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SEPARATION SCIENCE AND TECHNOLOGY, 27(13), pp. 1691-1709, 1992 

Two Different Configurations of Flow Field-Flow 
Fractionation for Size Analysis of Colloids 

JOCELYNE GRANGER and JOHN DODDS 
LABORATOIRE DES SCIENCES DU GENIE CHIMIQUE 
CNRS-ENSIC 
1 RUE GRANDVILLE. B.P. 451. 54001 NANCY, FRANCE 

Abstract 
Flow field-flow fractionation (EFFF) is a tcchniquc for measuring the size of 

species in the colloidal range (1 nm to 1 pm)  which makes the use of the formation 
of a molecular or  colloidal polarization layer at the surface of a filtering membrane. 
The species to be analyzed are introduced into a flow of liquid passing through a 
channel with porous walls (of pore size less than that of the colloids to be analyzed) 
which allow a certain controlled [low to pass through. ‘Ihc remaining fraction of 
the flow passcs through the system, carrying the colloids to a nonspecific detector. 
The transit time of the colloids through the channel is found to  be a function of 
their size and the permeation rate through the porous membrane. This chromato- 
graphic system can be calibrated by using known colloids, such as standard latex 
particles or fractionated polymer samples, and then used to determine the size of 
unknown colloids. Here we present results obtained in two different systems, an 
asymmetric module with a rectangular channel having a single flat membrane and 
a module based on  a hollow ultrafiltration fiber with a radial symmetry. The 
common feature of the two systcms is that there is only one fluid inlet. Measure- 
ments are reported for the mean size of various samples of real colloids, such as  
dextran macromolecules, emulsion paints, and milks, and a comparison is made 
with measurements using hydrodynamic chromatography (HDC), and photon cor- 
relation spectrometry (PCS). 

1. INTRODUCTION 
Despite recent advances in techniques such as photon correlation spec- 

trometry (PCS) and gel permeation chromatography (GPC), the separation 
and characterization of large macromolecules and small colloidal particles 
still poses many practical problems and there is no generally accepted 
method. Work by Giddings (1) and others indicates that the various ver- 
sions of field-flow fractionation (FFF) seem to offer many advantages, 
notably being well adapted to the colloidal size range (1 nm to 1 p,m) and 
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1692 GRANGER AND DODDS 

giving a real physical separation of the species by size. Here we use a 
version of FFF, called flow field flow fractionation (EFFF), which has the 
advantage of experimental simplicity by requiring only a single liquid flow 
and a filter membrane. A detailed theory of the hydrodynamics of the two 
systems presented here (asymmetrical channel with a plane membrane and 
a tubular channel with hollow fiber membrane) has been published else- 
where (2-4). This paper presents an experimental investigation with a wide 
range of type of colloids. Similar systems have also been investigated ex- 
perimentally though with a less rigorous theoretical analysis which does 
not take into account nonuniform permeation along the length of the mem- 
brane. These include Wahlund et al. ( 5 ) ,  who used the term EFFF, Doshi 
et  al. (6, 7), who called the technique polarization chromatography, Lee 
et al. (81, who used the term single phase chromatography, and, more 
recently, Jonsson et al. ( 9 ) ,  who used a hollow fiber module similar to that 
used here. In general, these papers give experimental results for a more 
restricted range of colloids and with a less rigorous theoretical analysis 
which does not take into account nonuniform permeation along the length 
of the membrane. 

2. OPERATING PRINCIPLE 
As in any conventional chromatographic technique, analysis by F. FFF 

is based on the measurement of the transit time of a sample carried through 
a separating system by a constant flow of eluent. In this case the retention 
of the colloidal species depends on their size. However, as opposed to 
conventional liquid- or gas-phase chromatography which involve a station- 
ary phase and a mobile phase, here we have only one phase which is the 
liquid eluent. 

