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Introduction

Sedimentation describes the motion of molecules in solutions or particles
In suspensions in response to an external force such as gravity, centrifugal
force or electric force.
The separation of a dilute slurry or suspension by gravity settling into a clear
fluid and s slurry of higher solids content is called sedimentation.

particles particles
suspended settled
in water on bottom
time
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Objective & Application
IS to remove the particles from the fluid stream so that the fluid is
free of particle contaminants.

Applications of sedimentation: include removal of solids from liquid
sewage wastes, settling of crystals from the mother liquor, separation of liquid-
liquid mixture from a solvent-extraction stage in settler, water treatment,

separation of flocculated particles, lime-soda softening iron and manganese
removal, wastewater treatment, solids/sludge/residuals.

©Oil Shadge-tank

Clean oil-tank

Theory for sedimentation

Whenever a particle is moving through a fluid, a number of forces will be
acting on the particle.

First, a density difference is needed between the particle and the fluid.
If the densities of the fluid and particle are equal, the buoyant force on the

particle will counter balance the external force and the particle will not move
relative to the fluid.

There are three forces acting on the body:
- Gravity Force

- Buoyant Force

- Drag Force
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Mechanics of particle motion in fluids

To describe, two properties need:
1- Drag coefficient

2-Terminal velocity

Drag Coefficient

For particle movement in fluids, drag force is a resistance

to its motion. F
Drag coefficient is a coefficient related to drag force. 7 \
Overall resistance of fluids act to particle can be N | e

described in term of drag force using drag coefficient
FG

I——

Comparing with fluid flow in pipe principle, drag coefficient is
similar to friction coefficient or friction factor ( ).

shear stress
(kinetic energy

unit volume of flowj

(F /A
1mv7
2

\V4

1
F == fpAv?
210

For drag coefficient:

drag force per area

C, = —_\7
® " (kinetic energy 1
unit volumeof flow Emv
V
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Frictional drag coefficient

1- For flat plate with a laminar boundary layer:

1.328

CD NRO.S

2- For flat plate with a turbulent boundary layer:

_ 0.455
* flogN, ™

_ Dvp

U
D =length of plate = diameter of sphere

Ng

For flat plate with a transition region:

0455 1700
° (logNg)** N

_ Dvp

y7i
D =length of plate = diameter of sphere

Npg

Note: If a plate or circular disk is placed normal to the flow, the total drag will
contain negligible frictional drag and does not change with Reynolds number .

Sphere object

At very low Reynolds number (< 0.2), Stoke law is applicable. The inertia
forces may be neglected and those of viscosity alone considered.

o 2
NR
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Terminal or Settling Velocity

Settling velocity ( v; ): The terminal velocity at which a particles falls
through a fluid.

When a particle is dropped into a column of fluid it immediately accelerates
to some velocity and continues falling through the fluid at that velocity (often
termed the ( terminal settling velocity).

The speed of the terminal settling velocity of a particle depends on properties
of both the fluid and the particle:

The size if the particle (d).
The density of the material making up the particle (rp).
The shape of the particle.

Particle Settling Velocity

Put particle in a still fluid... what happens?

Speed at which particle settles depends on:
Particle properties: D, p,, shape

Fluid properties: ps, u, Re

STOKES Settling Velocity

Assumes spherical particle (diameter = dp) laminar settling

Fs depends on the volume and density (pp) of the particle and is given by:

T T
Fs :gdpg X Ppd :Eppgdps

Fg is equal to the weight of fluid that is displaced by the particle:
T 3 T 3
Fo=—d, x =—p;0d
P Pid 5 P90,
Where ps is the density of the fluid.

Fp is known experimentally to vary with the size of the particle, the viscosity
of the fluid and the speed at which the particle is traveling through the fluid.
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Viscosity is a measure of the fluid’s “resistance” to deformation as the
particle passes through it.

1
Fo :ECDpf A" =37d, v Co="—

Where m (the lower case Greek letter mu) is the fluid’s dynamic viscosity and
v is the velocity of the particle; 3pd is proportional to the area of the particle’s
surface over which viscous resistance acts.

