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Thermal conversion of biomass is often carried out in packed-bed furnaces. Opti-
mization of thermal efficiency and furnace emissions is an important goal, which re-
quires accurate understanding of all physical and chemical effects in the reactor. A
combined transient single particle and fuel-bed model is presented. The fuel-bed model
is discretized, and a representative particle is chosen and discretized in a radial direction
at each grid point. Mass, momentum and energy balances are solved for the entire
system. Drying is modeled using an equilibrium approach, and primary pyrolysis is de-
scribed by independent parallel-reactions. Secondary tar cracking, homogeneous gas re-
actions, and heterogeneous char reactions are modeled using kinetic data from litera-
ture. Simulations validated for single particles agree well with experimental studies. Sim-
ulation results for the combustion of a biomass bed are presented for one set of furnace
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conditions.

Introduction

Biomass, such as wood, bark, straw, or biowaste is becom-
ing an increasingly important energy source of the future.
Considering the decreasing resources of fossil fuels and their
effect on global warming, CO,-neutral biomass is a promising
alternative. In 2000 biomass provided about 4% of all U.S.
primary energy and has an estimated potential of up to 20%
(American Bioenergy Association, 2000). In the EU, biomass
covers about 3% (Finland 18%, France 0.8%) of the primary
energy (EuroREX, 2000; Hall and House, 1995), and the EU
targets to increase its use to 12% by 2010 (European Com-
mission, 1997).

In the past years, many research groups studied the feasi-
bility of biomass conversion for energy production. For exam-
ple, technical and economic aspects of biomass gasification
systems were discussed in great detail by Bridgwater (1995),
who compared costs, fuel pre-treatment, gasification effi-
ciency, and electricity production of several plants. Van den
Broek et al. (1996) presented an overview of the state-of-the-
art combustion technologies, effectiveness, and investment
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costs of biomass plants. Beenackers (1999) gave an overview
of commercially used down-and-up-draft biomass gasifiers.
Currently, biomass is used either in gasification or combus-
tion systems. Gasification reactions are endothermic reac-
tions of fuel with H,O or CO,, while combustion involves
exothermic reactions between fuel and oxygen. Typically, both
classes of reactions occur simultaneously, and the difference
between gasification and combustion is determined by the
amount of oxygen supplied. Combustors, which operate un-
der overstoichiometric conditions, are mostly used in small
furnaces for heating purposes of residential buildings ( < 20
kW) or districts (<5 MW). The main products of combus-
tion are H,O and CO,. Gasifiers are supplied with an under-
stoichiometric amount of oxygen in order to maintain au-
tothermic operation conditions. Gasifiers are often used for
the production of steam and electrical power. The primary
product is gas rich in H,, CO, and hydrocarbons. In large-
scale plants (> 10 MW) this gas is used in turbines or is co-
combusted in coal-fired furnaces. In small-scale gasifiers, the
product gas can be utilized in gas motors or fuel cells.
Biomass gasification or combustion is performed in many
different types of furnaces, such as, fixed and moving bed
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reactors, fluidized or circulating fluidized beds, as well as
pulverized fuel burners. The decision concerning the type of
furnace is made on the basis of fuel characteristics (such as
particle size, particle-size distribution, moisture, and ash con-
tent), fuel feed rate, and desired products. Fixed or moving
bed furnaces are distinguished according to fuel and gas flow
patterns (Hobbs et al., 1992). Furnaces with co- or counter-
current operation are limited by the particle-size distribution
and by the resulting pressure drop in the bed. Compared to
cocurrent operations, countercurrent operation generates a
rather cold gas with a higher amount of tar. For coarse parti-
cle-size distributions, crosscurrent furnaces are used in which
the fuel is transported through the furnace by a moving grate.
In different regions of the grate, the air supply can be ad-
justed, which enables a highly flexible operation. One advan-
tage of fluidized beds is the good mass and heat transfer be-
tween gas and the individual particles (Neogi et al., 1986).
The bed usually consists of carrier materials (such as sand)
with high heat capacities, which stabilize changes in the fuel
composition (such as moisture) and system temperature. Ad-
ditional materials, such as dolomite, may be used to catalyti-
cally improve the decomposition of tar (Rapagna et al., 2000).
Thus, this reactor type is often used for the combustion or
gasification of high-ash wood-wastes or slow burning chars
(Dry and La Nauze, 1980). Pulverized fuel burners have so-
called suspension firing, in which solid fuel and air are mixed
and injected together into the furnace chamber (Govind and
Shah, 1984). This technique requires intensive fuel pretreat-
ment, but shows high thermal efficiency and flexibility with
regard to operating conditions (Schwleger, 1980).

In order to optimize the thermal efficiency and to predict
product gas composition, numerous mathematical models for
biomass conversion systems were developed. Bryden and
Ragland (1995) described the combustion of whole trees us-
ing a one-dimensional (1-D), steady-state model in an up-
draft fixed-bed combustor, which accounts for drying, pyroly-
sis, and other reactions. Fixed-bed biomass drying was inves-
tigated by Raupenstrauch (1991) using a transient 2-D model.
A heterogeneous, 1-D, transient model of the gasification of
biomass was presented by Di Blasi (2000). It was shown that
gas-phase combustion and primary pyrolysis are important for
the stabilization of the reaction front, which underlines the
need for comprehensive modeling of these effects. Cooper
and Hallet (2000) showed the importance of heterogeneous
models in their investigation of packed-bed combustion of
char, since substantial temperature differences arise between
the gas and solid phase in the oxidation zones. Ignition front
temperature and front velocity of moving-bed straw combus-
tors were modeled by Van der Lans et al. (2000). It was shown
that the front velocity, as a function of the air to fuel ratio,
was mainly affected by the supplied air, the radiative heat
transport in the bed, and the fuel moisture. The impact of
co- and countercurrent primary air supply and fuel bed mix-
ing on the ignition behavior and front velocity was, for exam-
ple, investigated by Amundson and Arri (1978) and Hartner
(1996). Simpler models for the estimation of the ignition front
velocity were presented by Saastamoinen et al. (2000) and
Thunmann and Leckner (2000).

