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ABSTRACT 

Numerical modelling can play an important role in the development of any combustion 
concept. Developing novel combustion is vital to the improvement of the field of combustion. 
The current work bridges the gap between the state of the art flamelet generated manifold 
(FGM) combustion modelling method and simulation of the dual fuel reactivity controlled 
compression ignition engine concept. The FGM method has been developed for modelling a 
wide range of ignition problems but largely for the single fuel case. The current work is one 
of the initial works studying the application of the FGM method for modelling the dual fuel 
case. The FGM method for dual fuel case is first studied and validated in a 1D setup with a 
counterflow diffusion flow. In the process of validation, a parametric study is undertaken to 
study the effect of certain FGM parameters on the results. 

The FGM method was later applied to a dual fuel in 3D in conjunction with large eddy 
simulation (LES). The 3D case is adapted from the ECN spray A case, where all the parameters 
are the same as the original case except the oxidizer composition. The ECN spray A case has 
a constant volume cylindrical geometry which simplifies the case compared to an engine case. 
The results obtained for the FGM LES were compared to a reference simulation done by 
another group. The reference simulations were done using finite rate chemistry along with 
LES. It is observed that the two results match well for certain maximum scalars. Finally, a 
parametric study was undertaken to investigate the influence of certain FGM parameters on 
the FGM LES results. To affirm the accuracy the FGM method must be applied to different 
dual fuel case(s) where more experimental and numerical results are available to validate the 
results. But the main conclusion from the work is that the FGM method can be used for the 
dual fuel case. 
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1 INTRODUCTION 

1.1 IS THERE ENOUGH MOTIVATION TO WORK IN COMBUSTION? 
Internal combustion engine vehicles (ICEV) or Electric Vehicles (EVs) which is the one would you like 

to choose? You may be regarded as the environment friendly person only if you choose the latter and 
with that, an IC-engine is demonized. This demonization may not be necessarily true as is argued by 
many scientists for example on social media or mobility discussions. To understand the widespread 
notion especially among the masses let us construct a scenario. Imagine 2 cars standing at a traffic 
light one being ICEV and the other being an electric vehicle. Behind the 2 cars is an observer who has 
recently learned about climate change. What the observer behind sees is that the ICEV has greenhouse 
gases (GHGs) coming out of its tailpipe and but no emissions out of the EV. Further, if the observer 
makes an easy conclusion from that very observation without any further thought then it is natural 
for the observer to conclude that the EVs are the world saviour and we should get rid of the ICEVs. 
Although, it is good to have lower tailpipe emissions it is important to realize that there is a lot more 
to consider other than tailpipe emissions to reduce the impact a vehicle has on the environment. 
Therefore, an all-inclusive assessment is essential. 

The factors that can be compared to assess the impact of the vehicle on the environment include the 
energy use and emission for the production, in use and end of life impact. To study the stated aspects 
a life cycle assessment (LCA) on a cradle to grave basis can be undertaken. Such a study helps 
understand the actual impact the vehicle be it ICEV and battery electric vehicle (BEV) or in general any 
technology has on the environment. A comparative life cycle analysis of ICEV  and BEV was carried out 
by Pero et al. [1] comparing the performance on various impact categories. The analysis involved a 
cradle to grave approach which includes impact during production, in use and end of life impact. 
According to the study, over the life of the vehicle, the ICEV performs better for all the impact factors 
except for climate change, which is associated with GHG emission. Focusing on the climate change 
impact, the BEV still performs worse compared to the ICEV when considering the first stage of life, i.e. 
the production stage. A similar conclusion has also been reported for light vehicles in reference [2] 
and by Tagliaferri et al [3] wherein they identified battery production as the hotspot for emissions. 

In spite of the poor emission performance in the production phase, the BEV may compensate for it 
with lower emissions during the usage of the vehicle. Subject to the electricity grid mix, a BEV may or 
may not be able to catch up on the net emission performance. With a cleaner electricity mix as the 
net emission gap between the ICEV and BEV closes up, there is a breakeven point where both have 
equal net emissions. Pero et al. considered 3 electricity grid mixes to calculate the climate change 
impact during the use phase. A European grid mix yields breakeven after a use 45000km, for an even 
cleaner grid breakeven is achieved after 30000 km of use and for a less clean grid mix of Poland does 
not yield breakeven at all [1]. The impact of electricity grid mix on emission associated with EV for a 
number of European countries is studied by Casals et al. [4]. The authors conclude that the electricity 
grid mix in certain countries have a higher share of electricity produced from renewable energy and 
therefore the use of EVs in such country leads to a reduction in GHGs compared to ICEVs. On the 
contrary, in some other countries where electricity is primarily dependent on fossil fuels, the BEVs 
have a higher GHG emission compared to ICEVs during the use phase.  

The previous discussion is aimed to elucidate the fact that EVs are not the only solution to the problem 
of climate change, but are a part of it. And it is not the end of the internal combustion engine as is also 
concluded by Kahlghatgi [5]. If we have a look at the speculated number of cars in the future then 
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according to the BP’s annual energy outlook 2019 [6], considering the evolving transition scenario 
(which assumes that things evolve as they have evolved in the recent past), the number of passenger 
vehicles is projected to go to 2 billion of which 300 million are EVs by 2040. The numbers have not 
changed significantly compared to the 2018 outlook [7]. Another outlook from the U.S. energy 
information administration (EIA) 2019 [8] models that about 70% of the vehicles sold in the year 2050 
will be combustion vehicles for the reference case. A graph showing the past numbers and the 
projections is shown in Figure 1. The projections made in the year 2018 had modelled the value as 
80%. 

Therefore, it is reasonable to conclude that the internal combustion engine will be around in the 
foreseeable future unless there is an absolute ban which is quite uncertain to predict yet. Hence, this 
is seen as enough motivation to continue work in the field of engine combustion. The motivation is to 
improve the combustion engine to not only meet the stringent emission norms but also have a lesser 
impact on the climate. Through the years different combustion concepts have been developed like 
the homogeneous charge compression ignition (HCCI), premixed charge compression ignition (PCCI), 
modulated kinetics (MK) concept, spark assisted compression ignition (SACI), spark controlled 
compression ignition (SPCCI) and reactivity controlled compression ignition (RCCI). Each concept has 
its own advantages and limitations due to which not all find their way through the practical 
application. The concept of RCCI is studied in this thesis due to high lab scale efficiencies of 59% that 
have been obtained in conjunction with low emissions albeit with certain modifications [9, 10]. 

  
Figure 1 Light Duty vehicle sales projections by EIA [8] Figure 2 Basic working principle of RCCI [11] 

1.2 REACTIVITY CONTROLLED COMPRESSION IGNITION 
The reactivity of a fuel or combustion mixture may be defined as the readiness of the fuel to react. 
The RCCI engine works on the 4 stroke engine and the basic working may be explained with the help 
of Figure 2. During the first stroke i.e. the intake stroke a low reactivity fuel is mixed with the oxidizer 
charge similar to a conventional spark ignition (SI) engine. This creates a premixed charge of air and 
low reactivity fuel in the chamber. In the second stroke, the premixed charge is then compressed 
resulting in high pressure and temperature. After compression, the high reactivity fuel is directly 
injected into the cylinder similar to a compression ignition (CI) engine. This is also the 3rd stroke where 
combustion occurs followed by the exhaust stroke. For an RCCI engine, the direct injection of Diesel 
may happen earlier compared to a normal CI engine. The relative quantities of the fuel along with the 
injection timing determine the net reactivity of the mixture [12, 13] and thus the name reactivity 
controlled. The control of reactivity leads to better control of combustion and improves performance. 
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The concept of RCCI is an improvement based on works on previous concepts by Bessonette et al. [14] 
and Inagaki et al. [15]. The derived conclusion from the stated previous works was that different fuel 
blends would be required at different engine operating conditions [12]. The concept of RCCI after 
being developed in its form by the Wisconsin group [9, 10, 12, 13] has also been studied by various 
others, a few of them are references [16, 17, 18, 19, 20]  

1.3 COMBUSTION SIMULATION 
Experiments play an important role while developing new technology. But this may be generally aided 
with 3D modelling and numerical simulation. Numerical simulations provide a powerful tool in the 
development process and help in improving the design. This is also true with respect to combustion 
research. In the initial stages of RCCI development, Kokjohn et al [12] used numerical simulation during 
the development phase before performing engine experiments. Further, with the help of combustion 
simulation, it is possible to gain fundamental insights into combustion behaviour. Numerical 
simulations also help to reduce the number of experiments performed to obtain the performance over 
a number of parameters for example equivalence ratio, intake temperature etc. Over and above that, 
simulation tools are even more handy for extreme conditions like low equivalence ratios where 
incomplete combustion can occur. Therefore, improvement of combustion simulation is important 
and is addressed in the thesis. 

1.4 LARGE EDDY SIMULATION 
Performing numerical simulation for combustion involves solving a set of differential equations for 
flow, species, equation of state and equations for calculating the species source term. The flow 
behaviour may either be laminar or turbulent, which is characterized by the Reynolds number. The 
combustion inside the engine is turbulent due to the high Reynolds numbers. This turbulent 
combustion can be solved at varying levels of detail. The most detailed method is direct numerical 
simulation (DNS) wherein the equations are solved to the smallest detail, followed by large eddy 
simulation (LES) wherein the larger details are solved whereas the smaller details are mathematically 
modelled. After DNS and LES, the method where only the average quantities are computed is the 
Reynolds averaged Navier Stokes (RANS) method. As a direct consequence of the amount of detail 
resolved the computational expense is maximum for DNS followed by LES and RANS. To be able to 
resolve the fine details a DNS necessitates the use of fine grid size and is limited to simplified 
geometries and low Reynolds number. Whereas RANS although computationally least expensive 
provides only time averaged data. On the contrary, LES is the intermediate tool which can be applied 
to engine cases and also provides instantaneous data. However, it should be noted that LES requires 
modelling of the smaller scale details and is still computationally expensive. An overview of the 3 
methods can be found in various CFD and numerical combustion books and the above was partly 
followed by the book by Poinsot and Veynante [21] 

1.5 FLAMELET GENERATED MANIFOLD AND APPLICATION 
To reduce the computational expense for combustion simulations, chemistry reduction techniques 
can be used. These techniques have the possibility to maintain the result accuracy with less 
computation expense. One of the chemistry reduction methods is the flamelet generated manifold 
(FGM) [22]. The FGM method combines the advantages of the flamelet concept developed by Peters 
[23] and the intrinsic low dimensional manifold (ILDM) concept developed by Mass and Pope [24]. The 
FGM method is almost similar to the flame prolongation of the ILDM method developed by Gicquel et 
al. [25]. The FGM method is state of the art and has been applied for different combustion setups like 
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premixed flames [22, 26], non-premixed flames [27, 28], partially premixed cases [29], engine and 
spray cases [30, 31, 32] etc. But for all the cases the common thing is that they are all single fuel cases. 
But the current case is a dual fuel case wherein there is fuel in the oxidizer in addition to injected fuel. 
The FGM method has been applied for the study of the dual fuel case only in the work by Seddik et al. 
[33] in on a different case using RANS. The current work, to the authors best knowledge, is the first 
work on the application of the FGM method for simulation of a dual fuel case using LES. 

A preliminary 1D study on the application of the FGM method for a dual fuel case was done by Thakker 
[34]. The study aimed at validating the use of FGM method in a 1D setup. In the study, it was observed 
that the results obtained using the FGM method were not satisfactory. To improve the performance 
of the FGM method modifications of certain FGM parameters were recommended. The solution of 
the observed problems and thus the validation of the FGM method in 1D would pave way for its 
application in 3D. 

1.6 OBJECTIVES AND RESEARCH QUESTIONS 
The individual pieces of the work have been discussed which include modelling combustion, the FGM 
method and dual fuel RCCI. The primary objective of the current work is followed by the associated 
research question 

• To apply the FGM method to model dual fuel combustion in 3D using LES. 
• How do the results compare with the results of a reference simulation obtained without 

the FGM reduction method obtained from reference [35]? 

In order to reach the above goals it essential to take smaller steps and therefore the first step objective  
• Validate the FGM results for dual fuel in a 1D setup 

To reach the above objective the recommendations listed in the preliminary study by Thakker [34] will 
be addressed. Further, certain FGM parameters may or may not play an important role in the results 
obtained using the FGM method and therefore the question 

• What is the effect of certain FGM parameters on the FGM results? Do they cause a 
significant change in the results? If yes, positively or adversely? 

It may be expected that 1D study must yield acceptable results to determine the various FGM 
parameters for use in LES simulation. Finally, the parameters are used for the FGM LES simulation and 
results are compared to the reference simulation. Further, in order to gain insights into the application 
of the FGM method for the dual fuel case, the following research question is defined 

• Do the FGM parameters, studied in the 1D case, effect the FGM LES results in the same 
manner as observed in the 1D study? 

This would finally give useful insights on the application of the FGM method using LES for a dual fuel 
case which can be later extended to the study of RCCI. 
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2 CONSERVATION EQUATIONS FOR REACTING FLOW 
Combustion simulation involves solving conservation equations which are a mathematical description 
of the physical problem. In the current work, dual fuel combustion was initially studied in a quasi 1D 
setup. This main aim was to apply and validate the FGM method for a simplified 1D case and minimize 
the complexity. Subsequently, a more complex 3D case was studied. The current chapter outlines the 
underlying theory and equation for the 1D setup. 

2.1 COMBUSTION IN 1D FLAME 
Combustion can either be premixed when the fuel and the oxidizer are mixed before the combustion, 
nonpremixed when the fuel and oxidizer are not mixed and partially premixed when it is in middle 
grounds. In a dual fuel RCCI engine, the low reactivity fuel is premixed with the oxidizer whereas the 
high reactivity fuel is injected in the combustion chamber. In order to have the underlying physics of 
the 1D case close to the RCCI case, a Counterflow Diffusion (CD) flame setup is used. A schematic of a 
CD flame is shown in Figure 3. In the setup, the low reactivity fuel is premixed with the air stream on 
the left. The high reactivity fuel flows towards the air stream and vice versa. This may be compared to 
the injection phenomenon where the fuel flows into the air. 

