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Abstract

The efficiency of High Performance Liquid Chromatography columns is ofien
reduced due to radial vanations of the density or void ratio of the silica packing matenal.
This heterogeneity 1s due to wall friction effects during column preparation, and although the
friction reduces the column efficiency, some friction 1s required to stabilize the bed during
the chromatography process and ensure a leak-proof seal between bed and wall. To
investigate the mnduced heterogeneity during the compaction process, concepts from soil
mechanics were used to study the column preparation process. Laboratory tests were
conducted to measure the relationship between permeability and void ratio. The coefficient
of friction between a typical packing material and the stamless steel column wall was
determimed 1n the laboratory, and the volumetric response was modeled with a nonlinear
elastic-plastic model. The effect of wall friction and piston shape on the radial distribution
of void ratio was then investigated by numerical analys;s The effect of loading rate was
investigated using a coupled mechanical-seepage model The results suggest that the
homogeneity of the packed bed can be improved by reducing the effects of wall friction, and

increasing the rate at which the piston compacts the column
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Chapter 1

Introduction

The chromatography process is used to separate nonvolatile chemicals from dilute
solutions under a igh velocity and large pressure drop across a vertical column consisting
of porous silica, which 1s an absorbent, and a solvent such as methanol The efficiency of the
separation process conducted in High Performance Liquid Chromatography (HPLC) columns
is strongly dependent upon techniques used to prepare or pack the column. During the
preparation of the column, friction between the packing material and the wall of the column
results 1n a nonumform density across the radius of the column, which sigmficantly reduces
the efficiency of the separation process.

Since the silica packing material consists of small spherical or near spherical
particles, the behavior of the silica during the packing prlocess is likely to be stmular to that
of other particulate materials such as soils. Concepts from soil mechanics and numerical
approximations using models developed for soils were utilized to investigate the mechanics
of the chromatography column preparation process.

To mvestigate the mechanics of the packing process, specifically the distribution of
stress and strain 1n the chromatography column and the role of wall friction on the particle
density, a series of fimte element analyses was conducted. To obtain parameters for the
numerical analysis, several series of laboratory tests were conducted. These tests include
interface direct shear tests and fixed ring consolidation tests incorporating falling head

permeability tests. The goal of the study was to investigate the mechanics of packing process,



and perhaps to recommend alternative packing procedures such that more uniform columns

may be assembled.



Chapter 2

Literature Review

Chromatography in the past twenty years has developed into one of the major
preparative and analytical tools of the chemustry and biotechnology industries. The efficiency
of the separation process conducted in High Performance Liquid Chromatography (HPLC)
columns 1s strongly dependent upon techmques used to prepare the column. During the
preparation of the column, friction between the packing material and the wall of the stainless
steel column results 1n a nonuniform density across the radius of the column, which
significantly reduces the efficiency of the separation process. In addition, the seepage forces
mmparted to or generated in the packing material as solvent is pumped through the system
may also lead to nonuniform density in the column. To investigate the mechamcs of the
packing process, a review of the literature was conducted to survey published 1deas related

to the mechanics of HPLC column preparation process.

2.1 History of Chromatography and the Separation Process

To separate a mixture of talc powders and 1ron fillings, all that 1s needed 1s a magnet,
which selectively removes the 1ron fillings from the mixture, leaving the talc powders
unaffected. As the ndividual components of a mixture get more and more similar i physical
or chemical properties, it becomes increasingly difficult to separate them. This 1s especially
true in chemistry or biology, where 1t 1s frequently necessary to separafe, isolate, purify, and
1dentify the components of mixtures such as protems. To achieve such a separation fairly

rapidly, the chromatography process can be used (Abbott and Andrews, 1965).



Chromatography can be defined as that technique for the separation of a mixture of solutes,
in which separation 1s brought about by the differential movement of the individual solutes
through a porous medium under the influence of a moving solvent (Abbott and Andrews,
1965)

The Russian biologist, Tswett was the first person to appreciate the possibilities of
such a method as long ago as 1906 (Guiochon et al., 1994). The porous medium that Twett
used consisted of finely powdered chalk packed into a long vertical glass column provided
with an outlet at the bottom Twett noticed that when a solution of green plant pigments was
applied to the top of the column and then washed down with light petroleum, a series of
honzontal bands of different pigments and colors began to separate from one another as they
moved down the column (Guiochon et al., 1994). The term “chromatography”, which
literally means “color writing”, was comed to describe this phenomenon (Abbott and
Andrews, 1965). In fact, the separation had nothing to do with the components being
colored, but was simply due to the fact that the various pigments had different adsorptive
affinities for the chalk: those least strongly adsorbed moved down the column more rapidly
than those more strongly adsorbed. Twett’s experiment was the first demonstration of
adsorption column chromatography.

The studies done by Tswett rematned more or less a laboratory curiosity until Martin
and Synge (1941) introduced partition column chromatography, which is particularly suitable
for water-soluble compounds. However, with these “clos!ed columns,” 1t was very difficult
at the time to obtain a reliable 1dentification of very small quantities of the separated
substances. Later, in 1944, paper chromatography was dls;:overed by Consden, Gordon, and

Martin (Abbott and Andrews, 1965). With paper chromatography, quantities on the order of
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a few micrograms of most of the compounds could be detected and identified in a dependable
manner. This “open column” concept was carried further by the introduction of thin-layer
chromatography, in which separations are carried out with thin layers of almost any material
supported on glass plates. Later, in 1960's, gas chromatography was logically developed
from column chromatography. In gas chromatography, gas replaces liquid as the solvent. It
is particularly valuable for separating mixtures of gases, or volatile liquids or solids.

With the invention of sensors that transform the varations of physical and
physicochemical properties into a current, and recorders that rendered the electric signal 1n
1950's, column chromatography has become a popular method used in fine chemical,
pharmaceutical and biotechnology industries over the last thirty years (Guiochon et al,

1994).

2.2 High Performance Liquid Chromatography (HPLC)

Chromatography 1s a separation process in which the sample mixture 1s distributed
between two phases 1n the chromatographic column. One phase is stationary while the other
passes through the chromatographic column. The stationary phase 1s either a solid, porous,
surface active matenal in small-particle form or a solid support covered with a thin film of
liquid. The mobile phase 1s either a iquid or a gas (Meyer, 1988)

There are various types of liquid chromatography: hqud-liqud partition
chromatography, adsorption chromatography, 1on-exchange chromatography, ion-pair
chromatography, size-exclusion chromatography, affinity chromatography, and reverse phase
chromatography. The most popular method, Reverse Phase Liquid Chromatography
(RPLC), 1s a form of High Performance Liquid Chromatography (HPLC) that involves a

hydrophobic or low polarity stationary phase, which is chemically bonded to an inert solid
5



such as silica. The separation 1s essentially an extraction operation and it 1s used to separate
and/or detect non-volatile chemicals in a mixture with a boiling point (b.p.) greater than 200-
250 degrees Celsius. The process is conducted at a high velocity (which requires a rather
high pressure drop) and thus the HPLC 1s sometimes referred to as “High-Pressure Liquid
Chromatography” (Meyer, 1988).

HPLC 1s a vital separation technique used either for analytical or preparative
applications. The former is used when the components of a mixture must be separated,
identified and 1ts relative concentrations determuned. Because of the high sensitivity of
detectors, only small amounts are used during the separation process. Since the amounts
used are small, the detector signals are easier to handle. In preparative HPLC, some pure
products are separated, collected and recovered for commercial sale. Thus, large amounts
of the mixtures are often mjected in order to obtain a significant amount of pure compounds.
Important concentration effects must be taken into account, but this work is not concerned

by them.

s

A preparative schematic of a HPLC mstrument is shown in Figure 2.1. The
chromatographic column is a polished stamnless steel tube of various diameter (5-80 cm) and
height (90-170 inches) depending on the desired column length (30-65 inches). The column
that 1s used in this research is typically a 5 cm diameter and a column length of 80 cm. The
column 1s polished such that the surface has an anthmetic mean roughness value (RA) of
2 Opm (Thomas and Drumm, 1998). The column 1s packed with a slurry to form the
stationary phase. To achieve a length of 16 cm packed column, a slurry of 240g silica
particles is mixed with 600 cm® solvent. The slurry 1s mixed for an hour such that all the

particles are properly dispersed and wetted with the solvent. Then, the slurry is poured

6



carefully into the column, which is closed by a frit. The hydraulic jack (cylinder), which
actuates the movement of the piston along the axial compression column, is piped to a
pneumatic pump. The slurry 1s compressed into a bed while the solvent percolates through

the compressed bed.

Solvent Line

Distributor

SS Fnit

Packing Materal

Teflon Seals —3=

'Lj ﬂ , Distributor
T

Piston

Arr Amplication Pump

Solvent Line Compressed Atr, 6 bar

Hydraulic Jack O1l Reservoir

Figure 2.1 Schematic of a Preparative HPLC Instrument.

After the column 1s packed, then the separation process, or in chromatography terms
the mobule phase, 1s started The mobile phase is constantly flowing through the column as
illustrated in Figure 2.2. Many mobile phases are made up of specific ratios of water,
methanol and acetonitrile. Asillustrated in Figure 2.3(a), when the sample (a mixture of two
components, A and O) 1s injected mnto the solvent line from the left of the column, it 1s swept
onto the column by the mobile phase. Since all chemicals are different, they will have
different affinities (attractions) to both the stationary phase and the mobile phase, as

llustrated 1n Figure 2.3(b), where the A component has a preference for the stationary phase
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Figure 2.2 HPLC separation process.
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Figure 2.3 Representation of a chromatography separation (Meyer, 1988).



and the © component has an affinity for the mobile phase. As a volume of feed is injected
penodically the column, each component of a mixture equilibrates between the solvent and
the adsorbent surface of the particles. The migration velocity of a band of compound is a
direct function of the constant of this equilibrium. As illustrated in Figure 2.3(c), a new
equilibnum follows the addition of fresh eluent (mobile phase): sample molecules in the
mobile phase are partly adsorbed by the stationary phase surface, in acco;'dance with their
distribution coefficients, whereas those molecules which have previously been adsorbed
appear again m the mobile phase. After repeating this process several times, the two
components are finally separated. The © component prefers the mobile phase and migrates
more quickly than the A component, which tends to “stick” 1n the stationary phase (Figures
2.2 and 2.3(d)). If the experimental conditions are properly selected, the bands of each
compound arrive successively at the outlet of the column where they are collected separately
for further processing, as shown m Figure 2.2. When the compounds elute, they can be
detected (measured) using a detector that is appropriate to the chemicals being measured
(Meyer, 1988).

In short, HPLC permits the extraction or purification of desired compounds from
mixtures of vanous origins, natural or synthetic, and 1s widely used in industnal,
environmental, biological, clinical, and forensic analyses. HPLC plays the same role in the
pharmaceutical industry as distillation plays in the petroleum industry Althoughitis a very
expensive process, it 1s the only available technique to achieve the strict purity specifications
imposed by the regulators of the pharmaceutical industry. Four typical HPLC instruments
that are used 1n the mdustry is shown in Figure 2 4 First, from the right, a solvent tank is
providing the solvent to the small column on the white tripod. The compounds that have
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been separated by the column are collected individually using collection tanks that are
located beside the column. A larger column can also be used to separate the compounds
(extreme left in Figure 2.4).

2.2.1 Properties of the Packing Material

Chromatography is based on the difference between the migration velocities of
different compounds carried through a column of an appropnate packing matenal by a
stream of fluid (usually a solvent) percolating through the bed. Unlike soils, the packing
material used in Reversed Phase Liquid Chromatography (RPLC) is hydrophobic. This
material is not wetted by water. The material to be purified 1s not or poorly soluble 1n water.
It 1s soluble in certain solvents Typical solvents used are methanol and acetone (density
0.79 g/cm®). The packing material is made of fine particles, typically 3 to 20 pm, with a very
narrow particle size distribution, in which d ,, /d,, of the packing matenal is typically less
than 2, where d ¢, and d,, are grain size corresponding to 90% and 10% finer, respectively.
The particles are porous, with particle pore sizes between 7 and 100 nm, and posses well-
defined surface chemistry.

Two common packing materials that are used 1n this research are Zorbax spherncal
C18-bonded silica and Kromasil spherical C18-bonded silica particles shown m Figure 2.5.
Note that the magnification of these two pictures are different. The average particle diameter
for both materials is about 10 um, which 1s about the size of silt particles encountered 1n soil
mechanics Unlike Kromasil, Zorbax particles are not true spherical particles. They are an
agglomerate of spherical particles, as shown in Figure 2 5(a)

2.2.2 Phase Relationship in Packed Chromatography Beds

The performance of systems of particles, such as packed chromatography beds,
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granular construction materials, chemical reactors, gas chromatographic columns, and
filtration systems depends significantly on the particle arrangement and density (Guan and
Guiochon, 1996). A packed chromatography beds consist of two constituents: a dissolving
solvent, such as methanol, and the silica particles. The relationships between the various
constituents can be depicted 1n a phase diagram, Figure 2.6, much like is done 1n soil
mechanics. Unlike soils, the silicg particles are extremely porous with a surface area between
150 m*/g and 300 m*g, and this surface 1s “painted” with a monomolecular layer of alkyl
chams, CH,, bonded to the OH groups of the silica surface This layer is inaccessible to the
solvent, and corresponds to the inaccessible volume, V.

As 1llustrated 1n Figure 2.6, the total column volume 7 of the packed bed is the sum
of the external pores volume V,, the ternal pores volume ¥, and the volume 1naccessible
to the solvent V,. It 1s assumed that the packing material is saturated, such that no volume
1s occupied by air. The total volume occupied by solvent, ¥, 1s the sum of the external pores
volume, V,, and the internal pores volume, ¥,, The maccessible volume (inside the silica

particles), ¥, consists of three components. the solid silica skeleton volume, the closed or

External Pores
Vv, around Silica M,
Particles

Internal Pores
A" V,=V,-V, inside Silica M, M,
. Particles

particks L

Inaccessible Silica
V.=V;-V, Solids inside . M,
Silica Particles

Figure 2 6 Phase diagram of a packed chromatography bed.

12



unconnected pores volume, and the volume of the layer of C,; bonded chains (alkyl). Typical
solid volume fractions of 10 pm spherical Zorbax is 11.04 % carbon, 1.98 % hydrogen, and
86.98 % silica (Guan, ef al., 1996). The total mass of the packed bed, My, is the sum of M,
M,, and M,, where M, 1s the internal mass occupied by solvent inside the particles, M, 1s the
external mass occupied by solvent around the particles, and M, is the inaccessible mass
occupied by the solids of the silica particles.

Recently, the pore-size distribution and pore connectivity of stationary phases for
High Performance Liquid Chromatography (HPLC) columns has been studied. According
to Guan et al. (1996), the maccessible volume, V,, can be measured directly by the helium
pycnometry method. Currently, there are three methods that can be used to determine the
phase volumes of the packed bed: inverse size-exclusion chromatography (ISEC) (Guan and
Guichon, 1996), mercury mtrusion porosimetry (Guan-Sajonz, et al.,1997), and nitrogen
sorptometry methods (Guan-Sajonz, et al.,1997). By employing these méthods, an accurate
estimate of the total volume occupied by the solvent in the column, ¥, and the volume of
the external pores, V,, (around the silica particles) can be measured. Subsequently, by
knowing the total column volume V7, and the mternal pores volume ¥, (inside the silica
particles) contaimng a solvent, the maccessible volume ¥, can be obtamed.

The properties of chromatography beds are often described in terms of porosity
where:

Internal Porosity = &, = L;’—(Chemical Engineering Definition) 2.1)
p
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Internal Porosity = &, = ;‘—(Chromatography Definition) (2.2)

T

14
External Porosity = ¢, = ;/i(Chromatography Definition) (2.3)
T

. +7, o
Total Porosity = &, = VeV L = g, + &,(Chromatography Definition) (2.4)

T

The void ratio, e, of packed bed can therefore be defined:

14 &V, £

v “V.(l-¢,) l-¢,

particles

4

€= 2.5)

4

Typical values of the internal porosity, external porosity, total porosity, and void ratio
for 10 um spherical Zorbax and Kromasil columns are summarized mn Table 2.1 based on
equations (2.1), (2.3), (2.4), and (2.5) above(Guan-Sajonz, et al , 1997).

Table 2.1 Typical properties for packing matertals (Guan and Guiochon, 1996).

Zorbax Kromasil
(spherical C18) (spherical C8)
Internal porosity, & 33.8%to 34.2 % 35.9% to 36.5%
External porosity, &, 39.5 % t0 40.1% 36.6% to 38.3%
Total porosity, & 57.3 % to 60.6% 58.0% to 60.8%
Void ratio, e 0.65 to 0.67 0.58 to 0.62
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The density of the packed chromatography columns can be defined as:

Density of Silica Solids= p, = AV/{“ (2.6)
: - : M
Density of Silica Particles = p,,.,,, = ;/—“ (2.7
particles
M
Dry or Apparent Density of Packed Bed = p,,, = V“ (2.8)
T

Based on the experiments conducted by Guan, ez al. (1996), typical values for the
density of silica solids, p, are1.80 g/cm® and 1.57-g/cm’ for 10 pm spherical porous Zorbax
and Kromasil silica particles, respectively. The solid density of the silica particles 1s
2.65g/cm’ (Guan, et al., 1996). The dry or apparent density of the packed chromatography

beds p,,, ranges from 0.8 g/cm’ to 0.9 g/cm® (Guan-Sajonz, et al., 1997).

