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Abstract

We report on a theoretical study wherein we considered a large number of ordered two-dimensional porous pillar arrays with different pillar
shapes and widely varying external porosity and calculated the flow resistance and the band broadening (under retentive conditions) over the
complete range of practical velocities using a commercial computational fluid dynamics software package. It is found that the performance of
the small porosity systems is very sensitive to the exact pillar shape, whereas this difference gradually disappears with increasing porosity. The
obtained separation impedances are very small in comparison to packed bed and monolithic columns and decrease with increasing porosity.
If accounting for the current micromachining limitations, a proper selection of the exact shape and porosity even becomes more critical, and
different design rules are obtained depending on whether porous or non-porous pillars are considered.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction that if it would be possible to produce a perfectly ordered ar-
ray of porous cylindrical pillars with an external porosity of
The packed bed of spheres, with its fixed particle shape ¢ =0.4, reduced plate heights well below unity and separa-
and fixed external bed porosity (arowd0.4), has formany  tion impedances as small as 200 would come within reach,
decades been the undisputed chromatographic column for+espectively a factor of 2 and 10 smaller than whatis currently
mat. Since the introduction of radically new column man- achievable with the best possible packed H8§isThis gain
ufacturing concepts, cf. the various sol—gel techniques usedis fully due to the reduction of th&-term band broadening.
for the preparation of monolithic packing structupes5]and A second potential advantage of the COMOSS concept is to
the micromaching techniques Regniers’ gr¢ép8] used to be found in the possibility to move away from the typical
produce their collocated monolithic support structures (CO- ¢ =0.4 porosity and round particle shape of the packed bed
MOSS) column, the bed porosity and the particle shape haveof spheres. This could open the road towards the achieve-
become important new design parameters. With appropriatement of even larger separation resolutions and speeds. There
optimization, this additional design freedom could be used is however, up to now, no real theoretical basis to decide upon
to surpass the performance of the currently employed packedthe optimal bed porosity and particle shape for such columns.
bed columns. Due to the increased bed homogeneity, result-Another problem is that the current generation of COMOSS
ing from the fact that the particles are no longer put in place columng8,10] are filled with non-porous pillars, leaving the
by slurry-packing but are manufactured in situ by means of system with a very poor mass loadability and retention capac-
photolithographic etching techniques, it is especially the CO- ity. Columns consisting of perfectly ordered arrays of fully
MOSS approach which offers the largest potential increase inporous micro-pillars as discussed and schematically repre-
performance. Previous calculations by our group have shownsented in11] on the other hand would come very close to
the ideal chromatographic system, provided they could be
* Corresponding author. Tel.: +32 2 6293327; fax: +32 2 6293248. manufactured with a sufficient depth and with a sufficient uni-
E-mail addresstw56620@vub.ac.be (J. De Smet). formity of the flow-through pore size. Although such porous
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pillar array columns do not exist yet, we hope to contribute to has been pointed out [6—14], these trans-channel coupling
the development of these systems by providing design rulespoints are needed to overcome the excessive band broad-
for the optimal bed porosity and particle shape and by point- ening originating from small pore-to-pore width variations
ing at the large potential advantage of such columns. which are inevitable, even when using the best possible cur-
For this purpose, we have set up a theoretical study rently existing etching processes. We recently confirmed this
wherein we considered a large number of different two- on a hypothetical segmented column structiir2], show-
dimensional (2D) porous pillar arrays with varying bed ing that even a flow-through pore variability of only a few
porosity and particle shape and calculated their flow resis- percent can already lead to a dramatic plate height increase
tance and band broadening (under retentive conditions) overif the number of trans-channel coupling points is too small.
the complete range of practical velocities and characterisedGiven the difficulties to make any a priori assumptions on
them by determining the van Deemter or Knox parameters. the flow-through pore variability of a real, micro-machined
These calculations were carried out by means of a commer-porous pillar array column, we therefore think it is critical
cial computational fluid dynamics (CFD) software package for any exercise on the determination of the ideal chromato-
(Fluent, v6.1.22), which has been extended with a num- graphic packing shape that the number of trans-channel cou-
ber of self-written numerical routingd2,13] to simulate pling points remains constant. Arrays with a porosity smaller
the diffusion and adsorption processes inside the stationarythan 0.4 were not considered because such systems yield a
phase. dramatic increase of the flow resistance, and arrays with a
porosity larger than 0.8 were not considered because such
systems would only have a very poor zone ratic-(@)/s,
2. Considered geometries and numerical methods leading to poor retention capacities and mass loadabilities.
Apart from the obvious cylindrical pillar shape, we also
In the present study, porous pillar array columns with three considered ellipsoidal and diamond-like pillars to investigate
different pillar shapes (cylinders, ellipsoids and diamonds) the potential advantage of a more elongated and more stream-
and three different external porosities<0.4, ¢=0.6 and lined shape. For the ellipsoids and the diamonds, the ratio of
£=0.8) have been considered. The lay-out of the different their maximal lateraldy;) and longitudinal dimensiortgy)
pillar arrays was generated in a commercial CAD program was rather arbitrarily put a&k/dia: = /3. Although other val-
(Gambit v2.1), starting from an equilateral triangular grid ues certainly are possible, thg/da: = /3 ratio already gives
and putting a pillar centre on each grid poifid. 1). The a significant elongation with respect to the cylindrical pillars,
reader should note that by using the same grid for all particle without leading to too locally constricted pore spaces (which
shapes, the number of trans-channel coupling points remaings a problem for the ellipsoids in the= 0.4 casef9]), or with-
constant for all pillar shapes. This is important because, asout leading to a too strong reduction of the fluid contact zone

