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A one-dimensional stationary model of biomass gasification in a fixed bed downdraft
gasifier is presented in this paper. The model is based on the mass and energy conservation
equations and includes the energy exchange between solid and gaseous phases, and the
heat transfer by radiation from the solid particles. Different gasification sub-processes are
incorporated: biomass drying, pyrolysis, oxidation of char and volatile matter, chemical
reduction of Hy, CO, and H,0 by char, and hydrocarbon reforming. The model was validated

Keywords: experimentally in a small-scale gasifier by comparing the experimental temperature fields,
Biomass biomass burning rates and fuel/air equivalence ratios with predicted results. A good
Gasification agreement between experimental and estimated results was achieved. The model can be
Downdraft

used as a tool to study the influence of process parameters, such as biomass particle mean
diameter, air flow velocity, gasifier geometry, composition and inlet temperature of the
gasifying agent and biomass type, on the process propagation velocity (flame front velocity)

Propagation velocity

and its efficiency. The maximum efficiency was obtained with the smaller particle size and
lower air velocity. It was a consequence of the higher fuel/air ratio in the gasifier and so the
production of a gas with a higher calorific value.

Crown Copyright © 2008 Published by Elsevier B.V. All rights reserved.

a first step, biomass is dried up. Then, as the temperature
increases, biomass is pyrolyzed and the lignin and cellulose
are decomposed into volatile molecules such as hydrocarbons,

1. Introduction

In most cases the gasification of residual biomass without an
important level of homogenisation is carried out in fixed bed
reactors. According to Hobbs et al. [1], approximately the 89%
of the coal gasified in the world has been processed by means
of fixed bed technology. Yanget al. [2] concluded that fixed bed
gasification or combustion is the most common technology
for the energy use of biomass and solid municipal wastes.
During the biomass combustion or gasification process,
this renewable material undergoes different sub-processes. In

* Corresponding author. Tel.: +57 4 219 5550; fax: +57 4 211 0507.
E-mail address: juanpb@udea.edu.co (J.F. Pérez).

hydrogen, carbon monoxide and water. Finally, the remaining
solid fraction, which is called vegetal char, is oxidised when an
excess of oxygen is available (combustion). When combustion
is developed with less oxygen than the stoichiometric, vegetal
char is gasified by the pyrolysis and oxidation gases. This
process is governed by the chemical reduction of hydrogen,
carbon dioxide and water by char. The inorganic components
in the biomass are not volatilised and remain in solid state as
ash.

0378-3820/$ - see front matter. Crown Copyright © 2008 Published by Elsevier B.V. All rights reserved.
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In a significant number of research papers, biomass
gasification models of different complexity have been pro-
posed looking for a better understanding of the different sub-
processes. Generally, the influence of different parameters on
the producer gas composition and its temperature at the exit
or along the gasifier is evaluated.

Dimensionless models are useful tools to calculate the final
gas composition, assuming that the reactions governing the
process are in chemical equilibrium. Ruggiero and Manfrida [3]
proposed a model based on chemical equilibrium for studying
the effect of different parameters such as biomass elemental
composition, equivalence ratio, relative humidity, pressure and
temperature, on the gasification process. Other models based on
chemical equilibrium are presented in references [4-12].

Yang et al. [13,14] presented a two-dimensional transient
model simulating the gasification process of biomass and
solid municipal waste in a counter-flow reactor. Within the
class of one-dimensional transient models, different
approaches have been developed. Shin and Choi [15] and
Yang et al. [2,16] took into account the diffusive and species
conservation terms in all phases, and the heat transfer by
conduction in the solid phase. Di Blasi [17] proposed a model
very similar to the previous works, without taking into
account the radiative heat transfer along the bed. In another
paper, the same author [18] presented similar equations in
which the thermal conductivity was taken as a cubic function
of temperature coinciding with the usual approach for the
heat transfer by radiation. Bruch et al. [19] and Shin and Choi
[15] showed that in a packed bed biomass gasifier, the heat
transfer by thermal conduction was much lower than the heat
transfer by radiation due to the low thermal conductivity of
wood.

One-dimensional steady state models of fixed bed down-
draft gasifiers have been also proposed. Jayah et al. [20]
combined an equilibrium model for the combustion and
pyrolysis zone with a one-dimensional steady state model
for the char gasification zone (reduction) in order to estimate
the temperature profile and species composition along the
latter zone as functions of design and process parameters.
Giltrap et al. [21] and Babu and Sheth [22] presented a similar
model focused on the catalytic effect of char on the hetero-
geneous reactions in the reduction zone.

Based on the same approach, other authors have modelled
updraft gasifiers. Souza-Santos [23] developed a one-dimen-
sional steady state model of the coal gasification/combustion
process in a fixed bed counter-flow gasifier. Hobbs et al.
[1,24,25] and Ghani et al. [26,27] considered a partial or total
equilibrium for the gaseous phase and sub-models for the char
devolatilisation. They also adopted the heat transfer by
convection in the packed bed as described by De Wasch and
Froment [28], and Froment and Bischoff [29,30]. Bryden and
Ragland [31] modelled biomass combustion in a stationary
counter-flow combustor of 20 cm diameter, without consider-
ing the heat transfer by radiation in the bed. The model has
been used to study the behaviour of the combustor as a
function of bed length, intake air temperature, and biomass
moisture and particle size.