 

Figure 3 Schematic of Counterflow Diffusion Flame 

2.1.1 The conservation equations for 1D CD flame 
The equations ( 2.1 )-( 2.4 ) are the conservation equations for an igniting CD flame written as in 
reference [28, 29]. These equations correspond to the conservation of mass, enthalpy (energy), 
species and momentum respectively. 

 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+
𝜕𝜕(𝜕𝜕𝜌𝜌)
𝜕𝜕𝜕𝜕

= −𝜕𝜕𝜌𝜌 where 𝜌𝜌 =
𝑣𝑣
𝑦𝑦

 ( 2.1 ) 

 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+
𝜕𝜕𝜕𝜕𝜌𝜌ℎ
𝜕𝜕𝜕𝜕

=  
𝜕𝜕
𝜕𝜕𝜕𝜕

 �
𝜆𝜆
𝐶𝐶𝑝𝑝
𝜕𝜕ℎ
𝜕𝜕𝜕𝜕
�− 𝜕𝜕𝜌𝜌ℎ ( 2.2 ) 

 𝜕𝜕𝜕𝜕𝑌𝑌𝑖𝑖
𝜕𝜕𝜕𝜕

+
𝜕𝜕𝜕𝜕𝜌𝜌𝑌𝑌𝑖𝑖
𝜕𝜕𝜕𝜕

=  
𝜕𝜕
𝜕𝜕𝜕𝜕

�𝜕𝜕𝜌𝜌
𝜕𝜕𝑌𝑌𝑖𝑖
𝜕𝜕𝜕𝜕
� + �̇�𝜔𝑖𝑖 −  𝜕𝜕𝜌𝜌𝑌𝑌𝑖𝑖  i ϵ [1, Ns-1] ( 2.3 ) 

 𝜕𝜕𝜕𝜕𝜌𝜌
𝜕𝜕𝜕𝜕

+ 𝜕𝜕𝜌𝜌
𝜕𝜕𝜌𝜌
𝜕𝜕𝜕𝜕

=  
𝜕𝜕
𝜕𝜕𝜕𝜕

�𝜇𝜇
𝜕𝜕𝜌𝜌
𝜕𝜕𝜕𝜕
�+ 𝜕𝜕𝑜𝑜𝑜𝑜𝑎𝑎2 −  𝜕𝜕𝜌𝜌2 ( 2.4 ) 
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ρ bulk density u bulk velocity t time 

h Enthalpy Cp Specific Heat at constant P Yi Mass Fraction 

�̇�𝜔𝑖𝑖  Chemical source term µ Dynamic Viscosity Ns Number of species 

λ  Conductivity of the gas Di Diffusion coefficient for species i  

K Strain rate a Applied Strain  

The above equations are for a simplified form wherein the thermal diffusivity is assumed equal to the 
mass diffusivity for all ith species. These diffusivities are related by the Lewis number which is a 
dimensionless number defined as the ratio of thermal diffusivity to mass diffusivity 𝐿𝐿𝐿𝐿 = 𝜆𝜆 𝐶𝐶𝑝𝑝𝜕𝜕D⁄ . In 

the current case, it is assumed that 𝐿𝐿𝐿𝐿 = 1 and therefore 𝜆𝜆
𝐶𝐶𝑝𝑝

= 𝜕𝜕D. Further, for the given set of 

equations, the pressure is assumed to be constant throughout the domain. To close the above set of 
equations two equations of state are solved. They are the thermal equation of state and the caloric 
equation of state. The thermal equation may be approximated by the ideal gas law  

 
ℎ = �𝑌𝑌𝑖𝑖ℎ𝑖𝑖 =

𝑁𝑁𝑠𝑠

𝑖𝑖=1

�𝑌𝑌𝑖𝑖  (ℎ𝑖𝑖
𝑟𝑟𝑟𝑟𝑟𝑟

𝑁𝑁𝑠𝑠

𝑖𝑖=1

+ � 𝐶𝐶𝑝𝑝𝑖𝑖𝑑𝑑𝑇𝑇′
𝑇𝑇

𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟
) 

( 2.5 ) 

 

𝑝𝑝 = 𝜕𝜕
𝑅𝑅𝑢𝑢
𝑀𝑀
𝑇𝑇 with 𝑀𝑀 = ��

𝑌𝑌𝑖𝑖
𝑀𝑀𝑖𝑖

𝑁𝑁𝑠𝑠

𝑖𝑖=1

�

−1

 
( 2.6 ) 

Here Ru is the universal gas constant and M is the average molar mass of the gas.  

2.1.2 Implications of combustion on chemistry 

Combustion, as stated previously, is the reaction of fuel with air (oxidizer) to form products which in 
an ideal scenario for a hydrocarbon fuel are CO2 and H2O. The fuel does for example methane (CH4) is 
not directly converted into CO2 and H2O. Rather it involves the formation of a number of intermediate 
species like CH2O, OH etc. via intermediate reaction. The final end product is CO2 and H2O which is 
represented via the global reaction as CH4 + O2 → CO2 + H2O. The intermediate species and reactions 
are characterized by a reaction mechanism. Different reaction mechanisms for fuel have a different 
number of species and reactions. The mechanism can have 100s of species and 1000s of reactions. 
With every reaction, the species mass fraction changes in the domain and must be conserved. Thus, 
the species conservation equation should be solved for every species which makes Ns-1 species 
conservation equation. 

Further, every species conservation equation includes the chemical source �̇�𝜔𝑖𝑖, which is the rate of 
conversion of a species due to chemical reaction. The value of the source term �̇�𝜔𝑖𝑖  is not directly 
available but must be calculated. To understand the calculation of the source term a generalized form 
of a chemical reaction is considered  

 �𝜈𝜈𝑖𝑖𝑖𝑖′ ℳ𝑖𝑖

𝑁𝑁𝑠𝑠

𝑖𝑖=1

⇋�𝜈𝜈𝑖𝑖𝑖𝑖′′ℳ𝑖𝑖

𝑁𝑁𝑠𝑠

𝑖𝑖=1

 j ϵ [1, Nr] 

 

( 2.7 ) 



7 
 

ℳ𝑖𝑖 represents a species i involved in the reaction. 𝜈𝜈𝑖𝑖𝑖𝑖′  and 𝜈𝜈𝑖𝑖𝑖𝑖′′are the stoichiometric coefficients for 
species ℳ𝑖𝑖 at the reactant and product side respectively. Nr is the number of reaction defined by the 
reaction mechanism used. The reaction rate r for the jth is given as  

 𝑟𝑟𝑖𝑖 = 𝑘𝑘𝑟𝑟𝑖𝑖
𝑣𝑣5��

𝜕𝜕𝑌𝑌𝑖𝑖
𝑀𝑀𝑖𝑖
�
𝜈𝜈𝑖𝑖𝑗𝑗
′

𝑁𝑁𝑠𝑠

𝑙𝑙=1

− 𝑘𝑘𝑟𝑟𝑖𝑖��
𝜕𝜕𝑌𝑌𝑖𝑖
𝑀𝑀𝑖𝑖
�
𝜈𝜈𝑖𝑖𝑗𝑗
′′

𝑁𝑁𝑠𝑠

𝑙𝑙=1

 j ϵ [1, Nr] ( 2.8 ) 

The above reaction introduces a quantity kj for every jth reaction and is known as the reaction rate 
coefficient. The notations ‘f’ and ‘r’ are for forward and reverse reactions respectively. The reaction 
rate coefficient is given by  

 𝑘𝑘𝑖𝑖 = 𝛼𝛼𝑖𝑖𝑇𝑇𝛽𝛽𝑗𝑗 exp �
−𝐸𝐸𝑎𝑎𝑖𝑖
𝑅𝑅𝑢𝑢𝑇𝑇

� 
j ϵ [1, Nr] ( 2.9 ) 

αj and βj are the reaction constants and Eaj is the activation energy the values for which are obtained 
from the reaction mechanism. Finally, the species source term �̇�𝜔𝑖𝑖  can be calculated by the following 
equation 

 �̇�𝜔𝑖𝑖 = 𝑀𝑀𝑖𝑖��𝜈𝜈𝑖𝑖𝑖𝑖′′ − 𝜈𝜈𝑖𝑖𝑖𝑖′ �
𝑁𝑁𝑟𝑟

𝑖𝑖=1

𝑟𝑟𝑖𝑖 i ϵ [1, Ns] ( 2.10 ) 

A reaction mechanism defines all the above indicated parameters and there exist many different 
mechanisms for a given fuel. The selection of a reaction mechanism is subject to the fuel used, the 
computational expense and the accuracy achieved with the reaction mechanism for the specific case. 
For example, for the fuel n-dodecane, the reaction mechanism with 257 species and 1521 reactions 
from Narayanaswamy et al. [37] and the mechanism from Ranzi et al. [38] with 130 species and 2395 
reactions were compared in reference [30].In the work, the FGM method was used along with LES for 
simulations. It was observed that combustion occurred later for the Narayanaswamy mechanism 
compared to the Ranzi mechanism. Some results for the same case using the mechanism by Yao et al. 
[39] with 54 species and 269 reactions also have been reported in reference [35, 32]. The results 
reported are different compared to the previous two reaction mechanisms. This gives an idea of the 
number of species (Ns) /reactions (Nr) that are involved in a typical reaction mechanism and further 
reaction mechanism selection also has an impact on the results. 

To summarize, Ns + 5 conservation equations, 2 equation of state and 3 additional equations for source 
term �̇�𝜔𝑖𝑖  should be solved. Further, chemical time scales of different species involved have a large 
range which makes the set of equations very stiff. When all the above equations are solved then the 
solution is said to be obtained using detailed chemistry. To reduce the computational efforts chemistry 
reduction techniques may be used. 

2.2 CHEMISTRY REDUCTION USING FLAMELET GENERATED MANIFOLD METHOD 
The FGM method was developed as an enhanced combination of the flamelet concept [23] and the 
ILDM [24] concept. The flamelet concept decouples the chemical process related to combustion from 
the flow field. The basic concept of the FGM method is that the detailed chemistry equations ( 2.1 ( 
2.10 ) are solved in a 1D setup. The solution obtained is also the flamelet that is used to generate a 
tabulated database i.e. the FGM table which contains solution values of quantities like temperature, 
mass fraction etc, as a function of certain control variables. Subsequently, the FGM table is used to 
obtain a solution with reduced computational expense either for the same setup (1D case) or a larger 
geometry of a 2D, 3D case. The reduction in the computational time is of the order of 250 times in the 
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1D case which has a much smaller geometry compared to the 3D case. Thus, the idea is that the 
detailed equations must be solved once for the 1D case and the flamelets can be used to create an 
FGM database which is utilized later to reduce the computational time. The underlying theory and 
assumptions of the FGM method are complex and a discussion of the same can be found in references 
[22, 40] or other similar works using FGM method. The following section describes how the FGM 
method is implemented and which equations are solved for the 1D case. 

2.2.1 Implementation of the FGM method 
To implement the FGM method, as stated initially, the conservation equations must be solved for a 
canonical combustion configuration. In the present case, equations for an igniting CD flame ( 2.1 ( 
2.10) are solved using the code chem1d [41]. This generates the time dependent solution which are 
also the required flamelets. Each flamelet is a solution of quantities like temperature, species mass 
fraction, enthalpy etc. for the intervals of time that are stored. These flamelets are subsequently used 
to create a database as a function of n control variables. The control variables can include progress 
variable, mixture fraction, enthalpy, density etc. The selection of the number of control variables and 
which variables are selected is based on the nature of the problem, the required accuracy and 
computational time. As the number of control variables increases the accuracy increases but the 
computational expense also increases up to a point where the entire original problem is solved. The 
first control variable used is the progress variable (PV). The progress variables as the name suggests 
describes the progress of the reaction in time. This quantifies how far the reaction has reached in time 
which is essential for describing the dependent parameters like temperature, mass fraction etc. The 
progress variable is defined as a linear combination of selected species multiplied by their weight 
factors. In mathematical terms, the PV may be defined as in equation ( 2.11 )  

 𝛶𝛶 = �𝛼𝛼𝑖𝑖𝑌𝑌𝑖𝑖
𝑖𝑖

 ( 2.11 ) 

where Yi is the mass fraction of the ith species and αi is the weight factor. Additionally, the progress 
variable must also be monotonic which can be either continuously increasing or decreasing. 

