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The following report is intended to guide the reader on how to use the excel calculators per each task and explain the reasons behind the analysis.
The excel sheets are organised per each task, followed by sheets of ideal gasses property tables.
Common denominators between sheets are the orange cells ( [image: ]) and green cells ( [image: ]). The first ones indicate the possible variation of the parameter in it throughout a drop-down list or user input, accordingly to the parameter itself; the green cells, on the other hand, indicate the answer to a task. Furthermore, the blue underlined cells ( [image: ]) in task 2a and 2b are the ones used for the Goal Seek function.

[bookmark: _Toc28430670]Methodology
[bookmark: _Toc28430671]Task 1
Task 1 was developed around a stochiometric scenario (ϕ=1) and a fixed atmospheric composition ratio (percentages of oxygen and nitrogen), even though it is possible to vary these values. 

Starting from the iso-octane equation it was then added the Methanol on the left-hand side to generate the blended mixture, resulting:

Nevertheless, the equation must be balanced: to do so, starting point were the number of carbon elements in the product side (left hand side of the chemical equation). Iso-octane has eight carbon atoms that need to be added to the single carbon atom present in the methanol molecule, for a total of 9. Furthermore, because the carbon atom in the product side of the equation (right hand side) is present only as part of a carbon dioxide molecule, it was possible assign to  a value, =9.
Second step was calculating the number of hydrogen atoms on the LHS: eighteen in the iso-octane  molecule and four in the methanol one; on the other hand, in the product side of the equation, the hydrogen atom is present only in the water molecule, which is identified by . Therefore,  can be calculated rearranging the following equation that relates the number of hydrogen elements on LHS with the unknown value in the product side, acknowledging that the molecule of water is already counting 2 hydrogen atoms:
18+ 3+1 = 2 
 11
Third step in the balancing process was the calculation of the number of air parts, “x”. To do so, it was identified the atom between oxygen and nitrogen with more information already available: oxygen, which in the product side of the equation has and  already defined. Therefore, arranging the elements as an equation with one unknown:
1+ x2=9*(2) +11*(1)
x=14
Finally, it is possible to calculate , number of nitrogen elements, by just multiplying the atmospheric composition ratio (ACR) by the parts of air just calculated.
Therefore, the balanced equation is:

Where =9, =11, =52.67 and x=14

The mass percentage of either methanol and iso-octane in the mixed blend was calculated as a ratio of their individual molecular weight over the total mass of the 50:50 blend.
	total fuel weight
	146,2678

	
	114,2267
	mass% C8H18
	78%

	
	
	
	1923,34
	mass% CH3OH
	22%


[bookmark: _Toc28434340]Table 1 Mass percentages
 The result is that in a fifty-fifty blend of iso-octane and methanol there will be 78% of the first one and 22% of the gas; these two values highlights how for the same number of mols of either molecule, iso-octane is denser than methanol, also highlighted by their molecular weights.

It was then calculated the air-fuel ratio of the blend:

 

The lower heating value is the ratio of the net enthalpy over the mass of the blend:


Lower and higher heating values are the amount of energy over unit mass according if the water molecule is considered relatively in a gas and liquid state (Williams, 2019)++; the values used for this assignment are 241.8 MJ/kmol for aero form and 285.8 MJ/kmol for the liquid form.

ENTHALPY OF FORMATION: the enthalpy of a gas is the combination of sensible enthalpy and enthalpy of formation: the latter one, as the name suggests, represents the enthalpy change of 1 mol of a compound from its elements at standard state, assumed to be 298° K (273°K+25°C) and 101325 Pa (1 atm or 1.01325 bar) for this coursework (Williams, 2019).

The mass of CO2 produced was calculated by multiplying the molecular weight of it by the balancing coefficient , resulting in 396,08 kmol.

IDEAL FUEL PROPERTIES: while an engine is running the recurring of a combustion and expansion phase is a cyclic event. The first phase is a consequence of several physical and chemical phenomena, starting with the mixture of air and fuel and ending with the ignition of the blend (Anon., 2019). This ignition is started by the spark of an external element, the spark plug, but there is a time delay between the lightning and the built in pressure in the combustion chamber. Therefore, to exploit this chemical reaction and gain maximum brake torque, the ignition point tends to occur earlier than top dead centre to have enough time to build pressure for when the piston will start his descent. From the previous statement it can be presumed that an ideal fuel should be able to light up entirely as fast as possible and reduce the gap between burned and unburned zone which influences the positive and negative work and so the energy absorbed or produced 


[bookmark: _Toc28430672]Task 2a
Task 2 asks to develop a NOx model for an iso-octane combustion on its lean side and the first step was to import in excel the ideal combustion gases tables. Carbon dioxide, water, oxygen and nitrogen are the elements involved in the iso-octane combustion reaction; per each element it was plotted a graph of its enthalpy against temperature and identify its trendline equation. 
  
