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a b s t r a c t 

A numerical and experimental study on the devolatilization of a large biomass particle is carried out to 

quantify the effect of homogeneous volatile combustion on the conversion of the particle and on the 

temperature and species distribution at the particle vicinity. A global chemical kinetic mechanism and a 

detailed reaction mechanism are considered in a one dimensional numerical model that takes into ac- 

count preferential diffusivity and a detailed composition of tar species. An adaptive moving mesh is em- 

ployed to capture the changes in the domain due to particle shrinkage. The effect of gas phase reactions 

on pyrolysis time, temperature and species distribution close to the particle is studied and compared to 

experiments. Online in situ measurements of average H 2 O mole fraction and gas temperature above a 

softwood pellet are conducted in a reactor using tunable diode laser absorption spectroscopy (TDLAS) 

while recording the particle mass loss. The results show that the volatile combustion plays an impor- 

tant role in the prediction of biomass conversion during the devolatilization stage. It is shown that the 

global reaction mechanism predicts a thin flame front in the vicinity of the particle deviating from the 

measured temperature and H 2 O distribution over different heights above the particle. A better agreement 

between numerical and experimental results is obtained using the detailed reaction mechanism, which 

predicts a wider reaction zone. 

© 2018 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 

1. Introduction 

Increased demands for energy sustainability and concerns over 

global warming have led to an increased interest in sustainable 

and renewable sources of energy. The EU’s Renewable Energy Road 

Map proposes creating a new legislative framework to enhance the 

promotion and use of renewable energy and sets a mandatory tar- 

get of 20% energy consumption through renewable energy and a 

mandatory minimum target of 10% for biofuels by 2020 [1] . As a 

sustainable and renewable source of energy, biomass has great po- 

tential in generating heat and power via thermochemical conver- 

sion. 

Thermochemical conversion of biomass can be done in three 

main systems, fixed or moving beds, fluidized beds and entrained 

flow reactors. There are plenty of literature studying different 

aspects of these systems [2,3] , however, there are still challenges 

such as efficiency, pollutant emissions, ash deposition and cor- 

rosion as well as fuel flexibility that need to be addressed. A 

thorough understanding of the processes occurring during the 
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thermochemical conversion of biomass is essential for the proper 

design and optimization of biomass combustion and gasification 

systems. Important parameters at reactor level, such as distribu- 

tion of temperature and species and overall conversion rate of 

biomass are strongly dependent on the processes involved in the 

particle scale. A detailed resolved numerical simulation of a single 

particle is useful for improving the understanding of the inter- 

action between transport, chemical kinetics and morphological 

transformation at particle scale. 

The conversion of a biomass particle can be divided into the 

processes occurring inside the solid structure of the particle and 

processes occurring in the particle boundary layer, where chemical 

reactions and heat and mass transfer between the particle and 

the surrounding take place. Homogeneous reactions in the particle 

boundary can affect the concentration of species and temperature 

and alter the heat and mass transfer rate to the particle. For fine 

coal particles, such as pulverized coals, there have been extensive 

studies on the effect of homogeneous reactions in the vicinity of 

the particle. For instance, Timothy et al. [4] developed a simplified 

model for the location and temperature of the volatile flame 

envelope around a coal particle. The model showed reasonable 

agreement compared with the experimental data for the volatile 
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burn-out time and was in partial agreement with the particle 

burn-out time. In another study [5] , the volatile combustion was 

modeled by global reactions and it was concluded that the flame 

may extend to several particle diameters, questioning the validity 

of the flame sheet models during devolatilization. Comparing 

detailed chemistry and an infinitely-fast (flame-sheet) chemistry 

model, it was reported that for flame stand-off distance around 

a coal particle, the results are less sensitivity to the gas phase 

chemistry compared with the devolatilization model [6] . However, 

the shape of the flame stand-off PDF (Probability Density Function) 

was shown to be altered by the flame-sheet assumption. 

Most of the available models on the homogeneous reactions 

around the particle are developed for coal particles in pulverized 

size range. Compared with coal, biomass has a lower energy den- 

sity and much higher volatile content and can produce a consid- 

erably stronger flame during the devolatilization stage. Moreover, 

the wide range of biomass sources can result in different conver- 

sion characteristics. For instance, a recent experimental study on 

different pulverized biomass sources showed diverse burning char- 

acteristic of the various biomass particles due to different thermo- 

chemical properties [7] . 

