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Abstract

This paper presents hydrodynamic simulation anctexg@ental studies of gas—solid
flow in an internally circulating bubbling fluidiebed (ICBFB) using concentric
cylinders. An Eulerian—Eulerian Model (EEM) incorpting the kinetic theory of
granular flow (KTGF) was applied in order to sinteléhe gas—solid flow behavior.
The gas and solid dynamic was simulated using apaotational fluid dynamics
(CFD) software package, Fluent 6.3. Three—dimemsi(8D) geometry was used to
represent the key parts of a pilot scale of thest@. Simulations were conducted to
investigate the effect of the changes of six opegaparameters: the fluidization
flow rate of the draft tubely), the aeration flow rate of the annul@y), the initial
bed static heightHys), the draft tube height), the draft tube diameteby;), and
the orifice diameter,) on the solid flow characteristics in terms of thalid
circulation rate ). The results were then validated with the expental results.
All the investigated operating parameters havengteffect orG..

Keywords. Concentric cylinders fluidized bed; Solid circiden rate; Finite volume
approach; ANSYS/Fluent



1. Introduction

Dual fluidized bed (DFB) is a fluidized bed configtion that consists of commonly
two parallel interconnected chambers separatechigtarnal wall with an opening

at the base and a common freeboard at the topdiffdrence air stream velocities
[1]. This configuration maintains the internal cilation of the bed particles within

the system during operation. This fluidized beénsgployed to avoid direct contact
between the gasification and combustion processetha the gaseous products
(producer and flue gases) remain separated [2]tefdre the quality and calorific

value of the producer gas can be improved.

Controlling the bed particle circulation betweeg ttvo chambers is critical because
it influences the gasification process [3]. The Dé&@hfiguration has been studied
for internal circulating ability of the bed partcfor gasification process [4-8]. The
highly endothermic gasification process is gairmeanfthe heat from the combustor
where the char is combusted to produce heat andpoated by the circulating hot
material as heat carrier between the two reacjrs [

Internally circulating bubbling fluidized bed (ICB¥ consists of two concentric
cylinders of different diameters. The inner cylinddso called the draft tube
operates as a bubbling fluidized bed combustor.|I8Vbetween the inner and outer
cylinder is the annulus zone that operates aseabtadd gasifier. The two regions
are connected via orifices at the bottom. This igumétion is compact and has
relatively low heat loss from the reactor compaxethe DFB since the draft tube is
located inside the annulus.

A similar configuration has been studied where lzetis placed in an annulus to
divide the fluidized bed into two regions. This &igaoration is called as
recirculation fluidized bed (RCFB) or a spouted ldth a central draft tube [10,
11]. However there is a difference between ICBFB RECFB where the former has
orifices instead of opening at the base. This mgifluce gas bypass from the annulus
to the draft tube or vice versa [12]. In additiortlie heat transfer from the draft tube
to the annulus zone via the bed material, the beald also be transferred through
the wall of the draft tube to the annulus zone.

Since the hydrodynamic state of the fluidized bgdnifluenced strongly by its
configuration, several studies have used compuatifiuid dynamics (CFD) to
determine the hydrodynamic characteristics in DFB3|], but models for ICBFB in
concentric cylinders are quite scarce. CFD modeltag aid and clarify any
constraint on the real process with actual fluiolparties in the fluidized bed. Thus a
wide range of variations in the operational pararsetan be tested and refined until
a design that offers optimum performance is idesdif

This paper presents the development of a cold—thgdrodynamic study of an
ICBFB with concentric cylinders using the CFD maodglof gas—solid flow and
validated with experimental results. The contribatof the present study is that the
Eulerian—Eulerian Model (EEM) is presented for a-galid two phase flow system.



This model has been used to carry out parametviestigation in CFB and DFB
using CFD package ANSYS/Fluent [13, 14]. In thigkyahe EEM model was used
to simulate the gas—solid flow in a pilot scaledcolodel ICBFB. With the aid of
this model, the profiles of the bed pressure nieararifices and the solid velocity
through the orifices were simulated and visualizéte effect of the various
operating parameters on the hydrodynamic flow wassessed to improve the
reactor design and to optimize the operating cardibf this reactor. The main goal
of this study is to explore the likely effect offfdrent operating parameters on the
bed behavior and the solid circulation rate.

