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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. [START_REF]International Energy Oulook[END_REF] Syngas is a mixture of hydrogen (H 2 ) and carbon monoxide (CO) produced from the gasification 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 renewable energy and global carbon-dioxide-emission reduction targets. [START_REF] Van Der Drift | Bio-syngas: key intermediate for large scale production of green fuels and chemicals[END_REF] 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. [START_REF] Alakangas | CEN technical specification for solid biofuels-fuel specification and classes[END_REF] Pyrolysis is the thermal conversion of biomass under inert or oxygen-deficient atmosphere at temperatures between 500 and 8008C. The three primary products of pyrolysis are biooil, char and gas. At high temperatures (>8008C), the char produced from pyrolysis can be gasified with gasification agents such as steam (H 2 O), carbon-dioxide (CO 2 ), and oxygen (O 2 ) in air to produce syngas. The most important industrial applications of syngas, so far practiced commercially or under research studies, can be summarized as follows [START_REF] Boerrigter | Syngas production and utilisation[END_REF][START_REF] Basu | Biomass Gasification and Pyrolysis: Practical Design and Theory[END_REF] :

1. Electricity production in steam cycles, gas engines, turbines (combined cycle), and fuel cells, 2. Chemical synthesis of hydrogen (for refineries), Synthetic 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 composition (H 2 /CO ratio) as shown in Table 1. [START_REF] Butterman | CO2 as a carbon neutral fuel source via enhanced biomass gasification[END_REF] Several operating parameters influence the composition of syngas, the most important of which are the gasification agent, reactor temperature, biomass properties and the use of catalysts in the gasification process. [START_REF] Arena | Process and technological aspects of municipal solid waste gasification. A review[END_REF][START_REF] Belgiorno | Energy from gasification of solid wastes[END_REF][START_REF] Devi | A review of the primary measured for tar elimination in biomass gasification processes[END_REF] As a result of the highly heterogeneous nature of waste biomass feedstock, the prediction of syngas H 2 /CO ratio from the physical and chemical properties of biomass char has proven to be difficult. [START_REF] Klaas | Optimisation of hydrogen production by steam reforming of chars derived from lumber and agricultural residues[END_REF] Consequently, recent research works have focused on studying the influence of temperature, gasification agents and catalysts on syngas composition to manipulate the syngas ratio and better control the gasification process. [START_REF] Butterman | CO2 as a carbon neutral fuel source via enhanced biomass gasification[END_REF][START_REF] Klaas | Optimisation of hydrogen production by steam reforming of chars derived from lumber and agricultural residues[END_REF][START_REF] Yang | Utilization of CO2 and biomass char derived from pyrolysis of Dunaliella salina: the effects of steam and catalyst on CO and H2 gas production[END_REF][START_REF] Yang | Effect of model and operating parameters on air gasification of char[END_REF][START_REF] Yan | Hydrogen-rich gas production by steam gasification of char from biomass fast pyrolysis in a fixed-bed reactor: influence of temperature and steam on hydrogen yield and syngas composition[END_REF][START_REF] Chaudhari | Steam Gasification of biomass-derived char for the production of carbon monoxide-rich synthesis gas[END_REF][START_REF] Moazami | Modelling of a fixed bed reactor for Fischer-Tropsch synthesis of simulated N2-rich syngas over Co/SiO2: hydrocarbon production[END_REF] This ensures that the biomass feedstock has a lesser impact on the syngas produced and thus offers greater fuel flexibility to meet the requirements of the desired syngas application. [START_REF] Butterman | CO2 as a carbon neutral fuel source via enhanced biomass gasification[END_REF] In view of engineering design and process optimization of a biomass gasifier for syngas production, an extensive investigation of the plant behavior depending on various operating parameters is required. [START_REF] Hamel | Mathematical modelling and simulation of bubbling fluidised bed gasifiers[END_REF] 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 physical phenomena occurring in the gasifier is desirable as it allows fewer and better experiments to be performed with minimal temporal and financial costs. In addition, a simulation model enables prediction of the evolution of these complex phenomena which is essential for optimizing the reactor design and its operating conditions. [START_REF] Ahmed | Mathematical and computational approaches for design of biomass gasification for hydrogen production: a review[END_REF] 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 different atmospheres and temperature ranges, [START_REF] Koenig | Evidence for two-site model of char gasification by carbon dioxide[END_REF][START_REF] Guizani | Influence of temperature and particle size on the single and mixed atmosphere gasification of biomass char with H2O and CO2[END_REF][START_REF] Fermoso | Kinetic models comparison for non-isothermal steam gasification of coal-biomass blend chars[END_REF][START_REF] Kramb | Modeling biomass char gasification kinetics for improving prediction of carbon conversion in a fluidized bed gasifier[END_REF][START_REF] Septien | Steam gasification of char from wood chips fast pyrolysis: development of a semiempirical model for a fluidized bed reactor application[END_REF] disregarding diffusive and convective heat and mass transfer, and thus neglecting temperature and composition gradients in the sample. 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. [START_REF] Ahmed | Mathematical and computational approaches for design of biomass gasification for hydrogen production: a review[END_REF] CFD programs allow the coupling of fluid flow, heat and mass transfer to chemical reactions and other related phenomena, by numerically solving the set of governing conservation equations: mass, heat, and momentum. [START_REF] Wang | CFD studies on biomass thermochemical conversion[END_REF] To the best of our knowledge, the most recent experimentally validated CFD model in literature on char gasification is that of Teixeira et al. [START_REF] Teixeira | Gasification of continuous wood char bed: modelling and experimental approach[END_REF] who developed a steady state, one-dimensional (1-D) model of wood char gasification in a downdraft reactor.

