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Simulation of Biomass Char Gasification in a Downdraft
Reactor for Syngas Production

Augustina Ephraim, Victor Pozzobon, Olivier Louisnard, Doan Pham Minh,
Ange Nzihou, and Patrick Sharrock
Université de Toulouse, Mines Albi, UMR CNRS 5302, Centre RAPSODEE, Campus Jarlard, F-81013 Albi
cedex 09, France

A steady state, one-dimensional computational fluid dynamics model of wood char gasification in a downdraft reactor is
presented. The model is not only based on reaction kinetics and fluid flow in the porous char bed but also on equations
of heat and mass conservation. An original OpenFOAM solver is used to simulate the model and the results are found
to be in good agreement with published experimental data. Next, a sensitivity analysis is performed to study the influ-
ence of reactor inlet temperature and gas composition on char conversion, bed temperature profile and syngas composi-
tion. In addition, the evolution of the complex reaction mechanisms involved in mixed atmosphere gasification is
investigated, and the most suitable operating parameters for controlling syngas composition are evaluated. Our simula-
tion results provide essential knowledge for optimizing the design and operation of downdraft gasifiers to produce syn-gas

that meets the requirements of various biofuel applications.
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Introduction

As global energy demand is projected to rise by nearly 56%
to 865 EJ between 2010 and 2040, syngas will become
increasingly important for electric power generation, process
heat and liquid fuel production.’ Syngas is a mixture of hydro-
gen (H,) and carbon monoxide (CO) produced from the gasifi-
cation of carbonaceous feedstock. As biomass is the only
renewable carbon-based energy source, syngas produced from
waste biomass (biosyngas) will be a key-intermediate in the
future production of renewable fuels to meet national renew-
able energy and global carbon-dioxide-emission reduction tar-
gets.” Examples of waste biomass materials include residues
from forest and wood processing industries such as wood
chips, saw dust and bark, and agricultural residues such as
straw, bagasse, and husk.?

Pyrolysis is the thermal conversion of biomass under inert
or oxygen-deficient atmosphere at temperatures between 500
and 800°C. The three primary products of pyrolysis are bio-
oil, char and gas. At high temperatures (>800°C), the char
produced from pyrolysis can be gasified with gasification
agents such as steam (H,O), carbon-dioxide (CO,), and oxy-
gen (O,) in air to produce syngas. The most important indus-
trial applications of syngas, so far practiced commercially or
under research studies, can be summarized as follows*>:

1. Electricity production in steam cycles, gas engines, tur-
bines (combined cycle), and fuel cells,
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2. Chemical synthesis of hydrogen (for refineries), Syn-
thetic Natural Gas and ammonia (mainly for fertilizer
production),

3. Transport fuel synthesis from Gas-to-Liquids processes
including Fischer-Tropsch (FT) diesel and methanol/
dimethyl ether.

The choice of syngas end-use mainly depends on its compo-
sition (H,/CO ratio) as shown in Table 1.° Several operating
parameters influence the composition of syngas, the most
important of which are the gasification agent, reactor tempera-
ture, biomass properties and the use of catalysts in the gasifica-
tion process.”’ As a result of the highly heterogeneous nature
of waste biomass feedstock, the prediction of syngas H,/CO
ratio from the physical and chemical properties of biomass
char has proven to be difficult.’” Consequently, recent
research works have focused on studying the influence of tem-
perature, gasification agents and catalysts on syngas composi-
tion to manipulate the syngas ratio and better control the
gasification process.6’10_15 This ensures that the biomass feed-
stock has a lesser impact on the syngas produced and thus
offers greater fuel flexibility to meet the requirements of the
desired syngas application.®

In view of engineering design and process optimization of a
biomass gasifier for syngas production, an extensive investiga-
tion of the plant behavior depending on various operating
parameters is required.16 Performing experiments at large scales
are often problematic mainly due to their associated safety risks
and high costs. Hence, developing a mathematical model that
gives a good representation of the complex chemical and physi-
cal phenomena occurring in the gasifier is desirable as it allows
fewer and better experiments to be performed with minimal



Table 1. Examples of Syngas End-Uses and Their
Approximate H,/CO Ratio Requirements®

Syngas End-Use H,/CO Ratio

Solid oxide fuel cells (SOFC) 4.0-6.0
Gas turbine combustion 2.5-4.0
Fischer—Tropsch (diesel fuels) 1.5-3.0
Fischer-Tropsch—Fe and Co—based 0.5-1.5

catalyst process

temporal and financial costs. In addition, a simulation model
enables prediction of the evolution of these complex phenom-
ena which is essential for optimizing the reactor design and its
operating conditions.'” For models of biomass char gasification,
the vast majority of those presently found in literature are
kinetic models obtained from the study of char reactivity in dif-
ferent atmospheres and temperature 1ranges,18_22 disregarding
diffusive and convective heat and mass transfer, and thus
neglecting temperature and composition gradients in the sam-
ple. Conversely, computational fluid dynamics (CFD) modeling
techniques applied to biomass char gasification are scarce and
are currently restricted to either coal gasification or biomass
combustion/gasification in entrained flow reactors.'” CFD pro-
grams allow the coupling of fluid flow, heat and mass transfer
to chemical reactions and other related phenomena, by numeri-
cally solving the set of governing conservation equations: mass,
heat, and momentum.?® To the best of our knowledge, the most
recent experimentally validated CFD model in literature on
char gasification is that of Teixeira et al.>* who developed a
steady state, one-dimensional (1-D) model of wood char gasifi-
cation in a downdraft reactor.

