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Abstract

The limiting current method is applied to characterize the local mass transfer in the axial, radial and angular directions throughout a
packed bed of Pall rings. This is expressed in terms of the particle-to-fluid mass transfer coefficient of ferricyanide ions obtained from the
limiting currents measured during its reduction to ferrocyanide at different locations in the bed. Particular focus is placed on the variability
of the mass transfer coefficient with position in terms of the quantityMT equivalent to the normalized deviation of the function
SHSA33, The results confirm those reported by other researchers using more traditional liquid collection and tracer methods. Mass transfer
coefficients throughout the bed closely follow normal distributions for the rangewélues investigated. When a multipoint distributor
is used, MTar is already low at the lowest flow rat®¢€= 95) considered and remains unchanged with any further increase in flow rate.

In the case of a single-point distributor, on the other handyAdTdecreases with increasing flow rate, but always remains significantly
higher than that observed with the multipoint distributor. Moreover, thgdd™alue depends on whether irrigated or full flow conditions

prevail and on the cross-sectional area of the sampling electrodes, suggesting that local mass transfer variations are caused by local liquic
velocity variations once the Pall rings are sufficiently wetted.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction only be inferred from liquid flow or local concentration
measurements. Another main drawback is that liquid col-

Analysis of liquid flow patterns is one of the main diag- lection systems are limited to certain modes of packed bed
nostic tools used for evaluating the performance of packed operation due to their physical set-up. It is not possible to
beds. Although the final measure of performance is actu- utilize this method for flow regimes other than irrigated
ally the mass transfer efficiency, the liquid flow conditions liquid downflow, and even then the introduction of gas flow
inside the column actually dictate how it performs. For this is not possible without major modifications.
reason, observation and analysis of the local liquid flow Inthe current study, we report the use of the electrochem-
rates are important for improving the design of packed ical limiting current method that both complements and
columns. Typically, the measurement of liquid flow rate extends the liquid collection studies. This approach over-
is straightforward and involves placing an array of liqguid comes some of the shortcomings of other techniques since
collectors at the outlet of the bed. This method has beenit permits reaction rates and particle-to-fluid mass transfer
used to great effect to yield quite detailed ddth although coefficients to be directly determined (through measurement
more advanced techniques are now avail§®]eHowever, of current at sampling electrode packing pieces) and does
despite its simplicity and apparent success, the method doeso in a non-destructive manner without altering the packing
have some shortcomings. Firstly, since the mass transfersurface shape and texture. Moreover, these values can be
coefficient is not measured directly, mass transfer rates canobtained instantaneously, thereby allowing transient effects
or reactors operating under non-steady state conditions to
be characterized. Unlike liquid collection techniques that

