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Abstract

The biopharmaceutical industry, which relates to human health, witnessed very fast
development in the last few years to match the biodrug market demand.
Manufacture of high value therapeutics usually requires the use of at least 2 or 3
chromatographic steps, which contributes to the significant cost of downstream
processes. Therefore, chromatographic process optimization is an essential part of
bioproduct manufacture development. In chromatographic separation, the
compressible agarose-base matrices, which are most widely, used as column
packing material.

Over the past years there has been a steady move toward the adoption of more rigid,
porous particles in order to combine ease of manufacture with increased levels of
productivity. The latter is still constrained by the onset of compression where the
level of wall support becomes incapable of withstanding flow-induced particle drag.
In this study it investigates how, by the installation of cylindrical column inserts, it
is possible to enhance the level of wall support to improve the column
hydrodynamic performance.

Experiments were conducted to examine the effect of the position of the insert in
the column, and also of the insert dimensions on the critical velocity at which the
onset of compression occurs. It was found that when installed at the bottom of the
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column, single inserts in different dimensions can provide 5% to 15% critical
velocity increment, and inserts combination can provide up to a 20% increase in
critical velocity without significantly affecting column hydrodynamics (less than
10%), as measured by the level of axial dispersion.

A solid mechanics model was established to simulate the pressure drop, flowrate,
and packing material compression properties in a chromatography column. Based
on the Biot’s theory, which describes consolidation of porous materials, the model
can relate the pressure drop to compression in chromatographic process. Darcy’s
law is also applied, and combines with the Konezy-Carman equation for
permeability.

Comsol

Multiphysics

software,

which

can

solve

physical

phenomenon by the finite element method, was employed for the model established.
The inverse method in Matlab is used for parameter determination. With this
simulation, the Young’s modulus, and bed voidage fraction were specified in one
experiment condition. The determined parameters were then input to the model to
simulate the flowrate, pressure drop, and bed displacement. The simulation results
fit the experimental result quite well. The average error between experimental and
simulation data was 3% for linear velocity and 4% for pressure drop. The
simulation could also predict the superficial critical velocity for the same column
packed but with inserts in different dimensions.

Besides

the

experimental

and

simulation

study

on

hydrodynamics

in
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chromatography column having inserts, the effects of inserts applied on protein
separation were also considered. The column inserts allowed higher operational
flowrates, and process duration, which is positive to process productivity. However,
it had a negative effect on the resolution, and caused larger elution volumes,
especially when more than one insert present. In a case study of column inserts
affecting on productivity, the productivity could increase 18% by two inserts setup
in a 1 L column. These inserts lead 20% critical velocity increment, and 10% plate
number decrement.
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Chapter One: Introduction
1.1 Perspective and motivation

Nowadays, the benefit from biopharmaceutical industry is increasing dramatically
(Aggarwal, 2011). Each company is trying to deliver safer and cheaper medicines
and manufacturing development crucial to this. Biotech drugs or biologics include
therapeutic proteins, recombinant vaccines, peptide conjugates, gene therapy, RNA
interference, and regenerative medicine. These biologics have a bigger share of the
pharmaceutical market. In the drug industry as a whole 101 drugs each brought in
more than $1 billion in worldwide sales in 2006 (Lawrence, 2007), of these, 18
were biotech drugs. It has grown from only 3 biologics in 2000 (Lawrence, 2007).
In the US biotech market, the total sales grew from $40 billion in 2006 to $51.3
billion

in

2010

(Aggarwal,

2009;

Aggarwal,

2011).

That

means

the

biopharmaceutical industry is attracting more and more attention, and this situation
is leading to greater level of competition in this industry. Each company faces
enormous pressure to increase productivity while reducing costs. This is driving
new technology developments. For the biopharmaceutical industry, antibody
therapeutics is one of the most important products (Reichert, 2008). Seven new
mAbs reached the market during 2010-2011, and there are now 34 US-Food and
Drug Administration (FDA)-approved mAbs in the market (Aggarwal, 2011). There
are several critical challenges: improving process efficiency, achieving regulatory
requirements, and reducing costs(Roque and Lowe, 2004). With these
24

improvements, the bioproduct will be made more affordable to the purchaser.

In the total manufacturing cost of a therapeutic antibody, the downstream
processing occupies more than 50%, and the main cost in the downstream is the
need for several chromatographic processes (Aldridge, 2006; Roque and Lowe,
2004). Therefore, developing the chromatographic process is very important to
antibody manufacturing development; and, it is important to improve the economy
and efficiency of chromatographic systems. To achieve this goal, how to increase
the throughput whilst meeting quality requirements is a prime motivation.

1.2 Aims of this project

This thesis seeks to demonstrate the effect of column inserts on chromatographic
column hydrodynamics. It will target chromatographic columns packed with
compressible materials. Column inserts are designed to provide extra wall support,
and hence lead to a larger superficial critical velocity. The superficial critical
velocity is the maximum flow velocity the column can achieve when packed with
compressible materials. By enabling the operating flowrate to increase, and the
period of process operation could be reduced. Higher levels of process productivity
could be expected. In this thesis, the effects were studied both experimentally and
via mathematical simulation. The objective of the experimental work was to
provide experimental results on the critical velocity and column efficiency change
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with various column inserts. The purpose of establishing the mathematical model
was to provide theoretical supporting evidence to explain the column inserts impact
on column hydrodynamics and bed consolidation. Moreover, with the model, it was
expected

to

predict

pressure-flow

profile,

and

bed

compression

in

a

chromatographic column packed with a range of column inserts (different diameters,
lengths, or number).

1.3 Chromatography in bioprocesses

In this thesis, the focus is on chromatographic processes in the downstream
processing of biotech drugs. The general requirement of the downstream process in
biopharmaceutical industry is different from other drugs, such as chemical drug,
because the unit operations for the separation of biological molecules differ from
their counterparts in the chemical industry. Most biological molecules, and
particularly proteins, are destroyed by heat, cannot be evaporated or distilled, are
generated at low concentrations, and have a three-dimensional structure that can
change during purification, resulting in loss of the molecule’s function. Therefore,
bioproducts are recovered, purified, and concentrated by membranes, adsorption,
chromatography, crystallization, and other techniques that do not require heat or
extreme pH to achieve fractionation. Therefore, some processes, such as filtration,
adsorption, chromatography, and crystallization, which do not require extreme heat
or pH to achieve fractionation have been chosen for downstream purification steps
in the biopharmaceutical industry (Sofer and Hagel, 1997).
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Among these purification steps, chromatographic processes play an important role
of bioproduct purification, especially for protein separation due to its high
efficiency and selectivity. The downstream processes, almost always contains two
or three chromatography steps, which is shown in Figure 1.1. The first step is
normally for product capture. The second step of chromatography is for additional
purification of the product from residual host-cell contaminants. Sometimes, a third
chromatography step is required as a polishing step to clear residual impurities,
which are hard to remove.

Figure 1.1 A typical platform of bioprocess for protein production, involving two or
three chromatographic processes.
27

1.3.1 Modes of chromatography operation

Process chromatography is usually operated in one of two modes, involving
'bind-and-elute' or 'flow-through'. In bind-and-elute mode, the protein product is
bound to the column and then separated across the length of the column under
isocratic, or linear gradient elution conditions (Harrison et al., 2003; Guiochon et al.,
2006). The steps of the typical bind-and-elute chromatography are a column
equilibration stage, sample loading, one or more wash steps, and product elution.
By contrast, in flow-through mode, the feedstock or sample is loaded continuously
to the column with the goal being to bind contaminants to the column while the
product ‘flows-through’ for recovery after passing the bed. The typical steps in this
mode include column equilibration stage, sample loading, one or more wash as
stripping steps after the load, and column regeneration.

1.3.2 Packed matrix properties

Chromatography packed materials are characterised by their base support material
and surface chemistry ligand. The matrices are usually produced by attaching a
binding ligand to the base matrix. While the surface chemistry determines the
primary separation mechanism, the base matrix can strongly influence the mass
transport properties of the separation and contribute to secondary binding effects.
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Secondary binding effects include the impact of the matrix structure such as pore
size in determining the level of product separation achieved (Boschetti, 1994;
Muller, 2005).

1.3.2.1 Base matrices

The base matrix may either be porous or non-porous, with the majority of base
matrices used in preparative protein chromatography being porous. Both inorganic
and organic materials are used in the preparation of base matrices (Muller, 2005).
Inorganic base matrices include hydroxyapatite, alumina, silica, and controlled pore
glass. The main feature of this kind of sorbent is its incompressibility. Organic
polymers include cellulose, agarose-based matrices, cross-linked dextran,
polyacrylates, and polyvinyl polymers (Beyzavi, 1999). They are compressible
materials. Among them, agarose gels are typical natural and neutral macroporous
polysaccharidics used as base matrix. After cross-linking, it can improve them
mechanical properties. Because they are inert and hydrophilic, they are widely used
in bioseparations (Boschetti, 1994). In this study, agarose gels were the main group
considered. Composite materials, such as silica-polymer, have also been developed
in order to combine the rigidity of one material with the biocompatibility and
stability of another (Muller, 2005).
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1.3.2.2 Ligands

The attached ligand property determines the chromatography separation mechanism.
The different types of chromatography are summarised in Table 1.1.

Table 1.1 Types of ligand chemistries used in preparative protein chromatography.
Type

Examples of Ligand Type

Separation Principle

Cation-exchange Sulfopropyl (SP)
Methylsulfonate (S)
Carboxymethyl (CM)

Electrostatic interaction

Anion-exchange

Diethylaminoethylene (DEAE)
Quaternary aminoethyl (QAE)
Quaternary ammonium (Q)

Electrostatic interaction

Hydophobic
Interaction

PhenylButylOctyl-

Hydrophobic complex formation

Reversed phase

4-carbon alkyl (C4)
18-carbon alkyl (C18)

Hydrophobic complex formation

Size-exclusion
N/A (porous inert base matrix)
chromatography

Steric exclusion

Affinity,
Pseudoaffinity

Biospecific interaction,
coordination complex formation

Protein A/G
Glutathione
Heparin
Dye
Antibody
Recombinant protein
Biomimetic
Lectin
Immobilised metal affinity
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Ion-Exchange Chromatography
Ion-exchange chromatography separates molecules based on their surface charge.
As all proteins carry a net negative or positive charge, (depending on the pH and the
relative numbers of basic and acidic amino acids), they can be bound by ionic
forces to immobilized groups of opposite charge. Ion-exchange matrices consist of
hydrophilic particles to which charged groups have been covalently bonded. Once
bound, proteins can be eluted by either changing the pH of the mobile phase or by
increasing the salt concentration. The steric mass-action (SMA) ion-exchange
equilibrium formalism, accounts explicitly for the steric hindrance of salt
counterions upon protein binding in multicomponent equilibria. The SMA model
describes protein adsorption in an ion change system as a stoichiometric exchange.
At higher protein concentrations, the finite capacity of the stationary phase sites for
the adsorbed molecules play important roles in equilibrium adsorption. Velayudhan
(Velayudhan, 1990) observed that the number of blocked sites is proportional to the
adsorbed protein concentration. Brook and Cramer (Brook and Cramer, 1969) have
utilized this insight to form the basis of the SMA formalism. The SMA model has
been shown capable of describing the linear and nonlinear adsorption of proteins in
ion-exchange chromatographic system over a range of salt concentrations. Since
biopharma is dominated by mAbs most commonly used are quaternary ammonium
(Q) as an anion exchanger and Methylfonate (S) as a cation exchanger.
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Hydrophobic Interaction Chromatography
This type of chromatography makes separation of the fact that many proteins have
hydrophobic sites exposed on their surfaces. The separation is achieved by the
changing strengths of the resultant interactions with an uncharged matrix containing
hydrophobic groups, i.e., alkyl chains or phenyl rings (Burton, 1998; Chen, 2008).

Raising the ionic strength of the solution by adding a neutral salt increases the
strength of hydrophobic interactions. Thus it is usual when performing hydrophobic
interaction chromatography to adsorb the sample to the matrix at high ionic strength.
Adsorbed substances are then separated by selective desorption in which the elution
conditions are altered so as to progressively reduce the strength of the hydrophobic
interactions with the matrix. This can be achieved by one or more of the following
methods:
• Reducing the ionic strength
• Changing the ion to a more chaotropic one
• Raising the pH of eluant
• Reducing the polarity of the eluant by including, for example, ethylene glycol
• Including a detergent
Operation is very similar to ion exchange chromatography in that elution may be by
either step or continuous gradient. HIC interactions are also affected by temperature.
Adsorption will be stronger at increasing temperatures (Sofer and Hagel, 1997).
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Reversed Phase Chromatography
Reversed phase chromatography operates by a similar mechanism but is
distinguished from hydrophobic interaction chromatography by an increased degree
of substitution (hydrophobic content) on the matrix and subsequently stronger
sample/matrix interaction. In the case of proteins, the interaction is so strong that
the internal hydrophobic sites of the proteins are exposed, resulting in denaturation.
Elution is usually effected by organic solvents. Reversed phase chromatography is
highly useful for small molecules and peptides where denaturation is not a problem.
Hydrophobic interaction chromatography is used for larger proteins, where the
gentle binding and elution conditions prevent denaturation and lead to higher
recovery (Sofer and Hagel, 1997; Boschetti, 1994).

Size Exclusion Chromatography
Size exclusion chromatography separates compounds base on different molecular
sizes. The stationary phase consists of insoluble, hydrophilic, porous particles
(usually called the gel) packed into the column. Small molecules are able to
penetrate the pores fully, while large molecules are excluded from entering the gel
particles. Medium sized particles can partially penetrate the pores. Thus, different
proportions of the column volume are accessible to molecules of different sizes.
The large molecules travel fastest and are eluted first since they are unable to
penetrate the pores and have only the interstitial or void volume to traverse. Small
molecules that can fully penetrate the particle pores have the largest volume to
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traverse and are eluted last. Molecules that can penetrate the particles to varying
degrees have varying volumes to traverse and are eluted in order of decreasing size
(DePhillips and Lenhoff, 2000).

