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Abstract

The efficiency of a compressible, packed chromatographic bed has been characterized experimentally and by computer simulations. T
experimental measurements were performed in situ by monitoring the propagation of a tracer using three sets of concentrically locatt
electrodes. The results obtained were compared with results obtained for the same column packed with rigid, non-porous glass beads. B
columns featured a core, characterized by a flat velocity profile and a nearly constant hydrodynamic dispersion. The velocity variations, :
well as hydrodynamic dispersion anomalies, in the wall region were found to be smaller in the compressed bed than in the column pack
with rigid glass beads. The hydrodynamic dispersion in the compressed column was found to be approximately twice that expected for
column packed with rigid particles under the same conditions. The computed velocity variations in the compressible bed were found t
agree qualitatively with experimental data. © 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction persion in rigid chromatographic beds [2—8,10-14] and most
investigations have been performed in narrow columns. This

The optimal use of chromatography is especially impor- work, however, is focused on the hydrodynamics in process-
tant in preparative chromatography, where the economy Size columns containing a compressible chromatographic
of the process must always be taken into account [1]. Ex- packing.
pensive and time-consuming experimental work could be In previous studies, the compression of a non-rigid chro-
minimized if a numerical model could be used to predict the matographic bed during flow has been investigated, and
performance of a chromatographic column. The develop- a two-dimensional model, which predicts the structural
ment of such a model requires a fundamental understandingchanges in the bed due to compression and the correspond-
of both the physical and chemical processes taking place ining velocity field, assuming a pure elastic deformation, has
the column. been proposed [15,16]. In the present study, the efficiency

To achieve high column efficiency, it is important that of a chromatographic column with an inner diameter of
the flow characteristics are, as nearly as possible, the samd.113 m was investigated. The influence of the compression
as those of plug flow. Structural variations across the chro- on the axial, hydrodynamic dispersion coefficient and the
matographic bed will cause flow anomalies and decrease thevelocity profile was experimentally investigated in situ using
efficiency of the chromatographic process [1-8]. In a com- concentric electrodes imbedded in the chromatographic bed.
pressed column, not only will the velocity profile contribute The experimental results were compared with those obtained
to the overall hydrodynamic dispersion, but also the local for a column packed with glass beads and with theoretical
hydrodynamic dispersion itself may also change due to the predictions using the model developed previously [15,16].
different packing structures [9].

To predict the velocity field and the hydrodynamic disper-
sion in a chromatographic column, the factors influencing
the structure must be clearly identified and understood. ) .
Much effort has been devoted to characterize flow and dis- 2-1- Non-uniformities of flow

2. Background
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viscosity and density variations in the fluid phase [11]. In Hiyg = 2Dyt _ 2D )
the work of Yun and Guiochon [4], the impact of velocity Y L U
variations was theoretically investigated for different, hy- \yherel, is the column length antithe residence time.

pothetical, velocity profiles across the column. The ratio |, chromatographic applications both the convective and
of the maximum to minimum velocity was between 1 and itsive mechanisms usually contribute to the hydrody-

1.10. Significant changes in the elution profiles were found. \,5mic dispersion, which is commonly described by models
Experimental evidence of radial velocity variations according to [10,24,25]

caused by inhomogeneities in the bed has been put forward

by, among others, Knox et al. [2], Knox and Patcher [5], D, = AdpU +yDm 3)
Farkas et al[6], Wilhelm et al [12], Eon [3], Baur et al. 1+ C1(Dm/dpU)

[7] and more recently by Mitchell et al. [8], who were able
to obtain three-dimensional concentration distributions in
a single solute elution using magnetic resonance imaging.
Radial inhomogeneities in wide columns packed with a
rigid stationary phase may be due to packing instabilities ... . .
[13]. This type of non-uniformity is not yet predictable [14]. diffusive velocity [23]
Velocity profiles may arise in narrow columns due to dif- Pe— LU

ferences in the packing structure close to the wall. Ideally, Dnm

the wall region is about 10 particle-diameters thick [17].
A wall-region about 30 particle-diameters thick, character-
ized by high hydrodynamic dispersion, has been identified
experimentally in chromatographic columns [2,6].

