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PREFACE 

The means to harness the marvels of science are among the 
most well kept secrets of Nature. To unravel them we must 
ferret out the hidden assumptions that we so unwittingly make. 
This can be quite tricky, for as H. G. Wells put it: The 
forceps of our minds are clumsy things that crush the truth a 
little in the course of taking hold of it. 

In this respect, Nature seems to have riddled the 
development of Free-flow Zone Electrophoresis (FFZE) with more 
than its fair share of challenges. Most of these challenges 
stem from hydrodynamic instabilities that are either driven by 
gravity or induced by the electric field. This dissertation 
analyzes these transport effects with the objective of 
alleviating their limitations on resolution and throughput. 

In the first three chapters the history and theory of FFZE 
are presented. In Chapter IV the FFZE equipment and the 
experimental techniques are described. In Chapters V and VI 
the factors that determine resolution and throughput, and the 
methods used to estimate them are evaluated. 

In Chapter VII a mathematical model for thin-gap FFZE 
chambers is developed. The model takes into account 
asymmetric cooling at the walls, and allows the comparison of 
resolution between chambers with both walls cooled (symmetric 
cooling) and chambers with only one wall cooled. In Chapter 
VIII the model is used to predict the effect of key factors 
on bandwidth and resolution, and simulation results are 
compared to experimental data. Among the factors evaluated 
are the zeta potentials of the walls, temperature dependence 
of mobility, direction of flow, sedimentation, free 
convection, and symmetric versus asymmetric cooling. 

In Chapters IX and X design and operational strategies for 
enhancing resolution are presented. In Chapter IX a semi 
batch mode of FFZE that virtually eliminates dispersion of the 
sample is described. Experimental data obtained in this mode 
and in conventional FFZE are compared. In Chapter X design 
strategies for enhancing the peak-to-peak distande between 
sample components are described and modelled, and results are 
compared to experimental data. 
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In Chapter XI the limitations on throughput in FFZE are 
described, and a new approach to scale up is presented. Based 
on the findings of this study, a design for enhancing 
resolution and throughput is proposed and its capabilities are 
evaluated numerically. In Chapter XII the conclusions of this 
study are summarized. 

I close with a quote of Aristotle that captures my 
impressions of this endeavor: 

The search for the truth is in one way hard and in another way 
easy, for it is evident that no one can master it fully nor 
miss it completely, but each adds a little to our knowledge of 
Nature, and from all the facts there arises a certain 
grandeur. 

Tucson, Arizona 
August 1993 

Rizwan Sharnez 
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ABSTRACT 

With current free-flow zone electrophoresis (FFZE) 

technology, particles can be separated if their mobilities 

differ by more than 5%, at throughputs ranging between 108 and 

109 cells/hr. These capabilities are inadequate for most 

biological applications. 

The objective of this research was to alleviate the 

limitations of FFZE through analysis of the underlying 

transport effects. A mathematical model was developed, which 

led to a chamber design that amplifies the peak-to-peak 

distance between sample components 8 over five times; a mode 

of operation that virtually eliminates artifactual dispersion; 

and a new approach for scale-up. 

The model predicted the theoretical limit of resolution 

for symmetrically and asymmetrically cooled chambers to be 

0.7% and 4.9% respectively. The latter compares well with 

published values of around 5%. The significantly higher 

resolution of symmetrically cooled chambers is explained in 

terms of the temperature dependence of mobility. The effects 

of electrosmosis, sedimentation, free convection, and the 

direction of the flow on resolution were also evaluated. 
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The design feature that amplifies 6 in the new chamber is 

a series of constrictions along the axis of separation. The 

amplification of 6 at each constriction is shown to vary as 

the cube of the gap-width differential, and is explained in 

terms of selective increments in residence time and deflection 

rate of the faster component relative to that of the slower 

component. 

In the new mode of operation, called continuous-flow 

batch electrophoresis, the peaks are two to three times 

narrower and the distance between them 50% greater as compared 

to conventional FFZE. The higher resolution is accounted for 

in terms of uniformity of residence time and the absence of 

electroosmosis. 

In the new approach to scale-up, the ability to amplify 

6 is exploited to reduce the field strength required to obtain 

a given degree of separation. The disruptive effects of free 

convection and ohmic heating are thus suppressed by minimizing 

the heat generated by the field. 

Based on the findings of this study a new design for 

enhancing resolution and throughput is proposed. Simulation 

results indicate that under microgravity with the proposed 

design resolution would exceed 0.2%, while throughputs would 

be 102 times greater for cells and 104 times greater for 

proteins. 



Until you understand a wri ters 
ignorance, presume yourself ignorant 
of his understanding. 

- Samuel Coleridge 

When a thing was new, peopl e sai d 
'It is not true'. Later when its 
truth became obvious, people said 
, Anyway its not important', and when 
its importance coul d no t be deni ed 
people said, 'Anyway it is not new' . 

- William James 

16 
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CHAPTER I 

INTRODUCTION 

Recent developments in biotechnology have generated much 

interest in separation techniques for large scale purification 

of functionally homogeneous cell populations. A technique 

that has emerged as a good candidate for this purpose is Free

flow Zone Electrophoresis (FFZE). Its capability to separate 

particles on the basis of surface charge density is perhaps 

the most important reason why FFZE has gained acceptance as a 

technique for separating cells and subcellular elements. 

Since the surface charge density of a biological particle is 

related to its function, subpopulations purified by FFZE are 

often functionally homogeneous. Further, the functional 

specificity of FFZE can often be enhanced by selectively 

altering the surface charge of a subpopulation through 

chemical modification of surface groups. Being gentle and 

carrier- free FFZE also offers several advantages for large 

scale purification, including high retention of functional 

activity and efficient sample recovery. 

A major drawback of FFZE is that resolution and 

throughput are limited by transport effects. Resolution is 

limited by electroosmosis and the residence time distribution 

of the sample. The combination of these phenomena leads to 
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the crescent effect, which is a major cause of artifactual 

dispersion. Resolution is also limited by the fact that the 

subpopulations of most biological samples differ minutely in 

their electrophoretic mobilities (typically between 1 and 5%) . 

The transport effects that limit throughput in FFZE are zone 

sedimentation, buoyancy driven free convection, aggregation 

and secondary field effects such as ohmic heating and electro

hydrodynamics. With existing FFZE technology, subpopulations 

can be separated only if their mobilities differ by more than 

5%, at throughputs ranging between 10 8 and 109 cells/hr. These 

capabilities seriously limit the biological applications of 

FFZE. The objective of this research was to alleviate these 

limitations through analysis of the underlying transport 

effects. 

1.1 Principle of FFZE 

In zone electrophoresis separation is based on the 

principle that particles in an aqueous suspension move with a 

characteristic velocity when placed in an electric field. The 

velocity of the particle per unit of field strength is defined 

as the electrophoretic mobility. In general, the mobility 

depends on several parameters that characterize the particle 

and the separation medium. In FFZE the difference in mobility 

between particles is exploited to obtain continuous 

separation. Under typical operating conditions differences in 

mobility are primarily determined by the surface charge 
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Figure 1 Schematic representation of the principle of FFZE. 
The separation chamber consists of two flat parallel plates 
separated by a narrow gap in the x (transverse) direction. A 
conveying buffer flows downward (or upward) along the z 
(axial) direction, while a uniform electric field is applied 
in the y (lateral) direction. The sample is continuously 
injected into the buffer at the center of the gap (x=O, z=O) 
as a fine stream. As the components of the sample (A and B) 
are conveyed axially by the buffer, they migrate laterally 
towards the oppositely charged electrode. The component with 
greater surface charge density migrates faster, and so by the 
time the sample reaches the end of the chamber, the two 
components are separated by some peak-to-peak distance OM. 
The separated sample components are collected by a fraction 
collector mounted at the exit. 
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densities of the particles, which in turn depend on both 

surface composition as well as the physicochemical conditions 

of the medium. 

A schematic representation of the principle of FFZE is 

illustrated in Figure 1. The separation chamber consists of 

two flat parallel plates separated by a narrow gap in the x 

(transverse) direction. A conveying buffer flows downward (or 

upward) along the z (axial) direction, while a uniform 

electric field is applied in the y (lateral) direction. The 

sample, usually a dilute solution or suspension of charged 

particles, is continuously injected into the buffer at the 

center of the gap (x=O, z=O) as a fine stream. 

Consider a sample containing two negatively charged 

components A and B. Suppose that the elements of A have 

greater surface charge density a, and therefore greater 

mobility ~, than those of B (i.e. aA > aB , and ~A > ~B). As 

the elements of A and B are conveyed axially by the buffer, 

they migrate laterally towards the oppositely charged 

electrode, in this case the anode (+). Since ~A > ~B' 

component A migrates faster than component B. Consequently, 

by the time the sample reaches the end of the chamber, the 

elements of A and B are separated by some peak-to-peak 

distance OM. The separated sample components are collected 

by a fraction collector mounted at the exit. 
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1.2 Limitations of Current Technology 

In FFZE performance is determined by resolution and 

throughput. Both these parameters are limited by field and 

buoyancy induced effects. This section describes these 

limitations qualitatively. 

1.2.1 Inadequate Sensitivity 

An inherent limitation of FFZE is that the peak-to-peak 

distance between sample components 0 (Figure 1) is often too 

small to purify subpopulations of cells and organelles. There 

are three important reasons for this deficiency: (a) The sub

populations of most biological samples differ minutely in 

their mobilities (typically by < 5%); (b) The receptacles of 

the fraction collector must have an internal diameter of at 

least a few hundred microns to avoid clogging and distortion 

of the flow. Consequently, 0 has to be on the order of 1 mm 

to fractionate a sample into pure components; (c) The 

deflection D of the sample, which determines 0, has to be on 

the order of 1 cm to maintain stable flow under typical 

operating conditions (assuming an average particle-mobility of 

1 J.Lm/sec per V/cm) [1]. 

The existing technology is only sensi ti ve enough to 

separate subpopulations that differ by more than 5% in their 

mobilities [2]. This limitation can sometimes be overcome by 

selectively altering the surface charge of a subpopulation 

through chemical modification of surface groups [3,4]. A 
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drawback of this approach is that specific strategies have to 

be developed on a case-by-case basis. It can also lead to 

changes in functional activity, is time consuming, and often 

requires expensive reagents. 

1.2.2 Excessive Sample Dispersion 

Another factor that limits resolution in FFZE is 

dispersion of the sample along the axis of separation, which 

often leads to overlapping peaks. For bioparticles such as 

cells and organelles, the dispersion is primarily determined 

by velocity gradients along the transverse (wall-to-wall) 

axis. In the horizontal (xy) plane, the gradients are driven 

by electroosmosis, whereas in the vertical (xz) plane they are 

driven by Poiseuille flow and buoyancy-induced convection. 

The combination of these phenomena leads to the crescent 

effect [5]. To some extent this effect can be controlled by 

manipulating the zeta potential r at the walls. When r at the 

walls matches that of the component being separated, 

dispersion by electroosmosis just compensates for dispersion 

by Poiseuille flow [6]. Though this approach is effective, 

in practice it is difficult to accomplish. Further, the 

effectiveness of this approach is undermined when the axial 

and lateral velocity profile of the sample are significantly 

distorted from their ideal parabolic shapes [7]. Another 

drawback of this approach is that the chamber walls have to be 

frequently coated with a suitable reagent to maintain the zeta 



potential at an optimum. 
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Any variation from the optimum 

degrades resolution and complicates the estimation of hetero

geneity [8]. 

1.2.3 Limited Potential for Scale-up 

There are several limitations to the scale-up of FFZE. 

The primary cause of these limitations are transport effects, 

some of which are described below. 

Buoyancy Effects Buoyancy induced convection is perhaps the 

most important factor that limits scale-up. Thermal 

convection, induced by ohmic heating of the separation medium, 

destabilizes the flow if the cooling surfaces (i.e. chamber 

walls) are not close enough to facilitate efficient heat 

transfer. Typically, to dissipate the heat generated by the 

field without destabilizing the flow, the gap between the 

chamber walls has to be on the order of l mm [9]. Another 

buoyancy induced phenomena that limits throughput is zone 

sedimentation. For cell samples the threshold concentration 

at which zone sedimentation occurs is typically around lOB 

particles per mI. Until now these limitations have only been 

overcome under microgravity where buoyancy effects are 

negligible [lO,ll]. 

Wall Effects The walls of the separation chamber induce 

velocity and temperature gradients inside the sample stream. 

The uneven distribution of these parameters between the walls 

(along the x-axis in Figure l) limits application of the 
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sample to the center of the gap where variations in velocity 

and temperature are relatively small. Further, since 

resolution varies inversely with the thickness of the 

injection needle, only a very small fraction of the chamber 

cross section can be utilized for sample injection. 

The problem of temperature variation across the sample 

stream is also an important consideration in scaling-up FFZE. 

For instance, in a 0.5 cm thick chamber under typical 

operating conditions, the temperature drop from the wall to 

the center could exceed 17°C even if both the walls were 

cooled [12]. Since particle mobility increases by about 3% 

per °C [13], such a temperature drop could lead to intolerable 

dispersion. Further, if the thickness of the chamber were to 

exceed 0.75 cm, the temperature at the center would be too 

high for cells to remain viable. 

Secondary Field Effects Secondary field effects that limit 

scale-up in FFZE are ohmic heating and electrohydrodynamics. 

Ohmic heating poses a limitation on the ionic strength of the 

separation buffer. The heat generated by the field increases 

with conductivity, and therefore with ionic strength. 

Typically, the ionic strength of the separation buffer has to 

be an order of magnitude lower than that of most cell media to 

minimize ohmic heating. This can have an adverse effect on 

cell viability. Besides, the low ionic strength of the buffer 

limits sample residence time to a few minutes. It can also 
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lead to aggregation which in some cases limits sample 

concentration to less than 2 % by volume. Thus ohmic heating 

indirectly limits sample residence time and concentration, and 

therefore the resolution and throughput of the device. 

Electrohydrodynamics (EHD) is associated with variations 

in conductivity or dielectric constant [14]. It degrades 

resolution by deforming the sample stream [46]. An important 

factor that determines the degree of deformation is the 

concentration of the sample. Thus EHD indirectly limits 

throughput as well. It becomes an important consideration 

under microgravity where zone sedimentation ceases to limit 

the concen.tration of the sample. 

Because of the above limitations, FFZE has not yet been 

successfully scaled up under terrestrial conditions. with 

current technology throughput is limited to about 10 ml per 

hour, at concentrations between 107 and lOB cells per mI. On 

the other hand, experiments in space have demonstrated that 

buoyancy induced phenomena cease to be a limitation to scale

up under microgravitYi however, the data also indicate that 

the potential for scale-up is then limited by secondary field 

effects [15]. 



Research is to see what everybody 
else sees, and to think what nobody 
else has thought. 

- Albert Szent-Gyorgyi 

Imagination is more important 
than knowledge 

- Albert Einstein 
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Electrokinetic phenomena have been known for centuries. 

The earliest documented electroseparator dates back to 1667 

and is attributed to the Academy del Cimento of Tuscany [16]. 

The device consisted of an apparatus for separating smoke into 

two streams using an electrostatic field. 

Modern concepts of electrokinetic theory did not begin to 

emerge until the late eighteenth century. Coulomb first 

investigated the quantification of charge in 1785. In 1809 

Reuss observed transport of water through clay diaphragms in 

the presence of an electrical field [17]. It was the first 

recorded observation of electroosmosis (then known as 

electroendosmosis) . He also discovered the transport of 

suspended particles of clay in water (electrophoresis), in the 

same year. Wiedemann took the first accurate electroosmotic 

measurements in 1852 [18]. 

Quincke discovered streaming currents in 1859 [19], and 

went on to study the electrophoresis of starch grains in water 

in 1861 [20]. Quincke showed that streaming current and 

electroosmosis were complementary phenomena and explained them 

using the double layer theory. In 1879, Helmholtz put 

Quincke's theory into precise mathematical form for 
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capillaries [21]. He referred to Wiedemann's and Quincke's 

experimental results for confirmation of his equations. 

Smoluchowski improved on Helmholtz's model, extending it for 

pores of random shape in 1903 [22]. 

There have been a number of subsequent refinements and 

improvements on the understanding and derivation of 

electrokinetic theory. Gouy (1910), Chapman (1913), and Debye 

and Huckel (1924) have developed an analysis of the diffuse 

double layer with simplifying assumptions [23,24,25]. Verwey 

and Overbeek (1948) and Kruyt (1952) present the analysis 

along with some consequences of the simplifying assumptions 

[26]. An abbreviated version of the theory is presented in 

Chapter III. 

2.1 Development of Free-flow Zone Electrophoresis 

The idea of a FFZE fractionator was first reduced to 

practice in 1959 by Barrollier and coworkers to purify 

biomolecules [27]. The technique was further developed by 

Hannig [28], and Strickler [29]. Early applications of FFZE 

were restricted to the separation of soluble components such 

as proteins and other biomolecules; later the technology was 

extended to cells and subcellular elements [30,31]. 

A chronological summary of major developments in FFZE 

appears in Table 1. 
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Table 1. 
FFZE. 

A chronological summary of major developments in 

Year 

1958 

Author 

Barrollier 
[27J 

1957/ Svensson/ 
1959 Mel [32J 

1960 Kolin [33J 

1961 Hannig 
[28J 

1967 

1978 

1980 

Strickler 
[29J 

Wagner 
[34J 

Philpot/ 
Mattock 
[35,36J 

Invention Principle 

FFZE Differential 
migration 
perpendicular to 
a continuously 
flowing medium 

Significance 

Continuous 
operation 

Density
Gradient 
FFZE 

Density-gradient Enhanced 
stabilizes flow convective 
against buoyancy stability 
driven convection 

Endless 
Belt FFZE 

Electromagnetic 
rotation stabal
izes flow 

Thin-film Thin film 
FFZE facilitates 

Concept 
of optim
izing 
electro
osmosis 

Free-Flow 
Field 
Step 
Focusing 

Velocity
Gradient 
Stabil
ized FFZE 

efficient heat 
removal 

Electroosmosis 
compensates for 
artifacts of 
residence-time 

Step-change in 
buffer con
ductivity retards 
band-migration 

Rotation of 
outer wall of 
annulus 
generates ang
ular velocity 
gradient to 
stabilize flow 

Enhanced 
convective 
stability 

Enhanced con
vective stabil
ity and cooling 
efficiency 

Minimized the 
Crescent 
Effect 

Concentration 
of sample 

Enhanced 
convective 
stability 
and throughput 
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Table 1. A chronological summary of major developments in 
FFZE. (continued) 

Year Author Invention Principle Significance 

1982 Hannig Antigen- Chemical Amplification 
[3,4] Specific modification of of peak-to-peak 

FFZE surface groups distance 

1985 Ivory Recycle Separated fract- Enhanced 
et. al. FFZE ions are re- convective 
[37] cycled; external stability and 

cooling residence time 



It must have required many 
ages to discover that a brace of 
pheasants and a couple of days 
were both instances of the number 
two. 

- Bertrand Russell 

When the British Prime 
Minister asked Michael Faraday of 
what use was his electromagnetic 
theory, Faraday replied that he 
did not know, but he was sure the 
government would one day figure 
out how to tax it. 
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THEORY 
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The limitations of FFZE described in Chapter I 

demonstrated the need for a better understanding of the under

lying transport effects that lead to the deformation of the 

sample stream. Broadly speaking these effects can be divided 

into two categories: one at the microscopic level that deals 

with individual particles and their interactions, and includes 

phenomena such as electrokinetics and sedimentation; and the 

other at the macroscopic level that involves the equations of 

change for the bulk of the fluid. In this chapter fundamental 

concepts and equations that describe these transport effects 

in FFZE are outlined. 

3.1 Transport Effects at the Particulate Level 

In FFZE, phenomena at the particulate level that are 

known to influence the deformation of the sample stream are: 

(i) electrophoresis and electroosmosis, (ii) electrohydro

dynamics, and (iii) sedimentation. In this section the 

equations underlying these phenomena are presented and their 

range of validity is discussed. 
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3.1.1 Electrophoresis and Electroosmosis 

Electrophoresis and electroosmosis are complementary 

transport effects that involve relative motion between solid 

and liquid phases in the presence of an external electric 

field. Electrophoresis refers to the movement of the solid 

phase, such as the migration of particles through a relatively 

stationary fluid, whereas electroosmosis refers to the 

movement of fluid past a solid, such as the permeation of 

fluid through a porous filter cake during electrofiltration. 

The relative motion that occurs at the solid/liquid 

interface is a result of the electrical charge on the surface 

of the solid. The surface charge is usually acquired through 

a combination of a number of mechanisms, including non

stoichiometric dissolution, ion and surfactant adsorption, 

intercalation, and ionization. The sign and magnitude of 

surface charge is often dependent on the concentration of 

certain ionic species in aqueous solution, referred to as 

potential determining ions, or PD ions. Because of the charge 

on the surface of the solid, the solvent in the immediate 

vicinity of the interface rearranges its ionic species so as 

to neutralize the charge on the surface. The resulting 

rearrangement of charge at the interface gives rise to an 

electric double layer consisting of two regions: an 

immobilized inner region called the Stern layer which 

typically extends over 4 to 10 angstroms from the interface, 
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Figure 2. Schematic representation of the electric double 
layer around a charged solid/liquid interface. Because of the 
charge on the surface of the solid, the sol vent in the 
immediate vicinity of the interface rearranges its ionic 
species so as to neutralize the charge on the surface. The 
resulting rearrangement of charge at the interface gives rise 
to an electric double layer consisting of two regions: an 
immobilized inner region called the Stern layer which 
typically extends over 4 to 10 angstroms from the interface, 
and a mobile outer region called the diffuse layer which 
extends much further into the solution. The zeta potential r 
is the potential difference between the plane of shear 
(slipping plane) and the bulk of the liquid. 
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and a mobile outer region called the diffuse layer which 

extends much further into the solution. A schematic 

representation of the electric double layer is shown in Figure 

2. 

In fluid flow conditions, as will be discussed later, the 

Stern layer is immobile, whereas the diffuse layer moves with 

the fluid. Typically, the only ions that can enter the Stern 

layer are the PD ions and chemically adsorbed surfactants 

which have a strong interaction with the surface. On the 

other hand, the diffuse layer is composed of all of the ionic 

constituents of the solution. Since the system as a whole is 

electrically neutral, the sum of the excess charge in these 

two layers is equal to the charge on the surface. 

The application of an electric field over a charged 

solid/liquid interface leads to relative motion between the 

two phases. In the immediate vicinity of the solid surface a 

few layers of fluid are immobile with respect to the solid. 

Thus a "slipping plane" exists some distance away from the 

interface. In aqueous systems, the immobile fluid is 

generally considered to consist of oriented dipoles, and the 

slipping plane is located just outside the Stern layer, as 

shown in Figure 2. The potential at the slipping plane is 

called the zeta potential and is the most easily measured 

quantity defining the double layer. 
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The relation between the electrophoretic 

velocity of a particle and the properties of its electric 

double layer was derived by Helmholtz [21] and improved by 

Smoluchowski [22]: 

vep = r E € /4 7rTJ (3.1) 

here vep is the velocity of the particle, E is the applied 

electric field, € and TJ are the dielectric constant and 

coefficient of viscosity of the surrounding fluid, and r is 

the zeta potential of the particle. 

Huckel proposed that the electrophoretic velocity in the 

above equation be attenuated by 2/3, due to the motion of the 

charged diffuse double layer in the opposite direction. 

However, this argument holds only if the electric field is not 

deformed by the particle in the bulk of the double layer, and 

is valid only for conditions where the conductivity of the 

particle is exactly equal to that of the fluid, or if the 

dimensions of the particle are so small compared to the double 

layer, that the deformation of the field is negligible. In 

most practical situations, these conditions do not arise and 

Equation 3.1 is valid. At 25 degrees centigrade, in aqueous 

systems, Equation 3.1 can be written as, 

r = 14. 1 /lep (3.2) 

where /l~ = v~/E is the electrophoretic mobility, measured in 

units of microns/sec per V/cm, and r is the zeta potential in 

millivolts. 
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Validity of The Smoluchowski Equation The Smoluchowski 

equation described above has a limited range of applicability. 

Various assumptions are made in its derivation from the 

fundamental equations of electrical phenomena and fluid 

dynamics. The most important of these are the following: 

1. The particle is spherical, rigid, and nonconducting 

2. The particle dimension a is much greater than the 

thickness of the double-layer 11K 

3. The surrounding fluid is unbounded 

4. The zeta potential is uniform over the particle surface 

5. The particle permittivity is much less than that of the 

fluid 

6. The ion densities are not changed by the applied field. 

Morrison [38] showed that if all other assumptions are valid, 

the Smoluchowski equation holds for a nonconducting, rigid 

particle of any shape. Assumption (3) has only recently been 

relaxed [39]. The effect of proximal boundaries is relatively 

weak (except for electroosmotic flow generated by the 

boundaries) compared to boundary effects on sedimentation and 

diffusion. 

The last assumption (6) appears to be consistent with 

assumptions (2) and (5), for on the length scale Ka the 

particle surface is approximately flat and the field is 

locally tangential. Thus the field sweeps ions across the 

surface without any apparent tendency to change the ion 
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densities. There is an inconsistency in this argument, 

however, for the tangential flux of ions must lead to a 

buildup of diffuse charge over some parts of the surface and 

a depletion over others. This charge buildup leads to a field 

which opposes the driving field in the double layer. The 

Smoluchowski analysis is only valid if this back field is 

small in comparison with the driving field. 

It has been shown that the ratio of the back field to the 

driving field is small if 

Ks/K,., a < < 1 (3.3) 

where Ks is the "surface" conductivity of the double layer, K", 

is the conductivity of the equilibrium electrolyte beyond the 

double layer, and a is a characteristic particle dimension 

[40]. The above condition can be reduced to 

exp (elzirl/2kT) / Ka « 1 (3.4) 

where Zi is the valency of the most highly charged counterion 

[41]. When the above condition is satisfied the error in the 

Smoluchowski equation is O(l/Ka) and is 3% at Ka = 100. 

The breakdown in the Smoluchowski expression is only 

partly due to the back field, for in addition to creating a 

charge buildup in the double layer, the tangential ion fluxes 

lead to a change in average ion density which then diffuses 

out into the surrounding electrolyte. The resulting 

tangential gradients in ion density result in tangential 

osmotic pressure gradients which alter the flow in the double 
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layer. It has been shown that if the above constraint holds, 

this second effect is also negligible [42]. Thus Equation 3.4 

gives the range of validity of the Smoluchowski equation. 

Electroosmosis When the solid phase is held stationary and 

the charged fluid is free to move under the action of an 

electric field, an analysis of the electroosmotic problem 

follows the same lines of argument as the case for 

electrophoresis. The electroosmotic velocity Veo is then given 

by: 

veo = r E € /4 nT/ (3.5) 

where the subscript eo implies that the velocity is of the 

fluid due to electroosmosis. 

Concentration Dependence of Electrophoretic Mobility At a 

finite concentration of particles, the mean electrophoretic 

mobility ~ep is less then that predicted by the Smoluchowski 

equation ~epo because of hydrodynamic interactions. For large 

particle size as compared to the thickness of the double 

layer, and for particles with identical zeta potentials, the 

concentration dependence of ~ is given by [43]: 

~ep/ ~ep 0 = 1 - ¢ + 0 (¢2) (3.6) 

at low particle volume fractions (¢), and approximately by: 

1 - O.32¢ 
(3.7) 

1 + O.68¢ 

at higher volume fractions [44]. 
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3.1.2 Electrohydrodynamics 

The equations of electrohydrodynamics (EHD) were developed 

by Taylor [45]. He showed that the elongation of a drop 

subjected to an electric field depended on the ratios of the 

conductivity, viscosity, and dielectric constant for the drop 

and the surrounding fluid. He determined a discriminating 

function to predict whether the drop would become prolate or 

oblate. 

His arguments have been used to calculate the distortion 

of the sample stream during electrophoresis [46]. The 

expression for the surface stress on the sample stream is: 

c ----------- [8 (R2 + R + 1) - 3] cos 28 (3.8) 

where C is the surface stress, E is the electric field, R is 

the ratio of the conductivity of sample to that of buffer 

a2 /a1 , K2 is the dielectric constant of the sample, 8 is the 

ratio of the dielectric constant of the buffer to that of the 

sample K1 /K2 , and 8 is the angle with respect to the field. 

