v

[

—

17
COMBUSTION
APPLICATIONS

In general, the technical combustion processes that are in use.today were
developed without any guidance from the scientific principles ,.».30?«9
This js primarily because combustion science is of comparativély recent
origin. However, we should expect newer developments which would
make an increasing use of the knowledge acquired as a result of rescarch
in the past few decades. co

Although empirical work in the ficld of combustion is still nécessary,
it is increasingly giving way to the powerful methods evolvedifrom the
scientific approach. The areas which are finding. successful mvﬁ:owxou
are, e.g., the principles of flame stabilization as applied to fame-holding
devices, the theory of turbulent flames as applied to the efficient! utiliza-
tion of combustion space, the theory of ignition as applied to starting,
reaction kinetics as applied to theoretical performance ceilings, flame
structure studies as applied to the design of burners and combustion
chambers, etc. Chemical thermodynamics has been successf ully used
for the computation of properties of combustion gases which act as the
working medium in I.C. engines as well as other technical combustion
processes. The present need is to design a compact, lighter, noiseless and
a more cfficient fuel burning equipment which should- give a smokeless
cxhauvst,

At present there are hundreds of burners and fuel burning equipment
available for each type of fuel. It is not possible to gointo details of
their construction, advantages, and disadvantages. However, the basic
principles of some fuel-burning equipment are discussed in this chapter,
along with an indication of the areas which need further investigation.

‘The fuel burning equipment may be classified according to the type of
fuel used.

Solid fuel, i.e., mostly coal, is burned in two ways:

(i) large particles on fuel beds, and

(ii) small particles in pulverize d form.
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Liquid fuels from gasoline to heavy fuel oils are first either vaporized )

ot atomized, and then burned im an atmosphere of air.
Gaseous fuels are usually burned in pre-mixed flames. Liquid or

“gaseous fuels are also burped in diffusion fames.

17.1 COAL BURNING EQUIPMENT o

Over Feed Stokers .

Basically, the solid fuel burners are the same as the gas producer
described in Chapter 2, the difference is in respect of the height of
various zones and the air supply. The majority of industrial burners
operate on the over feed vann:&nh.ﬁra fresh or ‘green’ coal is dropped
onto the fuel bed. The fuel bed thickness usually varies from 10 to 30
cm and can be divided in four zones. The topmost zone is formed as
“the “‘distillation zone™ or “‘green coal zone’’, the next zone in sequence
is the reduction zone, followed by the “oxidation zone™, ‘and the ‘“‘ash
zone’'. .

The primary air for combustion enters from below the fuel bed. This
passes upwards, through the grate and the ash Zone, and gets heated,
in turn cooling the ash. The oxygen in the primary air reacts with a part
of the carbon in the coke bed to form carbon dioxide in the oxidation
zone. When the oxygen becomes depleted from the rising hot gases
through the fuel bed, the coke treduces the carbon dioxide back to
carbon monoxide in the reduction zome. The oxidation reaction:
€4-0,+C0, being exothermic, promotes the reaction. The reaction
in the reduction zone: C+C0,—>2 CO being endothermic, lowers the
tempetature of the products. In the distillation zone, the combustion
gases consisting of CO, COy, and H, heat up the fresh coal so that the
moisture is vaporized and the volatile matter emanates from the coal

5 : & k Ks (VM +COM+02+C02
econdary air , .
(OVER FIRE)
. Grean -cool Distillation
zone
Reduction 2RO C +¢0; —~2C0
zone @ 2 y JAol0
(S
Oxidation Sy ﬁwﬁ € +0;—+C02
zone
Ash zone A
Grate

Primary oif \E\

Fig. —....-. Diagrammatic eross-section of w_. aver-feed fuel bed (with
permission of McGraw-Hill, from M. L. Smith and K.W.
Stinson: Fuels and Combustion, 1952, p. 241).
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through the grate, while the fusion of ash or clinker formation may
result in an uneven distribution of air. Such factors will reduce the
heating rate or the efficiency of the stoker. The space and time available
for the volatile matter and carbon monexide to burn completely is also

impottant.
-

Pulverized Coal HE.E:.m.

Coal in the pulverized form can be burned in a similar fashion as
oil or gas. The main advantages of pulverized coal burners are: high
efficiency, greater flexibility in their control and operation, flexibility
“in the quality of coal to be used, and easy desiga of burners. These
advantages are offset by the high cost of pulverizing the fuel and costly
coal-handling equipment. Another major disadvantage of pulverized
-coal burners is that most of the ash is carried along with the exhaust.
Normally, pulverized burners are found to be economical for the units
consuming more than | t of coal per hr. Such units discharge a huge
amounts of fine ash in the atmosphere. This ash also gets softeged and
deposits on furnace walls, boiler tubes, baffles, etc., drastically reducing
the heat transfer capacity. It also erodes and corrodes the surfaces.
Therefore, adequate slag-removing equipment and expensive fly-ash
collectors are required to maintain the efficiency of the boiler and other
equipment, as well as to protect the environment. : :

