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Engineering as a profession was first 
identified with weaponry and military 
works. The demand by the civilian populace 
for structures primarily designed for com­
merce and trade led only in the last 250 
years to "civil" engineering and the civil 
engineer, whose job was defined in 1828 in 
the charter of the Institute of Civil Engi­
neers. Civil engineering was "the art of 
directing the great sources of power in 
nature for the use and convenience of man, 
as the means of production and of traffic in 
states, both for external and internal trade, 
as applied in the construction of roads, 
bridges, aqueducts, canals, river navigation 
and docks for internal intercourse and ex­
change, and in the construction of ports, 
harmors, moles, breakwaters and light­
houses, and in the art of navigation by 
artificial power for the purposes of com­
merce, and the construction and adaptation 
of machinery, and in the drainage of cities 
and towns " (2). This early definition of 
engineering is primarily concerned with 
construction not design, and with art rather 
than science. It is because of this latter 
point, in addition to the very ambitious 
nature of the defininition, that it became 
necessary to divide the field of engineering. 
The mechanical engineer came to be identi­
fied with "the construction and adaptation 
of machinery," the naval engineer with the 
"art of navigation by artificial power," and 
the sanitary engineer with "the drainage 
of cities and towns." Once under way, the 
subdivision of engineering increased as the 
demands of industry became more spe­
cialized. 

The chemical engineer did not appear 
until about 70 years ago. The construction 
and selection of equipment for chemical 
plants was once largely in the hands of 
mechanical engineers who knew some chem­
istry or chemists who knew some mechani­
cal engineering. As the process industry 
grew, the problems became more complex 
and peculiar, until it finally appeared that 
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there was a need for a distinct branch of 
engineering to which such problems might 
be assigned. "In response ... we have the 
development of chemical engineering, not 
as a composite of chemistry and mechanical 
or civil engineering, but as a separate 
branch of engineering, the basis of which 
is those unit operations ... which, in their 
proper sequence and coordination, consti­
tute a chemical process as conducted on the 
industrial scale" (2). The unit operations 
really became the defining concept for 
chemical engineering and allowed the chem­
ical engineer to use a systematic approach 
to the solution of complex industrial prob­
lems. The distinction between industrial 
chemistry and chemical engineering, in fact, 
is that the former is concerned with indi­
vidual processes as entities in themselves, 
whereas the latter focuses attention on the 
unit operations common to many processes 
and on the proper grouping of these unit 
operations to produce a desired product. 

In 1915 Arthur D. Little formally defined 
the unit operations of chemical engineering, 
and in 1923 the text by Walker, Lewis and 
McAdams entitled "Principles of Chemical 
Engineering" appeared. During the period 
from 1923 until 1960, this work and its two 
revisions served as models for subsequent 
chemical engineering text books ( 1-6) . 

In the mid 1950's, it became apparent to 
some chemical engineers that, because of 
the economic demands, there had to be a 
departure form the traditional approach of 
multiple scale-up in the design of chemical 
plants. Some chemical engineering teachers 
were finding that "too often the fundamen­
tal concepts and laws have been slighted 
in the haste to teach application. The result 
has frequently been that a practicing engi­
neer or graduate student, faced with prob­
lems for which his empirical training has 
not prepared him, has first had to learn the 
fundamental principles of the transport 
processes before he could proceed" ( 3). The 
transport porcesses underlie the unit oper­
ations of chemical engineering, for "the unit 
operations themselves, although carried out 
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in a wide variety of equipment types that 
apparently have nothing in common are, 
from the point of view of the theory in­
volved, applications of a very few funda­
mental laws. In fact, these laws are the 
fundamental laws of physical sciences that 
underlie practically all technology . . . 
[They] are: first, the conservation of mat­
ter and energy; second, the relations per­
taining to the equilibria of physical and 
chemical processes; and third, the laws 
governing the rate of change in systems not 
in equilibrium" (2). The recent innovation, 
then, is not in recognizing that the unit 
operations are based on a few fundamental 
laws but in teaching these laws (particu­
larly those that describe process rates) in 
a separate course which "should rank along 
with thermodynamics, mechanics, and elec­
tromagnetism as one of the key engineering 
sciences" ( 4) . 

