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The characteristics of partially-premixed flames is investigated by simulating a 
series of triple flames with different variations of chemical equivalent ratio.  
A 2-D reaction-diffusion manifold chemistry tabulation method is employed in 
the simulation and the results are compared with the CH4-air 19-step chemical 
reaction mechanism. The performance of these two mechanisms is then assessed 
by using direct numerical simulations coupled with GRI3.0 detailed mechanism. 
It is shown that both 2-D reaction-diffusion manifold table and 19-step simplified 
mechanism can describe the temperature and main products accurately, however, 
for some minor intermediary products, predictions from 2-D reaction-diffusion 
manifold table is observed to be better than 19-step simplified mechanism. Com-
pared with the 19-step mechanism, 2-D reaction-diffusion manifold table only 
needs to solve only the transport equations for CO2 and N2 species, which greatly 
simplifies the solution process of chemical reaction and provides a reliable solu-
tion for the numerical simulation of turbulence with higher accuracy. This work 
indicates that as a relatively advanced kinetic simplified method, the reaction-
diffusion manifold tabulation method can reduce the computational cost and at 
the same time retain the accuracy effectively. 
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Introduction 

As a major source of energy, fossil fuels drive the life and production of human so-

ciety, but also bring a series of exhaust emission problems [1, 2]. We can foresee that this 

mode of energy supply will still play a dominant role for a long time in future. Therefore, it is 

of great significance to develop efficient and clean combustion technology. In this point, the 

design method of numerical simulation has broad prospects [3-5]. In terms of fuel combust 

mode, perfectly premixed flames and non-premixed flames are the two distinctive forms of 

combustion, where fuel/oxidizer mixture is thoroughly mixed in the former and separated pri-

or to chemical reaction in the latter. In practical combustors, completely premixed or diffusion 

flames are hard to achieve, often resulting in partially-premixed flames. The partially-pre-

mixed flames have characteristics of both premixed and diffusion flames including double [6], 

triple [7], and edge [8] flames. They typically contain multiple reaction zones. For instance, a 
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double flame contains two reaction zones, a rich premixed zone on the fuel side and a diffu-

sion zone on the oxidant side, while a triple flame includes three reaction zones, two premixed 

zones and one diffusion zone. These reaction zones are spatially separated but are collectively 

coupled through thermochemical and hydrodynamic interactions among them. Each reaction 

zone is affected by other reaction zones, and the global flame structure is strongly dependent 

on the interactions among these reaction zones [9]. Therefore, there are significant differences 

among the flame blowout characteristics of partially-premixed flames and those of premixed 

and non-premixed flames. 

As a typical feature that exist in partially-premixed flames, triple flames play an im-

portant role in the propagation characteristics of various kinds of flames. Figures 1(a)-1(f) 

show structure of typical triple flames in vari-

ous partially-premixed flame configurations 

[7]. As can be seen in figs. 1(a)-1(f), the 

curved edge is the unique feature of triple 

flames formed by the presence of premixed 

region in the edge. The structure of triple 

flames was first described by Phillips [10]. 

Kim et al. [11] performed an experimental 

study to examine the trend of propagation ve-

locity of triple-flames under relatively large 

mixed fractional gradient. It was found that 

when the mass fraction gradient becomes 

larger, the flame propagation velocity gradual-

ly decreases, and the propagation velocity of 

the edge flame was observed to be less than 

the stoichiometric laminar flame.  

The global reaction mechanism is often used in numerical simulations, however, this 

mechanism hits its limits to describe the structure of triple flames owing to the presence of 

multiple reaction zones. A more detailed chemical reaction mechanisms were therefore sought. 

Qin et al. [12] studied the effect of gravity on the premixed laminar flame of CH4-air using an 

81-step CH4 reaction mechanism in the simulation. Yammamoto et al. [13] used a 25-step CH4 

chemical reaction mechanism to study the CH4-air jet triple flames in co-flow condition. Yuan 

et al. [14] analyzed the influence of wall and geometrical structure of flow field on the propa-

gation of CH4-air triple flames. They have adopted 184 steps CH4 chemical reaction mecha-

nism to improve the accuracy, however, this has greatly increased the computational time. 

