
Chemical Engineering Journal 109 (2005) 123–131

Variation of the local effective axial dispersion coefficient
with bed height in expanded beds
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Abstract

The local axial dispersion characteristics are very important and fundamental for the analyzing, modeling and understanding of biomolecules
adsorption performance in expanded bed adsorption. In this work, the local effective axial dispersion coefficients along the bed height of an
expanded bed system with porous adsorbent particles, Streamline SP and DEAE, were determined by measuring residence time distributions
(RTDs) using the tracer pulse–response method combining in-bed sampling technique. The decreasing trend of the local effective axial
dispersion coefficient with the increase of bed height was identified. An empirical correlation for the variations of the local effective axial
dispersion coefficient with bed height was developed by taking account of the complex effects of liquid and particle properties, liquid flow
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ehaviors, particle movements and the local bed voidage and particles size variations.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Expanded bed adsorption (EBA) is a novel chromatog-
aphy technique for separation and purification of biolog-
cal products directly from whole-cell fermentation broths
r homogenates without using centrifugation, microfiltration
nd other clarification prior steps[1–4]. The axial disper-
ion in EBA is of great importance to reveal the flow perfor-
ance, to interpret the adsorption and transfer mechanisms
f biomolecules and to describe the particular adsorption be-
aviors along the bed. Due to the broad size and/or density
istributions of adsorbent particles used in EBA, non-uniform
xial distributions of particle size and local bed voidage are
lways established within the bed[5–8], which results in the
ariation of the axial dispersion with bed height.

Several experimental studies have been explored to reveal
he overall axial dispersion characteristics in expanded beds
5,9–19], while only a few studies were focused on the lo-
al axial dispersion behaviors. Bruce and Chase examined
he axial and radial dispersion performance of Streamline SP

∗

and DEAE particles by measuring residence time dist
tions (RTDs) at different in-bed sampling ports located a
the bed height[6]. They stated that the top zone of bed
lower axial dispersion than the bottom region by analy
the obtained values of Bodenstein number in different z
from the inlet distribution plate to the various positions in
bed. The increasing trends of theoretical plate number i
bed zone from the bed inlet to a certain height position
the increase of bed height were also observed for Strea
SP and DEAE particles in our previous work[19]. Unfortu-
nately, it is quite vague and not accurate to describe the
axial dispersion behaviors using Bodenstein number and
oretical plate number obtained in the bed zones from the
inlet to each certain height position. In addition, since po
adsorbent particles are widely applied in EBA, axial dis
sion occurs not only in the bed voids between particles
also within pores of particles. Therefore, the local effec
axial dispersion coefficient is of interest in describing the
cal axial dispersion characteristics in EBA system. Rece
we measured the axial dispersion coefficient along the
height in expanded beds for UpFront FastLine SP adsor
with a density difference and a log-normal size distribu
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Nomenclature

AEi fitting averaged error in theith zone
c tracer concentration (mol m−3)
C recorded response signals of tracer concentra-

tion (mV)
dc inner diameter of column (m)
ds particle diameter (m)
dsmi mean particle size in theith zone (m)
Daxc correlated axial dispersion coefficient (m2 s−1)
Daxe experimental axial dispersion coefficient

(m2 s−1)
Daxi local effective axial dispersion coefficient in

the ith zone (m2 s−1)
E () residence time distribution function
F(s) transfer function in Laplace domain
g gravitational acceleration (m s−2)
Gai Galileo number in theith layer defined by Eq.

(14)
h axial bed height (m)
hmz the middle height of column zone (m)
H expanded bed height (m)
Hsb settled bed height (m)
Remfi onset Reynolds number in theith zone given

by Eq.(13)
Resi particle Reynolds number in theith layer de-

fined by Eq.(11)
s Laplace transformation parameter
S.D.i fitting standard deviation in theith zone
t time (s)
ui interstitial liquid velocity in the ith zone

(m s−1)
ui0 interstitial velocity without taking account the

particle porosity in theith zone (m s−1)
ui1 interstitial velocity taking account of particle

porosity in theith zone (m s−1)
UL superficial liquid velocity (m s−1)
x axial position in expanded bed (m)
xi axial position from bed bottom to the inlet of

the ith zone (m)
xi+1 axial position from bed bottom to the outlet of

the ith zone (m)

