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[bookmark: _Toc29152110]Introduction:

For level 6 Powertrain and Sustainability, students have been instructed to carry out a set of tasks relating to the chemical formation of fuel, products and reactants, stoichiometric burning of fuels and blends, basic modelling of combustion processes including calculation of adiabatic flame temperatures at the point of combustion and period of expansion of ignited gases in the four stroke engine cycle. The model will only consider the lean side of combustion with equivalence ratios from 0.6-1. Utilizing the Zeldovich model, the existing data will be further refined to calculate the quantities of Oxides of Nitrogen (NOx) produced per cycle.
Further modelling will be carried out to analyse the effects of adding recirculated exhaust gases (EGR) back into the cylinder to be re-burnt with freshly charged air/fuel mix. Modelling of EGR will occur at four stages (5, 10, 15 and 20% EGR added to inlet) and aims to demonstrate the effect of reduced combustion temperatures on the formation of harmful NOx gases from ICE running EGR systems.
Further discussion will include methods of obtaining higher accuracy when calculating exhaust emissions, also methods of mitigating high emissions in the first place in SI and CI engines. 


[bookmark: _Toc29152111]Methodology:
[bookmark: _Toc29152112]Part 1:
a) [bookmark: _Toc29152113]Calculate the mass percentages in 50/50 Methanol/Iso-octane blend.

In order to calculate the mass percentages in this fuel blend, it is first necessary to write the balanced chemical equation for combustion of the fuel blend in air. This will allow the number of moles of each species to be calculated. The balanced chemical equation is shown below:

From here the values for n1-n4 can be calculated allowing the mass percentages of each fuel in the blend to be calculated also.
n1 = 9 as there are 9 Carbon molecules on the left side of the equation and one product carbon on the right
n2 = 11 as there are 22 reactant hydrogen molecules on the left side and 2 on the right side, therefore 

n3 = 0 as there is no oxygen as a product due to complete stoichiometric burning.
n4 = 52.64, this figure is calculated from Oxygen on the left side = 




Therefore, 				n4 = 
To calculate the masses n1-n4 can be multiplied by their respective atomic number to calculate the mass of each species, this can then be divided by the overall air fuel mass to determine the percentage of each fuel mass in the blend.


As this is a 50/50 blend, half the mass of each species can be considered to calculate mass percentage, i.e.
50% of 114.232g + 50% of 32.043g = 73.1375g 
50% 114.232g = 57.116g		  Iso-octane
50% 32.043g = 16.0215g		Methanol



b) [bookmark: _Toc29152114]Calculate the air/fuel mass ratio for stoichiometric burning of blend in air.

From calculations on the balanced chemical equation, it is possible to work out the air/fuel mass ratio of the blend when burned stoichiometrically. This is easily calculated by working out the total air mass divided by the total fuel mass and is shown below:

=  = Fuel mass
== 14 x (15.998 x 2) + 3.76 x (2 x 14) 
= 14 (31.998 +105.333) = 1922.63g = Air mass 
Therefore, 			 


c) [bookmark: _Toc29152115]Calculate LHV of blend in MJ/Kg, from enthalpy of formation.

To calculate the LHV of the blend it is first necessary to calculate the enthalpy of formation, which is shown below:





Mass of 1 kmol of fuel blend = 146.275 kg


Therefore, LHV = 			 


d) [bookmark: _Toc29152116]Give an explanation of enthalpy of formation.

Enthalpy of formation can be described as the change in enthalpy required to form 1 mol of a compound from its constituent elements. (Powers, 2014)

e) [bookmark: _Toc29152117]Explain the difference between higher and lower heating values.

The difference between HHV and LHV can be described as when the H2O content in the product of combustion is a gas, this is where the value for LHV comes from, as opposed to when the H2O content is a liquid this contributes to the HHV. (Heywood, 1988)
f) [bookmark: _Toc29152118]Calculate the mass of CO2 created per KG of fuel blend burned.

The mass of CO2 created can be calculated as follows:
1 kmol fuel blend = 9 kmol CO2
1 kmol blend = 146.275 Kg
1 kmol CO2 = (12 + 2(16)) = 44 Kg
9 kmol CO2 = 9(44) = 396 Kg
Therefore, 1kg of blend =	 


g) [bookmark: _Toc29152119]Describe the properties of an “Ideal” fuel.

An “Ideal” fuel should possess some, if not all of the following characteristics to be deemed “Ideal”.
· High calorific value.
· No spontaneous combustion.
· Moderate ignition temperature.
· Low moisture %.
· Efficiently burns in air.
· Easy to store and transport.



