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1. [bookmark: _Toc503440175]Abstract
The aim of this project is to calculate NOx emissions for a 1.6 litre naturally aspirated engine over a range of lean fuel equivalence ratios. This data calculated was then used to observe the effects that exhaust gas recirculation (EGR) has on combustion temperatures and therefore NOx emissions. 
2. [bookmark: _Toc503440176]Introduction
During combustion, nitrogen and oxygen in the air react to form a variety of nitrogen oxides referred to as NOx. NOx emissions contribute to acid rain as well as a variety of health issues. For a car to be legal for production the NOx emissions must meet the Euro 6 emissions of 0.06g/km and with road transport contributing to 40% of all NOx emissions in the EU, NOx reduction methods must be researched further and implemented as much as they can.
3. [bookmark: _Toc503440177]Methodology 
3.1. [bookmark: _Toc503440178]Molar Ratios of Products at Different Fuel Equivalence Ratios
The first stage was to calculate the molar ratios of the products assuming complete combustion. This was calculated using a combustion equation for lean combustion as follows:
φC8H18 + 12.5(O2+3.76N2)  aCO2 + bH2O + 47N2 + cO2
Where φ is the fuel equivalence ratio, a, b and c and be calculated using equations created so that the amount of carbon, hydrogen, oxygen and nitrogen and balanced on either side of the equation. 
CO2 = φ x 8
H2O = φ x 9
N2 = 47
O2 = (25-(2*a)-b)/2
3.2. [bookmark: _Toc503440179]Calculating Initial Adiabatic Flame Temperature
The initial flame temperature can be found by calculating the available energy from the fuel for each equivalence ratio. This is calculated from the net enthalpy which is the difference in enthalpy of formation between forming the reactants and the products.

	Molecule
	Enthalpy of Formation (MJ/kmol)

	C8H18
	-224.1

	CO2
	-393.5

	H2O
	-241.8


Shown above are the enthalpies of the reactants and products during the combustion of isooctane, the enthalpy of formation of N2 and O2 are both 0 so they are not included.
The equation used to calculate the net enthalpy for each value of φ is as follows:
Net Enthalpy = (φ x -224.1) – ((a x -393.5) + (b x -241.8))
Using this calculated value, the initial flame temperature can be calculated using data taken from JANAF tables. The data taken from the JANAF tables are the values for  these values represent the amount of enthalpy required to heat a specific molecule from datum zero (298K) to a certain temperature. Using the known molecules that are produced during lean combustion (CO2, H2O, O2, N2) a polynomial can be plotted using these values and their molar ratios for each fuel equivalence ratio. Example shown below: 
f(x) = p1*x^8 + p2*x^7 + p3*x^6 + p4*x^5 + p5*x^4 + p6*x^3 + p7*x^2 + p8*x + p9
Where p(n) are constants that change with each fuel equivalence ratio and x is the enthalpy available. The net enthalpy can then be input as x in the equation to accurately calculate the initial flame temperature.
When EGR is included the enthalpy available from the fuel stays the same but there are more molecules in the combustion chamber to heat up. To compensate for this the enthalpies required to heat to a specific temperature must be multiplied by 1 + % EGR i.e. if EGR is 1% the required enthalpy much be multiplied by 1.01. Polynomials must be remade for each % of EGR. 
It should be noted that the available enthalpies are normalized (shown in appendix) by a mean and standard deviation (std). This means that the enthalpy available must be manipulated in the following way before used as the x value in the polynomial:

3.3. [bookmark: _Toc503440180]Flame Temperatures
The temperatures during combustion as the pressure increases can be modelled using the adiabatic process: 

Where T2 is the final temperature, T1 is the initial temperature, P1 is the initial pressure, P2 is the final pressure and γ the ratio of specific heats. By increasing the pressure by know increments during combustion the temperatures can be calculated throughout.
It is being assumed that φ is 1.2 throughout the combustion process.

3.4. [bookmark: _Toc503440181]NOx Production
From the molar ratios calculated the concentration of N2 and O2 can be calculated, these will be used to work out the rate of NOx production. The concentrations of these molecules are calculated as follows:


Where Vb is the volume of the burned zone, c is the molar ratio of O2 and α is a multiplying constant representing the amount of air and fuel in the cylinder. 

Where  when the air enters the cylinder at ambient pressure and temperature (1 Bar, 293K) V = cylinder displacement x 0.4 = 160x10-6m3 for 40% volumetric efficiency. 
The Zeldovich model for naturally aspirated engines can then be implemented to calculate the rate of NO concentration.

Where Tb is the temperature in the burned zone.
To find the NOx produced in a combustion cycle the values calculated from the rate equation must be manipulated in the following way:

Where RPM = 1800.