2.3 Band broadening inside HPL.C bed

Band broadening 1s the result of a combination of processes, which makes the bands
of feed components exiting the column wider than the injection pulse, and ultimately
decreases the efficiency of the column, as 1llustrated in Figure 2.7(Guiochon, et al., 1994).
It 1s important to understand the causes of band broadening so that the phenomenon can be
mimmized such that the efficiency of the column can be maintained. There are several causes
for band broadening, but one of the major causes for band-broadening 1s the heterogeneity

of the column.
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Pre-column band

A

Concentration

Post-column band

Time

Figure 2.7 Schematic of band broadening mside HPLC bed.

Experimental evidence has shown that the packing in chromatography columns is
heterogeneous. The experiments conducted by Knox and Parcher (1969), Knox et al.(1976),
and Horne et al (1966) suggested that there 1s a wall region in packed columns which is
severely perturbed, extending about 30 particle diameters from the wall. Farkas, et al (1994)
found that the wall layer is thicker than that reported by Knox and Parcher (1969), Knox et
al (1976), and Horne et al.(1966) for wider bore columns, and suggested that the perturbed
region is larger i large diameter columns. This 1s contrary to principles of soil mechamncs,
where the wall friction effects are often reduced by testing specimens with a ratio of diameter
over height (d/h) greater than 3 (Cernica, 1995). The conclusion drawn by Farkas, et al.
(1994) may be affected by factors other than the sample dimensions, since the measurements
made by Knox and Parcher (1969), Knox et al (1976), Horne et al.(1966), and Farkas, et al.
(1994) on chromatography columns were mdirect measurements of heterogeneity that took
1into account of other band-broadening effects.

The column core, on the other hand, appears to be much more homogeneous

(Guochon, et al , 1994). Thus, 1f the sample is injected at the center of a wide enough
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column in the mobile phase, the elution bands would never have time to reach the wall
region and the column performance would be as almost good as if the column were entirely
homogeneous. However, if the column is narrow, a significant fraction of the molecules in
the mobile phase enter the wall region and propagate inside 1t. Consequently, the apparent
efficiency of the column drops markedly when the band has access to the packing in the wall
region, due to the heterogeneity.

Eon (1978) further confirmed that the band spreads in the direction of the flow
velocity as the location gets closer to the wall. However, Little ez al (1976) suggested that
the radial compression may improve column performance markedly, presumably because 1t
reduces the density difference between the wall and the core regions.

These experimental results were confirmed by Baur et al.(1988) and Farkas et
al (1994), where these authors have shown that the distribution of the residence times of the
molecules of a non-retained tracer in the exit cross-sectional area of a chromatographic
column depends on the distance to the column center. Baur et al. (1988) also found that the
retention time of a non-retained tracer along the axial direction varies with radial position,
where it 1s minimum at the column center, and maximum at the wall. Farkas et al. (1994)
also found that the retention time is maximum at the wall, but observed a minimum at
approximately two thirds of the radius from the center. The retention time remains nearly
constant in the core region. The retention time is typically 6 to 10 % higher at the wall than
in the core region. It was also shown that these experimental results cannot be explained by
a non-planar mnjection (Farkas et al., 1994). The difference between the results of Baur ez

al.(1988) and Farkas et al (1994) are due to a difference mn the packing technology used

It 1s important to note that the velocity distribution observed by Baur ez al. (1988) and
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Farkas et al. (1994) 1s opposite that in the earlier works done by Knox et al. (1976) and Eon
(1978). Knox et al. (1976) and Eon (1978) found that the velocity was mimmum at the
column center, while Baur et al. (1988) and Farkas et al. (1994) found that the velocity was
minimum at the wall and thus a higher packing density exists along the column wall. This
mght be due to the fact that with slurry packing, the velocity of the packing solvent, hence
the viscous drag on the particles, are larger in the regions where the bed density 1s lower,
thus providing for a drive toward column homogeneity. Furthermore, the mechanism leading
to radial discrimination of the particles on the basis of their size, which is so pronounced in
dry packing, is not operative 1n slurry packing. Thus, the systematic variations across the
column of the mobile-phase velocity and the axial dispersion coefficient reported by Baur
et al (1988) and Farkas et al. (1994) cannot be accounted for by a systematic variation of the
average particle size along the diameter. They suggested rather a nonhomogeneous density
of the column packing.

Guiochon and Sarker (1995) have shown that the packing density of columns
prepared with a given packing matenal is different depending on the type of column used:
analytical columns, dynamic axial compression columns, or dynamic radial compression
columns. Various independent observations suggest that the density of a packing material
1s not a physical property hike the density of a solvent, but instead vanes with packing
procedures (Guiochon and Sarker, 1995).

In conclusion, a chromatographic bed 1s submitted to compression stress of vartous
origins. In addition to axial or radial compression which are now widely used in preparative
chromatography or to annular compression which has also been suggested, a bed is always

subject to several types of stress. First, the inlet pressure also causes a compression of the
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entire bed due to the pressure gradient which acts on each particle of the packing. Removing
the exit fit and applying a hugh inlet pressure results usually m the expulsion of the packing
material from the column. The friction of the bed against the column wall opposes the sliding
movement of the bed. Finally, the viscous flow of the mobile phase results in an intense
friction which tends to move particles along the column in the direction of the flow. These
stresses are continuously applied during column operation and may cause more or less
extensive reorgamization of the packing whenever one particle moves or breaks.

Consequently, the chromatography bed is heterogeneous since the density is not umiform.
2.4 Applications of Soil Mechanics

The application of stress to any matenal causes strains. Solid mechanics is the
science studying the relationships between applied stress, resulting strans and the ensuing
deformation of the material. In the particular case of column packing, we deal with a system
of particles, which has no proper shape, like a hiquid, and can deform almost as freely. The
structure of the packing material 1s a skeleton of solid grains enclosing voids filled with the
mobile phase. There are weak interactions between the particles of packing material. The
mtensity of these mteractions depends on the nature of the surface of the particles and on
their s1ze. Spheres with a glassy surface will interact the least. Spheres with a rough surface
will interact somewhat more. Irregular-shaped particles will interact the most. Small particles
will interact more strongly than large particles of the same physical and chemical properties.
These interactions will have an important role when the bed consolidates or reacts physically
under compression.

A bed of packing material behaves 1n an melastic manner If a certain amount of
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packing material is compressed, as 1t 1s during the procedure of packing the column or
afterward during 1ts operation, the particles and the packing skeleton are placed under stress
and will deform. Depending on the rigidity of the particles, widely different results may be
observed. The packing matenal in a chromatography column becomes more compact as a
response to the stress applied to the packing This phenomenon 1s accompanied by a decrease
of the external porosity and the column permeability. Although this is not intuitive, the
apparent density (described in Section 2.2.2) of the packing 1s not a constant with position.
It depends on the size of the column (diameter and length), on the packing method used, and
on the previous consolidation history of the column.

There are two distinct consolidation processes used in the packing of
chromatographic columns (Guiochon and Sarker, 1995). Analytical columns are consolidated
under the influence of the hydraulic gradient applied to the particles by the solvent stream
percolating through them(Guiochon and Sarker, 1995). This stress is equivalent to the stress
afforded by an mtense gravity field acting parallel to the column axis in the direction of fluid
flows. Dynamic compression columns are consolidated under the influence of mechanical
compression of the bed by a compression stress applied through a piston (axial compression),
or column wall (radial compression). In dynamic radial compression, the stress 1s not
distributed along the entire column as in the dynamic axial compression, but conveys from
the surface toward the mside of the packing (Guiochon and Sarker, 1995).

Because of friction between particles and between the packing bed and the wall, the
distribution of stress inside the column bed 1s not homogeneous. As the stress applied to a
liquid conveys 1nstantaneously and homogeneously, two different situations are possible

depending on whether the container of packing matenal 1s open or closed. If it 1s closed, the
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liquid 1s under compression and the packing material 1s subjected to small stresses because
the liquid’s compressibility 15 small. On the other hand, if the container 1s open, as in a
chromatography column, the liquid can flow out and 1s under very small stress, unless there

is an induced flow due to additional pressure (Guiochon and Sarker, 1995).

The packing material 1s under the mechanical compression stress, which varies
through the bed. In the case of a dynamically compressed chromatographic column, the
viscous stress due to the local flow velocity (or rather the pressure gradient) which is

described above adds to the mechanical stress (Guiochon and Sarker, 1995).

Many aspects of the behavior of packing materal and soil are similar. If a given mass
of packing material 1s compressed, its volume decreases. This results from a combination of
(1) the compression of the individual, solid particles, (ii) the compression of the particle
skeleton, (i) the compression of the mobile phase surrounding the particles (which is
negligible), and (1v) the escape of the mobile phase from the nterstitial voids, between the
particles (Sarker, et al., 1996). For silica-based phases, the contribution of the first
phenomenon 1s negligible and 1t 1s accurate enough to consider only the fourth one (Sarker,
et al , 1996). The process in which the saturated bed responds to the external compression
and settles 1s called consolidation, and the extent of consolidation depends on the
compression pressure applied. The phenomenon 1s not instantaneous. The interactions
between the packing material and the mobile phase are important in any study of packed bed
stability. If the packing 1s strongly consolidated, there will be little change in its density,
unless the stress becomes strong enough to break some particles (Sarker, et al., 1996). If the
packing 1s only weakly consolidated, a concentration gradient, caused either by a change in

the mobile phase composition or by the mnjection of a large sample, may lead to an increase
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in the packing density. Like other causes of increased consolidation, this effect should be
transient and after a certain stress level, the bed should remain stable under the experimental
conditions used (Sarker, et al., 1996). When the stress is reduced, there is little rebound or
volume increase since the bed of packing material has little elasticity. In other words, the
particles cannot bounce back to their original position.

Sands are the types of soil closest in properties to packing matenals for
chromatography. The main difference between sands and packing materials in the particle
size distribution. Most sands are very heterogeneous, with a range of particles sizes
extending over several orders of magnitude, with particle diameters ranging from a few pm
to less than 1000 pm (Lambe and Whitman, 1969). As a consequence, their porosity in
compressed beds can be as low as 27 %. They are also nonporous and stronger than the
porous silica particles used in HPLC columns. In so1l mechanics, the volume of material
involved is many times larger than in chromatography, the time scale is similarly much
longer (typically years), and the pressure gradients and the flow velocities are typically
much lower.

The time lag during compression of sands and most probably of all packing materials,
is mostly of a frictional nature. After acompression increment is applied, there is no uniform
and smooth reordering of particles, but an irregular, chaotic succession of local build-up of
stress between groups of particles, leading to a rupture of the equlibrium, grains rolling over
each other or being separated abruptly by the local avalanche of grains resulting from the
break-up of a bridge at some distance (Lambe and Whitman, 1969). As a consequence,
consolidation tends toward a limit following a quasi-exponential decay with a pseudo time

constant which may be of the order of hours for a small preparative column but increases

22



with increasing bed volume.

Two phenomena explain the finite rate at which a bed of sand or the packing of a
chromatographic column consolidates. The simplest case of consolidation considered 1n soil
mechanics is the one which results from linear compression (1.e. compression in one
direction). This case applies exactly to the situation encountered in dynamic axial
compression and in chromatographic columns which are not dynamically compressed but
where the bed is stressed by the solvent pressure applied to the top of the bed (the mnlet
pressure). Thus, consolidation is expected to be slower with irregular particles than with
spherical and smooth particles. The second phenomenon is the finite time it takes to
elimmate the mobile phase inside the skeleton of particles when compression takes place
This hydrodynamic lag 1s due to the finite permeability of the bed which controls the escape
of the mobile phase (Sarker, ez al., 1996). Its importance increases with decreasing particle
size and increasing column length. The particle size distribution of the silica materials for
chromatography 1s narrower than that of sand, and the average diameter of the packing
material 1s much larger than the finest sand grains found in nature, so the rate of

consolidation appears to be faster (Guiochon and Sarker, 1995).

The theory of kinetics of consolidation of Terzaghi (1925) neglects the frictional lag
and takes 1nto account only the hydrodynamic lag. This theory assumes that the void ratio,
e, decreases linearly with increasing pressure, which 1s only approximate since the
experimental data are better fitted by a loganthmic pressure dependence. When the pressure
applied to the sample 1s increased, there cannot be a change in strain of the packing unless
part of the mobile phase flows out. If the column is closed and the compression pressure

applied to the bed 1s raised while the liquid 1s unable to leak out, the only change which
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occurs is due to the compression of the liquid and the silica itself, a very small change.

The Terzaghi theory applied to packing material makes the following assumptions:
(1) the bed is homogeneous; (ii) the bed is completely saturated with the mobile phase (no
residual gas); (i11) the compressibility of the mobile phase and of the particles are negligible;
(iv) the compression and the flow are umidimensional and parallel; (v) Darcy’s law is valid;
(vi) the parameters considered are independent of the pressure. All these conditions are fully
fulfilled in HPLC columns (Guiochon and Sarker, 1995). The Darcy’s law 1s valid in a
porous medium as long as the Reynolds number is lower than 1 Typical values of Reynolds
number in liquid chromatography are lower than 0.01 (Farkas, et al., 1999). As long as the
bed 1s in the process of consolidation, the permeability is not constant along the column with

position.

In soil méchamcs, two steps are recogmzed during the consolidation of a material.
The primary consolidation 1s controlled by the permeability of the bed. The pore pressure
will be dissipated by the end of the primary consolidation. Duning the secondary
consolidation, or plastic time lag deformation, the rate of consolidation 1s much lower than
during primary consolidation such that the escape of water takes place freely and the kinetics
is controlled by plastic resistance (Lambe and Whitman, 1969). The plastic time lag 1s more
mmportant for clays than for sands but it could still be significant for packed beds, although
actual binding can take place between packing particles. The plastic time lag depends on the
energy of particle-particle interactions. Thus, a higher plastic time lag exusts for the irregular
particles than spherical particles due to stronger interactions between 1ts particles during
consolidation. On the other hand, such differences could be explained by the narrow size

distribution of the particles used m chromatography. The particle size distribution results in
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amuch larger average volume of the cavities between neighbor particles in columns than in

sand beds.

2.5 Mechanics of Particle Packing

A review of the literature from other fields was conducted. These problems include
compacted powder (Train, 1957), compacted ceramics (Aydin, et al.; 1998; Brekelmans, et
al., 1991) and metal powders (Krezalek, et al., 1995). These applications, which are similar
to HPLC in several respects, yield experimental and numerical solutions which were studied

and compared to the numerical results obtamed by HPLC columns.
2.5.1 Compaction of Powders — Train’s Experiment

An experimental mnvestigation of the mechanisms governing powder compaction was
conducted by Tramn (1956 and 1957). These expeniments investigated the mechanisms by
which a mass of powder was compressed nto a coherent tablet or pellet. This mvestigation
was from the perspective of the pharmaceutical industry, and focused on the transmission of
forces through the compacting powder and the effects of these forces within the powder
(Train, 1956).
2.5.1.1 Experimental Setup

A horizontally split die was designed, Figure 2.8 The split die consisted of eight
segments in which each segment has a depth of 2.5 cm resulting 1n a maximum compact fill
of 13.5 cm. All segments were made of Grade K.9 steel but were not hardened. They were
located and clamped together to form a die by means of three studs screwed into the bottom
segment. The upper punch was made of Grade K.9 steel, and was a sliding fit in the die. The

punch had a diameter of 5.32 cm and a length of 20 cm. The base plate and bottom punch
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were made of mild steel. A location slot was milled 1 the base plate 1n order to prevent
relative movement between the base, die and lower punch This die-set was used between
the platens of a 50-ton hydraulic press to give a maximum punch pressure of more than 2000
kg/cm?.

A sample of Heavy Magnesium Carbonate, with a mass of 160 g was used as a
powder fill The fill was made up of eight alternatively contrasting color layers which were
packed in predetermined levels in the split die. Heavy Magnesium Carbonate was selected
as the powder fill because it has constant powder characteristics of shape and size, and 1t
coheres when compressed so that the resultant compact could be taken intactly from the die
for subsequent measurements The walls of the die were lubricated with a layer of colloidal
graphite (Train, 1956).

To measure hydrostatic pressures at selected points within the powder fill, stress
gauges made of a mangamn wire were used. The manganin gauges were located at twenty
different points in the vertical half-section of the compact and these points were given the
reference numbers as shown in Figure 2.9. As illustrated in Figure 2.9, position A mdicates
the centerline of the compact, and circles mdicate the positions of manganin gauges. The
gauge consisted of an 80 mm length fine coil of 48 Standard Wire Gauge (s.w.g.) enameled
manganin wire brazed to 45 s.w.g. copper leads. The joints were insulated with a suitable
silicone and the assembly was annealed. The wire was protected by enclosing it in a small
bulb of 5 mm diameter glycogelatin When tested hydrostatically against a dead weight
pressure tester, a typical gauge gave a linear response of change of resistance to change of

pressure over a range of 0-1000 kg/cm® with a standard error of 2.5 kg/cm?. This was a

27



2
Layers_,i E é
___________ I S 3
Layer4_Q:> R3 C:j C:D C
s B
Layer3 — 5l :
S 4
Layerz__g G C:D C
et S
Layer 1 g ! '
O O o o 9
Re266em 4
Figure 2.9 Stress measured 1n powder compact (Train,

1957)

desirable gauge because 1t did not affect the forces transmtted through the system
appreciably, and the reaction induced in the gauge by any change mn the magnitude of the
forces could be measured (Train, 1956)
2.5.1.2 Typical Results and Discussions

Figure 2.10 shows the cross-sections of the compact subjected to compaction pressure
under different lubrication conditions (Train, 1956). As illustrated i Figure 2.10(b) and (d),
for tI;e unlubricated compacts, there are differences m relative displacement of the layers of
material when compacted to the same level of pressure. Tramn (1956) suggested that the
differential displacement of the compacts is caused by greatly increased frictional forces
occurring at the face of an unlubricated die wall, opposing the movement of the adjacent
compact material which tends to move as a result of the thrust from the top punch. On the

other hand, Train (1956) further suggested that the material at the center 1s relatively free to
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move, and therefore 1t only subjected to normal inter-particulate friction. Consequently, the
layer unevenly displaced in the manner shown in Figure 2.10 (b) and (d).
To estimate the density distributions inside the column bed, Train (1956) cut the

compact in radial and lengthwise directions with a lathe. The compact was carefully

measured before and after cutting, and the matenal parted off was collected and weighed.
From this data, it was possible to calculate the apparent density of the compact fill (Figure
2 11(a)). To confirm the results obtamned m Figure 2.11(a), Train (1956) traced the
boundaries between the colored layers in the compact fill during cutting, and then
constructed a complete picture of the apparent density inside the compact fill in its
compressed state, as shown in Figure 2.11(b).