Validation of particle conversion models is challenging, since 

it is difficult to directly measure what happens inside the parti- 

cle during thermochemical conversion. If the gaseous devolatiliza- 

tion products are predicted, or if homogeneous reactions are to be 

studied, measurements of gases in the surroundings of the par- 

ticle can be used for model validation. Experimental studies of 

volatile release and the gas-phase composition around particles 

have been conducted in laboratory furnaces or flat flame burn- 

ers using various laser-based analytical techniques, such as laser- 

induced breakdown spectroscopy (LIBS) [8,9] , laser-induced fluo- 

rescence (LIF) [10] and tunable diode laser absorption spectroscopy 

(TDLAS) [11,12] , but also with inductively coupled plasma mass 

spectrometer (ICP-MS) [13] . 

The effect of homogeneous reactions on the conversion of large 

biomass particles during pyrolysis is not well investigated; the gas 

phase reaction is usually neglected in modeling biomass particle 

conversion [14–17] or an effective gas temperature is used to in- 

clude the effect of homogeneous reactions in the model [18] . The 

homogeneous reactions can substantially alter the temperature and 

species fields around the particle and affect the formation of un- 

wanted emissions such as NO x , soot and trace species like alkali 

and chlorine compounds [9,19] . 

In this paper, a joined numerical and experimental study is pre- 

sented aimed at investigating the effect of homogeneous reactions 

in the boundary layer of a biomass pellet on the thermochemical 

conversion of the particle. A 1D detailed numerical model con- 

sisting of a particle and its boundary layer is developed for the 

biomass conversion. Different chemical kinetic mechanisms for re- 

action of pyrolysis products are employed. Gas temperature and 

H 2 O concentration in the vicinity of the particle as well as particle 

mass loss are experimentally obtained using TDLAS and thermo- 

gravimetric analysis, respectively, and compared with the model 

results during the devolatilization stage. Since tar species are the 

main product of the devolatilization stage, the composition of tar 

is calculated based on a detailed pyrolysis mechanism. An adap- 

tive moving mesh method is employed to capture the effect of the 

particle shrinkage. The effect of preferential diffusion on the heat 

release rate and species profile is discussed and the differences in 

the heat release rate from global and detailed reaction mechanisms 

are outlined. 

2. Numerical model 

Thermochemical conversion of biomass is a complex, multi- 

phase and multi-scale problem. This process involves strong in- 

teraction between the heat and mass transport phenomenon and 

chemical reactions. The convective, conductive and radiative heat 

transfer inside the particle as well as heat and mass transfer be- 

tween the particle and the surrounding gas result in gradients of 

species and temperature inside the particle, which is specially im- 

portant for particles with a Biot number greater than unity ( Bi = 

Nu k gas /k solid > 1 ; Nu being the Nusselt number). For biomass parti- 

cles, a particle of roughly 200 μm size or larger has a Biot number 

greater than unity, indicating that for most practical applications 

the temperature and species gradients inside the particles are sig- 

nificant. The conservation of gaseous species, mass and energy in- 

side the particle and in its surrounding are as follows: 
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where ρg is the gas density, u g is the gas velocity, D i, m 

is the ef- 

fective diffusion coefficient of species i into the mixture, R is the 

mass release rate source term due to chemical reactions and mois- 

ture evaporation and ε is the void fraction inside the particle and 

is equal to unity in the gas phase around the particle. Y i and ϑi, j 

are the mass fraction of species i and the stoichiometric coefficient 

of species i in reaction j , respectively. This system of equations is 

valid for an arbitrarily shaped particle within a one dimensional 

framework. Therefore, r is the distance from the particle center 

and n is the Lame coefficient accounting for a non-Cartesian coor- 

dinates system: n = 2 for spherical, n = 1 for cylindrical and n = 0 

for large slab plate shaped particles. R Heat , the heat source term 

in energy equation, includes the heat of reaction of different pro- 

cesses and the changes in sensible enthalpy. 

Transport and evaporation of moisture inside the particle is 

governed by following equation; 
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The evaporation source term is based on the equilibrium model, 

which is shown to perform well at different conditions [16] . The 

model can be presented as, 

R m 

= h m, v ap S p ( ρw,sat − ρH 2 O, ∞ 

) , (5) 

where ρw, sat is the saturation vapor density calculated based on 

the Clausius–Clapeyron relation for the saturation pressure and 

ρH 2 O, ∞ 

is the partial density of water vapor in the pores of the 

particle. S p is the specific surface area of the particle available for 

moisture and vapor diffusion. h m, vap is the mass transfer coeffi- 

cient of vapor in the pores of the particle, which can be deter- 

mined using empirical equations [14,16] . 

The mass degradation of biomass particle based on the selected 

pyrolysis mechanism is presented as follows, 

∂ρbm 

∂t 
= −ρbm 

∑ 

j 

k j = R pyr , (6) 

where k j is the rate of reaction j in Arrhenius form. 
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