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Abstract

Changes in bed expansion are frequently encountered during an expanded bed adsorption, such as during the initial bed expansion, feec
loading and washing processes. We have here studied the changes of local particle size distribution and bed voidage of an expanded bed in th
initial bed expansion process as well as those during the changes in mobile phase viscosity, which imitated feed loading and column washing
processes. Using a glass column modified with three side sampling ports and Streamline AC as the solid phase, experimental measurement:
on a series of operation moments during the transient processes were carried out by sampling the particles from within the column at different
axial positions. In the initial bed expansion process, the gradual formation of an axial classification from a settled bed to a stable expanded
bed was first displayed. By changing the mobile phase from water to 10% (w/w) glycerol solution or vice versa, the variations in both the
particle size distribution and bed voidage corresponding to the increase or decrease of the bed height caused by the changes of the mobile
phase viscosity were examined as well. The transient changes of the local particle size distribution and bed voidage first occurred in the bed
bottom and then progressed from bottom to top along the axial direction. However, the changes of bed voidage at different axial positions
were not unidirectional. That is, by changing the mobile phase to the high-viscosity glycerol solution, a constant increase of the bed voidage
was observed in the bed bottom, while a distinct decrease of the bed voidage before its increase was involved at the middle and top positions.
This is ascribed to the compression effect caused by the upward movement of the lower part particles.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction A successful operation of EBA depends on the formation
of a stable fluidized bed even in the presence of turbid feed-
Expanded bed adsorption (EBA) uses a purpose-designedstock, which is characterized by a low back mixing, lack of
column and adsorbent with a defined size and/or density stagnant zones and an ordered distribution of the adsorbent
distribution. In expanded bed operation, an upward flow of within the bed. Therefore, a variety of interactions between
mobile phase through the adsorbent bed provides high bedadsorbent and biomass in feedstock have been investigated
voidage, which makes it possible for the particulate materials to understand the EBA systei—10]. Moreover, to achieve
to pass through whilst the target bioproduct is adsorbed ontotighter control of the EBA process and to reach high process
the solid phase. Thus, as a novel integrative technology for efficiency, itis desirable to understand the distribution of par-
downstream bioprocessing, EBA has been widely employedticle size and bed voidage within the bed during the operation
to directly capture target bioproducts from cell containing since the liquid phase dispersion and adsorption behavior in
broth, cell disruptate and other unclarified feedstdédksl]. the EBA column have a close relation to the axial particle size
This reduces both the process cost and operation time. distribution[10-13] Some authors have reported the particle
size distributions and bed voidage along the axial height of

* Corresponding author. Tel.: +86 22 2740 4981; fax: +86 22 2740 6590. the bed under stable bed expansion conditid2s14—-16}
E-mail addressysun@tju.edu.cn (Y. Sun). However, to date, the information on particle size distribu-
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tions and bed voidage during transient operation processes ivy sampling the matrix particles from within the column at

still unavailable. different axial positions. As a result, comprehensive infor-
Generally, the operation of an EBA can be divided into mation on the transient phenomena in bed expansion, feed

five stages, this is, (1) bed expansion and equilibration with loading and washing processes was obtained.

an equilibration buffer, (2) application of feedstock, (3) wash-

ing, (4) product elution and (5) cleaning in place. The bed

height increases in the bed expansion process. Additionally,2. Materials and methods

the changes of expanded bed height also occur in the other

stages due to the changes of mobile phase viscosity and den2.1. Solid matrix and chemicals

sity, if the flow rate is kept unchanged. The transient changes

of bed height are especially distinct during the feedstock load- ~ Streamline quartz base matrix (Streamline AC, Amer-

ing and washing stages, which are the key steps of an EBAsham Biosciences, Uppsala, Sweden) was used in all experi-

process. The first phase of crude and viscous feedstock appliments. Its size distribution scanned with a Mastersizer 2000

cation leads to the increase of bed height, while bed washingunit (Malvern Instruments, Malvern, UK) was in the range

with a low viscosity buffer after the feed loading results in  of 80-500um, with a volume-weighted mean diameter of

the decrease of bed height. Such variation is particularly im- 210pm. Expanded bed experiments were performed using

portant when the feedstock loading volume is small in com- deionized water and 10% (w/w) glycerol solution as the mo-

parison to the bed volume since the change in bed heightbile phases. All other chemicals were of analytical grade from

will exist during the whole loading process. Therefore, itis local sources.

