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Separation of Molecules, Macromolecules and Particles

Providing chemical engineering undergraduate and graduate students with a basic understanding of how the separation
of a mixture of molecules, macromolecules or particles is achieved, this textbook is a comprehensive introduction to the
engineering science of separation.

« Students learn how to apply their knowledge to determine the separation achieved in a given device or process.

» Real-world examples are taken from biotechnology, chemical, food, petrochemical, pharmaceutical and pollution
control industries.

« Worked examples, elementary separator designs and chapter-end problems give students a practical understanding of
separation.

The textbook systematically develops different separation processes by considering the forces causing the separation, and
how this separation is influenced by the patterns of bulk flow in the separation device. Readers will be able to take this
knowledge and apply it to their own future studies and research in separation and purification,

Kamalesh K. Sirkar is a Distinguished Professor of Chemical Engineering and the Foundation Professor of Membrane
Separations at New Jersey Institute of Technology (NJIT). His research areas are membranes and novel membrane based
processes.



“The first comprehengiveshook that takes the fundamentals
of separation on a molecular level as the starting point! The
benefit of this approach is that it gives you a thorough
insight in the mechanisms of separation, regardless of
which separation is considered. This makes it remarkably
easy to understand any separation process, and not only
the classical ones. This textbook finally brings the walls
down that divide separation processes in classical and
non-classical.”

Bart Van der Bruggen, University of Leuven, Belgium

“This strong text organizes separation processes as batch vs
continuous and as staged vs differential. It sensibly
includes coupled separation and chemical reaction. Sup-
ported by strong examples and problems, this non-conven-
tional organization reinforces the more conventional
picture of unit operations.”

Ed Cussler, University of Minnesota

“This book fills the need by providing a very comprehen-
sive approach to separation phenomena for both trad-
itional and emerging fields. It is effectively organized and
presents separations in a unique manner. This book pre-
sents the principles of a wide spectrum of separations from
classical distillation to modern field-induced methods in a
unifying way. This is an excellent book for academic use
and as a professional resource.”

C. Stewart Slater, Rowan University

“This book is an excellent resource for the topic of chem-
ical separations. The text starts by using examples to clarify
concepts. Then throughout the text, examples from many
different technology areas and separation approaches are
given. The book is framed around various fundamental
approaches to chemical separations. This allows one to
use this knowledge for both current and future needs.”
Richard D. Noble, University of Colorado

“This book provides a unique and in depth coverage of
separation processes. It is an essential reference for the
practicing engineer. Unlike more conventional textbooks
that focus on rate and equilibrium based separations, Prof
Sirkar focuses on how a given separation takes place and
how this is used in practical separation devices. Thus the
book is not limited by application e.g. chemical or petro-
chemical separations.

“As chemical engineering becomes increasingly multi-
disciplinary, where the basic principles of separations are
applied to new frontier areas, the book will become an
essential guide for practitioners as well as students.

“The unique layout of the text book allows the
instructor to tailor the content covered to a particular
course. Undergraduate courses will benefit from the com-
prehensive and systematic coverage of the basics of separ-
ation processes. Whether the focus of a graduate course is
traditional chemical separations, bioseparations, or separ-
ation processes for production of renewable resources the
book is an essential text.”

Ranil Wickramasinghe, University of Arkansas

“This advanced textbook provides students and profession-
als with a unique and thought-provoking approach to
learning separation principles and processes. Prof. Sirkar
has leveraged his years of experience as a separation sci-
entist and membrane separation specialist, to provide the
reader with a clearly written textbook full of multiple
examples pulled from all applications of separations,
including contemporary bioseparations. Compared to
other separations textbooks, Prof. Sirkar’s textbook is hol-
istically different in its approach to teaching separations,
yet provides the reader with a rich learning experience.
Chemical engineering students and practicing profession-
als will find much to learn by reading this textbook.”
Daniel Lepek, The Cooper Union



Preface

This is an introductory textbook for studying separation.
Primarily, this book covers the separation of mixtures of
molecules; in addition, it provides a significant treatment
of particle separation methods. Separation of macromol-
ecules has also received some attention. The treatment and
coverage of topics are suitable for chemical engineering
students at undergraduate and graduate levels. There is
enough material here to cover a variety of introductory
courses on separation processes at different levels.

This book is focused on developing a basic under-
standing of how separation takes place, and of how the
resulting separation phenomenon is utilized in a separ-
ation device. The role of various forces driving molecules
or particles from a feed mixture into separate phases/
fractions/regions is basic to such an approach to studying
separation. The separation achieved is then amplified in an
open separator via different patterns of bulk-phase veloci-
ties vis-a-vis the direction(s) of the force(s). The forces are
generated by chemical potential gradient, electrical field,
rotational motion, gravity, magnetic field, etc. The resulting
separation is studied under three broad categories of sep-
aration processes.

Separation processes driven by a negative chemical
potential gradient are generally multiphase systems and
are treated under the broad category of phase equilibrium
driven processes. External force driven processes populate
the second category, and include those operating under an
electrical field, rotational motion, magnetic field or gravity;
thermal diffusion processes are also briefly included here.
The third category of membrane based processes studied is
driven generally by a negative chemical potential gradient;
however, electrical force is also relevant for some processes.
The treatment of any external force driven processes will
cover both separation of molecules and particle separations.

These physical separation methods are often reinforced
by chemical reactions, which are usually reversible. An
elementary treatment of the role of chemical reactions
in enhancing separation across a broad spectrum of
phase equilibrium driven processes and membrane based
processes has been included. The level of treatment in
this book assumes familiarity with elementary principles
of chemical engineering thermodynamics and traditional

undergraduate levels of knowledge of ordinary differential
equations and elementary partial differential equations.

Specific aspects of a given separation process are stud-
ied in the chapter devoted to those aspects for all separ-
ation processes. To study a particular separation process in
great detail, one therefore has to go to different chapters.
The footprints of a given separation process are provided at
the beginning of the book (Tables 1-7); there are quite a
few tables to cover a variety of separation processes. The
list of processes is large; however, it is far from being all
inclusive. The introductory chapter, which provides add-
itional details about various chapters, as well as about the
book, is preceded by a notation section. All references
appear at the end of the book.