The term inside the brackets can be considered a 

discriminating factor since it determines the sign of the 

surface stress at a specific angle, 8. The ratio of 

dielectric constants 8 is very near unity for dilute samples 

prepared with the separation buffer. Therefore, when the 

conductivity of the sample equals that of the buffer (R = 1) 



a) Higher Conductivity in Sample Stream ( 0"1 > 0"2 ) 

8 + - I 

b) Higher Conductivity in Surrounding Buffer ( 0"2 > 0"1) 

o + - I 

Figure 3. Surface stresses induced by electrohydrodynamics 
on a cylindrical sample stream in FFZE. (a) The sample 
stream tends to elongate in the direction of the field when 
the electrical conductivity of the sample is greater than 
that of the surrounding buffer; (b) Conversely, when the 
electrical conductivity of the surrounding buffer is 
greater than that of the sample the sample stream tends to 
elongate perp8endicular to the direction of the field. 
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the surface stress is zero, and the sample stream is 

undistorted. When R is greater than one (high conductivity 

sample), the discriminating factor and surface stress is 

positive and the surface stress varies with e as shown in 

Figure 3a. For a relatively low conductivity sample, R is 

less than one and the surface stress vectors are reversed as 

shown in Figure 3b. 

3.1.3 Sedimentation 

The sedimentation velocity of a spherical particle 

droplet} is given by Stokes law: 

a 2 g (pp - Pf) 

18 TJ 

(3.9 ) 

(or 

where a is the diameter of the particle (or droplet), g is the 

acceleration due to gravity, Pp and Pf are the density of the 

particle (or droplet) and of the fluid respectively, and TJ is 

the viscosity of the fluid. Equation 3.9 is valid for Rep « 

1. 

3.2. Equations of Change 

For a parallel plate FFZE separation chamber (Figure 1), 

the equations of change in the fully developed region assuming 

fluid properties to be independent of temperature are: 

(i) Equation of Continuity 

(3.10) 
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(ii) Equation of Motion 

The y-component (driven by electroosmosis) is, 

+ 'Tl + -- (3 .11) 
ay 

and the z-component (driven by forced convection and buoyancy 

induced convection) is, 

avz ap a 2v z a 2v z 
PVy - - + 'Tl + --

ay az ax2 ay2 

- pg/3 T (x) - Tw ] (3 .12) 

where Tw is the temperature at the wall (assumed to be 

independent of z) . 

(iii) Equation of Energy 

+ k + --
ay ax 

(3 .13 ) 

In the above equation a is the electrical conductivity of the 

separation medium and the term aE2 represents the heat 

generated by the electric field E. 

Equations 3.10 through 3.13 are valid in the steady state 

(i.e. a/at=O) , and far enough downstream from the electrodes 

for axial gradients to be negligible (i.e. a/az=O). The 

latter restriction limits the applicability of the equations 

to fully developed flow. In FFZE the distance ze after which 
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the flow become fully developed can be estimated by the 

relation [47]: 

(3.14 ) 

where d is half the thickness of the separation chamber. 

If edge effects can be neglected, as in case of chambers 

with large width to thickness ratios, lateral (y) gradients 

can be dropped and the equations of change reduce to: 

d 2v y 

7J Py (3.11b) 
dx2 

d 2v z 

7J Pz + pg{3 [ T (x) - Tw] (3.12b) 
dx2 

and, since Vx = 0 by virtue of continuity, the equation of 

energy reduces to: 

k (3.13b) 

In Equations 3.11b and 3.12b, Py and Pz are constants related 

to the pressure gradient in the y and z directions 

respectively. 

Equation 3.11b describes the motion of the fluid induced 

by electroosmosis, whereas Equation 3.12b describes fluid 

motion induced by the imposed axial pressure gradient and by 

buoyancy. The energy equation (3.13b) equates the heat 

generated by the field (aE2) to the heat conducted from the 

fluid to the walls. 
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The simplified equations of change (Equations 3.11b 

through 3.13b) can be readily solved for chambers with both 

walls cooled. The solutions are [48,49]: 

/lwE 
[1 - 3 x 2 /d2 ] (3.11c) 

2 

x 2 BF x 2 1 
(vz ) max ( 1 - -) [ 1 + ) ] (3.12c) 

d 2 18 d 2 5 

and 

(J (Ed) 2 X 2 

T (x) - Tw = ( 1 - - ) (3.13c) 
2k d 2 

where /lw is the electroosmotic mobility at the wall, (vz ) max is 

the axial velocity of fluid at the center the gap (x=O) 

without the field (E=O), Tw is the temperature of the walls, 

and BF is defined as: 

BF (3.15) 
2 k 'TJ (vz ) avg 

where (vz ) avg is the average axial fluid velocity [= 2/3 

(vz ) max]. Note that for E = 0 Equation 3.12c reduces to: 

x 2 

V z = ( v z) max ( 1 - - ) (3.12d) 
d 2 

which describes the Poiseuille velocity profile in a slit. 
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Equation 3.13c indicates that the temperature distribution 

in the gap between the two plates is parabolic. The maximum 

temperature rise in the gap is obtained by setting x = 0: 

a (Ed) 2 

2k 

Combining Equations 3.13d and 3.15 gives, 

BF 

BF 

p g (3 (l~T) max d2 

TJ V z 

p2 g (3 (boT) max d 3 TJ 

TJ2 P V z d 

(3.13d) 

the first term on the RHS of the above equation is the Grashof 

Number and the second term is the reciprocal of the Reynolds 

Number, therefore, 

Grashof Number 
BF = 

Reynolds Number 

Since the Grashof Number represents the ratio of buoyancy 

forces to viscous forces, and the Reynolds Number represents 

the ratio of inertial forces to viscous forces, BF represents 

the ratio of the buoyancy driven convection to forced 

convection. When BF « 1, the effect of buoyancy on the axial 

velocity profile can be neglected, and as predicted by 

Equation 3.12c the profile will be almost parabolic. As BF 

increases, the warmer fluid at the center of the gap tends to 

rise, and so the Poiseuille profile of Equation 3.12d becomes 



DOWNFLOW UP FLOW 

A=-30 
2.0 

1.5 

1.0 

0.5 

o -I -1- 1-

Figure 4. Dimensionless velocity profile ~ = vz/(vz)~ 
(Equation 3.12c) for different values of the buoyancy 
factor BF in the fully developed region of an FFZE 
chamber with both walls cooled [49]. In (a) the 
direction of flow is aligned with gravity (downflow) ; in 
(b) the direction of flow is opposed to gravity (upflow) . 
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increasingly distorted. In downflow buoyancy tends to flat ten 

the velocity profile, whereas in upflow it tends to sharpen 

it. Figure 4 shows the axial velocity profiles of the fluid 

in downflow (a) and upflow (b) for BF varying between 0 and 

90. Note that there is a reversal of flow at the walls when 

BF < - 22.5 for upflow, and when BF > 90 for downflow. 

Equations 3.11c through 3.13c give the velocity and 

temperature profiles of the fluid in the fully developed 

region of an FFZE separation chamber in which both walls are 

cooled, edge effects are not important, and the temperature 

dependence of fluid properties can be neglected. 



Steam is no stronger now 
than i t was hundred years ago, 
but it is put to better use. 

- Anonymous 
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EXPERIMENTAL 
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4.1 Electrophoresis Equipment. FFZE experiments were 

performed on the ACE 710 (Hirschmann-Geratebau, Unterhaching, 

West Germany). A schematic diagram of the experimental setup 

is shown in Figure 5. The separation chamber consisted of two 

vertically mounted parallel plates approximately 0.4 mm apart. 

Both plates were made of glass and were pretreated with 3% 

bovine serum albumin solutions to roughly match the zeta 

potential of the sample. The rear plate was connected to a 

circulating coolant system to dissipate the Joule heat 

generated by the electric field. The temperature was measured 

by a PT-100 sensor mounted on the front plate. The 

temperature was adjusted and regulated by Peltier elements 

connected to the cooling plates. A multichannel peristaltic 

pump maintained a constant downward flow of the separation 

buffer in the gap between the two plates. The sample was 

injected by a small peristaltic pump as a fine stream at the 

center of the gap. The field across the gap was generated by 

platinum electrodes approximately 4 cm apart. The electrodes 

were embedded in the front plate in 12 cm long slots located 

on either side of the chamber. The electrode compartments 

were isolated from the separation chamber by ion exchange 
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Figure 5. Schematic Representation of the experimental setup: 
(1) Cooling system; (2) Reservoir for separation buffer; (3) 
Sample pump; (4) Electrode chambers; (5) Separation chamber; 
(6) Scanner and optical window; (7) Peristaltic pump for 
separation buffer; (8) Fraction collector; (9) Electrode 
buffer pump. The cooling system controlled the temperature of 
separation chamber between 4° and 30° C. A magnified image 
from the scanner was projected on a monitor. Profiles from 
the monitor could be plotted as distribution curves 
representing absorbance at 225 nm (uv light) or 380 nm 
(visible light). 
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The membranes prevented the separation and 

electrode buffers from mixing while allowing ions to pass 

through. Products of electrolysis were flushed from the 

electrode chambers by vigorous circulation of electrode 

buffer. A built-in video camera scanned the sample at the 

base of the chamber and a magnified image of the scan was 

projected on a monitor. Profiles from the monitor could be 

plotted as distribution curves representing absorbance at 225 

nm (uv light) or 380 nm (visible light). The effluent 

fractions emptied into a 35-port fraction collector mounted at 

the base of the chamber. The separations were performed 

isothermally at 24°C. 

4.2 Sample Preparation 

The FFZE experiments were performed with four types of 

samples: (i) yeast cells (ii) mixtures of fixed red blood 

cells; (iii) a 1:1 mixture of two emulsions E1 and E2; and 

(iv) a 1: 1 mixture of Band T cells. The samples were 

prepared as follows: 

Yeast Cells Yeast cells were harvested from batch cultures of 

Leucosporidium stokesii CBS 5917 [50], a psychrophillic yeast 

that was originally isolated from an Antarctic snow-core 

sample [51]. The cells were grown as previously described 

[52], with minor modifications. A Difco-YNB medium (Difco 

Laboratories, Detroit MI) supplemented with 1 % glucose was 

used as the nutrient. The active surface area to volume ratio 
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for the medium was approximately 1:10. Cultures were 

maintained at 15°C and were aerated with a magnetic stir 

plate. Cell growth was monitored turbidimetrically (Beckman, 

DU-7) at 660 nm. Figure 6 shows the growth curve for the 

cells. 

Fixed Red Blood Cells Red blood cells were fixed as follows: 

(i) the cells were washed twice in Alserver's solution for 7 

minutes at 1100 rpm; (ii) the washed cells were resuspended in 

0.0375 M phosphate buffer (pH 7.4) containing 2% glutar

aldehyde; (iii) after 1 hour the cells were washed twice in 

the separation buffer for 7 minutes at 900 rpm. 0.02% azide 

was added to the cell suspension as a bactericide. 

Emulsions The emulsions contained concentrated aqueous 

suspensions of sub-micron size oil droplets that had different 

types of peptides on the surface (Chiron, Emmeryville CA). 

Samples were prepared by diluting the suspensions of the 

emulsion particles (E1 and E2) with the separation buffer. 

Band T Cells Band T cells were isolated from mouse spleen 

as previously described [53]. 

Cell samples were prepared by washing freshly harvested 

cells in separation buffer at 700g for 20 minutes. The final 

suspension density was adjusted to approximately 5 x 107 

cells/ml for the fixed red blood cells and for L. stokesii, 

and to approximately 107 cells/ml for the Band T cells. 
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4.3 Buffer Compositions 

The separation buffer contained 240 mM Glycine, 15 mM 

triethanolamine and 4 mM potassium acetate; the electrode 

buffer contained 75 mM triethanolamine and 20 mM potassium 

acetate (11 mM glucose was added to the separation buffer for 

the Band T cells). The pH of both buffers was adjusted to 

7.2 with glacial acetic acid. The final conductivities of the 

separation and electrode buffers were approximately 1100 ~ 

mhos/em and 5400 ~ mhos/em respectively. Before running an 

experiment the separation buffer was degassed under vacuum to 

minimize formation of air bubbles inside the separation 

chamber. 



The human mind, expanded by 
an idea, never re turns to its 
original dimension. 

- Anonymous 

There is something 
fascinating about Science. One 
gets such wholesome returns of 
conjecture out of such trifling 
investment of fact. 

- Mark Twain 
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CHAPTER V 

CHARACTERIZING PERFORMANCE IN FFZE 

As with most separation methods, performance in FFZE is 

determined by resolution and throughput. The mathematical 

relationships and physical constraints that determine 

resolution and throughput are derived in this chapter. 

5.1 Factors that Determine Resolution. 

In FFZE resolution is determined by three factors: 

(i) the differential migration of sample components; 

(ii) the artifactual dispersion1 of the sample; 

(iii) the dimensions of the injection and collection tubes. 

The first factor, differential migration, which is the 

principle of separation in FFZE, enhances resolution. On the 

other hand, the second factor, artifactual dispersion, is an 

undesirable side effect that degrades resolution. The third 

factor, the dimensions of the injection and collection tubes, 

are mechanical constraints that must be minimized in order to 

enhance resolution (see Section 5.3.3). Therefore, resolution 

can be enhanced by maximizing differential migration, and 

minimizing artifactual dispersion and the dimensions of the 

li.e. dispersion of the sample by virtue of factors other 
than its electrophoretic heterogeneity 



61 

injection and collection tubes. This can be stated 

mathematically by defining the migration of a particle in 

terms of the internal and external coordinates of the 

particle. For narrow gap chambers, where axial (z) and 

lateral (y) gradients are negligible, particle migration (D) 

is only a function of net particle mobility (~), and 

transverse position (X)i Figure 1. Thus, 

D = D (~,x) 

dD = aD/a~ll( d~ + aD/axil! dx 

(5.1) 

(5.2) 

In the above equation aD/a~ll( and aD/axil! are a measure of 

differential migration and artifactual dispersion 

respectively. In the sections that follow the factors that 

determine differential migration and artifactual dispersion 

are analyzed mathematically. 

5.1.1 Differential Migration 

By definition, differential migration is a measure of the 

sensitivity of a device for differentiating between particles 

of different mobility. For a given fl~, the differential 

migration flD, to which resolution is directly proportional, is 

determined by aD/a~Il(' Further, 

D = Vy T = ~ E T (5.3) 

Where Vy and T are the net lateral velocity and the residence 

time of the particle respectively; and Vy = ~E, where ~ and E 
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are the net mobility of the particle and the field strength 

respectively. Since E and T are independent of ~, 

(5.4a) 

The LHS of Equation 5. 4a, the differential migration, 

depends only on the product ET at a specified distance from 

the wall (x), or, as implied by Equation 5.3, on the net ratio 

5.1.2 Artifactual Dispersion. 

By virtue of Equation 5.3 artifactual dispersion of the 

sample along the separation coordinate (y) can be expressed 

as, 

(5.5) 

where I~ implies that the differential is for a given 

particle. Note that ~ is the net mobility of the particle 

(i. e. its electrophoretic mobility ~ep plus the mobility 

imparted to it by electroosmosis). Equation 5.5 can be 

simplified by noting that 

E (x) = i (x) I a (x) (5.6) 

where i and a are the current density and electrical 

conductivity of the buffer. a varies quite significantly with 

temperature2 , however, this is compensated by the distribution 

of current across the cross section i (x), which tends to 

cancel any variation in E with x. Therefore, E can be 

2Typically, a (DOC) .,.. 4.25 ~mho/cmi a (35°C) .,.. 12 
~mho/cmi 
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considered to be independent of x. Further, T = L / Vz , where 

L is the effective length of the chamber and Vz is the net 

axial velocity of the particle. Consequently, Equation 5.5 

can be written as: 

(5.7) 

where Vy = ~E is the net lateral velocity of the particle. 

Equation 5.7 states that for a given population the degree of 

artifactual dispersion depends on the transverse gradient of 

the ratio of the net lateral and axial velocities of the 

population. Therefore, to get a better insight into the 

factors that determine aritfactual dispersion, expressions for 

the net lateral and axial velocities of a particle have to 

derived in terms of the parameters of the device. 

Expression for the Net Lateral Velocity of a Particle Vy The 

net lateral velocity of a particle in FFZE is the sum of its 

electrophoretic velocity vep given by Equation 3.1 and the 

lateral velocity of the fluid Vy given by Equation 3.11c: 

vep ~epE = r e/47f'f/ (x) (3.1) 

= ~eo E = - flw E/2 (1-3x2 /d2
) 

- 3~w E/2 (1-x2 /d2
) + ~wE 

(3.11c) 

(3.11c') 

The above equations are valid for chambers with both walls 

cooled. Note that the x dependence of 'f/ in Equation 3.1 

arises from the transverse temperature gradient gi ven by 
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Equation 3.13c; the temperature dependence of € is neglected. 

For a linear temperature dependence of ~ on T, 

~ = ~o (1 + a ~ T) (5.8) 

where ~ and ~o are the viscosities at temperatures T and To, 

a is the temperature coefficient of viscosity, and ~T = T -

To. Substituting Equation 5.8 into Equation 3.1, 

(5.9a) 

For small values of a~T ( « 1 ) 3, Equation 5. 9a can be 

expressed as, 

f1ep = f1ep a ( 1 - a ~ T) 

Substituting for ~T from Equation 3.13c, 

f1ep = f1ep a [1 - a ~ T cH (1- x 2 I d 2 ) ] 

(5.9b) 

(5.9c) 

where ~TCH is the characteristic temperature difference 

a (Ed) 2/2k, and f1epo is the mobility of the particle at the 

temperature of the walls (Tw)' Combining Equations 5.9c and 

3.11c' gives the net lateral velocity of the particle 

Vy = E [- 3/2f1w ( 1 - x 2 /d 2 
) + f1w + f1epo 

(5.10) 

Expression for the Net Axial Velocity of a Particle The net 

axial velocity of a particle in FFZE is the sum of the axial 

velocity of the buffer Vz ' and the settling velocity of the 

31 + x = 1 - (-x) e-X for x «1. Therefore, (1 + X)-l 
= eX = e - (-x) = 1 - x. 
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For a chamber with both walls cooled Vz and Vs 

are given by Equations 3.12c and 3.9 respectively: 

(1 - x 2 /d2
) 

[1 + BF/18 (x2 /d2 
- 1/5) ] 

Vs = g a 2 (p p - Pf) / 18 'f1 

(3.12c) 

(3.9) 

For most cell samples Vs « Vz at short residence times. Also, 

for narrow gap chambers at low field strengths BF in Equation 

3.11c is much smaller than 1, and so Vz can be approximated by 

Equation 3.12d. When the above assumptions are valid, 

(5.11) 

substituting for Vy and Vz from Equations 5.10 and 5.11 into 

Equation 5.7, 

D L Vy/Vz 

L E/ (vz ) max [-3/2 flw + (flw + flepO) / (1 - x 2 /d2
) - flepo 01. t.Tch ] 

. (5.12) 

Equation 5.2 implies that the x dependence of D arises from 

the second term in parenthesis. Thus an effective way of 

making D independent of x is to match the zeta potential of 

the wall to that of the particle at x = d [54]. By virtue of 

Equation 3.1 this would make flw + flepo = 0 in Equation 5.12. 

A limitation of this approach is that only one component can 

be "focused" , i.e. D would be independent of x for only one 

of the species being separated; the remaining species would be 

subjected to dispersion, the degree of dispersion varying with 
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the difference between the mobility of the walls and that of 

the particle at the temperature of the walls . 

A noteworthy feature of Equation 5.12 is that the 

temperature distribution in the gap does not give rise to any 

dispersion. This is because of the (1 - x 2/d2 ) dependence of 

both velocity and temperature on x. For a chamber with only 

one wall cooled, the x dependence of temperature does not 

follow this simple relationship, and so the temperature 

distribution can affect dispersion quite significantly. The 

equations for this case are derived and discussed in Chapter 

2VII. 

The above analysis of dispersion is valid only when the 

settling velocity Vs « V z the axial velocity, and when 

buoyancy effects can be neglected (i.e BF « 1). Another 

assumption implicit in the above equations is that 

electrohydrodynamic effects are negligible. This is justified 

when the electrical conductivities of the sample and buffer 

are closely matched. As described in Section 3.1.2, this is 

in general true for cell samples at the volume fractions 

typically used in FFZE viz. 5 to 10%. Higher concentrations 

lead to aggregation and/or droplet sedimentation both of which 

are detrimental to resolution. 

It can be inferred from the above analysis that in a 

narrow gap chamber with both walls cooled, artifactual 

dispersion D(x) is primarily determined by the difference in 
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the electroosmotic mobility of the wall and the electro

phoretic mobility of the particles being separated. 

5.2 Factors that Determine Throughput 

In FFZE the throughput N is generally expressed in terms 

of the number of particles processed per unit time 

N = q c = v inj a inj c (5.13) 

where q c and v inj are the flow rate, concentration and average 

velocity of the sample, and a inj is the cross sectional area of 

the inj ection needle. In the sections that follow the 

limitations on these parameters are discussed. 

5.2.1 Concentration of the Sample. 

For cell samples concentration is often limited by 

aggregation which can become very pronounced at high residence 

times. Lowering the residence time is often not a feasible 

option since it compromises differential migration (Equation 

5.4a). In practice, aggregation can limit concentration to as 

low as 107 cells/ml for some samples such as Band T cells. 

Certain cations such as Ca++ and Mg++ are known to decrease the 

tendency of cells to form aggregates; however, since the ions 

increase the electrical conductivity of the buffer, they also 

lead to more Joule heat which degrades resolution. 

Nonetheless, for cells such as lymphocytes that have a high 

tendency to aggregate, the benefits of adding cations to the 

buffer often out weighs the disadvantage of lower resolution. 

It has been hypothesized that aggregation between cells might 



68 

be caused by the electrophoretic withdrawal of specific ions 

or protective colloids from the cell surface and a resulting 

decrease in electrostatic repulsion between cells [55]. 

When aggregation is not a limiting factor, the 

concentration can be increased up to the threshold where zone 

sedimentation is manifested. Typically this occurs at 

concentrations in the range of 108 to 10 9 cells per mI. The 

sedimentation velocity for the zone (or droplet) is given by 

Equation 3.9. 

5.2.2 Velocity of Sample Stream 

The second factor that determines throughput is the 

velocity of the sample stream, which in turn depends on the 

velocity of the separation buffer. Since a higher buffer 

velocity Vz leads to shorter residence time, an increase in Vz 

can often lead to poorer resolution. One way to overcome this 

problem is to increase the length of the chamber; however, 

this can compromise the stability of the flow [56] . Besides, 

there is the obvious disadvantage of having to increase the 

size of the device. 

5.2.3 Cross Sectional Area of Sample Stream 

The cross sectional area of the sample stream is 

determined by its dimensions along x and y coordinates (Figure 

1) . Both these parameters impact the dispersion of the 

sample, and cannot be increased without seriously degrading 

resolution. An increase in the dimension of the sample 
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stream along the lateral direction is detrimental because it 

is the separation coordinate; on the other hand, the thickness 

of the sample stream along the transverse direction (~x) is 

limited by the fact that an increase in gap width compromises 

the stability of the flow. Moreover, resolution degrades 

rapidly with the ratio of ~x/2d, and this further limits ~x. 

The above analysis indicates that all the three variables 

that determine throughput viz. c, v inj and a inj , also determine 

the dispersion of the sample, and that attempts to increase 

throughput are likely to degrade resolution. Some strategies 

for alleviating these limitations are discussed in Chapter XI. 



If you strive hard enough to 
get to India, you are bound to 
get to some America or other. 

- Arthur Koestler 
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CHAPTER VI 

ESTIMATING RESOLUTION 
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Resolution can be estimated numerically in terms of the 

minimum mobility interval that can be fractionated. It can 

also be estimated from profiles of the sample in the effluent. 

In this chapter these two methods of estimating resolution are 

described. 

6.1 Numerical Method 

The minimum mobility interval that can be fractionated 

under a given set of conditions can be readily computed with 

the equations derived in Chapter V. A Fortran program for 

performing the calculations is given in Appendix II. The 

program begins calculations with a mobility interval of zero 

(i.e. ~A = ~B' A and B being the faster and slower component 

respectively) for which it computes the distance between the 

trail ing edge of A and leading edge of B. To do so, it 

computes the deflection of A and B from the four extremities 

of the injection needle, (1,2,3, and 4) shown in Figure 7a. 

It then finds the smallest deflection of A (YA,min) and the 

largest deflection of B (YB,max)' This gives the clearance 

between A and B viz. YA,min - YB,max D.YAB' The program repeats 

the calculations with successively smaller values of ~B until 
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Figure 7. Estimating the resolution of an FFZE chamber. 
(a) Numerical Approach: Extremities of injection needle 
(1,2,3 and 4) used in computing leading and trailing edges of 
sample components A and B. (b) Experimental Approach: 
Typical effluent profile for mobility measurements. The 
dotted profile represents the distribution of the sample 
without the field (E = 0). Di and Do are the deflections of 
the sample and of the neutral component, respectively. 
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~y~ is greater than the minimum clearance specified in the 

program. 

6.2 Graphical Method 

Resolution can be estimated experimentally from profiles 

of the sample in the effluent. The mobilities of the sample 

components can be estimated using the following equation: 

Ili = (D i - Do) / E T f (6.1) 

where Di and Do are the deflections of component i and of an 

electrically neutral sample (such as dextran) as shown in 

Figure 7b; E is the field strength; T is the minimum residence 

time of the sample in the field; and f is the factor by which 

the profiles are magnified when plotted. Thus it is possible 

to calculate the difference in mobility between different 

components of the sample, and to thereby obtain an estimate of 

resolution. 

6.2.1 Graphical Comparison of Resolution 

In practice, the graphical method is more useful for 

comparing resolution under different conditions. Single 

component peaks can be compared to estimate the degree of 

artifactual dispersion. A quantitative method for doing so is 

illustrated in Figure 8, which shows typical effluent profiles 

of an electrophoretically homogeneous sample run under 

different conditions. The profile on the right corresponds to 

a known "reference" state of the chamber, whereas the profile 

on the left corresponds to a given state of the chamber for 
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Figure 8. Estimating relative dispersion in an FFZE chamber. 
(a) Effluent profile of a homogeneous sample in a given state 
of the chamber; (b) Effluent profile of the same sample in a 
reference state with respect to which the given state is to be 
compared. For the given state A'B' is a perpendicular drawn 
from the apex of the peak to the base line. The base of the 
peak is divided into m' + n' equal intervals of size AX'. Yi' 
and Xi' (= 12i - 1 I Ax'/2) are the height, and the distance 
from the origin to the center of the i th interval respectively. 
For the reference state the same notation applies except that 
the primes are dropped to differentiate it from the given 
state. 
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which the comparison is to be made. The relative dispersion 

of the sample in the given state to that in the reference 

state RD is: 

degree of artifactual dispersion in given state D' 
RD= (6.2) 

degree of artifactual dispersion in ref. state D 

In terms of the distribution profiles, D' and D, may be 

defined as the area-weighted mean bandwidth of the respective 

distribution profiles. Therefore, for the reference profile, 

the degree of sample dispersion D may be expressed as: 

D = 
x1JX2 Y dx 

Using the trapezoidal rule to integrate, 

D (i ¢ 0) 

For equally spaced intervals (LlXi = LlX), 1 Xi 1 

Therefore, 

D = (i ¢ 0) 

Combining Equations 6.2 and 6.5 gives 

Ei 12i - 11 Yi' / Ei Yi' 
RD = 

(6.3) 

(6.4) 

12i-11 Llx/2. 

(6.5) 

(6.6) 

where the primes denote the given state of the chamber. 

Equation 6.6 can be used to estimate the relative dispersion 

in the chamber in a given state with respect to a reference 

state from the effluent profiles of the sample. 
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6.2.2 Accounting for Heterogeneity 

Particulate samples often exhibit variations in mobility 

and heterogeneity. This can lead to misinterpretation of data 

when estimating resolution by the graphical method. A good 

example of variation in sample heterogeneity is illustrated in 

Figure 9 which shows the effluent profiles of the yeast L. 

stokesii in different growth phases (Section 4.2). The 

profiles indicate that the cells were marked by significant 

heterogeneity in the exponential phase, yet in the adjustment 

and stationary phases the cells showed virtually no signs of 

heterogeneity. To verify that the observed heterogeneity was 

not an artifact, fractions of the sample in the effluent were 

recycled (shaded area) under identical process conditions. 

