9]\%%*41&%1’5&1&?@5@&&5}1

BNSBRSS

[ =

TRANSPORT
PHENOMENA

Second Edltlon i

i ik
- A”1Y
: r\_,

£ Z R (R3GEERR)

W.J.Beek K.M.K.Muttzall
J.W.van Heuven

TRANSPORT |
PHENOMENA |

Second Edition

W. J. Beek | K. M. K. Muttzall | J. W. van Heuven

De2zsakha



= SMIG 75 50 1 R % T 3 R Bl

ESEREE
@)

Transport Phenomena

Second Edition

e & I B

F R (ELHBITR

W. J. Beek K. M. K. Muttzall J. W. van Heuven

ﬁ@ct% T 4K KRR



(3R) HEF 0395

BEERME (CIP) HiE

RS B R TL/(E) T (Beek , W. J. ) (E)B IR
(Murtzall, K. M. K.), (£) BH X (Heuven, ].W.V.) F . —FHHK.
—dbE . fE% Tk AL, 2003.6

HBEZ X Transport Phenomena

ISBN 7-5025-3266-8

I. & 0.OK-O%--QF - .2
HE-EX IN.TQo021.3

P ERAERE CIPEEEE (2003) 4 027959 &

W. J. Beek, K. M. K. Muttzall, J. W. van Heuven

Transport Phenomena, 2nd ed.

ISBN . 0-471-99990-3

Copyright © 1975, 1999 by John Wiley & Sons, Inc. All Rights Reserved.

AUTHORIZED REPRINT OF THE EDITION PUBLISHED BY JOHN
WILEY & SONS, INC.. New York, Chichester, Weinheim, Singapore.
Brisbane, Toronto. No part of this book may be reproduced in any form
without the written permission of

@ John Wiley & Sons, Inc.

This reprint is for sale in the People’s Republic of China only and exclude
Hong Kong and Macau SAR.

L3RR FENA R EIES . 01-2002-5695

Transport Phenomena
Second Edition
FRUMER
B (EXEOBD
W, J. Beek K. M. K. Muttzail J. W. van Heuven

HiTHE: Rt Wz

HERF: B4

A% Tk AR At AR 4T

(EETHHXESHFE IS HFHHRE 100029)
RITHEIE: (010) 64982530

http://www. cip. com. ¢n

BERELRETHREH
b 5B I Ak B DR T ER R
ST RNEIT T %IT
T 850 A X168 X 1/16 Ensk 211
20034 6 A% 1M 2003 4 6 AL HUE 1 KELR]
ISBN 7-5025-3266-8/G » 849
E #r: 40.00 ¢

BIRERE FELR
ZHEOART. M. BAE, R THAFER



B

i3

BETEHSEXHARUBREATHONE,. URRBNESSHEEFTHEA L]
AA, BEFHENPR, 2L “BHEE RBMERTE, BBEER "1 it

W& A BAFMEERIE. AYMTINESEFERABHENREHLTE, HFHT
2001 SB[ FRXMFRE 12 ZBR, WRFFRBFETHEMAR, F8, BTN LR
BETENHEFEREATES. XHEE, 8 “FFEamiRi. mnittF,. &
HHSMERT AR L AR E.

HAR” HER, HENEFERAAMBEERLOR, SR BT ECS K4 %K

EXHFEHERT, tEYERSERAAEESERPXNET HAEIHM TR
HEEHHBR. MEVEARSTHE, FRMFS5IE. #HRESIBRRENLEH
EMBERCEEARE ML FEARNLETIEERXELRE R PBEIF RN TR —.
EHEH WIRLUAABRTRERBEENTRRRENP R GLHR” MEHAR “I

HA “2EFMAEFETRSTZLVHEERERS” WHESMEXRFT, M¥TILHE
AEEE S TS EE R EEHBM TR,

TRZWVBIFAAEFREX, HEREF, BEVTERHELEARENRRE LR T H
HIRHHARKRBARSZKERI IR, BdEINIEHRIMESE GO

FERATHEANE, BET - AHERNERRYHAEM EE. BNEKERNE
REBEHERFEART “BNEREAEFFNZRS”, WEIAHENRFEBHEHT
.

BT, MBEMARTREBHATHEFEFN, REREREFS#H. MNNS5ENMFEELH
HAEPLHESY THRER, FMERYTKBARMEXR, UFLEHREEANKEHM LK

PAEAE LT SRR B TR AER, HFT A S ETEY R

B4 3 L H RS

FMAFEIRLSTZ. SRRE5TE. £YEARESIE, #HA¥5THE,. HHTHE
TR, BRLMENEM IR, FEEIENEMUENER, BEHR

SR, M BEERSERH TR, AsKFERTUEMOSIHBERYZF.

