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Abstract - Study of liquid behavior in an expanded bed adsorption (EBA) system is important for
understanding, modeling and predicting nanobioproduct/biomolecule adsorption performance in such
processes. In this work, in order to analyze the local axial dispersion parameters, simple custom NBG (Nano
Biotechnology Group) expanded bed columns with 10 and 26 mm inner diameter were modified by insertion
of sampling holes. Based on this configuration, the particles and liquid can be withdrawn directly from
various axial positions of the columns. Streamline DEAE particles were used as solid phase in this work. The
effects of factors such as liquid velocity, viscosity, settled bed height and column diameter on the
hydrodynamic parameters were investigated. Local bed voidages in different axial bed positions were
measured by a direct procedure within the column with 26 mm diameter. Increasing trend of voidage with
velocity at a certain position of the bed and with bed height at a certain degree of expansion was observed.
Residence time distribution (RTD) analysis at various bed points showed approximately uniform
hydrodynamic behavior in the column with 10 mm diameter while a decreasing trend of mixing/dispersion
along the bed height at a certain degree of expansion was seen in the column with 26 mm diameter. Also
lower mixing/dispersion occured in the smaller diameter column. Finally, a combination of two empirical
correlations proposed by Richardson-Zaki and Tong-Sun was successfully employed for identification of the
bed voidage at various bed heights (RSSE=99.9%). Among the empirical correlations presented in the
literatures for variation of the axial dispersion coefficient, the Yun correlation gave good agreement with our
experimental data (RSSE=87%) in this column.

Keywords: EBA chromatography; Local hydrodynamic behavior; Local bed voidage; Local axial liquid
dispersion; Empirical correlation.

INTRODUCTION

Expanded bed adsorption (EBA) is an innovative
and special chromatography technique for the
recovery, separation and purification of target
nano/biomolecules directly from complex unclarified
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feed stocks without elimination of suspended solid.
On the other hand, EBA is a single-unit that
combines several unit operation steps such as
concentration, centrifugation, micro-filtration and
other prior clarification steps. Therefore, this method
has advantages over other conventional separation
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procedures such as decreasing the time of operation
and total production costs and increasing product
quality and process yield (Pinotti et al., 2009; Ng
et al., 2007; da Silva Padilha et al., 2009; Vennapusa
et al., 2009; Tong et al., 2002). Analysis of adsorption
performance is quite complex because of influential
factors, namely fluid hydrodynamics, particle
classification, and desired component transfer. It is
very important and fundamental to understand the
flow hydrodynamic characteristics and interpret the
adsorption performance of nano/biomolecules in
EBA systems (Moraes et al., 2009; Li et al., 2004).
In expanded beds, the adsorbent particles that are
employed have a wide size/density distribution.
When equilibrium conditions occur, the forces acting
on a single particle are in balance and each particle
locates at its own axial position without upward and
downward movement and particle mixing is weak.
Therefore, particles are classified perfectly and
variation of the mean particle size and local bed
voidage along the bed height are established in an
EBA column. This trend lead to inhomogeneous
hydrodynamics and adsorption behavior along the
bed, while a liquid-solid fluidized bed, particles have
a narrow size distribution and each particle can
locate at any positions of the bed and cause intensive
particle and liquid mixing (Yun et al., 2004). A
number of experimental and modeling studies have
been performed to determine the variation of the
axial distribution characteristics such as mean
particle size/density, bed voidage, axial dispersion
coefficient and dynamic capacity with bed height
within an EBA system. Bruce and Chase (2001)
employed in-bed liquid and particle sampling
procedures to estimate the variation of liquid
hydrodynamic behavior in an expanded bed system
within a modified STREAMLINE column for
Streamline SP and DEAE adsorbent particles. They
found that a classification of the particles occurs and
particles with larger size/higher density were located
at the bottom regions and smaller size/lower density
were near the top regions of the column. In addition,
residence time distribution (RTD) analysis was used
in different column zones to the determine bed
voidage and Bodenstein number along the bed
height. Their experimental results showed that the
bed voidage and Bodenstein number increase with an
increase of column height. On the other hand, axial
mixing and dispersion are much lower in the top
zones than in the bottom zones (Bruce and Chase,
2001). Yun et al. (2004) measured the mean particle
size and bed voidage at different positions of a
modified column with a direct method (in-bed
sampling) for Streamline SP particles. They also

