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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
behaviors, particle movements and the local bed voidage and particles size variations.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction and DEAE patrticles by measuring residence time distribu-
tions (RTDs) at different in-bed sampling ports located along
Expanded bed adsorption (EBA) is a novel chromatog- the bed heighl6]. They stated that the top zone of bed had
raphy technique for separation and purification of biolog- lower axial dispersion than the bottom region by analyzing
ical products directly from whole-cell fermentation broths the obtained values of Bodenstein number in different zones
or homogenates without using centrifugation, microfiltration from the inlet distribution plate to the various positions in the
and other clarification prior stedé—4]. The axial disper- bed. The increasing trends of theoretical plate number in the
sion in EBA is of great importance to reveal the flow perfor- bed zone from the bed inlet to a certain height position with
mance, to interpret the adsorption and transfer mechanismghe increase of bed height were also observed for Streamline
of biomolecules and to describe the particular adsorption be-SP and DEAE patrticles in our previous wddd]. Unfortu-
haviors along the bed. Due to the broad size and/or densitynately, it is quite vague and not accurate to describe the local
distributions of adsorbent particles used in EBA, non-uniform axial dispersion behaviors using Bodenstein number and the-
axial distributions of particle size and local bed voidage are oretical plate number obtained in the bed zones from the bed
always established within the bgs-8], which results inthe  inletto each certain height position. In addition, since porous
variation of the axial dispersion with bed height. adsorbent particles are widely applied in EBA, axial disper-
Several experimental studies have been explored to reveakion occurs not only in the bed voids between particles but
the overall axial dispersion characteristics in expanded bedsalso within pores of particles. Therefore, the local effective
[5,9-19] while only a few studies were focused on the lo- axial dispersion coefficient is of interest in describing the lo-
cal axial dispersion behaviors. Bruce and Chase examinedcal axial dispersion characteristics in EBA system. Recently,
the axial and radial dispersion performance of Streamline SPwe measured the axial dispersion coefficient along the bed
height in expanded beds for UpFront FastLine SP adsorbents
* Corresponding author. Tel.: +86 571 87951982; fax: +86 571 87951015. With & density difference and a log-normal size distribution
E-mail addressyaosj@che.zju.edu.cn (S.-J. Yao). using the tracer pulse—response method combining in-bed
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Nomenclature

Réni

Rei

S.D;
Ui
Uio
Uil

UL

Xi+1

fitting averaged error in thigh zone

tracer concentration (moln3)

recorded response signals of tracer concent
tion (mV)

inner diameter of column (m)

particle diameter (m)

mean particle size in thi¢h zone (m)
correlated axial dispersion coefficient{st?)
experimental axial dispersion coefficien
(m*s1)

local effective axial dispersion coefficient ir
theith zone (Ms™1)

residence time distribution function

transfer function in Laplace domain
gravitational acceleration (nT38)

Galileo number in théth layer defined by Eqg.
(14)

axial bed height (m)

the middle height of column zone (m)
expanded bed height (m)

settled bed height (m)

onset Reynolds number in thth zone given
by Eq.(13)

particle Reynolds number in théh layer de-
fined by Eq.(11)

Laplace transformation parameter

fitting standard deviation in thi¢h zone

time (s)

interstitial liquid velocity in theith zone
(ms™)

interstitial velocity without taking account the
particle porosity in théth zone (ms?)
interstitial velocity taking account of particle
porosity in theth zone (ms?)

superficial liquid velocity (ms?t)

axial position in expanded bed (m)

axial position from bed bottom to the inlet o
theith zone (m)

axial position from bed bottom to the outlet o
theith zone (m)

Greek letters

Boi
Bi
,Bri
(1)

@p

energy dissipation rate per unit mass of lig
uid neglecting wall resisting in thigh zone
(m?s3)

energy dissipation rate per unit mass of liqui
in theith zone (¥ s~9)

relative energy dissipation rate in thta zone
Dirac delta function§(t) = 1 att=0ands(t) =0
att>0

local voidage in théth zone

particle porosity

ra-

L liquid viscosity (Pas)

oL liquid density (kg m3)

Os mean particle density (kgn?)

