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Abstract

We report on a series of plate height and flow resistance data obtained via computational fluid dynamics simulations in a simplified two-
dimensional (2D) mimic of real packed bed and monolithic columns. By varying the external porosity €008) and the degree of packing
randomness, a good qualitative insight in the relationship between the packing porosity and heterogeneity and the general chromatographic
performance parameters is obtained, unbiased by any differences in phase retentidq, faxibile phase diffusivity or viscosity or intra-
skeleton porosity. The results provide a quantitative support for the use of domain size reduced plate heights as a means to compare the
performance of chromatographic beds with a different porosity, as it was found that packings with a similar degree of packing heterogeneity
yield very similar domain size reducdy,,-values, nearly completely independent of the porosity. The study also clearly shows that the
presence of preferential flow paths (inevitably accompanied by the presence of more clustered regions) leads to a decrease of the flow
resistance, but also leads to a strong increase of the band broadening if supports with the samesorddite same radial width are
compared. For the presently considered 2D system, the flow resistance reduction is too small to overcome the corresponding strong increase
in band broadening, such that the presence of preferential flow paths always leads to an overall increase of the separation impedance.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction plate heights, as a consequence of its larger total mass transfer
distancg11]. How large exactly the difference between two
With the emerging possibilities from the currently boom- systems with the same degree of packing heterogeneity can
ing monolithic column field[1-9] to produce chromato- be expected to be is, however, not known. It is nearly impos-
graphic supports with a broad range of porosities, it would sible to determine this difference via an experimental route,
be interesting to have some general rule describing how thebecause if one is to compare two chromatographic systems
chromatographic properties (band broadening and flow re-with a different porosity, they very likely will have a differ-
sistance) can be expected to vary with the porosity. For the ent degree of heterogeneity, such that the difference in band
flow resistance, the relation with the bed porosity is to a cer- broadening will be influenced by two factors: the porosity
tain extent described by Kozeny—Carman'’s law, but this law and the packing heterogeneity.
certainly does not represent all geometrical subtleties and is Decoupling both effects would be very useful. If one
only valid over a small range of porosities (as is, for exam- would know what the individual contributions stemming
ple, demonstrated ifiL0]). For the band broadening, it can from the porosity and the heterogeneity are, it would be possi-
be assumed on pure physical grounds that if two systemsble to compare for example two different monolith production
with the same particle or skeleton size would be compared, methods (or even different production batches) and to make
the system with the largest porosity will produce the largest a statement on the homogeneity of the produced skeletons,
even if the monoliths have a different porosity. The possibility
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of different packed bed columns. Especially in the case of the center point of each individual particle to a random dislo-
narrow-bore columns, there seems to be a strong variation ofcation and to a random change in particle diameter; and (iii) a
the obtained plate heights and the bed porddigy13], and combined short-scale and larger scale randomness obtained
the link between both parameters is most certainly maskedby regrouping some of the particleskig. 1b in more tightly
by differences in packing heterogeneity. A similar problem grouped seven-particle clusters, displacing the particles such
seems to arise if columns are packed with particles with a that the shortest distance between the central particle of the
broad particle size distribution. cluster and each of its six neighbours is equal to 50% of the
The basic work on the relation between the packing geom- pore size of the ordered case. The random displacement dis-
etry and the overall band broadening is certainly that of Gid- tances for each individual particle were generated using the
dings[14]. For the description of the axial dispersion or eddy evenly distributed random number generator of MS Excel.
diffusion in heterogeneous packed b¢#is], he introduced = The maximal shift of the particle centres was always equal to
the concept of the coupling distances, going from the small 90% of the pore size. The maximal variation of the particle
scale trans-channel and -particle coupling distances towardssize was always taken as 10% of the mean particle size. By
the more large scale short-range interchannel and long-rangescaling the distance over which the individual particles were
interchannel coupling distancfks]. For the comparison of ~ randomly displaced to the total pore-neck diameter, it has
systems with a different geometrical scale, he introduced thebeen ensured that the degree of column heterogeneity only
concept of the reduced plate heigfttg], relying on the nor- varies minimally between the three different porosity cases.
malization of the plate heights with a suitable geometrical If the random displacement distance would instead have been
scaling factor (particle size in the case of a packed bed). Astaken proportional to the particle size, the small porosity sys-
advocated by Giddind44] and Knox and coworkefd 7,18], tem would automatically have had a much more constricted
the advantage of representing the plate heights in a reducecore space than the large porosity system, thus being much
form is that packed beds operated with different solvents (but more heterogeneous than the large porosity case, a situation
yielding the samd’) and filled with a geometrically similar ~ which does not correspond to ones’ intuitive idea of a similar
packing (i.e., differing only by its geometrical scale) should degree of heterogeneity.