(a) £=0.4 (b) £=0.6 () e=0.8
dd.m- :

N < 2

. > o -

Fig. 1. Overview of the unit cells and the calculated velocity fields for the three different porosities considered pillarssh@pe&),c = 0.6 (b) anck=0.8
(c). For each porosity, three different pillar shapes (cylinders, ellipsoids and diamonds) are considered. Represented geometries aredot doencoms
size-case.
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Table 1
Overview of the most important geometrical and retention parameters of the
different considered structures

ddom deq diat dpor T kg K

0.4
Cylinder 1.23 1.00 1.00 023 122 0.75 0.714
Ellipsoid 1.23 100 076 013 105 0.75 0.714
Diamond  1.23 1.00 095 024 112 0.75 0.714
Plate 1.23 1.00 037 025 100 0.75 0.714

0.6
Cylinder 1.23 082 082 041 116 0333 1.25
Ellipsoid 1.23 082 062 031 111 0333 1.25
Diamond  1.23 082 078 038 110 0333 125 (a)
Plate 1.23 082 025 037 1.00 0333 1.25

0.8
Cylinder 123 058 058 064 109 0125 1.667
Ellipsoid 123 058 044 056 1.07 0125 1.667
Diamond 123 058 055 059 1.07 0.125 1.667
Plate 123 058 012 049 1.00 0.125 1.667

h ()

atthe trans-channel coupling poirfeégg. 1also shows that the
side of the equilateral triangle forming the basis for the pillar
arrangement is the straightforward measure for the domair
size @gom), @ measure often used to relate the performance ol
monolithic silica columns with a different porosity and in the 0.0, 10 20 8 40 50 60 70 80
literature on silica monoliths defined as the sum of the pillar ) v (l)

size and the size of the flow-through pore neck. In the present

study,dgom Was nearly always put @ljom=1.23um, except Fig. 2. Reduced van Deemter plots of the band broadening data obtained

f b f trol si lati h . 10t | for the nine different considered porosity (full lines= 0.4, striped lines:
ora n_um. eér orcontrol simulations wherein a Imes larger £=0.6, dotted lines: = 0.8) and particle shape® cylinders, &) ellipsoids,
domain size was used.