In pulverized _coal burpers, more than 85% of the coal parsticles
should pass through a 240 mesh screen, i.e., its diameter sho :E be less
than 0.063 mm. These finely ground particles are blown into the
combustion chamber by the hot primary air. This cloud of coal then
burns inside the combustion chamber in a manner similar to that of a
droplet liquid fuel. The burning of these particles is completed in two
stages: in the first stage the volatile matier burns in a spherical diffusion
fame surrounding the particle, and in the second stage, the remaining
coke undergoes burning at the surface, _

The lame speed on the puiverized fuel depends upon the volatile
matter present in the coal and its ash coatent. Higher volatile matter

and lower ash content give higher flame speeds. Pulverized coal gives -

maximum flame speeds at a fuel-air ratio three to six times the
stoichiometric value. The maximum flame speed achieved is of the order
of 14 to 15 m/s. In order to carry the coal particles through a hori-
zontal pipe, the air velocity should be more than 20 m/fs.

As the coal and air enter the furnace, the speed falls, -and thus a
stable flame is obtained. The flame should stabilize at a distance of
10 to 30 cm from the nozzle. -

The size of the combustion chamber depends upon the spéed and size
of the coal particles. The time required for a coal particle to burn
depends upon the size of the particle and the temperature of the furnace.

1
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Distillation takes place in about 0.005 5. In commercial furnaces, half of
the coal particles are burned in about 0.05 s. Within 0.1 to 0.3 5, about
95% of the particles are consumed. If the combustionis not complete,
coal particles may be carried away by the fuel gases. However, carbon
monoxide is usually not present in pulverized fuel burners.

Furnaces for pulverized fuel are classified according to the firing
method as vertical, horizontal, and tangential. In vertical furnaces, the
primary air and fuel are fired downward. The location and quantity of
the secondary and tertiary air may be adjusted to regulate the depth of
the flame. The tangential firing produces intense turbulence, permitting
high rates of heat release.

Cyclone Furnace

?: a cyclone furnace, small coal particles usvally with a diameter less
than 6 mm are burned in suspension with air. The coal particles along
with the primary air are fired tangentially into a cylindrical chamber as
shown in Fig. 17.4. The fuel swirls forward intc the main chamber

Tertiory oir
Cyclone cylinder

Molten -slag tap

Fig. 17.4 Cyclone furnace (with permission from: Fuels and
Combustion, op. cit., p. 265).

where it meets the high speed tangential stream of secondary air. Some
tertiary air is supplied at the axis of the chamber to ensure the burning
of any fine coal particles, suspended near the centre of the vortex.
The tdmperature developed inside the furnace is high. Therefore, the
ash melts away and the ash globules are carried to the wall by centrifugal
force. The furnace is a bitinclined to permit the molten ash to flow down.
Large coal particles may adhere to the molten ash where they are
subsequently burned. A high combustion efficiency is attained with
about 10 to 15%, excess air, This furnace separates out most of the ash
‘from the flue gases and only about 10% of it is carried through.
Wemay mention here that pulverized fuel firing systems, e.g., the
cyclone furnace have come into being as a result of better understanding

26(45-43{1979)
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air hits the fine oil mist may be adjusted by regulating the relative:
position of the cup and the air cone.JAn addifional atomizing effect is
obtained as the air blasts the fufl mist. {The shape of the flame is
controlled by the shape of the cup and the pesition of the air nozzle.
The secondary air is usually supplied _..é a natural draft through air
shutters in the furnace ﬁm_c A turn “down ratio of upto 5:1 can
be obtained ?oB such ccnunqm. 1_mE.o 17.5 illustrates a rotary-cup

GEHB&? S

Annular air nozzle
Yyanes

Atomizing air

Fig. 17-5 Rotary-cup oil burner. E :

Mechanical or il Pressure Atemizing Burners - -

Oil pressure atomizing burners are the oldest and most ooEBonG used
burners for large land and marine boilers. The principle of atomization
for all burners is: fluid pressure when released through a: mEm: orifice

tends to break into a spray.
In this type of burner, the fuel oil is first Emrmmnoa S0 zum_“ the oil

viscosity is in the range of 10 to- 30 centistokes. This oil is then fed

tangentially under high pressure into a conical swirl chamber. About
half of the initial oil pressute is consumed in generating rotationai
energy in the liquid, which then flows out from the orifice at the nozzle
tip at high <o_on_G in the form of fine droplets forming a cone of oil
mist,

Figure 17.6 shows the details of a simplex pressure-jet oil burper.
The turn down ratio of pressure-jet burners is very low, and is about
2:1. However, a nozzle designed to recirculate part of the oil reaching
the whirl chamber permits the turn down ratio to be as high as 10: 1.
The air is normallysupplied under pressure into the combustion chamber,
but the natural dranght can also be utilized. For large capacity boilers,
a greater number of burners are employed instead of a single large

i

23
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Swirl
chamber

Swirl

grooves Final

orifice

Fig. 17.6 Details of simplex pressure-jet oil burner.

capacity burner as it gives better atomization at lower pressure. The
turn down opgration is also simplified, as by shutting off one or more
burners, the heat input rate can be reduced.

