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Axial mixing measurements of air and water under two-phase flow conditions were
( )made in a large-scale packed column 0.43 m diameter using tracer experiments. Part I

of this article dealt with single-phase mixing in the same column, with the same inter-
nals. Four packings were studied: 25.4-mm ceramic Raschig rings, 25.4-mm metal Pall
rings, Sulzer BX structured packing, and Flexipac 2 structured packing. Air and water
flowed countercurrently through the column at atmospheric pressure and at gas rates
®arying from 0.25 kgrm2? s up to the flooding point, and liquid rates from 3.25 to 8.5
kgrm2? s. A diffusion-type model ser®ed to reproduce the experimental response cur®es
obtained for both phases. The results confirmed pre®ious obser®ations for first-genera-
tion packings: axial mixing in the gas increases with both gas and liquid rates, whereas
liquid-phase axial mixing is a decreasing function of liquid rate and is insensiti®e to gas
rate up to the flooding point. It was also found that the BX packing produces the least
mixing in both phases. The largest mixing effects in the gas phase are found for the
Raschig rings, and the largest mixing effects for the liquid phase are found for Flexipac
2. Correlations were de®eloped to reproduce the results, yielding an a®erage " 22%
difference between experimental and correlated data.

Introduction

An important nonsegregated flow behavior, known as axial
mixing, can occur in countercurrent, two-phase flow columns
containing packing elements. This mixing represents a devia-
tion from plug flow and is the result of the combined effect
of various nonideal flow situations: channeling or backflow
with some transverse mixing as well as backflow with infinite
cross-mixing. In partially destroying the countercurrent con-
tacting scheme of the flowing phases, this mixing adversely
influences the axial concentration profile in the flowing
streams, causing a decrease of mass-transfer driving forces
and in consequence a drop in separation efficiency.

Axial mixing in countercurrent, two-phase flow columns is
mainly ascribed to viscous effects and molecular or eddy dif-
fusion. Other factors causing axial mixing are drag from the

Žmotion of one of the counterflowing streams large or small
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.phase flow ratios , small density differences between phases,
and maldistribution of the continuous and dispersed phases.

Although packings can to some extent reduce nonideal flow
Žbehavior they minimize channeling by promoting transverse

.mixing , it is well established that under certain operating
Ž .conditions high flow rates, high pressure , severe axial mix-

ing in either or both phases may occur. Unfortunately, avail-
able methods capable of describing quantitatively the extent
of axial mixing in packed columns are limited in number, only
giving an approximate description of the real mixing behav-
ior. A large amount of axial data have been published in the

Žliterature for first-generation random packings see the next
. Ž .section . For modern random packings second generation

and structured packings, very few studies have appeared on
Žaxial mixing in gas]liquid flow Kurtz et al., 1991; Mak et al.,

.1992 .
In view of this lack of information, the present work was

undertaken to provide experimental axial mixing data for both
gas and liquid phases, using a dynamic response technique
Ž .tracer measurements , for second-generation random pack-
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ings and for structured packings, using a large-scale column.
Such experimental mixing data will provide the first insight
into the mixing behavior in modern packings as well as to
assess the effect of axial mixing on interphase mass transfer
in columns filled with such packings.

Previous Work
A number of experimental studies have been published on

the mixing characteristics of two-phase flow through packed
Žcolumns filled with first-generation random packings Raschig

.rings and Berl saddles . To the best of our knowledge, how-
ever, only two publications have dealt with axial mixing in

Žtwo-phase flow through beds of modern packings Kurtz et
.al., 1991; Mak et al., 1992 . Liquid has been investigated more

extensively than gas mixing. Only a few studies are available
Žon the latter DeMaria and White, 1960; Sater and Leven-

spiel, 1966; Carleton et al., 1967; Dunn et al., 1977 and Kurtz
.et al., 1991 . A survey of previous work reveals some impor-

tant trends: axial mixing is greater in the liquid than in the
gas, the response curves in the liquid show long tailing por-

Žtions under trickle-flow conditions Hoogendoorn and Lips,
1965; Sater and Levenspiel, 1966; Van Swaaij et al., 1969; Co
and Bibaud, 1971; von Stockar and Cevey, 1984; Choe and

.Lee, 1985 , and liquid mixing is unaffected by gas rate up to
Žflood point Otake and Kunugita, 1958; Polk and Clements,

1966; Sater and Levenspiel, 1966; Carleton et al., 1967; Ben-
nett and Goodridge, 1970; Furzer and Michell, 1970; Co and
Bibaud, 1971; Dunn et al., 1977; Furzer, 1984; Choe and Lee,

.1985 . In some studies end effects were effectively eliminated
Žby the use of the two-point measuring technique Sater and

Levenspiel, 1966; von Stockar and Cevey, 1984; Choe and Lee,
.1985; Mak et al., 1992 .

