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ABSTRACT

A three-dimensional Eulerian Multi-Fluid Model (MFM) of biomass gasification in full-loop
Circulating Fluidized Beds (CFBs) has been developed. The conservation equations of mass,
momentum, and energy are solved by well-known Navier-Stokes formulation types. The
Kinetic Theory of Granular Flow (KTGF), common chemical reactions in biomass gasification,
and standard k-g turbulence model are considered. These equations are used to describe the
spatial velocity, temperature, and concentration for each phase and species. The inter-solid
phase heat-transfer mechanisms, which consist of direct solid-solid conduction and solid-solid
conduction through fluid medium, are also considered. The results are compared to existing
experimental data. It is demonstrated that the model which considers all inter-solid phase heat-
transfer mechanisms provides better predictions in terms of synthetic gas (Syngas) compositions
than the model considering direct solid-solid conduction through contact area only and the
model without solid-solid heat-transfer mechanisms. From this, hydrodynamics and heat and
mass transfer inside this complex system are analyzed. The results can be useful for better
design and optimization of biomass gasification in CFBs.

Keywords: Full-loop circulating fluidized bed; Gasification; Multi-fluid model; Solid-solid
conduction

1. INTRODUCTION

The increase in energy demands to support the economic growth of societies and countries, and
the decrease in available natural energy resources, such as petroleum, gas, and coal, necessitate
the use of renewable energy to achieve global energy security. Among the renewable resources
available, biomass is the only hydrocarbon energy source that can be converted into other useful
solid, liquid, and gaseous forms. Furthermore, biomass has advantages over fossil fuels, such as
low carbon emissions and abundant supply. Currently, biomass comprises 14% of the total
energy used worldwide.

The major problems associated with the direct use of biomass—difficulties in handling,
transport, and feeding— result from its poor properties in terms of grinding and flow ability.
Thus, it is necessary to convert biomass to other convenient forms such as liquid or gaseous
fuels in order to improve handling and transportation. Biochemical and thermochemical
processes are the two methods used to convert biomass into other forms of energy. Of these,
gasification is one of thermochemical processes that is effective in producing synthetic gas
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(syngas). Syngas consists mainly of CO and Hz and can be used in fuel cells and internal
combustion engines or converted into liquid fuels (Ahmad et al., 2016). Many types of biomass
gasifiers, such as fixed bed, fluidized bed, and CFBs, are frequently used. Fixed bed and
bubbling fluidized bed gasifier types have been intensively used in previous studies (Atnaw et
al., 2012; Winaya et al., 2015) and among these CFB is one of the most promising, since it is
characterized by excellent solid mixing and efficient heat and mass transfers. To date, many
experimental studies have been carried out to investigate aspects of biomass gasification in
CFBs, for example Guo et al. (2014), Hussain et al. (2013), Li et al. (2004), and Garcia-Ibafiez
et al. (2004). Even though data and information obtained from previous experimental studies
are useful in practical terms, they are less useful theoretically because they are not
comprehensive enough to describe the underlying mechanism of hydrodynamics and heat and
mass transfer in CFBs. Moreover, these data and information are only valid for the range of
operating variables and specific CFB geometry for which they were generated. Therefore, in
order to describe the behaviors of hydrodynamics, heat transfer, and chemical reaction using
these data, it is necessary to replicate the operating and geometry models.

Some efforts to develop numerical models have been carried out in order to gain comprehensive
information on transport phenomena in CFBs. Two common numerical approaches used are the
MFM and computational fluid dynamics coupled with the discrete element method (CFD-
DEM). MFM is easier to use since it requires less computation than CFD-DEM. In recent years,
MFM has been frequently applied to the study of biomass gasification in fluidized beds, for
example Yu et al. (2007), Gerber et al. (2010), and Singh et al. (2013). Liu et al. (2013) have
recently developed a numerical method in the MFM framework to study biomass gasification in
the riser column of CFBs. However, their model only looked at the riser column, without
consideration of the effect of solid circulation. In recent years, Liu et al. (2015), Geng et al.
(2015); Guan et al. (2014) have used the MFM approach to investigate chemical looping
combustion in three-dimensional full-loop CFBs. However, in these studies, heat transfer
between solid phases was not considered. As pointed out by Wahyudi et al. (2016), inter-
particle (or solid-solid) conduction is one of the important heat-transfer mechanisms operating
in fluidized beds.