paramount to know how the distribution of adsorbent parti-

cles and bed voidage change during the transient processes2.2. Column design

Such knowledge would help to control the EBA operation

and to improve the process modeling and analysis. A homemade glass column (0.7 m height, 25.15mm |.D.)
In this work, we have studied the changes of local parti- with a stainless steel mesh (opening size equivalent fan

cle size distribution and bed voidage of an expanded bed inas the liquid distributor was used for expanded bed experi-

the initial bed expansion process as well as those during thements Fig. 1). Glass beads (0.3-0.4 mm, 2.6 g were

changes in mobile phase viscosity, which imitated feed load- added in 1cm height on the bed bottom to improve flow

ing and bed washing processes. For this purpose, a glass coldistribution at the column inlet. The glass column design

umn modified with side sampling ports was designed to study followed that described previous[it5], but modified with

the transient phenomena. Using the commercial Streamlinethree sampling ports located at 1.2, 16.2 and 31.2cm from

matrix as the solid phase, experimental measurements of locathe surface of the glass beads. Each port was sealed with

particle size distribution and bed voidage on different opera- silicone rubber, and the sealed section was well fit for the

tion moments during the transient processes were carried outsmooth inner surface of the column wall. Estimated by the

UV detector .

Expanded bed r If - Syringe
column {la

(Sampling port
Pump

Valve
Buffer

Fig. 1. A schematic diagram of the expanded bed system for sampling.
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step-input techniqul5,17] with acetone as the tracer, the 2.4. Particle size distribution and bed voidage

liquid dispersion level within the modified column was found measurements

comparable to that obtained within a STREAMLINE 25 col-

umn (1.0 mx 25 mm .D., Amersham Bioscience8dvalue The particle size was measured with a Mastersizer 2000
[15] larger than 40 for a 33 cm expanded bed). A metal nee- unit (Malvern Instruments). The particle size distributions
dle (90 mmx 2.06 mm O.D., 1.76 mm |.D.) connected to a were expressed by volumetric diameteig, dsg, anddgg.
2-mL syringe was used to withdraw the liquid—solid suspen- They are defined as the points on the particle distribution
sion samples from within the column. The needle diameter where, respectively, 10, 50 and 90% by volume of the parti-
was large enough compared to the particle size so a represeneles are smaller than the stated diameter. dfpestatistic is
tative adsorbent sample could be obtained and the selectiveherefore an indicator of the proportion of fines in a patrticle
withdrawal of small particle sizes was avoided. All expanded size distribution, whilelsg shows the mean volume diameter
bed experiments were carried out wAKTA Explorer 100 anddgg a measure of the proportion of large particles present

system (Amersham Biosciences, Uppsala, Sweden). in the sample. In triplicate experiments, the variations in the
values ofd; g, dsg anddgg were found within 5%.
2.3. Experimental design for sampling The distributions of local bed voidage at different axial

heights in phases Il and Ill were estimated with a method

All expanded bed experiments were performed with based on the removal of the samples from within the bed
0.163 m settled bed (81.5 mL Streamline AC). Variations in [16]. The sampling experiments were performed in the same
particle size distribution were measured in three different way as those during the measurements of axial particle size
phases during the expanded bed operation: (1) transient ex-distributions on each prearranged moment. About 1.5mL
pansion from a settled bed in which the particles were well liquid—solid suspensions were withdrawn from the center of
mixed, to the later stable expanded bed with deionized water;the column, and then the syringes containing samples were

(1) application of 10% (w/w) glycerol solution untilasecond placed vertically until all the particles settled steadily (about
stable bed expansion, imitating a feed loading process; (Ill) 1 h). The settled-bed and the total liquid—solid suspension
conversion to deionized water again until a third stable bed volumes were determined by reading the syringe scales. The

expansion, imitating a washing process. local bed voidage was then determined by
In phase |, the bed was expanded at 5«0 *ms1
with deionized water to reach 2.18-fold bed expansion. On _ bsVstVis — Vs

