


Introduction

• Solid materials and their dispersion in fluids are 
the subject matter of this course.

• Individual unit of dispersed solid material is 
referred to as a particle.

• Solid-fluid material systems are referred to as 
particulate systems, particulate materials or 
particulates.

particle

particulate materials 

fluid

Solid

Solid 
particles





Application Example: Twin Screw Feeders in 
Pharmaceutical Tablet Press Lubrication Applications



Pharmaceutical application tablet 
Press  





FCC  process





Absorption column “lab experiment”

Solid particles 
‘Packing bed’



Absorption column

Laboratory absorber
(1a): CO2 inlet; 
(1b): H2O inlet;
(2):outlet; 
(3): absorption column; 
(4): packing.

Solid particles 
‘Packing bed’



Moving Bed of solid particles 



Sedimentation 



Solid Particulate

Introduction, Definitions, particle size 
analysis, size distribution, mean particle 

size, and measuring techniques 



Topics of Particle Technology

Characterization of solids

Motion of Particles through fluids

Size Reduction

Mechanical Separations



characterization

• Size analysis

• Size 
measurement

Processing
• F.B

• Granulation

Particle 
formation

• Size reduction

• granulation

Key 
Topics



Separation

• Filtration 

• Gas 
Cyclones

Safety

• Dust 
Explosion

Transport

• Conveyors

• Pneumatic 
transport

Key 
Topics



Liquid drops 
“droplets” 

Emulsions

Bubbles “gas in 
solid” phase

Solid particles

Particle  
Technology



What is particle 
technology?
Techniques for 

processing and 

handling particulate 

solids. It plays a major 

role in the production 

of materials in 

industry.



Units used for particle size depend on 
the size of particles.

Particles Size
Coarse particles inches or millimeters

Fine particles: screen size

Very fine particles micrometers or 
nanometers

Ultra fine particles surface area per unit mass, 
m2/g



Influence of particle size on example 
characteristics of particulate solids



Characterization of 

solid particles

Individual solid 
particles are 

characterized by 
their size, shape, 

and density



Types of Material



• Density and porosity 

• Composition 

• Thermal conductivity

• Particle size and shape

• Mechanical properties  ‘Strength and 
hardness’



Definitions

• A particle

• Particulate material

Shape is not visible by eyeDust

Produced by comminution 

Shape is not visible by eye

Powder

Shapes are visible to eye 

rounded or elongated

Granules or 

Fibers

Manipulated by handLump



Example of material systems with the 
relevant particle size

Coal is processed in several sizes, and coal 
combustion leads to particles of different sizes



Definitions

Particle Shape

Regular Irrergular



Particle size 
or shape

Uniform Non-uniform

Definitions



Size of Particles

Monosize Particles Polysize Particles

Definitions





Definitions
• A particulate system

• Porosity

• Specific surface area of particle

• Specific surface area of particulate system

• Fixed bed of solids

• Porous mass of solids

• Moving bed

• Fluidized bed



Characterization of  Solid 

Particles

Particle Shapes and Measuring 
Techniques



Disc-like

Different 
diameters  
 equal 

like Cubes 
or spheres



Single Particles: Particle shape
• The shape of an individual particle is expressed 

in terms of the sphericity s, which is 
independent of particle size. The sphericity of a 
particle is the ratio of the surface-volume ratio 
of a sphere (with equal volume as the particle) 
and the surface-volume ratio of the particle. 
For a spherical particle of diameter Dp, s =1; 
for a non-spherical particle, the sphericity is 
defined as

𝝋 =
𝒔𝒖𝒓𝒇𝒂𝒄𝒆 𝒂𝒓𝒆𝒂 𝒐𝒇 𝒔𝒑𝒉𝒆𝒓𝒆 𝒐𝒇 𝒔𝒂𝒎𝒆 𝒗𝒐𝒍𝒖𝒎𝒆 𝒂𝒔 𝒑𝒂𝒓𝒕𝒊𝒄𝒍𝒆

𝒔𝒖𝒓𝒇𝒂𝒄𝒆 𝒂𝒓𝒆𝒂 𝒐𝒇 𝒑𝒂𝒓𝒕𝒊𝒄𝒍𝒆



Sphericity can also be found from the 
following equation:  

• Dp: equivalent volume diameter of particle (volume 
diam)

• Sp: surface area of one particle

• vp: volume of one particle

For many crushed materials, s is between 0.6 and 
0.8. For particles rounded by abrasion, s may be as 
high as 0.95.
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Notes 
• The equivalent diameter is sometimes defined 

as the diameter of a sphere of equal volume.

• For fine particles, Dp is usually taken to be the 
nominal size based on screen analysis or 
microscopic analysis. 

• The surface area is found from adsorption 
measurements or from the pressure drop in a 
bed of particles.



Particle size

• In general "diameter" may be specified for any 
equidimensional particles. 

• Particles that are not equidimensional, i.e. 
that are longer in one direction than in others, 
are often characterized by the second longest 
major dimension. 

• For needle like particles, Dp would refer to the 
thickness of the particle, not their length



Measuring Techniques 

Microscopy 



Microscopy

Optical Microscope

Sizes down to 5 m

Electron Microscope

Sizes below 5 m 



Particle profiles and comparison circles



Feret’s diameter_ statistical diameter

The mean distance apart of two parallel lines which are tangential to 
the particle in an arbitrarily fixed direction. Changing orientation will 
lead to a large number of Feret’s diameter  ‘Microscopy dimension’



• Describing the size of a 
single particle. Some 
terminology about 
diameters used in 
microscopy.

• Equivalent circle 
diameter.

• Martin’s diameter.

• Feret’s diameter.

• Shear diameter.



Particle Characterization

Size of equivalent sphere For 
Irregular Shape



PARTICLE CHARACTERISATION

Sizes of equivalent spheres (Single particles)
(a) The sphere of the same volume as the particle.           
(b) The sphere of the same surface area as the particle.
(c) The sphere of the same surface area per unit volume as the 

particle.
(d) The sphere of the same area as the particle when projected on to a 

plane perpendicular to its direction of motion.
(e) The sphere of the same projected area as the particle, as viewed 

from above, when lying in its position of maximum stability such as 
on a microscope slide for example.

(f) The sphere which will just pass through the same size of square 
aperture as the particle, such as on a screen for example.

(g) The sphere with the same settling velocity as the particle in a 
specified fluid.



Derived diameter

• Volume diameter,

• Surface diameter,

• Surface volume diameter, 

• Free falling diameter

• Projected area diameter
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Describing the size of a single particle

• Regular-shaped particles

• The orientation of the particle on the 

microscope slide will affect the 

projected image and consequently the 

measured equivalent sphere diameter.

• Sieve measurement: Diameter of a 

sphere passing through the same sieve 

aperture.

• Sedimentation measurement: 

Diameter of a sphere having the same 

sedimentation velocity under the 

same conditions. Comparison of equivalent sphere diameters.



Comparison of equivalent 

diameters – See slid

• The volume equivalent sphere diameter is a 

commonly used equivalent sphere diameter.

• Example: Coulter counter size measurement.  

The diameter of a sphere having the same 

volume as the particle.

• Surface-volume diameter is the diameter of a 

sphere having the same surface to volume ratio 

as the particle.   



Measuring techniques

Sieving > 50 m









Particle size and shape 







Sieving 50 m

• Set of sieves.

• Arrangement: ratio = 

• Most common modern sieves are in sizes such that the 
ratio of adjacent sieve sizes is the fourth root of two 
(e.g. 45, 53, 63, 75, 90, 107 mm).

• Vibrator or shaker (vertical or horizontal vibration) .

• Fine particles may stick together ( due to attractive 
forces) and block the screen.

• Standards: UK British standard, IMM standard, Tyler 
standard particle size scale 

4/12/1 2or  2or  2





Particle Size Conversion Table
Sieve Designation Nominal Sieve Opening

Standard Mesh inches mm Microns

25.4 mm 1 in. 1.00 25.4 25400

22.6 mm 7/8 in. 0.875 22.6 22600

19.0 mm 3/4 in. 0.750 19.0 19000

16.0 mm 5/8 in. 0.625 16.0 16000

13.5 mm 0.530 in. 0.530 13.5 13500

12.7 mm 1/2 in. 0.500 12.7 12700

11.2 mm 7/16 in. 0.438 11.2 11200

9.51 mm 3/8 in. 0.375 9.51 9510

8.00 mm 5/16 in. 0.312 8.00 8000

6.73 mm 0.265 in. 0.265 6.73 6730

6.35 mm 1/4 in. 0.250 6.35 6350

5.66 mm No.3 1/2 0.223 5.66 5660

4.76 mm No. 4 0.187 4.76 4760

4.00 mm No. 5 0.157 4.00 4000

3.36 mm No. 6 0.132 3.36 3360

2.83 mm No. 7 0.111 2.83 2830

2.38 mm No. 8 0.0937 2.38 2380

2.00 mm No. 10 0.0787 2.00 2000

1.68 mm No. 12 0.0661 1.68 1680

1.41 mm No. 14 0.0555 1.41 1410

1.19 mm No. 16 0.0469 1.19 1190



Reading Notes 
• Larger sieve openings (1 in. to 1/4 in.) have been designated by a sieve

"mesh" size that corresponds to the size of the opening in inches.

• Smaller sieve "mesh" sizes of 3 1/2 to 400 are designated by the number
of openings per linear inch in the sieve.

• The following convention is used to characterize particle size by mesh
designation:

a "+" before the sieve mesh indicates the particles are retained by the
sieve;

a "-" before the sieve mesh indicates the particles pass through the sieve;

typically 90% or more of the particles will lie within the indicated range.

For example, if the particle size of a material is described as -4 +40 mesh,
then 90% or more of the material will pass through a 4-mesh sieve
(particles smaller than 4.76 mm) and be retained by a 40-mesh sieve
(particles larger than 0.420 mm). If a material is described as -40 mesh,
then 90% or more of the material will pass through a 40-mesh sieve
(particles smaller than 0.420 mm.
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General trend of screening process
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Screening 
types

wet dry



Permeability methods (>1 μm)

•These methods depend on the fact that at low flow
rates the flow through a packed bed is directly
proportional to the pressure difference, the
proportionality constant being proportional to the
square of the specific surface of the powder.

•From this method it is possible to
obtain the diameter of the sphere
with the same specific surface
as the powder.

• Further details will be given in next chapters.

P

Q



Size analysis by Sedimentation pipette method 

•Rep <0.3. Motion of the 

particle obeys Stoke’s law.

•The suspension is 

sufficiently dilute (No 

hindered settling).

•Particles are assumed to 

accelerate rapidly to their 

terminal free fall velocity, 

time for acceleration is 

negligible.

Note:

U* = h/t



Co: original uniform suspension density.

Sampling point: C at time t after the start of settling.

At time t all particles traveling faster than h/t will 

have fallen below the sampling point.

C represents the suspension density for all particles 

which travel at a velocity <= h/t.

Re 0.3

dp = [18h/t(p - f )g] ½   Cum.

mass fraction = C/C0Type equation
here.

Note: settling velocity

u* = h/t

𝒖∗ =
𝒅𝒑
𝟐 𝝆𝒑 − 𝝆𝒇 𝒈

𝟏𝟖𝝁



Size analysis by Elutriation

::::::::
::::::

Assume Stokes regime Uf = 
U* = f(dp)  undersize

Fluid 
flow

Small sizes 
come first

Sample 
100g

flow mass Uf

100 g



• Coulter Counter and Electrozone analyzer  

(1-1000m)

• Schematic of electrozone sensing apparatus

As particle flow through 

the orifice, 

a voltage pulse is recorded.

