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The rheological beha®ior of a bed of packing material during its consolidation was
in®estigated using an elastic-plastic model, the Frictional Material Model. This model
takes into account the beha®ior of the packing material under compression stress, its
consolidation, its internal friction, its friction against the column wall, and the depen-
dence of the bed’s permeability on the local ®oid fraction. The complexity of the prob-
lem arises from the nonlinear beha®ior of the relationships between the critical parame-
ters controlling the column bed beha®ior and the external stresses applied to this bed.
Solutions of the model were calculated for combinations of axial compression and seep-
age stresses, the latter corresponding to the flow of the mobile-phase stream under typi-
cal conditions used in HPLC. The results demonstrate the importance of the internal
angle of friction of the packing material used on the degree of radial and axial hetero-
geneity of the beds of chromatographic columns packed with this material.

Introduction

Ž .In Part I of this article Yew et al., 2003 , we reported on
the results of the determination, for two different common
packing materials, Zorbax C18 and Kromasil C8, of several
parameters that are important for any investigation of the
rheology of the beds of chromatographic columns. The pa-

Ž .rameters investigated were: 1 the swelling and the compres-
Ž .sion indices of the bed during its consolidation; 2 the coeffi-

cient of friction between the two packing materials and the
Ž .stainless steel wall of the column; and 3 the permeability of

beds consolidated under different degrees of stress. To-
gether, the swelling and the compression indices of the bed
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characterize its behavior during consolidation under mechan-
ical stress, that is, they permit the calculation of the variation
of the local void fraction of the bed with the stress applied
during the first consolidation step and during latter steps. The
ratio of the coefficient of interfacial friction and the coeffi-
cient of internal friction of very similar materials previously

Ž .reported agree well with the conventional Potyondy 1961
correlation. The permeabilities obtained are consistent with
those calculated from the void ratio, using the Kozeny-Car-

Žman equation Carman, 1956; Bird et al., 1960; Lambe and
.Whitman, 1979 , although the dependence on the void ratio

in the narrow interval within which determinations were pos-
sible seems somewhat different from the one predicted by
the equation. These experimental data are required for the
modeling of the rheology of the beds of columns used in
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preparative chromatography. In this work, we study the re-
sponse of a slurry of packing material to an axial compression
of the bed in the so-called ‘‘axial compression columns’’ and
the effects of the coupling of mechanical and seepage effects
during the preparation of chromatographic columns.

Over the past 30 years, a considerable amount of interest
has been devoted to the development of suitable procedures
to prepare chromatographic columns by filling an appropri-
ate tube with a convenient packing material for liquid chro-
matography. Because the particles of the materials used are

Ž .very small approximately between 2 and 20 �m , they can be
dry-packed only with great difficulties and moderate success
Ž .Huber et al., 1972; Verzele and Dewaele, 1986 . This method

Žis now abandoned Snyder and Kirkland, 1979; Poole and
.Poole, 1993 . Two basic slurry procedures are currently in

use, a slurry filtration and a slurry compression procedure. In
both methods, a slurry of the packing material in a solvent
that disperses well the packing particles is first prepared. In

Žslurry filtration Verzele and Dewaele, 1986: Snyder and
.Kirkland, 1979; Poole and Poole, 1993 , this slurry is pumped

into a tube of appropriate size, closed at the opposite end by
a frit. The requisite volume of slurry is pushed by a clear
solvent. A bed of particles accumulate behind the frit. The
flow rate during the process is high; the pressure reached at
the end of the operation exceeds 50 MPa and sometimes is as
high as 70 MPa. The whole process is fast, usually taking no
longer than a few minutes. Obviously, this procedure has
many variables. Their influence has been studied only empiri-

Žcally Verzele and Dewaele, 1986; Snyder and Kirkland, 1979;
.Poole and Poole, 1993 . Most of these investigations focused

on the nature of the slurry solvent and the good dispersion of
the packing particles in this solvent. Limited attention was
paid to the slurry density and to its flow rate, and almost
none was paid to the critical operation of removal of the ex-
cess solvent from the slurry to pack the bed.

Ž .In slurry compression Guiochon et al., 1997 , the column
is closed at one end by a piston, placed in a low position. The
proper amount of slurry is poured into the column, which is
then closed with a flange, and the piston is moved upward.
Both the piston and the flange contain a flow distributor and
a porous frit in contact with the bed. The excess solvent leaks
out through these frits and a bed is formed, consolidated un-
der the compression stress applied through the piston, which

Žis actuated with a jack Godbille and Tondu, 1976; Godbille
.and Devaux, 1976; Guiochon et al., 1996 . The performance

Ž .column efficiency, porosity, and permeability of the beds
obtained by slurry filtration and by slurry compression are
usually comparable over a wide range of column diameters
Ž .ca. 1 to 800 mm . The separation power of the column pre-
pared seem to depend more on the skills and care of the
operator than on which variant of either method was used.
Comparable results were also obtained using other mechani-

Ž . Žcal compression methods such as radial Guiochon et al.,
.1997 .

Until most recently, no satisfactory explanation was given
to the origins of the radial heterogeneity of the beds obtained

Žby any variant of these two consolidation methods Farkas et
.al., 1997; Guiochon et al., 1997 . Yet, this heterogeneity ex-

plains why the efficiency of a whole column is barely half of
its potential efficiency, as suggested by measures of the local

Žapparent dispersion coefficient of the column bed Guiochon

.et al., 1997; Tallarek et al., 1996 and by a comparison of the
best performance of conventional columns and of columns
packed with particles having a diameter larger than one-tenth

Ž .of the column diameter Guiochon et al., 1997 . This hetero-
Ž .geneity is explained by a wall effect Knox et al., 1976 , most

probably arising from the consequences of the intense fric-
Žtion of the bed against the column wall Guiochon et al., 1999;

.Cherrak and Guiochon, 2001 . Yet, in spite of the impor-
tance of increasing the column efficiency to improve the pro-

Žduction rate in preparative chromatography or to reduce
.analysis times , there had been so far only one study applying

the rheology of particulate materials to the investigation of
Ž .the packing of chromatographic columns Yuan et al., 1998 .

While this study provided some important insights into the
mechanics of column packing, its results were limited by some
of the modeling assumptions. It assumed that there is no slip
at the wall, but that the friction of the bed against the wall is
infinite. It used the von Mises yield criterion that is more
suitable for metals than for beds of separate, rigid particles
such as silica which exhibit a demonstrated frictional compo-

Ž .nent of strength Mihlbachler et al., 1998 . It did not attempt
to predict the radial heterogeneity of the compressed bed
eventually obtained.

The objective of this work is to improve our understanding
of the consolidation process that takes place between the mo-
ment when the particles in the slurry come into contact with
their neighbors, ceasing to be nearly independent of each
other, and the moment when these particles become frozen
into a rigid organization in which they have practically no
freedom of movement.

Theory
As often in engineering, the solution of a problem such as

the one studied here requires first the idealization of the ac-
tual physical problem into a mathematical model, then the
construction of an algorithm for the computation of numeri-
cal solutions of this model. Because of the nature of the
problem, a finite-element solution of the model was pre-
ferred to alternative approaches.

Physical model of the column consolidation process
Conventionally, a column is prepared by filling a large steel

tube, closed by a fine frit at one end, with a slurry of the
Ž .packing material in a suitable solvent see Figure 1 . A piston

is then pushed at a controlled velocity into the tube. It sepa-
rates the packing material, which cannot filter through the
frit, from the solvent, which flows through the frit and is col-
lected in an external tank. Applying a proper mechanical
stress to the piston compresses the slurry into a dense bed of

Žthe packing material. NB. Although the compression piston
also ends in a proper flow distributor and could be used to
drain the slurry solvent, columns are always packed by drain-

.ing the solvent from the end opposite this piston. The con-
solidation of the bed into an HPLC column is achieved within
a few seconds to a few minutes, depending on decisions made
by the operator during the procedure. The consolidation of
the bed is progressive, however, beginning at the end of the
column opposite to the piston, which is the end through which
the packing solvent flows out of the column, leaving the pack-
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Figure 1. Axial compression column for preparative
HPLC.
Dimensions are for the LC 50 ‘‘axial compression column

Ž . Žskid’’ Novasep, NJ used in laboratory experiments Farkas
.et al., 1997; Guiochon et al., 1999; Sarker et al., 1996 .

ing material behind. Thus, the preparation of a column com-
bines constraints of both mechanical and seepage origins.

