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[bookmark: _Toc28789192]Introduction 

This report will cover how the effects of adding varying percentages of exhaust gas back into the combustion chamber can reduce NOx production. This will be accomplished by firstly balancing the chemical process that occurs between the air-fuel mixture in the combustion cylinder at different equivalency ratios. Then the Zeldovich model will be used to calculate the amount of NOx  produced before and after an EGR system in implemented. Most importantly this report reveals the steps taken to produce a simulation that is capable of achieving reliable and accurate results. The other key objectives outlined in the report are how to correctly determine the fuel properties of a 50:50 blend of Methanol and Isooctane. 
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a) Mass percentages for a 50:50 fuel blend of Methanol and Iso-octane. Reference excel document for specific values used for the molecular weights.
*In order to determine the fuel mass percentages, the mass for each fuel was calculated per one kmol.    The air mass was also calculated by balancing the 50:50 blend.



Fuel Mass Per 1 kmol  
Air Mass Per 1 kmol  
Fuel Mass Percentages  Methanol 21.9%, Iso-octane 78.1%.

b) Stochiometric air to fuel ratio for the 50:50 blend of Methanol and Iso-octane:

c) Lower heating value for the blended fuel, using the lower enthalpy for  (gas state):
*All the values used for the standard enthalpies of formation for the product and reaction compounds were extracted from the tables supplied in the classroom notes.
 
 


d) The enthalpy of formation is a method used to determine the change in energy for different compounds. This is achieved by breaking down the compound into the basic elements and combining the enthalpy of those basic elements to get an overall enthalpy of the compound per 1 mol. It is important to note that the standard thermochemical tables are assuming that the basic elements are in its most stable form at 1 atm and usually at 25oC, unless mentioned otherwise (Clark, 2010).     

e) The difference between the lower and upper heating values of a fuel is that the lower heating value is calculated with the product of water being in a gas form, while the upper heating value is calculated with the product of water being in a liquid form. The reason why the upper heating value is higher is due the condensing of the water which produces a higher energy release (Green, 2016).   

f) Mass of CO2 per one kilogram of the blended fuel:


g)  The ideal fuel properties used for combustion are as follows, (Vedantu, 2019):
· Fast burn rate while still being stable at high pressures, which usually means a compromise of a moderate velocity during combustion. 
· Must have a high calorific value.
· The storage and transportation of the fuel should be user friendly for consumers.
· Should not produce any harmful / toxic substances. 
· Readily available worldwide and affordable.
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In order to properly build a Lean NOx Model the first step was to create a calculator in excel that was capable of balancing the chemical equation for Isooctane at different equivalence ratios. The figures below illustrate how the calculator is able to balance the equation for different equivalency ratios. 
[image: ]  [image: ]
[bookmark: _Toc28789208]               Figure 1: Equivalence Ratio of 1				            Figure 2: Equivalence Ratio of 0.9
The highlighted areas in the calculator demonstrate that O2 is now a product during lean combustion, which is why NOx is produced for lean combustion conditions. The same could be said for fuel rich conditions but the scope of the assignment is limited to lean NOx modelling. It is also interesting to note that the variable “a” in the equation does not change due to the fact that the calculator is only manipulating the amount of fuel being added or subtracted and is not able to change the amount of air introduced into the reaction, which is a perfectly reasonable assumption for this assignment. The calculator was then used to determine all the reaction variables for the equivalence ratios specified in the assignment. The next step was to determine the Nitrogen and Oxygen concentrations for all equivalency ratios. The following equations were used.

It is important to note that alpha was determined by the number of kmols of the air / fuel mixture divided by the stochiometric ratio of the products.
The last variable that was necessary to use the Zeldovich Model is the initial flame temperature. Due to the sensitivity of NOx modelling, the initial flame temperature must be calculated as accurately as possible. This was achieved by building a second calculator in excel that could determine the initial flame temperatures at the specified equivalency ratios with accuracy to the fifth decimal place. The method used to determine the initial flame temperatures are as follows:
1. The net enthalpy from the enthalpy of formations method was calculated by subtracting the reactants enthalpy from the product enthalpy. The importance of this step is to calculate a net enthalpy that can be compared with an enthalpy calculated from fuel-enthalpy tables. This will then result in a query that will compare the enthalpy’s and thus calculate the temperature needed to produce the same net enthalpy while using the fuel-enthalpy tables.
2. The polynomial equation for CO2 / O2 / H20 / N2 was calculated using a 6th order polynomial. These equations would then be used in conjunction with the flame temperature needed to achieve the exact same enthalpy as the enthalpy of formations, see tab “Fuel Polynomials” in attached excel file for specific polynomial equation.  
3. The final step used to determine the initial flame temperature was to integrate the polynomial equations for all the reactants with the original balanced equation for each equivalency ratio. This was achieved by programming a “goal seek” macro into excel which would calculate the exact temperature needed for all the reactants using the polynomial equation that would generate the identical enthalpy value as the formation of enthalpy. This was then done for every equivalency ratio and manually put into a variable table in order to begin with the Zeldovich model, see figure 3 for the variable parameters generated.
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[bookmark: _Toc28789209]Figure 3: Zeldovich Model Parameters