[bookmark: _Toc29152120]Part 2:

For part 2 of the assignment, it was necessary to model the NOx formation from a 4-cylinder, spark ignition, 4-stroke internal combustion engine running at a constant RPM, such that the modelling would represent a typical load scenario from an NEDC style test circuit.
In order to model the NOx formation, it was first necessary to compile the data provided in an Excel spreadsheet. In this instance, the NOx modelling was only covering the lean side of stoichiometric with fuel equivalence ratios ranging from φ 0.6 – 1. 
The model was to be implemented assuming a steady rise in cylinder pressure at 2 BAR per degree of crank angle, up to a final pressure of 40 BAR from an initial cylinder pressure of 10 BAR.
To begin the model, the enthalpy tables for all constituent species were imported to Excel to allow calculations to be performed from the electronic versions of the tables.
To achieve a reasonable degree of accuracy, a polynomial curve was fitted to the 6th order of the various products necessary required to calculate NOx formation, in this instance:
· H2O
· CO2
· N2
· O2
The polynomial curve plotted temperature vs enthalpy for each of the species and provided a basis to calculate the correct flame temperature for a given enthalpy of each species when required. It may be noted that the average R-squared value of the curve fits for each species was 0.9998 thus providing a reasonable degree of accuracy for the proceeding calculations.
A table was also then compiled of all enthalpies for each product, at a range of temperatures and values of  following the stoichiometric balance equation for the reaction as shown below: 
 
Using the balanced equation, it is then possible to calculate the total enthalpy of formation for the reaction from the sum of the products by the number of kmols of each product on the right-hand side of the balanced equation. 
Using the “FORECAST” function in excel allowed an accurate interpolation of each enthalpy and flame temperature in order to calculate the exact flame temperature at a specific enthalpy. This then provided an initial flame temperature at . The corresponding flame temperatures for the remaining values of were now calculated also by multiplying the balanced equation by the corresponding values of .
From these initial flame temperatures, the resulting flame temperature increase due to pressure and combustion could then be calculated for each degree of crank angle, this calculation was made by re-arranging the following formula:
→     
Where, n = Polytropic index. 
Following calculation of all flame temperatures for every degree of crank angle and change in  it was now possible to calculate the NOx formation by utilising the Zeldovich mechanism equation which is shown as follows:

In order to implement the Zeldovich equation, concentrations of [N2] and [O2] in combustion must first be calculated, to calculate these concentrations a value for Alpha (α) must be found, and in order to calculate α, the total no. of kmols of mixture drawn into the cylinder must be calculated by re-arranging the ideal gas equation as shown below:

From this value of n, we can now calculate α using the formula:

Now the concentrations of [N2] and [O2] can be found by multiplying the respective amount of each species at each value of Phi by Alpha.
By inputting all calculated figures into the Zeldovich equation it is possible to calculate NOx formation. 
This equation allows for a basic calculation of NOx formation on the lean side of stoichiometric only and vastly over-predicts the amount of NOx formed as this equation only accounts for reactions happening in the forward direction, whereas, in real situations the NOx will be formed in forward and reverse reactions with the reverse reactions reducing the concentration of NOx. 
The NOx formed is at this point only calculated for 1 degree of crank rotation, so therefore must now be summed for the complete combustion cycle. This is calculated, again for each fuel equivalence ratio also.
The result of these NOx calculations is then used to populate an excel table where the total NOx formed is divided by the total exhaust composition of constituent species to give a NOx concentration. This concentration is then multiplied by to calculate NOx parts per million.
[bookmark: _Toc29151646]Figure 1: NOx PPM vs Fuel equivalence ratio 0% EGR.




[bookmark: _Toc29152121]Part 2a:

Following from the NOx calculation, it is necessary to calculate NOx formation when certain percentages of recirculated exhaust gases are added to the vehicle intake. This process is known as EGR or Exhaust Gas Recirculation and is used to increase the mass of the intake species in the cylinder and thus reduce combustion flame temperatures, which in turn should decrease overall NOx formation.
To implement the addition of EGR to the model, the composition of the balanced chemical equation was first modified to include the percentage EGR added on the product and reactant sides of the balanced equation, as the mass added is the same both sides of the equation there is no increase in resultant net enthalpy for the reaction. An example of the balanced chemical equation for 5% EGR is shown below:


This process was carried out across a range of EGR percentages from 5-20%, with the flame temperatures being recalculated for each value of Phi yet again, from this point the same procedure could be carried out to calculate the NOx formation at varying levels of EGR %. The data can then be compiled in graphical form to illustrate the effect of added EGR on flame temperature and thus NOx formation.

