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FLUID AND PARTICLE FLOW CHARACTERISTICS IN A DRAFT 
TUBE SPOUTED BED WITH MODIFIED FLUID OUTLET 
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Abst rac t - -Glass particles, 0.54-1.39 mm in diameter, are spr wilh air in a half-cylindri, al draft tube 

spouted bed wi{h modified fluid outlet lo investigate the flL~w characteristics of the fluid and particles in tho 

annulus. Using the measured pressure distribution and [)article velocity and F,ath]ir~e in the annulus, the fluid 

streanflines, fluid and particle residem:e time distribuliuns are obtained. Effects of Ih,., spou[ inlel fluid flu,,.,,- 

rate, distance between the draft tube and spout inlet and dw modified fluid outlet on the fl,.,.w fie[ds are alsu 
discussed. 

INTRODUCTION 

Spouting is a technique for bringing a fluid into 
contact with solid particles in which the fluid is intro- 
duced vertically as a jet into a bed of particles, gener- 
ally of millimeter size. Specific applicatiuns of the 
spouted bed technology are discussed by Mathur and 
Epstein ill.  

"['he spouted bed are commonly regarded as being 
useful only for processes involving coarse particles. 
However, Hattori and co-workers [2-4] have spouted 
particles as small as those used in fluidized beds (as 
low as 0.27ram) in a bed equipped with an inner draft 
tube In addition, they were able to eliminate all by- 
passing of the fluid entering the bed using the side 
outlet spouted beds. Because of their unique charac- 
teristics, the draft tube spouted beds (DTSB) or DTSB 
with side outlet have the potential for application in 
systems reserved for fluidized beds. 

Experimental studies have been reported for parti- 
cle path and gas distribution in the annulus of a porous 
DTSB [5], gas distribution and heat transfer [6) and 
drying characteristics [7] in draft tube spouted beds. 

in this work, the fluid and particle flow characteris- 
tics i.n the annulus of DTSB and DTSB with modified 
fluid outlet were experimentally studied. The air at 
room temperature and spherical glass particles of 0.54 
to 1.39 mm were used. Assuming the Ergun equation 
governing the flow field in the annulus and using the 
measured pressure distribution and voidage there, the 
fluid streamline, velocity and residence time were cal- 

culated. In addition, the effects of parameters such as 
spout inlet fluid flowrate, distance between the draft 

tube and the spout inlet, particle diameter and exist- 
ence of the upper column are alsu discussed. 

EXPERIMENTAL 

The spouted bed used is given in Figure L. The 
lower column is a half-cylindrical one of 12gnm~ in 
diameter and of 400ram high. It is made of acrylic 
resin, has a flat base and is designed in such a w,:~y that 
a semicircular draft tube can be attached to the flat face 
of the lower column and moved vertically. The upper 
column, 80.5ran:, in diameter and 132mm high, can 
be attached and moved vertically, also. The flat and 
round faces of the co lumn have 106 pressure taps 

wh ich  are connected to air-water U-tube manometers  

or inclined manometers. In tile flat face of the: half- 
cylindrical column, a rectangular grid of 91 pressure 
taps are distributed. The distance between the taps is 
shorter in the region near the spout inlet and the top r 
the annulus. 

The flow and particle properties used in this study 
are shown in Table 1. The glass particles are sp:lerical 
and air at room ~:emperature was used for the experi- 
ment. U,,, was measured in a cylindrical fluidized bed 
81)ram in diameter and U,,,~ was also n-teasured experi- 
mentally. 

The variations of annulus heights and bed pressure 
drop between the spoul inlet and the top of the draft 
tube are shown in Figure 2 as a flmction of spout inlet 
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Fig. I. Draft tube  s p o u t e d  bed  with modi f ied  gas  out- 

let (half-cylindrical);  unit: mm.  