Greek letters
β0i energy dissipation rate per unit mass of liq-

uid neglecting wall resisting in theith zone
(m2 s−3)

βi energy dissipation rate per unit mass of liquid
in the ith zone (m2 s−3)

βri relative energy dissipation rate in theith zone
δ(t) Dirac delta function,δ(t) = 1 att= 0 andδ(t) = 0

at t> 0
ϕi local voidage in theith zone
ϕp particle porosity

µL liquid viscosity (Pa s)
ρL liquid density (kg m−3)
ρs mean particle density (kg m−3)
ψ object function defined by Eq.(7)

sampling technique[20]. A remarkable decreased trend of
the local axial dispersion coefficient along the bed height
was observed. An empirical correlation for the variations
of the local effective axial dispersion coefficients was ob-
tained based on the hydrodynamic performances within the
bed.

This work will present the measurements of the local effec-
tive axial dispersion coefficients in the different zones along
the bed height for Streamline adsorbent particles, which have
normal size distributions and relatively uniform densities.
The theoretical analysis of the method and the semi-empirical
correlation for the local effective axial dispersion in these re-
gions will also be presented.

2. Experimental

2.1. Column and adsorbent

The EBA system and devices used in this work are same as
that used in our previous work[20]. The glass expanded bed
column is 20 mm in inner diameter and 80 cm in height. A
home-made fluid distribution unit was placed at the column
bottom and a net adapter at the column top. The fluid distribu-
tion unit is a gift from Heinrich-Heine University D̈usseldorf,
G f
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ermany, as used by Lin et al.[21,22]. A small amount o
lass beads (0.5 mm diameter, <2% of the settled bed h
as added to distribute the fluid uniformly at the inlet of
olumn. The column was divided into 13 zones by 13 2.5
ampling holes located with about 5 cm intervals along
ed height. These holes were sealed by the moveable
er bands and a metal sampling needle was inserted in
olumn through these holes. The tip of the sampling ne
0.8 mm o.d., 0.5 mm i.d. and 50 mm long) was covered
etal mesh to allow the removal of liquid from the column
revent the withdrawal of adsorbent particles. The sam
eedle was connected to an on-line flow-through UV s

rometer (KNAUER WellChrom fast scanning spectrop
ometer K-2600, Berlin, Germany) at 240 nm. A perista
ump was connected to the outlet of the UV spectrom

o transfer the liquid at a constant flow rate. The tracer
entration in the fluid was determined by the UV absorb
ata, which was fed to an A/D transformer and recorded
ersonal computer. A motor valve (Knauer, Berlin, Germa
ith a 0.5 ml sample loop was connected to the bottom
f the column and used to inject the trace pulses. The

al particle size and local voidage distributions at these p
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Fig. 1. Particle size distribution of Streamline DEAE.

were also measured by in-bed sampling method, as described
previously[7,8].

The adsorbents used here are Streamline SP and DEAE
(Amersham Biosciences, Uppsala, Sweden). Size distribu-
tions of these particles were measured using Malvern Mas-
tersizer 2000 (Malvern Instruments, Malvern, UK). The par-
ticle size of Streamline SP was found in the range of about
90–450�m and the mean size of 190�m, as reported in
reference[7]. The particle size of Streamline DEAE used
here was in the range of 100–450�m and the mean size of
217�m, as shown inFig. 1. These values are slightly differ-
ent from that of 100–300�m for size range and 200�m for
mean size stated by the manufacturer, respectively. The mean
densities of Streamline SP and DEAE particles are 1184 and
1199 kg m−3 (measured using pycnometer), respectively.

2.2. Measurement method

The bed of Streamline DEAE particles was expanded with
50 mM NaH2PO4/Na2HPO4 buffer (pH 7.2), while the bed
of Streamline SP particles was expanded to a stable height
with the buffer of 20 mM NaH2PO4/Na2HPO4 (pH 7.2) and
20% glycerol (w/w). Since Streamline SP and DEAE parti-
cles are very similar in particle size distribution, density and
porosity, the axial dispersion characteristics of these particles

are expected to be similar. Here, we used glycerol added in
the buffer for expanding Streamline SP particles, as well as
operated in 25 and 30◦ C, in order to investigate the effects of
liquid viscosity. RTDs in various zones along the bed height
were obtained by pulse tracer method, which was carried out
by introducing an instantaneous pulse (0.5 ml) of tracer (10%,
v/v, acetone) from the bottom inlet into the column and then
measuring the response signals at the corresponding column
positions. At an interest port, the liquid was withdrawn at a
constant rate of 0.5 ml min−1, through the sampling needle
and the UV spectrometer by the peristaltic pump. The UV ab-
sorbance signal of the withdrawn liquid was then measured.
The above measurement procedures were repeated in each
of the ports one by one. Finally, the obtained RTDs at each
region were used to determine the mean local effective ax-
ial dispersion coefficients in the corresponding zone along
bed height. The experimental and operation conditions are
summarized inTable 1.

