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Abstract—-Transient behavior of abed collgpsing after cut-off of gas supply into a three-phase fluidized bed was deter-
mined in a0.21 m-diameter haf-tube acrylic column having atest section 1.8 m high. The transient behavior of the bed
collapse after cut-off of the gas supply to the beds was monitored by a video camera (30 frames/s). A theory was
developed to account for the dynamic behavior of the bed collapse after the gas supply shut-off to three-phase fluidized
beds. The bubble drift velocity was theoretically calculated by gas and liquid phase holdups at steady state condition.
At aliquid velocity of 0.103 m/s and gas velocity of 0-0.023 m/s, bubble size was uniform in the dispersed bubble flow
regime. However, as the gas velocity increased above 0.023 nvs, the discrete or coalesced bubble flow regime could
be observed. The agreement between the predicted and experimenta vaues is acceptable in the dispersed bubble flow
regime, but the agreement becomes poorer with increasing gas velocity.
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INTRODUCTION

In mogt three-phase fluidized beds, the liquid is the continuous
phase and both the gas bubbles and the solid partides are digpersed
phases [Lee et d., 1993; Park and Kim, 2003]. Three-phase fluid-
ized beds have been gpplied to many indugtrid processes, such as
wastewater trestment, hydrogenation and electrowinning processes
[Fan, 1989; Han et d., 2003; Kwauk, 1992; Leeet d., 2000].

Jn and Zhang [1990] conducted bed callgpsing experiments to
determine the parameters k and x in the generdiized wake modd
[Bhatiaand Epgtein, 1974] of three-phase fluidized beds Chen and
Fan [1990] have presented a theory to explain the dynamic behav-
iour of bed collapse in a three-phase fluidized bed after a sudden
stop of gas and liquid flows. They aso reported that the predicted
dynamic behaviour of the bed collgpse by the proposed theory agrees
wdl with the experimentd data. In their theory, they assumed aliquid-
0lid sedimentation region after a sudden sop of gasand liquid flovs
However, previous sudies [Maucci e d., 1999; Fan, 1999] found
that many bubbles were trapped in the liquid-solid packed-bed re-
gion since heavy particles quickly moved downward. Following
from thiswork, Lee et d. [2003] recently reported transient behav-
iour of the bed collgpse after shutting off the gas supply a a condant
liquid velocity above the minimum fluidization velocity in three-
phase fluidized beds.

The objectives of this gudy are to develop a theory to account
for the dynamic behaviour of the bed collgpse after suddenly inter-
fering the gas flow in three phase fluidized beds and to compare
the experimentd results with the predicted vaues from the mode
equations
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THEORY

Thetrandent behaviour of the bed collgpsing process efter asud-
den gop of gasflow in three phase fluidized bedsis shownin FHg. 1.
The mass bdances for individud phases acrass boundary 1 are

Gas (V= C)=0
Liquid: (Vi,~C)&=(V,—Cpel ]
Solid: (Vo= C.)(1- &0~ &0)=(Va=C)(1~ &) ©)
In Egs (1)-(3), the phase holdupsin region 2 in the dynamic sys
tem are assumed to be the same asthose of the origind steady-dtate
operationin Fg. 1(a). The solid holdup in region 1 of the dynamic
system is assumed to be the same as that of the liquid-solid fluid-
ized beds a U,=U,,. Under this premise, the relative motion between

the gas phase and the solid phase in region 2 of the dynamic bed
should be the same asin Fg. 1(a):

@

(Vo~Vg) = e
sgo

@

The upward velodities of individud phasesin the liquid-solid fluid-
ized region are asfollows

©)

V=0 ©)

Thus, thereare six governing Egs. (1)-(6) for the dynamic sysem and
SXunknowns[C,, V,;, Vg, Vi, Vi, and V. Egs (1)-(6) cen be solved
by combining Egs. (1), (3) and (4), and V, can be expressed as
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Fig. 1. Bed collapsing process after suddenly cut-off of air with constant liquid velocity.

