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propartion of exides of nitregen emisséions. Four sources of the oxides kave been idemsified. The range af passible
trpes of damage 1o enviremment and health, as well os gffecrive mevhods for reduction af axides of nirogen, kave

been analyred

1 INTRODUCTION

Despite their reputation for being dirty and noisy
power planis. modern diesel engines  ( also called
compression ignition engines) offer  high  fuel
efficiency and low noisc. However. they inherently
produce  higher oxides of nitrogen cmissions,
commonby referred 1o as NOx. than spark ignition
engines. These. together with particulate emissions,
have become the major environimental concern and
has become an b important theme of study. During
the past few decades. increasing attention, as a result
of the ever growing stringent regulations on
emissions, is being given 1o improve design and after
treatment sysicms to ensuré that the NOx levels in
particular conform with acceptable standards. The
reduction in emissions also will be complimenied by
improvement in diesel fuel improvement | 1 |. Liotta
and Montalve studied the effect of Oxvgenated Fucls
on emissions from a Heavy-Duty Diesel engine.
They increased the cetane number of oxygenated fuel
and achieved some reduction in MOx cmissions
They funther ohserved that addition of oxygenated
additives 1o diescl fucl caused a small increase in
NOx emissions | 2 |. Byan and Erwin also achieved
lower MOx emissions  with increasc i cetang
number | 3 |. Me Carnhy et al. studied the cost
effectiveness of reducing emissions and concluded
that it is much cheaper o reduce NOx emissions by
increasing celane number rather than by reducing (he
aromatic comtent [ 4 |.

In this feld it is very wseful 1o be aware of the
origins of this pollutant substance. Four mechanisms
of formation of oxides of milrogen in combustion
processes are. thermal, prompt, N0 and fuel. It is
imporiant 1o point out that emissions of NOx in
diesel engines are exclusively penerated through
thermal and prompt mechanisms [5-8 |,

In this work. the formation, of oxides of mitrogen
have been siudied. through the most importani and
best known mechanisms. By analvsing separate
effects of these oxides. some contribution 1o the

comprehension of the source of NO emissions 1o the
environment is intended. Furthermore, some means
of control of nitrons oxides are summarised. This
kind of studv. jointly with simmlar studies could
provide awareness of cleaner diesel engines, with
regard 1o the two emissions. nitric oxide (MO} and
nitric  dioxide (NO-), currently most  restricted
worldwide.

2 ORIGINS OF OXIDES OF NITROGEN

The formation of oxides of nitrogen is a highly
temperaiure-dependent  phengimenon  and — occurs
because the equilibrium concentrations af the various
NOx compounds formed when oxygen and nitrogen
arc mixed at high temperatures and as a resull of
combustion of the fuel-bound nitrogen.  Primarily
nitrogen monoxide NO 15 formed. whereas the more
poisonous nitrogen dioxide is formed only afler the
combustion when there is the exhaust gases and
subsequently in the almosphere. In diescl engines
with low load. considerable N0 emissions must be
expecied due to the fact that the combustion process
involves high air excess. As all NO is ultimately
transformed into NO-=, NOx emissions (NO + NO-)
are indicated as MO-. threshhold values are also
listed as NO..

Four pathways are generally recogmised as being
responsible Tor nilric oxides formations in ihe
combustion process of diesel engines depending on
the particular engine operating conditions  of
icmperature and concentration. on the residence lime
and the tvpe of fuel: thermal mechanism: prompt
mechanism: foel mechanism (v direct reaction
between oxygen from the air and nitrogen from fucl)
and N0 mechanism,

21 Thermal NO
It is fairly well cstablished that NO formation in

combustion process proceeds by Zel’dovich chain
mechanism [#=11]:
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The concentration of oxygen atoms available is
responsible during or afier combustion for this type
of NO formation. At over 300°C and with rising
temperatures the O concentration increases
considerably as a result of the equilibrium
dissociation of unburned oxygen molecules, O-
Consequently. the NO formation speed also
increases. A nitrogen atom is liberated, and it reacts
with oxygen to form NO.

The above reactions (cquations 1 and 2 ) take place
in high oxygen areas (excess O,) of the flame or in
the post reaction zone [12]. In fuel — rich zones of the
flame. the following reaction takes place mainly at
temperatures over 1300°C:

N+ OH 1 NO +H (4)

The thermal nitric oxide formation depends on the
following factors:

e Temperature in the reaction zone: apart from O
dissociation the reaction itself (equation 2) is
highly temperature-dependent, so that both
influcnces lead to a clear increase in NO
formation with nising temperatures [ 13 |.

* Equivalence ratio or air-fuel ratio in the reaction
zone which influences the concentration of
atomic oxygen. NO emissions, generally,
decrease with decrease air—fuel ratio.

e The gases residence time in the reaction zone at
a maximum temperature or mixing speed afier
the reaction with cooler reaction products: the
shorter the residence time, the smaller the NO
formation.