Corella et al. [32] presented a one-dimensional steady state
model of the gasification process in a fluidised bed reactor.
They considered the devolatilisation of the fuel, reduction of

water vapour by char and the reforming of tars. Corella and
Sanz [33,34] extended the model to predict the gas composi-
tion, and tar and char contents as a function of controllable
process parameters. Hamel and Krumm [35] and Oliva [36]
predicted the gas composition and temperature of the
different phases through all gasifier length.

A wide range of mathematical models have been presented
describing the devolatilisation process. Bryden et al. [37]
developed a kinetic model of biomass devolatilisation taking
into account biomass drying, moisture recondensation and
pyrolysis. The model is based on three parallel primary
equations and two secondary equations describing the crack-
ing of tars into char and gases. The relation between biomass
particle size and the devolatilisation process has been studied
by Hagge and Bryden [38]. Lapuerta et al. [39] presented a
model to determine the kinetic constants of the pyrolysis
process by fitting experimental thermogravimetric data (typi-
cal particle size 500 um). The model consisted of three parallel
first order reactions, which divide the process in three
principal stages: biomass drying, thermal decomposition of
hemicellulose and cellulose, and thermal decomposition of
lignin. Porteiro et al. [40] presented a mathematical descrip-
tion of the thermal degradation of a densified biomass particle
in an oxidising atmosphere. Thunman et al. [41] developed a
dimensionless model based on the conservative equations
completed with experimental data in order to predict the gas
composition for any solid fuel.

Heat transfer by radiation plays an important role in the
drying and devolatilisation of biomass in a co-current fixed
bed gasifier. In this type of reactors, as the air and biomass
flow in the same direction, the gas passes to the char
reduction zone, and does not heat the incoming biomass by
convection. According to Bruch et al. [19], the heat transfer by
radiation is a complex phenomena, as absorption, reflection
and emission of radiation are interacting. Depending upon its
temperature, area and emissivity coefficient, each particle
emits a certain quantity of heat to its surroundings. On the
other hand, for solid fuels with a very low conductivity
coefficient, as is the case for lignocellulosic biomass, the
heat transfer by conduction is smaller in comparison with the
heat transfer by radiation. Modest [42] described the deduction
of a one-dimensional model for the radiation in a participative
medium, and presented several approximate solution meth-
odologies for this phenomenon, e.g. Schuster-Schwarzschild
approximation. This model was applied by Gosman and
Lockwood [43] to develop a two-dimensional model of a gas
burner. Argento and Bouvard [44] determined the radiative
properties of a porous medium by means of a one-dimen-
sional steady state model. The model was used to determine
the intensity of radiation within the medium in both direc-
tions (forward and backward) depending principally on the
absorption and dispersion coefficients of the porous medium.

The main goal of this paper is to develop a one-dimen-
sional steady state model for the gasification process of
biomass in a fixed bed downdraft gasifier. This model,
validated using experimental data obtained in a lab-scale
gasifier [45], can simulate the dynamic behaviour of stratified
downdraft gasifiers. The stationary approach allows an
improvement in the integration precision through the all
process; while the integration of the differential equations
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Fig. 1-Outline of the mass and energy flows considered in
the model.

under a transient approach needs more computational time.
Additionally, the model considers two sub-models regarding
the heat transfer through the wall, transient and steady. This
is useful to simulate both kinds of experiments: the flame

front moving or not through the gasifier length.

- The solid particles are assumed thermally thin (isothermal

state).

- The gaseous phase is transparent to heat transfer by

thermal radiation, due to its negligible absorption coeffi-
cient compared to the solid phase.

- The mass transfer by diffusion along the gasifier can be

neglected compared with the mass transfer by convection.

- The properties of the gaseous phase follow the ideal gas

laws.

— The ashes do not react with other species in the reactor.
- The particle geometry is considered spherical.

The most widely used parameter to describe the shape of a

particle is the sphericity, which is given by the ratio of the
surface area of a sphere (with same volume as the given

Table 1 - Model differential equations system

Species Conservation

2. Mathematical model and experimental setup

The gasification process involves several phenomena. The
model presented in this research paper takes into account the

following:

- Moisture evaporation and biomass devolatilisation. Vola-
tile matter content depends upon the type of biomass

(proximate analysis).

- Heterogeneous reactions of the char with water vapour,
carbon dioxide, hydrogen and oxygen. This kind of reac-
tions is modelled by means of the ash segregation model

(exposed core) [23,46,47].

- Combustion of the volatile matter (oxidation of carbon

monoxide, hydrogen, methane and tars).
- Reforming reactions of methane and tars.
- The water gas shift reaction.

- Mass and heat transfer along the bed; heat transfer

between solid-gas, solid-walls and gas-walls.
- Heat transfer by radiation in the solid phase.

— Variation of the bed void fraction though all length of the

gasifier.

- Variation of the transversal section of the gasifier (geometry).

- Variation of the biomass particles diameter.
— Pressure losses in the bed.

Additionally, the following hypotheses are assumed:

- The bed is a continuous medium in steady state.

— The mean value has been used for all parameters (one-
dimensional model) in the transversal section of the

gasifier.