Ž .Kramers and Alberda 1933 were among the first investi-
gators to study axial mixing of two-phase flow in packed beds;
they conducted a series of experiments on liquid-phase mix-
ing with air and water flowing countercurrently through a bed
of ceramic Raschig rings. Unlike other investigators, they
found that liquid mixing was dependent on both gas and liq-

Ž .uid flow rates. Otake and Kunugita 1958 studied liquid mix-
ing for air]water using various columns filled with Berl sad-
dles and Raschig rings of different sizes. They found that
mixing decreased when bed length andror interstitial liquid
velocity increased or packing diameter decreased.

In the first reported study of gas mixing during two-phase
Ž .flow, DeMaria and White 1960 described mixing experi-

ments of air flowing through a wet packed column. They
found gas mixing to increase with both gas and liquid rates.

Ž .Hoogendoorn and Lips 1965 investigated the liquid mixing
in gas]liquid flow through a packed column under bubble-
and trickle-flow regimes. Their results for bubble flow indi-
cate that the mixing coefficient of liquid is largely dependent
on gas rate and nearly independent of liquid rate. In the case
of trickle flow, they concluded that the strong tailing ten-
dency of the response curves is likely due to liquid retained
as static holdup.

Ž .Polk and Clements 1966 investigated liquid mixing char-
acteristics for air]water flow through a randomly packed col-
umn. Unlike other investigators, they analyzed their data via
frequency-domain fitting of the diffusion-type model, with
good results. Using the imperfect-pulse technique along with

Ž .a moments analysis, Sater and Levenspiel 1966 determined
the extent of axial mixing in both gas and liquid. Their corre-

Ž .lated mixing results for the gas free of end effects show a
large disagreement when compared with those of DeMaria
and White.

Ž .Carleton et al. 1967 conducted tracer tests in both phases
for air]water flow through randomly packed columns of dif-
ferent diameters and under bubble-flow conditions. They
found gas mixing to be higher in larger columns, but only
slightly affected by packing size and liquid velocity up to 0.007

Ž .mrs. Their calculated liquid Peclet numbers Pe decreased´
with column diameter and packing size, and increased with

Ž .liquid velocity but were insensitive to gas velocity . Van
Ž .Swaaij et al. 1969 reported the results of liquid residence-

time distribution in packed columns under trickle-flow condi-
tions. They observed that at small ratios of static holdup Hs
to dynamic holdup H , mixing of the liquid was very smalld
and comparable to the mixing at single-phase flow. They also
found that at H rH -8, the mixing increased as a result ofd s
the slow mass transfer between the stagnant regions and the
mobile zones.

Ž .Bennett and Goodridge 1970 studied liquid axial mixing
for gas]liquid flow through a randomly packed column with
two different packing sizes and bed heights. They found the
stagnant:dynamic liquid holdup to be independent of gas rate
and to decrease with increasing liquid rate. Co and Bibaud
Ž .1971 found mixing in the liquid under trickle-flow condi-
tions to be sufficiently described by a two-parameter mixing
model such as the diffusion-type equation.

Ž .Dunn et al. 1977 developed empirical Peclet number cor-´
relations for both phases. They found that gas mixing de-
creases with increasing liquid or gas rates. Liquid Peclet´
numbers were found to be proportional to the liquid flow

Ž .rate and insensitive to the gas rate. Farid and Gunn 1979
measured axial and radial mixing coefficients of the liquid
under trickle and two-phase conditions. Their axial mixing
coefficients are smaller than those of other workers who esti-
mated coefficients for overall mixing without excluding wall-
flow effects. They agreed with the long-standing axiom: when
the ratio D rd is large, wall-flow effects can be neglected.s p
They concluded that it is feasible to describe the mixing phe-
nomena by the use of an effective mixing coefficient that in-
cludes the quantitative effect of local mixing and wall flow.

Ž .Burdett et al. 1981 measured static and dynamic holdup
as well as axial mixing in a packed extraction column using
light absorption. They found that static holdup decreased and
dynamic holdup increased as dispersed-phase rate was in-
creased at all continuous-phase rates. von Stockar and Cevey
Ž .1984 studied the effect of viscosity and surface tension on
axial mixing and holdup of the liquid. They found no signifi-
cant effect of surface tension on dynamic holdup and that
liquid]phase mixing appeared to be independent of both vis-
cosity and surface tension.

Ž .Choe and Lee 1985 obtained mixing and liquid holdup
data in a packed column, and found that holdup decreased
with increasing packing size and the liquid-phase Peclet num-´
ber increased with both gas and liquid rates. Kurtz et al.
Ž .1991 offered a few residence time distribution data for gas
with different liquid loadings: for air]water in Flexipac 2Y
structured packing. They qualitatively showed the effect of
liquid rate on the axial mixing of the gas.
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Figure 1. Experimental scheme for two-phase flow.

Ž .Mak et al. 1992 used a pulsed packed column and ex-
Ž .tended their earlier mixing data Mak et al., 1991 by study-

ing the mixing properties of the liquid during countercurrent
contacting of a slurry flow through Sulzer SMV-12 structured
packing. They observed that as the interstitial velocities of
the solid]liquid mixture increased, the mixing coefficient in-
creased. They found also that moderate pulsation velocities
can reduce the slurry mixing to a minimum.

