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Abstract

The diesel engine currently accounts for 32 per cent of the new passenger car sales in
Europe. In the US, diesel-power 1s responsible for 94 per cent of all freight movement.
Comparing European Stage III standard petrol and diesel passenger car emissions,

diesel NOx emissions are still considered a concern.

This thesis investigates the mechanisms by which oxides of nitrogen are formed during
diesel combustion. It reviews the current methods of controlling NOx emissions, such
as retarding fuel injection timing, exhaust gas re-circulation (EGR), water injection and
exhaust after-treatment. Modelling using a phenomenological model, is used to
demonstrate the extended Zeldovich mechanism and formation trends, the effects of
EGR and the significance of the Zeldovich mechanism rate constants. Modified
Zeldovich rate constants are proposed to improve the correlation to measured data.
Clearly, EGR 1is currently the most effective method of reducing NOx emissions from
passenger car diesel engines. The way EGR works in suppressing NOx formation is

reviewed 1n detail.

Experimentation on a 1.8 litre inline 4-cylinder 4-valve per cylinder DI diesel with a

variable nozzle turbine (VNT) turbocharger was used to demonstrate the concept of
~ "additional” EGR on this small automotive engine. "Additional" EGR is the concept
whereby a proportion of the EGR is added to the total charge, so that the volumetric
efficiency increases as EGR is introduced. By using "additional” EGR, the benefits of
lower NOx emissions combined with reduced particulates emissions and improved fuel
consumption were clearly demonstrated at two test conditions. The reasons for

achieving lower NOx emissions when using a VNT turbocharger and EGR have been

explained.

Finally, several methods of calculating EGR proportion were used and compared

against true mass flow. The use of a CO, balance was found to be the most accurate

method.
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A Frequency or pre-exponential factor (Arrhenius form equation)
E Overall activation energy (J/mole [=0.2388 cal/mole])
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k* Forward rate constant (cm” mol™ s, cm® mol™? s™ )

Reverse rate constant (cm3 mol! s'l, cm® mol? s'l)

Latent heat of vaporization of a fuel (kJ/kg)

k
L
m Mass flow rate (kg/s)
m, EGR mass flow rate to the engine at part load with EGR, at a given

engine speed (kg/s)

me Total inlet charge mass flow rate to the engine at part load with EGR, at
the same speed (kg/s)

Mg Mass of recycled exhaust gas (kg/s)

my Mass air flow (kg/s)

M Molar mass

O, Oxygen concentration of air

O,vz Oxygen concentration before the cylinder

Oz Oxygen concentration after the cylinder

P Pressure (Pa [==N/m2])

Q Heat of combustion per unit mass of fuel (kJ/Kg)

R, R One-way reaction rates

R Gas Constant (kJ/kmol K kJ/kmol K)

R, Universal Gas Constant, 8.3144 kJ/kmol K

S Spray penetration (m)
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St Surface tension (N/m)
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T Temperature (K)

Tt Stoichiometric adiabatic flame temperature (K)
T, Gas temperature far from a droplet (K)
Vas free air volume flow rate to the engine at full load without EGR, at a

given engine speed (m’/s)

V. free air volume flow rate to the engine at part load with EGR, at the same
speed (rn3/s)
Y. Ambient oxygen mass fraction
3 Exponent for temperature in Arrhenius type equation
P Density (kg/m°)
V Kinematic viscosity (m2/s)
Subscripts
e Equilibrium
EGR Exhaust gas re-circulation
f Fuel
fl Flame
g Gas (air)
1 Stoichiometric oxygen to fuel ratio (by mass)
1C Intake charge
noz Nozzle

OX Oxygen
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cal
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Chapter 1

Introduction

The diesel engine is now a true alternative power unit for European passenger cars, from
the small fuel-efficient "sub-B cars" such as the VW Lupo with its 1.2 or 1.4 litre 3-
cylinder diesel, to large luxury cars like the Mercedes Benz E Class with a 184kW, 4
litre V8 diesel. In the mid-sized family car segment, typified by the Ford Mondeo, the
diesel share throughout Europe is 41 per cent. The overall market share of diesel
passenger cars in Europe 1s 32 per cent; in France it is a staggering 48 per cent (Perez,
2000). The total share of diesel-powered cars sold by Volkswagen in Europe is 39.6 per
cent (Anon 2000). During the first half of 2000, BMW stepped up its production of
diesel engines by an impressive 53.8 per cent (Anon 2000). This increase in diesel
proportion is due in part to the improvements in power and torque densities over the
past 8 years, seeing specific power reaching 53kW/litre for modern high speed direct
injection (DI) diesel engines. In addition, the recent achievements in refinement, with
new sophisticated fuel injection systems reducing combustion noise, are giving
gasoline-like in-vehicle noise and vibration levels. This is demonstrated by the
premium luxury manufacturers, the likes of Audi, BMW and Mercedes Benz offering

V38 diesel engines for their top of the range models.

