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ABSTRACT

Fluidized bed gasification can be used to conuegt golar energy stored as carboneous compounds in
biomass into a carbon neutral fuel with reducedssions. Canada produces 20.57 million tonnes ofatvhe
straw annually which could be used for green en@mguction. Wheat straw residue gasification s t
capability of replacing 7.5 % (0.62 EJ) of Canadawual fossil fuel consumption. To achieve effitie
gasification in a fluidized bed proper fuel mixiagd residence time must be achieved. The aim ef thi
study was to investigate the effects of sand gdarsize, distributor plate shape and angle, beghteind
fluidizing velocity on particle mixing and residentime in the fluidized bed reactor. Greater valokthe
residence time were obtained with course sand wakel@ver values were obtained with fine sand. An
increase in the angle of convex or a decreaseeimatigle of a concave of the distributor plate tesuin an
increase in the residence time. Both the concadecanvex distributor plates achieved vertical upihvand
downward movements of the bed material resultingdntinuous bed material turnover and, thus, good
mixing. However, the concave plate achieved lorrgsidence time which will result in better conversi
efficiency. To improve the mixing properties of thimary mixture, which has great tendency for sgafien
due to density differences, an angled distributatep(concave or convex) should be used. Consilterab
increases in the residence time were recorded witeases in the bed height. Increasing the flindiz
velocity decreased the residence time due to threase in the bubble velocity. However, since tieversion
efficiency is affected by the degree of mixingwitl also be improved by increasing the fluidizatieelocity.

A velocity above 1.50 L4} is recommended for better fluidization and impcbwaxing.

Keywords: Biomass; Gasification, Straw, Bed Height; DistridmuPlate, Velocity

1. INTRODUCTION usable energy sources represents a vital method of
) ) ) reducing fossil fuel dependence and greenhouse gas
Agricultural residues can be converted into emission. The low levels of impurities in biomasad
valuable fuel products, thereby increasing the ipsof o Jower SQ and NQ emission during combustion and
of crop production for farmers (Na#t al., 2010). The  thus reduced contribution to acid rain (Wood and
solar energy converted in biomass materials intoayzell, 2003).
chemical energy and trapped in the form of organic “wheat is harvested in Canada on 10.95 million
carbon can be converted into heat and gas througihectares of land annually, in the provinces of Ntba,
combustion and gasification. The organic carbon Saskatchewan, and Alberta (Wood and Layzell, 2003).
formed within the biomass during photosynthesis is\Wheat grain composes only 50 % of the harvestep, cro
released during combustion, making the biomass awith the remaining balance made up of straw andfcha
carbon neutral energy source (Surisedtyal., 2012; (McCartneyet al., 2006). With 20.57 million tonnes of
Goyal et al., 2008). The conversion of biomass into wheat harvested annually, Canadian farmers also
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produce 20.57 million tonnes of wheat crop residue 2. OBJECTIVES
which must be disposed of (Wood and Layzell, 2003).
Wheat straw produced has long been used on the farm
as a form of animal bedding, crop cover and aniieed.
However, straw use as animal feed is limited dudedow
digestibility of wheat varieties breed for touglstalks to
reduce lodging (McCartnegt al., 2006). More recently
wheat straw has been recognised as a valuable dérm
biomass providing a source of renewable energytlansl
generating additional profit for the farmers (Naikal.,
2010). Cereal straw gasification has proven artieff
method of producing fuel from wheat straw (Zestaal.,
2007; Ergudenler and Ghaly, 1992). Gasificatiorcerkal
straw could be used to convert 20.57 million tonoés ) _ _ )
wheat residue into 0.62 EJ/year of energy annually The experimental apparatus used in this study is
Canada, or the equivalent of 14.7 million tonnesoibf ~ Shown inFig. 1. The main components are a fluidized
(Wood and Layzell, 2003). As Canada’s annual fdggl ~ P°€d reactor, an air supply system and a cyclone.
consumption amounts to 8.24 EJ, wheat crop resichugd o
alone could replace 7.5 % of the fossil fuel corsdiim 3.1 Fluidized Bed Reactor

Canada (Surisetsgt al., 2012). The fluidized bed reactor consisted of: a support

The application of fluidized bed gasification giang 4 conical inlet section, a distributor plage
technology to cereal straws is increasing rap'dlyfluidizing column, a mechanical injector, a

(Ergudenler and Ghaly, 1992; Khaet al., 2009).  gisengagement section and an outlet duct.

