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I. [bookmark: _Toc29162948]Introduction 

The aims of this study are to demonstrate an understanding of fuel blends and molecular property’s as well as a thorough knowledge of alternative power.
The focus of this study will be on two specific fuels, iso-octane (C8H18), methanol (CH4O) and a blend of these two fuels (CH3OH + C8H18) = (C9H22O) as well as a study into the Zeldovich model to calculate the production of NOx production with respect to an ever changing Equivalence ratio ranging from stoichiometric to a lean value of 0.6 Fuel Equivalence ratio and observe what changes occur throughout a cycle at varying stages of lean mixture 
The final aspect of the study will be focused on the effects of Exhaust Gas recirculation (EGR) on NOx formation between 5% and 20%

A) [bookmark: _Toc29162949]Mass Percentages of methanol and iso-octane in the blend

Task A asks to determine the mass percentages of methanol and iso-octane in the blend of a 1:1 ratio the author had to first determine the number of molecules in the blend and their molecular weight found in the fuel formula whereas the mass is demonstrated in the periodic table.
[bookmark: _Toc29161619]Figure 1 Methanol Molecular Content
[bookmark: _Toc29161620]Figure 2 Iso-Octane Molecular Content


[bookmark: _Toc29161621]Figure 3 Periodic table Atomic Weight




· The mass or the fuel is calculated by multiplying the number of molecules in the fuel by the atomic weight of the specified molecule for example:

· 
[bookmark: _Toc29161622]Figure 4 Mass of Iso-Octane



· 
[bookmark: _Toc29161623]Figure 5 Mass of Methanol


[bookmark: _Toc29162950]1:1 Fuel Blend
[image: ]

[bookmark: _Toc29161624]Figure 6 Hydrocarbon Fuel Balance for 1:1 Blend


[bookmark: _Ref28604662][bookmark: _Toc29161625]Figure 7 Atomic weights
[bookmark: _Toc29161626]Figure 8 Molecules in the blend


· The mass of the blended fuel is calculated via the same method as the individual fuels
· 

[bookmark: _Toc29161627]Figure 9 Total mass of Blended Fuel





· Once the masses of the individual fuels and blended fuel are calculated the percentage of each fuel in the blend is easily calculated via:


[bookmark: _Toc29161628]Figure 10 Percentage of Individual Fuel in the 1:1 Blend








B) [bookmark: _Toc29162951]Air: Fuel Mass Ratio for stoichiometric combustion

· Task B asks for the calculation of the Air fuel Ratio for stoichiometric combustion (ϕ=1.00). To achieve this the author must firstly calculate the product molecules from combustion as well as the mass of air.
[bookmark: _Toc29161629]Figure 11. 1:1 Fuel Blend Fuel Balance Equation


· H20 = has a composition of 2 Hydrogens 

· CO2 = has 1 Carbon pared to 2 oxygen’s

· N2 = (3.76 * A) 

· Where the percentage of nitrogen in air is 3.76% of the composition of air and the formula for air is represented as: 


Therefore: 







· The oxygen in the fuel is removed from this equation due to the fact that we are trying to achieve the number of Oxygen’s draw in as Air therefore the oxygen in the blend must be deducted from the final Value to accurately determine the (N2) content drawn in
[bookmark: _Ref28956553][bookmark: _Toc29161630]Figure 12 Molecular content of Fuel Blend & Product Molecules




Where: 



Therefore: 

[bookmark: _Toc29161631]Figure 13 Product Nitrogen


· These variables allow for the calculation of the mass of air via the same method of using atomic weights of the molecules found in air as seen previously. see Figure 7 Atomic weights
 for example:

[bookmark: _Toc29161632]Figure 14 Mass of Air & Fuel




· Once the Masses of the fuel and air inducted have been calculated the AFR is simply calculated via:

[bookmark: _Toc29161633]Figure 15 Stoichiometric Air Fuel Ratio (AFR)




C) [bookmark: _Toc29162952]Enthalpy & Lower Heating Value (LHV)

· Task C asks for the Calculation of the Lower heating Value of the Octane: methanol Blend this was achieved through fist calculating the Enthalpy of the reaction, this is the energy produced by the reaction after considering the Enthalpy of Combustion (Mj/Kmol).

