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Abstract 
 

In recent years, air quality has become a severe problem in many countries. The use of 

natural gas as an alternative fuel has been growing in recent years, since it is a promising 

alternative fuel to meet strict engine emission regulation. Natural gas has the potential 

to provide a good compromise in cost, efficiency and emission when used in Internal 

Combustion Engines. Thanks to its higher resistance to auto-ignition, engine efficiency 

can be increased through the use of higher compression ratios. Its high H/C ratio thanks 

to its low carbon level leads to less carbon dioxide, carbon monoxide and hydrocarbon 

emissions compared to gasoline fuels. The lower peak combustion temperatures under 

lean conditions, in comparison to stoichiometric conditions, lead to a lower knock 

tendency. The main problem of this type of engines is that the methane burns quite 

slowly. This causes reduced thermal efficiency and increased fuel consumption, due to 

significant cycle-to-cycle variations and reduced power. This work investigates the 

prediction of laminar flame speed using 3D and 0D SI-SRM. To cope with that problem, 

different blends were studied, with specific reference to the addition of hydrogen. As the 

laminar flame speed is one of the most relevant parameters for the prediction of the 

combustion properties inside the engine cylinder, its evaluation has been the main target 

of this work. The laminar flame speed has been calculated with two different approaches. 

First the Freely Propagating Flame Module in LOGEresearch has been used, that performs 

combustion and chemical kinetics simulation for different surrogate composition. 

Second, the laminar flame speed for the single surrogate components has been 

calculated and applied in a new correlation tool to compose the flame speeds for the 

multicomponent surrogate. The flame speeds calculated with both approaches are 

stored in look-up tables and retrieved within the engine simulation. It is fundamental to 

choose a good kinetic mechanism and to validate it. It was found that an accurate 

evaluation of the laminar flame speed has been carried out for a wide range or pressure, 

temperature, EGR and Equivalence ratio. The generated and validated flame speed tables 

are applied in 3D and 0D engine simulations for further validation, considering MFB50. 
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1. Introduction 
 

in this first chapter, an overview of the main differences between a common fuel and an 

alternative fuel (such as Natural Gas) are shown. The main differences in terms of 

performance and properties on an Internal combustion engine are exposed. 

1.1. Performance of an Internal Combustion Engine (ICE) 
 

The power supplied by an Internal Combustion Engine is normally indicated with PU (Net 

Power) that is the power made available to the crankshaft [1]. The power can be 

expressed as (1): 

𝑃𝑢 = 𝐶𝜔 (1) 

That is a volumetric machine, so the useful power supplied can be written also as (2): 

𝑃𝑢 = 𝐿𝑢𝑖
𝑛

𝑚
  (2) 

Where: 

- 𝐿𝑈 the net work per cycle and for each cylinder (3); 

- 𝑖 number of cylinders; 

- 𝑛/𝑚 number of rotates per unit of time [rps]; 

- 𝑚 number of crank revolutions for each power stroke per cylinder (m=1 in 2T, 

m=2 in 4T); 

The Net Work is function of the energy that is available for each cycle thanks to the 

process of combustion (conversion of thermal chemical energy in thermal energy): 

𝐿𝑢 = 𝜂𝑢𝐸𝑢 = 𝜂𝑢𝑚𝑏𝐻𝑖  (3) 

Where: 

- 𝐸𝑢 Net Energy per cycle [kJ]; 

• 𝑚𝑏 mass of fuel used per cycle for each cylinder [kg]  

• 𝛼 Air-to-Fuel ratio, equal to (4): 

𝛼 =
𝑚𝑎

𝑚𝑏
= 𝐴

𝐹⁄   (4) 
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• 𝑚𝑎 mass of air aspirated per cycle for each cylinder; 

- 𝐻𝑖 lower heating value [kJ/kg]; 

- 𝜂𝑢 useful efficiency. 

Using the relation (3) and (4), the (2) becomes: 

𝑃𝑢 = 𝜂𝑢
𝑚𝑎

𝛼
𝐻𝑖𝑖

𝑛

𝑚
  (5) 

By observing the relation (5), it is possible to notice that the parameters directly linked 

with the fuel properties are 𝛼 and 𝐻𝑖; so, by modifying these parameters, it is possible to 

improve the engine power. It is important to introduce the air to fuel ratio also because 

in a volumetric machine the space available to store the working fluid at each cycle is 

limited. The value of 𝛼 can’t deviate much from value of the 𝛼𝑠𝑡 .For that reason to 

compare fuels with different characteristics we can’t consider only the 𝛼 but we must 

consider the energetic parameter  
𝐻𝑖

𝛼𝑠𝑡
⁄  . In the following Table 1 a comparison between 

several types of fuels used in engine is made. 

 

Fuel Lower heating 

value [MJ/kg] 

Stoichiometric 

dosing 

[-] 

Energetic 

parameter 

[MJ/kg] 

Diesel 42.5 14.5 2.93 

Gasoline 44.0 14.6 3.01 

Methane 50.0 17.2 2.90 

Hydrogen 120.0 34.3 3.5 

Table 1: Parameter for different fuels 

 

Another important parameter to consider is the volumetric efficiency (λV)  defined as 

the ratio of the mass density of the air-fuel mixture drawn into the cylinder at 

atmospheric pressure (during the intake stroke) to the mass density of the same volume 

of air in the intake manifold: 

𝜆𝑉 =
𝑚𝑎

𝑚𝑎,𝑟𝑖𝑓
=

𝑚𝑎

𝜌𝑎𝑉
  (6) 

https://en.wikipedia.org/wiki/Ratio
https://en.wikipedia.org/wiki/Mass_density
https://en.wikipedia.org/wiki/Air-fuel_mixture
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Where: 

- 𝑚𝑎 mass of air aspirated per cycle for each cylinder [kg]; 

- 𝑚𝑎,𝑟𝑖𝑓 mass of air theoretically aspirated [kg]; 

- 𝜌𝑎 air density [kg/m3]; 

- 𝑉 cylinder displacement [m3] 

 

Replacing the (6) in the (5): 

𝑃𝑢 = 𝜂𝑢
𝜌𝑎𝜆𝑉

𝛼
𝐻𝑖  𝑖 𝑉

𝑛

𝑚
  (7) 

But, to compare engines with different displacements, it is possible to use another 

parameter called mean effective pressure (mep). Even if it contains the word “pressure” 

it’s not an actual pressure measurement within the engine cylinder. By definition, mean 

effective pressure is the ratio between the work and engine displacement (8): 

𝑚𝑒𝑝 =  
𝐿𝑢

𝑉
= 𝜂𝑢

𝜆𝑣𝜌𝑎𝐻𝑖

𝛼
  (8) 

Where: 

- 𝑉 cylinder displacement [m3]; 

- 𝐿𝑢 work performed in a complete engine cycle [J]; 

 

Considering all the parameters of the mep: 

- 𝜂𝑢 for automotive application it is equal to 0.3-0-4, limited by thermodynamic 

reasons; 

- 𝜌𝑎 its value is 1.2 Kg/m3, if the air is aspirated at standard conditions (p=1 bar and 

T=293 K); 

- 𝜆𝑣 for naturally aspirated engines, its value is about 0.8-0-9; 

- 𝐻𝑖

𝛼
 its value depends from the fuel. 

 

http://x-engineer.org/automotive-engineering/internal-combustion-engines/ice-components-systems/basic-geometric-parameters-ice-piston-cylinder/
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The only way to improve the performance of the engine is to try to improve the 

volumetric efficiency, the fuel used and the air density. Considering the energetic 

parameter, the fuel with a higher value of it is the hydrogen, but It has also the problem 

that is mixed with the air in gaseous state and for this reason the value of the volumetric 

efficiency it is not acceptable. It is possible to increase the air density by using 

turbocharging system and the volumetric efficiency by modifying the valve and the intake 

runners. Thanks to the turbocharging the air density could reach also values 2.5 times 

higher than those of naturally aspirated engines. 

 

Here is the comparison between the performance of a SI and a CI engine: 

SI Engine CI Engine 

𝜂𝑢=0,3 𝜂𝑢=0,35 

𝜆𝑣=0,9 𝜆𝑣=0,9 

𝜌𝑎=1,2 kg/m3 𝜌𝑎=1,2 kg/m3 

𝐻𝑖=44 MJ/kg 𝐻𝑖=42,5 MJ/kg 

𝛼 ≃𝛼𝑠𝑡=14,6 𝛼 ≃𝛼𝑠𝑡=17,5 

𝑚𝑒𝑝≃10 bar 𝑚𝑒𝑝≃9 bar 

Table 2: Comparison between the performance of a SI engine and a CI engine 

 

 

Both the engines in the Table 2 have a naturally aspirated system. CI engines have a lower 

mep than SI engines because the fuel of CI engine has a lower energetic parameter but 

also because CI engine needs to work with an excess of air to guarantee a good 

combustion. But the advantage of CI engine has the possibility to reach higher values or 

compression ratio and higher levels of turbocharging; thanks to this a turbocharged CI 

engine can reach a mep of 20÷25 bar. This is not possible for SI engines because at 

elevated levels of turbocharging there could be phenomena of knocking caused by auto-

ignition of the mixture. Unfortunately, using high levels of turbocharging, in a CI engine, 

high temperatures are reached during combustion, these cause high NOx emissions. For 
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that reason, there was the introduction of methane and it became one of the most valid 

alternatives to common fuels thanks to its properties. 

 

 

 

1.2. Natural Gas Engines 
 

Natural gas is promising alternative fuel to meet strict engine emission regulations in 

many countries. Compressed natural gas (CNG) has long been used in stationary engines, 

but the application of CNG as a transport engines fuel has been considerably advanced 

over the last decade by the development of lightweight high-pressure storage cylinders 

[25]. It is a fossil fuel that has been investigated for use in spark-ignition (SI) and 

compression-ignition (CI) engines. It is a cleaner fuel than either gasoline or diesel as far 

as emissions are concerned. Compressed natural gas is an environmentally clean 

alternative to those fuels. Compared with conventional gasoline engines, SI engines using 

natural gas, thanks to its anti-knocking properties can run at higher compression ratios 

(up to 16:1 without “knock”), thus producing higher thermal efficiencies [26]; its low 

carbon level guarantees an high H/C ratio which allows a reduction of the emissions of 

carbon dioxide (CO2) about 20-25% if compared with gasoline, carbon monoxide (CO), 

unburned hydrocarbons (HC) and particulate matter (PM) but at the same time, because 

of these high temperatures reached, there is an increase of the emissions of nitrogen 

oxide (NOx).  High NOx emissions, especially at high loads, can be reduced with exhaust 

gas recirculation (EGR) because adding EGR to the inlet mixture will reduce the oxygen 

partial pressure in the inlet mixture, and consequently the in-cylinder NOx production will 

decrease; but in this case the EGR rate is limited due to its low burning velocity because 

it would makes the mixture less reactive and then the propagating flame too slow. While 

CNG engines offer many advantages over conventional gasoline and diesel combustion 

engines, their performance can be improved in the lean operating region. Lean operation 

has several benefits, the most important is reduced emissions [27]. However, the 

extremely low flame propagation velocities of CNG restrict the lean operating limits of 

CNG engines. Hydrogen, however, has a high flame speed and a wide operating limit that 

extends into the lean region. The addition of hydrogen to a CNG engine makes it a viable 
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and economical method to significantly extend the lean operating limit and thus improve 

performance and reduce emissions. The addiction of hydrogen allows combining the 

benefits of both methane and hydrogen in terms of lower pollutant emissions and 

increased combustion velocity [54]. Hydrogen itself represents a promising alternative to 

gasoline, even though, the lack of distribution infrastructure limits its use ad an additive. 