Since a non-premixed flame is studied, the composition of the mixture will not be the same at all 
points in space. Further, the combustion behaviour is a function of the fuel to air ratio which in turn 
is characterized by the mixing of fuel and oxidizer. Also, the geometry used to create the flamelet may 
not be the same as that used to obtain a solution using the FGM method. Thus, a parameter that 
quantifies the amount of mixing at every location and enables to apply the FGM method to a different 
geometry must be used as a second control variable. This parameter, the second control variable, is 
mixture fraction (Z). It describes the proportion of fuel and oxidizer and is defined as defined by Bilger 
et al. [42] in equation ( 2.12 ) 

 

𝑍𝑍 =
2
𝑍𝑍𝑐𝑐 − 𝑍𝑍𝑐𝑐,2

𝑀𝑀𝑐𝑐
+ 1

2
𝑍𝑍𝐻𝐻 − 𝑍𝑍𝐻𝐻,2

𝑀𝑀𝐻𝐻
−
𝑍𝑍𝑂𝑂 − 𝑍𝑍𝑂𝑂,2

𝑀𝑀𝑂𝑂

2
𝑍𝑍𝑐𝑐,1 − 𝑍𝑍𝑐𝑐,2

𝑀𝑀𝑐𝑐
+ 1

2
𝑍𝑍𝐻𝐻,1 − 𝑍𝑍𝐻𝐻,2

𝑀𝑀𝐻𝐻
−
𝑍𝑍𝑂𝑂,1 − 𝑍𝑍𝑂𝑂,2

𝑀𝑀𝑂𝑂

 ( 2.12 ) 

Z(*) represents the mass fraction of the elements carbon, hydrogen and oxygen specified by the 
subscript C, H and O respectively. The numbers 1 and 2 in the subscript indicate the fuel and oxidizer 
stream and the one without a number indicates the values at a particular position in space. 
Substituting values for the fuel and oxidizer side yields 1 and 0, respectively. The higher the value of Z 
the more fuel present at that location. At a particular degree of mixing there is just enough air for the 
fuel and the value of mixture fraction is stoichiometric mixture fraction Zst. After the table has been 
generated and the required values like temperature, enthalpy etc. are stored as a function of Z and 
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PV, the table can subsequently be used to solve the reduced problem. The reduced set of equations 
solved in the FGM method are discussed in the following section 

2.2.2 1D Equations for FGM  
The solution using FGM method is obtained by solving conservation equations for the control variables 
instead of the equations of Ns species mass fraction and enthalpy. The 1D forms of the conservation 
equations for mixture fraction and progress variables are  

 𝜕𝜕𝜕𝜕𝛶𝛶
𝜕𝜕𝜕𝜕

+
𝜕𝜕𝜕𝜕𝜌𝜌𝛶𝛶
𝜕𝜕𝜕𝜕

=  
𝜕𝜕
𝜕𝜕𝜕𝜕

�𝜕𝜕𝜌𝜌
𝜕𝜕𝛶𝛶
𝜕𝜕𝜕𝜕
�+ �̇�𝜔𝛶𝛶 −  𝜕𝜕𝜌𝜌𝛶𝛶 ( 2.13 ) 

 𝜕𝜕𝜕𝜕𝑍𝑍
𝜕𝜕𝜕𝜕

+
𝜕𝜕𝜕𝜕𝜌𝜌𝑍𝑍
𝜕𝜕𝜕𝜕

=  
𝜕𝜕
𝜕𝜕𝜕𝜕

�𝜕𝜕𝜌𝜌
𝜕𝜕𝑍𝑍
𝜕𝜕𝜕𝜕
� −  𝜕𝜕𝜌𝜌𝑍𝑍 

( 2.14 ) 

�̇�𝜔Υ represents the source term of progress variable the values for which are also stored in the FGM 
table. Thus the set of equations is reduced from Ns equations for species to 2 equation. Further, the 
species source term calculation described in section 2.1.2 is also eliminated. Also, in the current case 
enthalpy is also stored and therefore, the equation for the same is not solved. 

To summarize, the continuity and momentum equations are solved along with the two control variable 
equations while using the FGM method. Thus, the FGM method provides a huge reduction in 
computational expense. The steps for the FGM method are summarized in the flow chart in Figure 4 
[43] 

 
 

 
Flamelet Generation Flamelet Generated Manifold Solution using FGM 
Figure 4 Steps for FGM implementation 

2.3 THE 1D CASE 
In the previous sections, the general theory and equations pertaining to the 1D CD flame and the 
FGM method were discussed. The specific details relating to the current study are discussed in the 
current section. 

2.3.1 The case at hand  
The selected baseline case is the engine combustion network (ECN) spray A case [44], modified to 
incorporate the dual fuel RCCI concept. The modifications are the introduction of a low reactivity fuel 
which is premixed in the oxidizer stream and the consequent change in the composition. ECN is a 
voluntary collaboration of various institutions to identify a target set of conditions for both 
experiments and modelling. This enables direct comparison of experiment and numerical data 
between different participating institutions all round the world. Although, for the current dual fuel 
case experimental results are not available the main advantage is due to the fact that it is a constant 
volume case with the ambient conditions representing engine like conditions. This greatly simplifies 
the simulation setup for the initial study by eliminating the moving boundary and mesh required for a 
reciprocating setup. Further, the FGM method has already been applied to the standard single fuel 
spray A case and provides a starting point for the dual fuel study. Finally, simulation using the finite 
rate chemistry approach are also available for this case.  

Solution with 
detailed chemistry 

Table generation  
(Parameters mapped as 

function of Z and ϒ) 

Solving transport 
equations for flow, Z 

and ϒ and looking up for 
rest of the parameters 
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2.3.2 Fuels and reaction mechanism 
For the current 1D study as stated earlier, a CD flame is selected. The fuel side in the CD flame 
corresponds to the high reactivity fuel which could be either Diesel or Diesel like fuel. Diesel fuel is a 
complex mixture of a range of hydrocarbons [45] without a strictly defined composition for a particular 
molecule. This poses a difficulty in modelling and therefore surrogate fuels are used for both numerical 
and experimental study. For the current study, n-dodecane is used as the Diesel surrogate fuel. n – 
dodecane is also the recommended surrogate fuel for Diesel spray combustion study in the spray A 
case of the ECN [46]. Further, it has been used in studies similar to the current study like in references 
[27, 36, 37]. The low reactivity fuel could be gasoline, methane (Natural gas) or similar fuel. Methane 
has already been in experimental works by Ansari et al. [48] and Jia et al. [17]. Additionally, methane 
also provides practical importance as it is explored one of the possible energy carriers of the future to 
store the surplus electricity[49]. Further, methane is already a part of the chemical mechanism of n-
dodecane and thus may not necessitate the use of a separate reaction mechanism. Therefore, 
methane was used as the low reactivity fuel. 

In order to reduce the computational efforts while calculating the flamelets using detailed chemistry 
in 1D CD flame, a small reaction mechanism could be used. This would help to undertake a more 
fundamental study and focus on the FGM method by reducing the computational time. In this regard, 
the Yao mechanism [39] with 54 species and 269 reactions was used. This mechanism is also known 
as a skeletal mechanism since it includes only the primary reactions and species which form the 
skeleton of the entire detailed reaction. Also, the Yao mechanism has been used for a similar dual fuel 
study with modified spray A case by Kahila et al. [35]. As the results may be subject to change by a 
different reaction mechanism, using the same reaction mechanism would be a good choice. Once the 
FGM method is studied for a simplified skeletal mechanism it can be directly applied also to the larger 
mechanisms. 

2.3.3 Thermodynamic state and composition 
The thermodynamic variables namely the pressure, temperature are the same as that of the ECN spray 
A case listed in Table 1. The composition is modified to include premixed methane in the oxidizer 
stream such that the amount of oxygen is maintained constant and the addition is done at the expense 
of other species. The original spray A composition can be found on the website [46] and the modified 
composition used in the present study is stated in Table 2. The amount of low reactivity fuel was 
calculated by defining a value for equivalence which is defined as the ratio of the actual fuel to air 
ratio to the stoichiometric fuel to air ratio defined on a mass basis. The value of φ is 0.5 and is defined 
only with respect to methane. This value was chosen equal to the reference case by Kahila et al. [35]. 

Table 1: Ambient Condition (ECN Spray A)  Table 2: Oxidizer composition 

Air (Oxidizer) Temperature 900 K  Species Mole Fraction 
Fuel temperature 363 K  O2 0.15 
Ambient gas pressure 6.0 MPa  CO2 0.05955 
Fuel (High Reactivity) n-dodecane (n-C12H26)  H2O 0.03460 
   N2 0.71835 
   CH4 0.03750 

Inferring from the above values, the fuel stream in the CD flame in Figure 3 has pure n-dodecane with 
a mole fraction value of 1 at 363K. On the counter side, the air (oxidizer) stream has the composition 
stated in Table 2 at 900 K. 
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2.3.4 Ignition delay 
When the fuel and oxidizer start flowing towards each other the fuel does not ignite immediately. The 
fuel is assumed to be in vapour state so it diffuses and the preignition reactions occur. In order to 
quantify the amount of time required from the start of flow to the start of ignition a quantity known 
as ignition delay is defined. The definition may be based on either temperature or mass fraction of a 
certain species (generally OH). For the 1D case, the ignition delay is defined as the time required to 
reach 10% of the maximum temperature of combustion which is the steady maximum temperature 
that is obtained once the solution is steady. The definition is mathematically written as in equation ( 
2.15 ) where 𝜏𝜏 is the ignition delay time Tign is the ignition temperature 

 𝜏𝜏𝐼𝐼𝐼𝐼 = 𝜕𝜕 �𝑇𝑇 = 𝑇𝑇𝑖𝑖𝑖𝑖𝑖𝑖� where 𝑇𝑇𝑖𝑖𝑖𝑖𝑖𝑖 = 𝑇𝑇𝑜𝑜𝑜𝑜 + 0.1 × 𝑇𝑇𝑚𝑚𝑎𝑎𝑜𝑜  ( 2.15 ) 

𝜏𝜏𝐼𝐼𝐼𝐼  Ignition Delay t time T Temperature 

Tign Ignition Temperature Tox Oxidizer temperature  

2.4 TABLE GENERATION FROM 1D SOLUTION 
After setting up the case for the CD flame the equations described in section 2.1 are solved which 
gives the solution using the detailed chemistry approach. The solution obtained is along the x-direction 
of Figure 3. This also generates the required flamelets which are used to generate the FGM database. 
The database is stored as a function of mixture fraction and progress variable. A specific definition Z 
was presented in equation ( 2.12 ), but only a general definition of progress variable has been 
presented in equation ( 2.11 ). For the current work, two progress variable definitions were used for 
the dual fuel case using FGM method. They are defined in the following equations and referred to as 
PV1 and PV2 respectively. 

PV1 𝛶𝛶1 =
1.2
44

YCO2  +
0.9
28

YCO +
2.7
33

YHO2 +
1.5
30

YCH2O +
1.2
18

YH2O ( 2.16 ) 

PV2 𝛶𝛶2 = 1.2 YCO2 + 0.9 YCO + 2.7 YHO2 + 1.5 YCH2O + 1.2 YH2O ( 2.17 ) 

Y is the mass fraction and M is the molar mass of the respective species. PV2 has been used in previous 
work by Bersan et al. [32] for single fuel spray A case. Further, de Vries [50] suggested that the progress 
variable PV2 which was developed for the single fuel igniting flame could also be used for the dual fuel 
case for the current combination of fuels. On the other hand, PV1 is derived from PV2 by dividing the 
individual term with a weight factor whose value is equal to the molar mass of the respective species. 
This is based on the fact that progress variable definitions generally include the weight factors equal 
to the molar mass respective species in the denominator [36, 42, 43]. It should be noted that the 
numbers in the denominator for PV1 are just weight factors and do not represent the molar mass. 
Thus, both PV1 and PV2 have the same dimension. 

To get some perspective with regards to the two control variables a plot of mixture fraction and 
progress variable along the x-direction is shown in Figure 11Figure 12 respectively. Each curve 
corresponds to a flamelet which is also the solution at the particular time step. It should be noted that 
all the time steps are not plotted as it makes the plot practically unreadable. The left and the right 
ends are at 𝜕𝜕 = ±0.8 cm and are divided into 200 grid points. The x-direction is clipped in the plots so 
as to obtain a better view of the curves. Each value of the 200 points of x has a corresponding 
calculated value of mixture fraction, progress variable and all the other calculated quantities. The two 
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control variables, mixture fraction and progress variables can be directly related for at each value of x 
thereby eliminating the x value. A plot of progress variable vs mixture fraction is shown in Figure 7. 
The required parameters like temperature, species mixture fraction are mapped on this progress 
variable mixture fraction space. A contour plot of temperature on the progress variable mixture 
fraction space is shown in Figure 8. A similar plot for all the other parameters can be made. 

  
Figure 5 Mixture Fraction vs x  Figure 6 Progress Variable vs X 

  
Figure 7 Progress variable vs Mixture Fraction 1 Figure 8 Temperature contour on the control variable axis 

The curves in Figure 7 correspond to a selected number of flamelets. The database can be theoretically 
created by storing data from each and every flamelet although that would make the size of the table 
very big as the number of flamelets is in the range of 104 − 5 × 104. Not only the size of the table 
would be big, but this may also lead to more time required to retrieve values from the FGM table. 
Therefore, the number of points stored in the table is limited and is discussed in the next section. 

2.4.1 Grid power 
For each control variable, the number of points between the minimum and maximum value is 
specified. The accuracy may increase with the increasing size at the expense of table size and 
computational expense. For the current work 300 and 500 points were used for mixture fraction and 
progress variable respectively derived from the preliminary work by Thakker [43]. 

Along with the number of points, it is also possible to define the distribution of the points between 
the minimum and maximum values. The points may either be equidistant or maybe densely packed in 
a certain region where it is expected that greater accuracy is required. This is defined by the parameter 
                                                             
1Some abnormalities observed in the figure are discussed in the appendix 



13 
 

named grid power (GP). The distribution of grid points is defined by the equation 𝑐𝑐𝑣𝑣 = 𝑐𝑐𝑣𝑣𝑚𝑚𝑖𝑖𝑖𝑖 +

 𝑐𝑐𝑣𝑣𝑚𝑚𝑎𝑎𝑜𝑜 �
𝑖𝑖−1

𝑁𝑁𝑐𝑐𝑐𝑐−1
�
𝛼𝛼
𝑓𝑓𝑓𝑓𝑟𝑟 𝑖𝑖 = 1 𝜕𝜕𝑓𝑓 𝑁𝑁𝑐𝑐𝑣𝑣 where α is the grid power and Ncv is the number of grid points for 

the control variable. A value of 1 implies equidistant grid points, whereas a value higher than 1 implies 
that the points are more densely packed near the lower value of the control variable and vice versa. 
Thus, with the number of grid points, the grid power, the minimum and maximum values of the control 
variable the values that are stored in the table are calculated. Thus the curves of Figure 7 are converted 
to a well-defined distribution of points. A set of equidistant points for progress variable are shown in 
Figure 9a whereas quadratic spacing for PV with 𝛼𝛼 = 2 is shown in Figure 9b. It is visible that there 
are more lines in the region closer to 0 for progress variable and are further away in the maximum PV 
region for Figure 9b. The same behaviour is also applicable for mixture fraction. The curves in Figure 
7 and Figure 9 both represent progress variable vs mixture fraction but look different as the former 
are values from the detailed flamelets whereas the latter are the distribution points that are calculated 
using the 𝑐𝑐𝑣𝑣 equation to be stored in the table. 

  
Figure 9 Progress Variable vs mixture fraction a) Equidistant for PV b) Quadratic spacing for PV 

The flamelets can be generated by solving for a particular 
value of strain rate ‘a’ presented in equation ( 2.4). For the 
current work, the strain rate value of 200 s-1 and 500 s-1 are 
used to create the flamelets. Further, steady flamelets 
from 5 – 500 s-1 are included to increase the range of the 
table. The steady flamelets generally sit on the top as 
represented by the generic figure on the right. 

