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Abstract

A mechanistic mode is developed to account for the collision between a
single particle and a single bubble in a liquid medium. Based on the mode, two
penetration criteria are established under which the particle is predicted to
penetrate through the bubble if any of the two criteriais satisfied. It is shown that
the partide penetration is only a necessary, but not sufficient, condition for bubble
disintegration in the case of single particle-single bubble collision. The penetrated
bubble is shown to deform into a doughnut shape and the subsequent bubble
breakage is made through the necking mechanism of the doughnut-shape bubble.
Bubble disintegration occurs only if the penetrating particle has a diameter greater
than the height of the doughnut-shape bubble. The column is constructed of
Plexiglas with an internal diameter 10 cm and a height of 180 cm. Experiments
are dso performed for single partide-single bubble collision in water, using three
different particles (2 mm, 3 mm glass beads and 3*3 mm PVC cylinder) with
Reynolds no. and Weber no. are (953, 1512 and 840) and (5.68, 9.45 and 5)
respectively . Two markedly different collision phenomena are observed. A small
and/or light particle is unable to penetrate through the bubble and is gected after
collision. A medium particle can penetrate through the bubble but may not break
the bubble The two phenomena are all well predicted by the proposed modd.

Keywords: three phase fluidized beds, and bubbl e breakage.
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1. Introduction

In order to predict the bubble size
distribution, it is essentia to
understand the mechanisms
underlying these processes.

The two competing processes on
bubble coalescence and disintegration
ultimately determine the equilibrium
bubble size distribution in the system
(Ostergaard, 1966).

In a (gas-liquid-solid) fluidized bed,
the bubble size is a key factor
affecting the hydrodynamics and the
overal gasliguid mass transfer rate
As bubbles a scent from the gas
distributor, they may undergo
coalescence and disintegration by
several mechanisms (Muroyama and
Fan, 1985).

When small particles are present in
a gas-liquid system, it was observed
(Ostergaard, 1966) that bubble
coalescence is enhanced and the
bubble size increases rapidly above
the gas distributor.

Bubbles in a such system one quite
uniform and reatively smal in size
compared to those observed in a
solid-free gas-liquid system
(Ostergaard, 1969; Lee et al., 1974;
Bruce and Reved-Chion, 1974;
Muroyama and Fan, 1985).

Thus, the presence of large particles
in a gas-liquid system tends to yield
the dispersed bubble flow regime
whereas the presence of smal
particles yields the coalesced bubble
flow regime.

Epstein (1981) indicated that the
particle size corresponding to the
flow regime transition is around

.C)’Z\LJ\

3 mm for an air-water-glass sphere
system. Mastuura and fan (1984),
however, indicated that in addition to
the particle size, partide density and
gas and liquid velocities may affect
the flow regime transition as well.

The bubble was assumed to
disintegrate when the particle with
adequate inertia induces a
hemispherica  indentation on the
bubble roof. Their theory leads to the
criterion of a critical Weber number,
We = (rs W’ d, /d), of three beyond
which the bubble will break. The
results of particle penetration without
bubble breskage were aso reported
by Frijlink (1987) Henriksen and
Ostergaard (1974) thus attributed
bubble disintegration to a completely
different mechanism of Rayleigh-
Taylor instability on the roof of the
bubble.

Bubble properties such as size
rising velocity and frequency have
been measured and investigated in a
three-phase fluidized beds with
viscous medium by Son, Kang and
Kim (2007). It has been found that
the size and frequency of bubbles
have increased with increasing gas or
liquid veocity. The bubble size and
rising velocity have increased but the
frequency decreased, with increasing
liquid viscosity.

Bubble behavior, including bubble
Sauter diameter, bubble rise velocity,
bubble frequency and local gas
holdup in different radial and axid
position, was measured using a dua
dectro-conductivity prob in air-
water-glass beads fluidization
systems by Chen et a. (1998). It has
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been found that the bubble
characteristics differ significantly in
various flow regimes, depending on
the operating conditions, the radial
distribution of bubble parameters aso
changes from one flow regime to
another.

