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Abstract

Project Code: TRG5780205

Project Title : Carbon Dioxide Sorption in Novel Flow Regime of Circulating Fluidized
Bed Reactor with High Solid Particle Flux using Experiment and
Computational Fluid Dynamics Simulation

Investigator : Associate Professor Dr.Benjapon Chalermsinsuwan
Department of Chemical Technology, Faculty of Science,
Chulalongkorn University

E-mail Address : benjapon.c@chula.ac.th

Project Period : 2 years

In this study, the objective is to conduct the experiment and computational fluid
dynamics simulation for analyzing the carbon dioxide sorption in novel flow regime of
circulating fluidized bed reactor with high solid particle flux. In addition, the summary of
the effect of system parameters on carbon dioxide sorption and the operating
methodology for other applications in novel flow regime of circulating fluidized bed
reactor with high solid particle flux are proposed. The research methodologies are
consisting of surveying the literatures, designing and constructing the circulating fluidized
bed reactor unit system with high solid particle flux, conducting the experiment and
analyzing the carbon dioxide sorption, developing the computational fluid dynamics
model of circulating fluidized bed reactor with high solid particle flux, performing the
simulation and analyzing the carbon dioxide sorption, summarizing the effect of various
parameters and proposing the operating methodology of the reactor with various
applications. About the obtained results, the experiment and computational fluid
dynamics simulation results in circulating fluidized bed reactor with high solid particle flux
are consistent with each other. The novel flow regime or the circulating-turbulent flow
regime gives high efficiency of solid particles dispersing and is suitable for occurring the
chemical reaction with high rate of reaction. In addition, the circulating-turbulent flow
regime captures the carbon dioxide higher than the conventional neighbor flow regimes.
The results from the design of experiment show that water concentration provides the

highest effect to the carbon dioxide capture efficiency.

Keywords : Circulating Fluidized Bed Reactor, Computational Fluid Dynamics

Simulation, Experiment, Flow Regime, Carbon Dioxide Sorption
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Carbon dioxide is a greenhouse gas which is mainly released into the atmosphere
from the electricity generation or combustion of fossil fuel (Chen-Chia and Shu-Chun,
2013). This carbon dioxide emission plays a vital role in the global warming problem.
Therefore, the carbon dioxide mitigation or sequestration is the major concerns to prevent
the world climate changes. Various methods for carbon dioxide capturing have been
investigated in the literature. These methods can be divided into three basic systems
including post-combustion, oxy-fuel combustion and pre-combustion capturing systems
(Wang et al., 2011). In order to connect the carbon dioxide capturing system to the regular
combustion system without requiring extensive change, the post-combustion capturing
system is recommended which captures the carbon dioxide from flue gases in the
downstream of fossil fuel combustion unit. The sorption-regeneration using dry solid
sorbents is the promising technologies because of many advantages such as highly cost-
effective process and ease of material handling.

The carbon dioxide capture process with a dry solid sorbent generally consists of two
steps which are sorption and regeneration. The combustion flue gas is passed through the
suitable reactor where the flue gas contacts with the solid sorbent. During this step, the
carbon dioxide is chemically adsorbed on solid sorbent. Then, a carbon dioxide-rich solid

sorbent is transported to the sorbent regeneration step. The carbon dioxide-rich solid



sorbent can be desorbed the carbon dioxide by heat. Finally, the regenerated solid sorbent
is sent back to start the capturing cycle again. Data from several literatures confirm that
carbon dioxide is effectively adsorbed on the alkaline metal carbonate solid sorbent (Wu et
al., 2013). Among various alkaline metal carbonate, potassium carbonate has been found
to provide the best results for carbon dioxide sorption (Xiao et al., 2011). Currently, most
literature research studies have been focused their works on the improvement of the
sorption performance. However, all researchers faced the same problem and concluded on
the same issue that the reaction rate was rather slow and the capture capacity reached
only 80% of theoretical values (Jaiboon et al., 2013) as a result of the improper gas-solid
sorbent mixing in the fixed bed reactor and the improper used operating parameter (such
as gas inlet velocity and solid particle type). Thus, the flow behavior of fluidized bed /
circulating fluidized bed is proposed to be an answer for this problem and the capture
capacity in this study is expected to be higher than 90% of theoretical values.

The fluidized bed / circulating fluidized bed are a type of reactors that can be
commonly used for carrying a variety of multiphase flow processes. Different general gas-
solid sorbent particles phenomena or flow regimes can occur when the gas velocity passing
through the solid sorbent particles changes including bubbling, turbulent, fast fluidization
and pneumatic transport flow regimes (Figure 1). However, the flow regimes in the literature
is major concerned with the low solid particle flux. Recently, the novel flow regime inside
circulating fluidized bed reactor with high solid particle flux is found (solid particle flux > 200
kg/m2 s and solid concentration > 0.10) (Chalermsinsuwan et al., 2013). Both the high solid
sorbent concentration and uniformity of gas-solid sorbent mixing were observed. The high
solid particle flux operation is proposed to be one of the alternatives over the commonly
used low solid particle flux operation for the carbon dioxide sorption reaction. In low solid
particle flux, the turbulent flow regime provided the best carbon dioxide capture capacity at
90% of theoretical values (Chalermsinsuwan

et al., 2010; Jaiboon et al., 2013). Most of the Fixed Bubbling

Increasing fluid velodty
_
Fast Pneumatic
fluidization transport
.

Turbulent

literature research studies are conducted
using experimental method. Still, there is
another method called computational fluid

dynamics simulation which is an important

design tool for chemical processes. It is one of ettt ButtinHthdl Hottlytiitend TTTTTTTTTT
the branches of fluid mechanics that uses

. Figure 1 General fluidization regimes
numerical methods to analyze phenomena
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that involve fluid and chemically reacting flows. The principle of the computational fluid
dynamics is the calculation of mass, momentum, energy and species conservation
equations, simultaneously. For the fluidized bed / circulating fluidized bed, the Eulerian
approach is suitable for the calculation which separately solves the conservation equations
for each phase. The momentum, heat and mass interphase exchanged coefficient models
are used for coupling between phases. Among the various attempts to close the gas-solid
flow, the kinetic theory of granular flow has found the widest use as a constitutive equation.
This theory is an extension of the classical kinetic theory of gases to dense gas-solid flows
with a description of the solid particle collisions. For the chemically reacting flows, the
chemical kinetics is also required as an input for explaining the reaction.
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A. Governing equations;
(a) Conservation of mass;

- Gas phase;

0

a(‘ggpg )+V ) (ggpgvg ): 0
- Solid particle phase;
(e )4V (ep,)=0

(b) Conservation of momentum;

- Gas phase;

%(ggpgvg )+ V. (ggpgvgvg ): —£,VP+V -7, +¢&,0,0 —ﬁ’gs<vg —VS)

- Solid particle phase;

%(espsvs)+V~(gspsvsvs): —&,VP+V -1, —VP +&,p.0 + B (Vg —VS)
(c) Conservation of solid particle fluctuating energy;

%[%(Sspﬁﬁv-(gspsﬁvs)} = (—VPS|_+TS): Vv, +V-(KSV9)—}/S + Py

B. Constitutive equations;

(a) Gas phase stress;
2
.
Tq = &My [va + (va ) ]_Egg/“g (V Vg )I
(b) Solid particle phase stress;
2
Ty = &l [Vvs + (VVS )T ]_ gs(é:s _gﬂg )V 'Vg I

(c) Collisional dissipation of solid particle fluctuating energy;

Vs :3(1_e2)552psgoe(d;:\/§j
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(d) Radial distribution function;

1371t
&
Op = 1- :
gs,max

(e) Solid particle phase pressure;
P =g p0[l+29,¢ (1+€)]
(f) Solid particle phase shear viscosity;
4 9 10p.d 70 { 4 T
=—g,pd g,(1+e)—+——"——|1+—g,&(1+e
lus 5 sps ng( )\/; 96(1+e)g(,85 5 go s( )
(g) Solid particle phase bulk viscosity;

4 0
gs :Egspsdpgo(1+e)\/;

(h) Conductivity of the solid particle fluctuating energy;

150p.d /@ ’
P _'Os—p\/_ﬂ[1+§gsgo(l+e)} +2,05<952dp(l+e)go\/E

° 384(1+e)g, | 5 P
(i) Exchange of the solid particle fluctuating energy between phases;
¢gs = _Sﬂgsg

(j) Gas—solid particle phase interphase exchange coefficient;

- Gidaspow model;

(1— &y )pg ‘Vg A

1-¢,f
when s, >0.80; f,. _isol=e iy o

2

(gg p )g p
3ll-¢ B
wheng, < 0.80; ﬂgs :Z%pg ‘Vg —v, CDOggz.as
P
g,lv, —v,|d
with Re, < 1000; CD0 =£(1+0.15 Reg.em); Rek _ Py g‘ 9 p
Re, m

Re, = 1000; Cp, =0.44

C. Chemical reaction equations;
K,CO4 + CO, + H,0 = 2KHCO,
when
R =kC0,Crp0€
k = 600exp(3609/RT)
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Description Value
Width of circulating fluidized bed riser (m) 0.15
Height of circulating fluidized bed riser (m) 2.00
Depth of circulating fluidized bed riser (m) 0.05
Width of circulating fluidized bed downer (m) 0.30
Height of circulating fluidized bed downer (m) 1.00
Depth of circulating fluidized bed downer (m) 0.05
N, density (kg/m’) 1.138
N, viscosity (kg/m-s) 1.66E-05
N, heat capacity (J/kg K) 1.14
N, molecular weight (kg/kgmol) 28.01
CO, density (kg/ma) 1.788
CO, viscosity (kg/m-s) 1.37E-05
CO, heat capacity (J/kg K) 840.37
CO, molecular weight (kg/kgmol) 44.00
H,O density (kg/m’) 0.554
H,O viscosity (kg/m*s) 1.34E-05
H,O heat capacity (J/kg K) 2,014.00
H,O molecular weight (kg/kgmol) 18.01
K,CO3; density (kg/ms) 2,394
K,CO3; heat capacity (J/kg K) 868.28
K,CO3; molecular weight (kg/kgmol) 138.21
KHCO, density (kg/m) 2,394
KHCO; heat capacity (J/kg K) 1,196.62
KHCO3; molecular weight (kg/kgmol) 100.12
Al,O, density (kg/m’) 2,719
Al,O3 heat capacity (J/kg K) 775.00
Al,O3 molecular weight (kg/kgmol) 101.96
385

Solid particle diameter (LLm)
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Description Value

0.25, 1,00,

Gas inlet velocity (m/s) 1.25, 1.75, 2,00,

2.50, 5.00, 10.00
N, inlet mass fraction (-) 0.75
CO, inlet mass fraction (-) 0.10
H,0 inlet mass fraction (-) 0.15
Initial solid particle inside the circulating fluidized bed reacto 01
a) .00
K,COj3; inlet mass fraction (-) 0.35
KHCOj inlet mass fraction (-) 0.00
Al,O5 inlet mass fraction (-) 0.65
Outlet system pressure (Pa) 101,325
Specularity coefficient (-) 0.01
Restitution coefficient between solid particle and wall (-) 0.90
Restitution coefficient between solid particles (-) 0.90

5,000, 8,000, 12,000,
Computational cell (Cells)
16,000
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T Computational cell = 16,000 cells
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The hydrodynamics inside high solid particle concentration circulating fluidized bed reactor (CFBR) was
investigated using computational fluid dynamics simulation (CFDS) and experimental measurement. In
order to verify the CFDS obtained results they were compared with the experimental ones by qualitative
and quantitative assessments. The CFDS model, with the appropriate initial and boundary conditions, for
simulating the high solid particle concentration CFBR were successfully developed, and the obtained
results matched with the experimentally-derived ones. Further fluidization regime mapping was
performed and the results were summarized based on the statistical parameters of the average solid
volume fraction (ASVF) and the standard deviation (SD) of the horizontal and vertical SVFs. The ASVF
had a maximum value in the circulating-turbulent fluidization regime, while the SD of the horizontal
and vertical SVFs had minimum and maximum values in the bubbling fluidization regime, respectively.
As the gas inlet velocity increased, the SD of the SVF tended to approach an invariable value. In addition,
the relationships between these three statistical parameters and the positions of the unconventional
fluidization regimes (using only primary gas injection) on the general simplified fluidization regime
mapping were summarized.
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1. Introduction

Gas and solid particle multiphase flow plays an important role
in various chemical and petrochemical industries. The solid
particles can be used as a chemical reaction catalyst in a fluid
catalytic cracking unit, heating medium in a boiler unit or fuel in
combustion and gasification units (Kunii and Levenspiel, 1991;
Yang, 2003; Gidaspow and Jiradilok, 2010). The circulating fluid-
ized bed reactor (CFBR) is one of the commonly employed chemical
reactors for this multiphase flow system due to its many advanta-
ges, such as having a good system mixing (Basu, 2006), easy han-
dling (Kunii and Levenspiel, 1991) and good heat control (Basu
and Fraser, 1991), when compared with a fixed bed operation.
The riser section is the part of CFBR that the chemical or physical
operation normally occurs within. Many studies have been suc-
cessfully conducted in CFBRs operating with a low solid particle
concentration (Salvaterra et al., 2005; Masuda et al., 2006;

* Corresponding author at: Fuels Research Center, Department of Chemical
Technology, Faculty of Science, Chulalongkorn University, 254 Phayathai Road,
Patumwan, Bangkok 10330, Thailand. Tel.: +66 2218 7682; fax: +66 2255 5831.

E-mail address: benjapon.c@chula.ac.th (B. Chalermsinsuwan).

http://dx.doi.org/10.1016/j.ijmultiphaseflow.2014.06.009
0301-9322/© 2014 Elsevier Ltd. All rights reserved.

Chalermsinsuwan et al., 2010a). Recently, the operation of CFBRs
with a high solid particle concentration has gained more attention,
because innovative applications of CFBRs need a more uniform
gas-solid particle contact area and solid volume fraction (SVF),
such as in purification or gas sorption units (Chalermsinsuwan
et al., 2010b; Li et al., 2011; Jaiboon et al., 2013a) and agricultural
product drying units (Kunii and Levenspiel, 1991; Tatemoto et al.,
2007; da Silva et al.,, 2012).

With respect to the classification of CFBR operation at high and
low solid particle concentrations, systems that operate with a solid
particle mass flux of more than 200 kg/m? s are defined as a high
solid particle concentration CFBR (Bi and Zhu, 1993; Issangya
et al, 1999). Compared with low solid particle concentration
CFBRs, less knowledge is available for high solid particle concentra-
tion CFBRs. Only, a new method to run a CFBR with a high solid
particle concentration and their observed hydrodynamics have
been reported (Kim et al., 2004; Li et al.,, 2004; Bastos et al.,
2008; Zhu, 2010; Zhu et al., 2013). As the solid particle density
increased inside the system, the gas-solid particle and solid
particle-solid particle interactions play an important role in the
performance of the CFBR (Manyele et al., 2002, 2006). Particle clus-
ters or aggregates are formed and alter the conventional system
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hydrodynamics (Chalermsinsuwan et al., 2013). Fluctuations in the
high solid particle concentration CFBRs are significantly greater
than those in low solid particle concentration ones, leading to more
vigorous interactions between the gas and solid particle phases
(Wang et al., 2014). As a result, the better gas-solid particle contact
and mixing obtained under a high solid particle concentration pro-
vide a better reactor performance. From the available literature,
the fluidization regimes obtained when operating under a high
solid particle concentration are then expected to be different from
those when operating under a low solid particle concentration, but
this assumption remains to be verified.

The fluidization regime diagrams with increasing gas inlet
velocities, in terms of the gas-solid particle fluidization and
upward transport, have been proposed (Bi and Grace, 1995; Lim
et al., 1995; Bai and Kato, 1999). Excluding the fixed bed operation,
these fluidization regimes included bubbling, turbulent, fast fluid-
ization and dilute-phase or pneumatic transport. Each reported flu-
idization regime had its own distinct flow structures or
characteristics (Das et al., 2004; Chalermsinsuwan et al., 2009,
2014a; Chalermsinsuwan and Piumsomboon, 2011). Most recent
studies have focused on the methodology to identify each fluidiza-
tion regime, where various different analyses to quantitatively and
qualitatively classify the different fluidization regimes have been
conducted (Zijerveld et al., 1998; Johnsson et al., 2000; Makkawi
and Wright, 2002; Llauré and Llop, 2006; Cody et al., 2008;
Tamadondar et al., 2012). Hou et al. (2012) examined the roles of
various forces among solid particles, and between the solid parti-
cles and gas, on the different fluidization regimes, whilst Jaiboon
et al. (2013b) used the power spectral density of pressure fluctua-
tion by Fast Fourier Transform analysis to differentiate various flow
patterns. Their sources of observed pressure fluctuation in the gas—
solid particle fluidization included bubble eruption, oscillation due
to bubble/slug passage, and self-excited oscillation of fluidized
particles. Under a high solid particle concentration operating con-
dition, two novel flow patterns have recently been reported, which
are the circulating-turbulent fluidization flow (CTFB) and the dense
suspension upflow regimes. In the CTFB regime, the dense solid
particle concentration was uniform in both system directions, hor-
izontal and vertical, (Chalermsinsuwan et al., 2010b). With no
downward flux at the reactor wall at high suspension densities,
the flow pattern corresponds to a dense suspension upflow
(Grace, 2000; Kim et al., 2004). However, as previously mentioned,
their positions in the fluidization regime diagram and their in-
depth characteristics are not well-defined.

For a high solid particle concentration operating condition, Wei
et al. (1998) used the Boltzman function correlation to determine
the radial solid particle fraction profiles in a high solid particle
concentration CFBR, and observed different solid particle profiles
between the dilute and dense flow patterns. The definition of the
transition points from the dilute to dense CFBRs was proposed by
[ssangya et al. (1999). The refluxing of solid particles near the reac-
tor wall disappeared in the high solid particle concentration reac-
tor and was replaced by a more homogeneous flow structure
(Issangya et al., 2000). Within a high solid particle concentration
CFBR, the fast fluidization regime with a core-annulus flow struc-
ture was found to co-exist with a dense suspension upflow pattern
(Kim et al., 2004). Increasing the solid particles flux at a constant
gas inlet velocity led to a dense suspension upflow pattern in the
bottom region of the reactor, and a fast fluidization in the upper
region (Mei et al., 2007). The feeding and exiting device configura-
tion influenced the flow behaviors (Kim et al., 2008), where a
combination of L-valve feeding and C-shape exiting was found to
be the optimum configuration for achieving a dense suspension
flow pattern. In contrast to using a high gas inlet velocity, some
researchers have suggested using a low gas inlet velocity or CTFB
pattern (Zhu and Zhu, 2008; Qi et al., 2012a). The hydrodynamics

of the gas-solid particle flow in the system were experimentally
measured and verified for a CTFB pattern over a wide range of
gas inlet velocities and solid circulation rates (Qi et al., 2012a).
Homogeneous axial profiles with a cross-sectional average solid
particle holdup of higher than 0.25 and parabolic radial profiles
of solid particle holdup from 0.15 to 0.50, were obtained through-
out the bottom region of the reactor with a decreased solid particle
hold up in the upper region of the reactor (Qi et al., 2012b), which
was due to the effect of secondary gas injection. Therefore, both the
dense suspension upflow and CTFB patterns should be the multi-
regime flow characteristics of a high solid particle concentration
condition.

In this study, the system hydrodynamics inside high solid par-
ticle concentration CFBR was explored using computational fluid
dynamics simulation (CFDS) and experimental measurement. The
experimental results were used to compare against the CFDS
results. In addition, the relationship between the statistical param-
eters of the average solid volume fraction (ASVF) and the standard
deviation (SD) of the horizontal and vertical SVFs from the CFDS
and experimental results were used to explain the system behavior
via fluidization regime mapping.

2. Experimental setup

The experimental cold-flow two-dimensional (2D) CFBR used in
this study is shown in Fig. 1. Within this 2D system, the difference
between the obtained results could be visually observed. The Plex-
iglas CFBR consisted of the three major parts of the riser, downer
and separating and returning systems. The riser had a 2.00 m

Fig. 1. The configuration of the experimental CFBR used in this study.
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height, 0.15 m width and 0.05 m depth, whilst the downer had a
1.00 m height, 0.30 m width and 0.05 m depth. For the separating
and returning systems, a 200 US standard size mesh was employed
to separate the solid particles and the gas at the top of the reactor
and at the inserted small tubes inside the downer. The solid parti-
cles then flew back to the system and were sent to the riser at a
0.05 m height from the bottom of the reactor. A ball valve was used
to control the solid particle flow from the downer to the riser. At
the base of the column, a 200 US standard size mesh was used to
support the solid particles. A gas distributor was located directly
below the mesh. Compressed gas was conditioned prior to enter
the reactor.

Both the quantitative and qualitative experimental results were
used to validate the CFDS results. Quantitative results were mea-
sured using the system absolute pressure via sixteen pressure
probes that were mounted along the height of the CFBR riser at
0.10, 0.15, 0.20, 0.25, 0.30, 0.40, 0.50, 0.60, 0.70, 0.85, 1.00, 1.20,
1.40, 1.60, 1.80 and 1.90 m above the gas distributor. The data were
then recorded and stored using a plug-in computer. For the quali-
tative aspect, the contours of the SVF were compared using instan-
taneous solid particle snapshots over the height of the CFBR.

In this study, various gas inlet velocities were explored to inves-
tigate each fluidization regime. The experimental system used gas
inlet velocities that ranged between 0.25 and 10.00 m/s using air
with a density (pg) of 1.20kg/m® and viscosity (pg) of
2.00 x 107 kg/m s. The solid particles used were silica sand (Qual-
ity Sand Corporation Ltd.), determined to have an average solid
particle diameter (dp,) of 380 pm using a Malvern particle size ana-
lyzer (Malvern Instruments Ltd., 2013). The solid particle density
(ps) was measured using a pycnometer as reported (Dubrawski
et al., 2013; Jaiboon et al., 2013b) and found to be 2650 kg/m>.
The silica sand was, therefore, Geldart group B solid particles
(Basu, 2006), and 21 kg of solid particles were packed inside the
experimental CFBR. The lowest solid particle mass flux (G;) inside
the system was roughly 300 kg/m?s. The other system operating
conditions are listed in Table 1.

3. CFDS setup

The Eulerian approach with a kinetic theory of granular flow
(Gidaspow, 1994) was performed using the commercial CFDS
program ANSYS FLUENT. The CFDS model, as well as the appropri-
ate initial and boundary conditions, for simulating the high solid
particle concentration CFBR were developed and the derived
conservation and constitutive equations (Eqs. (1)-(17)) are sum-
marized in Table 2. The equations for the conservation of mass
(Egs. (1) and (2)) and momentum (Egs. (3) and (4)), as well as for
the solid particle fluctuating kinetic energy conservation (Eq. (5)),
were used based upon the assumption that the system was iso-
thermal. For the conservation of mass, the accumulation of mass

Table 1
The CFBR system operating conditions used in this study.
Description Value
Gas inlet velocity for the experiment (m/s) 0.25, 0.75, 1.25, 5.00 and
10.00
Gas inlet velocity for the CFDS (m/s) 0.25, 0.75, 1.25, 5.00, 10.00
and 25.00
Outlet system pressure (kPa) 101.3
Gravity force (m/s?) 9.81
SVF at maximum packing (-) 0.60
Specularity coefficient (-) 0.01

Restitution coefficient between solid particles 0.90
and the wall (-)

Restitution coefficient between the solid 0.90
particles (-)

in each phase was balanced by the convective mass fluxes, while
for the conservation of momentum the accumulation of momen-
tum in each phase was balanced by the convective momentum
fluxes and the other forces due to the pressure, stress tensor,
gravity and momentum interphase exchange coefficient. The accu-
mulation of the solid particle fluctuating kinetic energy conserva-
tion was balanced by the convective fluctuating kinetic energy
fluxes and the other fluctuating kinetic energy terms from the
pressure, stress tensor, conductivity and collision dissipation. The
behavior of the solid phase was described by taking into account
the energy associated with solid particles that arises out of solid
particle fluctuating motions and collisions.

The validity of the constitutive equations (Egs. (6)-(17)) is cru-
cial for explaining the phenomena inside the high solid particle con-
centration system. The conventional constitutive equation set
(Chalermsinsuwan et al., 2014a,b), including the Gidaspow inter-
phase exchanged coefficient model, was used together with suitable
restitution and specularity coefficients. The Gidaspow interphase
exchanged coefficient model has been recommended for use in
the dense fluidized system (Chalermsinsuwan et al., 2009), while
the restitution and speculartity coefficients are the adjusting
parameters to account for the force between solid particles and
between solid particles and the reactor wall. Those values that were
found to be reasonable in the existing literature were selected for
use in this study, as shown in Table 1. Compared to the previously
reported studies, the restitution between solid particles in this
study was lower, which is due to the dense system operating condi-
tion employed here. Since in this study the CFBR was three-dimen-
sional (3D) with a thin depth, then a 2D computational domain was
used. The 2D computational domain has previously been reported
to show the same phenomena as that observed in the 3D computa-
tional domain (Chalermsinsuwan and Piumsomboon, 2011).
Throughout the simulation, non-uniform grids with Cartesian coor-
dinates were used and the time step was limited by a Courant num-
ber in order to ensure the numerical accuracy, convergence and
stability. Therefore, a time step of 1.00 x 10~ s with 100 iterations
per time step was used. The time-averaged distributions of flow
variables were computed after the system reached the quasi-steady
state conditions, which was from 20 s to 40 s.

The definition of the appropriate initial and boundary conditions
is important for performing a realistic simulation. The solid silica
sand particles (21 kg) were filled inside the CFBR and the gas veloc-
ity at the system inlet was set to the specified level, whilst the sys-
tem pressure was defined as at atmospheric pressure at the system
outlet. In addition, the solid particle velocity was set as zero near the
outlet region to match with the realistic wire mesh phenomenon. At
the system wall, a no-slip condition was applied for all velocities,
except for the tangential velocity of the solid particle phase and
the granular temperature. At those points, the boundary conditions
of Johnson and Jackson (1987) were used, which accounted for the
effect of the conduction that was generated by the solid particle
slips and dissipation from inelastic collisions of granular energy to
the wall. The other system conditions were similar to the above
experimental ones (Table 1). With respect to the validation of the
2D CFDS model, the grid and time independent studies have already
been verified for this system (Chalermsinsuwan et al., 2014a,b).
However, there were two assumptions or limitations for the current
experiment and the CFDS, which were:

(i) The solid particles in the CFDS were assumed to be of a uni-
form single size, while those in the experimental system
were unimodal size-distributed solid particles. This is
because the CFDS with a solid particle distribution is still
under development (Chew et al., 2011; You and Li, 2013).
The effect of the particle size distribution can significantly
impact upon the fluidization behavior, particularly with a
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Table 2
The CFDS model and conditions used in this study.

A. Governing equations
(a) Conservation of mass
-Gas phase (g)

a -

&(Sgpg)JrV» (sgpgvg) =0 (1)
-Solid particle phase (s)

17} .

(6P + V- (e,70) = 0 @)

where ¢ is the volume fraction, 7 is the velocity and t is the time

(b) Conservation of momentum
-Gas phase (g)

17} o - - o -

5 (sgpgvg) +V- (sgpgvgvg) = —&gVP+V - Ty + 60,8 — Pos (Tg — Us) (3)
-Solid particle phase (s)

17 . . o o L

ﬁ(sspsvs) + V- (&sp, D5 V) = —& VP + V- Tg — VPs + £,p. 8 + Bys (Dg — V) (4)

where P is the gas pressure, P; is the solid particle pressure, T, is the gas phase stress, Ts is the solid particle phase stress, f is the gas-solid particle phase interphase
exchange coefficient and g is the gravitational acceleration
(c) Conservation of solid particle fluctuating energy (0)

310
2

i (Eps0) + V- (65p50175)] = (-VPT+%): Vil + V- (V0) - 7, (5)

where I is the unit tensor, K is the conductivity of the solid particle fluctuating energy and 7s is the collisional dissipation of the solid particle fluctuating energy

B. Constitutive equations
(a) Gas phase stress (Tg)

" - o 2 T

Ty = il [va + (va)T} —gsgug(v - Ug)1 (6)
(b) Solid particle phase stress (Ts)

. o T . 2 .

fszssus[vstr(Vvs) ] —ss<g57§yg)v<vgl (7)

where & is the bulk viscosity of solid particle phase

(¢) Radial distribution function (correction factor that indicates the probability of collisions between solid particles when the solid particles become dense) (go)

1/3
&s
={1-
& [ (&.max)

where & mqy is the SVF at maximum packing
(d) Collisional dissipation of solid particle fluctuating energy (ys)

4 [o
7 =3(1 er)SE/JSgOH(d—p \/;> 9)

where e is the restitution coefficient between solid particles

-1

(e) Solid particle pressure (P;)

Ps = &py0[1 + 2goe5(1 + €)] (10)

(continued on next page)
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(f) Shear viscosity of solid particle phase (us)

4 0
Hs = 5 Espsdpgo(1 + e)\ﬁ+

2

10p,d, /70

4
7 61 regys | T5on(11e

(g) Bulk viscosity of solid particle phase (&)

4 0
&= §35psdpgo(1 + e)\/;

(h) Conductivity of the solid particle fluctuating energy (Ks)

% = 3841 1 0)g,

2
150p,d, V01 {1 T D1 + e)} +2p,82d,(1+ e)go\/%

(i) Gas-solid particle phase interphase exchange coefficient (fgs)
-Gidaspow model
when ¢ > 0.80

1-g)
ﬁg;:]SO( gz) e 175
Egp

(1= o), |5 — )
d

P

when ¢, < 0.80

3 &, o o
P =3 g pul s i Covey

with

e | Uy — s |,
Re < 1000; Cpo = 24 (1+ 0.15Ref ™7 ); Rey = Lefel% 2l
Re > 1000; Cpo = 0.44

(1-&)

—2.65

(j) Johnson and Jackson boundary conditions
Velocity of solid particle phase at the wall (7w )

Utw =

6,“5 Ss.max 3ﬁs.w

 mpp,esgoV30 O

Granular temperature at the wall (6y)

Ow =

with vy, =

K0 80 V3Pt 21,800
Yw on 685 maxVw

V3n(1-e}, )espsgot®?

45 max

(1n)

(12)

13)

(14)

(15)

(16)

7

where ey is the restitution coefficient between the solid particle and wall, ¢ is the specularity coefficient, y is the collisional dissipation of solid fluctuating energy at the
wall, 7 g3, is the slip velocity of a solid particle phase at the wall, 7y is the velocity of the solid particle phase at the wall and 7i is the unit vector.

large amount of fine solid particles because these small par-
ticles will leave the system. However, in the present CFDS,
the results with the uniform single sized solid particles
matched those results from the experimental system with
the unimodal size distributed solid particles. This is because
the particles employed in the experimental system had a
narrow normally distributed size range (Boonprasob et al.,
2013), and they were also Geldart group B solid particles.
Accordingly, the obtained experimental phenomena do not
differ much from those found in the CFDS (Basu, 2006).

(ii) The gas inlet velocity range in the CFDS was varied between

0.25 and 25.00 m/s, while in the experimental measure-
ments it was only between 0.25 and 10.00 m/s (i.e. no
25 m/s set up). This is because the experimental system

could not be operated in the extremely high gas inlet veloc-
ity of 25.00 m/s. However, a new gas-solid particle phenom-
enon was found inside the system by the CFDS at a 25.00 m/s
gas inlet velocity. In the results section, for each fluidization
regime the result from one representative gas inlet velocity
was selected for presentation and discussion.

4. Results and discussion
4.1. Qualitative comparison
Fig. 2 illustrates the instantaneous photo snapshots of solid par-

ticles inside the CFBR riser at five different gas inlet velocities (g,
intet) OF fluidization regimes. The solid particle distributions were
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Vg, inlet = 0.25 m/s Vg, inlet = 0.75 m/s

Vg inlet = 1.25 m/s

Vg, inlet = 5.00 m/s Vg, inlet = 10.00 m/s

Fig. 2. The instantaneous photo snapshots of solid particles inside the CFBR riser with five different fluidization regimes obtained by different gas inlet velocities (7, injet)-

clearly seen as the brown colored silica sand against the transpar-
ent column where no solid particles were noticed. The instanta-
neous contours of the particle SVF and the vectors of the solid
particle velocity inside the CFBR riser with six different gas inlet
velocities (g, inler) Or fluidization regimes are displayed in Fig. 3.
The results from Figs. 2 and 3 were captured after the system
had reached the quasi-steady state condition, and so the system
does not change with the simulation time. The results from the
CFDS and experimental measurement were mostly consistent with
each other when using the same gas inlet velocities. The CFDS cap-
tured all the fluidization phenomena observed in the experimental
system, including the bubble formation and solid particle cluster-
ing, which supports the accuracy of the developed CFDS model.

The bubbling fluidization regime was found at the lowest
employed gas inlet velocity (0.25 m/s). The main characteristic of
this fluidization regime is the occurrence of gas bubbles inside
the system (Basu, 2006). Above the system distributor, the input
gas starts to coalescence as a gas bubble and as it moves along
the CFBR riser the gas bubble propagates and grows. However,
the gas bubble was not clearly seen at a gas inlet velocity of
0.25 m/s because it was too low. Increasing the gas inlet velocity
to 0.75 m/s yielded a turbulent fluidization regime, where the
gas bubble inside the system is larger at the bottom section of
the CFBR riser (Yang, 2003). At the top section of the riser the solid
particle bed surface had disappeared due to the breakage of the gas
bubbles. The solid particles at the roof of a gas bubble are then
pushed up as individual particles. The maximum height of individ-
ual solid particles obtained from the CFDS was slightly lower than
that from the experimental system, which is because of the attri-
tion or fragmentation of the solid particles.

At a 1.25 m/s gas inlet velocity the unconventional CTFB regime
was observed, with no transparent column area being evident in
the experimental system. This means that the uniformly dense
solid particle system is scattered throughout the column or a
more uniformly dense solid particle system is obtained. However, the
CFDS-derived SVF profile revealed that the SVF at the wall region
was slightly higher than that at the center region. With a 5.00 m/s

gas inlet velocity a fast fluidization regime was observed, where
a high solid particle concentration was found at the wall region,
and a low solid particle distribution at the center region. This is
the unique characteristic of a fast fluidization regime, a core-
annulus flow structure, in a generally low solid particle density
system (Kunii and Levenspiel, 1991). At the top of the CFBR riser,
solid particles accumulated due to the system outlet configuration.
Further increasing the gas inlet velocity to 10.00 m/s yielded a
dilute-phase fluidization regime, where a more dilute solid particle
distribution was observed in both the experimental and CFDS sys-
tems. The difference in the solid particle concentration between
the wall and center region was less pronounced. The main charac-
teristic of a dilute-phase fluidization regime is the uniformly dilute
solid particle distribution (Das et al., 2004). Finally, at a 25.00 m/s
gas inlet velocity a dense suspension bypassing fluidization regime
was found in the CFDS, which is the second unconventional fluid-
ization regime observed. From the SVF contours, the solid particles
moved up half the column height near the solid particle inlet from
the CFBR downer while the gas moved up in the other half of the
column. The effect of system outlet configuration was also slightly
evident, and is due to the high gas inlet velocity condition.

4.2. Quantitative comparison

For the quantitative comparison, the axial distribution of the
absolute pressure was selected. The different gauge pressures in
the same system have previously been validated (Chalermsinsuwan
et al., 2014a). After the validation, the time-averaged SVFs were
obtained from the CFDS to further explain the observed experi-
mental measurement.

Fig. 4 shows the vertical distributions of the time-averaged
absolute pressure and SVF with different gas inlet velocities (vg,
intet), Selected to represent the different fluidization regimes. All
the absolute pressures from the CFDS and experimental systems
were consistent with each other. When considering on the
qualitative results, one gas inlet velocity for each distinct system
hydrodynamics was discussed.
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Fig. 3. The instantaneous contours of the particle SVF and vectors of the solid particle velocity inside the CFBR riser with six different fluidization regimes obtained with
different gas inlet velocities (g, inier). The red and blue contour colors represent the high and low SVFs, respectively.
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Fig. 4. The vertical distributions of the time-averaged (a) experimentally- and CFDS-derived absolute pressure and (b) the CFDS-derived SVF for the six different fluidization
regimes obtained with different representative gas inlet velocities (g, iniet). In (a), the symbol and line represent the experimental measurement and simulation results,

respectively, while in (b), the symbol with a line represents the simulation results.

For the bubbling fluidization regime (0.25 m/s gas inlet veloc-
ity), the profile could be divided into two zones. At the bottom
zone, the absolute pressure increased steadily with an increasing
height of the CFBR riser, which is because of the constant quantity
of solid particles at the bottom reactor region. At the top zone, the
absolute pressure profile was constant at atmospheric pressure,
explaining why only a small amount of solid particles was
observed in that reactor region. The surface of the solid particle
bed was at a height of approximately 1.00 m in the CFBR riser.
The vector of the solid particle velocity (Fig. 3) also confirmed this
observed system characteristic, where a high system recirculation
occurred at the bottom zone. Above the solid particle bed surface,
the solid particle velocities had a negative value, since at this low
gas inlet velocity the solid particles had insufficient translation
force to move out and fall back to the bottom zone.

For the turbulent fluidization regime (0.75 m/s gas inlet
velocity), the obtained absolute pressure profile also had two
zones. However, the slope was lower than that in the bubbling
fluidization regime (0.25 m/s gas inlet velocity), which was consis-
tent with the obtained SVF. At the top zone, the absolute pressure

profile was at atmospheric pressure, but the solid particle bed sur-
face was at a height of approximately 1.40 m in the CFBR riser,
which was higher than that with a 0.25 m/s gas inlet velocity. From
the vector profile (Fig. 3), the recirculation zone was enlarged
towards the upper area of the CFBR. Above the solid particle bed
surface the solid particles had a fountain-like trajectory, which is
due to the force balance inside the system (Gao et al., 2012). At
the center and wall regions of the riser, positive and negative solid
particle velocities were found, respectively.

With the CTFB regime (1.25 m/s gas inlet velocity), different
results from the previous two fluidization regimes were evident,
with only a single pattern along the CFBR riser height being found.
Therefore, the unconventional CTFB regime was verified. The abso-
lute pressure decreased with increasing CFBR height, but a slightly
constant profile was still observed at the top zone, which reflects
the uniform distribution of solid particles along the CFBR riser.
The SVF did not vary over the reactor column. From the solid
particle velocity vectors (Fig. 3), mixing or turbulence inside the
system was observed throughout the system, which is because of
the high solid particle quantity and relatively low gas inlet velocity
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operating condition. The surface of the solid particle bed was
located at the outlet of the CFBR riser, reflecting that the uplift
force inside the system had reached the minimum level required
to lift the solid particles up to the CFBR downer. In the radial
direction, the solid particles exhibited a mild core-annulus flow
structure similar to that in the general fast fluidization regime
(Rhodes, 2008; Chalermsinsuwan et al., 2009).

In the fast fluidization regime (5.00 m/s gas inlet velocity), the
absolute pressure decreased throughout the CFBR riser. Compared
to the CTFB regime (1.25 m/s gas inlet velocity, the decreasing rate
or slope of the absolute pressure was lower in the fast fluidization
regime, which infers a low SVF. In addition, a slightly increasing
SVF at the top and bottom zones was found due to the recirculation
of solid particles from the CFBR downer. No solid particle bed sur-
face was observed due to the continuous system operation. From
the solid particle velocity vectors, the general core-annulus profile
in a low solid particle density system was observed (Rhodes et al.,
1998; Almuttahar and Taghipour, 2008; Rhodes, 2008), with turbu-
lence inside the system at the top and bottom zones.

