional expressions, where a,
b and c represent the constants of the function

y ¼ a
1

1þ be�cx
� 1

1þ b

� �
(16)

a, b, and c constants were determined by minimizing the sum
of squares (SSR) between the observed and fitted data as in
Eq. 17, harnessing Solver in Microsoft Office Excel software.

SSR ¼
Xn
i¼1

yobserved � yfittedð Þ2 (17)

Material and Method

In this study, bentonite clay was used as a solid particulate
test material, because of its flocculating properties. Addition-

Figure 4. Evaluation of the settling rate distribution data
of the particles in a suspension: (a) settling
rates vs. particle percentages obtained at
batch settling conditions; (b) method to pre-
dict the particle removal at flow conditions.

Table 1. Composition of the Bentonite by XRF

Element (%) Oxide (%)

Al 9.371 Al2O3 17.706
Ba 0.122 BaO 0.136
Br 0.001 Br 0.001
Ca 1.626 CaO 2.275
Cl 0.345 Cl 0.345
Cr 0.018 Cr2O3 0.026
Cu 0.004 CuO 0.005
Fe 4.054 Fe2O3 5.796
Ga 0.002 Ga2O3 0.003
K 0.815 K2O 0.982
Mg 2.376 MgO 3.940
Mn 0.044 MnO2 0.070
Na 2.218 Na2O 2.990
Nb 0.002 Nb2O5 0.003
Ni 0.017 NiO 0.022
O 48.242
P 0.035 P2O5 0.081
Pb 0.006 PbO 0.006
Rb 0.008 Rb 0.008
S 0.627 SO3 1.567
Si 29.522 SiO2 63.157
Sr 0.030 SrO 0.036
Ti 0.480 TiO2 0.801
Y 0.004 Y2O3 0.004
Zn 0.008 ZnO 0.010
Zr 0.021 ZrO2 0.028

2048 DOI 10.1002/aic Published on behalf of the AIChE August 2008 Vol. 54, No. 8 AIChE Journal



ally, the unchanging chemical composition and physical
properties of the clay material were deemed supreme charac-
teristics, as compared to other materials, particularly of or-
ganic origin, e.g., activated sludge biomass. Considering that
the suspended impurities encountered in natural environments
are inevitably inconsistant at each solid material supply, with
rather nonuniform nature in due time, i.e., activated sludge
biosolids, one with known and constant characteristics, as
such ‘‘bentonite’’ was preferred as a test material to obtain
compatible and consistent settling data.

X-ray diffractometer analysis (XRD PANalytical PR3040/
60 X’Pert Pro, Philiphs) revealed that the major minerals
existing in the tested clay material were quartz and montmo-
rillonite. The composition determined by XRF analysis
(Philips PW-2404 XRF) in Table 1 suggests that the clay is
Na-Bentonite clay corroborating with the equivalencies of
96.437 meqNa1 and 81.300 meqCa21 for 100 g bentonite
material.

Bentonite clay, supplied in fine powder form from a
nearby cement factory, was heat-dried overnight at 1058C,
and then dry density was determined to be 1,151 kg/m3. The
dry material was further sieved through 75 and 150 lm
sized-sieves for 2 h, and the material in between these two
sieves were used in the settling tests. Because clay materials
have the tendency to agglomerate, the real grain-size
distribution of the material by laser diffraction method (Mal-
vern Mastersizer 2000) revealed that the effective size of the
clay particles tested ranged from 0.45 to 100 lm as depicted
in Figure 5: Curve.I depicts the particle-size distribution as
a function of surface area of the bentonite material, and,
Curve.II points out the cumulative frequency distribution.

Particulate matter concentrations in the suspension were
measured by both the light-extinction principle in photometer
(Pharmacia LKP NovaspecII), and by the gravimetric
method, based on filtering the suspension through 0.45 lm
cellulose-acetate membrane filter. Since clay is not opaque
enough for reliable photometric readings, the raw clay
material was dyed with methylen blue before its use in the
settling tests. For dyeing, 10 g bentonite was introduced into
500 mL deionized water, and mixed until homogeneous sus-
pension. Then 0.1 mg methylen blue was added into the sus-
pension, in which dye dosage was 0.01 mg-methylen blue
per g-dry clay. Next, pH of the suspension was adjusted to 8
and, subsequently, stirred in orbital incubator at 808C for 4 h

for permanent color formation. Following the stirring period,
suspension was filtered and dewatered. The clay material was
then transferred into 500 mL deionized water, and mixed
until homogeneous suspension. This preparation was used as
stock suspension. The feed suspensions were prepared in the
reservoir by diluting the stock suspension in the feed reser-
voir with tap water to the predetermined concentration levels.
During the test runs, the suspension in the reservoir was con-
tinuously aerated by diffused aeration to keep the suspension
homogeneous. The settling tests were done at room-tempera-
ture conditions.

