NOTATION

u, V, W, axial, radial, and tangential velocities; €, scalar turbulent viscosity; L,
mixing path; Us, Wo, characteristic axial and tangential velocities at the outlet of the
swirling units; n, @, degree and angle of initial swirling; ¥, degree of blocking of channel;
r, characteristic radius of curvature of annular channel; 7, length of recirculation zone;

g = (y-R)/H.
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MOTION AND MASS TRANSFER OF BUBBLES IN FLUIDIZED BED

V. A, Borodulya, Yu. A, Buevich, and V. I, Dikalenko UDC 66.096.5

Data on the rise velocity and mass—transfer coefficient of single gas bubbles in
beds of particles of various dimensions in a state close to minimum fluidization
are obtained and discussed.

Mixing processes in chemical reactors and other equipment with an inhomogeneous fluid-
ized bed depend on the behavior of gas bubbles and their interaction with the dense phase
of the bed, and to a considerable extent determine the efficiency of their operation.

Despite the considerable amount of factual material on the properties of bubbles and
their effect on the distribution of the gas flows and particles obtained in recent years
both in laboratories and in industrial conditions (see [1], for example), the complete pic~
ture of bubble behavior in the bed remains unclear in many important details, This is be-
cause many heterogeneous physical factors affect the behavior of the bubbles in a two~phase
medium and because most experiments refer to a narrow range of variation of the determining
parameters. Therefore, the present work is a systematic investigation of the dependence of
the two most important bubble characteristics — the rise velocity and the mass-transfer co-
efficient with the dense phase of the bed — on only twoc parameters: the dimensions of the
bubble itself and of the particles of which it is composed.

Experimental Method

The basic features of the apparatus used were described in [2]. Various fractions of
quartz sand (see Table 1) were fluidized by air at the same temperature in a column of cross
section 0.2 x 0,2 m; the height of the motionless filling in all experiments was 0.5 m. Trac—
ing gas (CO:) was introduced into a bed in a state close to minimum fluidization through a
pipe of diameter 0.004 m running along the central axis of the column at a height of 0.04 m
above the gas-distribution plane and through a system of reducers and an electromagnetic
valve. The volume of the bubble forming was regulated by changing the duration of the volt-
age pulse supplied to the electromagnetic pulse from a monovibrator and the excess gas pres-
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TABLE 1. <Characteristics of Quartz—Sand Fractions Used in Ex~

periments
Fraction composi~ - |Mean diameter |Density p_- - |Fluidization rate
tion 2¢ +10°, m Content, wt.% 2¢ay 105, M |10, ko ! u, -10%, m/sec
1,0—2,5 ’ 1,30
0,63—1,0 46,9
0,4—0,63 50,7 0,63 2,6 24,3
0,315—0,4 0,008
0,2—0,315 0,003 .
0,4—0,63 : 100 0,51 2,6 21,2
0,4—0,63 1,4 :
0,315-0,4 3,4
0,2—0,315 63,2 )
0,16—0,2 11,2 0,25 2,6 5,6
0,1—0,16 10,5 '
0,063—0,1 0,9
0,2—0,315 100 0,25 2,6 5,8
0,16—0,2 100 _ 0,18 2,6 3,1
0,1—0,16 100 0,13 92,6 1,8

sure at the valve, Gas samples were taken automatically from the bubbles rising along the
column axis, in accordance with the signals from photosensors positioned 0,240 and 0.436 m
from the gas distributor. Use was made of a modification of the method of automatic selec-
tion adopted earlier in [3] in studying the mass and heat transfer in a two-dimensional
fluidized bed.

The sample-selection system consisted of a sensitive element (a photodiode with a lamp),
a photopulse amplifier, and an actuating device associated with the plunger of a syringe.
When the bubble reaches the sensor, which until then has been obscured by particles, the di-
ode is illuminated, and the resulting signal is amplified and fed to the electromagnetic re-
lay of the actuating device, The relay triggers, and the syringe plunger is set in motion
by the elastic force of a rubber band connected to the plunger. Gas from the bubble is
drawn into the syringe through a needle of internal diameter 0.001 m, and the CO. content
in the sample was determined by means of an analysis on an LKhM 7A chromatograph.