The present work focuses on the gasification/combustion
of biomass in crosscurrent moving beds. The fuel conversion
takes place by various mechanisms, that is, drying, primary
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pyrolysis, secondary tar cracking, gasification, and combus-
tion. During drying, fuel moisture evaporates followed by py-
rolysis, which is the thermal decomposition of the solid fuel
that forms gases, tar, and solid char residues. In addition to
pyrolysis, thermal cracking of tar occurs. Gasification com-
prises a complex set of heterogeneous reactions between CO,,
H,0, and the solid char. The heat required for drying, pyrol-
ysis, and gasification is generated by the exothermic reactions
of O, with char and combustible gas components. All effects
occur simultaneously, and detailed modeling is necessary in
order to simulate the behavior of the entire fuel bed. An es-
sential simplification in all of the above-cited investigations
was the assumption of isothermal particles. In the case of
large biomass particles, however, the processes are strongly
controlled by heat and mass transfer inside the particle, and
the production of volatiles is a function of the rates of heat
transfer (Bliek et al., 1966). The composition of the pyrolysis
gases is influenced by the intraparticle mass transfer, since
longer residence times change the extent of secondary crack-
ing. Thus, a comprehensive approach to studying large parti-
cles and fast heating rates, as they occur in biomass furnaces,
requires a detailed single-particle model combined with a
packed-bed reactor model.

The specific objective of this article is twofold. First, simu-
lations of single particles, decoupled from the packed bed
model, are performed. These simulations are compared with
experimental investigations and show the validity of the cho-
sen overall approach for drying, pyrolysis, gasification, and
combustion. Second, operation conditions of a moving bed
combustor are chosen, and the combined packed-bed and
single-particle model are used to predict the overall behavior
of this system.

Model

A moving bed furnace is shown in Figure 1. The fuel en-
ters the furnace on the lefthand side and migrates through it.
Under constant operating conditions, a pseudo-steady state
develops. Provided that local gradients in the x-direction can
be neglected, a transient 1-D model (in the flow direction z
of the primary air) can be used to describe the entire fuel
bed. This is typically true for moving bed furnaces, and this
approach has been widely used in literature (for example, Van
der Lans et al., 2000; Shin and Choi, 2000). Using the migra-
tion velocity of the bed, time can be transformed into the
coordinate x in direction of the grate.

Transient 1-D models of the packed-bed reactors have been
used by a large number of researchers including Liu and
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Figure 1. Moving bed furnace.
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Figure 2. Discretization scheme.

At each grid point of the 1-D bed model (direction of the
primary air), one representative particle is chosen and dis-
cretized over its radius.

Amundson (1962), Eigenberger (1972), Shin and Choi (2000),
and Di Blasi (2000). In all these models, solid particles are
considered to be small enough to be isothermal (Bryden and
Ragland, 1995). The fact that the particles are porous and
that reactions take place within this structure is taken into
account using effectiveness-factors (for example, Stillman,
1979).

The model presented here considers gradients both in the
bed and inside single particles. As shown in Figure 2, in each
cell of the discretization in the z-direction one representative
particle is chosen and discretized in the radial direction. Thus,
the entire bed is divided into two subsystems, that is, the gas
phase inside the bed and the individual particles. This ap-
proach is called a “transient 1-D + 1-D model.” The gas phase
within the packed bed is described by 1-D Cartesian coordi-
nates, and the individual particles by 1-D spherical coordi-
nates. Dieterich (1998) used this concept to simulate systems
of catalytic packed beds, and Chejne et al. (2000) for the
modeling of coal combustion in stacks.

Our model takes into account heatup, drying, pyrolysis,
secondary tar cracking, homogeneous gas reactions, and het-
erogeneous combustion/gasification reactions. In the gas-
phase eight species (O,, N,, CO, CO,, H,, H,0, CH, and
tar) are considered. The solid phase is beech.

Gas phase in the packed bed

The continuity equation of the gas phase in the packed bed
is

aeg,bed pg,bed _ ae-g,bed pg,bedug,bed +
Jat dz

where p, ;.4 is the density of the gas phase, v, ;.4 is the gas
velocity, and €,,.q is the porosity of the bed. The term
Apar M1y, denotes the mass exchange between the gas phase
of the bed and single particles. The pressure drop in the bed
is described by the Ergun-equation (Ergun, 1952)

dp
_ g,bed
0= dz - AEUg,bed - BEUg,bedl Ug,bedl

€
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where p, .4 is the system pressure and Ag, By are model
parameters. The species conservation equation is given by

awf»é’,bed _ (7Wj,g,bed

€ bed Pg bed 7&[ =~ € bed Pg,bedVg bed 7{92
J D IW; ¢ bed
+ 2 | €ebed Pgbeaettbed ™

+ apar(mj,par - Wj,g,bedmpar)
Riom
+ Eg,bed‘]\/[(;j Z Vi,j,homri,hom (3)
i

W; ¢ ved 18 the mass fraction of species j, Degrp,eq is an effective
diffusion coefficient, and s,,, m;,, are the total and the
species mass fluxes leaving the particles. 7, ;,,, represents the
molar reaction rate of the homogeneous gas reactions (in-
cluding tar cracking) with stoichiometric coefficients v,

The energy balance is

i,j,hom "

aTg,bed _ aeg,bedpg,bed
Jdt at

€; bed Pg bedCp,g bed

_ aTg,bcd
- Eg,bed pg,bedcp,g,bedyg,bed
0z
2
d Tg,bcd

+ € bed Aeti,bed T2 + € bed Pg ped Dett ped

Xi ahj,g,bed (?Wj,g,bed
; dz Jz

S T
. par
+ A par ij,par(hj,g,par - hj,g,bed) + )‘cff,parT

J

r= R)
Rhom

t € bea Y (—Ahipom )inom  (4)
i

where T, .4 is the gas temperature, Aqgpeq is the effective
heat conductivity of the entire bed, and #; is the enthalpy of
component j. The heat exchange with the particles occurs by
convection 71 .. (1) g our — R g hea)s and conduction Ay,
ﬂTpar/ﬁrL: r at the particle surface. Homogeneous gas-phase
reactions with reaction enthalpies Ah; . are considered.

