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With the escalating push for lower emissions from all vehicles from motorcycles to cars to excavators, the knowledge and understanding of controlling what is coming from the exhaust pipe is ever increasing. This report aims to investigate into 3 main aspects of combustion chemistry facing the automotive industry to date.
Firstly, a look into the fundamentals of combustion chemistry from balancing chemical equations, focusing on mass percentages, Lower and higher heating values, enthalpy formations, air fuel mass ratio and ideal fuels.
Following this, an investigation into modelling using Merker’s Zeldovich model to predict   parts per million and the effect that fuel equivalency ratio’s, flame temperatures and exhaust gas recirculation has .
Finally, an analysis of the results found and produced using Matlab and what has been found through the investigation, with considerations to real life circumstances in comparison to calculated data.
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CH3OH + C8H18 + x (O2 + 3.76 N2)  n1 CO2 + n2 H2O + n3 N2
n-CO2 = 9,
n-H2O = 11,
x = 12.5,
n-N2 = 47

· Fuels are substances that react with oxygen to distribute useful energy, this energy is used to power the internal combustion engine. A small amount of light energy is released however it mainly thermal energy (Williams, 2019). 
· Generally, in complete combustion;



· Incomplete combustion is when water is produced however carbon monoxide and carbon is also produced instead of carbon dioxide.
· Incomplete combustion occurs when there is an insufficient supply of oxygen. 
· In incomplete combustion;



· Complete combustion is preferred as the carbon is released as soot. Carbon monoxide is a poisonous gas which is absorbed into the lungs and binds with the haemoglobin in our red blood cells, thus reducing the capacity of oxygen the blood can carry (Williams, 2019). 
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· In complete combustion, around 21% of the air is oxygen. This is found by initially finding the weight of both the methanol and iso-octane mixtures. 
 
;

;

· Table 1 shows the atomic weights of the above equations. 
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	Chemical
	Number of atoms

	Carbon ‘C’
	12.011

	Hydrogen ‘H’
	1.008

	Oxygen ‘O’
	15.9990



· The numerical values in the equations refer to the amount of chemicals produced when the methanol/ iso-octane goes through combustion.
· From this a total weight is found and a percentage can be determined;
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	Chemical
	Mass Percentage

	Methanol
	21.905

	Iso-Octane
	78.095




· Table 2 shows the mass percentages of methanol and iso-octane, as can be seen from the table, iso-octane is considerably higher.
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· The air-fuel Ratio (AFR) is the ratio between the Mass of the air and the mass of fuel.
· Stoichiometric is the name given to the ideal AFR for complete combustion.
· In a petrol engine, the stoichiometric AFR is 14.7:1. This means that for every 1kg of fuel, 14.7kg of air will be needed for complete burn.

;

· Using the above equation, it is possible to determine the AFR, in this case the AFR is 15.0276:1.
· This means (theoretically) for every 1kg of methanol and iso-octane mixture, 15.0276kg of air will be needed for 100% burn.
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· The higher heating value (HHV) refers to the value of the calorific value when the H20 is a liquid.
· The Lower heating value (LHV) refers to the value of the calorific value when the H20 is a vapour.
· This can be determined by first calculating the needed enthalpy;

 ;

· Where h is the enthalpy formation in methanol and iso-octane 
· Secondly, by considering the enthalpy of combustion (H) in carbon and water and the number of molecules resulted in after combustion it is possible to calculate the enthalpy released using;



· Where x and y are the number of molecules after combustion. 
· Penultimately, the net enthalpy is found by subtracting the needed enthalpy from the released enthalpy.
· Finally, it is possible to find the LHV by simply;

;

· The kinetic molecular theory assumes that the temperature of a gas is directly proportional to the average kinetic energy of its particles.
· LHV has a lower enthalpy value this is when the water is in a vapour state. When water is in a vapour state there is less kinetic energy in its particles.
· HHV has a higher enthalpy value this is when the water is in a liquid state. When water is in a liquid state there is more kinetic energy in its particles.
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	Heating Value
	MJ/kg

	Lower
	39.2455

	Higher
	42.5544




· The above table shows the higher and lower heating value of the iso-octane and methanol blend.












