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Variations of particle size and bed voidage distributions in expanded
bed during transient operation processes
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Abstract

Changes in bed expansion are frequently encountered during an expanded bed adsorption, such as during the initial bed expansion, feed
loading and washing processes. We have here studied the changes of local particle size distribution and bed voidage of an expanded bed in the
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 measurements
on a series of operation moments during the transient processes were carried out by sampling the particles from within the column at different
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xial positions. In the initial bed expansion process, the gradual formation of an axial classification from a settled bed to a stable
ed was first displayed. By changing the mobile phase from water to 10% (w/w) glycerol solution or vice versa, the variations in
article size distribution and bed voidage corresponding to the increase or decrease of the bed height caused by the changes o
hase viscosity were examined as well. The transient changes of the local particle size distribution and bed voidage first occurre
ottom and then progressed from bottom to top along the axial direction. However, the changes of bed voidage at different axia
ere not unidirectional. That is, by changing the mobile phase to the high-viscosity glycerol solution, a constant increase of the b
as observed in the bed bottom, while a distinct decrease of the bed voidage before its increase was involved at the middle and to
his 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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. Introduction

Expanded bed adsorption (EBA) uses a purpose-designed
olumn and adsorbent with a defined size and/or density
istribution. In expanded bed operation, an upward flow of
obile phase through the adsorbent bed provides high bed

oidage, which makes it possible for the particulate materials
o pass through whilst the target bioproduct is adsorbed onto
he solid phase. Thus, as a novel integrative technology for
ownstream bioprocessing, EBA has been widely employed

o directly capture target bioproducts from cell containing
roth, cell disruptate and other unclarified feedstocks[1–4].
his reduces both the process cost and operation time.

∗ Corresponding author. Tel.: +86 22 2740 4981; fax: +86 22 2740 6590.
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A successful operation of EBA depends on the forma
of a stable fluidized bed even in the presence of turbid f
stock, which is characterized by a low back mixing, lac
stagnant zones and an ordered distribution of the adso
within the bed. Therefore, a variety of interactions betw
adsorbent and biomass in feedstock have been invest
to understand the EBA system[5–10]. Moreover, to achiev
tighter control of the EBA process and to reach high pro
efficiency, it is desirable to understand the distribution of
ticle size and bed voidage within the bed during the opera
since the liquid phase dispersion and adsorption behav
the EBA column have a close relation to the axial particle
distribution[10–13]. Some authors have reported the par
size distributions and bed voidage along the axial heig
the bed under stable bed expansion conditions[12,14–16].
However, to date, the information on particle size distr
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tions and bed voidage during transient operation processes is
still unavailable.

Generally, the operation of an EBA can be divided into
five stages, this is, (1) bed expansion and equilibration with
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,
the changes of expanded bed height also occur in the other
stages due to the changes of mobile phase viscosity and den-
sity, if the flow rate is kept unchanged. The transient changes
of bed height are especially distinct during the feedstock load-
ing and washing stages, which are the key steps of an EBA
process. The first phase of crude and viscous feedstock appli-
cation leads to the increase of bed height, while bed washing
with a low viscosity buffer after the feed loading results in
the decrease of bed height. Such variation is particularly im-
portant when the feedstock loading volume is small in com-
parison to the bed volume since the change in bed height
will exist during the whole loading process. Therefore, it is
paramount to know how the distribution of adsorbent parti-
cles and bed voidage change during the transient processes.
Such knowledge would help to control the EBA operation
and to improve the process modeling and analysis.

In this work, we have studied the changes of local parti-
cle size distribution and bed voidage of an expanded bed in
the initial bed expansion process as well as those during the
c oad-
i s col
u tudy
t mline
m f local
p era-
t d out

by sampling the matrix particles from within the column at
different axial positions. As a result, comprehensive infor-
mation on the transient phenomena in bed expansion, feed
loading and washing processes was obtained.

