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Abstract: Problem statement: Palm shell on its original state cannot be fluidizolely. However,
mixing palm shell with a second fluidizable mategan facilitate proper fluidizatiorApproach: The
minimum and complete fluidization velocity gJand Uy) for sand/palm shell binary mixtures had
been studied in a partitioned reactor known as Cuoitnpented Fluidized Bed Gasifier (CFBG).
The pilot scale reactor ID is 66 cm with 60:40 ar@gctional area ratio for combustor and gasifier
respectively. The bed materials constitute of sand palm shell up to 15 weight percent (wt%).
The particle size and density ratio for palm slaitl sand are about53 and 0.55 respectively.
Results: Despite of the unique reactor feature, the mixtued pressure drop profiles were closely
resemble to those observed in the laboratory scgliedrical column. It was found that partial
fluidization occurred for the smallest sand sizéhwany palm shell size and weight percent in the
gasifier. Poor fluidization was also found with teme sand in the combustor but limited to theelsirg
palm shell and higher weight percent. Thg Bnd U; values increase with the increase of palm shell
size and weight percent in both compartments aadnatandem with the increase of effective particle
diameter. However, although increase in the sar&laiso increased the effective particle diaméter,
characteristic velocities show both increasing dedreasing trends. These findings proved that the
characteristic velocities of the sand-palm shatlaby mixtures not only depend on the effective bed
properties, but also influenced by the mixing/sggtig condition. In addition, bed geometry is an
equally important factor for the present syst&onclusion/Recommendation: Despite of the large
difference in particle size and density, palm shelsand can be fluidized well, making it a suitabl
biomass feedstock for gasification in CFBG pilarml

Key words: Binary mixtures, biomass, compartmented reactaal fluidized bed

INTRODUCTION common bed material i.e., sand of various sizes and
distribution was examined in (Chekal., 2009). In that
The feasibility studies of palm oil waste incluglin study, it is confirmed that the hydrodynamic
palm shell as biomass gasification feedstock haenb characteristic of CFBG is closely resemble to those
well reported in (Kelly-Yonget al., 2007; Shuitet al., reported in cylindrical fluidized bed of laboratsyale
2009). The laboratory analyses on the physical andespite of its distinctive geometrical featuresthién
chemical characteristics have also been welpermits the used of the bed pressure profile to
documented in (Yangt al., 2006; Guo and Lua, 2001) determine the characteristic velocities i.e., thieimum
citing palm oil solid residual as an ideal choicg f and complete fluidization velocity (Jand Uy). The
thermo-chemical conversion. Hence, the main olestacl present study is a successive study that involhes t
that need to be resolved now are on the techniw@dl a addition of a locally available biomass residua. i
technological challenges as well as on itspalm shell, into these sands to form a binary camepb
implementation as the gasification feedstock. system with large difference in size and densiginP
A preceding work on the CFBG fluidization shell cannot be fluidized solely. Palm shell is
behavior and its characteristic velocities usindyon considered as Geldart D particle, a classification
Corresponding Author: V.S. Chok, Department of Chemical Engineering,v@rsity Technology PETRONAS, 31750 Tronoh,
Perak, Malaysia
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spouting bed material. However, mixing palm shell The effective diameters, .Lare computed as 25.7
with a second fluidizable material (sand) can fed# and 41.3 cm for gasifier and combustor respay
proper fluidization. Based on the criteria in (Roared  (Weeet al., 2009). The presence of v-valve and riser in
Nienow, 1976), palm shell can be considered as &aoth compartments has been addressed when
flotsam (tends to float) while sand is a jetsanm@&eto  considering the effective bed diameter.
sink), although it actually varies depending on the In considering the typical bed aspect ratio of, 1-2
particle size and density, even their relative prtipns.  the experiments were carried out in both of the
Some interesting researches in (Chetkal., 2007; compartments at 0.4 m static bed height (Experiment
Fauziahet al., 2008) on hydrodynamic studies of sand-using static bed height of 0.3-0.5m performed ithbo
palm shell mixtures are available. They are, howevecompartments confirmed the same results). Large
confined to single palm shell and/or sand size. amount of bed material is used, i.e., at 77 and Kg1
The present study reports the minimum andrespectively. Large amount of the biomass is also
complete fluidization velocity for sand-palm shell needed, up to 15 kg of each sieved size.
mixtures and detailed the effects of sand sizebn pa The weight percent of various palm shell sizes is
shell sizes and weight percent. It also discuséed t shown in Fig. 3. The biomass residuals were obthine
insights derived from the various relationshipstioé  from a palm oil mill and underwent natural dryingop
characteristic velocities to support the understamdf  utilization. The final moisture content was fourtdite
mixture  fluidization = mechanism in different 8-10 wt%. It can be clearly seen that the biomass