2. Modd description
2.1. Simulation model description

EEM allows for the modeling of gas—solid flow whitteats both solid and gas
phases as interpenetrating continua where the mofieach phase is solved using a
suitable closure terms. A set of momentum and oait§i equations along with its
closure is solved using the finite volume approdeluent 6.3. The EEM takes
relatively less computational time compare to diserelement method (DEM), but
the accuracy depends on the closure equationsrgdets) and additional equation
used. In this work, these sub—models are baseleokirtetic theory of granular flow
(KTGF) and used to enable calculation of solid phpsessure. The sub—models
used in the present study is shown in Table 1 andas to the work by Feng et al.
[14].

Table 1. Sub—models used in this study.

Specific models Present study Feng et al [14]
Granular viscosity Syamlal O’'Brien -

Granular bulk viscosity| Lun et al. Lun et al.
Frictional viscosity Schaefer Schaefer
Frictional Pressure Syamlal et al. Lun et al.
Solid Pressure Syamlal et al. Syamlal et al.
Radial Distribution Lun et al. Lun et al.
Drag Model Syamlal O’'Brien Gidaspow

2.2. Boundary condition and simulation parameters

At the gas inlet, the flow rates of the fluidiziagd aerating gases were specified
whilst the flow rate of the solid was set to zeib.the outlet, the pressure of both
the gas and the particles were at an ambient gondi©n the walls, no-slip wall
conditions were assumed for both the gas and sddigérials. This study was based
on the available model implemented in Fluent 6 @ \aalues used for the parameters
in the model are given in Table 2. Phase Couplep®invas used to control the
solutions. First order upwind discretization schewes used for the convection
terms in the momentum equations, while the quadrapwind interpolation
(QUICK) scheme was used for the volume fractionagigns. SyamlalO’Brien



model was used for the drag coefficient for soldhge. An iteration was taken for
each time step to reduce the time during simulation

Table 2. Simulation parameters.

Parameters Value Remarks

Particle densityy(,) 1520 kg/mi Quartz sand

Gas densitygg) 1.2 kg/n? Air at ambient condition
Gas viscosityy) 1.79 x 10° Pa s Air at ambient condition
PressureK) 101325 Pa Atmospheric pressure
Restitution coefficients) 0.9 [15]

Internal friction angled) 3¢ [14]

Solid volume fractiond;) 0.589 Set value

Time step AT) 0.001 s [14]

2.3. Simulation conditions

Fig. 1 shows the specific geometry of the concemlylinders used in this work. The
reactor has two inter—connected fluidized bed zohke draft tube representing the
combustion chamber has a diameter of 0.1 m and3& & height from the base.
The annulus zone representing the gasification blearnas a diameter of 0.3 m. A
dipleg with of 0.18 m diameter was placed 0.28 amfithe base to avoid the gases
from the two zones from mixing. The two zones wewanected via orifices in the
lower section of the draft tube to enable the sol@move from the annulus zone to
the draft tube. The orifice diameters were 20 mm lacated 80 mm above the air
distributor plate which was used for uniform aipply to the draft tube. A conical
plate with an inclination of 60relative to the horizontal plane was used for air
supply to the annulus zone. This type of air distior reduces stagnant region at the
bottom of the bed. Tet/Hybrid elements were usedyeénerate meshing to the
geometry of the reactor with a 15 spacing intesizé. There were a total of 447160
elements with a skewness value between 0.2 and 0.3.

The base geometry with total height 0.90 m as shaowirig. 1 was used to
investigate the effect of six operating parametdérs: fluidization flow rate of the
draft tube Qq), the aeration flow rate of the annulu@,{), the initial bed static
height Hys), the draft tube height), the draft tube diameteb{;), and the orifice
diameter Dor) on the particle flow characteristics in termstloé¢ solid circulation
rate Gs). Table 3 list the specific simulation cases af 8D ICBFB used in this
work. An iteration was taken for each time step aithough desirable, grid
independence study was not done to reduce the datignal time during
simulation.

Table 3. Simulation cases.

