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Introduction

Gasification and combustion are technologies widmbplied for solid-gas reactions of coal and
biomass. Large scale development and optimizagguire mathematical modeling which, allowing
guantitative representation of various phenomena, powerful tool for process design, prediction of
gasifier performances, understanding of pollutaet®lution, analysis of process transients and
examination of strategies for effective control.n@mared with coal, only a relatively few chemical
reactor models have been proposed for biomasslyBiganodeling has been recently reviewed (Di
Blasi (2008)) in relation to chemical kinetics amdnsport phenomena for both single particles and
reactors. Also, the models of chemical kinetics #ral processes at the level of single particles for
gasification and combustion have been examineldariramework of the ThermalNet project (Di Blasi
(2006, 2007)). In this report the models curremtailable for biomass gasifiers and combustors are
considered. The analysis is carried out accordinthé following reactors/systems of conversion: 1)
pulverized flame burners and cofiring, entrained-lgasifiers; 2) packed-bed reactors (grate fired
furnaces, fixed-bed combustors, downdraft and uUpdyasifiers); 3) rotary kilns; 4) fluidized-bed
reactors (bubbling and circulating fluidized bedifjars and combustors).

Combustion/gasification of pulverized biomass and co-firing

Cofiring coal or natural gas with limited amountmbmass, often in pulverized form, has been widely
implemented in large scale plants (Tillman (20@»)ndreal et al. (2001), Sami et al. (2001), Willkkam
et al. (2001), Nussbaumer (2003), Hupa (2005)).d&liag efforts in this direction include the work b
Fletcher et al. (2000), Gera et al. (2002), Yirakt(2004), Backreedy et al. (2005), Zahirovic ket a
(2006), Ma et al. (2007). The usefulness of Comprtal Fluid Dynamics (CFD) in the design and
optimization of pulverized coal fired boilers ofn@us configurations is widely recognized and the
most commonly used equations and models have meewed by Veynante and Vervisch (2002).
Mathematical models are generally based on comale@D codes (FLUENT or CFX), where the
gas flow is described by the time averaged equsitadglobal mass, momentum, enthalpy and species
mass fractions. Different global mechanisms take account the combustion of volatile species
where the effect of turbulence on the reaction mtmodeled with the eddy dissipation turbulence
chemistry interaction model (for instance, one (Btaal. (2007)) or two (Yin et al. (2004)) step
mechanisms). The standarad kaodel is used for turbulence closure. Radiativa iransfer in the gas
phase is generally described according to therBisdOrdinate Radiation model. The particle phase
equations are formulated in a Lagrangian frame tAedcoupling between the phases is introduced
through particle source in the Eulerian gas phagetons (Eulerian-Lagrangian approach). Chief
differences among the various treatments consi$igparticle-related models.

Fletcher et al. (2000) use an Eulerian-Lagrangi&b @pproach to describe gasification of biomass
(sawdust or cotton gin waste) in an entrained leeattor. Particles are assumed to be spherical with
appropriate average diameters. The in-homogenmeitye feed is represented by a distribution of
particle sizes. Particle heating takes into accdhat contribution from convection (Ranz-Marshall
correlation), latent heat and heat of gasificatart spatial gradients are ignored. Pyrolysis uses a
prescribed time constant of volatile release withssnfraction of gaseous components given by
empirical data depending on the composition ofbleenass. Char conversion combines mass diffusion
and intrinsic (first-order rate) kinetics (activati energies of 179kJ/mol for gasification and 83iql/

for combustion). Simulations provide informationoab gas composition and temperature fields on
dependence of operating conditions, although ofitgtiae basis only.



A transport model for biomass particle combustiasupted with an Eulerian-Lagrangian CFD
treatment to simulate a utility boiler (co-firingolnass in pulverized coal boilers) is presentediya

et al. (2002). The particle model is coupled whk gas phase processes in a pulverized coal burner,
modeled by a commercial CFD code. A Lagrangian tdaton is used for the particle phase and the
coupling with the gas phase is made via produdeoms. The biomass particle is treated as a coupled
system for devolatilization and combustion. To déscthe effects of large length/diameter ratio on
the temperature gradients, the unsteady two-diraeakiversion of the heat conduction equation for
cylindrical particles is used for the first stagé@e one-step devolatilization reaction is firstard the
amount of volatile released, as determined fronxiprate analysis, with guessed values of the kinetic
parameters. The particle diameter (and densitglaged, by means of a shrinkage factor, to thecotir
amount of volatiles still retained by the partictence the devolatilization process is terminated,
combustion occurs at the external particle surtawtis controlled by oxidant diffusion and correcte
by an enhancement factor to take into account fieete of non spherical shape. The char density is
constant, while variations in the particle massiseaa continuous reduction in the diameter. Togethe
with the cylindrical particle model, described abpa simplified model based on the assumption of
perfectly stirred system (absence of spatial grad)as also examined. It is found that, due targé
surface area, the transport model for the pargales rise to shorter burn-out times. Shape effacts
important for the particle trajectories and resmetimes. For a given volume, the sphere preshsts t
minimum surface area. The cylindrical or ellipsdidhape, typical of biomass particles, results in a
larger surface (when compared with a sphere ofvatpnt volume). This enhances oxygen diffusion
towards the char combustion zone, thus affectinigp lognition and burn-out times. Compared with
coal, it appears that much larger sizes of bionpastcles can be used without increase in unburned
carbon in fly ash, owing to the higher content offatile matter and aerodynamic (shape) factors kwhic
allow for longer residence times inside the boiler.

Yin et al. (2004) model co-firing straw with natugas in 10m long wall-fired burner. The focus loé t
study is on design aspects and no-spherical shbp@omass particles. For the latter two cases are
simulated: (1) the particles are dense or hollowndgrs and (2) the non-spherical particles are
simplified as equal-volume spheres, without any iffrcation to the motion and reaction following the
absence of spherical shape. The model develop&ddk non-spherical particles in two-phase flows
developed by Yin et al. (2003) is used to predme motion of non-spherical biomass particles. A
specific drag correlation is combined with an addil lift due to particle non-spherical shape #mal
virtual mass force due to relatively light biomassticles (in addition to gravity and pressuredgsat
force). The processes of heating, devolatilizatiod surface combustion are then modeled taking into
account the actual surface area and the surfaceage/eoxygen mass flux. In the case (2) no
modifications are introduced in the motion and castion of spherical particles, as assumed in CFD
codes.