For the dilute-phase fluidization regime (10.00 m/s gas inlet
velocity), the absolute pressure at the top of the CFBR riser was
high due to the relatively high gas velocity and low SVF inside
the riser. The SVF profile supported this notion, with a lower SVF
compared to that in the other fluidization regimes at lower gas
inlet velocities. At the top and bottom zones, the high solid particle
concentrations were consistent with the absolute pressure profiles.
No solid particle bed surface was observed, but the solid particle
velocity had an asymmetric profile and was highest near one side
of the system wall. Inside the system, the flow pattern was a mild
core-annulus. This profile matched that previously reported for a
dilute-phase fluidization regime (Grace et al., 1997; Rabinovich
and Kalman, 2011).

Finally, with a 25.00 m/s gas inlet velocity the second uncon-
ventional fluidization regime of a dense suspension bypassing flu-
idization regime was observed in the CFDS. However, the
experimental measurement could not be conducted at this gas
inlet velocity due to the limitation of the current experimental
apparatus, and so this result lacks experimental data for support.
Nevertheless, from the CFDS the highest absolute pressure was
observed throughout the CFBR riser and the difference between
the absolute pressure at the top and the bottom zones was the low-
est, which is due to the low SVF inside the system (Fig. 4(b)).
Indeed, the low SVF and high gas inlet velocity gave a uniform solid
particle distribution in the axial direction. Similar to the two previ-
ous fluidization regimes (at a gas inlet velocity of 5.0 and 10.0 m/s),
the system did not show a clear solid particle bed surface. With
respect to the solid particle velocity vectors, all the solid particle
velocities moved upwards at one side of the riser only, which is
the unique hydrodynamics of this fluidization regime compared
to the other fluidization regimes.

Both the qualitative and quantitative comparisons supported
the occurrence of two unconventional fluidization regimes inside
the high solid particle concentration CFBR; namely the CTFB and
dense suspension bypassing fluidization regimes, which were sim-
ilar to that reported in an experimental 3D CFBR (Mei et al., 2007;
Zhu and Zhu, 2008; Qi et al., 2012a). Subsequently, the specific flu-
idization regime was evaluated using the three statistical parame-
ters of the ASVF and the SD of the horizontal and vertical SVFs.

4.3. Fluidization regime explanation

Fig. 5 shows the horizontal distributions of the averaged SVFs
obtained from the CFDSs with six different gas inlet velocities,
one representative per different fluidization regime. The results
were averaged over the heights of the CFBR riser. For the bubbling
fluidization regime (0.25 m/s gas inlet velocity), the horizontal
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Fig. 5. The horizontal distributions of the time-averaged SVF obtained from the
CFDS for the six different fluidization regimes obtained with different representa-
tive gas inlet velocities.

profile of the SVF was constant at approximately 0.27, which can
be explained by the low gas inlet velocity in this system. Actually,
the SVF inside the solid particle bed was higher than 0.27, but no
solid particles were found at the top zone.

With the turbulent fluidization and CTFB regimes (gas inlet
velocities of 0.75 and 1.25 m/s, respectively), the obtained profiles
were somewhat similar, where low and high SVFs were found at
the center and wall regions, respectively. Still, the overall SVF val-
ues across the width of the CFBR riser were higher than 0.20, which
reflects the high solid particle concentration system condition
(Issangya et al., 1999). For the fast fluidization regime (5.00 m/s
gas inlet velocity), the core-annulus flow structure was observed,
which was consistent with the solid particle velocity vectors, and
a difference in the SVFs at the center and the wall regions was
clearly observed.

For the 10 and 25 m/s gas inlet velocities, the SVFs inside the
system were low compared to those in the fluidization regimes
obtained with lower gas inlet velocities. With a dilute-phase fluid-
ization regime (10.00 m/s gas inlet velocity), the flow structure
was a mild asymmetric core-annulus flow, which was consistent
with the obtained solid particle velocity. For the 25.00 m/s gas inlet
velocity (dense suspension bypassing fluidization regime), the
SVFs were high and low at the opposite wall regions, respectively.
The high SVF occurred near the wall at which the solid particles
were recirculated from the CFBR downer. The flow pattern inside
this unconventional fluidization regime was, therefore, found to
have unique system characteristics.

The SD of the SVF values inside the high solid particle density
CFBR riser were used in this study to reflect the distribution of
the solid particles along the vertical and horizontal directions,
and to imply the quality of mixing inside the system. High and
low SDs imply a non-uniform and uniform SVF, respectively. The
vertical distributions of the SD of the horizontal SVF with the six
different gas inlet velocities that are each representative of a differ-
ent fluidization regime, are shown in Fig. 6(a). With a 0.25 m/s gas
inlet velocity (bubbling fluidization regime), the SD was high at the
bottom zone because of the low gas inlet velocity. In addition, a
high mixing level was observed near the solid particle bed surface.
At a 0.75 m/s gas inlet velocity (turbulent fluidization regime), the
highest SD values across the solid particle bed were observed,
which is the unique characteristic of this fluidization regime and
implies the highest horizontal mixing level inside the system. This
is also consistent with previous reports that bubble agglomeration
and breakage occurred in this fluidization regime (Yang, 2003).
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Fig. 6. The (a) vertical and (b) horizontal distributions of the SD of the (a) horizontal and (b) vertical SVFs for the six different fluidization regimes obtained with different

representative gas inlet velocities.

Less solid particles were observed above the surface of solid parti-
cle bed.

In the CTFB regime (1.25 m/s gas inlet velocity), the system
radial mixing was homogeneous throughout the riser, which is
presumably due to the uniform system hydrodynamics and is the
advantage of this fluidization regime. With a 5.00 m/s gas inlet
velocity (fast fluidization regime), high SD values were found at
the top and bottom zones of the CFBR riser due to the inlet and out-
let configurations, whilst in the dilute-phase fluidization regime
(10.00 m/s gas inlet velocity), high and low SD values were
observed at the bottom and top zones, respectively, which is due
to the alteration in the SVFs inside the system (Fig. 3). Finally, in
the dense suspension bypassing fluidization regime (25.00 m/s
gas inlet velocity), the horizontal mixing was constant throughout
the riser, as seen in the CTFB regime, but different between these
two unconventional fluidization regimes differed in the high and
low averaged SVFs (Fig. 4).

The horizontal distributions of the SD of the vertical SVF was
uniform throughout the CFBR riser in all six different fluidization
regimes, as shown for the representative gas inlet velocities in
Fig. 6(b). At a 0.25 m/s gas inlet velocity (bubbling fluidization
regime), the constant observed profile was similar to that seen in
the vertical distribution and the highest non-uniform SVF was
found. With a 0.75 m/s gas inlet velocity (turbulent fluidization
regime), a high variation in the SD values was still obtained, but
the values were lower than that for the bubbling fluidization
regime. The SD near the wall region was slightly higher than that
near the center region, which infers that the system fluctuation
was higher near the wall region. For the gas inlet velocities of
1.25, 5.00 and 10.00 m/s gas, the profiles were constant over the
width of the CFBR riser, but the obtained SD values were lower
than the two fluidization regimes obtained with the lower (0.25
and 0.75 m/s) gas inlet velocities. This implies a lower level of sys-
tem fluctuation inside these fluidization regimes. For the 25.00 m/s
gas inlet velocity (dense suspension bypassing fluidization regime),
the SD at one side wall (near the solid particle inlet from the CFBR
downer) was slightly higher than the one on the other side, which
is due to the recirculating solid particles.

4.4. Fluidization regime mapping

The effect of the particle Reynolds number (Re, = pgd,V/u,,
where V is the gas inlet velocity) on the horizontal and vertical
SD of the SVF for each fluidization regime are shown for
representative examples in Fig. 7 along with those for the ASVF
for comparison. These three statistical parameters were used to

deduce a suitable system operating condition. The ASVF had a
maximum value of about 0.30 at a 1.25 m/s gas inlet velocity (CTFB
regime). For the 0.25m/s (bubbling fluidization regime) and
0.75 m/s (turbulent fluidization regime) gas inlet velocities, the
average SVF increased with increasing gas inlet velocities, which
can be explained by the batch fluidization system hydrodynamics.
The solid particles then recirculate inside the system. The solid
particle bed surfaces were observed below the exit to the CFBR
downer, giving a low ASVF.

For the 5.00 m/s (fast fluidization regime), 10.00 m/s (dilute-
phase fluidization regime) and 25.00 m/s (dense suspension
bypassing fluidization regime) gas inlet velocities, the ASVF dra-
matically decreased with an increasing gas inlet velocity, as the
higher gas volumetric flow rate makes the system more dilute.

With respect to the SD of the horizontal SVF, the lowest value
was found in the 0.25 m/s gas inlet velocity (bubbling fluidization
regime), due to this gas inlet velocity only just providing sufficient
uplift force to slightly move some of the solid particles. The highest
SD of the horizontal SVF was observed at a 0.75 m/s gas inlet veloc-
ity (turbulent fluidization regime), which is because of the high
fluctuation in the system hydrodynamics. For the other gas inlet
velocities, the SDs of the horizontal SVF were approximately
constant, and so less particle movement was observed in the hor-
izontal direction for these gas inlet velocities and the main flow
direction was vertical. The highest SD of the vertical SVF was
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Fig. 7. The effect of the particle Reynolds number on the ASVFs and the SD of the
horizontal and vertical SVFs.
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observed with a 0.25 m/s gas inlet velocity (bubbling fluidization
regime), which can be explained by the solid particle distribution
in the vertical direction as already explained. As the gas inlet veloc-
ity increased, the SDs of the vertical SVF initially decreased with a
0.75 m/s gas inlet velocity and then approached a constant value of
0.13 for the 1.25, 5.00, 10.00 and 25.00 m/s gas inlet velocities. This
near constant value was obtained because the same flow structure
was obtained with each of these higher gas inlet velocities. From all
the results, the CTFB regime will likely be the more optimal fluid-
ization regime for applications that need a high contact surface
area, while the dense suspension bypassing fluidization regime
will be more suitable for applications that need to transport a high
quantity of solid particles.

The effect of the ASVF on the horizontal and vertical SDs of the
SVF revealed a clear trend between the AVSF and horizontal SD of
the SVF (Fig. 8). The maximum value was obtained at a moderate
ASVF, where the solid particles inside the system could move as
a single particles or clusters, resulting in the high SD of the SVF.
At a low ASVF a small amount of solid particles resided in the
system and they only moved as individual particles giving a lower
system fluctuation, whereas at a high ASVF the solid particles were
packed or agglomerated together and so restricted in their move-
ment, which also led to a low system fluctuation.

With respect to the effect of the ASVF on the vertical SD of the
SVF, an overall trend of an increasing vertical SD of the SVF was
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Fig. 8. The effect of the ASVF on the SDs of the (a) horizontal and (b) vertical SVFs.

observed in all the fluidization regimes. As the solid particle
concentration became denser, the system fluctuation inside the
system increased. Comparing between the different fluidization
regimes, the bubbling and turbulent fluidization regimes gave a
higher SD of the axial SVF, as discussed above, while the other flu-
idization regimes had SD values of the axial SVF in the same order
of magnitude. In conclusion, a general simplified fluidization
regime mapping was summarized using the equations for calculat-
ing the minimum gas inlet velocity shown in Table 3 and obtained
from previous reports (Grace et al., 1997; Basu, 2006; Rabinovich
and Kalman, 2011; Jaiboon et al., 2013b). The six different fluidiza-
tion regimes observed in the CFBR riser with a high solid particle
concentration are shown in Fig. 9 in terms of the dimensionless
velocity (V') and Archimedes number (Ar), as calculated from Eq.
(18),

5 1/3

P [V ,&}
gie(p. - p;) p(1-9)]

where ¢ is the void fraction. The graph for each conventional fluid-
ization regime was plotted as the minimum fluidization velocity
(umyp), minimum turbulent fluidization velocities (uc, u), minimum
transport velocity (i) and minimum pneumatic transport velocity
(ump) derived from the gas inlet velocity. The minimum terminal
velocity (u;), where the terminal velocity is the equilibrium velocity
at which the buoyancy force and the fluid drag balance the effect of
gravity, is also shown. Below the minimum terminal velocity, the
solid particles are generally retained within a certain bed height
and there is no large scale migration of solid particles. Above the
minimum terminal velocity, there is large-scale migration of solid

V= (18)

Table 3
A summary of the minimum gas inlet velocity equations.

Description Equation

ini idizati i 05

Minimum fluidization velocity pg(;l,:llm_/ — [27.22 1 0.04084r] - —27.2
8

Minimum turbulent fluidization Pylplic 0.461

' —gﬂ‘j = 0.565Ar

velocity s

Minimum turbulent fluidization
velocity

Minimum transport velocity

Pelot _ 1 310470450
Ay :
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Hg :
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Fig. 9. Summary of the six different fluidization regimes observed in the CFBR riser
with a high solid particle density.
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particles out of the system. Because the difference between the tur-
bulent fluidization and CTFB regimes lies in the elutriation of solid
particles, the novel CTFB regime should be positioned at the
intersection region above the minimum turbulent and terminal
velocities and below the minimum transport velocity. For the dense
suspension bypassing fluidization regime, it should occur above the
minimum pneumatic transport velocity.

5. Conclusions

In this study, the system hydrodynamics inside a high solid
particle concentration CFBR were conducted using CFDS and exper-
imental measurements. The appropriate CFDS model, as well as the
initial and boundary conditions, were successfully developed and
confirmed by qualitative and quantitative comparisons with the
experimentally derived data. For the qualitative comparison, the
photo snapshots of the solid particle distribution inside the CFBR
riser were used to compare with the SVF contours obtained from
the CFDS. For the quantitative comparison, the axial distributions
of the absolute pressure inside the CFBR riser were evaluated.
Then, further fluidization regime explanation and mapping were
concluded and the results were summarized in terms of the ASVF
and the SDs of the horizontal and vertical SVFs. The ASVF had a
maximum value in the CTFB regime (1.25 m/s gas inlet velocity),
while the SD of the horizontal and vertical SVFs had minimum
and maximum values in the bubbling fluidization regime
(0.25 m/s gas inlet velocity), respectively. As the gas inlet velocity
increased, the SDs of the SVF tended to approach a constant value,
which is because of the constant flow structure throughout the
CFBR riser at a high gas inlet velocity. For the CTFB and dense sus-
pension bypassing fluidization regimes, a constant system mixing
was obtained throughout the CFBR riser, but the difference
between these two unconventional fluidization regimes was the
high and low ASVFs, respectively. The CTFB regime will be more
optimal for applications that need a high contact surface area,
while the dense suspension bypassing fluidization regime will be
more suitable for applications that need to transport a high quan-
tity of solid particles. Moreover, the maximum SD of the horizontal
SVF was found at a moderate ASVF, while the SD of the vertical SVF
increased with an increasing ASVF in all six fluidization regimes.
Finally, the positions of the two unconventional fluidization
regimes (using only primary gas injection) on a general simplified
fluidization regime mapping were summarized.
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Carbon Dioxide Sorption Ability of a K,CO5/Al,05 Solid
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The effect of the regeneration temperature (150°, 250°, and 350°C) during multiple CO, cyclic sorption-regeneration cycles of a
K,CO3/Al,05 solid sorbent in a bubbling fluidized bed reactor was evaluated in terms of the CO, capture capacity and chemical
composition of the solid sorbent. The CO, capture capacity after regeneration at 150° and 250°C decreased with increasing cycle
numbers, reaching approximately 57 and 78%, respectively, and 19.0 and 39.3%, respectively, of the original capacity after one
and five regeneration cycles. This decline in the CO, capture capacity was due to the accumulation of KHCOj; (at 150°C) and KAl
(CO3),(OH); (150° and 250°C) from their incomplete degradation back to the K,CO3/Al,O5 solid sorbent. When regenerated at
350°C, the CO, capture capacity remained essentially constant in each cycle number because of complete desorption (no residual
KHCO; and KAI(CO3),(OH),). The formation mechanism of complex structure occurred similar to the one in a fixed bed
reactor/thermogravimetric analyzer with lower regeneration temperature. The general operation conditions for K,CO3/Al, O3 solid

sorbents are summarized.

Keywords: Adsorption; CO, capture; Fluidized bed; Regeneration; Solid sorbent; Sorption

Introduction

Nowadays, carbon dioxide (CO,) is the principal gas released
into the atmosphere from the use of fossil fuels, such as
for electricity generation (Huang and Shen, 2013). With
the increasing rate of use of fossil fuels compounded by the
reduced rate of photosynthetic fixation of CO, (largely due
to mass deforestation), this net increase in the global CO,
level plays an important role in the global warming problem.
Reduction in CO, emission levels is, therefore, a major global
concern in preventing deleterious or adverse world climate
changes. To reduce CO, emission levels, CO, capture options
have become of interest.

For the flue gas from fossil fuel-burning power plants, vari-
ous methods to capture its CO, have been investigated, such as
chemical-looping, membrane separation, cryogenic separation,
and others. Chemical sorption with dry alkali metal-based
solid sorbents inside a chemical-looping system is one promis-
ing technology for CO, capture (Adanez et al., 2012). This is
because dry solid sorbents have several advantages over other
methods, such as ease of material handling and safety for the

Address correspondence to Pornpote Piumsomboon, Fuels
Research Center, Department of Chemical Technology, Faculty
of Science, Chulalongkorn University, 254 Phayathai Road,
Patumwan, Bangkok 10330, Thailand. E-mail: pornpote.p@
chula.ac.th

local environment (Liang and Harrison, 2004). CO, has been
shown to be effectively adsorbed on alkaline carbonate solid
sorbents (Hayashi et al., 1998; Liang and Harrison, 2004).
However, in contrast to aqueous NaOH, the rate of reaction
between CO, and Na,COjs is too slow to be effective (commer-
cially viable). Among various dry alkaline carbonates, K,COj3
has been found to provide the best results for the sorption
of CO, over a suitable temperature range (Lee and Kim,
2007; Lee et al., 2006a, 2006b, 2008; Xiao et al., 2011). The
principal (important) chemical reaction involved in reversible
CO, capture/release with a K,COj solid sorbent is:

K,CO; + CO;, + H,O «+—— 2KHCO3; + heat (1)

where sorption (left to right) proceeds at low temperatures
and regeneration (right to left) proceeds at high temperatures.

Most research has focused on the improvement of the sorp-
tion performance of dry K,COs-based sorbents by modifying
the solid sorbent. Lee and Kim (2007) improved alkaline-
based solid sorbent characteristics by pretreatment with
water, which enhanced the CO, capture capacity in a fixed
bed reactor. The effect of supporting materials, such as acti-
vated carbon, Al,O;, CaO, TiO,, MgO, NaX, SiO,, and zeo-
lites, on the sorption characteristic was extensively explored
by thermogravimetric analysis (TGA) and in fixed and (batch
or bubbling) fluidized bed reactors (FBRs) (Lee and Kim,
2007; Lee at al., 2004, 2006a, 2006b, 2008, 2009). The use of
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Table I. Summary of literature studies on regeneration and multi-cycle performance of K,COs-basedsolid sorbents

Reference Reactor

New findings

Lee et al., 2006a
Lee and Kim, 2007

Fixed-bed reactor
Fixed-bed reactor

The K,CO3/TiO; and K,CO;/Al,05 sorbents showed excellent multi-cycle
sorption/regeneration performance at regeneration temperatures of 150°

and 400°C, respectively.
The formation of stable complex crystal structure was the explanation for the
poor regeneration characteristic at low temperature.

Lee et al., 2009
Lee et al., 2011

Fixed-bed reactor
Thermogravimetric analyzer/
fixed-bed reactor
Thermogravimetric
analyzer

Zhao et al., 2012a

A new alumina-modified potassium-based sorbent (K,CO;/ZrO,) was
developed for CO, capture with regeneration temperature at 130°C.

The effects of operation conditions, including the regeneration temperature,
gas composition, and heating rate on the regeneration process of K,COj3/

Al,O5 were studied.

Lee et al., 2014 Fixed-bed reactor

The K,CO3/ZrO, sorbent showed high thermal stability for multi-cycle

sorption/regeneration CO, capture regardless of calcination temperature.

K,COj; supported on Al,O3 (K,CO5/Al,0O3) was reported to
offer the best potential for use in a large-scale operation unit
(Lee et al., 2006a, 2008; Xiao et al., 2011; Zhao et al., 2012a).
In addition, the effects of the sorption temperature, CO, con-
centration, and H>O concentration on the system efficiency
were explored (Zhao et al., 2010, 2012b). However, evaluation
of the regeneration and multi-cycle performance of K,COs-
based solid sorbents is limited, as summarized in Table 1.
Lee et al. (2006a), Lee and Kim (2007), and Zhao et al.
(2012a) found that the CO, capture capacity of K,CO; with
various supporting materials (MgO and Al,O3) was decreased
at regeneration temperatures lower than 200°C. Although a
durable solid sorbent that could be regenerated at below
200°C was reported (Lee et al., 2009, 2011, 2014), this has
the drawback of high manufacturing cost. Although the effect
of gas composition on the regeneration process was found to
not be significant (Zhao et al., 2012a), the operation in a con-
tinuous fluidization regime has not been extensively explored
(Jaiboon et al., 2013). The previous studies were mainly per-
formed in fixed bed reactor/TGAs.

This study evaluated the effect of the regeneration
temperature on a K,CO3/Al,03 solid sorbent for cyclic
CO, sorption-regeneration in a bubbling FBR. The CO, cap-
ture capacity of the sorbent was evaluated at three different
regeneration temperatures (150°, 250°, and 350°C) in a
multiple continuous sorbent-regeneration cycle system. The
continuous system will have an advantage over the batch sys-
tem for industrial-scale applications. The explanation for the
obtained CO, capture capacity was clarified using tempera-
ture programmed desorption (TPD) and X-ray diffraction
(XRD) analysis. Then, the results were extrapolated to the
general operation conditions for the use of a K,CO3/Al,04
solid sorbent in other continuous fluidization regimes.

Materials and Experimental Methods
Preparation of K,CO;lAl,03 Solid Sorbents

The potassium-based solid sorbents used in this study were
prepared by the conventional impregnation of K,CO; onto
a y-Al,O3 porous support. First, 5g of y-Al,O3 were added

to an aqueous solution containing 5 g of anhydrous K,CO;
in 25 mL of deionized water and mixed using a solution sha-
ker at room temperature for 24 h. After mixing, the mixture
was dried in a vacuum oven at 105°C. The dried samples were
ground and sieved to select solid sorbent particles in the size
range of 75-150 um. Then, the samples were calcined in a fur-
nace for 4 h at 300°C with a heating (ramp) rate of 3°C/min.
The amount of alkaline metal impregnated on the y-Al,O;
support was determined by atomic absorption spectrometry
using a Shimadzu AA 6800 instrument, while the surface area
was determined by Brunauer-Emmett-Teller (BET) analysis
using the ASAP 2020 surface area analyzer. The properties
of the as-prepared K,CO;/y-Al,O5 solid sorbent are pre-
sented in Table II.

Experimental Apparatus and Procedure

A cylindrical glass FBR of 25cm internal diameter and
0.80m height was used, into which 60g of the K,CO;/
7-Al,O5 solid sorbent was placed with a bottom gas inlet
velocity of 0.20 m/s. At this gas inlet velocity, the reactor sys-
tem operated in the bubbling fluidization regime (Jaiboon
et al., 2013). The reactor was heated and cooled by heating
tape. For cyclic CO, sorption-regeneration, a constant sorp-
tion temperature of 60°C was used for 60 min, while three
different regeneration temperatures (150°, 250°, and 350°C)
were employed for 60 min. After regeneration with 99.999
vol.% N,, the regenerated solid sorbent was adsorbed under
a crudely simulated flue gas of 12% (v/v, dry basis) CO, with
18.4% H,O using a bubbler for a new sorption cycle for
60 min. The K,CO;/Al,0O5 solid sorbents readsorbed CO,

Table II. Properties of the K,CO3/Al,03 solid sorbent

Solid sorbent property Value

BET surface area (m?/g) 80.92
Actual weight of K,CO5; impregnated 35
on Al,O3 (wt.%)
Diameter (pm)
Density (kg/m?)

75-150
3,900
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Table III. Experimental conditions for CO, adsorption and
regeneration of the K,CO3/Al,0; solid sorbent

Operating condition Sorption Regeneration

Temperature (°C) 60 150, 250,
and 300

Pressure (atm) 1 1

Gas inlet velocity (m/s) 0.20 0.20

Solid sorbent loading (g) 60 60

Gas composition (vol.%)  CO,: 12 dry basis N>: 99.999

with H,O: 18.4,
N,: balance

for a total of five cycles. Table III summarizes the experi-
mental conditions for the sorption and regeneration of the
K,CO3/Al,05 solid sorbent.

The CO, capture capacity of the K,CO3/Al,O; sorbent
was computed by integration of the area under the break-
through curves of the weight of CO, adsorbed by K,CO;
and time. This parameter implies the amount of CO, (mg)
adsorbed per 1kg of K,COs; in the saturated solid sorbent.
The solid sorbent was characterized for its crystalline
structure (composition) using XRD (Rigaku XRD system
equipped with a RINT 2000 wide-angle goniometer employ-
ing CUyg, radiation (A=1.54A) and an X-ray power of
40kV/30mA). In addition, TPD analysis was used to investi-
gate the desorption temperature of the K,CO3/Al,O3 solid
sorbent. The K,CO3/Al,0; solid sorbents were conditioned
in a U-shaped quartz reactor under an Ar flow rate of
40 cm?® /min at 60°C for 1h. After pretreatment, the K,CO3/
Al,O5 solid sorbents were cooled to room temperature, argon
was introduced at a flow rate of 40 cm® /min, and the solid sor-
bent was heated to 500°C at a constant rate of 10°C/min. A
thermal conductivity detector (TCD) was employed to deter-
mine the amount of desorbed CO,.

Results and Discussion

Figure 1 illustrates the CO, capture capacity over five
sorption-regeneration cycles at the three different regener-
ation temperatures. When regenerated at 150° and 250°C

300 ¢

—#—Regeneration at 150 oc
50 - =#=Regeneration at 250 0C
~#—Regeneration at 350 oC

CO, capture capacity (mg CO,/g K,CO;3
involved in bed)
—
h
S

=}
o 4

1 2 3 4 s 6
Cycles
Fig. 1. Multi-cycle CO, capture capacity of K,CO;/Al,0O5 solid

sorbent over five sorption-regeneration cycles with regeneration
at 150°, 250°, and 350°C.
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the CO, capture capacity decreased significantly with increas-
ing regeneration cycle numbers, falling to approximately 57%
and 78%, respectively, of the initial level after one cycle
and then declining steadily thereafter to approximately 19%
and 39%, respectively, after five regeneration cycles. The
implication is that the K,CO;/Al,O; solid sorbent was not
completely regenerated at 150° or 250°C. However, with
regeneration at 350°C the CO, capture capacity was essen-
tially the same over all five cycles assayed, suggesting that
the spent K,CO3/Al,0j3 solid sorbent can be entirely regener-
ated at 350°C. This regeneration temperature in the continu-
ous condition was lower than the one in batch condition (Lee
et al., 2006a; Lee and Kim, 2007). The high contacting surface
area/system mixing in the bubbling fluidization regime is the
explanation for the observed phenomenon.

In order to confirm the degree of regeneration of the
K,CO3/Al,05 solid sorbent at the different regeneration
temperatures, the used K,CO;/Al,O3 solid sorbent was sub-
ject to TPD analysis after regeneration (Figure 2). When
regenerated at 150°C, two extra peaks other than those for
K,CO;5; were observed, which correspond to KHCO; at
120°C and KAI(COs3),(OH), at 300°C (see XRD analysis
below for support). The CO, capture capacity of the
K,CO3/Al,05 solid sorbent after regeneration at 150°C is
then likely to have decreased due to the incomplete degra-
dation of the formed KHCO; and KAI(CO3),(OH), to
K,CO3/Al,05. For the regeneration at 250°C, only the extra
peak of KAI(CO;),(OH), was found (at 300°C), which
implies the complete degradation of KHCO; but that the
capture capacity had decreased because of the incomplete
degeneration of KAI(CO3),(OH),, which instead accumu-
lated to a higher amount. However, with regeneration at
350°C no extra peaks were observed, suggesting the com-
plete regeneration of the K,CO;/Al,O5 solid sorbent. The
formation mechanism of complex structure occurred
similar to the one in a fixed bed reactor/TGA with lower
regeneration temperature (Lee and Kim, 2007).

To confirm the TPD results, XRD analysis of the regener-
ated K,CO;/ALO;5 solid sorbents after regeneration was
undertaken. The XRD patterns of the fresh and solid sorbents
regenerated at 150°, 250°, or 350°C in N, are shown in

KHCO KAI(CO OH
. : ( . 2)2(OH): d) after regeneration
1 1 at 350 oC
3 3
1 1 .
1 1 c) after regeneration
t 250 oC
S N at250 0
& . 1
2 1 I .
~ 1 b) after regeneration
O 3 /k at 150 oC
= 1 1
1 1 a) after adsorption
l A'
60 120 180 240 300 360 420 480 540 600

Temperature (°C)

Fig. 2. TPD results of the K,CO;/Al,05 solid sorbent directly
after (a) sorption and (b)—(d) regeneration at (b) 150°C,
(c) 250°C, and (d) 350°C.
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Figure 3. The XRD analysis of the fresh sorbent showed two
structure phases, K,CO; and KAI(CO3),(OH),. The KAl
(CO3),(OH), was formed by the reaction of the Al,O3 sup-
port with K,CO;5; during calcination at 300°C (Lee et al.,
2006a, 2006b). After the solid sorbent was used, the XRD pat-
terns changed to show the structure phase of KHCO;, along
with the increasing KAI(CO3),(OH), peak intensity as a result
of its higher concentration. For the solid sorbent after regen-
eration at 150°C, these three structures were still observed.
Thus, after regeneration at 150°C the CO, capture capacity
of the solid sorbent decreased due to the reduced amount of
available K,COj; following the incomplete conversion of
KAI(COs),(OH), and KHCO; back to K,COs. For the solid
sorbent after regeneration at 250°C, the KHCO; phase was
absent, supporting its regeneration back to K,COs, but the
CO, capture capacity was still decreased (albeit at a lower
magnitude than at 150°C) because of the thermal stability
of KAI(CO3),(OH), at this temperature. When regenerated
at 350°C the KAI(CO3),(OH), phase as well as the KHCO;
was absent and the K,COj3; peaks were larger, consistent with
the complete regeneration of K,COj;. These results are con-
sistent with the TPD results mentioned earlier.

Thus, a regeneration temperature of 350°C is preferred in
the CO, sorption-regeneration cycles with a K,CO;/AL,0;
solid sorbent for bubbling fluidization regime or continuous
system. In previous studies, the CO, caption-regeneration
system was performed by TGA or fixed bed reactor.
Therefore, higher regeneration temperature was required
for complete recovery of solid sorbent in those systems. To
apply this concept in all remaining fluidization regimes or
in a chemical-looping system, a high regeneration tempera-
ture would be required to prevent solid sorbent deactivation,
although those systems have a lower residence time (Jaiboon
et al., 2013). Otherwise, costly preparation to modify
the solid sorbent to be able to perform regeneration at a
low temperature would be required (Lee et al., 2009, 2011,
2014). However, the decreased operating cost for a low
regeneration temperature solid sorbent is replaced by the
increased material preparation cost compared to that for

a high regeneration temperature solid sorbent (Lee
et al., 2011).
® K,CO, | KHCO; A KAl(CO3,(0H),

.. ) e) after regeneration at 350 °c
S— AL
- A A ° ¥ b4 d) after regeneration at 250 °c
I~ Ris a a .\
‘Ew l. a® A c) after regeneration at 150 °c
VI N
A A e an AA! } :) after adsorption j\
A ° . a ‘. ‘i A‘ a) fresh J\

10 20 30 40 50 60 70

Fig. 3. XRD patterns of the K,CO3/Al,0O;5 solid sorbent for
(a) fresh and (b) after sorption, plus (c)—(e) after regeneration
at (c) 150°C, (d) 250°C, and (e) 350°C.

O.-A. Jaiboon et al.

Conclusion

For the K,CO;3/AlL,O;3 solid sorbent, the CO, capture
capacity decreased with increasing cycle numbers when
regenerated at 150°C or 250°C due to the failure to degrade
KHCOj; (150°C) and KAI(CO3),(OH), (150° and 250°C)
back to K,COs. In contrast, when regenerated at 350°C the
CO, capture capacity did not decline during at least five
sorption-regeneration cycles due to the complete desorption
of both KHCO; and KAI(CO3),(OH),. The formation mech-
anism of complex structure occurred similar to the one in a
fixed bed reactor/TGA with lower regeneration temperature.
Therefore, in order to use the K,CO3/Al,03 solid sorbent
repeatedly, the solid sorbent should be regenerated at
350°C for all fluidization regimes. Otherwise, a method for
modifying the solid sorbent with a low regeneration tempera-
ture will be required.
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Abstract. In this study, non-isothermal kinetic methods for the decomposition of the adsorbed CO,
on pure sodium hydrogen carbonate (NaHCO3) were investigated by a thermogravimetric analysis
(TG) and differential thermogravimetry (DTG). Four different heating rates were measured to
calculate the order of reaction (n), the pre-exponential factor (4) and activation energy (E,) using
three different models: Kissinger-Akahira-Sunose Method (KAS), Flynn-Wall-Ozawa (FWO) and
analytical method. The results showed that KAS and FWO methods gave similar values due to the
approximation of employed equation whereas the analytical method gave different values. The
obtained parameters from those three methods then were used to calculate the chemical reaction
conversion versus temperature and their R%. The results showed that analytical method provided the
most accurate results comparing with KAS and FWO methods.

Introduction

Nowadays, the major greenhouse gas which causes large effects to the atmosphere is carbon dioxide
(COy). The emission and reduction processes of CO; by primary production can naturally occur [1].
Since the industrial revolution, the CO; emission is dramatically increasing due to human activities
such as coal and fossil fuel combustions, power generation and transportation. The ratio of world
total energy production was enlarging according to population growth [2]. Many research studies
have been performed to find the methods for capturing CO, whether physical, chemical or
biological [3,4]. A dry alkali-metal solid sorbent is an effective method in term of cost and energy
consumption [5-8]. However, the kinetic for regeneration of solid sorbents is still lacking in the
literature. The regeneration reaction scheme is considered as an irreversible first-order of thermal
decomposition. This assumption works well with the solid state compound. For the rate constant, it
depends on the temperature providing by the Arrhenius equation.

In this study, non-isothermal kinetic methods of the decomposition of the adsorbed CO, on pure
sodium hydrogen carbonate (NaHCO3) were investigated by the thermogravimetric analysis (TG).
Three different models, which were Kissinger-Akahira-Sunose Method (KAS), Flynn-Wall-Ozawa
(FWO) and analytical methods, were used to calculate the order of reaction (n), the pre-exponential
factor (A4) and activation energy (E,).

Kinetic Study: Theory. The expression of the rate law for non-isothermal decomposition
criteria can be clarified from the single-step kinetic equation of solid state decomposition:

k(1) ) 0
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where f{ @) is the reaction model of the conversion mechanism expressing on the dependence of the
reaction rate which can take in the various forms. The temperature-dependence of the rate constant
can provide in term of k(7) with the Arrhenius equation,

C;—f=k(T)f(a)=Aexp(%jf(a) @

For the non-isothermal conversion, the heating rate of sample is constant. The da/dt term in Eq.
2 is converted into S (do/dT), where [ is the heating rate,

do KT) , \ A (-E, _fda _ A X[—Ea)d
= )= | i) > sle)= [ =g Lo S T ©

0 0

Substituted x = E,/RT in Eq. 3,

AE, texp™ | AE,
da)=" i o= (%) @)

where p(x) is the temperature integral which can not define the exact solution. However, the
temperature integral can be estimated from an empirical interpolation equations presented by many
literature researchers [9].
Kissinger-Akahira-Sunose (KAS) Method. This method was developed by Kissinger-Akahira-
Sunose [10,11]. They used p(x) =e™/4°, for 20 < x < 50;
B AR E

In2- =1 — 5
e nEag(a) RT ©)

The calculation of the order of reaction, n, using the shape index factor, S, determined by
Kissinger index [10,12] which measures the absolute value of the ratio of slope of the inflecting
tangent point at the left (a) and the right (b) of the TG curves.

n=126+alb (6)

Flynn-Wall-Ozawa (FWQ) Method. Flynn-Wall-Ozawa [13,14] proposed the method using
Doyle’s approximation [15,16] for the thermal decomposition of octamethylcyclotetrasiloxane and
polytetrafluoroethylene powders. The order of reaction, n, is calculated by the same method as KAS
method. They used log p(x) = —2.315-0.4567x for 20 < x < 60.

AE E
log f =log ——-=2.315 - 0.457 = (7

gla)R

Analytical Method. This method is derived from the expression for the reaction rate of the
combustion process. The relationship between the weight loss with temperature can be written in
the term of the activation energy and the frequency factor. It can be calculated by the following
equation, when n # 1;

Oczl—{l—(n—l{ART2 J{I—MJeXp( £, )}H (8)
GE, E, RT

Experiment

Sodium hydrogen carbonate (NaHCO3) AR grade from Ajex Finechem Pty Ltd was heated by using
the Pyris Diamond Perkin Elmer thermogravimetric analyzer apparatus. The average size and
density of NaHCOs particles is 300 pm and 2,160 kg/m’, respectively. Constant flow rate of 50



42 Material Science and Engineering Technology lli

ml/min N, was used as an inert gas throughout the experiment in order to maintain the thermal
decomposition. An approximate weight of sample to test per one experiment was 10-30 mg. All
sample conditions started with initial temperature and final temperature of 40 and 600°C,
respectively. Four different heating rates, 5, 10, 20 and 40 °C/min under N, atmosphere, were used
to carry out TG and DTG data.

Results and Discussion

Thermogravimetric Analysis. As stated in the experimental section, NaHCOs particles were
heated from 40°C to maximum temperature of 600°C. TG and DTG curves corresponding to a
chemical reaction studied using four different heating rates are shown in Fig. 1. TG and DTG are
the parameters which displayed in the term of a fraction of weight loss and rate of weight loss,
respectively. The weight loss or TG is shown by the left-hand axis. For the chemical reaction
characteristic, NaHCOj particles began to decompose at temperature of 100°C and terminated in the
narrow range between 150°C to 250°C. This is because the pure bicarbonate particles are employed.
A heating rate of 5°C provided the maximum slope of weight loss and the slope gradually decreased
when increasing the heating rate. This is due to the beginning of the decomposition temperature of
NaHCOs at 5°C and the range of decomposed is narrower than the others. The rate of fraction of
weight loss or DTG is shown in the right-hand axis of Fig. 1. There observed one region peak
representing the decomposition temperature for each heating rate. The TG and DTA graphs were
found to be consistent because when the decomposition temperature increased, the rate of fraction
of weight loss increased accordingly. At heating rate of 40°C/min, both TG and DTG gave similar
trends which were sharply decomposed at the highest temperature. As can be seen from Fig. 1,
when particles reached the decomposition temperature, CO, was released to the atmosphere which
decreased a fraction of weight loss. Moreover, the increasing of heating rate shifted the highest
fraction of weight loss of higher temperature due to the difference between the environment and the
system temperature [17].
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. V= 4180+ 1062
= N3-DTG 5°C R*=0990

------ Na-TG 10°C

8.0

——Na-DTA10°C 08
,,,,,, Na-TG 20°C

# KAS Method

In{p)
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Fig. 1.TG (left) and DTG (right) curves corresponding Fig. 2. The plots of KAS method in Eq. 5
to a reaction studied using four different heating rates. and FWO method in Eq. 7.

