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ARTICLE INFO ABSTRACT

Keywords: The hydrodynamics of the Expanded Bed Adsorption process is studied through simulations combining
Expanded bed adsorption Computational Fluid Dynamics and the Discrete Element Method. A representative base case is defined, based
Hydrodynamics

on process design parameters commonly encountered in literature. Then, 19 other cases are defined, each
representing a singular adjustment to the column design, material properties, or operating conditions. The
parameters that are varied are the expansion factor, liquid viscosity, bed aspect ratio, mean particle density,
width of the particle density distribution, width of the particle size distribution, column taper angle, and column
alignment angle. The impact of each adjustment on the bed behaviour is discussed, using the local particle size
distribution and solids dispersion coefficient as main indicators of bed stability. Optimal performance was found
for an expansion factor of two to three, and the combination of particle size distribution and particle density
distribution was found to greatly improve bed stability. The mixing process of the liquid and solid phases is

Liquid-solid fluidisation
Computational fluid dynamics
Discrete element method

concluded to be of highly complex nature, and cannot simply be predicted from the liquid flow velocity.

1. Introduction

The purification of biopharmaceutical products represents a major
part of their manufacturing process. Up to 80% of the total production
costs is associated with the downstream processing of the fermentation
broth (D‘Souza et al., 2013). The purification process typically consists
of many consecutive separation steps. These are needed to isolate the
target molecule from the complex mixture of proteins and cell parts, and
obtain the high purity required for clinical application. In the 1990s,
Expanded Bed Adsorption (EBA) was introduced as a means of process
intensification in this purification train (Hjorth, 1997).

In the traditional downstream process, the fermentation broth is
first clarified. Then, through centrifugation, microfiltration, or a com-
bination thereof all cells and cell parts are removed from the mixture.
This clarified feedstock can then be applied to a series of packed bed
chromatography columns, in which the target molecule is captured and
further purified by adsorption to the bed of resin beads. Lastly, formu-
lation steps prepare the product for packaging and shipping (D‘Souza et
al., 2013).

Expanded Bed Adsorption was developed with the aim to combine
the clarification and capture steps into a single unit operation. By per-
forming the initial chromatography step in a mildly fluidised (i.e. ex-

panded) bed, rather than a packed bed, the need for clarification is
mitigated. Any particulates or cell material which would clog a packed
bed pass freely through the expanded bed, while the target molecule
adsorbs to the resin particles. The product is reclaimed in an elution
step, and washing and regeneration steps prepare the bed for the next
cycle (Lihme et al., 2000)

The advantages of EBA over the traditional process are evident; by
elimination of the clarification steps, equipment costs and footprint are
diminished. Furthermore, the shorter process reduces product degra-
dation and cuts operation costs (Doeven and den Boer, 2011; D‘Souza
et al.,, 2013). However, various practical problems have hindered the
large-scale adaptation of the technology, and very few manufacturers
have decided to sustain the application of EBA (D‘Souza et al., 2013;
Jin, 2015). Commonly reported challenges of EBA include:

» Reduced separation efficiency due to mixing of the liquid phase
(Jin, 2015)

* Reduced dynamic binding capacity at higher expansions (H/H >
2) restricting the flow rate (Chang and Chase, 1996; Tong and Sun,
2002a; Lin et al., 2004)

+ Limited throughput due to low-density sorbents exhibiting low ter-
minal velocities (Chase and Draeger, 1992a; D‘Souza et al., 2013)
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+ Aggregation and instability in the presence of cells interacting with
the resin beads (Lin et al., 2003, 2004; D‘Souza et al., 2013)
Decreased adsorption capacity and rate in the presence of cells (Xia
et al., 2007)

Fouling, clogging and bad hygiene of the flow distributor (Jin,
2015)

Unstable expansion under high-viscosity conditions, forcing dilu-
tion of the feedstock (Chase and Draeger, 1992a)

High buffer consumption due to the large volume required to ob-
tain stable bed (up to 6 times the settled bed volume) (Lin et al.,
2003; Yang and Sun, 2005)

Low concentration factor due to the high elution volume (Jin,
2015)

These challenges illustrate the need for further research into the
promising EBA technology. Specifically, many points connect to the hy-
drodynamics of the expanded bed and its stability under various condi-
tions. Therefore, in this work we focus on the hydrodynamic behaviour
of the EBA column and assess a wide range of operating parameters.

1.1. Previous experimental work

Since its introduction in the 1990s, multiple research groups have
focused on the hydrodynamic stability of the EBA column. Their ap-
proaches have mainly been experimental, often involving the mea-
surement of residence time distributions, dispersion coefficients, and
dynamic binding capacities, all using various sorbents and conditions.
A short overview of the main findings is provided below.

Chase and Draeger (1992b) delivered proof of concept for ion ex-
change adsorption, and found that adsorption could be conducted at up
to 4x expansion without significant loss of efficiency. In follow-up work
Chase and Draeger (1992a), the authors noted the need for high-density
sorbents to achieve sufficient throughput in highly viscous feedstocks
(e.g. in presence of nucleic acid polymers). Among others, Pélsson et
al. (2000) developed such high-density sorbent particles, allowing for
higher stable flow rates.

Chang and Chase (1996) found increased mixing and decreased
adsorption capacity with increasing flow rate, liquid viscosity, or ex-
pansion. Xia et al. (2007) found the most stable bed configuration is
obtained in the range of 2-2.5x expansion. In this range, the loss of ad-
sorption capacity with respect to the packed bed was minimised, around
5%. Ghose and Chase (2000) investigated the influence of the column
dimensions. They found the adsorption capacity to be independent of
the column diameter, but observed increased mixing at lower bed as-
pect ratios. Similar effects were observed by Jahanshahi et al. (2009),
who found the weakest mixing for a bed aspect ratio of 5.

