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OBJECTIVES AND PROCEDURES 

The students in the class have done their 
baccalaureate work in a large number of other 
schools. Therefore a primary consideration of the 
course must be the diversity of their preparation, 
which on each topic ranges from zero through 
superficial acquaintance to real understanding. 
The individual students shift between these posi­
eions as the topics change. Those who are under­
prepared must be given sufficient encouragement 
and guidance and time for remedial self-study. 
Those who are over-prepared must at the same 
time be kept challenged. Ideally each lecture 
begins from a position of security for the least­
prepared and ends at a level which temporarily 
distresses even the best-prepared. Problems with 
progressively more difficult parts are assigned. 
Special readings and problems are suggested for 
those "who have the time and inclination." The 
class is at first surprised that these optional prob­
lems are discussed as well as the assigned ones, 
but soon gets the intended message. 

Students appear to learn most readily by first 
examining very simple phenomena and models 
apd then considering the effect of added com­
plexities. Hence the equations, algebraic or differ­
ential, for one-dimensional, limiting cases are first 
derived. Then terms and dimensions are gradually 
added. Reduction of unsteady state, three-dimen­
sional partial differential equations to simple cases 
does not appear to achieve the same rapidity or 
degree of understanding. 
. I consider it an obligation to demonstrate a 
convincing and significant application for every 
model, theory or solution which is presented and 
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to point out the deficiencies and limitations of 
each model and the uncertainties in the support­
ing data. 

Home problems are assigned corresponding to 
each class meeting. In addition the students are 
frequently asked to complete or extend the deriva­
tions presented in the lectures. Several longer and 
optional problems, e.g., to be done on the com­
puter or to be considered as part of the final 
_examination, are assigned during the semester. 
The students are sometimes asked to prepare an 
_examination question and solution. The problems 
are · a major ingredient of the course and may 
illuminate a matter barely mentioned in the lec­
tures. The aim is therefore for completion and 
good comprehension by all students. Teamwork is 
encquraged with the admonition that anyone who 
fails to participate as a full partner will ultimately 
injure only himself. 

Incredibly, a few graduate students still arrive 
without digital computing experience. Hence it 
is difficult to make full use of the computer in this 
first course. Optional and group ,problems are 
assigned and di.scussed in terms of cotnpu_tational 
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... a textbook ... is probably not desirable 
in any graduate course . . . 

methods when appropriate. The students are en­
couraged to elect hard-core courses in numerical 
methods as well as to develop the capability to use 
the University's computing systems. 

The entire semester could easily be spent on 
any one of the general subjects indicated by the 
headings below. Some departments of • chemical 
and mechanical engineering do indeed offer ~p to 
eight courses on this subject matter-resulting 
in more complete but not necessarily deeper cover­
age. However my general objective is neither to 
describe the art and equipment nor to cover the 
literature of heat transfer and fluid mechanics, 
but rather to present a methodology for inter­
preting and using data and concepts for the an­
alysis and prediction of chemical and physical 
processes. The technology of momentum and heat 
transfer provides convenient and stimulating ex­
amples. If a scientific and operational point-of­
view is the objective, specific subject matter is of 
secondary importance and can be chosen primarily 
for illustrative and motivational purposes. It is 
amazing how much material becomes redundant 
when the emphasis is shifted to methods of an-
alysis and solution. · 

My specific objectives are ( 1) to give an idea 
of the character and current state of knowledge 
in fluid mechanics and heat transfer, (2) to show 
how to construct and test first-order and better 
models and (3) to develop capability, motivation 
and confidence for future self-study. 

A textbook is not used in the course. Indeed a 
textbook in the classical sense is probably undesir­
able in any graduate course in engineering. It 
gives the false impression that the subject is 
well-known and completely covered. Books at this 
level, with the exception· of a few monograms, 
invariably purport to cover a wider range of 
material than the authors have mastered. The 
students arrive with the false notion that the 
equations, data and statements in the standard 
textbooks are almost sacred. Sometimes I use 
these familiar books as a foil, pointing out errors, 
inconsistencies and misinterpretations to encour­
age them to read critically and skeptically. 

Readings are assigned in a variety of books and 
journals. Reference lists are distrib~ted on each 
topic for optional and future reading to make the 
students feel that they are scholars rather than 
mere receptors. I accept and try to implement 
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John W. Gardner's precept that "the ultimate 
goal of the educational system is to shift to the 
individual the burden of pursuing his own educa­
tion." A significant fraction of the lecture mate­
rial and problems is taken from the very current 
literature. Notes are distributed in advance for 
much of the lecture material in• order to discour­
age the frantic transcription of everything·written 
on the blackboard. 

A course should evolve from semester to s.emes­
ter in reflection of new developments and concepts 
in science, engineering and computation and also 
in response to the changing attitudes and inter­
ests of the students. Currently they are concerned 
about the relevance of their studies. Insofar as 
possible a response is provided to this demand in 
the choice of topics and home problems and also 
by the allocation of some time to the discussion 
of professional matters. My absences are gener­
ally used for quizzes. On returning I usually ex­
plain why I was away. This often provokes a 

· discussion of extra-curricular topics. 
Tom Baron says a lecture should, like a bull­

fight, combine grace and excitement. An attempt 
is made to keep the lectures lively, even at the 
expense of organization. The students are encour­
aged to flag me down if they are lost and to chal­
lenge me if they are disbelieving. 