-Biomass

dFpms/dz = —As Ty (1)
—Moisture

dFup01/dz = —AsFg 2)
—Char

df"char/dz = As Z}' Vchar,j Fj 3)
j=p,c5,91-93

-Oxygen

dFo,/dz = — ¥; Aivo,;Tj + Po, ga

j=cl—c5 (4)
i = solid, gas

-Nitrogen

dFy, /dz = On, ga (5)
—Steam

dFu,0,/dz = 35 Aivin,o,7) + Pr,0,.6a ®)

j=d,p,c2,c4,wg,93 - g5
—Carbon dioxide

dFco, /dz = 37 Aivao, i T )
j=p.3,wg,g1

-Hydrogen

dFy, /dz = 3 Ay, T ®

j=p,cl,c4,wg, 92 — g5

—Carbon monoxide

df:co/dz = Zj AiVCO,jfj (9)
j=p,cl—c3,wg,c5,91,93 — g5

—Methane

ftiHq/dz =3 Aiven, Ty (10)
j=Dp,2,92,94

—Tars

fif"tars/dz = Ej Aivears, T (11)
Jj=p,c1,95

—Pressure losses

dP/dz = 150(1 — &)*e 2pgugdy? + 1.75(1 — £)e > poudy? (12)

-Energy conservation

-Solid phase
dFes/dz = A_(Z) . (erad,s/dz) —As Qg —A-Qsw + Zi Zk Aj Vg T

- hr; (13)
-Gas phase
dFeg/dz = As - Qsg — A - Qsw + d/dz(AgKgdTg/dz) + > > Aj-vig - T

- hr; (14)
—Particle diameter reduction
d(dp)/dz = —(27cs + Tq1 + Tgo + Tg3) - dp/(3 - Ug - Ceharms ) (15)




FUEL PROCESSING TECHNOLOGY 89 (2008) 1076-1089

1079

Table 2 - Chemical reactions considered in the model

Process Chemical reactions Ref.
Dryin k 37
y g R*dinoli’Hzou [ ]
Pyrolysis —ke gag [37,38,40]
R—pl1/R—p3:biomass = { —k= tars
—k»s char
Oxidation ke [16,51]
R —c1:CgHe2002 + 2.90, — 6CO + 3.1H;
ke 16,51
R— 2 : CHy + 1.50, —> CO+2H,0 [ |
ke 17,52
R—3:2C0 + 0, 5 2C0, [17,52]
ke 17,52
R —c4:2H, + 0, — 2H,0 [ ]
ke 31
R —¢5:2C + 0, =2CO 31l
Gasification Rt [31,46,50]
R—-g1:C+CO; —2CO
by [31,46,50]
R—g2:C+2H2HCH4
ks [31,46,50]
R-— 93 : C 4+ H0— CO+Hy
Methane kg [21,22]
reforming R —g4:CHs + H,0— CO + 3H,
Tars kgs [32]
reforming R — g5 : C¢Hp200.2 + 5.8H,0 — 6CO + 8.9H,
Water gas e [33]
shift R —wg: CO + Hy0 <> CO, + Hy

particle) to the particle surface area. The particle sphericity
affects the heat transfer between the solid and gaseous
phases. So, it is a roughly hypothesis to consider the particles
as spheres. However, a wide number of models consider the
biomass shape as spheres [2,13-16] due to the complexity of
considering its real shape.

The gaseous phase includes the following species H,0, Hy,
CO,, CO, CHa, CeHg 200, (representative for the condensable
volatile matter at ambient temperature [41]), O, and N,. The
solid phase through all the gasifier is composed by different
species such as biomass (C,H,Op), vegetal char and ash. The
moisture (H,0)) is inside the solid particle.

2.1. Conservative equations

The different mass and energy interchanges between the
gaseous phase, the solid phase and the reactor wall are
presented in Fig. 1. The model applies the conservative
equations to a differential volume AV, with diameter dt and
thickness Az, along the gasifier [48]. The differential equations
describing the evolution of species, energy, particle diameter
and pressure losses in the bed along the reactor length are
presented in Table 1. The species conservation equations are
derived from the balance between the convective and source
terms due to the chemical reactions developed in both phases.

The equations of energy conservation in each phase
consider the heat transfer by convection between the phases
and the gasifier wall, by conduction in axial direction and by

radiation. The model of the absorption and emission of heat
by radiation is detailed below. The energy flows related to the
interchange of mass between the two phases are also taken
into account.

The pressure losses along the bed are described by the
equations proposed by Ergun [49], who has demonstrated that
the pressure losses in a packed bed with spherical particles are
caused by the loss of viscous and kinetic energy. This equation
is integrated through all the length of the gasifier, considering
the variation of the gas composition and assuming a linear
temperature distribution in the cell.

The particle volume is considered constant during the
drying and devolatilisation processes [23]. The vegetal char is
assumed to be porous and the spatial structure of the particle
is maintained, although its apparent density may vary. The
dimensions of the particle only changes when a part of the
char reacts with other species.

2.2 Chemical reactions
The source terms of the conservative equations are based on

the reaction rates of the different chemical reactions taking
place in the gasification process. In Table 2, an overview of

Table 3 - The kinetic reaction rates

Reaction Kinetic rate [mol/m?¥/s] Ref.
R-d T4 = kaCn,0, [37]
R-pl p1 = Rp1Coms [37,38,40]
R-p2 p2 = Rp2Chms [37,38,40]
R-p3 p3 = Rp3Chms [37,38,40]
R - 3
R-p %, = Coms ZFI Ry [37,38,40]
R-cl Fo = kcngPO'SCéﬁscoz [16,23,51]
R-c2 Fop = kczTgCéﬁ T, [17,18,31]
R-c3 Fog = kcBCCOC(lj/fC%I/ZZOV [17,18,31]
R-c4 Tea = keaCri, Co, [17,18]
R-c5 - M ) <k55 “hmes ) [31,46]
Tis =2 —= [ ——= |G