We will not consider here the behavior of the slurry during
the first part of the bed preparation, when the excess solvent
is removed from the slurry. As long as the particles are not in
contact, any displacement of the piston results in the expul-
sion of the corresponding volume of slurry solvent, but there
is no mechanical resistance of the slurry to this movement.
The external porosity of a slurry remains markedly higher
than that of a bed, even when poorly consolidated. Hence,
the permeability of the column is much higher when it is filled
with a slurry, even a dense one, than when the particles are
in contact. The rate at which the excess solvent is eliminated,
however, may have some importance and our assumption may
not be entirely valid at high flow rates. We assumed as an
initial condition for the bed consolidation a homogeneous
column filled with particles at the minimum density for which
they are in contact. At time ts0, the piston is moved for-
ward by a certain distance, or a certain mechanical stress is
applied to it. An equilibrium is achieved when the compres-
sion resistance of the bed equals this external stress. The
model of column proparation studied here includes two steps.
During the first step, the excess solvent is extracted from the
slurry and a homogeneous mass of packing material is ob-
tained. This mass is consolidated into a heterogeneous bed
by the fast mechanical loading of the piston. We studied the

Ž .effect of this mechanical loading the displacement of a stress
using a nonlinear elastic-plastic model.

Column bed model
We follow the same general approach as was used by Yuan

Ž .et al. 1998 . A momentum balance for the particle phase is
written

w x��� s e �Py � g 1Ž .® s

where � is the stress matrix of the solid phase, e is the void®
Ž Ž .fraction equal to �r 1y� with � the external porosity of
.the bed , P is the fluid pressure, � is the density of thes

packing material, and g is the gravitation. Equation 1 states
the balance between the solid phase stress and the effect of
fluid drag and gravity on this solid. In all cases of practical
interest in preparative chromatography, gravity is negligible.

ŽThe pressure gradient can be derived from Darcy law Bird
.et al., 1960; Lambe and Whitman, 1979

k d2
0 p

u yu sy �P 2Ž .l s ��

where u and u are the velocities of the liquid and the solid,1 s
respectively, k is the permeability coefficient, d is the aver-0 p
age particle diameter, and � is the viscosity of the liquid. The
permeability coefficient is related to the void fraction by the
Kozeny-Carman equation

1 � 3

k s 3Ž .0 2150 1y�Ž .

This system of equations must be completed by a constitutive
relationship that relates the applied stress and the deforma-

Ž .tion of the material see next section , and by an expression
for the shear strength of the interface between the bed and
the column wall. In a first approximation, this last condition

Ž .was omitted by Yuan et al. 1998 , who assumed implicitly
that the bed never slips against the wall, that is, that the fric-
tion between bed and column wall is infinite. Previous exper-

Žiments have shown that this is not so Guiochon et al., 1999;
.Cherrak et al., 2001 , and we include in this work the friction

and the shear strength, as described in Part I of this article
Ž .Yew et al., 2003 .

Rheology and the nonideal elastico-plastic model
The mechanical behavior of solid materials under external

Žstress is described by constitutive laws Desai and Siriwar-
.dane, 1984 . It is now well understood that we have access to

a great variety of materials that may follow quite different
constitutive laws. Obviously, the use of an improper constitu-
tive law in a model of mechanical behavior will have results
of doubtful validity. Considerable activity is also devoted to
the identification of the parameters of the proper constitu-
tive law for each new material. The simplest constitutive law
is the linear elasticity of Hooke law that states that the defor-
mation of a compressed element is proportional to the stress
and to the length of the element. However, the rheological

Žbehavior of most materials is rarely linear Desai and Siriwar-
.dane, 1984 and more complex laws are required for realistic

modeling.
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The behavior of the packing material in the column was
Ž .represented by a Frictional Material Model FMM that can

represent the yielding or failure of the material. This model,
Ž .developed by Drucker and Prager 1952 , is a nonlinear elas-

tic-plastic model which can represent the increase in the yield
stress as the mean stress increase. This representation of fric-
tional behavior is important in the modeling of particulate
materials. It is not and should not be considered in models
commonly used for nonfrictional materials such as metals.
These last models, however, are not suitable for the particu-
late beds studied here. At stresses less than yielding, a non-
linear elastic model was used. The model was first validated
by comparing the results with those obtained in the labora-
tory during the consolidation of the packing material. A sim-
ple friction model was used for the contact with the wall and
compared with results of shear tests made against a stainless

Ž .steel plate Yew, 2000; Yew et al., 2003 . Identification of the
model solutions allowed the determination of further param-
eters of this model.

The chromatographic column is enclosed in a stainless steel
tube. The behavior of this material during the packing of the
column was modeled by assuming it to be elastic, with a
Young or elasticity modulus of 2 � 108 kPa and a Poisson

Ž .ration of 0.3, typical values for stainless steel Popov, 1968 .
Elastic Beha®ior. In the elastic range, the nonlinear porous

Želastic material model implemented in ABAQUS Anon.,
.1998 was used. In this model, the volumetric strain � invol

the material is proportional to the logarithm of the mean
Ž .stress or equivalent pressure ps � q� q� r3, which11 22 33

Ž .is the trace or the sum of the diagonal terms in the stress
matrix. The volumetric strain of the porous material is re-
lated to a parameter J el equal to the logarithm of the elastic

Ž .volume change Anon., 1998

e s ln J el
vol

K p q pel
0 te lJ s1q ln 4Ž .elž /1q e pq p0 t

where K is the logarithm of the bulk modulus of the packed
bed, e is the initial void ratio, p is the initial mean stress,0 0
and pel is the elastic tensile strength of the packing material.t

Therefore, J el tends toward infinite when p tends toward
y pel.t

Figure 2 illustrates the experimental strain�stress relation-
Ž .ships observed symbols during the application of the normal

Ž .stress in the direct shear test Yew, 2000; Yew et al., 2003 ,
for three different samples of Zorbax. The relationship pre-

Ž .dicted by the model is also plotted in Figure 2 line . This
relationship was obtained with values of ks0.010, p s0.00
kPa, and pels100.0 kPa, and an assumed value of 0.30 fort
Poisson’s ratio. There is a good agreement between the ex-
perimental data and the prediction of using the porous elas-
tic material model.

Mohr-Coulomb Model. Inelastic material models are usu-
ally not written directly in terms of stress � , but in terms of
stress invariants, measures of the stress that do not change if
the reference coordinate system is changed. These stress in-
variants will be defined later, in the explanation of the

Ž .Drucker-Prager 1952 model. It is convenient, however, to
refer to the classical Mohr-Coulomb criterion of failure for

Figure 2. Mean stress applied to the material vs. the
volumetric strain exhibited in the direct shear

( )test Yew et al., 2003; Yew, 2000 .
Sample: 50 g of Zorbax; see experimental conditions in Yew

Ž . elet al. 2003 . Numerical values: ks 0.010, p s 0.00 kPa, p0 t
s100.0 kPa, Poisson ratios 0.30. Symbols: experimental
data, � sample 1; � sample 2; � sample 3. Solid line: porous
elastic material model.

Ž .elastic materials, as a starting point see Figure 3 . This crite-
rion is widely used, and many routine design calculations in
soil mechanics and civil engineering are still performed using
it.

The Mohr-Coulomb criterion assumes that failure is con-
trolled by the shear stress and that this failure shear stress
depends on the normal stress. This can be represented by
plotting Mohr’s circle for states of stress at failure. The
Mohr-Coulomb failure line is the best straight line that
touches these Mohr’s circles. Thus, the Mohr-Coulomb crite-
rion can be written as

� sCq� tan � 5Ž .