Figure 2.11(a) shows the apparent densities obtained by measuring and weighing.
The results are subject to an error of about = 0.4% when allowance is made for the
uncertainty in measurements and possible loss of powder (Train, 1956). The apparent density
as percentage solid 1s shown on the left of the figure, while contours of equal apparent
density are shown on the right of the figure. Figure 2.f1(b) shows the results obtamed by
measuring the position of the boundaries between the colored layers subjected to error of
about % 0.5%. Comparing Figures 2.11(a) and 2.11(b), Train (1956) concluded that there 1s
a close agreement between the two methods, and thus the results presented in the figures are
valid.

Figure 2.12(a) shows the pressure distribution mnside the compact, corresponding to
the apparent density as percentage solid (Figure 2.12(b)) subjected to a punch pressure of
2040 kg/cm®. As illustrated m the figure, there is no sigmficant radial movement of the

particles compared to axial movement 1n the compact (Tramn, 1956). Therefore, it is
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Pressure contour levels 1n kg/cm?, (b) Apparent density contours
levels represent percent solid present (Train, 1956).
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appropnate to calculate the degree of compaction at various regions of the compact based

on the measurements of the vertical heights using half of the compact due to axisymmetric
nature of the compact.

As shown 1n Figure 2.12(a), there are high pressure wedges developed near the
corners on top of the compact, corresponding to a higher apparent density. There is also a

high pressure region at the mid-lower center of the compact.
2.5.2 Compaction of Powders — Others

Results obtained from experimental, analytical and numerical studies on the powder
movement during the unlubricated die compaction of metal powders (Krezalek and
Sivakumar, 1995; Brekelmans, et al., 1991) and ceramic powders (Aydin, ef al., 1997a;
Aydin, et al., 1997b; Briscoe and Rough, 1998) showed agreement with Tramn’s experimental
results, except they did not observe a high pressure region at the mid-lower center of the
compact.

Further investigation was done by Hirai and Okada (1981) on the stress and strain
distributions 1n a compressed powder bed of potassium chlonde lubricated with magnesium
stearate, based on the theory of limiting equilibrium states specified by the Mohr criterion.
Compared to ’results obtained using unlubricated powder bed (Fukumori and Okada, 1976),
Hira1 and Okada (1981) concluded that a more uniform pressure distributions on the
boundary surfaces and within the powder bed appeared 1n the lubnicated system. This 1s
consistent with Train’s observation.

Dimilla and Reed (1983) also studied the stress transmission through the compact,
die wall friction, and the radial/axial stress ratio using a spray-dried alumina powder and an
unlubricated/lubricated steel die for pressing Similar studies were done by Bniscoe and
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Evans (1991), with single-sided umaxial cylindrical compaction of zirconia and alumina
powders. The die walls were lubricated with an established wall lubricant: calcium stearate
powder. Their results further confirmed Train’s findings, in which a more uniform compact

was achieved by using lubricant.

2.6 Compaction of Powders — Punch Tip Geometry

To investigate the effect of punch shape on powder compression, Sixsmith (1980)
prepared four different punch faces: flat faced, bevelled, concave, and deep concave to be
used 1n his expeniments with Avicel PH101 powder. According to Sixsmith (1980), as the
punch curvature increased, there was a decreased tendency to decrease tablet porosity such
that zero porosity would theoretically be achieved at the following compressional forces: flat
faced 167 kN; bevelled 206 kN; concave 550 kN; deep concave 1670 kN, respectively. The
effect of the variation of sample height/diameter (h/d) ratio was studied using concave and
deep concave punches, and Sixsmith (1980) found that for tablets that were prepared using
deep concave punches, a decrease in the h/d ratio by a factor of 2 would cause an increase
in the theoretical force to produce zero porosity from 1670 kN to 2550 kN. This effect is
contrary to what one would expect, as a decrease in h/d ratio would decrease total die wall
friction, which should lead to a decrease 1n the resistance to compression.

This counter intuitive effect might be due to a large proportion of the total tablet
volume that was enclosed within the punch tip and thus a decrease in the h/d ratio would
increase the proportion within the punch tip (Sixsmith, 1980). As suggested by Train (1957),
who used a flat faced punch, particles adjacent to the moving punch face were relatively
protected during the compression process. Thus, based on the same analogy, Sixsmith (1980)

expected that a similar situation would exist during his mvestigation, and the material
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enclosed within the moving punch tip would remain relatively protected until the main body
of the tablet was compacted to a relatively low overall value of porosity. Sixsmith (1980)
further suggested that at this point, the high density main body of the tablet might act as a
secondary punch face causing compression of the material enclosed within the punch tip. In
addition, Shaxby and Evans (1923) suggested based on simular testing that as the
compressional force died away exponentially from the point of compaction, a decrease i the
h/d ratio by increasing the relative proportion and thus relative height in the punch tip would

require greater forces to be exerted to compact the material within the punch tip.

Further investigations were later conducted by Sixsmith and McCluskey (1981),
where the axial and radial powder movements were studied during the tableting process
using various punch tip geometries. Stxsmmth and McCluskey (1981) observed that alteration
of punch tip geometry affected both axial and radial powder movement, to the extent that
depended on the relative curvature of the punch tip. Moreover, addition of the lubricant
decreased relative axial movement but had little effect on radial movement (Sixsmth and

McCluskey, 1981).
2.7 Micromechanics

Developments in the field of micromechanics can be used to further investigate the
side wall friction effects on the HPLC columns, because the packing matenals inside the
columns are an assemblage of silica particles, and they are more or less 1sotropic and
homogeneous Lannutti (1997) investigated the microstructure and properties of a ceramic
component during the manufacturing process using micromechanics. The application of
micromechanics to the conditions 1n HPLC columns may provide additional mnsight to the

mechanics of the packing process, but 1s outside the scope of this work.
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Chapter 3

Characterization of HPLC Packing Materials

To further understand the stress distribution within the packing material inside the
HPLC columns, numerical modeling was used. Laboratory testing was conducted to
investigate the response of the packing material and determine the materal properties for use
1n the numerical analysis. These material properties include the elastic stress-strain-volume
relations, the internal coefficient of friction, the interface coefficient of friction, and the
permeabulity of the packing material. Mihlbachler e al (1998) measured the internal friction
of the packing material and determuned the internal friction angle, g=36° and 23° for Pro
10 S1l and Kromasil NP 10, respectively. The cohesion, ¢, of Pro 10 Sil and Kromasil NP 10
was found to be 1.1 kPa and 0.8 kPa, respectively. Therefore, no laboratory testing will be
conducted to determune the internal coefficient of friction of the packing material. In the
numerical analysis described in Chapter 4, the ‘values of ¢ =1.1 kPa and ¢= 36°were used

to represent the packing matenal.

3.1 Consolidation Testing of Packing Material

When saturated fine-grained soils, or particulate materials such as packing material,
are subjected to changes in mechamcal load, they deform in a way different from that of
liquds or solids Their deformation takes place not only at the time of the load application,
but also continues with time. The long-term settlement of a fine-grained soil layer 1s
primanly controlled by consolidation, a physical process in which the interstitial water that

1s under excess pressure slowly diffuses through the compressible matrix of the soil particles.
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After the excess pore pressure has completely dissipated, fine-grained soils can also deform
due to therr viscous nature. The properties that characterize the amplhitude and rate of

deformation for soils are determined 1n the consolidation test.
3.1.1 Loading, Unloading and Reloading Processes

Figure 3.1 shows the consolidation curve of a typical fine-grained material. The
relation between void ratio, e and effective stress, ¢’ is nonlinear and ureversible. The
material behaves differently during loading (A to C, or D to E) and unloading ( C to D, or

E to F). The material response of Figure 3.1 is not elastic, but is elastoplastic.
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Figure 3.1 Idealized representation of stress-strain
response (Bardet, 1997).
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As 1llustrated m Figure 3.1, starting from point A, the void ratio, e varies linearly

with log o’ when ¢’ 1s increased from ¢’ to o’;.

e=e,—C; logc—:— (3.1)
A

where C, 1s the swelling index, e, is the void ratio at point A, and o’ is the effective stress
at pomt A. Equation (3.1) 1s valid until ¢” reaches stress ¢’5, at which pomnt the e-o” curve
abruptly becomes steeper than the branch AB. When ¢’ > ¢, the void ratio, e varies again

linearly with log ¢’ but with a steeper slope:

e=¢ep,—C, log;‘—’ (3.2)
B

where C, 1s the compression 1ndex, e, 1s the void ratio at point B and o’ 1s the effective
stress at pomnt B. When ¢’ 1s decreased from o’¢ to oy, the point (e-log ¢07) follows the
unloading branch CD, which 1s parallel to AB and has a slope equal to the swelling index.

But, equation (3.1) 1s now referenced about C instead of A:

!

e=¢e;—C; loggc’— (3.3)
C

When o 1s increased again, the point (e-log o) follows the branch DC in the
opposite direction and moves toward E on the branch that extends BC When ¢ 1s finally
decreased from E to F, the point (e-log o) follows the branch EF parallel to AB and DC The

branch BCE is called the virgin compression line (VCL). The branches AB, DC and FE are
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swelling lines. A particular material has only one virgin consolidation curve, but an infimte
number of swelling branches The swelling branches are always to the left of V(."JL. The pomnt
(e-log 0’) cannot go to the right of VCL.

The stress-strain relations specified by equations (3 1) to (3.3) are nonlinear because
e1s alogarithmic function of &’ They are also irreversible because 1t is not possible to return
to point A once o has exceeded &’;. The threshold of irreversibulity is defined by the largest
effective stress applied, which is also referred to as the pre-consolidation pressure, o’,. When
the stress state is smaller than o, the response is described by a swelling branch. When
stress state 1s equal to o, the response follows the VCL for the loading and a swelling line
for unloading. The pre-consolidation pressure, o’p, either increases or remains constant but
never decreases. During the loading ABC of Figure 3.1, o, moves from '3 to 0’ o' is
constant during the unloading CD and reloading DC but increases again during the loading
CE.

3.1.2 Experimental Setup

The consohidation (oedometer) test 1s used i soil mechanics to determme the
compression index, C,, swelling index, C,, the preconsolidation pressure, o°,, which define
the soil compressibility, and the coefficient of consolidation, C,, which characterizes the rate
of primary compression. Consolidation tests on the packing materials may be used to
develop a mathematical model of the nonlinear stress-strain response.

A series of consolidation tests was conducted on the packing materials using a 2.5
mnch diameter consolidation ring. The basic setup of a one-dimensional consolidation test

1s shown mn Figure 3.2. The oedometer is a st1ff ring, which limits the lateral expansion, with
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the sample loaded between two porous stones, which allow drainage of the pore methanol
The slurry of packing material with methanol solvent 1s stirred for approximately an hour to
ensure that all the particles has been properly dispersed and wetted. Then, the slurry was
poured carefully into the oedometer. The slurry sample was allowed to settle and excessive
methanol was decanted using a syringe. Then, filter papers were placed between the porous
stone and the sample to separate the silica particles from the porous stone. The top cap was
placed on the porous stone and sample was then completely immersed in methanol and

remained fully saturated during the test.

Burette Graduated burrette

HI

&

h (t)
)g‘ Ball bearing LT d Modified top cap
Filter papers
Datum\\ Uﬁ v OV;rﬂOW
A\ =~
l Silica sample LI 1> Porous stones
= f/'fg
ol |

Figure 3.2 Fixed-ning consohdation cell with burette for
permeability measurements

The loading sequence of the consolidation test depends not only on the matenals
tested, but also on the engineering application. The duration of each load application depends
on the rate of consolidation of the soil Ideally, the load should only be changed after the
degree of consolidation, U, reaches 100%. In practice, the load 1s changed at convenient
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times provided that U exceeds 90%. In the tests on the packing material, the load was applied
to the sample every 24 hours, which was consistent with the laboratory observation that after
24 hours, all the primary consolidation of the sample was completed. A dial indicator with
arange of 0.5 inch (12.7 mm) and an accuracy of 0.0001 inch (2.54 um) was attached on top
of the modified cap to measure the vertical displacement of the sample. A beam-and-counter
weight mechanism loading device was used to apply and maintain the axial load to the
specimen.
3.1.2 Parameter Determination and Discussion of Results

When the axial stress, o; 1s applied, the sample of nitial height, 4,, deforms
vertically with time. It ultimately settles an amount 4% when the excess pore methanol
pressure is completely dissipated In other words, consolidation is complete when the internal
effective stress, ¢, equals to the externally applied stress, o. The corresponding axial stran,

& can be determined:

£, =— (3.4)

Smce the stiff ing prohubats lateral stram (i.e., & = g = 0), the volumetric strain, &,

is thus given by:

4h
€v=€x+€y+€:=€:=71— (3.5)
0
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The volumetric strain, &, is also:

g, = =it =2 (3-6)

where e 1s the present void ratio, e, 1s the 1mtial void ratio, ¥'is the present volume, ¥ 1s the
mitial volume, and V, 1s the total volume of silica particles. Therefore, e is related to 4h

through:

e=e0—-£v(1+e0)=e0—;£(l+eo) (3.7
0

The initial dry density, g,,, and imitial void ratio, e, of the materals can be calculated

through.

-1 (3.8)

2
0

where M, is the mass of the dry sample, V| = 1s the initial sample volume, D 1s the

sample diameter, 4, is the initial sample height, G, 1s the packing materials specific gravity,
and p,, 1s the density of the solvent. (

Figure 3.3 shows experimental results that are representative of the response of
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Kromasil C8 spherical silica particles with methanol solvent subjected to a loading-

unloading-reloading cycle in the consolidation test. The compression index, C, and swelling
index, C,, which define the soil compressibility for the tests were calculated and are
summarized in Table 3.1. Therefore, the packing material (Kromasil) used n HPLC column

has a very low plasticity based on Table 3.1.
3.2 Permeability of the Packing Material

The packing materials inside HPLC columns are permeable to solvents such as
methanol because the voids between silica particles are interconnected. The degree of
permeability is characterized by the permeability coefficient, %, also referred to as the
hydraulic conductivity. It depends on both the properties of packing materal and the pore
fluid and has a unit of length per time (Coduto, 1999). The intrinsic permeability, X, which
primarily used by hydrogeologists, depends only on the packing matenal (Coduto, 1999). It
has umits of length?, and 1s related to coefficient of permeability by (Freeze and Cherry,
1979):

K = P& (3.9)
H

where p, 15 the density of the fluid, 1 is dynamic viscosity of the fluid, and g 1s the
gravitational acceleration

In order to obtain & for the packing material, laboratory testing can be performed by
using erther a falling head test or consolidation test, since the packing material has an

intermediate to low permeability.
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Table 3.1 Compression and swelling mdexes for Kromasil with methanol.

Sample Compression Index, C. | Swelling Index, Cg
KMSamplel 0 0035 0.0013
KMSample2 0.0056 0.0022
KMSample3 0.0232% N/A

KMSample4 0.0166" N/A

Average of KMSamples 0.0046 0.0018

Poorly Graded Sands* 0.055 0.010

Clay Tall** 0.08 N/A

Very Low Plasticity Soils*** | 0.024 N/A

to loss of materials during permeability tests
* As summarized by Holtz and Kovacs (1981)
** As summarized by Bardet (1997)

#** Based on empirical equation: C, = 0 75(¢, - 0.50) by using e, = 0.5319 (Holtz and

Kovacs, 1981)

* C, of these samples do not take mnto account on the average C for Kromasil samples due
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Figure 3.3 Typical void ratio vs. vertical stress responses.
(Loss of material n KMSample3 and KMSample4 during the permeability

tests).
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3.2.1 Empirical Relationships for Hydraulic Conductivity

The Kozeny-Carman formula (Kozeny, 1927, Carman, 1939) 1s an empirical

expression that can be used to estimate & based on the void ratio(Bardet, 1997):

3

Vw__€
k= 5
58 1+e

(3.10)

where e 1s the void ratio, and  is the dynamic viscosity of the fluid. The coefficient f
depends on pore shape: /= 1.1 forrounded grains, f=1.25 for subrounded grains, and f=1.4
for angular grains (Loudon, 1952). The specific surface area, S (1.., the surface area per unit

volume of grains) can be determined (Bardet, 1997):

6
S == 3.11
=4 (3.11)

max ™" min

where d,,, is the maximum grain diameter n mm and d,,,, is the minimum grain diameter n
mm.
3.2.2 Experimental Setup

The permeability of the packing materials also can be calculated from the rate of
settlement during the consolidation test, or by conducting a falling head permeability test
at the end of a loading increment. The latter method was used to measure the permeability
of the packing materials during the consolidation tests.

