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[bookmark: _Toc39422566]Abstract

The main emphasis of this study will be to conduct detailed engine analysis of  engine pressure data of two vehicles typically seen on today’s road. One being a small engine capacity car using forced induction and the other a small capacity mid-weight motorcycle. In today’s world, manufacturers have come under much scrutiny due to motor vehicles being one of the main causes of climate change.  Both vehicles produce similar peak pressures during combustion, so a comparison is fair. The aim is to be able to accurate calculate the temperatures found during combustion by means of a two-model, with special attention made to the thermodynamic processes. Combustion temperature has become one of the main parts of analysis for a manufacturer since they dictate the formation of emissions, but also defines the performance of the vehicle and how the vehicle is controlled through fuelling and ignition. The combustion model for the motorcycle will then be validated using combustion simulation software and therefore validate both models, since they will both be analysed using the same techniques.
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[bookmark: _Toc39422567]International System of Units 

Before one can implement equations in their calculations or derive other formulae an understanding in the fundamentals within these equations should be known. The international system (SI) allows one to make calculations without any conversion due to the way in which they are derived and related to one another. The story of SI started in 1799 when France adopted the metric system, then in 1875 the treaty of the meter was signed by 17 nations, 1889 the international prototype of the Kilogram is built, 1960 the international system of units is established, 1967 the second is redefined in terms of the caesium atom, 1983 the meter is refined in terms of light, as of the November 2018 experts in the field of measurement voted for the revision of the SI, to a establish a system that is based entirely on physical constants of nature. The vote was unanimous and came into effect on the 20th of May 2019 (National Institute of Standards and Technology, 2019).
[bookmark: _Toc39422568]The Seven Defining Constants

[bookmark: _Hlk38908549][bookmark: _Toc39422569]Caesium hyperfine splitting frequency

Caesium is metal atom with caesium-133 being it most common isotope. Hyperfine splitting frequency describes the frequency of microwave radiation that is needed to cause caesium-133 outer most electron to jump between two closely spaced low energy or hyperfine states, without any external influence such as the earth’s magnetic field. The frequency ΔνCs  is precisely, 9192631770 Hz.

[bookmark: _Toc39422570]Boltzmann constant

Though this constant carries  Ludwig Boltzmann name due to his work on entropy, Boltzmann himself never used the constant. It was in fact Max Planck in work at the start of the 20th century. The Boltzmann constant relates the average kinetic energy of any molecule with its temperature. The most accurate measurement of this constant was obtained using acoustic gas thermometry in 2017. The experimented compiled of a triaxial ellipsoid chamber, using microwave and acoustic resonance to determine the speed of sound of a monatomic gas within said chamber. With an agreed value of  1.380 649 × 10−23 

[bookmark: _Toc39422571]Planck constant

In quantum mechanics, the quanta of an electromagnetic action inform us of the energy that is exchanged and absorbed in  specific amounts. The size of those quanta is defined by the Planck’s constant. It can also be described as the relation of a photon’s energy to its frequency. Planck’s constant multiplied by a photon’s frequency gives us its energy. Planck constant h is equal to exactly 6.626 070 15 × 10-34 Joule seconds.
[bookmark: _Toc39422572]Avogadro constant 

Avogadro constant denoted NA is used to describe the number of elementary entities within a mole of a substance. Since atoms are incomparably small, he calculated how many hydrogen atoms one must accumulate to have a gram of them. This number was calculated to be 6.02214076×1023  . This quantity of atoms is equal to one mol and the mol is used to describe the atomic mass of all the elements within the periodic table, which describes the mass of one mol of that element with hydrogen weighing 1.00784 .

[bookmark: _Toc39422573]Speed of light in vacuum

The speed of light denoted c is thought to be the fastest any conversional matter can travel due to special relativity. To accurately measure the speed of light it would take the use of laser interferometer and the reclassification of the second to concur with Caesium hyperfine splitting frequency and therefore the metre was defined as the length in which a light travels in a vacuum intervals of 1/299792458 of a second. Meaning light within a vacuum will travel at 299792458 . 

[bookmark: _Toc39422574]Elementary charge

Elementary charge denoted e is connected to electromagnetism. Electromagnetism is one of the four forces of nature, the others being gravitational force, strong nuclear force and weak nuclear force. It is used to describe the charge transported by a current of one ampere in one second. This acquaints to 1.602176634 × 10-19 coulombs.  

[bookmark: _Toc39422575] Luminous efficacy of monochromatic radiation of frequency 540 × 1012 hertz 

[bookmark: _Hlk38912218]Luminous efficacy of monochromatic radiation of frequency 540 × 1012 hertz  denoted Kcd  , gives the relationship between the amount of visible light produced at a certain power and the green light it produces that be picked up by the human eye in a well lit room at a frequency of 540 × 1012 hertz . This is equal to 683 lumens per watt.





[bookmark: _Toc39422576]The Seven SI Base Units 

By use of the previously stated seven defining constants, the following seven base SI units can be derived. These are the internationally verified definitions as listed on the NIST website (National Institute of Standards and Technology, 2019) . No alterations have been made due to these been official definition and in place as a cross-reference when deriving formulae and their units.
Length - meter (m)

‘’The meter (m) is defined by taking the fixed numerical value of the speed of light in vacuum c to be 299,792,458 when expressed in the unit m s−1, where the second is defined in terms of ∆νCs.’’

Time - second (s)

‘’The second (s) is defined by taking the fixed numerical value of the caesium frequency ∆νCs, the unperturbed ground-state hyperfine transition frequency of the cesium-133 atom, to be 9,192,631,770 when expressed in the unit Hz, which is equal to s−1.’’

Amount of substance - mole (mole)

‘’One mole (mol) contains exactly 6.02214076 × 1023 elementary entities. This number is the fixed numerical value of the Avogadro constant, NA, when expressed in the unit mol−1 and is called the Avogadro number. The amount of substance, symbol n, of a system is a measure of the number of specified elementary entities. An elementary entity may be an atom, a molecule, an ion, an electron, any other particle or specified group of particles.’’

Mass - kilogram (kg)

‘’The kilogram (kg) is defined by taking the fixed numerical value of the Planck constant h to be 6.62607015 ×10−34 when expressed in the unit J s, which is equal to kg m2 s−1, where the meter and the second are defined in terms of c and ∆νCs.’’

Temperature - kelvin (K)

‘’The kelvin (K) is defined by taking the fixed numerical value of the Boltzmann constant k to be 1.380 649 ×10−23 when expressed in the unit J K−1, which is equal to kg m2 s−2 K−1, where the kilogram, meter and second are defined in terms of h, c and ∆νCs. The temperature 0 K is commonly referred to as "absolute zero."’’
Luminous intensity - candela (cd)

‘’The candela (cd) is defined by taking the fixed numerical value of the luminous efficacy of monochromatic radiation of frequency 540 × 1012 Hz, Kcd, to be 683 when expressed in the unit lm W−1, which is equal to cd sr W−1, or cd sr kg−1 m−2 s3, where the kilogram, metre and second are defined in terms of h, c and ∆νCs.
Radiation at frequencies other than 540 x 1012 Hz is also measured in candelas in accordance with the standard luminous efficiency, V (λ), curve that peaks at 540 x 1012 Hz (yellow green).’’

Electric current - ampere (A)

‘’The ampere is defined by taking the fixed numerical value of the elementary charge e to be 1.602176634 × 10−19 when expressed in the unit C, which is equal to A s, where the second is defined in terms of ∆νCs.’’



