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Abstract  This paper reports preliminary results of a study on the hydrodynamics of a two-dimensional
slurry bubble column. Experiments have been carried out with air paraffin oil slurries with solids concen-
trations of 0. 28.3 and 38.6 vol® of porous silica particles (mean diameter of 38 um). Bubble sizes. bubble
coalescence and bubble break-up rates were determined by video image analysis. Increasing slurry
concentration increases the size and size distribution of the “large™ bubbles. defined here as having
diameters larger than 10 mm. Increasing slurry concentration reduces the total gas holdup to a significant
extent: this reduction is to be largely attributed to the destruction of the “small™ bubble population. which
have bubble diameters smaller than 10 mm. Video imaging experiments lead to new insights into the mass
transfer mechanisms from “large™ bubbles. These “large™ bubbles are continually coalescing and breaking
up. The coalescence and breakup rates were determined by a frame-by-frame analysis of the video
recordings and found to be at least 4 s~ '. A population model for mass transfer has been set up and used to
establish that frequent bubble bubble interactions could lead to an order of magnitude increase in the mass
transfer rates for the large bubble class. Copyright ¢ 1996 Elsevier Science Ltd

Kevwords: Bubble columns. large bubbles. small bubbles. bubble size distribution. gas holdup. bubble

coalescence. bubble breakup.

INTRODL CTION

The bubble column slurry reactor is an attractive
reactor type for relatively slow, exothermic liquid
phase catalytic processes. For example. for the indus-
trially important Fischer Tropsch synthesis of hydro-
carbons from synthesis. Fox (1990). Jager and
Espinoza (1995) and De Swart ¢t «l. (1995) have con-
cluded that the bubble column slurry reactor. operat-
ing in the churn-turbulent regime. is to be preferred to
the multi-tubular trickle bed technology on both tech-
nical and economic grounds. In the churn-turbulent
regime of operation of a bubble column. “large™ and
“small” bubbles are known to co-exist (Ellenberger
and Krishna. 1994; Krishna and Ellenberger, 1995).
The “large” bubbles, which have rise velocities typi-
cally of the order of 1.5ms ' largely dictate the gas
phase conversion in the churn-turbulent regime.
Though the hydrodynamics of bubble columns slurry
reactors has been studied by several workers [see e.g.
Deckwer er al. (1980. 1992, 1993): Kara er al. (1982);
Koide er al. (1984); Kelkar ¢t «l. (1984); Fukuma et al.
(1987); Schumpe er al. (1987). O'Dowd er al. (1987):
Bukur er al. (1987, 1990); Saxena ¢t al. (1992, 1993.
1995); De Swart and Krishna (1995)]. there is no study
in which the characteristics of these “large™ bubbles
have been elucidated. The broad objective of the pres-
ent study is to prdvide information on the size and
structure of these “large™ bubbles by use of video
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imaging techniques in a two-dimensional column.
A frame-by-frame analysis of the video images also
provided some fresh insights into the coalescence-
breakup phenomenon of the “large™ bubble popula-
tion.

A further issue which has been addressed in this
paper is the mass transfer from “large™ bubbles. Ver-
meer and Krishna (1981) measured the volumetric
mass transfer coefficients from the large bubbles in the
svstem nitrogen—turpentine and found values about
an order of magnitude higher than that expected on
the basis of the visually observed bubble sizes for
churn-turbulent operation. They attributed the meas-
ured high values of mass transfer coefficients to the
violently turbulent nature of the liquid phase. In the
present paper. we examine whether bubble-bubble
interactions are the likely cause of the paradoxically
high mass transfer coefficients; Sit and Grace (1981)
have shown that bubble-bubble interactions In
a gas-solid bubbling fluid bed leads to an improve-
mentin the interphase mass transfer rate and one may
wonder if an analogous phenomenon exists for
gas liquid (slurry) bubble columns.