In the US, diesel-powered trucks, trains and boats are at the core of the supply and
distribution network, moving 94 per cent of all freight in the US. Each day diesel-
powered equipment moves 18 million tons of freight. The inherent benefits of diesel
technology — efficiency, durability and safety — have led to diesel's emergence In
meeting future energy and environmental goals. However, there are challenges for the
automotive and diesel industries. In December, the US EPA announced future diesel-
engine emissions regulations for heavy-duty trucks and buses and plans for cleaner
diesel fuel requirements that are unprecedented. The agency claims that heavy-duty
vehicles will run more than 90 per cent cleaner than today's vehicles when the new rules

take effect. The clean diesel engine is clearly a viable technology for the future with the
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addition of cleaner fuels and exhaust treatment systems (Jost, 2001).
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Figure 1.1 UK road transport NOx emissions (Dunne and Frost, 2000)

All mternal combustion engines emit pollutants; carbon monoxide (CO), hydrocarbons
(HC), oxides of nitrogen (NOx) and small particulate matter (Pm) in the exhaust gas.
Figure 1.1 shows a plot of UK road transport NOx emissions from 1970 and projected
to 2025. The effect of EU regulations is dramatic, but still more is necessary (Dunne
and Frost, 2000). Compared to gasoline engines with three-way catalysts, diesel engines
with oxidation catalysts emit less than a third the level of CO and HC, but around three
times the NOx and ten to twenty times the particulate matter. Figure 1.2 shows a
comparison of European Stage Il standard petrol and diesel car NOx emissions under
steady driving conditions at speeds between 25 and 120 km/h. Nevertheless, diesel cars
with particulate filters can match petrol on all emissions except NOx, and are much

better on CO,. Therefore, NOx emissions from diesel cars are still considered a

concern. (Dunne and Frost, 2000).
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Figure 1.2  Petrol versus diesel car NOx emissions (Euro III)

(Dunne & Frost, 2000)

The oxides of nitrogen (NOx) comprise several gases including nitric oxide (NO) and
nitrogen dioxide (NO;). Nitrogen dioxide 1s produced both directly as a primary and
indirectly as a secondary pollutant owing to spontaneous conversion of NO to NO; in
the presence of ozone or oxygen. In the ambient air, NO; is probably the most important
for human health, being an irritant of the airways. Secondly, NOx is involved in the
formation of photochemical ozone, which results from sunlight-initiated oxidation of
volatile organic compounds (VOCs) in the presence of NO and NO,. Ozone is a highly
reactive oxidising agent and is the most irritant of the common air pollutants and
exposure to concentrations commonly encountered in the UK has been shown to
produce inflammation of the respiratory tract. Thirdly, oxides of nitrogen and sulphur
dioxide (SO,) are the main precursors of acid deposition. In the atmosphere, NOx and
SO, react with oxidants to form nitric and sulphuric acids during their dispersal from
sources. These oxidants (OH radical, ozone and hydrogen peroxide) are formed by
photochemical reactions involving NOx and VOCs (Handbook on Air Pollution and

Health, 1997, Fourth Report of the Photochemical Oxidants Review Group, 1997, Third
Report of the United Kingdom Review Group on Acid Rain, 1990).

The automotive industry is taking the lead in developing technologies to reduce
atmospheric pollution from internal combustion engines. Continuing concern about

atmospheric pollution, particularly air quality in urban areas, and the “Greenhouse”
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effect, is driving more stringent emissions legislation for motor vehicles throughout the
world. The lead in legislation is being taken by the EC in Europe, by California in the
USA and by Japan particularly for city areas. However, the underlying priorities appear
to be slightly different between Europe and the USA, as is the method of introducing
new technologies. In Europe, while air quality is obviously of prime importance,
“Greenhouse” gases are considered an important secondary factor and there 1s strong
debate about carbon dioxide (CO;) control. Moreover, the European Commission
(CEC) recognises the importance of light-duty diesels for their low fuel consumption
and CO, emissions. New technologies enabling future standards to be met are

encouraged by fiscal incentives in the form of tax concessions for the owner. In the

USA there appears more emphasis on ozone-forming gases and atmospheric smog
aspects of air quality. Introduction of lower limits, forcing technology, is legislated by
phase-in schedules for the manufacturers. The Federal Environmental Protection
Agency (EPA) and Californian Air Resources Board (CARB) publish future standards

and phase-in schedules much earlier, than in Europe by the EC.

