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Air Pollution Control Devices: Part — 2

Hello, friends. So, these days we are discussing about Air Pollution Control devices. In the part 1
we discussed about particulate matter control devices. And part two is also related to particulate
matter control devices like fabric filters, electrostatic precipitators, scrubbers or wet collectors and

then we will conclude.
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= Recall from Lecture 45 Air Pollution Control Devices = Part-1 N

Introduction

* To control air pollution, the most effective methods are
reduction at the source. One of these methods is by
the application of control equipment/devices.
Appropriate air-cleaning devices are required to collect
the particulate pollutants.

*+ Particulate pollutants are a mixture of solid particles
and liquid droplets found suspended in air and many of
which can be hazardous. Control devices are installed
at respective source to control particulate pollutants.

* Devices that remove particles from gas streams rely on
one or more of the pollutants removal mechanisms.

Source: (Nathanson, ). A 2019, www.epa Iovl

So, if you recall the last lecture like what is the way of controlling air pollution and we kind of

agreed or concluded that the most effective method for reduction of pollution or controlling air
pollution is reducing it at the source or controlling it at the source itself. And there are several

devices which can be used for controlling air pollution at the source basically.
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e Recall from Lecture 45: Air Pollution Control Devices = Part-1 A
Pollutants Removal Mechanisms (1/2) Gy

*  Pollutants removal mechanisms are as i ‘ o
follows: Moo
+ Gravitational Settling: The particle- G
containing gas stream is introduced

ale

§ - acceleration
due to gravty

into a device or chamber where the e
particles settle under gravity. - :
. ) . davitational
% Centrifugal Impaction: The gas is Satting

allowed to follow a circular path which

causes the particulate to impact on the
outer periphery of device. Barrier
% Direct Interception: The particles
having less inertia, barely follow the
gas streamlines around the fiber and \ \
gets intercepted by the fibers. particles| | @ | [ Streamiines (S8
.

Source: [hitp://www eng uisledo edu/: M N, Rao, H. V. N. Rao, 2007) Image Source: K. Ardon-Dryer et al , 2015)

And these control devices are based on different principles which we go one by one and different
mechanism like gravitational settling, in this, the particles when they contain gas or aerosol
particles. So, mixed, mixture of, it is introduced into a device or a chamber where the particles can

settle down with the force of gravity.

And in centrifugal impaction basically the gas is allowed to follow a circular path and which causes
a particulate matter to impact on the outer periphery of the device and lose the velocity due to the
centrifugal force. They go outside and impact on the wall and then slide down to get collected into
the hopper. Then direct interception can also be there, like the particles having less inertia, like
barely follow the gas stream lines around the fiber and gets into intercepted by the fibers itself

those kinds of interception occurs.
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Removal Mechanism (2/2)

* Electrostatic Attraction: The particle-containing gas
stream is introduced into a device in which the samings @
particles are charged and then subjected to an electric \
field which causes them to migrate to one of the "\ ')
surfaces of the device, where they are held and ¢ T / L]
collected. : aadl \

% Inertial deposition: When a gas stream changes v

direction as it flows around an object in its path,
suspended particles tend to keep moving in their
original direction due to their inertia.

% Brownian diffusion: Particles suspended in a gas are
always in Brownian motion, When the gas stream
flows around obstacles, the natural random motion of
the particles will bring them into contact with the
obstacles, where they adhere and are collected.

Source: (http//www eng utoledo edu/; M, N. Rao, H.V. N. Rao, 2007) Image Source: (K. Ardon-Dryer et al, 2015)

Electrostatic attraction is also one way of controlling these air pollutants or collecting these air
pollutants of particulate nature. The particles containing gas stream is introduced into a device in
which the particles are charged and then they are subjected to an electric field which is causing
them to migrate from one of the surface of the device to another surface where the opposite charges

are there then they lose the charge and again slide down and get collected into the bottom hopper.

Then there is one mechanism like inertial deposition in which gas stream changes direction as it
flows around an object in the path and suspended particles tend to keep moving in the same
direction and they strike to, with the inertia strike to the that particular object and again lose the
velocity. Then there is Brownian diffusion also, like particles they are suspended in the gas and
they always in Brownian motion. They go from one direction to another. And in that movement,
they again get impacted on the surface and then get reduced to the, like velocity get reduced to the

0 and then they slide down.
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Types of Control Devices

+  Alist of common types of collection devices for aerosols
(particulates) is as follows:

Electrostatic Precipitators | Discussed in this lecture ‘
Scrubbers or Wet Collectors

1. Settling Chambers

2. Inertial Separators Discussed in previous ‘
3. Cyclones lecture

4. Filters

5.

6.

Source: (M_N Rao, H.V. N. Rao, 2007)

So, in that way, we have discussed three devices like settling chambers or inertial separators and
cyclones in the last lecture. Today, we will cover filters, electrostatic precipitators and scrubbers

or wet collectors.

(Refer Slide Time: 03:45)

Fabric Filters (1/17)

* Inafabric filter, flue gas is passed
through a tightly woven or felted fabric,
causing particulates in the flue gas to
be collected on the fabric by sieving
and other mechanisms,

+  Capable of efficiently collecting
particles over the size range of 0.1 pm
to 1,000 pm.

+  Collection efficiency is close to 99%.

Baghouse

Soutce: (Principles and Practices of Air Pollution Control) Image Source: (Principles and Practices of Air Pollution Control)

So, when we go to the fabric filters basically, in fabric filter this flue gas which is containing
particulate matter is passed through a tightly woven or like cloth or fabric bag or something like
that, that causes particles in the flue gas to collected on the fabric by like sieving kind of thing,

because it passed through the pores and then it gets attached to those surfaces. And these are



capable of efficiently collecting these particles over the size range of 0.1 micrometer to 1000
micrometer. So, very good range is there for fabric filters. They are very good devices in fact to
control or to capture very small particles and even large particles. So, that way it is very good. And
then a collection efficiency is also very high, like 99 percent of the particles can get collected by

these fabric filters.
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Fabric Filters (2/17
( / ) *  APr = overall pressure drop across the fabric

Prindp|e (1/4) ¢+ APy = Conditional residual pressure drop

* AP = pressure drop due to dust cake

*  Xp = thickness of filter

* Kp = permeability of filter layer

*  Xxc = thickness of particle layer

¢ K¢ = permeability of dust cake/particle layer

+ V= superficial gas flow velocity through the fabric

*+  As particles adhere to the fabric, the
removal efficiency increases, but so
does the pressure drop.

+  The pressure drop is the sum of the
pressure drop owing to the fabric
and the drop owing to the caked or el
adhered particles, and is * = gas viscosity
represented by Darcy's Equatians:

Xp X
APT P + 4P = Vﬂg K—"‘+ '—(Z

Source: (Bruce 6. Miller, 2017)

Now, if we talk about the principle how does fabric filters operate, then basically we should know
about the concept of like overall pressure drop. When something is coming then they pass through
some inertia or some kind of obstacle, then they loses this force or pressure. So, overall pressure
drop is causing in the, across the fabric filter that we should know. Then this conditional residual
pressure drop delta PR (4Pg) that is also to be known. Then pressure drop due to dust cake, cake
means the dust particles which will get collected on the surface. So ultimately, they will form some

layer or we call it cake. So, that because of that also pressure drop will be there.