Steam or High Pressure Air Atomizing Burners

Steam or high pressure air atomizing burnér operates iike a “‘scent-
spray”. A high velocity stream of air or steam impinges upon an issning
stream of oil in a manner such that it is torn into thin filaments and
dispersed in the form of a fine spray. For heavier oils or for boilers,
steam is preferred as it also preheats the oil and is available at high
pressure. However, compressed air gives better combustion and mixing
of air and fuels.

Figure 17.7 shows an industrial steam atomizing burner. As with
most steam atomizers, the steam and oil flow side by side, thereby
preheating the oil so that the viscosity of the oil is reduced, resulting
in smaller oil droplets. The pressure of the air or steam required for
such atomizers is usually greater than 1 kg/cm? and may be as high as
7 kg/em®, depending upon the viscosity of the oil. Air and fucl may
cither mix inside the burner or totally outside it, i.e., inside the com-
bustion chamber. The turn down ratio of such a burner is about 5: 1.
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envelope of the flame. If the primary air supply is insufficient, the
flame becomes long, slightly smoky, and luminous; and if the primary
air supply is increased, the flame becomes short and non-luminous.

Depending upon the pressure of the gas admitted to the burner, the
aerated burners may be either the atmospheric or high pressure type.
All such burners generaily operate in a stability zone bounded by the
liftidg, yellow tip, and Hashback Hmits-as shown in Fig. 17.9. For mest
gas burners a turn down ratio of 5:1 is desirable. Figure 17.10 shows
the cross-section of a typical atmospheric gas burner.

In general, an atmospheric gas burner must have the following
characteristics:

(i) Be controllable over a wide range of turn down without mmmrcwnw

(ii) provide uniform heat distribution over the heated area,

{iii) be capable of completely burning the gas,
(iv) should be such that ne lifting of flames away from the ports
occurs,

(v} provide ready _mE:o: ,S% the flame travelling BEE% from port

to port,
(vi) operate quietly during ignition, burning, and extinctioh, and
(vii) should withstand severe heating and cooling during \:..n life of the
appliance.

In the past, gas burners were aaw_mmma from a few nE_u:.Em_ relations,
but as a result of fundamental studies, the design of the'modern gas
burner has become far more pracise. All the above ‘charactéristics of a
gas burner depend on port design and port arrangement which is the
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Fig. 17.9 Characteristic limit curves for an'atmospheric
gas burner (with permission from Fuels and
Combustion, op. cit., p. 199).
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starting peint in a burner design. The number and size of ports can be
determined from the heat input rating and the type of the gas to be
used. The selection of the primary air for which a burner should be
designed is dependent on the bnrner application, inpuf rating, and
flexibility desired.

To obtain stable flames at the selected primary aeration, the gas input
rating should be such that the barner adjustment is located in the stable
flame zone, and preferably in the design area. In order to obtain a
flexible performance, the adjustment point in the stable flame zone
should be located as far as possible from the three curves of flashback,
yellow tipping, and lifting timit. In many gas appliances, a wide range
of gases can be used by varying the orifice and the primary air shutter
opening. The secondary air complements the primary air, the combined
primary and secondary air is necessary for complete combustion. If
the primary aeration is increased, it will provide better mixing of fuel,
gas and air, but it may also result in poor combustion due to the
increased amount of recirculation of combustion products.

In pressure type aerated biirners concentric primary air and gas jets
under pressure are used in place of the simple gas jet. Separate jets can
be used to induce secondary air, or they can be first fed into a mixing
chamber. Large furnaces may be heated by multiple gas jeis set in a
common head, each jet being surrounded by compressed air, with a
concentric orifice for the supply of air. The premixed stoichiometric
proportions of gas and air can be burned in a tube or a narrow tunnel.

\um-n!.nn_.__ ais
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¥ -
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AW Burher heod Throat
t >4 [-Mixing tube
i ¥
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tat
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H Mixture pressure . Gas distribution
mM in burper heod R pressure
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Fig. 17.10 Cross-section of an atomospheric gas burner and a
diagram showing the static pressure at different
positions (with permission from Fuels and Com-
bustion, op. cit., p. 198).
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And at present the 1.C. engines are once again catching the attention of -

scientists all over the world. However, this time it is not with the aim
to improve upon the engine efficiency, but to improve the exhaust
emitted by the L.C. engines. The main aim is to reduce the peisonous
side products and the unburped fuel, thus safeguarding the already
poliuted environment, :

Combustion in C.I. H.._mmn.%

Compression ignition engines appear to be similar to spark ignition
engines but there is a marked difference in their combustion processes.
In a C.I engine the liquid fuel enters the cylinder in the form .of fine
atomized droplets instead of vapours. Also the injection of fuel takes
place not in the beginning of the compression stroke, but almost at the
end of it, into the already compressed air. The compression ratio of the
C.L engine is very high, and is above 18 to 22 as compared to the com-
pression ratio of 6to 8 of the S.I. engine. The high compressign ratio
provides a temperature which is higher than the auto-ignitidn tem-
perature of the fuel atthe moment when the fuel is injected‘into the
engine cylinder. ) : g