Batch settling tests were conducted in a cylindrical PVC
column having 0.16 m inner dia. and 3 m vertical length. To
sketch out the settling rate-concentration distribution with
depth, samples were taken at certain time intervals from four
separate sampling taps taking place at 0.5 m intervals from
the top water surface.

Upflow settling tests were conducted in a cylindrical plexi-
glass column having 0.16 m inner dia. and 2.36 m length in
vertical position. 17 PVC tubes, each having 0.02 m dia. and
0.65 m length, were inlaid into the column and fixed at the
midpoint of the column. The settling surfaces were increased

Figure 5. Size distribution of bentonite clay by laser diffraction method.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

Figure 6. Nondimensional concentration distribution at
batch settling conditions for 250 mg/L initial
bentonite concentration and the curves fitted
through Eq. 16.

AIChE Journal August 2008 Vol. 54, No. 8 Published on behalf of the AIChE DOI 10.1002/aic 2049



by column inclinations for 508, 608, 708 and 808. The tests
were carried out at inclined upflow operational conditions,
where the inclinations gave rise to increased settling surfaces
resulting in decreased surface hydraulic loading rates.

In upflow operation, the influent was fed into the column
through the center of hopper-shaped inlet structure at the
tank bottom and effluent was collected from the straight weir
taking place along the diameter length of the column. The
flow rate, weir length, and resultant weir loading rate were
1.388�1024 m3/s, 0.16 m and 8.680�1024 m3/m.s, respec-
tively. The applied surface hydraulic loading rates at 508,
608, 708 and 808 tilted column operations were 5.562�1024,
7.151�1024, 1.045�1023 and 2.059�1023 m/s, respectively,
which corresponded to 1.81, 2.04, 2.22 and 2.32 m water
column heads.

Results

Batch settling

Batch settling of bentonite suspension having 250 mg/L ini-
tial concentration, was tested. Samples were withdrawn
at 10, 15, 20, 30, 45, 60, 90 and 120th min from four
separate sampling taps located at 0.5 m intervals along the
column depth from the water surface, and the measured
nondimensional particulate matter concentration distributions
C/C0 or P, were tabulated (data not shown). Then data pairs
were fitted to the curve model given in Eq. 16, where y and
x variables were replaced by P and h, respectively. Fitted
curves are portrayed in Figure 6, and the accompanied model
curve constants together with the coinciding sums of squares
are given in Table 2.

The data depicted in Figure 6 display that initially rela-
tively higher settling rates were observed as compared to
later periods. The high-settling rates at earlier periods are due to
relatively bigger size of the particles. The particles having rela-
tively low-settling velocities keep suspended for longer periods.

Upflow operation

Upflow test runs were conducted at conditions having
increased settling surfaces for 508, 608, 708 and 808 column

inclinations. The influent was fed into the column in upflow
direction from the bottom. In all the test runs, influent partic-
ulate matter concentration and flow rate were constant as
250 mg/L and 0.5 m3/h. The effluent suspended solid con-
centrations obtained at steady-state operational conditions are
given in Table 3. The columns in the table indicate inclina-
tion angle, water column head, total settling surface area,
surface loading rate, effluent quality (suspended solids con-
centration) and suspended solids removal ratio, respectively.

Prediction of Removal for Upflow Operation
by Batch Settling Data

Data prediction and curve fitting

Since particulate matter removal efficiency in flocculated
settling conditions changes with depth, water column head at
batch settling tests should either reflect the water depth of
continuous-flow tank or batch settling data need interpolation
or extrapolation for the prediction of settling efficiency at
flow conditions. Since the identical depths studied at upflow
test runs were not covered at batch test, P-value coinciding
with the depths at flow conditions were predicted first. The
water column heads at upflow conditions for 508, 608, 708
and 808 inclinations were 1.81, 2.04, 2.22, 2.32 m, respec-
tively, which were not the sampling depths at the batch set-
tling test as can be seen in Figure 6. Then P-values corre-
sponding to the aforementioned four depths were predicted
for all the sampling periods depicted in Table 4 using the
curve model parameters given in Table 2.

Next corresponding settling rates of the particles were
computed. Successively predicted P, and computed v data
pairs, given in Table 4, were fitted to curve model of Eq. 16
where y and x variables were replaced by P and v variables,
respectively. The fitted curves and extracted model constants
are given in Figure 7 and Table 5, respectively.