COURSE TOPICS COVERED 

Inertial (Non-Viscous) Flows 

Inertial flow is chosen as . a first topic because 
of simplicity (one-dimensional, algebraic equa­
tions are adequate for a first approximation) and 
because much of the subject is . riew to most of 
the students. 

Adiabatic and isothermal, reversible expansions 
and their application to orifices, venturi meters 
and nozzles are reviewed .rapidly. · The · equations 
for weak pressure waves "(acoustic waves-) are de­
rived and applied to the problem o{ ~aximum 
flow through nozzles, including over-expansion 
and under-expansion, then to the behavior of 
rocket motors and finally to choked flow in pipes 
(here including viscous losses). 

The equations for gravity, shock and detona­
tion waves, each with reflection, are next devel­
oped and applied to open-channel flow, chemical 
shock tubes and the failure of process equipment, 
respectively. 

Viscous Flows 

The models and data for the viscosity of gases 
(including kinetic theory) and of liquids (includ-
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. . . a lecture should, like a bull 
fight, combine grace and 
excitement ... (Tom Baron) 

ing non-Newtonian behavior) are examined. One­
dimensional material and momentum balances are 
first derived for laminar flow down inclined 
planes, inside tubes, etc., then the integral equa­
tions for the boundary layer, emphasizing the 
fortunate insensitivity of the drag to the pos­
tulated velocity distribution. 

The three-dimensional, unsteady state, partial 
differential equations for the conservation of mass 
and momentum are next derived with emphasis 
on the physical significance of the various terms. 
Although most students have previously been ex­
posed to this material, they readily admit that 
they attained no real understanding as under­
graduates. 

These equations are simplified to some of the 
cases of laminar flow previously derived in one 
dimension, and are simplified and solved for a 
few more complex problems. The Blasius problem 
is used to introduce the Hellums-Churchill tech­
nique for the reduction of partial differential 
equations. This technique is also used to demon­
strate that the equations do indeed describe tur­
bulent flow and that some information on tur­
bulent flows can be obtained by dimensional an­
alysis alone. 

Some of the empirical models for the · time­
averaged turbulent shear stress are examined in 
a historical framework with emphasis on their 
success in generalizing the data for the velocity 
distribution and drag. The various ways of plot­
ting the data for drag in pipes are examined as 
an illustration of correlation. 

Other topics in momentum transfer are con­
sidered depending on the available time. (The 
schedule and hence some of these extra topics 
are frequently sacrificed for comprehension or 
for professional diversions which interest the 
class). Usually flow through porous media and 
the drag of particles are retained with applica­
tions to fluidization, filtration, etc. 

Conduction 

Models and data for thermal conduction and 
thermal diffusivity are first examined, including 
kinetic theory, heterogeneity and mean-free-path 
effects. The usefulness of the Van Dusen trans­
formation for variable conductivity is noted. 

Conduction between plates, concentric cylinders 

FALL 1969 

and concentric spheres, and outside spheres and 
cylinders is reviewed. The equations for three­
dimensional, unsteady state conduction are de­
rived. The comparative usefulness of various 
exact methods such as confor¢al mapping, the 
Laplace transform and separation of variables, 
and approximate methods, such as mapping, 
bounding and patching, are discussed. The use of 
Duhamel's formula both analytically and numeri­
cally is described. 

Numerical methods for both steady and un­
steady state problems are developed in limited 
depth primarily in the hope of whetting the appe­
tite for a complete course in numerical analysis. 

Laminar Convection 

The integral equations and solutions for the 
laminar boundary layer and the Graetz solution 
for fully developed laminar flow in a pipe are 
examined. (The detailed evaluation of the co­
efficients and the eigenwerte are deferred to the 
algebraically eager student as an extra-curricular 
exercise). The analog of the Graetz solution for 
a power-law fluid is an example of an extension 
of a derivation which is assigned as a home prob­
lem. Other solutions for laminar flow in a channel 
under different conditions are examined and com­
pared. 

The equations for laminar, free convection are 
used as an illustration of the power of generalized 
dimensional analysis to produce the correct form 
of the solutions and empirical correlations for 
large Pr, small Pr, uniform heat flux and even 
fully developed turbulent motion. The success of 
asymptotic methods in producing first-order solu­
tions of great generality is noted. 

The Nusselt equation for condensation is de­
rived and the effects of finite heat capacity, 
curvature and non-Newtonian behavior are con­
sidered in home problems. 

Emmon's generalization for condensation, film 
boiling, free convection and melting is presented 
as an illustration of the analogous nature of these 
four gravitational processes and of the great 
power of first-order analysis. 

