
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 25 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Separation Science and Technology
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713708471

The Effect of the Radial Velocity Profile oh Band-Broadening in
Preparative Scale Gas-Liquid Chromatography: A Critical Analysis
J. S. Naworskia

a DEPARTMENT OF CHEMICAL ENGINEERING, VIRGINIA POLYTECHNIC INSTITUTE AND
STATE UNIVERSITY, BLACKSBURG, VIRGINIA

To cite this Article Naworski, J. S.(1971) 'The Effect of the Radial Velocity Profile oh Band-Broadening in Preparative Scale
Gas-Liquid Chromatography: A Critical Analysis', Separation Science and Technology, 6: 2, 165 — 174
To link to this Article: DOI: 10.1080/00372367108058951
URL: http://dx.doi.org/10.1080/00372367108058951

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713708471
http://dx.doi.org/10.1080/00372367108058951
http://www.informaworld.com/terms-and-conditions-of-access.pdf


SEPARATION SCIENCE, 6(2), pp. 165-1 74, April, 1971 

The Effect of the Radial Velocity Profile 
on Band-Broadening in Preparative Scale 
Gas-liquid Chromatography: A Critical Analysis 

J. S. NAWORSKI 
DEPARTMENT O F  CHEMICAL ENGINEERING 

V I R G I N I A  POLYTECHNIC INSTITUTE A N D  STATE UNIVEHSITY 

B LACBSBU HG, V I RG I N 1.4 2406 1 

Summary 

The approximations necessary t.o conipare theory and performance in large- 
scale chromatographic colunins are critically analyzed. The existence of 
carrier gas velocity gradients across the column cross section is the major 
cause of band-broadening and inefficiency in large-scale columris. Estimates 
of these radial velocity gradients based oil existing particle size and velocity 
measurements are shown to be too inexact to test the presently accepted 
theory. A radial velocity profile, which has the major features of profiles 
measured in somewhat similar systems, is proposed. The need for accurate 
measurements of velocity profiles is emphasized. 

INTRODUCTION 

Giddings has discussed and quantified the principles of colunin per- 
formance for largescale gas chromatography (I$). In his work, the 
generalized nonequilibrium theory of plate height, applicable to ana- 
lytical columns, was extended to largescale columns. The extended 
equation for plate height H may be expressed as (3)  : 

H = A + Ho/uo + Ciua + Clii (1) 

A ,  Ro, C'I, and z i  have the same definition as for analytical colunins. 
The gas-phase mass transfer term C: is the sum of five individual gas- 
phase contributions. Cgl ,  CgII, CgII1, and C , I ~  are contributions from 
pore diffusion, interaction between unequal flow channels, the Golay 
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166 J. S. NAWORSKI 

effect, and solvent maldistribution. The major reason for peak spreading 
and low efficiencies in large columns is the existence of velocity profiles 
across the column cross section. Giddings developed the C,v term to 
account for these radial variations of carrier gas velocity. Assuming 
that the axial velocity is a quadratic function of the radius,* and that 
the porosity (or fraction of volume occupied by the gas phase) is con- 
stant across the column cross section, the contribution to plate height 
( H v )  due to radial velocity variations in large columns was expressed as: 

where Gz = dimensionless constant from the quadratic velocity equation 
v = average superficial carrier gas velocity 

ro = tube radius 
r D p  = effective gaseous diffusion coefficient 

Since 
Hv = CgvUo 

where uo = the interstitual gas velocity in the axial direction. Then 
C,V can be expressed as: 

where p = porosity of the packed column. 

Hargrove and Sawyer experimentally studied the performance of a 
typical analytical and a preparative column (3).  For the preparative 
column, they compared experimental values of CO,, the total gas-phase 
mass transfer term, with CO, calculated from theoretical expressions 
developed by Giddings. Since C,v was the dominant contribution to 
CO,, Hargrove and Sawyer in effect tested Eq. (3). Their work is probably 
the most systematic effort yet to compare the theory for large-scale 
columns against actual column performance. A detailed examination of 
their analysis reveals-as others have suggested-the critical need for 
velocity distribution measurements. 