) object function defined by Ed7)

sampling techniqu¢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 presentthe 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 wofR0]. The glass expanded bed
column is 20mm 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 unitis a gift from Heinrich-Heine University sseldorf,
Germany, as used by Lin et §21,22] A small amount of
glass beads (0.5 mm diameter, <2% of the settled bed height)
was added to distribute the fluid uniformly at the inlet of the
column. The column was divided into 13 zones by 13 2.5-mm
sampling holes located with about 5cm intervals along the
bed height. These holes were sealed by the moveable rub-
ber bands and a metal sampling needle was inserted in to the
column through these holes. The tip of the sampling needle
(0.8 mmo.d., 0.5mm i.d. and 50 mm long) was covered with
metal mesh to allow the removal of liquid from the column but
prevent the withdrawal of adsorbent particles. The sampling
needle was connected to an on-line flow-through UV spec-
trometer (KNAUER WellChrom fast scanning spectropho-
tometer K-2600, Berlin, Germany) at 240 nm. A peristaltic
pump was connected to the outlet of the UV spectrometer
to transfer the liquid at a constant flow rate. The tracer con-
centration in the fluid was determined by the UV absorbance
data, which was fed to an A/D transformer and recorded by a
personal computer. A motor valve (Knauer, Berlin, Germany)
with a 0.5 ml sample loop was connected to the bottom inlet
of the column and used to inject the trace pulses. The ax-
ial particle size and local voidage distributions at these ports
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25 are expected to be similar. Here, we used glycerol added in
the buffer for expanding Streamline SP patrticles, as well as
20k operated in 25 and 3@, 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%,
vlv, 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 mlmirt, through the sampling needle
and the UV spectrometer by the peristaltic pump. The UV ab-
sorbance signal of the withdrawn liquid was then measured.
0 —_— The above measurement procedures were repeated in each
100 200 300 400 500 . .
4. (um) of the ports one by one. Flnglly, the obtained RTDs qt each
’ region were used to determine the mean local effective ax-
Fig. 1. Particle size distribution of Streamline DEAE. ial dispersion coefficients in the corresponding zone along
bed height. The experimental and operation conditions are
summarized irmable 1

10

Differential volume (%)

were also measured by in-bed sampling method, as described

previously[7,8]. 2.3. Determination of the local effective axial dispersion
The adsorbents used here are Streamline SP and DEAE:gefficient

(Amersham Biosciences, Uppsala, Sweden). Size distribu-

tions of these particles were measured using Malvern Mas- In generaL ||qu|d dispersion behaviors in expanded beds
tersizer 2000 (Malvern Instruments, Malvern, UK). The par- are described approximately by plug flow dispersion model
ticle size of Streamline SP was found in the range of about assuming a constant axial dispersion coefficient. The ax-
90-450um and the mean size of 190n, as reported in  ja| dispersion coefficient can be determined by measuring
referencef7]. The particle size of Streamline DEAE used the outlet response of an instantaneous pulse injected at the
here was in the range of 100-4afh and the mean size of  pottom inlet of the column, as similar as the case in fixed
217pm, as shown iFig. 1 These values are slightly differ-  beds. Some expressions have be reported for calculating the
ent from that of 100-30@m for size range and 2Qm for overall axial dispersion coefficient in expanded beds at var-
mean size stated by the manufacturer, respectively. The meanious boundary conditions, such as the close—close bound-
densities of Streamline SP and DEAE particles are 1184 andary[5,11,12,17,18]the close—open or open—close boundary
1199 kg nT3 (measured using pycnometer), respectively.  [6,19]and the open—open bounddiy,15] For a stable ex-

panded bed, the axial dispersion varies actually with the in-
2.2. Measurement method crease of bed height due to the axial variations of particle

size and voidage, and then cannot be described accurately

The bed of Streamline DEAE particles was expanded with using the overall axial dispersion coefficient. It is, therefore,

50 mM NakbPOs/NapHPOy buffer (pH 7.2), while the bed  necessary to determine the local axial dispersion coefficients
of Streamline SP particles was expanded to a stable heightalong the bed height. In addition, in order to concern with the
with the buffer of 20 mM NabHPOs/NapHPO, (pH 7.2) and protein adsorption in expanded bed using porous adsorbent
20% glycerol (w/w). Since Streamline SP and DEAE parti- in the future work, here we only consider the case of the local
cles are very similar in particle size distribution, density and effective axial dispersion coefficient due to porous adsorbent
porosity, the axial dispersion characteristics of these particlesparticles used.