EXPERIMENTAL SET U P AND SYSTEMS STUDIED
All experiments were carried out in a two-dimen-
sional column consisting of two parallel 7 mm thick
glass plates of 2.5 m height and 0.3 m width. placed at
a distance of 0.005 m. The gas phase was distributed
into the column by a glass sintered plate with a pore
diameter of 200 pm. The column was equipped with
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a quick closing valve placed near the gas distributor.
A pressure tap was installed at 1.20 m height. The
total gas holdup was determined from measurements
of the static pressure drop using high accuracy
Validyne DP15 pressure transducers. A Panasonic
DSP colour CCD camera was placed perpendicular
to the column at a distance of 1.15 m from the front
face. The camera either recorded at a height of 0.65 or
1.15 m from the gas distributor plate. A shutter speed
of 1/2000 was employed to avoid blurring of the video
images due to the motion of the gas bubbles. To
improve the contrast between the bubbles and the
liquid phase, the technique of diffuse backlighting was
used (Lunde and Perkins, 1995) and ppm quantities of
dye Sudan green 988 were added to the liquid. Two
1250 W halogen lamps were directed on a white panel
to provide a smooth and even background. The video
signal produced by the camera was digitized at a rate
of 25 frames per second using a Miro VIDEO DC1
digitizer board placed inside a PC. The real time
signals were directed to a Sony colour video monitor
for on-line control of the camera output. The captured
images were transferred to a PC and processed using
the commercial image processing software SCIL-Im-
age™. SCIL-Image™ is developed by the Computer
Systems Group of the University of Amsterdam and
TNO Institute of Applied Physics in Delft, The Neth-
erlands. Figure 1 shows the experimental setup sche-
matically.

Paraffinic mineral oil (density, p, = 800 kgm™ *:
viscosity, puy = 0.027 Pas; surface tension, ¢ =
0.028 Nm ') was used as liquid phase. Air was used

image capturing video
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as the gas phase in all experiments and porous silica
particles (skeleton density = 2100 kgm ™ ; pore vol-
ume = 1.05mlg™': particle size distribution: 10%,
< 27 um; 50%, < 38 pm; 90%, < 47 pum) formed the
suspended solids. Experiments were carried out with
solids concentration of 0. 28.3, and 38.6 vol% solids
(on a gas-free slurry basis).

IMAGE ANALYSIS

At a given superficial gas velocity U and height
above the distributor h, one experimental run for
image processing purposes is performed. An experi-
mental run consists of three samples of eight seconds,
resulting in 600 images. The captured images are of
the Tagged Interchange File Format (TIFF) with 24
bit color depth and an aspect ratio of 1:1. After
capturing, the images are separately processed using
the SCIL-Image™ software package. Using this soft-
ware package several image processing steps can be
automated, which is a necessity when analyzing large
amounts of data. The first step in the image processing
is the conversion of the 24 bit (true color) images into
8 bit (gray scale) images. Each pixel in the image has
now a so-called gray value ranging from O to 255.
A gray value of 0 corresponds to black and a gray
value of 255 to white. A region of interest is then
defined by cropping the image to 260 x 276 pixels,
representing the 0.3 x 0.3 m window of observation in
the column. One pixel length is therefore approxim-
ately equal to | mm distance. A typical picture result-
ing from the first image processing steps is shown in
Fig. 2 (a) for the air/paraffin oil system.
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Fig. 1. Experimental setup for the two-dimensional column.
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Fig. 2. (a) Image processing: gray value image: (b} gray value distribution of image: (c) binary image
resulting after segmentation of the gray value image by thresholding.

The next step is the segmentation of the images.
Segmentation is the process that subdivides an image
into its constituent parts or objects (Gonzales and
Wintz, 1987). The most common way to establish this
is to apply the technique of thresholding. This can
either be done by deciding a threshold level or by
using the entropy method (Kapur et al., 1985). Figure
2(b) shows the gray level distribution of the objects
seen in Fig. 2(a). It can be seen that the gray level
distribution is almost bimodal. Therefore, the optimal
threshold gray value Th lies between the peaks of the
distribution, as indicated in Fig. 2(b). For any given
coordinate (x, v) in an image with a grey level f(x, ),
the thresholding operation can be expressed as:

X,V

where ¢(x, 1) is the grey level of the corresponding
picture in the resulting binary image.

Application of this thresholding to Fig. 2(a) results
in the binary image shown in Fig. 2(¢c). The entropy
method for thresholding an image is preferable when
the two peaks in the gray level distribution are separ-
ated by a wide and flat valley. As this is not the case in
the present experiment, the threshold level is chosen
by visual inspection as indicated in Fig. 2(b); due to
the sharp valley in the histogram there is no ambi-
guity regarding the value of Th. Note that no image
enhancement has been applied in order to preserve as
much of the "raw” data as possible. The binary image
is then subdivided (“labelled”) into different compo-
nents. based upon a connectivity analysis. The last
step in the analysis of the images is the measurement
of the shape of each object in the image. Object
properties such as area, perimeter. width and height
can be measured. The present study is focused on the
area of the objects.