In this article, modifications are made to the latter CFD
model in an attempt to improve its prediction of syngas com-
position. An original in-house built solver based on Open-
FOAM is used to simulate the model, and the results are
validated against the experimental data of Teixeira et al.**
OpenFOAM is an open source CFD software package which
offers users complete freedom to customize and extend its
existing functionality. OpenFOAM’s capacity to solve com-
plex CFD problems is comparable to that of reputed power-
ful close sourced software such as ANSYS Fluent. Although
OpenFOAM has a large user community across most areas
of engineering and science, it has been scarcely used for
simulating biomass gasification. The only biomass gasifica-
tion solver found in literature is biomassGasificationFOAM
which was developed by Kwiatkowski et al.?® to simulate
the pyrolysis and gasification of a single biomass particle.
Thus until now, no OpenFOAM solver has been developed
to simulate the gasification of biomass at the reactor scale in
a downdraft fixed bed gasifier. Next in this article, a sensitiv-
ity analysis is performed to study the influence of tempera-
ture and a mixed atmosphere (O,, H,O, CO) on char
conversion, bed temperature profile and H, and CO produc-
tion (H,/CO ratio). This sensitivity analysis will enable clar-
ification of the complex reaction mechanisms involved in
mixed atmosphere gasification, and an evaluation of the
most suitable operating parameter(s) for optimizing syngas
composition, to meet the requirements of the desired indus-
trial application.

Modeling Approach

A schematic view of a downdraft reactor is shown in Figure la.
The biomass particles are fed at the top of the reactor and slowly

flow to the bottom where the residual ash is withdrawn. The gasifi-
cation agents are injected through the sides of the reactor. During
their downward flow, the biomass particles undergo the following
main processes: drying, pyrolysis, combustion and reduction.
Finally, the produced gas is withdrawn from the bottom of the
reactor.

Our work focuses on modeling the gasification of char pro-
duced from the pyrolysis of wood biomass by considering
reactions of char with the gasification agents, air (O, + N»),
steam (H,O) and carbon dioxide (CO,). The reactions consid-
ered in this model and their associated heats of reaction at
25°C are

C+ 0, — CO, —394 MJ /kmol @))]
C+CO, — 2CO Boudouard +172MJ/kmol 2)
C + H,0O — CO + H; Steam gasification+ 131 MJ /kmol ~ (3)
CO +H,0 < CO,+H, Water-gas shift (WGS)41 MJ/kmol

4)

Combustion

where the N, in air has been assumed to remain inert.

Figure 1b shows the char bed in the gasification zone of the
reactor in which the equations of mass, heat and momentum
are solved. The boundary conditions for these equations are
applied at the bed inlet and outlet (z=0 and z=H,
respectively).

Assumptions

The following assumptions were made to model the gasifi-
cation of wood char in the downdraft reactor:

1. Steady-state operation as most industrial downdraft gas-
ifiers operate for long periods with few interruptions and the
feed and withdrawal rates of the solid and gas phases have
relatively low fluctuations.

2. Laminar flow regime for the gas phase due to the low
velocities usually encountered in fixed bed reactors.

3. Ideal gas mixture as most downdraft gasifiers operate at
atmospheric pressure.

4. Char bed is a homogeneous porous media so that all
variables are assumed continuous in space and time.

5. At the pore scale, there is no heat transfer resistance
between the solid and the gas phases. This assumption is
based on the experimental findings of Van de Steene et al.*

a) b)
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Figure 1. (a) Schematic view of a downdraft reactor
and (b) Model representation of the char
gasification zone.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]



The complex medium can therefore be represented with a
single temperature field (T, =T. = T).

6. Heat transfer by radiation is neglected due to the rela-
tively large flows of gas and solid which renders convective
and conductive heat transfer predominant.

7. Constant bed porosity, tortuosity and particle diameter
are assumed along the char bed as the evolution of these
parameters with char conversion is very difficult to
determine.

Mathematical equations and boundary conditions

Continuity Equation for Gas Phase Coupled to Momentum
Balance (Darcy’s Law). The continuity equation for the gas
phase is written as

6
V- (UCo)=> 7 ()
j=1

where U, is the superficial gas velocity, C, is the total gas con-
centration and r; is the mass source of gas species j, where j
belongs to CO, CO,, H,0, O,, H,.