In an extensive study, Lin et al. (2013) measured axial voidage,
particle size, and particle density distributions. They found that, for a
lognormal particle size distribution, the local mean particle size, mean
particle density and void fraction all follow the same s-shaped curve.
In later work Lin et al. (2015), they also measured the liquid disper-
sion coefficient along the height of the bed. They found a low-mixing
zone between 60% and 80% of the total bed height, with increasing
mixing towards both the top and bottom. In earlier work, Yun et al.
(2004b, 2005) found liquid mixing to be the strongest near the bottom
of the bed, decreasing further upwards. These differences were found
strongest at lower liquid velocities and higher particle densities.

Tong and Sun (2002b,a) performed measurements on mixing of both
the liquid and solid phases. They found that the expanded bed might
stratify by particle size or particle density, depending on the width of
the respective distributions. Even for a stable size-stratified bed, they
observed wide local particle size distributions, indicating the strength of
solids mixing. The solids mixing was also investigated by Ewert (2016),
who used Positron Emission Particle Tracking (PEPT) to measure the
movement of individual sorbent particles within the bed. They found
that mobility of the particles is much higher towards the top of the
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bed. The author reported solids dispersion coefficients, which signify
the continual horizontal and vertical fluctuations in particle positions,
even in a stable stratified bed.

Whereas many studies focused on the steady-state behaviour of the
bed, Lin et al. (2003, 2004) studied the transient behaviour, as well as
the influence of cell-sorbent interactions. They found that the addition
of interacting cells can strongly destabilise the bed. In some cases sta-
bility was not recovered at all, while in others recovery took up to 6 bed
volumes of liquid passing through the bed. The authors found that by
increasing the ionic strength of the buffer, the electrostatic interactions
could be weakened and adverse effects diminished. Similar results were
reported by D’Souza et al. (2017), who adjusted the mobile phase com-
position in an expanded bed with cell presence, and observed improved
bed stability by consequence.

1.2. Numerical work

With the increase of widely available computing power came nu-
merical tools for the study of complex systems such as the EBA column.
Numerical methods provide numerous advantages over traditional ex-
perimental methods. Especially in the field of multiphase flows, exper-
imental techniques (e.g. Particle Image Velocimetry, Positron Emission
Particle Tracking, Magnetic Resonance Imaging, etc.) are complicated
and sometimes prohibitively expensive, while ultimately providing only
limited insight in the flow behaviour. Numerical techniques, on the
other hand, often grant full access to the flow domain and yield data
which cannot be obtained otherwise.

Another strong advantage of computational research is the freedom
of choice in physical parameters. When dealing with real-life materials
and equipment, their properties often cannot be tuned independently.
The freedom numerical methods offer in this regard allows for the
separation of physical phenomena, and can lead to new insights into
the underlying physics. It is obvious that the researcher should ensure
their simulations remain representative of the real-life system of inter-
est through experimental validation.

A major downside of numerical methods used to be the often lengthy
calculations required. However, with the ongoing growth of available
High Performance Computing (HPC) facilities, scientists are gaining
more and more access to state-of-the-art resources. With the help of
such HPC centres, large parametric studies can easily be performed in
parallel, and numerical studies are growing increasingly valuable.

The body of numerical work on EBA is considerably smaller than the
experimental literature, but various computational methods have been
applied throughout the technology’s development. Early work focused
on mathematical modelling of the concentration profiles along the col-
umn height. This goes back to the early 1990s, when Draeger and Chase
(1990) used such a model to derive mass transfer properties from their
experimental data. A more elaborate mathematical model was devel-
oped by Wright and Glasser (2001), who considered dispersion in both
the liquid and solid phases. Their work highlighted the importance of
mass transfer limitations for the efficacy of the EBA process. Bruce and
Chase (2002) combined their model with advanced monitoring of their
experimental set-up, working towards real-time model-predictive pro-
cess control. An entirely different approach was employed by de Aratjo
Padilha et al. (2017), who used recurrent neural networks to fit chro-
matograms obtained from an EBA set-up. Unfortunately, such an ap-
proach provided little fundamental insight into the governing physics
and chemistry of the process.

In more recent years, the increased availability of computing power
has paved the way for more in-depth modelling of the hydrodynamics
of the EBA column. Koppejan et al. (2018) provided an overview of the
available modelling techniques, and demonstrated the value of Com-
putational Fluid Dynamics through a case study on liquid distributor
designs. Ren et al. (2021) used Two-Fluid Modelling (TFM) to simulate
adsorption processes in liquid-solid fluidised beds. In this approach, the
solid phase is represented as a continuum. As the authors demonstrated,
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finding the correct models and parameters describing this continuous
solid phase is a precarious process, and a source of great uncertainty
for the model results. Nevertheless, the authors were able the show the
importance of turbulent mass diffusion for the adsorption process.

1.3. Current work

Despite considerable research effort, no systematic study of the col-
umn, material and operation parameters governing the performance of
the EBA process has been conducted. This knowledge gap can be at-
tributed to the availability and costs of the required equipment and
materials, as well the difficulty of performing in-depth measurements
in such a complex, multiphase system. In this work, we overcome these
challenges by employing a combination of Computational Fluid Dynam-
ics (CFD) and Discrete Element Method (DEM) to study the hydrody-
namic behaviour of an EBA column. While computationally expensive,
it allows us to freely set material properties without excessive amounts
of parameter tuning.

We use this model to perform a parametric study on the hydro-
dynamic behaviour of a lab-scale EBA column, and to investigate the
influence of material properties, column design and operation param-
eters on the stability and performance of the expanded bed. We assess
the expansion of the bed, the liquid flow profile, as well as particle-scale
parameters such as local particle size distribution and solids disper-
sion coefficient. The current work is focused on the hydrodynamics at
steady-state. We demonstrate the applicability of the CFD-DEM method
and provide a perspective on a future integrated model encompassing
mass transfer and adsorption phenomena.