Drawbacks of hydrogen as a fuel source, include lower power density due to a lower 

heating value per unit volume as compared to CNG, and susceptibility to pre-ignition and 

engine knock due to wide flammability limits and low minimum ignition energy. 

Combining hydrogen with CNG, however, overcomes the drawbacks characteristic of 

each fuel type. 

Like methane and hydrogen is a lighter than air type of gas and can be blended to reduce 

vehicle emission by an extra 50%. Natural gas composition varies considerably over time 

and from location to location. Methane content is typically, 70-90% with the reminder 

primarily ethane, propane and carbon dioxide. 
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2. Premixed Combustion 
 

In premixed combustion, fuel and oxidizer are mixed at the molecular level prior to 

ignition. This creates a thin flame front as all the reactants are easly available. Combustion 

occurs as a flame front propagating into the unburnt reactants. This premixing is possible 

only at sufficiently low temperatures where the chain-breaking mechanism that drives 

the reaction chain in hydrogen and hydrocarbon oxidation is unable to compete with the 

effect of three-body chain breaking reactions. Under such low-temperature conditions, 

combustion reactions are considered frozen. The frozen state is metastable because a 

sufficiently strong heat source, a spark for example, can raise the temperature above the 

threshold and initiate combustion. Once the fuel and oxidizer species have been 

homogeneously mixed, and a heat source is supplied, a flame front can propagate 

through the mixture. 

 Examples of premixed combustion include aspirated internal combustion engines, lean-

premixed gas turbine combustors, and gas-leak explosions. 

 

2.1. Laminar Premixed Flame  

When a premixed gaseous mixture of fuel and oxidizer inside the flammability limits is 

contained in a long tube, a combustion wave will propagate down the tube from the 

burned gases to the unburned gases (Figure 1) if an ignition source is applied at one end. 

If the tube is opened at both ends, the velocity of the combustion wave is in the range of 

20-200 cm/s [9]; its velocity is controlled by transport processes, mainly simultaneous 

heat conduction and diffusion of radicals. This low speed (subsonic) flame propagation is 

called “Deflagration”. This combustion wave is normally referred to as a “flame”.  
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Figure 1: Combustion wave 

 

If the tube is closed at the ignition end, the flame will accelerate in the tube as it 

propagates. Eventually it will transition from subsonic to supersonic. This supersonic 

process is called a “detonation”. In a detonation, the shock wave which occurs at 

supersonic velocity raises T and P of the mixture to create an explosive reaction and 

energy release to sustain wave propagation (Figure 2). 

 

 

Figure 2: Combustion wave fixed in laboratory frame 

To better understand the structure of this flame wave phenomenon we will apply the 

conservation equations. 

- 𝜌1𝑢1 = 𝜌2𝑢2  continuity;                                                   (9) 

- 𝑝1 + 𝜌1𝑢1
2 = 𝑝2 + 𝜌2𝑢2

2  momentum;                            (10) 

- 𝑐𝑝𝑇1 +
1

2
𝑢1

2 + 𝑞 = 𝑐𝑝𝑇2 +
1

2
𝑢2

2  energy;                        (11) 

Also, we can use the ideal gas equation of state. However, note that the final state 

equation is not independent of the initial state equation. 

- 𝑝1 = 𝜌1𝑅𝑇1  state;                                                             (12) 

- 𝑝2 = 𝜌2𝑅𝑇2  state;                                                             (13)                    
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Where: 

- q is the chemical energy release; 

Thus, there is a system of 4 equations and 5 unknowns (𝑢1, 𝑢2, 𝑝2, 𝑇2, 𝜌2) .However, 

combining the equations we can obtain two new equations (14) (15) given as: 

𝛾

𝛾−1
(

𝑝2

𝜌2
−

𝑝1

𝜌1
) −

1

2
(𝑝2 − 𝑝1) (

1

𝜌1
+

1

𝜌2
) = 𝑞 (14) 

𝛾𝑀1
2 = (

𝑝2

𝑝1
− 1) [1 −

(1 𝜌2⁄ )

(1 𝜌1⁄ )
]⁄  (15) 

 

Where: 

- 𝛾 is the ratio of specific heats and it is equal to 
𝐶𝑝

𝐶𝑣
; 

- 𝑀1is the Mach number, defined as the local gas velocity divided by the local speed 

of the sound, c: 

𝑀1 =
𝑢1

𝑐1
=

𝑢1

√𝛾𝑅1𝑇1

 

 

 

In CONVERGE, to simulate premixed combustion, it is available the level set G-Equation 

model and it is considered a less predictive combustion model because its derivation 

includes some simplifications. 
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2.1.1. Laminar Flame Speed 
 

The flame velocity – also called the burning velocity, normal combustion velocity, or 

laminar flame speed – is defined as the velocity at which unburned gases move through 

the combustion wave in the direction normal to the wave surface and it is an important 

parameter for the flame propagation prediction.  It depends on the fuel type, air-fuel 

ratio, temperature and pressure and, as we will see later, it can be calculated with good 

approximation also by kinetic mechanisms for various fuels. 

 Theoretical analyses for the determination of the laminar flame speed: 

• Thermal theories: 

o Mallard and LeChatelier who postulated that heat transfer (specifically 

thermal conductivity) is the driving mechanism. In their work the flame 

was divided into two regions: an inert Preheat Zone and a chemically 

active Reaction Zone.  

o Zeldovich and Frank-Kamenetskii included the diffusion of molecules as 

well as heat but did not included the diffusion of free radicals or atoms. 
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2.1.1.1. Theory of Mallard and LeChatelier 

 

 

Figure 3: Schematically illustration of the temperature and the zone in the theory of Mallard and 
LeChatelier [58] 

 

 

According to Mallard and LeChatelier, the flame is divided into two regions (figure 3): the 

burning region (zone I) with the flame thickness d and the conduction region (zone II) in 

which the unburnt gases are heated up. In order for the flame to be self-sustaining, the 

amount of heat conducted from the burning zone must be sufficient to raise the 

temperature of the unburned fuel/air mixture to its ignition temperature. Thus, they 

theorized that in Zone I the gases are heated from their initial temperature, T0, to their 

ignition temperature, Tig, by heat from the combustion reaction conducted from Zone II 

into Zone I. The excess energy released from the combustion reaction then further raises 

the temperature of the gases from Tig to the flame temperature Tf. They analysed this 

process by linearizing the temperature change in Zone II and by setting the sensible heat 

necessary to raise the unburned gases from T0 to Tig equal to the heat conducted from 

the flame into Zone I. The energy balance then is given by (16): 

�̇�𝐶𝑝(𝑇𝑖 − 𝑇0) = 𝜆
(𝑇𝑓−𝑇𝑖𝑔)

𝛿
𝐴 (16) 

 

ZONE I 
ZONE II 
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Where: 

• 𝜆 thermal conductivity 

If we treat this flame propagation as a 1–D problem, then the mass flow rate (17) in the 

preheat region is given by: 

�̇� = 𝜌𝐴𝑢 = 𝜌𝑆𝐿𝐴 (17) 

Where: 

• �̇� =
𝑑𝑚𝑏

𝑑𝑡
 is the mass burning rate; 

• 𝐴 is the cross section area; 

• 𝜌 is the density; 

• 𝑢 is the velocity of unburned gas; 

• 𝑆𝐿 is the symbol for the laminar flame velocity, because the unburned gases enter 

normal to the wave, by definition: 𝑆𝐿 = 𝑢 (18); 

𝑆𝐿 =
�̇�

𝐴𝜌
 (18) 

 

Laminar flame speed depends on the fuel type, fuel-air ratio, temperature and pressure. 

It can be calculated with good approximation by kinetic mechanisms for various fuels. So, 

by replacing the (17) in the (16) the energy balance around the flame becomes (19) or 

(20): 

𝜌 𝑆𝐿𝐶𝑝(𝑇𝑖 − 𝑇0) = 𝜆
(𝑇𝑓−𝑇𝑖𝑔)

𝛿
 (19) 

or 

𝑆𝐿 = [
𝜆

𝜌𝑢𝐶𝑝

(𝑇𝑓−𝑇𝑖𝑔)

(𝑇𝑖𝑔−𝑇0)

1

𝛿
] (20) 

But in this last equation the reaction zone thickness 𝛿 is unknown. To remedy the 

problem, it is possible to use chemical kinetics to get an expression for 𝛿 (21): 

𝛿 =  𝑆𝐿𝜏 = 𝑆𝐿
1

𝑑𝜀

𝑑𝑡

=
𝑆𝐿

𝑅𝑅
 (21) 
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Where: 

• 𝜏 reaction time; 

• 𝑑

𝑑𝑡
= 𝑅𝑅 = �̇� reaction rate; 

In other words, the faster RR, the thinner is the reaction zone. Eliminating the flame 

thickness 

𝛿 with this relation, yields a quadratic equation for the laminar flame speed (22): 

𝑆𝐿 = (
𝜆

𝜌𝑢𝐶𝑝

(𝑇𝑓−𝑇𝑖𝑔)

(𝑇𝑖𝑔−𝑇0)
(𝑅𝑅))

1
2⁄

~(𝛼𝑅𝑅)
1

2⁄  (22) 

Where 𝛼 is the thermal conductivity and it is equal to 
𝜆

𝜌𝑢𝐶𝑝
. The laminar flame speed is 

increasing with reaction rate RR and with thermal conductivity of the unburnt gases since 

the preheated zone gets smaller. The RR depends on the available oxidizer, Ti and Tf 

depend on the equivalence ratio and for this reason 𝑆𝐿 is limited by the fuel lean and fuel 

rich limits; the flammability limit is, typically, in the range of ϕ: ]0.5-1.5[ and at the 

flammability limits Ti and Tf converge and 𝑆𝐿 is zero. 
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2.1.1.2. Changes made by Zeldovich, Frank-Kamenetskii and Semenov 
 

But note that this result depends explicitly on Tig that is unknown. Zeldovich, Frank-

Kamenetskii, and Semenov [58] postulated that the ignition temperature is very close to 

the final temperature (figure 4), that the reaction zone has a virtually nil thickness, and 

that the profile of T in the preheating zone is virtually linear (source/sink term is nil). 

Hence Tig is eliminated.  

