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PREFACE
Mass Transfer I is a book designed by the to
introduce Chemical Engineering Students to Mass
Transfer Operations in the Chemical Engineering and
Allied Industries which majorly involves separation of
mixtures.
Basics such as Fundamentals of Mass Transfer
Operations, Criteria for Choice of Specific Mass
Transfer Operations, Methods of Conducting Mass
Transfer Operations and Design Factors for Mass
Transfer Equipment were discussed in Chapter One.
Details of Molecular Diffusion in Fluids, Field
Equation for Unsteady Mass Transfer Coefficients
were also discussed in Chapters 2 to 5.
For students, exercises were given at the end of
each chapter to assess the level of understanding and
refocus on essentials of each chapter.
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FOREWORD
Students in institutions of higher learning in the
country are faced with the problem of inability of
relevant textbooks in Mass Transfer Operations.
Students have had to make do with old and outdated
textbooks which newer editions are either unavailable
in the country or where available, are prohibitive in
cost and therefore, unaffordable to them.
This book, Mass Transfer I, which is adequate in
minimum standard and affordable as much as our
inflation times permit, is written to address the
problem of scarcity of relevant textbooks to students.
Materials are presented in a simple but concise
form in the book. Mass Transfer I is a made–easy
approach to the course, Mass Transfer I. At the end of
every chapter, there are some exercises which would
help to test the students’ understanding of the topics.
The book has been carefully arranged in chapters in
accordance with the NBE syllabus for easy and
sequential understanding.
It is therefore recommended for Chemical
Engineering Students, Polymer Students, Polymer
Engineering/Technology and Industrial Chemistry
Students in Polytechnics and Colleges.
Engr, Ayo Mark Dada (E.Eng, M.Sc., FIIA, MPIN)
January 2016
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CHAPTER

Fundamentals
of Mass
Transfer
Operations

1

FUNDAMENTALS OF MASS TRANSFER OP
Introduction
ajor class of operations in the chemical
engineering and allied industries constitutes
separation of mixtures. Some mixtures are
amenable to separate by purely mechanical techniques;
examples comprise separation of suspended solids
from a liquid by filtration, settling or centrifugation;
separation of a mixture of solid particles of different
sizes/densities by filtration, elutriation; separation of
suspended small particles from a gas by a cyclone or a
bag filter; or separation of two immiscible liquids by
phase separation followed by decantation. But there
are many other mixtures, like gas and liquid mixtures
(or solutions) in general, which cannot be separated by
any of the above techniques. The strategy of separation
of such a mixture is based on the use of either an

M
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externally supplied agent (i.e. water is used to separate
ammonia from a mixture with another gas by
absorption) or by an input of energy (i.e. distillation
wherein the thermal energy is used to separate the
more volatile component from a solution). The
separation processes of this kind are based on the
principles of mass transfer and have traditionally been
called mass transfer operations.
Meaning of Mass Transfer Operation
A distinguishing mark of the chemical engineer, is
his ability to design and operate equipment in which
reactants are prepared, chemical reactions take place
and separation of the resulting products are made. A
substantial number of the unit operations of chemical
engineering are concerned with the problem of
changing the compositions of solutions and mixtures
through methods not necessarily involving chemical
reactions, but is based on the transfer of material from
one homogenous phase to another. A transfer process
implies, therefore, that there exists a mixture or
solution in which the component transferred is defined
as a solute. A phase is a collection of homogenous
matter within prescribed boundaries. A boundary is a
line, plane or surface of discontinuity, such
discontinuity are better visualized if phases and their
boundaries are express in terms of properties which
describe the physical structure of matter. For instance,
density concentration, viscosity, chemical potential or

2
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fugacity, may be used to describe a given phase such
that a difference or change in their value represents a
discontinuity or the encounter of a boundary and hence
another phase. The boundary between two phases is
referred to as an interface.
Mass transfer operation is a deliberate process,
embarked upon by human, which makes use of a mass
transfer process for economic or other benefit. That is,
the operation involves diffusion plus a deliberate
contact operation. Mass transfer is the term used to
denote the transference of a component in a mixture
from a region in which its concentration is high to a
region where the concentration is lower. The process
can take place in a gas or vapor or in a liquid. It can
result from the random velocities of the molecules
(molecular diffusion) or from the circulating or eddy
currents present in a turbulent fluid (eddy diffusion).
For example if an open test tube with some water in
the bottom is placed in a room in which the air is
relatively dry, water vapor will diffuse out through the
column of air in the test tube. Thus there is a mass
transfer of water from a place where its concentration
is high (just above the liquid surface) to a place where
its concentration is low (at the outlet of the tube).
Unlike mechanical separations, mass transfer
operations utilize differences in vapor or solubility, not
density or particle size. The driving force for transfer
is a concentration difference or a concentration
gradient, much as temperature gradient provides the

3
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driving force for heat transfer. These methods covered
by the term mass transfer operations, include such
techniques
as
distillation,
gas
absorption,
dehumidification,
liquid
extraction,
leaching,
crystallization and a number of others.
Mass transfer calculations involve transport
properties, such as diffusivities and other empirical
factors that have been found to relate mass transfer
rates to measured “driving forces” in myriad
geometrics and conditions. The context of the problem
dictates whether the fundamental or more applied
coefficient should be used. One key distinction is that,
whenever there is flow parallel to an interface through
which mass transfer occurs, the relevant coefficient is
an empirical combination of properties and conditions.
Conversely when diffusion occurs in stagnant media
on in creeping flow without transverse velocity
gradient, ordinary diffusivities may be suitable for
solving the problem. In either case, it is strongly
suggested to employ data, whenever available, instead
of relying on corrections.
Distinctions between Transport and Transfer
Processes
The need to clarify the distinction between mass
transport and mass transfer operations is crucial to the
understanding of chemical engineering practices as
well as to the economic importance. Thus, the

4
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distinction between transport and transfer processes
are generally accepted as presented in Table 1.1 below.
Table 1: Distinctions between Transport and Transfer
Processes

Transport
1 Involves the movement
of matter from one place
to another within the
same phase.

Transfer
Involves the movement
of matter from one
phase to another and
across
a
phase
boundary.

2 Involves the movement May,
in
multi
of bulk of material.
component
systems,
involve differential or
opposite movement of
parts of the bulk
quantity.
3 Depends on potential
difference at the macro
level, such as convection
as the driving force.

Depends on potential
difference at the micro
level, such as diffusion
as the driving force.

Phase Contact Operations
Phase contact operations are mass transfer
processes employed in carrying out chemical
engineering mass transfer operations; they can either
be in the direct or indirect phase contact operation.
5
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Direct Phase Contact Operation
Direct contact operation involves the mixing of the
phases involved using any one of the known mixing
methods such as paddles agitation, gas bubbling etc. It
produces two phases from a single phase solution by
addition or removal of heat. Fractional distillation,
fractional crystallization and one form of fractional
extraction are of the direct contact operation. It is
characteristic of the direct operation that the products
are obtained directly, free of added substance, and they
are therefore, sometimes favored over the indirect if
they can be used.
Indirect Phase Contact Operation
The indirect contact operation involve the use of a
medium, may be a solid surface or a membrane. It
involves the addition of a foreign substance, examples
of such operations include gas absorption, stripping,
adsorption, drying, leaching, liquid extraction and
certain type of fractional crystallization.
If the separated products are required relatively
pure, the disadvantages of the indirect operations
which are incurred by the addition of a foreign
substance are several. The product and substance
removed is obtained as a solution, which in this case
must in turn be separated, either to obtain the pure
substance or the added substance for reuse and this
represent an expense. The separation of added
substance and product can rarely be complete and this
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may lead to difficulty in meeting product
specifications. In any case, addition of a foreign
substance may add to the problems of building
corrosion-resistant equipment and the cost of
inevitable losses must be borne. Obviously the indirect
methods are used only because they are in the net, less
costly than the direct methods if there is a choice,
frequency there is no choice. When the separated
substance need not be obtained pure many of these
disadvantages may disappear. For example, in ordinary
drying, the water-vapor-air mixture is discarded since
neither constituent need be recovered. In the
production of hydrochloric acid by washing hydrogen
chloride containing gas with water, the acid-water
solution is sold directly without separation.
Criteria for Choice of Specific Mass Transfer
Operation
Because mass transfer is a deliberate process, the
choice of solvent in which mass transfer takes place is
also deliberate. The chemical engineer faced with the
problem of separating the components of a solution
must ordinarily choose among several possible
methods. While the choice is usually limited owing to
peculiar physical characteristics of the materials to be
handled, the necessity for making a decision,
nevertheless, almost always exist. Until the various
fundamental of the various operations have been
clearly understood, of course, no basis for such a
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decision is available, but it is best, at least to establish
the nature of the alternatives at the beginning. One
may sometimes choose between using a mass-transfer
operation and a purely mechanical separation method.
For example, in the separation of a desired mineral
from its ore, it may be possible to use either the masstransfer operation of leaching with a solvent or the
purely mechanical method of flotation. Vegetable oils
may be separated from the seeds in which they occur
by expression or by leaching with a solvent. A vapor
may be removed from a mixture with a permanent gas
by the mechanical operation of compression or by the
mass transfer operation of gas absorption or adsorption
sometimes both mechanical and mass transfer
operations are used especially where the former are
incomplete, as in processes for recovering vegetable
oil where in expression is followed by leaching. It is
characteristic that at the end of the operation the
substance removed by mechanical method is pure
while if removed by diffusion method it is associated
with another substance.
One may also frequently choose between a purely
mass-transfer operation and a chemical reaction or a
combination of both. Water may be removed from an
ethanol-water either by causing it to react with slake
lime or by special method of distillation. Chemical
methods ordinarily destroy the substance removed,
while mass-transfer methods usually permit its
eventual recovery in unaltered form without great
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difficulty. There are also choices to be made with the
mass transfer operations. For instance, a gaseous
mixture of oxygen and nitrogen may be separated by
preferential adsorption of the oxygen on activated
carbon, by adsorption, by distillation or by gaseous
effusion. A liquid solution of acetic acid may be
separated by distillation, by liquid extraction with a
suitable adsorbent. The principal basis for choice in
any case is cost; that method which cost the least is
usually the one to be used. Occasionally other factors
also influence the decision, however, the simplest
operation while it may not be the least costly, is
sometimes desired because it will be trouble free.
Sometimes a method will be discarded because of
imperfect knowledge of design methods or
unavailability of data for design, so that results cannot
be guaranteed. Favorable previous experience with one
method may be given strong consideration.
Methods of
Operations