At the same time as the gas samples were collected, the pulsed signals of the sensors
formed by the passing bubbles were recorded on an N-327/3 automatic recorder. The vertical
bubble dimension 2R* and the velocity U of bubble motion were determined, as in [3, 4], from
known quantities: the distance between the sensors Al, the distance between pulses on the
automatic-recorder tape 87, the velocity of tape motion v, and the mean pulse width §:

U =uoAl/§l, 2R* = Ub/v. @B)

The frontal diameter 2R of the bubble was determined from its vertical dimension 2R* by
means of a calculation based on the usual assumption that the bubbles take the form of a
sphere of radius R with an ejected rear segment whose volume is 25% of the total sphere vol-
ume [1, 4].

In view of the inertia of the device for sample selection, it was necessary to find the
upward displacement of the vertical coordinates of the sampling point with respect to the co-
ordinates of the sensors, so that gas from the central part of the bubble entered the syringe.
To this end, experiments were formulated on an apparatus with a two-dimensional bed, in which
a cinerecording of the ejected bubbles was made., Hence, the dependence of the displacement
on the bubble rise velocity in the two-dimensional bed was determined, and from this the
necessary lag time of sample selection was found; then, taking account of the bubble veloci-
ty in the three~dimensional bed, the required value of the given displacement with respect
to the sensors was established. In the experiments here described it was 0,03-~0,05 m.

The mass-transfer coefficient k referred to unit surface area of bubble appears in the
mass-transfer balance equation

v kse (2)
dt

1124



SOBJNS 9 JO

9/1A ™ 19°0 Surpiooarsuro ‘aqoxd eanonpur| 19X19 0'z—01 BURLN] Y for]
ABA~ 2040 Jurpioosrsuro feoads e g80—L1'0) 1s£1v180 AeOBOWUNY ler)
, . . S10°0—E£90°0 pues zend
d3A 98°0—62°0 Surprodareuros fex-x| G'68Xp ¥l ¥0—¢0 spreq SSEES 5]
9800
, I S0
9/ 1A IA 9660 losuas AJTARONPUOD~{EOTII0]S 01 e soponized %00 1§28
$ABG A~ 6.°0 tosussotond | 01 120510 8 vomis| el
. SI0—931‘0 OAd
YA~ 38°0 Suipiooorsurs ‘losuss fioeden 01 X01 Qr0—gz1'0 s[Ieq SSBID [z1]
960 150 saronaed 10D
v6.0 ¥5°0 ar1sauSen
5 A ~ 88°0 1510 1sd1e1en
HIA 560 320°0 are1fioy
31180 080200 1opmod 194718
0°I—¥8'0 Supi00313uT> fe1-x 1417 §5'0—90°0 sifeq ssepH (1]
o/ AT A~ 190 tosuas f1oeden | gy Xgb 2'0—ar1‘0 pues zeng fo1l
9v1D LY spoas dIuin g,
, . §'LD 70 pues zuend
g/fASA~ 190 1osues Arpeded LD ar‘o SiTeq SSEID ls]
Q ‘uou OV IUSIDINSES wo 92T I
~enba Superaion g Pt " uuznon [#9IPULEL SFOnIEL $ALORTEd 200
pegd PezZIPINIi B UT S9[qqng 3T3UIS JO A3JTD0TdA OSTY dYl U0 BIB(Q AANIBILSITT 7 ATIVL

1125



el —,“Er..—,;f;n;'—.—;— ~— w——r—— 9__
r P SN S N VA SIS § SO S R XY I A R RN
g6 -
0
0 R o—g —F0 5 = Z o Qe e e o —-— &
cadi ooy o B 2ol I ° AN
% o 9 ° % o D
—— — __00__&_0 0 0_@0_0_._? _____
g5
10° . ~ -
—_—et e e s . e e
) S L ey TR - T T T T
—f__'_—-ou_.._liﬁ - A e
R e A
T v — oy ———— . e &2 - e e ]
g6 1 T
0
S e e s ey
L ool & o _
B ITRR L/ Y e -
e — — — 0 e~ — — — e
% °o—4
S e —J
200 °—¢
| — P — 55 i <
2 ﬂ%%?ﬁoﬁ%ﬁ@° ‘-b—___.l_o-ﬁ_
JON E— I% S ) D i N
S
0 .
0 _____o__v___o_g_____ e o 8 o 7
[} 9 el AN
N NN o °°%—“%%3‘T_"’° SR
06 . p D
"2 J 4 . 3 & R 10%

Fig. 1. Dependence of velocity coefficient K on bubble radius R in
beds of particles of different size; the continuous curves corre-
spond to mean values of K and the dashed curves mark the boundaries

of the 957 confidence interval: 1-3 and 4-6) experimental values of
K=U/VgR , respectively, for 2a = (0,1-0,16)+10"%, (0.16~0.2)+10"3,
and (0.2-0.315)+1073 m3 2<g> = 0.25-10"° my 2a = (0.4-0.63)+10"% and
2<g> = 0.63*10"° m; 7-9 and 10-12) mean values of K = 0,77; 0.81; 0.85;
0.82; 0.743 0.77 for the corresponding particle sizes, R-10%, m.

