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[bookmark: _Toc28963347]Introduction
This report consists of two different tasks carried out with the use of Microsoft Excel. Task One was a study of a blended fuel mixture consisting of iso-octane and methanol with a molar composition of 50/50. Secondly, Task Two was split into part A & B, for both parts assumptions about the engine’s characteristics were made. The engine was a naturally aspirated four-cylinder 1600cc, with a volumetric efficiency of 40% and running at an engine speed of 1800 RPM. Task Two (A) was to develop a NOx Model for Iso-octane running on the lean side of stochiometric, lean being that there is more air than fuel in the mixture. This therefore causes the flame temperature to decrease as the excess air takes up some of the heat energy from the previous combustion cycle (Williams, Combustion of fuels, 2019). Equivalence ratio’s (Phi Ф) ranging from 0.6 up to 1 were used to see what effect this has on the NOx Part Per Million (NOx PPM) particles produced. Task Two (B) focused on studying the effects of adding Exhaust Gas Recirculation (E.G.R) levels up to 20% (of the air + fuel contents) at a constant equivalence ratio of 0.97. Finally, for further work the studies undertaken in Task Two A & B were repeated again but using 5 alternative fuels instead of Iso-Octane with the purpose of studying the differences and seeing which fuel is the most efficient in terms of NOx PPM, these studies can be found in appendix 5.2 & 5.3 
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[bookmark: _Toc28963349]Iso-Octane & Methanol Fuel Blend
	Iso-Octane
	Methanol

	
	

	
	

	


	



	



	



	

	



[bookmark: _Toc28899599]Table 1 Iso-Octane & Methanol (Williams, Combustion of fuels, 2019)
Initially the values which can be found in table 1, were calculated for both Iso-octane and Methanol individually. In addition to this, an atmospheric composition ratio of 3.76 was used, as given within lecture notes by Dr Williams. Furthermore, the atomic weights found in table 2 below, remained constant throughout the study for each individual fuel and the 50/50 blend.
	Atomic weight

	Carbon
	12
	Kg/Kmol

	Hydrogen
	1
	Kg/Kmol

	Oxygen
	16
	Kg/Kmol

	Nitrogen
	14
	Kg/Kmol


[bookmark: _Toc28899600]Table 2 Atomic Weight (Williams, Combustion of fuels, 2019)
Next, the air and fuel masses for each fuel were calculated using the following equations.

[bookmark: _Toc28899537]Equation 1 Air Mass

[bookmark: _Toc28899538]Equation 2 Fuel Mass
Iso-Octane 
[bookmark: _Toc28899539]Equation 3 Iso-Octane Fuel Mass
Methanol 
[bookmark: _Toc28899540]Equation 4 Methanol Fuel Mass 
The results can be seen in tables 3 & 4 below.
	Iso-Octane
	Methanol
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[bookmark: _Toc28899601]Table 3 Iso-Octane Air & Fuel Mass
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[bookmark: _Toc28899602]Table 4 Methanol Air & Fuel Mass

	
	


Furthermore, as the fuel blend is 50% Iso-Octane and 50% Methanol, the Carbon, Hydrogen, and Oxygen Molecules can be simply added to each other. Next, the values shown in table 5 below were calculated.
	Iso-Octane & Methanol 
(50/50 Blend)

	

	

	



	




	



[bookmark: _Toc28899603]Table 5 50% Iso-Octane 50% Methanol Blend
Next, from using equations 1 & 2 again, the air and fuel mass for the blend was calculated as seen in table 6.


	Iso-Octane & Methanol (50/50 Blend)
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[bookmark: _Toc28899604]Table 6 Iso-Octane & Methanol Blend Air & Fuel Mass


Subsequently, the mass percentages were then calculated using equations 5 & 6 shown below.

[bookmark: _Toc28899541]Equation 5 Air Mass Percentage

[bookmark: _Toc28899542]Equation 6 Fuel Mass Percentage
	Iso-Octane
	Methanol

	

	


	

	



[bookmark: _Toc28899605]Table 7 Calculating Mass Percentages
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[bookmark: _Toc28899606]Table 8 Mass Percentages
Tables 7 & 8 show the workings and results for the air and fuel mass percentages of the blend, in Table 8 the cells have formatted to show the values as percentages as opposed to decimal places.  Next the Air/Fuel mass ratio for stochiometric combustion in air for the fuel blend was calculated using equation 7.

[bookmark: _Toc28899543]Equation 7 AFR by Mass

The result is shown in table 9 below.
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[bookmark: _Toc28899607]Table 9 Fuel Blend Stoichiometric Air/Fuel Blend
To be able to calculate the lower and higher heating values of the fuel blend the enthalpy of formation for both Iso-Octane and Methanol were required. Enthalpy of formation is defined as “The change in enthalpy when one mole of a substance in the standard state is formed from it’s pure elements under the same conditions.” (Janki Patel (UCD), 2019). Therefore, the enthalpy of formation is the change in enthalpy for creating one mole of a compound from elements in their standard states which is 298K and 1 bar of pressure. 
	Iso-Octane
	Methanol

	 kJ/mol
	 kJ/mol


[bookmark: _Toc28899608]Table 10 Enthalpy of Formation Iso-Octane & Methanol (al, 2011)
Table 10 shows negative values for both fuels indicating that their enthalpies of formation are exothermic, therefore the amount of energy required to break bonds is less than the amount of energy released when making the bonds. Furthermore, whilst most enthalpies of formation  are a negative value, it is worth noting that there are a few compounds that depend upon energy from its surrounding during formation “These endothermic compounds are generally unstable”. (Janki Patel (UCD), 2019). The enthalpy of formation for the products is then calculated by adding the enthalpy for Iso-Octane and Methanol together. Next, the enthalpy released from reaction of the fuel blend was calculated for both the lower (LHV) and higher (HHV) heating values using equations 8 & 9 below. 
	LHV
	HHV

	


	




[bookmark: _Toc28899544]           Equation 8 LHV Enthalpy Released from Reaction                   Equation 9 HHV Enthalpy Released from Reaction
[bookmark: _Toc28899609]Table 11 Enthalpy Released from Reaction
The Net enthalpy of the fuel blend is the sum of the enthalpy of formation minus the enthalpy released from reaction. Next, the Calorific value for both the LHV and HHV was calculated using equation 10.