BRR, FUREKER, EARBEAR, EHHAMAR, BE¥ERIEE, REORFER,

TR “ESNERRE” RITEH B2 BR, BATA CURSHL % Tolk i Bt
ABEHERMOZ S, BB AL THEER.

FEMAFERE, REKFHE
£ HxE
2002 4 4 R



Preface to the First Edition

Momentum, heat and mass transport phenomena can be found everywhere in
nature. Even early morning activities such as boiling an egg' or making tea
are governed by laws which will be treated here. A solid understanding of the
principles of these transport processes is essential for those who apply this science
in practice, e.g. chemical and process engineers.

The history of teaching transport phenomena went from a practical but less
fundamental approach via a short period of a practical and academic approach, to
the present sophisticated approach. Our experience in education and in industry is
that today’s abstraction does not appeal to all students and engineers, who may
feel themselves easily lost in vast literature and difficult mathematics. Hence,
our objective in writing this book was to digest the enormous amount of new
knowledge and present it in a form useful for those who work as professional
engineers or who study engineering.

The present book incorporates much fundamental knowledge, but we have also
always tried to illustrate the practical application of the theory. On the other hand,
we have included practical information and have not shied away from giving one
or two useful empirical correlations, where theory would have been too difficult.
The book is based on the text for a course in transport phenomena given by W.
J. Beek at Delft University from 1962 to 1968. Parts of the last draft have been
used, together with most problems encountered in three postgraduate courses.

Each chapter ends with a number of problems which form an integral part
of the book. We would like to ask the student to try to solve as many of these
problems as possible — this is the best way to absorb and digest the theory. We
have given the answers to all of the problems so that the reader can check his
results. Where we expected difficulties to arise, we have explained some problems
in greater detail. Furthermore, we have invented ‘John’, our scientific sleuth, and
we hope that the reader likes his way of solving problems. The reason for his
ability to do so is evident: he has read the present book and has worked through
the problems!

" For identical temperature equalization in the egg, the Fourier number must be F 0o=at/d* =
constant, i.e. for all eggs:

-2/3

boiling time x (mass) = constant

is valid. Knowing the optimal boiling time for one species of egg, we can thus predict the boiling
times for other eggs, even ostrich eggs!



Preface to the Second Edition

When the authors initially discussed the idea of a second edition of this book
with the editor, they were reluctant at first to consider the effort that would be
involved in such a project. In most universities, the text Transport Phenomena by
R. B. Bird, W. E. Stewart and E. N. Lightfoot (John Wiley & Sons, 1960), had
become a standard text, and rightly so. This particular book, as well as the present
text, found its roots in the lecture notes of H. Kramers, edited in Delft between
1956 and 1961. However, we have received a number of requests for a new
edition from many teachers all over the world, especially from those motivated
by a vocational curriculum, because they felt that their students, particularly those
not opting for an academic career, needed such a text as a first introduction to
this subject.

Thus resulted this new and updated version which differs from the first edition
in the following aspects:

(a) The introduction of the law of energy conservation for flow systems has been
elaborated upon by linking it with the first law of thermodynamics for closed
systems (Section 1.1);

(b) Sections 1.4 and 1.5, concerning units, dimensions and dimensional analysis,
have both been completely revised in order to bring them into line with
current practice;

(c) Section II.4 on traditional flow meters and Section II.8 on residence time
distribution have both been shortened, but without loosing their essential
features;

(d) Section II1.9, describing heat transfer by radiation, has been revised in an
attempt to better elucidate Poljak’s scheme for the ‘bookkeeping’ of radiation
fluxes;

(e) Chapter IV on mass transport, which originally stressed its analogy with
heat transport, has been significantly expanded with the aim of clarifying the
fundamental differences between the two phenomena;

(f) Section IV.5, concerning mass transfer with chemical reaction, has been
slightly extended by incorporating biochemical reactions which obey
Michaelis—Menten kinatics.

In addition, the text has been improved and a number of errors have been
corrected as a result of the contributions from various users of the Ist Edition,
with special thanks being due here to K. Ch. A. M. Luyben, R. G. J. M. van der
Lans, J. J. M. Potters and W. F. J. M. Engelhard. Finally, some new problem



Preface to the Second Edition

exercises have been added, and a comprehensive list of the symbols used, plus
their appropriate units, has been provided.

Delft, January 1999
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CHAPTER I

Introduction to Physical Transport
Phenomena

During the designing of industrial process plant, both qualitative and quantitative
considerations play an important role.

On the basis of qualitative (sometimes semi-quantitative) considerations, a
preselection of feasible concepts of processes suitable for carrying out the desired
production in an economical way is made. The type of operation, e.g. distilla-
tion against extraction or the choice of a solvent, will also be fixed by this
type of reasoning, in which experience and a sound economic feeling play an
important role.