Qat (Ipm)  Qan (Ipm) Hps(mm) Dg(mm) Do (mm)  Hg (Mm)

Effect of Q4 300, 350, 150 280 100 20 320
(Case-1) 400, 450
Effect of Qan 350 50, 100, 150, 280 100 20 320



(Case-2) 200, 250
Effect ofH,s 350 150 260, 300, 100 20 320
(Case-3) 320
Effect ofDgy 350 150 280 75,100, 20 320
(Case-4) 125, 150
Effect ofD,, 350 150 280 100 10, 15, 320
(Case-5) 20, 25
Effect ofHgs 350 150 280 100 20 260, 280,
(Case-6) 350, 370
Draft tube Annulus
outlet outlet
\'-_..—-/
"\-.._____..-l"/
Annulus
Dipleg
=)
| ="
Draft tube ? Osifice
’ ° ¥ Uniform
- aeration inlet
Uniform
fluidization inlet

Fig. 1. Schematic drawing of the 3D ICBFB base gesemetry

3. Experimental study

3.1. Apparatus set up

A pilot scale ICBFB with concentric cylinders wasveloped to validate the CFD
model. A schematic diagram of the experimentalugets illustrated irFig. 2. The

main body of the ICBFB unit was made of plexiglasl @onsisted of two concentric
cylinders, outer cylinder (1), inner cylinder (2).dipleg (3) was installed between
the inner and outer cylinders to prevent mixturethed gas streams from the two



chambers. The annulus has a 0.30 m I.D. and 0.@A6ight with a centrally located
draft tube (0.1 m I.D. and 0.32 m height) with eighfices (4) of 0.02 m I.D drilled
on the draft tube wall located 0.08 m above théridigtor plate. Bubble caps with
orifice (0.0025 m—I.D) were used as gas distribmounted on an inclined plate in
the annulus zone (5) and on a flat plate in thdt dube (6). There were two air
plenums to supply gas into the draft tube (7) dedannulus (8) regions separately.
The annulus zone and draft tube were filled witlicaisand, Geldart group B
particles with a mean diameter of 4Gfh and a density of 1520 kg?n¢9) and
fluidized by using an air blower (10), controlleg¢ balves (11, 12) through air
rotameters (14, 15). A metal screen (16) was usetbliect the bed particle that
overflows from the draft tube.

— Annulus gas stream
— Draft tube gas stream
- —— Solid flow 11 10

Fig. 2. Schematic diagram of the experimental pet u

Validation was conducted for case—1. Solid circalatrates were measured as a
function of fluidization rate into the draft tubé eonstant aeration rate in the
annulus as shown ifable 4. Maximum inventory of the bed particles wash that
the annulus bed level never rose above the diadt tu

Table 4. Ranges of operating parameter used iaxperimental.
Static bed height, Fluidization rateQq | Aeration rateQan
Hse (mm) (Ipm) (Ipm)
280 300-450 150




3.2. Measurement of solid circulation rate

Solid circulation rate is an important parameted @naffects the process in the
ICBFB gasifier. Several researchers have measuredcirculation rate of solid
particles in RCFB using different methods. They suead the solid circulation rate
through the particle downward velocity in the amrsulMost of the methods reported
were either costly, involving high expertise anglssticated equipment or time
consuming. Particle downward velocity close to wWal were moving at velocities
20 to 80% lower than the particles farther awaynfithe wall due to the wall effect
[16]. Measurement of velocity on the wall was nonhe, but the effect is expected
based on Rovero et al. [16]. A novel technique doect measurement of solid
circulation rate in a spouted bed has been implésderit was done by collecting
solids emerging from the top of the draft tube oatecreen over a period of time
and weighed to obtain the circulation rate. Theaatlyges of this method are direct
measurement of the circulation rate, does not regeophisticated equipment and
easy to perform the measurement. In this experiahesttidy, the draft tube sizes
(diameter and height) and angle of the inclineddastributor were fixed and were
not easily changeable.

