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Abstract: Utilization of bioenergy with carbon capture can realize carbon-negative syngas production.
The quadruple fluidized bed gasifier (QFBG) integrates a chemical looping oxygen generation process
and a dual fluidized bed gasifier with limestone as bed material. It is one promising device that
can convert biomass to H2-rich syngas whilst capturing CO2 with little energy penalty. However,
experimental or numerical simulation of QFBG is rarely reported on due to its complex structure,
hindering the further commercialization and deployment of QFBG. In this work, a new computational
fluid dynamics (CFD) solver is proposed to predict the complex physicochemical processes in QFBG
based on the multi-phase particle in cell (MPPIC) methodology with the assistance of the open
source software, OpenFOAM. The solver is first validated against experimental data in terms of
hydrodynamics and reaction kinetics. Then, the solver is used to investigate the QFBG property. It is
found that the QFBG can operate stably. The cold gas efficiency, H2 molar fraction, and CO2 capture
rate of the QFBG are predicted to be 87.2%, 93.3%, and 90.5%, respectively, which is promising. It is
believed that the solver can give reliable predictions for similar fluidized bed reactors.

Keywords: biomass-steam gasification; quadruple fluidized bed gasifier (QFBG); carbon capture;
chemical looping air separation; multi-phase particle in cell

1. Introduction

The whole world is fighting against global warming so as to keep the atmosphere’s
CO2 concentration well below the critical value of 450 ppm [1]. To meet the requirement
of the Paris Agreement [2], it has been reported that carbon-negative power generation
technologies should be developed and deployed [3]. Bioenergy with carbon capture
provides such a transformative route, not only because biomass is carbon-neutral during
the thermal conversion process, but also because biomass is the fourth largest fuel source
following coal, oil, and gas on the earth [4]. However, low calorific value is one essential
drawback that hinders the direct utilization of biomass [5]. Converting biomass into high-
quality syngas via gasification can well solve this issue. The syngas from biomass can then
be used for power generation or for utilization in the steel industry [6,7]. Because biomass
is hard to grind into fine powder but relatively easy to compress into pellets, a fluidized bed
is then the proper reactor for biomass gasification. A dual fluidized bed gasifier (DFBG),
which consists of a bubbling fluidized bed gasifier and a fast fluidized bed combustor,
can generate high-quality syngas by avoiding direct contact between air and syngas [8].
However, DFBG cannot capture CO2 in situ, so carbon-negative gasification cannot be
realized. Based on DFBG, a quadruple fluidized bed gasifier (QFBG) is conceptually
designed by integrating the chemical looping oxygen generation technology and DFBG [9].
The chemical looping oxygen generation process is also realized in a dual fluidized bed
with Mn2O3 and Mn3O4 as bed material. Thereby, there are four fluidized bed reactors
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including a bubbling fluidized bed gasifier for biomass gasification and CaO carbonation, a
fast fluidized bed oxyfuel combustor for residual char combustion and CaCO3 calcination,
a bubbling fluidized bed oxidation reactor for Mn3O4 oxidation, and a fast fluidized bed
reduction for Mn2O3 reduction. With the four integrated fluidized bed reactors, biomass
can be converted into H2-rich syngas. Since the bed materials are circulated inside the
reactors, the heat absorbed and the heat released can be theoretically balanced. However,
due to the formidable complexity of QFBG, related experiments or numerical simulations
are seldom reported.