Intra-particle gradients are neglected. Heatings$giace by convection and radiation. Devolatilrat

is described by a one-step first order reaction1@€Ps*, E=7.4x16J/kmol) with variations in the
particle diameter according to a swelling factoheTsequential combustion of char is a diffusion-
limited surface reaction. The particle size remaioastant but the density decreases as combustion
proceeds. Simulation results show a strong cougdgigveen particle motion and particle combustion
which are also highly dependent on the particlepshdhese effects are dominant and should be
properly taken into account, in particular the rsphericity for producing accurate predictions (the
importance of shape and size distribution functionghe predictions of processes involving biomass
has also motivated the detailed physical charaet®on (straw) carried out by Rosendahl et al.



(2007)). The analysis also indicates some desigmess which can improve the biomass combustion
efficiency.

Zahirovic et al. (2006) couple a submodel for sdiedolatilization with the commercial CFD software
FLUENT to simulate pulverized biomass combusti®mulations consider both two- and thre-
dimensional systems. The model results are paatiguliseful to explain the trends in the tempematur
field and the ash slagging phenomena.

Ma et al. (2007) model the combustion of pulverinegmbd in a 1MW test facility consisting of a single
burner and a combustion chamber with an over-firgystem. Four distinct processes are modeled for
the particles (sizes of 90-1500micron, flat chips garticles of cylindrical shape with aspect ratio
the order of 10), that is, drying, volatile releaselatile combustion and char combustion. Particle
tracking is made according to the momentum equattimempirical formulae to calculate the drag for
non-spherical shapes. Intra-particle gradientsnaggected. Heating takes place by convection (based
on the particle Reynolds number and the Prandtlbaunof the continuous phase) and radiation (P1
model). Moisture evaporation is diffusion contrdllé®evolatilization is described by a one-stepténi
rate reaction with A=6x18s* and E=2500kJ/mol which, as pointed out by the @sthpresent a
significant diversity with typical literature valseAn interesting feature of this study is thatgsstum
evolution is taken into account (it is worth notitingait previous work of this research group on cogi
pulverized coal and biomass modeling (Backreedwlef{2005)) uses the devolatilization kinetics
proposed by Chen et al. (1998)). It is assumeckteekeased at the same rate as volatiles and o for
KOH (the low chlorine content of wood justifies thegligible formation of KCI). Similar to coal, NO
can be formed by the thermal mechanism or from K| Fragmentation of char particles is neglected
and combustion kinetics is used as previously detexd for coal with a pre-exponential factor
increased by a factor of 4 to take into account ltigher reactivity. Results show that particle
trajectories and residence times are significaatfgcted by the shape. Consistent with experimental
observation, larger particles tend to fall to tlwttdam, many near the burner, while others follow th
gas flow field out through the furnace. Particlesathup to 1500K in less than 0.25s after feeding.
Temperature and CO2 concentrations at the furnatslew values close to those measured. It is also
observed that large part of volatiles and potassimenreleased at 973K. Although there are high
simplifications in the description of the variopscesses, it is interesting to note that inclusibn
potassium release permits to evaluate its condentran the gas phase. Thus this model represents a
basis for the development of ash deposition models.

The modeling efforts on pulverized biomass gadificecombustion or on co-firing biomass with
natural gas or coal show that comprehensive Euldragrangian CFD treatments, based on
commercial software, are coupled with simplifiedtigde models. Simplifications are applied for both
chemical kinetics (devolatilization and char corsi@n) and transport phenomena. Simulation results
indicate that both intra-particle gradients andpghand size play an important role. Therefore,ghes
aspects should be properly taken into accountetsgthich require further investigation include, NOx
formation, alkali metal release and particle preess(more accurate chemistry, drying, swelling,
fragmentation, etc.). Commercial CFD codes, appltedsimulate solid fuel combustion and
gasification, present low performances when appieedbllow particles completely trough a system
(Syred et al. (2007)), which can be improved byimporating appropriate sub-models for particle siz
distribution and thus fragmentation during the amsion process. These issues are reviewed (Syred et
al. (2007)) and the need is evidenced of developsrtenbetter reflect actual fragmentation condgion
in different experimental systems.



Combustion and gasification of biomassin packed beds

Several models for the combustion and gasificatibbiomass in packed beds and the combustion in
grate fired furnaces have been proposed. Theselsnoda be classified into two main categories
(Yang et al. (2005), Johansson et al. (2007). irsedomprises continuous-medium models, where the
bed is treated as a porous medium consisting okolh@ and one gaseous phase, each of which can be
described as a continuum in a global coordinatéesy$ porous medium approximation"). This is the
most extensively used treatment. A difference amtimg available models can be found in the
description of either the packed bed alone, to kiteufixed-bed combustion, or the packed bed
coupled with the gas-phase processes (free baasinulate combustion on a moving grate. The level
of complexity of both the packed bed and the frear8 of the moving grate are highly variable among
the various authors. The second category comprisasdels accounting for intra-particle gradients,
where again different approximations are employatielevel of the single particle. Minor categsrie
as discussed by Yang et al. (2005), are those defe®f neighboring-layers, representing fuel, wigyi
pyrolysis and ash, and well stirred models, whéee lied is simulated by a cascade of well stirred
reactors.

Model based on the porous medium approximatiorudesl for combustion, the works by Fatehi and
Kaviany (1994, 1997), Zhou et al. (1995), Saastaemwiet al. (2000), Gort and Brouwers (2001), Shin
and Doi (2000), Saastamoinen et al. (2000), Kndual.g2000), Scharler and Obernberger (2000),
Peters (2002), Kaer (2004,2005), van den Lans.e&f2800), Zhou et al. (2005, 2006), Yang et al.
(2003, 2004, 2005a, 2005b, 20006, 2007). Some mmaael essentially focused on the solid-phase
processes whereas others privilege the gas-phaseustion and the solid phase processes are simply
approximated by means of a boundary condition. Thispecified either by using experimental data
collected near the bed or by numerical simulatibthe fuel bed combustion process using a stand-
alone bed model.