In columns packed with non-rigid chromatographic me-
dia, variations in the void fraction occur [1,18-21]. The com-
paction in the axial direction arises from the fluid stress.
Variations in the radial direction arise from the wall friction,
which opposes the compaction/relaxation [15,16,22]. The
velocity variations in compressible, packed columns can be
predicted by two-dimensional models, taking into account p, U
the mechanical properties of the stationary phase as well asD_rn =d <D_m
the fluid dynamics [15,16].

whereCy, A andy are experimentally determined coeffi-
cients, andDy, is the molecular diffusion coefficient. The
hydrodynamic dispersion is often characterized by the Peclet
number describing the ratio of the convective velocity to the

“4)

wherel. is a characteristic length of the system and is highly
dependent on the structure of the porous medium. The mech-
anism of hydrodynamic dispersion is dependent on the flow
region. At very low Peclet numbers molecular diffusion is
dominant, while at high Peclet numbers convective disper-
sion is dominant. The ratio of the hydrodynamic dispersion
and the molecular diffusion coefficients is commonly cor-
related to the Peclet number. The following correlation for
axial hydrodynamic dispersion has been suggested [23]:

b
) , Wherea~0.5 and 1<b <12 (5)

At low Peclet numberdy is close to 1.2. Ab approaches
2.2. Hydrodynamic dispersion 1 (Pe>300) the effect of the transverse molecular diffusion
becomes negligible. Eqg. (5) is valid for Peclet numbers be-
The hydrodynamic dispersion of a tracer is the result of tween 5 and 10000 [23,26]. The present study is restricted

convection and molecular diffusion. Convective dispersion t© high Peclet numbers. o ,

results from the tortuous path through the porous medium  FOF Pure convective dispersion, i.e. at high Peclet num-
and the mixing of streamlines with different concentrations P€rs: the correlation length of a porous media may be
due to the velocity profile in the individual pores. The effect described by [10]

of the molecular diffusion is also twofold; firstly there is ; _ wdp (6)

the dispersing effect that a tracer would have if the fluid

was stagnant and secondly there is the effect caused by thavherew is close to unity for an unconsolidated particulate
diffusion between the streamlines, which attenuates the localmedium [10,23]. A consolidated granular medium is charac-
concentration differences. The hydrodynamic dispersion for terized by a larger hydrodynamic dispersion than an uncon-
anincompressible fluid is usually described by the dispersion solidated medium, which may be interpreted as an increase

equation [23] in correlation length [9] and an increasedn

9¢ The ratio of the longitudinal dispersion coefficient to the
— =V .(DVC)-UVC (1) transverse dispersion coefficient is commonly between 5 and
ot 7 [23,26] in a porous medium. However, with Knox et al. [2]
where D is the hydrodynamic dispersion tensor alidis and Eon [3] found that the radial dispersion in a chromato-

the vector containing the linear velocities. For axial flow, graphic column was approximately 25 times smaller than
the hydrodynamic dispersion tensor is reduced to the axialthe axial dispersion at Peclet numbers in the range of 300.
dispersion coefficien,. In the chromatographic field the The radial dispersion is of little importance when predicting

term equivalent plate height] is often used to describe the performance of wide chromatographic columns.

the hydrodynamic dispersion. The equivalent plate heightis In the present study the propagation of a concentration
related to the axial dispersion coefficient according to [10] front was followed experimentally. The velocity profile as
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well as the axial hydrodynamic dispersion coefficient was radially adjacent electrodes were activated at a time. Each
evaluated. The results were compared with computer simu-measurement result was an average of 500 discrete signals,
lations using a previously developed control-volume method which were obtained at a frequency of 1 kHz. The linearity
[15,16,27]. of the conductivity measurements was excellent.
Mariotte bottles were used instead of pumps to obtain a
pulse-free flow. The mass flow rate and the pressure drop
3. Materials and methods were continuously recorded. The temperature was measured
at the outlet of the column using a thermocouple (type K).

