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TECHNOCRACY

ECHNOCRACY INC. is a non-profit membership

organization incorporated under the laws of the
State of New York. It is a Continental Organization.
It is not a financial racket or a political party.

Technocracy Inc. operates only on the North Ameri-
can Continent through the structure of its own Con-
tinental Headquarters, Area Controls, Regional Divi-
sions, Sections, and Organizers as a self-disciplined,
self-controlled organization. It has no affiliations with
any other organization, movement, or association,
whether in North America or elsewhere.

Technocracy points out that this Continent has the
natural resources, the physical equipment, and ithe
trained personnel to produce and distribute an abund-
ance.

Technocracy finds that the production and distribu-
tion of an abundance of physical wealth on a Con-
tinental scale for the use of all Continental citizens can
only be accomplished by a Continental technological
control—a governance of function—a Technate.

Technocracy declares that this Continent has a
rendezvous with Destiny; that this Continent must
decide between Abundance and Chaos within the next
few years. Technocracy realizes that this decision must
be made by a mass movement of North Americans
trained and self-disciplined, capable of operating a tech-
nological mechanism of production and distribution on
the Continent when the present Price System becomes
impotent to operate. Technocracy Inc. is notifying
every intelligent and courageous North American that
his future tomorrow rests on what he does today.
Technocracy offers the specifications and the blueprints
of Continental physical operations for the production
of abundance for every citizen.






PREFACE

UMEROUS groups of people are requesting information

about Technocracy, and in many places study groups have
been formed for the purpose of studying Technocracy and its
underlying principles. Unfortunately, the headquarters staff of
Technocracy have not yet completed a comprehensive freatise
which can be made available for the use of the general public. In
the absence of such a treatise the following outline lessons are
designed to serve as a guide for study groups which are now organ-
ized and ready to proceed.

Technocracy is dealing with social phenomena in the widest
sense of the word ; this includes not only actions of human beings,
but also everything which directly or indirectly affects their ac-
tions. Consequently, the studies of Technocracy embrace practic-
ally the whole field of science and industry. Biology, climate, nat-
ural resources, and industrial equipment all enter into the social
picture; and no one can expect to have any understanding of our
present social problems without having at least a panoramic view
of the basic relations of these essential elements of the picture.
All things on the earth are composed of matter and therefore re-
quire a knowledge of chemistry. These things move, and in so
doing involve energy. An understanding of these relationships
requires a knowledge of physics. Industrial equipment, as well
as the substances of which living organisms are composed, are
derived from the earth. This requires a knowledge of geology and
earth processes. Man is himself an organism, and derives his food
from other organisms. Hence, a knowledge of biology is necessi-
tated.

The purpose of this Study Course is not to give to any person
a comprehensive knowledge of science and technology, but rather
to present an outline of the essential elements of these various
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fields, as they pertain to the social problem, in a unified picture.
Neither are these lessons a textbook. They are, instead, a guide to
study. The materials to be studied are to a great extent already
very well written in various standard and authentic references and
texts in the fields of science.

At the end of each lesson there is cited a series of references.
If one is sincerely interested in learning what Technocracy is about
we do not know any other way that this ean be achieved than by
mastering the basic material contained in these references, or its
equivalent from other sources.

The scope of materials in this course of studies is so broad
that it is very doubtful that any group will have among its mem-
bers a single person competent to discuss all topies. It is quite
probable, however, that there may be individual members who are
engineers, physicians, and people with training in other technical
branches. The procedure therefore recommended for conducting
the course is that of the seminar method—each member of the
group is a student, and none is the teacher. Under this method
there should be a permanent presiding officer, but discussion lead-
ers should be chosen from among the group, with topics assigned
on the basis of making the best uses of the talent afforded by
the group. Thus, for the matter and energy discussions, use should
be made of members with training in physics, chemistry, or engi-
neering. For the biological discussions useé should be made of
physicians or of people having training in biology. For the min-
eral resources people with a knowledge of geology should be the
preferred leaders.

The above suggestions are offered only as guides. If speeial
talent in the various fields should not be available, then any suit-
able leader can direct the diseussion, using the outline and refer-
ences as sources of information. The important thing is to get a
comprehensive view of the problem as a whole, rather than of its
parts as unrelated scraps of knowledge.
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AN INTRODUCTION TO SCIENCE

E wish it were possible for us to have a friendly chat with
each student at the beginning of this Study Course, in
order that we might impart to him something of the ‘feeling’ of
science before he receives portions of its substance. Since a con-
versation is out of the question, we are offering this informal dis-
cussion, addressed to the student, as the next best thing.
Persons have come previously to Technocracy for one or more
of many reasons, such as entertainment, instruction, ete. Some
have come from a sense of duty which compels their supporting
that in which they honestly believe, and others have come out of
sheer curiosity. We are well aware that the type of material pre-
sented in the general lectures you have heard, or in our literature,
has not been adequate, either in form or substance, to afford a full
understanding of just what our work is. For those interested in
learning more, this course of study is necessary. It means just
that—study; and you should be warned it will not be a great deal
of fun. Many of you will be entering the field of science for the
first time. i
The immediate activity of Technocracy directs itself toward
two general ends. There is the analytical purpose which inquires
into fundamental relations among the various parts of a Price
economy, and which discloses the reasons for the collapse of such
a System in any civilization that converts energy at a high rate.
There is also the synthetic purpose that designs a control which
will successfully operate just such a high-energy civilization.
Please do not think of the analytic aspect of Technocracy as the
destructive aspect, for there is nothing destructive about it. It does
not destroy the Price System. The Price System destroys itself.
Nor do we particularly like the antonym of ‘destructive.” The word
‘constructive’ has been bandied about so much by leaders of the
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2 TECHNOCRACY STUDY COURSE

present system that it begins to have an odor all its own. We shall
not, however, study either of these sides of Technocracy; not at
once, anyway. We shall study, not Technocracy, as such, but the
soil in which its roots are spread—science itself. It is appropri-
ate for you to ask, at the outset of your course, what is this thing
called science? How does it differ from something that is not
science?
A Fact

Though there are a number of definitions current in diction-
aries and in writings of various kinds, we prefer to treat the matter
at greater length. Perhaps there will be a definition, of sorts, later.
We want you to have, at the end of this discussion, a fairly clear
answer to your questions; a fairly clear idea of what is meant by
a scientific mind, a scientific viewpoint, and a scientific approach
to a problem. We shall commence by investigating the meaning
of a very common word—the word ‘fact’ That has a familiar
sound. You have all been using it most of your lives, and yet if
you were to ask two people picked at random for the meaning of
the term, you would get rather dissimilar explanations. To a
scientist, ‘fact’ has a very specific and a very rigid meaning.

Please remember this definition, in essence if not in exact
words. It is important, serving as it does as the starting point of
your studies. 4 fact is the close agreement of a series of observa-
tions of the same phenomenon.

Let us consider this for a while. We find a strip of steel and
undertake a determination of its length. The investigator lays a
scale parallel to the unknown length and measures it. He reads
the scale at, say, 10.0 centimeters, but he does not accept as a fact
the probability that the strip is 10 centimeters long. He repeats
the measurement, taking care that his work is well done; that no
errors he might formerly have overlooked affect the result Pos-
gibly he uses a more accurate scale, one with a vernier, and let
us say he reads the length to be 10.0 centimeters. In such a simple
measurement as that of linear distance to one or two decimal
places, probably two observations would be an extensive enough
series to establish the fact that the length is so many centimeters,
but if accuracy to the fifth or sixth place were required our scien-
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tist would employ instruments more refined than the simple scale,
and undoubtedly he would make more than two determinations.

The most probable value for the velocity of light is 2.99796 x
10 centimeters per second, which is, as you know, something
over 186,000 miles per second. I do not know, and could not pos-
sibly guess, of how many observations this fact is the result. Likely
many hundred. Once an apparatus is set up, successive deter-
minations can be made rather quickly.

In the definition just given, the word ‘observation’ is used in
a broad sense. It means, of course, direct observation by our vari-
ous sense organs, and it includes observation through an inter-
preter, as it were. In many cases the phenomena we are examin-
ing lie outside the field of our direct perception, and we must then
devise ways of causing them to produce effects which lie within
that field. For example: We are directly aware of electro-magnetic
radiation having any wave length between approximately 0.4 and
0.8 micron. (A micron is one 10,000th of a centimeter.) We see
this as light. We observe radiation shorter than 0.4 micron, that
is, ultra violet light, or even X-rays, much shorter yet, by exposing
to the radiation a special photographic plate protected against
ordinary light. How do we observe radiation with the wave length
of 34-mile, which is unrecordable by photographic processes? That
particular wave length is in the range of marine signals, and we
could detect it on a ship’s wireless.

‘We have said afact is a close agreement of a series of observa-
tions. Now, what about those ‘facts’ that cannot in any manner
be observed by man; those that, because of their remote or occult

_character, not only lie outside the field of his perception but refuse
to exhibit themselves even through his most ingenious apparatus?
It is impliecit in our definition that there are no such facts. If and
whatever such remote things are, they are not facts.

One more point, and we shall be finished with our definition.
It is a sine qua non of scientific work that all observations must be
susceptible of confirmation. They must be so carried out that they
may be repeated at will, or, if they are not repeatable, must have
such a nature that you and I can ourselves substantiate them if
we care to do the requisite work. We make a careful distinetion,
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you see, between verifiable and nonverifiable observations because
from the former come facts, while from the latter come—well,
what? Many devious and wonderful things we shall not scrutinize
in this Study Course. We assure you none of them is within the
scope of science. Science is built upon facts as we now under-
stand them. Science is, indeed, nothing more than a system of
facts and principles elaborated from facts. It is indispensable,
therefore, that we check the verifiability of observations before
we accept them as a valid basis for fact.

Suppose we came upon a document signed by a dozen names
and properly notarized. The document states that the under-
signed have just returned from the planet, Venus, where they
erected a monument to Colonel Stoopnagle. We would have the
perfect agreement of a series of observations of an event, and the
statement cannot by any means be disproved. But even non-
scientists would be apt to reject this as a fact.

If you are offended by such a puerile illustration, here is
ancther nearer home. Slightly more than a hundred years ago
there was published a book purporting to be a translation of the
engravings on a number of gold plates, or tablets, dug out of a
hill near Palmyra, New York. After the translation was made
the plates were reburied in another secret place. At the beginning
of this book, preceding the translated text, appears the written
testimony of eight men, saying that each of them has seen and
handled the plates, that the plates were heavy, had the appear-
ance of gold, and were covered with a curious inseription. These
men were all devout Christians, and they called upon their God
to bear witness, so that, all in all, the testimony is a very impres-
sive document indeed. Clearly, the existence of the gold tablets
cannot be reestablished today, since they have disappeared. There-
fore their existence is not a fact, even though more than a hundred
thousand people believe that it is. Only when, and if, the plates
reappear, as all Mormons expect them to do some day, and are
placed in a museum accessible to all of us, only then will their
existence become a fact.

Assuming you have never visited Sydney, Australia, how do
you know there is a city by that name? You may have heard people
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mention it, or seen the name on maps, but perhaps something is
being put over on you; perbaps it is all a great hoax. When
Napoleon’s chief spy, Karl Schulmeister, was working himself high
in the ranks of the Austrian secret service, he received almost
daily a copy of a Parisian newspaper. He said an agent of his
smuggled it across the border. Naturally, the Austrians got a lot
of information about conditions in France. The truth was that
the newspaper was printed solely for Schulmeister and the Aus-
trian generals, and each edition consisted of only one copy. It
was all false, all exactly what Napoleon wanted his enemies to
know. Might it not be the same with Sydney? The reason each
of you believes in the existence of this place is because you know
that knowledge is the kind that can be verified. You know many
persons must have checked its reality by going there. You know
that if worst came to worst you could go there yourself. This,
then, is a fact, one which like all facts of science, can be reestab-
lished by anyone.

The student of science in our schools has laboratory courses
in which he actually does check the work of others in simple ex-
periments. This is done partly to develop his manual dexterity
in that sort of thing, but mostly to drive into his head the knowl-
edge that all observations may be so checked.

Defining Words

About all we have done so far in this discussion is to give you
a definition, and to explain exactly what was meant by it. Why
this insistence on exact meaning? We promised to tell you
about science in general, and then proceed to split hairs about
something so small as would surely make little difference in the
composite whole. This brings us to another point. A scientist
always knows exactly what he is talking about. That sounds like
a boast, but it is really quite the opposite. It is just that a scientist
pays attention to the exact definition of terms; he should never
use a term beyond its definition, and he should never use an un-
defined term at all. Many, quarrelling with me on that last, will
say one must somewhere use undefined terms. But we have a way
out of that difficulty which will be indicated in a moment. Now,
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contrast a rigidly defined term with the expressions used in fields
other than science—in finance, in politics, law, ete.

Suppose you were reading an article on economics and came
upon the word ‘price/ as you undoubiedly would do many times
a page. Now everybody is credited with knowing the meaning of
‘price,” but you; being a particularly inquiring individual, insist
on an exact definition. You would discover that almost every
economist, when he bothers to elucidate his terms at all, attaches
to the word ‘price’ a different meaning. Some define it as the
measure of the ratio of the searcity of money to the secarcity of
any commodity. Others make no mention of scarcity whatever.
Still others introduce psychological and social factors. Invariably
you will find that a definition when given is followed by great
amounts of explanatory and qualifying material. This means the
definition represents what is in the author’s mind, not what is in
the minds of all users of the word. For example: The Encyclopedia
Britannice starts off by regretting there is no exact meaning for
the word, and presently works into the definition, ‘Price is value
expressed in terms of money.” Then comes the qualifying material
which says, in effect, this does not mean values are determined
independently of or prior to the determination of their prices, or
that values of goods and money are determined separately. Some
sort of an exchange is necessary, after which the values thus de-
termined appear in the guise of money prices.

We are also told that the abstract notion of exchange value is
a generalization of the simple idea of price. One who finds this
less clear than he hoped would naturally try to discover what is
meant by value, since price is expressed in terms of it. He would
discover there are three conceptions of value: exchange value, sub-
jective value, and imputed price. He would read the opinion that
‘value is the greatest philosophical achievement of the 19th cen-
tury’ but nowhere would he find a statement of what it is. He
would be gratified to learn there exists, however, if not an exact
meaning, at least a theory of values, a theory that requires con-
sideration of the following points: What is the nature of value?
What are the fundamental values, and how are they to be classi-
fied? How may we determine the relative values of things, and
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what is the ultimate standard of value? Are values subjective or
objective? What is the relation of values to things or of value to
existence and reality? ’
Let us go no further into the matter of price, for it does not
appear necessary to labor the point that a term whose meaning
has not been specified by general agreement among men is un-
suited for the rigorous transmission of intelligence from man to
man. In this connection, however, we shall take up another little
problem. A hunter is standing near a large tree, and a squirrel is
hanging onto the opposite side of the tree. The bunter now moves
in a circle completely around the tree until he regains his start-
ing position, but at the same time the squirrel also moves around
the tree in the same direction and in such a manner as it always
faces the man, and as the tree is always between it and him. Now,
the problem is this: Does the hunter go around the squirrel? The
correct answer is not ‘yes,” and it is not ‘no.” The correct reply
requires an exact definition of the verb, ‘go around.’ If we define
‘go around’ as meaning that the hunter is first south, then west,
then north, then east, and finally south of the squirrel, he very
obviously does go around it. But if we agree that ‘go around’ shall
mean first opposite the squirrel’s belly, then its right side, then
its back, then its left side, the answer is just as definitely ‘no.
Here, again, we see the necessity for exact definition. It isinimical
to the integrity of our thinking to use words loosely. Lack of
careful definition sires more illegitimate offspring, widely vary-
ing sports that take the form of controversies, debates, arguments,
than a whole countryside of rabbit farms. Many problems out-
side science would vanish into thin air if definition were exact.

