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ABSTRACT

Nitrogen oxides (NOy) poses a direct threat to human health during peak pollution
and 1s mainly emitted from vehicles powered by spark ignition (SI) engines, especially
in which liquid fuel is used such as gasoline, and is mostly responsible for air pollution,
therefore, this destructive phenomenon of the environment must be addressed and
reduced by improving the performance of spark-ignition engines.
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In this paper, the focus was on the emissions of nitrogen oxides (NOy) from the
spark-ignition engine, a computer program was developed using a FORTRAN
language, the simulation based on the thermodynamics relations of piston internal
combustion engines, so the aim of the present paper intends to study the performance
and emission rates of a spark-ignition engine (Single-cylinder high-speed engine was
selected from previously published research in order to make some comparison and
verification of the results of the simulation) by changing some of operating conditions
of the engine. The formation of nitrogen oxides (NOy) have been investigated under
different conditions; including the effect of the intake air temperature (T;) naturally
aspirated into the engine cylinder, the effect of the ignition timing (0;;) of the spark
plug, and also the effect of the equivalence ratio of air to fuel (¢p) on the formation of
nitrogen oxides. The results showed that the intake air temperature (T;) has a strong
effect on the reduction of nitrogen oxides (NOy) formation when the intake air
temperature decreased from 350K to the temperature of 283K, the emission of nitrogen
oxide decreased by about 20%. Also, the spark ignition angle has a strong effect on the
formation of NOy, that is because of the high temperature of gases produced from the
combustion inside the cylinder, in this case, an early spark ignition angle may not
provide a good performance of the engine because of occurring the maximum pressure
in the cylinder at the top dead center (TDC), which causes a decrease in thermal
efficiency, high temperature, and a decrease in power. Also, the ignition angle delay
causes a drop in the maximum pressure inside the cylinder at a very late angle After Top
Dead Center (ATDC). The results show that by changing the ignition from 40° to 20°
Before Top Dead Center (BTDC), the formation of NOy decreased by 74%. The effect
of air-fuel ratio, on the formation of NOy, significantly decreased on the formation of
NOyx when the engine was operated with a very lean mixture because the temperature of

the gas at very lean is very low. Nitrogen oxide formation decreased from ¢ =
0.85tod = 0.6 by 96%.

KEYWORDS: Air Pollution; NOx; Spark Ignition Angle; Ignition Timing; Air to fuel
Ratio.

INTRODUCTION

Pollutants are all biological, physical, or chemical variables that are released into
the environment through engine emissions, especially fossil-fuel heat engines, which
generates many toxic gases, including carbon dioxide, carbon monoxide, nitrogen
oxide, Sulphur oxide, and unburned fuel, and also acid rain. Acid rain is one of the
polluting causes of air due to the high emission of heat engines of Sulphur oxide SOy
and NOy in the atmosphere, through the chemical reactions of these environmentally
stable oxides, H,SO4 and HNO; are produced. Acid rain can cause significant damage
to the earth's environment such as water, fish, and even humans.

In this paper, the focus will be on the heat engine of the type of spark-ignition
engine, through mathematical simulation based on thermodynamics relationships to
improve engine performance and reduce its NO, emissions into the environment.

Many previous researches were done by studying and analyzing engine
performance, and its emissions, including experimental and theoretical studies. Most
studies have focused on designing a geometry of combustion chamber to improve
engine performance and reduce environmental pollution, and some research concerned
about controlling some different engine variables, such as valve timing and ignition
timing, fuel ratio, and compression ratio, etc. reference [1] studied an experimental test
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for a spark-type engine using two commercial software for modeling to control engine
performance, several laboratory experiments were conducted in their investigation, in
terms of pressure, and temperature inside the cylinder as function of the engine crank
angle at different engine speeds had been recorded. This reference is used to compare
the results of mathematical analysis in this paper of the pressure and temperature of
gases in the cylinder as a function of crank angle with the same engine specifications.

For spark ignition (SI) engines, a common approach to reduce engine-out
emissions and fuel consumption by application of diluted combustion. This concept is
based on the addition of air or combustion residuals to the stoichiometric air to fuel
mixture. Most of the researches changed the ignition time and adjusting valves timing,
the results in their study showed a decrease in fuel consumption but also caused an
increase in NO, emissions, so it requires some treatment to the system to reduce NO,
emissions as much as possible [2], also the Miller Cycle has been used to reduce the
emissions of NO, from the spark ignition engines. The Miller Cycle shows good results
in the reduction of NO, with slight loss of engine power when operating the engine at
Maximum load compared with an Otto-cycle engine [3].