Tracer Experiments
Tracer measurements of air and water under two-phase

flow conditions were made using a large-scale packed column
Ž .0.43 m diameter, 6.69 m high, with a 2.1 m packed section .

ŽFour packings were used: 25.4-mm ceramic Raschig rings first
. Ž .generation , 25.4-mm metal Pall rings second generation ,

Sulzer BX structured packing and Flexipac 2 structured
packing. The structured packings contained wall wipers, which
were adjusted to ensure a snug fit at the column wall. Wall
wipers were not used with the random packings; however, the
column:packing diameter ratio of about 16 is well above the
recommended minimum of 8 to ensure absence of wall flow.

Water flowed countercurrently with air through the pack-
ing in forms of rivulets, drops or films at atmospheric pres-
sure and ambient temperature. Details of the column, pack-
ing characteristics, pulse injection method, and two-point de-
tection technique are described in Part I of this article
Ž .Macıas-Salinas and Fair, 1999 . Figure 1 shows the experi-´
mental scheme, based on the approach described.

An injection-detection system was built for each phase to
allow both the introduction of imperfect pulses of a nonreac-

tive tracer into the inlet stream and the measurement of the
two response curves at the detection points. The inert tracers
were helium in the gas and an aqueous solution of NaCl in
the liquid; they were detected by thermal conductivity and

Ž .electrical conductance, respectively. Macıas-Salinas 1995´
provides detailed information on the injection-detection sys-
tem. The gas sampler, unlike that used in the single-phase
flow experiments described in Part I, was equipped with a

Ž .highly hydrophobic polytetrafluoroethylene PTFE mem-
brane to obtain gas samples free of liquid.

Ž 2 .For each water loading 3.25, 5, 6.75, and 8.5 kgrm -s , the
air flow rate was increased until either flooding or excessive
entrainment of water was visually observed at the column top
section. Pressure-drop measurements of the gas were made
in order to establish the operating limits of gas rates at each

Ž .liquid loading see Table 1 . To confirm the linearity of the
Žmixing measurements, the time of injection was varied from

.0.1 to 1 s for the gas, and from 1 to 2 s for the liquid .

Mixing Model
Both gas- and liquid-side dynamic response data were re-

Ž .produced with the aid of the diffusion-type model Eq. 1
with boundary conditions corresponding to an infinite bed or
open system. The parameters characterizing the flow behav-

Ž .ior interstitial velocity ® and effective mixing coefficient De
were determined for each pair of RTD curves using the same
estimation methods described in Part I:

­ 2C ­ C ­ C
D y ® s . 1Ž .e 2 ­ z ­ t­ z

Other forms of the mixing parameters allowing an easier
physical interpretation are the mean residence time,

L
u s 2Ž .m n

and the dimensionless Bodenstein number,

n L
Bos . 3Ž .

De

From Eq. 3, one can see that the term D rn has units ofe
length and represents the mean mixing path of the fluid ele-
ments passing through the bed. Accordingly, the Bo number

Žcan be defined in terms of the test-section length L s0.92

Table 1. Operating Limits of Gas Rates for Each Packing
2w xRange of Gas Rates kgrm ? s

UPacking Ls3.25 Ls5 Ls6.75 Ls8.5

25.4-mm Raschig rings 0.5]1.61 0.5]1.5 0.5]1.25 0.25]1.125
25.4-mm Pall rings 1]3.76 1]3.3 1]2.83 1]2.56
Sulzer BX 1]3 1]2.41 1]2.2 1]2
Flexipac 2 1]4.65 1]4.14 1]3.68 1]3.49

UL in kgrm2? s
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.m and the mixing length L :mix

L
Bos . 4Ž .

Lmix

Under plug flow conditions, there is no mixing, L s0,mix
and Bo becomes infinity. At the other extreme, L s`,mix
corresponding to perfect mixing, with Bos0.

Results and Discussion
All the experimental response curves were reproduced us-

ing values of parameters u and Bo obtained from the bestm
estimation method. For all packings, both Fourier analysis
and time-domain fitting produced the lowest root-mean-

Ž .square errors RMSE between the experimental C andexp, 2
theoretical response curve C . Accordingly, RMSE is de-cal, 2
fined by

1r2
` 2

C yC dtŽ .H exp, 2 cal, 2
0RMSEs . 5Ž .

` 2
C dtŽ .H exp, 2

0

Gas-phase: Reproducibility of experimental response cur©es
Although the degree of spreading of the experimental re-

sponse curves in the gas phase varied with both gas and liq-
uid flow rates, their shapes remained almost Gaussian within

Figure 2. Effect of gas rate on the response curves in
the gas at L s3.25 kgrrrrrm2?s.m
The lines passing through the experimental points represent
the theoretical curves predicted by the diffusion-type model.

