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The aim of this assignment is to develop a NOx model for isooctane running on the lean side of stoichiometric and at loads typically seen in the new European drive cycle. The Effect of Exhaust gas recirculation to reduce NOx levels will be studied.
Nitrogen oxides are a group of gases containing Oxygen and Nitrogen. In an internal combustion engine these are found in the exhaust gas and are typically formed as Nitric Oxide NO, and in lesser quantities Nitrogen Dioxide NO2, these are collectively known as NOx. NOx can cause health and environmental problems and therefore NOx reduction is essential. 
Figure 1 shows the share of NOx emissions in the EU in 2011 it can be seen that road transport is responsible for 40% of the total NOx emissions. As this is a large part of the NOx production it is vital that it is addressed and attempts are made to reduce them.
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[bookmark: _Ref503438967]Figure 1 Share of NOx Emissions within the EU (http://www.icopal-noxite.co.uk/~/media/NoxiteUK/charts/Chart-share-of-emissions-by-sector-group-2011.jpg)





Table 1 Engine Specifications
	Specifications

	rpm 
	1800

	Polytropic index 
	1.2

	Cylinder Displacement (cc)
	400

	Volumetric Efficiency %
	40

	Burned Volume (cc)
	40

	Fuel
	Isooctane

	Intake Temperature
	20°C

	Intake Pressure 
	1 Bar



The cylinder pressures used in the model to replicate a drive cycle range from 10 bar to 50 bar with an increase of 2 bar per crank angle degree over 20 crank angle degrees. 
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The adiabatic flame temperature is the maximum temperature the flame can reach when burning the reactants in the cylinder, it is assumed there are no heat losses. This temperature is used as the starting point with no added temperature from cylinder pressure. Adiabatic flame temperature calculations can be found in Appendix. 


Figure 2 Adiabatic Flame Temperatures


Table 2 Adiabatic Flame Temperature
	Φ
	T (K)

	0.6
	1709

	0.65
	1803

	0.7
	1895

	0.75
	1985

	0.8
	2073

	0.85
	2158

	0.9
	2242

	0.95
	2324

	0.96
	2340

	0.97
	2356

	0.98
	2372

	0.99
	2388

	1
	2404














The adiabatic flame temperature reduces with the fuel Equivalence ratio. This is because the net enthalpy of formation has been reduced. The amount of fuel with respect to air is reduced therefor the H20 and CO2 is reduced and there is 02 left over. The enthalpy of formation of the H2O and CO2 is reduced  because there is less of it in the mixture and the O2 has an enthalpy of formation of zero therefore the overall Enthalpy of formation of the exhaust has reduced. 
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To calculate the production of NO the Zeldovich mechanism is used. This is also known as the thermal mechanism and is the most significant. This calculates the NO formed in the high temperature exhaust gasses left behind by the flame front. 
Two main contributing factors to NOx production are excess oxygen from a lean air fuel mixture and temperature. When the mixture is lean there is excess air in the cylinder therefore excess oxygen. When the temperature is high enough the nitrogen molecules become energised and split, they now want to become stable and combine with the free oxygen molecules to create NO + N. This is a nitrogen dissociation reaction triggered by an oxygen atom (Ferguson & Kirkpatrick, 2001). The reaction can also be reversed if the energy of the molecules remain high enough.
  

The Zeldovich equation used to calculate NO concentrations is 


Where  and  are nitrogen and oxygen concentration respectively and T is the temperature of the burned zone. More details of the equation can be found in the appendix. 


Figure 3 NO Concentration with respect to Fuel Equivalence Ratio


Table 3 NO Concentration with respect to Fuel Equivalence Ratio
	Φ
	[NO]  Kmols/M³/s

	0.6
	0.186927318

	0.65
	0.883536859

	0.7
	3.422961169

	0.75
	11.16208575

	0.8
	31.18789084

	0.85
	74.37568617

	0.9
	153.3565177

	0.95
	251.2858053

	0.96
	263.0129966

	0.97
	265.9839974

	0.98
	253.080909

	0.99
	208.1199301

	1
	0







Figure 4 NO Concentration Parts Per Million With Respect to Fuel Equivalence Ratio




