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Abstract. A gas-fluidized bed model in bubbling regime, gsan2D Eulerian approach, including the Kinetic g
of Granular Flow (KTGF), Geldart B particles andetttoefficient drag model of Gidaspow was develapsdg the
framework Fluent 6.3.26, seeking a base modelifoulgition of a fast pyrolysis reactor in a bubblifigidized bed.
From literature searches were obtained the fluidayic models, thebed’s characterization, the dimessof a bench
reactor and strategies to achieve a rapid convecgeand stability of the simulatiofthe convergence is achieved in
about seven physical seconds, using as convergernitegia the repetition of the solid volume fraatiosolume-
weighted average profile of the solid velocity arthtive pressure at a specific point of the b&de convergence
confirmation is obtained through temporal averagdics volume fraction along the bed heigfihe profile of solid
volume fraction shows three distinct behaviors etimat the profile obtained in the range betweed02and 2.30
seconds is similar to the profile found in therktire, which makes the model suitable for useaasssbat future works.
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1. INTRODUCTION

In face of all the environmental problems causethleyuse of oil as an energy source, it is impaotiamneplace it by
renewable sources. Currently ethanol and biodiesel examples of main substitutes for gasoline aieset
respectively. However, another source for renewablkergy plants is cellulose, which long ago waglus® firewood
and charcoal.

Unfortunately since cellulose is found in solidtstahere is not much flexibility of useif comparedfluids, which
limits the possibility of replacing fossil fuels.

One of the ways to turn cellulose into fluid isahigh fast pyrolysis. In this process, cellulostheymally degraded
in the absence of oxygen, generating gas rich ine8B@CQ and small fractions of ;1 methane, alkanes, alkenes and
alkynes of low molecular weight. Another fluid thagy be obtained from cellulose by fat pyrolysidis-oil, a dark
brown liquid composed of a miscible mixture of waf20-25%) and oxygenated organic compounds (80)73%d
coal. According to Bridgwater and Peacocke (2066, pyrolysis yields to bio-oil in the range of98Qvhen operated
close to 508C and the residence time of products is aroundsenend.

Among the reactors used for this process, we lgghlihe fluidized bed reactor, consisting of a ieatttubular
reactor, which can use nitrogen or treated gasrgetkin the reaction to fluidize the mixture oganic material and
sand. Several works (Bridgwatet al, 1999) show that the latter one is used to ensapiEl heat transfer to biomass
particles.

The importance of such reactor, according to Demypeal (2004), is due to high rates of heat transferpkupf
gas or heat through the walls, good mix betweersttiiels particles, good controllability and the glexconfiguration
the equipment provides.

Baeyenset al (2008) show that the fluid dynamics in the readfowvery important, since the energy and mass
transfer, fluidization, temperature and residenoe tinfluence the reaction kinetics and hence tieédyof products.
Since many details of these phenomena are diffiouttoserve experimentally, the needs of able caatipmal models
that can describe such phenomena become important.

Hamzehei and Rahimzade (2009) say that the mafitudiff in modeling a fluidized bed is that the enface
between two phases are unknown, transient andyhigfilenced by the size, shape and density ofsihlel phase
particles, which are hardly homogenous, and thecitgl of the fluid phase.

According Apteet al (2003), one way to model the system taking intooant such difficulties would be using the
Lagrangian approach, where each particle, witpétsuliarities, is considered a discrete elementtasda balance of
forces associated with each. However, due to tige laumber of particles present in a fluidized hibd,computational
effort becomes an obstacle to the use of such appro

The Eulerian approach, using the kinetic theorgrahular flows, is the most used in these casesusecit presents
a less computational effort compared to the Lageangne, and despite the simplifications, sevdralies (Ahmadet
al, 2010) show good results. This approach treatpdingculate phase as continuous and the fluid elyoénteraction
between the phases occurs through the drag ceeffici

The focus of this work is, using the framework Fiué.3.26, develop a fluid dynamic model of a flaétl bed in
bubbling regime, with the characteristics of thairfd in a fast pyrolysis reactor to aftermost \atiimh using laboratory
data.
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Through literature, were obtained the dimensiona &dst pyrolysis reactor bench, the charactednatif the bed,
drag coefficient models and CFD techniques to fhgéd bed, allowing the elaboration of the compotai model.