[bookmark: _Toc29138467]Enthalpy Formation

· Enthalpy formation is the change in enthalpy for the formation of 1mol of a compound from its primary elements, for example, the formation of carbon dioxide from carbon and oxygen.
· One way of to accumulate the thermal energy absorbed or released by chemical reactions would be to arrange a large list of reference tables that demonstrate the enthalpy changes for every chemical reaction.
· As this would be far too time consuming, Hess’s law provides the ability to calculate the enthalpy changes for virtually any imaginable chemical reaction using a small set of condensed data, starting from the elemental forms of each atom at 298k and 1 atmospheric pressure (Williams, 2019).
· Although Hess’s law provides a sufficient idea to the amount of enthalpy formation at 298k and 1 atmospheric, extrapolation of data is required to look into other temperatures and pressures (This can cause more unreliability, depending on the method of extrapolation). 
· Using Hess’s law;

;
;
;

· The above equation proves that using the elemental forms of carbon and oxygen, it is possible to find the enthalpy formation of carbon dioxide.
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· The mass of  is calculated using;

;

· Where is the amount of carbons after combustion (9).
· When using only iso-octane it is common to expect 3 times the amount of  per 1kg of fuel (this is true for most hydrocarbons).
· In the case of the iso-octane and methanol blend, it is resulted that for every 1kg of fuel there is 2.7078kg of .
· When the air/fuel mixture is rich the  amount reduced as a rich air fuel mixture indicates less air and more fuel (this produces more carbon monoxide reducing CO2).
· When the air/fuel mixture is lean the  amount is still reduced in comparison to just stoichiometric, this is because a lean air/fuel mixture contains less fuel meaning the fuel does not burn as much, resulting in less  per 1kg of fuel.
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· An ideal fuel should:
· Have a high calorific value and moderate rate of combustion.
· Not produce any harmful or poisonous products when burning.
· Should be easy to handle and transport.
· Cause minimum air pollution.
· Have a flash point (ignition temperature) above room temperature (Unkown, n.d.).
· The three types of fuels are:
· Solid fuels are easy to transport; however, a large portion of energy is lost and produce a high ash content.
· Liquid fuels offer a high calorific value along with controlling the combustion being easier; however, storage methods are costly and there is a higher possibility of fire hazard.
· Gaseous fuels are easy to spark however this does also come as a disadvantage as it offers an extremely high possibility of fire hazards and strict precautions are necessary.
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Octane = C8H18 + x (O2 + 3.76 N2)  n1 CO2 + n2 H2O + n3 N2,
n-CO2 = 8,
n-H2O = 9,
x = 12.5
n-N2 = 47

· Nitrogen oxides  are formed inside the combustion chamber due to the reaction of atomic oxygen and nitrogen (Kirkpatrick, 2001).
· The reactions forming  are very temperature dependant. This higher the temperature the higher chance of ‘’.
·  Production is also dependant on oxygen amounts. 
· Seeing as more oxygen means lower temperature, and temperature means more , this is why the highest  PPM production is at 0.97 FER.
· Exhaust gas recirculation is the fraction of exhaust gases recycled to the intake to dilute the fresh mixture for control of  emissions. This is done by introducing recycled gases that cools down the flame temperatures (Heywood, 1988).
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· Firstly, by exporting the data from the ‘Properties of Fuels’ tables, it is possible to use a Piecewise Cubic Hermite Interpolation Polynomial (pchip) to the temperatures (k) and enthalpies (MJ/Kmol).
· Following this;

;

· Where, ,  , x and  gives the number of molecules after combustion given by the balance equation. ‘’ is the fuel equivalency ratio (FER) and ‘PChipInterp’ is a Matlab curve fitting tool used to interpolate data.
·  gives a matrix consisting of 9 matrices which contain 3001x25 matrix covering the flame temperatures starting at 500k to 3500k relating to ’s 0.60 to 1.24.
· The exhaust gas recirculation (EGR) flame temperatures (FT_EGR) creates a 25x9 matrix using a for loop that shows the flame temperatures at each  and EGR percentage.

for f=1:9
for i=1:25
FT_EGR(f,i) = interp1(Enth_EGR{1,f}(:,i),temp_r',EnthalpyL(1,i),'pchip');
end
end

· The above figure shows ‘Enth_EGR’ is the1x9 cell structure containing 9 matrices consisting of flame temps at each   ‘temp_r’ is a 1x3001 double containing the flame temperatures. Finally, ‘EnthalpyL’ is a 1x25 matrix containing the net enthalpies at each 
· FT_EGR is then transposed and allocated to the variable name, depending on the EGR percentage. 
· EGR Flame Temperatures (EGRFT) are then used in the bellow equation;

;