Barghi e a. (2001) studied
fluidization regimes in liquid-solid
and gasliquid-solid fluidized beds.
The liquid velocities a which regime
transition occurs in liquid-solid and
gas-liquid-solid systems were
obtained for mono size and multi
component systems. Minimum
fluidization, complete fluidization
and complete mixing velocities of
particles were obtained from pressure
drop measurements, a collision
technique or a conductivity method.

The effect of pressure and
surfactants on the phase holdups and
flow regime transition vdocities of
gas-liquid-solid fluidized beds were
investigated by Rudkevitch and
Macchi (2008). The effect of pressure
on the bed phase holdups is
significant and more pronounced a
larger gas flow rates where pressure
has a greater effect on the equilibrium
bubble size. The addition of a
surfactant leads to an increase in the
gas holdup and a lowering of the
solids and liquid holdups. The
presence of a surfactant with a liquid
flow results in shearing of the bubbles
across the gasliquid distributor,
limiting the effect of pressure.

The mechanism proposed by
Henriksen and Ostergaard adso has
flows. Based on their mechanism
bubble bregkup in an air-water-glass
sphere system can occur only if the
particle diameter exceeds 8.5 mm,
while bubble breskup in the same
system was experimentally observed

to occur with 2.5 mm particles (kim
et a., 1977).

Chen and Fan (1988) indicated that
Belman and Pennington's theory
(1954) was originadly developed for a
plane surface with a two-dimensional
sinusoida disturbance. A real bubble
is neither flat on the roof nor is the
disturbance by a partice two-
dimensional. Most importantly, when
a particle collides with a bubble, the
partide does not leave the bubble
interface  immediately. Thus, the
bubble breskup by particle collision
is more likely due to the callision
itsdf rather than the Ray Leigh-
Taylor instability induced by the
collision.

Daw and Haow (2000) was
identify multivariate dynamic
characteristics in the pressure signas
that can be corrdated with specific
physicd phenomena in the bed,
including spatial distribution  of
bubbles, characteristic bubble size,
bubble velocity, and globa bed
oscillations.

In the present study, a more
through  mechanistic modd is
developed to account for the collision
of a single particle with a single
bubble. Based on this modd, criteria
for particle penetration and the sub
sequent  conditions  for  bubble
breakup one established.

Experimental observations of the
collision between a single spherica
cap bubble and particle, with various
sizes and densities.

Analysis

In the following analysis, the process
of the collision between a single
partide and a sngle bubble is
subdivided into their sequences of
periods. prior to collision, during
collision and &fter collision. The
partide penetration conditions are
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established during the collision period
and the subsequent conditions for
bubble breakup are discussed.

Prior to collision

Although the viscous force is
negligible compared to the inertia
force for the case of a large and heavy
particle colliding with a large bubble
It could be the dominant force to the
case of a small particle. This is
elucidated in Fig. (1), in which the
particle approaches a bubble, head to
head, in an infinitely extended liquid
medium.

The descending particle has its front
stagnant point facing downward
while the bubble has its stagnant
point facing upward, as symbolized
by positive signs in Fig (1),
indicating that the stagnant point has
a higher pressure than other locations
a the same level. The layer in front
of the stagnant point, depioted by the
excess ling, indicates the effective
range of the excess pressure, i.e. the
boundary layer.

Because of the approaching of the
two excess pressure layers, the
particle and the bubble tend to divert
from the center line and to avoid
collision as much as possible.

The degree of the diversion depends
on the Reynolds number and the tota
mass of the particle. The greater the
Reynolds number, the thinner the
boundary layer is and the faster the
approaching velocity become.
Combination of these two effects of a
greater Reynolds number yidd a
shorter response time for avoiding
callision. The tota mass is &aso
affecting the system in a similar
manner as that of the Reynolds
number. The greater the total mass is
the more difficult it becomes to avoid
collision because of greater inertia.

In the present experimental, the
smallest particle employed is a 2 mm
glass sphere. Under this condition,
the viscous force involved in the
period prior to collision is assumed to
be negligible in the following
andysis (Kim & al., 1977).