After discussing the theory, the equations and the case 
setup, the results of the 1D case are described in the 
following chapter 

  

 

Figure 10 Progress variable vs Mixture Fraction 
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3 RESULT AND DISCUSSION FROM THE 1D VALIDATION STUDY  
After describing the equations that are solved for a 1D CD flame using the chem1d code the results 
can now be presented and discussed. Initially, the basic results obtained using the detailed chemistry 
approach for the dual fuel case are presented. This is followed by results from the FGM method and 
a comparison between the two is made. From these comparisons, some tables are used for the 
subsequent LES study. 

3.1 RESULTS FOR DUAL FUEL CD FLAME USING DETAILED CHEMISTRY 

3.1.1 Temperature 
The geometric dimension is along the line joining the fuel and the oxidizer which is the X-direction in 
Figure 3. The solution consists of variables like temperature, mass fraction of species etc. is stored as 
a function of grid points. Further, the detailed simulations are for an unsteady igniting flame with a 
strain rate of 500 s-1. The starting point i.e. 𝜕𝜕 = 0, is the mixed state of the fuel and the oxidizer. Once 
the fuel and oxidizer are mixed, pre-combustion reactions occur and the temperature increases. This 
is followed by ignition and a steady flame. Among the variables that are solved the most intuitive to 
visualize a flame may be temperature. A plot of temperature profile along x-direction evolving in time 
is shown in Figure 11. It should be noted that for better visibility the x-axis has been limited to a narrow 
range. Further, the timestep between two consecutive lines may not be the same for all the lines. 

  
Figure 11 Temperature along x evolving with time a) Time 0 to 1.6 msec  b)Time 1.6 to 5.6 msec 

Each line in the above figure represents a temperature profile at a particular instant of time. The first 
line from the bottom of Figure 11a corresponds to the profile at 𝜕𝜕 = 0 and is also known as the mixing 
line. As the reaction proceeds the temperature rises moving along the direction shown by the arrows 
in Figure 11a. Although, at a later point of time the profile starts moving inwards as shown by the 
arrow in. Figure 11b The temperature profiles are plotted only for a limited set of time steps for better 
visibility. The flame (temperature profile) behaviour from left to right is a result of a balance between 
the chemical reaction and flow effects.  

In addition to plotting temperature profile along the x-direction, it is also possible to plot the 
temperature profile along the mixture fraction space. This gives a visualization of the flame structure 
as a function of the amount of mixing of the fuel and oxidizer. Further, it also eliminates the 
geometrical dependence of the flame. A plot of temperature profile along Z evolving in time is shown 
in Figure 12a. As stated earlier 𝑍𝑍 = 0 𝑎𝑎𝑎𝑎𝑑𝑑 1 indicate pure air and fuel respectively and are marked in 
the figure. Similar to the previous figure the first line from the bottom corresponds to the mixing line. 

Air 

Fuel 

a) b) 
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The temperature increases with time along the direction indicated by the arrow. Further, the 
temperature also spreads outwards to low and high mixture fraction values. 

  
Figure 12 Temperature along Z evolving with time a) Full range b) Zoom in at low mixture fraction 

The stoichiometric mixture fraction value for the current composition is 0.0234. A value of Z lower 
than Zst is a lean mixture and a higher value of Z corresponds to a rich mixture. Ignition first occurs in 
the low mixture fraction zone, therefore, a zoomed in plot of the same is shown in figure Figure 12b. 
It can be seen in Figure 12b that temperature first rises the rich zone (𝑍𝑍 ≈ 0.04 > 𝑍𝑍𝑠𝑠𝑠𝑠 = 0.0234). In 
other words, ignition first occurs in a slightly rich environment. The flame moves as indicated by the 
arrow and evident in Figure 12a and finally stabilizes at near Zst value. 

So far the temperature profiles were plotted against Z or x and their evolution was showed with time. 
From these plots, it is difficult to deduce the behaviour of the flame in time. The first step to study the 
time dependent behaviour may be to capture the maximum temperature in the domain and plot it 
against time. This can also be used to estimate how fast the combustion reactions take place in time. 
A plot of maximum temperature vs time is shown in Figure 13. The plot also marks the ignition delay 
time and the corresponding temperature as calculated using equation ( 2.15 ). 

  
Figure 13 Maximum temperature in domain vs time Figure 14 O2 mass fraction along x evolving with time 

3.1.2 Species 
Similar to temperature the distribution of species mass fraction along x and its evolution with time are 
plotted for a select species. The plots for O2, CH4 and CO2 are shown in Figure 14, Figure 15 and Figure 
16 respectively. The general behaviour of the flame initially going towards the air side and then turning 
in the other direction is also observed in the plots of species mass fraction as indicated by the arrows.  

a) b) 
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Figure 15 CH4 mass fraction along x evolving with time Figure 16 CO2 mass fraction along x evolving with time 

When considering the plots individually, for O2 it is consistent with the flame movement such that in 
the centre region O2 is gradually consumed. Further, as the flame moves to the right the O2 in that 
region is also consumed and when the flame turns back the O2 is replenished by the oxidizer stream. 
The same is true for CO2  but instead of being consumed it is produced in the flame and therefore the 
concentration decreases when the flame turns back. On the other hand, the behaviour for CH4 is 
different as it is also produced as an intermediate species in the combustion reaction. A balance 
between production, consumption and replenishment from the airflow causes the complex evolution 
of profile shown by the arrow. 

It is possible to study all the species in the reaction mechanism and gain further insights into the nature 
of chemistry and combustion. But that is not the focus of current work and therefore is not discussed 
in further detail 

3.1.3 Strain Rate effect on ignition 

  
Figure 17 Max temperature vs time effect of strain rate Figure 18 Effect of Strain Rate on Ignition Delay 

The solution for a CD flame is obtained for a particular value of strain rate. The results presented so 
far are calculated using a strain rate of 500 s-1. The value of strain rate has a marked effect on the 
ignition behaviour. As the value of strain rate increases the time required for ignition i.e. the ignition 
delay increases. This can be observed in a plot of maximum temperature vs time plotted for different 
strain rates in Figure 17. As the value of strain rate increases the maximum temperature vs time curve 
moves to the right i.e. at a later instant of time. Consequently, the point of ignition (delay) also moves 
to the right. This point of Ignition delay is also plotted directly as a function of strain rate in Figure 18. 
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3.2 RESULTS FOR CD FLAME USING THE FGM METHOD 
Some specifications of the FGM table are mentioned followed by the results obtained using that table. 
Initially, progress variable definition PV1 is used to create the FGM table. The number of points used 
for mixture fraction and progress variable were 300 and 500 respectively. Initially, equidistant points 
for both control variables were used implying a grid power of 1 for both. The flamelets which were 
generated by solving the detailed equations for a strain rate of 500 s-1 are initially used to create the 
FGM table. The FGM solution was initially obtained for the same strain rate as was used for the 
flamelets of the table. The first step was to check how well the ignition delay was captured. Predicting 
the ignition behaviour is a very important aspect in order to control the ignition timing as a function 
of different parameters for an RCCI engine. A plot of maximum temperature vs time comparing 
detailed chemistry and FGM method is shown in Figure 19. 

  
Figure 19 Max temperature vs time detailed vs FGM  Figure 20 Temperature vs Z detailed vs FGM  

  
Figure 21 Temperature vs time subjected to mixture fraction  a) 𝑍𝑍 = 0.025 b) 𝑍𝑍 = 0.075 

Along with the maximum temperature vs time a comparison of temperature profiles are also made in 
Z space and a plot for the same is shown in Figure 20. A quick look of Figure 20 may give a wrong 
impression that there is an agreement in some part of the Z space. This is due to the fact that time is 
not resolved in Figure 20. The temperature curves that overlap in Figure 20 are not for the same time 
step. When plots in Figure 19 and 20 are compared together it is seen that the curves for the same 
time step are delayed to a lower temperature for the FGM case after the temperature increases above 
900 K. Another way to describe may be from Figure 19 wherein, for example, the temperature of 1400 
K is reached at a different time and is delayed by about 0.1 milliseconds in the case of FGM method. 
Therefore, the overlapping curves in Figure 20 are offset by a time difference of 0.1 milliseconds. To 
further illustrate this, plots of temperature vs time at a constant value of mixture fraction are shown 

a b 
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in Figure 21 for 𝑍𝑍 = 0.025, 0.075. In Figure 21 it is visible that the temperature rise is later for the 
FGM curve compared to the detailed curve. Thus the trend of temperature rise in mixture fraction 
space is well captured by the FGM method but is delayed in time. As the behaviour of temperature 
with time is an important characteristic for an RCCI engine it is attempted to predict it as accurately 
as possible using the FGM method. Therefore, the probable cause of errors and the possibilities of 
improvement are discussed in the following sections. 

3.2.1 The FGM method and impact of progress variable source term 
If we focus on the difference between the detailed chemistry and FGM results in Figure 19 it may be 
said that the FGM curve is shifted to the right with respect to the detailed curve and if the curve is 
moved to the left by around 0.1 milliseconds then the two curves would overlap. Therefore, the source 
of the mismatch may lie in the initial phase of combustion which is before the time when the 
temperature rises above 900 K. This initial temperature rise region lies in the very low mixture fraction 
region (𝑧𝑧 < 0.1) which can be seen in Figure 20. 

If we recollect the steps of the FGM method, it involved solving the differential equation for Z and PV 
and looking up the rest of the parameters which include temperature. Further, the progress variable 
is an indicator of progress in time. Thus, if the increase of progress variable is slower in time then the 
looked up parameter i.e. temperature will also be slower in time compared to detailed chemistry. The 
increase of progress variable is calculated from the differential equation and the rate may be 
attributed to its source term. If the source terms are underpredicted by the table it will lead to a slower 
increase in the value of progress variable and thus the temperature. A plot comparing the progress 
variable source terms for detailed and FGM method for low values of progress variable is shown in 
Figure 22. It is seen that the progress variable source term values are underpredicted by the FGM 
method the red FGM curve (*) is below the blue detailed curve (°) 

 
 

Figure 22 Source PV vs PV for detailed and table values for Z a) 𝑍𝑍 = 0.0234 b) 𝑍𝑍 = 0.0702 

A similar deviation in the ignition delay prediction and underprediction of source term values was also 
observed in our previous work [43]. Also in the previous work, it was observed that the source terms 
are underpredicted for the first two points of the progress variable. It was observed that this is a 
problem peculiar to the dual fuel case as the detailed curve has an upward bulge as is seen in Figure 
22 and this bulge was not present for the single fuel case. It was further shown that the bulge increases 
with the increase in the amount of second fuel (CH4) and also the error in ignition delay prediction 
increased. Further, the focus was only the first two progress variable values of the table for two 
reasons. First, as previously stated it was expected that error lies in the initial stage of combustion 
when the temperature first starts increasing above 900K. This implies that the progress variable value 
is very small near 0. Second, the absolute error was of a similar magnitude as in Figure 22 which is  

a) b) 
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about 20 kg/m3s. As the absolute value of source term increases above 450 kg/m3s the relative error 
goes below 5%. But for source value below 450 kg/m3s, the error goes above 5% and as the source 
value decreases the relative increases. Therefore, this is the region where the cause of the error was 
speculated. In order to reduce/eliminate the error in source term and ignition delay prediction, it was 
suggested that the source term of the second value be increased such that the area under both the 
curves is the same. This was implemented in the current work and is discussed in the next section. 

3.2.2 Increasing the progress variable source term 
The second value of the progress variable source term was increased as indicated earlier. The plots 
depicting the modification for representative values of mixture fraction are shown in Figure 23. From 
the plot, it can be seen that the modified curve is closer to the detailed curve compared to the 
unmodified value. Further, as the area under the curve is the same it may result in a lesser average 
error. The modification was done only for the lower values of Z as that is the region where the initial 
combustion activity is observed. Since it was difficult to identify one single value of Z up to which the 
source terms must be increased, the modifications were done for 𝑍𝑍 = 0 𝜕𝜕𝑓𝑓 𝑍𝑍1,𝑍𝑍2, … 𝑍𝑍5. Therefore, 5 
different tables were made and the maximum temperature vs time plots are compared in Figure 24. 
The original table is the one previously used in the results with progress variable definition PV2 and a 
grid power of 1 & 1 for Z and PV respectively. It is termed as ‘no mod’ which implies no modification. 

  
Figure 23 Modified second PV source term for representative Z values a) 𝑍𝑍 = 0.0234 b) 𝑍𝑍 = 0.0702 

 

Case Ignition 
Delay in 
milliseconds 

% Error 

No mod 0.553 13.5 

Modified 
up to 
 

Z =0.023 0.555 13.7 

Z = 0.050 0.548 13 

Z = 0.100 0.536 11.8 

Z = 0.151 0.536 11.8 

Z = 0.201 0.536 11.8 
Detailed 0.418 - 

 

Figure 24 Maximum temperature vs time for source 
modification study 

Table 3 Ignition Delay for Source term study 

It is observed that the modification in the source term does not have a significant effect and the curves 
for the last 3 values almost overlap. For a quantitative comparison, the ignition delay times are listed 
in Table 3. From the table, it is clear that for higher values of Z the source term modification does not 

a) b) 
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result in a significant improvement in the prediction of the FGM method. Since the source term 
modification did not lead to a significant change, further analysis was not undertaken for this case. 

3.2.3 Progress variable weights. 
So far the progress variable definition PV2 defined in equation ( 2.17 ) was used to present the result. 
In this section, the results from the FGM tables obtained using the two definitions PV1 and PV2 are 
compared. A plot of maximum temperature vs time is shown in Figure 25 and a plot of temperature 
vs Z subjected to certain time steps is shown in Figure 26. Further, plots of temperature vs time 
subjected to mixture fraction values are shown in Figure 27. All the figures suggest that for a grid 
power of 1 and 1 for Z and PV respectively and a strain rate of 500 s-1 the progress variable weights do 
not lead to a significant change in the temperature prediction for the FGM method. This also implied 
that there is no improvement in the prediction of ignition delay. The same has also been observed in 
reference [32]. 

