
[bookmark: _Hlk23712884][image: ]



School of Engineering
Combustion and Emission Study: Modelling Fuels and NOx.
Yitao Zhao
1904070
Automotive Engineering Beng
04/01/2020
Powertrain and Sustainability M6X01206









Contents
1. Introduction…………………………………………………………1
2. A study of a blended mixture of isooctane and methanol……..2
[bookmark: _Hlk29132557]2.1.The mass percentage………………………………………………………...2
[bookmark: _Hlk29132606]2.2. The Air:Fuel mass ratio for stochiometric combustion in air ….…..…….2
[bookmark: _Hlk29132650]2.3. The lower heating value of the blend………………………………………3
[bookmark: _Hlk29132694]2.4. Explanation of enthalpy of formation……………………………………….4
2.5. The difference between higher and lower heating values……………….4
[bookmark: _Hlk29132765]2.6. The mass of CO2 produced per kg of fuel burned………………………..4
2.7. The properties of an “Ideal” fuel…………………………………………… 4
3. NOx Model for Isooctane………………………………………….5
3.1. Plot a graph of NOx PPM (Ф is from 0.6 to 1.0)…………………………..5
[bookmark: _GoBack]3.2.Effect od adding 20% EGR on NOx PPM…………………………………..9
4.Conclusion…………………………………………………………..11
5.References……………………………………………...................12
1. Introduction
This assignment is about engine’s combustion and emission research. It devides into two main parts: the first part is some basic calculation about a blended mixture of isooctane and methanol,including mass percentages, Air:Fuel mass ratio, lower heating value and the mass of CO2 produced per kg. This calculation is based on the compounds of 50% molar methanol and 50% molar isooctane. Meanwhile it also involves some concepts such as enthalpy of formation, the difference between higher and lower heating values and the properties of an “Ideal” fuel.
The next part author was asked to create a NOx model for Isooctane running on the lean side of stoichiometric. It focuses on using data and formulas to get the relations between NOx PPM and equivalence ratio (Ф), then a graph will be shown to demonstrate the variation trend. Finally,the assignment will find out how big can the EGR system help to drop down the amount of NOx in exhaust gas. Both parts need to use subject specific skills of the combustion and emissions mechanism, and also statistics and computing skill as well.
Author tried to show every step during the calculation so that it can be seen how the result came out. There are also some screenshot about the Excel data to demonstrate the author’s work.
1. 

[bookmark: _Toc29083320]2. Calculations about Blended Mixture
The study has a molar composition as follows:
METHANOL - 50%    ISOOCTANE - 50%  

2.1.The mass percentage
[bookmark: _Hlk29076513]We can assume that the blended mixture has 1kmol methanol and 1kmol isooctane.
1kmol isooctane (C8H18)=(12*8+1*18)=114kg
1kmol methanol (CH3OH)=(12+1*3+16+1)=32kg
Total mass=(114+32)=146kg
[bookmark: _Hlk29070015]Mass percentage of isooctane=(mass of isooctane/total mass) *100%=(114/146)*100%=78.08%
Mass percentage of methanol=(mass of methanol/total mass) *100%=(32/146)*100%=21.92%

2.2. The Air:Fuel mass ratio for stochiometric combustion in air
We have learned that the Air/Fuel mass ratio is the ratio of the air mass to the fuel mass. Because of stochiometric combustion, all oxygen is consumed:
[bookmark: _Hlk29110116]0.5*C8H18 +0.5*CH3OH + x (O2 + 3.76 N2) -> n1 CO2 + n2 H2O + n3 N2
	C->4+0.5=4.5
	n1=4+0.5=4.5

	H->9+2=11
	2n2=11 -> n2=5.5

	O->2x+0.5
	2x+0.5=2n1+n2=9+5.5=14.5 -> x=7

	N
	n3=3.76*7=26.32


Table 1
AFR by mass= Air mass / Fuel mass =7*(32+3.76*28) / (114*0.5+32*0.5) =13.164

2.3. The lower heating value of the blend
From the table below:
[image: ]
Table 2
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Table 3
[bookmark: _Hlk29074418]The enthalpy of formations of isooctane is -259.2 kJ/mol
The enthalpy of formations of methanol is -201.5 kJ/mol 
[bookmark: _Hlk29074992]Enthalpy needed for products = (0.5*259.2+0.5*201.5+0+0)=230.35MJ
Enthalpy released from reaction = (4.5 * 393.5) + (5.5 * 241.8) + (26.32 * 0) =3100.65MJ
The net enthalpy is 3100.65-230.35=2870.3MJ
[bookmark: _Hlk29076664]Because of lower heating value, H2O is a gas: 1kmol blended mixture has the mass of (114+32)/2 kg =73kg
The lower heating value = (2870.3/73)MJ/kg = 39.3MJ/kg
2.4. Explanation of enthalpy of formation
To report the heat absorbed or released by chemical reactions, Hess’s law allows us to calculate the enthalpy change for any chemical reaction can be found using a relatively small set of tabulated data, starting from the elemental forms of each atom at 25°C and 1atm pressure, and these data constitute Enthapy of  formation. Enthalpy of formation is the enthalpy change for the formation of 1 mol of a compound from its component elements,
Enthalpies of formation measured under 25°C and 1atm pressure are called standard enthalpies of formation which is the enthalpy change for the formation of 1 mol of a compound from its component elements when the component elements are each in their standard states. The standard enthalpy of formation of any element in its most stable form is zero by definition.