[bookmark: _Toc39422584]Thermodynamics of Combustion

Thermodynamics is a branch of physics that is used to describe the relationship of heat and temperature in addition to other forms of energy, for instance mechanical and chemical energy   (Gao, 2016).
[bookmark: _Toc39422585]The Laws of Thermodynamics

[bookmark: _Toc39422586]Zeroth Law
The zeroth law states that for two systems to be in thermal equilibrium with a third system, then the two systems themselves must also be in thermal equilibrium. Therefore, if the said two systems shall not exhibit any heat flow when in contact with each other.
[bookmark: _Toc39422587]First Law
The first law of thermodynamics also known as the conservations of energy or energy balance, states that energy can not be created or destroyed, therefore energy can only be transformed into other forms of energy. This statement can therefore be used to describe the change of internal energy (  ) is equal to the heat energy ( transferred to or from the system, minus the work-done  on or by the system.

[bookmark: _Toc39333014][bookmark: _Toc39418484]Equation 1- Energy balance for a closed system
For use when describing the internal combustion engine, the above equation can be redefined in the following ways:
As a result of the chemical energy released from combustion. This increases the heat energy within the system, and therefore the kinetic energy of the molecules. Moreover, the kinetic energy of gas molecules is directly proportional the absolute temperature. Pressure increases within the cylinder while obeying the ideal gas law.  This increase in pressure exerts a force on the piston. From this understanding the following can be derived:

[bookmark: _Toc39333015][bookmark: _Toc39418485]Equation 2- Work-Done is equal to force multiplied by distance

[bookmark: _Toc39333016][bookmark: _Toc39418486]Equation 3- Work-Done is equal to force multiplied by displacement (Piston)

[bookmark: _Toc39333017][bookmark: _Toc39418487]Equation 4- Work-Done is equal to pressure multiplied by area (Bore) multiplied by displacement (Piston)

[bookmark: _Toc39333018][bookmark: _Toc39418488]Equation 5- Work-Done is equal to pressure multiplied by the change in volume

[bookmark: _Toc39333019][bookmark: _Toc39418489]Equation 6- Redefined energy balance for a closed system

[bookmark: _Toc39422588]Enthalpy of formation

As stated previously, combustion release chemical energy. Hess’s law can be used to describe how much energy is released or gained from this process. Germain Hess stated that the enthalpy of a reaction will be the same no matter how many steps are taken. Consequently, the change in enthalpy is equal to the change in heat energy when pressure is constant.

[bookmark: _Toc39333020][bookmark: _Toc39418490]Equation 7- Change in enthalpy energy balance
 Standard enthalpy of formation. The enthalpy associated with 1mol of a compound from its respective elements in the standard and most stable states or allotrope. Measured at sea level (1 atmosphere) and room temperature (298k). Pure elements in their standard states have an enthalpy of formation of zero (= 0.

[bookmark: _Toc39333021][bookmark: _Toc39418491]Equation 8- Enthalpy of formation
By means of balancing the equation for stoichiometric combustion of  (gasoline) in the  industry standard for air which only account for oxygen and nitrogen content we get:
 + 12.5(+  )  8C + 9O + 47.02 
[bookmark: _Toc39333022][bookmark: _Toc39418492]Equation 9- Stoichiometric combustion of gasoline
From the above balanced chemical reaction and Hess’s enthalpy of formation equation it is possible to calculate the energy released from this reaction. Many experiments have been undertaken by various labourites on the enthalpies associated with different compounds are readerly available. This was shown to be 5065 MJ when burning 1 Kmol of fuel at constant pressure and theO product is a gas.
Table 1- Showing calculated enthalpy, molecular weights, unburned & burned masses and stoichiometric balance
[image: ]
It is then also possible to calculate the energy released per unit of fuel, by dividing the enthalpy of formation by the unburned mass of the fuel. This is known as the lower heating value (LHV) when the O product is a gas and the HHV when O product is a liquid.
LHV =  = 44.34 
[bookmark: _Toc39333023][bookmark: _Toc39418493]Equation 10- Lower heating value
 Calorific value = 44.34 x 
[bookmark: _Toc39333024][bookmark: _Toc39418494]Equation 11- Calorific value of gasoline

[bookmark: _Toc39422589]Internal energy of an ideal gas

Internal energy is the sum of the kinetic and potential energy of the molecules with said system. To better understand this, it is appropriate to look at the most basic system in the form of  an ideal gas. An ideal gas is a theoretical gas, where the molecules in said gas occupy negligible space and do not interact an have no protentional energy. This said the internal energy of a system is the sum of the transitional, rotational and vibrational kinetic energy of the molecules. As stated in kinetic molecular theory the average kinetic energy of a gas is proportion to its temperature, therefore the internal energy of an ideal gas is also. The law of equipartition of energy states the energy in a system is shared equally by all the degree of freedom, with the average kinetic energy of any molecule in a gas being . From this it is possible to derive the ideal gas equation (Williams, 2019).
With the assumption made that the gas is contained within a hard-walled container, so that there is no energy loss and on impacting the wall the molecules bounce back at the same rate and before impact the momentum to the right equals positive  and to the left negative . 
 
[bookmark: _Toc39333025][bookmark: _Toc39418495]Equation 12- Change in momentum per impact. m=mass, v=velocity
With the equation for a stationary wave used to describe the number of impacts a molecule has with the right wall per second:

[bookmark: _Toc39333026][bookmark: _Toc39418496]Equation 13- Fist harmonic. v= speed of the wave, l= length of the wave
Combining the two equations gives us:

[bookmark: _Toc39333027][bookmark: _Toc39418497]Equation 14- Change in momentum per second, per impact on the right-hand wall

If the number of molecules in the container is :

[bookmark: _Toc39333028][bookmark: _Toc39418498]Equation 15- Change in momentum per second

Since Newton’s second law is equal to momentum per second:
orce   N
[bookmark: _Toc39333029][bookmark: _Toc39418499]Equation 16- Force equals momentum per second


Now introducing pressure:
 = 
[bookmark: _Toc39333030][bookmark: _Toc39418500]Equation 17- Pressure equals force by area
Substituting force for momentum per second:


[bookmark: _Toc39333031][bookmark: _Toc39418501]Equation 18- First part of the ideal gas law
As stated above the average kinetic energy of any molecule in a gas being . Boltzmann stated that all molecules have the same kinetic energy therefore: 



By revisiting what Avogadro stated there are  molecules in a Kmol therefore:
 
PV =  
PV =  
PV =  
PV = 
PV = 
[bookmark: _Toc39333032][bookmark: _Toc39418502]Equation 19- Ideal gas with R being the universal gas constant
Finally showing how the ideal gas equation is derived. With special attention to the universal gas constant and how it is governed by two of the seven natural constants. Moreover, all gases obey this law.


[bookmark: _Toc39422590]Specific heats

In thermodynamics specific heat is used to describe the heat energy that is required to increase 1Kmol of a substance by 1K. There are two variations on this, the heat required at constant volume (Cv ) and the heat required at constant pressure (Cp ) .
Using the first law of thermodynamics if you put heat into a gas the change in internal energy is equal to:
  J
[bookmark: _Toc39333033][bookmark: _Toc39418503]Equation 20- Change in internal energy
By using equation 7 for a constant volume and therefore the change in volume is to zero.


So, the specific heat required to increase 1Kmol of a substance by 1K at a constant volume is governed by the change of enthalpy in the system.

