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Introduction 

 

▪ Background 

The joint optimization of pollutant emissions, efficiency, 

and the stability of the combustion process is the main 

challenge in aircraft and industry engine design. One 

probable way to improve the efficiency of the aircraft 

engine is to increase the mean temperature inside the 

burner. However, the high temperature promotes the 

production of oxides of nitrogen (NOx). Inside the burner, 

there are turbulent combustion flows, which consist of 

mixing, burning, and interaction between these two 

processes. Acquiring detailed information on the 

combustion field inside the burner is important to 

understand such phenomena. 

Many researchers have used Large Eddy Simulation (LES) 

combined with the flamelet approach to simulate 

turbulent combustion flows successfully, where LES is a 

turbulent model and flamelet approach is combustion 

model. In order to achieve a higher level of prediction 

accuracy, Liu improved the G-equation by considering 

the flame thickness and the diffusion effect from the 

physics aspect. Kim developed a new 2-scaler flamelet 

approach based on Liu’s model which introduced a 

sensible enthalpy equation that takes into consideration 

the specific heat variance on mixture fraction space. This 

study applied the newly improved 2-scalar flamelet 

approach combined with LES to simulate a turbulent 

combustion field to validate this new combustion model’s 

feasibility. 

 

▪ Target experiment 

The target experiment of this simulation is a non-

premixed turbulent combustion field, Sandia Piloted 

CH4/Air Flame D. This is a benchmark experiment, 

which supplies a detailed data archive in high accuracy 

and is commonly used to validate combustion models. 

 

Fig.1 Photograph of Sandia Flame D 

 

Turbulent Combustion Model 

 

The objective combustion model of this validation 

work is a newly improved 2-scalar flamelet approach, 

which consists of transport equations of two scalars: a 

mixture fraction 𝜉  and a non-dimensional sensible 

enthalpy ℎ𝑠
∗ , as a “progress variable”, for describing a 

general behavior of combustion states in both premixed 

and non-premixed flames.  

The former 2-scalar flamelet approaches have used a 

fraction of produced species as a “progress variable” or 

non-dimensional temperature as the level-set variable, 

which determines a position of “flame”. In dealing with 

non-premixed flame where the specific heat is a function 

of the mixture fraction 𝜉 , Kim et.al introduced a non-

dimensional sensible enthalpy ℎ𝑠
∗ as level-set variable to 

take this effect into consideration, and accordingly 

extended an extra flamelet dataset discussed in next 

section. This improvement allows for a higher accuracy 

in prediction of diffusion-driven combustion in laminar 

counter burner without any preconditioned information of 

flows. 

The authors applied LES as the turbulent model to the 

system of Kim’s improved flamelet approach. LES 

introduces a spatial filter to extract a grid scale (GS) 

which is directly solved by numerical solution, and the 

residual part of sub-grid scale (SGS) is modeled by a SGS 

eddy viscosity 𝜇𝑆𝐺𝑆 for flow filed and a SGS turbulent 

burning velocity 𝑆𝑇 for combustion field, respectively. 

Filtered formulations of Navier-Stokes equations, and 



𝜉 and ℎ𝑠
∗ equations for flamelet approach are expressed 

below. A volume filter (-) and Favre filter (~) are applied 

for density and other variables, respectively. 

▪ Filtered Navier-Stokes equations 
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In this study, a standard Smagorinsky model was used 

for the eddy viscosity of SGS stress tensor 𝜇𝑆𝐺𝑆, where a 

model constant 𝐶𝑆 was set to be 0.15 and a filter size 𝛥 

was a twice time value of mesh size. 
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Eqn.4 of ℎ𝑠
∗  includes an effect of mixture fraction 

profile in the non-premixed combustion through a 

reference value ℎ𝑠,𝑏
∗̃   which is given by a flamlelet 

dataset as a function of 𝜉, and the second term in the right 

hand side is induced as an additional effect of 𝐶𝑠,𝑢 =
𝑑ℎ𝑠,𝑏

∗̃

𝑑�̃�
, which can be omitted when dealing with premixed 

combustion. This property allows the ℎ𝑠
∗  equation 

becomes able to tackle premixed, non-premixed flame 

and partial premixed flame by the universal approach.  