(the carbon dioxide concentration in the dense phase was assumed to be zero). Setting f =
0.25, and using the equation of bubble motion dZ = Udt, it follows that

bl RV o | 3
5.35Al Cs
If there is a stable cloud of closed gas circulation around the bubble, the main mass-
transfer resistance is concentrated at the external boundary of the cloud, and the most phys-

ically meaningful quantity is the mass~transfer coefficient k! referred to unit surface area
of a sphere of radius R'. 1In this case

[(1 —f)% nR3+a{-§— AR —(1— f) % nR3}J —Z‘;‘_ — _ pasR, )

and hence after integration

=k[(1—f)(1—s)+s(1+%”—)(1—%-)_I]. (5)

The use of beds close to minimum fluidization allowed the influence of the gas flow di-~
rected into the growing bubble on the rise velocity and the mass transfer to the eliminated;
the importance of this influence was noted in [5, 6]. Within the limits of experimental er-
ror, the bubbles retained the same volume over the period in which they crossed the distance
between the sensors,
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Fig. 2. Dependence of the mass-transfer coefficients k, k': a)
on the bubble radius R in beds of particles of different size for
2<g> = 0.63°10~% (1) and 0.25+10"% m (4) and for 2a = (0.4-0.63)°
10~° (2), (0.2-0.315):10"° (3), (0.16-0.2)+10"° (5), and (0.1-
0.16)+10"% m (6)3 the continuous curves correspond to the mean
values of k for the corresponding particle sizes; b) on the dia-
meter of the bed particles 2<g> for different bubble sizes:i 2R*=
3.75 (1), 5.25 (2), and 7.25 cm (3). The points show experiment-
al values of k for 2g = (0.1~0.16)-10~% (4), (0.16~0.2)+10"% (5),
(0.2-0.315)+10"® (6) and (0.4-0.63)+10"° m (8) and for 2<g> =
0.25°10~% (7) and 0.63°10~> m (9). k, k'-10%, m/sec.

It should be emphasized that considerable scatter was observed in the results of identi-
cal experiments; this was due not so much to the usual random errors of the measurements as
to the presence of expressed pulsations of the form of the rising bubbles accompanying the
pulsations of their velocity. Such pulsations have been observed more than once on earlier
occasions [1]. 1In the experiments, a sufficient number of repetitions were accumulated to en-
sure reliability corresponding to the 957 confidence level.

Rise Velocity

The results on the rise velocity of the bubbles are presented in Fig. 1. They are cor-
related fairly well by the well-known formula

U=KVgR. (6)

According to the Davis—Taylor formula, it would be expected that K = 0.67; in [7], on the
basis of empirical data analyzed in [8], it was assumed that K =~ 0.9 (1 — £)*/¢, which is
equal to 0.86 when f = 0.25. In fact, the "velocity coefficient" is markedly higher than
0.67, which corresponds qualitatively to the model in [5], but nevertheless it is not so
high as would follow from the data collected in [1]. It is possible that the value K =~ 0.85-
1.20 [1] arises in a number of cases because in fact it was not the velocity of single bub-
bles that was measured, but the higher rise velocity of a group of bubbles,

In addition, Table 2 gives data of various authors relating to single bubbles. These
are characterized by a large scatter, which may be associated with unavoidable errors in the
experimental determination of quantities such as 2R¥* or V, and with the assumptions made in
calculating the coefficient K on the basis of these data.

It may be concluded from the data in Fig. 1 that the mean value of the velocity coeffi-
cient at first rises with increase in particle size in the bed, which agrees with what is ex~—
pected from [5], but then begins to fall. However, the scatter of the experimental points
and the absence, in the main, of simultaneous measures of the bubble form characteristics
prevent any completely firm conclusions from being drawn on the reasons for this dependence.
Thus, according to [5], the rise velocity should depend both directly on ux and also on £,
which itself depends on the phase properties of the bed and, in particular, on ui (hypothe-
ses on the influence of the relative volume of the bubble tail filled by particles on U were
introduced earlier in {1]). Elucidation of the question of the relation between the rise ve-
locity and the phase characteristics of the bed is very important for the formulation of
the physical model of a bubble in a two-phase medium., Therefore, the formulation of more
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Fig. 3. Dependence of the parameter complex Sh/yPeRe
characterizing the rate of bubble mass transfer with

the dense phase of the bed on Ar for particles diame-
ter 2<g> <0.2+107° m (a) and of diameter 0.15+10"2 <2+«
<a><0.63:107°,m (b): 1-3) data from [24] for 2<a> =
0.055°10"°, 0,080¢10~°, and 0.128:10° mj 4, 5) from