suggested a model to determine the local bed
voidage and mean particle size variations along the
bed height. They reported an increasing trend of
local bed voidage and decreasing mean particle
diameter with the increase of bed height (Yun et al.,
2004). Yun et al. (2005) carried out experimental
and modeling studies to estimate the variation of
local axial dispersion coefficient with bed height in
an EBA system for streamline SP and DEAE. They
found that mixing and dispersion are intense near the
bottom of column and become calmer near the top
zones. Willoughby et al. (2000) also studied the
variation of mean particle size and voidage along the
bed height within a modified STREAMLINE
column. Column design, like solid and liquid phase
properties, plays an influential role in flow
hydrodynamics and adsorption behavior within an
EBA system. Therefore, such hydrodynamic studies
should be performed in the columns with new
design, although most of them were performed in
commercial columns. Recently, a simple customized
NBG expanded bed column was constructed by the
Nanobiotechnology group (Babol University of
Technology) (Shahavi et al., 2008; Jahanshahi
et al., 2009; Jahanshahi and Ebrahimpour, 2009;
Ebrahimpour et al., 2010). Hydrodynamic parameter
determination at various position of the customized
NBG column is crucial. These key factors describe
nano/bioproduct adsorption behavior, breakthrough
curve trends, dynamic binding capacity, and bed
utilization in each zone of the bed. Gaining the
knowledge that flow behaves uniformly with the
average/overall hydrodynamic parameters or non-
uniformly with the local hydrodynamic parameters in
a NBG column should ultimately lead to suitable
adsorption model predictions, better simulations and
model parametric sensitivity analyses. In this work,
the hydrodynamic behavior, local bed voidage,
Bodenstein number and local axial dispersion
coefficient at different positions of the bed within an
EBA system are studied. For this purpose, the
customized NBG expanded bed column fabricated
previously was modified. Bed voidage was measured
at different positions of the column by a direct
procedure (sampling method) and RTD analysis
carried out. The effect of different operational
conditions such as column diameter, settled bed
height, flow velocity and flow viscosity on the local
bed voidage, mixing and dispersion were investigated
and results for the modified columns compared with
other studies. Finally, experimental data obtained
with the modified NBG column in this work are
compared with a series of empirical or semi-
empirical correlations.
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EXPERIMENTAL
Materials

Streamline DEAE adsorbent was purchased from
Amersham Bioscience (Uppsala, Sweden). The particle
size distribution was in the range of 100-300 pm and
the mean particle size was 200 pum; the particle
density was approximately 1200 kg m™. Acetone and
glycerol were supplied by Merck Company.

Modified Column

Two modified NBG expanded bed columns were
used in the experiments. The first column was 10 mm
and the second 26 mm in inner diameter and 30 cm in
height. An ordinary custom built NBG column was
equipped with a simple sintered glass distributor
consisting of a 100 pum mesh. Columns were divided

Glass
column

into 9 zones by eight 2- 2.5 mm sampling holes
located every 3 cm along the bed height. A net
adapter was placed at the top of the columns and
lowered to a position 0.5 £ 0.2 cm above the bed
surface to minimize the dead volume of the system
during the experiments. Sampling holes were sealed
with moveable rubber bands before the experiments
were carried out. Figure 1 shows a schematic of the
modified NBG column and EBA system set- up.
Needles that were used in the experiments were of
two types. One was a metal needle with 1.5 mm
inner diameter connected to a 1 mL graduated
syringe. Samples containing liquid and adsorbent
particles were simultaneously withdrawn from each
sampling hole by this type of needle. Another type
was a metal needle with an inner diameter less than
0.1 mm that withdrew only liquid from each
sampling position. Selection of the needle depended
on the type of experiment.
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Figure 1: Schematic design of the modified NBG column.
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Measurements of RTD

The column was filled with the adsorbent
particles. The bed was expanded with buffer until
stable expansion was established in the system
(about 30 min). RTDs in various positions along
the bed height were performed by using a negative
step signal method (Amersham Biosciences, 1998;
Jahanshahi ef al., 2002; Palsson ef al., 2001). Dilute
acetone (1% v/v) was used as the input to the column
in the blank systems expanded with buffer alone and
tracer concentrations in the bed effluent were
measured spectrophotometrically at 280 nm. This
procedure was repeated in each of the holes one by
one. Experiments were repeated in triplicate at each
point to ensure consistency. The experimental
conditions are summarized in Table 1. RTD
measurements at each position were used to estimate
the Bodenstein numbers and axial dispersion
coefficients in expanded bed operation. On the other
hand, RTDs were studied to determine liquid mixing
and dispersion within the column (Amersham
Biosciences, 1998, Jahanshahi et al., 2002; Palsson
et al., 2001; Levenspiel, 1972). These parameters were
obtained by using equations 1 and 2 (Levenspiel,
1972; Najafpour, 2007; Jahanshai et al., 2003;
Biazus et al., 2006).

t2
B, =2N=2— (1)
o
U,H
D, =—1— 2
axl 2 eN ( )

where t* and & are the residence time and variance,

U, is the superficial liquid velocity, H is the bed
height, ¢ is the bed voidage, B, is the Bodenstein
number, D,y is the axial dispersion coefficient and N
is the number of theoretical plates.