Before we leave the subject, let us ask if anyone can define
a term used in connection with measuring the strip of steel—the
word ‘centimeter.” How long is a centimeter? It is useless to say
it is the 100th part of a meter; that, in effect, is saying it is twice
one-half centimeter. One merely asks: ‘How long is a meter? Is
there possible an exact definition of length not in terms of other
units of length?’ Yes. In the International Bureau of Standards
near Paris is a certain bar of metal-—one only. It is an alloy of,
I think, platinum and iridium. On this bar are two marks, and a
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centimeter is defined as one one-hundredth the distance between
these two marks when the bar is at 0° Centigrade. This is an
example of the prosaic, matter-of-course way scientists have of
going about things. If they cannot define a term in terms of
other terms, they define it in terms of an object or system of
objects in the external world. That is how we avoid using un-
defined terms. We trust the distinction between a definition and
a fact is clear. You will have many of both in your studies.

A definition is an agreement, wholly arbitrary in character,
among men; while a fact is an agreement among investigations
carried out by men.

It is a definition that a centimeter is one one-hundredth the
distance between certain marks on a certain bar at a certain
temperature. It is a fact that a particular strip of steel is 10
centimeters long.

The Postulates

So far we have been talking about fairly fundamental things.
Just how fundamental, you may ask, and is there anything more
fundamental? Let us see if we can go deeper yet. Let us try to
strike the very foundations of science. Secience is a fair palace of
lofty dimensions. Does it rise out of the massive earthrock itself,
or is it erected upon sand and apt to crumble utterly should the
unshored plain ever shift? You see, even if we fail to take you to
the heights of science~—an excursion that would occupy several
hundred lifetimes—at least we start you at the bottom. So let us
descend toward that bottom fo see if we can at any depth discard
the relatively fundamental and deal with the absolutely funda-
mental.

We have used the quality of agreement to describe the intrin-
sic character of both facts and definitions. There are in science
agreements other than those of fact or definition. These are called
postulates, and it is the postulates, three in number, that are the
foundations of science. Now, a postulate is a curious mixture. It
partakes of the nature of a fact in that it is a statement of fact,
but differs from a fact in that the observations supporting it are
not confirmable. A postulate partakes of the nature of a definition
in that it is ap agreement among men, but it differs from a defini-
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tion in that it concerns no trivial matter of nomenclature, and in
that it is certainly not arbitrary. A definition, as we know, is a
mere shortcut in the language. Power is defined as the time rate
of doing work. Obviously, we could go through all scientific litera-
ture, cross out the word ‘power,” substitute the phrase ‘time rate
of doing work,” and entirely eliminate a definition from the vast
amount of material the mind must handle. Definitions which ean
be done away with thus easily cannot be per se the fundamental
things we seek. But there is no more essential, however complex,
manner of stating a postulate. And there are no already existing
propositions from which it may be deduced.

The first postulate states that the external world actually is.
In other words, a chair, a pencil, a city, the mountains, rivers,
oceans, continents really do exist. We can at once go to work on
them without having to establish their existence.

The second postulate states that nature is wuniform. This
means we do not have to flounder about in a world wherein a sack
of flour suddenly transforms itself into a fish, and that into an
automobile, and that into an oil well. The second postulate is
our protection against chaos.

The third postulate states that there are symbols in the ‘mind’
which stand for events and things in the external world. The total
sum of all such symbols in all minds, after eliminating duplicates,
would be the sum total of that kind of knowledge for us; and the
sum total of all things and events meant by these symbols, provided
the symbols should ever become complete in number, would con-
stitute the entire physical world. This means, in effect, that the
mind itself is uniform. Mathematicians will note that the third
postulate establishes a one-to-one correspondence between all that
is in our minds and all that is in the external world. A corollary of
this is that there is nothing in all the world that has the a priori
quality of being unknowable. (In this paragraph the word ‘mind’
has been used in ifs conventional sense. Later in the course we
shall consider ‘mind’ from a somewhat different and highly
interesting point of view.)

We shall not discuss the postulates further for the reason
that a scientist has nothing whatever to say about them. Every
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scientist is agreed that, so long as he shall live, he shall not ever
question these postulates, nor require any proof thereof. They
are the rules of his game, and he is no more concerned with the
rules of other games than a bridge player is about baseball rules.
Is science built upon a firm foundation? Yes. It stands, properly
ordered and rock solid, upon the enduring base of its postulates.
Take note too that science is forever impregnable against any
attack originating outside its postulates. The criticisms of meta-
physicians, of philosophers, of mystics, are categorically absurd;
are invalidated at their very source by so originating. And bear
in mind it does not become you as scientists to discuss questions of
ultimate truth, nor ultimate reality, nor anything else ultimate.
Discuss them as novelists or theologians if you like, but not as
scientists. ,
Science

Now, in a paper that purports to introduce you very inform-
ally to the field of science, why has no mention been made of any
of the sciences themselves, if only that you may know what they
are about? We have not spoken of heat, sound, electricity, hy-
draulics, etc., which are branches of physics, nor of zoology, cyto-
logy, embryology, etc., branches of biology, nor of chemistry and
its branches. Why not? Simply because there are no sciences.
There is only one science. It makes little difference what you call
it, Call 1t the science of existence, or the science of the world, or
just plam science. It is only very elementary phenomena we can
identify as belonging exclusively to one or another of the name-
labels that a hundred or so years ago were thought to distinguish
one science from another. When we reach phenomena of any com-
plexity—and you need not be told most of the world is very, very
complex—we find the facts of one name-label mixing with those of
another to such an extent as it is mere sophistry to think they
should be treated separately.

Suppose we bring together two substances, carbon dioxide
and water. Nothing much happens, as you know from your experi-
ence with charged water. Bring them together on the leaf of a
plant in the presence of chlorophyl, and still nothing much hap-
pens. But allow sunlight to fall on the leaf, and these two simple
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substances will be synthesized into additional plant tissue, cellu-
lose. Here we have light, chemistry and botany, all in one reaction.

Consider deep ray therapy where advantage is taken of the
fact that malignant tumor cells have three to four times the elee-
trical condenser capacity of benign tumor cells. Here we have
electricity, short-wave radiation, and human pathology becoming
one problem. Diathermy and radio surgery are other examples
of the connection between medicine and what ‘were once called
extra-human phenomena.

Consider photopheresis, where a particle of gold or selenium
or sulphur suspended in a strong stream of light moves toward the
source of light, even though that be directly above the particle.
Thus we establish a liaison between light and that elusive thing,
gravitation.

Consider the photolytic cell where an electrode of lead and
one of copper oxide are immersed in a solution of lead nitrate. No
current flows in the dark, but if light is allowed to strike the inner
face of the copper oxide electrode a strong although not-a steady
current is produced. Here we have chemistry, electricity, and light
functioning together. The wedding of biology and chemistry is
expressed in the word biochemistry. If you undertake the study
of chemistry you will reach something called physical chemistry,
which might just as well be called chemical physics. The chlorophyl
of plants mentioned a moment ago and the hemoglobin of your
blood have very similar chemical structures. Your blood con-
tains the same salts as sea water and in virtually the same pro-
portion, not so much the sea of today as that ancient Cambrian
Sea that existed before ever there were warm-blooded animals.
Do you see that there can be no frontiers within science; that
there is, indeed, only one seience?

Scientific Prediction

The two aspects of Technocracy, analytic and synthetic, which
have formed the subject matter of lectures you have heard in the
past, have already been pointed out. This would not be an effectual
preface if we failed to show that these two aspects are character-
istic of the whole field of science. The collecting of facts of all avail-
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able kinds, by carefully repeated observations in all parts of the
world by all types of interpreting apparatus, is clearly of an ana-
Iytic nature. What do we do with these facts as they are collected?
Is our work finished when we make a report in the literature, and
neatly file it on a library shelf? The high-energy civilization about
us should demonstrate to anyone this is not so. Faets are powerful
tools in our hands, continually in use. They are good tools; but
if you will again consider the definition you will see that no fact
is absolutely certain, having been established by inductive methods.
Fifty observations may have agreed very closely, but we cannot
say positively that therefore the next fifty will so agree. We can
say only that it is probable they will. Thus does the vast store of
facts collected in the literature serve as a basis for determining
what is most probable.

The mechanism of scientific progress is this: We start with
any phenomenon we care to, from a simple electrical effect in the
laboratory to a high-speed Diesel engine. We say, ‘On the basis
of what we have observed, such and such a modification will prob-
ably produce such and such a result.”’ Then it is tried if the proba-
bility is great enough. Sometimes it works and sometimes not.
But out of the times it does work comes our intricate civilization
with all its marvelous technical accomplishments.

Science is, in a dynamic sense, essentiolly a method of predic-
tion. It has been defined as being the method of the determination
of the most probable.

In tossing a coin, how does one know how many times heads
will turn up? How does a life insurance company know how many
people will die next year? How does a geologist know where to
drill for 0il? How does the designer of a building determine how
many elevators will be required? How does the weather bureau
predict what the weather will be tomorrow? How can the astrono-
mers predict to within a second an eclipse of the sun 150 years
hence?

These are all illustrations of scientific predictions. Some of
these predictions, as you well know, are more exact than others,
but they are all based on the same fundamental principles of
reasoning from the basie facts. When more facts are known, more
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accurate predictions can be made. That is what is meant by the
most probable; not that by this method one knows exactly what
will happen, but by its use he can determine more nearly what
will happen than by any other method.

But machines must be operated in accordance with their
design. If you wish to speed up your automobile, you must press
the accelerator pedal. Into this problem enter no abstract consid-
erations whatever, such as, is it ethical to speed up an auto this
way, or is this the best of all possible ways of doing it? The
machine simply is built to accelerate in response to this one oper-
ation. This is a useful lesson to digest. No machine, no group of
machines may be properly operated except as specified by their
design. America’s idle factories, her wanton destruction of food
supplies while her citizens remain undernourished are results of
trying to operate a system by other criteria.

Engineering

Just a word or two about engineering. It is a frequently used
term and some slight explanation of it should be offered. In the
light of what has just been said you can see that & scientific labora-
tory is not always a single building on a college campus. More
often the dimensions of a laboratory coincide with the boundaries
of a city or a nation. Suppose you have the problem of transport-
ing a liter of sulphuric acid from one side of the room to the other.
The best solution would be to pick up the bottle and carry it across.
It is very simple. Suppose, however, you are confronted with the
same problem on a somewhat larger scale. You receive a 10,000-
gallon tank car of sulphuric acid on a railroad siding, and want to
use the acid on the second floor of your plant. Now you must con-
sider a number of things that did not enter into the smaller prob-
lem. What material will you install to convey the acid? What
motive power will you use to propel it? Where will your storage
tanks be located? Finally, do you buy in large enough quantities
to warrant the erection of a sulphuric acid manufacturing plant
on your own premises?

This is the engineering side of chemistry. On the basis of
established facts, the solution that is probably the best must be
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found for each question. Similarly with other kinds of scientific
work. Laboratory electricity is the production of electrical energy
in a voltaic cell. Electrical engineering is the production of elec-
trical energy by a waterfall, and the transportation of it a hundred
miles at a hundred thousand volts.

Please recognize we are still within the field of science, and
remember no frontiers are set up anywhere in this field. There is
only one science, and there is no essential difference between sci-
ence and engineering. The stoking of a bunsen burner, the stok-
ing of a boiler, the stoking of the people of a nation, are all one
problem.

Summary

Since we are now actually to begin studies in this field, let us
recapitulate the several pieces of equipment we have for the job.

First of all, there are five senses through which the external
world is perceptible to us.

Next, we have a mind to reflect upon what is perceived. But
it is now a critical mind, unwilling to accept knowledge until
inquiry is made into the sources thereof. Let us indicate here, and
emphasize the fine, the incomparable quality of that mind which
is able to entertain something in which it neither believes nor
disbelieves, something upon which it withholds judgment until
the source-observations have been verified, or their verifiability
affirmed. This critical mind is aware of the uselessness of thought
unless thought be clothed in exact terms. With this mind a simple
experiment performed with the hands and viewed with the eyes
weighs heavily, while the testament of however many men con-
cerning unconfirmable observations, even though that testament
be preserved between the finely tooled covers of a rare book,
weighs much, much more lightly than a feather., We are continu-
ally aware that science is more than a dry catalogue of facts; it is
a dynamic and powerful tool before which all problems shall some
day yield.

This, then, is the equipage we carry as we approach the physi-
cal world, that actual, uniform world our postulates give us. I
think we should not find it burdensome.



Lesson 1

MATTER

THE earth and everything upon it is composed of
matter. Matter occurs in three principal physical
states—solids, liquids, and gases. Examples of solids are
rocks, wood, ice. Examples of liquids are water, gasoline,
alcohol. Examples of gases are air, illuminating gas,
water vapor or steam.

Molecules. The smallest particle of any pure substance, such
as water, iron or salt, which can exist without that substance
changing its physical properties, is called a molecule. Thus, water
is made up of millions of water molecules, each of which is, so far
as we know, exactly like every other water molecule. These
molecules are much too small to be seen by even the most power-
ful microscope. There are ways of measuring them quite ac-
curately, however, as to weight and size.

Change of Physical State. Matter can be changed from one
physical state to another. Thus, by the application of heat, water
can be changed from its solid state, ice, to its liquid state, water;
and by further heating, to its gaseous state, water vapor. In a
similar manner air, which is normally gaseous, can, by cooling and
compression, be converted into liquid air, and this by still further
cooling, can be frozen solid.

Elements. There are compound substances and simple sub-
stances, or elements. Common salt, a compound substance, for in-
stance, can be separated by electrical means into two substances—
the metal element, sodium ; and the poisonous gas element, chlorine.
Water, in like manner, can be resolved into two constituent gases,
the elements oxygen and hydrogen. Marble, similarly, can be
divided into the elements carbon, calcium and oxygen.

18
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All of these last named substances are characterized by the
fact that they cannot be further subdivided. They are called
chemical elements. Chemical elements are the building materials
of which everything else on earth is composed. /

There are only 92 chemical elements. Several of these are
relatively common in everyday life. Among the better known ele-
ments are iron, aluminum, copper, tin, lead, zine, silver, gold,
platinum, oxygen, carbon, sulphur, hydrogen, nitrogen, chlorine,
iodine and nickel.

Some of the elements are exceedingly rare, and have been
obtained only in extremely minute traeces. Other elements are very
common.

Estimates based upon the averaging of thousands of chemical
analyses show the upper 10 miles of the earth’s crust to be com-
posed of the following elements in approximately the percentages
given. s

. TABLE 1
CHEMICAL COMPOSITION OF THE OUTER 10 MILES OF THE EARTH:*
Element
Amounts in Percent
by Weights

OXygen ..vvevriivneninenncnas v eieeseeieeireseiaeeetraaeanaan 46.59
Silicon ....... feeveeesaas eeseeserateseacenanan eeeetescacrean 2772
Aluminam  .......cv0enann s enrrrsaesaetnsacarsoae tetsanas .. 813
Irom cevevvrvncrienas rereacetrereenierineans teessesrsensacnans 5.01
Caleium ...covvvvnnnnn et aeeecasevstcnssaseraanacns teveseas .. 3.63
Sodium «vovveenerriianriinenn. etveeveesenenvaevannaes eveaaes 2.85
Potassiom .......cc0viiiiininannn Cesreraneranns P, verens 228
Magnesiom ........covvcineanes Crererrecesanans tereenenns ceeee 209
Titaniom .....vovveveeennens earenrenns eesves ceerecnaraans oo 0.63
Phosphorus ....... R o 013
Hydrogen ............ reriveerasasanand eeveenunn cesraae vevee 013
Manganese .....cecocconacacs Cererrarionen hesererirarsoenny e 010
99.29

All remaining 80 elements .......ccvveevicnaiecrirariiiiaians 0.711
Total, 92 elements .....ccceveveernvanss ebereseeaans vevee. 100,60

* Clarke, The Data of Geochemistry

The striking thing about this table is that by far the greater
part of the materials comprising the surface of the earth is com-
posed of only five or six chemical elements. Most of the familiar
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metals that are used daily occur in amounts of less than one-tenth
of one percent of the surface rocks of the earth.