Liu [10] did the thermodynamic modeling of biomass sorption-enhanced chemical
looping gasification, and the energy efficiency of this technology was found to be 64.6%.
Pröll [11] studied the H2-rich syngas production by selective CO2 removal during biomass
gasification in a 100 kW DFGB using the thermodynamic equilibrium approach and found
that H2 volume fraction in the dry syngas could reach 65–75%, and CO2 volume fraction
was in the range of 6–13%. Koppatz [12] experimentally studied the calcium-enhanced
biomass gasification process in an 8-MW DFBG and found that the H2 volume fraction
in the syngas was about 50%, and the CO2 volume fraction was about 12.3%. The low
H2 fraction was probably caused by the low temperature (about 650 ◦C), and high steam
partial pressure. Hejazi [13] once modeled biomass steam gasification in a DFBG with
lime-based CO2 capture using the stoichiometric equilibrium method. It was found that
the CO2 capture rate could be over 70%. Cormos [14] studied the chemical looping air
separation cycle for decarbonized power generation based on oxyfuel combustion in terms
of energy and cost. It was found that the manganese looping cycle could be more efficient
than the cryogenic process, and could improve the net efficiency by 2–3.5 percentage points.
The CO2 capture penalty was reduced to 5–7 net energy efficiency points. Mei [15] studied
the reactivity and lifetime of an oxygen releasable manganese ore and found that repeatable
O2 gas release was available, and the reactivity and lifetime of Mn ore were better than the
often-used ilmenite. Yan [9] studied the biomass/coal co-gasification properties in a DFBG
reactor using a one-dimensional model with the assistance of the commercial software,
Aspen Plus. The cold gas efficiency was up to 78.9% under the proposed optimum condition.
This model coupled the fluidized bed hydrodynamics and reaction kinetics. However, the
model is one-dimensional and the research object is DFBG. Yan [16] studied the property of
QFBG using the commercial software, Aspen Plus. It was found that the H2 mole fraction
in the dry syngas is higher than 70%, the CO2 mole fraction in the dry flue gas is around
97%, and the net carbon discharge can be negative when the biomass blending ratio is
over 0.5. The QFGB property was preliminarily studied. However the research simplified
QFGB as one-dimensional, so the predictions cannot reflect the practical situation. Yan [17]
studied the biomass steam gasification process in a DFBG reactor based on the granular
kinetic theory (GKT) with the assistance of the commercial software, Fluent. The H2 mole
fraction was predicted to be 46.62%, and the cold gas efficiency was 82.9%. Although this
is a three-dimensional simulation, the object is DFBG, which is quite simple compared
with QFBG. Moreover, GKT treated the bed material and solid fuel as a fluid phase, which
requires that the particle dimension should be uniform rather than dispersed. Yan [18]
also studied the property of the DFBG reactor based on the multiphase particle in cell
(MPPIC) method with the assistance of the open-source software, OpenFOAM. The model
predictions were compared with experimental data, and the operating characteristics of the
DFBG were predicted. The MPPIC method considered all particles as computation parcels
and track each parcel in Lagrangian coordinates, so it is more advanced than GKT for
fluidized bed simulation. However, the research object was still DFBG rather than QFBG.
Pissot [19] compared four DFBG configurations including heat supply by air combustion,
oxyfuel combustion, chemical looping gasification, and electrical thermal, and found that
the oxyfuel and the chemical looping gasification scheme exhibited the lowest energy
demand for CO2 separation. This is also the reason why QFBG integrates chemical looping
technology. Wang [20] predicted hydrogen production via chemical looping reforming
in a DFBG reactor based on the granular kinetic theory. A bubble-structure-dependent
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drag coefficient model was proposed and the model predictions were validated against
experimental data.

From a literature review, it can be concluded that calcium-enhanced biomass gasifica-
tion can increase the H2 fraction and decrease the CO2 fraction in dry syngas. However,
the stripped carbon cannot be captured if air is used as an oxidizer for the calcination
process. To gasify biomass whilst capturing CO2, oxyfuel combustion should be introduced.
According to literature reports, the more efficient manganese-based chemical looping air
separation approach is chosen and is coupled with the calcium-based DFBG to form the
QFBG in this work. Although the QFBG property has been studied with the Aspen Plus
platform, the three-dimensional simulation of QFBG has not been carried out. This work
aims to further study the physicochemical processes of QFBG with the computational fluid
dynamics approach so that the QFBG characteristics can be known better. The processes
in QFBG include the fluidization of different particles like limestone, manganese ore, and
biomass, heterogeneous reactions like biomass pyrolysis and char gasification, homoge-
neous reactions, and the coupling of hydrodynamics with chemical reactions. There is
currently no solver that can simulate such a complex process, so a new solver based on
OpenFOAM is proposed and validated in this work.