4. Resultsand discussion
4.1. Gas and solid flow hydrodynamic

Fig. 3 shows the instantaneous spatial distributions ef ¢blid hold—up (solid
volume fraction) in the Z—sliced planes in the IEBIA time—averaged value of 30
second simulation time was used to quantify theotfbf those parameters on the
solid flow dynamic of the system. The solid filledth the annulus and the draft
tube at the same initial level at 280 mm from thepkate distributorQa,,was held
constant at 150 lpm, where@g;was varied from 300 Ipm to 450 Ipm.
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Fig. 3. Instantaneous snapshot of solid volumetibracdistribution for the
case—1: (a4 = 300 Ipm; (b)Qqgt= 350 Ipm; (c)Qqgt= 400 Ipm; (d)Qq: = 450
lpm.
As shown inFig. 3, fluidization is more vigorous in the drattbe than in the
annulus zone in all cases as demonstrated by tltevedume fraction distribution.
For an ICBFB with two interconnected fluidized bednes, the bed pressure is
closely related to the solid hold—up between the tanes. ThéP between the two
zones provides a driving force for the solid and flaw from the annulus zone to

the draft tube through the orifices. The bed pnesslistribution in both the annulus
zone and the draft tube of Fig. 3(b) is shown m Bi
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Fig. 4. Spatial distribution of the bed pressuretifie base ca—1 of Fig. 3(b.

Fig. 5 plots the average value of the bed pre in the annuluzone and the draft
tubealong the orifice. The periodic vigorous bubblirfglee bed materials inside t|
draft tube leads to fluctuations in the bed pres:
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Fig. 5. Variations of the bed pressure with timéhie draft tube and tr
annulus around the orifice for the basse-1 of Fig. 3(b).

Profile of bed pressurim the annuluszoneand the draft tube on the-axis and
across the orifice on rad-axis are plotted in Figs. 6a and 6b respectively.cAn
be seen, the annulu®ne has a highepressure than in the draft e around the
orifices, which causes the solid to move from theuduszoneto the draft tube. A
the top of the draft tube the pressure is highantim the annult zone, and this
causes the solid to overflow into the annulus zasallustrated in Fi 6a.
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Fig. 6. Bed pressure profile for the base caseHigf3(b): (a) Along the draft
tube height; (b) Along radial axis near the orifice

4.2. Solid circulation rate (@

The mechanism governing of the solid circulatiorina ICBFB is explained based
on the gas and solid dynamics obtained from theulsitions. The effect of six
operating parameterQq:, Qan, Hos, Hat, Dat, andDor 0N Gs were analyzed within the
system.Gs was computed by the following equati@By= (1—¢f) ps Us avAo, Wheres,
Usas ps and A, are the voidage, average solid velocity magnittideugh the
orifices, solid density, and orifice area respeaiiv The voidage: is equal toeqys
based on the assumption that when the fluidizecmahtflows through the orifice
between the high flow rate zone and the low flote rzone, the cross flow rate of
the fluidizing medium is very small and can therefde neglectedUs,y is
determined from the solid average velocity magmattidough the orifices as shown
in Fig. 7.
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Fig. 7. Solid velocity vector for the base casd-Eig. 3(b).
4.3. Effect of Qion4P

Fig. 8 shows the average valueAR® between the annulus zone and the draft tube
near the orifices atlps = 280 mMm.AP increased wheQq was increased from 300
Ipm to 450 Ipm whilst maintainin@a, 150 Ipm. This is due to the flow regime in the
draft tube that changed from bubbling regime tooxagis bubbling flow regime,
which reduces the solid hold—up and resulted imstindt pressure reduction in the
draft tube zone. The annulus zone lies in the ngpydad state with a high solid
hold—up, which results in the relative constanspuee.

300 330 400 450
Qg (Ipm)
Fig. 8. Effect 0fQq; on AP for the base case-1.
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4.4. Effect of Qnand Qton G

The effects 0fQ., andQq: on Gs in the simulation study are shown in Fig. 9. kg

Gs increased a®),, was increased, howev&; decreased whe@a, was further
increased to 200 Ipm and 250 Ipm respectively. fidéred is consistent with previous
experimental findings [4, 14]. A detailed quantitatcomparison cannot be made
because the geometrical for the cases are different

In Fig. 9G; increased whe,, was increased from 50 I[pm to 150 Ipm as a result o
the increase iAP across the orifices as shownkig. 8. At 50 IpmQa,, the solid
circulation was low becaug$@,,is much smaller than the minimum fluidization flow
rate Qmi = 150 Ipm). Consequently the bed materials in theulhus zone were
packed more densely and entered the draft tubdyslow

100

. NS
— )