Kinetic Parameter Analysis. The kinetic parameters were calculated from the results acquiring
from thermogravimetric analysis. Four maximum weight loss peaks from Fig. 1 were measured to
calculate the kinetic parameters in Eq. 3. As stated above, the order of the reaction (n) is obtained
from the average ratio of both sides of the width between the slope of the DTG for each heating rate
in Fig.1. The activation energy (£,) and the pre-exponential factor (4) were determined using
Kissinger-Akahira-Sunose (KAS) and Flynn-Wall-Ozawa (FWO) methods. The plot between

In(B/T*) versus temperature using KAS and the plot between log(/3) versus temperature using FWO
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is displayed in Fig. 2. The linear regressions and the correlation coefficients (R?) are also shown in
Fig. 2. The activation energy (E,) and the pre-exponential factor (4) can derive from the slope and
intercept of linear regression plot, respectively.

The kinetic parameters of the analytical method in Eq. 8 were determined using MATLAB.
Table 1 shows the results of n, 4 and E, of NaHCO; obtained by KAS, FWO and analytical
methods. It can be seen that, the obtained » values of KAS and FWO methods were the same and 4
and E, were quite similar. Due to these two methods being derived from the origin, Eq. 2, they are
developed in terms of temperature integral function, p(x), which is an approximate solution.
However, the computation results obtained from the analytical method was different because it is
calculated directly from the single decomposition equation.

The parameters in Table 1 were substituted back in Eq. 8 which n#1 to find the reaction
conversion (a). The conversion versus temperature of KAS, FWO and analytical methods with their
R? values are display in Fig. 3(a) to 3(d). Comparing the experiments with heating rates of 5, 10, 20
and 40°C/min, Fig. 3(a) to 3(d) presented that the results from analytical method were highly fitted
to the experimental data. Their R* were rather than 0.95 for all heating rates. Nevertheless, the KAS
and FWO method were slightly far off from the experimental data especially during the
decomposition reaction. From the previous study, the intrinsic first order kinetic parameters of 125
um NaHCOj particle using TG experimental data could calculate £, equal to 102 kJ/mol [18]. With
Avrami-Erofeev equation which is one of the f{«), the E, under N, atmosphere were in range of 90
to 119 kJ/mol [19]. The kinetic parameter from the analytical method then was consistent to the
literature experimental data.

Table 1: The results of n, 4 and E, of NaHCOj; obtained by KAS, FWO and analytical methods.

Method n A E,
KAS 1.51 3.73E+08 72.65
FWO 1.51 1.40E+09 76.10

Analytical 1.94 1.38E+20 163.70

The deviation values from KAS and FWO calculation methods can be occurred by measuring of
the slope from the TG curves. Besides, using Doyle’s approximation which was arranged in the
integral function terms, p(x), can cause the obtained values to be lower than the actual value. In
addition, the analytical method was derived directly from the single decomposition equation. After
this calculation, the results of n, 4 and E, will be applied as kinetic parameters to simulate the
chemical reaction and to use for the chemical reaction model optimization.
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Fig. 3. The conversion versus temperature of KAS, FWO and analytical methods with R? at heating
rate of (a) 5, (b) 10, (c) 20 and (d) 40°C/min comparing with the experiments.

Conclusion

In this study, non-isothermal kinetic methods of the decomposition of the adsorbed CO; on pure
sodium hydrogen carbonate (NaHCO3) were investigated by a thermogravimetric analysis (TG) and
Differential thermogravimetry (DTG). Four different heating rates were measured to calculate the
order of reaction (n), the pre-exponential factor (4) and activation energy (E,) using three different
models: Kissinger-Akahira-Sunose Method (KAS), Flynn-Wall-Ozawa (FWO) and analytical
method. The results showed that analytical method provided the most accurate results comparing
with KAS and FWO methods. The order of the decomposition reaction of NaHCO; was
approximately 2. Comparing to the experimental data, the R” for analytical method were higher than
0.95 for all the heating rates.

Notation
Symbols
TG  Thermogravimetry analysis T Temperature [°C]
DTG Differential thermogravimetry f()  Reaction model [-]
n Reaction order [-] g(e) Integrated reaction model [-]
E, Activation energy [kJ mol™]
A Pre-exponential factor [s'] Greek symbols
k Reaction rate constant [s™'] o Conversion [-]
R Gas constant [J mol™ K] S Heating rate [°C min™']
t Time [s]
Acknowledgement

This research has been supported by National Research University Project, Office of Higher
Education Commission (WCU-044-CC-57). In addition, the authors thank the Thailand Research
Fund for partial support through the Royal Golden Jubilee Ph.D. Program (Grant No.
PHD/0356/2551) and the Thailand Research Fund for fiscal year 2014-2016 (TRG5780205).

References

[1] P. J. Kramer, Carbon dioxide concentration, photosynthesis, and dry matter production.
BioScience. 31 (1981) 29-33.

[2] R. C. Duncan, World energy production, population growth, and the road to the Olduvai Gorge.
Popul. Environ. 22 (2000) 503-522.

[3] M. Olaizola, T. Bridges, S. Flores, L. Griswold, J. Morency and T. Nakamura, Microalgal
removal of CO, from flue gases: CO; capture from a coal combustor Third Annual Conference
on Carbon Capture and Sequestration Alexandria, VA 2004.



Advanced Materials Research Vol. 1101 45

[4] A. Yokozeki, M. B. Shiflett, C. P. Junk, L. M. Grieco and T. Foo, Physical and chemical
absorptions of carbon dioxide in room-temperature ionic liquids. J. Phys. Chem. B. 112
(2008)16654-16663.

[5] C. Zhao, X. Chen and C. Zhao, Multiple-cycles behavior of K,CO3/Al,O3 for CO; capture in a
fluidized-bed reactor. Energy Fuels. 24 (2010) 1009-1012.

[6] SW. Park, D. H. Sung, B. S. Choi, J. W. Lee and H. Kumazawa, Carbonation kinetics of
potassium carbonate by carbon dioxide. J. Ind. Eng. Chem. 12 (2006) 522-530.

[7] P. Behr, A. Maun, K. Deutgen, A. Tunnat, G. Oecljeklaus and K. Gorner, Kinetic study on
promoted potassium carbonate solutions for CO, capture from flue gas. Energy Procedia. 4
(2011) 85-92.

[8] Y. Liang, D. Harrison, R. Gupta, D. Green and W. McMichael, Carbon dioxide capture using
dry sodium-based sorbents. Energy Fuels. 18 (2004) 569-575.

[9]J. E. White, W. J. Catallo and B. L. Legendre, Biomass pyrolysis kinetics: a comparative critical
review with relevant agricultural residue case studies. J. Anal. Appl. Pyrolysis. 91 (2011) 1-33.

[10] H. E. Kissinger,Reaction kinetics in differential thermal analysis. Anal. Chem. 29 (1957) 1702-
1706.

[11] T. Akahira, T. Sunose, Method of determining activation deterioration constant of electrical
insulating materials. Res. Rep. Chiba. Inst. Technol. 16 (1971) 22-31.

[12] C. P. Lin, Y. M. Chang, J .P. Gupta and C. M. Shu, Comparisons of TGA and DSC approaches
to evaluate nitrocellulose thermal degradation energy and stabilizer efficiencies. Process. Saf.
Environ. 88 (2010) 413-419.

[13]J. H. Flynn, L. A. Wall, General treatment of the thermogravimetry of polymers. J. Res. Natl.
Bur. Stand.70 (1966) 487-523.

[14] T. Ozawa, A new method of analyzing thermogravimetric data. Chem. Soc. Jpn. 38
(1965)1881-1886.

[15] C. Doyle, Doyle CD. Kinetic analysis of thermogravimetric data. J. Appl. Polym. Sci. 5 (1961)
285-292.

[16] C. Doyle, Estimating isothermal life from thermogravimetric data. J. Appl. Polym. Sci. 6
(1962) 639-642.

[17] H. Yang, R. Yan, T. Chin, D. T. Liang, H. Chen and C. Zheng, Thermogravimetric analysis-
Fourier transform infrared analysis of palm oil waste pyrolysis. Energy Fuels. 18 (2004) 1814-
1821.

[18] W. Hu, J. Smith, T. Dogu and G. Dogu, Kinetics of sodium bicarbonate decomposition. AIChE
J. 32 (1986) 1483-1490.

[19] P. K. Heda, D. Dollimore, K. S. Alexander, D. Chen, E. Law and P. Bicknell, A method of
assessing solid state reactivity illustrated by thermal decomposition experiments on sodium
bicarbonate. Thermochim. Acta. 255 (1995) 255-272.



Jurnal

. Full Paper
Teknologi

Arficle history
Received

CO2 SORPTION USING NA2CO3/AL203 SORBENT
WITH V ARIOUS FLow PATTERNS OF TBA

Received in revised form

FIXED/FLUIDIZED BED REACTORS TBA
Accepted

Nathphatsorn Jongartklang', Ratchanon Piemjaiswang!, Pornpote TBA

. ] X . - ‘
Piumsomboon', Benjapon Chalermsinsuwan *Corresponding author

I Department of Chemical Technology, Faculty of Science, benjapon.c@chula.oc.th

Chulalongkorn  University, 254 Phayathai Road, Patumwan,
Bangkok 10330, Thailand

2 Center of Excelence on Pefrochemical
Technology, Chulalongkorn University, 254, Phayathai
Patumwan, Bangkok 10330, Thailand

and Materials
Road,

Graphical abstract Absiract

In this study, the caroon dioxide somption using solid sorbent (sodium carbonate
supported on alumina) in fixed and fluidized bed reactors was investigated. The key
objective was to examine the caron dioxide concentration profile or breakthrough
curve (aswell as capture capacity) and carbon dioxide sorption kinetic parameters
with various flow regimes/flow pattems. The basic information for the sorption kinetic
parameter computation was the breakthrough curv e under different flow operating
conditions. From the results, all the breakthrough curves were constant at the
beginning stage then it decreased with the sorption fime. The fixed bed gave longest
sorption time. All the caroon dioxide gas was not captured in the fast fluidization flow
regime. The tfuulent fluidization flow regime exhibited highest carbon dioxide
capture capacity. In addition, the employed deactivation kinetic model fitted well
with the obtained experimental information. The initial sorption and deactivation
reaction rate constants were the highest at the turbulent fluidzation flow regime.
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1.0 INTRODUCTION

Carbon dioxide (CO2) is known as a major cause of
global warming problem due to their ability to
maintain the heat inside the earth atmosphere [1].
Recently, the fluidization technology using dry solid
sorbent has been considered as an alternative for
reducing CO3 release [2-4]. For conventional gas-solid
particle flow, the flow operating condition can be
divided info five different regimes/patterns with the
increasing of gas inlet velocity [5]. Each regime has its

own distinct characteristic [6]. Sodium carbonate
(Na2CO3) is promisingly proposed to use as a solid
sorbent because it can easily adsorb and regenerate
using low temperature and economicadly employed
when comparing to the other solid sorbents [7]. The
fundamental theory about adsorption of CO; on
NaCOs can be found in the previous studies [7-11].
From the literature, the research study about CO;
sorption using solid sorbents has paid attention on two
topics: solid sorbent development and process system
improvement [8-9]. For the solid sorbent development,

XX:1(2015) 1-6 | www jurndlteknologi.utmmy | elSSN 2180-3722 |
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Na2COs was performed as the active component of
the solid sorbent [7]. To improve the sorption efficiency
and fthe attrition resistance of the solid sorbent,
Na2COs was prepared on various supporting materials,
such as activated carbon, silica, vermiculite and
alumina [10-11]. For the process system improvement,
the CO. capture performance with various system
variables such as gaseous composition, operatfing
pressure and operating temperature were mainy
evaluated in fixed bedreactor [12-14]. However, there
are stil many problems that need to be solved. The
understanding of CO. capture behavior and CO-
sorption kinetic parameters will help engineers and
technologists to better design the commercial
chemical reactor.

About the reaction kinetic study, the deactivation
model was effectively used to illustrate the decreasing
in activity of alkali-metal carbonate during chemical
reaction of various dkali-metad carbonates with CO»
when comparing to the other chemical kinefic
models, the homogeneous model and the shrinking-
core model [15-18]. Though, most reaction kinetic
studies on the CO2 capture using alkaline-metal
carbonate  were  mainly performed in  the
thermogravimetric analyzer which then encountered
the mass transfer limitation effect. Recently, Lee et dl.
[19] and Guo et dl. [20] investigated the carbonation
reaction kinetic behaviors of alkaline-metal carbonate
generated by cdcination of alkaline-metal
bicarbonate with a pressurized thermogravimetric and
fixed bed apparatus, respectively.

The deactivation model was therefore selected to
calculate the kinetic parameters of carbonation
reaction for sodium carbonate supported on dlumina
(Na2CO3/Al03) in fixed and fluidized bed reactors. In
addition, the effect of flow regimes/flow patterns on
the CO, capture behavior and CO; sorption kinetfic
parameters was discussed based on the system
hydrodynamics.

2.0 EXPERIMENTAL

2.1 Solid sorbent preparation

In this study, the pure Na2COsz was impregnated on
porous alumina support (Al2Os) for using as the solid
sorbents. The aqueous solution containing five grams
of Na2COs in 25 ml of de-ionized water was added
with five grams of support. Then, the solution was
mixed in an orbital-shaker for 24 hours at room
temperature. After the mixing, the obtfained solution
was dried at 105°C in a vacuum oven and cadlcined at
300°C with the ramping tfemperatue rate of 3°C/min
in a furnace for 4 hours. The surface area of solid
sorbent was determined using Micromeritics 2020
apparatus (BET) while the quantity of alkaline metal
impregnated was quantified by using Energy
Dispersive X-Ray Fluorescence Spectrometer (EDX). The
other physical properties of Na,COs/Al203 solid sorbent
are sumupinTable 1.

2.2 Apparatus

The CO» sorption was experimented in a laboratory
scale fixed bed and fluidzed bed reactors as
displayed in Figure 1. The riser section, made from
glass, had 0.025 m inside diometer and 0.80 m height
while the downcomer section, made from poly-
vinylchloride (PVC), had 0.050 m inside diameter and
0.30 m height. The solid sorbent storage was employed
to collect entrained solid sorbents above the riser
section. The controling vadve was employed to
regulate the feeding or returning flow of solid sorbents
to the riser section. The temperature and pressure taps
were placed dong the riser height to evaluate the
system temperature and pressure, respectively. The
solid sorbent flow regimes/flow patterns were explored
by considering the solid concentration or volume
fraction (&) along the riser height. The & was
determined using the obtained pressure drop, 4P,
measuring af the mounted pressure taps. By discarding
the acceleration flow contribution effect and wall
friction effect, the relationship 4P = ps(es)gH then valid
(where g and H being the gravitational force
acceleration and the length between two successive
pressure taps, respectively).

Table 1 Prepared Na,CO3s/A,Os solid sotbent physical

properties.
Solid sorbent property Value
Surface area of solid sorbent (m2/g) 105.4
Actualweight of NaCO3 impregnated on Al,Os 10
(Wi%)
Diameter of solid sorbent (dp, um) 150
Denisity of solid sorbent (ps, kg/m3) 2,545

‘l

Pressure
D senser

senser

l

Gas bag

[ 101

Computer o

Downcomer
1.D.=0.05 m
H=03m

Solid flow
rate controlling value

111000

- ATAT.
| [FI2A2
12% Dry feed /
B8%| gas input tube
/
ALY

Figure 1 The reactor systemused in this study.
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2.3 Flow regime/pattern characterization

The wide range of gas velocities from 0.02 to 2.30 m/s
was investigated in this study. Five different flow
regimes/patterns with the increasing of gas velocity
were operated. These include two different operations
which are the circuating operation system and the
non-circulating operation system. The non-circulating
operation system was consisting of four unique flow
regimes/flow patterns: fixed bed, bubbling fluidized
bed, slugging fluidized bed and turbulent fluidized
bed. However, the small amount of bed materid was
circuated in the turbulent fluidized bed or fluidization
regime. The circulating operatfion system was run in
fast fluidized bed or fluidization regime. All the used
flow regimes/flow patterns were previously verified the
system hydrodynamics in our preceding study [21].
Table 2 presents the operating conditions with different
gas velocities.

2.4 CO; sorpfion procedure

For the CO: sorption study, the 40 g and 200 g of
Na2COs3/Al203 solid sorbent were placed into the riser
section for non-circulating and circulating operation
systems, respectively. The inlet gas composition, which
was measured by online sensor, was prepared as the
simulated flue gas composition. The  ofher
experimental conditions of flow regimes/patterns in
fixed and fluidized bed reactors are shown in Table 3.
After the sorption, the gas at the top of the riser section
was sampling to measure the quantity of CO2 in
mixture gas using gas chromatography column (GC).

2.5 Kinefic parameters calculation

As stated in the intfroduction, the deactivation model
was used. In this model, the diffusion resistance
creating from the occurence of the product
deposition on the reactant is the reason for a
decreasing in the rate of chemical reaction. The
considerable changes in the surface area, the pore
structure and the activity of solid reactant are then
arisen. All the changes are included in a deactivation
model. When the deactivation of the solid sorbent is
specified to be first-order with respect to the
concentration of CO2 gas and the solid active sites,
after solving iterative procedure of the obtained
equation as described and derived by Park et al. [16],
it can be found that:

exp[%m_exp(_ m)]

1-exp(=k,t)

C
— =exp|ll-
c p

o

exp (- kyt) (1)

where t is time, Qo is gas flow rate, W is weight of solid
sorbent, C is CO; outlet concentration and Cop is CO»
inlet concentration. Therefore, the two kinetic
parameters of ko (initial sorpfion rate constant) and kq
(deactivation rate constant) are then calculated from
the COzconcentration profile.

Table 2 The operations of flow regimes/patterns.

Fluidization Solid . Inlet gas
operation sorbent Fflmreghr(r:n/ velocity
system loading (g) P (m/s)
_Non- 40 Fixed bed 0.02

circulating
Bubbling 0.18
Slugging 0.32
Turbulent 0.84
Circulating 200 Fast fluidization 2.30

Table 3 The experimental conditions of CO; sorption in fixed
bed and fluidized bed reactors.

Condition CO; sorption

System temperature (°C) 60

System pressure (atm) 1

" C0O2:12, H2O:19.5, Na:
Gas composition (vol.%) ? g g

balance
Mole fraction of H,O (water 160
vapor) to CO3 () '
3.0 RESULTS AND DISCUSSION
3.1 Carbonation behaviors
The flow regmes/flow patterns effect on CO2

breakthrough curves of Na2COs/AlO3 solid sorbent in
fixed bed and fluidized bed reactors at system
temperature of 60°C and system pressure of 1 atm in
12 vol.% of CO2 and 19.5 val.% of HO is shown in
Figure 2.

For the CO2 concentration profile under fixed bed
flow pattern, the CO2 breaokthrough curve was
constant at the beginning stage then it progressively
decreased with the sorption time. For bubbling
fluidization regime, the trend of CO; concentration
curve was comparable to the one with fixed bed flow
pattern. However, the constant period of CO;
breakthrough curve in bubbling fluidized bed flow
regime was less than the one in fixed bed flow pattern.
This is because the inlet gas velocity of bubbling
fluidized bed is higher than that of fixed bed. For
slugging and turbulent fluidization regimes, the CO»
breakthrough curve increcsed sharply from the
beginning stage with the increasing of sorption time
because the system residence time through the bedis
inadequate for the reactant gas to transfer onfo the
surface of solid sorbents. Although the system
residence time in turbulent fluidization flow regime was
lower than the slugging fluidization flow regime, the
COz2 sorption under turbulent fluidization flow regime
was higher. The large contacting surface area of gas-
solid sorbent inside the turbulent fluidized bed flow
regime is the reason for the obtained phenomenon.
When the solid sorbents were performed in fast
fluidization flow regime, the sdid sorbents were
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elutriated by the high inlet gas velocity and returned
tothe feeding section at the bottom of the riser. It fook
6 min for all 200 grams of solid sorbent to pass through
the riser section. During first sorption cycle or 0 fo 6 min,
the fresh solid sorbent adsorbed about 80 percent
(Ca/Cao = 0.20) of CO2 in the feed because the
extremely high operating gas velocity. The
competition between the effect of gassolid sorbent
contacting surface area and system residence time
(or solid sorbent elutriation) on CO2 capture is found in
this flow regime. After 6 min, the sorpfion reaction of
Na2COs3/AlO3 solid sorbents gradually decreased or
the CO2 concentration gradually increcsed due to the
returning of employed solid sorbents.

Figure 3 shows the CO; capture capacity (the ratio
of the overall amount of COz sorption per the amount
of active component on salid sorbent) at different flow
regimes of Na2CO3/Al0O3 solid sorbent in fixed and
fluidized bed reactors at system temperature of 60°C
and system pressure of 1 atm in 12 vol.% of CO, and
19.5 vol.% of H20. The fixed bed, slugging and fast
fluidizations showed poor CO> capture capacity at
about 97-158 mg CO2/g Na2CO3z while the turbulent
and bubbling fluidizations showed good CO> capture
capacity at about 190-194 mg CO2/g Na,COs. When
considering the CO2 breakthrough curve or CO2
concentration profile as shown in Figure 2, the fixed
bed flow pattern gave the highest sorpfion time.
However, the achieved CO, capture capacity was
not the highest in this flow pattern. The reason is
because the solid sorbent packing among each other
causes the active site loss of the solid sorbent. In
bubbling fluidization regime, the CO2 capture
capacity of solid sorbents showed that higher gas-solid
sorbent contacting surface area will give better the
CO;, capture capacity of solid sorbents. For the
remaining fluidization flow regimes, the solid sorbents
could not capture all the CO2 gas even at the eary

Lil N F W W

=4
o

Fixed bed (Ug = 0.02 m/s)

4 Bubbling (Ug=0.18 m/s)

B Slugging (Ug=0.32m/s)
Turbulent (Ug = 0.84 m/s)
Fast fluidization (Ug = 2.3 m/s)
Model Fixed bed
Model Bubbling

o
%

e
4

=4
=

Model Slugging

=]
-

= Model Turbulent
Model Fast fluidization

Concentration of CO, at exit (-)
= =}
o o

o
=

014

Time (min)

Figure 2 The effect of various flow regimes/flow patterns on
breakthrough curve of CO, concentration at system
temperature of 60°C and system pressure of 1 atmin 12vol%
of CO,; and 19.5vol.% of H-O.

stage. Considering the CO2 capture capacity of salid
sorbents, the slugging and fast fluidization flow regimes
showed lowest capfture capacity of solid sorbents
because the large gas bubble forming in the slugging
fluidization regime and low system residence time in
the fast fluidization regme. The turbuent fluidization
regime reflected the promising CO. capture capacity.
The proper solid sorbent elutriation and system back-
mixing are the explanation for this situation [5].

3.2 Carbonation chemical reaction kinetics

To obtain chemical reaction kinetic parameters (ko
and kq), the regression fitting was performed using
Equation (1) with non-linear least square technique
[16]. Figure 2 dlso displays the regression results of the
real experimental data by the deactivation model.
The selected deactivation model could precisely
predict the breakthrough behaviors for all the reaction
of NaCOs3/Al203 and CO,. Table 4 summarizes the
kinefic parameters for all flow regimes/patterns of
Na2COs3/Al203 solid sorbent in fixed and fluidized bed
reactors af system temperature of 40°C and system
pressure of 1 atmin 12 vol.% of CO2 and 19.5 vol.% of
H2O. As can be seen from the results, the sorption
kinetic parameters were greatly depending on the
flow regime/pattern performing inside the system. In
general, the chemical reaction kinetic parameters are
those that describe the reaction rate and they then
should be the same irrespective of the reactor type.
However, the kinetic models in this study were the
overall or simplified kinetic models including mass
tfransfer and chemical reaction resistances. Because
the obtained kinetic parameters were different in
each type of fluidization flow regime, it can be
concluded that mass transfer resistance occured and
governed these systems.

250

200 _I_ _I_

100 190 194
158

5] 110

CO, capture capacity
(mg CO,/g Na,CO; involed in sorbent)

Fixed bed Bubbling Slugging Turbulent  Fast fluidization

Figure 3 The effect of various flow regimes/flow patterns on
CO; capture capacity at systemtemperature of 60°C and
system pressure of 1 atmin 12vol.% of CO, and 19.5vol% of
H-0.
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Although the fixed bed flow pattern gave the
longest sorption result, the obfained value of ko was
very low. The solid sorbent packing among each
other slows the speed of reaction rate. In bubbling
fluidization regime, the vadue of ko was slightly higher
which is because of the high gas-solid sorbent mixing
behavior. Considering the vdues of ko for slugging
and fast fluidization flow regimes, the similar ko vdue
range was observed due to the large bubble
formation and low system residence time,
respectively. The turbulent fluidization flow regime
provided the highest value of ko because of both the
suitable residence time and system back-mixing [21].
In addition, the value of kg or the deactivation rate
constant had the same trend similarto the value of ko
or the initid sorption rate. For all the flow
pattern/regimes, the kq values were extremely lower
than ko values. This implies the low solid sorbent
deactivation in all fluidization flow pattern/regimes
causing by the solid sorbent properties and system
hydrodynamics.

Finally, the solid volume fraction effect onthe CO:
sorption kinetic parameters was illustrated as shown
in Figure 4. From the result in the figure, the highest
kinetic parameters for the turbuent fluidization flow
regime can be clarified using the appropriate solid
sorbent concentration or volume fraction behavior
inside the system. The highest kinetic parameter was
obtained af the moderate vadue of the solid
concentration or volume fraction. At the low vadlue,
the solid particles were diluted and distributed across
the column. At the high vdue, the solid particles
were foo dense inside the system and blocked the
active surface area. Both the solid volume fraction
behaviors then gave a negative effect on the
sorptionreactionrate.

To confirm the assumption for the derivation of the
deactivation model, Figure 5 shows the SEM image
taken at the magnification of x10000 (a) before and
(b) after CO2 sorption of NaxCOs/Al203 solid sorbent
in the turbuent fluidized bed. The surface image of
the sorption product was distinctively different from
the one of the reactant. After the CO, sorption, the
layer of product over the solid sorbent was found.

Table 4 The effect of various flow regimes/flow patterns on initial sorption rate and deactivation rate

fp (m3 kg min)

Fog (L/min)

0.09

0.08

007

0.06

003

0.04

0.03

0.02

0.01

Fast fluidization

]
Turbulent

Slugging
]

Bubbling
[ ] Fixed bed
®
Dfl D‘Z D.‘S 0‘4 Dlﬁ
Solid volume fraction (-)
(a)
Turbulent
A Slugging
o
o Bubbling Fixed bed
Fast fluidization ° ®

0.1

02 03

04

Solid volume fraction (-)

(b)

06

Figure 4 The effect of the solid volume fraction on
(a) koand (b) kq.

at system temperature of 60°C and system pressure of 1 atm
in 12vol.% of CO, and 19.5vol% of H:O.

Flow regime / w ko ka Solid volume fraction
flow pattern (9) (mé/kg-min) (1/min) (-)
Fixed bed 40 0.1408 0.0098 0.60
Bubbling 40 0.1950 0.0108 0.43
Slugging 40 0.4979 0.0471 0.30
Turbulent 40 1.0934 0.0554 0.25
Fast fluidization 200 0.6020 0.0061 0.09
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| SEf__15kV " ) x10,000 1pm

(b)

Figure 5 SEM image taken at the magnification of x10000 (a)
before and (b) after CO; soption of NaxCOs/Al,Os3 solid
sorbent in the turbulent fluidization regime af system
temperature of 60°C and system pressure of 1 atmin 12
vol% of CO, and 19.5vol% of H.O.

4.0 CONCLUSION

The carbon dioxide sorpfion behavior and sorption
kinetic parameters using deactivation kinetic model
with sodium carbonate supported on alumina solid
sorbent in fixed and fluidized bed reactors had been
successfuly investigated under different flow
regimes/patterns. All the breakthrough curves were
constant af the beginning stage then it decreased
with the sorption time. The fixed bed flow pattern
gave longest sorptiontime while the fast fluidized bed
flow regme coud not capture dl the carbon dioxide
concentration. The turbuent fluidized bed regime
exhibited the highest value on carbon dioxide
capture capacity. This can be explained by the
sorption reaction rate constants were highest at
moderate solid volume fraction value due to the
suitable  system  hydrodynamics including the
appropriate gas-solid sorbent contacting area and
system residence fime or solid sorbent elutriation.

It was found that the employed deactivation
kinetic model was validated and fitted well with the
obtained experimental data.
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The aim of this study was to explore the heat transfer behavior between convection and conduction in the
thick wall crude oil pipeline with laminar unsteady state flow using integration of developed computa-
tional fluid dynamics model and statistical experimental design. The governing equations were employed
to investigate the effects of wall thickness, wall thermal conductivity, surrounding heat transfer coeffi-
cient and ambient temperature on transport profile using statistical experimental design and to locate
an origin point where wax precipitate in the pipeline (wax appearance distance) by using response

_’;ﬁ{:}’("xgu surface methodology (RSM). A good agreement between the model and literature experimental data
Pipeline suggests that the proposed numerical scheme is suitable for simulating the transport profile in pipeline
Crude oil and predicting the phenomena for any other conditions. From the statistical analysis, it was found that,

surrounding heat transfer coefficient and ambient temperature were the major effect parameters on the
wax appearance distance.

Wax appearance distance
Experimental design

Computational fluid dynamics

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Transportation of crude oil by pipelines is the general process in
petroleum industry. Generally, pipelines are made of various
materials which have different ability to conduct heat.
Consequently, the heat affects the transport properties of the crude
oil leading to operational efficiency. The proper selection of materi-
als for the pipeline brings the effective production system [1].
Stainless steel has the thermal conductivity of 15.1 W/m K while
copper has the very high thermal conductivity of 401.0 W/m K
[2]. This variety of thermal conductivity affects the performance
of a heat exchanger between crude oil and surrounding outside
the pipe [3]. In this study, the conjugated heat transfer coupling
between wall convection and conduction were concerned [4].
The analysis of this problem was carried out to study the effect
of parameters which related to thick-wall problem such as wall
thickness, pipe thermal conductivity, surrounding heat transfer
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coefficient and ambient temperature on the hydrodynamics chang-
ing in transport profile inside the pipeline. All these parameters
have an important role in designing the pipeline system.

The heat and mass transfers of crude oil through pipelines are
very complicated process because there are many factors which
affect transport profile [5]. The knowledge in computational fluid
dynamics (CFD) is therefore required for better understanding
the flow behavior and for predicting the phenomena inside pipe-
line. Wang et al. [6] determined an optimized pigging frequency
using experimental method and wax deposition model. Zhu et al.
[7] investigated the thermal influential factors affecting the crude
oil temperature in double pipelines system using the computa-
tional fluid dynamics methodology. However, in most of previous
studies focusing on convective heat transfer, wall conduction was
ignored because of the assumption of extremely thin wall. This
may distort crude oil transport profile at the wall boundary condi-
tion. Thus, besides the heat convection, the heat conduction
through the pipe wall should also be considered.

The aim of this study was to develop the computational fluid
dynamics model for investigating the effect of thick-wall pipeline
on the transport profile using statistical experimental design. In
the literature, the experimental results on integration of


http://crossmark.crossref.org/dialog/?doi=10.1016/j.advengsoft.2015.04.006&domain=pdf
http://dx.doi.org/10.1016/j.advengsoft.2015.04.006
mailto:benjapon.c@chula.ac.th
http://dx.doi.org/10.1016/j.advengsoft.2015.04.006
http://www.sciencedirect.com/science/journal/09659978
http://www.elsevier.com/locate/advengsoft

50 W. Rukthong et al./Advances in Engineering Software 86 (2015) 49-54

Nomenclature

Symbols

A wall thickness/coded factor of wall thickness (—)

B pipe thermal conductivity/coded factor of pipe thermal
conductivity (—)

C surrounding heat transfer coefficient/coded factor of
surrounding heat transfer coefficient ()

D ambient temperature/coded factor of ambient tempera-
ture ()

Dpipe pipe diameter (m)

h heat transfer coefficient (kW/m? °C)

h; inner wall heat transfer coefficient (kW/m? °C)

h, outer wall heat transfer coefficient (kW/m? °C)

ky thermal conductivity (kW/m °C)

L pipe length (m)

I inner wall radius (m)

To outer wall radius (m)

R heat resistance (m? °C/kW)

S source term

t time (s)

T temperature (°C)

u x-velocity (m/s)

v y-velocity (m/s)

X x-direction

Ax wall thickness (m)

y y-direction

z wax appearance distance (m)

Greek symbols

¢ dependent variable
0 density (kg/m?)

r diffusion coefficient
Subscript

a ambient

f fluid/crude oil

computational fluid dynamics simulation and statistical experi-
mental design were limited. This analysis will be helpful for pre-
venting and solving real problems which may emerge during the
crude oil transportation such as precipitation of wax.

2. Methodology
2.1. Computational fluid dynamics model

The fluid flow problem can be solved by using computational
fluid dynamics (CFD) technique. CFD is a very powerful tool for
analyzing the system involving fluid flow, heat transfer, mass
transfer and other special phenomena such as chemical reaction
[8,9] by solving the mathematical equations which govern these
processes using numerical methods. To develop the CFD model,
governing equations which are in partial differential form are
transformed to algebraic form using finite volume numerical solu-
tion techniques [10]. Crude oil was considered as incompressible
fluids. The generalized conservation equation for two-dimensional
flow system where the dependent variable is denoted by ¢ can be

written as:
a(pe) , Apue) d(pve) 0 (0¢\ O (.0¢
ot * ox + oy 70x<rax>+8x <F8y>+5¢ M

The two-dimensional Cartesian co-ordinates were employed as
an approximation for the cylindrical pipeline system. In Eq. (1),
there are the transient and the convective terms in x and y direc-
tions on the left hand side and the conductive term in x and y direc-
tions and the source term on the right hand side. Eq. (1) will turn
into the continuity equation by replacing ¢ with 1. In addition,
when ¢ is substituted by u, v and T, Eq. (1) will become the con-
servation of momentum in x and y directions and the conservation
of energy, respectively.

2.2. Boundary conditions and properties

The problem was analyzed to investigate the heat exchange
among surrounding, pipe wall and crude oil [11]. The schematic
drawing of the thick-wall pipe problem is shown in Fig. 1. This
crude oil pipeline was chosen from the real crude oil pipeline
in the literature information. The flow had Peclet number of
16,300 and Biot number of 0.07-22.00 depending on the condi-
tion. Because the Peclet number is high, convection is important

to flow in this system. In addition, this study Biot numbers vary
from the condition that conduction inside the pipeline is unim-
portant to important. Heat flows from crude oil to the surround-
ing through a two-dimensional Cartesian thick-wall pipe with
conductive heat coefficient of k, in the wall and convective heat
coefficient of h; and h, at the inner and outer surfaces of the wall
pipe, respectively. Inner wall convection coefficient is determined
from Nusselt number. The Nusselt number in laminar flow of cir-
cular tube is 3.66 [2]. The heat resistance (R) through a thick-wall

pipe is
R = (1/hi) + (Ax/kp) + (1/ho) (2)

The wall thickness is the difference between the radiuses of
outer and inner walls (A4x =1, — ;). The formula was added as an
additional source term in the energy conservation equation at
the wall boundary condition.

2.3. Numerical solution

To compute the solution of governing equations for each control
volume on the staggered grid arrangement, SIMPLE (Semi Implicit
Method Pressure-Linked Equation) algorithm was employed [9].
First order upwind differencing scheme and Tri-Diagonal Matrix
Algorithm (TDMA) were applied to solve the interface problem
and to calculate the results of linear algebraic equations, respec-
tively. All of developed equations and CFD procedure were then
written as standalone computer program code. The developed
CFD program can handle both symmetry and non-symmetry
boundary conditions. Parameters used in CFD simulation are listed

ho la le
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Fig. 1. The schematic drawing of a thick-wall straight pipe model.
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Table 1

Parameters used in CFD simulation [12,13].
Description Value Unit
Pipe inner diameter 0.15 m
Pipe length 3000 m
Crude oil inlet temperature 50 °C
Crude oil inlet velocity 0.01 m/s
Operating time 3600 S
Crude oil density 8223 kg/m?
Crude oil thermal conductivity 0.0002 kW/m °C
Crude oil heat capacity 2.008 KkJ/kg °C
Crude oil viscosity [19.54674 — 1.36857(T — 38) + 0.07271(T — 38)> — 0.00163(T — 38)*]/1000 kg/ms

in Table 1. The correlation between the crude oil viscosity and tem-
perature (T) by Guozhong and Gang [12] was employed in this
study which links the fluid flow and heat transfer. The numerical
simulations have been done under unsteady state laminar flow
conditions (Reynolds number < 2000) with single phase liquid flow
and used under-relaxation factor to ensure stability of the SIMPLE
process [9]. After the grid independency testing, the straight pipe
model was composed of a 30,000 mesh. The simulation tests were
performed until reaching the steady state condition (operation
time less than 3600 s). The results from developed CFD simulation
program were validated with the literature experimental study by
Guozhong and Gang [12].

2.4. Design of experiments

In this study, the factorial experimental design analysis was
used to investigate the main effects and interactions of the
parameters related to a thick-wall pipe problem. Two levels of
the following four varying parameters which were the wall thick-
ness (A), pipe thermal conductivity (B) surrounding heat transfer
coefficient (C) and ambient temperature (D) were considered as
shown in Table 2. In this study, the parameters and their levels
were selected based on the available literature and some experi-
ments of QH crude oil which is a type of crude oil in China [12].
In general, pipe thermal conductivity depends on type of pipe
material. We selected carbon steel and stainless steel as the pipe
material which have the thermal conductivity of 0.0625 and
0.0151 kW/m °C, respectively. For the wall thickness, the range
from the real system from Petroleum Company and from the litera-
ture information [13] were selected. Two values of surrounding
heat transfer coefficient (h,) were chosen from the range of air
speed which correspond to natural or low air velocity (0.005 kW/
m?°C) and force or high air velocity (0.1 kW/m?°C) convection

Table 2
The 2 factorial experimental design with the CFD simulation results.

conditions [2]. The lowest and highest values of each factor are
coded as —1 and +1 numbers, respectively. The location of wax
appearance represented by wax appearance distance was chosen
as the response, based on the wax appearance temperature for
QH crude oil at 47 °C. The wax appearance distance was separated
in two positions, near the pipe wall and the pipe center. Design of
experiment with three factors, orthogonal array, was designed and
the single replicate response data was then obtained as also shown
in Table 2.

3. Results and discussion
3.1. Transport profile in crude oil pipeline

As stated above, all 16 simulation cases were carried out based
on the 2* factorial experimental design in order to obtain 16 flow
patterns of crude oil inside the pipeline. The results showed that
those all 16 profiles had quite similar flow patterns. The difference
between each profile was the decreasing rate of crude oil tempera-
ture. Examples of crude oil temperature and velocity profiles are
shown in Figs. 2 and 3, respectively.