The thickness of the filter that fabric baghouse filter and then permeability of the filter layer,
thickness of particle layer which will deposit over the period of time and permeability of that
dashed cake or the particle layer that should be known and superficial gas velocity through the
fabric filter when gas is passing through with certain velocity and gas velocity that this gas

viscosity mu g (u,) that should also be known in addition to the gas velocity. So, those things



these all parameters can be put in this equation and we can get this delta PT (4P;) that is the

overall pressure drop by using these particular values.

XrR |, Xc
APp = APy + AP; =V, {K_ + K_}
R (o
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Fabric Filters (3/17)
Principle (2/4)

+ AP, = pressure drop due to dust cake
+ (= dust loading (assumed const.)
+ V= superficial gas flow velocity

+ Resistance due to cake deposition over time is
also determined as:

AP, = chivzf (assumed const.)
) ) ) + ¢ =filtration time
* The dust resistance cpefficient (K) is + K,= dust resistance coeffcient
estimated as: ‘/

K = 0.00304 ( Hg )(2600)( v )'”'
: \E}ﬁﬂass}“ M0t/ \ Py 0.0152
* u'_q = geometric mass median diameter

"y Bas viscosly
. pl,zdensilyol iculate

Source: (Bruce G. Miller, 2017)

Well, when we talk about like resistance due to cake deposition that can be calculated further with
this empirical relationship and where K3 is basically dust resistance coefficient that is also
calculated by this empirical relationship which has density of the particulate, gas viscosity, then dq
is there this geometric mass median diameter, because particles are of different sizes. So, we
calculate the mean or median diameter of the, those particles that is to be used for this calculation

purpose.

K. = 0.00304 < Iy ><2600>< v )0.6
’ (dg,rmlss)l.l Hg,700F Pp 0.0152
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Fabric Filters (4/17) on
Principle (3/4) i

Woven Filer - |}

*  The air-to-cloth ratio is the main sizing parameter e RO
used for fabric filter. cmncas = L e !

The gross air-to-cloth ratio is defined as the actual
gas flow rate at maximum operating conditions

divided by the total fa\bricya in the baghouse.
. — Qrﬂtl!’l'ﬂlll"l
%s - A—

total * (Ye)gross =Eross air-to-cloth ratio
* Qmaximum = Maximum actual gas
—_— ]
Spurce: (Control of Particulate Matter Emissions, APT), EPA)

flow rate
* Ay = total fabric area

Then, when we talk about like air-to-cloth ratio that is also very important governing factor for
efficiency of collection of particles through fabric filters. So, this is basically you can call like this
is ratio which is defined as the actual gas flow rate at the maximum operating conditions divided
by the total fabric area in the baghouse. So, that is the air cloth ratio which is a parameter and this

is air cloth ratio the gross is Qmaximum divided by Atotal.

Qmaximum
) =

gross Atotal

So, A, this gross of the air to cloth ratio is calculated by this particular relationship where Qmaximum
is maximum actual gas flow rate, the actual gas flow rate of the maximum value because it may
fluctuate. So, the maximum value we will take. And the Awtal fabric area, the complete fabric area

through which this gas will pass so that area has to be taken, means including the pores.
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Fabric Filters (5/17)

Principle (4/4
p ( / ) ¢ (Yt = netair-to-cloth ratio
* Qaimum = Maximum actual
+  The net air-to-cloth ratio is eften used for multi- g flowmte
compartment fabric filters where one or more of " A = total fabric area
the compartments is isolated from the gas flow due
to cleaning or maintenance. + A =bag surface area
k/ * D= bag diameter |__—"
. v L=bag length
A _ 0y gxdgum
* Vo=

* The bag area is calculated as;
+ A=nDL

Spurce: Control of Particulate Matter Emissions, APT), EPA

Well, then there is another concept of the net air-to-cloth ratio and this is basically defined like in
multi compartment fabric filters, where one or more of the compartment is isolated from the gas
flow due to like cleaning purpose or maintenance purpose. So, there may be multi filters or bag
filters. So, one can be for maintenance purpose, others may be in operation. So, in that case this
net A/ C, air cloth ratio in terms of net, so that is Q maximum divided by A net. Earlier we used A total,
total area, now this is the net area which is in operation and in A total basically we are, we use all
kinds of these cloth area. So, in this, this bag area is calculated by pi DL(zDL), where D is the bag
diameter and L is the bag length and A is the bag surface area. So, this is the relationship which is

used for calculation of this air-to-cloth ratio of the net, not the total. Total was earlier one.

Qmaximum
), ="

net Anet
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Fabric Filters (6/17)
Important Aspects (1/2)

Particle Collection Mechanism:
Multiple mechanism are responsible for particle
capture within dust layers and fabrics.

Impaction: It is an inertial mechanism that is most
effective on particles larger than about 1 pum.
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*  Brownian Diffusion: It is moderately effective for
collecting sub-micrometer particles (0.10-1.0 um).

*  Electrostatic Attraction: Particles can be attracted to the
dust layer and fabric due to the moderate electrical
charges that accumulate on the fabrics, the dust layers,
and the particles.

Source: Control of Particulate Matter Emissions, APTI, EPA ImaIeSmnrw {K. Ardon-Dryer et al, 2015)

Now, there are different important aspects in filter, this fabric filter operation, like particle

collection mechanism is important in the sense that these multiple mechanisms are responsible for
particle capture with the dust layers and fabrics like impaction, Brownian diffusion, electrostatic

attraction. So, those things are important aspects basically.

(Refer Slide Time: 09:20)

Fabric Filters (7/17)
Important Aspects (2/2)

* Efficiency during the pre-coat formation is low but
increases to 99% after the pre-coat (cake) is formed
because the pre-coat itself acts as the filtering medium.

* The accumulation of dust increases the air resistance of
the filter and therefore filter bags must be periodically
cleaned.

+  They can be cleaned by rapping, shaking, or vibration,
or by reverse airflow, causing the filter cake to be
loosened and to fall into the hopper.

+ The normal velocities of airflow through the bags is 0.4-
1 m/min, i
——

)
Soutce: (M. N.Rao, H. V. N, Rao, 2007) lmale Source: Control of Particulate Matter Emissions, APTI, EPA

And then if we talk about the efficiency during this pre-coat formation that is before cake formation

Mot sy -
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[
Removal Efficiency, % Vs Particle Size, um

of the particle layer formation on the bag, so then it is less efficiency, but after this layer is formed,

then efficiency increases, because then more it is like pore is less in size or less area is available



to go through the empty area. So, the efficiency increases basically when this pre-coat, in
comparison to the pre-coat there is this dust increases and that air resistance increases because of

less pore size. So, the cake information is also important in this case basically.

And this normal velocities of airflow through bag is 0.4 to 1 meter per minute. So, that kind of
velocity has to be there, otherwise like particle size and this removal efficiency that can vary
basically for different sizes, but this kind of drop is there for some particle size which can be again
overcome when cake formation is there. Those particles this like 0.1 to 10 so their efficiency is

less initial stages, but after cake formation the removal can be better.

So, in continuation to the important aspects we also consider like pre-coat formation. Before this
cake formation is there efficiency is less especially in the range of these particles 0.1 to 10
micrometer. When this coat formation or cake formation is there, then resistance is more for
passing the air and then the efficiency again increases and this like, for example, it is around 75,
then it becomes like maybe 85 or 90 or something like that. So, that way the efficiency increases
after this cake formation. And the normal velocities of the airflow through these bags has to be
like 0.4 to 1 meter per minute. So, that way we can collect a lot of particulate matter with good

efficiency.
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U Factors Affecting Efficiency (1/2)

* Efficiency of bag filters may decrease on account of the
following factors:

%+ Excessive Filter Ratios
“ Improper Selection of Filter Media

** Excessive Filter Ratios

* Filter ratio is defined as the ratio of the carrier gas volume to
gross filter area, per minute flow of the gas.