Affinity Chromatography
Proteins have highly specific binding sites for other molecules, which allow them to
carry out their biological functions. The size and the shape of the bound species as
well as the hydrophobic and the hydrophilic interactions determine the nature of the
binding. The affinity of a protein for a specific molecule (a ligand) can be employed
in order to separate the target protein from a complex mixture (Clonis, 2006; Roque
et al., 2005). This is the basis of affinity chromatography, which utilizes a
sample-specific ligand covalently coupled to a support matrix. This binding ligand
is then able to adsorb the sample from the mobile phase. Desorption is achieved by
changing the elution conditions so as to reduce the ligand-protein interaction.
Affinity matrices used for practical large-scale purification fall into two categories:
• Those which are specific to the desired protein. In the case of an enzyme for
instance, the ligand might be a substrate, substrate analogue, inhibitor, or a specific
antibody.
• Those which will interact with a group of species because they carry a
group-specific or general ligand. Such group-specific ligands include immobilized
cofactors (for example, 5-AmP or NAD) which are specific for classes of enzymes,
or dyes which can interact with a large number of different proteins. In the case of
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group-specific ligands, purification depends on the variable affinity of different
enzymes for the ligand and in the susceptibility to differing elution conditions.
Desorption may be achieved by eluting with either a specific co-factor or substrate
which will compete with the immobilized ligand for the protein. It may also be
attained by altering the pH or ionic strength, which will perturb the protein/matrix
interaction. In theory, a specific affinity matrix offers ideal purification, with the
potential for a one-step process from a crude protein mixture to the single desired
product. In practice, however, ligands specific for a given enzyme are either
substrates or inhibitors of that enzyme. For that reason, they are often difficult and
expensive to prepare in quantity. In addition, after the enzyme substrate is coupled
to the matrix, it may no longer be capable of binding the enzyme. The use of
group-specific matrices has been more common to-date. In particular, the
immobilized dyes have found many uses. A variety of commercially produced
dye-ligand matrices are available.

1.3.3 Basic chromatographic theory

1.3.3.1 Resolution

The separation efficiency or resolution of a system depends on two different
properties: selectivity, measured by the volume separating the peaks of two adjacent
sample components; and the band broadening properties of the system. Both of
these properties are taken into account when defining resolution. The calculation of
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two peaks’ resolution in Figure 1.2 can follow the equation below:

Rs =

Vr 2 − Vr1

(1.1)

1
(Wb1 + Wb 2 )
2

Where Rs is resolution. Vr 2 and Vr1

are the retention volume/time of the two

peak. Wb1 and Wb 2 are the width of the two peaks.

Figure 1.2 Typical Chromatogram. The void volume, V0, is defined as the elution
volume of an un-retained solution.

1.3.3.2 Column efficiency

The method of determining a normalized peak width has been developed to
compare fairly the effects of such factors as particle size, column packing technique
or ancillary equipment on efficiency. A defined band of a single test injection,
usually such as a salt (NaCl), or a dilute solution of acetone, is applied to the
column. Retention volume and peak width are measured. These are used to
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calculate the theoretical plate number for the peak in Figure 1.2, (N): (Martin and
Synge, 1941; Craig, 1944)

⎛ V ⎞
N = 5.54 ⎜ r 2 ⎟
⎝ W0.5 ⎠

2

(1.2)

The plate number (N) is proportional to the column bed length (L). To make the
comparison of the efficiency of different columns, the height equivalent of a
theoretical plate of HETP is used:

HETP =

L
N

(1.3)

The HETP gives a measurement of the separation efficiency per unit length of
column, when operated under a given set of conditions. It will vary with the
concentration, nature and volume of the test solute and should thus only be used for
comparative purposes. More efficient columns have lower HETP values. The
calculation of HETP allows ready comparison of the loss of efficiency in a column
after a number of applications, or the difference between different columns. The
dependence of HETP on flow rates given by the Van Deemter equation: (Van
Deemter et al., 1956)

HETP = A +

B
+ Cu
u

(1.4)

where u is the flow rate. A is a constant associated with eddy diffusion, B is
coefficient associated with axial diffusion, and C reflects the mass transfer kinetics.
Figure1.3 shows how the HETP related to flowrate.

37

Figure 1.3 The height equivalent of a theoretical plate (HETP) at different
flowrate.

1.4 History of chromatographic process development

There is a long history of process chromatography use in protein purification, and
this work will focus on the re-design the chromatography column with soft matrix
packing. Therefore, it is necessary to introduce the five decades history of process
chromatography briefly.

The first development of chromatography was by Russian botanist Tswett at the
beginning of the 20th century in the separation of plant pigments (Tswett, 1906).
Process chromatography was first applied to the removal of low molecular weight
solutes from whey by gel filtration about 50 years ago. Milestones of process
chromatography: it can be summarized as from size exclusion chromatography, to
Ion-exchange chromatography, then to affinity chromatography.
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a) The Nobel Prize in Chemistry 1948 was awarded to Arne Tiselius for his
research on electrophoresis and adsorption analysis, especially for his discoveries
concerning the complex nature of the serum proteins (Tiselius, 1948). Martin and
Synge invented the partition chromatography for the Nobel Prize in Chemistry
(1952), "This tool has enabled research workers in chemistry, biology, and
medicine to tackle and solve problems which earlier were considered almost
hopelessly complicated." (Tiselius, 1952)

b) In 1970s size exclusion chromatography was scaled up for insulin production,
which was only used as an analytical method. At the same time, ion exchange also
became a viable technology for the same application. Ion exchange was adopted as
the industry workhorse as robust resins became available and formed the backbone
of chromatographic processing of blood plasma fractionation in alternatives to and
extensions of ethanol precipitation (Curting, 2007).

c) The high cost of affinity chromatography restricted it only in the laboratory until
the production of mAbs made efficient immunoaffinity indispensable in high purity
coagulation factor production in the 1980s. Since then, an powerful toolbox of
chromatographic methods has been developed, and a process chromatographic
capture–purify–polish regime is now almost popularized. Affinity capture of
antibodies on Protein A adsorbents is used throughout the industry with widespread
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discussion of affinity versus ion exchange.

Compressible matrix
In 1960s, the low porosity, hydrophobic styrene-divinyl benzene resins were
replaced by porous and hydrophilic supports for protein chromatography. Cellulose
ion exchangers was developed by Peterson and Sobers in 1956, (Peterson and Sober,
1954) cross-linked dextrans (Sephadex) by Porath and Flodin in 1959,(Porath and
Flodin, 1959) and polyacrylamide and agarose by Hjertén (Hjertén, 1961, Hjertén,
1964) in 1961 and 1964 respectively. This was a revolution in protein
chromatography.

Scale-up
Before 1970s the chromatographic process scale-up was restricted to the use of
rigid gels, such as Sephadex G-25 in stainless steel columns or "Gel Filters," which
were developed and introduced in 1968 by Pharmacia Fine Chemicals. The "Stack"
or sectional column was developed by Janson (Janson, 1971) to overcome the
pressure-flow restrictions of soft gels. At that time, the maximum column
dimensions could be achieved was 16 cm bed height by 37 cm diameter, only
because this was the largest polypropylene mold size which could be made. These
early columns had fixed bed heights and the gel filters could be pump packed, is
still predating today's packing methods in these several decades.
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Since the 1960’s, manufactures of chromatographic resins have developed
increasingly robust media for process scale chromatography. They continue to
search for improvements in stationary phases to keep pace with the increasing
demands of the biotechnology industry for improved product throughput. The
development challenge was and still is overcoming mass transfer limitations due to
diffusion, in turn limited by residence time, bead porosity, bead size, and matrix
morphology in the case of continuous stationary phases.

1.5 Bed compression in chromatographic process

1.5.1 Limitations with compressible materials

Soft material, such as agarose based matrices are widely used in the
chromatography column packing (Sofer and Hagel, 1997). With compressible
material packing chromatography column, the low throughput is a problem,
especially at a large-scale. The reason is that chromatographic process usually
operates at a high pressure, the high pressure leads the bed more compress in soft
matrix packed column, and then the resistance from the bed cause a the limitation
on the flow rate. With such a low flow rate, the productivity is limited. Therefore,
new technology should be developed to reduce the bed compression, increase the
flow rate, and then improve the productivity. After achieving this, it can be
outstanding in biopharmaceutical industry competition. Therefore, chromatography
columns need re-designing to overcome this problem. However, due to the high
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selectivity property of chromatographic systems, any column re-design may change
the bed efficiency. Therefore, the aim of the re-design column should increase the
throughput, and keep the column efficiency constant.

1.5.2 Theory of wall effects

With soft matrix packing, larger pressure drops in the column are not sustainable.
The ritical flow velocity is the maximum flow velocity in the chromatography
column, which is packed with compressible matrix. At the beginning of any
increase in pressure, the flow rate increases, and the matrix undergoes compression.
When the matrix reaches the highest compression level, the resistance from the
matrix will be constant. With now a tight matrix formation, even more pressure is
supplied, but the flow remains constant. This flow rate is termed the critical flow
rate (Ucrit). The critical velocity is the critical flow rate divided by the base area.
The critical velocity is very important to the chromatographic process with soft
matrix packing; the operating flow velocity < 70% of the critical velocity (Sofer and
Hagel, 1997). This critical velocity reflects the level of wall support of the column.
It can be imaged that keeping bed height constant, with larger column diameter, the
support from the column work will be reduced and the matrix will be more
compressed. The resistance from the matrix will be raise, and therefore, the critical
velocity will be low. On scale-up of a chromatographic system with soft matrix
packing, the wall support should be considered.
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Chromatographic processes are usually developed at bench scale with columns of
diameter (D) less than 0.03m. Current chromatographic scale-up techniques
typically involve increasing column diameter to accommodate the increase in
process volume, whilst maintaining the bed height and superficial fluid velocity
(Stickel and Fotopoulos, 2001). A key-issue in the scale-up for columns packed
with compressible materials is that the maximum flow rate through the column is
limited by the collapse of the resin due to compressive stresses imposed by the fluid
flowing through it. This does not occur with beds packed with incompressible, rigid
resins for which the bed volume and permeability remain constant giving rise to
linear pressure-flow profiles in which the increasing pressure drop is a result of
increasing fluid velocity only. However, many of the chromatography resins
available today exhibit compression to varying degrees, particularly the ubiquitous
agarose-based resins. Bed packed with such materials exhibit exponential
pressure-flow curves start to rise without limit is defined as the critical velocity (ucrit)
(Stickel and Fotopoulos, 2001) and this places a practical boundary upon the
operating flow rates which can be used for any chromatographic system utilizing
compressible media (Tran et al., 2007).

While frictional forces at the walls of the column provide a degree of bed support
and can allow higher flow rates, the impact of shear wall stresses decreases with
increasing column diameter (Keener et al., 2002). A direct consequence of this
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‘wall support’ effect is that the superficial mobile phase velocities developed and
used during bench-scale optimization may not necessarily be suitable for large scale
operation. Further to this, temperature, viscosity, pH and ionic strength of the
mobile phase can also have a dramatic effect on the structural support of
compressible resins (Stickel and Fotopoulos, 2001), as well as the packing
techniques used (e.g. sedimentation time etc.).

It is shown that the wall support has reflected on the critical velocity, and more wall
support can reduce bed compression, and then the critical velocity can increase.
With a higher critical velocity, the operating velocity can also increase. If the
operating velocity can increase, and provided no deleterious influence on column
efficiency, the productivity can increase, and that means more benefit can be gained.
Therefore, to increase the operating velocity, more wall support is required. The
idea of insert setup in the column is to increase the wall support.

1.5.3 Column inserts

With scale-up, the bed height is always maintained, to accommodate more material,
the diameter of the column increase. However, due to the large change in aspect
ratio the medium compression level and hydrodynamic pressure drops will increase,
because of the loss of wall support (Mohammed et al., 1992; Colby et al., 1996). To
increase the level of wall support, an innovative insert system was put in the
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chromatography column to increase the wall support, and then the compression
level decreases in the packing bed, the resistance from the packing media will
reduce, so a higher critical velocity can be expected. With such an insert setup,
there will be potentially some other problems. For example, the hydrodynamic flow
and the flow distribution will change in the column, and the theoretical plate height
of the column will change. (That means the column efficiency will vary) Therefore,
there is a need to perform experimental and theoretical work on the re-design
columns with insert setup. It is necessary to research the column hydrodynamic
performance in Chapter Three. Only base soft matrix packed in the column will be
studied. HETP and critical velocity test in the condition with or without insert will
be used to show how both of these changes when an insert is used. Then, a
mathematical model will be established to describe the pressure-flowrate
relationship for a compressible matrix column with or without insert system in
Chapter Four.

1.6 Organisation of thesis

The thesis seeks to characterise the effect of column inserts on chromatographic
column hydrodynamics. Both experimental and simulation studies are involved to
achieve this objective. In Chapter Two, the materials and methods for experiment
and mathematics are provided. Chapter Three lists the main experimental data about
critical velocity and column efficiency test results on chromatographic columns
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packed with various inserts. The mathematical model, which describes
chromatography column hydrodynamics is established in Chapter Four, based on
Darcy’s Law about flow though porous media, and Biot’s Theory about
compressible material consolidation. It is an empirical model. The best fit
coefficient in the equations which describe the packed material properties (Young’s
modulus, and bed voidage fraction) is found out by an inverse method. The model
application is in Chapter Five. This model will be used to predict the pressure-flow,
and bed consolidation in chromatographic columns with different column insert.
The optimal column insert design, which can lead to the greatest critical velocity
increment, will be estimated. Finally, in Chapter Six, the conclusions and
recommendations for future work are presented.
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Chapter Two: Materials and Methods
The following sections detail the experimental methods and mathematical modeling
approaches developed and used in this work.
2.1 Experiments for critical velocity determinations and column efficiency tests

2.1.1 Experimental setup

To study the effect of column inserts on the chromatographic hydrodynamics of
packed bed chromatography a range of different compressible matrices were chosen
as packing material. Experiments were conducted at lab-scale and pilot-scale where
all columns were packed manually. To deal with different column scales, a range of
chromatography operating systems were employed. In this section, the
chromatography operating system, columns, packing material, and column inserts
are introduced.

