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Abstract

Liquid distribution and local mass transfer in a packed bed of 25.4 mm metallic Pall rings were investigated. The liquid collecting method
and electrochemical technique were used to measure local liquid flow rates and local mass transfer coefficients, respectively. Measurements were
carried out at various radial and axial positions in the bed at varied liquid flow rates with three different liquid distributor designs: single point
(SLD), cross (CLD), and ladder type (LLD) distributors. A new liquid-distribution factor for the liquid flow pattern in a packed bed was proposed
and used for evaluation of liquid distribution in the bed. Liquid distribution and the local mass transfer coefficient for SLD were more sensitive to
the bed height than those for CLD and LLD, as expected. Liquid redistribution was observed at x/D (the ratio of the packing height to the tower
diameter) level of 4.9. The effect of the inlet liquid flow rate on local mass transfer was found to be significant for all liquid distributors. Local
mass transfer coefficient increased with the inlet liquid flow rate. A correlation of the overall mass transfer with the particle Reynolds number was
also developed taking into account the volume segments of different radial and axial regions in the bed. The mass transfer coefficient, in terms of

the Sherwood number, was found to be proportional to the Reynolds number to a power of 0.26 for CLD and 0.44 for SLD.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

A packed bed is one of the most common unit operations
applied for interphase transport in chemical industries. This has
prompted extensive studies of mathematical and physical model
for these systems. Consequently, there exists a large number of
publications on liquid distribution in the packed column using
different techniques from the simple liquid collecting method
[1,2] to the more advanced techniques, such as: tracing method
[3,4], conductance probe [5,6], and tomographic measurement
[7-9].

The liquid collecting method has been used widely to investi-
gate liquid distribution in a packed column due to its simplicity in
measurements as well as data analyses [1,2,10-16]. This method
is based on the collection of liquid flowing down into a special
vessel at the outlet of the bed. In this vessel, liquid is collected
in an array of cells or concentric cylinders and then the liquid
volume is measured versus time. Local liquid velocity is usually
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used to quantify the liquid distribution in a packed bed, and var-
ious mathematical models have been developed for liquid flow
distribution. Some of the typical models are shown below.

Groenhof [10] defined the liquid maldistribution index, Mgy,
as a root mean square deviation of f;; values from their mean f,y
as follows:

P 2
M= | Sy ) 0
i

where i is the ordinal number of a collecting cell, j the ordinal
number of an experiment, f}; the ratio of the measured liquid flow
rate into a collecting cell to the flow rate expected for a perfectly
uniform liquid distribution, # is the number of fj; values.

One of the most fundamental studies on liquid distribution
in a packed column is that of Hoek et al. [1]. In their study the
effects of a wide variety of factors including packing character-
istics (type, size, and packing height), liquid distributors, and
operational conditions (e.g. liquid flow rates) on the liquid dis-
tribution were investigated. The maldistribution factor Mg, was
defined as the square of the relative standard deviation of the
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Nomenclature

a cathode surface area (m?)

A area of the column cross-section (m?)

A; area of the ith collecting section (m?)

Ag area of the local segment around a measuring
point (m?)

Coo bulk concentration of ferricyanide (mol m~3)

dp equivalent diameter of packing (m)

De diffusion coefficient of ferricyanide in solution
(m*s~)

Dy, liquid distribution factor

F Faraday constant (96,487 C mol ™! )

F, area factor (Fy =As/A)

Fy height factor (Fy, = Hy/H)

F, volume factor (Fy = F,Fp)

G gas flow rate (kgm2s~1)

H overall packing height in the column (m)

H; length of a segment in the axial direction (m)

i, limiting current for ferricyanide reduction (A)

ki-s liquid-phase mass transfer coefficient of ferri-
cyanide at solution/packing interface (ms~—!)

Lay average volumetric flow rate for all collectors in
column (m3s~1)

L; volumetric flow rate to ith collector in column
(m?s~h)

M; liquid maldistribution factor

n total number of collectors or sampling electrodes
in column

r/R dimensionless radial distance from the center of
bed cross-section

Re Reynolds number, Re = #

Sc Schmidt number, Sc = ﬁ

Sh Sherwood number, Sh = %

U superficial velocity of liquid (ms~")

x/D dimensionless axial distance from liquid distrib-
utor

z number of electron transferred during reduction
of each ferricyanide ion

Greek letters

uw kinematic viscosity (m2s~1h

0 density (kgm™3)

flow distribution as follows:

1< L; 2
Mo =3 (1- 1) @

i=1

where L; is the liquid flow rate to the collecting cell ith, and L,y
is the average liquid flow rate.