[bookmark: _Toc39333034][bookmark: _Toc39418504]Equation 21- Specific heat at a constant volume

By the differentiating  the ideal gas law (equation 19) .

[bookmark: _Toc39333035][bookmark: _Toc39418505]Equation 22 - Differential of the ideal gas law

Since at a constant pressure the change in pressure is equal to zero.


By applying this to equation 7 the change in heat  is equal to.



So, the specific heat required to increase 1Kmol of a substance by 1K at a constant pressure is.

[bookmark: _Toc39333036][bookmark: _Toc39418506]Equation 23- Specific heat at constant pressure
Or in terms of the molar specific heat.
  
[bookmark: _Toc39333037][bookmark: _Toc39418507]Equation 24 - Molar specific heat
Ratio of specific heats

The ratio of specific heats  is the ratio between specific heat at constant volume to the specific heat at constant pressure and is used an exponent when calculating the change in temperature of an adiabatic process, more over the change in temperature of the unburned zone within a two zone combustion model . This ratio is also useful when compared to the polytropic index as it allows one to see if the system is behaving adiabatically or if there is some heat loss or gained, especially when analysing compression and expansion process.

[bookmark: _Toc39333038][bookmark: _Toc39418508]Equation 25- Ratio of specific heats
There has been much research and experiments done over the years on the specific heat capacity at constant pressure . So, literature is readily available on how this value changes regarding temperature with different elements. Since we are considering combustion, work carried out by Heywood was referred to as he uses a polynomial equation to describe the specific heat capacity of gasoline. He also uses a polynomial equation to describe this for the oxygen and nitrogen components of stoichiometric  combustion. By plotting Heywood’s equation alongside the experiment data any discrepancy could be identified, this was not found to be the case. The following equation could then be implemented to calculate the specific heat capacity of the unburned zone and then gamma. 
  
[bookmark: _Toc39333039][bookmark: _Toc39418509]Equation 26- Specific heat of the unburned zone
[image: ]
[bookmark: _Toc39418531]Figure 1- Showing the effect of temperature on the ratio of specific heats
[bookmark: _Toc39422591]Second Law

The second law state that the entropy of a system can never decreases over time and shall only remain constant if a thermodynamic process is reversable, as in an adiabatic process. This means all matter will tend towards a less ordered state. It is for this reason one day all the stars will stop fusing hydrogen atoms together and the sky will be black. Some people may argue that turning water into ice is reversing this process, it is true the molecules are in a more ordered state but due to the burning of fossil fuels and therefore entropy is increased. Entropy in thermodynamic is like the genie in the bottle once he’s out there no way of getting him back in.

[bookmark: _Toc39422592]Third Law

The third law states that the entropy of a system will become constant when it reaches zero degrees kelvin. In simple terms atoms will stop vibrating as they reach absolute zero.

[image: ]
[bookmark: _Toc39418532]Figure 2- Thermodynamic processes within the internal combustion engine

[bookmark: _Toc39422593]Engine data acquisition 

The purpose of this section it to identify the appropriate techniques one should implement when processing cylinder pressure data. For the purpose of comparison and validation two pressure data sets were acquisitioned. To highlight the effects different engine configurations have on the thermodynamic process within an engine, it was thought to be appropriate to choose data from the  automotive and motorcycle industry. These typically reflect the way these industries have headed in the last few year with a small capacity turbocharged car the Ford Fox and a mid-weight sports motorcycle the Triumph 675R.
The aim being to process the data and use a two-zone combustion model to find the temperatures of the burned and unburned zones during combustion. Being able to calculate these temperature is one of the most important things to industry, since the temperatures of these zones allow the manufacturer to know the rate chemical reactions occur when considering the amount of harmful emissions produced from the combustion process, and if detonation can happen within the unburned zone.
[bookmark: _Toc39422594]Two-Zone combustion model
[image: ][image: ]
[bookmark: _Toc39418533]Figure 3- Energy mass balance of a two-zone model to the left and the division of the burned and unburned zones during combustion to the right
For the purpose of this analysis the combustion chamber was dived into two separate systems with the flame front being the point of division. Both systems are considered closed from the point of the inlet valve closing to the exhaust valve opening. Zone one being the unburned charge mixture and zone two the burned mixture. Though the flame front can be considered a separate system for all intents and purposes this is  considered negligible. The pressure is considered uniform throughout the combustion chamber. The temperatures are divided into two separate zones (unburned and burned) with no heat  transfer between them. The cylinder volume is equal to the combination of both zones. Finally both zones are considered to behave as an ideal gas though they have separate properties (La Xiang, 2018) (Gunter P. Merker, 2006) (Mcdonald, 2020).


[bookmark: _Toc39422595]Abnormal combustion

When talking about spark ignition engines, during the end of the compression stroke or in some cases after, reasons for this are as follows, heat is added to the system in the form of spark. During normal combustion the spark (15000 - 30000 volts) stimulates the homogeneous  mixture for around 0.3-1ms before the start of combustion, this period is known as ignition delay. The flame front then  propagates from the spark plug throughout the combustion chamber at around m/s, until ideally all the fuel mixture is burned (Taylor, 1985) (Gunter P. Merker, 2006). 
[image: ]
[bookmark: _Toc39418534]Figure 4- Auto ignition of the unburned zone
The term abnormal combustion or knock is used to describe the combustion of the unburned zone before the flame front has reached it. In accordance with Merker and Heywood there are two main reasons for this, auto ignition and surface ignition. Auto ignition is caused by the compression of the unburned zone by the pressure wave of the flame front, see above figure. While surface ignition is  caused by hot spots on the cylinder wall, cause by “hot flakes’’ around 1200K left over from the previous combustion, this problem is seen a lot with older 2-stroke machines, where hot carbon deposits cause the engine to runaway (rapidly increased revolutions per minute) (Gunter P. Merker, 2006) (Heywood, 2018) (Taylor, 1985).
The main advantage of using gasoline when considering this problem is that gasoline is highly resistant to ignition. Meaning auto ignition will only happen between 1000K-1200K which is higher than temperatures due to compression. This said, in certain engine configuration and circumstances it is possible to reach these temperatures. Forced induction being one of these reasons. Since forced inductions increase the amount of charged mixture for a given volume compared to the same engine geometry but naturally aspiring, you increase the peak pressure respectively. As said previously this can cause autoignition if the burned zone compresses the unburned zone too much. Companies get around this  by retarding the ignition, so the start of combustion happens after top dead centre, meaning the charge mixture is burnt in a larger volume. Another factor that can cause auto ignition is if the exhaust gases recycled by the use of  EGR (exhaust gas recirculation) are not complete mixed with the charge mixture, leading to areas of residual hot gases. One finally point that could cause this is inlet preheating. If the charge mixture entering the engine is around 420K meaning once it has mixed with the residual gases a temperature around 560K at bottom dead centre could cause pre ignition (Gunter P. Merker, 2006) (Taylor, 1985) (Heywood, 2018).



