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1. Introduction
As part of the Powertrain and Sustainability module in the third year of this course the first of two pieces of coursework requires work in Microsoft Excel or Matlab to create an emissions model for NOx production. The work showcased in this report uses Microsoft Excel and includes calculations based on knowledge gained in the first semester of this academic year on areas such as percentage mass, flame temperatures and the Zeldovich model.
This assignment was split into two distinct sections as will be shown during this report. The first revolved around basic calculations regarding a fuel mixture based on 50% Isooctane and 50% Methanol. Following this, the second section required the creation of a model that would calculate NOx emissions for Isooctane in a 1600cc, four cylinder, naturally aspirated engine depending on different fuel equivalence ratios on the lean side of stoichiometric. Graphs were then created and used for comparison between the different fuel equivalence ratios and the volume of NOx produced in parts per million (PPM). The final part of section two also involved the addition of modelling an exhaust gas recirculation (EGR) valve (figure 1) to see how this would affect the NOx produced and whether this would be a benefit to the engine in terms of making it more eco-friendly.
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Figure 1 – Example of an EGR System



2. Section 1 – Fuel Blend Calculations
2.1 [bookmark: _Hlk28947939]Mass Percentages & Air Fuel Ratio
As previously mentioned, this first section of the coursework was based on a fuel blend of molar composition 50% Isooctane and 50% Methanol. The first step of the calculations was to calculate the mass percentages of each compound in the blend which is done using the relative molecular mass (RMM) of each element (determined by adding up the mass of each element involved). The formula for mass percentage (equation 1) gave the results below (figure 2) of around 78% for Isooctane and near 22% for Methanol. This is expected due to Isooctane having a higher RMM than Methanol leading to a higher % mass despite the molar composition of the two elements being a 50-50 split. The next formula was used to calculate the Air-Fuel ratio by mass (equation 3), the Air-Fuel ratio formula uses RMM just as percentage mass except the RMM of the air replaces the RMM of the specific compound. In order to determine the RMM for air however a stoichiometric equation for the fuel blend (equation 2) had to be created by balancing the elements within the products and reactants.

 							Equation 1
 		Equation 2
 						Equation 3 
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Figure 2 – Mass % and Air-Fuel Results


2.2  LHV & Enthalpy of Formation
Following that, the next calculation was the Lower Heating Value (LHV) of the fuel blend (equation 4). The LHV (measured in MJ/kg) is calculated using standard enthalpies of formation found in data tables. An enthalpy of formation is the enthalpy change produced when one mole of a compound is formed from its individual elements at standard conditions of 1 atmosphere pressure (101325 Pa) for gases and 1M concentration of all elements in solution. Enthalpies of formation are then used in combustion reactions such as fuel and are termed enthalpies of combustion. Most enthalpy values are negative as heat energy is put in to overcome the activation energy needed to start the reaction, however in calculations the positive values are used as enthalpy out is the same as heat out at constant pressure. The total equation enthalpy is determined by taking the total enthalpy of the reactants away from the total enthalpy of the products. LHV is only used when the water involved in the equation is in the gas state as in this equation as different enthalpies are used for different states. When the water is not in the gas state the value determined is otherwise called the higher heating value (HHV). As seen in the results (figure 3) the LHV of the blend is smaller than the LHV of standard Isooctane (44 MJ/kg), which could be due to the larger RMM of the fuel due to the added Methanol.
 								Equation 4 
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Figure 3 – LHV Results
2.3 Mass of CO2 Produced & Ideal Fuels
The mass of carbon dioxide produced during the combustion process can be calculated using the stoichiometric equation used previously (equation 2) and the RMM. Using the stoichiometric equation, it is easy to see that one kmol of fuel is equal to 9 kmols of CO2 by ratio. The total RMM of the fuel is used to show the mass of fuel in 1 kmol is 146kg.  The RMM is then multiplied by 9 to represent the number of kilograms of CO2, in this case 396kg. Finally, the amount of CO2 produced per kg of the fuel blend is determined by dividing the mass of CO2 by the mass of fuel, hence giving the results found in figure 4.
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Figure 4 – Mass of CO2 Results

In theory an ideal fuel would need to have a moderate burn duration, not too slow that it has higher combustion temperatures for longer (causing more heat loss) but also not too fast so that the process happens too quickly. As previously mentioned, the LHV for this mixture is lower than for standard isooctane meaning less heat is produced hence making it a less effective fuel. The LHV of an ideal fuel must not be too high or too low in order to stop too little or too much heat being produced or wasted, therefore this is a reason that this blend would not be considered an ideal fuel. These ideal fuels must also produce as small an amount of wasted products as possible especially in terms of those which pollute the environment such as excess CO2. In comparison to standard isooctane based on its stoichiometric equation the mass of CO2 produced in this blend is lower than that produced by isooctane (3.09kg) making it a better fuel in this regard but certainly not an ideal fuel.



