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Gas Interchange between Bubble Phase and Continuous
Phase in Gas-Solid Fluidised Bed at Coalescence

By

Ryozo Toer*, Ryuichi MaTsuno* and Keiichi NisHITani*

(Received December 27, 1969)

By investigating the phenomena of coalescence of bubbles from the view point of gas
interchange, the mechanism of interchange at coalescence in the case of two bubbles on the
same vertical line was explained with the aid of Murray’s method which gave the gas stream
function.

CO; gas bubbles were blown into a two dimentional air-fluidised bed at the point of
minimum fluidisation through a single nozzle. The concentration of the bubble and of the
continuous phase was measured and the gas interchange coefficient was obtained. From it,
the amount of gas that flowed out from the cloud was obtained and it coincided fairly well
with that obtained from the gas stream line.

Although the experimental system was a special case where bubbles were formed only
from a single nozzle, the method for obtaining the gas interchange coefficient, that includes
the effect of coalescence, was explained if the distribution of the frequency and the rising

velocity of the bubble were known.

§1. Introduction

Gas interchange between the bubble phase and the continuous phase is very

important in the operation of a gas-solid fluidised system. The authors have already

studied this subject, between a single bubble and the continuous phase in a two

dimensional fluidised bed'®.

However, since the coalescence of bubbles occurs frequently, this effect on the

gas interchange should also be considered. Muchi et al.? investigated the behaviour

of gas around bubbles at coalescence and pointed out the important effects of

coalescence.

Furthermore, the authors have also studied the mechanism of coalescence of

two bubbles, based on the motion of each.®

In this work, gas interchance between bubbles and continuous phase brought

* Department of Chemical Engineering



Gas Interchange between Bubble Phase and Continuous Phase in Gas-Solid Fluidised Bed at Coalescence 195

about by coalescence was investigated.

@® The gas stream line around two bubbles when these were on the same
vertical axis and coalesced in a two dimensional fluidised bed was obtained by
Murray’s method®, and the amount of gas which flowed out from the cloud to the
continuous phase during this process was calculated.

® Motion of the gas expelled from the bubble during coalescence was
observed by blowing two NO: gas bubbles into a two dimensional air fluidised
bed at the point of minimum fluidisation with a short time interval between them
and was compared with the calculated results from @.

® CO: gas bubbles were blown continuously through a single nozzle into
an air-fluidised bed held at the point of minimum fluidisation. The concentration
of CO: gas in the bubble and in the continous phase was measured at various
positions in the bed. Thus, the gas interchange coeflicient for the case of coalescence
was obtained.

A model was proposed in which this coefficient was assumed to be the sum of
the gas interchange coefficient of an isolated rising bubble and that at coalescence.
The amount of gas that flowed out from the clouds during one coalescence was
obtained based on the experimental values of the gas interchange coefficients.

This was compared with that obtained from the calculation of @.

§2. Gas flow in the case of two bubbles rising on the same vertical axis
in the two dimensional fluidised bed, and the calculation of the amount

of gas that flows out from the clouds during a coalescence.

Using the complex potential for the particles when two bubbles of the same
radius a are rising on the same vertical axis with a distance ¢ between their centres
in the two dimensional case the complex potential of the gas is obtained By Murray’s
method?®.

The non dimensional complex plane z is considered. The origin of the coord-
inate is at the centre of the upper bubble. The real axis is in the direction of the
bubble movement and the imaginary axis is in the perpendicular direction. By
assuming that the motion of the particle around the bubbles is that of an ideal fluid
around two cylinders, the non dimensional complex potential of the particle flow
relative to the upper bubble is obtained as follows®,

had * e *
= r— S A N T
Wio=—az—a| ) Ao &0t M
nel =0

n

Where z and Wpe(z) are non dimensional quantities with respect to the radius of
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bubble 4 and the product of the intersticial gas velocity U, and a respectively.
Further,

a=U/Uo, a’:V/UO, ;L,.*=[L,,/az, Zn*:“‘fﬂ/a;
z*=—(c—fa)la,  fo=0, m=a’
for odd n,  fai=c— ’

a?
3 = — pn-lm

C—Jn-1

2 2

for even n SE P

s fn fn L Hon Hn-1 fn 2
In Murray’s method®, the convective term of the equation of motion is ap-
proximated by Oseen’s lenearization®. In addition to this, the following assumption

is made:—

Although coalescence is an unsteady phenomenon, it is assumed that the system
is instantly in a steady state. With these two assumptions, the next equation is

obtained,
WAz)=2+ Wp(z)—dFa[a+%§l] -

By substituting Eq. (1) into Eq. (2), the following equation is obtained.