Conducting

the

Mass

Transfer

Steady-State Operation: It is characteristic of steadystate operation that concentrations at any position in
the apparatus remain constant with passage of time.
This requires continuous invariable flow of all phases
into and out of the apparatus a persistence of the flow
regime within the apparatus, constant concentration of
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the feed stream and unchanging conditions of
temperature and pressure.
Unsteady-State Operation: It is characteristic of
unsteady-state operation that concentration at any
point in the apparatus changes with time. This may
result from changes in concentration of feed materials,
flow rates or condition of temperature or pressure.
Batch operations are always of the unsteady-state type.
In purely batch operations, all the phases are stationary
from a point of view outside the apparatus, no flow in
or out, even though there may be relative motion
within. The familiar laboratory extraction procedure of
shaking a solution with an immiscible solvent is an
example of a batch operation. In semi-batch
operations, one phase is stationary while the other
flows continuously in and out of the apparatus. An
example is the case of a drier where a quantity of wet
solid is contacted continuously with fresh air, which
carries away the vaporized moisture until the solid is
dry.
Stage-Wise Operation: If two insoluble phases are
first allowed to come into contact so that the various
diffusing substances may distribute themselves
between the phases, and if the phases are then
mechanically separated, the entire operation, and the
equipment required to carry it out, are said to
constitute one stage, for example a laboratory batch
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extraction in a separating funnel. The operation may
be carried on in continuous fashion (steady-state) or
batch-wise fashion, however for separation requiring
greater concentration changes a series of stages may be
arranged so that the phases flow through the assembled
is stages from one to the other. For example, in counter
current flow such an assemblage is called a cascade. In
order to establish a standard for the measurement of
performance, the ideal or theoretical stage is defined as
one where the effluent phases are in equilibrium, so
that a longer time of contact will bring about no
additional change of composition. The approach to
equilibrium realized in any stage is then defined as the
stage efficiency.
Continuous Contact Operation: In this case the
phases flow through the equipment in continuous
intimate contact throughout, without repeated physical
separation and re-contacting the nature of the method
requires the operation to be either semi-batch or steady
state and the resulting change in compositions may be
equivalent to that given by a fraction of an ideal stage
or by many stages. Equilibrium between two phases at
any position in the equipment is never established,
indeed, should equilibrium occur anywhere in the
system, the result would be equivalent to the effect of
an infinite number of stages.
The essential difference between stage-wise and
continuous contact operation may then be summarized.

11
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In the case of the stage wise operation the diffusion
flow of matter between the phases is allowed to reduce
the concentration difference which causes the flow. If
allowed to continue long enough, equilibrium is
established, after which no further diffusion flow
occurs. The rate of diffusion and time, determines the
stage efficiency realized in any particular situation. On
the other hand, in the case of the continuous contact
operation the departure from equilibrium is
deliberately maintained and the diffusion flow between
the phases may continued without interruption which
method to be used depends to some extent on the stage
efficiency that can be practically realized. High stage
efficiency can mean a relatively inexpensive plant and
one whose performance can be reliably predicted. Low
stage efficiency, on the other hand, may make the
continuous contact method more desirable for reasons
of cost and certainty.
Design Factors for Mass Transfer Equipment
There are four major factors established in the
design of plant involving diffusion operations viz:
i. The number of ideal stages or their equivalent
ii. The time of phase contact required.
iii. The permissible rate of flow and
iv. The energy requirements.

12
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Number of Ideal Stages
In order to determine the number of ideal stages
required in a cascade to bring about a specified degree
of separation or the equivalent quantity for a
continuous
contact
device,
the
equilibrium
characteristics of the system and material balance
calculations are required.
Time Requirement
In stage wise operations the time of contact is
intimately connected with stage efficiency, whereas
for continuous contact equipment the time leads
ultimately to the volume or length of the required
device. The factors which help establish the time are
several. Material balances permit calculation of the
relative quantities required of the various phases. The
equilibrium characteristics of the system establish the
ultimate concentration possible and the rate of transfer
of material between phases depends upon the
departure from equilibrium which is maintained. The
rate of transfer additionally depends upon the physical
properties of the phases as well as the flow regime
within the equipment.
It is important to recognize that, for a given degree
of intimacy of contact of the phases, the time of
contact required is independent of the total quantity of
the phases to be processed.

13
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Permissible Flow Rate
This factor enters into consideration of semi batch
and steady-state operations, where it leads to the
determination of the cross sectional area of the
equipment. Considerations of fluid dynamics establish
the permissible flow rate and material balances
determine the absolute quantity of each of the streams
required.
Energy Requirements
Heat and mechanical energies are ordinarily
required to carry out the diffusion operations. Heat is
necessary for the production of any temperature
changes, for the creation of new phases (such as
vaporization of a liquid) and for overcoming heat of
solution effects. Mechanical energy is required for
fluid and solid transport for dispersing liquids and
gases and for operating moving parts of machinery.

14
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Exercises
1. Define mass transfer operations
2. List five common examples of mass transfer
processes.
3. List four examples of mass transfer operations in an
industrial process.
4. What is mass transport?
5. Distinguish between mass transport and mass
transfer processes.
6. Explain the following terms: (i) Phase contact
operation (ii) Direct phase contact operation and
(iii) Indirect phase contact operation
7. Discuss the criteria for choice of specific mass
transfer operation.
8. Explain the following terms: (a.) steady-state (b.)
unsteady state (c.) stage-wise and (d.) continuous
contact operation
9. State the four major factors to be established in the
design of any plant involving diffusion operations.

15

Chapter 2 – Molecular Diffusion in Fluids

CHAPTER

Molecular
Diffusion in
Fluids

2

MOLECULAR DIFFUSION IN FLUIDS
Introduction
Molecular diffusion is concerned with the
movement of individual molecules through a substance
by virtue of their thermal energy. The kinetic theory of
gases provides a means of visualizing what occurs and
indeed it was the success of this theory in
quantitatively describing the diffusion phenomena
which led to its rapid acceptance. In the case of a
simplified kinetic theory, a molecule is imagined to
travel in a straight line at a uniform velocity until it
collides with another molecule, whereupon its velocity
changes both in magnitude and direction. The average
distance the molecule travels between collisions is its
mean free path, and the average velocity is dependent
upon the temperature. The molecule thus travels a
highly zigzag path, the net distance in one direction
16
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which it moves in a given time, the rate of diffusion,
being only a small fraction of the length of its actual
path. For this reason the diffusion rate is very slow,
although we can expect it to increase with decreasing
pressure which reduces the number of collision and
with increased temperature which increases the
molecular velocity. The phenomenon of molecular
diffusion ultimately leads to a completely uniform
concentration of substances throughout a solution
which may initially have been non uniform. Thus, for
example, if a drop of blue copper sulfate solution is
placed in a beaker of water, the copper sulfate
eventually permeates the entire liquid. The blue color
in time becomes everywhere uniform and no
subsequent change occurs. Molecular diffusion is the
mechanism of mass transfer in stagnant fluids or in
fluids which are moving only in laminar flow,
although it is nevertheless always present even in
highly developed turbulent flow. If a solution is
everywhere uniform in concentration of its
constituents, no alteration occurs but that as long as it
is not uniform, the solution is spontaneously brought
to uniformity by diffusion, the substances moving
from a place of high concentration to one of low. The
rate at which solute constituent diffuses at any point in
any direction must therefore depend on the
concentration gradient at that point and in that
direction.

17
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Diffusion Phenomena
The phenomenon of diffusion is a result of the
motion of molecules in a fluid medium. If we observe
the motion of molecules in a fluid medium from the
view-point of the molecular scale, the molecules are
seen to be moving randomly in various directions and
at various velocities. Here, for the sake of simplicity,
we will assume that the motion of molecules is onedimensional and that the velocities of molecules of the
same species i, vmi [ms-1], are the same for all
molecules. We further assume that the number density
of species i, ni [molecules m-3], is a function of only
the coordinate x. Figure 2.1 shows a scheme picture of
diffusion in a fluid medium on the molecular scale. Let
us consider the effect of the motion of molecules of
species A in the plane (x+l) and that in the plane (x-l)
on the rate of change of the number density of species
A in the plane x, where l [m] is the mean free path of
species A. The diffusion flux of species A, J*A
[molecules m-2 s-1], may be related to the net number
of molecules of species A passing through the plane x
per unit area per unit time, that is, the sum of the
number of molecules of species A passing through the
plane x in the positive direction and the number
traveling in the negative direction.