The description of the extent of separation achieved in
a closed vessel for a mixture of molecules is treated in
Chapter 1. Chapter 2 illustrates how to describe the separ-
ation of molecules in open separators under steady and
unsteady state operation; a description of separation for a
size-distributed system of particles is also included. Chapter 3
introduces various forces developing species-specific
velocities, fluxes and mass-transfer coefficients, and illus-
trates how the spatial variation of the potential of the force
field can develop multicomponent separation ability, The
criteria for chemical equilibrium are then specified for
different types of multiphase separation systems, followed
by an illustration of integrated flux expressions for two-
phase and membrane based systems.

Chapter 4 develops the extent of separation achieved
in a closed vessel to a variety of individual processes under
each of the three broad categories of separation processes.
Chapter 5 demonstrates how separation can be consider-
ably enhanced by chemical reactions in phase equilibrium
based and membrane based processes under both equilib-
rium- and rate-controlled conditions. For open separators
having bulk flow in and out, including continuous stirred
tank separators (CSTSs), Chapter 6 provides first the equa-
tions of change for molecular species concentration in
single-phase and two-phase systems, the trajectory equa-
tion for a particle in a fluid and the general equation of
change for a particle population. Chapter 6 then treats
individual separation processes under each of the three



Preface

broad categories of separation processes when the bulk
flow is parallel to the direction of the force and in CSTS
mode.

Chapter 7 follows this latter approach of treating indi-
vidual separation processes under each of the three broad
categories of separation processes when the bulk flow of
feed-containing phase is perpendicular to the direction of
the force. Chapter 8 follows the same approach when the
bulk flows of two phases/regions in the separator are per-
pendicular to the direction(s) of the force(s). Chapter 9
briefly elaborates on cascades, which were already intro-
duced in the countercurrent multistaged flow systems
of Chapter 8. Chapter 10 introduces the energy required
for a number of separation processes. Chapter 11 illustrates
a few common separation sequences in a number of
common industries involved in bioseparations, water treat-
ment, chemical and petrochemical separations and hydro-
metallurgy. Conversion factors between various systems of
units are provided in an Appendix.

Virtually all separation processes taught to chemical
engineering students in a variety of courses have been
covered via the approach illustrated in Chapters 3, 4, 6, 7
and 8; in addition, many particle separation methods have
been treated. The structural similarity in the separation
method between apparently unrelated separation pro-
cesses becomes quite clear. A few basic principles equip
the students with the capability to understand a wide
variety of separation processes and techniques, including
emerging ones. To aid the student, there are 118 worked
examples, 300 problems, 340 figures, 100 tables and 1011

references. A website will provide guidance for computer
simulations for a few selected problems.

The introductory chapter provides references to art-
icles and books which influenced the development of vari-
ous aspects of this book. I have benefitted considerably
from the comments on selected chapters of the book by
reviewers, anonymous or otherwise. Comments by Profes-
sors C. Stewart Slater, of Rowan University, Steven Cramer,
of Rensselaer Polytechnic Institute, and Ranil Wickrama-
singhe, of Colorado State University (now at University of
Arkansas), were particularly useful.

Many doctoral students and postdoctoral fellows were
of invaluable help during the long gestation period of this
book, either in formulating solutions of the problems or in
developing illustrative drawings. I want to mention in par-
ticular Amit Sengupta, Theoharris Papadopoulos, Xiao-Ping
Dai, Meredith Feins, Dimitrios Zarkadas, Quixi Fan, Praveen
Kosaraju, Fei He, Atsawin Thongsukmak, Sagar Roy,
Dhananjay Singh, John Tang and John Chau. The first two
students helped me when we were at Stevens Institute of
Technology. Sarah Matthews of Cambridge University Press
patiently provided manuscript preparation guidelines and
encouraging comments during an ever-shifting timetable.
Irene Pizzie did an extraordinary job as the copy editor.
Brenda Arthur of New Jersey Institute of Technology tire-
lessly typed the draft of the whole manuscript over a consid-
erable length of time, while carrying out many other duties.

I must also mention at the end my wife, Keka, without
whose patience, help and understanding this book would
never have been finished.



Notation

Equation numbers identify where the symbols have been introduced or defined.

The following styles have been adopted.

Bold vector quantity
Overlines
e quantity averaged over time or a specific
coordinate direction, multicomponent system,
Laplace transformed dependent variable
— = averaged quantity
- quantity in a mixture, per unit mass of bulk phase
Underlines
hypothetical binary system quantity (2.4.23), (2.4.24)
~, = vector quantity, tensor quantity
Brackets
(v, average value of v; over surface area §;
a ellipsoid semiaxis dimension; see also
(3.1.10a); constant in relations (3.1.49),
(4.3.7) and (4.3.43a); interfacial area per
unitvolume, defined by (7.2.191), (7.3.25)
ay; Ay, Az,... constant in (3.3.105), (4.1.42b), (4.3.29)
and (5.2.147); constants in (7.2.73),
(7.3.50) and (7.3.139)
a; constant in (7.2.198a)
as stoichiometric coefficient for species A
ay Hamaker constant (3.1.16)

activity of species i; equilibrium
constant (7.1.63); atom fraction of ith
isotope of an element in region j
(1.3.6), value of g; in region j and liquid
phase, respectively; amplitude (7.1.72b);
constant in (4.3.43c); membrane surface
per unit channel length (7.2.70)

a, surface area of a particle

activity of solvent s in regions 1 and 2,
respectively; activity of salt in water

a; a(T); iy Ay,
a b
ajldy,; Amse

g1y Ag2; Ao

A; Ay, Ay, Ag

A(r)

Ac
Apexs A(ﬁ Apmi
Al A (T); A?

mr O

A]p

Am', Am~, Am*

pore surface area per unit volume of
the porous medium of porosity ¢
surface area of a particle per unit
particle volume, value of a, in a cake
(6.3.135])

mean electrolyte activity (3.3.119d)
amplitude (7.3.18), pure-water
permeability constant in reverse osmosis
and diffusive ultrafiltration; constants

in (7.1.90b), three surface areas in
control volume of Figure 7.2.6(b)
cross-sectional area of a cone in
centrifugal elutriation

cross-sectional area of duct

heat exchanger surface area; constant
in equations for activity coefficients
(4.1.34d); surface area of membrane;
total membrane surface area; modified
equilibrium constant (7.1.66); constant
(7.1.72b)

constant in crystal growth rate
equation (6.4.27)

projected area of a particle (3.1.64);
transport coefficient in solution-
diffusion-imperfection model (3.4.60a)
cumulative crystal surface area
distribution fraction (6.4.17)

total particle surface area per unit
volume of total mixture (Example
2.4.2); total crystal surface area per
unit liquid volume (6.4.16)