Table 1
Operation conditions in tracer pulse experiments
Particles Liquid Settled bed Expanded bed H/Hsp Superficial liquid Temperature®C)
heightHsp (M) heightH (m) velocity (m s'1)
DEAE 50 mM phosphate buffer 0.185 0.417 2.25 84804 25
0.190 0.460 2.42 1.1% 1073 25
0.190 0.565 2,97 1781073 25
SP 20 mM phosphate buffer 0.171 0.370 2.16 3.9810* 25
and glycerol (20%,
w/w)
0.171 0.445 2.60 5.841074 30

0.163 0.540 3.31 7.1% 104 25
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Fig. 2. Schematic of tracer pulse and responses at the inlet and outlet of th

ith zone in expanded bed.

As we know, it is difficult to theoretically determine or
experimentally examine the continuous variation of the local
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c(x, t)|x>0,t:0 =0 (3)
lim  ¢(x,1) =0 (4)
x—00,1>0

With the given conditions of Eq$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(xit1,8) _ exp[xi+l - xz'(

2
i1, 5) — Ju? 4 AsDay
c(xi, 5) 2Daxi u, it aXl)i|

(5)
The output concentration of thth zone in the time domain
is given by inverting Eq(5) using convolution integral
Xi+l — Xi
2V Dayi(t — 7)°
ui(Xiy1 — x;)
2Dgy;

t
(i1, 1)oa = [ (i 7)
0

X exp[

X exp|:—

w?(t — )% + (xip1 — x7)?
4Da)q'(t — ‘L’)

} dr (6)

e'I'hen, the output concentratiofx;+1, t)ca Of theith zone can

be calculated by the given experimental input concentration
c(x, t) (expressed by the recorded response sigb@dst)).
The unknown two parametei3;y andu;, can be determined

effective axial dispersion along the bed height due to its com- bY fitting the calculated respon€xi+1, t)cal based o1C(x;, t)

plexity. In order to simplify the problem, the expanded bed
can be divided into several zones along the bed h§xghtin
each zone, both of the liquid velocity and the local effective

axial dispersion coefficient are assumed to be constant andy,(p,;. u;) =
the plug flow dispersion model is then available. Therefore,
any change of the local effective axial dispersion coefficients

with the experimental respon€€x;+1, t). The object function
¥(Daxi, Uj) for the fitting is given by

M
min Z [C(xi+1, t)cal,j - C(xi+la t)j]z (7)
J

in these zones can be considered as an approximation of thavhereM is the number of experimental data.
actual axial dispersion variation along the bed height. Based ~ The solving of Eq(7) s a two-parameter non-linear least-

on this approximation, the local effective axial dispersion co-

squares problem, also belongs to unconstrained minimiza-

efficients of these zones can be determined by measuring thdion optimization problems. Here, the solving procedure was

RTDs responses at the inlet and outlet of each zone.

A tracer pulses(t), described using Dirac delta function,
is injected at the bottom inlet of the column, and the inlet
response(x;, t) and the output(x;+1, t) of theith zone are
recorded, as shown schematicallyHig. 2 The governing
differential equation for axial dispersion in thth zone can
be expressed 420]

92c(x, 1) dc(x, ) 9c(x, 1)
, —u —
T 0x2 " ox o

wherec is the tracer concentratiolzy the local effective
axial dispersion coefficient ang is the interstitial liquid
velocity in theith zone (including liquid out and within par-
ticles), respectively. The initial and boundary conditions are
as following:

)

)

C(X, t)'XIO,tZO = S(I)

simplified by limiting the interstitial liquid velocity; into a
suitable range. Since Streamline particles have a normal size
distribution and an approximately uniform density, we can
then calculate the mean particle size and local bed voidage
in theith zone using the model in our previous w¢rk. The
interstitial velocity is then in the range between the velocities
with and without taking account of particle porosity