Sampling of Local Bed Voidage

The column was filled with the adsorbent and
expanded to a stable height for 45-60 min with the
buffer. The sample needle was inserted into the
column center through each selective hole for 30 min
and then adsorbent particles and liquid (1 mL) were
simultaneously withdrawn (in < 3 s) with a needle
connected to a syringe. After the, sample was
withdrawn and the needle taken out, the hole was
sealed with rubber. The syringe was placed vertically
(for about 2.5-3 h) until the particles were perfectly
settled. The volumes of particles that settled in the
syringe and of the liquid above particles were
obtained. The voidage was determined from Eq. (3)
(Yun et al., 2004).

6 = 04V, +V, 3)
V,+V,

where ¢; is the local bed voidage in the ith layer of

the bed, V, is the volume of particles in the sampling

syringe and V) is the liquid volume above the

particles.

After these steps, samples were returned to the
column and the bed was re-expanded for
measurement of the voidage in other sampling
positions. The experiment was performed at each of
the sample ports along the bed one by one and
repeated three times at each position. The
experimental conditions are illustrated in Table 2.

Table 1: Operating conditions in the RTD experiments

Column diameter Adsorbent Liquid Settled bed height Liquid V_eloclty H/H,,
(cm) (cm) (ms™")
4.6x10" 1.69
6.5 8.5x10" 2
Distilled water 13.8x10" 2.77
17.7x10° 323
10 12.7x10° 2
12 14.15x10° 2
Distilled water + 10% )
1 (v/v) glycerol 6.5 4.6x10* 2.08
Streamline DEAE
Distilled water + 20% )
v/v) glycerol 6.5 4.6x10" 231
(v/v) gly
4.2x10" 1.88
2.6 Distilled water 6 6.3x10" 2.17
8.15x107 25

Brazilian Journal of Chemical Engineering



Investigation of Hydrodynamic Parameters in a Novel Expanded Bed Configuration: Local Axial Dispersion Characterization 729

Table 2: Summary of experimental conditions for the bed voidage experiments

Column diameter Adsorbent Liquid Settled bed height Liquid Vf:llocity H/H,,
(cm) (cm) (ms™)
4.2x10™ 1.88
2.6 Streamline DEAE Distilled water 6 6.3x10 2.17
8.15x10™ 2.5
THEORY where Uy is the particle terminal velocity of the ith

Adsorbent Particle Size Distribution

Tong and Sun (2002) presented empirical
correlation for the variation of the mean particle size
along the bed height in an EBA system for
streamline particles with a broad size distribution
and relatively uniform density. Their correlation is
expressed by Eq. (4) (Tong and Sun, 2002):

h

dyi
L —121-046— (4)
d H

P

where (h/H) is the ratio of sampling height to
expanded bed height and (d,/d,) is the ratio of
measured mean diameter at different axial positions
to the mean diameter of the streamline particles in
the bulk. Kaczmarski and Bellot (2005) used this
correlation (Eq. (4)) in their work to explain the
mean particle diameter in each layer of bed. Also
Tong et al. (2003) employed this empirical correlation
for variation of mean particle size along the bed in
order to model the protein adsorption by taking into
account the axial particle size distribution in an EBA
system. It was assumed that expanded bed conditions
dominated in that system; therefore, equation 4 was
employed to determine the mean particle diameter
along the bed height.

Local Bed Voidage

Richardson and Zaki (1954) explained the
correlation between superficial velocity and bed
expansion. This correlation has been widely applied
in liquid-solid fluidized beds and EBA systems in
numerous empirical and semi-empirical studies of
average bed expansion. Al-Dibouni and Garside
(1979) and Yun et al. (2004) employed this correlation
to measure local bed voidage along the bed height in
their classified fluidized bed model. Their correlation
is expressed as Eq. (5):

U, n
U, o &)

layer and n is the bed expansion index (Richarson-
Zaki correlation exponent) that can be determined by
Eq. (6) (Anspach et al., 1999; Fenneteau et al., 2003;
Jahanshahi ef al., 2009):

51-n

e 0.016Ga"¢’ (6)
n—~2.

where Ga is the Galileo number obtained from Eq. (7):

a3 L
Ga = i p(zpp1 P) 7

i)

where d,; is the particle mean diameter in the ith
layer, p is the liquid density, p is the liquid viscosity,
ppi 1s the particle mean density in the ith layer that is
relatively uniform along the bed height for
streamline particles. Particle terminal velocity can be
estimated from Eq. (8):

_d5ig(pyi—p)

U..
tu 18].1

®)

In this work, we used the Richardson-Zaki
correlation to investigate local bed voidage at each
different position of the bed. The Tong-Sun
correlation, Eq. (4), was employed instead of the
mean particle size at each position of the bed in these
correlations (Eq. (7) and (8)). This method (coupling
of two empirical correlations, Richardson-Zaki and
Tong-Sun) is discussed for the first time and the
results compared with experimental data in the
modified NBG column.