18
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Figure 2.1: Motion of Molecules A and Variation of Number
Densities at Plane x

Therefore, the diffusion flux of species A can be
expressed as follows:
j *A  vmA n A

x l

vmA n A

x l

n 
n 


 vmA  n A  A l   vmA  n A  A 
x 
x 


 n 
 2vmAl  A 
(2.1)
 x 

The equation above, which is obtained from
molecular interpretation of the diffusion phenomenon,
is mathematically similar to an empirical law of
diffusion, called Fick’s law
Consider the system shown in the Figure 2.2; a thin
partition separates the two gases A and B. When the
partition is removed, the two gases diffuse through
each other until equilibrium is established and the
concentration of the gases is uniform throughout the
box.
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Figure 2.2: Diffusion of Component A into Component B

The diffusion rate is given by Fick’s law of
diffusion, which states that the mass flux of a
constituent per unit area is propositional to the
concentration gradient. Thus:
mA
C
 D A
A
x

(2.2)

where D = proportionality constant-diffusion
coefficient, m2/s or mass diffusivity of species
mA = mass flux per unit time, kg/s
CA = mass concentration of component A per
unit volume, kg/m3
An expression similar to the one above could also
be written for the diffusion of constituent A in either
the y or z direction,

mA
C
 D A
A
y

respectively.

20
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Notice the similarity between and the Fourier law
of heat conduction,
T
q
   k
x
 A x

(2.3)

And the equation for shear stress between fluid
layers,
 

u
y

(2.4)

The heat-conduction equation describes the
transport of energy, the viscous-shear equation
describes the transport of momentum across fluid
layers, and the diffusion law describes the transport of
mass. To understand the physical mechanism of
diffusion, consider the imaginary plane shown by the
dashed line in the Figure 2.3, the concentration of
component A is greater on the left side on this plane
than on the right side.
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DC A
 mA 

 
x
 A x

x
Figure 2.3: Sketch Illustrating Diffusion Dependence on
Concentration Profile

A higher concentration means that there are more
molecules per unit volume. If the system is a gas or a
liquid, the molecules moves about in random fashion,
and the higher the concentration, the more the
molecules will cross a given plane per unit time. Thus
on the average, more molecules are moving from left
to right across the plane than in the opposite direction.
This results in a net mass transfer from the region of
high concentration to the region of low concentration.
The fact that the molecules collides with each other
influence the diffusion process strongly. In a mixture
of gases there is a decided difference between a
collision of like molecules and a collision of unlike
molecules. The collision between like molecules does
22
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not appreciably alter the basic molecular movement,
because the two molecules are identical and it does not
make any difference whether one or the other of the
two molecules crosses a certain plane. The collision of
two unlike molecules, say, molecule A and B, might
result in molecule B crossing some particular plane
instead of molecule A. The molecules would, in
general have different masses; thus the mass transfer
would be influenced by the collision. By using the
kinetic theory of gases, it is possible to predict
analytically the diffusion rate for some system by
taking into account the collision mechanism and
molecular weights of the constituent gases. In gases,
the diffusion rates are clearly dependent on the
molecular speed, and consequently we should expect a
dependence of the diffusion coefficient on temperature
since the temperature indicates the average molecular
speed.
Concentration, Velocity and Flux
Concentration
The concentration of a species in a solution is
generally expressed in terms of one of the following:
 i  ‘mass concentration’ of the species i (i.e. mass of

i per unit volume of the solution or mixture), in kg/m3.

23
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  ‘total mass concentration’ of all the species in a
solution, kg/m3; the total mass concentration  is

nothing but the density of the solution.
wi   i /   mass fraction of the species i in a

solution.
C i  molar concentration of the species i in a solution,

in kmol/m3.
C  total molar concentration of the solution, in

kmol/m3.
xi  C i / C  mole fraction of the species i

in a

solution.
If there are n species in a solution, we have the
following relations:
n


i 1

i

 ;

n

C
i 1

i

 C;

n

w
i 1

i

 1;

n

x
i 1

i

1

In a gas mixture, the ‘concentration’ of a species is
more commonly expressed in terms of its partial
pressure p i , or the mole fraction, y i  pi / P, where P is
the total pressure. It is customary to denote the mole
fraction of a species i by xi in a solution (liquid) and by
y i in a gas mixture.
24
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Velocity
In a liquid solution or in a gaseous mixture, the
various components or species move with different
velocities. By ‘velocity’ we mean both molecular
velocity in the microscopic scale and the bulk motion.
By bulk motion we mean the motion in a fluid caused
by a pressure difference. A diffusing species moves
with a velocity greater than the average velocity of the
medium. Two types of average velocities with respect
to a ‘stationary observer’ are defined in this
connection.
Mass average velocity
In an n-component mixture, the mass average
velocity, u (this is the velocity which we can measure
by a flow measuring device such as anemometer) is
defined as:
n

u

 u
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(2.5)

i

where u i is the linear velocity of the ith species in the
concerned direction. The quantity u i does not mean the
instantaneous velocity of a molecule of the component.
It is rather a statistical mean of the velocities of the
molecules of component i in the given direction.
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Molar average velocity
Similarly, the molar average velocity of a mixture,
U, is defined as:
n

U

C u
i 1
n

i

C
i 1

i



1 n
 Ci u i
C i 1

(2.6)

i

If the concentration of a solute in a solution is
small, the contribution of the motion of the solute
molecules to the average velocity also remains small.
So the average velocity becomes virtually equal to the
velocity of the medium or the solvent. Again, if the
molecular weights of all the species are equal, the
mass and the molar average velocities are the same.
Mass Flux and Molar Flux
In the study of mass transfer, the term ‘flux’ means
the net rate at which a species in a solution passes
through a unit area, which is normal to the direction of
diffusion, in unit time. It is expressed in kg/m2.s,
kmol/m2.s.
Three frames of reference (or coordinate systems)
are commonly defined for expressing the flux of a
diffusing species. We imagine that in any frame of
reference there is an ‘observer’ who ‘observes’ or
‘measures’ the velocity or flux of the species in a
mixture. In a ‘stationary frame of reference’
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(‘stationary’ means stationary with respect to the
earth), the observer notes a velocity u i of the ith
species. If the observer is seated in a frame of
reference that moves with the mass average velocity u ,
he will note a velocity, ui  u , of the species i . This,
in fact, is the relative velocity of the species with
respect to the observer who himself has a velocity u in
the same direction. Similarly, if the observer is seated
in a coordinate system moving with the molar average
velocity U , he finds that the molecules of the species i
have a velocity ui  U  . The relative velocities in the
three frames of reference are shown in Figure 2.4

Figure 2.4: Relative velocities of species i in the three
frames of reference: (a) The observer is stationary; (b)
the observer is moving with the mass average velocity;
(c) the observer is moving with the molar average
velocity.
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The mass and molar fluxes in the three frames of
reference are expressed as:
Mass flux
Relative to a stationary observer
: ni   i u i
(2.7)
Relative to an observer moving with the mass
average velocity
: ii   i u i  u 
(2.8)
Relative to an observer moving with the molar
average velocity
: ji   i u i  U 
(2.9)
Molar flux
Relative to a stationary observer
: N i  Ci u i

(2.10)

Relative to an observer moving with the mass average
velocity
: I i  Ci u i  u 
(2.11)
Relative to an observer moving with the molar average
velocity
: J i  Ci u i  U 
(2.12)
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Fick’s Law
The basic law of diffusion, called the ‘Fick’s law’,
was enunciated by Adolf Eugen Fick, a physiologist,
in 1885. The law states that the molar flux of a species
relative to an observer moving with molar average
velocity is proportional to the concentration gradient
of the species. If A diffuses in a binary mixture of A
and B, then according to Fick’s law, the flux of A is
expressed as:
JA 

dC A
dz



J A   D AB

dC A
dz

(2.13)

Here DAB is the proportionality constant called the
‘diffusion coefficient’ or the ‘diffusivity’ of A in a
mixture of A and B. The diffusional flux J A is a
positive quantity by convention. Since diffusion occurs
spontaneously in the direction of decreasing
concentration dC A / dz  0, the negative sign is
incorporated in Equation (2.13) to make it consistent
with respect to sign. Equation (2.13) is the
mathematical representation of Fick’s law for diffusion
in a binary mixture.
The Fick’s law given by Equation (2.13) expresses
the molar flux JA with respect to an observer moving
with molar average velocity. In practice, however, the
molar flux NA in a stationary frame of reference is
more useful. An expression for NA can be developed
by using Equation (2.12) and (2.13).
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Molar average velocity [from Equations (2.6) and
(2.10)] is
U

1
N A  N A 
C

(2.14)

Fluxes of A and B [from Equation (2.10)] are:
N A  C Au A

N B  CB u B

and

(2.15)

Therefore, using Equations (2.12) and (2.13),
dC A
 C A u A  U 
dz
 C Au A  C AU
C
 N A  A C Au A  C B u B 
C
C
 N A  A N A  N B 
C
C
dC A
(2.16)
N A  N A  N B  A  D AB
C
dz
J A   D AB

The molar flux of A in a binary mixture with
respect to a stationary observer is given by Equation
(2.16) on the basis of Fick’s law. The flux NA can be
viewed as consisting of two terms as follows:
1. The term representing bulk flow, i.e.