[bookmark: _Ref29123947][bookmark: _Toc29162953]Enthalpy
[bookmark: _Ref28868898][bookmark: _Toc29161634]Figure 16 Enthalpy of Combustion Values


· With the values for Enthalpy Required for combustion the author was able to calculate the enthalpy of formation needed for the reaction this is calculated via:


[bookmark: _Ref28874204][bookmark: _Toc29161635]Figure 17 Stoichiometric LHV Enthalpy





· Therefore the Enthalpy needed for reaction (Enthalpy of Reaction) in the 1:1 Blend can be Determined as the Energy needed for Methanol and Iso-Octane added together as seen in Figure 17 



· From these two values the net Enthalpy of formation can be calculated via deduction the required Enthalpy for reaction from the Enthalpy Generated from reaction such as:


[bookmark: _Toc29161636]Figure 18 Net Enthalpy of Formation



[bookmark: _Toc29162954]LHV

The calculation of the lower heating Value (LHV) is the calculated using the Enthalpy values calculated for formation. The LHV Represents the Energy output from the reaction Per Kg of fuel.
This can be simply calculated via:


[bookmark: _Toc29161637]Figure 19 Lower Heating Value



· The lower heating value is also as the referred to as the Calorific value of fuel

[bookmark: _Toc29162955](C) Enthalpy of formation

The Enthalpy of formation is defined as the molar enthalpy Absorbed or released in a chemical reaction at a constant temperature and Pressure, for the purpose of this study the author considered a pressure of 1 bar & 298 Kelvin. The value for enthalpy of formation is determined by the Enthalpy output per Kmol for the reaction which is also equal to the Heat output at constant pressure. (W.Weisstein, 1997-2007)
D) [bookmark: _Toc29162956]Lower Heating Value (LHV) & Higher Heating Value (HHV)

· Task D asks to explain the difference between the Higher Heating Value (HHV) and the Lower Heating Value (LHV)

The deference between the HHV and LHV is simply the difference in reaction Enthalpy output when considering H2O as a gas or as a fluid in turn changing the Calorific Value of the fuel. This is due to a higher Enthalpy of combustion Value when trying to combust H2O as Fluid.  
[bookmark: _Ref28954602][bookmark: _Toc29161638]Figure 20 LHV & HHV Enthalpy's








Figures 20  & 21 demonstrate the differences is the reaction when H2O is considered as a Liquid or Gas, it can be seen that the changes in enthalpy are moderate however with H20 as a liquid (HHV) the mixture has a higher output of energy compared to the LHV.

[bookmark: _Ref28954645][bookmark: _Toc29161639]Figure 21 LHV & HHV

[bookmark: _Toc29162957]E) Mass of CO2 Produced per Kg of Fuel burnt

Task E asks for the mass of CO2 Burnt Per Kg of fuel burnt to be calculated, this was achieved through several steps. Firstly the mass of CO2 produced by the burnt fuel needs to be calculated using the values of CO2 content Produced and the Atomic weight of Carbon and Oxygen in the compound, these can be found in Figure 7 (Atomic weights) & Figure 12 (Molecular content of Fuel Blend & Product Molecules). 

· Therefore the author was able to calculate The Mass of CO2 Via:



[bookmark: _Toc29161640]Figure 22 Mass of CO2 Produced



The mass of CO2 per kilogram of fuel is simply calculated via:  



[bookmark: _Toc29161641]Figure 23 Mass of CO2 per Kg of Fuel













F) [bookmark: _Toc29162958]Ideal Fuel Property’s

There are many ideas as to what is considered an ideal fuel however it depends on the application such as power, efficiency & cost. However as far as the fuel probity’s are concerned a fuel that burns quickly at a cooler temperature and with a high calorific value would be considered an ideal fuel.
Currently one fuel that demonstrates some ideal probity’s for fuel is E95 which is 95% ethanol and 5% octane the advantages of this is much like methanol ethanol burns at a cooler temperature than gasoline which will decrease the flame temperature producing less NOx emissions as well as burning more quickly increasing the thermal efficiency and again reducing the time in which NOx can dissociate. A drawback of this fuel also heralds a small positive in that ethanol vaporises at a higher temperature than gasoline which creates difficulty when cold starts, this would be less ideal in colder climates however in hotter climates it is beneficial in a small way in the fact it will absorb more heat when the engine is running 