2.1.1.1 Pump and detector systems

Three different chromatography systems, all supplied by GE Healthcare, (Uppsala,
Sweden,) were used to cover the range of column operating specifications. The
ÄKTAexplorer™ system was applied for the critical velocity determination in XK
16 columns packed with P6XL, Sepharose™ CL-6B or Sepharose 4B (maximum
flowrate 100 mL min-1), and column efficiency tests for XK16 and XK50 columns.
The ÄKTAcrossflow™ system was applied for critical velocity determinations in
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XK 50 and BPG 100 columns packed with P6XL (maximum flowrate 600 mL
min-1). The ÄKTApilot™ system was applied for critical velocity determinations in
XK 50 and BPG 100 columns packed with P6XL (maximum flowrate 800 mL
min-1), and column efficiency tests for the BPG100 column. These AKTA series
systems were controlled by Unicorn Software. The pressure drop, flowrate, UV, and
conductivity were record automatically during operation. Additionally, with this
software, a method can be written for automatic column operation, including
conducting critical velocity and column efficiency tests. The minimum
measurement of the pump systems on all the AKTA system is 0.1 bar. To get more
accurate pressure measurements, a Digitron 2082P pressure transducer, supplied by
Digitron Instrumentation Ltd.(Cambridge, UK), (Range: 0 – 2 bar) was used. It was
positioned at the inlet point of the column to measure the pressure drop. It had a
sensitivity of 0.001 bar. The pressure was recorded manually for each experimental
step. The difference between the repeat experimental results is no more than 2%
when using these pumps.

2.1.1.2 Chromatography columns

XK™ 16 (i.d.: 16 mm diameter) and XK™ 50 (i.d.: 50 mm diameter) columns were
used for laboratory-scale experiments, whereas a BPG™ 100 (i.d.: 100 mm
diameter) was used for pilot-scale experiments. All columns were purchased from
GE Healthcare (GE Healthcare, Uppsala, Sweden). Each column allowed for
packing to different bed heights with adjustable top adaptors. The limitation of their
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operational pressure is 3 bar, and the operational pressure never exceeded 70% of
this limitation for safety reasons. The experimental setup is shown in Figure 2.1.

Figure 2.1 Experimental setup

2.1.1.3 Packing materials

Sepharose 4B, Sepharose CL-6B (GE Healthcare, Uppsala, Sweden) and
Purabead® 6XL (ProMetic Biosciences Ltd, Cambridge, UK) resins were used in
these studies. All are agarose-based resins with no ligands attached. The average
particle size was in the range of 75-125 µm in all cases. Each resin had a different
level of agarose cross-linked structure and hence rigidity. Experiments performed
with non cross-linked and cross-linked resins evaluated the effect of resin rigidity
on bed compression. Specifically, Sepharose CL-6B and P6XL resin each contain
6% v/v cross-linked agarose to achieve a high level of rigidity. Sepharose 4B
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contains 4% v/v agarose, which is not cross-linked, thus it is of lower rigidity than
the other two resins. In all experiments, columns were repacked with the same resin
before each critical velocity determination. Experiments conducted on column
without re-packing showed that the critical velocity reduced after each experiment.
The details of the results and discussion will be provided in Chapter three.

The physical properties of the resins, including the Youngs modulus, Poisson ratio,
and wall friction coefficient between column and packing material, were calibrated
by mathematical modeling, established by employing non-linear curve fitting in
Matlab (see section 2.2).
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2.1.1.4 Inserts

Table 2.1 Summary of basic materials and experimental conditions
Pump system

Diameter

Insert
Column

(mm)

Ucrit

Resin
material

As & HETP
Sepharose 4B

XK 16

16

ÄKTAexplorer

ÄKTAexplorer

Sepharose CL-6B

Plastic

P6XL
Plastic
ÄKTAcrossflow
XK 50

50

&
ÄKTAexplorer

P6XL

ÄKTApilot

Stainless
Steel

ÄKTAcrossflow
BPG 100

100

Stainless
P6XL

ÄKTApilot

Steel
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Figure 2.2 a Stainless steel insert configurations. The support bars can be removed
to enable single or double inserts to be used. Design for both XK 50 and BPG 100
columns. The inserts diameters were 15 mm and 30 mm, and their length was 45
mm. all supporting bars were 50 mm long. b Plastic insert configuration. The
support bar is fixed. The insert size is same as stainless steel inserts.

All inserts were purpose made and of hollow cylindrical shape constructed of either
plastic or stainless steel (Figure 2.2). Inserts were placed concentrically within the
columns and their orientation was secured by stainless steel bars (diameter: 1.5 mm)
bearing on the column walls to allow precise location of the insert. It was assumed
that these bars did not disturb the flow field significantly as their cross sectional
area is ~3% of the cross-sectional area of the column. The wall thickness of the
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plastic inserts was 1 mm. The wall thickness of the stainless steel inserts was 0.1
mm. Table 2.1 summarises the columns and chromatography systems used and
Tables 2.2a+b gives the dimensions of all inserts used. To make it clear in this
thesis, ‘height’ always refers to bed height, and insert height has been present as
‘insert length’.

Table 2.2a Plastic and stainless steel insert dimensions (mm)
Column

Diameter

Length

XK 16

8

45

XK 50

16 & 35

45

Table 2.2b Stainless steel insert dimensions (mm)
Insert diameter
15
30

30

45

60

√

75
√

Insert

45

length

60

√

√

75

√

√

90

√

√

√

√

90

√

√

√

√

√

√

√

√

Ticked blocks indicate those inserts fabricated for use either singly or combined.

2.1.2 Column packing procedure

Homogenous slurries of resin (in 20% v/v ethanol) were made to a concentration of
70% v/v gravity settled bed slurry volume and used for column packing. RO water
and 100mM sodium chloride was used as the mobile phase and recycled during the
53

pressure-flow curve and critical velocity determinations. Before column packing, it
was necessary to get rid of the air between the filter and mesh on adaptors;
otherwise, the air bubbles will affect the flow distribution, and they will affect the
column efficiency test results. For bottom mounted inserts the insert was initially
placed in the column before packing buffer and the bead slurry was poured into the
column. Additionally, there were three packing procedures used, including inserts
placed before pouring slurry, inserts placed after that, and inserts placed after
pouring slurry with a low upward flow during bed settle. In the Chapter Three, it
will show the column efficiency test results on these three packing methods, and
discuss the data to determine which packing procedure is better. A measured
volume of slurry was poured into the column down the column wall to avoid
entrainment of air bubbles. The resin was then gravity settled overnight and the top
adaptor was lowered into the supernatant to a point 1 cm above the settled bed.
Following this a 10 cm h-1 flowrate was applied for 40 minutes in order for the bed
height to equilibrate.
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Figure 2.3 Insert in a BPG 100 column. The insert is constructed of stainless steel,
and it is 75 mm in diameter, and 90 mm in length. This column is a 100 mm
diameter column.

2.1.3 Pressure-flowrate curve and critical flow velocity determination

The automatic pressure step method developed by Chang et al. (2012) was applied
for critical velocity determination.(Chang et al., 2012) Briefly, a standard
proportional-integral (PI) control algorithm was linked to the pressure and flow
controller of the pump system. The pressure was increased incrementally from 0.05
MPa in fixed pressure steps (0.02 MPa for the ÄKTAexplorer system and 0.01 MPa
for the rest of the systems used). Each step lasted 5 min during which period the
system sought to adjust the flow velocity in order to achieve the desired pressure set
point. The critical velocity was deemed to have been reached when a change of less
than 15 cm h-1 in the flow velocity occurred after three consecutive pressure steps.
The maximum allowable operational pressure was set at 70% of the column
pressure safety limit. To reduce the experimental error, each experiment was
repeated in triplicate with the mean results presented with together a standard
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deviation.

In the traditional method (Stickel, 2001), the flowrate is the input and is increased
in steps. When the pressure drop increases without limited at a certain flowrate step,
this flowrate is termed the critical flowrate, Ucrit. If the input flow velocity is close
to, or in excess of the real critical velocity, the pressure drop will be equivalent to
that at the real critical flowrate. Therefore, it is very difficult to achieve an accurate
critical flowrate without prior experience. Moreover, if the input flow velocity is
more than the critical velocity, there is a risk of column damage by high pressure.
Compared to the traditional flow step method for critical velocity determination,
this automatic pressure step can yield more accurate results.

Figure 2.4 Initial experimental data of automatic pressure step method. The
experiment was taken using a BPG 100 column with P6XL at 110±5 mm bed height.
The solid line is flowrate, and the dash line is pressure. This is for independent
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critical velocity determination experiment.

In this project, the difference of critical flowrates in a column packed with two
types of inserts was sometimes only 2-3%. Such a small difference is hard to locate
with the traditional method of Ucrit determination. Moreover, with the control of
flowrate, the pressure increases very fast when the flowrate is close to the critical
value. There is hence a potential risk of exceeding the safe pressure of the column
which is always relatively low (The safety pressure of XK 16, XK50, and BPG100
column is 3 bar). In the automatic pressure step method, the pressure was controlled
and hence the risk of generating a high pressure was avoided by ensuring the
pressure steps were always well below the safety pressure limit.

2.1.4 Column efficiency determination

The number of theoretical plates and asymmetry factor for all columns were
calculated by running a 1% CV pulse of 1% v/v acetone. The flowrate used for the
XK 16, XK 50 and BPG100 columns were 2 mL min-1, 20 mL min-1 and 80 mL
min-1 respectively. In each case, this is about 20-30% of the critical flowrate. The
absorbance of the tracer pulse leaving the column was detected at 280 nm. The
equations to calculate plate number and asymmetry factor are given below(Martin
and Synge, 1941; Foley and Dorsey, 1983):

N = 5.54

tR 2
W1/2 2

(2.1)

where N is the number of theoretical plates, tR is the retention time of the probe
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molecule and W1/2 is the width of the peak at one half the maximum height.

As =

b
a

(2.2)

where As is the asymmetry factor, a is the distance from the leading edge of the
peak to the midpoint of the peak and b is the distance from the midpoint of the peak
to the trailing edge. As was determined at 10 % of the maximum peak height. These
calculations were completed using the Unicorn 5.0 software, supplied by GE
Healthcare, Uppsala, Sweden. To reduce the experimental error, each experiment
was repeated in triplicate, and the mean result presented with standard deviation
data.

2.2 Mathematical simulation

The creation of a mathematical model was essential for this work. Whilst the
experiments conducted can lead us to understand the phenomenon and which
column inserts affect chromatographic process operation, a mathematics model
allows us to research the theory of chromatography bed consolidation by inserts. In
this section, the method of model establishment for chromatography bed
compression is set out. It involves use of the finite element and the inverse methods.

2.2.1 Model of solid mechanics established with Comsol Multiphysics

Comsol Multiphysics (Comsol Ltd., Hatfield, UK) was applied to simulate the
prevailing hydrodynamics in the chromatography columns. Comsol Multiphysics is
a finite element analysis, solver and simulation software for various physics and
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engineering applications, especially coupled phenomena, or multiphysics. It is
based on the finite element method which it uses to solve the differential equation,
such as the pressure drop, superficial flow velocity, and porosity distribution in the
chromatography column in this case. (The finite element method will be described
later.) The column is rotationally symmetric due to its cylindrical shape; therefore
the dimensional type of this model can be 2D-symmetry. To simulate the
hydrodynamic flow in a chromatography column, flow through the porous media
was based on Darcy’s law. A solid mechanics model was employed and coupled to
the hydrodynamic component. The initial estimates for these parameters were from
some published papers. For Young modulus of 6% agarose gels, it is 120 kPa (Chen
et al., 2003). The Poisson ratio is 0.26, and the wall friction coefficient between
packing material and column wall is 0.16.(Keener et al., 2004; McCue et al., 2007)
The equations which describe the pressure drop, flow velocity, porosity, and Young
modulus were also input. The detail of the equations will be discussed later. Figure
2.5 shows the steps of model formulation.
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Figure 2.5 Flowchart for model formulation in Comsol Multiphysics. In the first
step the 2D-asymmetry was selected to deal with the cylindrical column. Secondly,
the mathematical model describing the flow in chromatography column was chosen.
Thirdly, the geometry was drawn. In the fourth step, the parameters were input.
Next, the equations need to be specified in the model domain. Then, the mesh was
generated, and the model solved. Finally, the results were evaluated and exported.
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2.2.2 The finite element method

Most phenomenon in nature such as sound, heat, electrostatics, electrodynamics,
fluid flow, or elasticity can be described with the aid of the Laws of Physics, in
term of partial differential equations relating various quantities of interest.(Reddy,
1993) Their solution by exact methods is often impossible because of the
complicated geometry or complex function involved. Therefore, approximate
methods of analysis are employed.

The finite element method is a numerical technique for finding approximate
solutions to partial differential equations and their systems. The finite element
method originated from the need for solving complex elasticity and structural
analysis problems in civil and aeronautical engineering. Its development can be
traced back to the work by Alexander Hrennikoff (1941) and Richard Courant
(1942) (Pelosi, 2007).

The finite method is a technique where a given domain is divided into subdomains.
Each subdomain is called an element and their union is called a finite element mesh.
It is a uniform mesh, where all elements (length/area/volume) are same; otherwise it
is a non-uniform mesh. The points where the elements are connected to each other
are called nodes. The dimension of the elements depends on the dimension of the
problem to be solved. In one-dimensional problems, the element is a line segment.
In two-dimensional problems, the element is a triangle. In three-dimensional
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problems, the element is a tetrahedron (Gerontas et al., 2010; Reddy, 1993).