2. Materials and Methods

As shown in Figure 1, the QFBG reactor investigated in this work is composed of a
cylinder-shaped bubbling fluidized bed gasifier (BFBG) with a height of 1.5 m and diameter
of 0.16 m, a cylinder-shaped fast fluidized bed combustor (FFBC) with a height of 2.26 m
and diameter of 0.06 m, a cylinder-shaped bubbling fluidized bed oxidation (BFBO) reactor
with a height of 1.5 m and diameter of 0.16 m, and a cylinder-shaped fast fluidized bed
reduction (FFBR) reactor with a height of 2.26 m and diameter of 0.06 m. The four fluidized
beds are connected by pipes with a diameter of 0.06 m. The cyclone diameter is 0.151 m
at the top and 0.06 m at the bottom. The total height of the cyclone is 0.32 m and the
height of the cone section is 0.2 m. The height of the loop seal is 0.205 m. The bottoms
of the bubbling fluidized bed reactors are 0.4 m higher than those of the fast fluidized
bed reactors. The recirculated bed material enters the fluidized bed reactors at a height of
0.85 m from the bottom. The super-heated steam is used as the gasification agent for the
gasifier. The O2/CO2 mixture gas is used as the oxidant for the oxidation reactor. The flue
gas is discharged from the reactor outlet.
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Figure 1. Sketch of the quadruple fluidized bed gasifier.

To simulate the physicochemical processes in QFBG, a new solver based on the MPPIC
method in OpenFOAM was compiled so that it could simultaneously consider the gas-solid
flow hydrodynamics and the dominant chemical reactions. The PIMPLE algorithm [21] was
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chosen to solve the partial differential equation sets. The Euler scheme was chosen to implicitly
discrete the transient term. The Gauss linear scheme was chosen to discrete the gradient
term. The Gauss linear limited scheme was used to discrete the Laplacian term. The Gauss
upwind unlimited scheme and the Gauss limited linear scheme were used to discrete the
divergence terms. The linear scheme was used to interpolate values from the cell center to
the face center. The limited scheme was used for the surface normal gradient terms. For the
pressure correction equation, the relax factor was set to 0.5, while for other equations, the
relax factors were set to 0.7. The final residuals of all these equations during iterations were
controlled to be smaller than 10−6. For all the simulations, grid sensitivities were implemented
to make sure that the simulation results were independent of the grid size.

2.1. The Governing Equations

To mathematically describe the physicochemical processes in the QFBG reactor, gov-
erning equations for both the gas phase and solid phase are listed in Tables 1 and 2.

Table 1. Governing equations for gas phase.

The continuity equations

∂(θgρg)
∂t +∇ ·

(
θgρgug

)
= Sgm (1)

The momentum equations

∂(θgρgug)
∂t +∇ ·

(
θgρgugug

)
= −θg∇p + F + θgρgg +∇ ·

(
θgτg

) (2)

The energy equations

∂(θgρghg)
∂t +∇ ·

(
θgρgughg

)
= ∇ ·

(
λgθg∇Tg

)
+ θg

(
∂p
∂t + ug · ∇p

)
+ φ +

.
qD +

.
Q + Sh + Sh,p (3)

The species transportation equation

∂(θgρgYg,i)
∂t +∇ ·

(
θgρgugYg,i

)
= ∇ ·

(
ρgDθg∇Yg,i

)
+ δ

.
mi,chem + δ

.
mp,i,chem (4)

The turbulence equations

∂(θgρgε)
∂t +∇ ·

(
θgρgugε

)
= ∇ ·

(
θg

(
µg +

µt
σε

)
∇ε
)
+ θg

ε
k (Cε1Gk − Cε2ρgε) (5)

Table 2. Governing equations for solid phase.

The particle distribution function
∂ f
∂t +

∂( f us)
∂x +

∂( f A)
∂us

=
fD− f

τD
(6)

The particle acceleration

A = dus
dt = Ds

(
ug − us

)
− ∇p

ρs
− ∇τs

θsρs
+ g + Fs (7)

The particle normal stress

τs =
Psθ

β
s

max[θcp−θs ,γ(1−θs)]
δ (8)

The particle volume fraction

θs = 1− θg =
s

f ms
ρs

dmsdus (9)

In Table 1, θg, ρg, ug, Sgm, and t denote the gas volume fraction, the gas density, the gas
velocity, mass source, and the residence time, respectively; p, F, g, and τg denote the gas
thermodynamic pressure, the interphase momentum transfer rate, the gravitational acceler-
ation and the gas stress tensor; respectively, hg, Tg, and λg denote the gas enthalpy, the gas

temperature and the gas mixture thermal conductivity, respectively; φ,
.
qD,

.
Q, Sh,p, and Sh,p

denote the viscous dissipation, enthalpy diffusion, radiation source, homogeneous reaction
enthalpy source and heterogeneous reaction enthalpy source, respectively; Yg,i, D, δ

.
mi,chem,
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and δ
.

mp,i,chem denote the mass fraction of species i, the effective mass diffusivity, the net
production rate of species i due to homogeneous reactions and the net production rate of
species i due to the heterogeneous reactions, respectively; k, ε, and µt are the turbulence
kinetic energy, turbulence dissipation rate and the turbulent viscosity, respectively.