To assist the European Commission in finding cost effective solutions to air quality
issues relating to automotive fuels and vehicles, a tripartite initiative on air quality,
emissions, fuels and engine technologies was set up. This included an “Auto/Oil”
research programme known as the European Programme on Emissions, Fuels and
Engine Technologies (EPEFE), run by the two industry associations ACEA (Association
des Constructeurs Europeans d Automobiles) and EUROPIA (European Petroleum

Industry Association). The EPEFE programme conducted emission tests on

combinations of advanced engines and fuels, to provide data to see what contributions
future technology, in both engine and fuel, may bring to any required improvements in

air quality.

In total, EPEFE examined 12 test gasoline with 16 gasoline powered vehicles and 11
diesel fuels in 19 light-duty vehicles and 5 heavy-duty engines. More than 2000
emission tests were run and over 0.5 million data points were generated. The EPEFE
element of the European Auto Oil Programme and its preliminary report has been

completed. The executive summary was issued to Member States during July 199J.

The Auto Oil study has achieved the following:
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e Replacement of ‘Best Available Technology” by the “Cost Effectiveness” concept in
new European law making.

e Avoidance of a simultaneous incentivisation of both 1996 and 2000 emission levels.

e Recognition by legislators that fuel specification is a factor influencing air quality.

The EPEFE diesel results were unfortunately fairly inconclusive, however, it was
possible to conclude that a future diesel fuel having lower sulphur, density, T95 and
poly-aromatics and higher cetane would be generally beneficial to diesel vehicle
emissions. The programme did however establish a valuable precedent for futu?e co-

operation between the motor industry and both the oil industry and legislators.

The current European Union exhaust emission standard, known as Stage II, was
introduced in January 2000 following analysis of the EPEFE results. It became

mandatory for all new vehicles on 1* January 2001. The test cycle changed for this

standard whereby the 40-second 1dling period before sampling was deleted. The next
phase of legislation, Stage IV is scheduled for 2005. These standards for diesel

passenger cars are shown in Table 1.1 below, (Fraser 2001).

Table 1.1
Tailpipe Emission Standards (g/km) for Diesel Passenger Cars

Stage 11 — 0.08/0.1 *

* IDI/DI

From a diesel prospective the Federal Tier II standards due for model year 2004
represent a severe challenge. Not only does the durability period double from 50,000 to

100,000 miles, but the current diesel NOx waiver comes to an end and the NOx is

reduced from 1.0 g/mile (0.62 g/km) to 0.2 g/mile (0.12 g/km), which at present,
without NOx after-treatment technology, is a formidable task. Additionally, the
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particulates standard is also reduced from 0.2 to 0.08 g/mile (0.12 to 0.05 g/km).

A further series of changes to the European Light Duty Emissions legislation is forecast
for mandatory application from 2008, which will be more stringent than the Stage IV
standards that will become mandatory 1in 2005. Particulate standards are anticipated to
change at 2008, to a level that will effectively mean the fitment of a particulate filter.
Followed by further severe reductions in gaseous emissions at 2010. A further NOx
reduction for diesels to achieve parity with gasoline post 2010 is anticipated. Forecast

diesel fuelled vehicle "Stage V" standards are shown in Table 1.2 below, (C Hosier

2000).

Table 1.2

Forecast European Emissions Standards (g/km) for Diesel Fuelled
Light-Duty Vehicles

HC+NOx
0.30

0.30
0.15

CcO
0.5
0.5
0.5
0.5

NOx
0.25
0.25
0.12

Standard

Stage IV 0.025

2005
2008
2010

2012

Stage V phase 1

Stage V phase 2
0.010

Stage V phase 3

The major emphasis for diesel engine emissions reduction therefore remains focused on
particulates and NOx, but with lower diesel CO standards being proposed, for high
speed DI engines CO now becomes a task that cannot be ignored. While the diesel
industry has technology and is actively working on reduction of particulates, by further
optimisation of the combustion system with even higher pressure fuel injection systems,
variable geometry turbochargers and multi-valve, centralized injection nozzles, there 1s

not the same level of hardware to address NOx emissions from combustion 1n the

engine. There is however, a tremendous effort being put on the development of lean

NOXx catalysts by the automotive and catalyst industries.

Heavy-duty engine manufacturers are now considering exhaust gas re-circulation (EGR)

as a means to reduce NOx for the next regulated level. Stage 4 in Europe reduces the
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NOx standard to 3.5 g/kWh at 2005, and for 2008 there is a further reduction to
2.0¢/kWh. In the US a level of 2.0g/hph (2.7g/KWh) will become effective in October
2002. There has historically been a reluctance to follow light-duty practice in the use of
EGR because of the adverse effect on long-term durability, but the low level of the new

standards means that the use of EGR 1s the only viable option to further reduce NOx

without further worsening of fuel consumption.