In this article, modifications are made to the latter CFD model in an attempt to improve its prediction of syngas composition. 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. [START_REF] Teixeira | Gasification of continuous wood char bed: modelling and experimental approach[END_REF] 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 complex CFD problems is comparable to that of reputed powerful 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 gasification solver found in literature is biomassGasificationFOAM which was developed by Kwiatkowski et al. [START_REF] Kwiatkowski | Pyrolysis and gasification of single biomass particle-new openFoam solver[END_REF] 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 sensitivity analysis is performed to study the influence of temperature and a mixed atmosphere (O 2 , H 2 O, CO) on char conversion, bed temperature profile and H 2 and CO production (H 2 /CO ratio). This sensitivity analysis will enable clarification 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 industrial application.

Modeling Approach

A schematic view of a downdraft reactor is shown in Figure 1a. The biomass particles are fed at the top of the reactor and slowly flow to the bottom where the residual ash is withdrawn. The gasification 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 produced from the pyrolysis of wood biomass by considering reactions of char with the gasification agents, air (O 2 1 N 2 ), steam (H 2 O) and carbon dioxide (CO 2 ). The reactions considered in this model and their associated heats of reaction at 258C are

C 1 O 2 ! CO 2 Combustion 2394 MJ=kmol (1) C 1 CO 2 ! 2CO Boudouard 1172 MJ=kmol (2) C 1 H 2 O ! CO 1 H 2 Steam gasification1131 MJ=kmol (3) CO 1 H 2 O $ CO 2 1 H 2 Water-gas shift WGS ð Þ41 MJ=kmol ( 4 
)
where the N 2 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 5 0 and z 5 H, respectively).

Assumptions

The following assumptions were made to model the gasification of wood char in the downdraft reactor:

1. Steady-state operation as most industrial downdraft gasifiers 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. [START_REF] Van De Steene | Gasification of woodchip particles: experimental and numerical study of char-H2O, char-CO2, and char-O2 reactions[END_REF] [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 g 5 T c 5 T). 6. Heat transfer by radiation is neglected due to the relatively 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

r Á ðU g C g Þ5 X 6 j51 r j (5) 
where U g is the superficial gas velocity, C g is the total gas concentration and r j is the mass source of gas species j, where j belongs to CO, CO 2 , H 2 O, O 2 , H 2 . By considering the gas as an ideal mixture, C g can be expressed as a function of bed pressure P, and temperature T, by

C g 5 P RT ( 6 
)
where R is the universal gas constant.

As with several other fixed bed models, [START_REF] Lamarche | Modelling of an indirectly heated fixed bed pyrolysis reactor of wood: transition from batch to continuous staged gasification[END_REF][START_REF] Anca-Couce | How to determine consistent biomass pyrolysis kinetics in a parallel reaction scheme[END_REF][START_REF] Vîjeu ; R, Gerun | Dimensional modelling of wood pyrolysis using a nodal approach[END_REF] Darcy's law is used to describe the average flow of gas through the porous char bed as

U g 52 K l rP ( 7 
)
where K is the bed permeability and l is the gas viscosity. Darcy's law can be coupled to the continuity equation by substituting Eqs. 6 and 7 into Eq. 5 to finally give

r Á 2 P RT K l rP 5 X 6 j51 r j (8) 
Mass Balance Equation for Each Gas Phase Species. The mass balance for each chemical species j in the gas phase is given by r Á ðU g C g;j Þ5r Á ðD Ã j;N2 rC g;j Þ1r j