  
Figure 25 Max temperature vs time for PV weights Figure 26 Temperature vs Z at time steps 

  
Figure 27 Temperature vs time for PV weights subjected to Z  a) 𝑍𝑍 = 0.025 b) 𝑍𝑍 = 0.075 

3.2.4 The flamelet strain rate 
It was seen in Figure 18 that strain rate can have a significant effect on ignition delay. So far a strain 
rate of 500 s-1 was used to create the table and to obtain the solution using both detailed chemistry 
and the FGM method. To check if the performance was similar also at a different strain rate the 
aforementioned task was repeated for a strain rate of 200 s-1. A comparison was made between the 
detailed chemistry and FGM method for PV1 and PV2. A plot of maximum temperature vs time is 
shown in Figure 28. Similar to the strain rate of 500 s-1 ignition is delayed for the FGM method. Further, 
a change in the progress variable weights does not result in a significant change in the ignition  
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Strain 
Rate 
sec-1 

Case Ignition 
Delay 
millisec 

% Error 

500 
Detailed 0.4183 - 
FGM 0.5570 33.18 

200 
Detailed 0.3979 - 
FGM 0.4864 22.18 

Figure 28 Max temperature vs time for strain rate 200 s-1 Table 4 Detailed vs FGM for 2 different Strain Rates 

prediction. While the error in the ignition delay prediction was still present it is observed that the 
relative error between the detailed chemistry and FGM method is not the same. A visual inspection 
of Figure 19 and Figure 28 may not highlight the prevailing difference at two strain rates. In order to 
quantify the difference the ignition delay times are presented in Table 4. The error at the strain rate 
of 200 s-1 is less compared to that at 500 s-1. 

3.3 FGM TABLE GRID RESOLUTION STUDY 
The distribution of points for the control variables may have an impact on the temperature prediction. 
The current equidistant grid distribution was derived from the work in reference [43] wherein the 
effect of grid power was studied for a single fuel case. The work by Egüz et al. [51], also on a single 
fuel case, but with a different fuel, suggested that using a higher value of grid power for mixture 
fraction yielded better results. In order to check the exact nature of the influence of grid distribution 
of the control variables on the ignition delay prediction using the FGM method, a grid resolution study 
was undertaken. Since the PV weights do not considerably influence the results so far, PV1 was chosen 
loosely based on the fact that the progress variable definitions reported in many previous works 
include the numeric values species molar mass in the denominator. A grid resolution sweep is carried 
out for each mixture fraction and progress variable separately so as to isolate the cause of the change 
if any. 

3.3.1 Grid distribution sweep for mixture fraction and progress variable 
The grid distribution defined by grid power for mixture fraction was varied from 1 to 2 and the 
corresponding tables were obtained. Subsequently, a solution was obtained using each table. The 
plots are shown in Figure 29. The figure suggests that the grid power of mixture fraction does not have 
an effect on the FGM solution. 

After varying the grid power for mixture fraction the same procedure was followed for progress 
variable. The results obtained are plotted in Figure 30. Unlike the case for mixture fraction the grid 
distribution i.e. the grid power of the progress variable did have an effect on the results. On increasing 
the grid power from 1 to 1.5 and 2 the ignition delay went from being overpredicted compared to 
detailed chemistry, to being underpredicted. Thus, it may be expected that there may be a value of 
grid power between 1 and 1.5 for which ignition delay is just accurately predicted. To confirm the 
same FGM tables were obtained for more values of progress variable grid power. The mixture fraction 
grid power was maintained constant at 1. The results are shown in Figure 31 and the ignition delay 
times are presented in Table 5. It is observed that as the grid power corresponding to the progress 
variable is decreased from 1.5 the maximum temperature vs time curve moves to the right. In other 
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words, for the given range, the ignition delay value increases as the grid power increases and thus the 
error in the ignition delay value decreases.  

  
Figure 29 Max temperature vs time for grid power study of 
mixture fraction 

Figure 30 Max temperature vs time for grid power study of 
progress variable 

Numbers in the legend indicate Grid Power values for Z and PV respectively 

 

 

Grid Power Ignition Delay 
milliseconds % Error Z PV 

1 1.50 0.3215 - 19.20 

1 1.20 0.3471 - 12.76 

1 1.10 0.3881 -2.46 

1 1.09 0.3942 0.93 

1 1.05 0.4270 7.31 

Detailed 0.3979 - 

Figure 31 Max temperature vs time for progress variable 
grid study 

Table 5 Ignition delay  times for PV grid power study 

The minimum error is obtained for progress variable grid power value of 1.09. The maximum 
temperature vs time curve for this result is shown separately in Figure 32. The curves almost overlap 
each other indicating the ignition is well predicted. The error in ignition delay is reduced from about 
22% to 0.95%. 

  
Figure 32 Max temperature vs time for GP 1 1.09 Figure 33 Temperature vs Z subjected to time steps for GP 

1 1.09 
After obtaining good results for ignition using the FGM method the next step was to compare the 
temperature profile in the mixture fraction space. The profiles are compared for mixture fraction and 
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not the geometrical ‘x’ as the variable connecting the 1D and 3D domain is mixture fraction. A plot 
comparing the temperature profiles in Z space is shown in Figure 33. The obtained match is better 
compared to that seen in Figure 20. But unlike Figure 20 wherein the overlapping lines do not 
correspond to the same time step, the overlapping lines in Figure 33 are for the same time step. 
Although, the temperatures are still not well predicted for lower mixture fraction values. In order to 
obtain the comparison as a function of time, the temperature profiles were also compared at specific 
mixture fraction values. In such a comparison the mismatch in the temperature values in the low 
mixture fraction values is also clearly visible. The comparison for 4 different values of Z is shown in 
Figure 34. It is observed that as the value of mixture fraction increases the difference between the 
detailed curve and FGM curve reduces to the point where for 𝑍𝑍 = 0.1 the value are overlapping. From 
Figure 33 it can then be deduced that for values of 𝑍𝑍 > 0.1 the values are accurately predicted by the 
FGM method. Therefore, the progress variable grid power improved the results of the FGM method. 

 

  

  
Figure 34 Temperature vs time subjected to Z values comparing detailed and FGM after PV grid study 

3.3.2 Fine tuning results post grid power study 
By changing the progress variable grid power accurate ignition was obtained using the FGM method. 
The results may be considered acceptable for the LES study but there was a scope of improvement 
with regards to the temperature profiles in the low mixture fraction region. One possibility to achieve 
the same was to again change the mixture fraction grid power keeping the progress variable grid 
power constant now to 1.09. This would result in a better solution if the ignition is predicted with the 
same accuracy and there is an improvement in temperature profile in mixture fraction space. 

To check the aforementioned hypothesis the mixture fraction grid power was increased from 1 to 1.8 
in steps of 0.2. The first thing that was checked was if the ignition delay was predicted with the same 
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accuracy. The plot of maximum temperature vs time is shown in Figure 35 and the ignition delay times 
are shown in Table 6. 

 

 

Grid Power ID in 
millisec 

% Error 
Z PV 
1 1.09 0.394 0.98 

1.2 1.09 0.395 0.73 
1.4 1.09 0.395 0.73 
1.6 1.09 0.396 0.47 
1.8 1.09 0.395 0.73 

Detailed 0.3979 
 

Figure 35 Max temperature vs time fine tuning Z grid power 
for PV grid power 1.09 

Table 6 Ignition delay times for fine tuning Z grid power 

The curves in the above figure overlap and the ignition delay times show a marginal difference which 
can be neglected for practical purposes. Therefore, the temperature profiles for some mixture fraction 
values can be compared for possible improvements if any. The plots comparing the temperature 
profiles for a particular value of Z with respect to time are shown on the left hand side of Figure 36. 
From the plots, it can be deduced that all the FGM tables with mixture fraction grid power from 1 to  

  

  
Figure 36 Temperature vs time for constant Z values for fine tuning mixture fraction grid power 

1.8 have similar performance for the specific mixture fraction. The plots may be checked for subtle 
differences by zooming in on the vertical temperature lines. The zoomed plots are shown on the right 
hand side of Figure 36 and area which is zoomed is indicated by the box on the left hand side figures. 
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The closer look on the lines reveals the fine difference between the different FGM tables. As the 
mixture fraction grid power is increased the mismatch slightly reduces. But the difference from 1 to 
1.4 is more apparent compared to the difference from 1.4 to 1.8. A final value for the first LES study is 
selected after the following study. 

3.3.3 FGM table at different strain rates 

 
Figure 37 Ignition delay vs strain rate for fine-tuned different FGM tables 
s200 and s500 implies a strain rate of 200 s-1 and 500 s-1 respectively 
The grid power (GP) values are for mixture fraction and progress variable respectively 

After tuning the grid power for the strain rate of 200 s-1 accurate ignition delay was obtained along 
with good agreement in temperature profiles for most values of mixture fraction. But this was 
achieved for a table obtained from flamelets obtained for a strain rate of 200 s-1. But for a 3D case like 
the current LES case, a single well-defined strain rate may not exist. Therefore, it is imperative to use 
the FGM table to obtain ignition at other strain rates. To study the effect of flamelet strain rate the 
FGM table made from flamelets with strain rate 500 s-1 for which the optimized grid power was used. 
Further, the results from the table with a mixture fraction grid power of 1.8 was included to obtain a 
comparison with the mixture fraction grid power of 1.4. The results are shown in Figure 37. 

The first observation from the figure is that all the FGM tables well capture the trend of increase in 
ignition delay with an increase in strain rate. But as the strain rate increases the FGM result 
underpredicts ignition delay compared to the detailed results and difference increases with increasing 
strain rate. Further, ignition delay times from all the tables are quite close. But the FGM table 
corresponding to 200 s-1 is closer to the detailed value as compared to the values from 500 s-1 at the 
strain rate of 2000 s-1. There is a subtle deviation between the tables from the two strain rates present 
at 1500 s-1. If this trend is present at higher strain rates then it could be said that the results from the 
FGM table from 200 s-1 is closer to the detailed curve.  Additionally, the mixture fraction grid powers 
of 1.4 and 1.8 do not have an impact with respect to ignition delay. At this point, the results are 
considered good and the chapter is summarized and concluded in the following section. 
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3.4 INFERENCES FROM THE 1D VALIDATION AND EXPECTED IMPLICATIONS ON LES 
The major points discussed in the chapter are summarized along with some observations. Initially, 
basic results for a dual fuel 1D CD flame using the detailed chemistry approach were presented. 
Subsequently, the FGM method was applied to solve the 1D CD flame. For the initial choice of FGM 
parameters, the results were not satisfactory. In order to improve the results the specific PV source 
terms were modified. This yielded only a marginal improvement in the ignition delay prediction. 
Following the source term modification, the impact of progress variable weights was checked. It was 
observed that a different set of weight did not change the results. Next, the effect of the control 
variable grid power was studied for both the mixture fraction and progress variable. The grid power 
for mixture fraction did not aid to improve the ignition delay results. But the grid power for progress 
variable significantly affected the values of ignition delay. Consequently, a value of grid power was 
obtained, for which ignition was accurately predicted. Finally, it is suggested that the strain rate of the 
flamelets used to make the FGM table may have an impact on the ignition delay results. 

Thus, the 3 FGM parameters were considered. The progress variable weights did not impact the 
ignition delay prediction for FGM whereas the flamelet strain rate and grid power had an effect on the 
results. It may be noted that these inferences are only for the 1D CD flame study and the parameters 
may have a different impact in a LES study. Nonetheless, it is considered that good results have been 
obtained with the FGM method and the same can now be applied for the LES study. 
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4 THE 3D EQUATIONS AND CASE SETUP 
The discussion so far dealt with a 1D setup which was chosen as the first step to validate the FGM 
table. After, validating the FGM table in 1D the next step is to apply the FGM method for a 3D setup. 
But first, some basic theory is described in order to better understand the solution. The basic 
conservation equations for the 3D case, their solutions are discussed in the following sections of the 
chapter. 

4.1 THE 3D CONSERVATION EQUATIONS 
The generalized vector form of mass, momentum energy and species conservation in 3D are given in 
the equations below. The equations are written for the gas phase as described in Ma [52]. 

 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+
𝜕𝜕𝜕𝜕𝜌𝜌𝑖𝑖
𝜕𝜕𝜕𝜕𝑖𝑖

 =  𝑆𝑆𝜌𝜌𝑟𝑟 ( 4.1 ) 

 𝜕𝜕𝜕𝜕𝜌𝜌𝑖𝑖
𝜕𝜕𝜕𝜕

+
𝜕𝜕𝜕𝜕𝜌𝜌𝑖𝑖𝜌𝜌𝑖𝑖
𝜕𝜕𝜕𝜕𝑖𝑖

 =  −
𝜕𝜕𝑝𝑝
𝜕𝜕𝜕𝜕𝑖𝑖

+
𝜕𝜕𝜏𝜏𝑖𝑖𝑖𝑖
𝜕𝜕𝜕𝜕𝑖𝑖

− 𝜕𝜕𝜌𝜌# + 𝑆𝑆𝑢𝑢𝑖𝑖
𝑟𝑟  ( 4.2 ) 

 𝜕𝜕𝜕𝜕ℎ
𝜕𝜕𝜕𝜕

+  
𝜕𝜕𝜕𝜕ℎ𝜌𝜌𝑖𝑖
𝜕𝜕𝜕𝜕𝑖𝑖

 =  
𝜌𝜌𝑝𝑝
𝜌𝜌𝜕𝜕

−
𝜕𝜕𝑞𝑞𝑖𝑖
𝜕𝜕𝜕𝜕𝑖𝑖

+ 𝜏𝜏𝑖𝑖𝑖𝑖
𝜕𝜕𝜌𝜌𝑖𝑖
𝜕𝜕𝜕𝜕𝑖𝑖

+ 𝑆𝑆𝐻𝐻𝑟𝑟  ( 4.3 ) 

 𝜕𝜕𝜕𝜕𝑌𝑌𝑘𝑘
𝜕𝜕𝜕𝜕

+ 
𝜕𝜕𝜕𝜕𝑌𝑌𝑘𝑘𝜌𝜌𝑖𝑖
𝜕𝜕𝜕𝜕𝑖𝑖

=
𝜕𝜕
𝜕𝜕𝜕𝜕𝑖𝑖

�𝜕𝜕𝜌𝜌
𝜕𝜕𝑌𝑌𝑘𝑘
𝜕𝜕𝜕𝜕𝑖𝑖

�+ �̇�𝜔𝑘𝑘 + 𝑆𝑆𝑌𝑌𝑘𝑘
𝑟𝑟  k ϵ [1, Ns] ( 4.4 ) 

p static pressure 𝜏𝜏 Viscous Stress 𝑆𝑆𝜌𝜌𝑟𝑟      Source term for mass due to evaporation 

𝑞𝑞 Heat flux −𝜕𝜕𝜌𝜌# Present only in one direction and 0 for other directions 

The following are source terms due to evaporation for 

𝑆𝑆𝑢𝑢𝑖𝑖
𝑟𝑟  Momentum 𝑆𝑆𝐻𝐻𝑟𝑟  Enthalpy 𝑆𝑆𝑌𝑌𝑘𝑘

𝑟𝑟  Species 

The conservation equations are written for an individual direction component indicated by subscript 
i and j. The value of i and j can be 1, 2, 3 indicating x, y and z direction respectively. The rest of the 
notations are the same as for the 1D equations. Similar to the 1D case the species conservation 
equation must be solved for each species. Further, the two equations of state i.e. equation ( 2.5 )-( 2.6 
) must be included to close the system. Finally, the calculation of the source term is same as elucidated 
in section 2.1.2. for the 1D case. 