Two separating devices have been used here, both of very simple ge- 
ometry. One is a thin (365 pm) rectangular channel of which one wall is 
a porous membrane, and the other is a narrow tubular porous channel 
formed by a hollow ultrafiltration fiber (diameter 230 km). These are 
shown schematically in Fig. 1. 

In both systems a single inlet flow is divided into two outlet components. 
One component passes through the channel as the carrier fluid, and the 
other passes through the membrane to form the polarized layer. In the 
experiments described here the total flow rate into the channel is controlled 
by a constant flow rate liquid chromatographic pump, and the flow rate 
through the membrane is controlled by aspiration with a constant flow rate 
peristaltic pump. 

This flow system creates a transversal flow component (radial in the case 
of the hollow fiber) which brings about a distribution of the colloidal species 
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FLOW FIELD-FLOW FRACTIONATION FOR COLLOIDS 1693 
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FIG. 1. Two types of F.FFF module. 

across the channel as shown schematically in Figs. 2 and 3. Since the colloids 
cannot pass through the membrane, a high colloid concentration is created 
at the membrane, which then tends to be redistributed across the channel 
by Brownian motion. After a certain time an equilibrium is attained be- 
tween colloid transport to the membrane by convection and away from the 
membrane by diffusion, resulting in a quasi-exponential concentration pro- 
file which depends on the flow conditions and the diffusion coefficient of 
the colloids, and hence their size. The larger the particles, the lower their 
diffusion coefficient and the closer they remain to the filtering membrane. 
This same phenomenon, of the formation of concentrated layers at a mem- 
brane, is encountered in cross-flow filtration systems and, by analogy with 
electrolysis, is called concentration polarization. 

The concentration gradients thus formed are moved through the channel 
by the velocity profile of the axial flow. The larger species located near 
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... _..._. .....:. 

Velocity # Concentrat ion 
profile profile 

FIG. 2. Schematic diagram of a single membrane rectangular channel F.FFF module. 

the membrane are moved through the channel by the slow velocity com- 
ponent near the channel wall, and the smaller species, which tend to be 
toward the center of the channel, are moved along by the higher velocity 
component. The result is that the smaller species pass through the channel 
more rapidly than the larger species. 

Velocity Concentration 
profile profile 

to 

r 

Permeate 

FIG. 3. Schematic diagram of a hollow fiber tubular channel EFFF module. 
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FLOW FIELD-FLOW FRACTIONATION FOR COLLOIDS 1695 

We have made a full theoretical analysis of the interplay between flow 
and diffusion for the separation of species by their size which has been 
presented elsewhere (2-4). Rigorous analytic solutions for the axial and 
tangential flow fields have been developed, and they show that in these 
systems, driven by internal pressure, the permeate flow through the mem- 
brane is greater at the inlet end than at the outlet end, and the variation 
is not linear along the length of the channel. Furthermore, in the case of 
an asymmetric rectangular channel, the velocity profile in the channel is 
not strictly parabolic, being slightly deformed by the transverse flow field. 
In conditions where the membranes are not too permeablc and the channels 
not too long, these results reduce to the simplified flow fields used in other 
work (7, 8). Criteria have been established for determining the limits of 
applicability of the simplified solutions. 

The transport behaviors of colloids in this tlow field have been deter- 
mined by obtaining an asymptotic solution to the convection-diffusion 
equation by using the method of Doshi et al. (7) in terms of the retention 
factor R, and the Peclet number at the membrane Pew, defined as 

(1) 
mean transit time of the carrier fluid 

mean transit time of the particles 
t, 

tp 
- _  Rf = - 

Here D is the diffusion coefficient (related to the particle diameter through 
the Stokes-Einstein equation), V ,  is the mean permeation rate through 
the membrane (total flow rate through the membrane divided by the total 
membrane area), and e is the characteristic dimension of the channel (width 
of a rectangular channel or radius of a tubular channel). The analytic 
expressions relating particle size, flow rate, and retention time are given 
below for the two types of channel considered. For a rectangular channel 
with one porous wall: 