The recycled data in Figure 9b confirmed that the increase in 

bandwidth during the exponential phase was an effect of 

heterogeneity. A comparison of initial and recycle data also 

suggests that the population was virtually homogeneous in both 

the adjustment and stationary phases, and that heterogeneity 

alone was responsible for the wider peaks obtained with 

exponentially growing cells. 

In the above experiment after each recycle run the 

initial sample was rerun as a control. In all the cases the 

initial sample's profile was reproducible (data not shown). 

In addition, the cell concentration in the recycled fractions 
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Figure 9. Effect of growth phase on 
electrophoretic heterogeneity of L. 
Stokesii. (a) Effluent profiles of freshly 
harvested samples. The shaded areas 
indicate the effluent fractions that were 
collected and processed for recycling. (b) 
Effluent profiles of fractions that were 
recycled under identical process conditions. 
Before recycling, the cell concentration in 
each recycled fraction was adjusted to match 
the concentration in the initial sample. 
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were adjusted to match those in the initial samples. These 

adjustments were made to minimize relative artifactual effects 

of concentration. 

Further evidence for time dependent heterogeneity can be 

seen in Figure 10 which shows the effluent profiles of the 

yeast cells harvested in the exponential phase as a function 

of post-harvest time. The data indicate that the hetero

geneity of the sample decreased rapidly during the first 2 

hours and that homogeneity was regained within 5 hours. This 

experiment served as a control to demonstrate the need to 

regulate post-harvest time (in all the other experiments 

described here, post-harvest time was maintained at - 20 min) . 

The profiles in Figure 9 are typical of data collected at 

regular intervals during the different growth phases. Data 

gathered towards the end of the exponential growth phase 

revealed that the population reverted to a homogeneous state 

within 2 hours of entering the postexponential phase. The 

population remained homogeneous thereafter. 

Another factor that can lead to misinterpretation of 

resolution is the variation of mobility with time. This is 

illustrated in Figure 11 which shows profiles of the emulsion 

sample (see Section 4.2) at different times after preparation 

of the sample. The profiles indicate that the peak-to-peak 

distance between the two emulsions progressively decreases 
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following centrifugation. 
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with incubation time, and that ultimately the peaks merge. 

Thus, if undetected, time dependent changes in the mobility of 

sample components can be misinterpreted as a change in the 

resolution of the device. 

6.2.3 Control Sample 

The problem of variations in mobility and heterogeneity 

among particulate samples demonstrates the importance of 

frequently running a reliable control sample. A good control 

sample should be electrophoretically homogeneous and stable. 

Homogeneity can be tested by recycling fractions as 

illustrated in Figure 9, whereas stability can be tested by 

comparing the deflection of the sample over time either to 

another control sample, 

neutral sample such as 

or else to an electrophoretically 

dextran. Besides facilitating the 

detection of changes in mobility and heterogeneity, a control 

sample can also help detect a change in operating conditions. 

Commonly used control samples are fixed red blood cells and 

polystyrene latex PSL beads (1 - 10 ~m in diameter). PSL 

beads may be color cooled to facilitate their detection in the 

effluent. 

It should be borne in my mind that just as variations in 

sample mobility and heterogeneity can lead to misinter

pretations about resolution, so too can variations in 

resolution be misinterpreted as changes in mobility and 
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Figure 11. Effluent profiles of a 1: 1 mixture of emulsions E1 
and E2 at different times after preparation of the sample. 
The experiment was conducted at 25°C at a field strength of 19 
V / cm and a minimum sample residence time of 1 min. The 
separation medium was deionized water that had an electrical 
conductivity (a) of 1.2 ~mho/cm; the electrode buffer was 30 
mM NaCI solution (a = 2400 ~mho/cm). For this experiment the 
chamber walls were not coated with albumin. The profiles 
represent absorbance of the sample at 225 nm. 
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heterogeneity. This is illustrated in Figure 12 which shows 

the effect of the position of the injection needle on the 

bandwidth of samples of L. stokesii harvested in the 

stationary phase. The samples were known to be homogeneous 

from previous experiments (see Figure 9). As the injection 

needle was shifted from its normal position at the center 

(midway between the two electrodes) to the side ( towards the 

cathode), the band broadened progressively (data are shown 

only for the two extremes). To verify that the observed 

broadening was an artifactual effect, an effluent fraction was 

recycled, which is shown in Figure 12b. The recycle profiles 

for the two inj ection points were almost identical, suggesting 

that the broadening of the band was an artifact of the 

machine, and that the sample was virtually homogeneous. 

The results of the above experiment suggest that the 

resolution of the chamber was dependent on the point of sample 

injection. The resolution was highest when the sample was 

injected at the normal position, and decreased progressively 

as the injection needle was moved to the side. 

To ensure that recycling introduced no unanticipated 

artifactual effects, an arbitrary sample was run with and 

without the field (E = 72 V/cm and E = 0), and the fractions 

were recycled under the same conditions. The data are shown 

in Figure 13. As seen in Figure 13b, the peaks of both re-
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Figure 12. Effect of the position of the injection needle on 
the relative dispersion of a homogeneous sample. Effluent 
profiles are shown for (a) the initial sample and (b) recycled 
fractions. The profiles on the left correspond to the normal 
position of the injection needle (center) I whereas the 
profiles on the right correspond to injection from a point 
closer to the cathode (side). The shaded areas indicate 
fractions that were recycled using the same cell concentration 
and identical process conditions. 
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Figure 13. Artifactual effects of recycling fractions of the 
sample in the effluent. (a) Effluent profiles of an arbitrary 
sample run at regular field strength (E = 72 V/cm; right), and 
without the field (E = 0; left). The shaded areas in (a) 
indicate the fractions that were recycled. (b) Effluent 
profiles of the recycled fractions. These fractions were run 
at the same cell concentration and under identical process 
conditions. The profiles of the recycled fractions were 
identical indicating that the electrophoretic history of the 
sample did not introduce any unforeseen artifactual effects. 
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cycled fractions were identical, suggesting that the 

electrophoretic history of the sample did not introduce any 

unforeseen artifactual effects. 
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CHAPTER VII 

MATHEMATICAL MODEL 

The equations for the deflection of a particle in a 

chamber with both walls cooled (Section 5.1.2) were used to 

compute typical values of resolution as described in Section 

6.1. The results, given in Section 8.2, indicate that the 

minimum mobility interval (1lf.L) min that should be separable is 

around 1.0%1. This is much smaller than observed experimental 

value, which is around 5% [2]. To explain this discrepancy, 

the model described in Chapter V was revised to take into 

account the fact that in commercial devices, including the ACE 

710 used in this study, only the rear wall of the chamber is 

cooled; the front wall is left unobstructed for viewing the 

separation. Wi th this new model, the computed maximum 

resolution was found to be 4.9% which compares well with 

experimental observations. In this chapter the equations for 

the temperature and velocity distributions in a narrow gap 

chamber with only wall cooled are derived from the equations 

of change given in Section 3.2. The distributions are used to 

express the deflection of a particle as a function of system 

1 (1lf.L) min is defined as (f.LA - f.LB) / f.LA' where f.LA and f.LB are 
the electrophoretic mobilities of the faster and slower 
component respectively. 
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In Chapter VIII the equations derived here are 

used to evaluate the effect of system variables on resolution. 

7.1 Temperature Distribution 

The equation of energy for a narrow gap chamber derived 

in Section 3.2 is, 

(3.13b) 

where x is the transverse axis (wall-to-wall), k and a are the 

thermal and electrical conductivities of the separation buffer 

and E is the field strength. For only one wall cooled, the 

boundary conditions are: 

(i) x = - d, 

(ii) x + d, 

T = Tw (rear wall cooled) 

dT/dx = 0 (for negligible heat flux 

through front wall) 

The first boundary condition is valid for rapidly circulating 

coolant in the fully developed region; the second boundary 

condition is valid for an ambient temperature close to the 

average buffer temperature and for a front plate that has poor 

thermal conductivity. All of the above conditions were 

satisfied in the experiments performed on the ACE 710. 

with the following dimensionless variables: 

~ = x / d 

and 

gives, 

a (T-Tw) 2k/ a (Ed) 2 

(7.1) 



the new boundary conditions are 

(i) e = - 1 

(ii) e + 1 

e = 0 

de/dx = 0 

(rear wall) 

(front wall) 
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with the above boundary conditions the solution to Equation 

7.1 is 

e=1-e+2 (1+~) 

Substituting for e and ~ gives, 

T - Tw = aE2d2 /2k [1 - x 2 /d2 + 2 (1 + x/d)] 

(7.2a) 

(7.2b) 

Defining aE2d 2 /2k , the maximum temperature rise for a 

chamber with both walls cooled (Equation 3 .13c), as the 

characteristic temperature rise ilTch ' Equation (7. 2b) becomes, 

T - Tw = ilTch [1 - x 2 /d2 + 2 (1 + x/d)] (7.2b') 

The maximum temperature rise for a chamber with one wall 

cooled is obtained by setting x to 1 in Equation 7.2b' 

ilTmax = 4 ilTch (7. 2c) 

The temperature rise at the center ilTo (x=O) is 

ilTo = 3 ilTch (7. 2d) 

Thus it can be seen that in a chamber with only one wall 

cooled the maximum temperature rise is four times greater than 

that in a chamber with both walls cooled. Also, the 

temperature rise at the center is three times greater for a 

chamber with only one wall cooled. 
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7.2 Axial Velocity Profile 

The z-component of the equation of motion for a narrow 

gap chamber derived in Section 3.2 is 

'fI d 2v z /dx2 = Pz + P g {3 [ T(x} - Tw (3.12b) 

where 'fI' p, and {3 are the viscosity, density and coefficient 

of volume expansion of the separation buffer; T (x) - Tw is the 

temperature difference between the fluid and the wall; and Pz 

is a constant related to the axial pressure drop. The 

boundary conditions for Equation 3.12b are: Vz = 0 at x = ± 

d. Substituting for T - Tw from Equation 5.2b', and using 

Equation 3.15, Equation 3.12b becomes 

d 21/1/de = Pz ' + BF [1- e + 2 (1 + ~)] (7.3) 

where 1/1 = v z / (Vz ) max and ~ = x/d. 

1/1 = 0 a t ~ = ± 1 , and P z ' 

equation: 

The boundary conditions are: 

is implicitly defined by the 

_J+l 1/1 d~ = 2/3 

The solution to Equation 7.3 is 

1/1 = v z/ (v z) max = (1 - e) 

[ 1 + BF/18 (e - 4~ + 0.1) ] (7.4) 

The corresponding expression for both walls cooled is 

1/1 = v z / (vz ) max = 1 - e} 

1 + BF /18 ( e - 0.2 ) ] (3.12c) 

The maximum value of the buoyancy term occurs at ~ = 1 for 

both cases. For the former case it is 0.16 BF and for the 

latter it is 0.044 BF. The relative importance of buoyancy in 
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the two cases can be gauged from the ratio of the maximum 

values of the buoyancy terms, which is 3.5. 

7.2.1 Lateral Velocity Distribution 

The y-component of the equation of motion for a narrow 

gap chamber derived in section 3.2 is 

'f/ d2vy /dx2 = Py (3.11b) 

where 'f/ is the viscosity of the separation buffer, and Py is 

a constant related to the lateral pressure gradient. For a 

chamber with only one wall cooled, the boundary conditions for 

Equation 3.11b are: 

(i) x = - d Vy - /1-Wl E (cooled rear wall) 

(ii) x + d Vy - /1-w2 E (front wall) 

where /1-Wl and /1-w2 are the electroosmotic mobilities of the rear 

and front walls respectively. The mobilities of the two walls 

are related to the temperature difference between the two 

walls by Equation 5.9b: 

where /1- and 

respectively, 

/1- = /1-0 (1 - Ol ilT) (5.9b) 

/1-0 are mobilities 

ilT T To, 

at 

and 

temperatures T and To 

Ol is the temperature 

coefficient of viscosity. Equation 5.9b is valid only when 

OlilT « 1; when OlilT is not « I, Equation 5.9a is applicable. 

For small temperature differences between the walls of the 

chamber (less than about 5°C), 

(5. 9b' ) 

where ilT12 TW2 - TWl is the temperature difference between the 



two walls. 
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For a chamber with both wall maintained at the 

same temperature, J1.w2 = J1.W1 = J1.w and the solution is given by 

Equation 3.11c: 

vy = - J1.w E/2 [ 1 - 3 x 2/d2 ] (3.11c) 

For a chamber with only one wall cooled, ilT12 is given by 

Equation 7.2c: 

Ll T 12 = il T max = 4 il T ch (7 . 2 c) 

where ilTch ' the characteristic temperature difference, is, 

a (Ed) 2 /2k. Substituting for ilT12 into Equation 5. 9b' the 

second boundary condition for Equation 3.11b becomes, 

x = + d v y = - J1.~1 E ( 1 - 4 ct. D. T ch) 

The solution to Equation 3.11b with these boundary conditions 

is: 

Vy = - J1.W1 E/2 1 - (ct./2) ilT12 ( 1 - 3e ) 

+ J1.w1 E / 2 ct. il T 12 ~ (7 . 5) 

Note that for ilT12 = 0 Equation 7.5 reduces to Equation 3.11c 

for the case of both walls cooled. 

Equations 7. 2b, 7.4 and 7.5 describe the temperature, 

axial velocity and lateral velocity profiles of the fluid 

respectively, in the gap of a chamber cooled only at one wall. 

The equations are valid only for narrow gap devices where edge 

effects can be neglected, and the maximum temperature rise is 

small (less than about 5°C). These equations are used in the 

next section to predict the bandwidth of effluent sample 

profiles obtained with fixed red blood cells on the ACE 710. 



95 

7.3 Validation of Model 

A Fortran program for calculating the bandwidth of a 

homogeneous sample in a narrow gap device is given in Appendix 

I. The program uses the equations derived in the previous 

section to compute the deflection of the sample from the four 

extremities of the sample stream 1, 2, 3 and 4 shown in Figure 

7a (section 6.1). It then calculates the bandwidth from the 

leading and trailing edges of the sample stream. 

7.3.1 Computing Net Particle Deflection 

In the absence of lateral gradients the net deflection of 

a particle is given by 

D = Vy T 

where Vy and T are the net lateral velocity and residence time 

of the particle. Since T L / Vz 

(7.6) 

where Vz is the net axial velocity of the particle and L is 

the effective length of the chamber. The numerator of 

Equation 7.6 (Vy ) is the sum of the electrophoretic velocity 

of the particle vep and the lateral (electroosmotic) velocity 

of the fluid Vy: 

(7.7) 

Vy is given by Equation 7.5 and vep is Jlep E where Jlep, the 

mobility of the particle, is given by the equation, 

Jlep ( T) = Jlep 0 
[ 1 - C( ( T - To )] ( 5 . 9 b) 

where Jlepo is the mobility of the particle at some reference 
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temperature To, and Ol is the temperature coefficient of 

mobility. 

chamber, 

In terms of the temperature distribution in the 

J-I-ep (T) = J-I-epo [ 1 - Ol 6Tw (x) ] (7.8a) 

where 6Tw (x) 

Equation 7. 2b' 

T(x) - Tw. substituting for T (x) - Tw from 

vep = J-I-pE = J-I-epo E { 1 - 0l6Tch 

[ 1 - x 2 + 2 ( 1 + x ) ] } (7.8b) 

The denominator of Equation 7.6 Vz is the sum of the settling 

velocity VB given by Equation 3.9 and the net axial velocity 

of the fluid Vz given by Equation 7.4 

(7.9) 

Equations 7.6 through 7. 9 give the net deflection of a 

particle when only one wall is cooled. These equations are 

used in program BANDWIDTH II (Appendix I) to compute the 

bandwidth of the sample. Besides the parameters and physical 

constants required for performing the calculations, the input 

data also has to include the initial dimensions of the sample 

stream (radius, or width and thickness) . 

7.3.2 Comparison of Experimental and Simulation Results 

The model described in Section 7.1 was validated by 

comparing experimentally measured bandwidth data to that 

computed by program BANDWIDTH II (see previous section). 

Experimental data was collected with samples of fixed sheep 

red blood cells. The absorbance profiles of the sample in the 
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effluent are given in Figure 14. The arrow indicates the 

point of sample injection. The dotted profile was obtained 

without the field (E = 0). The bandwidths were measured at 

the base of the peak and were converted to real values using 

Equation 6.1 with a factor f of 8.75 (this is the factor by 

which the profiles are magnified in the ACE 710). Table 2 

compares the experimentally obtained bandwidths with those 

computed by the simulator. For the simulation, the initial 

cross section of the sample stream was assumed to be circular, 

and its diameter was estimated from the zero field profile 

(Figure 14) using Equation 6.1. The mobilities of the wall 

and sample (Jlw and JlepO) were estimated by measuring the 

deflections of dextran and the red blood cells as described in 

section 7.1. Jlw and Jlepo were found to be 1.82 x 10-4 and 1.65 

X 10-4 cm/sec per V/cm respectively. The temperature 

coefficient of viscosity O! was estimated from a plot of 

viscosity ry of pure water vs. temperature T shown in Figure 

15. At the operating temperature (25°C) O! was found to be 

0.023. The coefficient of volume expansion ~ for the buffer 

was approximated to be to that of pure water at 25°C. 

The results indicate that the model predicts the band-

width fairly accurately. For the four runs, the maximum error 

between experimental and calculated bandwidths is less than 

7 9.-o • This suggests that it should be possible to predict the 

resolution of the chamber with this model. Results of 
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Figure 14. Effluent profiles of fixed sheep red blood cells 
at different field strengths (E). The minimum residence time 
of the cells in the field was 45 sec. The arrow indicates the 
point of sample injection. The dotted profile was obtained 
without the field (E = 0). The observed bandwidths are 
compared to those computed using program BANDWIDTH II in Table 
2 • 
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simulated runs designed to study the effect of different 

variables on resolution are presented in the next chapter. 

Table 2. Comparison of observed and computed bandwidth data 
for fixed sheep red blood cells. Experimental data were 
obtained from profiles of the sample in the effluent (Figure 
14); the simulator that was used to compute the bandwidth data 
is given in Appendix I. 

Run Field Minimum Bandwidth (em) Maximum 
No. Strength Residence Temperature 

(V/cm) Time Rise LlT12 
(sec) Expt. Computed !1,0 

0 Error (OC) 

1 18.75 45 0.046 0.043 + 6.5 0.06 

2 37.50 45 0.074 0.070 + 5.4 0.26 

3 50.00 45 0.086 0.086 0.0 0.46 

4 57.00 45 0.092 0.097 - 5.4 0.61 



When patterns are broken, 
new worlds can emerge. 

- Tuli Kupferberg 

He who leaves nothing to 
chance will do few things ill, 
but he will do very few things 

- Marquis of Halifax 
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CHAPTER VIII 

SIMULATION RESULTS 
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The mathematical models described in Chapters III and VII 

were used to develop Fortran programs (see Appendix) to study 

the effect of different variables on bandwidth and resolution. 

Two cases were considered: one for chambers with both walls 

cooled; the other for chambers with only one wall cooled. 

Commercially available devices including the one used in this 

study (ACE 710) fall into the latter category. Mathematical 

models that have appeared in the literature assume both walls 

to be cooled. The results obtained with the model for both 

walls cooled (Section 8.2) were not in agreement with 

experimental observations, and it was therefore necessary to 

develop a more rigorous model that takes into account cooling 

at only one wall. The results obtained with the revised model 

agree with those obtained experimentally and are given in 

Section 8.3. 

8.1 Effect of System Variables on Bandwidth 

To estimate the relative importance of the factors that 

determine bandwidth the experiment described in Section 7.2.2 

was simulated for different values of key variables. The 

results are given in Table 3. In Data Set No. I, the field 

strength and residence time are typical (E = 100 V/cm and Tmin 
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= 45 sec). The bandwidth with the field (1568 ~m) is 4.6 

times greater than that without the field (344 ~m); Run Nos. 

1 and 2. The subsequent runs (3 through 10) show the effect 

of key variables on bandwidth: Run Nos. 3 and 4 indicate that 

the sedimentation velocity Vs and buoyancy have negligible 

effect on the bandwidth under these conditions; further, Run 

Nos. 6 and 7 indicate that the broadening of the bands is 

primarily a result of the difference between the mobility of 

the wall ~w and that of the sample ~A' and the effect of 

temperature on mobility. Run No 8 indicates that for a given 

absolute difference between ~w and ~A (I ~w ~A I ), the 

bandwidth depends significantly upon whether ~w < ~A or ~w > 

~A' Finally, Run Nos. 9 and 10 suggest that under these 

conditions, the bandwidth is not significantly affected by the 

direction of the flow, or by cooling both walls. 

The second data set indicates that if the above 

experiment is repeated at a low field strength and high 

residence time (E = 15 V/cm; Tmin = 300 sec) the sedimentation 

velocity Vs can have a significant effect on the bandwidth. 

Further, under these circumstances the direction of the flow 

becomes an important consideration: for cells having a 

specific gravity of 1.1 and diameter 10~m, the bandwidth in 

downflow (1743 ~m) is 34% greater than in upflow (1301 ~m) . 
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Table 3. Effect of system variables on bandwidth. System 
parameters were: L = 12 em, d = 0.02 em, T = 25°C, ~A = 1.65 
X 10-4 em/sec per V/cm, ~w = 1.82 X 10-4 cm/sec per V/cm. 

Run Description of Run 
No. 

Bandwidth 
(J,tm) 

Data Set No. I: Regular field strength and residence time (E 
100 V / cm; T min = 45 sec); ilTmax = 1.84°C BFmax = -4.2 x 10-3 

1 without field E 0 344 

2 with field E = 100 V/cm 1568 

3 Run No. 2 with sedimen- va = 0 1560 
tation velocity = 0 

4 Run No. 2 with no g = 0 1612 
gravitational 
acceleration 

5 Run No. 2 with mobility Ol = 0 1605 
independent of 
temperature 

6 Run No. 2 with zeta ~w = ~A 962 
potentials matched 

7 Run No. 2 with zeta ~w = ~A 344 
potentials matched and Ol = 0 
mobility indepen-
dent of temperature 

8 Run No. 2 with same ~w = -1.48 X 10-4 2250 
absolute difference cm/sec per V/cm 
between mobility of wall 
~w and mobility of 
sample /lA (I /lw- ~A I ) 
but /lw < /lA) 

9 Run No. 2 with flow L = -12 cm. 1640 
upward 

10 Run No. 2 with both /lWl = /lW2 1551 
walls of chamber 
cooled 
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Table 3. Effect of system variables on bandwidth (continued) . 

Run Description of Run 
No. 

Bandwidth 
(Ilm) 

Data Set No. II: Low field strength and high residence time 
(E = 15 V/cm; Tmin = 300 sec). Note that the product of ETmin l 
and therefore the mean sample deflection is the same as in set 
No. I; L\Tmax = 0.04; BFmax - 6.28 X 10-4

: 

1 

2 

3 

4 

5 

Without field 

With field; 
sedimentation 
velocity = 0 

Run No. 2 with 
relatively large 
sedimentation 
velocity 

Run No. 2 with 
flow upward 

Run No. 3 with 
flow upward 

E o 

E = 15 V/cm 
Vs = 0 

Pp-Pf = 0.1 g/cm3 

a p = 10 11m 

L = -12 cm 

L -12 cm 

344 

1527 

1743 

1540 

1301 

Data Set No. III: High field strength and low residence time 
(E = 200 V/cm; Tmin = 22.5 sec). With sedimentation velocity 

Vs = 0 and zeta potentials matched (Ilw = IlA). Note that the 
product ETminl and therefore the mean sample deflection is the 
same as in Data Set No. I. 

1 

2 

3 

Without field 

With field; 
one wall cooled 
L\Tmax = 7. 4°C; 
BFmax = 0.0084 

With field; 
both walls cooled 
L\Tmax 1.85°C; 
BFmax = 0.0015 

E = 0 

E 200 V/cm 
IlWl ¢ IlW2 

E = 200 V/cm 
IlWl = IlW2 

344 

4360 

344 
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Table 3. Effect of system variables on bandwidth (continued) . 

Run Description of Run 
No. 

Bandwidth 
(Jlm) 

Data Set No. IV: Set No. I with gap width twice as large; ilTmax 
= 7. 4°C; BFmax = - 0.067; ratio of buoyancy forces to inertial 
forces BI = 0.32: 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

without field 

with field 

Run No. 2 with 
sedimentation velocity 
= 0 

Run No. 2 with no 
gravitational 
acceleration 

E o 

E 100 V/cm 

g = 0 

Run No. 2 with mobility a 0 
independent of 
temperature 

Run No. 2 with zeta f1.w f1.A 
potentials matched 

Run No. 2 with zeta 
potentials matched and 
mobility independent 
dent of temperature 

Run No. 2 with 
mobility of wall 
f1.w 27% and 67% 
greater than 
mobility of 
sample f1.A 

Run No. 2 with flow 
upward 

Run No. 2 with both 
walls of chamber 
cooled 

f1.w = f1.A 
a = 0 

f1.w = -2.10 x 10-4 

f1.w = -2.75 x 10-4 

(cm/see per V/cm) 

L = -12 em. 

f1.Wl IlW2 

688 

4092 

4109 

2990 

2663 

5553 

7013 

3197 
6118 

3037 

1900 
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In Data Set No. III., the simulation is repeated at a high 

field strength and low residence time (E = 200 V/cm and Tmin = 

22.5 sec). Here the sedimentation velocity is set to zero (vs 

= O) and the zeta potentials are matched (~w = '~A) so as to 

look at the effect of the temperature rise inside the chamber. 

The data indicate that the bandwidth with one wall cooled 

(4360 ~m) is 12.7 times greater than that with both walls 

cooled (344 ~m), and that in the latter case there should be 

virtually no broadening of the band (as compared to the 

bandwidth with E = 0; Run No.1) . 

In the final data set the original simulation (Data Set 

No. I) is repeated with a gap width (d) twice as large. Since 

the buoyancy factor BF varies as the fourth power of d, 

(Equation 3.14) the relative importance of buoyancy induced 

forces increases by factor of 16 (compare BFmax). The 

resulting effect on the dispersion of the sample evident from 

the fact that the bandwidth with g=O (2990~mi Run No.4) is 

significantly less than that at 19 (4092 ~mi Run No.2). 

Consequently, the direction of the flow (Run No.9) also 

affects the bandwidth significantly. Further, because of the 

much greater temperature rise in the chamber (7.S0C), cooling 

both the walls leads to much less dispersion (Run No. 10). 

Run No. 6 indicates that matching the zeta potentials ~w and 

~A is no longer an effective way to minimize dispersion. This 

is because the front wall is 7.S0C warmer than the rear wall 
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which corresponds to a mobility difference of approximately 

17.3% (for a = 0.023). Thus, even if the mobility of the 

sample is matched to that of one wall (~A = ~Wl)' the mismatch 

at the other wall (~A ¢ ~W2) leads to significant dispersion. 

8.2 Limits of Resolution 

In Chapter V resolution is shown to depend on 

differential migration, which is determined by the net 

deflection of the sample D. For a given sample, D is 

proportional to the product of E and T. Thus D, and therefore 

differential migration, can be increased by increasing E and 

T. However, both these parameters are limited by other 

process considerations. As E increases, so does the 

dispersion of the sample, leading to poorer resolution. On 

the other hand, T is limited by cell aggregation and/or cell 

viability. (Section 5.3.1). In practice T cannot be 

increased beyond a few minutes. This means that, depending on 

the thickness of sample stream, the minimum residence time T min 

(at the center of the gap width) would have to be around 1 

minute. To calculate the maximum resolution obtainable Tmin 

was set at 2 minutes and E was varied to determine the 

theoretical minimum mobility interval (l:l~) min that can be 

resolved. Other simulation parameters are listed in Table 4. 

The diameter of the sample stream ¢inj and minimum clearance 

between the trailing edge of the faster component (A) and the 

leading edge of the slower component (B) l:lYmin was set at 300 
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J1m and 100 J1m respectively (these are typical values for 

FFZE) . The mobility of the faster component was set at 1 

J1m/sec per V/cm, which is typical of cell samples in FFZE. 