had * r 2 ®
WiR)=—(a—z—a| ) 2w+ ) 2
n=0 n=0
< * r e *
_ 2 Hon XN BT
cFa l:”Zo (Z_Zn*)z N a ﬂZ‘) (Z—Zn,*)z :| (3)

In Eq. (8), /Fa? was taken as 1/4. This was the same value obtained by
Murray for a single bubble.

Although a and o should be chosen so as to make the pressures near the top
surfaces of the upper and lower bubbles constant, the experimental result of previous
works®® on coalescence in the same vertical line (Fig. 5 of reference 8) and Fig. 1
of 9) was used.

We(z) is written as
Wiz)=¢s+ips )

From Egs. (3) and (4), the stream function of the gas flow and the velocity
distribution of the gas around the bubbles are obtained. From this velocity, the
movement of gas elements whose initial positions at the beginning of the process of
coalescence are at the surface of the clouds of the upper and lower bubbles can be
calculated numerically (by computer) for the case of one coalescence.

Results for the cloud of the upper bubble are shown in Fig. 1. The critical
non dimensional distance ¢* between the centres of the bubbles within which coales-
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™~ surface
- of bubble

Fig. 1. Drift line of cloud surface of upper bubble during a

process of colasescence.

cence is possible is 4.0. However, if the calculation is started from c¢*=4.0, the
bubbles never coalesce since the rising velocities of the upper and lower bubbles are
thesame at c*=4.0. So, the calculation was started taking initial distance as ¢*=3.8
It is clearly shown in Fig.1 that the gas elements which were at the surface of the
cloud at ¢*=3.8 flow out from the lower part of the cloud with a decrease of the
distance between the centres of the bubbles. Furthermore, the greater the amount
of gas that flows out from the cloud is, the larger the particle size, i.e., the smaller
the value of «. That is, the effect of coalescence is considerably greater the larger
the particle size.

Although gas flows out from the cloud of the lower bubble also, its amount is
not very large. The rising velocity of the lower bubble changes continuously during
¢*=3.8 to 2.28 and is 2.7 times larger than that of the upper bubble during ¢*=2.28
to 2.0 as shown in the previous paper®®. Although the time interval during ¢*=2.28
to 2.0 is short, the rate of outflow of gas is considerable.

During the period from ¢*=2.0 to 0.0, that is the period after the lower bubble
overtakes the bottom of the wake of upper one, Eq. (3) has no significance. In this
paper the calculation for this period was carried out by the expedient method to be
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refered to later. However, since it is an approximate method, the gas flow after the
lower bubble overtakes the upper one should be further investigated.

Two visible brown NO: gas bubbles were blown into a two dimensional air
fluidised bed at the point of minimum fluidisation during a short time interval and
were photographed with a 16 mm cine camera. The apparatus was basically the
same as that used in the previous work!®.

A sketch from the film is shown in Fig. 2. Fig. 2A refers to the coalescence
of bubbles on a common vertical axis and B refers to the case when they are not on
the same vertical line. The particles used are 42~48#% glass beads in both cases
and « is small (a@=2).

Qualitatively, the behaviour of NO. gas around the upper bubble shown in
Fig. 2A coincides fairly well with the calculated behaviour of the gas shown in
Fig. . The outflow of gas decreased with increase in « as predicted although the
experimental result for larger a is not shown in Fig. 2.