The amplitude of the pulse 

can be related to the 

volume of particle passing 

the orifice.

Particle range: 

0.3-1000 m.



Principle of Coulter Counter and 
Electrozone Analyser

• As particles enter the orifice they displace an
equivalent volume of electrolyte, thereby producing a
change in the electrical resistance of the circuit, the
magnitude of which is related to the displaced volume.

• The consequent voltage pulse across the electrodes is
fed to a multi-channel analyzer. The distribution of
pulses arising from the passage of many thousands of
particles is then processed to provide a particle
(volume) size distribution.

• By using orifices of various diameters, different particle
size ranges may be examined and the resulting data
may then be combined to provide size distributions
extending over a large proportion of the sub-millimetre
size range.



Mean Particle Size



Cumulative screen analysis curve

Plot Cumulative mass fraction vs Average particle size 



Example for Discussion

100

500

300

200

Pan

Sample 
100 g

15 g

25 g

30 g

20 g

10 g

Total  100 g

600 0 g

550 m0.15 or 15%

0.25 or 25%

0.30  or 30%

0.20 or 20%

0.10 or 10%

0.00 or 0%

1.00 or  100%

400 m

250  m

150 m

50 m

15%

40%

70%

90%

100%

Fraction, x

Wt retains 
on sieve

Size range x d xcum

0 - 100 0.1 50 0.1

100 – 200 0.2 150 0.3

200 – 300 0.3 250 0.6

300 – 500 0.25 400 0.85

500 - 600 0.15 550 1.00

total 1.00
x cum d, avg

A
rb
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es

smaller

retained

Passing through

Size, m



smaller

Plot Cumulative mass fraction vs Average particle size 

Passing through

retained



Particle size distribution

Figure 1.5. Size distribution curve—
cumulative basis

0

1

x

d

dd

dx

cumulative mass 
fraction curve, in 
which the 
proportion of 
particles (x) smaller
than a certain size 
(d) is plotted 
against that size (d)



Particle size distribution

Figure 1.6. Size distribution curve—
frequency basis

d

d
x/

d
d

the slope 
(dx/dd) of the 
cumulative 
curve (Figure 
1.5) is plotted 
against particle 
size (d).



Three values are very important

I. Mode

II. Median

III. Mean

These values can be found directly from the 
frequency and cumulative curves. 

Mean values can be found algebraically based 
on size intervals.  



Consider a unit mass of n1 particles of 
characteristic length d1 with mass fraction x1 and 
so on

n1 d1 x1

n2 d2 x2

.                .                  .

.                .                  . 
nx dx xx

unit mass 

Note:
Aggregate length   ni di

Aggregate surface
Aggregate volume 
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Mean particle size

• Considering unit mass of particles consisting of n1

particles of characteristic dimension d1, constituting 
a mass fraction x1, n2 particles of size d2, and so on, 
then:   

xi = ni ki di
3 ρs (1.4)

and:                xi = 1 = ρsk(nidi
3 )         (1.5)

Thus:             ni = (1 /ρski) (xi/di
3 )           (1.6)



• If the size distribution can be represented by a 
continuous function, then:

dx = ρski d3 dn

or:

(1.7)

And:

(1.8)

where ρs is the density of the particles, and

k1 is a constant whose value depends on the shape of 
the particle.
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Summary
Means based on volume

• Volume mean diameter, 
dv

• Mean volume diameter 
dv’
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Means based on surface

• Surface mean diam, ds • Mean surface diam, ds’
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Means based on length

• Length mean diam, dl














)/(

)/(

: xof in terms

)(

2

i

2

ii

ii

l

ii

ii

ii

iii

l

dx

dx
d

dn

dn

dn

ddn
d

• Mean length diam, dl’

)/(

)/(

 xin terms

3

2

'

i

'

'

ii

ii

l

i

ii

l

iiil

dx

dx
d

n

dn
d

dnnd

















Example

The size analysis of a 
powdered material on a mass 
basis is represented by a 
straight line from 0 % mass at 
1 μm particle size to 100% 
mass at 101 μm particle size 
as shown in the adjacent 
Figure. Calculate the surface 
mean diameter of the 
particles constituting the 
system.

Size analysis of powder



Solution
• The surface mean diameter is given by:

• Because the size analysis is represented by the 
continuous curve:

• then



Exercise 1

Plot the cumulative curve, and calculate the Sauter mean diameter. Use 
mat lab or excel programs 



PARTICULATE SOLIDS IN BULK

Characteristics of solid 
Particulates & Hoppers & 

Conveyors & Classification of 
solid particles



PARTICULATE SOLIDS IN BULK
• fluid-solid & solid-solid interactions cause new 

behaviors and lead to new properties such as 

– Voidage & bulk density. 

– Flow properties “followability”  look to this flow 
chart. Followability shows the capability to flow. 
Sometimes called pourability.

Poor Flow  P.F

Fines dp10m

Fair 
Good

Free flowing  F.F

Agglomeration  
arises See next slid

Coarse particles- Agglomeration.



Definition_ Pourability
“Flowability”

• It is defined as a measure of the time required 
for a standard quantity of material to flow 
through a funnel of specified dimension. 

• It characterizes the handling properties of fine 
particles.



Measuring Flowability

A schematic view of an angle of repose 
measurement with an open base and fixed height

quick, simple and cheap

Methods:
1) Angle of repose
2) Flow through an orifice 
3) Tapped density “Carr’s Compressibility
Index (CCI) and Hausner Ratio (HR)”

4)     Shear cell analysis.           

where ρt is tapped density and ρp is 
poured density



Scale of flowability



PROPTERTIES OF MASSES OF 
PARTICLES

• Bulk density or apparent density,
𝜌𝑏, is defined as the weigh per unit
volume of material including voids
inherent in the material as tested.
It is a measure of the fluffiness of
the material.

• Voidage (Porosity), It is the ratio of
the void volume and bulk volume.

Where,

Vp: volume particles,

Vv: volume of voids,

VT: total volume,

m: mass of material,

b: bulk density

t: true or particle density without 

pores,

: voidage



Agglomeration
(1) Mechanical interlocking. This can occur 

particularly if the particles are long and thin in 
shape, in which case large masses may become 
completely interlocked.

(2) Surface attraction. Surface forces, including van 
der Waals’ forces, may give rise to substantial 
bonds between particles, particularly where 
particles are very fine (<10 μm), with the result 
that their surface per unit volume is high. 



In general, freshly formed surface, such as that 
resulting from particle fracture, gives rise to high 
surface forces.
(3) Plastic welding. When irregular particles are in 
contact, the forces between the particles will be 
born on extremely small surfaces and the very high 
pressures developed may give rise to plastic 
welding.
(4) Electrostatic attraction. Particles may become 
charged as they are fed into equipment and 
significant electrostatic charges may be built up, 
particularly on fine solids.



(5) Effect of moisture. Moisture may have two 
effects. Firstly, it will tend to collect near the points 
of contact between particles and give rise to 
surface tension effects. Secondly, it may dissolve a 
little of the solid, which then acts as a bonding 
agent on subsequent evaporation.

(6) Temperature fluctuations give rise to changes in 
particle structure and to greater cohesiveness.



- Resistance to shear and tensile forces

• Particulate material (agglomerated or non-
agglomerated) shows a significant resistance to 
shear and tensile forces.

• This property is very important for flow 
characteristics of powder material. Moreover, it 
is very important for the hopper and silo designs.

• As the packing density material increases, the 
powder material shows a higher resistance to 
shear and tension.  



• Shear forces are measured by using Jenike 
shear cell.



Angles of repose and of friction

Angle of repose, r,is
defined as the angle formed
between sloping side of a
cone shaped pile of material
and the horizontal if the
mass is truly homogeneous,
r would be equal to f , the
angle of internal friction.









Plane 

sheet

s Angle of repose  

static  angle

Solid 
sample

Angles of repose and of friction

In general the range of repose angle is       

20 - 60

F.F     P.F

90 highly agglomerated solid 



Angle of friction—flow through slot



Angle of friction—tube test



Angle of friction—pressure at base 
of column

Note:
Lc/dt = tanα



Notes

Where s is the angle of external friction of solid and material 

of construction “wall of vessel”.

s



Storage of solid Particulates

• Bulk storage: coarse large quantity solids like 
gravel and coal outside in large piles. 

• Protection storage:

Silos –tall and small diameter

Bins –fairly wide and Not tall

Hoppers –Small vessel with sloping bottom, 
generally temporary storage before feeding solids 
to a process.





Flow of solids in hoppers



Arch formation
Flow of solids in hoppers



HOPPER DESIGN PROBLEMS

 RATHOLING/PIPING

 FLOW IS TOO SLOW 

 NO FLOW DUE TO ARCHING OR DOMING 

 FLUSHING. Flushing occurs when the material is not cohesive 
enough to form a stable dome, but strong enough that the 
material discharge rate slows down while air tries to 
penetrate into the packed material to loosen up some of the 
material. The resulting effect is a sluggish flow of solids as the 
air penetrates in a short distance freeing a layer of material 
and the process starts over with the air penetrating into the 
freshly exposed surface of material. 



 INCOMPLETE EMPTYING. 

 SEGREGATION. Different size and density particles tend to 
segregate due to vibrations and a percolation action of the 
smaller particles moving through the void space between the 
larger particles.

 TIME CONSOLIDATION. For many materials, if allowed to sit in a 
hopper over a long period of time the particles tend to 
rearrange themselves so that they become more tightly packed 
together. The consolidated materials are more difficult to flow 
and tend to bridge or rat hole. 

 CAKING. Caking refers to the physiochemical bonding between 
particles what occurs due to changes in humidity. Moisture in 
the air can react with or dissolve some solid materials such as 
cement and salt. When the air humidity changes the dissolved 
solids re-solidify and can cause particles to grow together. 



HOPPER DESIGN PROBLEMS



Pressure at the base of a vertical bin filled with 
particulate solids

The Janssen equation for the vertical pressure P on dependence of the 

depth H below the bulk solids top level reads as follows for a cylindrical 

silo: 
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where g is the acceleration due to gravity, b is the bulk density of solids, D is 

the silo diameter, ’ is the sliding friction coefficient along the wall, and K’ is the 

ratio of the horizontal to the vertical pressure, which can be expressed as given 

in eq. b above.

……………(b)……………(a)

where s is the angle of internal friction of solids. 

s

sK




sin1

sin1'








Flow of solids through orifices

where: G is the mass flow rate,

ρs is the density of the solid particles,

deff is the effective diameter of the orifice (orifice     
- 1.25*particle diameter),

g is the acceleration due to gravity, and

β is the acute angle between the cone wall and 
the horizontal.
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Conveying of solids

• Gravity chutes —down which the solids fall 
under the action of gravity.

• Air slides —where the particles, which are 
maintained partially suspended in a channel 
by the upward flow of air through a porous 
distributor, flow at a small angle to the 
horizontal.



Gravity Chute



Air slide



• Belt conveyors —where the solids are 
conveyed horizontally, or at small angles to
the horizontal, on a continuous moving belt.

• Screw conveyors —in which the solids 
are moved along a pipe or channel by a
rotating helical impeller, as in a screw lift 

elevator.