The length and gap width of the chamber were set at those for 

the ACE 710, viz. d ~ 0.04 cm and L = 12 cm. The simulations 

were done for chambers with one wall cooled and with both 

walls cooled at a temperature of 5°C and 25°C. The coefficient 

of volume expansion {3 and temperature coefficient of viscosity 

Ol were set at 0.137 x 10-4 °C-1 and 0.043 °C-1 respectively at 

5°C, and at 2.6 X 10-4 °C-1 and 0.023 °C-1 respectively at 25°C. 

In all the simulations the sedimentation velocity Vs was set 

to 0 and the zeta potentials of the rear wall J1Wl was matched 

to that of the faster component J1A. 

The simulation results are given in Table 4. The first 

two data sets indicate that with both walls cooled (~J1)min is 

limited by the ratio of buoyancy forces to inertial forces 

(BI). Experimental observations suggest that when BI exceeds 

about 0.25 the stability of the flow is seriously undermined, 

making separation virtually impossible. It therefore seems 

unlikely that resolution could be improved beyond a (~J1) min of 

0.7 % at 5°C (Data Set No.1), and 3 % at 25°C (Data Set No. 

II). The effect of temperature on resolution arises out of 

the temperature dependence of the coefficient of volume 

expansion {3, to which BI is directly proportional: at 25°C {3 

is almost 19 times greater than it is at 5°C. 
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Table 4. Theoretical limits of resolution in FFZE. 
Resolution is expressed in terms of the minimum mobility 
interval (I).fl) min that can be separated. 

Run 
No. 

Field 
Strength 

Deflection Resolution Maximum 
of faster temp. 
component rise 

E (V/cm) DA (em) 

Data Set No. I: Both walls cooled; T = 5°C: 

1 55 1.0 6.0 0.1 

2 83 1.5 4.0 0.3 

3 111 2.0 3.0 0.5 

4 139 2.5 2.4 0.8 

5 167 3.0 2.0 1.1 

6 222 4.0 1.4 2.0 

7 277 5.0 1.1 3.1 

8 333 6.0 0.9 4.4 

9 389 7.0 0.7 6.0 

10 555 10.0 0.6 12.3 

Data Set No. II: Both walls cooled; T = 25°C: 

1 55 1.0 6.0 0.12 

2 83 1.5 4.0 0.30 

3 111 2.0 3.1 0.50 

4 167 3.0 2.1 1.10 

Ratio of buoy
ancy forces to 
inertial forces 

BI 

0.003 

0.008 

0.015 

0.023 

0.034 

0.060 

0.093 

0.130 

0.180 

0.370 

0.071 

0.160 

0.283 

0.640 
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Table 4. Theoretical limits of resolution in FFZE (continued) 

Run 
No. 

Field 
Strength 

Deflection Resolution Maximum 
of faster temp. 
component rise 

E (V/cm) DA (cm) 

Data Set No. III: One wall cooled; T = 5°C: 

1 55 1.00 6.0 0.4 

2 69 1.25 4.8 0.8 

3 83 1.50 5.5 1.2 

4 111 2.00 8.4 2.0 

5 167 3.00 14.5 4.4 

Data Sat No. IV: One wall cooled; T = 25°C: 

1 55 1. 00 6.0 0.4 

2 69 1.25 4.9 0.8 

3 83 1. 50 4.0 1.2 

4 111 2.00 3.9 2.0 

5 139 2.50 5 .1 3.2 

Ratio of buoy
ancy forces to 
inertial forces 

BI 

0.009 

0.015 

0.024 

0.045 

0.102 

0.213 

0.330 

0.480 

0.840 

1.320 

The third and fourth data sets suggest that with one wall 

cooled there is an optimum net sample deflection D beyond 

which resolution begins to degrade. Further, (A/1) min is 

smaller at 25°C by about 1 %. Thus, unlike the former case 

(both walls cooled; data sets I and II), where resolution is 

lower at a higher temperature, for this case, resolution is 

higher at a higher temperature. This can be explained by the 
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difference in temperature, and therefore in mobility, between 

the walls of the chamber in the latter case (i.e. ~~ ~ ~~). 

The effect of this difference on resolution is greater at a 

lower temperature. This is because the temperature 

coefficient of mobility (a) increases with decreasing 

temperature: at 5°C a is almost twice as large as it is at 

25°C. In the former case, however, since both walls are 

cooled (~Wl = ~W2)' a does not directly affect resolution. 

Instead, resolution is only limited by the on set of 

instability which is determined by ~. 

8.3 Effect of Sedimentation Velocity and Zeta Potential of 

Wall 

In the previous section the limit of resolution was 

computed for ideal conditions (i.e. sedimentation velocity Vs 

= 0, and zeta potentials matched ~w = ~A). In practice, these 

conditions are seldom satisfied, and so it is instructive to 

look at the effect of Vs and ~w on resolution. The results of 

the simulation are given in Table 5. In the first data set 

both walls are assumed to be cooled, whereas in the second 

data set only one wall is assumed to be cooled. In each data 

set, (~W-~A) /~A 6.~w varies between +10% and -10%, and Vs 

varies between 0 and 0.0024 cm/sec (which corresponds to a 

particle size and specific gravity of 25 ~m and 0.07 

respectively). In both data sets, the temperature and sample 

deflection are set at the optimum values obtained from 
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Table Sa. Effect of sedimentation velocity va and 
electroosmotic mobility of wall ~w on resolution (~~)mn in a 
chamber cooled at both walls. Process parameters are: E = 222 
V/cm, Tmin = 120 sec, D = 4 cm, ~Tmax = 2°C, BFmax = 2.1 x 10-4 and 
BI = 0.06. Resolution is computed for five cases: for each 
case the sedimentation velocity of the particles Vs and/or the 
direction of the flow is different. Vs is taken to be equal 
for both the components of the sample (A and B) and is given 
in ~m/sec. ~p and a p are the density difference with respect 
to the fluid and the diameter of the particles respectively, 
in g/cm3 and ~m. For all the runs ~Tmax = 0.8°C, BFmax = -2.1 x 
10-4 and B I = o. 06 . 

Difference Smallest mobility interval that can be 
between separated (~~) min = (~A - ~B) /~A X 100 
mobility 
of wall ~w Vs 0.00 0.95 3.82 23.8 23.8 
and mobility ~p 0.00 0.07 0.07 0.07 0.07 
of faster a p 5 5 10 25 25 
component ~A flow down down down down up 

+ 10.0 % 12.9 13.0 13.4 15.7 9.9 

+ 5.0 !l,o 
0 6.9 7.1 7.3 9.7 3.9 

+ 2.5 % 3.9 4.1 4.4 6.8 1.4 

+ 1.0 % 2.2 2.3 2.7 5.1 1.4 

0.0 % 1.4 1.4 1.4 3.9 1.9 

1.0 % 1.4 1.4 1.4 2.9 2.4 

2.5 % 1.8 1.7 1.6 1.4 3.2 

5.0 % 3.2 3.1 2.9 1.8 4.5 

- 10.0 % 5.9 5.7 5.6 4.5 7.2 
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Table Sb. Effect of sedimentation velocity va and 
electroosmotic mobility of wall ~w on resolution (A~)mn in a 
chamber cooled at only one wall. Process parameters are: E = 
69 V/cm, Tm~ = 120 sec and D = 1.25 cm. Other details are 
same as in Table Sa. For all the runs llTmax = 2°C, BFmax = -3.8 
x 10-3 and BI = 0.1. 

Difference 
between 
mobility 
of wall f1.w 
and mobility 
of faster 
component f1.A 

+ 10.0 % 

+ 5.0 % 

+ 2.5 % 

+ 1. 0 % 

0.0 % 

1.0 % 

2.5 % 

5.0 % 

- 10.0 % 

Smallest mobility interval that can be 
separated (llf1.) min = (f1.A - f1.B) / f1.A X 100 

0.00 
0.00 
5 
down 

15.8 

9.4 

6.1 

4.9 

4.9 

4.8 

4.8 

5.4 

8.2 

0.95 
0.07 
5 
down 

16.1 

9.5 

6.3 

4.9 

4.9 

4.8 

4.8 

5.4 

8.1 

3.82 
0.07 
10 
down 

16.6 

10.1 

6.9 

4.9 

4.9 

4.9 

4.8 

5.1 

7.9 

23.8 
0.07 
25 
down 

20.1 

13.7 

10.5 

8.5 

7.3 

6.0 

4.9 

4.9 

6.3 

23.8 
0.07 
25 
up 

12.3 

5.8 

4.8 

4.8 

5.4 

5.9 

6.8 

8.1 

10.9 

Table 4: 5°C and 4 em for the first data set, and 25°C and 1.25 

cm.for the second data set. 

The results indicate that differences as small as 1% 

between the zeta potential of the wall and that of the 

particles llf1.w affects resolution significantly. Further, the 

sign of llf1.w also affects resolution: for the same Illf1.wl, when 

I f1.w I > I f1.A I (i. e. ll~w > 0) resolution is much poorer. The 
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sedimentation velocity Va has only a marginal effect for cells 

less than 10 ~m in diameter. However, for large particles 

(~25 ~m) va can significantly affect resolution, and the 

direction of the flow becomes an important consideration. 



Discovery often means simply 
the uncovering of something which 
has always been there but was 
hidden from the eye by the 
blinkers of habit. 

- Arthur Koestler 
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CHAPTER IX 

ELIMINATING THE CRESCENT EFFECT 
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The simulation results described in the previous chapter 

indicate that artifactual dispersion seriously limits 

resolution in FFZE. In Chapter V it was shown that the 

dispersion is determined by transverse gradients in the axial 

and lateral velocity profiles of the sample (Equation 5.7). 

The transverse gradient in the axial velocity (dvz/dx) is 

driven by Poiseuille flow and buoyancy, whereas the transverse 

gradient in the lateral velocity dVy/dx is driven by 

electroosmosis and the temperature dependence of mobility. 

Because of the axial velocity gradient, under typical 

operating conditions, a particle closer to the wall has a 

greater residence time in the field as compared to a particle 

farther away from the wall. Without the lateral velocity 

gradient, this would cause particles closer to the wall to 

deflect farther along the direction of electrophoresis (y). 

Consequently, a flat ribbon of sample inj ected along the 

transverse axis (x) would emerge from the chamber as a curved 

ribbon as shown in Figure 16a. The lateral velocity gradient, 

on the other hand, has the opposite effect: it speeds up the 

migration rate of particles at the center, while slowing down 
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Figure 16. Schematic representation of the deformation of the 
sample stream in FFZE. Poiseuille flow along the axial 
direction (Figure 1) causes particles closer to the wall to 
deflect farther along the direction of electrophoresis as 
compared to those closer to the center. A flat ribbon of 
sample subjected to such a flow would emerge from the chamber 
as a curved ribbon as shown in (a). On the other hand, 
electroosmotic flow in the lateral direction has the opposite 
effect: it speeds up the migration rate of particles at the 
center, while slowing down particles at the wall. A flat 
ribbon of sample subjected to such a flow would also emerge as 
a curved ribbon, though its curvature would now be reversed as 
shown in (b). When the axial and lateral velocity gradients 
are superimposed, the curvature of the ribbon is determined by 
the relative dominance of the two gradients. Under certain 
conditions (Section 9.1), the effects of the two gradients can 
cancel one another and the ribbon remains undeformed (c). 
When the sample is injected as a circular stream instead of a 
flat ribbon, it emerges as a crescent as shown in Figure (d) 
and (e)i when the effects of the two gradients cancel each 
other, the sample stream emerges undeformed as shown in (f). 
The deformation of the sample stream, known as the crescent 
effect, can be mitigated by manipulating the zeta potential of 
the walls rw (Section 5.1.2) . 
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particles at the wa11 1
• As a result, in the absence of the 

axial velocity gradient, a flat ribbon of sample would still 

emerge as a curved ribbon, though its curvature would now be 

reversed as shown in Figure 16b. When the axial and lateral 

velocity gradients are superimposed, the curvature of the 

ribbon is determined by the relative dominance of the two 

gradients. Under certain conditions (Section 9.1), the 

effects of the two gradients can cancel one another and the 

ribbon remains undeformed; Figure 16c. 

9.1 The Crescent Effect 

When the sample is injected as a circular stream instead 

of a flat ribbon, it emerges as a crescent as shown in Figure 

16d and 16e; when the effects of the two gradients cancel each 

other, the sample stream emerges undeformed as shown in Figure 

16f. The deformation of the sample stream, known as the 

crescent effect, can be mitigated by manipulating the zeta 

potential of the walls r w (Section 5.1.2). For thin gap 

chambers with both walls cooled, the optimum value of rw is 

the zeta potential of the sample. Further, under these 

conditions, there is no deformation of the sample stream 

lThis is only true when the zeta potential of the walls 
is of the same sign as that of the particles, and when the net 
electroosmotic flow across the channel is negligible. These 
conditions are almost invariably satisfied in FFZE. 
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provided that the settling velocity of the particles is 

negligible (Equation 5.12). 

In practice, the above strategy for mitigating the 

crescent effect has several drawbacks. The most serious 

drawback is that with currently available techniques2, it is 

virtually impossible to manipulate the zeta potential of the 

walls with any degree of precision. Further, as demonstrated 

by the simulation results in Chapter 8, relatively small 

variations in Sw from the optimum can degrade resolution 

significa.ntly. Another limitation of this strategy is that 

its effectiveness is compromised when both walls of the 

chamber are not cooled (which is the case with all the 

commercially available devices), or when the velocity profile 

of the sample is significantly distorted by buoyancy and/or 

sedimentation (Section 8.3) . 

9.2 Free-flow Batch Electrophoresis 

To overcome the above limitations, a new strategy for 

mitigating the crescent effect was developed. It involves 

processing the sample in a batch mode with simultaneous 

suppression of electroosmosis. To stabilize the fluid against 

convection, the buffer is made to flow back and forth without 

allowing the sample to leave the field. The technique, called 

free-flow batch electrophoresis (FFBE), consists of the 

2Coating the chamber with an aqueous solution of albumin 
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following steps (wherever applicable, the approximate duration 

of each step is given in parenthesis; Table 6) : 

1. Sample Injection: With the electric field off and the 

buffer flow on, the sample is injected into the chamber 

for a short time interval ti (5 sec). 

2. Sample Entry: Some time to is allowed for the sample to 

completely enter the region between the two electrodes (5 

sec) . 

3. Power On: Once the sample enters the region between the 

electrodes the power is turned on. 

4. First Phase: With the electric field turned on the sample 

is allowed to electrophorese for a specified time interval 

tel (15 sec). 

5. First Flow-Reversal: Before any elements of the sample can 

leave the region between the electrodes the direction of 

the buffer flow is reversed. 

6. Second Phase: With the flow reversed, the sample is 

allowed to electrophorese for a (second) specified time 

interval t~ (20 sec) . 

7. Second Flow-Reversal: Before any elements of the sample 

can leave the region between the electrodes the flow is 

again reversed. 

8. Third Phase: With the flow reversed a second time, the 

sample is allowed to electrophorese for a (third) 

specified time interval t~ (20 sec). 
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9. Power Off: Before any elements of the sample can leave the 

region between the electrodes the field is turned off. 

10. Sample Recovery: After the sample leaves the chamber the 

fractions are collected during a time-interval tr (10 

sec); profiles of the effluent-sample are recorded. 

The above steps are summarized in Table 6. The overall time 

for the ten steps is about 75 sec: the injection, entry and 

recovery steps take about 20 sec, while the remaining 55 sec 

is the actual residence time of the sample in the field. The 

chamber is coated with a neutral reagent to suppress electro-

osmosis. 

In the above technique, since the sample is processed in 

the batch mode all the particles have the same residence time 

in the field, and the axial velocity gradient no longer 

affects the deflection of the sample. Further, since 

electroosmosis is suppressed the lateral velocity profile is 

eliminated, and the particles deflect at the same rate 

regardless of their distance from the chamber walls3. 

Consequently, the deformation of the sample stream is 

virtually eliminated. 

3This is true only for narrow gap widths and low field 
strengths where the effect of temperature on mobility can be 
neglected. 



Table 6. Experimental Steps in Free-flow Batch Electrophoresis. 

STEP TIME SCALE I DURATION IN SECONDS IDIRECTION OF FLOW I POWER ON/OFF 

START (1=0) 

Forward Off 1. Sample Injection {T 
2. Sample Entry { 
3. Power On --------------------. 

5 

5 Forward Off 

4. First Phase { 15 Forward On 

5. First Flow-Reversal ---------. Residence Residence 

6. Second Phasc { 
time in timein 

fieid chamber 
20 

= 55 sec = 75 sec 
Reverse On 

7. Second Flow-Reversal ---___ • 

8. Third Phase { 20 Forward On 

9. Powcr orr 

10. Sample Recovery { 10 Forward Off 

---'-'--

END (I = 75 sec) 

I-' 
~ 
U1 
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9.1.1 Comparison of Resolution 

In this section resolution in the batch mode (FFBE) is 

compared to that obtained in the conventional mode (FFZE). 

The comparison is for the same net deflection of the sample 

(i.e. for a given effective width of the chamber). For the 

conventional mode, the mean sample residence time and field 

strength were 16 sec. and 112.5 V/cm respectively. These 

conditions were found to be optimal for FFZE. The flow rates 

and concentrations of sample and buffer were the same in both 

modes; however, because the batch experiment had 3 phases, the 

residence time of the sample in the electric field in the 

batch mode (T = 55 sec) was much longer than that in the 

continuous mode (T = 16 sec). Therefore, to compare the two 

runs for the same average sample deflection D (= ~ET; where ~ 

is the net mean mobility of the sample, and E is the field 

strength), the field had to be much greater in the continuous 

mode. Thus, as compared to the conventional mode where E was 

112.5 V/cm, in the batch mode E had to be reduced to 50 V/cm 

to get the same mean sample deflection. Further, in the 

conventional mode the chamber walls were coated with bovine 

serum albumin to optimize their zeta potentials. In both 

cases the sample was inj ected as a pulse, and operating 

conditions were optimized to get the highest possible 

resolution for the same net deflection of the sample. The 
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dimensions and design features of the chamber were otherwise 

identical in either mode. 

In all the runs the deflection of dextran was used as a 

standard measure of electroosmosis. Fixed red blood cells 

were used as a control to ensure that steady operating 

conditions were maintained throughout the experiment. 

Representative profiles of absorbance versus deflection 

for the two modes are given in Figure 17. The profile on the 

top (Figure 17a) represents the separation of two homogeneous 

emulsions E1 and E2 in the conventional mode, whereas the 

profile on the bottom (Figure 17b) represents the separation 

of E1 and E2 in the batch mode. The data indicate that in the 

batch mode, the bands are between two and three times 

narrower, and the peak-to-peak distance 6 is amplified 

approximately 1.5 times. A comparison of the profiles with 

and without the field shows that in the batch mode there is 

virtually no broadening of the bands. This is explained by 

the absence of electroosmosis and the uniformity of residence 

time. Further, the absence of electroosmosis also accounts 

for the amplification of 6. In conventional FFZE, in the 

region close to the center of the gap, electroosmosis accounts 

for approximately one-third of the net deflection of the 

sample. In other words, the actual electrophoretic deflection 

of the sample is only two-thirds of the observed value. On 

the other hand, in the batch mode since electroosmosis is 
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Figure 17. Comparison of Resolution in (a) Conventional Mode, 
and (b) Batch Mode. The sample contained two homogeneous 
emulsions E1 and E2. The dotted and continuous peaks 
represent the distribution of the sample in the effluent with 
and without the field respectively. The average net 
deflection of the sample D was the same in either run. For 
the batch experiment, a comparison of the profiles with and 
without the field indicates that there was virtually no 
dispersion along the axis of separation, and the two peaks 
were fully resolved. In the conventional mode, however, the 
peaks overlapped because of dispersion and lower sensitivity 
(peak-to-peak distance between sample-components 0) ; note that 
Ob = 1.5 Oc. 
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suppressed, the electrophoretic deflection of the sample is 

equal to the observed deflection. Thus, for the same observed 

deflection (in either mode), 0 is 50% greater in the batch 

mode. 



Then felt I like some watcher of the skies, 
When a new planet swims into his ken, 
Or like stout Cortez who with eagle eyes, 
Stared at the Pacific, and all his men, 
Looked at each other in a wild surmise, 
Dark upon a peak in Darien. 

- Keats 

Give me a lever long enough and a prop 
strong enough and I can single-handedly move 
the world. 

- Archimedes 
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CHAPTER X 

ENHANCING SENSITIVITY 

132 

In Chapter V it was shown that there are two criteria for 

enhancing resolution: one is to minimize artifactual 

dispersion or peak overlap; the other is to maximize 

differential migration or the peak-to-peak distance between 

sample components. The former criterion was addressed in the 

previous chapter where it was shown how artifactual dispersion 

(which leads to overlapping peaks through the crescent effect) 

can be virtually eliminated by processing the sample in a 

semi-batch mode. This chapter addresses the other aspect of 

enhancing resolution which is to amplify peak-to-peak 

distance. 

In conventional FFZE for a given sample, the peak-to-peak 

distance 0 is determined by the product of the field strength 

E and the residence time of the sample T (Equation 5.4a). 

Thus 0 can be increased by increasing E and/or T. However, 

both E and T are constrained by other considerations. As E 

increases, so does the dispersion of the sample; in general, 

there is an optimum value of E beyond which resolution begins 

to degrade (Section 8.2). Similarly, for cells there is an 

optimum value for T which is determined by aggregation or 

viability. Besides, for a given system the onset of 
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instabilities in the flow is determined by ET. For these 

reasons, 6 is often too small to purify subpopulations of 

cells and organelles. This limitation can sometimes be 

overcome by selectively altering the surface charge of a sub

population through chemical modification of surface groups 

[3,4] . A drawback of this approach is that specific 

strategies have to be developed on a case-by-case basis. It 

can also lead to changes in functional activity, is time 

consuming, and often requires expensive reagents. 

10.1 Design strategies for amplifying peak-to-peak distance 

In this section two strategies for amplifying 6 without 

increasing the field strength or residence time are described. 

The strategies are based on modifications in chamber design. 

10.1.1 Utilization of gradients along direction of electro

phoresis 

The first strategy involves the utilization of suitable 

gradients along the direction of electrophoresis. In 

conventional FFZE there are no gradients along the direction 

of electrophoresis, and the net deflection rate Vy and 

residence time T (=L/Vz ) of a particle are independent of its 

lateral (y) coordinate i Figure 18a. However, by modifying the 

cross section of the chamber Vy and T can be made to increase 

along Yi Figure 18b. In such a chamber, as a particle 

migrates, the angle a that its net velocity vector makes with 

respect to the axial (z) direction progressively increases. 
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Figure 18. Utilization of gradients along the direction of 
electrophoresis to enhance the peak-to-peak distance between 
sample components 6~. In conventional FFZE (a) there are no 
significant gradients along the direction of electrophoresis 
(y), and the net deflection rate Vy and residence time T 

(=L/Vz ) of a particle are independent of its lateral (y) 
coordinate. However, by modifying the cross section of the 
chamber (b) Vy and T can be made to increase along y. In such 
a chamber, as a particle migrates, the angle a that its net 
velocity vector makes with respect to the axial (z) direction 
progressively increases. 
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Consequently, the trajectory of the particle is curved, the 

curvature being dependent on the magnitude of the gradients in 

Vy and Vz • 

To understand why the gradients would amplify (), consider 

what would happen if a separation were to be performed in 

ei ther chamber. First consider the conventional chamber 

(Figure 18a) in which Vy and Vz are constant along the 

direction of electrophoresis. In such a chamber, the 

residence time of a particle injected at a given distance from 

the wall is independent of its mobility. In other words, no 

matter how fast it deflects along y, its velocity along z, and 

therefore its total exposure to the field, is the same. Thus, 

for a specified distance from the wall (i.e. constant x), the 

elements of A and B spend the same amount of time in the 

field: i.e. TA = TB T. Further, a particle experiences no 

acceleration along y, and the difference between the 

velocities of A and B does not change with time. 

Now consider the tapered chamber which has a gradient in 

Vy and Vz (Figure 18b). Here, because Vz decreases along y, 

the residence time of a particle depends on its mobility: for 

a given point of injection (x,z), the greater the intrinsic 

mobility of the particle, the greater would be its residence 

time. Thus, TA > TB• Further, both populations A and B 

accelerate along y, and the difference between their 

velocities increases with time. Thus for the same average net 
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deflection D (i.e. the same average residence time T = (TA + 

TB) / 2, and average lateral velocity Vy = (Vy,A + Vy,B) /2), the 

faster component A deflects farther along y in the presence of 

the gradient; conversely, the slower component B deflects a 

shorter distance. Thus the peak to peak distance between A 

and B (0) is amplified by the gradient. Note that the 

amplification of 0 is not a result of greater sample 

deflection D, instead, it results from the redistribution of 

buffer velocity and field strength within the chamber. 

Further, if the direction of electrophoresis were reversed, 0 

would decrease instead of increasing. 

The above analysis demonstrates that by deflecting the 

sample along a negative gradient in axial fluid velocity 

and/or a positive gradient in particle deflection rate, it 

should be possible to amplify o. In principle, this amounts 

to selectively increasing the deflection rate and the 

residence time of the faster component relative to that of the 

slower component. 

Hardware Modifications Some examples of hardware 

modifications that would lead to gradients in Vy and/or T 

along the direction of electrophoresis are illustrated in 

Figure 19. In the case of the wedge shaped chamber (Figure 

19a), the gradients are generated by the lateral variation of 

gap width. The field strength E, and therefore the migration 

rate VY' increase with decreasing gap width; whereas the 
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Figure 19. Hardware modifications that would lead to 
gradients in the migration rate Vy and/or residence time T of 
a particle along the direction of electrophoresis. In the 
wedge shaped chamber (a) the gradients are generated by the 
lateral variation of gap width. The field strength E, and 
therefore the migration rate Vy ' increase with decreasing 
gap width; whereas the buffer velocity Vz ' and therefore 
the residence time T, decrease with decreasing gap width. In 
such a tapered chamber the amplification of 0 increases with 
the angle of the taper e. For e = 3600 the chamber transforms 
into an annulus (b). The amplification of 0 in the annulus 
decreases with increasing radius R. As R ~ 00, the field 
gradient dE/dR ~ 0, and the annulus is transformed into a slit 
(c) . In this configuration 0 is amplified only by the 
gradient of buffer velocity across the thickness of the 
chamber dv z/ dx. 
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buffer velocity Vz' and therefore the residence time T, 

decrease with decreasing gap width. In the tapered chamber 

the amplification of 0 increases with the angle of the taper 

8. For 0 = 360 0 the chamber transforms into an annulus 

(Figure 19b). Besides its higher amplification of 0, the 

annular configuration has two other advantages. First, wall 

effects such as electroosmosis and gradients orthogonal to the 

field (i. e. along the O-direction) in buffer velocity and 

temperature are eliminated. Further, the larger area 

available for sample injection enhances throughput. A dis

advantage of the annulus, however, is that the surface area to 

volume ratio, and therefore the cooling efficiency reduces 

substantially. This adversely affects the stability of the 

flow at 1-g, and can lead to overheating under microgravity. 

The amplification of 0 in the annulus decreases with 

increasing radius R. As R ~ 00, the field gradient dE/dR ~ 0, 

and the annulus is transformed into a slit (Figure 19c). In 

this configuration 0 is amplified only by the gradient of 

buffer velocity across the thickness of the chamber dVz/dx. 

Thus the slit does not amplify 0 as much as the annulus; 

however, it has the advantage of being easier to build, and 

has a larger surface area to volume ratio. 

10.1.2 Reorientation of fraction collector 

Another strategy for amplifying 0 is to reorient the 

fraction collector with respect to the bulk flow. This is 
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illustrated in Figure 20, which compares 0 in a conventional 

fraction collector in which the receptacles are parallel to 

the direction of the flow (Figure 20a), to that with a cross 

flow fraction collector in which the receptacles are 

perpendicular to the direction of the flow (Figure 20b). In 

the cross flow fraction collector a small fraction of the bulk 

(or primary) flow is withdrawn into the receptacles via a 

multichannel pump (Figure 20c). The sample is removed 

continuously along with the cross flow. 