Atoms. The smallest particle of a chemical element is called
an atom.

Chemical Compounds. A chemical compound is a substance
of definite chemical composition, which is composed of two or
more elements. Over 750,000 different chemical compounds are
known.

Examples of chemical compounds are water (oxygen and
hydrogen, abbreviated H.,O), salt (sodium and chlorine, abbre-
viated NaCl), and sugar (carbon, hydrogen and oxygen, abbrevi-
ated C;:H:,01:).

Mixtures. Most substances are not simple chemical com-
pounds, but are rather miztures or aggregates of various com-
pounds. Wood, for instance, is composed of carbon, hydrogen,
oxygen, and a small amount of mineral matter. Wood, however,
has not a definite chemical composition, and is not a single chemi-
cal compound. Likewise the air is a mixture chiefly of two gases,
oxygen and nitrogen.

Chemical Changes. A chemical change involves a change of
chemical composition. The grinding of wood into sawdust is a
mechanical change which does not affect the chemical composition
of the wood ; burning of wood, however, is a chemical change.

The burning of wood consists in combining the oxygen from
the air with the substances composing the wood. Without the
added oxygen, wood will not burn. After the wood is burned, if
all the gases given off are collected and analyzed, it is found that
they consist of carbon dioxide and water vapor. A slight residue
of mineral matter in the form of ash remains. Hence,

wood+-oxygen —> water-t-carbon dioxide--ash.

In a similar manner the burning of gasoline in an automobile
results in water vapor and carbon dioxide. This can be seen by
watching the steam issue from the exhaust pipes on a cold day.

Gasoline+oxygen — water vapor--carbon dioxide.
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‘When chemical elements combine in such a manner as to form
more complex substances from simple ones the process is called
combination. The reverse process of breaking more complex sub-
stances down to form simpler ones is called decomposition.

Example of combination :
4Fe+303'—"2F9203

fron oxygen iron oxide

Example of decomposition:
2H,0 —0,+2H.

water oxygen hydrogen

Indestructibility of Matter. In all chemical changes of what-
ever sort it has been found that if all the materials are carefully
weighed both before and after the change, while allowing nothing
to escape in the meantime, the weight of the materials taking part
in the change before the reaction will be exactly equal to the weight
of the products resulting from the reaction. This is true not only
for the whole, but is also true for each individual element.

Summary

All events on the face of the earth involve in one manner
or another the movement or change in the relative configuration
of matter. The rains and the flow of water, the winds, the growth
of plants and animals, as well as the operation of automobiles and
factories are a part of the movement of matter. Matter moves
from one place to another, from one physical state to another, or
from one chemical combination to another, but in ail these proec-
esses the individual atoms are not destroyed; they are merely
being continuously reshufiled.
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Lesson 2

UNITS OF MEASUREMENT

IN the preceding lesson we have discussed some of the
properties of matter. We have noted that all the ma-
terials on the surface of the earth are composed of various
combinations of the 92 chemical elements. We have ob-
served that matter can be transformed from one physical
state to another or from one chemical combination to
another, and that such processes are occurring continu-
ously on the earth, but that in none of them is the matter
destroyed ; it is merely reshuffled.

Our next problem is to investigate the eircumstances
under which matter moves, or undergoes physical and
chemical transformations. Before we can do this, how-
ever, it is necessary that we become familiar with our
systems of measurement.

Mass, Length and Time. The three quantities that we deal
with most frequently and hence are obliged to measure most
often are mass, length and time.

The mass of a body is that property which gives it weight, or,
more generally, causes it to have inertia or a resistance to any
change of motion. A body has weight because of the attraction
of gravity upon its mass. If gravity were reduced by one-half, the
weight of a body, as measured by a spring balance, would also be
reduced by one-half. For example, the weight of a given body on
the earth is less by about one part in 200 at the equator than at
the poles. Its mass, however, remains the same.

If gravity were zero, bodies would weigh nothing at all. Sup-
pose under this condition that we had two hollow spheres identical
in outward appearance, one filled with air and the other with
lead. Neither would have any weight. How could we tell them

19
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apart? All we would need to do would be to shake them. The
lead ball would feel ‘heavy’ and the one filled with air Qlight.” If
we kicked the lead ball it would break our foot just as readily as
if it had weight because it would still have the same inertia and
resistance to change of motion, and hence the same mass.

Length is an already familiar concept which needs no explana-
tion.

Time is measured in terms of the motion of some material
system which is changing at a uniform speed. Mechanically oscil-
lating systems like pendulums and tuning forks are the basis for
most of our time measurements and form the control mechanisms
of our clocks. Our master clock is the rotating earth whose hands
are the stars which appear to go around the earth with uniform
angular velocity once per sidereal or stellar day.

Units of Measurement. The way we measure a quantity of
any kind is to compare it with another quantity of the same kind
which we employ as a unit of measurement. Thus we measure a
mass by determining how many times greater it is than some
standard mass; we measure a length by the number of multiples
it contains of a standard length; and an interval of time by the
multiples of some standard time interval. The choice of these
standards is entirely arbitrary but if confusion is to be avoided
two conditions must be rigidly observed: Different people per-
forming a measurement of the same thing must use standards
which either are the same or else the two standards must have a
known ratio to each other; the other condition necessary is that
the standard of measurement must not change. Unintelligibility
results when either of these conditions is violated. The first type
of unintelligibility would result if one man measured all of his
lengths with a measuring stick of one length and another man used
a measuring stick of a different length without the two ever having
been compared. The second type of confusion would result if we
attempted to measure lengths with a rubber band without specify-
ing the tautness with which it is to be stretched. .

In the early days almost endless confusion in the units of
measurement existed due to the failure to observe one or both of
these conditions. All sorts of units of measurement sprang up
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spontaneously and were in general use. Such units of length as
that of a barley.corn, the breadth of a hand, and the length of
King John’s foot were not uncommon. Thus, it was customary to
employ as units things like a barley corn which bear a single
name but may vary considerably in size. The type of confusion
that this could cause is illustrated by an apple dealer who adver-
tised his apples at 25¢ per bucketful. He had on display several
. large size buckets filled with apples but when filling the customer’s
order he used a bucket much smaller in size; yet no one could
say that he had not received a ‘bucketful’ of apples. The trick of
course lies in the fact that there is no standard size of ‘bucket.
The same liberties with a bushel measure would have landed our
merchant in jail.

To eliminate this kind of confusion governments have had to
establish standards of measurement so that today in the whole
world only two systems of units are extensively used. These are the
Metrie system and the English system. It is to ‘be hoped that
soon there will be one only.

The Metric System. The Metric system was established by
the French government immediately following the French Revolu-
tion. For the standard of length a bar composed of an alloy of
platinum and iridium was constructed and is preserved at the
Bureau of Weights and Measures near Paris. Near each end of this
bar there are engraved transversely three fine parallel lines. The
distance from the middle line at one end of the bar to the middle
line at the other end when the bar is at the temperature of melting
ice is defined fto be 1 meter. Thig is the prototype of all the other
meters in the world. Exact copies of this bar made by direct
comparison have been constructed and distributed to the govern-
ments of the various countries of the world. In the United States
this duplicate is kept at the Bureau of Standards in Washington.
From this, additional copies are made and are obtained by manu-
facturers of tapes, meter sticks and other measuring scales from
which these latter are graduated. Hence the meter stick that one
uses in his laboratory is probably not more than three or four
times removed from the original bar in Paris.

For units smaller and larger than a meter a decimal system
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of graduation is employed. Thus the centimeter is a hundredth
part of a meter; a millimeter is a thousandth part of a meter; and
a micron is a millionth part of a meter. Going up the scale a
Lilometer is 1,000 meters. There are other multiples and sub-
multiples but the above are the ones most extensively used.

Similarly, the unit of mass is that of a platinum weight kept
at the Bureau of Weights and Measures and defined to have a mass
of 1 kilogram. The gram is accordingly a thousandth part of the
mass of this standard kilogram. Just as in the case of the meter,
duplicates of the standard kilogram in Paris have been con-
structed and distributed to the various countries.

‘While both the meter and the kilogram are entirely arbitrary,
when they were constructed an effort was made to satisfy two
useful conditions. The original meter was constructed as accur-
ately as possible to be one ten-millionth part of the distance along
the earth’s surface from the equator to the pole. This result of
course was not achieved exactly so that by later measurements
the earth’s quadrant is found to be 10,000,856 meters. Still, how-
ever, we can say with considerable exactness that the circumfer-
ence of the earth is 40,000 kilometers.

In a similar manner an attempt was made to have the mass
of 1 gram be that of a cubic centimeter of water at 4° Centigrade
(the temperature at which water has its greatest density). Hence
the kilogram is very nearly the mass of 1,000 cubic centimeters
of water and for most purposes the mass of water can be taken
to be 1 gram per cubic ceéntimeter.

The unit of time is the second which is defined to be 1/86,400th
part of a mean solar day or 1/86,164.09th of a stellar day. In addi-
tion to the second we have the familiar multiples, minutes and
houyrs.

The English System. The unit of length in the English
system of measurement is the distance between the centers of two
transverse lines in two gold plugs in a bronze bar deposited at
the Office of the Exchequer, when the bar is at a temperature of
of 62 degrees Fahrenheit. This distance is the standard yaerd. A
foot is defined to be one-third of a yard, and an inch one thirty-
sixth of a yard.
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The unit of mass in the English system is that of a certain
piece of platinum marked ‘P.S., 1844, 1 1b.,” which is deposited
at the same place as the standard yard. This is known as the
standard pound avoirdupois.

The unit of time in the English system is the same as in the
Metric.

CONVERSION BETWEEN METRIC AND ENerisH UNits. These
two systems of measurement are interconvertible when we know
the magnitude of a standard in one system as measured in terms
of the corresponding standard unit of the other system. By very
exact measurement it has been established that

1 meter = 1.093614 yards
3.28084 feet
39.37011 inches

Il

1 yard = 0.914399 meter
1 foot = 30.4800 centimeters
1 inch == 2.5400 centimeters
1 kilogram = 2.20462 pounds
1 pound = 453.592 grams

Except for purposes of exaet measurement one will rarely
need to employ more than the first three or four of the figures of
the above conversion factors. Hence, approximately,

1 meter =39.37 inches
1 kilogram = 2.20 pounds

Derived Units., The foregoing units of mass, length, and -
time are said to be fundamental. By means of these we can also
measure a large number of other secondary quantities which are
accordingly said to be derived quantities. For example, area is
a derived quantity depending upon length, and a rational unit
of area is a square whose length of side is the unit of length.
Similarly, the unit of volume is a cube whose length of side is
equal to the unit of length.

Less obvious derived units are speed and velocity, and accel-
eration which are terms used in describing the motion of a body.
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When a body moves its speed is the ratio of the distance it travels
in a small interval of time to the time required. It is thus measur-
able in terms of a length divided by a time, and so requires no
other units than those of length and time already defined. We
may express a speed in meters per second, kilometers per hour,
yards per minute, or any other convenient length and time units.

The velocity of a moving body at a given instant is its speed
in a particular direction. For example, two bodies having the
same speeds, but one moving eastward and the other northward
are said to have different velocities. A point on the rim of a fly-
wheel rotating uniformly describes a circular path at uniform
speed, but since its direction of motion is changing continuously,
its velocity is also changing continuously.

Quantities like velocity which have both magnitudes and
directions are called vector quantities.

The acceleration of a body is its rate of change of velocity.
When the body is moving in a straight line this becomes equal to
its 'rate of change of speed. For example, when an automobile
is moving along a straight road, if it increases its speed it is said
to be positively accelerated; if it decreases its speed the accelera-
tion is negative. We commonly speak of the foot pedal for the
gasoline feed as the ‘accelerator.” The brake, however, is just as
truly an accelerator. If an automobile is increasing its speed uni-
formly at the rate of a mile per hour each second, we say that
the acceleration is 1 mile per hour per second. This is clearly
equal to 1.47 feet per second for each second, or to 47.7 centimeters
per second for each second. From this we see that an acceleration
involves the measurement of a distance, and the division of this
by two measured time intervals. If we make these two time in-
tervals the same, then acceleration becomes: (distance/time)
/time, or distance/(time)? Thus an acceleration of one em./
sec’. means that the body is changing its veliocity by an amount
of 1 centimeter per second during each second.

Acceleration, like velocity, is also a vector quantity. Its direc-
tion is that of the change of velocity. What we mean by this can
be shown by representing the velocity by an arrow whose length
is proportional to the speed, and whose direction is that of the
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motion. Suppose the motion is curvilinear with the speed con-
tinuously varying. The velocity vectors represented by arrows
for successive times will have different directions and lengths. If
we take two of these arrows representing the motion at two sue-
cessive times only a short interval apart and place them with
their feathered ends at the same point, their tips will not coincide.
Now if we place a small arrow with its tail at the tip of the first
arrow, and its tip at the tip of the second, this small arrow will
represent, both in magnitude and direction, the change of velocity
during the time interval considered. The average acceleration
during that time is the ratio of the change of velocity to the time
required to affect the change, and has the same direction as the
change of the velocity.

If this type of construction is tried with respeet to uniform
circular motion, it will be seen immediately that the veloeity is
continuously changing in a direction toward the center of the
circle. Consequently the aceceleration is also toward the center
of the circle. If the motion is not at constant speed this will not
be true.

Force. We come now to the concept of force. Our primitive
experience with force is by means of our muscular sense of push-
ing and pulling. We can render this measurable by means of the
stretch of springs, or the pull of gravity on bodies of known mass.
A dynamic method of measuring force is by means of the accelera-
tion of a body of known mass. For example, suppose we construct
a small car with as nearly as possible frictionless bearings, and
run it on a straight horizontal track. Suppose that we pull the
car by means of a stretched spring or rubber band kept at con-
stant tension. The car will accelerate uniformly in the direction
of the pull. Now, if we load the car with different masses and
repeat the experiment, for the same tension of the spring the
acceleration will be greater when the load is decreased, and less
when it is increased. If we keep the load constant and employ
different tensions on the spring, the acceleration will increase as
the tension is increased.

Quantitatively, after correcting for any residual friction,
what we learn in this manner is that the acceleration of the car
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is directly proportional to the tension of the spring, or to the
applied force, and inversely proportional to the total mass of the
car and its contents.

By experiments similar to this it has been shown quite gen-
erally and very exactly that this is true for any kind of a body
undergoing any kind of an acceleration: The acceleration is pro-
portional to the applied force (or resultant of the applied forces
where several act simultaneously), and inversely proportional to
the mass. The direction of the acceleration is the same as that of
the applied force. Conversely, the applied force has the direction
of the acceleration and its magnitude is proportional to the ac-
celeration and to the mass of the body accelerated.

Since we already know how to measure acceleration in terms
of length and time, and how to measure mass, this last fact en-
ables us to measure forces in terms of masses and accelerations.

In this manner we define a unit of force to be that force which
causes a unit of mass to move with a unit of acceleration.

In the Metric system, using the gram, the centimeter, and the
second as our units of mass, length and time, respectively, the
unit of force is that amount of force which will eause 1 gram of
mass to move with an acceleration of 1 centimeter per second for
each second the force is applied. This amount of force we call a
dyne.

At the latitude of New York the pull of gravity on a mass is
such that if it is free to move with no other forces acting upon
it, starting from rest it will move in the direction of the force
exerted by gravity with a uniform acceleration of 980 cm./sec.,
or 32.2 ft./sec.’. Since this is true for a mass of any size, then
for a 1-gram mass the force must be 980 dynes, since the accelera-
tion in this case is 980 times as great as that produced by a force
of 1 dyne. For a mass of m grams the total force would have to
be m times as great as for one gram in order to have the same
acceleration.