permit simultaneous measurements in the radial direction
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Nomenclature with an increa_sing number of nozzles as Iong as fewer than
122 were installed. However, beyond this number of
a cathode area (f) nozzles, no further improvement ik was obtained al-
Cb bulk concentration of ferricyanide though it still did not reach zero, or perfect distribution. A
(mol m~3) maldistribution index of about 0.25 still existed in the bed
d column diameter (m) between locations.
de equivalent diameter of packing (m) More recently, Kouri and Sohl{s] measured the liquid
D diffusion coefficient of ferricyanide in distribution in a packed bed, focusing on the development of
solution (n¥s1) wall flow. They also attempted to measure the mass transfer
F Faraday constant (96,487 C md) behaviour using thermocouples to measure temperature dif-
i limiting current for ferricyanide ferences due to water evaporation. Due to the changing rela-
reduction (A) tive humidity and temperatures of both phases, this method
k; normalized concentration measured required a great deal of interpretation to extract the mass
atith collector or sampling electrode transfer coefficients and accordingly only the raw tempera-
ke liquid-phase mass transfer coefficient of ture data were presented. They found that the variation in
ferricyanide at solution/packing interface temperatures in the column varied directly with. The
(ms™1 method of measuring temperature profiles was adapted from
M¢ maldistribution index based on volumetric the work of Stichimair and Stemmégr], who used several
flow rate hundred thermocouples to measure the temperature profiles
Mg maldistribution index based on normalized caused by water evaporation in a packed bed. They also did
concentration not extract mass transfer coefficients from the data, showing
MTyar  dimensionless function defined ky. (4) instead the isotherms in the column. Both studies provided
n total number of collectors or sampling very clear qualitative pictures of the mass transfer behaviour
electrodes in column under different liquid distribution conditions. However, they
(of volumetric flow rate tdth collector or still suffer from not directly measuring mass transfer rates.
sampling electrode in column fs~1) Groenhof[8,9] measured the liquid distribution in con-
Re Reynolds numberRe= Udg/v) junction with stripping acetone from water to determine the
Sc Schmidt number%c= v/D) degree of liquid maldistribution in a packing. It was found
Sh Sherwood numberSh= k_de/D) thatM¢ and the maldistribution indel; based on normal-
U superficial velocity of liquid through ized concentration:
column (ms?) . 05
x/d dimensionless axial distance from Mo — Z ((ki - <k>)2)
LR k= —_— (2)
liquid distributor = n
z number of electrons transferred during
reduction of each ferricyanide ion were 0.39 and 0.17, respectively. Although this work pro-
v kinematic viscosity of solution (As™1) vided an excellent comparison between liquid distribution
() mean value of function and concentration variations, its main focus was on the ef-

fect of column diameter on the scaling-up of packed beds. It
did not involve a systematic analysis of the local behaviour

electrochgmlcal method. This a"F)WS mass transf_er to be (i.e. changes with packing height) nor did it study the effect
characterized on both macroscopic and microscopic scales.

Finally, the electrochemical method can characterize massOf different inlet liquid distribution modes.

transfer and liquid distribution during upward flow and both Recently,.Gostlck et al[10] usgd an .electrochemlcal
o : method to directly measure the axial, radial and angular de-
full and irrigated downward flow modes of operation.

The study of the flow distribution of liquids in packed pendence of local particle-to-fluid mass transfer coefficients

beds has received much attention. Several groups havewnhm a packed bed of Pall rings for both irrigated liquid

obtained excellent data, Hoek and co-workidr$,4] mea- d_ownflow and full liquid upflow operathn. The axial pro-
T . I files were based on measurements at nine electrodes placed
sured liquid distributions at many locations within the outlet

cross-section of packed beds for a wide variety of bed at different radial and angular locations at each of six po-

. : ; . . .2 .~ sitions along the length of the column. These experiments
heights, packing materials, packing sizes and liquid distrib- :
L . revealed that the mass transfer rate showed a maximum at
utors. A similar study was performed by Al-Samadi e{%].

who also varied the number of nozzles on the liquid distrib- an axial distance of 1.5 column diameters when the liquid

) ST _was fed into the column using a multipoint distributor and
utor. They observed a decrease in the maldistribution index: : 4 . .
at a distance of 2.5 column diameters when a single-point

1|2 ()2 distributor was used. In both cases, the average mass trans-
M; == Z (u) (1) fer coefficient at each axial position eventually reached a
"\ =1 {a) constant value further down the column.
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In this study, we once again report on the use of the elec- prevent short-circuiting. Each electrode layer in turn was
trochemical method, but now focus on the variability of mass separated from the adjacent one with another layer of in-
transfer coefficients depending on location within a packed sulating Pall rings. To characterize mass transfer within the
column. The variation in values obtained over 54 different bed, voltage was applied to the circuit and the resulting cur-
locations throughout the column is determined at various rent was measured. Sufficient voltage was applied to ensure
liquid flow rates using both single and multipoint liquid dis- that ferricyanide reduction at the cathodes was mass-transfer
tributors. The data are also analyzed to determine the axiallimiting. In this way, the measured limited curreint was
and radial dependence of this variability. Experiments will proportional to the mass transfer coefficient for ferricyanide
be carried out to gain some insight into the origin of this at the solution/packing interface via the expression:
variability. To our knowledge, this is the first study to report i
on the variation of mass transfer coefficients as opposed tok, =
liquid flow rates or local concentrations. Such information is azkG