In Table 2, A, us, f D, and τD denote the particle acceleration, velocity, the probability
distribution function of particle velocity, and the collision damping time, respectively;
Ds, θs, ρs, τs, and Fs are the interphase momentum transfer coefficient calculated with
Ergun, and Wen and Yu equations, the solids volume fraction, the solid density, the particle
normal stress and the particle friction per unit mass; Ps, β, and γ are constants; θcp is the
close-packed particle volume fraction; and δ is the Kronecker delta.

2.2. The Reaction Kinetics

The dominant reactions in QFB include the biomass gasification reactions, the CaO/CaCO3
carbonation/calcination reactions, and the Mn2O3/Mn3O4 reduction/oxidation reactions.
The biomass gasification reactions include moisture evaporation, dry biomass pyrolysis,
and char gasification. The moisture evaporation rate is calculated according to Equation (10).
The pyrolysis kinetics is calculated with Equation (11). The other homogeneous and
heterogeneous reaction kinetic correlations are listed in Table 3. The CaO carbonation
kinetics is calculated by Equation (12) and the CaCO3 calcination kinetics is calculated
with Equation (13). The Mn2O3 reduction kinetics is calculated with Equation (14), and the
Mn3O4 oxidation kinetics is calculated with Equation (15).

dms

dt
=

ShABDi,m

dp

(
psat
(
Tp
)

RTp
− Xi

p
RT∞

)
As Mw (10)

where, ShAB is Sherwood number; dp is the particle diameter; Di,m denotes the vapor
diffusion coefficient; psat is the saturation pressure at a specific particle temperature Tp; Xi
is the local bulk mole fraction of species i; p is the local absolute pressure; T∞ is the local
bulk temperature of the gas; As is the particle surface area; Mw is the H2O molar weight.

dmdevol
dt

= −5× 106 exp
(
−1.2× 108

RTp

)
mdevol (11)

where, mdevol is the residual volatile mass; R is the ideal gas constant. Char is assumed
to be carbon, and the volatile further decomposed into H2, CO, CO2, and CH4 based on
element mass balance.

rcab = 5.007× 10−3 × exp
(
−20, 300

8.3145× T

)
×
(

PCO2 − PCO2,eq
)
×mCaO (12)

where, PCO2 ,eq and PCO2 denote the CO2 partial pressures (atm) at the equilibrium state
and at any state, respectively; mCaO is the mass flow rate (kg/s) of CaO.

rcal = 252, 015.2× exp
(
−91, 700

8.3145× T

)
× (1− xcal)

2/3 ×
(
CCO2 ,eq − CCO2

)
(13)

where, xcal denotes the conversion of CaCO3; CCO2 ,eq and CCO2 denote the CO2 concentra-
tions (kmol/m3) at the equilibrium state and at any state.

rMn2 = 0.936667× exp
(
−544.42

8.3145× T

)
×
(
1− xMn2

)1.2 (14)

where, xMn2 denotes the conversion of Mn2O3.

rMn3 = −0.00428 + 0.005354× exp
(
−2× ((T − 1001.686)/311.358)2

)
×
(

CO2 − CO2,eq

)0.467
(15)



Processes 2022, 10, 2526 6 of 12

where, CO2,eq and CO2 denote the oxygen concentrations (mol/m3) at the equilibrium state
and at any state.

Table 3. Dominant reactions and corresponding kinetic correlations.

Reactions Kinetic Correlations (kmol/m3/s) Ref.