Ax initial delay period, ie., the undesirable time interval, - between
the point of initiai injection and actual ignition is always present. In ihe
absence of the delay period, the fuel burns -smoothly as it enters ‘the
cylinder. But, because of the initial delay period, the fuel accumulated
during the period burns suddenly. The remaining fuel burns . almost
instantaneously as it enters. : . :

The delay period consists of the physical and chemical delay. The
physical delay is the time required by the atomized droplets to vaporize
and mix with air. Tn the chemical delay period, some chemical oxidation
reactions occur raising the temperature of the mixture from 550 to
1100°C. . ) ”

The physical delay is practically constant and does mot vary- with
temperature changes. However, the increased injection pressure, sthaller
rozzle size, and higher density of air (i.e., higher compression ratio)

-produce better atomization, thus reducing the droplets size and the

physical delay period. The chemical delay period depends upon the
molecular structure of the fyel, pressure, and temperature at the end of
compression, turbulence, etc, , )

The cetane number of a fuel is indicative of the auto-ignition tempera-
ture and the delay period of the fuel. Higher cetane rating fuels have a

. low auto-ignition temperature and a low delay period. Normally, paraffin

gives the highest cetane number, while the mo:nmvon&um olefin, iso-
paraffin, naphthene, and naphthalene give a continued decrease in the
cetane rating. Also, the greater the number of carbon atoms in the
chain of a hydrocarben compound, the higher the cetane number. An
increase in the compression ratio and the engine speed decreases the

¥

i
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f _
delay period. A longer delay period gives a higher intensity of diesel
knock. ) , .

The main problem at prescnt with the C.1. engines is the same as with

the S.I. engines, i.e., the control of the poisonous and smoky exhaust
emitted by them.

11.5 COMBUSTION IN GAS TURBINES AND- JET ENGINES

There are two main types of gas turbines, viz,, the stationary type and
aviation type used for industrial applications and propulsive purposes
respectively. The stationary gas turbines usually operate with heayier
and cheaper “oils. In aircraft gas turbines or Jet engines, aviation 8aso-
Tine or kerosene is used as fuel because the vapour pressure and solidi-
mom:.om._ temperature of these fuels are suitable for high-altitude
operations.

The tmportant requirements of the combustion chamber of 3 steady-
flow engine, apart from Emm:ﬁ:maon needs, are high combustion
efficiency, stable combustion atall operating conditions, easy ignition
and starting, minimum loss of pressure, and uniform distribution of
temperature at chamber outlet, To meet these requirements the combus-
tion chamber is designed suitably. In the past the design’ has mostly
been empirical but with better knowledge of the aerodynamics of fluid
flow, air-fuel mixture formation and flame stabilisation, better procedures
have been adopted. Theories such as the turbulent flame propagation
theory and stirred reactor theory are now being used for the scientific
design of the combustion chambers. The main components - of the. gas
turbines combustion chamber are the air casing, diffuser, fame tube or
liner and fuel injector as shown in Fig. 17.11.

Flow reversa
i\ﬁndnsu - Liner

e
]
TN

_lms:_._nu *..m,»noaan. n:,V
~~ Fusl shjector

Ditution air

Fig. 17'11. Gas turbine combastion chamber.
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416 FPueLs Anp COMBUSTION

liquid oxidizers that have been applied to Evno.uo:ub» systems are:
oxygen [0,), nitric acid [HNO,], and hydrogen peroxide [H3O,l.

Modern solid propellants may be divided into two general classes: -

double-base propellants and composite propellants, on the basis of
their composition and physical structure. Double-base Eom»:uim are
homogeneous colloidal mixtures of ooBbomgg such as E.:oon__c_o.wo
[CeH 05(NO,);] and an explosive Emmaﬂuﬂ.. m.ao_u as u:nomuwnmzn
[CaH:(ONO,);]. Other substances such as E.n:_.o.»w_w,.wmow“No‘ﬁwmmEE
nitrate, et¢., are added to act as stabilizers, plasticizers, “céolants,
colouring or darkening agents, etc. Composite Eom.“:mam are made .3
embedding a finely divided solid oxidizing agent in a Em.mﬁ._n. reducing
agent as fuel, and are heterogeneous in structure. The oxidizing agents
include: ammonium nitrate [NHNO,], bo»mm_asB perchlorate [KCIO,],
lithium perchlorate [LiCiO,]. Minor consfituents may be .maana.ﬁo
modify the propertics of the binder or to catalyze the combustion

process. o . .
The design of the components of a liquid fuel rocket is greatly in-

fluenced by the fluid characteristics. Liquid hydrogen has come into.

prominence despite its serveral drawbacks such as the need to store it
at very low temperatures and its very low density. A solid w._.kn_ Hoc,wﬁ
is simpler in construction than a liguid fuel no&no_..., and proxides a high
degree of reliability and ease of storage of the mc_wa Eow&_m_ﬂm such as
in military applications. Solid propellants are quite .mmﬁn to handle and
complete rockets can be stored fully charged with their E.@uﬂ_fwﬁm.

