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This is an introduction to heat and mass trans-
fer for graduate chemical engineers and others
seriously interested in transport phenomena. It is
normally given in the spring semester to provide
entering students an opportunity to take inter-
;mediate transport phenomena or fluid mechanics
by way of preparation. It can be followed to ad-
vantage by special topics courses offered on an
irregular basis and by Professor Curtiss’ course,
The Transport and Other Properties of Fluids,
given in our Chemistry Department.

The organization of the course is indicated in
the idealized outline of Table 1, but the actual
coverage has changed substantially from term to
term ever since its original ancestor in 1944 was
introduced by Olaf A. Hougen. Emphasis is
normally given to those topics in greatest need
of reorganization. Thus in 1965-66 and 1966-67
emphasis was put on the formulation and solution
of multicomponent diffusion problems and the
estimation of transport properties of low-density
gases. During the last two years the highest prior-
ity has been given to applications of boundary-
layer theory, with particular emphasis on mass
transfer across mobile interfaces. This current
bias shows clearly in this paper. It is now our
hope to decrease the emphasis on transport prop-
erties, and, if possible, to put this material in a
separate course. If this goal is realized, more
attention will be given to applications of current
interest, to demonstrate the utility of the tech-
niques introduced.

The direction in which this course changes will,
however, be strongly influenced by the instructor
in charge since course content and the instructor’s
research program have always been closely inter-
related. Until recently the coverage was heavily
influenced by Mr. Lightfoot’s interests in bio-
medical mass transfer and fluid-fiuid contacting
devices. With the increasing involvement of Mr.
T. W. Chapman more emphasis on electrochemical
applications can be expected.
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Professor Lightfoot was educated at Cornell University,
BchE and PhD. In 1958 he joined the Wisconsin depart-
ment, became active in curriculum revision, and colla-
borated with Bird and Stewart on the text Transport
Phenomena. His major research interests are in mass
transfer and separation processes and in the application
of transport phenomena to environmental and biomedical
problems.

There is no one reference on which this course
is based. However, the text Transport Phenomena
provides a good introduction to much of the ma-
terial covered, and The Molecular Theory of Gases
and Liquids is used very heavily for both the
phenomenological aspects of diffusion and the
prediction of transport properties. It has also
been the custom in recent years to distribute
copies of the lecturer’s notes, and a substantial
portion of these is now available in printed form
as Chapter Two: Estimation of Heat and Mass
Transfer Rates in Volume 4, Lectures in Trans-
port Phenomena of the AIChE continuing educa-
tion series.

SUMMARY OF PRESENT COURSE

I. The Equations of Change and the Transport
Properties

The purpose of this first section of the course
is to lay a sufficiently firm theoretical foundation
for the foreseeable needs of the students. It has
been found desirable to spend six to eight weeks
on these topics, or eighteen to twenty-four 50-
minute class periods, and even then only a partial
coverage can be achieved. In the spring of 1968-69
most of the material on transport properties was
omitted to permit greater coverage of boundary-
layer theory. However, it is felt by the author
that this material should not be slighted.

Our introduction of the conservation equations
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TABLE 1—Topical Outline for Diffusional Operations

I. The Equations of Change and the Transport Prop-
erties
A. Conservation Relations for Multicomponent Systems
1. The equations of continuity and energy
2. The equations of motion
3. The equation of entropy conservation
B. Relations between Fluxes and Driving Forces: The
Transport Properties
1. A thermodynamic basis for the formulation of
rate equations
2. Prediction of transport properties on the basis of
kinetic theory
3. Semi-empirical correlations of the transport
properties
4. Experimental determination of transport proper-
ties
C. The Requirements of a Quantitative Description
1. Review of the equations and boundary conditions
needed to describe mass-transfer systems
2. Dimensional analysis
3. The approximate desecription of multi-component
non-isothermal systems in terms of Dbinary
isothermal solutions
II. Estimation of Heat and Mass-Transfer Rates
in Well-defined Systems
A. Intraphase Transport in Systems of Fixed Geometry
1. The film model: unidirectional transport
2. Convective heat and mass transfer through
laminar boundary layers
a. Forced convection
b. Free convection
3. The effects of operating conditions on intraphase
transfer coefficients
a. Net mass transfer across bounding surfaces
b. Homogeneous chemical reactions
c. End effects
B. Intraphase Transport in Systems with Mobile
Interfaces
1. The boundary-layer equations of energy and con-
tinuity near a deformable surface
2. Description of model systems
3. Effects of operating conditions
C. Interphase Transport
1. Addition of intraphase resistance: the two-resist-
ance theory of Whitman and its limitations
2. Effects of heat and mass transfer on hydro-
dynamic stability: Marangoni effects
III. Approximate Descriptions of Complex Systems
A. Mass Transfer to Rippling Laminar Films
1. The effect of surface mobility on mass-transfer
effectiveness
2. The effects of surface-tension gradients on heat
and mass transfer
B. Mass Transfer across Free Turbulent Surfaces
C. Mass Transfer in Dispersed Systems: Performance
of a Model Liquid Extractor

