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Abstract—The hydrodynamics inside a high solid particle concentration circulating fluidized bed reactor was investi-
gated using computational fluid dynamics simulation. Compared to a low solid particle reactor, all the conventional
fluidization regimes were observed. In addition, two unconventional fluidization regimes, circulating-turbulent and
dense suspension bypassing regimes, were found with only primary gas injection. The circulating-turbulent fluidiza-
tion regime showed uniformly dense solid particle distribution in all the system directions, while the dense suspension
bypassing fluidization regime exhibited the flow of solid particles at only one side system wall. Then, comprehensive
fluidization regime clarification and mapping were evaluated using in-depth system parameters. In the circulating-
turbulent fluidization regime, the total granular temperature was low compared to the adjacent fluidization regimes.
In the dense suspension bypassing fluidization regime, the highest total granular temperature was obtained. The cir-
culating-turbulent and dense suspension bypassing fluidization regimes are suitable for sorption and transportation appli-
cations, respectively.
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INTRODUCTION

The circulating fluidized bed (CFB) is one of the commonly used
multiphase flow reactors in the chemical, petrochemical and energy
production industries [1,2]. This type of reactor is fundamentally
based on the concept of fluidization [3]. The explanation for the
obtained situation is because of the balancing between forces acting
on the solid particles by input gas or liquid [4,5]. The riser section
is the part of a CFB reactor in which the chemical or physical opera-
tion normally occurs. Our focus was on the gas-solid particle mul-
tiphase flow system. The alteration of solid particle behavior, the
fluidization flow regime, mainly depends on the gas inlet velocity
[6-9]. The four well-known fluidization flow regimes inside a con-
ventional low solid particle concentration riser are bubbling, turbu-
lent, fast fluidization and pneumatic transport [10-13]. In each fluidi-
zation regime, unique specific characteristics are observed. Many
researchers have successfully evaluated and explained these vari-
ous fluidization regimes inside a low solid particle concentration
CFB reactor [10,14-16]. In recent years, the CFB reactor has been
proposed to be used with high solid particle concentration condi-
tion [17-20]. The CFB reactor with low solid particle concentration
condition is not suitable for use in some innovative applications due
to its low quantity and low contacting chemical reaction area such
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as carbon dioxide sorption [21] or agricultural product drying [22,
23]. Besides, non-uniformity of solid particle concentration distribu-
tion was observed inside the low solid particle concentration CFB
reactor [7,8]. However, most of the literature research studies mainly
discussed the new methodology to operate the reactor in denser mode
and their generally observed system hydrodynamics [24-28].

Nowadays, computational fluid dynamics (CFD) simulation is
an important tool for designing of many industrial processes. The
fundamental theory of the CFD simulation is the solving of mass,
momentum and energy conservation equations simultaneously [29].
For multiphase flow systems, two different approaches can be used:
Eulerian and Lagrangian. The Eulerian approach is recommended
when the quantity of solid particles cannot be occupied by one of
gas. Therefore, this approach was selected in this study by separately
solving the conservation equations for each phase [30]. Among the
various attempts to close the gas-solid particle flow, the kinetic theory
of granular flow has found the widest use as a constitutive equation
[4.9]. This theory is principally an extension of the kinetic theory
of gases [31] to dense gas and solid particle flows with the addition
of random movement and non-elastic collision of solid particles in
terms of the granular temperature and the restitution coefficients.
Due to its many advantages, this mathematical tool is being used
for process simulation including CFB reactor [32].

In the literature, some research study about CFD simulation of
high solid particle concentration CFB reactor has been reported,
but still no concrete fluidization regime clarification and mapping are
summarized. After the concept of a high solid particle concentration
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CFB reactor was first announced by Bi and Zhu [33] and Issangya
et al. [34], various CFD simulations with this concept were mod-
eled. They defined the system that operated with solid particle mass
flux (G,) greater than 200 kg/m*'s and solid particle volume frac-
tion (&) greater than 0.10 as the high solid particle concentration
CFB reactor. Cruz et al. [35] developed a new momentum inter-
phase exchange coefficient closure model based on experimental
data to predict the solid particle distribution inside high solid parti-
cle concentration CFB reactors. CFD simulation of air and fluid
catalytic cracking solid particles in the high solid particle concen-
tration CFB reactor was performed by Almuttahar and Taghipour
[36]. The challenges in accurate modeling of the solid particle near
the wall region were shown. In addition, Almuttahar and Taghipour
[17] showed the hydrodynamics of gas-solid particle flow in the
same CFB reactor at various fluidization operating conditions. The
radial profiles of solid particle velocity in the high solid particle con-
centration CFB reactor were simulated by Bastos et al. [27] using a
three-dimensional CFD simulation. Their model predicted high and
low solid particle velocities in the center and wall regions of reac-
tors. Wang et al. [37] developed the hydrodynamic characteristics
of the high solid particle concentration CFB reactor, based on the
Energy-Minimization Multi-Scale model. The solid particle concen-

tration was dense but still a non-uniform core-annulus flow struc-
ture appeared in the bottom reactor section. With the increasing of
the reactor height, the solid particle concentration was reduced and
the flow structure became more uniform. They claimed that their
reactor was operated in dense suspension upflow pattern. In con-
trast with the above literature, Chalermsinsuwan et al. [21] pro-
posed another high solid particle concentration flow pattern using
lower gas inlet velocity from the CFD simulation, called circulat-
ing-turbulent fluidization. With this flow pattern, the obtained solid
particle concentration was dense and uniform throughout the CFB
riser using only primary gas injection. Zhu and Zhu [38], Qi et al.
[20,39] and Zhu et al. [40] performed experimental measurement
and confirmed the occurrence of the circulating-turbulent fluidiza-
tion flow pattern inside high solid particle concentration CFB reac-
tor with secondary gas injection.