3.1. Experimental set-up
3.1.1. Stationary phase

The experimental set-up is shown in Fig. 1. The column  Non-porous spherical glass beads were used to study the
used was a BP113 column (Amersham Pharmacia Biotech,hydrodynamic dispersion in a rigid column, and a highly
Sweden) with an inner diameter of 0.113 m. The distributors compressible, dextran-based chromatographic medium
consisted of a support plate on which a coarse net, coveredSephadex G-75, Pharmacia Biotech, Sweden) was used
with a fine-meshed polyester net, was mounted. The mobileto study the flow and dispersion under compression. The
phase was fed through the centre of the support plate and thehighly compressible medium was chosen in order to obtain
coarse net served as a spacer, ensuring an even distributioslear and distinct effects of the compression that could
of the liquid. Sets of concentric electrodes were mounted atbe used to verify the proposed model. The glass beads
three axial positions inside the column to make dispersion had a mean diameter of 1@m and the size distribution
measurements possible. Each set of electrodes consiste¢r/dp) was 0.19. The glass beads were dry-packed by pour-
of four concentric electrodes made of stainless steel (wire ing small portions of the beads into the column and then
diamete=1 mm) mounted at the following radial positions: tamping them down. The Sephadex G-75 gel, with a mean
0.15(R, 0.40R, 0.634Rand 0.87R.The fifth electrode was  diameter of 144um and a size distributiofr/d,) of 0.34,
painted on the column wall (Electrolube, Silver conductive was packed by pouring a slurry consisting of three volumes
paint) in order to be able to make measurements in the of sedimented packing material and one volume of super-
nearest proximity of the wall. The electrodes were partially natant into the column. The particles were then allowed to
shielded by an insulating lacquer in order to keep the output pack at a constant flow rat&Jg=0.8x 10~*m3/m? s) until
voltage at the same level for a given tracer concentration. the desired packing pressure was reached (8 kPa). When the
The inner electrode was unshielded, and at the column wallgel had settled, the adaptor was lowered to the surface of
approximately 25% of the electrode was unshielded. The the gel and was then fixed at that position. After the column
active parts of the electrodes are shown in Fig. 1. Electrodeswas packed the direction of flow was reversed.
were also placed before the inlet and after the outlet of the The height of the column packed with glass beads was
column. The electrodes were connected to a conductivity 0.238 m, and the electrodes were situatexd=41.014, 0.110,
meter [28] and a scanning switch, which was controlled by a and 0.217 m and the height of the Sephadex gel column was
PC using a Labmaster board (Tecmar). The scanning switch0.313 m with the electrodes &£0.084, 0.191 and 0.287 m.
was specially built to fulfil the requirements set by the Lab-  The interstitial void fraction was calculated from the flow
master board and the conductivity meter. The measurementsate per unit area and the linear velocig=Uo/U). The
were a succession of readings at each electrode level. Twdinear velocity was evaluated using the electrodes placed
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Fig. 1. Experimental set-up.



106 K.C.E. Ostergren, C. Tragardh/Chemical Engineering Journal 79 (2000) 103-111

®)

at the inlet and outlet. Corrections were made for the vol- Gé - 0,3 D,
ume occupied by tubing and distributors. The same trac- ~ A2 (UAx)
ers were used as in the experiments described below. The

inter-granular void fraction in the column containing glass Whereo,f andaé are the variances at two axial positions and
beads was 0.368 and the average inter-granular void fractionAt is the corresponding time interval which was calculated

of the Sephadex column was 0.237. from the mean values of the concentration steps.
The influence of the radial dispersion was investigated
3.1.2. Mobile phase by computer simulations [16]. It was confirmed that the

The mobile phase was a NaCl solution, 0.018 g/l. In the radial dispersion is of little importance when predicting the
glass bead column either NaCl (0.025 g/l), giving low Peclet performance of the column under investigation.
numbers, or dextran sulphate (M¥800 000, 0.14 g/l), giv-
ing high Peclet numbers, was used as tracer and in the
Sephadex column only dextran sulphate was used. The4. Results and discussion
molecular diffusion coefficient of dilute NaCl in water
at 25C is 1.54<10-°m?/s [29] and the molecular diffu- The quality of the packing was investigated by com-
sion coefficient of dextran sulphate was estimated to be paring the experimental recordings with the analytical

1.4x10-1'm?s, using diffusion data for dextran [30]. Tem-  one-dimensional solution of the dispersion Eq. (1) given by
perature and viscosity corrections were performed using the[32]