R1 CH4 + H2O = CO + H2 r1 = 0.312 exp(−30,000/(1.987Tg))CCH4 [22]

R2 CO + H2O = CO2 + H2 r2 = 2.78× 103 exp(−1.26× 107/R/Tg)CCOCH2O [23]

R3 CO2 + H2 = CO + H2O r3 = 9.59× 104 exp(−4.66× 107/R/Tg)CCO2 CH2 [23]

R4 CO + 0.5O2 = CO2 r4 = 1.0× 1010 exp(−15,154.25/Tg)CCOC0.5
O2

C0.5
H2O [24]

R5 H2+0.5O2 = H2O r5 = 2.2× 109 exp(−13,109.63/Tg)CH2 CO2 [24]

R6 CH4 + 2O2 = CO2 + 2H2O r6 = 2.119× 1011 exp(−24,379.097/Tg)C0.2
CH4

C1.3
O2

[25]

2.3. Model Validation
Solution Scheme

The new solver was built based on OpenFOAM 3.0.0 [26]. The ReactingMultiphase
Cloud and the MPPIC Cloud were combined to form the User-defined ReactingMultiphase
MPPIC Cloud so that the four-way interaction could be considered for the reacting parcels.
The homogeneous reactions were determined in the constant package of each case. The
pyrolysis reactions were determined in the DevolatilisationModel package in the src library.
The heterogeneous reactions were determined in the surface ReactionModel package in the
src library. Before the final simulation, many types of grids and grid numbers were tested
for the simulation of the complex process. To obtain a satisfying solution convergence when
solving the equation sets for dense particle flow with chemical reaction, the computational
domains of the fluidized bed reactors were meshed with the stairstep scheme to generate the
hexahedron cells so that perfect grid orthogonality can be reached. To balance the calculation
accuracy and the calculation efficiency, the set of stairstep grids with about 18,000 cells was
chosen for the QFBG simulation. The transient time step was set variable to maintain the
Courant number not bigger than 0.3. The residuals of the energy equations were restricted
below 1 × 10−6, and those of the other equations were restricted below 1 × 10−3 to ensure
iteration accuracy.

3. Results and Discussions
3.1. Model Validation

To ensure the rationality of the solver and solution methods, the simulation predictions
were first compared with reported experiment data including the voidage distribution in a
cold state traveling fluidized bed (Exp. I) [27] and the outlet species molar fractions from a
hot state calcium enhanced fluidized bed gasifier (Exp. II) [28]. The operating conditions of
the two experimental fluidized beds are listed in Table 4, and the comparison results are
shown In Figure 2a,b. The biomass composition is given in Table 5.

Table 4. Experimental parameters.

Experiments Dimension Superficial
Velocity

Bed
Material

Bed
Weight Fuel Type Fuel Flow

Rate
Operating

Temperature

Exp. I R66.7 × H2320 mm 0.3 m/s SiO2 30.4 kg none none None
Exp. II 75 × 120 × 2500 mm 0.24 m/s CaO 37.5 kg Biomass 25 kg/h 645 ◦C

From Figure 2, it is seen that good agreement between the model predictions and
the reported experimental data can be obtained with the solver and the corresponding
solution methods. The errors between prediction and Exp. I data are mainly caused by
the simplification of the physical particles into parcels that can include thousands of real
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particles so as to reduce the computational cost. The errors between model predictions
with Exp. II data are mainly caused by the simplification of the biomass steam gasification
process into finite global reactions, and the kinetic parameters are general ones and are not
specifically generated for the gasification process in this work.

Processes 2022, 10, x FOR PEER REVIEW 7 of 13 
 

 

3. Results and Discussions 

3.1. Model Validation 

To ensure the rationality of the solver and solution methods, the simulation predic-

tions were first compared with reported experiment data including the voidage distri-

bution in a cold state traveling fluidized bed (Exp. I) [27] and the outlet species molar 

fractions from a hot state calcium enhanced fluidized bed gasifier (Exp. II) [28]. The op-

erating conditions of the two experimental fluidized beds are listed in Table 1, and the 

comparison results are shown In Figure 2a,b. The biomass composition is given in Table 

5. 

Table 4. Experimental parameters. 

Experiments Dimension 
Superficial Veloc-

ity 
Bed Material Bed Weight Fuel Type 

Fuel Flow 

Rate 

Operating 

Temperature 

Exp. I R66.7×H2320 mm 0.3 m/s SiO2 30.4 kg none none None 

Exp. II 75×120×2500 mm 0.24 m/s CaO 37.5 kg Biomass 25 kg/h 645 °C 

Table 5. Analysis of biomass. 