By considering the gas as an ideal mixture, C, can be
expressed as a function of bed pressure P, and temperature 7,
by

P
C, RT (6)
where R is the universal gas constant.

As with several other fixed bed models,27"29 Darcy’s law is
used to describe the average flow of gas through the porous
char bed as

K
Uy=——=VP )
u

where K is the bed permeability and p is the gas viscosity.
Darcy’s law can be coupled to the continuity equation by
substituting Egs. 6 and 7 into Eq. 5 to finally give

V- (———VP) Z;, 8)

Mass Balance Equation for Each Gas Phase Species.
The mass balance for each chemical species j in the gas phase
is given by

V- (UgCy)=V - (D;NZVCEJ)+FJ €))

The left-hand side of Eq. 9 represents the contribution of
the convective mass transfer and the first term on the right-
hand side represents diffusive transfers. Here we have
assumed that since N, is the dominant gas in the gas phase,
the effective diffusion coefficient of species j in the gas phase
is equivalent to the effective diffusion coefficient DﬁNzof spe-
cies j in pure N». This effective diffusion coefficient is a func-

tion of the bed porosity &, and the bed tortuosity t°° and the
bulk diffusion coefficient between species j and N,
. €
D\, = Dm2 (10)

The dependence of the bulk diffusion coefficient D;y,
on temperature and pressure is expressed according to the
Chapaman-Enskog formula

Table 2. Expression for Diffusion Coefficient of Gaseous
Species as a Function of Temperature and Pressure
(Chapaman-Enskog formula)™'

Chemical Species j Diffusion Coefficient D;x, (m%/s)

N 1391074 (L0310 (T )2
CO, 1.13-107%- (1 01;-10‘ (%)3/2
H,O 211-1074. (1 01‘210‘) (TT73)3/2
Cco 1.40-10°% . (1‘01;-105) ) (%)3/2
H, 511-1074. (1 01;-10‘) (TT73)3/2
0, 1.43-10°%. (101;-10‘) (%)3/2
Djn,=Djn, (Trer, Prer) (@> ( r >3/2 (11
P Tret

where Djn, (Trer, Prer) is the diffusivity of species j in nitro-
gen (N,) gas solvent under reference conditions. Table 2 lists
the expression for the diffusion coefficient for each gaseous
species j.

The bed tortuosity is approximated by>>

1=1-0.411n(e) (12)

Finally, the last term r; in the RHS of Eq. 9 is the production
rate of species j, and will be detailed hereafter.

Mass Balance Equation for the Solid Phase (Char). The
mass balance equation for the solid phase is given by

V- (UCe)=re (13)

where U, and C. are the velocity and concentration of char,
respectively, and r. is the sink term for the consumption of
char by the chemical reactions.

The velocity of char in a downdraft reactor can decrease
significantly as a result of bed compaction. Bed compaction is
a consequence of the reduction of particle size due to carbon
conversion and various mechanical phenomena such as frag-
mentation and particle rearrangement.’® Equation 13 can be
coupled to the char bed compaction equation which expresses
the solid phase velocity as a function of char conversion X

Ue(X)=Ucof (X) (14)

where f(X) is an empirical function developed by Teixeira
1.>* and determined for wood char chips

et al.
FX)=—1.03-10"*X>+4.25 - 107X +1 (15)

The conversion of char is calculated from the molar flow
rates of the gaseous carbon species produced (CO and CO,)

fic|,—o—He _ lcotrico, ~hico, l,—o—

X= =0 (16)

n Clz=0 ﬂC‘Z:O
Reaction Kinetics. The reaction rates for the heterogene-
ous reactions v; (Eqs. 1-3) are determined by

vi=w; Cep (17)

where C. is the initial concentration of char and the notation
; denotes the char conversion rate for each heterogeneous
reaction (1)—(3). These char conversion rates have been corre-
lated by Teixeira and coworkers to the experimental parame-
ters, temperature 7 and partial pressure of the reactant gas P;



Table 3. Coefficient Values of the Functions for the Three
Heterogeneous Reactions™

Reaction Steam Gasification Boudouard Oxidation
a —2.38%10' —3.30x10' —7.83

b 2.92X1072 4.18%1072 8.65X1073
c 2.63 2.86 2.32%10"
d 3.72X10° 6.01X10? —2.89%10%
e —4.33 —6.42 —3.52

f 3.32X107° 1.48x10°8 1.13x1071°
g —1.02%x1073 —1.45x1075  —3.12x107°
h —2.88 —2.90 —6.59%10'
i —4.08x107! —5.86x107! 2.85x10*

j 3.39x1073 4.86x107° 3.78

k —2.59%107° —1.12x107'""  —4.95x1073
1 8.38%x1077 1.34X10? —9.54X1072
m 1.19%x10? —2.87x1077  —8.36x107'4
n —8.17X107° 4.04x107°

o 1.05X10°°¢

(i.e., H,0, CO,, and O,), as well as the char properties, poros-
ity &p, particle thickness e, and reaction pre-exponential factor
A;, by three functions that take the form>*

log,gwi=f (T, Pj, e, &, A;) (18)

The functions of the char particle conversion rates in the
three reactant gases are given in Eqgs. 19-21, and the coeffi-
cient values are listed in Table 3.