2. Materials and methods

2.1. Solid matrix and chemicals

Streamline quartz base matrix (Streamline AC, Amer-
sham Biosciences, Uppsala, Sweden) was used in all experi-
ments. Its size distribution scanned with a Mastersizer 2000
unit (Malvern Instruments, Malvern, UK) was in the range
of 80–500�m, with a volume-weighted mean diameter of
210�m. Expanded bed experiments were performed using
deionized water and 10% (w/w) glycerol solution as the mo-
bile phases. All other chemicals were of analytical grade from
local sources.

2.2. Column design

A homemade glass column (0.7 m height, 25.15 mm I.D.)
with a stainless steel mesh (opening size equivalent to 74�m)
as the liquid distributor was used for expanded bed experi-
ments (Fig. 1). Glass beads (0.3–0.4 mm, 2.6 g mL−1) were
a flow
d sign
f
t from
t with
s the
s the

f the e
hanges in mobile phase viscosity, which imitated feed l
ng and bed washing processes. For this purpose, a glas
mn modified with side sampling ports was designed to s

he transient phenomena. Using the commercial Strea
atrix as the solid phase, experimental measurements o
article size distribution and bed voidage on different op

ion moments during the transient processes were carrie

Fig. 1. A schematic diagram o
-
dded in 1 cm height on the bed bottom to improve
istribution at the column inlet. The glass column de

ollowed that described previously[15], but modified with
hree sampling ports located at 1.2, 16.2 and 31.2 cm
he surface of the glass beads. Each port was sealed
ilicone rubber, and the sealed section was well fit for
mooth inner surface of the column wall. Estimated by

xpanded bed system for sampling.
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step-input technique[15,17] with acetone as the tracer, the
liquid dispersion level within the modified column was found
comparable to that obtained within a STREAMLINE 25 col-
umn (1.0 m× 25 mm I.D., Amersham Biosciences) (Bovalue
[15] larger than 40 for a 33 cm expanded bed). A metal nee-
dle (90 mm× 2.06 mm O.D., 1.76 mm I.D.) connected to a
2-mL syringe was used to withdraw the liquid–solid suspen-
sion samples from within the column. The needle diameter
was large enough compared to the particle size so a represen-
tative adsorbent sample could be obtained and the selective
withdrawal of small particle sizes was avoided. All expanded
bed experiments were carried out withÄKTA Explorer 100
system (Amersham Biosciences, Uppsala, Sweden).

2.3. Experimental design for sampling

All expanded bed experiments were performed with
0.163 m settled bed (81.5 mL Streamline AC). Variations in
particle size distribution were measured in three different
phases during the expanded bed operation: (I) transient ex-
pansion from a settled bed in which the particles were well
mixed, to the later stable expanded bed with deionized water;
(II) application of 10% (w/w) glycerol solution until a second
stable bed expansion, imitating a feed loading process; (III)
conversion to deionized water again until a third stable bed
expansion, imitating a washing process.
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2.4. Particle size distribution and bed voidage
measurements

The particle size was measured with a Mastersizer 2000
unit (Malvern Instruments). The particle size distributions
were expressed by volumetric diametersd10, d50, andd90.
They are defined as the points on the particle distribution
where, respectively, 10, 50 and 90% by volume of the parti-
cles are smaller than the stated diameter. Thed10 statistic is
therefore an indicator of the proportion of fines in a particle
size distribution, whiled50 shows the mean volume diameter
andd90 a measure of the proportion of large particles present
in the sample. In triplicate experiments, the variations in the
values ofd10, d50 andd90 were found within 5%.

The distributions of local bed voidage at different axial
heights in phases II and III were estimated with a method
based on the removal of the samples from within the bed
[16]. The sampling experiments were performed in the same
way as those during the measurements of axial particle size
distributions on each prearranged moment. About 1.5 mL
liquid–solid suspensions were withdrawn from the center of
the column, and then the syringes containing samples were
placed vertically until all the particles settled steadily (about
1 h). The settled-bed and the total liquid–solid suspension
volumes were determined by reading the syringe scales. The
local bed voidageϕ was then determined by
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In phase I, the bed was expanded at 5.94× 10−4 m s−1

ith deionized water to reach 2.18-fold bed expansion
series of prearranged moments during the bed expa

hree needles connected with syringes were inserted in
hree sealed ports at different axial heights respectively
.5 mL of liquid–solid suspension sample at each sam
osition was withdrawn from the center of the column s
hronously. Another bed expansion experiment was do
.33× 10−4 m s−1 with a 2.86-fold expansion, and samplin
ere done on the same sampling moments and positio

hat performed at 5.94× 10−4 m s−1. One sampling proce
ure took about 3 s. After each sampling, the mobile p
upplying was stopped and the particle size distribution
easured. Before the next bed expansion experiment, a

ampled particles were collected and returned to the col
he settled particles in the bed were well mixed to avoid
re-classification during the sedimentation process.