In order to reduce the computational cost and effectively improve the calculation ac-

curacy, a number of simplified dynamic methods have been developed in the past few dec-

ades, mainly including the path flux analysis method [15], the computational singular pertur-

bation method [16], the in situ adaptive tabulation method [17], and the intrinsic low-

dimensional manifolds (ILDM) method [18]. The ILDM method is based on the direct numer-

ical analysis of the dynamic behavior of the chemical system non-linear response. The eigen-

value analysis of the Jacobian matrix of the chemical reaction term is used to decompose the 

reaction space into a fast reaction subspace and a slow reaction subspace.  

The manifold is constructed in a slow reaction subspace to achieve a partial pa-

rameter to characterize the composition of the entire chemical system. While ILDM method 

assumes that the chemical reaction dominates in the process of simplified the mechanism 

and ignored the influence of convective diffusion on the chemical reaction in the low tem-

 

Figure 1. Schematic of triple flames in various 
flow configurations adapted from [7]; rich 

premixed flame (RPF), lean premixed flame 
(LPF), diffusion flame (DF) 
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perature region. Therefore, it has good simulation accuracy only in the high temperature 

zone. Increasing the subspace dimension is one of the methods to improve the calculation 

accuracy of the low temperature zone, but at the same time greatly increases the amount of 

calculation. The flamelet generation manifolds (FGM) proposed by Oijen et al. [19] and the 

flame prolongation of ILDM (FPI) method proposed by Gicquel et al. [20], by adding the 

influence of flow effects such as diffusion on the basis of the original ILDM method, has 

been widely used. 

After these two methods have been successfully applied to the numerical simulation 

of premixed and diffusion flame, more and more scientists tried to use it for partially-

premixed flames. Fiorina et al. [21] applied a 2-D PFI table to a partially premixed flame and 

found that the PFI model yielded good results when the mixture ratio was in the flammable 

limits. Once the mixing fraction exceeds the flammable limit, the FPI results do not perform 

very well. Wu et al. [22] simulated the 2-D triple flames, it was found that the predicted mass 

fraction of CO in the FPI tabulation method was too larger than the detailed reaction mecha-

nism results. Song [23] applied the FGM premixed table and FGM diffusion table to the par-

tially premixed flame by using the flame index concept and obtained a good result, but the 

cost of simulation gained a lot. Therefore, a new simplified reaction mechanism method was 

created by Bykov and Maas: reaction-diffusion mainfold (REDIM) method [24]. Wang et al. 
[25] used the 2-D REDIM table combined with the assumed probability density function 

(PFDF) to calculate the stratified flame used Darmstadt burner, which is in good agreement 

with the experimental results.  

In the present work, we study the combustion characteristics of triple flames under a 

uniform concentration gradient, and also analyze the ability of 2-D REDIM table to describe 

the triple flames that exceeds the flammable limit. The GRI3.0 mechanism is used in the par-

allel triple flames with equivalence ratios in [0, 2] proposed by Wen et al. [26]. Further, 

REDIM tabulation method and 19-step CH4 chemical reaction mechanism are used to exam-

ine the results in order to explore the performance of REDIM table.  

The REDIM table 

In ILDM method, only the chemical reaction is solved in chemical reaction simula-

tion. However, the REDIM method considers both effect of chemical reaction and molecular 

transport in process of low-dimensional manifolds generation. The low-dimensional manifold 

equation [24] is: 
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where  is the density,  – the local coordinate vector in low-dimensional manifold, 

 x = grad() is the spatial gradient of ,  – the Hessian matrix, d – the matrix of molecular 

diffusion coefficients, the sign "  ⃘" is an abbreviation for two vector multiplications with third-

order tensors. The process of generating a REDIM table can be divided into following steps 

[28]: 

– Specify initial conditions and boundary conditions of eq. (1). 

– Specify the gradient grad() as a function of . 

– Time integral with eq. (1) until it reaches a stable state. 

– Store manifold data, such as ,  () F[ ()], etc. 
In this paper, Dirichlet boundary conditions are used to solve different 1-D laminar 

flamelet units by INSFLA [27-29] program with GRI3.0 mechanism, then the computational 
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boundary and initial manifold of the REDIM table are generated. These flamelet units include 

CH4-air pure mixing flow, air-pilot counter flow flame and fuel-pilot counter flow flame. As 

shown in fig. 2(a), the black line on the left indicates the fuel-pilot counter flow flame, the 

black line on the right indicates the pilot-air counter flow flame, and the black line at the bot-

tom indicates the pure mixing process with no combustion in the CH4-air counter flow. These 

lines form the border of 2-D REDIM table. The inner dashed lines indicate the fuel-air coun-

ter flow flame at different strain rates and are used to specify the initial manifold of the 