Combustion function

log;gwi=a+bT+cPo, +de,+ee,+fAo, +gT?

2 2 2 (19)
+hPo,> +iey? +jey> +KTPo, +Tep+mTAo,

Boudouard function
log g2 =a+bT+cPco, +dey+eey+fAco, +gT° +hPco,”
+iTey+jTey+kTAco, +leye, +meyAco, +nepAco,
(20)
Steam gasification function
log,gws=a+bT+cPy,0+de,+eey+fAmo0+8T*
+hPy,0% +iTey+jTey+kTAn,0+1Pn,0Amo  (21)

+meye, +ne,Ap,0+0e,An,0

The properties of wood char used in this model are e,=5.5
X 1073 m, €,=0.75 and the pre-exponential factors are A(g,)=
1.1-10%s7tatm ™% Aco,=1.2- 108 'atm ™07 and Ap,0=
3.55-10%s~'atm =08, respectively.

For the water—gas shift reaction (WGS), we used a simple
reversible rate expression for CO conversion which was pro-
posed by Moe™

Pco,Pu
va=kwasPcoPn,0 <1 - M) Mco (22)
1855.5
kwas=1.85X10exp (12.88— T) (23)

4577.8 ) 24)

Keq VS =exp (T —-4.33

WGS are the rate constant

where kwgs (mol g7l min~ ') and Keq
and equilibrium rate constant respectively.

From the knowledge of the reaction rates v;, i = 1,.. .4, the
production term 7; of chemical species j appearing in Egs. 9

and 13 can be expressed by

4
5= Z Vij Vi (25)
i=1

where v;; denotes the (algebraic, positive for product,
negative for reactants) stoichiometric coefficient of species j
in reaction i. Table 4 details the expression for the production
terms of the chemical species.

Energy Balance Equation. With the assumption of local
thermal equilibrium between the gas and solid phases, the
equation of energy conservation writes

(UsCapeMy+UcCecp M) VT=V - (2VT)+ 0,406
(26)

where convective heat transfer is represented by the term on
the left-hand side of Eq. 26 and conductive heat transfer by
the first term of the right-hand side. The effective thermal con-
ductivity /, in the porous media is evaluated by assuming that
heat conduction in the solid and gas phase takes place in paral-
lel which follows from the fifth assumption that no heat trans-
fer occurs between the solid and gas phases™®

p=(1—8)Actel, 27)

Table 5 details the expression of the thermal conductivities
of the chemical species in the two phases as a function of
temperature. ]

In Equation 26, Q is the heat source term which can be
expressed in function of the heats AH,.; of reactions (1)—(4)

4
Q==Y viAH,, (28)
i=1

Conversely, the heat lost to the surrounding by convection
from the outer wall of the reactor Q),s, Was estimated to be
377 kWm? by Teixeira®’ which is determined from
Newton’s law of cooling as

hA(Ty—Tx)

v (29)

Qloss:
where A and V denote the outer surface area and volume of
the reactor, respectively. The average wall temperature 7', and
ambient temperature T,, were experimentally found to be
62°C and 20°C, respectively, and the heat transfer coefficient h
is 10 Wm ™K~ ".

Boundary Conditions. The system of differential equa-
tions formed by Egs. 5-26 can be solved with the following
set of boundary conditions that specify concentration, temper-
ature and pressure values or their derivatives at the inlet
(z=0) and outlet (z = H) of the char bed:

e Concentration of species in gas and solid phases

Inlet Cj|z=0 :Cj‘() (30)

Table 4. Expression for Production Term of Each Chemical
Species

Chemical Species j Expression for Production Term

rc Ceol—w1—my—w3]
rco, Cepolor—wa]+vy
TH,0 —Ceomw3—vy
ro, —Ceowy

rco Ceol2wr+ms]—vy
T, Ceowztvy




Table 5. Expression of the Thermal Conductivity of Gaseous Species and Char as a Function of Temperature