1)

a series of prearranged moments during the bed expansion,” —
three needles connected with syringes were inserted into the

three sealed ports at different axial heights respectively, andwhereys is the settled-bed voidage, which was taken to be
1.5mL of liquid—solid suspension sample at each sampling 0.4 [12,14], Vs is the settled-bed volume, and s is the
position was withdrawn from the center of the column syn- |iquid—solid suspension volume.
chronously. Another bed expansion experiment was done at  The sampling work on each position as well as sampling
8.33x 10~*ms ! with a 2.86-fold expansion, and samplings moment was done by triplicate experiments to ensure data
were done on the same sampling moments and positions aseliability, and the results of the particle size and bed voidage
that performed at 5.94 10 *ms 1. One sampling proce-  were confirmed to be within 5% deviation.
dure took about 3s. After each sampling, the mobile phase
supplying was stopped and the particle size distribution was
measured. Before the next bed expansion experiment, all theg_ Results and discussion
sampled particles were collected and returned to the column.
The settle_c_] pa_rticles i_n the bed were Wel_l mixed to avoid any 3.1. Transient bed expansion in the three phases and
pre-classification during the sedimentation process.

In order to investigate the transient behaviors in phases Il
and 11, the bed was typically expanded at 5040 4 ms!

Vis

sampling protocol design

The formation of a stable fluidized bed is paramount to

fohr at least 30.""2 Vc\j”th (i%';mze/d walter. TTen’I the mOb'r:e a successful EBA operation. The expansion behavior of the
phase was switched to 6 (w/w) glycerol solution at the particles in the bed is governed by the characteristics of solid

same velocity. O_n some predetermined moments, a_oqal Sar_n'matrix, the column design and the mobile phase used in ex-
plings were carried out at the three sampling positions si-

perimentand can be predicted using the classical equations of

multaneously. For .phase Il study, aftgr the t.)ed. had beenStokes and Richardson-ZdkB]. The Stokes law can be used
stably expanded with the glycerol solution, deionized water to predict the terminal velocityy, of an individual particle,

was switched back again apd samplgs were withdrawn from assuming plug flow in the column:

the column center up its axial height in the same way as that

during the application of the glycerol solution. The sampling 2
- : - dyg(pp — p)

procedures in phases Il and Il were just as same as those i, = p )

phase I. 18u
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The effect of fluid velocityu, on the bed voidage can
be predicted using the Richardson-Zaki equation:

u = ud”

wheren is the Richardson-Zaki exponent.

This work focused on the variations in particle size and
voidage distributions during the transient bed expansion pro-
cesses, so the characteristics of the increase and decrease in
bed height during the three phases described above are crucial
to the research. In phase I, the Streamline AC, initially set-
tled in the column (81.0 mL), was fluidized in deionized water
and the increase of the bed height was recorded continuously
at the fluid velocities of 5.94 1074 and 8.33< 10 *ms1,
respectively. At 5.94 10~4and 8.33«x 104ms1, 4.6 and
3.3 min respectively was needed for applying one settled- Fig. 3. Transient bed expansion during application of a 10% (w/w) gly-
bed volume (SBV) of mobile phase. In phases Il and lll, cerol solution and deionized water to an expanded bed of Streamline AC
after the Streamline matrix was stably fluidized in deion- alt 5-94T Slc;rf_;“nitlb?_id(gos"g\‘/(;”a‘ggs Z:""S”g_fé’hggl‘aiii‘t’g‘tzh‘zddvg?gﬁf teod
ized water, a 10% (w/w) glycerol solution was applied to the JY¢e"® sout o SF was swi oniz
bed, and the transient change in the bed height was recorded. ' o 40min (8.74 SBVio =163 om.

After the bed had 'reached anew s.tab'le expansion, the MO5fter a stable bed expansion in the mobile phase, i.e., 8.74
bile phase was switched back to deionized water and the de'SBV.

crease of the bed height was recorded as Walls. 2 and 3
show the variations in bed height as a function of the mobile
phase volume applied under different conditions. Previous
publications have stated that approximately six SBV are re- Phase |
quired to reach a stable expansion in EBA systé8n$9],
and the results shown figs. 2 and Jare consistent to their
reports.