In this study, the system hydrodynamics inside high solid particle
concentration CFB was investigated using commercial CFD simu-
lation, ANSYS FLUENT program. The solid particle flow patterns
with various primary gas inlet velocities were illustrated. The vali-
dations of system hydrodynamics inside high solid particle concen-
tration CFB reactor were conducted using experimental measurement
in Thummakul et al. [41]. Then, comprehensive fluidization regime
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clarification and mapping were summarized using in-depth system
parameters such as normal Reynolds stresses and granular tempera-
ture. In addition, further fluidization regime explanation and mapping
was concluded. This knowledge will enable engineers to efficiently
design and operate this reactor.

COMPUTATIONAL FLUID DYNAMICS MODEL

1. System Description and Computational Domain

We performed CFD simulations for an experimental Plexiglas
two-dimensional CFB reactor [41]. The cold-flow CFB reactor con-
sisted of three main parts: riser, downer and separating and return-
ing systems. The CFB riser had 2.00 m height, 0.15 m width and
0.05 m depth, while the CFB downer had 1.00 m height, 0.30 m
width and 0.05 m depth. For separating and returning systems, the
200 US standard size mesh was used to separate the solid particles
from the gas at the top of the reactor and at the small discharge tubes
at the CFB downer. The solid particles then fell back to the system
and returned to the CFB riser at 0.05 m height from the bottom of
the reactor. The ball valve was used to control the solid particle flow
from CFB downer to CFB riser. A schematic drawing of the system
is shown in Fig. 1(a). At the base of the CFB riser’s column, a 200
US standard size mesh was used to support the solid particles. A
gas distributor was located directly below the mesh. The gas was
conditioned prior to entering the column. First, the gas pressure was
controlled to a desired value by a pressure regulator. Then, the gas
flowed through a dehydration unit to remove moisture from the gas
stream. Finally, the gas inlet velocity was regulated by adjusting the

Table 1. The used system operating conditions and modeling par-
ameters in this study

Description Value
Width of CFB riser (m) 0.15
Height of CFB riser (m) 2.00
Depth of CFB riser (m) 0.05
Width of CFB downer (m) 0.30
Height of CFB downer (m) 1.00
Depth of CFB downer (m) 0.05
Gas density (kg/m?*) 1.20
Gas viscosity (kg/m-s) 2x107°
Solid particle density (kg/m?) 2,650
Solid particle diameter (um) 380
Gas inlet velocity (m/s) 0.25,0.75, 1.25, 5.00,
10.00, 25.00
Initial solid particle inside the CFB 21.00
reactor (kg)
Outlet system pressure, P (Pa) 101,325
Gravity force, g (m/s?) 9.81
Solid volume fraction at maximum 0.60
packing, & . ()
Specularity coefficient, ¢ (-) 0.01
Restitution coefficient between solid 0.90
particle and wall, e, (-)
Restitution coefficient between solid 0.90

particles, e (-)
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gas stream through a rotameter with a manual valve. The system
gas was air with a density (p,) of 1.20 kg/m’ and a viscosity (¢,) of
2.00x107° kg/m-s. The system solid particle was silica sand with a
density (p,) of 2,650 kg/m’ and a mean diameter (d,) of 380 pum.
Initially, 21 kg of solid particles was filled inside the CFB reactor
system. The minimum calculated solid particle mass flux inside this
system was approximately 300 kg/m®-s. The other system operating
conditions are listed in Table 1.

Since a three-dimensional model requires long computation time,
we used a two-dimensional computational domain with Cartesian
coordinates for the simulation. The computational domain of this
study CFB reactor is schematically displayed in Fig. 1(b). The grid
independence study was performed as shown in Fig. 2. The proce-
dure for checking the grid independence or effect of computational
cell was performed by the incrementing of computational cells. Then,
the obtained results for each computational cell were compared.
The suitable computational cell is the smallest computational cell
that gives the same result as the one with higher computational cell.
The employed grids had 4,000, 6,000, 8,000 and 10,000 computa-
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Fig. 2. (a) The axial distributions of time-averaged absolute pres-
sure, and (b) the lateral distributions of time-averaged abso-
lute pressure at 1.00 m CFB riser height with four different
computational cells.
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tional cells. Fig. 2(a) shows the axial distributions of time-averaged
absolute pressure with four different computational cells, while Fig.
2(b) displays the lateral distributions of time-averaged absolute pres-
sure with the same four different computational cells at 1.00 m CFB
riser height using 1.25 m/s gas inlet velocity. The selected riser height
is the one at half of the riser. From the results, the absolute pressure
profiles with 8,000 and 10,000 computational cells were similar. The
reason can be explained by the fact that the large computational cells

may be too coarse for capturing the real phenomena in the compli-
cated system process in some computational domain area. In the
following section, the suitable grid number of 8,000 computational
cells then was employed.
2. Mathematical Model

As mentioned, we used the Eulerian approach for simulating the
gas-solid particle multiphase flow system using the ANSY'S FLU-
ENT program. With the Eulerian approach, the gas and solid parti-

Table 2. A summary of the conservation and constitutive equations used in this study

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

0

at(ggpg) +V- (gg gvg) =0
- Solid particle phase (s);
£(6p)+V (5pv)=0

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

(M

@

0
a_t(gg V) TV (60 V) =—§VP+V -+ £,0,8 = Bo(V,— V) 3)

- Solid particle phase (s);

aQt(espsvc) +V - (6pV,V)=—&VP+V - 1,— VP, + 508+ Lo (V,—V,) “@

(c) Conservation of solid particle fluctuating energy (60);

%[gt(apﬁﬂv-(&pﬁvs)}:(— VPI+7): VV,+V-(kV 0) = 1.+ ¢, (5)

where v is velocity, £is volume fraction and I is unit tensor.