We can obtain an approximate idea of the size of a dyne if
we consider that a nickel coin (5 cents) has a mass of 5 grams.
The force exerted by gravity upon this is therefore 5X980, or 4,900
dynes. Thus, approximately, a dyne is' one five-thousandths part
of the force exerted by gravity upon a nickel.
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Engineers frequently use another method of measuring force.
They take as their unit of foree the pull of gravity on a unit of
mass, or its weight. The difficulty with this is that gravity is not
the same at different parts of the earth. It varies with elevation
above sea level, with the latitude, and with certain other random
disturbing factors. Hence, to be exact we must define what the
value of gravity is to be. This is commonly taken to be 980.665
cm./sec.” which is approximately the mean value of gravity at
sea level and latitude 45°. The pull of this standard gravity on
a 1-pound mass is a pound weight. The corresponding pull of
gravity on a kilogram of mass is a kilogram weight. Since a pound
is 453.592 grams, and the attraction of this standard gravity on
a gram mass is 980.665 dynes, it follows that a pound weight is
the product of these two figures, or 444,820 dynes.

Work. When a force acts upon a body and causes it te move,
work is said to be done. A wunit of work is defined to be that which
is done when a unit of force causes its point of application to
move a unit of distance in the direction in which the force acts.
In the English system when the unit of length is the foot and the
unit of force the pound, the unit of work is the foot-pound. Hence
the total number of foot-pounds of work done by a given force is
the product of the force in pounds by the distance its point of ap-
plication is moved in the direction of action of the force, in feet.
The simplest example is afforded by the lifting of a weight. It
requires 1 foot-pound of work to lift 2 1-pound mass a height of
1 foot.

In the Metric system when a force of 1 dyne causes its point
of application to move in the direction of the force a distance
of 1 centimeter, the work performed is defined to be 1 erg. Like the
dyne, the erg is a very small quantity so that a larger unit of
work is useful. We obtain such a larger unit if we arbitrarily
define 10,000,000 ergs to be one joule.

The conversion factors between the English and the Metrie
units of work are easily obtained by computing in both systems
of units the work done in lifting a pound mass a height of 1 foot
against standard gravity. In the English units this is simply
1 foot-pound. In Metric units the force, as we have already noted,
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is 444,820 dynes, and the distance 30.4800 centimeters. The work
is therefore the product of these quantities, or 13,568,200 ergs or
1.35582 joules. Inversely, a joule is 0.73756 foot-pounds, or the
amount of work required to lift a pound mass a height of 8.84
inches, and an erg is one ten-millionth of this amount of work.

Power. Power is the time rate of doing work. In the Metric
system, when work is performed at the rate of 1 joule per second,
the power is defined to be 1 watt. Work at the rate of 1,000 joules
per second is a thousand watts or a kilowatt. In the English sys-
tem, the unit of work is the horsepower. This unit was defined by
James Watt, who attempted to determine the rate at which a draft
horse could do work so that he could use this for rating the power
of his steam engines. The result he achieved was that 1 horsepower
is a rate of doing work of 33,000 foot-pounds per minute, or 550
foot-pounds per second. Since a kilowatt is 1,000 joules per second,
or 737.56 foot-pounds per second, it follows that this is equal to
1.3410 horsepower, or that a horsepower is equal to 745.70 watts,
or 0.74570 kilowatts.

A Fkilowatt-hour is the amount of work done by a kilowatt of
power in 1 hour; a horsepower-hour is the amount of work done
by a horsepower in 1 hour. These are accordingly units of work,
the kilowatt-hour being 1,000 joules per second for 3,600 seconds,
or 3,600,000 joules, and the horsepower-hour 33,000 foot-pounds
per minute for 60 minutes or 1,980,000 foot-pounds. Also 1 kilo-
watt-hour bears to a horsepower-hour the same ratio as the kilowatt
to the horsepower.

Conversion Factors. While all of the conversions between the
foregoing units of measurement are easily derived in the manner
we have just seen, it is convenient to have at hand a table of con-
version factors for ready reference. Such a table containing the
factors that are most often used is given below. In this let
us introduce for the first time here a system of notation
for writing numbers that is widely used by scientists and engi-
neers but may not be familiar to some of the readers. When
dealing with very large numbers or very small decimal fractions
it is bothersome and confusing to have to write out numbers like
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2,684,500, which is the number of joules in a horsepower-hour, or
0.000,000,737,56 which is the number of foot-pounds in an erg. We
may note that

2,684,500=2.6845<1,000,000=2.6845X10°,
and similarly, that
0.00000073756="7.3756X1/10,000,000="7.3756X10".

Any number, large or small, can be written in this manner
which has many advantages over the longhand method. In the
following table this system will be used for the very large and
very small numbers.

In this table the factors are expressed to five or six significant
figures. For all ordinary calculations only the first three or four
figures are needed and all the rest can be dropped or set equal to
zero. They are only needed when very exact measurements have
been made and hence very exact calculations required. Most
measurements are not more accurate than 1 part in 1,000, and
calculation more exact than this is meaningless for such measure-
ments.

TABLE OF CONVERSION FACTORS

Standard Gravity:

gravity = 980.665 cm./sec?
= 32.174 ft./sec?
Force:
1 dyne = 1 gm. em./sec?
= 2.2481X10~° pound weight
1 pound weight = 44482X10° dynes
Work:
1erg 1 dyne-centimeter
1X10~7 joules
1 joule 1X10" ergs

0.73756 footpound
1.35582 joules
1.35582<10" ergs
3.60003<10° joules
2.655210° foot-pounds
1.3410 horsepower-hours
1.9800%10° foot-.pounds
2.6845%10° joules
0.7457 kilowatt-hour
745.7 watt-hours

1 foot-pound

1 kilowatt-hour

1 horsepower-hour
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Power:
1 watt 1 joule per second
0.001 kilowatt
1X10" ergs per second
0.73756 foot-pound per second
1.3410310™® horsepower
1 kilowatt 1X10* ergs per second

1,000 joules per second

737.56 foot-pounds per second
1.3410 horsepower

550 foot-pounds per second
33,000 foot-pounds per minute
0.7456 kilowatt

745.7 watts

1.35582 watts

1.8182X10~ horsepower

1 horsepower

1 foot-pound/sec.

1T O VT T R R A

Examples of Work and Power. Lest we lose sight of the
fundamental simplicity of the concepts of work and power and
become confused by the array of conversion factors, let us consider

a few simple examples.

(1) TEE PowER IN CLIMBING STAIRS. How much power does
a man generate in climbing stairs, for example? At an average
rate of walking a man will climb a height of about 36 feet per
minute. In so doing he is lifting his own weight. Suppose he
weighs 150 pounds. Then his rate of doing work is 5,400 foot-
pounds per minute, or 90 foot-pounds per second. Since a
horsepower is 550 foot-pounds per second, and a watt is
0.73756 foot-pounds per second, it follows that he generates
0.164 horsepower, or 122 watts. This is in round numbers
one-sixth of a horsepower. If he ran up the stairs six times
as fast he would generate 1 horsepower. Running at such
a rate, however, could only be maintained for a few seconds.
Even walking at the above rate can be continued by few
people for more than a few minutes. For example, few
people can walk steadily, without stopping for rest, from
the ground to the top of the Washington Monument which
is over 500 feet high. Climbing for 8 hours would give
an average rate much smaller than that of walking up a few
flights of stairs, and so would reduce correspondingly the
average power generated.
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(2) LirrTiNg PACKAGES. ‘Suppose a workman lifts packages
from the ground to trucks 4 feet above the ground. In 6 hours
he lifts 65 tons. How much work does he do, and what is the
average power? The work done is 520,000 foot-pounds. This
is 0.26 horsepower-hour, or 0.20 kilowatt-hour. The power
averaged is 24 foot-pounds per second which is 33 watts, or
0.044 horsepower.

(3) PumpriNG WATER. A man pumps water for 10 hours with
a hand-pump. In that time he raises 14,000 gallons a height
of 10 feet. What is his work and his average power? A gallon
of water weighs 8.337 pounds. The work done is therefore
1,170,000 foot-pounds, or 0.44 kilowatt-hour. The average
power is 44 watts.

(4) SEOVELING LoOSE DIrT. In 10 hours a man shovels 25 tons
of loose dirt over a wall & feet 3 inches high. What is the
work and average power? The work done is 262,500 foot-
pounds, or 0.10 kilowatt-hour. The power is 7.28 foot-pounds
per second, or 10 watts.

(5) CArrYING A Hop. In 6 hours a man carrying a hod raises
17 tons of plaster 12 feet. The work is 408,000 foot-pounds, or
0.154 kilowatt-hour. The average power is 18.8 foot-pounds
per second, or 25 watts.

(6) PusHING A WHEELBARROW. A man with a wheelbarrow
raises 51 tons of concrete a height of 3 feet in 10 hours. The
work done is 306,000 foot-pounds, or 0.115 kilowatt-hour.
The average power is 8.5 foot-pounds per second, or 11.5 watts.

These examples give one a very good idea of how much use-
ful work a man can do in a day. In work of these kinds we have
counted only the useful work accomplished. In each case the work
actually done was greater than that computed. In the wheelbarrow
problem the total work performed should include the repeated
lifting of both the wheelbarrow and the man himself. If the wheel-
barrow load was 200 pounds and the man and empty wheelbarrow
weighed another 200 pounds, then it is clear that the actual work
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performed would be twice that computed, not allowing for the
friction of the wheelbarrow.

A kilowatt-hour of work will 1ift a ton weight a quarter of a
mile high; a kilowatt of power will do this in one hour of time.
Working under the most efficient conditions, it would take at least
13 men to do the same amount of work in the same time. Under
less efficient conditions the number of men would be correspond-
ingly greater.

This same kilowatt-hour is the unit for which we pay our
monthly electric light bill at a domestic rate of 5—7 cents each.
Commercial rates on electric power range from a few mills to a
cent or so per kilowatt-hour. A workman whose pay is less than
25 cents per hour is working at practically starvation wages. The
conjunction of these two facts is of rather obvious social signif-
icance.

References:

This Mechanical World, Mott-Smith.
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Lesson 3

ENERGY

ow that we have become familiar with what is meant

by work, let us consider a related but more general
physical quantity, namely, energy. If anything has the
capacity to perform work, it is said to possess energy.
The amount of its energy is measurable in terms of the
amount of work it can perform. Hence, energy is measur-
able in units of work—ergs, joules, or foot-pounds.

Potential Energy. A stretched spring does work when it con-
tracts. A weight upon a table does work in being lowered to the
floor. Work is done when a piece of iron is drawn to a magnet.
Hence, each of those systems possesses energy which is manifested
by the amount of work that it can do in changing from one posi-
tion or configuration to another. Energy of this kind obviously is
associated with the position or configuration of a material system
and is known as potential energy.

Chemical systems, such as gunpowder, gasoline, coal, dry
cells, storage batteries and the like, have the capacity of performing
~ work when they undergo chemical changes. This too is potential
energy and is dependent upon the internal configuration of the
atoms with respect to each other.

Kinetic Energy. Imagine a flywheel mounted upon a horizon-
tal axle with as nearly as possible frictionless bearings, and a cord
with a suspended weight attached so as to wind around the axle.
First, wind the system up and then release it. As the weight falls,
the flywheel will continuously increase its angular velocity. When
the weight reaches its lowest position, the cord will begin to
wind around the axle in the opposite direction, and the weight will
be raised. At the same time the flywheel will be slowed down,

a3
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coming finally to rest when the weight has regained its original
elevation. Then, if not arrested, the process will repeat itself in
the opposite direction.

In the initial and the final stages of this experiment the system
possesses potential energy—that of the raised weight. In the
middle stage, when the weight has reached its lowest position, its
potential energy is a minimum. Still, however, the system has a
capacity to do work as demonstrated by its lifting the weight back
to its original elevation. This energy obviously resides in the
motion of the fiywheel. In fact, if we set a flywheel in motion by
any method and then bring it to rest by having it 1ift a weight, we
find that the number of foot-pounds of work it can do is propor-
tional to the square of its angular velocity (number of revolutions
per unit of time).

In the same manner we can bring an automobile coasting on
a level road to rest by making it lift a weight. The work it can do
is found to be proportional to its mass and the square of its speed.
- In fact, the work it could do in this manner is:

massXspeed?
work=——-2——

Bodies, therefore, possess energy in virtue of their state of
motion. Work must be performed upon them to set them moving,
and must be done by them in coming to rest again. This energy,
due to motion, is called kinetic energy.

Heat. When work is performed on a system, it may not in-
crease either the potential or the kinetic energy of the system.
It may be completely dissipated by friction. An automobile or a
fiywheel can be brought to rest by means of brakes. A weight can
be lowered at constant speed if properly braked. In all such cases
heat is produced where the friction occurs. On a long grade the
brakes of an automobile may become so hot as to burn out. Drills
become heated when boring. Tools are heated by grinding.

The conclusion is that when a body loses kinetic or potential
energy due to friction heat is always produced. Hence, heat must
be a form of energy. Does a given amount of work always produce
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the same amount of heat? To answer this question we must devise
a way to measure heat.

Measurement of Heat. To measure heat we must first dis-
tinguish between the temperature of a body and the quantity of heat
it contains. Our primitive recognition of temperature is by means
of our sense of feel. The quantity of heat a body contains is related
both to its temperature and to the size of the body. Thus, a gallon
of water contains four times as much heat as a quart of water at
the same temperature. How the quantity of heat is related to the
temperature can only be determined after we have found how to
measure temperature.

Measurement of Temperature. Our sense of feel is not very
reliable for determining temperatures, so we must devise a tem-
perature measuring instrument. This we do by noting that gases,
liquids, and solids all change volume as their temperature is
changed. Usually, but not in all cases, the volume increases with
increase of temperature. In addition to this we have certain in-
variant points of fixed temperature like that of melting ice, and
boiling water at constant pressure.

By means of the expansion of a given material between these
fixed temperatures we can measure intermediate temperatures.

‘We may define the temperatures of melting ice and of boiling
water at a pressure of one standard atmosphere (one standard
atmosphere is defined to be the pressure exerted by a column of
mercury 76.0 centimeters high due to the attraction of standard
gravity, or 1.01325X10° dynes per square centimeter) to be any-
thing we like, but the choice of these temperatures determines
the thermometrie scale.

If we let 0° be the temperature of melting ice and 100° that of
boiling water, we have the Centigrade scale. If we let 32° be the
temperature of melting ice and 212° that of boiling water, we have
the Fahrenheit scale.

For the intermediate temperatures our best thermometric
substance is hydrogen gas. If we let V, be the volume of a given
quantity of hydrogen gas at the temperature of melting ice and
at a pressure of 1 atmosphere, and V., that of the same gas at
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the temperature of boiling water and a pressure of 1 atmosphere,
then by dividing the difference between these two values into 100
equal parts we have a volume scale for the gas to which we relate
the corresponding temperatures. For example, at some unknown
temperature the gas has a measured volume V. The temperature
in °C. then is:

If V should be one-fourth the difference between V, and V1o,
the temperature would be 25° C.; if one-half, the temperature
would be 50° C., ete.

The same procedure is used for the Fahrenheit scale except in
this case the interval between freezing and boiling is taken fo be
180° instead of 100°, and freezing is defined to be 32°.

The familiar mercury thermometers are handier to use. They
are calibrated, however, by temperatures originally established
by a hydrogen thermometer.

Absolute Scale of Temperature. There is one more scale of
great scientific importance that should be mentioned now because
we shall need to make use of it in our next lesson. This is the abso-
lute scale.

It is found by experiment that for each degree Centigrade be-
tween 0° C. and 100° C., the volume of hydrogen gas increases by
a constant amount of 1/273.2 of its volume at O° C., V,. At this
same rate of volume change, the volume would decrease to zero
at a temperature of —273.2° C., which suggests that this may be
the lowest possible temperature obtainable. Elaborate experi-
mentation has demonstrated that this is the case, and tempera-
tures within a fraction of a degree of this amount have been
obtained.

It seems reasonable, therefore, to call the lowest possible
temperature, the absolute zero of temperature. If we eall this 0°
absolute, and otherwise use the Centigrade scale, then the melt-
ing point of ice becomes 273.2° absolute and the boiling point of
water 373.2° absolute.
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Conversion factors between the thermometric scales are as

follows:
1.8° F.=1.0° C.