© ( Mo, 4 kes + hm,es e
R'gl Foo— <Mchar) - ( kgl y hm,gl )CCO [31)46]

> Mco, ) P \Rkg1 + hmg1 :
R»gZ = Mchar) (ng . hm g2 ) [31’46]

fg2 = 0.5 vp| i ———|C

9 ( MH; 3 kgz ar hm,gQ =
R-g3 oy = <Mchar)v (kg3 - himg3 >C o [31,46]

! M0, P kgS + hm,g}‘ R
R-g4 ]794 = k94CCH4 CHZO“ [33]
R-g5 Tgs = RgsClaraChiz0, [32,33]
R-wg [17,18,23]

& Cco,C
ng - kwg (CCOCHZO\, - M)

wg.e
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these chemical reactions is presented, including references of
other researchers who have applied them previously. In
Tables 3, 4 and 5, the kinetic reaction rates for the equations
are presented. Table 6 summarises the auxiliary equations
required to complete the model.

In order to characterise the composition and quantity of
the pyrolyzed volatile matter of the biomass particles, the
mass and energy balances for lignocellulosic biomass pro-
posed by Thunman et al. [41,47,50] are adopted.

2.3.  Auxiliary equations

To complete the source terms based on the conservation of
energy, it is necessary to know the terms of heat transfer by
convection between the gaseous and solid phases, and
between each of these phases and the gasifier wall. The
terms are calculated using the equations described by Di Blasi
[17,18]. For the energy losses, the equations proposed by Hobbs
et al. [1,25] have been adapted. The description of the mass
and energy transfer in a packed bed by Wakao and Kaguei [59],
fitting the correlations for the Nusselt and Sherwood numbers,
has also been integrated in the model. Finally, the heat
transfer through the gasifier walls is described by the standard
equation for the heat transfer through walls, taking into
account the natural convection at the reactor outside.

The temperature of each phase is obtained by an iterative
process based on the integration of the mass and energy flows
of each phase [9].

The passing area of the gas at a determined height of the
gasifier is calculated from the bed void fraction. To determine
this term, the correlation for spherical particles in a packed bed
proposed by Froment and Bischoff [29,30] has been adopted.

2.4. Heat transfer by radiation

Regarding the heat transfer by radiation in the solid phase, it is
assumed that this mechanism is developed through a
participative medium, the fixed bed, which is constituted by
the solid phase and the bed void fraction, and it is assumed
that the gaseous phase is transparent to radiation. The heat
transfer by radiation that travels through the bed will be
attenuated by absorption and scattering effects. To model the
radiation process, the approach by Schuster-Schwarzschild
[15,42] has been applied. In this one-dimensional model, the
direction of the heat transfer is considered perpendicular to
the section of the gasifier. The medium is described as a grey
and an isentropic dispersive body.

Table 4 - The kinetics constants of gas-gas reactions

R; Aj Units of A; E; [kJ/mol] Ref.
ket 59.8 kmol %°m*°K 'Pa=%3s~1 101.43 [16,23,51]
ko 926  (m’mol Y %3(Ks) ™t 80.23 [17,18,31]
kes 10V (m®mol %) %7%s7? 166.28 [17,18,31]
Rea lell m>mol st 42 [17,18]
kga 3015  m’mol’s™’ 125.52 [33,34,53]
Rgs 70 m>mol *s?! 16.736 [32,33]
Rywg  2.78 m’mol's™? 12.6 [17,18,23]
Ruge 0.0265 - 32.90 [17,18,23]

Table 5 - The kinetics constants of solid—-gas reactions

Rq 5.13e10 S 88 [37]

Rp1 1.44e4 st 88.6 [37,38,40]
Rp2 4.13e6 st 112.7 [37,38,40]
Ry3 7.38e5 st 106.5 [37,38,40]
Rkes 1.7Ts ms? 74.83 [31,47,50,54]
Rg1 3.42T; ms’ 129.7 [31,47,50,54]
Rg2 le-3kg; ms* 129.7 [31,47,50,54]
kg3 1.67kg1 ms? 129.7 [31,47,50,54]

The radiation travels in both directions, and each radiative
term has to be integrated separately. The intensity of radiation
is attenuated by an absorption coefficient ka (1/m), which is a
function of particle size and bed void fraction. This radiation
intensity increases with the radiation emitted by the particles,
and thus depends on the local temperature of the solid phase.
The term corresponding to the scattering of the energy flow
has been neglected (ks=0) [15].

2.5. Solving methodology

The ordinary differential equation system is integrated
through all the gasifier length with an algorithm with variable
step, which is able to reduce the length of the step interval
whenever it is necessary. At the same time, this type of
algorithm diminishes the computational time and improves
the precision of the model.

The solution of the model is obtained by an iterative
process. Based on an initial temperature profile of the solid
and gaseous phases, the heat transfer by radiation is calcu-
lated allowing integrating the equations in the direction of the
moving biomass and air. At the end, the temperature profile
predicted by the model is compared with the initial estimated
temperatures, and the model is iterated with the new
temperature profile. The methodology is outlined in Fig. 2.

In the case of an entrained flow gasifier, all flows move in the
same direction, except the heat transfer by thermal radiation,
which initiates the drying and pyrolysis process of biomass.

Another difference with respect to the models presented in
the literature is that the energy flows are integrated in each
incremental step, instead of the temperature (see Egs. (13) and
(14)). As a result, the temperature of each phase is estimated
by means of an iterative process using the energy balance
equation of each phase.

