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  الملخص
 تهدیدًا مǼاشراً  )SI( شعال Ǽالشرارةالإمن محرȞات المنǼعثة  )NOx( تشȞل أكاسید النیتروجین

مسؤول الهي و البنزȄن، Ȟخاصةً التي یتم فیها استخدام الوقود السائل و صحة الإنسان، على 
، یجب معالجة هذه الظاهرة المدمرة للبیئة وتقلیلها من علǽه .في الغالب عن تلوث الهواءالأساسي 

انǼعاثات دراسة تم في هذه الورقة الترȞیز على  الإشعال Ǽالشرارة.خلال تحسین أداء محرȞات 
تم تطوȄر برنامج Ȟمبیوتر Ǽاستخدام لأجل من محرك اشعال Ǽالشرارة.  )NOx(أكاسید النیتروجین 

، هذه المحاكاة تستند إلى العلاقات الدینامǽȞǽة الحرارȄة لمحرȞات الاحتراق FORTRANلغة 
ا الǼحث إلى دراسة معدلات الأداء والانǼعاثات من محرك الاشعال الداخلي الترددǽة. یهدف هذ

(تم اختǽار محرك عالي السرعة أحادȑ الأسطوانة من الأǼحاث المنشورة مسǼقًا من أجل Ǽالشرارة 
، وقد تغییر Ǽعض ظروف تشغیل المحركبإجراء Ǽعض المقارنة والتحقȘ من نتائج المحاكاة) 

تم دراسة تكوȄن  طاǼقة ومتفقة تماما أثناء شوطي الانضغاȋ والتمدد.تأنها م المقارنة أظهرت نتائج
الداخل في ظل ظروف مختلفة؛ Ǽما في ذلك تأثیر درجة حرارة الهواء  )NOx(أكاسید النیتروجین 

(Ti) وتأثیر توقیت الاشعال  لاسطوانة ،ȑعي دون استخدام شحن جبرǽل طبȞشǼ المحرك(θig) 
على تكوȄن أكاسید النیتروجین.  (ϕ)نسǼة التكافؤ بین الهواء والوقود لشمعة الإشعال، وȞذلك تأثیر 

معدلات تقلیل في  Ȟبیر جداً  أظهرت النتائج أن درجة حرارة الهواء الداخل للاسطوانة لها تأثیر
داخل ال الهواءدرجة حرارة عند انخفاض  %20حیث انخفض بنسǼة حوالي  ،تكوȄن أكاسید النتروجین

أن لزمن الاشعال له تأثیر مǼاشر على تكوȄن أكسید  كما . 283Kإلى 350K منسطوانة للا
النیتروجین، وذلك Ǽسبب ارتفاع درجة حرارة غازات الاحتراق داخل الاسطوانة، وفي هذه الحالة، 
زمن الاشعال المȞǼر تسبب في حدوث أقصى ضغط لغازات الاحتراق في الأسطوانة عند النقطة 

مما نتج عنه انخفاض في الكفاءة الحرارȄة ǼشȞل Ȟبیر وارتفاع درجة حرارة  ،)TDC( العلیاالمیتة 
، یتسبب تأخیر زاوǽة الإشعال غازات الاحتراق ǽعطي فرصة أكبر لتكوȄن أكاسید النیتروجین. أǽضاً 

في حدوث انخفاض في الحد الأقصى للضغط داخل الأسطوانة بزاوǽة متأخرة جدًا Ǽعد النقطة 
توقیت  تغیر أظهرت النتائج أنمما یتسبب عنه انخفاض في قدرة المحرك،  )ATDC(المیتة العلǽا 

 %.74 بنسǼة )NOx(تكوȄن نتج عنه انخفاض في  )o40  )BTDCإلى   20o الإشعال منزاوǽة 
عندما  .)NOx(إنخفاض واضح في تكوȄن  أدت إلىتأتیر نسǼة الهواء للوقود Ȟذلك بینت النتائج أن 