[bookmark: _Toc28789195]Zeldovich Model
The next step was to implement all the variables found in the above steps into the Zeldovich model to create a results table that generated the amount of NOx (kmols/deg) produced in a simulated combustion cycle. The simulation assumed a linear rise in cylinder pressure of 2 bar from 10 bar to 40 bar, which created a combustion cycle to occur in 15 crank angle degrees. The ideal gas law was then implemented in order to accurately calculate the rise in temperature during the simulated combustion by using a starting temperature that was calculated using the fuel-enthalpies table outlined earlier. 
The final step was to implement the Zeldovich model for all equivalence ratios. The figure below is a sample of the results generated at an equivalence ratio of 1 and 0.99.
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[bookmark: _Toc28789210]Figure 4: Sample NOx (kmols/deg)
The resulted generated seem to be reasonable as the amount of NOx produced at a stoichiometric ratio would be zero which is what the excel simulation is calculating. The NOx (PPM) was then calculated by taking the sum of all NOx production for the entire simulated combustion cycle for each equivalency ratio and dividing that sum by the total amount of exhaust kmols. The chart below outlines the results achieved by implementing the Zeldovich model.
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[bookmark: _Toc28789211]Figure 5: NOx (PPM)
The results show that the maximum amount of NOx is produced at an equivalence ratio of 0.97 which is consistent with historical findings for small displacement engines at low RPM outlined in the Journal of the Air Pollution Control Association (Jackson, 2012). It is also interesting to note how much the NOx production is affected by the small change in initial starting temperatures between the different equivalency ratios. Which is why manufactures commonly use EGR to lower in cylinder initial flame temperatures. EGR works by cramming exhaust particles into the combustion chamber which dilutes the air being sucked into the chamber with an air / fuel ratio that is less combustible due to the exhaust particles not wanting to burn, thus producing a slower and less intense flame. 

[bookmark: _Toc28789196]Zeldovich Model - EGR
[bookmark: _GoBack]The next step was to calculate the effect of EGR by re calculating the Zeldovich model variables with an EGR of 5%, 10%, 15% and 20%. This would then prove why manufactures have chosen to use EGR as a viable strategy to reduce NOx production. In order to determine the change in initial flame temperatures with different amount of EGR values the chemical equation would need re balancing. The re balanced equation was calculated by taking the amount of EGR and multiplying by the reactants, and since the net enthalpy stays the same due to the amount of exhaust components being added to both sides of the equation is the same, the below table was generated for 10% EGR. 
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[bookmark: _Toc28789212]Figure 6: 10% EGR Example
After determining the coefficients for all the reactants the initial flame temperature was calculated exactly the same as before except the balanced equation would change for each EGR percentage. The method used was the excel macro calculator with more manual inputs due to the difficulty when trying to add EGR as a changing variable. The initial flame temperature results are as follows:
[image: ]
[bookmark: _Toc28789213]Figure 7: EGR Flame Temperatures
Once generating these initial flame temperatures the same Zeldovich model was used to calculate the amount of NOx produced at the different equivalency ratios. This would then demonstrate how the initial in cylinder flame temperature is very significant when calculating the amount of NOx produced.  
[image: ]
[bookmark: _Toc28789214]Figure 8: EGR NOx Results
The above figure shows the NOx production for the varying EGR percentages. It is interesting to note that by adding 5% of EGR the NOx production is reduced by 40.0% for an equivalency ratio of 0.97. More importantly, the NOx reduction is achieved by starting with an initial flame temperature that is only 79.93k lower on average across the different equivalency ratios. Ultimately, this proves the sensitivity of NOx production in ICE engines. Another key finding achieved with this simulation is that the outlining principles behind an EGR system was confirmed by the simulation due to the fact that the change in initial starting temperature was able to reduce NOx production so greatly.  
[bookmark: _Toc22637031][bookmark: _Toc28789197]Conclusion	 

The results generated from this report have proven that by adding an EGR system to an internal combustion engine you can reduced the NOx  production by up to 40% while only adding 5% EGR, and with 20% EGR the NOx  production is reduced by 97.21%. These results are consistent with historical research and real world experiments which is why the simulation developed is suitable for the assignments purpose. The limitations associated with the report and simulation are due to the assumption of a lean air / fuel ratio and only using the Zeldovich model formula for calculating NOx. Further research and validations would be needed in order to build a robust NOx modelling simulation.
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