Three topics are discussed in this paper. First, some difficulties in 
the analysis of largescale columns are examined. The aim here is to 
point out what information would be necessary to minimize the ap- 
proximations presently inherent in this type of study. Second, experi- 
mental measurements of velocity profiles in packed columns are re- 

* Giddings (2) also developed equations based on a more general velocity expression. 
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EFFECT OF THE RADIAL VELOCITY PROFILE 167 

vielved. The aim here is to present ii radial velocity profile that  is more 
realistic than either the quadratic or “general” profile of (iiddings. Third, 
an equation is suggested for the velocity profile of the preceding section. 

ANALYSIS OF LARGE-COLUMN PERFORMANCE 

Hargrove and Sawyer (3)  very carefully measured the performance 
of an analytical and a 25-mni i.d. preparative column for similar systems. 
The liquid-phase mass transfer tcrni CL was the same for both columns. 
The predominant difference in the two columns was the gas-phase mass 
transfer term C:. Kearly all of this difference \\as due to the C,v con- 
tribution. As expected, C,V \vat. the major gas-phase term for the prepara- 
tive coluniii and was negligible for the analytical column. Qualitatively 
these results are very encouraging. 

Calculated and experimental gas-phase inass transfer ternis are 
presented in Table 1 .* 

TABLE 1 

Calculated and Experimental Gas-Phase llass Transfer Terms for 3-Pentarlone 

Experimental 
X 103 (sec) Calculated x 1 0 3  (sec) 

~ ~ ~ 

Analytical 0 .06  0 .76  0 . 5  
Preparative 4 1  4.s 5 . 9  

a Equations (2) and (3) of Ref. 3. 

Since CIBv is the dominalit term of (“: for the large column, 12q. (3) 
could be test cd against the experirricrital results. Unfortunately, several 
approximations were necessary before CgV was able to be calculated. The 
authors concluded that (3)  : “the agreement between the calculated arid 
experimental values for CO, is surprisingly good and provides strong 
support for the general validity of Equation 3.” They further concluded 
that the major band broadening factor for the large colunin was the 
radial distribution of carrier gas velocity and that Eq. (3) accounted 
for this effect reasonably well. 

More perspective can be added to  the above work by a closer look 

* Taken from Ref. 3. A complete description of the experimental piocedure is given 
t.here. 
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168 J. S .  NAWORSKI 

a t  the approximations necessary in  using Eq. (3). The nature of thew 
approxinmtions suggest future experimentation directed a t  improving 
our ability to test the theoretical work. T\vo closely related aspects of 
this problem will be discussed: 

(a) The relationship betwtm the radial velocity distribution of the 

(b) The estimation of particle size variations across the column 
carrier gas and average particle diameter. 

cross section. 

For a quadratic radial velocity profile, 1’ is given bj- ( 2 )  : 

U = 5 [Go + G I P  (97 (4) 

where Go arid G2* = dinionsionless constants 
ro = the column radius 
r = the variable distance from the column center 
fi = the average superficial carrier gas velocity 
21 = the superficial carrier gas velocity a t  a distance r 

from the column center 

G2 can be expressed as: 

where 21, = velocity at the wall 
Y, = velocity a t  the column center 

Approximations must now be niade. Hargrovo and Salvyer assumed 
that  v is proportional to the square of the particle diameter ( ( I p ) .  They 
further assumed that their particle size distribution \\.as siniilar to that 
of Gitidings and Fuller ( 4 ) .  In the absence of actual velocity data, this 
se~?niingly is not a bad estimation. I’ypker (2) showed that differently 
sized particles do riot form a honiogerieoris mixture in a packed colunin. 
Giddings and Fuller ( 4 )  accurately measured the radial distribution 
of particle sizes iii coluriins packed with SO/lOO mesh chromosorb W 
and 120/170 mesh glass beatis. The particle size variations were cor- 
related with radial velocity variations nmsurcd hy Huyten. Keverthe- 
less, they concluded that the sqiiare o f  the ratio of average particle 

* This is the same GP that appears in ICq. (3).  
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EFFECT O F  THE RADIAL VELOCITY PROFILE 169 

diameter near the wall to the average particle dialneter a t  the column 
cent.er (&,Jdpc)2 i~oughly  correlated \vith the wall to center velocity ratios 
of Huyten (o,,,,"~~). This result expressed in oquation form is: 