2. Model description
2.1. Model description

In the unresolved CFD-DEM method, systems of interacting contin-
uous (fluid) and discrete (particle) phases are simulated through a cou-
pling of Computational Fluid Dynamics and Discrete Element Method
models. In CFD, specifically the Finite Volume method (Versteeg and
Malalasekera, 1995) employed here, the simulation domain is divided
into control volumes (cells) of volume AV, over which discretised mass
and momentum balances are solved to resolve the fluid flow. In DEM,
particles are treated as individual entities, and their pathways resolved
through explicit integration of the laws of motion. The coupling be-
tween the continuous and discrete phases is established through evalu-
ation of the interaction force between each particle and its surrounding
fluid. The unresolved nature of the method relates to the fact that the
CFD cells are larger than the particles, and the interaction force is esti-
mated through models rather than fully resolved.

2.1.1. Governing equations

In the following paragraphs, we provide a short overview of the most
important equations governing the method. A detailed description of
the mathematical details is beyond the scope of this article. For this, we
kindly refer the reader to the works cited below. An in-depth descrip-
tion of the coupling between the solid and liquid phases is provided in
Nijssen et al. (2020). In Nijssen et al. (2021), the current model was
compared with experimental results and found to predict liquid-solid
bed expansion within 10% deviation.

Throughout this article, we use u to denote to the fluid velocity, v
for the particle velocity, Q for the particle angular velocity, ¢ for the
local fluid volume fraction, and subscripts f and p to refer to the fluid
and particle phases, respectively.

The fluid motion is described by the continuity equation (Eq. (1))
and the Navier-Stokes equations (Eq. (2)). The formulation presented
here is known as Set II in the work of Zhou et al. (2010). As shown,
we have chosen to omit the first term in the continuity equation,
which is discussed further in Section 2.2. In these equations, 7 =
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Hy [(Vﬁ) + (VH)T] is the viscous stress tensor and l?pf = prf/AV is
the total particle-fluid momentum exchange in a cell of volume AV.
The interaction force fp f is calculated as the sum of the drag (Di Fe-
lice, 1994), lift (Loth, 2008), virtual mass (Felderhof, 1991; Nijssen et
al., 2020) and Basset history forces (Parmar et al., 2018; Nijssen et al.,
2020) acting on each particle. These models are described in detail in
the respective references. While the Di Felice drag model does not ex-
plicitly account for polydispersity, the local particle size distribution in
our cases of interest is narrow, and the monodisperse model provides a
reasonable approximation for the drag force.

%+V~(s§)=0 €h)
op eu
ot

The motion of the particles is described by Newton’s second law of
t£anslational (Eﬂ. (3)) and rotational motion (Eq. (4)). The contact force
f. and torque T, resulting from contact with neighbouring particles are
prescribed through the Herzian contact model (Di Renzo and Di Maio,
2004). The lubrication force f, is associated with the draining and fill-
ing of the thin liquid film between colliding particles. Its calculation
was described in-depth in a previous work (Nijssen et al., 2023b). The
latter terms in Eq. (3) represent the forces resulting from the pressure
gradient, viscous stress gradient, and gravity, respectively. The hydro-

+V-(pfeﬁﬁ):—sz+sV-?+pfs§—pr 2)

dynamic torque 7 is discussed in Section 2.2.
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2.2. Numerical stability

The CFD-DEM method was initially mainly applied to gas-solid sys-
tems (e.g. Goniva et al., 2012). Its underlying physical concepts also
apply to liquid-solid systems. However, the stiffer coupling between
the discrete and continuous phases (due to the smaller density differ-
ence between them) leads to issues of numerical instability. This is
further complicated by the strongly polydisperse system considered in
this work. In this section, we present our methods for alleviating the
stability issues we encountered during the development of this work.

Firstly, we noticed an accumulation of rotational kinetic energy in
the particle phase, leading to erratic particle behaviour. This stemmed
from the reduced direct particle-particle friction resulting from normal
lubrication forces (Nijssen et al., 2023b), which provided insufficient
dissipation of rotational energy. We have resolved this by introducing
the hydrodynamic torque or rotational drag, describing the friction be-
tween a rotating particle and its surrounding fluid.

The hydrodynamic torque is expressed by Eq. (5) Crowe et al.
(2012). The torque coefficient C; is taken as the maximum of the low-
Reynolds limit (Crowe et al., 2012) and the finite-Reynolds model by
Dennis et al. (1980), as shown in Eq. (6). Here, we use the rotational
Reynolds number Reg = Iflldz /4v;. We assume that particle rotation
is much stronger than the fluid vorticity, and that the hydrodynamic
torque can be implemented with a one-way coupling i.e. the rotational
energy is quickly dissipated in the liquid phase and does not influence
the fluid flow.

R &> .

T == 50/Crl0lQ )
16 16 !

Cr =max E; E <0.639+0.128~Reé>] 6)

A second challenge is presented by the wide particle size distribu-
tion employed in EBA processes, which means it is difficult to maintain
a constant particle-to-cell-size ratio d,/Ax across the column. It is well
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Table 1

Properties and settings describing the base case simulation #1.

Chemical Engineering Science 280 (2023) 119027

Column diameter D 10 mm e.g. Jahanshahi et al. (2009)
Column length L 1.25 H mm

Taper angle a 0.0 deg

Column alignment 9 0.0 deg

Aspect ratio H,/D 5.0 - e.g. Jahanshahi et al. (2009)
Expansion H/H} red 2.0 e.g. Jahanshahi et al. (2009)
Fluid density Py 1,000 kg/m?

Fluid viscosity z 1076 m?/s

PSD type lognormal by volume e.g. Lin et al. (2013)

PSD range d, 100 - 300 um e.g. Wu et al. (2018)

PSD mean (d,) ) min * 4y max um

PSD standard deviation Cap (dymax/ Dprmin)

PSD width w 1/4 - e.g. Tong and Sun (2002b)
Mean particle density (p,) 1,500 kg/m? e.g. Yun et al. (2004a)
Particle density standard deviation ¢, 0.0 kg/m?