three forms of amino acid

ellipsoid semiaxis dimension;
proportionality constant in osmotic
pressure relation (3.4.61b); half of
channel gap; width of region of gas flow
completely cleaned up by a fiber
(6.3.42a); constant in crystal growth rate
expression (6.4.35); parameter (7.2.18);
liquid envelope radius (7.2.208)



xiv Notation

by, by, by constants in relations (3.1.143f) C; C;; C:; Cs molar concentration of species i an

b, constant in (3.3.105), (5.2.147) Cigi Cinr Ciz average of the molar concentration of

bg; b;; big big; by membrane feed channel height (Figure species i in the feed and the permeate
7.2.3(a)); constant in equilibrium (5.4.74), (6.3.158b); total molar
relation (3.3.81); constant in (7.1.73), concentration of species i in the
constant in Freundlich isotherm porous medium per unit volume
(3.3.112¢); constant in Langmuir (3.1.118b); nondimensional species i
isotherm (3.3.112a); constant in concentration (5.3.35j), hypothetical
equation (4.1.42a) gas-phase species i concentration

b/H., b'k proportionality constant in (5.2.154), (8.1.47); initial bed concentration of
equilibrium constant in (5.2.155) solute i in phases 1 and 2

Bias blm constants in (4.3.43a,c) Ci0, Cizo values of C;;, Cip atz =0

B magnetic induction vector (3.1.19) Ci(m) liquid-phase concentration of pure

B; BY B};B, constant, density function of the birth solute i at spreading pressure 7 and
rate of new particles (6.2.50g), value of temperature T providing the same
B as r, — 0; value of B for crystal surface phase concentration of i as the
growth rate gr; duct perimeter mixture
(7.3.41) Cigel molar species i concentration in gel

Bi Biot number (3.4.35) Cij molar concentration of species i in

Bip Bap second virial coefficients for region j or location j or stream j; j = b,
interaction between polymers 1 and 2 bulk; j = E, extract; j = f, feed region;
(4.1.34p) Jj =g gas phase; j = k, kth phase; j = ¢,

liquid; j = £, adhering liquid phase on

G Cc velocity of light; gap between plates at crystal; j = m, membrane; j = o, organic;
entrance (Figure 7.3.10), J = p, permeate, product; j = r, raffinate;
stoichiometric coefficient for species C J = R, ion exchange resin phase,

C clearance of a solute (8.1.390) raffinate; j = s, solution, solid phase or

GG (%) integration constants (3.3.10b); molar pore surface; j = w, water, mol/liter
concentration of species 2 at Cﬁj: Cijn total molar concentration of species i
location x in region j including complexed or

Cot molar concentration of species 2 in dissociated forms; value of C; on nth
initial mixture, mol/liter plate/stage

c® defined in (6.3.75) £ .65 species i concentrations in phase j at

e molar concentration of A atz=0, J locations 0 (or initial concentration), £
(3.1.124) and &

Caep, Casi molar concentration of A in phase bulk  Cyg, Cige, Cigi molar concentrations of species i in
and phase interface and in liquid at bulk solution, at the end of
gas-liquid interface (3.4.1b) concentration process and at the

Cawtr Cawis C;\u,,) molar concentration of A in bulk water beginning of concentration process
and in water at phase interface (6.3.173)
(3.4.45e); critical value of Cy,,, for C/,-g, C’ig/- molar species i concentration per unit
maximum enhancement (5.3.53) gas phase volume in a pore

Ciobr Cioi molar concentration of species B in Cikr ak, C‘,«k: Ci; intrinsic phase average, phase average
organic-phase bulk and interface, and deviation in Cy for species i
respectively concentration in phase k (6.2.24a,b),

(0] C’C,,;CD slip (Cunningham) correction factor (6.2.28); defined by (7.1.94)
(3.1.215); critical value of bulk a6l 67, species i concentration in membrane:
concentration of C for maximum for Henry's law and Langmuir species,
enhancement (5.3.29b); particle drag respectively, in dual sorption model
coefficient (3.1.64), (6.3.4) (3.3.81); membrane pore liquid

Cre molar concentration of fixed chargesin  Ci,11Cisno Cioi molar concentrations of species i at
ion exchange resin Ciua Cis various locations in Figure 3.4.11

Cas O dual mode sorption constants for Cors Cpw molar protein concentrations in resin

species 1 and 2 (3.3.82a,b)

phase and aqueous solution
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C.ﬁﬁ mev C_cp

C,; C[,'; C,r,;

d; dy; di; dpy,

di; dgr; dimp

dionv dp! duu dﬁl’
de

dsp
D
Dy, D¢; Dy
Dig
Dgl-

pl p((b)
D,
D e Di,eﬁ‘.n
D ettzi D eti1
D; D

i eff, k- = etk
Dyj; Dy; D
DDy D
Dap; Dgr
Dip, Digy
D,

molar solvent concentration in feed,
membrane and permeate,

respectively

total molar concentration; C, in a
mixture in region j; volume of particles
per unit fluid volume (7.2.176)

diameter of tube/pipe/vessel;
hydraulic diameter (Table 3.1.8);
effective diameter of a molecule of gas
species # (3.3.90a); logarithmic mean
diameter (8.1.417)

force-type term (3.1.178), (3.1.181);
grain diameter; diameter of an
impeller

mean diameter of a molecular ion;
mean diameter of a particle (6.1.4b);
wire diameter (3.1.23); diameters of
particles 1 and 2

Sauter mean diameter of a drop or
particle (6.4.88), (6.4.89)

diffusion coefficient of species in
countertransport through liquid
membrane

diffusion coefficient of species A and C,
respectively; dialysance in
hemodialysis (8.1.389)

effective diffusion coefficient (5.4.64a)
crystal growth diffusivity (6.4.45)
diffusion coefficient for particle
(3.1.68), (6.2.52); shear-induced
particle diffusivity (3.1.74), (7.2.126),
(7.2.131a)

desalination ratio (1.4.25), (2.2.1a)
effective diffusion coefficient of i in
liquid (6.2.18), (6.3.16b); value of D; o¢
in r-and z-directions; value of D; . in
phase/region 1

effective diffusion coefficient of i in
phase k (6.2.33); dispersion tensor
(6.2.31)

diffusion coefficient of species i in
region j; j =1, liquid; j = s, solvent
thermal diffusion coefficient for
species A and B (3.1.44); for species i in
solution

binary diffusion coefficient for mixture
of gases A and B; diffusion coefficient
of particles due to Brownian motion
(7.2.216)

diffusion coefficients in dual sorption-
dual transport model (3.4.78)

effective diffusion coefficient of i in a
porous medium (3.1.112d)