The above set of equations are for a generalized flow field which can be either laminar or turbulent. 
When the flow is turbulent, a quantity φ may be understood by the concept of Reynolds 
decomposition which defines that the quantity has a mean value (Ф) plus the fluctuating component 
(φ’) i.e. φ = Ф + φ’. The fluctuations are in the form of eddies which can be very small in size. To fully 
resolve the smallest eddies necessitates the use of a grid size smaller than that of the eddy. This 
method of solving is known as direct numerical simulation (DNS) and is practically possible only for 
simple geometries. The Reynolds averaged Navier Stokes (RANS) provides a means to solve the 
problem with less computational effort. Although, while using RANS both the large and small eddies 
are modelled and thus the turbulence model must represent a wide range of scale. Further, time 
averaged results are obtained and the instantaneous results are lost. An intermediate approach is 
using the large eddy simulation (LES) method wherein the large eddies are resolved and the smaller 
eddies are modelled. The basic theory and the resulting equations for LES are discussed in the 
following section. A detailed description of the theory discussing turbulence in a flow can be found in 
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the book by Versteeg et al. [53] or a briefer version in the book by Warnatz et al. [36] or a similar book 
discussing CFD and turbulence. 

4.1.1 Large eddy simulation 
The LES method employs spatial filtering on the variables/conservation equations ( 4.1 )-( 4.4 ) by 
means of a filter function. Consider a function 𝜙𝜙(�⃗�𝜕) on which a filter function G is applied 

 𝜙𝜙�(�⃗�𝜕) = �𝜙𝜙�𝜕𝜕′���⃗ �𝐺𝐺��⃗�𝜕, 𝜕𝜕′���⃗ �
𝐼𝐼

𝑑𝑑𝜕𝜕′���⃗  ( 4.5 ) 

Where 𝜙𝜙�(�⃗�𝜕) is the filtered quantity and D is the domain. Further, for a variable density flow, a mass 
weighted Favre filter is preferred. Where 

 𝜙𝜙 = 𝜙𝜙� + 𝜙𝜙′′ ( 4.6 ) 

 
𝜙𝜙� =

𝜕𝜕𝜙𝜙(�⃗�𝜕, 𝜕𝜕)
𝜕𝜕

 
( 4.7 ) 

The filtered conservation equations are written for an individual direction component indicated by 
subscript i and j. The value of i and j can be 1,2,3 indicating x, y and z direction respectively. The 
equations presented below are written as in dissertation by Ma [52] 

 𝜕𝜕�̅�𝜕
𝜕𝜕𝜕𝜕

+ 
𝜕𝜕�̅�𝜕𝜌𝜌𝚤𝚤�
𝜕𝜕𝜕𝜕𝑖𝑖

 =  𝑆𝑆𝜌𝜌��� ( 4.8 ) 

 𝜕𝜕�̅�𝜕𝜌𝜌𝚤𝚤�
𝜕𝜕𝜕𝜕

+  
𝜕𝜕��̅�𝜕𝜌𝜌𝚤𝚤�𝜌𝜌𝚥𝚥� �
𝜕𝜕𝜕𝜕𝑖𝑖

 =  −
𝜕𝜕�̅�𝑝
𝜕𝜕𝜕𝜕𝑖𝑖

+
𝜕𝜕
𝜕𝜕𝜕𝜕𝑖𝑖

�𝜏𝜏𝚤𝚤𝚥𝚥��� − �̅�𝜕𝜌𝜌′′𝚤𝚤𝜌𝜌′′𝚥𝚥� �+ 𝑆𝑆𝑢𝑢���𝑖𝑖  
( 4.9 ) 

 𝜕𝜕�̅�𝜕𝑌𝑌𝑘𝑘�
𝜕𝜕𝜕𝜕

+  
𝜕𝜕��̅�𝜕𝑌𝑌𝑘𝑘� 𝜌𝜌𝚥𝚥� �
𝜕𝜕𝜕𝜕𝑖𝑖

 =  
𝜕𝜕
𝜕𝜕𝜕𝜕𝑖𝑖

�𝜕𝜕𝜌𝜌
𝜕𝜕𝑌𝑌𝑘𝑘
𝜕𝜕𝜕𝜕𝑖𝑖

 − �̅�𝜕𝜌𝜌′′𝚥𝚥𝑌𝑌′′𝑘𝑘� �+ �̇�𝜔𝑘𝑘 + 𝑆𝑆�̅�𝑌𝑘𝑘
𝑟𝑟  𝑤𝑤ℎ𝐿𝐿𝑟𝑟𝐿𝐿 𝑘𝑘 = 1 𝜕𝜕𝑓𝑓 𝑁𝑁𝑠𝑠 

( 4.10 ) 

 𝜕𝜕�̅�𝜕ℎ�
𝜕𝜕𝜕𝜕

+  
𝜕𝜕��̅�𝜕ℎ�𝜌𝜌𝚥𝚥� �
𝜕𝜕𝜕𝜕𝑖𝑖

 =  
𝜌𝜌�̅�𝑝
𝜌𝜌𝜕𝜕

−
𝜕𝜕
𝜕𝜕𝜕𝜕𝑖𝑖

�𝑞𝑞𝚥𝚥� + �̅�𝜕𝜌𝜌′′𝚥𝚥ℎ′′� �+ 𝜏𝜏𝚤𝚤𝚥𝚥
𝜕𝜕𝜌𝜌𝚤𝚤
𝜕𝜕𝜕𝜕𝚥𝚥

��������
+ 𝑆𝑆�̅�𝐻 + 𝑆𝑆�̅�𝐻𝑟𝑟  

( 4.11 ) 

Some additional unclosed terms are introduced in the equation due to the averaging and must be 
modelled. They include �̅�𝜕𝜌𝜌′′𝚤𝚤𝜌𝜌′′𝚥𝚥�  which is the sub grid scale (SGS) stress which corresponds to the 
stress present in the small scale eddies. The small scale is quantified by the size of the filter used. 
�̅�𝜕𝜌𝜌′′𝚥𝚥𝑌𝑌′′𝑘𝑘�  and �̅�𝜕𝜌𝜌′′𝚥𝚥ℎ′′𝑘𝑘�  are the SGS scalar fluxes and �̇�𝜔𝑘𝑘 is the filtered source term. Similar to the 1D 
case equation ( 4.10 ) must be solved for Ns species. Additionally, the presence of turbulence and its 
resolution when using LES necessitates the use of a small grid size which further increases the 
computational efforts required. Therefore, a chemistry reduction technique like the flamelet FGM 
method is used. 

 As discussed further while using the FGM method only equations ( 4.8 )-( 4.9 ) from the above set of 
equations are solved. Therefore, only the SGS stress must be closed. This is done using the dynamic 
one equation non viscosity model proposed by Pomraning and Rutland [54]. 

4.2 THE FGM METHOD FOR LES 
The basic implementation of the FGM method is the same as described for the 1D case in section 2.2. 
The 1D study was used as an initial validation case for the subsequent LES study. Therefore, the same 
FGM table with mixture fraction and control variables is used. The conservation equations for mixture 
fraction and progress variable for the 3D case are directly written in the filtered form as follows and 
can be found in references [31, 30] or other works involving FGM LES. 
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 𝜕𝜕�̅�𝜕𝑍𝑍 �
𝜕𝜕𝜕𝜕

+
𝜕𝜕�̅�𝜕 𝑍𝑍 �𝜌𝜌𝚥𝚥�
𝜕𝜕𝜕𝜕𝑖𝑖

  =
𝜕𝜕
𝜕𝜕𝜕𝜕𝑖𝑖

�𝜕𝜕 𝜌𝜌𝑟𝑟𝑟𝑟𝑟𝑟
𝜕𝜕𝑍𝑍 �
𝜕𝜕𝜕𝜕𝑖𝑖

� + �̇�𝜔𝑍𝑍 ( 4.12 ) 

 𝜕𝜕�̅�𝜕𝛶𝛶 �
𝜕𝜕𝜕𝜕

+
𝜕𝜕�̅�𝜕 𝛶𝛶 �𝜌𝜌𝚥𝚥�
𝜕𝜕𝜕𝜕𝑖𝑖

  =
𝜕𝜕
𝜕𝜕𝜕𝜕𝑖𝑖

�𝜕𝜕 𝜌𝜌𝑟𝑟𝑟𝑟𝑟𝑟
𝜕𝜕𝛶𝛶 �
𝜕𝜕𝜕𝜕𝑖𝑖

�+ �̇�𝜔𝛶𝛶  
( 4.13 ) 

where 

�̇�𝜔𝑍𝑍 =
2 �̇�𝜔𝐶𝐶
𝑀𝑀𝑐𝑐

+ 1
2
�̇�𝜔𝐻𝐻
𝑀𝑀𝐻𝐻

− �̇�𝜔𝑂𝑂
𝑀𝑀𝑂𝑂

2
𝑍𝑍𝑐𝑐,1 − 𝑍𝑍𝑐𝑐,2

𝑀𝑀𝑐𝑐
+ 1

2
𝑍𝑍𝐻𝐻,1 − 𝑍𝑍𝐻𝐻,2

𝑀𝑀𝐻𝐻
−
𝑍𝑍𝑂𝑂,1 − 𝑍𝑍𝑂𝑂,2

𝑀𝑀𝑂𝑂

 ( 4.14 ) 

The ∗� represents the Favre averaged quantities and ∗� represent the mean values. Here �̇�𝜔𝑍𝑍  represents 
the source of Z and the respective elements from fuel evaporation. This is an additional quantity which 
was not present in the 1D form of the same equation. This is due to the fact that the fuel is assumed 
to be gaseous in chem1d and thus no evaporation occurs. The progress variable source term �̇�𝜔𝛶𝛶 is 
stored in the table whereas the �̇�𝜔𝑍𝑍  is calculated by the spray sub-model. For calculating the average 
source terms, they are assumed to be a function of the calculated Favre average values i.e. �̇�𝜔 =
𝜔𝜔(𝛶𝛶� ,𝑍𝑍�) although that may not be the case. Further, no subgrid scale model is used for the FGM 
method. Like the conservation equations in section 4.1.1, the above equations were filtered using the 
density weighted Favre filter.  

To summarize, equations for flow ( 4.8 )-( 4.9 ) are solved along with those for the two control variables 
similar to the 1D case. But unlike the 1D case, the equations are Favre filtered equations to account 
for the variable density and turbulence present in the flow using the LES method. 

4.3 3D GEOMETRY AND MESH 
A simple cylindrical constant volume geometry is used for the 3D case which has a diameter of 4.76 
cm and a height of 10.8 cm. The height of the combustion chamber is the same as that of the Sandia 
experimental combustion vessel [47, 48] which is used for experimental study of the ECN spray A case 
at the Sandia National Laboratory. A diameter of 4.76 cm is used which is same as that used by 
Desantes et al. [57]. This value is smaller than the experimental vessel as it considered that the 
diameter is sufficiently large so as to not have an impact on the combustion behaviour. A reduction in 
the diameter implies a reduction in the volume of the computational domain. 

The mesh used is the same as that used by Desantes et al. [57] for a LES study using flamelet 
combustion model. The domain is meshed such that it is fine at the point of injection and coarsens 
gradually away from the point of injection both in the axial and the radial directions. The top and side 
view of the geometry with the mesh grid is shown in Figure 38 a and Figure 39 a respectively. 

The density of the lines gives an indication of the density of mesh cells. A detailed description of the 
mesh is given in for the 2D planes. The image in Figure 38a shows the XY planar view which is nothing 
but a circle. This circle was meshed in 2 parts. The first part is the dense centre region which starts 
with square cells and gradually transforms into an arc of a circle. The size of the squares is about 80 
μm and consists of 27 cells in both X and Y direction. The second part is at the end of 27 cells where 
the circumference is split into 4 sectors. For each sector in the radial direction, the sector is divided 
into concentric circles with size increasing gradually away from the centre until the radius of 2.308 cm 
is reached. In the radial direction, part 2 has 108 cells and with a gradual increase in in the distance 
between the two circles, the largest value is about 0.6 mm. For each sector the circumferential 
direction is split into 27 uniformly distributed parts. But as the value of the circumference increases 
with increasing radius, the curved length increases the maximum value being 1.3 mm. 
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Figure 38 Geometry with Mesh top view a) Full View b) Zoomed image 

 

 

Figure 39 Geometry with a) mesh side view b) zoomed image 
The mesh along the length of the cylinder is comparatively simple. The length of 108 mm is divided 
into 292 cells and the cell size increases from about 62 μm near the injector plane ( 𝑍𝑍 = 0 ) to the end 
(𝑍𝑍 = 108 mm) where the maximum value is 1.14 mm.  

Thus the size of the smallest cell is about 62 × 62 × 80 μm and in the region of the injector and the 
maximum value is about 0.6 × 1.4 × 1.44  mm near the wall at 𝑍𝑍 = 0  mm. The domain has 
approximately 3.6 million cells in total. Further, if a diameter which is same as the experimental 
diameter was used, it would lead to an addition of more than 0.5 million cells even when using the 
biggest cell size. 