It can be seen in Fig. 2(a) that crude oil temperature decreased
along pipeline length and continuously dropped with the time
because there was the heat loss of crude oil to environment [12].
In the same time, temperature of crude oil near the pipe center
had the highest value then decreased along the radial direction
of the pipe until reaching the pipe wall where the temperature
was the same as the surrounding temperature as shown in
Fig. 2(b). As for the velocity profile, Fig. 3(a) shows that the crude
oil velocity in the pipeline was quite constant along the pipeline
length due to the constant cross-section area of the pipeline.
Because the viscosity is depended on the temperature, the

Run Wall thickness (m) A Pipe thermal

conductivity (kW/m °C) B

Surrounding heat transfer
coefficient (kW/m? °C) C

Ambient temperature (°C) D Wax appearance distance (m)

Near pipe wall Near pipe center

1 0.0880 0.0151 0.100
2 0.0880 0.0625 0.100
3 0.0012 0.0625 0.100
4 0.0880 0.0625 0.005
5 0.0012 0.0151 0.100
6 0.0012 0.0151 0.005
7 0.0880 0.0151 0.005
8 0.0012 0.0625 0.005
9 0.0880 0.0151 0.005
10 0.0012 0.0151 0.100
11 0.0012 0.0151 0.005
12 0.0880 0.0151 0.100
13 0.0880 0.0625 0.005
14 0.0880 0.0625 0.100
15 0.0012 0.0625 0.100
16 0.0012 0.0625 0.005

35 220.0 2157.0
25 121.0 1672.0
35 2185 2153.0
35 247.5 2240.0
35 218.5 2153.0
35 247.0 2239.0
25 136.5 1732.0
35 247.5 2236.0
35 248.0 2238.0
25 121.0 1671.0
25 136.0 1731.0
25 121.0 1673.0
25 136.5 1733.0
35 219.0 2154.0
25 121.0 1669.0
25 136.0 1732.0
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Fig. 2. Temperature profile of crude oil (a) along the pipeline length and (b) along the diameter of pipe at the system outlet.
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Fig. 3. U-velocity profile of crude oil (a) along the pipeline length and (b) along the diameter of pipe at the system outlet.

obtained velocity profile at the wall region then should lower than
the obtained velocity profile at the center region. On the other
hand, Fig. 3(b) shows dropping of crude oil velocity along the pipe
diameter direction due to rapid increase of the crude oil viscosity
near the pipe wall caused by the decreasing of crude oil tempera-
ture near the pipe wall. These results agreed well with previously
reported trends [14].

The steady state temperature profiles in crude oil pipeline
obtained from developed CFD simulation code then were com-
pared with the experimental data by Guozhong and Gang [12] as
displayed in Fig. 2(b). Using the quite similar operating conditions
as used in this study, the obtained results then can be compared. It
is found that the obtained profiles were quite similar. The small
difference near the pipe wall is because the unknown properties
of pipeline in the literature information [12]. Therefore, the model
accuracy and correctness was proved. In Fig. 2(b), the result with-
out thick-wall condition is also shown. The profile was different
and lower from the one with thick-wall pipeline which confirmed
the assumption of this study about the importance of thick-wall
condition. The heat transfer resistance inside the wall slightly
made the crude oil temperature near the wall for the thick-walled
pipeline to be higher than the thin-walled pipeline. In addition, the
result trend was compared with the one from commercial

software, ANSYS FLUENT, the obtained results from both sim-
ulation codes also had a similar trend [15].

3.2. The 2* factorial experimental design analysis

The response results from the 24 factorial experimental design
analysis with a single replicate were shown in Table 2. The
ANOVA statistical analysis of the results obtaining with a confi-
dence level of 95% or p-value equals to 0.05 were summarized in
Tables 3 and 4 for the wax appearance distance near the pipe wall
and the pipe center, respectively. The p-values provide a cut-off
beyond which we assert that the findings are statistically signifi-
cant. From the results in Table 3, it is found that surrounding heat
transfer coefficient (C), ambient temperature (D) and their interac-
tion (CD) had significant effect on the response. In addition, it can
be seen in Table 4 that surrounding heat transfer coefficient (C)
ambient temperature (D) were the effect parameters on the wax
appearance distance near the pipe center. These were indicated
by the low p-value of 0.05.

Fig. 4 illustrates the plots of the main and interaction effects for
each significant response variable. From both the results, near the
wall and center regions, the parameters had the same effects on
the responses. A negative effect of surrounding heat transfer
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Table 3
The analysis of variance when the response variable was the wax appearance distance
near pipe wall.

Source Sum of Degree of Mean F-value P-value
squares freedom square

(DF)
Model 5.10759E-05 3 1.702E-05 86009.89  <0.0001
C 2.08029E-06 1 2.080E-06  10509.37  <0.0001
D 4.88429E-05 1 4.884E-05 2467493 <0.0001
CD 1.52609E-07 1 1.526E-07  770.9659  <0.0001
Residual ~ 2.37535E-09 12 1.979E-10
Cor Total 5.10783E-05 15
Table 4

The analysis of variance when the response variable was the wax appearance distance
near pipe center.

Source Sum of Degree of  Mean F-value P-value
squares freedom Square
(DF)
Model 7.157E-08 2 3.578E-08 31194.04  <0.0001
C 1.475E-09 1 1.475E-09  1286.057  <0.0001
D 7.009E-08 1 7.009E-08  61102.01  <0.0001
Residual 1.491E-11 13 1.147E-12
Cor Total ~ 7.158E-08 15

coefficient (C) on wax appearance distance was observed. When
the surrounding heat transfer coefficient (C) is increased, the wax
appearance distance decreases due to the increase of heat transfer
rate from crude oil to environment outside the pipe [16].
Meanwhile, the ambient temperature (D) had a positive effect on
wax appearance distance, the wax appearance distance increases
with increasing of ambient temperature. This is because a higher
ambient temperature causes a lower heat transfer rate from crude
oil to surrounding and results in slower wax appearance distance
[17]. In Fig. 4(b), the negative interaction effects between sur-
rounding heat transfer coefficient and ambient temperature were
also illustrated. In fact, the wall thickness and pipe thermal con-
ductivity had an effect on the response variable but had less signifi-
cant when comparing to the surrounding heat convection transfer
coefficient and ambient temperature using 95% confidence inter-
val. The reason is because the response variable in this study is
the wax appearance distance which directly depending on the sur-
rounding heat convection transfer coefficient and ambient tem-
perature. The pipe thermal conductivity and wall thickness may
have an effect on the temperature especially at near the pipe wall.
Comparing between the responses variables, there was higher
temperature drop near the wall than the pipe center, the reason
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is that the crude oil near the pipe wall receives the influence of
heat transfer directly from the conduction through the wall and
convection from the surrounding environment outside of the
pipeline.

The obtained mathematical models for the wax appearance dis-
tance are as follow;

Near the pipe wall:

1/z = 0.00605 + 0.00036 « C — 0.00175 * D — 0.000098 = C D
&)

Near the pipe center:

1/z = 0.000522 + 0.0000096 * C — 0.000066 * D (4)
where z is the wax appearance distance, C and D are the coded fac-
tors of surrounding heat transfer coefficient and ambient tempera-
ture, respectively. As stated in the methodology section, the coded
factors represent the dimensionless values of each factor ranging
from the lowest (or —1) to highest (or +1) ones as summarized in
Table 2. For surrounding heat transfer coefficient, the —1 and +1
coded values show the surrounding heat transfer coefficient of
0.005 and 0.100 kW/m? °C, respectively, while for ambient tem-
perature, the —1 and +1 coded values show the ambient tempera-
ture of 25 and 35 °C, respectively. After substituting the values of
code factors, the obtained mathematical models can be used to pre-
dict the wax appearance distance near the pipe wall and pipe center
[18]. From statistical experimental design theory, the obtained
equation can be used for any other systems which have the similar
dimensionless conditions. For the other cases, those equations can
explain the result trend. About the models, there is an interaction
effect near the pipe wall and no interaction effect near the pipe cen-
ter. In addition, response surface methodology (RSM) which is the
mathematical and statistical techniques was used to locate the ori-
gin point of the wax appearance distance from the obtained models
[18]. As can be seen in Fig. 5, the wax appearance distance will be
longer at low surrounding heat transfer coefficient and high ambi-
ent temperature. Therefore, crude oil transportation should operate
with this condition to avoid or reduce the wax appearance.
Surrounding heat transfer coefficient generally depends on fluid
properties and velocity while the ambient temperature depends
on weather, season and duration time of the day. It can be seen that
these parameters mostly depend on the natural environment where
the pipeline is located. However, there are some indirect ways to
control or manage the effect of these parameters such as coating
the pipeline with organic substance to decrease heat transfer rate
or adding the thermal insulation apparatus to attenuate the effect
of the surrounding temperature [19].
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Fig. 4. The (a) main and (b) interaction (for pipe center) effect plots of the dimensionless wax appearance distance.



54 W. Rukthong et al./Advances in Engineering Software 86 (2015) 49-54

1/z

Fig. 5. Response surface plots of the wax appearance distance (a) near pipe wall and (b) near pipe center.

4. Conclusions

Computational fluid dynamics model was developed to investi-
gate the effect of the parameters related to the thick-wall pipe
(wall thickness, pipe thermal conductivity, surrounding heat trans-
fer coefficient and ambient temperature) on the transport profile of
crude oil inside pipeline. It is found that all the obtained flow pat-
terns from the developed CFD simulation program were quite simi-
lar. These results had good agreement with the information in the
previous literatures. The profile without thick-wall pipeline was
different from the one with thick-wall pipeline which confirmed
the importance of thick-wall condition. The influences of various
parameters on transport profile were analyzed using statistical
experimental design. The result showed that surrounding heat
transfer coefficient (C), ambient temperature (D) and their interac-
tion (CD) had significant effect on the wax appearance distance
near the pipe wall while the parameters that affected on the wax
appearance distance near the pipe center were surrounding heat
transfer coefficient (C) and ambient temperature (D). In addition,
the obtained mathematical model can be used for optimizing the
system problem. To apply this knowledge in real situation, pipeline
system should be carefully designed based on the prevention of the
occurrence of wax inside the pipeline.
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Abstract. In this study, the response surface methodology and simplex-lattice design were
applied to investigate the effect of biomass constituents on the kinetics of biomass
combustion, important information for process design. The synthetic biomass made from
pure cellulose, xylan and Organosolv lignin was used instead of real biomass for this
purpose. The combustion process was employed using thermogravimetric analyzer. The
results obtained from three different kinetic models including Kissinger-Akahira-Sunose,
Ozawa-Flynn-Wall and Analytical Method were provided and compared. According to the
analysis of variances (ANOVA), the higher cellulose and hemicellulose fraction provided
greater activation energy and frequency factor. The proposed regression models with high
R? coefficient indicated that the predicted kinetic values and experimental data agreed very
well. The contour plots generated from the proposed models were also provided in this
study. They were used to observe the influence of biomass components on each kinetic
parameter.
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1. Introduction

The energy crisis has been issued and driven to research and utilize renewable resources. Biomass is
considered for energy purposes by partially substitution of coal and petroleum. The thermochemical
conversion processes of biomass including pyrolysis, combustion and gasification are alternative ways for
biomass conversion. Oxidation is the major technology for bioenergy production [1]. The biomass
oxidation involves several simultaneous physical and chemical processes such as elimination of water, the
release of volatile, fixed carbon production, dissociation of volatile matter into oil and gases, oxidation of
produced gases and fixed carbon, and decarbonation [2]. However, the complexity in reaction mechanism
and biomass structure leads to difficulty in prediction of behavior of biomass oxidation. The understanding
in biomass oxidation process and estimation of kinetic parameters such as the activation energy, frequency
factor and reaction order is very important for simulation and optimization of reactors. The appropriate
models that achieve a better understanding of this process have been studied and many literatures proposed
the mathematical models for kinetic modeling and decomposition profile of biomass oxidation [3-7].

Among the lab-scale apparatus, the thermogravimetric analysis (TGA) is a common technique to study
the fundamental kinetic characteristics of biomass pyrolysis and oxidation. Therefore, some of literatures
studied the behavior of biomass combustion in TGA. The kinetic parameters were then obtained from
TGA data by using various methods, such as analytical, differential, and integral methods [8—12]. Chen ez /.
investigated the combustion behavior of Chlorella vulgaris microalgae by using TGA in O2/Ny atmospheres
[11]. The activation energy of microalgae combustion at different oxygen concentration was calculated by
iso-conversional methods including Ozawa—Flynn—Wall (OFW) and Kissinger—Akahira—Sunose (KAS)
methods. By using FWO and KAS, the values of activation energy were 134.03-241.04 kJ/mol! and
134.53-242.33 kJ/mol"!, respectively. Idtis ef a/ calculated the kinetic values for the oxidation of palm
kernel shell, palm mesocarp fibre and empty fruit bunches from TGA data using model-free kinetics
developed by Vyazovkin and Sbirrazzuoli [12]. The average apparent activation energies for the combustion
of these biomasses were 139, 118 and 105 kJ/mol, respectively.

The prediction of kinetic parameters from biomass composition has also been focused in many
literatures [8, 13—15]. Lopez-Gonzalez et al. investigated the combustion characteristics of biomass main
components and three real biomasses [13]. The authors reported that the biomass oxidation behavior was
influenced by its composition. Biomass with higher cellulose content shifted the devolatilization stage to
lower temperatures and increased the decomposition rate whilst the lignin content affect the behavior of
char oxidation stage. Conesa and Domene studied the decomposition of five biomasses in TGA and
proposed global kinetic models [15]. The proposed model, derived under the assumption of simultaneous
parallel decomposition reactions of three different organic fractions, provided a good agreement between
predicted values and experimental values. From this point of view, the development of simplified kinetic
model which can potentially predict the combustion behavior and kinetic values is still attractive.

Recently, the statistical techniques have been applied to investigate the relationship between input
parameters and desired responses. The process information involving physical or chemical mechanism does
not required in these techniques. The response surface methodology (RSM) is one of the mathematical and
statistical techniques. It was commonly used to evaluate the effect of the individual factors on the desired
output [16-20]. Among the several experimental design methods, the simplex-lattice design (SLD) was
chosen to investigate the influence of correlated three factors. Therefore, it is suitable for applying to
biomass process since the biomass has three main compositions: cellulose, hemicellulose and lignin (under
dry, ash-free basis). In case of pyrolysis, Liu e /. used SLD to determine the interaction between the
biomass components [18] whilst Yang ef 4/ also employed the SLD to examine the relationship between
biomass composition and weight loss during pyrolysis [20]. The effect of main biomass constituents on the
weight loss profile was identified and the effect of their interactions on weight loss rate was observed.
However, in case of combustion process, the application of this kind of mathematical and statistical model
to this research field is still scarce.

In the present study, the effect of main biomass constituents and their interactions was screened and
the simplified models for the prediction of kinetic values for biomass oxidation were developed using The
RSM based on SLD. The synthetic biomass oxidation was observed in TGA. The kinetic values were then
calculated using iso-conversional methods and analytical method. Finally, the relationship between biomass
components and kinetic values were expressed in terms of cubic models. The statistical results and
proposed models obtained from several kinetic methods were compared. In addition, contour plots were
provided in this study and described in detail.
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2. Materials and Methods

2.1. Materials

The synthesized biomass used in this work consisted of pure a-cellulose, hemicellulose (xylan), Organosolv
lignin and their mixtures. Cellulose, hemicellulose, and lignin were purchased from Sigma Aldrich.

2.2 Experimental Design based on Simplex-lattice Design

The influences of cellulose, hemicellulose and lignin on decomposition behavior of biomass under
oxidative atmosphere were studied using RSM with SLD. The kinetic parameters including activation
energy (E,), frequency factor (4) and reaction order (#) represented the decomposition behavior and used
to simulate the decomposition profiles. With respect to SLD, the three-component system was designed as
shown in Fig. 1. This figure also shows the ratios of each component. Thirteen combinations composed of
three pure components, six points of two-component mixtures and four points of three-component
mixtures. The summation between mass fraction of cellulose (X7), mass fraction of hemicellulose (X7) and
mass fraction of lignin (X3) must be one. For each combination, the experiments were performed using
four constant heating rates with two replicates.

Pure cellulose

6
(1.00, 0.00, 0.00)

1
(0.67, 0.33, 0.00)

5
(0.67, 0.00, 0.33)

9
(0.33, 0.67, 0.00)

7
0.33, 0.00, 0.67)

(0.33,0.33,0.33)

(0.17, 0.67,0.17)

Pure hemicellulose Pure lignin

12 10 4 11
(0.00, 1.00, 0.00) (0.00, 0.67,0.33) (0.00, 0.33,0.67) (0.00, 0.00, 1.00)

Fig. 1. 13 points augmented simplex lattice design. (Numbers in parenthesis represents mass fraction of
cellulose, hemicellulose and lignin, respectively).

2.3. Thermogravimetric Analysis (TGA)

The weight loss and differential weight loss of synthesized biomass and real biomass oxidation as functions
of temperature and time was observed using thermogravimetric/ differential thermal analyzer (Perkin
Elmer TG/DTA Analyzer) under air atmosphere. The flow rate of air was 50 mL min-!. Approximately 3.0

mg of sample was placed into an aluminium pan and then heated from 30 to 1000 °C at four linear heating
rates (5, 10, 20 and 40 °C min™").

2.4. Derivation of Kinetic Parameters from TGA Data
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For the non-isothermal system, the sample mass was recorded as a function of temperature and time. The
rate of decomposition (dar/ df) can be expressed as:

da
A O
where a is the fraction of convertible part of biomass decomposed at any time # which is defined by Eq. (2)

and £(T) is the rate constant given by Arrhenius equation. The function f{a) depends on the decomposition
mechanism.

W, -W
o =20

— e @
WO _Wash
By applying Arrhenius equation and the constant heating rate (8 = dI/di), Eq. (1) can be written as Eq.
-
A E
o _ Ao~ |ar ©
f(a) p RT

where A is the frequency factor (s), E, is the activation energy (kJ/kmol), R is a gas constant (8.314
kJ/kmol.K) and T'is the reaction temperature (K).

To simplify the equation, single step decomposition reaction was assumed. Therefore, function f{o) is
defined as (7-a)’. Then, the integrated form of Eq. (3) for 15t order and #®* order of reaction can be written
as Egs. (4) and (5), respectively.

For 1st order of reaction
2 E
a=1-exp _ART 1—zﬂ exp| ——= 4
PE, E. RT
For nth order of reaction

a:l—{l—(n—l)(— AﬁRET J[l— ZERTjexp(— ETJ} B )

Hereafter, Eqgs. (4) and (5) were called as analytical models. To calculate the kinetic parameters, the
TGA curves were fitted with the analytical models by means of maximizing the regression coefficient (R?).
Then, a set of kinetic values those shows the better fit to the TGA data will be chosen for developing the
correlation between biomass compositions and kinetic parameters.

In this study, other well-known kinetic models including Kissinger-Akahira-Sunose Model (KAS) and
Ozawa-Flynn-Wall (OFW) were also applied for the calculation. These iso-conversional methods also
consider the single step decomposition reaction as analytical models [21]. Eq. (3) was rearranged and

function g(a) was given as Eq. (6).
P a A E AE E
0@) = [ 0= [ Rexp| - o Jar =25 pf e ©
° f(a) 0B RT PR RT
where the term p(E./RT) is the temperature integral. The difference of KAS and OFW methods is due to
the approximation for solving the equation. In case of KAS, the approximation is proposed to be [22-24]:

E ) o [_Ea X[Eaj‘z ;
PLRT )™ "Re RT @

Substitutes Eq. (7) into Eq.(6) and takes logarithm. Then, Eq. (6) becomes:

In(ﬁjzln(ﬁj— . (8)
T? Rg(e) ) RT

The E, and A can be calculated by plotting cutve of In(/T?) against 7/T.
In case of OFW, The approximation of this model is based on Doyle’s approximation [22, 25-27].
Therefore, Eq. (6) becomes:

Ea _ _ Ea
log #=log (A Rg (a)j 2.315-0.457 [ T j )
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The E, and A can be calculated by plotting cutve of log () against 7/7T. In case of any order 7 of KAS
and OFW methods, # was calculated by Kissinger index of shape equation using differential thermal
analysis (DTA) curves [23, 28]. The g(a) is equal to -In(1-a) for first-order kinetics and (#-1)-1(1-c)(- for
any order 7.

2.5. Statistical Analysis and Mathematical Model

A statistical test called ANOVA (analysis of variance) and response surface methodology (RSM) were used
to evaluate the effect of each biomass constituent, determine the most significant factor on the desired
response (E,, A ot # obtained from various methods) and also generate the statistical models for predicting
the kinetic parameters. The values of each response were transformed by taking natural logarithm previous
to the statistical analysis in order to satisfy assumptions of linearity and homogeneity of variance. The
ANOVA tables of response surface model for each response were provided to summarize the test
performed. The Model p-value below 0.05 implies the model is significant.

Since the response was the function of mass fraction of cellulose, hemicellulose and lignin, the behavior
of the response could be explained by the following cubic equation (Eq. (10)) [17, 19].

InY  =aXi+aXo+ aXs+ apX; Xot+ anX; X5+ anXo X5+ 412X X2 X5
+ 212X X0 (X1 - X0) + a13X0X5 (X — X5) + a23X0X5(X0- X5) (10)

where In Y is natural logarithm of estimated response. The a, az, as, aiz, ais, az, aizs, ai2, ai.s and a3 are
constant coefficients for linear and non-linear (interaction) terms. The models were also used to generate
the ternary contour plots in order to observe the influence of biomass compositions on E,, A4 and 7 The
models and ternary contour plots for estimated kinetic values obtained from different kinetic models were
produced to observe the individual effects of the selected factors and interactions between them. Moreover,
these generated models and ternary plots were compared to each other as well.

3. Results and Discussion
3.1 Combustion of Main Chemical Compositions of Biomass and Their Mixtures

Combustion of the main chemical compositions of biomass including cellulose, hemicelluloses, lignin and
their blends were studied using a TGA analyzer. Fig. 2 shows the weight loss profiles and rate of weight
loss cutves as a function of temperature at a heating rate of 5 °C/min.

It could be found that significant variations between different compositions existed due to differences
in their chemical compositions. From Fig. 2(a), two decomposition zones were observed for both cellulose
and hemicellulose combustion. The first decomposition zone was taken account to the pyrolytic reactions
of biomass components. The degradation reaction is accompanied by the release of water, gaseous products
and eventual formation of char [8]. During combustion reaction, with a presence of oxygen, the char
residues underwent ignition resulting in an appearance of the second decomposition zone. Compared to
hemicellulose combustion, the weight loss of cellulose started at higher temperature and finished at lower
temperature. This behavior is attributed to the fact that the cellulose composes of only one simple repeating
unit, cellubiose. Therefore, cellulose decomposes through a rapid depolymerization process by cleavage of
glycosidic bonds during the combustion process [29]. In contrast, xylan, which was used as hemicellulose
model in this work, was the least thermally stable component of biomass. The onset temperature of xylan
combustion was lower than that of cellulose. Fig. 2(d) also illustrated that the maximum of weight loss in
case of xylan combustion occurred at lower temperature than that of cellulose combustion. For the
blending of cellulose and hemicellulose, as shown in Fig. 2(a) and 2(d), TG and DTG curves of the blends
laid between those of the individual biomass components. At higher blending ratio of hemicellulose (xylan),
more volatiles of polypentose was released which shifted the volatile release onset temperature to lower
value.
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cellulose/lignin (¢) and hemicellulose/lignin (f).

Fig. 2(b) and 2(c) shows the comparison of TGA data between lignin combustion and other
components. It could be seen that lignin shows a gradual decomposition over a broad temperature range. It
started to decomposition at lower temperature compared to cellulose whilst its final decomposition
temperature was higher than that of hemicellulose since it makes of aromatic compounds that have
numerous branches and heavily cross linked. The complicated interconnected structure provided high
thermal stability to lignin. The maximum weight loss rate of lignin thus appeared at the highest temperature.
From Fig. 2(e) and 2(f), the numbers of DTG peaks corresponded to the main decompositions. In case of

46
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blending, the magnitude of peaks related to the blending ratios and laid between those of the individual
biomass components.

3.2. Evaluation of Kinetic Values

The kinetic values of synthetic biomass combustion calculated from KAS, OFW and Analytical methods
are presented in Table 1(a), 1(b) and 1(c), respectively. The combustion of each synthetic biomass blending
ratio were conducted at 4 heating rates with 2 replicates. The results demonstrated that kinetic values
calculated from KAS (Table 1(a)) were comparable to those calculated from OFW (Table 1(b)) since they
were developed from the same procedure, excepting an approximation of temperature integral term. For
KAS and OFW methods, it should be noted that the values of E, calculated from first-order and any-order
kinetics had the same values. The E, was calculated from the slope of linear plots without any influence of
other parameters whilst the .4 and 7 were calculated from the intercept of linear plots. In addition, the
values of n calculated from both KAS and OFW methods were equal because they were calculated from the
same DTA curve.

From Table 1(a) and 1(b), the E, and A were about 88 — 141 kJ/mol and 1E+5 — 8E+12 min! whilst #
were approximately 1.2 — 1.7. It could be observed that synthetic biomass with high lignin blending ratios
(Sample code 3, 4 and 7) and pure lignin (Sample code 11) gave relatively low E, and 4. It was because of
the complexity of lignin structure as mention earlier. The decomposition of lignin composes of several
chemical reactions, including the cleavage of o~ and [-aryl-aryl-ether linkages, splitting of aliphatic side
chains from the aromatic rings and cleavage of carbon-carbon linkage between lignin units [30], which
occurs simultaneously. Coincidentally, oxygen in air promoted the formation of volatiles and gasified the
residue. In cases of cellulose and xylan combustion, the decomposition of these components occurred
faster than lignin since they have much simpler repeating unit. Therefore, the E, and A provided from
these cases were higher than a case of lignin combustion. However, the results exhibited that the values of
E, and A obtained from the blends cannot be calculated from the arithmetic method, indicating the
interaction between each component.

Considering the Analytical method, the calculated E, and A (for both cases of first-order kinetic and
any-order kinetics) values were higher than those obtained from other cases. Moreover, the relationship
between kinetic values calculated from this method and biomass composition was not obviously observed,
especially a case of first-order kinetic.

Table 1. Predicted kinetic values obtained from different kinetic models.

(a) KAS
Sample n=1 n#1

code E, (kJ/mol) A (min) E, (k] /mol) A (min) n
1 101.2 1.4E+08 101.2 2.3E+08 1.6
2 138.6 2.8E+11 138.6 42E+11 1.4
3 86.2 1.5E+05 86.2 2.3E+05 1.5
4 88.4 24E+05 88.4 4.4E+05 1.7
5 119.1 5.0E+09 119.1 9.3E+09 1.6
6 103.8 3.6E+08 103.8 6.4E+08 1.6
7 88.2 2.6E+05 88.2 3.0E+05 1.2
8 113.9 1.7E+09 113.9 2.4E+09 1.4
9 119.1 5.0E+09 119.1 9.3E+09 1.6
10 137.2 29E+12 137.2 4.6E+12 1.5
11 98.2 1.3E+06 98.2 2.0E+06 1.5
12 121.4 9.5E+10 121.4 1.5E+11 1.5
13 120.5 6.9E+09 120.5 1.4E+10 1.7
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(b) OFW
Sample n=1 n#1

code E, (k] /mol) A (min) E, (k] /mol) A (min?) n
1 106.0 5.1E+08 106.0 8.7E+08 1.6
2 141.5 57E+11 141.5 8.4E+11 1.4
3 94.1 1.2E+06 94.1 1.8E+06 1.5
4 96.1 1.7E+06 96.1 3.2E+06 1.7
5 132.0 1.6E+11 132.0 2.5E+11 1.5
6 108.4 1.3E+09 108.4 2.2E+09 1.6
7 95.9 1.9E+06 95.9 2.2E+06 1.2
8 118.2 5.1E+09 118.2 7.3E+09 1.4
9 123.1 1.4E+10 123.1 2.6E+10 1.6
10 139.5 5.2E+12 139.5 8.1E+12 1.5
11 105.5 7.6E+06 105.5 1.2E+07 1.5
12 124.4 21E+11 124.4 34E+11 1.5
13 124.4 1.9E+10 124.4 3.7E+10 1.7

(c) Analytical models

Sample n=1 n#1
code E, (kJ/mol) A (min) E, (k] /mol) A (min™) n
1 127.9 5.1E+08 114.8 8.7E+08 1.4
2 159.6 2.8E+11 145.0 3.6E+11 1.4
3 152.0 1.5E+09 117.5 2.3E+08 1.3
4 149.9 1.0E+09 100.0 2.8E+07 1.3
5 154.2 6.9E+10 127.7 2.0E+10 1.3
6 123.7 3.6E+08 116.7 6.4E+08 1.6
7 151.0 2.6E+08 100.0 2.4E+08 1.2
8 139.5 2.2E+09 113.2 2.4E+09 1.2
9 140.5 1.4E+10 113.7 2.6E+10 1.2
10 167.5 2.8E+12 134.6 5.0E+12 1.1
11 155.2 8.3E+08 107.6 4.0E+07 1.4
12 174.4 52E+12 114.8 24E+11 1.2
13 143.9 1.5E+10 114.4 1.8E+10 1.1

The difference between Analytical method and the others occurred because this method attempted to
fit the model with experimental data without considering the combustion behavior. The apparent kinetic
values provided by this method came from the average of 8 individual experiments (4 heating rates with 2
replicates) whilst iso-conversional method, KAS and OFW methods, approximated the reaction order from
DTA data and calculate other kinetic values from larger information (simultaneously calculated the E, and
A from 4 heating rates and progress of conversion). However, Analytical method for any-order kinetic
provided more comparable kinetic values to iso-conversional method. As can be seen in Fig. 3, the
conversion curve obtained from a case of any-order kinetic showed the better fit to an experimental data
and gave very high R? (0.98) compared to that obtained from a case of first-order kinetic (0.94). Therefore,
an apparent reaction order of biomass combustion was greater than one.

48 ENGINEERING JOURNAL Volume 19 Issue 2, ISSN 0125-8281 (http://www.engj.org/)



DOI:10.4186/¢j.2015.19.2.41

0.8

0.6

0.4

Conversion rate

—Experiment

- —-Analytical method. n=1

-------- Analytical method, n=1

500 650 200 950
Temperature (°C)
Fig. 3. Relationship between temperature and conversion (wt./wt.) of biomass pyrolysis obtained from
Analytical methods for first-order kinetics and any-order kinetics.

3.3. Statistical Analysis and Modeling
3.3.1. Analysis of variance

After transforming the data by applying natural logarithm, the effects for all model terms were calculated.
The statistical values such as F-value and p-value were used for indicating the factors those had significant
effect on the response. ANOVA results for kinetic values obtained from KAS, OFW and Analytical
methods have been summarized in Table 2(a), 2(b) and 2(c), respectively. The very low probability values
(<0.05) indicated that all the linear terms of individual biomass components (X7, X> and Xj) were
statistically significant for frequency factor estimated by using KAS and OFW methods. In addition, in case
of OFW method, an interaction term between mass fraction of cellulose and lignin, X/ X5(X7 - Xj5), had
significant effect on frequency factor and activation energy as well. However, the statistical results showed
that none of cubic terms was the prominent factor that had significant effect on reaction order obtained by
using KAS and OFW methods.

In case of Analytical method, the linear terms were found to have remarkable effects on activation
energy (first-order kinetic) and reaction order. Moreover, some interaction terms such as X7.X5, X Xo(X7 -
X2 and XoX5(X>2 - X5) also had significant effect on reaction order whilst the other factors were not
significantly influential (P > 0.05). To show the interactions between mass and the kinetic values, the
regression models were generated and contour plots were profiled as discussed further down.
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3.3.2. Modeling and ternary contour plot

Generally, the model terms in the cubic equation were calculated after elimination of some insignificant
variables and their interactions which have the low p-value (<0.05). However, in this study, all terms were
included in the models to maximize the accuracy, in terms of R?), of models. The generated regression
models for kinetic values obtained from KAS, OFW and Analytical methods have been summarized in
Table 3. For KAS and OFW methods, the regression models with high R? values (varied from 0.91 — 0.95)
for predicting E, and .4 (6 models) are obtained. These high R? coefficients ensured a fitting of the cubic
models to the experimental data. Therefore, these models could be used to predict the E, and A values
from mass fractions of biomass compositions. However, in case of 7, the R? values were relatively low (0.80
for KAS method and 0.84 for OFW method) but they were probably acceptable. Therefore, these proposed
models were accurately employed for predicting kinetic parameters of synthetic biomass combustion. In
case of Analytical method, R? coefficients indicated that the proposed regression models provided quite
lower accurate kinetic values, excepted 7 As mentioned earlier, this method was used to calculate the
apparent kinetic values by forced fitting the model to TGA curve. The calculated kinetic values were quite
poorly used to describe the biomass combustion behavior and also the relationship between biomass
components.

Table 3.  The regression models for biomass pyrolysis kinetics obtained from different methods.

Response Regression models in terms of actual factors R2 SD
KAS E, Ln E, = 4.64X; + 481X, + 4.59X5 - 0.10X:X, + 0.15X;X5- 0.04X,X5 + 1.97X:XX;5 - 091 0.10
+ O.16X7X2(X7 - Xg) + 2.30X7X3(X77 X3) + 2.00X2X3(X27 X})
A (first  Ln.A=19.55X; + 25.46X>+ 14.02X5- 9.54X,X5 + 5.04X,X5 + 1.94X0X5 093 295
order) + 47.95X1X5X5 + 14.60.X.X(X;- Xo) + 60.87.X.X5(X5- X5)

+ ()5.70X2X3(X2 - Xj)
Aany  LnA=2014X;+ 25.91X+ 14.43X;5- 9.31X,X, + 445X, X5+ 2.53X5X; 094 284
order) + 4541 X, X5X5 + 12.58X1X2(X14 XQ) + 62.93X7X3(X7— X3)

+ 64.61X5X5(X- X5)
n Ln 7= 048X+ 041X, + 0.37X5+ 0.12X7.X5 - 0.47X,.X5 + 0.35X2X5 - 1.17X5.XX5 0.80  0.09

CLATXGXAX G X)) + 146X XX X5) - 0.71X0X5(X X5)

OFW E, Ln E, = 4.68X;+ 4.83X) + 4.66.X;- 0.09X:X> + 0.31.X:X5- 0.01XX5 + 1.12X,X0X5 0.92  0.08
+ 001X - X) + 234X, X5(X - X5) + 1.67XG6(X0 X5)
A (first Lo A= 20.85X; + 26.23X, + 15.77.X5- 9.30X,X, + 10.12X,.X5 + 2.38X,X5 0.94 248
order) + 23.93X,5,X;5 +9.79X, XX~ X2) + 66.71X,X5(X - X)
+ 58.86X2X](X2— Xj)
A (any ILn A= 21.43X+ 26.70X, + 16.18X5- 9.04X, X, + 9.26. X, X5 + 2.94X,X;3 0.95 239
order) + 2238 XXX + 8.01X, XX~ X3) + 68.15X,X5(X)- X))
+ 57.88X2X3(X2— Xj)
n Ln 7= 048X+ 041X+ 0.37X5+ 0.13X,X5- 0.64X, X5+ 0.33XX5- 059X, X5 X5 0.84 0.08

S 1.05XX(X- Xo) + LUNXXG(X- X5) - 0.67X0X5(Xo X5)

Analytical E, (first  Ln E, = 4.82X;+ 517X, + 5.05X5- 0.41.X;X, + 0.50X7 X;5- 0.21X0X5- 046X, X, X5 086 0.07

method  order) + 0.68XX(X - Xo) + 0.85X,X5(X - X3) + 0.15X:X5(Xo X5)
E,(any LnE,=476X;+ 476X,+ 4.68X;- 0.12X;X>+ 0.15X,X5 + 0.17XX5 + 1.32X5X0X5  0.64 0.13
order) + 073X XX Xo) + 1.26X,X5(X - X3) + 0.94X:X5(Xo X5)
A (first  LnA=19.50X; + 25.46X,+ 14.02X5- 9.57X, X, + 515X, X5 + 1.77X0X5 093 295
order) + 4820 X7X2X5 + 14.53X/X2(X/— Xg) + 6106 X1X3(X1- X})
+ 65.98 XoX5(Xo- X5)
Afny  LnA=2026X; +20647Xo+ 17.53X5- 5.17X;X0+ 14.66.X,X5 + 4.52X0X5 0.84 293
order) - 8.23X7X2X3 + 13.96X7X2(X7- Xg) + 27.14 X7X3(X7- X3>
+ 42.03 XQX}(XQ— Xj)
n Ln 7= 0.44X;+ 0.14X, + 0.30X; - 0.15X,X>- 0.68X,X;5 - 0.08X2X5 + 0.65X;.X,X5 0.99 0.01

+ 043X, XX~ X0) + 0.04X, X5~ X5) - 0.66 XXX X5)

The contour plots in Fig. 4-6 show the effects of mass fraction of cellulose, hemicellulose and lignin
on activation energy, frequency factor and reaction order obtained from different methods. Fig. 4(a), 4(b)
and 4(d) illustrate that the synthetic biomass with high cellulose-hemicellulose content and low lignin
content requires high FE, for combustion process. Fig. 5 confirmed again the influence of biomass
composition on the variation of 4. The higher cellulose-hemicellulose blend provided higher value of A.
Fig. 6 shows the influence of biomass composition on variation of n. It could be difficult to observe the
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trend. However, Fig. 6(c) which was obtained from Analytical method suggested that higher cellulose
content provided higher reaction order whilst higher hemicellulose content provided lower value.

Cellulose Cellulose

1.0 (a) 0 (b)

1.0 1.0 1.0 1.0
Hemicellulose Lignin Hemicellulose Lignin

Cellulose Cellulose
1.0 1.0

1.0 1.0 :
Hemicellulose Lignin Hemicellulose Lignin

Fig. 4. Contour plots of predicted In E, for synthetic biomass combustion obtained from KAS method
(a), OFW method (b), Analytical method for first-order kinetics (c) and Analytical method for
any-order kinetics (d).
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Cellulose Cellulose
1.0 1.0

1.0 1.0 1.0 1.0
Hemicellulose Lignin Hemicellulose Lignin

Cellulose Cellulose
1.0

1.0 1.0 1.0 1.0
Hemicellulose Lignin Hemicellulose Lignin

Cellulose Cellulose
1.0 1.0

1.0 1.0 1.0 1.0
Hemicellulose Lignin Hemicellulose Lignin

Fig. 5. Contour plots of predicted In .4 for synthetic biomass combustion obtained from KAS method
for first-order kinetics (a), KAS method for any-order kinetics (b), OFW method for first-order
kinetics (c), OFW method for any-order kinetics (d), Analytical method for first-order kinetics (e)
and Analytical method for any-order kinetics (f).
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Cellulose Cellulose
1.0 1.0

1.0 1.0
Hemicellulose Lignin Hemicellulose Lignin

Cellulose

1.0 1.0
Hemicellulose Lignin

Fig. 6. Contour plots of predicted In 7 for synthetic biomass combustion obtained from KAS method (a),
OFW method (b) and Analytical method (c).

4. Conclusions

The effect of biomass composition on kinetic values for biomass combustion process was investigated.
Based upon the experiments which were designed by using Simplex-lattice design, the RSM was used to
observe the effect of cellulose, hemicellulose and lignin content and indicate the factors those have
significant effect on the kinetic values. The results showed that the kinetic values calculated from KAS and
OFW methods provided more reliable values compared to those calculated from Analytical method. The
higher cellulose and hemicellulose fraction led to higher activation energy and frequency factor. By applying
RSM, the statistical analysis also confirmed that all main variables could be considered significant. The
proposed regression models with very high R? coefficients demonstrated that experimental data were in
close agreement with the predicted values. The RSM with Simplex-lattice design provided good information
about the prediction of apparent kinetic values for biomass combustion.

Acknowledgement
This study was financially supported by the Grants from the Thailand Research Fund for fiscal year 2014—
2016 (TRG5780205), the Grant for Development of New Faculty Staff (Ratchadaphisek Somphot

Endowment Fund) of Chulalongkorn University, the Grant from Faculty of Science of Chulalongkorn
University and the Center of Excellence on Petrochemical and Materials Technology, Chulalongkorn

ENGINEERING JOURNAL Volume 19 Issue 2, ISSN 0125-8281 (http://www.engj.org/) 55



DOI:10.4186/¢.2015.19.2.41

University. In addition, the authors would like to express their thanks to the Graduate School,
Chulalongkorn University for partial financial support.

References

56

J. Koppejan and S. V. Loo, The Handbook of Biomass Combustion and Co-firing. London, UK: Earthscan,

2008.

M. A. B. Zanoni, H. Massard, and M. Ferreira Martins, “Formulating and optimizing a combustion

pathways for oil shale and its semi-coke,” Combustion and Flame, vol.159, pp. 3224-3234, 2012.