2. CHARACTERISTICS OF THE FLUIDIZED BED

According to the Geldart (1972), the particles sifsation is showed in Fig (1) and the sand plsi@re classified
as belonging to group B. The characteristics & tinoup are:

» Formation of bubbles when the minimum fluidizindogity is reached,;
» Formation of small bubbles on distributor, thatwito cross the bed,;

» Bubbles’ sizes are independent of particles’ size;

» Presents large recirculation.
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Figure 1. Geldart (1972) particles classification

Using the equations of the Geldart’'s work (1978§ timensionless particle diameter (Eq. (1)) aridoity (EqQ.
(2)) are estimated and through Fig. (2), the flegime in the bed is determined,

1
_ /
d; = d, [pg(pzz pg)g] 3 B
2 /3
* Pg
W=t [u(pp—pg)g] @)

Wherep, andp, are gas and solid densities respectively, g iggtaeity accelerationy is the gas viscosity,,ds
the particle diameter and is the superficial velocity.

Barbosa-Canovas and Ribas (2005) present the atorelfor the porosity at minimum fluidization (E@3)).
Koufodimos et al (2008) show Reynold’s number for a particle atimimm fluidization (Eq. (4)) and minimum
fluidizing velocity (Eq. (5)).

Emg = 1-0,356(log d, - 1) 3)
dppgUium

Repmy = 200t (4)
_ (pp=pg)9d;

Ump = p16sgou . ®)

ug = 0,3(uy — Unms) + 0,568,/gDg (6)

Dg = 0,54(uy — upy)”" (h + 4JA,)*8 g 02 @)
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As it can be seen throughe Fig. (2), Eq. (1) and Eq. ( for the flow regime in théubblingfluidized bed, the
superficial velocity (¢) should be between 0.36 m/s e 0.82 r The minimum rangealue was inputted on Fluent
since it is the closest to the omsed by Bridgwateet al (2008), 0.3 m/s.
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Figure 2. Flow fluidized regimclassification

An important point for modeling fluid dynamics isetvelocity with which the bubles ascend in the be(Eq. (6))
for later use in determining th@mulation’s time ste. This information can be obtained through the @ation of
Grace (1982) and the correlation for the variatbthe diameter of bubble(Eq. (7))Van Wachm (2000), where Ais
the effective area of the distributor and h is ieéght of the be. The values of giand Dg shown in Tab. (1) were
calculated using h = 0.16 m. Sineth this value Dy is greater than the diameter of the reacDg was assumed to be
equal to 0.04 m.

In his work, Bridgwater (200§)resents tha bench reactor dimensions, the gaaracterizatioland the sand used,
as it can be seen in Tab. (&)Jong with the values obtained with the equatidescribed befor

Table 1. Ihysical data of the bed and the reactor

Propert Value Comment
Superficial velocity, y 0.36 m/s = 2Unf
Gas densityp, 1. 25 kg/n Nitrogen
Gas viscosity, i 1.79 x 10° kg/ms Nitrogen
Solids particle densitys 2500 kg/m Sand
Solids particle diameter,d 440 pm Uniform distribution
Restitution coefficient, £ 0.9 Literature
Initial solids packingg. 0.60 Fixed value
Static bed height h 0.08 m Fixed value
Reactor height 0.26 m
Reactor width 0.04 m
Bed voidage in minimum fluidizatiogs 0.41 Eq. (3)
Particle Reynolds numbér minimum fluidizatior Rgms 4.94 Eq. (4)
Particle Reynolds number Réu,) 11 Eqg. (4)
Minimum fluidization velocity 0.16 m/s Eq. (5)
Maximum diameter of bubbled 0.04 m Reactor width

Maximum velocity of bubble g1 0.48 m/s Eq. (6)
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3.MATHEMATICAL MODEL
3.1. Multiphase flow governing equations

This chapter is based in Fluent 6.3 User Guide @200

To simulate a bubbling fluidized bed an Euleriandedowill be used, where a single pressure is shhyedoth

phases and momentum and continuity equations dvedsdor each phase. Accordingly, Eq. (8) is thettwity
equation for phase k (k=g for gases or s for gianpihases):

52 @) + 5 (@pugs) = 0 ®)
Equation (9) is the momentum equation for gas phase
% (aypyty) + V(agp uguy) = —agVP + Vi, + agpyg + Kys(us — uy) 9)
Here,ay is the volume fractions. The sum of the volumeticmns of all phases is unity. The velocity vectarsl

density is wandpy respectively. The pressure in the system is P.
TheT, is the gas phase stress-strain tensor and ibigrsm Eq. (10).

