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educational purposes and not for
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SYLLABUS

* Solid-liquid separation: Gravity
settling process- Clarifiers &Thickeners,
Flocculation Design of gravity thickener.
Centrifugal settling: principle, centrifuges
for solid liquid and liquid-liquid separation.




INTRODUCTION TO SOLID-
LIQUID SEPARATION

* In this module the solid-liquid separation is based on movement of
solid particles or liquid drops through fluid. In this study the fluid is

liquid.
* The solid particles present will be eliminated from the liquid stream.
* In the separation the desired product may be solid or liquid.

* Gravity settling is the process where solid-liquid separation occurs
due the movement of solid particles within liquid.



GRAVITY SETTLING
PROGESSES

* In this process heavier than suspending fluid may be removed from
the liquid or gas in a large settling tank.

* The fluid is velocity is very low in gravity settling tank and solids get
sufficient time to settle out.

* The separation may be partial or very nearly complete.

* A settler is called clarifier where solid particles are totally removed
from the liquids.

e On the other hand, classifier divides the solids in two fractions.

* The principle of operation is same for both the cases.



GRAVITY SETTLING
PROGESS

B A =zone settling

B B = clarified zone

C = transition zone

D = compression zone




MECHANISM OF SETTLING

* Particle motion through fluid

* Force balance:
e m—=F —F —Fp

* F, = external force = m.a,

m.pae

* F,= bouncy force =
Pp

CDu%pAp

* Fp= drag force = ,

du m.pa, CpugpA
—~ =m.q, — 2% _ P
dt Pp 2

* a, = g for gravity

e a, = rw* for angular velocity




TERMINAL VELOCITY

in gravity setting the drag always increases with velocity and the
acceleration decreases with time and approaches zero.

The maximum attainable velocity by solid particle during gravity
settling or free settling is called terminal settling velocity.

du m.pa CpuspA
am—=m.g——2¢ 2P
dt Pp 2
5 JZg(pp—p)m

: : 24
For low Reynolds number spherical particle Cp, = o

€p
= g'Dl%(Pp ~ ,0)
b 18




TERMINAL VELOCITY

° — g'DZZJ(pp—P)
t 18u
i e D Pp2—P
 For equal terminal velocity: Pl _ \/@
Dp2 (Ppl—P)
. ug _ Dp
* For equal density: — = —-

uer _ (Pp1=p)
Utz (sz—P)
* In Newton’s regime Cp = 0.44

- \/ 29(pp=p)m

Ap.pp-p-(0.44)

* For equal size:
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HINDERED SETTLING

* In terminal settling velocity, the velocity of a
particle is not affected by the presence of other
particles present in the solid-liquid mixture.

* In case of hindered settling velocity of particles
affect the motion of each other.

* Usually suspension of higher concentration
solution follows hindered settling.




HINDERED SETTLING

* Therefore, the equation for hindered settling velocity can be represented as:

_ 9-05(Pp=Pbf) (

* uy 184s; Stokes law)

e Where,

* ppr = (1 —&)p, + &p = bulk density
10182(1-¢)

* Mpp =M= bulk viscosity

* Relation between terminal & hindered settling velocity:

9.D3(pp—pPbr)

B T
o Uy = g'D’%(pi;(;Z—(igp_gp) (expression for bulk density & bulk viscosity are
———u
substituted)
. _ 9D5(pp=p) €
H = 184 10182(1-¢)

* uy = u; X settling factor




GCLASSIFIER

* In solid-liquid separation processes are closed —circuit grinding.
The separations occur step by step.

* At very first step comparatively coarse particles are removed.
These coarser particles are called sands. And the slurry of fine

particles is call slime.




SORTING GLASSIFIER

* In this device sorting occurs based on density difference.

* Sink-and-float & differential settling are two different mechanism of
sorting classifier.

* In sink-and-float method the density of liquid is so chosen that heavy
material particle will sink & light material particle will float. In this case
separation is independent of size.The process is also known as heavy-
fluid separation.

* Differential settling method utilize the difference in terminal velocities
of different density materials.

* In this process the mixture of different fractions are obtained.




GLARIFIER & THICKENER

* |In this separation hindered settling condition is used to convert a
dilute slurry of fine particles into clarified liquid & concentrated

suspension.

