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OVERVIEW
Unit 7 contains the first part of our discussion on particulate matter and Unit 8 contains the second and concluding part. 

In Unit 7, we will discuss the sources of particulate pollution and particle dynamics, i.e., the motion of particulates under gravity, centrifugal force and electrostatic field. We will then discuss three particulate separating equipment – gravity settling chambers, cyclone separators and electrostatic separators – with illustrations.  

LEARNING OBJECTIVES   

After completing this Unit, you should be able to:

· discuss the sources and movement of particles;

· calculate terminal velocity

· find the minimum particle size that can be separated in a gravity settling chamber and the average efficiency of separation for a known distribution of particles;

· calculate the minimum particle that can be separated in a cyclone separator and the average efficiency of separation for a known distribution of particles; 

· determine the efficiency of an electrostatic precipitator for a given duty. 

 

7.1
SOURCES AND MOVEMENT OF PARTICLES

In Subsections 7.1.1 and 7.1.2, we will touch upon some of the sources of particles and their movement.

7.1.1 
Sources of particles 

Particles are generated during various operations for the manufacture of products in chemical industries. As these fine particles offer more surface area, it is easy to use them as such, or during operations such as dissolution, suspension, adsorption, combustion, etc. Grinding of materials is performed to reduce their size and increase the surface area. 

Particles are also generated during combustion of fuels where unburnt carbon particles or leftover ash particles are carried away by the accompanying flue gases. This is the reason why we invariably notice mixtures of fine particles and gas during cooking in household grates, automobile exhausts, thermal power stations, iron and steel plants, foundries, cement factories, petroleum refineries, paper-mills, acid-manufacturing units, glass industries, agricultural operations and others. In addition, there are natural sources of particulate matter we find in the atmosphere (e.g., erosion of soil by wind, forest fires, and salt particles from seas, volcanic residues, plant pollen and seeds). 

The particle size may be as low as 0.001 micrometer for fumes and as high as 1 mm for grinding operations. Particles smaller than 10 microns tend to be air-borne, and therefore, if they are not separated during processing or before exit to the atmosphere, it could lead to substantial material loss, adding to the air pollution levels at the same time. Note also that the particles smaller than 2.5 microns (i.e., the breathable fraction of particles present in air) are harmful from the point of view of health to people and other living organisms.

Particles larger than 10 microns have significant settling velocities, and therefore, they do not pose any problem of separation. Large particles result from less organised operations such as size reduction, atomisation and drying, and combustion of solid fuels like coal. The distribution of particle size in these operations is also wide. Smaller particles, on the other hand, are formed by more organised operations such as sublimation-condensation during combustion of liquid or gaseous fuels, mist formation, foundry operations and chemical reactions.

7.1.2 
Particle movement

When a particle falls in the atmosphere under gravity, gravitational, buoyancy and drag forces act on it as shown in Figure 7.1:

Figure 7.1

Forces on Particle Under Gravity
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Note that if the particle is very large, there will be net force acting on it in the downward direction. However, if the particle size is small, there will be a balance among these three forces and the particle will travel at a constant velocity called terminal settling velocity.


Having looked at the forces that act on a particle, let us now examine how terminal velocity is normally calculated. 
Terminal velocity calculation

The following equation can be used to calculate the terminal velocity:

ut = 
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Equation 7.1

where
dp 
=
particle diameter, m,

g   
= 
acceleration due to gravity

(p  
= 
density of particle in kg/m3

 
(   
= 
density of the gas kg/m3
   
(   
=  
viscostity of the gas kg/ms (Viscosity represents the resistance offered to liquids and gases when they flow through a pipe or a channel.)

Similarly, the following equation can be used to calculate the drag force acting on the particle when falling under gravity: 

Fd = 3 ( ( dp ut   




Equation 7.2 
    

where
Fd  =  the drag force in Newtons

ut  =  the terminal velocity, m/s

Note that Equation 7.1 can be used without much error, if the particle size is less than 30 microns. The movement of the gas molecules affects the movement of the particles, if they are less than 3 microns. Very fine particles, for example, slip through the spaces between the molecules and, as a result, the drag on the particle decreases, but the terminal settling velocity increases. In this connection, Equation 7.3 below gives a factor called the Cunningham's correction factor, C, for air at 20oC and 1 atm pressure:

C = 1 + 0.172 / dp 




Equation 7.3
where dp is written in microns. 

Equations 7.1 and 7.2 for settling velocity and drag force, therefore, respectively, modified as follows:

ut = 
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Equation 7.4

Fd = 
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Equation 7.5  

Note that if the acceleration is due to centrifugal force, e.g., in a cyclone separator (see Section 7.3 for details), you can replace g with the corresponding centrifugal acceleration term, i.e., v2/r, where v is the tangential velocity of the particle at radius r.  