Diii Dimoy Dip

DiM

DD DY

is’

De; (De),ny

Df; DF

€i

enp,eny,enyn,
enyp,en,

E; B, E;;EBp,; E,

Ej; By Eoi Es Ey;

Egrs) Eges

Es Eis

diffusion coefficient of i in membrane
(6.3.149); value of D;,, for C;,, =0
(3.4.67b), D; in a pore (3.4.89c),
(6.3.145a); effective D; in the pores of a
particle

multicomponent diffusion coefficient
of species pair (i, k) and (i, m) in
Maxwell-Stefan approach

Knudsen diffusion coefficient for
species i (3.1.115c¢)

effective binary diffusivity of species i
in a mixture (3.1.184), (3.1.185)

binary diffusion coefficient for solute i/
solvent s; value of D, at infinite dilution;
Nernst-Planck binary diffusion
coefficient for species i/solvent s
binary diffusion coefficient for species
1 and 2

density function of particles which
disappear (die) (6.2.50h); see
(7.2.170a) and (7.2.172)
decontamination factor (2.2.1c);
dilution factor (6.4.106), (7.2.91c¢)
charge of an electron, 1.60210 x 107"
coulomb

constant in adsorption isotherm for
solute i (3.3.113d)

molecular energy in the bulk, due to
intramolecular interactions, due to
intermolecular interactions, due to
interaction between molecules and
pores and total energy for molecules in
the pore (3.3.89d)

electrical force field; its magnitude
(3.1.8), (6.1.22), (6.3.8f), extraction
factor (8.1.281), stage efficiency
(6.4.72); electrical field strength E,.
(7.3.32a); activation energy for
diffusion of species i in polymer
(4.3.46b); extraction factor for
extraction section (8.1.303)
enrichment of species i by
pervaporation (6.3.193b), particle
collection efficiency (7.2.200b); overall
column efficiency (8.1.195); point
efficiency (8.3.13); extraction factor for
the scrubbing section; electrical field
strength in y-direction (7.3.48); particle
collection efficiency (7.2.219), (7.2.214)
inertial impaction based single fiber
capture efficiency (6.3.42a); particle
capture efficiency by interception
(7.2.224)
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Enie Envigy Enivi
En

Ly EY; Er,

g
)i fry); fle)

fj‘(rp)'fl(rp)' fz(rp)

fofi f}
Jeler)
Ju

S

0 £0 0

ird igrd il

1 pd
f: 'fr}
figvfij’fuif,j,'pl

d

io

d d

im'J sm

[y (M), f(M),
fo(M); fo £

j}\/l; mer fvr)

Murphree extract stage efficiency,
Murphree raffinate stage efficiency
(6.4.70), (6.4.71); Murphree vapor
efficiency (8.1.198); Newton particle
separation efficiency (2.4.14a)

total efficiency in solid-fluid
separation (2.4.4a), overall filter
efficiency (6.3.45), (7.2.201); reduced
efficiency of Kelsall (2.4.16a); E for ith
solid-fluid separator (2.4.17¢,d)

friction factor (6.1.3a), fractional
consumption of chemical adsorbent
(5.2.19d)

fraction of the solute in ionized form
(i=2)in RO (5.4.4)

molar density function in a
continuous/semi-continuous mixture
with characteristic property r; particle
size probability density function
(2.4.1a), pore size distribution function
in a membrane; defined by (7.2.222a,c)
value of f{r,) for feed stream, overflow
and underflow based on particle weight
fraction in a given size range (2.4.1b)
fugacity of species A, species i;
standard state fugacity of species i
probability density function of crystal
growth rate (6.4.41a)

fugacity of pure species i in liquid
phase

quantities characteristic of a
membrane polymer (4.3.46a,d)
standard state fugacity of species i in
region j; j = g gas phase; j = ¢, liquid
phase

frictional coefficient for species i and
spherical particle

value of fugacity of i in a mixture in gas
phase, phase j and liquid phase, respec-
tively; value of f ;7 for a planar surface
value offf’ for a sphere of equivalent
volume (3.1.91e)

frictional coefficient for solute i and
solvent s in a membrane

value of f{r), where r = M, molecular
weight, for the feed mixture, liquid
fraction and the vapor fraction,
respectively; defined by (7.1.59a),
(7.2.187), respectively

fraction of the total metal ion
concentration in the aqueous phase
present as M" " (5.2.97); probability
density functions (7.3.79), (7.3.80)

F.F,F,F

H(rp)

Lret
F i

m
F k

Fexl

net

drag. piner. prext
Fp ‘Fp 'sz

ext
Fii: F,;

ext, rrext
tp " px?

ext . ext
F,py. sz

Frp

F

8 8o Em

ext. yext ext
g8 8
ext

8

G; Gy

G; Gan Gh; Gi; Ga

force on a particle; value of F per unit
particle mass; degrees of freedom
(4.1.22)

probability distribution function
corresponding to f{r,) (2.4.1c), crystal
size distribution function (6.4.11)
electrostatic force on 1 gmol of a
charged species in solution (6.3.8a);
magnitude of external force on 1 gmol
of species i

acoustic radiation force in x-direction
(3.1.48)

radiation pressure force (3.1.47),
(7.3.267)

force on very small particle due to
random Brownian motion (3.1.43)
electrokinetic force on particle in
double layer (3.1.17)

electrostatic force on particle i,
Coulomb's law (3.1.15)

London attraction force (3.1.16)

force on species k in mass flux j;, force
relation (3.1.202)

net external force; for gravity

see (3.1.5)

frictional force on a particle; inertial
force on a particle (6.2.45); external
force on a particle in z-direction

total force and total external force on 1
gmol of species i (3.1.50)

total external force on a particle
(3.1.59), (6.2.45); components of Ff;;‘ in
x-, y-and z-directions

force on 1 gmol of species A due to a
temperature gradient (3.1.44)
Faraday’s constant, 96 485 coulomb/
gm-equivalent

acceleration due to gravity; conversion
factor; a quantity characteristic of a
membrane polymer (4.3.46a)

external body force per unit mass; its
components in x-, y-and

z-directions

intrinsic growth rate of ith crystal
(6.4.41a)

superficial mass average velocity based
on empty flow cross section, G for gas
phase

growth rate of crystal (6.4.25), (6.4.3b);
value of G under condition a, condition
b; factor representing contribution of
species i properties to Q;, (4.3.56a);
constant
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G.:; Gor; GDu convective hindrance factor (3.1.113); j unit vector in positive y-direction
drag factor reducing solute diffusion by ji; ji Jin jiz mass flux vector of species i, M;J;
hindrance (3.1.112e); function of (3.1.98), Tables 3.1.3A, 3.1.3B, (6.2.5n);
particle volume fraction in hindered components of j;in x-, y- and z-directions
settling (4.2.61) I factor defined by (3.1.143g)