Some solid phase models essentially describe tlasi-gteady-state spread of propagation of the
ignition front downwards against the air flow infiged bed of wood particles (Fatehi and Kaviany
(1994, 1997), Zhou et al. (1995), Saastamoinenl.e(2800), Gort and Brouwers (2001))), using
simplifications in the formulation of transport edgwns and solution methods. Fatehi and Kaviani
(1994) investigate counterflow combustion in a @atlked of wood particles assuming that the
heterogeneous reactions between char and oxygetheadominant mechanism and the gas and solid
phase are in thermal equilibrium. The fuel andgetylimited regimes are simulated together with the
characteristics of the reaction front. In a sussesstudy (Fatehi and Kaviani (1997)) allowance is
made for the local thermal and chemical non equalibetween the phases. The role of the air pore
velocity and the homogeneous reaction rate in thatfspeed, the adiabatic final temperature, the
degree of solid consumption and the un-burnt Velttoncentration in the post gas-phase oxidation
region, are examined parametrically. Volatiles preduced from wood pyrolysis, according to a
volumetric solid-phase reaction. Gas phase reatié@momes dominant over the heterogeneous reaction
at high air pore velocities, thus reducing the i#teolid consumption. In Saastamoinen et al. (2000
neglecting the initial transients, the case of itp@ition wave stabilized to a constant velocity is
investigated (propagation of a thermal wave inrdmite medium). Owing to the counterflow air, the
main mechanism causing the front propagation isrased to be radiation, although conduction and gas
mixing near the flame front are also important. Barer, as turbulent mixing and combustion near the
flame are difficult to model, the local absorptioh energy in the bed is assumed to be directly
proportional to the local heat flux. Then the hidat from the burning particles through the bedalec
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exponentially with distance. In (Gort and BrouwgtB801)) an activation energy asymptotics method is
exploited to obtain asymptotic solutions for theeth differential equations for the transport ofthea
solid reactant and gaseous reactant. Also an esiprefor the propagation of a reaction front tigiou

a porous bed of municipal solid waste is obtainsthgi a one-dimensional energy conservation
equation (Zhou et al. (1995)). The reaction frierdivided into two parts, an ignition front whdaege
part of solid fuel gasification takes place andaanfng front where gas phase oxidation occurs. The
calculation of the propagation velocity as a fumctof a characteristic ignition temperature is blase
heat transfer mechanisms (convection, conductiadiation) towards the virgin fuel. For a control
volume at the ignition front the Semenov thermaplesion theory is used to determine the
characteristic ignition temperature.

Combustion of waste above a grate is modeled @nmef a one-dimensional bed of particles by Shin
and Choi (2000), using separate enthalpy equatmmthe solid and the gas phase. The solids in the
bed experience the sequence of events typical laf el combustion: moisture evaporation (mass
transfer control with moisture at the particle agg at the saturation condition with the bed
temperature), devolatilization (two competitive agans for the formation of char and volatiles)ach
oxidation (combination of mass transfer control amdinsic chemical kinetics), volatile combustion
(two separate reactions for CO and the remainimgbestible fraction), cooling of the ash. The mass
of the bed in the control volume exchanges healh Wit material in the upper and lower control
volume via conduction, convection and radiationofflux model). As the reaction progresses, volume
and density of the control volume change.

The propagation of an ignition front across a pdckgaw bed is simulated by van der Lans et al.
(2000). A homogeneous two-dimensional model is el where the gas flows in the y-direction
and enters the bed through the bottom plate. Gasalids are assumed in plug flow. Thus the model
consists of the steady enthalpy conservation eguatoupled with mass balances for 02, CO, CO2
and the total gas flow. Devolatilization is desedlby a first-order reaction followed by char oxida
with a first-order rate in the oxygen concentratidodel results are compared with laboratory-scale
experiments (gas species concentrations, bed tatuperand ignition front propagation rate).

Kaer (2005) proposes a one-dimensional model talabe straw combustion on slow-moving grates
(vibrating grate). The bed model is apt to predigirelease and oxidation of volatile species, atiah

of the char, solid and gas temperatures and speoi@entrations (02, CO, CO2, H20). The model
can be considered an improvement of that propogedb der Lans et al. (2000), because it removes
the assumption of local thermal equilibrium anéxperimentally validated. Apart from producing the
boundary conditions for the possible simulatiorthe free-board dynamics, two different combustion
modes are observed, controlled by the combustioteaiperature and the mass flow-rate. The first
mode is characterized by a devolatilization fromatt moves downwards followed by an upward
moving char oxidation front. In the second modeyaiiilization and char oxidation initiate at the
grate and moves upwards. The ignition velocityigsisicantly faster in the second mode and the gas
temperature is lower.

A one-dimensional and unsteady model for straw agstibn in a fixed bed is presented by Zhou et al.
(2005). The model takes into account moisture eratfmm, straw pyrolysis, combustion of volatile
species, char oxidation (formation of CO and CQ#®) eemperature differences between the solid and
the gas phase. Predictions of the detailed strei@fithe ignition flame front is provided with aifhe
front thickness about 24-50mm. Good qualitativeeagrent is obtained between predictions and
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measurements as operating conditions are variggarAmetric analysis shows that the effective heat
conductivity, straw packing conditions and heat amdy of the straw are the most important
parameters. The straw-bed model is also extendesiirtolate the formation and reduction of nitric
oxide (Zhou et al. (2006)). Twenty chemical reatsi@re included, of which twelve belong to the fuel
nitrogen reaction mechanism. Volatile nitrogengswuaed to be NO, NH3, HCN and HNCO, and char
nitrogen is converted to NO during char oxidatiSimulation and measurements are combined to find
effective conditions for reducing NO emissions.