Figure 3. Mohr-Coulomb failure criterion.
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where 	 is the shear stress at failure or shear strength, � is
Ž .the normal stress positive in compression , C is the cohesion

Žof the material, and 
 is the material angle of friction Fig-
.ure 3 . The traditional coefficient of friction is the tangent of

the friction angle. From the properties of Mohr’s circle, we
have

� y�1 3
	 s s cos 
s cos


2
� q� � y�1 3 1 3

� s� y s sin 
s y sin 
 6Ž .m 2 2

Substituting these values of 	 and � in the Mohr-Coulomb
Ž .criterion Eq. 5 and simplifying yields an equivalent expres-

sion

sy� sin 
yC cos 
s0m

� y� y � q� sin 
y2C cos 
s0 7Ž . Ž . Ž .1 3 1 3

where � , � , and � are the maximum principal stress, the1 3 m
minimum principal stress, and the mean normal stress, re-
spectively, and s is the maximum shear stress. Thus, the
Mohr-Coulomb criterion assumes that failure is independent
of the value of the intermediate principal stress. The failure

Ž .of typical geotechnical materials such as a sand heap gener-
ally depends but slightly on the intermediate principal stress,
but the Mohr-Coulomb model is usually considered as suffi-
ciently accurate for most applications.

Another way to rewrite the Mohr-Coulomb criterion is as a
linear yield function, such that

Fs	 y� tan 
yCs0 8Ž .

If the applied stresses are such that Fs0, the material is
yielding or can be considered to have failed. If F �0, the
material stress state is below yielding. Equation 8 is a gener-
alized expression of the Mohr-Coulomb criterion and pro-

Ž .vides an easy introduction to the Drucker-Prager 1952 model
of constitution law.

ŽPlastic Beha®ior. Most solid, rigid common materials such
.as metals exhibit linear or nonlinear elastic behavior up to

yield. All materials yield under stress, but elastic materials
return to their initial dimensions when the stress is released,
while plastic materials do not. They remain permanently de-
formed. A very plastic solid, like butter, has no permanent
shape and yields under very low stresses. Most geologic mate-

Žrials particularly sands which are similar to HPLC packing
.materials for the purpose of this study yield under stress in a

certain range and demonstrate approximate elastic behavior
Žbelow this range. Theirs is called elastic-plastic behavior De-

.sai and Siriwardane, 1984; Drucker and Prager, 1952 .
Elastic-Plastic Beha®ior. This behavior is the one previ-

Ž .ously described Yew et al., 2003 for granulated material un-
der stress. In a certain range of stress, the material exhibits
essentially elastic behavior. Beyond a certain threshold, the
behavior becomes plastic. The permanent deformation aris-
ing from this change may cause hardening of the material
and the yield surface expands. Under further loading, the
sample will behave elastically in a wider range of stress. Pres-
sure-dependent plasticity models are historically popular in

Figure 4. Mohr-Coulomb model in the deviatoric plane.

geotechnical engineering. Recently, they have also been found
useful for the modeling of some polymeric and composite
materials that exhibit significantly different yield behavior in
tension and in compression. The linear Drucker-Prager model
provides a circular section in the deviatoric �-plane for the
onset of inelastic flow. If a nonassociative flow rule is adopted,
different dilation and friction angles result. This model is one
of the simplest available for simulating frictional materials.
The smoothed surface used in the deviatoric plane differs

Žfrom a true Mohr-Coulomb surface that exhibits vertices see
.Figure 4 . This has some restrictive implications, especially

with respect to flow localization studies for granular materi-
als, but this may not be of major significance in many routine
design applications.

The linear Drucker-Prager model was used to represent
the behavior of the packing materials. This constitutive model
is an extension of the classical Mohr-Coulomb failure crite-
rion. It is an elastoplastic model that uses a yield function of
the Mohr-Coulomb form, including isotropic cohesion hard-
entingrsoftening. This model uses a flow potential that has a
hyperbolic shape in the meridional stress plane and has no
corners in the deviatoric stress space. This flow potential is
then completely smooth and, therefore, provides a unique
definition of the direction of plastic flow.

In this model, the yield surface function F is given by

Fsqy p tan �yds0 9Ž .

where � is the slope of the yield function in the pyq stress
space, p is the mean stress, q is the Mises equivalent stress,
and d is the yield function intercept on the q-axis, as illus-
trated in Figure 5. We have

1
psy trace �Ž .

3

3
qs S S 10Ž .Ž .( i j i j2
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( )Figure 5. Linear Drucker-Prager 1952 model yield sur-
face in the meridional plane.

where � s� q� q� is the sum of the stresses along11 22 33
the three principal axes and S is the deviatoric stress tensor
defined as

S s� q p
 11Ž .i j i j i j

Since q and p are related to 	 and � , respectively, � is
related to 
 and d to c. Based on the internal friction angle

Ž .determined independently by Mihlbachler et al. 1998 on
similar materials, values of �s46� and ds0.73 kPa were
used in the analysis.

Ž .Plastic Flow. The use of an associative flow rule � s�
to describe the plastic deformation tends to produce exces-

Žsive dilation or volume increase during shear Desai and Siri-
.wardane, 1984 . A nonassociative flow rule was used such that

a nondilatant response could be represented. This was ac-
complished by assuming that the dilation angle � is equal to
zero. The latter means that the plastic deformation is incom-

Žpressible there is no plastic volume change as the material
. pldeforms plastically . The term d� represents the incremen-

tal plastic strain vector, which is normal to the yield surface.

Seepage response due to fluid pressure
The effect of the seepage forces on the density distribution

of the column will be evaluated by conducting a numerical
simulation of the flow of solvent through the column. As ob-

Ž . Žserved by Guiochon and Sarker 1995 , Guiochon et al. 1997,
. Ž .1999 and Cherrak and Guiochon 2001 , a chromatographic

bed is submitted to a compression stress of two origins. First,
in axial compression columns, the piston causes a mechanical
compression of the entire bed. This mechanical compression
can be modeled numerically as described earlier in the two
previous sections. Because there is friction of the bed along
the side wall, this mechanical stress is the greatest at the pis-

Ž .ton edge bottom and decreases along the length of the col-
Ž .umn see Results and Discussion , as originally demonstrated

Ž .by Train 1956, 1957 . Second, in addition to this mechanical
compression, the bed is submitted to a stress originating from
the seepage of the mobile phase. The mobile phase stream
percolates through the column, because a certain head pres-
sure is applied to the fluid at the column inlet and the fluid

flows freely from the column outlet. This results in a pore
fluid pressure that decreases along the column and, accord-
ingly, in an increase in the intergranular contact stresses along
the column. This may cause some reorientation of the pack-

Žing material whenever one particle moves or breaks this ex-
plains why columns are sometimes unstable and may consoli-

.date further when the operation conditions change . This
stress of seepage origin also interacts with the nonlinear
strain-stress behavior of the packing material. Since, due to
the flow of mobile phase during the chromatography process,
the seepage forces affect the stress state in the packing mate-
rial, these forces vary with position due to wall friction and
the radial inhomogeneity of the packed bed.

Coupling with Seepage Effects. A coupled flow and defor-
mation model was developed to further simulate the effects
of single-phase flow on the radial heterogeneity of the packed
chromatography beds. This coupled analysis is important be-
cause the local permeability of the bed of packing material is
influenced by the local void ratio, which is, in turn, influ-
enced by the stress state. Since the stress state is influenced
by the fluid potential, a coupled analysis is required. This
analysis is based on the relationship between permeability and

Ž .void ratio reported previously Yew et al., 2003 .
Consider a unit volume of a porous media such as that

Žshown in Figure 6 this unit volume corresponds to the mesh
.element in Figure 7 . This element is usually called an ele-

mental control volume. The law of conservation of mass for
the steady-state flow of mobile phase solution through the
saturated porous medium requires that the rate of fluid mass
flow into any elemental control volume be equal to the rate
of fluid mass flow out of this elemental control volume, in the
particular case of no retention which is considered here. The
equation of continuity that translates this law into the mathe-

Ž .matical form that can be written as Freeze and Cherry, 1979

� �u� �u � �uŽ .Ž . Ž .yx zq q s0 12Ž .
� x � y � z

Figure 6. Element of volume for flow through porous
media.
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Figure 7. Discretization of the column bed for calcula-
tion purposes.
Ž . Ž .a 3-D view of the tilted column; b representation of the

Ž .column section; c 2-D mesh network used for the actual
calculations.

where � is the density of the percolating fluid, and u , u ,x y
Žand u are the velocities or volumes flow rate of the fluidz
.per unit cross-section area in the x, y, and z directions, re-

spectively. Since the compressibility of the fluid is negligible,
the density of the fluid � can be assumed to be constant and,
thus, removed from the equation. Subsequent substitution of