*  Excessive filter ratio lowers particulate removal efficiency

and result in increased bag wear. Therefor, low filter ratios

are recommended for high concentration of particulates,

Squrce: Control of Particulate Matter Emissions, APTI, EPA]

Then if we talk about like efficiency of bag filters, how they decrease or increase, so they may

decrease on account of following factors like excessive filter ratios or improper selection of the



filter media. So, those could be the reason basically. When we talk about excessive filter ratios,
basically this filter ratio is defined like carrier gas volume to the gross filter area per minute flow
of the gas. And this excessive filter ratio lowers particulate removal efficiency and result in
increasing the bag wear and tear. So, that way life of the bag also is reduced. Therefore, low filter

ratios are recommended for high concentration of particulate matter to be removed.

(Refer Slide Time: 12:11)
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U Factors Affecting Efficiency (2/2)

0

** Improper Selection of Filter Media

* Improper Filter media reduces the collection efficiency.
While selecting filter media, properties like temperature
resistance, resistance to chemical attack, and abrasion
resistance should be taken into consideration.

U Operating Problems (1/2)

» Cleaning: Cleaning is required at regular intervals for efficient
operation

» Rupture of the Fabric: It occurs because of shaking (during
cleaning) and is hard to locate which decreases efficiency.

Source: (Control of Particulate Matter Emissions, APTI)

Then we talk about like improper selection of filter media. So, improper filter media can reduce
the collection efficiency also. While selecting filter media, properties like temperature resistance
means because the guests these emissions could be of different temperature basically. So, what is
the range, which range of the temperature this filter media can afford, so that has to be taken into
account. Then resistance to chemical attacks, because some gases may be of acidic nature like SO
etc. maybe, dew point is achieved then the sulfuric acid formation maybe there because of moisture
etc. and this can attack the filter media if it is not resistant to chemical attacks. Then abrasion

resistance or all these kinds of things should be taken into consideration basically.

When we talk about operating problems, means operational problems, then cleaning, rupture of
the fabric. So, cleaning is required because otherwise when these pores are packed, then pressure
drop increases very high and efficiency decreases. So, regular cleaning has to be there. Then
rupture of fabric can be there because of shaking during the cleaning process. So, it is very difficult

to locate that rupture and it can decrease the efficiency very significantly.



(Refer Slide Time: 13:48)

I 000000
Fabric Filters (10/17)

U Operating Problems (2/2)

» Temperature: Temperature fluctuation can cause various
problems, For higher temperature, suitable fiber material is
adopted. If effluent gas contains SO,, at lower temperature
(below dew point) acid is formed w%ich can create problem.

# Bleeding: Penetration of fabric by fine particles. Double layer
material or thick woven fabric is used to counter the bleeding
problems.

# Humidity: The moisture-free condition is required to maintain
within the baghouse if the particulates are hygroscopic.

# Chemical Attack: Possibility of chemical attack due to
corrosive chemical present in the particulates,

Source: (M. N_Rao, H. V. N. Rao, 2007)

Then temperature also, like if temperature fluctuation is there and very high temperature occurs
maybe fire can also can be caught by the filter media if it is not a very high temperature resistant.
Bleeding like penetration of fabric by some fine particles. Double layer material or thick woven

fabric is used to counter these bleeding problems.

Humidity can be there like moisture free condition is required for maintaining good efficiency
within the baghouse, otherwise particulate matters of hygroscopic nature they will catch the
moisture and they will deposit to the pores. It will be difficult to take them out and the efficiency
or the removal efficiency and this pressure drop will increase and efficiency will decrease.
Chemical attack, the possibility of chemical attack due to corrosive chemical present in the

particulate matter and gas can be there.
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U Filter Medium Selection (1/2)

* Following characteristics and properties of the
carrier gas and dust particles must be considered
while selecting the filter medium for bag houses:

» Carrier gas temperature
» Carrier gas composition
» Gas flow rate

# Size and shape of dust particles and its
concentration

Source: Control of Pariiculate Matter Emissions, APTI, EPA

Then if we talk about like different characteristics which are important, different properties of the
filter media, which are important for these baghouse filter or fabric filters these are like carrier gas
temperature, carrier gas composition of SO- etc. there then we have to take care those kind of filter
media we have to select which can resist the chemical attacks, gas flow rate, size and shape of the
dust particles and its concentration because accordingly the pore size will vary, efficiency of

removal vary, all these things will vary.

(Refer Slide Time: 15:06)
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U Filter Medium Selection (2/2)

Physical Properties of Some Common Bag Fabrics
Maximum Acid Alkali Flex Tensile
continuous resistance  resistance  abrasion  strength
operating resistance  Kg/em’
temperature

Cotton Poor Good

Wool Verygood | Poor

Nylon

Dac'on

Plypropylene

Fiberglass

Source: (Control of Particulate Matter Emissions, APTI, EPA; M. N. Rao, H. V. N. Rao, 2007)




So, if we see this table, this gives the physical properties of some common baghouse fabrics like
cotton. Cotton is there then the maximum continuous operating temperature could be 82 degrees
Celsius. Beyond that fire will be there. So, we cannot increase the temperature beyond 80 or 82
degree Celsius. Acid resistance is poor for cotton. They can attack by resist, acidic component of
the gases and their life will be very less. Alkaline resistance is good for the cloth, this cotton. And
then flex abrasion resistance is very good in that sense. And tensile strength is around 4900

kilogram per square centimeter. This is better than the wool.

But wool’s temperature resistance is better 10 degree Celsius. It is wool is good for acidic
resistance, then it is fair to good for these abrasion resistance, but this tensile strength is like only
1755 much less than the cotton one. Nylon has similar properties as wool when temperature is
taken into consideration, but acid resistance is not so good in comparison to the wool or then alkali
resistance is excellent and this abrasion resistance is also very nice and this tensile strength is better

than the wool and is even better than the cotton.

Then other metals are there. The best one is fiberglass which is having very high temperature
resistance like up to 290 degrees Celsius it can resist. And, but acid resistance fair to good
basically. It is not excellent like polypropylene. So, it is fair to good. Similarly, alkali resistance is
also fair to good and flex abrasion resistance is fair not excellent. This polypropylene has excellent
properties for abrasion and resistance to acidic and alkaline components and tensile strength is

maximum for this fiberglass. But second best is this polypropylene material.

So, means depending upon which industry is there, what kind of gas it is coming, what is the
composition of the gas, what is the temperature, what kind of resistance we need depending upon

that we can choose which fabric we should be using in that baghouse filter basically.

Then if we talk about like types of the fabric filters, then there are numerous types like envelope
type fabric filter can be there. It is in the form of cloth envelope supported on a wireless screen
frame and the individual units range from around 0.6 to 1 meter wide and 3 to 5 centimeter thick.
And gas is introduced on the outside of the each envelope and this passes through the fabric into
that frame of the unit and then it goes out of the collector. And then, but it is not suitable for very

fine particles. It is good for coarse particles.