[bookmark: _Toc28899545]Equation 10 Calorific Value
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[bookmark: _Toc28899610]                                   Table 12 LHV 					         Table 13 HHV
Tables 12 & 13 show the results for both the LHV and HHV. Fundamentally, the lower heating value is calculated with the product of  in vapour form whereas the higher heating value is calculated with the product of  in liquid form, the conversion of  as a vapour to a liquid results in a change of enthalpy of -44 kJ/mol (Schmidt-Rohr, 2015).  Furthermore, the lower heating value of a fuel is defined as the amount of heat released when a stated quantity is combusted and the returning temperature of the combustion products to 423 Kelvin, “Which assumes the latent heat of vaporization of water in the reaction products is not recovered” (Lower and Higher Heating Values of Fuels, n.d.). On the other hand, the higher heating value is defined as the amount of heat released by a selected volume of fuel once it’s combusted and the products have returned to the standard state temperature 298 Kelvin “It includes the latent heat of vaporization of water” (Basu, 2010).
To calculate the mass of  produced per kg of fuel burned firstly the total mass of  of the 50/50 Iso-Octane & Methanol fuel blend needed to be calculated, using equation 11.

[bookmark: _Toc28899546]Equation 11 CO2 Mass

Next using equation 12, the mass of  produced per kg of fuel burned was calculated.

[bookmark: _Toc28899547]Equation 12 CO2 Mass Per kg of Fuel
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[bookmark: _Toc28899611]Table 14 Mass of CO2



An Ideal fuel should possess the subsequent properties;
· High Calorific Value. 
· Have an appropriate ignition temperature, it should be neither too low nor too high.
· Does not produce poisonous products during combustion.
· Have a moderate rate of combustion.
· Combustion should be easy to control, start/stop when required.
· Release a high amount of energy.
· Burns easily in the air at a moderate rate.
· Not adversely affect the environment. 
· Be accessible in plenty, affordable and easy to handle and transport. 
(Rawan, 2019) & (Types of Fuels, n.d.)
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[bookmark: _Toc28963426]Graph 1 Vehicle Licensing Statistics (Vehicle Licensing Statistics: 2019 Quarter 1 (Jan-March), 2019)
Graph 1 shows that in the first annual quarter of 2019 the majority of newly registered cars in the United Kingdom ran on petrol followed secondly by Diesel, both of which are liquid fuels. Liquid fuels possess certain properties of an ideal fuel, such as a high calorific value so that the water of combustion is entirely condensed, and the heat contained in the water vapour is recovered (Fuels - Higher and Lower Calorific Values , n.d.). Furthermore, liquid fuels also make controlling combustion easier, have a lower loss of energy compared to other fuel types and are efficiently transported through pipes and stored indefinitely without loss (Types of Fuels, n.d.). 


[bookmark: _Toc28963350]Task Two 
[bookmark: _Toc28963351]NOx PPM (Part A)
[bookmark: _Toc28963352]Methodology
The Fuel Equivalence ratio is the comparison of the actual fuel/air ratio to the stoichiometric air/fuel ratio, “Stoichiometric combustion occurs when all the oxygen is consumed in the reaction, and there is no molecular oxygen () in the products” (Stoichiometry, Thermodynamics). The values for  (n1), O (n2),  (n4) and “x” which is the ratio of nitrogen and oxygen in the air on the left side of the stoichiometric equation for Iso-Octane were calculated in Task One and can be found in table 1. Furthermore, these values were calculated for an equivalence ratio of 1 therefore being stoichiometric, as the equivalence ratio drops below 1, the engine runs lean and as a result of this, some of these values will also change and if the equivalence ratio were to go above 1, the engine would then run rich.  For example, if the engine was running 20% lean the stoichiometric equation would change from equation 13 to 14.

[bookmark: _Toc28899548]Equation 13 Iso-Octane Stoichiometric equation

[bookmark: _Toc28899549]Equation 14 Iso-Octane 20% Lean equation
As shown in equation 14 the Carbon and Hydrogen molecules are multiplied by 0.8 representing the engine running 20% lean. This then results in the n1 value also changing as n1 is equal to the carbon molecules. Also, the value for n2 will alter as it is the amount of hydrogen molecules divided by two. Therefore, to work out the new n1 and n2 values for each equivalence ratio the following two equations were used. 
	
	


[bookmark: _Toc28899550]                        Equation 15 n1 with equivalence ratio                                   Equation 16 n2 with equivalence ratio
The equivalence ratios used for this task were 0.6-0.95 increasing in 0.05 intervals and then from 0.95-1, in 0.01 intervals. Next, the value for  (n3) was calculated using equation 17.

[bookmark: _Toc28899551]Equation 17 n3 with equivalence ratio
Furthermore, a dropdown box was used in excel which would allow the user to alter the equivalence ratio and to change the fuel from Iso-Octane to one of the 5 other alternative fuels, Appendix 5.2. Then, with the use of IF statements dependant on what fuel and equivalence ratio was selected the spread sheet would display the appropriate results. Furthermore, for the rest of Task 2 (A) Methodology, all tables of results and equations will be assuming Iso-Octane and -0.99 have been selected from the dropdown boxes in figures 1 & 2.
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[bookmark: _Toc28899568]Figure 1 Fuel Drop Down Box
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[bookmark: _Toc28899569]Figure 2 Equivalence Ratio Drop Down Box
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[bookmark: _Toc28899612]Table 15 Iso-Octane 0.99 Equivalence Ratio
The Enthalpy of formation for Iso-Octane has already been calculated as it was used in task one and can be found in table 10. Next, as the equivalence ratio varies the fuel enthalpy will also this was calculated by using equation 18. 

[bookmark: _Toc28899552]Equation 18 Fuel Enthalpy
To calculate the enthalpy of reaction for Iso-octane whilst stoichiometric for LHV, equation 8 was used again. Therefore, an enthalpy of reaction of 393.50 KJ/Mol for and 241.80 KJ/Mol for  (al, 2011) were used. To calculate the enthalpy of reaction and net enthalpy for different equivalence ratio’s equations 19 & 20 were used.

[bookmark: _Toc28899553]Equation 19 Enthalpy of Reaction with Equivalence Ratio

[bookmark: _Toc28899554]Equation 20 Net Enthalpy
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[bookmark: _Toc28899613]Table 16 Enthalpies
Next, the Moles number, alpha, Oxygen & Nitrogen Concentration values and Total Exhaust kmols were calculated with the following equations.
	Moles Number



	Alpha





[bookmark: _Toc28899555]                    Equation 21 Moles Number                                                                                  Equation 22 Alpha
	Oxygen Concentration

	Nitrogen Concentration



[bookmark: _Toc28899556]             Equation 23 Oxygen Concentration                                                           Equation 24 Nitrogen Concentration

[bookmark: _Toc28899557]Equation 25 Total Exhaust Kmols
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[bookmark: _Toc28899614]Table 17
The 0.4 in equation 21 refers to the 40% volumetric Efficiency. To calculate the initial flame temperatures, firstly the above and below enthalpy and temperature values for the Net Enthalpy needed to be calculated. This was done with the use of IF Statements & V-Lookup’s from the enthalpy’s table created in excel containing the Net Enthalpy values and the enthalpy required to formulate 1 Kmol at temperatures from 200-3,500 Kelvin. To see how these values were calculated please refer to appendix 5.1. Next, using equation 25 the initial flame temperature was determined. 