B. Constitutive equations;

(a) Gas phase stress (7,

7= b [ VV+(VV)]~ gﬂg(V vl (6)
(b) Solid particle phase stress (q),

T=eu,[Vv,+(Vv)]- &-(é - %ﬂg)v vl (7
(c) Collisional dissipation of solid particle fluctuating energy (%);

r=30-pzo(3 9 )

dN
(d) Radial distribution function (g,);
1/34-1

go:[l— (:) J ©)
(e) Solid particle phase pressure (P,);

P.=gp.01+2g.&(1+e)] (10)
() Solid particle phase shear viscosity (4,);

10pd,4/ 78 J_Q 4 ¥
= vps pg0(1+e)[+96(]+e)g08 Sgo&(1+e)} (11)
(g) Solid partlcle phase bulk viscosity (&);
4
c=360d,8(1+e) J:H (12)
T
(h) Conductivity of the solid particle ﬂuctuating energy (k;);
150p,d,4/07 0

= e e [1+ 8g0(1+e)J 1208 dp(1+e)g0[ (13)
(i) Exchange of the solid particle fluctuating energy between phases (¢,,);

Pe==3p0 (14)
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Table 2. Continued

(j) Gas-solid particle phase interphase exchange coefficient (4,);

- Gidaspow model;
when ¢,>0.80;

2
f=1500—EL4 +1.75(1‘8)§|V‘°""f|

gp P
when £,<0.80;

3(1-¢g)e .
ﬂgs = Zgwa'&')—gpgwg_ V5|CDO &g ©
D

with
. _ 24 0.687y .
Re<1000; Cpo==—(1+0.15Re;™);
Re,

Re>1000; Cpo=0.44

(15)
(16)
Rek:pggglvg—vjld,_,
He

cles have their own sets of conservation equations. The conservation
equations were closed by providing constitutive equations based
on the kinetic theory of granular flow, as reviewed by Gidaspow
[4]. The conservation and constitutive equations are summarized in
Table 2. According to the literature, there was extensive information
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Fig. 3. (a) The axial distributions of time-averaged absolute pres-
sure, and (b) the lateral distributions of time-averaged ab-
solute pressure at 1.00 m CFB riser height with three dif-
ferent computational times.

—+—Computational time = 0.005 s
—=—Computational time = 0.001 s
Computational time = 0.0005 s

Absolute pressure (m)

February, 2014

given on the conservation and constitutive models and the universal
values of modeling parameters [17,36,42-44]. Therefore, reasonable
models and values from those in the existing literature were selected
to use in this study as shown in Tables 1 and 2. About the model
validation with the experimental results, it was successfully shown
in our previous study [41].

About the time independence study, the 1.00x107* s step time
with one-hundred iterations per time step was used to ensure numeri-
cal stability. The results with various computational times were com-
pared. The largest computational time which does not change the
obtained results should be selected to use. In this study, three compu-
tational times were varied among 0.005, 0.001 and 0.0005 s with
constant 1.25 m/s gas inlet velocity. Fig. 3(a) shows the axial distri-
butions of time-averaged absolute pressure with three different com-
putational times. The lateral distributions of time-averaged abso-
lute pressure with the same three different computational times at
1.00 m CFB riser height are illustrated in Fig. 3(b). At all CFB riser
heights, the results with 0.005 s computational time were different
from the ones with 0.001 and 0.0005 s computational times. Because
this study system of equations is very stiff, the large computational
time then gives high erroneous solution or divergence calculation.
In the simulation, the quasi-steady state condition was also explored.
In this study, four time-averaged ranges were varied, which were
0-10, 10-20, 20-30 and 30-40 s inside the system with gas inlet veloc-
ity of 1.25 m/s. The axial distributions of time-averaged absolute
pressure with four different time-averaged ranges are displayed in
Fig. 4(a). Fig. 4(b) shows the lateral distributions of time-averaged
absolute pressure with the same four different time-averaged ranges
at 1.00 m CFB riser height. The result with 0-10 s time-averaged
range was lower than the results with other time-averaged ranges.
Generally, with increasing of system time, the quasi steady state
system is obtained. In addition, the fluidization system is the co-
current system which feeds from the system bottom. The system
variables are then continually stable from the bottom to the top sec-
tions. Therefore, the time-averaged distributions of flow variables were
computed after the system reached the quasi-steady state conditions,
which were the time (t) from 20 s to 40 s. The models were solved
by using a computer with Pentium 1.80 GHz CPU 2 GB RAM.