2.6. Experimental setup

In order to obtain a simple and repetitive series of experi-
ments, the experimental facility presented in Fig. 3 was
designed and constructed [45]. The installation consists of
an inverted downdraft fixed bed gasifier (50 mm diameter and
700 mm length). The air flow is controlled by a system of
pressure regulators and valves and its value is estimated
through the differential pressure measured over a calibrated
nozzle. The gasifier is filled with biomass and it is ignited on
top. Simultaneously, the air is introduced at the bottom of the
gasifier. The reaction front of the gasification process goes
down the gasifier until it reaches the bottom.
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Table 6 - The auxiliary equations of the model

Property Correlation/value Ref.
Solid phase
Specific heat [J/kg/K] Cppms = 3.86T + 103.1 [37,38]
Cpiyo, = 4180 [37,38]
Cp.char = 0.36T + 1390 [37,38]
Thermal conductivity [W/m/K] Ks =0.13 + 3e — 4(T — 273)
Formation enthalpy [J/mol] %}bems = LHVpms + (1/Mpms) Ziipmd " f'lfo,i [9]
%;char =0 [23]
11,0, = —285.8¢3 [23]
Low heating value [kJ/kg] LHV par = 31,300 [41,50]
Gas phase
Universal gas constant [J/mol/K] 8314 [55]
Specific heat [J/mol/K] Cpj = A +Bt+Ct? + Dt + E/t? [56]
J = CO,C0Oy,H;y,H,0y,CH4,N»,05 and t = T(K)/].OOO
Cp.tars = 88.627 + 0.12074T — 0.12735 - 10 *T? — 0.36688 - 107 /T? (23]
Thermal conductivity [W/m/K] Ky =25.77-1073 [57]
Formation enthalpy [k]/mol] fq})_ —H [56]
J
1 ars = 82,927 [>8]
Low heating value [k]/kg] LHViars = 40,579 [58]
Nusselt number Nu = 2 + 1.1Re%6pr/3 [59]
Sherwood number Sh = 2 + 0.6Re%65c1/3 [59]
During the course of the experiment, the temperature inside the gasifier, and the formation of bridging (air channels),
profile over the entire gasifier is measured by eight thermo- the thermocouples have been introduced only 5 mm.
couples, K-type, installed with separation of 30 mm. In order to From the obtained data, it is possible to calculate the

avoid interferences in the random distribution of the solid fuel biomass consumption rate. The air superficial velocity is also

Solid Solid Perform final
temperature .| thermal radiation Solve system calculations
hypothesis calculations of
ODEs

Solid temperature

field
No Is Ts hypo near or estimated
equalto Ts
estimated?

l Yes

End of the iterative
process

Fig. 2-Flow chart of the model solution methodology by means of an iterative process.
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Fig. 3-Experimental facility, inverted fixed bed downdraft gasifier.

estimated from the air flow. A typical temperature profile from
the experimental setup is shown in Fig. 4. This is the initial
point for the calculation of the variables. Whit the air
superficial velocity, the temperature profile, the biomass
composition and its density, it is possible to estimate
parameters such as the fuel/air equivalence ratio, the propa-
gation velocity of the process, maximum temperature, and
others [45].

2.6.1. Experimental design

The experimental data used to validate the model have been
published by Tinaut et al. [45]. Where was studied the effect of
biomass size and air flow on biomass gasification process by
means of a factorial experimental design 32. The experiments
were carried out randomly with an air flow of 6, 12 and 18 I/
min, and biomass sizes of 2-6 (4), 6-12 (9) and 12-19 (15) mm

1000 15
Air flow

800 L 12
5 ~
g 5
£ 6001 Fo €
E =
g 3
£ 4001 6 =
[ <

200 13

0 . : : : . 4 0

600 900 1200 1500 1800 2100 2400 2700

time [s]

Fig. 4- Typical temperature and supplied airflow profiles
from the experimental setup.

(mean diameter). All combinations between the levels of the
two factors were developed in the gasification experiments,
plus three replicates in the central point.

The experimental design levels and its codification are
shown in Table 7. This information will be useful in the next
section. The biomass tested is Pine bark with 10.9% of
moisture; its ultimate and proximate analyses were done by
a certified laboratory, and are shown in Table 8.

3. Model validation

In this section the parameters calculated by the model (mod)
and the experimental results obtained through the experi-
mental design (exp) are presented. The temperature profile
over the entire gasifier length, maximum process tempera-
ture, biomass burning rate, relative fuel/air ratio and process
propagation velocity are contrasted for each experimental
condition presented in Table 7.

3.1.  Temperature fields
The comparison between the experimental and calculated

temperature fields in the nine test points (Table 7) is presented
in Fig. 5. For this study, it is necessary to convert the

Table 7 - Codification of the experimental design

dp [mm] Superficial velocity [m/s]

0.05 0.1 0.15
4 co C2 C12
9 C10 C5 C11
15 C3 C6 C4
Air [[/min] 6 12 18
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Table 8 - Ultimate and proximate analysis of Pine bark

Parameter Ultimate analysis (%d.b.)
C 55.49

H 5.56

N 0.17

S 0.09
o2 37.74
Parameter Proximate analysis
Volatile matter 62.521

Fixed carbon?® 25.73

Moisture 10.91

Ash content 0.85

LHV (d.b.) 19,967.86 kj/kg

2 Calculated.

experimental temporary scale of the temperature profiles to
the space scale in order to obtain a common basis for the
comparison of different experiments. This is done by multi-
plying the sampling time by the flame front propagation
velocity of the experiment. In each experiment the profiles of
the eight signals given by the thermocouples are very similar.
This is an indication that there was no air channelling during
the experiments due to the thermocouple inside the bed. The

experimental temperature measured during the gasification
process is slightly lower than the calculated solid temperature
in the nine points studied. This difference is obtained because
the temperature was measured very near to the gasifier wall
(5 mm deep). In this point inside the gasifier the temperature
is smaller than in the central point. One of the hypotheses of
the model assumes the mean value for all parameters (one-
dimensional model) in the gasifier transversal section. As a
result, the estimated temperature is magnified with respect to
the experimental field. Nevertheless, the estimated tempera-
tures follow the same trend as the experimental ones, which is
an indicator of an appropriate heat transfer model of the
biomass gasification process.