Effective gasification of straw requires rapid migi of The support stand was constructed of 38 mm mild
the fuel material with the inert sand of the bedider to g angle iron. An angle iron horizontal square
obtair} a uniform digtribution of the fugl particlesbetter  ¢i,cture (380 mm) was supported by four 475 mng lon
chemical conversion and a uniform temperature eqs inclined at 15° from vertical for stabilityive 8 mm
throughout the bed (Rowe and Nienow, 1976; Mansaray, 30 mm hex head bolts were used to fix the infehe
and Ghaly, 1999; Surisettgt al., 2012). However, quidized bed to the support stand.

mixing problems in fluidized bed systems becomey ver The vertical section of the air line was connedted
severe when fuel particles vary both in size andksite a funnel shaped (45° from the vertical) inlet sEcti
resulting in material segregation (Yoshidaal., 1980;  5de of (3.2 mm thick, 120 mm height and 63 cm
Ergudenler and Ghaly, 1992; Nemtsow and ZabaniotoUyom diameter and 255 mm top diameter) stainless
2008). One of the main causes of segregation i®We  giee| material. A flange made of 8 mm thick staisle
of balance forces arising during the periodic disamces  gqg| (255 and 355 mm inner and outer diameter,

associated with the passage of the bybbles due tPegpectively) was welded to the upper portion & th
differences in density (Nienowt al., 1978; Nemtsow  fynnel. A thick rubber gasket of 3 mm thickness was

and Zabaniotou, 2008). o used between the flanges of the conical inlet seaind
The gas distributor is one of the most criticatfieas the distributor plate to provide good sealing.

in the design of a fluidized bed reactor (Erggde.ak_ad The distributor plate was made of 8 mm thick
Ghaly, 1992). The use of a suitable gas distribior  cjrcylar steel plate of 355 mm diameter. A circuaea
essential for satisfactory performance of gas-solidyf 220 mm diameter (1.63 % of the bed cross seation
fluidized beds (Sathiyamoorthy and Sridhar, 1979).area) was perforated. A total of 267 holes of 2 mm
Understanding of solids mixing and flow charact&r®  diameter each were drilled in the circular platette

of gases and solids near the grid region of aifteibed  form of rings starting from the center with a pitzh11.1
reactor is vitally important from the standpointdesign mm. A circular screen of 100 mesh size was point
and scale up of gas distribution systems (Werth®78;  welded to the top of the distributor plate. Fivetphk
Bonniol et al., 2009). The presence of stagnant zoneshaving exactly the same open area and verticalshole
near the grid region can cause hot spots resulting were used (10° concave, 5° concave, flat, 5° corarek
agglomeration and eventual reactor failure (Erglefen 10° convex).Fig. 2 shows the three types of distributor
and Ghaly, 1993). plates used in this study.

The objectives of the study were: (a) to deterntinge
effects of sand particle size, type of distribyttate, bed
height and fluidization gas velocity on the fuedidence
time using tracer particles having equivalent dgreind
diameter to those of the straw particles and (b) to
investigate the mixing patterns in a bubbling finét

bed system at room temperature using high speed
photography.

3. EXPERIMENTAL APPARATUS
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Fig. 1. Experimental apparatus.

The main body of the fluidized bed (fluidising
column) was made of a 5 mm thick plexi glass cyind
(255 mm inside diameter). It was constructed ireehr
pieces having lengths of 127.5 mm, 255.0 mm and3382
mm (0.5 D, 1.0 D and 1.5 D), respectively. Two flaa
made of 8 mm thick circular plates were glued ® tibp
and bottom of each cylinder. The height of thediizing
column was varied by fitting different sections of
varying lengths in order to maintain a constang fbeard
height. The sections were bolted to each otherralpioer
type O-rings of 3 mm thickness were used betweemth

To decrease the rate of elutriation from the toghef
fluidized bed, an enlarged section (disengageneatios)
was used at the upper part of the bed (total heiBO5
cm). This part was made from 3.2 mm thick, hoteabll
steel. The sides were inclined to 30° from vertarad the
bottom and top diameters were 255 and 350 mm,
respectively. The top of the enlarged section veaeied
with 6 mm thick hot rolled steel, which was coneeicto
an outlet duct made of 1.6 mm thick stainless steel
material. The vertical section of the duct (85 ci®5xcm)
was 100 mm in length whereas the horizontal se¢80n

to provide good sealing. A 55 mm diameter port wascm x 40 cm) was 400 mm in length.

provided near the bottom of the bed to remove i b
material when required.