[bookmark: _Toc28899558]Equation 26 Initial Flame Temperatures
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[bookmark: _Toc28899615]Table 18 Temperatures
To calculate the flame temperature increase with cylinder pressure, increasing from 10-40 bar the following equation was used, where the polytropic index was assumed as 1.17.

[bookmark: _Toc28899559]Equation 27 Flame Temperature increase
With the use of the Zeldovich Model, the rate of NOx production at each respective fuel equivalence ratio can be determined by using the following equations. (Williams, The Zeldovich Model, 2019)
NOx Kmols/m³/° =
[bookmark: _Toc28899560]Equation 28 NOx Kmols/m³/°
NOx Kmols/°=  
[bookmark: _Toc28899561]Equation 29 NOx Kmols/°
NOx Kmols/cycle = 
[bookmark: _Toc28899562]Equation 30 NOx Kmols/Cycle

[bookmark: _Toc28899563]Equation 31 NOx PPM
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[bookmark: _Toc28899616]Table 19 NOx



[bookmark: _Toc28963353]Analysis
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[bookmark: _Toc28963427]Graph 2 Initial Flame Temperature & Net Enthalpy Values at Different Equivalence Ratio's
Running an I.C.E with lean combustion refers to an abundance of air or a lack of fuel. This was proven in Equation 14 where, as the equivalence ratio decreases meaning that the combustion is becoming leaner, the fuel mass decreases yet the air mass remains the same. Furthermore, the leaner the products during combustion, the lower the Net Enthalpy (Equations;18, 19 & 20) which in turn lowers the initial flame temperatures with an almost identical gradient as shown in graph 2.
[image: ]
[bookmark: _Toc28963428]Graph 3 Flame Temperature at Different Fuel Equivalence Ratio's for Cylinder Pressure's 10-40 Bar
Graph 3 shows that as the equivalence ratio increases up to stoichiometric so does the flame temperature in an almost perfectly linear fashion, and at each cylinder pressure the gradients seem to follow an almost identical trend. This can also be seen in graph 4 below where the different equivalence ratios, are plotted against temperature and pressure, also increase in an identical fashion. Both graphs 3 & 4 prove that “increasing pressure during combustion causes the rise in temperature” (Williams, The Zeldovich Model, 2019). 
[image: ]
[bookmark: _Toc28963429]Graph 4 Flame Temperature with Pressure Increase at Different Fuel Equivalence Ratio's
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[bookmark: _Toc28963430]Graph 5 NOx PPM For Iso-Octane at Different Equivalence Ratio's
As previously explained, as the equivalence ratio increases from a lean combustion to stoichiometric, flame temperature will also increase. Continuing with this, it can also be said that with an increase in flame temperature “there is increase in NOx emissions from internal combustion engines” (Borate, 2010). This is displayed in graph 5 where from ɸ of 0.6 to 0.97 there is a constant increase of NOx Parts Per Million being produced. Subsequently, it clearly visible that when the combustion is stoichiometric the NOx produced drops drastically from 21,023.03 to 0, this is due to there being no spare oxygen molecules, this can be explained by examining equation 17 to work out  when using an equivalence ratio of 1;




Therefore, this will then result in an oxygen concentration of 0 (Equation 23), which in turn dictate zero NOx emissions as Oxygen Concentration is a product of NOx, proven in equations 28, 29 & 30. On the other hand, if it were a real-world situation NOx would be produced even when the engine is running at stochiometric, but this is disregarded in the Zeldovich model. Furthermore, from viewing graph 5 it its apparent that the lower the equivalence ratio, the lower the NOx value, because although the oxygen levels are higher, the flame temperatures are lower, drastically reducing the likelihood disassociation within the Oxygen and Nitrogen molecules. Also, as previously stated there is a constant increase of NOx PPM up until ɸ = 0.97 where it peaks before starting to drop, this is due to a high flame temperature being mixed with increased levels of concentrated Nitrogen and Oxygen, as the Equivalence ratio begins to decrease below 0.97 NOx produced will begin to drop due to the decreasing flame temperatures as previously stated. Finally, equivalence ratios from 0.97 up to stoichiometric will see reduction in NOx production to the reducing levels of Oxygen molecules. To see the same graph with analysis for the 5 alternative fuels please see Appendix 5.2.


[bookmark: _Toc28963354]EGR (Part B)
[bookmark: _Toc28963355]Methodology
NOx emission can be reduced by “primary methods such as retard injection, fuel nozzle modification, change of compression ratio, water direct injection, water emulsification & exhaust gas recirculation (EGR)” (Nam, 2000). This part of the Study specifically focuses on the effects EGR has on reducing NOx Emissions, it does this by reducing the flame temperature by diverting a percentage of the exhaust gases back to into the combustion chamber, as shown in figure 3 below.

[image: ]
[bookmark: _Toc28899570]Figure 3 Exhaust Gas Re-Circulation Diagram (Borate, 2010)
As previously explained, when altering the equivalence ratio, a re-calculation of the balanced Iso-Octane chemical equation is required. Furthermore, a further re-calculation is necessary when adding Exhaust Gas Recirculation. For example, if 20% of the exhaust gases were put back into combustion while at an equivalence ratio of 0.97 the Iso-octane chemical equation will look as follows;


[bookmark: _Toc28899564]Equation 32 Iso-Octane Chemical Equation with 20% EGR and 0.97
Then the right-hand side of the equation becomes;


[bookmark: _Toc28899565]Equation 33 Right-Hand Side of Iso-Octane Chemical Equation with 20% EGR and 0.97 ɸ
Furthermore, another drop-down box was added in the spreadsheet allowing the user to alter the EGR values from 0-50% in 5% increments alongside having the ability to alternate between equivalence ratio’s and the 5 other alternative fuels. This was carried out using the same methods that were explained in Task Two (A) Methodology, by using all the same equations, IF statements and V-lookup’s, with the new , ,  &  values dependant on what EGR percentage is selected, the new NOx values were calculated. 
[image: ]
[bookmark: _Toc28899571]Figure 4 EGR % Drop Down Box
[bookmark: _Toc28963356]Analysis
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[bookmark: _Toc28963431]Graph 6 Initial Flame Temperatures against EGR% at ɸ -0.97
As Previously stated, EGR reduces NOx by a method of reducing flame temperatures and recycling exhaust gases back into the combustion chamber, adding molar mass which is the mass of a given element divided by the amount of substance. Furthermore, using the Ideal Gas Law,  if the Volume, Pressure and Gas Constant remain the same as they were in the previous combustion cycle, the added molar mass from the recycled exhaust gases will cause a temperature decrease, as they are inversely proportional to each other. Graph 6 shows that as EGR increases from 0-50% the flame temperature decreases in an almost linear fashion, proving that EGR does in fact reduce flame temperature which in turn reduces NOx (Equations; 28, 29 & 30). 
[image: ]
[bookmark: _Toc28899617]Table 20 Iso-Octane EGR NOx PPM
Table 20 shows that by adding just 5% EGR there is a reduction in NOx PPM produced by 61.20 %. Also, as EGR% increases further the NOx values continue to decrease but the rate of this slows down as seen in graph 7.
[image: ]
[bookmark: _Toc28963432]Graph 7 NOx PPM Iso-Octane with EGR at ɸ -0.97
By 20% EGR the NOx compared to 0% EGR decreases massively by 97.51% from 26331.44 PPM to 654.46 PPM and the initial flame temperature drops by 309.18 Kelvin. Furthermore, graph 8 below shows the NOx PPM at different equivalence ratio’s for EGR rates of 5, 10, 15 & 20%, it is worth noting that NOx PPM for 0% EGR is on a secondary axis. Also, as previously stated the difference in NOx PPM from 0-20% is 97.51%, the magnitude of this difference is displayed clearly in graph 8. 
[image: ]
[bookmark: _Toc28963433]Graph 8 NOx PPM For Iso-Octane With EGR