Nitric oxide (NO) formation 1s dependant primarily upon local oxygen atom
concentration and temperature. In a diesel engine NO is formed during the combustion
process owing to the relatively high oxygen concentration and high temperatures.

Control of NOx emissions from diesel engines is fundamentally difficult for a number

of reasons, principally;

1.  The high thermal efficiency of diesel cycle is synonymous with high peak
temperatures.

2.  The NOx-particulate trade-off; whereby suppression of NO formation has
the tendency to cause an increase in particulates.

3.  Excess oxygen in exhaust prevents the use of gasoline "stoichiometric three-

way catalyst" technology for reduction of NOKx.

This thesis focuses on the control of NOx emissions from diesel engines, principally by
exhaust gas re-circulation (EGR). Brief reviews of in-cylinder NOx formation and ways
to suppress formation and reduce the engine-out emissions are covered. Exhaust gas

after-treatment for catalysis of NOx is also summarized in the literature survey. The
work contained in this thesis demonstrates "additional” EGR and provides an insight

and explanation of why lower NOx and particulate emissions can be achieved with a

variable geometry turbine turbocharger.
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Chapter 2

Literature Survey

2.1 NOx Formation

2.1.1 Introduction

Nitrogen oxides, nitric oxide (NO) and nitrogen dioxide (NO,), are formed during the
combustion of oil by two mechanisms; high temperature thermal fixation of molecular
oxygen and nitrogen present In the combustion air and secondly, reaction of
atmospheric oxygen with nitrogen containing compounds in the fuel. Both mechanisms
result primarily in NO because the residence time in an internal combustion engine is
too short for oxidation of NO to NO,, even though NO, is thermodynamically favoured

at lower temperatures. NO does, however, oxidize in the atmosphere to NO,, which is a
primary participant in photochemical smog, (Pershing and Berkau, 1973). NO and NO,

are usually grouped together and referred to as NOx emissions.

It has generally been assumed that the thermal fixation of NO occurred according to the

mechanism proposed by Zeldovich (1946).

O+N; & NO+N 2.1

N+0O, &« NO+O 2.2

Lavoie et al (1970) added the third reaction to the mechanism, which is often called the

extended Zeldovich mechanism.

N+OH<sNO+H 2.3

Analysis of the NO formation rate shows an extremely strong dependence on
temperature. This strong dependence 1s due to the high activation energy of the forward
rate constant for equation 2.1 and to the effect of temperature on the O, dissociation

and, hence, O atom concentration. The initial NO formation rate is given by Bowman
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as;

d[NO] 6x10'° 169,090
e e (AKOA

dt " ! 2.4

2.1.2 Chemical Reaction Rates

Chemical processes in engines are often not in equilibrium, such as the flame reaction
zone and pollutant formation mechanisms. Such non-equilibrium processes are
controlled by the rates of the chemical reactions that convert reactants to products
(Heywood, 1988). The rates at which chemical reactions proceed depend on the

concentration of the reactants, temperature and whether any catalyst is present. This

field is called chemical kinetics (Glassman, 1977).

Most of the chemical reactions of interest in combustion are binary reactions, where two

reactant molecules, M, and My, with capability of reacting together, collide and form

two product molecules, M. and My.

M, + M, = M, + My 2.5

An example of this binary reaction is the rate-controlling step in the process by which

the pollutant NO forms, in equation 2.1 above.

This is a second-order reaction since the stoichiometric coefficients of the reaction v,

and vy, are each unity and sum to 2.

Third-order reactions are important in combustion, for example the recombination
reactions by which radical species such as H, O and OH combine during the final stage

of the fuel oxidation process. For example,

H+H+M=H, + M* 2.6

where M is any molecule (such as N) which takes part in the collision and carries away

the excess energy.

Chapter 2 9



In chemical reactions such as 2.1 above, the rate at which product species are produced
and the rate at which reactant species are removed is controlled by concentrations of

reactant species M, and M,. Thus, for reaction 2.1 above, the reaction rate R" in the

forward (+) direction, reactions to products, 1S given by

R* = kK'[M,][M;] 2.7

If the reaction can also proceed in the (-) direction, then the backward rate R is given by
R =Kk [M.][M4} 2.8

k™ and k™ are the rate constants in the forward and reverse directions for this reaction.