A specially designed mechanical injector (for the
injection of Styrofoam balls) was mounted at thétdi
part of the fluidized bedHg. 3). In order to avoid the
bed material (sand) from flowing through the meadten
injector, an air line (with a pressure level sliglabove
that of the bed) was connected to the injector.alver
was used to avoid the escape of the Styrofoam ivais
the bed before it was injected.
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3.2. Air Supply System

The air supply system consisted of a blower
equipped with a filter, a pressure gauge, a malneya
a by-pass valve, an airline, and a flow meter. éwar
(Model Engenair R4310A-1- 220 volts and 13.4 amps
Engenair, Benton Harbour, MI, USA) having a
maximum flow rate of 81.2 L/s (172 cfm) and
maximum pressure of 2.08 kPa (212 caOjwas
used.
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This was connected to a 100 mm long vertical pipe b

eroneLe 90° elbow having the same inner diameter. The flats
of the fluidizing air was measured using there {iGell
_/\L(L Bypass Flowmeters” (1035 kPa) with different ranges
(3] convex 2.4-11.8, 5.6-25.5 and 11.8-51.9 L/s, dependinghen
required air flow rate (3.52 L/s-43.61 L/s). Eadbwf
meter was installed in a horizontal pipe havingshme
o flow meter size rating. The length of the pipe mect

downstream the flow meter was kept greater thaeethr
times the diameter of the pipe where was that epsir
of the flow meter (after the valve) was greatentbaght

\?_ times the diameter of the pipe.

3.3. Cyclone

(c) concave

A cyclone connected to the outlet duct was used to
Fig. 2. Types of distributor plates. capture the fine solid particles escaping from tthe of
i the bed. It was made from a 2 mm thick stainlessl st
It was powered by a 4.8 Hp, 3 phase electric motOrneta| sheet and consisted of two sections: a conica
(Blador Industrial Motor, Fort Smith, AK, USA) amdn  g6tion (300 mm height and it's sides inclined @frbm
at a speed of 2850 rpm. A filter having a micromngof vertical) and a cylindrical section (150 mm diameted

25 and a maximum flow of 7.08%min (Model Number - : ;

300 mm height). A gas outlet pipe of 75 mm diameter
34225211, Cole Parmer Canada Inc.,_MontreaI,l QuebecWas extended 90 mm axially into the cyclone. The fi
Canada) was used at the blower inlet to filter the

. . - . dust particles were collected in a cylindrical pighass
incoming air in order to supply dust and water fa@reto . ;
the fluidized bed reactor. dust collector (60 mm diameter and 200 mm height).

A pressure gauge (USG, Ametek, Horsham, PA,
USA), having a pressure range of 0-690 kPa witbades 4. EXPERIMENTAL PROCEDURE
of 13.8 kPa increments, was used at the exit of the
blower to maintain atmospheric pressure in the bée. 4.1. Experimental Design
main valve was used to control the air flow rateélevthe

by-pass valve was used to by-pass the excess aiotd _The effects of five parameter$gple 1) on the fuel
over heating of the motor. The air line was comdase ~ Particle residence time and mixing pattern were
horizontal and vertical steel pipe sections. Thezomtal ~ investigated. These were: (a) the sand particteveith two

section on which the flow meter (Metal FLT-type,I€o0 levels, (b) the distributor plate angle with fiexéls, (c) the
Parmar Catalog No. N03251-60, Chicago, IL) was bed height with four levels, (d) the fluidizing weity with
mounted was connected to a 600 mm longfive levels, and (e) the injection distance (thaiakdistance

horizontal steel pipe having an inner diameter3frén. from the wall) with two levels. Six measurementsreve
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taken during each experimental run which resultedG0
experimental runs and 2400 measurements.