Temperature
Species j Thermal Conductivity (mW/m/K) Range (K) Refs.
N, —0.3721 + 0.10977-T — 9.42549-10 7% + 8.05548-10 5. 7° — 3.35367-10'".T* + 5.15605-10~'°.T° 65-2500 37
0, —1.7536 + 0.1224-T — 1.322444-10*7% + 1.7804-10 "-T° —1.200176:10'%-7* + 2.9817302-10_'*.1° 70-1500 37
CO, —0.341914 + 0.0314-T + 1.170458-10~*.72 — 1.281-10"-T° + 5.7923-10'".T* — 9.72044.10'>.7° 190-2000 37
H, —4.0803 + 0.9858.T — 1.330466-10 7% + 1.1217-10" *-7° — 32558210 '°-* 16-1500 37
Cco —0.42832 + 0.09941-T — 5.96573-10 7% + 3.81583-10 *.7° — 1.43131-10 '".7* + 2.56748-10 °.1° 80-2200 37
0 148 1500 37
C 95.8 307 38
Outlet n-VCj|,_;=0 (31)  observations. Discrepancies remain regarding CO and H, con-
centrations at the outlet of the bed; nevertheless the model cap-
tures the trend well.
e Bed temperature A more detailed evaluation of the model’s ability to predict
Inlet T|._,=T (32) the evolution of the bed behavior along the bed height was
Outlet n-VT],_,=0 33) inade by comparing the pred@ted resqlts with thf: e).iperlmelzli
al ones for char chip gasification provided by Teixeira et al.
The results are displayed in Figure 2 which reveal a highly
e Bed pressure reactive zone at the top of the bed (z < 10 cm) where the bed
temperature decreases sharply to 875°C due to the predomi-
Inlet _5 - VP|._y=Usp (34) nant endothermic char gasification reactions involving H,O
u and CO,. Below this zone, the low temperatures slow down
Outlet P|._;;=Pum (35) the char gasification reactions which in turn decrease the pro-
duction of H, and CO. To estimate the accuracy of our simula-
tion results (w;s) with respect to the experimental data (we),
OpenFOAM simulation the sum squared method was used

The system of partial differential equations discussed in the
previous section was solved using the finite volume discretiza-
tion method employed by OpenFOAM. The chemical and
thermal properties data were obtained from NIST-JANAF
Thermochemical Tables®® and Teixeira.’! A mesh conver-
gence study was performed and an optimum value of 325 cells
was found.

Results and Discussion
Validation of simulation model

The model predictions have been validated against three
different sets of experimental results: two different feedstocks
with the same operating conditions (Table 6), and two different
experimental conditions with the same feedstock (Table 7). The
results are presented in Table 8. It can be seen that the model
predictions are in good agreement with all three experimental

Mean error(%)=100 (36)

The error analysis on our simulation results reveals a dis-
crepancy of 4% for char conversion, 2% for bed temperature,
11% for H, and 4% for CO. These discrepancies are satisfac-
tory given that the estimated experimental error reported by
Teixeira et al.** is 11%.

Figure 2 also shows a discrepancy between our simulation
results and those of Teixeira, especially on the concentration
fields of H, and CO (Figures 2c, d). It appears that the
improved prediction of CO concentration by our model may
be linked to our choice of WGS kinetics (Egs. 22-24), which
differs from the one adopted by Teixeira and coworkers. The
WGS kinetics used by Teixeira et al.*! was for an uncatalyzed
reaction (Eq. 37 and Table 9)

Table 6. Composition and Properties of Char from Maritime Pine Wood Chips and Pellets

Van de Steene et al.,40

o 24,33 . 33
Teixeira et al.,”™ Teixeira et al.,

Char Chips Char Chips Char Pellets
Proximate analysis (Wt % dry basis)
Ash 1.4 1.7 14
Volatile Matter 4.9 4.0 2.0
Fixed carbon (by difference) 93.7 94.3 96.6
Ultimate analysis (wt % dry basis)
C 89.8 92.6 92.8
H 2.2 1.0 1.3
N 0.1 0.2 0.3
(0] 6.1 38 3.1
S 0.001 <0.2 >0.2
LHV (MJ kg~ ' dry basis) 2 33.4 33.1
Char bed bulk density (§ cm%) = 0.13 0.37
Particle density (g cm™ °) -2 0.33 0.66
Particle porosity (-) -2 0.74 0.51
Particle average thickness (mm) = 52 4.2

“Value not provided by the author and hence is estimated to be the same as that for char chips used by Teixeira.



Table 7. Operating Conditions at the Bed Inlet for Char
Gasification Experiments

Table 8. Experimental and Predicted Results for Char Bed
Outlet Conditions

Van de Teixeira et 'c1l.,24'33

Steene et ell.,40 Char Chips
Parameters Char Chips and Pellets
Gas (%; mol/min)
H,O 19; 2.35 28; 3.2
CO, 9; 1.12 8.2; 0.9
0, 2; 0.25 2.7;0.3
N, 59; 7.31 61.1; 7.0
CO 4; 0.5 0
H, 7; 0.87 0
Solid char (g/min) 28 28
Temperature (°C) 950 1028
Total pressure (atm) 1.01 1
Gas velocity (m/s) 0.68 0.7
Bed height (cm) 65 65

kwas Pco,Pu,
V4 RT)? (Pco H,0 [(qu05> (37

where kwgs and Keq VO follow Arrhenius laws (Table 9).

