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[bookmark: _Toc503470323]1.0 Introduction 

Developing a NOx Model enables engineers to understand the chemical reactions and the results of these in an operating engine.  
Since the Volkswagen scandal in 2015, the production and emittance of NOx has been so relevant, mostly as the public and government were fooled into thinking that a test drive cycle is the perfect way to check vehicles meet emission standards. This is not a real life representation of NOx levels. 
With ever growing technologies and more reliable software’s, the production of NOx is now able to be reduced, the Euro 1 Legislation was introduced in 1992, since then the NOx emittance has reduced to 84%. This is not as much as the government is wanting so more technologies will need to be introduced to prevent any more harm to the planet and to bigger cities.  
The aim of this report is to produce a NOx Model for IsoOctane which is running on the lean side of stoichiometric and then adding Exhaust Gas Recirculation to a specific ratio of fuel and air mixture. 
Assumptions have been made for the conditions of the engine which can have an affect on the final results, this will be discussed at the end of the report. Adiabatic flame temperatures, temperatures at different pressures and total NOx production have been derived and calculated. The use of Microsoft Excel meant that the analysis has been completed in more detail. By completing numerous calculations, the model can predict the NOx Parts per Million and is able to show the effect of EGR and fuel to air mixture. 


[bookmark: _Toc503470324]2.0 NOx Importance and Explanation 

NOx is a term used by engineers which is a shorthand for molecules that contain 1 nitrogen and one or more oxygen atoms (Helmut, 2010). 
NOx is a formation of nitrogen oxides and are most relevant for air pollution, namely nitric oxide and nitrogen dioxide. These gases contribute to the formation of smog, acid rain and the tropospheric ozone. Helmut (2010).  NOx are particulate matter and therefore can cause adverse effects to lung tissue as it is easily breathed in. 
[bookmark: _Toc503470325]3.0 Variables  

Below is a table showing the list of variables that were given for completion of calculations in this model. 

[bookmark: _Toc503470312]Table 1 Variables Used
	Variable Table

	RPM
	1800

	CC (4 cylinders) 
	1600cc

	CC (Burned Volume)
	40cc

	Volumetric Efficiency 
	40%

	Pressure
	10 BAR

	Universal Gas Constant 
	8314 J KMOL-1 K-1

	Polytropic Index (Burned Zone)
	1.2

	n
	6.56656E-06





[bookmark: _Toc503470326]4.0 Enthalpy of Formation Polynomial Graphs 

The enthalpy that has been used from the Nasa Tables (NASA, 2017)  is showing the heat required to heat 1kmol of Nitrogen for example, from 298K to 2200K at a constant pressure. The temperature and enthalpy in these 
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, were used for finding the initial flame temperature. 
This data then was put into a graph to retrieve a polynomial equation, using the functions provided by Excel. The equation was originally to standard decimal places, which caused anomalies in the data. The enthalpy that was calculated from these equations were not close enough to the Nasa enthalpies. This proved to create the end value for Total NOX to be very high. 
Using the functions on Excel, the polynomial equation was able to be redefined to 30 decimal places which produced a more accurate value. 
[bookmark: _Toc503470208][bookmark: _Toc503470300]Figure 1 N2 Enthalpy of Formation at 298K













Below are the graphs that were created, on the X axis is the enthalpy (h° (T) – hf (298) (Kj/Kmol, and Y axis is displaying temperature (K).  [bookmark: _Toc503457430][bookmark: _Toc503470209][bookmark: _Toc503470301]Figure 2 Polynomial Equation and Graph

 The equations were then used to find enthalpy at every temperature for every molecule of fuel, this time, in 1K intervals. The enthalpy that was created was then checked with the original and matched. Error! Reference source not found. is showing the new enthalpy values
[image: ]

[bookmark: _Toc503470327]5.0 Stoichiometric Ratio 

The atmospheric air contains 21% oxygen (O2) by volume and 79% Nitrogen (N2). Each mole of oxygen needed to oxidize the hydrocarbon is accompanied by (Heywood, 1988): 