It can be seen from Figure 20 that the cross flow 

fraction collector would be quite effective in amplifying o. 
This is because the angle of deflection a is generally very 

small in FFZE. Typically, a is less than 0.1; therefore, 

0/0' = tan a = Vy/Vz = 0.1 

where the prime indicates that the fraction-collector is 

reoriented. Therefore, the amplification A is, 

A = 0'/0 = 10 

Besides amplifying 0, this adaptation would also concentrate 

the sample and make collection much easier in chambers with 

nonuniform cross sections (Section 10.1.1) . 

10.2 Computing amplification of peak-to-peak distance 

In this section equations for computing the amplification 

of 0 are derived. Consider a particle at a given distance 

from the wall (x) migrating along a lateral (y) gradient in Vy 
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Figure 20. Comparison of peak-to-peak distance between 
sample components 0 in (a) a conventional fraction 
collector, and (b) a cross flow fraction collector; (c) 
sectional view of receptacle: detail at X. In the cross 
flow fraction collector a small fraction of the bulk (or 
primary) flow is withdrawn into the receptacles via a multi
channel pump (c). The sample is removed continuously along 
with the cross flow. Because the angle of deflection a is 
generally very small in FFZE the cross flow fraction 
collector would be quite effective in amplifying o. 
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and/or Vz. The trajectory of the particle can be expressed 

as: 

dt = dy/Vy = dz/Vz (10.1) 

where dt is the time differential, and dy and dz are differen

tial displacements of the particle along the lateral and axial 

directions. Assuming Vy = ~E and Vz = v z' the velocity of the 

buffer, and noting that Vz' ~ and E may be functions of y, 

dz = [ vz(y) / ~(y) E(y) ] dy (10.2) 

Equation 10.2 can be integrated for two given populations A 

and B to solve for {) with and without the gradients. A 

computation strategy is described here for two cases: one 

where the fraction collector is aligned with the field, and 

the other where it is perpendicular to the field (Section 

10.1.2) . 

10.2.1 Fraction collector aligned with field 

For this case, the upper limit of integration for z is 

the same for both populations, viz. the effective length of 

the chamber L. On the other hand, the upper limit of integra

tion for y is the net lateral migration of the population, 

which depends upon the intrinsic mobility of the population 

and the nature of the gradients. Without the gradients, Vz' 

~ and E are independent of y, and Equation 10.2 can be easily 
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integrated to solve for the deflections DA (= D) and DB (= D -

0) of the two populations. Thus, 

oIL dz (vz / Jl.AE) oID dy 

D Jl.A E L/vz Jl.A E T 

and, D - 0 = Jl.B E L/vz = Jl.B E T 

defining Jl.A - Jl.B as ~Jl., 

o = ~Jl. E 7 

(10.3a) 

(10.3b) 

(10.4) 

which is the same as Equation 5.4 (where 0 is ~D). With the 

gradients, for the same net deflection of the faster component 

A, Equation 10.2 can be integrated to give 

oIL dz oID [vz (y) / Jl.A (y) E (y)] dy = L (10.Sa) 

(10.Sb) and 

where 0' is the unknown peak-to-peak distance between A and B 

in the presence of the gradients. Equation 10. Sa is the 

constraint on the parameters of the gradients for which the 

net deflection of A without the gradients would be equal to 

that with the gradients. Equation 10. Sb gives 0' as a 

function of the gradient parameters. 

peak-to-peak distance is then 0'/0. 

The amplification of 

10.2.2 Fraction collector perpendicular to field 

For this case, the upper limit of integration for y is 

the same for both populations, viz. the effective width of the 

chamber W. On the other hand, the upper limit of integration 

for z is the net axial migration of the population, which 

depends upon the intrinsic mobility of the population and the 
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nature of the gradients. As before, without the gradients 

Equation 10.2 can be easily integrated to solve for the axial 

migrations LA (= L) and La (= L - 0) of the two populations. 

Thus, 

and 

oIL dz = (vz/ /lAE) oIw dy 

. L vzW/ /lAE V z TA 

L - 0 

. 0 

(10.Ga) 

(10.Gb) 

(10.7) 

With the gradients, for the same net axial migration of the 

faster component A, Equation 10.2 can be integrated to give 

oIL dz oIw [vz(y)//lA(y)E(y)] dy L (10.8a) 

and oIL-b' dz oIw [vz (y) / /la (y) E (y)] dy L - 0' (10. 8b) 

where 0' is the unknown peak-to-peak distance between A and B 

in the presence of the gradients. Equation 10. 8a is the 

constraint on the parameters of the gradients for which the 

net axial migration of A without the gradients would be equal 

to that with the gradients. Equation 10.8b gives 0' as a 

function of the gradient parameters. As before, the 

amplification of peak-to-peak distance is 0'/0. 

The above equations were used to calculate the 

amplification of 0 in the annular configuration (Figure 19b) . 

A Fortran program for computing amplification is given in 

Appendix III. The results are discussed in Section 10.3.3. 
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10.3 Experimental validation 

To experimentally validate the concept of amplifying 0 

(Section 10.1) the wedge-shaped chamber (Figure 19a) was built 

and tested. The objective of this task was to determine the 

extent to which 0 can be amplified in the tapered 

configuration, and to compare experimental and computed values 

of o. 

10.3.1 Modification of cross section 

The tapered configuration was obtained from the parallel 

plate configuration (Section 4.1) by modifying the cross 

sect ion of the chamber. A sectional view of the chamber 

before and after modification is compared in Figure 21; the 

unmodified cross section (Figure 21a) had a uniform gap width 

d of 430~m, whereas the modified cross section (Figure 21b) 

had a tapered cross section with gap thickness varying between 

430~m and 230 ~m. The taper was simulated as a series of step 

changes in gap width. The steps were made out of water based 

adhesive mylar approximately 25 microns thick. To smoothen 

the edges, the steps were covered with a thin adhesive sheet 

of the same material. 

An important consideration in the design of the tapered 

chamber was to ensure that the sample was injected far enough 

downstream from the entrance to the tapered section to avoid 



a) Conventional cross section 

- ED --!> 0.43mm 

b) Modified cross section 

" .•..... >. \iJ --!> 

Not to Scale 

Figure 21. Cross-sectional view of separation chamber (a) 
Conventional, and (b) Modified. In the modified cross 
section water based adhesive mylar sheets approximately 
25 microns thick were used to simulate a series of step 
changes in gap width. To smoothen the edges, the steps 
were covered with a thin adhesive sheet of the same 
material. 
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the flow transition regionl. Further, in the fully developed 

region a high degree of precision was required to ensure that 

the cross section was constant all along the length of the 

chamber. 

With the modified cross section the axial velocity Vz of 

the fluid varied approximately with the square of the gap 

width d. Thus the residence time T for a particle varied 

sharply along the direction of the field, being much greater 

at the narrower end than it was at the wider end. Another 

characteristic of the modified cross section was that the 

field strength, and therefore the deflection rate, varied 

inversely with gap width d. The resulting acceleration of the 

particle as it migrated towards the anode (+) enhanced the 

effect of the gradient in T on the amplification of o. 
10.3.2 Experimental results 

Experimental data was obtained as follows. First the 

position of the injection needle was adjusted so that the 

migration of the sample was confined to the wider section of 

the chamber (Figure 21b). The operating conditions were then 

optimized to get the highest possible resolution. Once the 

absorbance profile of the sample had stabilized, the injection 

needle was shifted just enough to allow the faster component 

to enter the narrower sections of the chamber. 

lThe entrance length was estimated using Equation 3.14. 
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Two sets of data were gathered: one set was obtained with 

the mixture of Band T cells; the other set was obtained with 

the two emulsions E1 and E2 (Section 4.1). The peaks were 

found to be stable and reproducible, and were identified by 

running pure components under identical conditions. The 

profile of the slower component is superimposed (dotted) to 

illustrate relative improvement in resolution. 

Band T cells The separation of Band T cells with and 

without amplification are compared in Figure 22. The 

amplification of 0 can be estimated by comparing the two 

profiles: Note that while the deflection of the slower 

component (B cells) was the same in both cases (i.e. D' = D; 

the primes referring to the amplified separation), the peak

to-peak distance was four times greater after amplification 

(i.e. 0' > 40). Further, before amplification 0 was 

comparable to the size of the receptacles indicating that the 

resolution was inadequate for purifying the T cells; however, 

the significant increase in 0 after amplification suggests 

that relatively pure fractions of T cells were obtained. Note 

that before amplification the T cells almost complete.ly 

overlapped with the B cells, whereas after amplification over 

70 % of the T cells did not overlap with the B cells. 

Emulsions El and E2 Further evidence for the amplification of 

6 can be seen in Figure 23 which shows the profiles for the 

separation of emulsions E1 and E2. Again, the data suggest 
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Figure 22. Comparison of peak-to-peak distance between sample 
components in (a) conventional mode, and (b) amplified mode: 
separation of B cells and T cells. The arrow represents the 
point of sample injection. D is the net deflection of the 
slower component, 0 is the peak-to-peak distance ,and d is the 
diameter of the receptacle. The dotted line represents the 
first change in gap-width (Figure 21). In (a), the position 
of the injection needle was adjusted so that the migration of 
the sample was confined to the wider section of the chamber 
(left of the dotted line). In (b), the injection needle was 
shifted just enough to the right to allow the faster component 
to enter the narrower sections of the chamber. The operating 
conditions were as follows: voltage V = 620 V (across 4.0 cm) ; 
current i = 78 rnA; approximate residence time of sample in 
wider section T = 16 sec. 
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that while the deflection of the slower component (E1) was the 

same in either case (i.e. D' = D), the peak-to-peak distance 

was about five times greater after amplification (i.e. 0' > 

50) . Note that before modification El almost completely 

overlapped with E2, whereas after modification less than 50% 

of El overlapped with E2. 

Defining the ratio 0' /0 as the amplification A, the above 

data indicate that A was greater than 4 for the Band T cells, 

and greater than 5 for the emulsions. 

10.3.3 Comparison of experimental and calculated values of 
amplification 

In this section the experimental values of amplification 

obtained in the previous section are compared to those 

calculated theoretically. An expression or the amplification 

of 0 across a gap-width differential (i.e. a step change in 

thickness of the chamber) can be derived as follows. First, 

consider a conventional chamber of rectangular cross section. 

By definition of particle-mobility ~, the average net 

deflection of the sample (consisting of components A and B 

that have net mobilities ~A and ~B) in a given yz-plane (Figure 

1) is related to the field strength E, and the net residence 

time T in that plane by the equation: 

(10.9) 

where ~ = (~A + ~B) / 2 is the average net mobility of the 
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Similarly the average net deflection of the two 

components DA and DB are: 

DA f.lA E T (10. 9a) 

DB f.lB E T ( 1 0 . 9 b ) 

Thus the peak-to-peak distance 6 may be expressed as: 

6 = DA - DB = (f.lA - f.lB) E T = /:If.l E T (10.10) 

Substituting for ET from Equation 10.9 gives: 

6 = (/::.f.l/f.l) D = kJl D (10.11) 

where /::.f.l/f.l = kJl' the fractional difference in mobility, is a 

constant for a given sample and buffer. 

Having derived the expression for 6 in a chamber of 

uniform cross section, now consider a chamber with a single 

gap-width differential. For this case the amplification of 

peak-to-peak distance A for the same net sample deflection D 

is (Figures 24 and 25) : 

(10.12) 

where b 1 and b 2 are the gap-widths of the chamber upstream and 

downstream with respect to the deflection of the sample, 

respectively. Substituting for 6 from Equation 10.11 gives: 

6' = kJl D (b1/b2 )
3 (10.13) 

By induction, for N-1 steps of equal width D/N the peak-to-
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Figure 24. Schematic representation of the amplification of 
peak-to-peak distance between sample components 6 across a gap 
width differential. The dotted line represents a step change 
in gap width. In the wider section of the gap there is less 
resistance to the flow and therefore the axial buffer velocity 
Vy is greater. Conversely, in the narrower section of the gap 
the field strength E is stronger and therefore the particle 
migration rate Vx is greater. The faster component A enters 
the narrower section before the slower component B. The 
resulting amplification in the peak-to-peak distance the two 
components is 6'/0. 
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Figure 25. Mathematical relationship between amplification 
(Figure 24) and the magnitude of the gap width differential in 
a tapered FFZE chamber. The field strength E is assumed to 
vary inversely with gap width b, whereas the buffer velocity 
V is assumed to vary as the square of the gap width. with 
these assumptions it follows that the amplification 0'/0 is 
the cube of the gap width differential bib'. 
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Table 7 Comparison of experimental and calculated values of 
amplification A (= 6'/6) in the tapered configuration. The 
taper was simulated as a series of step changes in chamber 
thickness (Figure 21). 0 and 0' are the peak-to-peak distance 
between sample components (for the same net deflection of the 
slower component), in the unmodified (parallel plate) and 
modified (tapered) configurations respectively. 

Run No. of Gap width at step i Amplification of peak-to-peak 
No. steps (b i ) in /lm distance (A) 0'/0 

(N-1) 

b 1 b 2 b 3 b4 Experimental Calculated 
(Figs. 22,23) (Eqn. 10.12') 

1 3 425 400 320 240 > 4 4.2 

2 1 425 240 > 5 5.5 

peak distance 0' for the same average net sample deflection D 

is: 

(10.13') 

Dividing Equation 10.13' by Equation 10.11 gives an expression 

for the amplification A: 

1 
A = 0'/0 = -

N 

i=l 
E 

N-1 
(10.12') 

Table 7 gives the values of b i for the two runs described in 

the previous section. substituting the values of b i into 

Equation 10.12' gives A = 4.2 for Run No.1, and A = 5.5 for 

Run No.2. These values compare well with the experimental 

values of A > 4 and A > 5 for the two runs (Section 10.2). 

The agreement between the calculated and experimental values 
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suggests that the above model estimates the amplification of 

6 in the tapered configuration with reasonable accuracy. 



Ossified structures of 
perception are the prisons in 
which we unknowingly become 
prisoners. 

- Gary Zukov 

The air currents stirred up 
by a butterfly in Shanghai may 
eventually develop into a storm 
that dusts the Rockies. 

- Karen Emmons 
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CHAPTER XI 

POTENTIAL FOR SCALE-UP 
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The equations derived in Chapters V and VII for the 

velocity profiles in an FFZE chamber were valid only for thin 

gap widths where edge effects are negligible and the flow is 

stable. When the gap width is increased so as to scale-up the 

process, both of the above assumptions break down, and the 

flow is neither one dimensional nor steady. This leads to 

intense mixing of sample components, making separation 

impossible. 

11.1 Theoretical limit of gap width 

The gap width of an FFZEchamber can only be increased up 

to the point where the flow becomes unstable. The onset of 

instability is determined by the ratio of buoyancy induced 

forces to inertial forces BI, which is the Grashof number 

divided by the square of the Reynolds number [57]: 

BI = Gr/Re2 = g {3 (ilT}max d / (vz }avg2 (11.1) 

where g is the acceleration due to gravity, {3 and (vz ) avg are 

the coefficient of volume expansion and average velocity of 

the separation buffer, (ilT) max is the maximum temperature rise 
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of the buffer, and d is half the gap width. For a chamber 

with both walls cooled (ilT)max is given by Equation 3.13d: 

( il T) max = a ( Ed) 2 / 2 k (3 . 13 d) 

Substituting for (ilT) max into Equation 11.1 gives, 

BI = g {3 a E2 d3 
/ 2 k (vz )avg2 (11.2) 

Since (vz ) avg = L/Tavg , where L is the effective length of the 

chamber and T is the average residence time of the buffer, 

BI = g {3 a (ET avg) 2 d 3 
/ 2 k L2 (11.3) 

Further, for a given sample il~ the peak-to-peak distance 0 

between sample components in a conventional chamber is 

determined by the product (ET avg) : 

o = il~ E Tavg 

Therefore, Equation 11.3 can be written as, 

BI = g {3 a (0 / il~) 2 d 3 
/ 2 k L2 

(10.4) 

(11.4) 

From Equation 11.4 it can be inferred that for a given sample 

and degree of separation (0), the ratio of buoyancy induced to 

inertial forces, and therefore the stability of the flow, is 

determined by the cube of the gap width. Further, the above 

analysis indicates that for a given degree of separation and 

length of chamber, the stabili ty of the flow is independent of 

the velocity of the buffer. This is because when the buffer 

velocity is increased, the field strength required to obtain 

the same 0 increases commensurately, so E/ (vz ) avg' and 

therefore BI, remain unchanged. 
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The maximum gap width for which the flow would be stable 

can be estimated from Equation 11.4. In Chapter VIII, the 

critical value of BI was estimated to be approximately 0.25. 

Thus, the criterion for stability may be stated as: 

g {3 a (6/6JJ.)2 d 3 
/ 2 k L2 < 0.25 (11.5) 

or, in terms of the gap width (H = 2d), 

H < 2 ( k L2 / 2 g {3 a (6/ 6JJ.) 2 ) 1/3 (11.6) 

Thus, for a given sample and degree of separation (6/6JJ.) , H 

can be increased by increasing the thermal conductivity of the 

buffer k and the length of the chamber L, and by decreasing g, 

the coefficient of volume expansion {3, and the electrical 

conductivity of the buffer a. In practice, with the exception 

of g which can be reduced very effectively under microgravi ty, 

all the other parameters on the RHS of Equation 11.6 are 

constrained by other process considerations: k, {3 and a are 

constrained by the temperature and composition of the buffer, 

and L is constrained by the size of the chamber. To some 

extent {3 and a can be reduced by reducing the temperature: {3 

~ 0 as T ~ 4°C, and a is almost 3 times smaller at 4°C than it 

is at 35°C (k is relatively insensitive to temperature). 

Thus, under terrestrial conditions, the only obvious way to 

increase H without destabilizing the flow is to lower the 

operating temperature. However, as shown below, this strategy 

is only marginally effective. Typically, even at low 

temperatures, {3 cannot be reduced below about 10-4 °C-1 because 
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of the temperature rise at the center of the gap, and a and k 

are around 10-3 (ohms cm) -1 and 6 x 10-3 Watts/cm °C. Assuming 

L to be 50 cm, and 0 and ~~ to be 0.5 mm and 0.05 ~m/sec per 

V/cm (corresponding to a mobility difference of about 5 %), 

Equation 11.6 suggests that H must be less than about 1.8 mm 

at 1 g. If g can be reduced by about three orders of 

magnitude under microgravity (as it typically is), H could be 

increased to about 1.8 cm. As g ~ 0, H could be increased 

substantially before destabilizing the flow i however, the 

maximum temperature rise in the chamber given by Equation 

3.13d would limit H to about 1 cm (Section 11.2). 

The above analysis indicates that the potential for 

scaling-up FFZE under terrestrial conditions is seriously 

limited by buoyancy induced instability. This limitation is 

overcome under microgravitYi however, the temperature rise in 

the chamber becomes a limiting factor instead. 

11.2 Potential for scale-up under microgravity 

Under microgravity the limitation imposed on the gap 

width by the temperature rise in the chamber can be evaluated 

using Equation 3.13d: 

(8T) max a ( E d )2 / 2 k (3.13d) 

For biological particles, assuming a coolant temperature of 

4°C, (~T) max is typically around 40°C. Thus, the upper limit of 
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gap width H (= 2d) under microgravity could be determined by 

the condition: 

H < 2 ( 80 k / a E2 ) 0.5 (11.7) 

In practice, E cannot be lowered below 40 V / cm without 

seriously compromising on 6 and/or T (Section 8.2). Thus, 

with k = 6 X 10-3 Watts/cm °C and a = 10-3 (ohms cm) -1, H would 

be limited to 1.1 cm, which is only about twenty times greater 

than the gap width of typical commercial devices. For a given 

thickness of the sample stream along the direction of electro

phoresis, this amounts to only a twenty- fold increase in 

throughput. 

When sample concentration is not limited by aggregation 

(as in the case of proteins and some cells and organelles), 

the throughput could be further increased under microgravity 

by increasing concentration. For cells the concentration at 

1 g is limited by zone sedimentation to around 10 8 per ml 

depending on the size and density of the particles (Equation 

3.9). Under microgravity, where sedimentation effects are 

virtually eliminated, the concentration of the cells could be 

increased up to the point where particle interactions begin to 

degrade resolution (Equations 3.6 and 3.7), or the difference 

in conductivity between sample and buffer gives rise to 

significant electrohydrodynamic effects (Equation 3.8). 
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11.3 Proposed design for microgravity 

In this section, based on the findings of this study, a 

new design is proposed for operation under microgravity. The 

objective o~ the design is to exploit gradients in particle 

deflection rate and residence time to enhance resolution 

(Section 10.2), and simultaneously exploit microgravity to 

enhance throughput. 

11.3.1 Description of chamber 

A schematic representation of the proposed system is 

given in Figure 26. The shape of separation chamber could be 

either an annulus (Figure 19b) , or a parallelepiped (Figure 

19c); however, the design features for the two configurations 

are conceptually identical, and further description is limited 

to the annulus. 

The field is directed radially outward, with the cathode 

and anode being the outer and inner walls of the annulus 

respectively. The sample is injected in the form of a 

circular ribbon between the cathode (outer wall) and the 

center, and far enough downstream form the electrodes to avoid 

the entrance region. The sample is collected by a cross flow 

fraction collector (Section 10.2) mounted at the end of the 

anode within the inner wall. 
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11.3.2 Principle of operation 

Consider a negatively charged sample migrating radially 

inward towards the anode. The radius of inj ection Rinj is 

adjusted so that two functionally distinct regions are formed: 

one between R inj and R sep ' in which the sample components are 

separated; and the other between Rsep and the inner wall R i , in 

which the peak-to-peak distances between the sample components 

0ij are amplified. In the first region the gradients in field 

strength and buffer velocity are relatively mild and so 

amplification is negligible. On the other hand, in the second 

region as the radius decreases, the gradients increase 

sharply, and the 0ij are amplified. 

Besides its potential to amplify 0, the proposed design 

also provides other advantages. First, since the sample is 

injected along a circle instead of being injected at a point, 

the throughput is significantly higher. Further, since there 

are no walls connecting the electrodes, electroosmosis is 

eliminated. Also, by virtue of radial symmetry, there are no 

gradients perpendicular to the field. Because of the last two 

features dispersion of the sample along the direction of 

electrophoresis should be significantly less. 

Another advantage of the proposed design is that it 

offers a potential solution to the problem of electrohydro

dynamic distortion of the sample stream. It is known that 

when the ratio of the sample to buffer conductivity R (=as/ab ) 
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is less than 1 the equilibrium shape of the sample stream is 

that of a sheet, perpendicular to the direction of the field 

(Section 3.1.2). This is also the shape in which the sample 

is injected in the annular configuration (Figure 26b). There

fore, it may be possible to eliminate EHD in the annulus by 

operating at Ru < 1. With cells this condition is generally 

satisfied because the conductivity of a cell suspension 

usually decreases with cell concentration. Wi th proteins 

however, conductivity generally increases with concentration, 

and therefore Ru would be > 1 unless the conductivity of the 

buffer ab were increased commensurately. A drawback of this 

approach is that ohmic heating, which varies as ab , would be 

somewhat higher, however this would not be a problem under 

microgravity so long as the sample is not overheated. 

11.3.3 Numerical Evaluation of annular configuration 

In this section the potential of the annular 

configuration to enhance resolution and throughput under 

microgravity is evaluated. 

Calculation of resolution The calculations were done with the 

help of computer simulator ANNULUS given in Appendix III. The 

computation strategy was similar to that described in Section 

10.3. The chamber (Figure 26b) was simulated as a series of 

step changes in buffer velocity Vz and field strength E. The 

variation of viscosity and electrical conductivity with 

temperature was neglected in computing V z and E. In the 
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simulation a sample containing two negatively charged sub

populations A and B having mobilities ~A and ~B (I~AI > I~BI) 

is assumed to be injected between the electrodes along a 

circle of radius Ri~. The fractions are collected along the 

inner surface (i.e. at R = Ri ) with a cross flow fraction 

collector (Section 10.2). The trajectories of single 

particles of A and B are traced by following their axial (z) 

and time (t) coordinates as they migrate towards the anode 

(+). The simulation continues until both particles reach the 

inner wall (i.e. for N steps). Since the particles migrate 

across a gradient in V and E, their axial coordinates (ZA and 

ZB) at the end of the simulation (i.e. for RA = RB = Ri ) are 

not equal: instead, the faster component A has a smaller axial 

coordinate (i.e. ZA < ZB). The peak-to-peak distance between 

A and B (0') is the difference between their axial coordinates 

(i.e. 0' = ZA - ZB). Thus, the amplification is the ratio of 

0'/0, where 0 (the peak-to-peak distance in the absence of the 

gradients, i.e. in conventional FFZE) , is given by: 

o = (~~/~) D (10.11) 

Therefore, 

A = 0'/0 = (ZA - ZB)/(~~/~) D = (~/~~) (~z/D) (11.8) 

In Section 8.3 it was shown that resolution in conventional 

FFZE is limited to mobility differences of about 5 %. In 

other words, with current technology particles can be 

fractionated from each other only if their mobilities differ 
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by at least 5 !1,-o , i. e. 0.05. To estimate the 

resolution of the annular configuration under microgravity the 

simulations were run for different values of ~~ (ranging from 

0.01% to 5%). In all the simulations the inner and outer 

radii of the annulus were 0.25 cm and 0.75 cm respectively; 

the maximum buffer velocity and average field strength were 

0.5 cm/sec and 20 V/cm. The results are given in Table 8: 

for a given value of ~~/~ (%), Table 8 shows what the average 

sample residence time T and the chamber length Z would have to 

be to obtain a 0' = 1 mm (i.e. the set minimum peak-to-peak 

distance required to fractionate the two subpopulations). For 

instance, for a ~~/ ~ 0.5% (Run No.2) it would take 

approximately 73 sec. to obtain a 0' of = 1 mm, and the length 

of the chamber would be about 23 cm. This corresponds to an 

amplification greater than two orders of magnitude. Further, 

if the residence time of the sample could be extended to 3 

min, (~~/~) min would be 0.15%. A listing and sample output of 

the simulator can be found in the Appendix III. 

Calculation of throughput The relative increase in throughput 

for the proposed annular design under microgravity as compared 

to that at 1 g can be calculated using Equation 5.13: 

n = q c = V inj ainj c (5.13) 

For a given optimum velocity v inj of the sample stream, the 

throughput is determined by the area of the injection needle 

(a inj ) and the concentration of the sample at the point of 
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Table 8 Simulation results for the annular configuration 
(Figure 26b). The inner and outer radii of the annulus were 
0.25 cm and 0.75 cm respectively. The fractions were 
collected at the inner wall (R = 0.25 cm) by a cross flow 
fraction collector. The maximum buffer velocity and average 
field strength were 0.5 cm/sec and 20 V/cm. In all the 
computations the number of simulation steps N = 1000. 

Run Radius Radius Deflection Amplif. Resol. 
No. for for of sample 

injtn. colltn. 

1 0.3 0.25 

2 0.4 0.25 

3 0.5 0.25 

4 0.6 0.25 

5 0.7 0.25 

D 
cm 

0.05 

0.15 

0.25 

0.35 

0.45 

A=O'/O 

62 5.00 

227 0.50 

409 0.15 

561 0.08 

617 0.05 

Time Length 

T 

sec 
Z 
cm 

16 2 

73 23 

166 68 

305 131 

500 185 

injection (c). For a given optimum thickness of the injection 

needle, a inj is determined by the width of the inj ection needle 

(w) . Therefore, the throughput n is proportional to the 

product of wand c. The relative increase in throughput under 

microgravity (N) may be expressed as: 

N = n/l/n1 = (w/l c/l) / (w1 c 1 ) (11.9a) 

where the subscripts ~ and 1 indicate microgravity and 1 g 

respectively. For most cell samples the limiting factor for 
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c is aggregation, which is essentially independent of g, and 

so C~/Cl = 1. Consequently, Equation 11.9a reduces to: 

(ll.9b) 

At 1 g, w is at the most 0.05 cm in the parallel plate 

configuration. For the annular configuration, w is 

approximately equal to the circumference 2nR. Thus for R = 

0.7 cm Equation 11.9b predicts that N = 100 for cells. For 

protein samples, C~/Cl = 102 [58], and so N = 104 . Therefore, 

with the annular configuration under microgravity it should be 

possible to increase sample throughput by a factor of 102 for 

cells, and 104 for proteins. 