(#) diamonds) combinations. The plate height values data were respectively
With the above geometrical constraints, the different reducedwith(a)the equivalent particle diametig(and (b) the domain size

porosity cases were generated by calculating the diameter(Qdom)-The lines without any symbols represent the plate height; determined
(cylindrical pillars) or the lateral width of the pillars needed via Eq.(9) for the parallel plate arrays. See text for further details.

to obtain the desired volumetric solid zone fraction. The exact ) ) ) )
geometrical data are listed Trable 1, together with a number _After the generation of a suitable calculation grid (also
of other characteristic parameters. One of these parameters i¥/ith the Gambit software), a commercial computational fluid

the equivalent cylinder diameten), defined as the diame- dynamics software package (Fluent, v.6.1) was used to solve
ter of the cylinder having the same cross-sectional Apes the full convection—diffusion material balances across the en-

the pillar shape under consideration: tire flow domain. The total simulated flow domains consisted
of a series connection of 10 unit cells depictedFig. 1

4 So-called velocity-inlet and pressure-outlet conditions were

deq = ;Ap (1) respectively imposed at the front and end plane of the flow do-

main. Along the sidewalls, a zero normal concentration gra-

This equivalent cylinder diameter came out a previous dient condition was imposed. With this symmetry condition,
constant porosity case stuf§] as one of the most suitable the considered flow domain behaves as if it were embedded in
characteristic dimensions to bring the van Deemter curves ofan infinitely wide structure. For the same reason, the parts of
the different pillar shapes into close agreement. the sidewalls occupied by the fluid zone were subjected to a

It should be noted that the presented geometries are for theslip flow boundary condition (zero normal velocity gradient)
constant domain size-case. Whereas in this case an increas® calculate the velocity field. At the surfaces of the porous
of the external bed porosity corresponds to a shrinkage of thepatrticles, a no-slip boundary conditiom<£ 0 at the wall sur-
pillars, the reader should note that in the constant pillar-size face) was imposed to account for the flow arresting effect of
case an increasing bed porosity corresponds to an expansiothe solid pillar surfaces. Further setting up the problemin the
of the through-pore distances and the domain size. The con-CFD-program, the pillar zones were defined as porous zones
stant particle size case is not representeBign 1, but the with an infinitely large flow resistance. Each individual pil-
reader should bear this difference with the constant domainlar zone was subsequently also defined as being embedded
size case in mind when interpreting the plate height curvesin a continuous fluid zone, the remaining surface area of the
in Fig. 2 unit cells. As already explained i3], the software pack-
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age was extended with a number of self-written numerical the flow resistance is obtained by plotting the observed pres-
routines to simulate the diffusion and adsorption processessure drop gradientAP/L) versus the linear velocityug) of
inside the porous pillars. A first user defined function was the unretained species. From the slope of these lines, itis then
written to mimic the effect of the slow intra-particle diffusiv-  straightforward to calculate the resulting column permeabil-
ity. The function was used to attribute the species entering theities (Ky) and flow resistance®j, using:

stationary phase zones a diffusion coefficient different (i.e., 2

smaller) from that in the fluid zone. In all presented cases, ¢=f and K, = uonL ®)

the stationary zone diffusion coefficieDt was always put Ky AP

at 5x 10-1°m?/s, whereas the mobile zone diffusion coeffi-

. _ 9 2 . .
cientwas always set 8im =1 x 10 *m‘/s. The liquid phase The column permeability in its turn can be used to calcu-

i i —10-3
viscosity was always put at=10""kg/(ms). A second USer |416 the column’s separation impedangg which is awidely
defined function was used to subject the species zone to an,geq criterium for the efficiency of a colunfité].

adsorptive reaction with equilibrium const&wvhen present

in the porous zone. In all simulations, a zone retention factor H? 2

of K’ =2 was imposed. It should be noted that under this con- = = &, — h*é ©)
dition, and with the assumption that the internal porosity of

the pillars is constant and independent of the external poros-

ity, the different external porosity cases relate to separations3. Results and discussion

with a different phase retention factkr The latter can be

whereindef can be any suitable characteristic dimension.

calculated using: Fig. 2a shows that, if the systems are compared on the ba-
W — K sis of the same equivalent particle diameter, the plate heights

"= /9 , 2 depend more strongly on the bed porosity than on the particle
1+ko shape, i.e., the plate height curves of the different considered

with the zone retention factaf; of the unretained species de- geometries are clearly grouped according to their porosity.

