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Abstract 

Accurate modeling of mass and thermal transport is essential for predicting the 

dynamics of complex reacting flows. This paper presents the development of a novel 

Hybrid Reacting Lattice Boltzmann Method (LBM) code designed to investigate the 

impact of detailed transport phenomena on flame behavior. The study compares the 

mixture-averaged diffusion model against the intricate multicomponent diffusion 

model including the thermodiffusional effects (Soret effect). The proposed 

computational framework is verified through simulations of one-dimensional 

premixed flames. The computed laminar flame speeds and flame thicknesses 

demonstrate excellent agreement with the Cantera results. 

Introduction 

The Lattice Boltzmann Method (LBM) is a mesoscopic approach for CFD. It is 

known with its exceptional scalability, parallel efficiency, and low numerical 

dissipation when struggling with acoustic and turbulent structures [1]. To overcome 

numerical instabilities in combustion simulations that standard LBM often 

encounters due to steep temperature and concentration gradients [2], Hybrid LBM is 

introduced. It solves the flow field using LBM, and the energy and species 

conservation equations with finite difference or finite volume methods. 

Accurate modeling of mass and thermal transport is critical for capturing flame 

dynamics. In combustion simulations, diffusive transport is generally represented 

using either multicomponent or mixture-averaged diffusion model. The 

multicomponent diffusion model is derived from kinetic gas theory and accounts for 

the full diffusion matrix. Furthermore, when modeling light, highly diffusive species 

such as hydrogen, the inclusion of thermodiffusional effects (Soret effect) is essential 

[3]. The mixture-averaged diffusion model offers lower computational cost. In this 

approach, diffusion calculations are simplified by averaging the diffusion matrix.  

Methodology 

Lattice Boltzmann Method (LBM): The continuous Boltzmann equation describes 

the evolution of the fluid particle using the velocity distribution functions (VDF).  
𝐷 𝑓(𝑥,𝜉,𝑡)

𝐷𝑡
= (

𝜕

𝜕𝑡
+ 𝜉𝛼

𝜕

𝜕𝑥𝛼
) 𝑓(𝑥, 𝜉, 𝑡) = Ω(𝑓)                        (1)  

The collision operator Ω accounts for the net rate of change of 𝑓 due to inter-particle 

collisions which drives the system towards the equilibrium 𝑓𝑒𝑞. However, complex, 

and high-dimensional nature of the VDF, and the collision term makes it challenging. 

Therefore, it is discretized using the symmetric and memory-efficient D2Q9 scheme 

with a regularized collision operator. The regularization strategy decomposes the 

VDF into an equilibrium (𝑓𝑒𝑞) and an off-equilibrium component (𝑓̅𝑛𝑒𝑞) projected 

IV6



JOINT MEETING OF THE ITALIAN AND SPANISH SECTIONS OF THE COMBUSTION INSTITUTE 
 

Dedicated to Prof. Amable Liñán  Villa Fondi | Piano di Sorrento | May 26-29, 2026 

onto the Hermite basis. We expand the equilibrium distribution to the third order to 

ensure accuracy in the pressure tensor and the momentum dynamics at the Navier–

Stokes level [1], and we take forceless improved density-based model as a basis [4]. 
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For each discrete direction, corresponding Hermite polynomial tensors are given by: 

𝐻𝛼
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(𝑐𝑖) = 𝑐𝑖𝛼|𝐻𝛼𝛽
(2)
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Where 𝜃 is the non-dimensional temperature (𝜃 =  (𝑟̅𝑇)/𝑐𝑠
2), and 𝑐𝑠 is the lattice 

speed of sound (𝑐𝑠 = 𝑑𝑥/𝑑𝑡/√3) . 

The off-equilibrium function 𝑓̅𝑛𝑒𝑞 is expanded up to second order of Hermite series. 
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The 𝑎̅𝛼𝛽
(2),𝑛𝑒𝑞

 is the second order non-equilibrium coefficient, and given in Eqn. (5). 

𝑆𝑖 is the additional forcing term to the VDF relation which addresses to prohibit the 

deviation resulting from discreteness nature of lattices. 
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Consequently, we apply the streaming and collision steps to advance the flow field. 