• Bucket elevators —in which the particles 
are carried upwards in buckets attached
to a continuously moving vertical belt, as 

illustrated in the figures in the next slides.



Belt conveyor

A conveyor belt uses a wide belt and pulleys 

and is supported by rollers or a flat pan along 

its path.

Continuous belt passing around two large 

pulleys at two ends, one drive pulley other 

tail pulley.

http://en.wikipedia.org/wiki/File:Power_transmission_belt.gif
http://en.wikipedia.org/wiki/File:Power_transmission_belt.gif


Screw conveyor
Helicoid ( helix rolled from flat steel bar) or sectional flight mounted on a pipe or 

shaft rotating in a U shaped trough.



Screw conveyor

http://en.wikipedia.org/wiki/File:Archimedes-screw_one-screw-threads_with-ball_3D-view_animated_small.gif
http://en.wikipedia.org/wiki/File:Archimedes-screw_one-screw-threads_with-ball_3D-view_animated_small.gif


Screw conveyors



Bucket 

elevator
Bucket elevator consists of a number of 

buckets attached to a continuous double 

strand chain which passes over two pulleys



See next slide for definitions.



• Spaced bucket ; Centrifugal discharge –free flowing, 
fine or small lump material like grain, coal, sand or 
dry chemicals

• Spaced bucket positive discharge-buckets are for 
sticky materials which tend to lump, inverted for 
positive discharge, knockers can also be used

• Continuous –finely pulverized or fluffy materials, the 
back of the preceding bucket serves as a discharge 
chute for the bucket. Gentle movement Preventing 
degradation.

• Super capacity continuous bucket: Very high 
tonnage, big particles, Generally inclined



• Vibrating conveyors —in which the particles are 
subjected to an asymmetric vibration and travel in a 

series of steps over a table. During the forward 

stroke of the table the particles are carried forward 

in contact with it, but the acceleration in the reverse 

stroke is so high that the table slips under the 

particles. With fine powders, vibration of sufficient 

intensity results in a fluid-like behaviour.

• Pneumatic/hydraulic conveying installations—in 
which the particles are transported  in a stream of 

air/water. 



Vibratory conveyor





Pneumatic or hydraulic conveyor



Flow rates control
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Monitoring the solids leave the 
hopper via

Load cell
Recording the 

level 

Monitoring the 
solids come to 
the conveyor

Continuous 
weighing 



CLASSIFICATION OF SOLID 
PARTICLES



Fluid Separation

1.Gravity settling tank



2. Double cone classifier



3. Mechanical classifier  

Removed by rake that 
moves mechanically



4. Centrifugal 
Separator

Liquid 
cyclone

Underflow

Feed

Over-
flow

Cone
section

Lining

Vortex
finder



5. Sieves or screens

Trammel or catch

It consists of a slowly rotating perforated cylinder with 
its axis at a slight angle to the horizontal.

The material to be screened is fed in at the top and 
gradually moves down the screen and passes over apertures 
of gradually increasing size, with the result that all the 
material has to pass over the finest screen.

feed



6. Magnetic separators
Eliminators (little duty), which are used for the 

removal of small quantities of magnetic material 
from the charge to a plant. These are frequently 
employed, for example, for the removal of stray 
pieces of scrap iron from the feed to crushing 
equipment. A common type of eliminator is a 
magnetic pulley incorporated in a belt conveyor 
so that the non-magnetic material is discharged 
in the normal manner and the magnetic material 
adheres to the belt and falls off from the 
underside.



Concentrators, which are used for the separation of 
magnetic ores from the accompanying mineral matter.

Principle of 

operation of 

a wet drum 

separator

Dry or 

wet feeds



Electrostatic separator

Differences in the electrical

properties of the materials are

exploited.

The solids are fed from a

hopper on to a rotating drum,

which is either charged or

earthed, and an electrode

bearing the opposite charge

is situated at a small distance

from the drum.

The point at which the

material leaves the drum is

determined by the charge it

acquires.



7. Flotation

See the text 

for details.

“self-reading”.



Flotation - In Sum
• Flotation is a process in which suspensions, the 

particle phase of which has a specific gravity less 
than that of the suspending medium, are clarified by 
allowing the suspended material to float to the 
surface, where it is removed by skimming. 

• In most applications the effective specific gravity of 
the suspended phase is artificially lowered by the 
attachment of gas bubbles. This enables the process 
to be used for a wide variety of suspended solids, the 
specific gravities of which are slightly greater than 
those of their suspending media.



• The gas bubbles required to effect flotation of solids may 
be generated in a number of ways, including by 
electrolytic means, by vacuum-activated release of 
dissolved gases, by air injection through submerged 
diffusers and by the dissolution of air at high pressure in 
part of the flow, with its subsequent release in fine 
bubble form on reduction of pressure to atmospheric 
level.

• FLOTATION AIDS. Oil emulsion; surfactants are often used 
(in metallurgical flotation processes) to depress the liquid 
surface tension and create a stable foam, which can 
retain particles lifted in it,



Mixing & Segregation



Mixing &Segregation



Example



Exercise: Solid mixing against liquid 
mixing

• Solid mixing is similar to liquid mixing. However,
it shows some differences mainly come from
that solid mixture after mixing (and sometimes
during mixing) is subjected to demixing or
segregation.

• The diverse characteristics of particles such as
size, shape, volume, surface area, density,
porosity, and flow charge contribute to the solid
mixing.



Types of mixture



Types of mixture



The best powder mixing process will result in a
case of the random mix where the probability
(chance) of finding one type of particle at any
point in the mixture is equal to its proportion in
the mixture.



Mechanism of Segregation



Mechanism of Segregation



Note _ Trajectory segregation 

• Suppose a solid particle of size d and density 
p , is projected horizontally with velocity u 
into a fluid of density f and viscosity  the 
limiting distance that it can travel horizontally 
is [u p d2/18]

•  Travelling dis  size2



Segregation pattern formed by pouring a free-flowing 
mixture of two sizes of particles into a heap



Mechanism of Segregation

Rise of coarse 
particles on 

Vibration



Series of photographs showing the

rise of a steel disc through a bed of 2

mm glass spheres due to vibration.



Discussion 

Suggest 
appropriate 

techniques for 
reduction of 
segregation  



Reduction of 
Segregation

Make the size of 
components as 

similar as possible

The mobility of 
F.F. Particles can 
be reduced by 
the addition of 

liquid

Using ordered or 
interactive mixtures 

(small particles <5m) 
adhered to the surface 
of a carrier particle in a 

control manner

Segregation is 
not serious 

problem when 
sizes <30 m



Note

If it is not possible to alter the size of the 
components of the mixture or to add liquid, 
then in order to avoid serious segregation, care 
should be taken to avoid situations which are 
likely to promote segregation. In particular 
pouring operations and the formation of a 
moving sloping powder surface should be 
avoided.



Mechanisms of Mixing

In the mixing of solid particles, the following three 
mechanisms may be involved:
(a) Convective mixing, in which groups of particles 
are moved from one position to another.
(b) Diffusion mixing. This one takes place when 
particles roll down a sloping surface. 
(c) Shear mixing. In this type, shear stresses give 
rise to slip zones and mixing takes place by 
interchange of particles between layers within the 
zone.



• These mechanisms operate to varying extents 
in different kinds of mixers and with different 
kinds of particles.

Type of mixers 



1.Tumbling mixers
‘V-mixer’

Dominant  

mechanism 

is diffusive 

mixing 



1.Tumbling mixer
‘Double cone’

Dominant  

mechanism 

is diffusive 

mixing 



Oblicone blender



1.Tumbling mixer
‘cube mixer’

Dominant  

mechanism 

is diffusive 

mixing 



Tumbler/ Blender (batch 
mixers)

The twin-shape mixer 

(V-shape mixer) is the

most preferred one, 

resulting in satisfactory 

mixing in a reasonable 

time.

In general, these types 

of solid mixers are:

• Efficient, not 

aggressive (good for 

friable powders),

• And preferable 

when mixing 

powders that have 

different particle 

sizes



2.Convective mixers 
‘Ribbon blender’

Convective
mixer



2.Convective mixers  
‘Nautamixer’

Convective
mixer



Type of mixers

3. Fluidized bed mixer  : convective mixing with 
circulating pattern of solids around bubbles.



High shear mixer                    high shear impact mixer

Type of mixers



Mixer 
Selection

F.F. Powders

Tumbler Silo 
Mixers

Screw or 
ribbon 
mixers

Cohesive 
Powders

Shear mixer
Impact 
mixers

Segregation problems?

No                  Yes



The degree of mixing

• For solid particles, the statistical variation in 
composition among samples withdrawn at any 
time from a mix is commonly used as a measure 
of the degree of mixing.

• The standard deviation s (the square root of the 
mean of the squares of the individual deviations) 
or the variance s2 is generally used.

• It should be noted that particulate material 
cannot attain the perfect mixing.



• The best that can be obtained is a degree of 
randomness in which two similar particles may 
well be side by side.

• For a completely random mix of uniform 
particles, it is suggested that:

sr
2 =p(1 − p)/n                                     (1.33)

Where sr
2 is the variance for the mixture, p is 

the overall proportion of particles of one 
colour, and n is the number of particles in each 
sample.



• For completely unmixed system, indicated by the 
suffix 0, it may be shown that:

s0
2 = p(1 − p)                                           (1.34)

which is independent of the number of particles 
in the sample.

• When a material is partly mixed, then the degree 
of mixing may be represented by some term b, 
and several methods have been suggested for 
expressing b in terms of measurable quantities.

Unmixed

system
Random

mix 

Partly

mixed

s0 srs



• b may be defined as being equal to sr/s, or 

(s0 − s)/(s0 − sr )

• Note:

b = 0    for unmixed mixture

b = 1 for a completely randomized material,

where s = sr

• If s2 is instead of s, then b could be written as:

b = (s0
2 − s2)/(s0

2 − sr
2 )    or

1-b = (s2 − sr
2)/(s0

2 − sr
2 )                           (1.35)

Unmixed

system
Random

mix 

Partly

mixed

s0 srs



• When mixing continues over a long period demixing 
or segregation can occur, particularly if the materials 
are of different sizes or density. 

• If the average number fraction of one type of particle 
is  , consider N samples taken from the mixture. 

• The measured number fraction of one type of 
particle in each of these N samples xi (i = 1,2, .....,N) 
will differ from  and from the measured values for 
the other samples. 

Discussion and 
useful Expressions  



• The mean,    of the xi's will not be equal to 
unless a very large number of samples is taken. 

• The standard deviation around is     : 

• Even when mixing is complete (i.e random) the 
composition of successive samples will not be 
the same, unless the samples are very large. 
Otherwise, the standard deviation about , the 
true mean is 

x

x



‘randomly mixed’

where n is the number of particles in each 
sample. 

• The Mixing Index, I, is defined by

i.e the predicted standard deviation divided by 
the actual measured standard deviation. 

• Note: Se is always greater than S. 

As 
given 

before



Mixing rate and mixing time 

• First Order Mixing Approximation

where k is a constant characteristic of the 
system and the mixing unit used. 

• This integrates to 



• if the sample is unmixed I0 is approximately 
equal to

• For unmixed sample, prove that the mixing 
index, I0 =

Exercise 



Example



Solution





Particle size 
reduction
Theory and Practice 



Introduction & Definitions

 The objective of comminution is to produce small
particles from larger ones. Smaller particles are the
desired product either because of their large surface or
because of their shape, size, and number.

