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[bookmark: _Toc504063905]Chapter 1 – Introduction & Pretext

1.1 [bookmark: _Toc504063906]– Introduction

“You are asked to develop a NOx model  for Isooctane running on the lean side of stochiometric.
Assume that the rise in pressure after the start of combustion (S.O.C) is linear and of a value 2 bar per degree from a cylinder pressure of 10 bar at S.O.C, to a peak value of 50 bar. This represents a typical European drive cycle (NEDC).
Assume the engine is a 1600cc four cylinder N/A.
Assume the engine speed is 1800 RPM”
Macdonald, Malcom – UWTSD – 2017

From the precursory statement above the target of creating a NOx model is clearly set and this is to be satisfied in the form of 3 questions (a, b &c). Although seemingly straightforward these questions are open to a certain degree of interpretation and as such will be remunerated in a way that follows logically the order in which necessary tasks must be undertaken. 

1.2 [bookmark: _Toc504063907]– Pretext

This sub-chapter will be used to state important initial information, observations and assumptions. This is not to say though that such statements will not be made further on throughout the paper as and when appropriate. 

[bookmark: _Toc504063908]1.2.2 – Given Pretext

From reading the assignment brief the following general information can be stated;

· Engine is 1600cc naturally aspirated
· Head volume during combustion is 40cc and constant
· [N2] & [O2] concentration is constant 
· Fuel is Isooctane (C8H18)
· Pressure Increment is 2 bar/degree up to 50 bar
· Volumetric efficiency is 40%
· Cylinder pressure at inlet close is 1 bar
· Air / Fuel temperature at inlet close is 293k
· Universal gas constant is 8316 J KMOL^-1 K^-1

[bookmark: _Toc504063909]Chapter 2 – NOx Concentration

[bookmark: _Toc504063910]2.1 -  Question & Setting

Question “a” of the assignment asks for the following;
“By a process of calculating adiabatic flame temperatures and working out rise in temperature of burned gas up to peak pressure, use calculations or excel to plot a graph of NOX concentration levels ( [NOx] – KMOLS/m3)  as a function of equivalence ratio () on the lean side of stochiometric, from to . Assume the same rate of pressure rise for all equivalence ratios
If you are able to use Excel, aim to use 1’ intervals. Look at  in 0.05 steps from  of 0.6 to 0.95 and 0.01 steps from  of 0.95 to 0.99.”
Macdonald, Malcom – UWTSD – 2017

[bookmark: _Toc504063911]2.2 – Reactants & Products

The initial task of calculating adiabatic flame temperatures is not a 1 step process, the following chapter details a task flow.

· Tabulate a list of reactants, products and Kmol quantities for all species across the equivalence ratio values specified as such – 0.6 to 0.95 in steps of 0.05 and 0.95 to 1 in steps of 0.01.
[image: ]
Figure 1 – Initial Quantities

“” has been added symbolically to show where in the equation as a factor it would be implemented – as this is varied so do the quantities of reactants and products (acting on C8H18).
2.3 [bookmark: _Toc504063912].1 – NASA Tables & Enthalpy

· To calculate the enthalpy values throughout the combustion process it was necessary to refer to NASA / Enthalpy tables (Heywood, John B  1986). Having tabulated this data the values of temperature () were plotted against enthalpy change ().
Plotting these values for CO2, O2, N2 and H2O produced 4 linear curves (Figure 2 – NASA Plots).
[image: ]
Figure 2 – NASA Table Plots

From these plots it was next necessary to extract the trendline data, in the form of a polynomial (Figure 3 – NASA Polynomial).
[image: ]
Figure 3 – NASA Polynomial

Using these polynomials produced from the trendline, the “x” values of each were substituted for the corresponding temperature values from the NASA Table data. This enabled total Enthalpy to be calculated.

With;



Units of Enthalpy here are MJ/KMOL.