REDIM table. The strain rates increase with the height of the curves. Too large strain rate can 

make the flame shut down. The initial manifold can be used to generate the REDIM table as 

long as it lies inside the borders. Figure 2(b) shows a 3-D framework represented by  

YN2-YCO2-YOH, the green line indicates the instant flame blowout of flamelet unit. It can be 

seen that the 2-D REDIM table can describe the flame blowout state and it is suitable for sim-

ulating partially-premixed flames. The finally convergent file counterdiff in INSFLA is im-

ported into REDIM generate program. By specifying the initial conditions and boundary con-

ditions, the initial manifold obtained as shown in fig. 2(c). 

 

Figure 2. The 2-D REDIM table generation process from beginning to the end  

By performing steps 2-4, a 2-D REDIM table with N2 and CO2 mass fractions as ar-

guments is finally obtained as shown in fig. 2(d). The YCO2 characterizes the reaction rate, YN2 



Zeng, H
 

characterizes the mixing process. Other thermodynamic variables such as CH4, CO density, 

temperature, and CO2 production rate can be obtained by querying the 2-D REDIM table. The 

value of CO2 mass fraction as zero corresponds to the pure mixing process and the equivalence 

ratio, , have the value of 10 and 0 when the N2 mass fraction takes the minimum and maxi-

mum values, respectively. For the realistic situations, the mass fraction ranges of N2 and CO2 

can only be located in the area between the two solid blue lines in fig. 2(d). 

Computational set-up 

Computational domain 

Figure 3 shows the inlet conditions that are used in the calculation of laminar triple 

flames (the Reynolds number is 500). Fresh mixture of methane-air enters the domain from the 

left at an atmospheric pressure of 1 atm. A uniform inflow velocity of 0.5 m/s is considered 

along the x-direction, and the concentration 

gradient changes uniformly along the y-direc-

tion from 0 to 15 mm. At the inlet, the equi-

valent ratio is assumed to increase linearly 

from 0 to 2, to cover both lean and rich flam-

mable limits, while maintaining the stoichio-

metric ratio line at the central location in the y 

direction. Further, to ensure that the triple 

flames is sufficiently far away from the inlet 

boundary, the mixture concentration of inlet 

part is confined to the region of 0 < x < 2 mm, 

and the exhaust gas is filled in the region of  

2 < x < 25 mm to ignite unburned gas. Due to the strong variations in flame speed under different 

equivalence ratios, as the flame propagates along the x-direction, the premixed flame that 

branches on both the sides gradually bend. As the diffusion effect of the components concentra-

tion gradient, the excessive fuel in the rich premixed branch and oxidant in the lean premixed 

branch are diffused to the middle region. Finally, the triple flames were generated. In the present 

simulations, we adopt a 2-D rectangular domain of 15 mm (x) × 25 mm (y) and 1000/600 grid 

cells were set in the x/y directions, respectively, with a uniform cell length of 0.025 mm.  

Numerical set-up 

We employed the rho-reacting buoyant foam to do the simulation which solve the 

reaction in chemkin format. The slip wall is applied at top and bottom boundaries, while the 

zero-gradient boundary condition is considered at the outlet. For the calculations, a second-

order backward scheme is selected for time discretization, a limited difference TVD scheme is 

adopted for convection term, and a second-order linear Gaussian difference scheme is adopted 

for diffusion term. In OpenFOAM, the courant number can automatically adjust with the time 

step, which is set to 0.4 in our cases, and the iteration residual is set to 1 · 10–9. 

Results and discussions 

The GRI 3.0 mechanism 

Figure 4(a) shows the temperature distribution of the triple flames. The flame tem-

perature rises gradually from the sides (300 K) to the middle area (2100 K). Due to the heat 

 

Figure 3. Schematic of the computation domain to 
simulate triple flames 
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spread from middle to both sides, the highest temperature is lower over 100 K than the pre-

mixed flame at stoichiometric ratio with a temperature of 2226 K. The solid white line in fig. 

4(a) is the equivalence ratio contour described by the N2 mass fraction. The equivalence ratio 

of the mixture gradually increases along the y-direction and the contour bends near the flame 

front. By combining these contours with the distribution of the OH radicals in fig. 4(c), the 

position of the rich premixed flame branches and the lean premixed flame branches can be ef-

fectively identified.  