The use of natural gas fuel in spark-ignition engines has also contributed
significantly to improved engine performance as well as a significant reduction in
emitted pollutants. Many research have focused on this type of study, by improving
performance and reducing NO, emissions of the engine. When natural gas is used as an
alternative fuel, it allows for an increased compression ratio without the occurrence of
the knocking phenomenon. The engine is also operated at an equivalence air fuel ratio
from 0.95 to a very low level of lean mixture compared to the use of gasoline liquid
fuel. The NOy levels increase with increasing compression ratio, and engine speed on
the lean side. Retarding spark timing reduced the NO, levels highly at the lean side, and
the maximum formation of NO, at A/F ratio at the rich side. NO, levels increased with
compression ratio increase at fixed spark timing operation, but when an optimum spark
timing was used the compression ratio impact was reversed to the spark timing effect
[4].

Some researchers describe the results of the thermodynamic evaluation of
methanol as dedicated alternative fuel for gasoline based spark-ignition engines. The
investigations have been done for the octane demand of the engine for methanol under
variable load and rated speed conditions. The thermodynamic results showing the lower
octane demand of the engine for methanol implies that gasoline operated spark ignition
engine needs changes in its design in order to operate gasoline spark ignition engine by
using methanol fuel, the change in its design is needed for better performance. They
concluded that there is a good possibility of using alternative sources of fuel such as
Methanol as a spark-ignition engine fuel, the higher compression ratio will help in
reducing the gap between the performances of this engine under gasoline and methanol
modes. Their results were also generated for comparative CO, HC, and NO, emissions
characteristics of the engine [5].

Gong. et, al [6] use the classical extended Zeldovich mechanism, and N,O
pathway for the NO, formation mechanism is employed as the chemical mechanism in
the model. Their results show in the model that the air-fuel mixing and inhomogeneity
of the charge. Since the temperature has a dominant effect on NO, emission, a flame
temperature correlation was developed to model the flame temperature during the
combustion for NO,. The effects of fuel injection timing, injection pressure, spark
timing, overall engine Air Fuel Ratio(AFR), and intake air temperature on NO, emission
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was examined, and well captured by the model. A comparison of all the NO, emission
data with the model indicates that the NO, model is a good predictive tool for NO,
emissions in spark ignition direct injection (SIDI) engines.

In this paper, simulation has been developed based on the book titled "Internal
Combustion Engine Applied Thermodynamics" by C.R. FERGUSON [7] for studying
the effect of the three variables of spark ignition engine on the engine performance and
emissions using Zeldovich mechanism. These variables are: first; the temperature of the
air surrounded the engine which will be entering into the cylinder, second; ignition
timing of the spark, and third; the air to fuel ratio.

MATHEMATICAL MODEL OF THE ENGINE PERFORMANCE AND NO,
EMISSION

Design parameters that substantially affect the value of NO, are calculated based
on the book "Internal Combustion Engine Applied thermodynamics" By
C.R.FERGUSON, WILEY & SONS (Ferguson. 1986) [7]. The governing equations of
this simulation program for combustion process are applied on the combustion chamber,
and the combustion model is done based on the energy conservation equation given by:

du dm_d_Q_ d_V_Tf’lihi
md9+ud0 T de de w (1)

The specific internal energy of the system is given by:
C =, +(1-x)
u=—=xu,+(1-x)u, 2
" b (2)
The specific volume of the system is given by:
v=—=xv, +(1—x)v 3

The relation between v, T, and P is:
For burned gas:

vb:vb(z—['np) (4)
For unburned gas:
v, =v,(1,,P) (5)

Differentiating Eqn. (4) & (5) with respect to crank angle:
dv, ov, dT, v, dP

d0 T, do ' oP do ©
dv, ov, dT, ov, dP

— + (7)
d0 ~ OT, d0 ' oP do

From the thermodynamics relations of gausses of piston and cylinder arrangement and
after a series of integrations and derivations, we summarize the equations as follows:

\(dv Ve
1 8
am(dfw) ®)
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dh. Cm
S=—|(1=x%)h +x7h
aw_dv
40" do (18)
The heat into the system, the first term on right - hand side of eq. (1):
d_Q _ _Qb_Qu
ao W (19)
Qb = HAp(Tp — Tw) (20)
Qu = HA (T, — Tw) (21)
7.B> 4V
_ i 22
A, ( > Bj\/; (22)
n.B> 4r
Au:( : +?j(1—«/¥) (23)

The formation of nitric oxide (NO):
The formation of NO, in a piston engine is more complex because it is dependent on a
series of reactions such as the Zeldovich mechanism:
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ki
N +NO <k:>_ N, +0 (24)
1

k 5

N+0,<> NO+O (25)
k5
k;

N+OH < NO+H (26)

ks
k., k; are the forward and reverse rate constants.

The balance equation for NO is:

d(NO S
Q:Z(l—ﬁz)—‘ (27)
dt S,
1+ p
S, +85,
Where:
B = [[]i/vOO]] ===> NO concentration divided by the equilibrium NO concentration.

S; is the rate of forward reaction.
S; =k, [NOJ. [N].
S: =k, [04]e NI

S; =k [OHJ. [N].
The square brackets / / means the Concentration, and [/ /. is the Equilibrium
concentration.
The strong temperature dependence of the NO formation rate can be demonstrated

by considering the initial values of d[NO]/dt when [NO]/[NO].<< 1 then from eq. (27)
d[ NO] . _

dl = 2Sl = 2kl [N]e[NO]e = 2kl [O]e[NZ ]e (28)
The equilibrium oxygen concentration is given by:

1

07, - Xpo)10: 12 (29)
(RT)?
K, 0)1s the equilibrium constant for the reaction ==>5 0,=0
And given by:
K, =36x10° exp(MjP; (30)
r(0) T

. k
R is the gas constant [—]]
kgK

P is the pressure in [atm].
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T is the temperature in [K]

The initial NO formation rate is:

d[NO] 6x10" . {—69.090} 1
== "! 01 : N\
i T 12N, ],

1
o (31)
The strong dependence of d[NOJ/dt on temperature, high temperature, and high
oxygen concentrations result in high NO formation rates, then the formation rate of NO
is a function of air/fuel ratio. Also, the formation dependent on the time of reactions that
means the high flame speed will reduce the NO, formation, maximum flame speed
occurred at the stoichiometric ratio of the mixture (¢p = 1).

SULTS AND DISCUSSIONS

The internal combustion engines “spark ignition type" are among the main engines
used in different fields, such as transportation, and also is one of the most important
sources of environmental pollution of air from carbon dioxide (C0,) and nitrogen
oxides(NO,). Therefore, it is necessary to improve its performance and reduce its
polluting emissions, especially toxic ones such as nitrogen oxides(NO,,). In this paper,
high-speed four-stroke engine is selected from previous research [1] to study
environmental pollution causes from the emission of (NO,) which emitted from an
engine with the following specifications as shown in Table (1):

Table 1: Engine input data parameters

Parameter Data

Compression ratio R 10

Bore B 10 [cm]

Stroke S 8 [cm]

Connecting rode length L 16 [cm]

Engine speed N 2000 [rpm]

Intake Temperature T; 350 [K]

Wall temperature T, 420 [K]

Intake pressure P; 1 [bar]

Combustion duration 60 [Deg]

Equivalence ratio @ 0.8

Air Fuel ratio 147 kg air/kg

Ignition timing 35 [Deg] BTDC

Fuel CsHig

The Expected output of the calculation is the following relations:
1- | Burned gas temperature as a function of crank angle (T, — 9)
2- | Unburned gas temperature as a function of crank angle | (T, — 6)
3- | Average Temperature as a function of crank angle (T, — 0)
4- | Pressure as a function of crank angle (P—06)
5- | NO as a function of crank angle (NO, —0)
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Engine performance parameters:

6- | Thermal efficiency Nen
7- | Indicated mean effective pressure imep[MPal]
8- | Total amount of Nitric Oxide per cycle | NOx[PPM]

By using the equations described in the mathematical model section, the results
were divided into three parts, the first part: study the effect of the air intake temperature
on engine performance and the formation of (NO,), the intake air temperature that
means the air temperature entering into the cylinder, where the air in the cylinder is
charged using naturally aspirated. The second part: study the effect of the spark ignition
angle on engine performance and (NO,) formation. The third part: study the effect of
air-to-fuel ratio (A/F) on the formation of(NO,.).