The Zel'dovich mechanism can be taken as
controlling the emission of nitric oxide from diesel
engines. Consequently. nitnc oxide is mostly
produced early in the combustion process [ 14 |.

2.2 Prompt NO

The “prompt” mechanism occurs in the low-oxygen
areca of flames. This phenomenon involves the
reaction of hydrocarbon fragment (e.g. CH) with
molecular nitrogen-so-called prompt. It is only
weakly temperature dependent and accounts for only
a rclatively small proportion of the NO emission

from fuel lean combustion encountered in a diesel
engine. Though the mechanisms involved are not
fully understood. it is belicved that the following
reactions lead to the formation of NO.

CH + N; R 2 (O e ——)
C + N: O CN 4N ceeeeeee(6)
CN + H; [T HCN + H  —eememeeee(7)
CN + H,O J HCN+OH -eeeemmemmemmean(8)
HCN.CN + 0 NO +R -——(9)
Where R is an organic residuc.

The CN radical arising from fuel-nitrogen
compounds is transformed further into HCN.
Furthermore, atomic nitrogen is released. The
cvanogen compounds and nitrogen atoms can then be
oxidized to NO. Figure 1 illustrates the influence of
the combustion temperature of NO formation
according to different formation mechanism. It can
be seen that the prompt NO formations are much less
temperature-dependent than thermal NO formation.

2.3 Fuel NO

If fuels contain organically bonded nitrogen (organic
nitrogenous compounds) then some of this nitrogen
will eventually form the so-called fuel NO. The
percentage of nitrogen undergoing this change
depends on the nature of combustion process, Light
distillate fuels contain small amounts of organic
nitrogen, less than 0.06 percent, but heavy distillates
may contain as much as 1.5 percent. Thus, depending
on the degree of nitrogen conversion, the fuel NO
can represent a considerable portion of the total NO
[15.16 ].

Oxidation of these nitrogenous compounds is less
temperature-dependent occurring even at  lower
temperatures and increasing with higher excess air
Fig. 1:

NH: + 1720, = NO + H; cemeeeef10)
However, during combustion only part of the fucl
nitrogen is transformed into NO, In fuel-rich arcas of
the flame, not only fuel nitrogen but also thermally
formed NO can be reduced to molecular nitrogen:
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The lower the fuel's bound nitrogen content, the
higher the transformation ratc to NO as scen in
c
NH, — % N;+1%H; —(11) Fig. 2. Nevertheless, fuels with high nitrogen
contents have higher NOx emissions than those
c with low ones.
NO+CO — A N:+CO; ~=(12)
In Diesel engines, NO formation from fucl
HCN+2NO—1%N;+CO;+ % H; -—(13) nitrogen is strongly overlapped by thermal NO

formation, Even with a low fuel nitrogen
content, high NO emission can occur.



The available evidence on the mechanism of
NO formation from” fuel — bound nitrogen
suggests the following [ 17 |:

{a) Conversion of fuel-based nitrogen
to NO is practically complete for
fuel-lean flames operating on low

100

3 EFFECTS OF OXIDES OF

NITROGEN

Oxides of nitrogen emissions have negative
effects on environment and health, and the
extent of the damage vary greatly. Their
presence in the atmosphere, adversely affect the
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nitregen concentrations (less than 0.5
percent by weighi)

(b) Comversion decreases with incressing
concentration of fuel nitrogen (Fig, 2).

{¢) Conversion increases slowly with
increasing fMlame lemperature.

(d) The composition of the nitrogen-
bearing compound does not affect the

COMVCTSION rale

The temperature range where fugl NO sets in,
(Fig.1), are generally higher than ‘prompt’ NO
formation but less than thermal NO formation at
lemperatures excesding 1800° C

2.4 MN;0 Mechanism

N.O mechanism is the most characteristic
intermediate compound, and therefore its kinetic
mechanism is far less dominant over that of NO
or NO; in diesel engines,

health of humans, animals, or microbial life and

Transformation of fsel nitrogen into NO, showing three fuels as example

materials goods. The disorders resuliing from
NO, effects do not usually occur immediately
on  exposure. but rather afler prolonged
exposure, often after cnrichment, i.c.
accumulation, that chronic ailments become
visible. Milrogen oxides also  contribute
significantty 10 acid min, formation of
atmospheric ozone, global warming of the
earth’s surface and general air pollution, all of
which have serious repercussions on well-being
of millions of people and global ecosylems,

31 Acid Rain

The damage caused by acid deposition is
worldwide problems that tends 1o destabilize an
ecosysiem,

Agid precipitation is a result of some reactions
in air. Nitrogen dioxide react with water and
atmospheric oxvgen lo produce nitric acid,
which dissolve in water 1o produce acid rain.
Uncontaminated rain water has a pH of about



5.6, but the oxides of nitrogen can reduce the
pH to less than 2,

The foremost among damages of acid
deposition is a sigmificant loss of foresis,
resulting in either decline in trees growth
(including deformation) or productivity.