termined by the known external)(@nd internal §int) porosi- The iqfluence of the particle shape is the_largest in .the small
ties: porosity case and gradually decreases with increasing poros-
1—e ity, i.e., the difference between the different particle shapes
kg = Sint (3) is for example much smaller for the=0.8 case than for
& thee =0.4 case. This can easily be understood from the fact
The resulting andk'-values are listed ilable 1 The re- that, with increasing bed porosity, the relative contribution of
lation betweerk”, k; and the adsorption equilibrium constant - the mobile zone mass transfer resistance increases over that
K is given by: of the stationary zone mass transfer resistance. This implies

y y that the differences in th€s-term contribution which exist
k= (1+ K)ko (4) between the different particle shadé$ gradually become
The main output of the Fluent simulation program is the le€ss important at largerand that the main band broadening
concentration versus time response at 10 so-called detectiorfontribution shifts to the mobile zone. Combining this with
p|anesy regu|ar|y Spaced a|0ng the flow domain. The recordedthe fact that the differences between the flow fields of the
break-through curves were subsequently numerically inte- different particle shapes are nearly completely vanished in

grated to compute the mean retention time: thee=0.8 caseKig. Ic), whereas they are quite significant
in thee=0.4 caseKig. 1a), the decreasing influence of the
R = Jtde (5) particle shape at largebecomes quite straightforward.
’ [ de ComparingFig. 2a with Fig. 2b, it immediately jumps

to the eye that the domain size brings the reduced plate
height curves of the different porosity groups much closer
o2 — i 2de 2 ©) to each other than the equivalent particle diameter, although
! [ de Ri the e =0.8 case plate heights still significantly deviate from

With the knowledge of these two measures, the theoretical thee = O.;l antld the - Oﬁ6 cases. ConS|derr|1ng qﬁgwen porosllty
plate height governing the region between two subsequentgrOUp’ the relative difference between the different particles

: . . . shapes remains identical to thatkig. 2a. This can be ex-
detection planesandj can be calculated using: . . .
plained from the fact that the domain size mainly expresses

and the variance around this mean:

5]2. — gl? the differences in mass transfer distances between small and
= msz (1) large porosity systems and does not contain all information
R, — IR

about the microscopic differences of the flow and diffusion
Apart from the band broadening, the performance limits geometry. Interpreting both observations in terms of the use-

of a chromatographic system are also determined by the flowfulness of the domain size as a measure to compare the perfor-

resistance. As is acommon tradition in chromatogrdfby, mance of different monolith columns, it should be concluded
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that the domain size is a too simple measure to bring plate This difference should be attributed to the much more homo-
height curves of different porosity systems into agreement. geneous longitudinal distribution of the stationary zones in
On the other hand, cases with a different domain size but the parallel plate case in comparison to the more point-like
with an identical porosity and relative pillar positioning are distribution of the stationary zones in the pillar array sys-
expected to yield perfectly overlappitgcurves if reduced  tems, and it is the penalty one has to pay for the presence
to the domain size. As outlined by Giddinffs7], geomet- of flow-through channel coupling points needed to overcome
rically similar packings should yield perfectly overlapping any differences between the flow resistance of adjacent flow
(h, v)-curves if scaled to a characteristic distance allowing to channels, which will inevitably be present in any real flow
make the structures to perfectly overlap by simply rescaling system.
this characteristic distance. This has been verified by consid-  To investigate the relative importance of the mobile and
ering cases with a 10 times larger domain size but with an the stationary zone mass transfer resistance, the mobile zone
identical porosity and relative pillar positioning. Reducing contribution Hmop) has been isolated by subtracting the the-
the obtained plate heights by the domain size, these data als@retically knownB- andCs-term contributions from the total
coincide perfectly with thégon-reduced plate height curves. plate height, yielding:
As a reference, we also included the performance of the-
oretical plate heights for an array of parallel plates, theo- Hmob = H — Hpypeo — Heg heo (14)
retically the best performing LC system, but in pr_actlce UN- \yith Byeo and Cs theo coNtributions respectively calculated
usable because channel-tot-channel width variations of Onlyvia Eqgs.(15) and '(16.)
1% limit the systen{12,18], for which a well-established

