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Abstract. In this work, three models of drying biomass particle applied to high temperatures, typical of combustion, 

are compared. For modeling conservation equations for mass, energy and momentum (two-dimensional geometry), 

unsteady, are solved numerically by a Control Volume Finite Element Method. As an approximation the particle is 

treated as a porous medium and the assumption of thermal equilibrium is considered between the condensed phase and 

the gaseous medium, the thermochemical properties associated with the conservation equations are calculated as a 

function of temperature and local gas concentration. Pyrolysis is also considered in the modeling, this because the 

temperatures associated with combustion there is always overlap between drying and pyrolysis. Thus, in addition to 

the species associated with drying in air in the case O2, N2 and H2, pyrolysis associated species are also considered: 

CO, CO2, H2, H2O, CH4 and C6H6. Some results obtained by simulation are compared with experimental results and 

good agreement is observed for the prediction of converting of mass and temperature profiles for the three models. 
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1. INTRODUCTION 
 

Probably the first source of thermal energy used on a large scale by man was the biomass, being noticeable that the 

development of humanity is closely associated with the increase in energy consumption of different energy sources. 

Within 50 years, more than half of the energy consumed in Brazil came from the wood, not being the only to use this 

source, since more than half the world's population relied of that energy resource (Cortez et al., 2008). 

Currently, at different scales of intensity, most countries, whether developed or not, are promoting actions to insert 

more significantly renewables in their energy matrixes, including biomass. The stance of developed and developing 

countries regarding investments in energy generation from renewable sources is associated with the need to reduce the 

use of petroleum products and consequently the energy dependence on oil exporting countries, as well as reducing 

emissions of greenhouse gases, particularly CO2, one of the greenhouse (Hall, 1995). 

The moisture has a significant impact on the overall combustion process of biomass, including changes in products 

of pyrolysis and increasing overall time of combustion (Bilbao, 1996). This is because the moisture evaporation 

consumes heat, which slows down the decomposition process of the material and change the temperature profiles. 

Because of the above it is noted the importance of studying drying under typical combustion temperatures. 

 

2. THE DRYING PROCESS 
 

The scenario for the combustion of biomass particles can be described in different stages. When the particles are 

first introduced into a combustion environment, they begin to heat up, and the water content starts to be evaporated after 

reaching the evaporation temperature, which is constant during the drying process. After the drying process, the 

temperature inside the particle increases again up to the level of the pyrolysis process. 

According Bellais (2007) the main mode of transport of moisture into the fibers of the solid, and for these for pores 

is the diffusion that occurs at the molecular level. Once into the pores, the moisture is mostly converted into steam due 

to convection, occurring at the macroscopic level. At one time, there is a thermodynamic equilibrium between water 

vapor and free water, when free water runs out, the bound water starts evaporating. With increasing temperature, there 

is increased pressure within the particle saturation, these results in a faster diffusion, in other words, the migration 

process of the internal moisture of the particle to the surface of this particle is faster. The bound water causes 

dimensional changes in the biomass, since it is connected to the same structure. 

 

3. MATHEMATICAL MODELING OF DRYING PROCESS 
 

In this paper we propose a set of conservation equations (momentum, mass, energy and species), along with other 

auxiliary equations for the study of the drying of biomass particles. To make possible the numerical solution of a 

problem of this complexity, some simplifying assumptions are necessary, namely: 

• The solid particle is treated as a rigid porous medium with homogeneous and isotropic structure; 
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• The bound water and free water will be simply designated moisture. Will not be considered any distinction 

between them in the porous structure. A single conversion rate (rate of evaporation) of moisture will be 

used; 

• For the rapidity with which the phase change occurs at typical combustion temperatures, it is considered 

that the phase change is much faster than the mobility of moisture. Thus, it is considered that the moisture 

has no mobility due to diffusion or advection. However, after conversion of the moisture into steam, it can 

move through the porous structure by advection and diffusion; 

• Due to the immobility, the moisture will be treated as a solid constituent. A volume fraction of the solid 

will be attributed to moisture. Furthermore, it is assumed that the output of moisture of the solid does not 

cause expansion or contraction of the solid. However, the conversion of moisture effectively reduces the 

volume occupied by the solid, ie, changes the porosity of the porous medium. As a result, the conversion 

of moisture also alters the permeability of the porous medium. 