Table  I. Flow and part ic le  proper t i e s  used:  LE= 

22.5 ram, Ho= 180mm 

d p pp U m /  U m s 
s  

(ninE) (kg/nl:") (hi/S) (m/s) 

0.54 2460 0.21 0.410 0.137 

0.85 2400 0.42 0.41 '. 0.218 

1.39 2840 0.83 0.432 0.429 

fluid flowrate for 1.39ram particles. Before. injecting 
the air, a known amount of particles are filled into Ihe 
a~:nulus, lhe space between the colunm wall and draft 
tube. The height of the packed annulus is slightly 
lower than thai of the draft tube. Some particles moved 
from the annulus into the draft tube through the small 
space belween the spout inlet and the botton~ of the 
draft tube. 

With increasing spout inlet fluid flowrate, the [)ed 
pressure drot, increases tin point A' is reached wi~ere 
the fluid from the spout inlet can not break through 
the layer of [)articles aboul 10ram thick which moved 
into the dra[I tube when the [)articles were fined into 
the bed. As the spout inlet flowrate is increased slighl- 
ly above A', the jet breaks the particle layer and Ihe 
parlicles spread over the most of the draft tube. but do 
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P r e s s u r e  drop and annulus  he ight s  as  a func- 
t ion of f lowrate;  dp= 1.39mm, L E = 2 2 . 5 m m ,  
Ho = 180mm,  - -  : d e c r e a s i n g  f lowrate ,  .---- : in- 

c r e a s i n g  f lowrate .  

not flow out of the draft tube. When the flowrate is 
above point B', the particle are transported out of lhe 
draft tube, however, the process is unstable until point 
C' is reached. Between C' and D', the spouting as well 
as the particle transport is stead}'. As the flowrate is in- 
creased above D', bubbles or jets form in the annulus 
between tile lower and the upper column since Ihe 
fluid velocity there at this f]owrate is above U,,:. 

At the beginning of the experiment, the heighl of 
the inner annulus, H,,, between the draft tube and the 
upper column is approximately same as that of outer 
annulus, H,,o, between the upper and the lower 
colunm. Tbe height of the annulus does not change up 
to B', then H,,~ increases until C' is reached and d~ ~ 
creases as the flowrate is increases further. When the 
spout inlet flawrate is above point D' or D. H,. 
becomes lower than H..  as can be seen in Figure 2. 
however, when the fluid flow is stopped H,, i s higher 
than H,,,,. 

The fluid velocity for the incipient spouting (U), the 
minimum fluid velocity for stable spouting ( E I )  and 
the maximun~ fluid velocity fur stable spouting (U,~ 0 
without bubbles or jets in the outer annulus are deter- 
mined from decreasing flowrate in Figure 2. A, B. C 
and D in decreasing flowrate represent the same char- 
acleristics as A ,  B', C' and D' in increasing flowrale. ]n 
the figure U i corresponds to the fluid velocit} at point 
B, U.,~ at point C and U., at point D IJ,, U,,,. ard U,,, ar,- 
given as a function of fluid-particle system, bed geom- 
etry and parameters such as the distance belween 

the spout inlet and the draft lube(Lg) and the height of 
the annulus. 
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Fig. 3. Pressure distribution (-----), fluid streamlines 
( ~ )  and particle pathlines ( - - - )  in the annu- 
lus of a draft tube spouted bed; dp =: 1.39mm, 

U = U m s = 0 . 4 2 9  m / s ,  L E = 2 2 . 5 m m  , Ho= 
180mm. 
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Fig. 4. Pressure distribution (-----), fluid streamUnes 
( ~ )  and particle pathlines { - - - )  in the annu- 
lus of a draft tube spouted bed with modified 
fluid outlet; dp= 1.39mm, U = Um.,= 0.429 m/s ,  
LE= 22.5mm, H o = 180mm. 