The left-hand side of Eq. 9 represents the contribution of the convective mass transfer and the first term on the righthand side represents diffusive transfers. Here we have assumed that since N 2 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 D Ã j;N2 of species j in pure N 2 . This effective diffusion coefficient is a function of the bed porosity e, and the bed tortuosity s 30 and the bulk diffusion coefficient between species j and N 2

D Ã j;N2 5 e s D j;N2 (10) 
The dependence of the bulk diffusion coefficient D j;N2 on temperature and pressure is expressed according to the Chapaman-Enskog formula

D j;N2 5D j;N2 T ref ; P ref ð Þ P ref P T T ref 3=2 ( 11 
)
where

D j;N2 T ref ; P ref ð
Þis the diffusivity of species j in nitrogen (N 2 ) 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 32 s5120:41lnðeÞ

Finally, the last term r j 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

r Á ðU c C c Þ5r c ( 13 
)
where U c and C c are the velocity and concentration of char, respectively, and r c 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 fragmentation and particle rearrangement. [START_REF] Teixeira | Gasification of char from wood pellets and from wood chips: textural properties and thermochemical conversion along a continuous fixed bed[END_REF] Equation 13 can be coupled to the char bed compaction equation which expresses the solid phase velocity as a function of char conversion

X U c X ð Þ5U c;0 f X ð Þ (14) 
where f(X) is an empirical function developed by Teixeira et al. [START_REF] Teixeira | Gasification of continuous wood char bed: modelling and experimental approach[END_REF] and determined for wood char chips f X ð Þ521:03 Á 10 24 X 2 14:25

Á 10 24 X11 (15) 
The conversion of char is calculated from the molar flow rates of the gaseous carbon species produced (CO and CO 2 )

X5 _ n c j z50 2 _ n c _ n c j z50 5 _ n CO 1 _ n CO2 2 _ n CO2 j z50 2 _ n CO j z50 _ n c j z50 (16) 
Reaction Kinetics. The reaction rates for the heterogeneous reactions m i (Eqs. 1-3) are determined by

v i 5x i C c;0 ( 17 
)
where C c,0 is the initial concentration of char and the notation x i denotes the char conversion rate for each heterogeneous reaction (1)-( 3). These char conversion rates have been correlated by Teixeira and coworkers to the experimental parameters, temperature T and partial pressure of the reactant gas P j 

The functions of the char particle conversion rates in the three reactant gases are given in Eqs. 19 

The properties of wood char used in this model are e p 55:5 3 10 23 m; e p 50:75 and the pre-exponential factors are A ðO2Þ 5 1:1 Á 10 9 s 21 atm 20:6 ; A CO2 51:2 Á 10 8 s 21 atm 20:7 ; and A H2O 5 3:55 Á 10 3 s 21 atm 20:8 , respectively.

For the water-gas shift reaction (WGS), we used a simple reversible rate expression for CO conversion which was proposed by Moe 35 v 4 5k WGS P CO P H2O 12 P CO2 P H2 K eq WGS P CO P H2O M CO (22) k WGS 51:85310 [START_REF] Kwiatkowski | Pyrolysis and gasification of single biomass particle-new openFoam solver[END_REF] 

where k WGS (mol g 21 min 21 ) and K eq WGS are the rate constant and equilibrium rate constant respectively.

From the knowledge of the reaction rates v i , i 5 1,. . .4, the production term r j of chemical species j appearing in Eqs. 9 and 13 can be expressed by

r j 5 X 4 i51 m ij v i (25) 
where v ij 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

U g C g c p;g M g 1U c C c c p;c M c À Á rT5r Á ðk b rTÞ1 _ Q r 1 _ Q loss ( 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 conductivity k b in the porous media is evaluated by assuming that heat conduction in the solid and gas phase takes place in parallel which follows from the fifth assumption that no heat transfer occurs between the solid and gas phases 36

k b 5ð12eÞk c 1ek g ( 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 DH r;i of reactions ( 1)-( 4)

Q r 52 X 4 i51 v i DH r;i (28) 
Conversely, the heat lost to the surrounding by convection from the outer wall of the reactor Q loss , was estimated to be 37.7 kWm 23 by Teixeira [START_REF] Teixeira | Gaz eification de charbon de granules de bois: comportement thermochimique et m ecanique d'un lit fixe continu[END_REF] which is determined from Newton's law of cooling as