Figure 3. Effect of liquid rate on the response curves in
the gas at G s0.75 kgrrrrrm2?s.m
The lines passing through the experimental points represent
the theoretical curves predicted by the diffusion-type model.

the range of flow rates studied. Under these conditions, the
diffusion-type model proved to be an excellent means for re-
producing the experimental RTD curves, with an average
RMSE value of 0.0198. The reproducibility results provided
by each estimation method are similar to those under dry

Ž .conditions see Part I . Figure 2 shows the effect of gas rate
on the shape of the RTD curves, measured at the second
detection point, for 25.4-mm Raschig rings and a liquid load-
ing of 3.25 kgrm2-s. Even though the shapes of the RTD
curves appear to be symmetrical, curve spreading increases
as the flood point is approached, indicating an increased
amount of mixing in the gas. Few measurements were made
at high liquid rates because of experimental difficulties with
the PTFE membranes used to collect gas samples free of liq-
uid. The performance of the membrane was seriously af-
fected by the increased accumulation of liquid inside the bed,
particularly in the loading-to-flooding region, leading to wa-
ter breakthrough. Similarly, Figure 3 shows the effect of the
liquid rate on the tracer response curves for a given gas rate
for the same packing. In this case the increase of the curve
spreading is less pronounced, probably because of the slight
variation of mean residence times of the gas with respect to
liquid loading. For a range of flooding conditions, Figures 2
and 3 show that axial mixing in the gas is much more sensi-
tive to the gas rate. Similar trends were also observed for the
other packings.

Gas phase: Wet porosity and axial mixing results
The linearity of the mixing process was first verified by in-

specting the dependence of the axial mixing coefficient D one
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Figure 4. Effect of time of injection on gas-phase dis-
persion coefficient D at L s8.5 kgrrrrrm2?s.e m

Ž .the time of injection amount of tracer injected . The results
in Figure 4 show that the mixing coefficient for each packing
changed very little with the amount of tracer injected, con-
firming the linearity of the flow system with respect to tracer
concentration.

The mean residence time of the gas u permitted calcula-m
tion of the porosity of the wet packing e , that is, the volumew
of the bed occupied by the gas under wet conditions:

u Gm m
e s 6Ž .w Lrg

where L is the test-section length. We found that the wet
porosity appears to be more affected by liquid rate than by
gas rate. As shown by Figure 5, the wet porosity decreases
with increasing liquid loading for all four packings. The dif-
ference between the void fraction of the packing e and the
wet porosity e should thus be regarded as the total holdupw
of the liquid phase:

H se ye . 7Ž .t w

Accordingly, wet porosity at zero liquid flow rate can be re-
lated to the static portion of liquid holdup:

H se ye . 8Ž .s w0

where e represents the intercept of the plot given in Fig-w0
ure 5 at L s0. Consequently, the dynamic holdup is foundm
to be

H s H y H se qe . 9Ž .d t s w0 w

Figure 5. Wet porosity vs. liquid rate at all gas rates.

As expected, the total holdup values calculated from Eq. 7
are higher than those reported in Part I for liquid holdup
without gas flow. The upflowing gas increases the local resi-
dence time of the liquid films, leading to an increase in liquid
holdup.

The amount of axial mixing in the gas was found to in-
crease with both gas and liquid rates for all four packings. As
an example, Figure 6 shows mixing data for Flexipac 2. The

Figure 6. Gas-phase Bodenstein number vs. gas rate,
Flexipac 2.
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experimental data exhibit considerable scatter because of the
random nature of the measurements. The lines drawn through
the points were obtained from a multiple regression analysis
of the data using the correlating form:

Bo s a XG b?10g
X Lm . 10Ž .g m

The increased mixing in the gas at wet conditions results
from the presence of the liquid within the bed, decreasing
the void space and thus intensifying the turbulence of the gas
in the flow channels. For this reason axial mixing levels for

Ž .dry conditions Part I were markedly lower than those for
the wet packing. Although the effect of liquid rate on the
degree of mixing is evident, one should note that the mixing
results obtained for the four packings were found to be
strongly dependent on the gas rate. The power-law depen-
dence between the mixing number Bo and the gas rate was
found to be valid within the range of tracer measurements
obtained. Near the flooding region, however, the assumption
of this type of functionality is questionable. Nonuniform dis-
tribution of the gas appears to become more severe under
high liquid loading conditions, that is, turbulence is more in-
tense because of a wider variation of the shape and size of
the flow channels. Under these conditions, the degree of mix-
ing in the gas is expected to be significant. For most pack-
ings, however, it was difficult to determine the mixing behav-
ior of the gas over the loading-to-flooding region because of
gas sampler limitations.