[bookmark: _Toc28963357]Conclusion
Since the EU adopted its biofuels policy in 2003 ethanol blends have been on the up and E10 (10% Ethanol blend) can be used in 99.7% of petrol vehicles produced since 2010 (E Pure, n.d.). In Conclusion, there are numerous advantages to blending fuels such as E10, it is more cost effective than fossil fuels, and produces less harmful emissions. In 2017 European ethanol had 70% greenhouse gas savings in comparison to Petrol (E Pure, n.d.). 
NOx is one of the most harmful pollutants produced from an I.C.E, therefore, the EU have come up with “more stringent emission norms to reduce the impact on the environment” (Arjun Krishnan, 2006) such as European Emission standards (Euro IV, V, VI etc). And although EGR reduces NOx emissions it is not without its disadvantages, such as a reduction in peak power at high loads and increase in soot particulates within the intake system. Also, the recycled exhaust gases may not be evenly distributed between each cylinder from the intake manifold causing high particulate emissions in cylinders with too much EGR and high NOx emissions from a cylinder receiving too little (Exhaust Gas Recirculation (EGR) and NOx measurement, n.d.). Also, as can be seen in the spreadsheet, burning any Hydro-Carbon will always produce CO2, only pure Hydrogen will not. 
Finally, the Zeldovich Model is only applicable for an engine running lean combustion, even though NOx emissions are still produced during a rich combustion, Therefore, possible further work could be a NOx Model study running on the rich side of Stoichiometric. 
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Firstly, scatter graphs were made with enthalpy on the y axis and temperature on the x axis, the values were found in Properties of Air at 1 atm (al, 2011). This was carried out for , , & . A polynomial trendline was then applied, the equations for the polynomial trendline can be found below. 
	

	



[bookmark: _Toc28899566]                          Equation 34 H2O Polynomial                                              Equation 35 N2 Polynomial


	

	



[bookmark: _Toc28899567]                          Equation 36 CO2 Polynomial                                                    Equation 37 O2 Polynomial
Subsequently, using the polynomial equations, the enthalpy required to formulate 1 Kmol at temperatures from 200-3,500 Kelvin for , , &  and a total of all of them was calculated. Furthermore, the Net enthalpies which were provided in Properties of Air at 1 atm (al, 2011)  for , , &  and a total of them, at the same temperatures were used to create the “Enthalpies” table in the Excel Spreadsheet. 
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[bookmark: _Toc28963435]Graph 10 CO2 Polynomial
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[bookmark: _Toc28963436]Graph 11 Nitrogen Polynomial
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[bookmark: _Toc28963437]Graph 12 Oxygen Polynomial
NOx PPM for Alternative Fuels
[bookmark: _GoBack]The following five graphs contain the NOx Part Per million results for the 5 alternative fuels, where Hydrogen has the highest NOx emissions at 76959.10 PPM. Furthermore, Hydrogen is producing maximum NOx at a fuel equivalence ratio of 0.96 as opposed to any of the other fuels used which peak values are all at 0.97, this is because Hydrogen has the highest flame temperature. Therefore, with the high flame temperature even at a lower equivalence ratio with increased oxygen causes a peak in NOx PPM at a lower ɸ value than the other fuels. On the other hand, Methanol has the lowest NOx PPM with a maximum value of only 384.30, which is significantly the lowest out of all the alternative fuels.
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[bookmark: _Toc28963438]Graph 13 NOx PPM for Methanol at Different Equivalence Ratios
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[bookmark: _Toc28963441]Graph 16 NOx PPM for Ethane at Different Equivalence Ratios
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[bookmark: _Toc28963442]Graph 17 NOx PPM for Hydrogen at Different Equivalence Ratios


[bookmark: _Toc28963362]EGR for Alternative Fuels

[bookmark: _Toc28963443]Graph 18 NOx PPM For Methanol with EGR at a constant Equivalence Ratio of 0.97

[bookmark: _Toc28963444]Graph 19 Methanol - NOx PPM at Different Percentages of Exhaust Gas Recirculation

[bookmark: _Toc28963445]Graph 20 NOx PPM For Ethanol with EGR at a constant Equivalence Ratio of 0.97

[bookmark: _Toc28963446]Graph 21 Ethanol - NOx PPM at Different Percentages of Exhaust Gas Recirculation

[bookmark: _Toc28963447]Graph 22 NOx PPM For Propane with EGR at a constant Equivalence Ratio of 0.97

[bookmark: _Toc28963448]Graph 23 Propane - NOx PPM at Different Percentages of Exhaust Gas Recirculation

[bookmark: _Toc28963449]Graph 24 NOx PPM For Ethane with EGR at a constant Equivalence Ratio of 0.97

[bookmark: _Toc28963450]Graph 25 Ethane - NOx PPM at Different Percentages of Exhaust Gas Recirculation

[bookmark: _Toc28963451]Graph 26 NOx PPM For Hydrogen with EGR at a constant Equivalence Ratio of 0.97

[bookmark: _Toc28963452]Graph 27 Hydrogen - NOx PPM at Different Percentages of Exhaust Gas Recirculation

NOx PPM for Ethanol at Different Equivalence Ratios

Ethanol	0.6	0.65	0.7	0.75	0.8	0.85	0.9	0.95	0.96	0.97	0.98	0.99	1	0.7740499567357032	4.343994602915469	19.456504420322076	71.674266156562155	223.03947469890764	592.17649925033641	1330.5499954496572	2362.9748548039584	2514.8876787107529	2583.8346966544	2494.4732490187666	2078.3756137626292	0	Equivalance Ratio ɸ 


NOx PPM



NOx PPM for Propane at Different Equivalence Ratios

Propane	0.6	0.65	0.7	0.75	0.8	0.85	0.9	0.95	0.96	0.97	0.98	0.99	1	11.248181094929613	59.087226119552625	249.5630012031481	874.78580089593981	2602.4671132751737	6641.244435028515	14369.710302588246	24655.832110833337	26064.561985135122	26602.235403244806	25534.421364832822	21169.930733376565	0	Equivalance Ratio ɸ 