[+ 5 o
1.0 F.—'@" >C.
9
.’D°F.=‘-—~5—T°C.+32

5
$°C.=~§*(T°F.~—32)
2°abs.=T°C.+273.2

Quantity of Heat. To measure the amount of heat, we re-
quire a unit of measurement, whose choice, like that of all other
units of measurement, is arbitrary. In the Metric system we take
this to be the amount of heat required to raise the temperature
of 1 gram of water 1° C. We call this the gram calorie. A Fkilo-
gram-calorie is 1,000 gram calories, or the heat required to raise
the temperature of a kilogram of water 1° C.

In the English system the corresponding unit is the British
thermal unit, or therm, defined as the amount of heat required to
raise the temperature of 1 pound of water 1° F.

Since the heat required per degree varies slightly with tem-
perature, for very exact measurements we must specify also the
temperature at which the measurement is to be made. The most
common procedure is to take the mean, or average, values over the .
range from 0° C. to 100° C. These will be understood to be the
values employed here.

By converting ° F. to ° C. and pounds to grams we can easily
determine the conversion factors between the English and Metrice
units:

1 kilogram-calorie=3.9685 British thermal units
1 British thermal unit=251.98 gram calories
=0.25198 kilogram-calories.

Work and Heat. We are now in a position to answer the
question propounded earlier : How much heat is produced by fric-
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tion from g given amount of work? To determine this all we need
is a heat insulated vessel filled with water, into which a shaft from
the outside extends and terminates in some kind of a brake me-
chanism. On the external end of the shaft is a pulley around which
a cord supporting a weight is wound. The weight falls slowly and
heat is generated by the brake inside the vessel. By noting the
temperature rise and the quantity of water heated, the number
of calories of heat can be computed; by knowing the weight and
the distance it descends the amount of work can be computed.
Then we know the quantity of heat generated by a known amount
of work.

The first experiment of this kind was performed by Joule in
England about 1845. Subsequently, numerous such experiments
have been performed with great precision. As a result it has been
found that a given amount of work always produces the same
amount of heat: 4.186 joules of work produce 1 gram calorie of
heat; 777.97 foot-pounds of work produce 1 B.t.u. of heat.

Thus, since 4.186 joules are equal approximately to 3.1 foot-
pounds, it is clear that a 1-pound weight falling 3.1 feet will pro-
duce 1 gram-calorie of heat; if a I-pound weight falls 778 feet and
its energy is converted into heat, the amount of heat will be 1
British thermal unit. Hence, the heat generated by a waterfall
778 feet high would be sufficient to raise the temperature of the
water at the foot of the fall 1 degree Fahrenheit. Actually, unless
the quantity of water is large, a considerable fraction of this heat
will be lost to the surrounding air and by evaporation of the fall-
ing water, but the heat generated, counting the above losses, is
still 1 British thermal unit per pound of water.

Since friction is never completely eliminated, we see that in
all processes involving work, energy in the form of work is con-
tinuously dissipated and an equivalent amount of energy in the form
of heat is produced.
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Lesson 4

THE LAWS OF THERMODYNAMICS

N the preceding lessons we have already learned that
matter on the earth is not destroyed, and that move-
ments and changes of matter involve work or energy. We
further learned that there is an exact relation between
work and heat; namely, that when a given quantity of
work is converted into heat the same amount of heat is
always produced.

Jt was also pointed out in discussing the weight-and-
flywheel experiment that if no friction were involved, and
hence no heat produced, the loss of potential energy by
the falling weight would be completely compensated by
the gain in kinetic energy of the flywheel. After the fall-
ing weight had reached its lowest point it would be re-
lifted by the flywheel which would slow down and lose
kinetic energy as the lifted weight gained potential
energy. Furthermore, the gain in potential energy would
be exactly equal to the loss in kinetic energy and vice
versa.

Hence we arrive at the conclusion that, in any purely
mechanical system involving no friction and hence no
heat loss, the sum obtained by adding all the potential
energies and all the kinetic energies ewisting simultane-
ously is a constant.

Tae CONSERVATION OF ENERGY

Friction. When there is friction (which in reality involves
all cases) heat is produced, and the amount of heat produced is
proportional to the loss of kinetic and potential energy by the
system. Since heat is a form of energy and 1 gram calorie of heat
is equivalent to 4.18 joules of work, if the heat loss be stated in
terms of joules instead of calories, it will be found that the energy
appearing as heat is exactly equal to the loss of mechanical energy
—potential and kinetic—by the system.

39
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Energy of Evaporation. When water boils at a pressure of
1 atmosphere the temperature remains constant at 100° C. If heat
is added at a faster rate the water boils more vigorously but the
temperature still remains constant. If this be continued long
enough all the water will finally disappear as steam or water
vapor. Here we have a case where energy in the form of heat is
being added to a system without any increase in temperature of
either the water or the vapor, but in which there is a progressive
change of water from its liquid to its gaseous state. It follows,
therefore, that the energy must be required to effect this change.
By careful measurement of the amount of heat required to vapor-
ize a known quantity of water it has been determined that 539.1
gram calories of heat are required to vaporize 1 gram of water
at a pressure of 1 atmosphere and 100° C.

At first thought it might appear that this energy has been
lost. If the steam is made to condense back to water again, how--
ever, while at 1 atmosphere pressure and 100° C., it has been found
that 539.1 gram calories of heat must be extracted. Thus the heat
of evaporation has not been lost but stored in the vapor.

This energy required to produce evaporation serves two pur-
poses: (1) Part of it is required to pull the water molecules
apart against their own mutual attractive forces and hence be-
comes stored as potential energy. (2) Part of it is required to
perform the work of vaporization against the atmospheric pressure
when 1 gram of liquid water expands into 1 gram of steam. Thus
we may say that the heat of vaporization is employed to perform
two kinds of work, an internal work against cohesive forces, and
an external work against atmospheric pressure. When the reverse
process occurs this energy is again released in the form of heat.

Chemical Energy. If 2 grams of the gas hydrogen are mixed
with 16 grams of the gas oxygen and the mixture ignited by an
electric spark while being maintained at a constant pressure of 1
atmosphere, there will be a mild explosion and 18 grams of water
vapor at a greatly elevated temperature will result. If this water
vapor be cooled down to the temperature of the original mixture
(room temperature) it will become 18 grams of liquid water, but
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to produce this result it will be necessary to subtract 68,300 gram
calories of heat. Thus we may write:

2H, + 0. — 2H,0 -+ 2x68,300cals.
4 grams 32grams 36 grams
Hydrogen Oxygen Liquid Water

It is also possible by means of an electric current to separate
liguid water back into its components, hydrogen and oxygen, at
room temperature and 1 atmosphere pressure. When this is done
we find that the electrical energy required plus the heat that
must be added to decompose 18 grams of water is equivalent to
68,300 calories.

While this is only an isolated instance, the same kind of thing
is true for all chemical reactions. Some release energy; others
require the'addition of energy. In all cases, however, if a chemical
change when proceeding in one direction releases energy, then
an exactly equal amount of energy would have to be supplied if
the constituents of the system are ever to be restored to their
initial state.

Thus a storage battery releases energy upon being discharged,
but the same amount of energy must be supplied if the battery
is to be recharged. Coal and wood release energy in the form of
heat upon being burned (reacting with oxygen) but this energy
was originally supplied by the sun when the components of these
fuels were originally combined.

Still other forms of energy are those of light, electricity, mag-
netism, and sound. Space here does not permit a detailed discus-
sion of all of these forms. Enough has already been said to lead
one to suspect that energy is interchangeable among all of these
various forms. This is indeed the case.

The First Law of Thermodynamics. If we generalize the
facts already noted we arrive at one of the most important con-
clusions of all science. Let us take any system of matter, and let
us cause this to change from some initial state, 4, to some final
state, B. In this process a definite amount, ¥, of energy will be
released in the process of transition. (If energy is absorbed F will
be negative.) Now by any method whatsoever, let us restore the
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system to its initial state, A. In this case the same amount, ¥, of
energy will have to be restored to the system as was originally
released by it. Were this not so it would be possible to obtain more
energy, E,, in changing the system from state A to state B than
the amount E, required to restore the system from state B to
state 4. In this manner a complete cycle would leave us with g
surplus of energy which could be used in lifting a weight or in
otherwise performing work. This would enable us to build a self-
contained, self-acting machine that would operate continuously
and perform work, a form of perpetual motion.

On the basis of our experience, however, we have never found
it possible to build such a machine, and so we conclude that to do
g0 is impossible. If this be so, then we must also conclude that
it is impossible to obtain more energy when any system goes from
an initial state, 4, to a final state, B, than must be restored to the
system in order to change it back from state B to state 4.

Consequently, if this be true, it follows that either to create
or to destroy energy is impossible. Thus in processes occurring
on the earth when a given amount cf energy in one form disap-
pears an equal amount always appears in some other form. Energy
may change successively from radiant energy to chemical energy
to electrical energy to mechanical work and finally to heat, but in
none of these processes is any of it lost or destroyed.

It is this indestructibility and non-creatability of energy that
constitutes the First Law of Thermodynamics.

REVERSIBLE AND IRREVERSIBLE PROCESSES

Direction of Energy Transformations. It is not enough, how-
ever, to know that in processes occurring on the earth, energy is
neither created nor destroyed, or that when an engine performs
external work such as lifting a weight, an equivalent amount of
energy must have disappeared somewhere else. We must inquire
whether energy transformations occur with equal facility in op-
posite directions, or whether there is a favored direction in which
energy transformations tend to occur. .

To do this we may begin with simple instances of our every-
day experience. If we could build a flywheel that was perfectly
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frictionless, once started it would turn indefinitely at constant
angular velocity. Similarly a frictionless pendulum would swing
with undiminished amplitude. In each of these instances the me-
chanical energy originally supplied would be retained in undimin-
ished amount. In actual practice, however, we have never been
able to completely . eliminate friction; so the flywheel gradually
slows down, and the pendulum swings with steadily diminishing
amplitude of swing, both coming finally to rest. In each case the
initial energy has been gradually dissipated by the friction into
waste low-temperature heat.

Had we tried the reverse process, however, of supplying energy
in the form of heat to the bearings of the wheel or pendulum while
initially at rest, this energy would never have resulted in the
wheel’s turning or the pendulum’s beginning to swing. Thus we
observe that while there is a spontaneous tendency for mechanical
energy to be converted into low-temperature heat, the process does
not appear to be reversible.

In a more complicated case we might consider a waterfall
such as Niagara. Here the water falls from a height of 167 feet.
In falling, the potential energy due to height is converted into
heat, and the water at the foot of Niagara is about one-eighth of
a degree Centigrade warmer than it was at the top. Thus, the
energy of Niagara is being continuously converted into waste heat.

Suppose, however, that a.part of this water is made to go
through a hydroturbine. Then over 90 percent of this energy is
captured by the turbine, which, in turn, converts it into electrical
energy. This electrical energy is then used to drive electric motors
and drive machinery, to produce light, to heat electric furnaces, or
to produce chemical reactions such as charging storage batteries
or producing calcium carbide. If it drives an electric motor, fric-
tion exists in the motor and in the machines which it drives, and
the energy is lost as waste heat of the bearings and the air, plus
the heat losses in the windings of the motors due to electrieal re-
sistance. If it is used for lighting or for an electric furnace, again
it produces heat. Light is absorbed and becomes heat. If the
energy is used to produce a chemical reaction, such as making
calcium carbide, this, when placed in water, reacts to release
acetylene gas, which when burned in air, produces heat.
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Now if we add to this apparently exceptionless tendency for
all other forms of energy to be transformed spontaneously into
heat, the further fact that heat always tends spontaneously to
flow from regions of higher to those of lower temperature, we
obtain the remarkable result that all other forms of available
energy tend finally to be degraded into heat at the lowest tempera-
ture of the surroundings.

Entropy. Now we can introduce another type of quantity we
have not dealt with heretofore. When a quantity of heat, Q, flows
into a body at the absolute temperature T, let us agree to call the
quantity @/T the increase in the entropy of the body. If the heat
flows out of the body the entropy of the body will, of course, de-
crease. If a body were heated from a lower temperature, 7',, to a
higher temperature,.T, its entropy would increase, but to obtain
the amount we would have to add up all the separate entropies
step by step from the lower to the higher temperature. Thus for
water, since 1 calorie raises the temperature of 1 gram approxi-
mately 1° C. or 1° A., the entropy-increases would be, when the
temperature is raised from 273° A. to 278° A., approximately:

i1 1 1 1
274 T 215 T 216 T 277 ' 2718
where AS (read delta §) is the increase in the entropy of 1 gram
of water.

Now let us consider the entropy changes that occur in vari-
ous energy transformations of the kind we have already consid-
ered. If we take any frictionless mechanical system such as a
pendulum or fJywheel at constant temperature no heat will be

produced and no heat conduction will occur, consequently the
entropy change will be zero for all such systems,

AS=0

and they are said to be isentropic or constant entropy systems.
If, however, friction exists, heat is produced and the entropy
increases by an amount
Q

ZT’

AS

A8
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where A8 is the increase of the entropy of the system, @ the
amount of heat generated and T the absolute temperature.

Now let us consider two adjacent bodies, one -at an absolute
temperature T,, and the other at T, T, being higher than 7,. The
heat will flow by conduction from the hotter of the two bodies to
the colder. Let a small quantity of heat, dQ, flow in this manner
from the body at temperature 7, to that at temperature 7',.

The entropy lost by the hotter body is dQ/7T,; that gained by
the colder body is dQ/T,. The total entropy increase of both bodies
together will be the difference between these two entropies,

aQ  dQ
T, T,

Now d@ is the same in both cases, but 7T, is less than 7,. There-
fore dQ/T. is greater than dQ/7T,. Hence the total entropy change,
AS, consists in an increase in the entropy of the two bodies taken
together.

Thus we see that an idealized {rictionless mechanical system
involves a zero change of entropy, while any process involving
friction, or heat conduction, results in an increase of entropy.

Now let us see if we can find a process that results in a de-
crease of entropy. A direct conversion of heat into work would
be such a process. Suppose we could construct an engine which is
self-contained and operated cyclically, that is, one that repeats the
same cyeclical operation over and over and which does nothing but
take heat from a heat reservoir and lift a weight. This is mani-
festly no contradiction to the First Law of Thermodynamics,
because we are not proposing to create emergy, but merely to
transform already existing energy from heat to work.

If T be the temperature of the engine and the heat reservoir,
and if ¢ be the heat taken in at each complete cycle, then, since
the engine returns at the end of each cycle to its initial state, its
entropy remains unchanged. The lifting of a weight is an isen-
tropic process. Consequently the only entropy change of the sys-
tem is manifested by the disappearance of an amount of heat @
at temperature T per cycle. This would correspond to a decrease
in the entropy per each cycle by the amount
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AS—T.

But no such engine has ever been built. If one could be built
it could be made to run on the heat from the ocean or from the
ground or the air. It would act both as a refrigerator and as an
engine for doing work. Such a machine would not violate the
. principle of the conservation of energy, but it would still con-
stitute a sort of perpetual motion machine in that it could oper-
ate from the heat of, say, the ocean and perform work, which
could be transformed by friction back to heat, thereby maintain-
ing the initial supply. This has been called perpetual motion of
the second kind.

Our failure to build such an engine leads to the conclusion
that to do so is impossible. This conclusion is based entirely upon
negative experience and can be upset only by actually producing
this kind of perpetual motion.

Another instance of a decrease of entropy would be given
if heat flowed from a colder to a hotter body. By reasoning analo-
gous to that employed for heat conduction from a hotter to a colder
body, we arrive at the fact that-if heat ever flowed from a colder
to a hotter body the entropy of the system would decrease, or,
the entropy change would be negative. But such a heat flow is
contrary to all of our experience. All of our experiences thus far
may be summed up by saying that in all processes of whatever
kind so far observed, the changes in the entropy involved are such
that the total entropy of the whole system either remains cowstant
or increases.