Before studying the effect of the intake air temperature, timing ignition, and air to
fuel ratio on the NO,, the engine performance should be identified. The engine data
chosen from reference [1] was selected to be entered into the mathematical model

program for comparing and verification of the results produced at intake air temperature
(Ti=350 K).
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Figure 1: Comparison of Pressure of gases, burned and unburned temperature of gases,
and the average temperature of gases in the cylinder as a function of crank
angle(0), left-hand side sub-figures (A, C & E) for this paper and-right hand
side sub-figures (B, D & F) for reference [1].
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Figure (1) shows a comparison between the results of the engine chosen from
reference [1] and the results of the mathematical analysis used in this paper. The sub-
figures (A, C, and E) on the left hand side of Figure (1) illustrate the results of this
paper, while sub-figures (B, D), and F on the right hand side of Figure (1) illustrates the
results in reference [1]. These results compared the relationship of the pressure of gases
in the cylinder with the angle of the crankshaft shown in sub-figures (A and B), and the
temperature relationship of both burned and unburned gases in the cylinder with the
angle of the crankshaft shown in sub-figures (C and D), and the relationship of the
average temperature of the gases inside the cylinder with the angle of the crankshaft
shown in sub-figures (E and F). Also Figure (1), shows that the results of simulations of
reference [1] and this paper simulation are almost the same. Due to the importance of
the direct effect of the temperature inside the cylinder on the formation of NO,
emissions, these relationships must be first ascertained it is compatible with previous
studies.

A - Effects of the intake air temperatures.

In order to evaluate the performance of any piston internal combustion engine, the
indicated mean effective pressure (imep) must be known, through which the thermal
efficiency and indicated power of the engine is calculated. As it is known that the
indicated power and thermal efficiency are directly proportional to (imep), there are
several factors affecting the indicated mean effective pressure, including variable
parameters such as the intake air temperature, the air fuel ratio and the timing of the
ignition with fixed parameters such as the dimensions of the engine geometry, and
compression ratio.

Figure (2) presents the relationship of the effect of the intake temperature of the
air on the indicated mean effective pressure (imep). Air temperatures have been
changed from 10°C, which is cold to 77°C, which is hot (inlet air temperature of the
selected engine from ref [1] Ti=77°C). It is clear from the results, that the air
temperature of the environmental has a strong effect on the imep of the engine, where
the effect of intake air temperature on the imep is an inversely proportional relationship,
the indicated mean effective pressure (imep) increased by 27.5% when the intake air
temperature decreased from 77°C to 10°C.

1.2 | G
ey

imep [MPa|

0 10 20 30 40 50 60 70 30
Intake Temperature [°C]

Figure 2: Indicated mean effective pressure (imep) as a function of the intake
temperature.

Figure (3) shows the effect of the intake air temperature on thermal efficiency. From
results the thermal efficiency at low air entry temperature of 10°C is increased by about
3% compared with air entry temperature of 77°C.
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Figure 3: Thermal efficiency (7,,) as a function of the intake temperature.

Formation of the NO, depends on the temperature of the combustion process and
is not formed at low temperatures. Therefore, the combustion temperature is the design
key to control the amount of Nitrogen Oxides (NO;) formation, and the temperature of
combustion inside the cylinder is very sensitive by changing the intake air temperature
into the cylinder. The higher air entry temperature led to a higher combustion
temperature in the cylinder, causing NO, to form in greater quantity.

Figure (4) shows the effect of the intake air temperature on NO, formation during
compression and power strokes, it can be seen that the NO, formation process starts
from the beginning of the ignition time to the maximum temperature of the gas inside
the cylinder, which occurs after the top dead center with a very small crank angle,
which is about 18 [deg] ATDC in this case.

8000 -
7000~ =
6000~ /=

E. - 3000 —Ti =283 [K]
S : —Ti =293 [K]
Z| 3000 — s
—Ti =323 [K]

2000 —Ti =333 [K]

' -Ti =343 [K]

1000 Ti =350 (K]

-180 -150 -120 -90 -60 -30 O 30 60 90 120 150 180
Crank angle [Deg]
Figure 4: NO, emission as a function of the crank angle at different intake temperature.