Q loss 5 hAðT w 2T 1 Þ V ( 29 
)
where A and V denote the outer surface area and volume of the reactor, respectively. The average wall temperature T w and ambient temperature T 1 were experimentally found to be 628C and 208C, respectively, and the heat transfer coefficient h is 10 Wm 22 K 21 . Boundary Conditions. The system of differential equations formed by Eqs. 5-26 can be solved with the following set of boundary conditions that specify concentration, temperature and pressure values or their derivatives at the inlet (z 5 0) and outlet (z 5 H) of the char bed:

Concentration of species in gas and solid phases Inlet C j j z50 5C j;0 (30) 

r C C c;0 2x 1 2x 2 2x 3 ½ r CO2 C c;0 x 1 2x 2 ½ 1v 4 r H2O 2C c;0 x 3 2v 4 r O2 2C c;0 x 1 r CO C c;0 2x 2 1x 3 ½ 2v 4 r H2 C c;0 x 3 1v 4 Outlet n Á rC j j z5H 50 (31) 
Bed temperature

Inlet Tj z50 5T 0 (32) Outlet n Á rTj z5H 50

Bed pressure

Inlet 2 K l Á rPj z50 5U g;0 (34) 
Outlet Pj z5H 5P atm (35)

OpenFOAM simulation

The system of partial differential equations discussed in the previous section was solved using the finite volume discretization method employed by OpenFOAM. The chemical and thermal properties data were obtained from NIST-JANAF Thermochemical Tables 39 andTeixeira. [START_REF] Teixeira | Gaz eification de charbon de granules de bois: comportement thermochimique et m ecanique d'un lit fixe continu[END_REF] A mesh convergence 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 observations. Discrepancies remain regarding CO and H 2 concentrations at the outlet of the bed; nevertheless the model captures the trend well.

A more detailed evaluation of the model's ability to predict the evolution of the bed behavior along the bed height was made by comparing the predicted results with the experimental ones for char chip gasification provided by Teixeira et al. [START_REF] Teixeira | Gasification of continuous wood char bed: modelling and experimental approach[END_REF] The results are displayed in Figure 2 which reveal a highly reactive zone at the top of the bed (z < 10 cm) where the bed temperature decreases sharply to 8758C due to the predominant endothermic char gasification reactions involving H 2 O and CO 2 . Below this zone, the low temperatures slow down the char gasification reactions which in turn decrease the production of H 2 and CO. To estimate the accuracy of our simulation results (w is ) with respect to the experimental data (w i e), the sum squared method was used Mean errorð%Þ5100

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi X N i51 wie2wis wie 2 N v u u t (36) 
The error analysis on our simulation results reveals a discrepancy of 4% for char conversion, 2% for bed temperature, 11% for H 2 and 4% for CO. These discrepancies are satisfactory given that the estimated experimental error reported by Teixeira et al. [START_REF] Teixeira | Gasification of continuous wood char bed: modelling and experimental approach[END_REF] is 11%.

Figure 2 also shows a discrepancy between our simulation results and those of Teixeira, especially on the concentration fields of H 2 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 (Eqs. 22-24), which differs from the one adopted by Teixeira and coworkers. The WGS kinetics used by Teixeira et al. [START_REF] Vassilev | An overview of the behaviour of biomass during combustion: part I. Phase-mineral transformations of organic and inorganic matter[END_REF] was for an uncatalyzed reaction (Eq. 37 and Table 9) Value not provided by the author and hence is estimated to be the same as that for char chips used by Teixeira.

v 4 5 k WGS RT ð Þ 2 P CO P H2O 2 P CO2 P H2 K eq WGS ( 37 
)
where k WGS and K eq WGS follow Arrhenius laws (Table 9). On the contrary, our model uses Moe's kinetics [START_REF] Moe | Design of water-gas shift reactors[END_REF] which accounts for WGS catalysis by iron oxide (Fe 2 O 3 ) in the reactor bed. This choice is based on the knowledge that wood char contains ash which is composed of up to 9.5 wt % Fe 2 O 3 [START_REF] Smith | A review of the water gas shift reaction kinetics[END_REF] and that commercially available high temperature WGS catalysts are typically manufactured from Fe 2 O 3. [START_REF] Van De Steene | A new experimental continuous fixed bed reactor to characterise wood char gasification[END_REF] In the reactor entrance zone of 10 cm height where 80% of the char is converted to gas (Figure 2a), the remaining solid is essentially ash. Thus we expect that in this zone, the ash containing Fe 2 O 3 will catalyze the WGS reaction and thus increase CO conversion. Although our use of Moe's WGS kinetics [START_REF] Moe | Design of water-gas shift reactors[END_REF] significantly improved CO prediction (Figure 2d), the opposite held for H 2 (Figure 2c). This discrepancy for H 2 can be explained from the observation that in Figures 2c, and2d, close to the reactor exit, H 2 is still being produced while CO is consumed. This is because the WGS reaction rate does not reach equilibrium 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 2 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 composition on the other hand, on the bed temperature profile T, char In all graphs, the experimental data provided by Teixeira et al. [START_REF] Teixeira | Gasification of continuous wood char bed: modelling and experimental approach[END_REF] are represented by triangles, and the predicted values from OPENFOAM and COMSOL [START_REF] Teixeira | Gasification of continuous wood char bed: modelling and experimental approach[END_REF] simulations are represented by solid and dashed lines, respectively. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.] conversion X and syngas composition (CO, H 2 ). Char from maritime pine wood chips is the chosen feedstock whose composition and properties are provided by Teixeira et al. [START_REF] Teixeira | Gasification of continuous wood char bed: modelling and experimental approach[END_REF][START_REF] Teixeira | Gasification of char from wood pellets and from wood chips: textural properties and thermochemical conversion along a continuous fixed bed[END_REF] 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:

Inlet bed temperature, T 0 : 900-1000 8C O 2 concentration, C O2;0 : 0-3 vol % Steam concentration, C H2O;0 : 5-20 vol % CO 2 concentration, C CO2 ;0 : 5-20 vol % For each set of operating parameters, their influence is investigated by analyzing the char conversion, bed temperature profile and the production of H 2 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 simulation results for char conversion, temperature profile, H 2 and CO concentration for different inlet bed temperatures. These results show that an increase in the bed inlet temperature from 900 to 1000 8C increases overall char conversion and CO concentration by 27 % and 33 % respectively. It also increases to a lesser extent the concentration of H 2 and outlet temperature (17% and 148C, respectively). Consequently, the H 2 /CO ratio decreases from 0.7 to 0.6. These results can be explained by observing the influence of inlet bed temperature on the reaction rates as shown in Figure 5. Figures 5a and5b, 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 (Eqs. 2 and 3). This leads to a strong increase in CO production and an insignificant rise in H 2 production. Higher temperatures in this reaction zone also favor the production of CO to the detriment of H 2 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. [START_REF] Yang | Utilization of CO2 and biomass char derived from pyrolysis of Dunaliella salina: the effects of steam and catalyst on CO and H2 gas production[END_REF] from char gasification experiments at lower temperatures (500-800 8C). Producing CO-rich syngas (low H 2 /CO ratio) is desirable for FT synthesis. However this may not justify the indirect heating of the reactor to temperatures above 900 8C due to the associated high energy costs and the relatively small gain in lowering in the H 2 /CO ratio.

Effect of O 2 Concentration. The simulation results for char conversion, temperature profile, H 2 and CO concentration for different O 2 concentration of the inlet gas stream are shown in Figure 6. The results show that an increase in O 2 concentration from 0 to 3 vol % increases the overall char conversion by 48%, the bed outlet temperature by 86 8C and the production of H 2 and CO by 20 % and 133 % respectively. Thus the H 2 /CO ratio falls from 0.8 to 0.4. To understand this phenomenon, it is useful to examine the evolution of the different reaction rates (Figure 7). In an entrance zone of 10 cm height, the increase in O 2 concentration strongly increases the combustion rate which produces more CO 2 and raises the bed temperature (Eq. 1). The production of CO 2 favors in turn the Boudouard reaction and thus more CO is produced (Eq. 2). Next, the combination of CO 2 and bed temperature increase shifts the WGS equilibrium to the left which increases production of H 2 O (Eq. 4) and further increases production of CO. Finally, the steam gasification reaction (Eq. 3) is favored by the increase of H 2 O and thus also contributes to the production of CO and H 2 . Hence the simulation results show that a relatively small increase in O 2 concentration (0-3 vol %) strongly increases char conversion to favor CO production and also increases bed temperatures. Yang et al. [START_REF] Yang | Effect of model and operating parameters on air gasification of char[END_REF] have reported a similar effect of O 2 in air on CO production and bed temperature when air velocity is increased during char gasification. Thus our results show that raising the O 2 concentration is beneficial to provide direct heating to the reactor and to produce syngas with a low H 2 /CO ratio for FT synthesis. Of course, a trade-off must be found between this benefit of increasing O 2 and the additional costs incurred from operating at higher air flow rates or producing oxygen-enriched air from air separating units.