As soon as one or two rough concepts of a production unit are selected, the
different process steps will be analyzed in more detail. This asks for a quantita-
tive approach with the aid of a mathematical model of the unit operation. The
experience that mass, energy and momentum cannot be lost, provides the three
conservation laws, on which the quantitative analysis of physical and chemical
processes wholly relies and on which the process design of a plant is based. This
kind of design, which aims at fixing the main dimensions of a reactor or an appa-
ratus for the exchange of mass, momentum and energy or heat, is the purpose
of the disciplines known as ‘chemical engineering’ and ‘chemical reaction engi-
neering’. The basic ideas behind these disciplines are found under the headings
‘transport phenomena’ and ‘chemical (reaction) engineering science’, which rely
on deductive science and, hence, have the advantage of analytical thought but
which, because of this, lack the benefit of induction based on experience when
aiming at a synthesis.

Qualitative and quantitative reasoning cannot be separated when setting up a
plant, or to put it in another way:

no apparatus, however good its process design might be, can compete with a
well-designed apparatus of a better conception,

which can be the device for a process designer, or:

no research, however brilliant in conception it might be, can result in a compet-
itive production plant without having a quantitative basis,

which could well be a suitable motto for a research fellow.
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Transport Phenomena

Examples of questions, in which feeling and reasoning have to match well
before science is used to some profit, are to be found in the following areas:
the potential possibilities of raw materials, intermediate and end products, the
choice of materials and especially matenials of construction, the influence of side
reactions on the performance of subsequent process steps and the considerations
on quality and end-use properties of a product. This type of question, although of
importance for the integral approach of a design engineer, will not be dealt with
in this present book, which finds its limitations at this point. This book treats
the practical consequences of the conservation laws for the chemical engineer
in an analytical way, trying not to exaggerate scientific ‘nicety’ where so many
other important questions have to be raised and answered, but by also pretending
that a solid understanding of the heart of the matter at least solves a part of all
questions satisfactorily.

The laws of conservation of mass, energy and momentum are introduced in
Section I.1. They are extended to phenomena on a molecular scale in Sections 1.2
and 1.3. Section 1.4 is concerned with the dimensions of physical quantities,
especially SI units, whereas Section L5 discusses the technique of dimensional
analysis. We will end this chapter (and most paragraphs of the following chapters)
with some proposals for exercising and with comments on the solution of some
of the problems given.

After this, three main chapters follow, each of which concentrates on one of
the conserved physical quantities: hydrodynamics (mainly momentum transfer)
in Chapter II, energy transfer (mainly heat transfer) in Chapter III and mass
transfer in Chapter IV. These chapters elaborate the ideas and concepts which
are the subject of the following introduction.

I.1 Conservation laws

John looked at the still smoking ashes of whar once had
been the glue and gelatine factory. The fire had started with
an explosion in the building where bones were defatted by
extraction with hexane. John remembered that the extraction
building had a volume of 6000 m* and that the temperature
in the building was always 30°C higher than outside. He
knew that per 24 h, 70 ton steam were lost as well as 9 ton
hexane. He made a quick calculation and concluded that the
steady-state hexane vapour concentration in the plant was
well below the explosion limit of 1.2 vol% and that some
accident must have happened which subsequently led to the
explosion.

Physical technology is based on three empirical laws, namely matter, energy and
momentum cannot be lost.

The law of conservation of matter is based, among other things, on the work
of Lavoisier, who proved that during chemical reactions no matter, i.e. no mass
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(mass being the most important property of matter), is lost. The law of conserva-
tion of matter is not always valid: in nuclear technology, matter is transformed
into energy but for chemical or physical technology this exception is of no impor-
tance. It is, of course, possible that matter is transferred from a desired form into
an undesired one (e.g. the degradation of a polymer, which finally leads to only
CO,, H,0, etc.).

The law of conservation of energy is based, among other things, on the work
of Joule, who proved that mechanical energy and heat energy are equivalent. His
work finally led to the first law of thermodynamics, which, when formulated for
a flowing system, is the law of energy conservation that we are looking for. It
is historically remarkable that it took more than two centuries before this law,
formulated initially for a closed system, was translated into a form in which 1t
could be applied to flowing systems.

The law of conservation of momentum was finally formulated in its simplest
form for a solid body by Newton: if the sum of the forces acting on a body
is different from zero, this difference is (in size and direction) equal to the
acceleration of that body. Together with his second law, 1.e. action equals reaction,
this formed the basis for dynamics and hydrodynamics. This time it did not take
much more than one century to transpose the concept, originally formulated for
a rigid body, to the more general case of flow in fluids.

These conservation laws play the same role in daily life as the experience that
a pound cannot be spent twice and that a difference exists between the pound
you owe somebody and the one somebody owes you. The economic rules and
the conservation rules of our study are used in the same manner: balance sheets
are set up which account for inflow and outflow and for the accumulation of the
quantity under consideration.

