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Abstract: Smoldering phenomenon is described as a flameless form of combustion. It deriving its heat from  

heterogeneous  reactions  happening  on  the  surface  of  a  solid  fuel  when heated in an oxidizer medium. In 

this work a computational study has been carried out to explain smoldering ignition and propagation in 

polyurethane foam. The two-dimensional, transient, governing equations for smoldering combustion in a porous 

fuel are established accounting for improved solid-phase chemical kinetics.  The model describes opposed and 

forward propagation. The solid-phase kinetics suitable for numerical simulation has been developed and applied 

to the investigation of smoldering combustion. The numerical simulation has been effected using the lattice 

Boltzmann method.  It predicts the reaction-front thermal and species structure, the onset of smoldering ignition, 

and the propagation rate. The results reproduce the features of the smolder process and represent a significant 

step in smoldering combustion modeling. 
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Introduction 
 

Smoldering is a surface combustion reaction that propagates through a porous combustible material [1, 2]. 

The heat released in the reaction is characteristically low [3]. Smoldering involves complex processes related to 

fluid flow and heat and mass transfer in porous media. This phenomenon is studied both theatrically and 

experimentally. Indeed, Ohlemiller provides two extensive reviews [1, 4] studies present in the literature. The 

problem of combustion is so complex. It involves fluid mechanical process and heat transfer. The complexity of 

the reaction limits our ability to handle such phenomena without numerical simulation. The numerical techniques 

for combustion become essential for engineers and research scientists [5, 6].  

Recently, the lattice Boltzmann method (LBM) has emerged as an efficient alternative method for 

numerical simulation [7]. It is a mesoscopic technique that closed the gap between macroscopic and microscopic 

scale. The principle of LBM is the kinetic theory of fluid motion. It is derived from the Boltzmann transport 

equation. This method interests in the behavior of a cluster of particles as a unit. In fact, the simulation with 

LBM consists of following the evolution of fluid particle in discretized space, speed and time [8]. LBM received 

considerable attention due to many advantages: the convection operator of the equation is linear. It’s adapted to 

parallel processes computing. Solving the Laplace equation is not necessary at each time step to satisfy the 

continuity equation. The Lattice Boltzmann method is used to model flow behavior in complex geometries 

thanks to its easy implementation under complex fluid–solid boundary conditions. In comparison with 

conventional CFD methods, the LBM has simple calculation procedure [9-11]. The main advantage of this 

method is the simple implementation of boundary conditions. These benefits motive the simulation of 

incompressible fluid flow in porous media. 

In present paper, we apply the LBM to study the lattice the smoldering combustion. The kinetic process is 

composite of three equations. The char and the temperature profiles are presented; they describe the evolution of 

the phenomenon.  
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1.  Problem presentation 

 

The geometry of interest that was studied is shown in figure 1. It consists of a fixed bed of foam with a 

length and width of 15 cm. Initially, the entire foam fuel is unreacted. Air is forced to flow into the left face of 

the foam material. The combustion process is initiated by holding a high temperature or a high heat flux at the 

front during a period of time until self sustaining is obtained. The reaction zone propagates from the left to right 

side of the medium.  

 

 

 
Figure 1: Forward smoldering of fixed bed of foam 

 

2. Mathematical model 
 

The  mathematical model  treats  the  two-dimensional  time-dependent  conservation equations  for  the  

solid  and  the  gas.  The computational domain follows the forward smoldering combustion. Indeed forced 

airflow and ignition are imposed at the same boundary. The reaction front moves in the same direction as the 

airflow (from right to left). The model includes the following equations [12, 13]: 

 

2.1 Assumptions  

 

In this simulation we adopt the following assumptions: 

 

 The gaseous species have identical diffusion coefficients.  

 The reactions didn’t cause the shrinkage of volume.  

 We account for the diffusion of the heat and the oxygen from the solid surface to the bulk gas.  

 The porous media and the flowing gas properties are homogeneous and isotropic 

 The porous matrix is rigid 

 The gas is incompressible and the properties of the fluid and solid phases are constant. 

 Gas-phase and condensed-phase are in thermal equilibrium. 

 No homogeneous gas-phase reactions occur. 