11.3.4 Differences between the Biostream and the proposed 
annular design 

The Biostream is a commercial FFZE device that has 

similarities to the proposed annular design. In this section 

the major differences between the Biostream and the proposed 

design are discussed. The fundamental difference between the 

two designs is that the Biostream exploits annular geometry to 

stabilize the flow (through rotation of the outer cylinder), 

whereas the present design exploits it to amplify the peak-to-

peak distance (5 between sample components. This point is 

illustrated in Figure 26 which compares the trajectories of 

two subpopulations A and B in the Biostream (left) to that in 

the proposed design (right). A summary of the important 
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Figure 26 Schematic representation of the differences between 
(a) the Biostream, and (b) the proposed annular design. In 
the Biostream particles migrate from regions of lower fluid 
velocity to regions of higher fluid velocity (i.e. along a 
positive gradient in v z ). Consequently, the average residence 
time of the faster particles is actually less than that of the 
slower particles (i.e. TA < T B ), and so the peaks are 
compressed instead of being amplified. Conversely, in the 
proposed design the average residence time of the faster 
particles is greater than that of the slower particles (i.e. 
TA > TB), and so the peak-to-peak distance is amplified. 
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Table 9. 
design. 

Feature 

Sample 
Injection 

Field 
Gradient 

Particle 
migration 

Fraction 
Collector 

Field 
Strength 
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Differences between the Biostream and the proposed annular 

Biostream 

(Figure 26a) 

Close to the 
inner wall of 
the annulus and 
before the 
entrance region 
of the 
electrodes 

Field is dir 
radially in
ward and does 
not vary 
significantly 
across gap; 
since Ro/Ri "" 1, 
dE/dR ... 0 

Radially outward 
from a region of 
higher E to a 
region of lower 
E 

Receptacles are 
parallel to bulk 
flow 

Since ampif. 
of 0 < 1, high 
field strengths 
are required 

Proposed annular 
design 
(Figure 26b) 

Close to the 
outer wall of 
the annulus and 
beyond the 
entrance region 
of the 
electrodes 

Field is directed 
radially outward 
and varies 
significantly 
across gap; since 
Ro/Ri » 1, 
dE/dR » 0 

Radially inward 
from a region of 
lower E to a 
region of higher 
E 

Receptacles are 
perpendicular to 
bulk flow 

Since ampif. of 
o - 100x it is 
feasible to 
operate at low 
field strengths 
(-20 V/cm) 

Significance to 
performance of 
proposed design 

Sample stream should be 
much more stable 

Increase in field along 
direction of particle 
migration amplifies 
o and enhances 
sensitivity 

Sample components are 
separated in outer 
region of annulus; 0 is 
amplified in inner 
region where v z 
decreases along 
direction of particle 
migration 

o is amplified almost by 
an order of magnitude; 
sample gets concentrated 
during recovery 

Secondary field effects 
are reduced 10-fold so 
higher buffer 
conductivity and sample 
concentrations can be 
tolerated 
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Table 9. Differences between the Biostream and the proposed annular 
design (continued). 

Feature 

Strategy 
for 
stabil
izing 
flow 

Axial 
Temperature 
Gradients 

Geometry 
of 
separation 
chamber 

Biostream 

(Figure 26a) 

Outer shell of 
annulus is 
rotated at -
150 rpm to 
generate a 
gradient in 
angular momentum 

Are steep be
cause of high 
field strength 
and lack of 
cooling (dT/dz 
- 1°C/em) 

Sleeve-shaped 
(Ro/Ri ~ 1) i 
essentially 
like a curved 
parallel-plate 
chamber 

Proposed annular 
design 
(Figure 26b) 

Ability to amplify 
o is exploited to 
operate at low 
field strengths 
(- 20 V/cm) 

Are minimized be
cause of the lower 
field strength and 
circulation of 
coolant 

Tubular with a 
thin axial core 
for housing the 
cross-flow 
fraction collector 
(Ro/Ri » 1) i 
essentially a 
scale-up of the 
tapered chamber 
with 8=360° 

Significance to 
performance of 
proposed design 

In the Biostream the 
rigidity and concen
tricity of the annulus 
are compromised because 
of the rotating outer 
shell. The resulting 
loss of resolution is 
averted in the present 
design. 

Degradation of 
resolution due to 
secondary convection 
associated with axial 
temperature gradients 
is minimized 

Gradient in E can be 
exploited to amplify 0 i 
throughput can be 
increased by about 
two orders of 
magnitude 

differences between the two configurations is given in Table 

9. 

It can be seen from Table 9 and Figure 26 that in 

the Biostream particles migrate from regions of lower fluid 

velocity to regions of higher fluid velocity (i.e. along a 

positive gradient in v z ). Consequently, the average residence 

time of the faster particles is actually less than that of the 

slower particles (i.e. TA < T B ), and so the peaks are 

compressed instead of being amplified. Conversely, in the 
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proposed design the average residence time of the faster 

particles is greater than that of the slower particles (i.e. 

T A > T B), and so the peak-to-peak distance is amplified. It 

follows that in the Biostream the object of employing an 

annular design was not to amplify o. In fact it appears as 

though the correlation between configuration and amplification 

was disregarded in its design. 



The truly learned man is he 
who understands that what he 
knows is but li ttle in comparison 
with what he does not know. 

- Ali Ibn Abi Talib 

And the end of all our 
exploring will be to arrive where 
we started and know the place for 
the first time. 

- T. s. Elliot 
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Free-flow zone electrophoresis (FFZE) is a carrier-free 

continuous technique for separating particles. It is based on 

the principle that a charged particle moves with a 

characteristic velocity when placed in an electric field. In 

FFZE the characteristic velocity of a particle is determined 

by its surface charge density a. Since a is often related to 

biological function, FFZE is particularly useful for 

separating bioparticles such as cells and organelles. It also 

offers other advantages for biological applications such as 

high retention of functional activity and efficient sample 

recovery. 

FFZE is usually performed in a thin film of buffer that 

flows continuously between two flat parallel plates. The 

sample is injected as a fine stream into the buffer, and an 

electric field is applied perpendicular to the flow. The 

combination of the flow and the field separates the sample 

into a spectrum of components (Figure 1) . 

Electrophoresis and electroosmosis A solid/liquid interface 

in an aqueous solution generally acquires an electric charge. 

The application of an electric field along such an interface 

leads to relative motion between the two phases. When the 
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motion is primarily induced in the solid phase the phenomenon 

is known as electrophoresis; conversely, when the liquid moves 

relative to a stationary solid the phenomenon is referred to 

as electroosmosis. In either case, the characteristic 

velocity of the particle (or fluid) is defined as its velocity 

per unit of field strength and is referred to as the 

electrophoretic (or electroosmotic) mobility ~. 

Zeta potential and the electric double layer In the immediate 

vicinity of the interface a few layers of fluid are immobile 

with respect to the solid. The electrical potential 

difference between the surface of this layer, known as the 

Stern layer, and the bulk of the liquid is called the zeta 

potential. The relative motion between the two phases is 

determined by the zeta potential. The difference between the 

zeta potential and the surface potential (also referred to as 

the Nernst potential) results from accumulation of counterions 

in the Stern layer. This accumulation is a consequence of the 

solvent in the vicinity of the interface rearranging its ionic 

species to neutralize the charge on the surface of the solid. 

As a result, the concentration of ions around the interface 

varies over some distance from the interface to the bulk. 

This rearrangement of ionic species, gives rise to an electric 

double layer (Figure 2) . 

The electrophoretic mobility of a particle ~ is 

significantly affected by the size of the double layer 11K in 



relation to the size of the particle a p • 
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As the ionic 

strength of the medium A ~ 0, 11K ~ 00 and the influence of the 

double layer becomes unimportant in determining Jl. As A 

increases, the "shielding" effect of the double layer becomes 

increasingly important. At high A, 11K ~ 0, and the 

retardation effect of the double layer asymptotically 

approaches a maximum. 

Mathematical relationship for mobility In general, the 

electrophoretic mobility of a particle depends on several 

parameters that characterize the particle and the separation 

medium. The most important of these parameters are the 

surface-charge density u, shape size a p of the particle; and 

the ionic strength A, dielectric constant €, pH and 

temperature T of the medium. At the ionic strengths typically 

used in FFZE (between 600 and 1200 Jlmho/cm) , the mobility of 

relatively large particles such as cells and organelles is 

virtually independent of their shape and size. Further, Kap 

is large enough for the Smoluchowski equation to be valid. 

Thus, 

Jl = v I E = S € I 4 ~ ~ (3.1 ) 

The effect of u, A, pH and T are embodied in the zeta 

potential s. 
Limitations of current technology In FFZE performance is 

determined by resolution and throughput. Both these 

parameters are limited by transport effects. Resolution is 



183 

limited by electroosmosis and the residence time distribution 

of the sample. The combination of these phenomena leads to 

the crescent effect, which is the primary cause of the 

deformation of the sample stream. 

crescent effect can be minimized 

Deformation due to the 

by optimizing the zeta 

potential of the chamber walls two For thin gap chambers with 

both walls cooled, the optimum value of tw is the zeta 

potential of the sample. Resolution is also limited by the 

fact that the subpopulations of most biological samples differ 

minutely in their mobilities (typically between 1 and 5 %). 

This limitation can sometimes be overcome by selectively 

altering the surface charge of a subpopulation through 

chemical modification of surface groups. 

The transport effects that limit throughput are buoyancy 

driven phenomena such as thermal convection and zone 

sedimentation, and secondary field effects such as ohmic 

heating and electrohydrodynamics. Of these, buoyancy induced 

instability of the flow is perhaps the most serious 

limitation. Thermal convection, induced by ohmic heating of 

the separation medium, destabilizes the flow if the cooling 

surfaces (i.e. chamber walls) are not close enough to 

facilitate efficient heat transfer. In practice, unless the 

gap width of the chamber is on the order of 1 mm, the heat 

generated by the field cannot be dissipated without 

destabilizing the flow. This limits the area available for 
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sample injection, and therefore the volumetric flow rate of 

the sample. Further, aggregation and zone sedimentation limit 

the concentration of the sample to about 108 cells per mI. 

Until now the limitations imposed by buoyancy have only been 

overcome under microgravitYi however, the data also indicate 

that throughput is then limited by secondary field effects. 

Because of the above limitations, with current FFZE 

technology subpopulations can be separated only if their 

mobilities differ by more than 5 !?,,-o , at throughputs ranging 

between 10 8 and 109 cells per hour. These capabilities 

seriously limit the applications of FFZE. 

Simulation results The equations of change for thin gap 

chambers with both walls cooled (Chapter V) were used to 

compute the minimum mobility interval (l)./J.) min that can be 

resolved in FFZE. The results indicated (Ll/J.) min to be around 

1% which is much smaller than the experimentally observed 

value of around 5%. Since the experimental data were gathered 

on devices with only one wall cooled, the boundary conditions 

of the equations of change were revised accordingly (Chapter 

VIII), and the simulations were repeated. The results 

obtained with the revised model indicated that (Ll/J.) min should 

be around 5% (Table 4). This suggests that it should be 

possible to enhance resolution significantly by cooling both 

walls. Further, with one wall cooled resolution was found to 

be significantly higher at a lower temperature (around 4°C) , 
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whereas with both walls cooled a higher temperature (around 

24°C) was found to be slightly more beneficial. 

Another important conclusion that could be drawn from the 

simulation results was that differences as small as 1% between 

the zeta potential of the wall and that of the particles ~~w 

affect resolution significantly (Table 5). Further, the sign 

of ~~w also affects resolution: for the same I~~wl, when I~wl 

> I~AI (i.e. ~~w > 0) resolution was much poorer. 

The sedimentation velocity Vs was found to have only a 

marginal effect for cells less than 10 ~m in diameter. 

However, for large particles (- 25~m) the sedimentation 

velocity, and therefore the direction of the flow, were found 

to significantly affect resolution. 

The bandwidth calculations indicated that for thin gap 

chambers (around 400 ~m) under typical operating conditions 

the effect of buoyancy on the axial velocity profile is 

negligible (Table 3). Further, the broadening of the bands is 

primarily caused by two factors: the difference between the 

zeta potential of the wall and that of the particle, and the 

temperature dependence of mobility. The second factor is 

important in the case of a chamber with only one wall cooled. 

Eliminating the crescent effect To alleviate the crescent 

effect a new mode of operation called free-flow batch electro

phoresis (FFBE) was developed. In this technique electro

osmosis and variation of particle residence time were 
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suppressed by neutralizing the chamber walls and processing 

the sample in a batch mode. To stabilize the fluid against 

thermal convection the buffer was made to flow back and forth 

without allowing the sample to leave the field (Table 6). 

These features virtually eliminated the crescent effect, and 

enhanced the peak-to-peak distance between sample components. 

Separations performed in this mode indicated that the peaks 

were two to three times narrower, and the distance between 

them was 50 % greater as compared to conventional FFZE. The 

difference in bandwidth was explained by the absence of 

electroosmosis and the uniformity of particle residence time. 

The absence of electroosmosis also accounted for the 

amplification of 0 in the batch mode. 

Enhancing sensitivity It was proposed that the peak-to-peak 

distance 0 between sample components could be amplified by 

selectively increasing the deflection rate and residence time 

of the faster component relative to that of the slower 

component. 

objectives 

Hardware modifications that could achieve these 

were described (Figure 18). The concept was 

experimentally verified by comparing 0 in a conventional 

chamber of uniform gap width to that in a tapered chamber. 

The tapered chamber consisted of a series of gap width 

differentials along the direction of electrophoresis (Figure 

21) . 
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The amplification of 0 at each step was shown to vary as 

the cube of the gap-width differential: 

A = 0' 10 = ( d11 d 2 ) 3 

where d 1 and d 2 are the gap-widths of the chamber upstream and 

downstream with respect to the deflection of the sample. This 

principle was used to amplify 0 over five times. The 

amplification was explained in terms of the change in buffer 

velocity and field strength across the differential. As the 

sample deflects over the differential, the residence time and 

deflection rate of the faster component are selectively 

increased over that of the slower component. Consequently, 

the trajectory of the faster component is flattened while 

that of the slower component remains virtually unchanged. As 

a result, the peak-to-peak distance between the two components 

is amplified. 

Potential for scale-up The potential for scaling-up FFZE was 

shown to be severely limited by buoyancy induced 

instabilities. At 1 g, under typical operating conditions the 

maximum gap width for which the flow would be stable was 

estimated to be less than 2 mm. On the other hand, under 

microgravity the temperature rise in the chamber would limit 

the gap width to about 1 cm, which is about twenty times 

greater than the gap width of most commercial devices. For a 

given thickness of the sample stream along the direction of 

electrophoresis, this would amount to only a twenty- fold 
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increase in throughput. In the case of particles that do not 

aggregate (such as proteins and some cells and organelles), 

throughput could be further increased under microgravity by 

increasing concentration. For cells the concentration at 1 g 

is limited by zone sedimentation to around lOB particles per 

ml depending on the size and density of the particles 

(Equation 3.9). Under microgravity, where sedimentation 

effects are virtually eliminated, the concentration of the 

particles could be increased up to the point where particle 

interactions begin to degrade resolution (Equations 3.6 and 

3.7), or the difference in conductivity between sample and 

buffer leads to significant electrohydrodynamic effects 

(Equation 3.8) . 

Based on the findings of this study a new design was 

proposed for operation under microgravity. The objective of 

the design was to exploit gradients in particle deflection 

rate and residence time to enhance resolution, and 

simultaneously exploit microgravity to enhance throughput. 

The simulation results for the annular version of the 

proposed design (Figure 25b) suggest that under microgravity 

it should be possible to simultaneously enhance resolution and 

scale-up the process without overheating the sample or 

extending its residence time. The results indicate that 

(boll) min should be less than 0.2%; these calculations were based 

on an annulus 68 cm long and 0.5 cm wide, a sample residence 
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time of about 3 min, and an average field strength of 20 V/cm. 

At such low field strengths secondary field effects would 

reduce by an order of magnitude, making it possible to 

tolerate higher sample concentrations and buffer 

conductivities. The absence of wall effects in the annulus 

should substantially reduce dispersion of the sample. 

Further, the much greater area available for sample injection 

in the annular configuration should make it possible to 

increase sample throughput by a factor of 102 for cells and 104 

for proteins. It may also be possible to virtually eliminate 

electrohydrodynamics by operating at a sample to buffer 

conductivity ratio that is greater than 1. 
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APPENDIX I 

PROGRAM BANDWIDTH 



C PROGRAM BANDWIDTH I 

C WRITTEN BY RIZWAN SHARNEZ 
C DEPARTMENT OF CHEMICAL ENGINEERING 
C UNIVERSITY OF ARIZONA 1992 

C THIS PROGRAM COMPUTES THE BAND WIDTH OF AN 
C ELECTROPHORETICALLY HOMOGENEOUS SAMPLE 
C SUBJECTED TO FREE-FLOW ZONE ELECTROPHORESIS 
C (FFZE) IN A PARALLEL PLATE CHAMBER WITH 
C BOTH WALLS COOLED. 

C ALL PARAMETERS ARE IN C.G.S. UNITS 

C NOMENCLATURE: 

C X - TRANSVERSE DIRECTION (WALL-TO-WALL) 
C Y - LATERAL DIRECTION (ALONG FIELD) 
C Z - AXIAL DIRECTION (ALONG BULK FLOW) 

C 
C 
C 

C 
C 
C 

C 
C 
C 

L 
H 
XMAX 

G 
B 
K 

EFFECTIVE LENGTH OF CHAMBER 
HALF GAP-WIDTH OF CHAMBER 

= DIMENSIONLESS RADIUS OF SAMPLE STREAM 

GRAVITIONAL ACCELERATION 
COEFFICIENT OF THERMAL EXPANSION OF BUFFER 
THERMAL CONDUCTIVITY OF BUFFER 

SIGMA 
VISC 
RHOBUF 

ELECTRICAL CONDUCTIVITY OF BUFFER 
VISCOSITY OF BUFFER 

= DENSITY OF BUFFER 

C UEO = ELECTROOSMOTIC VELOCITY 
C UEP = ELECTREOPHORETIC VELOCITY 

C U = LATERAL VELOCITY OF PATICLE 
C V = AXIAL VELOCITY OF PARTICLE 

C VMAX = MAXIMUM AXIAL VELOCITY OF FLUID 
C VBAR = AVERAGE AXIAL VELOCITY OF FLUID 

C DTCHAR = CHARACTERISTIC TEMPERATURE DIFFERENCE 
C COEFFV = TEMPERATURE COEFFICIENT OF VISCOSITY 

191 

C MOBP ELECTROPHORETIC MOBILITY OF THE PARTICLES 
C AT THE TEMPERATURE OF THE WALL 
C MOBW = ELECTROOSMOTIC MOBILITY OF THE WALL 
C DELMW = % DIFFERENCE BETWEEN THE MOBILITY OF THE 
C WALL AND THE MOBILITY OF THE PARTICLES 
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C E = FIELD STRENGTH 
C D = MEAN DEFLECTION OF SAMPLE 

C TAUMIN = MINIMUM RESIDENCE TIME OF SAMPLE 

C RHOP = PARTICLE DENSITY 
C DIAP = PARTICLE DIAMETER 

C DISPF = RATIO OF SMAPLE STREAM DIAMETER BEFORE AND 
C AFTER ELECTROPHORESIS 

C VS = STOKES SEDIMENTATION VELOCITY OF PARTICLE 

C THE MODEL TAKES INTO ACCOUNT THE FOLLOWING 
C EFFECTS: 

C 

C 

C 

C 
C 

C 

C 

1. 

2. 

3. 

4. 

5. 

6. 

ELECTROOSMOSIS 

EFFECT OF FORCED AND BUOYANCY DRIVEN 
CONVECTION ON THE AXIAL VELOCITY OF THE FLUID 

EFFECT OF TEMPERATURE ON PARTICLE MOBILITY 

EFFECT OF TEMPERATURE ON ELECTROOSMOTIC 
MOBILITY OF THE WALLS 

TEMPERATURE GRADIENTS ALONG TRANSVERSE AXIS 

SEDIMENTATION VELOCITY OF THE PARTICLES 

C THE FOLLOWING ASSUMPTIONS ARE MADE: 

C 
C 
C 
C 

C 

C 

C 

C 

1. 

2. 

3. 

4. 

5. 

ELECTROPHORESIS OCCURS ENTIRELY IN THE REGION 
WHERE THE TEMPERATURE AND VELOCITY PROFILES 
ARE FULLY DEVELOPED ( i.e. V AND T ARE 
ONLY A FUNCTION OF X ) 

EDGE EFFECTS ARE NEGLIGIBLE 

EFFECT OF ELECTROOSMOSIS ON THE AXIAL 
VELOCITY IS NEGLIGIBLE 

THE MASS DIFFUSIVITY OF THE SAMPLE IS 
NEGLIGIBLE 

FOR SOLVING THE EQUATIONS OF ENERGY AND 
MOTION FLUID PROPERTIES ARE ASSUMED CONTANT 
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C 6. EFFECT OF PARTICLE TO PARTICLE INTERACTION C 
ON SEDIMENTATION VELOCITY IS NEGLIGIBLE 

C 
C 

C 
C 
C 

C 
C 
C 
C 

7. 

8. 

EFFECT OF SAMPLE CONCENTRATION ON ELECTRICAL 
CONDUCTIVITY OF SAMPLE STREAM IS NEGLIGIBLE 

THE LAST TWO ASSUMPTIONS ARE GENERALLY VALID 
AT CONCENTRATIONS TYPICALLY USED IN FFZE 
(VIZ. 5 % PARTICLES BY VOLUME) 

THE ELECTRICAL CONDUCTIVITY AND DIELECTRIC 
CONSTANT OF THE SAMPLE IS NOT SIGNIFICANTLY 
DIFFERENT FROM THAT OF THE SEPARATION MEDIUM 
(i.e. THE BUFFER) . 

C THE ABOVE ASSUMPTION IS GENERALY VALID FOR 
C CELLS AND ORGANELLES BELOW CONCENTRATIONS OF 
C 5 % BY VOLUME, AND ALLOWS ELECTROHYDYAMIC 
C DISTORTION OF THE SAMPLE STREAM TO BE 
C NEGLECTED. 

C BEGIN EXECUTABLE PART OF PROGRAM 

DIMENSION DTEMP (4), X(4), V(4), U(4), Y(4), 

REAL L, K, MOBP, MOBW 

OPEN (UNIT = 5, FILE = 'FF1.DAT' 
OPEN (UNIT = 7, FILE = 'FF1.0UT' 

C ENTER PHYSICAL CONSTANTS 

G = 981.0 
BETA = 1.8 E -4 
SIGMA = 1. 0 E - 3 
K = 5.0 E -3 
VISC = 1.0 E -2 
COEFFV = 0.03 
RHOBUF = 1.0 

C ENTER SYSTEM CONSTANTS 

STATUS = 'OLD') 
STATUS ' NEW' ) 

C FOR DOWN FLOW L IS POSITIVE; FOR UP FLOW L IS 
C NEGATIVE 

L = 12.0 
H = 0.023 
XMAS 0.75 
MOBP = 1. 65 E -4 



RHOP = 1. 00 
DIAP = 10.0 E -4 
VS = 1. 3 E -4 

C ENTER SYSTEM VARIABLES 

WRITE (*,*) 'ENTER D AND TAUMIN' 

READ (*,*) D, TAUMIN 

WRITE (*,*) 'ENTER DELMW' 

READ (*,*) DELMW 

IF (DELMW .EQ. 0.0) THEN 

ELSE 

WRITE (*,*) 'ENTER MOBW' 
READ (*,*) MOBW 

MOBW - MOBP * ( 1.0 + DELMW / 100.0) 

END IF 

VMAX L / TAUMIN 
VBAR 2.0 * VMAX / 3.0 

WRITE (7, *) , MOBP , , MOBP 
WRITE (7, *) , MOBW = 

, , MOBW 
WRITE (7, *) 'VMAX = 

, ,VMAX 
WRITE (7, *) 'VBAR , , VBAR 

WRITE (* , *) , MOBP , , MOBP 
WRITE (* , *) , MOBW = 

, , MOBW 
WRITE (* , *) 'VMAX 

, ,VMAX 
WRITE (* , *) 'VBAR = 

, , VBAR 

E = D / ( ( MOBP - 0.5 * MOBW 

IF E .EQ. 0.0 THEN 

WRITE (*,*) 'ENTER E ' 
READ (*,*) E 

END IF 

) * TAUMIN ) 

DTCHAR SIGMA * ( E * H ) ** 2.0 / ( 2.0 * K ) 
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BV = G * BETA * DTCHAR * H ** 2.0 / 
1 ( VIse * VBAR ) 

X (1) - XMAX 
X (2) 0.00 
x (3) = + XMAX 
X (4) = 0.00 

10 CONTINUE 

C MATRIX ELEMENT J DENOTES POSITION (1 - 4) : 

C 
C 
C 
C 
C 

1 
2 

1 

--------------------------- REAR WALL 
1 

( - ) 4 2 (+) CENTER 
3 

--------------------------- FRONT WALL 

IF ( VS .EQ. 0.0) THEN 

VS 

END IF 

DIAP ** 2.0 * G * 
( RHOP - RHOBUF 
/ ( 18.0 * VISC 

DO 50 J = 1,4 

DTEMP (J) DTCHAR * 
( 1.0 - X (J) ** 2.0 ) 

UEO = - 0.5 * MOBW * E * (1.0 - 3.0 
1 * X (J) ** 2.0 

195 

X -1) 

X 0 

X = + 1) 

UEP = MOBP * E * ( 1.0 + COEFFV * DTEMP (J) ) 

1 
2 
3 

U (J) = UEO + UEP 

V (J) VS + VMAX 
* ( 1. 0 - X (J) * * 2.0 
* ( 1.0 + BV / 18.0 
* ( X (J) ** 2.0 - 0.2 

Y (J) = L / V (J) * U (J) 

50 CONTINUE 

C CORRECT Y (J) FOR THICKNESS OF INJECTION NEEDLE 



Y (2) = Y (2) + ( XMAX * H 
Y (4) = Y (4) - ( XMAX * H 

C FIND SMALLEST Y (J) 

YMIN = 100.0 

DO 100 J = 1,4 

IF ( Y (J) .LT. YMIN ) YMIN Y (J) 

100 CONTINUE 

C FIND LARGEST Y (J) 

YMAX = 000.0 

DO 200 J = 1,4 

IF ( Y (J) .GT. YMAX ) YMAX Y (J) 

200 CONTINUE 

DELY = YMAX - YMIN 
DISPF = DELY / (2.0 * XMAX * H ) 

C COMPUTE GRASHOF NUMBER AND RATIO OF BUOYANCY 
C BUOYANCY TO INERTIAL FORCE BI = GR / RE ** 2 
C NOTE BV ( = GR / RE ) IS THE RATIO OF THE 
C BUOYANCY FORCE TO THE VISCOUS FORCE 
C BVMAX IS THE MAXIMUM VALUE OF BV 

RE = 2.0 * H * ABS (VBAR) / VISC 
GR = ABS ( BV ) * RE 
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BVMAX = ABS ( BV ) / 18.0 * ( XMAX ** 2.0 - 0.2 ) 
BI = GR / RE ** 2.0 

C WRITE TO OUTPUT FILE 

WRITE (7,*) 
WRITE (7,*) 
WRITE (7,*) 
WRITE (7,*) 
WRITE (7,*) 

,---------------, 
'D = " D , 
'TAUMAIN = " TAUMIN 
,---------------, 

WRITE (7,*) 'DELY = " DELY, , DISPF 
WRITE (7,*) , 
WRITE (7, *) , E = ',E 
WRITE (7,*) , 

, , DISPF 



WRITE (7,*) 'DTCHAR = ' ,DTCHAR 
WRITE (7,*) 
WRITE (7,*) 'BVMAX = " BVMAX 
WRITE (7, *) , 
WRITE (7,*) 'GR = ' ,GR 
WRITE (7, *) 
WRITE (7,*) 'BI ' ,BI 
WRITE (7,*) ----------------

C WRITE TO SCREEN 

WRITE ( * , *) , - - - - - - - - - - - - - - - -
WRITE ( * , *) , D = ',D 
WRITE (*,*) 
WRITE (*,*) 'TAUMIN = ' ,TAUMIN 
WRITE ( * , *) , - - - - - - - - - - - - - - - -

WRITE (*,*) 'DELY = ' ,DELY, , DISPF 
WRITE ( * , * ) , 
WRITE ( * , *) , E = ',E 
WRITE (*,*) 
WRITE (*,*) 'DTCHAR = ' ,DTCHAR 
WRITE (*,*) 
WRITE (*,*) 'BVMAX = ' ,BVMAX 
WRITE (*,*) 
WRITE (*,*) 'GR ' ,GR 
WRITE (*,*) 
WRITE (*,*) 'BI ' ,BI 
WRITE (*, *) , - - - - - - - - - - - - - - - - - , 

STOP 

END 
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, , DISPF 



C PROGRAM BANDWIDTH II 

C WRITTEN BY RIZWAN SHARNEZ 
C DEPARTMENT OF CHEMICAL ENGINEERING 
C UNIVERSITY OF ARIZONA 1992 

C THIS PROGRAM COMPUTES THE BAND WIDTH OF AN 
C ELECTROPHORETICALLY HOMOGENEOUS SAMPLE 
C SUBJECTED TO FREE-FLOW ZONE ELECTROPHORESIS 
C (FFZE) IN A PARALLEL PLATE CHAMBER WITH ONLY 
C ONE WALL COOLED. 