yield perfectly overlappingh| v) curves. If they fail to do so, The main difference between the caseBim 1b and c is
this can be regarded as a sign that the two columns have ahatin the latter clusters are formed whereas in the former the
different packing geometry. random displacement to which the position of each individual

In the present study, computational fluid dynamics (CFD) cylinder is subjected is independent of that of the neighbour-
simulations are used to gain a general insight in how the pack-ing particles. In the short-scale randomness case, the velocity
ing porosity and the packing heterogeneity influence the plate can hence vary from pore to pore, as the width of each pore
height of chromatographic systems and how these two effectsis independent of that of its preceding or proceeding pores.
can best be isolated from each other. All calculations were In the clustered packings, on the other hand, several regions
carried out on artificial two-dimensional (2D) column mod- existwhere a given pore width is maintained over several par-
els. These models are arrays of 2D particles. These particlegicle distances, such that a given fluid velocity can persist over
can be considered to represent the particles in packed bedsa relatively large axial distance. In other words, differences
but can also be considered to represent the skeleton brancheis flow velocity persist over longer distances in the clustered
in monolithic structures and the pillars in photolithographic packings inFig. 1c than in the short-scale randomness cases
etched columns. The particles have a freely adjustable inter-in Fig. 1b.
nal porosity and molecular diffusivity, allowing the condi- It should be noted that, in order to be able to represent
tions to be selected such that the retention fadtor {.25), a sufficient microscopic detail, the geometries depicted in
and the mobile and stationary phase diffusion coefficients Fig. 1 only constitute a part of the total considered flow do-
were kept constant for all considered porosities. These con-main. In reality, all flow domains consisted of 126 particles
ditions allow isolating the effects of packing randomness and and were 6 particles wide by 11 particles long, i.e., roughly
external bed porosity from any of the other experimental con- twice as long than the domains representdeign 1L A num-
ditions, something which is nearly impossible to realize in ber of control simulations were also performed on uniform
real columns. packing domains, which were geometrically scaled down by

a factor of 5.
Also indicated inFig. 1is the definition of the domain

2. Considered geometries and numerical methods size. Since the uniform packing geometries are completely
determined by the particle diameter and by side length of the
In the present study, three different porosities 0.4, equilateral triangle forming the unit cell for the particle centre

0.6 and 0.8) were combined with three different degrees position grid, this side length emerges as the natural measure
of packing heterogeneity: (i) a perfectly ordered and max- forthe domain size. Asitis equal to the sum of the particle (or
imally isotropic equilateral triangular staggeringid. 1a); skeleton) diameter and the pore-neck diameter, this measure
(ii) a packing with a purely short-scale randomness obtained also corresponds exactly to the domain sizes, which are es-
by starting from the arrangementhiig. 1a and by subjecting  timated from scanning electron microscopy (SEM) pictures,
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Fig. 1. Different considered 2D packing geometries (constant domain size case) and calculated velocity magnitude fields for three difféesnt padeEit

0.60 and 0.80), and for three different degrees of pore heterogeneity: (a) perfectly ordered equilateral triangular staggering of unifospaogiadésordered

packing of cylinders ((b) short-scale randomness only and (c) with mimicked cluster formation). The arrowed lines indicate the radial distarcenetw
neighbouring preferential flow paths. The dashed circles in (c) have been added to emphasize the presence of the clusters. Details on the molour scale a
given in the text. The equilateral triangle defining the grid upon which the particle center points are positioned is shown in red. The side Isrtgtmgfehi
determines the domain size.