(Refer Slide Time: 18:21)
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U Types of Fabric Filter (2/2)
** Multi Compartment Type Baghouse:

*  If continuous operation is necessary, a multi-
compartment type bag filter is used.

* It allows individual units of the bag to be
successively off-stream during shaking (cleaning).

* Sufficient cloth area must be provided to ensure
that filtering capacity will not be reduced during
shaking periods when any one unit of the filter is
off-stream.

Source: Cantrol of Particulate Matter Emissions, APTI, EPA lmaie Source: (Bruce G. Miller, 2017)

Then there may be multi-compartment type baghouse filters also where different compartments

are there like 1, 2, 3, 4, 5. And for, continuous operation is necessary then these kinds of
arrangements are very good because if one compartment is under maintenance then other
compartments will continue to work. So, those kinds of things can be there. And then shaking,
cleaning are needed for time to time. So, some compartments will not be in operation, but other

compartments may be in the operation.

(Refer Slide Time: 18:45)
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U Applications

* Fabric filters are primarily used in
# The Metallurgical Industry
» Foundries
» Cement Industry
# Chalk And Lime Plants
» Ceramic Industry
# Flour Mills, etc.

Sguice: (M. N.Rao, H. V. N. Rag, 2007)

Then if we talk about like applications where they are good these fabric filters, so we can see into

metallurgical industries or foundries or cement industries, even chalk and lime plants or ceramic



industries, then flour mills etc. So, those are the kinds of industries where these fabric filters are

mostly used.
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O Advantages:

* High Collection Efficiency (>99%)

+ Effective for a Wide Range of Dust Types

* Operates Over Wide Range of Gas Flow Rates
* Reasonably Low Pressure Drop

+ Good Efficiency for Small Particles

*+  Dry Collection and Disposal

Spurce: Conirol of Particulate Matier Emissions, APTI, EPA

And the advantage is if we talk about then they are having high collection efficiency even more
than 99 percent of particles can be collected by fabric filters. And these are effective for a wide
range of dust types and this can operate over wide range of gas flow rates also. So, fluctuation it
can also afford to resist. Then reasonable low-pressure drop is there. It is not very high pressure
drop like other kind of devices have. Good efficiency to small particles also depending upon the

pore size and then this flow rate etc. Dry collection and disposal is very good in that sense.
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U Disadvantages:

* Operating limits because of high temperature
of carrier gas, high humidity, and other
parameters.

* High maintenance and fabric replacement cost.

+ Large size of equipment.

* Requires Dry Environment

* Fire or Explosion Potential

* Problems in handling dust that may abrade,
corrode, or clog the cloth.

Spurce: Conirol of Particulate Matier Emissions, APTI, EPA

But there are some disadvantages also. Like there are limitations in terms of high temperature of
carrier gas or high humidity and other parameters because it cannot afford, otherwise very high
temperature can generate some fire related hazards, high humidity can very tight cakes may be
formed and it is difficult to remove them so efficiency decreases. High maintenance and fabric
replacements cost can be there. Large size of equipment is needed for, depending upon their flow

rate. Then it requires dry environment basically. Moisture is not good for fabric filters.

And fire or explosion potential can be there depending upon the temperature. Problems in handling
dust that may like corrosion kind of thing or clogging the cloth. So, those kind of problems are
there. It is not free from problems. But if we can get rid of this with highly skilled people and if
we have a lot of good money to operate, then this is a good suggestion to go for fabric filter

depending upon if there is no very high hot gases there.
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* Electrostatic precipitators are used in
many industries for the high efficiency
collection of particulate matter.

*+ It removes particles (less than 10-20 um)
from a dust emission by using electrical
energy to charge particles either positively
or negatively.

Outgong gn
Purticulate free

.....
......

Source: (Control of Particulate Matter Emissions, APTI, EPA M. N Rao, H. V. N. Rao, 2007) Image Source: (Kuet, H, 8, WeiDong 2, Jose L. L, et al, 2017)

Now, if we talk about electrostatic precipitators, because fabric filters is a different device, electro
precipitator is different device. So, if you talk about the electrostatic precipitators, they are used in
mainly like industries of very high efficiency collection of particulate matter. We will see that they
are very costly to install, but their efficiency is very good. It can remove particles even less than
10 to 20 micrometer from a dust emission using electrical energy to charge particles and then go
for the other kinds of charge of the plates where they are deposited because of opposite charge
basically. So, one plate is there, through which particles go through and they get charged into that
particular kind of electric charge and then they move towards the opposite charge plate where they

lose their charge.
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Principle (1/2) * p=dielectric constant for the "
+  The charged particulate particles are particles, lies between (1.50-2.40)
attracted to collector plates carrying the + E, =charging field strength (V/m)
opposite charge. + E, = collecting field strength (V/m)
* d,=particle diameter (um)
+  The speed at which the migration of the .

particles takes place is known as the K = Cunningham correction factor

migration or drift velocity which dependson ' Hg = gas viscosity (kg/m-s)
the electrical force as well as the drag force

developed. /_\ /

; 74
. . 295010" Y pEcEy d
Drift velocity (mﬂm = &KE

Hg

Source: (Bruce G. Miller, 2017]

So, the charged particulate particles are attracted to the collector plates basically carrying the
opposite charge. And the speed at which they migrate from this charging plates to the collector
plate can be known as the drift velocity basically, and this can be calculated by this particular
empirical relationship where we know like this dielectric constant for the particles which is
between 1.5 to 2.4 and then this E¢ charging field is strength is there, E, collecting field strength
is there, dp is particle diameter this one and the K¢ is correction factor, mu g is gas velocity, so, all

these, sorry, gas viscosity. So, all these parameters are used for calculating the drift velocity.

2.95x10"2pECE,
Hg

Drift velocity (m/s), @ = DK,
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Prlnuple (2/2] * A =mean free path of the particle

¢ Cunningham correction factor (K, )isapplied  + 4 - pharticle diamet

¢ particles with a dia. less than Syum. 4 partl-c e diameter (um)

—ossd * g = gas viscosity (kg/m-s)

o Ke=142 l1.257 +0400el 7 )l « g = gas density (kg/m’)
’ * Uy, =mean molecular speed (m/s)
R _ My

= 0499pgup,

A * M= Molecular weight of the gas
ﬁ * T=Temperature (K)

tou =
/ * R, = universal gas constant

—_'__.__,___...--

Squrce: (Bruce 6. Miller, 2017

And so these parameters as we have seen these are calculated by another set of empirical
relationship where the meaning of different parameters are given like free path of the particle,
mean free path, particle diameter, viscosity and gas density, mean molecule speed, all these, then
molecular weight of the gas, temperature in Kelvin and the universal gas constant is also used for

calculation of this mu m (u,,).
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Efficiency Calculation (1/4)

*  The drift velocity is used to determine the
collection efficiency using the Deutch-Anderson

equation: 1 = fractional collection efficiency

w = drift velocity, m/sec _—
A = Available collection area, m?
Q = volumetric flow rate, m3/sec

wA
sn=1- e{_F)

» The particle size play very important role in the
determination of the drift velocity. Hence the
modified Deutch-Anderson equation is required
for calculation.