Uil < uj < Ui

(8)

whereug is the interstitial velocity without taking account
of particle porosity Gio=UL/¢i, UL is the superficial liquid
velocity) andu;; the interstitial velocity with taking account
of particle porosity §;1 = UL/ | ¢i + ¢p(1 — ¢;) |), respec-
tively. The particle porosityy, is 0.84 for Streamline SP, and
0.85 for Streamline DEAE obtained by measuring the vol-
ume of water saturated within the particles, i.e. measuring
the weights of the given-volume wet and dry particles. Then,
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40

ath; =15.5 cm and compared with the measured response at
hi+1 =25.5cm. 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.

® /=15.5 cm, measured data
O h=25.5 cm, measured data
h=25.5 cm, calculated data

30

3. Results and discussion

response signals (mV)

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 partidigls The
beds were expanded to two times of settled bed heights with
NaH,PO4 buffer. In this work, we have measured RTDs at
different sampling ports in the bed of Streamline SP particles
expanded with 20% glycerol NaiROy/NapHP O, buffer at
the liquid superficial velocities of 3.98 1074, 5.84x 10~
and 7.17x 1004*ms1, respectively, and Streamline DEAE
the unconstraint optimization problem of solving Eg).now particles with 50 mM NabPOy/NapHPOy buffer at the lig-
can be transferred to the constraint optimization problem by Uid superficial velocities of 8.49 1074, 1.17x 102 and
restricting the variables; using Eq.(8). The algorithm of ~ 1.78x 10-*ms™1. Parts of the obtained RTDs are depicted
trust region method based on the interior-reflective Newton in Figs. 4 and SwhereE () is the residence time distribution
method26,27]was employed to determine the unknown pa- function. As can be seen, the obtained RTD curves near the
rameterdD,, andu. bottom of bed (from the bottom inlet to the height of about

The responses of tracer pulses at the inlet and the outletl0—15cm) developed in a serious unsymmetrical shape with
of each zone in beds with Streamline SP and DEAE partic|es extended tail, which indicates that the dispersion and mixing
were obtained at different liquid flow velocities. The original are intensive in these regions. These behaviors are similar to
recorded signals of the responses were smoothed to removéhose reported by Bruce and ChgSeand by Yun et al[19].
the random noise. Then, the local effective axial dispersion With the increase of bed height, however, RTD curves be-
coefficients in different zones were determined by fitting the come more regular and symmetrical than those in the bottom
obtained responses and the corresponding calculated signalgones, which indicate that the dispersion and mixing become

The quality of the fitting was evaluated by the standard de- @ slightly weaker near the bed top, especially in the region
viation, S.D., and the averaged error, AE, as described in between the outlet of the bed and the pOSitiOﬂ of 5-10cm be-

referencg?20]. low the bed top. However, even in the region near the bed top
Fig. 3shows an example of the obtained responses in thethe axial dispersion cannot be ignored, because nearly all the

zone with its bottom inlet at bed height=15.5cm and its ~ obtained RTDs in the present conditions have extended tails.

top outlet ati+1 = 25.5 cm. The corresponding fitted signals These results also demonstrate the necessity to quantitate the

at hi+1=25.5cm was based on the measured response datf0on-uniform axial dispersion behaviors.

1200

Fig. 3. Comparison of the experimental and fitted pulse-response sig-
nals. (Streamline SPy;=6.88x 10*ms ™1, Dg=7.89x 10 °m?s71,
Hsp=17.1cmH=44.5cm, S.0.=3.28%, AE=8.91%).
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Fig. 4. RTDs at different column heights in the bed of Streamline SP patrticles.
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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 were broad (in the range of 1125-1313 kg¥)) the model
Zones prediction gives a slight deviation of local voidage than the