 Unit Schmidt number 

 

2.2 Kinetic processes 

 

The chemical reactivity of the solid is modeled with a 3 step chemical mechanism. Indeed, the fuel 

decomposes through endothermic pyrolysis giving gaseous products and solid char. The solid fuel undergoes 

also oxidation. The second step is the char oxidation; it is highly exothermic reaction in which it is converted to 

gaseous products and ash. The kinetic model is given as follow [14]: 

 

The fuel pyrolysis: 

1g fuel nc2 char + ng2 gas  

 

The fuel oxidation: 

1g fuel + no1 O2                   nc1 char + ng1 gas  

 



The char oxidation: 

1g char + no3 O2                   na3 ash + ng3 gas 

 

The mathematical expressions of the reactions rate are [14]: 

 

2.2.1 Thermal oxidation 

 

𝜔𝑜𝑥 = (1 − 𝑌𝑐 − 𝑌𝑎)
𝑓𝜌𝑠 𝐴𝑜𝑥(𝑌𝑜2)

𝑚
𝑒𝑥𝑝−

𝐸𝑜𝑥
𝑅𝑇   (1) 

 

2.2.2 Pyrolysis 

 

𝜔𝑝𝑦 = (1 − 𝑌𝑐 − 𝑌𝑎)
𝑔𝜌𝑠 𝐴𝑝𝑦𝑒𝑥𝑝

−
𝐸𝑝𝑦
𝑅𝑇   (2) 

 
2.2.3 Char oxidation 

𝜔𝑎 = 𝑌𝑐 𝜌𝑐   𝐴𝑎(𝑌𝑜2)
ℎ
𝑒𝑥𝑝−

𝐸𝑎
𝑅𝑇     (3) 

 

The coefficients 𝑓, 𝑔, ℎ,𝑚 represent the reaction order 

 

2.3 conservations equations 

 

2.3.1 Solid phase species conservation 

 

𝜕(𝜌𝑠𝑌𝑐)

𝜕𝑡
= 𝑛𝑐1𝜔𝑜𝑥 + 𝑛𝑐2𝜔𝑝𝑦 − 𝜔𝑎 (4) 

 

 

                          
𝜕(𝜌𝑐𝑌𝑎)

𝜕𝑡
= 𝑛𝑎3𝜔𝑎  (5) 

 

2.3.2 Gas phase mass conservation  

 

                                   
∂𝜌𝑔

∂t
+ ∇. (𝜌𝑔𝑢) = (𝑛𝑔1 − 𝑛𝑜1)𝜔𝑜𝑥 + 𝑛𝑔2𝜔𝑝𝑦 + (𝑛𝑔3 − 𝑛𝑜3)𝜔𝑎  (6) 

 

3.3.3 Momentum conservation 

 

                 
𝜕𝜌𝑔

𝜕𝑡
+ (𝑢. ∇) (

𝑢

𝜀
) = −

1

𝜌𝑔
∇(𝜀𝑝) + 𝜐𝑒∇

2𝑢 + 𝐹  (7) 

 

                       𝐹 = −
𝜀𝜐

𝐾
𝑢 −

𝜀𝐹𝜀

√𝐾
|𝑢|𝑢 + 𝜀𝐺   (8)   

 

3.3.4 Oxygen conservation in the bulk gas 

 

                  
∂ (𝜌𝑔𝑌𝑜2𝐵

) 

∂t
+ ∇ (𝜌𝑔𝑢𝑌𝑜2𝐵

) = ∇ (𝜌𝑔𝐷𝑔∇ (𝑌𝑜2𝐵
)) +

ℎ𝑚𝑆

𝜀𝐵
(𝑌𝑜2𝑠 − 𝑌𝑜2𝐵

) (9) 

 

 

 

 

 

 



3.3.5 Oxygen conservation at the surface 

 

∂ (𝜌𝑔𝑌𝑜2𝑠) 

∂t
+ ∇ (𝜌𝑔𝑢𝑠𝑌𝑜2𝑠)

= ∇(𝜌𝑔𝐷𝑔∇ (𝑌𝑜2𝑠)) +
ℎ𝑚𝑆

𝜀𝑠
(𝑌𝑜2𝐵

− 𝑌𝑜2𝑠) −
𝑛𝑜1
𝜀𝑠
𝜔𝑜𝑥 −

𝑛𝑜3
𝜀𝑠
𝜔𝑎  (10) 

 

3.3.6 The energy conservation 

 

𝜕(𝜌𝑠𝐶𝑝𝑠𝑇)

𝜕𝑡
= ∇(𝜆𝑠∇𝑇) + ∇(𝜆𝑟𝑎𝑑∇𝑇) − 𝜔𝑜𝑥∆𝐻𝑜𝑥 +𝜔𝑝𝑦∆𝐻𝑝𝑦 + 𝜔𝑎∆𝐻𝑎  (11) 