Gi:Gy partial molar Gibbs free energy of Ji 73 (i) 1, Jb molar flux vector of species i (3.1.98),
species i, ratio of solute i velocity to the (3.1.99), Tables 3.1.3A, 3.1.3B; value of
averaged pore solvent velocity, J; in region k; diffusive molar flux
convective hindrance factor (=G,) vector of species 1 (4.2.63);

(3.1.113), (3.4.89b); value of G; in temperature gradient driven molar flux
region j vector of species 1 (4.2.62)
G(rp) grade efficiency function (2.4.4b) Jeu T T3, z-components of flux vectors J; and J;
Gy Gerit total Gibbs free energy of all molecules y-component of flux vector J;

Gr; Gr(f, 0,); Gz

h; hg,

h.“ h_, I’l(;

hm'm

H; Hg H;

HE, [H] Y
Hys Hyy

Hyg, Hotp

Hln

Bz, HY, H;

H]r HZ

Hp, Hy;, Hs, Hsy
H;

HTU

LLL I(CL)

in region j (3.3.1), (4.2.23); defined by
(7.1.58¢)

Grashof number (3.1.143e); function
defined by (7.2.174); Graetz number
(8.1.276)

membrane flow channel height,
distance between particle and collector
(3.1.17), constant in (4.1.9a) for
Henry's law constant, (1/h) is a
characteristic thickness of double layer
(6.3.31a), height of liquid in a capillary
atany time £; value of has t — oo (6.1.11)
contributions of different species to i
(4.1.9¢)

minimum value of h

plate height, stack height; molar
enthalpy of feed; value of H for species
i (6.3.22), Henry's law constants for
species i in gas-liquid equilibrium;
(3.3.59) (4.1.7); (3.4.1b), (5.2.6); (5.2.7);
(8.1.49), (3.4.1a); molar enthalpy of
liquid fraction and vapor fraction,
respectively, of the feed

height of a transfer unit defined by
(8.1.96)

magnetic field strength vector

Henry's law constants for species A
(3.4.1a,b), (3.4.8); defined by (7.1.20b)
components of plate height (7.1.107e-i)
partial molar enthalpy of species i
height of a transfer unit (6.4.85),
(8.1.54b), (8.1.57b), (8.1.65¢),
(8.1.245b), (8.1.247a), (8.1.357b)

unit vector in positive x-direction,
current density (3.1.108c¢)

ionic strength of the solution (3.1.10c),
(4.1.9b); purity index (1.4.3b), current;
value of purity index for region j
(1.4.3b); integral (7.2.86)

JirJpor T The
%

Juz

k; k

kB

ke ka

Ky, Ky
Kaorknw

ke kg kg, Ky
Wy B i ey

kzl: ks; ké‘:

kigrr k igxr kigy

z-components of flux vectors J;, /7, J;
and /)

total molar flux of species A in y-
direction (5.4.51)

volume flux through membrane in
z-direction (3.4.60c¢), (6.3.155a)

unit vector in positive z-direction;
region or phase, constant in (2.2.8a-c),
(2m/2) (3.1.48)

Boltzmann's constant (3.1.72), (3.3.90¢)
rate constants for adsorption and
dissociation, respectively (4.1.77a)
backward and forward reaction rate
constants (5.4.42)

mass-transfer coefficient of species

A in organic or water phase
mass-transfer coefficients for species i
(3.1.139), (3.4.3)

values of k,, k, k, and k, for equimolar
counterdiffusion (3.1.124)
mass-transfer coefficients in
crystallization (3.4.23a,b); liquid film
mass transfer coefficient (5.3.3)
mass-transfer coefficients for species i
in gas phase when the concentration
gradient is expressed in terms of C,
molar concentration of species i in gas
phase, x, mole fraction of species i in
gas phase and similarly y, mole
fraction in gas phase, respectively
thermal diffusion ratio (3.1.45);
thermal diffusion constant (4.2.64)

gas film mass-transfer coefficient on
feed side and strip side of a liquid
membrane (5.4.97a), (5.4.99a)

liquid film mass-transfer coefficient on
feed side and strip side of a liquid
membrane (5.4.97b), (5.4.99b);
particle mass-transfer coefficient
(7.2.217b)