Other aspects of Alcohol fuels that are ideal include:

· It is a lighter fuel than normal fuels therefore molecules move faster increasing the speed of the flame propagation allowing for a quicker combustion and therefore a better thermal efficiency and moving the mean Brake Torque timing closer to TDC reducing negative work done   
· Reduces likelihood of knock at higher pressure & compression ratio by having a higher octane rating with more stable molecules making them less likely to dissociate into NOx
Other aspects of an ideal fuel is a fuel that has a more controlled combustion reducing noise vibration harshness, to limit the effects of NVH reduce pressure rise to 5bar/degree 



[bookmark: _Toc29162959]Task 2

For task 2 the author was asked to generate a NOx model for Iso-Octane operating on the lean side of stoichiometric across an engines combustion cycle

For the case of this study the author considered the rise in pressure across the cylinder during combustion to uniformly increase by 2 bar per degree from 10 bar (start of combustion) up to a peak pressure of 40 bar to replicate a typical load scenario in a drive European drive cycle



A) [bookmark: _Toc29039993][bookmark: _Toc29162960]Iso-Octane NOx Model

Task A asks for the calculation of adiabatic flame temperatures per degree of crank rotation in the cylinder form S.O.C up to Peak pressure. This study will determine the difference of effects of running various stages of a lean mixture ranging from stoichiometric (ϕ = 1.0) to a lean mixture of (ϕ = 0.6) with a change of 0.1 in equivalence ratio between stoichiometric and (0.95 ϕ) and a change of 0.5ϕ between 0.95ϕ and 0.6ϕ.

1. [bookmark: _Toc29162961](n1) CO2, (n2) H2O (n3) O2 & (n4) N2

The first task to achieving the flame temperatures was to calculate the concentrations of CO2, H20, O2 & N2 in the mixture at each equivalence ratio this was calculated via multiplying the original values at stoichiometric for CO2 and H2O by the equivalence ratio.

 [bookmark: _Toc29161642]Figure 24 Iso-Octane Stoichiometric product molecules







This Calculation is then repeated for H20 and at each equivalence ratio seen in Figure 25 CO2, H2O, O2 & N2 as a function Of Eq Ratio.

· Whereas the concentration of O2 is calculated via:


· And N2 can be considered constant 

[bookmark: _Ref29048788][bookmark: _Toc29161643]Figure 25 CO2, H2O, O2 & N2 as a function Of Eq Ratio









· The effect of making the fuel leaner can be seen in Figure 25 CO2, H2O, O2 & N2 as a function Of Eq Ratio. It can be seen that as the fuel gets leaner the less CO2 & H2O is produced as a by-product whereas the quantity of O2 exhausted is increased.
[bookmark: _Toc29161644]Figure 26 CO2, H2O, O2 & N2 Production Graphic












Figure 26 demonstrates how the concentrations of O2 increase & CO2 and H2O decrease as the Mixture go’s from lean to rich (increasing Eq Ratio)
The reason for the increased O2 is due to the decreased number of Carbon and hydrogen in the Blend as it get leaner this leaves less molecules to bind with the inducted oxygen and in turn leaving excess O2 being exhausted of to dissociate into NOx   



2. [bookmark: _Toc29162962]Enthalpy

The Enthalpy at each equivalence ratio was needed to determine the initial flame temperature for each ratio to allow for the calculation of flame temperatures per degree as the flame front propagates across the cylinder 
Each equivalence ratio has a different quantity of Product molecules due to the fact the fuel is getting leaner and therefore less molecules are present in the mixture.
Enthalpy is calculated via the same methods as in the Enthalpy section in task 1 however with different values of CO2, H20, O2 and N2 as seen in 
[bookmark: _Toc29161645]Figure 27 Enthalpy & Product Molecules at specific Eq Ratio