The rate constants k, usually follow the Arrhenius form;

k -:Aexp(- E‘“} 2.9

where A is called the frequency or pre-exponential factor and may be a (moderate)
function of temperature; E, is the activation energy and R and T are the gas constant
and thermodynamic temperature, respectively. The Boltzmann factor exp(-Ea/RT)
defines the fraction of all collisions that have an energy greater than E5 . That is,
sufficient energy to make the reaction take place. The functional dependence of k on T

and the constants 1n the Arrhenius form, are determined experimentally.

The chemical reaction mechanisms of importance in combustion are much more
complex than the above illustrations of rate-controlled processes. Such mechanisms
usually involve both parallel and sequential interdependent reactions. The methodology
reviewed above still holds; however, one must sum algebraically the forward and
reverse rates of all the reactions that produce (or remove) a species of interest. In such
complex mechanisms it is often useful to assume that (some of) the reactive
intermediate species or radicals are in steady state. That is, these radicals react so
quickly once they are formed that their concentrations do not rise but are maintained in

steady state with the species with which they react. It follows that the net rate at which
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their concentration changes with time 1s set equal to zero (Heywood, 1988).

2.1.3 Formation of NO in Diesel Engines

Since the overall rate of NO formation by the thermal mechanism generally is slow
compared to the fuel oxidation reactions, it is often assumed, following the suggestion
of Zeldovich, that the thermal NO formation reactions can be decoupled from the fuel
oxidation process, (Miller and Bowman, 1989). The process of NO formation under
conditions prevailing in internal combustion engines, based on previous studies, will be

governed primarily by the following reactions (Lavoie, Heywood and Keck, 1970):

N+NO e N,+0O+75.0 k;=2x 10" 2.10
N+0O, o NO+0O+31.8 ky=2x 10 ™ VRT 2.11
N+OHeoe NO+H+ 394 ky=7x 107! 2.12

H+N,OesN,+OH+624 ky=5x 1071 g 1OBRT 2.13
O+N,Oe N +0, +79.2 Ks=6x 10 g2HORT 2.14

O+ NJOeNO+NO+364 ke=8x 1071 24T 2.15

where the exothermicities of the reactions (75 in the first reaction, etc) are in kcal, the
exothermic rate constants k;, are given in cm’ per sec and the activation energies are

given in kcal. The rate constants are taken from Scofield (1967) for reactions 2.10,
2.11, 2.13, 2.14 and 2.15, and from Campbell (1968) for reaction 3. Lavoie et al, did

not consider the very slow reaction 2NO < Nj + Os.

The Zeldovich mechanism for NO formation (Zeldovich and Raizer, 1966), shows that

the rate of NO formation rises exponentially with temperature:
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dNO) . (E _
= exp(-—-— A?T) E/R =123,000 deg R 2.16

where the activation energy, E, 1s derived from the activation energy of the controlling

reaction, O + N; - NO + N, and the O, dissociation energy. This illustrates that the

NO formation process is extremely sensitive to the local flame temperature.

Some researchers have proposed that the formation and destruction of NO in diesel
engines occurs via the so-called "N,O mechanism" (Maite and Pratt, 1974; Polifke et al,

1995 and Mellor et al, 1998). This is reviewed in Chapter 4.

Flame Temperature

The flame temperature, at the tflame front where most of the NO is most likely to be

formed, can be written [Williams (1965)]:

TﬂE( "%I[?&LJY:{"TJ 2.17

where,
Cp = specific heat (at constant pressure) of the gas
Q = heat of combustion per unit mass of fuel
L. = latent heat of vaporization of the fuel,
Y. = ambient oxygen mass fraction
i = stoichiometric oxygen to fuel ratio (by mass)
To = gas temperature far from a droplet.

Cp, Y. and T, will depend on the proportion of EGR.

The importance of oxygen mass fraction, intake air temperature and specific heat
capacity, on flame temperature, and hence NO formation, can be seen from the above

equation. The flame temperature being proportional to oxygen mass fraction and intake
air temperature; and inversely proportional to specific heat. All of these parameters will

be influenced by EGR. Addition of EGR will reduce flame temperature and hence NO
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formation, (see later section on Effect of EGR).

Sawyer et al (1973) argued that nitrogen oxide is mainly formed in stoichiometric
regions of mixture in gas turbine type combustors; therefore NOx emissions should
correlate with stoichiometric adiabatic tlame temperature. They plotted In (EINOx)
versus 1/Ts and obtained an apparent activation energy of 136,000 cal/mole. This value
is close to that given by the extended Zeldovich mechanism, for the case where the NO

decomposition reactions are omitted for steady-flow combustors, which yields 134 630

cal/mole (Plee et al 1981).

