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PREFACE

This book presents a new concept of heat transfer--a new
way to think about heat transfer, a new way to correlate
heat transfer experimental results, a new way to design
heat transfer equipment, a new way to analyze heat transfer
equipment, a new way to understand the behavior of heat
transfer equipment. This new way will replace Fourier's
way because the new way is simpler, more logical, and much
more powerful. Any problem which can be solved with
Fourier's concept of heat transfer can be solved more
simply, more reliably, and more accurately with the new
concept. And problems which have defied solution with
Fourier's heat transfer are solved with dispatch using

the new heat transfer.

I have written this book for engineers and educators--

and anyone interested in science. It is neither a textbook
nor a handbook. It is not intended to impress the reader
with my erudition or to dumbfound him with mathematics.

It is an attempt to describe the new heat transfer and its
application to engineers and educators who are familiar
with the o0ld heat transfer. And I have tried to present
the new heat transfer in such a way that educators could
teach it and engineers could apply it at the same time

the leaders of the scientific community are debating its
pros and cons.

I well recognize (and have frequently been told) that my
writing style little resembles twentieth century scientific
prose. It is the style I prefer--and the style which to

me seems best suited to my goal. I wish to be understood--
and. a clear understanding demands clear, straightforward
language.

I know that many will imagine themselves offended by my
critical examination of theories and concepts of long
standing--particularly when this examination demonstrates
that the o0ld ways are no longer useful and must be
abandoned. I regret the offense--it is no part of my
purpose.

Many times in this book, I have had to choose between
possible offense on the one hand and science on the
other. Each time, I have chosen science. Any error in
this book is an honest error--I have not propagated a
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single myth, correlation, concept, or conclusion for

expediency. There is nothing in this book which I do

not firmly believe--nor have I expressed an opinion in . CONTENTS
any area where I do not feel well gqualified to do so.

Much of this book is at odds with what has been considered

accomplished scientific fact for many decades. I do not

pass over the differences lightly--each time, I attempt

to show how and why the new way is better than the old

way. Sometimes it may seem I am mocking the old ways.

I am not. My purpose is to dispel the old ways at the

same time I present the new ways. In science, there has

always been room for only one way--the best way at the

time. CHAPTER 1 A PREVIEW OF THE NEW HEAT TRANSFER

AND A REVIEW OF THE OLD

In short, this is a book about a new and simple science
which will replace an old and frightfully complex art-- y)
and I have written it for engineers and educators that L

they may independently decide between Fourier's way and

my way. 3
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FREEDOM

To resist the new heat transfer is to
defend the proposition that confounded
variables are preferable to separated

variables.

INTRODUCTION TO THE NEW HEAT TRANSFER

This book presents a new concept of heat transfer and
bridges the gap between the "new" heat transfer and the "old"
or present day heat transfer. The principal difference
between the new and the o0ld is that the new heat transfer 1is
formulated without heat transfer coefficients, resulting in
a considerable simplification of virtually all problems in
heat transfer design and analysis.

The o0ld heat transfer is primarily concerned with the
ratio of heat flow (q) to temperature difference (AT). This ratio
is called the heat transfer coefficient "h" or "U". I
emphasize the word ratio because, when one becomes consciously
aware that h is not fundamental but is simply a ratio of two
quantities, it should become obvious that the heat transfer
coefficient is an unnecessary invention. The heat transfer
coefficient is in fact nothing more than a shorthand way of
writing "the ratio of heat flow to temperature difference"
(just as "Hertz" is nothing more than a shorthand way of
writing "cycles per second").

The new heat transfer is not at all concerned with
the ratio of heat flow to temperature difference. On the
contrary, the new heat transfer insists on keeping the heat

flow and the temperature difference separate, thus doing away
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with heat transfer coefficients altogether. To illustrate
the difference between new and old, a text dealing with the
old heat transfer would correctly state
A large fraction of this text is devoted to a
study of the factors which control the coefficient h
and the correlation of these factors so that h
may be predicted. McAdams (1), page 6
which could also have been correctly stated in the more

revealing form

A large fraction of this text is devoted to a study
of the factors which control the ratio of heat flow
to temperature difference and the correlation of
these factors so that the ratio of heat flow to
temperature difference may be predicted.
The new heat transfer attaches no significance to the ratio
of heat flow to temperature difference and completely avoids
this ratio. The corresponding statement in a text on the new
heat transfer would state
A large fraction of this text is devoted to a study
of the factors which influence the relationship
between heat flow and thermal driving force and the
correlation of these factors so that the relationship
between heat flow and thermal driving force may
be predicted.