3.2. Maximum temperature

The maximum temperature registered experimentally and
estimated by the model in the nine points tested is shown in
Fig. 6. It is observed that both temperatures (solid and gas
phase) are directly proportional to the air flow because the
process is near to the stoichiometric fuel/air ratio (combus-
tion). On the other hand, the biomass size does not show a
clear influence on the maximum temperature. Similar results
have been shown by Tinaut et al. [45] in an experimental study
of the biomass gasification process.

a) b) c)
2000
2000 =
15001 1500+
. -~ Ts
€ 1000 9 1000+ =
- P
5001 - e
Texp
0 v - r 0 T 0 - T
005 01 015 02 025 03 005 010 015 020 025 030 005 010 0.5 020 025 0.30
z(m) z (m) z(m)
2000 2000 c10
15m< 15m,
S 1000 G 1000 To o
F ~
500 500 | P
' \\Texp
0 0 - - v
0.05 005 010 015 020 025 030
z(m)
9) i)
2000 2000
1500 | 1500 Ty 1500 |
%) Ts o Ts\ - o
S 40004 € 10001 T 1000.
2 1000 i 1000 =L =
500 o 500 et 5001
. Texp Texp
0 : ) : g r . 0+
005 01 015 02 025 03 005 01 015 02 025 03 005 010 015 020 025 030
z (m) z(m) z(m)

Fig. 5-Simulated and experimental temperature profiles in the nine test points.
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Fig. 6 - Simulated and experimental maximum temperatures
for the solid phase.

3.3. Biomass consumption rate

The biomass consumption rate per gasifier section is directly
proportional to the air flow in the studied points and inversely
proportional to the size of biomass, due to the increasing
reaction area with reduced particle size. In Fig. 7a the validation
of this parameter with the experimental results is presented. A
good agreement between the experimental measurements and
model simulations can be observed. A similar trend is shown for
the process propagation velocity (Fig. 7b).

For low diameters the model underestimates the experi-
mental results, regarding with the biomass consumption rate
and the process propagation velocity. Although the heat
transfer between solid and gaseous phases is higher when
biomass size diminishes, the heat transfer by radiation pene-
tration is reduced (this mechanism drives the drying and
devolatilization process), thereby the biomass consumption
rate and the flame front velocity is underestimated. Further-
more, the solid/gas heat transfer coefficient estimated from
nonreacting systems can exceed the experimental values in
reacting gasifiers. Therefore, the experimental correlation is
multiplied by empirical factors with values in the range 0.02-1
[17]. Due to the wide range of variation of the empirical factor, it
is possible that the model does not simulate adequately all
experimental points.

a
) 0.08
< 4mm_exp
_ ~+-4mm_mod o .
A O 15
'15::_:(:‘1 /Q
! e

&
E
% 0.04
2
<
r]

o
E 002 - e (]
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0 —_— ) ! 0.05
e s
‘__—____— |
Lo
0.05 0.1 0.15 0.2

mair/A [kg/s/m2]

Viront [mm/min]

3.5
Wexp
3 O mod
2.51
f=
I
2_
1.5 1
14
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Fig. 8-Simulated and experimental fuel/air equivalence
ratio.

3.4. Gasification relative fuel/air ratio

The gasification relative fuel/air ratio is inversely proportional to
the air flow and to biomass size. If the amount of air increases,
the thermochemical process approximates to the combustion.
On the other hand, the increasing particle size results in
diminished density as the amount of biomass per volume
decreases. This parameter is presented in Fig. 8. The trend
exhibited by the model is very similar to the experimental results.
Nevertheless, in some points, this variable is slightly over-
estimated by the model due to the overestimation of the reaction
temperature, which in turn leads to a slightly higher reaction rate
(experiment C12). On the other hand, the underestimation of the
gasification relative fuel/air ratio in the C2 point, is related with
the underestimation of the biomass consumption rate (Fig. 7a),
described in the Section 3.3, due to the direct relationship be-
tween the biomass consumption and relative fuel/air ratio.

4, Other results of the model

4.1.  Temperature field

Characteristics such as solid and gas species evolution,
particle diameter, solid and gas velocities, the different stages

20
& 4mm_exp
-4-4mm_mod < /»0
© 15mm_exp
15 -15mm_mod ‘—%
S
10 © ////
C)//
5 120
A 9mm_exp |
s
0 £10
ST |
0.04 0.08 0.12 0.16

SV [m/s]

Fig. 7 - Effect of the air supply rate and the biomass size on the biomass burning rate (a) and the process propagation velocity (b).