[19] for 2<a> = 0.051°10~% and 0.06610° m; 6) from
[25] for 2<g> = 0,13:10"® m, diameter of apparatus

0.152 m; 7, 8) results of present experiment for 2a =
(0,1~0.16)*10> and (0.16-0.2)+10"% m3; 9) generalizing
correlation Sh/yPeRe = 8.13:10"2 Ar~*/%: 10, 16) results
of present experiment for 2<a> = 0.63°10”° and 0.25°

107° m; 12, 15) for 2a = (0.4-0.63)+10"3 and (0.2-0.315)-
10° m3 11, 13, 14) data from [25] for 2<a> = 0.59°10~°%,
0.368+107%, and 0.29+10"% m, diameter of apparatus 0.152
mj 17) generalizing correlation Sh/jPeRe = 6.7°10-% Ar'/2,

detailed experiments, in which the geometric characteristics of the bubble are monitored and
the influence of the walls of the apparatus, etc., is established, is of undoubted theoreti-
cal interest. (It may be noted, in passing, that the influence of the walls was insignifi-
cant in the experiments described here: were this not the case, this influence would in-
crease with rise in R, and it is clear from Fig. 1 that K is independent of R.)

Mass-Transfer Coefficients

The dependence of the mass—transfer coefficients on the bubble radius in beds of dif-
ferent particles and on the particle sizes of the bed for bubbles of different radii is
shown in Fig. 2. The accuracy of the given mean values of k and k', corresponding to the
95% confidence level, was in all cases no less than 20%. It follows from the data of Fig.

2 that the dependence of k on the particle size is nonmonotonic (it has clearly expressed
minima) and that k rises with increase in bubble radius. An episodic dependence of this
type was also observed earlier (see [17-19], for example), but due attention was not paid to
it. In addition, monotonic increase of k with rise in R contradicts all the known theoreti-
cal ideas regarding the character of the mass-transfer process (see the reviews in [6, 7,
171), and plays a decisive role in its physical modeling.

It may be expected, a priori, that two fundamentally different mass-transfer mechanisms
will exist., For large bubbles in beds of small particles (so that u = ux/e < U) there is a
cloud of closed gas circulation, and mass transfer with the dense phase may only occur by
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means of diffusion through the outer boundary of the cloud, which is impenetrable to the
gas clouds. For small bubbles in beds of large particles (u > U), this cloud does not exist,
and convective transfer of impurities by the gas flows penetrating the bubble plays the main
role. (In this discussion, no account is taken of the possible transfer of impurities by
absorption on particles nor of the influence of the flow responsible for the change in vol-
ume of the bubble.) Although convection and diffusion (dispersion) may be equally important
in intermediate cases (u 7 U), it isclearly expedient to begin by considering the two extreme
situations individually.

Mass Transfer of Large Bubbles in Bed of Small Particles

The theory of diffusional mass transfer in minimally fluidized beds with no great in-
fluence of adsorption and nonsteady effects, in the case of large Peclet numbers, Pe, char-
acteristic for bubbles in fluidized beds, was developed in [7]. It leads to the formula

k= C(UD/R)? Sh/})Pe =, (N

and a simple analytical expression may readily be derived for the coefficient C, depending
on € and £ and also on the dimensionless ratios u/U and qu/D. According to Egs. (6) and (7),
when u/U 1, k ~ R‘l/“, which contradicts the data of Fig. 2a. This contradiction indi-
cates that, in addition to the molecular diffusion in the intervals between the dense~phase
particles and the convective dispersion due to mixing of the elementary gas jets in its
pores, both of which are explicitly taken into account in [7], there is an additional, and
evidently dominant, process of mixing of the gas volumes, leading to additional scattering
of the impurity, This processes gives rise to yet another flow of diffusional type, with
effective dispersion coefficient Dy, which is found to depend on the bubble dimensions. This
means that the pulsations causing the appearance of this flow also depend on R, i.e., must be
related to the oscillations of the bubble itself observed in the experiment. This viewpoint
was adopted intuitively in [19]; these bubble pulsations are certainly connected with the
"breakaway" of part of the cloud sometimes observed; the possible role of this in mass trans-
fer was noted in [20].