Ž .Darcy’s Law Bird et al., 1960; Lambe and Whitman, 1979
for u sK � hr� x in Eq. 12 yields the equation for steady-i i i
state flow through an anisotropic saturated porous medium
Ž .Freeze and Cherry, 1979

� � h � � h � � h
K q K q K s0 13Ž .x y zž / ž /ž /� x � x � y � y � z � z

where K is the permeability of the porous medium in the ii
Ž .direction is x, y, z and h is the hydraulic head. If it is

assumed that the porous medium is isotropic, then K sKx y
Ž .sK and Eq. 13 simplifies to Freeze and Cherry, 1979z

� 2h � 2h � 2h
q s s0 14Ž .2 2 2� x � y � z

Equation 14 is a Laplace equation. It gives the hydraulic head
Ž .or liquid pressure at any point in a three-dimensional 3-D

homogeneous, isotropic, saturated, steady-state flow field.
Steady-state saturated flow assumes a constant flow rate in-
side the HPLC column during the packing process which can
be maintained only if the required pressure excursion re-
mains within the specifications of the pump. The flow rate is
controlled by Darcy’s Law. This model assumes further that
the storage effects due to the compressibility of the packing
particles and of the fluid are negligible. While isotropic con-

Žditions with respect to the permeability are assumed K sx
.K sK , spacial variation in the permeability is included iny z

the model, based on the variation of the mean stress. Isotropic

permeability may not be valid in the immediate vicinity of the
wall. This question should be investigated further.

Transient Analysis. The law of mass conservation for tran-
sient 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 the fluid mass stored
within the element. The fluid mass stored within a volume
element can be characterized by the specific storage S ors
volume of fluid released from a unit volume of saturated
porous medium for a unit decline in the hydraulic head h

S s � g � q� � 15Ž .Ž .s pm T w

where � is the fluid density, g is the gravitational accelera-
tion, � is the compressibility of the porous medium, � ispm T
its porosity, and � is the compressibility of the fluid. Be-w
cause of this definition, S is not an implicit function of time.s
During column consolidation, � and � decrease slightly.pm T
The variation is small, however, and we assume in the follow-
ing that S remains constant.s

The mass balance of the fluid is no longer given by Eq. 12
which applies to steady-state, but by the following equation
Ž . Ž .see Figure 6 Freeze and Cherry, 1979

� �u� �u � �u � ��Ž .Ž . Ž . Ž .yx zq q s 16Ž .
� x � y � z � t

The righthand side of this equation can be expanded and
simplified by substituting the time rate of change of the fluid
mass stored, �S � hr� ts

� �u� �u � �u � hŽ .Ž . Ž .yx zq q s �S 17Ž .s� x � y � z � t

The terms on the lefthand side of this equation are expanded
by the chain rule. Further simplification is carried out by rec-
ognizing that the terms of the form ® ��r� x are insignificantx
compared to terms of the form �� ® r� x and by removing thex
former from the equation, by eliminating � from both sides,
and by substituting Darcy’s Law. These manipulations yield
the equation for transient flow through a fully saturated,

Ž .anisotropic, porous medium Freeze and Cherry, 1979

� � h � � h � � h S � hs
K q K q K s 18Ž .x y zž / ž /ž /� x � x � y � y � z � z K � t

If it is appropriate to assume that the slurry in HPLC columns
is homogeneous and isotropic prior to the packing process,

Žthe equation can then be simplified into Freeze and Cherry,
.1979

� 2h � 2h � 2h S � hsq q s 19Ž .2 2 2 K � t� x � y � z

In summary, transient saturated flow assumes that the rate of
flow changes with time inside HPLC columns during the
packing process. This is certainly the case of columns packed

Ž .by slurry filtration Guiochon et al., 1997 . The flow rate of
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packing solvent is then controlled by Darcy’s Law and by the
storage effect due to the compressibility of the packing mate-

Ž .rial and, to a minor degree, to that of the solvent .

Calculation of numerical solutions
The integration of the system of partial differential equa-

tions modeling the behavior of the column bed is impossible.
As in many cases of importance in engineering, analytical so-
lutions are not available. However, the calculation of numeri-
cal solutions of this system in practical cases is possible with

Ž .techniques such as the finite element method FEM , which
gives the stress-state inside HPLC columns during the pack-

Ž .ing process Cook, 1995 . The FEM is a collection of theory-
rich techniques which can produce near-optimal approximate
solutions to the initial-boundary value partial differential
equations common to engineering and mathematical physics
Ž .Baker and Pepper, 1991 . The stress distribution in a typical
preparative HPLC column was investigated using the com-
mercial, general-purpose finite-element code ABAQUS, ver-

Ž . Ž .sion 5.8 1998 Anon, 1998 . The material parameters used
win the analysis were obtained from the laboratory testing Yew

xet al., 2003 . The numerical results from ABAQUS were eval-
Ž .uated via the post processing package, ABAQUSrPost 1998 ,

Ž .which generated the graphical results Anon., 1998 .
In the finite-element method, it is assumed that the ele-

ment size, although finite, is small enough to legitimize the
replacement of all functions considered in the calculation by
their average in the element and to neglect the extent of their
variations within the element. As the number of elements in-
creases, a proper finite-element solution should converge to-
ward the analytical or exact solution of the set of differential
or partial differential equations that express the mathemati-
cal model. However, theorems of existence of an analytical
solution to the problem, let alone of the convergence of a
numerical solution toward this analytical solution, are usually
lacking. Thus, the convergence of a numerical solution, such
as a finite-element one, can be evaluated only on the assump-
tion that all basic kinematic, static, and constitutive condi-
tions contained in the mathematical model must ultimately
be satisfied at the convergence. Thus, in all further discus-
sions of the convergence of the finite-element solution, we
imply convergence toward the exact solution of the mathe-
matical model.

To model an HPLC column, a 3-D model should be used.
However, due to the axisymmetric nature of the column and
of the packing process, it is reasonable to simplify this model
and to consider only a 2-D model, as illustrated in Figure 7.
In the calculation, four-node linear axisymmetric continuum
elements were used. Contact elements with the desired coef-
ficient of friction were used to represent the frictional sur-
face between the bed and the steel wall.

It is important to find an acceptable compromise for the
size of the elements, between the use of too coarse or too
small ones. The former would introduce important numerical
errors and an unacceptable deviation of the numerical solu-
tion from the exact one. The latter would result into exces-
sively long run times. For monotonic convergence, the ele-
ments must be complete and the elements and the mesh size
must be compatible. If these conditions are fulfilled, the ac-
curacy of the solution should increase continuously with de-

Figure 8. Convergence of the axial displacement at
( )point A Figure 7 in the column toward its limit

with increasing number of elements across
the column radius used in the calculation of
the finite-element solution.

creasing size of the finite-element mesh. However, below a
certain range, decreasing the element size does not bring an
improvement in the accuracy of the numerical solution that
would be warranted, given the approximations made in de-
signing the model and in determining the numerical values of
its parameters. The mesh refinement is usually performed by
subdividing a previously used element into two or more ele-
ments. So, the old mesh is embedded into the new, smaller
mesh. Mathematically, this means that the new space of the
finite-element interpolation functions will contain the previ-
ously used space and that, as the mesh is refined, the dimen-
sion of the finite-element solution space increases continu-
ously to contain ultimately the exact solution.

To investigate the convergence of the numerical solution
of the model used for preparative HPLC columns, a series of
successive computations were performed with two, five, and

Žten elements across the half-width of the column for a total
.of 4, 10, and 20 coaxial cylinders, respectively, see Figure 7b .

The axial displacements were measured at point A along the
column wall and point B on the column axis, in places where
the displacement is still important, but which are far enough
from the piston head at which the displacement is known,
since it is a boundary condition. The displacement observed
is plotted vs. the number of elements along the column ra-
dius in Figure 8. This figure shows that two was an insuffi-
cient number of elements while there is very little difference
in the displacements calculated with five and ten elements.
Therefore, all further calculations were conducted with five
elements in the radial direction. The same nodal spacing was
adopted in the axial direction to produce square elements.