 Proximate Analysis Ultimate Analysis 

 Mad FCad Vad Aad LHV (kJ/kg) Cd Hd Od Nd Sd 

SC 5.87 55.04 31.90 7.18 28,844.7 76.36 4.52 10.41 0.98 0.10 

From Figure 2, it is seen that good agreement between the model predictions and the 

reported experimental data can be obtained with the solver and the corresponding solu-

tion methods. The errors between prediction and Exp. I data are mainly caused by the 

simplification of the physical particles into parcels that can include thousands of real 

particles so as to reduce the computational cost. The errors between model predictions 

with Exp. II data are mainly caused by the simplification of the biomass steam gasifica-

tion process into finite global reactions, and the kinetic parameters are general ones and 

are not specifically generated for the gasification process in this work. 

0.0 0.2 0.4 0.6 0.8 1.0

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

 Prediction

V
o
id

ag
e

Normalized radial distance

 Exp.I

 
H2 CO CO2 CH4

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

S
p

ec
ie

s 
m

o
le

 f
ra

ct
io

n

Species

 Prediction

 Exp.II

 
(a) (b) 

Figure 2. Comparison between predictions and experimental data. (a) Voidage comparison be-

tween prediction and Exp. I; (b) Species molar fraction comparison between prediction and Exp. II. 

3.2. Predictive Investigation of the QFBG 

The initial and boundary operating parameters of the QFBG are listed in Table 6. 

The biomass feed rate is 4.5 kg/h, and its composition is given in Table 5. Under this 

condition, the operation characteristics of the QFBG are predicted and the key results are 

depicted in Figure 3a–h. 

  

Figure 2. Comparison between predictions and experimental data. (a) Voidage comparison between
prediction and Exp. I; (b) Species molar fraction comparison between prediction and Exp. II.

Table 5. Analysis of biomass.

Proximate Analysis Ultimate Analysis

Mad FCad Vad Aad LHV (kJ/kg) Cd Hd Od Nd Sd

SC 5.87 55.04 31.90 7.18 28,844.7 76.36 4.52 10.41 0.98 0.10

3.2. Predictive Investigation of the QFBG

The initial and boundary operating parameters of the QFBG are listed in Table 6. The
biomass feed rate is 4.5 kg/h, and its composition is given in Table 5. Under this condition,
the operation characteristics of the QFBG are predicted and the key results are depicted in
Figure 3a–h.

Table 6. The initial and boundary operating parameters of the QFBG.

Reactors Bed
Material

Bed
Weight

Operation
Temperature

Superficial
Velocity Inlet Gas

BFBG CaO 17.7 kg 700 ◦C 0.4 m/s H2O
BFBO Mn3O4 28.1 kg 800 ◦C 0.5 m/s Air

From panels (a–d) of Figure 3, it is seen that the main gas species have reached the
gasifier outlet. From the mass fractions of H2, CH4, CO, and CO2, it can be deduced that
the mole fractions of these species in dry gas are around 71.6%, 8.3%,3.9%, and 16.2%,
respectively. It is noted that the CO2 mole fraction in the produced syngas is still a bit high,
this is mainly because the system operates at atmospheric pressure. When the total pressure
is 1 atm, the CO2 partial pressure can be quite low because there can be a large amount of
steam in the gasifier, leading to the CO2 can only be partially absorbed by CaO. To solve
this issue, it is suggested that the system operates at higher pressures. From panel (e) of
Figure 3, it is seen that O2 is generated and transported to the FFBC. This is caused by the
reduction of Mn2O3 in the FFBR. However, the O2 concentration is still not high and can be
increased by increasing the manganese ore circulating flux. From panel (f) of Figure 3, it
is seen that the bed materials circulate well in the QFBG, indicating that the system can
work reliably. From panel (g) of Figure 3, it is seen that the temperatures in BFBO and
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FFBR are higher because the chemical looping air separation process with manganese ore
as bed material operates at around 1050 K, while the dual bed gasification process with
limestone as bed material operates at around 923 K. From panel (h) of Figure 3, it is seen
that the highest static pressure appears at the lowest point of QFBG and the pressure drop
of chemical looping air separation section is higher. This is because the particles are all
fluidized in the connected pipes, and the manganese bed material is heavier.
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4. Conclusions