M. Amutio, G. Lopez, R. Aguado, M. Artetxe, ]J. Bilbao, and M. Olazar, “Kinetic study of
lignocellulosic biomass oxidative pyrolysis,” Fuel, vol.95, pp. 305-311, 2012.

E. Ranzi, M. Corbetta, F. Manenti, and S. Pierucci, “Kinetic modeling of the thermal degradation

and combustion of biomass,” Chewmical Engineering Science, vol.110, pp. 2-12, 2013.

R. Mehrabian, A. Shiehnejadhesar, R. Schatler, and 1. Obernberger, “Multi-physics modelling of
packed bed biomass combustion,” Fue/, vol.122, pp. 164-178, 2014.

M. V. Gil, D. Casal, C. Pevida, J. J. Pis, and F. Rubiera, “Thermal behaviour and kinetics of
coal/biomass blends duting co-combustion,” Bioresource Technology, vol.101, pp. 5601-5608, 2010.

G. Varhegyi, E. Mészaros, M. J. Antal, J. Bourke, and E. Jakab, “Combustion kinetics of corncob

charcoal and partially demineralized corncob charcoal in the kinetic regime,” Industrial & Engineering
Chemistry Research, vol.45, pp. 4962—-4970, 2006.

K. Cheng, W. T. Winter, and A. J. Stipanovic, “A modulated-TGA approach to the kinetics of
lignocellulosic biomass pyrolysis/combustion,” Polymer Degradation and Stability, vol.97, pp. 16061615,
2012.

X. Fang, L. Jia, and L. Yin, “A weighted average global process model based on two-stage kinetic

scheme for biomass combustion,” Biomass and Bioenergy, vol.48, pp. 43-50, 2013.

D. Shen, J. Ye, R. Xiao, and H. Zhang, “TG-MS analysis for thermal decomposition of cellulose

under different atmospheres,” Carbohydrate Polymers, vol.98, pp. 514-521, 2013.

C. Chen, X. Ma, and K. Liu, “Thermogravimetric analysis of microalgae combustion under different

oxygen supply concentrations,” Applied Energy, vol.88, pp. 3189-3196, 2011.

S. S. Idtis, N. A. Rahman, and K. Ismail, “Combustion characteristics of Malaysian oil palm biomass,

sub-bituminous coal and their respective blends via thermogravimetric analysis (TGA),” Bioresource

Technology, vol. 123, pp. 581-591, 2012.

D. Lépez-Gonzalez, M. Fernandez-Lopez, J. L. Valverde, and L. Sanchez-Silva,

“Thermogravimetric-mass spectrometric analysis on combustion of lignocellulosic biomass,”

Bioresonrce Technology, vol.143, pp. 562574, 2013.

M. Othman, Y.-H. Park, T. Ngo, S.-S. Kim, J. Kim, and K. Lee, “Thermogravimetric characteristics

and pyrolysis kinetics of Giheung Respia sewage sludge,” Korean Journal of Chemical Engineering, vol. 27,

pp- 163-167, 2010.

J. A. Conesa and A. Domene, “Biomasses pyrolysis and combustion kinetics through n-th order

parallel reactions,” Thermochimica Acta, vol. 523, pp. 176-181, 2011.

S. Azevedo, L. M. Cunha, P. V. Mahajan, and S. C. Fonseca, “Application of simplex lattice design

for development of moisture absorber for oyster mushrooms,” Procedia Food Science, vol. 1, pp. 184—

189, 2011.

P. V. Rao and S. S. Baral, “Experimental design of mixture for the anaerobic co-digestion of sewage

sludge,” Chemical Engineering Journal, vol. 172, pp. 977-986, 2011.

Q. Liu, Z. Zhong, S. Wang, and Z. Luo, “Interactions of biomass components during pyrolysis: A

TG-FTIR study,” Journal of Analytical and Applied Pyrolysis, vol.90, pp. 213-218, 2011.

S. Karaman, M. T. Yilmaz, and A. Kayacier, “Simplex lattice mixture design approach on the

rheological behavior of glucomannan based salep-honey drink mixtures: An optimization study

based on the sensory properties,” Food Hydrocolloids, vol.25, pp. 1319-1326, 2011.

H. Yang, R. Yan, H. Chen, C. Zheng, D. H. Lee, and D. T. Liang, “In-depth investigation of

biomass pyrolysis based on three major components: hemicellulose, cellulose and lignin,” Enrergy &

Fuels, vol. 20, pp. 388-393, 2005.

T. Damartzis, D. Vamvuka, S. Sfakiotakis, and A. Zabaniotou, “Thermal degradation studies and

kinetic modeling of cardoon (Cynara cardunculus) pyrolysis using thermogravimetric analysis (TGA),”
Bioresource Technology, vol. 102, pp. 62306238, 2011.

ENGINEERING JOURNAL Volume 19 Issue 2, ISSN 0125-8281 (http://www.engj.org/)



DOI:10.4186/¢j.2015.19.2.41

J. E. White, W. J. Catallo, and B. L. Legendre, “Biomass pyrolysis kinetics: A comparative critical
review with relevant agricultural residue case studies,” Journal of Analytical and Applied Pyrolysis, vol. 91,
pp- 1-33, 2011.

H. E. Kissinger, “Reaction Kinetics in Differential Thermal Analysis,” Analytical Chemistry, vol. 29, pp.
1702-1706, 1957.

T. Akahira and T. Sunose, “Method of determining activation deterioration constant of electrical
insulating materials,” Research Report of Chiba Institute of Technology, vol. 16, pp. 22-31, 1971.

T. Ozawa, “Kinetic analysis of derive curves in thermal analysis,” Journal of Thermal Analysis, vol.2, pp.
301-324, 1970.

J. H. Flynn, “The ‘Temperature Integral’—Its use and abuse,” Thermochimica Acta, vol. 300, pp. 83-92,
1997.

C. D. Doyle, “Series approximations to the equations of thermogravimetric data,” Nature, vol. 207,
pp- 290-291, 1965.

C.-P. Lin, Y.-M. Chang, J. P. Gupta, and C.-M. Shu, “Comparisons of TGA and DSC approaches to
evaluate nitrocellulose thermal degradation energy and stabilizer efficiencies,” Process Safety and
Environmental Protection, vol.88, pp. 413—419, 2010.

V. Pasangulapati, K. D. Ramachandriya, A. Kumar, M. R. Wilkins, C. L. Jones, and R. L. Huhnke,
“Effects of cellulose, hemicellulose and lignin on thermochemical conversion characteristics of the
selected biomass,” Bioresource Technology, vol.114, pp. 663—669, 2012.

T. Faravelli, A. Frassoldati, G. Migliavacca, and E. Ranzi, “Detailed kinetic modeling of the thermal
degradation of lignins,” Biomass and Bioenergy, vol.34, pp. 290-301, 2010.

ENGINEERING JOURNAL Volume 19 Issue 2, ISSN 0125-8281 (http://www.engj.org/) 57






Korean J. Chem. Eng., 32(6), 1081-1093 (2015)
DOI: 10.1007/s11814-014-0296-8

PISSN: 0256-1115
eISSN: 1975-7220

Evaluation of biomass component effect on kinetic values for biomass pyrolysis
using simplex lattice design

Sasiporn Chayaporn®, Panusit Sungsuk™, Sasithorn Sunphorka®, Prapan Kuchonthara™**,

Pornpote Piumsomboon™**

, and Benjapon Chalermsinsuwan

&,% 3k, T

*Fuels Research Center, Department of Chemical Technology, Faculty of Science, Chulalongkorn University,
254 Phayathai Road, Patumwan, Bangkok 10330, Thailand
**Center of Excellence on Petrochemical and Material Technology, Chulalongkorn University,
254 Phayathai Road, Patumwan, Bangkok 10330, Thailand
(Received 7 June 2014 « accepted 2 October 2014)

Abstract—We evaluated the correlation between the biomass constituents and their kinetic values. To simplify the
models and indicate the effect of each constituent, pure biomass components and their mixtures were used as biomass
model. The experiments were set up based on simplex-lattice design. The pyrolysis of synthesized biomass was per-
formed by non-isothermal thermogravimetric analyzer. Several kinetic models in the literature, including Kissinger-
Akahira-Sunose, Ozawa-Flynn-Wall and analytical method were used to determine kinetic values for each experiment.
The generated regression models and predicted kinetic values from those methods were compared. The results obtained
from analytical model (for n#1) showed a good agreement (R*>0.95) with those obtained from experiments. This
study also provide contour plots for all cases in order to observe the behavior of biomass pyrolysis at different compo-
nent ratio.

Keywords: Simplex-lattice Design, Biomass, Pyrolysis, Model, Kinetics

INTRODUCTION

Biomass is an interesting resource that can potentially replace
fossil fuel since it can be used in short cycle. It has the potential to
contribute to the future energy and it is suitable for agricultural
countries. Thermal decomposition such as pyrolysis, combustion
and gasification is a conversion process for transformation of bio-
mass into biofuel [1]. Pyrolysis is the well-known process for bio-
mass conversion to energy under an absence of oxygen. It is the
initial step of all thermochemical conversion processes [2,3]. In addi-
tion, pyrolysis is the simplest and easiest to set up compared to gasifi-
cation [4,5].

The kinetics of biomass decomposition is the key to understand-
ing the mechanism and designing a suitable conversion process.
Non-isothermal thermogravimetric analysis (TGA) is one of the
best methods for the study of the kinetics of pyrolysis. Several kinetic
methods were used to calculate kinetic parameters including the
activation energy, frequency factor and reaction order from TGA
data with various factor effects [3,6-12]. Among several kinetic mod-
els, the iso-conversional methods such as The Kissinger - Akahira -
Sunose (KAS) method and Ozawa-Flynn-Wall (OFW) method are
the most commonly accepted for computational calculation based
on TGA and successfully used to simulate the pyrolysis behavior
of biomass [3,13-15]. These kinetic models were developed from
single-step pyrolysis. They calculate the kinetic parameters with a
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progress of conversion and temperature without considering the
reaction mechanism [16]. The previous literature study reported
that KAS and OFW methods are reliable enough for calculating
activation energy of cardoon pyrolysis from TGA data [3]. Besides
these two kinetic models, the analytical model, which is derived
from single-step decomposition kinetics, was also selected [7,10,11].
The analytical model derived by an assumption of #"-order kinet-
ics is reported to be acquirable, representative, and reliable for bio-
mass pyrolysis [7]. The calculated kinetic values obtained from all
models revealed that pyrolysis of biomass were complex and multi-
step kinetics.

To simplify the calculation of kinetic parameters, the prediction
of kinetic parameters from biomass composition has been explored
[17-21]. The correlations between main biomass components and
each kinetic parameter were proposed instead of a calculation from
TGA data. The previous study described the thermal degradation
of pistachio shells by a detailed reaction mechanism [20]. The re-
sults indicated that the expected mass loss during pistachio shell
pyrolysis derived from reaction mechanisms and discrete particle
method agreed well with experimental data. However, the major
advantage of the developed model is that it could employ the pyroly-
sis mechanism, but the model is very complex. Moreover, some
studies detected the differences between predicted values and experi-
mental data which were probably due to the interactions between
compounds and extractives [19,21]. Therefore, the development of
simply and accurate models which can potentially predict the ther-
mal behavior and kinetic values is still attractive.

Besides the development of models from reaction mechanisms,
many studies attempted to use the mathematical and statistical meth-
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ods for finding the correlation between biomass main components
and kinetic parameters. Response surface methodology (RSM), based
on simplex-lattice design, was chosen and demonstrated as a suit-
able method for examining the effect of correlated three input com-
ponents on the output data [22,23]. It is suitable for investigating
the biomass system since biomass’ three main components and sum-
mation of three proportions might be assumed to one. The previ-
ous study used simplex-lattice design (SLD) to determine the interac-
tion between the biomass components during synthesized biomass
pyrolysis [23]. The effect of each component and its interactions
on mass loss rate could be observed. However, this study did not
provide the other kinetic values.

However, there is a lack of applying this kind of model to this
research field. Therefore, the aim of this study was to develop a sim-
plified model for predicting kinetic values for biomass pyrolysis
from its main components. The correlations between mass fractions
of cellulose, hemicellulose and lignin were the input data, while
output data were activation energy, pre-exponential factor and reac-
tion order. The RSM based on SLD was chosen as a tool for this
purpose. For each point of experimental design, the synthesized
biomass was prepared at the desired ratio. The kinetic values were
evaluated from TGA data using the isoconversional methods, in-
cluding KAS and OFW methods, and also analytical method (in
cases of first-order kinetics and #"-order kinetics). The calculated
kinetic parameters obtained from three kinetic models (six cases)
were compared. The statistical analyses were also provided for all
six cases. The effect of pure biomass components and their inter-
actions were identified for each case and discussed. The regression
models and contour plots for predicted kinetic parameters were
also provided in this study to observe the interactions of biomass
components.

MATERIALS AND METHODS

1. Materials

Pure a-cellulose, xylan (a model of hemicellulose), and organo-
solv lignin were purchased from Sigma Aldrich. The real biomass,
Leucaena Leucocephala, was used to check the accuracy of
the model. The lignin content was analyzed by Tappi T2220m-98
[24]. The holocellulose content (cellulose and hemicellulose) was
analyzed by the Browning method of wood chemistry [25], whilst
the a-cellulose content was analyzed by Tappi T2030m-88 [26]. The
Leucaena Leucocephala was ground by biomass grinder and filtered
into particle sizes of 150-250 micron. The synthesized biomass and
real biomass were dried at 110 °C for 24 h before use.
2. Experimental Design

The simplex-lattice design (SLD) was used to determine the num-
ber of experiments and evaluate the effect of mass fraction of cel-
lulose (X,), mass fraction of hemicellulose (X,) and mass fraction
of lignin (X;) on kinetic parameters including activation energy
(E,), frequency factor (A) and reaction order (n). The samples were
prepared by physical mixing of the three pure components at dif-
ferent ratios. Based on SLD, summation of mass fractions (X;+X,+
X;) is unity. The sample codes for total 13 combinations and the
mass fraction of each experimental design point are presented in
Table 1. The 13 experimental points were three single-component
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Table 1. Sample code and mass fractions of cellulose, hemicellulose

and lignin
Mass fraction
Sample code
Cellulose Hemicellulose Lignin
1 1.00 0.00 0.00
2 0.00 1.00 0.00
3 0.00 0.00 1.00
4 0.00 0.33 0.67
5 0.00 0.67 0.33
6 0.17 0.17 0.67
7 0.17 0.67 0.17
8 0.33 0.00 0.67
9 0.33 0.33 0.33
10 0.33 0.67 0.00
11 0.67 0.00 0.33
12 0.67 0.17 0.17
13 0.67 0.33 0.00

treatments (Nos. 1, 2 and 3), six two-component mixtures (Nos. 4,
5,8, 10, 11 and 13) and four three-component mixtures (Nos. 6, 7,
9 and 12). For each mixture, the experiments were performed at
four linear heating rates (5, 10, 20 and 40 °C min ') with replicates.
3. Thermogravimetric Analysis (TGA)

At each experimental run based on SLD, the weight loss and dif-
ferential weight loss of synthesized and real biomass pyrolysis were
observed by thermogravimetric/differential thermal analyzer (Met-
tler Toledo TG Analyzer) under nitrogen atmosphere. The flow
rate of nitrogen gas was 50 mL min™'. Approximately 3.0 mg of sam-
ple was placed into an aluminum pan. The sample was heated from
30 to 1,000 °C at four linear heating rates.

4. Kinetic Models

The values of kinetic parameters were calculated by data interpre-
tation of thermogravimetric analysis (TGA) and differential thermal
analysis (DTA) curves, since they present the overall weight loss
rate of biomass pyrolysis. The biomass pyrolysis can be described
by three kinetic models, including Kissinger- Akahira-Sunose (KAS),
Ozawa-Flynn-Wall (OFW) and analytical model. These methods
are based on the assumptions that the reaction rate at constant
extent of conversion is only a function of temperature [27], and
they take into consideration the one-step process decomposition
[3]. This study’s apparent kinetic ignores the effect of particle size
(heat and mass transfers) since the real pyrolysis process might be
operated by using different particle sizes of biomass.

The general reaction rate is expressed as

da
q =k(Df(a) ¢y

where ¢ is the conversion of convertible part of biomass and cal-
culated from a=(W,-W)/(W,—W,,,); W, is the original weight,
W is the weight at any time t and W, is the ash content in the sam-
ple. The function k(T) is the rate constant given by Arrhenius equa-
tion, while the function f() depends on the decomposition mech-
anism.

By combining the constant heating rate (f=dT/dt) and Arrhe-
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nius equation, Eq. (1) can be shown as Eq. (2).

% = %exp(— %) dT ()
Gives:
g(e)= Jo (@ '[0 5 (_ RE_%)dT:;iap(%) 3)

where E, is the activation energy (kJ/kmol), R is a gas constant
(8.314 kJ/kmol-K) and T is the reaction temperature (K). The term
p(E./RT) is the temperature integral. The difference of iso-conven-
tional methods is due to the approximation for solving the equation.
4-1. Kissinger- Akahira-Sunose Model (KAS) [27-29]

The approximation is proposed to be:

R (lfT) @

Substitutes Eq. (4) into Eq. (3) and takes logarithm. Then, Eq.
(3) becomes:

ln(T%) =In (sz;)) N RE_% ©

E, and A can be calculated by plotting curve of In(4/T°) versus
I/T. In this study; the g(c) is equal to —In(1-¢) for first-order kinet-
icsand (n—1)"'(1— &)™ for any order n.

4-2. Ozawa-Flynn-Wall (OFW) [27,30,31]

The approximation of this model is based on Doyles approxi-

mation [32]. Therefore, Eq. (3) becomes:

logﬁzlog( RE( )) 2.315- 0457(I]{ET) (6)

E, and A can be calculated by plotting curve of log(/) versus 1/
T. The function g() is the same as indicating in Section 2.4.1.
4-3. Analytical Model

This model is derived based on single step decomposition pro-
cess. Therefore, the function f(e) in Eq. (2) is equal to (1-)". Then,
Eq. (2) becomes:

daA

ar_ g~ (‘ 1113_9(1_ a)’ @)

After solving the equation, the equations for analytical method
are given below:

for first-order kinetics:
ART? 2R
amt-exp| 2R W) ) ®

for n-order kinetics:

1

R (|

To calculate the kinetic parameters including E, and A, the TGA
curves were fitted with analytical models (Eqgs. (8) and (9)) by means
of maximizing the regression coefficient (R?). In case of any order
n of all methods, n was calculated by Kissinger index of shape equa-
tion. The shape index is defined as the absolute value of the ratio

of the slope of tangents to the curve at inflection points of differ-
ential thermal analysis (DTA) curves [28,33].

The pyrolysis of real example biomass, Leucaena Leucocephala,
was also performed. The kinetic parameters were calculated from
the proposed models. Then, the conversion curves obtained from
kinetic values of different methods were compared to that obtained
from experiment.

5. Statistical Analysis and Modeling

An analysis of variance (ANOVA) and response surface meth-
odology (RSM) were used to evaluate the effect of each biomass
constituent, determine the most significant factor on the desired
response and also generate the statistical models for predicting the
kinetic parameters. The model is expressed in terms of cubic equa-
tion (Eq. (10)) [22,34].

Y=a,X,+2,X,+a,X;5+a,,X; X,+a;;X; Xs+a,X; X5 (10)
2, XX, (Xi—=Xp)+2, 53X X5 (Xi—Xs5)+2, 5X,X5 (X,—Xs)

where Y is an estimated response (E,, A or n). The a,, a,, a;, a,,,
a3, 3, 4;y, 453 and a,_; are constant coefficients for linear and non-
linear (interaction) terms. The direction and magnitude of coeffi-
cients can illustrate the effect of each term on the desired response.
The models were also used to generate the ternary contour plots
in order to observe the influence of biomass compositions on E,
A and n. The models and ternary contour plots for estimated kinetic
values obtained from different kinetic models were produced and
compared to each other.

RESULTS AND DISCUSSION

1. Evaluation of Kinetic Values from Different Kinetic Models

Table 2 presents the E, and A calculated from different kinetic
models based on first-order kinetics. The results were averaged
from eight replicates (four heating rates with two replicates per each).
Both values calculated from KAS and OFW have the same trend
and comparable values, because both methods are developed from
the same assumption with different approximations of p(E,/RT).
The results obtained from both methods indicated that pure lignin
gave the highest E, (~200k]J/mol), while pure hemicellulose and
hemicellulose: lignin mixture at 0.33:0.67 wt: wt gave the lowest
E, (~120-130 kJ/mol). However, in case of mixtures, a different trend
was observed. Mixtures with high cellulose and hemicellulose pro-
portion gave higher E, compared to those with high lignin pro-
portion. Moreover, the values of E, and A in cases of mixtures cannot
be calculated from the arithmetic method (e.g,, summation of mass
fractions multiplied by E, and A of pure components). It might be
due to the interaction between each component.

Considering the case of analytical method, some differences oc-
curred. The calculated E, and A values were much lower than those
obtained from KAS and OFW methods in many cases. The large
differences were probably because the analytical method attempts
to fit the model with experimental data without considering the
pyrolysis behavior, while the isoconversional method approximates
the reaction order from DTA data and calculates other kinetic val-
ues from larger information (simultaneously calculated from differ-
ent heating rates and progress of conversion). Anyway; the accuracy
of models was tested and is discussed further down.

Korean J. Chem. Eng.(Vol. 32, No. 6)
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Table 2. Predicted kinetic values obtained from different decomposition models

Sample KAS OFW Analytical method
code E, (kJ/mol) A (min™") E, (kJ/mol) A (min™") E, (kJ/mol) A (min™")
1 145.0 1.0E+12 147.6 2.0E+12 143.2 3.7E+12
2 123.0 9.7E+10 126.0 2.2E+11 90.0 1.8E+06
3 199.8 2.3E+16 199.9 24E+16 1034 44E+05
4 120.8 4.0E+10 124.0 8.2E+10 103.9 2.8E+06
5 164.5 2.7E+14 165.5 7.1E+10 69.3 6.7E+05
6 142.0 2.6E+11 145.0 53E+11 104.8 1.7E+06
7 165.8 8.8E+14 166.6 1.2E+15 95.5 1.8E+06
8 179.9 1.0E+15 181.0 1.2E+15 108.2 1.6E+07
9 141.2 1.8E+11 144.3 3.7E+11 103.9 2.1E+06
10 164.4 6.2E+14 165.3 8.0E+14 104.5 1.8E+07
11 142.0 2.6E+11 134.9 49E+11 93.9 2.5E+07
12 169.7 3.5E+15 171.5 3.9E+15 86.1 6.0E+04
13 183.6 6.3E+13 184.7 2.5E+15 90.7 6.4E+05
Biomass 178.6 1.0E+15 179.5 1.3E+15 100.4 1.7E+06

The highest E, and A values, in this case, were obtained from a
case of pure cellulose while the lowest E, was obtained from a case
of hemicellulose: lignin mixture at 0.67:0.33 wt: wt (Sample no.
5). In addition, the mixtures with high cellulose proportion gave
lower E,, while the mixtures with higher lignin proportion gave
higher E,, excepting sample 5. This phenomenon was also reported
in the literature [21]. The previous study demonstrated that higher
E, is required to decompose woody biomass, which has higher lig-
nin content. It is because the complex aromatic structure of lignin.
The interactions were also observed in this case. The differences of
results obtained from the former methods and those obtained from
analytical method were probably due to different assumptions of
reaction mechanism in forms of function f{¢x) as mentioned in Sec-
tion 2.4.

Table 3 provides the values of E,, A and n calculated from dif-
ferent kinetic models based on #"-order kinetics. The results were

also averaged from eight replicates. It should be noted that the E,
calculated from cases of first-order (Table 2) and n™-order kinetics
(Table 3) for both KAS and OFW had the same values, because they
were calculated from the slope of linear plots which do not involve
the calculation of n. The A and n were calculated from the inter-
cept of linear plots. However, even though the calculated A obtained
from cases of first-order and #"™-order kinetics were different, the
trend was still the same.

Considering the calculated n, Table 3 shows that the apparent
reaction orders of biomass pyrolysis are larger than one, especially
in the case of using the analytical method. KAS and OFW gave
the same n values since they were calculated from the same DTA
curve. It can be seen that reaction order obtained from pure com-
ponents was lower than those obtained from mixtures. When the
different compound was added to other compounds, the several
decomposition reactions were parallel occurring due to the decom-

Table 3. Predicted kinetic values obtained from different decomposition models for n=1

Sample KAS OFW Analytical method
code E, (kJ/mol) A (min™") n(-) E, (kJ/mol) A (min™") n(-) E, (kJ/mol) A (min™") n(-)
1 145.0 1.50E+12 14 147.6 2.80E+12 14 178.1 9.38E+13 1.6
2 123.0 1.60E+11 1.5 126.0 5.00E+12 1.5 83.6 7.60E+07 1.1
3 199.8 2.50E+16 1.2 199.9 2.20E+12 1.2 68.3 1.82E+05 1.1
4 120.8 5.00E+10 1.3 124.0 1.20E+11 13 74.3 4.00E+04 6.2
5 164.5 4.80E+14 1.6 165.5 7.80E+14 1.6 72 1.10E+05 6.5
6 142.0 5.20E+11 1.8 145.0 1.10E+12 1.8 74.5 3.60E+04 59
7 165.8 1.40E+15 1.5 166.6 3.50E+12 1.5 82.1 3.80E+07 64
8 179.9 1.70E+15 1.6 181.0 2.10E+15 1.6 117.6 6.40E+08 7.1
9 141.2 3.10E+11 1.6 144.3 490E+12 1.6 89 2.10E+06 6.5
10 164.4 1.20E+15 1.6 165.3 1.50E+15 1.6 84.7 6.80E+07 5.8
11 142.0 3.90E+11 1.5 134.9 8.60E+11 15 127.6 1.10E+09 59
12 169.7 5.20E+15 1.5 171.5 3.10E+12 15 1189 6.40E+08 5.6
13 183.6 4.40E+15 1.7 184.7 5.10E+15 1.7 81.3 9.80E+05 4.8
Biomass 178.6 3.10E+15 2 179.5 3.80E+15 2 125.1 9.70E+09 14
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position of the added compounds and also interactions between
all components. Multiple reactions including several parallel first-
order reactions can be expressed by an apparent #"-order reaction
[35]. The calculated n was thus increased in case of mixture.

In case of using analytical method, n values for pyrolysis of the
mixtures were much higher than those obtained from KAS and
OFW. Higher lignin content gave higher n values. Besides the n,
the trends of E, and A were different from those obtained from
other isoconversional methods. The highest E, was obtained in a case
of pure cellulose, higher than a case of pure lignin. Higher cellulose
content needed higher E, during pyrolysis based on these results.

Besides the pyrolysis of synthesized biomass, real biomass pyrol-
ysis, Leucaena Leucocephala, was performed. The kinetic values of
biomass pyrolysis are presented in Tables 2 and 3 as well. The n ob-
tained from this method was very large compared to that obtained
from other models, indicating very complex reactions occurred.
Fig. 1(a) and (b) show the conversion curves obtained from calcu-
lated kinetic values. Fig. 1(a) presents the conversion curves for case
of first-order kinetics, and Fig. 1(b) presents the curves for n™-order
kinetics. The regression coefficients (R’) for each case are shown
in Table 4. The conversion rate of Fig. 1(a) and 1(b) was calculated
by Eq. (1) with the initial and final temperatures of 100 °C and 700 °C,
respectively. This temperature range ignores the weight change due
to the evaporation of moisture and focuses mainly on the decom-
position or pyrolysis step of biomass. The pyrolysis of biomass com-
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Fig. 1. Relation between temperature and conversion (wt/wt) of bio-
mass pyrolysis obtained from different methods for first-order
kinetics (a) and any-order kinetics (b).

Table 4. Regression coefficients of the decomposition curves gener-
ated from KAS, OFW and analytical method for biomass

pyrolysis
Regression coefficients 9
Method
n=1 n#l
KAS 0.77 0.73
OFW 0.76 0.73
Analytical method 0.98 1.00

monly occurs in this temperature range [3,8,10,11,37]. Conversion
curves obtained from the analytical model showed the best fit to
experimental data, possibly because the analytical method was fit-
ted to experimental data directly to calculate the kinetic parameters,
resulting in the highest R”. However, differences were observed be-
tween experimental and predicted data at relatively low temperature
and high temperature. It was due to the assumption of the kinetic
model since the kinetic model was developed based on single-step
decomposition. In fact, the biomass pyrolysis involves multi-step
degradation. At low temperature, the conversion is due to the mois-
ture evaporation, while the conversion at high temperature is due
to lignin degradation. Therefore, the deviation of predicted values
from experimental values was sometimes observed at these steps.
However, the predicted conversion rate was highly accurate at the
session in which mostly decomposition occurred.

In case of isoconversional methods, they also simulate the bio-
mass pyrolysis as a one-step process and neglect the physical and
chemical nature of the pyrolysis process. The details in diffusion,
adsorption, desorption and other occurring phenomena as well as
the whole reaction scheme are not considered [3]. The errors in
the calculated values obtained from KAS and OFW were probably
due to the assumption of f(a) and g(c). The other reaction models
including nucleation or diffusional model might be applied instead.
2. Statistical Analysis and Modeling
2-1. Analysis of Variance for First-order Kinetics

To evaluate the effect of cellulose, hemicellulose and lignin on
the kinetic parameters and understand the interaction between them,
the simplex-lattice design was used. Based on this experimental
design, the synthesized biomass was prepared as described in Sec-
tion 2.2. Then ANOVA was applied to analyze the effect of response
as described in Section 2.5. The p-value indicates the probability of
kinetic parameters affected from each term of model. The terms
which have p-value less than 0.05 have an important effect on the
kinetic parameters during biomass pyrolysis. All analysis results
are shown in Appendix A (Table A.1). For the case of using the
KAS model, the results demonstrated that the interaction terms
including quadratic term between cellulose and hemicellulose (X,X,)
and cubic term between hemicellulose and lignin (X,X5(X,—X;))
had a statistically significant effect on E,. By the same way; the results
indicated that the linear terms, interaction terms including X, X,
X X5 X X5(X,—X5) and X,X5(X,—Xs), had a statistically significant
effect on A. In case of using OFW, the important factors which have
significant effect on both parameters were almost the same as the
case of using KAS, excepting the X, X,X; term. As mentioned above,
both KAS and OFW were developed by the same way excepting

Korean J. Chem. Eng.(Vol. 32, No. 6)
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an approximation of g(a). Therefore, the calculated kinetic values
and also ANOVA for both cases were comparable.

For the analytical method, the analysis results were different. The
statistical analysis results presented that the linear terms and inter-
action including X, X; and X, X,(X,—X;) had a significant effect on
E, while all terms excluding X,X; and X,X5(X,—X;) had significant
effect on A. The effect of each component was unclear in case of
E,. However, in case of A, it seems that the cellulose proportion
was the dominant factor since all terms containing X, had a signif-
icant effect on A. This result differs from other models. Considering
the trend of conversion curves in Fig. 1 and R’ values in Table 4,
the calculated kinetic parameters obtained from analytical method
provided higher R’. Therefore, the analysis results obtained from
this model must be concerned. The cellulose pyrolysis has higher
decomposition rate due to its simple ordered repeating unit, cello-
biose. The TGA data (not shown here) indicated that cellulose de-
composes rapidly in a narrow temperature range, resulting in high
reaction rate, while lignin decomposes at wider temperature range.
This observation was consistent with other previous studies [36,37].
The cellulose pyrolysis thus influenced the decomposition rate for all
synthesized biomass which contain cellulose in their composition.
2-2. Analysis of Variance for n™-order Kinetics

The statistical analysis results are shown in Appendix A (Table
A2). In this section, only the analysis results for case of using ana-
lytical method (Table A.2(g)-(i)) are discussed. The results indicated
that linear terms and interaction between cellulose and hemicellu-
lose (X,X;) had a significant effect on E,. No interaction effect was
observed. In case of A, the effluent factors were the same as the
case of first-order kinetics, which confirmed that cellulose acts as
the dominant factor on decomposition rate of biomass pyrolysis.
For n, the two quadratic terms and interactions between all pure
components (X, X,X;) were indicated as the important factors. The
interactions between all pure components were obviously seen since
the n values of pure components were below two (Table 3) and dra-
matically increased by mixing together. The several components
contain in hemicellulose and lignin provided parallel #™-order reac-
tion, leading to higher n.

The ANOVA analysis for KAS and OFW methods is also pro-
vided in Table A.2. As expected, the results for E, and n obtained
from both methods are similar. However, the case of A was differ-
ent. It is difficult to determine what makes the large difference on
statistical analysis between these methods. Table 3 shows that the
calculated values of A were almost equal and comparable. In addi-
tion, the only one thing which is different from each other is the
approximation of g(c) term.

2-3. Modeling and Ternary Contour Plot

To predict and observe the variation of E,, A and n at different
biomass compositions, the regression models and contour plots
were also generated. The regression models for predicting kinetic
parameters based on analytical method are shown in Appendix B
(Egs. (B.1)-(B.5)). Considering the coefficient of each term, it pro-
vided an insight into ranking the importance of each term corre-
spondence with the ANOVA analysis. The positive coefficient in-
dicated that an increase in term magnitude increased the kinetic
values, while the negative coefficient indicated the opposite effect.
The R’ values of all models were above 0.95, which revealed very
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(a)

Hemicellulose

Cellulose

(b)

— 1E+010 e

T— [IEto11]  —

 [1E+011

Hemuicellulose Lignin

Fig. 2. Ternary contour plots of predicted activation energy (a) and
pre-exponential factor (b) obtained from analytical method
for first-order kinetics.

good agreement of predicted values from regression models and
experiments.

The response of each kinetic parameter was graphically repre-
sented as ternary contour plot (Figs. 2 and 3). Based on SLD, all
13 points of experiments are located inside the triangle. It means
that the sum of proportions of cellulose, hemicellulose and lignin
was always unity. Fig. 2 shows the contour plots of E, and A for
first-order kinetics and Fig. 3 shows the plots for #™-order kinet-
ics, with respect to the regression models. The interactions between
biomass components were obviously seen. The variation in bio-
mass composition was the important key to predict the kinetic of
its pyrolysis and observe the thermal behavior as well.

Regression models and ternary contour plots for predicting kinetic
parameters based on KAS and OFW methods were also provided
in Appendices B and C, respectively. All regression models, exclud-
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Cellulose

Hemicellulose Lignin

Cellulose

(b)

/ wm __ﬂl

Hemicellulose Lignin

Cellulose

Hemicellulose Lignin

Fig. 3. Ternary contour plots of predicted activation energy (a), pre-
exponential factor (b) and reaction order (c) obtained from
analytical method for n"-order kinetics.

ing the case of n, had high R”. The relatively low R* of regression
model for n revealed that the model could not be used to predict
the accurate values for those kinetic models. On the other hand,
the model generated from SLD might not do enough to predict
the values of n obtained from Kissinger index of shape equation.