On the contrary, our model uses Moe’s kinetics® which
accounts for WGS catalysis by iron oxide (Fe,03) in the reac-
tor bed. This choice is based on the knowledge that wood char
contains ash which is composed of up to 9.5 wt % Fe,05** and
that commercially available high temperature WGS catalysts
are typically manufactured from Fe,0;* In the reactor
entrance zone of 10 cm height where 80% of the char is con-
verted to gas (Figure 2a), the remaining solid is essentially
ash. Thus we expect that in this zone, the ash containing
Fe,03 will catalyze the WGS reaction and thus increase CO
conversion. Although our use of Moe’s WGS kinetics® signif-
icantly improved CO prediction (Figure 2d), the opposite held
for H, (Figure 2c). This discrepancy for H, can be explained

Van de
Steene Teixeira Teixeira
et al,,40 Char et al.,24‘33 et al.,33 Char
Chips Char Chips Pellets
Exp. Num. Exp. Num. Exp. Num.
T (°C) 700 688 770 731 730 692
H,O (vol %) 9.8 8.2 11.5 11.2 11.5 9.5
CO, (vol %) 10.8  10.2 10.0 11.0 9.0 11.1
0O, (vol %) 0.6 0.0 0.0 0.0 0.0 0.0
H, (vol %) 159 155 14.0 13.4 13.5 14.8
CO (vol %) 9.8 124 11.2 10.5 11.5 114
N, (vol %) 529 537 53.3 53.9 54.6 53.1
Solid char 31 36 ~25 23 ~28 29
(g/min)
Char conversion, 89 71 95 87 95.0 99.0
X

“Calculated at a bed height of 50 cm.
°Calculated at a bed height of 15 cm.

from the observation that in Figures 2c, and 2d, close to the
reactor exit, H, is still being produced while CO is consumed.
This is because the WGS reaction rate does not reach equilib-
rium as shown in Figure 3 by the positive value of the reaction
rate at the reactor exit. Hence, given a longer reactor, we
expect that the error observed for H, will diminish as the
WGS reaction nears equilibrium. Nonetheless, it is clear that
the choice of the WGS kinetics plays a key role in predicting
the final syngas composition.

Sensitivity analysis

The aim of this analysis is to investigate the influence of the
bed inlet temperature on the one hand, and of the gas composi-
tion on the other hand, on the bed temperature profile 7, char
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Figure 2. Experimental and numerical results for char conversion (a), temperature profile (b), H, concentration (c)

and CO concentration (d).

In all graphs, the experimental data provided by Teixeira et al

1.>* are represented by triangles, and the predicted values from

OPENFOAM and COMSOL?* simulations are represented by solid and dashed lines, respectively. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]



Table 9. Kinetic Parameters Used in the Model for the
Water Gas Shift Reaction by Teixeira et al.**

kWGS KquGs
Awas 278 m* mol ' 57! 265 %X 1072
Eawgs 1510.70 J mol ! 32911 J mol !

conversion X and syngas composition (CO, H,). Char from
maritime pine wood chips is the chosen feedstock whose com-
position and properties are provided by Teixeira et al.>*** and
are shown in Table 6. The operating conditions used for this
study are displayed in Table 10.

To perform the sensitivity analysis, the following operating
parameters were varied:

e Inlet bed temperature, T: 900-1000 °C
e O, concentration, Co, o: 0-3 vol %

e Steam concentration, Cy,0,0: 5—20 vol %
e CO, concentration, Cco, o: 5-20 vol %

For each set of operating parameters, their influence is
investigated by analyzing the char conversion, bed tempera-
ture profile and the production of H, and CO along the char
bed. Moreover the evolution of the different reaction rates is
examined to clarify the mechanism involved.

Effect of Inlet Bed Temperature. Figure 4 shows the sim-
ulation results for char conversion, temperature profile, H, and
CO concentration for different inlet bed temperatures. These
results show that an increase in the bed inlet temperature from
900 to 1000 °C increases overall char conversion and CO con-
centration by 27 % and 33 % respectively. It also increases to
a lesser extent the concentration of H, and outlet temperature
(17% and 14°C, respectively). Consequently, the H,/CO ratio
decreases from 0.7 to 0.6. These results can be explained by
observing the influence of inlet bed temperature on the reac-
tion rates as shown in Figure 5. Figures 5a and 5b, show that
in the 5 cm entrance zone of the reactor, the increase in bed
temperature causes a drastic rise of the endothermic steam
gasification and Boudouard reactions (Eqgs. 2 and 3). This
leads to a strong increase in CO production and an insignifi-
cant rise in H, production. Higher temperatures in this reaction
zone also favor the production of CO to the detriment of H, by
shifting the WGS equilibrium position to the left (Eq. 4). This
effect of inlet bed temperature on CO enrichment in syngas is
consistent with the observations made by Yang et al.'' from
char gasification experiments at lower temperatures

0 F
10

0 2 4 6 8 10
Water-gas shift rate (mol/m3/s)
Figure 3. Evolution of WGS reaction rate along the
char bed at the operating conditions speci-
fied in Table 6.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

(500-800 °C). Producing CO-rich syngas (low H,/CO ratio) is
desirable for FT synthesis. However this may not justify the
indirect heating of the reactor to temperatures above 900 °C
due to the associated high energy costs and the relatively small
gain in lowering in the H,/CO ratio.