Stoke—Einstein correlation stating thag, «/T is constant
for a given solute [31]. According to the manufacturer’s Cix, 1) _ } [erfc(x - Ut)

specifications for Sephadex G-75, the fraction range, ex- Co 2 2/ Dyt
pressed in MW for dextrans, isdl0?-5x 10%. By compar- Ux x + Ut
ing the retention time for dextran sulphate and silica beads +eXp<D—x) erfc(—zm> 9)

70 nm in diameter, it was confirmed that dextran sulphate

did not interact with the stationary phase. To obtain a con- Macroscopic packing anomalies are identified by devia-
stant flow rate the viscosities of the solutions were equalized tions in the third moment, the skewness. The concentration
(1=1.16x10"3Pas at 25C) by adding methylcellulose, fronts measured by the inner electrodes (Figs. 2b—d and
approximately 0.2 g/l, to the pure NaCl-solution. Both the 3) agreed well with the fronts calculated analytically using
dextran sulphate and the methylcellulose were purified by EQ. (9). This indicates that the packing of the column was
gel filtration (Sephadex G-75). Only the first, unretained macroscopically homogenous, and that the electrodes did
fraction was used. The solutions were de-aerated undernot introduce any significant packing anomalies. Close to
vacuum for 30—60 min. The experiments were performed at the column wall the concentration fronts for both packings

room temperature. showed a slightly anomalous shape as seen in Figs. 2a and
3. This is an indication of packing irregularities caused by
3.2. Experimental procedure the proximity of the wall.

All experiments were performed at a steadystate, i.e. at4.1. Hydrodynamic dispersion
constant flow rate and at constant temperature. A concentra-
tion step was introduced and the propagation of the concen- The hydrodynamic dispersion was evaluated between
tration front was detected by the conductivity electrodes. the first and third set of electrodes at four radial positions

(see Fig. 1). In each experimental run the local dispersion

3.2.1. Calculations coefficients D,) were normalized against the mean dis-

Twelve local breakthrough curves were obtained in each persion coefficient in the corel);). The variation in the
experimental run. The hydrodynamic dispersion and the lin- axial dispersion across a segment of the column packed
ear velocities were calculated by evaluating the variance, with glass beads is shown in Fig. 4a. The dispersion in
o2, and the mean time, for each time—concentration curve. the wall region (>0.049m) is typically two to four times
Since the measurements were performed inside the columnhigher than in the corer £0.049m) and does not depend
there was no need to make corrections for the dispersionon flow rate. The same dispersion pattern, i.e. a core region
caused by the distributors or other external sources, such agxhibiting a small variation in dispersion and a wall region
tubing. The axial linear velocity between two electrodes was with anomalous dispersion has been previously observed in

calculated from [32] chromatographic columns [2,3,6].
Ax The variation in the axial dispersion across a segment of
U= = @) the column packed with Sephadex gel is shown in Fig. 4b.
2—11

A broader wall regionr0.036 m) was found compared to
where Ax is the axial distance between the electrodes. The the glass bead packing. The variation in axial dispersion
hydrodynamic dispersion coefficient was obtained from [32] is, however, significantly smaller than for the glass bead
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Fig. 2. Local normalized concentration fronts in a column packed with
rigid spherical glass beads measuredxat0.217 m. The radial posi-
tions were according to: (a)=0.0565-0.049 m; (by=0.049-0.036 m;

(c) r=0.036-0.023 m; (dj=0.023-0.009 m. (—) Experimental values; (-
-)best fit curve according to Eq. (9). The column length was 0.238 m, the
column radius 0.0565m and the void fraction 0.368. NaCl was used as
tracer.
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Fig. 3. Local normalized concentration fronts in a column packed
with Sephadex G-75 measured»at0.287 m. The radial positions were
r=0.023-0.009 m (core) ano=0.0565-0.049m (wall region). (—) Ex-
perimental values; (- -) best fit curve according to Eq. (9). The column
length was 0.313m, and the column radius 0.0565m. The void fraction
was 0.237, the flow rate 0.26 ml/s, the viscosity 10023 Pas and the
pressure drop 2.2kPa. The tracer was dextran sulphate.
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Fig. 4. Dispersion variation across a segment of a column. The dispersion
measurements were made between the first and last electrode level using
dextran sulphate as a tracer. The dispersion coefficients were normalized
to the mean value obtained from the inner positions (the core) in each
experiment. (a) Dispersion measurements in a column packed with glass
beads. The electrodes were places-a0.014 and 0.217 m. The superficial
velocity was between 1:410~° and 29<10~°m3m?s. (b) Dispersion
variation across a segment of a column packed with Sephadex gel. The
electrodes were placed &+0.084 and 0.287 m. The superficial velocity
was between 2:4107° and 3.5¢10°°m¥/m?ss.

packing, indicating that the compression of the gel evens out
the packing anomalies close to the wall.