3. Initial and Boundary Conditions

The definition of the appropriate initial and boundary conditions
is critical for carrying out a realistic simulation. Initially, the solid
particles were filled inside the CFB reactor with a similar value ac-
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Fig. 4. (a) The axial distributions of time-averaged absolute pres-
sure, and (b) the lateral distributions of time-averaged ab-

solute pressure at 1.00 m CFB riser height with four differ-
ent time-averaged ranges.

cording to the experimental quantity. The gas inlet velocity was speci-
fied at the inlet. In this study, various uniform gas inlet velocities
were applied from 0.25 to 25.00 m/s. At the outlet, the system pres-
sure was defined as an atmospheric pressure. The solid particle veloc-
ities were set as zero near the system outlet to match with the realistic
wire mesh or separating equipment phenomenon. At the wall, a no-
slip condition was applied for all velocities, except for the tangen-
tial velocity (v, ) and the granular temperature (€,) of the solid
particle phase. For these variables, the boundary conditions of Johnson
and Jackson [45] were used:

6lux gs,max 6Vs, W

v, p=— an
" agpegn/30 On
O,=— KveaHW+ ”\/§”¢p.?ngislipg093/2 (18)
4 Yw 6n 68&',max}/W
2 3/2
where y,= Srl-ei)epg0 , v, 1s velocity of solid parti-

4 gs,max

cle phase at the wall, v, , is slip velocity of solid particle phase at
the wall, & is the solid volume fraction and n is unit vector.

RESULTS AND DISCUSSION

After the CFD simulation model was declared, the system hydro-
dynamics inside high solid particle density CFB riser was explained.
The results with various primary gas inlet velocities were compared.
Each selected gas inlet velocity represents each specific system fluidi-
zation regimes or flow patterns.

1. Solid Volume Fraction

The instantaneous contours of solid volume fraction inside the
CFB reactor at 40 s simulation time with six different gas inlet veloci-
ties are depicted in Fig. 5. The red contour color means high solid
volume fraction, while the blue contour color means low solid vol-
ume fraction. Similar to the conventional low solid particle con-
centration CFB reactor, the system could be divided into batch and
continuous fluidizations. At low gas inlet velocities (0.25 and 0.75
my/s), the reactors were operated in batch fluidization where the solid
particles inside the system were only dispersed in the CFB riser. At
0.25 m/s gas inlet velocity, the lowest amount of gas being injected
into the reactor, the solid particles broadened and the gas started
coalescence as gas bubbles. With this observed system hydrody-
namics, the system was operating in bubbling fluidization regime
[3]- At 0.75m/s gas inlet velocity, the system consisted of two
zones: dense at the bottom section and dilute at the top section. In
the bottom section, vigorous mixing occurred inside the reactor, while
in the top section, the gas bubbles broke and pushed the solid particles
at the roof of gas bubble out of the bed surface. With this flow regime,
the bed surface was unclearly seen. The system was operated in
turbulent fluidization regime [2]. At high gas inlet velocities (1.25,
5.00, 10.00 and 25.00 m/s), the reactors were operated in continu-
ous fluidization. With all these operating conditions, the solid particles
were elutriated of the CFB riser. At 1.25 m/s gas inlet velocity, the
first unconventional flow pattern or fluidization regime was observed
inside the high solid particle concentration CFB reactor. The solid
particles just reached the top section of the system. The solid particle
distribution was dense all along the CFB riser both in the lateral
and axial system directions. With this condition, the system was
operated in circulating-turbulent fluidization regime. Unlike the other
experimental literature [38-40], this circulating-turbulent fluidization
regime was proved to occur without the secondary gas injection.
This observation confirms the CFD literature study by Chalermsin-
suwan et al. [21]. At 5.00 m/s gas inlet velocity, the solid particles
were dense and dilute at the wall and center sections, respectively.
This flow pattern was commonly observed with so-called core-annu-
lus flow structure [18,46]. The system was operated in fast fluidi-
zation regime. In the studies by Issangya et al. [34] and Kim et al.
[25], a dense suspension upflow pattern occurred at the bottom sec-
tion inside fast fluidization regime in the high solid particle density
CFB reactor, together with this fast fluidization regime. The phe-
nomenon is only observed in the system with high gas inlet velocity
or has enough supporting force. With increasing of gas inlet velocity
(10.00 m/s), only a small amount of solid particles was observed
inside the CFB riser. The solid particles were homogeneously and
dilutely distributed [1]. This flow regime was called the pneumatic
transport fluidization regime. At 25.00 m/s gas inlet velocity, another
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Fig. 5. The instantaneous contours of solid volume fraction inside CFB reactor at 40 s simulation time with six different gas inlet velocities

(V,, iner) OF fluidization regimes.

unconventional flow pattern or fluidization regime was observed
inside the high solid particle concentration CFB reactor. With this
gas inlet velocity, the solid particles were dense and dilute at the
bottom and top sections, respectively, similar to the turbulent fluid-
ization regime. However, the solid particles were only moved up at
one side wall due to the high gas inlet velocity and high solid particle
concentration conditions. Because this is the first time finding of this
flow regime, the name of this flow regime is not formally assigned.
From its flow structure, this flow regime is called “dense suspen-
sion bypassing fluidization regime”.