After the whole has been divided into parts, the functions which approximate the
solution are developed over each of the elements. The algebraic relations among the
nodal values of the solution over each part are derived, and then an assembly of the
element equations and a solution for the whole domain results (Reddy, 1993).

2.2.3 Inverse method

The inverse method was used to evaluate the parameters, including the Young’s
modulus of the resin, the wall friction coefficient and the permeability constant.
This inverse problem was implemented in 5 steps using Comsol Multiphysics
wrapped around MatlabTM (The MathWorks Inc., Natick, USA). The flowchart for
this is given in Figure 2.6. Firstly, the Comsol model was developed in Comsol’s
graphical user interface using arbitrary values for the parameters of interest. It was
then saved as a Matlab file. In this form the file can run in Matlab’s graphical user
interface without the option to alter the values of the parameters of interest and to
calibrate the model with experimental data. This was achieved by editing the file as
a Matlab function, so as to treat the system of differential equations of the model as
a functional representation between the parameters of interest which are the input
and the sum of squared residuals (a residual is defined as the difference between the
experimental and the fitted value) which is the output. This Matlab function was
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Figure 2.6 Flowchart for evaluating parameters in hydrodynamic equation
(Young’s modulus as a function of packing material deformation, and permeability
as a function of bed voidage) by using inverse method in Comsol Multiphysics and
Matlab. There are 5 steps involved. In the first step, the model was solved in
Comsol Multiphysics. In the second step, the model was saved as a Mablab file. In
the third step, the model function was created, which is the sum of square of
different between simulation and experiment result. In the fourth step, the
reasonable initial guess and range of parameters were input. At last, Matlab
calculated the error results for each parameter and found to best-fit parameter
values which are minimizing the error function.

63

referred to as the forward model function. Its role used to help Matlab recognise,
which parameters of the Comsol model need to be estimated. Then, the nonlinear
least-squares Matlab function “lsqcurvefit” (default settings) was used to minimise
the forward model function. This was achieved by solving the nonlinear data-fitting
problems using the Levenberg-Marquardt algorithm, and searching for optimal
parameter values within the range imposed by the upper and lower bounds of these
parameters. Using it without setting bounds could lead to results with no physical
meaning. The parameter values were estimated in 4 h CPU times on an Intel
Hexa-Core Pentium Xeon 5680/3.33 GHz processor with 96 Gb memory. Both
cores were under load during simulation and 48 Gb out of 96 Gb memory were
allocated for Comsol Multiphysics.

2.3 Statistical analysis

Experimental works were conducted to seek the effect of column inserts on critical
velocity and column efficiency change. The experimental data included critical
velocity and plate number of chromatographic column with different dimensional
column inserts. To validate the experimental data, triplicate experiments were taken
for each independent experiment. To claim the significant difference between these
groups, a two sample t-test in Minitab 15 (Lead Technologies Inc.) software was
applied. For example, to compare the theoretical plate number when two different
kinds of column insert were present, the experimental data were input to Minitab,
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and a two sample t-test then run. If the P value is < 0.005, it can be claimed that
there is significant change of theoretical plate number with columns having these
two kinds of inserts (Schiff and Agostina, 1996).
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Chapter Three: System Characterisation
3.1 Introduction
In this chapter, the critical velocity determination and column efficiency
experimental results carried out on columns having different types of inserts, from
lab-scale to pilot scale are reported. Some empirical equations are specified to
describe the critical velocity change versus insert dimension. The majority work in
this chapter is devoted to showing the phenomenon by which the inserts affect the
column hydrodynamics, and presents some discussions of this. The development
and application of a theoretical simulation will be given in the next two chapters.

Chromatography is widely used in the purification of proteins, contributing
significantly to the cost of the overall downstream process. Normally, the
development of chromatographic processes is from laboratory columns with
diameters less than 30 mm, and then goes to pilot scale and large scale. Scale-up is
conventionally conducted by increasing the column diameter to accommodate more
packing material, keeping the bed height and superficial velocity constant. However,
on scale-up, this can result in an increased hydrodynamic pressure drop due to loss
of wall support. The majority of commercially available chromatography media are
compressible, such as agarose base matrices (Stickel and Fotopoulos, 2001; Sofer
and Hage, 1997; Tran et al., 2007; McCue et al., 2007), and the pressure drop can
become very large. Over time, the chromatography bed will be over-compressed
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and the performance of the column will deteriorate. As a result, in large scale
manufacturing, chromatography columns have to be repacked periodically.
Therefore, for chromatographic process scale-up, it is necessary to study the effect
of wall support on bed compressibility. In a chromatographic process, the mobile
phase viscosity is always higher than the viscosity of water, which is used for model
development. However, there is a linear relationship between viscosity and other
parameters, such as pressure, permeability, and flowrate, therefore, when viscosity
changes, the model is still applicable.

The superficial critical velocity is an indirect measure of column compressibility.
The superficial critical velocity defined as the maximum flow velocity the column
can achieve before the pressure starts to rise without limit.(Keener et al., 2002;
Keener et al., 2004; Östergren et al., 1998) For a given column geometry a high
critical velocity means that the resin is less compressible and the bed height is not
reduced significantly over a wide range of operating flowrates. Therefore, the
column can operate at high flow rates, potentially resulting in high levels of
productivity. However, for commercially available agarose based chromatography
column packing material, due to its soft property, the critical velocity is relatively
low and the creates a limit on the process throughput that can be achieved.

Wall support is one of key parameters which affect the critical velocity. It derives
from the frictional forces acting at the column walls and is affected by the aspect
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ratio (diameter/length) of the packed bed.(Colby et al., 1996; Soriano et al., 1997;
Parker et al., 1987) The frictional force acts the opposite direction of pressure drop,
and slow down the displacement of the chromatography bed, and then lead to
higher bed porosity even at high flowrate. This will enable the mobile phase to flow
more easily though the column, and a corresponding large critical velocity. The
impact of this force is negligible when the aspect ratio of the packed bed is above 2
which means that for most production columns wall support is minimal.(Stickel and
Fotopoulos, 2001) In this study, column inserts were design and placed in
chromatography column packed with compressible material to gain extra wall
support, and then lead to a higher critical velocity.

In this chapter the ability of cylindrical inserts, of negligible wall thickness, to
increase the critical velocity without significantly affecting column efficiency was
studied. The idea of using inserts is primarily focused on providing a greater
operating range for more traditional, compressible beads and hence to extend the
hydraulic capability of existing equipment. The inserts were made from cylinders
constructed of plastic or stainless steel, rest on the bottom of the column and
mounted concentrically. The column inserts were constructed of stainless steel
(grade is 316), and plastic (polyethylene) each of which are stable to CIP chemical
such as 1 M NaOH. Recognizing, however, that the introduction of any elements
within the packed structure may disturb the even flow distribution through the
column, we also assessed the impact of the inclusion of inserts on column
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efficiency as measured by the theoretical plate number and the degree of peak
asymmetry for a non-retained tracer molecule.

3.2 Impact of column insert on critical velocity
In this chapter, an experimental approach was investigated to characterise the effect
of column insert design and position on column compression and the impact on
column efficiency. The position of the insert(s) in the column, their diameter, their
material of construction, the aspect ratio of the column supported by inserts and the
resin rigidity were examined independently and in concert.

3.2.1 Effect of experimental runs on critical velocity
To determine experimentally the accurate critical velocity of a chromatography
column, repeat tests are necessary. In Chapter Two, it has mentioned that the
column needs to be repacked according to the column packing procedure before
each test. At the beginning of this project, a series of repeat experiments were taken
hourly without column repacking. The results for each run are given in Figure 3.1.
The critical velocity keeps decreasing after each run. The reason is that the
deformation of the packing material is irreversible after the high pressure operating.
The change in apparent critical velocity after each run means that such data can not
be used as accurate values of the actual critical velocity. Based on these data it was
decided that column repacking was necessary after each run. The solid line in
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Figure 3.1 shows the critical velocity test results obtained for columns which had
been repacked each time. The difference between runs at a given condition is in 1%,
and the average of results can be claimed to be an accurate values of the actual
critical velocity. All the critical velocity test results presented in this work were
hence columns repacked before each determination. No statistical analysis of the
data in Fig 3.1 was presented, because each point represents just one critical
velocity test result.

Figure 3.1 The experimental critical velocity results for different runs. The
experiments used a BPG 100 column packed with P6XL to 110±5 mm in height. The
solid points and hollow points represent the critical flowrate result with and
without column repacking respectively. For non-repacked column experiments, a
one hour period for bed expansion was allowed for between determination of
critical velocity.
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3.2.2 Effect of insert position on critical velocity
The impact of insert position on the critical velocity was tested in a lab-scale
column. The three positions examined were top, middle and bottom in an XK 16
column packed with Sepharose CL-6B (see Figure 3.2). The standard operating
procedure for column packing was followed using a single insert 9 mm in diameter
and 45 mm in length (The bottom of insert was positioned as follows: TOP, 55 mm
from column base; MIDDLE, 27.5 mm from column base; and, BOTTOM, resting
on column base as shown in Figure 3.2). Figure 3.3 shows that there was a
considerable change in critical velocity when the insert was placed at the bottom of
the column. This was expected as the axial stress in the bottom region of the
column is greatest and consequently this leads to more bed compression.(Yuan et
al., 1999) Hence an insert placed at the base of the column exerts the greatest
impact.

insert

Insert at top

Insert at middle

Insert at bottom
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Figure 3.2 Inserts at different column positions. All use an XK 16 column packed
with Sepharose 6b-CL material at 100±5 mm bed height. Insert (9 mm in diameter
and 45 mm in length) constructed of plastic and placed at three different positions:
top (55 mm from column base), middle (27.5 mm from column base), and bottom
(resting on column base) of bed prior to determination of the critical velocity.

Figure 3.3 Effect of insert position on critical velocity of XK 16 column packed with
Sepharose CL-6B to a bed height of 100±5 mm. Critical velocity without insert; 360
cm h-1. Data points are mean±SD from 3 independent experiments.

Logically when placing an insert in either the middle or top part of the column this
results in the less compressed regions of the bed not being supported, thus failing to
reduce the compression effect so significantly. The results in Figure 2 support this.
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A 20% increase in critical velocity was seen for the best case and provided the
impetus for further studies, all of which were based upon placing inserts at the base
of the column. In this thesis, SD refers to one standard deviation.

3.2.3 Effects of insert length on critical velocity

Having determined the best location for the positioning of an insert, Figure 3.4
shows the effect of insert length on the critical velocity for a fixed column insert
and resin combination. For the combinations studied a linear relationship between
the increase in critical velocity and insert length presumably as a result of providing
more wall support to the bed structure was developed:

Δucrit
= α Linsert
ucrit 0

(3.1)

where Δucrit is the change in critical velocity, ucrit0 is the critical velocity in a
column without insert(s), cm h-1, Linsert is the insert length, mm, and α is the
constant of coefficient. In this case for BPG 100 column packed with P6XL having
single insert system, α =0.08.
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Figure 3.4 Effect of insert length on critical velocity of BPG 100 column packed
with P6XL resin to a bed height of 100±5 mm. Critical velocity without insert;
219cm h-1. Insert constructed of stainless steel. Insert lengths (mm): 30, 45, 60, 75
and 90, and insert diameter: 30 mm. Data points are mean±SD from 3 independent
experiments. Line shows best fit to the linear equation:

Δucrit
= 0.08 × Linsert ,
ucrit 0

R2=0.98

Further analysis of the results in Figure 3.4 shows that the axial stress at bottom is
greatest in a chromatography column packed with compressible material. It can be
noticed that the increment of critical velocity with 30mm, 45 mm length insert is
about 2.5%, 4% and it with 60 mm, 90 mm length insert is 4.5%, 7.5%. When the
length of the insert doubled, the increment of critical velocity was less than double.
It can be consider as evidence to claim that the bottom of insert makes more impact
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on critical velocity increment due to the more stress distribution at bottom of the
packed bed. There will be a simulation study to model the axial-stress profile in a
chromatography column in Chapter Five.

However, there is a practical limit to the length of the insert used. If the insert
length becomes comparable to the length of the packed length of the column, there
will be only a small space within which the top adaptor may move and
consequently for the column to be compressed. This may limit process productivity
as the column may have to operate at relatively low linear velocities so as to avoid
extensive resin compression. In this study, the maximum insert length was restricted
to be no more than 90% of the flow packed bed height.

3.2.4 Effect of single insert diameter on critical velocity
Figure 3.5 shows the effect of insert diameter on the critical velocity for a fixed
column/resin combination. The following empirical equation was used to express
the increase of critical velocity as a function of the ratio of insert to column
diameter:
3

2

⎛ D
⎞
⎛ D
⎞
⎛ D
⎞
Δucrit
= α ⎜ insert ⎟ + β ⎜ insert ⎟ + δ ⎜ insert ⎟
ucrit 0
⎝ Dbed ⎠
⎝ Dbed ⎠
⎝ Dbed ⎠
(3.2)
where Δucrit is change in critical velocity, ucrit0 is the critical velocity in column
without insert(s), Dinsert is the insert diameter and Dbed is the column diameter. α ,
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β , and δ are empirical constants. In this case for BPG 100 column packed with
P6XL having single insert system, their values are -17.5, 13.7, and 11.4 respectively.
The equation 3.2 was developed as a secondary polynomial equation because of its
ability to fit the experimental data. The error between the result from equation and
experiment was approximately 5%.