where one also intuitively takes the pore-neck width and the effects under study. Apart from the dramatic reduction of
skeleton width as the two building blocks of the domain size. the required computational efforts, a very important advan-
It should be noted that, unlike in a three-dimensional (3D) tage of a 2D geometry with unconnected particles is that
packed bed, the 2D particles in the 2D geometries are notthe position of the individual particles can easily be changed
allowed to touch. However, the spherical particles in a 3D without changing the porosity, and inversely, that the poros-
packed bed also only make contact at isolated points, so thailty can be changed without modifying the position of the
each particle can to a first approximation also be consideredparticles.
as being surrounded by a spherical (cylindrical in 2D) pore  The procedures used to calculate the band broadening and
space shell. In 2D, the=0.4-packing leads to a pore size the flow resistance for the different domains are the same as
equal to 23% of the particle diameter. This is slightly differ- in our previous publications on the subj§20,21] Briefly,
entfrom the typical 25—-40%-value assumed for a 3D packing, they consist of using a commercial CFD software package
but not too dramatic. Also the pore connectivity number is (Fluent v6.1.22), in-house extended with a number of self-
different: two in 2D versus three in a 3D packed bed and written numerical routines to simulate the diffusion and ad-
three or more in a monolitf19]. These differences will cer-  sorption processes of the species, which are introduced at the
tainly cause a deviation between the currently obtained plateinlet of the simulation domain, inside the stationary phase.
heights and flow resistances and those who can be expectedhe adopted approach has been validated for the classical
in a 3D system. However, given that the major sources of parallel plate problem, by comparing the CFD results with
band broadening are caused by the existence of different ve-the known analytical solutiof22]. The accuracy of the ob-
locity zones and by the slowness of the radial re-equilibration tained results is always verified by checking the calculation
diffusion process, which can as well be represented in a 2D grid size and time step independence of the result. In the
as in a 3D case, it can be assumed that these difference$low domains, radial detector lines were defined with a regu-
will only be of secondary importance and that the presently lar interval of 10um, and the radially averaged species con-
generated data will provide a good qualitative insight in the centration was reported as a function of time responses re-
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ported for each of these lines. From these response curves, therage) over the caseshig. 1b. Assessing these distances, it
zeroth, first and second order moments were calculated us-should be remarked here that the single headed arrows start-
ing an Euler-method based numerical integration algorithm ing from the side walls of the flow domains only correspond
implemented in MS Excel. From these moments, the corre- to one half of the distance to the following high velocity zone,
sponding peak migration velocities and plate heights were de-because the side walls are treated as symmetry planes (i.e.,
termined. Apart from the band broadening, the performance a zero normal concentration gradient condition on the sides
limits of a chromatographic system are also determined by of the flow domain). It should finally also be remarked that
the flow resistance. As is common tradition in chromatogra- all the above observations hold to a more or less equal extent
phy [13], the flow resistance is defined on the basis of the for the three considered porosity cases. The major difference
linear velocity (o) of the unretained species. From the slope between the different porosity cases is that the preferential
of these lines, it is then straightforward to calculate the re- flow paths become wider and are better axially connected if
sulting column permeabilitie®(,) and flow resistanceg), going frome =0.4 to 0.8, but this can easily be explained as
using: a consequence of the increased porosity.

Fig. 2a—c provide a clear illustration of how the band
and o = dief ) broadening increases with Gidc_jings_’ coupling distariték
AP Ky It should be noted that wherekgy. 2is for thes = 0.4-case,

_ _ S ~qualitatively similar species dispersion images were obtained
whereindyef can be any suitable characteristic dimension (in

the present studye; = dgom) andn is the dynamic viscosity
(Pas).

uonL
\V =

3. Results and discussion
3.1. Qualitative results

The computed velocity magnitude fields depicteBim 1
all refer to cases with the same mean velocity. The velocities
have been normalized with respect to the largest local veloc-
ity magnitude of each different packing case. In this way, the
zones with the largest velocity are marked red and yellow

(roughlyu /umax > 80%), whereas the zones with the small- o '\.JQ\__/@
est velocities are marked blue (roughlyumax < 10%). :