After completion of the image analysis the data
have to be processed. As the aspect ratio of the images
is 1:1. the number of pixels that form an individual
bubble are casily converted to the bubble area A, by
multiplying with a linear scale factor. The equivalent
bubble diameter can be calculated directly from the

if fix.y)=Th

. 1
if flx.y)<Th H

bubble area:
—

(Ih = /"flh. (2)
AV

The calculation of the gas holdup in an image follows
from:

- LAA"‘”' } (3)

&

where A,,; is the area of one object in pixels and
A, represents the total area of the image (ie.
260 x 276 = 71, 760 pixels). The same expression can
also be used to calculate the gas holdup of a certain
bubble size class; in this case 4,,; represents the area
occupied by one object in that bubble class. The
procedure was first calibrated by video imaging ob-
Jects (circles. squares) of known areas.

TOTAL GAS HOLDUP, BUBBLE SIZE AND BUBBLE SIZE
DISTRIBUTION

Figure 3 shows the total gas holdup vs the superfi-
cial gas velocity for air/parafhin slurries containing 0,
28.3 and 38.6 vol% silica particles. The total gas hold-
up decreases significantly with increasing solids con-
centration. The same trend has been found for col-
umns of circular cross section by Koide et al. (1984),
Kara et al. (1982), Kelkar et «l. (1984), De Swart and
Krishna (1995) and Yasunishi et al. (1986).

The effect of the superficial gas velocity and the
solids concentration on the bubble size distribution
was Investigated using image analysis. For each ex-
perimental run the bubble size distribution was cal-
culated using 600 frames (corresponding to 24 s video
recording). To show the gas holdup structure the
bubble size distributions are expressed in individual
gas fractions in the column. Figure 4 shows the influ-
ence of the superficial gas velocity on the bubble size
distribution for paraftin oil. Increasing the superficial
gas velocity leads to formation of larger bubbles and
also increases the bubble size distribution. In Fig. 5
the bubble size distribution is shown for paraffin oil
slurries of 0. 28.3 and 38.6 vol% concentration. For
these three series the superficial gas velocity is kept
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constant at a value of around 0.10 ms™'. It can be
seen that as the solids concentration is increased the
“small” bubbles, smaller than say 10 mm in size, dis-
appear, their contribution to the gas holdup decreases
significantly. Furthermore, the bubble size distribu-
tion broadens and the average bubble size becomes
larger. Figure 6 shows three grabbed, and retraced,
video images as visual support for this conclusion;
from these pictures it can clearly be seen that the
“small” bubbles disappear and the “large” bubbles
become larger as the solids concentration is increased.

Frame-by-frame visual examination of the video
images also revealed that bubbles smaller than 10 mm
have the backmixing characteristics of the liquid
phase. Bubbles larger than 10 mm, on the other hand,
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Fig. 3. Influence of increased solids concentration on the
total gas holdup with air/paraffin slurries.
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traversed up the column virtually in plug flow. The
“large” bubble population can therefore be defined as
having bubble sizes larger then 10 mm. Using the
SCIL-Image™ software all objects smaller than
10 mm can be automatically removed in order to
focus on the “large” bubble population; see Figs 7(a)
and (b). For the 28.3 and 38.6 vol% slurry concentra-
tions, the bubble population smaller than 10 mm is
virtually destroyed (cf. Fig. 6) and the whole bubble
population can be considered to be “large”.

The average “large” bubble size increases with in-
creasing superficial gas velocity and slurry concentra-
tion; see Fig. 8. For the 28.3 vol% slurry concentra-
tions, the average bubble size has been measured at
heights H = 0.65 and 1.15m above the distributor.
The results show a slight increase in the average
bubble diameter with increasing H, pointing to in-
creasing coalescence as one proceeds up the column.