2.3. Determination of the local effective axial dispersion
coefficient

In general, liquid dispersion behaviors in expanded beds
are described approximately by plug flow dispersion model
assuming a constant axial dispersion coefficient. The ax-
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D 0.41
0.460
0.565

S 0.370
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0.540
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peration conditions in tracer pulse experiments

articles Liquid Settled bed
heightHsb (m)

EAE 50 mM phosphate buffer 0.185
0.190
0.190

P 20 mM phosphate buffer
and glycerol (20%,
w/w)

0.171

0.171
0.163
al dispersion coefficient can be determined by measu
he outlet response of an instantaneous pulse injected
ottom inlet of the column, as similar as the case in fi
eds. Some expressions have be reported for calculatin
verall axial dispersion coefficient in expanded beds at

ous boundary conditions, such as the close–close bo
ry [5,11,12,17,18], the close–open or open–close bound

6,19] and the open–open boundary[10,15]. For a stable ex
anded bed, the axial dispersion varies actually with th
rease of bed height due to the axial variations of par
ize and voidage, and then cannot be described accu
sing the overall axial dispersion coefficient. It is, theref
ecessary to determine the local axial dispersion coeffic
long the bed height. In addition, in order to concern with
rotein adsorption in expanded bed using porous adso

n the future work, here we only consider the case of the
ffective axial dispersion coefficient due to porous adsor
articles used.

ed bed
(m)

H/Hsb Superficial liquid
velocity (m s−1)

Temperature (◦C)

7 2.25 8.49× 10−4 25
2.42 1.17× 10−3 25
2.97 1.78× 10−3 25

2.16 3.98× 10−4 25

2.60 5.84× 10−4 30
3.31 7.17× 10−4 25
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Fig. 2. Schematic of tracer pulse and responses at the inlet and outlet of the
ith zone in expanded bed.

As we know, it is difficult to theoretically determine or
experimentally examine the continuous variation of the local
effective axial dispersion along the bed height due to its com-
plexity. In order to simplify the problem, the expanded bed
can be divided into several zones along the bed height[20]. In
each zone, both of the liquid velocity and the local effective
axial dispersion coefficient are assumed to be constant and
the plug flow dispersion model is then available. Therefore,
any change of the local effective axial dispersion coefficients
in these zones can be considered as an approximation of the
actual axial dispersion variation along the bed height. Based
on this approximation, the local effective axial dispersion co-
efficients of these zones can be determined by measuring the
RTDs responses at the inlet and outlet of each zone.

A tracer pulseδ(t), described using Dirac delta function,
is injected at the bottom inlet of the column, and the inlet
responsec(xi , t) and the outputc(xi+1, t) of the ith zone are
recorded, as shown schematically inFig. 2. The governing
differential equation for axial dispersion in theith zone can
be expressed as[20]

Daxi
∂2c(x, t)

∂x2
− ui ∂c(x, t)

∂x
= ∂c(x, t)

∂t
(1)

wherec is the tracer concentration,Daxi the local effective
axial dispersion coefficient andui is the interstitial liquid
v r-
t are
a

c

c(x, t)|x>0,t=0 = 0 (3)

lim
x→∞,t>0

c(x, t) = 0 (4)

With the given conditions of Eqs.(2)–(4), Eq.(1) can be
solved in the Laplace domain using the following transfer
function, as similar as that in liquid fluidized beds or packed
beds[23–25].