is a straightforward extension of the treatment
in Chapter 18 of Transport Phenomena and hence
is largely a review. This discussion is short, and
it is a convenient vehicle for reviewing vector-
tensor operations.
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The rate equations require a much more exten-
sive discussion, however, and neither the coverage
nor the approach of Transport Phenomena is con-
sidered adequate for our purposes. We begin with
a careful description of the postulates and predic-
tions of irreversible thermodynamic analyses and
put major emphasis on the mass-transfer aspects.
The most important single result of this discus-
sion is the generalization of the Stefan-Maxwell
equations which for isothermal transport take
the form:
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These equations define* the multicomponent dif-
fusivities. Equation 1 forms a very convenient
and flexible basis for discussion of diffusional
transport in both free solution and mechanically
constrained membranes. It is particularly useful
for systems containing electrolytes.

Discussion of kinetic theory is largely a conden-

sation of the pertinent sections of the Molecular
Theory of Gases and Liquids, and its purpose is
to explain the origins of the low-density gas ex-
pressions summarized in Chapters 1, 8, and 16 of
Transport Phenomena. This is difficult material
to explain in a short time, particularly in the later
highly mathematical stages of the development
of expressions for the transport properties.
We are still looking for easier ways to “tell the
story”. Nevertheless this portion of the course
has proven useful to the students and has stimu-
lated a number to take Professor Curtiss’ course
in transport properties referred to above.

Subsection C is rather heterogeneous and in-
cludes such topics as the specification of boundary
conditions at gas-solid and fluid-fluid interactions,
development of scale-up criteria, and solution of
multicomponent diffusion problems by matrix
techniques. Here too it is important for the lec-
turer to focus attention on carefully selected
areas rather than to attempt encyclopedic cov-
erage.

Voo g = (‘:,'f,‘)

“Here y; is the molar chemlcal potentlal of species j, and
except as noted the nomenclature of this article is that
of the text Transport Phenomena.
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Il. Estimation of Heat and Mass Transfer Rates
in Well Defined Systems

Accurate prediction of heat and mass transfer
rates in applications of practical interest is still a
formidable problem. This is due in part to the
complex geometry and flow conditions encoun-
tered but also to the large number of parameters
affecting system behavior. Fortunately it is often
possible to determine the functional dependence,
and even the magnitude, of heat and mass-trans-
fer coefficients from highly simplified models of
the real system. This section of the course is
devoted to discussion of the most widely useful
physical models.

A. Intraphase Transport in Systems of Fixed
Geometry

We start by discussion of intraphase transport
in systems with fixed boundaries and concentrate
on asymptotic boundary-layer models. In each
case we begin our discussion with a simple proto-
type to illustrate characteristic behavior and then
proceed to generalize our discussion to the degree
possible. After discussion of convective transfer
at zero interfacial velocities we consider the com-
plications introduced by chemical reactions and
high net mass transfer rates.

We first consider film models of heat and mass
transfer and concentrate our attention on tur-
bulent transport in duct flows. In this discussion
we compare available expressions for the turbu-
lent transport properties and show that the best
of these yield simple asymptotic correlations sim-
ilar to the Chilton-Colburn relation for the Rey-
nolds and Schmidt (or Prandtl) number ranges
of most interest. Since adequate empirical corre-
lations already exist for long ducts this discussion
is most useful as a preparation for analysis of
transfer in short ducts and mass transfer accom-
panied by chemical reaction.