CONCLUSIONS

The variation of biomass composition plays an important role
in its thermal behavior. The calculated kinetic values from three
kinetic models showed the different results and trend. Compared
to the conversion curve of real biomass, the conversion curve gen-
erated from analytical method showed the best fit compared to that
obtained from other kinetic models. Based on SLD and analytical
model, cellulose proportion was the most important factor influ-
encing the A and n. The proposed regression models showed very
high R” values, almost equal to unity. The generated contour plots
could be used to observe the variation of kinetic parameters at dif-
ferent biomass composition.
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APPENDIX A
ANOVA analysis of kinetic parameters from KAS, OFW and

analytical method (first-order kinetics)

Table A.1. The analysis of variance (ANOVA) for first-order kinetic
values of biomass pyrolysis

(a) Activation energy obtained from KAS method

f M

Source Sum 0 DF “an g value P-value>F
squares square

Model 6,494.30 9 721.59 9.22 0.05

Linear mixture 618.21 2 309.10 3.95 0.14

XX, 1,716.32 1 1,716.32 2193 0.02°

Table A.1. Continued

(a) Activation energy obtained from KAS method

Source Sum of Mean Fvalue P-value>F
squares square
XX 116.37 1 116.37 1.49 0.31
X, X5 393.69 1 393.69 5.03 0.11
XXX, 14775 1 14775 189 0.26
X, X,(X,~X,) 19897 1 19897  2.54 021
X, Xs(X,—X5) 10062 1 10062 129 0.34
XX(%-X,) 309639 1 309639 39.56 0.01°
Residual 23482 3 78.27
Total 6,729.13 12
(b) Pre-exponential factor obtained from KAS method
Source Sum of Mean Fvalue P-value>F
squares |square
Model 4.61E+32 9 512E+31 4245 0.01°
Linear mixture 1.65E+32 2 826E+31 6846  >0.00"
XX, 1.98E+29 1 1.98E+29 0.16 0.71
XX 1.16E+32 1 1.16E+32 9634 >0.00"
X, X5 1.33E+32 1 1.33E+32 110.28 >0.00"
XXX, LO9E+31 1 1.09E+31 906 006
X, X,(X,—X,)  3.89E+29 1 3.89E+29 0.32 0.61
X, X,(X,;—X;)  3.70E+31 1 3.70E+31 30.68 0.01°
XX (X,—X;)  3.63E+31 1 3.63E+31  30.07 0.01°
Residual 3.62E+30 3 1.21E+30
Total 4.65E+32 12
(c) Activation energy obtained from OFW method
Source Sum of Mean F value P-value>F
squares square
Model 6,23046 9 692.27 6.68 0.07
Linear mixture 505.64 2 252.82 244 0.24
XX, 1,591.80 1 1,591.80 15.35 0.03"
X X5 225.60 1 225.60 2.18 0.24
X, X5 389.62 1 389.62 3.76 0.15
XX, X5 70.14 1 70.14 0.68 0.47
X, X,(X,~X,) 25116 1 25116 242 022
X, Xs(X,—X5) 23081 1 23081 223 023
XX(X,-X,) 286361 1 286361 2761 0.01°
Residual 311.13 3 103.71
Total 6,541.59 12
(d) Pre-exponential factor obtained from OFW method
Source Sum of Mean F value P-value>F
squares square
Model 5.13E+32 9 5.70E+31 11231 >0.00"
Linear mixture 1.65E+32 2 825E+31 162.65 >0.00"
XX, 3.16E+30 1 3.16E+30 6.23 0.09
X X5 1.31E+32 1 131E+32 25740 >0.00"
X, X5 1.50E+32 1 150E+32 295.12 >0.00"
X X, X5 8.55E+30 1 855E+30 16.86 0.03"
X, X(X,—X,)  3.60E+30 1 3.60E+30 7.09 0.08
X X:(X,—X;) 361E+31 1 361E+31 7117  >0.00°
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(d) Pre-exponential factor obtained from OFW method

Source Sum of Mean F value P-value>F
squares square

XX,(X,—X;) 4.14E+31 1 4.14E+31 8169  >0.00°

Residual 1.52E+30 3 5.07E+29

Total 5.14E+32 12

(e) Activation energy obtained from analytical method

Source Sum of DF Mean F value P-value>F
squares square

Model 3,255.28 9 361.70 7.69 0.06

Linear mixture 995.56 2 49778 1058 0.04"

XX, 336.96 1 33696 7.16 0.08

XX 559.88 1 55988 11.90 0.04"

XX, 107.86 1 107.86 2.29 0.23

XX, X5 146.81 1 14681 3.12 0.18

X, X,(X,—X,) 76625 1 76625 1628 0.03

X, X,(X,—Xs) 36469 1 36469 775 0.07

X,X(X,— Xs) 33246 1 33246 7.6 0.08

Residual 141.19 3 47.06

Total 3,396.47 12

(f) Pre-exponential factor obtained from analytical method

Source Sum of DF Mean F value P-value>F
squares square
Model 1.24E+25 9 1.38E+24 73.02 >0.00"
Linear mixture 4.68E+24 2 2.34E+24 124.38 >0.00"
XX, 341E+24 1 341E+24 181.25 >0.00"
XX 341E+24 1 341E+24 181.25 >0.00"
X, X, 5.22E+20 1 5.22E+20 0.03 0.88
XXX, 220E+23 1 220E+23 1167  0.04°
X, XX —X,) 7.98E+23 1 798E+23  42.39 0.01°
X X,(X,~X,) 798E+23 1 7.98E+23 4239  0.01°
XX,(X,—X;)  000E+00 1 0.00E+00 000  1.00
Residual 5.65E+22 3 1.88E+22
Total 1.24E+25 12

“Significant F-values at the 95% confidence level (p-value<0.05)
DF=Degrees of freedom

ANOVA analysis of kinetic parameters from KAS, OFW and
analytical method (1"-order kinetics)

Table A.2. The analysis of variance (ANOVA) for n™-order kinetic
values of biomass pyrolysis

(a) Activation energy obtained from KAS method

Sum of Mean

Source DF Fvalue P-value>F
squares square

Model 6,494.30 9 721.59 9.22 0.05

Linear mixture 618.21 2 309.10 3.95 0.14

XX, 1,716.32 1 1,716.32 2193 0.02°

X X5 116.37 1 116.37 1.49 0.31

(a) Activation energy obtained from KAS method

Source Sum of DF Mean F value P-value>F
squares square
X, X5 393.69 1 393.69 5.03 0.11
XXX, 14775 1 14775 189 026
X, X,(X,~X,) 19897 1 19897 254 021
XXX —X5) 100.62 1 100.62 1.29 0.34
XX(X-X,) 309639 1 309639 39.56 0.01°
Residual 234.82 3 78.27
Total 6,729.13 12
(b) Pre-exponential factor obtained from KAS method
Source Sum of DF Mean F value P-value>F
squares square
Model 574E+32 9 6.38E+31 7691 >0.00"
Linear mixture 1.68E+32 2 842E+31 101.54 >0.00"
XX, 8.70E+30 1 8.70E+30 10.49 0.05
XX 1.41E+32 1 141E+32 17022 >0.00"
XX, 1.62E+32 1 162E+32 195.14 >0.00"
XXX, 650E+30 1 650E+30  7.84 007
X X(X,~X,) 1.00E+31 1 1.00E+31 1211  0.04°
X, X,(X,;—X;)  3.77E+31 1 3.77E+31 4551 0.01°
XX,(X,~Xy) 525E+31 1 525E+31 6331 >0.00°
Residual 249E+30 3 8.29E+29
Total 5.76E+32 12
(c) Reaction order obtained from KAS method
Source Sum of Mean Fvalue P-value>F
squares square
Model 0.27 9 0.03 1.23 0.48
Linear mixture 0.06 2 0.03 1.29 0.39
XX, 0.03 1 0.03 1.33 0.33
X X5 0.07 1 0.07 2.98 0.18
X, X5 0.01 1 0.01 0.34 0.60
XXX, 0.00 1 000 000 0.98
X,X,(X,~X,) 0.01 1 001 055 051
X, X:(X,—X5) 0.08 1 008 319 0.17
X,Xs(X,—X5) 0.00 1 000 001 0.94
Residual 0.07 3 002
Total 0.34 12
(d) Activation energy obtained from OFW method
Source Sum of DF Mean F value P-value>F
squares square
Model 6,230.46 9 692.27 6.68 0.07
Linear mixture 505.64 2 252.82 2.44 0.24
XX, 1,591.80 1 1,591.80 1535 0.03"
XX 225.60 1 225.60 2.18 0.24
X, X5 389.62 1 389.62 3.76 0.15
XX, X5 70.14 1 70.14 0.68 047
XXX~ X,) 25116 1 25116 242 022
X X(X—X5) 230.81 1 230.81 2.23 0.23
XX(X-X,) 286361 1 286361 2761 0.01°
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Table A.2. Continued

(d) Activation energy obtained from OFW method

(h) Pre-exponential factor obtained from analytical method

S f M S f M
Source um o N Elalue  PovaluesF Source um o N pyalue  PvaluesF
squares square squares square
Residual 311.13 3 103.71 Model 8.1E+27 9 9.0E+26 73.0 >0.00"
Total 6,541.59 12 Linear mixture 3.1E+27 2 15E+27 1244 >0.00"
(e) Pre-exponential factor obtained from OFW method XX, 22E+27 1 22E+27 1813 >0.00°
XX 2.2E+27 1 22E+27 1813 >0.00"
Sum of Mean
Source F value P-value>F XX, 3.4E+23 1 34E+23 0.0 0.88
squares square .
XXX, 14E+26 1 14E+26 117 0.04
Model ‘ 248E+31 9 276E+30 546 0.09 XX(X_X) 52E+26 1 52E+26 424 0.01°
Linear mixture 2.29E+30 2 1.14E+30 2.26 0.25a XXX~ X5) 59E426 1 52E426 04 0.01°
XX, 1.08E+31 1 1.08E+31 2145 0.02 XX (X,—Xs) 0.0E+00 1 0.0E+00 0.0 1.00
X X5 8.52E+29 1 8.52E+29 1.69 0.28 Residual 37425 3 12E+25
XX, 2.39E+29 1 2.39E+29 0.47 0.54 Total 81E+27 12
X, XX, 6.62E+30 1 662E+30 1312  0.04° o EERE———
XX(X-X) 509E+30 1 509E+30 1007  0.05 () Reaction order obtained from analytical metho
XX(X;~Xs)  404E+30 1 404E+30 801  0.07 Source Sum of Mean o1 pualuesF
XX,(X,—-Xy)  7.02E+29 1 7.02E+29 139 032 squares square
Residual 1.51E+30 3 5.05E+29 Model 56.22 9 6.25 34.53 0.01°
Total 2.63E+31 12 Linear mixture 042 2 0.21 1.16 0.42
(f) Reaction order obtained from OFW method XX, 16.67 1 1667 92.17 >0.00"
X X5 27.05 1 27.05 149.51 >0.00"
Sum of Mean .
Source Fvalue P-value>F XX, 2742 1 2742 151.56 >0.00
squares square .
XX, X5 2.72 1 2.72 15.02 0.03
Model 027 9 003 123 0.48 XX,(X-X.) 066 1 o066 367 015
Linear mixture 0.06 2 0.03 1.29 0.39 XXX, X5) 041 1 041 224 023
XX, 0031 003 133 0.33 XX, (X— Xo) 018 1 018 099 0.39
X X5 0.07 1 0.07 2.98 0.18 Residual 0.54 3 0.18
X, X5 0.01 1 0.01 0.34 0.60 Total 56.76 12
X X, X5 0.00 1 0.00 0.00 0.98 “Sionificant F-val  the 95% d level 10e<0.05
XXX, -X,) 0.01 1 00l 055 051 fo;) can 'Vf f“es da e 95% confidence level (p-value<0.05)
X,X,(X,—X,) 0.08 1 008 319 0.17 —egrees ot freedom
XXX~ X5) 0.00 1 000 001 0.94
Residual 0.07 3 0.02 APPENDIX B
Total 0.34 12

(g) Activation energy obtained from analytical method

Source Sum of Mean Fvalue P-value>F
squares square
Model 11,277.52 9 1253.06 8.05 0.07
Linear mixture 8,318.79 2 415939 26.71 0.01¢
XX, 2,109.19 1 210919 13,54 0.03%
X X5 0.36 1 0.36 0.00 0.96
X, X5 28.79 1 28.79 0.18 0.70
XX, X5 12.28 1 12.28 0.08 0.80
X, X,(X,—X,) 42130 1 42130 271 0.20
XXX, —X5) 58.00 1 58.00 0.37 0.58
XX (X,—X5) 031 1 031 0.0 0.97
Residual 467.23 3  155.74
Total 11,744.76 12
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Regression models of predicted kinetic parameters from analyt-

ical method
For first-order kinetics
Activation 142.8X,+89.3 X,+103.3 X;—81.9 X, R*=096  (B.1)
energy: X,—105.6 X, X;5—46.3 X, X;+352.43

X, X, X4—236.5X,X,(X,-X,)— 1632

X, Xs(X,-Xs)— 155.8%,X(X,-X5)
Pre-exponential (3.7E+12)X,—(7.9E+09) X,— R’=>0.99 (B2)
factor: (7.9E+09) X,—(8.2E+12) X, X,—

(82E+12) X, X,— (1.0E+11) X,

X3+ (14E+13) X, X, Xy~ (7.6E+12)

X, X,(X,-X,)— (7.6E+12) X, Xs(X,-

X,)— (2.9E+07) X,X5(X,-Xs)
For n"-order kinetics
Activation 177.3X,+835 X,+68.9 X,— 2049 X, R?=096  (B.3)
energy: X,—2.7 X, X5—-23.9 X, X;+101.9X,

X, Xy—175.4X,X,(X,-X,)— 65.1

XiX5(X-X5)+4.7 X, X5(X5-X5)



Pre-exponential
factor:

Reaction order:
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(9.3E+13)X,— (2.0E+11) X,— R’=>099 (B4)
(2.0E+11) X,—(2.1E+14) X, X,—

(2.1E+14) X, X,— (2.6E+12) X,

X;+(3.5E+14) X, X, X;—

(2.0E+14)X,X,(X,-X,)— (2.0E+14)

X, X5(X,-X,) +(2.6E+08) X,X3(X,-X5)

L6X,+1.1 X,+1.4 X,+182 X, R*=0.99
X,+232 X, X;+23.4 X, X;—47.9 X,
X, X3 7.0 X, X, (X,-X,)— 5.4

XiX5(X-X5)+3.6 X, X5(X,-Xs)

(B.5)

Regression models of predicted kinetic parameters from KAS

For first-order kinetics

Activation
energy:

Pre-exponential
factor:

145.3X,+123.8 X,+200.7 X,+184.8 R*=0.97
X, X,—48.1 X, X,—88.5 X, X;— 3535

X, X, X5+120.5X,X,(X,-X,)— 85.7

X, X5(X,-X5)+475.5 X,X5(X,-Xs)

(B.6)

—(4.0E+13)X,+(6.8E+13) R’=099 (B7)
X,+(2.3E+16)X5+(2.0E+15)X, X,—

(4.8E+16) X, Xs— (5.1E+16) X,

X;+(9.6E+16) X, X, X;+(5.3E+15)

X, X,(X,-X,) +(5.2E+16) X, X:(X,-

X,)+(5.1E+16) X, Xx(X,-Xs)

For n™-order kinetics

Activation
energy:

Pre-exponential
factor:

Reaction order:

145.3X,+123.8 X,+200.7 X,+184.8 R*=0.97
X, X,—~48.1 X, X;—88.5 X, X;—353.5

X, X, X5+120.5X,X,(X,-X,)—85.7

X Xy(X1-X,) +475.5 X,X5(X,-Xs)

(B.8)

—(3.1E+12)X,+(5.9E+13) R’=>0.99 (B.9)
X,+(2.5E+16) X;+(1.3E+16) X, X,—

(5.3E+16) X, X, (5.7E+16) X,

X;+(7.4E+16) X, X, X;+(2.7E+16)

X X(X,-X,)+(5.2E+16) X, X (X, -

X,)+(6.2E+16) X,X,(X,-X5)

1.4X,+1.5 X,+1.1 X;+0.8 X, X,+1.2 R*=0.79
X, X;+04 X, X;+0.1 X, X, X;+1.0

XX (X -X,)—2.4 X, X(X;-X;)-0.1

X X3(X-Xs)

(B.10)

Regression models of predicted kinetic parameters from OFW

For first-order kinetics

Activation
energy:

Pre-exponential
factor:

147.8X,+126.8 X,+200.8 X;+178.0 R’=095 (B.11)
X, X,—67.0 X, X,—88.1 X, Xs—243.6

X, X, X5+135.4X,X,(X,-X,)— 129.8

X, X5(X,-X5) +457.3 X,X5(Xp-Xs)

—(L1E+13)X,+(4.2E+13) R*=>0.99 (B.12)
X,+(24E+16) X5+(7.9E+15) X, X,—

(5.1E+16) X, X;s— (5.5E+16) X,

X;+(8.5E+16) X, X,

X,+(1.6E+16)X,X,(X,-

X,)+(5.1E+16) X, X3(X;-

X;)+(5.5E+16) X,X,(X,-X;)

h L.
For n"-order kinetics

Activation
energy:

Pre-exponential
factor:

Reaction order:
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147.8X,+126.8 X,+200.8 X,+178.0 R®=095 (B.13)
X, X,—67.0 X, X,—88.1 X, X,—243.6

X, X, Xs+1354X,X,(X,-X,)— 129.8

X, X, (X,-X,) +457.3 XoX5(X,-Xs)

-(42E+12)X,—-(6.3E+13) X,— R*=094 (B.14)
(4.3E+13) X,;+(1.5E+16) X,

X,+(4.1E+15) X, X;+(2.2E+15) X,

X,-(7.5E+16) X, X,

X;+(1.9E+16)X,X,(X,-X,)-

(L.7E+16) X, X,(X,-X;)+(7.2E+15)

XXX Xs)

14X,+1.5 X+1.1 X;4+08 X, X,+12 R*=0.79 (B.15)
X, X404 X, X,+0.1 X, X,

X +1.0X,X,(X,-X,) - 2.4 X, X (X, -

X;3)=0.1 X,X5(X,-Xs)

APPENDIX C

Contour plots of predicted kinetic parameters from KAS and

OFW

Cellulose (@

Hemuicellulose

Cellulose )

Hemuicellulose

Fig. C.1. Ternary contour plots of predicted activation energy (for
first-order kinetics) obtained from KAS (a) and OFW (b).

Korean J. Chem. Eng.(Vol. 32, No. 6)
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Cellulose @ Cellulose (@)

[1E+014)/
1E+015
2EF011E+016

Hemicellulose Lignin Hemicellulose Lignin

Cellulose ) Cellulose )

[/SE+013]
2E+015[IEH0]

Hemicellulose Lignin Hemicellulose Lignin

Fig. C.2. Ternary contour plots of predicted frequency factor (for Fig. C.3. Ternary contour plots of predicted activation energy (for
first-order Kinetics) obtained from KAS (a) and OFW (b). any-order kinetics) obtained from KAS (a) and OFW (b).
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Cellulose @

3E+015

Hemucellulose
Cellulose o

4E+015
3E+015

Hemicellulose

Lignin
Fig. C.4. Ternary contour plots of predicted frequency factor (for
any-order kinetics) obtained from KAS (a) and OFW (b).

Cellulose (@

Hemicellulose

Cellulose (b)

Hemicellulose

Lignin

Fig. C.5. Ternary contour plots of predicted reaction order (for any-
order kinetics) obtained from KAS (a) and OFW (b).
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for Regeneration of Sodium and Potassium
Carbonate Solid Sorbents
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In this study, nonisothermal kinetic methods for the decomposition of potassium hydrogen carbonate (KHCO;) and sodium
hydrogen carbonate (NaHCO3) were investigated by thermogravimetry (TG) and derivative thermogravimetry (DTG). Four
different heating rates were measured to calculate the order of reaction (n), preexponential factor (A), and activation energy
(E,) using four different models: Kissinger—Akahira—Sunose (KAS), Flynn—-Wall-Ozawa (FWO), Kim-Park, and analytical meth-
ods. The results showed that the analytical method provided highly accurate results compared with the experimental data, whereas
KAS, FWO, and Kim-Park methods gave less accurate results due to the approximation of employed equations. The order of the
decomposition reaction of KHCO3; and NaHCOj; was approximately 2. The preexponential factor of KHCOj; was slightly higher
than NaHCOs;. The obtained kinetic parameters from those four methods then were used to calculate the chemical reaction
conversion for further applications.

Keywords: Adsorption; Chemical Kinetics; Potassium hydrogen carbonate; Regeneration; Sodium hydrogen carbonate;

Thermogravimetric analysis

Introduction

At this time, the major greenhouse gas affecting the atmos-
phere is carbon dioxide (CO»). The emitting and reduction
processes of CO, by primary production take place nat-
urally (Kramer, 1981). Since the industrial revolution,
CO, emission has been dramatically increasing due to
human activities such as coal and fossil fuel combustions,
power generation, and transportation. The ratio of the
world total energy production is increasing according to
population growth (Duncan, 2001). Many research studies
have found various methods for capturing CO, such as wet
absorption (Yokozeki et al., 2008), adsorption such as solid
sorbent, pressure swing adsorption (PSA) at high pressure
(Kikkinides et al., 1993), chemical absorption, for example,
amine solution (Saha et al., 1995), membrane separation,
and cryogenic distillation or biological process from algae
(Olaizola et al.,, 2004). Among these methods, dry
alkali-metal solid sorbent has been considered to be an

Address correspondence to Pornpote Piumsomboon, Fuels
Research Center, Department of Chemical Technology, Faculty
of Science, Chulalongkorn University, 254 Phayathai Road,
Patumwan, Bangkok 10330, Thailand. E-mail: pornpote.p@
chula.ac.th

Color versions of one or more of the figures in the article
can be found online at www.tandfonline.com/gcec.

effective method in terms of cost and energy consumption.
The method is composed of two main processes: adsorption
and regeneration. CO, and other gases from flue gas enter
and make contact with solid sorbents in the adsorption
reactor and then release clean gas into the atmosphere.
After the adsorption, spent sorbents are transferred to the
regeneration reactor to desorb rich CO, for carbon capture
storage (CCS) by using thermal (Zhao et al., 2010) or vac-
uum approaches (Kongkitisupchai and Gidaspow, 2013).
Zhao et al. (2010) found that potassium carbonate on alu-
mina (K,CO3;/Al,03) sorbent had very capable sorption
and regeneration abilities in a bubbling fluidized bed. The
understanding of bicarbonates sorption chemical kinetics
has been extensively studied (Park et al., 2006; Behr et al.,
2011; Liang et al., 2004). After the adsorption process, it is
necessary to understand kinetic parameters to maintain
lower energy demand. However, the kinetics for regener-
ation of solid sorbents is still lacking in the literature.
The regeneration reaction scheme is considered as an irre-
versible decomposition reaction. This assumption works
well with the solid-state compound. The regeneration
kinetic model depicts the conversion behavior, including
the initial rate retardation (Lee et al., 2013).

In this study, nonisothermal kinetic methods of the
decomposition of potassium hydrogen carbonate (KHCO3)
and sodium hydrogen carbonate (NaHCO3) were investigated
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and compared by using thermogravimetry (TG) and
derivative thermogravimetry (DTG). The sorption of these
two solid sorbents was successfully explored in the literature.
Four different models, which were Kissinger—Akahira—
Sunose (KAS), Flynn—-Wall-Ozawa (FWO), Kim-Park,
and analytical methods, were used to calculate the order of
reaction (n), the preexponential factor (4), and activation
energy (E,). For the reaction rate constant, it depends on
the temperature provided by the Arrhenius equation.

Kinetic Study: Theory

The expression of the rate law for nonisothermal decompo-
sition criteria can be clarified from the single-step kinetic
equation of solid-state decomposition as described in
Equation (1):

—=k(T)f (« 1
= k(T)f () (M)
where f(z) is the reaction conversion mechanism model
which can take place in various forms. The temperature
dependence of the reaction rate constant is provided as
k(T) according to the Arrhenius equation:

GOV G O R

For nonisothermal conversion, the heating rate of the
sample is constant. The do/d¢ term in Equation (2) is
converted into f(de/dT) in Equation (3), where f is the
heating rate:

OB G VO N

Table 1. The solid-state reaction mechanisms in the general form

P. Chaiwang et al.

)t @)

§(a) = d——%()/ (2

Substituted x = E,/RT in Equation (4),

AE, /Oo exp™ . AE,

8@ = | Thax =GR 5)

where p(x) in Equation (5) is the temperature integral which
cannot generally define the exact solution. However, the
temperature integral can be estimated from an empirical
interpolation equation presented in a number of studies
(White et al., 2011). There are two methods for analyzing
nonisothermal solid-state kinetic data from TGA: model-
fitting and model-free types. Both can determine isothermal
and nonisothermal conditions (Slopiecka et al., 2012). The
selected methods in this study covered all the methods
mentioned in the literature.

Kissinger—Akahira—Sunose Method

This method was developed by Kissinger—Akahira—Sunose
(Kissinger, 1957; Akahira and Sunose, 1971). They used

p(x) = e/x%, for 20 <x <50, as shown in Equation (6):
/3 B AR E,
N =g T RT (6)

The calculation of the order of reaction, n, using the
shape index factor, S, can be determined in Equations (7)
and (8) by the Kissinger index (Kissinger, 1957; Lin et al.,
2010), which measures the absolute value of the ratio of
the slope from the inflecting point toward the left (a) and
the right (b) of its TG tangent lines.

Reaction model Ao)y=Q1/k)(de /d2) gl)=kt
Reaction order

Zero order 1 —-w)" o

First order (1 —a)" —In(1 —a)

nth order (1 —a)" n—17"'1A =)t
Nucleation
Power law (@) =2/3,1,2,3, 4 m=3/2,1,1/2,1/3, 1/4;

Exponential law In o o

Avrami-Erofeev (AE) n(l —o)[—In(1 =) "V"m=1, 2, 3, 4 [~In(1 —)]"™n=1, 2, 3, 4

Prout-Tompkins (PT) a (1 —a) In[ (1 —o) ']+ C2
Diffusional

1-D 1/24 o

2-D [—In(1 —o)] ! (1 —o)In(l —o)) +«

3-D (Jander) 3/2(1 —)*[1 — (1 —o)'/3)7! [1—(1 —)'3P

3-D (Ginstling-Brounshtein)
Contracting geometry

Contracting area

Contracting volume 1 -«

3/2[(1 —o)~ 317!

(1 —o) "=/ =
YA/ —

1-2/30 — (1 —a)*/?

1—(1 —)/"n=2
1—(1 —0)"/"n=3

¢ = Integration constant.
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S = la/b| (7)

n=126VS (8)

Flynn-Wall-Ozawa Method

Flynn—Wall-Ozawa (Flynn and Wall, 1966; Ozawa, 1965)
proposed the temperature integral function using Doyle’s
approximation obtained from the thermal decomposition
of octamethylcyclotetrasiloxane and polytetrafluoroethy-
lene powders in Equations (9) and (10) (Doyle 1961;
Doyle 1962). The order of reaction, n, can be calculated
by the same method as the KAS method in Equations
(7) and (8).

AE, E,
SR 231504577 (9)

logp(x) = —2.315 — 0.4567x, for 20 <x <60  (10)

log f = log

Kim—Park Method

Kim and Park (1995) developed a mathematical model that
shows the relationship of heating rate and DTG curves as
follows:

ln,B:an+ln<%>+
(11)

n Ea
1n[1 —n +m] —5.3305 — 1.0516(RTm>

n = (Eq(1 = o) /((RT;)(do/dT),,))) (12)

For this method, the order of reaction, n, is obtained
by Equation (12) (Tang et al., 2004), where o,,, T , and

m>

(de/dT),, in Equations (11) and (12) are the maximum

E
E
T 08 108 &
E seeees KTG5%C )
) K-DTG 5°C §
? sesens K-TG 10°C £
= 0.6 4 —K-DTG 10°C 1 0.6 '?
8 esees TG 20°C -
£ K-DTG 20°C _§
K] s KTGAOC £
2 04 | 04 2
5 — DTG 40°C H
§ 3
¥ §
= 02 102 §
&
k-
-
]
-4
0 (]
0 100 200 300 400 500 600

Temperature (°C)

(a)
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conversion, maximum decomposition temperature, and
maximum weight loss rate, respectively.

The Analytical Method

This method is generally derived from the expression of the
reaction rate of the solid-state mechanism in Equation (3),
where the reaction conversion f{«) is the nth reaction order
from Table I. The relationship between weight loss and
temperature can be written in terms of the activation energy
and frequency factor. It can be calculated by Equation (13),
when n # 1 (Zhu et al., 2012):

ART? 2RT\ |77
= (n— 1)(—ﬁEa )(1 _Ta)

Eq
eXp| — RT

o=1-—

(13)

Experiment

KHCO; and NaHCO; AR grade from Ajex Finechem Pty
Ltd were investigated by using the Pyris Diamond Perkin
Elmer thermogravimetric analyzer apparatus. The average
size and density of KHCO; particles were 500 um and
2170 kg/m?, respectively, while the NaHCOj; particles were
300 um and 2160 kg/m”, respectively. The sample solid sor-
bent weight for each run was 20 mg. Four different heating
rates, 5, 10, 20 and 40°C/min under N, atmosphere, were
used to carry out TG and DTG data. The constant inert
gas flow rate of 50ml N,/min was used throughout the
experiment. All sample conditions operated with initial
and final temperatures of 40°C and 600°C, respectively.
The conversion, o, can be determined in terms of weight loss
as shown in Equation (14). Therefore, in this experiment,
CO, gas and water vapor are decomposed:

5

£
08 ——NaTGS'C [-08 o
.E a
? ,,,,,, MaDTG 5°C a
? ...... NBTG10°C B
E-o's NaDTA 10°C Fes g
2 | B e N3 TG 20°C e
% £
- NaDTA 20°C =
2 )
poO44 0 I . HaTG40'C [o4 =3
-] E
§ — NEDTA S0°C s
g §
& 0.2 Loz B

=

5

o

)]

(-4

4 ; e &
0 100 200 300 400 500 600
Temperature (*C)
(b)

Fig. 1. (a) TG and DTG curves of KHCOj; using four different heating rates. (b) TG and DTG curves of NaHCOj; using four

different heating rates.
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Fig. 2. (a) The plots of In(8/T?) versus temperature of KAS
method in Equation (6) of KHCOs. (b) The plots of In(f) versus
temperature of FWO method in Equation (9) of KHCOs. (c)
The plots of In(f) versus temperature of Kim—Park method in
Equation (11) of KHCO;.
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Fig. 3. (a) The plots of In(f/T%) versus temperature of KAS
method in Equation (6) of NaHCOs. (b) The plots of In(f) ver-
sus temperature of FWO method in Equation (9) of NaHCO;.
(c) The plots of In(f) versus temperature of Kim—Park method
in Equation (11) of NaHCOs.
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Table II. The results of n, 4, and E, obtained by KAS, FWO, Kim—Park, and analytical methods

KHCO; NaHCO;
Method n A (min~ 1) E, (kJ/mol) N A (min ") E, (kJ/mol)
KAS 1.49 1.40E + 08 76.05 1.51 3.73E + 08 72.65
FWO 1.49 5.72E + 08 79.98 1.51 1.40E + 09 76.10
Kim-Park 1.46 3.90E + 08 79.98 1.53 9.87E 408 76.31
Analytical 2.01 5.00E +19 178.10 1.94 1.38E 420 163.70
y— Winitial — W (14) shown by the left-hand axis. For the chemical reaction

Winitial — Wfinal

characteristicc, KHCO; particles began to decompose at a

Results and Discussion

Thermogravimetric Analysis

As stated in the previous section, solid sorbent particles were
heated from 40°C to maximum temperature of 600°C. TG
and DTG curves of KHCO; and NaHCO; particles corre-
sponding to a studied chemical reaction using four different
heating rates are shown in Figure 1(a) and (b), respectively.
TG is the parameter which displays weight loss fraction as

1.2

-

=
o

Conversion («)
o
o

=
-

o
[¥]

Conversion («)

=

08

06

02

temperature of 120°C and terminated in the narrow range
between 200°C and 300°C, while NaHCOj; particles began
to decompose at a temperature of 100°C and terminated in

08
®  K-Experiment 5°C o
....... K-HAS 5°C, R =085 H
— =K-FWO 5/C,R?=0.83 'g 08
- = K-Park-Kim 5°C, R* =088 2
K-Analytical 5C, R*=0.99 é 04
02
v 0
200 400 600 800 1000 0
Temperature (K)
(@)
12
14
= 08
= K-Experiment 20/°C b
....... K-KAS 207G, R* = 0.88 2 08 4
— = K-FWO 201°C, R? = 0,86 5
= = = = K-Park-Kim 20/°C, R¥= 0.90 §
K-Analyical 20°C, R = 0.99 < 04
02
e gll o
200 400 600 800 1000 0
Temperature (K)
(c)

the range between 150°C and 250°C. This is because pure
bicarbonate particles were employed in both cases. A heat-
ing rate of 5°C provided the maximum slope of weight loss,
and the slope gradually decreased with the increase of heat-
ing rate. This is because the change of temperature is nar-
rower than the others. While the system is heated, the
temperature lag between apparatus and system is not much
different. Solid sorbent particles then have time to absorb
the heat and decompose earlier. The rate of fraction of

= K-Experiment 10°C

wesenes K-KAS 10°C, RE =0.86
— —K-FWO 10/C, 7 =083

= = == K-Park-Kim 10/°C, R? = 0,88
—— K-Analytical 107°C, R*= 0.96

400 600 800 1000
Temperature (K)

(®)

w  K-Experment 40/°C

ceunes K-KAS 40°C, R2=0.88
— —K-FWO 40°C, RI =085

== == K-Park-Kim 40FC, R = 0.50
— K-Analytical 40/°C, R?= 0.98

200 400 800 800 1000

Temperature (K)

d

Fig. 4. The KHCOj; conversion versus temperature of KAS, FWO, Kim-Park, and analytical methods for heating rate of (a) 5,
(b) 10, (c) 20, and (d) 40°C/min comparing with the experiments.
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weight loss or DTG is displayed in the right-hand axis of
Figure 1. This shows one region peak representing the
decomposition temperature for each heating rate. From
the TG and DTG curves, when the decomposition tempera-
ture increased, the rate of weight loss fraction increased
accordingly. At a heating rate of 40°C/min, both TG and
DTG showed similar trends which were sharply decomposed
at the highest temperature. When solid sorbent particles
reached the decomposition temperature, CO, was released
into the atmosphere which led to a weight loss fraction.
Moreover, the increase of heating rate shifted the highest
weight loss fraction to a higher temperature due to the tem-
perature gradient inside the experimental system (Yang et al.,
2004).

Kinetic Parameter Analysis

The kinetic parameters were calculated from the results
acquired through thermogravimetric analysis. Four
maximum weight loss peaks from Figure 1 were used to cal-
culate the kinetic parameters in Equation (3). As stated
above, the order of the reaction (n) for each heating rate
was obtained from the absolute value of the ratio of the

~ 08
= = Na-Experiment 5°C
el
E sennees Na-KAS 5PC, RT=0.79
.E 08 = =Na-FWO 5°'C. R*=0.76
% - = = = =Na-Park-Kim 5/C, R*= 0.80
3 = HNa-Anelytical 5°C, R* =099
[ "
0.2
0 Ij :
3 00 400 600 800 1000
Temperature (K)
(a)
12
1
o8
= = Na-Experimant 20°C
=
5 - weranes NB-KAS 20°C. R? = 0,84
.E * —— =Na-PWO 20°C, R*=0.81
] = = == Na-Park-Kim 207C, R? = 0.83
s 04 Nea-Anatytical 20/°C, R*=0.99
(¥}
0z
0 - T Y : : X
o 200 400 600 800 1000
Temperature {K)
(©
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slope from the inflecting point toward the left and the right
of its TG tangent lines. The activation energy (£,) and the
preexponential factor (A4) were determined using KAS,
FWO, and Kim-Park methods. The KHCOj; plot between
In(8/T") versus temperature of KAS method and the plot
between log(f) versus inverse temperature of FWO and
Kim—Park methods are displayed in Figure 2(a), (b), and
(c), respectively. The NaHCOj; plot between In(f/T7) versus
temperature of KAS method and the plot between log(f)
versus temperature of FWO method are displayed in
Figure 3(a), (b), and (c), respectively. The linear regressions
and the correlation coefficients (R?) are also shown in these
figures. The activation energy (E,) and the preexponential
factor (A) are derived from the slope and intercept of the lin-
ear regression plot, respectively.

The kinetic parameters of the analytical method in
Equation (13) were determined using MATLAB. Table II
shows the results of n, 4, and E, of KHCO3; and NaHCO;
obtained by KAS, FWO, Kim-Park, and analytical
methods. Due to heat of regeneration, E, of NaHCO;
was lower than the ones of KHCOj3 which is consistent to
the experimental data as NaHCO; began to decompose first
(Chalermsinsuwan et al., 2010). While n of bicarbonates

12
1
.. 08
3
E = Na-Experiment 10°C
‘s 08 semsses Na-KAS 10FC. R? = 0.81
g — = No-FWO 10°C, R?=0.78
E == == Ne-Park-Kim 10/°C, R = 0.82
© 04 —— Na-Analytical 10/°C. R? = 0.99
0.2 4
o . .
Q 200 400 600 800 1000
Temperature (K)
12
1 -
08
C)
‘E‘ = Na-Experiment 40°C
2 06 vesaees NO-KAS 40PC. R = 0.85
E — = Na-FWO 40°C, R?=0.83
£ o4 == = = Na-Park-Kim 40/°C. R? = 0.85
o —— Na-Analytical 40/"C.R? = 0.99
02
0 k .
0 200 400 800 800 1000
Temperature (K)
@

Fig. 5. The NaHCOj; conversion versus temperature of KAS, FWO, Kim-Park, and analytical methods for heating rate of (a) 5,

(b) 10, (c) 20, and (d) 40°C/min comparing with the experiments.
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was close to 2, it can be seen that the obtained n values of
KAS and FWO methods were similar, and 4 and E, were
quite similar since these two methods are derived from
the same origin, Equation (2). Based on the literature about
the decomposition of NaHCO;, Koga et al. (2013) pre-
sented that the order of this reaction from the nonlinear
least-square analysis optimization was second-order with
the R* higher than 0.95, which was consistent with this
experiment. In addition, since the equations of KHCO;
and NaHCO; decomposition are an elementary bimolecu-
lar second-order reaction, the exact order of reaction in
these equations should be 2. The analytical method used
all of the raw data from an initial temperature to a final
temperature; then, this was converted to conversion data
(z) in following equation from TGA, whereas KAS,
FWO, and Kim-Park methods used the range of data from
the beginning of the decomposition temperature until the
terminated temperature.

The kinetic parameters in Table IT were substituted back
in Equation (13), where n # 1 to find the reaction conver-
sion («). The conversion versus temperature of KAS,
FWO, Kim-Park, and analytical methods of KHCOj parti-
cles with their R values are displayed in Figure 4(a)—(d).
Comparing the experiments with heating rates of 5, 10, 20,
and 40°C/min, the results in Figure 4(a)-(d) show that the
analytical method fits very well with the experimental data.
Their R*> were 0.95 for all heating rates. The results thus
show that the best heating rate for regeneration of KHCO;
and NaHCO; solid particles was 5°C/min due to the high
heat transfer penetration. Nevertheless, the KAS and
FWO methods were slightly different from the experimental
data, especially during the decomposition reaction. Further-
more, the obtained results from the conversion versus
temperature of KAS, FWO, and analytical methods of
NaHCOj; particles shown in Figure 5(a)-(d) are similar.
From a previous study, the intrinsic first-order kinetic
parameters of 125-um NaHCOj; particles using TG experi-
mental data could calculate E, equal to 102kJ/mol (Hu
et al., 1986). With the Avrami-Erofeev equation with f{«),
the E, under N, atmosphere was in the range of
90-119kJ/mol (Heda et al., 1995). The kinetic parameter
from the analytical method then was consistent with the
experimental data found in the literature.

There was deviation of the results obtained from the
KAS and FWO calculation methods. The deviation
depended on choosing the slope to compute the order of
reaction from the inflecting point toward the left or the
right of its TG of each heating rate. Meanwhile, the
Kim-Park method used the maximum temperature values
of DTG to calculate the order of reaction. These three
methods used Doyle’s approximation which was arranged
in the integral function terms, p(x). This caused the
obtained values to be lower than the actual value, while
the analytical method was derived directly from the single
decomposition equation. After this calculation, the results
of n, A, and E,will be applied as kinetic parameters in mod-
els to simulate the chemical reaction as well as be used for
chemical reaction model optimization.
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Conclusions

In this study, nonisothermal kinetic methods of the
decomposition of KHCO3; and NaHCO; were investigated
by TG and DTG. Four different heating rates were used
to calculate the order of reaction (n), preexponential factor
(A4), and activation energy (E,) using four different models.
The results showed that the analytical method provided
the most accurate results compared with KAS, FWO, and
Kim-Park methods. The activation energy of NaHCO;
was lower than that of KHCO; due to heat of regeneration.
The order of the decomposition reaction of KHCO; and
NaHCO; was approximately 2. The preexponential factor
of KHCO; was slightly higher than NaHCO;. When com-
pared to the experimental data, the R? for analytical method
were higher than 0.95 for all the heating rates.
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1. Introduction

Carbon dioxide (CO,) is recognized as a major cause of global
warming. The concentration of CO, in the atmosphere has
increased progressively in the last ten years [7]. When analyzing
the CO, release contributions, coal combustion in power plants
accounts for approximately three-quarters of the total anthropo-
genic CO, emissions worldwide [2]. The U.S. Department of Energy
states that more than 300 GW of coal-fired electricity generation
currently in operation will increase the concentration of CO; in the
atmosphere to nearly 450 ppm by 2030 [17]. To mitigate this CO,
emission problem, methodology to capture or sequester CO is
required..

To date, several methods for capturing CO, from flue gas have
been extensively explored such as solvent absorption, membrane
separation and cryogenic fractionation. However, these methods
have been restricted by either expensive operating cost or safety
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(B. Chalermsinsuwan).
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considerations. Sorption with dry alkali-metal-based solid sorbent
is another promising technology for CO, capture. When compared
to other solid sorbents, Potassium carbonate (K,CO3) is an
interesting solid sorbent owing to easy handling and economic
viability [29]. Therefore, solid sorbent development and sorption
process improvement are considered to be important research
topics. For the solid sorbent development, modifications of K,CO3
solid sorbent have been conducted to improve its performance. The
effect of supporting materials on the sorption characteristic has
been explored [11], and it has been concluded that the use of K,CO3
supported on Al,0O3; (K,CO3/Al,03) could be a potential solid
sorbent for a large scale operation unit [25]. The calcined K,CO3
from KHCOs also showed excellent sorption capacity and a high
reaction rate. When considering the process improvement, most of
the recent studies that have focused on using K,CO3/Al,03 as a
solid sorbent were carried out in a thermogravimetric analyzer and
fixed bed reactor [14,16,27]. The fixed and fluidized bed reactors
were successfully used for various adsorption studies to remove
contaminants [8,10,19,23,22,6]. The use of K;CO3/Al,05 solid
sorbents with fluidization technology has been proposed as a
solution for reducing released CO, [1] since fluidization can
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Nomenclature

a Activity of sorbent ()

ag Initial activity of sorbent (—)

A Frequency factor (for ko=m>/kgmin; for kq=m?>/
kmol min)

C Outlet concentration of CO (% or kmol/m?)

Co Inlet concentration of CO- (% or kmol/m?)

dp Sorbent diameter (m)

E, Activation energy (kJ/mol)

F Outlet CO, fraction (-)

Finpur  Inlet gas volumetric flow rate (m>/min)

Foutput Outlet gas volumetric flow rate (m3/min)
H Height (m)

L.D. Internal diameter (m)

kq Deactivation rate constant (1/min)

ko Initial sorption rate constant (m>/kg min)

m Order of reaction with respect to sorbent active site
(=)

n Order of reaction with respect to CO, concentration

(=)

Time (min)

Sorption temperature (K)
Volumetric flow rate (m3/min)
Universal gas constant (J/mol K)
Weight of sorbent (kg)

TELTT

Greek letters
p Sorbent density (kg/m?)

provide better heat and mass transfers inside a reactor. With this
technology, the general flow patterns can be divided into four
regimes based on the criterion of the increasing of gas inlet velocity
[9]. Jaiboon et al. [9] found that the CO, capture capacity of solid
sorbent varied in relation to the inlet gas velocity. In addition, the
effects of system operating conditions on sorption efficiency were
investigated such as sorption temperature, inlet gas composition
and gaseous impurities [28].