Table 2. Fitted Curve Model Constants of Eq. 16 for the Curves in Figure 6

Parameters

t (min)

10 15 20 30 45 60 90 120

a 2.16604 4.63277 10.41023 10.40459 10.40228 10.40145 10.40069 10.40028
b 0.82445 0.24937 0.08551 0.07237 0.05285 0.04165 0.05558 0.01912
c (1/m) 3.79140 2.59896 2.10097 1.45699 0.88932 0.50736 0.18379 0.30884
SSR 2.53E-06 9.94E-07 5.056E-06 1.309E-06 6.454E-07 2.099E-06 1.081E-05 2.177E-06

Table 3. Operational and Quality Data at Upflow Test Runs

y (8) h (m) A (m2) S00 (mm/s) Ceffluent (mg/L) robserved

50 1.81 0.24965 0.5563 30.5 0.878
60 2.04 0.19420 0.7152 38 0.848
70 2.22 0.32840 1.0455 61 0.756
80 2.32 0.06744 2.0594 120 0.520

Table 4. Predicted P-Values for the Tested Flow Conditions

t (min)

P or C / C0

h 5 508
h 5 1.81 m

h 5 608
h 5 2.04 m

h 5 708
h 5 2.22 m

h 5 808
h 5 2.32 m

10 0.9778 0.9787 0.9670 0.9516
15 0.9165 0.9190 0.9084 0.8946
20 0.8034 0.8096 0.8017 0.7897
30 0.6497 0.6611 0.6628 0.6606
45 0.4142 0.4325 0.4425 0.4462
60 0.2487 0.2618 0.2646 0.2625
90 0.1486 0.1618 0.1735 0.1812
120 0.0824 0.0907 0.0956 0.0975

2050 DOI 10.1002/aic Published on behalf of the AIChE August 2008 Vol. 54, No. 8 AIChE Journal



Prediction of removal efficiency

Figure 8 portrays the data predicted utilizing batch settling
data and the curves fitted to model equation (Eq. 16).

For the prediction of settling efficiency, Eq. 14 was har-
nessed in which dP was replaced with v-derivative of Eq. 16,
as in Eq. 18

dP ¼ a
bce�cv

ð1þ be�cvÞ2 dv (18)

Table 5. Fitted Curve Model Constants of Eq. 16 for the
Curves in Figure 7

Parameters

h (mm)

1.81 2.04 2.22 2.32

a 1.10354 1.12417 1.14315 1.15490
b 6.33509 5.63466 5.10327 4.82050
c (1/m) 2.67628 2.35543 2.13535 2.02359
SSR 0.000572 0.000557 0.000549 0.000545

Figure 8. Distribution of particle settling and applied S0
0.

Figure 7. Fitted model curves through Eq. 16 concern-
ing the studied depths at flow conditions.
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P0 values corresponding to the tested fictitious surface hy-
draulic loading rates S00, can either be read from Figure 7, or
can be predicted using model parameters given in Table 6.
The tested S00 values together with the corresponding P0 values
were tabulated in Table 6. The lines numbered 6 and 7 show the
calculation results where the latter refers to the predicted excess
removal due to upflow operational conditions.

Discussion and Conclusions

Solid particles in water environment have wide variations
in size, shape and bulk densities. Furthermore, these physical
properties are subject to continuous change for cohesive par-
ticles, which makes it impractical to calculate the particle’s
individual settling rates. However, although particle’s indi-
vidual settling rates in a suspension cannot be determined,
settling rate distribution of the particles can easily be
obtained in a batch column settling test and that concentra-
tion-time pair of data can be utilized to predict, to an extent,
the particulate matter removal of the suspension in any tank
at continuous-flow condition. Considering that in some sus-
pensions where the sludge layer cannot be well distinguished
from the liquid phase, the use of concentration distribution
seems much helpful to be utilized rather than the use of
declining insignificant liquid-sludge interphase.

Horizontal flow tanks are efficient for either discrete or
flocculated settling if the inlet structure distributes the influ-
ent evenly to the tank cross-section at the entrance where the
particles entering the tank at depths closer to the tank bot-
tom, although they may have lower settling rates than upflow
velocity, settle and separate from the suspension. However, it
is well known that upflow conditions are not efficient for dis-
crete settling, as compared to flocculent settling, because
only the particles having settling rates higher than the upflow
velocity settle and separate in upflow tanks. At upflow sedimen-
tation, suspension enters the tank from the same plane at the bot-
tom, and, hence, the inlet structure does not provide any advant-
age for any particles in the influent for early settling. Neverthe-
less, in flocculated conditions, particle interactions result in
coalescence and growth, and the agglomerated particles settle
with higher rates giving rise to high performance, which makes
the upflow conditions more efficient for particle removal as
compared to horizontal flow tanks.