To obtain the simplest order~of-magnitude relations, sufficient for present purposes,
the well-known analogy between bubbles in a fluidized bed and gas bubbles in a single-phase
ideal fluid is used, According to [21], the amplitude of pressure vibrations of an ideal
fluid at the surface of a pulsating bubble is pdszSn(l + n)~?*, where S, is the amplitude of
oscillations of the radius of a spherical bubble corresponding to the n~th spherical har-
monic, It is clear that it must coincide in order of magnitude with the amplitude of the
oscillations of the dynamic pressure of the medium surrounding the bubble, i.e., in the giv-
en case, with a quantity of the order of dez(Sn/R). Hence, the following relationship for
the frequency of the pulsations results*

@? ~ {1 - n) (U/R? ~ R4, (8)

The amplitude of oscillations of the bubble boundary must obviously be proportional to
R, while the velocity of bubble motion in the normal direction must be proportional to the
quantity wR ~ VR. In contrast to a bubble in drop liquids, the surface oscillations of a
bubble in a fluidized bed must be accompanied by oscillations of the local gas flow penetra-
ting this surface, and the pulsational velocity of the gas must be the same, in order of
magnitude, as the pulsational velocity of the surface., Therefore, the following estimate
is obtained for the coefficient Dg proportional to the product of the characteristic pulsa-
tional velocity and the effective mixing lengtht (see next page for footnote)

D, ~oR? ~ R*2. (9)

In the general case, the total diffusional flux consists of some superposition of flux-
es due to molecular diffusion, convective dispersion in the crossed pore space of the dense
phase, and dispersion associated with the noted pulsations of the bubble itself. In most

*In the original theory in [21], the discussion concerns the oscillations of a bubble with
its center of gravity fixed in the fluid, and the boundary condition for a normal stress at
the surface of a bubble taking account of surface temsion is used to determine the frequency
of the pulsations. In the present case, the bubble is moving with respect to the disperse
phase, and the effective surface tension coefficient at its surface is small [22], so that
the pressure pulsations of the disperse phase are primarily associated with the oscillations
of the bubble which it surrounds, and not with any surface effects.,
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practically realizable conditions, as in the experiments here described, the latter compo-
nent evidently dominates, and impurity scattering due to the first two factors may in gen-
eral be neglected in the first approximation,i

The dependence of C from Eq. (7) on the bubble and bed characteristics corresponding to
this process will now be considered. To simplify comparison with the data of other research-
ers, the defining dimensionless parameters chosen are the Reynolds and Archimedes numbers,
which are traditionally introduced in this context. It is clear here that the intensity of
mass transfer due to bubble pulsations and the resulting pulsations of the gas velocity must
not depend on the kinematic viscosity of the gas. Therefore, C can only depend on the com-
bination Re®/Ar of the given numbers. On the other hand, a theory analogous to that devel-
oped in (7] leads to an expression QNVE;U_RW2 for the total impurity flux from the bub-
ble, and further to the relations k~ VDU R /2, Sh~ yDUR and Sh/y/Pe ~vV D, ~R"* ;
Eqs. (6) and (9) are taken into account here. Since Re ~ UR ~ R®/2, it follows that the
quantity Sh/}/Pe must be proportional to JRe , and hence

Sh/)/ PeRe ~ Ar—'/* (10)

A dependence of the type in Eq. (10) is shown in Fig. 3a, together with experimental
results for a bed of small particles and also data from [19, 24, 25].

It is readily evident that the use of the usual criteria Sh, Pe, Re, and Ar for the cor-
relation of mass—-transfer data in the present case is not natural, In fact, the dimensional
parameters important for the processes are R, U (or g), the gas density p inside the bubble,
and also the effective density pg and the kinematic viscosity vg of the disperse phase.
Hence, using the standard methods of dimensionality theory, it is found that

—S— = F (plpg, va/UR). (11)

For granular beds fluidized by a gas, pku:so , and vg may be expressed as the product
of some function of ¢ and the quantity qusx [26]. Taking into account that the porosity e
is approximately the same in the different experiments, the parameter qus/UR may be used in
place of vg/UR. The results of analysis of the data of Fig., 3a in the coordinates
¥ /YgR~F /U and aqus/UR are shown in Fig. 4, It is evident that the experimental points are
in fact concentrated close to some universal curve. The parameter qux/UR characterizes the
ratio of the "viscous" stress in the disperse phase to the force of the dynamic pressure in
it due to motion with velocity and length scales equal to U and R, respectively, while the
dependence of the mass—~transfer coefficient on this parameter reflects the influence of the
effective viscosity of the disperse phase on the development in this phase of random oscil-
lations of the bubbles, which are the primary cause of mass transfer in the given conditions.