R, = -[1 - Pe,/84 - 191PeW,’/46,200 + . - . I  
R, = -6/Pe,[l - 2/Pe, + 42/PeW2 - 604/Pe> + . . .I 

for Pew < 8 ( 3 )  

for Pew > 20 (4) 

For a tubular channel with radial symmetry: 

R, = -[1 + Pe,/24 - PeW2/1,440 + 101Pe,3/483,840 + ...I 
for Pew < 8 ( 5 )  
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1696 GRANGER AND DODDS 

R, = -4/Pew[l - 4/Pew + 72/PeW2 - 1,485/Pe,3 + . - a ]  

for Pew > 20 (6) 

This shows that for a given system there is a single calibration curve 
1/R, = f(Pew) which is linear for sufficiently high values of Pew and has a 
slope which depends on the geometry of the system (1 /6  for a rectangular 
channel with one wall and 1 /4  for a tubular channel). An example of the 
variation of l /Rf vs Peclet number at the permeable wall is given in Figs. 
9 and 11. Measurement of the retention time of an unknown species and 
knowledge of the mean residence time of the carrier fluid and the mean 
permeation rate together with the calibration curve therefore allows us to 
determine the size of the unknown colloid. For further details, not nec- 
essary for explaining the results reported here, the reader should refer to 
the original publications (2-4) .  

3. DETAILS OF THE TWO TYPES OF MODULE 

3.1. Rectangular Channel F.FFF Module 
Figure 4 gives an exploded view of the rectangular channel F.FFF module 

used in our experiments. The design is very similar to that used in cross- 
flow ultra- or microfiltration units as well as to those used by Giddings (1) 
for FFF. It is composed of two blocks of Plexiglas (4.5 x 11 x 70 cm) 
held together by 28 nuts and bolts. Between these blocks are held in 
succession: a membrane support plate made of sintered stainless steel (pore 
size 8 pm), an ultrafiltration membrane (Iris 3038 polysulfone cut-off 
10,000 MW made by RhBne Poulenc), and a spacer of Mylar rigid plastic 
350 pm thick in which the channel (length 60 cm, width 1 cm) is cut. Sealing 
between these is by 0 rings. The space under the membrane support plate 
is divided into five compartments each connected to a separate channel of 
a multitube peristaltic pump to ensure that flow through the membrane is 
equally distributed along its length. Liquid inlet and outlet are through 
orifices drilled in the upper Plexiglas block, and the ends of the channel 
are tapered to aid even fluid distribution. 

3.2. Tubular F.FFF Module 
This module, shown in Fig. 5 ,  comprises an ultrafiltration hollow fiber 

(type 110 polysulfone ultrafiltration fiber made by the team of P. Aptel, 
UniversitC Paul Sabatier, Toulouse, France, with a rating of 10,000 mo- 
lecular weight) held in a Plexiglas jacket. The jacket has an inside diameter 
of 1 cm and is about 2 m long with a screw tension system to hold the fiber 
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FLOW FIELD-FLOW FRACTIONATION FOR COLLOIDS 1697 

FIG. 4. Construction details of the rectangular channel F.FFF module with a single flat 
membrane. 

Permeate outlet 
Fibre tensmn device 

Air outlet 
I 

i 

Hollow 
fibre 

FIG. 5. Construction details of the tubular channel EFFF module with a hollow fiber. 
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1698 GRANGER AND DODDS 

straight in the center of the module and allow for variations in different 
fiber lengths. The permeate outlet is by a single point near the eluent inlet. 
The air outlet is used to aid the initial filling of the apparatus. 

3.3. Experimental Apparatus 
One or the other module is fitted in a conventional liquid chromato- 

graphic circuit as shown in Figs. 6 and 7. This comprises a constant flow 
liquid chromatographic pump (Gilson 302) with a pulse damper, an injec- 
tion valve (Rheodyne 7125) with a 20-pL loop, and either a UV detector 
set to 254 nm (Waters Lambda Max 481) or a differential refractometer 
(Waters R404). These are connected to a recorder and an integrator (In- 
tersmat minigrator). 