N A  N B  C A
C

(2.17) and
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2. The term representing molecular diffusion, i.e.
 DAB

dCA
dz

(2.18)

If the concentration of A in a mixture is small
(dilute solution), the contribution of the bulk flow term
given in Equation (2.17) becomes small too. In such
case, we may write
N A  J A   D AB

dC A
dz

(2.19)

The diffusing molecules move at a velocity greater
than the molar average velocity. The relative velocity
of a molecular species with respect to an observer
moving with the molar average velocity U is sometime
called the ‘diffusion velocity’.
The diffusion velocity of species A,
v A, d  u A  U 

JA
D dC A
  AB
CA
C A dz

(2.20)
For gas phase diffusion, Equation (2.16) may be
written in terms of partial pressure too. If the gas
mixture
is
assumed
to
behave
ideally, C A  p A / RT and C  P / RT , where T is the
uniform temperature of the gas (in K)
This implies that:
N A  N A  N B 

p A D AB dp A

P
RT dz
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Although Equations (2.13) and (2.16) are the
commonly used expressions for JA and NA, it has been
argued that these quantities should be expressed in
terms of the gradient of mole fractions rather than the
gradient of concentration or partial pressure. This point
may be explained by looking at an example. Let us
consider a volume of air in a rectangular enclosure
with the top surface hot (Figure 2.5). Air in contact
with the surface is at a higher temperature (say T1).
The concentration (in kmol/m3, say) of any of the
constituents of air, say N2, at the hot surface
is C N 1  p N 1 / RT1 ; its concentration at the cold
bottom surface is C N
2

2

2

  p  / RT .
N2 2

2

2

Here T2 is the

bottom temperature. The total pressure of air and the
partial pressures of the components are uniform
throughout the enclosure, i.e. [ p N ]1  [ p N ]2 .
Also T1  T2  [C N ]1  [C N ]2 , this means that there
is a concentration gradient of N2 in the chamber.
2

2

2
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Figure 2.5: Air in an enclosure with hot top surface
and cold bottom surface.
But does nitrogen diffuse from the ‘higher
concentration region’ near the bottom to the ‘lower
concentration region’ near the top? No, because there
is no difference in mole fraction of nitrogen between
the top and the bottom regions. So the use of
concentration gradient in expressing the Fick’s law
and the descendant equations may sometimes be
misleading and erroneous. It is therefore necessary to
write down these equations below in the following
forms in order to take care of the situations like above.
However, we shall use Equations (2.13) and (2.16)
wherever these are applicable.
J A  CD AB

dy A
dz
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N A  N A  N B  y A  CD AB

dy A
dz

(2.23)

Here C is the average total molar concentration of
the mixture.
If the gas mixture is ideal, the mutual diffusivities
of A and B are equal. It is rather easy to prove this
result. The flux of B in the mixture can be written
following Equation (2.16), i.e.
N B  N A  N B 

CB
dC A
 D AB
C
dz

Adding the preceding equation to Equation (2.16),

N A  N B   N A  N B  C A  CB   DAB dCA  DAB dCA




C

dz

dz

 cons tan t

Noting that
C  C A  CB

we get the result

dC A
dC
 B
dz
dz

and

DAB  DBA

(2.24)

(2.25)

Net Molar Flux for Steady State Diffusion in Fluids
at Rest and in Laminar Flow
Mass transport can, however, also come about as a
result of the bulk motion or flow of a fluid. To take
this factor into account, assume steady state diffusion
in the Z direction without any chemical reaction in a
34
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binary gaseous mixture of species A and B. For one
dimensional diffusion of species A, the total flux of
component A, is the sum of the diffusive flux term and
a bulk flow term. Thus, for a gaseous mixture,
N A / A   CD AB
Flux of A

dy A
 y A N A / A  N B / B 
dz
Bulk Flow

Diffusional Flux

Here we have replaced the CA, that appears in
Fick’s law, by the equivalent term CyA where C = total
molar concentration, assumed to be constant. This
equation of molar flux can also simply be written as:
N A  CD AB

dy A
 y A N A  N B 
dZ

Separating the variables in the above equation, it
can be expressed as
 dy A
dZ

N A  y A N A  N B  CD AB

For the gaseous mixture, at constant pressure and
temperature C and DAB are constant, independent of
position and composition. Also all the molar fluxes are
constant in the above Equation. Therefore the Equation
above can be integrated between two boundary
conditions as follows:
At
Z = Z1 ,
yA = yA1
At
Z = Z2 ,
yA = yA2
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where 1 indicates the start of the diffusion path and 2
indicates the end of the diffusion path. After
integration with the above boundary conditions the
Equation for diffusion for the said condition can be
expressed as
NA

 y A2


NA
CD AB
NA  NB 
NA 
ln 
N A  N B  Z 2  Z1  N A  y
A1
 N  N 
B
 A








(2.26)

Two special cases of the above expression are to be
noted: steady state diffusion through a stagnant
medium and steady state equimolar counter diffusion.
Net Molar Flux for Steady State Diffusion through a
Stagnant Medium
For steady state one dimensional diffusion of A
through non-diffusing B:
NB = 0 and NA = constant.
Therefore N A /N A  N B   1. Hence Equation (2.26)
above becomes

(2.27)


p
Since for an ideal gas C 
and for mixture of
RT
p
ideal gases y A  A , the Equation (2.27) above can be
P
NA 

1  y A2
CD AB
ln 
Z 2  Z1 1  y A1

expressed in terms of partial pressures as
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NA 

 P  p A2 
PD AB
ln 
Z 2  Z1 RT  P  p A1 

(2.28)

where P is the total pressure and, p A and p A are the
partial pressures of A at point 1 and 2 respectively. For
diffusion under turbulent conditions, the flux is usually
calculated based on linear driving force. For this
purpose the Equation (2.26) can be manipulated to
rewrite it in terms of a linear driving force. Since for
the binary gas mixture of total pressure
1

2

P, P  p A  p B ; P  p A  pB ; p A  p A  pB  pB .
2

2

1

1

1

2

2

1

Then the Equation (2.28) can be written as
NA 

PD AB
Z 2  Z1 RT

 p A1  p A2   p B2

 ln 
 p B2  p B1   p B1





Or
NA 



PD AB
p p
Z 2  Z1 RTp B,M A1 A2



where pB,M is called logarithmic mean partial pressure
of species B which is defined as
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p B,M 

p B2  p B1
 pB 
ln 2 
 pB 
 1

A schematic concentration profile for diffusion A
through stagnant B is shown in Figure 2.6. The
component A diffuses by concentration gradient,


dy A
. Here flux is inversely proportional to the
dZ

distance through which diffusion occurs and the
concentration of the stagnant gas  p B,M  because with
increase in Z and pB,M , resistance increases and flux
decreases.

Figure 2.6: Partial Pressure Distribution of A in NonDiffusing B
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Net Molar Flux for Steady State Equimolar Counter
Diffusion
This is the case for the diffusion of two ideal gases,
where an equal number of moles of the gases diffusing
counter-current to each other. In this case NB = -NA =
constant and NA+ NB = 0. The molar flux Equation
(2.28) at steady state can then be written as:
NA 

D AB P dy A
RT dZ

Integrating the above Equation with the boundary
conditions: at Z = Z1, yA = yA1; at Z = Z2
yA = yA2, the Equation of molar diffusion for steadystate equimolar counter diffusion can be represented as



D AB P
y A  y A2
RT Z 2  Z1  1
D AB

p A  p A2
RT Z 2  Z1  1

NA 







The concentration profile in terms of partial
pressure is shown in Figure 2.7.
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Figure 2.7: Equimolar Counter Diffusion of A and B: Partial
Pressure Distribution.

Diffusion Coefficient
The proportionality factor of Fick’s law is called
diffusivity or diffusion coefficient which can be
defined as the ratio of the flux to its concentration
gradient and its unit is m2/s. It is a function of the
temperature, pressure, nature and concentration of
other constituents. Diffusivity decreases with increase
in pressure ( DAB  1 / p for moderate ranges of
pressures, up to 25 atm) because number of collisions
between species is less at lower pressure. But the
40
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diffusivity is hardly dependent on pressure in case of
liquid. The diffusivity increases with increase in
temperature ( D AB  T 1.5 ) because random thermal
movement of molecules increases with increase in
temperature. The diffusivity is generally higher for
gases (in the range of 0.5×10–5 to 1.0×10-5m2/s) than
for liquids (in the range of 10–10 to 10-9 m2/s). The
diffusivity value reported for solids is higher in the
range of 10–13 to 10-5 m2/s. Diffusion is almost
impossible in solids because the particles are too
closely packed and strongly held together with no
‘empty space’ for particles to move through. Solids
diffuse much slower than liquids because
intermolecular forces in solid are stronger enough to
hold the solid molecules together.
Determination of Diffusion Coefficient in Gases
There are several methods of experimental and
predictive means of determining of gas-phase diffusion
coefficient. The two major experimental methods are
the Twin-bulb method and the Stefan tube method. But
we are going to limit ourselves in this course to the
Predictive Equations methods sometimes used to
determine diffusivity. These may be empirical,
theoretical or semi-empirical.
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1. Fuller, Schettler and Giddings Empirical Equation
Method
D AB 

1.0133 107 T 1.75



P  v A   v B
1/ 3



1/ 3 2

 1
1 



M A M B 

1/ 2

where,
T is temperature in K
MA, MB are molecular weights of A and B
P is total pressure in bar
vA, vB are atomic diffusion volume in m3
2. Chapman-Enskog Theoretical Equation Method
The most common method for theoretical
estimation of gaseous diffusion is that developed
independently by Chapman and by Enskog. This
theory, accurate to an average of about eight percent,
leads to the equation
D AB

1.858 103 T 1.5

2
P AB
D

 1
1 



M A M B 

1/ 2

In which DAB is the diffusion coefficient measured
in cm2/sec, T is the absolute temperature in Kelvin, P is
the pressure in atmosphere, and M A and MB are the
molecular weights. The quantities  AB and  D are the
characteristic length parameter of binary mixture in A.