Local Axial Dispersion Coefficient

Yun et al. (2005) presented an empirical equation
for variation of the axial dispersion coefficient with
bed height at a certain degree of expansion for
streamline particles. They considered the contributions
of: (a) local bed voidage variations; (b) effects of
interstitial velocity, liquid properties and solid
properties; (c) particle movement because of the
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particle-particle interactions and the near-wall non-
uniform velocity profile to obtain Eq. (9):

DaxiP _ 132 (Re,, gi)o.ss Br—io.s 9)
p

where D,y is the axial dispersion coefficient at each
position of the bed, p and p are liquid properties, By
is the relative energy dissipation rate in the ith layer,
defined as:

_ 32U,
d; (ppi—p)(1-&) &
u

Bri

(10)
€3y,

where d is the column inner diameter and Re,; is the
particle Reynolds number in the ith zone, expressed
as:

d,;U
Re,, :P‘Tlp (11)

We used the Yun et al. equation (Eq. (9)) here in
order to compare the experimental data and correlate
the value of the axial dispersion coefficient. Instead
of local bed voidage and mean particle size in each
layer, the correlations of Richardson-Zaki and Tong-
Sun were utilized. Chung and Wen (1968) and
Kikuchi et al. (1984) presented empirical correlations
to explain overall flow hydrodynamic behavior in the
liquid-solid fluidized bed. Yun et al. (2005) used
these correlations for an EBA system to study the
flow behavior in each point of bed. We also
employed these correlations to determine the
variation of the axial dispersion coefficient with bed
height in an EBA system and compared experimental
data in the customized NBG column with the
correlated data.

The Chung-Wen correlation is given by Eq. (12):

Daxip Remﬁ — Repi (12)
no{ Rey 0.2+(0.11Re(;'i48)

where Reys is the onset Reynolds number in the ith
zone, expressed by:

Re i =+/33.7% +0.408 Ga, —33.7 (13)

The correlation of Kikuchi et al. (1984) is defined
by Eq. (14):

DaiP _ 500 B4 exp[~20.5(0.75 - &,)*] (14)
n

where f3,; is the energy dissipation rate per unit mass

of liquid in the ith zone.

RESULTS AND DISCUSSIONS
Column with 26 mm Diameter
Local Bed Voidage

Table 3 shows the axial bed voidage at different
column heights under various liquid flow velocities.
Experimental results indicate that at a certain degree
of expansion, the local bed voidage increases along
the bed height. An increasing trend of voidage with
the increase of flow velocity at a certain position can
also be seen from Table 3. The trends in this simple
column are similar to those reported in the literature
(Yun et al., 2004; Bruce and Chase, 2001; Willoughby
et al., 2000). The agreement between the local bed
voidage values measured experimentally herein and
those predicted by combining the Tong-Sun and
Richardson- Zaki correlations is shown in Figures 2,
3 (a)-(c). In addition, the relative sum of squares of
errors (RSSE) was calculated and the results shown
in Table 4.

Table 3: Experimental voidage variation at different
column heights in the bed of streamline DEAE at
various liquid superficial velocities (6 cm settled
bed height; 2.6 cm column diameter)

U, =4.2x10" | U, = 6.3x10* | U; = 8.15x10*

(ms™) (ms™) (ms™)
Different
Sampling voidage voidage voidage
positions
h;=3cm 0.625 0.661 0.705
h,=6 cm 0.641 0.673 0.725
h;=9 cm 0.678 0.708 0.742
h,=12cm 0.746 0.781
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Figure 2: Predicted axial voidage by the Richardson-Zaki and Tong-Sun correlations at different bed
heights under various liquid superficial velocities (streamline DEAE; 6 cm settled bed height; 2.6 cm
column diameter).
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Figure 3 (a)-(c): Comparison of predicted axial voidage with experimental results at different bed heights
under various liquid superficial velocities (streamline DEAE 6 cm settled bed height; 2.6 cm column diameter)