The collision process

Fig. (2) Shows the system diagram of
asingle particle with a diameter of dp
penetrating into a bubble at a depth of
h. A bubble of a sphericd cap shape
is considered, having the dimensions
of width b, height H and radius of
curvature R, and rising at velocity of
Up.

Prior to the contact of the particle,
the gas pressure within the bubble is
greater than that of the liquid adjacent
to the bubble roof, given by the
Young-Laplace equation (Daizo et
al., 1983):

p=-4 (D]
R

Now, consider the forces acting on
the penetrating particle at a depth h.
The partide is subject to a net upward
face, F, the summation of four
different for as, which results in an
upward acceleration a, as expressed
by (Daizo et a., 1991):
F=n/6d,r g-n/6d°rsg+ dnd,
— (2d/R - r |hg) 7/4 d,’.

=n/6d’rsa ... 2)
The first and second terms on the
right-hand side of Eq. (2) are the
buoyant force and the gravitationa
force respectively. The third term is
the surface tension force and the
fourth term is the pressure term,
which is the liquid head due to
penetration corrected by the initia
pressure difference according to
Eq.(2).

In the devdopment of the force
balance of Eq. (20 seved
assumptions are made. It is assumed

PDF created with pdfFactory Pro trial version www.pdffactory.com



http://www.pdffactory.com
http://www.pdffactory.com

Eng. & Tech. Journal, Vol.28, No. 1, 2010

The Collision M odel Between A Single
Particle and A Spherical Cap Bubbleln
A Water Medium

that the particle is wetted at all time
during the penetrating process, and
the partide is not indirect contact
with the gas bubble. This assumption
is valid for wetting particles which
are most commonly encountered in
three-phase fluidized bed operation. It
is dso assumed that the contact
surface between the bubble and the
particle maintains  hemispherica
during the collision, which is
probably true when the contact time
is short and the penerating particle
crestes a hole of about the same size
of the particle itsdlf.

The tota mass of the particle in
Eq.(2) is taken to be the mass of the
particle alone, which implies that the
added mass of the particle is assumed
to beinsignificant during collision.
Considering the fact that when the
particle is immersed in a bubble as
depicted in Fig.2, the particle is no
longer surrounded by a reatively
upward liquid flow and these is no
associated wake formation behind the
moving particle.

In addition, the fluid affected by the
particle motion is confined to the
limited portion of the liquid hole
directly behind the particle. The
viscous drag in Eq. (2) is ignored due
to the same reason that the partide is
not surrounded by a relatively upward
liquid flow.

By using the condition of zero
penetration depth a the initid
contact:

t=o0, h=0 ... 3
The initid value of particle
acceleration can  be  obtained
combining Egs. (2) and (3) yielding

a =glls. 6d(1+dp2/2R) (4
rs rdp

Since initially the bubble is ascending
and the particle is descending, the

only possibility that the particle does
not penetrate through the bubble is
that the particle acceerated upward to
catch up with the ascending bubble.
From Eq. (2), it is noted that the
acceleration, a is a monotonic
decreasing function of penetration
depth h. Hence, if the initid
accderation &, IS negaive the
acceleration is always down ward and
the particle always penetrates through
the bubble.

This leads to the first criterion for
partide penetration:

&<o (5)
dlr-rlay e e (6)
d(L+dp/2R)

By differentiating Eqg. (2) twice and
dimination the variable of h using the
reation of d’h/dt® equa to — a the
differential  equation expressed in
terms of the variable "a" adone:

% tazo e ©)

dt

Where

Lomedt L ®)
€or anj

The two initial conditions for Eq.(7)
the:

t=0,a=a = ... (9

And

t 20,% - -WZ(Uh +Up0) ......
The second initid condition is
obtained by differentiating Eqg. (2)
once and dh/dt being the initial
goproaching velocity between the
partide and the bubble. With Egs. (9)
and (10), the acceleration of the
partide can be solved to yield.