F (s) = c(xi+1, s)

c(xi, s)
= exp

[
xi+1 − xi

2Daxi
(ui −

√
u2
i + 4sDaxi)

]

(5)

The output concentration of theith zone in the time domain
is given by inverting Eq.(5) using convolution integral

c(xi+1, t)cal =
∫ t

0
c(xi, τ)

xi+1 − xi
2
√
πDaxi(t − τ)3

× exp

[
ui(xi+1 − xi)

2Daxi

]

× exp

[
−u

2
i (t − τ)2 + (xi+1 − xi)2

4Daxi(t − τ)

]
dτ (6)

Then, the output concentrationc(xi+1, t)cal of theith zone can
be calculated by the given experimental input concentration
c
T d
b
w n
ψ

ψ

w
st-

s iza-
t was
s
s l size
d can
t idage
i
i ities
w

u

w nt
o
v nt
o -
t nd
0 vol-
u ring
t hen,
elocity in theith zone (including liquid out and within pa
icles), respectively. The initial and boundary conditions
s following:

(x, t)|x=0,t=0 = δ(t) (2)
(xi , t) (expressed by the recorded response signalsC(xi , t)).
he unknown two parameters,Daxi andui , can be determine
y fitting the calculated responseC(xi+1, t)cal based onC(xi , t)
ith the experimental responseC(xi+1, t). The object functio
(Daxi , ui) for the fitting is given by

(Daxi, ui) = min
M∑
j

[C(xi+1, t)cal,j − C(xi+1, t)j]
2 (7)

hereM is the number of experimental data.
The solving of Eq.(7) is a two-parameter non-linear lea

quares problem, also belongs to unconstrained minim
ion optimization problems. Here, the solving procedure
implified by limiting the interstitial liquid velocityui into a
uitable range. Since Streamline particles have a norma
istribution and an approximately uniform density, we

hen calculate the mean particle size and local bed vo
n theith zone using the model in our previous work[7]. The
nterstitial velocity is then in the range between the veloc
ith and without taking account of particle porosity

i1 ≤ ui ≤ ui0 (8)

hereui0 is the interstitial velocity without taking accou
f particle porosity (ui0=UL/ϕi , UL is the superficial liquid
elocity) andui1 the interstitial velocity with taking accou
f particle porosity (ui1 = UL/

⌊
ϕi + ϕp(1 − ϕi)

⌋
), respec

ively. The particle porosityϕp is 0.84 for Streamline SP, a
.85 for Streamline DEAE obtained by measuring the
me of water saturated within the particles, i.e. measu

he weights of the given-volume wet and dry particles. T
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Fig. 3. Comparison of the experimental and fitted pulse–response sig-
nals. (Streamline SP,ui = 6.88× 10−4m s−1, Daxi = 7.89× 10−6 m2 s−1,
Hsb= 17.1 cm,H= 44.5 cm, S.D.i = 3.28%, AEi = 8.91%).

the unconstraint optimization problem of solving Eq.(7)now
can be transferred to the constraint optimization problem by
restricting the variablesui using Eq.(8). The algorithm of
trust region method based on the interior-reflective Newton
method[26,27]was employed to determine the unknown pa-
rametersDaxi andui .

The responses of tracer pulses at the inlet and the outlet
of each zone in beds with Streamline SP and DEAE particles
were obtained at different liquid flow velocities. The original
recorded signals of the responses were smoothed to remove
the random noise. Then, the local effective axial dispersion
coefficients in different zones were determined by fitting the
obtained responses and the corresponding calculated signals
The quality of the fitting was evaluated by the standard de-
viation, S.D., and the averaged error, AE, as described in
reference[20].

Fig. 3shows an example of the obtained responses in the
zone with its bottom inlet at bed heighthi = 15.5 cm and its
top outlet athi+1 = 25.5 cm. The corresponding fitted signals
at hi+1 = 25.5 cm was based on the measured response data

athi = 15.5 cm and compared with the measured response at
hi+1 = 25.5 cm. Streamline SP particles were used here. As
shown inFig. 3, the fitting accuracy is good and the fitted
values agree well with the experimental data.

