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Figure 7.2

Cyclone Separator: Known Standard Configuration
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You can pick and choose a configuration depending upon the efficiency of removal required. For example, if the incoming gas contains a large proportion of coarse particles, you can choose a configuration when N is low. N can vary from 3 to 6, but in most of the applications, one chooses a configuration where N = 5. The minimum particle size separated in the case of cyclone separators is given by the following widely used equation: 

(dp)min = 
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Equation 7.12

The cut diameter (i.e., the diameter of the particles above which 50% of the particles are captured and below which they are not) is given by:
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Equation 7.13

The efficiency of separation of a given particle size can be obtained from a plot of efficiency vs. dp/dpc, which is available on a log-log scale (see Figure 7.3). For a known standard cyclone separator configuration, such a plot is unique, independent of the diameter or size of the unit.  In Figure 7.3, one such plot is given for N = 5:

Figure 7.3

Collection  Efficiency  vs.  dp/dpc for N = 5
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You can obtain the diameter of the cyclone separator, generally, from the number of head lost by the gas in the unit.  The latter varies with the ratio of inlet to outlet areas of cross section of the unit, but can be taken to equal to 8, at least for preliminary calculations.

Cyclone separator specification: Procedures 

For specifying a cyclone separator or the number of cyclone separators in a multi-cyclone body, we may consider the following procedures: 

· Choose a standard configuration and estimate the head available or the head loss. 

· Determine/obtain the number of inlet gas velocity heads that would be lost. (Or, take it to be 8 knowing the total flow rate of the gas and find the diameter of the unit if only one unit is to be used for the separation of particles from the gas. As other dimensions of the unit are written in terms of the diameter of the cylindrical section, the other dimensions stand specified.)

· Determine the cut diameter from Equation 7.13.

· Read off the efficiency of separation for different ratios of dp/dpc for different particle sizes present in the gas (see Figure 7.3).

· Determine average efficiency of separation, knowing the size distribution of particles in the incoming gas from Equation 7.10.

· Retain the size of the unit, if the average efficiency is sufficient.  In case, this is insufficient, distribute the total flow of gas into more than one unit and recalculate their size. Do this exercise till average efficiency is more than expected.     

Case study: cyclone separators

Suppose that we are to specify a cyclone separator to handle 50 m3/minute of gases from a small cement-manufacturing unit. Let us assume that the gases contain the following distribution of particles:

	Particle size

(microns)
	Mean size

(microns)
	Weight (percent)

	6-10
	8
	10

	10-30
	20
	30

	30-50
	40
	30

	>50
	50
	20


Let us also assume that we have the following data:

Density of gases = 1 kg/m3
Viscosity of gases = 2.5 ( 10-5 kg/m.s

Density of particles = 2500 kg/m3 

Inlet velocity heads lost in the cyclone separator = 8

Pressure head lost in the cyclone separator = 6.5 cm water

Number of effective turns, N
= 5

Width of inlet, B = Dc/4

Height of inlet, H = Dc/2

Taking into consideration the above data, we can consider the following steps to calculate the average efficiency of cyclone separator:

Area of the inlet = Dc2/8
Inlet velocity = 
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 where Q is the flow rate of gas

One inlet velocity head = 
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Head lost in the unit
= 6.5 cm of water

= 
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= 65

Q = 50 m3 / minute = 0.833 m3/s

( Dc = 
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= 0.726 m

= 0.72 m (say)

B = 0.18 m, H = 0.36 m

Inlet velocity 
= 
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= 12.85 m/s

Cut diameter, dpc = 
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      = 
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      = 6.336 microns

This gives rise to the following data:

	Particle size

(microns)
	Weight fraction
	dp / dpc
	Percent efficiency
	(i xi

	8

20

40

50
	0.10

0.3

0.3

0.2
	1.263

3.157

6.313

7.89
	59.9

90.48

97.3

98.7
	5.99

27.144

29.19

19.74

	                                                                     Total
	82.064


That is to say, the average efficiency of the cyclone separator = 82%.

Note that if we use Equation 7.12 and calculate the minimum particle that can be separated, it will turn out to be 8.96(. This means that particles of size 9 microns and above are completely separated in the unit.


 

7.4
ELECTROSTATIC PRECIPITATORS (ESP)

An electrostatic precipitator (ESP) is like a gravity settler or a cyclone separator, but instead of gravity force or centrifugal force, the electrostatic force drives the particles to the wall. In all the three devices, however, the viscous resistance of the particle to be driven to the wall is proportional to the particle diameter.

The basic principle of an ESP is to give the particles in the gas an electrostatic charge and place them in an electrostatic field that drives them to the collecting surfaces. This is inherently a two-step operation. In one type of ESP, also called a two-stage precipitator, charging and collection are carried out in separate sections. This type is used in air conditioners, also referred to as electronic air filter. In most industrial applications, however, both charging and collection are carried out in the same unit. As the charging of particles gets done very quickly as compared to collection, the size of an ESP is mainly determined by the collection function. Typical plate type electrostatic precipitator is shown in Figure 7.4, which illustrates the two parallel plates and wire-type charging electrodes equally spaced between the two plates:

Figure 7.4

Plate Type Electrostatic Precipitator
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7.4.1
Particle charging

Commonly used types of electrostatic precipitators are wire-in-tube and wire-and-plate. When a very high voltage (normally negative) is applied to the wire or the inner conductor, the outer shell electrons from the gas molecules are knocked off and they start moving towards the neutral surface. When the gas, along with particles, enters the ESP, it charges the particles in the following two ways:

(i)
Field charging: For field charging, the limiting charge taken up by the particle in Coulombs can be estimated by the following empirical expression:


(qLt)field = 0.19 ( 10-9 rp2E


Equation 7.14
where rp = size of the particle, m and E = field intensity, V/m.