Ty = agly (Vu—g’ + Vujg) +a, (/19 + %ug) \7.@1= (10)

Wherel, is the bulk viscosity anbis an unitary tensor.

Only the drag force is consideredgy therefore, due the small size of the particles,lift force is despised. The
virtual mass force is also despised, since the fhinot viscous.

Equation (11) is the momentum equation for granplese:

d — —— = -
a(aspsus) + V(aspsusus) = _asVP + VTS + VPS + aspsgd + ng (us - ug) (11)
WhereT; is the same ag,. Ps is the solid pressure.

3.2. Kinetic theory of granular flow (KTGF)

The closure system of equations that describearti@nt of momentum transferred within the solidgghis based
on the kinetic theory of gases applied to partieutystems. Thus, this theory gets the name Kifiégteory of Granular
Flow (KTGF) and takes as premise the occurrencsngiintaneous binary collisions between particlan(et al,
2010).

The macroscopic behavior of the solid phase islre$uhe energy from collisions and the momentuuctiations
of these particles. According to this theory, tinergy associated with collisions and fluctuatiossalled Granular
Temperature. The rheological properties and pressiithe solid phase are also functions of tempegat

3.2.1. Granular temperature

The granular temperature is a measure of the randotion of the particles. The transport equationdmnular
temperature can be written as Eq. (12).

22 oy ¢ 0+ 7 . (ps %, TB)| = T+ VTS = V.G, — Vo5 — 3Ky O (12)
3.2.2. Flux of fluctuating energy
Equation (13) describes the diffusive flux of fluating or granular energy,
s = kosV Os (13)

wherek,, is the granular conductivity of granular temperatur
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3.2.3. Collisional energy dissipation

Due to collisions between particles in the phasiéssenergy is dissipated. The algebraic equattncbllisional
energy dissipation is showed in Eq. (14).

12 (1- SZS ,SS
Yos = %psaszv 053 (14)
3.2.4. Restitution coefficient

The restitution coefficient represents the ratiopafticles’ velocities before and after an impaet, whether the
impact is elastic or inelastic. The difference ialocity generates "heat", which causes increas¢h@fgranular
temperature. In this work it is considered thate0.9 (Bridgwateet al, 2010).

3.2.5. Granular viscosity

The granular viscosityuf) is a summation of three viscosity contributiom& tollisional (i c.1), the kinetic fiskin)
and the frictional{s ) viscosities as in Eq. (15).

Us = Uscot T Uskin T Us,rr (15)

The contributions from the different viscositiegwavith the flow regimes. In the dilute regime, thebability of
particle collisions is low, and the mean contribatiin this regime is from kinetic viscosity. In yedense particle
regimes, as in regions close to the maximum padkinigy the frictional viscosity has the largestntobution. Between
these two, there is the viscous regime, in whichigdas move like a fluid with high probability afollisions and,
consequently do not reach a high velocity. Thusctblésional viscosity (Eq. (16)) has the highesttibution in the
viscous regime.

As in the work of Bridgwateet al (2008), it was assumed the \ kinetic viscosity slatkveloped by Gidaspow (Eq.
(17)) and the frictional viscosity model of SchaeffEq. (18))

4 [¢]
Hs col = 5 Xs PsYo,ss (1 + ess) ;S (16)
_ 10psds,[0sm 4 2
Us,kin = 96as (1+e55)Jo,ss [1 + 5 Yo,ss Xs (1 + ess)] (17)
_ P f sing®
Usfr = ;rﬁ (18)

where is the angle of internal friction angl, is the second invariant of the deviatoric stressar, which can be
written as Eq. (19) and Eq. (20):

1
IZD = g [(Dsll - DSZZ)Z + (DSZZ - D533)2 + (D533 - Dsll)z] + D2512 + D2523 + D2531 (19)
1 aus_i aus_i
Dsij = 5 (a—,) +(5) @0

3.2.6. Frictional pressure

The frictional pressure arises when the particfessa close that they remain in contact all thestitarning\ random
motion e minimal. In the frictional regime the e reaches a higher value than in the other egesause here the
particles have very little space to move.