 

Figure 4: Schematically illustration of the temperature and the zone in the theory of Zeldovich [58] 

 

2.1.1.3. Laminar Flame Speed in CONVERGE 
 

In CONVERGE the laminar Flame Speed can be calculated by one of three different 

approaches [22]: 

- Metghalchi and Keck correlation (1982); 

- Gulder correlation (1984); 

- User-supplied data tables; 

The model used in this work is the Gulder model and its correlation is given by (23): 

𝑠𝑙_𝑟𝑒𝑓 = 𝜔𝜙𝜂𝑒𝑥𝑝[−𝜉(𝜙 − 1.075)2] (23) 

Where 𝜔, 𝜂 and 𝜉 are user-supplied constants appropriate for the fuel and oxidizer 

used in the simulation. One the 𝑠𝑙_𝑟𝑒𝑓 is calculated at the reference pressure and 
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temperature, the laminar Flame Speed is adjusted for the actual pressure and 

temperature thanks to (24): 

𝑠𝑙 = 𝑠𝑙_𝑟𝑒𝑓 (
𝑇𝑢

𝑇𝑢_𝑟𝑒𝑓
)

𝛾

(
𝑝

𝑝𝑟𝑒𝑓
)

𝛽

(1 − 2.1𝑌𝑑𝑖𝑙) (24) 

Where: 

- 𝑇𝑢 is the unburned temperature; 

- 𝑇𝑢_𝑟𝑒𝑓 is the reference unburned temperature; 

- 𝑝 is the pressure; 

- 𝑝𝑟𝑒𝑓 is the reference pressure; 

- 𝑌𝑑𝑖𝑙 is the mass fraction of dilution species; 

- 𝛾 is the temperature exponent and it is defined as (25): 

𝛾 = 𝑎 + 𝑚(𝜙 − 1) (25) 

- 𝛽 is the pressure exponent, defined as (26): 

𝛽 = 𝑏 + 𝑛(𝜙 − 1) (26) 

The coefficients a, b, m, n are different for each fuel and they are tabulated. 

 

2.1.2. Impact of laminar flame speed on a vehicle performance 

 

Laminar burning velocity is an important measurement describing how a planar flame 

propagates into quiescent unburned mixture ahead of the flame at a specified pressure 

and temperature. Since the laminar flame speed affects directly the turbulent flame 

propagation, there is also direct proportionality to engine performance: a fuel with higher 

𝑆𝐿 leads to a faster combustion [24]. A difference in laminar burning velocity can be 

carried through into a turbulent combustion regime such as an engine and influence the 

turbulent burning velocity. In a SI engine, the generation of power occurs by the 

expansion of gaseous combustion products that exercise pressure on the piston; for an 

ideal fuel, the combustion process would begin and end when the piston is at the TDC 

(top dead centre) at the end of the compression stroke, because an ideal fuel would burn 

instantaneously.  In the past years several tests were made to prove that there is a 
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correlation between engine performance and fuels with a higher laminar burning 

velocity. A faster burning fuel is desirable because the whole torque curve can be shifted 

to higher torque and earlier spark timings That work was made by Bradley and co-workers 

and they tested several types of fuel on a single cylinder Ricardo Hydra engine and 

vehicles sourced from Europe and the US. 

Fuels were run in an A-B-A-B-A-B-A sequence where A was the base fuel and B was the 

test fuel; the reference fuel used was a 95 RON commercial gasoline mixed with 20 vol% 

of paraffins, olefins and aromatics that increase the laminar flame speed of the base 

gasoline. The results confirm a correlation between acceleration benefits with laminar 

burning velocity of gasoline fuel. The observed benefits can be attributed to the changes 

in VL, as the spark timing in these experiments was fixed. 
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3. Software used 
 

3.1. LOGEresearch 

LOGEresearch is an intuitive tool [42] for combustion and chemical kinetics simulations. 

The software can be used in stand-alone mode as well as interfaced with different 

software. LOGEresearch contains a solver for complex chemical schemes, it contains a 

transient 1D model for integrated engine combustion and after treatment simulation 

with detailed chemistry. The after-treatment models complete LOGEresearch’s 1D in-

cylinder capabilities for analysis and optimization of full powertrain systems. The models 

are easy to use and numerically fast, but accurate enough to represent, in detail, chemical 

processes that predict emission levels of soot, NOx, CO and unburned HC. LOGEresearch 

1D offers affordable computational times in comparison to CFD, with the bonus of 

detailed chemistry. In this work LOGEresearch is used for the calculation of Laminar 

Flame Speed for several types of pure fuels and blends for a wide range of temperatures, 

pressures, equivalence ratios and percentage of EGR. 

3.2. Flame Speed Generation tool 

The flame speed table generation tool (Flame Speed Generator) is delivered with a 

graphical interface but may also be run in standalone mode. It compiles the Flame speed 

tables based on precompiled flame speed tables for pure components obtained with 

LOGEresearch using the LOGEfuel Natural Gas reaction scheme v2.0 and compose the 

flame speeds for the multicomponent surrogate. 

3.3. CONVERGE 

As a general purpose CFD solver, CONVERGE is robust out of the box [53]. Autonomous 

meshing technology built into the solver eliminates the meshing bottleneck that has 

traditionally bogged down CFD workflows. CONVERGE automatically generates a 

perfectly structured, orthogonal grid a runtime based on simple, user-defined grid control 

parameters.  

 

 

https://convergecfd.com/benefits/autonomous-meshing/
https://convergecfd.com/benefits/autonomous-meshing/
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3.4. LOGEengine 
 

LOGEengine [57] applies a 0D model to simulate processes like combustion, emission 

formation and abnormal combustion in ICE; it also helps to analyse existing engines and 

to prototype new engine development. It is a combustion analysis tool used for in-

cylinder combustion modeling. This software uses a Stochastic Reactor Model for SI 

engines (SI-SRM), which will be discussed in the next chapter. 
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4. Models 
Different model approaches are used for investigating the problem. 

4.1. Laminar SL model 

A flat as a self – sustaining propagation of a localized combustion zone at subsonic 

velocity [43]. For a premixed laminar flame, the fuel and oxidant mixture move in the z 

direction with the burned mixture at z → ꚙ and the unburned mixture at z →-ꚙ. 

Conservation equations are the follows: 

• Continuity:  
𝑑(𝜌𝑢)

𝑑𝑡
= 0 

• Balance of species mass fractions: 𝜌𝑢
𝑑𝑌𝑖

𝑑𝑧
= −

𝑑𝑗𝑖

𝑑𝑧
+ 𝑚𝑖̇  

• Balance of energy: 𝜌𝑢𝑐𝑝
𝑑𝑇

𝑑𝑧
=

𝑑

𝑑𝑧
(𝜆

𝑑𝑇

𝑑𝑧
) − ∑ ℎ𝑖

𝑁𝑠
𝑖=1 𝑚𝑖̇ − ∑ 𝑐𝑝

𝑁𝑠
𝑖=1 𝑗𝑖

𝑑𝑇

𝑑𝑧
−

4𝛼𝜎(𝑇4 − 𝑇0
4)𝑓𝑟  

where 𝜌 is the density, u the gas velocity component, Yi the mass fraction, ji the diffusion 

flux and �̇� the production rate of species i and Ns is the number of species.  𝛼 is Planck’s 

constant, 𝜎 the Stefan Boltzmann constant, T0 the temperature of the surroundings and 

fr a radiation factor. The species considered for radiation are CO2 and H2O and this factor 

represents the fraction of volume of burned gas to unburned gas. Its standard value in a 

supposed situation is 0.5 but it is possible to change it. 

 

 

4.1.1. Freely Propagating Flame 

The Freely Propagating Flame model is used for calculations of flame speeds and species 

concentration profiles in laminar freely propagating flames in LOGEresearch [43]. flame 

is defined as a self-sustaining propagation of a localised combustion zone at sub-sonic 

velocity. The freely propagating flame is a hypothetical model of a flat and infinitely large 

flame front propagating through a premixed medium. Due to its infinite extent no 

boundary conditions need to be considered and the total energy of the system can be 

regarded as constant. Also, phenomena such as flame strain and corresponding mass 

transfer in the direction normal to the flow field of the fuel and oxidizer are absent. The 

continuity equations describe the conservation of momentum, ρu, over the flame zone 
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and continuity requires that the speed of the burned gases is higher than that of the 

unburned gases (27): 

𝜌𝑢𝑢𝑢 = 𝜌𝑢𝑆𝐿 = 𝜌𝑏𝑢𝑏 (27) 

The Freely Propagating Flame follows the conservation equations above. 

 

4.1.2. Reaction scheme 

The reaction scheme describes the transformation to be performed on the reactant 

molecules, it is a set of elementary reaction. Any elementary chemical reaction can be 

represented by the general equation (28): 

𝜐𝐴
′ 𝐴 + 𝜐𝐵

′ 𝐵 + … = 𝜐𝐶
′′𝐶+𝜐𝐷

′′𝐷 + ⋯ (28) 

where 𝜐 are known as stoichiometric coefficients, defining how many moles of the given 

species take part in the reaction. 

 A net stoichiometric coefficient, 𝜐S (29), gives the total number of moles of species S that 

is produced or consumed by a reaction. 

𝜐𝑆 = 𝜐𝑆
′′ − 𝜐𝑆 

′ (29) 

The reaction rate �̇�, in a first approximation, can be expressed as the rate at which 

reactants are used up or products are formed. 

�̇� = −
Δ[𝑅]

Δ𝑡
=

Δ[𝑃]

Δ𝑡
 (30) 

Where: 

• Δ[𝑅]: is the concentration of the reactants 

• Δ[𝑃]: is the concentration of the products 
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Figure 7: Change in the concentration of reactant and of the product over time 

The rate is simply the slope of a plot of reactant or product concentration vs time. The 

mathematic relation that describes the reaction rate with the change in concentration of 

reactant is called kinetic equation. If we consider a generic reaction (31), it is possible to 

write: 

𝜈 = 𝑘[𝐴]𝑚[𝐵]𝑛 (31) 

The exponents m and n denote the reaction order, they are calculated with experimental 

procedure. 𝑘 denotes the rate constant or reaction rate coefficient and quantifies the 

rate of a chemical reaction when the molar concentrations of A and B are unitary; its 

value is given by the “modified” Arrhenius equation (32): 

𝑘 = 𝐴𝑇𝑛𝑒−
𝐸𝑎
𝑅𝑇  (32) 

 

• 𝐸𝑎 is the activation energy representing the energy barrier, that needs to be 
overcome to initialize the progress of a reaction; 

• 𝑅 is the gas constant; 

• 𝑇 is the absolute temperature [K]; 

• 𝐴 is the pre-exponential factor, it is the frequency of collisions in the correct 

orientation; 

• 𝑛 is the temperature correction of A; 
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𝐴, 𝑛 and 𝐸𝑎 are empirical factors, specified for each reaction it is possible to obtain them 

with theoretical consideration or experiments.  This equation is called “modified” 

because it makes explicit the temperature dependence of the pre-exponential factor, the 

original Arrhenius expression has a value of n equal to zero. The value for these 

coefficients are stated for each reaction in data input files and can be studied with the 

LOGE mechanism overview module, its aim is to help to explain the details of the chemical 

mechanism, to review all thermodynamic, kinetic and transport data. 