From basic equation, F = mg = resultant force:

F=ma:m%=FG—FB—FD

With v = terminal velocity or v;:

dv

F.-F,-F,=m—=0
G B D dt

In the case of 0.0001< Ny < 0.2, terminal velocity can be determined by
using Cp =24/N:

v = ﬂdP(PP -P¢)d :dpz(pp -P)d
t 3 Copy 18

In the case of 0.2< Ny <500, terminal velocity can be determined by using
Cp as:

CD:>%£h+015NR“W]

R

In the case of 500 < Ng < 200,000, terminal velocity can be determined by
using Cp, as:

C, =0.44
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Table #.1 Comparative surmmary of equations of motion of spheres, ks and circular cylinders (Adopted from Lapple, 1956)

Infinite circular
Sphere Thin disk Thin disk cylinder
{any direction') (normal 1o face’) {parallel to fce") {normal to axiz')
Reynolds Mo. equ. dy¥esln de Vol 2LVopin dy Vol
Frontal area A, T H (/4 a2 [TAY3 (dy) L
Mass m, osi)6) d) ol/4) d2L - eylnis) diL /4] 7L
Dirag relationships
streamiling flow
Ng =02 Fp= An gk, an¥d, {163y n¥d, (4l Ky g VL
Cplig = 4 Gdfm LTE Ba/K
turbulent fow
Cp, (average) 0.44 1.12 - 1.2
Ny (range) 1x 107 —2 = 108 == 1000 - 1x 10t =2 x 10*
Terminal velocity g, —pr) 2elip,— gr) gy mip, = gyl xﬂ',n{,p: - g5l
A 3Ces Coy 2Ce, 2Co,

! Direction of flow or motion
L = Thickness of disk, length of rod or cylinder, length of flat plate along dircction of fow or mation
K e 2002 In Ny

Laminar (Stokes) vs. Turbulent (Gibbs) settling:

Comparison of Stokes and Gibbs

% 150
£ /
(&)
= 100
(&)
=)
(5]
3 /
> 50
=
§ /

O T T

0] 0.05 0.1
Diameter, cm

0.15

Stoke’s Law has several limitations

1) It applies well only to perfect spheres.

The drag force (3pdmv, ) is derived experimentally only for spheres.
Non-spherical particles will experience a different distribution of viscous

drag.
i) It applies only to still water.
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Settling through turbulent waters will alter the rate at which a particle settles;
upward-directed turbulence will decrease v, whereas downward-directed
turbulence will increase v..

i) It applies to particles 0.1 mm or finer.

Coarser particles, with larger settling velocities, experience different forms of

drag forces.
Stoke’s Law overestimates the settling velocity of quartz density particles

larger than 0.1 mm.

1000

100

-
=]
T

Fall velocity (mm s°1)

0.1 1 1
0.01 0.1 1.0 10

Quartz sphere diameter (mm)
a)When settling velocity is low (d<0.1mm) flow around the particle as it falls

smoothly follows the form of the sphere.

Drag forces (Fp) are only due to the viscosity of the fluid.

When settling velocity is high (d > 0.1mm) flow separates from the sphere
and a wake of eddies develops in its lee.

Pressure forces acting on the sphere vary.

d< 0.1 mm d>0.1 mm

Region of negative pressure

P e

( -

@
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Negative pressure in the lee retards the passage of the particle, adding a new

resisting force.

Stoke’s Law neglects resistance due to pressure.

Iv) Settling velocity is temperature dependant because fluid viscosity and

density vary with temperature.

Temp. L o) \A
°C Ns/m? Kg/m3 mm/s
0 1.792 - 103 999.9 5
100 2.84 - 10+ 958.4 30
Stokes' settling velocity:
0.1 mum guartz sphere in still water
100

[
=]

Stokes' Settling Velocity (mm 5)

T T
40 60
Temperature (T C)

80 100

Grain size iIs sometimes described as a linear dimension based on Stoke’s

Law:

Stoke’s Diameter (ds): the diameter of a sphere with a Stoke’s settling
velocity equal to that of the particle.

2

(pf ~Pp )gds

V. =
18u

t

Set d. = dp and solve for dp.