The axial hydrodynamic dispersion coefficients were eval-
uated in the core of the chromatographic bed. The core was
characterized by small radial and axial flow variations. An
average value of the three inner measurement positions in the
rigid packing, and of the two inner positions in the Sephadex
packing, were used. The increase in the axial linear velocity
due to compression was less than 15% between the two elec-
trode levels used in the evaluation and a mean value could
thus be used with negligible loss in the overall accuracy of
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Fig. 5. Hydrodynamic dispersion vs. Peclet number. Tracer: dex- o .
tran sulphate. [{l) Glass beadsx=0.014-0.217 m; @) Sephadex gel, Fig. 6. Hydrodynamic dispersion vs. Peclet number) Glass beads,
x—0.084-0.191 m. £=0.368, |c=dp, tracer: NaCl; &) glass beadss=0.369,l.=dp, tracer:

NaCl [33]; (O) glass beadsg=0.361, Ic=dp, tracer: NaCl [33]; (J)
glass beads;=0.368,l.=dp, tracer: dextran sulphate@) Sephadex gel,
£=0.237,l.=2dp, tracer: dextran sulphate; (—) correlation according to

the calculated dispersion coefficients. Fig. 5 shows the exper—Eq' (10)

imental, axial hydrodynamic dispersion coefficients, normal-
ized against the molecular diffusion coefficient, plotted vs. in Fig. 7a. The velocity profile is flat except in the vicinity
the Peclet number. According to the results shown in Fig. 5, Of the wall, where the linear velocity was on average about
the dispersion in the compressed bed was a factor of two10% higher than in the core.
higher than expected for the rigid bed under the same exper- Previous experimental investigations of velocity varia-
imental conditions. According to our previous study [33] on tions in rigid chromatographic columns packed with in-
hydrodynamic dispersion in columns containing glass beads,compressible particles show similar results, i.e. an even
the difference in size distribution between the glass beadsdistribution in the core region and a wall region exhibiting
and the Sephadex gel is too small to be responsible for the in-different properties. Knox et a[2], Eon [3] and Baur et
creased hydrodynamic dispersion in the compacted column.@l- [7] found that the velocity increased in the vicinity of
It thus appears that the increased dispersion is due to geometthe wall, while Farkas et al. [6] found a velocity maxi-
rical changes in the interparticle void space. These results arenum at a distance of approximately B.@nd Baur et al.
thus in qualitative agreement with previous findings, show- [7] found that the velocity had an optimum close to the
ing that the consolidation of a granular medium increases theWall, when using a radially compressed column. Thus, the
correlation length [9]. The structural paramesein Eq. (6) effect of the wall seems to be very much dependent on the
describes the ratio between the actual correlation length andchromatographic system being investigated.
the correlation length in an ideal unconsolidated particulate ~ The velocity profile in the column packed with Sephadex
packing. For the glass bead packings approximately one gel (Fig. 7b) was rather different from that found for the rigid
and for the Sephadex packiagis approximately two. packing. In this case the linear velocity close to the wall was
The experimental results for the glass bead packing agredower than or very nearly the same as the linear velocity in
well with data in the literature [26,34]. The dispersion data the core. According to Fig. 7b the lowest velocity near the
for both types of packing could be correlated to the Peclet wall relative to that at the core is found at low flow rates. In

number according to Eq. (10) order to find an explanation, we used our previously devel-
oped computer code [15,16,27] to simulate the velocity field.