Figure 4(b) shows a cloud chart of CO2 reaction rate, where a very light flame 

branch can be observed in the center location along y-direction. This causes excessive fuel on 

the rich branch side and excess oxidant on the lean branches continues to diffuse in the middle 

and the mixture is ignited by the high temperature exhaust gas. The lower reaction rate of CO2 

on diffusion flame branch is due to the limited mass fraction of diffusion gas. The diffusion 

flame branch can be clearly observed in the OH mass fraction cloud map, fig. 4(c). Compar-

ing fig. 4(a), it can be found that OH radicals are ubiquitous in the high temperature zone be-

cause fuel is largely decomposed in this zone which generates OH radicals. Due to the pres-

ence of the diffusion reaction, the amount of OH radicals is additionally increased, so that the 

OH radicals are more abundant near the triple-point. Along the branch of the diffusion flame 

to downstream, the concentration of OH radicals remains constant, as for the two premixed 

flame branches, the concentration of OH radicals decreases in downstream. 

 

Figure 4. Temperature and main composition information in triple flames, the black 
bold line represents the position of the stoichiometric ratio, the white solid line 

represents the equivalence ratio contour 

Figure 4(e) shows that a uniform CH4 concentration gradient is applied to the inlet 

boundary. Because of diffusion and flame effect, the concentration gradient of CH4 gradually 

decreases from upstream to downstream. A large amount of CO products can be found in the 

rich premixed flame branch, fig. 4(d), with a certain concentration gradient along the  
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y-direction, because when methane burns, it will break into CO and other small molecular 

species first [30]. For the lean premixed flame branch, excessive trend to diffuse to rich 

branch can be seen in fig. 4(f). 

Figure 5(a) shows the variations of temperature along y-direction at four different 

axial locations, x = 10 mm, 12 mm, 15 mm, and 20 mm away from triple-point, respectively. 

Observing the temperature distribution at different locations, it was found that along the 

downstream of the flame, the temperature gradient gradually decreases, which means that the 

flame thickness increases continuously. Meanwhile, it can be seen in fig. 5(b) that the distri-

bution area of CO2 reaction rate on the premixed flame branches gradually widens, and the 

peak value of CO2 reaction rate decreases to indicate that the chemical reaction rate is signifi-

cantly reducing along the flame propagation direction. At the downstream locations of the 

flame, the mass fraction of OH radicals at the diffusion flame branch decreases at first and fi-

nally remains constant, fig. 5(c). At the two premixed flame branches, the peak value of OH 

radicals gradually decreases, and the peak value of OH at lean premixed branch flame is high-

er than that of the rich premixed flame branch. Meanwhile, two premixed flame branches 

gradually become blurred. According to Zhang’s point [31], most of the OH radicals are gen-

erated from O2 and CH3 radicals, fig. 5(d). 

 

Figure 5. Temperature and mass fractions of components at x = 10 mm, 12 mm, 15 mm, and 20 mm 
away from triple-point 
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Comparison of REDIM table and 19-step simplified mechanism 

In figs. 6(a) and 6(b), we present the results based on GRI 3.0 mechanism as plots of  

N2-CO2-OH mass fraction and N2-CO2-T scatter plot distributions respectively. Similarly, 

figs. 7(a) and 7(b) show the results from the 2-D-REDIM table. For convenient comparison, 

figs. 7(a) and 7(b) show only a 2-D REDIM table with a N2 mass fraction in the range of 0.68 

to 0.76 (the same equivalent ratio range with GRI 3.0 mechanism calculation). It can be seen 

that the results from these two methods show almost the same trend, The YN2-YCO2-YOH and  

YN2-YCO2-T scatter points of triple flames all included in 2-D REDIM table which indicate 

that the table can be used to solve the triple flames we set in our case. 