[bookmark: _Toc39422596]Production of NOx

From previous work carried out by the author, the temperature within the combustion chamber was the dictating factor when considering the production / formation of . The term  is the collective term for nitric oxide and nitrogen dioxide. In accordance with Heywood, Merker and Williams  the formation of  is due to the high temperatures during combustion causing the oxygen and nitrogen to dissociate into less stable radicles ()  () typically between 2100-2500K. The spark during ignition adds energy in the form of heat to the system, increasing the kinetic energy of the particles, once enough energy has been added to allow the particles to collide, known as activation energy a reaction can commence in the form of combustion. The flame then spreads leaving in its wake the burned gas zone where pressure increases, temperature and the dissociation rate. It is in this zone where  are formed, known as thermal  according to the Zeldovich mechanism. The Zeldovich mechanism is an equation used to describe the production of during lean burn conditions. It relies on the relationship of kinetic collision rate, activation energy and the concentration of nitrogen and oxygen.  can also be formed within the flame front known as prompt  and from nitrogen found within the fuel itself know as fuel  (Williams, 2019) (Heywood, 2018) (La Xiang, 2018) (Wilks, 2020) (Gunter P. Merker, 2006).

[bookmark: _Toc39333040][bookmark: _Toc39418510]Equation 27- Nitrogen oxides produced per cycle

[bookmark: _Toc39333041][bookmark: _Toc39418511]Equation 28- Nitrogen oxides parts per million

[image: ][image: ]
[bookmark: _Toc39418535]Figure 5- Nitrogen oxides production depending on equivalence ratio, Wilks & Heywood

[bookmark: _Toc39422597]Data Acquisition

When presented with cylinder pressure data the first task one should undertake is finding the start (SOC) and end (EOC) of combustion. The first logical step is look at the ignition timing, if we know this, and we are looking at data with no pre ignition, the SOC will happen a few degrees after since we will always encounter some ignition delay. The next stage is to plot a pressure crank angle diagram as below:
[image: ]
[bookmark: _Toc39418536]Figure 6- Peak pressure graph taken from the Ford Fox

As it can be seen aft TDC there is a decrease in the gradient just before the pressure rapidly peaks with a steeper gradient, this is due to combustion. When comparing this point with the ignition timing we know this is what we are seeing, but it doesn’t identify exactly where the start is nor the end. To do this we need another method. By calculating the pressure with no combustion, we are then able to subtract this from the real pressure henceforth highlight the pressure increase due to combustion.


[bookmark: _Toc39333042][bookmark: _Toc39418512]Equation 29- Pressure at the end of a degree if combustion had stopped at P1

P1 being the actual pressure, V1 and V2 the volumes and n being the polytropic index. The polytropic index is used to describe the compression and expansion process with heat transfer. Therefore, the polytropic index has different values for this respectively. It also comes in useful when one is wanting to understand what kind of thermodynamic  process is happening. This is done by comparing it to the value for gamma. When gamma is smaller than the polytropic index the heat and work are in the same direction, with some heat loss, when gamma is larger, heat and work flow are in the opposite direction with some heat loss, like the cooling of vapour when compressed and when gamma equals the polytropic index there is no heat transfer hence an adiabatic process. If the value for the polytropic index equals one it is said to be isothermal (constant temperature), if it equals zero the isobaric (constant pressure) and a value of less than zero indicating that heat flows in or out of the system simultaneously. 
There are two methods of identifying the value of the polytropic index. One by means of plotting log pressure versus log volume diagrams, where the two slopes identify the compression and expansion process. Trendlines can then be used to find the average polytropic index for these processes. The other by means of taking the logarithm of the equation for an adiabatic process both can be seen below.

[bookmark: _Toc39333043][bookmark: _Toc39418513]Equation 30 - Adiabatic compression & expansion






[bookmark: _Toc39333044][bookmark: _Toc39418514]Equation 31- Polytropic index
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[bookmark: _Toc39418537]Figure 7- Ford log pressure versus log volume & examples of fitted trendline with the gradient identifying the value of the polytropic index












The change in pressure can then be calculated per degree of crank angle.

  
[bookmark: _Toc39333045][bookmark: _Toc39418515]Equation 32- Change in pressure due to combustion

It helps to covert the change in pressure into bar at this stage for ease of identification of the SOC and EOC. The SOC can be seen after the ignition point where the value of delta P becomes positive, it then increases during combustion before tending back to zero EOC. Then ignition delay can also be known, this increasing with rpm.
The next step is to calculate the mass fraction burnt (MFB) per degree. MFB is used to describe the chemical energy released due to combustion on a scale of 0 to 1, or it can be said the percentage of fuel  burned per degree of crank rotation.


[bookmark: _Toc39333046][bookmark: _Toc39418516]Equation 33- Mass fraction burnt


[image: ]
[bookmark: _Toc39418538]Figure 8- Ford mass fraction burnt




The average cylinder temperature between inlet valve closing and exhaust valve opening must be calculated, by means of the ideal gas law. Before this can be done the total mass in the cylinder must be known and the specific gas constants of the unburned and burned zones.
To find the mass within the cylinder two methods were used. The fox data listed fuel mass per hour, air to fuel ratio and lambda so the use of formula was used since any loss due to valve overlap could be accounted for. Whereas the Triumph data only had air to fuel ratio data, so the decision was made to use Ricardo Wave to find the mass.

  
[bookmark: _Toc39333047][bookmark: _Toc39418517]Equation 34- Mass of air in cylinder

[bookmark: _Toc39333048][bookmark: _Toc39418518]Equation 35- Mass of fuel in cylinder

[bookmark: _Toc39333049][bookmark: _Toc39418519]Equation 36- Total mass in cylinder


Table 2- Total mass in cylinder per rpm with varying air to fuel ratios
[image: ]


The specific gas constant is defined by the universal gas constant relationship to its mass. It also relates to the two specific heats know as Mayer’s relation.

[bookmark: _Toc39333050][bookmark: _Toc39418520]Equation 37- Specific gas constant
To find the varying molecular weights of the unburned and burned zone, three different chemical balances were used for rich, lean and stoichiometric conditions. With varying concentrations of the molecules calculated depending on equivalence ratio.
0.9 + 12.5(+  )  7.2C + 8.1O + 47.02 
[bookmark: _Toc39333051][bookmark: _Toc39418521]Equation 38- Lean combustion chemical balance
 + 12.5(+  )  8C + 9O + 47.02 
[bookmark: _Toc39333052][bookmark: _Toc39418522]Equation 39- Stoichiometric combustion chemical balance
1.1 + 12.5(+  )  6.3C + 9.9O + 2.5CO + 47.02 
[bookmark: _Toc39333053][bookmark: _Toc39418523]Equation 40- Rich combustion chemical balance

[bookmark: _Toc39333054][bookmark: _Toc39418524]Equation 41- Unburned molecular weight

[bookmark: _Toc39333055][bookmark: _Toc39418525]Equation 42- Burned molecular mass
 
[bookmark: _Toc39333056][bookmark: _Toc39418526]Equation 43- Average gas constant

[image: ][image: ][image: ]
[bookmark: _Toc39418539]Figure 9- How the molecular weight changes with equivalence ratio. To the left worked carried out by Wilks and the middle Heywood. The right-hand diagram showing the unburned and burned specific gas constants.


[bookmark: _Hlk39260395]It is then possible to calculate the average cylinder temperature per degree. By rearranging the ideal gas law and solving for temperature. With  used up to the SOC,  SOC to EOC and  . By use of gathering a polynomial equation from the graph of gamma values it is possible to find out the average value for gamma per degree.
[image: ]
[bookmark: _Toc39418540]Figure 10- Showing changing gamma values due to combustion
Finally, the temperatures and volumes of the unburned and burned zone can be calculated. At the start of combustion, the first unburned temperature should equal the average, from then on, the following formula should be used from SOC to EOC.