The present day designs of rocket oumpnnm. may be memzm.oa as one
stage further than the turbojet units. 7 hey provide a:.c.ﬂ by a jet of m.:=
smaller diameter with higher jet velocities and the Hoow@.ﬁ propulsion
unit is lighter in weight than the turbojet unit. A rocket engine may be
preferred over the turbojet unit when the duration is very small or H_.uo
flight velocity is very high. The flight outside the nwn:u.m atmosphere is,
at present, possible only with the help of rocket engines.

18
AIR POLLUTION

Air pollution is not a new phenomenon. The early cave man who dis-
covered fire for heating and cooking was also affected by the undesirable
smoke which made breathing difficult. This forced him to abandon his
cave and make a better ventilated hut. This allowed him to take full
advantage of fire, while providing an outlet for the unwanted smoke.
This solution was simple till the urbanization and industrisl growth
shifted the probem of smoke from inside to outside, i.e., from a domestic
problem it became a problem of the town.

The next attempt to keep the air clean was to raise the height of the
chimneys so that the smoke could be blown out at a higher level where
it could diffuse and drift away. With the rapid growth of population,
industrialization, and increasing use of automobiles, the capacity of our
atmosphere to absorb the poison is diminishing.

Today, the magnitude to which pollution has reached not only threa-
tens the health and well-being of the population in a particular city,
but also produces effects on a global scale. The contamination of air,
water, oil, and food has become a threat to the continued existence of
many plants and animals and may ultimately threaten the very survival
of the human race. .

Air pollution may be defined as the presence of undesirable sub-
stances in the air either by natural means or due to the activities of
men. The ,natural undesirable substances are dus t, spores, pollen,
bacteria, sea salt, hydrogen sulphide, ammonia, ozone, etc. In small
concentrations, few of these may have a beneficial effect but the high
concentrations are definitely not desirable. The man-made pollutants
are smoke, carbon monoxide, sulphur dioxide, oxides of nitrogen,
various hydrocarbons, fames of acids, etc.

18.1 TYPES OF AIR POLLUTION

Air pollution may be broadly divided into:
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420 FueLs AND COMBUSTION

concentration of pollutants has a marked effect on the peneral rmm:.:
of people and plants. It has now been established that vroﬁomrna_-
cal smog and automobile exhaust are responsible for the destruction of
forests, field crops, and other plants as far away as 125 km from Los
Angeles. .

Table 18.1 indicates the threshold limit values of the various pollu-
tants to which any worker may be repeatedly exposed without any
adverse effect.

TABLE 18.1 Common Pollutants and their Limits

Pollutant 3:.2}2& limit u.w.“.w.ﬂnaﬁ_.m Lndm mﬂwﬁw
p.p.m. mg/m* p.p.m.

Ammonia (NH;) 5 is 5 ‘500 p.p.m,
Carbon dioxide (CO;) 5,000 9,000 absent 209, by vol.
Carbon monoxide (CO) 50 55 ahsent 0.3%, by vol.
Chlorine {Cl,) 1 3 0.02-0.05 900 p.p.m.
Formaldehyde (HCHO) 5 6 — . 650 p.p.m.
Hydrochloric acid (HCI) 5 7 — . L, p.p.m.
Hydrocyanic acid (HCN} 10 11 2-5 - 3000p.p.m.
Hydrogen fluoride (HF}) 3 2 — —
Hydrogen sulphide (H;5) 10 15 0.1 700 p.p.m.
Lead — 0.2 —_ —
Nitrogen dioxide (NG,) 5 9 1.3 . 200 p.p.m.
Ozone (O,) 0.1 0.2 0.015 ! -_—
Perchloroethylene (CCly : CCly) 100 . 670 . 50 . —_
Pherol (C,H,OH) 5 19 05 - —
Phosgene (COCl,) 0.1 0.4 0.5 50 p.p.m,
Sulphur dioxide (80,) 5 13 3.4 400 p.p.m.
Trichlorg-triflucroethane

{CFCO,CF,CI) 1,000 7,600 — —
Zinc oxide (ZnQ) — 5 — —

18.4 POLLUFION FROM COMBUSTION OF FOSSIL FUELS AND ITS
CONTROL

Apart from the pollution by combustion products, the increased use of
fertilizers, pesticides, and various chemicals is responsible for air pollu-
tion.

Grit and Dust

There are two major sources of grit and dust:

(i) Nature, and

(i) industries.

Along with the flue gases, ash and unburned carben particles arc also
emitted, which increase the concentration of grit and dust. The pulve-

Ar PoLrumion 421

rized fuel fired furnaces especially, throw a large quantity of ash in the
atmosphere. :

The basic control measures are: reduction in the flow velocity of flue
gases, flow reversal, placing baffles or obstruction in the passage, and
creating a vortex in the flue gases before allowing them to escape into
the atmosphere. There are various shapes and sizes of the flue gas
passages which enable to trap most of the ash and coal particles. The
periodical cleaning of ash collectors is most essential- for their satisfac-
tory working. However, a small pressure loss invariably occurs in such
ash collectors.

A more efficient method of removing particles from flue gases is the
electrostatic precipitator. The dust laden gas passes between the two
electrodes, one highly charged and other carthed. A high potential
difference of 30 to 70 kV is applied between the electrodes. The parti-
culate matters are charged and attracted by the earthed electrode. The
dust collected on the electrode loses its charge and can be removed
cither by rapping or by irrigation. The temperature of the flue gases,
size of the particles, and flow velocity affect the efficiency of such dust
collectors. Their initial cost is higher but the pressure loss is low.