BUBBLE-BUBBLE INTERACTIONS

In order to gain further insights into the mechanism
of mass transfer from the large bubble population we
resorted to a careful frame-by-frame analysis of the
video recordings. Figure 9 shows eight sequential pic-
tures (frames) taken from an experimental run with
the 28.3 vol% paraffin oil slurry at a superficial gas
velocity of 0.09 ms™!. The time interval between the
individual frames is 40 ms and the “small” bubbles,
smaller than 10 mm, have been filtered out. Two bub-
bles A and B are followed as they rise through the
column. It can be seen from frames 1 to 4 that bubble
B rises faster than bubble A. In frame 5 bubble

0.15

Fig. 4. Influence of the superficial gas velocity on the gas holdup structure for the system: air/paraffin oil.
Measurements made at a height H = 0.65 m above the distributor.
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Fig. 5. Influence of increased solids concentration on the gas holdup structure for the system air/paraffin ol
slurries. Measurements made at a height H = 0.65 m above the distributor.
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Fig. 6. Influence of increased particle concentration: impression of three retraced video images obtained at
0.65 m above the distributor.

B reaches the wake of bubble A und coalescence  bubble C in frames 1, 2, 3 and 4. In frame 4 bubble
follows; in frame 6. A and B are coalesced and bubble  C breaks up into bubbles Ct and C2.

AB is formed. Bubbles D and E in frame 7 coalesce to To obtain quantitative data on the bubble break-up
form DE in frame 8. Let us now track the history of and coalescence rates for the 28.3 vol% slurry at
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Fig. 7. Image processing: filling of “gaps” in the binary image (b) removal of objects smaller than 10 mm
from the image.
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Fig. 8. Influence of superficial gas velocity and slurry con-

centration on the mean diameter of the “large” bubble popu-

lation. Measurements at H = 0.65 m above the distributor

for air/paraffin oil slurries for 0, 28.3 and 38.6 vol% slurries
and at H = 1.15m for the 28.3 vol% slurry.

a superficial gas velocity of 0.09 ms™!, a detailed

frame-by-frame analysis of the 8-s recording, equiva-
lent to 200 frames, was carried out. Firstly, the “large”
bubble population, defined as indicated above by us-
ing a cut-off bubble size of 10 mm, was split up in
6 different bubble size classes (0.01-0.02, 0.02-0.04,
0.04-0.06, 0.06-0.08, 0.08-0.1 and > 0.1 m). For each
of these bubble classes, individual bubbles were vis-
ually tracked to determine the death rates, defined as
the fraction of the gas holdup in the bubble class
under consideration which disappears by either co-
alescence or break-up to other bubble size classes.
A parallel analysis was carried out to determine the
birth rate of a certain bubble class, representing the
creation of the gas fraction per second by a process of
coalescence or breakup of other bubble size classes.
By a class-by-class analysis of 200 consecutive frames.
the birth and death rates were calculated; these are

shown in Fig. 10. It is to be noted that for each bubble
class the birth and death rates are close to each other,
as would be expected for a system at dynamic equilib-
rium in which the bubble size distribution is preser-
ved. Let us denote sp; as the refreshment rate, birth or
death rate. of the bubble class i, with the units s !, We
note that that sp; increases as the size of the bubble
class increases. Put another way, larger sized bubbles
are refreshed more often, due to coalescence and
break-up than smaller sized bubbles; this is in con-
formity with our intuition. The refreshment frequency
for the smallest size class 1 (with an average diameter
of 0.015 m) is about 4 s~ '. The refreshment frequency
increases to about 1557 ! for largest bubble size class
6 (diameters larger than 0.1 m). Larger sized bubble
classes therefore “suffer” more frequent interchange
with other bubble classes.

Further, some idea of interchange between bubble
classes was obtained by tracking the number of bub-
bles in class i which break-up or coalesce into class j.
The bubble exchange matrix for the 28.3 vol% slurry
is shown in Table 1. This shows that the number of
bubbles involved in the bubble class interchange pro-
cess decreases with increasing bubble size class. If
a sufficiently large number of frames is analyzed, the
bubble exchange matrix might be expected to be sym-
metric; our results in Table 1 show this matrix to be
nearly symmetric.