 

 

 

 

4.1.2.1. Kinetic mechanism 

 

Chemical kinetics is the study of rates of chemical processes. It includes the study of 

conditions that influence the speed of a chemical reaction, understanding the kinetic 

mechanism and building mathematical models that describe the characteristics of a 

chemical reaction. Each kinetic mechanism is characterized by a given number of reaction 

and of chemical species that take part to the combustion process; this number defines 

the computational load of the simulation and the time for obtaining the results. The 

mechanisms used for the work are shown in the follow table: 

Mechanism Species Reactions 

GRI 3.0 53 325 

USC_II 111 784 

LOGE 298 2262 

Table 3:Numbers of species and reactions for three different chemical mechanisms 

 

 

 

 

Here below are shown some validation results for the three mechanisms: 



27 
 

• Methane (CH4) (Figure 8); 

 

Figure 8: Laminar flame speed of CH4 / air at 1 atm and 298 K. Symbols ([2], 
[10],[11],[12],[13],[14],[15],[16],[17], [18],[19],[20]) represent experimental data, line is the calculations 

with detailed scheme ( GRI 3.0 mechanism [4] and LOGE mechanism) and the black line is the flame 
speed obtained with Gulder equation (23) 

 

• Ethane (C2H6) (Figure 9); 

 

Figure 9: Laminar flame speed of C2H6 / air at 1 atm and 298 K. Symbols ([2],[12],[16],[20],[28],[29] ,[30] ,[31] 
,[32] ,[33] ,[34]) represent experimental data, line is the calculations with detailed scheme ( GRI 3.0 

mechanism [4] and LOGE mechanism) 
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• Propane (C3H8) (Figure 10); 

 

Figure 10: Laminar flame speed of C2H6 / air at 1 atm and 298 K. Symbols ([12],[16],[20],[29] 
,[30],[35],[36],[39]) represent experimental data, line is the calculations with detailed scheme ( GRI 3.0 

mechanism [4] and LOGE mechanism) and the black line is the flame speed obtained with Gulder equation (23) 

• Iso-Butane (I- C4H10) (Figure 11); 

 

Figure 11: Laminar flame speed of C2H6 / air at 1 atm and 298 K. Symbols ([12], [47], [48], [49], [50], [51]) 
represent experimental data, line is the calculations with detailed scheme (LOGE mechanism and USC 

mechanism [52]) 
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4.1.2.2. Reaction mechanism 

 

LOGEresearch [44] uses information available in a chemical mechanism to simulate 

chemical reactions. A mechanism consists of three different files: 

• Gas Phase Data: data files state which chemical elements that are included in the 

mechanism as well as the chemical species these elements make up. Thereafter 

the data files present a list of reactions the species may participate in and 

corresponding coefficients, A, n and Ea, used in the Arrhenius law reaction rate 

calculation. Variables for calculating the rate of the backwards reactions are also 

stated in the gas phase file. Below is an example of the structure of a gas phase 

data file. Below is an example of its structure (Figure 12) 

 

 

Figure 12: Example of Gas Phase Data[4] 

 

 

 

 

 

 

 



30 
 

• Molecular (Transport) Data 

The molecular data files list the following seven variables for each species in the 

mechanism: 

- chemical name 

- indicator for the structure of the species (0 = atom, 1 = linear molecule, 2 = non-

linear 

- molecule) 

- two parameters describing the shape of the Lennard-Jones potential well: well 

depth divided 

- by Boltzmann’s constant [K] and collision diameter [Å], i.e. the (finite) distance at 

- which the interparticle potential is zero. 

- the bond dipole moment [Debye] 

- the polarizability [Å] 

- the rotational collision number (ZROT) at 298 K. 

 

Below is an example of the structure of a molecular data file (figure 13). 

 

Figure 13: Example of Molecular Data [4] 

• State Function (Thermal) Data 

It is calculated such as enthalpy and heat capacity, using polynomial fits. The state 

function data files contain polynomial coefficients for these fits, so named NASA 

coefficients. For each species in the mechanism, coefficients for two separate 

temperature ranges and the temperatures that make up the ranges is provided. The input 

file also contains information regarding the elemental composition of each species. Since 

also state function data is species specific, any file that contains data for all species in the 
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gas or surface phase files can be used. Below is an example of the structure of a State 

function data. It contains four lines for each species, at the first line there is the name of 

the species and its composition. The elements are followed by the number of atoms of 

each element that the molecule contains, and this section is followed by three 

temperatures that define the end points of the two temperature ranges for which the 

NASA polynomials are valid. Below is an example of the structure of a state function data 

file (Figure 14). 

 

 

Figure 14: Example of State Function Data [4] 
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4.2. RANS Reynolds-Averaged Navier-Stokes Simulation 

 

The description of turbulent combustion process using CFD (Combustion Fluid Dynamics) 

it is possible in three ways: 

• RANS Reynolds-Averaged Navier-Stokes: it was developed to solve for the mean 

values of all quantities and the balance equations for Reynolds averaged 

quantities are obtained by averaging the instantaneous balance equations. These 

equations are obtained from the continuity and momentum equations by taking 

the time average of all the terms in the equations. The continuity equation does 

not change since it is linear in terms of the velocity. However, the momentum 

equation is non-linear, which means that all the fluctuating components do not 

vanish. Solving these equations provide averaged quantities corresponding to 

averages over time for stationary mean flows or averages over different 

realizations for periodic flows like those found in piston engines [5].  This 

procedure leads to an unclosed system of partial differential equations, so 

modeling is needed to close the system. The turbulence models introduce a 

model description of the turbulent viscosity. It can be applied in complex 

geometries (for example for modeling of engines with moving piston and valves), 

due its comparably low computational cost and well validated turbulences models 

for different application. The experiments are usually repeated several times and 

averaged, so it is easy to compare the mean values obtained with RANS equations, 

with them. 

 

• LES Large Eddy Simulations: the turbulent large scales are explicitly dividing the 

turbulent flow into two parts: large-scale and small-scale motion. Large-scale 

motion is calculated in LES, while the small-scale motion needs to be modeled 

because of the effects of large-scale motion. The most important aspect in 

application of LES is the use of suitable sub-grid scale model. LES always solves 

three-dimensional, time dependent flow, calculating a mean of time-dependent 

flow fields. Therefore, it is best suited for transient simulations. The LES technique 
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does not involve the use of ensemble average; rather it consists in applying a 

spatial filter to N-S equations. 

 

• DNS Direct Numerical Simulation: the full instantaneous Navier-Stokes equation 

are solved without any turbulence approximation, requiring a very fine numerical 

resolution to capture all the details of turbulence. The theory is that the whole 

range of spatial and temporal scales of the turbulence must be resolved. All the 

spatial scales of the turbulence must be resolved in the computational mesh, from 

the smallest dissipative scales, up to the integral scale L, associated with the 

motions containing most of the kinetic energy. 

 

Those approaches are distinguished by the wave number kw spectrum that is solved or 

modeled (Figure 15) 

 

 

Figure 15: Time evolution of local temperature computed with the three methods in a turbulent flame 
brush [5] 

 

RANS; LES and DNS properties are summarized in terms of energy spectrum (figure 16), 

all spatial frequencies in the spectrum are determined in direct numerical simulation, 

while only the largest ones (up to a cut-off wave number kc) are computed in LES.  

The wave number (kW) is determined by (33): 

𝑘𝑊 =
(2𝜋)

𝑙𝑒𝑑𝑑𝑦
 (33) 

Where: 
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- 𝑙𝑒𝑑𝑑𝑦: eddy size 

 

Figure 16: Turbulence energy spectrum plotted as a function of wave number [5]. 

 

One primary advantage of RANS is that the calculation load is the lowest among the other 

three methods, another advantage of RANS is its applicability to any configuration and 

operating conditions. 

Balance equations for the mean quantities in RANS simulations are obtained by averaging 

the instantaneous balance equations: 

- Mass                         
𝜕𝜌

𝜕𝑡
+

𝜕

𝜕𝑥𝑖
(𝜌𝑢𝑖) = 0 (34) 

- Chemical species   
𝜕𝜌𝑢𝑗

𝜕𝑡
+

𝜕

𝜕𝑥𝑖
(𝜌𝑢𝑖𝑢𝑗) +

𝜕𝑝

𝜕𝑥𝑖
=

𝜕𝜏𝑖𝑗

𝜕𝑥𝑖
 (35) 

- Momentum         
𝜕(𝜌𝑌𝑘)

𝜕𝑡
+

𝜕

𝜕𝑥𝑖
(𝜌𝑢𝑖𝑌𝑘) = −

𝜕

𝜕𝑥𝑖
(𝑉𝑘,𝑖𝑌𝑘) + �̇�𝑘     𝑓𝑜𝑟 𝑘 = 1, 𝑁 (36)  

- Enthalpy  
𝜕(𝜌ℎ𝑠)

𝜕𝑡
+

𝜕

𝜕𝑥𝑖
(𝜌𝑢𝑖ℎ𝑠) = �̇�𝑇 +

𝐷𝑝

𝐷𝑡
+

𝜕

𝜕𝑥𝑖
(𝜆

𝜕𝑇

𝜕𝑥𝑖
) −

  
𝜕

𝜕𝑥𝑖
(𝜌 ∑ 𝑉𝑘,𝑖𝑌𝑘ℎ𝑠,𝑘

𝑁
𝑘=1 ) + 𝜏𝑖𝑗

𝜕𝑢𝑖

𝑥𝑗
 (37)  

 

Where: 

- 𝑌𝑘 is the mass fraction 

- ℎ𝑠 is the sensible enthalpy     ℎ𝑠 = ∫ 𝐶𝑝𝑑𝑇
𝑇

𝑇0
 (38) 

- 𝜏𝑖𝑗 is the viscous tensor 
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- 𝑉𝑘,𝑖 is the i- component of the diffusion velocity 𝑉𝑘 of species k; 

- �̇�𝑘 is the reaction rate of species k; 

 

 

Considering constant density flows, Reynolds or time averaging consists splitting any 

quantity f in to mean and fluctuating components as (39): 

𝑓 = 𝑓̅ + 𝑓′ (39) 

If we consider this procedure in mass conservation equation (34), the result will be: 

 
𝜕�̅�

𝜕𝑡
+

𝜕

𝜕𝑥𝑖

(𝜌𝑢𝑖̅̅ ̅̅̅) =
𝜕�̅�

𝜕𝑡
+

𝜕

𝜕𝑥𝑗

(𝜌𝑢𝑖̅̅ ̅̅ + 𝜌′𝑢𝑖
′̅̅ ̅̅ ̅) = 0 (40) 

Where: 

- 𝜌′𝑢𝑖
′̅̅ ̅̅ ̅̅  is an unclosed quantity, it is corresponding to the correlation between 

density and velocity fluctuations and it requires modeling. Using Reynolds 

averaging for variable density flows introduces a lot of other unclosed correlation 

and need closure, in a turbulent combustion the density is not constant. To avoid 

the generation of fluctuation terms that needs to be modelled it is introduced the 