Passing the gases through fabric bag filters or through wet washers
are the other methods used to remove the dust and other particles. but
are less frequently used with the flue gases due to the higher pressure
loss and high temperature of the gases.

Smoke

Smoke is produced on account of the following reasons: insufficient
time for combustion, low temperatuie in the combustion chamber, in-
sufficient supply of the primary or secondary air, improper mixing of
the fuel, poor quality of the fuel, poor design of the combustion
chamber or furnance, over loading of the furnace, etc. Smoke is gene-
rally taken as a measure of the efliciency of combustion. A slight haze
at the top of the chimney indicates good combustion, absence of smoke
indicates an excess supply of air, while dark smoke is an indication of
incomplete combustion.

Industries, railway engines, and thermal power stations are the major
sources of smoke. In cold countries during the winter season, domestic
fire used for heating also contributes a lot, specially because the smoke
emitted is released at a much lower level.

A properly designed coal burner should produce smoke only during
the lighting up period. To reduce the smoke, sometimes oil.or gas fired
after burners are used, which raise the exhaust gastemperature and
burn any organic compounds.

The smoke density from a chimney is measured by ncamm.:nm the
colour of smoke with the shades of gray on a card. The Ringelmann
chart or its modified forms are usgd which give the readings from Ry
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breathing of the fuel tank. The fuel tank temperature is also increased as

warm air passes under the tank while the automobile is running, result-
ing in the evaporation of some fuel. Mostly lighter hydrocarbons are
cmitted by the fuel tank. About 5 to 10% of the hydrocarbons released
by the vehicles are due to the evaporative loss from the fuel tank in
uncontrolled cars, _

Similarly, about 5 to- 10% of the hydrocarbons out of the total
emitted by any uncontrolled automobile are emitted by the carburetor.
The carburetor loss increases with the stop and go type of driving.
When the engine is turned off, the carburetor bowl is heated by the
conduction of heat from the hot engine, ‘This is known as “hot soak’.
The loss depends upon the volume of bowl, temperature of the engine
after it is turned off, type of fuel, etc. During running and Jong dura-
tion parking, the carburetor loss is quite low. The fuel tank and
carburetor do not contribute to the emission of carbon monoxide or
oxides of nitrogen. The evaporative losses can be reduced by using
the pressurized fuel system, or by insulating the fuel tank, thus reducing
the temperature fluctuations. In another control system, the vents in
the fuel tank and carburetor are sealed and connected to a canister
having activated carbon, which absorbs the hydrocarbon vapours
emitted during the period when the vehicle is not in use. When the
engine is started, a part of the air is sucked through this canister which
evaporates the hydrocarbon vapours from the activated carbon. This

air-fuel mixture is then burned in the engine. .

Crankcase Emission

During the compression and power strokes in a gasoline engine, a part
of the mixture leaks through the piston rings into the crankcase. This
is called “blowby”. Blowby consists of 70 to 80% unburned fuel air
mixtare and 20 to 30% burned products. The amount of blowby
depends upon the engine loading. At higher loads the blowby is more
and it is a minimum during deceleration and idling. Crankcase
emission contributes nearly 20 to 25% of hydrocarbons, 1 to 2%, of
carbon monoxide, and 1 to 2% of oxides of nitrogen out of the total
emission from an uncontrolled vehicle. Blowby also increases with
engine wear. . .

The control of blowby is rather simple and inexpemsive. It is
controlled by a procedure commonly known as PCV (positive crank-
case ventilation). In this system the road draft tube is removed and
the gases from the crankcase are introduced into the intake manifold,
or the air cleaner or both. Thus the blowby is recycled. All cars
manufactured in the United States of America after 1963 are installed
with the PCV gystem. This system can also be installed in old cars.
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Exhaust Emission

Most of the pollutants emitted by any vehicle come out as exhaust:
Exhavst gases also contain the maximum number of pollutants, They
contain unburned hydrocarbons, partially burned hydrocarbons, oxides
of nitrogen, carbon monoxide, carbon dioxide, water vapour, hydrogen,
sulphur compounds, fead, particulate matters, etc. Exhaust gases
contribute to about 60 to 65% of hydrocarbons, 98 to 99% of carbon
monoXide and oxides of nitrogen, of the total emitted by any automo-
bile. The oxides of nitrogen combine with hydrocarbons te form
photochemical smog. Radiation from the sun readily dissociates
nitrogen dioxide into nitric oxide and atomic oxygen. This reactive
oxygen reacts to form ozone and other products notably peroxyacyl-
nitrate (PAN), formaldehyde, aerosols, etc.

Causes of Exhaust Emission

The major pollutants emitted by the exhaust gases are hydrocarbons,
carbon monoxide, and the oxides of nitrogen.