experimental data. Therefore, the experimental values of lo-

The local effective axial dispersion coefficients in differ- cal voidage were used directly in the fitting processes for
ent zones along the bed height were determined by the abovestreamline DEAE particles here.
fitting method in time domain. During the fitting procedures,  The local effective axial dispersion coefficients in differ-
axial variations of the local bed voidage under the corre- ent column zones for Streamline SP and DEAE particles are
sponding conditions were calculated by the model assumingshown inFig. 7, wherehm, denotes the middle height of col-
a constant particle density as published previo{igly The umn zone describing the axial location of the zone in the
constrained ranges for the interstitial velocity in each interest column. For Streamline SP, the averaged values of S.D. at
zone were then estimated based on the mean local voidagehe liquid superficial velocities of 3.98 104, 5.84x 10~*
values. Egs(7) and(8) were employed to calculate the local and7.17x 10*ms lare 6.9, 4.2 and 7.2% and the averaged
effective axial dispersion coefficients. values of AE are 14.6, 9.7 and 16.0%. For Streamline DEAE,

The predicted values for the change of local voidage with the averaged values of S.D. at the liquid superficial velocities
bed heights for Streamline SP particles at various liquid su- of 8.49x 1074, 1.17x 103 and 1.78x 10 3ms !l are 9.3,
perficial velocities are presentediiy. 6a). These datawere 9.7 and 4.3% and the averaged values of AE are 20.8, 20.9
also in agreement well with the experimental data obtained and 8.8%, respectively. It can be seen that the local effec-
in NaH;POs/NapHP Oy buffer at approximately the same bed  tive axial dispersion coefficient decrease with increasing the
expansion degre€§]. The axial distributions of the local  ped height in all interest expansion degrees for Streamline
bed voidage for Streamline DEAE particles at different lig- Sp particles and at the relatively low liquid superficial veloc-
uid superficial velocities, as well as the measured data by thejties of 8.49x 1074 and 1.17x 10-3m s for Streamline
in-bed sampling method, are presented=ig. 6b). Since  DEAE particles. The values of the local effective axial dis-
the densities of Streamline DEAE particles used in this work persion coefficientin the zones near the bed bottom are higher

1.0
b <
2 2
> >
3 F
£ S
El —— U =3.98x10"'ms’ b ---cl A exp U=849x10'ms’
= 04t - /=584%x10"ms" = 04} cal. ® exp. U[ZI.ITXIO""ms"
........ Ur:7 1710 ' ms" sooeccal O exp Us 1.78x10 " ms’
02 1 I 1 1 1 0.2 1 1 1 1 1
0.0 01 02 03 04 05 0.6 00 0.l 02 03 04 05 06
(a) hr (m) (b) b (m)

Fig. 6. Axial variations of local bed voidage 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 adsorption and analyzing proteins breakthrough behaviors in
15cm. The reason is that the bed voidage in these zones ar&BA. Although numerous correlations for overall axial dis-
low, as shown irFig. 6, and the concentrations of the solid persion coefficient in liquid—solid fluidized beds have been
particles are high. Therefore, the interactions between parti-reported28-31] there is a lack of correlation for axial dis-
cles should be relative intense, which results in the unwantedpersion in expanded beds due to the particularity of expanded
movements of particles upward and downward in a certain bed.
range. In the experimental process, we also observed the falls  The axial dispersion and mixing in expanded beds are af-
and rises of particles near the bed bottom, which may aggra-fected by the liquid physical properties (density, viscosity,
vate the liquid back-mixing and increase the local effective etc.), particle properties (density and size distributions, av-
axial dispersion coefficient. The other reason is the inlet ef- eraged diameter and density, porosity, etc.), operation con-
fect, i.e. the non-uniform liquid flow profile at the bed inlet ditions (liquid flow velocity, temperature, settled bed height,
induced by the fluid distributor. etc.), column conditions (column diameter, length, inlet dis-
With the increase of bed height, the local effective ax- tribution, etc.) and other variables. Therefore, it is difficult to
ial dispersion coefficients decrease for most conditions of take account of all variables mentioned above in the correla-
Streamline SP and DEAE, as showrHig. 7. The reasonis  tion of the local effective axial dispersion coefficientin EBA
that the inlet effect decrease with the increase of bed heightcolumns. Recently, we obtained an empirical correlation of
and the relative uniform fluid flow upward through the bed ex- the local effective axial dispersion coefficients for UpFront
ists in these zones. In the zones near the top of bed (5—-10 cnfastLine SP adsorbents with a density difference and a log-
below the bed top), low axial dispersion coefficients were normal size distributiorf20]. We considered three parts of
observed for Streamline SP at the liquid superficial veloc- the contributions to the variation behaviors of the local ef-
ities of 3.98x 1074 to 7.17x 10 *ms! and for Stream-  fective axial dispersion coefficient in expanded beds: (a) the
line DEAE at the liquid superficial velocities of 8.4910~4 variations of local voidage, (b) the effects of interstitial veloc-
and 1.17x 103 ms™L. The other reasons are that the bed ity and properties of liquid and particles and (c) the particle
voidages in these zones are high and the concentrations ofnovement due to the particle—particle interactions and the
solid particles are low. So, the particles stay stably and the near-wall non-uniform velocity profile. The former two fac-
axial dispersion induced by the particle movements is very tors can be described using the local voidage and particle
low, which induces the low axial dispersion. Reynolds number, while the latter can be described by em-
However, for Streamline DEAE at high liquid superficial ploying the relative energy dissipation rate. For Streamline
velocity of 1.78x 10~3ms™1, there is no obvious variation  particles used in this work, the contributions to the variation
of the local effective axial dispersion coefficient along the behaviors of the local effective axial dispersion coefficient
bed height. This is because that the liquid buffer has a lower with bed height can also be divided into three parts as men-
density than that used for Streamline SP particles and the contioned above. Then, the local effective axial dispersion coef-
vection is intense and dominant under high liquid superficial ficient can be described as the function of the corresponding
velocities, which increase the axial dispersion and mixing three variables. The experimental values of the local effec-