The last four terms are the modeling of the source term. 

Liu’s improvement and Inage’s Hyperbolic Tangent 

Approximation (HTA) are utilized in this modeling, and 

parameter 𝛽 is used to determine their proportion. The 

derivation of this 3-dimenstion equation induced extra 

curvature term from those 2 approximation methods. The 

curvature effect is considered to be related to the flame 

extinction and it can be adjusted through changing the 

magnitude of parameter 𝛼. In this study, both 𝛼 and 𝛽 

were set to 0.5. 

 LES calculates only a grid scale solution simulating a 

filtered shape of “flame” which propagates a larger speed 

𝑆𝑇  than a physical burning velocity 𝑆𝐿  because of 

turbulent fluctuation 𝑢′. In this study, a universal model 

of turbulent burning velocity 𝑆𝑇 , proposed by Daniele 

et.al is applied to an extended turbulent combustion 

model of Kim’s flamelet approach. It is noted that the 

Kim’s formulation requires only the burning velocity 𝑆𝑇 

instead of 𝑆𝐿 without any other empirical information. 

 

MODEL VALIDATION 

 

▪ Experiment configuration 

The authors used ‘FrontFlow/red ver.3.1’ as software 

environment to perform this simulation. The graphic of 

calculation grid shows in Fig.2. The grid consisted of 

21,388,608 hexahedral structured elements, and was 

divided into 2 domains, a driver pipe and a main 

calculation region. The driver pipe was applied with a 

periodic condition to develop the turbulent flow for the 

main jet inlet, and the pilot inlet of the main calculation 

region was distributed with blocks to generate the 

velocity fluctuation. 

 

 

Fig.2 Grid Geometry for Calculation 

 

This simulation was applying a combustion boundary 

to the pilot inlet, case 1. However, comparing with 

experiment the calculation result of velocity fluctuation 

was weak at the pilot outlet. The authors improved the 

simulation by applying a non-combustion boundary 

instead after the flame was developed, case 2. Therefore, 

this simulation consisted of 2 stages.  

The inlet flow conditions are shown in Tab.2 and the 

numerical conditions are shown in Tab.3. 

 

 



 
Velocity 

(m/s) 
ℎ𝑠
∗ 𝜉 

Main jet inlet 49.6 0 0.156 

Pilot inlet (comb.) 38.4 0.812 0.0427 

Pilot inlet (non-

comb.) 
5.85 0 0.0427 

Co-flow 0.9 0 0 

Tab.2 Inlet conditions 

 

Time integration Implicit Euler 

Scheme 

 Driver pipe Main region 

Convection 

term 2nd order 

central 

differential 

2nd order 

central 

differential 

95% 

1st order 

upwind 5% 

Diffusion 

term 

2nd order 

central 

differential 

Time interval 1 × 10−7s 

Tab.3 Numerical conditions 

 

▪ Flamelet data 

The flamelet data is a library created before calculation. 

The datasets, temperature, specific volume, sensible 

enthalpy of burnt gas and laminar flame velocity, on the 

mixture fraction basis was calculated by detailed 

chemical reaction software ‘Chemkin Pro’ with elemental 

reaction mechanism database ‘GRI-MECH 3.0’. 

Temperature, specific volume and sensible enthalpy of 

burnt gas for a certain 𝜉  were based on 0-dimension 

equilibrium solution under adiabatic and isobaric 

conditions. These 3 state variables were used to decide 

the combustion state. 

𝑇 = 𝑇(𝜉),
1

𝜌
= 𝑣 = 𝑣(𝜉), ℎ𝑠,𝑏

∗ = ℎ𝑠,𝑏
∗ (𝜉) (5) 

Laminar burning velocity was given by the 1-

dimension solution of laminar premixed flame, and it 

relates to Liu’s and HTA model’s approximation on the 

distribution of burning velocity, which decided the inner 

structure of the flame. 