RESULTS AND DISCUSSION 

The measured fluid pressure distribution and parli- 
cle pathlines, and calculated fluid streamlines in the 
annulus of a draft tube spouted bed are shown in Fig- 
ure 3 for 1.39 mm particles. In the calculation of fluid 
streamlines and velocity, the Ergun equation was used 
along with the measured pressure distribution a id  
voidage shown in Table 1. The wall effects, no slip 
b o u n d a ~  condition and high voidage near the wall, 
are neglected in this study. Similar plots for 1.39mm 
particles with modified fluid outlet are shown in Figure 
4. 

The radial pressure in the annulus of the DTSB, 
Figure 3, does not vary greatly and the gas streamlines 
show that the fluid flow is practically plug flcw except 
for the region close to the spout inlet. These a-e similar 
to those reported earlier [2-4,8], 

In order to eliminate the gas bypass completely, the 
gas outlet was modified by attaching a half-cylindrical 
upper column coaxially. As can be seen in Figure 4, 
the pressure and flow fields in a DTSB with the rnodi- 

fled fluid outlet aye greatly affected by the modified 
fluid outlet. The fluid streanflines shown in Figure 3 
and Figure 4 are drawn normal to lhe isobars. 

When the spout inlet fluid flowrate was varied, the 

manometer  readings became constant in several sec- 
onds and one can observe steady movemeut of the 
particles in the bed. However, once bubbles or jels 
form ill the modified fluid outlet, the flow as well as 
pressure fields become unsteady. 

The fluid residence time calculated from the Ergun 
equation along the various streamlines as a function of 
radial location at the top of the annulus is shown in 
Figure 5. As expecled, the residence time distribution 
of fluid in the annulus of a DTSB is narrower than thai 
of conventional spouted beds [9]. In a modified gas 
outlet DTSB, the fluid from the inlet is divided into 
two, i.e. one Ihnmgh tile annulus only and the uther 
through the draft tube and the annulus. The fluid resi- 
dence time distribution for the latter is broader Ihan 
the former. The residence time of the fluid through the 
annulus only was longer than that through the drafl 
tube and the annulus in this study because the dis- 
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Fluid r e s i d e n c e  t ime  d i s t r ibut ion  as  a func- 

t ion of  radial  locat ion  at the  top of the  annu- 

lus;  U =  Urns , LE= 22 .5mm,  Ho= 180mm;  c : , e :  

dp=  0.85ram; zx ,~ , l l l :  d o = 1.39ram; unf i l l ed  

c irc le  or  t r iang le  r e p r e s e n t  f l o w  t h r o u g h  the  

draft  tube;  Ill : w i thout  u p p e r  c o l u m n .  

ta~ce between the jet i~let and Ihe bottum of the Ul)tJe~ 
c d u n m  is much greater thal~ that betw:,en the bo t l .m  

of the upper column and the top of the tuner annulus.  
h;im:e it was diffi~.uit to, measure  the particle mr 

[l lellt uear lI le top of the alH:ulus, Ihe reside[~ce t imv 
ill the anp.tJlUS was Measured along the [)article palt~- 
liv.e beguming just belc~w the bottom o[ the upper ( d -  
tram, and the results ate shown Jt] Figure 6 as a ttm,.- 
ti, m ~f radial location just bel,.,w the bottom of tb.e up- 

per u d u m n .  The particle pathliue a[~d velocity were 
rncugtlred bv visual t)bservatir usm~ a stop wal,.h 
t:irmLqh the erans[.~areiJt flat face ~[ the ialf-cylindri~.al 

C/;ILII]III. F(n this expe~inlent, am,ther I)TSB which ]s 
t'Jli' sarlle as tilt' t~lle ill Figure 1 but without p ressmv 
taps in the illll]UlLlS, was used. A ~ra~ Sl.,arent paper 
with h,:)rizuntat and vertical lines of 5ram in distaJ~,.e 

was attached <)~l the flat face. 
As showtl in Figurv 6, the particles moving ,:h)set 

to the draft tube have s,m~ewhal l,.mger .esidence tim,.' 

than thase slightly away from it aud the particles m~,'.- 

iug ,~h~,se to Ihe c'~Ium~ walt have t[/u hmNesl rusl- 

d e m e  tir/]e. 
Effect d '.l~e spvut inlet fluid fl,.)wr,~te above V .... 

iJ] /he parli,.le r.t~sidence l ime is give]~ in Fis 7. 