[bookmark: _Toc504063913]2.3.2 – Net Enthalpy & Adiabatic Flame Temperature

It was next necessary to calculate the net enthalpy release, this can be described as;


For:


 Enthalpy to get to zero level;


Enthalpy of Formation (Products)




Hence;



“1” represents the nominal fuel equivalence ratio and standard Enthalpy of formation values are as specified by ( Carl L. Yaws – 1997).
As the fuel equivalence ratio changes, so does the standard Enthalpy of formation, tabulated values are shown in Figure 3 – Net Enthalpy Release[image: ]
 Figure 3 – Net Enthalpy Release

It was next necessary to calculate the Enthalpy of Formation, the standard equation for enthalpy of formation can be given as;



Because this process is being considered Adiabatic the following statement can be made:



This statement is important as it signals how the adiabatic flame temperature will be calculated. The adiabatic flame temperature will be calculated by trial and error. Essentially the net Enthalpy release will stay constant in 1 column, this will be against the descending values of Temperature & the Enthalpy Release (Calculated from the NASA values).
Hence, when the summation of the two enthalpy values = ZERO, Q=0 and the statement pertaining to adiabatic process becomes true and it is at this point that the Adiabatic flame temperature can be found. Figure 4 shows where the difference of the two values converges to almost zero.
[image: ]
Figure 4 – Enthalpy Convergence (

Note; an attempt at an Adiabatic flame temperature calculator was tried (using an excel “Solver” function) but with time running out I was unable to get hold of all the correct JANAF values needed so this was aborted (see appendix).

[bookmark: _Toc504063914]Chapter 3 – Temperature Increase – SOC to Peak Pressure

[bookmark: _Toc504063915]3.1 – Temperature Change

Due to this task specifying a constant volume and constant “n” (polytropic index), the following can be stated as a means to calculate subsequent flame temperatures after “T1”;


Where;





[image: ]
Figure 5 – Flame Temperature (

[bookmark: _Toc504063916]Chapter 4 – Concentrations (N2 & O2)

[bookmark: _Toc504063917]4.1 – Concentration Equation

Equation for concentration (Nitrogen “[N]” as an example);

Where;









  N2 / m^3

The constant “ “can be solved via use of the ideal gas law;












Which becomes;



Where;






In this case the engine is 1600cc over 4 cylinders, so 1 cylinder = 400cc*volumetric efficiency = 160cc.
Thus  can be calculated by;


This value was calculated across all equivalence ratios (Figure 6), though it did not vary a great deal.
Note: “Ru”, the universal gas constant was given as 8316 KMOL^-1 K^-1
[image: ]
Figure 6 – Multiplication Constant
For this assignment concentrations of N2 & O2 were said to be constant and in calculating these it was noticeable that there was not much variation. Having calculated these across the range of equivalence ratios the average concentration values are given as [N2]  = 0.128 Kmols/m^3 and [O2] = 0.005 Kmols/m^3.

[bookmark: _Toc504063918]Chapter 5 – Zeldovich Mechanism & NOx Concentration

[bookmark: _Toc504063919]5.1 – Zeldovich Controlling Equation

Production of NOx in the burned zone is controlled by the reaction between N2 molecules and O atoms.


McDonald, Malcolm – 2017 – UWTSD

[bookmark: _Toc504063920]5.2 – Zeldovich Reaction Rate Equation


McDonald, Malcolm – 2017 – UWTSD

This equation for the rate of NOx production subsequently allows the total NOx to be calculated (via summation).
[image: ]
Figure 7 – Rate of NOx Production

[bookmark: _Toc504063921]5.3 – NOx Concentration “[NOx]”

The NOx concentration per degree (Kmols) can be calculated by the equation;



Subsequently the total NOx produced from SOC to peak pressure can be written as;



The next logical step is to calculate the NOx in term of PPM (part / million);


To calculate Kmols_Exhaust;


Important note: NOx as a count “PPM” is not truly representative of the problem that it poses, as well as count there is also the problem of particle size. Larger particles may be more visible as a problem (soot etc), but the smaller particles are less likely visible and more likely to get past filters (both manmade and natural).

[image: ]
Figure 8 – NOx (PPM)

[bookmark: _Toc504063922]Chapter 6 – EGR Addition 

[bookmark: _Toc504063923]6.1 – Question & Setting

“For  = 0.95, calculate the effect of adding E.G.R on NOx concentration levels assuming the same volumetric efficiency of 40% and assuming E.G.R levels up to 20% by molar proportion of the air + fuel contents.
If using excel, vary the E.G.R in finer % intervals.”
McDonald, Malcolm – 2017 – UWTSD

[bookmark: _Toc504063924]6.2 – EGR by Molar Proportion of Air + Fuel
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