180,
(Pf —Pp )g

d =

p
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Settling velocity of dust particles

Example:

Calculate the settling velocity of dust particles of 60 um diameter in air at
21°C and 100 kPa pressure. Assume that the particles are spherical and density
= 1280 kg m™, and that the viscosity of air = 1.8 x 10° N s m™ and density of
air=1.2kgm>

Solution:

For 60 um particle:

D%(p, —
L, 29 2 (0, =)

' 18u
v = (60 x 1092 x 9.81 x (1280 - 1.2)
(18 x 1.8 x 10-3)
= 0.14m s

Checking the Reynolds number for the 60 pum particles,

Re = (1,00
= (BOx106x0.14x 1.2)/ (1.8 x 10°5)

= 0.56

HINDERED SETTLING
If the settling is carried out with high concentrations of solids to liquid so
that the particles are so close together that collision between the particles is
practically continuous and the relative fall of particles involves repeated
pushing apart of the lighter by the heavier particles it is called hindered
settling.
particles interfere with each other

10
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particle interactions change settling velocity

!

discrete particles:

higher solids concentration reduces velocity

Flocculating particles:

experiments only

Hindered Settling

& = void fraction

w,= empirical correlation fraction

_ 1

101.82(1—8)

10+g(pp—pw)d
3pw

For turbulent flow (Re >10%) v =\/

Settling velocity of spherical discrete particle under turbulent flow

11
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Example:

Find the terminal settling velocity of a spherical discrete particle with
diameter (0.5 mm) and specific gravity of 2.65 settling through water at 20 °C

? pw =998 kg/m* , 4 =1.002x10°

Solution:

Sp.gr = pp/pw

2.65= pp/ 998 ~------- pp= 26447 kgim® v, = \/ 10*9(3”;’;”””)‘1

_ |10%9.81(2644.7—-998)+0.510~3
s 3x998

v, = 0.1642 m/sec

Flocculating Particles ( Type I1)

"~
P
e
=
-
o
.

12
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Zone Settling & Compression:

int_erface inital: solids conc. Xo
height }

zone settling: u=const

"

zone settling: u varies

<,

compression

time

intierface inital: solids conc. Xo
height

ho

zone settling: u=const

zone settling: u varies

hi

compression

time

Cohp = Cche = Cy 0y,

13
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Cu= GCo hg
IilJ

Compression - Compaction:

interface

e A

inital: solids cone. X
height o |
ho ] zone settling: u=const -
zone settling: u varies j
Xi
hi compression
L A
--------- time 8
-
dh/dt=-k(h-hoo)
Zone Settling:
interface
height }
Vs "
T time
==
_ ho_hu _ ho_hi
ST t—t,

14



Unit Operation Dr.Ghassan Hassan Abdulrazzag

Sedimentation basins (settling tank) :

Sedimentation basins, also called settling tanks or clarifiers, are large tanks in
which water is made to flow very slowly in order to promote the sedimentation
of particles .

Sedimentation basins come in two shapes, rectangular and circular

3 g Iﬁ Effluent
=< {—

AT

Effluent

Influent

A circular sedimentation basin (Taken from D.S. Sarai, 2006)

The overflow rate (also known as the surface loading or the surface
overflow rate) is equal to the settling velocity of the smallest particle which
the basin will remove. Surface loading is calculated by dividing the flow by
the surface area of the tank. Overflow rate should usually be less than 1,000
gal/day-ft.2 The weir loading is another important factor in sedimentation
basin efficiency. Weir loading, Is another factor in sedimentation efficiency
weir loading also known as weir overflow rate, is the number of gallons of
water passing over a foot of weir per day. The standard weir overflow rate is
10,000 to 14,000 gpd/ft and should be less than 20,000 gpd/ft. Longer weirs

allow more water to flow out of the sedimentation basin without
exceeding the recommended water velocity.

15
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A s e G 22 2003
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{(www_huntingburg org/waste_water_photos.htm)

Consider what goes on in a rectangular setiling basin.