Acidification seriously impair the survival of
high-tropical-level-animals such as fish. Low
pH not only affects fish directly, but contributes
te labilization of metals. such as manganese,
cadmium, and aluminum, potentially toxic 1o
fish. Furthermore, precipitation of aluminum
phosphates reduces the primary production of
planis and phytoplankion so limiting the food
supply. thus even magnifving the acid rain

problem.
3.2 Global Warming

The effects of oxides of nitrogen. though not the
only ones, can lead to a global warming of the
carth’s surface. Increased radiation of sunlight
on the earth’s surface, especially of high-energy
ultra violet (UW) light, warms the surface of the
earth as also decreased reflection from the area
of the lower atmospheric lavers, This resulis in
the destruction of the stratospheric ozone layer
as well as the increase of the so-called green-
house gases. A rise in temperature would have
numerous, fearsome consequences, among them
the shifting of climatic zones, and with them the
shifting of the inhabitable regions of the carth,
the expansion of the deseris, as well as (he
Nooding of larger areas of land due (o the
melting of the polar ice masses,

3.3 Ozone

In the preceding paragraphs, il has been stated
that consequences of anthropogenic pollutants
such as MOx are warming the earth's surface, a
decreased stability of the thermal layering of the
stratosphere and increased UV radiation in the
troposphere. Humans, many animals and plants
are highly sensitively to hard UV-B and UV-C
radiation which are even richer in energy.

Ozone and photochemical oxidants are highly
irritating and oxidizing gases. Concentrations of
a few paris per million can produce pulmonary
congestion, edema, and  pulmonary
haemorrhage. A one-hour exposure on human
to 2500 pg/m’ can decrease effective lung
volume and decrense maximom  breathing
capacity [18]. Symptoms of oronc and oxidant
exposure are a dry throat, followed by a
headache disorientation, and aliered breathing
patterns.

Adequate control of arone and photochemical
smog production depends on control of all
primary pollutanis that coniribuic 1o ozone
formation.

34 Smog

Coined by a combination of smoke and fog.
smog represents a cloudy formation resulting
from photochemical reaction of sunlight on the
oxides of nitrogen and hydrocarbon emified
from automobiles. Smog causes irritation of
eves and throat, impairs lung function, damages
plants and crops and makes rubber-like products
crack and cause wvisibility problems (see also
section 3.5),

35  Visibility

The ugly haze in our skics commonly known as
smog contributes 1o the low visibility, Since
NO. absorbs the full visible spectrum of light
encrgy. it can reduce visibility even in the
dbsence of particulate matter, resulting in
scattering of light off very fine particles: 0,3 um
fo 0.6 pm in diameter,

6 Toxicity

Mitrogen dioxide, a highly loxic gas, is a
pulmonary irritant. Although little is known of
the  specific  toxic  mechanisms,  high
concentrations of NO- can produce pulmonary
edema. an abmormally high accumulation of
fluid in the lung tissue. NO- has never been
found in such high concentrations in ambient
air; as an air pollutant. Nitric oxide mav have a
combined (synergistic) effect on blood system
with carbon monoxide, inhibiting further the
capacily of blood to carmy oxvgen round the
body. Among other effecis include bronchiiis,
preumonia. irritation of nose and eves.

4 CONTROL OF NOx EMISSIONS

The emission of nitric oxides from diesel
engines is one of the more difficull ones 1o
control. since control techniques normally tend
to increase other emissions or fuel consumption.
It follows, from the preceding sections that good
control of NOx emission can be obfained by
carcful  consideration  of  air-fuel ratios,
combustion and exhaust temperamres and
design features (o reduce the quench zones in a
diesel engine, Other further factors that have to
be considered include: injection rate, injection
timing, compression ratio, used of catalytic
converters and exhaust gas recirculation,



4.1 Exhaust Gas Recirculation 20 2600 rpm
I | |
Exhaust gas reciwculation (EGR) recycled Fuel delivery 75 mm?/cycle
exhaust is an cffective method which can be ’§' '/Aﬁmmm”“w
used to reduce the NO formation rate and & 5 diometen o0 e1
therefore the NOx emissions. The effect is E . NO,
primarily one of reducing the burned gas éf _
temperature for a given mass of fuel and oxygen 5 10
Figure 3. illustrates the cffects of dilution of g 5_
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Figure 4 shows NOx emission and fuel consumption
100 ~ as a function of injection timing for a direct injection
engines [21].
2.1 2;) l.9 l'l 17 0 The curves clearly indicates that as the injection is
Oxygen concentration, vol % retarded from 22 to 15 degrees before top dead
. i ) centre, the nitric oxide drop by a factor of 2, whereas
Fig. 3. Effect of reduction in OXYEER  (he fuel consumption increases only by about 3

concentration exhaust gas on NOx emissions in DI
diesel Bore = 140 mm, stroke = 152 mm, r, = 14,3,
Speed = 1300 rev/min, fuel rate = 142
mny/stroke.injection timing at 4° Before Top Dead
Centre