a= g cash (o1) — o(Up + Up)

sinh (wt) .. (1D

and the partide ascending veocity
can be obtained by integrating EQ.
(11) toyidd.
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Up:Upo+%s'nh(Nt)— U, +U Jeostfut)-1 (12)
In obtaining Eqg. (12), it is assumed
that the virtual mass of the bubble is
much greater than the mass of the
particle so that the bubble ascending
velocity is not affected by collision.
In order for the particle being caught
by the bubble, the particle has to be
accelerated upwards to the same
velocity of the bubble. From Eq.(12),
the time required to accderate the
particle to the ascending velocity of
U, becomes
tanh(oT)=(UstUgo ) /36 ... (13)
If Eq. (13) is greater than one, T has
no real solution. This implies that is
impossible to accelerate the particle
to the ascending veocity of the
bubble and the particle aways
penetrates through the bubble.
Thus, the second criterion of particle
penetration becomes
UptUp 0 (14)
a,
Physicaly, the condition of eq. (14)
can be met when the particle inertiais
sufficient  to  permit particle
penetrating an adequate depth into the
bubble such that the liquid head
behind the particle becomes dominant
and then after, particle penetration
becomes automatic.
The particle penetration depth, h, can
be estimated by integrating Eq.(12) to
yidd:
h U :\‘Umsinh(wt)- %[cosf‘(wt)- 1 ...(15)

In order for the particle not to
penetrate through, the particle has to
be accderated fast enough to the
ascending  velocity U,  before
penetrating the whole depth of the
bubble, H. This leads to the third
criterion of particle penetration. By
combining EQgs.(13) and (15), the

penetration depth of the particle at
timetis given by:
_UptUpol a
=2 ——dnh (wt )- W%[cosh (wt )- 1

And the third peneration condition
requires that: hp>H ... a7

Thus, the particle will penetrate
through the bubble if any one of the
three conditions, Egs. (6), (14) and
(17), is satisfied.

It is important to note that the three
criteria should be tested in
accordance  with  the  sequence
presented here.

Consequence after collision

There are two situations that could
possibly occur after collision. If a
partide is small and/or light such that
non of the three penetration
conditions are satisfied, the particle is
unable to penetrate through the
bubble and is gected after collision.
Its ultimate penetration depth can be
estimated by Eq. (16). The duration
of the collision process, from the
point when the particle and the
bubble contact to when the partide
being gected, can aso be estimated.
By setting h = o in Eq. (15), the
colliding duration time, T, satisfies
the following equation:

Ub:vup‘)sinh(wtc)- %[cosh(m)-]]:o‘m(l&
Notice that Eqg. (18) may have more
than one solution and tw. = O
automatically satisfies the eguation.
This particular solution is the initial
contact time and should not be
regarded as the solution of the
duration time.
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If, on the other hand, the particle is
large and/or heavy enough such that
a least one of the three penetration
criteria is sdtisfied, the particle
penetrates through the bubble The
bubble being penetrated is assumed to
deform into a doughnut shape, as
depicted in Fig.3. The diameter of the
center hole of the doughnut-shape
bubble is taken to be that of the
penetrating particle. The height of the
doughnut shape bubble, Hy, can be
edtimated by requiring that the
deformed bubble has the same
volume as the origina under formed
bubble;
%PZHﬁ(Hd+dp):%PH2(3R- H) ---(19)
Note that Eqg. (19) has only one red
solution for Hy. The doughnut-shape
bubble only exists momentarily; the
presence of surface tension tends to
reduce the interfacial area of the
bubble will red form accordingly.
There are two different ways that the
surface tension can reduce the
interfacial area. Note that the center
hole of the doughnut-shape bubble in
Fig.(3) has two radii of the curvature
of opposite signs, where R; swings in
the plane of the paper and R, swings
intheright angle toiit.
If R, is greater than R,, the net
surface tension is acting in the
direction of shrinking R,. Thus, if the
particle diameter is less than the
height of the deformed bubble, it
yields
dy < Hg .... (20)
And the center hole of the
doughnut-shape bubble will shrink,
and the doughnut-shape bubble tends
to recover to its original shape. In
such a case, particle penetration does
not result in bubble disintegration. If,
on the other hand, R, is larger than
Ry, ityieds:

>Hs .. (21

And the net surface tension is
acting in the other direction of
shrinking process. Boys (1890)
indicated that a uniform cylindrica
bubble possesses a critical length
equal to the circumference of a
cylindrical bubble beyond which it is
unstable toward necking. Note tha
the shortest length of the doughnut
bubble, I1d, exceeds the
cdrcumferences, TTHg, when Eqg. (21)
is satisfied.