 

 

3. Numerical method: Lattice Boltzmann method for smoldering combustion 

 
The lattice Boltzmann method is characterized by: simple numerical codes, easy parallel implementations 

and clear physical pictures. The lattice Boltzmann method is recognized as an efficient alternative for numerical 

simulation of complex flows. We present a lattice Boltzmann model for simulation of smoldering. It includes 

reaction, diffusion, and convection. The chemical reaction does not affect the flow field. Temperature, flow and 

concentration fields are decoupled and solved separately. The simulation of the combustion fields involves the 

reaction term modeling heat release and mass rate of production. We use the double-distribution-function model 

proposed by Shan et al. [15]. Its main feature is that the flow, temperature, and species fields are treated by two 

sets of distribution functions. 

 

3.1 Flow fields 

 

For incompressible flow, the evolution equation of the density can be written as [11]: 

 

𝑓(𝑥 + 𝛿𝑡 𝑐𝑖, 𝑡 + 𝑑𝑡)𝑖 − 𝑓(𝑥, 𝑡)𝑖 =
𝑓(𝑥, 𝑡)𝑖 − 𝑓(𝑥, 𝑡)

𝑒𝑞

Γ𝜈
+ 𝛿𝑡𝐹𝑖  (12)   

 

The discrete velocities of the D2Q9 model are given by: 

 

{
 
 

 
 

𝑐0 = 0

𝑐𝑖 = 𝑐 (𝑐𝑜𝑠 ((𝑖 − 1)
𝜋

2
) , 𝑠𝑖𝑛 ((𝑖 − 1)

𝜋

2
)  )     𝑓𝑜𝑟 𝑖 = 1,4

𝑐𝑖 = 𝑐 (𝑐𝑜𝑠 ((𝑖 − 1)
𝜋

2
+
𝜋

4
) , 𝑠𝑖𝑛 ((𝑖 − 1)

𝜋

2
) +

𝜋

4
)𝑓𝑜𝑟 𝑖 = 5,8

       (13)  

 

The equilibrium distribution function is [16]: 

 

𝑓𝑖
𝑒𝑞 = 𝜔𝑖𝜌 [1 +

3𝑐𝑖𝑢

𝑐2
+
9(𝑐𝑖𝑢)

2

2𝜀4
−
3𝑢2

2𝜀𝑐2
] (14) 

 

Where the weight are: 

{
 
 

 
 𝜔0 =

4

9

𝜔𝑖 =
1

9
 𝑓𝑜𝑟 𝑖 = 1,4

𝜔𝑖 =
1

36
 𝑓𝑜𝑟 𝑖 = 5,8

 

 

 

 

 

 



The macroscopic quantities are related to the distribution functions in many references such as [17]:   

                                                                                                     

𝜌(𝑥, 𝑡) =∑𝑓(𝑥, 𝑡)𝑖

8

𝑖=1

   (15) 

 

𝑢(𝑥, 𝑡) =∑
𝑐𝑖𝑓(𝑥, 𝑡)𝑖

𝜌
+
𝐹𝛿𝑡

2
      (16)

8

𝑖=0

 

 

 

3.2 Temperature and species field 

 

The temperature is described using the diffusion convection equation. It is followed by an appropriate 

distribution function 𝑔(𝑥, 𝑐, 𝑡). Its evolution is given by [18]: 

 

𝑔(𝑥 + 𝑐𝑖𝛿𝑡, 𝑡 + 𝛿𝑡)𝑖 − 𝑔(𝑥, 𝑡)𝑖 = −
𝑔(𝑥, 𝑡)𝑖 − 𝑔(𝑥, 𝑡)𝑖

𝑒𝑞

Γ𝑐
+ 𝜔𝑖𝑄𝑇𝛿𝑡       (17) 

 

The thermal equilibrium distribution function is given by [16]: 

 

{
  
 

  
 𝑔0

𝑒𝑞 = −
2𝜌Σ𝑢2

3𝑐2

𝑔0
𝑒𝑞 =

𝜌Σ

9
[
3

2
+
3𝑐𝑖𝑢

2𝑐2
+
9(𝑐𝑖𝑢)

2

2𝑐4
−
3𝑢2

2𝑐2
]  𝑓𝑜𝑟 𝑖 = 1,4

𝑔0
𝑒𝑞 =

𝜌Σ

36
[3 +

6𝑐𝑖𝑢

𝑐2
+
9(𝑐𝑖𝑢)