EGR method is becoming commonly used an indirect
injection engines operated in arcas where emission
controls arc strict. An increase in its usc on
automotive direct injection cngines would be
expected as legislation applying to these engines
become more severe. Unfortunately the use of
cxhaust gas recirculation docs tend to increasc
particulate emissions. This limits the extent of the
EGR which can be applied to about 15 percent. This
limit of recycle will reduce NOx emissions by about
80 percent.

4.2 Injection Timing

Injection timing is one of the most influcntial factors
in nitric oxides emissions. By retarding the injection
timing, useful reductions in nitric oxides emissions
can be achieved for all diesel engines.

percent. For this reason, diesel engines are usually
operated at injection timings slightly retarded from
that which produces best fuel economy.

Indirect injection engines tend to produce lower NOx
emissions because of the more retarded timings
which arc normally used. An indirect injection
cngine's start of combustion can be retarded from the
common 2° Before Top Dead Centre (BTDC) to as
late as 5° Afier Top Dead Centre (ATDC) without a
serious penalty in cconomy. Further retard continues
to reduce nitrogen oxides cmissions but also gives a
rapid increase in hydrocarbon emissions.

43  Injection Rate

Injection rate affects nitric oxides emissions. an
increased rate giving increased emissions. This is
because of increased mixing during the delivery
period which gives a very hot flame when
combustion occurs leading to the generation of larger
quantities of NO. Increased injection rate can be
useful at retarded timings when trading off smoke,
brake specific fuel consumption and nitrogen oxides
emissions. Changing the nozzle hole size can have a




similar effect where a decreased size can produce
smaller droplets which give an increase in premixed
burning vielding higher nitric oxide emissions.

4.4 Air-Fuel Ratio

Any  change which gives higher combustion
lemperatures  gives increased emissions of NOx,
Therefore increasing the air-fuel ratio (decreasing the
fuel-air ratio) gives increased nitrogen oxides.

At high fuel-air ratio the additional fuel tends to cool
the charge, so the localised peak temperatures are
lowered resulting in drop in NOx conceniration,
especially in direct injection engines. With indirect
injection diesel engines, the conditions in the
prechamber tend to be fuel rich and therefore less
MNOx is produced.

4.5 Compression Ratio
Increasing the compression ratio similarly increases

NOx  emissions since it increases the cocle
lemperature. Al the same time however ihe decrease
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in the delay peniod associated with the inerease in
compression ratio allows more retarded timings 1o be
emploved.

The overall result in practice is thus small. Turbo-
charging has a similar effect but inter-cooling can be
used to control NOx at high loads since the reduced
inlet  air temperature leads (0 redwced cycle
lcmperature.

4.6 Catalyst

In the last few wears, several kinds of catalysts have
been developed to reduce MOx in the presence of
oxygen under the operating conditions of the diesel
engings, and a good NOx reduction has becn
achieved.  Currently,  thrée-way  catalysis  are

commercially used on gasoline engines as a means of
reducing nitric oxide in an oxidizing environment,
To effect this the engine has to be operate at a
normally stoichiometric  air-fuel ratio, However,
diesel engines are operated under oxygen rich
conditions and not stoichiomeiric,. Recently, a
platimum ion-exchanged Z5M - 5 Zeolite catalyst (Pt
- £) has been developed and found to be effective in
reducing NOx in diesel engine exhaust with high
oxygen content [22],

The NOx reduction efficiency of 33 percent has been
achicved in normal engine operation al a maximum
activation temperature of 2507 C with this catalyst
[23]. Figure 5 shows the temperature dependence of
the NOx reduction efficiency of a direct injection, 4
cycle. waler cooled diesel engine operaling al a
compression ratio of 18.5.

5 CONCLUSIONS

The major man-made source of nitrogen oxides is the
combustion of fossil feel in power generation and
road vehicles. OF all the oxides of mitrogen, the
significant ones in the context af air pollution are
nitric oxide and nitrogen dioxide,

While the effects of air pollution on materials,
vegetation, and animals can be measured, healih
effects on huemans and animals can only be estimated
from epidemiological evidence which comes from
occupational  exposure 10 much  higher NOx
concentrations than that is exposed to the general
public. All the evidence available suggests that air
pollution, by wvirtuwe of high MNOx concentrations.
threaten environment. human health and well-being
1o an extent that strict control of these polluianis is
TICCCSSATy.
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