Effect of H 2 O Concentration. Figure 8 shows the numerical results for char conversion, temperature profile, H 2 and CO concentration for different H 2 O concentrations of the inlet gas stream. It can be seen that the increase in H 2 O concentration from 5 to 20 vol % raises the overall char conversion by 17 % and the H 2 production by 150 %, whereas it decreases the CO production by 33 % and the bed outlet temperature by 6 8C. As a result, the H 2 /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 2 O concentration boosts the steam gasification reaction (Eq. 3), thereby producing more CO and H 2 . Much of this CO produced is consumed by the WGS reaction to favor H 2 production (Eq. 4). As steam gasification is an endothermic reaction, an increase in its reaction rate decreases the bed temperature 6.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.] which in turn decreases the rate of the Boudouard reaction and the production of CO. Thus an increase in H 2 O concentration in the gas at the bed inlet results in a significant increase in H 2 production to the detriment of CO production. Steam gasification experiments of biomass char in a fixed bed reactor by Yan et al. [START_REF] Yan | Hydrogen-rich gas production by steam gasification of char from biomass fast pyrolysis in a fixed-bed reactor: influence of temperature and steam on hydrogen yield and syngas composition[END_REF] have revealed that increasing steam flow rate from 0 to 0.165 g/min/g of biomass char increased H 2 /CO ratio from 0.88 to 3.74. Consequently, syngas produced from steam gasi-fication can be used in gas turbine combustion and Solid oxide fuel cells (SOFC). Effect of CO 2 Concentration. Figure 10 shows the numerical results for char conversion, temperature profile, H 2 and CO concentration for different CO 2 concentrations of the inlet gas stream. The results reveal that the increase in CO 2 concentration from 5 to 20 vol % increases the overall char conversion by 74 %, the outlet bed temperature by 27 8C and the CO [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.] production by 10 %, whereas it decreases the H 2 production by 35 %. As a result, the H 2 /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 2 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 2 (12 %). As both of these reactions are endother-mic, the bed temperature decreases. However when the initial CO 2 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 2 production as predicted by Eq. 3, but also increases the bed temperature as observed in [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.] [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.] [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.] [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.] 

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 agreement between the numerical results of the simulation and published 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 2 in the product gas. A summary of the results obtained from the sensitivity analysis is shown in Table 11. From these results, the following conclusions can be drawn:

A rise in inlet bed temperatures above 900 8C has a relatively small influence on char conversion and syngas H Although increasing the inlet CO 2 concentration from 5 to 10 vol % increases the char conversion and CO production, further increasing the inlet CO 2 concentration from 10 to 20 vol % actually lowers the syngas quality because the net increase of CO is small and H 2 production is further decreased. This restricts the recycling of industrial CO 2 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 composition 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 simulate the gasification of raw biomass in a stratified downdraft reactor. To do so, submodels describing the drying and pyrolysis 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 conditions with respect to the syngas H 2 /CO ratio desired.
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 1 Figure 1. (a) Schematic view of a downdraft reactor and (b) Model representation of the char gasification zone.
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 2 Figure 2. Experimental and numerical results for char conversion (a), temperature profile (b), H 2 concentration (c) and CO concentration (d).
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 3 Figure 3. Evolution of WGS reaction rate along the char bed at the operating conditions specified in Table6.

Figure 4 .

 4 Figure 4. Influence of inlet temperature (9008C-solid line, 9508C-dashed line, 10008C-dash-dotted line) on char conversion (a), temperature profile (b), H 2 concentration (c), and CO concentration (d).
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 5 Figure 5. Influence of inlet temperature: (900 8C-solid line, 950 8C-dashed line, 1000 8C-dash-dotted line) on rates of steam gasification (a), Boudouard (b), combustion (c), and WGS (d).

Figure 6 .

 6 Figure 6. Influence of O 2 concentration (0 vol %-solid line, 1.5 vol %-dashed line, 3 vol %-dash-dotted line) on char conversion (a), temperature profile (b), H 2 concentration (c), and CO concentration (d).
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 7 Figure 7. Influence of O 2 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).

Figure 10b .

 10b Figure 10b. Thus, although CO production is favored by the increase in the initial CO 2 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 2 production is further decreased by 27 %. These results are consistent with the experimental results of Butterman and Castaldi 6 who observed that introducing 0 to 5 vol % CO 2
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 8 Figure 8. Influence of H 2 O concentration (5 vol %-solid line, 10 vol %-dashed line, 20 vol %-dash-dotted line) on char conversion (a), temperature profile (b), H 2 concentration (c), and CO concentration (d).

Figure 9 .

 9 Figure 9. Influence of H 2 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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 10 Figure 10. Influence of CO 2 concentration (5 vol %-solid line, 10 vol %-dashed line, 20 vol %-dash-dotted line) on char conversion (a), temperature profile (b), H 2 concentration (c), and CO concentration (d).

Figure 11 .