In this study, biomass gasification in a three-dimensional full-loop CFB is investigated by using
a MFM approach. Unlike previous studies, the conduction heat-transfer mode between solid
phases (direct and through fluids) is considered in this current work. The simulation results are
then compared in term of their capabilities to predict the syngas composition to models which
do not include inter-solid phase heat transfer and those which include direct inter-solid phase
conduction only.

2. METHODS

The MFM approach used in this work has been well-documented elsewhere (Singh et al., 2013;
Liu et al., 2013). For convenience, a brief description of the method is presented here.

2.1. Model Description

In this work, the conservation equations of mass, momentum, and energy are solved by well-
known Navier-Stokes formulation types. The KTGF, common chemical reactions in biomass
gasification, and the standard k-¢ turbulence model are considered. These equations are used to
describe the spatial velocity, temperature, and concentration for each phase and species.

2.1.1. Continuity equation

] .
—uza: + 7. (rxgpgiﬂg) = MMy,

1)



Wahyudi et al. 231

g g .
? +V. (aspsvsj - msg (2)

where g and s are the subscripts for referring to the gas and solid phases, respectively. The
variables of p, v, and «a stand for density, velocity, and volume fraction, respectively. The
source term of mass conservation due to chemical reactions which is evaluated between phases
(gas and solid or heterogeneous reactions) is represented by m.

2.1.2. Momentum equation
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where p, 7, 7', and B are, respectively, the pressure, the viscous and Reynolds stress tensors,
and the coefficient of momentum exchange between phases.

2.1.3. Energy equation
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where h, T, ke, and S are the specific enthalpy, the temperature, the effective thermal
conductivity, and the source term of energy conservation due to homogeneous reactions. Qsg
and Qgs are the heat exchange through thermal radiation between the gas and solid phases, and
Qsg = —Qgs. Qps is the heat exchange between solid phases.

2.1.4. Species transport equation
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where ¥; J;, R;, D;, D;, Sc,, and R are mass fraction, diffusion flux, net production rate for
homogeneous reactions, mass diffusion coefficient, thermal diffusion coefficient for component
i, turbulent Schmidt number, and net production rate for heterogeneous reactions, respectively.

2.1.5. Interphase heat transfer equation
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where h., and Nu are, respectively, the solid-gas heat transfer coefficient and the Nusselt
number.

2.1.5. P-1 radiation model

q, = —TVG (12)
1

r=_——1 (13)

3leta)—Coy

V.(TVG)— aG + 4an*sT* =0 (14)



232 Numerical Study of Biomass Gasification in 3D Full-loop Circulating Fluidized Beds
using a Eulerian Multi-fluid Model

where g, and G are thermal radiation heat flux and incident radiation, respectively. The
coefficients of absorption, scattering, and linear anisotropic phase function are referred as a, o,
and C, respectively, whilst = and o stand for the refractive medium index and the Stefan-
Boltzmann constant, respectively.

In this study, the biomass pyrolysis decomposition expressed below is considered:
Biomass - char + volatile + moisture + ash.
The heterogeneous reactions included in the model are:
C+0, = Co,
C+cCo, »2C0
C+H,0 -CO+H,
C+2H, - CH,
Homogeneous reactions considered are as following:
Co+ 050, - CO,
H,+ 050, = H,0
CH,+ 20, — CO, + 2H,0
C,H,+ 0, = 2C0 + 2H,
CO+ H,0 — CO, + H,

2.2. Inter-solid Phase Heat Transfer
In this work, the direct solid-solid conduction through contact area (@p:a:») and solid-solid

conduction through in-between fluid medium (@,. r,.) are incorporated into Equation 6.
2.2.1. Direct solid-solid conduction
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2.2.2. Solid-solid conduction through in-between fluid medium
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where n, R, @, ¥, and T are the numbers of particles in the computational cell, particle radii,
granular temperature, Young moduli, and temperature, respectively.

