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Principle of Sedimentation — Discrete
Particles Settling (Type | Settling)

Sedimentation is a physical treatment process that
utilizes gravity to separate suspended solids from water.
The process is widely used as the first stage in surface
water treatment to remove turbidity causing particles
after coagulation and flooculation. Sedimentation is also
(2 ) to increase sludge solids concentration in sludge
thickening . Presedimentation is also used in some cases
to remove settleable solids such as gravel, grit, and sand
from river water before it pumped to the drinking
water treatment plant.



In this lecture, the theory and design procedures
for sedimentation basins are discussed. Examples
design calculations for presedimentation , and also
examples calculation for the determination of both
Newton's law , and Stoke's law are presented
through these calculations examples. The design of a
sedimentation basin is dependent upon the
concentration, size. and behavior of the solid
suspension. In general, there are four types or
classes of sedimentation.
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Gravity Separation Theory

The removal of suspended and colloidal
materials from water by gravity separation is one of
the most widely used unit operations in water
treatment. Sedimentation is the term applied to the
separation of suspended particle that are heavier
than water, by gravitational settling. The terms
sedimentation and settling are used interchangeably.
A sedimentation basin may also be referred to as a
sedimentation tank, clarifier, settling basin, or
settling tank.
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Classification of settling behavior

Settling particles can settle according to four
different regimes (Figure 3.5), basically depending on
the concentration and relative tendency of the
particle to interact: |) Type | discrete particle
settling, 2) Type |l flocculent particles settling, 3)
Type lll hindered or zone settling, and 4) Type IV
compression settling . This review focuses on the
equations that have been previously presented to
model one of the four regimes.
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Figure 3.5 Types of Sedimentation
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Type | and Type Il (discrete particles in dilute suspension) was
simulated, as it is the applicable type for the operating
conditions in rectangular sedimentation tanks for potable water
treatment. The first two classes occur in sedimentation basins
of water treatment plants.While the third and fourth classes
occur in sedimentation basins of wastewater treatment plant,
where, the concentration of suspended solids is too high.
Settling of suspended particles in pre-sedimentation basins,
which are not preceded by coagulation- flocculation process, is
of class-I. During this class, there is no change in the shape, size

or weight of discrete particles (do not form aggregates).
[Duggal, K. N., 2008].



Principle of Sedimentation — Discrete Particles Settling (Type | Settling)

The settling of discrete, non-flocculating
particles can be analyzed by means of the
classic laws of sedimentation formed by
Newton and Stokes. The balance of forces
on an individual sand particle is formed by
gravity, drag, and lift forces.
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The force balance is written so that the
direction of gravitational force is positive.
Therefore, a positive settling velocity means
that the particle settles and a negative settling
velocity means the particle rises. The
gravitational and buoyant forces are given,

by F=ma, as follows:
Fe=ma=ppVpg ........... (3-1)
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Fb=ma=pwVpg ... (3-2)
FG=Fg—-Fb=ppVpg-pwVpg=(pp—pw)gVp ... (3-3)
Where :

m = mass, Kg.

a = acceleration, m/s"2

Fg = gravitational force, Kg.m/s"2

Fb = buoyant force, Kg.m/s"2

FG =resultant gravitational force, Kg.m/s"2

pp = density of particle, Kg/m”3
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Pw =density of water, KgZm”3
g = acceleration due to gravity, 9.81 m/”2
Vp = volume of particle, m”3

The frictional drag force depends on the
particle velocity, fluid density, fluid viscosity,
particle diameter, and the drag coefficient
Cd (dimensionless), and is given by:
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Fd = (CdAp pw u*2 p )/2 (pp — pw)gVp ...(3-4)
Where:

Fd = frictional drag force, Kg.m/s"2

Cd = drag coefficient, (unit less)

Ap = cross sectional or projected area of particle in direction of flow, (m)
up = particle settling velocity, (m/s)).