3. Results and discussion

3.1. RTD curves in different column zones

Bruce and Chase presented RTD curves at several heights
in the column for Streamline SP and DEAE particles[6]. The
beds were expanded to two times of settled bed heights with
NaH2PO4 buffer. In this work, we have measured RTDs at
different sampling ports in the bed of Streamline SP particles
expanded with 20% glycerol NaH2PO4/Na2HPO4 buffer at
the liquid superficial velocities of 3.98× 10−4, 5.84× 10−4

and 7.17× 10−4 m s−1, respectively, and Streamline DEAE
particles with 50 mM NaH2PO4/Na2HPO4 buffer at the liq-
uid superficial velocities of 8.49× 10−4, 1.17× 10−3 and
1.78× 10−3 m s−1. Parts of the obtained RTDs are depicted
in Figs. 4 and 5, whereE () is the residence time distribution
function. As can be seen, the obtained RTD curves near the
bottom of bed (from the bottom inlet to the height of about
10–15 cm) developed in a serious unsymmetrical shape with
e ixing
a ilar to
t
W be-
c ttom
z ome
a gion
b be-
l d top
t ll the
o tails.
T te the
n

heights
Fig. 4. RTDs at different column
.

xtended tail, which indicates that the dispersion and m
re intensive in these regions. These behaviors are sim

hose reported by Bruce and Chase[6] and by Yun et al.[19].
ith the increase of bed height, however, RTD curves

ome more regular and symmetrical than those in the bo
ones, which indicate that the dispersion and mixing bec
slightly weaker near the bed top, especially in the re

etween the outlet of the bed and the position of 5–10 cm
ow the bed top. However, even in the region near the be
he axial dispersion cannot be ignored, because nearly a
btained RTDs in the present conditions have extended
hese results also demonstrate the necessity to quantita
on-uniform axial dispersion behaviors.

in the bed of Streamline SP particles.
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Fig. 5. RTDs at different column heights in the bed of Streamline DEAE particles.

3.2. Axial dispersion characteristics in different column
zones

The local effective axial dispersion coefficients in differ-
ent zones along the bed height were determined by the above
fitting method in time domain. During the fitting procedures,
axial variations of the local bed voidage under the corre-
sponding conditions were calculated by the model assuming
a constant particle density as published previously[7]. The
constrained ranges for the interstitial velocity in each interest
zone were then estimated based on the mean local voidage
values. Eqs.(7) and(8) were employed to calculate the local
effective axial dispersion coefficients.

The predicted values for the change of local voidage with
bed heights for Streamline SP particles at various liquid su-
perficial velocities are presented inFig. 6(a). These data were
also in agreement well with the experimental data obtained
in NaH2PO4/Na2HPO4 buffer at approximately the same bed
expansion degrees[7]. The axial distributions of the local
bed voidage for Streamline DEAE particles at different liq-
uid superficial velocities, as well as the measured data by the
in-bed sampling method, are presented inFig. 6(b). Since
the densities of Streamline DEAE particles used in this work

were broad (in the range of 1125–1313 kg m−3), the model
prediction gives a slight deviation of local voidage than the
experimental data. Therefore, the experimental values of lo-
cal voidage were used directly in the fitting processes for
Streamline DEAE particles here.

The local effective axial dispersion coefficients in differ-
ent column zones for Streamline SP and DEAE particles are
shown inFig. 7, wherehmz denotes the middle height of col-
umn zone describing the axial location of the zone in the
column. For Streamline SP, the averaged values of S.D. at
the liquid superficial velocities of 3.98× 10−4, 5.84× 10−4

and 7.17× 10−4 m s−1 are 6.9, 4.2 and 7.2% and the averaged
values of AE are 14.6, 9.7 and 16.0%. For Streamline DEAE,
the averaged values of S.D. at the liquid superficial velocities
of 8.49× 10−4, 1.17× 10−3 and 1.78× 10−3 m s−1 are 9.3,
9.7 and 4.3% and the averaged values of AE are 20.8, 20.9
and 8.8%, respectively. It can be seen that the local effec-
tive axial dispersion coefficient decrease with increasing the
bed height in all interest expansion degrees for Streamline
SP particles and at the relatively low liquid superficial veloc-
ities of 8.49× 10−4 and 1.17× 10−3 m s−1 for Streamline
DEAE particles. The values of the local effective axial dis-
persion coefficient in the zones near the bed bottom are higher

voidage
Fig. 6. Axial variations of local bed
 at different liquid superficial velocities.
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Fig. 7. Variations of the local effective axial dispersion coefficients in different column zones.

obviously than those in the zones with the height higher than
15 cm. The reason is that the bed voidage in these zones are
low, as shown inFig. 6, and the concentrations of the solid
particles are high. Therefore, the interactions between parti-
cles should be relative intense, which results in the unwanted
movements of particles upward and downward in a certain
range. In the experimental process, we also observed the falls
and rises of particles near the bed bottom, which may aggra-
vate the liquid back-mixing and increase the local effective
axial dispersion coefficient. The other reason is the inlet ef-
fect, i.e. the non-uniform liquid flow profile at the bed inlet
induced by the fluid distributor.