Figure 3.5 Effect of insert diameter on critical velocity of BPG 100 column packed
with P6XL resin to a bed height of 100±5 mm. Critical velocity without insert; 219
cm h-1. Inserts constructed of stainless steel. Inserts all had a length of 45 mm. Data
points are mean±SD from 3 independent experiments. Line shows fit to polynomial
3

2

⎛ D
⎞
⎛ D
⎞
⎛ D
⎞
Δucrit
equation:
= −17.5 × ⎜ insert ⎟ + 13.7 × ⎜ insert ⎟ + 11.4 × ⎜ insert ⎟ .
ucrit 0
⎝ Dbed ⎠
⎝ Dbed ⎠
⎝ Dbed ⎠

Inspection of Figure 3.5 indicates that the increment of critical velocity keeps
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increasing with larger diameter inserts from 15 mm to 75 mm. At an insert diameter
of 75% of column diameter, the critical velocity change is maximised. After this
dimension, the increment reduces. It can be explained that a larger column insert
provides increasing levels of wall support up to the threshold diameter and lead to
higher critical velocity increment. Beyond this only the small amount of resin
contained in the annulus between the column wall and the insert gains effective
support. By contrast, the inner part of the resin cannot be supported well. The
aggregate effect is to cause the overall critical velocity to decrease for inserts >75%
column diameter.

Some prediction can be made from the experimental result. The cross-sectional area
of the inner column and annulus (when using one insert) are equal when
Dinsert/Dcolumn = 1/ 2 = 0.71. This is quite close to the experimentally observed
maximum at about Dinsert/Dcolumn =0.75. Subsequent work will use these data to
verify a structural mechanics model developed to optimize the insert dimensions so
as to obtain the highest critical velocity (see Chapter Five).
3.2.5 Effect of insert number on critical velocity
The change in critical velocity when the column was supported by multiple inserts
is explored in Figure 3.6. It can be seen that additional inserts serve to increase the
critical velocity as more wall support is provided. However, there is a limit to this
benefit with the incremental improvement in critical velocity reducing as the

77

number of concentric inserts used increases. From the experimental results, the
critical velocity did not increase significantly from column packed with double
inserts to triple inserts. This may be explained by the reducing annular volumes of
resin affected as the number of inserts rises and hence an asymptotic relationship
between the level of improvement seen and the number of inserts used. This trend
needs to be explored further for manufacturing scales of operation but was beyond
the experimental capabilities to hand. Clearly there will also be a practicable limit
to the complexity of the concentric insert arrangements deployed. Additionally, the
more column inserts are used, the greater the likely dispersion. This will be
explained later in the column efficiency test result of this chapter.

Figure 3.6 Effect of insert configuration on critical velocity of BPG 100 column
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packed with P6XL resin to a bed height of 100±5 mm. Critical velocity without
insert;

219 cm h-1. Inserts were constructed of stainless steel, length 45 mm. Data

points are mean±SD from 3 independent experiments.

3.2.6 Effect of column aspect ratio on the critical velocity
From section 3.2.2 to 3.2.5, the role of insert position, length, diameter, and number
affecting on the critical velocity in fixed chromatography columns with the same
packing material have been assessed. In this section, the critical velocity change
with column insert in different scale columns is studied. To make the results in
different columns comparable, the column insert diameter/column diameter is
constant.

Figure 3.6 shows how the critical velocity changes with an increase in the diameter
of the column, while keeping the column / insert aspect ratio constant. The changes
in critical velocity for the XK 50 and BPG 100 with an insert 70% of the column
diameter were 6% and 8.5% respectively. The greater level of improvement
achieved for the larger diameter column is consistent with the relatively low level of
wall support offered in the original column before addition of an insert.
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Figure 3.7 Effect of scale on critical velocity change. Constant ratio of insert to
column diameter packed with P6XL resin to a bed height of 100±5 mm. Inserts
constructed of stainless steel. All inserts were 45 mm in length. Insert diameter was
35 mm (XK 50 columns) or 70 mm (BPG 100 columns). The ratio of insert to
column diameter was 10:7. Critical velocity without insert; 234 cm h-1 (XK 50
column) and 219 cm h-1 (BPG 100 column). Data points are mean±SD from 3
independent experiments.

3.2.7 Effect of resin type on critical velocity.
Figure 3.8 shows the effect of the rigidity of the resin on the critical velocity in
columns containing inserts. As expected, columns packed with soft resins e.g.
Sepharose 4B showed the greatest level of improvement. All resin types,
irrespective of rigidity, were capable of withstanding greater process velocities
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before the onset of compression when inserts were included. Experimental data
show for example that when a column was packed with the soft Sepharose 4B resin
with inserts, this combination could operate at a higher critical velocity than a
normal column packed with a more rigid resin such as P6XL. Inserts can hence
allow columns to operate with more compressible material but at flow rates
normally associated with operation of columns packed with rigid material.

Figure 3.8 Effect of resin type on critical velocity in a XK 16 column with a bed
height of 100±5 mm. Inserts constructed of stainless steel. Critical velocity without
insert; Sepharose CL-6B resin 360 cm/h; P6XL resin 234 cm/h; Sepharose 4B 200
cm h-1. Data points are mean±SD from 3 independent experiments.
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3.3 Impact of insert on column efficiency
In section 3.2, the impact of column inserts was seem as positive, because it can
increase the critical velocity, and hence increases the operating flowrate range.
However, column inserts will potentially also affect the dispersion and resolution of
packed bed by creating additional obstructions in the flow path. In this section, the
experimental results demonstrating how column inserts affect column efficiency as
measured by the column theoretical plate number and the asymmetry of an inert
tracer with be presented.

3.3.1 Effect of packing procedure on experimental result
The column inserts were designed for specifically chromatographic processes. The
column packing procedure is an important element in determining overall column
efficiency and hence the influence of packing method with and without inserts was
studied first.

In this section, HETP and asymmetry test results were collected and are presented
in Table 3.1. Three different packing procedures were applied for comparison. The
first one (1) is where column inserts were placed within the column before pouring
of the slurry. In the procedure second (2) column inserts were placed in the columns
after pouring of the slurry. The third variant (3) compression placing column insert
after pouring of the slurry and under a low flow upwards from the bottom adapter
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before allowing the bed to settle. The purpose of choosing these three different
packing procedures was to find out which one can lead to the most homogenous and
consistent packed bed as assessed by a higher theoretical plate number and an
asymmetry value approaching 1.

Comparing the outcomes of the different packing procedures 1 and 2 in Table 3.1, it
is clear that a higher theoretical plate number was achieved when column inserts
were placed in the column before packing first. That means a more homogenous
bed can be gained in this way. Comparing the results of packing procedures 1 and 3
in Table 3.1, there was no significant change on the theoretical plate number and
asymmetry. It was thought that the composition of a period of upward flow input
achieve a more homogenous bed, but the benefit, if any is not very obvious.
Therefore, the packing procedure for all the other column efficiency experiments
reported in the later section of this thesis employed the first packing method in
which inserts were placed with the empty column before pouring of the slurry to
form a packed bed.
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Table 3.1 Theoretical plate number and asymmetry with different packing
procedure
Mean
Insert diameters

-1

Method Mean N (m )

σ of N

σ of As
As(-)

16mm

35mm

16mm & 35mm

1

3381

60.91

1.25

0.025

2

3021

112.32

1.23

0.024

3

3385

30.45

1.24

0.022

1

3336

15.30

1.10

0.020

2

3123

153.3

1.15

0.025

3

3330

58.40

1.13

0.018

1

2916

87.89

1.05

0.021

2

2543

146.71

1.11

0.022

3

2908

55.75

1.02

0.025

1: column inserts placed before pouring slurry.
2: column inserts placed after pouring slurry.
3: column insert placed after pouring slurry, a low flow upwards from bottom
adapter before bed settle.
The column efficiency test experiments reported in Table 3.1 were all for an XK 50
column packed with P6XL resin to a bed height of 120±5 mm. All inserts were 45
mm in length. The mean theoretical plate number and asymmetry and the standard
deviation was for three independent experiments.
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3.3.2 Effect of insert type
In section 3.2, the experimental data was presented about critical velocity change
with column inserts. In this section, it would introduce the experimental results
about how column inserts affect on column efficiency. Figure 3.9 shows the column
exit absorbance-time distribution curves for non-retained tracer for a single column
geometry containing different types of inserts. The consequence of adding an insert
is in all cases to broaden the residence time distribution of the tracer, most
especially by the creation of a trailing peak. This increase in peak area will result in
slightly larger elution volumes, thus increasing the loading volume of the next
process step by dilution of the product stream. These data were analyzed further in
Figures 3.9b and 3.9c showing a reduction in the theoretical plate number and in the
level of asymmetry as inserts were introduced. The behavior can be explained by
the fact that the bed void fraction will be high close to the walls of the column and
of the inserts where the tracer will flow faster. This additional level of dispersion of
the tracer will tend to reduce the theoretical plate number of the column. Because
the column inserts could reduce the extent of bed compression, and lead to a higher
voidage fraction.
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Figure 3.9 Impact of stainless steel insert on column efficiency of XK 50 column
packed with P6XL resin to a bed height of 120±5 mm. All inserts were 45 mm in
length. Figure 3.9a: HETP for no insert (
mm diameter insert (
(

), 16 mm diameter insert (

), 35

), and 16 mm and 35 mm diameter double inserts

). Figure 3.9b: Variation in plate numbers for column tested in Figure 3.9a,

the initial plate number is 3483 plates m-1. Figure 3.9c: Variation in asymmetry
factor for column tested in Figure 3.9a, the initial asymmetry is 1.25. Data points
are mean±SD from 3 independent experiments.
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3.3.3 Effect of insert material
Figure 3.10a shows the absorbance-time distribution curves of a tracer for a given
column packed with P6XL to ~120 mm bed height equipped with either plastic or
stainless steel inserts. In Figure 3.10b the data were normalized to account for the
insert volume, since this is significantly different between the two materials (4 mL
for plastic inserts & 0.14 mL for stainless steel). This normalization reduces the
difference between the two sets of tracer studies as expected. The small difference
remaining between the plastic insert data and that for the stainless steel probably
reflects the impact of the insert thickness in causing local axial dispersion as the
flow impinges the top of the insert.
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Figure 3.10 Impact of insert materials of construction on column efficiency for an
XK 50 column packed with P6XL resin to a bed height of 50±2 mm. All inserts were
45 mm in length. Volume of inserts; plastic insert is 4 mL; stainless steel inserts is
0.14 mL. No insert (

), Plastic insert (

), Stainless steel insert (

). a:

tracer absorbance as a function of retention volume, b: tracer absorbance
normalized as a function of column volume.
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3.4 Impact of insert on productivity

The section sets out to establish the overall impact of the two phenomenon at play
when which column inserts are used increasing the critical velocity and decreasing
column efficiency. The impact is measured in term of change in the level of
productivity reached in columns operating with inserts.

From Sections 3.2 and 3.3, it can be stated that column inserts have a positive effect
on the critical velocity, and a negative effect on column efficiency. Both of the
factors independently affect the level of process productivity achieved. In order to
establish a base case, it was assumed that the maximum operational flow velocity
was always 70% of the critical velocity (Sofer, 1997). The broadened elution peak
obtained with lower plate numbers will always lead to a larger elution volume.
Therefore, it is necessary to study the overall effects of inserts on these two
elements together impacting column productivity. A case study on mAb purification
by MabSelect SuReTM was used to research how the productivity changes with the
use of inserts. The study was based on a 1 L volume column (100 mm in diameter,
and 127 mm in bed height). The column inserts applied were 35 mm and 70 mm in
diameter, either singly or in combination. Inserts were all 90 mm long. Earlier
results showed the critical velocity increments to be 4%, 10%, and 20%
respectively, and the decrement of theoretical plate number to be 5%, 5% and 10%
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respectively for these insert combinations.

The process productivity was calculated from:

P=

DBC ×VL × (1 − n)
×Y
tc ×Vsp

(3.3)

where, P is process productivity (g h-1 L-1), DBC is the dynamic binding capacity
(mg mL-1), VL is the column volume (L), n is safety margin (-), tC is cycle time (h),
Vsp is packing material volume (L), Y is yield of mAb purification with MabSelect
SuReTM resin (%).

Dynamic binding capacity is known to be a function of flow velocity. For
MabSelect SuReTM resin an empirical relationship from GE Healthcare Application
notes was used;

DBC = α u + β

(3.4)

where α = −0.042

β = 47.2
u is operational flow velocity (cm h-1).
The total cycle time was defined as:

tC = te + tL + tw + tE + tr + tw2 + tCIP

(3.5)

The time for each depends on the buffer volumes used shown in Table 3.2.
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Table 3.2 The time for each step was determined depending on the screening
conditions (GE Healthcare Application notes)
Element

Steps

Volume (CV)

te

Equilibrate with buffer A

5

tL

Sample loading

*

tw

Wash with buffer A

5

tE

Elute the column with a linear gradient to 100% buffer B

10

tr

Regenerate the column with buffer B

5-10

tw2

Wash the column with buffer A

3

tCIP

Perform CIP

5

* depends on feedstock concentration and DBC
Examples of suitable buffers:
• Buffer A: 20 mM sodium phosphate, 150 mM NaCl, pH 7.2
• Buffer B: 0.1 M sodium citrate, pH 3.0–3.6.

The loading time was calculated as follow:

t L ,i =

DBCi × VL × (1 − n)
ui × A

(3.6)

The elution time was calculated as:

tE =

VE ,i
ui × A

(3.7)

where, ui is the operational flow velocity (cm h-1) and VE,i is the elution volume (L).
A is the column cross-section area (cm2).

91

The equations 3.3-3.7 were used in a simple Excel spreadsheet to predict the change
in process productivity as function of flow velocity. The results are given in Figure
3.11.

Figure 3.11 Change in productivity with flow velocity with different inserts (35
mm, 70 mm diameter insert, and double inserts) in 100 mm diameter column
packed to 127 mm bed height with Mabselect SURETM .The solid line is the
productivity change with operational flow velocity.

As expected from Figure 3.11, the productivity increases with flow velocity. The
double inserts lead to a predicted 15-20% operational flow velocity increment, even
though such an insert configuration decreases the plate number by 20%. The
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negative effect of inserts on column efficiency is clearly small when compared to
the benefits in term of critical velocity increment. The overall effect of column
inserts is to raise the level of process productivity significantly.