Minimum fluidisation velocity [idy | 0.046 - 0.41 mm/s

Terminal velocity lu, | 2.57 -16.83 mm/s

Young’s modulus Y 1.0 MPa Dorn et al. (2017)

Poisson’s ratio v, 0.2 Dorn et al. (2017)

Friction coefficient (dry) Hrdry 0.3 Keener et al. (2008)

Friction coefficient (lubricated) Ky lub 0.1 Keener et al. (2008)
Restitution coefficient e 0.95 Dorn et al. (2017)

Surface roughness c 1 pm Staby et al. (2006)

CFD cell size Ax 200 pm Volk et al. (2017)

CFD time step Atcpp 2-107* s

DEM time step Atpgy 5-107° s

known that this ratio is of high importance to the accuracy of the
CFD-DEM method (Volk et al., 2017). Mesh-independent results can be
achieved by mapping or smoothing algorithms, which enable spread-
ing of the influence of large particles to multiple CFD cells (Sun and
Xiao, 2015a,b). Previous results have shown that such algorithms can
eliminate artificial heterogeneity in liquid-solid fluidised bed simula-
tions (Esteghamatian et al., 2018). Our tests have shown that mesh-
independence is achieved at Ax =200 pm, combined with adaptive
smoothing of the void fraction and momentum exchange fields. Mesh
independence was studied using particle kinetic energy as an indica-
tor for bed stability, over a range of Ax =150 — 450 um. Smoothing is
conducted by solving the diffusion-type equation given in Eq. (7). The
local smoothing length L, is set based on the local maximum parti-
cle diameter (Eq. (8)), as recommended by Sun and Xiao (2015a,b). In
cells without particles, the minimum particle diameter was used. The
scaling parameter A determines the smoothing strength. A very similar
approach was recently demonstrated by Huang et al. (2023). Based on
their and others (Esteghamatian et al., 2018; Sun and Xiao, 2015b) re-
sults, we set the smoothing length to 4 = 3, which is commonly reported
as optimal.

. L2
de_ 55 o, )
dt  Atcpp

%uﬁ={ldmm@ﬁ e, <1 ®

A-d ep(x,n=1

p.min

Lastly, the de /ot term in the continuity equation (Eq. (1)) is known
to cause instability in the flow solution (Peng et al., 2014). This ef-
fect is especially strong as we apply a cell size smaller than the largest
particles, and employ spatial, but no temporal smoothing. A common
solution is to omit this term from the continuity equation (El Geitani
et al., 2023). In a physical sense, this can be viewed as assuming the
fluid motion is much faster than the particle movement, such that the
particle configuration can be presumed steady-state during the flow so-
lution. As we show in our results, this is a valid assumption for the
current system. Therefore, we have omitted the first term in Eq. (1).

2.3. Simulation set-up

All simulations presented in this work were performed using the
open-source CFD-DEM framework CFDEMCoupling (Goniva et al.,
2012), based on LIGGGHTS (Kloss et al., 2012) and OpenFOAM (Weller
et al., 1998). A 10 mm diameter column geometry was used as a base
case, corresponding to the smaller columns used in previous experimen-
tal work (e.g. Ghose et al., 2000) and encompassing roughly 1 million
individual particles. Calculations were performed on the Dutch national
supercomputer Snellius, using 64 CPUs in a 2 x 2 x 16 grid arrangement
and 112 GB of memory. This enabled a computational speed of 0.55 s
of simulation time per hour of computational time.

Table 1 provides a detailed overview of all material properties and
settings used in the base case simulation. Material properties are based
on values commonly found in literature, as indicated by the references
in the table. Fig. 1 shows a schematic overview of the simulation ge-
ometry, for cylindrical (« =0 deg) and tapered (a > 0 deg) cases. In the
tapered case, the base diameter D, and settled bed volume V), , were set
equal to the cylindrical base case. The inlet velocity was increased such
that the expanded bed volume V, was equal as well, thereby maintain-
ing equal volumetric expansion V,/V,,.

Table 2 lists all simulations performed. Each case represents a sin-
gular adjustment with respect to the base case #1, i.e. all other settings
remained constant. This ensures the influence of each adjusted param-
eter can be assessed independently. With increasing case number, the
simulations are used to assess the influence of the expansion factor, lig-
uid viscosity, bed aspect ratio (adjusting both H, and D to maintain
a constant bed volume), particle density, particle density distribution
width, particle size distribution width, column taper angle and column
alignment angle, respectively. The inlet velocity U, in each case was
set based on a prediction of the desired expansion H /nged by the
Richardson-Zaki equation (Richardson and Zaki, 1997), as explained
in Section 2.3.1. For comparison, we have also included the actual ob-
tained expansion H/H,.

2.3.1. Initialisation
To aid computational efficiency, the simulations were initialised
in expanded state, such that the initial expansion from packed state
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Fig. 1. Schematic overview of cylindrical (left) and tapered (right) columns,
showing the bed settled (dark grey) and expanded (light grey) states.

Table 2

List of simulation cases. Each represents a singular adjustment
with respect to the base case #1. Superficial inlet velocities
are estimated through the Richardson-Zaki equation (Eq. (9)
Richardson and Zaki, 1997).