The objective of the study was to predict the removal effi-
ciency of cohesive particles of a suspension in a tank at
upflow operational conditions. The mathematical approach

used in this study implies that the prediction can be made
basing upon batch settling data of the suspension. The
approach assumes that:

1. Particles which have settling rates higher than the fictitious
upflow velocity all settle and separate from the suspension.

2. Particles which have settling rates lower than the ficti-
tious upflow velocity are only partially removed.

The removal of second group of particles (particles having
settling rates lower than the fictitious upflow velocity) of a
flocculated suspension at upflow settling conditions can be
attributed to the increased agglomeration effects occurring
under countercurrent flow conditions. Countercurrent flow
conditions promote the efficiency of mechanical filtration,
which is particularly effective in hindered settling region,
where the increased collisions contribute to adsorption of
tiny particles on the particle flocs. The adsorption effect is
brought about by virtue of the cohesive nature of the par-
ticles, in which tiny particles collide and coalesce in counter-
current flow conditions (the influent flows upward while set-
tling particles move downward), and, thus, reach high-set-
tling rates (higher than the, fictitious, upflow velocity), and,
consequently, settle and separate from the suspension.

In this study, the mean value method was employed to
predict the removal efficiency of the particles of which set-
tling rates are lower than the fictitious upflow velocity in the
tank. Successful use of the method incorporating the mean
value method, displayed that removal at upflow conditions
can be well predicted basing upon (fictitious) surface hydrau-
lic loading rate lumped-parameter at any operational condi-
tions, i.e., for any tank geometry and hydraulic retention
time, considering the inlet and outlet structures provide uni-
form flow distribution and collection.

The observed removal ratios at upflow conditions were
0.878, 0.848, 0.756, 0.520, as depicted in Table 3, and the
respective predicted removals by batch settling data employ-
ing mean value method were 0.866, 0.831, 0.773 and 0.512
as outlined in Table 6. The success of the mean value
method for the removal prediction demonstrated that ficti-
tious upflow velocity, S00, in Eq.14 is a favorable substitute
for the upflow velocity, S0, the former corresponds to the
decreased (fictitious) surface hydraulic loading rate by incli-
nation of inlaid tubes, and the latter corresponds to conven-
tional column. For a column without promoted (increased)
surfaces, fictitious upflow velocity (or decreased surface hy-
draulic loading rate) equals to upflow velocity (surface hy-
draulic loading rate).

Table 6. Removal Predictions for Upflow Operational Conditions

Line Number Parameters and/or Executed Operations Experimental, Observed and Predicted Data

1 h (8) 50 60 70 80
2 h (m) 1.81 2.04 2.22 2.32
3 S00 (mm/s) 0.5563 0.7152 1.0455 2.0594
4 P0 0.3037 0.3801 0.5237 0.8762
5 rP[P0

5 1 2 P0 0.6963 0.6199 0.4763 0.1238

6
RP0

0

vdp ¼ RS00
0

abcve�cv

1þbe�cvð Þ2 dv 0.09431 0.15068 0.31072 0.79883

7 rmean ¼ 1

S
0
0

RP0

0

vdp ¼ 1

S
0
0

RS00
0

abcve�cv

1þbe�cvð Þ2 dv 0.16953 0.21068 0.29719 0.38789

8 rpredicted 5 rP[P0
1 rmean 0.866 0.831 0.773 0.512
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Notation

v5particle settling velocity
h5vertical settling depth
t5 settling time

S05upflow velocity or surface hydraulic loading rate
S005 fictitious upflow velocity or decreased surface hydraulic loading

rate
l1, l25geometric dimensions on the tube settler

d5diameter of the tube settler
A5 cross-sectional area of the tube settler
h0 5 the length of the tube settler
h5 tube settler inclination angle
m5 the number of elliptical surfaces in a single tube settler
n0 5 total number of elliptical surfaces in a settling column
P5 the percentage of suspended solids removal
P05 the percentage of suspended solids removal corresponding to the

applied surface hydraulic loading rate
Q5flow rate
r5particulate matter removal ratio (efficiency)

Lweir5weir length of the straight weir
SSR5 sums of squares
C5 suspended solid concentration
C05 initial suspended solid concentration

Greek letters

a,b,c5model constants
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