2.5. The difference between higher and lower heating values
When H2O in the products is a gas, we called ‘Lower Heating Value’ (LHV); but if H2O generated is a liquid, we called ‘Higher Heating Value’(HHV).
Lower heating value also represents the whole heat the fuel can release.

2.6. The mass of CO2 produced per kg of fuel burned
0.5*C8H18 +0.5*CH3OH + 7(O2 +3.76 N2) -> 4.5 CO2 +5.5 H2O +26.32 N2
1 molecule of fuel burned -> 4.5molecules of CO2
6x10^26 molecules of fuel burned -> 4.5 x6 x10^26 molecules of CO2
1 kmol of fuel -> 4.5 kmol of CO2
1 kmol of fuel -> (0.5 x 146) =73kg
It will make 4.5 x (12+32) kg=198kg of CO2
So when 1kg of fuel be burned, we make (198/73) ->2.71 kg of CO2

2.7. The properties of an “Ideal” fuel
Ideal fuel is a kind of fuel which doesn't emit harmful gases when burning. It is not only easy to transport and store but also has a low cost and gives more heat per weight ,It has a high calorific value and should have low ignition temp.
The combustion of the fuel can’t produce poisonous emissions, or the fuel will pollute the environment and influence people’s daily life. It will also cost too much if they choose to eliminate the toxic substances. What’s more, it can’t produce too much carbon dioxide because it will influence the climate like greenhouse and heat island effect (Bourzac, 2016).
The fuel should have high heat efficiency like LHV, which enables the machine to work steadily (Williams, Enthalpy and Fuels). 
The fuel molecule should be stable enough to reduce the likelihood to split, which allows higher compression or boost pressures that can increase the performance of the machine (Williams, Flame Temperatures).

An ideal fuel should have the following properties:
1. High calorific value
2. Moderate ignition temperature
3. Low moisture content
4. Low NOn combustible matter
5. Moderate velocity of combustion
6. Products of combustion not harmful
7. Low cost
8. Easy to transport
9. Combustion should be controllable
10. No spontaneous combustion
11. Low storage cost
12. Should burn in air with efficiency.

3. NOx Model for Isooctane
[bookmark: _Hlk29148161]There are few assumption been set:
a. The rise in pressure after 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 40 bar.
b. The engine is a 1600 cc four-cylinder, naturally aspirated.
c. The engine speed is 1800 RPM.
3.1. Plot a graph of NOx PPM (Ф is from 0.6 to 1.0)
The combustion equation:
[bookmark: _Hlk29134213]ФC8H18 + 12.5 (O2 + 3.76 N2) ->n1 CO2 + n2 H2O + n3 O2+ n4 N2

Ф: Fuel equivalence ratio
n1=8, n2=9, n3=(25-2n1-n2)/2, n4=47

Hence the flame temperature can be calculated in Excel:
At constant pressure the change in heat is equal to the change in energy, hence the calculation should be carried out in every interval to maintain the constant pressure. The net enthalpy released can be calculated from the ‘enthalpy of formation’ (Hf) at 298K, this enthalpy release raises the temperature of the products from 298K to fuel flame front temperature, and find the range of temperature first (Williams, Flame Temperatures).

Some of the following data is from the table below:
[image: ]
[bookmark: _Hlk29135465]Table 4
When Ф=0.6, 
Check the fuel database for CO2, H2O, O2, N2 :

At 1700K:  4.8 CO2+5.4 H2O+5 O2+47 N2
(4.8x73.44+5.4x57.78+5x47.94+47x45.42)=3038.964MJ
3038.964MJ is needed to get to 1700K

At 1800K:  4.8 CO2+5.4 H2O+5 O2+47 N2
(4.8x79.4+5.4x62.71+5x51.66+47x48.97)=3279.644MJ
The enthalpy needed is beyond it has available at 1800K, so the correct temperature is between 1700-1800K.