D Description U, (mm/s) H/H, (-)
#01 Base case 1.42 1.82
#02 H/HP* =15 0.80 1.09
#03 H/HP™ = 3.0 2.22 2.80
#04 H/HP = 4.0 2.57 3.80
#05 H/H'™ =50 2.69 4.68
#06 v, =20-10"° m2/s 0.71 1.81
#07 v, = 4.0-107° m?/s 0.36 1.81
#08 H,/D = 2.5 1.42 1.82
#09 Hy/D = 7.5 1.42 1.82
#10 Hy/D = 10.0 1.42 1.81
#11 (p,) = 1250 kg/m’ 0.71 1.81
#12 (p,) = 2000 kg/m’ 2.83 1.84
#13 (p,) = 3000 kg/m’ 5.58 1.83
#14 o,y = 125 kg/m? 1.42 1.95
#15 6,y = 250 kg/m? 1.42 2.12
#16 w=1/2 1.33 1.79
#17 w=1/8 1.57 1.82
#18 a = 2.5 deg 2.06 1.19
#19 9 = 0.5 deg 1.42 1.59
#20 9 = 1.0 deg 1.42 1.38

need not be simulated. The continuous lognormal particle size distribu-
tion was discretised into fractions of equal area, as shown in Fig. 2.
The local voidage of each fraction in expanded state was estimated
through the Richardson-Zaki equation (Eq. (9)-(10)) (Richardson and
Zaki, 1997; Kramer et al., 2019), where |u,| is the superficial velocity
and |4,| the terminal velocity. The latter was obtained from the force
balance in Eq. (11). Here, Re, = p flﬁ,ldp /ny is the terminal Reynolds
number, Ar = d; pr(p,—pp)lzl /nj% the Archimedes number, and C), the
drag coefficient calculated through the Schiller-Naumann drag model
(Eq. (12) (Shiller and Naumann, 1935)). The fractions are then stacked
upon each other to obtain a perfectly stratified initial bed state. This
method was previously shown by Yun et al. (2004c) to provide an ac-
curate estimation of the total bed expansion. Iterating this approach
allowed to determine the superficial inlet velocity U, required for the
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Fig. 2. Lognormal particle size distribution.
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Fig. 3. Initial stratified bed structure in packed (left) and expanded (right)
states, as estimated from the Richardson-Zaki equation (Eq. (9) (Richardson
and Zaki, 1997)).

desired expansion. Fig. 3 shows the resulting bed structure in packed
and expanded states, at an predicted expansion factor of H/H, (I; red Z2.0.

oo il ®
[uy|
4.65 for Re, <02
4.4 -Re;%% for 0.2< Re, < 1.0
= 1
"Z)44-Re®! for 1.0< Re, <500 a0
2.4 for Re, >500
3Re2.Cp (Re,) = Ar 11
7Rer- p(Re,) = an
24 0.687
Cp (Re) = max [ﬁ (1+0.15 - Re"67) ,0.44] (12)

3. Results and discussion

In this section, we will first describe the liquid flow and particle be-
haviour in the base case #1. Next, we will highlight the most important
changes to that behaviour resulting from property adjustments listed in
Table 2. Additional information is provided in Table A.1.

Fig. 4 shows the structure of the expanded bed by its axial voidage
and particle size distributions. As expected, there is a voidage gradient
over the height of the bed, ranging from almost packed close to the in-
let, to a dilute region near the top of the bed. The temporal standard
deviation, indicated by the dashed lines, shows that this structure is
very stable over time. The mean particle size follows the curve shape
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Fig. 4. Left: time-averaged axial voidage profile (case 1). Dashed lines indicate
temporal standard deviation. Right: time-averaged axial particle size distribu-
tion (case #1).
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Fig. 5. Vertical (top) and horizontal (bottom) cross-sections of instantaneous
liquid flow profile (case #1). Snapshots are taken 0.4 s apart.

predicted in Fig. 3. It is clear that there is some degree of mixing, result-
ing in a local particle size distribution, rather than a perfectly classified
bed. Tong and Sun (2002b) measured the local particle size distribution
experimentally, and found a local distribution width between 35% and
50% of the global distribution, widening towards to bottom of the bed.
These findings correspond very well with our current observations.

It has been noted before that flow heterogeneities can play a sig-
nificant role even in liquid-solid fluidisation (Nijssen et al., 2021). The
liquid flow snapshots in Fig. 5 show plume-like heterogeneities, which
stretch over the length of the bed and move in spiralling motion, rem-
iniscent of the bubble plumes found in slurry bubble columns (Warsito
and Fan, 2005). To the best of our knowledge, this behaviour has not
been previously reported for liquid-solid fluidised beds.

The liquid velocity in these plumes reaches up to 10x the superficial
velocity, while the movement of the plumes themselves is much faster
than the liquid in them. This suggests that the compressibility of the sus-
pension plays a large role in their propagation. It is not within the scope
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Fig. 7. Local axial solids dispersion coefficient over bed height (case #1).

of the current work to investigate the origin of these flow structures, but
these findings definitely warrant a more fundamental investigation into
the interaction between the solid and liquid phases.

The movement of particles is a strong indicator of the stability of the
expanded bed. For optimal performance in a chromatography process,
it is desirable to prevent any large-scale motion of particles. This is
quantified by the solids dispersion coefficient D, which is obtained from
the mean squared particle displacement (A2) over an interval t* per
Eq. (13) (Parker et al., 1997).

(A®y=2Dr* 13)

Fig. 6 shows the particle displacement and the dispersion coeffi-
cients obtained from it. It is clear that the mean squared displace-
ment follows a linear trend, which indicates the presence of random
Brownian-like motion and the absence of net, large-scale particle move-
ment. The horizontal and axial dispersion have been measured sepa-
rately. There exists a large separation of scales between these motions;
the dispersion in the axial direction is two orders of magnitudes stronger
than in the horizontal direction. Ewert (2016) experimentally measured
solids dispersion coefficients in expanded bed columns using PEPT.
While direct comparison the dispersion coefficient is precarious, as par-
ticle sizes and densities differ, the value obtained here (D = 1.4 mm?/s)
corresponds very well with the range of values found by Ewert (0.5 - 6
mm?/s).