A diagram for settling of an idealized spherical particle is shown below (Figure 3.6).The
settling of discrete particles, assuming no interaction with the neighing particles, can be found
by means of the classic laws of sedimentation of Newton and Stokes. Equating Newton’s law
for drag force to the gravitational force moving the particle, we get Equation

3.5
VsP=V(4g/3cd (sgP-1)dP) ...(3-5)
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_ Density = p
Settling Volume =V
particle

S

Figure 3.6 Definition diagram for particle
terminal settling velocity
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Where VsP is the terminal settling velocity
of the primary particle; Cd is the drag
coefficient; g is the acceleration due to
gravity; Sgp is the specific gravity of the
particle; and dp is the diameter of the
particle. The drag coefficient is a function of
the Reynolds number (Re) and the particle
shape.
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The coefficient of drag Cd takes on different values
depending on whether the flow regime surrounding
the particle is laminar or turbulent. There are three

distinct regions, depending on the Reynolds number
Re:

) laminar (Re <lI),
2) transition<(Re=1| to 2000 ) and
3) turbulent (Re >2000).

For spherical particles, it can be represented by the
following expressions:
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Re= (Vs.dp )/v ....... (3-6)

Where v is kinematic viscosity of
water,m”"2/%, which is dependent on water
temperature and it can be obtained from
tables.
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For Re <| or Re <2 orRe 0.5 Cdis
defined as;

CD = 24/Re ....(3-7)
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While,for | < Re < 10 or 0.5 < Re < 1000,
Cd is defined as;

CD = 24/Re+3/VRe+0.34 ... (3-8)
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For Reynolds numbers less than about 1.0, viscosity is the
predominates. Assuming spherical particle, substitution of the
first term of the drag coefficient equating into Newton's
Equation yields Stokes low:

Vsp=g/18 ((Sgp-1))/v [dp)"2 ...(3-9)

For laminar-flow condition. Stoke found the drag force is to be:
Fd=3mu vpdp
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Settling in the Turbulent region:

In the turbulent region, inertial force are
predominant, and the effect of the first two
terms in the drag coefficient equation is
reduced. For settling in the turbulent region, a
value of 0.4 is used for the coefficient of drag.
If a value of 0.4 is substituted into the
coefficient of drag Cd equation the resulting
settling equation is:
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Vp =+(3.33 g (Sgp-1 )dp) ... (3-10)
Where S is the particle specific gravity. Table
(3-3) represents the physical properties of
water. The general conclusion, that Vp depends
on a particular diameter, particle density and,
under some conditions, also on fluid viscosity
and hence on temperature, is important in
understanding sedimentation behavior.
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Furthermore, in practical sedimentation tanks,
the terminal settling velocity is quickly
reached, so, for non-flocculent particles and
uniform fluid flow the settling velocity is
constant throughout the settling time. This fact
can be usefully applied to a study of settling in
an ideal sedimentation tank to provide an
important design principle for sedimentation
process



|dealized Discrete Particle Settling

In the design of sedimentation basins, the usual
procedure is to select a particle with a terminal velocity
Vc (Surface Overflow SOR) and to design the basin so
that all particles that have a terminal velocity equal to
or greater than Vc will be removed. Thus the critical
velocity to the overflow rate or surface loading rate. A
common basis of design for discrete particle settling
recognizes that the flow capacity is independent of the
depth.



For continuous flow sedimentation, detention time should be such that all
particles with the design velocity Vs will settle to the bottom of the tank.The
design velocity, detention time, and basin depth are related as follows:

Vc (SOR) = ( depth )/(detention time ) ... (3-17)

|dealized discrete particle settling in three different types of settling basins is
illustrated on fig 3.7.

Particle that have a velocity of fall less than Vc will not all be removed during
the time provided for settling. Assuming that the particles of various size are
uniformly distributed over the entire depth of the basin at the inlet, it can be
seen from an analysis of the panicle trajectory on fig.3.8 that particles with
settling velocity less than Vc will be removed in the ratio:

Xr =Vp/Vc ... (3-18)
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Where:
Xr = the fraction of the particles with settling

velocity Vp that are removed.

Figure 3.7 Definition sketch for the idealized
settling of discrete particles in three different
types of settling basins :(A) rectangular, (B)
circular, (C) up-flow.
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Figure 3.8 Sedimentation Basin Design (ldeal
Basin)
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The ideal rectangular horizontal flow sedimentation tank is
considered divided into four zones (Figure 3.8)

|) Inlet zone - in which momentum is dissipated and flow is
established in a uniform forward direction.

2) Settling zone - where quiescent settling is assumed to occur as the
water flows towards the outlet.