Also, from Figure (4), it can be seen that at the highest air entry temperature (350
K) was formed the largest amount of NO,, and has been noted that NO, is not formed
before the ignition angle (-35) because the temperatures are very low, only the
formation begins after the ignition angle, in the presence of combustion process. Figure
(5) shows that the formation of NO, decreased by 20% when the intake air temperature
dropped from 77°C to 10°C.
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Figure 5: NOy emission as a function of the intake temperature.

B - Ignition timing effects

Ignition timing is one of the most important parameters in controlling the
performance of the engine and its emissions “Specially polluting gases”. In this paper,
the effect of the ignition timing on pressure, temperature, and formation of NO, gases
inside the cylinder was studied. The ignition timing angle of the spark ignition engines
is very sensitive because it has a direct impact on the performance of the engine, its
emissions, and also the maximum pressure (Pmax) of gases inside the cylinder. The
timing of the ignition on this type of engines for different conditions of operation such
as speed, load and others, are usually between 5 to 20 degrees of crank angle (CA) after
top dead center (ATDC). The maximum pressure (Pmax) of the gases inside the
cylinder is presented due to excessive delay of ignition timing angle, which causes a
drop in the mean effective pressure, and resulting in a decrease in thermal efficiency
and indicated power. At very early of the ignition timing that will cause a maximum
pressure very close to the top dead centre and sometimes at the TDC, which causes a
major problem such as the phenomenon of knocking on the piston and cylinder wall, the
excessive temperature rises, with a significant reduction in power and thermal
efficiency, and increases in NO, formation in the emissions, which cause a damage of
the engine or reduction of its life. So it’s important to choose the suitable ignition
timing for the best engine performance and also less NO; in the emissions.

Figure (6) shows the pressure inside the cylinder as a function of crank angle at
different ignition timing. The combustion time in the cycle is 60 degrees starting from a
different ignition angle, in this paper the ignition angle was chosen from 15 to 60
degrees BTDC including the real angle of the engine chosen from the reference [1],
which is 35 degrees BTDC. A negative sign that precedes the ignition angle means
BTDC in the compression stroke. It is clear from Figure (6) that the pressure increases
as the ignition timing is early with a noticeable change in the angle of the maximum
pressure occurrence, the results show that, at the ignition angle 60 degrees BTDC the
pressure was very high with the occurrence of maximum pressure at the TDC, this is not
allowed by the reciprocating internal combustion engines. In the case of excessive
ignition angle delay at the crank of 15° BTDC, it causes low (Pmax) inside the cylinder
ATDC, and that will cause decrease in the indicted mean effective pressure (imep) and
decrease in thermal efficiency.
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Figure 6: Pressure of the gas in the cylinder as a function of the crank angle at different
ignition timing(@ig) .

Figure (7) shows the indicated mean effective pressure (imep) versus the ignition
timing, as seen in the figure the maximum imep occurred at the ignition timing of crank
angle at 30° BTDC, at very early ignition angle (60°) the imep was reduced by 22%,
while when the ignition time delay at 15° BTDC was decreased by 4%. Figure (8)
shows the thermal efficiency at different ignition timing angles. Efficiency follows the
same behavior as the imep shown in Figure (7). The optimum efficiency was at an
ignition timing of 30 degrees BTDC. Figure (9) shows the effect of ignition timing on
maximum pressure of the gases inside the cylinder, it’s clearly from the figure that the
maximum pressure of gases inside the cylinder occurred at the ignition timing at 60°
BTDC of crank angle.

1.05 7

3
1
l

imep [MPa]

-70 -60 -30 -40 -30 -20 -10 0
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Figure 7: Indicated mean effective pressure (imep) as a function of the ignition timing

(0,-9).
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Figure 8: Thermal efficiency (7,,) as a function of the ignition timing (0,-9) .

9 4
| atTDC
] 2t CA=] [Deg]
&1 NS5 atCA=2 [Deg]
] at CA=4 [Deg]
" at CA=6 [Deg]
= atGA=8 [Deg]
= 6 ;
> L at CA=10:[Deg]
£ 51 . i Y3 atCa=12[Deg]!
: at CA=14,[Deg]
44 at CA=18[Deg]
-70 -60 -30 -40 -30 -20 -10 0

Ignition Time (Big) [Deg]

Figure 9: Maximum pressure of the gases inside the cylinder as a function of the ignition
timing(@ig), labeled each value of maximum pressure occurrence at the crank
angle (CA).