Sguice: (M. N.Rao, H. V. N. Rag, 2007)

Then if we talk about efficiency of the collection, so that can be calculated by this formula eta

equals 1 minus e to the power of minus this omega A upon Q. So, this omega (o) is drift velocity



and eta (n) is fractional collection efficiency, A is the available collection area of the plates
basically, if it is plate, if it is circular cylinder then we can calculate the surface area basically,
volumetric flow rate Q is there. So, the particle size basically play a very important role in the
determination of drift velocity as we have seen earlier and has the modified this Deutch-Anderson
equation is required for calculations.

wA
n=1- e(_7)
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s : * n;=fractional collection efficiency
Efficiency Calculation (2/4) T Cartile se

* The Modified Deutch-Anderson Equation * ;= drift velocity of the i™" particle

site, mfsec
wid * 1 = Overall collection efficiency

== e(_ 0 } ¢ [ = mass fraction of the i
particle size.

*  Overall colleetion-gfficiency

= Z}':In!frm'

Sguice: (M. N.Rao, H.V. N, Rag, 2007)

And then this is the modified the equation where you can use this omega (wi), this is the drift
velocity of the i particle. So, different particle related calculations can be there and then we can
do integration. So, overall collection efficiency is there. This integration can be there for different
type of particles and you can get the net collection efficiency.

w;A
77i=1—e(_Q)

n
n= Z Nifmi
i=1
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Efficiency Calculation (3/4)

100 e + There are very high collection efficiencies above
q 1.0 um due to the increasing effectiveness of
contact charging for large particles.

r
+ Increased diffusion charging causes collection
o efficiency to increase for particles smaller than

0.1 pm.

1 1 l 1
01 10 10 100 1000

Particls Size, um

Lource: Control of Particulate Matter Emissions, APTI EPA

Again, if we see like efficiency, so different particle size, collection efficiency is there and there
are very high collection efficiency above 1 micrometer of the size of the particles when we talk
about these electrostatic precipitators, but the increased diffusion charging causes collection
efficiency to increase for particles smaller than even 0.1 micrometer. So, that kind of efficiency

also increases here as we have seen in the bagfilter or fabric filter kind of devices.
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Efficiency Calculation (4/4)

o0 - —— * There is a difficult-to-control range between
\ f.." 0.1to 1.0 um due to the size dependent

/ limitations of both of these charging
mechanisms.

5 + The precipitator is least effective for the
particles in this size range.

1 1 l 1
04 10 10 100 1000

Particle Size, ym

Source: Contrel of Particulate Matter Emissions, APTI, EPA
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Efficiency Calculation (3/4)

P + There are very high collection efficiencies above
4 1.0 um due to the increasing effectiveness of
contact charging for large particles.

+ Increased diffusion charging causes collection
efficiency to increase for particles smaller than
0.1 pm.

1 1 | 1
01 10 10 100 1000

Paricls Size, um

Lource:; Control of Particulate Matter Emissions, APTI, EPA

Well, there is difficult-to-control range between this 0.1 to 1 micrometer due to the size dependent
limitations. So, these precipitators are least effective when, for this particular size range. But as
we have seen little bit improvement can be there depending upon this diffusion charging kind of

phenomena.
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Corona power and Efficiency (1/2) "
* Operating power consumption in an ESP mainly comes | le= ':_°r°na current
from corona power and pressure drop, mainly the * Vayy = average voltage.
corona power. The corona power (P.) can be —
approximated as: k' = adi
*+ k' =adjustable constant
P = 1Vig \_/ (050.7)

* A=surface area of

*  The effective migration velocity (w) of particles can be collecting plate.
elated to the corona power (Py)

» The ratio A" is also called the power density.
—— i

Source: (M. N.Rao, H. V. N. Rao, 2007

When we talk about like corona power and efficiency, so you see this is operating power
consumption in electrostatic precipitator which comes from the corona power where this some
blue light is there where this passes through gas and particles pass through we call it corona. So,

this corona power can be calculated by this particular relationship where I¢ is corona current and



this V average is average voltage basically. So, this adjustable constant is there, surface area of the
collecting plate is there. So, you can calculate this omega k dash P divided by A and this ratio P

by A is called power density here in this particular relationship.

E, IcVavg
KB
©@="7
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Corona power and Efficiency (2/2) [ Now the collection efficienc
ke,
T ——— vop=1- E(_ ] J /

+  For collection efficiency above
98.5%, the required corona
power increases rapidly for an
increase in collection efficiency.

Colacton
53 8 BER %

[ r.
» - is called the corona

0 W M0 30 40 MO 60

COrand powsr £a1G, W10 e ower ration
Collection efficiency Vs Corona power ratio | P

Source: (M. N_Rao, H. V. N. Rao, 2007)

When we see this corona power ratio and collection efficiency, there is one good range we are 98.5
percent efficiency can be achieved. So, with this relationship we can calculate the, this net
collection efficiency and as it is given in this particular figure that the collection efficiency above
98.5 percent this required corona power increases rapidly for an increase in collection efficiency.

So, up to this it goes very rapidly, but after that it is slightly slow.
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U Working (1/3)
+ The gas stream is passed between two electrodes,
across which a high potential difference is
mainlained_ Discharged —
Electrodes

* One is a discharging electrode and the other a
collecting electrode. Potential as high as 100 kV are
used (usually 40-60 kv).

* Because of the high potential difference and the
discharge system, a powerful ionizing field is
formed.

Source: (M. N_Rao, H. V. N. Rao, 100.’|Imie Control of Particulate Matter Emissions, APTI, EPA

So, if you talk about like working, how does it work basically, so the gas stream is passed between

two electrodes across with a high potential difference is maintained between those two electrodes,
one is a discharging electrode and the other is collecting electrode where these particles go and
lose their charges and the potential as high as 100 kilo volt are used. Usually 40 to 60 kilo voltage,
the voltage there, but 100 can also be there. Because of the high potential difference and the

discharge system, a powerful ionizing field is formed where these particles get ionized basically.
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U Working (2/3)

+ lonization creates an active glow zone (blue electric
discharge) called the ‘corona’ or ‘corona glow’,

* As the particulates in the carrier gas pass through
the field, they get charged and migrate to the
oppositely charged colleting electrode, gets
deposited and lose their charge.

* They are either removed mechanically by rapping,
vibration or washing.

Soutce: (M. N. Rao, H. V. N. Rao, 2007




So, ionization creates an active glow zone like blue electric discharge, that is why we call it
discharging zone and this is called the corona or corona glow. So, as the particulate matters pass
through this carrier gas with the particles when it pass through this particular field, they get
charged, these particles get charged and then it goes to the collecting electrode where they lose the

charge basically and slide down to the bottom where hopper is there and it is removed periodically.
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Important Aspects (1/2)

* The charged particulate particles are attracted to
collector plates carrying the opposite charge.

+ The collected particles may be removed from the
collector plates as dry material (dry ESPs), or they
may be washed from the plates with water (wet
ESPs).

* ESPs are capable of collection efficiencies greater
than 99%.

Source: (M. N.Rao, H. V. N. Rao, 2007) Image Source: (www britannica.com)

There are some important aspects, for example, the charged particles are attracted to collector
plates carrying the opposite charge. The collected particles may be removed from the collector
plates and this dry material that is dry ESPs or they may be washed from the plates with water wet
ESPs. So, two kind of ESPs maybe there, dry electrostatic precipitators or wet electrostatic
precipitator depending upon how we remove the particles. So, these ESPs are capable of correction
efficiencies greater than 99 percent, even 99.9 percent sometimes those kind of efficiency can be

achieved by electrostatic precipitators.