/4w;uu,)
Influent el Eflumnt
o — [ e

—_— ~— u -
. ’

NG /
\‘ H R mtl‘w:','

\ Invt £ANIC

ove wettking sone /
N | ¥

k ’

i/’

Key parameters are:

Relations are.
H = depth of settling zone
L = length of settling zone e &5
W = width of settling zone HW
V= volume of settling zone L HLW V
O = volumetric flowrate 3=:=T=6
1 = flow speed o

@ = transit time = hydraulic retention time

16
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If a particle settles with vertical speed v , its vertical fall over the length of the
tank is

h=v0 =v—
u

This length h is either longer than the settling depth H or it is not.

e If h > H, then the particle hits the bottom before the end of the tank
and is collected.

e If h < H, then the particle may or may not hit the bottom, depending
on the level at which it starts, If it starts close to the bottom, it will
settle on the bottom, but if it starts too high it will wont fail down
enough and will escape with the outflow.

i ==
S Ll
"'l.ﬁ__lr casg oo all ]1._'1 s
[, T q.[__.. e Cof e
-
"
| . -, )
T e T
Ty s s,
. H\"- -H'-\. . H-\.
" T "N, Rt
.\‘\-\""\._- -\__-.\- -\-\"-\.\_ .,
] = = = =
i e i]
| "-'."'___""{ r s CTLAN LR | oifly Hhe kgecer
T e pemicles ane collocted
' "‘-\.__ _ .--‘-\__ .--‘-‘__
i T, T T
= — e ) T )
--‘-\._\_ ] --‘-\_\_\_h" -'-\.__ . -'-\._\_
L] [l . S " e "
"-\._\_ -‘-‘__ . -‘--_\_ . '-\.__ . 1
b -\--\-\-I.\__ T . T . T
- -"-\._\_ --\-_\_\_ --\._\__ ==
' T T .--‘-\__ --'-._ .----_
_————————eaaaaaaaaaaaaaaasss———d
1.y = @
H.A

It is easy to show that, if 27 < H, the particles in the lowest h portion of the
tank are collected and that those starting within the top H — h portion do not
get collected.

17
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This leads us to define a critical settling speed, namely the settling speed of

the particles that get barely all collected.

H Hu
h=H for v, =—-—=—
c o L
in terms of the volumetric %4
flowrate
¢ LWH WL A

Al settling speed o = o,
the top ‘f\»‘vl.‘lc' sk makes it
Lo the botlom of U tank

This critical speed is called the over flow rate

Note: How in this definition, Q is not divided by the cross-sectional area WH
but by the horizontal area of the tank, WL = A

Collecting efficiency:

For particles settling with speed v faster than v, , the collection efficiency is

For particles settling with speed v slower than v, , the collection efficiency is

e S0 ichiy

100%
h
o
]
I -
n =100%
. "‘1
i _—
_h_v _ v )
=4~ H_vc(<1) N
! 1 B

o &,y e oeweg

porcis ane ool

18
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And, how does it work in a circular sedimentation tank ?

. . . Q Q
The radial velocity u varies the 1 }
radius r. decreasing so that the T ~ae. T
volumetric flow through the g /// . F\ | 3
enlarging cross- section remains - / s 4‘2 —_— : :
constant: 3 //’,,/ £ T\ 3

Skud Zone

Q Ll wow____ - : J

u= | A
2nrH

The slope of the settling curve follows the equation

dh v

2nrHv N h= (TR2 yter—TR oy JHY _ AHv

dr u Q Q Q
The collecting efficiency is

h_Adv_ v _ v same as for the rectangular tank
Q Q/4) v, :

1

Typical design values for sedimentation basins

Parameter Range Typical values Units
Rectangular Basin
Length 15-90 25-40 m
Depth 3-5 3.5 m
widih | 394 6-10 m
Circular Basin
Diameter 4 -60 12 — 45 m
Depth 3-5 4.5 m
Water Treatment
Overflow rate 35-110 40 - 80 m/day
Wastewater Treatment
Overflowrate | 10 -60 16 - 40 m/day

19
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In time t, vertical distance covered Is V;.

If v <H, then fraction (v;/ H) has been collected.

If v.>H, then 100% has settled.

There is a distribution of particles with various settling

velocities. H
Define: m(v) as the probability distribution.

Put another way, m(v) dv = mass fraction of particles with

settling speed between v and (v + dv).