 11 Figure 11. Influence of CO 2 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).

Table 1 .

 1 Examples of Syngas End-Uses and Their Approximate H 2 /CO Ratio Requirements 6

	Syngas End-Use	H 2 /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	

Table 2 .

 2 Expression for Diffusion Coefficient of Gaseous Species as a Function of Temperature and Pressure (Chapaman-Enskog formula)[START_REF] Teixeira | Gaz eification de charbon de granules de bois: comportement thermochimique et m ecanique d'un lit fixe continu[END_REF] CO 2 , and O 2 ), as well as the char properties, porosity e p , particle thickness e p and reaction pre-exponential factor A i , by three functions that take the form[START_REF] Teixeira | Prediction of the gasification kinetics of a single wood char particle from a limited set of parameters[END_REF] 

	Chemical Species j	Diffusion Coefficient D j;N2 (m 2 /s)
	N 2 CO 2 H 2 O CO H 2 O 2	1:39 Á 10 24 Á 1:013Á10 5 P 1:13 Á 10 24 Á 1:013Á10 5 P 2:11 Á 10 24 Á 1:013Á10 5 P 1:40 Á 10 24 Á 1:013Á10 5 P 5:11 Á 10 24 Á 1:013Á10 5 P 1:43 Á 10 24 Á 1:013Á10 5 P	À Á 3=2 Á T 1173 À Á 3=2 Á T 1173 À Á 3=2 Á T 1173 À Á 3=2 Á T 1173 À Á 3=2 Á T 1173 1173 Á T À Á 3=2

log 10 x i 5f T; P j ; e p ; e p ; A i À Á

  -21, and the coefficient values are listed in Table3.Combustion function log 10 x 1 5a1bT1cP O2 1de p 1ee p 1fA O2 1gT 2

	1hP O2	2 1ie p	2 1je p	2 1kTP O2 1lTe p 1mTA O2	(19)
	Boudouard function			
	log 10 x 2 5a1bT1cP			

CO2 1de p 1ee p 1fA CO2 1gT 2 1hP CO2 2 1iTe p 1jTe p 1kTA CO2 1le p e p 1me p A CO2 1ne p A CO2 (20) Steam gasification function log 10 x 3 5a1bT1cP H2O 1de p 1ee p 1fA H2O 1gT 2 1hP H2O 2 1iTe p 1jTe p 1kTA H2O 1lP H2O A H2O 1me p e p 1ne p A H2O 1oe p A H2O

Table 3 .

 3 Coefficient Values of the Functions for the Three Heterogeneous Reactions[START_REF] Teixeira | Prediction of the gasification kinetics of a single wood char particle from a limited set of parameters[END_REF] 

	Reaction	Steam Gasification	Boudouard	Oxidation
	a b	22:38310 1 2 :92310 22	23:30310 1 4:18310 22	27:83 8:65310 23
	c	2.63	2.86	2:32310 1
	d	3 :72310 2	6:01310 2	22:89310 2
	e f g	24:33 3 :32310 26 21:02310 25	26:42 1:48310 28 21:45310 25	23:52 1:13310 210 23:12310 26
	h i j k	22:88 24:08310 21 3 :39310 23 22:59310 29	22:90 25:86310 21 4:86310 23 21:12310 211	26:59310 1 2:85310 4 3:78 24:95310 23
	l m n o	8 :38310 27 1 :19310 2 28:17310 25 1 :05310 26	1:34310 2 22:87310 27 4:04310 29	29:54310 22 28:36310 214

Table 4 .

 4 Expression for Production Term of Each Chemical Species

	Chemical Species j	Expression for Production Term

Table 5 .

 5 Expression of the Thermal Conductivity of Gaseous Species and Char as a Function of Temperature 10977ÁT 2 9.42549Á10 25 ÁT 2 1 8.05548Á10 28 ÁT 3 2 3.35367Á10 211 ÁT 4 1 5.15605Á10 215 ÁT 5 65-2500 37 O 2 21.7536 1 0.1224ÁT 2 1.322444Á10 24 ÁT 2 1 1.7804Á10 27 ÁT 3 21.200176Á10 210 ÁT 4 1 2.9817302Á10 214 ÁT 5 70-1500 37 CO 2 20.341914 1 0.0314ÁT 1 1.170458Á10 24 ÁT 2 2 1.281Á10 27 ÁT 3 1 5.7923Á10 211 ÁT 4 2 9.72044Á10 215 ÁT 5 190-2000 37 H 2 24.0803 1 0.9858ÁT 2 1.330466Á10 23 ÁT 2 1 1.1217Á10 26 ÁT 3 -3.25582Á10 210 ÁT 4

			Temperature	
	Species j	Thermal Conductivity (mW/m/K)	Range (K)	Refs.
	N 2 CO H 2 O	20.3721 1 0.16-1500 80-2200 20.42832 1 0.09941ÁT -5.96573Á10 25 ÁT 2 1 3.81583Á10 28 ÁT 3 -1.43131Á10 211 ÁT 4 1 2.56748Á10 215 ÁT 5 148 1500	37 37 37
	C	95.8	307	38

Table 6 .