. . . i B .
analytical solution existfl 9,20} Hpy,o = theo D, with
uo

2

2D D 2 (1+ 9% + 25.5k"?) ud
H=""T <1+ k”—s> 2 (o 9+ 255K7) por 1+ yek” Dez
Dm 210 (1 —+ k//) Dm Btheo = 2—// and Vsz= — (15)
. 1+kg Drm
A ud
+= 5 lat (10)
3 (1 =+ k//) DS d2 k// 1 k//
Hewoo = Caro 8 with €= grE7%0) 1 (16)
and which is known to be the system with the smallest possi- ~~ Cstheo = =407, s=4 (1112 yer

bleE-number and plate heights. If comparing the pillar arrays _ _

with the parallel plate systems, it should however be keptin  1h€ shape factog in Eq. (16) has been determined ac-
mind that the latter does not allow for any trans-channel cou- €0rding to Giddings’ originaCs-calculation procedurfi7],
pling, and will hence in practice turn out to be too sensitive Y/€!ding a value ofj=1/16.00 for the cylindersy=1/10.98
to small differences in channel width2]. The values fodat for the ellipsoids andj=1/19.28 for the diamonds. A full

anddpor used in Eq(10) were respectively calculated as: account of the calculation procedure is giveridh
As can be noted frorfig. 3a, thehmep-values which are
deor

2d)at obtained by reducingmep with respect tadgom are clearly
=1-¢ and =¢ (12) .
ddom ddom grouped in three very narrow bundles of curves, one for each
value ofe. This implies that the influence of the particle shape
is completely eliminated, which can only be explained by
assuming that the exact shape of the velocity field only plays
aminorrole in the total plate height of perfectly ordered pillar
12nLue array columns. Italso implies that the differences between the
Ap = dgor (12) different particle shapes iRig. 2 are essentially due to the
differences in th&s-term of the different pillar shapes.
Rearranging this expression, and combining it with Eq.  Dividing the hmor-contribution by the total plate height
(8), the following expression for th&-based flow resistance  values Fig. 3b) it can clearly be noted that the relative contri-

The flow resistance of the plate heights were calculated
from the analytical pressure-drop expression for the flow be-
tween two parallel flat platd21]:

is obtained @ref = dgom): bution of the mobile zone mass transfer resistance to the total
48(1+ K plate height increases from about 25% for 0.4 case to
¢ = —20 (13) over 85% for the: = 0.8 case. It can hence be concluded that
&

the difference between the different particle shape-induced

Comparing now the parallel plate data with the pillar array velocity fields (cf.Fig. 1a) is overshadowed by the much
plate heights, it can be concluded that a particulate supportlarger difference in stationary zone mass transfer resistance
structure, even though it is perfectly ordered, always yields a in the case of small systems, whereas in the large porosity
significantly larger band broadening as compared to a parallelcase, where the mobile zone mass transfer resistance is dom-
plate system. The mobile zone mass transfer contribution ininant, the influence of the particle shape upon the velocity
a particulate, tortuous bed system is hence significantly dif- field is so small that the difference between the pillar shapes
ferent from that in an open-tubular parallel wall flow system. is also nearly completely eliminated.
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tion pattern9], the flow resistance obviously depends much
less on the pillar shape in the largease, in agreement with
the smaller differences between the different velocity fields.
Chromatographic support systems are very often com-
pared on the basis of their separation impedance, combining
both the band broadening and the flow resistance effes}s
This E-number owes its popularity and usefulness also to the
fact that it is independent of the employed geometrical refer-
ence basis, and to the fact that itis directly proportional to the
absolute minimal analysis time (i.e., if the particle size and
100 the column length are selected such that the column can be
@) v operated at its minimal plate height velocity whilst exactly
10 yielding the required number of plates) needed to perform a
given separatiofil5]:

08} 2
IR= %Emin(l + k') (17)
06} P
hmop (/) From Eq.(17) and from theEnin-values given irfable 1
041 it can clearly be concluded that the large porosity systems
potentially allow for much shorter analysis times than the
02 typicale =0.4. For all porosities, the sharper and more longi-
00 tudinally elongated diamonds perform better than the more
"o 10 20 30 40 50 60 70 80 round ellipsoidal and circular pillars.
(b) v (/) Comparing support performances on the basis ofghe

_ o _ _ o _ number alone is however not always realistic, as this analysis
Fig. 3. Variation of mobile phase band broadening contributiga) with implicitly assumes that supports with unlimitedly small pillar
v for the different considered particle shapes (a) and variation of the ratio of L . .
hmog/h With v (b). Same legend key used asFiy. 2 or domain sizes can be produced. Considering tha{Ex).