Yang et al. (2003, 2004) present a one-dimensionateady model of solid fuel combustion in a
packed bed of wood or waste particles. Moisturgexetion is dominated by mass transfer whereas a
one-step finite rate reaction describes solid dailation. Volatile hydrocarbons are assumetda
single product oxidized to give CO and H2, whicle d@ahen combusted to form CO2 and H20,
respectively. The burning of volatile hydrocarbaméimited not only by the reaction kinetics busal

by the mixing rate of the gaseous fuel with thearditre air. The char combustion rate is describgd
rate constants due to chemical kinetics and diffugroducing CO and CO2 (the product ratio presents
an Arrhenius rate law). The fundamental mechanishigeat and mass transfer are taken into account
by the mass and energy conservation equationshtorsystem (radiation described by a two-flux
model). The main purpose of the work (Yang et2003,2004)) is to simulate the effects of the ahiti
moisture content, distribution of the air flow atié devolatilization rate on the combustion process
Apart from the profiles of the dependent variabhes bed behavior is simulated in terms of ignition
time, burning rate, reaction zone thickness, pdakd temperature, combustion stoichiometry and
unburned gas emissions at the bed top. It is fabhat the devolatilization kinetics has a significan
effect on the ignition time, peak flame temperat@® and H2 emissions and amount of char burned
during the combustion stage. The size of the readone is between 20-55mm and is affected by the
moisture content. Volatile release and char burrang enhanced by successively higher flows of
primary air until a critical point when an inversi@ccurs. Higher primary air flows also reduce the
char fraction burning in the final stage of purenbmistion, shift combustion in the bed to a mord-fue
lean environment and reduces CO emissions.

Yang et al. (2005a) put into evidence that particiging caused by grate movement in a packed bed of
biomass particles is an important process and geo diffusion model. The diffusion model is
incorporated in the bed model previously developgdhe same research group. Experiments are also
carried out to measure the diffusion coefficiens. @&xpected, simulations indicate that mixing enkanc
the propagation speed of the reaction front buterwlexcessive, the ignition is delayed and bed
extinction may occur. Estimated values of the diffm coefficient are between 1.8-6¢min. The
complete model is also used to simulate the effetfuel size, density, LCV on biomass combustion
(Yang et al. (2005b) and the substoichiometric ersion of biomass and waste (Yang et al. (2006)).
Both studies compare simulations and experiments.

While the usefulness of CFD tools in the designpafverized coal fired boilers is fairly well
established and several applications are alsoabtaifor biomass, the description of grate-fireddve

is more complicated. A crucial issue is the modglii the processes taking place in the fuel layer,
which need to be coupld with the CFD treatmenth&f gas-phase processes. Applications of CFD
models are the works by Scharler and Obernber@$0(2 Kaer (2004), Strohle et al. (2006), Yang et
al. (2007), Klason and Bai (2007), including theexgs related to turbulence modeling (Knaws et al.
(2000), Scarler et al. (2003)).



The commercial CFD software FLUENT has been applgzharler and Obernberger (2000)) for the
optimization of the geometry of the combustion chamand secondary air nozzles of a biomass grate
furnace. Apart from the standard treatment of dJassp processes, a semi-empirical model is
introduced for the evaluation of the mass and gnfuges from the fuel bed to the gas phase in $erm
of boundary conditions. Results confirm the potndf CFD models for the optimization of furnace
geometry and air distribution. In particular, thsualization of dead zones permits the minimizatén
the volume of the furnace. CFD predictions of awtfired grate boiler, based on the commercial
software CFX (steady two-dimensional equations exblwith the SIMPLE algorithm, kturbulence
model, discrete transfer model for radiation and #ddy-break-up and a two-step combustion
mechanism with CO as the intermediate species),pegsented by Kaer (2004). The solid-phase
processes are described by means of a boundarjtioongased on the solution of a simplified model.
Good agreement is obtained between predictions raedsurements of temperature and species
concentrations. Poor mixing in the furnace is foobmdbe the main cause of high emission levels and
high amounts of unburned carbon in the fly ash.

A small-scale grate-fired furnace with wood pelless been modeled by Klason and Bai (2007) with
the focus on the gas-phase processes and, morigicgigc on NO mechanisms and effects of air
distribution. A semi-empirical model for the bedcmupled to a gas-phase combustion model based on
the Reynolds averaged Navier-Stokes equationsrefcting flows and the standarce kurbulence
model. Four global reactions are used to modelcthabustion of light and heavy hydrocarbons,
carbon monoxide and hydrogen. The rates are asstmiexicontrolled by the mixing rate according to
the eddy dissipation concept. Different paths toe NO emissions are investigated including the
thermal NO, the fuel-NO and the NO from N20O intediaée mechanisms. Radiation heat transfer is
described by the Pl-approximation. The bed modddased on the following approximations: no
spatial gradients exist across the bed and the sthtparticles is homogeneous; volatile species
comprise CH4, tar, CO, H2, 02, CO2, H20 and N2thadlfuel nitrogen is converted to HCN and NH3
and the molar ratio between the two is constant emquehl to 0.5; four of the eight volatile species
yields are known from the experiments; the tempeeabr the heat transfer between the bed and the
gas phase are known. Simulation results, comparnéd t@mperature and species measurements,
indicate that combustion is controlled by the tlebge associated with secondary and tertiary air
injection.

Models for the solid and the gas phase are preasdnteStrohle et al. (2006), Yang et al. (2007).
Strohle et al. (2006) present a two-dimensional ehddr wood particles moving, with a constant
velocity, on a grate. They undergo drying, pyr@ysnd char burnout while the gas phase processes
are modeled by a CFD code. It is found that thenrhait transfer mechanism is radiation from the gas
phase combustion towards the particle bed. Sinmiateésults appear to be qualitatively correct but
experimental validation is lacking. Yang et al0@2) investigate the operation of a 38MWe straw-
burning power plant using a vibrating-grate furnaldee model consists of two sections, one for id-be
combustion and another for out-of-bed combustiome Bed model essentially comprises the two-
dimensional unsteady mass and energy conservatioatiens and is coupled to the gas phase
processes as described by the commercial code FIUENe assumptions made in the description of
the bed are common to previous treatments inclugargcle mixing effects. The simulations appear to
be consistent with experimental observation. THesnichiometric combustion of straw and the short
residence times of volatiles in the bed resulhim ielease of the fuel-N in the form of NH3 (veittid

NO is formed in the bed), so that NO formation rmawccurs in the extra-bed regions. High moisture
contents of straw produce difficulties in plant cggen due to poor mixing between volatiles and
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secondary air and reduce furnace temperatures.tieisontents above 25% can cause severe
deterioration of the plant operation by high CO ss1@ns.