Figure 1 CO2 enthalpy variation through temperature         Figure 2 H2O enthalpy variation through temperature
 
Figure 3 N2 enthalpy variation through temperature           Figure 4 O2 enthalpy variation through temperature

 The closest fit of the trendline to the curve was given by a 6th order polynomial; moreover, for higher precision, the equation was displayed and used considering up to the 35th decimal place value according to the number of zero elements after the last value of the unknown.
	CO2
	y = 0,00000000000000000085770134353129100x6 - 0,00000000000001037487555597410000000x5 + 0,00000000004968947595288750000000000x4 - 0,00000012019118053969600000000000000x3 + 0,00015650954893480800000000000000000x2 - 0,04823936203266450000000000000000000x + 5,20845196264969000000000000000000000


	H2O
	y = 0,00000000000000000066506859177143300x6 - 0,00000000000000789843431041327000000x5 + 0,00000000003687984987748280000000000x4 - 0,00000008638622855912410000000000000x3 + 0,00011074017860557300000000000000000x2 - 0,03124161160791500000000000000000000x + 3,30066945333761000000000000000000000


	O2
	y = 0,00000000000000000064958291549086600x6 - 0,00000000000000782245284908010000000x5 + 0,00000000003712041769723600000000000x4 - 0,00000008798317617006600000000000000x3 + 0,00010982327234561400000000000000000x2 - 0,03260644464148480000000000000000000x + 3,57864890028521000000000000000000000


	N2
	y = 0,00000000000000000059376621671025500x6 - 0,00000000000000710207115890042000000x5 + 0,00000000003346089680516580000000000x4 - 0,00000007890960163412290000000000000x3 + 0,00009859976921150400000000000000000x2 - 0,02817289915596100000000000000000000x + 3,05378907997741000000000000000000000



[bookmark: _Toc28434341]Table 2 Trendline equations
Starting from the balanced equation of an iso-octane fuel combustion, it was then researched a general balancing rule per each element and molecule of the equation that would have considered the fuel ratio factor (φ). Different from task one calculator is the added influence of the fuel ratio and the presence of oxygen atoms in the product side of the equation due to a leaner combustion.
Carbon, hydrogen and oxygen atoms as well as carbon dioxide and water molecules are therefore dependent on the fuel ratio i.e. their equation balance coefficients are multiplied by φ. Moreover, φ values range from 1 to 0.6 with two different step increments: from 1 to 0.95, 0.01 step increments are considered while from 0.95 to 0.6, 0.5 increment steps. The number of parts of air, “x”, is the only value that remains fixed and the reasons are mainly two: firstly, due to the assignment’s requests, secondly related also to an everyday scenario. In fact, commonly it is easier to vary the fuel amount, especially for an EFI engine (electronic fuel injection) in which the ECU can determine the exact quantity the injectors must squirt, instead of the air quantity, a fixed value dictated by several factors as geometry, displacement etc. Furthermore, another parameter that will be kept fixed is the atmospheric composition ratio.
As for task one, air and fuel masses and so the fuel ratio were calculated as well. 
It was then set up a section holding all parameters for building the Nox calculator: volumetric efficiency (η) was set to 40%, from the overall engine displacement it was calculated each cylinder capacity, the clearance volume was assumed to be 10% of the single cylinder capacity, air temperature set at 293°K (20°C), the universal gas constant ( R ) was set at 8314 and the polytropic index (n) set at 1.17.
The NOx model is a long process which has is pivot around the Zeldovich model:

Therefore, the first step is to calculate the concentration of oxygen [O2] and nitrogen [N2]. To do so, by rearranging the ideal gas equation it was calculated the number of mols (n) from: 
PV=nRT


To calculate the concentrations of oxygen and nitrogen it is also necessary the number of kilo mols in the mixture (α):

From which is now possible identify both concentrations following:

From the trendline equation were then calculated the enthalpies of each product of the combustion (CO2, H2O, O2 and N2) by substituting the unknown identity with an arbitrary temperature, at first set to 2500°K.
Furthermore, following:

It was calculated the enthalpy of the reaction. The value achieved can be observed that is very similar to the net enthalpy calculated and throughout the excel goal seek function is brought to exact match by the variation of the arbitrary temperature value that drives the polynomial equations. 
[image: ]This process was than repeated per each different fuel ratio values, generating a table holding the number of kilo mols, the concentration of O2 and N2, the calculated enthalpy by the polynomial fit, the flame temperature, the enthalpies of formation and the stoichiometric balance values, fundamental for the NOx model. 
[image: ]										continues …[bookmark: _Toc28434342]Table 3 Table of parameters for NOx

 
A second table was arranged to calculate the increase of flame temperature and NOx produced during the sixteen crank angle degrees observation frame window, in which two bar of pressure are assumed to be built per each step. 
Therefore, setting as starting temperature the values gain from the goal seek function it was possible calculate the increase in temperature throughout the examined crank angle degree range by the combination of the ideal gas equation and PV= constant.
 	