is established under the assumption that a system with an op-

of the flow resistance observed when going fromdke.4  €quivalent pillar diameter is given §¥5]:
case tothe =0.8 case (setable J is easy to understand and DnN
L . . . . 2 ¢Dmn
is in full agreement with previous calculatiof#2] and with degopt = A—hminvopt (18)
the experimental observations in monolithic colunia3]. P
Whereas in the small porosity case the flow resistance is ait can easily be verified, by filling in the appropriate values
complex function of the bed tortuosity and the pore constric- for the different parameters in E(.8), that in many relevant

Table 2
Overview of the chromatographic performance parameters of the different considered pillar shapes
A2 B? c? Btheob Csc ¢ Pmin Emin
0.4
Cylinder 0.032 2.261 0.042 2.286 0.032 726 0.68 334
Ellipsoid 0.013 2.279 0.038 2.286 0.027 1003 0.61 378
Diamond 0.020 2.252 0.035 2.286 0.024 655 0.60 239
Plate 0.000 2.286 0.021 2.286 0.012 525 0.43 99
0.6
Cylinder 0.101 2.446 0.033 3.000 0.016 171 0.85 124
Ellipsoid 0.068 2.793 0.033 3.000 0.014 145 0.77 86
Diamond 0.065 2.676 0.032 3.000 0.012 155 0.75 88
Plate 0.000 3.000 0.019 3.000 0.004 178 0.48 41
0.8
Cylinder 0.204 1.961 0.038 3.556 0.007 53 1.15 71
Ellipsoid 0.197 2.348 0.036 3.556 0.006 43 1.13 55
Diamond 0.180 2.500 0.037 3.556 0.005 48 1.10 57
Plate 0.000 3.556 0.024 3.556 0.001 84 0.58 29

@ Obtained by fitting Knox’ equation (E¢18) with n=1/3 andC = Cs + Cy,) to theh-values shown irfrig. 2b.
b Calculated via Eq(15).
¢ Calculated via Eg(16).
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cases the optimal effective pillar diameter is sub-micron. As value of thes =0.6 case using the following equation.
an example, it is found faX = 10,000 and foe = 0.6 that the

optimal diameter for the cylindrical pillars is only 0.aén. A+ k) K2

Fore=0.8, the optimal pillar diameter is even only 0,26 Neff = N kll’efz (1+ k)2 (22)
large. It should hence be obvious that such values are im-
practically small, both from the view-point of mechanical In EqQ. (22), k;; = 1.25 andk’ andN respectively are the

stability as from a pure micro-machining view-point. In or- actual phase retention factor for which the given simulation
der to obtain a competitive mass loadability, porous pillar has been carried out (cf. tik&values given inTable 1) and
array columns should preferentially be at least sayt0 the obtained plate number for that givénUsing Eq.(22), it
deep, and machining such thin pillar with such a large aspectis ensured that the plate heightdHig. 4all refer to the same
ratio is currently impossible. It should furthermore also be separation resolutioRs.
noted that for ars = 0.6 array the minimal distance between The Poppe plot given ifrig. 4a is for the case wherein
two pillars is still only roughly one half of the pillar diame- the smallest of the lateral pillar size and the minimal flow-
ter. The distance between the pillars should therefore also bethrough pore size is put atm, i.e., it is assumed that the
considered as a limiting micromachining factor. etching tolerances act on both the pillar size and the flow-
We found it therefore much more practically relevant to through pore, and that neither of both can be smaller than
consider an optimization exercise wherein the pillar size and 1 um. For reasons of clarity, the curves for #he 0.6 cases
the distance between the pillars cannot be made smaller tharhave been omitted, and we suffice by saying that they all
a given constant. Doing so, so-called Poppe pj24 are lied between the =0.4 cases and the=0.8 cases. As can
obtained. These plots are obtained by solving the following be noted, ar = 0.8 array with either cylinders or diamonds
set of equations as a function of the desired plate number: yields the shortest analysis times and allows to achieve larger
maximal plate numbers than the 0.4 arrays. In quantita-
B . - . .
h=AV" 4+ =+ Cmv + Csv, (19) tive terms, it can be concluded that a diamond pillar array
v with £ =0.8 yields a six times shorter analysis time than a di-
L Nd2. i amond pillar array witle = 0.4. Thes = 0.8 array potentially
R=—1+kK)= (141 (20) could yield anNmax of about 700,000, which is significantly
“o Dm v larger than thé\Nyax= 200,000 for the = 0.4 array. The par-
Apd?