 Size reduction may be a specific requirement of a
process or may aid other operations such as extraction
or reaction.

 Comminution is the generic term used for size
reduction, although such a term includes operations
such as crushing or pulverizing or grinding.



Introduction

 The reduction mechanism consists of deforming the
solid piece until it breaks or tears. Breaking of hard
materials along cracks or defects in their structures is
accomplished by applying diverse forces.

 The energy efficiency of the operation can be related
to the new surface formed by the reduction in size.

 In an actual process, a given unit does not yield a
uniform product, whether the feed is uniformly sized
or not. The product normally consists of a mixture of
particles, which may contain a wide variety of sizes
and even shapes.



Introduction

In comminuted products, the term “diameter” 
is generally used to describe a characteristic 
dimension related to particle size. 

As described in previous slides (mean sizes), the 
shape of an individual particle is conveniently 
expressed in terms of the sphericity s, which is 
independent of particle size. 

For crushed materials, s , its value lies between 
0.6 and 0.7. 



Summary



Solids can be broken by different 
types of forces:

• Compression

• Impact or striking

• Attrition or rubbing (shear) 

• Cutting and tearing

Note: In a comminution operation, more than one type 
of force acts, usually.



In General
 Compressive forces are used for coarse crushing of

hard materials. Coarse crushing implies reduction to
a size of about 3 mm.

 Impact forces can be regarded as general purpose
forces and may be associated with coarse, medium,
and fine grinding of a variety of materials.

 Shear or attrition forces are applied in fine
pulverization, when size of products can reach the
micrometer range.

 Cutting forces produce exact and defined sizes and
may, even, produce exact shapes



Types of Forces Used in Size 
Reduction Equipment



Stressing Mechanisms

• Stress applied between two surfaces at low 
velocity

• Stress applied at a single solid surface at high 
velocity

0.01-10 m/s

Crushing + 

attrition

10-200 m/s

Impact fracture 

+ attrition



Stressing Mechanisms

Stress applied by carrier medium*-usually in 

wet grinding to bring about dis-agglomeration .  

* gas ~ air, inert gases or liquid ~ water, oil
•Aid to transport material
•Transmit forces to particles.
•Influence the friction and abrasion.
•Affect crack formation.



How dose the crushing process 
take place?

Cracks
Opening cracks
Applied force plays a significant role in 

cracking process
Enough not enough force. Enough force yield 

crushing but no enough force will lead to 
material elastic deformation and then return 
to its original shape.

Not enough force means energy losses. 



Factors affecting the selection of 
crushing equipment

1. Mechanism of the applied force.

2. Product and feed sizes.

3. Material properties (hardness, stickiness, 
…etc.)

4. Carrier medium. 

5. Mode of operation

6. Capacity.



Material Properties

Hardness   

Abrasiveness

Cohesivity/adhesivity ~ ‘stickiness’

Moisture content

Melting point

Explosion limit ~ ‘Explosive material’

Special properties such as toxicity or 
radioactivity’

Low speed 
machine is 

recommended



The Mohs Scale of
Hardness

1. Talc

2. Rock salt or gypsum

3. Calcite

4. Fluorspar

5. Apatite 

6. Felspar

7. Quartz

8. Topaz (silicate mineral)

9. Carborundum (SiC) 

‘Silicon Carbide’

10. Diamond.



Mode of 
Operation

Batch

Continuous

Choice depends on 
throughput, 

process conditions 
and economics



Conclusion 

• Crushing Process is an inefficient operation.

• about 10 per cent of the total power is usefully 
employed.

• Look to the energy utilization scheme in the next 
slide. 



Energy utilization
(a) In producing elastic deformation of the particles 

before fracture occurs.

(b) In producing inelastic deformation which results in 
size reduction.

(c) In causing elastic distortion of the equipment.

(d) In friction between particles, and between 
particles and the machine.

(e) In noise, heat and vibration in the plant, and

(f) In friction losses in the plant itself.



Methods of operating crushers

Free crushing
 Continuous, low rate

 Short residence time

 Low degree of crushing

High capacity

 Low energy 
consumption

Choke feeding
 Batch

 Long residence time

Higher degree of crushing

 Low capacity

High energy consumption



Grinding 
circuits

open circuit 
grinding

closed circuit 
grinding



Open circuit mill



Closed circuit mill



Flow diagram for closed circuit 
grinding system



Feed size Product size
Coarse crushers 1500–40 mm 50–5 mm

Intermediate 
crushers 

50–5 mm 5-0.1 mm

Fine crushers 5–2 mm 2-0.1 mm

Colloid mills 0.2 mm down to 0.01 μm

Classification of size reduction 
equipment



Grinding 
operation

Dry 
grinding

Wet 
grinding



Dry milling; closed circuit operation



Wet milling; closed circuit 
operation



(a) The power consumption is reduced by about 
20–30 per cent.

(b) The capacity of the plant is increased.

(c) The removal of the product is facilitated and 
the amount of fines is reduced.

(d) Dust formation is eliminated.

(e) The solids are more easily handled.

Advantages of wet grinding 



energy

(1)

(2)



(4)

(3)



(5)



,

(7)

(6)

It is called 

Bond’s Law



(8)



Note: The Bond’s work index is obtained from laboratory crushing tests on the feed 
material.



Bond’s 
work index 
for some 
materials

Notes
1. The higher the value of 

the work index the 
harder it will be to grind 
the solid.

2. Units of Work index 
kWh.m1/2t-1



Summary
• Kick’s law has been found to hold more

accurately for coarser crushing where most of
the energy is used in causing fracture along
existing cracks.

• Rittinger’s law has been found to hold better
for fine grinding, where a large increase in
surface results

• Bond’s law holds reasonably well for a variety
of materials undergoing coarse, medium, and
fine size reduction.



Crushing equipment

Coarse 
crushers

Intermediate 
crushers

Fine 
crushers

Jaw crusher  Crushing rolls Roller mill

Gyratory 
crusher

Hammer mill Ball mill

Pin mill Pendulum 
mill



Coarse crushers 



Jaw Crusher - Models

Dodge

model

Blake

model

Denver
model



Jaw crusher





Gyratory Crusher



Hammer Mill



Hammer mill



Hammer mill ‘High throughput’



Crushing rolls



Crushing Rolls



Crushing Rolls
An idealized system where a spherical or cylindrical particle of radius r2

is being fed to crushing rolls of radius r1 is shown in Figure A. 2α is the

angle of nip, the angle between the two common tangents to the

particle and each of the rolls, and 2b is the distance between the rolls.

It may be seen from the geometry of the system that the angle of nip is

given by:

For steel rolls, the angle of nip is not greater than about 32◦.

Crushing rolls are extensively used for crushing oil seeds and in the 

gunpowder industry and they are also suitable for abrasive materials. 

They are simple in construction and do not give a large percentage of 

fines.

Figure A



Horizontal table



Fluid energy mill



Pin Mill



Sand mill



Colloid mill

Internal cone rotating 

at high speed



Ball mill



The speed of rotation of the mill

 At low speeds of rotation, the balls simply roll over one another and little 

crushing action is obtained. 

 At slightly higher speeds, the balls are projected short distances across the 

mill, and at still higher speeds they are thrown greater distances and 

considerable wear of the lining of the mill takes place. 

 At very high speeds, the balls are carried right round in contact with the 

sides of the mill and little relative movement or grinding takes place again. 

 The minimum speed at which the balls are carried round in this manner is 

called the critical speed of the mill and, under these conditions, there will be 

no resultant force acting on the ball when it is situated in contact with the 

lining of the mill in the uppermost position, that is the centrifugal force will 

be exactly equal to the weight of the ball. 

 If the mill is rotating at the critical angular velocity ωc, then:

(R-r ) ωc
2 = g

Or        



The corresponding critical rotational speed, Nc in revolutions per unit 

time, is given by:

In this equation, R is the radius of the mill, and r is the particle or ball 

radius. It is found that the optimum speed is between one-half and 

three-quarters of the critical speed.

Note c in units rad/time     

c  = 2 Nc  ,       where Nc in rev/time   



Derivation



Note

• Two forces act on the ball: 

– the force of gravity mg, where m is the mass of the ball, 
and 

– the centrifugal force mu2/(R – r), where u is the peripheral 
speed of the center of the ball.

• The centripetal component of the force of gravity is 
mg(cos ), which opposes the centrifugal force. 

• As long as the centrifugal force exceeds the 
centripetal one, the particle will not loss contact with 
the wall. As the angle  decreases, however, the 
centripetal force increases.



• If the speed does not exceed the critical value, a 
point is reached where the opposing forces are equal 
and the particle is nearly to fall. 

• The angle at which this occurs is found by equating 
the centrifugal and centripetal forces, that is,

hence,

The speed u is related to the speed of rotation by the 
equation

By substitution we obtain



the previous equation becomes



Example 1
A material is crushed in a Blake jaw crusher such that 
the average size of particle is reduced from 50 to 10 mm 
with the consumption of energy of 13.0 kW/(kg/s). 
What would be the consumption of energy needed to 
crush the same material of an average size of 75 mm to 
an average size of 25 mm:

a) assuming Rittinger’s law applies?

b) assuming Kick’s law applies?

Which of these results would be regarded as being 
more reliable and why?



Solution



The size range involved in this case should be considered as that for coarse 

crushing. Because Kick’s law is more accurate for coarse crushing, this would be 

taken as given the more reliable result.



Example 2

If crushing rolls, 1 m in diameter, are set so that the 
crushing surfaces are 12.5 mm apart and the angle of 
nip is 31, what is the maximum size of particle which 
should be fed to the rolls?
If the actual capacity of the machine is 12 per cent of 
the theoretical, calculate the throughput in kg/s when 
running at  4 rad/s (2.0 m/s) if the working face of the 
rolls is 0.4 m long and the bulk density of the feed is 
2500 kg/m3.



Solution



Example 3

A ball mill, 1.2 m in diameter, is run at 0.80 Hz and it is found that the 

mill is not working properly. Should any modification in the conditions of 

operation be suggested?

The angular velocity is given by:

Solution



Note: 
1 Hz               2 or 2 * 3.14 = 6.28 rad/s
2 Hz               4 or 4 * 3.14 = 12.56 rad/s

Radian speed to linear speed
u = r *  if r in m and  in rad/s hence, u in m/s



Motion of Particles in a Fluid



Motion of Particles in a Fluid
INTRODUCTION

y

x Flat surface



(y-direction).



Eddy formation

NOTE: The force acting on the fluid at some point in the boundary layer may then be 

sufficient to bring it to rest or to cause flow in the reverse direction with the result that 

an eddy current is set up.  A region of reverse flow then exists near the surface where 

the boundary layer has separated as shown in the above Figure. 

11a Eddy formation.ppt


Notes





Laminar  and turbulent flow over a flat 

surface



Velocity B.L developed on a flat 
surface







* For details see  “Transport phenomena 1 and fluid  
Mechanics courses” 

*



Note

Wall drag



Flow past a sphere





Drag coefficient versus particle Reynolds 
number for spherical particles

0.44





Where ρ is the density of the fluid, μ is the viscosity of 

the fluid, d is the diameter of the sphere, and u is the 
velocity of the fluid relative to the particle.