compartments. consists mostly larger particles of 3.56 and 7.18.m
Four different sizes of palm shell are used in shisly,
MATERIALSAND METHODS excluding the smallest palm shell that mostly cstssi

of loose fiber as shown in Table 1. Four differgmtes
As the apparatus for this study is the same agf sand sizes are selected as the inert mateiials.

described in (Kelly-Yonget al., 2007), only a brief physical properties of the sand and palm shelgaren

description is included here. A schematic of the'" Table 1.
experimental setup is illustrated in Fig. 1. Thédtow

model as shown in Fig. 2 has a 0.66 ID and is diid Combustor P i
into 2 compartments i.e., combustor and gasifieraby A Guiiar
vertical wall in 2:1 cross-sectional area ratio @%eal., \x_'__#f—m/

2009). Two pairs of devices known as v-valve asdrri

are available for internal solid circulation betwethe
respective beds. In the present studies, only #us b
were subjected to air for fluidization. The flowtaa
were regulated using rotameters (measure up to R600
min?) to maintain the bubbling mode of fluidization.
Pressure drops were measured using water manometers
at 3 different locations for total pressure drdyP),
across distributorPy) and bed&P,) respectively.

Fig. 2: Isometric view of CFBG (Waest al., 2009)

Table 1: Palm shell and sand properties

Properties Palm shell Sand
Particle size/sieved range (mm) 1.77/(+1.18-2.36) 196
Fig. 1: Experimental setup (1) compressor; (2) drye 3.56/(+2.36-4.75) 0.272
3) pressure regulator; (4) rotameter; (5) 7.13/(+4.75-9.50) 0.341
B p : g ; _rot e, 11.75/(+9.50-14.00) 0.395
plenum; (6) perfora_it_ed distributor;  (7) Density (kg m?) 1,500 2700
combustor; (8) gasifier; (9) manometer yisture (wt%) 8-10% R
(Weeet al., 2009) Weight percent (wt%) 2,5, 10 and 15%
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Fig. 3: Weight percent of various palm shell sigenf ~ Fi9- 4: Typical sand-palm shell bed pressure drop
mill profile for Uy and U

The biomass is larger but lighter than the inarids
used, the particle size and density ratio for palm

shell/sand are of about 5-53 and 0.55 respectively. ; 2 ikt
E Fast defluidization

Procedure: The procedures in determining the,U = o

and U, i.e., via fast and slow defluidization as in — [

(Chok et al., 2009) are adopted for sand-palm shell :

mixtures. Both methods are based on the bed prESSUr 15 T temm e e T o 1

drop profiles and differing only in terms of raté o
defluidization.

On U, determination using fast defluidization
method, the mixture is initially fluidized vigoradys
(>Un) to maximize particles mixing and to ensure
constant bed pressure drop is established, in daler

form the constant fluidized bed line. Thereaftee bed However, unlike ~single = component sys_tem_,

is defluidized rapidly, at bed pressure drop valuesdepend'ng on the palm shell size and composition in
below fluidized state (<Aj), such that the mixtures sand, the mixtures may exhibit severe segregating

uniformity  remains unchanged  (since partiClescondition that leads to channeling. This conditisn