The above statement by McAdams of course refers only
to convective heat transfer, since the old heat transfer treats
conduction and radiation in an altogether different way than
it treats convective heat transfer. On the other hand, the
corresponding statement in the new heat transfer refers to
all three forms of heat transfer--conduction, radiation, and
convective heat transfer. 1In the new heat transfer, all three

forms of heat transfer are treated in the same way--as transport

processes—--and there is only one fundamental equation to describe

;._)
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all three forms of heat transfer. This fundamental equation
which is the cornerstone of the new heat transfer is

g = fl(system properties) fz(TDF) (1)

where the f's refer to functions in a broad sense and TDF

- 1 .
is shorthand for thermal driving force. The function f1

includes the effect of everything except the TDF, and the

function f2 includes only the effect of the TDF. 1In other

words ,we concern ourselves with a flow responding to a driving

force. 1In all three forms of heat transfer, the problem is

to determine the functionality between heat flow and thermal

driving force and the parametric effect 6f the system properties.
For one dimensional conduction, the thermal driving

force is (4T/dx) and we wish to determine the function

qcond(dT/dX)' For radiation, the thermal driving force is

(T4 4

- T_.
source sin

4 4
(Tsource Tsink
TDF is (T

k) and we wish to determine the function

q Y. For convective heat transfer, the
radn

- . = AT and we wish to determine the
surface TflUld)

(AT). Since both the conduction and radiation

function 9 oonv

equations from the old heat transfer are already in the form
of eq 1, they retain their old forms in the new heat transfer.
The convection equation from the old heat transfer is not

in the form of eq 1 and we must therefore look for a new form.

Tn the old heat transfer, the eguation

1. It will be noticed that this fundamental equation tacitly
assumes that the effect of system properties gnd TDF do
not interact. Since this is a rather fine point of only
secondary import, it is discussed in the Appendix.




g =nh AT (2)
is often presented as the fundamental equation for convective
heat transfer. At first glance, eq 2 seems to be in the form
of eq 1. However, this is merely a mirage which results frém
the fact that eq 2 is not the fundamental equation for convective
heat transfer in the o0ld heat transfer--it is merely the
equation used to define h., In the old heat transfer, the
fundamental equation for convective heat transfer is

(q/AT) = f3(system properties) f4(AT) (3)

where the ratio (g/AT) is usually referred to by its other
name, "h". Eg 3 is obviously not in the form of eq 1l--it

does not indicate a flow responding to a driving force nor

does it suggest a transport process. Moreover, since it does
not conform to eq 1, it cannot be part of the new heat transfer
and is discarded.

In the new heat transfer, the function for convective
heat transfer qconV(AT) cannot be stated in a specific way.
The reason is of course that there are a number of convective
heat transfer processes--free convection, forced convection,
boiling, condensation-~and, as we know from the old heat
transfer, the effect of the temperature difference depends
strongly on the process. Therefore the function g(AT) must

be written in the very general form

q = £, (system properties) f,(AT) (4)

conv

and the specific functionality for each convective process

must be determined separately from experiment and/or analysis.

Although the difference described above between the
new and the old heat transfer may at first glance seem secondary,
it should be remembered that in the old heat transfer, virtually
everything is done with heat transfer coefficients--experiments
are performed to measure and correlate heat transfer coefficients,
equipment is designed and optimized using heat transfer
coefficients, and equipment is analyzed using heat transfer
coefficients--and that heat transfer coefficients are nothing
more than a shorthand way of saying "the ratio of heat flow
to temperature difference". Thus, in the 0ld heat transfer,
the researcher, the designer, and the analyst are all primarily
concerned with the ratio of heat flow to temperature difference.
In the new heat transfer, no researcher, no designer, and no
analyst is at all concerned with the ratio of heat flow to
temperature difference--ie no one is interested in the heat
transfer coefficient. In the new heat transfer, we deal with
heat flow and thermal driving force separately and simply do not
permit these two primary and dynamic variables to be confounded
in a ratio. In the new heat transfer, we recognize that
confounding these variables in a heat transfer coefficient
will only add artificial complexity and confusion to the
science of heat transfer, making simple problems difficult
and making difficult problems border on the impossible.

In a mathematical vein, the difference between the new
and the old heat transfer is that the primary variables are

confounded in the old heat transfer and separated in the new
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heat transfer. (Confounded variables are simply variables

that have not been separated in the normal, mathematical

sense.) The reader should recall that the solution of equations
generally begins with an attempt to separate the variables
because equations with separated variables are much easier

to solve than equations with confounded variables. In the

0ld heat transfer, the invention of the heat transfer coefficient
promotes the use of confounded variables because the coefficient
is itself the result of confounding the primary variables

heat flow and thermal driving force. In the new heat transfer,

these variables remain separate, thus ensuring that experimental

results will be correlated with separated variables and permitting

equipment to be designed and analyzed with separated variables.
The difference between the two heat transfer concepts is
precisely the difference between confounded and separated
variables., To resist the new heat transfer is to defend the
proposition that confounded variables are preferable to
separated variables!