Productivity with different DBC gradient.
It is well known that DBC decreases with flow velocity. In practice, for some resins,
the DBC is very sensitive to flow velocity. In figure 3.12, the productivity changes
with different levels of DBC sensitivity to flow velocity were studied. From this
figure, it was that assumed that the relationship between the DBC and flow velocity
is 5 times that in the initial study. Under search a set of assumption the productivity
starts to decrease with higher flow velocities. For DBC 5 times that of the base case
and at about 120 cm h-1 the productivity reaches a maximum. Therefore, the insert
system cannot be applied beneficially in this case.
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Figure 3.12 Productivity with flow velocity at different DBC gradient. It is in 100
mm diameter column packed to 127 mm bed height with Mabselect SURETM.

From the simulation results of productivity shown in Figure 3.11, there is
approximately an 18% increment of productivity when the operational flowrate is
raised by 10% with double column inserts, whilst the column plate number is
reduced by about 10%. However, this benefit is depended on the level of DBC,
itself a function of flow velocity. In this case study on Mabselect SURETM resin,
there is relatively low DBC change with flow velocity for this kind of material,
therefore, nearly a 20% increment of process productivity could be achieved.
Apparently, when the level of DCB change is very sensitive to flow velocity, which
means that target protein is very hard to bind to the resin even with a little
increasing flow velocity, the process productivity could not increase with higher
flow velocity. In Figure 3.12, it is clear that when the level of DBC change is 5
times of initial DBC change with flow velocity, the productivity could reduce with
higher flow velocity. That means there is no benefit on process productivity
improvement with column insert, which could lead to a higher flow velocity.
Therefore, when seeking to determine if inclusion of inserts is of benefit it will be
important to know the level of DBC change with flow velocity.
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3.5 Conclusions
This chapter presents experimental data of critical velocity and column efficiency
for a range of chromatography columns (XK 16, XK 50, and BPG 100) packed with
compressible material as a function of the design of concentric cylindrical inserts
placed within the packed bed has been presented. The results show that inserts
installed at the bottom of a column could generate up to a 20% increase in critical
velocity and performed better than when inserts were placed at any other axial
location. The penalty was a small increase in dispersion. For a single insert the plate
number fell by 10%, which was deemed to be insignificant compared to the
improvement in throughput. A set of empirical equations were specified to relate
the change in critical velocity to insert length and diameter. In the next chapter, a
theoretical study linking the pressure-flow profile and bed compression in
chromatographic process packed with compressible material will be generated.
Hydrodynamic and structural mechanics model will be established to describe the
column pressure-flowrate relationships. The model will be used to optimize the
dimensions and position of the inserts required to maximise the critical velocity
increment without significantly affecting the hydrodynamic efficiency of a column.
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Chapter Four: Model Establishment
4.1 Introduction
In Chapter Three, experimental results demonstrating the change of critical velocity
and column efficiency due to the influence of chromatography column inserts were
presented. These showed that column inserts can provide extra wall support and
lead to an increase in critical velocity without significant affecting on column
efficiency. However, the experimental work could only exam the phenomenon
which column inserts affect chromatographic processes. A theoretical approach is
necessary to describe it. A mathematic model is established in this chapter to
simulate the flow though a range of chromatographic columns packed with
compressible material. This model describes the pressure-flow profile, and the
consequences bed compression.

The calculation of the critical velocity of a column is generally conducted through
empirical correlations of gravity-settled bed height, column diameter, feed viscosity
and compressibility of the chromatographic media used (Tran et al., 2007; Stickel
and Fotopoulos, 2001). Additionally, structural mechanics models have been
applied to calculate the critical velocity by investigating the stress state in rigid and
compressible chromatography resins (McCue, 2007; Chen, 2005; Cherrak, 2001;
Keener, 2004; Östergren, 1999). The majority of these models are developed in a
two-dimensional coordinate reference system. They describe the pressure-flow
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behavior using Darcy’s Law and treat the resin as a porous material. They can take
into account material nonlinearity in the case of compressible resins by expressing
the Young’s modulus (modulus of elasticity) as an empirical function of the particle
porosity (Wang, 1984). The empirical parameters of the Young’s modulus equation
are best-fitted to measured independent compression experimental data (McCue et
al., 2007). It is expected that the solid mechanics could describe the pressure-flow
profile, and the level of bed compression. This model will be further studied to
predict the pressure-flow behavior, key parameter profile of a chromatographic
column with inserts.

4.2 Theory
In this section, we introduce the physical theory of flow in chromatographic
processes, and packed bed consolidation. It will include Darcy’s Law for flow
through porous media, and Biot’s Theory for chromatography bed compression
(Biot, 1941; Biot, 1962)

4.2.1 Flow condition in chromatographic columns

It is necessary to study the flow condition in chromatographic column to find out
the proper equations, which describe the pressure-flow relationship, before model
establishment.
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4.2.1.1 Newtonian fluid

Often, the feed stock for chromatographic process is delivered from centrifugation
and filtration steps, therefore, cell debris and some contaminations has already been
removed, and it has relatively low bio-organism concentration. Most feeds have low
viscosity and are Newtonian fluids (Al-Nimr and Aldoss, 2004; Guiochon and
Tarafder, 2011), where the viscosity is independent of rate of shear and constant at
a given temperature. To determine the pressure-flowrate relationships, the RO water
or 100mM NaCl was used as the mobile phase in this project as for previous
studies(Keener et al., 2002; McCue et al., 2007), since these are Newtonian fluids.
All discussion will be restricted to Newtonian fluids flowing through porous media.

4.2.1.2 Laminar flow

Chromatographic flow is nearly always laminar in nature, seldom molecular or
turbulent(Cramers et al., 1981). For the modeling of the pressure-flow relationships,
it is necessary to start with the Darcy’s Law, which is restricted to laminar flow.
Therefore, it is necessary to find out the Reynolds number of flow through
chromatographic column. Whether the flow through chromatographic columns is
laminar or turbulent depends on the magnitude of the Reynolds number Re, a
dimensionless parameter. The calculation of Re for flow through a pipe is

Re =

dv ρ

µ

(4.1)
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Where Re is the Reynolds number (dimensionless); d, the pipe diameter (m); v, the
superficial flow velocity (m s-1); ρ , the density (kg m-3); and µ , the viscosity (Pa
s).

The modified Reynolds number for flow though porous media can be calculated
as:(Hellström and Lundström, 2006)

Re' =

d p vρ 1
µ 1− ε

(4.2)

Where ε is the bed voidage fraction; and dp is the size of particle (m).
From this equation, and experimental data in Chapter Two, the Reynolds number
can be calculated as below.

Table 4.1 Reynolds number of flow for different column geometries tested
Column

Insert

Diameter(m)

Critical velocity (cm h-1)

Reynolds number

XK16

No

0.016

361

0.15

Yes

0.016

438

0.19

No

0.05

243

0.10

Yes

0.05

283

0.12

No

0.1

195

0.08

Yes

0.1

243

0.10

XK50

XK100

Here, the critical velocity is the maximum flow the column can achieve.
The assumed fluid density is about 1000 kg m-3, the viscosity is about 10-3 Pa s, the
particle size is 90×10-6 m.
99

In Table 4.1 the flow velocity, which used to calculate Reynolds number, is the
critical velocity, as the maximum flow velocity the column can achieve before the
onset of bed compression. From the results, the Reynolds number is relatively low
(<1). With this condition, Darcy's Law is applicable for the study of flow through a
chromatography column. Additionally, if the value of the Reynolds number is
greater than 1.0, Darcy’s Law has been found to fail adequately to describe flow
through a porous medium. A correction factor usually applied in this case
(Boomsma and Poulikakos, 2002).

4.2.2 Darcy’s Law

To establish a mathematical model of pressure-flowrate relationship in
chromatographic columns operating with soft matrix packing, it is usual to start
with Darcy’s law, which can describe flow through porous media. Fluid through
porous media may or may not be one dimension. Furthermore, flow through porous
media can be analyzed by the means previously given (Boomsma and Poulikakos,
2002). Thus we will discuss this aspect of flowing fluids is discussed here next.

There are many fluid/media examples to be found: water through soil, solvents
through packed beds, air through charcoal, natural gas and oxygen through porous
ceramics, and water through biological filters. In each case, the medium through
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which the fluid is flowing will be considered at a large dimensional scale so that it
will be assumed to be composed not of finite particles with channels, but as a
uniform medium that impedes fluid flow.

Darcy’s Law is the equation usually used to describe one-dimensional flow through
porous media:

V=

−kA ⎛ ∂p
⎞
⎜ + ρ g sin α ⎟
µ ⎝ ∂L
⎠

(4.3)

Where V is the volumetric flow rate (m s-1); k, the permeability (m2); µ , the fluid
viscosity (Pa s); A, the cross-sectional area (m2); ∂P / ∂L , the pressure gradient
along the flow path (Pa); ρ , the fluid density (kg m-3); g, the acceleration due to
gravity (m s-2); and α , the angle of inclination of the flow path with respect to the
horizontal (rad).

The second term of Darcy’s law takes into account the difference in potential
energy of the fluid as it either rises or falls within a gravitational field. When flow is
strictly horizontal, or when the fluid density is very small, or when the pressure
gradient is much greater than the gravitational potential gradient, then the second
term may be neglected, and Darcy’s law becomes:

V=

−kA ∂p
µ ∂L

(4.4)

Notice that the negative sign signifies that flow is positive when the pressure
gradient is negative.
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The permeability, k, is usually an average value of the ease with which a fluid will
flow through the medium. The permeability takes into account all the various flow
channels that differ in size, shape, direction, and interconnections. The fluid will
often flow preferentially through certain flow channels in the medium. The average
permeability ignores this fact.

Hydrologists, dealing only with the flow of water, will frequently combine the
viscosity and permeability to form a permeability coefficient:

kp = k / µ

(4.5)

Where kp is the permeability coefficient for water as fluid (N S)-1

In particular, fluid flowing one dimensionally through porous media bounded by
surface of a flat plane is given by

V=

−kA
(p − p )
µL 2 1

(4.6)

This pressure-flowrate modeling will be established from equation 4.6. In a specific
chromatographic process, A is the cross-sectional area of the column, µ is the
viscosity of the mobile phase, and L is the bed height.

Here, k, the permeability is depended on the media property. When Darcy’s Law is
applied in Civil Engineering, such as water flow through ground, the k value is
always constant, and it is independent of pressure or flowrate. The equation 4.4 can
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change to:

Q = − KA(

dh
)
dL

(4.7)

For example, K for gravels is 0.1-1 cm s-1, and K for sands is 10-2-10-3 cm s-1. From
equation 4.7, it is quite clear how to calculate the rate of water flow through ground
of different property. However, in this project, which analysis flow through
compressible chromatography media, the permeability k, is not constant, and it will
change with pressure. Therefore, it is necessary to establish the permeability k as a
function of the applied pressure.

4.2.3 Mathematical modeling of compression in a chromatography column

The mathematical model which simulates the pressure-flow behavior in
chromatography columns packed with compressible resins is based on Biot’s theory
(Biot, 1962). The model has the following assumptions: (i) the resin is isotropic, (ii)
the stress-strain relations are linear, (iii) the strains are small, (iv) the liquid
contained in the pores is incompressible, (v) the pores of the resin are saturated with
liquid, (vi) the mobile phase flows though the resin according to Darcy's Law, (vii)
the relative liquid matrix velocity is equal to the liquid velocity.
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4.2.3.1 Liquid phase equations

The pressure drop is related to the superficial velocity according to Darcy’s Law for
homogenous porous material:

U0 = −

1

µ

k ∇P

(4.8)

∇P = ∇p − ρ g
where U 0 is the superficial velocity (m s-1), µ is the dynamic viscosity of the
mobile phase (Pa s), ρ is the density of the mobile phase (kg m-3), P is pressure
(Pa), g is the gravitational acceleration (m s-2), and k (m2) is the permeability.

In this study the permeability is calculated according to the Kozeny-Carman
equation (Bear, 1972):

k=

dP2 ε 3
C (1 − ε )2

(4.9)

where ε is the bed void volume fraction and dp is the particle diameter (m).

The continuity equation for steady state, single phase incompressible flow is:

∇⋅ ( ρU 0 ) = 0

(4.10)

(Ostergren et al., 1997)
By combining Eq. (4.8) and Eq. (4.9) the pressure distribution in the liquid phase of
the column is described mathematically by:

1 ∂ rk ρ ∂P
∂ k ρ ∂P
(
+r
)=0
r ∂r µ ∂r
∂z µ ∂z

(4.11)

The boundary conditions for equation (4.11) are specified as follows:
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At the inlet of the column:
P(r, H)=ΔP, z=H

(4.12)

where ΔP is the hydrodynamic pressure drop across the column and H is the
compressed bed height, r is the radial coordinate and z is the axial coordinate.

At the outlet of the column:
P(r, 0)=0,

z=0

(4.13)

At r=0, there is radial symmetry because of the cylindrical shape of the column:

∂P(0, z )
=0
∂r

(4.14)

No slip conditions are applied at the insert and column walls:

∂P( R, z )
= 0 , r=R
∂r

(4.15)

4.2.3.2 Solid phase equations

The relationship between the pressure drop through the column and the solid phase
deformation is described mathematically by:

−∇ ⋅ [σ ] = ∇P

(4.16)

The above equation expressed in cylindrical coordinates gives:
∂σ rr 1 ∂σ rθ ∂σ rz σ rr − σ θθ ∂P
+
+
+
=
∂r
r ∂θ
∂z
r
∂r
∂σ θ r 1 ∂σ rθ ∂σ θ z
σ
1 ∂P
+
+
+ 2 rθ =
∂r
r ∂θ
∂z
r
r ∂θ
∂σ zr 1 ∂σ zθ ∂σ zz σ zr ∂P
+
+
+
=
∂r
r ∂θ
∂z
r
∂z

(4.17)
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Stress σ and strain ε are related according to Hooke’s law:

σ rr = 2Gε rr + λεV
σ θθ = 2Gεθθ + λεV
σ zz = 2Gε zz + λεV
σ θ z = 2Gεθ z
σ zr = 2Gε zr
σ rθ = 2Gε rθ
εV = ε rr + εθθ + ε zz

(4.18)

where, σ is stress, ε is strain, and the coefficient G is the shear modulus. λ is
Lame’s constant, named after the French mathematician G. Lamé. The Lame’s
constant depends on the material and its temperature. They are related to the
modulus of elasticity (Young’s modulus) and Poisson’s ratio v by

λ=

Ev
(1 + v)(1 − 2v)

(4.19)

where v is the Poisson ratio, which is the ratio of transverse strain and axial strain.

