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[bookmark: _Toc29155490]Introduction
One of the targets of this report is to carry out a study using a blend of iso-octane and methanol with a molar composition of 50/50 equal parts and analyse the results which will provide an insight into what properties an ideal fuel will consist of. This is all relevant in the sustainability of the SI and CI engine due to the current issue of smog formation, acid rain and the deterioration of the tropospheric ozone. 
The cause of the issues stated above is from the production of certain molecules during the combustion process. These molecules have been identified as Nitric Oxide (NO) along with Nitrogen Dioxide (NO2) and can be generalised with the term NOx. 
The production of NOx has been reduced with the use of EGR (Exhaust Gas Recirculation), this is a process by which exhaust gases from the combustion chamber are re-circulated instead of  going out of the exhaust but through a different route back into the cylinder with the fresh charge entering the cylinder. The theory behind this method is that with burnt exhaust gases re-entering the cylinder will increase the mass of the burn zone which due to the ideal gas law will therefore lower the burn zones temperature thus reducing the dissociation which occurs between Nitrogen and Oxygen above 2500K to produce less NOx as a result.
This is the current problem which is being faced in the automotive industry in order to protect the IC engine. This document will show with the use of the Zeldovich model a NOx production simulation in order to study the effect of equivalence ratio on the lean side of air//fuel ratio along with the effect on burn zone temperatures with a range of different EGR percentages to make an attempt at decreasing the level of NOx molecules produced.
Lastly, a further work section of this report will entail what properties an ideal fuel should have and how different blends of fuels can be utilised in ways to reduce the issues stated above.


[bookmark: _Toc29155491]Stoichiometric Iso-octane and Methanol 50/50 mix study

A stoichiometric fuel blend calculator has been made in order to calculate any fuel blend and the total number of molecules it contains of each component which they are made up of.

[bookmark: _Toc29155492]Methodology
[bookmark: _Toc29155493]Mass Percentages
To find the mass percentage of each fuel making a blend you must find the mass of 1kmol of that fuel in order to determine its mass percentage when it is combined with another fuel. 
The mass of air is calculated by multiplying the atmospheric ratio (ratio of oxygen to nitrogen in atmosphere) by the molecular weight of both Oxygen and Nitrogen in kg’s for 1kmol of the substance.
The mass of fuel is calculated by simply multiplying the number of molecules which are in the mixture for both Carbon and Hydrogen by their respective molecular weights.

Iso-octane: 




Methanol: 





Iso-octane and Methanol 50/50 blend:Table 1 Showing mass percentages
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Calculating h for LHV
[bookmark: _Hlk29126419]

Calculating h for HHV


Calculating Net Enthalpy


Calculating Calorific Value


Results
Table 2 Showing LHV and HHV
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[bookmark: _Toc29155497]Definition
This is the term to describe the change in enthalpy which is required in order to form 1 mol of any compound made from its original component elements with each element in their standard state. Standard enthalpies are measured at an air pressure of 1 atmosphere and 25°C or 298 K. In an elements most stable form, the standard enthalpy of formation is 0. 
Using Hess’s law and the standard enthalpies measured during combustion reactions are used in order to form standard tables of all the enthalpies needed to form an extensive catalogue of compounds. 
Example Formation of Carbon Dioxide2
1



				……		
	 		……		
So, combining both equations 1 and 2:3


Thus, equation 3 can be written as:


Above is showing that the formation of Carbon Dioxide from both Oxygen and Carbon has an Enthalpy of formation = 393.5kJ which is shown in standard tables.

[bookmark: _Toc29155498]
Higher and Lower Heating Values
[bookmark: _Toc29155499]What is a heating value?
This is known as the quantity of heat produced when any substance is combusted, in our case this substance is a fuel. There are 2 different types called Gross heating value (HHV) and Net heating value (LHV). Another term which describes a heating value in this instance is Calorific value, standard units for such values are MJ/kg.
[bookmark: _Toc29155500]Difference between LHV and HHV 
[bookmark: _Hlk29046955]The HHV is the amount of heat produced during a complete combustion process, this value is found when the water vapor which forms during the combustion process is condensed therefore is taken when the H2O is in liquid form.
The LHV is taken by subtracting the latent heat of H2O vaporization from the HHV, therefore defining the LHV to be used when H2O is in gas form due to vaporization.