along the whole column. tive axial dispersion coefficient for Streamline SP and DEAE
particles at the mentioned liquid flow conditions were fitted
3.3. Correlation of the local effective axial dispersion using the similar non-linear least-squares procedure and the
coefficients following empirical equation was obtained:
A suitable correlation for axial dispersion coefficient is  Z&4L _ 135, .(,)065g,-005 ©)

important and fundamental for modeling the biomolecules KL
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where o is the liquid densityu the liquid viscosity,;
the local voidage in théth zone,B;; is the relative energy
dissipation rate expressed as

32U,

d2(ps—pL)(1—¢i)dig
CT + 32U,

Bri = (10)

andRe; is the particle Reynolds number in tith zone and
given by

dsmULpL
mL

Resi = (11)

whered; is the inner diameter of colummy is the mean
particle densityg is the gravitational acceleratiotlyy; is the
mean particle size in thigh zone.

The ranges of these parameters are 663 <0.5,
0.66<¢; <0.90, 1.4x 1074 <, <7.8x 1074 It is also
seen that the correlation E(R) for Streamline particles is
similar as that for UpFront SP reported previoy2]. From

whereRgy;i is the onset Reynolds number in thd zone
given by

Remfi = \/ 3372 + 0.0408Ga; — 33.7 (13)
andGg is Galileo number in théh layer given by
d38(psi — pL)pL
Ga; = =M (14)
ML
The correlation by Kikuchi et al. is written as
D .
2L _ 5006243 exp[-20.5(0.75 — ¢;)?] (15)
ML

wheregg; is the energy dissipation rate per unit mass of liquid
in theith 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 Eq9) gives more accurate predictions
under the conditions in this work. As pointed in our previ-

Eq. (9), in the case of; =1, no particles stay in the column
and B = 1, then the term of the relative energy dissipation ©us Work[20], the reason is that the correlations by Chung
rate will disappear and thus the axial dispersion will only be @nd Wen and by Kikuchi et al. are available in describing the
a function of Reynolds number. In the casept 0, no liquid overall dispersion in liquid—solid fluidized beds or packed
flow occurs in the column and,y = 0. beds and are not suitable to be applied in the zones along
Fig. 8 compares the experimental data with those calcu- the bed height in expanded beds due to the different hydro-
lated data by Eq(9). The standard deviation, S.D., and the dynamics. Moreover, bed voidage was not included in the
averaged error, AE, of E€9)in the fitting are 15.6 and 30.1%,  correlation by Chung and Wen and particle size was ignored
respectively. The present correlation was also compared within the correlation by Kikuchi et al.
the correlations for liquid—solid fluidized beds suggested by ~ The present correlation is expected to be useful in
Chung and Wef28] and by Kikuchi et al[30]. For expanded understanding the micro-mechanisms and non-uniform hy-
beds considered here, we write these correlations as follow-drodynamics of liquids in expanded beds, and also useful in
ing [20]: determining the local effective axial dispersion coefficients