. . ften observed for biomass-sand fluidization
rearrangements are avoided). This is used to fowen t O ; . . o
fixed bgd line. The Lk is th(gn determined from the (Bilbao et al., 1987). This behavior can be identified

intersection point between the fixed bed and cansta from d|s_t|nct_|ve pattern of the pressure dr_op peoths
fluidized bed lines. Meanwhile, in slow defluidiat, ~ SMOWN In Fig. 5, during fast defluidization, thedbe

a method used to determinesUthe approach is to pressure drop at fluidized state shows a S|gn|flyan
allow gradual changes from fluidized bed conditton lower steady state value (<70%) than those obtained

fixed bed state. |Jis determined from the point when fro”.‘ experiments where. proper fIU|Q|z_at|Qn are
the bed pressure drop is constant, attained. Furthermore, during slow defluidizatidhe

steady state bed pressure drop cannot be estabkghe
fluidized state. In fact, the bed pressure drodilerds
RESULTS showing an upward trend. Both behaviors are anal®go
to that observed in a single component system that
Figure 4 shows the typical sand-palm shell bedexhibits partial fluidization. Besides, visual obs#ion
pressure drop profile for §4 and U, obtained from also confirmed the presence of stationary portibn o
palm shell of 4.75-9.50 mm at 5 wt% in fine sand ofpalm shell “chunks” in the vigorously fluidized hed
196 um in the combustor. This sand-palm shell mixtureThe profile shown below is obtained from palm sioéll
demonstrates similar profile as obtained in theviptes  4.75-9.50 mm at 15 wt% in fine sand of 19 in the
pure sand bed (Chodt al., 2009) thus, permitting the combustor.
identification of characteristic velocities usirigetsame It is worthy to be mentioned here that the
methods. maximum air flow (compressor capacity) has been
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Fig. 5: Typical sand-palm shell channeling bed
pressure drop profile
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supplied in all experiments where the bed presstop The subsequent paragraphs describe the experiment
profiles are similar to Fig. 5. In this particular results for these specific studies with respecthe

experiment, the maximum superficial velocity was ateffect of palm shell weight percent and sizes al$ age
0.221 m se¢, corresponding to about 10 times of the the sand sizes in the mixture.
pure sand W, producing a turbulent bed. Even at this Effect of palm shell weight percent: As shown in

cqndition, the mixtur_es quidi_zation_was ur_lsati_:ttﬂ_y Table 2, increase of palm shell weight percenteases
with palm shell forming an immobile section inside 5 the Uy and Uy values, in both of the compartment,

fluidized bed. _ _ following the increase of effective particle diagrebf
These two behaviors and bed pressure drop profilege mixtures.

are similarly observed throughout the experimental

range in both of the compartments. Consequentlly, on Effect of palm shell size: Table 3 shows that both the
those bed pressure profiles that show steadywhtes U, and Usincrease with the increase of palm shell size
at fluidized condition for both defluidization meits  in both compartments and also in tandem with the
are reported for their |y and U values. It is important increase of effective particle diameter.

to note that through the implementation of both ] ) o
defluidization methods, segregation of palm-shelhie ~ Effect of sand size: Increasing the sand size in the
mixtures can be identified. This provides practicalSand-palm shell mixtures increases the mean particl
information on the maximum tolerable quantity ofrpa  diameter as shown in the Fig. 7 computed base@)on (

shell that can be fed during startup or that can bé&onsequently, one would expect the incrementakdtren

when fluidization is dominated by gas-particle
Effect mixture properties: Figure 6a and b show the interaction.
effective density and particle diameter for mixsuef

various palm shell size and weight percent in sandable 2: Characteristic velocities of sand—palnl¢Bé1 um; +9.50-