Plee et al (1981), experimented with an IDI diesel to examine the effects of flame
temperature and chemical kinetics, without significantly affecting the air-fuel mixing
process, by adding various quantities of O, and N, to the intake charge. The effect of
increasing the oxygen concentration in the intake air was to rapidly increase the NOx

emissions, at the three speeds tested. Various combustion chambers tested also showed

similar trends.

Plee et al also argued that the majority of the NO production in diesels is expected to
occur near the stoichiometric reaction zone, since only in these regions will the
temperature be sufficiently high. The authors plotted the NOx emission index (EINOX)
versus the inverse of the stoichiometric flame temperature (1/Ty), at constant fuelling,
The linear correlation of In(EINOx) with 1/Ts indicated that the effect of Oz or N;
addition on NOx is a flame temperature effect, which could be correlated with a simple
Arrhentus expression, which gave an overall activation energy of -76 858 cal/mole (E/R
= -38 700). The apparent activation energy obtained by these authors, was considerably
lower than that derived for steady-flow combustors, but larger than that predicted by

NO equilibrium. Plee et al, put forward several reasons for the difference 1n apparent

activation energy between steady flow combustors and their diesel correlation;

1. The O-atom is not in equilibrium

2.  The computed flame temperature 1s not representative of the actual process.

3. NO decomposition is important.

Ahmad and Plee (1983) examined the influence of flame temperature on NOX,

particulate and hydrocarbon emissions from a single cylinder light-duty DI diesel
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engine. The results indicated that for all loads and speeds tested, oxygen enrichment of
the intake air increased NOx emissions, while it decreased gas-phase hydrocarbon,
particulate carbon and volatile emissions and reduced ignition delay. Opposite emission
trends were observed with addition of N, and EGR, both of which deplete the intake
oxygen concentration. The effect of intake air composition on emissions was correlated
with diffusion flame temperature. The authors selected the stoichiometric adiabatic
flame temperature evaluated at TDC conditions to represent this characteristic
temperature for the IDI, whilst for the DI the temperature at TDC conditions and at peak
cylinder pressure were evaluated. The results agree with the expectation that an
increase in diffusion flame temperature will increase the rate of NOx formation, as well
as the rates of particulate and hydrocarbon oxidation, giving the characteristic

NOx/particulates trade-off, whereby NOX increases and particulates and HC decrease

with Tr.

Pundir et al (1985) attempted to relate NO emissions with a charge description that
could probably exist in the combustion chamber of a liquid-fuelled SI engine. They
make the point that during combustion of a homogeneous charge, elements burning
early in the cycle attain the highest temperature and also have the largest residence time.
Consequently, those burning first contribute most to NO emissions. In the case of a
non-homogeneous charge, however, if the elements burning first are fuel rich, although
these will attain relatively high temperature after combustion owing to a lack of oxygen,
their contribution to NO emissions may not be very high. On the other hand, if
elements burning first are slightly leaner than stoichiometric, their temperatures after
burning will be relatively low, but due to availability of oxygen, their contribution to
NO emissions could be large. The elements contributing most to NO emissions will
depend on the mixture strength distribution in the combustion chamber and the instant
at which these burn in the cycle. Also, an element that burns at a given instant in
successive cycles, would make a varying contribution to NO emission in different
cycles as its mixture strength will be different from one cycle to another. The authors

studied these two effects of non-homogeneity of the charge on NO emissions by means

of a combustion model and kinetic calculations of NO formation.

Oxygen concentration

The Zeldovich reaction mechanism postulates that NO formation only starts if atomic
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oxygen is available. Only the oxygen atom is able to split up the strongly bound N,
molecule at temperatures below 3000K. The thermal decomposition of N; to N begins
at temperatures considerably above 3000K. The source of O is a two-step thermal
dissociation. The dissociation of CO; to O, and CO and of H,O to O, and H; in the first
step is called primary dissoctation. The dissociation of O; to O is the second step. The
dissociation equilibrium moves to higher O concentrations at higher temperatures
leading to more NO formation. An increase in the combustion products CO, and H,O

leads to an increase in dissociation products and therefore to higher NO formation,

(Ropke et al 1995).