Numerous models have been proposed for fixed-beffigrg, given that this technology is applied for
89% of the coal gasified in the world (entrainedi$eontribute for 10% and fluid-beds only for 1%)
(Radulovic et al. (1995)). The state of the artdoal conversion has been carefully reviewed ey th
Advanced Combustion Engineering Research CentéheoBrigham Young University (Provo, UT)
(Hobbs et al. (1993)). The common features adopyethe different models have been identified and
include: 1) single shape and size of the parti@g¢$i,0 momentum transfer, 3) constant porosityhef t
bed, 4) heat and mass transfer coefficients for reactting systems, 5) instantaneous drying, 6)
instantaneous or highly simplified solid devolattiion, 7) uncertainty on the intrinsic kinetics of
heterogeneous combustion and gasification reagti®hno homogeneous gas phase reaction, apart
from the water-gas shift equilibrium, 9) steady,eahmensional equations, 10) limited model
sensitivity analysis and validation. The authordha review also point out that "model development
has not reached the point where significant usedde in process development for coal utilization”,
but some successive analyses presented by thersagach group (Radulovic et al. (1995), Ghani et
al. (1996))) have contributed significantly in tiissue through models which remove the assumptions
3), 5), 6) and 10). Also, the study by Monazam &fidhdle (1998), aimed at the formulation of
engineering correlations for countercurrent coasifgaation, and those by Hallet and coworkers
(Cooper and Hallett (2000), Ryan and Hallett (20@@) char gasification should be mentioned.

Kinetics-free, equilibrium models can predict thxé gas composition, given the solid compositiond an
the equilibrium temperature, but they cannot bedufse reactor design (Buekens and Schoeters
(1985)). Chemical reaction kinetics and transpdrrmmena have been properly coupled to model
conventional (Groeneveld and van Swaaij (1980)) stnatified (Manurung and Beenackers (1994))
downdraft gasifiers for biomass. However, the dpton of the "flaming pyrolysis" (Reed and
Markson (1985)), that is biomass pyrolysis and castibn of volatile pyrolysis products, is still leas

on equilibrium models or on highly simplified tresnts, which assume the existence of a stable
combustion zone with infinitely oxygen conversiater near the air inlet. Furthermore, these models
describe steady state conditions. Thus they doahotv the prediction of the dynamic behavior of
stratified gasifiers and of the different modesstabilization of the reaction front and thus theesof

the reduction zone. One-dimensional and unsteadglelmoof stratified concurrent (downdraft)
reactors have been proposed by (Di Blasi (2000)piomass gasification and Gobel et al. (2007) for
lignocellolusic char gasification. Both models tise porous medium approximation.

In the model by Di Blasi (2000) heat and mass feanacross the bed are coupled with moisture
evaporation, biomass pyrolysis, char combustion gasdfication, gas-phase combustion and thermal
cracking of tars. Numerical simulation has allowedpredict the influence of model parameters,
kinetic constants and operational variables on ggealynamics, structure of the reaction front and
quality of the producer gas. In particular, twoffetient stabilization modes of the reaction froavé
been determined. For high values of the air to fagb and of the primary pyrolysis rate, the psxis
top-stabilized, resulting in a high conversion @éfincy and good gas quality. As the air flow is
decreased below a critical limit value, the reactimnt becomes grate-stabilized. The two different
configurations are largely determined by the gamsphcombustion of volatile pyrolysis products.
Finally, the predictions of the gas composition #melaxial temperature profiles are in agreemettt wi
experimental data. Gobel et al. (2007) present deiimr co-current fixed-bed char gasifier which is
the limiting unit in the operation of a multi-stagasification system. The model takes into acctiumt

9



main features of the conservation equations forsnasl energy for a one-dimensional unsteady
system. Furthermore chemical equilibrium for the gaase (H20, H2, CO2 and CO) and Langmuir-
Hinshelwood kinetics for char gasification are assd. The model is applied to predict the statipnar
performance of the gasifier and its response t@és in operating parameters and to operate a
comparison with experimental results. In particutate model has been useful for finding an effitien
control strategy for the operation during load demthat was successively implemented in the design
and operation of a gasification plant.

A highly simplified description has been proposed the countercurrent (updraft) configuration of
gasifiers, specifically applied for the gasificatiof bundled jute sticks (Kayal and Chakravarty
(1994)). More recently a more detailed model hasnhgroposed by Di Blasi (2004) for wood, again
based on the porous medium approximation. It isx@dimensional, unsteady mathematical model
which couples heat and mass transport with wogthgrand devolatilization, char gasification, and
combustion of both char and gas-phase speciesmidul is used to simulate the structure of the
reaction fronts and the gasification behavior ddtzoratory scale plant as the reactor throughpdt an
the air to wood (or char) weight ratio are varigds observed that a wide zone, acting essentadlp
countercurrent heat exchanger, separates comblggtgification from devolatilization/drying.
Moreover, the former zone presents interesting ayoapatterns driven by the highly variable
solid/gas heat transfer rates. For a constantcawdod weight ratio, the gasification process is
improved by increasing the reactor throughput a®sult of higher temperatures, in spite of the
simultaneous reduction in the amount of char geadrirom wood devolatilization. In fact, an increas
in the air to wood (or char) ratio always lowers #fficiency of the gasification process. Finafpod
agreement is obtained between predictions and eweets for the axial temperature profiles and the
composition of the producer gas.

Single particle effects in the description of patked combustion of biomass are taken into account
by several authors (Peters (2002), Bruch et aDZR0Nurzenberger et al. (2002), Yang et al. (2005c
Thunman and Leckner (2003,2005), Johansson e2@.7@,b)), whereas for gasification the model by
Yang et al. (2006) should be mentioned. Peterscanerkers (Peters (2002), Bruch et al. (2003))
present a model for the combustion of packed besirafle particles and carry out the experimental
validation at the level of both particle and reactach particle has its own shape and propertids a
the main stages of the combustion process areideddny means of one-dimensional and unsteady
conservation equations for mass and energy (coiovediffusion/conduction and chemical reactions).
Particles give rise to a solid and a gas (voidsph&leat and mass transfer couples the proceses of
gas phase to those of the particles, although thendary conditions instead of using the actual
mass/heat fluxes for the two phases are basedbalgioefficients for the gas-phase side. Simutatio
are not used to understand the interaction betweetwo phases or to provide detailed information o
process dynamics.