NOx PPM



NOx PPM For Methanol With EGR at a constant Equivalence Ratio of 0.97

Methanol	0	0.05	0.1	0.15	0.2	0.25	0.3	0.35	0.4	0.45	0.5	384.29817277107122	131.81882053048372	46.114424524725841	16.444790169637763	5.9767777691670148	2.2079516482414183	0.82805483176153538	0.31617453327039086	0.12247698351191375	4.8247956004023707E-2	1.9256571170920472E-2	EGR


NOx PPM



Methanol - NOx PPM at Different Percentages of Exhaust Gas Recirculation

5% EGR	0.6	0.65	0.7	0.75	0.8	0.85	0.9	0.95	0.96	0.97	0.98	0.99	1	2.5339776380690009E-2	0.15473672718727743	0.74382619889850932	2.9326531224960055	9.6982773733929601	27.143641860893187	64.027927508304501	118.59290558324656	127.26344407895543	131.81882053048372	128.33716524901419	107.86611306080226	0	10% EGR	0.6	0.65	0.7	0.75	0.8	0.85	0.9	0.95	0.96	0.97	0.98	0.99	1	6.7343281332168017E-3	4.3100066695266684E-2	0.21714066530848367	0.89109936223095498	3.0535926996572025	8.8587650322736486	21.53399392728727	41.052743232944756	44.30692791904157	46.114424524725841	45.110451627587878	38.10073334157439	0	15%	0.6	0.65	0.7	0.75	0.8	0.85	0.9	0.95	0.96	0.97	0.98	0.99	1	1.8387195220006586E-3	1.2336244306326847E-2	6.4986271881235805E-2	0.27703633280242906	0.98401113142358942	2.9468879985030059	7.3962236349760353	14.485864679520134	15.711539665599782	16.444790169637763	16.16890426251523	13.725145078295025	0	20% EGR	0.6	0.65	0.7	0.75	0.8	0.85	0.9	0.95	0.96	0.97	0.98	0.99	1	5.149185525896399E-4	3.6225534150150455E-3	1.985451955394953E-2	8.8355071593152978E-2	0.32379110092689428	1.0007665461756294	2.5850069839240919	5.2101609181885378	5.6805835892974637	5.9767777691670148	5.9060958154781007	5.0360406171456331	0	0% EGR	0.6	0.65	0.7	0.75	0.8	0.85	0.9	0.95	0.96	0.97	0.98	0.99	1	0.15588126677053668	0.89958209895799801	4.1374358728924259	15.661208819287527	49.735267754798876	134.58428249856442	307.27570726946317	552.8813643164749	589.94384471787782	607.62876329874314	588.14664826299463	491.59984456489491	0	Equivalence Ratio ɸ 


NOx PPM


NOx PPM (Only for 0% EGR)




NOx PPM For Ethanol With EGR at a constant Equivalence Ratio of 0.97

Ethanol	0	0.05	0.1	0.15	0.2	0.25	0.3	0.35	0.4	0.45	0.5	2583.8346966544	934.10654954521124	344.26310938796178	129.23525576515806	49.325001099304508	19.128606550757116	7.541180653418019	3.014745498992867	1.2201787159510662	0.50112880378665448	0.20864496351363335	EGR


NOx PPM



Ethanol - NOx PPM at Different Percentages of Exhaust Gas Recirculation

5% EGR	0.6	0.65	0.7	0.75	0.8	0.85	0.9	0.95	0.96	0.97	0.98	0.99	1	0.21093884868032886	1.2451477026738171	5.837406308298533	22.471486265917626	72.568199321782643	199.48306890614364	462.72692024936811	844.63086284102587	904.18496416960124	934.10654954521124	907.10077249014239	760.63618352049241	0	10% EGR	0.6	0.65	0.7	0.75	0.8	0.85	0.9	0.95	0.96	0.97	0.98	0.99	1	5.8978370989998058E-2	0.36595600867116046	1.793166419172153	7.1996003025423105	24.135994537333239	68.590043024646917	164.07864157678176	308.24132389749479	331.57314643395296	344.26310938796178	335.94164448186166	282.99846105508345	0	15% EGR	0.6	0.65	0.7	0.75	0.8	0.85	0.9	0.95	0.96	0.97	0.98	0.99	1	1.6913616382265129E-2	0.11059293384933853	0.56408259539797467	2.3518461218163598	8.1939177889511576	24.051808269044685	59.285946904483339	114.46513911110344	123.80372977684986	129.23525576515806	126.79096844293313	107.39808403962277	0	20% EGR	0.6	0.65	0.7	0.75	0.8	0.85	0.9	0.95	0.96	0.97	0.98	0.99	1	4.9812927944359042E-3	3.3987545071436483E-2	0.18163752225471591	0.78578049844352127	2.8300794002714702	8.5959874524288846	21.80338169609827	43.251863547721484	47.035687738399012	49.325001099304508	48.611865906914502	41.361313448681905	0	0% EGR	0.6	0.65	0.7	0.75	0.8	0.85	0.9	0.95	0.96	0.97	0.98	0.99	1	1.2238804430198076	6.8684585443457973	30.76343463667591	113.32696533792952	352.65637408802303	936.31325722802819	2103.7842631737944	3736.1912974430893	3976.3865621098639	4085.4013693990755	3944.1085146298424	3286.2003864201529	0	Equivalence Ratio ɸ 


NOx PPM





NOx PPM For Propane With EGR at a constant Equivalence Ratio of 0.97


Propane	0	0.05	0.1	0.15	0.2	0.25	0.3	0.35	0.4	0.45	0.5	26602.235403244806	10345.206423121519	4082.2241166811905	1639.9002051246407	666.92100640800049	275.66074137993866	115.51060184901156	49.054774730584114	21.09192966563289	9.1879543814101758	4.0487036868831128	EGR