This representation automatically emphasizes the preferen- > 7 = OOOO@

tial flow paths. Interpreting the images, it should be noted
that the area of the red and yellow zones is much smaller
in the random and clustered packing cases. This does not
imply that the mean velocity is smaller in these cases: it sim-
ply means that the area of the zones where the velocity is
close the maximal velocity is smaller. However, it should
also be remarked that thenax-velocity in the more hetero-
geneous cases is significantly larger than#hg-velocity in
the uniform cases. IRig. 1a (uniform packing case), all flow-
through pores clearly have the same flow-through status, i.e.,
they are equally permeated and the radial distance between
two neighbouring high velocity zones (red or yellow) is max-
imally one domain length. In the short-scale randomness case
(Fig. 1b), this situation is significantly changed, as there are
now only a few preferential flow paths and the radial distance
between two preferential flow paths on the average roughly
covers two particle diameters. Passing on to the clustered
packing caseHig. 1c), it can be concluded that the preferen-
tial flow paths are better connected (i.e., persist over a longer
axial distance) and transport a larger flow rate than the short-Fig: 2.. Plot of species_ dispersion 30 ms after the iptroduction of the species
L ._atthe inlet for a porosity of = 0.4 for the three considered degrees of pack-
S(_:ale randomness case. _Another observatlon_ls thatthe raq‘%ig heterogeneity: (a) homogeneous packing; (b) packing with short-scale
distance between two neighbouring preferential flow paths is randomness; and (c) clustered packing. The arrowed lines indicate the radial
again significantly enlarged (three particle diameters on av- distance across which the maximal concentration difference persists.
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for the other two porosities:ig. 2a clearly shows that in the 10
uniform packing case, the radial distance over which the max-

imal concentration difference persists is equal to the sum of

one half of the particle diameter and one half of the pore di-
ameter. This distance corresponds to the sum of Giddings p, (). |
trans-particle and -channel coupling distances. In the short
range randomness packing cadeig (2b), the band broad-

ening is obviously much larger, as the straight band shape

of the cases irFig. 2a is completely lost. The plot clearly

shows how the species in the wide pores are running ahea 0
of those in the more densely packed regions, leading to the¢ (a)
establishment of much longer coupling distances. Adopting
Giddings’ nomenclature, the maximal radial concentration
difference distances denoted by the arrowEim 2b could

be considered as short-range coupling distances. Conside
ing now the partially clustered packing caséy 2c), it can
clearly be noted that the species in the preferential flow path: (2
surrounding the clusters run more ahead of the center of thi %
peak than in the short-scale randomness packirggn2b. 1 o WRE
In addition, the radial distances over which the ensuing con-

centration differences need to be rectified are also larger, as i 0 . . . . . .
witnessed by the growing coupling distances. It should, how- Y 0 5 10 15 20 25 30 35 40
ever, be noted that in real columns even much longer coupling ) vi)

distances may be present. In the present simulation mode 2.0
the largest possible coupling distance is the radial width of

the flow domain. To include the effect of more long-range 15 &
coupling distances it will be necessary to consider wider do-, 0 "
mains.

1.0¢

3.2. Quantitative results

0.5}

Fig. 3shows the calculated average plate height as a func
tion of the reduced velocity of the unretained species for 0
each of the nine considered geometries. Using the particle(c)
size as the reduction basiBig. 3a), the resulting graph is
highly scattered, as the curves for the different porosities andFig. 3. Reduced Van Deemter plots of the band broadening data obtained for
degrees of heterogeneity are completely intertwined. Nor- the three considered porosities)(s = 0.40; @) £ =0.60; @) ¢ =0.80; and
malizing the plate height data on the basis of the domain a comparison with the fittelkcurves (full lines, uniform; short dashed lines,

. . . ._random; long dashed lines, cluster) based on the Knox equatiomwit!3
size, on the other hand, yields a much more ordered pic (Eq. (2)). The data relate to cases with an identical phase retention factor

ture (Fig. 30). Near the minimum of the curves, the influ- k' =1.25 and were reduced with (a) the skeleton diamekgr<ds) and (b)
ence of the porosity is nearly completely filtered away, and the domain sizedie = dgom). In (c), the 2D uniform particle array data (full
the plate height curves are clearly grouped according to thelines) are compared with the plate heights in the ordered 3D tetrahedral
three different considered degrees of heterogeneityh e skeleton model (dashed lines) showrj2b] and for the sami =1.25.