Table 4: RSSE for local bed voidage at different

flow velocities

. | Uj=42x10"| U,=6.3x10"* | U; =8.15x10"
Flow velocity | ! (m s) 2 (m's™) 3 (m s)
RSSE (%) 99.7 99.9 99.7
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The RSSE is described by Eq. (15) (Wright and
Glasser, 2001):

n_2 2
RSSE = izm (15)
=1 G
where e; and p; are the experimental and predicted
values and m is the number of data points, a value of
100% for the RSSE corresponds to perfect agreement.
As shown in Figures 2 and 3 and Table 4, the
variation of the voidage with bed height is linear.
Excellent agreement between predicted and experi-
mental data was observed in most of regions of the
bed. Of course there is some deviation between
predicted and experimental data in the bottom zones
due to the fact that, in this work, we assumed that
ideal expanded bed conditions are dominant and
particle mixing is low, while the bottom regions of
the bed have severe mixing. Therefore, this effect
should not be ignored in this region. Another
assumption herein was that particles have uniform
density. Particle density may only be approximately
uniform, which probably lead to slight deviations of
the mean particle size from the Tong-Sun
correlation. In addition, another reason for these
deviations might be the type of sampling procedure
used for voidage determination. The present
correlations for bed voidage are suitable (Table 4 and
Figure 3); therefore, we employed them to determine
the correlated local axial dispersion coefficient in the
next section.

Local Axial Dispersion Coefficient

Experimental values for the Bodenstein number
and axial dispersion coefficient at different positions
of the bed are shown at Tables 5 and 6. As can be
seen from the tables, for a stable condition, mixing
and axial dispersion vary at different positions of the
bed and decrease with increasing bed height. These
results are similar to data reported in the literature
(Bruce and Chase, 2001; Yun ef al., 2005). Numerous
reasons exist for these non-uniform flow behaviors
and some of them are discussed herein. A number of
factors such as liquid phase properties (velocity,
viscosity, etc), solid phase properties (size/density
distribution, porosity, etc), bed voidage, and column
design (diameter, distributor, settled bed height, etc)
affect on flow behavior in an EBA system. According
to our results (Table 3 and Figure 3) and other studies,
the local bed voidage changes along the bed height.
Since the bed voidage is low in the bottom region
and particle concentrations are high, interactions

between particles are intense and unwanted falling
and rising of particles occurs, which result in higher
liquid back mixing and dispersion in this region. In
contrast, voidage in the middle and top zones of the
column increases and the interstitial velocity then
decreases with the bed height and mixing and
dispersion become weaker in these regions. Another
important reason for such behavior is column design.
The distributor located at the end of column
disperses liquid with a non-uniform flow profile.
With increasing distance from the column
distributor, this effect become lower and uniform
velocity profiles are obtained near the column top
zones. Therefore, there is a decreasing trend of local
mixing and dispersion with bed height.

Table 5: Axial mixing (Bodenstein number) at
different column heights in the bed of streamline
DEAE under different liquid superficial velocities
(6 cm settled bed height; 2.6 cm column diameter)

U, = 4.2x10* | U, = 6.3x10™ [U; = 8.15x10*
(ms™) (ms™) (ms™

Different

Sampling B, B, B,
positions

h;=3cm 443 3.78 371
h,=6cm 72 5.93 442
h;=9 cm 9.5 731 6.24
h,=12cm 11.41 9.22 6.7
hs=15cm 10.87

Table 6: Variation of the local effective axial
dispersion coefficient in different column zones at
different liquid superficial velocities (streamline
DEAE particles; 6 cm settled bed height; 2.6 cm
column diameter)

U;=4.2x10" | U,=6.3x10" U, = 8.15x10™
(ms™) (ms™) (ms™
Different ) D.a D.a

column zones (m? s'l) (m? s'l) (m? s'l)
h;=0-3 cm 4.58x10° 7.575x10° | 9.35x10°
h,=3-6 cm 3.44x10°° 5.836x10° | 8.41x10°
hy; = 6-9 cm 2.3%x10° 4.13x10° | 6.26x10°
hs=9-12 cm 1.77%10° 3.14x10°¢ 5%x10°
hs=12-15cm 3.54x10°°

Column diameter is another parameter that also
affects flow behavior in an EBA system. Such non-
uniform flow behavior obtained within the column
with a 26 mm diameter was not observed in the
column with a 10 mm diameter in this work. Mixing
and dispersion were lower within the column with a
10 mm diameter than a 26 mm diameter. In addition,
when the superficial velocity increases, the flow
behaves worse and, at a certain position, the local
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axial dispersion coefficient increases. However, at
very high flow velocities, axial dispersion variation
along the bed height may not be observed. This is
due to the fact that, at very high flow velocity.
convection is severe and particle movements that
lead to higher mixing and dispersion increase in all
of the bed zones.