: . . 14.00 mm)
co_mputed using .the following weighted average s rrent Combustor, (Gasifien
mixtures properties: Effective particle 353 372 207 445
o diameter im)
1 w. W Palm shell (wt%) 2 5 10 15
—=Ts 4P Q) Uns (M sec?) 0.084; 0.095; 0.100; 0.106;
Pn Ps Py (0.116)  (0.122) (0.138) (0.166)
Uer (M sec?) 0.087; 0.102; 0.111; 0.127;
o (0.167)  (0.166) (0.180) (0.258)
1 _ w, W, 2
?—pm od +p d ( ) Table 3: Characteristic velocities of sanéiypashell (272pum;
m s%s e 10Wt%)
) ) . Characteristic velocity (m ség
Figure 6a shows slightly greater incremental -
magnitude in effective particle diameter as comgpace . _ . Combustor Gasifier
. . - . : Palm shell  Effective particle
the reduction of the effective density in Fig. 6b.gjze (mm) diameter (mm) & Uy Uns Uy
Consequently, when referring to the Ergun equafion =+1.18-2.36 317 0.054 0.066 0.084 0.090
U, prediction, there is a general expectation o0ft2.36-4.75 321 0.054 0068 0.082 0.091
incremental trends in }4 (and W) of sand-palm shell :g'gg:gf’go gg‘é 8'8?3 8'%’2 g'%g g'}gg

mixtures with the addition/increasing palm shell
composition in the mixtureK(nii and Levenspiel1991).

0 450 £ OEquation (6)
B Sand 2 = 50§
O Equation (3) g B Sand

o

(pm
0
m
@

Fffective density (kg m

FlTeclive particle diameter (pum)

25 10 0 2 5 10 15 F
Palm shell (w1%) Palm shell (w1%) E
200

(@) (b) 196 2712 341 395
Sand size (um)

Fig. 6: Effective mixture properties of various mal

shell weight percent; palm shell of +1.18-Fig. 7: Effective particle diameter for various dan
2.36um, sand of 19¢im sizes; palm shell of +9.50-14.00 mm, 10 wt%

766



Table 4: Uy and Usfor palm shell +4.75-9.50 mm at 5 wt%

Characteristic Velocity (m s€3
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Table 6: Dimensionless velocities

9.50 mm, 5wt%)

foand-palm shell (+4.75-

Dimensionless velocity (m se

Combustor Gasifier
Sand e e Combustor Gasifier
size {um) Un Uyt U Ucr Sand
196 0.032 0.043 - - size (1m) Umf/Ume Ucf/UCfo Umf/Umf0 Ucf/UCfo
272 0.057 0.072 0.081 0.098 196 152 1.43 N N
341 0.072 0.087 0.115 0.132 272 1.08 1.12 1.05 1.13
395 0.083 0.097 0.107 0.136 341 0.99 1.02 1.13 1.13
395 1.00 0.93 1.02 1.12
Table 5: Uy and Usfor palm shell +9.50-14.00 mm at 5 wt%
Characteristic Velocity (m s€3 Table 7: Dimensionless velocities for sand-palmllsf€.50-14.00
- mm, 10 wt%)
Sand Combustor _________ (_B_i‘f'lf_'e[ _____________ Dimensionless velocity (m s
size um U U U U
196 fm) _mf _Cf _mf _Cf Combustor Gasifier
272 0.082 0.114 0.180 0.191 Sand
341 0.099 0.111 0.138 0.180 size gm)  UnfUmf® Ue/Ue®  UndUmf® Ue/Ugs”
395 0.082 0.097 0.124 0.167 196 . - - N
272 1.55 1.78 2.34 2.20
Although some of the data such as those presented1 1.36 1.31 1.35 1.54
in Table 4 demonstrate this general tendency 089 0.99 0.93 1.16 1.38
mcreme_ntal W and U the opposite trends of 5 o
decreasing Lk and U; values are also observed as X Zwh + X5 wiv
. - B e g 010 wt%
shown in Table 5. 25 14 a13wid FER
o b A = 153
DISCUSSION 5 5}
. L. - 15 3 e 2
Analysison characteristic velocities: s 101
Ratio of characteristic velocity (mixture/sand): 10 1 . _
When representing these data in dimensionless, ratic . Il ]
i.e., Un/Un and Uf/U,° where the denominators are 1% 72 M1 305 e am A
the characteristic velocities of pure sand (Cleolal., Smdz*:)” — o

2009), a distinct pattern revealed. As Table 6 &nd
shown, these ratios in fact are in trends of reayeiith
the increase of sand size in the mixture. These et
are observed in all experiments with more noticeabl
trend at largest palm shell size of +9.50-14.00 mm.