With the increase of bed height, the local effective ax-
ial dispersion coefficients decrease for most conditions of
Streamline SP and DEAE, as shown inFig. 7. The reason is
that the inlet effect decrease with the increase of bed height
and the relative uniform fluid flow upward through the bed ex-
ists in these zones. In the zones near the top of bed (5–10 cm
below the bed top), low axial dispersion coefficients were
observed for Streamline SP at the liquid superficial veloc-
ities of 3.98× 10−4 to 7.17× 10−4 m s−1 and for Stream-
line DEAE at the liquid superficial velocities of 8.49× 10−4

and 1.17× 10−3 m s−1. The other reasons are that the bed
voidages in these zones are high and the concentrations of
solid particles are low. So, the particles stay stably and the
axial dispersion induced by the particle movements is very
l
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v xing
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i ules

adsorption and analyzing proteins breakthrough behaviors in
EBA. Although numerous correlations for overall axial dis-
persion coefficient in liquid–solid fluidized beds have been
reported[28–31], there is a lack of correlation for axial dis-
persion in expanded beds due to the particularity of expanded
bed.

The axial dispersion and mixing in expanded beds are af-
fected by the liquid physical properties (density, viscosity,
etc.), particle properties (density and size distributions, av-
eraged diameter and density, porosity, etc.), operation con-
ditions (liquid flow velocity, temperature, settled bed height,
etc.), column conditions (column diameter, length, inlet dis-
tribution, etc.) and other variables. Therefore, it is difficult to
take account of all variables mentioned above in the correla-
tion of the local effective axial dispersion coefficient in EBA
columns. Recently, we obtained an empirical correlation of
the local effective axial dispersion coefficients for UpFront
FastLine SP adsorbents with a density difference and a log-
normal size distribution[20]. We considered three parts of
the contributions to the variation behaviors of the local ef-
fective axial dispersion coefficient in expanded beds: (a) the
variations of local voidage, (b) the effects of interstitial veloc-
ity and properties of liquid and particles and (c) the particle
movement due to the particle–particle interactions and the
near-wall non-uniform velocity profile. The former two fac-
tors can be described using the local voidage and particle
R em-
p line
p tion
b ient
w en-
t oef-
fi ding
t ffec-
t AE
p tted
u d the
f

ow, which induces the low axial dispersion.
However, for Streamline DEAE at high liquid superfic

elocity of 1.78× 10−3 m s−1, there is no obvious variatio
f the local effective axial dispersion coefficient along
ed height. This is because that the liquid buffer has a l
ensity than that used for Streamline SP particles and the
ection is intense and dominant under high liquid superfi
elocities, which increase the axial dispersion and mi
long the whole column.

.3. Correlation of the local effective axial dispersion
oefficients

A suitable correlation for axial dispersion coefficien
mportant and fundamental for modeling the biomolec
eynolds number, while the latter can be described by
loying the relative energy dissipation rate. For Stream
articles used in this work, the contributions to the varia
ehaviors of the local effective axial dispersion coeffic
ith bed height can also be divided into three parts as m

ioned above. Then, the local effective axial dispersion c
cient can be described as the function of the correspon
hree variables. The experimental values of the local e
ive axial dispersion coefficient for Streamline SP and DE
articles at the mentioned liquid flow conditions were fi
sing the similar non-linear least-squares procedure an

ollowing empirical equation was obtained:

DaxiρL

µL
= 13.2(Resiϕi)

0.65βri
−0.05 (9)
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whereρL is the liquid density,µL the liquid viscosity,ϕi
the local voidage in theith zone,βri is the relative energy
dissipation rate expressed as

βri = 32UL

d2
c (ρs−ρL)(1−φi)φig

µL
+ 32UL

(10)

andResi is the particle Reynolds number in theith zone and
given by

Resi = dsmiULρL

µL
(11)

wheredc is the inner diameter of column,ρs is the mean
particle density,g is the gravitational acceleration,dsmi is the
mean particle size in theith zone.