 

3.1 Conservation equations in the volume 

 
Generally, the conservation equations of mass,  momentum and energy are deduced from the continuum hypothesis. 

These equations can be used in porous medium if a suitable average procedure be used. However, the conversion of 

moisture effectively reduces the volume occupied by the solid, ie, changes the porosity of the porous medium. As a 

result, the conversion of moisture also alters the permeability of the porous medium. 

 

3.1.1 Equations for conservation of momentum and conservation of mass 

 
As Whitaker (2005), from the application of a procedure of formal average volumetric to the equations of Navier-

Stokes and considering incompressible flow and Newtonian fluid, the equations of conservation of mass Eq. (1) and 

momentum Eq. (2) can be written as: 

 

( ) ( ) dryingpyrolysisu
t

ωωρερ && +=⋅∇+
∂

∂
 (1) 

( )p
e p

u
gp

uuu

t
∇+







 ∇
⋅∇++−∇=








⋅∇+









∂

∂

ε

µ
ρ

ε

ρ

ε

ρ
2

 (2) 

( )
23ε

ρµ uu

K
CFu

K
p p −−=∇  (3) 

 

In the equations, the velocity u, called the Darcy velocity, is not a physical velocity, but a superficial velocity.  In 

Eq. (1) the terms pyrolysisω&  and dryingω&  are the source of mass due to pyrolysis and drying, respectively. In Eq. (3), the 

term ( )pp∇  molds the drag created due to the porous medium. 

 

3.1.1 Conservation of energy equation  

 
The conservation of energy equation, average in the volume, for a porous medium and considering the thermal 

equilibrium between the phases is given below in Eq. (4) (Viskanta, 2005): 
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Where ( ) gpgspIsp ccc ,,,1 ερρερ +−=  and ( ) radgs kkkk ++−= εε1 . The terms 
gpc ,

 and 
gk  are the specific heat and 

thermal conductivity of gaseous material, moreover, 
spc ,
 and sk  are the specific heat and thermal conductivity of the 

solid material. In addiction, 
Is,ρ  is the intrinsic mass of the solid material. 

 

3.1.2 Conservation of species equation  

 
For a monophasic multicomponent system, the average volumetric equation of species conservation, according 

Viskanta (2005) is given for each species as: 
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The terms 
kg,ω& , 

pyrolysiskpyrolysisf ω&,  e 
dryingω&  terms are the sources for each species k (generation or destruction of 

mass) due to homogeneous reactions, pyrolysis and drying, respectively. In addiction, 
kpyrolysisf ,  is the term that 

represents the mass fractions of the six species generated in the pyrolysis process: H2O, H2, CO, CO2, CH4 and C6H6. 

These fractions were calculated based on the work of Thunman et al. (2001). 

The sum of the terms of the diffusion flux of species must be null, ( ) 0,1 =∇⋅∇Σ = Keffk
Nsps

k YDερ , which does not occur 

naturally when the flux of diffusion is the Fick's flux. To ensure such nullity one correction term was introduced, Jc , 

such that ( ) 0,1 =+∇⋅∇Σ = JcYD Keffk
Nsps

k ερ , where: ( )Keffk
Nsps

k YDJc ∇⋅∇Σ−= = ,1 ερ . Such correction was incorporated in each 

conservation equation as kcYJ . This correction adopted for the diffusion flux is known in the literature as correction of 

Curtiss-Hirschfelder (Curtiss & Hirschfelder, 1952). 

 

4. MODELS OF EVAPORATION OF MOISTURE 
 

4.1 The Thermal Equilibrium Model 
 

This model is based on the assumption that drying occurs at a fixed boiling temperature. The drying acts as a heat 

sink at 100°C. In this model it is assumed that biomass and moisture are in thermal equilibrium, thus, is placed the rate 

of evaporation of moisture proportional to the amount of heat absorbed by the solid. In Collazo et al., (2012), Peters et 

al., (2002), Yang et al., (2008), and Morvan et al., (2009) the evaporation rate ( smkg
3 ) is calculated by the thermal 

equilibrium model whose equation is given below:  
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Where ρ , 
pc , 

evapH∆  and t∆  are density, specific heat, enthalpy of evaporation of water and temporal integration step, 

respectively. 