In this work, we considered three empirical
equations to determine variations of the local axial
dispersion coefficient along the bed height (Egs. (9),
(12) and (14)). Then experimental data obtained in
the modified NBG column were compared with
these correlations (Figures 4, 5 and Table 7). Both
the correlations of Chung-Wen and Kikuchi ef al.
show (Figure 4 (b)-(c)) an increasing trend of the
local axial dispersion coefficient along the bed
height, while our experimental studies show the
inverse trend. In addition, there is not agreement
between our experimental and correlated data.
Therefore, these correlations are not valid for the
local axial dispersion coefficient at each position of
the bed in the EBA system used in this work. On the
other hand, they are suitable for estimation of the

733

overall dispersion in these systems. Figures 4 (a), 5
and Table 7 make a comparison of the local axial
dispersion coefficients measured experimentally and
calculated by the Yun equation. The decreasing trend
of the axial dispersion coefficient with the increase
in bed height at a certain velocity and the decrease of
velocity at a certain bed position, similar to our
experimental results, can be seen in Figure 4 (a).
However, Figure 5 and Table 7, which compare the
local axial dispersion coefficients in each zone of
bed show a discrepancy between experiment and the
correlated values in the zones near of distributor.
This irregularity was expected in the bottom bed
zones, as described before. With increasing distance
from the distributor, this agreement becomes much
better and the correlation gives excellent predictions.
In addition, an increase of velocity leads to a RSSE
decrease. Therefore, this correlation (Eq. (9))
predicts our experimental results for the local axial
dispersion coefficient at different bed points better
than other correlations (Egs. (12) and (14)) and can
describe local hydrodynamic flow behavior well
within the EBA system.

Yun correlation Chung and Wen correlation
18 4
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Figure 4 (a)-(c): Predicted axial dispersion coefficients at different bed heights by empirical correlations under
various liquid superficial velocities (streamline DEAE; 6 cm settled bed height; 2.6 cm column diameter).
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Figure 5 (a)-(c): Comparison of predicted axial dispersion coefficients obtained by the Yun equation
with experimental results in different bed zones at various liquid superficial velocities (1: zone between
0-3 cm, 2: zone between 3-6 cm, 3: zone between 6-9 cm, 4: zone between 9-12 cm, 5: zone between 12-15 cm)

Table 7: RSSE for the local axial dispersion coefficient

at different flow velocities

U, = 6.3x10* | U; = 8.15x10

(ms™) (ms™

— =
Flow velocity Ui En‘:'sz-;()lo
RSSE (%) 87

85.85 77.2

Column with 10 mm Diameter

In order to study the influence of column
diameter on fluid local hydrodynamic behavior,
another modified NBG column with a smaller
diameter (10 mm) was prepared in this research.
Therefore, the effect of different parameters such as
flow velocity, liquid viscosity, and settled bed height
on local hydrodynamic performance within the
column with 10 mm in diameter were also examined
and discussed.

Influence of Flow Velocity on Fluid Hydrodynamics

Tables 8 and 9 illustrate Bodenstein numbers and
local effective axial dispersion coefficients at

different bed positions under various superficial
liquid velocities. As can be expected, axial mixing
and dispersion increase with increasing superficial
liquid velocity at a certain height of the bed. In the
bottom of the bed, these hydrodynamic parameters
are high and become relatively low near the middle
and top regions of the bed. Obvious variations of
liquid behavior along the bed height were not
observed in the middle and top regions. This is
probably due to the fact that the column diameter is
small, which result in a uniform flow profile in most
of the bed regions (except the distributor region).
The other reason is that the variation of the particle
concentration along the bed is negligible within this
column, resulting in uniform behavior in the middle
and top regions of the bed.

Brazilian Journal of Chemical Engineering



Investigation of Hydrodynamic Parameters in a Novel Expanded Bed Configuration: Local Axial Dispersion Characterization

735

Table 8: Axial mixing (Bodenstein number) at different column heights in the bed of streamline DEAE at
different liquid superficial velocities (settled bed height = 6.5cm; 1 ¢cm column diameter)

U, =4.6x10™ U, =8.5x107 U; =13.8x107 U, =17.7x10"
(m s'l) (m s'l) (m s'l) (m s'l)
Different sampling

positions B B, B B,
h;=3cm 4.5 6 5.57 53
h, =6 cm 12.2 17.28 9.88 8
h;=9cm 11.92 17.1 9.95 8
hy;=12 cm 12.22 16.79 10.7 7.61
hs=15cm 9.8 791
he=18 cm 9.68 7.2
h; =21 cm 8

Table 9: Variation of the local effective axial dispersion coefficient in different column zones at different
liquid superficial velocities (streamline DEAE particles; 6.5 cm settled bed height; 1cm column diameter)