The potential source of exhaust hydrocarbon is partial or complete
engine misfire. However, a properly maintained engine does not
misfire. Therefore, the other cause of hydrocarbon emission is the
wall quenching effect which restricts the flame to burn the fuel air
mixture near the wall. The mixture trapped in the combustion
chamber crevices such as between the top, piston aznd the combustion
chamber wall is also an important source of exhaust hydrocarbons.
A part of the hydrocarbon gases is retained in-the cylinder with burned
gases, and some gases are burned during exhaust after mixing with the
hot exhaust gases. At higher temperatures, some hydrocarbons are
found on account of the chemical equilibrium.

The cause of carbon monoxide is obviously the burning of fuel under
rich conditions. Carbon is first converted to carbon monoxide and it
is then converted to carbon dioxide, provided sufficient oxygen is
available. High exhaust temperature also dissociates some carbon
dioxide into carbon monoxide. Chemical equilibrium calculations
quite accurately predict the concentration of carbon monoxide found in
the exhaust under stoichiometric and fuel rich conditions.

About 95% of the total oxides of nitrogen emitted by the engine
is in the form of nitric oxide (NO). This is because at very high tempe-
ratures during combustion, the nitrogen of the atmosphere reacts with
oxygen to form nitric oxide. However, during the efpansion stroke
and during exhaust, the decomposition of NO is rather slow as com-
pared to the sudden expansion and cooling of the exhaust gases so the
concentration of nitric oxide is effectively frozen near its peak level.
At low temperature combustion, as in the case of very lean mixtures,
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both the undesirable pollutants. The application of this technique is
easy and the magnitude of the effect Jarge. By spark retard, the
combustion process is completed later in the expansion stroke, and the
effective surface to volume ratio and, therefore, the wall quenching
effect are decreased. Secondly, by reducing the time between the com-
bustion and the exhaust, the exhaust temperature is increased and the
exhaust reactions are promoted.

Surface to Volume Ratio

The surface to volume ratio is one of the most important design
variables for the reduction of hydrocarbon emission. As the flame
near the wall is quenched, the mixture present in the quenched zone is
not burned. The thickness of the quenched zone depends upon the
pressure, temperature, mixture ratio, turbulence, and residual gas
dilution. The surface to volume ratio at the time when the flame
reaches the wall depends upon the number of cylinders, compression
ratio, stroke to bore ratio, etc. The surface to volume ratio can be
decreased by increasing the displacement per engine cylinder and by
increasing the stroke compared with the bore as by decreasing the
compression ratio. However, these modifications have a practical

limitation. Further modifications result in power loss and reduced

efficiency.

Compression Ratio

Compression ratio reduction results in the reduced ‘emissiori of hydro-
carbons and oxides of nitrogen, thus its effect is similar to the effect of
spark retarding. The reduction in hydrocarbon emission is attributed
to the decrease in the surface to volume ratio, increased exhaust system,
oxidation due te increased exhaust temperature, and the increase in
residual gascs. However, as is well-known, the cycle efficiency and
power output both decrease with the decrease in the compression
ratio.

Valve Overlap

At low engine speed and load, high valve overlap causes high dilution
of the cylinder charge with inert exhaust residual. This, in turn, lowers
the peak combustion temperature and thereby reduces the formatjon of
oxides of nitrogen.

Advanced Coatrol Systems

The above mentioned control systems are incapable of meeling the
strict and lower emission limits imposed by a few states for car manu-
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facturers. Therefore, the following measures are adopted and are
under investigation for further reduction in the pollutant concen-
tration.

(i) Thermal reactors,

(ii) catalytic exhaust reactors for the oxidation of hydrocarbons and

carbon monoxide,

(i) catalytic exhaust reactors for the reduction of oxides of nitrogen,
(iv) exhaust gas recirculation, and
(v) heterogeneous combustion.

Thermal Reactors

The oxidation of unburned hydrocarbons is completed in thermal
reactors, which are nothing else but a specially designed exhaust
system. This exhaust system retains the heat of exhaust gases, pro-
vides better turbulence and more time for the reaction due to increased
volume in the exhaust system. The heat is retained through proper in-
sulation and by providing radiation shields. The temperature is m._mo raised
by providing a rich mixture so that the exhaust gases contain carbon
monoxide which on oxidation in the exhaust system release more heat.
The air can be supplied into this reactor with the help of an air pump
driven by the engine. Such reactors are known as “‘rich thermal
reactors”. In “‘lean thermal reactors’ a lean mixture is supplied to the
engine, thus the exhaust itself is oxidizing. But due to the .Hoin.n tem-
peratures obtained in lean thermal reactors, the reduction in the
hydrocarbon emission is less as compared to the rich ﬂ._uaanmm reactors
which also give a lower emission of the oxides of nitrogen and also

lower the efficiency.