To design an efficient sorption unit, an understanding of the CO,
sorption kinetics is important. For the gas-solid particle system,
the mass transfer and reaction kinetics may have an effect on the
chemical reaction. Recently, the shrinking-core, homogeneous,
phenomenological and deactivation simplified models have been
used for explaining the non-catalytic gas-solid particle reaction
phenomena [15,16,12]. Comparing among these models, the
deactivation model was the most successful in describing the
decreasing activity of alkali-metal carbonate solid sorbents during
the reaction with CO, in a thermogravimetric analyzer and in a
fixed bed reactor. This can be explained by the changing solid
sorbent structure throughout the chemical reaction. The formation
of a dense product layer over the solid sorbent brings about
additional diffusion resistance and a reduced chemical activity.
However, the available data on the kinetic parameters in a fluidized
bed reactor are still limited.

In this study, simplified kinetic models were first developed for
CO; sorption using K,CO3/Al;05 as the solid sorbent in both fixed
and fluidized bed reactors. The deactivation model was success-
fully employed to compute the kinetic parameters. The obtained
kinetic models were used as the input for mathematical modeling
and computational fluid dynamics simulation programs with
various system dimensions ranging from zero- to three-dimen-
sions. The system operating conditions of the inlet gas velocity,

sorption temperature and water vapor (H,O) content were
investigated for their effects on the kinetic parameters of the
deactivation model. In addition, the correlation between the
obtained kinetic parameters and the system operating conditions
were summarized.

2. Kinetic model development

The CO, sorption reaction using an anhydrous K;COs3/Al,03
solid sorbent proceeds in the presence of H,O to yield KHCOs, as
shown in Eq. (1),

K2CO3(S) + COz(g) + HzO(g)<:>2KHCO3(S) (1)

The sorption reaction is a heterogeneous gas-solid particle
reaction [1]. As solute enters the bed, it contacts with the first
layers of solid sorbent. Solute adsorbs and fills up some of the
available sites. Then, it moves further by diffusing to the
subsequent layers. This phenomenon takes place until each layer
reaches its equilibrium. The simultaneous influence of both the
chemical reaction and the transportation must take into account
for a correct prediction of the reaction conversion as a function of
time. In order to calculate the chemical kinetic of Eq. (1), the CO,
breakthrough curve is employed in the deactivation model. The
breakthrough curve shows the ratio of outlet solute concentration
to inlet solute concentration as a function of time. It is a measure of
the bulk or average reactor concentration. There are two important
parameters related to the breakthrough curves, namely, break-
through point (the point that the concentration ratio increases up
to value higher than the initial one) and exhaust point (the point
that the concentration ratio increases up to value about the final
one). As stated in the introduction, this model is a proper choice for
predicting the CO, sorption in a thermogravimetric analyzer and
fixed bed reactor [15,16,26,27].

The development of the deactivation model is based on the
diffusion resistance due to the formation of a product layer over the
solid particle reactant [ 14,4]. This phenomenon then causes a drop
in the chemical reaction rate with time. The effects of all the
textural changes on the CO, sorption are combined with the
reaction rate in terms of the activity (a). The following assumptions
are made:

- The sorption reaction is operated under isothermal condition.
- The water vapor concentration is constant [28] found that the

CO, sorption was similar at high water vapor concentration).

With the above assumptions, the pseudo-steady state species

conservation equation without axial dispersion [20,14] is
expressed as follows:

dc
—QOW —koaC=0 (2)

where a is the activity of the sorbent, W is the weight of sorbent, C
is the outlet concentration of CO,,Q, is the volumetric flow rate and
k, is the initial sorption rate constant.

This equation is derived based on the plug flow reactor model
[5,13], which defines the solute flowing through the reactor as a
series of infinitely thin coherent volume, each with a uniform
composition [18]. The key assumption is that the solute is perfectly
mixed in the radial direction but not in the axial direction. The plug
flow reactor is the ideal reactor case for the real reactor cases, fixed
and fluidized bed reactors. The key assumption for a plug flow
reactor model then valids for the two reactors. This confirms the
validity of using Eq. (2) for prediction of a kinetic parameter. This
model has been used to simulate fixed and fluidized bed reactors in
numerous studies [4,12]. The integrating of Eq. (2) is shown as the
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following equation:

C w
dcC koa C koa
[e= () [aw=m(c,) =-(6;)w )
Co 0
where Cj is the inlet concentration of CO,. For the deactivation
effect, the calculation of K,CO3/Al;05 solid sorbent activity will
depend on the hypothesis. If the first-order with respect to the
solid active site and zeroth-order with respect to the concentration
of CO, are assumed (m =1, n=0), the solid sorbent activity can then
be described by the following equation [14]:

da nom
T ksC"a™ = a = asexp(—kgt) (4)
where tis the time, kg is the deactivation rate constant and ay is the
initial activity of the solid sorbent. Combining Egs. (3) and (4) with
the initial activity of the solid sorbent as the unity, Eq. (5) can be
expressed below.

C 7 koW
o exp {—Q—Oexp(—kdt)} (5)

Arranging Eq. (5), the following equation is obtained:

In {ln (%)} =In (k(ol_‘:/) — kgt (6)

Thus, the plot of In[In(C,/C)] versus time should give a linear line
with —ky and In(k,W/Q,) serving as the slope and the intercept,
respectively. Thus, k, can then be obtained.

On the other hand, the deactivation rate can be expected to be
dominated by the CO, concentration. Therefore, if the first-order
with respect to both the solid active site and the concentration of
CO, reactant are assumed (m=1, n=1), an iterative procedure is
required to solve the non-linear equation of solid sorbent activity.
For the procedure, the zeroth order solution or Eq. (5) was
substituted into Eq. (4). The first correction for the activity was
obtained by the integration of this equation. Then, the corrected
activity expression was substituted into Eq. (2), and the integration
of this equation gave the first corrected solution. The detailed
solution for the breakthrough curve with this hypothesis can be
found in Park et al. [14].

1- exp(kgT‘:’(l - exp(fkdt)))

a=exp 1— exp(—kqt)

exp(—kqt) (7

Iterative solutions are most often implemented recursively
until a defined criteria based were met. In this procedure, higher
order terms in the series solutions of the integrals were neglected.
The information on the conduct of the iterations and the
assumption in this study can be found in [3]. Two Kkinetic
parameters of k, and kg are then calculated from the CO,
breakthrough concentration profiles. More details about this
deactivation model can be found in [4,14].

3. Materials and methodology
3.1. Solid sorbent

The solid sorbent was prepared by the impregnation of K;CO3
on a porous Al,03 support. First, a solution containing 5 g of K,CO3
(Ajax Finechem Pty., Ltd.) in 25 mL of de-ionized water was mixed
with 5g of Al,O3 support (Sigma-Aldrich Co. LLC.) and shaken at
room temperature for 24 h. The mixture was then dehydrated in a
vacuum oven at 378 K and calcined in a furnace at 573 K with the
temperature ramping rate of 3K/min. The physical properties
(surface area, pore volume and K,COs5 content on solid sorbent) of

Table 1

The physical properties of employed K,CO3/Al;03 solid sorbent.
Solid particle physical property Value
Surface area (m?/g) 80.92
Pore volume (cm?/g) 0.33
Actual weight of K;CO3 impregnated on Al,O3 (%wt) 35
Solid sorbent diameter (dp, um) 150
Solid sorbent density (s, kg/m?) 3,900

solid sorbent were then determined using the atomic absorption
spectrophotometer (AA) and the nitrogen physisorption (Bruna-
uer-Emmett-Teller (BET) technique). The properties of the
obtained K,CO3/Al,05 solid sorbent are summarized in Table 1.

3.2. Reactor apparatus

In this study, the CO, sorption was investigated in a lab-scale
semi-circulating fluidized bed reactor, as shown in Fig. 1. The riser
column had a diameter of 25 mm and a height of 0.80 m, while the
diameter and the height of the downer column were 50 mm and
0.30 m, respectively. The solid particle output storage was used to
collect the solid sorbent elutriating out of the riser column. For the
continuous operation, the solid sorbents were fed back to the
downer column. A ball valve installed at the transfer line was used
to adjust the solid particle flow between the downer and the riser
columns. The gaseous reactant flow rate was manipulated using a
rotameter. A gas bubbler with a pre-heating section was used to
add the water vapor into the mixed reactant gas before entering
the riser. The sorption temperature inside the riser column was
controlled by heating tape. The outlet gas from the riser column
was directly passed through the condensation unit and kept in the
gas bag for measuring the CO, concentration by gas chromatogra-
phy (GC). Then, the breakthrough curve was plotted. Pressure taps
and a thermocouple were also installed along the height of the
riser column.

3.3. CO, sorption methodology

The effects of varying the key system operating conditions (inlet
gas velocity or flow pattern/regime, sorption temperature and
water vapor content) on the kinetic parameters of the deactivation
model were considered. The inlet gas velocities were explored
from 0.01 to 2.64 m/s since these inlet gas velocities cover the four
different flow patterns/regimes of a fixed bed, bubbling fluidiza-
tion, turbulent fluidization and fast fluidization [9]. These flow
patterns/regimes can be divided into the two different operating
modes of non-circulating and circulating. The fixed bed, bubbling
fluidization and turbulent fluidization flow patterns/regimes are
non-circulating operations, while the fast fluidization flow
pattern/regime is a circulating operation. The amount K,COs/
Al;03 solid sorbent in the riser column for the non-circulating and
circulating operations was 60 and 300 g, respectively. However, at
each operating time in the circulating operation the riser column
would contain 60g of solid sorbents. Table 2 presents the
experimental operating conditions with different inlet gas veloci-
ties and the corresponding solid sorbent concentration (&;) for each
flow pattern, which was calculated by processing the differential
pressures measured from successive pressure taps. As in other
studies, the sorption temperature was varied between 323 and
363 K. Also, the CO, concentration was selected to approximate the
flue gas composition (10% vol. to 20% vol.). H>O concentration was
chosen to be consistent with the saturated water vapor at its
corresponding sorption temperature [28]. Two experimental
replications were performed for each operating condition. All
the obtained data for each operating condition were qualitative
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Fig. 1. Schematic diagram of the used semi-circulating fluidized bed reactor in this study.

Experimental operating conditions of used inlet gas velocity or flow pattern/regime for CO, sorption in semi-circulating fluidized bed reactor.

1941

Fluidization Pressure Solid Flow pattern/regime Inlet gas Averaged solid volume fraction (—)
system (atm) Loading velocity
(g) (m/s)
Non-circulating 1 60 Fixed bed 0.01 0.60
Bubbling fluidization 0.20 0.52
Turbulent fluidization 1.02 0.15
Circulating 1 300 Fast fluidization 2.64 0.09

and quantitative consistent within 10 percent deviation. Therefore,
one of them was selected to represent the information. The
reference simulated flue gas composition was selected to be 12.0%
vol. CO, and 18.4% vol. H,O with N, balance at a sorption

Table 3

Experimental operating conditions of used sorption temperature and water vapor content for CO, sorption in semi-circulating fluidized bed reactor.

temperature of 333 K. In addition, three water vapor contents and
four sorption temperatures were explored. The summary of
experimental conditions for CO, sorption in the semi-circulating
fluidized bed reactor is shown in Table 3. The sorption efficiency

Fluidization
system

Pressure
(atm)

Sorption temperature
(K)

CO, content (% vol. COy)

Water vapor content (% vol. H,0)

Mole fraction of water vapor to CO, (—)

Non-circulating
Fixed bed

(0.01 m/s)

Solid loading 60 g

Non-circulating
Fixed bed
(0.01m/s)

Solid loading 60 g

1

323
333
343
353
363
333
333
333
333

12.0
12.0
12.0
12.0
12.0
12.0
12.0
12.0
12.0

18.4
18.4
18.4
18.4
18.4
7.0

13.5
18.4
225

153
153
153
153
153
0.58
113
153
1.88




1942 N. Jongartklang et al. /Journal of Environmental Chemical Engineering 4 (2016) 1938-1947

was evaluated by inspecting the outlet CO, fraction (F) with the
reaction time or breakthrough curve. The outlet CO, fraction [9] is
calculated by:

CO . Finput -C- Foutput

F=1 8
CO'Finput ()

where Finpy,e is the inlet gas volumetric flow rate. Outlet gas
volumetric flow rate (Fougpue) is calculated from the difference
between Finp,: and the adsorbed CO, on solid sorbent.

4. Results and discussion
4.1. Evaluation of deactivation model

To test the agreement between the experimental data with
the proposed models, two hypotheses were proposed. The first
model was explored with the hypothesis of a first-order with
respect to solid active site (m=1) and a zero-order with respect
to concentration of CO, reactant (n=0). The second model was
based upon both the first-order with respect to solid active site
(m=1) and concentration of CO, reactant (n=1). The models
were evaluated with an inlet gas velocity of 0.01 m/s or fixed bed
flow pattern. The tuning of the reaction orders to match with the
breakthrough experimental data is the generally used method-
ology in the Chemical Reaction Engineering's books [5,13]. The
breakthrough experimental data of CO, are plotted in Fig. 2. The
outlet CO, fraction increased with increasing reaction time due
to the loss of solid sorbent active sites, as supported by previous
scanning electron microscopy analysis [15], and the high
initially reaction rate. The breakthrough time was after
approximately 15min. Then, the outlet CO, fraction reached
its equilibrium at final values after approximately 35min
(exhaust time). Then, the kinetic parameters (ko and k;) and
their simulated breakthrough curve were calculated using all the
experimental breakthrough data by a nonlinear least squares
technique. The average and range of values were shown to express
the slightly deviation between the obtained results. In the
following section, the average values were then shown, only.
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Fig. 2. Effect of different deactivation model hypotheses on breakthrough curve of
outlet CO; fraction and their corresponding kinetic parameters (with 333 K sorption
temperature and 18.4% vol. H,0).
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Fig. 3. Effect of different inlet gas velocities or flow patterns/regimes on
breakthrough curve of outlet CO, fraction and their corresponding kinetic
parameters (with m=1, n=1, 333K sorption temperature and 18.4% vol. H,0).

The simulated breakthrough curve was drawn from the obtained
concentration profile as a function of the reaction time (Fig. 2).
From the results, the calculated breakthrough curves and the
breakthrough parameters (breakthrough and exhaust times) of
CO, for the deactivation model with n=0 did not fit well with the
experimental data. Therefore, the model with n=0 was not
appropriate for the sorption kinetics of CO, on K,CO3/Al0s.
However, the regression analysis of the breakthrough experimen-
tal data presented a very good agreement with the deactivation
model with n=1 at high accuracy. Therefore, to explain the
chemical mechanism of this gas-solid particle with a non-catalytic
chemical reaction, the deactivation model with n=1 was more
appropriate. The deactivation rate has been confirmed to be
dependent on the CO, concentration [4] and so these results are in
agreement with previous reports on the adequacy of the
deactivation model compared with the other kinetic models. In
the following sections, the deactivation model with m=1 and
n=1 was then employed.

4.2. Effect of inlet gas velocity

The effect of the inlet gas velocity on the CO, breakthrough
curve of the K;COs3/Al,03 solid sorbent in a semi-circulating
fluidized bed reactor for the reference operating condition is
shown in Fig. 3. The results strongly indicated that the maximum
utilization of the solid sorbent depended on the operating
condition. For the CO, capture capacity under the fixed bed flow
pattern (0.01 m/s), the CO, breakthrough curve was constant at the
beginning stage and then gradually decreased with an increasing
reaction time. For the bubbling fluidization flow pattern (0.20 m/s),
the CO, breakthrough curve was similar to that with a fixed bed
flow pattern, but with a much shorter invariable reaction time than
in the fixed bed flow pattern. This can be explained by the higher
gas velocity in the bubbling fluidization flow pattern. For the
turbulent fluidization flow pattern, the CO, breakthrough curve
decreased sharply from the beginning stage because the reaction
time for the gas flowing through the bed was insufficient for the
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transportation of reactant gas into the solid sorbent surface. When
the solid sorbents were operated in a fast fluidization flow pattern,
they were elutriated out of the system by the fluidizing gas. Then,
they were recovered and returned to the bottom of the riser
column. It took 8 min for all 300 g of fresh solid sorbent to pass
through the riser column. During the first 8 min, the solid sorbent
adsorbed about 70% of the CO, in the feed gas due to the extremely
high operating velocity. After 8 min, the adsorption rate gradually
decreased as a result of the returning of used solid sorbents. In real
operation, the used solid sorbents can be regenerated using heat or
vacuum pressure in the downer column before send back to the
riser column. The used solid sorbent can regenerate and operate in
semi-continuous or continuous system design. Conventionally, the
residence time in the riser column is also short. When comparing
the breakthrough and exhaustion points, the fixed bed flow pattern
had higher breakthrough and exhaust points than the bubbling and
the turbulent fluidization flow regimes, respectively. This is
because the difference of amount of inlet CO, gas between flow
patterns or regimes. For the fast fluidization flow regime, the
clearly trend was not observed with the other flow patterns or
regimes. This is because the continuous feeding the fresh and used
solid sorbents. These two points are important parameter to
operate the reactor system and to perform regeneration.

The regression results by the deactivation model are also
displayed in Fig. 3, where this model could accurately predict the
overall breakthrough behaviors. For the fast fluidization flow
pattern, the results were slightly different due to the assumption
of the employed model. The kinetic parameter data for all inlet
gas velocities or flow patterns/regimes are summarized in Fig. 3.
The kinetic parameters were highly dependent on the operating
flow regime/pattern inside the reactor. In general, the kinetic
parameters are those that describe the reaction rate and they then
should be the same irrespective of the reactor type. However, as
stated in the introduction section, the kinetic models in this study
were the overall or simplified kinetic models including mass
transfer and chemical reaction resistances. Because the obtained
kinetic parameters were different in each type of flow regime, it
can be concluded that mass transfer resistance occurred and
governed these systems. When considering the simulated CO,
breakthrough curve in Fig. 3, the fixed bed flow pattern gave the
best sorption result due to the high reaction time. Although the
fixed bed flow pattern had the best performance result, the value
of initial sorption rate constant or k, was very low. The solid
sorbent packing on each other (high mass transfer resistance)
caused the loss of the active sites and resulted in a low reaction
speed. In the case of the bubbling fluidization flow pattern, the ko
value showed that the higher gas-solid particle contacting surface
area gave better ko. For turbulent and fast fluidization flow
patterns, the solid sorbent could not remove all CO, in the feed gas
except at the early beginning stage. Considering the values of ko,
the fast fluidization flow pattern showed a similar range with the
bubbling fluidization flow pattern due to system back-mixing. The
turbulent fluidization flow pattern provided the most promising of
ko values because of the suitable reaction time and system back-
mixing. For the deactivation rate constant, kg, all the results had
the same trend similar to the initial sorption rate constant, k. For
the fixed-bed and the bubbling fluidization flow patterns, the kq4
values were lower than ko values, while the opposite results were
observed for the other two flow patterns due to the low system
reaction time, which implied a low solid sorbent deactivation in
the last two flow patterns. In order to obtain the optimum
operating condition for CO, capture, a suitable inlet velocity
should give the largest value of ky, and smallest value of k,. Also,
the operating condition with largest positive difference between
ko and k4 was preferable. In this study, the turbulent fluidization
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Fig. 4. Effect of solid volume fractions on (a) initial sorption rate constant (ko) and
(b) deactivation rate constant (kg).

was the suitable flow pattern since it inferred a low mass transfer
resistance.

Next, the effect of a solid volume fraction on the kinetic
parameters, initial sorption rate constant and deactivation rate
constant were explored as illustrated in Fig. 4(a) and (b),
respectively. From the figures, the highest kinetic parameter was
obtained at the moderate value of the solid volume fraction. This
could be explained by the appropriate solid volume fraction inside
the system. At a low solid volume fraction, the solid particles were
diluted and distributed across the column. At a high solid volume
fraction, the solid particles were too dense inside the system and
blocked the active surface area. Both of the solid volume fractions
then had a negative effect on the sorption reaction rate.

4.3. Effect of sorption temperature

As shown in Fig. 5, the effect of sorption temperature on CO,
breakthrough curves for K,CO3/Al,03 solid sorbent was investi-
gated using the reference operating condition with the inlet gas
velocity of 0.01 m/s. Five different sorption temperatures were
explored including 323, 333, 343, 353 and 363 K. Two trends of
experimental outlet CO, fraction were observed. For the tempera-
ture range of 323-333 K, CO, sorption increased whereas for the
temperature range of 333-363 K, CO, sorption decreased. Corre-
spondingly, the breakthrough and exhaust points were highest at
333 K. The system with high breakthrough and exhaustion point
are favorable. The decrease of the outlet CO, fraction at low and
high temperatures was attributed to the rate of carbonation or
sorption chemical reaction and the highly exothermic chemical
reaction. At low sorption temperature, the observed trend was
consistent with the experiment [15]. The slow chemical reaction
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Fig. 5. Effect of different sorption temperatures on breakthrough curve of outlet CO, fraction and their corresponding kinetic parameters with m =1, n=1 and 18.4% vol. H,0).
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rate will occur with low sorption temperature. At high sorption
temperature, the observed trend was firstly proposed and
confirmed by several high sorption temperatures. The chemical
reaction will decrease with the increasing of sorption temperature
in exothermic chemical reaction. An exothermic chemical reaction
releases heat and provides net energy to its surroundings. The
energy needed to initiate the reaction is less than the energy that is
subsequently released.

The simulated and experimental breakthrough curves were
consistent with each other. As shown in Fig. 5, the ko increased
with the increase of sorption temperature from 323 to 343 K. When
increasing the sorption temperature above 343K, the rate of
sorption reaction became unfavorable. Thus, the optimum sorption
temperature was 343 K for k. The overall trend of k, increased with
the increase of sorption temperature except with the condition at
323 K. The slightly deviation is due to the diffusion resistance of
unreacted reactant layer over the solid sorbent. The lowest
observed value was at 333 K. Similar to the previous reason, the
backward reaction and the activation energy explained the
observed results. The low deactivation of solid sorbents then
found. When considering the optimum sorption temperature with
the same concept in the Section 4.2, effect of inlet gas velocity, the
suitable sorption temperature was 333 K.

Similar to the general chemical reaction, the relationship
between kinetic parameters and the sorption temperature (T) can
be explained using the Arrhenius’s form [5,13]:

Eq
In kgorln ky =In A — RT (9)
where A is the frequency factor or pre-exponential factor, E, is the
activation energy and R is universal gas constant. The plot of In ko vs
T~'and In kyvs T~! are shown in Fig. 6(a) and 6(b), respectively. The
activation energy and frequency factor could then be calculated
using the slope and intercept of the graph, respectively. ko, showed
a different trend between the sorption temperature range of 323-
343K and 343-363 K. At low sorption temperature, the regression
produced the positive activation energy of 12.66kJ/mol and
frequency factor of 25.81 m*/kg min (calculated using the first

three points). The positive activation energy was generally found in
many chemical reactions and this chemical reaction was called a
barrier reaction. To occur the chemical reaction, the reactant
molecules must have translational and vibrational energies equal
to or greater than the activation energy. At high sorption
temperature, the regression produced the negative activation
energy of —48.07kJ/mol and frequency factor of 6.69 x 10’ m?/
kg-min (calculated using the second three points). Negative
activation energy does not obstruct the reaction. The reaction
proceeding relies on the capture of the molecules. The increase of
the sorption temperature increased the Brownian motion and led
to the higher probability of the colliding molecules. However, the
more glancing collisions were not leading to reaction as the higher
momentum carried the colliding particles apart from each other.
The rate of reaction thus was decreased [5]. The kg the
experimental results showed the same overall trend for all
temperature ranges with the activation energy of 17.40 kJ/mol
and frequency factor of 182.91 m®/kmol min. However, at 323 K
sorption temperature, the k; value was surprisingly increased by
the unconverted solid sorbent.

4.4. Effect of water vapor content

The effect of water vapor content in feed gas on CO,
breakthrough curves for K,COs/Al,03 solid sorbent was also
investigated using the reference operating condition with the inlet
gas velocity of 0.01 m/s. In actual normal operation, the combus-
tion reaction gave comparable amount of contents of water vapor
and carbon dioxide. Nevertheless, unusual operations, shortage
and surplus of water vapor from non-ideal reactor mixing or
chemical reaction, were also considered to explore their effect on
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carbon dioxide sorption in this study. Therefore, this study results
can reflect the whole range of reactor phenomena. Four different
water vapor contents were carried out as 7.0, 13.5, 18.4 and 22.5%
vol. H,0. The measured values of the CO, breakthrough curves
were plotted against the reaction time as shown in Fig. 7. Two
trends of the outlet CO, fraction were observed. For 7.0-18.4% vol.
H,0, the reaction times increased with increasing water vapor
content. This result implies that the sorption reaction increased as
the water vapor content increased. For 18.4-22.5% vol. H,0, the
chemical reaction decreased with the increasing water vapor
content. The exceptional excess water vapor content exhibited the
CO, sorption reaction similar to the previous literature [24]. This is
because this sorption chemical reaction needs equal stoichiometry
of CO, and water vapor reactants. However, little higher water
vapor enhanced the chemical reaction as its can help the
pretreatment of solid sorbents [21]. Similar to the explanation
in the previous section, the breakthrough and exhaust points were
then highest at 18.4% vol. H,O which was the suitable sorption
operating condition.

The evaluated values of ky and kg and simulated breakthrough
curve are plotted in Fig. 7. [28] reported that the same K,COs3 solid
sorbent conversion were obtained with the changing of water
vapor content under the condition that the concentration of H,O
was comparable or higher than that the concentration of CO-.
Therefore, the deactivation model should be zeroth-order with
respect to the concentration of H,O reactant. With this system
operating condition, the employed deactivation model was thus
appropriate. For the case of 7% vol. water vapor content, the slight
deviation was occurred. However, all the simulated and experi-
mental breakthrough curves were reliable with each other. For the
effect of water vapor content on the kinetic parameters, the initial
sorption rate constant and deactivation rate constant were
explored as illustrated in Fig. 8. The values of k, increased with
the increase of water vapor content from 7.0 to 18.4% vol. H,0. One
mole of K,CO3 can adsorb one mole of CO, and one mole of H,O and
produce two moles of KHCOs. The effect of water vapor content
then could be explained by the above stoichiometric. However,
some excess water vapor content may assist the occurrence of the
CO, sorption reaction as stated by [21]. As the concentration was
increased to 22.5% vol. H,0, the value of ky decreased. This can be
explained by the surplus water content in the feed gas which
decelerates sorption reaction rate. All the values of k,; decreased
with the increase of the water content. Some previous literature
reported that the excess water could deactivate or decrease the
active surface area of solid sorbent [24].

5. Conclusions

The deactivation kinetic model was effectively used to compute
the kinetic parameters for CO, sorption using K,COs3/Al,03 solid
sorbent in a fixed/fluidized bed reactor. The deactivation model of
the first-order with respect to both the solid active site and the
concentration of CO, reactant was consistent with the experimen-
tal data. With this model, the simulated data and experimental
breakthrough curves coincided with each other. Then, the effect of
various system operating conditions on model kinetic parameters
were also investigated. The obtained reaction rate constants were
the highest at the moderate solid volume fraction value due to the
system hydrodynamics and reaction time. The turbulent fluidiza-
tion showed a suitable flow pattern for the occurrence of the CO,
sorption. This infers a low mass transfer resistance in this flow
pattern. The optimum sorption temperature for the CO, sorption
was 333 K. The backward reaction and the activation energy are the
explanation for the observed results. The reaction rate constant
could be fit into the Arrhenius’s form. The initial sorption and
deactivation rate constants were increased and decreased with the

increase of water content, respectively. However, this condition
was exceptional for the excess water vapor content condition. The
obtained results provide useful information to design a better
chemical reactor for use in all system dimension mathematical
modeling and computational fluid dynamics simulation codes. The
obtained deactivation kinetic model can be used as an input
parameter for the modeling and simulation. With this model, the
full-scale reactor system in fossil fuel power plant can be simulated
and designed, accurately. In addition, the effect of several
operating parameters was revealed and used as simulation
guideline for reactor operation.
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Absiract

The unsteady state computational fluid dynamics model for gas-solid particle flow in
industrial scale circulating fluidized bed boiler combining with combustion and
desulfurization (using limestone solid sorbent) chemical reactions, both homogeneous and
heterogeneous, was developed in this study. The effects of solid sorbent feeding position
and solid sorbent particle size on sulfur dioxide concentration were investigated. The results
showed that both the solid sorbent feeding position and solid sorbent particle size had an
effect on the sulfur dioxide capture. Entering solid sorbent af the upper secondary air
position gave lower sulfur dioxide concentration than the one at the lower secondary air
/ position and fuel feed position, respectively. This can be explained by the influence of
-( ,( suitable temperature at the upper secondary air position for desulfurization chemical
reaction. About the solid sorbent particle size, the sulfur dioxide capture was the lowest

when using the largest solid sorbent particle size due to the system hydrodynamics.
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1.0 INTRODUCTION

The increasing of world population leads to a higher
energy demand. Currently, the coal-biomass power
plants are still the important source of energy.
However, the fuel power plant operation will lead to
the significant amount of pollution emissions including
sulfur dioxide gas (SOq). This SO2 gas can cause the
acid rain, climate change and human health
problems [1]. The limestone (CaCOzs) is a well-known
solid sorbent to react with the flue gas from power
plants. This is because it can be easily combined with
the conventional combustion power plant process
and it has low price [2, 3].

For the controlling of SO2 emission, some alternative
solutions to capture SO2 gas are explored in the
literature such as altering the solid sorbent circulation
rates and the solid sorbent inventory [4]. However, the
effect of other process conditions is still unknown.

Circulating fluidized bed (CFB) has been extensively
used in chemical, petrochemical and energy
industries, especially power generation, because it
gives high combustion efficiency. In CFB boiler, the
solid particle and gas phases react with each other in
the riser section. In addition, the CFB boiler has the
cyclone and downer sections to separate large or
unreacted solid particles and fo return them into the
process [5-6].

XX:1(2015) 1-6 | www jurndlteknologi.utmmy | elSSN 2180-3722 |
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Computational fluid dynamics (CFD) are recently
used mathematical tool for predicting the engineering
problem. This method can accurately predict the flow
behavior, heat and mass fransfers and chemical
reactions by wusing numerical approaches. The
advantages of using this method are being easy to
use even in the non-safe process operating condition
and reducing the cost and time on the readl
experiment [7-8].

In this study, the modeling SO2 capture using
CaCQs in industrial scale CFB boiler therefore was
developed wusing CFD simulation. At first, the
developed model was compared its correctness with
the actual collecting data from a power plant,
including the outlet SO concentration, the outlet
oxygen (Og) concentration and the outlet system gas
velocity. Then, the effects of solid sorbent feeding
position and solid sorbent particle size on SO»
concentration were investigated to propose the
appropriate guidelines for SO, capture.

2.0 MODEL DESCRIPTION

The configuration and detailed dimension of the
simplified riser section of a CFB boiler are shown in
Figure 1. The employed model was two-dimensional
model. The maximum dimensions of the height and
diameter of CFB boiler were 20.00 m and 7.96 m,
respectively. Fuel entered the system of fuel feed
position at 1.23 m from the primary air position. The
auxiliary air was fed to the system af two positions to
improve the combustion efficiency. The lower and
upper secondary airs entered the system at 2.37 and
3.80 m from the primary air position, respectively. In
addition, all the three input positions were fed with 30°
of depression.

Outlet

;_ Upper secondary air (¢ 0.24 m)
<+— |Lower secondary air (¢ 0.24 m)
+— Fuelfeed ($0.6 m)

11

Primarv air

Figure 1 Dimension of the riser section of
industrial scale CFB boiler.

The model was unsteady stafte Eulerian-Eulerian
CFD model. The governing, including momentum,
energy and mass conservation equations, and
constitutive equations were solved separately for each
phase as the confinuous (gas) and dispersed (solid
particles) phases [9-10]. About the constitutive
equations, the set of equations was selected from the
kinetic theory of granular flow theory. This theory was
effectively employed in many literatures on CFB boiler
modelling.

2.1 Chemical reaction conditions

The chemical reactions of solid particle phase
consisting of fuel solid particle (lower cdorific value
(LCV) coal, higher calorific value (HCV) coal and
biomass (wood chip)) and CaCOz (sorbent) solid
particle are shown below:

Fuel = Volatile + Char + Ash (R1)
CH4+ 2 Oy = CO + 2H;0 (R2)
CoHs+ 2 02 = 2CO + 3H0 (Rs)
CO+3 0= CO, (Rs)
Ho+ 7 O2= HoO (Rs)
C(s)+§OQ(9) - (2 —%]CO (g + (;— 1]C02 (9) (Re)
Cis)t CO2(g) =+ 2CO (g) (R7)
CaCO3— CaO+ CO, (Rg)
CaO + 5O+ 02— CaSOs (Rs)

First, the fuel solid particles were dried and
devoldtiized (Ri). The volatile matter includes
methane (CHy4), ethane (CiHg¢), carbon monoxide
(CO), CO2 water vapour (H20) and hydrogen (H2).
Then, the combustion of voldtile (R2>Rs), the
combustion of char (R¢), the gasification of char (R7)
and the capturing of impurity gas (Rs-Re) reactions
were occured.

For the drying and dev oldtilization reaction (R1), this
step was assumed to be fast reaction step. The
fraction of char, ash and voldtile gas composition
were then determined based on real experimental
information using the proximate and ultimate analysis
of each fuel solid particle [11-12] as shown in Tables 1,
2 and 3. Then, the overal gas compositions were
obtained according to the feeding weight percent of
each fuel component. The obfadined specie mass
fractions of volatile gas composition are 0.046 for CHs,
0.057 for CoHg, 0.226 for CO, 0.031 for CO,, 0.580 for
H2O, 0.030 for Hz, 0.013 for SO2 and 0.015 for NO2
respectively.
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The combustion of voldtile component occurred

Table 1 Analysis of coal (HCV)'s properties. . : .
Y ( )'s prop according to various homogeneous chemical

Proximate (wi%) Ultimate (wi%) reactions. The homogeneous chemical reactions

Fixed caroon 3829 C 5117 included the CH4 oxidation (Rz), C2Hs oxidation (Ra),

Volatile matter 2900 H 3.91 CO combustion (R4 and H2 oxidation (Rs). Their

Ash 8.54 N 1.27 reaction rate and chemical reaction kinetics are
Moisture 2417 O 10.19 summarized in Table 4 [13-15].

S 0.76 The solid fuel heterogeneous chemical reactions

consisted of the char combustion (Rg) [16] and the
boudouard reaction (Ry). Their reaction rate and

Table 2 Analysis of coal (LCV]'s properties. chemical kinetic constants are dso summarized in

Proximate (wi%) Ultimate (wi%) Table 4 [14-17].

Generadlly, the desulfurization process using solid

\F}Zlecﬂ”(e:o;?g;er g;gg S 35726 sorbents consisted of indirect and direct desulfurization
Ash 4.79 N 0.42 mechanisms. In this study, CaCOs was calcined to be
Moisture 3024 O 14.16 CaO and COz (Ry). Then, the CaO was used as the

S 0.48 sorbent for SO, capture [5, 18-20]. Therefore, the

CaCOs solid particles consisted of pseudo-species,

including CaCOgs, CaO and CaSO.. The calcinations

Table 3 Analysis of biomass (wood chip)'s properties. reaction (Rs) took place at system temperature

Proximate (wi%) Ultimate (wi%) between 873-1,273 K. However, some literature study

claimed that the proper operating temperature was

Fixed carbon 21.59 C 27.43 L
Volatile matter 3305 H 055 between 1,07_3-1,1_73 K [5, 21, 22]. This is becouse_fhe
Ash 0.36 N 007 ’rempero’rgre in this range was opproprlo’re‘for dr|v.en
Moisture 4500 O 24.59 the chemical reaction of SO, capture. Their reaction
S 0.01 rate and chemicdl kinetic constants are summarized in
Table 4. In this study, the employed reaction rates
were obfained from the similar fluidized bed literatures
[5,22].
Table 4 Reaction ratesused in the simulations [5,22].
Reaction rate Reaction rate constant
Ry Ry Experimental data
R 'r;_;-__ = "Yew oy =7 TAZTAT
() () o= 1585100 ef222)
Rs Rs = Ks(—,;i‘—}(—,;—} ks = 1.585x 100 exp| =2
R vy, | = BEERIID
) R4 = k4 YcoY hao® T‘"’;(ﬁ} ke =3x ]O]OeXp(—}
R Yoo (Y 0 _ 4T
® R5—K5|:—1‘_'—}|[—“_;—} ks = léleO"T‘SeprI }
R — M=l ¥ T 5'11?:.!‘_--;:.1“:
6 Re _ﬂ...:-- ks Sa k5=_,: :! ::.:_"d k.. = 8910 Ewlf 1 44T=108 } ky= .J Rl:‘_:f-.t.
R7 R7 =ﬁi_—, k; = 3. 1785x10‘0expf iEeE } Krpo, = <$6explr e } Krzo = lQOexpf — ]"
Rs Rs = Kettyz £z 5";._-;1.5'_-__-51%; ks = 6. O78xlO4exp{ paner s },
= 4191 O‘?expliﬁ} Sees, = 1.26 m2g”
Ro Ro = ksfuz Bz Yoaz 55 ¥op, 0 ke = 4908)(}0'.1_ .::-:: z _}’
|- ~ 5T ags, J s _[—384T,; +5.6x10%  cazez ke
O O oy toas T s 90maca, ) 09 T (3597, — 367100 T

where d: solid particle diameter (m) ki: reaction rate constant of reaction i, M molecular weight of species i, p: gas pressure, pi:
pressure of species i, , D: diffusion coefficient, g: gravity acceleration, R: net production rate of reaction i, R: universal gas
constant, Sh: Shewood number, Sc: Schmidt number, p: density, Yi: mass fraction of species i, & volume fraction, T: femperature
and y: viscosity.
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2.2 Simulation, inifial and boundary conditions

About the modeling setting, the employed viscous
model was laminar. The dersity of gas species was
calculated using an incompressible ided gas law
while the density of solid particle species was
calculated using a volume-weighted-mixingdaw. The
specific heat capacities, thermal conductivities and
viscosities for each phase were calculated using a
mixingdaw function of temperature, mass-weighted-
mixingdaw, and weighted-mixing-law, respectively.
The maximum packing of solid particle was set s
0.60. The calculated time step was set as 0.001 s.

The other simulation, intid and boundary
conditions for simuation are showed in Table 5
comparing with the experimental ones. For the initial
condition, the industrial scale CFB boiler was filled with
sand solid particles for using as the heating medium
inside the system with static bed height of 0.61 m and
volume fraction of 0.30. The ftemperature of each
phase was set equal to 673 K. For the boundary
condition, the velocities of gas phase in different inlet
positions were already listed in Table 5. At the
currently feeding location (fuel feed position), the
velocities of fuel solid particle and CaCOs solid
sorbent were set equally as 0.35 m/s with solid
volume fraction of 8.8Ix104 and 2.30x10+4,
respectively. The inlet temperatue at fuel feeding
position was set as to 1,073 K due to the returning of
unreacted fuel solid particle assumption. The inlet
temperatures ot primary, lower secondary air and
upper secondary air positions were set as 673 K. There
was no sand solid particle entered the system. Af the
outlet, the operating pressure was fixed as 101,325
Pa. The other important assumptions in this study were
mono-sized solid particle and two-dimension model.

Table 5 Parameters used in the simulations.