3. Section 2 – Modelling NOx
The second section required a NOx model to be created in Excel to predict emissions for a naturally aspirated engine running slightly on the lean side of stoichiometric (equivalence values up to one). The model represented the combustion cycle of the engine over the course of fifteen degrees as pressures increased every degree by two bar simulating the ‘New European Drive Cycle’ (NEDC). 

3.1   Determining Enthalpies
The first step in building the model was to extract temperature and enthalpy data from standard enthalpy tables in order to estimate new values that could be used within the model. The original values were then plotted in a graph against temperature in order to create a trendline that would be used as a curve fit to produce the new values at more regular intervals than the tables provide. Temperatures in intervals of ten degrees Kelvin (from 300-3500) were inserted into the new function of the curve as the x value in order to produce the new enthalpy values in MJ/kmol. This procedure was repeated for all four products of the reaction (CO2, H2O, N2 and O2) with extracts of the results shown in figure 5 to 8. The values were created to provide more accurate results later on when determining flame temperatures via enthalpy.
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Figure 5 – CO2 Enthalpy Calculations
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Figure 6 – H2O Enthalpy Calculations
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Figure 7 – N2 Enthalpy Calculations
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Figure 8 – O2 Enthalpy Calculations
3.2 Flame Temperatures
The previously calculated enthalpies are now used in multiple equations in the process of determining the flame temperatures at different fuel equivalence (FE) ratios. The first step in this process is to create a balanced equation for the reaction (equation 5) based on the stoichiometric equation for isooctane but also taking into consideration the FE ratio and how that affects the balance. Following that, the net enthalpy of the reaction (equation 6) is calculated using the standard enthalpies of formation and will be used later on when determining flame temperature.
  	Equation 5
 		Equation 6
	
The newly calculated enthalpies from section 3.1 are now used to determine the enthalpy of the reaction at a certain flame temperature. However, due to the exact temperatures at certain enthalpies not being available via the tables they must be calculated using the enthalpies at the two closest temperatures to the desired enthalpy. The first part of this process requires the total enthalpy of the products to be calculated, which depends on both the temperature and FE ratio. The first table in figure 9 is used to calculate enthalpies at the higher temperature depending on the multiplier and FE ratio while the second table does the same for the lower of the two temperatures selected, the example shown is for the flame temperature at an FE ratio of one. The multiplier relates to the table in figure 10, which is dependent on FE ratio, while the enthalpy value for each compound comes from the enthalpies calculated in section 3.1 relating back to the chosen temperature via the VLOOKUP function. The total enthalpy for the products is then added up to see how close it is to the desired enthalpy of the whole reaction. This process is repeated by changing temperatures until the enthalpies in table one and two from figure 9 are as close as possible to the desired enthalpy (one higher, one lower) and the flame temperature can be calculated using equation 8. A different approach to this method would be to use the goal seek function in Excel, however this manual method was used as the preferred way to explain the process step by step.  

Equation 7
 						Equation 8
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Figure 9 – Temperature Selection Tables
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Figure 10 – Data Calculation Table




3.3 Concentrations of Oxygen and Nitrogen
Moving forwards, the next step in the creation of the NOx model was calculating the concentrations of both Oxygen and Nitrogen. However, this part of the model requires some other calculations before it due to other terms that must be given values to use in the concentration formulae. The first of these calculations to be conducted are to determine the number of moles of mixture drawn into the engine per cycle by using the ideal gas equation, as seen in equation 9 below. The other calculation to be completed is for the value of alpha (equation 10), which is the driving force for the change in concentration as the FE ratio changes with FE ratio and alpha inversely proportional to each other as can be seen in figure 10. Finally, the concentrations of Oxygen (equation 11) and Nitrogen (equation 12) can be calculated using alpha.