* Since the hindered settling velocity is lower than terminal settling
velocity flocculants are added.This helps in agglomeration of fine
particle which consequently improves the settling rate.

* The shape, size and density of agglomerates are not predictable and
determination of settling rate is very difficult.




BATCH SEDIMENTATION

At time zero only zone A with uniformly
distributed solid in liquid exists.

At time tl, a clear liquid zone B is visible
and at bottom in zone D solids will start
settling. A is the zone where concentration
of solids remain constant since, the settling
rate is constant. In zone C the rate settling
will be higher.

The level of zone A starts decreasing in next

stage and settling will be constant in Zone C.

At time t2, a clear liquid zone B &
concentrated solid zone D will be obtained.

The interface between A &C is not
distinguishable. But interface between A&B
and C & D are very clear.

oo

A =zone settling

B B = clarified zone

C = transition zone

D = compression zone




BATCH SEDIMENTATION

Clear water region

Flocculant settling region
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THICKENER

* Thickeners are used industrially for large scale sedimentation.

In thickeners the sedimentation process is fast and continuous.
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THICKENER

Influent

Energy Disipating Inlet Drive Platform

Grated Walkway
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Effiert Tioooh Effluent Launder

Support Column Sludge Discharge Pit
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WORKING OF THICKENER

Polymer injection

Feed Slurry

Thickener Overflow

Thickener Underflow
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THICKENER

* Thickener is a large, shallow tank with slow-moving radial rakes
driven from a central shaft. The bottom may be flat or shallow cone.

* The feed slurry is fed from an inclined trough into the thickener.
Since the density of feed slurry is higher than water the feed will
flow downward until it reaches the equal density zone.

* Below equal density zone the slurry moves radially outward at
decreasing velocity. This decrease in velocity results in settling of
solid at bottom.And the clear liquid spills over the edge of the tank
into a launder.

* The sludge are moved to the bottom with the help of agitation by
rake arms.

* Diameter of mechanically agitated thickeners are 10 to 100m in
diameter & 2.5 to 3.5m deep.

 Thickeners are used in waste-water treatment, cement or
magnesium production from sea water.




DESIGN OF CLARIFIER &
THICKENER

* The volume of clear liquor produced from a thickener depends on

the cross-sectional area of the settling tank. It is almost independent
of height of the tank.

* Therefore, the diameter and depth of thickener are the principle
parameters of designing.

* The batch sedimentation data is used for designing of continuous
thickener.



DESIGN STEPS

The design is based on one dimensional analysis.
The flow in clarifier is upward and in settling zone flow is downward.

In continuous thickener the depth of layers are constant, at least for
short time.

In batch sedimentation no solid or liquid is coming out from the
cylinder.Therefore, measured settling rates are valid for no net flow.

Let us consider the solid flux in downward direction is G and It is
defined as follows:

G = G, + G
G is amount of solid in downward flow

G is amount of solid in settling zone.

G=Gt+GS=uc+(%)c



DESIGN STEPS

Inlet Q X
Over-  Q—Qy=0Q, X, =0
flow

Under- Qu Xy
flow

e Material balance
Solid balance: Q X X = Q, X X,

Fluid balance:

X X,
Q <1__>_Qu<1__>:QO
p p

Clarified Zone

«

<— Zone Settling

Thickening


https://www.google.com/url?sa=i&url=https%3A%2F%2Fslideplayer.com%2Fslide%2F5100422%2F&psig=AOvVaw20wHvfR1Z38fnTD3Xaa4rC&ust=1601956796985000&source=images&cd=vfe&ved=0CAIQjRxqFwoTCPi6hKfInOwCFQAAAAAdAAAAABAH

DESIGN STEPS

Fluid balance:

X
Q i ; - Qu
* By substituting Q,, = %
0 (1-7) -5 (1-"2)=0
1 1

Or Q.X |5 =] = @
Or mass flow inlet =M = 1Q—01

)

OrFluszﬂ= 1E1 T 1
o



DESIGN STEPS

* Capacity limiting layer:

e The concentration inside the sedimentation tank and in underflow are
not same. Therefore, a layer must be considered where the concentration
is almost constant. This layer is known as Capacity limiting layer.

e Let us assume the L, X; are the flowrate and concentration at the inlet to
Capacity limiting layer.
* The final design equation is

L.X; Settling velocity

Ay 11
XL Xu




DESIGN STEPS

LXj Settling velocity
Ay

XL Xu
Settling velocity will be calculated
from the batch sedimentation
curve. Slop of the tangent to the
curve will give the settling velocity
at corresponding time.