The second term in the lefthand side of this equation (and
also of Eq. 8) and the third term on the righthand side repre-
sent the pressure volume work and the enthalpy transport
due to species diffusion, respectively. Both terms are negligi-
ble in the present application, but are mentioned in the model
equations for the sake of completeness.

Single particle

The conservation equations of the gas phase in the pore
system of single particles are similar to Egs. 1-4, but are
written in spherical coordinates (Egs. 5-8). Here, Darcy’s law
(Kaviany, 1991) is used. In the species conservation equations
V; jnet 18 @ mass specific stoichiometric coefficient, and 7,
denotes the rates of heterogeneous reactions.
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ﬁwj,g awj.’
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1 9 aw;
201 _ -8
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i
Rhe&

s
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Under the assumption that gas, liquid, and solid phase in the
particle have the same local temperature, only one overall
energy equation is required

JaT,, d
(1_ e-g,bed) pparcp,par aidr - E [(1_ Eg,bed)ppar]
aT 1 49
par
=—(1- Eg,bed)eg PeCp.s¥s™ 4, 2 or

. T
r (1 - 6g,bed) )‘eff,par T + (1 - €g,bed) Eg pgDeff,par

S oh; ow;

J,gpar /8
X ;T— +(1- €yped)

Rhom Rhcl
X Z (_Ahi,hom)i‘i,hom_*_ Z (_Ahi,het)’;i,het
i i
(1 ) [ Aoy TR
g,bed Jz eff,bed 0z

o

T, 1s the local particle temperature, ¢ is the overall heat

ar ,par
cgpacity of the particle, and Ay, isptlile overall heat con-
ductivity. The heats of the homogeneous and heterogeneous
reactions are Ah; ., and Ah; ., respectively. The last term
on the righthand side of this equation takes into account a
conductive heat transport between the surfaces of the parti-
cles at different bed heights. Total mass and species balances

of the solid and liquid in the particle are

d Ripet

Z [(1 - €g,bed) € pv] = (1_ Eg,bed) Z f/i,j,hel’:i,het (9)

d Riet

E [(1 - eg,bcd) € Pl] = (1_ fg,bcd) Z ii,_[,hctfi,hct (10)
i
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Table 1. Primary Pyrolysis Kinetics of Beech™

k[),j E/ Ws,max,f
No. Component 1/5) (kJ/mol) (kg/kg d.b.)

1 H,O 3.68x 101 149.5 0.0480
2 CcO 9.00x 10° 111.0 0.0506
3 CO, 5.23x10° 105.0 0.0724
4 H, 4.73x10* 92.5 0.0060
5 CH, 1.09%x 10° 71.3 0.0106
6 tar 2.09% 10" 112.7 0.6340

*TGA-experiments with 1 mm particles under atmospheric conditions, at
a heating rate of 5 K/min and a maximum temperature of 1,173 K
(Seebauer, 1999).

p, (p;) are the densities of the solid (liquid), and ¢, (¢,) are
the corresponding volume fractions. The solid structure of
wood decomposes during pyrolysis into several gaseous com-
ponents and solid char. The maximum yields of different py-
rolysis products (see Table 1) are experimentally determined
and can be used to simplify the calculation of the changing
solid composition. Initially, wood is represented by the maxi-
mum yield of different pyrolysis gases, char, and ashes (Fig-
ure 3).

For each of these components, one solid-phase mass bal-
ance is written

dw;
(1 - Eg,bed) € ps#

Rhe! S
= (1 - fg,bcd) Z Vi jhetlihet — Wjg Z Vi jhetli j het
i ]

(11)

where w; ; is the mass fraction of solid species. The “solid
volatiles” decomposition is described by pyrolysis kinetics, and
char is consumed by heterogeneous reactions.

Initial and boundary conditions are chosen according to the
specific application. In a general notion, the boundary condi-

Hy 1%
€0, 7.2%
CO 5.1%
H,0 4.8%

tar 63.4% CH, 0.6%

char 17.8%

Figure 3. Maximum yields of pyrolysis products.
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tions of the individual particles are

b
ev®d_ _—Tr i)
pevtyl, T

=pev®,,| oot k[Pl e~ Prea]  (12)

where ® is a general conservation variable, I' represents the
dispersion coefficient or the heat conductivity, and « is a
general transfer coefficient.

Equations 1-12 are a system of partial differential equa-
tions (PDEs), ordinary differential equations (ODEs), and al-
gebraic equations (AEs). All AEs and spatial ODE:s (that is,
the Ergun equation and Darcy’s law) are substituted into the
PDEs, and a system consisting of PDEs and ODE:s (that is,
mass balances of the solid phase) is obtained. The PDEs are
discretized in space using the method of finite volumes. The
resulting system of stiff ODEs is then solved using LIMEX
(Deuflhard et al., 1987). Validation simulations showed that
20 gridpoints are sufficient for the discretization of the parti-
cles. For the bed discretization, the same number of grid-
points gave sufficient accuracy. The computation time for
single-particle simulations is in the range of several minutes
on a Compaq XP1000. Simulations of entire beds required
CPU times between several hours and one day, depending on
the number of gridpoints and on the considered simulation
task.