value varies fronhmin = 0.8 for the perfectly ordered arrays,

passing ovehmin = 1.1 for the short-scale randomness pack-

ing, and going tdhmin = 1.5 for the clustered packings. The study. Being packed with a silica monolith witkx 0.86, the
¢=0.8 data for the clustered case slightly deviate from this MS (50)-B and MS (50)-C columns if¥] yield a Hpyin of
value, but this is due to the fact that rules based to deter-about 15.m for a dgom= 10pm. This also corresponds to
mine the position of the particles in the clusters are pore a value ofhmin =1.5. Given that we are only looking at a
size related and not domain size related. Interestingly, the 2D approximation, the single prudent conclusion which can
latter value agrees quite well with experimental values in be drawn from this agreement with real packings is that the
packed bed columns, for which it is typically assumed that band broadening in packed beds and monolithic columns is
Hmin = 2d, [23]. Assuming that the pore size in a packed bed mainly caused by the presence of clustered regions or the
is about one-third of the particle diameter, the correspond- presence of preferential flow paths rather than by short-scale
ing domain size is equal tdyom=4/3dp, leading to the do- randomness effects. This is in good agreement with the gen-
main size reducetinin =1.5-value obtained in the present erally adopted assumption that a packed bed is composed

5 10 15 20 25 30 35 40
v
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of regions covering several particle size units with a rela- dimensions of the particles were five times smaller, i.e., 2D
tively uniform, but different packing density. The same holds particles with a diameted=1um were considered instead
for monolithic columns, for which the SEMs very often re- of the 5,um in the normal domain case. The relative position
veal that a minority of the pores is significantly wider than of the particles was, however, left unchanged. Reducing the
the others. Most of the other monoliths reported in literature resulting Van Deemter curves by the particle diameter and the
apparently have a much larger degree of heterogeneity thardomain size, the obtainddcurves coincided perfectly with

the large domain monolithic column referred to above. The the uniform packing curves in, respectivaiyg. 3a and b.
MS-PTFE (B) column ir{7], for example, produced lmin Linking the obtained reduced plate height curves to the
of about 7um (dgom=3.85um, ¢ = 0.65), corresponding to  flow fields shown irFig. 1, it can clearly be concluded that,
hmin = 1.8. Small domain monoliths usually have even larger for a given value of the external porosity, the band broaden-
dgom-reducedhyin-values, as can be noted for example from ingincreases with the increasing presence of preferential flow
the relatively largeHmin =5 wm value obtained for a silica  paths. When passing froRig. 1a to c, the flow fields switch
monolith withe = 0.62 and withdgom=2.3um (column SR from a situation wherein all flow-through pores are equally
(D) in [24]). This corresponds to a valuelgfi, = 2.2. Given important to a situation wherein the majority of the flow
that it can be assumed on pure physical grounds that it ispasses through a limited nhumber of axially well-connected
more difficult to produce small domain monoliths with the preferential flow paths. As each increase of the importance
same degree of heterogeneity than large domain monoliths,of the preferential flow paths is automatically accompanied
this increasedon-reduced minimal plate heights can again by a growing size of more densely packed, hence poorly per-
be considered as a reflection of the increased packing hetmeated zones, it can also be concluded that the larger the ve-
erogeneity. Maximally yielding dmin-value of about 1.5,  locity difference between different velocity zones, the larger
the degree of randomness in the presently considered flowthe axial distance over which these differences persist, and the
domains study is apparently insufficiently strong to produce larger the radial distance across which this velocity difference
these largdmin-values obtained in small domain monoliths. has to be wiped out, the larger the resulting band broadening
This can either point to the fact that the displacement of the can be expected to be. The notion that the band broadening
particles in the 2D model should have been subjected to ain chromatographic columns can be viewed as being the re-
larger variance, or to the fact that the currently considered sult of the existence of different velocity zones connected in
flow domains are too narrow, such that long-range coupling parallel has already been formulated long ago by Giddings

distance effects are excluded. [14] and others. We believe the present simulations provide
The fact that the different porosity curves do not exactly a nice illustration for this viewpoint.
overlap, not even for the uniform packing cases (cf. the The fact that the different considered porosities approx-