Summarizing in words the findings of Fig. 10 and
Table 1, we can say that larger bubble size classes are
refreshed more frequently but a smaller number of these
are involved in an interchange process. The bubble-
bubble exchange rate between any two classes can be
expected to be dictated by the refreshment rate of the
smaller bubble class sz For example, interchange
between classes | and 2 can be expected to be at

a frequency of, say, 457"
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Fig. 9. Eight consecutive frames of the air/28.3 vol% oil slurry: coalescence of the large bubbles. Recorded
at a height of 0.65 m and a superficial gas velocity of 0.09 ms™*.
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Fig. 10. Birth and death rates for different bubble classes.

expressed as the fraction of the gas holdup of a bubble class

which is lost {death) or gained (birth) due. respectively to

breakup or coalescence. System: air 28.3 vol% oil slurry.

recorded at a height of 0.65 m and a superficial gas velocity
of 0.09 ms

A POPULATION BALANCE MODEL FOR MASS TRANSFER
FROM “LARGE™ BUBBLES

For the “large™ bubble population containing
n bubble size classes. we envisage a mass transfer
mechanism as pictured in Fig. 11. Each bubble class
exchanges mass with the liquid (or slurry) phase with
a transfer coeflicient k; ;«;. Further. to account for the
bubble-bubble interactions we assume that each
bubble class exchanges mass with every other bubble
class, either by a process of coulescence or break-up.

Table 1. Bubble exchange matrix

From to Class | Class 2 Class 3 Class 4 Class 5 Class 6
Class 1 x 31 16 5 9 4
Class 2 43 X 30 10 8 10
Class 3 12 22 X 10 4 8
Class 4 N 9 14 X 2 4
Class 5 6 7 5 5 x 3
Class 6 3 7 1 0 0 X

Note: The numbers represent the number of bubbles in
a certain size class which undergo exchange with a different
size class. The numbers were measured frame-by-frame for
an eight second period over 200 frames of operation at
superficial gas velocily of 0.09 ms™! and slurry concentra-
tion of 28.3 vol%.

with an exchange coethcient E;;, expressed in the
units s 1.

For each bubble class, we define the number of
muss transfer units for transfer to the liquid phase

ky a;H

NTU, = 4

!
L’ Large.{

where U ... ; 1s the superficial gas velocity through
the “large”™ bubble population i. The number of ex-
change transfer units for direct exchange of mass
between classes i and

E.«H

NExTU,; = (5)

Large. i
where E;; is the exchange coefficient between the
bubble classes i and j. Exchange of gas between the
bubble classes does not alter their gas holdups; this
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Fig. 11. Mass transfer model for transfer from “large” bubbles involving bubble-bubble interchange
coefficients E;; and transfer coetficients to the liquid phase kpa;.

implies that we have the relation
E,‘jf;,’ = E,‘il;)'. ‘6)

The bubble refreshment rate sg; of class 7 1s then:

d(C,)

d¢
where £ is the dimensional distance along the reactor
(¢ = h/H). (C,) is the n-dimensional column matrix of
gas phase concentrations in the individual bubble

=[AN(C,) + (B)Cy, (8)

Spi = i E; (7) classes, C,. The n x n dimensional transfer coefficient
=Lyl matrix [A] has the elements
NTU, ¢ i
- L~ ¥ NExTU, NEXTU,, NExTU,,
m o
i# 1 NTUz n
NExTU,, ———=— % NExTU,; NExTU,,
m 'z
[4] = J2 )
NTU, &
NExTU,, NExTU,, ————=— % NExTU,;
m o i

The experimental results on the refreshment rates
sg; (¢f Fig. 10) can then be used in conjunction with
eqs (6) and (7) to estimate the values of the exchange
coefficients E;;.

Assuming plug flow of all the bubble classes, the
differential equations for mass transfer to a com-
pletely mixed liquid phase, of uniform concentration
Cy. can be expressed in n-dimensional matrix notation
as

[ #n

where m is the distribution coefficient between gas and
liquid phases.
The n-dimensional column matrix (B) has the elements

! NTU, \

NTU,

(B) = (10)

\ NTU, |
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To demonstrate the influence of the exchange of gas
between the classes on the overall mass transfer rate
the model of n large bubble classes is now worked out
in detail for three classes: class 1 with a bubble
diameter d, ; of 0.0l m, class 2 with a bubble
diameter d, ; of 0.04 m and class 3 with a bubble
diameter d; 3 of 0.1 m. The rise velocity of the 0.1 m
bubbles is estimated from our experiments and equals
0.95ms ™. The bubble rise velocity is assumed to be
proportional to d, and so the rise velocity of the
0.01 m and 0.04 m diameter bubbles can now be cal-
culated to be 0.3 ms™! and 0.6 ms™!, respectively.
Mass transfer coefficients for each of the bubble
classes are estimated from the surface renewal
theory:

D

. (11
TU(_,-

hj=2J
where D is the diffusivity and 1. is the contact time
between gas and liquid. The contact time is estimated
from 1. ; =d, /V, ,; for each bubble class. The gas
holdups of the three classes are estimated from the
measured gas holdup structures (¢; = 0.05, ¢, = 0.06,
£3 = 0.03). The interfacial areas are calculated from
a = 6¢/dy; this yields a, =30, a; =9 and a; =
1.8 m?m™ . The superficial gas velocities through
each bubble class is V,e; this yields Upyppe. 1 = 0.015,
Utarge.2 = 0.036 and Upype s = 0028 ms ™t
Simulations are now carried out for conditions rel-
evant for the Fischer-Tropsch synthesis. Hydrogen
absorption from synthesis gas into paraffin oil at
a pressure of 40 bar and a temperature of 513K is
considered. Hydrogen and carbon monoxide are pres-
ent in the syngas feed at a ratio of 2. The superficial
gas velocity through the total large bubble popula-
tion, Uparee = 0079 ms ™, is assumed to be constant
over the reactor height H = 30 m. The diffusivity
D and distribution coefficient m of hydrogen are equal
to 5.5x 10" ¥ m?s ™! and 5, respectively. The concen-
tration of hydrogen in the liquid phase is set at
C.=40molm™? and is assumed to be constant
along the height of the reactor. From the data given in
Fig. 10 and Table 1, and keeping in mind the con-
straints given by eqs (6) and (7). we have made rough
estimates of the values of the exchange coefficients
E;; for the three-bubble classes: E, =3.E;3 =1,
Eyy=25E;; =3 E3;; =17 and E;; =65~ ! The
refreshment rates calculated using eq. (7) for the three
bubble classes are: sz =4,55, =65 and
sg2 = 7.7s 71, which agrees with the trend portrayed
in Fig. 10. The values of the numbers of mass transfer
units are calculated from eqs (4) and (11) to be
NTU, = 83, NTU,; = 7.3 and NTU; = 1.47. The co-
efficient matrix [A] can now be calculated from eq. (9}
and the set of ordinary linear differential equations (8)
can be solved to yield the composition profiles for
hydrogen in the gas phase along the height of the
reactor. Figure 12 shows the dimensionless hydrogen
concentration (C, y./Cyo_y,) profile along the column
height. The three profiles coincide with one another
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Fig. 12. Relative hydrogen concentration as a function of

axial position in a Fischer Tropsch slurry reactor operating

at a superficial gas velocity of 0.079 ms™'. Model calcu-

lations based on a three bubble class and interaction coefli-

cients as shown in the figure. The continuous line corres-

ponds to the ensemble average concentration calculated
from eq. (12).

and the conversion at the reactor outlet 1s 68%. The
conversion behaviour of the three bubble class system,
with 0.01, 0.04 and 0.1 m diameter bubbles is found to
be equivalent to that of a single bubble class system of
diameter 0.021 m moving through the reactor at
a superficial gas velocity U = Upgeet + Usargez +
Ulirge.s = 0079 ms™ . Put another way, due to fre-
quent bubble-bubble interchange, the effective bubble
diameters for the 0.04 and 0.1 m diameter classes are
reduced to about 0.02. This implies an enhancement
for the 0.1 m bubble class of five.

In order to further demonstrate the significance of
the bubble-bubble interchange, we also carried our
simulations taking all the exchange coefficients E;; to
be zero. The gas phase concentration profiles for the
three bubble classes in this case are shown in Fig. 13.
The 0.0l m bubble class equilibrates with the liquid
phase very quickly whereas we see that the conversion
obtained from the 0.1 m bubble class is extremely
limited. Also shown in Fig. 13 is the weighted average
concentration profile of the bubble ensemble cal-
culated from:

d(‘q z L"Large i
- = - C i-
d< ,-:zl v

(12)

The overall conversion achieved by the ensemble is
only 43%, significantly lower than that obtained tak-
ing interactions into account.