   B  

 AB  A

2



and the collision diameter in

angstroms respectively.

42

Mass Transfer 1 – Otoikhian, Anakhu, Ohikhena

The

collision

D

integral

 AB   A   B 

 f kT /  AB 

and

0.5

Determination of Diffusion Coefficient in Liquids
There are few methods of determination of liquidphase diffusivities. The most commonly used methods
are Wilke-Chang Semi-empirical Equation and StokesEinstein Equation
1. Wilke-Chang Semi-empirical Equation
1.173 1016 M B  T
m2/s
0.6
BvA
0.5

0
D AB


0
where, D AB
is diffusivity of solute A in solvent B,
m2/s,  is association factor [H2O = 2.26; MeOH =
1.9; EtOH = 1.5; non-associated solvent = 1.0]; MB is
molecular weight of B; T is absolute temperature in K;
B is solution viscosity, kg/m.s; vA is solute molar
volume at normal boiling point, m3/kmol [vA = 0.0756
m3/kmol for H2O as solvent]

2. Stokes-Einstein Equation
Liquid diffusivity varies linearly with absolute
temperature and inversely proportional to viscosity of
the medium. Hence,
D AB 
 Cons tan t
T
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Exercise
1. A gas mixture (N2 = 5%, H2 = 15%, NH3 = 76%
and Ar = 4%) flows through a pipe, 25.4 mm in
diameter, at 4.05 bar total pressure. If the velocities
of the respective components are 0.03 m/s, 0.035
m/s, 0.03 m/s and 0.02 m/s, calculate the mass
average, molar average and volume average
velocities of the mixture.
2. Develop the expression for net molar flux for
steady state diffusion in fluids at rest and in laminar
flow.
3. Determine the net molar flux for steady state
equimolar counter diffusion.
4. State and express the methods for determining
diffusion coefficients in gas and liquids.
5. Discuss the meanings of mass flux and molar flux
using the simple illustration of an observer.
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CHAPTER

Field Equation
for Unsteady
Mass Transfer

3

FIELD EQUATION FOR UNSTEADY MASS TR
Introduction
n this section we will examine the transport of
momentum, heat, and mass through a system.
Thermodynamics deals with systems at
equilibrium and transitions between equilibrium states.
It can tell us things like the properties of various states
or the criteria for equilibrium. Mathematically,
thermodynamic expressions tell us that the pressure,
temperature, and chemical potentials are uniform in a
system at equilibrium. But, if there is a gradient in any
of these quantities, then the system is out of
equilibrium. As a consequence, momentum, energy,
and mass will flow through the system to try to bring it
to equilibrium. Despite its usefulness, thermodynamics
tells us nothing about the rate of changes between
states or the rate of approach to equilibrium. It does

I
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not even apply to steady state processes, where the
properties of the system are independent of time, but it
is still not in equilibrium. Most processes that are of
practical interest are not in equilibrium and never truly
achieve equilibrium. In order to describe these
systems, we need to study fluid mechanics, heat
transfer, and mass transport, which are also known
collectively as non-equilibrium thermodynamics or
transport phenomena.
Balance Equations
In order to quantitatively handle transport
phenomena, we must first develop a mathematical
description for the motion of momentum, energy, and
mass through a system. The first equation we will
develop is the balance equation. We will given begin
by examining the balance equation for a general
quantity B. This quantity can be anything at all. For
example, B can be energy, the momentum in the xdirection, apples, people or oxygen molecules. The
balance equation for B can be written as:
Accumulation of B = (influx of B) – (outflux of B) +
(generation of B)
(3.1)
The Equation (3.1) is applicable to any system;
however, it is not always convenient to use, especially
in cases where we are interested in the variation of a
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property across a system. In order to study these
situations, we need to develop differential equations.
Flux
Before we can develop a differential equation to
describe the balance of B, we need to introduce the
concept of flux. The flux of a general property B,
denoted by JB, describes the flow of B through a
system. The flux is a vector quantity which can vary
with position and time. The units of JB are equal to the
units of B per unit time per unit area. To demonstrate
the physical meaning of JB, let’s place a small plane at
a position r in the system. The area of the plane is
small enough such that the flux of B can be considered
constant across the surface of the plane. The
orientation of the plane is given by the unit vector ń,
which is normal to the surface of the plane. The rate of
B that crosses the plane is given by:
Rate of B crossing plane = JB . ń (area of plane) (3.2)
If the plane is perpendicular to the x-direction, the
rate of B that crosses the plane, per unit area, is equal
to JB,x, the x-component of the flux vector. In general,
the flux of property B is due to two factors: convection
and diffusion.
J B  J Bconv  J Bdiff
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The convective flux is due to the macroscopic flow
of the fluid which carries with it the property B into
and out of the control volume. This is of the form:

J

conc
B

 cBv

where cB is the concentration of B, and v is the
velocity of the fluid.
The diffusive flux is due to molecular motion. This
flux leads to irreversibility and generates entropy. It is
assumed that the fluxes are proportional to the
thermodynamic driving forces.
Differential Approach: One-Dimensional Balances
We first consider a system where the property B
only varies in one direction, which we choose to be the
x-direction. For this one-dimensional problem, we can
perform a balance around a differential element (which
is referred to a control volume) located between the
positions x and x + ∆x, with a cross-sub-sectional area
A. The width ∆x of the control volume is chosen to be
small enough such that the concentration of B (i.e., the
amount of B per unit volume) in the element c B (x, t)
can be considered uniform. The total amount of B
currently within the control volume is cB (x, t) A∆x.
The rate of production of B per unit volume is σ B (x,
t); therefore, the net rate of B that is produced in the
system is σB (x, t) A∆x. B enters the control volume
from left side at a rate of JB,x (x, t)A, and exits the
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control volume from the right side at a rate of JB,x (x +
∆x, t) A. Putting this all together in Equation (3.1) we
find:

c B x, t Ax  AJ B, x x, t   AJ B , x x  x, t    B x, t Ax
t

If we divide both sides of the equation by Ax , we
find:
c B x, t  J B , x x  x, t   J B , x x, t 

  B  x, t 
t
x

Taking the limit as Δx goes to zero, the first term
on the right side of the equation becomes a derivative,
and so
J B , x x, t 
c B x, t 

  B  x, t 
t
x

The balance equation for any one-dimensional
problem can always be written in the form given
above.
Differential
Approach:
Three-Dimensional
Balances
In this subsection, we consider a system where the
property B varies in all directions, x, y, and z. We
choose as our control volume a small rectangular
prism of dimensions ∆x, ∆y, and ∆z. These dimensions
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are chosen to be small enough so that the
concentration of B within the control volume cB is
approximately uniform. For a three-dimensional
differential volume element, we have:

c B xyz   yzJ B, x x  x, y, z, t   yzJ B, x x, y, z, t 
t
 xzJ B, y x, y  y, z, t   xzJ B, y x, y, z, t 

 xyJ B, z x, y, z  z, t   xyJ B, z x, y, z, t 

  B xyz  .
 J B , x x  x, y, z , t   J B , x x, y, z , t 
c B
 

t
x


 J B , y  x, y  y, z , t   J B , x x, y, z , t 


y


 J B , z x, y, z  z, t   J B , x x, y, z , t  


z


B

Taking the limit x, y, z  0, we find
J B , x x, y, z, t  J B , y x, y, z, t  J B , z x, y, z, t 
c B



B
t
x
y
z

(3.3)
This can be written in vector form as
c B
   J B   B
t
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Where  is the gradient operator, defined as:


  ex

    
 ey
 ez
x
y
z



where e x is a unit vector pointing in the positive x

direction, e y is a unit vector pointing in the positive y

direction, and e z is a unit vector pointing in the
positive z-direction.
Index Notation
Before proceeding on to analyze the balance
equations for mass, momentum, and energy, we will
introduce the use of index notation, which will help in
keeping the equations more compact and clear, as well
as facilitating their manipulation. In index notation,
vectors and matrices are explicitly referred to by their
various components. The expression vi denotes the ith
component of the vector v where i can be either x, y, or
z. the expression Aij denotes the ijth element of the
matrix A. If an index is repeated in a term, then this
implies that the index is summed over all components
ui vi  u x v x  u y v y  u z v z

This is referred to as the summation convention.
For example, the dot product between two vectors u
and v is given by:
u  v  u i vi
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The multiplication of a matrix τ by a vector can be
written as
  v   ij v j

The multiplication of two matrices is given by
A  B  Aij B jk

The general balance equation, Equations (3.3) or
(3.4), can then be written as:
J B ,i
c B