A combined transient single (spherical) particld &rel-bed model is also presented by Wurzenberger
et al. (2002). The fuel bed model is discretizedha axial direction. For each cell one particle is
chosen and discretized in the radial direction.sTthe entire bed is divided into two subsystemat, th

is, the gas phase inside the bed and the individadicles (“transient 1-D+1-D model”). Again the
chief heat and mass transfer phenomena and reletantical reactions (three competitive reactions
for primary pyrolysis, cracking of primary tars,t@egeneous reactions of char conversion, gas phase
water gas shift, homogeneous combustion of CO,Gt24) are properly taken into account. The grid
remain spatially unchanged during conversion aedstirinkage is taken into account by variations in
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the porosity which can reach a unity value. Conguariof the single particle model results with
measurements shows good agreement. Packed bedatsimsilindicate that the various conversion
mechanisms do not occur simultaneously at a giwshheight. The time for complete burnout of the
bed is affected by particle properties and opegationditions (primary air flow rate and temperature
bed height and temperature of the combustion chgmbe

A different approach is used by Yang et al. (20abc)lescribe the inhomogeneous nature of the bed
and the effects of thermally thick particles. Tdesl consists of particles and the voids betweem.the
In the discretization of the bed three differemiey of cells are introduced: void cells, boundasc
and inner cells. The void cells describe the gaw fivhile the inner cells are representative of the
interior of the particles. Boundary cells are sqilthse cells adjacent to the gas flow around the
particle outer surfaces. In this way, a partisleapresented by a set of inner and boundary [zl

and the bed an assembly of inner, boundary andogdig. For each cell the conservation equatioas ar
applied and different assumptions are made depgratirthe cell type. For example, with reference to
heat transfer, for an inner cell only heat condurcis taken into account. For a boundary cell, heat
convection, conduction and radiation are descrilbent. the void cells, in addition to the three heat
transfer mechanisms, turbulence effects are atdoded. Experimental analysis and simulation result
are used to clarify the effects of particle sizetba combustion characteristics of the packed bed.
Smaller particles present shorter ignition timeg &aster burning rates. The size of the reactioreze
also thinner and emission levels of CO and CH4hagler. Transients are more evident for larger
particles which are also characterized by highentmgstion temperatures and H2 concentrations in the
flue gas. The model (Yang (2005c)) has also begitieapto simulate the gasification of char in a
countercurrent reactor (Yang et al. (2006)). Itegrp that the gasification process is affecteddif b
chemical kinetics and mass transfer between thd sold the gas phase and that the predicted gas
composition is significantly dependent on the mquhmeters.

Thunman and Leckner (2003, 2005) propose a modehfpacked-bed combustion consisting of
gaseous and solid phases. The solid phase compasides of the same size and optional shape. The
two media are considered as one-dimensional caatiha take into account the effects of thermally
thick particles, the source terms that expressdmeersion of the solid phase are treated by mebas
single particle model previously developed. Thetiper model is one-dimensional and describes the
temperature profiles and the release of moistui \ailatiles. The gas phase equations disregard
momentum conservation and are steady (small preskop across the bed and short residence times
of volatiles compared with the conversion timesta solid phase). The bed porosity is assumed to
remain constant and the gas to be transparenadiation (radiation in the solid phase is describgd

a two-flux model). Other processes taken into antmclude elutriation of solids, solid mixing ihd

bed expressed as dispersion, and heat transpatiffigion of gaseous species or by dispersion of
solids. The model is applied to simulate co-courrand countercurrent fixed-bed combustion
(Thunman and Leckner (2003)) and the influencesizaf and density for a bed ignited at the boundary
opposite to the air inlet (Thunman and Leckner BROParticle density plays only a minor role,
whereas the particle size has a significant infbeean the packed bed combustion. The propagation
rate of the reaction front is lower for thick pahtis which also show significant temperature
differences between the particle surface and tiseaga the processes of drying, devolatilization and
combustion overlap. Improvements in the model apeasented by the more recent works of the same
research group (Johansson et al. (2007a,b). Incdge a two-dimensional model for the particles is
coupled with a one-dimensional model for the bdte fwo-dimensional description takes into account
the dependence of the temperature profile bottherdistance from the surface and the height of the
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bed. The one-dimensional grid, for the gradientga$-phase variables in the bed and the surface
temperature of the temperature requires a cellraizeh smaller than the diameter of the fuel pagticl
The bed is assumed to consist of spherical pasticlehe same size. The solid and the gas phase are
treated separately in the absence of local theagallibrium, reproducing in the main features the
same treatment previously proposed. The shrinkiagigle model consists of a two-dimensional
transport equation for heat conduction and thegaies of drying and devolatilization. The boundary
condition is the surface temperature, given bytdmaperature of the solid phase in the porous bed
model. Char combustion takes place on the partialéace. The coupling between the bed and the
particle model is carried out through three paransgtobtained from the particle model and given as
inputs to the bed model: a heating ratio, an dffectdrying temperature and an effective
devolatilization temperature, expressed as funstiohthe surface temperature. Comparison of the
simulation results with those obtained from a mdekeded on the porous media approximation show
significant differences in the release rates ofstuwse and volatiles and the temperature profiléhen
bed. However, given a range of particle sizes &0Bm, the effects are relatively small. The
uncertainty of the input parameters is also foumthdve a small effects of the predictions. From the
quantitative point of view, good predictions aretamed for the ignition rate and the maximum
temperature. Finally, gas composition is highlyuahced by the devolatilization model.