Ropke et al (1995) studied the effect of oxygen concentration on NOx emissions from a
1.9 litre DI diesel engine. The O, concentration was changed from 21 to 12 per cent by
adding up to 9 per cent N, The side effects of the additional N, were considered

negligible. The NOx concentration was found to decrease exponentially as the O; level

was reduced from 21 to 12 per cent.

lida and Sato (1988) found that nitrogen oxides increased exponentially with increasing
oxygen concentration when they experimented with a single cylinder high-speed direct
injection diesel engine with variations in the intake oxygen concentration, ranging from
21 to 25 per cent (by volume). Stoichiometric flame temperature was calculated
utilizing the computer program developed by Olikara and Borman (1975) with initial
conditions evaluated at top dead centre. Calculated stoichiometric adiabatic flame
temperature estimated at top dead centre increases with oxygen concentration. Iida and
Sato claimed that the linear correlation of the NOx emission index (EINOx ), In(EINOx)
with the inverse of the stoichiometric flame temperature indicates that the effect of
oxygen addition on NOx is a flame temperature effect, rather than a result of changes 1n
oxygen concentration, although why this should be so is not self evident. This
argument emphasises the thermal rather than chemical effect and hence the importance

of local temperature on NOx formation. The correlation with stoichiometric flame

temperature yielded an overall activation energy of -143,000 cal/mole for the processes.
A number of experimenters (Sawyer et al 1973, Plee et al 1981, Ahmad and Plee 1933,

lida and Sato 1988) correlated the NOX emissions index with the inverse of

stoichiometric flame temperature using an equation of the Arrhenius form, similar to the
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following expression;

El = Cpix exp ( E/RTy¢) 2.18
where
EI = emission index (g pollutants/kg fuel)
Cnix = factor which depends on flow characteristics
E = overall activation energy (cal/mole)
R = universal gas constant (cal/mole-K)
T = stoichiometric adiabatic flame temperature (K)

By plotting In(EINOx) versus 1/T¢, a linear characteristic can be demonstrated, giving a

slope of E/R, from which the overall activation energy can be determined. Table 2.1

lists the data from these references.

See also Section 2.3 NOx Reduction by EGR, for further information on effect of

oxygen concentration on the formation of NO.

Table 2.1

Overall activation energy derived from flame temperature correlation

Reference Engine Type Overall Activation Energy

(note 1) cal/mole (note 2)
-136 000

-152 486
-144 606
-144 606
-139 090 (note 3)
-143 000

steady-flow combustor

IDI
0.52 L. single cylinder IDI

0.72 L single cylinder IDI
0.52 L single cylinder DI
1.11 L single cylinder DI

Sawyer et al, 1973
Plee et al, 1981
Ahmad et al, 1982
Ahmad et al, 1982
Ahmad and Plee, 1983
Iida and Sato, 1988

Note 1: E in equation 1.18
Note 2: 1 cal/mole = 4.187 J/mole

Note 3: based on temperature at peak cylinder pressure
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Engine design and operating parameters

Wilson, Muir and Pellicciotti took exhaust measurements of NO, soot and HC from a
2340 cc single cylinder diesel engine. Direct injection and pre-chamber configurations
were assessed, as well as changes to compression ratio, swirl, thermodynamic state of
the intake charge and fuel injection parameters. The main trends were:
e the pre-chamber gave lower NOx with higher fuel consumption
e increased volume ratio with pre-chamber engine gave increased
NOx but reduced soot (note that volume ratios used here were 15
to 35 %, whereas modern light-duty automotive diesels with Ricardo
type swirl chambers are typically 50%)

e ascompression ratio was increased, NOx increased.

On the effect of load, they found that NOx peaked at an equivalence ratio of 0.3 for both
DI and IDI. The characteristic reduction in NOX by injection retard for DI was evident,
for example, 10 degrees giving approximately 50 per cent reduction in NOX, this was
most pronounced at high loads. With the IDI a minimum NOx emission occurred at 4
deg BTDC, this was reviewed with other data and found to be peculiar to their test
engine. The effect of engine speed for the DI engine was to reduce NOx with
increasing speed. The pre-chamber NOx emissions behaved in the opposite way,

Increasing with engine speed.

Plee et al (1981), found that for the IDI engine they tested, any modification to the
mixing process that lowered NOx also increased CO, and the addition of O, or N

shifted the trade-off, as it did for the NOx - particulate trade-off.

Ahmad and Plee (1983) found that for NOx emissions, the flame temperature

dependence was not affected by engine type since NOx formation always occurs in the

flame zone and any effects of mixing are secondary. The authors concluded that the
overall activation energy for NOx from the DI engine was nearly the same as for the IDI

engines, indicating that the NOX kinetics are insensitive to the combustion chamber

geometry.

Duggal, Priede and Khan (1978) used a fast acting water-cooled gas-sampling valve

located in the swirl chamber of a single cylinder indirect injection diesel engine. The
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sampling valve could transverse horizontally across the chamber on the centre line,
moving from the outer wall, downstream of the injector, to the centre. Fuel was injected
through a single hole nozzle. The NO concentration profiles showed two peaks
separated by a period of swirl revolution. The first peak rose rapidly following ignition,
to reach a peak in 3 milliseconds and then fell gradually. The second peak was found to
be considerably higher than the first. This, the authors attributed to increased air

entrainment within the reaction zone, which increased the NO formed.