The following patterns of behaviour of NO. gas are shown in Fig. 2 A.:—

‘The gas within the cloud of the upper bubble flows out down-stream and the
cloud of the lower bubble is sucked into the upper one as shown in Fig. 2A (i) and
(i)). During this process, the dense phase gas between the upper and lower bubbles
flows into the upper one. With lapse of time, the gas that flowed out from the

bubble boundary
cloud boundary

BER

A (D) (§1)) (i) (iv)

@Q@Q

B (1) (i)
Fig. 2. Sketch of the behaviour of NO, gas around the bubbles
during a process of coalescence (42~48% glass beads).

A. In the case of coalescence of two bubbles standing on
the vertical line.

B. In the case of coalescence of two bubbles not standing
on the vertical line.



Gas Interchange between Bubble Phase and Continuous Phase in Gas-Solid Fluidised Bed at Coalescence 199

upper cloud surrounds the NO: of the lower bubble as shown in (iii), but the
boundary of NO. of both upper and lower bubbles remains distinct.

When the two bubbles have become one roughly stable single bubble after
coalescence, NO: gas that flowed out down-stream is left behind.

The amount of gas lost from the clouds of upper and lower bubble after one
coalescence, should mean that which was inside the clouds of both at the beginning
and is left behind the cloud of the stable single bubble formed by coalescence. How-
ever, since Eq. (3) has no significance during ¢*=2.0 to 0.0 as mentioned above,
calculations like those shown in Fig. 1 cannot be carried out. So the amount of the
gas K[cm?] that flowed out during one coalescence was calculated by the following
epxedient method.

The amount of gas that flowed out from the cloud of the upper bubble at
c*=3.8 to 2.0, that is, the area surrounded by the cloud surface at ¢*=3.8 and its
drift line at various ¢* is calculated by graphical integration on Fig. 1 and is mul-
tiplied by éms. The rate of outflow is calculated by differentiating the above
quantity with respect to time.

An example of this is shown in Fig. 3 by the solid curve. The abscissa is the
dimensionless time ¢* and the ordinate is the dimensionless rate of outflow Q. Qis
obtained by differentiating the amount of outflow with respect to dimensionless
time ¢* and being divided by ds.

The rate of outflow during ¢*=2.0 to 0.0 is assumed approximately as that
near ¢¥=2.0, since Eq. (3) cannot be used.

It is shown in Fig. 3 by the dotted line. The amount of gas which flowed out

X1072
16 C*=2.0 C*= 000

12

=8

; /
4 % ]
"] =eo

3 4 5

0

0 1 2
t* [-]
Fig. 3. Flowing out rate of gas from the cloud of upper bubble.
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10 2.0 40 6080700 200
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Fig. 4. Amount of gas flowing out from the clouds by one coalescence.

Solid line shows the calculated value from the stream line.

from the cloud of the upper bubble is obtained by multipling the area under the
solid curve and dotted line by d,2

The same process is repeated for the lower bubble. Then, the total amount of
outflow, K is the sum of these.

Since Eq. (3) is a dimensionless equation with respect to @ and U,, and the
drift line of the cloud surface calculated from it is similar to Fig. 1 with the same «a
even if the bubble diameter changes, K is proportional to ds* and then K/d,* is a
function of @ only. The calculated result is shown in Fig. 4 by a solid line. The
amount which flowed out from the cloud of the lower bubble is about 20~30 9,
of K.

In this way the amount of the gas flowing out from the cloud is calculated and
an equal amount flows into the clouds from the continuous phase.

For the sake of simplicity, the calculation was only carried out for the case of
the same bubble size as in Fig. 4. However, the coalescence of various bubble size
ratios takes place in actual fluidised bed.

Fig. 2 B shows, sketched from the film, the behaviour of NO. gas at coa-
lescence of bubbles not lying on the same vertical axis.

It differs very much from that of coalescence on the same vertical axis. Al-
though the calculation for coalescence not on the same vertical axis is difficult, the
investigation for this case is necessary since in reality it takes place with a relatively
high frequency.

§3. Experiments with CO; gas and discussion.

CO:. gas bubbles were blown into a two dimensional air-fluidised bed at the
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point of minimum fluidisation through a single nozzle installed at the centre of the
bottom. Then, the distribution of the concentration of the bubbles, in the vertical
direction, and of the time average concentrations in the bed were measured and

the gas intecrhange coefficient was obtained.