What Is Meant by Transport Phenomena? 

Courses in transport phenomena consist 
of the study of the transfer of momentum, 
energy, and mass. In order to trans£ er any 
of these quantities, a non-equibibrium situ­
ation must exist. For example, if internal 
energy is to be transferred, there must be 
a temperature difference. The temperature 
difference is the driving force and the 
quantity which is moved by this tempera­
ture difference is called the heat flux. From 
the observational point of view, a linear 
relation is postulated between the flux and 
the driving force in which the coefficient of 
proportionality is a property of the sub­
stance in which the energy transfer is 
occuring. In the case of heat transfer, the 
coefficient of proportionality is the thermal 
conductivity, k. 

The observational or phenomenological 
approach is not concerned with the mechan­
ism for the transfer of this energy. For the 
mechanism, the kinetic theory of molecular 
motion must be considered. From the sim­
plified theory, the kinetic energy of a 
spherical molecule is directly related to the 
temperature 

1 3 
-mu2= -KT 
2 2 

(1) 

The tendency toward equilibrium of tem­
perature then is a result of the transport 
of molecules with high kinetic energy to 
regions where the molecules have low kin-
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etic energies and vice-versa. But while a 
molecule, by its change of location, is trans­
ferring kinetic energy, it must at the same 
time transfer mass, m, and moment1,1m, mu. 
On a microscopic level, the mechanism for 
the transport of mass, momentum, and 
energy is fundamentally molecular diffu­
sion. 

From the observational point of view, 
the following laws for the transfer of mo­
mentum, energy, and mass under the condi­
tion of constant density and heat capacity 
define the transport properties of viscosity, 
µ, thermal conductivity, k, and mass diffu­
sivity, DAB. 

T =- (µ)d(Pvx) (2) 
.v x p dy 

Newton's Law of Viscosity 

= -(_}!_1 d(PCp T) qy 
PCp dy 

Fourier's Law of Heat Conduction 

· dPA 
~ = - DAB -

.v dy 

Fick's First Law of Diffusion 

(3) 

(4) 

From the simplified kinetic theory, the ex­
pressions for transport properties are: 

= _2_ (n1KT) 112 

µ. 3 7!" 3/2 d 2 

k = ,2_/.KlT)l/2 
d2 \7l"3m 

_ 2 ( Kl )1/2 T3/2 
DAB-- -

3 71"]":4 pdA i 

(5) 

(6) 

(7) 

where d is the molecular diameter. Experi­
ment agrees with the temperature and pres­
sure dependence of the transport properties 
as shown in Equations 5-7 and therefore 
verifies the molecular transport mechanism. 
This is of engineering value in that for 
moderate ranges, the temperature and pres­
sure dependence of the transport properties 
can be predicted. 

What other information of engineering 
value can be obtained from these rate 
equations? The dimensions of µ/o:= v, DAB• 
and k/PCp= o: are (length) 2/ time. 

( continued on page 4 9) 
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( continued from page 4 7) 

By analogy with the mass diffusivity, 
DAB, 11 is called the momentum diffusivity 
and a is called the thermal diffusivity. 
Since these three quantities have the same 
units, dimensionless numbers can be formed 
from the ratio of any two of them. For 
example, the Prandtl number is given as 

µC P v momentum diffusivity 
Prandtl number = -=-=-------­

k a thermal diffusivity 

and can be interpreted as a measure of 
the capacity of a fluid to diffuse momentum 
as compared with its capacity to diffuse 
heat. The Prandtl numbers for air, water 
and mercury are approximately 1.0, 5.0 and 
0.01, respectively. 

The next question is how do the trans­
port properties fit into the conservation 
statements for mass, momentum, and en­
ergy? The conservation statements must be 
applicable to all substances and, further­
more, they must be independent of any 
reference frame. The transport properties 
serve as parameters in the conservation 
statements and permit a distinction to be 
made when the same conservation state­
ment is applied to two different substances. 
For the latter requirement the conservation 
statements must be expressed by a mathe­
matics which is also independent of coor­
dinate system, The calculus of vectors and 
tensors transforms the basic laws from re­
ference frame to reference frame with no 
change in the fundamental law. 

