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Abstract 

The present work addresses the study of the pyrolysis of biomass particles, with the 

aim to study the chemical and physical processes controlling the solid fuel 

conversion and to develop effective numerical tools able to characterize the 

thermochemical processes involving solids decomposition. 

A comprehensive CFD model for the biomass pyrolysis was developed at the 

particle scale in order to describe the simultaneous effect of reaction kinetics and 

transport phenomena. 

The pyrolysis of centimeter-scale of wood particles was been studied under 

“thermally thick” conditions. The results of the CFD simulations were compared to 

the solution obtained using a 1D algorithm independently implemented. 

 

Introduction 

The need for energy sources differentiation is one of the most important challenges 

that the scientific community will have to solve in the next years. Fossil fuels cover 

more than 75% of the primary energy consumption, and such a condition cannot be 

accepted in a long-term scenario. In this context, biomass represents a domain of 

growing interest and development. It is important, consequently, to spend modeling 

efforts in the direction of a clearer and deeper understanding of biomass 

characterization, in order to develop and address the technological implementation 

of processes for the effective exploitation of biomass potential. 

The comprehensive description of the thermal degradation of biomass materials is 

a very complex and challenging subject. It includes several levels of consideration 

and modeling since it is a multi-component, multi-phase and multi-scale problem. 

Consequently, an accurate description of the overall system is crucial for a deeper 

understanding of the global process. A lot of modeling effort have been performed 

in the last years, in order to provide better insight into this system, many of them 

involving theoretical approaches combined with experimental data [1, 2]. 

In this work a new solver for OpenFOAM
®
, named bioSMOKE, was developed 

with the aim to efficiently perform CFD simulations at the particle scale for very 

complex 3D geometries with detailed kinetic schemes that allow the correct trade-

off between numerical accuracy e computational costs. The devolatilization of the 

biomass is considered a straightforward combination of the pyrolysis of three 

reference components: cellulose, hemicellulose, and lignins as already discussed 

elsewhere[1]. The multistep kinetic scheme used in current study is the 

POLIMI_BM_1402[3] that describe the pyrolysis of the biomass through 42 
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species and 24 reactions. 

In this preliminary implementation, the gas phase reactivity is neglected and only 

the transport phenomena inside the biomass particle are take into account.  

The paper is structured as follows. In Section 2, we provide a detailed description 

of the governing equations at the particle scale with a comprehensive detail of the 

numerical method and its applications with OpenFOAM
®
. In the Section 3, we 

present an example of pyrolysis of a pellet of poplar wood in order to validate the 

method and to test reliability and efficiency of the new solver.  

 

Mathematical formulations 

The mathematical model for the biomass pyrolysis is based on the fundamental 

governing equations of conservations of total mass, momentum and energy for both 

gaseous and solid phases. The latter is considered as a porous medium including 

both the solid volume and the fluid contained inside its pores. 

The continuity equation for the conservation of mass for the gas phase in written as 

Eq. (1). 
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The equation for conservation of momentum is given by Eq. (2) 
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S is a source term computed according the Darcy-Forchheimer Law Eq. (3) 
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The gas and solid species conservation equations are shown in Eqs. (4-5).  
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Conversely, the energy equation is solved by Eq. (6) assuming a thermal 

equilibrium between solid and gas phase. 
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The bioSMOKE solver is based on the algorithm used in the standard 

OpenFOAM
®
 framework for compressible, unsteady, laminar and turbulent flow. 

A similar approach was already applied by Cuoci et al.[4] for the numerical 

simulation of laminar coflow flames. 

 

Results and discussion 

In this section, we report two applications of the numerical methodology in order to 

validate the algorithm.  

The pyrolysis simulation of a beech wood biomass was carried out for centimeter-

scale particle. This test case represents an ideal benchmark for the new solver 

because the pyrolysis occur under “thermally thick” conditions where heat transfer 

and chemical kinetics operate on comparable timescales. 

The validation was performed by means of a comparison with a 1D algorithm 

independently implemented. The operating conditions of the simulation are 

reported in Table 1, while the computational mesh adopted is shown in Fig. 1. 

 

Table 1. Operating conditions for biomass cylinder 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1. 3D computational mesh ( 18700 cells) used for the simulation in the y-

z plane (left) and x-y plane (right) 

Operating conditions 

Inlet temperature [K] 300 

Surface temperature [K] 750 

Diameter [cm] 2.25 

Inlet porosity [-] 0.176 

Inlet mass fraction [%] 

Cellulose 47 

Hemicellulose 25.5 

Lignin 26.7 

Ash 0.8 
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Figure 2. Comparison between the 1D code (line) and CFD code (dashed line). 

All profiles refer to the centre of the particle. 
 

Fig. 2 shows the comparison between the 1D and CFD predicted profiles at the 

centre of the particle. Due to the spherical symmetry of the domain, there is a 

perfect match between the two codes.  

In this first test the effect of particle shrinking was neglected. The biomass 

decomposition leads to an increase of the porosity according to Eq. (7). On the 

other hand, the particle volume remains unchanged. 
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In the second test, the effect of the particle shrinking was studied. The pyrolysis 

simulation of a biomass particle with the same composition present above was 

performed in isothermal condition (T = 600K). 
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Figure 3. Evolution of the particle volume at different time during the transient   

 

Fig. 3 shows the evolution of the volume during the transient. Contrary to the first 

test, the biomass decomposition is accompanied by a total particle shrinking due to 

the assumption of constant porosity inside the particle. 

Fig. 4 shows the comparison between the results of 1D and CFD codes. Also in 

these conditions, the two codes are in a very good agreement.  

 

 
Figure 4: Comparison between the 1D code (line) and CFD code (dashed line). 

 

Conclusion 

A general and comprehensive CFD model for the biomass pyrolysis has been 

developed in this work. The CFD code was compared with a 1D code in the case of 

thick particle pyrolysis, both in uniform and total shrinking conditions. Due to the 

spherical symmetry of domain, it was possible to validate the results of the CFD 

code in comparison with the results of a 1D model, applicable to spherically 
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symmetric conditions. A very good agreement was observed between the results of 

the two codes.  The CFD code will be applied in future works to non-symmetric 

conditions and will be extended to include the reactivity in the gas phase region  

surrounding the particle.  

 

Nomenclature     
ˆ G

p
C        specific heat      Greek symbols 

ˆ S
C         solid specific heat     particle porosity   

D  Darcy constant      density 

Dp

Dt
 pressure substantial derivative      gas mass source term 

F  Forchheimer constant     molecular viscosity 

g  gravitational body force    
k

j  diffusion fluxes 

ˆ
k

H  molar enthalpy      
k

 reaction rates of k-th solid specie 

gas
NC    number of gas species    

j
      reaction rates of j-th gas specie 

solid
NC  number of solid species    

k
 mass fraction of k-th gas specie   

p  pressure field     
j
 mass fraction of j-th gas specie 

q  conductive flxes 

R
Q  reaction heat     Superscripts 

S  velocity source term    G gaseous phase 

T  temperature field    S solid phase 

u  velocity field 
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