3.1 Experimental apparatus, method and conditions

The fluidised bed apparatus used was almost the same as that used in previous
work' and the width, thickness and height were 40 cm, 1.5cm and 120cm re-
spectively. The sampling device for the gas in the bubble was the same as
previously!®. Fig. 5 shows a schematic diagram of the sampling device for con-
tinuous phase gas and it consists of the installation device 4 and the pipette B
(volume=100cc). By opening both cocks of the pipette by a suitable amount, the
gas in the bed is discharged spontaneously at a suitable rate due to the pressure
difference between the bed and outside.

The maximum discharge rate of gas that did not effect the fluidising behaviour

Fig. 5. Schematic diagram of sampling section of continuous phase.
Wall of two dimensional fluidised bed

200% sieve ® Packing

Needle of injector 1¢ I.D.

Sampling pipette ca. 100cc

CXCNCRONS)

Rubber stopper @ Two ways cock



202 Ryozo ToEr Ryuichi Marsno and Keiichi NisHrTant

Table 1. Experimental condition

Particle formfiee) | e (=1 | Run | TEAP | GO 0F | fecseen)

1 19.2 554 548

42~48¢ glass beads 8.20 | 0400 | 2 20.0 383 545
3 21.0 267 545

80~100¢ glass beads 247 | 0408 | * 21.0 274 151
5 17.0 175 160

was about 50cc/min. The gas in the pipette was sampled from the rubber stopper
by the gas sampler of gas chromatography while discharging the gas and the con-
centration was analysed by gas chromatography. The sampling was continued
until the concentration in the pipette became constant. The time required for
obtaining constant concentration was on the average five minutes.

The whole of the fluidised bed was photographed using a 16mm cine camera
and the frequency distribution and the velocity of bubble rise were measured.

Since sampling of the gas in the bubble and in the bed and photography with
the 16 mm cine camera could not be carried out simultaneously, they were done
separately.

Experimental conditions are shown in Table 1.

The particles used were 42~48% and 80~100* glass beads.

3.2 Experimental results and discussion
3.2.1 Calculation method for the gas interchange coefficient k,r based on the

surface of the bubble.
It is assumed that the voidage fraction of cloud is & and the concentration
in the cloud is the same as that in the bubble.

Taking the mass balance for the cloud of one bubble, for a short time interval

with respect to the tracer gas, Eq. (5) is obtained.

4
V,%Hcngb Vi(cs—c,)=0, )
where
Ve Vo[l + & V. /Vo—D)]. ®)

V.|V, is the ratio of the cloud volume including the particle volume to the
bubble volume and is a function of @. V. is the volume of the cloud excluding the
particle volume. The relation between the rising distance of the bubble and the
time is

dx=Udt. v (7)
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From the above equation, the gas interchange coefficient k.7 based on the
bubble surface can be determined experimentally.
In the next section, a description is given of the various values which are neces-

sary in order to calculate k7.

3.2.2. Frequency, rising velocity and diameter of bubble.

The frequency n and the rising velocity of the bubble were measured from the
16mm cine film. The relation between the frequency of the bubble and height of
bed could be almost represented by a single curve approximately independent of
the flow rate, as could be done with the previously reported results”. The effect
of particle size was also small. The results are shown in Table 2 (average values).
The measured rising velocities are also shown in Table 2.

The bubble diameter was obtained as follows. At first, it was assumed that
the gas flow rate blown into the bed through nozzle became the cloud flow rate.

On the other hand, the relation between a and V.//V, was obtained from
NO:; gas experiments for a single bubble. The results coincided well with the results

Table 2 Partial list of experimental results

Run X n U v,/v,, d[, (4] 73 kgT kgT/kgg a K K/d[;z
[em] | [I/sec] [em/sec] [—] | [em]| [—] | [—] |[cm/sec] [—] | [—] |lem?]]| [—]

10 5.05 59.0 | 1.176] 8.95 0.906! 0.320 2.318 | 2.43 | 2,88 14.31 0,179

1 30 2,52 66.0 | 1.144] 12,79/ 0,780 0.370; 2.473 | 2.38 | 3.22 | 41,15/ 0,252
50 1,92 68.0 | 1.140) 14.67| 0.720/ 0.404| 1.979 | 1,80 | 3.32 (50,47 0.235