[bookmark: _Toc39333057][bookmark: _Toc39418527]Equation 44 - Increase in temperature of the unburned zone

[bookmark: _Toc39333058][bookmark: _Toc39418528]Equation 45- Volume of the unburned zone

[bookmark: _Toc39333059][bookmark: _Toc39418529]Equation 46 - Volume of the burned zone

[bookmark: _Toc39333060][bookmark: _Toc39418530]Equation 47- Temperature of the burned zone
[image: ]
[bookmark: _Toc39418541]Figure 11- Triumph average, unburned and burned temperatures
[bookmark: _Toc39422598]Validating Results

For purposes of validation a 2-zone model of the Triumph 675R was created in Ricardo Wave. The idea being that if the results from Wave model correlated well with the hand calculations for the Triumph the results from the analysis on the Ford Fox would also be correct and therefore a fair comparison of results can be achieved.
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[bookmark: _Toc39418542]Figure 12- Comparison of the Triumph's gamma value against crank angle

When looking at these for sets of results both the Excel and Wave results corollate well as they trend in the same manor. In both graphs produced by Wave the same spike in the data can be seen and since both the specific gas constant and gamma are functions of temperature, Wave is accounting for something else within its calculations. The author believes this to be some excessive heat. The Wave model also predicts a slightly lower value in gamma at the start of the compression stroke meaning it must be predicting I slightly higher cylinder temperature as the inlet closes.  But with good trends and results within a couple percent of each other, the hand calculations and the creation of the Wave model can be seen to be very accurate.
[image: ][image: ]
[bookmark: _Toc39418543]Figure 13- Comparison of the Triumphs specific gas constant against crank angle

[image: ][image: ]
[bookmark: _Toc39418544]Figure 14- Comparison of the Triumph’s unburned, burned and average cylinder temperatures.

As with the previous results both graphs correlate well. With near identical trends baring the temperature of the burnt zone. It is this that it is causing the spikes within the other graphs. It is believed that Wave is predicting a higher pressure from the energy released within the burned zone. It  can now be seen that the previous statements are correct about the high temperature at the start of compression, which will also have some effect on the burned zone temperature. This said the average and unburned temperature are all within 10-15 percent of each other and with some further refinement to the Wave model these are predicted to be within  5-10 percent.

As these results have shown, the hand calculations are within a few percent of what the Ricardo model predicted. Therefore, confidence can be had in that the appropriate calculations were undertaken with no inappropriate conversions or other mistakes made. As a finally note there will always be discrepancies in results when the data has come from a second-hand source and a model created in Wave. To overcome this one should collect the data so important information like atmospheric conditions and the thickness of the cylinder walls can all be correctly entered with the Wave model.





[bookmark: _Toc39422599]Results

[bookmark: _Toc39422600]Triumph NOx
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[bookmark: _Toc39418545]Figure 15- Triumph NOx PPM  15.7AFR                                          Figure 16- Triumph NOx PPM Stoichiometric
[image: ][image: ]
[bookmark: _Toc39418546]Figure 17- Triumph NOx PPM 12.7AFR                                                  Figure 18- Triumph NOx PPM 16.7AFR

The first thing that can be taken from the above graph is that  are produced as a function of the MFB. This can be seen as the plots behave as a Wiebe curve. From this is can be stated the level of  produced is solely dependent on the temperature within the cylinder and the concentration of oxygen and nitrogen. With the highest parts per million been produced in slightly lean condition but falling with increasing lean conditions. As stated by Heywood  are also produced in stoichiometric and rich conditions, this can also be seen in the graphs. Though the chemical balance forbids this since there is no spare oxygen’s, but in the real word oxygen can be bonded with other elements in the atmosphere and can also from ethanol within the fuel itself. So the results compare well to predictions made by the author, Heywood and Williams (Heywood, 2018) (Williams, 2019) (Wilks, 2020).
[bookmark: _Toc39422601]Ford & Triumph Pressure, Volume & Temperature

[image: ][image: ]
[bookmark: _Toc39418547]Figure 19- Comparison of  pressure versus volume. Ford on the left and Triumph on the right

Both engines can be seen to make similar peak pressure around 75-85 Bar. Though due to being turbocharged the Ford’s peak pressure must develop after top dead centre as a precaution in case of knock, especially at 6000 RPM. Both engines have unburned temperatures lower than 1000K but with cyclic variation a higher cylinder pressure could occur leading to a higher unburned temperature and possible knock. This said looking at the Ford temperatures at 1500 and 1750 RPM the temperatures are quite low meaning if one was wanting to modify this engine, advancing the ignition could be a possibility, creating more positive work done on the piston. Though the formation of  and other forms of emissions would increase, due to the increasing the burned zone temperature.

[image: ][image: ]
[bookmark: _Toc39418548]Figure 20- Temperatures of unburned and burned zone along with average. Ford on the left, Triumph on the right

[bookmark: _Toc39422602]Conclusion 

A very detailed analysis has been undertaken with results showing a great deal of accuracy. Mainly due to the accurately modelled thermodynamic process. The formation of emissions due to temperature has identified while also investigating the reason why turbo charged engines must retard the ignition. There has been a great deal of knowledge gained from this experience along with confidence in one’s results. 
In the below section is what the author was originally hoping to do but since an assault involving the police, mental health and a world pandemic this was unachievable for 7-8 weeks of university time was lost. As a result, the corrected way to simulate the back and forth reactions could not have been taught. This said the author takes great pride in what has been achieved.
[bookmark: _Toc39422603]Further Work

If one was to carry this analysis on further,  a model would be created to accurate predict the temperatures of different vehicles based on their engine geometry and type of induction. From this a detailed emission model would be created. This could then be used by a manufacturer to specify the specification of their new line of vehicles to coincide with legislation.
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Figure 21- European emission limits over the years
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Figure 22- Heywood's polynomial equation for the specific heat at constant pressure of various elements
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Figure 23- Heywood's polynomial equation for the specific heat at constant pressure of gasoline
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Figure 24- Change in the specific heat at constant pressure of gasoline
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Figure 25- The change in specific gas constant with equivalence ratio
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Figure 26- Engine fuel and combustion data
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Figure 27- Stoichiometric and energy release calculator
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1000-5000 2.91E+00 9.59E-04 -1.94E-07 1.38E-11 1.42E-16 3.94E+03 5.44E+00

1000-5000 3.19E+00 1.34E-03 -5.29E-07 9.59E-11 -6.48E-15 9.83E+03 6.75E+00

1000-5000 2.54E+00 2.76E-05 -3.10E-09 4.55E-12 -4.37E-16 2.92E+04 4.92E+00

1000-5000 2.50E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.55E+04 -4.60E-01
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Equilvlance RatioAFR Molecular Weight R Burned Unbuned Mass Molecular Weight R Unburned

1.600 9.396 -2.2 15 14.4 47.02381 -96.8198 420.15 259.416 1317.325 25.59921422 324.7820974 1900.0712 31.08561483 267.4602554

1.599 9.402 -2.183 14.975 14.391 47.02381 -96.0716 419.44975 259.2539 1317.325 25.60353935 324.7272328 1899.956968 31.08425452 267.4719601

1.598 9.408 -2.166 14.95 14.382 47.02381 -95.3235 418.7495 259.0917 1317.325 25.60786647 324.6723616 1899.842736 31.08289416 267.4836662

1.597 9.414 -2.149 14.925 14.373 47.02381 -94.5753 418.04925 258.9296 1317.325 25.61219558 324.6174839 1899.728504 31.08153375 267.4953737