Dy U\ A pure elastic deformation of the chromatographic bed [15]

_m: 0.47 <_m> (10) was assumed. The parameters used in the flow-compression

) o calculations and the initial conditions are summarized in
assuming a characteristic lengthletd, for the glass bead  Taple 1. Typical variations of the linear velocity, relative
packing andc=2d, for the compressible Sephadex packing 1 the centre of the column, at low flow rates are shown

(Fig. 6). in Fig. 8a. It can be seen that the velocity near the wall
is smaller than the velocity at the centre close to the inlet,
4.2. Linear velocities and greater near the wall close to the outlet. The veloc-

ity variations are due to the interplay between the stress
The variations in the axial linear velocity across a seg- originating from the flow and the stress originating from
ment of the column for the glass bead packing are shownthe column terminals and the influence of the wall fric-
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values at the centre lindJ¢entyrd in a column packed with Sephadex G-75.
(b) Radial position, r (m) The parameters describing the flow and compression are given in Table 1.
(a) g=0.26 ml/s andAP=2.2kPa, (b)g=0.42 ml/s andAP=4.2 kPa.
Fig. 7. Linear velocity variations across a segment of a column. The
measurements were made between the first and third electrode levels and
dextran sulphate was used as a tracer. (a) Velocity variations in a columncomputer simulations shown in Fig. 8a and b provide
packed with glass beads betwegs0.014 and 0.217m. (b) Velocity an explanation of the observed change in velocity pro-

variation for different flow rates in a column packed with Sephadex gel . S .
betweenx—0.084 and 0.287 m L{) q=0.26mlis: O) =034 mlis: (1) file (Fig. 7b) with increased flow rate. The experimental

g=0.42ml/s. The flow rates are recalculated to correspond to the referenceloc""I velocity pltOfIl?S and the corresponding S'mUIate.d Yal'
viscosity £=1.002¢<103 Pas. ues are shown in Fig. 9. To make more accurate predictions,

non-uniformities in the chromatographic bed that are not

due to the compression must be quantified and also included
tion, which opposes the compaction [27]. As the linear in the model. It should also be emphasized that the use of
velocity increases, a larger fluid stress is taken up by the different packing techniques and different chromatographic
matrix and the column compacts to a larger extent at the media may give rise to initial conditions being different
outlet and a different flow field, which is less influenced from those found to be appropriate in this study (Table 1),
by the column terminals, is obtained (Fig. 8b). Thus, the which in turn will lead to different velocity profiles.

Table 1

Parameters of importance in the simulation of the velocity profile

Column Packing Mechanical properties Initial condi- Fluid

dimensions characteristics of the gel [15] tion [27] properties

R=0.0565m, dps=178x107%m, emear=0.237, E=5.63x10%¢2-8.39% 10%¢ A pure mechanical load on  ;=0.001Pas,

Lc0.313m k = [d55/180][e3/(1 — £2)] +2.77x10* Pa, v=0.27, an initially homogeneous, p=1000 kg/n?
ni=0.16 relaxed bed.

&R=column radius,L.=column length,dps=surface-based particle diametepear=average void fractionE=Young's modulus,y=Poisson ratio,
ns=wall friction coefficient, u=viscosity, p=fluid density.
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and the fact that no parameter fitting has been carried out,
we find this discrepancy acceptable.

The spread of a concentration front along a chromato-
graphic column is determined by the local hydrodynamic
dispersion, the local variation in the linear velocity and the
mass transport in the radial direction, i.e. radial convective
transport and radial hydrodynamic dispersion. The total
increase in band broadening due to the predicted velocity
variations in the column packed with Sephadex gel (Fig. 8)
was investigated by computer simulations by solving Eq. (1)
numerically [16]. The local axial dispersion coefficients

were predicted from Eq. (10). The elution profiles were
0,96 - . . . ) i : .
. L J ! ! compared with elution profiles neglecting the axial velocity
0,0 0,2 0,4 0,6 0,8 1,0 variations across the column. It was found that the predicted
Relative column radius, /R velocity profiles, as given in Fig. 8, contributed less than

2% to the overall band broadening.
Fig. 9. Experimental and predicted axial velocity variations across a col-

umn at different axial positions. The local valueslbare normalized with

U, —0.28r, Which corresponds to the experimental point closest to the cen- .