70 1.67 68.0 | 1.140; 15,50, 0,688 0,428 1.548 | 1,37 | 3.32 | 73.47| 0,306

10 5,05 54,0 | 1,208 7.33 0.880l 0.329| 2,083 | 2,40 | 2,63 | 11.86] 0.221

9 30 2,52 63.0 | 1,160 10.52 0.754| 0.376] 2,339 | 2.42 | 3.07 | 33,92 0,306
50 1,92 66.0 | 1,148/ 12,20| 0,680 0.404| 2,009 | 1,97 | 3.27 | 46,22 0,311

70 1.67 67.0 | 1.148] 12,98| 0,641} 0,421| 1.634 | 1,56 | 3.27 | 85,90 0,509

10 5.05 51.0 | 1.224] 6.09 0.847 0.331 3.247 ;1 2.71 | 2.49 | 12,22 0.330

3 30 2.52 54,0 | 1,204/ 8.66; 0,688 0.357| 2,126 2,34 | 2,64 | 28,91| 0,434
50 1.92 55.0 | 1.196) 10.00; 0.619: 0.370| 1.519 | 1.60 | 2,68 | 27.74; 0,227

70 1.67 55.0 | 1.196; 10.53| 0.581| 0,375 1,093 | 1,13 | 2,68 | 18,50 0, 167

10 4.93 49,0 | 1,102 6,72/ 0.918 0,480, 1,450 | 1,646 | 8,10 | 4,98 0,110

4 30 2,47 52,0 | 1,102 8.84| 0.826; 0,546 1.311 | 1.402 | 8.65 | 8.71] 0,112
50 1,71 56.0 | 1.102; 11,18/ 0,788/ 0.595| 1.372 | 1.372 |9.26 | 16.60 0,132

70 1.45 57.0 | 1,102 12,25/ 0,768| 0,621| 1,220 | 1,197 | 9.42{ 20,0 | 0,133

10 4.33 43.5 | 1,098/ 5.38 0.905| 0.555 1.374 | 1.618 | 7.19} 4.15 0.144

5 30 2.47 47.0 | 1,098, 7.08; 0.805 0.606| 1.470 | 1.686 | 7.76 | 12,3 | 0, 245
50 1.71 49.0 | 1.098, 8,95 0.760| 0,630/ 1,297 | 1.380 |8.10 | 14,5 | 0,181

70 1.45 51,0 | 1,098 9.80] 0,742 0,639 1.051 | 1.095 | 8,43 | 8.11} 0.083
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of Rowe et al.® and Murray’s equation®. Since the frequency and the rising velocity
of the bubble had been obtained at various heights of the bed, V. of Eq. (6) was
obtained by dividing the flow rate at nozzle by the frequency. V. [/V; was obtained
from the rising velocity and finally, ¥, and ds were obtained from Eq. (6). V[V
and ds are shown in Table 2.

The above assumption that the flow rate at the nozzle became the cloud flow
rate differed from the two phase theory'®. However, since the following factors
were known, the above assumption was made.

@ It was shown in a previous paper” that the two phase theory did not hold
when the particle size was large, that is, the flow rate in the continuous phase is
greater than the minimum fluidisation flow rate. @ For a given volume of gas
blown into the bed as a single bubble, the bubble volume is smaller the larger the
particle size. @ It was known from the NO; gas experiments that a cloud was
formed at the instant of bubble injection. @ Rowe et al.® stated that the gas flow
rate above minimum fluidisation flow rate flowed as clouds.

3.2.3. Concentration of bubble and continuous phase.

The CO: gas concentration of the bubble in the vertical direction is shown in
Fig.6 and in Table 2.

Examples of the time average concentration in the bed are shown in Fig. 7.

The bed is divided into vertical strips.

The ratio of the inter phase area between the bubble and the continuous phase,
included in one division, to the total inter phase area at a given bed height changes
from division to division in this experiment and so differs from the normal fluidised
bed.