The FE method calculates first the nodal displacements
from which it derives the strains and finally the stresses. Some
results are presented as maps of these parameters showing
contour lines along which the value of the selected parameter
is constant and grey bands of different densities. Others are
reported as plots of the stress or strain along the axial or
radial distance.
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Parameters and con©ergence criteria in the transient
analysis

In ABAQUS, a transient coupled mechanical-seepage
analysis is performed when the CONSOLIDATION parame-

� Ž .ter is included in the SOILS option Anon, 1998 . In the
transient case, the backward difference operator is used to
integrate the continuity equation. This operator provides un-
conditional stability, so the only concern with respect to time

Ž .integration is the accuracy Anon., 1998 . The integration
procedure used for the consolidation analysis introduces a
relationship between the minimum usable time increment and
the element size, as shown below for fully saturated flows.
Provided the time increment is sufficiently large, a unique
solution will be obtained. If time increments smaller than
these values are used, spurious oscillations may appear in the
solution. These oscillations are nonphysical artefacts and may
cause problems if pressure-sensitive plasticity is used to model

Ž .the porous medium Anon, 1998 . If the problem requires
analysis with smaller time increments than the relationships
given below allow, a finer mesh is required. Generally, there
is no upper limit on the time step except that arising from the
accuracy required, since the integration procedure is uncon-
ditionally stable unless nonlinearities cause convergence

Ž .problems Anon, 1998 .
A simple empirical guideline that can be used for the mini-

mum usable time increment in the case of fully saturated flow
Ž .is Anon, 1998

2
Y 1q� u EŽ .w F w 2� t� 1y � l 20Ž .ž /6Ek K g

where � t is the time increment, Y is the specific weight ofw
the liquid, E is the Young’s modulus of the porous material,
k is its permeability, u is the velocity of the fluid, � is thew F
velocity coefficient in Forchheimer’s flow law, K is the bulkg
modulus of the solid grains, and � l is the typical element
dimension. When Darcy’s law is valid, the velocity coefficient
in Forchheimer’s flow law � is assumed to be zero. Further-F
more, we assumed the bulk modulus of the solid grains K tog
be infinite because we considered the particles of the packing
material to be fully incompressible relative to the compress-
ibility of the packing material. Thus, Eq. 20 simplifies to
Ž .Anon, 1998

Yw 2� t� � l 21Ž .
6Ek

For the HPLC column finite-element mesh shown in Figure
7, � ls0.005 m, Y s7.75 kNrm3, ks3.53�10y2 mrday, andw
Es1,300,000 kPa. This results in � ts7.0�10y8 day or ap-
proximately 6 ms. Finally, we assumed that the maximum pore
pressure that was allowed to dissipate in each time increment

Ž .was UTOLs1,300 kPa 13.0 bar , which is about 10% of the
initial pore pressure. In addition to the convergence criteria
discussed above, a maximum rate of pore pressure dissipa-
tion over time during each time step is required in the tran-
sient analysis toward steady state, in order to describe the
maximum rate of pore pressure dissipation. However, the
packing material studied here has a relatively high permeabil-

ity, so this type of numerical solution would stop when the
flow reaches a steady-state condition, usually before the in-
tended piston displacement is achieved. Therefore, this type
of analysis was not fully investigated.

Experimental Conditions
The HPLC column considered in this work is a 16.0 cm

long, 5.0 cm ID column, similar to those previously studied in
Žthis group Farkas et al., 1997; Guiochon et al., 1997; Guio-

chon and Sarker, 1995; Sarker et al., 1996; Yun and Guio-
.chon, 1997 and typical of those used in laboratory-scale ap-

plications of preparative chromatography. This column was
Žassumed to be packed with Zorbax C18 BTR Separations,

.Wilmington, DE, now Agilent Technologies, Palo Alto, CA .
It takes approximately 200 g of Zorbax to pack the column
considered. The values of the parameters used in this work

Ž .were determined in an earlier work Yew et al., 2003 . The
friction coefficient at the wall was tan 
s0.39 for Zorbax
and 0.21 for Kromasil. The internal friction angles were, re-
spectively, 21.3 and 11.9 degrees. The behavior of the bed
obtained was systematically investigated, using all possible
sets of experimental conditions. The piston head was as-
sumed to be flat, perpendicular to the column axis.

In the finite-element simulation, a vertical constraint was
Žimposed on the top of the column which is, thus, unable to

.move , while a uniform vertical displacement is applied along
the bottom of the column bed corresponding to the vertical
movement of the rigid piston. This uniform displacement is
applied in a stepwise or incremental manner, and the nonlin-
ear analysis is performed at each step to obtain the displace-
ments, strains, and stresses throughout the column corre-
sponding to the new equilibrium conditions. A uniform dis-
placement loading condition was chosen for the numerical
analysis because the distribution of stress and deformation in
the packing material depends upon the rigidity of piston. For

Ž .example, a perfectly flexible piston or a membrane would
impart a uniform distribution of stress on the packing mate-
rial, but the resulting displacement would vary across the pis-
ton. Conversely, a perfectly rigid piston would impart a uni-
form displacement on the packing material across the piston,

Žbut distribution of stress across the piston which is the de-
.sired output in our problem would vary.

Thus, a uniform displacement boundary condition was uti-
lized in the simulation since this condition most closely ap-
proximates the loading from a relatively rigid piston, and the
computed stresses, which vary with position in the column,
were obtained. This simulated loading in the numerical model
is somewhat opposite to the manner in which a physical labo-
ratory column is packed, where a pressure is applied to the
piston and the resulting displacement measured. In an actual

Ž .bed of Zorbax Guiochon et al., 1999 , the application of a
mean compression pressure of approximately 10.0 MPa
spread uniformly over the outside cross-section of the piston
resulted in a piston displacement of about 3.4 mm. Likewise,
if a mean pressure of only 6.0 MPa was applied to the piston,
about 2.8 mm of piston displacement occurred. Figure 9 illus-
trates results from the finite-element simulation for these ap-
plied displacements of 2.8 mm and 3.4 mm, shown with the
corresponding maximum value of mean stress or pressure

Žwhich is observed to take place at the edge of the piston see
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Figure 9. Behavior of the packing material under stress.
Computed maximum values of the mean pressure near the edge of the piston vs. the piston displacement, for two simulated laboratory
loading cases: a test with an applied piston pressure of about 10 MPa, which experienced 3.4 mm of piston displacement, and a test with an
applied piston pressure of about 6 MPa, which experienced 2.8 mm of piston displacement. For the 10 MPa test, the computed maximum
value of the mean stress was 9.2 MPa under the imposed piston displacement of 3.4 mm. For the 6 MPa test, the maximum computed stress
was 5.3 MPa under the imposed displacement of 2.8 mm.

.subsequent discussion of results . For both the maximum ap-
plied displacements of 2.8 mm and 3.4 mm, intermediate re-
sults corresponding to lesser incremental displacements are
also shown. For example, the results for a maximum displace-
ment of 3.4 mm produced intermediate increments of the pis-

Žton displacement and maximum mean stress of 0.78 mm 0.38
. Ž . Ž . ŽMPa , 1.8 mm 1.6 MPa , 2.48 mm 3.6 MPa , 3.15 mm 7.3
. Ž .MPa , and 3.4 9.3 MPa . As expected, the results for the 2.8

mm simulation coincide with those from the 3.4 mm displace-
ment, since the nonlinear stress displacement response is
unique based on the selected material model. The maximum
values of computed mean pressure for the two loading cases
Ž5.3 MPa for a piston displacement of 2.8 mm and 9.3 MPa

.for a displacement of 3.4 mm correspond reasonably well
with the simulated piston pressures of 6.0 MPa and 10.0 MPa,
respectively. It should be kept in mind that the experimental
values of 10.0 and 60 MPa are approximate pressures aver-
aged over the outside of the piston, while the maximum mean
pressures of 9.3 and 5.3 MPa are computed values inside the

Žcolumn near the column wall. The computed pressures and
.comparison with the physical experiment could be changed

by varying the parameters used in the material model, but
the intent was to predict the response using the parameters
measured in the laboratory.