In this work, it was used the model due to Syamiall (1993, cited in Ahmadkt at 2010) Eq. (21).

10
Ps,fr =10%° (OCS— ocmin,fr) (21)
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3.2.7. Granular bulk viscosity (As)

The granular bulk viscosity is the resistance glanparticles have to compression or expansion.fiibédel used in
this work is due to Luet al (1984, cited in Bridgwateat al, 2008), Eq. (22).

4 s
Ns= 3 X psds 1+ ess) . (22)

3.2.8. Solids pressure

The solids pressure, Eq. (23), represents the ridome@ due to particle interactions. The modelduisethis work is
due to Luret al (1984, cited in Bridgwatest al 2010).

ps =% psOs + 2ps(1 + ess)aszgo,ss@s (23)
3.2.9. Radial distribution function

The radial distribution function, Eq. (24), modgithe collisions probability between particles. Thedel used in
this work is due to Lumet al (1984, cited in Bridgwatest al, 2010)

19-1
Gosss= [1 h (“so::ax)3:| (24)

whereo ., iS the maximum solid volume fraction.

3.3. Drag model

Following Bridgwateret al (2008), the drag model used in this work was the proposed by Gidaspow (1994).

The Gidaspow model is based on two distinct mod&ksn and Yu drag model and the Ergun equation @tabn
and Lundberg, 2007).

Obtained from empirical data, the model of Wen and(1966) is valid for dilute systems, i.e. withsgaolume
fraction greater than 0.8 and can be written aqZ5). (Gidaspow 1994)

3pgxXg(1—ocg) _
ng = %CDlﬁs - aol ch 265 (25)

where G is the drag factor for spherical particle, obtditierough Eq. (26), and is the particle velocity.

24
XgReg

CD= (26)

|1+ 0.15 (, Rey)

0.687]

For gas volume fractions smaller than or equal.8 e classic value used the classical ErgunteguéHalvorsen
and Lundberg, 2007) is considered.

The first term of the Ergun model, as it can bensieeEq. (27), for completely spherical particldgscribes the
viscous regime, which is characteristic of flow@t Reynolds number. The second term describekitiatic regime,
which is characteristic of flow at high Reynoldsmher.

2 — —
Ky, = 150%20=20)_ 4 1 75 Lo(o s (-eg) 27)

Xgls s

4. COMPUTACIONAL MODEL
4.1. Geometry and mesh

From the data of the reactor used in the work afig@vater (2008), shown in Tab. 1, a 2D geometry was
implemented, using the software ICEM 11.

In their work, Battagliaet al (2008) show that in the regime of bubbling bedp-thimensional models yield
comparable results to 3D models, with the advantdigeducing the computational effort significantly
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Still according to Battaglizt al (2008), the grid resolution must be no more tham times the diameter of the
particles. Thus, a 61X11 mesh was prepared in IGEMotaling 671 square elements, since the mesinustured.

4.2. Boundary condition

The gas velocity at the inlet was considered unifdlon-slip conditions were imposed at the wallsthfe outlet
plane, a zero relative pressure, which is calleglient as “pressure-outlet”, was considered.

4.3. Computational procedure

Using the software Fluent 6.3.26 a Intel Core2Ru8Hz processor based computer, the model wadadimauwith
double precision, in transient regime and usirgt firder discretization scheme during the firstQLOthe steps in order
to achieve fast convergence to an approximate isoluf\fter this, a second order formulation wasdjse order to
obtain more a more accurate solution.

According to Cornelissent al (2007), the time step must be determined taking aTcount the Courant number
(Ng). For the system to be stable, the result of 2§) éhould be less than 1 for all cells in the alalton domain.
Based on the grid resolution, the bubble rise \igl@nd Nc = 0.01, a time step equals to § $§Gvas used.

N, = v, j; (28)

Cornelisseret al (2007) also report that better results are obthifoe bubbling systems where a laminar flow
regime is considered.. Accordingly, and for a fas@nvergence, it was assumed that the initial cigloof the solid

phase Waém—; and the fluid phase#(Ahmadiet al, 2010).
For all other sets, default values of the softwaeee assumed.