 

4.2 Kinetic Model 
 

In this model, the evaporation rate is calculated using a first order kinetic equation, such as an Arrhenius equation, 

where the pre-exponential factor and the activation energy is calculated so that there is a large increase in the rate of 

drying at 100°C. In Chan et al., (1985), Krieger-Brackett & Glaister (1988), Babalis & Belessiotis, (2004) and Pereira et 

al., (2008), Cunha, (2010) the rate of evaporation of moisture in smkg
3  is calculated as: 
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Where 
cinA , 

cinE  and 
sT are frequency factor, activation energy and temperature of the solid, respectively. 

 

4.3 The Convective Model 
 



Proceedings of ENCIT 2014           15
th
 Brazilian Congress of Thermal Sciences and Engineering 

Copyright © 2014 by ABCM               November 10-13, 2014, Belém, PA, Brazil 

 

It is based on the hypothesis that the water vapor is in equilibrium with the free water and the bound phase. The 

partial pressure of water vapor is fixed by the saturation pressure and typical simplification of drying models for low 

temperatures, however, some authors consider that the hypothesis remains for drying at high temperature (Di Blasi, 

1997; Larfeldt et al., 2000). In Di Blasi et al., (2008), Zhou et al., (2005), Yang et al., (2007) e Shin et al., (2000), the 

drying is modeled with convective model. In this model, the rate of evaporation in smkg
3  is calculated as: 

 

( )gwswmdrying Sk ,, ρρω −−=&  (15) 

 

Where mk  is the coefficient of mass transfer (m/s), S  is the surface area (m
2
), 

sw,ρ  is the concentration of saturated 

water vapor (kg/m
3
) and 

gw,ρ  is the concentration of water vapor (kg/m
3
). 

 

4.4 Model of Pyrolysis 
 

In the pyrolysis step, gases such as CO2, H2, CO, CH4, H2O, and tar, approximated by C6H6, are released into the 

environment due reactions and transformations within the particle. The model of three independent parallel reactions, 

called superposition model, is used in this work: 
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The term 
pyrolysisω&  represents the converting rate of mass due to pyrolysis. And 

fuelρ  is the specific mass of dry and 

ash free fuel, 
gasY  and 

cokeY  correspond to mass fractions of gas and coke formed due to the pyrolysis respectively. 

Already
1f , 

2f  and 
3f  are the mass fractions of hemicellulose, cellulose and lignin, respectively. 

 

5. GEOMETRY AND BOUNDARY CONDITIONS 
 

The particle considered in the simulation is cylindrical. Figure 1 shows an overview of the environment considered 

in the simulations. 

 

 
 

Figure 1. Computational domain. 

 

In the configuration presented in Fig. 1 the gas entrance is located at the bottom of the chamber, allowing the 

introduction of N2 at high temperature. The gas escapes through an upper exit. The initial field of species considered is 

100% of N2. The temperature of the drying gas was set equal to 1073K at the entrance of dominance. The temperature 

of the reactor wall was set equal to 1276K. The entry speed of the gases was calculated so that the Reynolds number 

was equal to 50, based on the diameter of the cylinder. 

In Fig. 2, the two-dimensional profile and the geometry of the simulation and information as the z axis of rotation is 

displayed. The dimensions of the domain were established from information given in the work of Hong Lu (2006). In 

Fig. 2 can also view the points determined for temperature measurement on the particle. 
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Figure 2. Two-dimensional axisymmetric profile in cylindrical coordinates used in the simulations. 

 
6. MESH SENSITIVITY TEST 

 
The finite element mesh aims to discretize the domain of interest into subdomains. The discretization consisting of 

a set of nodes (points with coordinates) and finite elements with a predefined topology (triangles or quadrangles, for 

example). The finite element mesh is the space in which the modeled equations will be solved, and this plays a crucial 

role in respect to the modeling proposed in this paper. 

The mesh refinement may influence the numerical results for predicting the rate of evaporation, of the temperature 

profiles and others. Importantly, the finite volume mesh must be sufficiently refined to the point of identifying the 

characteristics of the simulated problem without requiring so much processing time. To avoid possible deviations of the 

results due to mesh refinement there is a need to perform the mesh sensitivity test. 