In order to investigate the transient behaviors in phas
nd III, the bed was typically expanded at 5.94× 10−4 m s−1

or at least 30 min with deionized water. Then, the mo
hase was switched to 10% (w/w) glycerol solution at
ame velocity. On some predetermined moments, axial
lings were carried out at the three sampling position
ultaneously. For phase III study, after the bed had

tably expanded with the glycerol solution, deionized w
as switched back again and samples were withdrawn

he column center up its axial height in the same way as
uring the application of the glycerol solution. The samp
rocedures in phases II and III were just as same as tho
hase I.
, = �SVS+VLS − VS

VLS
(1)

hereϕs is the settled-bed voidage, which was taken to
.4 [12,14], VS is the settled-bed volume, andVLS is the

iquid–solid suspension volume.
The sampling work on each position as well as samp

oment was done by triplicate experiments to ensure
eliability, and the results of the particle size and bed void
ere confirmed to be within 5% deviation.

. Results and discussion

.1. Transient bed expansion in the three phases and
ampling protocol design

The formation of a stable fluidized bed is paramoun
successful EBA operation. The expansion behavior o

articles in the bed is governed by the characteristics of
atrix, the column design and the mobile phase used i
eriment and can be predicted using the classical equatio
tokes and Richardson-Zaki[18]. The Stokes law can be us

o predict the terminal velocity,ut, of an individual particle
ssuming plug flow in the column:

t = d2
pg(ρp − ρ)

18µ
(2)
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The effect of fluid velocity,u, on the bed voidageϕ can
be predicted using the Richardson-Zaki equation:

u = ut�
n (3)

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× 10−4 and 8.33× 10−4 m s−1,
respectively. At 5.94× 10−4 and 8.33× 10−4 m s−1, 4.6 and
3.3 min respectively was needed for applying one settled-
bed volume (SBV) of mobile phase. In phases II and III,
after the Streamline matrix was stably fluidized in deion-
ized water, a 10% (w/w) glycerol solution was applied to the
bed, and the transient change in the bed height was recorded.
After the bed had reached a new stable expansion, the mo-
bile phase was switched back to deionized water and the de-
crease of the bed height was recorded as well.Figs. 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-
q
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Fig. 3. Transient bed expansion during application of a 10% (w/w) gly-
cerol solution and deionized water to an expanded bed of Streamline AC
at 5.94× 10−4 m s−1. Feed solution was changed from deionized water to
glycerol solution at 0 min (0 SBV) and was switched back to the deionized
water at 40 min (8.74 SBV).H0 = 16.3 cm.

after a stable bed expansion in the mobile phase, i.e., 8.74
SBV.

3.2. Variations of axial particle size distribution in
phase I

Variations in axial particle distribution during transient
expansion from settled bed to expanded bed (phase I) at dif-
ferent liquid flow rates were determined at axial heights of
1.2 and 16.2 cm as soon as the loading volume reached 0.65
and 1.30 SBV. In addition, sampling was also performed from
the port at 31.2 cm when it reached 2.16 and 6.48 SBV. The
results are exhibited inFigs. 4 and 5. It can be seen from
the figures that, generally, the Streamline particles in the bed
exhibit quite similar trend on each sampling moment during
the 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 Chase[12,20]. It is
due to the different particle size distributions employed in
this work (80–500�m, 210�m on average) and that used by
Bruce and Chase (Streamline SP of 100–400�m, 192�m on
a

er
t ex-
p s at
t ulk
S SBV
( u-
t , and
t
( dis-
t re-
uired to reach a stable expansion in EBA systems[8,19],
nd the results shown inFigs. 2 and 3are consistent to the
eports.