potentially important since it can provide further insightinto - wherea is the cathode areathe number of electrons trans-
the maldistribution of liquid flow through packed columns. ferred by the electrode reaction for each ferricyanide ion re-
Typically, mass transfer in packed beds has been characducedF the Faraday constant afy the bulk concentration
terized on the basis of measurements made at only a fewof ferricyanide in the solution flowing through the packed
locations within columns. The variability of mass transfer ped. A more detailed discussion of the experimental set-up
coefficients with bed position determined in this study will and procedures is given elsewh§te,12]
also enable us to assess how representative of the true over- The apparatus consisted of a packed bed of 25 mm Pall
all performance are measurements at only a few locationsrings with a column diameter of 0.30m. A packed bed
and the most suitable locations for such measurements.  height equal to 5.5 column diameters was tested. Two types
Comparisons will be made between the mass transfer co-of liquid distributors were used: an ‘X-type distributor
efficient distributions obtained in this study to liquid flow wijth 16 nozzles, giving a nozzle density of 220fnand
distributions obtained by other researchers using the liquid a single-point distributor placed at the radial centre of the
collection approach. This will provide information on the ped. Liquid flow rates between 9350 and 56,120 k¢ i1
relationship between the liquid flow rate and mass transfer were used, providing a range of Reynolds numbers between
coefficient distributions within the bed. The limiting current 95 and 560. The Schmidt number was held constant at
method also allows all modes of operation of a given packed approximately 1500Fig. 1 shows the schematic diagram
column to be investigated. Consequently, the distribution of of the apparatus. The column could be run in full liquid

mass transfer coefficients under full upward flow conditions ypflow or irrigated downflow mode. Although a gaseous
will be measured and serve as a baseline to which the distri-component was not involved in this study, the set-up could

butions obtained during irrigated downward flow operation
can be compared.

2. Experimental \;
xXO

3)

Particle-to-fluid mass transfer coefficients were obtained
at various locations in a packed bed using the electrochem-
ical technique. General aspects of the method are given by
Selman and Tobiafl1]. The electrochemical reaction sys-
tem chosen for our study was the ferricyanide/ferrocyanide
redox couple:

RESERVOIR

X0

] FLow ELECTROLYTE
METER

Fe(CN)g>~ + €& — Fe(CN)g*

XO FEED

This choice has several advantages: this system is well un- PUMP
derstood, exhibits fast electrode kinetics and does not involve 4@4;
any solid reactants or products that would alter the pack- PACKED

ing surface. The solution continuously passed through the COLUMN
packed bed contained 3.8 motFe(CN)3~, 4.0 molnT3
Fe(CN)*~ and 500 mol m3 NaOH. The column was con-
figured so that the bed contained cathodic and anodic lay- 9@

ered sections. At specific locations within each section were DE O 2 RETURN
placed a small number of nickel-coated Pall rings electri- PUMP

cally connected to a power supply. Each of these electrodesrig. 1. schematic diagram of experimental set-up to measure local
was surrounded by insulating polymer-coated Pall rings to particle-to-fluid mass transfer coefficients in packed beds.
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Fig. 2. Schematic diagram showing the radial (a) and axial (b) placement of nickel-plated Pall rings that serve as electrodes to measure éntging curr
The dimensions are given in metres.

be easily modified to allow a gas to be fed into and/or stance, data from each electrode in the column can be com-

collected from the bed. bined to give a measure of the overall behaviour of a column.
Particle-to-fluid mass transfer coefficients were obtained Alternatively, data from electrodes at specific locations can

at 54 locations in the bed over six axial positions. At each be presented to reveal local phenomena. The results of these

axial location, nine electrodes were arranged as shown inanalyses are presentedSections 3.1 and 3.2