The liquid maldistribution factor was redefined by Kouri and
Sohlo [2] taking into account the areas of the collecting cells

and the column:

n Ai Li 2
Mp3 = ZA(I_LW) 3)

i=1

where A; is the area of the ith annular collecting section, A the
cross-sectional area of the column, L; the liquid flow rate to the
ith annular section and L,y is the average liquid flow rate over
the column cross-section.

Several maldistribution factors have been proposed and
reported in the literature. However, from mathematical point of
view, these factors show only the deviation of individual (local)
measured values from the average of all measured values; hence,
they do not represent the deviation of individual measured val-
ues from the values under an ideal condition, i.e. the local liquid
flow rate when liquid distribution is ideally uniform in a packed
bed. In addition, they do not show clearly the development of
the liquid flow pattern in the bed. For example, when the local
liquid flow rates at individual measuring points are comparable
among themselves, the calculated maldistribution factor would
be low, indicating good liquid distribution. However, liquid flow
distribution in the bed might be still far from uniformity since the
measured values may differ (larger or smaller) from the actual
liquid flow rate.

Mass transfer in a packed column has also been extensively
investigated. Various methods have been used in those studies,
such as: dissolution [17-19], electrochemical [20,21], and gas
absorption [22,23]. Through these methods, the effect of a vari-
ety of factors namely packing characteristics (type, size, and
packing height), initial liquid distribution, and fluid flow rate on
the mass transfer coefficient was investigated. Many mathemati-
cal models for mass transfer in a packed bed have been proposed.
However, direct measurements of the local mass transfer coef-
ficient in a packed bed was only done in our earlier study using
the electrochemical technique [20], and a mathematical model
for local mass transfer coefficient in a packed bed was proposed
recently [21]. This model allows predictions of the local mass
transfer coefficient at any axial and radial positions in the packed
bed of metal Pall rings.

Although liquid distribution and mass transfer in a packed
column have been studied by several researchers, they were
usually reported as separate works. It is well known that liquid
distribution directly affects mass transfer in a packed bed. The
present study is an extension of our previous work [15,20,21]
on investigation of the influence of liquid distribution on mass
transfer in a packed bed. The effects of initial liquid dis-
tribution, the packing height, and liquid and gas flow rates
on liquid distribution and local mass transfer coefficient were
investigated.

2. Methodology
2.1. Experimental set-up
The experimental apparatus consists of a 0.3 m diameter

PVC column filled with 25.4 mm stainless steel Pall rings to
2.1 m height as shown in Fig. 1. Two different configurations of
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Fig. 1. Schematic diagram of the experimental setup.

experimental system were used for liquid distribution and mass
transfer coefficient measurements.

For liquid distribution measurements, the liquid collecting
method was used with air—water system. The liquid flow rate
was varied from 2.6 to 7.8 kgm~2 s~ !. Two gas flow conditions
(0 and 0.9kgm~2s!) were used to study the effect of the gas
flow rate on liquid distribution. Liquid flowing down the bed was
collected in a collector with 39 tubes of 25.4-mm diameter. The
tubes were arranged circularly at four different radial positions
as shown in Fig. 2. Measurements were carried out at four axial
levels from the top of the packing: 0.5, 1.0, 1.5, and 2.0 m. These
axial levels are equivalent to the ratios of the axial distance from
the top of the packed bed to the tower diameter, x/D, of 1.6, 3.3,
4.9, and 6.6. The wall flow was separated from the bulk flow in
the packing by an annular ring on the inside wall of the column

152:4
228.6

Fig. 2. Schematic diagram of the tube arrangement in the liquid collector: (1)
center section with 1 tube; (2) inner section I with 6 tubes; (3) inner section II
with 12 tubes; (4) outer section with 20 tubes (dimension unit: mm).

Table 1
The characteristics of the liquid distributors

Liquid Number of Nozzle Number of nozzles
distributor type nozzles diameter (mm)  per unit area (m~?2)
Single point type (SLD) 1 23.8 14
Cross-type (CLD) 16 4.8 219
Ladder type (LLD) 34 4.0 466

at the packing support level and collected in a separate container
so that it did not interfere with the local liquid flow through the
packing to the liquid collector described above.