Both of 

Fluid and 

body are 

moving 





Motion of a particle in gravitational 

field
• 2 dimensional motion 

particle

U velocity









For spherical particle



Note



Note

Discussion !!!!!! Discussion



Equilibrium or terminal velocity



Single Particle terminal velocity







General Method to obtain Terminal 
Velocity

2





Procedure to find u0
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Fine 
particle 

Coarse 
particle 



Example 1

Oil drops 20 m in diameter are to be settled in
air at a temperature of 37.8°C and a pressure of
101.3 kPa. The density of the oil is 900 kg/m3.
Calculate the terminal sedimentation velocity of
the oil drops.



Solution

• The density of the oil drops is very high
compared to that of air, and so, they will settle
in the same way a solid particle would do. At
the given conditions of air, consulting values
on any text book in thermodynamics, the
density and viscosity of air are 1.137 kg/m3,
and 1.9 x 10-5 kg/m s, respectively. Assuming
that settling would occur in the Stokes’ region:



In order to verify whether the appropriate
selling regime was chosen, the particle Reynolds
number is determined as

The value of Rep is below the limiting figure of
0.2, and so this solution is correct and the
terminal velocity of oil drops through air is ut =
0.0103 m/s.



Note
• If, for example, it is desired to separate particles of a relatively

dense material A of density ρA from particles of a less dense
material B and the size range is large, the terminal falling
velocities of the largest particles of B of density ρB may be
greater than those of the smallest particles of A, and
therefore a complete separation will not be possible. The
maximum range of sizes that can be separated is calculated
from the ratio of the sizes of the particles of the two materials
which have the same terminal falling velocities as given by
the previous equation.

A

B



Complete separation 

Dense particles, D  

iron
Light particles, L  

sand

A B



Example 2

A mixture of quartz and galena of a size range
from 0.015 mm to 0.065 mm is to be
separated into two pure fractions using a
hindered settling process. What is the
minimum apparent density of the fluid that
will give this separation? The density of galena
is 7500 kg/m3 and the density of quartz is
2650 kg/m3.



Solution

Assuming the galena and quartz particles are of 
similar shapes, then from previous equation , 
the required density of fluid when Stokes’ law 
applies is given by:

3

2/1

kg/m2377
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The required density of fluid when Newton’s 
law applies is given by:

3kg/m1196

2650

7500

015.0

065.0







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


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








Thus, the required density of the fluid is 

between 1196 and 2377 kg/m3.



Example 3
A finely ground mixture of galena and limestone in the
proportion of 1 to 4 by mass is subjected to elutriation
by an upward-flowing stream of water flowing at a
velocity of 5 mm/s. Assuming that the size distribution
for each material is the same, and is as shown in the
following table, estimate the percentage of galena in the
material carried away and in the material left behind.
The viscosity of water is 1 mN s/m2 and Stokes’ equation
may be used. The densities of galena and limestone are
7500 and 2700 kg/m3, respectively.



Solution

Firstly check the 

validity of Stoke’s

regime







Notes



Note
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Example 3 
What is the terminal velocity of a spherical steel particle, 0.40
mm in diameter, settling in an oil of density 820 kg/m3 and
viscosity 10 mN s/m2? The density of steel is 7870 kg/m3.

Solution

For a sphere:



Alternative solution 

• CD Re2 = 48.4 

• from chart slid 37 Re = 1.7

• Since Re =  uod/

• Thus uo = 0.05 m/s 



Non-spherical particles
• Since CD =f(Re’, shape) See next slide

• There are a set of experimental curves (CD

against Re’) for various shapes, similar to 
spherical particles. 

• For non-spherical particles, the orientation 
must be specified before the drag force can be 
calculated.

• Re’ = ud’ρ/μ , where d’ the diameter of the 
circle having the same area as the projected 
area of the particle





• The curve for (R’/ρu2) against Re’ may be 
divided into three main regions, (a), (b), and  
(c) as before.

Re’

C
D

’

CD’=K/Re’

K=12

In this region (a), a particle falling freely in the fluid under the action 

of gravity will normally move with its longest surface nearly parallel to 

the direction of motion.

laminar Transition Form drag 

region

CD’f(Re’)



• Region (b) represents transition conditions and
commences at a lower value of Re’, and a
correspondingly higher value of (R’/ρu2), than in the
case of the sphere. A freely falling particle will tend to
change its orientation as the value of Re’ changes and
some instability may be apparent.

• In region (c) the particle tends to fall so that it is
presenting the maximum possible surface to the
oncoming fluid (surface perpendicular to the direction
of motion). Typical values of (R’/ρu2) for non-spherical
particles in region (c) are given in Table 3.6



Table 3.6. Drag coefficients CD’ for Non - Spherical
Particles ‘region c’

Configuration                       Length/breadth                        R’/ρu2

Thin rectangular plates             1–5                                        0.6

with their planes                          20                                        0.75

Perpendicular to the                    ∞                                        0.95

direction of motion

Cylinders with axes parallel         1                                         0.45

to the direction of motion

Cylinders with axes                        1                                        0.3

perpendicular to the                     20                                      0.45

Direction of motion                       ∞                                       0.6

Direction 

of motion

Direction 

of motion

Direction 

of motion



Free falling velocity for Non-
spherical particles



Re2



Example 4

What will be the terminal velocities of mica 
plates, 1 mm thick and ranging in area from 6 
to 600 mm2, settling in an oil of density 820 
kg/m3 and viscosity 10 mN s/m2? The density 
of mica is 3000 kg/m3.



solution

3'
p

dk

2

4 pd



3.7

(From table 3.4 as spherical)

(From Reo’ = u0d’ρ/μ) 







Motion of particles in a 
Centrifugal Field



Motion of particles in a centrifugal 
field 



Assume stokes’ regime

Note: As the particle moves outwards, the accelerating force increases and 

therefore it never acquires an equilibrium velocity in the fluid

inertial 
term



















Form Drag regime “Newton’s Law”

This equation can only 
be solved numerically



Flow of Fluids Through Granular
Beds and Packed Columns



Flow through Granular Bed & 
Packed Columns



Absorption column “lab experiment”

Solid particles 

‘Packing bed’



Absorption column

Laboratory absorber
(1a): CO2 inlet; 

(1b): H2O inlet;

(2):outlet; 

(3): absorption column; 

(4): packing.

Solid particles 

‘Packing bed’



Introduction 

• The presence of solid particles in a bed or a
column will cause a pressure drop when the
fluid passes through it.

• Examples: Dryers used solid material, Gas
absorption columns using different types of
packing, Sand filters, packed bed reactors.

• Formulating the pressure drop in terms of the
controlling properties and parameters will lead
to an important design formula.



Introduction 
Finding the pressure drop through a bed is 
also a one method used to measure the 
surface area and the particle size of a powder 
material as mentioned in the beginning of 
the course.

This is called Permeability 
cell technique for 

measuring the particle 
size of a powder material  



Flow of a single fluid through a 
granular bed

l

u

Packed bed 



Darcy’s Law and Permeability
• Darcy observed that the flow of water through a 

packed bed of sand was governed by the relationship:

Where
-p : pressure drop across the bed

Ɩ : bed depth
u : superficial velocity= fluid volumetric flow                 

rate/cross sectional area, (1/A) (dv/dt)           
A : cross sectional area of the bed.
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μ

B

l

ΔP
Ku

where
K : proportionality constant that        

depends on the properties of bed and 
fluid = B/.

B : permeability coeff. of the bed ‘depends 
on the properties of solid particles’.

 : viscosity of the fluid.



Specific surface and voidage

(i) specific surface area of the bed, SB 

‘surface area of the bed which is available to
hold the fluid per unit volume of the bed’
m2/m3 or [length]-1.

(ii) fractional voidage of the bed, e ’fraction
of volume of bed that not occupied by solid
material’. (1-e) represents the fraction of bed
volume that occupied by solid material.



Notes
• S : sp. Surface area of particles. For a sphere; 

S=6/d

• S  SB ‘due to voidage, e’

• SB = S(1-e)

• As e is increased, flow through the bed becomes
easier and so the permeability coefficient B
increases.

• If the particles are randomly packed, then e
should be approximately constant throughout
the bed and the resistance to flow is the same in
all directions.



the properties of beds (S, e, B) of some common 
regular-shaped materials. 

apply only 

to the 

laminar 

flow 

regime.







Raschig rings

Raschig rings are

pieces of tube

(approximately equal in

length and diameter)

used in large numbers

as a packed bed within

columns for distillations

and other chemical

engineering processes

http://en.wikipedia.org/wiki/File:RaschigRings005.JPG
http://en.wikipedia.org/wiki/File:RaschigRings005.JPG
http://en.wikipedia.org/wiki/Packed_bed
http://en.wikipedia.org/wiki/Distillation_column
http://en.wikipedia.org/wiki/Chemical_engineering


Structured packing

Structured packing

refers to a range of 

specially designed 

materials for use in 

absorption, distillation 

columns , chemical 

reactors and cooling 

towers.

http://en.wikipedia.org/wiki/File:Riempimento_strutturato.jpg
http://en.wikipedia.org/wiki/File:Riempimento_strutturato.jpg


Pall rings



Saddles 



General Expressions for Flow 
Through Beds in Terms

of Carman–Kozeny Equations

Streamline flow—Carman–Kozeny equation



General expressions for flow 
through Beds 

• The flow of fluid through a bed can be
analyzed in terms of the fluid flow through
tubes.

• Streamline flow

Start with the Hagen-Poiseuille equation for
laminar flow through a circular tube
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• But in case of a packed bed, the free space can be assumed
to form of a series of tortuous (twist) channels arranged in
parallel, as shown schematically in fig. A and its idealization
in fig. B . Therefore, the previous eq. can be modified as
follows:

......(3)..........
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l

u
fig. A fig. B 

Flow through a bed of uniform

spheres

The capillary model

idealization



Where

channels.porethethroughvelocityaverage:
1

.sCapillarieofpathTortuousoflengthaverage:

.structurebedtheondependscons.essdimensionl:

channelsporetheofdiamequivalent:

u

l

K





m
d

u  uc : superficial velocity based on empty cross sectional 

area



Note

Dupuit related uc and u1 by the following argument

X



Since the equivalent  diameter = flow area/wetted 
perimeter

For a packed bed; flow area = e A
Wetted perimeter = surface area of bed/l

= SBA Ɩ / Ɩ = SBA

)1(perimeterwetted

areaflow

eS

e


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B
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e

md

lαl 

average velocity, u1 = u / e

and,     
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Equation (3) becomes

This equation is called Carman-Kozeny equation.

The constant     depends on  porosity, particle shape 

and other factors. 

In general,      = 5.0 .
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Compare Carman-Kozeny equation with 

Darcy equation, you can deduce that
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Note 2

For spherical particle S = 6/d
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Note3

For non-spherical particle, the surface mean 
diameter, ds , can be substituted instead of d 



where R1 is the component of the drag force per unit area of 
particle surface in the direction of motion





CD against Rel

1.0 100







where    (l ‘/l) is the tortuosity and is a measure of the fluid path length 

through the bed compared with the actual depth of the bed, 

K”o is a factor which depends on the shape of the cross-
section of a channel through which fluid is passing.



Ergun Equation

Compare with 

Carman Expression 



Use of Carman–Kozeny equation for 
measurement of particle surface area

The Carman–Kozeny equation relates the drop
in pressure through a bed to the specific surface
of the material and can, therefore, be used as a
means of calculating S from measurements of
the drop in pressure. This method is strictly only
suitable for beds of uniformly packed particles,
and it is not a suitable method for measuring
the size distribution of particles in the sub sieve
range.