4.2. Styrofoam Ball Selection and Preparation

Five samples of Styrofoam balls (each containing

400 balls of same diameter) were weighed. The velum

of each Styrofoam ball was calculated. The averagep

volume and density of each sample were estimated.

Five samples of chopped straw (each containing 4004 _

pieces of different sizes) were weighed. The volariha
Styrofoam ball equivalent to that of the straw i@asd

by dividing the average weight of the straw by the
average density of the Styrofoam ball. Then, theraye
diameter of straw equivalent to that of the Styamfoball
was calculated.

Six dye colors were used to color the Styrofoam
balls. The color difference of balls was used to
distinguish between the previously injected Styamfio
balls, which have already appeared at the end curfa
during the data collection period and the new oh&hv
has just been injected.

Table 1. Experimental Parameters.

Sand Particle Size (PS) Fine Coarse
Mean diameter, dpufn) 198 536
Particle densityy, (kg/n™) 2600 2600
Minimum fluidization 4.2 26

velocity, L (m/s)
Distributor Plate (DP)
Hole diameter (mm) o 2.00
Pitch (mm) p =11.20
Percent perforated area (%) » £  1.647
Plate angle (°) 0 =5 & 10° concave,
flat,

8 & 10° convex

Bed Height (BH)
Column inner diameter (cm) D = 25.00
Freeboard height (cm) FB = 50.00
Disengagement height (cm) DE = 39.50
Packed bed height (cm) H = 05,10,15
and 2.0D
Fluidizing Velocity (FV)
Fluidising gas Air
Room temperaturé) T, = 20-22

Fluidizing velocity (cm/s) L 1.00, 1.25, 1.50,
1.75 and 2.00 |4

Injection Distance (X)

Injector type Mechanical
Bed radius (cm) R = 1275
Injection position X = 05and10R
///// Science Publications 174

4.3. Determination of Sand Particle Sze

Distribution

The most common method used to measure the size
of irregular particles larger than 7hm is sieving
(Geldart, 1986). Sieving operation was performed fo
both types of the sand used in the study using Aaer
Standard Sieves. After sieving the mean sizes ef th
articles was determined using the following ecprati

1
Pox ldy

1)

Where:

Mean size of the particlegr)

Weight fraction of powder of sizg,;{%)
Mean sieve sizqin)

dp
Xi

pi

The particle size distributions of the fine and rsea
sands are given ihable 2 andFig. 4.

4.4, Determination the Minimum

Velocity

Fluidizing

The minimum fluidizing velocity was calculated
using the following equation (Ergudenkgral., 1997):

Up =-[C,2 4 C A% -C, @
PP

Where:

ug = Viscosity of the fluidizing gas (g/cm s)

pg = Density of the fluidizing gas (g/

pp = Density of the sand particle (9/®m

C, = 27.2

C, = 0.0408

A, can be calculated as follows (Gibilaro, 2001):
Pydy (P, —P,)9

A, = [h p2 9 (3)

Hg

Table 2. Sand Particle Size

Sieve apertureufn) Weight Fraction (%)

T

Minimum Maximum Fine Coarse
850 1410 1130 0.00 0.77
595 850 723 1.28 34.50
425 595 510 19.95 57.40
297 425 361 23.36 5.85
212 297 254 22.57 0.82
0 212 201 32.84 0.66
d, = mean particle sizeufn)
d, = 198um for fine sand
d, = 536um for coarse sand
dyi = mean sieve sizgufn)
AJEAS
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Fig. 4. Sand particle size distribution

4.5, Experimental Protocol

The selected distributor plate was put in place and5.1. Mixing

the fluidizing column was assembled. One type ofdsa
was placed in the reactor up to the required béghhe
The blower was turned on and the flow rate wassidl
until the required fluidizing velocity was obtainetihe
mechanical injector used to inject the Styrofoantisbha