For both liquid distribution and mass transfer coefficient mea-
surements, three types of liquid distributors were used: single
point (SLD), cross (CLD), and ladder type (LLD) distributors.
The properties of these liquid distributors are shown in Table 1.
The sketches of the distributor lay-outs are given in Fig. 3a—c.

2.2. Liquid distribution factor

Liquid maldistribution factors (indices) reported in the liter-
ature often represent only the deviation of the measured values
from their own average. This may not show the deviation from
an ideal state (uniform liquid flow distribution in a packed bed)
when all liquid exiting the column is not collected or the wall
flow is lumped into the flow in the bulk region of the packing.
Ideally uniform liquid distribution at a given packing height of
a column is only achieved when the ratios of the flow rate to the
surface area of individual collecting cell not only are identical
for all collecting cells across the column but also are the same
and equal to the ratio of the inlet liquid flow rate to the entire
cross-sectional area of the column. This can be expressed as

2 2 n

Therefore, a new liquid distribution index, Dy, which repre-
sents the level of uniformity of liquid distribution in a packed
column, is proposed and defined as the root mean square devi-
ation of individual values L;/A; from the overall averaged value
L/A:

B 2
1 LA
bL=2 > <1 L/A > ©)

i=1

The value of Dr is always positive and a value of zero
indicates ideal liquid distribution, i.e. perfectly uniform liquid
distribution. The larger the value of Dy, the less uniform the
liquid flow distribution is. The value of Dy, evaluated from Eq.
(5) represents the deviation of measured values from an ideally
perfect uniformity of liquid flow distribution in a packed bed.

2.3. Mass transfer coefficient measurement

The electrochemical limiting diffusion-current technique
(LDCT) was used to measure the local mass transfer coefficient.
Local mass transfer coefficients were measured at 81 locations
over nine axial levels. At each axial level, nine electrodes
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Fig. 3. (a) Side view (top) and lay-out (bottom) of cross-type liquid distributor (CLD). All dimensions are in millimeter. (b) Side view (top) and lay-out (bottom) of
ladder-type liquid distributor (LLD). All dimensions are in millimeter. (c) Lay-out of single-point liquid distributor (SLD). All dimensions are in millimeter.

were arranged at three radial positions as shown in Fig. 4. The
axial levels used in the experiments are equivalent to the ratios
of the axial distance from the top of the bed to the column
diameter, x/D, of 0.5, 1.0, 2.0, 2.5, 3.0, 3.5, 4.0, 5.0 and 5.5.
Ferricyanide/ferrocyanide redox couple was selected as the
reaction system with a large excess of sodium hydroxide as

a supporting electrolyte to reduce the effect of ionic migra-
tion. In the present study, the concentrations of ferricyanide,
ferrocyanide and sodium hydroxide used were 3.6, 4.0, and
500 mol m~3, respectively.

The limiting current (i, ) obtained from the voltage drop over a
known resistor is proportional to the liquid-to-solid mass transfer
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1

Fig. 4. Schematic diagram of the electrode arrangement in a layer: (1) cen-
tral electrodes; (2) inner electrodes; (3) outer electrodes. The distance between
centers of electrodes is shown in unit of 7/R.

coefficient (kr.—g) at the cathode surface (nickel-coated packing)
as shown in the following equation:
iL

—_— 6
azFCy ©

ki—s =
where a is the surface area of the cathode, z the number of
electrons transferred in the oxidation—reduction reaction, F the
Faraday constant and C, is the ferricyanide concentration in
the bulk electrolyte.

The ferricyanide concentration in the electrolyte was deter-
mined by the iodometric method. Accordingly, the Schmidt
number was around 1500. The details of the experimental appa-
ratus and procedures are given elsewhere [15,20].