The preceding mechanism

concludes that particle penetration
may nhot necessarily result in bubble
disintegration. The bubble will break
only if the penetrating particle has a
diameter greater than the height of the
doughnut-shape bubble.
Experimental
The experimental apparatus for the
visualization studies of the dynamic
behavior of a single particle and a
single bubble collision is shown
schematically in Fig.4. The column is
constructed of Plexiglas with an
internal diameter 10 cm and a height
of 180 cm.
In order to diminate the optica
distortion by the cylindricd column,
the test section of the column is
enclosed in a square viewing vessd
made of Plexiglas and filled with
water. Although the apparatus is
equipped with a liquid circulation
system, only stationary water is used.
A single gas bubble is generated from
stainless sted nozzle of 0.6 cm
outside diameter located at the centre
of the column bottom using a
solenoid valve. The partide is
dropped manualy from the top
through a guiding tube located at the
center of the column.
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Digital camera type (OLYMPUS, C-
400/Z00M) with high resolution (4
pixels) was used in the experimenta
work. This camera is synchronized
with the solenoid value and the
ascending velocity of the video
camera is adjusted to that of the rising
bubble so that the bubble appears to
be stationary on the monitor through
the collision process.

Three different particles are used in
the experiments and their physical
properties are given in Table 1.

The liquid and the gas employed are
tap water and nitrogen respectively.

In al experiments, the bubble size is
controlled in the range of a spherical
cap bubble for severa reasons.

First, a large spherical cap bubble is
adopted to be consistent with the
assumption of the bubble virtual mass
being greater than the particle mass in
the analysis. In addition a spherical
cap bubble rises more steadily in the
liquid which is essentiad to the
occurrence of head-on collision with
the descending particle, (Kim et a.,
1977).

The use of a spherica cap bubble aso
has the merit of avoiding the
complication due to the
contamination of tap water.

The surface tension at the bubble
roof, particularly for the portion
around the front stagnant point, can
be taken as that of pure water because
the contamination on the bubble roof
is continuously carried a way to the
rear of the bubble by the sweeping
liquid flow.

Results and Discussion

In Figs.5-6, two different phenomena
of single particlesingle bubble
collision are depicted by two series of
photographs reproduced from the
video recorder. The photographs
appear to consist of a number of

horizonta lines, which are caused by
reproduction and enlargement of
pictures from a TV screen. In each
photograph only one field, consisting
of either an odd or an even number of
lines, of the screen is shown.

Figure 5 (ag) shows a series of
photographs of a 2 mm glass sphere
colliding with a spherical-cap bubble,
which represents the collision of a
small and/or light particle with the
bubble.

The time interval between two
consecutive  photographs is  one
sixtieth of a second.

In Fig 5 (8, the partide with its path
shown by a shadow on the photo,
goproaches the bubble amost
verticdly, the particle appears as a
shadow due to two reasons. First, the
reative velocity between the partide
and the bubble is high and the partide
and the particle travels an appreciable
distance during the time interval
when one fidd of screen is taken
(one-sixtieth of a second), where the
Reynolds no and Weber no. are 953
and 5.68 respectively.

Second, due to the characteristics of
the video camera the ghost of the
previous image is superimposed onto
the present image. The arrow on the
photo indicates the location of the
partide In Fig. 5 (b), as the partide
doses in for collision, it is dightly
deflected to the left due to the viscous
effect discussed in the beginning of
the analysis. In Fig. 5 (¢), the partide
collides with the bubble, with the tail
of the ghost of the particle path line
still shown by a diffused line.

In Fig. 5 (d) and (e), the partide
merges into the bubble and
completely disappears. In Fig. 5 (f)
and (g), the particle is unable to
penetrate through and is gected to the
left of the bubble. The duration time
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of collision can be estimated by
counting from Fig. 5 (c) to Fig. 5 (f)
which is about onetwentieth of a
second.