Although the gas phase experiences more axial mixing un-
der two-phase flow than at dry conditions, the levels of mix-
ing found for each packing should be regarded as small-to-in-
termediate based on the mixing estimates previously given in
Part I. Importantly, the contribution of the molecular diffu-
sion coefficient D to the observed mixing phenomena ism
negligible because of the high gas rates used. Axial mixing is

Žtotally controlled by turbulent diffusion; the value of D 7=m
y5 2 .10 m rs is much smaller than D , as is evident from Fig-e

ure 4.
The extent of axial mixing in the gas greatly depends on

the uniformity of gas distribution in the bed which, in turn, is
coupled with the uniformity of liquid distribution to the bed.
The liquid distributor used in this work is considered excel-
lent, providing over 400 pour pointsrm2. At liquid rates near
the flood point, however, distribution of the phases may be-
come nonuniform. The mixing results of each packing are
plotted in Figure 7 for a gas rate of 1 kgrm2-s and different
liquid loadings. The high mixing levels shown by the Raschig
rings may be attributed to the nonuniform distribution of the
gas when approaching the flood point. On the other hand,
the mixing results obtained for the high-porosity random

Ž .packing Pall rings are comparable with those for the struc-
tured packings. This finding indicates that axial mixing in the
gas phase is greatly affected by the wet porosity of the pack-
ing. For example, high-porosity packings having low levels of
liquid holdup should sufficiently provide a wider range of gas
rates at which axial mixing in the gas may be neglected. Also,
gas distribution in this type of packing should remain uni-
form along the packed bed from low to moderate liquid rates.

Figure 7. Gas-phase mixing numbers Bo vs. liquid rateg
as obtained from Eq. 10 at G s1 kgrrrrrm2?s.m

Gas phase: Axial mixing correlations
A dimensional analysis was undertaken to express the pre-

sent mixing results in terms of the major operating variables.
The mixing numbers of both random packings were corre-
lated via the use of a single expression by incorporating the
effects of the packing geometry. The same geometrical group
d a used in Part I served to account for these differences inp p
terms of size and shape. The following correlating form was
therefore used to regress the data:

b
G d wm p g ŽL d .rhm p lBo s a ?10 d a 11Ž .Ž .g p pž /hg

or

wb g R elBo s aRe ?10 d a . 12Ž .Ž .g g p p

A multiple nonlinear regression analysis was performed on
the data yielding,

8.231y0.8915 y0.00075R elBo s0.0878 Re ?10 d a , 13Ž .Ž .g g p p

where the 95% confidence limits of the exponents b , g , and
w are "0.0829, "0.00028, and "1.340, respectively. The
preceding correlation acceptably reproduces the experimen-
tal data of both random packings within a "20% difference
between measured and predicted values.

The experimental mixing results of the two structured
packings were also correlated using the form given by Eq. 12.
The distinctive geometry of the structured packing motivated
the use of the equivalent diameter d of the flow channelseq
as a characteristic length in the Reynolds numbers and the
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geometrical factor:

b
G d wm eq g ŽL d .rhm e q lBo s a ?10 d a . 14Ž .Ž .g eq pž /hg

The value of the correlating constants was obtained by
multiple nonlinear regression analysis of the data:

y7.7928 y0.896 y0.00208 R elBo s4.2468=10 Re ?10 d a . 15Ž .Ž .g g eq p

A statistical analysis of this correlation provided the fol-
lowing 95% confidence limits of the exponents: b "0.0855,
g "0.00062, and w "0.991. Figure 8b indicates the differ-

Figure 8. Comparison of experimental Bo numbers in
the gas with values calculated by correlations
( ) ( ) ( )a random packings Eq. 13 ; b structured

( )packings Eq. 16 .

Figure 9. Results from this work vs. gas-phase Peclet´
numbers from correlations by other authors at

( )Re s125 12.7-mm Raschig rings and Re sl l
( )250 25.4-mm Raschig rings .

ence between the observed and predicted values to vary over
a "15% range with moderate scatter.

For the random packings, several earlier studies have been
made with 25.4 ceramic Raschig rings. To compare the pre-
sent correlated results with those previously reported, Eq. 13
has been expressed in terms of the gas Peclet number plus´

Ž .Reynolds numbers Re of both phases:

Pe s998.19Rey0.8811?10y0.000812 R el . 16Ž .g g

Figure 9 shows gas Peclet numbers estimated from Eq. 16´
and those calculated from earlier correlations, for a given liq-
uid Reynolds number and two sizes of Raschig rings. There is
reasonable agreement for the 25.4-mm rings, but consider-
able variation for the smaller rings. All the correlations agree
in predicting a decrease in the gas Peclet number with an´
increase in the gas Reynolds number. The disagreement may
be attributed to basic differences in experimental technique
and methods of data analysis.