At this point, following the Zeldovich model and keeping into account parameters of the specified scenario:

It was possible to calculate the formation of NOx through the degree range analysed and per each fuel ratio.
Finally, following:

Where: 

It was possible to calculate the part per million (PPM), important value in the industry field for an emission legislation aspect, allowing the plot of it as a function of fuel equivalence ratio:
[bookmark: _Toc28425001]Graph 1 PPM

[bookmark: _Toc28430673]Task 2b
Task 2b asks to evaluate what effect has the usage of an exhaust gas recirculation (EGR).
First step was to understand the combustion equation itself and then how to balance it:



It was therefore, built as for previous tasks a calculator to balance the equation that also keeps into account the effect of the EGR: the iso-octane molecule is only affected by the variation of the fuel equivalence ratio, which in this case is fixed at 0.97, on the contrary carbon dioxide and water molecule as for oxygen and nitrogen atoms are dependant either by φ and by the EGR factor of: (1+EGR percentage).
As for previous task, using goal seek function, a calculator was used to calculate the flame temperature except that this time the enthalpy values was kept fixed at 4913.05 assuming it isn’t affected by the added elements from the action of the EGR.
It was then repeated for several EGR percentages to analyse the variation in flame temperature. 

[bookmark: _Toc28430674]Discussion and Conclusion
By definition the lower heating value is the amount of heat released by the unit mass or volume of fuel at 25° C once it is combusted (Basu, 2010) and the value suggests that a 50:50 blend mixture of iso-octane and methanol releases less energy than a simple mixture air/iso-octane, relatively 39.2 MJ/kg against 44.4 MJ/kg.
Moreover, the 13.14 air/fuel ratio value of a 50:50 iso-octane and methanol blend can be considered a combination of both fuel molecules if taken separately, where the combustion of the first one needs a 15.1 A/F ratio and the second one a 6.5. In the considered blend therefore, methanol acts as the molecule that lowers the ratio.
A first analysis of Table 3 highlights how the production of oxygen atoms is only linked to lean combustion cycles, so the production of NOx is only related to this specific scenario. Moreover, interesting is how the production of oxygen atoms is inversely proportional to the production of water and carbon dioxide molecules the leaner the combustion occurs. In fact, the leaner the combustion the more oxygen is produced and less   are produced, with a constant 1% decrease rate down to 0.95 φ and with a bigger percentage for the remaining range, even though the steps in the fuel ratio are larger. 
Peculiar is also how the maximum part per million is produced at 0.97 φ
Furthermore, always from table 3, it can be noticed that the leaner the combustion the lower is the flame temperature, suggesting a slower combustion related to a minor amount of fuel mixture to be burnt in the chamber. The table also shows two percentages columns to highlight the temperature difference between each fuel equivalence ratios: the first column highlights the temperature percentage difference referred to the previous φ case, while the last column uses as reference the temperature for the stoichiometric case (φ=1). The last column best highlights the influence of the fuel equivalence ration over the flame temperature: the bigger influence of the variation of the fuel equivalence ratio starts at 0.75 where there is a decrease of the flame temperature of 32%, more than double than the previous φ case (0.8) that generates a 14% difference from stoichiometric.
	φ
	1
	0.99
	0.98
	0.97
	0.96
	0.95
	0.9
	0.85
	0.8
	0.75
	0.7
	0.65
	0.6

	NOx
	0

	1,4084E-07
	1,6982E-07
	1,7683E-07
	1,7318E-07
	1,6372E-07
	9,5283E-08
	4,3872E-08
	1,7089E-08
	1,1355E-11
	4,0251E-12
	1,2702E-12
	3,5279E-13


[bookmark: _Toc28434343]Table 4 NOx production according to φ
Consequently, table 4 (a simpler recreation of the excel table) highlights the production of NOx according to the variation of φ.
[image: ]  Table 5 shows the effect of an exhaust gas recirculation (EGR) system, according to different percentages (5% - 30%).  [bookmark: _Toc28434344]Table 5 EGR effect