510

723

B Fine Sand

B Coarse Sand

1130

5. RESULTSAND DISCUSSIONS

When the Styrofoam balls were injected from the
bottom of the fluidizing bed, they moved upwardhia bed
until they reached the surface of the sand. Vétiiaasport
and mixing of particles were achieved by bubbleionot
Each bubble carried a wake of particles which was

was adjusted to the center of the reactor. Thectofe ,imately deposited on the bed surfaga(5.). It caused a
was then used to inject the Styrofoam balls atctveer it of particles to be drawn up as a spout betaas it left

of the bed and the time required for the ball @vél  the bed of sand. Mullest al. (2007) used particle image
from the bottom of the bed to the surface was nreasu Ve|0cimetry Capture the radial mixing that occumimg

using an electronic stop watch. This was repeated s pubble burst as shown Fig. 6.

times using various colored Styrofoam balls. The
procedure was repeated until six measurements each
were taken for all flow rate-bed height combinasion
The tip of the mechanical injector was then posgimb
half way between the reactor wall and the centethef
fluidizing column and the procedure was repeatetil un
six measurements each were obtained with all flatg-r
bed height combinations. Then, the sand was changed
and the above experiments were repeated with ther ot
type of sand. The entire procedure was repeatdudtiét
five distributor plates.

High speed photography was used during the
experimental runs in order to gain a better undadihg
of the mixing and fluidising processes. The filmsres
analyzed on a photo optical analyzer. This undvedld a
frame by frame observation of the films and
consequently gave a good picture of the sand and ai

bubble movement. Fig. 5. Bubble ejection stages.
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The analysis of the high speed films indicated that The ejected particles carried less momentum ane wer

the shape (concave, convex or flat) and the anigtheo
distributor affected the vertical and localized mix as

pushed towards the sides. New bubbles continuersi.b
The buildup of nearly stagnant sand begins toasglthe

well as the upward/downward movement of sandbed begins to circulate. Increasing fluidizatiorioegy

particles Fig. 7). With the convex distributor plate, there
was an observed upward movement of the sand particl
at the center of the fluidizing column and a dowrdva
movement close to the wall of the fluidizing column
These resulted in a complete bed material turn aver
addition to the localized mixing caused by the hebb

and bed height increased mixing and decreaseceresd
time. Bed material turnover was reported (at low
frequencies of < 0.5 Hz) at high fluidization vatgc
Chyang et al. (2008) studied the effect of
distributor design on the mixing of fluidized bedrd
observed low mixing and turn over with flat perfiac

movement. The surface of the expanded bed materiaPlates. Axial mixing occurred primarily in the buéb
took a convex shape and the degree of curvature wawake at the surface of the bed material. The angled

affected by the distributor plate angle. When udimg

distributors allowed for better axial mixing andrtaver

concave distributor plate the upward movement wasby imparting axial momentum on the fluidizing gé#s.
observed beside the walls of the fluidizing column all distributor arrangements studied, mixing incexh

whereas the downward movement was observed at th¥ith increased fluidizing gas velocity.

center which also resulted in a complete bed nzteenin
over. The surface of the expanded bed material ok
concave shape and the degree of curvature was al
affected by distributor plate angle of concave. Tl
distributor plate achieved good fluidization andréform
bed material expansion. Localized mixing causedhay
upward movement of the bubbles was clearly evitent
no bed material turnover was observed.

Steinet al. (2000) observed the particles rising near
the center of the bed and falling near the wallsenvh
using a flat distributor plate and beds with aneaspatio
> 1 (BH > D). This pattern was created as the tgpid
rising sand was carried through the bubble waken th
ejected radially as the bubbles burst at the serfac

(b) Bubble roof breaks
surface down as the bubbl@tsru

o :., & e e ,“f il ~
(d) Wake falls ahd t
surface settles

(c) Bubble \)vake is
ejected from the
surface

Fig. 6. Bubble wake ejection (Mullest al., 2007)
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Muller et al. (2007) reported that particle velocity
was primarily axial during bubble rise in all reg#®
Bther than the wake. Wake ejection representeaithe
phase of bubble bursting in which high vorticitydan
radial mixing was observed.

5.2. Residence Time

With a low bed height (0.5 - 1.0 D) and a high
fluidizing velocity (1.75- 2.00 ), it was not possible to
measure the residence time with the technique instis
study. Bigger bubbles were observed which eruptetiea
surface making it difficult to see the Styrofoantidat the
time when they reached the surface. On the othnet, lvath
higher bed heights (1.5- 2.0 D) and lower fluidigin
velocities (1.00 -1.25 L)), it was not possible for the
Styrofoam balls to reach the surface of the bed as
fluidization was not achieved. Therefore, stat@tanalysis
of the whole experimental data (2400 measuremevas)
not possible due to these missing measurements, ifinee
levels of fluidizing velocity (1.00, 1.25 and 2.Q.dJwere
eliminated and analysis of variance was then peedron
960 measurements, as showiT able 3. In order to test the
differences among the levels of each of the vagbl
Duncan Multiple Range Test was carried out on #u&.d
The results are shownirable 4.