FUEL PROCESSING TECHNOLOGY 89 (2008) 1076-1089 1085

6.01 - —T 2400
- i
2 .
X 4014 T 1600
E
g 2
® -
c
S
S 2.011 T 800
[=]
[
E

0.01 : : ; - ; 0

010 013 015 018 020 023 025

z [m]

Fig. 9-Simulated temperature profile over the entire length
of the gasifier and the integration step with SV=0.1 m/s and
biomass size of 6-12 mm (C5 conditions).

of the gasification process and the heat transfer mechanisms
in the bed, which are rather hard to measure by conventional
techniques, are presented in this section. Next, the results are
presented for the central experimental point (conditions C5 in
Table 7).

The evolution of solid and gas temperatures through the
gasifier length are shown in Fig. 9. It can be observed how the
heating starts in the solid phase due to the radiative heat
transfer from the stages at high temperature in the combus-
tion/oxidation zone. The gaseous species are heated by
convection between the solid and gas phases. During the
subsequent drying process the temperature of the solid phase
is stabilized. Once this drying process has finished, the
temperature increases until pyrolysis temperatures are
reached. At a specific time, the gas phase temperature
increases suddenly because the combustion of volatiles with
oxygen has initiated. This effect is accompanied by the
oxidation of char, and thereby, also the solid temperature is
increased. Once the oxygen has been consumed by the
oxidation reactions, the gas temperature does not increase
and the reduction reactions propagate mainly by the thermal
energy available in the gas phase. At the same time the gas

a)
35 Drying— ,—Flamming-pyrolysis1500
3.
@ Biomass
= 254
= Oxygen
2 24
©
E
< 157
2 ====
5 11 .
s Moisture
E 05—
0 T
0.12 0.13 0.14 0.15 0.16 017

z[m]

Fig. 10-The different identified stages and evolution of the species over the entire length of the gasifier (C5 conditions).

a) Drying and flaming-pyrolysis stages; b) Reduction stage.

phase transfers a part of its energy to the solid until the
thermal equilibrium is reached, in this stage the chemical
reactions are frozen, and the solid and gas temperatures
diminish, mainly due to the heat losses at the gasifier wall.

As the char is consumed during the reduction reactions,
the heat transfer area between the solid and gas phase
increases. This change in the particle surface area causes
that both temperatures get equal faster. In the same Figure,
the average integration step is showed, which is modified in
function of the mathematical precision of the model. It can be
seen that the integration step is minimal in the reaction
stages.

4.2. Solid and gas species evolution

The evolution of the solid phase species, the oxygen content of
the gaseous phase and the solid and gas temperatures are
shown in Fig. 10a. It can be observed that the first process is
the biomass drying. In a second step, the solid temperature
begins to increase until biomass is pyrolyzed. Subsequently
combustion is initiated at the same time that pyrolysis is in
course; this process is denominated flaming-pyrolysis stage
by Di Blasi [17].

Volatiles and pyrolyzed char react with oxygen. The
combustion of volatiles increases the gas temperature,
which in turn heats the solid. Once the oxygen is consumed,
the pyrolysis can continue if not all the biomass has been
consumed. On the other hand, the high amount of thermal
energy in the process allows the reduction reactions to begin.

Fig. 10b shows the results from the reduction stage. During
this stage, the CO and H, are generated by reforming of the tars
with steam. At the same time, the CO, is reduced with char to
produce CO. At the end of the reduction stage, when the
temperature falls below specific levels, all chemical reactions
are frozen, except the water-gas shift reaction, which slightly
favours the formation of H, instead of CO.

4.3. Particle diameter and pressure losses
The evolution of the particle diameter and the pressure losses

of the gas phase are shown in Fig. 11a. It can be seen that the
diameter begins to diminish just at the moment when

35 1500
o 3 11250
&
% 2.51 11000
g
- 24 170 g
X% 1.51 T1s00 F
2 11 1250
E

0.51 10

0.12 0.14 0.16 0.18 0.20 0.22 0.24 0.26

z[m]
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Fig. 11-The evolution of the particulate diameter and pressure losses (a) and the solid and gas phase velocity (b) over the entire

length of the gasifier (C5 conditions).

combustion starts. The char is thus also oxidized and causes
the reduction in diameter. During the reduction stage, the
diameter diminishes more slowly as the char gasification
takes place.

The pressure losses at the top of the gasifier diminish
slowly, but after the oxidation stage, this parameter changes
drastically due to the reduction of the particle diameter and to
the higher temperature and mass of the gas phase.

4.4. Solid and gas velocities

The evolution of the solid and gas velocities over the entire
length of the gasifier are shown in Fig. 11b. In the first part,
both velocities remain constant. In the reaction stage, the
velocity of the gas increases due to the increase of the mass
and temperature of this phase. On the other hand, the solid
velocity diminishes due to the reduction of the particle
diameter and the consumption of the solid species. It is also
shown that when the temperature of the gas phase dimin-
ishes, its velocity also decreases.

4.5. Heat transfer mechanisms in the bed

In order to discuss the relation between the most important
processes and the velocity of the reaction front, the solid and
gas temperature field, and the evolution of the different heat
transfer mechanisms considered in the model are presented
in Fig. 12.

In the drying and pyrolysis stages, the energy is mainly
transmitted by radiative heat transfer. Within the same
stages, the heat transfer between the solid and gas phase is
very important. In the simulated process, the solid heats the
gas phase in the pyrolysis area because at this point, the solid
is hotter due to the high amount of absorbed radiation. The
gas warms up until the combustion reactions are initiated.
When an important increase in gas temperature occurs due to
the combustion of volatiles, the heat transfer between solid
and gas is inverted, and the gas further heats the solid phase.
The temperature of the solid increases very fast and is directly
proportional to the gas temperature. The point of maximum
solid temperature is given by the thermal equilibrium between

the heat losses by radiation and the heat transmitted by the
gas phase.