Drying

Biomass typically has a water content of about 40—-100%
d.b. (dry basis) and, therefore, an accurate description of dry-
ing is essential in combustion/gasification processes. Factors
impacting the drying process are particle size, initial moisture
content, temperature, relative humidity, and velocity of the
surrounding gas (Sasstamoinen et al., 1995). Cenkowski et al.
(1993) reviewed different “grain drying” models in packed
beds. The models are classified into nonequilibrium, equilib-
rium, and logarithmic type. In this study, an equilibrium
model is used, that is, the liquid (free and absorbed water) is
considered to be in equilibrium with the local gas phase in
the pores. Numerically, this can be achieved by assuming a
drying rate

(13)

P ke Pﬂfizo _ Wen,0P
dry 0%\ RT MGy o

par

with a very large rate constant k. Thus, the gas-phase vapor
concentration is always in equilibrium with the liquid phase.
The equilibrium pressure of water pf; o is the saturation
pressure P%zo multiplied with a correction function ¢ (¢,
T,,) (Eq. 14). When the moisture content ¢, is less than that
of the fiber saturation point cggp of the solid, ¢ reduces the
saturation pressure. The vapor pressure p%zo is calculated
using the Antoine equation

.ok _ S
€1 = Cpsp* pHZO_pHZOQD(Cl’Tpar)
. oo% S
¢;=Cpsp:  Pii,0=Ph,0 (14)
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A detailed description of the function ¢ is given by Rummer
(1998).

Primary pyrolysis

The nonoxidative decomposition of biomass, called pyroly-
sis, has a strong influence on the entire gasification /combus-
tion process, since the amount of volatiles can be up to 80%
of the entire solid mass. In the first step, the primary pyroly-
sis, the solid phase thermally decomposes into gases, tar, and
char. The conversion of tar into gas and char is summarized
as second pyrolysis (Di Blasi, 1993). In the literature several
pyrolysis models for wood were proposed. Van Krevelen
(1981) assumed the existence of metaplast and semi-char as
intermediate products and developed a complex model that
considers competing and consecutive reactions. Liliedahl and
Sjostrom (1994) presented an empirical model for isothermal
decomposition. A simplified approach was used by Winter
(1997), who assumed that the formation of all volatiles is
equal, thus, describing the formation of individual compo-
nents with one single rate equation. Alves and Figueiredo
(1989) and Antal et al. (1980) used the approach of indepen-
dent parallel reactions. This model is also utilized in this study
and can be described by

kj
C.H,0,—

(15)

Product; _11,0(4),c0(¢).0,(8), Ha (), CH (9 tar(g) char(s)]

where each product j is formed according to an independent
rate expression. Mass loss of the solid is described by irre-
versible reactions of first order, where the activation energies
E; are assumed to be different for each species (Pitt, 1962).
Thus, the individual pyrolysis rates 7, ; (kg/m?/s) are given
by

C ko eexn(E/RTp.
rpym,j_k(),j exp /T ar (Wj,spsfx)

(16)
The term w; ; p.€, is the amount of not volatilized pyrolysis
gas left in the solid phase. The reaction stops when a species
has reached its specific maximum degree of devolatilization.
The kinetic parameters used in this study are taken from
thermogravimetric (TGA) measurements and are shown in
Table 1.

The heat of wood pyrolysis is relatively small and was in-
vestigated by Rath et al. (2002b), who report a variability of
heat of reaction depending on the wood, the particle size,
and the final char yield. For beech, this heat of pyrolysis
ranges from 150 kJ/kg d.b. at a final char yield of about 0.18
kg/kg d.b. to —150 kJ/kg d.b. at a final char yield of 0.25
kg/kg d.b. An explanation of the changing heat of reaction
may be the simultaneous occurrence of exothermic primary
char production and endothermic formation of volatiles. In
this work a heat-neutral primary pyrolysis model was used.

Secondary pyrolysis

Primary pyrolysis is followed by secondary cracking of tar,
which is a mixture of condensed hydrocarbons (Kalson and
Briggs, 1985). Crack reactions occur homogeneously in the
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Table 2. Relative Yields of Tar Cracking Products
(Boroson and Howard, 1989)

Table 3. Rate Expressions for Homogeneous
Gas-Phase Reactions (mol/m?/s)

Component v, Component v,
CO 0.78x0.72222 Co, 0.78 x0.14222
H, 0.78 x0.02222 CH, 0.78x0.11334
tar —1.00000 tar; 0.22

inert

gas phase or heterogeneously at the surface of the biomass or
char particles. In the present study, tar cracking is considered
to follow an overall reaction, as given in Eq. 17. Higher
aliphates, such as ethane, ethene, or propene are lumped into
methane formation

tar = vcoCO(g) + 7co,CO,(8)

tar

inert

+ Vo, CH4(8) + 7y, Ho(8) + Vo (17)

inert

The stoichiometric coefficients ¥; of each species are re-
ported in Table 2. For the reaction rate 7, (kg/kg/s), the

kinetic model by Boroson and Howard (1989) is used

- — 5 .10498. (—9337RTp,0).
rj,crack - Vj 10 €Xp e (Wg,tar pg)

(18)
where (w, (. p,) is the amount of tar in the gas phase. Ac-
cording to the experimental investigation by Rath and
Staudinger (2001), only 78% of the initial tar is cracked and
22% remains unchanged (see Table 2).

Homogeneous gas-phase reactions

Reactive gas species are produced during drying and pyrol-
ysis of biomass and react with each other (such as water gas
shift reaction) or with primary-air oxygen. The heat gener-
ated by exothermic reactions is important for the release of
pyrolysis gases, formation of soot, or ignition of char. In the
present work the following four homogeneous reactions are
considered

CO+H,0<25C0, +H, (19)
200 +0,—22c0, (20)
2H, +0,—52H,0 1)

CH, +20,—* €0, +2H,0 (22)

Reaction 19 is an equilibrium limited reaction (Table 3). At
lower temperatures, it favors the production of CO, and H,,
and at higher temperatures CO and H,O. The equilibrium
constant K is computed from the free Gibbs enthalpies of
the reaction. The equilibrium of reactions 20—22 is far on the
product side and, therefore, reverse reactions can be ne-
glected. All kinetic parameters are taken from literature as
given in Table 3.