Conversion of Heat into Work. Now if we have a difference
of temperature between two heat reservoirs, the higher tempera-
ture being 7'; and the lower 7', the entropy would increase if heat
were allowed to flow directly from the one to the other by conduc-
tion. On the other hand, we know it is possible to pperate a steam
engine between these two different temperatures, using one for the
boiler temperature and the other for the condenser.

In this case if an amount of heat @, be taken by the engine per
cycle from the temperature 7, and Q. be the heat discharged into
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the condenser at 7', then @,—Q; is equal to the work, W, done by
the engine per complete c¢ycle. The maximum possible value of the
work, W, is obtained when we consider that the limiting case of
the operation—the limit that the engine can approach but never
exceed——is given for the case when the entropy change is zero.

For each cycle the entropy lost by the heat reservoir at tem-
perature T, is Q,/T,, while that gained by the condenser is @,/T,
the entropy of the engine itself being the same at the completion of
each cycle. Then if the total entropy change is to be zero,

'Qx Qz
T, T
or )
T.
Q=0 T, .

Now, since the work, W, done by the engine is equal to the loss of
heat, Q]_"'"Qz,

T,
VV=Q1 sz Ql“"‘“Q1—T_;7
or
Tl—Tz

Thus the maximum possible fraction of the heat, @,, taken
from the higher temperature reservoir that can be converted into
work is given by the fraction 7,—7,/T,, which is the highest pos-
sible efficiency of the engine.

The nearer the two temperatures are together, the smaller
the value of this fraction, becoming zero when the two tempera-
tures become the same. Hence it is impossible to operate any heat
engine except when a difference of temperature exists. Under no
circumstances can the work produced from a given amount of
heat or the efficiency be greater than that given above.

Reversible and Irreversible Processes. Now we come to the
concepts of reversible and irreversible processes. A reversible proc-
ess is in reality an idealization and occurs only in those cases
for which the entropy change is zero. All actual cases involve
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friction or its equivalent and therefore result in an increase of
the entropy of the system. Such systems are said to be irreversible
and the entropy-increase is a measure of their degree -of irre-
versibility.

An irreversible process is characterized by the fact that when
once it has occurred, by no process whatsoever can it be undone.
For example, if a book is pushed off the desk and falls to the floor
its potential energy is changed into heat and the entropy increases.
It is physically impossible ever to put the book back on the desk
and at the same time to restore everything else to the state it was
in before the book originally fell. The book could be lifted back by
hand but that would degrade chemically the energy inside the
body. It could be hoisted by an electric motor, but that would dis-
charge a battery. So with every other process of replacing the
book. It is impossible to put everything involved back to its
initial state. In consequence of this fact the universe has ex-
perienced a new event and has made a stride forward.

Transformations in an Isolated System. Now let us imagine
a system completely isolated from all outside energy transfers,
that is to say, that no matter or energy is allowed to enter or
escape. For such a system we may imagine a large heat-proof,
light-proof, sound-proof room. Let it be stocked with all sorts of
physical and chemical apparatus and supplies such as storage
batteries, gasoline, oxygen, food suppiies, water, electric and
gasoline motors, electric or fuel lights, etc. Into this room we will
also place a physicist and then seal the door to isclate the system.

Now this isolated universe, as it were, is all equipped to run.
Our physicist ecan have light and food, oxygen to breathe and
water to drink. In addition to this he has engines and motors and
an energy supply to drive them. To make the problem even more
interesting we might even allow him soil and plant seeds so he
could grow his own food supply.

What would be the future of this isolated universe? Merely
from our everyday experience we would know that the food sup-
ply, the free oxygen, and the fuel would all diminish with time.
The storage batteries would become discharged; the water would
become contaminated; our miniature universe would run down
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80 to speak; and, ultimately, if not rescued, our physicist would
die from lack of food, oxygen, or water, and then disintegrate
chemically.

Now it is instructive to analyze the problem -thermodynam-
ically. The room, by hypothesis, consists of an isolated system.
The matter in the system is constant; the energy is constant; but
both the matter and the energy are undergoing continuous trans-
formations. If the matter is initially at state A it successively
occupies states B, C, D, ete. at successive intervals of time. Since,
from what we have seén, all actual transformations of matter from
any given state to the next successive state involve an increase of
entropy, we may say that the entropy of the system is continu-
ously increasing. Thus the entropy of state B is greater than that
of state A ; that of state C is greater than that of state B, ete. This
being so, if the room were ever to regain any earlier state such as
going from state D to state B, a decrease in entropy would oceur.
But this, we have seen, is impossible. Consequently we may say
that when any isolated system has once occupied and passed
through any given state it is physically impossible, by any method
whatsoever, for it ever to regain that state.

Consequently the history of any isolated system may be re-
garded as the record of the changes of the material configurations
and states of that system. These changes are however unidirec-
tional and irreversible. Consequently it is a physical impossibility
for the history of the system ever to repeat itself.

Unidirectional Nature of Terrestrial History. Now what we
have said with regard to the room is equally valid with respect to
the earth if we recognize that although it is not an isolated system
the changes in the configuration of matter on the earth, such as
the erosion of soil, the making of mountains, the burning of coal
and oil, and the mining of metals are all typical and characteristic
examples of irreversible processes, involving in each case an in-
crease of entropy. Consequently terrestrial history is also uni-
directional and irreversible.

In order to repeat the history since the year 1900, for ex-
ample, we would have to restore to the earth the configuration
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that it had in the year 1900. We would have to put the organisms
back to their 1900 state; we would have to put the coal, the oil,
and the metals back into the ground; we would have to restore
the eroded soil. But these are things which by no method whatso-
, ever can be done.

The Second Law of Thermodynamics. It is this unidirec-
tional tendency of energy transformations; this fact that all actual
physical processes, at least on a macroscopic scale, are irrevers-
ible; this fact that no engine operating cyclically can convert
heat into work without a difference in temperature existing and
then only incompletely ; the fact that heat flows only from regions
of higher to those of lower temperature; the tendency for the en-
tropy of a system only to increase with time, that comprises the
Second Law of Thermodynamics.

References:
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Thermodynamics, Planck.
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Lesson 5

ENGINES

IN THE previous lessons we have found that while
energy may be converted from one to another of its
forms it is never destroyed. We also found that thereis a
fundamental tendency for all other forms of energy to
change into heat, and for all bodies to come to the same
temperature. When a difference of temperature exists it
is possible to convert heat into work, but if no tempera-
ture difference exists no heat can be converted into work
even if, literally, oceans of heat exist.

Definition of an Engine. An engine may be defined as any
type of machine which takes energy in any form and converts it
into work.

The initial form of the energy converted may be mechanical,
as in the case of wind and falling water; it may be chemiecal, as in
the case of coal, oil and wood ; it may be electrical, as in driving an
electric motor from a power line; or it may be radiant energy, as
in the case of using the sun’s heat to drive an engine.

TABLE 2
ENGINES CONVERTING MECHANICAL ENERGY INTO WORK:

Engine Energy Used
Windmill ...oovvenniiiiiii i e Kinetic energy of the wind
Sailing wessel .......coiiiiiiiiiiiiiiiiiiiia., Kinetic energy of the wind
Water wheel ................. FETTPO Ceeeaeas Potential energy of water

ENGINES CONVERTING CHEMICAL ENERGY INTO WORK:

Engine Energy Used

Steam Engine «...covveviirinnes B Fuel—Coal, oil or wood

(a) Reciprocating type (piston)
(b) Steam turbines
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Internal combustion engines

(@) Gas EDZINE .ceuevirrrirnire ittt raeanonas Gas
(b) Gasoline engime .........ocviiveieirirriniereneinrcons Gasoline
(€) Diesel tuieievrenniiiniai it e iiiaas Fuel oil
ENGINES CONVERTING ELECTRICAL ENERGCY INTO WORK:
Engine Energy Used
Various forms of electric motors ..... Electrical energy from power lines

or from electric batteries

An engine which makes the initial conversion of energy into
work is called a prime mover. In electric power systems me-
chanical or heat energy is converted first into work which is used
to drive the electric generators. These convert work into electrical
energy. The engine which drives the generator in this case is the
prime mover. Electric motors converting this electrical energy
back into work are not prime movers, but ‘secondary movers,” in-

stead.

Efficiency of Engines. The efficiency of an engine is defined
as the ratio of energy converted into work, to the fotal energy

initially supplied.
work output
Efficiency=————"—"—-+.
energy input
Therefore, in order to measure the efficiency of an engine it is
necessary to know both the total energy taken during a given time
and the work done in that time by the engine.

In the case of a waterfall, the available energy per unit of
time is determined by the amount of water passing through the
water wheel in that time, and by the height of the fall. Suppose
the fall is 100 feet high, and that 990 pounds of water per minute
pass through the water wheel. In this case the energy input would
be 990 x 100, or 99,000 foot-pounds per minute. Since 33,000
foot-pounds per minute is 1 horsepower, then the input into this
wheel would be 3 horsepower.

Suppose the output of the wheel were only 2 horsepower due
to frictional losses or to poor design of the wheel. Then the effici-
ency of this wheel would be:
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M

2
efficiency= 3hp =66.7 percent.

The maximum efficiency possible in this case would be 100
percent, with an output of 3 horsepower.

Modern hydroturbine installations such as the 70,000 horse-
power units at Niagara Falls have an efficiency of approximately
92 percent. That is, they convert into electrical energy 92 percent
of the energy supplied by the water.

Efficiency of Heat Engines. In order to measure the efficiency
of a heat engine we have to measure the heat supplied to the engine
as well as the engine’s output of work. We cannot measure the
heat directly, but we can measure the fuel that is used; then we
can determine the heat input if we know the amount of heat that
is produced by a given amount of fuel.

Heat Value of Fuel. It was pointed out in Lesson 3 that
when certain chemical reactions take place heat is evolved. Also,
for the same amount of substances taking part in a given reaction,
the same amount of heat is always produced.

Now, the production of heat by the burning of a fuel results
from the chemical reaction due to the chemical ecombination of
that fuel with oxygen. Fuel plus ozygen equals waste products
plus heat. If the fuel be of a particular grade, then the number
of calories of heat produced by burning 1 gram is the same for
all the fuel of that grade. The number of gram calories produced
by burning 1 gram of the fuel, or the number of British thermal
units produced per pound, is called the heat value of that sub-
stance.

Heat values are obtained by placing a measured amount of
fuel surrounded by compressed oxygen ir a gas-tight container.
This is placed in a heat insulated vessel of water and the fuel
ignited by an electric spark. When the spark occurs the fuel
burns and the heat which is released is taken up by the water.
The amount of water is known, and the rise of temperature is
measured. From this the number of calories or British thermal
units is obtained.
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TABIE 3
HEAT VALUE
FUEL Gram Calories  British Thermal
per Gram Units per Lb.

Coal

Bituminous, low grade .....cocoviuinnns 6,000 11,000

Bituminous, high grade ................ 8,000 14,000

Anthracite, low grade ....... PO, 7,000 12,500

Anthracite, high grade ................. 7,500 13,500
Liquid fuel

Gasoline .vvevevvivnranoeiirnraaianns 11,000 20,000

Fuel 0ils civiiiviinrerivinerivinnnnnanas 10,500 18,500
Wood

L0 D 4,500 8,500

Pine ...vvvviviiiniecinanns Ceerearrenies 5,000 9,000

The average consumption of coal by central power stations
in the United States in 1938 was at a rate of 1.41 pounds per
kilowatt-hour. This was a drop from a rate of 3.39 pounds in
1920. These figures are based upon a heat value of 13,100 British
thermal units per pound of coal. At this value 1.41 pounds of
coal contain 18,470 British thermal units. Since a kilowatt-hour
represents 3,411 British thermal units, the average efficiency for
the year 1938 is given by

work done 3411
energy used 18,470

efficiency= =18.5 percent.

The corresponding figure for 1920 is 7.7 percent.

TABLE 4
ENGINE EFFICIENCY
Waterwheels ....vvverrerrennrrorericronrecnsnnonsnes 70 to 92%
Steam engines
(@) LOCOMONVES «vovvvrvervrarsaeecssacnsneveans 5 to 10%
(b) Stationary reciprocating engines ............ 10 to 17%
(¢) Steam turbines .......ccocoviivreens Cereeens 15 to 30%
(d) Hartford mercury vapor station ...c.cce.e.e.. 33.1%
(e} Average of all central power stations in U. S.
in 1938 .eiiniiiii ittt s 185%
Internal combustion engines
(a) Gasoline engine (automobile type) .......... 15 to 28%
(b) Gas engines .....eevvvnineinenrinnnnnravnens 25%

(¢) Diesel eNgiNes +..ocevereernernreeecenseannse 29 to 35%
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The above discussion of engines has been presented in some
detail not because we are interested in having the reader become
an engineer, but because this, it is hoped, will help to clarify the
relationship between matter and energy. It was stated at the out-
set that all the matter on the earth is composed of 92 chemical ele-
ments, and that, whether this matter is in the form of living organ-
isms or rocks, its movement involves a degradation of energy.

Engines do not create work or energy; they are instead con-
verters of energy—they convert energy from one form to another.

In our next lesson we shall show that the human body is itself
an engine that converts energy into heat and work in striet and
exact accordance with the laws of thermodynamies.

References:

The Story of Energy, Mott-Smith.
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Thermeodynamics, Planck.



Lesson 6

THE HUMAN ENGINE

N Lesson 5 we discussed various types of engines, and

it was learned that engines do not create energy, but
instead merely take energy in a form available for doing
work, and convert a part of this into useful work. All of
this energy is finally degraded into the unavailable form
as waste heat. In the present lesson we wish to focus at-
tention on a very remarkable engine that has not been
previously discussed, namely, the human body.

Calories. A steam engine, as we saw, takes in coal and
oxygen, and gives out, as products of combustion, water vapor,
carbon dioxide, and cinders. Besides this it produces heat and
work in driving the steam engine. In an analogous manner, the
human body takes in food and oxygen, and gives out carbon di-
oxide, water vapor, and waste products. Besides this, heat is pro-
duced inside the body, and the body is enabled to do work. Human
food is just as much a fuel as is coal or gasoline, or wood. The
same kind of fests have been made to determine the heat value
of food as were described in Lesson 5 to determine the heat value
of coal, gasoline, etc. The apparatus that is used to determine the
heat value of fuels is called a calorimeter.

The ‘calories’ contained in various kinds of food have become
a household expression, but few people are familiar with what is
meant; what is actually meant is that food of a certain kind has
been burned in a calorimeter and the heat produced by 1 gram
of food has been carefully measured and stated in terms of kilo-
gram-calories produced by 1 gram of food. Hence, the ‘calorie,
that one commonly hears spoken of in regard to food is a kilogram-
calorie.

56
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Heat Value of Foods. There are three fundamental kinds of
food substances: proteins, carbohydrates, and fats. Chemically, a
protein consists of carbon, hydrogen, oxygen, and nitrogen plus a
small amount of sulphur and mineral matter. Both carbohydrates
and fats are composed of carbon, hydrogen, and oxygen.

TABLE 5
Faon CARBON HYDROGEN  OXYGEN NITROGEN
Proteins ...o.c.eneeens 52.0% 0%  230%  16%
Carbobydrates .......... 44.4 6.2 49.4
Fats vocveirvonronncannnn 76.6 119 115

(Percentages in this table are by weight.)

Examples of proteins: White of eggs, curd of milk, and lean
meat.
Examples of carbohydrates: Sugar and starch.
Examples of fats: Fat of meats, butter, lard, and olive oil.
Most foods are a mixture of proteins, carbohydrates, and
fats.

TABLE 6

FUEL VALUES OF FOODS
KILOGRAM~-CALORIES

FOOD PER GRAM
Protein voeeevvenrreiiniinsereesscesasanranesaanas 4
Carbohydrates .......ccieiiiiiiiiiiaciniiecncaass 4
) 31 R 9

On the average, in temperate climates, out of each 100 grams
of food eaten, approximately 16 grams are proteins, 75 grams are
carbohydrates, and 9 grams are fat. This food is taken into the
body, oxygen in the air is taken in by breathing, and combines
chemically inside the body with the food. Energy in the form of
heat and work is released.