3) Outlet zone - in which the flow converges upwards to the
decanting weirs or launders.

4) Sludge zone - where settled material collects and is moved towards
sludge hoppers for withdrawal. It is assumed that once a particle
reaches the sludge zone it is effectively removed from the flow.



All particles with settling velocity equal or greater than SOR
will be removed. Thus the fraction of all removed particles
(theoretical efficiency) will be [McEwen, |. B., 1998];

Xs vs

F = (|-Xs) + 0 SOR dx ...(3-20)

In Eq. (3-20), Xs represents the fraction of particles with
settling velocity

less than SOR, (1-Xs) is the fraction of particles withVs = SOR
and the integral is the fraction of particles withVs < SOR which
are removed in the settling tank.



Eq. (3-20) is approximated by:

— i iI=n . .
F=(1-Xs) + SOR D=1 Vsi Axi
(3-21)
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Settling)

Ex:
A settling basin is design to have surface over flow rate of 32.6 m/day determine the
overall removal obtained for suspension with the size distribution given . the specific

gravity of the particles is 1.2 g/cm3 .
particlesize 0.1 0.08 0.07 0.06 0.04 0.02 0.01
(mm)
%Weight 10 15 40 70 93 99 100

fraction

greater than

size percent
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Figure 3.9 Cumulative distribution of particle
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Solution::

At20C, = 1.027 cP

The settling velocities of the particles may be calculated from Soke,s law as follows :-

g 9800 + 102
Y e Vdpt— VY
" (oo = pw)-dp” = 14 (1027 ) * 102

— 107.62 dp?
V,=SOR=32.6 m/day = 0.37 mm/sec .

Wt fraction %

{1.2—-0.997 )dp?

Vs.(mm/sec)

L 080, L0997




Since the calculated Reynolds numbers are all less 0.5, Stokes law is applicable and
the calculation of velocity is valid.All particles with settling velocity greater than
0.37 mm/s will be removed.

Ax 0.04 0.04 0.04 0.04 0.04 0.04 0.027

\" 0.06 0.16 0.22 0.26 0.30 0.34 0.37

V.AX 0.0024 0.0064 0.0088 0.0104 0.012 0.0136 0.0099

. F=(1-0.267) + # (0.0635) » 90%



Thus from the graph, the fraction (1-Xs) is equal to 0.73. The graphical determination of
2vAXx is tabulated below:

Ax 0.04 0.04 0.04 0.04 0.04 0.04 0.027

\" 0.06 0.16 0.22 0.26 0.30 0.34 0.37

V.AX 0.0024 0.0064 0.0088 0.0104 0.012 0.0136 0.0099

. F=(1-0.267) +-= (0.0635) ~ 90%;



The overall removal is thus:

1 . _ . .
F=(1-Xs) + o — LSy VsiAxi ... (3-21)

. F=(1-0.267) +— (0.0635) ~ 90%;
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ample:

Find the followings :-
a)the settling velocity in water at 20 C of spherical particle 4.5%10-3cm in diameter and having a
specific gravity of 2.65 g/cm3
b)the rising velocity of the particle in () if its specific gravity is 0.8
u = 1.009 * 102 g/cm .sec
c the settling velocity of 20 c (d=0.12cm) p,, = | g/lem3 =1000 kg/m?3
Solution:

081 (2.65 —1)(4.5x1073) 2
18 x 1.009 x 102
_ Vs .dp . pw 0.18+4.5+10 =1

" =W= 0.08<0.5 0.k

981 { 0.8—1)(4.5+ 10332
18+1.009+10 2

a)Vs = 9/18 (pp —pw ) d2 = =10.18

Re
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CCRANTIN SEFPARATION THEOR™S

The removwal of suspended and collodsdal materials Hoan
water by grawvity separation is omne of the mmost widsely vused wmmdt
operalions in Wwater treatment. Sedimentation is the termnm applied to
the separation of suspended particle that are heavier than water,
by gravitatiomnal setfling. The ferms Sedimentation and settling are
used interchangeably. A sedimmentation basin may also be referred
o as a sedimentation tank  clanfier, seftling basin, or setiling tamnke

PARTICT.F IDISCREREFEITE SFTITT.ING THEFORS TYPE D
SETTY.IT™NG)