In the case of the rectangular char,,.d module, the permeate flow is 
controlled by an Ismatec 5 channel peristaltic pump which ensures a uni- 
form and fully controllable permeation rate along the length of the module, 
which allows experimentation on the influence of the permeation rate on 
the separation. 

In the case of the tubular module, the permeation flow is pumped from 
the external jacket at a single point close to the input end. The theoretical 
analysis mentioned in Section 2.1 predicts that the permeate flow is not 
uniform along the length of the fiber, being greater at the inlet end than 
at the outlet end. 

FIG. 6. Schematic diagram of the experimcntal set-up for the rectangular channel module. 
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Injection valve 

FIG. 7. Schematic diagram of thc expcrimcntal set-up for the tubular channel module. 

3.4. Experimental Conditions 
The input flow rates into the modules were from 0.1 to 1 mL/min with 

the rectangular channel and 0.1 to 0.5 mL/min with the tubular channel. 
The average output flow rates were close to 0.02 mL/min, and practically 
the whole of the input flow passed through the membrane. The average 
permeation rate was determined from the flow rate through the membrane 
divided by the total membrane surface. The carrier fluid used in all ex- 
periments reported here was prepared with high resistivity deionized water 
(Milli-Q) with 0.13 g /L  sodium azide (NaN,) as a bactericide and 0.75 
g/L sodium dodecylsulfate (SDS) to give an ionic strength of 2.6 mM. The 
solutions were filtered through a 0 . 2 2 - ~ m  Millipore membrane before use. 

20 FL samples of a 0.01% suspension were injected, and the resulting 
peaks were noted on the recorder and the integrator. 

4. RESULTS 

4.1. Calibration with Standard Particles 
Calibration was made with standard latex particles ranging from 0.05 to 

1 km in size. To extend the calibration below this range, we also used a 
sample of fluoresceinisothiocyanate dextran of molecular weight 67,000 
which has a size of 0.015 pm as measured by a Malvern 4600 Photon 
Correlation Spectrophotometer. 
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1700 GRANGER AND DODDS 

4.1 -1. Results Obtained with the Rectangular Channel Module 
Figure 8 gives an example of a chromatogram obtained with the rectan- 

gular channel for separate injections of samples of dextran with a molecular 
weight of 67,000 and latex particles of size 0.085, 0.091, and 0.145 pm. 
The eluent was SDS 2.6 mM with an input flow rate of 0.2 mL/min and 
a permeate flow of 0.18 mL/min. 

It can be seen that the chromatogram for the latex particles has two 
peaks for each sample. The first, with a sharp initial rise and a long tail, 
is always located at the same place whatever the size of the particles. This 
depends on the hydrodynamics in the system and corresponds to particles 
carried by the axial flow and unaffected by lateral migration or diffusion. 
The peak maximum is located at a residence time of 2tm/3, where t, is the 
mean residence team in the system, as would be expected for pure con- 
vective flow in this rectangular channel. 

The second peak, which is more spread out and relatively symmetrical, 
is located at longer times, the larger the size of the particle in the sample. 
This may be considered to be the peak predicted by the theoretical analysis 
corresponding to particles attaining a position near the membrane under 
the effects of convection and diffusion. Similar double peak responses have 

FIG. 8. Experimental results fur samples of standard latex particles using the rectangular 
channel module. (Eluent solution SDS, 2.60 rnM; inlet flow rate, 0.2 mllmin;  flow rate 

through the membrane, 0.18 rnL/rnin.) 
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FLOW FIELD-FLOW FRACTIONATION FOR COLLOIDS 1701 

been obtained by others for simple flow in tubes where the characteristic 
length was too short for Taylor dispersion analysis to apply; for example, 
Korenaga et al. (10) .  