Liquid phase: Reproducibility of experimental response
cur©es

As for single-phase flow, the liquid RTD curves in two-
phase flow also showed strong tailing tendencies. But in con-
trast to the single-phase results, there was a larger experi-
mental scatter of the tracer pulses for two-phase flow result-
ing from the presence of gas bubbles inside the sampling sec-
tion of the conductance cells. The diffusion-type model served
to reproduce the experimental data with satisfactory results
Ž .average RMSE value of 0.0511 despite the strong asymme-
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Figure 10. Effect of liquid rate on the response curves
in the liquid at G s1.75 kgrrrrrm2?s.m
The lines passing through the experimental points repre-
sent the theoretical curves predicted by the diffusion-type
model.

try of the response curves. As shown by Figure 10, there is a
clear influence of liquid rate on response curve shape for
Flexipac 2 structured packing at a fixed gas rate. As the liq-

Figure 11. Effect of gas rate on the response curves in
the liquid at L s3.25 kgrrrrrm2?s.m
The lines represent the best fit of the experimental data
given by the diffusion-type model.

uid rate increases, the shape of the response curves becomes
less asymmetric, indicating a smaller extent of mixing. At low

Ž .liquid rates, the asymmetry tailing of the curves is more
pronounced, probably as a result of increased liquid stagna-
tion within the packing voids. Consequently, the degree of
mixing would be expected to increase as the liquid load de-
creases. The dynamic response data in Figure 10 indicate that
plug flow is approached as the liquid rate increases.

Figure 11 shows the effect of gas rate on the shape of the
liquid-phase tracer curves at a constant liquid flow rate and
for different approaches to flood. Although there is no regu-
lar progression indicated, it appears that as flooding is ap-
proached by increasing gas rate, the degree of mixing in the
liquid decreases. One might have expected the opposite ef-
fect.

Liquid phase: total holdup and axial mixing results
ŽThe fraction of the bed occupied by the liquid total holdup

.H for countercurrent flow was evaluated from the mean res-t
idence times of the tracer curves. For example, calculated
values of total holdup for 25.4-mm metal Pall rings have been
plotted in Figure 12 for different approaches to flood, with
liquid rate as a parameter. The present holdup results con-
firm observations by others in the sense that below the load

Ž .point about 70% of flood liquid holdup is not significantly
dependent on gas rate but only on liquid loading and packing
geometry. Above the load point, liquid accumulation in the
bed is strongly affected by gas rate, as observed by others
from simple holdup experiments.

The lines passing through the experimental points were ob-
tained from a multivariable regression analysis of the data
based on the following equation:

H s a XL b?10g
XGm . 17Ž .t m

Figure 12. Effect of gas flooding condition on the total
holdup of the liquid, 25.4-mm Pall rings.
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Figure 13. Liquid-phase Bodenstein numbers vs. liquid
rate, 25.4-mm Pall rings.

As evidenced by Figure 12, the fit of Eq. 17 to the data is
poor because of the complex influence of gas rate on liquid
holdup in the loading-to-flooding region. The transition be-
tween preload and loading conditions can be abrupt, as stud-

Ž .ied by Verschoof et al. 1999 , and holdup equations show a
discontinuity at the transition. In the loading-to-flooding re-
gion the behavior of liquid holdup and pressure drop of the
gas under wet conditions are somewhat similar because of
their interrelationship by interfacial shear.

It was not possible to confirm the linearity of the mixing
process because of the large amount of experimental scatter
of the liquid-phase mixing data. As in the case of single-phase
trickle flow, axial mixing in the liquid decreases with increas-
ing liquid rate. Figure 13 shows this functionality for the Pall
rings under a range of gas rates. The cause of the data scat-
ter is not completely clear, but in part results from the diffi-
culty in locating the truncation point in the tailing portion of
the response curves. It can be deduced that the effect of gas
rate is essentially negligible in the range investigated, com-
pared with the data scatter, which in turn reflects fluctua-
tions of liquid flow through the packing. It can be noted that
as the flood point is approached, mixing levels in the liquid
are unaffected by the gas rate. This agrees with the finding of

Ž .Furzer 1984 , who measured liquid mixing properties of sev-
eral random packings operating near the flood point.

For the four packings studied, the dependence of the liq-
uid Bodenstein number on liquid rate was found to be ap-
proximately the same. A power-law relationship between
these two quantities sufficiently described the results within
the range of liquid rates studied:

Bo s a XL b . 18Ž .l m

Figure 14. Correlated mixing numbers in the liquid as a
function of liquid rate.

Within the range of liquid rates, axial mixing in the liquid
phase for two-phase flow is principally caused by hydrody-
namic effects rather than by molecular behavior. The molec-

Ž y9 2 .ular diffusivity of the liquid 1.6=10 m rs is much smaller
than the axial mixing coefficients observed. The range of Bo-

Ž .denstein numbers for two-phase flow 6 to 60 is indicative of
intermediate-to-large mixing levels in the liquid phase based
on estimates of the degree of mixing made by Levenspiel
Ž .1972 . This indicates that there is more axial mixing in the
liquid than in the gas under the present experimental condi-
tions.