Figure 3.4 shows the falling head permeability test during a consolidation test. The

sample 1 the rigid container 1s squeezed by a constant vertical load. The standpipe is
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attached to the consolidation cell and forces methanol solvent through the sample from the
bottom The sample 1s subjected to falling head test after being consolidated, thus allowing

the determination of k as a function of e. The coefficient of permeability, £ can be calculated:

= “log - (3.12)

where a is the cross-sectional area of the graduated burette, 4 is the cross-sectional area of
the sample, L 1s the length of the sample, 4, is the elevation of methanol solvent in the
standpipe above the discharge level at time ¢ =0, and 2,15 the elevation of methanol solvent

in the standpipe above the discharge level at time .

Burette
stand Graduated burette

H

Ball bearing
g Liad Modified top cap

Filter papers

Datum \\ \_/ ¢ Ov_e>rﬂow

7
Silica sample ™
T T 1‘ [TL_“}>Porous stones

|

Figure 3.4 Falling head permeabulity test during consohdation test.
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3.2.3 Parameters Determination and Discussion of Results

Typical coefficient of permeability response (Figure 3.5(a)) and permeability
response (Figure 3 5(b)) for Kromasil C8 silica particles with methanol solvent in shown in
Figure 3.5. As expected, the permeabihity decreased with decreasing void ratio. For
comparison, the permeability values obtained using the Kozeny-Carman formula are also
shown in Figure 3.5(a) and (b). The Kozeny-Carman formula appears to be a reasonable
approximation of the relationship between the laboratory measured permeability and the void
rati0. Regression analysis was performed on the data, and a power relations as indicated in
Figure 3.5 was found to provide a good approximation to the measured response. The
permeability coefficient of the packing material ranges from 2.6 x 107 to 3.4 x 107 cm/s,

which is a typical value for silty sand (10° cm/s) reported by Freeze and Cherry (1979).

3.3 Shear Strength of the Packing Material/Steel Interface

'

Silica, like any other material, fails at some point when it 1s subjected to increasing
shear stresses. Silica cannot withstand a shear stress larger than 1its shear strength and
deforms extensively when the applied shear stress approaches 1ts shear strength. Likewise,
when the shear stress along the packing matenal/steel wall contact equals the strength, slip
will occur. As long as the stresses remain below this value, there can be no slip or movement.
Thus, the strength or coefficient of friction between the packing matenal and column wall
1s important to the packing process.

3.3.1 Interface Friction Angle
Laboratory tests were conducted to measure the coefficient of friction between the

packing material and the stainless steel HPLC column wall, and to measure the volumetric
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response of the packing material. The results of these tests were then used for the estimation

~

of the material constitutive parameters in the numerical analysis. Direct shear tests were

conducted to directly measure the coefficient of friction, and tilt tests were performed to
qualitatively investigate the effectiveness of several lubricants.
3.3.1.1 Direct Shear Test

The oldest form of shear test for soil is the direct shear test, first used by Coulomb
in 1776. The direct shear test affords the easiest way to measure the friction angle of dry
particulate materials. It 1s also very useful, however it 1s not as widely used, for testing
materials that contain water due to the difficulty in controlling the drainage of the sample.
The geometry of the direct shear test is also well suited for measuring the strength of soil
structure contacts or interfaces.
3.3.1.1.1 Experimental Setup for Zorbax with Methanol

A comprehensive series of laboratory direct shear tests was performed on the contact
surface between the packing matenal (Zorbax spherical 10um C18-bonded silica and
Kromasil spherical 10um C18-bonded silica) and the polished stainless steel column wall
material. Tests were conducted under a range of normal stresses with two solvents (both
methanol and acetone). The results of a total of approximately 25 tests were reported.

A direct shear apparatus was used, with sample diameter of 63.5 mm in contact with
apolished stainless steel plate. 50 grams (g) of silica packing maternal (solids density of2.65
g/cm®) was weighed and mixed with 125 milliliters (ml) of methanol (density of 0.79 g/cm’®)
to form a slurry. The slurry was stured for approximately one hour so that the spherical

particles of silica were properly dispersed and wetted. Then, the slurry was poured slowly
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and carefully into the shear box to allow the silica sample to settle. The settlement occurred
due to a higher density of the silica particles relative to a lower density of methanol.
Excessive methanol on top of the silica sample was then decanted using a syringe. Filter
papers were placed between the silica sample and the modified cap and ball bearings. The
filter papers would detain silica from flowing out of the shear box while the methanol
pressure dissipated from the sample through the tubes on top of the cap as illustrated in
Figure 3.6.

Typical 1nitial sample height was about 10 mm. The initial height of the sample, H,
was calculated by measuring the depth of the shear box, H,, the height of the top cap, H;, the
thickness of the filter paper, H,, and the distance H, (Figure 3.6) with a caliper:

H =H +H,-H,-H

0= T T3 Ty (3.13)

7-Small methanol filled tubes

e—TT—1
Ball bearing
for application H — =
of vertical load
Shear box

N Modified top cap

Filter papers \

\
H, \1 \ \-/ '/ H,
H,
H,
H, Silica packing material

Figure 3.6 Schematic of direct shear tests of packing material-steel
contact.
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The dial gages that measure lateral and vertical displacements were then attached and
the initial reading was recorded. The normal stress was applied to the sample at a rate of
about 100kPa (one bar) per hour, and the vertical displacement of the sample was recorded.
This rate assumed that the prnmary consolidation of the sample was completed after one
hour, which was consistent with the observation of change in sample height with time.
Methanol was added to the sample box surrounding the sample to prevent the methanol
inside the shear box from evaporating after the imitial normal pressure was applied.

The volumetric response of the packing material was measured during the application
of the normal stress. Then, the displacement controlled direct shear tests were conducted,
where the shear box was laterally pushed at a rate of approximately 1.3 mm/minute (Bardet,
1997) and the resulting shear resistance of the interface was measured. Displacement-
controlled tests are preferred because they yield the residual shear strength, or post peak
shear stress. The sﬁear force and vertical and displacement were measured and recorded at
every 0.05 mm of lateral displacement (Bardet, 1997). The test was continued until the shear
force became constant. The tests were performed at normal stresses of 250 kPa, 500 kPa,
1000 kPa, 2000 kPa, and 3000 kPa, and several replications were obtained at most normal
stresses.
3.3.1.1.2 Results for Zorbax with Methanol

The direct shear test is used to determine the shear strength of the matenial on
predetermined failure surfaces. In the direct shear test, the materal response is reported
versus shear displacement instead of shear strain because 1t is not possible to evaluate shear
strain since the strains are never uniform in the direct shear test Thus, it is not suited for
studying the stress-strain relationships of the sample. Figure 3.7(a) shows a typical response
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of the Zorbax spherical C18-bonded silica samples (with methanol solvent) subjected to
direct shear loading. In Figure 3.7(b), the shear stress response normalized with respect to
the applied normal stress 1s shown. The vanation of shear stress with horizontal displacement
1s shown in Figure 3.8(a), and the corresponding normal displacement 1s shown 1n Figure
3.8(b). The tests were performed at various normal stresses, and several replications were
obtained at most normal stresses. With increasing shear (horizontal) displacement, the void
ratio and vertical displacement increase until it becomes cntical, after which the shear stress
decreases and gradually approaches the residual shear strength, as shown in Figure 3.8. The
peak failure is characterized by the peak fiiction angle, #,, and the residual failure 1s
characterized by the residual friction angle, 4. Based on the peak failure value, the Mohr-
Coulomb envelope could be plotted

The principles of the direct shear test are illustrated in Figure 3.9. The silica sample
confined inside the ngid sample box is subjected to the normal load, N, and 1s sheared by the
shear force, T. If 4 is the area of the contact surface along plane CD, the shear stress, 7,
acting on the contact surface 1s equal to 7'/4, and the normal stress, g;, 1s equal to N /4. For
a cylindrical box, A = (nD?) / 4, where D is the diameter of the sample. The silica sample
shear strength 1s the shear stress, 7z, that causes the sample to shp along plane CD
(honzontal surface). The shear stress at failure can be defined by Mohr-Coulomb theory:

r=c+otand (3.14)

where c is the cohesion and J1s the interface friction angle
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Figure 3.7 A typical result for Zorbax with methanol (a) Shear stress vs. horizontal
displacement response, (b) Normalized shear stress vs. horizontal displacement response.
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Figure 3 8 A typical result for Zorbax with methanol (a) Shear stress vs. horizontal
displacement response, (b) Vertical displacement vs horizontal displacement response.
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Figure 3.9 Silica sample in direct shear box.

Duning the direct shear test, the stress state 1s not completely defined: o, and 7, are
known only on the horizontal surface, but the stresses are unknown on all other planes. The
stresses on the horizontal plane at failure are represented by point M 1n Figure 3.10. If the
stresses on the horizontal plane are measured at another value of normal stress, as shown by
M’, then the linear failure envelope A-M-M’ can be drawn. Adoption of Mohr-Coulomb
failure criterion assumes that the Mohr circle 1s tangent to the failure surface, and the point
of tangency corresponds to the stresses on failure plane at failure. Thus allows the
construction of the Mohr circle at failure. Thus, the Mohr circle can only be drawn at failure,
assumung that the failure plane 1s horizontal and the stress state 1s uniform. As shown n
Figure 3.10, pomt M represents the stress on the horizontal surface, and pomnt N represents
the stress on the vertical surface. Point P, referred to as the “Pole”, is on the same horizontal
line as point M when the failure plane 1s horizontal. The Mohr circle at failure is tangent to

AM, and 1ts center B is given by line MB perpendicular to AM.
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Figure 3.10 Stress state at failure and 1ts Mohr representation (Bardet, 1996).

The test results suggested that the contact between the Zorbax silica sample and the
stainless steel plate followed a Mohr-Coulomb failure law with a cohesion, ¢ = 0 kPa, and
a friction angle, d=21°, corresponding to coefficient of friction, tan 6 = 0.39, as shown in
Figure 3.11.

3.3.2 Effects of Solvents

To evaluate the effects of different solvents on the wall friction in HPLC columns,
an additional series of direct shear tests were conducted. The same methods mentioned in
Section 3.3.1.1.1 were used, except acetone (density of 0.79 g/cm’) was used as the solvent
in the tests rather than methanol. The tests were performed at normal stresses of 250 kPa,
500 kPa, 1000 kPa, and 3000 kPa, and several replications were obtained at most normal
stresses. Figure 3.12 illustrates the measured shear stress deformation response, and the

resulting Mohr-Coulomb failure envelopes are shown in Figure 3.13. The test results
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Figure 3.11 Mohr-Column failure envelope for direct shear tests on Zobax-steel contact.
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Figure 3.12 A typical shear stress vs. horizontal response for Zorbax with acetone.
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Figure 3.13 Mohr-Coulomb failure envelope.
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suggested that the contact between the silica sample and the stainless steel plate followed a

Mohr-Coulomb failure law with a cohesion, ¢ = 0 kPa, and a friction angle, & = 22.5°(tan
d = 0.415). For comparison, the strength envelope for the Zorbax with methanol is also
shown mn Figure 3.13. Zorbax with acetone tends to have a slightly higher friction angle
(difference of 6 = 1.36°) than the Zorbax with methanol. This difference between the
coefficient of friction with methanol and acetone can be considered to be insigmficant, which
is consistent with accepted theories of contact friction. This suggests that the wall friction
i the HPLC columns is independent of the nature of the solvent since the difference in the
measured friction angles 1s small. The small difference might be due to the fact that the
particles 1n the bed interact strongly with each other and this mteraction depends on the
surface tensions between the liquud and the solid, which may be different for the two
solvents.

However, these direct shear results contradict friction measurements 1n
chromatography columns with methanol and acetone (Guiochon e al, 1999) where
significant differences in the frictional resistance were measured. This suggests that the
solvent may affect the particle density, which mn turn affects the coefficient of friction. This
aspect of the problem warrants further investigation.

3.3.3 Effects of Packing Materials

To further understand the wall friction effects inside HPLC columns, additional direct
shear tests were conducted with different silica packing matenial. The test procedures were
the same as those mentioned in Section 3.3.1.1.1, except Kromasil C8 spherical silica

particles (average particle size of 10 um, solids density of 2.65 g/cm®) with methanol solvent
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were used as the packing material. The tests were conducted at the normal stresses of 1000

kPa, 2000 kPa, and 3000 kPa, and several replications were obtained at most normal stresses.
Figure 3.14 shows the shear stress-deformation measurements for Kromasil with methanol,
and the resulting Mohr-Coulomb failure envelopes are shown i Figure 3.15. For
comparison, the strength envelope for the Zorbax with methanol is shown in Figure 3.15.
The test results suggested that the contact between the silica sample and the stainless steel
plate followed a Mohr-Coulomb failure law with a cohesion, ¢ = 0 kPa, and a friction angle,
0 =11.64°(tan 6 = 0.206).

Kromasil with methanol tends to have a lower friction angle (difference of 9.52°)
than the Zorbax with methanol. In other words, the measured coefficient of friction for
Kromasil with methanol 1s about half of the measured coefficient of friction for Zorbax with
methanol. This suggests that the wall friction n HPLC columns is dependent of the nature
of the packing material since the difference 1n the measured friction angles is significant. The
difference might be due to the fact that the particles in the bed mnteract strongly with each
other and this interaction depends on the surface tensions between the liquid and the solid,
which may be different for the two packing materials.

These direct shear results contradict friction measurements in chromatography
columns with Kromasil and Zorbax (Guiochon, 1999), in which sigmficant differences in the
frictional resistance of the two material was measured. This aspect of the problem warrants

further investigation.
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Figure 3.14 Shear stress vs. horizontal response for Kromasil with methanol.
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3.3.4 Effect of Lubricant

Wall friction is thought to contribute to the non-homogeneity of the packing materal,
and will be investigated by numerical analysis (discussed i Chapter 4). An experimental
mvestigation of several potential vgall lubricants was conducted. Prior to conducting direct
shear tests with the lubricants, the relative difference between several potential lubricants
was mvestigated using tilt tests. The tilt tests were done on interfaces between a steel plate
and block of phenolic material with the various lubricants The lubricant with the best
potential for improving the column packing procedure would be used 1n direct shear tests
between the lubricated stainless steel plate and the Zorbax spherical C18-bonded silica
packing materal.
3.3.4.1 Tilt Tests

Since the mterface coefficient of friction between the packing material and the
stamless steel column decreases the efficiency of the chromatography columns, several wall
lubricants were mvestigated. These lubricants included flake graphite powder, Sprayon
graphite spray, Teflon spray and Boron Nitride (ceramic) spray. To evaluate the performance
of the lubricants, tilts tests were conducted on the lubricated stainless steel plate and a block
of phenolic. Tilt tests were chosen because they are an easy, cheap and quick method to
compare the various lubricants.
3.3.4.1.1 Experimental Setup

The tilt tests were conducted by using a block of phenolic and a steel plate. A
schematic of the apparatus used 1n the tilt tests is shown m Figure 3.16. The plate was

attached to a machinist’s sine plate (shown 1n Figure 3.16) where one end of the plate was
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raised by cranking the handle of the sine plate at a constant rate of about 90 mm/minute,
while the other end was held constant. Consider the block of weight, W, resting on a plane
surface which 1s inclined at an angle, ., to the horizontal surface. The block 1s acted upon
by gravity only and hence the weight, W, acts vertically downwards as 1llustrated in Figure

3.16.

Figure 3 16 Schematic view of the tilt test.