Fig. 6 shows the axial distributions of time-averaged solid vol-
ume fraction with six different gas inlet velocities or fluidization re-
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Fig. 6. The axial distributions of time-averaged solid volume frac-

tion with six different gas inlet velocities or fluidization re-
gimes.
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gimes. For the 0.25 m/s gas inlet velocity or bubbling fluidization
regime, the solid particles are only located at the bottom section of
CFB riser [3]. This is because of the insufficient force induced by
the low gas inlet velocity. For the 0.75 m/s gas inlet velocity or tur-
bulent fluidization regime, the profile confirmed the occurrence of
the dense and dilute regions at the bottom and top sections of the
CFB riser, respectively. For the 1.25 m/s gas inlet velocity or circu-
lating-turbulent fluidization regime, unconventional system hydro-
dynamics was observed because of the proper force balancing inside
the system. With this flow regime, a uniform solid particle distribu-
tion in axial direction was obtained with the solid volume fraction
of about 0.30. This unique system characteristic is different from
the turbulent and fast fluidization regimes [2,18]. For the 5.00 m/s
gas inlet velocity or fast fluidization regime, the commonly s-shaped
solid particle profile was observed. This can be explained by the
entrance and exit effects [47,48]. For the 10.00 m/s gas inlet velocity
or pneumatic transport fluidization regime, the s-shaped solid parti-
cle profile was also obtained similar to the fast fluidization regime.
However, the solid volume fraction was much lower (approximately
0.10). This profile is similar to the experimental study by Yang [6]
and Jaiboon et al. [16]. For the 25.00 m/s gas inlet velocity or dense
suspension bypassing fluidization regime, still the axial solid particle
distribution was obtained similar to the pneumatic transport fluidi-
zation regime with lower solid volume fraction. However, the effect
of inlet configuration was ambiguously seen, because of the high
gas inlet velocity operating condition.

The lateral distributions of time-averaged solid volume fraction
with six different gas inlet velocities or fluidization regimes at (a)
0.50 m, (b) 1.00 m and (c) 1.50 m CFB riser heights are displayed in
Fig. 7. For this figure, the % and % of riser heights were also plotted
to better compare the obtained system hydrodynamics. For the 0.25
m/s gas inlet velocity or bubbling fluidization regime, the solid vol-
ume fraction was constant over the width of CFB riser at all the riser
heights. However, the solid volume fraction was dense only at the
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Fig. 7. The lateral distributions of time-averaged solid volume frac-
tion with six different gas inlet velocities or fluidization re-
gimes at (a) 0.50 m, (b) 1.00 m and (c¢) 1.50 m CFB riser
heights.

0.50 m riser height while dilute at the 1.00 and 1.50 m riser heights
due to the system hydrodynamics. At higher gas inlet velocities (0.75,
1.25, 5.00 and 10.00 m/s gas inlet velocities), non-uniform solid
volume fraction profiles across the riser width are observed in the
figure. The solid volume fractions are low and high at the center
and wall regions, respectively. For the 0.75 m/s gas inlet velocity
or turbulent fluidization regime, the solid volume fractions are lower
with the increasing of riser height similar to the bubbling fluidization
regime. For the 1.25 m/s gas inlet velocity or circulating-turbulent
fluidization regime, uniform solid volume fractions were obtained
throughout the CFB riser. This is the distinction of this fluidization
regime over the other conventional flow regimes. For the 5.00 m/s
gas inlet velocity or fast fluidization regimes, the trends are similar
to the ones in circulating-turbulent fluidization regime. However,
the general core-annulus flow was more pronounced, especially at
the upper CFB riser height [18]. For the 10.00 m/s gas inlet velocity
or pneumatic transport fluidization regime, unsymmetrical profiles
were obtained at all the CFB riser heights with lower solid volume
fraction compared to the previous four flow regimes. For the 25.00

2.0 s
1.8 4
1.6
L4
E
= 124
=
s 1.0 4
=
g 08 -
Z —+—(as inlet velocity = 0.25 m/s
0.6 - —=—Gas inlet velocity = 0.75 m/s
04 —+—(jas inlet velocity = 1.25 m/s
1 —#—(as inlet velocity = 5.00 m/s
02 - —#—(as inlet velocity = 10.00 m/s
—~e—(as inlet velocity = 25.00 m/s
0.0 .

-2.00  -1.00  0.00 1.00 2.00 3.00 4.00
Horizontal solid particle velocity (m/s)

(a)
) 2.00 —+—(as inlet velocity = 0.25 m/s
E 150 - —=—(as inlet velocity = 0.75 m/s
z —4—Qas inlet velocity = 1.25 m/s
S 100 —+—(as inlet velocity = 5.00 m/s
< - ——Qas inlet velocity = 10.00 m/s
- —e—QGas inlet velocity = 25.00 m/s
o 0.50 4
-
0.0 ?:W:
(="
= -0.50
=]
v
= -1.00 4
g
B -1.50 4
-
S
= 2,00 - - .-
0.00 0.05 0.10 0.15
Riser width (m)
(b)

Fig. 8. (a) The axial distributions of time-averaged horizontal solid
particle velocity, and (b) the lateral distributions of time-
averaged horizontal solid particle velocity at 1.00 m CFB
riser height with six different gas inlet velocities or fluidiza-
tion regimes.
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m/s gas inlet velocity or dense suspension bypassing fluidization
regime, the solid volume fraction was low and high at two opposite
walls of CFB riser. With this asymmetrical flow pattern, the solid
particles slid through one CFB riser wall near the solid particle inlet.
2. Solid Particle Velocities