(Refer Slide Time: 28:51)

I 00000
Electrostatic Precipitators (ESP) (13/19)

Important Aspects (2 /2) » Other factors affecting the
efficiency of the ESP are
U Design Parameter affecting efficiency of ESP: velocity distribution at the
% Relating to the carrier gas: entrance of the precipitator,
» Volumetric flow rate design of ductwork,
i’ Composition collection electrode area,
S Temperature ionization potential, etc.
7 Dew point

% Relating to the dust particle
» Concentration, size distribution, resistivity,
bulk density, composition, hygroscopicity,
and tendency to agglomerate.

Source: (M N.Rao, H. V. N, Rao, 2007)

And the design parameters which affect the efficiency of ESP are like volumetric flow rate,
composition of the gas and particles, temperature, dew point. If dew point is there, then some
acidic formation is there. They can attack the plates etc. Then there are like relating to the dust
particles, for example, concentration or size distribution of the particles, resistivity, then the bulk
density and composition or hygroscopic nature like moisture can be contained or tendency to

agglomeration those kind of things are there.

Other factors affecting the efficiency of ESP are like velocity distribution at the entrance of the,
this precipitator, then design of this dock work and collection electrode areas and ionization related
potential those kinds of issues can be there which are important when we do design of the

electrostatic precipitators.
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U Types of ESP (1/2)

*  ESP can be either single-stage or two-stage in design.

In a single-stage precipitator, gas ionization and particulate
collection are combined in a single step.

In a two-stage precipitator, particles are ionized in the first
chamber and collected in the second chamber.

*,
.
&Y

-
ate
e

# Almost all industrial precipitators are of the single-stage
design.

» Two-stage is used for lightly loaded gases, and the single-
stage is for heavily loaded gas.

Source: (M. N_Rao, H. V. N. Rao, 2007)

And these can be either single-stage type or two-stage type basically. In a single-stage type
precipitator and this gas ionization of the particulate matter and collection are combined with
single, within the single chamber. At one corner it goes, another corner they get collected and goes
down. In two-stage one chamber is for like this kind of ionization of the particles, other is for this
collection or deposition of the particles. And almost all industrial precipitators are of the single-
stage design basically. Two-stage is used for like lightly loaded gases and the single-stage is for

heavily loaded gases. So, those are the basically differences.
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O Types of ESP (2/2) pouie |

# Pipe-type and Plate-lypiyitamrs [P0y gt [ Plate Typo |

Pipe-type Precipitators

* The collecting electrodes are formed by a
nest of parallel pipes, which may be
rounded, square or octagonal.

..
-

%
!

i
e

*» Plate-type Precipitators H t
*  The collecting electrodes are formed by
placing parallel plates at equal distances. [ Gan iow ]

Source: (M. N_Rao, H. V. N. Rao, 2007) ImanSmm:o |Dr. Sheikant Iaha||rt1ar.ZUH]




Then different types are also in terms of their shape like pipe types can be there these kind of
formation maybe there, different pipes, gas passes through these pipes and then up to their wall
they trapped and then go down, then these may be plates type. So, different kind of shape may be
there. So, the collecting electrodes are formed by a nest in parallel pipes in the pipe type
precipitators which may be rounded or square or octagonal in shape basically. So, there may be
long pipes of different shapes. Plate type are like they are in parallel. They are parallel plates which
are at equal distances they are kept and accordingly that gas laden with particles are passed through

those openings.
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U Applications: (1/2)

+ Cement Factories
# Cleaning the flue gas from cement kilns
» Recovery of cement dust from kilns
+  Pulp And Paper Mills
# Soda-fume recovery in Kraft pulp mills
+  Steel Plants
# Cleaning blast furnace gas to use it as a fuel
# Removing tars from coke oven gases
# Cleaning open hearth and electric furnace gases
*  Non-ferrous Metals Industry
# Recovering valuable material from flue gases
» Collecting acid mist

Source: (M. N.Rao, H, V. N, Rao, 2007)

Well, when we talk about applications, so they are very popular in industries like cement factories,
cleaning the flue gas from cement kilns or recovery of the cement dust from the kilns those kinds
of things can be done by these ESPs. Pulp and paper mills or soda fume recovery in craft pulp
mills again ESPs are very good. Steel plants where cleaning blast furnace gas to use it as a fuel.
So, fuel recovery is done by ESPs. Removing these tars from coke over gases or play these cleaning
open hearth and electric furnace gases that can be done by ESPs also. Non-ferrous and metal

industries also use in a significant manner or large manner these ESPs.
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U Applications: (2/2)

¢ Chemical Industry 7 Air cleaning precipitators
» Collection of sulphuric and phosphoric acid mist are used for cleaning the
# (leaning various types of gas, such as hydrogen, CO, and air in public buildings,
50, theatres, ships, railway
» Removing the dust from elemental phosphorus in the cars, clubhouses, etc.
vapor state

+  Petroleum Industry

= Recovery of catalyst dust
+  Carbon Black Industry

» Agglomeration and collection of carbon black
¢ Electric Power Industry

# Collecting fly ash from coal-fired boilers

Source: (M. N_Rao, H. V. N. Rao, 2007)

Chemical industries, petroleum industries, carbon black industry or electric power industries all

these industries are using these ESPs in a popular way.
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U Advantages:

*+ High collection efficiency

* Particles as small as 0.1 ym can be removed
* Low maintenance and operating costs

*+  Low-pressure drop (0.25-1.25 cm of water)
+ Can handle large volume of high temp. gas
+ Treatment time is negligible

*+ Cleaning is easy by removing units of the precipitator
from operation

Source: (5. K Iiiari. 2012 ;M. K. Rao, H. V. N Rae, 2007)

When we talk about the advantages then high collection efficiency is one of the big advantage of

this ESP. And, even 0.1 micrometer can be removed. So, this is great range in that sense. Low
maintenance and operating cost or low pressure drop and then it can be handling large volumes of
the gases basically even up to high temperature, treatment time is negligible, very quickly it

removes basically, cleaning is easy by removing units of the precipitator from operation.
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U Disadvantages:

+ Highinitial cost

* Space requirement is more because of the large
size of the equipment

*+  Possible explosion hazards during the collection of
combustible particulates

* The poisonous gas, ozone, is produced by the
negatively charged discharge electrodes during gas
ionization.

Source: (5. K I'éali. 2012 ;M. K. Rao, H. V. N Rae, 2007)

But there are disadvantages or limitations because initial cost is very high. So, those industries

which do not have good funds for that, they cannot afford this kind of device. Space requirement
is also more because of the large size of the equipment and the possible explosion hazard can be
there, collection of combustible particulates can be there because of this ionization and sometimes
ozone is formed in that. So, these kind of problems maybe there. Poisonous gas, ozone is produced
by the negatively charged discharge electrodes during the gas ionization. So, very skilled person

must be there to handle it or to operate it.
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+ Wet scrubbers are a diverse set of control i ‘\Si'
devices that can be used to collect both -~
particles and gases. FA

* Particulate scrubbers are designed to e
generate high inertial forces or electrostatic ~7
forces on particles to drive them into
droplets or sheets of liquid.

Soutce: Control of Particulate Matter Emissions, APTI, EPA

Now, we talk about the wet scrubbers. This is third kind of device in today's lecture basically. So,
these are the devices or scrubbers which are diverse set of control devices which can be used for
collecting both particulate matters as well as gases. So, particulate scrubbers are designed to
generate high inertial forces or electrostatic forces or particles to drive them into some kind of
droplets or sheets of the liquid where liquid is dropping in a kind of sheet so they can get attached

to this and removed.
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Principle Mechanism (1/3) [ ...