We next consider forced-convection transport
through laminar boundary layers and use as our
prototypes penetration into a stagnant liquid and
dissolution of a sparingly soluble duct wall. These
are then generalized using the techniques pio-
neered by Acrivos and Stewart to systems of
arbitrary geometry as suggested in Fig. 1. The
key results of these analyses are:
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Here* hy, h,, h, = scale factors for the locally orthogonal

. co-ordinates of Fig. 1.

v, = the dimensionless shear rate at the system
boundary

u* = dimensionless tangential velocity component at the
interface.

A = Schmidt or Prandtl number.

Equation 2 is essentially that given by Stewart
in his boundary-layer analysis of heat and mass
transfer about three-dimensional solid bodies at
high Se or Pr. Equation 3 is a straightforward
generalization of Acrivos’ development for two-
dimensional and axi-symmetric bodies at very low
Sc or Pr. It is, however, actually most useful for
describing steady transfer about drops and bub-

SEPARATED ZONE

Fig. 1. Heat or mass transfer from a three-dimensional
surface. The asymptotic analysis applies upstream of the
separated and turbulent flow regions.

*Notation given by Lightfoot, op cit.
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bles at very high Schmidt number. It is thus a
special case of the surface-stretch modification of
the penetration model discussed below.

After introduction of these rather general re-
sults the behavior of several real systems is dis-
cussed briefly to demonstrate both their utility
and limitations.

We follow this discussion with introduction to
free-convection transport and the challenging
problems of transfer accompanied by chemical
reaction and high net mass-transfer rates. In
these latter discussions we place particular em-
phasis on the development of geometry-insensi-
tive correlations.

B. Intraphase Transport in Systems with Mobile
Interfaces

This section is devoted largely to extension of
the penetration model to systems with stretching
and shrinking interfaces. We follow here the
approach of Angelo, Lightfoot, and Howard as
refined by Stewart, Angelo, and Lightfoot. In
doing this we make use of a similarity trans-
formation first suggested by Ilkovic in 1934 and
since independently re-introduced many times by
other workers including Acrivos, Lochiel and
Calderbank, and Scriven and Pigford.

We are able to show as a result of our analysis
that the mass-transfer behavior of an extremely
wide variety of fluid-fluid systems is described by
the simple equation
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where Nu is the temporal mean Nusselt number
for a surface element based on its area s, at an
arbitrary reference time, and s(7) is the area as a
function of the dimensionless time t*. The symbol
A is used for Schmidt or Prandtl number. The
term in braces in Eq. 4 is simply the penetration-
theory result for a non-deformable surface ele-
ment, and the correction factor « is just the tem-
poral root-mean-square value of s/s,. Equation 4
is useful for drops and bubbles, rippling films,
laminar jets, and many other important systems.
Some of the most important of these are discussed
in detail.

C. Interphase Transport

This discussion is devoted largely to a critical
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review of the two-film theory of Whitman and
of Marangoni effects.

Surprisingly relatively few vigorous treatments
of interphase transport are available, and it is
still common practice to estimate overall coeffi-
cients by addition of separately calculated intro-
phase resistances. We review the errors inherent
in this approach and show that improper area
averaging of local coefficients can be a particu-
larly important source of error. In this discussion
we follow much of the original treatment of King.

In fluid-fluid contactors variations in inter-
facial tension over the mass-transfer surface can
have profound effects on both the shape of this
surface and the flow conditions near it. These
so-called Marangoni effects were first shown to
be important in separations processes by Sher-
wood and Wei, and the first significant attempt to
describe them quantitatively for process equip-
ment was made by Sternling and Scriven by
means of a linearized stability analysis. We con-
sider in our course two simple analyses of Maran-
goni effects in falling films due to Ludviksson and
Lightfoot and Wang, Ludviksson and Lightfoot.
In addition to their simplicity these examples
offer the advantage of direct application in sim-
ple process equipment. They can thus be used in
our practical examples.

lll. Approximate Descriptions of More Complex
Systems

In this section we consider systems too complex
for detailed rigorous analysis but which can be
usefully analyzed in the light of the preceding
sections. This is felt to be a very important part
of the course since in practice engineers must
usually stick their necks out and deal with a con-
siderable amount of uncertainty. The purpose
here is to show what sorts of approximations and
simplifications are likely to be successful and to
encourage the development of “engineering judge-
ment”.