Closer examination of these results reveals that the relative height of 
the two types of peak varies with the size of the particles ( 3 ) .  Using smaller 
and smaller particles reduces the height of the first peak and increases the 
height of the second peak. For very small, highly diffusive species, such 
as the dextran samples, the first peak is completely absent and we only 
observe the second peak. These effects may be interpreted as being due 
to larger particles having a lower diffusion coefficient and not having suf- 
ficient time to attain an equilibrium concentration profile at the membrane. 
The transport mechanism in the channel involves axial and transversal 
convection, and diffusion. The presence of two peaks in the response 
indicates that some of the particles are transported through the channel 
by axial convection before the effects of transverse convection and diffusion 
have had time to act. 

Other workers ( 5 , 9 )  have overcome this problem by using a “relaxation” 
technique where axial flow is stopped to allow time for the concentrations 
profiles to become established before elution. This was not used in our 
experiments because stopping and restarting flow leads to pressure tran- 
sients which perturb the experiments. Nevertheless, the differences shown 
in the residence times of the symmetrical peaks indicate that nonequi- 
librium F.FFF can be used as an analysis method. Furthermore, the ex- 
perimental procedure is simpler by being nondiscontinuous, which would 
be an advantage if used with automatic sample injection. We have therefore 
carried out experiments to study the influence of permeation rate on the 
R, values corresponding to the second peak to determine whether it is a 
function of Pew as predicted by the theory. 

Figure 9 gives a calibration curve of 1/R, vs Pew for the flat channel for 
different samples of standard particle and different permeation rates. It 
can be seen that there is a linear relation between Pew values of 20 and 
80. As expected from the theoretical analysis, l / R f  is always greater than 
1, and tends to 1 when Pew tends to zero. However, the slope of the 
experimental curve is 1/8.5 as compared to the predicted slope of 1/6. As 
mentioned above, the fact that the system has not fully attained the ex- 
pected equilibrium may explain this difference. 

4.7.2. Results Obtained with the Tubular Module 
Figure 10 shows the chromatograms obtained with the tubular module 

by using standard latex particles in the size range 0.085 to 0.794 pm with 
2.60 m M  SDS as the carrier fluid. As with the rectangular module, each 
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FIG. 9. Calibration curve for the rectangular channel module, l iR,  versus Pe,. 

sample injection in the tubular module also produces two peaks. As before, 
the first of these has a sharp front followed by a long tail, but here it is 
located at t m / 2  because the maximum axial flow rate in laminar flow in a 
tube is twice the mean flow rate. The second peak is more symmetrical 
and has a higher residence time, the larger the particles concerned. The 
same analysis of the interplay between diffusion and convection may be 
made and, as before, the results show the variation in retention which is 
obtained for different sizes of particle. 

The tubular module allows a wider range of operating flow conditions 
than does the rectangular cell, and an extensive series of experiments was 
performed at different permeate flows. One example for a range of dif- 
ferent particles with a fixed wall permeation flow rate are shown in Fig. 
11 as curves of l /Rf versus Pew. Figure 14 gives other results for a single 
size of particle, here dextran T.500, where the wall flow rate has been 
varied. 

Over the range of operating conditions allowed by the tubular module, 
it was found that, in general, the calibration curves have a convex shape 
and can only be considered to be linear for Peclet numbers below 100. In 
addition, over the month or so that a given fiber was in use, we found a 
progressive drift in the calibration curves. Theoretical analysis indicates 
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D~=462pm : L=206cm 
&=1.49cm/s.( Inlet ) 

FIG. 10. Experimental results using the tubular channel module for separate injections of 
standard latex particles. 

the importance of the dimensions of the channel and the membrane perme- 
ability on the uniformity of permeate flow along the length of the mem- 
brane. Accordingly, a long tubular channel having a high permeability is 
thus expected to have a greater permeate flow near the channel inlet than 
at the channel outlet, which may be considered to lead to this sort of 
nonlinearity. Furthermore, the dimensional changes due to pressure and 
changes in membrane permeability due to progressive clogging may explain 
the variability with use. As for the rectangular channel, the results do not 
agree with the theoretical prediction of a single linear calibration curve 
having a slope of 1/4 (Pew > 20). 