C ALL PARAMETERS ARE IN C. G. S. UNITS 

C NOMENCLATURE: 

C X - TRANSVERSE DIRECTION (WALL-TO-WALL) 
C Y - LATERAL DIRECTION (ALONG FIELD) 
C Z - AXIAL DIRECTION (ALONG BULK FLOW) 

C 
C 
C 

C 
C 
C 

C 
C 
C 

L 
H 
XMAX 

G 
B 
K = 

= EFFECTIVE LENGTH OF CHAMBER 
HALF GAP-WIDTH OF CHAMBER 
DIMENSIONLESS RADIUS OF SAMPLE STREAM 

GRAVITIONAL ACCELERATION 
COEFFICIENT OF THERMAL EXPANSION OF BUFFER 
THERMAL CONDUCTIVITY OF BUFFER 

SIGMA 
VISC 
RHOBUF 

ELECTRICAL CONDUCTIVITY OF BUFFER 
VISCOSITY OF BUFFER 
DENSITY OF BUFFER 

C UEO = ELECTROOSMOTIC VELOCITY 
C UEP = ELECTREOPHORETIC VELOCITY 

C U = LATERAL VELOCITY OF PATICLE 
C V = AXIAL VELOCITY OF PARTICLE 

C VMAX = MAXIMUM AXIAL VELOCITY OF FLUID 
C VBAR = AVERAGE AXIAL VELOCITY OF FLUID 

C DTCHAR = CHARACTERISTIC TEMPERATURE DIFFERENCE 
C COEFFV = TEMPERATURE COEFFICIENT OF VISCOSITY 

198 

C MOBP ELECTROPHORETIC MOBILITY OF THE PARTICLES 
C AT THE TEMPERATURE OF THE WALL 
C MOBW ELECTROOSMOTIC MOBILITY OF THE WALL 
C DELMW = % DIFFERENCE BETWEEN THE MOBILITY OF THE 
C WALL AND THE MOBILITY OF THE PARTICLES 
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C E = FIELD STRENGTH 
C D = MEAN DEFLECTION OF SAMPLE 

C TAUMIN = MINIMUM RESIDENCE TIME OF S~~PLE 

C RHOP = PARTICLE DENSITY 
C DIAP = PARTICLE DIAMETER 

C DISPF = RATIO OF SMAPLE STREAM DIAMETER BEFORE AND 
C AFTER ELECTROPHORESIS 

C VB = STOKES SEDIMENTATION VELOCITY OF PARTICLE 

C THE MODEL TAKES INTO ACCOUNT THE FOLLOWING 
EFFECTS: 

C 

C 

C 

C 
C 

C 

C 

1. 

2. 

3 . 

4. 

5. 

6. 

ELECTROOSMOSIS 

EFFECT OF FORCED AND BUOYANCY DRIVEN 
CONVECTION ON THE AXIAL VELOCITY OF THE FLUID 

EFFECT OF TEMPERATURE ON PARTICLE MOBILITY 

EFFECT OF TEMPERATURE ON ELECTROOSMOTIC 
MOBILITY OF THE WALLS 

TEMPERATURE GRADIENTS ALONG TRANSVERSE AXIS 

SEDIMENTATION VELOCITY OF THE PARTICLES 

C THE FOLLOWING ASSUMPTIONS ARE MADE: 

C 
C 
C 
C 

C 

C 

C 

C 

C 

1. 

2. 

3. 

4. 

5. 

6. 

ELECTROPHORESIS OCCURS ENTIRELY IN THE REGION 
WHERE THE TEMPERATURE AND VELOCITY PROFILES 
ARE FULLY DEVELOPED ( i.e. V AND T ARE 
ONLY A FUNCTION OF X ) 

EDGE EFFECTS ARE NEGLIGIBLE 

EFFECT OF ELECTROOSMOSIS ON THE AXIAL 
VELOCITY IS NEGLIGIBLE 

THE MASS DIFFUSIVITY OF THE SAMPLE IS 
NEGLIGIBLE 

FOR SOLVING THE EQUATIONS OF ENERGY AND 
MOTION FLUID PROPERTIES ARE ASSUMED CONTANT 

EFFECT OF PARTICLE TO PARTICLE INTERACTION 



C 

C 
C 

C 
C 
C 

C 
C 
C 
C 

7. 

8. 
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ON SEDIMENTATION VELOCITY IS NEGLIGIBLE 

EFFECT OF SAMPLE CONCENTRATION ON ELECTRICAL 
CONDUCTIVITY OF SAMPLE STREAM IS NEGLIGIBLE 

THE LAST TWO ASSUMPTIONS ARE GENERALLY VALID 
AT CONCENTRATIONS TYPICALLY USED IN FFZE 
(VIZ. 5 % PARTICLES BY VOLUME) 

THE ELECTRICAL CONDUCTIVITY AND DIELECTRIC 
CONSTANT OF THE SAMPLE IS NOT SIGNIFICANTLY 
DIFFERENT FROM THAT OF THE SEPARATION MEDIUM 
(i.e. THE BUFFER) . 

C THE ABOVE ASSUMPTION IS GENERALY VALID FOR 
C CELLS AND ORGANELLES BELOW CONCENTRATIONS OF 
C 5 % BY VOLUME, AND ALLOWS ELECTROHYDYAMI C 
C DISTORTION OF THE SAMPLE STREAM TO BE 
C NEGLECTED. 

C BEGIN EXECUTABLE PART OF PROGRAM 

DIMENSION X(4), V(4), U(4), Y(4), 

REAL L, K, MOBP, MOBW 

OPEN (UNIT = 5, FILE = 'FF2.DAT', STATUS 'OLD') 
OPEN (UNIT = 7, FILE = 'FF2.0UT', STATUS = 'NEW') 

C ENTER PHYSICAL CONSTANTS 

G = 981. 0 
BETA = 1. 8 E - 4 
SIGMA = 1. 0 E - 3 
K = 5.0 E -3 
VISC = 1. 0 E -2 
COEFFV = 0.03 
RHOBUF = 1.0 

C ENTER SYSTEM CONSTANTS 

C FOR DOWN FLOW L IS POSITIVE; FOR UP FLOW L IS 
C NEGATIVE 

L = 12.0 
H = 0.023 
XMAS 0.75 
MOBP 1. 65 E -4 
RHOP = 1. 00 



DIAP = 0.0 
VS = 1.3 E -4 

C ENTER SYSTEM VARIABLES 

WRITE (*,*) 'ENTER D AND TAUMIN' 

READ (*,*) D, TAUMIN 

WRITE (*,*) 'ENTER DELMW' 

READ (*,*) DELMW 

IF (DELMW .EQ. 0.0) THEN 

ELSE 

WRITE (*,*) 'ENTER MOBW' 
READ (*,*) MOBW 

MOBW - MOBP * ( 1.0 + DELMW / 100.0) 

END IF 

VMAX = L / TAUMIN 
VBAR = 2.0 * VMAX / 3.0 

WRITE (7, *) , MOBP = 
, , MOBP 

WRITE (7, *) , MOBW , , MOBW 
WRITE (7, *) 'VMAX , ,VMAX 
WRITE (7, *) 'VBAR , , VBAR 

WRITE (* , *) , MOBP = 
, , MOBP 

WRITE (* , *) , MOBW , , MOBW 
WRITE (* , *) 'VMAX = 

, , VMAX 
WRITE (* , *) 'VBAR , , VBAR 

E = D / ( ( MOBP - 0.5 * MOBW ) * TAUMIN ) 

IF E .EQ. 0.0 THEN 

WRITE (*,*) 'ENTER E ' 
READ (*,*) E 

END IF 

DTCHAR SIGMA * ( E * H ** 2.0 / ( 2.0 * K ) 

BV = G * BETA * DTCHAR * H ** 2.0 / 
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1 ( VISC * VBAR 

x (1) 
X (2) 
X (3) = 
x (4) = 

- XMAX 
0.00 
+ XMAX 
0.00 

202 

10 CONTINUE 

C MATRIX ELEMENT J DENOTES POSITION (1 - 4): 

C 
C 
C 
C 
C 

1 
2 

--------------------------- REAR WALL 
1 

( - ) 4 2 (+) CENTER 
3 

--------------------------- FRONT WALL 

IF ( vs .EQ. 0.0) THEN 

VS 

END IF 

DIAP ** 2.0 * G * 
( RHOP - RHOBUF 
/ ( 18.0 * VISC 

DO SO J = 1,4 

DT12 = 4.0 * DTCHAR 

UEO = - 0.5 * MOBW * E * 

X -1) 

X = 0 

X = + 1) 

1 ( ( 1.0 - 0.5 * COEFFV * DT12 ) 
2 * ( 1.0 - 3.0 * X (J) ** 2.0 ) 
3 - COEFFV * DT12 * X (J) ) 

UEP = RMOB (1) * E * 
1 1.0 + COEFFV * DTCHAR 
2 * ( 1. 0 - X (J) ** 2.0 
3 + 2. 0 * ( 1. 0 + X (J) ) ) ) 

U (J) = UEO + UEP 

v (J) vs + VMAX 
1 * ( 1. 0 - X (J) ** 2.0 ) 
2 * ( 1. 0 + BV / 18.0 
3 * ( X (J) ** 2.0 
4 - 4.0 * X (J) + 0.1 ) 

Y (J) = L / V (J) * U (J) 



50 CONTINUE 

C CORRECT Y (J) FOR THICKNESS OF INJECTION NEEDLE 

Y (2) = Y (2) + ( XMAX * H ) 
Y (4) = Y (4) - ( XMAX * H ) 

C FIND SMALLEST Y (J) 

YMIN = 100.0 

DO 100 J = 1,4 

IF ( Y (J) .LT. YMIN ) YMIN 

100 CONTINUE 

C FIND LARGEST Y (J) 

YMAX = 000.0 

DO 200 J = 1,4 

IF ( Y (J) .GT. YMAX ) YMAX = 

200 CONTINUE 

DELY = YMAX - YMIN 
DISPF = DELY / (2.0 * XMAX * H ) 

Y (J) 

Y (J) 
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C COMPUTE GRASHOF NUMBER AND RATIO OF BUOYANCY FORCE 
C TO INERTIAL FORCE BI = GR / RE ** 2 
C NOTE BV ( = GR / RE ) IS THE RATIO OF THE 
C BUOYANCY FORCE TO THE VISCOUS FORCE 
C BVMAX IS THE MAXIMUM VALUE OF BV 

RE = 2.0 * H * ABS (VBAR) / VISC 
GR = ABS ( BV ) * RE 

BVMAX = ABS ( BV ) / 18.0 * ( XMAX ** 2.0 
1 - 4.0 * XMAX + 0.1 ) 

BI = GR / RE ** 2.0 

C WRITE TO OUTPUT FILE 

WRITE (7, *) , - - - - - - - - - - - - - - - , 
WRITE (7, * ) , D = " D 
WRITE (7, *) , 



WRITE (7, *) 
WRITE (7,*) 
WRITE (7, *) 
WRITE (7,*) 
WRITE (7,*) 
WRITE (7, *) 
WRITE (7,*) 
WRITE (7, *) 
WRITE (7,*) 
WRITE (7, *) 
WRITE (7,*) 
WRITE (7,*) 
WRITE (7, *) 
WRITE (7,*) 

'TAUMAIN = " TAUMIN 
,---------------, 
'DELY = " DELY, , DISPF 

'E = ',E , 
'DTCHAR = ' ,DTCHAR , 
'BVMAX = " BVMAX 

, GR ' , GR 

'BI ' ,BI 

C WRITE TO SCREEN 

WRITE (*, *) , - - - - - - - - - - - - - - - - , 
WRITE (*,*) 'D = ',D 
WRITE (*,*) 
WRITE (*,*) 'TAUMIN = ' ,TAUMIN 
WRITE (*,*) ,----------------, 

WRITE (*,*) 
WRITE (*, *) 
WRITE (*,*) 
WRITE (*,*) 
WRITE (*,*) 
WRITE (*,*) 
WRITE (*,*) 
WRITE (*,*) 
WRITE (*,*) 
WRITE (*,*) 
WRITE (*,*) 
WRITE (*,*) 

STOP 

END 

'DELY = ' ,DELY, , DISPF 

'E = ',E , 
'DTCHAR = ' ,DTCHAR 

'BVMAX = ' ,BVMAX 

, GR = ',GR 

'BI ' ,BI 
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, , DISPF 

, , DISPF 
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APPENDIX II 

PROGRAM RESOLVE 
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C PROGRAM RESOLVE I 

C WRITTEN BY RIZWAN SHARNEZ 
C DEPARTMENT OF CHEMICAL ENGINEERING 
C UNIVERSITY OF ARIZONA 1992 

C THIS PROGRAM COMPUTES THE SMALLEST MOBILITY 
C INTERVAL THAT CAN BE RESOLVED IN A PARALLEL 
C PLATE FREE-FLOW ZONE ELECTROPHORESIS (FFZE) 
C CHAMBER. THE MODEL IS VALID ONLY FOR 
C PARTICLES WITH NEGLIGIBLE DIFFUSION COEFF-
C ICIENTS (SUCH AS CELLS AND ORGANELLS), AND 
C FOR CHAMBER WITH BOTH WALLS COOLED. 

C ALL PARAMETERS ARE IN C.G.S. UNITS 

C NOMENCLATURE: 

C X - TRANSVERSE DIRECTION (WALL-TO-WALL) 
C Y - LATERAL DIRECTION (ALONG FIELD) 
C Z - AXIAL DIRECTION (ALONG BULK FLOW) 

C L = EFFECTIVE LENGTH OF CHAMBER 
C H HALF GAP-WIDTH OF CHAMBER 

C XMAS = DIMENSIONLESS RADIUS OF SAMPLE STREAM 
C DIACT = DIAMETER OF COLLECTON TUBE 

C G = GRAVITIONAL ACCELERATION 
C B = COEFFICIENT OF THERMAL EXPANSION OF BUFFER 
C K = THERMAL CONDUCTIVITY OF BUFFER 

C SIGMA ELECTRICAL CONDUCTIVITY OF BUFFER 
C VISC = VISCOSITY OF BUFFER 
C RHOBUF = DENSITY OF BUFFER 

C UEO = ELECTROOSMOTIC VELOCITY 
C UEP = ELECTREOPHORETIC VELOCITY 

C U = LATERAL VELOCITY OF PARTICLE 
C V = AXIAL VELOCITY OF PARTICLE 

C VMAX = MAXIMUM AXIAL VELOCITY OF FLUID 
C VBAR = AVERAGE AXIAL VELOCITY OF FLUID 

C DTCHAR CHARACTERISTIC TEMPERATURE DIFFERENCE 
C COEFFV = TEMPERATURE COEFFICIENT OF VISCOSITY 
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C A = FASTER COMPONENT 
C B = SLOWER COMPONENT 

C MOBA = ELECTROPHORETIC MOBILITY OF A AT THE 
C TEMPERATURE OF THE WALL 

C MOBB ELECTROPHORETIC MOBILITY OF B AT THE 
C TEMPERATURE OF THE WALL 

C MOBW = ELECTROOSMOTIC MOBILITY OF THE WALL 

C DELMW = % DIFFERENCE BETWEEN THE MOBILITY OF 
C WALL AND THE MOBILITY OF A 

C E = FIELD STRENGTH 
C D = DEFLECTION OF FASTER COMPONENT (A) 

C TAUMIN = MINIMUM RESIDENCE TIME OF SAMPLE 

C RHOA = DENSITY OF A 
C RHOB = DENSITY OF B 

C DIAA DIAMETER OF A 
C DIAB = DIAMETER OF B 

C VS = STOKES SEDIMENTATION VELOCITY OF A OR B 

C THE MODEL TAKES INTO ACCOUNT THE FOLLOWING 
C EFFECTS: 

C 

C 
C 

C 

C 
C 

C 

C 
C 

1. 

2 • 

3. 

4. 

5. 

6. 

ELECTROOSMOSIS 

EFFECT OF FORCED AND BUOYANCY DRIVEN 
CONVECTION ON THE AXIAL VELOCITY OF THE FLUID 

EFFECT OF TEMPERATURE ON PARTICLE MOBILITY 

EFFECT OF TEMPERATURE ON ELECTROOSMOTIC 
MOBILITY OF THE WALLS 

TEMPERATURE GRADIENTS ALONG TRANSVERSE AXIS 

SEDIMENTATION VELOCITY OF THE PARTICLES BEING 
SEPARATED 
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C THE FOLLOWING ASSUMPTIONS ARE MADE: 

C 
C 
C 
C 

C 

C 
C 
C 

C 

C 
C 

C 
C 

C 
C 
C 

C 
C 
C 

C 
C 
C 
C 

C 
C 
C 
C 
C 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

SEPARATION OCCURS ENTIRELY IN THE REGION 
WHERE THE TEMPERATURE AND VELOCITY PROFILES 
ARE FULLY DEVELOPED ( i.e. V AND T ARE 
ONLY A FUNCTION OF X ) 

EDGE EFFECTS ARE NEGLIGIBLE 

EFFECT OF ELECTROOSMOSIS ON THE AXIAL 
VELOCITY AND TEMPERATURE PROFILES IS 
NEGLIGIBLE 

THE MASS DIFFUSIVITY OF THE SAMPLE IS 
NEGLIGIBLE 

FOR SOLVING THE EQUATIONS OF ENERGY AND 
MOTION FLUID PROPERTIES ARE ASSUMED CONSTANT 

EFFECT OF PARTICLE TO PARTICLE INTERACTION ON 
SEDIMENTATION VELOCITY IS NEGLIGIBLE 

EFFECT OF SAMPLE CONCENTRATION ON ELECTRICAL 
CONDUCTIVITY OF THE SAMPLE STREAM IS 
NEGLIGIBLE 

THE LAST TWO ASSUMPTIONS ARE GENERALLY VALID 
AT CONCENTRATIONS TYPICALLY USED IN FFZE 
(VIZ. 5 % PARTICLES BY VOLUME) 

THE ELECTRICAL CONDUCTIVITY AND DIELECTRIC 
CONSTANT OF THE SAMPLE IS NOT SIGNIFICANTLY 
DIFFERENT FROM THAT OF THE SEPARATION MEDIUM 
(i.e. THE BUFFER) . 

THE ABOVE ASSUMPTION IS GENERALY VALID FOR 
CELLS AND ORGANELLES BELOW CONCENTRATIONS OF 
5 % BY VOLUME, AND ALLOWS ELECTROHYDROYNAMIC 
DISTORTION OF THE SAMPLE STREAM TO BE 
NEGLECTED. 
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C BEGIN EXECUTABLE PART OF PROGRAM 

DIMENSION RMOB (2), DTEMP (2,4), DIA (2), RHO (2), 
1 X (2,4), V (2.4), U (2,4), Y (2,4), 
2 VS (2) 

REAL L, K, MOBA, MOBB, MOBW 

OPEN (UNIT = 5, FILE = 'FF3.DAT' 
OPEN (UNIT = 7, FILE = 'FF3.0UT' 

C ENTER PHYSICAL CONSTANTS 

G = 981.0 
BETA = 1. 8 E - 4 
SIGMA = 1. 0 E - 3 
K = 5.0 E -3 
VISC = 1. 0 E -2 
COEFFV = 0.03 
RHOBUF = 1.0 

C ENTER SYSTEM CONSTANTS 

STATUS 
STATUS 

'OLD' ) 
'NEW' ) 

C FOR DOWN FLOW L IS POSITIVE; FOR UP FLOW L IS 
C NEGATIVE 

L = 12.0 
H = 0.02 
DIACT = 0.01 
XMAX = 0.75 
MOBA = l.E -4 
RHOA = 1.00 
RHOB = 1.00 
DIAA 10.0 E -4 
DIAP 10.0 E -4 

C ENTER SYSTEM VARIABLES 

WRITE (*,*) 'ENTER D AND TAUMIN' 

READ (*,*) D, TAUMIN 

WRITE (*,*) 'ENTER DELMW AND ESTIMATE OF 
1 DELMOB (%), 

READ (*,*) DELMW,DELMOB 
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MOBB = MOBA * ( 1.0 - DELMOB / 100.0 ) 
MOBW - MOBA * ( 1.0 + DELMW / 100.0 ) 

VMAX L / TAUMIN 
VBAR 2.0 * VMAX / 3.0 

WRITE (7, *) , MOBA = , , MOBA 
WRITE (7, *) , MOBB = , , MOBB 
WRITE (7, *) , MOBW = , , MOBW 
WRITE (7, *) 'VMAX , ,VMAX 
WRITE (7, *) 'VBAR , , VBAR 

WRITE (* , *) , MOBA , , MOBA 
WRITE (* , *) , MOBB , , MOBB 
WRITE (* , *) , MOBW = , , MOBW 
WRITE (* , *) 'VMAX , ,VMAX 
WRITE (* , *) 'VBAR , , VBAR 

E = D / ( ( MOBA - 0.5 * MOBW ) * TAUMIN ) 

DTCHAR = SIGMA * E * H ** 2.0 / ( 2.0 * K ) 

BV = G * BETA * DTCHAR * H ** 2.0 / 
1 ( VISC * VBAR) 

RMOB (1) = MOBA 
RMOB (2 ) = MOBB 

DIA (1 ) = DIAA 
DIA (2 ) DIAB 

RHO (1) RHOA 
RHO (2 ) = RHOB 

x (1,1) - XMAX 
X (1,2) 0.00 

X (1,3) + XMAX 
X (1,4) 0.00 

X (2,1) = - XMAX 
X (2,2) 0.00 

X (2,3) + XMAX 
X (2,4) 0.00 

10 CONTINUE 



C MATRIX ELEMENT I DENOTES COMPONENT (A OR B) 
MATRIX ELEMENT J DENOTES POSITION (1-4): 

C 
C 
C 
C 
C 

---------------------- REAR WALL X = 
1 

( - ) 4 2 (+) CENTER X = 
3 

---------------------- FRONT WALL X = 

DO 100 I = 1,2 

VS (I) = DIA (I) ** 2.0 * G * 
1 ( RHO (I) - RHOBUF ) 
2 / ( 18.0 * VISC ) 

DO 50 J = 1,4 

DTEMP (I, J) DTCHAR * 
1 ( 1.0 - X (I,J) ** 2.0) 

UEO = - 0.5 * MOBW * E * (1.0 - 3.0 
1 * X (I,J) ** 2.0) 

UEP = RMOB (I) * E * ( 1.0 + 
1 COEFFV * DTEMP (I,J) 

U (I, J) UEO + UEP 

V (I, J) VS (I) + VMAX 
1 * ( 1. 0 - X (I, J) ** 2.0) 
2 * ( 1.0 + BV / 18.0 
3 * ( X (I, J) ** 2.0 - 0.2) 

Y (I,J) = L / V (I,J) * U (I,J) 

50 CONTINUE 

100 CONTINUE 

-
0 

+ 
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1 

1 

C CORRECT Y (l,J) FOR THICKNESS OF INJECTION NEEDLE 

DO I 1,2 

Y (I,2) 
Y (I,4) 

END DO 

Y (I,2) + ( XMAX * H 
Y (I,4) - ( XMAX * H 
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C FIND SMALLEST Y (I,J) 

YAMIN = 100.0 

DO 200 J = 1,4 

IF (Y (1, J) .LT. YAMIN) YAMIN Y (1, J) 

200 CONTINUE 

C FIND LARGEST Y (2, J) 

YBMAX = 000.0 

DO 300 J = 1,4 

IF (y (2, J) .GT. YBMAX ) YBMAX = Y (2, J) 

300 CONTINUE 

C CHECK IF A AND B ARE RESOLVED; IF NOT REPEAT 
C WITH LARGER MOBILITY DIFFERENCE 

DELY = YAMIN - YBMAX 

IF ( DELY .LT. !"'IACT ) THEN 

RMOB (2) = RMOB (2 ) * 0.999 
GO TO 10 

ELSE 

CONTINUE 

END IF 

DMMIN = ( RMOB (1) - RMOB (2) ) / RMOB (1) * 100.0 

C COMPUTE GRASHOV NUMBER AND RATIO OF BUOYANCY FORCE 
C TO INERTIAL FORCE BI = GR / RE ** 2 
C NOTE BV ( = GR / RE ) IS THE RATIO OF THE 
C BUOYANCY FORCE TO THE VISCOUS FORCE 
C BVMAX IS THE MAXIMUM VALUE OF BV 

RE = 2.0 * H * ABS (VBAR) / VISC 
GR = ABS (BV) * RE 
BVMAX = ABS (BV) / 18.0 * XMAX ** 2.0 - 0.2 ) 
BI = GR / RE ** 2.0 



C WRITE TO OUTPUT FILE 

WRITE (7,*) ,---------------, 
WRITE (7, * ) 'D = " D 
WRITE (7,*) 
WRITE (7,*) 'TAUMIN ,TAUMIN 
WRITE (7, *) '- - - - - - - - - - - - - - - , 

WRITE (7,*) 'DELMOB " DMMIN 
WRITE (7, *) , 
WRITE (7,*) 'E = ',E 
WRITE (7,*) 
WRITE (7 *) 'DTCHAR = ',DTCHAR 
WRITE (7,*) 
WRITE (7,*) 'BVMAX = ',BVMAX 
WRITE (7, * ) , 
WRITE (7,*) 'GR = ',GR 
WRITE (7, *) , 
WRITE (7,*) 'BI = ',BI 
WRITE (7, *) ---------------
WRITE (7,*) 'DELY = ',DELY 

C WRITE TO SCREEN 

WRITE ( * , *) '- - - - - - - - - - - - - - - - , 
WRITE (*,*) 'D = ',D 
WRITE (*, * ) , 
WRITE (*,*) 'TAUMIN = ',TAUMIN 
WRITE ( * , *) '- - - - - - - - - - - - - - - -

WRITE (*,*) 'DELMOB' ,DMMIN 
WRITE ( * , *) , 
WRITE ( * , *) 'E = ',E 
WRITE (*, * ) , 
WRITE (*,*) 'DTCHAR = ',DTCHAR 
WRITE (*,*) 
WRITE (*,*) 'BVMAX = ',BVMAX 
WRITE (*,*) , 
WRITE (*,*) 'GR = ',GR 
WRITE (*, * ) , 
WRITE (*,*) 'BI = ',BI 
WRITE (*, *) ,----------------
WRITE (*,*) 'DELY = ',DELY 

STOP 

END 
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C PROGRAM RESOLVE II 

C WRITTEN BY RIZWAN SHARNEZ 
C DEPARTMENT OF CHEMICAL ENGINEERING 
C UNIVERSITY OF ARIZONA 1992 

C THIS PROGRAM COMPUTES THE SMALLEST MOBILITY 
C INTERVAL THAT CAN BE RESOLVED IN A PARALLEL 
C PLATE FREE-FLOW ZONE ELECTROPHORESIS (FFZE) 
C CHAMBER. THE MODEL IS VALID ONLY FOR 
C PARTICLES WITH NEGLIGIBLE DIFFUSION COEFF-
C ICIENTS (SUCH AS CELLS AND ORGANELLS), AND 
C FOR CHAMBER WITH ONLY ONE WALL COOLED. 