Fhorews
» Particulates are removed from @ /- T
the gas stream by one or a \ ' ) Zt1/An
combination of the following ! \/' \/ l
mechanisms.
1) Brownian Diffusion
2) Inertial Impaction
3) Direct Interception
4) Electro-scavenging
5) Phoresis

-

Inertul impacion Eleim-scavengng

Squice: (Ardon-Dryer, K. etal, 2015)




And the principal if you talk, then there are these certain mechanism like Brownian diffusion,
inertial impaction, direct interception, electro-scavenging and phoresies. All these kind of

mechanism can be used for wet scrubbers basically.
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Principle Mechanism (2/3)

1. Brownian Diffusion 3. Inertial Impaction

+  Movement of the particle due to collisions with air +  Particles that have sufficient inertia
molecules, In this context it results in a “random that they do not follow their original
walk" into the droplet surface. streamline around the droplet but

2. Direct Interception instead travel close enough to the

+  Particles that follow a streamline that approaches surface to result in a collision.
the droplet within a distance equivalent to the
particle radius.

-
s
i
]

| L] el (@l [ [
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3 Bermwergag

. :
Souce: lmw nri. K eral, 2015

Wet Scrubbers (4/18)
Principle Mechanism (3/3)

5. Phoretic Forces

Occurs when a droplet evaporates or grows. Phoretic
forces are:

» Thermo-phoresis: When a droplet evaporates, its
surface can become colder, and aerosols will be drawn
towards it.

# Diffusio-phoresis: It is a counterforce to
thermophoresis. When a droplet evaporates higher
water vapor concentration surrounding the droplet
“pushes” particles outward.

4. Electro-scavenging

* When opposite electrical charges are
present on the droplet and the particle,
resulting in an attraction between them.

Beomnan dilfuson Inetcepinn 5
W \ I 8% /] o/
N ‘.\/ \/ ~\\! l
" | [ [oeid \ |
\4 M (o) ’
(] | L]

Tanle

> o °

Inertial impacton

Source: (Ardon-Dryer, K. etal, 2015)

So, these are like random which we have seen in earlier also Brownian diffusion, direct
interception, depending upon where you are targeting that particular stream. So, these kinds of

mechanisms are used very frequently.
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U Types of Wet Scrubbers

* Following are the commgh and important types
of wet scrubbers:

++ Spray Towers

#% Venturi Scrubbers

# Cyclone Scrubbers

#+ Packed Scrubbers

* Mechanical Scrubbers

Source: (M. N.Rao, H. V. N. Rao, 2007

If you talk about different types of wet scrubbers then there can be like spray towers or venturi

scrubbers or cyclone scrubbers or packed discoverers or mechanical scrubbers.
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U Spray Towers (1/4)

+  Aspray tower is the simplest type of wet
scrubber either rounded or rectangular.

*  Gas is passed counter-current to falling
drops of liquid (usually water) from a bank
of spray nozzles.

+ Spray tower scrubbers are effective only for
particles greater than about 5 um in
diameter.

Soutce: Control of Particulate Matter Emissions, APTI, EPA

So, if you go one by one in spray towers this kind of tower is there and spray means some water
spray can be there or some solution can be sprayed depending upon what kind of gases are there,
what kind of removal efficiency is needed. So, this is the device which is known as spray tower
scrubber. And it can effectively remove particles even greater than 5 micrometer in size, up to 5

micrometer size it can remove.
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U Spray Towers (2/4)

*+ An equation for estimating the collection efficiency of a single
size particle has been developed by Calvert for counter-current
spray tower scrubbers.

3 Q7 Vp
Noveratt = 1= €Xp LA
9

Where, Q,/Q; = ratio of the liquid/gas flowrates

*+ 2= tower height

* Vr=droplet’s terminal settli‘rlgv}k)pq
* dp =falling drops diamete:./

* V, = upward gas velocity

+ ), = efficiency due to impaction

Source: (Bruce G. Miller, 2017) vmzle Source: (www. ein Iovl

This is the overall efficiency which is calculated this relationship for spray towers, where this

tower height z and then droplet’s terminal settling velocity, then falling drops diameter, the upward
gas velocity, efficiency due to impaction all these parameters are used on right side in the empirical

relationship.

_ 1 3 Q,z Vy
Noverall = exp 2 UJi QG dD VT _ Vg
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U Spray Towers (3/4)
» The droplet’s terminal velocity, Vy isdefined as = accalaration dua 1o gravity
9d3p, + d, = particle diameter
i 184, * py = particle density

¢ i, = as viscosity

» Efficiency due to impaction, 1), /

Re
_ M * Npot (Eﬁ) * R, =Reynolds number
bl 1 Re * Muis = viscous'flw
60 * Tyt = potential flow efficien
¢ i, = gas viscosity
- d,J/_Tpg * Py = gas density

] -
¢ ug /

Source: (Bruce G Miller, 2017;)




Then you know terminal velocity how to calculate. Earlier we have seen in case of that settling
chamber also. And the efficiency of impaction can be calculated by Reynolds number, viscous
flow efficiency, potential flow efficiency, gas viscosity, gas density. All these kinds of parameters

are used in this empirical relationship.
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U Spray Towers (4/4)

* Specific impaction number, N, Ll
¢+ Vp = droplet velocity

_ df;ﬂpKC(Vp'Vl)) y .
i Ty o * K¢ = Cunningham correction

1 ‘ [T factor
L * dy = particle diameter
%

* V= particle velocity

* Mg = gas viscosity

0 L L LI | ..
o1 02 o406 10 2
Impaction number, N,

Soutce: (Bruce G. Miller, 2017) lmale Source: (www.epa Iov]

And then, specific impaction number is calculated by this kind of relationship or graphs or charts.

So, you put those values and you can get this N1 that is the specific impaction number.
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Wet ScrUbberS (10/18) * The particulate-laden stream is directed

through a venturi tube at a throat
U Venturi Scrubber (1/2)

velocity of 60 to 100 m/s.
Water sprays are introduced just ahead of

the venturi throat.
. ‘l . *  Principal collection mechanism is the
65 = inertial impact.
* Liquid is injected into the throat and
atomized into droplets with a mean size

e ‘“ n of 50 to 75 micrometers by the impact of
ul b the gas streamt.
X
Adjustable throat

Venturi scrubber

Fined throat Vienturi scrubber

Source: Control of Particulate Matter Emissions, APTI, EPA




When we talk about different scrubber like venturi scrubber, then there we use very narrow throat
to push liquid, these particles with high speed and at the same time liquid also after certain distance
so this velocity like 60 to 100 meter per second very high velocity through the throat. And water
sprays are introduced just ahead of the venturi throat. So, this inertial impaction is occurred and
that can remove these particles and this mean size like 50 to 75 micrometer particle of the size

particles can get removed very easily.
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U Venturi Scrubber (2/2)
+  The faster the gas passes through the venturi, the higher * Kp=2* Stokes number
the efficiency. +  f = empirical parameter
* Suited in case of variable and intermittent gas flows. =05

V, = gas velocity

+  The overall efficiency of a venturi scrubber (1) is: * Q= liquid flow rate
0L Vopi v Q= gas flow rate
. =1- Lfld + [, = droplet diameter
m=1 m[swc o Fik/) ] ‘ cy

Kpf +0. ?) 0.49

v F(Kf) —[07 Kef + 141n ("2 Ty

+ ;= liquid density
* = gas viscosity

Source: (Bruce G Miller, 2017;)

These are the empirical relationships for calculation of efficiencies. Again, this liquid density, gas

viscosity all those parameters are used basically.