The resolved component of W which acts down the plane and which tends to cause
the block to slide is W sin o.. The component of W which acts across the plane and which
tends to stabilize the slope 1s W cos a. The normal stress, owhich acts across the potential

\

shiding surface is given by:

Wcosa
o= —

y (3.15)
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where 4, is the base area of the block.
The relationship between shear strength of the sliding surface and the normal stresses
can be expressed as:

r=otand+c (3.16)

where 7is the shear stress, ois the normal stress, Jis the interface friction angle, and c1s the
cohesive strength of the material contact.
Assuming that the shear strength of the surface 1s defined by equation (3.16) and

substituting for the normal stress from equation (3.15):

7= I:WLzszjltané#c (3-17)

and the resisting force, 74 that resists the block from shding 1s given by:

4 = (Wcosa)tano+ cA4 (3.18)

The block will be just on the pont of shding or in a condition of limiting equilibrium

when the disturbing force acting down the plane 1s exactly equal to the resisting force:

Wsina = (W cos @) tan o'+ cA (3.19)

If the cohesion ¢ = 0, which was the case in the packing material-steel contacts
investigated in the direct shear tests, the condition of limiting equilibrium defined by

equation (3.19) reduces to:

a=6 (320)

Thus, the angle at which the block began to shde is the mnterface angle of friction, &,
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best potential for improving the column packing procedure (shown n Figure 3.17). A series
of direct shear tests were then conducted between the stamless steel plate lubricated with
Sprayon graphite spray and the Zorbax silica packing material to observe the effects of
lubricant on the interface friction between the plate and the packing materials.
3.3.4.2 Direct Shear Tests with Lubricant

The same methods mentioned 1n Section 3.3.1.1.1 were used in the tests, except

Sprayon graphite spray was used as a coating material on the stainless steel plate. The

graphite was sprayed slowly and carefully so that a umform layer of graphite was applied to
the plate. The thickness of the graphite was approximately 3.5 um, as estimated by
measuring the mass difference before and after spraying the graphite onto the test slide, and
knowing the density of the graphite and the area of the sprayed slide.
} The tests were performed at normal stresses of 2000 kPa and 3000 kPa respectively.
The shear stress displacement response is shown 1 Figure 3.18, and the resulting Mohr-
Coulomb failure envelope (Figure 3.19) was obtained based on the peak failure shear
stresses. The test results suggested that the contact between the silica sample and the
lubricated stainless steel plate followed a Mohr-Coulomb failure law with a cohesion, ¢ =0
kPa, and a friction angle, & = 18.3° (tan & = 0.33). In other words, the graphite spray
reduced the coefficient of friction to about 85.2 percent the non-lubricated value Comparing
the reduction 1n coefficient of friction 1 direct shear tests (14.8%) with the reduction in
coefficient of friction from tilt tests (37.5%), the reduction 1s not as sigmficant as with the

phenolic. This mught be expected due to the difficulty of aclueving a uniform coating under

the packing material particles.
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Figure 3 18 A typical shear stress vs horizontal displacement response for Zorbax
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3.3.5 Discussion of Results

Figure 3.20 compares the shear stress vs. horizontal displacement response for the
two packing materials (Zorbax and Kromasil) used in HPLC columns with the two different
solvents (methanol and acetone). The Mohr-Coulomb failure envelopes are compared mn

Figure 3.21

As 1llustrated m Figure 3.21, the lowest interface coefficient of friction between the
silica sample and the stainless steel plate 1s found in Kromasil C8 with methanol solvent (tan
&=0.21). This suggests that Kromasil C8 could be used in HPLC columns, such that a more
homogeneous column can be prepared. Thetest results also suggest that the contact between
the Zorbax with methanol and the stainless steel plate had the greatest coefficient of friction
(tan & = 0.39). This value of the interface friction angle 1s close to the two thirds of the
internal friction angle (4= 36°) measured Mihlbachler ef al. (1998) on a similar packing
material Pro 10 Sil, which 1s consistent with the results reported by Potyondy (1961) for

interface between soils and various construction materals.
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Chapter 4

Numerical Modeling

Numerical modeling techmques such as the Fimte Element Method (FEM) can be
used to stmulate the stress-state mside HPLC columns during the packing process. The FEM
1s a collection of theory-rich techmiques, which can produce near-optimal approximate
solutions to the initial-boundary value partial differential equations common to engineering
and mathematical physics (Baker and Pepper, 1991). In general, a finite element analysis
requires the 1dealization of an actual physical problem into a mathematical model and then
the finite element solution of that model. The stress distribution in a typical preparative
HPLC column was mvestigated using the commercial general-purpose finite element code
ABAQUS, version 5.8 (1998). The material parameters used mn the analysis were obtained
from the laboratory testing. The numerical results from ABAQUS were evaluated via the

post processing package, ABAQUS/Post (1998), which generated the graphical results.

4.1 Mechanical Response due to Piston Loading

As described 1n Section 2.1, a piston 1s used to consolidate the HPLC column 1n a
few seconds. The effects of this mechanical loading was studied using a nonlinear elastic-
plastic model. The laboratory results from the direct shear tests and fixed ring consohdation
tests incorporating falling head permeabihty tests were used in a numerical analysis of a

chromatography column
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4.1.1 Idealization of HPLC Columns

The typical HPLC column used 1n this research is 16.0 cm long with a diameter of
5.0 cm, as shown in Figure 4.1. Since the FEM is an approximate numerical procedure for
solving engineering problems, 1t 1s valuable to recogmize that a mathematical model is
actually implied in the finite element representation of the physical problem.
4.1.1.1 Idealization and Boundary Conditions of the Model

To model HPLC column, a three-dimensional model could be used. However, due
to the axisymmetric nature of the column and packing process, the column can be simplified
to a two-dimensional model by taking advantage of the axial symmetry as illustrated in
Figure 4.2. 4-node linear axisymmetric continuum elements (2 x 2 integration points) were
used. These elements are torsionless axisymmetric elements, which only allow axially
symmetric loading conditions. The body of revolution is generated by revolving a plane
cross-section about an axis (the symmetry axis) and 1s readily described 1n cylindrical polar
coordinates: r, z, and 0. The radial and axial coordinates of a pomnt on this cross-section are
denoted by r and z, respectively. At 6 =0, the radial and axial coordinates coincide with the
global Cartesian X- and Y-coordinates (ABAQUS, 1998). If the loading consists of an axial
component that 1s independent of 6, as 1n this problem, the displacement at any point will
only have radial, u, and axial, u, components and the only non-zero stress components are
O Oy, Ogg, and 0.

The frictional surface between the bed and the steel wall was represented using
contact pairs, with a coefficient of friction = tan 8 = 0.39. As illustrated in Figure 4.3, a

vertical constraint was imposed on top of the column while a displacement of 3.40 mm
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(corresponding to mean compression pressure of 130 bar) was then applied at the bottom of
the bed corresponding to the piston displacement. This value is consistent with results of
chromatographic experiments (Guiochon et al., 1999a).

4.1.1.2 Investigation of the Mesh Size

The finite element method is an approximate numerical procedure for solving
engineering problems, 1t 1s valuable to recogmze that a mathematical model 1s actually
implied 1n the finite element representation of the physical problem. In other words, as the
number of elements is increased, a proper finite element solution should converge to the
analytical or exact solution of the differential equations that govern the response of the
mathematical model. If the differential equations of motion are not known, as in preparative
HPLC columns analysis, and/or analytical solutions cannot be obtamed, the convergence of
the finite element solutions can be evaluated only on the assumption that all basic kinematic,
static, and constitutive conditions contained in the mathematical model must ultimately be
satisfied at the convergence. Thus, 1n all discussions of the convergence of the fimte element
solutions, we imply that the convergence to the exact solution of 2 mathematical model 1s
meant.

For monotonic convergence, the elements must be complete and the elements and
mesh must be compatible. If these conditions are fulfilled, the accuracy of the solution results
will increase continuously as we continue to refine the finite element mesh. At some stage
of refinement, there should be httle change in the results. This mesh refinement should be
performed by subdividing a previously used element into two or more elements. Thus, the
old mesh will be embedded 1n the new mesh. This also means mathematically that the new
space of finite element interpolation functions will contain the previously used space, and
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as the mesh is refined, the dimension of the finite element solution space will be
continuously increased to contain ultimately the exact solution.

To investigate the convergence issue mn the model used for preparative HPLC
columns, a series of analyses with 2, 5, and 10 elements across the half-width of the column
was conducted By comparing the axial displacements at point A (Figure 4.2), 1t can be seen
that there is very little difference 1n the displacement compared with 5 and 10 elements, yet
the displacement with 2 elements produce much greater displacement (Figure 4.4). Thus, 1t
can be concluded that the 5-element provides satisfactory results.

4.1.2 Nonlinear Elastic-Plastic Model

The packing material was represented by a frictional material model (Drucker-Prager
nonlinear elastic-plastic model), in which yielding was permitted. Laboratory results
obtamed from direct shear tests and consolidation tests were input into the model.
4.1.2.1 Material Modeling

The stainless steel column surrounding the bed was represented as a linear elastic
material with an assumed modulus of elasticity =2 xlo@%’a and a Poisson ratio =0.3. A
Drucker-Prager elastic-plastic model was used to simulate the response of the packing
material. In the elastic range, the porous elastic material model implemented in ABAQUS

was used, 1n which the change in volume of the material 1s proportional to the logarithm of

the mean stress, p =~ 5(0,; + 0 + 033)
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The volumetric strain €, of the porous materials is defined by In (J ) where J 1s the

logarithmic measure of the elastic volume change (ABAQUS, 1998):

el
gl =% ln[p" it j +1 (@.1)
(1+e,) \p+p,

and x1s the logarithmic bulk modulus, ¢, 1s the nitial void ratio, p, is the mitial value of the
equivalent pressure or stress, and p,” 1s the elastic tensile strength of the material. As shown
in Figure 4.5, Equation (4.1) provides a good approximation of the observed volumetric
response during the application of the normal stress 1n the direct shear test. Poisson’s ratio

was assumed to be 0.3, and values of &= 0.010, p,_0.0 kPa, and p,* =100.0 kPa were used

to produce this response
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Figure 4 5 Typical interface results: Mean stress vs.
volumetric strain from direct shear tests.
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A lmmear Drucker-Prager yield surface function, F, was used (ABAQUS, 1998)

F=g—-ptanff—-d=0 4.2)

where £ is the slope of the yield function m the p-q stress space, g is the Mises equivalent
stress, and d 1s the yield function intercept on the g axis as illustrated in Figure 4.6. As
indicated in Figure 4.6, f1s related to gand d 1s related to ¢. A non-associative flow rule was
used such that non-dilatant response could be represented. This was accomplished by
assuming that the dilation angle, # = 0. Based on the friction angle measured for a similar

silica packing material (Mihlbachler et al., 1998), values of = 46", and d = 0.73 kPa were

used.

4.1.3 Results for Zorbax with Methanol

-

Typical numencal results of Zorbax sphencal C18 bonded silica particles with

Methanol solvent are shown in Figures 4.7 and 4.8. As 1llustrated in Figure 4.7(a), the
displacement of the packed bed is maximum at the bottom of the bed, where the prescribed
displacement condition 1s imposed due to a 3.40 mm displacement of the piston. The
displacement decreases along the column, and is nearly zero at the top of the column. There
1s both axial and radial heterogeneity predicted along the packed bed The model
displacements agree well with experimental observations from a packed bed made up of

alternating colors of packing matenials (Yun and Guoichon, 1999), as mdicated in Figure
4.7(b).

The mean pressure distribution of the packed bed 1s shown in Figure 4.8(a) The

results suggest that there is a concentration of high stress near the edges at the bottom and
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Figure 4.6 Linear Drucker-Prager model.
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a zone of low stress on top of the bed. Also, there 1s some axial and radial heterogeneity

along the bed, corresponding to the variation of void ratio shown on Figure 4.8(b).
4.1.4 Parametric Study

To further understand the effects of the wall friction and the piston shape 1n the
preparative HPLC columns, parametric studies were conducted by varying the interface

coefficient of friction of the columns and the shape of the bottom piston.
4.1.4.1 Effects of Wall Friction

Theresults of two numerical analyses are shown in Figures 4.9 to illustrate the effects
of wall friction on the radial heterogeneity of the packed bed. The results in Figure 4.9(a) are
based on the measured coefficient of friction (tan & = 0.387) of Zorbax sphencal C18
particles (with methanol solvent), while the results in Figure 4.9(b) were obtained with about
one half the measured wall friction, which 1s the interface friction obtamed using Kromasil
sphencal C18 particles (with methanol). The results suggest that the axial heterogeneity, and
more importantly the radial heterogeneity that lowers column efficiency, could be
significantly reduced if the friction is decreased

Figure 4.10 illustrates the yielded zones 1n the packing matenal for the full and one
half wall friction cases, respectively. As expected, the analysis suggested that under the

applied loading there was little yielding of the packing material with the measured wall

friction value, but the yielded zones were observed to nearly vamsh when the friction was

reduced.
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4.1.4.2 Effects of Piston Shape

The effect of the piston shape on the resulting particle density was investigated by
a sentes of numerical s1mu1atiops on the same packing procedures, except with different
piston geometries. Three types of piston shape were considered: (1) flat piston, (2) concave
piston, and (3) convex piston as illustrated in Figure 4.11. With a slightly concave piston
(Figure 4.11(b)) relative to the flat piston (Figure 4.11(a)) (with an edge to center difference
of 3mm), radial heterogeneity of the bed is improved especially at the bottom. However, if
the degree of convexity of the piston 1s increased (Figure 4.11(c)) (with an edge to center
difference of 6mm), there 1s not much improvement 1n the radial heterogeneity of the bed.
On the other hand, for a concave piston (Figure 4.11(d)) (with an edge to center difference
of 6mm), the radial heterogeneity of the bed is worse. In short, a convex piston may improve

the radial heterogeneity of the column
4.1.5 Discussion of Results

Axial and radial heterogeneity of the column is significantly reduced if the interface
friction 1s reduced, as 1llustrated in Section 4.1.4.1. The yielded zones nearly vanished when
the wall friction is reduced. A slightly concave piston may improve the radial homogeneity

of the column, especially at the bottom of the column.
4.2 Coupled Mechanical -- Seepage Response

A chromatographic bed is submitted to a compression stress of two origins (Knox,
et al, 1976 and Guiochon and Sarker, 1995). Furst, the piston causes a mechanical

compression of the entire bed. This mechanical compression was modeled numerically as
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described 1n Section 4.1, and because of the side wall friction, this mechanical stress is the
greatest at the piston (bottom) and decreases along the length of the column. In addition to
this mechanical compression, the piston displacement causes a pressure increase 1n the fiuid
(solvent). Smce the end away from the piston (top) is at atmospheric pressure, the column
is subjected to a hydraulic gradient. The dissipation of this pore pressure is analogous to the
classical consolidation problem 1n soil mechanics. The consolidation of the bed is governed
by the permeability, which 1s related to the void ratio of the packing material, which in turn
varies with mean stress. Thus, the consolidation and fluid flow are coupled to the mechanical
compress1on.

4.2.1 Idealization of Consolidation in HPLC Columns

The 1dealization of the chromatography columns during consolidation 1s similar to
that described in Section 4 1.1.1. The HPLC column is 16.0 cm long with a diameter of 5.0
cm, as shown 1n Figure 4.1. Due to the axisymmetric nature of the column and packing
process, the column can be simplified to a two-dimensional model by taking advantage of
the axial symmetry as illustrated in Figure 4.2. 4-node hnear axisymmetric contmuum
elements with pore pressure were used for the packing material and contact elements with
a coefficient of friction = tan 8 = 0.21 were used to represent the frictional surface between
the Kromasil bed and the steel wall. These elements are similar to those described in Section
4.1.1.1, except an additional degree of freedom for pore pressure is added. As mn the
mechanical analysis, a vertical constramt was imposed on top of the column while a
displacement of 3.40 mm (corresponding to mean compression pressure of about 130 bars)

was applied at the bottom of the bed corresponding to the piston displacement, as shown in

84



Figure 4.3. The pore pressures were free to dissipate on top of the column, corresponding to
a flange which is connected to atmosphere. This boundary condition was established by

setting the pore pressure equal to zero at each of the nodes across the top of the column.
4.2.2 Types of Coupled Numerical Analysis
Two types of analysis were performed: (1) Steady-state analysis, and (2) Transient

analysis. The steady-state analysis enforces flow conditions such that for every increment

of time, the magnitude and direction of the flow velocity are constant at any pomt. On the
other hand, the transient analysis allows the magmtude or direction of the flow velocity to
change with time at any pomt i the flow field during the process. This transient
consolidation analysis can be terminated either when the specified consolidation time has
been reached or when the steady-state conditions (magnitude and direction of flow are
constant) have been reached
4.2.3 Material Modeling

A coupled flow and deformation model was developed to further simulate the effects
of a single phase fully saturated flow on the radial heterogemeity of the packed
chromatography beds. This coupled analysis is important because the permeability of the
packing matenal 1s mfluenced by the void ratio of the particles, which 1s mn turn mfluenced
by the stress state. Since the stress state is mnfluenced by the flmd potential, a coupled
analysis may be required. The relations between permeability and void ratio were measured
in the laboratory as reported in Section 3.2. For the numerical analysis, the experimental
relationship, £ = 0.0076¢,%?® was used, where e, = void ratio of the packing material, and

k = the permeabiulity coefficient m cm/s
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Asillustrated in Section 4.1.2.1, the packing material was represented by a frictional
material model (Drucker-Prager nonlinear elastic-plastic model), in which yielding was
permitted. Laboratory results obtained from direct shear tests and consolidation tests with
falling head permeability tests were used to determine parameters for the model. The
stainless steel column surrounding the bed was represented as a linear elastic material with
an assumed modulus of elasticity =2 xl%@k?a and a Poisson ratio =0.3. In the elastic range,
the porous elastic material model implemented 1n ABAQUS was used, in which the change
in volume of the matenal 1s proportional to the logarithm of the mean stress. Details of this
model are provided in Section 4 1.1.1. Poisson’s ratio was assumed to be 0.3, and values of
x=0.010, p,_0.0kPa, and p = 100.0 kPa were used to reproduce the laboratory response,
as discussed in Section 4.1.2.1. A lmear Drucker-Prager yield surface function, F, was used
to describe the yielding of the packing material (ABAQUS, 1998). A non-associative flow
rule was used with the dilatiom angle ¥ = 0 such that non-dilatant response could be
represented. Based on the friction angle measured for a symilar silica packing matenal
(Mihlbachler et al., 1998), values of #= 46", and d = 0.73 kPa were used to represent the
hnear yield surface function. These material parameters are 1dentical to those used to model
the packing process in the absence of pore pressure effects.

Since Reynolds number is about 0.01 during the packing process in the HPLC
columns, Darcy’s law 1s valid, as verified by Farkas, et al (1999). The solid grains of the
packing material and the permeating fluid (solvent) through the packing material were

assumed to be fully incompressible.
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4.2.4 Steady-state Analysis

Consider a unit volume of porous media such as that shown in Figure 4.12. Such an
element 1s usually called an elemental control volume. The law of conservation of mass for
steady-state flow through a saturated porous medium requires that the rate of fluid mass flow
mto any elemental control volume be equal to the rate of fluid mass flow out of any
elemental control volume. The equation of contimuty that translates this law into the
mathematical form that can be wntten as (Freeze and Cherry, 1979):

opv.) APy) Apv.) _ @3)
ox ay Oz .

where p1s the density of the permeating fluid, v,, v,, and v, are the specific discharge (volume
flow rate of permeating iquid per umt area) in the x, y, and z direction, respectively. Since

the compressibility of the permeating fluid 1s small, the density of the fluid, o can be
d
PVz = 37 (pvz)

)

_9
l /pv, 3y PV

0
— PV Ix (pvy)

PVx

y

PVY J

PVz
Figure 4.12 Elemental control volume for flow through porous
media (Freeze and Cherry, 1979).
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assumed to be a constant and thus it can be removed from equation (4.3).