C ALL PARAMETERS ARE IN C.G.S. UNITS 

C NOMENCLATURE: 

C X - TRANSVERSE DIRECTION (WALL-TO-WALL) 
C Y - LATERAL DIRECTION (ALONG FIELD) 
C Z - AXIAL DIRECTION (ALONG BULK FLOW) 

C 
C 

L 
H 

EFFECTIVE LENGTH OF CHAMBER 
HALF GAP-WIDTH OF CHAMBER 

C XMAS = DIMENSIONLESS RADIUS OF SAMPLE STREAM 
C DIACT = DIAMETER OF COLLECTON TUBE 

C G GRAVITIONAL ACCELERATION 
C B = COEFFICIENT OF THERMAL EXPANSION OF BUFFER 
C K = THERMAL CONDUCTIVITY OF BUFFER 

C SIGMA ELECTRICAL CONDUCTIVITY OF BUFFER 
C VISC = VISCOSITY OF BUFFER 
C RHOBUF = DENSITY OF BUFFER 

C UEO = ELECTROOSMOTIC VELOCITY 
C UEP = ELECTREOPHORETIC VELOCITY 

C U = LATERAL VELOCITY OF PARTICLE 
C V = AXIAL VELOCITY OF PARTICLE 

C VMAX = MAXIMUM AXIAL VELOCITY OF FLUID 
C VBAR = AVERAGE AXIAL VELOCITY OF FLUID 

C DTCHAR CHARACTERISTIC TEMPERATURE DIFFERENCE 
C COEFFV = TEMPERATURE COEFFICIENT OF VISCOSITY 

214 
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C A = FASTER COMPONENT 
C B = SLOWER COMPONENT 

C MOBA ELECTROPHORETIC MOBILITY OF A AT THE 
C TEMPERATURE OF THE WALL 

C MOBB = ELECTROPHORETIC MOBILITY OF B AT THE 
C TEMPERATURE OF THE WALL 

C MOBW = ELECTROOSMOTIC MOBILITY OF THE WALL 

C DELMW = % DIFFERENCE BETWEEN THE MOBILITY OF 
C WALL AND THE MOBILITY OF A 

C E = FIELD STRENGTH 
C D = DEFLECTION OF FASTER COMPONENT (A) 

C TAUMIN = MINIMUM RESIDENCE TIME OF SAMPLE 

C RHOA = DENSITY OF A 
C RHOB = DENSITY OF B 

C DIAA DIAMETER OF A 
C DIAB DIAMETER OF B 

C VS = STOKES SEDIMENTATION VELOCITY OF A OR B 

C THE MODEL TAKES INTO ACCOUNT THE FOLLOWING 
C EFFECTS: 

C 

C 
C 

C 

C 
C 

C 

C 
C 

1. 

2. 

3. 

4. 

5. 

6. 

ELECTROOSMOSIS 

EFFECT OF FORCED AND BUOYANCY DRIVEN 
CONVECTION ON THE AXIAL VELOCITY OF THE FLUID 

EFFECT OF TEMPERATURE ON PARTICLE MOBILITY 

EFFECT OF TEMPERATURE ON ELECTROOSMOTIC 
MOBILITY OF THE WALLS 

TEMPERATURE GRADIENTS ALONG TRANSVERSE AXIS 

SEDIMENTATION VELOCITY OF THE PARTICLES BEING 
SEPARATED 
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C THE FOLLOWING ASSUMPTIONS ARE MADE: 

C 
C 
C 
C 

C 

C 
C 
C 

C 

C 
C 

C 
C 

C 
C 
C 

C 
C 
C 

C 
C 
C 
C 

C 
C 
C 
C 
C 

1. 

2. 

3 . 

4 . 

5. 

6. 

7. 

8. 

SEPARATION OCCURS ENTIRELY IN THE REGION 
WHERE THE TEMPERATURE AND VELOCITY PROFILES 
ARE FULLY DEVELOPED ( i.e. V AND T ARE 
ONLY A FUNCTION OF X ) 

EDGE EFFECTS ARE NEGLIGIBLE 

EFFECT OF ELECTROOSMOSIS ON THE AXIAL 
VELOCITY AND TEMPERATURE PROFILES IS 
NEGLIGIBLE 

THE MASS DIFFUSIVITY OF THE SAMPLE IS 
NEGLIGIBLE 

FOR SOLVING THE EQUATIONS OF ENERGY AND 
MOTION FLUID PROPERTIES ARE ASSUMED CONSTANT 

EFFECT OF PARTICLE TO PARTICLE INTERACTION ON 
SEDIMENTATION VELOCITY IS NEGLIGIBLE 

EFFECT OF SAMPLE CONCENTRATION ON ELECTRICAL 
CONDUCTIVITY OF THE SAMPLE STREAM IS 
NEGLIGIBLE 

THE LAST TWO ASSUMPTIONS ARE GENERALLY VALID 
AT CONCENTRATIONS TYPICALLY USED IN FFZE 
(VIZ. 5 % PARTICLES BY VOLUME) 

THE ELECTRICAL CONDUCTIVITY AND DIELECTRIC 
CONSTANT OF THE SAMPLE IS NOT SIGNIFICANTLY 
DIFFERENT FROM THAT OF THE SEPARATION MEDIUM 
(i.e. THE BUFFER) . 

THE ABOVE ASSUMPTION IS GENERALY VALID FOR 
CELLS AND ORGANELLES BELOW CONCENTRATIONS OF 
5 % BY VOLUME, AND ALLOWS ELECTROHYDROYNAMIC 
DISTORTION OF THE SAMPLE STREAM TO BE 
NEGLECTED. 
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C BEGIN EXECUTABLE PART OF PROGRAM 

DIMENSION RMOB (2), DIA (2), RHO (2), X (2,4), 
1 V (2. 4), U (2, 4), Y ( 2 , 4), VS ( 2 ) 

REAL L, K, MOBA, MOBB, MOBW 

OPEN (UNIT = 5, FILE = 'FF4.DAT' 
OPEN (UNIT = 7, FILE = 'FF4.0UT' 

STATUS = ' OLD' ) 
STATUS ' NEW' ) 

C ENTER PHYSICAL CONSTANTS 

G = 981.0 
BETA = 1. 8 E - 4 
SIGMA = 1. 0 E - 3 
K = 5.0 E -3 
VISC = 1.0 E -2 
COEFFV = 0.03 
RHOBUF = 1.0 

C ENTER SYSTEM CONSTANTS 

C FOR DOWN FLOW L IS POSITIVE; FOR UP FLOW L IS 
C NEGATIVE 

L = 12.0 
H = 0.02 
DIACT = 0.01 
XMAX 0.75 
MOBA l.E-4 
RHOA 1. 00 
RHOB 1. 00 
DIAA 10.0 E -4 
DIAP 10.0 E -4 

C ENTER SYSTEM VARIABLES 

WRITE (*,*) 'ENTER D AND TAUMIN' 

READ (*,*) D, TAUMIN 

WRITE (*,*) 'ENTER DELMW AND ESTIMATE OF 
1 DELMOB (%)' 

READ (*,*) DELMW,DELMOB 

MOBB MOBA * ( 1.0 - DELMOB / 100.0 ) 
MOBW = - MOBA * ( 1.0 + DELMW / 100.0 ) 



1 

10 

VMAX = L / TAUMIN 
VBAR = 2.0 * VMAX / 3.0 

WRITE (7, *) , MOBA , , MOBA 
WRITE (7, *) , MOBB , , MOBB 
WRITE (7, *) , MOBW = 

, , MOBW 
WRITE (7, *) 'VMAX = 

, , VMAX 
WRITE (7, *) 'VBAR , , VBAR 

WRITE (* , *) , MOBA , , MOBA 
WRITE (* , *) , MOBB , , MOBB 
WRITE (* , *) , MOBW , , MOBW 
WRITE (* , *) 'VMAX , , VMAX 
WRITE (* , *) 'VBAR , , VBAR 

E = D / ( ( MOBA - 0.5 * MOBW 

DTCHAR SIGMA * E * H 

BV = G * BETA * DTCHAR * 
( VISC * VBAR) 

RMOB (1) = MOB A 
RMOB (2) = MOBB 

DIA (1) DIAA 
DIA (2) DIAB 

RHO (1) = RHOA 
RHO (2) = RHOB 

X (1,1) - XMAX 
X (1,2) = 0.00 

X (1,3) + XMAX 
X (1,4) 0.00 

X (2,1) - XMAX 
X (2,2) 0.00 

X (2,3) = + XMAX 
X (2,4) = 0.00 

CONTINUE 

** 

H ** 
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) * TAUMIN ) 

2.0 / ( 2.0 * K ) 

2.0 / 



C 

C 
C 
C 
C 
C 

MATRIX ELEMENT I DENOTES COMPONENT (A OR B) 
MATRIX ELEMENT J DENOTES POSITION (1-4) : 

---------------------- REAR WALL X - 1 
1 

( - ) 4 2 (+) CENTER X = 0 
3 

---------------------- FRONT WALL X + 1 

DO 100 I = 1,2 

VS (I) = DIA (I) ** 2.0 * G * 
1 ( RHO (I) - RHOBUF ) 
2 / ( 18.0 * VISC ) 

1 
2 
3 

1 
2 
3 

1 
2 
3 
4 

DO 50 J = 1,4 

DT12 4.0 * DTCHAR 

UEO = - 0.5 * MOBW * E * 
( ( 1.0 - 0.5 * COEFFV * DT12 ) 
* ( 1.0 - 3.0 * X (1, J) * * 2.0 
- COEFFV * DT12 * X (l,J) ) 

UEP = RMOB (I) * E * ( 1.0 
+ COEFFV * DTCHAR * 
* ( 1.0 - X (l,J) ** 2.0 
+ 2. 0 * ( 1.0 + X (1, J) ) ) ) 

U (I,J) = UEO + UEP 

v (I, J) VS (I) + VMAX 
* 1.0 - X (I, J) ** 2.0) 
* 1.0 + BV / 18.0 
* X (I, J) ** 2.0 

- 4.0 * X (1, J) + 0.1 ) 

Y (I, J) L / V (I, J) * U (I, J) 

) 

50 CONTINUE 

100 CONTINUE 

219 



220 

C CORRECT Y (l,J) FOR THICKNESS OF INJECTION NEEDLE 

DO I = 1,2 

Y (I,2) = Y (I,2) + ( XMAX * H 
Y (I,4) Y (I,4) - ( XMAX * H 

END DO 

C FIND SMALLEST Y (I,J) 

YAMIN = 100.0 

DO 200 J = 1,4 

IF (Y (l,J) .LT. YAMIN) YAMIN Y (l,J) 

200 CONTINUE 

C FIND LARGEST Y (2,J) 

YBMAX = 000.0 

DO 300 J = 1,4 

IF (Y (2,J) .GT. YBMAX ) YBMAX 

300 CONTINUE 

Y (2, J) 

C CHECK IF A AND B ARE RESOLVED; IF NOT REPEAT WITH 
C LARGER MOBILITY DIFFERENCE 

DELY = YAMIN - YBMAX 
IF ( DELY .LT. DIACT ) THEN 

ELSE 

RMOB (2) = RMOB (2) * 0.999 
GO TO 10 

CONTINUE 

END IF 

DMMIN = ( RMOB (1) - RMOB (2) ) / RMOB (1) * 100.0 
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C COMPUTE GRASHOV NUMBER AND RATIO OF BUOYANCY FORCE 
C TO INERTIAL FORCE BI = GR / RE ** 2 
C NOTE BV ( = GR / RE ) IS THE RATIO OF THE 
C BUOYANCY FORCE TO THE VISCOUS FORCE 
C BVMAX IS THE MAXIMUM VALUE OF BV 

RE = 2.0 * H * ABS (VBAR) / VISC 
GR = ABS (BV) * RE 
BVMAX = ABS (BV) / 18.0 * ( XMAX ** 2.0 

1 - 4.0 * XMAX + 0.1 ) 
BI = GR / RE ** 2.0 

C WRITE TO OUTPUT FILE 

WRITE (7, *) , - - - - - - - - - - - - - - - , 
WRITE (7,*) 'D = " D 
WRITE (7, *) , 
WRITE (7,*) 'TAUMIN , TAUMIN 
WRITE (7, *) , ---------------, 

WRITE (7,*) 'DELMOB " DMMIN 
WRITE (7, *) , 
WRITE (7, *) , E = ',E 
WRITE (7, *) , 
WRITE (7 *) 'DTCHAR = ' ,DTCHAR 
WRITE (7, *) , 
WRITE (7,*) 'BVMAX = ' ,BVMAX 
WRITE (7, *) , 
WRITE (7,*) 'GR = ' ,GR 
WRITE (7, *) , 
WRITE (7,*) 'BI ' ,BI 
WRITE (7,*) ,----------------, 
WRITE (7,*) 'DELY = ' ,DELY 

C WRITE TO SCREEN 

WRITE (*,*) ,----------------, 
WRITE (*, *) , D = ',D 
WRITE (*, * ) , 
WRITE (*,*) 'TAUMIN = ' ,TAUMIN 
WRITE ( * , *) , - - - - - - - - - - - - - - - - , 

WRITE (*,*) 'DELMOB' ,DMMIN 
WRITE ( * , *) , 
WRITE (*,*) 'E = ',E 
WRITE (*,*) , 
WRITE (*,*) 'DTCHAR = ' ,DTCHAR 
WRITE (*, *) , 
WRITE (*,*) 'BVMAX = ' ,BVMAX 
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WRITE (* , *) 
WRITE (* , *) 'GR = 

, ,GR 
WRITE (* , *) 
WRITE (* , *) 'BI = 

, ,BI 
WRITE (* , *) ,-----------------, 
WRITE (* , *) 'DELY = 

, ,DELY 

STOP 

END 
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APPENDIX III 

PROGRAM ANNULUS 
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C PROGRAM ANNULUS 

C WRITTEN BY RIZWAN SHARNEZ, DEPARTMENT OF CHEMICAL 
C ENGINEERING, UNIVERSITY OF ARIZONA; AUGUST 1991. 

C THIS PROGRAM CALCULATES THE PEAK-TO-PEAK DISTANCE 
C BETWEEN SAMPLE-COMPONENTS IN AN ANNULAR-SHAPED FFZE 
C CHAMBER. THE ANODE ( +) AND CATHODE ( - ) ARE ON THE 
C INNER AND OUTER SURFACES OF THE ANNULUS RESPECTIVELY. 
C THE SAMPLE (ASSUMED TO BE NEGATIVELY CHARGED) CONSISTS 
C OF TWO SUBPOPULATUIONS (A) AND (B). IT IS INJECTED AT 
C SOME POINT BETWEEN THE TWO ELECTRODES, AND MIGRATES 
C TOWARDS THE INNER SURFACE (i.e. THE ANODE). THE SAMPLE 
C IS COLLECTED ALONG THE INNER SURFACE BY A CROSS-FLOW 
C FRACTION-COLLECTOR (SECTION 4.1.2). 

C THE PROGRAM SIMULATES THE ANNULUS AS A SERIES OF STEP 
C CHANGES IN BUFFFER-VELOCITY (V) AND FIELD-STRENGTH (E). 
C IT THEN TRACES THE TRAJECTORIES OF BOTH THE SAMPLE-
C COMPONENTS AS THEY MIGRATE ACROSS THE THICKNESS (R), 
C AND ALONG THE LENGTH (Z) OF THE CHAMBER. THE PEAK-TO-
C PEAK DISTANCE BETWEEN A AND B IS THE DIFFERENCE BETWEEN 
C Z(A) AND Z(B) AT THE INNER SURFACE OF THE ANNULUS. 

C ALL PARAMETERS ARE IN CGS UNITS 

C INPUT PARAMETERS (READ IN FROM FILE ANNULUS.DAT) 

C N = NO. OF STEPS 

C R1 = RADIUS OF ANNULUS AT POINT OF SAMPLE-INJECTION 
C (i.e. AT FIRST STEP; I = 1) 

C RN = RADIUS OF ANNULUS AT POINT OF SAMPLE-RECOVERY 
C (i.e. AT FINAL STEP; I =N) 

C RIN = INNER RADIUS OF ANNULUS 
C ROUT OUTER RADIUS OF ANNULUS 

C VMAX = MAXIMUM VELOCITY OF BUFFER IN ANNULUS 
C EMAX MAXIMUM FIELD-STRENGTH IN ANNULUS 

C AMOB MOBILITY OF FASTER COMOPONENT - A 
C BMOB = MOBILITY OF SLOWER COMPONENT - B 

C OUTPUT PARAMETERS (RETRIEVE FROM FILE ANNULUS.OUT) 

C DELR = (R1 - RN) / N = STEP-SIZE FOR CALCULATIONS 
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C TIME (A) TIME TAKEN FOR COMPONENT-A TO REACH A 
SPECIFIED POSITION (DISTANCE FROM INNER
WALL) 

C TIME (B) = TIME TAKEN FOR COMPONENT-B TO REACH A 
SPECIFIED POSITION (DISTANCE FROM INNER
WALL) 

C Z(A) AXIAL (Z) DISPLACEMENT OF COMPONENT-A 
C AT TIME (A) 

C Z(B) = AXIAL (Z) DISPLACEMENT OF COMPONENT-B 
C AT TIME (B) 

C DELO PEAK-TO-PEAK DISTANCE BETWEEN SAMPLE-COMPONENTS 
C IN THE ABSENCE OF A GRADIENT (i.e. INA PARALLEL-
C PLATE CHAMBER) FOR A SPECIFIED NET SAMPLE-
C DEFLECTION (D) 

C DELN = PEAK-TO-PEAK DISTANCE BETWEEN SAMPLE-COMPONENTS 
C IN THE PRESENCE OF A GRADIENT (i.e. IN AN 
C ANNULAR CHAMBER) FOR THE SAME NET SAMPLE-
C DEFLECTION (D) 

C AMPLIFICATION = DELN I DELO 

C BEGIN EXECUTABLE PART OF PROGRAM 

REAL N, KAPPA, KAPPAR, KAPPARN, KMOB 

OPEN (UNIT 5, FILE 'ANNULUS.DAT', STATUS 
OPEN ( UNIT = 7, FILE = 'ANNULUS.DAT', STATUS 

WRITE (*,1) 
WRITE (7,1) 

1 FORMAT (lOX, 'ALL PARAMETERS ARE IN CGS 
2 UNITS' II lOX, 'INPUT:' ) 

READ (5,*) N,VMAX,EMAX,AMOB,BMOB 
READ (5,*) RIN,RN,R1,ROUT 

WRITE (*,2) RIN,ROUT,RN 
WRITE (7,2) RIN,ROUT,RN 

INTN = INT(N) 

WRITE (*,3) INTN,VMAX,EMAX,AMOB,BMOB 
WRITE (7,3) INTN,VMAX,EMAX'AMOB,BMOB 

'OLD' 
'NEW' 



2 FORMAT ( 19 X, 
1 19 X, 
2 10 X, 
3 
4 10 X, 
5 

, INNER RADIUS OF ANNULUS = ',F 9.3 / 
, OUTER RADIUS OF ANNULUS = ',F 9.3 / 
, RADIUS AT PT. OF SAMPLE-INJECTION 

SEE RUN-TITLES' / 
, RADIUS AT PT. OF SAMPLE-RECOVERY 

F 9.3 / ) 

3 FORMAT 30 X, , NO. OF STEPS = " I 9 / 
1 
2 
3 
4 
5 
6 
7 

27 X, , MAX. BUFFER VEL = " F 9.2 / 
23 X, ' MAX. FIELD-STRENGTH = " F 9.2 / 
15 X, ' MOBILITY OF FASTER COMPONENT = 

F 9.8 / 
15 X, ' MOBILITY OF SLOWER COMPONENT = ' 

F 9.8 / / 
10 X, ' OUTPUT: ' ) 
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WRITE (*,*) , ENTER MAX. RADIUS FOR SAMPLE-INJECTION' 

READ (*,*) RLAST 

LAST = ( ( RLAST - R1 ) / 0.1 ) + 1.0 
IF ( LAST .LT. 1 ) LAST = 1 

C THIS DO LOOP REPEATS CALC. FOR A NEW INJ. PT. O. 1 CM 
C FARTHER FROM THE PREVIOUS ONE; CALCULATIONS ARE 
C REPEATED UNTIL THE PREVIOUSLY SPECIFIED MAX. RADIUS FOR 
C SAMPLE INJECTION IS REACHED. 

DO K = 1, LAST 

IF 
TA 
TB 
ZA 
ZB = 

K .NE. 
0.0 
0.0 
0.0 
0.0 

COUNT = 0 

1 ) R1 

WRITE (*,4) K,R1 
WRITE (7,4) K,R1 

R1 + 0.1 

4 FORMAT ( / lOX, I RUN # ',I 2, , : RADIUS AT PT. OF 
1 SAMPLE-INJECTION = " F 6.3 ) 

WRITE (*,5) 
WRITE (7,5) 



5 
1 
2 
3 
4 
5 

227 

FORMAT ( / 70 ( , * , ) / 
'STEP RADIUS VEL. FIELD TIME (A) TIME (B) 
Z (A) Z(B) , / 

(CM) (CM/S) 
(CM) (CM) , / 
70 ( , * , ) ) 

FLAG INT(N) / 10 

IF ( FLAG .LT. 1 FLAG = 1 

DLER (R1 - RN) / N 

R = R1 

IF ( K .EQ. 1 ) THEN 

KAPPA = RIN / ROUT 

(V/CM) (SEC) (SEC) 

A = ( 1. - KAPPA ** 2 ) / ( LOG ( 1. / KAPPA) ) 

RMAX = ( 0.5 * A ) ** 0.5 * ROUT 

VFMAX = 1. - 0.5 * A * ( 1. - LOG ( 0.5 * A) ) 

VCONST = VMAX / VFMAX 

KAPPARN = RN / ROUT 

VN VCONST * ( 1. - KAPPARN ** 2. + A * LOG 
1 ( KAPPARN ) ) 

EN EMAX * ( RIN / R ) ** 2.0 

END IF 

C THIS DO LOOP CALC. THE AMPLIFICATION FOR A GIVEN 
C INJECTION POINT 

DO I = 1,N 

COUNT = COUNT + 1 

KAPPAR = R / ROUT 

VFR = 1.0 - KAPPAR ** 2.0 + A * LOG ( KAPPAR ) 

VR = VCONST * VFR 



ER EMAX * ( ( RIN / R ) ** 2.0 

IF COUNT .EQ. FLAG .OR. I .EQ. 1 ) THEN 

WRITE (*,10) I,R,VR,ER,TA,TB,ZA,ZB 
WRITE (7,10) I,R,VR,ER,TA,TB,ZA,ZB 

10 FORMAT ( I 5, F 9.4, F 9.3, 3 F 9.1, 2 F 9.3 

IF ( COUNT .EQ. FLAG ) COUNT = 0 

END IF 

DELTA = ABS ( DELR 
DELTB = ABS ( DELR 

TA TA + DELTA 
TB TB + DELTB 

ZA = ZA + DELTA * VR 
ZB = ZB + DELTB * VR 

R = R - DEJ.JR 

END DO 

WRITE (*,15) 
WRITE (7,15) 

15 FORMAT ( 70 ( ,*, ) / ) 

/ 
/ 

AMOB * ER 
BMOB * ER 
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C IN THE FOLLOWING EQUATION THE FACTOR 1.5 ACCOUNTS FOR 
ELECTROOSMOSIS 

KMOB ( AMOB - BMOB ) / 1.5 * ( AMOB + BMOB ) / 2. ) 

DELO = KMOB * ABS ( R1 - RN ) 
DELN ZB - ZA 

AMP = DELN / DELO 

WRITE (*,20) DELN, DELO, AMP 
WRITE (7,20) DELN, DELO, AMP 
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20 FORMAT ( 10 X, I PEAK-TO-PEAK DISTANCE WITH GRADIENT 
1 DELN = I F 10.4 I I 

2 10 X, I PEAK-TO-PEAK DISTANCE wlo GRADIENT 
3 DELO = I F 10.4 I I 

4 10 X, I AMPLIFICATION = DELN I DELO = I 
I 

5 F 10.2 II 70 ( I * I ) ) 

END DO 

STOP 

END 
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SAMPLE OUTPUT (RUN # 4 OF TABLE 8) 

ALL PARAMETERS ARE IN CGS UNITS 

INPUT: 

INNER RADIUS OF ANNULUS = 0.250 
OUTER RADIUS OF ANNULUS = 0.750 

RADIUS AT PT. OF SAMPLE-INJECTION SEE RUN-TITLES 
RADIUS AT PT. OF SAMPLE-RECOVERY = 0.251 

NO. OF STEPS = 1000 
MAX. BUFFER VEL 0.50 

MOBILITY OF FASTER COMPONNENT = 0.00010008 
MOBILITY OF SLOWER COMPONENT = 0.00010000 

OUTPUT: 

RUN # 4: RADIUS AT POINT OF SAMPLE-INJECTION = 0.6 

************************************************************* 

STEP RADIUS VEL. FIELD TIME (A) TIME (B) Z (A) Z(B) 
(CM) (CM/S) (V /CM) (SEC) (SEC) (CM) ( C) 

************************************************************* 

1 0.600 0.391 6.1 0.0 0.0 0.00 0.00 
100 0.565 0.443 6.8 53.6 53.7 22.39 22.41 
200 0.530 0.479 7.8 101. 6 101.6 44.50 44.54 
300 0.495 0.497 8.9 143.6 143.7 65.05 65.10 
400 0.460 0.498 10.3 180.1 180.2 83.27 83.34 
500 0.425 0.479 12.1 211.4 211.6 98.66 98.73 
600 0.391 0.439 14.3 238.1 238.3 110.94 111.03 
700 0.356 0.375 17.3 260.3 260.6 120.08 120.17 
800 0.321 0.284 21.2 278.7 278.9 126.19 126.29 
900 0.286 0.164 26.7 293.4 293.6 129.57 129.68 
1000 0.251 0.007 34.6 304.9 305.2 130.64 130.75 

************************************************************* 

PEAK-TO-PEAK DISTANCE WITH GRADIENT = DELN = 
PEAK-TO-PEAK DISTANCE W/O GRADIENT DELO 
AMPLIFICATION = DELN / DELO 

0.1044 
0.0002 
561. 37 
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NOMENCLATURE 

a particle size 

A faster component of sample 

B slower component of sample 

BF buoyancy factor 

BI ratio of buoyancy induced forces to inertial forces 

c concentration 

d gap-width of separation chamber 

D average net deflection of sample 

f magnification factor 

g acceleration due to gravity 

Gr Grashof number 

i current 

k~ fractional difference in mobility 

k thermal conductivity of separation medium (buffer) 

K surface conductivity 

E field strength 

L effective length of separation chamber 

N throughput 

P pressure 

q flow rate 

R ratio of conductivity of sample to buffer 

Re Reynolds number 



232 

S ratio of dielectric constant of sample to buffer 

t Real time 

T Temperature 

V Net velocity 

v Velocity 

winj thickness of injection-tube (along direction of field) 

W width of separation-chamber 

x transverse direction 

y lateral direction 

Z axial direction 

X,8 direction perpendicular to field and flow (transverse or 
circumfrential) 

Y,R direction of field (lateral or radial) 

Z direction of bulk-flow (axial) 

Ze entrance length 

Greek Letters 

{3 coefficient of volume expansion of separation medium 
(buffer) 

o peak-to-peak distance between sample components 

a electrical conductivity of separation medium (buffer) 

~ electrophoretic mobility 

¢ volume fraction 

p density 

e dimensionless temperature 



~ dimensionless length 

~ dimensionless velocity 

T residence time 

r zeta potential 

8 distance between two consecutive fractions 

€ permittivity of separation medium 

ry viscosity of separation medium 

K reciprocal of the thickness of the double layer 

Subscripts 

1 under 1 g 

12 between walls of separation chamber 

~ under microgravity 

A of component A 

B of component B 

b in batch mode 

c in conventional mode 

ch characteristic 

ep electrophoretic 

eo electroosmotic 

f of fluid 

i of component i 

j of component j 

inj injection 

233 



234 

P of particle 

o at the center 

s settling 

w at the wall 

Superscripts 

with amplification 

o reference 
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