Catalytic Exhaunst Reactors

The catalytic exhaust reactors for the oxidation of hydrocarbons and
carbon monoxide are frequently called ‘‘catalytic mufflers”. They
contain some catalysts, generally activated platinum, or a platinum group
supparted on an alumina base. The catalyst eliminates the need of the
high temperature required for increased oxidation rates. There are
numerous catalysts with different compositions patented in the USA.,

Reducing Reactors

Reducing reactors are used for the reduction of nitric oxide to ele-
mental nitrogen. This reaction occurs in a reducing atmosphere, i.e.,
in an exhaust which has a higher concentration of carbon monoxide as
compared to that of oxygen. The construction of this type of reactor
is similar to the oxidizing reactor. The requirement for separate
reducing and oxidizing catalysts leads to the application of duel cata-
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dards are different for various types of vehicles. Present-day stan-
dards in the Federal Government and California  State require that
there should be no emission from the crankcase of a light duty gasoline
vehicle, while the evaporative loss of hydrocarbons should be less than
6 gftest. Table 18.4 shows the exhaust emission standards that were
required to be met in previous years. The requirements were conti-
nuously made more stringent as research indicated the technical feasi-
bility of such goals to be achieved. Table _m 4 indicates the emission by
an uncontrolled vehicle,

TABLE 18.4 Exhaust Emission Standards for Light Duty Vehicles (with permission

of John Wiley and Sons from James N. Pitts Jr. and K.L. Meicalf
(Ed.):Advances in Environmental Science and Technology, 1971, 11t 7TT)

Uncontrotled Exhaust emission standards Remarks
emissions, Model Year g/mile
gfmile
1970 HC 2.2 Federal and California
Co 23 Federal and California
1971 HC 2.2 Federal and California
CO 23 Federal and’ California
NO, 4.0 California-
HC* 11 1972 HC 1.5 California '
CO** 80 cO 23 Federal and California
not, &7 NO, 3.0 California
1974 HC 1.5 California -,
Co 23 Federal and ' California
NO, 1.3 California
1975 HC 0.5 - California
CO 12 California
NGO, 1.0 California

*HC—Hydrocarbons, as measured by nondispersive infrared analyzer nZUHmC
**CO—Carbon monoxide

+20a|ou:.anm of nitrogen, éxpressed as nitrogen dioxide

The requirements for a heavy duty diesel vehicle are not too difficult
to achi¢cve, Federal government requirements Ilimit the smoke from
1970 model diesel engines to an opacity that shounld not exceed 40%
during acceleration and 20% during the engine lagging mode. The
hydrocarbon and carbon monoxide concentrations emitted by a diesel
vehicle are usually within the standards prescribed for heavy duty
vehicles. The 1972 standard requirements in California State for a
heavy duty vehicle, limits the hydrocarbon emission te 180 ppm- while
the carbon monoxide limit is 1.0%. The concentration of carbon
monoxide in a diesel engine exhaust is usually 0.1 to 0.3%,.

APPENDICES

28(45-43/1979)




(pruoy)

LIt L£9 ocR £€S L6T L96T  PUE[ESZ MON
TI8T 1¥56 F6ET p6ET 9561 SPUB[IAYION
9¢€ $Le 0oL €961  onbiquezoW
Lys b 96 I8 ST 0961 02201004
901 ¥s - eljoBuoipy
0L1T £621 99t 243 Z81 9967 ooIxay
e N N s cewn % mﬁa— &BUDNMNUNE
£0PTE 80l - S8It 0011 <8 7961 Jo -day
: .uo._ovu
0zLS] o *doy
s o1dosg
) » ‘3 ‘BdI0
£608C LISk 24T6! STSET  €TLS 1961 ‘ueder
—W— Q—V say "an rem wim hnﬂ&ﬁ
8 961 8 9T 44 L961 puz|aif
0001 987 0001 1961 uesy
6L1 80€ $r8 SPE 008 - 7961 BISaUOpUY
1LLEL, TIELY 097501 0SSE6  OILZ! 9961 mpug f
149¢ 87T ¥IL 9961 A1sdunyg
v 4 4 £961 PoE[RSsID
LOLTOT £ TR A - 000NL L96T  Jo 'doy 'pad-
LT ETy Y
518 1861 05 9561 ‘doy rweq
gewiany
£9L62 0588t 0087 9961 aouerg
BIRRAO]
STOLT 98897 €LETE ££09 (1499 9961 ~S0qRTy
0082 ps6T 00521 Blquio[oDy
C0000F 00088  0OOITOT £161 BUIYD)
ZEEL 06b1 81T w 9 9961 AND
018s[ 1978 00019 00¥81 009TF 9961 BpRULD
9T £l F4 8 N 0961 : Bung
Fac k4{Y Ly LP11 S961L slaeding
L6¥YT ¥SIT §L901 0ose SLIE 5961 Izexg
005 1961 UEMEION
00S01 ™ 996L1 9641 10€T S6¥  L9-b96T wngag
6€ € £ 9561 vinSny
9506% TSTOE 00091 0OOET 000t L9-9961 BI|#I)SNY
§L9 06E o5y oL bLE 9961 vonuBy
{3 174 1t 6 LS61 BNy
6ET $8 §961 ue)sireydy
008FPHIT 00ES86T  0OZiF99 IBIOL PltOM.
89-b0sT : ’
L6 23vi28y oo r Padizfup  paansvapy 200
(Fauuos puvsnoy r) } (saunot wol1IN)
uotInposg sadaasay Lo

TOHIIPOL] puE 32A1083Y IBOD TV ATEYL

V XIONIddV

i
S