2

2𝑐4
−
3𝑢2

2𝑐2
]  𝑓𝑜𝑟 𝑖 = 5,8

      (18) 

 

The temperature using the D2Q9 LBE model is given by this equation: 

 

𝑇(𝑥, 𝑡) =
1

𝜌
∑𝑔(𝑥, 𝑡)𝑖

8

𝑖=0

             (19) 

 

In order to follow the species production or disappearance we define the distribution function ℎ(𝑥, 𝑐, 𝑡) which is 

similar to the 𝑔(𝑥, 𝑐, 𝑡) function.  

 

4. Simulation results  

 

Using the lattice Boltzmann method, the temperature and the char profiles are presented at different 

section of the medium. For a specific time, the temperature and the char production are followed along the 

medium. 



 
               Figure 2: Char mass fraction evolution 

 

           
                  Figure 3: Char mass fraction at different cross section 

 

       
         Figure 4: Temperature profile 



 
      Figure 5: Temperature profile at different cross section 

Conclusion 
 

The smoldering combustion is slow flameless combustion. The reaction is heterogeneous and occurs in 

the interior or on the surface of the porous fuel. 

The modulation of the phenomenon needs the application of particular assumptions. It is governed by the 

conservations equations. The resolution of these equations is complex due to the multidisciplinary aspect. The 

numerical simulation based on the lattice Boltzmann method is an efficient tool. It allows the control of the 

smoldering reaction propagation. The temperature variation and the species production are studied along the 

computational domain.   

The LBM is used to study smolder velocity, heat released and species fractions.  

 

Nomenclature 

 

variable signification value 

𝐴𝑜𝑥, 𝐴𝑝𝑦, 𝐴𝑎 Frequency factor 5.69*1011, 2*1017, 5*108 

𝐸𝑜𝑥, 𝐸𝑝𝑦, 𝐸𝑎 Activation energy 159.88, 220.215, 159.88 K 

𝐶𝑝𝑠,𝐶𝑝𝑐, 𝐶𝑝𝑔 Solid char and gas specific heat 

capacity 

1.7 KJKg-1K-1, 1.1 KJKg-1K-1, 

1.004 KJKg-1K-1  

𝐷𝑔, 𝐷𝑠 gas and solid diffusivity 

coefficients 

 

𝐷𝑔0 , 𝐷𝑠0 gas and solid diffusivity 

coefficients 

4.53*10-5 

𝑑𝑝  Pore diameter 5.10-5 m 

𝑛𝑐1, 𝑛𝑐2, 𝑛𝑜1,  𝑛𝑜3,  𝑛𝑎3, 𝑛𝑔1,  𝑛𝑔2, 

𝑛𝑔3 

Stoichiometric coefficient 0.21, 0.24, 0.41, 1.65, 0.03 

𝑄𝑐𝑜𝑛𝑑, 𝑄𝑐𝑜𝑛𝑣 , 𝑄𝑐ℎ, 𝑄𝑟  Heat released by conduction, 

convection, chemical reaction and 

radiation 

 

R Ideal gas constant 8.31 Jmol-1K-1 

𝑇  Temperature  

𝑇0  Initial temperature 300 K 

𝑌𝑎, 𝑌𝑐, 𝑌𝑜2  Mole fraction  

Geek letters   

𝜀  Porosity  0.975 

𝜆𝑔  Gas thermal conductivity  

𝜆𝑔0  Initial gas thermal conductivity  

𝜆𝑠  Solid thermal conductivity  

𝜆𝑠0   Initial solid thermal conductivity  

𝜆𝑟𝑎𝑑  Radiation conductivity  

𝜆𝑟𝑎𝑑0  Initial radiation conductivity  

𝜌𝑐  Char density  

𝜌𝑐0  Initial char density  



𝜌𝑔  Gas density  

𝜌𝑔0  Initial gas density  

𝜌𝑠  Solid density  

𝜌𝑠0   Initial solid density  

Δ𝐻𝑜𝑥  Foam oxidation enthalpy   

Δ𝐻𝑝𝑦   Pyrolysis enthalpy  

Δ𝐻𝑎   Char oxidation enthalpy  

ω𝑜𝑥  Foam oxidation enthalpy   

ω𝑝𝑦  Pyrolysis enthalpy  

ω𝑎  Char oxidation enthalpy  
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