Fig. 8(a) shows the axial distributions of time-averaged horizon-
tal solid particle velocity with six different gas inlet velocities or
fluidization regimes. The positive value means most of the solid
particles move from the left wall to the right wall, while the nega-
tive value means most of the solid particles move in the opposite
direction. For all the gas inlet velocities, the horizontal solid parti-
cle velocities are high near the top and bottom sections of the CFB
riser. This can be explained by the effect of solid particle inlet and
outlet channels. At the top of the CFB riser, positive values were
obtained, which means that the solid particles are moved out of the
system. At the bottom of the CFB riser, negative values are observed,
meaning that the solid particles are moved into the system. Along
the height of the CFB riser, symmetrical flow patterns are observed,
as can be seen by the zero horizontal solid particle velocity values
for the 0.25, 0.75 and 1.25 m/s gas inlet velocities. The solid parti-
cles are distributed in the opposite direction across the width of the
CFB riser. However, unsymmetrical flow patterns are observed with
higher gas inlet velocities (for the 5.00, 10.00 and 25.00 m/s gas
inlet velocities), as can be seen by the deviation of horizontal solid
particle velocity values from zero axis. When comparing among gas
inlet velocities, the higher gas inlet velocity gives a higher horizontal
solid particle velocity. This situation is consistent with the energy
that is put into the system. With increasing CFB riser height, the
horizontal solid particle velocities have less amplitude. This can be
explained by the energy dissipation of solid particles along the height
CFB riser. The lateral distributions of time-averaged horizontal solid
particle velocity with six different gas inlet velocities or fluidization
regimes at 1.00 m CFB riser height are illustrated in Fig. 8(b). At low
gas inlet velocity (for the 0.25, 0.75 and 1.25 m/s gas inlet veloci-
ties), most of the solid particles are moved to the system wall. This
can be seen by the positive and negative values of horizontal solid
velocity at the right and left system wall, respectively. At high gas
inlet velocities (for the 5.00, 10.00 and 25.00 m/s gas inlet velocities),
unsymmetrical flow patterns are clearly seen. This can be explained
by the single positive or negative values throughout the width of
CFB riser. As stated above, the higher gas injection velocity, the
higher horizontal solid particle velocity was observed.

Fig. 9(a) shows the axial distributions of time-averaged vertical
solid particle velocity with six different gas inlet velocities or fluidi-
zation regimes. At low gas inlet velocities (for the 0.25, 0.75 and
1.25 m/s gas inlet velocities), the vertical solid particle velocities
remain constant throughout the CFB riser. At high gas inlet velocity
(for the 5.00, 10.00 and 25.00 m/s gas inlet velocities), the vertical
solid particle velocities gradually increase with the increasing of
CFB bed riser’s height. This is because a system with low gas inlet
velocity reaches the quasi steady state condition faster (at shorter
CFB riser’s height) than the one with high gas inlet velocity. When
comparing between gas inlet velocities, the vertical solid particle
velocity increases with the increasing of gas inlet velocity. For the
25.00 m/s gas inlet velocity or dense suspension bypassing fluidi-
zation regime, the low solid volume fraction inside the CFB riser is
accelerated by the high gas inlet velocity. The lateral distributions
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Fig. 9. (a) The axial distributions of time-averaged vertical solid
particle velocity, and (b) the lateral distributions of time-
averaged vertical solid particle velocity at 1.00 m CFB riser
height with six different gas inlet velocities or fluidization
regimes.

of time-averaged vertical solid particle velocity with six different
gas inlet velocities or fluidization regimes at 1.00 m CFB riser height
are shown in Fig. 9(b). The positive and negative values of vertical
solid particle velocity mean the upward and downward solid parti-
cles, respectively. For the 0.25, 0.75 and 1.25 m/s gas inlet veloci-
ties, the symmetrical vertical solid particle velocity profiles over the
CFB riser column are observed. The vertical solid particle veloci-
ties are high and low near the system center and wall, respectively.
However, the vertical solid particle velocity values are not much
different due to the low gas inlet velocity. For the 5.00, 10.00 and
25.00 m/s gas inlet velocities, the unsymmetrical vertical solid parti-
cle velocity profiles over the CFB riser column were found. For
the 5.00 m/s gas inlet velocity or fast fluidization regime, the solid
particle was moved up at one side wall and down at the other side
wall. This may be because of the selected CFB’s height. At some
other heights, the high and low vertical solid particle velocities near
the system center and wall were also obtained. The observed verti-
cal solid particle velocity flow patterns were still the conventional
core-annulus flow pattern [2,18,46]. For the 10.00 and 25.00 m/s
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gas inlet velocities, all the solid particles were extremely moved up
at one side wall inside the CFB column. At the other side wall, the
vertical solid particle velocities were lower due to the circulation of
solid particles from the CFB downer. Similar to the results in Fig.
9(a), the vertical solid particle velocities were increased with the
increasing of gas inlet velocity.
3. Normal Reynolds Stresses

The normal Reynolds stress represents the production of addi-
tional stresses due to random velocity fluctuations, which is char-
acteristic of turbulent flow. It is calculated by the square of the dif-
ference between the instantaneous solid particle velocity and time-
averaged solid particle velocity. There are the normal Reynolds stresses
both in the vertical and horizontal directions. Matonis et al. [49],
Jiradilok et al. [50] and Chalerminsuwan et al. [43] used this method
for computation of the stresses for two- and three-phase flow sys-
tems. The high value implies high additional stresses or fluctuations.
Fig. 10(a) illustrates the axial distributions of time-averaged hori-
zontal normal Reynolds stress with six different gas inlet velocities
or fluidization regimes. For all the gas inlet velocities except the
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Fig. 10. (a) The axial distributions of time-averaged horizontal nor-
mal Reynolds stress, and (b) the lateral distributions of time-
averaged horizontal normal Reynolds stress at 1.00 m CFB
riser height with six different gas inlet velocities or fluidi-
zation regimes.