3. Results and discussion
3.1. Liquid distribution

Fig. 5 shows the liquid distribution factor for the single-point
liquid distributor (SLD) at different x/D levels. Solid lines illus-
trate experimental data with a gas flow rate of 0.9 kg m~2 s~ ! and
dotted lines without a gas flow. For all inlet liquid flow rates, the
overlapping of solid and dotted lines indicates that gas flow did
not affect liquid distribution. Itis relevant to note that the gas flow
rate of 0.9 kgm~2s~! used in the present study is much lower
than the loading point of 2.2kgm™2s~! for air/water system,
which is estimated by Robbins’ pressure drop correlation [24].
The insignificant effect of the gas flow below loading point on
the liquid distribution has been reported in the literature. Some of
the more recent ones are those from Kouri and Sohlo [2] and Yin
et al. [25], who pointed out that at low gas flow rates, the effect
of the gas flow rate on liquid radial dispersion was insignificant.
However, liquid radial mixing increased significantly at the gas
flow rate above the loading point.

As can be seen in Fig. 5, at x/D of 1.6 the liquid distribution
factor decreases drastically with increases in liquid flow rate,
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Fig. 5. Liquid distribution factor at different x/D levels for SLD.

however, at larger x/D levels, the liquid distribution factors for all
liquid flow rates (2.6, 5.2, and 7.8 kg m—2 s_l) are comparable.
Similar trends are also observed with CLD and LLD as shown in
Fig. 6. This is in agreement with the results obtained by Hoek et
al. [1] who reported that the maldistribution index did not vary
considerably with liquid flow rate.

The initial liquid distribution at the top of the packed bed
by the liquid distributor affected liquid flow distribution signif-
icantly. For SLD, the liquid distribution factor (D) decreased
more than 45% when x/D increased from 1.6 to 3.3 at all lig-
uid rates from 2.6 to 7.8kgm~2s~!. This indicates that more
development of the liquid flow occurred in the top section of
the packed bed (equivalently lower x/D). However, for CLD and
LLD the liquid distribution factor decreased to a lesser extent of
about 28 and 15%, respectively, as can be seen in Fig. 6. With
a larger number of nozzles per unit cross-section area of the
column, CLD and LLD provided a more uniform initial liquid
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Fig. 6. Liquid distribution factor at different x/D levels for CLD and LLD
(G=0kg m~2s71).
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Fig. 7. Contour plots of local liquid flow rate (ml/min) at various x/D levels in the packed bed with CLD at L=7.8kgm~2s (G=0kgm™2s~1).

distribution, resulting in smaller changes in the liquid distribu-
tion factor along the packing height. Liquid flow distribution for
SLD was much more sensitive to the bed height than for LLD due
to a poor initial liquid distribution. Billet [26] also reported that
liquid maldistribution decreased with increases in the number
of liquid distributing points (nozzles).

For both CLD and LLD, it is noted that the initial decreasing
trend of Dr, with x/D is followed by an increasing trend of D,
starting at x/D of 4.9, especially at the higher liquid flow rate of
7.8kgm~2 s~ !, indicating the occurrence of liquid redistribution
in the packed bed. The contour plots of the local liquid distribu-
tion at x/D of 3.3, 4.9 and 6.6 with CLD in Fig. 7 reconfirm the
occurrence of liquid redistribution at x/D of 4.9. The more con-
trast on the contour plot indicates the larger difference in local
liquid flow rates or less uniform liquid distribution in the bed.
It can be seen in Fig. 7 that radial liquid distribution developed
along the packing height. At x/D of 4.9 the liquid flow distri-
bution is relatively uniform, as shown by a less color contrast
of the contour plot, and then it slightly becomes less uniform
at x/D of 6.6 indicating the occurrence of liquid redistribution.
Liquid redistribution has been reported by several researchers,
and redistributors were proposed to install at x/D within the
range of 5-10 [27,28] or 3—10 [29] to improve the overall liquid
distribution.

Liquid redistribution indicated by the relationship between
Dy, and x/D shows the advantage of the proposed liquid dis-
tribution factor over other reported factors in evaluating liquid
flow distribution in a packed bed. For the same experimental data

set, as an example, the values of the maldistribution factor were
calculated from various equations and plotted in Figs. 8 and 9.
Fig. 8 shows the variation of the maldistribution factor My, with
the packing height at different inlet liquid flow rates. For a com-
parison of various maldistribution factors and Dy, for the same
data set, Fig. 9 shows the liquid maldistribution factors My,
My, M3, and liquid distribution factor Dy , respectively. As can
be seen in Figs. 8 and 9, the maldistribution factors My, Me
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w

-
o
s
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Fig. 8. Liquid maldistribution factor at different x/D levels for CLD and
G=0kgm 2571
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and My keep decreasing with the packing height beyond x/D
of 4.9, except DL, indicating that there would be further liquid
distribution improvement. However, some deterioration of lig-
uid distribution in fact was observed at x/D >4.9 as previously
shown in Figs. 6 and 7 and the increase of Dy, shown in Fig. 9.
In other words, these maldistribution factors failed to reveal the
liquid redistribution in the bed.