Furthermore, in case, the particle moves in an electrostatic field, e.g., in an electrostatic precipitator (see Section 7.4 for details) and carries a charge q, you can write Equation 7.5 as follows:

Fd = q E = 
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Equation 7.6
Therefore, 

ur = 
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Equation 7.7

where
ur = is the radial migration velocity in the electrostatic field.


 

7.2
GRAVITY SETTLING CHAMBER

A gravity settling chamber is used to separate coarse particles suspended in air. In principle the velocity of the gas is reduced and the settling occurs under gravity. Particles of size above 30 microns can readily be separated in these devices. As the separation occurs under gravity, the terminal velocity of the particle plays an important role in the determination of the efficiency of n separation of particles in these devices.

You will also recall that particles in the gas are not of uniform size and they have a size distribution. When they enter a settling chamber at a flow rate of Q, m3/s, the minimum particle that can be separated in the unit is given by:

(dp)min = 
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Equation 7.8

where L and B, respectively, represent the length and width of the unit.

The minimum particle size, which has been referred to in Equation 7.8 indicates such a diameter above which all particles are separated. For example, if particles are present in the size range of 1 to 100 microns, then the particles, say above 30 microns, are completely separated.  Thus, a size of 30 microns is the minimum particle size above which all the particles are separated from the distribution of sizes.

Similarly, the efficiency of separation for a given particle size dp is given by:

( = 
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Equation 7.9

where U is the horizontal velocity of the gas and H is the height of the unit.

For a distribution of particle sizes in the incoming gas, an average efficiency of separation can be calculated by means of Equation 7.10:

(Av = ( (i.xi 





Equation 7.10
where (i is the efficiency of any size and xi is the corresponding weight fraction.

Equations 7.8 and 7.9 are applicable for a gravity settling chamber, which is of dimensions of length, L, width, B, and height H. It is quite common these days to have a number of horizontal trays in a gravity-settling chamber. As a result, the efficiency of these units improves considerably.

For a multi-tray settling chamber with a number of horizontal trays, which are separated from each other, we can derive the expression of minimum particle size separated as:      
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Equation 7.11
where h is the spacing between the trays. 

Let us now work out an exercise to understand the concept better.  

Assume that hot gases from a glass manufacturing unit, flowing at the rate of 1200 m3/minute and containing particles of 1 micron and above, are sent to a multi-tray settling chamber. The settling unit, 4.5m long and 4.5 m wide, contains 26 trays including the bottom shelf, spaced uniformly 35 cm apart. 

Applying Stoke’s law, let us use the following data and determine the minimum particle size that can be separated in the unit: 

Density of gases
= 
1.1 kg/m3
Viscosity of gases
= 
2.25 (10-5 kg/m.s

Density of particles
= 
2000 kg/m3 

Using Stoke’s law, i.e., 

(dp​)min 
= 
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= 2.8 ( 10-5m = 28 (
Note that in the above calculation, the height of the unit = 26 ( 0.35 = 9.1 m and the density of gas has been neglected.


 

7.3 
CYCLONE SEPARATORS

A cyclone separator is made up of a hollow cylindrical section resting on an inverted hollow frustum of a core. The entry to the unit is tangential or from a ring of vanes that covert axial into a spiral flow. In the conventional cyclone separator with tangential entry, the latter is rectangular. The height of the entry, H, equals Dc/2 and the width, B, equals Dc/4 in most of the configurations of the cyclone used.

In a given cyclone separator configuration, all the dimensions of the separator have fixed proportions with the diameter of the cylindrical body of the unit, similar to H and B stated above. The overflow from the unit takes place through a cylindrical pipe fixed to the top circular plate at its centre and extends downwards into the cylindrical body. The radial distance between the overflow pipe and the inner cylindrical body of the separator is normally equal to B, the width of the rectangular entry. As a result of this arrangement, the gas that enters tangentially along with particles spirals down the unit in the form of a ribbon of width B. When the gas reaches the bottom of the unit, it reverses its path and spirals up. The gas effectively makes a few turns N, depending upon the configuration employed. 

Figure 7.2 illustrates a cyclone separator:







































































































(LEARNING ACTIVITY 7.1





Soot particles coming out with the gases after naphtha cracking have an average size of 0.75 microns (micro-meter). Suppose the particles are almost spherical in shape and have a density of 2000 kg/m3, find specific surface of soot powder in m2/kg.





Note:


a)	Write your answer in the space given below.


b)	Check your answer with the one given at the end of this Unit.














(LEARNING ACTIVITY 7.3





State the factors on which the efficiency of a gravity settling chamber depends.





Note:


a)	Write your answer in the space given below.


b)	Check your answer with the one given at the end of this Unit.














(LEARNING ACTIVITY 7.2





Determine the terminal settling velocity of a foundry fume particle of 1micron diameter in air by using the following data:





Density of particle = 2000 kg/m3


Density of air = 1.2 kg/m3       


Viscosity of air = 2.5x10-5


Cunningham correction = 1.172





Note:


a)	Write your answer in the space given below.


b)	Check your answer with the one given at the end of this Unit.
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