Effect of O, Concentration. The simulation results for
char conversion, temperature profile, H, and CO concentration
for different O, concentration of the inlet gas stream are
shown in Figure 6. The results show that an increase in O,
concentration from 0O to 3 vol % increases the overall char con-
version by 48%, the bed outlet temperature by 86 °C and the
production of H, and CO by 20 % and 133 % respectively.
Thus the H,/CO ratio falls from 0.8 to 0.4. To understand this
phenomenon, it is useful to examine the evolution of the dif-
ferent reaction rates (Figure 7). In an entrance zone of 10 cm
height, the increase in O, concentration strongly increases the
combustion rate which produces more CO, and raises the bed
temperature (Eq. 1). The production of CO, favors in turn the
Boudouard reaction and thus more CO is produced (Eq. 2).
Next, the combination of CO, and bed temperature increase
shifts the WGS equilibrium to the left which increases produc-
tion of H,O (Eq. 4) and further increases production of CO.
Finally, the steam gasification reaction (Eq. 3) is favored by
the increase of H,O and thus also contributes to the production
of CO and H,. Hence the simulation results show that a rela-
tively small increase in O, concentration (0-3 vol %) strongly
increases char conversion to favor CO production and also
increases bed temperatures. Yang et al.'> have reported a simi-
lar effect of O, in air on CO production and bed temperature
when air velocity is increased during char gasification. Thus
our results show that raising the O, concentration is beneficial
to provide direct heating to the reactor and to produce syngas
with a low H,/CO ratio for FT synthesis. Of course, a trade-off
must be found between this benefit of increasing O, and the
additional costs incurred from operating at higher air flow
rates or producing oxygen-enriched air from air separating
units.

Effect of H>O Concentration. Figure 8 shows the numeri-
cal results for char conversion, temperature profile, H, and CO
concentration for different H,O concentrations of the inlet gas
stream. It can be seen that the increase in H,O concentration
from 5 to 20 vol % raises the overall char conversion by 17 %
and the H, production by 150 %, whereas it decreases the CO
production by 33 % and the bed outlet temperature by 6 °C.
As aresult, the H,/CO ratio increases from 0.3 to 1.3. Figure 9
shows that in an entrance zone of 6 cm height, the increase in
H,0 concentration boosts the steam gasification reaction (Eq.
3), thereby producing more CO and H,. Much of this CO pro-
duced is consumed by the WGS reaction to favor H, produc-
tion (Eq. 4). As steam gasification is an endothermic reaction,
an increase in its reaction rate decreases the bed temperature

Table 10. Operating Conditions for Sensitivity Analysis

0, H,0 CO, N,
T (°C) (vol %) (vol %) (vol %) (vol %)
900 1.5 10 10 78.5
1000 1.5 10 10 78.5
950 0.0 10 10 80.0
950 3.0 10 10 77.0
950 1.5 20 10 68.5
950 1.5 5 10 83.5
950 1.5 10 20 68.5
950 1.5 10 5 83.5
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which in turn decreases the rate of the Boudouard reaction and
the production of CO. Thus an increase in H,O concentration
in the gas at the bed inlet results in a significant increase in H,
production to the detriment of CO production. Steam gasifica-
tion experiments of biomass char in a fixed bed reactor by Yan
et al.'® have revealed that increasing steam flow rate from 0 to
0.165 g/min/g of biomass char increased H,/CO ratio from
0.88 to 3.74. Consequently, syngas produced from steam gasi-
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fication can be used in gas turbine combustion and Solid oxide
fuel cells (SOFC).

Effect of CO, Concentration. Figure 10 shows the numer-
ical results for char conversion, temperature profile, H, and
CO concentration for different CO, concentrations of the inlet
gas stream. The results reveal that the increase in CO, concen-
tration from 5 to 20 vol % increases the overall char conver-
sion by 74 %, the outlet bed temperature by 27 °C and the CO
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Figure 5. Influence of inlet temperature: (900 °C—solid line, 950 °C—dashed line, 1000 °C—dash-dotted line) on
rates of steam gasification (a), Boudouard (b), combustion (c), and WGS (d).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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production by 10 %, whereas it decreases the H, production
by 35 %. As a result, the Hp/CO ratio decreases from 0.7 to
0.4. Figure 11 shows that between the bed inlet and a height of
10 cm, the increase in CO, concentration from 5 to 10 vol %
increases the Boudouard reaction rate and shifts the WGS
equilibrium position to the left, thus it increases CO (8 %) and
decreases H, (12 %). As both of these reactions are endother-
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mic, the bed temperature decreases. However when the initial
CO; is 20 vol %, the decrease in bed temperature is significant
enough to decelerate the steam gasification reaction between
the bed height of 10 cm and 20 cm from the inlet, as shown in
Figure 11a. This decrease in the steam gasification rate not
only decreases the CO and H, production as predicted by
Eq. 3, but also increases the bed temperature as observed in
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Figure 7. Influence of O, concentration (0 vol % —solid line, 1.5 vol % —dashed line, 3 vol % —dash-dotted line) on
rates of steam gasification (a), Boudouard (b), combustion (c), and WGS (d).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 10b. Thus, although CO production is favored by the
increase in the initial CO, concentration from 5 to 10 vol %, a
further increase in the latter from 10 to 20 vol % actually lowers
the syngas quality, because the net increase of CO is insignificant
(2 %) and H, production is further decreased by 27 %. These
results are consistent with the experimental results of Butterman
and Castaldi® who observed that introducing 0 to 5 vol % CO,
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during biomass gasification, increased CO by a factor of 10 and
decreased H, by a factor of 3.3 at 900 °C. However increasing
CO, from 5 to 50 vol % resulted in CO increases and H,
decreases by a factor of 3. Thus in view of recycling large
streams of CO, produced from industrial processes, our results
show that low concentrations of CO, should be used if CO, were
to serve as a gasifying agent for controlling syngas composition.
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Figure 9. Influence of H,O concentration (5 vol % —solid line, 10 vol % —dashed line, 20 vol % —dash-dotted line)
on rates of steam gasification (a), Boudouard (b), combustion (c), and WGS (d).
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Table 11. Summary of Simulation Results from Sensitivity Analysis