Detention time :

. depth
t = tank volume
flow rate
: : _ Qc
Weir length: Lw = ————
W.loading

Where:

Lw= weir length (ft,m)

Qc = flow in one tank (gal/day , m*/sec)

Lol Jare /bl AN axe = ) Ja e ST AW &

W.L = Weir loading (gal/day.ft , kg/sec.m)
Depth : the tank depth is calculated as defined:

d="1
A

Where : d=depth (ft ,m)  V =volume (ft*, m%
A = Surface area (ft?, m?)
For all tank the length has been defines as follows:

L =4W W=\/Z
4d

_0
Qc=—
Where :

W = Width of tank

Qc= flow in one tank

20
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Q = total flow
n = number of tank

A=
O.R

A = Surface area
Qc = flow rate
O.R= Over flow rate

To calculate tank surface area: A =Qc/O.R.
To calculate tank depth: d =V /A

To calculate width of a rectangular tank where length is four times the width:
/4
w= [z

Example:

Find dimension of rectangular basin having volume =3 MLd ,t=4 hr
velocity = 10 cm/min

Solution:

Time = 4x60/1 hour = 240 min

Velocity =10 cm / min

Length =240 min x 0.1=24 m

Volume of water at 4 hour = (3x10%/10%)x(4/24)= 500m®
Cross area= V/L= 500/24=20.8 m*

Assume working depth of 3.

Width =20.8/3=7m
Extra depth 1m of sludge + 0.5 free
Board =3+1.5=45m

Settling tank has size 4.5x24x7

21
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Volume per hour = 3x10°%/24 =125000 m*
Surface loading (SOR , surface over flow rate):

SOR=(3x106/24)x(1/24x7)

Advantages of circular basin :

1. No dead spaces
2. Low maintenance cost of equipment used for sludge collection and ease of
design and construction.
3. The walls of circular tanks act as tension rings, which permit thinner walls
than those for rectangular basins. As a result, the circular tanks have a lower
capital cost per unit surface area than the rectangular tanks.
Sl G (@0 )y ey Laa ¢ g5 UBIAS Ay ilal) ) A0 ¢ jaa Jead )
AR1C, Ay ) ) AN atat ¢ M Api Abdatall () ga¥) A B3 s gal)
(i) il A0 (e Aalse Baa g JSI B3] ddland

Disadvantages of circular basin :

1. low hydraulic detention efficiency. (dadiia Sudg an jladia) 3¢liS)

2. high risk of short-circuiting. (4b_g<!) 8 il 3 b &igas i gl ) )
Santough-, ,Eidge i amt Tursabe ____..Snilzire akirmmer bl

b ) Handealig Gmppars, | e - Sarface <k
C— rd e s | .-I_,-Eu.mhu“.'

' .
| Y g i FITT TV =

.I_/—Hf' mixe . ~Top sfiusk .":. ==kt lent wer
L J L ) !'-I ] i
'y —ay _l'/ :
i u[
; s
Mo Bilien {1 | ]
{] Seum E ;
Hopo ;
E|-.-.-h.' - I:' T |~ ! - . _
= -.'.-‘-.'5.-":-::"-'-:_:._"_!'-.-._7__.1 —— " -, 1 ¢ T —_ll-‘l\I _LLH
e e e TR
) : .
S Aedjmianle
Slucge dere-a f ipe—m -

Sedimentation tank components:

A- Influent Structure (Jise Jsw)

purpose:
(1) Dissipate energy of incoming flow by means of baffles.

(321 ik oo 3l gl (gl Ak ag)
22
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(2) Distribute the flow equally along the basin width.
(sl pa e Jsh Ao (g gbudilly 3R &5 59)
(3) Prevent short circuiting by disturbing the thermal or density stratification.
(RS i 4y ) jad) il zle ) Bash oo BRIl juad ada)
(4) Promote flocculation.(J&d) 3 j25)
(5) Keep low head l0ss.(aidiall (ul ) ofadd e Jlaal))

Details of influent structure:

(1) Inlet channel: has a minimum velocity of 0.3m/s to prevent settling of
solids..(Alal) 3 gall a5 aial 436/ 5 0.3 o8 JEI Y 4oy 1Jal) 5L )

(2) Submerged ports or an overflow weir: Ports have velocities between 4.5
and 9 m/min at design average flow. The spacing between the ports is
normally 1-2m with a maximum spacing of 3m.

b giay 4883/ 2 9 9 4.5 (i €9 e sy (o) gall el (aildl) aadl) g B gaal) 2ELial))

(p3 el padl gaa2 - 1 MUl G oLl G 6SELadale aranail) (30

(3) A perforated baffle (5% porosity) with ports size between (5-10cm), is
typically installed 0.6-0.9m away from the inlet ports and the lower end is
about 15-30 cm below the inlet ports. The top of the baffle is kept below the
average water surface to allow scum to pass over the top.