1.0
o 08— i i
5 l .u.n 3
0.6 .\'-

1 | | 1
|
0] 20 40 60 80
Height from mezzle x [em]
Fig. 6. An example of distribution of CO; gas concentration of bubble
in the vertical line,
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1.0 =

08—

Run 3

'T 0-6 X dp
o [em) [em]
3 20 1756
© oal- 40 936
60 10.34
80 10.75.
0.2
0 |

o] 4 8 12 16
Horizontal distance from nozzle y {cm)

Fig. 7. Local time average CO, gas concentration in the bed.

The ratio is small on the vertical axis above the nozzle and increases with the
distance away from the central axis.

It has a maximum value at » equal to the cloud radius and is zero at y larger
than this. There is a resistance of the gas mixing in a horizontal direction in these
experiments.

For the above reasons, the time average concentration in the bed shows the
distribution in the horizontal direction as in Fig. 7.

Then ¢ in Eq. (5) should be taken as the value which is obtained by averaging
the concentration of the continuous phase at an arbitrary position in the y direction
by weighing the ratio of the inter phase area between the bubble and the continuous
phases which passes through that division to the total inter phase area.

Since the time average concentration c. in the bed means the time average
concentration of the bubble and the continuous phases, the concentration in the
continuous phase can be obtained from c., as follows.

Since the frequency, rising velocity and cloud diameter of bubble are known,
the ratio of the average time when the sampling position is covered by the bubble
phase to that of the continuous phase is calculated.

Then the concentration of continuous phase is calculated from it by using the
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known concentration in the bubble phase and the time average concentration in the
bed.

From this concentration of the continuous phase, ¢, is obtained by an averaging
method. But the above method has the following two defects.

@ As the pressure difference between the bed and outside when the sampling
point is covered by the bubble phase differs from that when it is covered by the
continuous phase, the correct time average concentration can not be obtained at the
point where bubble phase passes through. @ When the bubbles coalesce, the gas
which flows out from the top of the lower cloud into continuous phase reenters into
the upper bubble as shown in Fig. 2A. Although such gas should be considered
as the gas of the bubble phase, it is calculated as the gas of the continuous phase
in the above mentioned calculating method.

Instead of the above method, the time average concentration at the radius of
the cloud in a horizontal direction (which is now equal to the concentration of the
continuous phase) is taken approximately as the concentration of continuous phase

¢s under the assumption that the gas of the continuous phase is well mixed where

3.0
) Ll
.80 68 |
] I l I x ; A
8
0.0

0 20 40 60 80
Height from nozzle x (cm)

(a)
L
L ¥
‘;82.0 8
\; * a A
< ]
1.0
0 20 40 60 80
Height from nozzle x (cm)
(®) 0O A b e a

Run 1 2 3 4 5
Fig. 8. (a) Gas interchange coefficient based on the surface
of bubble.
(b) Ratio of gas interchange coefficient involving the
coalescence to that for single bubble.
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the bubbles pass through. It is shown in Table 2.

3.2.4. Gas interchange coefficient based on the surface of the bubble.

By substituting the above mentioned values into Eq. (5), (6) and (7), ker was
obtained. The results are shown in Table 2 and Fig. 8 (a), and the ratio of k.7
to the gas interchange coefficient for the single bubble £, that was obtained from
the model of previous paper'® at the same condition for which kgr was obtained is
shown also in Table 2 and Fig. 8 (b).

It is known from these results that kg is large at the lower part of the bed where
the frequency of coalescence is very high, and is small at the higher part of the bed
where it is less. Further, as shown in Fig. 8 (b), kzr becomes close to the gas
interchange coefficient for a single bubble in the upper part of the bed.

At the lower part of the bed the interchange coefficient for the larger particle
size, that is, smaller «, is large. It means that the effect of the coalescence is greater
the larger the particle size as mentioned in §2. The effect of the gas flow rate at
the nozzle is small.

3.2.5. The amount of gas that flows out from (or into) the cloud.

If a model is assumed that gas interchange due to the single bubble motion and
interchange due to coalescence occur in parallel, and £,r obtained in the experiment
is the sum of the two interchange coefficients, the amount of gas K that flows out
from (or into) the cloud is obtained by the following equations.

k,r=k,,+—5—( dn )U ®)

nwds \  ndx

The first term of the right hand side is the gas interchange coefficient for the
single bubble obtained from the model of the previous paper'®.