It i$ axiomatic that any problem that can be solved
with confounded variables can be solved more simply with
separated variables. It therefore follows that any problem
that can be solved with the 0ld heat transfer can be solved
more simply with the new heat transfer. Moreover, the enhanced
simplicity not only ensures more reliable results but also,
as we shall see in the later chapters, makes it possible to
solve problems which are virtually impossible to solve with
the old heat transfer--and which indeed have never been solved

with the old heat transfer.

s

j

WHY THE NEW HEAT TRANSFER?
Before developing the new heat transfer, it seems

appropriate to answer the question

Why go to aitl the bother of abandoning the old

heat Fransfer with its concept of the heat transfer

coefficient when it is such a simple concept and

has worked so well for so many years?
The answer is that the concept of the heat transfer coefficient
does absolutely nothing positive for the science of heat
transfer--it merely adds artificial complexity and confusion
to what will be a much simpler and more logical science
without it. The invention of the heat transfer coefficient
does only one thing--it forces heat transfer researchers,
designers, and analysts to think, correlate, design, and
analyze using a ratio of the primary variables in place of
the variables themselves, and this ratio makes it impossible
to think clearly or to solve problems in the simplest possible
way. For example, it is extremely difficult to "see" the
functionality between y and x from the information that

{y/x) = (3/x) + 2
whereas it is no problem at all if one simply eliminates
the ratio by separating the variables to obtain the equivalent
result
Yy =3 + 2x

Moreover, the solution of even this simple equation is more
difficult in the confounded version--for instance, given that
Y = 4, the solution for x is quite obvious when the variables

are separated and considerably less obvious when the variables
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to be separated, the solution for x will require an itera%ive
procedure (just as in free convection problens, the solution
for AT given d requires an iterative procedure in the o%d
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A PREVIEW OF THE NEW HEAT TRANSFER

The new heat transfer is different, better, and much

more powerful than the old heat transfer. Some of the

differences/improvements are

1. There are no heat transfer coefficients--ie the
ratio of heat flow to temperature difference has no
significance in the new heat transfer. No thinking,
correlating, designing, or analyzing is based on
the ratio of heat flow to temperature difference.

2. Conduction, radiation, and convective heat transfer
are all treated in the same way--as transport
processes involving a flow responding to a driving
force. There is only one fundamental equation for
all three forms of heat transfer:

q = fl(system properties) f2(TDF)

where TDF is shorthand notation for thermal driving
force. - -

3. Heat transfer correlations are not presented in the
form of dimensionless correlations--ie correlations
such as

NNu, free conv f(NGr and NPr)

N

Nu, = f(NRe and NPr)

forced conv

will simply disappear.
correlations in the form

In their place will be
cited in 2 above.

4, There is a much lesser reliance on dimensional
analysis and so called power laws. The results of
dimensional analysis are accepted at face value--
ie as results to be considered but not accepted
unless verified in depth by experimental results.

5. Many problems which require trial and error or
iterative solutions with the old heat transfer are
solved directly in the new heat transfer.

6. Many problems which have never been solved with the
old heat transfer are easily solved with the new
heat transfer. For instance, the problem of the




stability of the heat transfer process (thermal stabilit
never really arose in the old heat transfer, nor

did it ever yield to solution. In the new heat
transfer, the subject of thermal stability is an
integral branch of the science of heat transfer

and the solution of the problem presents no particular
difficulty.

7. The pool boiling curve (PBC) is altogether different
in the new heat transfer. The new PBC is obtained
by rigorously defining PBC and requiring that boiling
occur at all points of the PBC. (The old PBC is
obtained in a purely phenomenological way and contains
a non-boiling region.) The new PBC is based on an
objective review of the literature data which indicates
a highly linear relationship between g and AT during
nucleate and transition boiling in a saturated pool.
(In the old heat transfer, the same data led to the
conclusion that the subject relationship was highly
nonlinear during nucleate and transition boiling.)
This new PBC will of course require extensive revision
of the o0ld boiling theory.

8. Forced convection boiling data are correlated in
the form cited in 2 above, making it easily possible
to optimize boiler designs. (It is virtually
impossible to optimize boiler design with the old
heat transfer.)

Now that we have previewed the new heat transfer,
let us return to the time of Newton and trace the development
of the o0ld heat transfer from Newton's work up to the present.

1. I defined "thermal stability" and derived the generic
criterion for this type stability in "New Theory of
Thermal Stability in Boiling Systems” (2). This article
was a page taken from the new heat transfer and is not
part of the old heat transfer, even though it preceded
this book by nine years. (Similarly for the several
articles on thermal stability which have followed its
lead.) It is interesting to note that, although the
article was severely criticized at the time, my generic
criterion is now "widely accepted" (as expressed recently
by the editor of a noted technical journal, 1973, private
communication) .

NEWTON AND HEAT TRANSFER
Many American texts credit Newton with the concept
of the heat transfer coefficient. For example, McAdams (1)

states on page 5

In 1701 Newton4 defined the heat transfer rate
q. from a surface of a solid to a fluid by the equation

9 = hy A (g, = t) (1-4)

o]

where h_ is the coefficient of heat transfer from
surface to fluid, excluding any radiation, A is
the area of the surface, t is the surface temperature

of the wall, and t is the Buik temperature of the
fluid.

where reference 4 refers to Newton, I., Phil. Trams Roy. Soc.
(London) , 22, 824 (1701). Also, Rohsenow and Choi ( 3) state
on page 92

The surface heat transfer coefficient, h, was first
suggested by Newton (3) . . . .

where reference (3) is the same article cited earlier by
McAdams.