Huyten measured velocities in  four concentric areas of his 3-in. i.d. 
column. The outer anriulus comprised 30% of t,he total cross-sectional 
area of the column. Thus, Huyteii's "wall velocity" is not a point veloc- 
ity, but a n  average velocit,jr integrated over the outer 30% of the column. 
Effects due to high voidage areas iiou the wall or skin friction at the 
wall contributed to the velocity niensured ill the out.er annulus. These, 
and possibly other local effects, cannot be cleternlined individually 
without measurement of point velocities. (lalculations based on our 
present knowledge of velocity profiles are necessarily very approximate. 

Hargrove and Sawyer coniparetl t.heir systems with that of Giddings 
and Fuller, assumctd that. ( d , , J d P c )  \\-as 1.12, and calculated P , ~ / L ~ ~ ,  (A, 
and Cluv using the above equ:it.ions. 

Consider the accuracy of the particle size distributions of Giddings 
and Fuller. Alt,hough their individual measurements were very accurate,* 
a substantial variation in particle size was present at any radial position. 
The standard deviation for the average particle diameter at a given 
radius was about 2OY' of the diameter at that location. For a somewhat 
dissimilar system- -such as that of Hargrove and Sawyer--the ratio 
( d p u , / d p c )  caii only be roughly approximated. If Ilargrove and Sawyer 
had assumed a diameter ratio of 1.07 instead of 1.12, the calculated 
value of C,V would have been I..5 x 10-3 sec. The experimental C,v 
n.ould then he 336 times as great a s  the cnlcultttctd LTgv. This comparison 
illustrates thc high seiisitivitj, of CUv to t,he clisineter ratio, tvhich is an 
es t i mated (1 u:~n ti ty , 
11 better approach to the culculatioii of Cuv woultl be to use estimates 

of the velocity profile. This ckunivents inaccuracies associated with 
using the c1i:mietcr rat.io. 111 adtlit.ion to the sensitivity of Ce" to the 
diameter ratio, several related questions cannot be answered a t  the 
present time: 

(a) What effect does tlio particle size tlistribution \vithin :i given 
region have 0 1 1  the carrier g :~s  velocity? 

* Giddings arid Fuller (&mated the average error of a ~iieasuremerit. at less than 
0.003 rnrn or less than about 3',$ of a typical particle dinmeter. 
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1 70 J. S. NAWORSKI 

(b) What is the effective diameter in a fluid dynamic sense of a highly 

(c) How does the orientat.ion of the irregular chromosorb particles 
irregular particle? 

affect the carrier gas flow? 

Velocity measurements in large-scale chromatographic columns are 
unfortunately rather scarce. The most comprehensive study of radial 
velocity profiles is still the classic work of Huyten (6). The theoretical 
basis developed by Giddirigs ( 2 )  can acconiniodate any radial velocity 
profile. The only limitation is the tractability of the mathematics. Re- 
newed efforts to quantify carrier gas flow patterns seem to be the best 
approach to strengthening our understanding of large co!umn behavior. 

GAS FLOW IN PACKED BEDS 

The need for research aimed a t  measuring radial velocity distributions 
has been discussed in the previous section. This need does not imply that 
we have no knowledge of the subject, but rather that our present under- 
standing should be refined and extended. IIuyten’s measurements show 
some of the phenomena that must be present in all large columns (6). 
The carrier gas velocity is a minimum a t  the center and increases uni- 
formly until it approaches the wall. The exact behavior near the w-all 
is not known, but the average velocity in the annular region closest 
to the wall was higher than the velocity a t  any other cross-sectional 
location. Studies of beds packed with substantially different sized par- 
ticles reveal some phenomena that no doubt occur in large-scale chro- 
matographic columns (7-10). A radial velocity profile, based on these 
packed-bed studies, will be proposed. 