Based on the results shown inFigs. 2 and 3, we designe
he following experimental protocol for sampling at differ
ritical moments: (i) before the change in the bed heigh
BV for phases II and III); (ii) the very early phase sho
fter the switch to a new mobile phase, i.e., 0.65 SBV;
uring the transient expansion, i.e., 1.30 SBV; (iv) in the
hase of the transient expansion, i.e., 2.16 SBV; (v) sh
fter a new equilibrium was reached, i.e., 6.48 SBV; (vi) l

ig. 2. Transient bed expansion from settled bed to expanded b
eionized water at liquid flow velocities of (�) 5.94× 10−4 and (�)
.33× 10−4 m s−1. 1 SBV = 4.6 and 3.3 min, respectively, at 5.94× 10−4

nd 8.33× 10−4 m s−1. EF =H/H0, H0 = 16.3 cm (settled bed height).
verage).
From Figs. 4a and 5a, we can find that shortly aft

he beginning of the expansion from settled bed to
anded bed (0.65 SBV), the particle size distribution

he two lower positions were quite similar to the b
treamline AC. When the loading volume reached 1.30

Figs. 4b and 5b), small shifts of the particle size distrib
ions at 1.2 and 16.2 cm to higher values were observed
he increasing extent was more obvious at 8.33× 10−4 m s−1

Fig. 5b). However, the difference in the particle size
ributions between the two heights was still little. The
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Fig. 4. Variations in particle size distribution during transient expansion
from settled bed to expanded bed at axial height of (�) 1.2, (�) 16.2 and
(©) 31.2 cm. Liquid velocity was 5.94× 10−4 m s−1. The dashed line is the
particle size distribution of bulk Streamline AC.H0 = 16.3 cm.

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

Sampling work at the top port was performed together
with that at the lower two positions synchronously when the
loading volume of deionized water reached 2.16 SBV. As
shown inFigs. 4c and 5c, obvious particle classification was
observed at the moment. The mean diameter of the particles
from the bottom port became significantly larger than that
examined on the last two moments, and the size range de-
creased a lot. The change in the particle size distribution at
16.2 cm was still insignificant (by comparison ofFig. 4c and
Fig. 5c toFig. 4b andFig. 5b, respectively) and kept close to
the bulk Streamline AC.

Fig. 5. Variations in particle size distribution during transient expansion
from settled bed to expanded bed at axial height of (�) 1.2 cm; (�) 16.2 cm;
(©) 31.2 cm. Liquid velocity was 8.33× 10−4 m s−1. The dashed line is the
particle size distribution of bulk Streamline AC.H0 = 16.3 cm.

The ultimate hydrodynamic bed stability and complete
particle classification were reached after 6 SBV of mobile
phase loading (Figs. 4d and 5d). The range of particle size
distribution at each position became smaller than that shown
in Figs. 4c and 5c, respectively. Comparing the results mea-
sured at the two different velocities, the mean particle di-
ameter at each sampling height was found slightly larger at
8.33× 10−4 m s−1 than that at 5.94× 10−4 m s−1. This in-
dicates that the increase of liquid velocity leads to an ag-
gravated particle size classification because of the increased
expanded bed height[15]. Mid-sized particles (ca. 200�m
at 5.94× 10−4 m s−1 and ca. 210�m at 8.33× 10−4 m s−1)
were found in significant quantities at each of the sampling
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heights, suggesting the presence of the significant distribution
of particles through the column[12].

3.3. Variations in axial particle size and voidage
distributions in phases II and III

A 10% (w/w) glycerol solution was employed as feedstock
to imitate the feed loading process. Variations in axial particle
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 expressed byd10, d50
andd90 as a function of the mobile phase volume.