[bookmark: _Toc29155501]Mass of CO2 produced per kg of fuel burnedTable 3 Showing molecules in for 50/50 blend

Calculating mass of 1kmol of bl[image: ]end

Table 4 Showing molecular weights

[image: ]Calculating mass of CO2 produced in 1kmol of blend


[image: ]Calculating mass of CO2 in 1kg of blend


Table 5 Showing mass of CO2 properties



	
[bookmark: _Toc29155502]What is an Ideal Fuel?
[bookmark: _Toc29155503]List of general ideal properties
· High heating value
· Ignite at a constant temperature and within a specific range of operation
· No poisonous by products should be produced as a result of combustion
· The rate of combustion should not be too fast or slow
· The duration of combustion should be able to be controlled easily
· As little ash production due to combustion inside the chamber
· The moisture content of an ideal fuel should be low
· It should be readily and easily available and in large quantities and not expensive
· This fuel must be safe enough to be stored and transported easily
· Higher octane rating to reduce risks of knock

[bookmark: _Toc29155504]Examples
E95 Fuel (Ethanol based fuel used in Brazil)
This is a blend of 95% Ethanol and 5% Gasoline (Iso-octane) which is used mainly in diesel powered vehicles which have an inherently high compression ratio. The advantages of E95 include: 
· Burns cooler than commonly used Iso-octane
· Require more heat to form into vapour thus acting as a coolant
· E95 is lighter than Gasoline
· Flame front propagates at a greater speed due to the increased molecule speed, thus providing a shorter combustion duration which reduces heat loss per cycle
· High octane rating due to the reduced molecule size, being smaller in size allows for higher compression ratios with less of s risk of knock occurring.

Higher octane fuels
A higher-octane rating will allow engine designers to apply an earlier time of ignition, thus bring combusting much closer to MBT timing, allowing for greater power output. This power is increased due to their being reduced volume for combustion to occur in, also resulting in increased work BTDC overall brake torque increases. The combustion pressure will therefore be increased but the issue of knock and pinging are drastically reduced due to the increased ethanol in the blend.
[bookmark: _Toc29155505]Lean NOx Model
A model in Excel has been built to calculate the NOx parts per million produced by a naturally aspirated 1.6 litre, 4-cylinder spark ignition engine burning Iso-octane and Air with 40% volumetric efficiency operating at 1800rpm. This model will include varying equivalence ratios in order to see the different amounts of NOx produced due to a different number of molecules of CO2, H2O and O2 being burnt in the cylinder from a leaner composition than stoichiometric.
The model will simulate at the S.O.C (start of combustion) a 10bar starting point and go up to 40bar in increments of 2bar with a 1° interval between each 2bar increase. This represents a typical load situation during the NEDC (New European Drive Cycle). 

[bookmark: _Toc29155506]MethodologyTable 6 Showing results for 1.00 NOx model
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Where:


[bookmark: _Toc29155507]Molecules produced for varying equivalence ratio
For the molecule products which are produced during combustion to change for different equivalence ratios, the following simple equation has been utilised:

	
[image: ]Table 7 Showing molecules for 0.99 NOx model



[bookmark: _Toc29155508]Enthalpy released for varying equivalence ratio
To find the Net enthalpy, first the following items must be calculated (example for 0.99):




When the  changes, the # of molecules for each CO2, H2O and O2 change as there is less fuel being burnt, which causes less of these products to be produced therefore the heat which is released is reduced gradually. Enthalpy also changes with the use of either LHV or HHV, but in this scenario all reactions are occurring with gas form H2O.

[bookmark: _Toc29155509]Calculating adiabatic flame temperatures
To find the flame temperatures firstly a 6th order polynomial equation has been used for CO2, H2O, O2 and N2. This will enable the goal seek function to be used to find exact flame front temperatures which are occurring when certain Net enthalpies are produced from the temperature of the products at constant pressure rise, therefore the change in energy is equal to the change in heat. 
So, for  0.99 example: 
 
By using the fuel tables which have been created by using the polynomial equations created for all the products, the following exercise has been completed using a goal seek function within Excel. 
This equation has been used to find the flame temperature in the goal seek function:
 

The polynomial equations for each of the products is calculating what the unknown enthalpy is by trial and error but there is a simple calculation which can be made to check the validity of the goal seeks answers. 

Alternative method
Using the tables for the products provided and converted into a suitable excel format, the following interpolation can be carried out:

So,
@ 2300K	 
@ 2400K	
The exact flame front temperature is between 2300K-2400K, to find the exact flame temperature to validate the goal seek method using a polynomial the following calculation was carried out quickly on the current .



There is only a 1% error in using the different methods, this is due to the rounding of numbers in the interpolation method, also the polynomial is a trendline line modelling method.