5. RESULTSAND DISCUSSIONS

Eighty four calculation hours were needed to penfdr11000 time steps, which corresponds to 10snodilsition.
As convergence criterion at each time step, thiduabvalue was monitored to be less thaif.T0wo criteria were used
to test convergence of the simulation. First, rigpet of the volume-weighted average profile of thalid volume
fraction, of the solid velocity and relative pressuall of them measured at a plane situated 5ncheight in the bed,
over time, should be observed, as shown in Fig.l{® also possible to notice in Fig. (3), thsmparate fluid dynamic
behaviors, identified by 1,2 and 3, in the timeeimtls between 1-4 seconds, 4-6 seconds and 6-ddhds
respectively.
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Figure 3. Evolution profiles of pressure, partieddocity and solid volume fraction
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As a second criterion the similarity between theetiaverages of solid volume fraction obtained tghoa local
average of solid volume fraction of eighteen poaltsg the bed in the time intervals between 7.8.1oseconds, 7.0 to
9.1 seconds and 7.0 to 10.0 seconds were consideistbserved in Fig. (4) that the profiles fbe three intervals
show a great similarity, indicating the convergeatthe model.
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Figure 4. Time averages of solid volume fractioofites at bed height

The calculation procedure showed a fast convergandea good stability after approximately 0.5 sesomas stated
by Ahmadiet al (2010), thus indicating the adequacy in the chofdfe of the solid and fluid phase initial veloest
Figure 5 shows the solid volume fraction profile éach of the three behaviors identified in Fig. e profiles a,

b and ¢ correspond to the flow patterns 1, 2 arebpectively.
S5ee 01 S5 01
S3ee 01 S3ee 01
some o | o
+T5e 01 +75 01
a0 01 e 01
+.15e 01 +.15e 01
A6e 01 386 00
355 01 355 01
IZedn IZe Ot
25Te 01 25Te 01
28Te 00 26Te 01
238 01 238 01
208 01 208 01
178 01 178 01
1ade 01 ﬁ e ——— Lade 01 — -
[REY1 ‘ [RETT ‘ k.
a3 02 8Pt 02
55402 ™ ‘ 554 02 “
e 0z - 2ame 02 J -
2.00s 2.05s 2.10s 2.15s 2.20s 2.25s 2.30s 4.50s 4.55s 4.60s 4.65s 4.70s 4.75s 4.80s

(a) (b)
| ot
aoman
o ," A r W 1
P
2amece - b " ‘ ‘ y .

C.D0e+00
8.00s 805s 810s 815s 8.20s 8.25s 830s 835s 840s 845s 850s 855s 860s 8.65s
(c)

-

Figure 5. Solid volume fraction profiles in diffeits behaviors
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Bridgwater (2008) presents a profile of solid volufraction, obtained from his model in the timesintl between
0 - 2.5 s, as can be seen in Fig. (6).This prddilguite similar to the profile (a) in Fig. (5).
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Figure 6. Bridgwater (2008) solid volume fractiamfiles in 2D
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Before using the model obtained in this study &ssis for simulation of a fast pyrolysis reactbisinecessary to
perform the test of mesh independence using fineshms and to compare the results using other moadedsag
coefficient. In the continuation of this researtieat and mass transfer between the phases asasvétle proper
modelling of the reaction kinetics must be included

6. CONCLUSION

The modelling work of fluid flow in a bubbling fldized bed was presented. The model is part ofearels work
that aims the development of a fluidized bed reaafto fast pyrolysis biomass. Using a 2D geometng &ulerian
approach, integrated with the kinetic theory ofngar flows, a gas-solid bed including Geldart Brtigtes was
simulated. The drag coefficient model used was dexeloped by Gidaspow (1994). The model was impieete
numerically by means of the Fluent 6.3.23 platform.

The model showed a rapid convergence and goodlistalshecked by repetition of the profile of thelume-
weighted average of solid volume fraction, of thédsvelocity and relative pressure, beyond thegeral average over
the height of the bed.

From the observation of the profile of solid volurfinaction, it is possible to notice three distitehaviors over
time. Comparison of the results obtained in thestinterval between 2.00 and 2.30 seconds showshbse agree well
with the result obtained by Bridgwater (2008), whindicates the suitability of the model obtainedhis work for use
as a basis for future works.

In the continuation of the research work usingriadel obtained herein, it will be necessary to grenfthe mesh
independence test, using more refined meshes amparing the results obtained using other modelsttier drag
coefficient. Besides that, heat and mass transféwden the phases as well as the proper modelfiigeoreaction
kinetics must be included.
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