Figure 12 shows the effects of permeation flow rate on the separation 
of a mixture of standard latex particles of sizes 0.091 and 0.176 pm in 
suspension in a 2.60 mM SDS carrier fluid. It can be seen that higher 
permeation rates increase resolution at the expense of longer analysis times. 
Figure 13 gives an example of the separation of a three component mixture 
of standard latex particles of sizes 0.085, 0.22, and 0.55 Fm. 
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pew 
O ' " " ' " ' ' " ' * ~ "  50 100 150 

FIG. 1 1 .  A calibration curve for the tubular channel module, 1/R, versus Pe,.. The figures 
refer to the diameters of standard latex particles. 

4.2. Measurements with Various Types of Colloid 
In Table 1 we present the results obtained using F.FFF for determining 

the size in various colloidal suspensions. The particle sizes obtained are 
compared with measurements made by two other techniques: hydrody- 
namic chromatography and photon correlation spectrometry, which are 
reported elsewhere (11). Results obtained with dextran macromolecules 
are also given and compared with a mean particle size calculated from 
their molecular weight and intrinsic viscosity. 

The method used is to inject a sample of the unknown colloid in sus- 
pension in 2.6 mM SDS and determine the Rf value of the output peak. 
A Peclet number Pew is then read off the calibration curve established with 
the standard latex particles. Knowing the permeation rate then allows 
determination of a diffusion coefficient, from which an equivalent particle 
diameter can be calculated using the Stokes-Einstein equation. Generally 
several successive injections of the same sample are made at different 
permeate flow rates. Figure 14 shows such results for the case of dextran 
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A 
A? 

I 1 * Time 1 2  11 0 

fli I az6.79 +=1.71 cm/s 

Injection 

3172 1458 
I * Time t n  t l  0 

- 
Vwz9.94 .10-5crn/s 

Fzl .82  

FIG. 12. Effect of mean permeation rate V ,  in the tubular channel module on the separation 
of a mixture of two sizes of standard latex particles: 0.091 and 0.176 pm. 

T500 which are used to give an average equivalent diameter. The fact that 
all the points lie close to the same curve indicates that the technique gives 
very reproducible results. 

Table 1 gives the mean particle size obtained for a range of colloids 
together with comparative values determined by other techniques or by 
calculation from known properties. It can be seen that there is a certain 
degree of agreement between the equivalent diameters obtained by F.FFF 
and by hydrodynamic chromatography (HDC) and PCS as with the size 
of polymer molecules determined from their molecular weights. 

The results obtained with the fractionated Dextrun samples (Pharmacia 
Dextran T fractions), assuming the macromolecules to be spheres and 
that the calibration curve is linear for Pew less than 100, gives equivalent 
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0.085p 

I 

Injection 

J 
1 

Time 0 

y 8 I 

Q22wn I 

2 6 h  197s 1 

Time 0 

FIG. 13. Separation of a mixture of three standard latex particles in the tubular channel 
module. (Eluent SDS. 2.6 m M ;  inlet flow rate, 0.1 mL/min; flow rate through the membrane, 

0.075 mL/min.) 