Fig. 7. Effect of distributor plate on the mixing patterims a
bubbling fluidized bed
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Table 3. Analysis of variance.

Source DF SS MS F PR>F
Total 959 3332.47
Model 159 2141.24 13.47 56.34 01000
PS 1 58.09 58.09 243.00 0001
DP 4 210.78 52.70 220.44 0001
BH 3 1306.55 435.52 1821.96 0001
FVvV 1 87.89 87.89 367.70 0001
X 1 0.02 0.02 0.07 8b7
PS*DP 4 91.47 22.87 95.66 0.0001
PS*BH 3 25.38 8.46 35.39 0.0001
PS*FV 1 9.20 9.20 38.49 0.0001
PS*X 1 1.05 1.05 4.41 0.0361
DP*BH 12 66.12 551 23.05 0.0000
DP*FV 4 9.82 2.46 10.27 0.0001
DP*X 4 4.85 1.21 5.07 0.0005
BH*FV 3 43.42 14.47 60.55 0.0001
BH*X 3 5.39 1.80 7.52 0.0001
FV*X 1 0.67 0.67 2.82 0.0937
PS*DP*BH 12 123.23 10.27 (015 0.0000
PS*DP*FV 4 2.95 0.74 03 0.0154
PS*DP*X 4 1.50 1.50 51 0.1805
PS*BH*FV 3 13.06 4.35 28 0.0001
PS*BH*X 3 0.22 0.07 30. 0.8243
PS*FV*X 1 0.0004 0.0004 0.00 0.9663
DP*BH*FV 12 15.56 1.30 48 0.0001
DP*BH*X 12 9.84 0.82 43 0.0001
BH*FV*X 3 5.34 1.78 4B 0.0001
PS*DP*BH*FV 12 27.58 2.30 9.62 0.0001
PS*DP*BH*X 12 7.19 0.60 2.51 0.0031
PS*BH*FV*X 3 1.24 0.41 1.73 0.1585
DP*BH*FV*X 16 6.61 0.41 1.73 0.0369
PS*DP*BH*FV*X 16 6.20 0.39 1.62 0.0579
Error 800 191.23 13.47
R?=0.92
CV =12.32%
PS = particle size
DP = distributor plate angle
BH = bed height
FV = fluidization velocity
X = radial distance from wall
The four variables (sand particle size, bed height, T =1.167284- 0.00957 (PS) 0.78082(DFf
distributor plate angle and fluidizing velocity) cha -0.05833 (BH)- 0.71994 (FV
signifigant effects on the residence time (at O?QOCIFhe. +0.00215 (P& DP)
E\n?lyss tFa:lso shqvxlgtled thtat0 Otggrle _l\_/\éere |$;(t:ht|ons +0.00058 (P& BH)
etween these variables (at 0. ( ). The resutrs +0.00555 (PS FV)
that all the levels of each variable were signifiba
different from each other at 0.05 percent. Howetrere +0.02223 (DP< BH) (4)
were no significant differences between the +0.41132 (DR FV)
measure-ments taken at half the radial distanae fre -0.00008 (P& DR BH)
central axis of the fluidizing column and thoseetalat -0.00115 (P& DR FV)
the center. -0.00032 (P& BH FV)
Regressmn analyses were alsq perform_ed on the ~0.001147 (DP<BH x FV)
data as shown iffable 5. The regression equation is as
follows: -0.00004 (P& DR FV)
///// Science Publications 177 AJEAS
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Table 4. Mean values of residence time as affected by sandWhere:

particle size. T = residence time (s)
Parameter Number of  Residence Grouping PS = sand particle sizgr()
Observations time (sec) BH = bed height (cm)
Particle Sizeym) FV = fluidizing velocity (cm/s)
536 480 2.63 A DP = Distributor plate angle (°)
198 480 2.14 B
Distributor Plate Angle The correlation coefficient @R of the regression
10° convex 192 1.73 A analysis was lower (0.81) than that of the analydis
5°  convex 192 209 B variance (0.92) Furthermorg, the coeff|C|ent ofiafaitity
Flat 192 237 c of the regression of anal_yS|s was higher (28.6%é&n t
5°  concave 192 264 D that of the analysis of variance (12.35 %).
10% concave 192 3.10 E 5.2.1 Effect of Particle Size
Bed Height
20D 240 4.06 A The results showed that longer residence times
15D 240 2.77 B were observed with coarse sand as compared to tiose
1.0D 240 1.78 C fine sand. On the average, a residence time of 2.63
05D 240 0.92 D seconds and 2.14 seconds were obtained with theecoa
Fluidization Velocity and fine sand, respectively. This was due to the
1.5 Uy 480 2.69 A differences in bubble velocities caused by différen
1.75 Uy 480 2.08 B groups of particles. According to Geldart's
Injection Distance classification (Geldart, 1986), fine sand,¥d198 um)
05R 480 2.39 A falls within the range of Group (B) particles (ffh <
1.0R 480 2.38 A d, <500 um) and coarse sandg(é 536 um) falls into

the boundary between Group (B) and Group (D)
particles. With Group (B) particles, most bubbléeser
more quickly than the interstitial gaglocity whereas
with Group (D) particles all but the largest bulsbtese
more slowly than the interstitial gas velocity.

Means with same letter are not significantly difer at 0.05
percent level

D = Inner diameter of fluidizing column (cm)

Uy = Minimum fluidizing velocity (cm/s)

R = Bed radius (cm)

Table5. Regression Analysis

Variable DF Coefficient ST T PR>T
Intercept 1 1.16284 0.69904 1.663 0.0965
PS 1 -0.00957 0.00235 -4.072 0.0001
DP 4 -0.78082 0.23867 -3.273 0.0011
BH 3 0.05833 0.00371 15.735 0.0001
FV 4 -0.71994 0.42274 -1.703 0.0889
PS*DP 4 0.00215 0.00059 3.640 0.0003
PS*BH 3 0.00058 0.00005 11.476 0.0001
PS*FV 4 0.00555 0.00143 3.253 0.0012
DP*BH 12 0.02223 0.00684 3.873 0.0001
DP*FV 16 0.41132 0.14644 2.809 0.0051
PS*DP*BH 12 -0.00008 0.00002 -4.791 0.0001
PS*DP*FV 16 -0.00115 0.00036 -3.167 0.0016
PS*BH*FV 12 -0.00032 0.00003 -10.405 0.0001
DP*BH*FV 48 -0.01147 0.00419 -2.735 0.0064
PS*DP*BH*FV 48 0.00004 0.00001 3.930 0.0001
R® =0.81

CV =28.69%

PS = particle size

DP = distributor plate angle
BH = bed height
FV = fluidization velocity
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Van Lareet al. (1996) investigated the effect of distributor plates having a 10° convex profile thigh of
particle size in bubbling fluidized beds and fouha@t  3.10 seconds for the distributor plate having a 10°
increases in mean particle size lead to decreases iconcave profile. This is because the bed heighhat
bubble rise velocity, increased bubble coalescem@®  center increased when using a distributor plate ait
thus decreased bubble frequency, which all corteibel  concave surface and decreased with using a disiribu
increased residence time. plate with a convex surface as showrFig. 8. A linear
_ Kunii and Levenspiel (1990) reported that bubbles rg|ationship between the angle of distributor plate
rise the faste_zst in fluidized beds (_)f flne_ partisiee, and  [aqidence time was recorded as showFin 9.
the slowest in beds of large particle size. Theyoreed Svenssoret al. (1996) investigated the influence of

that in fine sand bubbles rise faster than theigabe air distributor design on the bubble rise velocityd

emulsion, whereas coarse sand allows for faster ga . . -
travel through the emulsion and slower bubble gsin ?requency of circulating fdemed_ b‘?d- They rejgafthat
pressure drop across the distributor was the only

This is believed to be due to the large void voluime o - o g
coarse sand allowing for low resistance to gas flow Significant  factor affecting the fluidizing regime.
through the emulsion. Increasing the pressure drop across the distritbedal to