0
e (P O “44)

oh
Substitution of Darcy’s Law for v, = K| -a—— m equation (4.4) yields the equation

H

of flow for steady state flow through an amsotropic saturated porous medium (Freeze and

Cherry, 1979):
—a—(Kx %)+i K oh +—6—(Kz a—h)= 0 4.5)
Ox ox) oy\ *oy) oz Oz

where K, is the permeability of the porous medium 1n the z direction, where : =X, y, z, and
h 1s the hydraulic head.

For an 1sotropic and homogeneous porous medium, K, = K, = K,, and equation (4.5)
can be simplified (Freeze and Cherry, 1979):

0*h  0*h  O*h
+ + =
ox* oy’ oz

0 4.6)

Equation (4.6), known as Laplace’s equation, describes the value of hydraulic head,
h at any point 1 a three-dimensional homogeneous, isotropic saturated steady-state flow

field. Laplace’s equation 1s also used to describe heat transfer, electric potential, and
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diffusion.

Steady-state saturated flow assumes that the rate of flow was “constant” in time
mside the HPLC column durnng the packing process. It was controlled by Darcy’s Law
where the storage effects due to compressibility of solid grains and the permeating fluid
(solvent) through the packing matenal were neglected.
4.2.4.1 Parameters and Convergence Criteria

To simulate steady-state flow through the packing matenal during the packing
process, the packing material was assumed to be 1sotropic, homogeneous, and fully saturated.
Automatic incrementation was used because in a typical consolidation analysis, the
mcrements can increase by several orders of magnitude during the simulation (ABAQUS,
1998). To activate automatic incrementation in the steady-state analysis, the UTOL
parameter on the *SOILS option was set to a nonzero value. Several points along the axis
of the coiumn were 1dentified to follow the displacement and pore pressure during the
loading process, as shown in Figure 4.13.
4.2.4.2 Typical Results

Figure 4.14 shows the computed displacements and pore pressures versus time at
various locations (Figure 4.13) along the length of the HPLC column during the packing
process. As illustrated in Figure 4 14(a), the displacements increased hinearly over time as
the piston pushed from the bottom of the column. As expected, the computed displacement
was found to be maximum at the bottom of the column (Pomnt R where the piston
displacement was applied), and it approached 0.00 mm near the top of the column (Point P).

The pore pressures were found to be zero over time at all positions mside the column

during the packing process, as illustrated in Figure 4.14(b) This 1s consistent with the
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mposed conditions 1n the steady-state analysis where 1n every increment of time, the
magnitude and direction of the flow velocity are constant at any point, and thus zero.
4.2.4.3 Comparison of Results

A comparison of numerical results from the coupled mechanical-seepage steady-state
and the uncoupled mechamcal analysis for Kromasil spherical C8 bonded silica particles
with Methanol solvent at the end of the packing process 1s shown 1n Figures 4.15 and 4.16.
As 1llustrated in Figure 4.15, the displacement of the packed bed was found to be maximum
at the bottom of the bed, decreased along the column, and was nearly zero on top of the
column. The displacement distribution for the coupled-mechanical 1s the same as the
displacement distribution for the uncoupled mechanical response because the pore pressure
mside the column is small and mnsignificant. Likewise, the void ratio variation for coupled
mechanical-seepage 1s the same as the void ratio variation for the uncoupled mechanical
numerical response.

Since the magnitude of the flow velocity inside HPLC columns actually changes with
time at any pomt in a flow field during the packing process, the steady-state analysis might
not be approprate to simulate the displacement and void ratio variations inside the columns,
unless the displacement is applied very slowly Thus, a transient analysis may be a better
model for the flow conditions, and useful to investigate the effect of loading rate on the
column. The steady-state analysis and the uncoupled mechanical analysis represent loading

conditions such that pore pressures cannot be developed n the column.
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4.2.5 Transient Analysis

The law of conservation of mass for transient flow in a saturated porous medium
requires that the net rate of fluid mass flow into any elemental control volume be equal to
the time rate of change of fluid mass storage within the element. This fluid mass storage
within the element can be characterized by the specified storage, S,, which is the volume of
fluid released from a unit volume of saturated porous medium for a unit decline in hydraulic

head, 4:

where p 1s the density of the permeating flud, g 1s gravitational acceleration, &, 1s the
compressibility of the porous medium, # 1s the porosity of the porous medium, and 4, is the
compressibility of the permeating fluid.

With reference to Figure 4.3, the equation of continuity that describes the transient

flow through a saturated porous medium takes the form (Freeze and Cherry, 1979):

a(pvx)+a(ﬂ"y)+a(ﬂvz)=a(ﬂ’1) (4.8)
ox oy oz ot '

The nght-hand side of equation (4.8) can be expanded and simplified by substituting

the time rate of change of fluid mass storage, o S, ch/a:

opew.)  APy) Apv.) = S on : 4.9)
Ox oy oz * ot
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d Expanding the terms on the left-hand side by the chain rule and recogmzing that
terms of the form v, go/ck are mmsignificant compared to terms of the form o A&,/c&, the v,
G/ S terms can be removed from the equation. Equation (4.9) can be further simplified by
elminating o from both sides and substituting Darcy’s Law to yield the equation for

transient flow through a fully saturated anisotropic porous medium(Freeze and Cherry,

1979):
i(Kx—aﬁ)+—6—)— K oh +£(Kza—h)=Ss% (4.10)
Ox ox) oy\ "oy) oz Oz ot

If the medium 1s homogeneous and isotropic, which 1s an appropriate assumption for
the HPLC columns prior to the packing process, equation (4.10) can be simplified (Freeze

and Cherry, 1979):

2 2 2
6}22+ail+ail=i_a_h (4.11)
ox® oy° 0Oz K ot

In summary, transient saturated flow assumes that the rate of flow changes with time
mside HPLC columns during the packing process. It 1s controlled by Darcy’s Law and the
storage effects due to the compressibility of the packing matenial.
4.2.5.1 Parameters and Convergence Criteria

In ABAQUS, atransient coupled mechanical-seepage analysis is performed when the
CONSOLIDATION parameter 1s included on the *SOILS option. In the transient case, the

backward difference operator 1s used to integrate the continmity equation This operator
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provides unconditional stability so that the only concern with respect to time integration is
accuracy (ABAQUS, 1998). The mntegration procedure used in ABAQUS for consolidation
analysis introduces a relationship between the minimum usable time increment and the
element size, as shown below for fully saturated flows. If time increments smaller than these
values are used, spurious oscillations may appear 1n the solution. These oscillations are
nonphysical and may cause problems if pressure-sensitive plasticity is used to model the
porous medium (ABAQUS, 1998). If the problem requires analysis with smaller time
mcrements than the relationships given below allow, a finer mesh 1s required. Generally,
there 1s no upper limit on the time step except accuracy, since the mtegration procedure is
unconditionally stable unless nonlinearities cause convergence problems (ABAQUS, 1998).

A simple guideline that can be used for the minimum usable time increment in the

case of fully saturated flow 1s (ABAQUS, 1998).

2
At>}/w(1+ﬁFVW) 1- E (AI)Z (412)
6Ek K,

where 4 is the time increment, ¥, 1s the specific weight of the wetting hquid, £ 1s the
Young’s modulus of the porous material, k is the permeability of the porous matenal, v,, 18
the magnitude of the velocity of thelpore fluid, £ 1s the velocity coefficient in Forchheimer’s
flow law, K, 1s the bulk modulus of the solid grains, and 4 is a typical element dimension.

For Darcy flow, the velocity coefficient in Forchheimer’s flow law, /4 is assumed
to be zero. In addition, the bulk IIIIOdlllllS of the solid grains, K, 1s assumed to be infinite

because the packing material 1s assumed to be fully incompressible. Thus, equation (4 12)
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can be simplified (ABAQUS, 1998):

Y 2
At > u Al 4.13
6Ek( ) (4.13)

For the HPLC column fimite element mesh shown in Figure 4.13, 4/=0.005 m, ¥,
=7.75 kN/m®, k= 3.53 x 10 m/day, and E = p/x=1,300,000kPa. This results m 4 of 7.0
x 10" day. The maximum pore pressure that was allowed to dissipate 1 each time increment,
UTOL = 1,300 kPa (13.0 bar) was assumed, which is about 10% of the imtial pore pressure.

In addition to the convergence criteria above, the maximum rate of pore pressure
dissipation over time in each time step is required for the transient reaching steady-state
analysis to describe the maximum rate of pore pressure dissipation used to define the steady-
state condition. However, due to the relatively high permeability of the packing material, this
type of numerncal solution would stop when the flows reached the steady-state conditions,
usually before the intended piston displacement was reached. Thus, this type of analysis was
not fully investigated.
4.2.5.2 Typical Results

Figure 4.17 shows the computed displacements and pore pressures versus time at the
same locations investigated previously (Figure 4.13) i the HPLC column during the packing
process. The load was applied to the bottom of the column through a piston within two
muinutes, and then the piston was held at 1ts final displacement for two minutes to allow the
pore pressures mnside the column to dissipate. This loading is typical of the actual packing
process (Guiochon, et al., 1999b). As 1llustrated mn Figure 4.17(a), the displacements

increased linearly for 2 minutes and then remained constant over time as the piston pushed
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from the bottom of the column. Similar to the uncoupled mechanical analysis, the
displacement was found to be maximum at the bottom of the column (Point R where
displacement was applied) and reduced along the column (away from the piston), and 1t
approached zero on top of the column (Point P), as shown in Figure 4.17(a).

As expected, the computed pore pressure mcreased as the piston pushed from the
bottom during the packing process, as shown 1n Figure 4.17(b). Once the piston stopped
pushing from the bottom of the column, the pore pressures at the bottom of the column
dissipated rapidly through the top of the column (flange), as 1llustrated in Figure 4.17(b).
Since the drainage distances of Points R and Q are larger than at Point P, the pore pressure
build up at these points 1s greater.

Figure 4.18 shows the void ratio vanation and mean pressure distribution computed
at the end of the packing process. As illustrated in Figure 4.18(a), there was some axial and
radial heterogeneity along the column. The void ratio was found to be lower near the edges
at the bottom of the column, mcreased along the column, and was maximum near the edges
on top of the column. This indicates that the density is higher near the edges than the center
of the column at the bottom and on top of the column. Figure 4.18(b) shows the mean stress
distribution corresponding to the void ratio distribution, illustrated in Figure 4.18(a). The
mean pressure was found to be maximum near the edges at the bottom of the column and
decreasing along the column.
4.2.5.3 Comparison of Results

The variation of void ratio and distribution of mean pressure at the end of the packing
process for the uncoupled mechanical analysis and the coupled transient analysis are shown

mn Figures 4.19 and 4.20. As 1llustrated in Figure 4.19(b), the void ratio was found to be
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lower near the edges at the bottom of the column, increased along the column, and largest
near the edges on top of the column. This void ratio distribution computed from the transient
analysis is similar to the uncoupled mechanical and the coupled mechanical-seepage steady-
state response, as shown in Figure 4.19(a), indicating that the pore pressures developed
inside the HPLC columns during the 2 minutes loading process do not have significant
effects on the void ratio or density of the columns.

Figure 4.20(b) shows the mean stress distribution corresponding to the void ratio
distribution, 1llustrated in Figure 4 19(b). The results suggest that the mean pressure
distribution 1s similar to the uncoupled mechanical and the coupled mechanical-seepage

steady-state response, shown m Figure 4.20(a).
4.2.6 Parametric Study

To further understand the coupled mechanical-seepage analysis, especially the effects
of the rate of loading in the preparation of HPLC columns, a parametric study was conducted
by varying the loading rate of the bottom piston.
4.2.6.1 Effects of the Rate of Consolidation

To 1llustrate the effects of the piston loading rate on the computed displacements and
pore pressures over time at various locations inside the center of HPLC column during the
packing process, the analysis was repeated with a faster loading rate. The load was apphed
to the bottom of the column through a piston within one minute and the piston was held at
1ts final displacement for two munutes. The computed displacements and pore pressures over
time at various locations inside the center of HPLC column for the 1-minute loading are
shown 1 Figure 4.21. For comparison, the results from the 2-minute loading are also shown

in Figure 4.21. As illustrated in Figure 4.21(a), the displacement mcreased linearly for a
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pertod of 1 or 2 minutes, after which it remained constant over time.

The computed pore pressures increased as the piston pushed from the bottom during
the packing process, and the pore pressure increase at Point R during the 1 minute loading
was about 3.6 times greater than during the 2-minute loading. Once the piston stopped
pushing from thé bottom, the pore pressures at the bottom of the column dissipated rapidly,
as 1llustrated 1n Figure 4.21(b). The inset figure in Figure 4.21(b) shows detail of the pore
pressure dissipation with an expanded time scale.

Figures 4.22 and 4.23 show the computed void ratio variation and mean pressure
distribution at the end of the packing process. For comparison, the results for the uncoupled
mechanical and coupled mechanical-seepage response (loaded for both 2-minute and 1-
minute) are included. In this comparison, the uncoupled mechanical analysis can be
considered to represent a column in which the piston is displaced very slowly, such that no
pore pressure 1s built up. The coupled mechanical-seepage analysis with a 2 minutes period
of loading represents an intermediate loading rate, while the 1 minute loading can be
considered a fast loading rate. Asillustrated in Figure 4.22(c), when the piston displacement
was applied over a 1 minute period, there was less axial and radial heterogeneity in the
column. The void ratio distribution was much more uniform, especially at the bottom of the
column compared with the uncoupled mechanical and coupled mechamical-seepage
response, as shown in Figures 4.22 (a) and (b).

Figure 4.23 shows the mean stress distribution corresponding to the void ratio
distribution, illustrated 1n Figure 4 22. Irrespective of loading rate, the coupled mean

pressure was found to be maximum near the edges at the bottom of the column and decreased
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along the column. However, the mean pressure is more uniform when the load is applied

over 1 minute than when applied over 2 minutes or very slowly.
4.2.7 Discussion of Results

The numerical results suggest that the rate of loading 1s important when packing the
HPLC columns because 1if the piston is pushed relatively fast (with respect to the
permeability of the packing matenal), the pore pressure does not have enough time to
dissipate through the flange on top of the column, and a more uniform column 1s produced.
However, if the piston is pushed slowly with respect to the permeability of the packing
matenal, the pore pressures would dissipate quickly and a less uniform column would be
obtamed. This 1s consistent with the laboratory observations in which a more uniform
column was produced if the bottom piston was pushed quickly with respect to the
permeabulity of the packing material (Guiochon, 1999b). However, in practice, the piston
cannot be pushed too quickly due to the difficulty in controlling the piston pressure that 1s

applied to the column.
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Chapter 5

Conclusions and Recommendations

The efficiency of the separation process conducted in High Performance Liquid
Chromatography (HPLC) columns is strongly dependent upon techniques used to prepare
or pack the column. During the preparation of the column, friction between the packing
material and the wall of the column results in a nonumform density or void ratio across the
radius of the column, which sigmificantly reduces the efficiency of the separation process.
Concepts from so1l mechamcs and numerical approximations using the commercial finite
element code, ABAQUS (5.8) were utilized to investigate the mechamcs of the
chromatography column preparation process.

To obtain parameters for the numerical analysis, several series of laboratory tests
were conducted. These tests included mterface direct shear tests on both Zorbax spherical
C18 and Kromasil spherical C8 packing materials, and fixed ring consolidation tests
incorporating falling head permeability tests on the Kromasil C8 packing matenals. The
lowest mterface coefficient of friction between the silica sample and the stainless steel plate
was found 1n Kromasil C8 with methanol solvent (tan & =0.21). The test results found that
the contact between the Zorbax with methanol and the stainless steel plate had the greatest
coefficient of friction (tan & = 0.39). Thus value of the interface friction angle 1s close to the
two thirds of the internal friction angle (¢= 36°) measured Mihlbachler ez a/ (1998) on a
similar packing material Pro 10 S11, which 1s consistent with the results reported by Potyondy

(1961) for interface between soils and various construction matenals.
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In the numerncal analysis, the packing matenial was represented by the Drucker-
Prager elastic-plastic model, which is often used to represent the frictional behavior of so1l.
A linear Drucker-Prager yield surface function, F, was used to describe the yielding of the
packing matenal. A non-associative flow rule was used such that non-dilatant response could
be represented. In the elastic range, a nonlinear porous elastic material model was used, in
which the change in volume of the matenal 1s proportional to the logarithm of the mean
stress The stainless steel column surrounding the bed was represented as a linear elastic
material

The numerical results suggest that 1f the interface friction 1s reduced, the axial and
radial heterogeneity of the column is significantly reduced. The yielded zones nearly
vanished when the wall friction 1s reduced. A slightly concave piston may improve the radial
homogeneity of the column, especially at the bottom of the column.