40 —F——  —=—Qdt=3001pm

—a—Qdt=3501pm N

20 - —&—Qdt=400 lpm

——Qdt=450lpm

G, (kg/h)

50 100 150 200 250

Qa (Ipm)
Fig. 9. Effect 0fQa, andQq (cases-1 and 2) d& in the simulation

However, G increased wherQ,, was increased up to th@,s due to the active
movement of solid particles with increasing. This finding is similar to previous
work [12, 14]. With increasin®an, the solid particles in the annulus section are
close to the minimum fluidizing state. Therefore thluted density of the annulus
bed decreased aSP near the orifice was increased, which led to easwid
movement into the draft tube and consequently asagss. Gs then decreases when
Qan is greater than 150 Ipm, because at this condlignbles start to form which
leads to a decrease in the bed density in the asmane. A higher rate of aeration
in the annulus causes a reduction in the bed geasd AP between the annulus
zone near the orifice, which results in a lovigr

Fig. 9also describes the effect Qfi;on Gs whereGs increased slightly whe@y: was
increased from 300 Ipm to 350 Ipm due to the insea the driving force between
the two beds. IncreasinQq: increases the bed voidage in the draft tube. dhe |
bulk density of the draft tube and a higiad? across the orifices led to a high@es.
However, a higheQq: (above 350 Ipm) did not improv; althoughAP was higher
as illustrated irFig. 8. This was due to two opposite influencesGay Qq:. In one
aspect, with the increase @y, the diluted density of the draft tube decreasedl a

12



AP at the orifice increased and led to a higerIn another aspect, @y which is
too high enhanced bubbling near the orifice andidned solid flow into the draft
tube. Increasin@q: caused a larger fraction of the bubbles in the wadtion near
the orifice and hindered the solid flow into theftitube leading to a reduction in
Gs. However, solid circulation did not occur untietlgas flow rate in the draft tube
reached Qny, even if the gas velocity to the annulus sectias sufficiently high.

4.5. Effect of sizes geometry on solid circulation
4.5.1. Effect of static bed height (k)

Hpshad strong effect 08s. Fig. 10a shows th&:increased withHy,s. WhenHps was
low, fluidization in the draft tube was beloWy;, thus there was no bed particle
overflow from the draft tube to the annulus zonkisTled to low solid circulation
between the two zones. It is of interest to deteeniowGsis affected byH,s There

is a minimumHys related toHg: to initiate solid circulation in the system. It is
expected that the effect &fys varies for the constant ratios @ to Qan. In this
study, Qan and Qg were set at 150 Ipm and 350 Ipm respectively. Féwrwere
selected for comparison, which were 81.25%, 87.9%75% and 100%4. A
maximum value occurred whef,s was at 280 mm which was the same as the
height of the dipleg bottom. After th& reduced withHys,

120 -
100 -

260 280 300 320
(@) H, (mum)

b 75 100 125 150
(b) Dy, (mm)
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100 -

G, (ke/h)
o o O

. 10 15 20 25
© D,, (mm)

120 -
100
= 80
260
o 40 -
20 -

d 260 280 320 350
() H,, (mm)

Fig. 10. Effect of sizes geometry @3 (a) Effect ofHps (case—3); (b) Effect of
D4t (case—4); (c) Effect do, (case-5); (d) Effect dfly; (case—6).

4.5.2. Effect of draft tube diameter ()

The effect ofDy; on Gsis shown in Fig. 16. The highestGs occurred aDy; = 125
mm whenDg; increased from 75 mm to 150 mm. This is due toréiséstance to the
solids between the annulus zone and the draft 8¥p@creasing or decreasimyy,

the cross—sectional area of both the annulus aadithft tube also increases or
decreases respectively. A lardeg; resulted in a larger amount of solids into the
draft tube, which requires a much higher gas flate and increases the bed density
in the annulus. Consequently, a more vigorous siohi occurs among the patrticles
in the draft tube, and as a result the gas flothéoannulus decreases, while the gas
flow to the draft tube increases.

4.5.3. Effect of orifice diameter (£)

The type of connecting holes between the two zames ICBFB is very important
for solid circulation. Since the pressure at thétdio of the draft tube was lower
than that at the bottom of the annulus, some ofrile¢ gas to the annulus tends to
bypass to the draft tube side. However, reversebgpassing from the draft tube to
annulus is also possible.