Fig. 2a Two Pall rings electrically connected to each other

served as an electrode in the centre of the column at each3.1. Distribution of mass transfer coefficients over the

axial position to provide a larger sampling surface area. This entire bed

was found to yield a more representative measure of the av-

erage flow through the central portion since the value could It is of interest to investigate the distribution of mass

not be averaged as for the inner and outer ring sections. Ob-+ransfer coefficient values measured in a packed bed. The

viously, in calculatingk_ from Eq. (3) the area used for utility of overall mass transfer correlations depends on the

the central electrode was twice that for the other electrodes.statistical distribution of mass transfer coefficients through-

More concerning the effect of sampling area on the mea- out the bed being distributed normally with a small variance.

surements is discussed 8ection 3.1 The six axial posi- A small variance indicates that relatively homogeneous lig-
tions were 30cm apart, starting at 15cm below the liquid uid flow is occurring throughout the column. Furthermore,
distribution point at the axial positiond = 0.5 (Fig. 2b). the overall statistical distribution in the bed should be rep-

An important feature of the set-up allows the multipoint resentative of local conditions in the column. It has been
liquid distributor to be rotated in the angular direction. Some found that these criteria are only partially met in the column
of the data presented in this study represents a combinationused in the present experiment.
of measurements obtained for different orientations of the Many researchers have pointed out that the random na-
distributor with respect to the array of electrodes. In addition, ture of packed beds should result in a normal distribution
analysis of the data for each angular position enables thefor mass transfef13,14] and heat transfefl5,16] coeffi-
effect of distributor position relative to that of the electrodes cients. Furthermore, Sederman et [@] showed that the
to be determined. This effect was found to be particularly liquid velocities through the pores of a packed bed also vary
important for the electrodes near the top of the column. in a statistically normal way. A histogram of the frequency

distribution of mass transfer coefficients obtained in our

column is compared to a normal distribution based on the
3. Results and discussion mean and variance of the experimental dat&im 3. The

good agreement indicates that the measured values follow

The data obtained at each electrode can be combined ina normal distribution. Similar fits were obtained for other
several ways to reveal different trends and behaviour. For in- flow rates investigated.
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0.007 flow using the single-point and multipoint distributors and
0006 | Re =280 full liquid upward flow. It remains essentially constant in
’ the case of the multipoint distributor and full upward liquid
& 0.005 | flow, whereas it decreases with increasing flow rate when
S the single-point distributor is used.
L 0.004 | It is interesting that M{ar does not decrease with in-
8 0003 | creasingRe for the multipoint liquid distributor since a
[ higher liquid loading would be expected to more completely
S 0002 f spread liquid throughout the bed and wet the packing, lead-
ing to more homogeneous flow and conditions approaching
0.001 that of full liquid flow. According to the data, this explana-
0 . . s ! tion is only partially correct. An increase in liquid homo-
0 200 400 600 800 1000 1200 geneity would account for the improvement with increasing

Sh/Sc®® Refor the single-point liquid distributor since more liquid
is available to spread away from the point of distribution. It
Fig. 3. Histogram of the frequency distribution of local particle-to-fluid 5|59 explains why the multipoint liquid distributor displays

mass transfer coefficients over the entire packed bed as a function of . . :
Sh/SE&32 for downward irrigated flow aRe= 280 using the multipoint much lower Mar values than does the single-point dis-

liquid distributor. The solid curve represents the normal frequency distri- tributor Sir_me the liquid is discharged_ more equally over the
bution predicted on the basis of the mean and variance of the experimentalbed and, in effect, pre-spreads the liquid. However, it does

data. not explain why the multipoint liquid distributor shows no
decline in MTyar with increasing liquid load. This may
Normal distribution curves obtained for the various flow be due to the fact that the particles are already completely
rates investigated are superimposedig. 4 Each curve is  wetted and so any additional liquid fed to the column will
based on the mean and variance experimentally observed ahave no further effect. Similar findings were reported by
each flow rate. It can be seen that the variance increases withal-Samadi et al[5] for liquid distribution with a varying
flow rate. However, this trend can be misleading becausenumber of nozzles on the liquid distributor. The data in
the variance is not normalized to account for the increasing Fig. 5 show that the MJar values for the single-point
mean (i.e. larger numbers have larger variances). A functionliquid distributor are decreasing toward the limiting value
that accounts for this effect by normalizing the deviation can obtained with the multipoint distributor aRe rises. This