As the CFD-DEM technique provides information on all particles
within the bed simultaneously (as opposed to a single tracer particle in
experimental tracking methods like PEPT), it is possible to accurately
measure the local dispersion coefficient in a certain portion of the bed.
Fig. 7 shows the axial solids dispersion coefficient over the height of the
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Fig. 8. Expansion curve, including Richardson-Zaki prediction (Richardson and
Zaki, 1997), experimental results by Ewert (2016), and the current simulations
(cases #1-5).
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Fig. 9. Time-averaged axial particle size distribution at increasing expansion.
From left to right: case #2, 1, 3, 4, and 5.

bed. Two distinct maxima exist, around 20% and 90% of the expanded
bed height, with a minimum around 70% of the bed height. This cor-
responds very well with measurements of liquid mixing by Lin et al.
(2015), who reported a low-mixing zone between 60-80% of the ex-
panded bed height. Contrarily, Ewert (2016) reported the inverse shape,
with a maximum at around 60% of the expanded bed height. However,
as noted before, this was based on the movement of a single tracer parti-
cle, which resulted in significant scatter of data and lack of clear trends.

3.1. Influence of expansion factor

The expansion factor is one of the most important operational pa-
rameters for an expanded bed process. In Fig. 8, the expansion curve
based on cases #1-5 is shown, alongside the prediction by Richardson
and Zaki (1997) as elaborated in Section 2.3.1, and experimental results
for similar size and density particles reported by Ewert (2016). For this
measurement, the expanded bed height was defined as the height un-
der which 99% of the bed mass was contained. The numerical results
correspond very well with the Richardson-Zaki model, with expansions
being slightly lower than predicted. As shown by Ren et al. (2021),
the obtained expansion is sensitive to the exact drag model used. Fur-
thermore, the simulations exhibit a finite degree of mixing, as opposed
to the perfect stratification assumed in the prediction. The largest de-
viation is found at the lowest expansion where, as shown in Fig. 9,
mixing is strongest. At higher expansions, there is a strong deviation
between the experimental results by Ewert (2016) and both simulations
and the Richardson-Zaki model. This was also remarked by Ewert, who
suggested that the column might not be perfectly aligned in these exper-
iments. As shown in Section 3.7, column misalignment can cause major
collapse of the bed, explaining the deviation. We therefore conclude
that our model exhibits accurate expansion behaviour.
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Fig. 10. Axial solids dispersion coefficient versus expansion factor (cases #1-5).

Fig. 9 shows the axial particle size distribution for an increasing
expansion factor. At the lowest expansion we observed strong mixing
and a loss of expansion. In this dense case, the mean-free-path between
particle collisions is short, leading to frequent, low-velocity collisions
(Aguilar-Corona et al., 2011) and rapid dissipation of kinetic energy by
lubrication forces (Liu et al., 2016). Clearly, these effects are stronger
than the fluid-particle interaction separating the particles at this lowest
liquid velocity. At higher liquid velocities, particle mixing is strongly re-
duced, leading to sharper particle size distributions. However, beyond
an expansion factor of H/H, =3, no significant improvement in bed
stability is observed. This is also reflected by the solids dispersion co-
efficients shown in Fig. 10. It was previously observed experimentally
(Al-Dibouni and Garside, 1979; Kaluderovi¢ Radoici¢ et al., 2014) and
numerically (Liu et al., 2016; Nijssen et al., 2021), and confirmed by
these results that solids mixing does not increase monotonically with
liquid velocity, as is often assumed (e.g. van der Meer et al., 1984).

Our results suggest that operating at higher expansions is unde-
sirable, as the highly dilute bed makes inefficient use of the column
volume, at no gain of bed stability. Based this, the optimal operation
is between expansion factors of 2-3, coinciding with the recommenda-
tion of Xia et al. (2007). It should be noted that the solids dispersion
coefficients provide no conclusive results on liquid dispersion. While
the two are obviously related, there is an additional degree of sub-grid
liquid mixing associated with the flow through the array of particles,
which is presently not accounted for. This mixing mechanism grows
stronger with increasing liquid velocity (e.g. Buyuktas and Wallender,
2004), leading to reduced separation performance at higher expansion.
This further confirms the recommendation to operate at intermediate
expansions.

3.2. Influence of viscosity

Figs. 11 and 12 show instantaneous flow cross-sections for the two
cases with increased viscosity (cases #6 and 7), similar to the base case
#1 shown in Fig. 5. With higher viscosity, the plume-like, spiralling
flow heterogeneities grow stronger and more stable. In cases #6 and
7, four separate plumes can be distinguished, which rotate and alter-
nately split and merge. The increased stability of these structures can
be explained by the stronger dampening of particle-particle interactions
(Nijssen et al., 2023b), which results in less random particle motion to
disturb the flow pattern. Additionally, the period of the spiralling mo-
tion increases with viscosity.

A larger fraction of the liquid travels through the plumes at in-
creased viscosity, as indicated by the higher maximum normalised
velocity U/U,. This might negatively impact chromatography perfor-
mance, as it widens the liquid residence time distribution. Such unde-
sired behaviour at high viscosity was also experimentally observed by
Chase and Draeger (1992a). Interestingly, despite the stronger flow het-
erogeneity, solids mixing weakens with increasing viscosity. The solids
dispersion coefficients are shown in Fig. 13 alongside the solids Bo-
denstein number Bo = U, H /D, indicating the balance between liquid
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Fig. 11. Vertical (top) and horizontal (bottom) cross-sections of instantaneous
liquid flow profile (case #6). Snapshots are taken 0.4 s apart.
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Fig. 12. Vertical (top) and horizontal (bottom) cross-sections of instantaneous
liquid flow profile (case #7). Snapshots are taken 0.4 s apart.

convection and solids dispersion. A decreasing dispersion coefficient
might be expected from the decreasing liquid viscosity, but the strongly
increasing Bodenstein number indicates that solids mixing decreases
much quicker than the liquid flow velocity. This might be attributed
to the strong dampening of particle-particle interactions due to the in-
terstitial liquid (Nijssen et al., 2023b). However, the influence these
lubrication forces on the global bed behaviour and particle mixing is
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Fig. 13. Axial solids dispersion coefficient (top) and solids Bodenstein number
(bottom) over liquid viscosity, at constant expansion factor (cases #1, 6, and
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Fig. 14. Local axial solids dispersion coefficient over bed height for various bed
aspect ratios (cases #1, 8, 9, and 10).

not yet completely clear (Liu et al., 2016). Further in-depth research is
required to provide a definitive answer to this open question.