Figure 8 and 9 show the dimensionless velocities
ratio in the combustor for different palm shellesiand
weight percent. The trends of reducingoravith ) =
increase of sand size also prevail for palm sloélb- '
15 wt% in both palm shell sizes.

Data for mixtures consist of palm shell at 2 wt%

Fig. 8a and b:Dimensionless  velocities in the
combustor; palm shell of +4.75-9.50 mm
at 5-15 wt%

% 5 wtlo
010 wt%o
a135 wtl

% 5 wils
010 wi%%
A15 wtle

Ut Uy

are not included in Fig. 8-11 to allow better ;| e

visualization of the trends, since they generatbynibt 4

vary appreciably from pure sand. This is expected a i F——5——7—= “m s w5
the proportion of palm shell is too small when Sand (jum) Sand (jm)
compared to the sand amount in the bed. Theseadata @ (b)

reported later (Part 1l of this study).

In addition, it has been shown earlier that in the
effect of palm shell proportion, higher palm shell
weight percent leads to higher characteristic vtésc
for given sand in the mixtures. Consequently, it@r However, this ratio gradually reduce when larger
of Uni/Um® and Ug/U° also increases with the present sand is used and approaches unity for the largest, s
of more palm shell in the mixture, such as the data.e., at 395um, this simply means that the mixtureg;U
shown in Fig. 8 and 9 for sand of 2i@. and Uy are essentially of the pure sand used.
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Fig. 9a and b: Dimensionless  velocities in  the
combustor; palm shell of +9.50-14.00
mm at 5-15 wt%
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Fig. 12: Difference of characteristic velocity imet
combustor; palm shell of (a) +4.75-9.50 mm
and (b) +9.50-14.00 mm at various weight

Fig. 10a and b: Dimensionless velocities in thefigas
palm shell of +4.75-9.50 mm at 5-15

wit%
percent
33
i A}”[E ool E%UE To distinguish the fluidization behavior obtairied
. o - o the combustor and gasifier, a brief descriptiontioa
R g"- e | ; 2 ° mechanism of particle fluidization is included here
- 2 B - = 204
+ x.. , i) Particle fluidization mechanism: The mechanism of
2 B Koz, I attaining particle fluidization depends on both the
10 R L0 contributions of gas-particle and particle-particle
03 , , | 0 ; | interaction.
il TS B R T Clift et al. (1987) described the gas-particle
@) (b) interaction is the buoyancy force acted on theiglarin

a fluidized suspension or the net effect of flurdgland
gravitational forces. As mentioned, palm shell t& i
own cannot be fluidized. According to Chiba and
Nienow (1984), the gas-particle interaction in the
) ) binary mixture occurs with the transport of jetsam
~ Figure 10 and 11 display the results of thepgarticles in the bubble wakes of the fluidized bed.
dimensionless velocities in the gasifier the same On the other hand, the particle-particle intecacti
sand-palm shell mixtures in the combustor. Althoughjs the collision of jetsam-to-flotsam i.e., sandrpahell
similar trends are also obtained in the gasifiefigs 10 particle for the case of binary mixture. Collisiohthe
and. 11 shpwn, the deg(ee of reducing differenceggme type (jetsam-to-jetsam or flotsam-to-flotsduam
particularly in the W/Uc° (Fig. 8a and 9a) when larger net zero collision interaction. However, the intgin
sand is used is not as profound as in the combustor forces petween particles are very complicated and
can be seen that thedW for palm shell of 15 wt% in  gypjected to the mixing/segregation condition ie th
both Fig. 10a and 1la do not depreciate but arg venyixtures. Most authors agreed the particle mixiag i
close for all the sand sizes. Moreover, both thenhanced with the reduction of particle size ratio
dimensionless velocities ratios do not convergentity (jetsam/flotsam) and/or the increase of bubble dtam

for the largest sand used in the mixtures. (that is a proportional to the column diameter).
The analysis carried out for the fluidization air@