be defined as follows: effect is elucidated further iSection 3.2where the effect
1 ShyS@33). _ (Shys@-33 of axial distance from the liquid distributor is considered.
MTvar = ;Z (K i (Sr)yS@<-33:V >|> (4) However, it is likely that liquid spreading and wetting
i=1 alone do not control the variation of mass transfer through-

out the bed. As shown ifrig. 5, the full upward liquid
flow regime, which of course has complete wetting, yields
a lower value of MTar than the apparent limiting value
obtained with the multipoint liquid distributor. Since the

Obviously, the lower the value of MAR is, the more uni-
form is mass transfer throughout the bed.HRig. 5, this
function is plotted versufe for the cases of downward

0.007
0.006 0.7
. ¢ Single Point LD
? 0.005 06 T - ® Multipoint LD
g ¢ A Full Upward
o
& 0.004 05 * .
w *
8 -
N 0.003 0.4
£
= = 03 r
2 0.002 =
| ] - L] L]
0.001 0.2 "
0 e y . VA V2V T 01T N A N A
0 200 400 600 800 1000 1200 0
Sh/sc®®
0 100 200 300 400 500 600

Fig. 4. Normal frequency distributions for local particle-to-fluid mass Reynolds Number

transfer coefficients over the entire packed bed as a functi®hts&33

for downward irrigated flow at variouRe values using the multipoint Fig. 5. Effect of Re on MTyar over the entire packed bed for cases
liquid distributor. Each curve is based on the mean and variance of the of a single-point liquid distributor, multipoint liquid distributor and full
experimental data at the correspondiRg upward liquid flow.
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(©)

Fig. 6. Placement of electrodes for experiments to assess the effect of sampling area on the variance of megsured/0és.

mass transfer coefficient is a function of both wetted area ing packing elements or other means, it is not possible to
and liquid velocity, it is probable that variations in the lig- completely eliminate variations in mass transfer coefficient
uid velocity are also contributing to the variations in mass values. Velocity fluctuations caused by the segregated nature
transfer coefficient. Considering the flow patterns present of flow through a random packing will always occur.

in each regime this explanation seems most likely. Full

upward liquid flow yields regions of higher velocity in the 3.2, Axial and radial variation of mass transfer
constrictions between packing pieces while irrigated flow coefficients

is characterized by high velocity streams of liquid flowing

through the bed, i.e. channelling. The non-uniformity of lig- The results irSection 3.1were based on combining data

uid velocity due to the constrictions in full liquid flow would  from every electrode throughout the bed. It will also be use-

be small compared to the difference in velocity between a f;| to examine the original data obtained from each electrode

channel and a stagnant zone in irrigated flow. This would ang analyze the effect of position in the bed on the variabil-

explain the differences in Mg for the two regimes. ity of the mass transfer coefficient. Care must be taken when
A test of this explanation was conducted by determining analyzing the results on a local scale. Positional dependence,

the variability of the mass transfer coefficient measurements particularly in the axial direction, has a significant effect on

over the four angular positions as a function of the number e |iquid distribution due to liquid build-up on column walls

of electrode packing pieces sampled at each location. The[18-20] Mass transfer coefficients have also been shown to

objective was to determine if the MAr would be reduced  yary predictably with positiori10,20] As a result, not all

by providing a larger electrode sampling area and a more ygriations are due to random processes. It should be noted

representative overall flow pattern, thereby reducing the ef- {hat the value 0fSh/SE33) used to calculate Miag at lo-

fects of localized stagnant zones and liquid channels. Thecg) positions according t&q. (4)is the mean value based

different arrangements examined are showrkrig. 6. For on measurements throughout the entire bed.

the configurations shown iRig. 6b and ¢ each electrode Fig. 8 shows the change in M/ir as a function of axial

piece was in electrical contact with the other electrode(s) at position in the bed with the multipoint liquid distributor
the same location.