𝑓𝑖̅(𝑥𝛼 + 𝑐𝑖𝛼𝛿𝑡, 𝑡 + 𝛿𝑡) = 𝑓𝑖
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Finite Difference Model: The conservation equation for species is given as follows: 

𝜌 
𝜕𝑌ₖ

𝜕𝑡
+  𝜌 𝑢𝛼  

𝜕𝑌ₖ
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(−𝜌 𝑌ₖ 𝑉𝑘,𝛼) + 𝜔̇ₖ                        (9)  

where 𝜔̇ₖ is the net chemical production rate, and 𝑉𝑘,𝛼 denotes the diffusion velocity 

of species k. To model the complex transport phenomena, we implement two 

diffusion models: Soret-inclusive multicomponent approach utilizing the EGLIB 

library, and a mixture-averaged approach with the help of the CHEMKIN library. 

The multicomponent model evaluates the diffusion flux (𝑌ₖ 𝑉𝑘,𝛼) through the flux 

diffusion matrix (D̃ₖⱼ = YₖDₖⱼ). The mixture-averaged model simplifies diffusion 

calculations by averaging the diffusion matrix and assigning an average diffusion 

coefficient (𝐷𝑘𝑚
′ ) to each species. Thus, the computational cost of the full diffusion 

matrix is reduced. Hence, the species diffusion flux (𝑌ₖ 𝑉𝑘,𝛼) can be calculated more 

efficiently while still producing results close to the multicomponent approach. 

Subsequently, conservation of energy is enforced through the enthalpy formulation: 

𝜌
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Although the material derivative of pressure, and viscous heat terms are usually 

neglected in low-Mach combustion applications [5], we include the pressure term 

through its temporal evolution to enhance accuracy. The temperature is determined 

from mixture enthalpy and chemical composition using Newton–Raphson method. 

Results 

One-dimensional premixed flame: The computational domain is modeled as a 

pseudo-one-dimensional domain with L = 30 mm. We maintain highly refined 

spatial and temporal discretization through the grid size of Δ𝑥 = 15 μm (20 × δ of 

ϕ = 1) and the time step of Δ𝑡 ≈ 7.4 𝑛𝑠. Sketch of the flow field is given in Fig. (1).  

 

 

 

 

Figure 1. The control volume of 1-D premixed flame 

We employ Cantera software to determine thermo-chemical equilibrium state. For 

chemical kinetics, we utilize a 9-species, 12-step reduced hydrogen mechanism [6]. 

 
(a) Flame Speed (𝑆𝐿) vs. ϕ               (b) Flame Thickness (δ) vs. ϕ 

Figure 2. Code Validation using Soret inclusive Multicomponent diffusion model. 

In Figure (2a & 3a), our HLBM framework demonstrates an excellent agreement 

with Cantera simulations for both the Soret effect inclusive multicomponent (MC) 

diffusion model and the mixture-averaged (MA) diffusion model. As the mixture 

approaches stoichiometry, the flame temperature and reaction rates rise, which 

increases the flame speed and produces thinner flame thickness. Figure (2b & 3b) 

confirms this behavior by displaying the flame thickness (𝛿) as a function of 𝜙. 

 
(a) Flame Speed (𝑆𝐿) vs. ϕ               (b) Flame Thickness (δ) vs. ϕ 

Figure 3. Code Validation using Mixture-averaged diffusion model. 
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Moreover, the influence of the Soret effect is assessed by comparing the Mixture-

averaged approach with the Soret-inclusive Multicomponent formulation. The 

relative percentage difference in flame speeds between these two methods is 

quantified across the studied range of equivalence ratios, as seen in Fig. (4).  

  
Figure 4. The influence of the Soret effect on Laminar Flame Speed. 

The data reveal that including Soret effect leads to a reduction in the flame speeds, 

implying that thermal diffusion acts to suppress the travel rate for hydrogen flames. 

Conclusion 

In this study, a novel Hybrid Reacting Lattice Boltzmann Method (LBM) solver is 

developed to investigate the influence of diffusion models on flame dynamics. By 

coupling the kinetic advantages of LBM for resolving hydrodynamic flow fields with 

Finite Difference Method for scalar transport, the proposed framework overcomes 

the thermodynamic instabilities of the standard LBM in combustion environments. 

The fidelity of this hybrid solver is established through 1D premixed flames. The 

simulations show excellent agreement with benchmark Cantera results in both 

laminar flame speeds and flame thickness. Furthermore, we plan to further 

investigate the diffusion models with other commonly used benchmark cases from 

the literature, such as the flame vortex interaction problem. 
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