However, on reading the article by Newton, one is
surprised to find no mention of a heat transfer coefficient
and indeed no indication of an understanding of the heat
transfer coefficient concept. In order that the reader may
decide for himself whether to credit Newton with the heat
transfer coefficient, let us discuss Newton's article in
some detail and quote extensively from those parts of the
article which pertain to heat transfer.

Newton's article was entitled "A Scale of the Degrees
of Heat", was published anonymously in 1701, and was only a

few pages long. The main thrust of the article was not the




1-12

flow of heat, but rather the presentation of a table which
contained a temperature scale proposed by Newton and based
on his experimental data. Turning to Newton's description
of his table and his experimental techniqgue,

This table was constructed by means of the thermometer
and red-hot iron. By the thermometer were found all
the degrees of heat, down to that which melted tin;
and by the hot iron were discovered all the other
degrees; for the heat which hot iron, in a determinate
time, communicates to cold bodies near it, that is,
the heat which the iron loses in a certain time, is as
the whole heat of the iron; and therefore, if equal
times of cooling be taken, the degrees of heat will

be in geometrical proportion, and therefore easily
found by the tables of logarithms. . . . . .

Having discovered these things; in order to investigate
the rest, there was heated a pretty thick piece of iron
red~-hot, which was taken out of the fire with a pair

of pincers, which were also red-hot, and laid in a

cold place, where the wind blew continually upon it,
and putting on it particles:of several metals, and
other fusible bodies, the time of its cooling was
marked, till all the particles were hardened, and the
heat of the iron was equal to the heat of the human
body; then supposing that the excess of the degrees

of the heat of the iron, and the particles above the
heat of the atmosphere, found by the thermometer,

were in geometrical progression, when the times are

in an arithmetical progression, the several degrees

of heat were discovered; the iron was laid not in a
calm air, but in a wind that blew uniformly upon it,
that the air heated by the iron might be always carried
off by the wind, and the cold air succeed it alternately:;
for thus equal parts of air were heated in equal times,
and received a degree of heat proportional to the heat
of the iron; . . . . .

The reader should notice in the above that, contrary to the

statement by McAdams, Newton does not mention surface temperature,

area, radiation, or coefficient. Fourier discusses this
same article by Newton and does not credit Newton with the

heat transfer coefficient. Fourier states simply:

Newton was the first to consider the law of cooling of
bodies in air; that which he has adopted for the case
in which the air is carried away with constant velocity
accords more closely with observation as the difference
of temperatures becomes less; it would exactly hold if
that difference were infinitely small. page 458

In fact, Fourier seems to credit himself with the pioneering
work on heat transfer coefficients. He performs some very
elementary exercises with heat transfer coefficients and then
observes

We should have considered it useless to take notice

of these conseguences, if we were not treatlng here‘

of entirely new problems, whose results may be of direct

use. page 66

McAdams' eq (1-4) is often referred to as Newton's

Law of Cooling. However, the mathematical expression of

Newton's statements is actually

4aT _, .
object (

dt

Tobject - Tfluid)

and this equation is what should be cited as Newton's

contribution to the science of heat transfer.
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FOURIER AND HEAT TRANSFER

In the hundred years from Newton to Fourier, many
loose ends were developed in heat transfer and were finally
tied together in Fourier's "The Analytical Theory of Heat" (4).
This comprehensive treatise marks the beginning of present
day heat transfer. With the exception of radiation, there
has been no fundamental change in the science of heat transfer
since the publication of Fourier's work. Summarizing Fourier's
contribution in his own words,

But whatever may be the range of mechanical theories,

they do not apply to the effects of heat. These make

up a special order of phenomena, which cannot be explained
by the principles of motion and equilibrium. We have

for a long time been in possession of ingenious instruments
adapted to measure many of these effects; valuable
observations have been collected; but in this manner
partial results only have become known, and not the
mathematical demonstration of the laws which include

them all.

I have deduced these laws from prolonged study and
attentive comparison of the facts known up to this time:
all these facts I have observed afresh in the course of
several years with the most exact instruments that have
hitherto been used. ’

To found the theory, it was in the first place necessary
to distinguish and define with precision the elementary
properties which determine the action of heat. I then
perceived that all the phenomena which depend on this
action resolve themselves into a very small number of .
general and simple facts; whereby every physical problem
of this kind is brought back to an investigation of
mathematical analysis. From these general facts I have
concluded that to determine numerically the most varied
movements of heat, it is sufficient to submit each
substance to three fundamental observations. Different
bodies in fact do not possess in the same degree the
power to contain heat, to receive or transmit it across
their surfaces, nor to conduct it through the interior

of their masses. These are the three specific qualities
which our theory clearly distinguishes and shows how to
measure. page 2

With regard to the heat transfer coefficient, Fourier states

We have taken as the measure of the external conducibility
of a solid body a coefficient h, which denotes the_
quantity of heat which would pass, in a definite time

(a minute), from the surface of this body, into at@os—
pheric air, supposing that the surface had a definite
extent (a square meter), that the constant temperature

of the body was 1, and that of the air 0, and that the
heated surface was exposed to a current of air of a

given invariable velocity. This value of h is determined
by observation. The quantity of heat expressed py the
coefficient is composed of two distinct parts which
cannot be measured except by very exact experiments.