Wiman and Almstedt (1998) reported that for a given increases in bubbl_e size and rise time resulting in
excess fluidization velocity (JU,y), the fastest bubble rise reduced residence time.

velocities occurred with the smallest sand partce used Gelperin et al. (1982) studied the variation in

for a given excess fluidization velocity fU ). fluidization along an angled distributor plate dadnd the
o minimum fluidization velocity to vary from a minimu

5.2.2 Effect of Distributor Plate value at the site of the lowest bed height (higpestt of

The results showed that a decrease in the angle oflistributor plate) to a maximum at the site of greatest
convex and an increase in the angle of concavebed height (lowest point of the distributor plat&his
decreased the residence time. The average valtieeof Variation created a gradient in the effective flzation
residence time varied from a low of 1.73 secondgtfie ~ Velocity experienced in different regions of thelbe

- | - -W',/l"l
aff—D—in= -ﬂ—1|.')—- -.—ll) —-
(a) Convex {(b) Flat (c) Concave
(3] A B A=B=H Q| A B
5 | H-1.12cm | H-0.56 em 5 H+1.12cm | H-0.56 cm
10 | H-2.24 cm | H-1.12 em 10 | H#2.24em | H¥1.12em

Fig. 8. Effect of distributor plate on the vertical transipof the tracer particles.
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Fig. 9. Effect of distributor plate angle (degrees)

The results obtained in this study showed a function of bubble velocity and frequency. The mean
decreased residence time in the regions abovedhk p value of the residence time decreased as the Zlngli
of the plates and increased residence time aboge thvelocity was increased. The bubble diameter also
lowest point of the plates. As the Styrofoam balkye increased when fluidization velocity was increased.
injected near the center of the bed in these exyris, Van Lareet al. (1996) stated that bubble velocity
the decreased residence time with the convex plategenerally increased with increases in the fluidirat
would be consistent with an increased effective velocity. Therefore, the increase in fluidizatioaelacity

fluidization velocity near the center. resulted in higher bubble velocities which consedjye
_ gave lower residence times.
5.2.3 Effect of Bed Height Guardiolaet al. (1996) reported increased bubble size,

velocity and frequency with increased fluidizatielocity.

An i in the bed height (f 0.5t0 20D
n increase in the bed height (from p ) Al-Zahrani and Daous (1996) reported a linear igaahip

increased the residence time from a low of 0.92 a t HEE ’ . X
high of 4.06 s. The variation in the residence tiith between fluidization velocity and bubble rise vitloc

bed height was also linear as showiiig. 10. The percent bed height expansion was affected by
Guardiolaet al. (1996) reported a decrease in bubble the fluidizing velocity. For a given bed heightethigher
rise velocity with increasing bed height, leading t fluidization velocities lead to greater expansiafsthe
increased residence time for a given fluidizatietosity. ~ bed material. Taghipowt al. (2005) and Al-Zahrani and
Longer rise distances allow for bubble coalescerreating  Daous (1996) reported an approximately linear
larger bubbles which rise slower than smaller bedblolue  relationship between bed expansion and fluidization
to friction with the column walls. velocity.
Van Lareet al. (1996) reported that increasing the . -
bed height did not affect the bubble rise veloditya 5.2.5 Effect of Radial Position
fluidized bed but increased the residence time,tdube The position of the injector did not have any
increased distance to be traveled by the material. ~ sjgnificant effect on the residence time. The messents
Manyaet al. (2006) studied the gasification of dried \vere taken only for two positions of the injectone was
sewage sludge in a fluidized bed and reported &as&@ 5t the center of the bed whereas the other wasvénalf
residence time from 1.2 to 2.3 seconds when the begetween the center and the wall of the bed. Thus, t
height was increased from 150 to 300 mm. points were not enough to conclude on the effeahef
PTI—— ; injector position on the residence time. Howevemyas
5.2.4 Effect of Fluidization Velocity observed that the sand particles descended inutblléd
The Styrofoam balls were carried up in the bed by free regions resulting in an overall convectivewation
the bubbles and the residence time was primariéy th and rapid localized mixing.
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Fig. 10. Effect of distributor angle on the residence time.
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