Since kgr was obtained from the mass balance. for the cloud in present work,
kg which was not multiplied by the volume correction factor'® is used. (—dn/ndx)
in the second term is the number of coalescences per bubble during a rise of 1cm..

K was obtained by substituting experimental values of k,r and calculating £,
in Eq. (8) and is plotted in Fig. 4. Although the experimental points scatter very
much, they broadly follow the values obtained in § 2.

It is knwon from Fig. 4 that the effect of the coalescence is very much more for
small a and is smaller for large a, that is, smaller particle size or smaller particle
density. In a catalytic reaction, ums is very small because of the small particle size
and density. So, in general a is very large and the effect of coalescence is very
small except in the lower part of the bed.

From the above results, the gas interchange coefficient that includes the effect
of the coalescence is obtained if the distribution of the frequency and the rising
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velocity of the bubble are known.

§4. Summary and Conclusion

@® By investigating the phenomena of coalescence of bubbles from the view
point of gas interchange, the mechanism of interchange at coalescence for the case
of two bubbles on the same vertical line was explained with the aid of Murray’s
method which gave the gas stream function.

® CO: gas bubbles were blown into a two dimensional air-fluidised bed at
the point of minimum fluidisation through a single nozzle. The concentration of
the bubble and of the continuous phase were measured and the gas interchange
coeflicient was obtained. From it, the amount of the gas that flowed out from the
cloud was obtained and it coincided fairly well with that obtained from the gas
stream line.

® Although the experimental system was the special case where bubbles were
formed only from a single nozzle, the method for obtaining the gas interchange
coefficient, that includes the effect of coalescence, was explained if the distribution
of the frequency and the rising velocity of the bubble were known.

Fortunately, the curves of the frequency distribution of the bubble along the bed
height obtained by many investigators are in good agreement. It can be expected
that the gas interchange coeflicient including the effect of coalescence can be
obtained from the frequency curve together with an understanding of the mechanism
of coalescence. So, here after, the investigation of gas interchange at coalescence
for the case where bubbles do not lie all in the same vertical axis and the present

work’s extension to three dimensional bed should be carried out.

Nomenclature
a =radius of bubble [cm)
¢ =distance between the centers of two bubbles fcm]
¢*  =c/a, dimensionless distance between the centers of two bubbles [—]
¢ =local time average concentration in the bed [—]
¢s, ¢ =concentration of bubble phase and continuous phase [—]
¢ =the constant introduced by Murray® [—]
dy  =diameter of bubble [cm]
F  =Us/ga, Froude number [—]
g =accelaration of gravity [cm/sec?]
G:. =flow rate of CO: gas at nozzle [cm?/sec]

i =unit complex number [—]
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ker  =gas interchange coefficient based on the surface of bubble [cm/sec]
kgr  =gas interchange coefficient for a single bubble [em/sec]
K  =amount of gas which flowed out from the clouds during

a coalescence fcm?]
n =frequency of bubble [numbers/sec]
.  =non-dimensional flowing out rate of gas from the cloud [—]
t =time [sec]
t* =non-dimensional time, (U-f)/a [—]
Uny =minimum fluidsing velocity fcm/sec]
U  =rising velocity of upper bubble or bubble [cm/sec]
Us  =ums/éns intersticial gas velocity [cm/sec]
V' =rising velocity of lower bubble [cm/sec]
vs  =volume of bubble [em?]
v.  =volume of cloud excluded particle volume [em?]
v =volume of cloud included particle volume [cm?]
ws(z)=non-dimentional complex potential of gas [—1]
wy(z) =non-dimentional complex potential of particle [—1]
x =vertical height from nozzle [cm]
y =horizontal distance from nozzle [cm]
z =non-dimentional complex coordinate [—]
a =U|U., [—]
od  =ViU. [—]
&ny =void fraction at minimum fluidising state [—]
¢s =non-dimentional velocity potential of gas [—]
¢s =non-dimentional stream function of gas [—]
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