3.3. Influence of aspect ratio

Cases #1, 8, 9, and 10 represent expanded beds with identical bed
volume and expansion factor, but varying aspect ratio. Fig. 14 shows
axial solids dispersion curves for all cases. These show an increase in
particle dispersion with increasing aspect ratio, especially in the bottom
half of the bed. Furthermore, there is a downward shift of the upper
peak at the lowest aspect ratio. At a higher aspect ratio i.e. in a slimmer,
longer column, the gradients describing stratification de/dz and dd,/dz
are less steep, as they are stretched over a longer bed height. This means
that particles have a larger mobility, since the driving force confining
them to a specific height is weaker. This is clear from the mean axial
dispersion coefficients, which are 1.0, 1.4, 2.0 and 2.5 mm?/s for aspect
ratios of 2.5, 5.0, 7.5 and 10.0, respectively.

Ghose and Chase (2000) observed a small decrease of liquid-phase
mixing with increasing aspect ratio, though this was measured at con-
stant packed bed height, rather than constant bed volume. Again, the
link between solid-phase and liquid-phase mixing is non-trivial, and
warrants further investigation. It should also be noted that flow distri-
bution at the column entrance plays a significant role in liquid mixing
(Jin, 2015). In simulations, uniform flow distribution is easily set. How-
ever, in practice this is more precarious, especially in larger diameter
columns (Jin, 2015).



T.M.J. Nijssen, J.T. Padding and M. Ottens

8 T T T T

w
T =70 ]
é 4_ _ _— - —

5 o2F -0 .
e 0 o ] ] ]
T 120 T T T T

3
o 100 —
I ~o-— —0— _ _
?o 80} ~———0 -
8 60 1 1 1 1

1000 1500 2000 2500 3000
p, (kgm®)

Fig. 15. Axial solids dispersion coefficient (top) and solids Bodenstein number
(bottom) over particle density, at constant expansion factor (cases #1, 11, 12,
and 13).

3.4. Influence of particle density

In this work, we have varied both the uniform particle density, as
well as the width of a non-uniform particle density distribution. In the
former case the expanded bed volume was kept constant by increas-
ing the liquid velocity along with the particle density (see Table 2). The
solids mixing behaviour in these simulations is summarised in Fig. 15. It
is clear that the solids dispersion coefficient strongly increases with par-
ticle density, as both the increased particle inertia and increased liquid
velocity lead to stronger particle motion. However, the increased den-
sity also allows for a higher liquid throughput. Remarkably, the solids
dispersion increases 8-fold over the simulated density range, while the
Bodenstein numbers remain within a 25% range. Between pp = 1,500
kg/m? (case #1) and p, = 2,000 kg/m?* (case #12), we even obtained
identical Bodenstein numbers (Bo = 93), despite the throughput being
twice as high in the latter case. This shows that developing higher-
density particles is vital for achieving improved throughput (Palsson et
al., 2000), and that EBA can be operated at higher flowrate without
prohibitive loss of bed stability.

In cases #14 and 15, Gaussian density distributions were applied,
while maintaining identical bed mass and flow rate to case #1. This
led to wash-out of some of the small, low-density particles with termi-
nal velocities below the superficial velocity. Afterwards, a stable bed
was obtained, of which the voidage, particle size, and particle density
distributions are shown in Fig. 16. In these cases, the bed is stratified
by both size and density, leading to a wider local distributions for both.
However, as can be seen from the increasingly smooth voidage distribu-
tion, the effects of size and density combine to form a more stable bed
than for a uniform density. This is clearly reflected by the dispersion
coefficients, which were found 1.4, 0.83, and 0.49 mm/s? for the uni-
form distribution (case #1), o, =125 kg/m? (case #14), and o, =250
kg/m> (case #15), respectively. This confirms experimental results by
Tong and Sun (2002b) and Palsson et al. (2000), who both observed
decreased liquid mixing for wider density distributions.

3.5. Influence of particle size distribution

The width of the particle size distribution is an important parame-
ter, as it sets the driving force for bed stratification. In cases #16 and
17, a narrower and a wider size distribution were tested. It should be
noted that the mean, minimum, and maximum particle sizes were kept
constant, which can be interpreted as using the same sieve fraction. This
was done as inserting much larger or smaller particles into the simula-
tion negatively impacts numerical stability. The resulting axial particle
size distributions are shown in Fig. 17. It is clear that the wide size
distribution (case #16) does not provide a significant improvement in
bed stability. However, the narrow size distribution (case #17) results
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Fig. 16. Left: time-averaged axial voidage profile. Dashed lines indicate tem-
poral standard deviation. Middle: time-averaged axial particle size distribu-
tion (case #1). Right: time-averaged axial particle density distribution. Top:
o,, =125 kg/m? (case #14). Bottom: ¢, =250 kg/m* (case #15).
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Fig. 17. Time-averaged axial particle size distribution at decreasing distribution
width. From left to right: case #16, 1, and 17.

in enhanced mixing, especially of the smaller particles. The resulting
solids dispersion coefficients were 1.4, 1.4, and 3.8 mm?/s for w=1/2,
1/4, and 1/8, respectively. This shows the importance of a wide enough
particle size distribution to obtain a stable classified bed.

3.6. Influence of taper angle

Tapered liquid-solid fluidised beds are often employed as bioreactors
(e.g. Koerich et al., 2020). The increasing cross-sectional area and there-
fore decreasing liquid velocity allows for higher throughputs without
risking loss of small particles. In case #18, a 2.5 degree taper angle was
applied. Fig. 18 shows a cross-section of the time-averaged solids mass
flux and voidage profiles. It is obvious that the tapered geometry leads
to strong solids circulation, and formation of dense, downward moving
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Fig. 18. Time-averaged solids flux profile (left) and time-averaged voidage pro-
file (right) for tapered column (case #18).

zones close to the walls. This results in bed collapse, large-scale mixing,
and liquid bypassing the particles close to the wall. Quickly after the
start of the simulation, a completely mixed state of the bed is achieved,
which then remains stable in time. It is therefore not recommended to
further pursue tapered geometries for application in Expanded Bed Ad-
sorption.