 

Figure 6. The projection results based on GRI3.0 mechanism 

 

Figure 7. The projection results based on 2-D REDIM table, colored with temperature (300 K, 2100 K) 

The results of the triple flames using GRI3.0 mechanism, 2-D REDIM table and  

19-step simplified mechanism [32] are shown in fig. 8. It can be seen that the prediction of 

temperature and main components such as CH4 and O2 mass fraction distributions are very 

similar between GRI3.0 mechanism and 2-D REDIM table. For lean premixed flame branch 

at downstream, the flame under 2-D REDIM table is little wider than the GRI3.0 results. For 

CO mass fraction distribution, the results of 2-D REDIM table are very close to the GRI3.0 
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mechanism in general, in rich premixed flame branch the prediction of mass fraction of CO is 

smaller than GRI3.0 mechanism, but it is still better than 19-step mechanism. Because 2-D 

REDIM table method just solved CO2 and N2 transport equation, so it runs faster than solving 

chemical reaction method. In this case (0.6 million cells totally) 2-D REDIM table costs 

16 hours while with 19 steps mechanism it costs more than 40 hours. Generate REDIM table 

only takes a few minutes but preparing flamelet units need a half day. In the study of triple 

flames, more detailed chemical reaction mechanism can be used to improve the accuracy, but 

at the higher computation cost. 

 

Figure 8. Instantaneous distribution of temperature and component mass fractions based on,  

(a) GRI3.0 mechanism, (b) 2-D REDIM chemical table, and (c) 19-step mechanism  

Figure 9 shows the temperature, CH4 mass fraction and H2O mass fraction distribu-

tion curves at different locations away from triple-point. The black dots indicate the GRI3.0 

mechanism results, the solid curve and dashed curve represent the 2-D REDIM table and 19-

step mechanism results, respectively. As can be seen in fig. 9(a), 2-D REDIM table results at 

different locations are in good agreement with that of the GRI3.0 mechanism. However, in the 

3 < y < 7 mm region, the 2-D REDIM table predicts a lower flame temperature (less than 5% 

difference) compared to the GRI3.0 mechanism. It is observed that the equivalent ratio in 

3 < y < 7 mm region is approximately between 0.6 and 0.9, which belongs to the lean pre-

mixed flame branch. It because few points beyond the 2-D REDIM table borders in this re-
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gion, so this part results are processed by mapping method, which may be the main reason for 

the lower flame temperature in this position. 

In other regions, the temperature values of 2-D REDIM table predicts almost same 

with GRI3.0 mechanism. At two premixed flame branches, the 2-D REDIM table and the  

19-step mechanism predict similar temperature gradient with GRI3.0 mechanism, which indi-

cates that 2-D REDIM table and 19-step mechanism can correctly predict the thickness of the 

premixed flame branches in triple flames. At x = 5 mm, the 19-step mechanism results are in 

good agreement with the GRI3.0 mechanism results, while in x = 10 mm and 15 mm, the 

temperature predicted by the 19-step mechanism is much higher. In fig. 9(b), both 2-D 

REDIM table and 19-step mechanism agree well with the results of GRI3.0 mechanism in 

predictions of mass fraction of CH4. In fig. 9(c), the mass fraction of H2O in 2-D REDIM ta-

ble agrees well with the GRI3.0 mechanism at three different locations. However, the results 

of 2-D REDIM tables are slightly lower than GRI 3.0 mechanism at 3 < y < 7 mm. By con-

trast, the 19-step mechanism burns intensely, and the mass fraction of H2O here is much high-

er than the actual state. 

 

Figure 9. Temperature and mass fractions of CH4, H2O distributions at different locations away from 
the triple-point; • GRI3.0 mechanism, ━ 2-D REDIM, – – – 19-step mechanism  

Conclusions  

In this paper, direct numerical simulation was employed to simulate triple flames. 

Using GRI3.0 mechanism, the flame structure and flow field characteristics were analyzed. A 

2-D REDIM table was generated based on GRI3.0 mechanism. To evaluate the performance 

of the REDIM table, the flames are simulated by using REDIM table and 19-step simplified 

mechanism. The results indicated that both REDIM table and 19-step simplified mechanism 

can describe the temperature and main products such as CO2 and H2O well, however for some 

instantaneous products, the 2-D REDIM table has a better performance than 19-step mecha-
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nism. As for the deviation of 2-D REDIM table in lean premixed flame branch, it is mainly 

due to the projection error of boundary points in tabulation, and the accuracy can be improved 

if the REDIM table boundary is optimized. The calculation boundary considered in generating 

2-D REDIM table is comprehensive, so it can be directly applied to other complex turbulent 

flame. The REDIM table greatly simplifies the process of solving chemical reactions, which 

can reduce the dependence on computing resources, at the same time, the calculation accuracy 

is guaranteed effectively, which provides a reliable solution for numerical simulation of turbu-

lence simulation. 
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