It can be seen fromFig. 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-
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 292�m, seeFig. 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
maximum bulk density[21]. In comparison, the particle sizes
d10, d50 andd90 of the samples drawn from 16.2 cm began to
increase at a mobile phase volume of 1.30 SBV, and then kept
unchanged between 2.16 and 6.48 SBV. At the axial height of
3 l the
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Fig. 6. Variations in particle sizes (©) d10, (�) d50 and (�) d90 with mobile
phase volume at the three axial heights. Feed solution was changed from
deionized water to glycerol solution at 0 min (0 SBV) and then was switched
back to deionized water at 40 min (8.74 SBV, indicated by arrow).

another steady state was reached soon after 6 SBV of water
(totally 14.74 SBV) was loaded. The way of the variations
in bed voidage at the top position (31.2 cm) was similar to
that at the middle position, but the initial changes of local
voidage with the mobile phases occurred at 2.16 SBV, about
0.86 SBV later than that at the middle position.

The bed voidage distribution results reported by Bruce
and Chase[12] and Willoughby et al.[14] were obtained
at different experimental conditions with different methods.
However, the general range and trend of the variations in the
bed voidage measured in this work was reasonably compara-
1.2 cm, little change in particle size was observed unti
oading volume reached 2.16 SBV, and the transient cha
id not stop until a new equilibrium of the expanded bed
chieved (after 6 SBV).

Tong and Sun[15] reported that the effect of liquid vi
osity on the axial particle size distribution of Stream
articles was similar to that of liquid velocity because

ncreases of both the liquid viscosity and flow velocity
o the raise of expanded bed height. Slis et al.[22] stated
hat following a change in fluidization velocity, the void fra
ion changed progressively from the distributor upwards
il the bed reached a new steady-state condition. The e
mental data obtained here, as shown inFig. 7, indicate tha
he changes of bed voidage at different axial positions
ot unidirectional. During the application of glycerol so

ion, the bed voidage at 1.2 cm increased progressively u
ew stable situation was reached and decreased in the s
ay when the mobile phase was converted back to d

zed water. The changes of local voidage at the middle
op positions, however, were quite different during the t
ient processes. During the initial transient phase, whe
oaded glycerol solution was 0.65 SBV, the measuremen
he middle position (16.2 cm) showed a decrease in the
oidage. Later, the voidage rebounded when the mobile p
oading reached 1.30 SBV and kept increasing until 6 S
f the glycerol solution was introduced. When deionized

er was challenged to the column again, the local void
t this position correspondingly increased first and then
an to decrease gradually when 1.30 SBV of deionized w
totally 10.04 SBV) was introduced into the system. Th
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Fig. 7. Bed voidage at the axial heights of (©) 1.2 cm, (�) 16.2 cm and (�)
31.2 cm as a function of the mobile phase volume. Experimental conditions
were the same as inFig. 6.

ble to the results of Bruce and Chase[12], except for the value
in the bottom part (0.50 in the range of 0–10 cm in their work,
while 0.66 measured locally herein). Bruce and Chase[12]
used the mean residence time method for the measurement.
They have pointed out that physically accurate estimates of
expanded bed voidage could not be made for the zone be-
tween 0 and 10 cm by using the mean residence time method
because of the non-uniform flow in this region, and admitted
that the measured mean residence time for the bottom zone
was shorter than the average behavior in this zone, which led
to underestimation of the voidage.

Comparing the results exhibited inFigs. 6 and 7, it can be
found that the transient variations in local particle size and
voidage distributions initially occurred in the bed bottom and
then progressed from bottom to top along the axial direction.
These changes at certain sampling positions are considered
to be consequent on the flow of a new mobile phase. This is
supported by the following estimation of the in-bed flow front
using the measured bed voidage values, assuming a plug flow
of the mobile phases during the transient processes.

The estimated void volumes for the two zones of
0–16.2 cm and 0–31.2 cm were calculated by using the local
voidage values at the two ends of any zone and the poros-
ity of Streamline AC. The void volume below 1.2 cm 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 inFig. 7, the void volume for
the 0–16.2 cm and 0–31.2 cm zones were calculated from the
following equation:

Vvoid = Vzoneϕave+εpVzone(1 − ϕave) (4)

where the particle porosityεp of Streamline AC was taken
to be 0.85[23]. The average bed voidage values for the two
zones are approximated by the following calculations.