3.7. Influence of column alignment

The importance of proper column alignment is well-known for
liquid-solid fluidisation. For example, Bruce et al. (1999) observed the
liquid Bodenstein number in an EBA column to drop from 140 to 50
for a misalignment as little as 0.15 deg. Ewert (2016) also showed the
emergence of large-scale circulation patterns in misaligned columns. In
cases #19 and 20, we have simulated columns misaligned by 0.5 and
1 deg, respectively. Fig. 19 shows time-averaged solids mass flux and
voidage cross-sections for these cases. In both cases, a particle-dense
zone appears at the wall on the low side of the column. This gives rise
to a circulation pattern where particles move up through the column,
then down through this dense zone. At 0.5 deg misalignment this pat-
tern is still mostly concentrated at the low side of the column. At 9 =1.0
deg, the circulation encompasses the whole column. Column misalign-
ment leads to strong mixing of particle and collapse of the bed, as seen
from the bed heights and solids dispersion coefficients listed in Table 3.
At 1 degree of misalignment the expanded bed height drops by 25%,
while particle dispersion grows 14x stronger. These results highlight
the vital importance of proper column alignment, even for columns as
small as 1 cm diameter simulated here.

4. Conclusions

In this work, we have used CFD-DEM to study the hydrodynamics
of the Expanded Bed Adsorption process. We showed that particle mix-
ing decreases with increasing bed expansion, though with diminishing
improvements in very dilute columns, leading to an optimal operation
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Fig. 19. Time-averaged solids flux profile and time-averaged voidage profile for
misaligned column. Left: « = 0.5 deg (case #19). Right: « = 1.0 deg (case #20).

Table 3

Bed height and solids dispersion coefficient
for various column alignment angles (cases
#1, 19, and 20).

9 (deg) H (mm) D, (mm?/s)
0.0 91 1.4

0.5 80 5.0

1.0 69 19.9

window between 2-3x expansion. Highly viscous feedstocks gave rise
to stable swirling flow patterns, which might negatively impact column
performance. Simultaneously, solids dispersion was found to decrease,
highlighting the complex relationship between liquid and solids mixing.
Increased particle density resulted higher liquid throughput, but also
stronger mixing. Yet, stable expanded beds were achieved with parti-
cle densities as high as 3,000 kg/m?>. Furthermore, the superposition of
a particle size distribution and particle density distribution greatly im-
proved bed stability. Overall, it was found that mixing in the expanded
column, of both the liquid and solid phases, is a complex process, which
cannot be simply predicted from the flow velocity.

The simulations were also used to test various column designs. The
aspect ratio of the bed was found to influence particle motion in the
lower half of the bed. Use of a tapered column leads to very strong
circulation patterns, and is therefore not recommended. Lastly, the im-
portance of proper column alignment was shown, as misalignment leads
to circulation, mixing, and loss of expansion. With this study, we have
demonstrated the usefulness of physics-based numerical methods such
as CFD-DEM for process development.
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5. Outlook

The results in this work have yielded many directions for future
research. The swirling fluid motion observed at high viscosity war-
rants a more fundamental investigation into the origin and stability
of these structures. On a more practical side, the transient behaviour
of the bed at initial expansion, sedimentation, as well as during liquid
phase switching between processing steps is an interesting area for fur-
ther study. Lastly, the role of particle-particle cohesion caused by the
presence of cell material is another area where CFD-DEM can provide
valuable information for process design.

In order to truly assess the chromatographic capacity of the column,
additional calculations need to be integrated into the model. Firstly,
sub-grid liquid dispersion is expected to be of great importance. An
appropriate model for this effect would need to consider the local dis-
tribution of particles (Buyuktas and Wallender, 2004), relative velocity
between particles and fluid, as well as the motion of particles with re-
spect to each other (granular temperature Goldhirsch, 2008). Next, the
adsorption equilibria and mass transfer rates need to be included into
the model (Wright and Glasser, 2001). A final challenge is posed by the
separation of time scales between the hydrodynamics effects and the
adsorption process. Fully simulating both simultaneously would lead
to prohibitively long computational times. We therefore recommend to
separate these time scales, for example using the recurrence CFD (rCFD)
method (Lichtenegger and Pirker, 2016).
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Appendix A
Table A.1

Superficial liquid velocity, total bed mass, bed height, axial
and horizontal solids dispersion coefficients for all cases.

D U, M, H D, Dy

- mm/s g mm mm?/s mm?/s
#01 1.42 3.37 91.2 1.4 0.033
#02 0.80 3.37 54.3 7.1 0.049
#03 2.22 3.37 140.2 1.0 0.042
#04 2.57 3.36 190.1 1.1 0.049
#05 2.69 3.37 234.2 1.2 0.047
#06 0.71 3.37 90.4 0.61 0.014
#07 0.36 3.37 90.7 0.26 0.0058
#08 1.42 3.38 57.5 1.0 0.045
#09 1.42 3.34 118.9 2.0 0.036
#10 1.42 3.34 143.2 2.5 0.037
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Table A.1 (continued)

D U, M, H D, Dyor

- mm/s g mm mm?/s mm?/s
#11 0.71 2.81 90.6 0.63 0.015
#12 2.83 4.49 92.1 2.8 0.076
#13 5.58 6.74 91.3 6.5 0.22
#14 1.42 3.37 97.3 0.82 0.023
#15 1.42 3.23 105.8 0.49 0.020
#16 1.33 3.37 89.5 1.4 0.037
#17 1.57 3.37 91.0 3.8 0.039
#18 2.06 3.37 49.9 12.7 0.49
#19 1.42 3.37 79.7 5.0 0.062
#20 1.42 3.37 68.9 19.9 0.28
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