1.596 9.419 -2.132 14.9 14.364 47.02381 -93.8272 417.349 258.7675 1317.325 25.61652666 324.5625995 1899.614272 31.0801733 267.5070825

1.595 9.425 -2.115 14.875 14.355 47.02381 -93.079 416.64875 258.6053 1317.325 25.62085974 324.5077085 1899.50004 31.0788128 267.5187928

1.594 9.431 -2.098 14.85 14.346 47.02381 -92.3309 415.9485 258.4432 1317.325 25.6251948 324.4528109 1899.385808 31.07745226 267.5305045

1.593 9.437 -2.081 14.825 14.337 47.02381 -91.5827 415.24825 258.2811 1317.325 25.62953185 324.3979068 1899.271576 31.07609168 267.5422176

1.592 9.443 -2.064 14.8 14.328 47.02381 -90.8346 414.548 258.1189 1317.325 25.63387089 324.342996 1899.157344 31.07473105 267.5539322

1.591 9.449 -2.047 14.775 14.319 47.02381 -90.0864 413.84775 257.9568 1317.325 25.63821192 324.2880786 1899.043112 31.07337038 267.5656481

1.590 9.455 -2.03 14.75 14.31 47.02381 -89.3383 413.1475 257.7947 1317.325 25.64255495 324.2331546 1898.92888 31.07200966 267.5773654

1.589 9.461 -2.013 14.725 14.301 47.02381 -88.5901 412.44725 257.6325 1317.325 25.64689997 324.178224 1898.814648 31.0706489 267.5890842

1.588 9.467 -1.996 14.7 14.292 47.02381 -87.842 411.747 257.4704 1317.325 25.65124699 324.1232868 1898.700416 31.06928809 267.6008043

1.587 9.473 -1.979 14.675 14.283 47.02381 -87.0938 411.04675 257.3082 1317.325 25.655596 324.068343 1898.586184 31.06792724 267.6125259

1.586 9.479 -1.962 14.65 14.274 47.02381 -86.3457 410.3465 257.1461 1317.325 25.65994701 324.0133926 1898.471952 31.06656635 267.6242489

1.585 9.485 -1.945 14.625 14.265 47.02381 -85.5975 409.64625 256.984 1317.325 25.66430002 323.9584355 1898.35772 31.06520541 267.6359733

1.584 9.491 -1.928 14.6 14.256 47.02381 -84.8494 408.946 256.8218 1317.325 25.66865504 323.9034718 1898.243488 31.06384442 267.6476991

1.583 9.497 -1.911 14.575 14.247 47.02381 -84.1012 408.24575 256.6597 1317.325 25.67301205 323.8485016 1898.129256 31.06248339 267.6594263

1.582 9.503 -1.894 14.55 14.238 47.02381 -83.353 407.5455 256.4976 1317.325 25.67737107 323.7935247 1898.015024 31.06112232 267.6711549

1.581 9.509 -1.877 14.525 14.229 47.02381 -82.6049 406.84525 256.3354 1317.325 25.6817321 323.7385412 1897.900792 31.0597612 267.682885

1.580 9.515 -1.86 14.5 14.22 47.02381 -81.8567 406.145 256.1733 1317.325 25.68609513 323.683551 1897.78656 31.05840004 267.6946164

1.579 9.521 -1.843 14.475 14.211 47.02381 -81.1086 405.44475 256.0112 1317.325 25.69046017 323.6285543 1897.672328 31.05703883 267.7063493

1.578 9.527 -1.826 14.45 14.202 47.02381 -80.3604 404.7445 255.849 1317.325 25.69482722 323.5735509 1897.558096 31.05567758 267.7180835

1.577 9.533 -1.809 14.425 14.193 47.02381 -79.6123 404.04425 255.6869 1317.325 25.69919628 323.5185409 1897.443864 31.05431628 267.7298192

1.576 9.539 -1.792 14.4 14.184 47.02381 -78.8641 403.344 255.5248 1317.325 25.70356736 323.4635243 1897.329632 31.05295494 267.7415563

1.575 9.545 -1.775 14.375 14.175 47.02381 -78.116 402.64375 255.3626 1317.325 25.70794044 323.4085011 1897.2154 31.05159355 267.7532948

1.574 9.551 -1.758 14.35 14.166 47.02381 -77.3678 401.9435 255.2005 1317.325 25.71231555 323.3534712 1897.101168 31.05023212 267.7650348

1.573 9.557 -1.741 14.325 14.157 47.02381 -76.6197 401.24325 255.0384 1317.325 25.71669266 323.2984347 1896.986936 31.04887065 267.7767761

1.572 9.563 -1.724 14.3 14.148 47.02381 -75.8715 400.543 254.8762 1317.325 25.7210718 323.2433916 1896.872704 31.04750913 267.7885189

1.571 9.569 -1.707 14.275 14.139 47.02381 -75.1234 399.84275 254.7141 1317.325 25.72545296 323.1883418 1896.758472 31.04614757 267.800263

1.570 9.575 -1.69 14.25 14.13 47.02381 -74.3752 399.1425 254.552 1317.325 25.72983614 323.1332854 1896.64424 31.04478596 267.8120086

1.569 9.582 -1.673 14.225 14.121 47.02381 -73.6271 398.44225 254.3898 1317.325 25.73422134 323.0782224 1896.530008 31.0434243 267.8237556

1.568 9.588 -1.656 14.2 14.112 47.02381 -72.8789 397.742 254.2277 1317.325 25.73860856 323.0231528 1896.415776 31.04206261 267.835504

1.567 9.594 -1.639 14.175 14.103 47.02381 -72.1308 397.04175 254.0655 1317.325 25.74299781 322.9680765 1896.301544 31.04070086 267.8472538

1.566 9.600 -1.622 14.15 14.094 47.02381 -71.3826 396.3415 253.9034 1317.325 25.74738908 322.9129935 1896.187312 31.03933908 267.8590051

1.565 9.606 -1.605 14.125 14.085 47.02381 -70.6344 395.64125 253.7413 1317.325 25.75178238 322.857904 1896.07308 31.03797725 267.8707578

1.564 9.612 -1.588 14.1 14.076 47.02381 -69.8863 394.941 253.5791 1317.325 25.75617771 322.8028078 1895.958848 31.03661537 267.8825118

1.563 9.618 -1.571 14.075 14.067 47.02381 -69.1381 394.24075 253.417 1317.325 25.76057508 322.7477049 1895.844616 31.03525345 267.8942673

1.562 9.624 -1.554 14.05 14.058 47.02381 -68.39 393.5405 253.2549 1317.325 25.76497447 322.6925955 1895.730384 31.03389148 267.9060242

1.561 9.631 -1.537 14.025 14.049 47.02381 -67.6418 392.84025 253.0927 1317.325 25.7693759 322.6374793 1895.616152 31.03252947 267.9177826

1.560 9.637 -1.52 14 14.04 47.02381 -66.8937 392.14 252.9306 1317.325 25.77377936 322.5823566 1895.50192 31.03116742 267.9295423

1.559 9.643 -1.503 13.975 14.031 47.02381 -66.1455 391.43975 252.7685 1317.325 25.77818486 322.5272272 1895.387688 31.02980532 267.9413035

1.558 9.649 -1.486 13.95 14.022 47.02381 -65.3974 390.7395 252.6063 1317.325 25.7825924 322.4720911 1895.273456 31.02844318 267.953066