NOx PPM



Propane - NOx PPM at Different Percentages of Exhaust Gas Recirculation

5% EGR	0.6	0.65	0.7	0.75	0.8	0.85	0.9	0.95	0.96	0.97	0.98	0.99	1	3.2917277603745196	18.254341539320691	80.667748503278617	294.7766573663842	909.83832958773849	2401.3508207138639	5371.7882615795925	9470.1469326934803	10076.316577134156	10345.206423121519	9981.0697335077475	8316.2009848779926	0	10% EGR	0.6	0.65	0.7	0.75	0.8	0.85	0.9	0.95	0.96	0.97	0.98	0.99	1	0.98909878086852476	5.7601293998461998	26.666426457787246	101.38897763230861	324.58214396930077	884.73017553399222	2039.601654661283	3705.6798351479047	3958.8185357976054	4082.2241166811905	3957.0609019632648	3313.2415401001631	0	15% EGR	0.6	0.65	0.7	0.75	0.8	0.85	0.9	0.95	0.96	0.97	0.98	0.99	1	0.30435527108243471	1.8578425081718855	8.9953574354170289	35.543178229079096	117.9448861502806	332.12230513567124	787.62045373931721	1470.2895770928087	1580.7305219705345	1639.9002051246407	1598.1818652580469	1344.8797022431759	0	20% EGR	0.6	0.65	0.7	0.75	0.8	0.85	0.9	0.95	0.96	0.97	0.98	0.99	1	9.5956022235053492E-2	0.61228481589940209	3.0867890844096335	12.703503863448621	43.597696765491754	126.69608631660812	309.54926500989694	592.38952049438785	639.7948383722628	666.92100640800049	653.40151377519828	552.58445298725428	0	0% EGR	0.6	0.65	0.7	0.75	0.8	0.85	0.9	0.95	0.96	0.97	0.98	0.99	1	17.784935897012115	93.425107579589408	394.59375175464487	1383.1577978028677	4114.8618068164878	10500.72945630412	22720.5069364831	38984.293538475227	41211.691043833387	42061.827363110708	40373.465123668495	33472.599512734349	0	Equivalence Ratio ɸ 


NOx PPM


NOx PPM (Only for 0% EGR)




NOx PPM For Ethane With EGR at a constant Equivalence Ratio of 0.97

Ethane	0	0.05	0.1	0.15	0.2	0.25	0.3	0.35	0.4	0.45	0.5	23458.255230426494	9096.6339584665511	3581.9581377267682	1434.5962346022977	582.06155807408459	240.10451762137112	100.36164541049496	42.536336718036566	18.247479511708967	7.9333142502720646	3.4877756109501896	EGR


NOx PPM



Ethane - NOx PPM at Different Percentages of Exhaust Gas Recirculation

5% EGR	0.6	0.65	0.7	0.75	0.8	0.85	0.9	0.95	0.96	0.97	0.98	0.99	1	2.9475377039769914	16.304182409662968	71.868211372304543	261.97311126752163	806.59286050299681	2123.0755736023475	4738.3906293388927	8332.3889053551629	8860.9176238435102	9096.6339584665511	8772.653611196718	7305.3911729094198	0	10% EGR	0.6	0.65	0.7	0.75	0.8	0.85	0.9	0.95	0.96	0.97	0.98	0.99	1	0.88368598999211911	5.1324278641592578	23.709604180046632	89.874636052293482	287.02935360719385	780.48060990790896	1794.45786533195	3252.8403243350976	3475.644883035462	3581.9581377267682	3470.1885781992701	2903.1667835885119	0	15% EGR	0.6	0.65	0.7	0.75	0.8	0.85	0.9	0.95	0.96	0.97	0.98	0.99	1	0.27142342711498885	1.6521968622309182	7.9760106034836857	31.443563191593871	104.08652810357221	292.25311498168639	691.49963391034862	1287.3312995599802	1383.234323644918	1434.5962346022977	1397.7289084247088	1175.5390906753451	0	20% EGR	0.6	0.65	0.7	0.75	0.8	0.85	0.9	0.95	0.96	0.97	0.98	0.99	1	8.534502015899903E-2	0.5433054132441284	2.7310470933189901	11.212304381937155	38.377584138636443	111.25984673564324	271.06377858655117	517.62917289862742	558.71736640142024	582.06155807408459	569.93040996151251	481.78956160750943	0	0% EGR	0.6	0.65	0.7	0.75	0.8	0.85	0.9	0.95	0.96	0.97	0.98	0.99	1	15.967111299993352	83.641580056833575	352.37710726502399	1232.3146785231236	3656.0190713851243	9308.2547263600827	20088.297730091334	34413.202063505945	36360.14495250387	37090.758230852887	35573.257442979026	29477.187012482143	0	Equivalence Ratio ɸ 


NOx PPM


NOx PPM (Only for 0% EGR)




NOx PPM For Hydrogen With EGR at a constant Equivalence Ratio of 0.97

Hydrogen	0	0.05	0.1	0.15	0.2	0.25	0.3	0.35	0.4	0.45	0.5	76470.238128374607	31488.074077651258	13170.716687821954	5582.6533071914992	2403.9099555981475	1047.1038208266518	461.6884825177554	206.3818419566075	93.271984043985995	42.618344439034075	19.6889142005626	EGR


NOx PPM



Hydrogen - NOx PPM at Different Percentages of Exhaust Gas Recirculation

5% EGR	0.6	0.65	0.7	0.75	0.8	0.85	0.9	0.95	0.96	0.97	0.98	0.99	1	39.81059320427417	173.08558687635266	614.95164669544511	1836.9083751724568	4721.2271692056102	10484.403122196325	20029.788205246256	30499.461040818398	31534.830242908214	31488.074077651258	29565.284815064359	23968.332398037281	0	10% EGR	0.6	0.65	0.7	0.75	0.8	0.85	0.9	0.95	0.96	0.97	0.98	0.99	1	13.01515047339981	59.217087919808826	218.99404822668743	678.85249144340355	1800.3225206004379	4130.1592870204804	8083.1148347099006	12642.666137604816	13132.623307742837	13170.716687821954	12415.030524070682	10109.445763707905	0	15% EGR	0.6	0.65	0.7	0.75	0.8	0.85	0.9	0.95	0.96	0.97	0.98	0.99	1	4.3364414616399038	20.666153792327609	79.458824744232999	255.23197487290611	698.93109026822538	1648.5194440562475	3322.1918027616825	5306.9745014562641	5539.1506214937008	5582.6533071914992	5290.5781634786572	4329.8287939214752	0	20% EGR	0.6	0.65	0.7	0.75	0.8	0.85	0.9	0.95	0.96	0.97	0.98	0.99	1	1.4745723252082925	7.3434263025817286	29.341559033683318	97.596590437601378	275.717191383581	668.90502592857285	1381.5623880071207	2266.2371398991286	2376.0026408812623	2403.9099555981475	2285.1974096776016	1876.3631584596492	0	0% EGR	0.6	0.65	0.7	0.75	0.8	0.85	0.9	0.95	0.96	0.97	0.98	0.99	1	196.92535283098027	817.22079442442566	2780.3454614884458	8016.7453778831714	19867.221305898569	42916.119375470473	79589.215160374995	118273.57082471649	121683.02612629243	120910.06285055756	112993.69981509482	91217.435460557361	0	Equivalence Ratio ɸ 