As expected, the parlicle resideno., tirue decreases 
with ii]creasing the fluid flowrat~ si~ao- the partitl,., 
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Fig. 6. Part ic le  r e s i d e n c e  t ime  d i s tr ibut ion  in the  an- 

n u l u s  as  a funct ion  of  radial  locat ion  just  he- 

l o w  the bot tom of  the  upper  c o l u m n ;  U = 1.25 
Urns, LE= 22.5 ram, Ho=  180 ram. 
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Fig. 7. Effect of  spout  inlet  f l owrate  on the part ic le  

r e s i d e n c e  t ime;  dp= 1.39 ram, LE= 22.5 ram, 

H o= 1 8 0 m m ; � 9  1.25U.,  r A :  

U =  1 . 5 0 U m s , ~ : U =  1.75 Umr 

tra:tsport rale through the draft tube mcuaases with 
sp~)ut ill let fluid f[owrate. Under the present expeti- 
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LE= 22.5 mm, Ho= 180 mm. 

~5 

0.6 

0 . 5  m 

0.4-- 

0.3 

t 

O 

I I 

O 

O 

I I I 
1.0 1.5 

U/Um~ 

Fig. 9. Effect of spout inlet fluid flowrate on QA/QT; 
dp= 1.39 ram, LE= 22.5 mm, Ho= 180 mm. 

mental conditions, the particle residence time decreas- 
es approximately linearly with increasing :he fluid 
flowrate except for the region close to the column wall 
where the particles move slowly and their pathlines 
are long. The particle velocity measured in the flat face 
of the column was averaged and the particle circula- 
tion rate was calculated for the different spc~ut inlet 
flowrates. Figure 8 shows that the particle circulation 
rate increases rapidly with the spout inlet fluid flow- 
rate. 

In order to study the effect of the spout inlet fluid 
flowrate on the flow through the annulus (Q,0 versus 
the total flow {QT), QA and QTwere calculated from the 
Ergun equation and material balance. As can be seen 
in Figure 9, the QA/Qrdecreases rapidly with increas- 
ing spout inlet fluid flowrate. This behavior is similar 

c~ 
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Fig. 10. Effect of LEon QA/Qr; dp= 1.39 mm, U= 1.03 

Um~ Ha= 180 mm; unfilled circles  repre- 
sent  the data with upper column. 

to that of conventional spouted beds. As the spoul inlet 
f~uid flowrate is increased above Vm~, the height o[ the 
annulus between the draft lube and the upper c~kmm, 
]-],~j, decreases. If H,~ i decreases with increasiml spuul 
inlet fluid flowrate, the fluid flow +~hrough the draft 
tube has less resistance to flow so thal more fluid can 
take this easy path. When the spout inlet f]owrate is in- 
creased abow. ~ 1.5 Vm~, the fluid velo,.ity in the annulus 
between the lower and the upper ~olumns becomes 
greater than the minimum f]uidization velocity. In this 
case, bubbles or jets form there and the pressure and 
flow fields are unstable. 

Figure 10 shows the effect of L E on Q.~ QT. QA/Qr 
increases with L E in both beds, however, the higher 
value was obtained for a bed with the upper colunm 
where the pressure build-up inside the upper column 
forces more fluid flow through the annulus. 

In order to examine the effects of L E and QT on the 
spouting regime, L,~. was first fixed at the nfinimun~ 
vahJe of 15.0ram and the U,,,~ was measured. The 
values were 0.115, 0.]71 and 0.287 m/s for 0.54, t).85 
and 1.39 mm particles, respectively. By increasing U 
and L E, the spouting behavior was carefully observed, 
and lhe results are given in Figure 1]. In the figure, the 
region under the so, lid line represents stable spouting 
region for each particle size. In the region between the 
solid and dotted lines, spouting occurs but unstable. 
Above the dotted line, spouting does not occur since 
the particles in the draft tube do not move. 

The bed is designed in such a way that the c,-~;ss 
sectional area between the draft tube and lhe up- 
per column (A,,~) is approximately equal to that be- 
tween the lower and the upper column (A,,~). If one 
increases the value of AnjA,,~, then A,,, decreases and 
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Fig. I I .  Effects of LE and QT on spout ing  regime~ 

He= tS0mm; , �9 : d , =  1 . 3 9 m m ; , x ,  A:  dp= 

0.85 ram, C., �9 : dp = 0 .54  ram; ~ :  max imum 

L E for s table  spout ing ,  ----- : m a x i m u m  L E for 
incipient  spout ing .  

H,. decreases also since the particles there are pushed 
down more. This will cause decrease in the fluid-parti- 
cle contact time for the fluid flowing timJugh the draft 
tube. If A. .  is decreased, on the contraD', bubbles ,.)r 
jels ere formed in the annulus between the upper and 
lower columns since the fluid velocity there is in- 
creased and ex<eeds U,,,~ il: most operalions, t)m, 
method ()f e iminating the unslabililv clue lu buhl)h,s 
ur jets ii'~ this regioil is to use two-stage spoubt,d I:,.'.'d 
v,/Mch has bigger colunm diameler in the ,:)p section 
of the lower column. 

C O N C L U S I O N S  

1 FLuid residence time distribution in a drafl tube 
spouted bed with modified gas outlet is broader than 
that of a draft tube spouted bed. 

2 Increasing the spout inlet fluid ftow~ate above 
the ruinimunl spouting increases the parti~ le cir~.ula- 
lion rate, but decreases the fluid residence lime and 
Q; / O ~-. 

3. Incipient, minimum ancl maximum spouling v(~ 
Iocities increased with draft tube spacing, El:. The ~ela- 
tionship between these velocities and L,~. are given Ln 
Fip, me l 1. 

4. In designing the side outlet DTSB using the up- 

per column, the diameter ratio of the upper to the 
lower column is critical. If the ratio is too small, the 
particles in the inner annulus are pushed down, other- 
wise bubbles or jets are formed in the outer annulus 
when the fluid w;Iocity exceeds Urn; which makes the 
system unstable. 
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N O M E N C L A T U R E  

A~ 
A;,i 

d, 
H.i 

H,,,, 

He, 
LE 

zip 

Q.~ 

Qy 

t! 
t~ 
U 
Ui 
U., 
U . j  
UICj~ : 
Vm~ : 
W. : 

cross sectional area of the lower column [nl 2] 
cross sectional area between draft tube and up- 
per column [m el 
cross sectional area between upper and lower 
columns [m-'] 
average particle diameter tram] 
height of the armulus, A,i, from the spout inlet 
[mm] 

height of the annulus, A,,,,, from the spout inlel 
[m.n~] 
initial height of Hie packed bed [mini 
vertical distance belween spout inlet and draft 
tube {ram) 
pressure drop between the spout inlet and the 
top of the draft tube [kPa] 
volumetric flowrate of fluid through the annu- 
lus [n:::is] 
total volumetric flowrate of fluid through the 
bed )n:3/s] 
radial dis:ance from the axis of symmetry 
[mm] 
fluid residence time [s] 
particle residence time [s] 
superficial fluid velocity trois] 
U at incipient spouting condition [m/s] 
n~aximm3~ vahJe of [I for stable spouting [ni/s] 
minimum fluidizalion ve}ocity [m/s] 
minimum value of U for stable spouting [m,'s] 
U.,, x A, tinS/s] 
parlicle circulation rate in the annulus [kg/s] 

G r e e k  L e t t e r s  

Er 

Pp 

voidage m the annulus [-] 
voidage in the minimum fluidization condilion 
[ ]  
particle density [kg/m :3] 
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