[bookmark: _Toc29155510]Calculating the rise in temperature of burned gas  Table 8 Showing NOx model for 0.99 per degree

[image: ]The temperature which has been calculated using the goal seek method is the initial flame temperature as the flame front begins to form, as the cylinder pressure rises this will increase with a polytropic index of 1.17 for the burned zone. 
The equation below is a result of the derivation on the following page:6



Ideal gas law:

The ratio of specific heats at constant pressure and constant volume can be related using the term polytropic index:

Due to the process being polytropic, the relationship between pressure and volume can be written as such: 

The following relationships can be made between the equations written above:4





And,5



Now plug 4 into 5, 




Now re-arrange,6




[bookmark: _Toc29155511]NOx Production
In order to find the NOx parts per million for each different  the Zeldovich model has been used:


Before calculating the NOx rate of production, the concentration of nitrogen and oxygen during combustion must be identified. To do this, Alpha (α) must also be calculated, this is the number of kmols in the mixture once combusted. 
By using the ideal gas law, the number of kmols (n) of mixture drawn into the cylinder with a cylinder capacity of 400cc for a 1600cc 4-cylinder engine and with a volumetric efficiency of 40% can be found.
So,



Now Alpha can be calculated (α) using  0.99 example:


The value of  changes depending on the equivalence ratio due to their being less fuel in the overall mixture, this causes there to be an increased amount of oxygen and nitrogen as the equivalence ratio decreases.
These amounts of oxygen and nitrogen can now be calculated with the use of :








[bookmark: _Toc29155512]Application of the Zeldovich model
At each different equivalence ratio, the following equation can be applied to find NOx produced but for this study it is most beneficial to find the rate of NOx production per cycle.
For example, using  0.99 and flame temperature when cylinder pressure 10 bar = 2374.50 K 



Now to find this NOx production in kmols per unit of volume in a second @ constant speed 1800rpm (kmol/m3/s):


[image: ]So, this will show results such as these below: Table 9 Showing NOx model for 0.99 per degree in full









To get the NOx parts per million:



[bookmark: _Toc29155513]ResultsTable 10 Showing the results NOx PPM for each ER
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Figure 1 Graph showing equivalence ratio against NOx PPM




[image: ]Table 11 Showing all results from 1.00-0.75 for NOx model






[image: ]Table 12 Showing all results from 0.70-0.60 NOx model












[bookmark: _Toc29155514]Analysis
During combustion the pressure within the cylinder rises as can be seen in FigureAA which has a direct effect on the temperature which in this case causes it to rise. Due to the rise in temperature, the probability of dissociation occurring is higher thus producing greater quantities of NOx.In this model a stoichiometric combustion does not produce any NOx, this is because the chemical equation is balanced and there are no oxygen molecules to be reacted with. The Zeldovich model is limited in this sense as real data does show NOx being produced at and equivalence ratio of 1.00.
In Table 11 and Table 12 it shows the equivalence ratio decreasing and as this happens the amount of free oxygen molecules which are produced increases, this is because of less fuel in the total mixture. As the free oxygen count increases the it would be expected that the nitrogen and oxygen molecules would react more, this is not the case as the flame temperature is decreasing with the change in phi therefore there is a decreased production of NOx with the descending order of equivalence ratio and peaking at an 0.97, this is where the greatest flame temp and N2 and O2 combination is seen. To summarise the results which have been displayed above and in the external Excel model, the lower the equivalence ratio, the lower the flame temperature which is why there is less NOx produced at these points in the result graph. The reaction of occurs in the burned zone due to higher temperatures causing the reaction to happen by dissociation of the molecules.
[bookmark: _Toc29155515]EGR NOx Model
The same process was used for the EGR added NOx model as the original model created in the previous section of this report, below will include the parts of the model which had to be re-calculated for the use of added Exhaust gases being re-circulated in order to see the effect they have on NOx production. The goal seek function has been used in order to find new initial flame temperatures.
[bookmark: _Toc29155516]Methodology
[bookmark: _Toc29155517]Enthalpy
This does not need to be re-calculated as an equal part of exhaust molecules have been added to each side of the balance, therefore it stays the same as for each of the non EGR model equivalence ratios.
[bookmark: _Toc29155518]CO2, H2O, O2 and N2 ProductsTable 13 Showing results for 0% and 5% EGR added NOx Model

[image: ] 
As seen in the table above showing only the EGR data for 5%, the molecules produced during combustion have been multiplied by 1.05 and the same has been done for each of the increasing increments of EGR added up to 20% in steps of 5%.
[bookmark: _Toc29155519]Alpha
Alpha is not changed from the value which was calculated in the non EGR model.
[bookmark: _Toc29155520][O2] and [N2]
For [O2] the change in O2 will influence this, this will be the same for [N2] concentration increasing as with the N2 leaving the exhaust is rising as the gases from the exhaust are being re-circulated. 
[bookmark: _Toc29155521]Total exhaust kmols produced
The equation used to find the exhaust component after being burnt in total:

[bookmark: _Toc29155522]ResultsFigure 2 Graph showing the equivalence ratio against NOx PPM for all EGR %

[bookmark: _Toc29155523]Analysis
[bookmark: _GoBack]Above is Figure 2 showing the production of NOx with an increasing equivalence ratio starting at 05 EGR added up to 20% in 5% increments. As it can be seen in Figure 2, the more EGR % added the less NOx is produced as this is from the reduction in flame temperature inside the cylinder. This reduction in combustion pressure due to the extra mass which is added back into the chamber mixing with the fresh charge, this mass is  lowering the temperature due to the ideal gas law relation that temperature must rise or fall if mass is increased or decreased. In this case the mass increases so the temperature in the burned zone decreases therefore producing less dissociation and less NOx.
The peak is still seen at 0.97 as this is where the flame temperature is still above 2500K along with the combination of a higher concentration of [N2] and [O2] at this point.
To summarise this study on EGR added to see the effect it has on NOx production, the more exhaust gases which are re-circulated back into the cylinder, the less NOx is actually produced due to the increased mass in the burned zone therefore reducing the temperature and causing less dissociation to happen which occurs at temperatures > 2500K.
[bookmark: _Toc29155524]Conclusion
Fuels and alcohols such as a 50/50 blend of iso-octane and methanol can be used in order to reduce emissions as they are composed in a different way to that of iso-octane and will emit less NOx due to the reduced amount of oxygen in it to cause dissociation thus producing NOx. 
The Zeldovich model is a good indication of how changes to the fuel will affect the NOx which is produced along with the introduction of EGR proving to decrease NOx production by 60% with each 5% of EGR added back into the system. It has been proven within this report that EGR is a successful way to reduce the emissions which an ICE unit is emitting. However, this model which Zeldovich created is limited in sense that it is only accurate in modelling the lean side of combustion, one example of the lack of accuracy is the 0 levels of NOx shown at stoichiometric. 
As the results section states for the non EGR model, it can be summarised to the extent that with the decrease in equivalence ratio the NOx production also decreases therefore with a leaner burn due to it being slower is a less high temperature flame which is prohibiting dissociation form occurring, this is the process in which NOx is formed, so to reduce this is a success.
To finalise this report, it must be noted that the use of EGR within the automotive industry should be part of legislation as it would preserve the ICE unit for years to come.
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NOx PPM with EGR % against Equivalence Ratio
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Flame Temp (K) Flame Temp (K)

α Value α Value

[O2] [O2]

[N2] [N2]

φ φ

Product CO2 H2O O2 N2 Product CO2 H2O O2 N2

Molecules 7.76 8.73 0.38 47 Molecules 6.4 7.2 2.50 47

AFR by Mass AFR by Mass

Calorific Value (MJ/kg) Calorific Value (MJ/kg)

Enthalpy (MJ) Enthalpy (MJ)

Flame Temp (K) Flame Temp (K)

α Value α Value

[O2] [O2]

[N2] [N2]

φ φ

Product CO2 H2O O2 N2 Product CO2 H2O O2 N2

Molecules 7.68 8.64 0.50 47 Molecules 6 6.75 3.13 47

AFR by Mass AFR by Mass

Calorific Value (MJ/kg) Calorific Value (MJ/kg)

Enthalpy (MJ) Enthalpy (MJ)

Flame Temp (K) Flame Temp (K)

α Value α Value

[O2] [O2]

[N2] [N2]

0.127986

0.008517

0.128092

0.001358

0.127647

2358.02

15.44

1.09E-07

0.000679

1.09E-07

19.07

43.67

3733.95

1953.48

1.09E-07

0.96

15.58

44.34

4852.03

2324.83

0.75

2046.21

1.09E-07

0.006808

0.127880

17.23

44.03

4000.16

44.36

4905.27

0.000339

0.98

4958.52

15.18

2374.50

44.18

2223.26

0.80

44.38

0.97

44.41

0.85

18.10

2136.05

1.09E-07 1.09E-07

2341.46

0.127605

0.127626

0.001018

1.09E-07

4266.37

1.09E-07

0.005102

43.86

15.71

4798.79

2308.12

0.90

16.44

0.003398

0.127774

4532.58

0.127669

44.31

15.31

0.99

0.000000

0.95 1.00

44.43

5011.76

0.127584

1.09E-07

0.001698

15.05

2390.91

5065.00

0.127563

1.09E-07
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φ

Product CO2 H2O O2 N2

Molecules 5.6 6.3 3.75 47

AFR by Mass

Calorific Value (MJ/kg)