One is the heat communicated by way of contact to the
surrounding air: the other, much less than the first,

is the radiant heat emitted. page 31

The differential equations of the movement of heat are
mathematical consequences analogous to the general _
equations of equilibrium and of motion, and are derived
like them from the most constant natural facts.

The coefficients ¢, h, k, which enter into these equations,
must be considered, in general, as variable magnitudes,
which depend on the temperature or on the state of the
body. But in the application to the natural problem§ .
which interest us most, we may assign to these coefficients
values sensibly constant. page 465

Fourier's work was one of the outstanding scientific
contributions of the nineteenth century and he was one of
the outstanding mathematicians of all time. It is interesting
to speculate on whether he would have promoted the heat
transfer coefficient h had he known that, in the application
to the natural problems which interest us most, we may not

assign a value sensibly constant to h,
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THE PRESENT VIEW OF THE HEAT TRANSFER COEFFICIENT h
The most obvious difference between the newland the
0ld heat transfer is of course the disappearance of the heat

transfer coefficient. As the new heat transfer becomes

generally accepted, the heat transfer coefficient will simply P

disappear, just as phlogiston and the caloric fluid disappeared
in the nineteenth century.
At the present time (1973), the most widespread view

of the heat transfer coefficient seems to be that it is a
convenient way to set up a macroscopic science of heat transfer
(although an alternative, less convenient way is usually
not mentioned). Thus, in 1973, Rohsenow and Hartnett (5)
stated

In convective processes involving heat transfer to or

from a boundary surface exposed to a . . . fluid stream,

it is convenient to introduce a heat transfer coefficient h

defined by Egq. (5), which is known as Newton's law of 3
cooling

(@/A) = h(Teyp5q - Tsurface

There is also a fairly widespread view that, although
the heat transfer coefficient concept has certain drawbacks,
it is the best and only feasible way of setting up a macro-

scopic science of heat transfer. (I often get the reaction

1. In 1965, British Chemical Engineering published my article
entitled "A New and Simple Concept for the Analysis of
Nonlinear Heat Transfer Phenomena". Since this article
was a page taken from the new heat transfer, the views
expressed in that article are not treated as part of the
"present" view of the heat transfer coefficient.

) (5) b

"But how will we design heat transfer equipment without
heat transfer coefficients?" on observing that the science
of heat transfer will be far better off without heat
transfer coefficients.)

In virtually all texts on the old heat transfer,
the first chapter acknowledges that the heat transfer
coefficient is merely an invention--that "h" is merely
shorthand notation for gq/AT. However, after the first
chapter, the heat transfer coefficient is treated as a
fundamental quantity which ranks in importance with heat
flow and temperature difference--or rather is of greater
importance. Thus Jakob's accurate observation on the
0ld heat transfer (6)

. . . the main guestion in the theory and practice
of heat transfer by convection is to determine the
function h. page 13
In the old heat transfer, the main question in the theory
and practice of ;onvective heat transfer is not the heat
flow or the temperature difference-~the main question is
the heat transfer coefficient--this is treated as the
fundamental quantity, even though in the first chapter it

is generally stated that h has no fundamental character.

In the first chapter of most texts, heat flow and temperature

difference are important--in the later chapters, all the

emphasis is on heat transfer coefficients and there is

hardly any mention of heat flow and temperature difference.
In a text on the new heat transfer, the emphasis

is altogether different--the text starts out dealing with
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heat flow and thermal driving force and deals with them
throughout the text. In the new heat transfer, the shift
to heat transfer coefficients is never made--in fact, heat
transfer coefficients are never even mentioned (except

historically).

THERMAL CONDUCTIVITY AND THE NEW HEAT TRANSFER

It should be noted that the new heat transfer retains
the concept of thermal conductivity, even though k is actually
a coefficient--ie it is the ratio of heat flow to temperature
gradient. Thus the new heat transfer does not altogether
preclude coefficients--it precludes only the convective heat
transfer coefficient. This selectivity brings up the question
"Why retain one coefficient and not the other?" The answer
lies in the nature of coefficients.