To the test of the sensitivity three meshes were created in software named GAMBIT 2.4.6 whose specifications are 

given in Tab. 1. In this part, we used the kinetic drying model, and was used the time step st 01.0=∆ . We used an 

adapted version of the code of computational fluid dynamics on MATLAB developed in Cunha (2010). The computer 

used for spatial sensitivity test has a processor INTEL CORE 2 DUO, 2.93 GHz, 3.25 GB RAM and Windows XP 

operating system, the version of MATLAB was 8.0.0.783, R2012b. 

 

Table 1. Properties of meshes for the spatial sensitivity test. 

 

 Definition Nodes Elements 

Mesh 1 Fine 12827 25152 

Mesh 2 Intermediate 5239 9440 

Mesh 3 Coarse 2567 4912 

 

In Fig. 3 can visualize the Mesh 3 (Coarse). In the figure is not shown complete mastery, only a portion of the 

domain near the particle. 

 

 
 

Figure 3. Mesh 3: (Coarse) 

 

To analyze the dependence of the results with the refinement of the mesh is shown in Fig. 4. 

In Fig. 4 the curve for conversion of wet biomass and thermal profile is presented. Curves for the three meshes 

mentioned above are shown. It is observed that the extent that the number of nodes (refinement) increases, the curves of 

mass loss almost did not change. This shows that even the coarse mesh is already showing good results in this case. 
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(a) (b) 

  
Figure 4. Mesh spatial pattern: (a) Conversion of mass and (b) Temperature inside the particle. 

 

Based on the above it is concluded that the mesh intermediate shows results that was little affected by the mesh, it 

can be used for safe analysis of the phenomena associated with drying. 

 

7. RESULTS 
 

The numerical simulations were performed with a version of the computational fluid dynamics code developed in 

Cunha (2010). In the code the conservation equations for mass, energy and momentum (two-dimensional geometry), 

unsteady, are solved numerically by a Control Volume Finite Element Method. The particle is treated as a porous 

medium and the supposition of thermal equilibrium is considered between condensed phase and gaseous medium. Note 

that the Eqs. (1), (2), (3) and (4) are only sources of mass in chemical species equations. 

The experimental results of temperature and mass converting profiles, due to drying and pyrolysis, obtained by 

Hong Lu (2006) were used as reference to validate the model. On the experiments have been considered Poplar wood 

samples with moisture content of 40% (dry basis), cylindrical with 9.5 mm diameter and ratio height / diameter of 4. 

The curves of the three mass converting models are similar and practically do not present differences (see Fig. 5(a), 

6(a) e 7(a)). The thermal curves showed slight difference.  

 

The Fig. 5(b), 6(b) e 7(b) show the temperature variation within the particle as a function of time for three models 

of drying used. There was an obvious difference in the temperature profiles in the evaporation temperature region. Both 

in the thermal equilibrium model as the convective model, the temperature inside the particle stays a long interval of 

time at 100°C, at this time interval the drying process takes place inside the particle. At the thermal equilibrium model 

the temperature stays at 100 º C for about 16.65s. At the convective model this time interval is approximately 34.24s. At 

the results of the kinetic model hardly exists a time where the temperature is constant at 100°C. 

 

(a) (b) 

  
 

Figure 5. Kinetic drying Model: (a) mass conversion curve and (b) temperature curve. 
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(a) (b) 

  
 

Figure 6. Model of thermal equilibrium drying: (a) mass conversion curve and (b) temperature curves. 

 

 

(a) (b) 

  
 

Figure 7. Model of convective drying: (a) mass conversion curve and (b) temperature curves. 

 

 

8. CONCLUSIONS 
 

The process modeling of drying of biomass particles thermally thick at typical combustion temperatures was 

presented in this work. Three different models were also presented for converting moisture into steam, which are: the 

kinetic model, the convective model and the thermal equilibrium model. The three models used in drying simulations 

showed good prediction of mass converting. The predictions of the temperature profiles of the models were also 

physically consistent with the actual physical process. The kinetic model has physical limitations by considering that 

drying depends only on temperature. The thermal equilibrium model has a more consistent physical base than kinetic 

model, but requires that the phases are in thermal equilibrium so that the results are good, which does not occur for the 

first moments of drying. Apparently, the convective model would be most appropriate to represent the phenomenon of 

drying biomass particles under typical combustion temperatures. 
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