Very similar collision phenomena of
no particle penetration and particle
gection after collision were aso
observed when using the 3 mm *3mm
cylindrical  PVC particlee. The
colliding duration time for the PVC
particle was estimated to be about one
fifteenth of a second.

Figure 6 (a-d) shows the collision of a
3 mm glass sphere with the bubble,
representing the phenomenon for the
collision of a medium particle. In
Fig.6 (b) and (c), the penetration of
the particle is dearly depicted,
showing a funnd shaped hale in the
bubble.

In Fig. 6 (d), &fter the particle
penetration, the funnel-shaped hole in
the bubble start to merge from the
bubble base and the penetrated
bubble eventualy recovers to its
original shape. The particle is able to
penetrate through but is unable to
break the bubble.

Note that the particle path linein Fig.
6 (b) is deflected only very dlightly
by the bubble compared to that in
Fig. 5 (b). Thisis due to the fact that
the 3 mm particle has a greater mass
and Reynolds number which is equa
to 1512.

Comparison of the theoreical
predictions and the experimenta
results are given in Table 2. The
results of the present experiments
using three different partides with
three different collison phenomena
are al very well predicted by the
present criteria with co-efficient
0994, A maximum of 3.5%
deviations was found.

The phenomena of bubble
deformation and the consequent

bubble breskage exactly follow the
proposed mechanisms. The
penetrated bubble indeed deforms
into a doughnut shape.

The recovery of the doughnut-shape
bubble is by the mechanism of
merging the center hole and the
breskup of the doughnut-shape
bubble is by the mechanism of
necking. Note that not only can
the present criteria predict the
qualitative behavior of the partide
collision; they can dso predict it
guantitatively. For instant, the criteria
predict that a 2 mm glass sphere
cannot penetrate through the bubble
while a 3-mm glass sphere can.
Quantitative comparison of the
colliding duration time is give in the
following.

Based on Eq. (15) the penetration
depth, h, as function of time for the 2
mm glass sphere and d, = 2.27 cm is
plotted in Fig. 7. The maximum
penetration depth, hp, calculated by
Eq. (16) is shown in Fig. 7 to be less
than the bubble height, H, predicting
that the particle cannot penetrate
through the bubble, in agreement with
the present observation. Detaled
comparisons with the experimental
penetration depth, however, cannot be
made because the glass sphere cannot
be clearly traced as shown in Fig. 5
(d) and (e).

The colliding duration time, T, is the
point a which the penetration depth
retreats to Zero, which is estimated to
be 0041 s The expeimentd
collision time is estimated by
counting the number of video frames
from the particle contact to partide
gection.

For both cases involving a 2 mm
glass sphere and a 3 mm * 3 mm
PVC cylinder, the colliding duration
times are very precisely predicted, as
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shown in Table 2. The discrepancies
of the predictions are within the
precision of the time measurement
(one-sixtieth of a second) by the
present method.
The  experimentd results  of
Henriksen and Ostergaard (1974) and
those of Frijlink (1987) are aso used
for comparisons in Table 2
Henriksen and Ostergaard (1974)
employed a different experimenta
technique of continuous downward
liquid flow through a taped tube to
hold the bubble stationary. In their
experiments, a spherical cap bubble
with sizes 2 cm nearly similar to
those in the present experiments was
used.
Concluding Remarks
Two criteria of partide penetration
through a bubble are established
based on the collision theory between
a single particle and a single bubble
The particle is predicted to penetrate
through the bubble if any one of the
two penetration criteria is satisfied. It
is shown that partide penetration is
only a necessary, but not the
sufficient  condition for  bubble
disintegration in the case of single
particle-single bubble collision.
The penetrated bubble is shown to
deform into a doughnut shape and the
bubble will disintegrate only if the
penetrating particle has a diameter
greater than the height of the
doughnut-shape bubble.
Based on experimenta observations,
there exist two different phenomena
underlying the collision between a
single particle and a single bubble in
aliquid medium.
1. A smal and/or light particle (2
mm glass sphere and 3 mm *3
mm PVC cylinder is unable to
penetrate through the bubble
and is gected after collision.