Table 4 NO Concentration Parts Per Million
	Φ
	[NO]  ppm

	0.6
	101.84759

	0.65
	480.0601386

	0.7
	1854.689794

	0.75
	6031.402356

	0.8
	16806.13517

	0.85
	39969.33799

	0.9
	82189.72282

	0.95
	134309.7956

	0.96
	140501.9805

	0.97
	142012.4613

	0.98
	135050.5149

	0.99
	110998.3815

	1
	0




The NO levels peak at Φ=0.97 (slightly lean) this is because there is now free oxygen to combine with the nitrogen and the temperature is still higher, as the mixture becomes leaner the NO levels reduce because although there is more free oxygen the temperature is not high enough to split the N2 molecules therefor less NO is created.
The NO levels are over predicted in this model, this is due to the adiabatic flame temperature being high, therefore the temperatures throughout combustion reach higher temperatures than typically seen. At Φ=0.97 the maximum combustion temperature reaches 3080 K which is around 500 K higher than usual peak combustions temperatures. At Φ=0.7 the peak combustion temperature is around 2500 K and the NO Parts per million are at a more realistic level in the order of 2000 (Pulkrabek, 1997) and further backed up by (Schwerdt, 2006). Another factor of over predicted NO levels is that reverse reaction rates are not taken into account, with high temperatures the NO can split back up and revert back to N2 and O atoms. Although reverse reactions can take place and therefore reduce the NO production, the rapid drop in gas temperature as the pressure reduces means that there is very little time for the reverse reactions to occur.
The Model shows that when the Fuel Equivalence Ratio is stoichiometric there is zero NO production because there is no free oxygen for the nitrogen to combine with. In reality there is always some free oxygen due to dissociation.
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A technique used to reduce the amount of NO production is recirculate exhaust gas back into the intake system which forms an inert part of the mixture. It can still be heated, pressurised and used in the expansion stroke but it takes no part in the chemical reaction. As this gas takes up space in the cylinder there is less space for air and fuel. Due to there being less air and fuel in the mixture the combustion process is slower therefore the temperature will not be as high. As NOx production is heavily reliant on temperature, the effect of EGR is that NOx levels are greatly reduced (Robinson, 2000). 


Figure 5 EGR Effect on Adiabatic Flame Temperature










Table 5 EGR Effect on Adiabatic Flame Temperature
	EGR %
	T(K)

	0
	2324

	1
	2306

	2
	2288

	3
	2270

	4
	2253

	5
	2237

	6
	2220

	7
	2204

	8
	2188

	9
	2172

	10
	2157

	11
	2142

	12
	2127

	13
	2113

	14
	2098

	15
	2084

	16
	2071

	17
	2057

	18
	2044

	19
	2030

	20
	2017




The addition of EGR has reduced the adiabatic flame temperature by around 300 K at levels of 20%. This reduction means that the temperatures during combustion are now reduced and NO levels in turn are greatly reduced as shown in Figure 6 EGR effect on NO Concentration.

[bookmark: _Ref503426413]Figure 6 EGR effect on NO Concentration

Table 6 EGR effect on NO Concentration
	EGR %
	[NO] ppm

	0
	134309.80

	1
	113907.41

	2
	96320.92

	3
	81205.62

	4
	68975.72

	5
	59051.18

	6
	49882.28

	7
	42479.04

	8
	36078.66

	9
	30559.79

	10
	26111.88

	11
	22255.89

	12
	18921.27

	13
	16237.80

	14
	13735.32

	15
	11730.67

	16
	10119.77

	17
	8602.55

	18
	7388.42

	19
	6250.39

	20
	5343.65



Due to the reduction in adiabatic flame temperatures the overall temperatures have been greatly reduced and this is the reason for the large reduction on NO concentrations. This shows that EGR is an excellent way of reducing NOx levels and is currently used on modern internal combustion engines. 
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This model assumes that the mixture in the cylinder is homogenous whereas in reality there will be parts of the mixture that area lean, stoichiometric and rich. It also assumes that the temperature throughout the mixture is also the same, but due to these patches of different air fuel ratios it is like that the temperature is varied throughout.
The polytrophic index is assumed as 1.2 for this model, although this is a reasonable assumption it has a great effect on the production of NO due to the way it effects temperature.
The burned volume remains a constant 40cc throughout combustion. In real engine this volume changes and this effects the concentrations of the N2 and O2.
The flame temperature is assumed to be adiabatic, in a real engine this temperature will not be as high due to heat losses to the cylinder.

[bookmark: _Toc503445978]Conclusion

This model shows that although it over predicts the levels of NO produced by the engine, these levels are greatly temperature dependant. This can be seen in both variations in fuel equivalence ratios, where the lower the fuel equivalence ratio is and the temperatures are lower the less NO is produced and also with the addition of EGR where once again the adiabatic temperature is decreased therefore combustion temperatures are decreased and NO levels are decreased. It showed that EGR is an effective way of reducing NOx engine out emissions. 

An area for further work for this model would be to look at how the N2 and O2 concentrations change when EGR is added, for this model, for the percentage of EGR that is being used, the same percentage of concentration had been added. This may not be correct as the volume taken up by EGR may contain less O2 or N2 than what it would be if that volume was air.







References

Agency, U. S. E. P., 1999. Nitrogen Oxides (NOx), How and why they are controlled, North Carolina: United States Environmental Protection Agency.
Anon., n.d. nox-pollution. [Online] 
Available at: http://www.icopal-noxite.co.uk/nox-problem/nox-pollution.aspx
[Accessed 5 1 2018].
Ferguson, C. R. & Kirkpatrick, A. T., 2001. Internal Combustion Engines Applied Thermosciences. 2nd ed. New York: John Wiley & Sons.
Heywood, J. B., 1988. Internal Combustion Engine Fundamentals. New York: McGraw-Hill.
Pulkrabek, W. W., 1997. Engineering Fundamentals of the Internal Combustion Engine. Upper Saddle River, N.J.: Prentice Hall.
Robinson, J., 2000. Motorcycle Fuel Systems Techbook. Yeovil: Haynes Publishing.
Schwerdt, C., 2006. Modelling NOx-Formation in Combustion Processes, s.l.: Lund University.


