Heterogeneous reactions

Heterogeneous reactions are those of char (that is, the solid
pyrolysis residue) with species in the gas phase (such as O,,
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de Souza-Santos (1989)

—1,510 yCOZsz) 5

T ) '(yCOyHZO_ % mol

7y =2.78X10"3-exp (
g

Groppi et al. (2000)

-20,119
Fy=3.98 10" exp ( - ) “Yeo¥63 V0" bl
8
Groppi et al. (2000)
—-13,127

F=2.19%x10"-exp ( )'yHZYOZ'Cﬁwl

4

Groppi et al. (2000)

L,07 08, .15
CH,Y0, " Cmol

T,

—24,343
7y =1.58 X 103 exp
8

CO,, H,0). These complex reactions were investigated by
Fredersdorff and Elliott (1963), who assumed that O, disso-
ciatively chemisorbs at free active sites of the carbon lattice
and creates a C(O) complex and free oxygen radicals O as
intermediate products. In a next reaction step, this C(O)
complex forms free CO and CO,. The mechanism of char-
CO, and H,O reactions is similar to the char-O, reaction
(Laurendeau, 1978). This work uses a simplified reaction
model that considers the following overall reactions

n+1 ks 27 2
2 C+0, CO+ Co, ()
n+2 n+2 n+2
k
C+C0,—2C0 (24)
k
2C+H,0——CO+H, (25)

The ratio n of CO to CO, production changes with tempera-
ture, as given in Table 4. The rate expressions and kinetic
parameters are summarized in Table 4. In this table (1—
XC)” is the amount of unreacted carbon, and the empirical
exponent 1.2 takes into account the change of the available
reactive surface during the reactions (Dutta et al., 1977; Di
Blasi et al., 1999).

Physical properties

Several physical data such as fuel density, thermodynamic,
and transport properties are required for the simulation of a
biomass fuel bed. All properties are calculated depending on
temperature, pressure, and degree of conversion according to
literature (see references in Table 5).

The density of the gas phase is given by the ideal-gas law,
and the density of the moisture is calculated as a function of
its temperature. Depending on the degree of devolatilization,
the density of the solid phase changes from one of wood to
the density of char including ash. The enthalpy and heat ca-
pacity of the gas phase depend on temperature and gas com-
position. The heat capacity of the particles is an average of
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Table 4. Rate Expressions for Heterogeneous
Combustion and Gasification Reactions

Di Blasi et al. (1999)
—13,078

s =1.5X10%-exp ( ) po, (1= X)'? (1/5)

par

Monson et al. (1995)

10", (—30,178)
n exp | ——

par

Biggs and Agarwal (1997)

—29,844
o =4364Xexp | ———— | - cco (mol/m?/)
Tpar 2
Miihlen et al. (1985)
kq ‘PH,0
Py = 1/5)
T 1+ kg ‘Pu,o ko' pu,
—18,522
k;=4.93%x103-exp — (1/bar/s)
par
—3,548
kg=1.11X10"-exp (1/bar)
par
+25,161
kg =1.53X10"°-exp — (1/bar)
par

wood, moisture, and ash, and changes according to the parti-
cle consumption.

The transport properties in the model comprise the Ergun
and Darcy parameters, diffusion, conduction, and heat-
/mass-transfer coefficients. The Ergun parameters are given
as a function of the particle geometry, gas viscosity, and bed
porosity. The permability of the individual particles increase
linearly with the degree of devolatilization. The diffusion co-
efficients are based on binary diffusion coefficients that are
adapted by the simplifying Wilke-equation for a multicompo-
nent gas mixture. Within the packed bed, an effective diffu-
sion coefficient is applied that incorporates also dispersive
transport effects. This dispersion is due to turbulence and
back-mixing, and depends on the flow velocity, particle size,
and bed porosity. Within the particles, an effective particle
diffusion coefficient is used where the particle tortuosity and
porosity are taken into account. The heat conductivity of the

wood particles is calculated as a function of the particle
porosity, moisture content and by an arithmetic mean of the
wood heat conductivity, transverse and longitudinal to the
fiber direction. This seems to be reasonable, because the in-
dividual particles in the bed are arranged anisotropically, and
because in a 1-D particle-model only one mean particle di-
rection can be considered. The effective thermal conductivity
of the bed is evaluated as a function of the bed porosity,
particle size, and temperature. In this approach the effects of
gas conduction, solid conduction, gas-solid heat transfer, and
radiative heat transport are lumped together. The heat and
mass transfer between the single particles and the gas phase
of the bed are computed using Nusselt and Sherwood corre-
lations for fixed beds. For the single particle simulations,
transfer coefficients for single spheres are applied.

In the presented work the simplifying assumption of spher-
ical particles is chosen, but other particle geometries can also
be modeled with the 1-D + 1-D-concept. The single particle
model can be applied, for example, in cylindrical coordinates
and the approaches for the transport properties within the
bed can be extended by using shape factors.