NOx PPM


NOx PPM (Only for 0% EGR)
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Where... [x=(2n1+n2-0)/2 Molecules]
Molecules x 14.00
carbon (x) 9.00 €02 (1) 9.00
Hydrogen (y) 22.00 H20 (n2) 11.00
Oxygen (2) 100 N2 (n3) 52.64
Air Mass 1921.92 kg
kg/kmol Fuel Mass 146.00 kg Air 137.28 _|kg/kmol
kg/kmol Carbon 12.00 |kg/kmol|
ke/kmol|  [stoichiometric Air/Fuel 1516 Hydrogen 100 _|kg/kmol
kg/kmol Ratio Oxygen 16.00 | kg/kmol|
kg/kmol Nittogen | 14.00_|kg/kmol|
mass of co2 396.00 _[kg/kmol|
o2 per 1kg of fuel

h
NetEnthalpy.
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h
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[Py TeTEasET oM n How much energy is required to bond the fuel molecules.
kg/kmol| The difference =
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kg/kmoll higher heating value is when the h20 in the reaction is a
kg/kmol| liquid and lower heating values is when h20 s a gas.
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Table 3 Iso-Octane Air & Fuel Mass Table 4 Methanol A & Fuel Mass

Furthermore, as the fuel blend is 50% Iso-Octane and 50% Methanol. Carbon, Hydrogen, and Oxygen
Molecules can be simply added to cach other. Next, the values shown in table 5 below were calculated.

Tso-Octane & Methanol
(5050 Blend)
CoHig+CyHy0; + x (0, + 3.76N;)
- ny €0, + 1y Hp0 + 13 Ny

=9
2, =22
22
z
np =11

ny

2x = 2n, + n, — Oxygen Molecules

2x=18+11-1=28

n3 = 376x14
n3 = 5264

Table 5 30% Iro-Octane 0% Methanol Blend.

Nex, from using equations 1 & 2 again, the air and fuel mass for the blend could then be calculated as

seen in table 6.
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Excel Stoichiometric Calculator:

All of this can of course be determined for any fuel composition and put in Excel for ease of
manipulation.

Stoichiometry
02 21.00% [Atmospheric Ratio|
N2 79.00% Composition 376
HCFuelBalance G, 3(0, + 376N,) —>CO, + (/2,0 + 376aN,
where.. __a=x+(y/4)
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Carbon (x) 8 02 8
Hydrogen (y) 18] H20 9

N2 47.00
m(air) 17173
m((fuel) 114232 [Molecular weight

|air 1374
Stoich Ratio 15.0) |Carbon 120

|Hydrogen 10
Equ Ratio 11 |Oxygen 160
Fuel Ratio 16.5) Nitrogen 14.0]
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An Ideal fuel should possess the subsequent properties;

> High Calorific Value.

Have an appropriate ignition temperature, it should be neither too low nor too high.
Does not produce poisonous products during combustion.

Have a moderate rate of combustion.

Combustion should be casy to control, startstop when required.

Release a high amount of energy.

Bums casily in the air at a moderate rate.

Not adversely affect the environment.

Be accessible in plenty, affordable and easy to handle and transport.
(Rawan, 2019) & (Types of Fuels, n.d.)

‘The majority of new cars registered in the United Kingdom in 2019 ran on petrol.

|

‘The majority of automotive vehicles currently use liquid fucls such as which has certain properties of

an ideal fuel, such as petroos.

c |

Pagefof 21 15AAwords X [V = S ——

LO®OBT v EE A6l m . ..





image11.png
Iso-Octane | -

Methanol
Ethanal
Propane
Ethane
Hydrogen




image12.png
0.99




image13.png
Fuel ¢ x €0z (n1) H:0 (n2) 0z(n3)  N:(ng)

| 72 | 8s1 | o013 |





image14.png
AutoSave (@08

Callum Hil

Fle  Home Insert Pagelayout  Formulas Data  Review  View
= =] ool > T Smartart
il kg 'O % o

] Sreenshot -

PotTble Recommended Tble | Pictures Onlne Shapes leons 30

pititinda e - Modds -
Tates ustatons
[=] f2
A 5 c o . N

Fuel

€0: (n1) H:0 (n2)

Help O search
g [E| b
\ Add-ine - Bing People | Recommended
MY \taps Graph Charts
Addins
) L

Reaction Enthalpy h

0:(n3) /w0

Nz (n4)

-0 @ I
i @ b
. Maps PivotChart | 3D
Ol T e
Charts 5l Tours
M N
AR® (K1/Mol)
Enthalpy of Fuel Enthalpy (M)

Formation

NOx Model

il - 1
| =y o | b
Line Column Win/ | Sicer Timeline | Link | Comment
I s
Sparines Fiters s || s
» q R

NET Enthalpy (MJ)

Moles Number

Alpha

2] B

(4

1% Share

Text
Box & Footer

Oxygen

Text

Concentration

Header WordArt Signature Object

Line~

Nitrogen
Concentration

© Comments

T Q

Equation Symbol

Symbols

Total Exhaust
kmols

6.94E-06

47.00 52709 259.20 501435 6.57E-06 1.09E-07
) Pressure Temperature NOx
Assumptions/Constants
Above 508167 2400.00 Bar K Kmols/m Kmols/® Kmols/Cycle NOXPPM
Volumetric Efficiency. Below| 4947.56 2350.00 s5.0. 10 237485 202606 161E10 1.46E.07 21023.0343
s 0% 2 2438.60 8.48E.06 339610
B 2374.85 1 249383 157605 628610
10 40 16 254269 265605 106609
+ [ 13 258658 417605 167609
2 2 2626.48 621605 248509
) 1.00 2 2663.11 885605 354609
v 400.00 2 2696.99 122608 488609
R £314.00 2 272854 163E04 652609
T 293.00 B 2758.08 213604 851609
30 278587 272604 109508
HomePage 2 281212 341604 137608
) 2837.00 42604 16908
36 286066 5.14E04 2.06E08
Al 3210 | kg/kmol 38 2883.22 619604 248608
Carbon 1200 | kg/kmol E0C 20 290479 737604 295608
Hydrogen | 100 | kg/kmol
Oxygen 1600 | kg/kmol
Nitrogen | 14.00 | ke/kmol
31
2
£
3
<« NOXMBEEI@N _NOx Model @) | EGR NOXIs0-Oct: ... (® <

2171272019




image15.png
Oxygen Nitrogen Total Exhaust
Concentration Concentration kmols

1.09E-07 0.0003.