Turbulent Convection 

The one-dimensional empirical models and 
analogies for turbulent forced convection are 
compared with each other, with the two-dimen­
sional solutions and with the data. Again, the 
insensitivity of the solutions to the several pos-
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tulates is emphasized as the reason for the sur­
prising success of all of the models. 

Radiation 

The models and data for emission, absorption, 
transmission and scattering by solids and fluids 
are first examined. The integral and differential 
properties are contrasted. 

Interchange between black, gray, adiabatic and 
specular surfaces is considered. Analytical 
methods and results (including differential ex­
tensions), numerical methods and results, the 
electric circuit analog and the radiosity formu­
lation are included. 

REPRESENTATIVE PROBLEMS 

_The character and scope of a course are per­
haps most evident from the problems which are 
assigned. Hence, a few representative problems 
are given below. Because of space limitations 
'these problems are, somewhat atypical in that 
they are restricted to those with very short state­
ments and hence are simpler, involve less input 
data ·and are less applied than most of those 
_assigned in the course. 

1. A shock wave is generated in a tube containing air 
at an initial pressure of 0.10 atmosphere and 60° F. 
The measured velocity of the wave is 7200 ft/sec. If the 
.wave reflects off the closed end of the tube to what pres­
sure and temperature will the wall be subjected? Note all 
assumptions. 

2. Will adding to the length of the diverging section of 
·.a ·rocket nozzle increase the thrust? Explain. 

3. A planar shock wave propagates indefinitely, pro­
ducing an increase in temperature, pressure and density. 
What is the source of energy for this compression and 
heating? 

4. Water and n-pentane are pumped at equal volumetric 
rates between two horizontal parallel plates. Determine the 
location of the interface for fully developed laminar flow. 

5. In cylindrical coordinates the Coriolis force is 
pu u / r and the centrifugal force is pu2 /r. Show 

r e e 
whether or not eac}:i of those terms has a zero or finite, 
time-averaged value for fully developed turbulent flow 
in a straight pipe. Do these terms affect the pressure 
gradients? Explain. 

6. On a dry, 70° F day with a barometric pressure of 
740 mm. Hg, a pitcher is able to throw a baseball with 
sufficient force so that it arrives at the plate 60 feet away 
with a velocity of 90 miles per hour. Assuming that he 
throws with the same force, what would be the maximum 
and minimum velocities at the plate if all combinations 
of weather from 40° F to 100° F, zero to saturated hu­
midity and 730 to 760 mm Hg were encountered during 
the season? Neglect the effect of ambient conditions on 
the ball itself. 

7. A large block of copper at 100° F is brought in 
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contact with a large block of steel at 200° F along two 
plane faces of the blocks. Calculate the temperature of 
the interface as a function of time. 

8. The mean monthly air temperature at Detroit 
varies as follows in °F: J, 29; F, 28; M, 37; A, 48; 
M, 57; J, 63; J, 65; A, 65; S, 62; 0, 54; N, 43; and D, 32. 
Assuming that the surface temperature equals the air tem­
perature and that moisture, curvature and geological ef­
fects may be neglected, calculate the temperature at a 
depth of 10 feet as a function of time. The soil may be as­
sumed to have a specific gravity of 1.75, a thermal conduc­
tivity of 1.4 x 10- 3 cal/cm-sec-° C and a specific heat of 
0.25. 

9. Starting with the general integral formulation, de­
rive a numerical value for the asymptotic Nusselt num­
ber for fully developed laminar flow and a fully developed 
temperature field in a circular tube with a uniform heat 
flux density at the wall. 

10. Determine by dimensional analysis alone the mini­
mum functional relationship between the local heat trans­
fer coefficient and the other variables for laminar, steady, 
free convection of a power-law fluid to a vertical plate 
at uniform temperature. The usual assumptions of boun­
dary layer theory may be employed and the inertial terms 
may be neglected. 

11. Experimental data are to be obtained for con­
vective heat transfer and pressure drop in smooth pipes. 
Experience suggests that for the chosen conditions, 
(hD/ k) / (Cpµ / k)l/ 3 and (-dP/ dL) (Dp/ G2 ) can be ex­
pected to be different functions of DG/ µ only. Suggest 
dimensionless coordinates for a graphical correlation of 
the measured heat transfer coefficient as a function of 
the measured pressure gradient such that neither coordi­
nate contains the velocity. 

12. A reaction in a very viscous material is to be 
carried out in a scraped-surface heat exchanger. The heat 
of reaction and heat of viscous dissipation may be 
neglected. It is proposed to double both the length of the 
exchanger and the flow rate. Will be conversion be 
greater, equal or less? Why? Will the outlet temperature 
be greater, equal or less? Why? 

13. Calculate the error resulting from the following 
approximation for the interchange factor between a 
square surface and a parallel differential surface at a 
normal distance equal to the side of the square. Subdivide 
the square into four square elements and sum the inter­
change factors for these elements using the center points 
only. 

14. A cloud reduces the radiant flux from the sun by 
40 % . Estimate the reduction to be obtained if the thick­
ness of the cloud were tripled (a) assuming absorption 
and negligible scattering (b) assuming scattering and 
negligible absorption. 
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