Food+-oxygen—>carbon dioxide-}-water-waste-
products-+energy (heat and work).

The heat produced by 100 grams of this average diet would be
about 457 kilogram-calories, provided all of this were digested.

This provides us with a scientific way of rating human beings;
we can rate them by the amount of energy they consume or degrade
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per day. Men, on the average, consume about 2,800 kilogram-
calories per day and women about 2,000.

The average energy consumed per capita per day by all the
people in the United States, young and old alike, is about 2,300
kilogram-calories.

The significant thing about all this for our purpose is that
it is possible fo determine exactly how much energy is contained
in various kinds of foods, and then after they are eaten to deter-
mine how much heat and work they can produce. This latter is ac-
complished by placing a man in a large heat-tight calorimeter, and
measuring very accurately over a given time-period the amount
of heat given off by his body. At the same time the amount of
oxygen he breathes, and the amount of carbon dioxide that he
gives off, are also accurately measured. If the person is lying
quietly and doing no work, it has been found that the heat given
off in a given time is exactly equal to that contained in the food
‘burned’ or oxidized in that time.

By this mannper it is also possible to determine how much
work a given amount of food can be made to produce, or the effici-
ency of the human engine. This is accomplished by having the
man turn a crank, or pedal a bicycle attached to an instrument
called an ergometer. The ergometer measures how much work has
been done by the man ; the calorimeter at the same time measures
the heat given off. In this case it has been found that the energy
represented by the heat given off and the work done by the man
are exactly equal to the energy contained in the food ‘burned’ dur-
ing that time.

Efficiency of the Human Engine. Remembering that the effi-
ciency of any engine is determined by the ratio of the work done
by that engine to the total energy degraded in a given time-period,
it is now possible to determine the efficiency of the human engine.
The maximum efficiency of the human engine has been found to
be only about 25 pereent. Due to the fact that the human engine,
while still alive, never completely shuts down, and therefore never
ceases to degrade energy, the efficiency is zero when no outside
work is being done; that is to say, when the body is at rest. This
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basic rate of consuming energy while at rest amounts on the aver-
age to 1,700 kilogram-calories per adult person per day.

When physical work is done the rate of energy consumption
very rapidly increases. A strong man doing heavy physical labor
can perform approximately 2,000,000 foot-pounds of work in a 10-
hour day, or one-tenth of 1 horsepower for a 10-hour day. In order
to do this he will require approximately 5,000 kilogram-calories
per 24 hours.

By way of contrast, work involving little physical activity,
such as writing, or various kinds of desk work, involve very little
energy expenditure. It has been found that the additional energy
required for intense mental work amounts only to about 4
kilogram-calories per hour. In other words the most difficult think-
ing requires additional energy per hour equal approximately to
that of 1 gram of sugar or to one-half a peanut. Indeed, so small
is the amount of energy required to ‘think’ that a housemaid en-
gaged in sweeping and dusting the study of a college professor
would expend as much energy in 3 minutes as the professor would
expend in an hour of intensive study.

One frequently hears careless talk about ‘nervous’ energy,
‘mental’ energy, ‘creative’ energy and other such expressions,
which imply not only that there are numerous unrelated kinds of
energy, but that energy associated with the human body is differ-
ent from energy as manifested in calorimeters and steam engines.
It is also implied that human beings are somehow or other spon-
taneous sources of work or energy. From what has been shown in
this lesson it becomes evident that all such expressions have no
basis in faet, and are sheer nonsense. There is only one funda-
mental energy which, as we defined above, is the capacity to per-
form physical work.

Engines of any kind are not creators of energy; they are,
instead, converters of energy from one form to another in exact ac-
cordance with the First and Second Laws of Thermodynamies.
The laws of thermodynamics are no respecters of persons, and they
hold as fast and rigorously in the case of the human body as they
do in man-made engines.

A human body takes the chemical energy from food and con-



60 TECHNOCRACY STUDY COURSE

verts it into heat and work on a 24-hour per day basis. Rarely is as
much as 10 percent of this energy converted into work. Con-
sequently, in spite of anything we can do, man is a dissipater of
energy and it is not possible for him by any amount of work he may
do ever to repay the amount of energy that he required in doing that
work.
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Lesson 7

THE FLOW OF ENERGY ON THE EARTH

IN the previous lesson we have seen that all movement
of matter on the face of the earth involves a corre-
sponding change of energy. We have also seen that while
energy may be manifested in various forms, such as heat,
chemical energy, potential energy, kinetic energy, etc.,
and may be changed from one of its various forms to an-
other, none of it is ever lost, but that all of it tends to be
dissipated into waste heat. Engines, as we have seen,
whether animate or man-made, do not create energy, but
merely utilize a supply of available energy for doing work.
The available energy used by various engines usually oc-
curs in two forms—mechanical energy as in the case of
waterfalls or the wind, and chemical energy, as in the case
of fuels and food.

Energy of Running Water. The end product of all of this .
energy is waste heat, but until now we have not inquired as to
where it came from in the first place. Take the waterfall for ex-
ample, which is continually dissipating energy. The water in the
river was originally derived from rain, and this was in turn evapo-
rated principally from the ocean. Now we have already seen that
to evaporate water requires energy. At ordinary temperatures 585
gram calories of heat are required to evaporate 1 gram of water.
Since ocean water does evaporate, this heat must be supplied, but
where does it come from? Obviously the only source of heat in
the open ocean is the sunshine; the sun shines upon the ocean and
other bodies of water, and its energy is used to produce evapora-
tion. Another part of the sun’s energy heats the earth’s atmos-
phere, and, by causing it to expand, produces winds. In this man-
ner the evaporated water is carried over the land. Then, upon
cooling, the water vapor in the atmosphere condenses and falls as
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rain and snow, and this in turn produces rivers. Hence, the energy
of a waterfall is originally derived from the energy of sunshine.

Energy of Plants and Animals. Where does the energy con-
tained in food and fuels come from? We have already seen that
when foods and fuels are combined chemically with oxygen the
combustion produces chiefly carbon dioxide (CO.) and water
vapor, while in the process heat is released. Since heat is not spon-
taneously created, a similar heat supply had to be provided when
water vapor and carbon dioxide were originally united to pro-
duce the food and fuel produets.

A large class of foods, such as grains, vegetables, etc., are
derived directly from plants. A large amount of fuels such as wood
and coal are likewise plant products. Coal is simply the consoli-
dated remains of forests which grew in past geological ages, and
have been preserved from decay by being buried under great thick-
nesses of rock. Hence, most of the energy contained in our food
and fuel is derived directly from plants.

Some foods, and to a slight extent some fuels (whale oil, for
example,) are derived not from plants, but from animals. In all
cases, however, the energy contained in the animal tissues was
derived from the animals’ diet of plants or other herbivorous
animals. Thus we see that all energy contained in animal tissue,
and used to operate the animal bodies, is derived directly or in-
directly from the chemical energy of plants.

The energy contained in petroleum has not yet been discussed.
It has now been established beyond a doubt that petroleum has
been derived from plants and animals of the geologic past which
have been preserved from decay by burial under great thicknesses
of rock. Hence, this energy is also derived from plants.

Chlorophyl. It remains to be seen where and how plants get
energy. It is a matter of common observation on farms that a
weed such as a cockleburr, if growing alone on an open piece of
ground, will reach only a moderate height of about 3 feet and
will spread laterally until its lateral diameter is also about 3 feet.
If the cockleburr, however, is only one of a thick patch of cockle-
burr plants growing about 6 inches apart, then it will develop a
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long, slender stalk reaching a height of 5 or 6 feet, with almost
no leaves except a small tuft directly on top. This same type of
thing is true for all kinds of plants. Oak trees in an oak thicket
bave long slender trunks, whereas the same kind of oak trees
when alone will form the familiar widely-branching tree.

‘When plants are placed in a house or cellar where little sun-
light is available, the leaves usually lose the familiar green color
and turn white or yellow, the plant loses its vigor of growth, and
eventually dies. Grass on a shady lawn frequently dies out, and
has to be reset. Among plants the struggle for existence is, among
other things, largely a struggle for sunshine. Raw materials from
which plants are composed are chiefly carbon, hydrogen, and oxy-
gen plus a small amount of nitrogen and mineral matter. Water
is required by plants, and this water is derived from the moisture
of the soil. The mineral matter, likewise, is the ordinary salts
which are contained in solution by the water of the soil. The
carbon is derived from the carbon dioxide which is contained in the
air. The nitrogen is likewise derived from the air. We can repre-
sent this as follows:

6CO,+-5H,0—>CH,,0;160;

carbon dioxide water cellulose  oxygen

Cellulose plus lignin, a similar material, compose the woody
material of plants. We have already seen that the chemical com-
bination of wood with oxygen releases heat, as follows:

GeHmOs""‘GOz -"”6002+5H20 +heat

cellulose oxygen carbon dioxide water

It will be noticed that the production of plant substance is
chemically exactly the opposite from the burning of wood. Since
energy is released when wood is burned, then an exact equal
amount of energy must have been required when the wood was
formed in the first place. Accordingly, the formation of wood
may be represented:

6002+5H20+energy '—’03H1005+603

carbon dioxide  water cellulose oxygen
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Where does the energy come from? It has been found that,
in this case, the energy is derived from the sunshine or other
sources of light. This accounts for the fact that the plants seem
to compete with each other for sunlight. The green substance in
the leaves of plants is called chlorophyl. In the presence of
chlorophyl solar energy is converted into chemical energy, as water
and carbon dioxide combine to form plant substance.

Solar Radiation. Almost all of the energy used by man, whether
derived from wind or water power, from coal or oil, or from other
animals or plants, is derived ultimately from the sunshine. Excep-
tions to this are energy derived from tides, or from volcanic heat
from the earth’s interior. These exceptions are at present of little
importance, and will pro‘?ably continue to be so in the future.

From the foregoing it is evident that most of the activity—
most of the movements of matter-—on the face of the earth are
directly or indirectly the result of sunshine. The energy of solar
radiation as it impinges on the earth has been measured. It has
been found that the solar radiation upon a square centimeter of
surface taken at right angles to the sun’s rays will, if converted
into heat, produce 1.94 gram calories of heat per minute of time.
This relationship is strictly true only just outside the earth’s
atmosphere; on the earth’s surface, the heat per minute is some-
what less than this due to the fact that some of the heat is absorbed
by the earth’s atmosphere.

It may give one a better idea of the enormous quantity of
energy contained in sunshine if one considers that the average sun-
shine per day on one square mile at Washington, D. C., would, if
converted into mechanical work, equal 20 million horsepower-
hours. It is easy to see what an enormous amount of energy per
day the total solar radiation on the entire earth must be.

Flow of Solar Energy. As energy is not destroyed, we must now
determine how, with such an enormous amount of heat arriving
daily from the sun the earth does not get continually hotter and
hotter. We have geological evidence that the intensity of sunshine
on the earth has been practically the same for many millions of
years. We also know that the earth has had about the same tem-
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perature during that time. Therefore, the earth must be losing
energy at about the same rate it is receiving it.

Let us trace the energy from the sun. Of the total energy con-
tained in the solar radiation which impinges upon the earth, ap-
proximately 37 percent is reflected back into space. Another part
of the energy of the sunshine is directly absorbed by objects upon
which it falls and is converted into heat; still another part pro-
duces the evaporation of water; another part is consumed in ex-
panding the gases of the atmosphere and the ocean waters, produc-
ing winds and ocean currents. Finally a part is converted by the
chlorophyl of the plants into the chemical energy required by plant-
eating animals and these latter finally become the food for car-
nivorous animals. As we have already shown, a part of the plant
energy may be converted into mechanical work by means of man-
made engines; in a similar manner the energy of waterfalls which
ordinarily is dissipated as waste heat, may be made to drive ma-
chinery before finally being reduced to waste heat. The end product
of all these processes is, however, low-temperature waste heat.

Due to the fact that the earth is not getting hotter, the earth
must be losing heat at the same rate-it is receiving heat from the
sunshine. This loss of heat is accomplished by means of long wave-
length, invisible heat radiation which the earth radiates out into
space. This type of thing is well illustrated in the case of a closed
automobile parked in the hot sunshine. The temperature in the
car stays several degrees higher than the temperature outside the
car, which is due to the fact that sunshine, which is short wave
radiation, passes readily through the glass windows. When it
strikes the cushions of the car it is absorbed, and. produces heat.
These cushions then emit a long wave-length radiation, which can
pass only with difficulty through the glass windows; consequently,
the temperature of the interior of the car rises until enough heat
can be radiated to allow the escaping energy to be equal to that
coming in. Thereafter the temperature does not change. Clouds
in the earth’s atmosphere act in a similar manner—they tend to
block the escaping long wave-length radiation. That is the reason
it rarely frosts on a cloudy night.
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Summary

Solar radiation impinges upon the earth as a short wave-
length radiation, and thereafter undergoes a series of energy
changes, each one of which, in accordance with the Second Law of
Thermodynamics, is at a lower scale of degradation than that pre-
ceding it. Finally, it is re-radiated back into space as spent long-
wave radiation. During, and as a consequence of this process, the
winds blow, rivers flow, and plants and enimals grow and propa-
gate their kind, and most of the other events on the face of the
earth take place.

Since the total flow of energy on the earth is practically a con-
stant, it follows that there is not likely to be any cessation or
diminution of this process for a long time to come. While the total
flow of energy on the earth’s surface is essentially constant, the
resulting picture, in terms of the configuration of the earth’s sur-
face and of plant and animal life, is continuously changing. This
change is itself unidirectional and irreversible; that is to say, it
never repeats itself.
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Lesson 8

DYNAMIC EQUILIBRIUM AMONG ENERGY-CONSUMING
DEVICES

E have already seen that every sort of mechanism,

both inanimate and organic—plant, animal, and
steam engine—is an energy-dissipating device. Plants
require solar energy; animals require chemical energy
in the form of food derived either from plants or other
animals; steam engines require the chemical energy
of fuel. It is important to- note here that particular
kinds of energy-consuming devices can, in general, make
use of energy only when it occurs in certain forms. Thus,
a steam engine cannot utilize the energy contained in a
waterfall, neither can a horse operate on the energy con-
tained in coal or gasoline. Certain animals, the herbi-
vores, can utilize only the energy contained in a limifed
variety of plants; other ammals, the carnivores, can
utilize only energy occurring in the form of meat. "Most
plants can utilize only the energy of light radiation. All
of the energy used by every kind of energy-consuming
device on the earth is, as we have pointed out, derived
almost without exception, initially from the energy of
sunshine. The energy of sunshine is a vast flow of energy.
The existence of plants and animals is dependent upon a
successful competition by each of the different species for
a share of this total flow. A simple illustration will per-
haps make tHis more clear.

Dynamic Equilibrium of Plants and Animals. Imagine an
area of land in a temperate region having the usual array of vege-
tation peculiar to such an area. Suppose that a block of this land
of several square miles in area be completely fenced off in such a
manner that no animals at all are allowed within this area. Under
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these conditions the grass, in the absence of animals, would become
tall and of luxuriant growth.

Now, into this pasture with its luxuriant growth of grass,
suppose that we introduce a pair of rabbits, one male and one
female, without allowing any other animals within the region.
Suppose, further, that we take a census at regular intervals of the
rabbit population within this area. As we know, rabbits breed
rapidly, and in a year’s time one pair of rabbits produce about 12
offspring. Assuming no rabbits to die in the meantime and this
same rate of multiplication to continue, at the end of the first year
the total rabbit population would be 14; at the end of the second
year the population would have reached 98; at the end of the third
yvear it would have reached 686. One might object to this on the
ground that some of the rabbits would have died in the meantime,
and this objection is well founded. Given a situation such as we
have assumed here where the food supply is abundant and other
conditions are favorable, it is a well established fact that animals
multiply in such a manner that their birth rate exceeds their
death rate, and as long as these conditions maintain, the popula-
tion tends to increase at a compound interest rate. In the case of
the rabbits we are considering, if the births per year were 600 per-
cent and the deaths per year were 200 percent, there would be an
expansion of 400 percent. This, while slightly less speectacular
than the case where no deaths occurred, would still result in a very
rapid increase in the rabbit population of the area. Under these
conditions, if at the end of a certain time the rabbit population
were 100, there would be by the end of the following year 500
rabbits in the area, and by the end of the year after, 2,500 rabbits,
ete.