2.67
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Loading (SBV)

3.2. Variations of axial particle size distribution in

Variations in axial particle distribution during transient
expansion from settled bed to expanded bed (phase I) at dif-

Based on the results shownfiigs. 2 and 3we designed ferent liquid flow rates were determi_ned at axial heights of
the following experimental protocol for sampling at different 1-2 @nd 16.2cm as soon as the loading volume reached 0.65
critical moments: (i) before the change in the bed height (0 2nd 1.30 SBV. Inaddition, sampling was also performed from
SBV for phases Il and I11); (ii) the very early phase shortly the port at 31.2_cr_n When it reached 2.16 and 6.48 SBV. The
after the switch to a new mobile phase, i.e., 0.65 SBV: (i) "esults are exhibited ifrigs. 4 and 51t can be seen from
during the transient expansion, i.e., 1.30 SBV: (iv) in the late the figures that, generally, the Streamline particles in the bed
phase of the transient expansion, i.e., 2.16 SBV: (v) shortly exhibit quite similar trend on each sampling moment during

after a new equilibrium was reached, i.e., 6.48 SBV: (vi) long e total process of bed expansion at both the liquid flow
rates. The in-bed particles expanded progressively from the

well-mixed packed bed to a stably classified fluidized bed.
This is the behavior expected in such an expansion process,
but this is the first time it has proved possible to confirm
this behavior experimentally. The range of particle sizes was
larger than that reported by Bruce and Chiis&20] It is

due to the different particle size distributions employed in
this work (80-50Qum, 210um on average) and that used by
Bruce and Chase (Streamline SP of 1004460 192um on
average).

From Figs. 4a and S5awe can find that shortly after
the beginning of the expansion from settled bed to ex-
panded bed (0.65 SBV), the particle size distributions at
the two lower positions were quite similar to the bulk
Streamline AC. When the loading volume reached 1.30 SBV
(Figs. 4b and 5} small shifts of the particle size distribu-
tions at 1.2 and 16.2 cm to higher values were observed, and

1 L 1 1

4 6
Loading ( SBV )

Fig. 2. Transient bed expansion from settled bed to expanded bed in

deionized water at liquid flow velocities ofA} 5.94x 10~ and (J)
8.33x 10*ms1. 1 SBV=4.6 and 3.3min, respectively, at 5040~
and 8.33x 104 ms~1. EF =H/Ho, Ho = 16.3 cm (settled bed height).

the increasing extent was more obvious at 8&3®4ms1
(Fig. 5b). However, the difference in the particle size dis-
tributions between the two heights was still little. The re-
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Fig. 4. Variations in particle size distribution during transient expansion
from settled bed to expanded bed at axial height®f 1.2, (A) 16.2 and
(O) 31.2 cm. Liquid velocity was 5.94 10~*ms~L. The dashed line is the
particle size distribution of bulk Streamline ABg=16.3cm.

sults indicate that the bed classification had not formed at the
moment.

shown inFigs. 4c and 5cobvious particle classification was

16.2 cm was still insignificant (by comparisonkify. 4c and
Fig. 5c to Fig. 4b andFig. Sb, respectively) and keptcloseto  at 5.94x 10-*ms ! and ca. 21Qum at 8.33x 104ms1)
were found in significant quantities at each of the sampling

the bulk Streamline AC.

147
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Fig. 5. Variations in particle size distribution during transient expansion
from settled bed to expanded bed at axial heighE§fX.2 cm; (A) 16.2 cm;

(O) 31.2cm. Liquid velocity was 8.38 10~* m s~1. The dashed line is the
particle size distribution of bulk Streamline ABg=16.3cm.

The ultimate hydrodynamic bed stability and complete
particle classification were reached after 6 SBV of mobile

Sampling work at the top port was performed together phase loadingHigs. 4d and 5d The range of particle size
with that at the lower two positions synchronously when the distribution at each position became smaller than that shown
loading volume of deionized water reached 2.16 SBV. As in Figs. 4c and 5crespectively. Comparing the results mea-
sured at the two different velocities, the mean particle di-
observed at the moment. The mean diameter of the particlesameter at each sampling height was found slightly larger at
from the bottom port became significantly larger than that 8.33x 1004*ms™1 than that at 5.94 10-*ms1. This in-
examined on the last two moments, and the size range de-dicates that the increase of liquid velocity leads to an ag-
creased a lot. The change in the particle size distribution atgravated particle size classification because of the increased