Recently, various phenomena taking place inside chro-
Žmatographic columns were visualized Broyles et al., 1998,

.1999a,b; Shalliker et al., 2000a,b . The method rests on the
possibility to pack a chromatographic column in a hard glass

Žtube, using a stationary phase YMC C18 silica, 30 �m parti-
. Ž .cles, Kyoto, Japan and a mobile phase carbon tetrachloride

that have the same refraction index. The column is then
placed in a rectangular box with glass windows, filled with
the mobile phase. What takes place inside the column can be
seen easily and photographed when needed. The main limita-
tions arise from the limited range of pressures and stress
which can be reached inside the glass tube. Viscous fingering

Ž .was easily illustrated Broyles et al., 1998 . The influence of
various parameters on the migration of bands of iodine was

Žinvestigated such as flow velocity, frit parameters, and dis-
. Ž .tributor characteristics Broyles et al., 1999a,b . Local, nearly

point-size injections of iodine made at different locations of
the cross-section at the column inlet allowed the measure-
ment of the axial and radial dispersion coefficients and con-

Žfirmed the existence of two wall effects Shalliker et al.,
.2000a,b .

Ž .In the present study, thin about 0.5 mm layers of an alu-
Žmina 50 �m particles from Cohesive Technologies, Franklin,

.MA slurry were placed inside the column between succes-
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Ž .sive thick about 1 cm layers of a slurry of the YMC C18
silica that were carefully laid down making sure that their top
was flat. Since the alumina particles have a refractive index
that is different from those of the silica particles and of car-
bon tetrachloride, the alumina layers are visible and serve as
marker layers. Their photographs after consolidation of the

Ž .bed see later illustrate the differential movements that take
place inside the column bed during its axial compression, that
is, they illustrate the strain distribution in the bed.

Results and Discussion
As previously discussed, Figure 9 illustrates the relation-

ship between the piston displacement and the computed val-
ues of maximum mean stress at the edge of the piston, for

Žapplied maximum displacements of 2.8 mm and 3.4 mm the
corresponding average compression stress are approximately

.6 and 10 MPa . Because the maximum displacement is ap-
plied in 13 successive increments, intermediate results, as well
as the full nonlinear response, are obtained. Only the results
obtained after steps 5, 8, 10, 12, and 13 are shown in the
figure, for the sake of clarity. Because of the unique stress
strain relationship for the packing materials, the two sets of
results coincide. Although in the analysis method the com-
puted stresses are obtained as a function of applied displace-
ment, the subsequent discussion of the results is facilitated if
described as though the physical experiment was being con-
ducted, with a pressure applied and the resulting displace-
ments and stresses observed.

Consolidation without seepage
Typical results of the calculations made for a column

packed under static conditions, with a slurry of Zorbax in
methanol are shown in Figures 10 to 14. Figures 10a and 10b
show contour maps of the spatial distributions of the local
mean stress, the local axial displacement, and the local void

ratio across the bed, after completion of upward movements
Ž . Žof the piston of 1.5 mm Figure 10a and 3.4 mm Figure

.10b , which correspond to mechanical compression stresses
equivalent to maximum mean pressures of 1.0 and 9.3 MPa
applied to the piston head. The calculated results regarding
the distributions of the mean pressure and the displacements
are in excellent qualitative agreement with the experimental

Ž .data of Train 1956, 1957 in this compression stress range.
They show that, while most of the column bed is very close to
radial homogeneity, the two ends of the column are highly
heterogeneous. A wedge region, at the corner of the wall and

Ž .the piston, is most strongly affected Figure 10b . The inten-
sity of the effect and the volume of the region most affected
increase with increasing compression stress. At high stress
Ž .Figure 10b , the top of the column also is affected. The dis-
tribution of displacements indicates the effect of wall friction
on the displacement field. For any given location along the
column axis, the displacement at the center line is greater
than that along the wall. The region of high stress at the edge
of the rigid piston is analogous to the high contact stresses
under the edge of a rigid die of a footing in contact with the

Ž .ground surface Lambe and Whitman, 1979 .
From a chromatographic perspective, the radial variation

of the void ratio is the most important consequence of the
bed consolidation that we should consider. The void ratio has
a strong influence on the performance of the column, be-
cause the local void ratio controls the local permeability that
determines the local flow velocity. It is obvious in Figures 10a
and 10b that the void ratio varies significantly in both the
radial and the axial directions in the vicinity of the piston and
in that of the top flange closing the bed at its top. The data
in these figures give the big picture. It is useful to complete

Ž .them by examining axial Figures 11a and 11b and radial
Ž .Figures 12a�12c distributions of the void ratio, axial and
radial distributions of the compression stress inside the bed
Ž .Figures 13a�13e and axial distributions of the contact shear,

Ž .contact pressure and contact slip Figures 14a�14d .

Figure 10. Contour distributions of the mean mechanical stress, local displacement, and void fraction calculated for
a bed packed with a slurry of Zorbax in methanol.
Ž . Ž . Ž .a Compression for the 6 MPa test, increment 8 corresponding maximum computed stress, 2 MPa ; b compression for the10 MPa test,
increment 13.
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( )Figure 11. Axial distribution of the local void ratio abscissa origin at the piston .
Axial compression under stress increasing stepwise from 0 to 10.0 MPa. Stress applied to the piston: 1, 1.0 MPa; 2, 1.8 MPa; 3, 3.5 MPa; 4,

Ž . Ž . Ž .7.6 MPa; 5, 10.0 MPa see Figure 9 . a Distribution along the column axis; b distribution in the axial direction, along the column wall.

Distributions of the Void Ratio. Figures 11a and 11b show
plots of the axial distribution of the local void ratio along the
column axis and against the wall, respectively, for different
values of the compression stress. The curves labeled 1 to 5 in
these two figures show the axial and radial distributions of
the local void ratio under increasing compression stress, that
is, its variation during the loading process. The two series of
curves are markedly different, although they both exhibit very
similar nearly-linear increases in the central region of the
column, consistent with the quasi radial homogeneity of the

Žcolumn in this region a region that includes approximately
.75% of the column length . In the top and bottom 10%, how-

ever, the axial variations are different in the center and along
the wall. The void ratio, hence, the external porosity of the

bed, is higher close to the column top. At both ends, the void
ratio in the center of the column becomes nearly constant.
Along the column wall, by contrast, the variation is signifi-
cant and, when the compression stress is high, this variation
can become steep. This observation is confirmed by the data
in Figures 12a to 12c that illustrate the radial variation of the

Ž .void ratio close to the column top Figure 12a , in the column
Ž . Ž .center Figure 12b , and close to the piston Figure 12c . In

the column center, the column is radially homogeneous, as
suggested by the data in Figure 10. At the bottom of the col-
umn, the void ratio is higher in the core region than in the
wall region. In contrast, at the column top, it is higher close
to the column wall than along its axis. Although the axial
variation of the void ratio may seem small, the very strong
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( )Figure 12a,b. Radial distribution of the local void ratio abscissa origin at the column center for different values of
the axial stress, as in Figure 11.
Ž . Ž .a Distribution close to the column top, at 5 mm below; b distribution in the column center.
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( )Figure 12c. Radial distribution of the local void ratio abscissa origin at the column center for different values of the
axial stress, as in Figure 11.
Ž .c distribution close to the piston, 5 mm from it into the bed.

Ždependence of the permeability on the external porosity Eq.
.3 explains why the influence of this void-fraction variation

on the column efficiency causes enough warping of the bands
drastically to affect column efficiency.

Distributions of the Shear Stress. Figures 13a to 13e show
the axial distribution of the shear stress along the column

Ž . Ž .axis Figure 13a and against the wall Figure 13b , and the
radial distributions of the shear stress at the bottom of the

Ž . Žbed zs10 mm, Figure 13c , in the bed center zs80 mm,
. ŽFigure 13d , and at the top of the column zs150 mm, Fig-

.ure 13e . As in the previous figures, the results are shown for
increasing levels of mean stress. The shear stress increases

Žrapidly from the center of the column toward the wall Fig-
.ures 13c�13e . It increases steeply in the region just above

the piston and decreases rapidly in the vicinity of the bed
top.