Coefficients are useful when dealing with linear
functions which pass through (0,0). In such a case, the
coefficient is also the derivative of the function and therefore
the specification of the coefficient completely defines the
function and all its derivatives. To illustrate, all linear
functions passing through (0,0) have the form

y = mx
Therefore
coefficient = (y/x) = m = (dy/dx) = derivative
Thus, given that y(x) is linear and passes through (0,0), the
specification that the coefficient equals 3 completely defines
y(x) and we may conclude that, for all values of x,
y = 3x

Coefficients are not useful when dealing with nonlinear
functions or with linear functions which do not pass through
(0,0). This lack of usefulness results because, in such cases,
the coefficient gives virtually no information about the

function y(x) or any of its derivatives. For instance, given
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that y (x) may be nonlinear, the specification that the coefficient SYMBOLS
i information about Xx) or any of its R
equals 3 gives us no intormatio y (x) Y £ denotes an unspecified function
. . '
derivatives: h convective heat transfer coefficient, ratio
Conductive heat transfer is highly linear and passes of heat flow to temperature difference
through (0,0). Thus, the specification that k = 10 B/hr ft F k thermal conductivity, ratio of heat flow to
temperature gradient
f he £ tio
tells us that, for all values of (dT/dx), the func n NGr Grashof Number
qcond(dT/dX) is completely described by NNu Nusselt Number
2
= B/hr ft
9cona 10 (ar/dx) /hr NPr Prandtl Number
i i f highl onlinear. , .
Convective heat transfer is often highly n q heat flow per unit area, referred to simply
Thus the specification that h = 10 B/hr £ft2 F tells us nothing as heat flow in the text
about the function q_, . (AT) or any of its derivatives. We t time
know only that, at some undefined temperature difference, T Temperature
the ratio of heat flow to temperature difference is equal AT Tsurface - Tfluid
to 10 B/hr £t% F--and this is virtually no information. TDF thermal driving force; TDF, . a..tion = dT/dx;
TDF . = (T - T .
To summarize, the main guestion in theory and in practice convection surface fluid)
. . TDF . . = (T4 - T4. )
in the new heat transfer is the determination of q(TDF). radiation source sink
Thus the new heat transfer retains the coefficient k because U convective heat transfer coefficient, ratio
of heat flow to total temperature difference
the conductive process is highly linear and passes through
. X denotes distance and also an unspecified parameter
(0,0), resulting in coefficients which completely describe
y denotes an unspecified parameter

qcond(dT/dx). The new heat transfer rejects the coefficient h
because many convective processes are highly nonlinear,
resulting in coefficients which give virtually no information

about g (AT) and which confound the primary variables

conv
g and AT,




REFERENCES INTRODUCTION TO CHAPTER 2, SIMPLE PROBLEMS

In the o0ld heat transfer, simple analytical problems

1. W. H. McAdams, Heat Transmission, 34 ed., are solved by first computing the overall heat transfer

—-Hi 1954
McGraw-Hill, ( ) coefficient U from

2. E. P. Adiutori, New theory of thermal stability
in boiling systems, Nucleonics, Vol 22 (5),

E ) (L)
(1964), p 92 j

Ulocal = fl(system properties) f2(AT

local,oa

i and then determining the heat flow from
3. W. M. Rohsenow and H. Choi, Heat, Mass, and

Momentum Transfer, Prentice-Hall, (1961) Qtotal - fqlocal dA 2)
4. J. Fourier, The Analytical Theory of Heat,

Paris, (1822); English edition, Dover, (1955) y where
5. W. M. Rohsenow and J. P. Hartnett, Handbook . qlocal = U1ocal ATlocal,oa (3)

of Heat Transfer, McGraw-Hill, (1973) )
. In the new heat transfer, we solve these same problems
6. M. Jakob, Heat Transfer, vol 1, Wiley, (1949) . ) ) ) . _
) without U--ie without ever computing or being concerned
with U, the ratio of heat flow to temperature difference.
In the new heat transfer, egs 1 to 3 are replaced by egs 4

and 5:

total =fqlocal da (4)

where

a ) (5)

fa(system properties) fb(AT

local local,oa

N

| The advantage of the new way is that the solution of
virtually all heat transfer problems is vastly simplified.

As the simple problems in this chapter illustrate, many
problems which require iterative or trial and error solutions
in the o0ld heat transfer are solved directly and thus more
simply in the new heat transfer. (I define a "direct

solution" as one in which the problem is solved by obtaining

one equation with one unknown; the equation may be linear

or nonlinear and may be expressed graphically or analytically.

The difference between direct and indirect solutions is
obvious in the problems.)

In this chapter, we deal with three simple problems
which are intended to accomplish the following:

-




a) illuminate the mathematical ineffectiveness
of the heat transfer coefficient;

b) illustrate that problem solution is much
simpler when coefficients are not used;

c) demonstrate the solution of simple heat
transfer problems using the new heat transfer--
ie without using heat transfer coefficients.