Figure (10) presents the relationship between the average temperature of gases
inside the cylinder versus the crank angle at different ignition Timing. The results show
a rise in temperature at the early ignition timing, at an early ignition angle (60°).
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Figure 10: Average temperature of the gases inside the cylinder as a function of crank
angle (0)at different ignition timing(eig).

Journal of Engineering Research  (University of Tripoli) Issue 31)  March 2021 63



Figure (11)shows that the maximum temperature in the cycle occurrence at TDC,
and causing a maximum temperature range from 2213 [K] at the crank angle of 38
degrees ATDC to 2770 [K] at TDC. This range in temperature gives an opportunity to
form NO, in larger quantities. Figure (11) shows the maximum temperature in the cycle
at different angles of the ignition timing, also showing the location of occurrence on the
crank angle.
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Figure 11: Maximum average temperature of the gas in the cylinder as a function of the

ignition timing(eig), labeled each value of maximum temperature occurrence
at the crank angle (CA).

Figure (12) shows the amount of NO, as a function of crank angle at different
ignition timing. Due to the high average temperatures of gases inside the cylinder as an
early ignition angle, it caused an increase in the formation of larger amounts of nitrogen
oxides.

Figure (13) shows the NO, at a different ignition time. It is clear from the results
that the relationship between NO, formation and ignition time is not linear, NO,
increased by 86% at ignition timing from 15 degrees to 60 degrees BTDC.
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Figure 12: NOy emission as a function of the crank angle at different ignition timing(eig).
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Figure 13: NO, emission as a function of the ignition timing(eig).

C - Air to Fuel ratio effects

The air-to-fuel ratio is a key to the design of any hydrocarbon-fueled heat engine,
as it has a strong impact on engine performance and environmental pollution. To
increase thermal efficiency, the case required to reduce specific fuel consumption, and
environmental pollution, the engine must be operated at a very lean mixture as possible
as you can, including the reciprocating spark ignition engine. In this part of the results,
the effect of air-fuel ratio on engine performance and also on NO, formation is studied,
where the equivalence ratio (@) of air and fuel was changed from the stoichiometric
equivalence ratio (@ = 1) to a very lean mixture at equivalence ratio of 0.6, the
specifications of the engine chosen from the reference [1] are as follows: (@ = 0.8),
Air-to-Fuel ratio is 14.7, and octane fuel type (CgH;g).
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Equivalence ratio (¢)

Figure 14: Indicated mean effective pressure (imep) as a function of the equivalence ratio(¢).

Figure (14) shows the effect of air-fuel ratio on the indicated mean effective
pressure (imep) inside the cylinder, is directly proportionally relationship between the
equivalence ratio (@) and imep of the engine, maximum imep at stoichiometric
equivalence ratio (@ = 1), considering that the maximum temperature of combustion is
at stoichiometric equivalence ratio, resulting in higher pressure and greater power. The
indicated mean effective pressure increased by 55% when the equivalence ratio (@)
increased from 0.6 to 1.0, this increase because of the more amount of fuel in the
mixture, but the thermal efficiency of the engine decrease to the minimum values when
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the fuel in the mixture increases to the stoichiometric ratio, Figure (15) shows the
reduction in thermal efficiency when the engine is operated at stoichiometric ratio,
where the thermal efficiency decreased by 6% compared to that at (¢ = 0.6).
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Figure 15: Thermal efficiency (1),,) as a function of the equivalence ratio (¢).

Figure (16) illustrates the relationship of the average temperature of gases inside
the cylinder with the crank angle for different equivalence ratios(@). The results show
that the maximum temperature of gases inside the cylinder recorded when engine
operation at the stoichiometric equivalence ratio(@ = 1), and decreases to its lower
levels when the engine operates at very lean mixture. The maximum temperature
dropped to 2113 [K] at (@ = 0.6) compared to 2651 [K] at stoichiometric equivalence
ratio(@ = 1), as shown in Figure (17) .
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Figure 16: Average temperature of the gas in the cylinder as a function of crank angle at
different equivalence ratio(¢).
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Figure 17: Maximum average temperature of the gases inside the cylinder as a function of
the equivalence ratio(¢). All maximum values of temperature occurrence at
18 [Deg} ATDC.