Figure 14 shows the comparison of liquid mixing for the
four packings, based on correlated data provided by Eq. 18.
Sulzer BX produced the lowest mixing results; this was ex-
pected because of the excellent wettability properties of the
gauze material, resulting in uniform spreading of liquid on
the packing surface. As a result, mixing of the liquid between
adjacent sheets is minimized, leading to minimal mixing in
the axial direction. A somewhat surprising result was ob-
tained for Flexipac 2, which produced the highest amount of
mixing in the liquid, as evidenced by Figure 14. This is in
agreement, however, with observations of Suess and Spiegel
Ž . Ž .1992 and Verschoof et al. 1999 , who attribute the mixing
to accumulation at the intersections between packing ele-
ments, accentuated by the sharpness of the 45-deg corruga-

Ž .tion angle the Sulzer BX has a 60-deg angle . Other possible
causes: poor wetting of the packing surface in the range of
liquid rates investigated, thus increasing the length of mixing
of the liquid films due to their irregular paths through the
flow channels, and high levels of turbulence in the films
caused by the grooved surface of the packing. The liquid ac-
cumulation at the junctions of adjacent packing elements is
likely the major cause of liquid mixing.

While the trends of the present mixing results with or with-
out gas flow are the same, their values vary notably in magni-
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tude. Mixing levels for two-phase flow are lower than those
of single-phase flow for the majority of the packings, with the

Ž .exception of the Raschig rings see Part I . In general, the
countercurrent effect of gas flow is to promote uniformity of
the liquid films leading to a reduction of the length of mixing
of the fluid elements. Also, the presence of gas flow in the
channels tends to reduce or eliminate local mixing between
liquid films flowing on adjacent packing elements or sheets.
These observations, however, fail to explain the adverse ef-
fect of the gas rate on the mixing results obtained for the
Raschig rings. It is likely that the high turbulence in the liq-
uid films caused by the tortuous flow paths and the low
porosity of the packing explains these results.

Liquid phase: axial mixing correlations
The correlating forms proposed in Part I for single-phase

trickle flow have also been used to correlate the present ex-
Žperimental results for two-phase flow mixing behavior in both

cases depends on the liquid flow pattern and packing geome-
.try . The liquid-phase Bodenstein numbers for the two ran-

dom packings were correlated as a function of the liquid rate
and packing geometry according to

bL d g gm p b1r3Bo Ga s a d a s aRe d a , 19Ž .Ž . Ž .l p p l p pž /hl

where the Galileo group Ga remained fairly constant and was
not considered as a correlating variable in the preceding
equation. By a nonlinear regression analysis of the data, the
following correlation results:

2.11270.5544 y1r3Bo s24.461 Re Ga d a , 20Ž .Ž .l l p p

with 95% confidence limits of the exponents b and g being
equal to "0.1609 and "1.4577. As shown by Figure 15a, there
is a fair agreement between the correlated and experimen-
tally determined values of Bo with a maximum "20% ofl
difference for most of the data.

Because of the vast availability of earlier studies on liquid-
phase axial mixing through 25.4-mm ceramic Raschig rings,
the correlated results obtained obtained for this packing were
compared to those published by previous investigators. For
this purpose, Eq. 20 has been written in terms of the Peclet´
number and the Reynolds number of the liquid phase:

Pe s0.0244Re0.6138 21Ž .l l

Figure 16 shows the comparison of the results provided by
this equation with results obtained by other correlations. Evi-
dently, there is a significant disagreement among the differ-
ent correlations using the same size and type of packing. The
values of the Peclet number calculated by Eq. 21 are not ap-´
preciably different from those correlated by von Stockar and

Ž .Cevey 1984 , who used the two-point technique to eliminate
end effects as well as a modified method of moments to avoid
overweighting the tailing portion of their experimental RTD
curves. The small difference between these two correlations

Figure 15. Comparison of experimental Bo numbers in
the liquid with values calculated by correla-

( ) ( ) ( )tions a random packings Eq. 20 ; b
( )structured packings Eq. 23 .

results from von Stockar and Cevey varying liquid properties
to ascertain their effects on axial mixing. On the other hand,

Ž .the correlations of Dunn et al. 1977 and Co and Bibaud
Ž .1971 give values of the Peclet number comparable to those´

Ž .predicted by the correlations of Sater and Levenspiel 1966
Ž .and Choe and Lee 1985 based on a smaller size of Raschig

Ž .rings 12.7 mm . Since axial mixing increases with decreasing
size of the packing, it can be deduced that the correlations of
Dunn et al. and Co and Bibaud overestimate by far the
amount of mixing in 25.4-mm ceramic Raschig rings because
of their failure to exclude end effects from the tracer mea-
surements.

For structured packings, the major correlating variables af-
fecting the liquid-phase mixing are liquid flow rate L , incli-m
nation angle f of the channels with respect to the horizontal,
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Figure 16. Results of this work vs. liquid-phase Peclet´
numbers computed from correlations of

(other authors 12.7- and 25.4-mm Raschig
)rings .

and the size of the flow channels d . These variables haveeq
been incorporated into a correlating form described in Part I:

b g
h L 3 wl m

Bo s a d a . 22Ž .Ž .l eq p2 2 2ž /ž /d r g sin feq l

The correlation obtained via a multiple nonlinear regression
analysis of the data is given by

1.1593 6.3370.7082Bo s8.154Fi d a , 23Ž .Ž .l eq p2ž /sin f

where the 95% confidence limits of the preceding exponents
are 0.7082"0.2061, 1.159"0.7756, and 6.337"2.7735. As
shown in Figure 15b, agreement between the measured and
calculated Bo values is only fair.l

Conclusions
Axial mixing properties of air and water in countercurrent

flow were determined via dynamic response experiments for
a second-generation random packing and two structured
packings using a large-scale column. Gas and liquid holdup
data were also obtained. The conclusions drawn from the
present study are:

v The results follow the same mixing trends reported pre-
viously for first-generation random packings. Axial mixing in
the gas increases with both gas and liquid rates, whereas axial
mixing in the liquid decreases with increasing liquid rate and
is insensitive to gas rate.