The specific examples we are presently using
are:

1) Semi-quantitative descriptions of inertial rippling
and Marangoni effects on mass and heat transfer in
laminar falling films. We base these discussions on an-
alyses and measurements performed in our own labora-
tory by Howard, Irani, Ludviksson, Massot, and Wang.

2) Prediction of re-aeration rates of streams using an
extension of the analysis of Fortescue and Pearson.

3) Prediction of the performance of a sieve-tray liquid
extractor from fluid-mechanic measurements, based on
analyses and measurements of Angelo and Howard in
our laboratory.
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We have chosen these for familiarity and because
they are (perhaps fortuitously) successful ex-
amples of the application of fundamentals intro-
duced earlier in the course. We believe that unit
operations should be taught this way when pos-
sible: from personal experience and in the light
of available theory.

Plans for Future Development

It is obvious from this discussion that our
course outline is too long, and each year we must
slight some topics very badly to obtain meaning-
ful coverage of others. We believe we must soon
either expand to a one-year sequence or move
much of Section I to a new course on the estima-
tion of physical properties.

We particularly feel the need of more examples,
both for consolidating the theory presented and
for advertising new fields. We also feel that we
are placing too little emphasis on inventiveness
and ingenuity. This course is therefore far from
satisfactory, even in its philosophy. We hope it
will look very different five years from now.
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book reviews

Kinetics of Chemical Processes
Michel Boudart,
Prentice-Hall (1968), ix+246 pp.

To quote from the jacket of this volume
“. .. Chemical kinetics, once the esoteric domain
of the theorist, has become a vital tool in the
design, operation and control of reactors . . .”.
With the emergence over the past decade of
chemical reaction engineering as an active and
vital area in both teaching and research, the need
for a book such as that Professor Boudart has
provided us with here has become almost painful.
To be sure, chemical engineering kinetics (what-
ever that is) is said to be the topic treated in a
number of available texts. Kinetics, however,
generally seems to bow out of the picture after
quick tours through phenomological rate forms,
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chain reactions and the steadystate approxima-
tion, numerous integrated rate equations and the
inevitable Langmuir-Hinshelwood discussion. One
is left in these texts with a substantial involve-
ment in reactor analysis and design, which is cer-
tainly worthwhile, but kinetics then appear only
as something taken for granted. Those who have
attempted teaching reaction kinetics as distinct
from reactor analysis or reaction engineering,
know that the assembly of material for such a
course at any level other than the trivial is a
tiresome task of searching through a number
(in my own case, six) of texts and monographs
in the chemical and chemical engineering litera-
ture. No longer! In this admirable introductory
text, Professor Boudart has put all the informa-
tion together for us, clearly and concisely, while
still leaving lots of latitude for us all to incorpo-
rate our own variations.

The approach of the book is straightforwardly
put in the Preface: to develop the single chapter
on kinetics in a physical chemistry text into a
whole course, giving the essence of theory and
experiment without indulging in extreme chemi-
cal detail. The contents include introductory ma-
terial on rate functions and reactor types, theory
of chemical kinetics of elementary steps, steady '
state treatments for various systems, chain reac-
tion sequences, the concept of rate determining
steps and stoichiometric numbers, irreducible
(i.e., those arising from the reaction process it-
self) transport effects on kinetics, and correla-
tion methods for both homogeneous and hetero-
geneous reactions. There are a number of points
which demonstrate how well structured and care-
fully writen this text is. For example, transition
state theory is developed via the thermodynamic
formulation, which very clearly distinguishes
between energy and entropy contributions to re-
action rates. The development given for reac-
tions proceeding via elementary steps involving
active centers — chain and catalytic sequences —
provides a useful generalization for a large por-
tion of kinetics, and the chapters on correlations
in homogeneous and heterogeneous reaction Kki-
netics provide a nice amalgam of information
from sources which are diverse and perhaps not
the most familiar. There are quite a number of
problems included, and they are generally excel-
lent. In short, this is a book which every chemi-
cal engineer should have in his library.

John B:Butt - 3
Northwestern University

199