Fig. 7 shows the variation of Myar over the four an-

gular positions in the inner ring section @t = 1.0 as a 0.25
function of the number of electrode pieces at each position ¢
when the multipoint liquid distributor is used. A significant 02 r
decrease in MJyar occurs when the number of packing
pieces is increased. Notice that as the number of packing g °1° [
pieces increases, the value of MR tends to level and ap- &£
proaches 0.07, which is identical to the value for full liquid o1 r
flow shown inFig. 5. Similar behaviour was reported by * -
Porter et al[17] upon increasing the sample collection area 995 |
in their measurement of liquid volume spread in a randomly
packed bed. 0 ' ' '
This is an important result since it indicates that the ma- 0 1 2 3 4
jor cause of mass transfer deviations in an irrigated packed Number of Packing Pieces / Angular Position

bed are velocity variations and not particle wetting, given _ - L
that the limiting homoaeneity has been reached. Although Fig. 7. The variation of M{ar over the four angular positions in the
9 9 y ' 9 inner ring section ax/d = 1.0 for irrigated downward flow as a function

it is pos;ible to reqUC? th'e V_a|U6 of MATR in a bed either of the number of electrode pieces at each position when the multipoint
through improved liquid distributor designs, better perform- liquid distributor is used.
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1 simultaneous measurements over one column during a
09 [ Re single experimental run.
o8 | 176 The data from numerous runs with different relative an-
i 264 les between the liquid distributor arms and the nine sam-
0.7 - 352 g q
o6 :440 pling elgctrodes haye been combined to produpe the results
:E 05 528 shown inFig. 8 This produces an averf_;lge_d picture of the
s flow through a bed with a good inlet distribution. Exami-
04T nation of the data according to angular orientation of the
03 1 liquid distributor with respect to the electrodes leads to a
02T w different picture.Fig. 9 shows the effect of axial position
01 on MTyar obtained for two liquid distributor positions. The
0 . . . . . results obtained when the liquid is dispensed directly over
0 1 2 3 4 5 6 the sampling electrodes are presentedrig. 93 whereas
Axial Distance from Liquid Distributor [x/d] the results obtained when they are® &part are shown in

Fig. 8. Effect of axial position on Myar for downward irrigated flow Fig. 9b Comparison of the two sets of data reveals that even
atgvariousRevaIues usiFr)19 the muItipo?nFi liquid distributor. Igach MR when a multlpomt II.qL.“d dIS.tI’IbutOI’ IS used’. th.e M&Ih IS .
value is based on the measurements at the nine electrodes in the radial'ot necessarily a minimum just below the distribution point
and angular locations shown Fig. 2afor each axial position. as indicated by the averaged valuesFig. 8 When the
liquid is dispensed directly over the sampling electrodes,
one gains the impression that the bed is fully wetted since
over a range oRevalues. Each data point shown is based the corresponding Mjar values remain constant. How-
on the separate measurements at the nine electrodes in thever, the results ifrig. 9bindicate that poorly irrigated ar-
radial and angular locations shownFig. 2afor each axial eas exist directly below the distributor and some angular
position. Due to the good liquid feed distribution result- dispersion is required before the electrodes become com-
ing from the use of the multipoint distributor, the value of pletely wetted. This effect corrects itself quite quickly and
MTyar does not change as the liquid flows down the col- MTyar reaches the minimum value after about 1.5 column
umn. Furthermore, volumetric flow rate has very little effect diameters.
on the variability of mass transfer coefficients. Hoek et al.  An interesting phenomenon that can be seen firign 9a
[3,4] also observed that the maldistribution indek did is that the MT,ar does not change as liquid flows down
not vary with axial position for a variety of packing types the column. An increase in MjAgr might be expected since
and inlet flow rates. It should be noted that they investigated there is an overall loss of liquid from the area of the elec-
the axial dependence by carrying out separate experimentdrodes as it migrates to the drier areas of the bed. In fact, the
in which liquid was collected at the outlet of beds with MTyar remains constant probably due to the existence of
varying heights. This should be contrasted with the current a limiting homogeneity discussed earlier. There is a surplus
study where the axial dependence was determined throughof liquid in an already wetted area beyond that required to