Moles Number Alpha





image16.png
AutoSave (@08 Callum Hil

Fle Home nsert Pagelajost Formuas Data  Review View Help O Search & Share 2 Comments
S = o | s = — ; : = oo B | S Auosum - 0O
[i§] o - Calibr S aa| = - | BwapTet General - B B | Nomal Bad Good Neutral Galeulation ]|~ & E | o v O
Paste Y = Conditional Formatas nator Insert Delete Format Sorté Find&e | Ideas
BIU- - &-A- erge & Center - | 68 - input Linked Cell [~
" S Formatpainter u- - o-a ElMagesicenter - | €8 % 9 Formating+ Table- B e e Seete
Cipboara 5 Font 5 Aignment 5 Number 5 styes Cets ating eas |~
P28 £ v
3 c | D F H ) L M N 3 Q R s b U v -

NOx Model

. AR® (K1/Mol) .
Reaction Enthalpy b Oxygen Nitrogen Total Exhaust
Fuel & x €0, (n1) H0 (n2) 0:(n3) N (n4) i/ E;::z::;} :f Fuel Enthalpy (MJ) NET Enthalpy (MJ) Moles Number Alpha e o= oy

0| samose 255,20 s014.35 57206 LosE07 s 9ie06
T T NOX
Above 5081.67 2400.00 Bar K Kmols/m?, Kmols/® Kmols/Cycle NOX PPM
Below] 4947.86 2350.00 5.0.C 10 2374.85 4.02E-06 1.61E-10 1.46E-07 21023.0343
= 23850 = =
s 1 e 150 cae10
I T = LosE
| I a5 e Lo
12500 0 semis sarees =
Booree | 0 100 2 een = S50
v w0000 2 269595 ) =
n o100 % 2E] Tosror S0
- 25500 » 08 R, soe
%0 a7 2w LosE s
H ome) Pag e 32 2812.12 3.41E-04 1.37E-08
- 5 253700 mew Lo
5 o656 B 2oe0e
3210 kg/kmol 38 2883.22 6.19E-04 2.48E-08
12.00 kg/kmol E.O.C 20 2904.79 7.37E-04 2.95E-08
1.00 kg/kmol
16.00 kg/kmol
14.00 kg/kmol
B
»
»
%
< > .. | NOXModel @ | EGR NOX Is0-Octane Graphs | EGI ... (&) <« >
Ready &l m - 1 -

16:07

2071272019




image17.png
AutoSave (@08 Callum Hil

Fle Home nsert Pagelajost Formuas Data  Review View Help O Search & Share 2 Comments
~ K - o | s - ; : o o [ | Autesum - 0O
[i§] o - Calibr S aa| = - | BwapTet wific - B B | Nomal Bad Good Neutral Galeulation ]|~ & E | o v O
Paste Y = Conditional Formatas nator Insert Delete Format Sorté Find&e | Ideas
BIU- - &-A- erge & Center - | 68 - input Linked Cell [~
" S Formatpainter u- - o-a ElMagesicenter - | €8 % 9 Formating+ Table- B e e Seete
Cipboara 5 Font 5 Aignment 5 Number 5 styes Cets ating eas |~
1 £ v
A 5 c | D F H ) L M N 3 Q R s i U -

NOx Model

AR® (K1/Mol)
Enthalpy of Fuel Enthalpy (M1) NET Enthalpy (MJ) Moles Number Alpha
Formation

Reaction Enthalpy h
(M/Mol)

Oxygen Nitrogen “Total Exhaust
Concentration Concentration kmols

Fuel @ x €0z (n1) H:0 (n2) 0:(n3)  N:(na)

700 52109 255,20 s014.35 57206 LosE07 s 9ie06
n T BT NOX
Assumptions/Constants
Above 5081.67 2400.00 Bar K Kmols/m Kmols/® Kmols/Cycle NOX PPM
Volumetric Efficiency Below] 2947.86 2350.00 5.0.C 10 2374.85 2.02E-06 161E-10 1.46E-07 21023.0343
B s = 23850 = =
s s 1 e 150 cae10
o m I T = LosE
T I a5 e Lo
: 0 semis sarees =
0 100 2 een = S50
v w0000 2 269595 ) =
n o100 % 2E] Tosror S0
- 25500 » 08 R, soe
%0 a7 2w LosE s
H ome) Pag e 32 2812.12 3.41E-04 1.37E-08
5 253700 mew Lo
5 o656 B 2oe0e
Air 3210 kg/kmol 38 2883.22 6.19E-04 2.48E-08
Carbon 12.00 kg/kmol E.O.C 20 2904.79 7.37E-04 2.95E-08
Hydrogen 1.00 kg/kmol
Oxygen 16.00 kg/kmol
Nitrogen 14.00 kg/kmol
B
»
»
%
< > .. | NOXModel @ | EGR NOX Is0-Octane Graphs | EGI ... <« >
Ready &l m - 1 -

17:53

2071272019




image18.png
Initial Flame Temperature (K)

2,400

2,300

2,200

2,100

2,000

1,900

1,800

1,700

1,600

0.60

Initial Flame Temperature & Net Enthalpy Values at
Different Equivalence Ratio's

0.65 0.70 0.75 0.80 0.85 0.90 095
Equivalence Ratio - &

1.00

5,200

4,800

4,400

4,000

3,600

3,200

2,800

Net Enthalpy (M)




image19.png
Flame Temperatures at Different Fuel Equivalence Ratio's
for Cylinder Pressure's 10-40 Bar

3,000
2,800 —e—10Bar
—e—12Bar
=2,600 —e—14Bar
= —o—168ar
@
< —e—18Bar
£2400 —e—20Bar
g é —e—228ar
& 2200 Z 7/4 —e—24Bar
g / —e—26Bar
£ 2,000 'A// —e—28Bar
A ’ —e—308Bar

——32Bar
—&—34Bar
—8—36Bar
—&—38Bar

0.60 065 070 075 080 085 090 095 1,00 ¢ 408Bar
Equivalence Ratio - ¢

%
8

9
8




image20.png
Flame Temperature (K)

3,000

1,800

1,600

Flame Temperature With Pressure Increase at Different
Fuel Equivalence Ratio's

12 14 16 18 20 22 24 26 28 30 32 34 36 38

Pressure (Bar)
0.65 0.70 0.75 0.80
0.90 0.95 0.96 0.97
—0.99 —1.00

40




image21.png
28,000

24,000

0.60

NOx PPM For Iso-Octane at Different Equivalence

0.65

0.70

Ratios

0.75 0.80 0.85
Equivalance Ratio ¢

0.90

095

1.00




image22.png
Fle  Home Insert Design  Llayout  References  Mailings  Review  View Help O Search ¢ Share
x . .
PD[ TmesNewRo <[5 +| A A" | Aa~ | Ao 4aBbCcl AaBbC  AaBbCCI A8
IE) - - =
Paste B (\A-2-A- Emphasis  Heading1 | 1 Normal Editing | Dictate
e[ BIU-d XA LAy e T g i 9 - .
Clipboard 1 Font 5 Paragraph E stes E Voice
Q=0
Fuel
— Products
T Combustion
Air Chamber i
T.

Figure 1

Exhaust Gas Recirculation (EGR).
A Exhaust gas re-circulation i.c. EGR is EGR decreases the adiabatic flame temperature
and so the NOx emissions. It is the most effective technique used to reduce NOx
emissions in internal combustion engines. As shown in figure 2, a fraction (x1) of the
exhaust gases is re-circulated with the intake air into the engine.
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Page3

August 17, 2010
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Figure 2: Exhaust Gas Re- circulation
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