· Where  is the  throughout the range of 10Bar to 40Bar to show the change in temperature due to pressure.  is;

;








 Methodology 

· Using kmols/cycle it is possible to calculate  parts per million (PPM). PPM is the ratio of  produced during every cycle for one million total exhaust gas particles. this would mean that for a PPM value of 5000 there would be 5000 parts of  for every 1,000,000 exhaust gas parts.
· The Zeldovich model shows that the NO is formed in the high temperature burned gases left behind by the flame front (Kirkpatrick, 2001).
· Figure 1 shows the Zeldovich model equation;

[image: ]
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· Where 4.7x is assumed to be the  constant,  are the concentrations of nitrogen and oxygen.  -67,837 is the Zeldovich constant (required energy) produced from large amounts of testing and research. 
· The Zeldovich constant is a factor of the reason the Zeldovich model is only a crude estimate, as it predicts an exceptionally high NO concentration since the reverse reactions slow down the actual NO productions (Williams, 2019). 
·  are the universal gas constants.
· From this it possible to calculate the  Parts Per Million (PPM).
· Using;
[image: ]
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· Figure 2 shows the equation to calculate the PPM, using the previously solved ‘ kmols/cycle’ and the ‘total exhaust kmols’.
· ‘total exhaust kmols’ is calculated using;

;

· Where  are the molecular amounts from the balance equation and where  is;


· Where  is the balance coefficient of air and  is the kmols of mixture drawn in per cycle;



· Where  is the ambient pressure,  is the volume in m^3 of one cylinder,  is the volumetric efficiency, R is the air constant in J/kmol/k and  is the ambient temperature.


















[bookmark: _Toc29138473]Analysis

[bookmark: _Toc29138474]NOx PPM and CO Percentage
[image: ][bookmark: _Toc29138485]Figure 3 - PPM and CO Percentage


· Figure 3 shows the  parts per million and CO percentage.
· As can be seen from the graph, the EGR input makes a dramatic difference to the amount of  PPM produced. Whereas at 0% EGR and 0.97 FER, the  peak is at 26,330PPM, this is far fewer when 5% EGR is introduced as it decreases to 10,220PPM, this trend follows with higher EGR. 
· Figure 3 also shows that on the lean side of  there is no CO produced however,  is produced, this is because there an excess of oxygen producing higher temperatures. On the rich side of  there is no  produced but CO is produced, this is because there is an insufficient amount of oxygen to produce carbon dioxide therefore, CO is produced.
· [bookmark: _Hlk29052008]Although figure 3 shows otherwise, in reality  are produced at stoichiometric FER, however, as this is calculated data using the Zeldovich model and not real data, it is not accounted for in the model.
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[image: ]
[bookmark: _Toc29138486]Figure 4 - Pressure NOx
· As can be seen on figure 4 the  production increases with higher pressure, as higher pressure means higher temperature 

;

· meaning more  PPM.
· As the mixture is rich there is no  produced as previously explained.
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[bookmark: _Toc29138487]Figure 5 - Pressure Phi and Flame Temperatures
· The above diagram shows the flame temperatures in relation to pressure and ‘’. 
· The trend shows a correlation in the pressure increasing alongside the temperature rising.
· The graph also shows that either side of stoichiometric FER, the flame temperatures reduce.
· In a lean burn there is insufficient fuel to burn the full amount of air resulting in lower flame temperature.
· In a rich burn there is an insufficient amount of air therefore, not burning all the fuel in the cylinder, thus lowering the flame temperature.
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[bookmark: _Toc29138488]Figure 6 - Phi EGR and CO%
· Figure 6 shows the CO percentage due to  and EGR.
· As previously evaluated, the lean side of  produces no carbon monoxide.
· As this graph demonstrated, the exhaust gas recirculation makes no difference to the CO percentage. As the EGR increases so does the % of CO.
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· In conclusion, although the Merker’s Zeldovich model doesn’t provide perfectly simulated data, it does however show the general trends expected to find when evaluating real data.
· As higher temperatures result in higher amounts of  parts per million, further investigation into lowering cylinder temperatures would be beneficial.
· Exhaust gas recirculation provides a significant reduction in the overall flame temperatures, thus reducing the amount of  PPM.
· When using the EGR the flame temperatures increases, the actual enthalpy is the same, however due to the shifting of data the released enthalpy is higher.
· A further investigation into the McAlister and Heywood methods would be beneficial to gain further understanding of all the possible outcomes.
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