Favre averages (41) (density weighted average): 

𝑓 =
𝜌𝑓̅̅̅̅

�̅�
   𝑜𝑟   �̅�𝑓 = 𝜌𝑓̅̅̅̅  (41) 

Any quantity f may be split into mean and fluctuating components: 

𝑓 = 𝑓 + 𝑓′′ (42) 

�̅�𝑓 = 𝜌𝑓̅̅̅̅ = 𝜌(𝑓 + 𝑓′′)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ = �̅�𝑓 + 𝜌𝑓′′̅̅ ̅̅ ̅ (43) 

It remains: 

𝜌𝑓′′̅̅ ̅̅ ̅ = 0     𝑠𝑜     𝑓′′̅̅̅̅ = 0 (44) 

Thanks to (44), averaging equations lead to: 

- Mass:                        
𝜕�̅�

𝜕𝑡
+

𝜕

𝜕𝑥𝑖
(�̅��̃�𝑖) = 0 (45) 

- Momentum:            
𝜕�̅�𝑢𝑖

𝜕𝑡
+

𝜕

𝜕𝑥𝑖
(�̅��̃�𝑖�̃�𝑗) +

𝜕�̅�

𝜕𝑥𝑗
=

𝜕

𝜕𝑥𝑖
(𝜏�̅�𝑗 − �̅�𝑢𝑖

′′𝑢𝑗
′′̃) (46) 
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• Where 𝜏�̅�𝑗 are the mean viscous stress tensor components  𝜏�̅�𝑗 =

 𝜇 (
𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖
) (47) 

- Chemical species:   
𝜕(�̅��̃�𝑘)

𝜕𝑡
+

𝜕

𝜕𝑥𝑖
(�̅��̃�𝑖�̃�𝑘) = −

𝜕

𝜕𝑥𝑖
(𝑉𝑘,𝑖𝑌𝑘

̅̅ ̅̅ ̅̅ ̅ + �̅�𝑢𝑖
′′𝑌𝑘

′′̃) + �̅̇�𝑘 (48) 

- Enthalpy:                  
𝜕(�̅�ℎ̃𝑠)

𝜕𝑡
+

𝜕

𝜕𝑥𝑖
(�̅��̃�𝑖ℎ̃𝑠) = �̇�𝑇 +

𝐷𝑝̅̅ ̅̅

𝐷𝑡
+

𝜕

𝜕𝑥𝑖
(𝜆

𝜕𝑇

𝜕𝑥𝑖

̅̅ ̅̅ ̅̅
− �̅�𝑢𝑖

′′ℎ𝑠
′′̃ ) +

𝜏𝑖𝑗
𝜕𝑢𝑖

𝑥𝑗

̅̅ ̅̅ ̅̅ ̅
+                                  −

𝜕

𝜕𝑥𝑖
(𝜌 ∑ 𝑉𝑘,𝑖𝑌𝑘ℎ𝑠,𝑘

𝑁
𝑘=1 ) (49) 

Where:           
𝐷𝑝̅̅ ̅̅

𝐷𝑡
=

𝜕�̅�

𝜕𝑡
+ 𝑢𝑖

𝜕𝜌

𝜕𝑥𝑖

̅̅ ̅̅ ̅̅ ̅
=

𝜕�̅�

𝜕𝑡
+ �̃�𝑖

𝜕�̅�

𝜕𝑥𝑖
+ 𝑢𝑖

′′ 𝜕𝜌

𝜕𝑥𝑖

̅̅ ̅̅ ̅̅ ̅̅
 (50) 

Considering Favre and Reynolds averages it is not simple to find a relation between 

them; it requires the knowledge or the modeling of density fluctuation correlations. 

Formally the Favre average can be calculated from the time average (51): 

�̅�𝑓 = �̅�𝑓̅ + 𝜌′𝑓′̅̅ ̅̅ ̅̅  (51) 

The presence of the Reynolds stresses and turbulent scalar flux in the conservation 

equations means that the latter are not closes and they contain more variables than there 

are equations [6]. The unclosed terms are: �̅�𝑢𝑖
′′𝑢𝑗

′′̃, �̅�𝑢𝑖
′′𝑌𝑘

′′̃ , �̅�𝑢𝑖
′′ℎ𝑠

′′̃
. Closure requires use of 

some approximations, in fact species and enthalpy fluxes can be approximated using a 

gradient assumption, but the turbulent Reynolds stresses need to be closed by a 

turbulence model. Usually, they are described using the viscous tensor 𝜏𝑖𝑗 [6]. The 

Reynolds’ stresses are determined using Boussinesq expression (52): 

 �̅�𝑢𝑖
′′𝑢𝑗

′′̃ = 𝜏𝑖𝑗 = −𝜇𝑡 (
𝜕�̃�𝑖

𝜕𝑥𝑗
+

𝜕�̃�𝑗

𝜕𝑥𝑖
) −

2

3
𝜌𝛿𝑖𝑗𝑘 (52) 

Where: 

- 𝛿𝑖𝑗 is the Kronecker symbol 

- 𝜇𝑡 is the turbulent viscosity 

- 𝑘 is the turbulent kinetic energy 𝑘 =
1

2
𝑢𝑖

′′𝑢𝑗
′′̃ (53) 
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Now it is important how to solve 𝜇𝑡, there are three main approaches: 

• Zero-equation model (or Prandtl mixing length model) 

• One-equation model (or Prandtl-Kolmogorov model) 

• Two-equation model (or k-ε model) 

 

4.2.1. Rng k-ε model 
 

In this work the model used is the k-ε model [7], it is the most used two-equation 

turbulence model due to its good convergence rate and relatively low memory 

requirements; the ε is the dissipation rate of turbulent kinetic energy. In particular, it is 

used the RNG k-ε model, it  was developed using Re-Normalisation Group theory (RNG, a 

rigorous statistical technique) methods by Yakhot et al [40]  to renormalize the Navier-

Stokes equations, to account for the effects of smaller scales of motion. In the standard 

k-ε model the eddy viscosity is determined from a single turbulence length scale, so the 

calculated turbulent diffusion is that which occurs only at the specified scale, whereas all 

scales of motion will contribute to the turbulent diffusion. The RNG approach, which is a 

mathematical technique that can be used to derive a turbulence model like the k-ε, 

results in a modified form of the epsilon equation which attempts to account for the 

different scales of motion through changes to the production term.  

The turbulent viscosity is estimated as: 

𝜇𝑡 = �̅�𝐶𝜇

𝑘2

휀
 (54) 

Where: 

- 𝐶𝜇 is the turbulent viscosity coefficient; 

The models use turbulent diffusion and turbulent conductivity terms to account for the 

presence of turbulence in mass transport and energy transport. The turbulent diffusion 

𝐷𝑡 and conductivity 𝐾𝑡 terms are: 

𝐷𝑡 = (
1

𝑆𝑐𝑡
) 𝜇𝑡 (55) 

 

https://www.cfd-online.com/Wiki/RNG_k-epsilon_model#References
https://www.cfd-online.com/Wiki/RNG_k-epsilon_model#References
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𝐾𝑡 = (
1

𝑃𝑟𝑡
) 𝜇𝑡𝑐𝑝 (56) 

 Where: 

- 𝑆𝑐𝑡 is the turbulent Schmidt number; 

- 𝑃𝑟𝑡 is the turbulent Prandtl number; 

- 𝐷𝑡 is the turbulent diffusion; 

- 𝐾𝑡 is the turbulent conductivity; 

Both the standard k-ε and RNG k-ε models require additional transport equations to 

obtain the turbulent viscosity 𝜇𝑡; one for the turbulent kinetic energy k and one for the 

dissipation of turbulent kinetic energy ε. The turbulent kinetic energy transport equation 

and the transport equation for the dissipation of turbulent kinetic energy are given by 

(57): 

𝜕

𝜕𝑡
(𝜌𝑘) +

𝜕

𝜕𝑥𝑖

(𝜌𝑢𝑖𝑘) = 𝜏𝑖𝑗

𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕

𝜕𝑥𝑗

𝜇

𝑃𝑟𝑘

𝜕𝑘

𝜕𝑥𝑗
− 𝜌휀 +

𝑐𝑠

1.5
𝑆𝑠 (57) 

 

Where 1.5 is an empirical constant 

𝜕

𝜕𝑡
(𝜌휀) +

𝜕

𝜕𝑥𝑖

(𝜌𝑢𝑖휀) =
𝜕

𝜕𝑥𝑖
(

𝜇

𝑃𝑟

𝜕휀

𝜕𝑥𝑗
) + 𝑐 3𝜌휀

𝜕𝑢𝑖

𝜕𝑥𝑗
+ 

+ (𝑐 1

𝜕𝑢𝑖

𝜕𝑥𝑗
𝜏𝑖𝑗 − 𝑐 2𝜌휀 + 𝑐𝑠𝑆𝑠)

휀

𝑘
+ 𝑆 − 𝜌𝑅 (58) 

Where: 

- 𝑆 is the user-supplied source term; 

- 𝑆𝑠 is the source term; 

- 𝑐 𝑖 are model constants that account for compression and expansion; 

 

As regard 𝑅  it is equal to zero for standard k-ε model, instead for RNG k-ε model it is 

equal to: 

𝑅 =
𝐶𝜇𝜂3(1 − 𝜂 𝜂0)⁄

(1 + 𝛽𝜂3)

휀2

𝑘
 (59) 
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Where: 

- 𝜂 =
𝑘

|𝑆𝑖𝑗| =
𝑘

√2𝑆𝑖𝑗𝑆𝑖𝑗 

The effects of this term in the RNG ε equation can be seen more clearly by rearranging 

the previously equation. Using this equation, 𝑐 2𝜌
2

𝑘
 and 𝜌𝑅 can be merged, and the 

resulting ε equation can be rewritten as: 

𝑐∗
2 = 𝑐 2 +

𝐶𝜇𝜂3(1 − 𝜂 𝜂0)⁄

(1 + 𝛽𝜂3)
 (60) 

In regions where 𝜂 < 𝜂0, the R term makes a positive contribution and 𝑐∗
2 becomes 

larger than 𝑐 2. As a result, for weakly to moderately strained flows, the RNG model yields 

outcomes comparable to the standard k-ε model. In regions of large strain rate 𝜂 > 𝜂0 , 

the R term makes a negative contribution, making the value of 𝑐∗
2 less than 𝑐 2. In 

comparison with the standard k-ε model, the smaller destruction of ε arguments ε, 

reducing k and the effective viscosity. As a result, in rapidly strained flows, the RNG model 

yields a lower turbulent viscosity than the standard k-ε model. Thus, the RNG model is 

more responsive to the effects of rapid strain and streamline curvature than the standard 

k-ε model. 

This model is complete since it does not require specifications such as the turbulent 

length scale 𝑙(𝑥𝑖). Standard values of the model constants of the RNG k-ε turbulence 

model used in the model equations are : 

𝐶𝜇 = 0.0845 𝐶 1 = 1.42 𝐶 2 = 1.68 𝐶 3 = −1.0 𝛽 = 0.012 𝜂0 = 4.38 
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4.3. Combustion ECFM (Extended Coherent Flame Model) 
 

The coherent flame model (CFM) is a combustion model adapted to the flamelet regime. 