B
t
xi

where xi is the ith component of the position vector
(i.e., xx= x, xy = y, and xz = z), and JB,i is the ith
component of the flux vector JB. Note the use of the
summation convention in the first term on the right
side of the equation.
Mass Balance
The first balance equation that we will consider is
for the overall mass. The concentration of mass is
simply the density ρ. Mass cannot be created or
destroyed, so there is no generation term in the balance
equation. Finally, the only flux present for the overall
mass is the convective flux. Combining all these facts
together with Equation (3.4), we arrive at:

   v
t

This is typically referred to as the continuity
equation and is usually written in the form:
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   v  0
t

Using index notation, we can rewrite the above
equation as:


vi   0

t xi

For an incompressible fluid, the density remains
constant. Mathematically, this means that all of the
derivatives of the density are equal to zero. With this
assumption, we find that the continuity equation
reduces to
v  0

Note that this is only true for an incompressible fluid.
Similarity between Fick’s, Fourier’s and Newton’s
laws of Transport
Here it will be pertinent to point out the similarity
of
Fick’s
law
of
diffusion
given
by
JA 

dC A
dz



J A   D AB

dC A
with the two other
dz

basic laws of transport, i.e. the Fourier’s law of heat
conduction and the Newton’s law of viscosity. In heat
conduction (also called ‘diffusion of heat’) the flux of
thermal energy is proportional to the temperature
gradient, i.e.
q z  k

dT
dz

Here qz is the heat flux in the z-direction and the
temperature decreases in that direction.
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The shear stress in a viscous fluid in laminar
motion can be shown to be equivalent to the flux of
momentum from a faster-moving layer to an adjacent
slower-moving layer. The Newton’s law of viscosity
states that the shear stress or the momentum flux is
proportional to the velocity gradient, i.e.
 zx   

du x
dz

Here u x is the velocity in the x-direction which is a
function of z. transport of momentum occurs in the zdirection (which is normal to the direction of liquid
velocity). It appear from the three Equations of the
basic laws of transport that the three processes of
diffusive transport of mass, heat and momentum are
governed by similar laws. The transport of mass
occurs in the direction of decreasing concentration, the
transport of heat occurs in the direction of decreasing
temperature, and that of momentum occurs in the
direction of decreasing velocity (or momentum). The
same sign convention applies to all the three laws as
well. The analogy among these laws is of considerable
importance in chemical engineering.
Difference in Rate Laws Based on Gradient
The physical laws that govern the transport of
mass, energy, and momentum, are based on the notion
that the flow of these entities is induced by a driving
potential. This driving force can be expressed into
ways. In the most general case, it is taken to be the
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gradient or derivative of that potential in the direction
of flow. A list of some rate laws based on such
gradients appears in the Table 2 below. In the second,
more specialized case, the gradient is taken to be
constant. The driving force then becomes simply the
difference in potential over the distance covered. A
tabulation of these rate laws based on such potential
differences is also given in the Table 3.
Table 2: Rate Laws Based on Gradients
S/N Name
Process
1. Fick’s law Diffusion
2. Fourier’s
law
3. Newton’s
law

Flux

Gradient
dC Concentration
N / A  D
dx
Conduction
dT Temperature
q / A  k
dx
Momentum Fx / A   qx Velocity
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Table 3: Rate Laws Based on Linear Driving
Forces
S/N Process

Flux flow

Driving
Force
1. Mass Transfer N / A  K c C
C

Resistance

2. Heat Transfer q / A  hT

T

1/ h

3. Osmotic
N A / A  Pw 
Pressure(H2O)



1 / Pw

1/ K c

Analogies among the Basic Laws
Transport of momentum, heat and mass in a
medium in laminar motion are all diffusional processes
and occur by similar mechanisms. The three basic laws
in this connection-Newton’s law of viscosity that
governs the rate of transport of momentum, Fourier’s
law of heat conduction and Fick’s law of diffusion-can
all be expressed in similar forms.
Newton’s Law:
Momentum flux,   

du x
dz

   v

d
u x  (3.5)
dz

Fourier’s Law:
Heat flux, q z   k

dT
dz

 q z  
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Fick’s Law:
Mass flux at a low concentration, N A   D AB

dC A
(3.7)
dz

In Equation (3.5),  is the shear stress which is the
same as momentum flux, u x is the volumetric
concentration of momentum in the x-direction (i.e.
momentum per unit volume of the liquid), and
v   /  , is the momentum diffusivity. In Equation
(3.6), cPT is the volumetric concentration of thermal
energy and   k / cP  is the thermal diffusivity. Thus,
all the above three equations state that the flux is
proportional to the gradient of the quantity transported
(momentum, heat energy, or mass), and the
proportionality constants is the corresponding
diffusivity (that has the same unit, m2/s, in all the
cases).
Diffusivity
Diffusivity, a measure of diffusive mobility is the
ratio of a flux to its driving potential in a transport
medium. Diffusivity is a characteristic of a constituent
and its environment (temperature, pressure
concentration, whether in liquid, gas or solid solution
and the nature of the other constituents). The
proportionality constants in the three basic laws of
transport are their corresponding diffusivities, are the
same unit, m2/s, in the three cases. Looking up on
Equations (3.5), (3.6), and (3.7) respectively:
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Molecular or Mass Diffusivity
DAB , is the molecular diffusivity of A through nondiffusing B
Thermal Diffusivity
  k / cP  , is the thermal diffusivity
Momentum Diffusivity
v   /  , is the momentum diffusivity
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Exercise
1. Develop, by using material balance, the
continuity equation for unsteady mass transfer.
2. Discuss the analogies of the basic transport laws
of momentum, heat and mass in a medium in
laminar flow.
3. Compare and contrast between Fick’s, Fourier’s
and Newton’s laws of Transport.
4. What is Diffusivity?
5. Define molecular, thermal and momentum
diffusivity.
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CHAPTER

Mass Transfer
Coefficient

4

MASS TRANSFER COEFFICIENT
Introduction
ovement of the bulk fluid particles in the
turbulent condition is not yet thoroughly
understood. For gases it is fairly well known
as a molecular diffusion since it is described in terms
of kinetic theory. The rate of mass transfer from the
interface to the turbulent zone in the same manner can
be useful for molecular diffusion. Thus the term
CD AB / Z of Equation (2.1) which is a characteristic of
molecular diffusion is replaced by F. Thus for binary
solution,

M

 NA

 y A2 

NA
N  NB

NA 
F ln  A
NA  NB
 NA

 N  N  y A1 
B
 A
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The term F is called mass transfer coefficient. The
value of F depends on the local nature of the fluid
motion. It is a local mass transfer coefficient defined
for a particular location on the interface. Its variation
depends on the effect of variation in concentrations
y A and y A on the flux. In case of equimolar counter
diffusion and transfer of one substance though
stagnant another substance, special mass transfer
coefficients are generally used.
1

2

Definition of the Mass Transfer Coefficient
The mass transfer coefficient is defined on the
following ‘phenomenological basis’:
Rate of mass transfer  Concentration driving force

ie. the differencein conc.

Rate of mass transfer 

Area of contact between the phases

If WA is the rate of mass transfer (kmol/s) of the
solute A, C A is the concentration driving force
between two points, and a is the area of mass transfer,
W A  aC A

 W A  k C aC A

where kC , the proportionality constant, is a
phenomenological coefficient called the mass transfer
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coefficient. If NA is the molar flux (expressed as
kmol/m2.s, say), we may write
W A  aN A  k C aC A  N A  k C C A

 Mass transfer coefficient , k C


NA
C A



Molar flux
Concentration driving force

For purpose of comparison we may recall the
definition of heat transfer coefficient:
Heat transfer coefficient , h 

heat flux
temperature driving force, T

The inverse of mass transfer coefficient is a
measure of the ‘mass transfer resistance’. If the driving
force is expressed as the difference in concentration
(kmol/m3, say), the unit of mass transfer coefficient is
m/s (or cm/s, ft/s etc.) which is the same as the unit of
velocity.
If the mass transfer coefficient is expressed as the
ratio of the local flux and the local driving force, it is
called the ‘local mass transfer coefficient’. When it is
expressed as the ratio of the average flux (over a
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surface) and the average driving force, is known as the
‘average mass transfer coefficient’
[Note: The word ‘phenomenological implies that the
definition of mass transfer coefficient (kC) given by the
two equations above is based on the phenomenon, that
kC is proportional to the driving force C A and area a]
Types of Mass Transfer Coefficients
Convective mass transfer can occur in a gas or
liquid medium. A few choices of the driving force
(difference in concentration, partial pressure, mole
fraction etc.) are available unlike in the case of heat
transfer where the temperature difference is the only
driving force. Different types of mass transfer
coefficients have been defined depending upon:
1. whether mass transfer occurs in the gas phase or
in the liquid phase,
2. the choice of the driving force, and
3. whether it is a case of diffusion of A through a
non-diffusing B or a case of counter diffusion
Diffusion of A Through Non-diffusing B



Mass transfer in the gas phase: N A  k G p A1  p A2







 k y y A1  y A2  k C C A1  C A2







Mass transfer in the liquid phase: N A  k x x A1  x A2



 k L C A1  C A2
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Here kG , k y and k L are the gas-phase mass transfer
coefficients, and k x and k L are the liquid-phase mass
transfer coefficients; the subscripts 1 and 2 refer to two
positions in a medium. The units of the mass transfer
coefficient can be obtained from the definitions of
Equations 4.1 and 4.2. For example, a unit of
k y is kmol  / m 2 s y  , where y stand for the driving
force in mole fraction unit. If the gas phase is ideal, the
concentration term in Equation (4.1) is given
by C A  p A / RT , where pA is the partial pressure of A.
Supposing that the distance between the two locations
1 and 2 is  (the film thickness), the expression for the
mass transfer coefficients can be obtained by
comparing Equations (4.1) and (4.2) with their
corresponding net flux equations:
Gas phase : k G 