فإن درجة حرارة غازات الاحتراق انخفضت ǼشȞل Ȟبیر مما نتج  تم تشغیل المحرك بخلǽط فقیر جداً 
عند انخفاض نسǼة التكافؤ  %96حیث انخفض بنسǼة  ،عنه انخفاض في تكوȄن أكسید النیتروجین

  .ϕ=0.6إلى  ϕ=0.85من 
ABSTRACT  

Nitrogen oxides (NOx) poses a direct threat to human health during peak pollution 
and is 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 (NOx) 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 (NOx) have been investigated under 
different conditions; including the effect of the intake air temperature (Ti) naturally 
aspirated into the engine cylinder, the effect of the ignition timing (θig) of the spark 
plug, and also the effect of the equivalence ratio of air to fuel (ϕ) on the formation of 
nitrogen oxides. The results showed that the intake air temperature (Ti) has a strong 
effect on the reduction of nitrogen oxides (NOx) 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 NOx, 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 40o to 20o 
Before Top Dead Center (BTDC), the formation of NOx decreased by 74%. The effect 
of air-fuel ratio, on the formation of NOx, significantly decreased on the formation of 
NOx 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ϕ ൌ
0.85toϕ ൌ 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 SOx 
and NOx in the atmosphere, through the chemical reactions of these environmentally 
stable oxides, H2SO4 and HNO3 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 NOx 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 NOx emissions, so it requires some treatment to the system to reduce NOx 
emissions as much as possible [2], also the Miller Cycle has been used to reduce the 
emissions of NOx from the spark ignition engines. The Miller Cycle shows good results 
in the reduction of NOx 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 NOx 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 NOx levels increase with increasing compression ratio, and engine speed on 
the lean side. Retarding spark timing reduced the NOx levels highly at the lean side, and 
the maximum formation of NOx at A/F ratio at the rich side. NOx 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 NOx emissions 
characteristics of the engine [5]. 

Gong. et, al [6] use the classical extended Zeldovich mechanism, and N2O 
pathway for the NOx 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 NOx emission, a flame 
temperature correlation was developed to model the flame temperature during the 
combustion for NOx. The effects of fuel injection timing, injection pressure, spark 
timing, overall engine Air Fuel Ratio(AFR), and intake air temperature on NOx emission 
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was examined, and well captured by the model. A comparison of all the NOx emission 
data with the model indicates that the NOx model is a good predictive tool for NOx 
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 NOx 
EMISSION 

Design parameters that substantially affect the value of NOx 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: 

݉
ௗ௨

ௗఏ
൅ ݑ

ௗ௠

ௗఏ
ൌ

ௗொ

ௗఏ
െ ܲ

ௗ௏

ௗఏ
െ

௠ሶ ೔௛೔
ఠ

            (1) 

The specific internal energy of the system is given by: 

u
U

m
xu x ub u   ( )1               (2) 

The specific volume of the system is given by: 

v
V

m
xv x vb u   ( )1               (3) 

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

v v T Pb b b ( , )                (4) 

For unburned gas: 

v v T Pu u u ( , )                           (5) 

Differentiating Eqn. (4) & (5) with respect to crank angle: 
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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:  

α=
1
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                          (8) 



Journal of Engineering Research (University of Tripoli) Issue (31) March 2021        55 

μ= H

B V

B

m

v

cp

v

T
x

T T

T

v

cp

v

T
x

T T

T
b

b

b

b

b w

b

u

u

u

u

u w

w










.

ln

ln

ln

ln
( )

2

2

4

1













 







          (9) 

γ = ‐ 
 

( )
ln

ln
v v

dx

d
v

v

T

h h

cp T

dx

d

x x C
b u b

b

b

u b

b b

 














  

2

          (10) 

λ = x
v

cp T

v

T

v

P

v

P

b

b b

b

b

b b

2 2






ln

ln

ln

ln









 












                (11) 

ψ = (1‐x) 
v

cp T

v

T

v

P

v

P

u

u u

u

u

u u

2 2






ln

ln

ln

ln









 












              (12) 