Calculation of X :
HI'XL —_ H0X

Draw the following graphs.

RELATIONSHIPS IN BATCH SETTLING TEST
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DESIGN STEPS
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DESIGN STEPS

 After calculating the area of thickener now the height of thickener will
be calculated.

* The depth of compression zone within the retention time will be
determined first.

* Retention time is (t, — t,.).
* t, is the time required to reach the concentration X,,.
* t. is the time at which all solids enter the solid zone.

* Let us assume the volume of compression zone
V. = volume of solid + volume of liquid in compression zone




DESIGN STEPS

V=St + M () de

M tuldt——ftudt

°Vc:;( c)+Mf

. Mftul

* t, can be calculated from X,

* But the calculation of t_ is very difficult. Robert proposed that in compression
zone rate of settling varies linearly with time.

dH— k(H—H

dt_ ( U)
H—-—H

or ——= = —kt




* A slurry consists of 2% by weight of solids with density 2500 kg/m3 is
to be clarified by continuous sedimentation. Feed to the clarifier is
5000m3/day.The underflow contains 10% solids. Design the thickener.

* Batch sedimentation test data is

Height of interface(H) 40 25 |5 8 5 3 1.8 1.7
(cm) (Ho) (Hy)




SOLUTION

Feed concentration is 2% by weight

2
X == 98

2500 1000

The underflow contains 10% solids

10
Xu — 10 _ 90

2500 1000

Clarified Zone




* Complete the problem as discussed interface height (H)

in the class.
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GCENTRIFUGAL SETTLING

* The gravity settling process is very slow process. Therefore to
increase the settling rate the force of gravity acting on the particle are
replaced by stronger centrifugal force.

* The size of centrifugal separation units are small, and it can efficiently
remove the fine particles.




CYCLONES
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HYDRO-CYGLONES
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TUBULAR CENTRIFUGE



TUBULAR GENTRIFUGE

Centrifuges are used to () motor
separate immiscible liquids. |

In tubular centrifuge bowl
rotates at very high r.p.m

(15000) and generates a =
high centrifugal force. -
'
¥ light
heavy fraction
fraction
light layer
heavy - b
layer

Lq—feed

21996 Encyclopaedia Britannica, Inc.



DISK GENTRIFUGE
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DISK GENTRIFUGE

Disk centrifuges are
used in separation of
cream from milk and to
increase the
concentration of
rubber latex.

Complete separation is
not possible.

The considerable
shearing at liquid-liquid
interface helps to break
the emulsions present
in solution.
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PRINGIPLE OF GENTRIFUGAL

SEDIMENTATION

In a sedimenting centrifuge a particle of
given size is removed from the liquid if
sufficient time is available for the particle
to reach the wall of the centrifuge.

The given figure describes the feeding
from bottom and discharging from top.

Liquid moves upward at a constant
velocity & solids start settling at distance
rA from the axis of rotation.

It is also assumed at the end of residence

time the particle will move from rA to
rB.

Liguid discharge
P A ——
.\ T
\ Swrfoce
\ of tiguid
\ ‘ Axis of
\ rofalion
A ot b
Vs \ 4 Trajectory
Bow! Fj
wall )
l Feed
Rt e
1 -
'y -] »
ro >

FIGURE 3045
Particle trajectory in sedimenting centrifuge.



PRINGIPLE OF GENTRIFUGAL
SEDIMENTATION

* The particles will settle with terminal settling velocity (Stokes’ law)
2 2 _
w?.1.DF(pp — p)

ut:

18u

dr w?.r.D%(p, — p)
T 181

dr 2. Dz(p, —
or = p(pp 'D) dt

T 18u
.j”*dr w®.D5(pp = P)

T 18u
18

or tr = “ ln—




PRINGIPLE OF GENTRIFUGAL
SEDIMENTATION

* Therefore the residence time is

18u T
=— In
w*. Dy (pp — ,0) Ta
* The residence time is volumetric flowrate of solution by volume of
liquid in centrifuge.
|4 . 18u , B
— = = n
g w2Di(pp—p) ™
B w?.D2(p, —p) V B w?.D2(p, — p) mh(r? —r#)

- 18y B 18u In’E
TA Ta

tr




GUT DIAMETER

Cut diameter is the diameter of that particle which reaches one-half the
distance between rl & r2.