D AB P
D P2
D P
; k y  AB
; k C  AB
RTp BM
RTp BM
p BM

(4.3a)
Liquid phase : k x 

D AB  / M av
D
; k L  AB
x BM
x BM

(4.3b)
The relations among the three types of gas-phase
mass transfer coefficients (i.e. kG , k y , and k C ) can be
easily obtained from Equations (4.3a). Similarly, the
relation between the two types of liquid-phase mass
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transfer coefficients k x and k L , can be obtained from
Equation (4.3b).
kC  RTk G ; k y  Pk G ; k x   / M av k L

Note, Equations 4.3a and 4.3b were derived through
the following mathematical procedures:
For the gas phase

where, p BM 



D AB P p A1  p A2

NA 



(A)

RT  p BM

p

B2

ln



 p B1
and  is the film thickness
p B2
p B1

Equating Equation (4.1) and Equation (A)
kG 

D AB P
RT  p BM

Again,
NA 



D AB P p A1  p A2
RT  p BM

 D

AB



P  P y A1  y A2



RT  p BM

Equating Equation (4.1) and Equation (B)
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ky 

D AB P 2
RT  p BM

Also,
NA 



DAB P p A1  p A2
RT  p BM

  D PC
AB

A1

 C A2



  p BM

(C)

Equating Equation (4.1) and Equation (C)
kC 

D AB P
  p BM

For the liquid phase
NA 

where,
xBM 

x

B2

ln

 xB1
xB2
xB1



D AB   
  x A  x A2
  x BM  M  av 1





(D)

  
 is average molar
 M  av

and 

concentration.

Equating Equation (4.2) and Equation (D)
kx 

D AB   
 
  x BM  M  av

Also,
Equating Equation (4.2) and Equation (D)
NA 

D AB
  x BM

D AB
 
C A1  C A2
  x A1  x A2 
  x BM
 M  av
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Equating Equation (4.2) and Equation (E)
kL 

D AB
  x BM

QED
Equimolar Counter diffusion of A and B
The set of notations for mass transfer coefficients
are used here with a prime (1) to differentiate them
from the case of diffusion of A through non-diffusing
B.











Gas phase : N A  k G1 p A1  p A2  k 1y y A1  y A2  k C1 C A1  C A2

(4.4a)







Liquid phase : N A  k 1x x A1  x A2  k L1 C A1  C A2



(4.4b)
Comparing Equations (4.4a) and (4.4b) with their
gas-phase transport and liquid-phase transport
counterparts respectively, we can have the following
expressions for the mass transfer coefficients in this
case:
D AB
D P
D
; k 1y  AB ; k C1  AB
(4.5a)
RT
RT

D  / M av
D
Liquid phase : k 1x  AB
; k L1  AB
(4.5b)

Gas phase : k G1 



Conversion: k C1 



RT 1
k y  RTk G1 ; k 1x   / M av k L1  C AV k L1
P

(4.6)
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If the concentration of A is expressed in the mole
ratio units (moles A per mole of A-free medium), the
mass transfer coefficients kY and k X are expressed in
the following ways:




,

Conversion: N A  k y YA1  YA2 ,

and



N A  k x X A1  X A2

for the gas phase

for the liquid phase

Here Y A and X A are the concentrations of A in the
gas or in the liquid phase in mole ratio unit [note that
similar expressions can be written using the mass ratio
mass A / mass B units as well].
Note that, YA  y A /1  y A  and X A  x A /1  x A 
In order to calculate the mass transfer flux of a
species, we need to know the mass transfer coefficient
and the existing driving force.
Note also that, Equations 4.5a and 4.5b were derived
through the following mathematical procedures:
For the gas phase
NA 



D AB p A1  p A2
RT



(F)

Equating Equation (4.4a) and Equation (F),
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kG1 

D AB
RT 

Again,
NA 



D AB p A1  p A2
RT

  D Py
AB

A1

 y A2



RT

(G)

Equating Equation (4.4a) and Equation (G),
k 1y 

D AB P
RT

Also,
NA 



D AB p A1  p A2
RT

  D C
AB

A1

 C A2





(H)

Equating Equation (4.1a) and Equation (H),
k C1 

D AB



For the liquid phase
The flux,
NA 

D AB   
  x A  x A2
  M  av 1





(I)

Equating Equation (4.4b) and Equation (I),
k 1x 

D AB   
 
  M  av

Also,
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NA 



D AB   
D
  x A1  x A2  AB C A1  C A2
  M  av

D
k L1  AB







QED
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Exercise
1. Simply defined the term ‘mass transfer coefficient’
2. Explain the basic difference between the mass
transfer coefficients k y and k 1y .
3. Obtain the relationship between k y and k 1y . Write
down the units of mass transfer coefficients
4. Relate mass transfer coefficient to net molar flux
and concentration driving force.
5. Differentiate between the mass transfer coefficient
defined with respect to mole fraction, partial
pressure and concentration in the gas phase.
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CHAPTER

Correlations of
Mass Transfer
Coefficients

5

CORRELATIONS OF MASS TRANSFER CO
Introduction
efinitions of mass transfer coefficients have
earlier been presented and experiment on how
these mass transfer coefficient can be found
were also stated. Thus we have a method for analyzing
the results of mass transfer experiments. However, we
often want to predict how one of these complex
situations will behave. We do not want to correlate
experiments; we want to avoid experiment if possible.
This avoidance is like that in the studies of diffusion,
where we often looked up diffusion coefficients so that
we could calculate a flux or a concentration profile.
We wanted to use someone else’s measurements rather
than painfully make our own. In the same way, we
want to look up mass transfer coefficients whenever
possible. These coefficients are rarely reported as

D
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individual values, but as correlations of dimensionless
numbers. These numbers are often named, and they are
major weapons that engineers use to confuse scientists.
These weapons are effective because the names sound
so scientific, like close relatives of nineteenth-century
organic chemists.
Dimensionless Numbers in Mass Transfer
Mass transfer coefficients depends on the relevant
physical properties of the fluid, the geometry used
along with relevant dimensions, and the average
velocity of the fluid if we are considering flow in an
enclosed conduit, or the approach velocity if the flow
is over an object. Dimensional analysis can be used to
express this dependence in dimensionless form. In
many cases it is convenient to express the transport
coefficients and other important parameters (such as
the fluid properties, velocity, etc.) in terms of
meaningful dimensionless groups. In the study of heat
transfer, for example, the heat transfer coefficient h is
often expressed in terms of the Nusselt number (Nu).
The other important parameters and properties
influencing the heat transfer coefficient are taken care
of through two other dimensionless groups, namely the
Reynolds number (Re) and the Prandtl number (Pr). A
similar approach is followed in the study of mass
transfer too. Here we have the two most important
dimensionless groups, the Sherwood number, Sh
(which is the mass transfer analogue of the Nusselt
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number) and the Schmidt number, Sc (which is the
mass transfer analogue of the Prandtl number).
In heat transfer, the Nusselt number is:
Nu 

convective heat flux
heat flux for conduction through a stagnant medium of
thickness l for the same T



hT
hl

k / l T k

k  thermal conductivity

Similarly, in mass transfer, the Sherwood number is:
Sh 

convective mass molar flux
mass molar flux for molecular diffusionthrough a
stagnant medium of thickness l under the driving force p A

If we consider the gas-phase mass transfer of A
through a binary mixture of A and B (B is nondiffusing),
Convective mass flux  k G  A

Mass flux due to molecular diffusion of A through nondiffusing B 

D AB P
p A
RTlp BM

Then,
Sh 

k G p A
k p RTl k C l p BM
 G BM

D AB P / RTlp BM p A
D AB P
D AB P
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If we consider transport of A in a solution at a
rather low concentration x BM  1 ,
Convective mass flux, N A  k L C A

Diffusive flux of A through a stagnant liquid layer
of thickness l 

D AB
C A
l

Then, the Sherwood number,
Sh 

k L C A
k l
 L
D AB / l C A D AB

Here l is the characteristic length. The commonly
used characteristic lengths are: sphere-diameter, d; for
a cylinder-diameter, d; for a flat plate-distance from
the leading edge, x (say, the location of a point in the
boundary layer is often indicated by the coordinates (x,
y). These notations should not be confused with mole
fractions).
Now let us turn to the Schmidt number which is the
mass transfer analogue of the Prandtl number, we
defined the Prandtl number as:
Pr 

c 
momentum diffusivity
/

 P
thermal diffusivity
k / c P
k

Analogously, we defined the Schmidt number as:
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Sc 

momentum diffusivity  / 

v



molecular diffusivity
D AB
DAB DAB

Reynolds and Stanton numbers
The similarity of the three transport laws has been
extended to relate the appropriate dimensionless
groups involving the heat transfer coefficient and mass
transfer coefficient to the friction factor. Such relations
or ‘analogies’ can be used to estimate the heat transfer
coefficient (h), or the mass transfer coefficients
k G , k L , etc. if the friction factor of the flowing
medium is known. Here we will mention a few simple
analogies without going into the theoretical formalism.
The oldest such analogy in the case of heat transfer
was proposed by Reynolds applicable to transport in
pipe flow. Extending the analogy to the case of mass
transfer, we may write
St H 