To study of operation characteristics of the quadruple fluidized bed gasifier (QFBG),
a new solver based on the multiphase particle in cell scheme is built and accounts for
the biomass pyrolysis, char gasification, gases species homogeneous reactions, CaO car-
bonation, CaCO3 calcination, Mn2O3 reduction, and Mn3O4 oxidation. The solver is then
validated against reported experimental data and finally used to predict the QFBG opera-
tion property. From this research, the key conclusions can be drawn as follows:
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(1) The new solver can give reliable predictions for the complex physicochemical pro-
cesses in QFBG.

(2) The QFBG works stably and the mole fractions of H2, CH4, CO, and CO2 in dry gas
are around 71.6%, 8.3%, 3.9%, and 16.2%, respectively, when the QFBG works at
atmospheric pressure.

(3) The QFBG performance can be further increased by increasing the operation pressure
and the bed material circulating flux.
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Nomenclature

Parameters
A particle acceleration, m/s2

Aad ash mass fraction in air-dried basis
As particle surface area, m2

CCO2 CO2 concentration, kmol/m3

CCO2 ,eq CO2 concentration at the equilibrium state, kmol/m3

Cd carbon mass fraction in dry basis
CO2 oxygen concentrations, mol/m3

CO2,eq oxygen concentration at the equilibrium state, mol/m3

dp particle diameter, m
D effective mass diffusivity, m2/s
Di,m vapor diffusion coefficient, m2/s
Ds momentum transfer coefficient, 1/s
F momentum transfer rate, N/m3

FCad fixed carbon mass fraction in air-dried basis
Fs particle friction per unit mass, N/kg
g gravitational acceleration, m/s2

hg gas enthalpy, J/kg
Hd hydrogen mass fraction in dry basis
k turbulence kinetic energy, m2/s2

mCaO mass flow rate of CaO, kg/s
mdevol residual volatile mass, kg
Mad moisture mass fraction in air-dried basis
Mw H2O molar weight, kg/mol
Nd nitrogen mass fraction in dry basis
Od oxygen mass fraction in dry basis
p gas pressure, pa
PCO2 CO2 partial pressure, atm
PCO2 ,eq CO2 partial pressure at the equilibrium state, atm
Ps particle stress coefficient, pa
psat saturation pressure, pa
.
qD enthalpy diffusion source, W/m3
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.
Q radiation source, W/m3

R universal gas constant, 8.3145 J/K
Sd sulfur mass fraction in dry basis
Sgm mass source, kg/m3/s
Sh homogeneous reaction enthalpy source, W/m3

ShAB Sherwood number
Sh,p heterogeneous reaction enthalpy source, W/m3

T residence time, s
Tg gas temperature, K
Tp particle temperature, K
T∞ bulk temperature of gas, K
ug gas velocity, m/s
us particle velocity, m/s
µt turbulent viscosity, kg/m/s
Vad volatile mass fraction in air-dried basis
xcal conversion of CaCO3
Xi bulk mole fraction of species i
xMn2 conversion of Mn2O3
Yg,i mass fraction of species i
Greek symbols
β coefficient to calculate particle stress
γ coefficient to calculate particle stress
δ Kronecker delta
δ

.
mi,chem production rate of species i due to homogeneous reactions, kg/m3/s

δ
.

mp,i,chem production rate of species i due to heterogeneous reactions, kg/m3/s
ε turbulence dissipation rate, m2/s3

θcp packed particle volume fraction
θg gas volume fraction
θs solids volume fraction
λg thermal conductivity, W/m/K
ρg gas density, kg/m3

ρs solid density, kg/m3

τD collision damping time, s
τg gas stress tensor, pa
τs particle normal stress, pa
φ viscous dissipation, W/m3

Abbreviations
BFBG bubbling fluidized bed gasifier
BFBO bubbling fluidized bed oxidation
CFD computational fluid dynamics
DFBG dual fluidized bed gasifier
FFBC fast fluidized bed combustor
FFBR fast fluidized bed reduction
GKT granular kinetic theory
LHV lower heating value
MPPIC multi-phase particle in cell
QFBG quadruple fluidized bed gasifier
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