1.557 9.655 -1.469 13.925 14.013 47.02381 -64.6492 390.03925 252.4442 1317.325 25.78700197 322.4169484 1895.159224 31.02708099 267.96483

1.556 9.662 -1.452 13.9 14.004 47.02381 -63.9011 389.339 252.2821 1317.325 25.79141359 322.3617991 1895.044992 31.02571876 267.9765955

1.555 9.668 -1.435 13.875 13.995 47.02381 -63.1529 388.63875 252.1199 1317.325 25.79582724 322.3066431 1894.93076 31.02435648 267.9883623

1.554 9.674 -1.418 13.85 13.986 47.02381 -62.4048 387.9385 251.9578 1317.325 25.80024294 322.2514804 1894.816528 31.02299416 268.0001305

1.553 9.680 -1.401 13.825 13.977 47.02381 -61.6566 387.23825 251.7957 1317.325 25.80466069 322.1963111 1894.702296 31.02163179 268.0119002

1.552 9.686 -1.384 13.8 13.968 47.02381 -60.9085 386.538 251.6335 1317.325 25.80908048 322.1411352 1894.588064 31.02026938 268.0236713

1.551 9.693 -1.367 13.775 13.959 47.02381 -60.1603 385.83775 251.4714 1317.325 25.81350232 322.0859526 1894.473832 31.01890692 268.0354438

1.550 9.699 -1.35 13.75 13.95 47.02381 -59.4122 385.1375 251.3093 1317.325 25.81792621 322.0307633 1894.3596 31.01754442 268.0472177

1.549 9.705 -1.333 13.725 13.941 47.02381 -58.664 384.43725 251.1471 1317.325 25.82235215 321.9755674 1894.245368 31.01618188 268.0589931

1.548 9.712 -1.316 13.7 13.932 47.02381 -57.9158 383.737 250.985 1317.325 25.82678014 321.9203648 1894.131136 31.01481929 268.0707699

1.547 9.718 -1.299 13.675 13.923 47.02381 -57.1677 383.03675 250.8228 1317.325 25.83121018 321.8651556 1894.016904 31.01345665 268.0825481

1.546 9.724 -1.282 13.65 13.914 47.02381 -56.4195 382.3365 250.6607 1317.325 25.83564228 321.8099397 1893.902672 31.01209398 268.0943277

1.545 9.730 -1.265 13.625 13.905 47.02381 -55.6714 381.63625 250.4986 1317.325 25.84007644 321.7547171 1893.78844 31.01073125 268.1061087

1.544 9.737 -1.248 13.6 13.896 47.02381 -54.9232 380.936 250.3364 1317.325 25.84451265 321.6994879 1893.674208 31.00936848 268.1178912

1.543 9.743 -1.231 13.575 13.887 47.02381 -54.1751 380.23575 250.1743 1317.325 25.84895092 321.644252 1893.559976 31.00800567 268.129675

1.542 9.749 -1.214 13.55 13.878 47.02381 -53.4269 379.5355 250.0122 1317.325 25.85339125 321.5890095 1893.445744 31.00664281 268.1414603

1.541 9.756 -1.197 13.525 13.869 47.02381 -52.6788 378.83525 249.85 1317.325 25.85783364 321.5337603 1893.331512 31.00527991 268.1532471

1.540 9.762 -1.18 13.5 13.86 47.02381 -51.9306 378.135 249.6879 1317.325 25.8622781 321.4785044 1893.21728 31.00391696 268.1650352

1.539 9.768 -1.163 13.475 13.851 47.02381 -51.1825 377.43475 249.5258 1317.325 25.86672462 321.4232418 1893.103048 31.00255397 268.1768248

1.538 9.775 -1.146 13.45 13.842 47.02381 -50.4343 376.7345 249.3636 1317.325 25.87117321 321.3679726 1892.988816 31.00119094 268.1886158

1.537 9.781 -1.129 13.425 13.833 47.02381 -49.6862 376.03425 249.2015 1317.325 25.87562387 321.3126967 1892.874584 30.99982786 268.2004082

1.536 9.787 -1.112 13.4 13.824 47.02381 -48.938 375.334 249.0394 1317.325 25.88007659 321.2574142 1892.760352 30.99846473 268.212202

1.535 9.794 -1.095 13.375 13.815 47.02381 -48.1899 374.63375 248.8772 1317.325 25.88453139 321.2021249 1892.64612 30.99710156 268.2239973

1.534 9.800 -1.078 13.35 13.806 47.02381 -47.4417 373.9335 248.7151 1317.325 25.88898825 321.146829 1892.531888 30.99573835 268.2357939

1.533 9.807 -1.061 13.325 13.797 47.02381 -46.6935 373.23325 248.553 1317.325 25.89344719 321.0915264 1892.417656 30.99437509 268.247592

1.532 9.813 -1.044 13.3 13.788 47.02381 -45.9454 372.533 248.3908 1317.325 25.89790821 321.0362172 1892.303424 30.99301178 268.2593916

1.531 9.819 -1.027 13.275 13.779 47.02381 -45.1972 371.83275 248.2287 1317.325 25.9023713 320.9809012 1892.189192 30.99164843 268.2711925

1.530 9.826 -1.01 13.25 13.77 47.02381 -44.4491 371.1325 248.0666 1317.325 25.90683647 320.9255786 1892.07496 30.99028504 268.2829949

1.529 9.832 -0.993 13.225 13.761 47.02381 -43.7009 370.43225 247.9044 1317.325 25.91130372 320.8702493 1891.960728 30.9889216 268.2947987

1.528 9.839 -0.976 13.2 13.752 47.02381 -42.9528 369.732 247.7423 1317.325 25.91577305 320.8149133 1891.846496 30.98755812 268.3066039

1.527 9.845 -0.959 13.175 13.743 47.02381 -42.2046 369.03175 247.5801 1317.325 25.92024446 320.7595707 1891.732264 30.98619459 268.3184106

1.526 9.852 -0.942 13.15 13.734 47.02381 -41.4565 368.3315 247.418 1317.325 25.92471795 320.7042213 1891.618032 30.98483102 268.3302187

1.525 9.858 -0.925 13.125 13.725 47.02381 -40.7083 367.63125 247.2559 1317.325 25.92919353 320.6488653 1891.5038 30.98346741 268.3420282

1.524 9.864 -0.908 13.1 13.716 47.02381 -39.9602 366.931 247.0937 1317.325 25.9336712 320.5935026 1891.389568 30.98210374 268.3538391

1.523 9.871 -0.891 13.075 13.707 47.02381 -39.212 366.23075 246.9316 1317.325 25.93815095 320.5381332 1891.275336 30.98074004 268.3656515

1.522 9.877 -0.874 13.05 13.698 47.02381 -38.4639 365.5305 246.7695 1317.325 25.94263279 320.4827571 1891.161104 30.97937629 268.3774653

1.521 9.884 -0.857 13.025 13.689 47.02381 -37.7157 364.83025 246.6073 1317.325 25.94711673 320.4273743 1891.046872 30.97801249 268.3892805

1.520 9.890 -0.84 13 13.68 47.02381 -36.9676 364.13 246.4452 1317.325 25.95160276 320.3719848 1890.93264 30.97664865 268.4010971

1.519 9.897 -0.823 12.975 13.671 47.02381 -36.2194 363.42975 246.2831 1317.325 25.95609088 320.3165887 1890.818408 30.97528477 268.4129152