When Ф=1.0, 
[bookmark: _Hlk29136136]Check the fuel database for CO2, H2O, O2, N2 :

At 2300K:  8 CO2+9 H2O+47 N2
(8x109.66+9x88.42+47x66.99)=4821.59MJ
4821.59MJ is needed to get to 2300K

[bookmark: _Hlk29136080]At 2400K:  8 CO2+9 H2O+47 N2
(8x115.79+9x93.74+47x70.64)=5090.06MJ
The enthalpy needed is beyond it has available at 2400K, so the correct temperature is between 2300-2400K.

Hence, we can know the range of the temperature, which is between 1700.015K to 2390.666K.
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Table 5
When the pressure rises in the burn zone, the temperature in the cylinder also increases. Using the ideal gas law:
𝑃𝑉=𝑚𝑅𝑇
We use molar specific heat as the heat required to make 1 kmol of a substance increase its temperature by 1°K. And the ratio between constant pressure and constant volume can be found:
𝑛=Cp/Cv
𝑃𝑉^n=𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡
From the fuel data, n=1.17, so the temperature can be calculated:
[image: ]
Table 6
Using the formula of zeldovich model for further calculation: (Williams, Zeldovich Williams)


Assume a 1600cc naturally-aspirated 4 cylinder engine, so each cylinder has a 400cc displacement. Assume the same volumetric efficiency of 40%, using the ideal gas law:
𝑃𝑉= 𝑛𝑅𝑇

From the balanced formula, it is known that the intake of combustion mixture is made up of components of fuel and air, then we got:
Alpha changes with fuel equivalence ratio: when at lower ratios there is less fuel in the mixture, the concentrations of oxygen and nitrogen change as well.

Assume the volume of the combustion chamber is 40cc,


Using Zeldovich model:

The sum of NOx from 0°-15°:
NOx=9.75x10-11 kmols/cycle

PPM for NOx:

Here is the PPM graph:

Graph 1
For this curve, the highest PPM point appears when φ=0.97, PPM=29192.70151. The trend of the curve looks similar to reality, when φ is very small, O2 is enough for NOx production, but the NOx PPM is of a low level because of the low temperature. When φ increases, more NOx is produced until reach its peak value at 0.97, because of the lack of the N and O molecules, 
the value then goes down.
[bookmark: _Hlk29152755]3.2.Effect od adding 20% EGR on NOx PPM
There are few assumption been set:
a. Assuming the same volumetric efficiency of 40% and assuming EGR levels up to 20% of the air + fuel contents.
b. Assuming 40% volumetric efficiency and assuming the pressure in the cylinder at inlet valve closing is 1 bar (1 x 105 N/m2) and that the temperature of the air fuel is 20°C.
c. Assume universal gas constant is 8314 J KMOL-1 K-1.
d. Assume polytropic index for burned zone up to peak pressure is 1.17.
e. Assume the volume of the air/fuel during combustion is the head volume of 40 ccs and that [N2] & [O2] concentrations can be considered constant during combustion.
Use the Zeldovich model:

The influence about 0%,5%,10%,15%,20% EGR are shown:


[image: ]
Table7
Use ideal gas law:

[bookmark: _Hlk29148866]For α:
For [O2] and [N2]:


The table below is [O2] and [N2] from x=1 to 1.2:
[image: ]
Table 8
When the EGR level goes up, the flame temperature drops down obviously because EGR gives a strong influence of that:
[image: ]
Table 9
Calculation about NOx per cycle:

The curve is like this:

Graph 2
As the curve shows, the PPM drops rapidly when the EGR level goes up,at the point of EGR level up to 20%, the PPM level drops over 97%, which maens that there are nearly no NOx with the exhaust gas. Among the graph, it demonstrated the imporance about EGR system helping to reduce NOx emissions in our daily life.
The burn zone temperature also goes down quickly when EGR level rises, peak temperature drops from 2865K to 2488K when adding 20% EGR. It will be more  difficult for molecules to split if the temperature drops down because there is not enough N and O radical atoms to produce the NOx.

4. Conclusion
The study focused on combustion and emission about car engine, but different part had different point. The first part need some basic parameters to make simple calculations about the mass percentage, Air:Fuel mass ratio, lower heating value, CO2 mass produced per kg. The explanation about the meaning of enthalpy of formation and difference between higher and lower heating value need to use knowledge learned in class and understand them.
Another part is about developing a NOx Model for Isooctane running on the lean side of stochometric. Based on several assumptions can let us make a model in much more simple way. During this part, the relationship between NOx PPM and the function of equivalence ratio was found. And EGR level plays an important role to ruduce the value of NOx PPM, which can give cars manufacturers a useful reference. When Ф=0.97, the maximum NOx PPM =29192.70151, that’s also the point EGR drops down NOx PPM most, which exceed 97%.
Based on the data given by student hub and with the help of Excel, author realized better about combustion and emissions. What’s more, author thinks the EGR system may have more room for improvement, to drop down more harmful gases concentration and keep the environment cleaner.
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Example values of ‘Enthalpies of Combustion’ can be seen in the table below.
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