Aoyagi et al (1980) conducted in-cylinder gas sampling in a DI engine with
measurements of local equivalence ratio and flame temperature. NO formed in the early
and middle combustion periods where flame temperature and pressure were high.
Temporal and spacial distributions of NO concentration became maximum when the

local equivalence ratio decreased to 1.0 after which the concentration decayed over the

next 30 to S0 degrees crank angle to the “frozen” exhaust level of between 1/3 to 2/3 the

peak level.

2.1.4 Extended Zeldovitch Mechanism Rate Constants

Heywood (1988) explained in detail the solution of the extended Zeldovich mechanism
(equations 2.1 to 2.3, Section 2.1.1). Knowledge of the rate constants is necessary for
the estimation of the production rate of NO through this mechanism. Table 2.2 lists the

data required for the calculation of the rate constants for the forward reactions, while
Table 2.3 gives the corresponding data for the reverse reactions in the mechanism.

Each rate constant can be calculated from the following equation:

k = AT exp(-E/RT) 2.19

where the value of A,p and E/R are given in the Tables and T is in Kelvin.

Baulch, Drysdale and Horne, of the Department for Physical Chemistry, University of
Leeds, published “Evaluated Kinetic Data for High Temperature Reactions” in 1973.
The UK Government Department of Education and Science supported this work. This
work provides a comprehensive tabulation of reaction rate data, which is critically

analysed and recommends reliable values for the rate parameters. Volume 2 covers
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homogeneous gas phase reactions of the H,-N»-O, system. Hanson and Salimian’s
Survey of Rate Constants in the N/H/O System, in Combustion Chemistry, edited by

Gardiner (1984) is another, more recent, widely used reference in this field.

Rate constants for the extended Zeldovich mechanism have been determined
experimentally, or calculated by a number of researchers. These are listed in Table 2.2
for the forward reactions and in Table 2.3 for the reverse reactions. So far as the author
1S aware, a comprehensive list of the rate constants, with more recent references, has not
appeared in the open literature previously. Graphs of these rate constants are plotted in

Figures 2.1 to 2.6 in the form log k versus 10* T,
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Table 2.2

Extended Zeldovich mechanism rate constants

I e -5
Range
Baulchetal 1969 | Oy N,oNaNO | 136x107 ] 0 | 38000 |
Baulchetal 1993 | 0+ N,5N+NO | 759x 107 | 0 | 38000 | 2000 4000
Harrisetal, 1976 | O+N,—»N+NO | 1.82x 107 [ 0 | 38000 |  2120-2480
Blauwensetal, 1977 | O+N,N+NO | 6.03x10” [0 [ 38000 [  1880-2350
O+ N, ON+NO | 1.82x 10" | 0 | 38370 | 2380-3850
Seery & Zabielski, 1980 | O+ N, 5N+NO | 178x10° | 0 | 38370 | 21202230
Hanson & Salimian, 1982 | O+ N >N+NO | 1.82x 107 0 | 38370 | __2000-4000
18+ 107 | 0 [ 38433 | Notsawed
THeywood 1988 | O+ N, SN+NO | 7.6x10° | 0 | 38000 | 2000-5000 |
O+N; »N+NO | 1.58x 10" | O | 38031 |  1200-2000 |
 Melloretal, 1998 | O+N,>N+NO [ 1.63x 10" | 0 | 38095 |  2000-2800
N+O,NO+0 | 199x107] 0 | 3122 | 400-520
Kaufman & Decker, 1959 | N+0,5N0+0 | 181x 107 | 0 | 3912 | __1500- 1700 .
Clyne & Thrush, 1961 | N+0,oN0+O | 843x107 [ 0 | 3575
"Mavroyannis & Winkler, 1961 | N+0,5N0+O_| 229x 107 | 0 | 297
Wray & Teare, 1962 | N+0,5NO+0 | 334x10° | 0 | 0 | 5000
Kretschmer & Peterson, 1963 | N+0,oN0+0 | 50x10° [ 0 | 0 | 3%
[52x107 | 0_| 3924
148 x 10
643x 10
Baulchetal, 1973 | N+0,oNO+0 | 64x10° | T | 3150 | 300-3000
Bitker & Scullin, 1984 | N+0,>NO+O | 64x10° | 1 | 3150 | Notstaied
Hanson & Salimian, 1984 | N+0,5N0+O | 1.6x10° | 1 | 4470 | Notsted
Heywood 1988 | N+0,5N0+0 | 64x1<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>