range of the curves), points at the fact that the domain sizeimately yield the saméin-value implies that it should be

is not able to reduce the plate height curves of different possible to assess the degree of heterogeneity of any possible
porosity systems to a single universal curve. This can be chromatographic system by simply determining the minimal
explained from the fact that the different porosity systems plate heights for the different systems under identtabn-
shown inFig. la are not geometrically similar. The lack of ditions and normalizing it with respect to the domain size.
self-similarity between the different porosity cases is a conse- Whether or not this will also hold in 3D systems obviously
quence of the fact that each different porosity case inevitably still needs to be verified, but it is difficult to find an argument
has a different ratio between the domain size and the particlewhy this would not be the case. In a sendgn-reduced
(skeleton) size. This not only holds for the presently consid- curves are currently being used on an intuitive basis in the
ered 2D arrays, but is true for all possible porous support field of silica monoliths to assess the quality of the differ-
systems (including all 3D systems). Systems with a different ent produced monolithR24]. A support for the qualitative
solid/fluid volume ratio can impossibly be overlapped one extrapolation of the present results to 3D systems is that the
with the other by simply rescaling them, and can hence nevercurrently presented uniform 2D array data coincide very well
be self-similar. On the contrary packings with the same poros- with previously obtained Van Deemter curves for a 3D tetra-
ity, but with a different domain or particle size, can be per- hedral skeleton modeF{g. ).

fectly geometrically similar. This is also what is observed in Given their high accuracy, the computed CFD data are in
real silica monoliths. Silica monoliths with a similar porosity principle also excellently suited to differentiate between the
usually also have pore to skeleton size ratios which are verydifferent existing plate height models. A wide variety of these
similar, independently of the absolute value of their domain models exist§16], but probably the most widespread used
size[21]. If the porosity changes, the value of these ratios model is the empirical Knor = 1/3-model[13]:

has to change, implying that two monoliths with a different B

porosity cannot be self-similar. The fact that self-similar ge- n = AV* + — + Cv, (2)
ometries should yield the same domain size-reduced plate v

heights, as put forward by Gidding$4], has been verified  whereA, B andC are constantdy, the reduced plate height;
by considering so-called small-domain cases for the uniform andv, the reduced velocity. According to Giddings’ couplings
packings shown ifrig. 1a. In these small-domain cases, the theory[14], Eq. (2) should, however, better be used in its
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coupled form: Turning now to the flow resistaneg of the considered
1 B packingsgo obviously depends much more strongly on the
= + = +Cv, 3) bed porosity than on the packing heterogenekig( 4c).
(1/Ae) + (1/Amv) v Looking at the exact values of the flow resistance, the packing

Both models were fitted to the CFD-generated data points us-heterogeneity, however, also has a significant and complex
ing the standard solver function of MS Ex@elThey yielded ~ influence. For example, going from the uniform packing case
about the same quality of fitting, such that it was difficult o the short-scale randomness cases leads to an incregse of
to discriminate between them. None of both models, how- from 725 to 853 for the =0.4 case. In the =0.6-case, the
ever, yielded a really good fit (cf. the full and dashed lines in flow resistance increase caused by the random distribution
Fig. 3), especially not for the large porosity systems. This Of the particles is already much smaller (going only from
point certainly deserves further study. More data, generated$o =168 to 177), and in the=0.8-case, the flow resistance
for more differentk’ or k” values are needed to test other intherandom packing case is evenslightly smallerthaninthe

equations, like for example the moment equafibhi. uniform packing case (respectivedy, = 53 to 50). The single
Fig. 4a and b shows th& andC terms constants obtained ~general conclusion which can be drawn from these obser-
from the fitting with Eq(2). Knowing that theA-termis gen- ~ Vations is that small porosity packings are much more prone

erally considered as a measure for the “goodness of packingto pore blocking. Comparing now the flow resistance of the
[23], it is interesting to note that there seems to be a con- short-scale randomness caseskej. 1b) with the clustered
stant shift between tha& term constants for three degrees of Packing cases (cFig. Ic), itis found that the flow resistance
heterogeneity, whereas tfiterm value remains near or less  inthe latter case is always smaller, going frgg853to 811
independent of both the porosity and the degree of hetero-for ¢ =0.4, from¢o =177 to 151 for = 0.6 and frompo =50