Enthalpy (MJ)

Flame Temp (K)

α Value

[O2]

[N2]

φ

Product CO2 H2O O2 N2

Molecules 5.2 5.85 4.38 47

AFR by Mass

Calorific Value (MJ/kg)

Enthalpy (MJ)

Flame Temp (K)

α Value

[O2]

[N2]

φ

Product CO2 H2O O2 N2

Molecules 4.8 5.4 5.00 47

AFR by Mass

Calorific Value (MJ/kg)

Enthalpy (MJ)

Flame Temp (K)

α Value

[O2]

[N2]

3201.53

0.013661

0.128412

42.91

2935.32

1656.32

1.09E-07

0.70

20.14

43.46

3467.74

1857.64

0.65

0.011943

1758.59

0.128305

0.60

22.70

43.21

1.09E-07

1.09E-07

0.010229

0.128199

21.34
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CO2 H20 O2 N2 [O2] [N2] αlpha Exhaust Flame Temp CO2 H20 O2 N2 [O2] [N2] αlpha Exhaust Flame Temp

1.00 5065.00 8.00 9.00 0.00 47 0.00E+00 4.24E-01 3.61E-07 2.31E-05 2390.91 8.40 9.45 0.00 49 0.00E+00 4.45E-01 3.61E-07 2.43E-05 2305.8

0.99 5011.76 7.92 8.91 0.13 47 1.13E-03 4.24E-01 3.61E-07 2.31E-05 2374.50 8.32 9.36 0.13 49 1.18E-03 4.45E-01 3.61E-07 2.42E-05 2290.2

0.98 4958.52 7.84 8.82 0.25 47 2.26E-03 4.25E-01 3.61E-07 2.31E-05 2358.02 8.23 9.26 0.26 49 2.37E-03 4.46E-01 3.61E-07 2.42E-05 2271.5

0.97 4905.27 7.76 8.73 0.38 47 3.39E-03 4.25E-01 3.61E-07 2.31E-05 2341.46 8.15 9.17 0.39 49 3.56E-03 4.46E-01 3.61E-07 2.42E-05 2255.8

0.96 4852.03 7.68 8.64 0.50 47 4.52E-03 4.25E-01 3.62E-07 2.31E-05 2324.83 8.06 9.07 0.53 49 4.75E-03 4.46E-01 3.62E-07 2.42E-05 2239.9

0.95 4798.79 7.60 8.55 0.63 47 5.65E-03 4.25E-01 3.62E-07 2.31E-05 2308.12 7.98 8.98 0.66 49 5.94E-03 4.46E-01 3.62E-07 2.42E-05 2224.0

0.90 4532.58 7.20 8.10 1.25 47 1.13E-02 4.26E-01 3.63E-07 2.31E-05 2223.26 7.56 8.51 1.31 49 1.19E-02 4.48E-01 3.63E-07 2.42E-05 2143.2

0.85 4266.37 6.80 7.65 1.88 47 1.71E-02 4.28E-01 3.64E-07 2.30E-05 2136.05 7.14 8.03 1.97 49 1.79E-02 4.49E-01 3.64E-07 2.42E-05 2059.8

0.80 4000.16 6.40 7.20 2.50 47 2.28E-02 4.29E-01 3.65E-07 2.30E-05 2046.21 6.72 7.56 2.63 49 2.39E-02 4.50E-01 3.65E-07 2.42E-05 1973.9

0.75 3733.95 6.00 6.75 3.13 47 2.86E-02 4.30E-01 3.66E-07 2.30E-05 1953.48 6.30 7.09 3.28 49 3.00E-02 4.51E-01 3.66E-07 2.42E-05 1885.1

0.70 3467.74 5.60 6.30 3.75 47 3.44E-02 4.31E-01 3.67E-07 2.30E-05 1857.64 5.88 6.62 3.94 49 3.61E-02 4.53E-01 3.67E-07 2.41E-05 1793.3

0.65 3201.53 5.20 5.85 4.38 47 4.02E-02 4.32E-01 3.68E-07 2.30E-05 1758.59 5.46 6.14 4.59 49 4.23E-02 4.54E-01 3.68E-07 2.41E-05 1698.5

0.60 2935.32 4.80 5.40 5.00 47 4.61E-02 4.34E-01 3.69E-07 2.30E-05 1656.32 5.04 5.67 5.25 49 4.84E-02 4.55E-01 3.69E-07 2.41E-05 1600.7

φ Enthalpy

0% EGR 5% EGR
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