It is immediately clear how adding back exhaust gasses in the combustion chamber decreases the temperatures: in the table, the percentage value underneath the temperature is referred to the initial case with no EGR effect added (EGR=0)
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image3.emf

image4.emf

image5.emf

image6.emf
ϕ α [O2] [N2] enthalpy flame T h reactors h released h NET

1 1,0852E-07 0,0000E+00 1,2758E-01 5065,00 2398,85 259,20 5324,20 5065,00

0,99 1,0854E-07 3,3919E-04 1,2760E-01 5014,40 2383,16 256,61 5270,96 5014,35

0,98 1,0856E-07 6,7848E-04 1,2762E-01 4963,70 2367,37 254,02 5217,72 4963,70

0,97 1,0858E-07 1,0179E-03 1,2764E-01 4913,00 2351,51 251,42 5164,47 4913,05

0,96 1,0859E-07 1,3574E-03 1,2766E-01 4862,40 2335,62 248,83 5111,23 4862,40

0,95 1,0861E-07 1,6971E-03 1,2768E-01 4811,80 2319,67 246,24 5057,99 4811,75

0,9 1,0870E-07 3,3969E-03 1,2779E-01 4558,50 2238,68 233,28 4791,78 4558,50

0,85 1,0879E-07 5,0996E-03 1,2789E-01 4305,30 2155,68 220,32 4525,57 4305,25

0,8 1,0888E-07 6,8051E-03 1,2800E-01 4052,00 2070,36 207,36 4259,36 4052,00

0,75 1,0897E-07 8,5134E-03 1,2811E-01 2940,40 1628,78 194,40 3134,76 2940,36

0,7 1,0906E-07 1,0225E-02 1,2821E-01 2795,90 1577,50 181,44 2977,36 2795,92

0,65 1,0915E-07 1,1939E-02 1,2832E-01 2651,50 1525,10 168,48 2819,96 2651,48

0,6 1,0924E-07 1,3655E-02 1,2843E-01 2507,00 1471,53 155,52 2662,56 2507,04

enthalpy of formation


image7.emf
CO2   [n1] H2O   [n2] O2                 [n3] N2                  [n4] Nox (PPM) CO2 % Temperature % T % ref

8,00 9,00 0,00 47,02 0,00

7,92 8,91 0,13 47,02 20281,80 1% 1% 1%

7,84 8,82 0,25 47,02 24468,04 1% 1% 1%

7,76 8,73 0,38 47,02 25492,39 1% 1% 2%

7,68 8,64 0,50 47,02 24978,41 1% 1% 3%

7,60 8,55 0,63 47,02 23627,50 1% 1% 3%

7,20 8,10 1,25 47,02 13788,07 5% 3% 7%

6,80 7,65 1,88 47,02 6365,90 6% 4% 10%

6,40 7,20 2,50 47,02 2486,34 6% 4% 14%

6,00 6,75 3,13 47,02 1,66 6% 21% 32%

5,60 6,30 3,75 47,02 0,59 7% 3% 34%

5,20 5,85 4,38 47,02 0,19 7% 3% 36%

4,80 5,40 5,00 47,02 0,05 8% 4% 39%


image8.emf
EGR ϕ α [O2] [N2] enthalpy flame T h NET CO2   [n1] H2O   [n2] O2                 [n3] N2                  [n4]

0 0,97 1,08618E-07 0,001018 0,127626 4913,04966 2351,529 4913,05 7,76 8,73 0,375 47

EGR ϕ α [O2] [N2] enthalpy flame T h NET CO2   [n1] H2O   [n2] O2                 [n3] N2                  [n4]

5% 0,97 1,08618E-07 0,001069 0,134008 4913,05048 2263,825 4913,05 8,148 9,1665 0,39375 49,35

4%

EGR ϕ α [O2] [N2] enthalpy flame T h NET CO2   [n1] H2O   [n2] O2                 [n3] N2                  [n4]

10% 0,97 1,08618E-07 0,00112 0,140389 4913,05 2183,708 4913,05 8,536 9,603 0,4125 51,7

7%

EGR ϕ α [O2] [N2] enthalpy flame T h NET CO2   [n1] H2O   [n2] O2                 [n3] N2                  [n4]

15% 0,97 1,08618E-07 0,001171 0,14677 4913,05 2110,067 4913,05 8,924 10,0395 0,43125 54,05

10%

EGR ϕ α [O2] [N2] enthalpy flame T h NET CO2   [n1] H2O   [n2] O2                 [n3] N2                  [n4]

20% 0,97 1,08618E-07 0,001222 0,153152 4913,05 2042,042 4913,05 9,312 10,476 0,45 56,4

13%

EGR ϕ α [O2] [N2] enthalpy flame T h NET CO2   [n1] H2O   [n2] O2                 [n3] N2                  [n4]

25% 0,97 1,08618E-07 0,001273 0,159533 4913,05 1978,952 4913,05 9,7 10,9125 0,46875 58,75

16%

EGR ϕ α [O2] [N2] enthalpy flame T h NET CO2   [n1] H2O   [n2] O2                 [n3] N2                  [n4]

30% 0,97 1,08618E-07 0,001324 0,165914 4913,05 1920,248 4913,05 10,088 11,349 0,4875 61,1

18%
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