Distributions of the Contact Stress. Figures 14a to 14d show
Žthe axial distribution of the local contact shear stress Figure

. Ž .14a , the contact normal pressure Figure 14b , the ratio of
Ž .the contact shear stress and normal pressure Figure 14c ,

Ž .and the contact slip displacement Figure 14d . The contact
shear stress is the shear stress at the wall. The contact nor-
mal pressure is the normal stress applied by the bed against
the wall. Both the contact shear stress and the normal pres-
sure are maximum inside the bed, at a short distance above
the piston, and decrease continuously toward the top of the
bed, falling sharply to zero at its very top, within approxi-

Ž .mately 5 mm that is, within one mesh element . Their ratio
Ž .Figure 14c is constant and equal to the friction coefficient
along most of the bed which implies that, in this zone, the
packing material is slipping relative to the wall. At the top of
the bed, the contact shear decreases faster than the contact
pressure and their ratio becomes lower than the friction coef-
ficient, indicating that there is no slip in this upper part of
the bed. The part of the bed which is not affected by the
consequences of slip is small, however, barely the top 10%,

Ž .except at the lowest displacement increment curve 1 . Fi-
nally, the slip decreases uniformly along the bed, until close

Ž .to the top Figure 14d .
Conclusion. The most important conclusion of these re-

sults is that the consolidation by axial compression of a col-
umn packed with a particulate material cannot but result in a
heterogeneous bed, and that the bed heterogeneity takes
place both in the radial and the axial directions. The distribu-
tions of the displacements and of the stress are in excellent
qualitative agreement with previous results obtained by Train
Ž .1956, 1957 in the consolidation of pellets of hydrated basic
magnesium carbonate in a die. Complex stress and strain pat-
terns were observed. Within the compression stress range be-
low 7 MPa in which the particles of this material are not

Ž .damaged, Train 1956, 1957 found that the stress in the re-
gion at the bottom of the die was markedly lower than the
stress applied on the punch, while stress higher than that was
observed in the region close to the punch and the die wall. In
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( )Figure 13a,b. Distributions of the stress and strain abscissa origin at the column axis or at the piston , at both ends
of the bed and in its center.
Ž . Ž .a Axial distribution of the shear stress in the column center; b axial distribution of the shear stress against the column wall.

agreement with these results, we found in Figures 10 and 13
that there is a concentration of high mean stress in the region
of the bed close to the piston and near the column wall. In
this region, the local stress calculated significantly exceeds
the average mechanical stress assumed to be applied homo-

geneously over the cross-section of the piston. In this region
also, the void ratio is markedly lower than everywhere else
Ž .Figure 11b , causing a significant decrease of the local per-
meability in these regions. This effect is probably sufficient to
explain the heterogeneous radial distribution of the outlet ve-
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( )Figure 13c,d. Distributions of the stress and strain abscissa origin at the column axis or at the piston , at both ends
of the bed and in its center.
Ž . Ž .c radial distribution of the shear stress at zs10 mm; d radial distribution of the shear stress at zs 80 mm.
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( )Figure 13e. Distributions of the stress and strain abscissa origin at the column axis or at the piston , at both ends
of the bed and in its center.
Ž .e radial distribution of the shear stress at zs150 mm.

locity and the column efficiency reported by different authors
Ž .Farkas et al., 1997; Knox et al., 1976 . The results illustrated
in Figure 9 are also in good agreement with those published

Ž .by Yun and Guiochon 1997 on the consolidation of chro-
matographic columns. This last set of results was obtained
under experimental conditions very similar to those simu-
lated in the present work.

Ž .A preliminary, independent result Shalliker et al., 2003
confirms the modeling and calculation results presented in
this work. Figure 15 shows the strain distribution inside a
column that has been axially compressed under a 5.0 MPa
stress. This distribution agrees qualitatively well with the cal-
culated displacement distributions in Figures 10a and 10b.
The material used was different because the refractive in-
dices of the different brands of C18 silica that are available
are spread in a wide enough range to preclude the use of
most of them as packing material in the experiment de-
scribed. Therefore, the frictional characteristics are different.
Given the shape of the particles, it is probable that the inter-
nal angle of friction of the YMC packing material is interme-

Ždiate between those of Kromasil and Zorbax Guan et al.,
.1996 . Furthermore, the glass column limits the magnitude of

the stress that can be applied. However, the distribution of
displacements is similar to the one calculated.

Obviously, these stress and strain distributions depend on
several important experimental parameters. The most impor-
tant are the internal and the interfacial coefficients of fric-

Ž .tion, correlated by the Potyondy 1961 relationship, the as-

pect ratio of the column and possibly its size, and the shape
of the column head. Their influence will be studied in a

Ž .forthcoming report Ureta et al., 2003 .

Influence of seepage under steady-state conditions
To simulate steady-state flow through the packing material

during the process of compressing and consolidating the slurry
into a column bed, we assumed that the system was initially
isotropic, homogeneous, and fully saturated. Automatic in-
crementation was used because, in a typical consolidation
analysis, the increments can increase by several orders of

Ž .magnitude during the simulation Anon., 1998 . Note that the
liquid flows upward, arriving through the piston head, as in
conventional operations with axial compression columns.
Three points were chosen along the axis of the column: one

Ž .against the piston R, zs0 , one in the center of the column
Ž .Q, zs80 mm , and one at one increment from the top of

Ž .the bed P, zs155 mm ; their locations are shown in Figure
10b.

The displacement and the pore pressure vs. time during
the loading process are plotted in Figure 16. The displace-
ments increase linearly over time as the piston pushes from
the bottom of the column upward. As expected, the displace-

Ž .ment is the largest at the bottom of the column R where
the piston displacement is applied and it approaches 0.00 mm

Ž .near the top of the column P . The pore pressures were
found to be zero over time at all positions inside the column
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( )Figure 14a,b. Axial distribution of the contact stress and strain abscissa origin at the piston .
Ž . Ž . Ž . Ž .a Contact shear shear stress of the bed along the wall ; b contact pressure pressure of the bed against the wall .

during the whole packing process. This is consistent with the
condition imposed in the steady-state analysis, that, at every
time increment, the magnitude and the direction of the flow
velocity are constant everywhere and, thus, must be equal to
zero.

Calculations of the stress, displacement, and void fraction
distributions in the bed gave results that were not signifi-
cantly different from those of the calculations made without
seepage and reported in the previous section. For this rea-
son, no further investigations were carried out under steady-
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( )Figure 14c,d. Axial distribution of the contact stress and strain abscissa origin at the piston .
Ž . Ž .c ratio of the contact shear and the contact pressure; d contact slip.
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Figure 15. Strain distribution in an axially compressed
(column the piston moved upward, the axial

)stress applied was 5.0 MPa .
Ž .Before consolidation, layers of a silica slurry ca 1 cm thick

were interspersed with thin marker layers of a slurry of
alumina particles. The mobile phase was carbon tetrachlo-
ride that has the same refractive index as the C18 silica
used.

state conditions. Then, seepage under transient state condi-
Ž .tions was assumed and investigated see below .

Influence of seepage under transient conditions
The rate at which the piston compresses the bed is a criti-

cal parameter in an investigation of the seepage effect under
transient conditions. We carried out the calculations using a
constant migration rate of the piston, corresponding to a dis-

Ž .placement of 3.4 mm axial compression of 10.0 MPa in ei-
ther one or two minutes. The piston was then held at its final
displacement for two minutes in order to allow the computed
pore pressure inside the column to dissipate. These loadings

Žare typical of the actual packing process Guiochon et al.,

Figure 16. Displacement of the bed along the wall and
of the pore pressure during the packing pro-
cess with seepage of the slurry solvent un-
der steady-state conditions.
Ž . Ž . Ž .a Displacement in points P top, � , Q center, � , and

Ž . Ž .R bottom, � ; b pore pressure.

.1999 . The displacements calculated in points P, Q, and R
are reported in Figure 17a, for the two cases calculated. In
both cases, the displacement was found to be maximum at

Žthe bottom of the column Point R where the displacement
.was applied and the rate was specified , to decrease along

Ž .the column away from the piston , and to approach zero at
Ž .the top of the column Figure 17a . Seepage does not influ-

ence the displacements under the experimental conditions
Žused at a low migration rate of the piston compression in 2

.min . Note, however, that the displacement of point Q is no
Ž .longer linear at the faster rate compression in 1 min .