3. [bookmark: _Toc29162963]Flame Temperatures

When calculating the Flame temperatures the author adopted the method of goal seeking the temperatures in Excel using the calculated values of Enthalpy  
To do this the author needed to generate a polynomial formula for each product molecule (CO2, H2O, O2 and N2) this information can be found in the ideal gas laws data given for each of the specified molecules. A polynomial trend line to 6 decimal places (Maximum accuracy of Excel) was added to the figures generated from the rise in Enthalpy of formation Values (ho (Mj/Kmol)) plotted against rising temperature. 
· See Figure 31 Polynomial Equation for CO2 & H2O & Figure 32 Polynomial Equation for O2 & N2

[image: ]

[bookmark: _Ref29130547][bookmark: _Toc29161646]Figure 28 Polynomial Goal seek Equation



Figure 28 Polynomial Goal seek Equation demonstrates the equation needed when combining the polynomial equation to calculate the flame temperature with respect to enthalpy and number of molecules produced 

[bookmark: _Toc29161647]Figure 29 Goal seek Method















The goal seek calculates the initial Flame Temp at each equivalence ratio dependant on the quantity of CO2, H2O, O2 & N2 while calculating the flame to generate the specific Enthalpy value produced from the reaction to create these values of exhaust molecules
With the initial flame temperature values the author was then able to calculate the Flame temperature per degree from basic thermodynamic principles and a polytrophic index of 1.17


This formula calculates the propagating flame temperature across combustion in respect to the change in pressure.





4. [bookmark: _Toc29162964](ɳ) Number of kmols of mixture Drawn in on induction

The number of kmols of mixture Drawn in Per Cycle remains constant in all situations due to it being calculated using engine design and ideal gas constants which don’t change between cycles. Constants conditions such as Clearance volume and Cylinder volume can only change with engine design.
Therefore ɳ is calculated via:


Therefore: 

[bookmark: _Toc29161648]Figure 30 Kmol draw Per Cycle



5. [bookmark: _Toc29162965]Alpha

Before being able to calculate NOx production the actual number of Kmols drawn in & the specific values of N2 and O2 are required to determine the quantity of N2 & O2 dissociate as the mixture becomes leaner.
· The specific value of Alpha can be calculated via: 


· The value of alpha will change with each Eq ratio due to different concentrations of Oxygen and nitrogen



[bookmark: _Toc29161649]Figure 31 Change in alpha with Eq Ratio



6. [bookmark: _Toc29162966][O2] & [N2]

Once the values of alpha are calculated the author was able to calculate the concentrations of oxygen and nitrogen as their coefficients

· The coefficients are calculated via:



[bookmark: _Ref29148182][bookmark: _Toc29161650]Figure 32 coefficient's of [O2] & [N2] concentrations









It can be seen from Figure 32 coefficient's of [O2] & [N2] concentrations that as the mixture gets leaner the dissociated O2 increases whereas the concentration of N2 decreases. This can be seen as evidence that N2 must be reacting for its concentration to decrees this is where NOx is produced as concentration of free O2 increases it binds with N2 to create NOx. This can also occur due to increasing Temperatures where the heat causes molecules to dissociate and bind with other molecules such as nitrogen 

7. [bookmark: _Toc29162967]Zeldovich model NOx Production

The Zeldovich model represents a model which determines the production of NOx dependant on the concentrations of O2 and N2 that are dissociated during lean combustion throughout a cycle. This dissociation of molecules allows for NOx Production, the Zeldovich model determines to what degree this occurs and at what quantity of NOx is produced.

There are several iterations of the Zeldovich model where various constants are used for this study the author used the specific values outlined by Gunter P.Merker which outlines the constants to be as seen in Figure 33 Gunter P.Merker Zeldovich Constants (Gunter merker, 2006)
[bookmark: _Ref29149096][bookmark: _Toc29161651]Figure 33 Gunter P.Merker Zeldovich Constants




Therefor the Zeldovich equation can be expressed as:



This equation is only generates a crude estimation of NOx produced due to the reverse reaction slowing down actual NOx production, this excessively over predicts the NO production however produces an accurate enough representation of how NO is produced and effected by other variables such as Eq Ratio.
The Results of this formula produces a value of NOx as unit of Kmol/M3/sec however for the purpose of this study the author required the values represented as Kmols per degree. 