Where Vb is the burn zone volume, assumed to be 40cc or 40x10-6m3.
By taking the sum of the Kmols/ degree the Kmols of NO produced during 1 combustion cycle can be calculated. This can be converted to parts per million (ppm) as follows:

4. [bookmark: _Toc503440182]Results and Analysis
4.1. [bookmark: _Toc503440183]Molar Ratios

[image: ]Figure 1


Figure 1 shows the molar ratios of the reactants and products for each fuel equivalence ratio; the last column shows that the amount of oxygen produced during combustion decreases as the mixture becomes richer. Figure 2 shows the net enthalpy for each fuel equivalence ratio. As expected the net enthalpy increases when more fuel is being used.
[image: ][image: ]Figure 2

4.2. [bookmark: _Toc503440184]Initial Flame Temperatures
From the net enthalpies shown in figure 2 the initial flame temperatures in figure 3 were calculated. The initial flame temperatures increase with fuel equivalence ratio as there is more enthalpy available.
Figure 3

4.3. [bookmark: _Toc503440185]Flame Temperatures

[image: ]The calculated flame temperatures shown in figure 4 are completely reliant on the initial flame temperature. This can be observed as the curve for each fuel equivalence ratio is the same but has a different starting point depending on what the initial flame temperature is. From the graph we can see that the higher the fuel equivalence ratio is the higher the temperature will be at each pressure and therefore when φ = 0.99 the highest temperature is achieved of 3122K at 50 Bar.Figure 4


4.4. [bookmark: _Toc503440186]NOx Production
Figures 5 and 6 shows that as φ increases the amount of NOx produced increases. We can see that in figure 1 that the amount of oxygen produced during combustion is decreasing with fuel equivalence ratio where as in figure 4 we can see that the temperature is increasing. This means that the NOx production is much more affected by combustion temperatures rather than the amount of O2 being produced during combustion.
Figure 5

Figure 6



4.5. [bookmark: _Toc503440187]Effects of EGR
The figures below show how EGR effects temperatures and therefore NOx production during combustion. As EGR increases the initial temperature decreases (Figures 7,8). This decrease in initial flame temperature results in lower temperatures during the combustion cycle, which results in a lower rate of NOx production during combustion. At 10% EGR the temperature has been decreased by close to 170K and at 30% EGR the temperature has been decreased by 425K. This temperature drop massively effects the amount of NOx produced (Figures 9,10).
Figure 7


Figure 8


Figures 9 and 10 show the effects EGR has on NOx production. With just 10% EGR the NOx production has been reduced by 82% and at 30% EGR the production of NOx has been reduced by 99%. 
[bookmark: _Toc503440188]
Figure 9

Figure 10



5. [bookmark: _Toc503440189]Assumptions
5.1. [bookmark: _Toc503440190]Molecular Dissociation 
At temperatures above 1800K molecular dissociation occurs, this is when the bonds in H2O and CO2 have enough energy to break forming H2 and O and CO and O respectively. This contributes to there being more oxygen in the combustion chamber than the molecular ratios state resulting in a higher concentration of oxygen which would increase the amount of NOx produced.
5.2. [bookmark: _Toc503440191]Heat Tranfer
This model assumes no heat transfer during combustion where as in a real cycle heat energy in transferred through the walls and top of cylinder, this would result in lower temperatures causing the NOx production to decrease.
5.3. [bookmark: _Toc503440192]Ratio of Specific Heats
The ratio of specific heats, γ is assumed to be constant, this is not the case as  both of which are temperature dependent. While 1.2 is a decent assumption it should be noted that γ changes slightly throughout combustion. 
5.4. [bookmark: _Toc503440193]Reversible Reactions
The Zeldovich mechanism is based on three reversible reactions: 



When the temperature is increasing the reactions favor the products where as when the temperature is decreasing the reactants are favored. In the model produced the temperature decrease after combustion isn’t being taken into consideration. If considered this would result in a lower overall NOx production, however there isn’t a lot of time for the temperature to drop so this would have a small affect.
5.5. [bookmark: _Toc503440194]Complete Combustion
In this model combustion is assumed to be complete this is unrealistic, if combustion was calculated realistically not all the fuel would be burned meaning that there would be less enthalpy available and therefore lower temperatures resulting in lower NOx production.

6. [bookmark: _Toc503440195]Conclusion
Even with the assumptions being made the results clearly show that the production of NOx is affected by the combustion temperatures. The model shows that NOx production can be dramatically reduced by reduction cylinder temperatures through the means of EGR. The model however, does not show the effect that EGR has on the power of the engine, this would need to be calculated to find a balance between EGR% and power that doesn’t damage engine performance by too much.  
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