U, = 4.6x10* U, =8.5x10" U; = 13.8x10™ U, =17.7x10*
(ms™) (ms™) (ms™) (ms™)

Different column 5 1 5 1 5 1 -
zones Daxl (m S ) Daxl (m S ) Daxl (m S ) Daxl (m S )
h;=0-3 cm 4.72x10° 5.27x10°° 9.5x10°° 12.31x10°
h,=3-6cm 2.54x10° 3.4x10° 6.87x10°° 9.81x10°°
hy=6-9 cm 1.77x10°¢ 2.11x10° 5.356x10°¢ 8.15x10°¢
hs=9-12cm 1.77x10°° 2.11x10° 5.14x10°° 8.35x10°°
hs=12-15 cm 5.18x10°¢ 8.4x107°
he=15-18 cm 5.45x10°° 8.46x10°
h;=18-21 cm 8.42x10°°

Because of the uniform behavior, the overall bed
voidage correlation, Eq. (16) (Li and Chase, 2009;
Levenspiel, 1999), was used to calculate the axial
dispersion coefficient in this column.

821—(1—80)(%j

where Hg, is the settled bed height, H is the bed
height, €, is the voidage in the fixed bed condition
(settled bed voidage), assumed to be 0.4.

(16)

Influence of Liquid Viscosity on Fluid Hydrodynamics

The results of studies of the effect of flow
viscosity on liquid behavior are displayed in Tables 10

and 11. These tables show that mixing and dispersion
decrease with increasing viscosity, altered by
addition of 10% (v/v) glycerol to the buffer. This is
due to the fact that the degree of bed expansion
increases with the increase of liquid viscosity under
constant velocity. Therefore, at a certain position,
decreasing solid particle interaction and increasing
bed voidage are expected. However, with an increase
of liquid density or viscosity, convection become
calmer, resulting in better liquid behavior. In contrast,
an increase of viscosity by addition of 20% (V/v)
glycerol to the buffer led to worse liquid behavior.
Reduction of the discrepancy between the liquid and
solid particle density might result in intense mixing and
dispersion. In addition, except in the distributor region,
the flow hydrodynamics is approximately uniform in
this column at various viscosities, as expected.

Table 10: Axial mixing (Bodenstein number) at different column heights in the bed of streamline DEAE
particles at different liquid viscosities (liquid flow velocity is 4.6x10* m s™; 6.5 cm settled bed height; 1 cm

column diameter)

Distilled Water +113;;: l(l:f;s)vg\;;iiol Distilled Water
Different sampling positions B, B, B,
h;=3cm 4.5 8.2 5.175
h, =6 cm 12.2 12.36 9.34
h;=9cm 11.92 12.6 8.93
hy;=12cm 12.22 12.5 9.45
hs=15cm 8.64
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Table 11: Variation of the local effective axial dispersion coefficient in different column zones at different
liquid viscosities (streamline DEAE particles; liquid flow velocity is 4.6x10" (m s™); 6.5cm settled bed

height; 1 cm column diameter)

Distilled Water Distilled Water Distilled Water
+10% (v/v) glycerol +20% (v/v) glycerol
Different column zones D,y (m? s'l) D,y (m? s'l) D,y (m? s'l)
h;=0-3 cm 4.72x10°° 3.1x10° 3.68x10°
h, =3-6cm 2.54x10°° 2.11x10°° 2.63x107°
hy; =6-9 cm 1.77x10° 1.59x10° 2.085%10°
hs=9-12 cm 1.77x10°° 1.58x10°° 2.073x10°¢
hs=12-15 cm 2.13x10°

Influence of Settled Bed Height on Fluid
Hydrodynamics

The results are shown in Tables 12 and 13. As can
be seen, except in the bottom zones, the flow
behaves approximately uniformly in the middle and
top region. Therefore, column diameter is one of the
important influential parameters on flow hydrody-
namic performance. Our results show that flow
behaves nearly uniformly within the smaller diameter
column (10 mm) and, with the increase of diameter,
this behavior becomes non-uniform and inhomoge-
neous. Thus, the liquid behavior changes along the
bed in column with the larger diameter (26 mm).