TABLE 1 
Results of Analysis of Various Colloidal Suspensions by F.FFF, HDC, and Photon 

Correlation Spectrometry (PCS) 

Rectangular Tubular 
channel channel HDC PCS Calculated 
equivalent equivalent equivalent equivalent equivalent 
diameter diameter diameter diameter diameter 

Sample Type (nm) (nm) ( 4  (nm) (nm) 

Dextrans T10 4 5 
T40 12 10 
T70 14 13 
T500 30 33 45 33 
T2ooo 42 85 56 

Xylophene 20 100 130 
Stabisol 18 15 40 33 
Ludox TM 23 100 43 

HS 40 19 20 
UHT milk Full cream 500 490 440 

112 cream 400 350 
Mat paint Theodore 240 205 

AVI 3000 400 600 420 
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FIG. 14. Variation of 1/R, with mean permeation rate V,, in the rectangular channel for 
Pharmacia Dextran T500 (nominal molecular weight 500,000). 

diameters which increase with increasing molecular weight and which 
are close to the values calculated using the Mark-Houwink equation and 
molecular parameters given by the supplier. 

The equivalent diameters obtained for the samples of Xylophene, Stu- 
bisol, and Ludox are smaller than those measured by HDC and PCS. 
(Xylophene is an industrial phenolic emulsion provided by Rhone Poul- 
enc, Stabisol is a silica sol used for calibrating industrial turbidimeters 
provided by Tepral, and Ludox TM and HS 40 are colloidal silica dis- 
persions purchased from E. I. du Pont de Nemours.) These differences 
may be explained by the fact that the sizes involved here are below the 
range of calibration of HDC and require extrapolation of the calibration 
curves. The curvature of these is rather pronounced near the origin and 
extrapolation is uncertain. In PCS, agglomeration and contamination by 
larger particles in suspension cannot be excluded. 

The analyses involving U H T  milk, probably relating to caseine mi- 
celles, show good agreement between the three techniques F.FFF, HDC, 
and PCS. 

The same conclusion is obtained for the experiments on Acrylic emul- 
sion paint (both samples are commercial household products). However, 
the results obtained by HDC are rather different. This can be attributed 
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1708 GRANGER AND DODDS 

to aging of the sample because more than a year separated the HDC 
experiments from those of PCS and F.FFF. 

5. CONCLUSIONS 
These results demonstrate that, even when an equilibrium regime is not 

attained, EFFF does offer a means of characterizing colloidal suspensions, 
macromolecules, and emulsions. Reproducible values of equivalent di- 
ameter are obtained despite the variability involved in working with these 
inherently unstable products. The equipment is relatively simple with the 
important advantage of treating samples in their natural suspension me- 
dium and not subjecting them to physical or chemical effects which could 
denature them. Furthermore, F.FFF offers only a very small solid surface 
to the species under investigation and is thus less subject to adsorption or 
reaction interactions, and the very simple, uniform geometry of the chan- 
nels means that the danger of degradation by shear forces is much reduced, 
which may be important when characterizing emulsions. Another advan- 
tage is that separation can be controlled by the permeation rate, and hence 
the retention of species can be varied by simple adjustment of the relative 
flow rates through the channel and through the membrane. This makes 
the system more flexible than HDC and GPC, and it allows a wide size 
range to be examined in the same apparatus. The lower limit of measure- 
ment is that of the exclusion limit of the membrane, the upper limit de- 
pending on the time allowable for diffusion to take place and, in any case, 
around 1 pm. Diffusion becomes much less important than other transport 
phenomena above this size. 

NOMENCLATURE 
diffusion coefficient ( m2 / s) 
inside diameter of fiber (m) 
particle diameter (m) 
two values of particle diameter (m) 
thickness of rectangular channel (m) 
channel length (m) 
Peclet number at wall (defined in Eq. 2) (-) 
flow rate into channel (m3/s) 
flow rate out of channel (m3/s) 
permeate flow rate (m3/s) 
fiber radius (m) 
retention factor (defined in Eq. 1) (-) 
time (s) 
two values of time (s) 
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trn 

tP 

v w  

If,,,,, Vw2 
W 

mean residence time of fluid (s) 
mean residence time of particles (s) 
mean permeation velocity over the whole of the membrane 

two values of mean permeation velocity (m/s) 
width of the rectangular channel (m) 

W s )  
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