Table 2. Qualitative Rank-Order Comparison of Mixing
Level for Four Packings Studied

Two-Phase FlowLevel of
Axial Mixing Gas Phase Liquid Phase

Ž .Highest low Bo RR1 FLEX2
PR1 RR1
SULBX PR1

Ž .Lowest high Bo FLEX2 SULBX

Note: RR1s 25.4-mm Raschig rings, PR1s 25.4-mm Pall rings, SULBX
sSulzer BX, FLEX2 s Flexipac 2.

v The experimental RTD curves in both phases are ade-
quately reproduced by the diffusion-type model. For larger

Ž .amounts of mixing longer tails of the response curves , the
diffusion-type model may be unable to predict the effect of
liquid stagnancy in the packing voids. In this case a flow model

Žcontaining a capacitance term such as the PDE model Vil-
lermaux and Van Swaaij, 1969; Bennett and Goodridge, 1970;

.Stepanek and Shilimkan, 1973 should provide a more com-
plete flow response description.

v A qualitative comparison of the mixing performance of
the four packings under the present experimental conditions
is presented in Table 2. The results show that on an overall
basis Sulzer BX produces the least axial mixing in both phases,
because of its uniform wet porosity and excellent wettability.
The large gas mixing found for the Raschig rings results from
increased turbulence levels in the gas flow. The high liquid
mixing level for Flexipac 2 is attributed largely to discontinu-
ities at the intersection of adjacent packing elements.

v The following correlations were developed in terms of
dimensionless quantities for the prediction of axial mixing in
both phases under countercurrent, two-phase flow condi-
tions:

ŽFor random packings 25.4-mm Raschig rings and 25.4-mm
.Pall rings :

8.231y0.8915 y0.00075R elBo s0.0878 Re ?10 d a 24Ž .Ž .g g p p

2.11270.5544 y1.3Bo s24.461 Re Ga d a ; 25Ž .Ž .l l p p

valid operating ranges:

340- Re -4066g

90- Re -237l

1.79=108-Ga-1.93=108

4.83- d a -5.21.p p

Ž .For structured packings Sulzer BX and Flexipac 2 :

y7.7928 y0.896 y0.00208 R elBo s4.2468=10 Re ?10 d a 26Ž .Ž .g g eq p

1.1593 6.3370.7082Bo s8.154Fi d a ; 27Ž .Ž .l eq p2ž /sin f
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Table 3. Standard Deviations of Mixing Correlations

Equation SD Number of points NBo

24 7.843 52
25 7.437 56
26 4.013 54
27 5.596 58

N1 2Ž .SD s Bo y BoBo cal expÝ i(Ny1
is 1

valid operating ranges:

381- Re -3516g

25- Re -122l

1.53=10y6 - Fi-1.59=10y5

3.16- d a -3.53eq p

458-f -608.

The standard deviations SD of Bo and Bo using the pre-Bo g l
ceding equations are given in Table 3. The correlating forms
for the liquid-phase Bodenstein number given by Eqs. 25 and
27 completely differ, thus reflecting the distinctive liquid mix-
ing mechanisms occurring in random and structured pack-
ings. There is a fair agreement between correlated and exper-
imentally determined values of Bo within "22% of differ-
ence for most of the data.

v Equations 24 through 27 can be conveniently used in a
more rigorous efficiency model to predict quantitatively the
effect of axial mixing on interphase mass transfer in two-phase
flow columns filled with modern packing. This will prove to
be an essential diagnostic tool in order to confirm or invali-
date the assumption of plug flow conditions.
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Notation
a spacking surface area, m2rm3

p
Cstracer concentration, kgrm3

Ž 3.C stotal tracer concentration integrated over all time, kgrm ? s0
Ž .d snominal diameter random packing , mp

D scolumn diameter, mt
Fisfilm number, h rd2 r gn eqs
g sacceleration due to gravity, mrs2

G sgas flow rate, kgrm2 ? sm
LU scharacteristic length, m

tstime, s
® ssuperficial velocity, mrss
zsaxial distance coordinate, m

Greek letters
a sregression constant

X Ž 2 .yba sregression constant, kgrm ? s
b sregression constant

g sregression constant,
X Ž 2 .y1g sregression constant, kgrm ? s

hsviscosity, kgrm ? s
w sregression constant
r sdensity, kgrm3

Subscripts
calspredicted value

expsmeasured value
g sgas phase
lsliquid phase
pspacking
1sfirst measuring point
2ssecond measuring point
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