The displacements are given by:

∂ur
∂r
1 ∂uθ ur
εθθ =
+
r ∂θ
r
∂u
ε zz = z
∂z
1 ∂u 1 ∂ur
εθ z = ( θ +
)
2 ∂z r ∂θ
1 ∂u ∂u
ε zr = ( z + r )
2 ∂r
∂z
1 1 ∂ur ∂uθ uθ
ε rθ = (
+
− )
2 r ∂θ
∂r
r

ε rr =

(4.20)
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The final balance equations expressed in terms of displacement (ux, ur) were
obtained by combining Eqs. (4.18), (4.19), and (4.20):

1 ∂ ⎛ ∂u z
⎜ rG
r ∂r ⎝
∂r

∂u z ⎞
∂P
⎞ ∂ ⎛
⎟ + ⎜ ( 2G + λ )
⎟ + Suz =
∂z ⎠
∂z
⎠ ∂z ⎝
1 ∂ ⎛ ∂ur ⎞ ∂ ⎛ ∂ur ur ⎞
Su z =
+ ⎟
⎜ rG
⎟ + λ ⎜
r ∂r ⎝
∂z ⎠ ∂z ⎝ ∂r
r ⎠

(4.21)

and

∂u
1 ∂ ⎛
r ⎜ ( 2G + λ ) r
r ∂r ⎝
∂r

⎞ ∂ ⎛ ∂ur
⎟ + ⎜ G
⎠ ∂z ⎝ ∂z
∂ ⎛ ∂u ⎞ ∂ ⎛ ∂u ⎞
Sur = ⎜ λ z ⎟ + ⎜ G z ⎟
∂r ⎝ ∂z ⎠ ∂z ⎝ ∂r ⎠

2G + λ 1 ∂λ
∂P
⎞
−
) + S ur =
⎟ − ur (
2
r
r ∂r
∂z
⎠

(4.22)

Sur is r-direction displacement, and Suz is z-direction displacement.
The boundary conditions for equations (4.21) and (4.22) are the following:
At the inlet of the column:

ur ( r , H ) = 0

∂u z (r , H )
=0
∂z

(4.23)

At the outlet of the column:

uz (r ,0) = 0

∂ur (r , 0)
=0
∂z

(4.24)

At r=0 there is radial symmetry because of the cylindrical shape of the column:

ur (0, z ) = 0 ,

∂ur (0, z )
∂u z (0, z )
= 0,
=0
∂r
∂z

(4.25)

At column walls there is no radial displacement of the resin and the wall friction is
described through a friction coefficient. Specifically,
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δ rz ( R, z ) = µ f δ r ( R, z ) , ur ( R, z ) = 0

(4.26)

where H is the column height, H0 is the initial height of the uncompressed column,
and µ f is the wall friction coefficient.

4.2.4 Simulations

4.2.4.1 Young's modulus

The modulus of elasticity of the resin (E) is expressed as an empirical function of
the voidage fraction, ε (Wang, 1984):

E = E0 exp(− E1ε )

(4.27)

where E0 and E1 are parameters. Although this is an empirical expression, the
parameters do have a physical representation. A high E0 reflects a high particle
rigidity at zero-porosity. The term exp(− E1ε ) represents rigidity when the resin is
under compression. When pressure is applied to the particle, the porosity, ε
reduces, and the value of exp(− E1ε ) will increase. That means the material will be
more rigid, and harder to compress.

4.2.4.2 Voidage fraction

The Young's modulus changes the voidage fraction from equation (4.27). The
voidage fraction also changes with pressure drop. The voidage fraction and pressure
relationship has been studied by civil engineers before. Skempton (1944) stated this
relationship as a function below (Tripathy and Mishra, 2011),

e = a − b log10 P

(4.28)
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The void ratio, e is a linear relationship with logarithm pressure. The void ratio is
expressed by voidage fraction as shown below:

e=

ε
1− ε

(4.21)

4.2.4.3 Evaluate packing material property

The values of E0, E1, a and b were estimated from the pressure-flow experimental
data using least squares regression analysis. This inverse problem was applied in
two steps using Comsol Multiphysics wrapped around MatlabTM (The MathWorks
Inc., Natick, USA). In the first step the Comsol model was developed in Comsol’s
graphical user interface using arbitrary values for the parameters of interest. It was
then saved as a Matlab file. In this form the file can run in the Matlab graphical user
interface without the option to alter the values of the parameters of interest in to
calibrate the model to experimental data. This was achieved by editing the file as a
Matlab function, so as to treat the system of differential equations of the model as a
functional representation between the parameters of interest which are the input and
the sum of squared residuals (a residual is defined as the difference between the
experimental and the fitted value) which is the output. This Matlab function was
referred to as the forward model function. Its role is to help Matlab recognise which
parameters of the Comsol model need to be estimated. In the second step the
nonlinear least-squares Matlab function “lsqcurvefit” (default settings) was used to
minimise the forward model function. It solves nonlinear data-fitting problems
using the Levenberg-Marquardt algorithm. It searches for optimal parameter values
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within the range imposed by the upper and lower bounds of these parameters.

4.3 Results and discussion

In the section, the best fitted empirical coefficients in equation 4.27 and 4.28 will be
estimated to make the simulated pressure-flow profile to match the experimental
data. The profiles of key parameters including, displacement, pressure, axial stress,
voidage fraction will also be presented.

4.3.1 Coefficient determination by experimental data

The physical constants used as input for the simulation are shown in Table 4.2.
These constants are from previous works (Keen et al. 1999). The best-fit values for
the empirical modulus parameters from least-squares regression analysis are shown
in Table 4.3. These values represent the properties of packing material, and they
will also be used in further studies of the pressure-flow and bed compression
simulation with column inserts.

Figure 4.1 shows the model predictions for the pressure-flow behavior agreed well
with experimental data. It can also be noticed that the bed height-flow profile is in
agreement with the experimental data, and provided further evidence the model was
able to describe the chromatography bed compression.
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Figure 4.1 Experimental ( ● ) versus simulated (▬▬) pressure-flow data. The
experimental data were best fitted to a structural mechanics model in order to
calculate the mechanical properties of the resin (Young modulus empirical equation
constants) and permeability coefficient, and to generate the simulated pressure-flow
profile and bed height.
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Table 4.2 Physical constants used in modeling simulations
Material
P6XL

Mean particle

Initial bed

Wall friction

Poisson ratio

size (m) ×10-6

porosity (-)

coefficient (-)

(-)

90

0.41

0.16

0.26

Table 4.3 Best-fit values for the empirical modulus of equation (4.27 and 4.28)
Young's modulus (P)

Voidage Fraction (-)

E0

E1

a

b

11449

-1.622

1.29

0.23

4.3.2 Bed displacement versus pressure

The bed displacement distribution in the two-dimensional cylindrical coordinate
system from simulation results is shown in Figure 4.2. The six graphs show the
displacement at different pressures. From simulation result, the critical velocity was
achieved with 90kPa pressure. The bed displacement is greater at the top of the bed
than at the bottom. At the same bed height, the displacement is different, which is
the column centre displacement is higher than it near column wall. This is because
of the wall effect. The drag force from the friction of column walls can delay the
onset of bed compression. This is evidence of extra wall support from column
inserts can lower the bed compression. From Konezy-Carman equation, the higher
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voidage fraction (lower compression) leads higher permeability, and the column can
achieve larger critical velocity with column inserts.

Figure 4.2 Bed displacement profile of a 0.86 L chromatographic column (100 mm
in diameter, and 110 mm in original packed height) packed with P6XL. The six
figures represent the profile at different pressure drops, which lead to achieving the
condition corresponding to the onset of the critical velocity.

4.3.3 Parameters distribution

From this model, it is possible to analyse the change in key parameters, including
pressure, stress, and bed voidage fraction distribution in the chromatographic
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column. The results are shown in Figure 4.3. These graphs are for a column

Figure 4.3 Pressure, stress, and voidage fraction profile of a 0.86L
chromatographic column (100 mm in diameter, and 110 mm in height) packed with
P6XL, at the point the column achieves critical velocity.

achieving critical velocity. The initial bed height is 110 mm, and it is 97 mm when
the critical velocity achieved. The liquid pressure is applied at the top of column.
Here the pressure is from liquid pumped through the column, and it is an external
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force on the packing material. The stress is an internal parameter of the solid phase.
From the stress profile graph in Figure 4.3, it is obvious that the stress developed at
the bottom and near the column wall is lower than it is in the central region of the
bed. That is again because of the wall support.

4.4 Conclusions

In this chapter, a mathematical model has been established to describe the
pressure-flow profile, and bed compression. The model was established using
Darcy's Law and solid mechanics from Biot's theory. The finite element method to
solve the differential equations arising from the use of these theories was made. The
inverse method was applied through combining Comsol Multiphysics and Matlab to
find out the best fitted parameters in the empirical equation. This model provides
estimates of the pressure-flow and bed height-flow profile which all match well the
experimental data. It can also simulate the parameters (including the pressure, flow,
bed displacement, stress, and strain) distribution in chromatographic columns under
operating conditions. This achievement will help in the next study of the impact that
including cylindrical column inserts installed in the column makes on the value of
critical velocity.

In the next chapter, the structural mechanics models now created will be applied to
describe the pressure-flow behaviors and the distribution of stresses within a
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laboratory chromatography column supported by internal inserts. The model will
then be used to optimize the diameter and height of the insert, so as to maximize the
critical velocity, allowing higher throughput to be achieved. This will provide a
thorough understanding of the effect of the inserts on the stress distribution in the
column, setting up rules for the dimensions of the column insert to be used to
maximise the operational linear velocity without the need for laboratory intensive
experiments.
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Chapter Five: Application of a two-dimensional structural
mechanics model for predicting the pressure-flow profile and
compression properties during operation of columns with internal
inserts
5.1 Introduction

In Chapter Four, a mathematical model was established to describe the
pressure-flow profile, and bed compression in a chromatography column. In this
model, empirical equations were specified to describe the mechanical properties of
the packed material (P6XL), involving Young’s modulus and voidage fraction. In
this chapter, these empirical model equations will be used to predict the
hydrodynamics and bed consolidation in chromatographic columns containing
various column inserts with negligible thickness. In Chapter Three, experimental
data were presented on the effect of inserts on the column critical velocity.
Conclusions were drawn from these data, including how longer inserts could lead to
larger critical velocity increment, identification of the best insert diameter, which
could increase the critical velocity at about 75% of the column diameter, which
provide similar the inner and outer insert cross-sectional areas for flow, and the fact
that a larger critical velocity increment with more inserts are used. In this chapter,
all these conclusions will be supported by simulation results of pressure-flow and
bed compression in column with inserts. This mode is also able to return values of
parameters, such as liquid pressure, solid phase stress, bed voidage fraction, and
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bed displacement distribution in column with inserts, which cannot be accessed by
experiments alone.

Chromatographic process development takes place in lab-scale, using column with
diameters less than 30 mm. The experimental work in this study followed this.
Model establishment in this study was conducted at pilot scale with a 100 mm
diameter column. The reason is that the column inserts make more impact at larger
scales. In this chapter, simulations will be applied for columns having different
insert dimensions and number of inserts. Changes in column pressure-flow profile
for these various conditions are more obvious in a larger column.

5.2 Results and discussion

In Chapter Four, the coefficients in equations which describe Young’s modulus and
bed voidage fraction (equations 4.19 and 4.20) were found out by least-square
regression from pressure-flow experimental data at a 100 mm diameter column
packed to 110 mm bed height. The simulation results were in good agreement with
the experimental data in Figure 4.1. In this section, these coefficients were then
employed to simulate the pressure-flow profile and level of bed compression
occurring in chromatographic columns supported by column inserts. Firstly, the
empirical equations which expressed Young’s modulus and bed voidage fraction
were validated by comparing the simulation results and experimental data. Contour
plots of key parameters such as the level of axial-stress, bed voidage fraction, and
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displacement would be presented to highlight the effect of inserts on the
pressure-flow distribution in a column. The model was then used to estimate the
insert length and diameter which maximize the critical velocity values. The effect of
supporting the column with extra inserts is presented at the end of the chapter.

5.2.1 Comparing simulation and experiment results

Figure 5.1 shows the experimental pressure-flow data and simulation profiles, for a
chromatographic column containing one and two inserts. The empirical equations of
Young Modulus and bed void fraction determined in Chapter Four were used in
these cases. The simulated pressure-flow velocity behavior match well the results
from experimental runs. Therefore it can be concluded that the model developed in
Chapter Four can be used to simulate the pressure-flow profile in chromatography
column packed with column inserts.
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Figure 5.1 Experimental ( ● ) versus simulated (▬▬) pressure-flow data for
chromatographic column packed with column inserts. In practice, the column was
100 mm in diameter, and packed to 110 mm bed height. The column inserts were 30
mm diameter for single insert, and 30 mm & 75 mm for double inserts. All column
inserts were 45 mm in length, and 1.1 mm in thickness. The packed material was
P6XL.