Smith, Fahien, and co-workers (7-9) measured radial velocity profiles 
in packed beds using hot wire anemometers. Recause they were primarily 
interested in applications to packed bed catalytic reactors, the geometries 
of their systems differed significantly from that of say a 2-in. i.d. chro- 
matographic column. The ratio of tube diameter to particle diameter 
(D,/d,) varied from 5 to 32. Packing diameters varied from % to $5 in. 
Both spherical and cylindrical packings were studied. In  contrast, 
D t / d P  for a 2-34x1. chromatographic column would be 20M00,  particle 
diameters for G0/80 mesh material would average about 0.008 in., and 
packing particles would have irregular shapes. Clearly, only qualitative 
application of the above studies to large-scale chromatographic columns 
is warranted. 
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EFFECT OF THE RADIAL VELOCITY PROFILE 171 

Velocity profiles measured by the above iiivestigators had the follow- 
ing characteristics : a flat central section with velocity increasing with 
distance from the center, a velocity maximum about 1-1.5 particle 
diameters from the wall, and a rapid velocity decrease between the 
maximum arid the wall. Figure 1 is a sketch of a profile with this be- 
havior. The velocities of F’ahien and Smith (8) were explained on the 
basis of void-fraction alone up to 81% of the tube radius. As D , / d p  
increases, the radial velocity gradients become less pronounced. But 
even a t  their highest D,/d ,  of 32, the maximum velocity n.as about 20y0 
higher than the velocity a t  the tube center (7). The fact that 19% of 
the column crods section lies between .9r0 and ro emphasizes the im- 
portance of knowing the flow patterns near the wall. 

The velocity maximum that occurs a t  1-1.5 particle diameters from 

0.2 0.4 0.6 0.8 1 .o 
Radial Posi t ion,  r/ro 

FIG.  I .  General velocity profile for gas flowing t.hrough a packed bed. 
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172 J. S. NAWORSKI 

the wall has usually been attributed to the high voidage there. Mickley 
et al. (10) have presented additional information concerning this point. 
A 1-ft square bed was packed with 1.5 in. diameter table tennis balls 
in a rhonibohedral array. Half and quarter spheres were used a t  the 
walls to keep the voidage constant. A msxiniurn velocity about 10% 
higher than the center velocity occurred 1.5 particle diameters from the 
wall. They concluded that “the wall effect is only partly due to the 
radial variation of voidage. Apparently the wall itself decreases the 
total resistance to flow in the wall region” (10). These findings cast 
even more doubt on the advisability of correlating velocity with particle 
size in the region near the wall. 

In view of the above studies i t  can be concluded that: 

(a) The carrier gas velocity profile for a large-scale chromatographic 
column should have the same general form as Fig. 1. 

(b) Knowledge of the fluid dynamics of flow through packed beds 
does not allow quantitative predictions of velocity profiles in large-scale 
chromatographic columns. 

(c) Detailed velocity measurements, especially in the region near 
the wall, are highly desirable. 

MATHEMATICAL DESCRIPTION O F  VELOCITY PROFILE 

The velocity profile of Fig. 1 can be described by an empirical expres- 
sion such as that suggested by Giddings (2) : 

v = Z G , ( r / T , J n  (7) 

Giddings has mathematically iticorporated this velocity distribution 
into an equation for its contribution to plate height. Thus, column 
performance can be predicted from a detailed knowledge of the velocity 
profile. 

Alternatively, the velocity profile of Fig. I can be approximated by 
the profile of Fig. 2 and a discontinuous mathematical expression of the 
following form: 

and 
r 
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0.2 0.4 0.6 0.8 1 .o 
Radial Position. r/ro 

FIG. 2. Approximate velocity profile for carrier gas in a large-scale rhro- 
matographic column. 

where U = the superficial carrier gas velocity a t  a distance r from the 

fi = the average superficial velocity integrated over the column 
column center 

cross section between T = 0 and rmaX 
GA, Gi = empirical dimensioiiless constants 

r0 = column radius 
r = variable distance from the column center 

rmaX = radial position a t  which 2: is a maxinium 

Equations (S) and (9) imply that the velocity profile is quadratic 
between r = 0 and rmax, and that it is linear between rmBx and the wall. 
The velocity a t  the wall is zero. 

If Eqs. (8) and (9) can be adjusted to satisfactorily fit velocity data, 
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174 J. S. NAWORSKI 

then a plate height (or CO,) expression can be derived. Presently, there 
is little incentive to do this since the required velocity data are un- 
available. 
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