one with 0.75 m/s gas inlet velocity or turbulent fluidization regime,
the horizontal normal Reynolds stresses are high at the top and bot-
tom sections, because of the effect of inlet and outlet configurations.
With increasing gas inlet velocity, the higher of the horizontal normal
Reynolds stresses were obtained. For the 0.75 m/s gas inlet velocity
or turbulent fluidization regime, the horizontal normal Reynolds
stress was high and low at the bottom and top sections of the CFB
riser, respectively. With this batch fluidization regime, dense solid
particles were recirculated at the bottom section of the CFB riser,
which produced large additional stresses or turbulences inside this
system section. For the 0.25 m/s gas inlet velocity or bubbling fluidi-
zation regime, dense solid particles were also observed. However,
solid particles have low velocity and are less recirculated. Therefore,
less horizontal normal Reynolds stresses was found when compared
to the turbulent fluidization regime. The lateral distributions of time-
averaged horizontal normal Reynolds stress with six different gas
inlet velocities or fluidization regimes at 1.00 m CFB riser height are
displayed in Fig. 10(b). The horizontal normal Reynolds stresses
increased with the increasing of gas inlet velocity. However, simi-
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Fig. 11. (a) The axial distributions of time-averaged vertical nor-
mal Reynolds stress, and (b) the lateral distributions of time-
averaged vertical normal Reynolds stress at 1.00 m CFB

riser height with six different gas inlet velocities or fluidi-
zation regimes.
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lar to the results in Fig. 10(a), the horizontal normal Reynolds stresses
had different trend for 0.75 m/s gas inlet velocity or turbulent fluidi-
zation regime. In the figure, there are the points that had a horizon-
tal normal Reynolds stress peak near the wall region at opposite
direction of solid particle inlet from the CFB downer (especially
for 10.00 and 25.00 m/s gas inlet velocities). At this position, high
fluctuation of solid particle velocity or significantly changed in solid
particle flow pattern was obtained. The solid particles may move
in and out from the core and annulus regions of the CFB riser.

Fig. 11(a) shows the axial distributions of time-averaged vertical
normal Reynolds stress with six different gas inlet velocities or fluidi-
zation regimes. For all the gas inlet velocities, the vertical normal
Reynolds stresses were increased with the increasing of gas inlet
velocity. The vertical normal Reynolds stresses remained constant
throughout the system for the 10.00 and 25.00 m/s gas inlet veloci-
ties. This is because the same system hydrodynamics is observed
inside these two fluidization regimes. For the low gas inlet veloci-
ties (0.25, 0.75, 1.25 and 5.00 m/s gas inlet velocities), the trend of
vertical normal Reynolds stresses was not clearly seen due to the
x-axis’s scale. Though, with the same explanation, constant pro-
files were predicted for the 1.25 and 5.00 m/s gas inlet velocities
due to their fluidization flow pattern. For the 0.25 and 0.75 m/s gas
inlet velocities, the expected profiles should be high and low at the
bottom and top sections of CFB riser. Comparing between vertical
and horizontal system directions, the vertical one had higher values
than the horizontal one, because the vertical direction is the main
flow direction. The lateral distributions of time-averaged vertical
normal Reynolds stress with six different gas inlet velocities or fluidi-
zation regimes at 1.00 m CFB riser height are shown in Fig. 11(b).
The vertical normal Reynolds stresses increased with the increas-
ing of gas inlet velocity. Similar to the result in the previous figure,
the highest vertical normal Reynolds stress was obtained with the
25.00 m/s gas inlet velocity or dense suspension bypassing fluidi-
zation regime. The peak of vertical normal Reynolds stress implies
high fluctuation in the bypassing zone of the CFB riser. For the same
reason, high values of vertical normal Reynolds stress were obtained
for the 10.00 m/s gas inlet velocity or pneumatic transport fluidiza-
tion regime. This is because high turbulence or fluctuation occurred
at that system position. In addition, the results confirmed that the
vertical normal Reynolds stress had higher values than the hori-
zontal one due to the solid particle trajectory inside the system.

4. Total Granular Temperature

The granular temperature is used to determine the oscillations,
both due to solid particles and due to particle clusters [51]. Kashyap
et al. [52] showed using a kinetic theory based particle image veloc-
ity method that there are two kinds of turbulence in fluidization: a
laminar and turbulent. The laminar type is due to random oscilla-
tions of individual solid particles, measured by the classical granular
temperature. The CFD program itself computes the laminar granu-
lar temperature by solving the governing equation. The turbulent
type is caused by the motion of clusters of solid particles or bubbles,
measured by the average particle normal Reynolds stress, which is
the average of the three squares of the velocity components in all
the system directions. The sum of the granular temperatures due to
the solid particle oscillations and due to the particle cluster oscilla-
tions is the total granular temperature. The high value of total granu-
lar temperature means high system oscillation. Fig. 12(a) displays
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Fig. 12. (a) The axial distributions of time-averaged total granu-
lar temperature, and (b) the lateral distributions of time-
averaged total granular temperature at 1.00 m CFB riser

height with six different gas inlet velocities or fluidization
regimes.

the axial distributions of time-averaged total granular temperature
with six different gas inlet velocities or fluidization regimes. Simi-
lar to the normal Reynolds stresses, the total granular temperature
increased with increasing gas inlet velocity due to the high feeding
energy. This is clearly seen for the 10.00 and 25.00 m/s gas inlet
velocities. For the other low gas inlet velocities, the total granular
temperatures were not differentiable because of the employed graph-
ical scale. The effect of gas inlet velocity or fluidization regime will
be discussed in detail in the following figures. From all the obtained
results, the turbulence was slightly higher at the top section of the
CEFB riser than at the bottom one. This can be explained by the effect
of system outlet configuration. The lateral distributions of time-aver-
aged total granular temperature with six different gas inlet veloci-
ties or fluidization regimes at 1.00 m CFB riser height are shown
in Fig. 12(b). The total granular temperature with the highest gas
inlet velocity had the highest values. Still, the trend was not clearly
seen for the low gas inlet velocities (0.25, 0.75, 1.25 and 5.00 m/s
gas inlet velocities). The total granular temperature peaks near the
wall region at opposite direction of solid particle inlet from the CFB
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Fig. 13. The effect of gas inlet velocity on total granular tempera-
ture compared with different literature values.

downer were also observed. This also confirms that high system
turbulence or fluctuation is occurring at those system positions.