Those datasets were arranged into flamelet data. By 

using the 𝜉, calculated by LES, refer to this library, the 

characteristic temperature and specific volume can be 

determined through Eqn.6, 7 and 8. For the 𝜉 point not 

in this library, the corresponding variables are acquired 

through linear interpolation between 2 adjacent points. 
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▪ Simulation result and discussion 

▪ Combustion field 

  In order to confirm the prediction accuracy on 

combustion field, scatter plots of normalized temperature 

and mixture fraction F at locations x/d=7.5, 15, 30 are 

compared with the experimental results. 

  The mixture fraction F here is the definition used in 

the experiment. The definition is as follows,  

F =
0.5(YH − Y2H)/WTH + 2(YC − Y2C)/WTC

0.5(Y1H − Y2H)/WTH + 2(Y1C − Y2C)/WTC
 (8) 

And the stoichiometric value is 𝐹𝑠𝑡𝑜𝑖𝑐=0.351.  

According to the description of the experiment 

conditions, as is illustrated in Tab.1, the high temperature 

burnt gas from the pilot exit generates a flame-holding 

region. Two flame surfaces exist at the inner and outer 

side of this region. The authors took the mixture fraction 

at pilot inlet 𝐹𝑝𝑖𝑙𝑜𝑡=0.538 as the characteristic value of 

this region, although this region may become thin and 

may disappear at certain location with the gases flowing 

downward. 

From Fig.6 to Fig.8, the scattered line becomes shorter. It is 

consistent with the fact that as the fuel from the main jet flows 

downward, the fuel with a high mixture fraction is gradually 

consumed and diffused, accordingly, the low mixture faction 

gas is distributed downstream. At the simulation results at inner 

and outer sides fit the experiment data well. 

 

Fig.3 Temperature distribution in x-z section 

 

  

Fig.4 Mixture fraction distribution in x-z section 

 

x/d=7.5 x/d=15 x/d=30 

x/d=7.5 x/d=15 x/d=30 



   

Fig.5 Detailed temperature distributions near the pilot 

inlet of Case 1 (left) and Case 2 (right) 

 

 

Fig.6 Scatter plots of temperature and mixture fraction at 

x/d = 7.5 

 

 

Fig.7 Scatter plots of temperature and mixture fraction at 

x/d = 15 

 

 

Fig.8 Scatter plots of temperature and mixture fraction at 

x/d = 30 

▪ Flow field 

Figure 9 and Fig.10 illustrate the radial profiles of mean 

velocity and velocity fluctuation at the burner exit for case 1 and 

case 2. Both plots of average velocity profile for case 1 and 2 

predicted fairly well, although several slight differences 

between those 2 calculation results are illustrated in Fig.3 and 

Fig.4 at the pilot region (3.85 mm – 4.55 mm). 

As is mentioned before, the velocity fluctuation disappeared 

at pilot region for case 1. However, case 2 predicts this part 

pretty well. In Fig.5, a steady flame exists after the pilot inlet. 

It induces rapid changing of velocity, temperature and density. 

The velocity fluctuation at burner exit is affected by those 

changes.  

 

 

Fig.9 Radical profile of average velocity and velocity 

fluctuation at burner exits: Case 1. 

 

 

Fig.10 Radical profile of average velocity and velocity 

fluctuation at burner exits: Case 2. 

 

CONCLUSIONS 

 

This study combined large eddy simulation with a 

newly improved 2-scalar flamelet approach to simulate a 

partial premixed turbulent combustion flow field, Sandia 

flame D. The following conclusions are discussed. 

 

⚫ This study successfully applied Kim’s 2-scalar flamelet 

approach to LES, and this model has a fairly well 

prediction on combustion field. 

⚫ The predictions of flow field improved considerably when 

a steady flame’s existence after pilot is accounted for. 

Outer side 

Inner side 