2.3. Simulation Conditions
Full-loop CFB geometry is applied in the simulation. There are four main components in a CFB
loop: riser column, cyclone, standpipe, and return leg. Solid circulation rate is controlled by
using either a mechanical valve/feeder (such as a screw feeder) or a non-mechanical valve (such
as a L-valve, J-valve, or loop seal). A loop seal type is applied in the CFB geometry model to
allow circulation of the solid phase.

Table 1 Composition of biomass (taken from Garcia-Ibafiez et al., 2004)

— > Vortex
finder
-l
Cyclone (350
mm in dia.)
Riser (200 mm B
in dia.)
— < Standpipe
6500 mm (90 mm in dia.)
» -
Biomass
inlet
(370 mm) .
Agration
W 7 ———————
g

Figure 1 Geometry model representation used in the simulation

Air primary inlet

Proximate analysis (wt%)

Volatile matter 74.4
Fixed carbon 17.1
Ash 8.5
Ultimate analysis (wt%)

C 52.7
H 7.2
N 1.6
S 0.07
Cl 0.37
0 38.1
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Table 2 Parameters used in the simulation

Biomass diameter 1.89 mm
Sand diameter 0.5 mm
Air flow rate 149 Nm®h
Biomass feed rate 47 kg/h
Equivalence ratio 0.73
Mesh number 263138
Simulation time 25s

The geometry model representation is shown in Figure 1, whilst the compositions of biomass
samples (on dry basis) and simulation conditions are presented in Tables 1 and 2, respectively.
The sand material (with density, diameter, and volume of 2600 kg/m?, 0.5 mm, and 0.019 m?,
respectively) is used as an inert material. The primary air is then imposed with uniform mass
flow rate at the bottom of the riser column to fluidize the bed. At the top of the finder,
atmospheric pressure condition is applied. All the walls are set to no-slip and adiabatic
conditions.

3. RESULTS AND DISCUSSION

In this section, the simulation results of the proposed model including all inter-solid phase heat-
transfer mechanisms (PP-all, equations 15-25), are compared to ones without inter-solid phase
heat transfer (non-PP), and with direct solid-solid conduction only (PP-direct, equations 15-18),
based on predictions of syngas compositions. Moreover, the spatial distributions of gas phase
velocity, gas phase temperature, and CO mass fraction generated by the proposed model are
analyzed.

Figure 2 describes the predicted syngas compositions (vol%) for each model and the existing
experimental data (Exp) of Garcia-lbafiez et al. (2004). As shown, the predicted syngas
compositions using the PP-all model, which includes all inter-solid phase heat-transfer
mechanisms (direct solid-solid conduction via contact area and solid-solid conduction through
in-between fluid medium), are in agreement with the experimental data, particularly for CO,
CO., CoHas, and N2, with deviations of 28.01, 11.06, 38.12 and 2.99%, respectively. However,
for the components H> and CH4 the predictions are quite different from those of existing data,
with deviations of 71.54 and 80.60%, respectively. The poor predictions of syngas
compositions for CO and CO: in particular are obtained when the models of non-PP and PP-
direct are applied. For example, the deviation percentages of CO and CO; for the PP-direct
model are 99.98 and 56.86, respectively.

70+ B Von-PP N,
1 I PP-direct
60 + I PF-all
+  EEExp
50 +
o 1
E 404
=
=
= CO
e 30T 2
20 +
104+ CO
H, CH, C,H,

o4 =

Figure 2 Effect of different treatments of inter-solid phase heat transfer mechanisms in the model on
syngas composition and its comparison to the experimental data (Exp) of Garcia-Ibafiez et al. (2004)
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Moreover, Figure 2 also illustrates that the use of direct solid-solid conduction in the model
(PP-direct) does not change significantly the predicted syngas composition compared to that
without solid-solid heat transfer (non-PP). As pointed out by Wahyudi et al. (2016), the small
amount of direct particle-particle (or solid-solid) conduction results from the small contact area
of spherical particles. As a result, the solid-solid conduction through the in-between fluid
medium, in addition to fluid-solid heat transfer, is a more important heat-transfer mode in
determining the heat-transfer process in CFBs than direct solid-solid conduction. To sum up,
Figure 2 demonstrates that the use of all the heat-transfer mechanisms of solid-solid
conductions in the MFM framework can improve the model’s capability to predict syngas
composition at the outlet region.