Mass Transfer of Small Bubbles in a Bed of Large Particles

In this case, the washing out of impurities from the bubble is mainly due to the regu~-
lar gas flow issuing from it [8]. To date, nc rigorous theory of this washing out, taking
diffusional effects into account, has been constructed, but in the limiting case of a bed of
very large particles it may be asserted that k ~ ux, and the dependence of k on the various

TThe approximate description of the process of impurity scattering by the given pulsations
as a random process of diffusional type is correct for the following reasons. First, it is
obvious from Eqs. (6) and (8) that when R < 0.05 m the pulsation frequency o3xVg/R~15—20

Hz, so that the bubble is able to perform a large number of oscillations in the time inter-
val of interest, of the order of seconds or more (no less than 8~10 oscillations in the time
for the bubble to cross the distance between the sensors, amounting to no less than 0.5 sec
in the experiments here described)., Second, the bubble simultaneously performs oscillations
corresponding to a large number of different spherical harmonics, while the phases of these
oscillations are random and mutually independent. Third, what is of practical interest is
the mass-transfer coefficient associated with one bubble in a large group of other bubbles,
and not the coefficient for any single specific bubble (the experiments described also satis-
fy this condition: they are concerned with the coefficient k obtained by averaging the re~
sults of many experiments with different bubbles).

IBut situations are also known where the bubble pulsations are retarded by unknown factors
and molecular diffusion and convective dispersion play the main role, This situation was
realized in the experiments of [23], which are described fairly well by the theories of [71.
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Fig. 4. Dependence of the dimensionless rates of bubble mass
transfer #/VgR, £/VgR on the parameter complex {(qux/UR) (the
notation for the experimental points is the same as din Fig. 3):
1-8) values of #/ygR for particles with 2<g> <0,2°107%m; 10-
16) experimental values of k/JgR for particles with 0.2107° <
2<g> <0.63°107°m; 9) generalizing correlation k/ygR=—1.7-10-3-
(au JUR) =5,

parameters is determined mainly by the dependence of the quantity ux on them. Thus, in the
range of bed-particle diameters from 2.5°10~* to 6.3-10"*m, according to the data of Table 1,
the velocity uyx is approximately proportional to as/z, i.e., the following dependence would
be expected

Sh/Y ' PeRe ~ v/ Ar. . (12)

This dependence, and also the experimental data for beds of large particles, are shown
in Fig. 3b, As in the case of a diffusional transfer mechanism, it makes more sense to ana-
lyze the experimental results in terms of the coordinates k[VEE}au*ﬂJR. The corresponding
experimental points are also shown in Fig. 4; it seems that they alsoc lie on a single curve,
although the data obtained are inadequate for a final judgement as to the universality of
this curve.

The results of the present work may be used to calculate interphase mass transfer in
equipment with fluidized beds.

NOTATION

a, <a>, radius and mean radius of particles; C—shjyPe ; c, impurity concentration in
bubble; ci, ca, values of c at the levels of the sensors; D, Dy, coefficients of molecular
diffusion and effective dispersion; F, function in Eq. (11); f, fraction of the volume of a
sphere of radius R occupied by the bubble tail; g, acceleration due to gravity; K, velocity
coefficient; k, k', mass~transfer coefficients referred to unit surface area of bubble and
cloud; 7, vertical coordinate; Al, 81, distance between sensors and between pulses on re-
cording tape; Q, impurity flux from bubble; R, R', and R*, radii of frontal part of bubble
and cloud and half the vertical bubble dimension; S, bubble surface area; Sps amplitude of
pulsations of R corresponding to the n-th spherical harmonic; t, time; U, bubble rise velo-
city; u = ux/e; ug, minimum~fluidization velocity; V, bubble volume; v, speed of recording
tape; 8, mean pulse width; e, porosity of dense phase; v, vg, kinematic viscosity of gas and
dense phase; Pps Ps Pds density of particles, gas, and disperse phase; w, pulsation fre~-

k 2a)3,
quency; sp—28; pe- YR g YR, (% 00
D D v vz ep
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