1
09 Re - Re
0.8 | o ~176| | F ~ 170
07 | /N | =264]| [ =255
' I 1| -+352 339
z 06 [ . / ~a40|| T 425
.é 05 = —~-528| | t ~~509
0.4 | -
03 | -
02| st ||
01 T'a " ()
0 1 1 1 1 1 1
0 1 2 3 40 1 2 3 4

Axial Distance from Liquid Distributor [x/d]

Fig. 9. Effect of axial position on MJar for downward irrigated flow at variouRe values when the multipoint liquid distributor is oriented @) and
45° (b) from the electrode positions. Each MR value is based on the measurements at the nine electrodes in the radial and angular locations shown
in Fig. 2afor each axial position.
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2 central electrode. Consequently, the set-up represents a com-
18 Re promise between improved reproducibility and a potentially
16 F - 186 lower MTyar value. To assess the effect of the set-up on
14t :279 MTyar, the data on whiclirigs. 8—10are based have been _
12| +2é§ re-analyzed excluding the measurements at the central posi-
g ~ 557 tions. This resulted in only very small changes in theJJ
s ! values and no qualitative changes whatsoever in the trends
08T shown inFigs. 8—10 This should not be surprising since the
06T measurement at each central electrode is combined with the
04 r1 measurements at the eight other radial locations at each ax-
02 ial position to yield each of the data points in these figures.
0
0 1 2 3 4 5 6
Axial Distance from Liquid Distributor [x/d] 4. Conclusions
Fig. 10. Effect of axial position on Miar for downward irrigated flow at An electrochemical technique in which the limiting cur-

various Re values using the single-point liquid distributor. Each J& nt for a redox le is m red h been su full
value is based on the measurements at the nine electrodes in the radiare Or a redox couple 15 measure as been successiully

and angular locations shown Fig. 2afor each axial position. employed to measure particle-to-fluid mass transfer coeffi-
cients simultaneously at a large number of locations within
a packed bed. A number of findings obtained confirm those
establish a limiting homogeneity and so liquid lost from an reported previously by other researchers using more tradi-
area has no effect on MR- tional liquid collection and tracer methods. It has been shown
The axial dependence of MAr obtained with the that the average variation in the mass transfer coefficient
single-point liquid distributor shows much different be- decreases to a minimum limiting value when either a multi-
haviour, as evident ifrig. 10 Very high values of M{ar point liquid distributor provides a good feed liquid distribu-
are obtained at the top of the column. Just below the tion or a single-point liquid distributor is used and the liquid
single-point liquid distributor, the centre packing is flushed spreads over the packing as it flows down the column. Ad-
with liquid, while the outer section is practically dry. As ditionally, it has been found that increasing liquid flow rate
the liquid flows down the column and spreads out over the does not decrease the average variation in the mass transfer
packing, the outer section receives more liquid so that the coefficient when a multipoint distributor is used, but does
flow there comes into line with that through the inner sec- so when a single-point distributor is used. This suggests that
tion, thereby reducing the overall variation in the bed. This additional liquid load to the column helps the poorly dis-
process is related to the development of equilibrium wall tributed liquid spread out and reduce the value of\\H.
flow discussed previously by many workg6s21,22] Together, these trends suggest that the packing reaches a
Note that at the bottom of the column the value of & nearly fully wetted state. However, it was observed that a
matches that obtained with the multipoint liquid distribu- MTyar value of about 0.2 in the case of irrigated downward
tor. This is more evidence in support of the existence of the flow using a multipoint distributor still existed in the bed
limiting homogeneity discussed iBection 3.1 Similar be- compared to the case of full upward liquid flow conditions
haviour was noticed by Porter and Jofi23] using gas flow where a MTar of only 0.07 is measured. This difference
with a tangential inlet to give a poor feed distribution. Gunn was attributed to the more extreme nature of velocity varia-
and Al-Saffarf24] went one step farther and introduced dis- tions in an irrigated bed, caused by channelling through the
proportionate amounts of liquid at the outer radius of the packing. A value of 0.07 was obtained for irrigated flow by
bed. Their results show a similar ability of the packing to increasing the cross-sectional area of the sampling electrodes
redistribute liquid. and thereby contacting a more averaged portion of the flow.
The local analysis provides a useful breakdown of the This provides evidence that the variability of mass transfer
column behaviour. From the local data, it is possible to view coefficient with location are caused by local liquid velocity
the effectiveness of a liquid distributor design, measure the differences once a limiting wetting state has been reached.
ability of a packing material to redistribute liquid or analyze A main advantage of the limiting current method is that
the effect of other geometric factors such as packing size orit enables reaction rates and mass transfer coefficients to