Figure 3 illustrates spatial distributions of (a) solid-solid heat transfer, (b) gas phase velocity in
the riser, and (c) gas axial velocity in the cyclone at macroscopically steady state. As depicted
in the figures, the inter-solid phase heat transfer mainly takes place at biomass inlet, air inlet,
and at the bottom region of the loop seal equipment (Figure 3a) at which the solid volume
fractions are high. At other regions, solid-solid heat transfer is small. The small solid-solid heat
transfer in most regions of CFBs might be due to the small volume fraction of the solid phase.
Figure 3b illustrates that the axial velocity of gas is high at the core region in the riser column
and low at the region near the wall. The low velocity of gas at the near-wall region corresponds
to the non-slip wall conditions applied in the model.

Biomass-sand

Axial velocity (m/s}
8 gfg Axial velocity (m/s) 62 e
0.016 . 8z l 5275
0.014 72 [y
0.012 — 62 4%
0.01 52 3425
0.008 42 25
0.008 32 1575
0.004 22 065
0.002 12 0275
0 0z -12

(a) (b) (c)

Figure 3 Spatial distributions of: (a) solid-solid heat transfer; (b) gas axial velocity in the riser; and (c)
gas axial velocity in cyclone at macroscopically steady state

Moreover, gas phase velocity in the bottom region of the riser is generally lower than in the
upper region. Whilst in the cyclone, the gas phase moves in a downward direction with low
velocity at the region near the wall of the cylindrical part and flows upward with high velocity
at the region below and within the vortex finder (Figure 3c). In contrast, at the conical region of
the cyclone, gas moves upward with low velocity.

Figure 4 describes spatial distributions of (a) gas phase temperature, and (b) CO mass fraction
in the gas phase at macroscopically steady state. As shown in Figure 4a, temperature of the gas
phase is higher at the cylindrical part of the cyclone and is lower at the bottom region of the
riser column than at other regions.
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Figure 4 Spatial distributions of (a) gas phase temperature, and (b) CO mass fraction at macroscopically
steady state

At the upper zone of the riser column, gas temperature is around 1080 K which is in agreement
with experimental data (= 1083 K) of Garcia-lbafiez et al. (2004). The spatial temperature of the
gas phase plays an important role in determining the reactions which occur in this system (see
Section 2.1). For example, as shown in Figure 4b, the spatial distribution of CO mass fraction in
the gas phase is similar to that of the gas phase temperature. CO mass fraction is high at the
upper region of the riser column and in the cyclone and is lower at the lower region of the riser
column. The high CO concentrations in the upper region of the riser column and the cyclone
might be related to the high temperature of the gas phase at these regions (Figure 4a), whilst the
low CO mass fraction at the bottom region of the riser column corresponds to the low
temperature of the gas phase in this region.

4. CONCLUSION

In this work, a numerical method of MFM framework with the inclusion of inter-solid phase
heat transfer (direct solid-solid conduction and solid-solid conduction through an in-between
fluid medium) of biomass gasification in a 3D full-loop CFB has been developed. The effect of
the inclusion of inter-solid phase heat transfer and the behaviors of hydrodynamics and heat and
mass transfer are then analyzed. The following conclusions are drawn: the MFM with
consideration of all inter-solid phase heat-transfer mechanisms (direct and through in-between
fluid medium) has a better capability for predicting syngas composition than models without
inter-solid phase heat transfer or with direct solid-solid conduction only. Furthermore, the
inclusion of direct solid-solid heat transfer only in the model does not have a significant effect
when compared to the model without inter-solid phase heat transfer. It is demonstrated that
there is a similarity in the spatial distributions of gas phase temperature and mass fraction of
components in the gas phase. For example, the high CO concentrations in the upper region of
the riser column and the cyclone might be related to the high temperature of the gas phase at
these regions.
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