The formation of nitrogen oxides at different equivalence ratios (@)is shown in
Figures (18) and Figure (19). The formation of NO, was based on NO, model consists of
a chemical mechanism of the classical extended Zeldovich mechanism. The results
show the strong effect of air-to-fuel ratio on NO, formation, as a result of the reduction
of the gases temperature inside the cylinder when the engine is operated by a
equivalence ratios (@) for a very lean mixture, resulting in a very strong reduction in
NO, quantities formed. Also the amount of NO, decreases slightly as the mixture
approaches the stoichiometric equivalence ratio, that was observed in Figure (19), the
amount of NO, reduced when operating at a slightly lower than the stoichiometric
equivalence ratio, although the maximum temperature is recorded in this ratio, and the
reason for this: because the speed of flame at this ratio is very high, i.e. the combustion
time will be very small, it is known that the formation of NO, needs enough time to
complete the chemical reactions, longer time gives greater chance in formation of NO,
also as a result of the very high temperature closed to the stoichiometric equivalence
ratio causes the dissociation of nitrogen oxide and its transformation into another
composite of gases, as seen in Figure (18), when operating the engine at very close to
the stoichiometric equivalence ratio a peak can be seen and then decreases slightly,
meaning that, the amount of NO, has dissociated causing it to decrease. The maximum
NO, amount was at @ = 0.85, where NO, decreased by 96% at @ = 0.6
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Figure 18: NOy emission as a function of the crank angle at different equivalence ratio(¢).
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Figure 19: NO, emission as a function of the equivalence ratio(¢).

CONCLUSIONS

e The results showed that the environment temperature of the air has a strong
effect on the reduction of nitrogen oxide (NO,) Formation, when the air
temperature of the environment decreases as its entering into the engine cylinder
from 350 [K] to a temperature of 283 [K], nitrogen oxide decreased by 20%.

e The effect of the spark ignition angle has a significant effect on the formation of
NO, due to high combustion temperature in the cylinder. Here in this case an
early angle may not be provided resulting in maximum pressure at the top dead
center (TDC) which causes a decrease in thermal efficiency, a high temperature,
and a decrease in power. Also the ignition angle delay causes a drop in the
maximum pressure inside the cylinder at a very late angle after the top dead
center (ATDC), which also causes a decrease in the thermal efficiency of the
engine, and also a decrease in power, the maximum pressure occurred between
the angle of the crank shaft from 5 to 15 degrees after the top dead center
(ATDC). In these results under these conditions for the permitted ignition angle
from -20 to -40 before the top dead center(BTDC), the formation of NO,
decreased by 74%.

e Effect of air-fuel ratio: The formation of NO, decreased significantly when the
engine operated at very lean mixture, because of low combustion temperature
during the combustion process. It is known that the temperature of combustion is
as high as possible at the stoichiometric equivalence ratio (¢ = 1.0), but the
results show that the maximum amount of NO, was at the equivalence ratio of
0.85, and did not occur at equivalence ratio of 1.0 (stoichiometric ratio), because
the formation of NO, takes time through a series of reactions. At stoichiometric
ratio(¢ = 1.0), the flame speed is very high, which does not give a chance to
produce NO, in greater quantity, and also due to dissociation at very high
temperature of nitrogen oxide and its transformation into another composite of
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gases. Nitrogen oxides formation is reduced by 96% for equivalence ratio from

0.85 to 0.6.
NOMENCLATURE
N . . 3
mi mass in the cylinder [kg] | vo specific volume of burned gas [T—g]
. . 3
u specific internal | vy specific volume of unburned gas [m—]
enerey [1] E
&Y |ie
0 crank angle [Deg] Ty burned gas temperature [K]
P Pressure [Pa]. T, unburned gas temperature [K]
\Y% cylinder volume [m?3] W Work [J]
Q Heat loss [kJ]. Cob specific heat at constant pressure of
k]
burned gas [kg—K
® engine frequency [ﬂ] Cou specific heat at constant pressure of
sec b d [i
unburned gas |~
X mass fraction. C Blow-by coefficient
Up specific internal energy of | H heat transfer coefficient by convection
k]
burned gas [k—g]
Uy specific internal energy of | Ay surface area of burned gas in contact with
. 2
Unburned gas [:_;] the cylinder wall [m~]
B concentration ratio Ay surface area of unburned gas in contact
with the cylinder. wall [m’]
Kp equilibrium constant for | Ty, wall temperature [K]
the reaction
S; Rate of forward reaction.
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