 				 Equation 9
 				Equation 10
 				Equation 11
 					Equation 12

3.4 Calculating NOx Values
The Zeldovich Model (equation 13) is used to show the change in NOx emissions with respect to time. This can however be modified to show the emissions with respect to degrees (equation 14) as opposed to the standard seconds, which is then used to show how it changes with respect to crank angle. The Zeldovich Model however does use burn zone temperatures as opposed to the previously calculated flame temperatures meaning that these have to be converted (equation 15) so that the Zeldovich Model is able to work in this situation. The first burn zone temperature is effectively the flame temperatures once the change in pressure has been taken into consideration and from then on, the previous burn temperature is used to calculate the next one at the next degree of crank angle.


 				Equation 13
 					Equation 14
							Equation 15
 
In order to determine the NOx PPM values for each FE ratio the NOx values must be added together in FE ratio each section to give the amount of NOx in kmols per cycle. The NOx PPM (equation 17) is then calculated by the summation of NOx in each FE ratio section divided by the total exhaust gas particles (equation 16) and multiplied by one million to give the final value. The results of this part of the model are shown in figures 11 and 12, while figure 13 shows the graph of PPM compared over the different FE ratios. 

 		Equation 16
 						Equation 17

The graph in figure 13 shows the shape of the curve for NOx PPM is as expected proving the model to be reliable for this data. To further prove the reliability of this model more diverse sets of data would have to be used and show similar expected results. At an FE value of 1 the NOx PPM is zero. This is expected due to the concentration of Oxygen being zero (seen in figure 10) when FE is equal to 1 (the stoichiometric point), as when the multipliers are determined for the calculations (equation 7) you can see the value of Oxygen’s multiplier would be zero when phi is equal to one. At the opposite end of the graph the NOx PPM values are lowest when the FE value is 0.6, this is mainly due to the burn temperatures being so low because of how lean the engine is being run, which in turn negates the effect of the nitrogen and oxygen concentrations being at their highest throughout the whole of the data range as they do not dissociate to form NOx molecules. From 0.6 the graph shows a steady rise from around 0.75 where the NOx values finally start rising quite quickly up until the peak at around 0.97. The peak at 0.97 is due to the perfect balance between high burn zone temperatures and high enough concentrations of oxygen and nitrogen to give peak values of NOx unlike the imbalance seen at FE values of 0.6 and 1. The NOx PPM values are slightly too big compared to an expected graph (figure 14) but this could be due to discrepancies in flame or burn temperatures during calculation or the enthalpies calculated via the graphs from the tables.
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Figure 11 – NOx Table Part 1
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[image: ]Figure 12 – NOx Table Part 2







Figure 13 – NOx PPM Graph
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Figure 14 – Example NOx PPM Graph

3.5 Exhaust Gas Recirculation
Exhaust Gas Recirculation (EGR) is the process of returning the burned exhaust gases back into the cylinder in order to be used again for the next cycle via a valve. These gases then add extra mass into the fuel and air mixture to be burned hence decreasing the burn zone temperatures in accordance with the ideal gas law. Due to the lower temperatures this process then decreases NOx production matching the previously mentioned equations based on the zeldovich model.

The work to be undertaken involving EGR was similar to section 3.4 however instead of FE values it would be EGR values that are the variable. However, to conduct these calculations the balanced equation used in section 3.4 had to be rewritten (equation 18) in order to accommodate the added mass via EGR and create new multipliers for enthalpy calculations. Despite the mass being added to the equation however, the previously calculated net enthalpies are used due to equal amounts of exhaust components being added to each side of the equation. This then negates any changes due to the net heat released remaining the same. The FE value of 0.97 was selected as a constant in order to show comparison between different values of EGR and how this affected the NOx production. The results of the calculations can be seen below in figure 15, with figures 16 and 17 showing graphs produced based on the newly calculated data.
  Equation 18

As expected, the calculations showed that the more exhaust gases added to the combustion mixture the less NOx was produced due to the decreased flame and burn zone temperatures. Despite the bigger decrease it is seen in figure 16 that the added EGR valve does not make that big a difference per degree until the pressure reaches it’s peak. This is likely due to the exponential section involving the burn temperature in the NOx production equation (equation 14) as the differential between the degrees will get larger the larger the temperature and pressure gets based on equation 15. Figure 17 shows the expected trend of how the difference in EGR value affects NOx PPM values with the difference between the PPM values getting larger the higher percentage of exhaust gases are re-added. This again likely comes down to the exponential point previously discussed. Another interesting section to look into with this data could be the effect on NOx at different EGR values and different FE ratios combined to see what would be the most eco-friendly combination.
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Figure 15 – EGR Added NOx PPM Tables
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Figure 16 – Graph of NOx PPM per Degree with EGR Added
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Figure 17 – Bar Graph of NOx PPM vs EGR Value
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