This modeling is mostly suitable to the description of premixed flame combustion, which 

represents the main oxidation mechanism in SI engines. It supposes that the chemical 

reaction of fuel oxidation occurs in a very thin layer. The Extended Coherent Flame Model 

(ECFM) is an extension of the CFM, it was proposed by Marble and Broadwell. It was 

developed to model combustion in perfectly or partially mixed mixtures, its main aim is 

to describe the combustion in GDI engines. It is based on a flame surface density equation 

which considers the wrinkling of the flame front surface by turbulent swirls and 

conditioning averaging technique which allows to compute more accurately the local 

properties in fresh and burned gases even in the case of high fuel stratification, which is 

used to evaluate the local laminar flame speeds [41]. As the reaction rate of CFM-type 

models is proportional to the laminar flame speed, we expect that the ECFM improved 

fresh gases description will allow to better account for large scale stratification effect on 

combustion. To determine the flame surface density, the ECFM uses the fuel/air 

equivalence ratio in fresh gases, the composition and the temperature near the flame. 

The model assumes that the smallest turbulence length scales are larger than the laminar 

flame thickness, so the effect of turbulence is to wrinkle the laminar flame sheet; the 

increased surface area of the flame results in increased net fuel consumption and an 

increased flame speed. The range of applicability of the ECFM model is illustrated on the 

Borghi diagram (figure 17): 

 

Figure 17: Borghi diagram for turbulent combustion 



41 
 

The wrinkled flamelets regime is indicated below the Da=1 line. Typical Internal 

Combustion (IC) engines operate in this wrinkled flamelet range. 

 This model, as said before, solves an additional equation for the flame area density, 

denoted ∑ [22]. It is determined by the following transport equation (61): 

𝜕Σ

𝜕𝑡
+

𝜕𝑢𝑖Σ

𝜕𝑥𝑖
=

𝜕

𝜕𝑥𝑖
(

𝜇

𝑆𝑐

𝜕(Σ �̅�⁄ )

𝜕𝑥𝑖
) + (𝑃1 + 𝑃2 + 𝑃3)Σ − D + 𝑃𝑘  (61) 

Where: 

- 𝜇 is the laminar viscosity; 

- 𝑆𝑐 is the Schmidt number; 

- 𝑃1 = 𝛼𝐾𝑡 is the flame surface production by turbulent stretch; 

- 𝑃2 =
2

3

𝜕𝑢�̃�

𝜕𝑥𝑖
 models the effects of the flame thermal expansion and curvature; 

- 𝑃3 =
2

3
�̅�𝑙

1−𝑐̃

𝑐̃
Σ source due to dilatation of the flame; 

- 𝐷 = 𝛽�̅�𝑙
Σ2

1−𝑐̅
 dissipation of flame area; 

- �̅�𝑙 is the laminar flamespeed; 

- �̃� is the mass progress variable and it is defined by: 

�̃� = 1 −
�̃�𝐹

�̃�𝐹𝑇

 (62) 

- �̃�𝐹 is the unburned fuel mass fraction; 

- �̃�𝐹𝑇 is the fuel tracer which tracks the fuel mass fraction before combustion; 

- 𝑐̅ is the volume progress variable, defined by: 

𝑐̅ =
�̅�

𝜌𝑏
�̃� (63) 

- 𝜌𝑏 is the density of the burned gases; 
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4.4. SI-SRM (Stochastic Reactor Model for Spark-Ignition engines) 
 

The SI-SRM is a 0D model of physical and chemical processes in SI engines [45]. The main 

features of the model are as follows: 

- Quasi-3D consideration of the combustion chamber geometry; 

- Quasi-3D turbulent flame propagation model; 

- Particle-based representation of the in-cylinder mixture; 

- Detailed chemistry consideration for the calculation of the heat release due to 

combustion emission formation and auto-ignition; 

- Distinguishing between the burned and the unburned zone that result from the 

spherical flame propagating across the combustion chamber; 

- Low computational cost; 

 

 

 

 

The strength of the SRM is that it provides means to include effects of inhomogeneities 

and turbulence (Figure 5).  

 

Figure 5: Concept of the SI-Stochastic Reactor Models [55] 
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In a real engine or in a CFD model the chemical composition, temperature and mass, have 

distributions in space, but in the space dimensionless SRM the distribution of the particles 

variables can be described with probability density functions (PDFs) [46], with one PDF 

for each variable (Figure 5). The PDF can be compared with the distributions from 3D CFD 

calculations or from measurements in real engines. 

As said before, one of its advantage is a lower computational cost compared to the one 

of 3D CFD (Figure 6). 

 

 

Figure 6: Aspects of internal combustion engine modelling in SRM [55] 

 

3D CFD cold flow data are used to extrapolate the SI-SRM parameter to simulate the 

combustion process at different operating points. 
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5. Comparison of laminar flame speed results with 

LOREresearch and with Flame Speed Generator Tool 
 

Following the validation of the different mechanisms, it was decided to use the LOGE 

mechanism that is more complex than the other two mechanism used (Table3, chapter 

4), with the results obtained at the Polytechnic of Turin with the other two mechanisms.  

Before showing the results obtained for pure fuel and for the blends that we want to 

investigate, it is necessary to show how these two programmes work: 

• LOGEresearch (FPF) (figure 18): 

 

Figure 18: Simplified scheme of how LOGE research works 

 

It has as input the mechanism used, the blend (or the pure fuel) that we want to study 

and the boundaries to consider (pressure, temperature, equivalence ratio, EGR). It is 

possible to modify also other parameter like the transport model, the solver setting (time 

steps, step size, tolerance and so on) and the gridding settings (grid points, discretization 

size).  

• Flame Speed Generator Tool (FSG) (figure 19):  

 

Figure 19: Simplified scheme of how Flame Speed Generator works 

It has as input the Flame Speed Table for each component, and a txt file in which to enter 

the blend (mass or mole fraction) and the boundaries. It compiles the Flame speed tables 
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based on precompiled flame speed tables for pure components obtained with 

LOGEresearch using the LOGEfuel Natural Gas reaction scheme v2.0. The main difference 

is that the first method creates the surrogate first and then calculates its flame speed 

table; the second methods creates first the flame speed table for each pure fuel and uses 

linear mixing to obtain the flame speed table for a surrogate. Another difference concerns 

the time they take to create the Flame Speed Table, because with Flame Speed Generator 

it is much faster than LOGE research.  

For that reason, we want to compare the results obtained with both the programmes. 

 

 

 

5.1. Boundaries  

In the next table (Table 4) the boundaries used for both software are summarized. 

 Range Steps 

Temperature 300-1200K 50 K 

Pressure 1- 200 bar Variable 

Equivalence Ratio 0.5-1.5 0.1 

EGR 0-30% 10% 

Table 4: Boundaries considered in LOGE research and in Flame Speed Generator Tool 

The boundaries chosen for both software are the same in order to obtain comparable 

results. 
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5.2. Pure fuels 
 

5.2.1. Laminar Flame speed vs Temperature 
 

Observing the equation (24), it is possible to see that Laminar Flame Speed is related to 

the temperature by an exponential correlation, so it means that the higher the 

temperature, the greater the increase of the laminar flame speed is. 

 

• Methane (CH4) (Figure 20); 

 

Figure 20: Comparison results of LOGE mechanism and of Flame Speed generator for methane in 
function of Temperature @ p=1bar,15bar,30bar EGR=0% and phi=1 

 

• Ethane (C2H6) (Figure 21 in Appendix); 

 

• Propane (C3H8) (Figure 22 in Appendix); 
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• Iso-Butane (I-C4H10) (Figure 23); 

 

Figure 23: Comparison results of LOGE mechanism and of Flame Speed generator for iso-butane in 
function of Temperature @ p=1bar,15bar,30bar EGR=0% and phi=1 

• Hydrogen (H2) 

 

Figure 24: Comparison results of LOGE mechanism and of Flame Speed generator for hydrogen in 
function of Temperature @ p=1bar,15bar,30bar EGR=0% and phi=1 
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5.2.2. Laminar Flame speed vs Equivalence Ratio 

 

According to the equation (23), the equivalence ratio has an impact on the laminar flame 

speed. Here an equivalence ratio range between 0.5 and 1.5 has been considered. For all 

the fuels considered, and for all the pressure conditions, the peak of the laminar flame 

speed is obtained for slightly rich blends (phi = 1.1). Here, it has been considered three 

different values of pressure. 

• Methane (CH4) (Figure 25); 

 

Figure 25: Comparison results of LOGE mechanism and of Flame Speed generator for methane in 
function of Equivalence Ratio @ p=1bar,15bar,30bar EGR=0% and T=800K 

 

• Ethane (C2H6) (Figure 26 in Appendix); 

 

• Propane (C3H8) (Figure 27 in Appendix); 
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• Iso-Butane (I-C4H10) (Figure 28); 

 

Figure 28: Comparison results of LOGE mechanism and of Flame Speed generator for iso-butane in 
function of Equivalence Ratio @ p=1bar,15bar,30bar EGR=0% and T=800K 

 

• Hydrogen (H2) (Figure 29); 

 

Figure 29: Comparison results of LOGE mechanism and of Flame Speed generator for hydrogen in 
function of Equivalence Ratio @ p=1bar,15bar,30bar EGR=0% and T=800K 
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5.2.3. Laminar Flame speed vs Pressure 
 

In this section the influence of pressure on laminar flame speed was analysed and 

different values of Equivalence Ratio have been considered to study the behaviour of the 

fuel also at lean and rich conditions. It is possible to note that a higher pressure leads to 

a reduction of the laminar flame speed, and a downward translation of the curves. 

 

• Methane (CH4) (Figure 30); 

 

Figure 30: Comparison results of LOGE mechanism and of Flame Speed generator for methane in 
function of Pressure @ phi=1,0.8,1.4, EGR=0% and T=800K 

 

 

 

• Ethane (C2H6) (Figure 31 in Appendix); 

 

• Propane (C3H8) (Figure 32 in Appendix); 
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• Iso-Butane (I-C4H10) (Figure 33); 

 

Figure 33: Comparison results of LOGE mechanism and of Flame Speed generator for iso-butane in 
function of Pressure @ phi=1,0.8,1.4, EGR=0% and T=800K 

• Hydrogen (H2) (Figure 34); 

 

Figure 33: Comparison results of LOGE mechanism and of Flame Speed generator for hydrogen in 
function of Pressure @ phi=1,0.8,1.4, EGR=0% and T=800K 
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5.2.4. Laminar Flame speed vs EGR 

 

In this section the effect of the dilution on laminar flame speed was discussed. An 

assumption was made about the EGR composition and a simplified EGR with only N2 was 

used; CO2, H2O were neglected because they have a much slower burning velocity than 

NO2. The addiction of EGR makes the charge less reactive and during the combustion it 

will be reached lower pressure, temperature and a lower flame propagation. That is 

happened because the laminar flame speed is related to EGR with an exponential 

correlation and, with high level of dilution, the curves tend to converge at the same point. 