Solid combustion in rotary kilns

A comprehensive model of a rotatory kiln shouldalig® the processes that occur at different dpatia
scale and in different phases (Marias (2003)).d5gjirolysis is driven by intra-particle heat andssa
transfer, by heat transfer within the burning beahich, in turn, is controlled by bed motion,
combustion of volatile matter generated from pys@yand radiation. Rotary kilns are employed by
industry to carry out a wide variety of materiabpessing and for waste treatment. A significarréff
has been made for the description of gas phaseopiena occurring within a rotary kiln, usually
based on commercial CFD software (Khan et al. (LJ9B&ger et al. (1993), Jakway et al. (1996)).
Finite difference approximations are used for tokitson of the flow field. The Reynolds averaged
Navier-Stokes equations coupled with the Reynoldgaged governing differential equations of
continuity, energy and species are solved in areliged form. The standardskturbulence model is
employed. The pressure-linked continuity and mommanequations are solved using the Semi-
Implicit method for Pressure-Linked Equations Cetesit solution algorithm. Successive improvement
(Jakway et al. (1996)) also includes radiation ¢(BBte Ordinate Method) and soot in the heat transfe
analysis. The rate of the gas phase reaction ignes$ to be turbulent mixing rate limited and
described according to the eddy breakup model. e approach does not allow for the modeling of
the burning bed of solids. The heat transfer fitbmn freeboard gas to the bed of the rotary kiln is
described by the model by Boateng and Barr (199B8)e model for the solid incorporates a two-
dimensional representation of the bed transverarepinto a one-dimensional plug-flow model for
rotary kiln. The resulting quasi-three-dimensionadel shows better prediction capabilities of the
conditions within the bed with the necessity of C&&scription of the gaseous reactive phase of the
freeboard. A simplified model of the solid phaseqgasses is, on the contrary, proposed by Marias
(2003). Indeed, the main focus of this study isdbepling between the solid phase model and the CFD
description of the gas phase processes.

These studies show that the main features of éalilcombustion in rotary kilns have been modeled
but the applications are essentially focused ontevasaterials. The current achievements provide a
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sound basis for possible developments for the &spetated to solid-phase processes, in particular
decomposition reactions and heterogeneous conwer$ichar.

Combustion and gasification of biomassin fluidized-bed reactors

A significant number of papers has been publishednodels for fluidized-bed conversion of coal
whereas, excluding kinetic-free equilibrium caldidas to estimate the final composition of the gas,
only in a relatively few cases biomass has beersidered. However models are available for both
gasification with bubbling fluidized beds (Ramanad (1981), Bilodeau et al. (1993), Jiang and
Morey (1992), Jennen et al. (1999) Hamel and Kru@@91), Fiaschi and Michelini (2001), Sadaka et
al. (2002a,b), Radmanesh et al. (2006)) and citiagidluidized beds (Liu and Gibbs (2003), Corella
and Sanz (2005), Sanz and Corella (2006), Cortbd €2006)) and combustion (Marias et al. (2001),
Khan et al. (2007a,b)). Bubbling fluidized-bed misdare always based on the two-phase flow theory
of fuidization for the description of the procegsltodynamics (particle-lean bubble phase surrounded
by a particle rich emulsion phase).

An unsteady, one-dimensional model of a fluidizedl lgasifier is proposed by Raman et al. (1981).
The equations for the bed are formulated accordmghe two-phase fluidization theory with
instantaneous devolatilization and finite-rate fieaiion kinetics (char gasification and water gast
reaction). Comparison with measurements indicate dracking and reforming reactions involving the
volatiles produced during devolatilization shoutdibcluded in the model.

A one-dimensional, steady-state model for a fledibed biomass gasifier is presented by Jiang and
Morey (1992). Pyrolysis, oxidation and combusti@king place in the bed are coupled with a
freeboard model. The pyrolysis process is assunsedctur instantaneously with amount and
composition of products computed from empirical retations. Heights of the oxidation and
gasification zones define the domains for the diifié models. The section of oxygen depletion is
computed by observing that this is a very fast sscoccurring around the feed port. The gasifinatio
model is based on the two-phase fluidization theony involves the concentration of eight gas sjgecie
each of which is described with a system of twdedéntial equations, one for the bubble phase laad t
other for the dense phase (CO2, H20, tar, C2H4,H2,CO, CH4) with a combination of intrinsic
kinetic rates and diffusion control. The gasifioatmodel is experimentally validated although imso
cases temperature, energy content of the gas adcdmversion predictions are poor. Acceptable
predictions are obtained for particle entrainmemd gas composition. From a sensitivity analysis it
appears that fuel pyrolysis, char gasification dad cracking and interphase exchange are in
descending order of importance to the model.

Bilodeau et al. (1993) propose a one-dimensioredst model for a fluidized-bed gasifier. It inclgde
axial variations of concentrations and temperatarehe bubble and emulsion phases. Oxidation
reactions occur instantaneously and proceed ulhtthe oxygen available has been consumed. The
products of fuel devolatilization enter in the esioh phase. An equilibrium calculation, based an th
Gibbs free energy minimization, determines the aositppn of the devolatilization products. Kinetics
of solid-gas gasification reactions as well as asapus phase reactions are finite-rate. The energy
balance is solved locally for each vertical voluelement and globally on the reactor by iteration on
the temperature at the bottom of the bed. Usingdaisstable parameter the heat transfer coeffi@ent
the wall, the weighting of the kinetics of the waggs shift reaction and the fraction of biomasboa
remaining as char after devolatilization, the simtioh results are compared with measurements darrie
out for a 50kg/h reactor.
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The model by Hamel and Krumm (2001) takes into antdhe bed and freeboard hydrodynamics,
solid fuel drying and devolatilization and the mgasification reactions. Although details of thedeb
are not provided and a significant part of the ltssdeal with coal gasification, overall carbon
conversion, temperature and gas composition argpamed with literature data.

Fiaschi and Michelini (2001) divide the one-dimemsil and steady-state bubbling fluidized bed
reactor in vertical elemental cylinders accordinga two-phase fluidization theory up to the fresaiolo
zone where no reaction is assumed to occur.The ghases for the bed include the relevant
gasification reactions, mass transfer betweenvibgohases and related properties.

Sadaka et al. (2002a,b) develop a one-dimensiamhluasteady model for a bubbling fluidized-bed
gasifier based on the two-phase flow approximatibhe stages are included of instantaneous
devolatilization of biomass (straw), combustiorcbér at the bottom of the gasifier and gasification
the fluidized bed. The two-phase flow approximatiocorporates the phenomena of jetting, bubbling,
slugging and dynamic energy and mass balances. pfecgsely the dilute phase includes jets, bubbles
and/or slugs while the emulsion phase consistsoni@rstitial gas phase and a solid phase (ex@&ang
takes place among the various phases). The flagligas enters the bed through nozzles in a jet form
(the jets degenerate into bubbles which may fdugsy. The model is approximated in terms of finite
elements. The gas consists of CO, CO2, H2, H20, @kt N2. The number of total moles, which
enter the gasifier from the straw volatiles anddheifying agent are calculated by the minimizatdn
the free energy, so that this is a semi-equilibrinodel. A sensitivity analysis complete the study.