sand has confirmed that the characteristic vekxitif =~ Excess gas velocity: The difference between mixture
the gasifier (distinctive from the combustor) areUs and Uy provides an indication of the excess gas
affected by the compartment diameter and largewelocity available. This excess gas velocity if itatae
particle-to-bed-diameter ratio, these being related may contribute to the increase of gas-particle
wall effect (Choket al., 2009). interaction i.e., drag force > gravitational forffoe sand
Indeed, the present studies further support thén the mixture.
findings from Glicksman and Andrews (1985) whom Figure 12 shows the differences between the
shown that the hydrodynamic of gas-solid fluidibedi  mixture Uy and U, for palm shell of +4.75-9.50 mm
(bubble characteristic) are influenced by the walland +9.50-14.00 mm respectively in the combustor.
spacing when the spacing is less than 40-50 cm. These trends clearly show that the differences in
768

Fig. 11a and b: Dimensionless velocities in thefigais
palm shell of +9.50-14.00 mm at 5-15
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characteristic velocity reduce with the increasesanrfid  (with smaller bubble diameter). The trapped pagtich
size, except at palm shell of 5 wt%, the valuesaiam the segregated portion reduce further the contabudf
nearly constant. Similar results are obtained fainp particle-particle interaction for fluidization. Asresult,
shell of +9.50-14.00 mm. Consequently, thechanneling prevails even when the mixtures is
observations reported in Table 6 and 7 are verikelyl  subjected to the maximum available airflow (10 Of
due to the excess gas availability, instead atethuo  fine sand (196um)) in the present setup.
the increase in the particle-particle collision sand- ] . o ] ]
palm shell mixtures in achieving fluidization. Ratio of mixture characteristic velocity: Meanwhile,
Figure 13a and b show the differences between thr @ given system, Uy = 1 is established when the
mixture Uy and Uy for palm shell of +4.75-9.50 mm bed materlal is p_erfectly m|)_<ed_ du_rmg defluidizpati
and +9.50-14.00 mm respectively in the gasifier.tin Hence, t_hls ratio is also an indication of the aktef
contrary, the results for the gasifier show gergrah ~ S€gregation.

upward trend with the increase of sand size. Higjasr Contrary to the /Uy ratio for pure sand
particle interaction is necessary to establish mmixt Component that is approximately constant with

fluidization apart from the contribution of parsel inhcreaski]ngfsanﬁ size g(/:helkal.,hZﬁOQ_), Fig. 14;‘ a.d b
particle interaction in the gasifier. The formenmeded S ow that for the sand/palm shell mixtures, theses

: - o reduce and approach to unity with the increassaofi
to supplement the latter in achieving stable flzadiion, size in the mixtures in the combustor, except fak

d?tiptlﬁle pf the mc:ceasedln_ par_lt_|f(1:_le-part|lg:le Int8om shell of +4.75-9.50 mm at 5wt%, where its result is
\t,r\?e roe énn(;rifa?)? r‘?\ixsiﬁn/szzree. atifnci{rjllrlh: e;mw very close to the pure sand value. Similar trends a
F,)Acfordiné to the t?ubbglle grovvth criteri%n for the cited in (Pilar Aznaret al., 1892) using biomass-sand
. : . ' mixtures.
same superficial velocity, the smaller diameteunuoi
produces smaller bubble diameter compared to th % - 016 BT

. * 3 wit% T 10 Wi
larger column. Hence, it can be expected that thi °%1 210 w% 0141 215w |

mixing tendency, induced by the bubble activitiss i ~, "] s 01
less effective in the gasifier as compared to the
combustor. Consequently, the formation of segrebate
portion in the gasifier is enhanced, thus redudes t