 

• Methane (CH4) (Figure 35); 

 

Figure 35: Comparison results of LOGE mechanism and of Flame Speed generator for methane in 
function of EGR @ p=1,15,30bar, phi=1 and T=800K 

 

 

• Ethane (C2H6) (Figure 36 in Appendix); 

 

• Propane (C3H8) (Figure 37 in Appendix); 
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• Iso-Butane (I-C4H10) (Figure 38); 

 

Figure 38: Comparison results of LOGE mechanism and of Flame Speed generator for iso-butane in 
function of EGR @ p=1,15,30bar, phi=1 and T=800K 

• Hydrogen (H2) (Figure 39); 

 

Figure 39: Comparison results of LOGE mechanism and of Flame Speed generator for hydrogen in 
function of EGR @ p=1,15,30bar, phi=1 and T=800K 
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5.3. Blends 
 

Once the comparison between pure fuels has been made, it is possible to make the same 

also for the blends that we want to study: 

- NG: 94,4% CH4 + 4,7% C2H6 + 0,9% C3H8 

- HCNG15: 85% CH4 + 15% H2 

- HCNG25: 75% CH4 + 25% H2 

- 8713: 87% CH4 + 13% C2H6 

- Mix I-C4H10: 94,2% CH4 + 4,7% C2H6 + 0,82% I-C4H10 

In this case, the results obtained will also be compared with the results obtained at the 

Polytechnic of Turin thanks to the aid of DARS and the first for blends were obtained with 

GRI mechanism v3.0 and the last one with USC_II mechanism. 

5.3.1. Laminar Flame speed vs Temperature 
 

In the following figures (40, 41, 42, 43, 44) the trends of the flame speed as a function of 

temperature are shown: 

• NG 

 

Figure 40: Comparison results of LOGE mechanism, of Flame Speed generator and of Polytechnic for NG 
in function of Temperature @ p=1bar,15bar,30bar EGR=0% and phi=1 
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• HCNG15 

 

Figure 41: Comparison results of LOGE, of Flame Speed generator and of Polytechnic for HCNG15 in 
function of Temperature @ p=1bar,10bar,30bar EGR=0% and phi=1 

• HCNG25 

 

Figure 42: Comparison results of LOGE mechanism, of Flame Speed generator and of Polytechnic for 
HCNG25 in function of Temperature @ p=1bar,10bar,30bar EGR=0% and phi=1 
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• 8713 

 

Figure 43: Comparison results of LOGE mechanism, of Flame Speed generator and of Polytechnic for 
8713 in function of Temperature @ p=1bar,15bar,30bar EGR=0% and phi=1 

• Mix I-C4H10 

 

Figure 44: Comparison results of LOGE mechanism, of Flame Speed generator and of Polytechnic for Mix 
I-C4H10 in function of Temperature @ p=1bar,15bar,30bar EGR=0% and phi=1 
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5.3.2. Laminar Flame speed vs Equivalence Ratio 
 

In the following figures (45, 46, 47, 48, 49) the trends of the flame speed as a function of 

Equivalence Ratio are shown: 

 

 

 

• NG 

 

Figure 45: Comparison results of LOGE mechanism, of Flame Speed generator and of Polytechnic for NG 
in function of Equivalence Ratio @ p=1bar,15bar,30bar EGR=0% and T=800K 
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• HCNG15 

 

Figure 46: Comparison results of LOGE mechanism, of Flame Speed generator and of Polytechnic for 
HCNG15 in function of Equivalence Ratio @ p=1bar,10bar,30bar EGR=0% and T=800K 

• HCNG25 

 

Figure 47: Comparison results of LOGE mechanism, of Flame Speed generator and of Polytechnic for 
HCNG25 in function of Equivalence Ratio @ p=1bar,10bar,30bar EGR=0% and T=800K 
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• 8713 

 

Figure 48: Comparison results of LOGE mechanism, of Flame Speed generator and of Polytechnic for 
8713 in function of Equivalence Ratio @ p=1bar,15bar,30bar EGR=0% and T=800K 

• Mix I-C4H10 

 

Figure 49: Comparison results of LOGE mechanism, of Flame Speed generator and of Polytechnic for Mix 
I-C4H10 in function of Equivalence Ratio @ p=1bar,15bar,30bar EGR=0% and T=800K 
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5.3.3. Laminar Flame speed vs Pressure 
 

In the following figures (50, 51, 52, 53, 54) the trends of the flame speed as a function of 

Pressure are shown: 

 

• NG 

 

Figure 40: Comparison results of LOGE mechanism, of Flame Speed generator and of Polytechnic for NG 
in function of Pressure @ phi=1,0.8,1.4 EGR=0% and T=800K 
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• HCNG15 

 

Figure 51: Comparison results of LOGE mechanism, of Flame Speed generator and of Polytechnic for 
HCNG15 in function of Pressure @ phi=1,0.8,1.3 EGR=0% and T=800K 

• HCNG25 

 

Figure 52: Comparison results of LOGE mechanism, of Flame Speed generator and of Polytechnic for 
HCNG25 in function of Pressure @ phi=1,0.8,1.3 EGR=0% and T=800K 
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• 8713 

 

Figure 53: Comparison results of LOGE mechanism and of Flame Speed generator for 8713 in function of 
Pressure @ phi=1,0.8,1.4 EGR=0% and T=800K 

• Mix I-C4H10 

 

Figure 54: Comparison results of LOGE mechanism, of Flame Speed generator and of Polytechnic for Mix 
I-C4H10 in function of Pressure @ phi=1,0.8,1.4 EGR=0% and T=800K 
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5.3.4. Laminar Flame speed vs EGR 

In the following figures (55, 56, 57, 58, 59) the trends of the flame speed as a function of 

EGR are shown: 

 

• NG 

 

Figure 55: Comparison results of LOGE mechanism, of Flame Speed generator and of Polytechnic for NG 
in function of EGR @ p=1,15,30bar, phi=1 and T=800K 
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• HCNG15 

 

Figure 56: Comparison results of LOGE mechanism, of Flame Speed generator and of Polytechnic for 
HCNG15 in function of EGR @ p=1,10,30bar, phi=1 and T=800K 

• HCNG25 

 

Figure 55: Comparison results of LOGE mechanism, of Flame Speed generator and of Polytechnic for 
HCNG25 in function of EGR @ p=1,10,30bar, phi=1 and T=800K 
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• 8713 

 

Figure 56: Comparison results of LOGE mechanism, of Flame Speed generator and of Polytechnic for 
8713 in function of EGR @ p=1,15,30bar, phi=1 and T=800K 

• Mix I-C4H10 
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From the results obtained it is clear that, as regards the results obtained with 

LOGEresearch and with DARS, they are very close for each blend and for each condition 

studied. While, regarding the results obtained with Flame Speed Generator Tool, they are 

close to the other results only for blends that don’t contain hydrogen and with a null 

dilution; the reason why the results obtained with Flame Speed Generator Tool with the 

blends with hydrogen don’t fit with results obtained with LOGEresearch and DARS is 

because the linear mixing of pure component used in this tool is not appropriate for 

blends with hydrogen  which behaves different from other components. As regard the 

results obtained with Flame Speed Generator Tool with EGR, the results are different 

because the EGR is a linear fit based on laminar flame speed calculations with a detailed 

mechanism.  
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6. CFD Analysis 

6.1. Model 

The simulations have been made on a 1.4 liter compressed engine, with a pent-roof 

chamber, four valves per cylinder and a centrally located spark plug. The engine main 

specifications are listed in Table 5, while in Figure 60 and Figure 61 two views of the 

simulated engine are shown: 

Stroke 84.0 mm 

Bore 72.0 mm 

Displacement 1367 cm3 

Compression Ratio 9.8 

Cylinder number 4 

Type Spark Ignition 

n 2000 rpm 

Table 5: Test engine characteristics 

 

Figure 60 and 61: Front and upper views of the engine model 
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6.1.1. Features and setup 
 

The combustion model used in this setup is the ECFM model, mentioned in chapter 6.3. 

and the Turbulence model is the RNG k-ε model, mentioned in chapter 6.2. Concerning 

to the setup of the Polytechnic of Turin, the fuel used is pure methane (CH4) and its Flame 

Table was generated by DARS with GRI mechanism. In the next table (Table 6) the 

boundaries are indicated: 

 Range Steps 

Temperature 300 ÷ 1600K  100 K 

Pressure 1 ÷ 200 bar Variable 

Equivalence Ratio 0 ÷ 5 0.1 

EGR 0-100% 10% 

Table 6: Boundaries considered in DARS 

 

6.1.2. Results 
 

Here the results obtained with Converge are shown (Figure 62,63,64,65): 

• Pressure [bar] (Figure 62): 

 

Figure 62: Profile of pressure obtained for pure methane from the Polytechnic of Turin 
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• Heat Release Rate [J/°CA] (Figure 63): 

 

Figure 63: Profile of Heat Release Rate obtained for pure methane from the Polytechnic of Turin 

The reason why there is no heat release in the unburned zone, is it because the reaction 

scheme used is without low-temperature chemistry. This means that the reaction is 

underestimating the auto-ignition tendency of the fuels, which is good to study the flame 

speed and avoid additional combustion due to auto-ignition in the unburned zone. 
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• Mass Fraction Burned (Figure 64): 

 

 

Figure 65: Profile of MFB obtained for pure methane from the Polytechnic of Turin 

• Integrated Heat Release [J] (Figure 66): 

 

Figure 66: Profile of Integrated Heat Release obtained for pure methane from the Polytechnic of Turin 
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The x axis the Crank Angle starts from 3060°CA because it was considered the 11th cycle 

and the results are plotted from 300°CA because we are not interested in the results 

before that crank angle. The spark advance (SA) chosen for this case was equal to 26° 

BTDC, that corresponds to a Crank Angle of 3578° CA. 

 

 

 

 

 

6.2. Results obtained for Blends 
 

6.2.1. Without calibration 
 

Here below are shown all the results obtained for the five blends introduced in chapter 

7.3. These results were obtained first without the calibration of the Spark Advance and 

they were compared to the results shown in chapter 8.1 for pure Methane (black line). 

 

Figure 67: Profile of pressure obtained for blends without SA calibration, compared to the pressure of 
pure Methane 



72 
 

 

Figure 67: Profile of MFB obtained for blends without SA calibration, compared to the MFB of pure 
Methane 

 

 

Figure 68: Profile of HRR obtained for blends without SA calibration, compared to the HRR of pure 
Methane 



73 
 

 

Figure70: Profile of Integrated HRR obtained for blends without SA calibration, compared to the 
Integrated HRR of pure Methane 

 

Figure 71: Profile of flame speed obtained for blends without SA calibration, compared to the flame 
speed of pure Methane 
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In the following table (Table 7) are shown the values of Spark Advance, Crank Angle where 

MFB50 is reached (CA50), the maximum pressure reached and its Crank Angle. 