If Dpc is the cut diameter than rA= (r2+rl)/2

Now if that particle is to be removed from liquid B will be equal to r2.

Therefore the flow rate corresponds to cut diameter is

_ wZ-Dgc(pp - ,0) nb(rzz — 12)
r, + 11

The particle size greater than Dpc will be separated at the above flowrate

(qc)



LIQUID PROFILE INSIDE

o ':
- - - 2

a

(c)

GCENTRIFUGE

H

(b)
Liquid discharge
\ Surfaoce
\ of liguid
\ Axis of
\ rofation
. A
7 \ f—fra/'ec/ory
Bow! >
wall \
‘1 Feed I

With increase in
rotational speed the
vertex of parabola
starts shifting toward
bottom and at higher
rotational speed the
liquid profile becomes
cylindrical.

At very low rotational
speed the vertex will be
within the bowl (fig (c))
At moderate speed, the
profile will be like fig (b)
At high speed, the
profile will be like fig (d)
The expression for
volume of liquid inside
cavity will be different
for each cases.
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* For very small thickness of liquid layer , = 1y the terminal settling
w?.12.D5(pp=p)
18u

velocity will be u; =

* Therefore, the velocity will be constant and residence time becomes

f’"B dr w?.D3(pp — p) t
T

ra 12 18u
¢ 18# g — 71y g — 71y
w2.Dj(pp—p) T2 U
If the liquid thickness is s & the settling distance for cut diameter is s/2
S
U = E

S V_2V.ue 2V w?.15.D3(pp — p)
1c tr S s 18u




_ 2v. w?r.D3(pp—p)
* (qc=

S 18u
. _ 2Vw2r,. Di(pp—p)g
¢ S.g 18u
. _ 2Vw2r,.
qc= e Utg

* qc=2 Zutg — Zutg
* Utg is terminal settling velocity due to gravity & sigma () is

characteristic of the centrifuge. sigma () is the cross-sectional area
of gravity settling tank of same separation capacity as the centrifuge.




What is the capacity in cubic meters per hour of a clarifying centrifuge
operating under the following conditions!?

Diameter of bowl, 600mm
Thickness of liquid layer; 75mm
Depth of bowl, 400mm
Speed 1200 r/min
Sp. Gravity of liquid 1.2
Sp. Gravity of solid 1.6
Viscosity of liquid 2 cP
Cut size of particles, 30pm
~ wr Dic(pp — p) mb(rf — 1)

r, + 1

In




SOLUTION

* 4c=

w?.D3c(pp=p) Tb(r3—r}) r; = 0.6m

18u In 2 r, —r; = 0.075m

Diameter of bowl, 600mm 7'1 = (06 — 0075)m = 0525m
Thickness of liquid layer, 75mm b = 0.4m
Depth of bowl, 400mm 1200
Speed 1200 r/min w = 0 - 20rps
Sp. Gravity of liquid 1.2
Sp. Gravity of solid 1.6 pp = 1600 kg/m3
Viscosity of liquid 2 cP p= 1200 kg/m3
Cut size of particles, 30um U= 2cP =0.02 Pa.s

Dy. =30 x107°m

dc
20% x (30 x 107°)%(1600 — 1200) 7 x 0.4(0.6% — 0.525%)

- 18 X 0.02 . 2X06
06+ 0525




 In atest on a centrifuge all particles of a mineral of density 2800 kg/m3 and of
size 5um, equivalent spherical diameter, were separated from suspension in
water fed at a volumetric throughput rate of 0.25 m3/s. Calculate the value of
the capacity factor >..

» What will be the corresponding size cut for a suspension of coal particles Iin
oil fed at the rate of 0.04 m3/s? The density of coal is 1300 kg/m3 and the
density of the oil is 850 kg/m3 and its viscosity is 0.01 Ns/m2. It may be
assumed that Stokes’ law Is applicable.