tre of the column. (—x=0-0.084 m, predicted; (— —=0.088-0.19m, 5. Conclusions

predicted; O) x=0.088-0.19, experimental; (- $=0.19-0.29 m, pre-

dicted; @) x=0.19-0.29m, experi.mentalg--o x:0.29—0.313,.predicted. The flow and dispersion in a Compressib|e, chromato-
The arrows mark the corresponding computed and experimental value:sérgraphiC bed have been experimentally characterized. The

The column was packed with Sephadex gel and the parameters describin It d with th f di h t
the flow and compression are given in Table 1. The pressure drop was esulls were compared wi ose found In a chromato-

2.2kPa and the flow rate was 0.26 ml/s. The experimental velocities are graphic column packed with glass beads of approximately

recalculated to correspond to the reference viscositl.002<10-3 Pas. the same size and size distribution. The results were also
compared with values predicted by the numerical simula-
tions using a two-dimensional model describing the flow
and compression of a chromatographic bed [15,16,27].

The experimentally determined variation in the linear  The experimental part of this work shows that both
velocity along the column packed with the Sephadex gel columns could be described by a homogeneous core, char-
and predicted values are shown in Fig. 10. The shape of theacterized by plug flow and high column efficiency, and a
profiles reflects the changes in structure of the gel along wall region, characterized by fairly large velocity variations
the column. The experimental and predicted profiles agreedand increased hydrodynamic dispersion. The velocity vari-
fairly well. The predicted flow rates were 16% lower than ations and the anomalies in the hydrodynamic dispersion in
the measured, but considering the complexity of the model the vicinity of the wall were smaller in the column packed
with the compressible chromatographic gel than in the col-
umn packed with glass beads. The results found for the rigid
column are in accordance with measurements performed
by others [2,3] and can most probably be explained by ir-
0.03 - . regularities in the packing close to the wall. According to
the measurements performed in this study the compression
of non-rigid particles partly evens out these irregularities.
0.02 + o . It was also found that the local hydrodynamic dispersion in
o the core of the compressed bed was approximately twice the
v v v ] hydrodynamic dispersion expected for homogenous rigid
0.01 S _ packing comprized of glass beads. For the compressible
chromatographic bed it was shown, by computer simula-
tions, that the axial velocity profile developed across the
column, neglecting the wall effects, contributed to a very

Relative column lengtht, x/Lc small extent to the overall band broadening. Thus, two sig-

nificant effects of compression influencing the overall band
Fig. 10. Experimentall(],) and computed (—) axial velocity variations  proadening were found. The first was a decrease in band
at the centre of a chromatographic column packed with Sephadex G-75; broadening due to smaller velocity and dispersion variations

(v) 9=0.26 ml/s, AP=2.2kPa; [J) q=0.42ml/s, AP=4.2kPa. The pa- . L
rameters describing the flow and compression are shown in Table 1. TheIn the vicinity of the column wall. Secondly’ there was an

experimental velocities are recalculated to correspond to the referenceiNCrease in the local hydrodynamic dispersion, presumably
viscosity ©=1.002x10-3 Pas. due to a different pore geometry.

0.28R

1,08 - 4

1,04 |- .

1,00 -

Velocity variation, U/U r

Linear velocity, U (102 m/s)
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Computed axial velocity variations were compared with

experimental variations and were found to agree quali-

tatively.

6. List of symbols

C tracer concentration (g/l)

Co initial tracer concentration (g/l)

dp particle diameterm)

D hydrodynamic dispersion tensor {fs)

Dm molecular diffusion coefficient (As)

D, coefficient of axial hydrodynamic
dispersion (rf/s)

D, mean axial dispersion coefficient in
the core (M/s)

H equivalent plate height (m)

k coefficient of permeability (9

le correlation length (m)

Lc column length (m)

Pe Peclet numberylc/Dn) (dimensionless)

r radial distance from column centre (m)

R column radius (m)

t time (s)

U linear velocity in axial direction (m/s)

Uo superficial velocity (r/m?s)

X axial distance (m)

Greek letters

y experimentally determined coefficient
(dimensionless)

e inter-granular void fraction (dimensionless)

A experimentally determined coefficient
(dimensionless)

n viscosity (Pas)

Ut wall friction (dimensionless)

o standard deviation

oy standard deviation (time) (s)

o? variance (time)

1) structural parameter (dimensionless)
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