Consider now the application of the three 
conservation statements to a single one­
dimensional, time-dependent system: 

a l aT) aT (S) 
s;-\Q'"a; = at 

Conservation of Energy 
I 

These equations are all of the same form. 
Consequently, under certain conditions, 
there is an analogy among the conservation 
statements as well as an analogy among 
the mechanisms for transfer. This analogy 
can be very useful in the solution of cer­
tain engineering problems. For example, the 
transfer of momentum in a wire-coating 
operation where the coating is applied by 
pulling the wire through a die is exactly 
analogous to the flux of heat in the insula­
tion on a steam pipe. Information about 
the first system can be inferred by a study 
of the second, since the systems are analo­
gous. 

Methodology of Transport Phenomena 

In order to justify the statement made 
earlier that a course in the transport pro­
cess should be ranked along with thermo­
dynamics, let us compare the derivations of 
the Bernoulli equation. 

In most unit operations texts, the deriva­
tion is limited to a steady flow system 
consisting of a pump which takes an in­
compressible liquid at one elevation and 
raises it to a second elevation at mass flow 
rate w. A pound of liquid at the entrance 
has a potential energy gh,, a kinetic 
energy < u, >2 

/ (3, where (3 = 1 for lam­
inar flow and (3 = 2 for turbulent flow, 
and a pressure volume work, P, / p, which 
the fluid needs to enter the system. The 
pump must raise the liquid and adds work 
W / w to the liquid. At the exit, the fluid has 
a potential energy ghz , a kinetic energy 
< u 2> 2 / (3 and has a pressure volume work 
of P•2IP . The Bernoulli equation is simply 
written then as 

P, W 

(3 
+-+--E 

p w u 
(11) 

=ghz+ --- + 
/3 

~ (
11

8(Pux)) = B(Pvx) 

'f>y BY Bt 
(9) where E u is a correction factor necessary 

for the equality. 

Conservation of Momentum 

(10) 

Conservation of Chemical Species 
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In the ~tudy of transport phenomena, the 
starting point in the derivation is the local 
conservation statement for momentum or 
Newton's second law of motion for a fluid. 

PD!!. = L .E; 
Dt 

- 'v· !_ ·- 'iJ p +pg (12) 
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This statement says that on a unit volume 
basis, the mass times acceleration of a fluid 
particle is equal to the sum of the viscous 
forces, the pressure forces and the gravita­
tional forces. Since mechanical energy is the 
product of a force and a displacement, this 
equation can be multiplied by the fluid 
velocity to obtain the local time rate of 
change of mechanical energy. 

(13) 

The left hand term represents the accumu­
lation of kinetic energy and the term in 
brackets on the right side represents pro­
ducts of forces and velocities and hence the 
rate of mechanical work done by pressure, 
viscous and gravity forces. In order to 
explain the last two terms, the equation of 
thermal energy must be examined_ 

DU 
p- = - 'v• q- (p V, £. + ...!. :V..£) (14) 

Dt -

The term of the left represents the accu­
mulation of internal energy and the first 
term on the right represents heat conduc­
tion. The last two terms in the internal 
energy equation also appear in the mechan­
ical energy equation but with opposite 
signs. The term p V . .Q represents compres­
sibility effects and may be either positive 
or negative. The term ( -J;.: V JZ.), for New­
tonian fluids, is always positive which 
means that this term always causes a de­
crease in meGhanical energy and an increase 
in thermal energy. This term then repre­
sents the irreversible degradation of me­
chanical energy into thermal energy. 

In order to obtain the Bernoulli equation, 
the mechanical energy equation is inte­
grated over an arbitrary volume consisting 
of three types of surfaces: inlet and exit 
surfaces, fixed surfaces and moving sur­
faces. The moving surfaces provide a means 
of adding or removing work from• the sys­
tem, the fixed surfaces represent the con­
fines of the system and the inlet and exit 
surfaces allow mass to enter and leave the 
system. After integration, the result is de­
pendent only upon the inlet and outlet con-
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ditions and for an unsteady state system is 

d 
- (K tot + <I> tot +A tot) = 
dt 

<u3> 
V 

+ ~ +a)w]+w-E, 
(15) 

where Ktot, cf> tot and A tot , are respec­
tively, the tota1 kinetic energy, potential 
energy and thermodynamic work content; 
W is the rate at which the surroundings 
perform mechanical work on the system; 
and E v is the "friction loss." This term is 
given by 

Eu = -Iv (J; : VJL) dV (16) 

and represents the irreversible conversion of 
mechanical energy to thermal energy. 