(ii) 
Diffusion charging: When the particle size is less than 0.2 microns, the contribution by diffusion charging can be appreciable and can be estimated by:


(qLt)diffusion = 2 ( 108 rpe 



Equation 7.15
where rp = particle size, m and e = charge carried by one electron which equals 1.6x10-19 Coulomb. 

The total charge carried by the particle can be determined by adding the field and the diffusion charges.

7.4.2
Efficiency of ESP

The particle with its limiting charge (i.e., the combined field and diffusion) moves in the field of separation, which is same as charging field in most of the cases, resisted by the viscous drag force. As the net force on the particle becomes zero, it moves with a constant velocity called the migration velocity, ur, given by Equation 1.16 below (note its similarity with the fall of particle under gravity):

qLt.E = 
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Equation 7.16

where
C = Cunningham correction factor

Knowing the migration velocity, we can calculate the efficiency of an electrostatic precipitator by means of the following equation: 

( = 1 - exp (-ur A/Q) 




Equation 7.17 

where
ur = migration velocity, m/s


A = total collection area, m2


Q = flow rate of gas, m3/s

Case study: electrostatic precipitators

Assume that a wire and plate electrostatic precipitator is to be used to separate particulate matter coming out with flue gases from a thermal power station. The flow rate of gases is 1500 m3/minute through electrodes where a field intensity of 400 kV/m is maintained. Calculate the efficiency of separation for a 0.2 micron particle size, using the following data:

Area of separating electrodes = 400 m2
Density of particles = 2.45 g/cm3 

Density of gases = 1.21 kg/m3 

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

The solution is as follows:

 (qLt)field    = 0.19 (10-9(0.1(10-6)2 (400( 1000


    = 0.076 ( 10-17 Coulomb

(qLt)diffusion = 2(108 ( 0.1 (10-6 ( 1.6 ( 10-19 


    = 0.32 (10-17 Coulomb

Total charge on the particle = 0.396 ( 10-17 Coulomb. 

Cunningham's correction factor C, may be estimated for air as:

C = 1 + 0.172 /dp 

    = 1+0.172 / 0.2

    = 1.86

Migration velocity, ur, can be calculated from: 

ur = 
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    = 6.95 (10-2 m/s

Efficiency of separation of 0.2 micron particle:

= 1-exp
[image: image18.wmf]  
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= 0.6711 or 67.11%


SUMMARY 

We mentioned that we would discuss particulate matter in two parts in Unit 7A and Unit 7B. Accordingly, we began Unit 7 by discussing the sources of particulate pollution and particle dynamics, i.e., the motion of particulates under gravity, centrifugal force and electrostatic field. We then discussed three particulate separating equipment – gravity settling chambers, cyclone separators and electrostatic separators – with illustrations.  
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Unit 7


Model Answers to Learning Activities
LEARNING ACTIVITY 7.1
Specific surface area is the area of the soot powder per unit mass of the material. 
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          = 6/dp, m2/m3
Specific surface area in m2/kg = (6/dp)/(p; where, (p is the density of soot particles.
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LEARNING ACTIVITY 7.2
We will use Equation 7.4 to calculate the terminal settling velocity.

Here, dp = 1 ( = 10-6 m;

(p = 2000 kg/m3
Settling velocity, ut = (10-6)2 (9.81) (2000 – 1.2)/((18)(2.5 x 10-5))

= 4.357 x 10-5 m/s

LEARNING ACTIVITY 7.3
The factors on which the efficiency of the gravity-settling chamber can be judged from Equation 7.9.  These factors are as follows: 

· Diameter of the particle;

· Density of the particle;

· Length of the unit;

· Height of the unit; 

· Velocity of flow of the gases.

LEARNING ACTIVITY 7.4
Equation 7.13 gives the cut diameter of the particle. Note that the cut diameter of the particle is inversely proportional to the square root of inlet velocity. 

Therefore, when the inlet velocity of the gas is increased by 25%, the new cut diameter of the particle will be, 1/(1.25 = 0.8 times the original cut diameter of the particle.

Therefore, the new cut diameter of the particle will decrease by 20% of its original value. 

LEARNING ACTIVITY 7.5
The efficiency of separation of an electrostatic precipitator can be judged from Equation 7.17. The factors on which it depends on are:

· Migration velocity of the particle in the ESP;

· Area of separating electrodes;

· Flow rate of the gas in the ESP.
















































































































(LEARNING ACTIVITY 7.5





State the factors on which the efficiency of an electrostatic precipitator 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 7.4





Suppose that in a cyclone separator, the inlet velocity of gas is increased by 25%. Other things remaining the same, by what percentage will the cut diameter change?





Note:


a)	Write your answer in the space given below.


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

















177
176
175

_1145284568.unknown

_1145344151.unknown

_1145351156.unknown

_1145351291.unknown

_1145434504.unknown

_1145434888.unknown

_1145351213.unknown

_1145345040.unknown

_1145351024.unknown

_1145345025.unknown

_1145284616.unknown

_1145284644.unknown

_1145284687.unknown

_1145284585.unknown

_1145284529.unknown

_1145284542.unknown

_1145284511.unknown