5.2.2 Key parameter profiles in columns with single insert

Figure 5.2 shows the key parameters profiles, including axial-stress, bed voidage
fraction, and displacement, in the two-dimensional cylindrical coordinate system.
The simulation was operated in a 100 mm diameter column packed to 110 mm bed
height with P6XL. A single insert, (dimension are shown in Figure 5.2), was placed
inside the column. The axial-stress profile shows that it is stressed significantly at
the positions of the top of column insert, and at the bottom region without column
insert support. In the bed voidage fraction distribution of Figure 5.2, it is clear that,
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Figure 5.2 Axial-stress, voidage fraction, and bed displacement profile of a 0.86 L
chromatographic column (100 mm in diameter, and 110 mm in height) packed with
single column inserts (75 mm in diameter and 45 mm in length), at the point the
column achieves critical velocity. The packed material was P6XL.

when a column insert is present there is a radial difference in voidage. The porosity
is lower near the column insert than in any other position in the column. This is the
result of the fictional force between the beads of the resin and the insert/column
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walls, retarding bed compression this causes a relatively higher porosity close to the
column insert walls and a lower bed displacement. In Figure 5.2, the bed
displacement is more pronounced in the center of the column than it is near the
insert. The bed displacement is also affected by the level of the frictional force
between the column insert and the wall. This frictional force acts against the
compression direction, and it can delay bed compression.

5.2.3 Simulation on the effect of insert length on critical velocity

Figure 5.3 shows the simulation results on the effect of insert length on critical
velocity of the column when packed with a single insert. From the model
established in Chapter Four, the simulations were run for insert lengths from 7.5
mm to 90 mm with a step size of 30 mm (12 intervals). The critical velocity
increased linearly with insert length. The linear relationship is shown below:

ucrit = ucrit 0 + α Linsert

(5.1)

where ucrit is the critical velocity, cm h-1, ucrit0 is the critical velocity in a column
without insert(s), cm h-1, Linsert is the insert length, mm, and α is the empirical
constant. In this case for 100 mm diameter column packed to 110 mm bed height
with P6XL having single insert system, α =0.19.

The results can be explained by the fact that the larger contact area with longer
insert could generate a higher fictional force. This in turn provides more wall
support, and raises the critical velocity. However, there is a practical limit to the
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column bed height which can benefit from the increasing insert length, as discussed
in Section 3.2.3. The maximum insert length was restricted to be no more than 90%
of the flow packed bed height.

Figure 5.3 Simulation result on the impact of column insert length on superficial
critical velocity. The simulation was conducted at a 100 mm diameter column
packed to 110 mm bed height. The inserts were 30 mm in diameter and 1.1 mm in
thickness. The simulations were conducted for insert length ranging from 7.5 to 90
mm.

5.2.4 Simulation on the effect of insert diameter on critical velocity

Figure 5.4 shows the simulation results on the effect of insert diameter on the
critical velocity of a column packed with single insert. The simulations were run for
different insert diameters ranging from 7.5 to 90 mm (step size: 7.5 mm). The insert
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length was kept constant at 45 mm. The following empirical equation was used to
express the critical velocity as a function of column diameter:
3

2

ucrit = ucrit 0 + α ( Dinsert ) + β ( Dinsert ) + δ ( Dinsert )

(5.2)

where ucrit is the critical velocity, cm h-1, ucrit0 is the critical velocity in column
without insert(s), cm h-1, Dinsert is the insert diameter, mm. α , β , and δ are
coefficients. In this case for 100mm diameter column packed to 110 mm bed height
with P6XL having single insert system, their values are -5×10-5, 4.2×10-3, and 0.19
respectively.

Figure 5.4 describes the effect of insert diameter on the critical velocity. It can be
seen that the critical velocity increases with insert diameter till the point where the
insert diameter becomes 77.5 mm. A higher insert diameter decreases the critical
velocity. A possible explanation for this may be how large the distance between the
insert and the column wall is in comparison with the diameter of the column. When
the distance between insert and column wall is small, the outer insert wall and the
column wall provide support in a small fraction of the resin, which contained in the
annulus forming between the insert and the column wall. By contrast, the resin in
the inner part of column cannot be supported well due to large insert diameter (the
insert is too close to column wall). This causes the overall critical velocity to
decrease for inserts which are too close to the column wall (in this case for insert
diameter >77.5 mm).
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Figure 5.4 Simulation result on the impact of column insert length on superficial
critical velocity. The simulation was conducted at a 100 mm diameter column
packed to 110 mm bed height. The inserts were 45 mm in length and 1.1 mm in
diameter. The insert diameter of the simulation was from 7.5 to 90 mm.

5.2.5 Simulation the effect of column insert number on critical velocity

Figure 5.5 shows the bed voidage faction and displacement profile in
chromatographic column packed with double and triple inserts. Here, the length of
column insert is 45 mm, (total bed height: 110 mm). The reason of choosing this
length insert is that it could be clear to see the voidage fraction and displacement
profile at the top region without insert and the bottom region with column inserts.
The choice of double and triple column inserts diameters could lead the distance
between inserts and column wall same in the two-dimensional cylindrical
coordinated system.
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Figure 5.5 shows that at the region near the column inserts, the bed voidage fraction
is higher at the region near the column inserts than in all other point in the column
located at the same bed height level. The bed displacement is also retarded by the
presence of inserts. The higher voidage fraction led to a higher permeability, as
predicted by Kozeny-Carman equation and therefore a larger critical velocity could
be achieved. Bed voidage increased and displacement was decreased when more
than one inserts were supporting the column. These changes though are not
significant when the number of inserts is larger than three (for this column
diameter).
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Figure 5.5 Bed Voidage fraction, and displacement profile of a 0.86 L
chromatographic column (100 mm in diameter, and 110 mm in height) packed with
double column inserts (32 mm & 64 mm in diameter and 45 mm in length) and
triple column inserts (25 mm & 50 mm & 75 mm diameter and 45 mm in length), at
the point the column achieves critical velocity. The packed material was P6XL.

Table 5.1 shows critical velocity values derived from simulations when a column
was packed with more than one insert. It can be seen that the benefit from
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increasing insert number reduces with higher insert numbers.

Table 5.1 Critical velocity increment with insert number
Insert number

1

2

3

4

Diameter (mm)

75

32&64

25&50&75

10&20&30&40

Critical velocity increment

8%

16%

20%

22%

The initial critical velocity was 219 cm h-1.

5.3 Conclusions

In this chapter, a structural mechanics model has been used to simulate the
pressure-flow profile and the level of compression in chromatographic columns,
supported with column inserts. The empirical equations for Young’s modulus and
bed voidage fraction, developed in Chapter Four, were also applied for the case of
columns supported with inserts. The effect of column inserts on key parameters
describing column pressure-flow behavior, involving pressure, axial-stress, bed
voidage fraction and displacement were also presented. The pressure-flow
simulations were in good agreement with the experimental results.

The effect of insert dimensions (length and diameter) was also studied. Simulations
showed that the longer the column insert is, the higher the critical velocity will be.
It was shown also that the critical velocity is linearly dependent on the length of the
insert. Additionally, it was shown that an increase of insert diameter causes an
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increase on the critical velocity till the point where the distance between the insert
and column wall becomes too small. In this case that most of the resin is in the
inner part of the insert and the wall support is equal to the wall support without the
insert.

The last part of the simulations was to show the effect of using more than one insert
to support the column. When more inserts than one insert are placed in the column,
the wall support increases and consequently the bed displacement decreases.
However the benefit from increasing the number of the inserts to achieve even
higher critical velocity diminishes when the number of inserts is greater than three.
The number of the inserts though depends on the diameter of the column. A wider
column would have required more than 3 inserts to maximize critical velocity. It is
also a function of the compressibility of the resin.
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Chapter Six: Conclusions and Future Work
6.1 Conclusions

The objective of the project, which is investigating the column inserts affecting
chromatographic process hydrodynamics, has been achieved by a combination of
experimental work to study the effects of cylindrical inserts on the hydrodynamic
performance of chromatography column packed with compressible materials,
together with a the simulation study of the pressure-flow profile and bed
consolidation.

For the experimental study, a series of chromatography columns of different
diameters (16, 50, and 100 mm) employed for critical velocity and column
efficiency tests. The columns were packed with soft matrices of different level of
compressibility, including Sepharose 4B, Sepharose 6b-CL, and P6XL.

The impact of column inserts on critical velocity can be summarised as:
(1) The inserts when placed at the bottom of a column make the most impact on the
critical velocity increment. All experimental and simulation study followed this
insert position. For determining the effect of insert position, the experiment was
conducted only with an XK16 column and it shows inserts making more impact on
critical velocity increment when it rests on the bottom of the columns. From the
simulation result we predict there is more stress at the bottom part of the column.
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Therefore, inserts at the bottom of the column could increase the critical velocity
more in all column diameters.
(2) The more compressible the matrix, the greater the impact on the critical velocity
of including column inserts.
(3) For a constant packed bed height, the larger the column is in diameter, the
greater the increase in the critical velocity with the inclusion of column inserts (the
insert diameter/column diameter is constant).
(4) The longer an insert the greater the increase in the critical velocity, but
(practically) the insert length can not exceed 90% of packed bed height.
(5) With the change of insert diameter, the critical velocity keeps increasing with
insert diameters to the point at which the insert diameter is about 77.5% of the
column diameter. At this insert diameter, the inner and outer cross-sectional area
becomes equal. The empirical equations for critical velocity versus insert length and
insert diameter were developed.
(6) The impact of numbers of column insert on critical velocity was also studied.
Multiple column inserts raise, the critical velocity but the benefit diminishes beyond
n=3.

The column inserts have a positive effect on the critical velocity, but a negative
effect on column efficiency. The theoretical plate number and bed asymmetry both
decrease with use of column inserts. With larger inserts (more in length and in
diameter) and the greater number, the plate number decreases. The large plate
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number corresponds also to a broader peak area, and would lead to low level of
resolution. For bind-and-elute chromatographic processes, the broadened peak
would cause a larger volume of elution buffer, and a low concentration of product.
However, the decrement of plate number for single insert was only about 5%, whilst
the increment in critical velocity was about 10%. Moreover, the critical velocity
impacts the whole chromatographic separation operating flowrate, whilst the peak
broadening is only relevant during the elution step. The overall impact of column
insert on chromatographic process productivity is positive, but it will need further
study to establish the balance of critical velocity increment and plate number
decrement.

A two-dimensional hydrodynamics and solid mechanics model was established to
simulate the pressure-flow profile and bed deformation during flow. A finite
element method was applied to solve the differential equations in Darcy’s Law,
which is used to describe the liquid phase fluid flow, and in Biot’s theory, which is
used to describe the compressible packed material consolidation of the solid phase
in a chromatography column. The inverse method was applied to locate the best-fit
parameters in the empirical equations (4.27 and 4.28) which describe the Young’s
modulus versus bed voidage fraction, and the bed voidage fraction versus pressure
drop. The simulation results were matched against the experimental data for a
chromatography column pressure-flow relationship and bed displacement versus
flowrate without inserts.
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The model was then applied to predict the pressure-flow, and bed consolidation in
chromatography column with inserts. The simulation results and experimental data
were matched. The flow velocity, liquid pressure, axial-stress, bed displacement,
and voidage fraction distribution in the column with inserts were presented. The
model enabled the best dimension of insert, which can lead the most critical
velocity increment to be located. For a single insert, a 77.5 mm in diameter and 90
mm in length insert placed in 100 mm diameter column packed to about 110 mm
bed height could make most impact on critical velocity increment about 16%. The
model was also applied to predict the pressure-flow profile, and bed deformation
when more inserts were used, and the results again showed the critical velocity
increased when more with more inserts were used. However, this benefit was
limited due to change the column efficiency as more inserts were used, and the
volume of column inserts could not be ignored when lots of inserts (>3) were
applied (Chapter Three). With this model, the properties (voidage fraction with
pressure, Young’s modulus with voidage fraction) of packing material could be
found from experiments at small scale. Then with these properties, the
hydrodynamic performance of large scale could be predicted with packing material
properties. Moreover, the effect of column insert on critical velocity could also be
predicted.
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6.2 Future directions

6.2.1 Impact of column inserts on process productivity

In this thesis, the work was focused on the hydrodynamics of chromatographic
columns. Both practical work and simulation approaches were used to establish the
effect of on column inserts on the pressure-flow profile and on bed consolidation. In
future work, the impact of column inserts on process productivity should be studied.
Here the impact on mass transfer will also be concerned. The column inserts could
increase the flow performance by providing extra wall support. However, in bind
and elute chromatography mode, the larger flow velocity normally could cause a
lower dynamic binding capacity (Sofer, 1997), whilst in flow-through mode, lower
resolution could happen with a higher flowrate, and the theoretical plate number
decrement with column inserts should also be considered here. Therefore, the
overall effect of column inserts on process productivity for the whole
chromatographic process, including column equilibration, sample loading, one or
more wash steps, and product elution, should be studied. The column inserts could
increase the operating flowrate in these stages, but decrease the column efficiency.
The balance of these effects should be studied in a new model which describes the
process productivity versus operating flowrate profile.

6.2.2 Insert material

In this study, the column inserts were constructed of plastic and stainless steel. The
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mobile phase was RO water and 100m NaCl. The column packed material was
agarose base material of different level of compressibility. The interaction between
the column inserts and mobile phase/solid phase in the column was not considered.
However, with chromatographic processes for bioproduct separation, the feedstock
would be more complicated, and the column packed material would carry various
ligands. Therefore, the material of the column inserts is important. Ideally the
column inserts should only affect the hydrodynamics and bed consolidation, and
have no interaction with the packed matrices, feedstock or buffer.

6.2.3 Industry scale study

The experimental work was on lab-scale to pilot-scale chromatographic columns
(XK 16, XK 50, and BPG 100) and the simulation study was on pilot-scale column
(BPG 100) in this study. All these columns were packed to about 100 mm bed
height. The aspect ratio (column diameter/column bed height) was under 2, where
the wall support clearly affects the critical velocity. The critical velocity change
with more than 3 inserts is not very obvious.. For chromatography scale up to
industry scale, it usually keeps the bed height, and increases the bed diameter. The
aspect ratio could be over 2, and the wall support is negligible. Therefore, to take
the benefit from wall support provided by column inserts, multi-insert (more than
three) might be placed, and should be studied further for industry scale columns,
(D>>100 mm).
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