In order to elucidate the flow development along the packed
bed, the fluctuation of local liquid flow rate with the axial dis-
tance x/D was examined. The fluctuation is reflected through the
change in the local liquid flow rate to a cell between two con-
secutive axial levels. When a fully developed flow is reached
in the packed bed, the fluctuation in the local liquid flow rate
with x/D would be non-significant, i.e. the change in the local
liquid flow rate with x/D would level off and remain relatively
constant, unless liquid redistribution occurs further down the
column. The change of liquid flow rate to an individual liquid
collecting cell was calculated from the liquid flow to the same
cell at two consecutive axial levels. The arithmetic average of
the values of the flow rate change for all 39 cells was then calcu-
lated. The averaged values obtained are plotted in Figs. 1012
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Fig. 10. The difference in measured liquid flow rate of two following x/D levels
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Fig. 11. The difference in measured liquid flow rate of two following x/D levels

for CLD and G=0kgm~2s~1.

for SLD, CLD and LLD, respectively. In Figs. 10-12, a point at
a certain x/D represents the averaged change of local liquid flow
rate (to 39 cells in the liquid collector) over the cross-section of
the column when the liquid flows from an upper x/D level to the
specific x/D at which the data point is plotted, e.g. the value at
x/D=3.3 is for the change of the flow from x/D =1.6 to 3.3.
Generally, for both SLD and CLD, the difference in the mea-
sured local liquid flow rate decreased with increases in x/D as
can be seen in Figs. 10 and 11. The largest change in the liquid
flow rate was at x/D = 3.3, which was the change in the liquid rate
between x/D level of 1.6 and 3.3. The flow rate change became
moderate for SLD and insignificant for CLD at x/D=4.9 and
beyond. This indicates that there existed flow development along
the packing height with nearly full developed flow at x/D > 4.9.
On the other hand, the difference in the measured local liquid
flow rate for LLD remained relatively constant with x/D. How-
ever, at an inlet liquid flow rate of 7.8 kgm™2s~! the flow rate
change increased slightly at x/D = 6.6, indicating some deteriora-
tion of liquid distribution in the packed bed when liquid flowed
from the axial level x/D=4.9-6.6. In addition, from the mea-
surements of the wall flow using a concentric ring with a gap of
12 mm from the inside wall of the column in the present study,
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Fig. 12. The difference in measured liquid flow rate of two following x/D levels
for LLD and G=0kgm™2s~!.
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fully developed wall flow was observed at x/D=4.9 for LLD,
which was about 5.5% of the total liquid flow rate to the bed.
This implies that liquid redistribution from wall region back
to the bulk region of the packed bed might occur at x/D level
beyond 4.9. It is interesting to note that the liquid distribution
factor, Dy, also increases at this x/D level as shown in Fig. 6,
and some deterioration of the uniformity of local liquid veloc-
ity beyond x/D = 4.9 was observed in similar contour plots as of
Fig. 7.

It was also noted that the change in the local liquid flow
rate increased with the inlet liquid flow rate but decreased with
the number of nozzles per unit area of the liquid distributor. At
higher inlet liquid flow rates, more liquid channeling could occur
within the opened structure of random Pall rings. In addition, at
a higher liquid inlet flow rate, local liquid velocity or local flow
rate was proportionally higher. Therefore, based on the order of
magnitude of liquid flow in the packed bed, changes in the local
liquid flow rate with x/D were higher although the percentage
changes (i.e. normalized local flow rates against the inlet liquid
flow rate) were relatively comparable. For SLD, the liquid flow
entered the column at the central region in the top section of the
packed bed, resulting in very high local liquid flow in the central
region at x/D=1.6. As the liquid flowed down the packed bed,
it was spread out in the radial direction by the packing; hence,
the local liquid flow rates became much smaller and more even
over the cross-section of the column at x/D =3.3. Therefore,
the change in the local liquid flow rate between x/D =1.6 and
3.3 was very high. For liquid distributors with a larger number
of nozzles per unit cross-section area of the column (such as
LLD), the flow development along the packing is small, due
to better initial liquid distribution. Therefore, the change in the
local liquid flow rate with x/D for LLD was smaller than those
for CLD and SLD. At the inlet liquid flow rate of 7.8kgm™2s
and the x/D level of 3.3, the change in the local liquid flow rate
for LLD is two times smaller than that of CLD and three times
smaller than that of SLD.

