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In non-premixed flames where preferential diffusion is present, curvature can play a crucial role by strengthening 

or weakening the preferential diffusion depending on the direction of the curvature and Lewis numbers of fuel and 

oxidizer [1]. Since almost all the practical flames are curved, the effects of curvature must be taken into account 

whenever the preferential diffusion effects are of importance. Therefore, suitable computational models must be 

developed to capture curvature effects. 

In terms of flamelet-based approaches, there are studies in the literature which modify the classical flamelet 

approach to take curvature terms into account [2, 3]. However, to our knowledge, there are no studies which try to 

model curvature effects for non-premixed systems using flamelet-based chemistry tabulation methods. This 

motivated us to extend flamelet generated manifold (FGM) method to model curved non-premixed flames. 

Firstly, 1D detailed simulations of strained and curved counter-flow flames were performed. The conditions were 

taken from the experiments of Dally et al. [4]. The fuel is composed of hydrogen and methane of equal volumes, 

and the oxidizer is hot and diluted so that the combustion is in MILD regime [5], and the mixture auto-ignites. The 

strain rate has been fixed at 300 s-1 and the curvature has been changed from -1 mm-1 to 1 mm-1. How the initial 

mass fraction of hydrogen in mixture fraction space and the ignition delay of the flame change with curvature are 

shown in Figure 1. 

                  

Figure 1. Effect of curvature on some variables: Initial mass fraction of hydrogen (left), maximum temperature of 

the flame (right). 

As can be seen from Figure 1, positive curvature strengthens the effect of preferential diffusion, whereas negative 

curvature weakens it. As a result, ignition is considerably delayed when the flame is negatively curved. It should 

be noted that the situation would be reversed if the Lewis number of hydrogen was more than unity. 

Curvature increases the dimension of the manifold, hence should be modeled using an extra control variable which 

can represent the effects of curvature properly. The obvious choice would be to use the curvature itself as the 

control variable. However, this way the unsteady effects due to the change in curvature cannot be captured. We 

have decided to use a passive scalar which has the same diffusivity as hydrogen. This new variable can be 

considered as a new mixture fraction, and was named as “ZH” accordingly. The transported mixture fraction was 

used as the main mixture fraction instead of Bilger’s definition in order to make two mixture fractions (Zt and ZH) 

independent of each other. 

In order to capture both the pre-ignition and oxidation stages of the combustion, we used the multi-stage (MuSt) 

FGM approach as in our previous study [6]. HO2 and H2O were used as the first and second progress variables, 

respectively. Using the detailed simulations, a 3D FGM table was created using Zt, ZH, and progress variables as 
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control variables. For comparison purposes, a 2D FGM table without ZH as a control variable was created as well, 

using the detailed simulation for 0 curvature. Simulations with MuSt-FGM were performed for different curvature 

values. Evolution of the maximum of progress variables for 𝜅 = −1 𝑚𝑚−1 are shown in Figure 2. 

           

Figure 2. Change of maximum of PV1 (left) and PV2 (right) for 𝜅 = −1 𝑚𝑚−1 

It is clearly seen that the simulation with 2D FGM, which ignores the effects of curvature, cannot capture the 

ignition delay and miscalculates progress variables. On the other hand, the simulation with 3D FGM can predict 

all the pre-ignition, autoignition, and oxidation stages perfectly. To further assess the capability of this approach, 

a case with varying curvature was tested. The mixture was initialized without any curvature, and a curvature of -1 

mm-1 was applied during the simulation. Again the maximums of progress variables are shown in Figure 3. 

               

Figure 3. Change of maximum of PV1 (left) and PV2 (right) for 𝜅 = 0 𝑡𝑜 − 1 𝑚𝑚−1 

For this case, 2D FGM performs well for the beginning as well, because the initial condition of 0 curvature 

dominates in that region. However, as time progresses, 2D FGM fails to capture the change in curvature from 0 to 

-1 mm-1. 3D FGM is again successful throughout the entire simulation. 

We have shown that curvature can be modeled using MuSt-FGM by increasing the dimension of the manifold by 

1, and using a mixture fraction with the diffusivity of that of the main fuel component. In the future, we will test 

this method in a 2D or 3D flame. 
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