xviii Notation
kg, ks rate constants for forward and Ko ki K i molar concentration based overall
backward interfacial reactions mass-transfer coefficient for phase j
’ (5.3.40) (8.1.1c); j phase mass-transfer
ku; ki distribution ratio of species i between coefficient (8.1.60); value of k;, for
regions 1 and 2, also called capacity equimolar counterdiffusion (8.1.62a)
factor (1.4.1); distribution ratio defined K, K, overall mass-transfer coefficient based
by (2.2.19) for species i between on organic or aqueous phase,
streams 1 and 2 ionization product for water (5.4.41c)
kery ker mass-transfer coefficient in the Ky Ky values of K for ion i/protein (p)-salt (s)
continuous phase, raffinate based, exchange on an ion exchange resin
extract based (6.4.97a,b) (7.1.109d), (3.3.122b)
K Kz rate constant for crystal growth and K Kip overall mass-transfer coefficient K,
nucleation, respectively (6.4.51) (3.4.5) based on extract phase and
ki ki) kua kio; ~ mass-transfer coefficients for species i raffinate phase, respectively (6.4.77),
Kimo in liquid phase; value of k; for (6.4.81)
condition 3, condition 4, channel inlet;
species i mass-transfer coefficient L length of a device, length of molten
through organic filled membrane pore zone in zone melting (6.3.109b),
ky first-order reaction rate constant characteristic dimension of the
(5.3.7) separator; constant in (2.2.8a-c),
Kim membrane mass-transfer coefficient length
for species 1 (4.3.1) Cir, Lri phenomenological coefficients
K equilibrium constant for a chemical (3.1.203)
reaction (3.3.68), or an ion exchange lioc characteristic length of a local volume
process (3.3.121i), a constant (6.3.49) corresponding to a point in volume
K5 K mole fraction based K for a chemical averaging Section 6.2.1.1
reaction (5.2.35); defined by (5.4.100) & 8y, &: dimensions of a rectangular separator,
K, Ky, K3 constants in membrane transport Figure 3.2.1
(6.3.155a,b) L; Ly I length of a separator, dimension of
Kaoy Kaw Kap overall mass-transfer coefficient of length, characteristic crystal size;
species A based on organic or water molar feed flow rate; nondimensional
phase; equilibrium constant (7.1.42c) L (7.2.38)
Ky Ko Kg Ky overall mass-transfer coefficients Lig; Ligy Ls phenomenological coefficients for
(3.4.5), (3.4.6) binary system (i, s) (3.1.208), (3.1.209)
K.x K. based on extract phase (6.4.80) LiwLiisLir phenomenological coefficients
K equilibrium constant for ion exchange (3.1.205)
reaction (5.2.122) Lp: Ly; L;j hydraulic transport parameter in
Kq equilibrium constant for protein-ion Kedem-Katchalsky model (6.3.158a);
exchange resin binding (4.1.77c), value of L, in perfect region; value of
ionization equilibrium constant L, in leaky region
(5.2.4) Lt Loning Ly separator length (= L); (7.1.60); Figure
Ka, Kaz dissociation constant for solutes 1 and LUB 7.1.5(b); (7.1.21g)
2, respectively (5.2.61a), (6.3.29)
K; Ky, Ky, K3; K¢ equilibrium ratio of species i between  m; mg; m;; my; velocity profile constant (7.3.134);
kP regions 1 and 2 (1.4.1) or (3.3.61); m) moles of B; moles of species i in
value of K; for species 1, 2 and 3; values separator; moles of species 1 in
of K; in terms of activities (4.1.3); separator; total number of moles of
f5y7 /P in dilute solution stripping species i in separator
(4.1.19b) my; mi: mi(n);  moles of species i in region j, total
Kie: Ko overall liquid-phase mass-transfer mg number of moles of i in region j at t = 0;
coefficient for species i (7.1.5a); moles of i in region j after nth contact;
reaction equilibrium constant in the number of atoms of ith isotope of the
liquid phase based on molar element in region j
concentrations (5.2.52a) My moles of species i in interfacial region o
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"l,',j

mya(t), may(t)
my, (t), mh, (1)

mag
moy

M; M, Mw Mg

My; Mg, My

Mo'™; Mol
Moy, Mo,

Mo,

fr

Mo,

MWCO

n; n.

n(n;): n’; ﬁ(rp)

i Nixy Ny, Niz; nlj

n;

molality, moles of i per kilogram of
solvent in region j: j = R, resin; j = w,
aqueous phase

molality of fixed charges in the resin
phase

mass of particle; solvent moles in
stationary liquid phase (7.1.104b)
total moles of all species in region j
(f = f, feed; j = 1, vapor phase; j = 2,
¢, liquid phase)

moles of species 1 and 2 in region 1 at
time ¢

values of my,() and m,,(t) in the case
of a chemical reaction
magnetophoretic mobility (7.3.251)
molecular weight, a metal species,
number of stages in stripping section
of a cascade; value of M for species i,
for solvent s; M for coating liquid in
stationary phase

average molecular weight of solution
(3.1.56)

magnetization of wire (3.1.23)

seed mass density per unit liquid
volume (6.4.40a)

suspension density of a crystal-
containing solution (2.4.2f), (6.4.18);
value of M for cases a and b

nth moment of the density function
(2.4.1g); ith moment of molecular
weight density function of

feed, liquid and vapor, respectively
(6.3.70)

Jjth moment of crystal size density
functions f(r,,) and f,(gr)

molecular weight cut off of a
membrane

number of species/components in a
system, number of contacts, stage/
plate number, number of positive
charges in a metal ion, number of unit
bed elements; number of collectors,
number of channels (7.3.109)
population density function, particle
number density function (2.4.2a);
nucleation population density
parameter (6.4.7); defined by
(6.4.46b)

mass flux vector of species i, M;Nj; its
components in x-, y- and z-directions;
n; through surface area S;

outwardly directed unit normal to the
k-phase surface (6.2.26b-d)

Nmaxi Mmedr Mpar

Ry Npi Rpys Tt

N; N(rp);
N (7min, I’,,),
N(rppa )

N:N,'

Na; N}y, Ny
N

Noﬁ Noepi Np
Npg; Ng

Ni(rn); Ny

N,

N toEr N, toR

No;
NTU

p
p

peak capacity (3.2.32) (6.3.26a);
refractive index of medium and
particle

particle number flux, (3.1.65), (3.1.66),
(3.1.68); particle flux in y-direction;
number of turns by gas in a cyclone
(7.3.146b)

total number of stages in a multistage
device or in the enriching section of a
cascade, anionic species in Donnan
dialysis, a metal species, number
concentration of molecules; numbers/
cm?, number of particles per unit fluid
volume in the size range of riy, 0 1
value of N(rin, 1,) for rp, .
Avogadro’s number (6.02 x 10>
molecules/gmol); plate number for i
(6.3.27a)

molar flux of species A in a fixed
reference frame without and with
reaction; total molar flux of species

A in facilitated transport or counter-
transport or co-transport in y-direction;
normality of diluate solution (8.1.404)
species i flux; N; through membrane,
N; through membrane; components of
N; in x-, y- and z-directions; radial
component of Nj; N; through surface
area S; magnitude of N,
z-component of species i flux, N,
based on unit pore cross-sectional area
(3.1.112a)

number of transfer units (8.1.92),
(8.1.96); defined in (8.1.96); number of
pores per unit area size r, (6.3.135d)
flux ratio (3.1.129a); solvent flux
number density of crystals having a
size less than r,, and growth rate gr;;
total number of crystals per unit
volume having a growth rate of gr;
(6.4.41c)

total number of particles per unit
volume (6.4.10)

number of transfer units based on
extract and raffinate phases,
respectively (6.4.86a), (6.4.83)

number of particles of size r,; (2.4.2k)
number of transfer units (8.1.54c),
(8.1.57¢), (8.1.66b), (8.1.67d), (8.1.338)

dipole moment of a dielectric particle
stoichiometric coefficient for product
P, kinetic order in the dependence of
nucleation rate (6.4.30a)