3.0 RESULTS AND DISCUSSION

Before comparing the CFD resuts, the vdidation of
the model and the time independency test (steady
state fime) were investigated. This study results
showed fthatf, after simulafion time of 100 s, fthe
absolute pressure began to stable indicating that the
system starting to reach steady state time. After 100 s
of simulation time, the chemical reactions were then
analyzed and compared with the actual collecting
experimental data from the power plant. Severdl
modeling adjustments were performed to match the
obtained simulation results with the red experimental
information.

Table 6 illustrates the comparison of optimum
simulation and obtained experimental results. It could
be seen that, after the modeling adjustment, the
simulation  results  were  corsistent  with  the
experimental results. The outlet SO, concentration, O2
concentfration and system gas velocity were
compared. The ranges of simulation results were
similar to the ones of the experiment. This confirmed
the correctness of the developed model. Then, this
model wos used in the following simulations. Figure 2
shows the comresponding contours of (a) O; and (b)
SO2 mole fractions for the opfimum simulation. Both
the gas concentrations were highest at the solid
feeding location and then decreased throughout the
industrial scale CFB Boiler due to the occurence of
chemicadl reaction.

Table 6 Comparison of optimum simulation and obtained
experimental results.

(o)} SO2 Velocity
Case (%) (ppm) outlet (mys)
Experiment 7 211 - 566 4.14-5.23
Simulation 7.22-10.85 319.70-43217 3.46-4.18

Unit Experiment Simulation
Inlet gasvelocity af m/s 1.40 1.40
primary air
Inlet gas velocity af m/s 37.80 37.80
lower secondary air
Inlet gas velocity at m/s 48.41 48.41
upper secondary air
Diameter of fuel solid micron 700 700
particle
Diameter of CaCOs micron 350 350
solid particle
Diameter of sand sold micron 180 180
paricle
Density of fuel solid kg/m3 2,000 2,000
particle
Density of CaCOs solid ~ kg/m3 2,800 2,800
particle
Density of sand solid kg/m3 2,659 2,659
particle
Restitution coefficient - - 0.90

Specularity coefficient - - 0.01

3.3le-02
3.14e-02
2.98e-02
2.81le-02
2.65e¢-02
2.48e-0Z
2.32¢-02
2.15e-02
1.98e-02
1.82e-02
1.65e-02
1.496-0C
1.32e-03
1.16e-02
9.826-04
B.27¢-04
6.61e-04
4.966-04
3.31e-04
1.65¢-04
8.79¢-10

2.17e-01
. 2.06e-01
L 1.956-01
L 1.84e-01
1.73e-01
1.62e-01
1.52e-01
1.41e-01
1.30e-01
1.19e-01

- 1.08e-D1
9.75e-02

8.66e-02

7.58e-02
6.50e-02
5.41e-02
Figure 2 Contours of (a) O.and (b) SO2 mole fractions for
the optimum simulation (using 350 micron solid sorbent
particle size and feeding solid sorbent at fuel feed position).

4.33e-02
3.25e-02
2.17e-02
1.08e-02
0.00e+00

(a) (o)
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3.1 Effect of solid sorbent feeding position

In this study, the effect of solid sorbent feeding
position on the SO; capture was investigated. The
assumptionis that the CaCOg3 solid sorbent should be
fed at the position which has suitable temperature
for desufurization to occur. Here, three solid sorbent
feeding position were compared which were the
conventional solid sorbent feeding position at the
fuel feed position and the other two new solid
sorbent feeding position at the lower secondary air
and upper secondary air positions. For comparison of
the results, these three simulations were caried out
with the same input amount of CaCQOs solid sorbent.

Figure 3 shows the change in outlet CO»
concentration, outlet Oz concentration and outlet
SO, concentration with three different solid sorbent
feeding positions. From the results, the outlet Oz
concentrations were quite similar with three different
solid sorbent feeding positions. The solid sorbent
chemical reaction did not change the overall main
combustion chemicad reaction. However, slightly
lower outlet O> concentrations were found from fuel
feed, lower secondary air and upper secondary air
positions, respectively. Therefore, the outlet CO»
product concentrations were increased according
to the following order: fuel feed, lower secondary air
and upper secondary air positions. The outlet SO2
concentrations for upper secondary air were lower
than the outlet SOz concentration for lower
secondary air and fuel feed positions, respectively.
This is because the suitable higher system
temperature with the upper secondary air position
which accelerates the reaction rate of desulfurization
chemical reaction.

In this study, the outlet SO2 concentration for
upper secondary air, lower secondary air and fuel
feed positions were 384.39, 387.12 and 389.50 ppm,
respectively. The difference of SO, gas with the
changing of the location of solid sorbent injection
was within 10 ppm, the location of solid sorbent
injection therefore had a minor impact on
improvement SO, capture efficiency. As stated
above, this is because the slightly deviation in
temperature betweenthe feeding positions.
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Figure 3 The outlet gas composition with three different solid
sorbent feeding positions.
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Figure 4 Contours of gastemperature (K) inside theriser
section of industrial scale CFB boiler for (a) fuel, (o) lower
secondary airand (c) upper secondary air feeding positions.

Figure 4 shows the contour of gas temperature in
industrial scale CFB boiler. Al the solid sorbent
feeding position exhibited quite similar gas
temperature profiles. The results validated the above
explanations that the suitable temperature inside the
system waos the reason for higher SO2 capture [5]. This
phenomenon occurred due to the buoyancy of high
temperature gas product.

3.2 Effect of solid sorbent particle size

The effect of solid sorbent particle size on the SO2
capture was dlso investigated. The assumption is that
the CaCOs solid sorbent which has higher resident
fime will be appropriate to use inside this industrial
scale CFB bailer. Here, three solid sorbent particle size
were compared which were 200, 350 (conventional)
and 500 micron. The other operating condition was
similarly set for each case.

Figure 5 shows the change in outlet CO;
concentration, outlet Oz concentration and outlet
SO, concentration with three different solid sorbent
particles size. From the results, the increasing solid
sorbent particles size decreased O and SO
concentrations and increased CO; concentration.
The solid sorbent particle with largest particle size wil
have higher system residence time which then
appropriates to occur sorption reaction inside this
industrial scale CFB boiler. Also, the large solid
sorbent helps the mixing behavior inside the system
which then assists the chemical reaction to occur.
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Figure 5 The outlet gas composition with three different solid
sorbent particle sizes.
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In this study, the outlet SO, concentration for 200,
350 and 500 micron solid sorbent particle size were
401.76, 392.641 and 369.19 ppm, respectively. Figures
2 and 6 confirmed that the SO, mole fraction was
lowest for 500 micron solid sorbent particle size.
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Figure 6 Contours of SO, mole fractions for solid sorbent
particle size of (a) 200 and (b) 500 micron.

4.0 CONCLUSION

In this study, the SO, capture modeling using CaCO3
in industrial scale CFB boiler was developed using
CFD simulation. The obtained CFD results were
consistent with the real operation data.

For the effect of solid sorbent feeding position on
SO, capture, entering solid sorbent at the upper
secondary air position gave lower sulfur dioxide
concentration than the one at the lower secondary
air position and fuel feed position, respectively. This
can be explained by the influence of sutable
temperature at the upper secondary air position for
desulfurization chemical reaction.

For the effect of solid sorbent particle size on SOz
capture, the SO, capture was lowest when using the
largest solid sorbent particle size due to the system
hydrodynamics. The CaCOs solid sorbent which has
higher residence time will be appropriate fo use inside
this industrial scale CFB boiler.
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Abstract

In this study, the effect of operating parameters on system mixing inside air reactor of
chemical looping combustion was analyzed using factorial experimental design analysis. The
flow behavior was simulated using computational fluid dynamic model with the Eulerian
approach. The EMMS drag model was used since it showed comparable quantitative result to
the experimental one. The results summarized that gas velocity was the significant parameter
that affected average and standard deviation of radial and axial solid volume fractions.
Besides, the interaction between diameter of solid particle and gas velocity also had an effect
on standard deviation of radial solid volume fraction.

1. Introduction

Reducing carbon dioxide (CO,) emissions from industrial section is receiving more
attention from researchers and engineers. This is because the CO, capture from power
generation systems is expensive and consumes a lot of energy'. One solution is to use
circulating fluidized bed (CFB) technology for CO, capture using the chemical looping
combustion (CLC) concept. In a CLC system, the process shown in Fig. 1 is separated into
two interconnected fluidized bed reactors called air reactor and fuel reactor™. A solid oxygen
carrier circulates between two reactors and transports oxygen from air reactor to fuel reactor.
With this concept, CO, is seperated from the other flue gas components. Therefore, a
subsequent CO, seperation process is not necessary because the air is not directly mixed with
the fuel. The gas seperation equipment is then not needed that reducing the cost in this process.
Lu et al. found that the riser simulation result for Geldart A particle using EMMS-based drag
coefficient model were in good agreement with the experimental data*. Zhou et al. used the
same drag coefficient model to investigate the effect of wall boundary condition in CFB
system. The specularity coefficient had a significant
effect on gas-solid flow behavior’. From the above

previous research study, the effect of modeling _ N2#(0z)
parameters was mainly explored while the effect of = crdions
operating parameter was limited, especially for the air

reactor in CLC process. Metal

In this study, the hydrodynamics of solid particles
and gas were investigated using computational fluid
dynamics (CFD) simulation inside air reactor of CLC.
An Eulerian-Eulerian two-phase model that treats
interprenetrating continua for each phase was used”’.
The CFD simulation results then were compared with
the experimental data. In addition, the effect of
different operating parameters were explored using 2*
factorial experimental design. The selected response

Fig. 1. The CLC process.
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variables were the average of solid volume fraction (ASVF) and the standard deviation of the
solid volume fraction in radial (SDSVF-RD) and axial directions (SDSVF-AD).

2. Experimental
2.1 System and computational domains

In this study, the CFD simulation was performed using commercial software, ANSYS
FLUENT 14.0. The obtained results were compared the accuracy and correctness with the
experimental data by Shuai et al.’ The air reactor had 0.0762 m diameter and 6.10 m height.
The gas phase was fed at the bottom of the air reactor and solid particle phase was fed from
two side inlets. Then, the gas-solid particle mixture flew out the system from the top of the air
reactor. The gas was air while the solid particle was metal particle. The solid particles were
laid in Geldart A classification. The suitable two-dimensional computational domain had
9,500 cells after testing the grid independency.

The time independent summarize that the Table 1. Parameters used in CFD simulation.

system reached steady state after 20 s. Description Value
simulation time. The other simulation Time step (s) 0.0001
condition settings are listed in Table 1. Maximum solid volume fraction (-) 0.60
As stated above, factorial experimental 8§ :ﬁtgggsﬂ;eiig;(gm) 1.85110'5
design analysis was selected for study the  Gas density (kg/m®) 1.20
effect of operating parameters. The four Solid particle density (kg/m’) 1,600
varying operating parameters were solid Solid particle diameter (um) 70

. . Solid particle-solid particle
particle diameter (A) at 0.00015 m and e e o ton ) 0.97

0.00020 m, solid circulating flux (B) at 300  Wwall-solid particle coefficient of

and 400 kg/m’.s, temperature (C) at 1073 and ~ restitution (-) 0.90
1273 K and superficial gas velocity (D) at 1  Specularity coefficient (-) 0.5
43 m/ T}lllp 1 dg lV lfY( ) " Drag coefficient model EMMS
an S. ¢ selected values o oper'a g wall boundary condition (-) Johnson-
parameters were chosen from the available Jackson’

Table 2. The condition for the 2* factorial experiment design analysis with the CFD simulation results.

Case Particle Solid circulating Temperature Inlet gas Average of solid | SD ofradial solid | SD of axial solid
diameter flux (kg /mzs) (K) velocity volume fraction volume fraction volume fraction
(m) (B) © (m/s) ) ) )
(A) D)
1 0.00015 300 1073 1 0.1651 0.0035 0.0061
2 0.00020 300 1073 1 0.1625 0.0029 0.0058
3 0.00015 400 1073 1 0.1757 0.0076 0.0110
4 0.00020 400 1073 1 0.1671 0.0033 0.0063
5 0.00015 300 1273 1 0.1626 0.0038 0.0052
6 0.00020 300 1273 1 0.1603 0.0022 0.0057
7 0.00015 400 1273 1 0.1738 0.0048 0.0059
8 0.00020 400 1273 1 0.1648 0.0036 0.0060
9 0.00015 300 1073 3 0.1069 0.0016 0.0028
10 0.00020 300 1073 3 0.1096 0.0026 0.0048
11 0.00015 400 1073 3 0.1171 0.0014 0.0027
12 0.00020 400 1073 3 0.1175 0.0028 0.0039
13 0.00015 300 1273 3 0.1036 0.0026 0.0028
14 0.00020 300 1273 3 0.1070 0.0026 0.0044
15 0.00015 400 1273 3 0.1126 0.0024 0.0026
16 0.00020 400 1273 3 0.1154 0.0024 0.0038
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theoretically and empirically information in the literature. The 2* two-level factorial
experimental design analysis is summarized in Table 2.

2.2 Mathematical model

The Euler-Euler (Eulerian) multiphase model was selected for gas-solid particle two-phase
flow. The energy conservation equations for gas and solid phase were ignored for the
hydrodynamics study’. The employed conservation equations mass and momentum, as well as
solid particle phase fluctuating energy with their constitutive equations are summarized
below”:

2.2.1 Conservation equations

The mass conservation equations for gas (g) and solid particle (s) phases are shown in
Egs. (1) and (2)

%(ggpg)+v(ggngg):0 )
o)+ Ve,pV,)=0 @

where ¢ is the volume fraction, pis the density and V7 is the velocity and ¢is the time. The
mass exchange between two phases was not considered in this study.

The momentum equation for the gas and solid particle phases are represented by the Navier-
Strokes equation.

0
g(gzt,’/’)ng)Jr v(ggngng): ~EgVP+V T, +8,0.8~ Py (Vg _Vs) 3)
L oo )+ Voo b V) =-aVP+ Ve v pg+ AoV, ) @)

where g is the acceleration due to gravity, Pis the hydrodynamic pressure, zis the stress
tensor and S, is the momentum transfer between gas and solid particle phases.

The fluctuating kinetic energy or granular temperature (&) equation is summarized as
shown below.

%{%(sspseﬁ V(gspSH)Vs} =(-VPI+7,):VV, +V(KVO)-y, (5)

where K is the conductivity of solid fluctuating kinetic energy, p, is the collisional

dissipation of solid fluctuating kinetic energy and 7 is unit vector.

2.2.2 Constitutive equations

The constitutive equations used in this study were based on the conventional kinetic theory
of granular flow (KTGF) such as solid pressure, solid viscosity and radial distribution
function®. In addition, the employed interphase momentum exchange coefficient or drag force
model (3, ) is based on the energy minimization multi-scale (EMMS) concept proposed by

Yang et al.” The EMMS model was developed based on the particle cluster occurrence
concept. The previous study by Chalermsinsuwan et al.'’ had successfully used this model to
simulate the Geldart A particles operated in fast fluidization regime'".

(1_ggd)zﬂg +1.75 i=calodlre -7,
&

By =150 ©
e,k ”
3\l-¢
:Bgs = 7%/)&41/&, -V, CDoa)(gg) (7)
P
with 0.74 <£,<0.82, 60<8g)= ~0.5769 + 0.0214
4z, ~0.7463F +0.0044
0.0038

with 0.82 <£,<0.97, wlg, )=-0.0101+
4z, —0.7789F +0.0040
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with £,>0.97,
ole, )=-31.8295+32.8295¢,
and Re [ 1000,

0.60

@&  FExpenimental data by Shuai et al. at y=3.5m
—e—Simulation at y=3.5m

o Bxpenmental data by Shuai et alat y=4.5m
—o—Simulation at y=4.5m

0.40
0.30

Cpo = ﬁ(1 +0.15Re™)
Re

020

Re> 1000, C,, =0.44
where uis the viscosity.

Concentration of particles [-)

0.00
1.00 0.50 0.00 0.50

Dirmensionless radial direction (-}

1.00
3. Results and Discussion

As stated in the experimental section,
the appropriate simulation time obtained
by time independency test had to be
considered. The calculated results
showed that the solid particles in air reactor of CLC took around 20 s to fill up the system and
came into quasi-steady state condition after 20 s. Therefore, the total simulation time for each
simulation case was selected as 50 s to ensure the stability of the result.

Fig. 2. Distribution of solid particle concentration
comparing with the experimental data at 3.5 m and
4.5 m heights of air reactor in CLC.

3.1 Comparison with

Shuai et al. experiment Table 3. The analysis of variance when the response variable was
[6] ASVF.
Source of Sum of Degree of Mean F value p-value
The results in Fig 2 variation squares freedom square
displays the D 0.012213 1 0.012213 422.4054 < 0.0001
Error 0.000405 14 2.89E-05
distribution of the solid [ Total 0.012618 15

volume fraction at two
different heights of air

Table 4. The analysis of variance when the response variable was

reactor in CLC. The SDSVF-RD.
simulation results Sou.rce.: of Sum of Degree of Mean F Value p-value
variation squares freedom square

showed ~ that  the 3 1.64E-06 1 1.64E-06 15628 0.2351

simulation model got | D 1.11E-05 1 1.11E-05 10.5178 0.0070

closely qualitative and | -AD 6.27E-06 1 6.27E-06 5.9712 0.0310
Gitative results with |ETor 1.26E-05 12 1.05E-06

quantita Total 3.16E-05 15

the experimental data
by Shuai et al. [6]. This

Table 5. The analysis of variance when the response variable was

confirms the accuracy SDSVF-AD.

and correctness of the Source of Sum of Degree of | Mean square F value p-value
: variation squares freedom

numerical mOd,el' The D 3.67E-05 1 3.67E-05 17.5967 0.0009

results gave high and o 2.92E-05 14 2.08E-06

low concentrations of | Total 6.58E-05 15

solid particles at the
wall and center of air reactor in CLC, respectively. This profile is called core-annulus flow
structure.

3.2 2* factorial experimental design analysis

As stated above, the response variables in this study were the ASVF, the SDSVF-RD and
the SDSVF-AD along the height of air reactor in CLC. For the suitable system condition, the
highest value of ASVF is required which means that the quantity of solid particles in air
reactor of CLC were high. In contrast, the low value of SDSVF-RD and SDSVF-AD shows
the good mixing or homogeneity inside the system. The 2" factorial experimental design
analysis results are summarizes in Table 2. From the results, case 3 and case 13 showed the
highest and lowest ASVF at 0.176 and 0.104, respectively. With respect to the SDSVF-RD,
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case 3 had the highest value similar to
ASVF while the lowest one was found in

g

case 11. Besides, case 3 and case 15 § 1w 22 0oms

represented the highest and lowest é L0 \‘\\_ ‘ég i .
SDSVF-AD at 0.011 and 0.003, %_t® N, %Eo.ma T
respectively. 3 0w =0 3%om i
Table 3 summarizes the analysis of g. 060 Ef a0t

variance (ANOVA) of the ASVF. The § °* e .
superficial gas velocity (D) affected the Superfictal gas velocity (D) e
quality of solid volume fraction in air

reactor. This is indicated by the lower _ ows T, ows

value of p-value than 0.05. The ANOVA E% 0.005 . E_E?;i

of the SDSVF-RD is shown in Table 4, %E s e 25 oos

the superficial gas velocity (D) and the 3§ P § e e
interaction between the solid particle 53 :::f i o 3 Eoom ?
diameter and the superficial gas velocity it z;?om;

(AD) were the affected parameters. In T I L T

Solld particle dlameter (A) Superficial gas velocity (D)

addition, from the experimental design
theory, if the interaction (AD) is a
significant effect, their first order effects
(A and D) should be considered even as
p-values are higher than 0.05. The operating parameter that had an effect on the SDSVF-AD
is summarized in Table 5 which was the superficial gas velocity (D). Fig. 3 illustrates the
plots of the main effects and interaction effects for each response variable. From the result of
Fig. 3(a), a negative effect of superficial gas velocity (D) on ASVF was observed. When the
superficial gas velocity (D) is decreased, the ASVF increases due to the increasing of
supporting force. A high value of ASVF showed high solid particle concentration along the
height of air reactor. In Fig. 3(b), the main effects of solid particle diameter (A) and
superficial gas velocity (D) on SDSVF-RD were explored. The increasing of both solid
particle diameter (A) and superficial gas velocity (D) had a negative effect on SDSVF-RD.
This means that solid particles had uniform mixing in radial direction in air reactor of CLC.
For the explanation, the high solid particle diameter is more difficult to form a cluster
comparing to the low one while the high superficial gas velocity made the flow to be more
homogeneous in radial direction. Moreover, Fig. 3(c) indicated that there was an interaction
between the solid particle diameter and superficial gas velocity (AD). When the superficial
gas velocity was high and low, the increasing of solid particle diameter then gave low and
high values of SDSVF-RD, respectively. This also can be explained by the uniform velocity
distribution and particle clustering inside the system. Fig. 3(d) represented the main effect plot
of SDSVF-AD. When the superficial gas velocity (D) is increased, the SDSVF-AD decreases
because a high superficial gas velocity effects collision between solid particles and particle
cluster flow along the height of air reactor. This low value of the SDSVF-AD shows the
homogeneous system mixing in axial direction in air reactor.

The contour plots of the solid volume fraction at 30 s for Cases 3, 11, 13 and 15 are shown
in Fig. 4. The red and navy blue colors represent high and low values of the solid volume
fraction, respectively. The solid volume fraction in Case 3 had high solid volume fraction than
the other three cases while case 13 had low solid volume fraction which almost showed green
and navy colors in air reactor of CLC, respectively. For case 11 and 15, the solid volume
fraction had uniformly mixing along the axial and radial directions of air reactor of CLC,
respectively. So both case had a low value of SDSVF-RD and SDSVD-AD. The obtained
results confirmed the results from statistically ANOVA analysis.

Fig. 3. The main effect and interaction effects for
(a) ASVF (b-c¢) SDSVF-RD and (d) SDSVF-AD.
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4. Conclusion

This study used ANSYS FLUENT 14.0 60001
to simulate hydrodynamics and mixing in . ;322: j
the air reactor of CLC with different ' 51001 8
operating parameters. The EMMS drag o
model gave the similar results to the e !
experimental data. The simulation showed 3 60601
the formation of core-annulus flow st
structure. From the factorial experimental F 2706-01
design analysis, the superficial gas - e
velocity (D) had an affected on the ASVF 15001 |
and the SDSVF-AD. The parameters that o i
affected on the SDSVF-RD were solid N o00e2 I‘
particle diameter (A), superficial gas o 5,'1

Is

velocity (D) and interaction between solid 0.00e+00
particle diameter and the superficial gas a) b) ¢ d)
velocity (AD). From all the results, it can
be concluded that the most significant
parameter for the gas-solid particle
mixing inside air reactor of CLC was the
superficial gas velocity (D). The results in
this study can be used to improve the mixing in conventional air reactor of CLC and to design
and scale-up of the optimum novel CLC system.

Fig. 4. The contours of solid volume fraction at 30 s
in air reactor with a) Case 3, b) Case 11, c) Case 13
and Case 15.
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combustion using computational fluid dynamic simulation
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Abstract - Mixing of particles is an important
factor in fluidized-bed reactors. The horizontal
mixing of fuel particles affects the performance of
the beds since it has ag reat influence on the
distribution of heat release from the fuel. In
bubbling fluidized bed, the particle movement is
caused by rising bubbles. The bubbles transport
particles upwards in their wakes and particles then
flow downwards. In the literature, there are many
variables affecting on m ixing. In this study, the
effect of operating parameters on hydrodynamics in
the fuel reactor was conducted by using commercial
computational fluid dynamics (CFD) simulator,
ANSYS FLUENT. The CFD simulation of the bed
hydrodynamics was based on the concept of Euler—
Euler two-fluid model in combination with kinetic
theory of granular flow (KTGF). Hydrodynamic
behavior was investigated in a bubbling fluidized
bed reactor. The Gidaspow drag model was
selected to use for computing the momentum
exchange coefficients. The mixing behavior of gas-
solid bubbling fluidized bed had been studied in
terms of initial static bed height, properties of
particle and fluidization velocity. The mixing index
or standard deviation of solid volume fraction in
axial and radial directions was selected as response
parameter to determine mixing efficiency. The two-
dimensional Cartesian mathematical model was
validated by comparing with literature experiment.
The simulated axial solid velocity, the granular
temperature and the solid volume fraction profiles
were consistently matched with the experimental
results. From the analysis of variance, particle
diameter and initial bed height had a significant
effect on mixing in axial direction.

Keywords: Chemical looping, Computational fluid
dynamics, Fuel reactor, Mixing, ANOVA.

1. Introduction

Since the beginning of industrialization, carbon
dioxide is the primary greenhouse gas emitted from
industries. The main sources of CO, emissions were the
combustion of fossil fuels (coal, natural gas, and oil) from,
transportation and industrial processes. The released CO,to
the atmosphere has caused the earth's surface temperature
to rise, since its lifetime in the atmosphere is long.
Consequently, the globally averaged CO, concentration in
the atmosphere has enhanced from the pre-industrial levels
of 285 ppm, to a current 401.33 ppm [1]. Chemical
looping combustion is a carbon capture technology where
air and fuel are not directly mixed. Therefore CO, is not
diluted by N, and no energy is required for gas separation.
For the literature review of computational fluid dynamics
of chemical looping combustion (CLC), Harichandan et al.
[2] studied CFD analysis of bubble hydrodynamics in a
fuel reactor for a hydrogen-fueled chemical looping
combustion system. The numerical result showed similar
trend in mole fraction of products with the experimental
results. Wang et al. [3] investigated hydrodynamic
simulation of fuel reactor in CLC by using NiO oxygen
carrier and CH, fuel. The EMMS drag model was applied.
It gave more accurate result comparing with the
experimental gas product composition results. Zhang et al.
[4] studied the cold flow experiment and modeling of
chemical looping combustion using Fe,03/Al,0; oxygen
carrier and CHy fuel. The results revealed that, under the
design situation, the conversion rate of CHa4 reaches 88.2%
and unburned methane escapes from the reactor with large
bubbles. Until now, only few investigation of operating
variable effect on hydrodynamic behavior in bubbling
fluidized bed has been studied. In addition, there are no
literature studies on operating variable effect on mixing by
simulation of cold flow in bubbling fluidized reactor.

The objective of this study is to investigate the
effect of initial bed height, particle size, particle density
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and fluidization gas velocity on mixing of gas-solid
particle in axial and radial directions using experimental
design method and to develop numerical model to describe
a steady state performance of fuel reactor in bubbling
fluidized bed chemical looping combustion. Numerical
results were validated with experimental result by Jung et
al. (2005).

1I. Material and Methods

2.1. Numerical model

The Euler-Euler model was employed for the
simulation of gas-solid hydrodynamic in bubbling
fluidized bed. The Eulerian-Eulerian model assumes that
both the gas and solid phases are continuous phase. The
hydrodynamic model consists of the conservation of mass
and momentum for each phase, the constitutive equations
and the interaction between two phases. The Gidaspow
interphase exchange coefficient model was selected to
calculate in this study.

Mass conservation equations:

AEqDa] . .

jrs +v[5£‘-ﬂ£'“£'f:l = My (D
3 Lral T, 0
%"‘V{E&ﬂs“s] = Wy (2)

where £ is the concentration of each phase, U is
the velocity, p is the density, t is the time, (S) is for the
solid particle phase and (g) is for the gas phase.

Momentum conservation equations:
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where g is gravity acceleration, P is the pressure,
f is the momentum interphase exchange.

Granular temperature conservation equation:

3 [2z,p, 00

- === +vlgp fru,| = (vpd + 1.} vu,
2 e

+ wlk,ve) — v, (5)

where 8 is the solid fluctuating kinetic energy, K,

is the conductivity of solid fluctuating kinetic energy, | is

the unit vector and ¥, is the collisional dissipation of solid

fluctuating kinetic energy.

A finite volume method based on phased-coupled
SIMPLE algorithm was used. In this study, the simulations
were run for 20 s with time step of 1x10™ sec.

2.2. System description

Commercial simulator, ANSYS FLUENT, was
used to compute 2D Cartesian fuel reactor as shown in Fig.
1(a).The reactor had 0.155 m diameter and0.40 m height.
The solid particles were filled with a height of 0.20 m and
solid volume fraction of 0.40. The bottom of reactor was
set according to the inlet velocity and the top of reactor is
set according to the outflow condition. The used system
descriptions and variables are defined in Table 1. These
system was referred to the experimental procedure by
Ahuja and Patwardhan [5].

0.155 m

+—>
A

0.40m

0.20 m

]
<

(@) (b)

Fig. 1. (a) Schematic of the fuel reactor and (b) two-dimensional
computational domain with (i) 38x50 (ii) 75x100 (iii) 150x200.
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Fig. 2. (a) time-averaged axial particle velocity in radial direction at the
height of 0.14mand (b)time-averaged solid volume fraction in radial

direction at the height of 0.14m.

Table 1. System description and variables.
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Description Value
Operating pressure(Pa) 101325
Gas density(kg/m®) 1.22
Gas viscosity(kg/m-s) 1.82x10°
Solid particle density(kg/m®) 2500
Solid particle diameter (um) 530
Restitution coefficient between particles(-) 0.99
Restitution coefficient between particles and wall(-) 1
Specularity coefficient (-) 0.60
Solid inlet volume fraction at maximum packing limit(-) 0.63
Gas inlet velocity (m/s) 0.59

2.3. Experimental design

This study examined the impact of operating
conditions on the mixing in axial and radial directions by
analyzing the complete set of CFD analysis data composed
of 16cases.Experimental design method was used to
determine the set of cases that the CFD code will run. A
complete factorial design, 4 factors with 2 levels,
requires16 experimental runs.

In this study, properties of nickel oxide/nickel
aluminate metal oxide particle were referred from
Brandvoll [6]. Particle size was selected from geldart
group B with 200 and 600 micron. Particle density was
used with 1300 and 2350kg/m’. Initial static bed height
and fluidization velocity were selected based on
Escudero[7]. Initial static bed height was varied from
0.50D to 0.75D and gas velocity was varied from 1.50 to
1.75 Uye (minimum fluidization velocity). Because the
bubbling fluidized bed is batch operation, if we run initial
static bed height and gas velocity over this range, the
particle will lost out from the system. As stated above, the
required total numbers of experiments for four variables at
two levels were 2* = 16 as shown in Table 2.

111. Results& Discussion

3.1. Model validation

Before analyzing the data, the simulation based
on the condition in Table 1 was investigated. The axial
particle velocity and solid volume fraction in radial
direction at the height 0.14 m were collected between 5 to
20 s as shown in Figs. 2(a) and (b), respectively. All the
numerical results were consistent with the experiments of
Jung et al. [8]. Both the result of solid volume fraction and
axial particle velocity showed core annular flow structure.
The solid particles were carried up by the gas at central
region and fallen down at annular region.

3.2.Grid independence study

With the high grid resolution, the computational
fluid dynamic then took a long time for calculating step.
Therefore, a minimum resolution but sufficient grid
numbers should be explored for the accurate and correct
data. This simulation compared three different mesh sizes
(38 x 50, 75x 100 and 150 x 200) to investigate grid
independency test as shown in Fig. 3.
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Fig. 3.Grid independency test for solid volume fraction at z=0.14m.

Fig. 3 displays the result of solid volume fraction
in radial direction at z = 0.14 m with three different
meshes. All the mesh sizes showed the same trend.
However, the medium mesh(75 x 100) and fine mesh (150
x 200) showed more consistent data than the coarse mesh
(38 x 50). Therefore, the grid with medium size(75x100)
was selected to compute 2D - Cartesian bubbling fluidized
bed of fuel reactor in CLC in this study.

3.3.Time independency test

In this study, the total simulation time was 25 s.
The steady state operating condition was achieved when
the absolute pressure reached an approximately constant
value which was after 5 s simulation time. The time
averaged results presented here were then calculated
between 5 and 20 s. Fig. 4 shows time independency test
by overall pressure drop across bed in bubbling fluidized
bed reactor.
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Fig. 4.Time independency test for overall pressure drop.
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Table 2. Summary result of standard deviation of solid volume fraction in radial and axial directions.

Treatment A(micron) B(m) C(kg/m®) D(m/s) SD axial direction SD radial direction

1 200 0.50D 1300 1.5Umf 0.1844 4.29E-05

a 600 0.50D 1300 1.5Umf 0.1774 4.51E-04
b 200 0.75D 1300 1.5Umf 0.2449 1.17E-03
ab 600 0.75D 1300 1.5Umf 0.2334 1.01E-03
c 200 0.50D 2350 1.5Umf 0.1846 4.66E-03
ac 600 0.50D 2350 1.5Umf 0.1701 5.72E-04
be 200 0.75D 2350 1.5Umf 0.2464 3.94E-03
abc 600 0.75D 2350 1.5Umf 0.2235 3.40E-03
d 200 0.50D 1300 1.75Umf 0.1800 8.35E-04
ad 600 0.50D 1300 1.75Umf 0.1687 3.04E-04
bd 200 0.75D 1300 1.75Umf 0.2377 2.17E-03
abd 600 0.75D 1300 1.75Umf 0.2223 2.29E-03
cd 200 0.50D 2350 1.75Umf 0.1817 1.96E-03
acd 600 0.50D 2350 1.75Umf 0.1594 1.67E-03
bed 200 0.75D 2350 1.75Umf 0.2400 6.42E-03
abcd 600 0.75D 2350 1.75Umf 0.2072 3.69E-03

3.4. Experimental design

The independent variables affecting mixing in
radial and axial directions which were (i) initial static
bed height (ii) diameter of particle (iii) fluidization
velocity and (iv) density of particle and their response
are shown in Table 2. In heterogeneous reaction, the
degree of reaction rate depends on rate of mass transfer
and mixing index. Therefore solid distribution in
bubbling fluidized bed is key parameter for high
conversion. In this study, standard deviations (S.D.) of
solid volume fraction in axial and radial directions
were selected as the response parameters.

3.4.1.Effect of operating conditions on S.D. of solid
volume fraction in axial direction

In this study, the results were analyzed with
ANOVA for two level factorial design. The analysis of
variance for standard deviation of solid volume fraction
in axial direction was shown in Table 3. The highly
significant variable ons tandard deviation of solid
volume fraction in axial direction were particle
diameter, initial static bed height and fluidization
velocity. In addition, the analysis showed mild
interaction between particle diameter and particle
density. Figs. 5(a) and (b) show the main effect and
interaction plots of each significant factor. From the
results, increasing initial static bed height (B) from
0.50D to 0.75D will enhance standard deviation in
axial direction. The standard deviation in axial
direction decreases with the increasing of particle

diameter (A) and fluidization velocity (D).Norouziet al.
[10]concluded similar effect of aspect ratio of the bed
(H/D) and fluidization velocity. The increasing of gas
velocity caused gross internal circulation while the
increasing of aspect ratio changed the solid flow
pattern in the bed. For static bed height, if the same
amount of solid particle and fluidization velocity were
set ,the solid particle distribution will not be uniform
along the bed. From Fig. 5(b), the significant
interaction effect can be seen from the lines in graph
not being parallel. The result revealed the presence of
interaction between experimental variables. The
particle density and diameter had negative interaction
effect. Large particle size and high particle density
increases the mixing in axial direction more than small
particle size and low particle density. According to
minimum fluidization equation, minimum fluidization
velocity depends on particle properties. With different
operating conditions, different circulation will occur
which promotes mixing in bubbling fluidized bed.

Table 3:The analysis of variance for standard deviation of
solid volume fraction in axial direction.

Sum of Mean F-
Source squares DF square Value Prob>F
A 1.18E-03 1 1.18E-03 65.32 <0.0001
B 0.013 1 0.013 694.97 <0.0001
D 2.89E-04 1 2.89E-04 15.93 0.0021
AC 1.40E-04 1 1.40E-04 7.73 0.0179
Residual 1.99E-04 11 1.81E-05
Total 0.014 15
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Fig. 5. The effect of different factors (a) and their interaction (b) on
standard deviation in axial direction.

3.4.2.Effect of operating conditions on S.D. of solid
volume fraction in radial direction

Table 4:The analysis of variance for standard deviation of
solid volume fraction in radial direction.

Sum of Mean
Source squares DF square F-value Prob> F
A 3.39E-06 1 3.39E-06 | 55.7442837 0.0175
B 1.08E-05 1 1.08E-05 | 177.299219 0.0056
C 1.93E-05 1 1.93E-05 | 317.520296 0.0031
D 1.29E-06 1 1.29E-06 | 21.1394989 0.0442
AB 1.70E-07 1 1.70E-07 | 2.78668632 0.2370
AC 3.09E-06 1 3.09E-06 | 50.7408562 0.0191
BC 6.15E-07 1 6.15E-07 | 10.1083398 0.0863
BD 2.61E-06 1 2.61E-06 | 42.9032912 0.0225
ABC 1.35E-07 1 1.35E-07 | 2.21574994 0.2750
ABD 1.71E-06 1 1.71E-06 | 28.0415009 0.0339
ACD 2.05E-07 1 2.05E-07 | 3.36772321 0.2079
BCD 6.32E-07 1 6.32E-07 | 10.3912584 0.0843
ABCD 3.66E-06 1 3.66E-06 | 60.1186358 0.0162
Residual | 1.22E-07 2 6.09E-08
Total 4.77E-05 15

The analysis of variance for standard
deviation of solid volume fraction in radial direction
was shown in Table 4. From the table, all the main
effects had a significant effect on the response. The
two variable interaction between diameter of particle
and density of particle and that between initial bed
height and fluidization velocity also had considerable
effect. Fig. 6(a) reveals the significant main effect on

the mixing in radial direction. For the large main effect,
the high particle density will decrease gas-solid mixing
efficiency. Gan et al. [11]found three main solids
mixing mechanisms for the solids in fluidized beds
under bubbling conditions: 1) the solid particles are
pulled upwards by the wake behind rising bubbles, 2)
particles flow downwards with the emulsion phase
around bubbles and 3) particles are scattered over the
dense bed surface when a bubble erupts. The solid
mixing in dense fluidized bed is then caused by
bubbles which mainly depend on particle density. In
addition, lateral dispersion coefficient increases with
the decreasing of particle size and increasing of
superficial gas velocity. When increasing gas velocity,
it will enlarge bubble size. The bubble moves faster
and more vigorous. The lateral mixing increases with
increasing static bed height. With this condition, the
bubble becomes larger and faster caused by the
coalescence as they rise up through the bed.
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Fig. 6. The main effect of different factors on standard deviation in
radial direction

b (acd)

Fig.7.Solid volume fraction contours and solid flux vector for (a) ac
and (b) acd at 15s.
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3.4.3.Effect of operating condition on flow pattern

When increasing fluidization velocity or
properties of solid, the bubble grows and induces
particle in a circulation loop. This is a mechanism for
mixing in bubbling fluidized bed. From Fig. 7, contour
plot of solid volume fraction shows some internal
circulation in “acd” case more than “ac” case when
enhancing fluidization velocity.

IV. Conclusion

In this study, the combination of computational
fluid dynamic and design of experiment was used to
study the effect of operating parameters based on
sixteen simulation cases.

From the ANOVA result, it can be concluded
that three main parameters had the significant effect on
mixing in axial direction and all main parameters had
the significant effect on mixing in radial direction. In
addition, some mild interaction effects were obtained.
For mixing in axial direction, negative interaction
between particle size and particle density was found.
From the contour of solid volume fraction at 15s,
adjusting operating parameters to high level such as
particle size, particle density and fluidization velocity,
the bubble were then generated and coalesced to form
larger bubble. It is commonly recognized that solids
mixing in a fluidized bed is mainly caused by the
movement of bubbles. Bubbles induce the solids
mixing by stirring the bed material as they are rising
through the dense phase. The lateral solids mixing has
a major influence on the performance of fuel reactor.
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