[bookmark: _Toc29151647]Figure 2: NOx PPM vs F.E.R at various EGR %

[bookmark: _Toc29152122]Analysis:
From the data calculated in part 2 of this assignment, it can be seen that the NOx formation most definitely occurs at higher combustion flame temperatures. This is caused by the likelihood of dissociation of the Oxygen and Nitrogen molecules present in the products of combustion, where there is high activation energy due to heat and pressure which will allow the bonds to break between O2 and N2 molecules respectively, therefore promoting thermal NOx formations such as NO2, N2O and NO. (Gunter P Merker, 2006)
 It can clearly be seen that with the reduction in equivalence ratio there is a pronounced decrease in the formation of NOx also. Again, this is most likely due to the reduction in activation energy required to dissociate the molecules as there is a reduction in energy as a result of the leaner conditions of combustion due to reduction in chemical energy due to the presence of less fuel in the mixture. (Vianna, 2005)
It can also be seen that the highest concentration of NOx production occurs at PHI = 0.98 this validates the theory from course notation that highest concentrations should occur at approx. this value of PHI the likelihood of dissociation of O2 and N2 molecules is higher and combined with high flame temperature the probability of high NOx production is greatly increased.
Further analysis pertaining to the addition of EGR also produced favorable results from the model with amounts of NOx production closely resembling accepted values when using the basic Zeldovich model.
With the addition of 5% EGR a reduction of 47% in NOx was discovered, this figure is a little low by common standards but within a respectable degree of accuracy. The following reduction percentages are more in line with industry standards for NOx reduction with addition of EGR
· 10% EGR = 60.63% further reduction
· 15% EGR = 67.04% further reduction
· 20% EGR = 63.25% further reduction
It is clear to see that the reduction of NOx formation is a direct result of the increased mass within the cylinder, thus causing a lower combustion temperature which, as previously discussed reduces the probability of dissociation of the O2 and N2 molecules. 



[bookmark: _Toc29152123]Discussion:

At the point of modelling the fuel and emissions in this case, a number of limiting factors and assumptions have been made that may affect the accuracy of the model, these factors will be discussed below along with possible methods of mitigation.
[bookmark: _Toc29152124]Assumptions made in model:

100% thermal efficiency.

At this stage the model only accounts for 100% thermal efficiency, there is no heat energy lost to the cylinder walls, piston crown or engine cooling system during combustion, a model with the inclusion of heat transfer included may yield more accurate results, this could be implemented if the geometry and material of the engine model were known.

Basic Zeldovich mechanism.

Using the Zeldovich mechanism in this model we are assuming collision rate constants and activation energies as given by Merker et al, (Gunter P Merker, 2006) in their book Simulating Combustion, there are various other forms of Zeldovich’s mechanism that use varying rate constants etc. that will undoubtedly produce different results when looking at NOx formation.

No reverse reactions.

As previously mentioned, this model will almost certainly over-predict NOx formation due to the lack of inclusion of the extended Zeldovich mechanism that would require the use of reverse reaction kinetics to predict the rate of formation of products in both directions, the inclusion was a little outside the scope of this assignment but could be implemented in order to accurately replicate NOx formation in the future models.

Lean model only.

This model only accounts for Phi < 1 whereas in real life engines there will be NOx formations at Equivalence ratios > 1 also. This NOx formation is usually described as “Prompt NOx” and requires different formation rates to be implemented to yield correct results.

[bookmark: _Toc29152125]Model limitations:

No automation in model.

In the model created for the assignment, there is very little automation included, it was necessary to manually look up the values for enthalpy to interpolate in order to find the correct flame temperatures. This process was found to be slow and clunky, this method would also not be suitable to process large data arrays. A possible solution to the problem would be to write a MatLab script that performed the same function and incorporated a loop function making the process for calculation of flame and burn zone temperatures more fluid. 
Incorporation of fuel calculator.

Further development of the model would have included a function to enter a desired fuel into the calculator and the automated model could predict NOx formation for any fuel or fuel blend. Again, this may have been easier to implement in MatLab with the correct knowledge of the program.

Function to determine power loss with the addition of EGR.

At present the model does not include a method of calculating the amount of power or torque lost by the engine when adding EGR to the cycle. As this is one of the major issues associated with adding EGR to an engine, a calculator to predict power loss may have been a useful addition to the model.


[bookmark: _Toc29152126]Conclusion:

All in all, the model proved to be a success, the model has predicted from first principles an amount of NOx production that doesn’t fall too far from industry standards (~10%). This gives a reasonable amount of accuracy considering the Zeldovich mechanism used, does tend to overpredict. 
The model also predicted reasonably the decrease in NOx production with the addition of EGR at varying percentages, thus also proving that EGR systems will perform the function they are supposed to, by increasing in-cylinder mass and thus reducing flame and burn zone temperatures.
As previously mentioned, the inclusion of a power loss calculator to highlight the optimal point of good power and low emissions would have been a nice addition to the model and also a study into compression ignition engine modelling could be a thought for a future study.

[bookmark: _Toc29152127]Appendix:
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[bookmark: _Toc29151648]Figure 3: Table showing NOx formation across combustion cycle at varying values of Phi.
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[bookmark: _Toc29151649]Figure 4: Table showing calculated flame temps from polynomial calculated enthalpies of species.
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[bookmark: _Toc29151650] Figure 5: Flame temps re-calculated with 10% EGR
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[bookmark: _Toc29151651]Figure 6: Table showing O2 and N2 concentrations at varying values of Phi, also overall NOx produced and NOx PPM 0% EGR
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