!‘@(1-&0 ~Eq)
VemC= g @
Combining Egs. (2), (5) and (7), V,, becomes

Ugo(1—&0 ~£p) S0~ &L +Qg

Ve T (ia) & 2 ®
Combining Eqgs. (4) and (7), V¢ can be expressad as
— Yoo(&l ~ 80 ~ o)
Ve Ep( 1-&1) ©
The bubble rise velocity, U,, can bewritten as
szngzJ_‘U o Yo FUpq (10)

o EpTEo

Here U, isthe bubble drift vdodity in the three-phase fluidized beds
related to other system variables by

ﬂclss'llslo

1
0 e, V) (1)

q:l:l-_“':so

where & is 0lid holdup below the bubble swvarm (boundary 1)

andisegud to the solid holdup at U, in liquid-solid fluidized beds.
Combining Egs. (7) and (11),

Ubs =

— o Yoo _U_ja
Ut 1_550D5g0 &0 Ego (12
Eq. (12) isin the form of the drift flux for athree-phase system, as
reported by El-Temtamy and Epgtein [1980], Saberian-Broudjenni
et d. [1984], Chern et d. [1984] and Chen and Fan [1990].

EXPERIMENTAL

Experimentswere carried out in 20.21-m diameter haf-tube acryl-
ic column having a tes section of 1.8 m-high (Fig. 2). The parti-
deswere 3.1 mm glass beads (0.=2,475 kg/m?) as the solid phase.
Deonized water and air were used as the liquid and gas phese, re-
spectively. The partideswere fluidized by cocurrent upflow of liquid
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Fig. 2. Schematic diagram of experimental equipment.

and gas phases. Satic bed height (Hg,) was dways mantained higher
than 0.5 m. The gas (0.0-0.064 mys) and liquid (0.0-0.133 my/s) flow
rates were measured by flowmeters The liquid was introduced into
the plenum chamber in which 40-mm glass balls were packed and
then sent through a perforated liquid digtributor plate containing 35
evenly goaced holes (3mm) into the main fluidized bed. Air was
introduced into the bed through ten evenly paced perforated feed
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pipes with 33 upward-facing holes of 1.0 mm diameter on top of
the liquid digtributor. The gtic pressure dropsin the beds were mee
sured by differentid pressure transducers (Omega, modd PX771A-
100WCDI) connected to pressure taps which were mounted flush
with the columnwal at 0.1 m height intervals Sarting from 0.06 m
above the liquid digtributor. The transducer Sgnas were sored in,
and processed by, a PC a a sampling rate of 10 Hz with time in-
tervdsof 60 s Theindividud phase holdups were determined from
the gatic pressure drop, expanded bed height and solid weight in
the bed as

AP
- E =(&50Pg TE0P T E0PS)T (13)
ot Eote=10 14
£, =Ll (15
EDZJ'H
4 t 2 B

To meesure the bubble drift velocity by the bed collgpse tech-
nique, the experiments should be performed in the dispersed bub-
ble flow regime of three-phase fluidized beds. A flow regime mep of
athree-phase fluidized bed (air-water-4.5 mm glass beads) reported
by Zhang et d. [1997] is shown in Fig. 3. It has been reported that
three-phese fluidized beds can be dassfied as bubble codesxting
and disintegrating beds based on patide 9ze[Kim et d., 1972]. In
the air-water-glass beads system, partide szelarger than 25 mm lies
in the bubble disntegrating regime. Since 3.1 mm glass beeds were
employed in three-phase fluidized beds by Chen and Fan [1990],
the system may operate in the bubble disntegrating regime in the
gas velocity range of 0-0.025 my/s. Over this gas velocity range, the
system operaion can be classified as the digpersed bubble flow re-
gime, as observed visudly.

In the dynamic experiments, when the system reached Seady
date at the given gas and liquid velocities, a solenoid vave in the
ges supply line weas quickly dosed to cut-off the ges supply, and
then the expanded bed height collgpsed suddenly. The transient be-
haviour of the bed collgpse after shut-off the gas supply was mon-
itored by avideo-camera. The upward moving velodity of the bub-
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Fig. 3. Comparison of flow regime boundaries.

ble-free bed surface is the experimentd vaue of C, in Eq. (7).
RESULTS AND DISCUSSION

A sample of the bed collgpse process was monitored by avideo-
cameraas shownin Fg. 4. As can be seen, the rising bubbles were
very smdl and uniformin size. Lee e d. [2003] recently reported
asaies of sngpshots of the bed height after shutting off the gas sup-
ply a U=19.8 and U,=19.4 mm/s in the air-water-3.2 mm poly-
mer beads (density=1,280 kg/m®) sysem. They obsarved bubble
cod escence with the system operating a in heterogeneous phase
that contains both large and smal bubbles. As reported by Lee et
d. [2003], ambiguity of the bed surface is attributed to the entrained
particdes before cutting-off of the air supply (t<0), and those parti-
cles move downward due to gravity after the air supply is cut off.
However, as can be seenin Fg. 4, in the bed of 3.1 mm glass beads
a arddivey low gas veocity of 6.8 mnvs, the sysem was operat-
ing in the dipersed bubble flow regime where the bubbles were
very samdl and uniform. Therefore, partides were not entrained by
the exiting gas 5o that the bed height could be observed clearly.

|

t=0s t=1.00s t=2.00s

t=3.00s t=4.00s t=437s

Fig. 4. Series of snapshots of bed surface after shutting off of gas supply at U,=0.103 m/s, U,=0.01 m/s.
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Fig. 5. Variation of gas holdup and bed voidage with gas superfi-
cial velocity.

The ffect of gasveocity on gas haldup and bed voidageis shown
in Hg. 5. As can be seen, both gas holdup and bed voidage incresse
with increesing gas velocity [Chen and Fan, 1990]. Recently, Larachi
et d. [2001] have reported a gate-of-the-art corrdation for evauating
the macroscopic hydrodynamics of cocurrent upflow three-phase
fluidized beds They damed that among the various gas phase hold-
up correlations for three-phase fluidized beds, the corrdation of Be-
govich and Watson [1978] gives the amallest average absolute rel-
ative error (AARE). Also, Han et d. [1990] proposad liquid holdup
and bed voidage correlations for three-phase fluidized beds in the
bubble codescing and disntegrating flow regimes, regpectively. The
olid lines in Fig. 5 were obtained from the correlation of Han et
a. [1990], and the dotted lines were caculaed from the Begovich
and Watson's dimensiond correation [1978]. The three-phase flu-
idized bed of 3.1 mm glass beads was operating in the bubble dis-
integrating regime where both gas phase holdup and bed voidage
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Fig. 6. Variation of the bed surface with dapsed time after the gas
supply iscut off.

08

O U, = 0.103 m/s, Theoretical predictions by This work
0.7 ® U, = 0.103 m/s, Video experimental data by This work
A U, = 0.123 m/s, Theoretic predictions by This work
0.6 I
Dispersed | Discreted or Coalesced o
& 05} bubble flow | bubble flow
Y
£ | 3
O 04f |
| o
| e}
L A
0.3 8 & A
o ¢ o
oe 8
02} @ l d
| 0.023 m/s
0.1 L L N L L L L
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07
Ug, [m/s]

Fig. 7. Effect of gas veodity on C,, the vdodity of moving bound-
ary 1.

increase with increasing gas ve ocity. The measured phase holdups
of each phase a steady ate were usad to caculate the bubble drift
veocity (Eq. (11)) or velocity of moving boundaries 1 and 2 (C,
and C)). Ascan bessenin Fg. 5, the corrdation of Han et d. [1990]
predicts the experimenta va ues reasonably well.

Vaiation of the bed surface with dgpsed time fter the gas sup-
ply was cut-off is shown in Fg. 6. As can be expected, the bed height
of the three-phase fluidized bed was higher than thet of the liquid-
solid fluidized bed since the bed height increases with increesing
ges velocity. When the air supply is cut off, the height of the bed
surface decreases with dgpsed time, and then reaches the bed height
correponding to thet of liquid-solid fluidized bed, as observed by
Jn and Zhang [1990] and Chen and Fan [1990]. Therefore, with
these reaults, the veocity of moving boundary 1 (C,) was mea
aured as afunction of time by usng Eq. (11), and the bubble drift
vedocity, U, was determined experimentally.

Vaiation of the experimentd and theoreticd vaues of the veloc-
ity of the boundary 1 asafunction of gasvdocity isshownin Fg. 7.
As can be seenin Fg. 3, a aliquid velocity of 0.103m/s and gas
veocity of 0-0.023 n/s, bubble sze was uniform in the dispersed
bubble flow regime. However, as the gas velocity increased above
0.023 m/s, the discrete or codesced bubble flow regime can be ob-
served. As can be seenin Fig. 7, the experimentd vaues of C,, the
veocity of boundary 1, do not vary significantly with gas velocity,
whereas the theoretica vaues of C, increase with gas velocity. The
agreement between the experimenta and theoretica vauesof C, is
fairly good at lower gas velocities, wheress the agreement becomes
poorer with increasing gas velocity dueto the change of flow regimes
as afunction of gas velocity as reported by Chen and Fan [1990]
that, namely a trandtion from the dispersed bubble flow regime to
the discrete or coalesced bubble flow regime.

The experimental and predicted vaues of bubble drift velocity
(Uyy) asafunction of gas velocity in three-phase fluidized beds are
shown in Fg. 8 a aliquid velocity of 0.103 m/s. Asshown in Hg.
3, a aliquid velocity of 0.103 m/s and ges velocities up to 0.023 v/
s, the dispersed uniform bubble flow regime was observed, but a
higher gas velodities (U,>0.023 mVs), the discrete or coalesced bub-
ble flow regime was ohsarved. Also, the experimentd and theoret-
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Fig. 8. Effect of gasveocity on bubble drift velocity, U,,.

ical vaues of bubble drift velocity, U, of Chen and Fan [1990] at
liquid velocity of 0.139 n/s are shown in Fg. 8. One st of the the-
oretica vauesis based on the data.of Chen and Fan [1990] and the
other st corregponds to predicted ones from Egs (10) and (11). As
can be seen, at lower gas velocities the agreement between the pre-
dicted and experimentd vaues is acoeptable, but the agreement be-
comes poorer with increesing gas velocity. This difference may be
atributed to the difference in experimental method and the geome-
try of the experimenta equipment. Therefore, further work is needed
to darify this difference measuring bubble Sze in three-phase fluid-
ized beds

CONCLUSION

In a three-phase fluidized bed of 3.1 mm glass beads fluidized
by ar and water, the dispersed bubble flow regime was observed
visudly using the bed collapse technique. Based on the theory, the
bubble drift velodity initidly decreases somewha and artsto in-
creese with increasing ges velodity after the trangtion of flow regimes
occurs. However, there is some disagreement between the theory
and the experimentd data of bubble drift velocity due to the dif-
ferencesin bed collgpsing technique and the bed geometry. Further
work is heeded to darify these differences from bubble Sze mea
Urements.
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NOMENCLATURE

: total pressure drop [P4]

: velocity of moving boundary 1 [m/g]
: velocity of moving boundary 2 [m/g]
: particle diameter [mm)]

: column diameter [m]

: acceleration of gravity [m/s]]

March, 2005
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0

Heg :bedheight [m]

He, : bed height of boundary 1inFig. 1 [m]

Hg. :bedheight of boundary 2inFig. 1 [m]

Jg - gasdrift flux [m/g]

M, :particleinventory [kg]

t : elgpsed time after cut-off the air supply [9]
U, :bubbleriseveocity [m/g]

Uy, : bubbledrift velocity in three-phase fluidized beds [m/g]
Uy, :superficia gasveocity [m/s]

U, :supeficid liquid velocity [m/g]

V, :gasvelocity inregion 2 [m/s]

V,, :liquidveocity inregion 1 [m/s]

V, :liquid velocity inregion 2 [m/s]

Vg :solidvelocity inregion 1 [m/g

Vo :solidveocity inregion 2[m/g

z  :axia bed height [m]

Greek Letters

& :gasholdup in three-phase fluidized beds [-]
& :liquid holdup in three-phase fluidized beds|-]
&' :liquid holdup in two-phase fluidized beds [-]
& solid holdup in three-phase fluidized beds[-]
p,  :gasdensty [kg/m]

o :liquid density [kg/m7]

o, :solid density [kg/m?]
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