Fach problem is arranged in four steps with each

step beginning on a new page. The steps are:
1) problem statement and background;

2) description of experimental results and
correlation in the old way:

3) problem analysis in the 0ld way;

4) repetition of 2 and 3 in the new way.
My intent is that the reader work out the numerical result
to the problem before turning the page to step 3. Then,
when you feel comfortable with your analysis and result,
turn the page to step 3 and compare your analysis with the
old way analysis. After this comparison, it would be
worthwhile to spend a few minutes predicting what step 4
is like--ie how will the overall solution differ when
coefficients are not used? (Of course the numerical result
will be the same, but everything else will be different.)
The last step is to review the new and the old way solutions
until you can confidently and independently state that
the invention of coefficients did nothing except complicate
and confuse what would otherwise have been a very simple
problem.

At this point, I want to emphasize that the purpose
of the new heat transfer is not merely to simplify the
solution of problems which can be solved with the old heat
transfer, but rather to simplify problems which are so
artificially difficult in the old heat transfer that they
have never been solved. As we shall see in the later

chapters, heat transfer problems which have defied solution

with the old heat transfer are solved with dispatch in
the new heat transfer. I hope you will bear with me and
work through these simple problems, recognizing that they
are primarily stepping stones to an understanding of the
new heat transfer and the more difficult problems ahead

which are our real concern.

PROBLEM PREVIEW

The three problems in this chapter deal exclusively

with static behavior and thus earn the label "simple”.

In later chapters, we will deal with the dynamic behavior

of heat transfer equipment. We will not consider dynamic
problems "simple", even though we will have no great
difficulty solving them in the new heat transfer. (Although
the phrase "static and dynamic heat transfer behavior"

has a strange ring in the old heat transfer, it is quite
natural in the new heat transfer which consciously recognizes
that the flow of heat is a dynamic process.)

The first two problems provide a more or less
detached view of the coefficient concept by dealing with
problems outside the realm of heat transfer. Problem 1
is primarily a mathematical exercise which deals with the
strength of materials. It demonstrates the solution of
problems with and without coefficients and illustrates the
confusion which would result if the stress coefficient
(ie the elastic modulus "E") were applied to inelastic
(ie plastic and nonlinear) behavior in the same manner
that the heat transfer coefficient is applied to nonlinear
heat transfer phenomena in the old heat transfer. Problem 2
deals with an unspecified transport problem and illustrates
the artificial complexity introduced by coefficients when
dealing with any nonlinear transport process. The third
problem deals with what is perhaps the simplest form of
nonlinear heat transfer-—-free convection at a single

interface. It demonstrates that the invention of the heat
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transfer coefficient results in iterative solutions to many
elementary free convection problems which are solved directly
in the new heat transfer.

Before going on to the problems, I would again
like to suggest that you work through the problems in the
stepwise fashion outlined on page 2. It seems to me that
working through these simple problems is the best way to
gain an appreciation of the simplicity and clarity of

the new heat transfer.

PROBLEM 1 STRENGTH OF MATERIALS STEP 1

BACKGROUND

The Fuller Mfg. Co. is considering a new material,

APCO-123, for use in their line of wagon axles. Unfortunately,

‘there is no available information on the strain behavior

of this new material. Fuller therefore sends tensile
specimens to the Johnson Material Testing Laboratory
with a request to obtain the required data and generate

a design correlation (graphical or analytical) for APCO-123.

PROBLEM STATEMENT

Based on the design correlation by Johnson, what
strain will result in APCO-123 from a stress of 52,000 psi?




PROBLEM 1 OLD WAY SOLUTION STEP 2

CORRELATING WITH COEFFICIENTS

The data is obtained at Johnson in the form load
vs strain. This data is reduced to the form E vs strain.
E is generally called the modulus of elasticity and is
defined by Hooke's Law

c=E ¢ (6)

(It should be noted that E might also have been called

the stress coefficient since it is the ratio of stress

to strain.) The experimental results are correlated in

the form E(e) and this correlation is presented graphically
in Fig 1. (This correlation could also have been presented
analytically, but the mathematics would obviously have

been quite cumbersome.) This Figure is sent to Fuller
along with the recommendation that the curve be used to
predict the strain behavior of APCO-123.

20
- 16
E,
psi x 10° FIGURE 1
12
8
0 .002 .004 .006

€, STRAIN, "/"

PROBLEM 1 OLD WAY SOLUTION STEP 3

PROBLEM ANALYSIS

The solution of the problem requires that we
determine E from Fig 1 so that we may then determine
the strain from Hooke's Law (eq 6). We are given that
the stress is 52000 psi and thus the strain, using Hooke's
law, is given by 52000/E. Inspection of Fig 1 shows
that the value of E depends on the value of the strain
and, since we do not know the strain, we cannot determine
the coefficient E by simple inspection of Fig 1. Therefore,
we must solve the problem indirectly by trial and error
oxr by iterating. Let us iterate. We first assume a
value for E, determine € from € = 52000/E, then use this
value of € to determine a new value of E from Fig 1.
We then repeat this loop with the new value of E until

we feel we have an accurate result. Thus

E, = 20x10° > ¢ = 52000/20x10® = .0026 » E, = 19x10°
E, = 19x10% » ¢ = 52000/19x10% = .00274 > E; = 18.2 "
.00286 17.8
similarly .00292 17.4
.00299 17.2
.00302 17.1

ANSWER

A stress of 52000 psi will result in a strain of
.00302 in APCO-123 based on the Johnson correlation.