The ranges of these parameters are 0.03≤Resi≤ 0.5,
0.66≤ϕi ≤ 0.90, 1.4× 10−4 ≤βri ≤ 7.8× 10−4. It is also
seen that the correlation Eq.(9) for Streamline particles is
similar as that for UpFront SP reported previously[20]. From
Eq. (9), in the case ofϕi = 1, no particles stay in the column
andβri = 1, then the term of the relative energy dissipation
rate will disappear and thus the axial dispersion will only be
a function of Reynolds number. In the case ofϕi = 0, no liquid
flow occurs in the column andDaxi = 0.

lcu-
l the
a ,
r with
t d by
C d
b llow-
i

F (
a
K

whereRemfi is the onset Reynolds number in theith zone
given by

Remfi =
√

33.72 + 0.0408Gai − 33.7 (13)

andGai is Galileo number in theith layer given by

Gai =
d3

smig(ρsi − ρL)ρL

µ2
L

(14)

The correlation by Kikuchi et al. is written as

DaxiρL

µL
= 500β0.43

0i exp[−20.5(0.75− ϕi)2] (15)

whereβ0i is the energy dissipation rate per unit mass of liquid
in the ith zone[20].

As can been seen, both correlations by Chung and Wen
and by Kikuchi et al. overestimates the axial dispersion coef-
ficients compared with those experimental values, while the
present correlation Eq.(9) gives more accurate predictions
under the conditions in this work. As pointed in our previ-
ous work[20], the reason is that the correlations by Chung
and Wen and by Kikuchi et al. are available in describing the
overall dispersion in liquid–solid fluidized beds or packed
beds and are not suitable to be applied in the zones along
the bed height in expanded beds due to the different hydro-
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Fig. 8 compares the experimental data with those ca
ated data by Eq.(9). The standard deviation, S.D., and
veraged error, AE, of Eq.(9)in the fitting are 15.6 and 30.1%
espectively. The present correlation was also compared
he correlations for liquid–solid fluidized beds suggeste
hung and Wen[28] and by Kikuchi et al.[30]. For expande
eds considered here, we write these correlations as fo

ng [20]:
The correlation by Chung and Wen is expressed as

DaxiρL

µL

(
Remfi

Resi

)
= Resi

0.20+ 0.011Re0.48
si

(12)

ig. 8. Comparison of experimental and correlated axial dispersionDaxe

ndDaxc, respectively) and correlations by (�) Chung and Wen[28], (©)
ikuchi et al.[30] and (�) this work.
ynamics. Moreover, bed voidage was not included in
orrelation by Chung and Wen and particle size was ign
n the correlation by Kikuchi et al.

The present correlation is expected to be usefu
nderstanding the micro-mechanisms and non-uniform
rodynamics of liquids in expanded beds, and also use
etermining the local effective axial dispersion coefficie
long the bed height for the prediction of adsorption

ormance in EBA. However, till now this correlation w
hallenged only for the description of the variations of
al dispersion in the condition that there are no cells or
ebris in liquids. For the real feedstocks with cells or cell
ris and for the highly viscous process liquors, the correla
hould be improved and detailed studies are still neede

. Conclusions

The tracer pulse–response measurement combinin
ed sampling method was used to study the axial dispe
haracteristics along bed height in expanded beds. The
ethod in the time domain was developed to determin

ocal effective axial dispersion coefficients from RTDs d
he obtained values in various zones showed a decre

rend of the local effective axial dispersion coefficient w
he increase of bed height. The dispersion and mixing i
ones near the bed bottom are intense due to the non-un
ow, the near-wall falls and rises of particles and the hig
nterstitial liquid velocity. The local effective axial dispers
oefficients near the bed top are quite lower than those o
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bottom, which indicates that the uniform fluid flow and stable
expansion of particles occur in the middle and top of bed.

Correlation for the local effective axial dispersion coeffi-
cient in expanded beds was achieved by taking account of the
effects of interstitial velocity, the liquid and particle proper-
ties, the particle movement and the local voidage and parti-
cles size variation. An empirical correlation for the variations
of the local effective axial dispersion coefficient in various
zones along the bed height was suggested by considering
these factors together. The correlation obtained is available
for the description of the local axial dispersion variations
for Streamline particles expanded with liquid buffer without
cells or cell debris in expanded beds, and the further applica-
tion on the accurate characterization of protein adsorption in
expanded bed could be hoped.
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