Table 12: Axial mixing (Bodenstein number) at
different column heights in the bed of streamline
DEAE particles at different settled bed heights
(streamline DEAE particles; 1 cm column diameter;
0.7 bed voidage)

Hy, =10 cm Hyp, =12 cm
leferent‘ .sampllng B, B,
positions
h; =6 cm 12.3 14.6
h,=12cm 17.9 18.3
h; =18 cm 18.2 19.4
hy;=21cm 19.1 18.8
hs =24 cm 20.2

Table 13: Variation of the local effective axial
dispersion coefficient in different column zones at
different settled bed heights (streamline DEAE
particles; 1 cm column diameter; 0.7 bed voidage)

Hg, =10 cm Hy, =12 cm

Different column | (mes™) | Dy s
h;=0-6 cm 8.87x10° 8.31x10°
h, =6-12 cm 7.23x10°° 7.37x10°°
hy=12-18 cm 6.045x10°° 6.43x10°°
hy=18-21 cm 5.9x10¢ 6.35x10°
hs =21-24 cm 6.21x10°°

Another result here is the fluid hydrodynamic
performance enhancement in the column with 10 mm
diameter. Mixing and dispersion in the column with
10 mm diameter is lower than in the column with
26 mm diameter.

Of course, these studies have been done on clean
feedstock. Therefore, for real nano/biological feed-
stock, more studies and research should be performed.

CONCLUSION

In order to study fluid local hydrodynamic
behavior within an EBA system, a modified simple
customized NBG expanded bed column has been
fabricated. A direct sampling method was carried out
for estimation of the local bed voidage along the bed
height and RTD analysis was performed in the
modified NBG column to determine the local mixing
and axial dispersion at different position of the bed.
In addition, the effect of various factors including
column diameter, flow velocity, flow viscosity and
settled bed height on flow hydrodynamic perform-
ance was examined. Results indicated that nearly
uniform flow behavior and lower mixing and
dispersion occurred in the column with small
diameter (10 mm), while the flow behaved non-
uniformly within the larger diameter column (26 mm).
However, it was shown that mixing and dispersion
were intense at the end of bed and with an increase
of bed height, these parameters became quite calm.
One of the key influential factors on liquid behavior
was the superficial velocity. An increasing trend of
mixing and dispersion were observed with an
increase of velocity at a certain point of the bed.
Liquid viscosity was another parameter that affects
flow hydrodynamics; increasing liquid viscosity led
to decreased mixing and dispersion, but when this
increase exceeded a certain value, the inverse trend
was observed. The empirical correlations of
Richardson-Zaki and Tong-Sun were combined
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together to determined the local bed voidage.
Calculated data gave quite good agreement with
experimental data (RSSE = 99.9%) under the
operating conditions of the experiment; hence, the
direct procedure is good enough to estimate bed
voidage at each point of the bed in the column. Three
empirical correlations were extracted from the
literature to identify the local axial dispersion
coefficient variation. Among them, the Yun equation
explained this parameter better than the other
correlations and reasonable agreement existed
between experimental and correlated values (RSSE =
87%). The local axial dispersion coefficients obtained
under our operation condition were between 10 and
10° (m? s) (most of them are about 10° m? s™).
These results indicated that stable expansion
conditions occurred in our modified NBG column
and the flow behavior was of the plug nature
(Levenspiel, 1972). Therefore, fluid hydrodynamic
performance in this column is good enough for
recovery and purification of nano/bioproducts. This
flow hydrodynamic study was performed for liquid
without crude feedstock. Therefore, determination of
real feedstock hydrodynamics within an EBA
system, development of empirical correlations and
mathematical hydrodynamic models for axial
dispersion coefficient variation along the bed height
with and without nano/biological feedstock, and
presentation of mathematical model for nano/
bioproducts adsorption performance and purification
of mnano/bioproducts in a NBG chromatography
column will be subjects of our further publications.
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NOMENCLATURE
B, Bodenstein number
D Axial dispersion coefficient m2s!
D, Axial dispersion coefficient m?s!
at ith layer of the bed
dpi Mean particle diameter at ith m
layer of the bed
d, Mean particle diameter m
d. Column inner diameter m
€ Experimental data
Ga Galileo number
H Total bed height m

h Axial bed height m
Hg, Settled bed height m
m Number of data points
N Number of theoretical plates
n Richardson- Zaki correlation
exponent
pi Simulated data
Reyi Particle Reynolds number in
the ith layer
Rens Onset Reynolds number in
the ith layer
RSSE  Relative sum of squares of
errors
T Average residence time s
U Superficial liquid velocity ms!
Uy Terminal velocity at the ith ms!
layer of the bed
V, Volume of settled particles m?
in the sampling syringe
Vi Liquid volume above the m?
particles in the syringe
Greek Letters
Bri Relative energy dissipation m?s>
rate in the ith layer
Boi Energy dissipation rate per m?s—
unit mass of liquid in the ith
layer
€ Total bed voidage
g Local bed voidage in the ith
layer of the bed
€ Settled bed voidage
u Liquid viscosity Pas
p Liquid density kgm™
Ppi Particles mean density in the kg m™
ith layer
& Variance s*
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