Fig. 13 illustrates the effect of gas inlet velocity on total granular
temperature compared with different literature values. In the figure,
various experimental and CFD results are plotted to compare and
verify with this study’s results [18,51,53-59]. The obtained results
are in the range of the literature information with the same gas inlet
velocity. For the 0.25 m/s gas inlet velocity or bubbling fluidization
regime, the total granular temperature is the lowest compared to
the other fluidization flow regimes. This is because the lowest gas
inlet velocity was employed. For the 0.75 m/s gas inlet velocity or
turbulent fluidization regime, the total granular temperature is higher
when compared to the one with the 0.25 m/s gas inlet velocity or
bubbling fluidization regime. For the 1.25 m/s gas inlet velocity or
circulating turbulent fluidization regime, the total granular temper-
ature is lower than the one with the 0.75 m/s gas inlet velocity or
turbulent fluidization regime. The system hydrodynamics expresses
this phenomenon. This implies that the oscillation inside this uncon-
ventional fluidization regime is low. The dense solid particles will
reside in the system with longer residence time. This operating condi-
tion will be the suitable choice for the sorption application [21,60].
As the gas inlet velocity was increased to 5.00, 10.00 and 25.00 m/
s, the total granular temperatures were then linearly increased. The
higher of gas inlet velocity induces the higher system oscillation or
total granular temperature. For the 25.00 m/s gas inlet velocity or
dense suspension bypassing fluidization regime, the highest total
granular temperature was obtained. The solid particles will reside
in the system with shortest residence time. This operating condition
will be the appropriate option for the solid particle transportation
application [61].

Another comparison of total granular temperature with the liter-
ature information is shown in Fig. 14. The effect of solid volume
fraction on total granular temperature compared with different liter-
ature values is displayed [42,57,62,63]. There is a maximum point
of total granular temperature with different values of solid volume
fraction. With low solid volume fraction, there are no solid parti-
cles in the system. Therefore, the oscillation is low. With high solid
volume fraction, the solid particles are packed together. The oscil-
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Fig. 14. The effect of solid volume fraction on total granular tem-
perature compared with different literature values.

lation is then also low. For the 0.25 m/s gas inlet velocity or bub-
bling fluidization regime, the total granular temperature has two
zones according to the system hydrodynamics: the bottom dense
and top dilute. The values are consistent with the total granular tem-
perature values in the literature. For the 0.75 m/s gas inlet velocity
or turbulent fluidization regime, the total granular temperatures in
the bottom region are consistent with the range in the literature. How-
ever, the total granular temperatures in the top region are slightly
lower than the literature values. This is because of the difference
between dense solid particle flux in this study and dilute solid particle
flux in the literature. For the 1.25 and 5.00 m/s gas inlet velocities
or circulating-turbulent fluidization and fast fluidization regimes, the
total granular temperatures are lower than the expected literature
values. Similar to the turbulent fluidization regime, the dense solid
particle flux is the main reason for these predicted low values. This
figure also confirms the low values of total granular temperature
for circulating-turbulent fluidization regime across the system. For
the 10.00 m/s gas inlet velocity or pneumatic transport fluidization
regime, the values are in the same range as the literature values.
For the 25.00 m/s gas inlet velocity or dense suspension bypassing
fluidization regime, the highest values of total granular temperature
are observed. Still, the values are consistent with the literature values.

CONCLUSIONS

We investigated the system hydrodynamics inside a high solid
particle concentration CFB reactor using commercial CFD simula-
tion program called ANSYS FLUENT. From the results, the con-
ventional fluidization regimes were observed inside the system, in-
cluding bubbling, turbulent, fast fluidization and pneumatic trans-
port regimes. In addition, two unconventional fluidization regimes
were observed with only primary gas injection feeding. The circu-
lating-turbulent fluidization regime showed uniformly dense solid
particle distribution in both the axial and lateral system directions,
while the dense suspension bypassing fluidization regime exhibited
solid particle flow at only one side system wall. Then, the compre-
hensively fluidization regime clarification and mapping were eval-

Korean J. Chem. Eng.(Vol. 31, No. 2)



362 B. Chalermsinsuwan et al.

uated using in-depth system parameters, which were normal Reynolds
stresses and total granular temperature. From all the obtained results,
the total granular temperature values had the same trend with the
normal Reynolds stresses. For the circulating-turbulent fluidization
regime, the total granular temperature was minimum compared to
the adjacent fluidization regimes due to its flow pattern. The highest
total granular temperature was observed inside the dense suspen-
sion bypassing fluidization regime. There was a maximum point
of total granular temperature with different values of solid volume
fraction. With low solid volume fraction, there is no solid particle
in the system. Thus, the oscillation is low. With high solid volume
fraction, the solid particles are packing together. This also makes
the oscillation to be low. The circulating-turbulent fluidization and
dense suspension bypassing fluidization regimes will be the suitable
choices for the sorption and solid particle transportation applica-
tions, respectively.
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