0.10 4 0.10 4

0.08 4 0.08 1

~Uyp (m sec U

|
>

0.06 1 0.06

0.04 4 0.04 1 A g

U gp=Upr (m sec I;
>4

Uy
o

relative motion of the trapped particles and fipall ; a

L. R : 0.02 4 « « 0.02

diminishes the supposedly much larger contributibn 000 J ‘ 000 o ;

particle-particle interaction. 196 373Sm1d,;:)1 393 196 FESwd,j:; 39
In addition, palm shell size of 20-30 times larger @) b)

than sand have the tendency to “hook up” together, _ o B
forming even bigger chunk of particles that must beFig. 13a and b: Difference of characteristic vetpan

broken in order to attain or sustain fluidizatioFhis the gasifier; palm shell of +4.75-
behavior of particles interlocking with each other 9.50 mm and +9.50-14.00 mm at
form larger particles during fluidization has besited various weight percent
in the study from Pattipati and Wen (1981). Theatge s S
the proportion of palm shell in the mixture would e SR
indefinitely leads to greater likelihood of such | el 50 | 815wt
formation or larger chunk formation. As a resuti, t - A < b
establish fluidization, a greater superficial vétpds = s ) = 0s
essential not only to overcome the gravitationatdo S - U
but also to break through the suppression of the | B B
surrounding palm shell chunks.

This is supported by the observation ofi/U,° 5 ‘ 05
values for palm shell of 15 wt% in both Fig. 10adan B Nl 395 wem o EL
11a that do not depreciate but are very close Ifdha m(é;m “ (g")

sand sizes. Moreover, such as the case of fine (4&6d
um) and palm shell mixtures in the gasifier, the kena Fig. 14a and b: Dimensionless velocities in comist

particle size ratio has resulted in the smaller palm shell sizes (a) +4.75-9.50 mm and
contribution of particle-particle interaction. Segation (b) is +9.50-14.00 mm at various
is also more severe due to the smaller column deme weight percent
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Fig. 15a and b: Dimensionless velocities in thefigas

are sufficiently large to counterbalance size-sgafiag
factor, palm shell/sand mixture is capable of forgna
homogenous bed at.}JJand U; Carteret al. (1987)
have described this behaviour as loosely analogmus
“buoyancy” in their experiments of large particleat
sintered ash of 5-15 mm in sand.

Meanwhile, this condition depends not only to the
particle size ratio, but also to the palm shell
composition in the sand. As shown in Fig. 14a and b
the Ug/U.; generally increases with the palm shell
weight percent in a given sand size. In Fig. 14a, f
palm shell of 5 wt%, the WU, values remain nearly

palm shell sizes (a) +4.75-9.50 mm andconstant at various sand sizes. The effect obsésvied
(b) +9.50-14.00 mm at various weight total agreement with Formisamt al. (2008) results

percent

where for fully dissimilar solids, the U, values are
identical at low fraction of the jetsam componenttie

These shows that the bed homogeneity habinary mixtures.

gradually improved with the reduction of particlzes
ratio, despite having to be 20-30 times greaten tha
typical large-to-fine particle size ratio V)

recommended by Wen and Yu (1966) for good mixing.

However, the W/U,; trends observed in the
gasifier are more complex from those found in the
combustor due to the present of significant bed
geometrical effect, where its intensity varies witte

It is known that for any multi-components systemparticle size and composition. As Fig. 15a shovam, f

differing in both particle densities and sizes, tger

smaller palm shell of +4.75-9.00 mm at 5 wt%, the

and denser components tend to sink while the smalldJc/Umi is approximately constant with results very
and lighter components tend to float forming twoclosely to the pure sand condition in (Chekal.,

segregated parts. In this case, mixing effect

i2009). At palm shell of 10 wt%, the ({U.; ratio

suppressed and the system may exhibit either ad&duces with the increase of sand size; a tendency

density-segregating  or

size-segregating mixture§esembles to those found in the combustor and thus

(Formisani et al., 2008). However, in the present depends on the same effects described earlierlaBimi

system, palm shell is larger but lighter than samthe
mixtures. Consequently, the tendencies of palml sbel

sink or float in the mixture vary depending on its

particle size and density. In addition, the actioh

trend is observed in Fig. 15b when larger palmlgifel
+9.50-14.00 mm is at 5 wt%.