— ref (21)
¢DmnN

110" —

Eqgs.(19)—(21)espectively determine the plate height, the
analysis time and the pressure-drop in dimensionless coordi- 1.102
nates. The pressure-drop limited value of the analysis time is
determined as the solution of E80) and (21) using Eq. teo/N (8) 5
(19)as the link betweeh andv. Due to the non-linear nature =
of Eq. (1), this solution has to be established numerically, 110°)
except for the cases wheraix 0 orn=1in Eq.(19). In the
present study, different values ofvere considered, and the o R—
n=1/3 already put forward by Knox and Parchgb] for 1.101"‘w 11 = 1 e "1"{0 )
the packed bed of spheres turned out to yield the best value. (5 ’ ‘ N ' ’
Fittings with other models, like the=1 exponent coupled
Giddings equation (cf. the excellent overview of the differ-
ent existing plate height equations giver{26]) yielded no
significant better fitting. Since most of tle andC-values

" 10000

T 10008

1.10'1,“ \ I

cited in literature are for the=1/3 Knox equation, we also 11074
preferred to stick to the latter. The obtainAd B- and C- t/N () )
values are given iflable 2 It is certainly noteworthy to point ] g0

at the very smallA-term constant values, typically about a 1.10° 4

factor 5-20 (depending on the porosity) smaller than in real 3

columns, pointing at the extreme reduction of#heerm band

broadening which can be expected if it would be possible to 11041 - n o

produce perfectly homogeneous packings. ©) 1.10¢ 1.10° 1.10° 1407
As the plate heights in the different porosity systems have N

been obtained for the sarkéand therefore allhave adifferent 5 4 poppe plots for the porous pillar (a) and the non-porous (b) pillar

K, the plate numbers used in Eq20) and (21)have been cases. The calculated values areAd? = 200 bar and fok” = 2 with a min-

corrected by replaciniy by Negt on the basis of thk' = 1.25- imal limit for diat anddpor 0f 1 m. Same legend key used asHiy. 2
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allel plate array withe =0.8 performs strikingly bad in the  strongly on the exact pillar shape (for the small porosity sys-
small N-range, although it has by far the smallest reduced tems) and on the porosity. The present study has also clearly
plate heights irFig. 2b. This poor performance can be ex- shown that manufacturing constraints can play a major role
plained from the fact that the=0.8 parallel plate case has in the potential performance of porous pillar array systems.
an extremely larg€ai/dgom ratio (cf. Table J). This implies If one would be trying to produce such systems, it should be
thatif the lateral plate width is put afilm, the corresponding  kept in mind that the machining constraints on both the max-
dimin anddgom-values are significantly larger than in the other imal lateral solid size and on the minimal flow-through pore
cases. As a consequence, the total mass transfer distances size lead to a situation wherein the most open-porous systems
this system are much larger than for the pillar arrays, who yield the shortest analysis times over the entire range of plate
all have a significantly smallely/dgom ratio. Fromthethree  number. For non-porous pillar arrays on the other hand, the
pillar shapes, the ellipsoidal shape also is the shape with thesmall porosity systems are to be preferred over a range of
smallestdjai/dgom ratio, also explaining why the ellipsoidal  plate heights up t&\ =200,000. In this small porosity case,
pillars withe = 0.8 perform significantly worse than the cylin-  cylindrical and ellipsoidal pillars perform significantly worse
ders and the diamonds. The parallel plate array is obviously than diamond-like pillars.
only suited in the largéN range, although it has to be re-
marked here that the parallel plate lines should only be con-
sidered as purely hypothetical results, because the absencgcknowledgements
of any trans-channel coupling points makes the parallel plate
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with h-values from which the theoretic@k-contribution has
been subtracted. Sindg = 0 for all non-porous systems,
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