Nu
f

Re Pr 2

and

St M 

Sh
f

Re Sc 2

Here StH is the Stanton number for heat transfer
and StM is that for mass transfer, Re is the Reynolds
number involving the heat transfer coefficient as well
as the mass transfer coefficients, and f is the friction
factor for the fluid flowing through a pipe.
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Estimation of Mass Transfer Coefficient
Mass transfer under laminar flow condition:
Mass transfer coefficient does not play a big role in
laminar flow condition as molecular diffusion exists
there. In laminar flow regime, the average liquid phase
mass transfer coefficient k L,av is correlated with
Sherwood number (Sh) and DAB as follows:
k L,av  3.41
Shav 

k L,av
D AB

D AB



 3.41

Mass transfer under turbulent flow past solids:
Mass transfer under flow past solid is a practically
useful situation. Several theories have attempted to
clarify the behavior of mass transfer coefficients. All
the theories have some assumptions and some
drawbacks. Hence, these are reversed frequently. In
turbulent flow medium, small fluid an element of
different sizes, called eddies, move randomly. These
eddies form, interact among others and disappear in
the flow path. The total molar flux of a solute A due to
molecular diffusion and eddy diffusion, JA is as
follows:
J A  D AB  DE 
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Where, DE is eddy diffusivity and it depends on the
intensity of local turbulence.
Wetted-Wall Column
Mass transfer from a flowing gas to a falling liquidfilm (or vice versa) is encountered in a number of
practical situations (for example, gas absorption or
stripping in a packed tower). The wetted-wall tower is
a classical model experimental set-up for measuring
the mass transfer coefficient. It is a vertical tube of
pipe provided with an arrangement for liquid feeding
and withdrawal (Figure 5.1). The gas flows up through
the column and the liquid flows down as a film (which
may have a calm or ripping surface depending upon
the film Reynolds number) over a section of the
column.
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Figure 5.1: Schematic of a wetted-wall column.

Most of the experiments reported on the wettedwall column involve evaporation of pure liquids in
flowing streams of air and other gases. In an
experiment on evaporation of water in air, for
example, the average mass flux can be calculated from
the known area of the wetted section of the wall, the
total rate of mass transfer (calculated from the flow
rate of air and the moisture content at the inlet and at
the exit of the column), and the average driving force.
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The driving force at any section is the difference
between the vapor pressure of water at the prevailing
temperature and the partial pressure of moisture in the
bulk air. A simple calculation of mass transfer in a
wetted-column is illustrated below.
Illustration
In an experiment, benzene is absorbed from a
stream of nitrogen in a wetted-wall column in which
the absorbent is a non-volatile mineral oil. Under the
conditions, the liquid-phase mass transfer resistance
can be safely neglected. The mass flow rate of the feed
gas is 13,500 kg/h.m2 at 30oC and 1.013 bar pressure.
Mole fractions of benzene in the inlet and outlet gases
are 0.02 and 0.0052 respectively. The interfacial
concentration of benzene on the gas side is negligibly
small.
Given: i.d. of the column = 3.5 cm; thickness of the
liquid film is small; height of the wetted section = 3 m;
viscosity: for nitrogen (at 30oC) = 0.018 cP, for air (at
25oC) = 0.0183 cP, diffusivity of benzene in N2 at
30oC = 0.0973 cm2/s. Since the concentration of
benzene in the gas is small, the change of flow rate
over the column also remains small. So calculations
may be done on the basis of the average gas flow rate.
Hints: Consider an elementary section of the column
of thickness dz at a height z from the bottom as shown
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in Figure 5.2. Suppose y = local concentration of
benzene (the solute) in the bulk gas (mole fraction); yi
= interfacial concentration at the same section; G =
molar gas flow rate; and d = diameter of the column.

Figure 5.2: Gas absorption in a wetted-wall column.

Then the elementary area of gas-liquid contact
 d dz 
If the gas concentration changes by dy over the
section, a differential mass balance can be written as:
 Gdy  d dzk y  y  yi 

Assuming that the gas flow rate remains reasonably
constant over the column (this assumption is valid at
low concentration, as in the case, and an average gas
flow rate may be used).
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Integrating from z = 0, y = y1=0.02 (bottom) to z = L
= 3 m, y = y2 = 0.0052 (top), we get:
k y  G ln y1 / y2 / dL

Average molecular weight of the gas at the
bottom  0.0278  0.9828  29 ; at the top it is 28.2
Average
molar
gas
flow
rate
at
the
2
bottom  13,500 / 29  465.5kmol / m .h ; that at the
top  458.6kmol / m 2 .h
Average  462kmol / m 2 .h

Area
of
the
cross-section
tube 0.035 m dia  9.62  104 m 2
Actual gas flow rate through



G  9.62  10

Then,

4

462  0.4448 kmol / h

of

the

the

tube,

 

k y  1.786 kmol / h  m 2 y 

Overall Mass Transfer Coefficient
Definition: In industrial separation processes, there are
usually concentration distributions on both sides of the
interface, except in very rare cases such as the
absorption of pure gases or the evaporation of pure
liquids. Experimentally the mass transfer film
coefficients k y and k x are difficult to measure except
for cases where the concentration difference across
one phase is small and can be neglected. Under these
circumstances, the overall mass transfer coefficients
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K y and K x are measured on the basis of the gas phase

or the liquid phase.
When heat transfer occurs through resistances in
series, we employ the overall heat transfer coefficient
in the rate equation, along with the overall driving
force. The reason for using the overall driving force is
usually that it can be measured more easily than the
driving forces in individual phases. Likewise, in mass
transfer, we cannot expect to know the interfacial
compositions at various locations in a column, but the
bulk concentrations can be measured. Furthermore, it
is the change in these bulk concentrations from one
end to the other that is of interest in determining how
much of a species has been transferred from one phase
to another in a column. Therefore, it would be good to
be able to write the molar flux NA in terms of the
difference between the compositions of the two bulk
phases. The immediate problem you’ll notice is that
the compositions are measured in entirely different
units in the two phases. This problem will not be
resolved even if we use molar concentration units (or
mole fractions) in both phases, because in phase I, it
would be moles of A per mole of phase I, and likewise
in phase II, it would be moles of A per mole of phase
II. It would be like mixing apples and oranges to use
differences in these concentrations. Thus, we must be
creative in coming up with an overall driving force for
mass transfer.
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Gas and Liquid Film Control
Assume a heating medium, for instance a vertical
plate or a horizontal tube, is exposed to a condensable
vapor. If the temperature of the heating medium is
below the saturation temperature of the vapor,
condensate will form on the surface and under the
action of gravity will flow down the heating medium.
If the liquid wets the surface, a smooth film is formed,
and the process is called film condensation. If the
liquid does not wet the surface, droplets are formed
which fall down the surface in some random fashion.
This process is called drop-wise condensation. In the
film condensation process the surface is blanketed by
the film, which grows in thickness as it moves down
the heating medium. A temperature gradient exists in
the film, and the film represents a thermal resistance to
heat transfer. In drop-wise condensation, there is no
film barrier to heat flow, and higher heat-transfer rates
are experienced, but it is extremely difficult to
maintain since most surface become wetted after
exposure to a condensing vapor over an extended
period of time. Like heat transfer, mass transfer is
controlled by a gas film resistance. There is a
resistance of liquid and gas films at the interface. Heat
transfer in the film-boiling region will controlled by
conduction through the gas film, and Bromley
Equation is similar to the Nusselt Equation for
condensation, where conduction is occurring through
the liquid condensate film.
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 k 3 e  er ev g 
h f / b  0.62 v L

  v d o Tw  Ts  
where h f / b is the film boiling heat-transfer coefficient;
1/ 4

the suffix v refers to the vapor phase and do is in
metres.
It must be emphasized that process reboilers and
vaporizers will always be designed to operate in the
nucleate boiling region. The heating medium would be
selected, and its temperature controlled, to ensure that
in operation the temperature difference is well below
that at which the critical flux is reached. For instance,
if direct heating with steam would give too high
temperature difference, the steam would be used to
heat water, and hot water used as the heating medium.
The physical properties of the condensate for use in
the following equations are evaluated at the average
condensate film temperature, Tf: the mean of the
condensing temperature and the tube-wall temperature.
Tf 

Tw  T
2

In the Nusselt model of condensation laminar flow
is assumed to take place entirely by conduction
through the film. In practical condensers, the Nusselt
model will strictly only apply at low liquids and vapor
rates, and where the flowing condensate film is
undisturbed. Turbulence can be induced in the liquid
film at high liquid rates, and by shear at high vapor
rates. This will generally increase the rate of heat
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transfer over that predicted using the Nusselt model.
The process of using turbulence or film temperature
control to regulate the liquid film is known as liquid
film control. Similarly, the regulation of gas film
through film temperature control or other physical
disturbance, like turbulence, is called gas film control.
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Exercise
1. Give the physical significances of the
dimensionless groups in mass transfer.
2. Explain the wetted-wall column using an
illustrative diagram.
3. Discuss the two major dimensionless groups used
in mass transfer.
4. Explain the dimensionless groups associated with
heat transfer.
5. Discuss the importance and application of the
overall mass transfer coefficient in mass transfer
processes.
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