A further point to note is that the refreshment
frequencies due to coalescence or break-up are of the
same order of magnitude as the Danckwerts surface
renewal frequencies for mass transfer. For a bubble of
0.1 m diameter the Danckwerts surface renewal fre-
quency is calculated to be of the order of 3s~ ! while
we see from Fig. 10 that this bubble class is refreshed
at the rate of 155~ 1. This implies that during the time
span of unsteady-state transfer to the liquid phase,
a bubble would lose its identity, resulting in a further
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Fig. 13. Relative hydrogen concentration as a function of

axial position in a Fischer Tropsch slurry reactor for the

three bubble class without bubble-bubble interchange. Also

shown in dashed lines are calculations of the ensemble aver-

aged concentrations along the reactor height following
eq. (12).

enhancement of the mass transfer coefhcient ki, esti-
mated to be of the order of a factor 2. A detailed mass
transfer model needs to be set up to take this also into
account. A combination of bubble-bubble inter-
change and enhanced k; due to accelerated surface
renewal leads to an order of magnitude increase in the
mass transfer coeflicient above that estimated from
“conventional™ treatments ignoring bubble-bubble
interactions.

Vermeer and Krishna (1981) in a study of mass
transfer from “large” bubbles with the system air‘tur-
pentine had attributed the measured (paradoxically)
high values of mass transfer coefficients to the violent-
ly turbulent nature of the liquid phase. We can now
establish, albeit  qualitatively.  that  frequent
bubble-bubble exchanges are the most likely cause of
high mass transfer rates.

CONCLUSIONS

We have gained some insight into the hydrodynam-
ics of slurry bubble columns. Increasing slurry con-
centration reduces the total gas holdup; this reduction
is to be largely attributed to the destruction of the
“small™ bubble population. which have bubble dia-
meters smaller than 10 mm. Increasing slurry concen-
tration increases the size and size distribution of the
“large™ bubbles. A frame-by-frame analysis of the
video images shows that there is frequent bubble
coalescence and breakup. With the aid of a popula-
tion model for mass transfer we have established that
this could lead to an order of magnitude increase in
the mass transfer for the larger bubble sizes.

In view of the demonstrated significance of
bubble: bubble interactions in a two-dimensional col-
umn. we consider it vital to confirm this phenomenon
in a three-dimensional column with the aid of say
tomographic techniques or fibre optic probes. A re-
cent study. using video imaging techniques. by
Stewart (1995) of bubble interactions in a three-di-
mensional column of 0.2x 0.2 m cross section indi-
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cates coalescence-breakup rates of the order of
10-30s~ !, providing some confirmation of our two-
dimensional results.

Another aspect which deserves further study is the
influence of the particle size and shape on the bubble
hydrodynamics; in a recent study by Tsuchiya and
Furumoto {1995) the influence of particle shape has
been emphasised.

NOTATION

a interfacial area per unit volume of disper-
sion, m>m ™ ?

A transfer coefficient matrix defined by eq. (7)

A, bubble area, m?

Aim total area of the image, pixels

Aonj area of one object in an image, pixels

B column matrix defined by eq. (8)

C, gas phase concentration, mol m~*

Cho gas phase concentration at inlet to reactor,
molm™*

C. liquid phase concentration, mol m 3

C, solids volume fraction in gas free slurry

dy bubble diameter of the large bubble popula-
tion, m

dy.1arge  Mean bubble diameter of dilute phase, m

D liquid phase diffusivity, m*s”!

E; exchange coefficient of bubble class i with
bubble class j.s !

h height above the gas distributor, m

H height of expanded bed, m

ko liquid phase mass transfer coefficient, s™!

m distribution coefficient

NTU  number of transfer units

NExTU number of exchange transfer units

Sp refreshment rate (birth or death rate), s~ !

I, contact time, s

Th threshold grayscale value

U superficial gas velocity, ms™*

Ularee.:  superficial velocity of gas through the large
bubble population i, ms™ '

Uyy superficial velocity of gas through the small
bubbles, ms ™!

vy rise velocity of the large bubble population,

ms™!

Greek letiers

& gas voidage

i liquid viscosity. Pas

oL liquid density, kg m ~*

o surface tension of liquid phase, Nm ™'
s axial coordinate, h/H

Subscripts

g referring to gas phase

H2 hydrogen

i ith bubble class

L referring to liquid phase

Large referring to the large bubble population
0 referring to entrance to reactor

1,23 referring to bubble classes
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