column diameter. be instantaneously and simultaneously measured at an es-
In view of the results inFig. 7, our use of the set-up  sentially unlimited number of locations in the axial, radial
shown inFig. 2 potentially influences the values of Ndr and angular directions. It can also be used in a wider range

obtained since two Pall rings comprise the central electrode of flow regimes, including full liquid and gas-continuous
and only one for each of the remaining electrodes. As dis- flows, than other methods. Since a main cause of mass
cussed inSection 2 such a set-up was implemented to im- transfer coefficient variability appears to be variations in
prove the reproducibility of the current measurements at the local liquid velocity, it has been possible to infer the effect
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of liquid flow distribution on mass transfer throughout the [7] J. Stichimair, A. Stemmer, Influence of maldistribution on mass

bed. A next logical step would be to combine the electro- transfer in packed columns, Inst. Chem. Eng. Symp. Ser. 104 (1987)
chemical technique with traditional liquid collection meth- B213-B224. .

. . L [8] H.C. Groenhof, Scaling-up of packed columns. Part I, Chem. Eng.
ods to directly link liquid flow patterns and mass transfer. J. 14 (1977) 181-191
An effort in this direction was made by Groenhfd,9], [9] H.C. Groenhof, Scaling-up of packed columns. Part Il, Chem. Eng.

although local concentrations and not mass transfer coeffi-  J. 14 (1977) 193-203.
cients were measured within a packed bed. Thus, such an10] J. Gostick, H.D. Doan, A. Lohi, M. Pritzker, Investigation of local
approach cannot directly measure the link between liquid mass transfer in a packed bed of Pall rings using a limited current

flow and mass transfer since assumptions regarding the technique, Ind. Eng. Chem. Res. 42 (2003) 3626-3634.
umpti 9 Ing [11] J.R. Selman, C.W. Tobias, Mass transfer measurements by the

liquid flow patterns would still be required to relate local limiting-current technique, Adv. Chem. Eng. 10 (1978) 211-318.
concentrations to mass transfer. On the other hand, the[12] J. Gostick, Measurement of local mass transfer coefficients in a
combination of the electrochemical method utilized in the packed bed of pall rings using the electrochemical technique, M.Sc.
present study and liquid collection would allow the relation- thesis, University of Waterloo, 2002.

. . . . [13] L.L. Kalishevskiy, V.N. Fedoseev, V.P. lIsakov, O.l. Shanin,
ship between liquid flow and the mass transfer coefficient Distribution of local parameters of heat and mass transfer in a bed

to be directly measured without the need for any such of equal-size spheres, Heat Transfer Sov. Res. 19 (1987) 20-26.
assumptions. [14] V.N. Fedoseev, O.l. Shanin, Statistical characteristics of convective
exchange in a stationary granular bed, J. Eng. Phys. (Inzhenerno-
Fizicheskii Zhurnal) 51 (1986) 890-892.
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