WORKING TIME: 5 to 20 minutes




PROBLEM 1 NEW WAY SOLUTION STEP 4

CORRELATING THE NEW WAY

The data is obtained at Johnson in the form load
vs strain. This data is reduced to the form stress vs
strain and no significance is attached to their ratio.
(Note that o0 = load/area; E = load/(area X €)). The
experimental results are correlated in the form o(e)
and this correlation is presented graphically in Fig 2.
This Figure is sent to Fuller along with the recommendation

that the curve be used to predict the strain behavior
of APCO-123.

60 s s
40 HH
o, FIGURE 2
psi x lO3
20 HH
0
0 .002 .004 .006

€, STRAIN, "/"

PROBLEM ANALYSIS
Inspection of Fig 2.
ANSWER

A stress of 52000 psi will result in a strain of
.00305 in APCO-123 based on the Johnson correlation.

WORKING TIME: several seconds

DISCUSSION OF PROBLEM 1

Problem 1 illustrates that problems which require
iterative or trial and error solutions when solved the
0ld way can often be solved directly using the new way.

It also demonstrates that, for simple problems of this
kind, the new way is about 100 times faster, is more
reliable (in the sense that it is quite easy to get the
wrong answer using the old way), and is more accurate.
It should also be noted that it is virtually impossible
to "see" the functionality between stress and strain
when the results are correlated the old way.

In Chapter 1, we noted that coefficients are useful
only when they are also derivatives. We also noted that
coefficients are also derivatives only if the function of
concern is linear and passes through (0,0).

The function o(e) is linear in the elastic region
and passes through the point (0,0). Thus, the modulus of
elasticity is useful in the elastic region not because it
is the coefficient ¢/e, but because in this region

E = do/de and (7a)
o(e =0) =0 (7b)
Equation 7 is the dnderlying reason for the usefulness
of E in the elastic region--not equation 6. As the first
problem shows, when eq 7 does not hold, the stress coefficient
defined by eq 6 is not a useful concept and merely complicates
what would otherwise be a very simple problem.

It should be noted that stress/strain results are
never presented in the form of Fig 1. The stress/strain
world uses the "new" way of Fig 2., And eq 6 is not really
Hooke's Law. Hooke's Law was the observation that stress
is proportional to strain in the elastic region. Egq 6
is the mathematical expression of Hooke's Law only if
we recognize that E does not depend on €. In other words,
we must recognize that eq 6 describes the functional
relationship between ¢ and ¢ in the elastic region and
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does not merely define E to be the ratio of stress to
strain., (Note that g = hAT is identical to eq 6, yet tells

us nothing about the functional relationship between g

and AT--it merely defines h to be the ratio of g to AT.)

The statement that a given material exhibits an E of 30 x 106 psi
is understood to mean that the slope of the stress/strain

curve and the ratio of stress to strain are 30 x lO6 psi

throughout the elastic region.

What we have actually done in Problem 1 is illustrate
what would result if E were used in a manner analogous to
the heat transfer coefficient, whereas E is actually used
in a manner much more analogous to the thermal conductivity
coefficient--ie E and k deal with essentially linear phenomena.

(Those who are familiar with plastic buckling will
recognize that the modulus defined by eq 7a is generally
called the tangential modulus. Those who are familiar
with nonlinear electrical resistors will recognize that
the electrical counterpart of eq 7a defines what is generally
called the dynamic electrical resistance. There is no
similar "dynamic heat transfer resistance" in the old heat
transfer* because it simply does not recognize that heat
transfer is a dynamic process. The new heat transfer
recognizes the dynamic nature of the heat transfer process,
but contains no dynamic heat transfer resistance because
the new heat transfer does not use the concept of resistance.
But this is taking us beyond the scope of Chapter 2--

we will return to it in a later chapter.)

*

Again I would emphasize that "the old heat transfer"
does not include my two published articles which were
pages taken from the new heat transfer, nor the several
articles which have since followed their lead.

i

~—

e

PROBLEM 2 A TRANSPORT PROCESS STEP 1

BACKGROUND

The Marshall Equipment Co. plans to add a new line of

equipment. The function of this equipment is to transfer

a substance we shall call "Y" from one fluid stream to

another. Unfortunately, the Marshall Co. has no experience
with Y transfer and knows only that it in some way depends

on the difference in X between the two streams. In order

to obtain fundamental design information for this new line,
Marshall contacts the Jones Research Lab which has researchers
who are knowledgeable on Y transfer. The designers at
Marshall spell out the parametric range of interest and

it is agreed that, for $10,000, Jones will perform the
indicated experiments, obtain the data, correlate the

results, and generate the design correlation necessary to

deal with Y transfer.

PROBLEM STATEMENT

What value of AX is required in order to obtain

a Y transfer rate of 87
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