To 1nvestigate the seepage effects inside the HPLC columns during the packing
process, a coupled mechanical-seepage model was used. The results suggested that the rate
of loading was important when packing the HPLC columns. If the piston was pushed quickly
with respect to 1ts permeability, the pore pressures do not have enough time to dissipate
through the flange on top of the column, and a more uniform column, especially at the
bottom, could be produced. However, 1f the piston was pushed slowly with respect to its
permeability, the pore pressures would dissipate rapidly and a more non-uniform column
would be produced.

Further laboratory testing such as tniaxial tests should be performed to improve the
charactenization of the packing matenial Additional numerical analyses may also be useful

to evaluate the packing process of the column and the effect of loading rate These analyses
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mclude adding a low permeable layer on top of the column such that the pore pressure
dissipation at the top of the column could be controlled, to investigate the effects on the

column void ratio.
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Appendix A
Interface Direct Shear Test Data:

Shear Stress vs. Displacement Response
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Appendix B
Interface Direct Shear Test Data:

Volumetric Strain vs. Normal Stress Response
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Initia] Sample Height 1 14cm

Sample ID Z30bm1

Apphed Normal Volumetric Applied Normal Volumetne
Vertical D1al Gage | Change m Hesght Vertical Dial Gage | Change m Height
Pressure Strain Pressure Strain
(bar) x 10E4 (1n) x 10E4 () (cm/cm) (bar) x 10E-4 (1n) x 10E-4 () (cm/cm)
0 000 000 00000 15 8000 8000 00178
1 3180 3180 00071 14 7970 7970 00178
2 3800 3800 00085 13 7940 7940 00177
3 43 80 4380 00098 12 7925 7925 00177
4 5015 5015 00112 11 78 30 78 30 00174
5 5230 5230 00117 10 7795 7795 00174
6 5420 5420 00121 9 7710 7710 00172
7 5645 56 45 00126 8 76 30 76 30 00170
8 5870 5870 00131 7 7530 7530 00168
9 6210 6210 00138 6 7435 7435 00166
10 64 00 64 00 00143 5 7335 7335 00163
9 6210 6210 00138 4 7230 7230 00161
8 6210 6210 00138 3 7045 7045 00157
7 6210 6210 00138 2 6730 6730 00150
6 6200 62 00 00138 3 68 00 68 00 00152
5 6180 6180 00138 4 6800 68 00 00152
4 60 00 60 00 00134 5 68 70 6870 00153
3 58 30 5830 00130 6 69 60 69 60 00155
2 56 30 56 30 00125 7 7065 7065 00157
3 56 40 5640 00126 8 7155 7155 00159
4 56 70 56 70 00126 9 72 60 72 60 00162
5 5790 5790 00129 10 7335 7335 00163
6 5905 59 05 00132 11 74 50 74 50 00166
7 60 50 60 50 00135 12 7510 7510 00167
8 6105 6105 00136 13 76 30 7630 00170
9 6220 6220 00139 14 7745 7745 00173
10 63 60 63 60 00142 15 7795 7795 00174
11 6510 6510 00145 16 7870 78 70 00175
12 65 80 65 80 00147 17 7935 7935 00177
13 6750 6750 00150 18 8045 8045 00179
14 69 05 69 05 00154 19 8145 8145 00181
15 7020 7020 00156 20 82 90 8290 00185
16 7210 7210 00161 21 83 50 8350 00186
17 7510 7510 00167 22 8405 84 05 00187
18 76 10 76 10 00170 23 8475 8475 00189
19 76 90 76 90 00171 24 8590 8590 00191
20 8005 8005 00178 25 86 60 86 60 00193
19 80 00 8000 00178 26 8740 8740 00195
18 8000 8000 00178 27 8870 88 70 00198
17 80 00 8000 00178 28 89 80 89 80 00200
16 8000 8000 00178 29 9070 90 70 00202
30 1 9315
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Sample ID K20bm1
Imtial Sample Herght 124 om |
Apphied Normal Volumetnic
Sample ID K10bm1l Vertical Dial Gage | Change in Height
Pressure Stran
Initral Sample Height 114 cm (bar) x 10E-4 (1n) x 10E-4 (1n) (cm/em)
Applied Normal Volumetnc
Vertical Dial Gage Change 1 Height 0 0 0 00000
Pressure Strain
(bar) x 10E4 (12) x 10E-4 (122 (cm/cm) 1 1035 1035 00025
0 0 0 00000 2 16 16 00039
1 205 205 00050 3 207 207 00051
2 256 256 00063 4 2325 2325 00057
3 317 317 00077 5 2495 2495 00061
4 3485 3485 00085 6 267 267 00065
5 3635 3635 00089 7 2845 2845 00069
6 388 388 00095 8 3125 3125 00076
7 415 415 00101 9 323 323 00079
8 431 431 00105 10 331 331 00081
9 46 46 00112 n 347 347 00085
10 509 509 00124 12 354 354 00086
13 366 366 00089
14 383 383 00094
L Sample ID K30bm1 (] 15 407 407 00099
I Tunal Sample Hetght T 132 om 16 413 413 00101
Applied Normal Volumetnic ‘
Vertical Dial Gage Change m Height 17 423 423 00103 ‘
Pressure Strain J |
(bar) X 10E-4 (1n) x 10E-4 (in) (cmlcm! 18 433 433 00106
0 0 0 0 0000 19 4445 4445 00109
1 2915 2915 00071 20 464 464 00113
2 3805 3805 oooss |l —
3 533 533 00130 Sample ID K20bm2
4 5745 5745 00140 Imitial Sample Beight 139 em
Applied Normal Volumetne
5 6155 6155 00150 Vertical Dial Gage | Change in Height
Pressure Stramn
6 6425 6425 00157 (bar) x 10E-4 (1n) x 10E-4 (1n) {em/em)
7 671 671 00164 0 0 0 00000
8 699 699 00171 1 217 217 00053
9 728 728 00178 2 365 365 00089
10 758 758 00185 3 459 459 00112
11 7695 7695 00188 4 485 485 00118
12 782 782 00191 5 5375 5375 00131
13 %75 7975 00195 6 557 557 00136
14 8125 8125 00198 0 0 0 00000
15 827 827 00202 2 164 164 00040
16 836 836 00204 4 2355 2355 00058
17 843 843 00206 6 278 278 00068
18 8525 8525 00208 7 328 328 00080
19 861 861 00210 8 335 335 00082
20 8755 8755 00214 9 377 377 00092
21 894 894 00218 10 386 386 00094
22 907 907 00222 11 412 412 00101
23 924 924 00226 12 425 425 00104
24 935 935 00228 13 436 436 00106
25 947 947 00231 14 447 47 00109
26 958 958 00234 15 4845 4845 00118
27 9725 9725 00238 16 506 506 00124
28 98 15 98 15 00240 17 513 513 00125
29 98 95 98 95 00242 18 526 526 00128
30 993 993 00243 19 533 533 00130
20 5765 5765 00141
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Appendix C

Fixed-Ring Consolidation Tests
with

Falling Head Permeability Testing Data
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Appendix D

ABAQUS Version 5.8 Input Files
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Uncoupled Mechanical Analysis using Zorbax Spherical C18 packing material
File name: porouslc.inp

*HEADING

THE CHROMATOGRAPHY PROBLEM WITH FRICTION SURFACE (KPA, M, DAYS)

**This 15 a model used to simulate a 5 3cm by 10 6cm column used m the HPLC column

**There 15 a restramt on top of both the column and steel section to prevent movement along the y-direction
** A piston 15 used to mduce 3 4 mm displacement (bottom) mto the column

**The packing matenal mside the column 1s assumed to behave like a porous elastic matenal

**Units Length=m, Stress=kPa

*RESTART,WRITE

%k

**Defining the coordinates of all the nodes used to model the HPLC column and the steel column |
*NODE,SYSTEM=R

1,0,0001

6, 0 025, 0 001

321,0,016

326,0025,016

2001,0025,0

2002,003,0

2321,0025,016 ,

2322,003,016

sk

**Defining the nodes of the internal section of the column
*NGEN, NSET=TOP

321, 326, 1

*NGEN, NSET=BOTTOM
1,6,1

*NGEN, NSET=SIDE
6,326, 10

*NGEN, NSET=CENTER
1,321, 10

*NFILL, NSET=INTNODE
BOTTOM, TOP, 32, 10

T

**Defining the nodes of the contacting steel friction section located beside the column
*NGEN, NSET=SFRICIN

2001, 2321, 10

*NGEN, NSET=SFRICOUT

2002, 2322, 10

*NGEN, NSET=SFRICBOT

2001, 2002, 1

*NGEN, NSET=SFRICTOP

2321,2322,1

kR

**Defining elements of the internal section of the column
*ELEMENT, TYPE=CAX4

1,1,2,12,11

*ELGEN, ELSET=BOTTOM

1,51

*ELSET, ELSET=TOP, GENERATE
311,315,1
*ELGEN,ELSET=INTERNAL
1,5,1,1,32,10, 10

*ELSET, ELSET=SIDE, GENERATE
5,315,10

*ELSET, ELSET=CENTER, GENERATE
1,311, 10

* ik
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**Defining elements of the contacting steel friction section located beside the column
*ELEMENT, TYPE=CAX4, ELSET=SFRIC

2001, 2001, 2002, 2012, 2011

*ELGEN, ELSET=SFRIC

2001,1,1,1, 32,10, 10

*%

**Defining the solid matenal properties of the imternal section of the column
*SOLID SECTION, ELSET=INTERNAL, MATERIAL=SILICA
**Defining the matenal properties of the column

**The matenal 1s assumed to behave like a porous elastic matenal
**Note that Poisson rati01s 0 3

*MATERIAL, NAME=SILICA

*POROUS ELASTIC, SHEAR=POISSON

001,03,1000

*DRUCKER PRAGER HARDENING

11,0

*DRUCKER PRAGER, SHEAR CRITERION=LINEAR
4551,10,0

*k

*EQUATION

2

326,1,1,2321,1,-1

**Defining the solid section properties of the steel friction section located beside the column
*SOLID SECTION, ELSET=SFRIC, MATERIAL=STEEL
**Modulus of Elasticity used 1n the steel section 1s 29 E6 ks1
**which has been converted to 2e-11 kPa

**The Poisson ratio of the steel 1s assumed to be 0 3
*MATERIAL, NAME=STEEL

*ELASTIC

2EI1,03

*k

**Defiming the contact surfaces between the mternal section

**and the friction steel section beside the column

*SURFACE DEFINITION, NAME=SSOILSUR, TRIM=YES

SIDE

*SURFACE DEFINITION, NAME=SFRICSUR

SFRIC

*CONTACT PAIR, INTERACTION=SDFRIC

SSOILSUR, SFRICSUR

*SURFACE INTERACTION, NAME=SDFRIC

**The interface coefficient of friction 1s estimated to be 0 39 for Zorbax spherical C18 packing and the polished
**gstamnless steel plate (interface direct shear tests)

*FRICTION

03874

%k

**Defining the boundary conditions of the section

**Both the top of the column and friction section 1s prevented from moving axially
*BOUNDARY

TOP, 2

SFRICTOP, 2

kK

**Defiming the mitial loading conditions of the internal section
*INITIAL CONDITIONS, TYPE=RATIO

INTNODE, 061,0,061,016

*INITIAL CONDITIONS, TYPE=STRESS, GEOSTATIC
INTERNAL, -10,0,-10,016,043

Lk

**Defining the loading onto the nternal section
#*Step 1****###**##*************************#***

*STEP
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*GEOSTATIC

*DLOAD

BOTTOM, P1, 10

*EL PRINT

S

E

VOIDR

*NODE FILE

U, RF

*CONTACT PRINT, MASTER=SFRICSUR, SLAVE=SSOILSUR, SUMMARY=YES
*PRINT, CONTACT=YES

*END STEP

KAGfep 2FFREERKKKERRAKKRRKKKKRRRRRKRAKKRRRRERE K
*STEP, INC=100

*STATIC

0025,10,0001,01

*BOUNDARY

BOTTOM, 2, 2, 0 0034

*END STEP
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Coupled Mechanical-Seepage Steady-State Analysis using Kromasil Spherical C8
packing material (Loading rate: 1 minute)
File name: coupl.inp

*HEADING

THE CHROMATOGRAPHY PROBLEM WITH FRICTION SURFACE (KPA, M, DAYS)
**This 1s a model used to simulate a 5 3cm by 10 6cm column used 1n the HPLC column
**There 15 a restramt on top of both the column and steel section to prevent movement along the y-direction
*+*A piston 1s used to mduce 3 4 mm displacement (bottom) 1nto the column, while the solvent 1s free to flow out of
**the column through the flange on top of the column

**The matenal 1s assumed to behave like a porous elastic matenal

**Units Length=m, Stress=kPa

*RESTART,WRITE

*k

**Defining the coordinates of all the nodes used to moedel the column

*NODE,SYSTEM=R

1,0,0001

6, 0025,0 001

321,0,016

326,0025,016

2001,0025,0

2002,003,0

2321,0025,016

2322,003,016

*k

**Defining the nodes of the internal section of the column
*NGEN, NSET=TOP

321, 326, 1

*NGEN, NSET=BOTTOM
1,6,1

*NGEN, NSET=SIDE
6,326, 10

*NGEN, NSET=CENTER
1,321, 10

*NFILL, NSET=INTNODE
BOTTOM, TOP, 32, 10

*k

*¥Defining the nodes of the contacting steel friction section located beside the column
*NGEN, NSET=SFRICIN

2001, 2321, 10

*NGEN, NSET=SFRICOUT

2002, 2322, 10

*NGEN, NSET=SFRICBOT

2001, 2002, 1

*NGEN, NSET=SFRICTOP

2321,2322,1

*k

**Defining elements of the internal section of the column
*ELEMENT, TYPE=CAX4P
1,1,2,12,11

*ELGEN, ELSET=BOTTOM

1,51

*ELSET, ELSET=TOP, GENERATE
311,315,1
*ELGEN,ELSET=INTERNAL
1,5,1,1,32,10, 10

*ELSET, ELSET=SIDE, GENERATE
5,315,10

156



*ELSET, ELSET=CENTER, GENERATE
1,311, 10
kK

**Defining elements of the contacting steel friction section located beside the column
*ELEMENT, TYPE=CAX4P, ELSET=SFRIC

2001, 2001, 2002, 2012, 2011

*ELGEN, ELSET=SFRIC

2001,1,1,1,32,10,10

*%

**Defining the solid material properties of the nternal section of the column
*SOLID SECTION, ELSET=INTERNAL, MATERIAL=SILICA
**Defining the material properties of the column

**The materal 1s assumed to behave like a porous elastic matertal

**Note that Poisson ratio1s 0 3

*MATERIAL, NAME=SILICA

*POROUS ELASTIC, SHEAR=POISSON

001,03,1000

*DRUCKER PRAGER HARDENING

11,0

*DRUCKER PRAGER, SHEAR CRITERION=LINEAR

4551,10,0

** Defining the permeability of the packing materzal

**Permeability 1n m/day, specific weight of methanol m kN/m"3

*PERMEABILITY, TYPE=ISO, SPECIFIC=7 7499

7 89¢-6, 0 1819
7 62¢-6,0 1919
116e-5, 02019
173e-5,02119
2 54¢-5,0 2219
3 65¢-5,02319
5 18e-5, 0 2419
7 25-5, 0 2519
1 00e-4, 0 2619
136e-4, 02719
1 84e-4, 0 2819
245e-4,02919
3 24e-4, 0 3019
4 25¢-4,03119
5 52e-4,03219
7 11e-4, 03319
9 09¢-4, 0 3419
1 15e-3, 03519
1 46e-3, 0 3619
1 82e-3, 03719
227e-3,0 3819
281e-3, 03919
3 47e-3, 04019
425¢-3,04119
5 18e-3, 04219
629¢-3,04319
7 60e-3, 0 4419
9 15¢-3, 04519
1 10e-2, 0 4619
131e-2, 04719
156e-2, 0 4819
185e-2, 04919
218e-2,0 5019
257e-2,05119
301e-2, 05219
3 53¢-2,05319
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*PERMEABILITY, TYPE=SATURATION
10,10

*PERMEABILITY, TYPE=VELOCITY
10

*%

*EQUATION

2

326,1,1,2321,1,-1

*k

**Defining the solid section properties of the steel friction section located beside the column
*SOLID SECTION, ELSET=SFRIC, MATERIAL=STEEL

**Modulus of Elasticity used 1n the steel section 1s 29 E6 ks1

**which has been converted to 2e-11 kPa.

**The Poisson ratio of the steel 1s assumed to be 0 3

*MATERIAL, NAME=STEEL

*ELASTIC

2EI11,03

**The steel 1s assumed to have a low permeable layer

*PERMEABILITY, TYPE=ISO, SPECIFIC = 7 7499

le9

*%

**Defining the contact surfaces between the internal section

**and the friction steel section beside the column

*SURFACE DEFINITION, NAME=SSOILSUR, TRIM=YES

SIDE

*SURFACE DEFINITION, NAME=SFRICSUR

SFRIC

*CONTACT PAIR, INTERACTION=SDFRIC

SSOILSUR, SFRICSUR

*SURFACE INTERACTION, NAME=SDFRIC

**The 1nterface coefficient of friction of the Kromasil 1s estimated to be 0 21
**where the friction angle 1s approximately 12 degrees

*FRICTION

02056

&k

**Defining the boundary conditions of the section

**Both the top of the column and friction section 1s prevented from moving axially
**The fluid (solvent) inside the column 1s free to flow out of the column through the top
*BOUNDARY