The correlation by Chung and Wen is expressed as along the bed height for the prediction of adsorption per-

formance in EBA. However, till now this correlation was
Dayi oL (Remf,-> Rey; challenged only for the description of the variations of ax-
uL \ Resi ) 0.20+ 0.011Re%48
1x10% g

(12) ial dispersion in the condition that there are no cells or cell

debris in liquids. For the real feedstocks with cells or cell de-
bris and for the highly viscous process liquors, the correlation
should be improved and detailed studies are still needed.

2 2 4. Conclusions
1x10% 3

op
>,

The tracer pulse—response measurement combining in-
I bed sampling method was used to study the axial dispersion
characteristics along bed height in expanded beds. The fitting
method in the time domain was developed to determine the
local effective axial dispersion coefficients from RTDs data.
The obtained values in various zones showed a decreasing
trend of the local effective axial dispersion coefficient with
the increase of bed height. The dispersion and mixing in the
zones near the bed bottom are intense due to the non-uniform
flow, the near-wall falls and rises of particles and the higher
interstitial liquid velocity. The local effective axial dispersion
coefficients near the bed top are quite lower than those of bed

D (mzs‘l)
[ ]
[ ]

107 L Lol L Ll ;I
107 107 1x10™

1x10™
D, (m’s")

Fig. 8. Comparison of experimental and correlated axial disperfgg (
andDayc, respectively) and correlations by Chung and Wei28], (O)
Kikuchi et al.[30] and @) this work.
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bottom, which indicates that the uniform fluid flow and stable [11] A. Karau, C. Benken, J. @mmes, M.R. Kula, The influence of

expansion of particles occur in the middle and top of bed. particle size distribution and operating conditions on the adsorp-
Correlation for the local effective axial dispersion coeffi- gi” performance in fluidized beds, Biotechnol. Bioeng. 55 (1997)

cientin eXPa”de,d_ beds W"?ls aChie_Veq by taking f:lCCOUht of the[12] N..Ameskamp, C. Priesner, J. Lehmann, Ditkemeyer, Pilot scale

effects of interstitial velocity, the liquid and particle proper- recovery of monoclonal antibodies by expanded bed ion exchange

ties, the particle movement and the local voidage and parti- adsorption, Bioseparation 8 (1999) 169.

cles size variation. An empirical correlation for the variations [13] S. Yamamoto, N. Akazaki, O. Kaltenbrunner, P. Watler, Factors af-

of the local effective axial dispersion coefficient in various ﬁ;tslagg)l ggspers'o“ in expanded bed chromatography, Biosepration 8

Zones along the bed hEIght was S'jjggeSteq by .conS|c.ier|n 14] S. Yamamoto, A. Okamoto, P. Watler, Effects of adsorbents prop-
these factors_to_gether. The correlgﬂon_obtamed is a_va_ﬂable erties on zone spreading in expanded beds, Biosepration 10 (2001)
for the description of the local axial dispersion variations 1.

for Streamline particles expanded with liquid buffer without [15] H-B. Hu, D.-Q. Lin, Z-J. Ye, L-H. Mei, S.J. Yao, Z.-Q.
cells or cell debris in expanded beds, and the further applica- Zhu, Expansion characteristics and liquid mixing performance in

: A . N ded bed, J. Chem. Eng. Chin. Univ. 14 (2000) 139 (i
tion on the accurate characterization of protein adsorption in expanced be em. Eng n. L ( ) (in

Chinese).

expanded bed could be hoped. [16] E. Palsson, A. Axelsson, P.-O. Larsson, Theories of chromatographic
efficiency applied to expanded beds, J. Chromatogr. A 912 (2001)
235.
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