4.3.1 Boundary conditions 
The geometry has 3 faces and thus 3 boundaries. The first face i.e. the inlet is modelled as a wall with 
inbuilt turbulent boundary conditions in openFoam. The lateral face is only the end of the 
computational domain and does not represent any a solid wall and therefore has a zero gradient 
boundary condition. The end face does correspond to an actual wall but is far away from the primary 
combustion zone and thus is also given a zero gradient boundary condition. 

4.4 SIMULATION SPECIFICATIONS 
In addition to the equation modelling discussed earlier, there are more things that are modelled in the 
LES simulation. The fuel spray from the injector is modelled using the Lagrangian Eulerian approach. 
The fuel primary breakup is modelled by a Rosin Rammler distribution. The secondary droplet breakup 

a) b) 

b) 
a) 
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is modelled using the Kelvin Helmholtz Raleigh Taylor (KH-RT) model [58, 59]. For heat transfer the 
Ranz Marshall heat transfer model was used. Like the 1D flame study, the thermodynamic target 
conditions used for the 3D case are adopted from the ECN spray A case [44]. The parameters already 
used in the 1D case are described in Table 1 and Table 2 and the new parameters specific to the 3D 
case are listed in Table 7. 

The phenomenon of injection in a real setup may involve fluctuations in the fuel mass flow rate and 
these fluctuations must be considered while modelling [60]. For numerical modelling, a recommended 
injection profile has been provided by the CMT Motores [61] and is used in the current work. The 
obtained injection profile is shown in Figure 40. 

Table 7 Target conditions from ECN spray A [44]  
Ambient gas density 22.8 kg/m3 

 

Fuel injector nozzle 
outlet diameter 

0.090 mm 

Discharge co-efficient 0.98 
Number of holes 1 
Orifice Orientation Axial (O° full included angle) 
Fuel injection 
pressure  

150 MPa prior to the start of 
injection 

Injection Duration 4 millisecond 
 Figure 40 Injection Profile 

The finite volume method was used to discretize the equation and the PISO algorithm was used. The 
openFoam package was used wherein the sprayFoam solver was modified to include the use of FGM 
method for LES. 

To incorporate the turbulent fluctuations a random seed generator was used. The presence of 
turbulence can result in different instantaneous values for different simulations or different 
realizations as it is known. In order to affirm that a change in the output parameter is due to a change 
in the input parameter and not a result of differences in result due to turbulence, three realizations 
were conducted for each case. The default seed number for the results is 12.  

To summarize, the conservation equations for combustion were presented and solution methods 
were discussed. The LES method was selected along with the chemical reduction FGM method. The 
parameters of the FGM table are the same as that used for 1D setup. Further, the geometry, mesh 
and boundary conditions were defined followed by simulation specifications. Finally, the foundation 
for the simulation using the FGM method has been laid and the results can be studied in the following 
chapter. 
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5 THE FGM LES STUDY OF THE DUAL FUEL CASE 
After a description of the theory and the case for the constant volume case, the results from the LES 
study are presented in the chapter. The initial results are for the selected FGM table with progress 
variable PV1 a grid power of 1.4 and 1.09 and made from the flamelet strain rate of 200 s-1. 

5.1 THE RESULTS FROM FGM LES SIMULATION 
After an LES, simulation results are available for the parameters that are directly solved or retrieved 
from the table as a function of the control variables. The results are shown along a cut section rather 
than the 3D space. The 3D geometry is shown in Figure 41 along with the cut section along which the 
temperatures are studied. It is a section plane passing through the axis of the cylinder and is also 
shown separately on the right hand side of the figure. The temperature distribution is for an arbitrary 
time instant equal to 1.05 milliseconds. For ease of distribution of figures the plots are rotated 
clockwise by 90° in the later figures. 

  
Figure 41 Temperature along the section in 3D and the section 
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Figure 42 Temperature contour along a section of the geometry for different time steps 

The temperature contours along the section at a different instance of time is shown in Figure 42. The 
time instants are chosen such that they are representative of the phases discussed. A rectangular grid 
is introduced to get a better view of the position in space and also to aid in comparing two different 
figures. The first plot is the initial time step where the entire domain is set to 900 K the ambient 
oxidizer temperature and there is no fuel injected. Subsequently, fuel at 363 K is injected which causes 
the low temperature jet seen in blue at time instant of 0.3 milliseconds. Due to the high temperature 
environment, the fuel in a real system atomizes, vaporises and gets heated up as it travels downstream 
from the injector. The preignition reactions then occur and the temperature rises and the mixture 
ignites which is shown at a time instant of 0.55 milliseconds. The ignition occurs at the tip of the spray. 
This is discussed along with a plot of RO2. This continues and the temperature further increases as 
represented at the time of 0.8 milliseconds. Finally, the maximum temperature is reached and a flame 
front is established. The flame front spreads downstream due to the momentum of incoming fresh 
fuel as represented at times 1.5 and 2.0 milliseconds. This continues until the end of injection (4.0 
milliseconds) after which the flame continues to go downstream and consumed the remaining 
unburnt fuel. This is represented in the figure at times 4.15 and 5 milliseconds. This gives a basic idea 
of the process of combustion inside the selected constant volume chamber. 
In addition to temperature, contour plots for mixture fraction are also studied in a similar manner. 
This gives an indication of the presence of fuel in the region and as will be seen it goes hand in hand 
with the temperature plot. The mixture fraction contour plots are shown in Figure 43. For the initial 
time step, the mixture fraction in the entire domain is 0 indicating no fuel injected (but there is 
methane premixed in the oxidizer). After the initial time step, the injection event starts and like 

sec 

 

 

sec 

sec 
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temperature we see a high mixture fraction region. This spreads downstream due to the momentum 
of the injected fuel. We also note that the mixture fraction is always way below 1 as the fuel 
immediately dilutes by mixing with the oxidizer. The location of the furthest downstream location with 
mixture fraction above 0 almost coincides with the furthest location of the flame seen in Figure 42. 
Further, when the injection event is completed the fuel is consumed and thus the mixture fraction 
dilutes away as seen for time step 4.15 milliseconds. The maximum value of mixture fraction is about 
0.44 in the 3D domain but that value is not reached in the slice. The maximum value in the slice is 
about 0.325. Rate of heat release is not discussed but attached in the appendix for future comparison. 
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Figure 43 Mixture fraction contour along a section of the geometry for different time steps 

5.2 COMPARISON OF RESULTS 

 

 

 

 

 

 

Figure 44 Contour plots for RO2 mass fraction a )FGM LES  b) Reference case [35] 

RO2 (C12H25O2) is one of the initial radicals to appear when the pre-ignition reactions occur. Therefore, 
it is an important indicator of the start of combustion and important for an ignition study. The contour 
plots of RO2 are plotted and are compared with the reference case [35] for similar time steps in Figure 
44. For the first time step and the location of the RO2 is comparable to the reference case. The region 

t=0.5 ms 

t=0.8 ms 

t=0.9 ms 
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of the presence of RO2 is smaller for the FGM LES and it diminishes before 30 mm compared to the 
reference case where it diminishes after 30mm. For the later time steps, for both the cases, the RO2 
region is closer to injector compared to the first time step and is slightly smaller which indicates that 
the RO2 was consumed faster after the first time step but is stable for the latter two instants of time. 
At the two later instant of time the region with RO2

 concentration is closer to the injector for the FGM 
method compared to the reference case.  

Additionally, for the time step of 0.5 ms, the RO2 concentration is higher at the tip of the flame for 
both the cases as seen in Figure 44. This also agrees with the appearance of high temperature spot 
observed at the tip of the spray at the time step of 0.5 ms in Figure 42. Thus, it can probably be said 
that the ignition occurs at the tip of spray for the dual fuel case. The plot from the reference case also 
shows contours of CO but they are currently not compared. The temperature plots were not reported 
in the reference case and hence could not be compared. 

5.2.1 Liquid and vapour penetration length 
Some characterizing parameters are defined for spray combustion whose values can be compared to 
experimental results as well as other numerical simulations. The first parameter that is compared is 
the liquid length. Liquid length is defined as the distance from the injector plane to the furthest 
location where there is fuel in the liquid phase. The value obtained is compared with an experimental 
measurement [62] on the same geometry but the single fuel case since there are no experimental 
results for the dual fuel case. Except for the oxidizer composition, the rest of the parameters are the 
same. The aim is to check if the values are near the single fuel experimental value. The small change 
in the oxidizer composition may not be expected to result in a large change in the value of the liquid 
length. The experimental value is for an injection duration of 1.5 milliseconds. But the liquid length is 
a rather constant value except for the ramp up and ramp down at the start and end of injection and 
thus can be directly compared. A plot comparing the simulation and experimental values is shown in 
Figure 45.  

  
Figure 45 Liquid length for FGM LES Figure 46 Vapour penetration for FGM LES 

The two values are quite comparable, the experimental value is 10.5 mm whereas the LES FGM value 
being 11.5 mm. Similar to the definition of liquid length, vapour penetration length is defined as the 
furthest point up to which the fuel vapours reach. A comparison of the experimental and LES FGM 
value is shown in Figure 46. There is a good match for until about 0.3 milliseconds after which value is 
underpredicted by the simulation. A clear reasoning for the mismatch is not studied but it must be 
noted that the single fuel case ignites earlier compared to the dual fuel case [30]. These two 
comparisons were presented to highlight the fact that the change from single fuel to dual fuel may 
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not drastically change these quantities. And as seen the predictions are within the practical limit of 
change. 

5.2.2 Maximum temperature and some species 
One of the important parameters studied in the 1D flame was maximum temperature evolution in 
time and the associated quantity ignition delay. The same can also be studied for a 3D simulation and 
the value of ignition delay can be calculated. The value of maximum temperature in the domain vs 
time is compared to a simulation result obtained for the same dual fuel case by Kahila et al. [35]. The 
authors use finite rate chemistry along with LES method. The plot comparing the two curves is shown 
in Figure 47. The two simulation results match quite closely and overlap for the most part of the curve. 
The corresponding ignition delay times are in presented in Table 8 and the difference in the values is 
only 2.42%. s-1. The ignition delay definition is the same as used for the 1D case and defined in equation 
( 2.15 ). Further, the difference is also subject to the location of the ignition delay points. If ignition 
delay was defined such that the point lay after 0.63 milliseconds then the difference would be almost 
0. This positional dependency of the error is due to the fact that the curves have slightly different 
slopes in the initial temperature rise region. 

Additionally, the plots for maximum values of mass fractions of RO2 (C12H25O2) and OH are also 
available in the work by Kahila et al. [35] and are compared in Figure 48 and Figure 49 respectively. 
The difference between the prediction for OHmax is not significant. There is a similar deviation in the 
prediction of RO2 for the two cases. The difference between the two values with near the plateau 
region is of the order of 10-15%. 

 

 

Case Ignition 
Delay 
milliseconds 

Kahila et al. 0.618 
FGM LES 0.633 
  
Difference 2.42% 

Figure 47 Max temperature vs time for dual fuel LES Table 8 Ignition Delay dual fuel LES 

  
Figure 48 Max RO2 mass fraction  vs time for dual fuel LES Figure 49 Max OH mass fraction vs time for dual fuel LES 

5.2.3 Realizations for turbulence 
The presence of turbulence in the flow causes random fluctuations in the quantities. For example, the 
temperature measured at a particular location in space may yield slightly different values for different 
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measurements. Therefore, a number of measurements may be taken to obtain an average value which 
can be attributed as the temperature at that location. The same also holds true for simulations 
involving turbulent flows. The two simulations results may not yield exactly the same results if the 
turbulence specification is changed. In order to check if the turbulence parameter did not have a 
significant impact on the results obtained three realizations (simulations) were undertaken. The 
turbulence specification was modified by changing the seed number. It could be difficult to spot the 
differences in the contour plots. Whereas the differences would be easily visible on a 2D plot and thus 
only the 2D plots were compared for the three realizations. The 2D plots are shown in Figure 50 for 
temperature, liquid length, vapour penetration, maximum values of mass fractions of RO2 and OH and 
maximum value of mixture fraction respectively. 

  

  

  
Figure 50 Plots for 3 realizations 

For some of the cases, the reference values from the simulation of Kahila et al. [35] are shown. The 
maximum temperature curves have a displacement in time, the other two curves being slightly faster 
than the first. But the error in time is about 2.5 %. The liquid length and vapour penetration length 
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predicted has approximately the same value for all the three realizations. Same is the case with 
maximum mixture fraction. For the three realizations, the value of RO2 has a fluctuating region has 
fluctuations due to turbulence but the initial part of the curves, although displaced in time, have a 
displacement of less than 5%. Similar is the case for maximum OH mass fraction.  

Thus, the 3 realizations have not a significant difference in quantities that were compared. It was 
considered that these provide a sufficient indication that a turbulent realization will not drastically 
change the results. The first realization arbitrarily yielded the best match with the reference case. 

Using the FGM table with PV1 as the progress variable definition with grid powers of 1.4 and 1.09 and 
flamelets with a strain rate of 200 s-1 an FGM LES simulation as performed. The results were compared 
with a reference simulation and comparable results were obtained with a difference of meagre 2 % in 
ignition delay. But since experimental results are not available an uncertainty may still persist about 
the obtained results until they are validated. Further, simulation results are subjective to the reaction 
mechanism used for simulations as also observed in the reference simulation study by Kahila et al. 
[35] and other studies like reference [36, 55]. Hence, studying the effect of the FGM parameters on 
the results may aid in the development of the FGM method for the dual fuel case. It will provide a 
foundation to use the method for more complicated cases, for example, a moving piston case for 
which experimental results are available. The parametric study would help to match the experimental 
results. Therefore, a parametric study is undertaken for the current FGM LES setup. The parametric 
study and the results are discussed in the following section. 