3.2. Effect of liquid flow distribution on the mass transfer
coefficient

The effect of liquid distribution on the local mass trans-
fer coefficient was evaluated. The local liquid flow rate
and local mass transfer coefficients, expressed in terms of
ShiScV33, are plotted against the x/D level in Figs. 13-15. In
Figs. 13a, 14a, and 15a each data point for the local liquid flow
rate at a radial location (#/R) represents the arithmetic average of
all measured points at that given radial location, i.e. the average
of 1 point at the central section (#/R = 0), 6 points at the inner sec-
tion I (#/R=0.25), 12 points at the inner section II (/R =0.50),
and 20 points at the outer section (/R =0.75) as shown in Fig. 2.
Similarly, in Figs. 13b, 14b, and 15b each data point in the graphs
of the outer (/R =0.83) and the inner (+/R =0.42) sections rep-
resents the arithmetic average of all four electrodes at the given
radial position. The value for the center section (/R=0) is the
average for two electrodes shown as one at the central location
in Fig. 4. Two electrodes were used for better representation of
the central region of the bed.
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For SLD, the highest local flow rate of liquid was at the central
section close to the top of the packed bed (small x/D values) as
shown in Fig. 13a. This correspondingly resulted in the highest
local mass transfer coefficient (Fig. 13b). The single-point liquid
distributor with only one central nozzle provided a poor initial
liquid distribution. Close to the top of the packed bed, liquid
stream concentrated in the central section of the column, result-
ing in high mass transfer in this section (Fig. 13b). Liquid spread
out radially when it cascaded down the packed bed. Therefore,
at deeper axial levels (higher x/D values) the local liquid veloc-
ity in the central section decreased, and hence, a reduction in
the local mass transfer coefficient was observed. A similar trend
was also observed for the inner section. On the other hand, along
the packing height, the local mass transfer coefficient in the
outer section increased due to liquid spreading from the central
region to the outer section that was not wetted adequately in the
upper part of the packed bed (low x/D levels). This variation
pattern of the local liquid flow rate and mass transfer coeffi-
cient was also observed by Kouri and Sohlo [2], and Gostick
et al. [20].
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Fig. 14. Local liquid flow rate (a) and local mass transfer coefficient (b)
vs. x/D level at different radial locations for CLD at L=6.5kgm™2s~!
(G:Okgm’2 s7h.

For SLD, at all x/D levels the local mass transfer coefficient
increased with the liquid flow rate as expected (Fig. 13b). Sim-
ilar result was reported in literature [30]. In case of multi-point
liquid distributors (CLD and LLD), the variation of the local
liquid flow rate and the local mass transfer coefficient with the
bed height was smaller than that with the single-point liquid dis-
tributor (Figs. 14 and 15). Multi-point liquid distributors, with
larger numbers of nozzles per unit cross-sectional area of the
column, provided a more uniform initial liquid distribution. Fur-
thermore, as shown in Fig. 3a and b there was no nozzle at the
center of these liquid distributors, hence, liquid flow from the
distributor concentrated mostly at the inner region as shown
in Figs. 14a and 15a. Therefore, local liquid flow rates at the
inner sections with #/R of 0.25 and 0.50 were higher than those
at the central and outer sections (Figs. 14a and 15a). The local
mass transfer coefficient was correspondingly higher at the inner
region (x/D =0.42) due to higher liquid velocity. Similar radial
profile of the mass transfer coefficient was reported in literature
[31].

In case of a poor initial liquid distribution with SLD, the
variation of the local liquid flow rate and the local mass trans-
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Fig. 15. Local liquid flow rate (a) and local mass transfer coefficient (b) vs. x/D
level for LLD at L=6.5kgm~2s~! (G=0kgm~2s~1).

fer coefficient with locations in the packed bed was very large
compared to that with a more uniform initial liquid distribution
provided by CLD and LLD. For SLD, the difference between
the maximum and minimum local liquid flow rate was over two
and three times larger than those for CLD and LLD, respectively,
and the difference between highest and lowest values of the local
mass transfer coefficient was over five times larger than those
for CLD and LLD.