0 − 16.2 cm zone : ϕave = ϕ1+ϕ2

2
(5)

0 − 31.2 cm zone : ϕave = ϕ1+ϕ3

2
(6)

All the calculated results are summarized inTable 1.
As shown inTable 1andFigs. 6 and 7, when the loaded

glycerol solution reached 0.65 SBV, the loading volume
(40.5 mL) had not surpassed the void volume (76.7 mL) of
the lower zone (0–16.2 cm), indicating that the flow front of
the glycerol solution was below the height of 16.2 cm. So,
t se the
n sition
( the
u
e eased
a ect
c cles,
r sity
s .30
S the
a ight
o the

Table 1
Calculated values for the estimation of mobile phase flow front during the tra

Loading volume (SBVa) Loading volumeb (mL) Es
th

Phase II (glycerol solution loading)
0 76
0 76
1 76
2 77
6 77

P
0 77
0 77
1 77
2 76
6 76

AC.
0
.65 40.5
.30 93.1
.16 162.8
.48 512.7

hase III (deionized water loading)
0

.65 40.5

.30 93.1

.16 162.8

.48 512.7
a 1 SBV = 81.0 mL.
b Excluding the volume of system tubing (12.2 mL).
c Including both the bed voidage and particle porosity of Streamline
he particle size at 1.2 cm increased somewhat becau
ew mobile phase had passed through this bottom po
Fig. 6a), while the change in particle size distribution at
pper two sampling positions was little (Fig. 6b,c). How-
ver, the bed voidages at the upper two positions decr
t this moment (Fig. 7). This is due to the compression eff
aused by the upward movement of the lower part parti
esulting from the loading of the high density and visco
olution. When the glycerol solution loading reached 1
BV, the flow front of glycerol solution had passed over
xial height of 16.2 cm but not yet reached the axial he
f 31.2 cm (Table 1). Consequently, the particle size at

nsient operation processes

timated void volume for
e 0–16.2 cm zonec (mL)

Estimated void volume for
the 0–31.2 cm zonec (mL)

.8 149.3

.7 149.1

.9 148.9

.0 149.3

.1 149.7

.1 149.7

.2 149.7

.1 149.9

.8 149.8

.8 149.4
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middle position increased (Fig. 6b) and the voidage there re-
bounded as well, whereas the particle size at 31.2 cm still
remained steadily (Fig. 6c) and the local voidage there con-
tinued to decrease. By the continuous loading, the particles
at the top position were inevitablly influenced by the solu-
tion. When 2.16 SBV was loaded, both the particle size and
local voidage at the top position augmented and the increases
of the voidage and particle size did not cease until the bed
reached a new steady-state.

During the recharge of deionized water at 8.74 SBV, re-
verse variations in both the particle size distribution (Fig. 6)
and local voidage (Fig. 7) occurred in the same sequence from
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.

4. Conclusions

To investigate the transient variations of local particle
size distribution and bed voidage in the feedstock loading
and column washing processes in expanded bed adsorp-
tion, 10% (w/w) glycerol solution and deionized water were
used as model solutions for the feed solution and washing
buffer, respectively. The sampling method for the removal
of liquid–solid suspension was employed to measure the
c rent
a pro-
c dur-
i ively
d to
a es of
l the
c ur in
t long
t e at
d ic-
t bed
v a dy-
n r
r

5

d
g
n
u
u
V )
V sy-

V ded

Vzone total volume of a zone within expanded bed (mL)
εp particle porosity of streamline particle
µ liquid viscosity (Pa s)
ρ density of mobile phase (kg m−3)
ρp particle density (kg m−3)
ϕ expanded-bed voidage
ϕS settled-bed voidage of sample
ϕave average bed voidage of certain zone within bed
ϕ1 local bed voidage at axial height of 1.2 cm or bed

bottom
ϕ2 local bed voidage at axial height of 16.2 cm
ϕ3 local bed voidage at axial height of 31.2 cm
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81 (2003) 21.
[9] D.-Q. Lin, P.J. Brixius, J.J. Hubbuch, J. Thömmes, M.-R. Kula
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