The moles of Nitrogen is used in the stoichiometric balancing equation below. 
The stoichiometric ratio, is the theoretical chemically correct proportions of fuel and air, hence, there is just enough oxygen to oxidize all the fuel.  The stoichiometric ratio is dependent on the fuel composition. In this report the fuel used is IsoOctane which is C8H18.                                                                                                                                                                                                                                                                                                                                                                                                                         [bookmark: _Toc503470313]Table 2 Stoichiometric Balancing Equation



[bookmark: _Toc503470328]6.0 Equivalence Ratio 

The equivalence ratio is the ratio of actual fuel to air ratio divided by the theoretical fuel to air ratio, the theoretical ratio is the ratio when complete combustion of fuel is completed without any by products. 
If the equivalence ratio is less than 1 it is a lean mixture, when the equivalence ratio is greater than 1 it is a rich mixture. 
The equivalence ratio’s used are shown in Table 3 where 0.6 is 40% lean and 0.99 is 10% lean. As seen in Table 3 changing the equivalence ratio increases the amount of carbon and hydrogen produced and decreases the amount of oxygen. By looking at the figures, it is possible to see how more oxygen is able to react with nitrogen when there is less carbon and hydrogen. 
[bookmark: _Ref503436269][bookmark: _Ref503436277][bookmark: _Toc503470314]Table 3 Species Molecular Quantity











[bookmark: _Toc503470329]7.0 Exhaust Gas Recirculation 

There are a few technologies which help prevent the NOx production of vehicles, EGR is one which is most relevant and most used. The combustion emissions are taken from the exhaust, in some cases the EGR can be cooled to help lower combustion temperatures. 
The exhaust gas is added to the incoming air stream which dilutes the O2, providing gases inert to combustion to act as absorbers of combustion heat to reduce the peak temperature in the cylinder. This does then affect the peak pressure, therefore the output torque of the engine (N/A, 1973).  
In this model, 20% is the maximum exhaust gas recirculation used, in most engines around 30% is used as the fuel can mix with all the exhaust gases appropriately. EGR has been added to dilute the fresh mixture to help reduce NOx by temperature decrease. To calculate the effect this has on the fresh mixture, the residual gas mixture has been added to the stoichiometric mixture. (Heywood, 1988)




[bookmark: _Toc503470330]8.0 Initial Flame Temperature

The initial flame temperature is the adiabatic flame temperature in the combustion chamber when the fuel has been ignited by the spark. The burn zone is closer to the spark plug and the unburned zone is beneath the field where the fuel has been ignited. 
To find the initial flame temperature the net enthalpy released had to be calculated. The equivalence ratio has been multiplied to all the molecules quantity. 
For IsoOctane as a gas the standard enthalpy of formation is -224.1 MJ/kmol (Heywood, 1988). The following steps were used to find the Net Enthalpy, Stoichiometric IsoOctane has been used as an example. 
[bookmark: _Toc503470315]Table 4 Net Enthalpy Calculations for Stoichiometric
	Enthalpy Required
	
	Enthalpy Released

	[bookmark: _Hlk503406320]C8H18 + 12.5 (O2 + 3.76N2)    
	=> => =>
	8 CO2 + 9 H2O + 47N2

	Enthalpy required to get to 0 level = 224MJ/KMOL
(Heywood, 1988)
	
	(8 x 393) + (9 x 242) MJ

	
	
	= 5332MJ/Kmol



Equation 1 Stoichiometric Net Enthalpy

When adding the equivalence ratio to the equation, the enthalpies will change. An equivalence ratio of 0.9 has been used for an example below. This was completed using all equivalence ratios from 0.6 to 0.95, see Appendix Figure  1 for all calculations. 
[bookmark: _Toc503470316]Table 5 Net Enthalpy Calculations
	Enthalpy required
	
	Enthalpy Released

	0.9 x C8H18 + 12.5 (O2 + 3.76N2)    
	=> => =>
	7.2 CO2 + 8.1H2O + 1.25O2 + 47N2

	0.9 x 224MJ/Kmol = 201.6
	
	(7.2 x 393) + (8.1 x 242) MJ

	
	
	= 4789.8MJ/Kmol



Equation 2 Net Enthalpy Equivalence Ratio, 0.9

The initial enthalpy from the IsoOctane formula, -224.1, is a liquid, lower heating value (LHV). The LHV is the net heat released per kg of fuel when the product is in the form of a gas. 
The initial temperature was manually found on the Excel spreadsheet when the Net Enthalpy matched the Enthalpy Required calculated previously. The temperature was then used to find the next temperatures in the report. [bookmark: _Toc503457432][bookmark: _Toc503470210][bookmark: _Toc503470302]Figure 4 Initial Temperature

Table 6 and Table 8 are showing the initial temperatures found. The EGR% was calculated at 1% up until 20%. 