Let us denote by X a certain amount of money, mass, energy or momentum.
Then the general law of conservation, on which all phenomenological descriptions
of change in the physical world are based, reads as follows:

accumulation of X in system

unit time
flow of X into system flow of X out of system

unit time unit time
production of X in system

(L.1)

unit time

The system may be a country, a concern, a factory, an apparatus, a part of an
apparatus (e.g. a tray), a pipe, or an infinitely small element of volume, etc. This
sounds very general and easy, but daily practice proves that we have to develop
the qualitative judgement for defining the system such that the analysis stays as
easy as possible. To this end, in order to develop a feeling for the qualitative
aspects of analytical science, we have to go through many a quantitative exercise.
Introductions into a discipline, such as this one, may easily confuse the reader if
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these points are not made clear in the beginning: the subject of our study is the
three laws of conservation, which will appear in many forms because we will
study many different systems, and not because the basic rules are many.

If we are only interested in macroscopic properties, such as mean concentration
in the chosen control volume or the rate of change of the mean temperature in this
volume, we can choose a macroscopic control volume, e.g. a complete reactor,
a complete catalyst particle, etc., for setting up a balance of the desired physical
property. If, on the other hand, we are interested in temperature or concentration
distributions, we then have to start by setting up a microbalance, i.e. a balance
over an infinitesimally small volume element, and to integrate the differential
equations obtained over the total (macroscopic) volume. Both balances will be
treated in detail in this and in the following section.

Let us now try to formulate the law of conservation which we have just defined
in words (equation (1.1)) in a more precise way. In order to do this, we need some
symbols:

V for the volume of the system (space volume, number of inhabitants, etc.),
$uin and @, oy for the ingoing and outgoing volumetric flow rates (see
Figure 1.1),

Contro! volume

t i
¢v.in 1 | ¢v,out
—_— V,r —_—
) x X
in | | out
e e _ }

Figure 1.1 Macrobalance

rx the volumetric production of X per unit of time and X for the volumetric
concentration of the physical quantity under study.
The accumulation per units of volume and time can now be denoted by dX/d¢;
hence, the accumulation in the system per unit of time is given by V dX/dr.
A flow at a rate ¢,, containing a volumetric concentration X of the considered
quantity, represents a flow rate ¢,X of this quantity. Hence, our formulation of
the conservation law reads as follows:

dx t
VE[_ = ¢v,inXin - ¢1‘.oulxout + VrX (12)

¥ In order to be completely exact we have to write this equation as:
dx® ! s
VE‘ = ¢1',inXin — GvouXow + Vry

where v indicates a volume average and S a flow average.
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We will now apply this law to the following quantities: money, mass, energy
and momentum.

The money balance

Let us start with the most common daily practice, the conservation law for pocket
money (the pocket being defined as the system, although some operate it very
unsystematically). The number of pence in the system is given by X(V = 1), and
equation (I.2) can be read as follows: the accumulation of pence in my pocket
per week (which may prove to be negative!) equals the difference between the
number of pence I have taken in during this week and the number I have spent
in this time, increased by the number of pence I have produced in the meantime.
The last contribution sounds somewhat cryptic or even illegal, but an honest
production of pence would be to change other coins into pence. Similar laws
can be expressed for the other coins, as well as for the overall contents of the
pocket (moneywise). From all these statements it follows that the sum of all the
production terms r must equal zero (expressed as an intrinsic value and not as
numbers) or, to put it in another way, changing in its own currency never results
in a positive gain. To find out how simple these statements might be, try and
see what happens to your thinking when X no longer stands for money, but for
mass, energy or momentum!'

The mass balance

The mass balance still looks familiar and comes close to the money balance.
Here X = pa, the volumetric concentration of component A in a mixture, with
the units in which p, is measured being kg/m>.

Hence, in a rayon factory, for instance, where NaOH (in the form of viscose)
and HCI (in the form of the spinning bath) are used, the conservation law for
NaOH (A) reads as follows: the accumulation of NaOH on the site in a month
(or any other chosen time unit) is equal to the delivery of NaOH to the factory in
that time, subtracting the amount of NaOH distributed from the site in that unit
of time as NaOH and adding the amount of NaOH produced in the factory during
that time (a production which is negative where NaOH is used as a reactant).

A similar mass balance can be set up for the other reactant, HCI (B), as well
as for the products NaCl (C) and H,O (D). Again, the sum of all individual
production rates must be zero: ra + rg + rc + rp = 0 (Lavoisier). More often
than not, the accountants of a factory are more aware of the implications of the
conservation laws and the dynamic consequences of varying inflows and outflows
of a factory than the engineers in charge of production.

' From the onset, we will accept kg, m, s, °C or K, and mol as the basic units for comparing physical
phenomena (Section 1.4). The symbol ¢ will be used for concentration in (k)mol/m3.