From this point, the solid temperature does not change
significantly. It even can increase slightly until the equilibrium
with the temperature of gaseous phase is reached. Thereby,
the radiation losses diminish although the temperature also
diminishes due to the energy consumption by the chemical
reduction reactions and the heat loss through the wall of the
gasifier. It has to be highlighted that the heat transfer by
conduction in the gas phase is not as important as the other
considered energy transport phenomena.

In Fig. 13, the main energy flows are outlined. Their
interaction and their effect on the evolution of the biomass
gasification process in a downdraft fixed bed gasifier are
indicated. The radiative heat transfer in the solid phase
initiates the pyrolization of the biomass. Subsequently the
producer gas—air mixture is heated by the heat transfer from the
solid to the gas phase until combustion is started. At that moment
the gas phase heats the solid and this mechanism allows the
existence of radiative heat transfer to the wet biomass

15 5000
Radiation
6xGas-wall
91 Gas conduction + 4000
E Solid-wall
i 31 - 3000
g €
2 -
£ 3 L 2000
I
Q
I
-91 - 1000
-15 0
012 013 014 015 016 0.17  0.18
z[m]

Fig. 12 -Evolution of the heat transfer by convection,
conduction and radiation in the main stage of the gasification
process (C5 conditions).
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Fig. 13 -Interaction mechanism of the main energy flows in the reaction front.

approximating to the reaction front, which leads to a sustainable
auto thermal mechanism for the gasification process.

5. Conclusions

A steady, one-dimensional model of the biomass gasification
process has been developed. The model considers the main
processes that are relevant for the thermochemical transfor-
mation of biomass in a gaseous fuel that can be used in
reciprocating internal combustion engines.

The model has been validated with biomass of different size
and varying the air superficial velocity. A reasonable agreement
between the experimental and calculated results has been
achieved. The developed model thus simulates satisfactorily the
main sub-processes of the biomass gasification process.

The gasification model allows evaluating the effect of the
physical, chemical and energy properties of biomass (size,
density, proximate and ultimate analysis, and heating value)
on the gasification process. Moreover, it enables the study of
the gasifier geometry, the heat exchange and the different
injection points of the gasifying agent.

The producer gas composition calculated by the model can
be used to predict the performance and pollutant emissions of
an engine that is fuelled with the gas.

The main energy fluxes in the gasification process have
been analyzed by the model, and the most important flux is
the heat transfer by radiation in the solid phase, which
facilitates the drying and devolatilization processes, thus
opening the way to the combustion stage.

The model can be used as a design tool for downdraft
gasifiers; it gives the thermal power generated, the flow and
the composition of the producer gas, the global efficiency of
the process, and others.

The different stages of the gasification process and the heat
transfer mechanisms in the bed (hard to measure by conven-
tional techniques) have been recognized and analysed, and it
is proposed a possible sustainable auto thermal mechanism of
the flame front in downdraft fixed bed gasifiers.

Nomenclature
A
A;
Aj

Gasifier area (m?)
Phase j area (m?)
Pre-exponential factor

Ceharbms Initial mol char per biomass mol (mol/m?)

Cpi Specific heat of the species i (kJ/kg/K or J/mol/K)
D; Diffusion coefficient (m?/s)

dp Particle diameter (m)

dt Reactor diameter (m)

E;j Activation energy of the reaction j (kJ/mol)

Fei Energy flow of the species i (J/s)

F Molar flow of the species i (mol/s)

Frg Fuel/air equivalence ratio (-)

H Convection heat transfer coefficient (W/m?%/K)
hg; Formation enthalpy of species i (J/mol)

Nim,j Mass transfer coefficient of the reaction j (m/s)
Rt Total enthalpy of species i (J/mol)

Iy, I; Radiation intensity (W/m?)

Ip Black body radiation intensity (W/m?)

Ra Absorption coefficient (m™?)

R; Thermal conductivity of the phase j (W/m/K)
R; Kinetic constant of the reaction j

Mair Mass flow rate of air (kg/s)

Mbms Mass flow rate of biomass (kg/s)

M; Molecular weight of the species i (kg/kmol)

P Pressure (Pa)

Q Volumetric heat transfer by convection (W/m?)
Grad Radiation heat transfer in the solid phase (W/m?)
7 Kinetic reaction rate (mol/m>/s)

SV Air superficial velocity (m/s)

T Temperature (K)

t Time (s)

uj Velocity of phase j (m/s)

Viont ~ Process propagation velocity (mm/min)

Vp Solid particle volume (m®)

Ycharbms Initial char molar fraction per biomass mol
Z Integration axial coordinate (m)

Greek letters

& Bed void fraction

¢ Radiation emissivity

Ug Gas viscosity (kg/m/s)

Vij Stoichiometric coefficient of species i in reaction j
vp Particle density number (m™?)

Dj g Gasifying agent source term for species i (mol/m/s)
pj Mass concentration (kg/m?)

Os Scattering coefficient (m™?)

o Stefan-Boltzmann constant 5.76 x 108 (W/m?%/K)
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Subscripts

ag Gasifying agent
exp Experimental

g Gas

g,w Gas/wall

gs Gas/solid

rad, s Radiation in the solid phase
s Solid

s,w Solid/wall

sg Solid/gas

w wall
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