5.3 PARAMETRIC STUDY OF FGM TABLE 
The parameters that are varied are progress variable weights, grid power and flamelet strain rate. The 
parametric study undertaken involves the parameters that were also studied in the 1D case. Although, 
now the aim is to study the effect of the FGM table parameters on the LES results. Parameters are 
varied one at a time such that the change in the results can be attributed to an isolated change in the 
input parameter. The study of the FGM parametric study is restricted to maximum temperature vs 
time curves i.e. the ignition behaviour. For each of the FGM LES simulations 3 realizations were 
performed to account for the effect of turbulence on the results. It was seen that the turbulence 
parameters did not significantly modify the results.  

5.3.1 Grid power 
The first parameter that was checked was the control variable grid power. An FGM LES is still 
computationally intensive and thus it was not possible to carry out a grid power sweep like the 1D 
case. Two sets of grid power combinations were compared the first set is the one that was used so 
far, 1.4 and 1.09 for mixture fraction and progress variable respectively. The choice of the second set 
of grid power combination was 2 and 1 for mixture fraction and progress variable respectively. This 
comparison was done for tables both from 200 and 500 s-1. Further, the table from 200 s-1 was made 
using PV1 whereas the table from flamelets of 500 s-1 was made using PV2. The comparison of the two 
sets of grid powers for 2 different strain rates is shown in Figure 51. 

At both the strain rates the grid power does not seem to have a considerable effect on the ignition 
behaviour. But the same set of grid powers had a difference in ignition delay values of about 20% in 
the 1D case. The reason for the different dependence of the results on grid power for 1D and 3D LES 
must still be explored. 
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5.3.2 Progress variable weights 
The progress variable weights did not have an influence on the ignition behaviour. To check if the 
same was true also for the FGM LES study results from 2 different FGM tables were compared. Other 
parameters of the FGM table were the same for both the table. FGM table had a grid power of 1.4 and 
1.09 and was made from the flamelets corresponding to the strain rate of 500 s-1. The progress variable 
definitions PV1 and PV2 were used which have different weight factors as defined in equation ( 2.16 
)&( 2.17 ) respectively. The results for maximum temperature vs time is shown in Figure 51. The 2 
cases correspond to the first and third legend entry of the table. Like the 1D case, the progress variable 
weight did not change maximum temperature vs time curve and the ignition delay value significantly. 

5.3.3 Flamelet strain rate 
The final parameter whose impact on the performance of the FGM table was studied was the strain 
rate. In the 1D CD flame study, the flamelet strain rate was speculated to have an effect on the ignition 
delay prediction using the FGM method for higher strain rates. It was observed that the FGM table 
from flamelets of 200 s 1 resulted in late ignition compared to the table made from flamelets of 500 s-

1. To check the effect of flamelet strain rate on the performance of the FGM table in an LES simulation 
the simulations were done using FGM tables made from flamelets of 200 and 500 s-1. The rest of the 
parameters were the same for both the table. The progress variable definition PV1 was used with a 
grid power combination of 1.4 & 1.09 for mixture fraction and progress variable respectively. It was 
already seen in Table 8 that the ignition delay is well predicted by the FGM table made from flamelets 
of strain rate 200 s-1. The comparison of maximum temperature vs time plots from the two FGM tables 
is shown in Figure 51. Like the 1D study, the flamelet strain rate had an influence on the maximum 
temperature vs time curve and the ignition delay. The ignition delay value for the curve using the FGM 
table of 500 s-1 is 0.586 ms. Thus the difference between the two values is about 7% which is not 
negligible. The curves have almost no overlap except the initial and end phase where no change in 
maximum temperature occurs whereas there was some overlap present for FGM tables with different 
grid power and PV weights. The probable reason for the difference in results from the two tables and 
the match with the reference case is discussed in the following section. 

 

Figure 51 Maximum temperature vs time curves for FGM LES all parametric case 
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5.4 ANALYSIS OF THE RESULT AND DISCUSSION 
A number of FGM LES simulations were done for the parametric study as stated in the previous 
section. The curves for maximum temperature vs time for all the cases are plotted together in Figure 
51. From the figure, it may be said that the curves from the FGM LES method can be approximately 
divided into two cluster groups. The early ignition results correspond to FGM table from flamelets of 
500 s-1 form one cluster while the late ignition results correspond to FGM table from flamelets from 
200 s-1 forms the other cluster. Thus, the strain rate of the flamelets causes a change in ignition delay. 
This may be related to the early ignition delay behaviour that was seen in the 1D case for the strain 
rate of 2000 s-1. It may be the case that for strain rate above 2000 s-1 the difference between the tables 
from 200 s-1 and 500 s-1 increases further with 500 s-1 igniting earlier. Further, the finite rate chemistry 
is obtained by solving all the species equation like detailed chemistry. Therefore, it can be reasoned 
that since the FGM table from flamelet strain rate 200 s-1 was closer to the detailed results as seen in 
Figure 37, the same is also applicable for LES using the FGM method. But more fundamental reasoning 
for the same is also sought since this may have important implications while applying the FGM method 
for a 3D simulation using LES or possibly also RANS. 

The location where the temperature rise first takes place will have a value of mixture fraction. The 
value of mixture fraction in that region and the surrounding region will be the relevant range of 
mixture fraction values. The mixture fraction and temperature could be related to the progress 
variable source term as done in the 1D validation study. To gain insights into the temperature 
behaviour in mixture fraction space with time a scatter plot was obtained wherein for every location 
in the domain the temperature was plotted against its corresponding mixture fraction values. The 
plots for four time steps is shown in Figure 52. 

  

  
Figure 52 Scatter plot of temperature vs mixture fraction for FGM LES 
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The first time step represents approximately the mixing line like the 1D case. The temperature first 
starts increasing above the mixing line near the time step of 0.45 ms. The corresponding mixture 
fraction is in the range from 0.2 to 0.4. Further, the temperature increases and this happens in a 
slightly broader range of mixture fraction than before and the peak is seen around 𝑍𝑍 = 0.05. At this 
point, ignition has already occurred and the temperature is above 900K. Now the flame has ignited 
and the temperature is rising and the peak further moves to the right towards high mixture fraction 
region. The temperature rise has also spread to high mixture fraction region up to 0.1.  

Tracing back the relation of temperature to progress variable and of progress variable to its source 
term, the source terms of the progress variable, in turn, governs the temperature rise. The PV source 
terms correspond to the values of PV for each mixture fraction. Again the low values of progress 
variables are considered since that is the region which corresponds to the point where temperature 
first starts increasing. And the increase in temperature above 900K is predicted differently by the two 
FGM tables. Once the temperature starts increasing both the curves have similar slopes indicating 
close values of source terms. The source terms of the table from strain rate 200 and 500 s-1 with PV1 
and a grid power of 1.4 & 1.09 for Z & PV respectively are shown in Figure 53. The plots are zoomed 
in for the lower values of PV and the maximum value of PV is 0.09. The source terms corresponding 
to low values of progress variables are marginally higher for the table from 500 s-1, for mixture fraction 
values below 0.045 can be seen in the plots in the figure. The source terms are not compared for 
higher values of Z as the flame spreads to the higher values of Z only at a later instant of time. This 
difference in source terms may play a role in the faster ignition obtained with the FGM table obtained 
using 500 s-1. This was also the proposed reason for the late ignition of using the FGM method for the 
1D case. But it was late found that modifying the progress variable source term did not completely 
solve the problem. This undermines the currently proposed reason between the two FGM tables. 

  

 
Figure 53 Source terms of PV vs PV for FGM tables from 200 s-1 and 500 s-1  

The following explanation is based on the hypothesis that the solution using the FGM table from 
flamelet strain of 200 s-1 is the accurate solution as it matches the reference case which is the finite 
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rate chemistry (Like detailed solution). Any alternate parameters that could cause the observed 
difference in the ignition delay with the two tables using the FGM LES method were looked upon. 
Scalar dissipation rate is a quantity proportional to the square of the gradient of mixture fraction in 
space. In other words, it characterizes the change in mixture fraction in spatial co-ordinates This scalar 
dissipation rate, in turn, relates to the strain rate in the 1D CD flame setup used to create the flamelets. 
Therefore, the scalar dissipation rate values were studied for the FGM LES case. A contour plot of the 
scalar dissipation rate is shown in Figure 54. The plot is zoomed in on the combustion region. It can be 
seen that a large area of the domain including the spray tip where ignition occurs has a scalar 
dissipation rate of about 40 s-1. 

The scalar dissipation rates were also studied for the 1D flamelets from both the strain rates. It was 
seen that the scalar dissipation rate in the central region of the CD flame ranged from about 30 s-1 to 
55 s-1 with a strain rate of 200 s-1 whereas it ranged from 80 s-1 to 138 s-1 for the flamelets with strain 
rate 500 s-1. Thus, it may be said that the flamelets from strain rate of 200 s-1 have a much closer value 
of scalar dissipation rate compared to the flamelets from 500 s-1. Thus, the flamelet of strain rate 200 
s-1 can better match the gradient of mixture fraction in space and thus yield a better solution. 

 

 
Figure 54 Contour plot of scalar dissipation rate for FGM LES Figure 55 Scalar dissipation rate of flamelets from 1D CD 

flame 

This completes the results and discussion chapter of the application of the FGM method for simulating 
the dual fuel case using LES. The conclusions and recommendations are discussed in the following 
chapter. 
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6 CONCLUSION AND RECOMMENDATION 
In the current work, the first step was taken to model the dual fuel RCCI combustion using the FGM 
and LES method. Initially, the FGM method was validated in a 1D setup against results from 
simulations using detailed chemistry. In the process, the research questions pertaining to the 1D 
validation study are addressed. First, the progress variable source terms were modified which did not 
yield reasonably accurate results. Thus, the source term corresponding to the second value of the 
progress variable was not enough to obtain good ignition delay prediction using the FGM method for 
the dual fuel case. Subsequently, the effect of three FGM parameters namely the progress variable 
weights, grid power of the control variables and the strain rate of the source flamelets was studied. 
This in order to improve the ignition delay prediction using the FGM method. It was observed that the 
progress variable weights did not influence the ignition delay prediction whereas the progress variable 
grid power had a significant effect. The flamelet strain rate also had an effect when comparing the 
ignition delay prediction for a range of strain rates with one table being faster than the other. With 
the parametric study, the ignition delay was accurately predicted by the FGM method. Further, the 
temperature profiles in mixture fraction space evolving with time were also accurately predicted by 
the FGM method except for the very low values of mixture fraction. Even so, the results were 
considered quite satisfactory and it was concluded that the FGM table could be used for the 
subsequent LES study 

An LES simulation of the constant volume dual fuel case was done initially using the FGM table with 
predictions closest to the detailed chemistry in 1D case. Some maximum scalar curves and ignition 
delay were compared with a reference simulation case by Kahila et al. [35]. The temperatures 
compared well, with the maximum temperature vs time profiles from both the results overlapping for 
most parts. The comparison was less overlapping for other scalars but not drastically different either, 
although, it is difficult to conclude just from 2 sets of results that the results are correct in an absolute 
sense. It may be the case that both the results have some offset compared to the experimental value. 
In this regard, a parametric study of the FGM parameters would aid to highlight the influence of FGM 
parameters. This is similar to the parametric study for the 1D CD flame wherein the effect of progress 
variable weights, grid power and flamelet strain rate was studied. Like the 1D case, the progress 
variable weights did not significantly influence the results. But, unlike the 1D case, the control variable 
grid power did not affect the results either. Finally, the flamelet strain rate was the parameter that 
significantly changed the results compared to the other FGM parameters. The probable cause for the 
change in ignition delay due to the different flamelet strain rate was discussed. 

Thus the FGM method was successfully applied for a dual fuel case along with the LES method. The 
simulation results compared well with a reference simulation results. Further, a parametric study for 
the FGM parameters also highlights the impact of FGM parameters on LES results. Finally, it can be 
concluded that the FGM parameter of flamelet strain rate influences the FGM LES results the most 
and may be studied to improve the prediction using the FGM method. 

In previous work by Wehrfritz et al. [30], Akkurt [32] and Bekdemir [31] on using the FGM for a single 
fuel case a strain rate of 500 s-1 has been used to create the flamelets for the FGM table. But for the 
present work on dual fuel case, the FGM table made from flamelets obtained for a strain rate of 200 
s-1 yields better results. It is possible that the chemistry of the dual case leads to the difference. 
Therefore, it is recommended to not directly select a strain rate of 500 s-1 for subsequent dual fuel 
study. But a comparison must be made between the two FGM tables for a different case and must be 
validated with an experiment or reference simulation. If the results for flamelets with 200 s-1 have a 
better match then this would further also affirm confidence in the currently obtained result of using 
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flamelets obtained for strain rate of 200 s-1. In such a case it may be established that a strain rate of 
200 s-1 must be used for the dual fuel case. 

The next step is to use the FGM method for an actual RCCI engine case with for example moving piston 
geometry and control of injection timing for example on a case as in references [12, 56]. The moving 
piston geometry is complicated and thus may require more computational efforts compared to the 
constant volume case. The positive for such a complex case is that for such a case both experimental 
and simulation results would be available for validation. It would be recommended to use the same 
FGM table as was initially used for the FGM LES simulation. 

Finally, the FGM method would be successfully applied for the simulation of a dual fuel RCCI case. And 
then it can be used as a designing tool or for a more fundamental study to understand the inner 
workings of an RCCI engine. And this work brings you to the doorstep and also opens the door for that 
path. 
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A APPENDIX 

 

 

The above plot from Figure 7 has a small region near the end of the progress variable range where 
there are a few lines that overlap. This implies that the progress variable is not monotonic as required 
but reduces a small amount at the end. The reduction in the value is about 3%. But such a non-
monotonicity at the end is not completely odd and is observed also for example by Wehrfritz et al. 
[30]. In that work, the flamelets where the progress variable starts decreasing are not used. But in the 
current case, this non-monotonicity was observed later through the work and the corresponding 
flamelets when the progress variable decreases were not ignored. This implies, that part of the table 
is overwritten by the information contained in the flamelets that are read last.  

Since this is at the end of the progress variable range this would have an impact only in the region i.e. 
near the point where stable combustion is obtained. Further, it should be noted that any specific 
abnormalities were not observed which may be attributed to this overlap. But since progress variable 
definition is an important aspect of the FGM method the last part of the flamelets may be ignored to 
create the FGM table in future work. 

A.1 APPENDIX ROHR CURVE 
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