Particle and bed shrinkage

During the thermal conversion of biomass, the size of the
individual particles changes. The size of beech wood particles
is reduced by 10% (Simpson and Ten Wolde, 1999) due to
drying. Experimental investigations of the pyrolysis of beech
wood (Hochegger, 2000) show that the particle size also
shrinks by 10%. Thus, in the present model, it is assumed
that during drying and pyrolysis the particle diameter re-
mains constant and only its porosity changes (Di Blasi, 2000).
Contrary to drying and pyrolysis, the decrease in the particle
size cannot be neglected during char combustion and is con-
sidered in our model. As shown in Figure 2, a 1-D +1-D grid
is set up for the single particles within the packed bed. This
spatial grid remains unchanged during the simulations, that
is, if outer layers of the solid particle structure are totally
consumed, particle gridpoints with a porosity of 100% are
obtained. This is taken into account within the model of the
single particles and also within the model of the entire bed.
Therefore, our model accounts for particle and bed shrink-
age during biomass conversion.

Table 5. Physical Properties of the Fuel Bed

Density of moisture Py
Density of solid Py
Heat capacity, enthalpy of gas Cpgs
Heat capacity of moisture Cpi
Heat capacity of dry wood Cps
Ergun parameters Ag B
Permeability Cp
Binary diffusion coefficient D; ; bin
Diffusion coefficient in mixture i
Effect. diffusion coeff. of bed Dt ped

Effect. diffusion coeff. of particle
Heat conductivity of gas "
Heat conductivity of moisture A

eff,par

Verein Deutscher Ingenieure (1991)
Simpson and Ten Wolde (1999)
Barin (1985)

Verein Deutscher Ingenieure (1991)
Richardson (1993)

Verein Deutscher Ingenieure (1991)
Siau (1984)

Fuller et al. (1966)

Taylor and Krishna (1993)

Tsotsas and Schliinder (1988)
Szekely et al. (1976)

Verein Deitscher Ingenieure (1991)
Verein Deutscher Ingenieure (1991)

Heat conductivity of bed Aettbed Vortmeyer (1980)

Heat conductivity of particle Aett par Siau (1984)

Mass/heat transfer in bed @peds> Bred Winterberg et al. (1999)

Mass/heat transfer, single particle ®pars Bpar Verein Deitscher Ingenieure (1991)
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Figure 4. Temperature and local relative particle mass
during drying and pyrolysis of a single beech
particle.

Results

In this section, validation simulations for single particles
are presented, followed by the results obtained by using the
1-D+1-D model of biomass combustion on a moving grate.

Validation

Validation simulations for single particles (spherical 20 mm
beech particle with 25% moisture exposed to a N, atmo-
sphere) were performed for conditions corresponding to ex-
perimental investigations (Petek, 1998; Hochegger, 2000).
Figure 4 shows particle temperature and solid mass, and Fig-
ure 5 presents H,O-vapor, and tar mass fractions during dry-
ing and pyrolysis. The temperature of the particle (Figure 4a)
is shown as a function of the particle radius and the reaction
time. Initially, the particle temperature is 298 K, and the sur-
rounding temperature is maintained at 1,098 K. First, the
temperature increases at the particle surface and remains
constant (wet bulb temperature) for a short period of time
due to drying. This effect becomes more pronounced as the
drying front moves into the particle, since drying is controlled
by intra-particle heat transfer. At the particle center, the wet
bulb temperature is sustained from 60 s to 140 s. As soon as
the particle is dry, the temperature rises quickly until the en-
tire particle reaches the temperature of the surrounding gas.
Similar to the temperature profile, the plot of the local rela-
tive particle mass (Figure 4b) shows several distinctive fea-
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Figure 5. H,O and tar mass fraction during drying and
pyrolysis of a single beech particle.

tures. At the beginning, the entire solid and moisture mass is
125% of the dry particle. The steep decrease of the local
relative mass is mainly caused by pyrolysis of tar, which is the
largest part of the volatiles. The plateau at about 0.28 kg/kg
d.b. represents the amount CO and CO, of the pyrolysis
gases. Compared to tar, these gases are produced at higher
temperatures with a lower reaction rate. Once CO and CO,
are volatilized, the relative mass of the particle decreases to
0.18 kg/kg d.b.—the mass of the remaining char. The mass
fraction of H,O in the gas phase (Figure 5a) remains low in
the beginning, and, at the particle center, no vapor is present
for the first 35 s. During this period, pyrolysis of tar already
occurs at the particle boundary, where the temperatures are
high enough for this reaction. Both tar and vapor are trans-
ported towards the center of the particle, where the tempera-
ture is still low and where the gas-phase vapor condenses.
Tar remains as the main gas component and, therefore, the
tar mass fraction (Figure 5b) shows a small peak at the parti-
cle center at 30 s. Tar condensation is not taken into account
due to its small impact on the process (Di Blasi, 1996). Sub-
sequently, the tar fraction decreases to 8%, whereas H,O
shows a distinctive peak due to drying. Once the whole parti-
cle is dry, the fraction of H,O decreases continuously, since
it is replaced by pyrolysis products. The tar fraction increases
briefly after drying and goes to zero when pyrolysis is com-
pleted. At this time, the entire pore system is filled with N,
from the surrounding gas.
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Figure 6. Mass conversion (O), particle center (¢) and
surface (O) temperature during drying and
pyrolysis of a 20 mm beech particle with a
moisture content of 25% d.b., and constant
ambient temperature of 1,098 K.

A comparison of these simulation results with experimen-
tal data is shown in Figure 6. Experimental data were ob-
tained in a thermo-balance designed for large particles (Rath
et al., 2002). In the experiment, a particle is released into a
preheated oven that is flushed with N, at a given tempera-
ture. Particle surface, center temperature and mass loss are
measured as a function of the reaction time. Experimental
and simulated particle surface temperature shows a good
agreement as seen in Figure 6. Thus, the model for the heat
transfer between the particle surface and the gas bulk in the
thermo-balance oven seems to be reasonable. In Figure 6 both
experimental and simulation results show a distinct tempera-
ture difference between particle surface and center due to
intraparticle heat transfer. This fact confirms the need for a
comprehensive single particle model for high heating rates,
since the assumption of isothermal particles is clearly not jus-
tified under those conditions. Until 140 s, the particle center
temperature is more or less constant at the wet bulb temper-
ature, and, as soon as the particle is dry, the temperature
rises. However, the simulated temperature deviates from the
experimental results because of changing char properties such
as density, heat capacity, and heat conductivity. In order to
improve the simulations, a new and more accurate model for
the char properties is under development. The particle mass
continuously decreases from 125% to about 18% of the ini-
tial dry mass within 170 s, and it can be seen that simulation
and experimental data agree very well.