The permeability apparatus

• In this apparatus, air or another suitable gas flows 
through the bed contained in a cell (25mm diameter, 
87mm deep), and the pressure drop is obtained from 
h1, and the gas flow rate from h2.

• The method has been
successfully developed for
measurement of the surface
area of cement and for such
materials as pigments, fine
metal powders, pulverized
coal, and fine fibers



Example 1

• In a contact sulfuric acid plant the secondary
converter is a tray type converter, 2.3 m in
diameter with the catalyst arranged in three
layers, each 0.45 m thick. The catalyst is in the
form of cylindrical pellets 9.5 mm in diameter
and 9.5 mm long. The void fraction is 0.35.
The gas enters the converter at 675 K and
leaves at 720 K. Its inlet composition is:



and its exit composition is:

The gas flowrate is 0.68 kg/m2s. Calculate the 
pressure drop through the converter. The 
viscosity of the gas is 0.032 mNs/m2.



Solution
• Find the density by assuming ideal gas, hence 

use ideal gas law to obtain the density. 

 = PM/RT 

• Find S         S= surface area of pellet/volume

• g



Flow rate, kg/m2.s =  u

Total length



Flow rate, G’ =  u

0.68 = 0.569 u

u = 0.68/0.569 = 1.2 m/s



Table A Comparison between packed bed & 
packed column 

Packed bed Packed column

Single flow through bed Usually, two flows(liquid 

+gas)

Size of packing: small Size of packing: large

Packing element:

usually solid

Packing element:

usually hollow with

large internal surface 

area and small pressure 

gradient.

Regime of flow: 

Laminar

Regime of flow:   

Turbulent



Types of Packing

1. Particulate: dumped or stacked 

Raschig Rings, Lessing rings, Berl 

Saddles, Stoneware, Porcelain, 

Carbon, Metal.

2. Grid Packings: wood, metal, carbon, 

plastic.

3. Wire-Mesh & Knit-mesh packing

‘ See the Text for details’







Multi knit mesh columns 
packing

Stainless steel knitted wire mesh 

packing





Metal, Ceramic and carbon Raschig and Lessing 
rings



Plastic, Ceramic and metal Pall rings



Ceramic Intalox Berl Saddles and Intalox Metal 



Design Data For Various Packings



The packing factor F replaces the term SB/e
3. Use of the given value of F in Figure 4.18 permits more predictable 

performance of designs incorporating packed beds since the values quoted are derived from operating 
characteristics of the packings rather than from their physical dimensions.





Flow Through Packed Towers
Gas flow through packed tower in presence of liquid flow



(P/l)gas

UG superficial gas velocity  1m/s
l  bed height

L mass flow rate of liquid ‘L liquid 

mass velocity’

In general, L1 kg/s.m2tower

n
GU





Types of 
towers

Dry tower
Wet drained 

tower
Irrigated 

tower



Types of towers 







Transparent 

column

1

2



Pressure drops in wet packings (logarithmic axes





Flooding Rates in Packed columns

Fig 4.17



Generalized pressure drop correlation Fig 4.18



Notes

• Most of the data on which it is based are obtained for cases
where the liquid is water and the correction factor
[(μL/μw)/(ρw/ρL)]

0.1, in which μw and ρw refer to water at 293 K,
is introduced to enable it to be used for other liquids.

• The packing factor F which is employed in the correlation is a
modification of the specific surface of the packing SB which is
used in Figure 4.17.

• In practice, a pressure drop is selected for a given duty and
use is made of the correlation to determine the gas flow rate
per unit area G, from which the tower diameter may be
calculated for the required flows.





Example 2

A column 0.6 m diameter and 4 m high is, packed
with 25 mm ceramic Raschig rings and used in a gas
absorption process carried out at 101.3 kN/m2 and
293 K. If the liquid and gas properties approximate to
those of water and air respectively and their flow
rates are 2.5 and 0.6 kg/m2s, what is the pressure
drop across the column? In making calculations,
Carman’s method should be used. By how much may
the liquid flow rate be increased before the column
floods?



Solution





Sedimentation



Sedimentation 

•Gravitational sedimentation

•Meaning

•The batch settling test ‘Solids settle from 

a slurry in a glass cylinder’.

•4 zones can be observed: 

clear liquid ‘A’; uniform concentration ‘B’; 

transition ‘C’; coarse solids ‘D’.

•Critical settling point  only zones A and D.



Batch settling experiment

Time

Fine 

particles 



Comparison between Type 1 and Type 2

Settling can be 

divided into two 

types according 

to the zones: 

Type 1 contains 

zones A, B,C and 

D;

 Type 2 contains 

zones A, C and D.

It is 

obtained 

when

the range of 

particle size 

is wide.

Type 1 Type 2



Gravity sedimentation 
• Suspension can also be divided into

concentrated suspension and dilute

suspension. The first is called

‘sludge line settling’ and the later

‘selective settling’.
• After critical settling pt., compression

and consolidation of solid layer ‘D’ will

take place with liquid being forced

upwards into the clear liquid zone

‘A’. Hence the height of layer D will be

decreased.



Compression and consolidation 
of solid layer



Stokes’ law

For a suspension of particles in a fluid, Stokes’ 
law is assumed to apply but an effective 
viscosity and effective average density are 
used.



The modified settling or sedimentation velocity in 
suspension is:
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It has been shown for a suspension of uniform 
particles, the velocity of particle relative to the 
fluid, up, is given by:
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f(e) could be as

f(e) = 10-1.82(1-e) ………………………(7)
Substituting 6,7,2, into 5
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Height of Suspension 

Effect of height on sedimentation of a 3 per cent (by volume) 

suspension of calcium carbonate



Effect of concentration on the sedimentation of 
calcium carbonate suspensions

Conc.        Rate of sedimentation 



Effect of concentration on mass rate of 
sedimentation of calcium carbonate



Note
• Rate of sedimentation during consolidation or solid-

compression period is

Where HC : the height of sluge at critical settling pt.

H: the final height of the sediment

b : cons. For a given suspension

bt)H
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• If ln(H-H) is plotted against t, hence b can be found 
from the slope of the given line.

4. Shape of vessel

• It has little effect

• If the container  has a slope                              

with   horizontal, after a short 

time interval, the system

becomes to a stable condition

‘ XX state’. Hence,

Area  AAXX = shaded area



• Obstructed vessel

   A as sumIn 


















AAsince
A
A

onconstructiofbottomtheatcontiuityFor
cucAA

cAcuA
'



Sedimentation in 

partially 

obstructed vessel



Solids flux per unit area as a function of 
volumetric concentration



Kynch Theory
The mechanism of sedimentation of concentrated 
suspension can be studied via using the concept of 
continuity.

Some basic assumption:

• Uniform conc. at any level.

• No wall effects

• Velocity of fall of particles depends on the local 
conc. of particles.

• There is no differential settling

• Sedimentation velocity = 0.0 at the sediment layer 
at the bottom.



Kynch Theory
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• In general,  = c uc

Making a material balance between the 
height h and the height H+dH
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Where uw velocity of propagation of a zone of constant

concentration ‘velocity of propagation of concentration wave’. Note

uw is constant for any concentration.



The relationship between flux ‘’ and 
concentration ‘c’

Ht

interface

Ho



• lines such as KP and OB represent constant
concentrations with slopes = dH/dt = uw

• line AB represents the fall down of interface
‘between clear liquid and suspension’ with
fall down velocity ‘sedimentation velocity’ ,uc=
slope of this line = - dH/dt

• the total volume of particles that pass through
a certain plane in time

‘t’ per unit area is:

V = Co ( uc + uw) t
uc

uw

Any 

definite 

plane



• Total volume, V, must equal to the total volume 
of particles was originally above the K, for 
example.

Co ( uc + uw) t = Co (Ht – Ho)

( uc + uw) t = (Ht – Ho)

• For intermediate concentration curve BC  Co < C <Cmax

• Consider pt. D and apply the same previous approach:

Ht

P

KHo



• Here the line OD represents a wave starts from pt. O ‘the base 
of the container’ and terminates at pt. D ‘ the interface 
between clear liquid and suspension’ on the sedimentation 
curve. 

C ( uc + uw) t = Co Ht …………….(i)

But  Ht = OA           ‘see the fig.’

uc = QT/t

or     uc t = QT     ………………  (ii)

and  uw t = RD = OQ  ……… …(iii)

add (iii) to (ii)

( uc + uw) t = OT  …………  (iv)

divide (i) by (iv)

C = Co (OA/OT)      ###

The corresponding Flux is 

 = C uc = Co (OA/OT) uc       ###



Thickener design 

Thickening zone



• Good design requires:

1. adequate or suitable diameter to obtain 
reasonable clarification.

2.Enough depth to obtain the required 
degree of thickening.

Thickening zone



Constrain 

• In a continuous thickener, the area required 
for thickening must be such that the total 
solids flux (volumetric flow rate per unit area) 
at any level does not exceed the rate at which 
the solids can be transmitted downwards.

• If this condition is not met, solids will build up 
and unsteady-state operation will be possible.



Clarifier or thickener
Feed 
inlet



Clarifier or thickener



Clarifier or thickener

( c ) CIRCULAR RIM-FEED. RIM TAKE-0FF CLARIFIER  
WITH A SCRAPER SLUGE REMOVAL SYSTEM



Required Area

• To calculate the required area , it is very 
important to obtain the concentration at 
which the rate of sedimentation or the flux is 
a minimum.

• Total flux, t, consists of two componets:

a. Due to the sedimentation of solid in the 
liquid ( as measured by batch sedimentation 
experiment,  = uc C).

b. Arising from the removal of the underflow 
at the base of the thickener, u = uu C.



Thickener Tank

Feed 
Qo, Co

Overflow 
Q’

Underflow, 
Cu

CuΨ

ΨΨΨ

u

uT







    

 is,flux  Total

This flux  equals the 
volumetric flow rate per unit 
area at which the solids are 
fed to the thickener

oT C
A

Q
Ψ 








 0

Where;
Q0 is the volumetric feed rate of suspension, m3/h
A is the area of the thickener, m2 and
C0 is the volumetric concentration of solids in the 
feed.











The values of A should be calculated for the 

whole range of concentrations present in the 

thickener, and the design should then be 

based on the maximum value so obtained.



Depth of the thickener Zone, Ht

H t =

The required depth of the thickening region is

where: 

tR is the required time of retention of the solids, as 

determined experimentally,

W   is the mass rate of feed of solids to the thickener,

X    is the average value of the mass ratio of liquid to solids 

in the thickening portion, and

ρ and ρs are the densities of the liquid and solid 

respectively.



NOTE

• Take the ratio H/D=1.5

for deep tank up to 19 m

height. 
D

H



Fluidization

Principles and definitions



Fluidization is defined as the operation in
which the fine solid particles are transformed
into a fluid-like state through contact with a
gas or a liquid.

Fluidization-Definition 



Fluidization
Advantages 

• An extremely large area of 
contact between solid and fluid. 
So, high overall rates of heat and 
mass transfer.

• Ease of handling of solids when 
in the fluidized condition.

• High degree of solids mixing in 
gas-fluidized system.

• High rates of heat transfer 
between the fluidized solids and 
any immersed system.

• Suited to large-scale operations.

Disadvantages 

• Some particles are difficult to 
fluidize because of i) an excessive 
tendency for particles for attrition , 
or ii) an excessive tendency to 
agglomeration.