XX Notation
Pai Psi PiPj partial pressures of species A, species qp fraction of light reflected (3.1.47)
B; species i and species j g{C), gn(Cp), moles of species i in solid phase 1 per
Pabi Pais PB.tm value of p, in the gas bulk; value of py  G;: q%, G5 unit mass of solid phase, cross-
at gas-liquid interface; logarithmic sectional average of g;;, initial value of
mean of pg (3.1.131b) giy; saturation value of g
Pip Piir Pip» Piv value of p; in feed gas, region/stream j,  Gig, qis moles of species i per unit mass of
permeate gas, vapor phase ion exchange resin (R) or solid
Pivr Pii species i partial pressure in bulk and adsorbent (s)
particle interface, averaged over bed Gmaxr maximum molar fixed charge density
cross section, Figures 3.4.4(a), (b) per unit resin mass
pH; pI indicator of hydrogen ion q(r, w, 1) probability that a molecule having
concentration (5.2.65a); isoelectric configuration (r, y, 4) does not
point for a protein/amino acid; at pI = intersect pore wall (3.3.89f)
pH, net charge is zero Q volumetric fluid flow rate, product
PK; -logo Kai (5.2.65b) for i = 1, (5.2.74b) species in reaction (5.3.5), hydraulic
for i =2, (6.3.29) permeability in Darcy’s law (6.1.4g,h),
P; P%P. total pressure, system pressure; heat transfer rate (6.4.47a,d)
standard state pressure; critical pressure Q. Qy electrical charge of a collector; volume
P;Pr;By, local solute permeability coefficient flow rate of dialysate solution
Py; P;]; Py (6.3.157b); feed pressure; total Qs Qg Qi Q; volumetric feed flow rate to separator;
pressure of jth region and permeate, Qu Qo Qp Qg Darcy permeability for gas through
respectively; gas pressure (Figure Q1 Q2 packed bed; amount of heat supplied
7.2.1(b)); gas pressure at the end of a at a high temperature; electrical charge
capillary of length [ (6.1.5d) on 1 gmol of charged species i; amount
P)(n); P} equilibrium gas-phase pressure for of heat rejected at a low temperature;

Pymi Pig P1y P2

Pe; Pe;; Pel™,
Pez. eff ; Pe;,-

sat sat .,
R

sat . psat
Pil’t" iy curved

sat
P M

Py
PR! Pu'

Po, Pr

q

pure i adsorption at spreading
pressure 7, which is the same for a
mixture (3.3.111a); pressure at
crossover point for solute 7 in
supercritical extraction

atmospheric pressure; pressure in the
liquid (6.1.12); purification factors
(7.2.97)

Péclet number (3.1.143g), (7.3.34d); Pe
number for dispersion of solute i
(6.3.23a); pore Péclet number (6.3.145a);
(zv./Djeqi2) (7.1.18h); j phase Pe, (8.1.92)
vapor pressure of pure i and pure j,
respectively, at system temperature;
value of Pi* on a plane surface; value
of Pi on a curved surface

value of P;* for pure species i of
molecular weight M

amplitude of pressure wave (3.1.48)
pressure of resin phase and external
aqueous solution, respectively

power number (6.4.976), power (3.1.47)

number of variables in a problem,
stoichiometric coefficient for species Q,
heat flux in a heat exchanger attached
to a cooling crystallizer (6.4.47a), the
power of My in expression (6.4.39a) for
B, factor (8.1.150)

Q/\m: Qer Qinn
Qinl

Qji

oV
im

erysv qub

Qim()
anu Qsc

volumetric flow rate at membrane
channel inlet; electrical charge of a
particle; excess particle flux (7.2.123),
volumetric flow rate of product stream
from separator; heat supplied at the
reboiler per mole of feed; volume flow
rate of overflow; volumetric rate of
underflow/concentrate

permeabilities of species A, B, i and j,
respectively, through membrane in gas
permeation and pervaporation,
respectively

permeability of species i through
region j (= A, B, G, D, 1, 2) of the
membrane

overall permeability of species in
membrane pervaporation for a
membrane of thickness 4,,

heat transfer rate of a solution during
crystallization and subcooling,
respectively

value of Q,,, for C;,, =0

solvent permeability through
membrane and cake in cake

filtration

vector of molecular position, radius
vector, unit vector in radially outward
direction
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Iy F2i Thip Tooi Tor Tf

Tg Tni Tis Tin

Fo

rp; rp,a; rplr "pz}
Tpi Ts T Tw

Fmax Fmin rp.S()

[
Ty

Tor oot Toya

rp.? 2
ra; re; refnow

R; R

Re; Res, Rew

Ry; R R Ry

RI?I; RS; RI_

Ry, R;

radial coordinate, any characterizing
property of a continuous mixture
radii of curvature of interface (3.3.47);
liquid outlet radii in tubular centrifuge;
critical size of a nucleus (3.3.100b),
cyclone radius; free surface radius in
tubular centrifuge

radius of gyration of a macromolecule;
hydrodynamic viscosity based radius
(3.3.90f); radius of spherical solute
molecule (3.3.90a); radius of liquid-
liquid interface in tubular centrifuge
radius of a sphere whose volume is
equal to that of an ellipsoid (3.1.91g),
radial location of the center of solute
peak profile, radius of a cylindrical
centrifuge

radius of particle, pore radius;
analytical cut size (2.4.18); particles of
two different sizes; dimension of
particle of a certain size; particle size
for classification (2.4.8); cyclone exit
pipe radius; radius of wire

maximum and minimum radius of
membrane pores or particle sizes;
equiprobable size

hydraulic mean pore radius (3.4.87)

mean of particle size distribution
based on f{r;,) and n(r,), respectively
(2.4.1e), (2.4.2g), (2.4.2h)

Sauter mean radius of a drop, bubble
or particle (6.4.89)

rate of arrival of cells; fractional water
recovery; value of re in a cell (6.3.172b)
universal gas constant; radius of a tube
or capillary, reflux ratio (2.3.5), (2.3.7),
(8.1.137), solute rejection in reverse
osmosis, solute retention in
ultrafiltration

cake resistance; specific cake
resistance per unit cake thickness and
unit cake mass, respectively (6.3.1351)
hydraulic radius (6.1.4¢); solute
rejection/retention by membrane for
species i, retention ratio for species i
(7.3.211); fraction of solute i in mobile
phase (7.1.16¢); largest radius of a
conical tube

membrane resistance; resolution
between neighboring peaks (2.5.7) in
chromatography; value of R; at large
Pel

molar rate of production of A per unit
volume (5.3.7), (6.2.2d), for species i

RII RZ

R" (R)