Therefore this is Represents as:



Once the author had calculated the production of NOx across a cycle with respect to each equivalence ratio the sum of Kmols per degree for each cycle are obtainable as seen in
[bookmark: _Toc29161652]Figure 34 Kmols per cycle at each Eq ratio










[bookmark: _Toc29161653]Figure 35 NOx per Degree


8. [bookmark: _Toc29162968]Total exhaust kmols

For the calculation of the parts per million of NOx produced the quantity of Exhaust Kmols is required this is simply determined via multiplying Alpha by the product molecules from the reaction (exhausted molecules) 

Therefore:


9. [bookmark: _Toc29162969]PPM

Parts per million is an industry standard for measuring emotions, this is defined as the ratio of NOx production every cycle in proportion to every million exhaust molecules. The total exhaust molecules will change with the equivalence ratio due to the decreeing amount of molecules being combusted as the mixture becomes leaner.
Therefor PPM is calculated via:




[bookmark: _Toc29161654]Figure 36 NOx Parts per million at each Eq Ration

Figure 36 demonstrates the change in PPM with the Equivalence ratio which peaks at a 0.97 ϕ due to the increased quantity of free O2 and N2 as well as relatively high Flame temperature even though there is greater amounts of O2 & N2 at the Eq Ratio get leaner the temperatures decrease further which makes it more difficult for the dissociation of NOx leading to lower NOx production.

[bookmark: _Ref29159574][bookmark: _Toc29161655]Figure 37 NOx per cycle to PPM





[bookmark: _Toc29162970]Task B EGR

Task B asks to determine the effects of Exhaust gas recirculation (EGR) up to 20% at a specific equivalence ratio of 0.97ϕ using the same clearance volume as earlier in the study this can be achieved through multiplying the number of product molecules by values of 1.05, 1.1, 1.15 and 1.2 so 5% to 20% of exhaust gases are recirculated into the cylinder to increase the mass as subsequently lowering the flame temperature at the same Enthalpy values, demonstrating it flowing the ideal gas laws
This is expressed as:

[image: ][bookmark: _Ref29159564][bookmark: _Toc29161656]Figure 38 change in results with %'s of EGR


Figure 38 change in results with %'s of EGR & Figure 39 NOx PPM with EGR demonstrate that with increased EGR the PPM of NOx decreases most significantly at 5%
[bookmark: _Ref29159589][bookmark: _Toc29161657]Figure 39 NOx PPM with EGR





[bookmark: _Toc29162971]Conclusion

In conclusion from this study the author can determine that for Iso-Octane burning at stoichiometric will yield the lowest NOx and highest output of energy.
Whereas 0.97 Equivalence ratio has the highest output of NOx PPM this is due to the fact that the flame temperatures are still relatively high with a larger concentration of oxygen being dissociated leading to more NOx to be generated. It can be observed that as the fuel gets leaner after 0.97 the NOx emissions begin to decrees with flame temperature but ultimately producing less energy due to less molecules being combusted, this then leads to a more slower Flame speed which will increase the likelihood of nock and NVH because the flame will still be burning when the exhaust valve closes which will retain heat for the next cycle.
The addition of EGR significantly decreases the concentration of NOx PPM most significantly at 5% it is Exponential inversely proportional to increase percentage of EGR this occurs due to additional mass being added to the mixture which ultimately decreases the flame temperatures and therefore reduces the change of dissociation and NOx production.
[bookmark: _Toc29162972]Polynomial Figures
[bookmark: _Ref29133448][bookmark: _Toc29161658]Figure 40 Polynomial Equation for CO2 & H2O




























[bookmark: _Ref29133451][bookmark: _Toc29161659]Figure 41 Polynomial Equation for O2 & N2
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