(Refer Slide Time: 36:58)
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U Cyclone Scrubber

*  Modification of dry cyclone by addition of a liquid phase.

*+ The gas is tangentially swirled around just as in the dry
cyclone.

+ Water sprays are introduced in a variety of ways, e.g.,
either across the cyclone from the outside wall to the
centerline or down the cyclone from the top.

Principal collection
mechanisms are impingement
| and inertial separation.

Source: (M. N.Rao, H, V. N. Rao, 2007) lm)le Source: (Luke 5, L et al, 2016)

When we talk about cyclone scrubbers then there is modification like we have dry cyclones for

particulate matter, in this some liquid is also sprayed. This water spray can be in this tube when
gas goes up or it can be at the side also depending upon which kind of design you are taking into
account. So, for impingement and the inertial separation these kind of mechanism are used with

cyclone scrubbers.

(Refer Slide Time: 37:31)
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U Packed Scrubber (1/2)

* It consists of a chamber containing layers of
variously-shaped packing material that
provide a large surface area for liquid-
particle contact.

¢+ Removal efficiencies atter
less than approxinfately 3 um are vgry low.

Source: Control of Particulate Matter Emissions, APTI, EPA  Image Source: (Jafari, M.)., Ghasemi, R, Meheabi, Y. et al, 2012)

Packed scrubbers are using some sort of materials to provide large surface area where the particles
can get attached as well as spray is also there of the solution. So, the packed material must be there

and it can remove up to 3 micrometer of the particles.
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Wet Scrubbers (14/18) T
Q Packed Scrubber (2/2) —- ;;\}/
1. Inatypical packed bed scrubber, scrubbing : ' @

liquid is introduced above the bed and
trickles down over packing contained in one
or more beds arranged in series.

2. The packing materials are designed to provide
the largest possible exposed liquid surface
area per unit volume of bed, while
maintaining a reasonable pressure drop.

This arrangement provides the best collection of gases and
vapors, but has the lowest collection efficiency for particles

Source: Control of Particulate Matter Emissions, APTI, EPA Image Source: [Jafari, M, Ghasemi, R Mehrabi, Y. et al . 2012)

And this packing material here and liquid is taken into like a spray. So, this arrangement provides
the best collection of gases and vapors and lowest collection efficiency for particles basically. So,

they are more into removal of the gaseous emissions basically.

(Refer Slide Time: 38:06)
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U Mechanical Scrubber N/
* Amechanically aided scrubber uses N (v AR
mechanical energy to accelerate the gas e l N

stream to create conditions favorable for Qi,,jf |
particle impaction. = L /’
[ ) ) ‘ \¢ /’
¢+ The fan-type mechanically aided scrubber ha \/ <l
a single spray nozzle in the inlet gas duct f
+ A mechanically aided scrubber is limited to a
matticldsize range greater than approximately
giving it lower medium energy
perfgshance

Source: Control of Particulate Matter Emissions, APTI, EPA lm;le Source: (www. eia iovl

When we talk about mechanical scrubbers, so these are mechanically aided scrubber, basically.

Spray nozzle can be there and this fan-type mechanically aided scrubber can be there. So,

efficiency is increased in that sense and it can go up to 1 micrometer size to remove the particles.
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U Applications

* Particularly useful in case of hot gas that must be
cooled for some reason.

*  When the particulate is combustible, or any
flammable gas is present

+  Where a wastewater treatment system is
available on site with adequate reserve capacity
to handle the liquid effluent.

+ When gas absorption and reaction are required
simultaneously with particulate control.

Source: (M_N Rao, H.V. N. Rao, 2007)

Well, applications of wet scrubbers are like it is useful for both gas as well as particulate removal.
And it must be cooled for some reason so then scrubbers are needed not other kind of devices. So,
that way scrubbers are good for that purpose where hot gases are there and we need to damp on its
temperature before removal of other particulate matter or gases. When the particulate is
combustible or any flammable gas is present then also wet scrubbers are better because they will

not have this fire related problem.

Where a wastewater treatment system is available on site with adequate reserve capacity to handle
the liquid effluent, otherwise we will have to have this wastewater treatment plant because wet
scrubbers are producing wastewater basically. So, air pollution is converted into wastewater. When
gas absorption and reactions are required simultaneously with particulate control, so those where
applications are more popular.
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U Advantages:

+ Capable of handling flammable and
explosive dusts

*+ Can handle mists in process exhausts
* Relatively low maintenance

* Simple in design and easy to install

+ Collection efficiency can be varied

+  Provides cooling for hot gases

* Neutralizes corrosive gases and dusts

Source: Control of Particulate Matter Emissions, APTI, EPA

Then there are advantages like it can be capable for handling flammable and explosive dusts
because wet scrubber is there water and those kind of things. It can handle mist and in the process
of exhaust. Then relatively low maintenance is required. Simple in design and easy to install.
Collection efficiency can be varied depending upon different size and nature of the particle.
Provides cooking for hot gases, so neutralizes corrosive gases and dust, so those kind of advantages

are there.

(Refer Slide Time: 40:03)
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U Disadvantages:

* Effluent liquid can create water pollution problems

+ Waste product collected wet

* High potential for corrosion problems

* Requires protection against freezing

+ Final exhaust gas requires reheating to avoid visible
plume

* Collected PM may be contaminated, and not
recyclable

* Disposal of waste sludge may be very expensive

Source: Control of Pariiculate Matter Emissions, APTI, EPA




But of course, limitations are also there, like effluent liquid can be in the form of some water
pollution. So, another problem has been created. So, we have to deal with it. Waste product
collected like in wet, nor dry. So, handling is difficult. Dry, it is very easy to handle. You can just
go and dump it somewhere or you can use in some other form. High potential for corrosion

problems can be there, because this moisture and acidic gases are there.

It requires protection against freezing because water is there so in very cold regions it is difficult
to run. Final exhaust gas requires reheating to avoid visible plumes, otherwise even if water vapor
is coming out people think its lot of pollution, perception can be there. Collected particulate matter
maybe contaminated and not recyclable, dry could be better. Disposal of waste sludge maybe very

expensive. So that way means it can be costly affair after all.

(Refer Slide Time: 41:05)
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Conclusions

* Filtration is considered to be the most reliable,
efficient, and economic methods for particulates
removal.

* Electrostatic Precipitator can remove particles as small
as 0.1 um without much appreciable pressure drop.

*  Wet Scrubbers can remove particulates as well as
gaseous pollutants from the input gas stream,

+  Spray towers are mostly used as coolers and primary
cleaners.

So, overall, now we can conclude that this filtration is considered to be most reliable and efficient
and economic methods for particulates removal. An electrostatic precipitator is one of the best
devices to remove even up to the small, very small size of 0.1 micrometer size particulate matter
without significant drop in the pressure. And wet scrubbers can remove both gas as well as
particulate matter basically. Spray towers are mostly used as coolers and primary cleaners. So that
way different devices are available. And according to the different situations we can recommend

what is the optimum or the best possible device to remove the particulate matter.
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So, this is all for today. Thank you for your kind attention. These are the references for your

additional reading. Thanks again. See you in the next lecture. Thank you.