The settling of discrete., mom flocculatinges particles can be
analv=ed by means of fhe classic lavws of sedimentabhon formed by
MNewton and Stokes DMNewton™ s law wields the ftermouuainal particle
welocity by egurating the grawvitational force of the particle to the
frrictional resistance., or drag. The force balance is written so that
the directiom of grawvitational force 15 positive. Therefore, a
positive setiling welocity mmeans that the particle settles amd a
e mative settlimng e lowcityr IIMEATLS the particle TLISES. The
gravitational and buovyant forces are given byw F = ma. as follows:
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T
[

= T — Oy Vi o

Fgp=ma= p,. Vp,g

Fe=Fg—Fp= paVagG— PuwVeg= (Pp— Puw JgV,

A here:

m = mass, kg 1 T

a — acceleration. /s~ Q

Fe = gravitational force, (kg m/s> ) i.e_ () . Parkcie
Fp = buoyant force, (kg mv/s> ) i.e. (IN) e —

Fg — resultant gravitational force. (kg.m/s” ) i_e. (IN)
pp = density of particle, (kg/m)

P = density of water. (kg/m’)

o = acceleration due to gravity, (2_.81 m/s™)

AWp = wolume of particle, (m™)

The finctional drag force depends on the particle welocity, fluid
density., fluid wiscosity., particle diamneter, and the drag
coefficient Cj (dimensionless), and i1s given by

Cg A, p,,. =
=z

=

F_d:
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Fa — frictional drag force, (kg mu/s”® )

Cy = drag coefficient, (it less)

HAgn = cross sectiomal or projected area of particles in direction of
flowr, {]I‘I.::I

Vp = particle settling velocityy, [ﬂ:-,-'s]{

Eguating the resultant grawvitational force to the fnctional drag
force fior spherical particles yields INewton' law:

vor = [2E (PP 4y = [FZ e D

A here:
W open — termdnal welocity of particle, (mw's)
d, = diameter of particle. {m)
Sgn = specific gravity of the particle
The coefficient of drag C4 takes on differend wvalues depending o
whether the flow regime surrounding the pasticle is lammanar or
turbulent. There are three distinct regions, dependinge on the
Fevnolds munber TNE -

1. laminar {(INg == 1),

2 tramsition== (INe. = 1 to 20000, and

3. tarbulent (INg == 20007 Althougsh
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Adthough particle shape affects the valuee of the drag coefficient,
for particles that are approximately spherncal, the coefficient of
drag Cj5 1s approximated by the following egueatiom:

24 3
O = -+ —+ 0. I
¢ Ng Ve
The Feyvnolds mummbeer N (or Re) for setiling particles 15 defined
as:
Ne — PP Ay Pw _ Tpd,
" £ w

where -
= dymamdc wiscosity, (IN_s/ /1)
+ = kinematic wviscosity. (/s

MNewton's Eqguation omast be modified for non-spherical pasticles.
Aan application that has been proposed 1s to rewnte the eguation as
follows -

Py — pw] 4 a3
— Fir — — 5 — A1) d,,
Rt ST = t:-d'l#{ = = t:-ﬂ_'.#t: Lo ]
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"l.:vhere g is a shape factor. The wvalue of the shape factor is 1.0
for spheres, 2 0 for sand grains, and up to and greater than 20 for
fractal floc. The shape factor o especially mposrtant im
wastewater treatment where few . 1if amy, particles are spherical.
SETTLING IN THE LAMINAR RECION.

For Reynolds mumbers less than abowt 1.0, wiscosity 1s the
predomuinant foroe goverming the setiling process, and the first
term in drag coefficient eguation predominates. Assuming
spherical particles, substitution of the first termm of the drag
coefficient eguation into Newton's Eguation yields Stokes' law:

- ) {Pp —_ Pw)dzp _ g [53::!-_ 1:]-::!2;,.
L 18 18w
For laminar-flow condition_. Stoke foumd the drag force to be:

Fga =3 v, d
SETTLING I THE ITR..—'!.I"TSI]_IGI"'T R ECION
Im the transition region. the complete form of the drag eguation

mmust be used o determmine the setiling welociiy

SETTLING I™m THE TURBULENT REGCThON
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]_Iu the tuarbulent region, inertial f::u'c,e_s are predomanant, and the
ceffect of the first two terms in the drag coefficient equation is
reduced. For setiling in the furbulent region. a value of 0.4 1s used
for the coefficient of drag. If a valae of 0.4 is substituted into the

coefficient of drag O equation the resuliing setiling equation is:

v,,:J:i.ESg(p"pwp"')dp =J3.335(Sgﬂ—1)dp

[I':ab]e 5-1 represents the phyv=sical properties of water
TABLE S5-1
PEHYSsICAL PREOPERTIES OF WATER

Bpecihc Cymarnic Kirematic Surfasce MM i = af Wapor
Termperature Weight Doensity® Wiscosity™ Viscosiny Tension® Elasticity” Pressure
T » " " - o E .
ol MM (egdm™@) (= 107 kgsmes) (= D% m®rs)  (MAm) (= 107 MAm®) (kPLAm T )
& LT S 1. 781 L.7a85 OGS 1.58 Sl
5 Sany LD, O 1.51& 1.519 00745 .05 oAy
| e GO Qa7 1.307 L.30% 00742 2.19 1.2%=
=] G 959, 1 1.039 1.159 O.OFAS 215 1.7ie
20 G FED S, 2 10432 L0023 O.O72E 217 2.34
5 GFTET SeT O LLB%0 0843 O.OF20 222 aar
= L= == 1 L=1= ="y T FoO= OB oLoFlz 225 a4 24
Ay G_FE0 aue. 2 LG5S 0.ES8 0 DeESE 228 ?oaE
=" ] o EED =1o ==} D547 0553 O.OsFo 2.29 12 33
3 GG QE3 T T.46S 04748 OS2 2.8 PR
T G RED aFr.E A0 0.al3 0_GeSad 225 31_16-
a0 G530 =T 0354 0,354 00526 2.20 47 39
=) Gl B =T o31S 0326 0 DS 218 TO_10e
10O L L e ] go5=.14 o Z8F [ =i = O =a0 2.07F 101 3=
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EXAMPLE

Determine the termunal settling velocity for a sand particle wnith an
average diameter of 0.5 mm, a shape factor of 085, and a specific
gravity of 265 settling in water at 20 “ (.

SOLTUTION :

For temperatore 20 2 O, firom Table S5-1-:
The knematic viscosity valune given is 1. 0003 30 10°° m?/'s .

1-Determune the terminal setiling wvelocity for the particle using
Stokes” law:

g (5 e — 1)‘12:::'
w 18w

_ (9.81m/sZ)(2.65 — 1)(0.5 x L0~ m)>

bt 18 (1.003 x 105 m2/5)

= . 224 /=

2- Check the Feynolds nomber (include the shape factor @:



.

Pw,d
Ng =—'; s
0.85 (0.22477) (0.5x10% m)

Ng= =949
R (1.003 x 10 m?/s)

The use of Stokes' law is not appropriate for Reynolds number >
1.0. Therefore, Newton's law must be used to derenn;ne the
settling velocity in the transifion region.

3-For the first assumed seftling velocity, use the Stokes' law
seftling velocity calculated above. Using the resulting Reynolds
number, also determined previously, compute the drag
coefficient.

24 3 24 3
C,=2 4 2 4034="+_ 2 +0.34=0901
" Na  [Np 94.9 949

4-Use the drag coefficient in Newtfon's equation to determine the
particle settling velocity.



4g
Vpir) = Jﬁ (Sg,-1)d,

_ 4(9.81m/5%)(2.65 — 1)(0.5 x 103 m)
= 3x0.901

=0.109m/s
Because the mitial assumed settling velocity (0.224 m/s) does not
equal the settling velocity calculated by Newton's equation (0.109
m/s), a second iteration is necessary.
5-For the second iteration, assume a settling velocity value of
0109 m's, and calculate the Reynolds number. Use the
Reynolds number to determine the drag coefficient, and use
the drag coefficient in Newton's equation to find the seftling
velocity.

0.85 (0.109) (0.5x 10~ m)

Ne= (1.003 x 10~ m2/5) =46.19

24 + L+'I.'l.3-1-= 13

=0t T
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4(9.81m/s?)(2.65—-1)(0.5x103m)
3x1.3

= 0.091 m/s|

Because the settling velocity used to compute the Reynolds
number agrees with the settling velocity wvalue from Newton's

equation, the solution approach has been confirmed.
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