- 0.6 3 e Bule ¢ (pu 10-5) Om Lgads Bliay (Apalesa 75) igiia Jala S i oy )
ok Jodal 3lia cal aw 30-15 (Ao Aeal) cihall (5% 9 J gl 38lia (e s3e 0.9
(&.&\ (898 Alia g e Clacdl Jai gial) slal) rhacs cuald Jalald) (g sladl o Jadly Jaldda)

. _ Influent weir
;Bﬂtﬂt‘ | _'I‘—f;'_ !
- -::-‘- i __"_!é:___ _
- . . = Battle
b e
| RS — —»h
—IN C
Maultiple Multiple
openings Openings

B-Effluent structure

purposes:
(1) Provide uniform distribution of flow over a large area

B Aalua o (gl alilia 55 1S
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Sludge collection and removal

(2) Minimize lifting of the particles in to the effluent.
Alild) ) ) clageal) a8 ) (e JB

(3) Reduce the escape of floating matter to the effluent.
ALilad) il ) Aadlad) 3 gad) e (pa dal)

Details of Effluent structure
1.0verflow weir type : v-notch or straight

2.Baffle in front of an overflow weir: It stops the floating matter from
escaping into the effluent (0.6 m submergence minimum)
A& sia 0.6) Ailad L ) g gl G dailad) Balall ade i) Jala ala) adalia
() aas

3.Effluent launder or channel. (Adibud) cilail) 5L8 i Jaus)
4.0utlet box. (L4 (§gaia )

V-notch is preferred, Why?

*It provide larger head, satisfactory to prevent slime and sludge accumulation
slaadl g Ja gl aS) 5 adal Luda e g o) Uil gy 4d)

*The capillary rise can be ignored when V-notch is use.

Drive unit

Driving chzin

Driving shaft ——
Chain guide

Notch
Collector chain

Chain whesl
for drang shaft

Take-up davice

C
for driving shaft

Bottom slope of sedimentation tank :
* Rectangular: 1-2%
; ﬂ.,\ * (Circular: 4-10%

- F. e IR _ e
Bridge drive scraper

R ——
.- g e
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Example:
A sand particle has an average diameter of 1 mm and a shape factor of 0.90

and a specific gravity of 2.1, determine the terminal velocity of the particle
settling in water at 20 °C (kinematic viscosity of water =1.003x10° m?%s and
specific gravity =1). Drag coefficient can be

computed using the following equation:

Solution:
py=1.003x10"°x10°=1.003x103kg/m.s
Settling velocity using Stokes law is:

_glpp—ps)D} 9.81><(1><10—3)2x((2.1—1)><1000) _
18, 18x1.003x10-3 B

u, 0.597 m/sec

3 -3
Re — prutl)p _ 0.910 ><0.597><(1>_<310 ) — 536.32
I 1.003x10

Since Re > 1, therefore, Newton's law should be used for finding terminal
velocity in transition zone. For initial assumption of settling velocity, stokes
law is used. This initially assumed velocity is used to determine the Reynolds
number which is further used to fined settling velocity. This iterative
procedure is repeated till initial assumed velocity is approximately equal to
settling velocity calculated from Newton's equation.

Initial drag coefficient is calculated as:

24 3
CD_R_e+\/Te+O'34_O'5142

U = 4(pp=py)gDp —0.1763
t 3pf9Cp '

Now, iterative procedure is continued:

u; (previous calculated) Re Cp Ug Difference
0.5977 536.3272 | 0.5143 | 0.1763 0.4214
0.1763 158.2037 | 0.7302 | 0.1480 0.0283
0.148 132.7684 | 0.7811 | 0.1431 0.0049
0.1431 128.3690 | 0.7917 | 0.1421 0.0010
0.1421 127.5052 | 0.7939 | 0.1419 0.0002
0.1419 127.3315 | 0.7943 | 0.1419 0.0000

Final settling velocity = 0.1419 m/s
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