[bookmark: _Toc503470331]8.1 Without EGR%

As mentioned previously, as the equivalence ratio increases the temperature will increase as see in Graph 1. 
[bookmark: _Ref503407324][bookmark: _Toc503470317]Table 6 Initial Temperature with different Equivalence Ratio









[bookmark: _Ref503447766][bookmark: _Toc503470214][bookmark: _Toc503470306]Graph 1 Flame Temp vs Equivalence Ratio










When the flame reaches 2000K, dissociation occurs in CO2, this is when the molecules vibration energy exceeds the bonds energy. At high temperatures the molecules with the heist energy will start to dissociate. As seen in the graph, the CO2 molecules will start to dissociate at the initial temperature from 0.7 equivalence ratio. 
At 40% lean the temperature is 800K less than the stoichiometric temperature, this is because the engine now has excess oxygen to burn with the same quantity of fuel. Therefore, it produces lower CO, HC emissions and particulate matter, however it still does produce higher NOx emissions which entails the use of an EGR system.

[bookmark: _Toc503470332]8.2 With EGR%
[bookmark: _Toc503470318]Table 7 EGR balanced equation for 0.95 equivalence ration
	0.95 x C8H18 + 12.5 (O2 + 3.76N2)    
	=> => =>
	7.6 CO2 + 8.55H2O + .0250O2 + 47N2 + (EGR% x (7.6 CO2 + 8.55H2O + .0250O2 + 47N2)


This balanced equation is multiplying the products by the amount of percentage the EGR is putting back into the chamber. Of course, the outputs of the products will change with every cycle so it is important to note this is a simple representation of EGR. 
Adding the EGR produces more products on the right of the equation, so when it comes to injecting this into the fuel and air mixture, the products can absorb heat generated from the combustion. It is assumed in this model that the EGR is being introduced to the engine at 20°C, so there is no heat emitting into the cylinder. If this was the case, the products will have a higher temperature which can result to knock (McDonald, 2017) 
When adding EGR to the stoichiometric mixture, it reduces the initial flame temperature due to the dilation of O2. For Stoichiometric it was 2403K, and by adding 20% EGR it has dropped by approx. 400K. [bookmark: _Ref503407381][bookmark: _Toc503470319]Table 8 Initial Temperature with EGR








[bookmark: _Ref503459437][bookmark: _Toc503470215][bookmark: _Toc503470307]Graph 2 0.9 Equivalence Ratio Temp vs EGR%

Graph 2 is showing that the rise in the amount of exhaust gases emitted into the engine has an exponential influence of the reduction of the initial flame temperature. This will then have a great effect of the concentration of Nitrogen and Oxygen. 
[bookmark: _Toc503470333]8.3 Comparisons of Flame Temperature[bookmark: _Ref503467905][bookmark: _Toc503470216][bookmark: _Toc503470308]Graph 4 Crank Angle vs Flame Temperature
[bookmark: _Toc503470217][bookmark: _Toc503470309]Graph 3 Crank Angle vs Flame Temperature (No EGR)

Looking at the two graphs the maximum temperature that Graph 4 reaches is 3000K, which is closest to Stoichiometric. Whereas with 20% it is considerably lower. In comparison to an engine with no EGR if the initial temperature is high to begin with, it will increase as the pressure increases. Therefore adding EGR is more beneficial for temperatures than no EGR. 

[bookmark: _Toc503470334]9.0 Second Temperature 
In the brief the assumption was that the pressure will rise to 50 bar from 10 bar over 20 degrees of crank angle. The second temperature is calculating every temperature during pressure rise. 
Equation 3 Temperature at every crank angle

	Where: 
	

	Tb1 
	Initial Temperature Calculated

	P2
	Pressure 2 

	P1
	Initial Pressure



           
[bookmark: _Toc503470335]9.1 Without EGR%[bookmark: _Toc503457433][bookmark: _Toc503470211][bookmark: _Toc503470303]Figure 5 Temperatures Calculated

















The final temperature for 0.95 equivalence ratio is 3078K when the maximum pressure is 50Bar, reaching such high temperatures compared to those at 40% lean which is 2394K. 