expanded bed heiglit5]. Mid-sized particles (ca. 200m
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heights, suggesting the presence of the significant distribution 420
of particles through the colunii2]. 300 kA& .
3.3. Variations in axial particle size and voidage 360 I —— e
distributions in phases Il and 1lI 330 - S
A 10% (w/w) glycerol solution was employed as feedstock Wlome o o ae o
toimitate the feed loading process. Variations in axial particle 270
size distribution and local voidage caused by the changes of -
the mobile phase density and viscosity were investigated. In
Fig. 6, the particle size distribution was expressedifyy dso 210
anddgg as a function of the mobile phase volume. 180 L
It can be seen frorkig. 6that the change of mobile phase (@)

had only a small effect on the particle size distribution at the
bottom position. That is, the loading of the glycerol solution
resulted in a small increase, whereas the recharge of deion- 280
ized water led to a small decrease of the particle sizes. It is
considered due to the larger particle size at the bottom region
(volume-weighted mean diameter 29&, seerig. 4d). The
larger particles have higher sedimentation velocity, which
makes it difficult for them to move upward. Moreover, to keep
the bed stable, the bottom layer of the bed should remain the

e Sampling height = 16.2 cm

Particle diameter (Lum)
1 }

maximum bulk densitj21]. In comparison, the particle sizes gt S8 @
d10, dsp anddgg of the samples drawn from 16.2 cm began to 130 [
increase at a mobile phase volume of 1.30 SBV, and then kept LWy e T o5 b ‘L \ e g op oy

unchanged between 2.16 and 6.48 SBV. At the axial height of
31.2cm, little change in particle size was observed until the
loading volume reached 2.16 SBYV, and the transient changes 250 |

did not stop until a new equilibrium of the expanded bed was W
achieved (after 6 SBV). 220

Tong and Surj15] reported that the effect of liquid vis-
cosity on the axial particle size distribution of Streamline 190 |
particles was similar to that of liquid velocity because the
increases of both the liquid viscosity and flow velocity led mngm
to the raise of expanded bed height. Slis et[22] stated
that following a change in fluidization velocity, the void frac- i
tion changed progressively from the distributor upwards, un- ’ ;m
til the bed reached a new steady-state condition. The exper- oo
imental data obtained here, as showirig. 7, indicate that 0 5 10 15
the changes of bed voidage at different axial positions were (© Loading (SBV)
not unidirectional. During the application of glycerol solu-
tion, the bed voidage at 1.2 cm increased progressively until aF9- 6- Variations in particle sizeg{) dio, (L) dso and () dgo with mobile
new stable situation was reached and decreased in the Similaﬁhase. volume at the three axqu he|ghts._ Feed solution was chang(_ad from

. . eionized water to glycerol solution at 0 min (0 SBV) and then was switched
way when the mobile phase was converted back to deion-pack to deionized water at 40 min (8.74 SBV, indicated by arrow).
ized water. The changes of local voidage at the middle and
top positions, however, were quite different during the tran- another steady state was reached soon after 6 SBV of water
sient processes. During the initial transient phase, when the(totally 14.74 SBV) was loaded. The way of the variations
loaded glycerol solution was 0.65 SBY, the measurements atin bed voidage at the top position (31.2cm) was similar to
the middle position (16.2 cm) showed a decrease in the localthat at the middle position, but the initial changes of local
voidage. Later, the voidage rebounded when the mobile phasevoidage with the mobile phases occurred at 2.16 SBV, about
loading reached 1.30 SBV and kept increasing until 6 SBV 0.86 SBV later than that at the middle position.
of the glycerol solution was introduced. When deionizedwa-  The bed voidage distribution results reported by Bruce
ter was challenged to the column again, the local voidage and Chasd12] and Willoughby et al[14] were obtained
at this position correspondingly increased first and then be- at different experimental conditions with different methods.
gan to decrease gradually when 1.30 SBV of deionized waterHowever, the general range and trend of the variations in the
(totally 10.04 SBV) was introduced into the system. Then, bed voidage measured in this work was reasonably compara-

Sampling height =31.2 cm
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! The estimated void volumes for the two zones of
0-16.2cm and 0-31.2 cm were calculated by using the locall
voidage values at the two ends of any zone and the poros-
ity of Streamline AC. The void volume below 1.2cm was
estimated by assuming that the bed voidage for this small
region was the same as that measured at 1.2 cm. Using the
experimental data displayed Kg. 7, the void volume for

the 0-16.2 cm and 0—-31.2 cm zones were calculated from the
following equation:

Voidage

N e Vvoid = VzonePavetep Vzond 1 — Pave) 4)
5 10 15
Loading (SBV) where the particle porosity, of Streamline AC was taken
to be 0.8523]. The average bed voidage values for the two
Fig. 7. Bed voidage at the axial heights 6] 1.2 cm, (J) 16.2cm and4) zones are approximated by the following calculations.
31.2cm as a function of the mobile phase volume. Experimental conditions +
were the same as Ifig. 6. 0—16.2Cm zOne : gave= §012‘/’2 (5)
. p1te3

ble to the results of Bruce and Chd$2], exceptforthevalue  0—31.2cmzone: @ave= 3 (6)

in the bottom part (0.50 in the range of 0—10 cm in their work,
while 0.66 measured locally herein). Bruce and CHa2é All the calculated results are summarizedrable 1
used the mean residence time method for the measurement. As shown inTable landFigs. 6 and 7when the loaded
They have pointed out that physically accurate estimates ofglycerol solution reached 0.65 SBV, the loading volume
expanded bed voidage could not be made for the zone be{40.5mL) had not surpassed the void volume (76.7 mL) of
tween 0 and 10 cm by using the mean residence time methodhe lower zone (0-16.2 cm), indicating that the flow front of
because of the non-uniform flow in this region, and admitted the glycerol solution was below the height of 16.2cm. So,
that the measured mean residence time for the bottom zonehe particle size at 1.2 cm increased somewhat because the
was shorter than the average behavior in this zone, which lednew mobile phase had passed through this bottom position
to underestimation of the voidage. (Fig. 6a), while the change in particle size distribution at the
Comparing the results exhibitedkigs. 6 and 7it can be upper two sampling positions was littl&i¢. 6b,c). How-
found that the transient variations in local particle size and ever, the bed voidages at the upper two positions decreased
voidage distributions initially occurred in the bed bottom and at this momentKig. 7). This is due to the compression effect
then progressed from bottom to top along the axial direction. caused by the upward movement of the lower part particles,
These changes at certain sampling positions are consideredesulting from the loading of the high density and viscosity
to be consequent on the flow of a new mobile phase. This is solution. When the glycerol solution loading reached 1.30
supported by the following estimation of the in-bed flow front  SBYV, the flow front of glycerol solution had passed over the
using the measured bed voidage values, assuming a plug flovaxial height of 16.2 cm but not yet reached the axial height

of the mobile phases during the transient processes. of 31.2cm {able 1. Consequently, the particle size at the
Table 1
Calculated values for the estimation of mobile phase flow front during the transient operation processes
Loading volume (SB¥) Loading volumé& (mL) Estimated void volume for Estimated void volume for
the 0-16.2 cm zorfg(mL) the 0-31.2 cm zorfe(mL)
Phase Il (glycerol solution loading)
0 768 1493
0.65 405 767 1491
1.30 931 769 1489
2.16 1628 770 1493
6.48 5127 771 1497
Phase Il (deionized water loading)
0 0 771 1497
0.65 405 772 1497
1.30 931 771 1499
2.16 1628 768 1498
6.48 5127 768 1494

21SBV=81.0mL.
b Excluding the volume of system tubing (12.2 mL).
¢ Including both the bed voidage and particle porosity of Streamline AC.
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middle position increasedF{g. 6b) and the voidage therere- V,one total volume of a zone within expanded bed (mL)

bounded as well, whereas the particle size at 31.2cm still particle porosity of streamline particle

remained steadilyHig. 6¢c) and the local voidage there con- liquid viscosity (Pas)

tinued to decrease. By the continuous loading, the particlesp density of mobile phase (kgmd)

at the top position were inevitablly influenced by the solu- pp particle density (kg m3)

tion. When 2.16 SBV was loaded, both the particle size and ¢ expanded-bed voidage

local voidage at the top position augmented and the increasess settled-bed voidage of sample

of the voidage and particle size did not cease until the bed gave average bed voidage of certain zone within bed

reached a new steady-state. 1 local bed voidage at axial height of 1.2 cm or bed
During the recharge of deionized water at 8.74 SBV, re- bottom

verse variations in both the particle size distributibig( 6) 2 local bed voidage at axial height of 16.2 cm

and local voidageKig. 7) occurred in the same sequence from ¢3 local bed voidage at axial height of 31.2cm

bottom to top as those during the loading process of the gly-
cerol solution. Similar explanation for the transient behavior
can be made for the process. Acknowledgements
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