[bookmark: _Toc503445980]Appendix

[bookmark: _Toc503445981]Adiabatic Flame Temperature

To calculate the adiabatic flame temperature firstly the net enthalpy of formation of the fuel needs to be calculated. This is done by calculating the enthalpy of formation of the reactants and deducting this from the enthalpy of formation of the products. 




By comparing the net enthalpy released and the enthalpy required to heat the products to a certain temperature from 298K, the adiabatic flame temperature can be found.
To find the Enthalpy required to heat products to any given temperature 6th order polynomial equations were created from NASA tables (lecture handout) and then implemented to produce a table of enthalpy required to heat each individual product to a temperature range of 200 to 3500 K in MJ/Kmol. By knowing the enthalpy of formation of the fuel the enthalpy can be matched to the closest enthalpy of a given temperature therefor giving the adiabatic flame temperature.
Example at Φ=1 for isooctane

This is repeated for H2O and N2 and they are all added together.

 





2404 K was the closest whole temperature.
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In order to use the Zeldovich equation to calculate the NO concentration more information needs to be calculated.   and  are concentrations of N2 and O2 within the products.
The equations for concentrations are
 


 and  are the number of Kmols in the equation, Vb is the burned volume and  is a multiplying constant to the find the number of Kmols in the exhaust.


To calculate the Kmols in the Cylinder the ideal gas law was rearranged to make the number of Kmols the subject.

Where P is intake pressure, V is cylinder volume with volumetric efficiency considered,  is the universal gas constant and assumed as 8316 j/kmol.k and T in the intake temperature.

To find Kmols in equation the formula used is

Where Φ is the fuel Equivalence Ratio.
The temperature of the burn zone is calculated by using the equation 	
Where initially Tb1 is the adiabatic flame temperature, P1 is the first pressures, P2 is the second pressure and n is the Polytropic index.
The Zeldovich equation calculates the NO concentration in Kmols/m³/s. this needs to be converted to Kmols/gas volume/crank angle degrees. To convert to crank angle degrees the answer is multiplied by  and then to convert to gas volume from m3 it is multiplied by the gas volume.
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To introduce the effect of Exhaust Gas Recirculation the Adiabatic Flame Temperatures need to be recalculated. This is done by taking a percentage of the Kmols of products (10% EGR = 10% of products) and the enthalpy for these are calculated at each temperature and then added on to the enthalpy calculated with all of the products of the exhaust. 
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[image: ]
Figure 7 Excel Spreadsheet example of Enthalpy comparisons
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Figure 8 Excel Spreadsheet Example for Φ=0.95
[image: ]Figure 9 Excel Spreadsheet Example for Φ=0.6
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Figure 10 Excel Spreadsheet Example for 1% EGR
[image: ]Figure 11  Excel Spreadsheet Example for 20% EGR

Adiabatic Flame Temperature

T (K)	0.6	0.65	0.7	0.75	0.8	0.85	0.9	0.95	0.96	0.97	0.98	0.99	1	1709	1803	1895	1985	2073	2158	2242	2324	2340	2356	2372	2388	2404	Φ


Temperature (K)



[NO] 

0.6	0.65	0.7	0.75	0.8	0.85	0.9	0.95	0.96	0.97	0.98	0.99	1	0.1869273184178083	0.8835368588246304	3.4229611694463977	11.162085745432103	31.187890842983826	74.375686174270697	153.35651770558499	251.28580526087018	263.01299657053812	265.98399740659085	253.08090896393259	208.11993005873092	0	Φ


Kmol/M³/s



[NO]

[NOx]  ppm	0.6	0.65	0.7	0.75	0.8	0.85	0.9	0.95	0.96	0.97	0.98	0.99	1	101.84759000006368	480.0601386237804	1854.6897938745694	6031.4023555064286	16806.135167203018	39969.337991873595	82189.722820205585	134309.7956397259	140501.98048953686	142012.4612803146	135050.51487359425	110998.3814901991	0	Φ 


Parts per million



Adiabatic Flame temperature

T(K)	0	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	2324	2306	2288	2270	2253	2237	2220	2204	2188	2172	2157	2142	2127	2113	2098	2084	2071	2057	2044	2030	2017	egr %


Temperature (k)



Effect of EGR on NO Concentration
(Φ = 0.95)

Nox ppm	0	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	134309.7956397259	113907.41449038692	96320.915405585023	81205.624799611294	68975.719845620159	59051.176639660895	49882.284813908795	42479.039957259003	36078.659662088299	30559.79422898787	26111.876369718193	22255.886726802433	18921.268945287295	16237.799853771221	13735.319940701362	11730.669172525171	10119.770782809079	8602.5474256076359	7388.422011084418	6250.3881041262221	5343.654145750801	EGR %


[no] parts per million
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