[bookmark: _Toc503470336]9.2 With EGR%
[bookmark: _Toc503457434][bookmark: _Toc503470212][bookmark: _Toc503470304]Figure 6 Temperature 2, at every EGR%



[bookmark: _Toc503470337]10 Zeldovich Model 
The Zeldovich Model is showing how the initial NO formation rate is calculated. The use of exponent means that temperature has a major effect on the NOx formation.  
The mathematical NO model has several versions 
One is: 
1 : N + NO ⇌ N2 + O
2 : N + O2 ⇌ NO + O
As temperatures rise, N and O begin to appear. It is then possible they can mix to form products of NOx (Powers, 2014). 
[bookmark: _Ref503463241]Equation 4 Zeldovich Model Equation

	Where: 
	

	T
	Temperature 



[bookmark: _Toc503470338]Nitrogen and Oxygen Concentrations Calculations

Equation 5 [N2] and [O2] Concentration Equations




	Where: 
	

	N 
	Products Nitrogen 

	O
	Products Oxygen 

	Vb
	Volume Burned. (40x10^-6 M3)

	∝
	Multiplying Constant 



Equation 6 Alpha; Multiplying Constant

	[bookmark: _Hlk503454883]Where: 
	

	n
	Number of k/mols 



Equation 7 Number of kmols of mixture in the cylinder

	Where: 
	

	P
	Pressure (1 Bar)

	V
	Volumetric Efficiency Multiplied by Cylinder Volume. (0.4% x 400cc)

	Ru
	Gas Constant. (8314 J/Kmol)

	T 
	293K



All these steps were carried out for both the change in lean mixture and the EGR%.  

[bookmark: _Toc503470339]Conversions 
 
[bookmark: _Hlk503455741]






[bookmark: _Toc503470340]11 Analysis

 


[bookmark: _Toc503470213][bookmark: _Toc503470305]Figure 7 Final Results for EGR% and Equivalence Ratio


[bookmark: _Toc503470218][bookmark: _Toc503470310]Graph 6 NOx PPM vs EGR%
[bookmark: _Toc503470219][bookmark: _Toc503470311]Graph 5 NOx PPM vs Fuel Equivalence Ratio

[bookmark: _Toc503470341]12 Assumptions

Temperature and combustion duration 
Pressure rise
Ignition timing 
Ppm, Heywood, the amount and close 
40cc assume that’s the burn volume and the nox is full 
Left over egr already in chamber 
All heat released goes to warming up the products 
Polytropic index


[bookmark: _Toc503470342]13 Conclusion 

Points affecting the data 
When creating the model, the initial step was to plot the temperature and enthalpy form the Nasa graphs and retrieve a polynomial equation. Initially, the polynomial was only to a few decimal places, this was then changed to 30 decimal places. 
The way of retrieving the data was through the procedure of interpolation between two temperatures and two values of enthalpy, The problems with this method is that the range of temperature was very large which meant the temperature was high.
Enter equation for interpolation 
This then resulted to the parts per million of the NOx, being extremely high as the temperature effects the production. 
The polynomials were wrong
[bookmark: _GoBack]
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[bookmark: _Ref503407141][bookmark: _Toc503457417][bookmark: _Toc503470873]Appendix Figure  1 Enthalpy Calculations















[bookmark: _Toc503470874]Appendix Figure  2 Balancing of Equations

[bookmark: _Toc503470875]Appendix Figure  3 EGR Concentration Calculations


[bookmark: _Toc503470876]Appendix Figure  4 Equivalence Ratio Concentration Calculations




[bookmark: _Toc503457418][bookmark: _Toc503470877]Appendix Figure  5 Zeldovich Model For Equivalence Ratio Calculations

[bookmark: _Toc503457419][bookmark: _Toc503470878]Appendix Figure  6 Zeldovich Model For EGR% Calculations
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Figure 1 Excel Spreadsheet Polynomial Equation Results
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