10

2.

A medium particle ( 3 mm
glass sphere can penetrate
through the bubble but may not
disintegrate the bubble.

These two different phenomena are

al wdl predicted by the present

theory.

Notations

a upward acceeration of the
partide during collision,
L/T?.

& initial value of the partide
accderation, a, L/ T2

b bubble width, L.

d» Equivalent diameter of the
bubble, L.

d, patidediameter, L.

F net upward force acting on
the particle during collision,
N.

g gravitational acceleration, L/ T2

h partide penetration depth, L.

hy  the degpest penetration of the
partide L.

H bubble height, L.

Hq  height of the doughnut-shape
bubble, L.

DP pressure difference between
the bubble and the adjacent
liquid before collision, N/LZ.

R radius of curvature of the
bubble, L.

R:; radius of curvature of the
deformed bubble, referring to
Fig.3, which equals Hy/2, L.

R, radius of curvature of the
deformed bubbles, referring
to Fig.3, which equals dy/2,
L.

t time,T.

Us bubble ascending velocity,
L/T.

U, partide descending velocity,
L/T.

Upe initial descending velocity of

the partide, L/T.
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W,  weber number, psUy” dy/d

Greek letters

p. liquid density, M/L3.

ps  solid density , M/L3,

d Surface tension, N/L.

T time required to acceerate

the particleto Uy, T.
Te the duration time of the
whole collision, T.

Os sphericity of the particle.

® angular velocity defined by

eq. (8), UT.
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Particles

Size (mm)

particles emplo

ed in the experiments

Density (g/cm’)

2mm glass beads
3mm glass beads
PVC cylinder

2 Sphere (0s = 1.0)
3 Sphere (0s = 1.0)

3*3

Cylindrical

25
2.52
147

Table(2) Comparisons of the theoretical predictions and the results from
the present experiments and those from Henriksen and Ostergaard's

Investigators

Particles

1974) and Frijlink's (1987) experiments.

Bubbles

Experimental
results

Predictions
based
On the present
criteria

b=3.58 cm

H=0.91 cm

dp,=2.27 cm
Up,=28.6 cm/s

b=3.47 cm
H=0.91 cm
dp,=2.22 cm

Up,=28.6 cm/s

b=3.47 cm
H=1.08 cm
dp,=2.35cm
Up=30 cm/s

No particle
Penetration,
Particle
Ejected after
Cadllision
0.033s< 1.< 0.05s

No particle
Penetration,
Particle
Ejected after
Cadllision
0.05s< t.< 0.067s

Particle
Penetration,
No bubble

breakup

No particle
Penetration,
Particle g ected
After callision
1.~=0.041s

No particle
Penetration,
Particle g ected
After callision
1.=0.057 s

Particle
Penetration,
No bubble

breakup

Henriksen
and
Ostergaard
(1974)

dp=2cm
dp,=2cm
dp,=2cm

13

Particle
Penetration,
No bubble

Breakup
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Particle

Bubble
Figure (1) System configuration of Figure (3) System  configuration
a particle approaching spherical-cap of a doughnut-shape bubble
bubble

T AT e R ey
N (EEHEN

Figure (2) System configuration of Figure(4) schematic diag_ram of an
aparticlecaliding with a spherical-cap expe_nmenta] "?‘ppaff"‘I“Sfor visual st_uc_jles
bubble of single particle- single bubble collision
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Figure (5) Collision sequence of a 2-mm
glass sphere and a spherical-cap bubble
(dy=2.27 cm), taken by Digital cameratype
(OLYMPUS, C-400/Z0O0M) with high
resolution (4 pixels), the particle indicated
by the arrow, does not penetrate
through and g ected to the | eft
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Figure (7) Prediction of the
penetration depth vs. time
relationship of the calision of
a2-mm glasswith abubble
(b=3.58 cm, H=0.91 cm,
dp=2.27 cm)

Figure (6) Cdllision sequence of a 3- mm
glasssphereand a spherical-cap bubble
(dy=2.22 cm), the particle indicated
by the arrow, penetratesthrough but
not break the bubble
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