For a steady-state liquid system, Equa­
tion 15 becomes 

1 <v13> W E u 
+ +---p w w 

(17) 
1 <v/> Pz 

=ghz + - -- + -
2 <Vz> p 

A comparison of this equation with Equa­
tion 11 indicates that 

/3 (18) 

This derivation proceeds from a funda­
mental law to a general equation of engi­
neering utility by logical and reasonable 
steps. The scope of the equation, its rela­
tion to fundamentals, and the lack of 
balancing "fudge factors" illustrates to the 
student the scientific basis of engineering 
and gives him confidence in the application 
of this equation and others of similar origin. 
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NOMENCLATURE 
Dimensions are given in terms of mass (M), 
length (L), time t, and temperature (T.) Vec­
tors have a single underline and tensors have a 
double underline. Force is not considered a funda­
mental dimension, but is assigned instead the 
dimensions of mass-acceleration instead the 
dimensions of mass-acceleration product (ML/t2). 
This "absolute" system of dimensions is com­
monly used by physicists, much less commonly 
by engineers. 

A = thermodynamic work function, ML2/ t2• 

C p = heat capacity at constant pressure per 

G 

K 
K 
k 
m 

p 

qy 

T 
t 
u 
[I 

<.!!.> 
w 
w 

a 

/3 

µ. 

II 

p 
~ 

unit mass, L2/ t2T. 
= binary diffusivity for system of species 

A-B, Vt. 
= molecular diameter, L. 
= total rate of viscous dissipation of me­

chanical energy, MV/t3• 

= Gibbs free-energy per unit mass, 
MV/tz. 

= gravitational acceleration, L/ t2. 

= elevation, L. 
= mass flux of species A in the y-direc-

tion, M / tV. 
= kinetic energy, ML2/ t2. 
= Boltzmann constant, MV/t2T. 
= thermal conductivity, ML/ t3T. 
= mass of molecule, M . 
= fluid pressure, M/ Lt2• 

= y-component of the heat flux vector, 
M/ tl. 

= absolute temperature, T. 
= time, t. 
= mean molecular speed, L/ t. 
= mass average velocity, L/ t. 
= space average value of velocity, L/ t. 
= rate of doing work on system, ML2/ t3• 

= mass flow rate, M/ t. 
= thermal diffusivity, V / t. 
=velocity function (defined in Equation 

18), dimensionless. 

= viscosity, M / Lt. 
= kinematic viscosity, V / t. 
= density, M / V. 
= shear stress tensor, M/t2L. 
= potential energy, MV/ t2 . 
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averted the following spring_ Jay's parents insisted 
that he bring his son home for a family inspec­
tion. Jay and Jayshee realized that a six-month 
old child from antiseptic America would have an 
extremely difficult time in India, possibly even 
dying of dysentery. They finally persuaded Jay's 
family to come to Wyoming instead. 

Jay has moved steadily ahead with Sinclair. 
Shortly after his son was born, they asked him to 
move out to the company town of Sinclair so that 
he would be more readily available whenever 
technical diffi<:ulties arose. For $50 per month, he 
rents a two-bedroom, one-floor company-owned 
house. At his present salary rate of $700 per 
month, he has been able to live well and still help 
his family. Until his brother completed college 
last summer, he contributed $100 per month 
towards his expenses. Financial help to his family 
in India has been accomplished with the aid of a 
favorable exchange rate which converts one dollar 
into four rupees. 

This true story points to one way that the 
continued shortage of U.S. chemical engineers is 
being met. Not an isolated example by any means, 
Jay Saraiya is only one of sixteen non-citizen 
chemical engineers graduated and placed in per­
manent positions in the U.S. by one educational 
institution, Montana State University, in the past 
six years. The employers of these men include 
some of the U.S.'s leading companies at some of 
their most attractive locations. Just as nature 
abhors a vacuum, so good jobs are going to be 
filled whether or not American boys want them. 

(IJ 'II 
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