Char
conversion, Temperature, H, CO H,/
X (%) T (°C) (vol %) (vol %) CO
T (900-1000 °C) +27% +14 +17% +33% —0.1
0, (0-3 vol %) +48% +86 +20% +133% -0.4
H,0 (5-20 vol %) +17% -6 +150% —33% +1.0
CO; (5-10 vol %) +23% —-1.7 —12% +8% —0.1
CO, (10-20 vol %) +41% +28 —27% +2% -0.2




Conclusions

In this article, a 1-D CFD simulation model developed using
OpenFOAM was presented to simulate the gasification of
wood char in a downdraft reactor. Good quantitative agree-
ment between the numerical results of the simulation and pub-
lished experimental data was achieved. A sensitivity analysis
was also conducted to investigate the influence of the bed inlet
temperature and the inlet gas composition on char conversion,
temperature profile and concentrations of CO and H, in the
product gas. A summary of the results obtained from the sensi-
tivity analysis is shown in Table 11. From these results, the
following conclusions can be drawn:

e A rise in inlet bed temperatures above 900 °C has a rela-
tively small influence on char conversion and syngas H,/
CO ratio.

e O, and H,O have the strongest influence on syngas CO
and H, concentrations respectively. A small increase in
O, concentration from 0 to 3 vol % increases char conver-
sion and bed temperature to produce a syngas rich in CO
(low H,/CO ratio) and thus suitable for FT synthesis. An
increase in H,O concentration from 5 to 20 vol % results
in a significant increase in H, (high H,/CO ratio) and thus
favors the production of syngas for use in gas turbines
and solid oxide fuel cells (SOFC).

e Although increasing the inlet CO, concentration from 5 to
10 vol % increases the char conversion and CO produc-
tion, further increasing the inlet CO, concentration from
10 to 20 vol % actually lowers the syngas quality because
the net increase of CO is small and H, production is fur-
ther decreased. This restricts the recycling of industrial
CO, as an agent for controlling syngas composition.

The in-house built OpenFOAM solver used in this work is
the first of its kind to simulate the gasification of biomass at
the reactor scale in a downdraft gasifier. The development of
this simulation model which is capable of predicting the com-
position of syngas with varying operating conditions provides
essential knowledge for optimizing the design and operation
of downdraft gasifiers.

Future Work

The model presented in this article can be modified to simu-
late the gasification of raw biomass in a stratified downdraft
reactor. To do so, submodels describing the drying and pyroly-
sis stages of the gasification processes could be incorporated.
Furthermore, as a result of the low computation time for each
simulation run (30 s average), optimization techniques can be
used to determine optimal reactor design and operating condi-
tions with respect to the syngas H,/CO ratio desired.
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Notation

A = pre-exponential factor, s~
C = molar concentration, mol/m3
Cp= sPeciﬁ_c heat cap_acity, Jz/g-K
D = diffusion coefficient, m“/s
e, = char particle thickness, m

Ah = heat of reaction, J/mol

K = permeability, m?>

kwas = rate constant for water gas shift reaction, m3/m01~s
K:ZGS = equilibrium rate constant for water gas shift reaction, —

= molar mass, g/mol
n = molar flow rate, mol/s

P = pressure, Pa

O = heat source, W/m®

r = reaction rate, mol/m> s

R = universal gas constant, = 8.314 J/mol-K
T = temperature, K

U = velocity, m/s

X = char conversion, —

Greek letters

&= porosity

/= thermal conductivity, W/m-K
1= dynamic viscosity, kg/m-s
Subscripts

b = porous char bed

¢ = solid char phase

e = experimental

g = gas phase

i = ith reaction

J = jth gas species

p = char particle

s = simulated

0 = initial
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