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

		Van de Steene et al., 40	Teixeira et al., 24,33	Teixeira et al., 33
		Char Chips	Char Chips	Char Pellets
	Proximate analysis (wt % dry basis)			
	Ash	1.4	1.7	1.4
	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
	O	6.1	3.8	3.1
	S LHV (MJ kg 21 dry basis) Char bed bulk density (g cm 23 ) Particle density (g cm 23 )	0.001 -a -a -a	<0.2 33.4 0.13 0.33	>0.2 33.1 0.37 0.66
	Particle porosity (-)	-a	0.74	0.51
	Particle average thickness (mm)	-a	5.2	4.2
	a			

Table 7 .

 7 Operating Conditions at the Bed Inlet for Char Gasification Experiments

		Van de	Teixeira et al., 24,33
		Steene et al., 40	Char Chips
	Parameters	Char Chips	and Pellets
	Gas (%; mol/min)		
	H 2 O	19; 2.35	28; 3.2
	CO 2	9; 1.12	8.2; 0.9
	O 2	2; 0.25	2.7; 0.3
	N 2	59; 7.31	61.1; 7.0
	CO	4; 0.5	0
	H 2	7; 0.87	0
	Solid char (g/min)	28	28
	Temperature (8C)	950	1028
	Total pressure (atm)	1.01	1
	Gas velocity (m/s)	0.68	0.7
	Bed height (cm)	65	65

Table 8 .

 8 Experimental and Predicted Results for Char Bed Outlet Conditions

		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 (8C)	700	688	770	731	730	692
	H 2 O (vol %)	9.8	8.2	11.5	11.2	11.5	9.5
	CO 2 (vol %)	10.8	10.2	10.0	11.0	9.0	11.1
	O 2 (vol %)	0.6	0.0	0.0	0.0	0.0	0.0
	H 2 (vol %)	15.9	15.5	14.0	13.4	13.5	14.8
	CO (vol %)	9.8	12.4	11.2	10.5	11.5	11.4
	N 2 (vol %) Solid char (g/min)	52.9 3.1	53.7 3.6 $2.5 a 53.3	53.9 2.3 $2.8 b 54.6	53.1 2.9
	Char conversion,	89	71	95	87	95.0	99.0
	X						
	a Calculated at a bed height of 50 cm.				

b Calculated at a bed height of 15 cm.

Table 9 .

 9 Kinetic Parameters Used in the Model for the Water Gas Shift Reaction by Teixeira et al.[START_REF] Teixeira | Gasification of continuous wood char bed: modelling and experimental approach[END_REF] 

		k WGS	K eq	WGS
	A WGS Ea WGS	2.78 m 3 mol 21 s 21 1510.70 J mol 21	2.65 3 10 22 32911 J mol 21

Table 10 .

 10 Operating Conditions for Sensitivity Analysis

		O 2	H 2 O	CO 2	N 2
	T (8C)	(vol %)	(vol %)	(vol %)	(vol %)

Table 11 .

 11 Summary of Simulation Results from Sensitivity Analysis

		Char				
		conversion,	Temperature,	H 2	CO	H 2 /
		X (%)	T (8C)	(vol %)	(vol %)	CO
	T (900-1000 8C)	127%	114	117%	133%	20.1
	O 2 (0-3 vol %)	148%	186	120%	1133%	20.4
	H 2 O (5-20 vol %)	117%	26	1150%	233%	11.0
	CO 2 (5-10 vol %)	123%	21.7	212%	18%	20.1
	CO 2 (10-20 vol %)	141%	128	227%	12%	20.2

  2 / CO ratio. O 2 and H 2 O have the strongest influence on syngas CO and H 2 concentrations respectively. A small increase in O 2 concentration from 0 to 3 vol % increases char conversion and bed temperature to produce a syngas rich in CO (low H 2 /CO ratio) and thus suitable for FT synthesis. An increase in H 2 O concentration from 5 to 20 vol % results in a significant increase in H 2 (high H 2 /CO ratio) and thus favors the production of syngas for use in gas turbines and solid oxide fuel cells (SOFC).

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