Radmanesh et al. (2006) propose a one-dimensient#iarmal model for a bubbling fluidized bed
gasifier taking into account both the bubbling lzedl the freeboard area. It couples the two-phase
model for the bed hydrodynamics with the relevanicpsses of wood gasification. Pyrolysis (primary
and secondary pyrolysis according to one-step imectwith kinetic rates not representative of
intrinsic kinetics) takes place instantaneouslyhi@ feeding zone (solid mixing proceeds more slowly
than pyrolysis) with yields of the different prodsi@valuated from literature and used as inputhen
model equations. Particle mixing in the bed is nedieccording to the countercurrent back-mixing
model. Particle heating occurs in the absence atiapgradients (sizes below 1mm) with an external
heat transfer coefficient provided by the Ranz-Maliscorrelation. Reactions take into account the
combustion of tar, CH4, H2 and CO, the gas phagervgas shift and the heterogeneous gasification
(H20, C0O2) and combustion of char. Equations ariéemrto obtain the gas concentration and char
conversion in the bed. A plug flow model, in senégth the bed model, describes the freeboard region
(relevant reactions include tar cracking and wajas shift). Simulations, which show acceptable
agreement with measurements, confirm the importdatplayed by the pyrolysis step.

Circulating fluidized bed gasifiers for biomass lfuare modeled by Jennen et al. (1999), Liu and
Gibbs (2003), Corella and Sanz (2005), Sanz an@lf@2of2006), Corella et al (2006). The model by
Jennen et al. (1999) consists of separate modatehé description of the flow structure, the kiogt

of the gasification reactions, the particle siz&ritbution and the energy balance for the reacksom

the point of view of hydrodynamics, the reactordiidded in a dense bed at the bottom of the aser

a dilute bed above it. The bottom dense bed is taddas a bubbling fluidized bed, according to a
bubble and an emulsion phase, while the diluted (fregboard) is modeled with the use of a core-
annulus structure. Primary pyrolysis gives ris@iionary tar, permanent gases and char. Then primary
tars undergo secondary reactions to produce pemhgases and a secondary tar. Literature values are
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used for the kinetic constants of the finite-raéesification reactions. Good agreement is shown with
the measured pressure drop, temperature profilegasdcomposition at the riser exit for a 500kW
reactor.

Liu and Gibbs (2003) focus their attention on thd4dNand HCN emission. The circulating fluidized
bed gasifier is described by sub-models for biondgs®latilization, tar cracking, gasification raaot
and nitrogen chemistry, for a total of forty reaos (kinetics derived from literature). Then
hydrodynamics of the riser are modeled assumingoavk profile of solid concentration with a plug-
flow behavior for both the solid and gas phase. 8ledictions show acceptable agreement with the
measured values of gas composition, tar and NH3seams. A sensitivity analysis is also presented fo
the mechanism of nitrogen chemistry.

Corella and Sanz (2005) present a one-dimensioeatly steady model which couples heat and mass
balance equations with simplified description ofllgdynamics. The main effort is on the selection of
a reaction network including twelve steps with kineconstants carefully selected from literature.
Model outputs consists of the axial profiles of parature and chemical species (H2, CO, CO2, CH4,
C2Hn, H20, 02), gas yield, tar content in the gag ehar concentration in the solid. A parametric
analysis (Sanz and Corella (2006)) presents thectsffof the equivalence ratio, percentage of
secondary air flow, location of the secondary kiwfand biomass feed rate (and moisture content).
The conditions that allow to produce a gas witbw tar content have also been simulated (Corella et
al. (2006).

Marias et al. (2001) present an unsteady moddhfofluidized bed incineration of waste composed of
wood, cardboard and polyvinyl chloride. Bed hydnoayics are described by the Werther model
(1980) (the existence is postulated of a film e=wthe bubble and the emulsion zone) which permits
the description of a diffusion phenomenon from thel rich (emulsion) and fuel lean (bubbles)
regions. The description of the buffer zone is ified to take into account the removal of the high
amount of volatiles, generated from waste devatation in the emulsion, by the ascending bubbles
(the Werter film is replaced by a two-dimensionedgative zone). The free board region is modeled
according to two perfectly stirred reactors for theengaging height and the post combustion zone.
The model is completed by balance equations fogds®ous species and a population balance for the
char. It is assumed that drying only affects titernal structure of the solid and results in are@se

of the material density. As a consequence of pgisjythe material breaks into a gaseous component
(volatiles, nitrogen and sulfur at atomic state§l ansolid component (fixed carbon and ash). The
heterogeneous combustion of char occurs at therattsurface of the particles and is both kinetid a
external mass transfer limited. Because the kinette of volatile combustion is very high, the
conversion is assumed to be controlled by chengigallibrium. The mixture fraction concept and the
minimization of the Gibbs free energy are used dmpute the result of combustion. Evolution of
nitrogenous and sulfurous pollutants is taken iat@ount in a post processing stage (finite-rate
reactions for both thermal and fuel-bound NOx faiora and chemical equilibrium for SOXx
production). Steady-state operation simulationsehbeen performed to describe the influence of
superficial velocity, initial waste composition apdwer generated by the in-bed boiler on the fugnac
exhaust, obtaining good qualitative agreement fbM&V unit.

A steady-state one-dimensional model for the comrusof wood in an atmospheric bubbling
fluidized bed reactor is presented by Khan et 2007a,b). It makes use of the two-phase theory of
fluidization with the assumption of perfect mixibgtween the solid and the gas in the emulsion phase
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The bed is isothermal at the same temperatureeafdls (the bed temperature is a design variabte) an
differential mass balance equations are formuléedCH4, CO, CO2, N2, NO, NH3, 02, H2 and
H20. Devolatilization and drying occur instantanglgu with a uniform release of volatiles in the
emulsion phase. Particle temperature is evaluagethdans of a local energy balance. A discretized
population balance including fines due to attritierdeveloped and implemented to calculate the bed
inventory and elutriation rate. Char combustion disscribed according to the shrinking core
approximation with a rate constant including a wsffe and a reactive contribution. A sensitivity
analysis of the gaseous emission profiles witheessto input and model parameters indicates tast g
hydrodynamics play an important role. However, dase model and experiment results, optimization
of operating parameters and air-staging ratio aamfgcantly improve the reactor performances.
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