Figure 7a shows the total mass loss of a single 20 mm parti-
cle with 8% moisture exposed to different atmospheres. In
the simulations, the temperature of the ambient atmosphere
is kept constant at 1,223 K, according to experimental condi-
tions (Petek, 1998). In a N, atmosphere only drying and py-
rolysis occurs, and, after about 100 s, the particle reaches
18% of the initial mass corresponding to the remaining char.
In CO,, however, the char is gasified and totally consumed
after approximately 950 s. Conversion in an O, atmosphere
of air is the fastest process and the particle is consumed after
about 180 s. The mass curves of the 20 mm particle coincide
up to 80 s, where char reactions are not dominant. This can
be explained by two facts. First, ignition of heterogeneous
reactions occurs at temperatures that are higher than the ones
during pyrolysis. Second, char reactions are controlled by the
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Figure 7. Mass loss of a 20 mm beech particle with 8%
moisture in air, N,, CO, (a), and particles of
different diameter in O, (b).
Ambient temperature is 1,223 K.

transport of reactive species from the surrounding gas phase.
As long as gaseous species are released due to pyrolysis, con-
vective mass transport of the volatiles prevents CO, or O,
from diffusing into the particle. Once O, penetrates the outer
layers, the particle ignites, and the subsequent temperature
rise accelerates pyrolysis in the final stage. Conversion of
particles with different diameters in an O, atmosphere is
shown in Figure 7b. It can be seen that a reduction of the
diameter by the factor two reduces the total conversion time
by 65%.

In Figure 8 and Figure 9 the particle temperatures corre-
sponding to the four cases in Figure 7 (air, N,, CO,, d, =10
mm, d,=20 mm) are shown. The temperature profile that
develops in a N, atmosphere (Figure 8a) is similar to that in
Figure 4. However, the time range has changed due to lower
moisture content and a higher ambient temperature. The
particle heats up, sustains the wet bulb temperature for a
short period of time, and heats up again to reach the ambient
temperature. The profile calculated for the gasification in a
CO, atmosphere (Figure 8b) is initially similar to the one in
N,, since drying and pyrolysis are the dominating effects.
Once these stages are completed, endothermic gasification
starts, which causes a temperature difference between the
surface and the particle center of about 80 K. This profile is
a pseudo-steady state, which is determined by the heat trans-
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Figure 8. Temperature of 20 mm particles as a function
of radius and time for drying, pyrolysis, and
char conversion in different atmospheres (N,
CO,).

port in the particle and the endothermic gasification reac-
tion. As soon as the char is completely converted, the tem-
perature rises to the ambient level. The temperature profiles
for conversion in air (Figures 9a and 9b) have a significantly
different shape. The particle undergoes drying and pyrolysis
until the combustion reactions start, leading to a temperature
maximum at the particle center, where no cooling by the sur-
rounding gas occurs. For smaller particles (Figure 9b), pyroly-
sis and combustion are accelerated because of the reduced
intraparticle mass and heat transfer. The region of high tem-
perature occurs at a particle radius smaller than the initial
radius and moves to the particle center. This is due to the
fact that the outer solid layers are completely consumed,
causing particle shrinkage.

Combustion of biomass

In our simulations of the thermal biomass conversion on a
moving grate typical operating conditions were chosen. The
bed has a height of 30 cm and consists of 30 mm beech parti-
cles with a moisture content of 30% d.b. The bed is supplied
with primary air from the grate with a temperature of 298 K
and a superficial velocity of 0.1 m/s. The bed is ignited at its
surface by radiation from the combustion chamber. The bed
surface temperature is assumed to be 1,173 K and constant
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Figure 9. Particle temperature as a function of radius
and time for drying, pyrolysis, and char con-
version in air for different particle diameters
(10 mm, 20 mm).

over the length of the grate. This may be an approximation,
but a detailed description of the surface temperature would
require a combined packed bed and furnace chamber model.

Figures 10—13 show the temperature, the mass fractions of
H,0 (vapor), and tar in the gas phase (kg;/kg,,), and the
entire bed conversion at different reaction times (600 s and
1,700 s), representing different positions along the moving
grate (see previous section). Each variable is given as a func-
tion of bed height and particle radius. The profiles within
individual particles are shown as a function of the radial co-
ordinate and the height of the bed. Figure 10 and Figure 11
show the early stage of biomass conversion (600 s). Three
quarters of the bed remain at initial and primary air tempera-
ture, and only the topmost layer reaches the bed surface tem-
perature (Figure 10a). In this region, there is a temperature
gradient in the radial direction with lower temperatures at
the particle surface and higher temperatures within the parti-
cle that are caused by exothermic char reactions. Due to the
endothermic drying process, there is a small area of constant
373 K at 62% bed height near the particle center. Drying and
pyrolysis occur at different temperatures and, therefore, they
are located at different bed heights, which can be seen in the
plots of the H,O and tar gas-phase mass fractions (Figures
11a and 11b). The H,O fraction shows a peak at 62% bed
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Figure 10. Temperature and bed conversion at 600 s.

height, corresponding to the position of the drying front. Be-
low that, temperatures are too low for drying, and, above that,
drying is finished and vapor is replaced by pyrolysis gases.
The tar peak, for example, follows directly the drying front
and shows a decline near the particle center where drying
still takes place. In the plot of the bed conversion (Figure
10b), the effects of drying, pyrolysis and char combustion can
be distinguished. In the lower half of the bed, no conversion
has occurred yet. In the upper half, initial bed conversion is
due to drying, followed by pyrolysis which results in approxi-
mately 87% conversion. The conversion from 87% to 100% is
due to char reactions that are completed only at the outer
half of the topmost particles.