• The process requires high power to 
achieve.

• Operation rates are limited to a 
relatively narrow range. Too low 
fluid velocity leads to bed 
settlement. Too high fluid velocity 
leads to excessive particle loss.

• The particle size range is normally 
limited to 1/4 in down to a few  m



Fundamentals 



Typical Fluidized Bed 



Grid plates & Spargers



Fluid Bed Definition



Increasing  gas or liquid flow rates



Increasing  gas or liquid flow rates



Fundamentals 
• Fixed bed ~ no solid movement ~ Fluid: ‘Gas or

Liquid’ ~ Fluid velocity: low. P  Uf ‘similar to
fixed bed with single fluid flow’.

• Incipient fluidized bed ~ Fluid: ‘gas or liquid’. If
Uf is increased, at a certain value the solid
particles begin to move or “fluidize”. At this point
the upward drag force exerted by the fluid on the
particles = the apparent weight of particles.
The bed is known as incipient fluidized bed at
minimum fluidization. U Umf , “little expansion
of solid-bed”



• Particulate or Smooth Fluidized bed ~ “Fluid: liquid”, 
Ul Umf .  Smooth expansion of the bed takes place 
with little or negligible instabilities in gross flow of 
fluid.

• Aggregative or bubbling fluidized bed. 

“Fluid: gas”, Ug Umf .

Here, we have large instabilities with bubbling and 
channeling of gas inside the bed. As Ug  mixing and 
movement of solids becomes very high.

Fundamentals 



Pressure drop versus gas velocity



Notes
Note 1: 

• The bed does not expand much beyond the 
min. fluidization.

Note 2: 

Two phases are obtained: 

• Continuous phase ~ dense or emulsion 
phase.

• Discontinuous phase ~ lean or bubble 
phase.



2-Phase fluidization



• Disperse, dilute or lean-phase fluidized bed.

‘Fluid: gas or solid’. Uf Ut or Uo . Here, solids 
could be carried out of the bed with the fluid 
 pneumatic or hydraulic transport of solids.

Fundamentals 



Notes
Turbulent or fast fluidized bed, Ug  0.5 Uo

Aggregative Fluidization Ug Umb

Particulate Fluidization Uf Umb

Slugging Bed Ug Umf . 

Slugging phenomena takes place at high Ug

and deep enough bed where the gas bubbles 
coalesce and grow as they rise and they may 
occupy the whole cross sectional area of the 
bed.  



Notes

• ‘Slug acts as piston; push the solids upward 
hence the particles rain down. This process 
will be repeated later on’.



Summary



Factors influence the solid mixing, size of 
bubbles and degree of heterogeneity

• Bed geometry

• Gas flow rate

• Type of gas distributor

• Vessel internals: screen, baffles and heat 
exchangers.

• Solid and fluid properties.



• Fluidized Bed Catalytic Cracking

• Fluidized Bed Combustion

• Drying of solid particles

• carbonization and gasification processes

• gas purification work; the removal of 
suspended dusts and mists from gases,  

• lime burning and in the manufacture of 
phthalic anhydride

********Applications********
**********************************************



Fluid catalytic cracking plant



PFBC



Powder Classification Diagram
There are 4 categories:

• Type A  p 1400 
kg/m3, size range 20-
100 m, Particulate 
fluidization to 2 or 3 
Umf possible. Dense 
Phase expands slowly 
prior to bubbling. 

• Type B 1400-4000 
kg/m3, 40-500 m 
UmBUmf , UB Umf/emf

for most bubbles.



• Type C      small size 30 m, p 1400kg/m3

inter-particle forces more important than 
gravity. Very difficult to fluidize. Channel 
instead.

• Type D     size  600 m, p4000 kg.m-3, 
UBUmf/emf for all but largest bubbles. 
Horizontal rather than vertical bubble 
coalescence. This type can be made to form 
spouted beds. 



Group C powder producing cracks and channels or discrete solid plugs



Relation between P & U



Notes

 At point B it will be noticed that the pressure 
loss rises above the value predicted by Equation.   

 This rise is more marked in small vessels and in 
powders which have been compacted to some 
extent before the test and is associated with the 
extra force required to overcome wall friction 
and adhesive forces between bed and the 
distributor.



The max. pt. at the curve ‘B’ is taken as umf

At min. fluidization:
The fluid pressure drop across the bed of 
particles is equal to the apparent weight of 
the particles per unit area of the bed;

(1)ρ)gse)(ρl(1ΔP
A

ρ)gse)(ρAl(1
ΔP




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• Line CD on the curve represents the fluidized 
region where the eq. (1) is applied.

• To obtain umf , use Carman-Kozeny eq. for 
Re11.0 and spherical particles:

• In general e at min. Fluidization = 0.4
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For large particles, turbulent regime is 
dominant, therefore  use Ergun equation. 

(4)
μ

ρ)gs(ρ2d
0.00059

mf
u


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Substituting e = emf at the incipient fluidization 
pt. and for P from eq. 1 and then eq. 5 express 
in terms of the min. fluidization velocity umf :





For non-spherical particles 

• Use the particle shape factor, φs

• φs = d/dp (13)

where: d = 6Vp/Ap and dp = (6Vp/π)1/3

Note

particle shape, φs , which is defined as the 
ratio of the diameter of the sphere of the 
same specific as the particle d to the diameter 
of the sphere with the same volume as the 
particle dp.



Relation between emf and φs

Eq.    (14)

Eq.    (15)







Minimum fluidizing velocity in terms of 
terminal falling velocity

• For a spherical particle the Reynolds number Reo’ is
expressed in terms of the Galileo number Ga by
equation 3.40 which covers the whole range of
values of of interest.

• This takes the form:

• Eq.s 8-10, given before, can be used to find

• The ratio Re’0 /Re’mf (= u0/umf ) may then be plotted
against Ga with emf as the parameter.

Re
'

0

Re’0 = (2.33Ga0.018 − 1.53Ga −0.016 )13.3

Re
'

mf



Ratio of terminal falling velocity to minimum fluidizing 
velocity, as a function of Galileo number







Conclusion 



Principles, theory and 
operation

Filtration



Filtration Process

Introduction:

• Cake filtration is widely used in industry to 
separate solid particles from suspension in 
liquid.

• Cake filtration is a common application for 
the flow through packed beds of particles.



• Filtration process involves the build up of a 
bed or ‘cake’ of particles on a porous surface 
known as the filter medium, which 
commonly takes the form of a woven fabric. 
The pore size of the medium is less than the 
size of the particles to be filtered.

Diagram of simple 

filtration: oversize 

particles in the feed 

cannot pass through the 

lattice structure of the 

filter, while fluid and small 

particles pass through, 

becoming filtrate

http://upload.wikimedia.org/wikipedia/en/2/20/FilterDiagram.svg
http://upload.wikimedia.org/wikipedia/en/2/20/FilterDiagram.svg


• In general, filtration process can be analyzed 
in terms of the flow of fluid through a packed 
bed of particles, the depth of which is 
increasing with time. The voidage of cake 
may be changed with time “ compressible 
cake” but we can assume, in some cases, the 
cake voidage is constant “ incompressible 
cake”.



Principle of filtration



Summary & Definitions

• Filtration is a separation of solid particles
from liquid with the aid of a semi-permeable
medium, which retains the solids and allows
the liquid to pass through.

• Classification of equipment: gravity, pressure
and vacuum filters.

• Filter cake: a bed of solid particles.

• Filtrate: liquids which pass through the filter
medium.



Cake 

Compressible                          Incompressible

Porosity varied                      Porosity constant



Filter media  Septum

a) it must retain solids

b) it must not plug

c) it must be strong enough chemically and 
physically to withstand different operating 
conditions. 

d) it must allow the cake to be removed cleanly 
and completely.

e) it must be cheap. 



Typical filter media

(A) plain, square weave, 

(B) twill weave, 

(C)plain, reverse Dutch,

(D)Double layer weave, 

(E) plain weave in metal media,

(F) twilled weave in metal media,

(G)twilled weave in metal media



Filter aids

Substances used to increase the porosity of
solid cake in order to permit the liquid to
pass at a reasonable rate. Filter aids such as
diatomaceous earth, asbestos, purified wood
cellulose or other inert porous solids.

Note: The support of media affects the way
of the cake growth.



factors to be considered when selecting 
equipment and operating 

• The properties of the fluid, particularly its viscosity, 
density, and corrosive properties.

• The nature of the solid—its particle size and shape, size 
distribution, and packing characteristics.

• The concentration of solids in suspension.

• The quantity of material to be handled, and its value.

• Whether the valuable product is the solid, the fluid, or 
both.

• Whether it is necessary to wash the filtered solids.

• Whether the feed liquor may be heated.



Theory of filtration  

• Filtration is similar to the flow of a fluid 
through a granular bed. The only difference is 
that the thickness of cake is growing with 
time.

• There are two operating conditions:

~ filtration pressure is constant whilst the 
flow of filtrate disappears with time.

~  the flow of filtrate is constant whilst the 
pressure increases with time.



Process of filtration

Slurry  Vo     Filtrate 

Vs V’                                           V  

A

Vp Vs 

Filter Cake Medium

Vp: vol of pores in cake after time t
Vs: vol of solids in cake after time t
V: vol of filtrate after time t

V’: vol of liquid in slurry after time t
Vc: vol of cake formed after time t

: thickness of filter cake

Vc





• Since the particles forming the filter cake are
very small, as well as the flow of filtrate
through the cake is very slow, laminar
constrains are dominant. Hence, Carman-
Kozeny equation can be applied:

Where

P: applied pressure difference.

S: sp. surface area of particles.
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Assume e = constant ‘incompressible cake’

r represents a property of particles.
r is called specific resistance of cake which

depends on e and S. It is constant for
incompressible cake, but it depends on the rate
of deposition, nature of particles and the force
between the particles.
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Typical values of specific resistance



Note

r sometimes referred to as the ‘permeability of 
cake’.



Material balance over the solid in 
cake and slurry

Mass of solids in cake = (1-e) Al s

Mass of liquid in cake = e A l

Assume  J is the mass fraction of solids in 
suspension, then  J/(1-J) is the solid to liquid 
ratio .
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Assume v is the  vol of cake per unit vol of 
filtrate

v=lA/V     or        l=vV/A (8)

Combining equations  6 and 8
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Substituting for l in eq. 2
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For constant rate of filtration

Where (-P) is directly proportional to V.
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For a filtration at constant pressure difference
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For constant pressure filtration, there is a linear 

relation between V2 and t or t/V and V.



Note
The pressure difference, (-P), is initially
increased until a certain limit. Suppose it
takes time t1 with vol of filtrate V1 to reach
this limit. Then the integration of eq. 15
becomes:
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Where  t-t1: time of cons. Pressure filtration

V-V1: volume of filtrate at cons. Pressure          
filtration 

There is a linear relation between (t-t1)/(V-V1) 
and V-V1

P                      P constant

t1 time        t



2 Filtration stages I & II



Flow of liquid through the cloth

There are two resistances;

• Resistance due to cloth and

• Resistance due to initial layer of cake

Assume the thickness of filter cloth and the
initial layer of cake to be equivalent to
thickness ‘L’ of cake as deposited at a later
stage in the operation. Hence eq. 1 becomes:
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Substituting eq.(8) into eq. (20)

For constant rate filtration

Equation 3 can be integrated.

l=vV/A
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For constant pressure filtration

Integration between t = t1 , V = V1 and t = t  , V = V
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Plot (t-t1)/(V-V1)  against (V-V1)       (t-t1)/(V-V1)

Note :

Slope gives sp. resistance r

Intercept yields L the equivalent

thickness of cake

V-V1



Filter types

• Laboratory test filter • Bed filters

http://upload.wikimedia.org/wikipedia/commons/e/ea/FilterFunnelApparatus.png
http://upload.wikimedia.org/wikipedia/commons/e/ea/FilterFunnelApparatus.png


Laboratory test filter

• Filter flask (suction flask, with sintered glass 
filter containing sample). 