geneity. to 41 fore = 0.8. Since the flow domains in clustered packing
0.8 0.05
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Fig. 4. Plot of the values &4, C, ¢o andEn, as a function of and for the three different degrees of packing heterogeneifyugiform array; [J) short-scale
randomness packing(Y) clustered packing. Th&, C and¢o data relate to thdgom-reduced case¥-axis of (c) and (d) is plotted on a logarithmic scale.
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cases have been obtained by starting from the geometries obf real LC columns, they provide a framework to explain
short-scale randomness case and by bringing a number of semany of the experimental observations in real packed and
lected particles more closer to each other, the observed flowmonolithic LC supports. The data also clearly illustrate the
resistance reduction indicates that the smaller flow resistancedirect link between the details of the flow field and the band
of the preferential flow paths is predominant over the larger broadening in LC columns. Whereas this link has up to now
flow resistance of the more densely packed cluster regions.always been discussed in a rather descriptive manner, the cur-
This can be explained as follows. Since the porosity is kept rent simulations clearly show how the existence of radially
constant between the three different heterogeneity cases, adlistributed zones with a different velocity lie at the basis of
increase of the packing heterogeneity inevitably implies that the A-term band broadening (especially if these zones persist
some of the flow-through pores will be smaller thanin the uni- over a long axial distance), and that the radial extent of these
form packing case, whilst others will be larger. If these larger zones serves as the main resistance to a radial re-equilibration
pores are connected over a distance covering several particldetween these zones.
diameters, they form preferential flow paths, which can be  Considering conditions wherein the diffusivity and the
regarded upon as some kind of flow highways. Given that the phase retention coefficiekitof the species are kept constant,
flow rate in a given pore is proportional to the 3rd power of itis found thatthe domain size redudagl,-values are nearly
the pore size (fourth power in 3D), the major part of the flow independent of the external porosity and can hence be used
will pass through these preferential flow paths, such that the as a measure for the degree of packing heterogeneity of real
advantage of the lower flow resistance in these wide porescolumns. With increasing packing heterogeneity, this domain
will prevail over the disadvantage of the large flow resistance size-reducechyin-value increases frorhyi, =0.8 for per-
in the more dense regions. This reasoning can also be maddectly ordered supports, ovepi, = 1.1 for disordered pack-
in a more mathematical sound way, as is demonstrated inings with a purely short-scale randomness anbtg=1.5
[25]. for disordered packings with larger scale heterogeneities.

It should be noted that the above discussion does not nec-All these values are quasi-independent of the porosity. The
essarily has to hold for packed beds filled with particles with hpin = 1.5 value furthermore corresponds quite nicely to the
a very broad patrticle size distribution. In this case, there is a dgom-reduced experimental plate height data for packed beds
very large probability that the uniform particle size column and large domain silica monoliths found in literature. The
and the disperse particle size column will have a different best possible =60% monoliths are currently still 0.3 h units
porosity, and it might very well be that this different porosity, away from this minimum. For all porosities, the minimal
either larger or smaller, has a larger impact than the differ- dgom-reduced plate height seemsto be situated arber(@l 8,
ence in packing heterogeneity. Consider for example the casd.e., about two times smaller than the best possible real col-
of a disperse particle mixture. In this case, the smaller parti- umn systems. This difference points at the large potential
cles may tend to fill up the larger pores, leading to an overall gain in separation performance which can be obtained if it
larger flow resistance as compared to the more uniform par-would be possible to produce perfectly uniform packings.
ticle case. The intercalated smaller particles will, however, This remark was already made earlier by Kn@6], but
inevitably lead to a porosity decrease such that the uniform the present study now provides a quantitative support for his
and the heterogeneous packing are no longer compared orargumentations.
the basis of the same porosity.

With the hmin-values fromFig. 2b and with thegg val-
ues fromFig. 4c, it is straightforward to calculate the min- Acknowledgements
imal separation impedance numi&sin =h%¢o, as defined
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requires further investigation.
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