1.518 9.903 -0.806 12.95 13.662 47.02381 -35.4713 362.7295 246.1209 1317.325 25.96058109 320.2611858 1890.704176 30.97392084 268.4247347

1.517 9.910 -0.789 12.925 13.653 47.02381 -34.7231 362.02925 245.9588 1317.325 25.9650734 320.2057762 1890.589944 30.97255686 268.4365556

1.516 9.917 -0.772 12.9 13.644 47.02381 -33.9749 361.329 245.7967 1317.325 25.96956781 320.15036 1890.475712 30.97119285 268.448378

1.515 9.923 -0.755 12.875 13.635 47.02381 -33.2268 360.62875 245.6345 1317.325 25.97406432 320.094937 1890.36148 30.96982878 268.4602018

1.514 9.930 -0.738 12.85 13.626 47.02381 -32.4786 359.9285 245.4724 1317.325 25.97856294 320.0395074 1890.247248 30.96846467 268.472027

1.513 9.936 -0.721 12.825 13.617 47.02381 -31.7305 359.22825 245.3103 1317.325 25.98306365 319.984071 1890.133016 30.96710052 268.4838536

1.512 9.943 -0.704 12.8 13.608 47.02381 -30.9823 358.528 245.1481 1317.325 25.98756647 319.928628 1890.018784 30.96573632 268.4956817

1.511 9.949 -0.687 12.775 13.599 47.02381 -30.2342 357.82775 244.986 1317.325 25.99207139 319.8731782 1889.904552 30.96437208 268.5075112

1.510 9.956 -0.67 12.75 13.59 47.02381 -29.486 357.1275 244.8239 1317.325 25.99657842 319.8177218 1889.79032 30.96300779 268.5193422

Burned Mass
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RPM Igntion Timing SOC EOC Igntion Delay Burn DurationPolytropic Index CompressionPolytropic Index ExpansionAFR Calc AFR UGOAFR Avg RPM Equilvlance RatioLamda Lamda AFRAFR DifferenceHour Min Rev Cylinder Air Mass Total MassR Unburned R Burned

1000 -5.7 8 40 2.3 32 1.308 1.2529 16.15 15.19 15.67 1000 0.9593772 1.04 15.63478 -0.03522 3.24 0.054 0.000054 0.000036 0.000564 6.00E-04 275.2632 290.539

1250 -5 8 40 3 32 1.303 1.2551 16.19 15.89 16.04 1250 0.937246928 1.09 16.38645 0.34645 5.22 0.087 0.0000696 4.64E-05 0.000744 7.91E-04 275.5421 290.488

1500 -2.9 7 45 4.1 38 1.307 1.2534 16.05 16.43 16.24 1500 0.925704478 1.13 16.98779 0.747788 7.52 0.12533333 8.35556E-05 5.57E-05 0.000905 9.60E-04 275.6819 290.4625

1750 -3.6 7 53 3.4 46 1.3029 1.2467 14.92 14.79 14.855 1750 1.012012165 1.02 15.33411 0.47911 9.39 0.1565 8.94286E-05 5.96E-05 0.000886 9.45E-04 274.5944 291.3415

2000 -4.2 9 57 4.8 48 1.3067 1.2351 14.45 14.28 14.365 2000 1.046532594 0.98 14.73277 0.367772 11.35 0.18916667 9.45833E-05 6.31E-05 0.000906 9.69E-04 274.1551 293.4005

2250 -3.1 8 58 4.9 50 1.3133 1.2441 14.35 14.19 14.27 2250 1.0534997 0.98 14.73277 0.462772 12.92 0.21533333 9.57037E-05 6.38E-05 0.00091 9.74E-04 274.08 293.7526

2500 -3.2 8 58 4.8 50 1.3111 1.2401 14.41 14.25 14.33 2500 1.049088675 0.98 14.73277 0.402772 14.34 0.239 0.0000956 6.37E-05 0.000913 9.77E-04 274.1301 293.5179

3000 -0.1 7 60 6.9 53 1.3143 1.2349 14.03 13.58 13.805 3000 1.088985202 0.93 13.9811 0.1761 18.08 0.30133333 0.000100444 6.7E-05 0.000924 9.91E-04 273.6181 295.9178

3500 3 2 58 5 56 1.3118 1.2439 13.71 13.98 13.845 3500 1.085838983 0.96 14.4321 0.587103 18.92 0.31533333 9.00952E-05 6.01E-05 0.000832 8.92E-04 273.6679 295.6842

4000 5.3 -1 55 4.3 56 1.3212 1.2382 14.07 13.89 13.98 4000 1.075353413 0.95 14.28177 0.301769 21.54 0.359 0.00008975 5.98E-05 0.000836 8.96E-04 273.8051 295.0412

4500 7.6 -1 50 6.6 51 1.3146 1.2469 13.89 13.7 13.795 4500 1.089774608 0.94 14.13143 0.336434 22.34 0.37233333 8.27407E-05 5.52E-05 0.000761 8.16E-04 273.6181 295.9178

5000 4.9 0 62 4.9 62 1.3099 1.2296 13.36 13.21 13.285 5000 1.131610141 0.91 13.68043 0.395431 25.55 0.42583333 8.51667E-05 5.68E-05 0.000754 8.11E-04 273.0963 298.3637

5500 7.5 -2 59 5.5 61 1.3165 1.2383 13.34 13.13 13.235 5500 1.135885207 0.9 13.5301 0.295097 26.61 0.4435 8.06364E-05 5.38E-05 0.000711 7.65E-04 273.0467 298.596

6000 9.5 -4 53 5.5 57 1.317 1.2438 13.04 12.9 12.97 6000 1.159093348 0.89 13.37976 0.409762 27.62 0.46033333 7.67222E-05 5.11E-05 0.000663 7.15E-04 272.7623 299.9294

6500 14.5 -6 52 8.5 58 1.3114 1.2557 13.13 13.02 13.075 6500 1.149785141 0.89 13.37976 0.304762 25.11 0.4185 6.43846E-05 4.29E-05 0.000561 6.04E-04 272.8735 299.4081

RPM Igntion Timing BTDCSOC EOC Igntion Delay Burn DurationPolytropic Index CompressionPolytropic Index ExpansionLamda AFR Air Mass Fuel Mas Total Mas R UnBurntR Burnt R Av

10250 -30 -20.19 39.19 9.81 59.38 1.3603 1.2506 1.156419 13 2.80E-04 2.15385E-05 3.02E-04 279.91 289.69 284.8013

13000 -34 -21.19 33.19 12.81 54.38 1.3561 1.2078 1.179093 12.75 2.80E-04 2.19608E-05 3.02E-04 279.9129 289.6896 284.8013

14400 -36 -22.19 31.19 13.81 53.38 1.3851 1.235 1.179093 12.75 2.80E-04 2.19608E-05 3.02E-04 279.91 289.69 284.8013

Ford Data

Triumph Data

Fuel Mass Per
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Fuel Iso-Octane

Carbon 12.011Oxygen 21.00% 259.2 X 12.5Air 1717.3 352.072UnBurned 30.26135 393.5

Hydrogen 1.008Nitrogen 79.00%Carbon 8 8Fuel 114.232 162.135Burned 28.60704 285.8

Oxygen 15.999 Hydrogen 18 9Total 1831.532 1317.325R UnBurned274.7454 241.8

Nitrogen 14.007Ratio 3.761905Oxygen 0 47.02381AFR  15.03344Total 1831.532R Burned 290.6335Formation
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