Bed filters
Applications: Granular bed filters, Sand filters

Purification of water; Waste   
water Treatment ~  Solid 
content:10g/m3 or less

Specifications of bed: granular solids 0.6-1.2mm 
size, depth: 0.6-1.8m {not always} 

The very fine particles of solids are removed by 
mechanical action although the particles 
finally adhere as a result of surface electric 
forces or adsorption.



Sand filter 



This operation has been analyzed by IWASAKI who proposes the 
following equation:

Where  C: Volumetric conc. of solids in suspension  in the filter at 
depth l

Co: the value of C at the surface of the   filter “inlet of the 
filter”.

l: depth of the filter

: filter coefficient
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Plate and frame filter press

Here the plates, frames and cloths are pressed
together as shown, and the entering slurry passes
through lines leading to the frames.







Plate and frame press. A–inlet 
passage. B–feed ports. C–filtrate 

outlet. D–frames. F–plates





Plates and frames Thorough washing



 The cake is deposited against the filter
cloths, which form the faces of the frames.
The filtrate flows through the grooved
channel on the faces of the plates and out
through the openings at the tops of the
plates.

When the frames are filled with cake,
washing can be done by introducing the
washing liquid through washing plates. It
flows through the entire cake thickness. The
press is then opened, the solid removed, and
another cycle of filtration started.



Notes

This type of equipment suffers from the 
following disadvantages:

• Process ~ batch 

• Cost of labor ~ high.

• Capacity ~ Low.

• Sometimes it requires large quantity of 
washing liquid.



Advantages of the filter press

(a) Because of its basic simplicity the filter press 
is versatile and may be used for a wide range 
of materials under varying operating 
conditions of cake thickness and pressure.

(b) Maintenance cost is low.

(c) It provides a large filtering area on a small 
floor space and few additional associated 
units are needed.

(d) Most joints are external and leakage is easily 
detected.



(e) High pressure operation is usually possible.

(f) It is equally suitable whether the cake or the
liquid is the main product.

Optimum time cycle
• The optimum thickness of cake to be formed

in a filter press depends on the resistance
offered by the filter cake and on the time
taken to dismantle and refit the press.

Advantages of the filter press



• Although the production of a thin filter cake 
results in a high average rate of filtration, it is 
necessary to dismantle the press more often 
and a greater time is therefore spent on this 
operation.

• For a filtration carried out entirely at constant 
pressure, a rearrangement equation 7.26 
gives:
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where B1 and B2 are constants.

Thus the time of filtration t is given by:

• The time of dismantling and assembling the 
press, say t’, is substantially independent of 
the thickness of cake produced. The total time 
of a cycle in which a volume V of filtrate is 
collected is then (t + t’) and the overall rate of 
filtration, W, is given by:

W = V/ (t + t’) 
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W = V / (B1 V 2 + B2 V + t’)                       (11)

W is a maximum when dW/dV = 0.

Differentiating W with respect to V and equating 
to zero: 

B1V 2 + B2V + t’ − V (2B1V + B2) = 0

 t’ = B1V 2     (12)
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Notes
If the resistance of the filter medium is neglected, t = 

B1V 2 and the time during which filtration is carried 
out is exactly equal to the time the press is out of 
service. 

In practice, in order to obtain the maximum overall 
rate of filtration, the filtration time must always be 
somewhat greater in order to allow for the resistance 
of the cloth, represented by the term B2V. 

In general, the lower the specific resistance of the 
cake, the greater will be the economic thickness of 
the frame.



Washing Process

Washing 
Stages

Displacement 
washing (90% 

removal of 
filtrate)

Diffusion washing 
(washing material 

diffuses in the 
pores of the cake)

Drying Process
Air is used to dry 

the filter cake. 

Note
The rate of washing is 

usually taken  at the same 

pressure difference and 

the same  final rate of 

filtration.



Methods of washing
1) Simple washing : ‘the washing liquid passes through

the same passage of slurry’.

2) Thorough washing : ‘washing liquid introduces
through a specific plates called washing plates’. In
general, the liquid passes through the whole
thickness of the cake. Therefore, the area during
washing is ½ the area during the filtration and the
wash liquid flows through twice the thickness of
cake so the washing rate is about ¼ of the final rate
of the filtration. “See slide 41 and examples”



Leaf Filter
• This filter was developed for large volume of 

slurry and more efficient washing. 

• Each leaf is a hollow wire framework covered 
by a sack (bag) of filter cloth.

• Shape: rectangular leaves

• Arranged longitudinally in side a cylindrical 
shell.

• The feed is pumped under pressure (>150psi) 
into a shell (it can be maintained by using a 
compressed air).



Leaf filter 



Leaf Filter





Leaf Filter

• The filtrate is removed from inside of the 
leaves and the cake forms on the outside.

• The wash liquid follows the same path as the 
slurry.

• When sufficient cake is deposited, the shell is 
opened and the cake removed.

• The filter suffers from the disadvantages 
common to batch operations. 



A continuous rotary filter

• The advantages of continuous operation 
are achieved by the use of a rotary 
vacuum filter of the type shown in the 
following figure.





• A vacuum is maintained on the interior of the 
rotating drum, which is covered on its curved 
surface by the filter medium.

• The drum dips into a tank of slurry, and the 
filtrate passes through the medium and 
removed through the axle of the filter.

• The cake is continuously washed and 
removed using a knife scraper.



• The max. pressure differential for the vacuum 
filter is only 1 atm. Therefore, this type is not 
suitable for viscous liquids or for liquids 
which cannot be exposed to the atmosphere. 
These problems can be overcome by 
enclosing the filter in a shell, which is 
maintained above atmospheric pressure.



Gas-Solid Separation

Gas cyclones



Separation of solid from gas

Degassing dust separation

Sedimentation          Collision    

Filtration                     Electrical

Combined methods



Sedimentation

Centrifugal

Gas cyclone

5< dp<200µm

Special 
centrifugal
ventilator

Gravity



Note

• It is recommended to separate the coarsest 
particles firstly with a simple device



• Applicable for 100µm or more~ called dust 
separator

• Performance can be improved by inserting 
horizontal partitions.

• Disadvantage: separators required very large 
volume to decrease the gas velocity to low 
value to allow fine particles to settle.

Settling by gravity

(Gravity separators)



Settling chamber

If the particles are 
large, they will settle 
out of the gas stream if 
the cross-sectional area
is increased. The 
velocity will then fall so 
that the eddy currents 
which are maintaining
the particles in 
suspension are 
suppressed.

In most cases 
baffles or screens 
are introduced to 
enhance particles 
separation.



Tray separator

Dust removal 
from sulphur 
dioxide produced by 
the combustion of 
pyrites. 
Gas stream is 
forced through a 
series of trays in 
which the solid 
particles will settle 
over the trays.



1. Entering the gas tangentially with high velocity 
into a cylindrical space or

2. Bringing the gas into rotation via using a 
revolving impeller.

NB the first way leads to the use of cyclones 
whilst the second to centrifugal ventilators 
of special construction.

Centrifuge separation

How to create centrifuge separation



Gas cyclones
The body of cyclone takes the following shape

• Completely cylindrical

• Entirely conical

• Cylindrical + conical



Note

The main principle of solid separation
depends on the transformation of the linear
gas velocity into vortex where the solid
particles are thrown to the periphery of the
cyclone while the gas ejected from the central
region.



1. An axial gas outlet.

2. A particulate discharge port.

3. A gas-solid inlet (usually rectangular in 
shape).

There are three openings:



Sizing gas cyclones

Based on the theory given in chapter 3, there 
are two opposed forces: 

1. Centrifugal force ~ causes the particles to 
move in the direction of the cyclone wall; 
the gas flowing towards the core of the 
cyclone (the gas tends to carry fine particles 
to the center and remove them through the 
overflow).



2. Inward radial drag force ~ depends on the 
quantity of air fed to the volume of the 
cyclone. This ratio also determines the 
residence time in the cyclone.

The equation of sedimentation in a centrifugal 
field developed in ch. 3 will be used. This eq. 
is:
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Where r is the instantaneous distance of the 
particle from the vertical axis of the cyclone. 
Multiplying both sides by r and ignore ; the 
density of gas because it is very small 
compared with the solid density s . 

Hence eq. 1 becomes
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Now replacing r term by its equivalent Ut, 
which is the tangential velocity of particle.

Assume Ut is constant.
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where ri : inner radius of rotating stream

ro: radius of cylinder

Assume n is the number of turns required for 
a particle to travel the distance across the gas 
stream and so separate from it. The required 
time for these turns can be determined from 
angular velocity, , via this relation 
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Eq. (6) can be written in the following form

The denominator of this eq. represents the 
tangential velocity at its highest value when 
the particle reaches the wall of cyclone.

Substituting t into eq. (5)
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• If the tangential velocity of the particle has a 
value similar to the average velocity of the 
gas stream, u, just before it enters the 
cyclone, then eq. 9 becomes

• Let S is the width of the gas rotation; S=ro-ri

then
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• Or in terms diameter
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Note 

Experimental studies have shown that the 
number of turns, n, which the gas stream 
makes before it leaves the cyclone range 
between 0.5 and 5.



Terminal velocity of a particle, fluid properties 
and the geometry of cyclone separator

Consider the two principal forces acting in a cyclone, namely 
the centrifugal force acting outwards and the frictional drag 
force of the gas acting inwards.



• The centrifugal force for a spherical particle 
rotating at radius r is:
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• But the free falling velocity or terminal 
velocity, uo, is (s):

• Substituting for uo in eq. (16)
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• As uo becomes higher, the radius of rotation 
becomes also greater.

• If it is assumed that a particle will be 
separated provided it tends to rotate outside 
the central core of diameter 0.4do , the 
terminal falling velocity of the smallest 
particle which will be retained is found by 
substituting r = 0.2do in equation (see figure; 
do diameter of gas core outlet) 

r = 0.2 do (19)

• Substituting in previous equation 



• It is found that ur  constant at a given radius. 
However, it can be found from volumetric 
flow rate of gas per cylindrical surface area of 
flow at radius r:

• ut can be found from the following 
experimental relation:
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• where 

uto: tangential velocity at circumference

ut : tangential velocity at radius r

dt: diameter of cyclone

• Moreover, it is found that uto= the velocity of 
the gas which enters the cyclone.

• Now equation 20 becomes
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• If Ai is the cross-sectional area of the gas inlet                         

, by substitution

• See text for The effect of the arrangement and size 
of the gas inlet and outlet.

• If there is a large proportion of fine material present, 
a bag filter may be attached to the clean gas outlet.

• Alternatively, the smaller particles may be removed 
by means of a spray of water which is injected into 
the separator.

• For more details see the text.
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Example



Solution

Eq. 24



• Use is now made of Stokes’ law to find the 
particle diameter, as follows:


