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Effects of particle properties on the rise of single bubbles in a liquid- solid fluidized 
bed are studied by focusing on the particle-shape effect at various bed voidages near 
incipient fluidization of glass beads and sand particles. Experiments, covering the bub- 
ble-size range 6 - 37 mm and solids holdups as high as 0.94 times that in the packed 
state, are conducted in a 2 -0  column to directly observe the possible relationship be- 
tween the rate and tortuous path of bubble rise. The shape effect, being sign$cant when 
the close-range (surface-to-surface) interactions between the particles are predominant, 
is appreciable for the relative solids holdups exceeding 0.9. Marked reduction in the 
bubble rise velocity is observed as the bubble size is decreased below 8 and 12 mm for 
the spherical glass and irregular sand particles, respectively. This anomalous reduction 
stems partly from the tortuousness in the rise path and partly from the “hesitation” in 
the net vertical movement. The former, in particular, is quantijied in terms of the tortu- 
osity of the 2-0 rise path. The results support the peculiar trend in the rise velocity 
observed, especially for the sand particles. 

Introduction 
In the hydrodynamics and mass- and heat-transfer charac- 

teristics of gas-liquid(-solid) systems such as bubble columns 
and three-phase fluidized beds, the bubble rise velocity plays 
a variety of crucial roles directly or indirectly. For instance, it 
is a measure of the reciprocal of the residence time of the gas 
phase, thus directly influencing the determination of the gas 
holdup; when set relative to the linear velocity of the sur- 
rounding flow, usually flowing liquid, it controls the dynamics 
(such as instability) of the flow behind bubbles or the bubble 
wake, which in turn contribute to the mixing behavior of the 
liquid and solid phases (Fan and Tsuchiya, 1990); further- 
more, for single/isolated rising bubbles it is closely related to 
the gas-liquid mass-transfer rate (Higbie, 1935). 

While the rise of a single gas bubble in liquids has been 
investigated extensively (Clift et al., 1978), pertinent studies 
in liquid-solid fluidized beds are not as extensive but are 
being accumulated: for three-dimensional systems, Mas- 
sirnilla et al. (19611, Darton and Harrison (1974), Verbitskii 
and Vakhrushev (19751, Jang (19891, Jean and Fan (19901, 
and Bly and Worden (1992); for two-dimensional systems, 
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Henriksen and Ostergaard (1974), El-Temtamy and Epstein 
(1980), and Tsuchiya et al. (1990). The most crucial (and dif- 
ficult) point to be addressed is how to deal with the 
liquid-solid medium with respect to the rising bubble as an 
isolated entity- homogeneous or heterogeneous. The homoge- 
neous concept (Darton and Harrison, 1974; Verbitskii and 
Vakhrushev, 1975; Darton, 1985) characterizes the medium 
in terms of an effective viscosity, largely a function of the 
voidage and less extensively of the particle size. The concept, 
however, is often invalidated: when examining Darton and 
Harrison’s (1974) data, for instance, Fan and Tsuchiya (1990) 
noted that for 0.55-mm silica sand particles at high bed 
voidages ( > 0.53), small bubbles ( d ,  < 10 mm) rose faster than 
they would have through a “fictitious” homogeneous medium; 
for the same particles at low voidages ( <  O S O ) ,  the small 
bubbles rose much slower than they would have through an 
equivalent Newtonian medium. Darton (1985) ascribed this 
latter effect to non-Newtonian (pseudoplastic) behavior of the 
fluidized beds near the point of incipient fluidization. At ex- 
pansions only slightly above the incipient fluidization, parti- 
cle properties such as size, size distribution, density, and/or 
shape can be the predominating factors in determining the 
liquid-solid bed behavior. 
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As for the particle-size effect, Tsuchiya et al. (1990) found 
that for a two-dimensional water-fluidized bed containing 
glass beads (diameter 0.163, 0.326, 0.460, 0.774 and 1.00 mm; 
density 2,500-2,780 kg/m3) and acetate balls (1.50 mm; 1,250 
kg/m3), the bubble rise velocity was a function of the particle 
terminal velocity in addition to the solids holdup and bubble 
size, over the respective ranges of U, = 17.4-169 mm/s, eS = 

0.25-0.51, and d, = 8-30 mm. Covering similar particle prop- 
erties (glass beads of 0.163-2.0 mm diameter) but a wider 
bubble-size range (2.5 < d,  < 20 mm) in a three-dimensional 
water-fluidized bed, Jang (1989) noted, at a high solids holdup 
( E ,  = 0.52), a drastic reduction in the bubble rise velocity for 
small bubbles (d, < 5 mm) due to the presence of particles, 
provided d, 2 0.46 mm, regardless of the particle size; for 
larger bubbles the rise velocity approached that in water as 
d, decreased. At a low solids holdup ( e, = 0.421, the extent of 
the reduction either decreased with decreasing d, for d, < 7 
mm or was less appreciable and only a week function of d p  
for larger bubbles. 

The effect of particle density was examined by Bly and 
Worden (1992), covering the density ranges of 1,015-1,460 
kg/m3 (gel beads of 2.6-3.2 mm diameter) and 2,500 kg/m3 
(glass beads of 3.0 mm diameter) and the bubble-size range 
0.7 < d, < 20 mm. Bly and Worden accounted for the extent 
of reduction in the bubble rise velocity due to the presence of 
the solid phase by introducing a virial expansion in the solids 
holdup in their proposed correlation. The first- and second- 
order virial coefficients depended not only on the particle 
terminal velocity, which ranged from 18.6 to 334 mm/s and 
represented mainly the density effect, but strongly on the 
bubble size for d, < 6 mm. 

No systematic studies are available regarding the particle- 
shape effect on the bubble rise. Fan and Tsuchiya (1990) 
compared the data obtained by Jang (1989) for glass beads 
(spherical) and those by Darton and Harrison (1974) for silica 
sand (nonspherical) particles to find the appreciable differ- 
ences between them, especially at small values of d, ( < 10 
mm) as well as at high solids holdups ( es > 0.5). They did not, 
however, provide any quantitative (or even physical) account 
of this shape effect that becomes very significant as the inter- 
particle friction increases, thus warranting further research 
on this aspect. 

The present study aims at providing both mechanistic in- 
sight into and quantitative data on the particle-shape effect 
at various bed voidages near incipient fluidization of spheri- 
cal and nonspherical particles. Experiments were conducted 
in a two-dimensional column to directly observe the possible 
relationship between the rate and the tortuous path of bub- 
ble rise. The tortuosity of the bubble rise path, which can 
measure strong bubble-particle interactions prevailing near 
the incipient fluidization, is defined and incorporated in ac- 
counting for the marked reduction in the bubble rise velocity 
observed in both the present experiments and the literature 
(three-dimensional) results. 

Experimental Studies 
Figure 1 shows a schematic diagram of the experimental 

setup used in this study. The two-dimensional column is made 
of transparent polyvinyl chloride (PVC) and has the main 
section of 1.2-m effective height, 0.218-m width, and 14-mm 
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Figure 1. Experimental apparatus. 

gap thickness. Below this section is the liquid distributing 
section, which consists of ia packed bed of glass beads in dou- 
ble layers (6- and 3-mm beads in the lower and upper layers, 
respectively) confined in the tapered portion and a 5-mm- 
thick PMMA porous plate of 30-pm pore size and 35% 
porosity (Spacy Chemical, Inc., Tokyo). Gas injection is 
achieved through a 4.0-mm-ID stainless steel nozzle, with a 
tapered outlet, flush-mounted on the rear wall at a distance 
of 125 mm above the liquid distributor plate. A single bubble 
with no satellites can be readily generated; the bubble size is 
controlled roughly by altering the opening time of a solenoid 
valve, which is regulated by an electric pulse-signal genera- 
tor, and precisely by regulating the gas delivery pressure with 
a digital pressure gauge of + l o  Pa precision (Tokyo 
Kokukeiki DG-610, Japan). The top of the column is the liq- 
uid-solid disengagement section with another tapering so as 
to effectively settle the particles carried by the bubble. 

The bubble rise characteristics, including the rise velocity, 
the major axis (breadth) and minor axis (height), and the rise 
path (trajectory of the bubble center), are measured by ana- 
lyzing frame-by-frame the recorded video images obtained by 
a video camera (Sony CCD-TR55) fixed mostly at a location 
between 0.5 and 0.7 m above the liquid distributor; all the 
images are obtained over an exposure time of 1/1,000 s at 30 
frames/s. A separate measurement of the bubble rise velocity 
is carried out, for limited runs, using a pair of laser 
sensors-one positioned 0.5 m above the liquid distributor 
and the other 200 mm further above. The sensor (Omron 
Z4LA-1030) consists of a light emitter [laser diode (LD); 780 
nm, 3 mW], which can generate a parallel laser sheet that is 
10 mm wide and 1 mm thick over the detectable distance of 
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Table 1. Physical Properties and Holdup of Solid Particles 

Particle 
Glass beads (GS550) 

d ,  = 0.55 mm 
ps = 2,490 kg/m3 
U, =82.5 mrn/s* 

Umr =2.65 mm/s** 
= 0.604 

Silica sand (SD550) 
d,=0.55 mm 
ps = 2,576 kg/m3 
U, = 86.0 mm/s* 

Umr= 2.76 mm/s** 
cs0 = 0.558 

U, (lo-’ m/s) 
0.493 
0.616 
0.684 
1.04 
2.46 

0.493 
0.575 
0.684 
0.821 
0.958 
1.09 

4 
0.564 
0.550 
0.523 
0.466 
0.301 

0.524 
0.512 
0.495 
0.472 
0.455 
0.435 

0 

0.934 
0.911 
0.866 
0.772 
0.498 

0.939 
0.918 
0.887 
0.864 
0.815 
0.780 

* Estimated using correlation proposed by Clift e t  al. (1978) for spheres. 
** Estimated using the Wen-Yu (1966) equation. 

300 mm, and a light detector that has a 0.5-ms response time. 
The velocity values measured with this latter method have 
been confirmed to coincide with those determined based on 
the video frame analysis within f 10% error. 

Nitrogen is used as the gas phase; the size of the single gas 
bubbles covered in this study ranges from 6 to 37 mm in 
equivalent diameter. The equivalent bubble diameter is de- 
fined as the diameter of a circle having the same area as the 
bubble area, which in reality is represented by the area pro- 
jected onto the focused plane of visualization in the present 
apparatus, and estimated from the measured major and mi- 
nor axes based on the assumption of an elliptic bubble shape, 
as recommended by Tsuchiya and Fan (1988). Comparing the 
measured and estimated bubble areas, Tsuchiya and Fan 
found that assuming a circular-cap shape overestimated its 
projected area even for a relatively large bubble due to the 
round edges of the actual bubble. Marked shape oscillations 
often observed for bubbles in the present size range are par- 
tially incorporated by considering the shapes averaged over 
several cycles. 

Tap water is used as the liquid phase, the circulating flow 
of which (Figure 1) fluidizes the bed of one of two types of 
solid particles; Table 1 summarizes the physical properties 
and holdup of the particles as well as the superficial liquid 
velocity used for obtaining each specified solids holdup. All 
solids holdups are calculated from bed height. The solids 
holdup in the packed state es0, in particular, is determined 
from the settled bed height after repeating the process of 
fluidizing, then carefully defluidizing the bed three times; for 
each batch of particles, loaded at a weight of - 2.6 or 5.0 kg 
with a corresponding packing level - 0.57 or 1.09 m, a devia- 
tion of at most k 2  mm from the average of three replicates 
was found. All the experiments were conducted in the tem- 
perature range 20 f 2°C. 

Results and Discussion 
Effect of solids horclup on rise velocity 

Figure 2 shows the bubble rise velocity (Ub) obtained in the 
present fluidized bed containing various holdups of the 
spherical particles (GBSSO). The solids holdup covers as wide 
a range as e, = 0.30-0.56. The plotted rise velocities have 
been made “relative” by subtracting the contribution of liquid 
upward flow, q/(l- es), from the measured values (Darton 
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(in 2-D column) 
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d e  (cm) 
Figure 2. Bubble rise velocity in 2-D water-glass bead 

fluidized bed. 
Solid lines for N,(or air)-tap water system. 

and Harrison, 1974). Note that each data point corresponds 
to one trial of bubble injection (although it is the average of 
three local measurements), plotting of which signifies the 
natural scattering associated with the inherent rise character- 
istics as well as the measurement errors. For comparison, 
Figure 2 includes two smoothed curves for bubbles in water 
-one obtained in the present 2-D system and the other rep- 
resenting the data of Haberman and Morton (1953), which 
are one of the most reliable sets of measurements (without 
any wall effect). The vertical/error bars crossing the former 
curve represent the standard deviation from average values 
taken over several trials with identical, or limited ranges of 
bubble sizes. As can be seen in the figure, for a given d ,  the 
value of ub in the water-solid medium approaches that in 
water as E, decreases. The effect of the solid particles be- 
comes essentially null for es < 0.3, provided d ,  > 10 mm. 

Figure 3 shows ub for the bed containing various holdups 
of the nonspherical particles (SDSSO). The E ,  range tested 
covers 0.43-0.52, narrower but with smaller increments than 
the case of GB550. The general trends exhibited in the figure 
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Figure 3. Bubble rise velocity in 2-0 water-sand partl- 

cle fluidized bed. 
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resemble those in Figure 2. An important feature to be noted 
in Figure 3 is that, for es > 0.5 (corresponding to 0.89 times 
es0; see Table l), the decrease in U, with decreasing d, ,  be- 
low critical values ( = 12 mm), becomes drastic and extremely 
sensitive to the variation in d,. A similar trend can be noted 
for GB550, although it is less obvious in Figure 2 [ e, > 0.55 
(0.91 times E , J ;  d ,  < 8 mm]. Since this feature is very crucial 
in estimating the rise velocity of small isolated bubbles in liq- 
uid-solid suspensions, a detailed discussion is presented in a 
separate section. 

The preceding 2-D data inevitably involve wall effects, 
which would need to be corrected if they were compared with 
the literature (3-D) data. In the present study, however, no 
correction is made since the main objective is to elucidate the 
net shape effect for particles tested in the same apparatus 
under almost identical conditions (Table 1). It suffices to say 
that the extent of wall effect can be roughly estimated by 
comparing the two solid curves in Figure 2, even though the 
exact influence of the presence of particles cannot be evalu- 
ated. Furthermore, the fixed particle diameter of 0.55 mm, 
which is less than 1/25 of the column gap thickness, is be- 
lieved to be sufficiently small to assure that this particle’s 
contribution to the wall effect is minimal. This has been par- 
tially confirmed in this study. 

30 
h 
y1 ... 
2 E 2 0 -  
s” 

10 

Eflect of particle shape on rise characteristics 
Basis for Comparison. To elucidate possible differences in 

the bubble rise characteristics due exclusively to the particle 
shape between the GB550 and SD550, the solids concentra- 
tion in addition to the particle size and density needs to be 
matched. In Figure 4 these two cases are compared when the 
solids holdup relative to that at the packed state/incipient 
fluidization, E , / E , ~ ,  is selected as the basis for comparison. 
No appreciable differences in U, exist provided that the E J E , ~  

value is low ( = 0.87) or, at higher E , / E , ~  ( = 0.941, the bubble 
size is large ( d ,  > 15 mm). Note that, if the same absolute 
holdup were used instead, there would clearly be a difference 
since differs in the two cases (Table 1). These trends are 
reasonable since: 

1. The close-range interactions between particles (of ir- 
regular shapes in particular)-not only simple impacts but 
also harsh surface friction such as interlocking or  
scraping-should be controlled by the interparticle distance 
relatiue to that in the packed state. 

2. At low solids concentrations (that is, large interparticle 
distances), these close-range interactions (thus the particle- 
shape effects) diminish. 

3. The static pressure near the frontal surface of a fast- 
rising large bubble is modified (or more specifically, in- 
creased)-due to the presence of this ‘‘obstacle’’-to a great 
extent. This pressure modification can result in an increase in 
the form drag exerted upward on the nearby particles, and 
thus tends to reduce the extent of surface-domain interac- 
tions between the bubble and the particles. 

On the basis of these comparisons, the net effect of parti- 
cle shape was examined in this study under the conditions of 
identical ranges of particle size, particle density, and the nor- 
malized solids holdup E , / E , ~ .  

Difference in Bubble Rise Path. Based on the experimental 
results presented so far, two distinctive characteristics re- 

N,-tap watei 

9 *pp: 
p!p Particle &,/ &so 

Glass beads 0 934  
A Sand 0.939 

- 
m < g  

@AA~ 

lo I Part ic le  &,l E S o  

Glass beads 0.866 
A Sand 0.864 

garding the reduction in the bubble rise velocity in the pres- 
ence of solid particles are recognizable: (1) “general” reduc- 
tion whose extent is mainly a function of the solids holdup 
[besides the particle terminal velocity (Tsuchiya et al., 199011 
and independent of the particle shape; (2) “peculiar” reduc- 
tion whose extent depends strongly on the particle shape. The 
first type of reduction in [Ib is observed in a moderate range 
of E ,  (0.3 < es < 0 . 9 ~ ~ ~ )  over almost the whole range of bub- 
ble sizes examined in this study. The second type, on the other 
hand, is extremely sensitive to the bubble size (thus to the 
bubble hydrodynamics) as well as the particle shape and solids 
holdup. 

Important clues to the mechanisms for such particle effects 
can be partially identified by examining the path and rate of 
bubble rise simultaneously. Figures 5 and 6 depict typical 
traces of the bubble rise paths starting from arbitrary points 
[in the experiments, conveniently fixed mostly at heights be- 
tween 0.50 and 0.55 m; in the figures, fixed at (y,  z) = (0, O)] 
for values of = 0.865 and 0.935, respectively. The for- 
mer value is below the critical E , / E , ~  = 0.9 demarcating the 
two types of U, reduction. Both figures are obtained for bub- 
ble sizes of (a) d ,  = 17 mm (large bubble) and (b) d ,  = 10.5 
mm (small one) in the presence of no solids, the glass beads, 
and the sand particles. As seen in Figure 5 (and expected), 
no drastic differences in the bubble rise path are noticeable 
between the three cases except a typical, regular sinusoidal 
path (with a larger amplitude) observed for the smaller bub- 
ble in water (Figure 5b). ‘The rate of bubble rise is compara- 
ble between the two cases with solids in contrast to the case 
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Figure 5. Typical traces of bubble rise paths at interme- 
diate t , l ~ , ~  (=0.865+0.01) for (a) large and 
(b) small bubbles. 
Key: circles for no  solids; triangles for GB.550; squares for 
SD550; open symbols for every 1/30 s; filled symbols for ev- 
ery 1/10 s. 

without them (compare the vertical locations of solid sym- 
bols, which mark 0.1-s intervals, that is, every 3 frames of the 
video recordings). 

Figure 6. 

1372 

For the latter value of E ~ / E ~ ~ ,  that is, above the critical 
value (Figure 6), a peculiarity in the rise path can be specifi- 
cally noticed for SD550; while the bubble rising in either wa- 
ter or the water-GBS50 fluidized bed has a similar rise path, 
dominated by the vertical rise, the one in the water-SD550 
medium “detours” appreciably. The net rise velocity differs 
appreciably as well. The difference between water and the 
water-GB55O medium amounts to as much as twofold in U, 
(compare the vertical locations of solid circles and triangles, 
which mark 0.167-s intervals, that is, every 5 frames of the 
video recordings, in Figure 6b). In the case of water-SDS50 
medium, the reduction in U, is so large that it takes the bub- 
ble about 10 times as long to travel upward as it does in wa- 
ter (refer to the numbers beside the solid squares, which indi- 
cate the frame numbers). 

Tortuosity of bubble rise path 
The difference in the bubble rise path, analyzed SO far only 

qualitatively, is now quantified in terms of “tortuosity.” The 
tortuosity of the rise path is defined in this study as the ratio 
of the total distance to the net vertical distance traveled by a 
bubble. The actual calculation is performed by first obtaining 
the pair of distances in each (minimum) interval of time, 1/30 
s in this study, then summing the consecutive distances sepa- 
rately, and taking the ratio of the two summations to yield: 

N N 

i =  1 i = I  

where N is the total number of intervals used for the calcula- 
tion, which is repeated until the value of tortuosity converges 
to an asymptotic value T independent of the value of N. 

For bubbles rising in water, the convergence can be ob- 
tained for N within 2-12 intervals, depending on the bubble 
size. Bubbles of d, = 12-15 mm, for example, need a longer 
time to attain the asymptotic values; T,,, varies with N in a 
sinusoidal (with decaying amplitude) manner, which corre- 
sponds to the zigzag rise path, and gradually converges after 
several cycles of oscillation. In the water-GB5S0 medium, the 
tortuosity exhibits a similar trend with respect to N ,  but takes 
persistently smaller values. In the water-SD550 medium, it 
takes a much longer time for the tortuosity calculated from 
Eq. 1 to converge. This trend reflects the very peculiarity/in- 
tricacy of the rise path depicted in Figure 6b. 

Bubble-Size Effect. The asymptotic values of T are plotted 
against d, in Figures 7 and 8. The data for water (Figure 7a) 
exhibit distinctive features in their trend, especially in the d, 
range from 13 to 15 mm; the comparatively large scatter in 
the T value reflects the observed difference in the extent of 
oscillations in the rise path, which interrelate closely to the 
rather abrupt, large shape oscillations occasionally observed 
in this particular range. Below this range, T increases slightlv 

Y I  

-1 0 1 2 -4  -2 0 2 4 with d,; as d, reaches 15 mm (the corresponding bubble 
Reynolds number Re = deUb/vl = 4,000), T suddenly drops to Y ( c m )  Y ( c m )  
values barely exceeding unity. As d, exceeds this criticalsize, 
the tortuosity remains nearly unity, corresponding to the rec- 
tilinear rise of large circular-cap bubbles of high stability. 

In the presence of the spherical GB550 (Figure 7b to 7d), 
the tortuosity appears to be a weak function of the bubble 
size for 7 < d, < 25 mm; in addition, it takes consistently lower 

Typical traces Of bubble rise paths at high ‘d 
€80 (= for (a) large and (b) small 
bubbles. 

SD550; open symbols for every 1/30 S; filled Symbols for ev. 
ery 1/6 s. 

4 

Key: circles for no solids; triangles for GB550; squares for 
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Figure 7. Tortuosity as a function of bubble size for d e  (cm) 
in (a) water and (b)-(d) Figure 8. Tortuosity as a function of bubble size for 

bubbles in water-sand particle fluidized bed 
at various solids holdups. 

bead fluidized bed at various solids holdups. 

scattered data points. 
The broken part of lines signifies uncertainty associated with 

The broken part off lines signifies uncertainty associated with 
scattered data points. 

values than in water when the bubble oscillations are sup- 
posed to be extensive-as if the bubbles rose in a homoge- 
neous medium of viscosity higher than that of water alone. 
The average T value over the given d ,  range increases slightly 
with EJE,,,. Another point to be noted is that for large bub- 
bles ( d ,  > 18 mm), while T settles down to unity in the ab- 
sence of solids (Figure 7a), their presence does not lead to 
the same trend or even results in apparently the opposite 
trend at high E , / E , ~  (Figure 7d). This apparent increase in 
the tortuosity for large circular-cap bubbles rising under iner- 
tia/gravity domain, however, is found not to affect the rise 
velocity. 

In a similar series of plots (Figure 8a to 8d) for the non- 
spherical SD5.50, on the other hand, a drastic difference in 
the tortuosity behavior is apparent: while the bubble size-in- 
dependent behavior prevails as long as E , / E , ~  is below the 
critical value of 0.9, T abruptly increases from - 1.1 to as 
large as 1.7 (or apparent coexistence of roughly two separate 
values of T - 1.6 and 1.3) as d ,  is reduced below 12 mm by 
just a couple of millimeters at the highest solids holdup (Fig- 
ure 8d). This anomaly, with its precursory behavior (a rela- 
tively large scatter in T )  already apparent at E,/E,,, slightly 
above the critical value (Figure 8c), vastly differs from the 
behavior in water or the water-GB550 medium [at least in 

the bubble-size range ( > 7 mm) investigated in this study]. 
Under such conditions, the overwhelmingly tortuous rise path 
experienced by small bubblles (with low inertia) can be a ma- 
jor factor responsible for the drastic reduction in ll,-ef- 
fected in this study for d ,  < 12 mm by the difference in the 
particle shape between GI3550 and SD550 (see Figure 4b). 

The nonuniqueness of the tortuosity in concentrated sus- 
pensions (for bubbles of d, < 12 mm in the SD550 medium 
or possibly for d ,  < 8 mm in the GB550) is suspected to re- 
sult from the peculiar “detouring” in the rise path combined 
with the occasionally occurring “hesitation” in the net vertical 
movement. Figure 9 shows the detailed rise paths of six bub- 
bles of slightly different sizes in a small interval of d ,  ranging 
from 8.6 to 11.2 mm. The first group of bubbles (circles) ex- 
hibit very tortuous routes--characteristic of bubbles’ finding 
the least-resistant pathway from moment to moment upon 
constantly changing voidage/viscosity of the surrounding 
medium (Darton and Harrison, 1974). The second group (tri- 
angles) follow comparatively less tortuous paths. The last one 
(a square), which rises exceptionally fast at U, = 9 cm/s, ex- 
hibits an almost rectilinear path. All these types of rise paths, 
however, involve recurring hesitation; the degree of the hesi- 
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Figure 9. Traces of rise paths of bubbles of slightly dif- 
ferent sizes in water-sand particle fluidized 
bed at high solids holdup. 

tation, which is a measure of the resistive stresses and an- 
other major factor responsible for the drastic reduction in 
U,, does vary from bubble to bubble; the smaller the bubble, 
in general, the higher the degree of the hesitation [compare 
the (frame) numbers beside the cross symbolsl. 

Concluding Remarks 
The particle-shape effect on the bubble rise velocity is sig- 

nificant for small bubbles rising in concentrated liquid-solid 
suspensions where the close-range (surface-to-surface) inter- 
actions between the particles play a crucial role. In this study 
which covers the bubble-size range of 6-37 mm and solids 
holdups as high as 0.94 times that in the packed state, such 
interactions are found to be appreciable for the relative solids 
holdups exceeding 0.9. The maximum bubble size below which 
the bubble rise velocity is reduced to an unusual extent is - 
12 and 8 mm for the irregular sand and spherical glass parti- 
cles, respectively. This anomalous reduction in the rise veloc- 
ity stems partly from the tortuousness in the rise path and 
partly from the “hesitatiod’in the net vertical movement. The 
former, in particular, is quantified in terms of the tortuosity 
estimated directly from the visual information on the two-di- 
mensional rise path. The results are found to support, at least 
partially, the peculiar reduction in the rise velocity of small 
bubbles observed, especially for the sand particles. 

Notation 
d, =particle diameter, m 
U, = superficial liquid velocity, m * s ’ 

Umf = superficial liquid velocity required to achieve minimum 
fluidization, m.s-’ 

y =horizontal righthand distance from the vertical axis pass- 
ing through bubble center at the moment of starting bub- 
ble-path tracing, m 

n =vertical upward distance from the starting point of bub- 
ble-path tracing, m 
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