೏ು
೏ഇ
ൌ ∝ାఓାఊ

ఒାట
                        (13) 

೏೅ౘ
ౚಐ

ൌ
ିୌ൬

ಘామ

మ
ା
ర౒
ా
൰√୶ሺ୘ౘା୘౭ሻ

ன୫	ୡ୮ౘ	୶
൅	 ୴ౘ

ୡ୮ౘ

ப୪୬୴ౘ
ப୪୬୘ౘ

ቀ∝ାఓାఊ
ఒାట

ቁ ൅ ୦౫ା୦ౘ
ଡ଼	ୡ୮ౘ

ቄୢ୶
ୢ஘
െ ሺx െ xଶሻ େ

ன
ቅ    (14) 

೏೅౫
ౚಐ

ൌ
ିୌ൬

ಘామ

మ
ା
ర౒
ా
൰ሺଵି√୶ሻሺ୘౫ା୘౭ሻ

ன୫	ୡ୮౫	ሺଵି୶ሻ
൅	

୴౫
ୡ୮౫

ப୪୬୴౫
ப୪୬୘౫

ቀ
∝ାఓାఊ

ఒାట
ቁ        (15) 

     dQ

d

H
B

V

B
x T T x T Tb u u w 


 







    

2

4
12 .            (16) 

  dh

d

Cm
x h x hi

u b 
  1 2 2

                   (17) 

dW

d
P

dV

d 
                          (18) 

The heat into the system, the first term on right - hand side of eq. (1): 
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The formation of nitric oxide (NOx): 
The formation of NOx 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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k ki i
 , are the forward and reverse rate constants. 

The balance equation for NO is: 
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Where: 

β = 
 
 

NO

NO e

 ===> NO concentration divided by the equilibrium NO concentration. 

Si  is the rate of forward reaction. 

S1  =k1
  [NO]e [N]e 

S2  =k 2


 [O2]e [N]e 

S3  =k3
  [OH]e [N]e 

The square brackets [ ] means the Concentration, and [ ]e 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]e<< 1 then from eq. (27) 

d NO

dt
S k N NO k O Ne e e e

[ ]
[ ] [ ] [ ] [ ]   2 2 21 1 1 2           (28) 

The equilibrium oxygen concentration is given by: 
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Kp(O)is the equilibrium constant for the reaction ==>
1

2 2O O  

And given by:  
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R is the gas constant ቂ ௞௃
௞௚௄

ቃ 

P is the pressure in [atm]. 
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gases. Nitrogen oxides formation is reduced by 96% for equivalence ratio from 
 .0.6	݋ݐ	0.85

NOMENCLATURE 
mi mass in the cylinder  [kg] vb specific volume of burned gas  ቂ୫

య

୩୥
ቃ 

u specific internal 

energy	ቂ୩୎
୩୥
ቃ 

vu specific volume of unburned gas ቂ୫
య

୩୥
ቃ 

θ crank angle  [Deg] Tb burned gas temperature  [K] 
P Pressure [Pa]. Tu unburned gas temperature  [K] 
V cylinder volume	ሾmଷሿ W Work  [J] 
Q Heat loss [kJ]. Cpb specific heat at constant pressure of  

burned gas  ቂ ୩୎
୩୥୏

ቃ 

ω engine frequency  ቂ୰ୟୢ
ୱୣୡ
ቃ Cpu specific heat at constant pressure of  

unburned gas ቂ ୩୎
୩୥୏

ቃ 

x mass fraction. C Blow-by coefficient 
ub specific internal energy of 

burned gas ቂ୩୎
୩୥
ቃ 

H heat transfer coefficient by convection 

uu specific internal energy of  

Unburned gas ቂ୩୎
୩୥
ቃ 

Ab surface area of burned gas in contact with 
the cylinder wall [m2] 

β concentration ratio Au surface area of unburned gas in contact 
with the cylinder. wall  [m2] 

Kp equilibrium constant for 
the reaction 

Tw wall temperature  [K] 

Si Rate of forward reaction.  
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