14



Fig. 10c shows the effect B, on Gs. Dor Which clearly shows a strong influence on
Gs by increasing the orifice size. The area for sphdticle passage also increases,
and this decreases the solid flow resistance. Torer&sincreases with increasing
Dor due to a reduction in the solid flow resistanceede results are similar to those
of previous reports [14]. WheD,, is small (10 mm in this study), the solids form a
cluster in the annulus zone near at the orificesranists the gas flow from the draft
tube into the annulus zone with a slow movemerthefsolids through the orifices.
By further increasindd,r (15 mm), the phenomenon of the solid cluster at th
annulus zone near the orifices became less sefsra.result, gas bypass from the
draft tube into the annulus zone increased andstiiel resistance significantly
decreased. However, the velocity of the particlessmpg through the orifices
decreased by increasimy, from 20 mm to 25 mm. Due to the high inlet floviera
into the draft tube, the solid cluster phenomenearrihe orifices vanished. Hence
gas bypass into the annulus zone increased stamglyestrained the solid flow into
the draft tube. As a resulgsdecreased significantly.

4.5.4. Effect of draft tube height )

The effect of varyindHy: on Gs was studied and is shown in Fig. 16t}s was kept
constant at 280 mm from the plate distributor aras &lways below the top of the
draft tube for all draft tube heights. The minimbed level (inventory of the solid)
that can initiate solid circulation in the systerasadifferent for differentHg: when
the other parameters were kept constant. Hys increased, the minimunips
required to cause solid circulation also increasmusiderably. Due to this reason it
was only possible in a few cases to compareGhéor the sameHs for different
values ofHy: while keeping the other parameters constant.

In this study, the shortesty; tested was 280 mm, which was the samel@sFig.
10d shows thaGs decreased witlidg; due to the friction between the particles and
the wall of the draft tube. A highéty: causes higher friction. A highéty requires
much more energy to fluidize the solid from thefdtabe into the freeboard, thus
Gs decreased significantly. For the saidg in the annulus above the distributor
plate,Gswas lower for longer draft tubes.

For the highest draft tubél; = 370 mm) a reversal solid circulation from thaftlr
tube to the annulus zone via the orifice was olekn@gain, this is due to the solid
resistance between the annulus and the draft fliee.higher the draft tube, the
larger the resistance. Thus not much solid carrédeetop of the draft tube and part
of it sinks and flows back into the draft tube daegravity. The bed pressure in the
draft tube becomes higher than in the annuluslastrted in Fig. 11. Therefore
solid flows from the draft tube into the annulusiedhrough the orifices.

15
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Fig. 11. Bed pressure profile on case—6 at 370Hgm

5. Experimental validation

Results show that solids in the annulus sectiorewerthe fixed bed state and did
not circulate af,<50 Ipm. Solid circulation rate reached a maximuaug atQan

= Qmt Fig. 12 shows the solid circulation rate from t6&D modeling and
experimental work for case-1 at 150 Igpg,. Maximum circulation rate predicted
by the simulation was within 5% of the experimentabults. However solid
circulation rate from experiments were always lodran predicted by the model. In
the experiment, wall effect tends to reduce thaigardownward velocity in the
annulus zone [16, 17] or even became stagnantdditian, resistance to the solid
flow through the orifices resulted in decreasehaf $olid velocity thus reducing the
solid circulation [18].

90 -
85
g 80 -
Z75 A
©'70 -
65 1 ——Simulation —#—Experiment

60

300 350 400 450
th (lpm)

Fig. 12. Solid circulation comparison of simulatiand experiment (case—1).

6. Conclusions

The solid flow dynamic in the ICBFB with concentiglinders was investigated
using the EEM incorporating the KTGF. CommerciaDC$oftware, Fluent 6.3 was



used as the numerical iterative method for the kitimn. Effects of six operating
parameters on the solid—gas hydrodynamic were iigaésd. The simulation results
demonstrate that the CFD model can predict welktigl—-gas hydrodynamic in the
ICBFB system for all six parameter runs. Resul@skhat the solid flow from the

annulus to the draft tube through orifices was edusy theAP between them as the
driving force. Amongst the parameters investigat®g, and Q., had the most

significant effect orGs.
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