3.3. Volume-averaged overall mass transfer coefficient

In order to obtain the overall mass transfer across the column,
a correlation for the overall mass transfer coefficient (in terms
of the Sherwood number) was developed taking into account
the partial volumes of different radial and axial segments of
the column where the measurement points were located. The
estimated overall mass transfer coefficient from the local mass
transfer coefficient would be more accurate because the variation
of mass transfer with radial and axial location is incorporated
into the model.

Fig. 16 shows the segmentation of the packed bed for the
estimation of the partial volume (or volume factor) that is the
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Fig. 16. Segmentation of the column for estimation of the local volume factor
from the height and area factors.

product of the height and area factors. For the radial location
effect, the local mass transfer coefficient was multiplied by the
area factor F, of the local area surrounding the measuring point.
The area factor F, is defined as the ratio of the local area to the
cross-sectional area of the column. For the axial location effect
the local mass transfer coefficient was again multiplied by the
height factor Fy,. The height factor Fy, is defined as the ratio of
the segment height to the overall packing height in the column.
The values of the local mass transfer coefficient, weighed by the
volume factor Fy (Fy = F,F}), were then used to determine the
coefficients a and b in the relationship between the Sherwood
number and the Reynolds number as below:

Sh
5033

where Re is the particle Reynolds number, Sc the Schmidt num-
ber and Sh is the Sherwood number.

The variations of the overall mass transfer coefficient and the
liquid distribution factor with the Reynolds number are plotted
in Fig. 17. In this figure each data point for the liquid distribu-
tion factor represents the value calculated from the new liquid
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Fig. 17. Relationship of the overall mass transfer coefficient (MTC) and liquid
distribution factor with the particle Reynolds number.

distribution factor described by Eq. (5) using all 156 measured
points in the column at all 4 axial levels with 39 points at each
level. As can be seen in Fig. 17, the mass transfer coefficient
in the form of Sh/Sc%33 is proportional to the Reynolds number
to a power of 0.26 for CLD and 0.44 for SLD, which is in the
range of reported literature values. Furthermore, the effect of the
Reynolds number on the mass transfer coefficient as well as the
liquid distribution factor for CLD is less than the case with SLD
as indicated by a lower exponent of the Reynolds number in the
correlation. This can be attributed to better overall liquid distri-
bution in the packed bed due to good initial liquid distribution
provided by CLD. This is also reflected through an insignificant
variation of Dy, with the Reynolds number for CLD. On the other
hand, liquid distribution with SLD was enhanced significantly
with increases in the liquid flow rate, i.e. Re values, especially
at the low end of the liquid flow rate range where higher liquid
flow rates help spreading liquid out more in the radial direction
in the packed bed.

4. Conclusions

From the results obtained in the present study, it can be con-
cluded that:

e Liquid distribution affected mass transfer significantly. The
variation of liquid distribution in the column was reflected by
the variation of the local mass transfer coefficient.

e Gas flow rate below the loading point did not have a noticeable
effect on liquid distribution.

e The design of the liquid distributor is critical for liquid distri-
bution and mass transfer in a random packed column. Liquid
distribution and the local mass transfer coefficient with SLD
were more sensitive to the bed height than those for CLD and
LLD, due to the poor initial liquid distribution provided by
SLD.

e A correlation of the overall mass transfer with the particle
Reynolds number was developed using the local volume seg-
ments of different radial and axial locations in the column.
The mass transfer coefficient was found to be proportional to
the Reynolds number to a power of about 0.26 for CLD and
0.44 for SLD.

e A new liquid distribution factor for evaluation of liquid dis-
tribution in a packed column was introduced. The advantage
of the proposed factor is that it presents the deviation of the
local liquid flow rate from a perfectly uniform liquid distribu-
tion, considering the area of the cross-section of the collecting
cell. This makes the proposed factor applicable to any liquid
collecting system, independent to the number and the shape
of the collecting cells. In addition, the new liquid distribution
factor appeared to be able to reveal the occurrence of liquid
redistribution in the packed bed.
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