As expected, the computed pore pressure increases as the
piston pushes from the bottom during the packing process, as
shown in Figure 17b. For the 2-min loading, once the piston
stops pushing the bed upward, the pore pressures at the top
of the column dissipate most rapidly since the solvent flows

Ž .through the top of the column flange, point P , as illus-
trated in Figure 17b. Since the drainage distances of Points
R and Q are larger than at Point P, the pore pressure buildup
at these points is greater but the drop in pressure when the
piston stops is nearly instantaneous. With a displacement time
of 2 min, the contour maps, the axial and radial distributions
of the void fraction, stress and displacements obtained in the

Ž .transient analysis see Figures 18a and 18b are closely simi-
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Figure 17. Displacement of the bed along the wall and
of the pore pressure during the packing pro-
cess with seepage of the slurry solvent un-
der transient conditions.
Dotted line: loading of the stress from 0 to 10.0 MPa in 1

Ž .min; solid lines: same loading in 2 min. a Displacement
Ž . Ž . Ž . Ž .in points P top , Q center , and R bottom ; b pore

pressure.

lar to those obtained without accounting for the potential ef-
fect of seepage. This suggests that the pore pressures devel-
oped inside the HPLC columns during the 2 min loading pro-
cess do not have any significant effect on the void ratio or the
density of the beds of the packed columns.

The computed pore pressures at any point increase with
increasing piston speed. The pore pressure increase every-
where is approximately 3.6 times greater during the 1 min
than during the 2-min loading. Once the piston stops, the

Ž .pore pressure dissipates rapidly Figure 17b . The inset figure
shows the pore pressure dissipation over a small time inter-
val. Figures 18 and 19 compare the computed contour maps

Ž .of the void ratio Figure 18 , and the mean compression stress
Ž .Figure 19 distributions at the end of the three packing pro-

Ž .cesses, without seepage a and with transient seepage with
Ž . Ž .compression taking place in 2 b and 1 c min. In this com-

parison, the uncoupled mechanical analysis can be consid-
ered to represent a column in which the piston is moved very
slowly, so that no pore pressure builds up. Figures 18 and 19
show that, when the piston displacement is fast, the column
obtained exhibits lesser degrees of axial and radial hetero-
geneity. The void ratio distribution is more uniform, espe-
cially at the bottom of the column, than for the column ob-
tained at low compression rates. The stresses are also more

Figure 18. Contour maps of distributions of the bed’s
void ratio obtained with compression under

( ) ( )stress: a without seepage; b with seep-
age under transient conditions with a slow

( )compression rate; and c with a fast com-
pression rate.

Ž .evenly distributed. Note that the third column bed c is more
Ž .homogeneous than the second one b , because the total
Ž .ranges of variations of the void ratio Figure 18 and of the

Ž .stress Figure 19 are smaller, the number of zones distin-
guished by the program is smaller and the remaining zones
wider. A finer definition of the grids was not possible.

The numerical results of the model suggest that the rate of
compression is important when packing HPLC columns. If

Žthe piston is pushed relatively fast fast enough, given the
compressibility and the permeability of the packing material,

.for the pore pressure to build up significantly , a more uni-
form column is produced than under static conditions. This
result is consistent with laboratory observations, showing that

Ža better column presumably, the result of a less heteroge-
.neous bed is produced when the piston is pushed quickly

Ž .Godbille and Devaux, 1976 .

Figure 19. Contour maps of distributions of the mean
shear stress inside the beds obtained with

( )compression under stress: a without seep-
( )age; b with seepage under transient condi-

( )tions with a slow compression rate; and c
with a fast compression rate.
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Conclusion
The performance of a separation process based on prepar-

ative liquid chromatography depends strongly on the separa-
tion efficiency of the column used. Columns having a shorter
HETP always give faster separations and larger production

Ž .rates Felinger and Guiochon, 1994 . Accordingly, progress in
the production of more efficient columns would markedly im-
prove the economics of the process. We have shown that,
during the preparation of the column, friction between the
packing material and the wall of the column results in a
nonuniform packing density, hence, nonuniform void ratio
and permeability across the column cross-section. This radial
heterogeneity of the bed causes a warping of the bands dur-
ing their elution and significantly reduces the efficiency of
the separation process. Unfortunately, rheology shows that
the beds of chromatographic columns cannot be homoge-
neous since it is impossible to find a packing material with no
friction coefficient against the wall. The preparation of the
column beds should be carried out under such conditions that
minimize the friction between the bed and the column wall.

The results obtained have shown the importance of seep-
age and of the rate of the piston movement during the com-
pression and suggest the possibility of designing compression
programs which could be realistic, yet give markedly more
homogeneous packed beds, hence, more efficient columns.
Other obvious applications of the model are the study of the
influence of the friction angle of the packing material, and
the use of nonplanar piston heads and end flange which, if
properly profiled, could significantly reduce the degree of ra-
dial heterogeneity of the beds obtained by compression. These
issues are currently under investigation and their conclusions

Ž .will be reported later Ureta et al., 2002 .

Notation
ascross-sectional area of the graduated burette
Ascross-sectional area of the sample

A sbase area of the block used in tilt testst
cscohesion or cohesive strength of the material contact

C scompression indexc
C sswelling indexs
C scoefficient of consolidation®

dsyield function intercept on the q axis
d sgrain size corresponding to 10% finer10
d sgrain size corresponding to 90% finer90

d smaximum grain diametermax
d sminimum grain diametermin

Dssample diameter
e, e s void ratio of the packing material®

e s initial void ratio0
EsYoung’s modulus of the porous material
fscoefficient of pore shape used in Carman-Kozeny for-

mula
Fs linear Drucker-Prager yield surface function
gsgravitational acceleration

G spacking materials specific gravitys
hshydraulic head

h selevation of methanol solvent in the standpipe abovef
the discharge level at time t

h selevation of methanol solvent in the standpipe abovei
the discharge level at time ts0

h s initial height0
h sheight of platet

H s initial height of the sample0
H smeasured vertical distance using caliper1
H sdepth of the shear box2
H sheight of the top cap3

H s thickness of the filter paper4
J els logarithmic measure of the elastic volume change

kspermeability coefficient or hydraulic conductivity
Ks intrinsic permeability

K sbulk modulus of the solid grainsg
K s the permeability of the porous medium in the i direc-i

tion, where is x, y, z
Ls length of the sample

L s length of the plate used in tilt testst
msmobile phase

M smass of the dry sampled
M sexternal mass occupied by solvent around the particlese
M s internal mass occupied by solvent inside the particlesi

M s total mass of the packed bedT
M s inaccessible mass occupied by the solids of the silicau

particles
nsnumber of elements
nsporosity of the porous medium
Nsnormal load
psmean stress

p s initial value of the equivalent pressure or stress0
pelselastic tensile strength of the materialt

qsMises equivalent stress
Rsresisting force against sliding
ssstationary phase
Ssspecific surface area

S sspecified storage where the volume of fluid releaseds
from a unit volume of saturated porous medium for a
unit decline in hydraulic head, h

ts time
Tsshear force
Usdegree of consolidation
U saxial displacementz

UTOLsmaximum pore pressure that was allowed to dissipate
in each time increment

Ž® , ® , and ® s the specific discharge volume flow rate of permeatingx y z
.liquid per unit area in the x, y and z direction, re-

spectively
® s the magnitude of the velocity of the pore fluid inw

Forchheimer’s flow law
Vspresent volume

V s initial volume1
V sexternal pores volumee
Vs internal pores volumei
V s total volume occupied by solvent0

V s volume of silica particles, occupied by the volume in-particles
accessible to the solvent and the internal pores vol-
ume

V s total volume of silica particless
V s total column volumeT

V �s volume inaccessible to the solventu
Wsweight of phenolic block

Greek letters
�sangle between a plane surface to the horizontal sur-

face
� scompressibility of the porous mediumpm

� s the velocity coefficient in Forchheimer’s flow lawF
�sslope of the yield function in the p-q stress space

� s the velocity coefficient in Forchheimer’s flow lawF
� scompressibility of the permeating fluidw
�hs vertical deformation due to axially applied load
� ls typical element dimension

Ž .� ts time increment used in ABAQUS 1998

s interface friction angle

� sexternal porositye
� s internal porosityi

� s total porosityT
� s volumetric strain®
� saxial strainz
Y sspecific weight of the wetting liquid or solventw

s internal friction angle


 speak friction anglep
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 sresidual friction angler
�s logarithmic bulk modulus for porous elastic model
�sdynamic viscosity of the fluid

� s initial dry densityd0
r sdry or apparent density of packed beddry

� sdensity of silica particlesparticles
r sdensity of silica solidsu

� �sdensity of the solvent or fluidw ,
Ž .�s total or axially applied stress normal stress

� � � sprinciple stresses11, 22, 33
� snormal stressy
� �seffective stress
� �spreconsolidation pressureP

T ,T sshear stressx y
�sdilation angle
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