R:_'f;Rim;Ri,reqd

Rikv Rki; Rmin

Robsx Rtrue; Re;
Rey; Reimp

s"’l; Sﬂl{)l sIIIS; S[J

S1p S2
S; 8

sﬁ St Snii Sip Sy
Sa,

P
S Sij
Sim; Siml)

Ss
S+:84551, 82

Srj; Smag

intrinsic RO rejection of the unionized
species 1 and ionized species 2

ion exchange resin with fixed positive
(negative) charge; cation (anion) of a
surface active solute

permeation resistance of region j (j = A,
B, C, D) in the membrane to species i;
membrane permeation resistance of
species i; solute i rejection required in
a RO membrane

phenomenological coefficients
(3.1.207); minimum reflux ratio
(8.1.170)

observed and true solute rejection in
ultrafiltration and RO; Reynolds
number; Re for a plate of length L
(3.1.143a), Table 3.1.5; Re for an
impeller (Table 3.1.7), (6.4.96)

fractional supersaturation (3.3.98b),
power of the AP dependence of Ry
(6.3.138j), Laplace transform complex
variable (5.4.35), solution volume fed
to bed per unit empty bed cross
section (7.1.17a), eluent/salt
(7.1.109b), salinity (10.1.13)

pore surface area/membrane volume
(6.3.135e); value of s,, for membrane
pore volume or membrane solids
volume (6.3.135f,g); sedimentation
coefficient (4.2.16b)

two different solvents

solute transmission/sieving coefficient
(6.3.141e), supersaturation ratio
(3.3.98¢), stripping factor (8.1.135),
(8.1.189b); bed/column cross-sectional
area

cross-sectional area vector of feed
entrance, kth feed exit and membrane
surface area vector in a separator;
cross-sectional area of flow for jth
stream; selectivities (7.3.219a,b)
molar entropy of species i; partial
molar entropy of species i (3.3.17b)
solubility coefficient of species i in
membrane; value of S;,, for C;,, =0
value of § when Pe!">>1 (6.3.145b)
surface area of interfacial region
(Figure 3.3.2A); molar surface area in
gas-solid adsorption (3.3.107); sieving
coefficients for species 1 and 2

total entropy for region j (3.3.3);
magnetic field force strength

(7.3.251)
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Sobsi Strue observed solute transmission/sieving Wi W Uy Uiy Wi, mass fraction of impurity species i;
coefficient; true value of S Ujs Uiy mass fraction of species k; mass

Se; See Schmidt number (3.1.143a); Sc for fraction of species i in region j (1.3.5)
continuous phase or jth stream (2.1.20); value of w; in

Sh; Shy, Shp; Sh,;  Sherwood number (3.1.143a); Sh for melt; value of y; initially in the solid;

Sh, continuous phase and dispersed value of ; in the recrystallized solid;
phase, respectively; Sk in a packed bed value of u; in the bulk melt
(7.2.218a); Sh at location z (7.2.64) Ugs i Ui mass fraction of solute in the solution

St Stanton number (3.1.143g), Stokes’ charged for crystallization; u./(1 — u.);
number (6.3.41) u,/(1 - u,) (6.4.47b)

ul" ionic mobility (3.1.108j)

B B il et %5 time; breakthrough time; time for cut Uign, Uirn mass fraction of species i in extract and
point in the chromatographic raffinate streams, respectively, from
separator output (2.5.1); residence stage n
time; thickness of interfacial region UTig U defined by (8.1.349) and (8.1.350)
(Figure 3.3.2A) uri; weight of solute i per unit weight of

£ B, B nondimensional time variable for phase j (9.1.32)

Lty b 13 species i (6.3.12); value for ;" for U; U, migration velocity vector for species i
species 1, 2 (3.2.9), (3.2.20); (3.1.84b); particle velocity vector
breakthrough time (7.1.15¢); value of 7~ U; averaged velocity vector of ith
for species 1, 2 and 3 molecules due to all forces

2l times when species i appears and u; defined by (3.1.103)
disappears, respectively, from a Uiy Uz Uy, components of migration velocity of
chromatographic separator output species i in x-, y- and z-directions,

P transport number of i in membrane or (3.1.82)
solution (3.1.108d) Ui (U,-k)k: Uy value of U; in the kth phase/region;

e time required for solvents, sy, 5, (3.2.24) average of Uy in the kth phase/region;

Lpitry i tR, retention time for species i in capillary defined as a fluctuation by (6.2.28)
electrophoresis (6.3.18a), (7.1.99d); e U};},’,: U',j‘,‘l internal particle velocity vector
retention time for the mobile phase; (6.2.50d); its component in the
retention time based on v,y (7.3.207) direction of the internal coordinate x’;

T, Ty; Ty T, absolute temperature; temperature of internal particle velocity vector for all
cooled plate; temperature of the particles of size r),
heated plate; critical temperature Uy Upr Uy terminal velocity vector of particle

T Ty Ty T, feed temperature; glass transition Upzoo Upye (3.1.62); radial particle velocity;
temperature of a glassy polymer; value terminal value of U,,; value of U, in
of absolute temperature T of region i; z-direction (6.3.1), (7.2.211),
product temperature y-direction (7.3.154)

Te; Ty, Ty Ty temperature of condenser; two
temperatures in supercritical v,vv, v, mass averaged velocity vector of a
extraction; reboiler temperature uf"f: vy, U fluid (also v,); molar average velocity

Tep T T temperature of cooling fluid, critical vector of a fluid (also v;});
temperature of species i; melting nondimensional v (6.3.39); reference
temperature for species i v; values of v, and v; on surface area §;

Tt temperature at which the solution is (2.1.1), (2.1.2)
saturated v;; v averaged velocity vector of ith

Teor temperature of the solution due to species; value of v; on surface area §;
undergo crystallization (2.1.1)

Th dimensionless group (3.1.46b) Vk: Ukz; v}\.”‘ velocity of region k; z-component of

velocity v, of region k; mass average

u number of fundamental dimensions velocity of the interface of two
(Section 3.1.4.1) phases

U mass fraction of solute in the v, particle diffusion velocity relative to

crystallized solution on a solid-free basis

that of the fluid phase (3.1.43)