Figures 12 and 13 show the same systems as Figure 10 and
Figure 11 at 1,700 s. The region of high temperatures has
moved from the top of the bed, and is located closer to the
grate (Figure 12a). At this point, the char combustion causes
a local maximum of about 1,245 K, and decreases in the di-
rection of the particle surface, which is caused by the cool
primary air. Above that, the temperature finally reaches the
value of the boundary condition. Particles no longer exist
above the char reaction front, which is indicated by an ab-
sence of intraparticle gradients and only a small gradient in
the direction of the bed height. Within this region, the parti-
cle and bed heat conductivity was equal to the bulk proper-
ties in order to describe the effect of a shrinking bed. The
H,O mass fraction (Figure 13a) shows a peak at 30% bed
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Figure 11. H,0 and tar mass fraction at 600 s.

height. Above that, the system is dry and vapor is replaced by
other gases, as indicated by the tar peak (Figure 13b). This
peak coincides with a steep decrease of the bed conversion
(Figure 12b). The conversion between 87% and 100% occurs
at the same position as the temperature peak due to char
combustion. Above that, one-third of the entire bed is com-
pletely consumed.

Figures 10—13 show the transient behavior of the thermal
bed conversion with the exothermic conversion front moving
towards the bottom part of the grate area. The front moving
velocity, which is influenced by fuel and operation conditions,
is constant over a major part of the entire bed conversion.
This is shown in Figure 14, where the bed mass is plotted as
a function of reaction time and bed height. The bed conver-
sion slows down only when the particle layer at the grate sur-
face starts being consumed because of primary air cooling
(298 K). Over the entire bed height (0.0 m and 0.3 m), the
curves of the relative mass show a similar shape. Drying takes
place between 1.3 kg/kg d.b. and 1.0 kg/kg d.b., and is fol-
lowed by pyrolysis of tar and H,O that reduce the solid mass
to 0.30 kg/kg d.b. After CO and CO, are volatilized, the
mass is reduced from 0.18 kg/kg d.b. to zero due to char
combustion. After approximately 3,200 s, the bed is com-
pletely consumed and only a small amount of ash (1%) re-
mains. The result of the total burnout time, combined with
the horizontal bed migration velocity, can be used to deter-
mine the required grate length of biomass furnaces.
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Conclusions

A comprehensive model of packed biofuel beds consisting
of single porous particles is presented and kinetic data for
drying, primary and secondary pyrolysis, gasification, and
combustion are summarized. The single particle model is val-
idated by comparing experimental and numerical results,
which show good agreement for drying, pyrolysis, gasification
in CO, and combustion in air atmosphere. It can be con-
cluded that the single particle model—a cornerstone of
packed-bed models of large particles and high volatile fuels
—generates reliable results. Also, simulation results for an
entire biomass bed are presented. The simulation results show
that traveling drying, pyrolysis, and char conversion fronts ex-
ist in the reactor at different positions. Thus, the different
conversion mechanisms do not occur simultaneously at a given
bed height. An important result of the simulations is the time
needed for the complete burnout of the bed. This time
strongly depends on the fuel conditions (such as kind of wood
and moisture content) and operation conditions such as the
primary air flow rate and temperature, bed height, and the
temperature of the combustion chamber. The total burnout
time is a decisive information for the design of grate fur-
naces, since it is needed for the estimation of the grate length
and the size of the entire furnace. Thus, the presented model
can be used to perform investigations of different furnace
conditions and may be used for the optimization of existing
furnaces and the development of new ones.
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Future work will address the influence of the bed surface
temperature on bed ignition behavior and on conversion front
velocities. Particular attention will be paid to the coupling of
the bed model with a furnace chamber model, such that sim-
ulations of an entire biomass boilers can be performed.
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Notation

a = specific surface, m*>/m?
A= Ergun coefficient, Pa-s/m?
B=Ergun coefficient, Pa-s%/m?>
¢ = molar concentration, mol/m?3
¢, = heat capgc.ity, J/kg/K
C= permeability, 1/m
D = diffusion coefficient, m?/s
E = activation energy, kJ/mol
h = enthalpy, J/kg
Ah = reaction enthalpy, J/mol
K= equilibrium constant, variable
k= reaction constant, variable
k= frequence factor, variable
MG = molar mass, kg/mol
riv=mass flux, kg/m%/s
p = pressure, Pa
p* = equilibrium pressure, Pa
r= coordinate in a spherical system, m
7= reaction rate, variable
R = gas constant, J/mol/K
R = particle radius, m
R = number of reactions
S = number of species
T = temperature, K
t=time, s
v= gas velocity, m/s
w= mass fraction
X = conversion rate
y=mol fraction
z=coordinate in a Carthesian system, m

Greek letters

a= heat-transfer coefficient, W/m?/K
B=mass-transfer coefficient, kg/m%/s

I" = general diffusion coefficient, variable
€= volume fraction

n= fraction of CO to CO,

n = viscosity, Pas

k= general transfer coefficient, variable
A= heat conductivity, W/m/K

v= stoichiometric coefficient

v=mass specific coefficient

p= density, kg/m?

@ = general variable, variable

¢ = correction function

Superscripts and subscripts
bed = packed bed

C=char
crack = cracking
D = Darcy
dry = drying
E= Ergun

eff = effective
FSP= fiber saturation point
g= gas phase
het = heterogeneous
hom = homogeneous
i = reaction index
J = species index
/= liquid phase
mol = molar
par = particle
pyro = pyrolysis
§ = saturation
s=solid phase
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