 

FUEL SA [°CA BTDC] CA50 Pmax [bar] CA_Pmax |ΔCA50|

CH4 (Ref. Fuel) 26 3614.52 31.32 3618.60

HCNG15 FPF 26 3614.14 31.11 3618.22 0.38

HCNG15 FSG 26 3605.11 43.00 3612.07 9.41

HCNG25 FPF 26 3611.38 35.14 3617.02 3.14

HCNG25 FSG 26 3600.31 49.63 3607.99 14.21

NG FPF 26 3610.73 34.39 3615.77 3.79

NG FSG 26 3614.09 30.74 3617.81 0.42

8713 FPF 26 3611.87 32.76 3616.07 2.64

8713 FSG 26 3611.67 33.29 3616.47 2.85

MIX FPF 26 3613.46 31.38 3617.42 1.06

MIX FSG 26 3610.67 34.34 3615.83 3.84  

Table 7: Main results obtained from CFD simulations without calibration 

 

 

The last column of Table 7 “|ΔCA50|” corresponds to the absolute value of the difference 

between the Crank Angle where the MFB50 is reached for methane and the one for the 

blend. It was decided that if this value exceeds the inferior and superior thresholds of 

±0.5 Crank Angle, it is necessary to perform a calibration of the Spark Advance. This is 

shown in the following bar chart (Figure 72). For simplicity, it was chosen 3600 °CA as 0 

°CA. 
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Figure 72: Value of MFB50 for each blend without calibration 

 

From this bar plot, we note that only two blends don’t need to be calibrated, HCNG15 

FPF and NG FSG. While, as regards the other blends, these require a Spark Advance 

calibration. 
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6.2.2. Calibration 
 

As shown in the previous figure (Figure 71), to guarantee a reasonable ΔCA50, eight of 

the ten blends, need to be calibrated. 

After several tries, the results obtained from the calibration are shown in in the following 

plots (Figure 73,74,75,76,77) 

 

 

 

Figure 73: Profile of pressure obtained for blends with SA calibration, compared to the pressure of pure 
Methane 
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Figure 74: Profile of MFB obtained for blends with SA calibration, compared to the MFB of pure Methane 

 

 

Figure 75: Profile of HRR obtained for blends with SA calibration, compared to the HRR of pure Methane 
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Figure 76: Profile of Integrated HRR obtained for blends with SA calibration, compared to the Integrated 
HRR of pure Methane 

 

Figure 77: Profile of flame speed obtained for blends with SA calibration, compared to the flame speed of 
pure Methane 

In this new table (Table 8) are shown the new values of Spark Advance chosen for the 

calibration and the new values of CA50, Pmax and its Crank Angle.  
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FUEL SA [°CA BTDC] CA50 Pmax [bar] CA_Pmax |ΔCA50|

CH4 (Ref. Fuel) 26 3614.52 31.32 3618.60

HCNG15 FPF 26 3614.14 31.11 3618.22 0.38

HCNG15 FSG 12 3614.47 32.43 3619.75 0.05

HCNG25 FPF 22 3614.38 31.69 3619.30 0.14

HCNG25 FSG 6.8 3615.07 33.37 3620.59 0.55

NG FPF 21 3614.21 30.85 3618.17 0.31

NG FSG 26 3614.09 30.74 3617.81 0.43

8713 FPF 23 3614.51 30.31 3617.75 0.00

8713 FSG 23 3614.31 30.70 3618.27 0.21

MIX FPF 22 3614.03 30.87 3618.11 0.48

MIX FSG 25 3614.30 30.53 3617.90 0.22  

Table 8: Main results obtained from CFD simulations with calibration 

 

 

 

 

the bar chart in Figure 78 shows that the MFB50 are contained within the chosen 

thresholds: 

 

 

Figure 78: Value of MFB50 for each blend with calibration 

The only exception was made for the blend HCNG15 FSG because that value of ΔCA50 

was the best obtained from all the tries of calibration. 
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7. SI – SRM Analysis 
 

As said in Chapter 6, the reason why we want to compare the results of SRM with the 

results of CONVERGE is because the first one has a lower computational cost compared 

to the one of CONVERGE. SRM models are run in stand-alone mode with Essa.exe that is 

an executable of LOGEengine. To set the simulation SRM needs several inputs, the most 

important are IgnUserSet that contains information about engine data (stroke, bore, CR, 

rpm), reactor model and run time option and GasComposition that contains the initial gas 

mixture and the initial pressure and temperature. All these data are taken from 3D CFD 

simulation output. Moreover, it is necessary to make a parametrization of the mixing time 

[56] (τ, which is a measure of mixing or turbulence intensity) for the SI-SRM (τSRM); ideally, 

the turbulence mixing time can be taken from 3D CFD calculations τCFD  (k/ε ratio); that is 

possible considering 𝐶𝜙  (64):  

𝜏𝑆𝑅𝑀 = 𝐶𝜙𝜏𝐶𝐹𝐷   (64) 

In the next graphs are shown the results obtained for pure methane compared to CFD 

results from Polito (79, 80) and the results obtained for NG (81, 82). All the results 

obtained for other blends are shown in the Appendix ( 83, 84, 85, 86, 87, 88, 89, 90). 

 

 Figure 79: Pressure, Heat Release Rate, Integrated HR and mixing time obtained for both CFD and SRM for pure 
methane (Polito case) 



81 
 

 

Figure 80: CO, CO2 and HC emissions obtained for both CFD and SRM for pure methane (Polito case) 
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Figure 81: Pressure, Heat Release Rate, Integrated HR and mixing time obtained for both CFD and SRM 
for NG 
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Figure 82: CO, CO2 and HC emissions obtained for both CFD and SRM for NG 

 

In the next table (Table 9) are shown the values of Spark Advance and 𝐶𝜙 used in SRM 

simulations for each blend: 

 SA [°CA BTDC] 𝑪𝝓 [-] 

CH4 polito 7.5 6.1 

NG 9 6.1 

HCNG15 6 6.1 

HCNG25 5.5 5.6 

8713 8.5 6.5 

MIX 9 6.5 
Table 9: SA and tau factor used in SI SRM simulations 
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8. CONCLUSIONS 
 

The aim of this work was to compare different methodologies to create laminar flame 

speed tables of varying blends. Two different kinetic mechanisms have been used, GRI 

and LOGE mechanisms; the second one is more complex than the first one and contains 

a higher number of reactions. Moreover, two different methods are used; the first one 

creates the surrogate first and then calculates its flame speed table, the second method 

consists in creating first the flame speed table for each pure fuel and uses linear mixing 

in order to obtain the flame speed table for a surrogate. Both methods use LOGE 

mechanism. The two methods were compared because the second one has a significantly 

lower computational cost than the first. Then, to understand the behaviour of these 

blends, the generated and validated flame speed tables are applied to 3D CFD engine 

simulations for further validations. The cases have been calibrated for each blend, to the 

same MFB50 of the reference case (Chapter 6). In a last step, additional investigations 

have been made with the help of 0D SRM engine simulation for each blend and their 

results were compared with the results obtained with the 3D CFD simulations. 

 A validation of the kinetic mechanism has been carried out for each pure fuel present in 

the blends (Chapter 4). After the validation, the predicted laminar flame speeds have 

been compared at different conditions: standard engine conditions, lean, rich and diluted 

combustion. The results obtained in Chapter 5 show that for all blends that don’t contain 

hydrogen, the flame speeds obtained are very close to each other. However, for the result 

obtained with blends that contain hydrogen, only flame speeds obtained with the first 

method are close to the results obtained with GRI mechanism. The flame speed obtained 

with the second method have a different trend because the linear mixing used in this tool 

is appropriate for blends that don’t contain hydrogen. This problem occurs because 

hydrogen has a different behaviour from other fuels. The same was found in mixtures 

containing EGR, because the EGR is a linear fit based on laminar flame speed calculations 

with a detailed mechanism. However, two different version of the same reaction schemes 

have been used for the different methods.  
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The results obtained from 3D CFD simulations show that, as discussed before, blends 

containing hydrogen obtained with the second method show a different behaviour from 

all other blends both before and after calibration. 

The results obtained from 0D SRM simulations show that, with appropriate calibrations 

of coefficients, the results are close to those obtained with 3D CFD simulations. 

In future work, an investigation of the impact of discretization of the table on the 

combustion prediction, should be carried out. Also, a more accurate study of flame speed 

tables obtained with the second method should be done for blends with addiction of 

hydrogen or EGR, to try to reduce the gap with the first method. Furthermore, also a 

better calibration of parameters of SRM setup should be done in order to try to obtain 

results closer to those obtained with 3D CFD simulation and to make a more accurate 

study also at different engine conditions.  
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APPENDIX 
 

 

Figure 21: Comparison results of LOGE mechanism and of Flame Speed generator for ethane in function 
of Temperature @ p=1bar,15bar,30bar EGR=0% and phi=1 

 

Figure 26: Comparison results of LOGE mechanism and of Flame Speed generator for ethane in function 
of Equivalence Ratio @ p=1bar,15bar,30bar EGR=0% and T=800K 
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Figure 91: Comparison results of LOGE mechanism and of Flame Speed generator for ethane in function 
of Pressure @ phi=1,0.8,1.4, EGR=0% and T=800K 

 

Figure 36: Comparison results of LOGE mechanism and of Flame Speed generator for ethane in function 
of EGR @ p=1,15,30, phi=1 and T=800K 
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Figure 22: Comparison results of LOGE mechanism and of Flame Speed generator for propane in function 
of Temperature @ p=1bar,15bar,30bar EGR=0% and phi=1 

 

 

Figure 27: Comparison results of LOGE mechanism and of Flame Speed generator for propane in function 
of Equivalence Ratio @ p=1bar,15bar,30bar EGR=0% and T=800K 
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Figure 32: Comparison results of LOGE mechanism and of Flame Speed generator for propane in function 
of Pressure @ phi=1,0.8,1.4, EGR=0% and T=800K 

 

Figure 37: Comparison results of LOGE mechanism and of Flame Speed generator for propane in function 
of EGR @ p=1,15,30bar, phi=1 and T=800K 
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Figure 84: CO, CO2 and HC emissions obtained for both CFD and SRM for HCNG15 
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Figure 83: Pressure, Heat Release Rate, Integrated HR and mixing time obtained for both CFD and SRM for HCNG15 
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Figure 85: Pressure, Heat Release Rate, Integrated HR and mixing time obtained for both CFD and SRM 
for 8713 

 

 

Figure 86: CO, CO2 and HC emissions obtained for both CFD and SRM for 8713 
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Figure 87: Pressure, Heat Release Rate, Integrated HR and mixing time obtained for both CFD and SRM 
for MIX 

 

 

Figure 88: CO, CO2 and HC emissions obtained for both CFD and SRM for MIX 
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 Figure 89: Pressure, Heat Release Rate, Integrated HR and mixing time obtained for both CFD 
and SRM for HCNG25 

 

Figure 90: CO, CO2 and HC emissions obtained for both CFD and SRM for HCNG25  
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