To the contrary, at palm shell of 15 wt%, Fig. 15a
shows an incremental JJJs ratio with the increase of

segregating factors may tend to either strengthen ¢and size. The same trends are observed @ndO

counterbalance that of the other.
The extremely large particle size ratio of palrelsh

15 wt% for palm shell of +9.50-14.00 mm as shown in
Fig. 15b. These increasing ratios show that setjmyga

and sand (up to 53) suggests that the size-segrggat of bed mixture is enhanced with the increase ofmpal

factor is dominate and hence palm shell tends tthée

jetsam instead (such in the case of largest pakeil sh

and finest sand). This has caused severe chanraiihg
the mixture exhibits a bed pressure profile similar

Fig. 5. However, with the increase of sand size (or

reduction of palm shell size), this size ratio regkiand

the tendency for palm shell to float is gradually determination

enhanced. It is known that incipient bed voidageaof

shell in size and weight percent.

CONCLUSION
In short, it has been shown that the methodology
developed in the cylindrical column for the
of the fluidization behavior and

characteristic velocities can be implemented in the

fluidized bed composing of sand generally decreasegresent compartmentalized reactor design and with
with the increase of sand size (Kunii and Leverispie sand/palm shell binary mixtures.

1991). While sand is already the heavier compoirent
this mixture, the increase in sand size may leath¢o
increase in local bulk density (a function of irieipt
bed voidage). When the bulk density is higher tthen
palm shell particle density, palm shell tends totlhe
flotsam. Hence, at the point where these contrimsti

On one hand, using smaller sand particle reduces
the superficial velocity necessary to establish
fluidization when the palm shell components are
smaller in sizes or weight percent in the mixtures.
However, the tendency for segregation to occur is
higher when the resulting particle size ratio (palm
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shell/sand) is higher due to the lower contributmfn Chok, V.S., S.K. Wee, A. Gorin and H.B. Chua, 2009.
particle-particle  collision. Consequently, higher Effect of particle and bed diameter on

superficial velocities are necessary to fluidize ted characteristic ~ velocities in  Compartmented
mixtures especially if there is any formation ofirpa Fluidized Bed Gasifier. Proceeding of the 2nd
shell “chunks” that is enhanced by the presentufdr CUTSE International Conference: Progress in
palm shell size and weight percent. Particle setiey Science and Engineering for Sustainable
is further promoted when the column diameter islsma Development, Nov. 24-25, Curtin University of
To the contrary, when utilizing large sand paeticl  Technology, Sarawak, Malaysia, pp: 1-5.
in the mixture, although greater superficial vetpds  Clift, R., J.P.K. Seville, S.C. Moore and C. Chaear
required as compared to smaller sand size in daler 1987. Comments on the buoyancy force on the
establish fluidization when palm shell is smallesizes particles in a fluidized suspension. Chem. Eng.
or weight percent, the tendency for segregatiooctur Sci., 42: 191-194. DOl 10.1016/0009-
reduces when the resulting particle size ratiooiser 2_509(87)80228‘2 . ) ) .
due to the greater contribution of particle-paticl Fauziah, M., A.R. Nornizar, A. Nornizar, A. Azil Bari

collision and M.J. Tajuddin, 2008. Cold flow binary
Ove.rall the studies on the,Jand U; values as fluidization of oil palm residues mixture in a gas-
well as the bed pressure drop profiles of sand-palm solid fluidized bed system. Pertanika J. Sci.

shell mixtures have certainly provide insight ore th Technol, 16: 201-212. L
fluidization behavior and the mixing/segregation Kunii, D. and O. Levenspiel, 1991. Fluidization
tendency. These findings prove that the charatieris Engineering. 2nd Edn., Butterworth-Heinemann,
velocities of the sand-palm shell binary mixturest n ISBN: 10: 0409902330, pp: 491.

only depend on the effective bed properties, bsb al Formisani, B., R. Girimonte and T. Longo, 2008. The
influenced by the mixing/segregating condition. In fluidization process of binary mixtures of solids:
addition, the bed geometry is an equally important ~ Development of the approach based on the

factor for the present system. fluidization velocity interval. Powder Technol.,
185: 97-108. DOI: 10.1016/j.powtec.2007.10.003
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