TOP, 2

TOP, 8

SFRICTOP, 2

wok

**Defining the mitial load conditions of the internal section
*INITIAL CONDITIONS, TYPE=SATURATION
INTNODE, 10

*INITIAL CONDITIONS, TYPE=PORE PRESSURE
INTNODE, -100,0,0,0 16

*INITIAL CONDITIONS, TYPE=RATIO

INTNODE, 0 5319,0,05319,0 16

*INITIAL CONDITIONS, TYPE=RATIO

SFRICIN, 1 e-5,0,1¢-5,0 16

*INITIAL CONDITIONS, TYPE=RATIO

SFRICOUT, 1 e-5,0,1¢-5,0 16

*INITIAL CONDITIONS, TYPE=STRESS, GEOSTATIC
INTERNAL, -10,0,-10,016,043

Xk

**Defining the loading onto the internal section
**Step 1*** RN e T

*STEP
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*GEOSTATIC

*DLOAD

BOTTOM, P1, 10

*EL PRINT

S

E

SAT

POR

VOIDR

**MONITOR, NODE=161,DOF=2,FREQUENCY=1
*MONITOR, NODE=161,DOF=8,FREQUENCY=1
*NODE FILE

U, RF

*CONTACT PRINT, MASTER=SFRICSUR, SLAVE=SSOILSUR, SUMMARY=YES
*PRINT, CONTACT=YES

*END STEP

**Step 2***######****##*#********#*******#**#*##
*STEP, INC=100

**The packing mater:al 1s consolidated in 1 mm
*SOILS, UTOL=1300 0

7 0e-8,6 94e-4,0 001,0 1

*BOUNDARY

BOTTOM, 2, 2, 0 0034

*END STEP
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Coupled Mechanical-Seepage Transient Analysis using Kromasil Spherical C8
packing material (Loading rate: 1 minute)
File name: coupl0.inp

*HEADING

THE CHROMATOGRAPHY PROBLEM WITH FRICTION SURFACE (KPA, M, DAYS)
**This 15 a model used to simulate a 5 3cm by 10 6cm column used 1 the HPLC column
**There 15 a restraint on top of both the column and steel section to prevent movement along the y-direction
**A piston 1s used to nduce 3 4 mm displacement (bottorn) into the column, while the solvent 1s free to flow out of the
**column through the flange on top of the column

**The packing material 1s assumed to behave like a porous elastic material

**Units Length=m, Stress=kPa

*RESTART,WRITE

%k

**Defiming the coordinates of all the nodes used to model the column

*NODE,SYSTEM=R

1,0,0001

6, 0 025, 0001

321,0,016

326,0025,0 16

2001,0025,0

2002,003,0

2321,0025,016

2322,003,0 16

&k

**Defining the nodes of the internal section of the column
*NGEN, NSET=TOP
321,326, 1

*NGEN, NSET=BOTTOM
1,6,1

*NGEN, NSET=SIDE

6, 326, 10

*NGEN, NSET=CENTER
1,321, 10

*NFILL, NSET=INTNODE
BOTTOM, TOP, 32, 10

*k

**Defining the nodes of the contacting steel friction section located beside the column
*NGEN, NSET=SFRICIN
2001, 2321, 10

*NGEN, NSET=SFRICOUT
2002, 2322, 10

*NGEN, NSET=SFRICBOT
2001, 2002, 1

*NGEN, NSET=SFRICTOP
2321,2322,1

*k

**Defining elements of the internal section of the column
*ELEMENT, TYPE=CAX4P
1,1,2,12,11

*ELGEN, ELSET=BOTTOM

15,1

*ELSET, ELSET=TOP, GENERATE
311,315,1
*ELGEN,ELSET=INTERNAL
1,5,1,1,32,10,10

*ELSET, ELSET=SIDE, GENERATE
5,315, 10
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*ELSET, ELSET=CENTER, GENERATE

1,311, 10

%k

**Defining elements of the contacting steel friction section located beside the column
*ELEMENT, TYPE=CAX4P, ELSET=SFRIC

2001, 2001, 2002, 2012, 2011

*ELGEN, ELSET=SFRIC

2001,1,1,1,32,10, 10

%k

**Defining the solid matenal properties of the mternal section of the column
*SOLID SECTION, ELSET=INTERNAL, MATERIAL=SILICA
**Defining the matenal properties of the column

**The matenal 1s assumed to behave like a porous elastic material
**Note that Poisson ratio 1s 0 3

*MATERIAL, NAME=SILICA

*POROUS ELASTIC, SHEAR=POISSON
001,03,1000

*DRUCKER PRAGER HARDENING

11,0

*DRUCKER PRAGER, SHEAR CRITERION=LINEAR
4551,10,0

**Defining the permeability w r t void ratio of the packing matenal
** Permeability 1n m/day, specific weight of methanol in kN/m"3
*PERMEABILITY, TYPE=ISO, SPECIFIC=7 7499

1 0968e-2, 0 46188

1 1367¢-2, 0 46388

1 1780e-2, 0 46588

1 2205e-2, 0 46788

1 2644¢-2, 0 46988

1 3096¢-2, 0 47188

1 3563¢e-2, 0 47388

1 4044e-2, 0 47588

1 4540¢e-2, 047788

1 5052¢-2, 0 47988

15579¢-2, 0 48188

16122¢-2, 0 48388

1 6682e-2, 0 48588

1 7259e-2, 0 48788

1 7854e-2, 0 48988

1 8466e-2, 0 49188

1 9097e-2, 0 49388

19747¢-2, 0 49588

2 0416e-2, 0 49788

2 1105e-2, 0 49988

2 1814¢-2, 050188

2 2544e-2, 0 50388

2 3296e-2, 0 50588

2 4070e-2, 0 50788

2 4866e-2, 0 50988

2 5685e-2,0 51188

2 6527e-2,051388

2 7394e-2,0 51588

2 8286e-2, 051788

2 9203e-2, 0 51988

3 0146e-2,052188

3 1116e-2, 0 52388

32113e-2, 052588

3 3138e-2, 0 52788

3 4192¢-2, 0 52988

35275¢-2,053188
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*PERMEABILITY, TYPE=SATURATION
10,10

*PERMEABILITY, TYPE=VELOCITY
10

%%k

*EQUATION

2

326,1,1,2321,1,-1

%%k

**Defining the solid section properties of the steel friction section located beside the column
*SOLID SECTION, ELSET=SFRIC, MATERIAL=STEEL
**Modulus of Elasticity used i the steel section 1s 29 E6 ks1
**which has been converted to 2e-11 kPa

**The Poisson ratio of the steel 1s assumed to be 0 3
*MATERIAL, NAME=STEEL

*ELASTIC

2E11,03

*PERMEABILITY, TYPE=ISO, SPECIFIC=7 7499

1e9

k%

**Defining the contact surfaces between the iternal section
**and the friction steel section beside the column
*SURFACE DEFINITION, NAME=SSOILSUR, TRIM=YES
SIDE

*SURFACE DEFINITION, NAME=SFRICSUR

SFRIC

*CONTACT PAIR, INTERACTION=SDFRIC

SSOILSUR, SFRICSUR

*SURFACE INTERACTION, NAME=SDFRIC

**The nterface coefficient of friction of the Kromasil 1s estimated to be 0 21
**where the friction angle 1s approximately 12 degrees
*FRICTION

02056

%%k

**Defining the boundary conditions of the section

**Both the top of the column and friction section 1s prevented from moving axially
**The fluid (solvent) inside the column 1s free to flow out of the column through the top
*BOUNDARY

TOP, 2

TOP, 8

SFRICTOP, 2

* kK

**Defining the mitial load conditions of the mtemnal section
*INITIAL CONDITIONS, TYPE=SATURATION
INTNODE, 10

*INITIAL CONDITIONS, TYPE=PORE PRESSURE
INTNODE, 0,0,0,0 16

*INITIAL CONDITIONS, TYPE=RATIO

SFRICIN, 1 e-5,0,1¢-5,0 16

*INITIAL CONDITIONS, TYPE=RATIO

SFRICOUT, 1 e-5,0,1 e-5,0 16

*INITIAL CONDITIONS, TYPE=RATIO

INTNODE, 0 5319,0,05319,016

*INITIAL CONDITIONS, TYPE=STRESS, GEOSTATIC
INTERNAL, -10,0,-10,016, 043

%%k

**Defining the loading onto the internal section
**Step 1****************************************

*STEP
*GEOSTATIC
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0025,10,0001,01

*DLOAD

BOTTOM, P1, 10

*EL PRINT, ELSET=INTERNAL

S

E

SAT

POR

VOIDR

*EL PRINT, ELSET=SFRIC

S

E

*MONITOR, NODE=161, DOF=8 FREQUENCY=1

**MONITOR, NODE=161, DOF=2, FREQUENCY=1

*NODE PRINT, NSET=INTNODE

U

*CONTACT PRINT, MASTER=SFRICSUR, SLAVE=SSOILSUR, SUMMARY=YES

*PRINT, CONTACT=YES

*END STEP

**Step 2** * %k

*STEP, INC=100

**The packing material 1s consohidated for 1 min, where the maximum allowable pore pressure dissipation for each
**mncrement 1s 1,300 kPa
*SOILS, CONSOLIDATION,UTOL=1300
7 e-8,6 944e4,,,

*BOUNDARY

BOTTOM, 2, 2, 0 0034

*EL PRINT, ELSET=INTERNAL
S

E

SAT

POR

VOIDR

*EL PRINT, ELSET=SFRIC

S

E

*NODE PRINT, NSET=INTNODE
U

*CONTACT PRINT, MASTER=SFRICSUR,SLAVE=SSOILSUR,SUMMARY=YES
*PRINT, CONTACT=YES

*END STEP
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Coupled Mechanical-Seepage Transient Analysis using Kromasil Spherical C8
packing material (Loading rate: 1 minute, remaining at 3.4mm for 2 minute)
File name: coupll.inp

*HEADING

THE CHROMATOGRAPHY PROBLEM WITH FRICTION SURFACE (KPA, M, DAYS)
**This 1s 2 model used to simulate a 5 3cm by 10 6cm column used n the HPLC column
**There 1s a restramt on top of both the column and steel section to prevent movement along the y-direction
**A piston 1s used to mnduce 3 4mm displacement (bottom) nto the column

**The packing material 1s assumed to behave like a porous elastic materal

**Units Length=m, Stress=kPa

*RESTART,WRITE

%k

**Defining the coordinates of all the nodes used to model the column

*NODE,SYSTEM=R

1,0,0001

6, 0 025, 0 001

321,0,016

326,0025,016

2001, 0025,0

2002,003,0

2321,0025,016

2322,003,016

% %k

**Defining the nodes of the mtemal section of the column
*NGEN, NSET=TOP
321,326, 1

*NGEN, NSET=BOTTOM
1,6,1

*NGEN, NSET=SIDE
6,326, 10

*NGEN, NSET=CENTER
1,321, 10

*NFILL, NSET=INTNODE
BOTTOM, TOP, 32, 10

* ok

**Defining the nodes of the contacting steel frichion section located beside the column
*NGEN, NSET=SFRICIN
2001, 2321, 10

*NGEN, NSET=SFRICOUT
2002, 2322, 10

*NGEN, NSET=SFRICBOT
2001, 2002, 1

*NGEN, NSET=SFRICTOP
2321,2322, 1

*k

**Defining elements of the internal section of the column
*ELEMENT, TYPE=CAX4P
1,1,2,12,11

*ELGEN, ELSET=BOTTOM

1,51

*ELSET, ELSET=TOP, GENERATE
311,315,1
*ELGEN,ELSET=INTERNAL
1,5,1,1,32,10, 10

*ELSET, ELSET=SIDE, GENERATE
5,315,10

*ELSET, ELSET=CENTER, GENERATE
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1,311,10

Kk

**Defining elements of the contacting steel friction section located beside the column
*ELEMENT, TYPE=CAX4P, ELSET=SFRIC

2001, 2001, 2002, 2012, 2011

*ELGEN, ELSET=SFRIC

2001,1,1,1,32,10,10

*k

**Defimng the solid matenal properties of the internal section of the column
*SOLID SECTION, ELSET=INTERNAL, MATERIAL=SILICA
**Defining the matenal properties of the column

**The materal 1s assumed to behave like a porous elastic matenal

**Note that Poisson ratio 1s 0.3

*MATERIAL, NAME=SILICA

*POROUS ELASTIC, SHEAR=POISSON

001,03,1000

*DRUCKER PRAGER HARDENING

11,0

*DRUCKER PRAGER, SHEAR CRITERION=LINEAR

4551,10,0

** Permeability 1n m/day, specific weight of methanol m kN/m*3
*PERMEABILITY, TYPE=ISO, SPECIFIC=7 7499

10968e-2, 046188
11367e-2, 046388
1 1780e-2, 0 46588
12205e-2, 0 46788
1 2644e-2, 0 46988
13096e-2, 0 47188
1 3563e-2, 047388
1 4044e-2, 047588
14540e-2, 047788
1.5052e-2, 0 47988
15579e-2, 048188
16122e-2, 0 48388
1 6682¢-2, 0 48588
17259¢-2, 0 48788
1 7854¢-2, 0 48988
1 8466e-2, 0 49188
19097e-2, 0 49388
19747e-2, 0 49588
2 0416e-2, 0 49788
2 1105e-2, 0 49988
2 1814e-2,050188
2 2544e-2,050388
2 3296e-2, 0 50588
2 4070e-2, 0 50788
2 4866e-2, 0 50988
25685e-2,051188
26527e-2,0 51388
27394e-2, 051588
2 8286e-2, 051788
2 9203e-2, 0 51988
3 0146e-2,0 52188
3 1116e-2, 0 52388
3 2113e-2, 052588
3 3138e-2, 0 52788
34192e-2,0 52988
35275e-2,053188

*PERMEABILITY, TYPE=SATURATION

10,10



*PERMEABILITY, TYPE=VELOCITY
10

*x

*EQUATION

2

326,1,1,2321,1,-1

*x

**Defining the sohid section properties of the steel friction section located beside the column
*SOLID SECTION, ELSET=SFRIC, MATERIAL=STEEL
**Modulus of Elasticity used 1n the steel section 1s 29 E6 ks1
**which has been converted to 2e-11 kPa

*MATERIAL, NAME=STEEL

*ELASTIC

2EI11,03

*PERMEABILITY, TYPE=ISO, SPECIFIC=7 7499

1e9

*%

**Defining the contact surfaces between the mternal section
**and the friction steel section beside the column
*SURFACE DEFINITION, NAME=SSOILSUR, TRIM=YES
SIDE

*SURFACE DEFINITION, NAME=SFRICSUR

SFRIC

*CONTACT PAIR, INTERACTION=SDFRIC

SSOILSUR, SFRICSUR

*SURFACE INTERACTION, NAME=SDFRIC

**The interface coefficient of friction of the Kromasil 1s estimated to be 0 21
**where the friction angle 1s approximately 12 degrees
*FRICTION

02056

*%k

**Defining the boundary conditions of the section

**Both the top of the column and friction section 1s prevented from moving axially
**The fluid (solvent) inside the column 1s free to flow out of the column through the top
*BOUNDARY

TOP, 2

TOP, 8

SFRICTOP, 2

%%

**Defining the mitial load conditions of the internal section
*INITIAL CONDITIONS, TYPE=SATURATION
INTNODE, 10

*INITIAL CONDITIONS, TYPE=PORE PRESSURE
INTNODE, 0,0,0,0 16

*INITIAL CONDITIONS, TYPE=RATIO

SFRICIN, 1 e-5,0,1e-5,016

*INITIAL CONDITIONS, TYPE=RATIO

SFRICOUT, 1 e-5,0,1 e-5,0 16

*INITIAL CONDITIONS, TYPE=RATIO

INTNODE, 0 5319,0,05319,0 16

*INITIAL CONDITIONS, TYPE=STRESS, GEOSTATIC
INTERNAL, -10,0,-10,016,043

*k

**Defining the loading onto the internal section

**Step 1 5 ok o o K 3 e e 2 2 e 2 2 20 ¢ 2 e ook o ok 3 ok oK K ok
*STEP

*GEOSTATIC

0025,10,0001,01

*DLOAD

BOTTOM, P1, 10
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*EL PRINT, ELSET=INTERNAL

S

E

SAT

POR

VOIDR

*EL PRINT, ELSET=SFRIC

S

E

*MONITOR, NODE=161, DOF=8, FREQUENCY=1
**MONITOR, NODE=161, DOF=2, FREQUENCY=1
*NODE PRINT, NSET=INTNODE

U

*CONTACT PRINT, MASTER=SFRICSUR, SLAVE=SSOILSUR, SUMMARY=YES
*PRINT, CONTACT=YES

*END STEP

**Step 2#**##****##*###############*###*###*####
*STEP, INC=100

**The packing material 1s consolidated for 1 minute, where the maximum pore pressure dissipation allowed in each
**increment 1s 1,300 kPa

*SOILS, CONSOLIDATION,UTOL=1300

7 e-8,6 944e-4,,,

**The piston 1s pushed 3 4mm from the bottom within 1 minute
*BOUNDARY

BOTTOM, 2, 2, 0 0034

*EL PRINT, ELSET=INTERNAL

S

E

SAT

POR

VOIDR

*EL PRINT, ELSET=SFRIC

S

E

*NODE PRINT, NSET=INTNODE

U

*CONTACT PRINT, MASTER=SFRICSUR,SLAVE=SSOILSUR,SUMMARY=YES
*PRINT, CONTACT=YES

*END STEP

##Step3**#**####**#*##*##**##*#***##

*STEP, INC=100

**Holding the piston at 1ts final position for 2 minutes
*SOILS, CONSOLIDATION, UTOL=1300

7 e-8,1 389e-3,,,

*END STEP
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