At this rate it is very obvious that it would not take many
years for the rabbit population to reach an overwhelming figure.
How long could this rate of growth continue? Is there any upper
limit to the number of rabbits that can live in a given pasture
area? There very obviously is. The rabbits eat prineipally grass and
certain other small plants. For the sake of simplicity, we shall
assume that the rabbits eat only grass. Grass, therefore, being
the food, constitutes the energy supply for the rabbit population.
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Each rabbit in order to subsist must have a certain number of
calories per day, and therefore, must eat a certain minimum amount
of grass per day. In the initial conditions that we have specified,
the grass supply far exceeded the needs of the rabbit population.
Under these conditions there were no limitations on the rate of
growth of the population. Finally, however, there would come a
time when the number of rabbits would be such that the amount
of grass per year required to feed them would just equal the rate
at which grass grows. Under these conditions it is easy to see that
if the rabbit population were to get any larger than this, the sur-
plus would starve to death.

Our curve of the growth of the rabbit population, therefore,
if plotted as a graph, would at first rise more and more rapidly
with time. After that, the curve would begin to level off, signi-
fying that the food requirements of the rabbit population were
approaching the rate of growth of the grass of the region.

‘When these two things become equal, that is to say, when the
rate at which rabbits eat grass is equal to the rate at which grass
grows in the region, there will have been reached a state of dy-
namie equilibrium between rabbits and grass. If there should
be a particularly good growing season, the grass would grow more
rapidly, and the rabbit population would increase as a conse-
quence; if this were followed by a drought, the grass would de-
crease and the surplus rabbit population would consequently die
off.

Now suppose that in this pasture where a state of dynamic
equilibrium between rabbits and grass has already been achieved,
we introduce a disturbing factor in the form of a pair of coyotes.
Coyotes live on meat, and since we have postulated that rabbits
are the only other animals in the area, the coyotes will live upon
the rabbits.

Now, what will happen? Since there is an abundance of rab-
bits the coyotes will have plenty to eat, and while this condition
lasts they will multiply at their most rapid rate. At the same time,
bowever, because of this, the death rate among the rabbits in-
creases, and the rabbit population declines. Finally, there comes
a time when the rate at which the coyotes require rabbits for
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food is equal to the rate at which the rabbits grow. Under this
condition the rabbit population will stabilize at a lower figure
than formerly, and the coyote population will also stabilize at a
different figure. When this is attained there will then be a state
of dynamic equilibrium between coyotes, rabbits, and grass.

‘We could complicate the picture still further by introducing
foxes, owls, field mice, and the whole complex array of animals
that one normally finds in such localities. With this more ecomplex
picture we would find exactly the same thing; that is, if left alone,
each of these different species would tend to come to a stable popu-
lation. In the case of each species a stationary population involves
an equality between its birth rate and its death rate. Its birth rate
is dependent upon its available energy supply; and its death rate is
determined in part by age and in part by the rate at which it be-
comes an energy supply in the form of food for other species.

A disturbance on either side of this equation, a change in the
food supply, or a change in the rate at which it is eaten or dies,
will disturb this dynamic equilibrium one way or the other.

The Dynamic Equilibrium of Man. The principles discussed
above are just as valid for the human species as for coyotes or
rabbits.

Suppose we consider man in his most primitive state, before
he had invented tools and clothing, learned to use fire, or had
domesticated plants and animals. What was his food supply? He
must have lived on fruits, grass seeds, nuts, and other such plant
products as were available and suitable for human food. He prob-
ably caught and ate small animals such as rabbits, rats, frogs, fish,
and perhaps insects. His population in a given area was therefore
limited on the upper boundary by the rate at which he could catch
these small animals, or could gather the plant foods. On the other
side, such large predatory animals as bears, panthers, lions, and
saber-toothed tigers were lurking about, and it is entirely probable
that our primitive ancestors formed a part of the natural food
supply of these animals. This, as in the case of the coyote-rabbit
equilibrium mentioned above, tended to restrict further the human
population within a given area.



DYNAMIC EQUILIBRIUM 71

Now, suppose that this primitive species, man, learned to use
such a weapon as a club, what effect would this have toward
changing the state of the dynamic equilibrium? In the first place,
with a club, a man could probably kill more animals for food than
he could have caught using only his hands. This would tend to
increase his food supply, and in so doing, would to that extent
curtail the food supply of bis predatory competitors. For example,
suppose that with a club a man could kill more rabbits than he
could catch with his bare hands; this would increase the human
food supply and consequently tend to increase the human popula-
tion in the given area. At the same time there would be a decrease
in the rabbit population, and a corresponding decrease in the
population of other animals depending on rabbits for food.

A club is a weapon of defense as well as of offense. With a
club, a man would be able to defend himself from beasts of prey,
and would accordingly decrease the rate at which he became the
prey of other predatory animals.

The result of both of these, the increase of human food supply,
and the increase in the expectancy of life of the human being, act
in the same direction, namely, to disturb the balance in favor of
an increase of human population in the given area.

Now, let our primitive man discover the use of fire. Fire, by
its warming effect, would protect man from the winter cold, and
doubtless decrease the number of deaths from freezing and ex-
posure. This would prolong the average length of life and con-
sequently increase the population. Fire also is a powerful medium
of defense in that it effectively prevents depredation by predatory
animals. This also tends to increase the expectancy of life. The
use of fire would also permit man to invade new and colder terri-
tories. Thus, not only would learning fo use fire tend to increase
the population in areas inhabited by man, but it would enable him
to reach a food supply in areas not previously accessible, and, con-
sequently, to multiply still further by inhabiting a larger and
larger portion of the earth.

The discovery of the use of fire is of even greater significance
in another way. In this hypothetical development that we have
outlined the only part of the total flow of solar energy that had
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been diverted into the uses of man, prior to the use of fire, was
that of the food he ate. The energy requirements of our primitive
ancestors in the form of food were probably not greatly different
from that of today, namely, about 2,300 to 2,600 kilogram-calories
per capita per day. No other energy was utilized than that of food
eaten. With the discovery of fire, a totally new source of energy
was tapped, and use for the first time was made of extraneous
energy—energy other than food eaten.

This constituted one of the first steps in a long and tortuous
evolution in learning to convert an ever-larger fraction of the
total flow of solar energy into uses favorable to the human species.
The results of this learning to direct the flow of solar energy, as
we shall see in succeeding lessons, are among the most momentous
of the events in the history of life on this planet.
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Lesson 9

ENERGY IN HUMAN HISTORY

IN Lesson 8 we learned that all plant and animal
species are in a perpetual state of competition for
larger and larger shares of the total flow of energy from
sunshine. The number of individuals of a particular
animal species that can live in a given area is dependent
"in part upon the rate at which energy occurs in that area
in a form suitable for use by that species; in part upon
the number of competing species for energy in the same
form ; and in part upon the rate at which this same species
becomes food, and therefore serves as the energy supply
for still other species.

Under the strenuous competition for existence there
develops in a given area between the various plant and
animal species a state of balance, or, of dynamie equili-
brium. This state of balance is precarious, and is subjeet
to disturbances by a change of weather conditions and
hence of food supply, or it can be disturbed by numerous
other factors.

The human species, as we have seen, exists as a part
of this dynamic ‘web of life.’

The history of the human species since prehistoric
times is distinguished chiefly from that of other animal
species in that during this period man has been learning
progressively how to deprive a larger and larger share of
the sun’s energy from other animals and direct it into his
own uses. This has resulted in the ascendaney of man,
and has wrought unprecedented havoe among the other
organisms of the earth.

In our last lesson we saw that the use of a simple tool
like a club gave man a decided advantage in the struggle
for existence, and by increasing his food supply, made
available for man’s use a larger supply of the total flow
of the sun’s energy. We saw that the discovery of the
use of fire, probably his first use of energy other than food
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eaten, gave him another decided advantage tending both
to increase his length of life and to enlarge the area he
could inhabit. The use, both of the club and of fire, tended
to increase the human population of the earth.

Domestication of Plants. Let us review a few more of the high
points of man’s conquest of energy. Consider the domestication
of plants. The first stage in the domestication of plants consists
of taking those plants in a wild form which are suitable for food
for man or his animals (or otherwise useful, as for clothing) and
cultivating them for the purpose of increasing their yield. This
cultivation consists chiefly of two things: (1) the removal of
competing plants from the area under cultivation; (2) the loosen-
ing of the soil to increase the yield of the plants cultivated.

The net effect of this is that a very much greater portion of
the solar radiation incident upon the area under cultivation is con-
verted into forms suitable for food for man and his animals, or
into other useful products, than was the case prior to such culti-
vation. The domestication of plants, therefore, is simply an artifi-
cial means of diverting a larger and larger proportion of the sun’s
energy (which formerly was, as far as man is concerned, wasted)
into human usage.

Domestication of Animals. Consider the domestication of
animals. Out of all the array of the animal species in regions in-
habited by man only certain ones, such as sheep, goats, cattle, and
swine, were especially suitable for human food and at the same
time amenable to domestication. Others, such as the horse, the
camel, the ox, and the dog, were suitable for uses other than food,
such as carrying burdens or otherwise performing work.

Here, as in the case of the domestication of plants, we are
dealing primarily with a diversion of energy. Prior to the domesti-
cation of animals a given pasture area would have been roamed
by the miscellaneous grass-eating herds, along with wolves, lions,
and other predatory animals preying upon these. In such an area
man would bave taken his chances in competition with the rest.
Suppose, however, he domesticated one species of these animals,
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sheep, shall we say, and proteeted it from its natural enemies.
Under these circumstances the biological equilibrium would be
disturbed, and the protected species would multiply out of all pro-
portion to the numbers it would have if not so protected. Because
of their great number these domestic herds also would eat a
far larger proportion of the grass in the area than they would have
been able to do otherwise.

Thus the domestication of animals is a device whereby man
has been able to convert solar energy represented in such vegeta-
tion as pasture grass, which is not in that form suitable for human
uses directly, into forms such as meat, wool and skins, which are
suitable for human use.

We see, therefore, that the domestication of plants and ani-
mals, by beginning with a disturbance of the biological equilibrium
between plant and animal species, results in an increased food and
clothing supply for man, himself, from a given area. Since, under
primitive conditions, the human species tends always to expand
faster than these devices tend to increase the food supply, it follows
that the astounding result of each of these achievements must
have been to increase the number of people who could exist in a
given area, and, therefore, to increase the human population of the
earth. The population of the Nile Delta at the time of the early
Egyptians, with their cultivation of plants, must have been vastly
greater than the number which could have subsisted in the same
area in its wild and undeveloped state.

The North American Continent affords a very interesting
contrast of a similar kind. The Indians had few domestic plants,
and almost no domestic animals. Their principal tools were fire,
the bow and arrow, and the canoe. While the size of the Indian
population prior to the European invasion can only be estimated,
available figures indicate that the total population north of Mexico
at the time of the discovery of America was less than 2,000,000
people. With the methods of energy conversion known to the
Indians it is doubtful if the area in which they lived could have
supported very many more than actually existed at that time. In
other words, there was pretty nearly a state of dynamiec equilibrium
between the Indians and their food supply. The population of
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the United States alone at the present time is 131,000,000 people
(1940). This has been made possible only by a far greater utiliza-
tion or conversion of energy, than was possible by the Indians in
their state of knowledge.

Discovery of Metals. Succeeding stages in the conquest of
energy by the human species are represented by the discovery of
metals and their uses. Metals provided better fools and weapons,
both of offense and defense, than man had known prior to that
time. This still further, in the manner we have indicated, dis-
turbed the biologic balance in man’s favor, and again he extended
his conquest and increased his numbers.

Greater mobility also was achieved by the use of the camel and
the horse as beasts of burden. Wheeled vehicles were devised, and
boats of increasing sizes and improved modes of propulsion were
developed. The combination of the use of metals, and the increased
mobility brought the human species face to face with some of
the hard facts of geology, namely, that metals in concentration
suitable for human exploitation occur but rarely and only in cer-
tain localities of the earth’s surface. Moreover, the ores of these
metals occur at various depths beneath the earth’s surface, and
can be mined only with difficulty.

The ancients obtained important copper ores from the mines
of the Isle of Cyprus. The Greeks obtained silver from the silver
mines of Laurium. The ancient tin mines of Cornwall were ex-
ploited by the Romans, and probably even by the Phoenicians.

The methods of mining used were of the crudest. Only the
simplest of hand tools were available, and with these a single
miner working in solid rock could generally not mine much more
than a basket of ore per day. The labor employed in the mines was
primarily that of slaves, frequently working in chain gangs. In
passages too small for adults, children were employed.

Few written records of the earlier mining practices have been
preserved to the present time, due largely to the fact that the writ-
ing of the time was done primarily by the philosophers and others
who felt it distinctly beneath their dignity to dirty their hands
with the work-a-day labor of the world sufficiently to inform them-
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selves on such processes. This much is known, however, that the
mining methods of the ancients were sufficiently thorough in the
localities worked by them that little has been left to be done by
more modern methods except at depths greater than the ancients
were able to penetrate.

This increase in the use of metals had the social effect not
only of increasing the prowess of man but also of increasing the
technical problems presented by the mining methods themselves
that he was called upon to solve. The ancients found their opera-
tions curtailed and finally balked at depth by the inflow of ground
water into the workings of the mines. If greater depths were to
be obtained suitable pumps had to be devised, and since the water
flowed in continuously, pumping operations had to be maintained.

This required power. The solution of the problem, together
with that of hoisting ores and rock from the mines, may very well
be said to have laid the foundation stones for the future mechani-
cal development.

Various kinds of windlasses and pumps were developed; at
first only the muscle power of humar beings was employed, then
oxen working on treadmills were used, and later in a similar
manner horses were employed. Where suitable waterfalls oc-
curred, water wheels were developed, employing the energy con-
tained in the waterfall for pumping and hoisting. In other cases
windmills were developed employing the energy of the wind for
a similar purpose. Had these been the only sources of energy avail-
able, mining and consequently the industrial development of the
future would have been seriously handicapped. The crying need
was for newer and larger sources of energy.

Summary

We have thus traced the high points of the development of
man’s conquest of energy through its initial stages.

‘We have found that every new technical device—the domesti-
cation of plants and animals, the use of tools, such as the club,
the boat, wheeled vehicles, and finally the use of metals—has each
played its part in contributing to a diversion of an ever-increas-
ing part of the sun’s energy into uses of the human species.
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The extensive use of metals was among the most significant
and far-reaching in its effect of the events in human history. It
not only disturbed the biological equilibrium resulting in an in-
crease in human population at the expense of the other species,
but it also, in a similar manner, gave certain peoples an advantage,
due to their greater command of energy, over other peoples not
so favorably equipped. This resulted in a disturbance of the equi-
librium within the human species in favor of those with the greater
command of energy.
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Lesson 10

EARLY STAGES IN THE USE OF EXTRANEOUS ENERGY

IN previous lessons we have seen how the degrada-
tion of solar radiation in processes occurring on the
earth’s surface has resulted in the various forms of move-
ment that matter on the earth’s surface is continually
undergoing. We have pointed out that the various life-
forms are in competition with one another for shares of
the solar energy. We have seen, furthermore, how the
human species, by learning to use fire, to domesticate
plants and animals, and by developing various tools and
weapons, first of stone, wood and bone, and later of
metals, has been able to disturb the biologic equilibrium
and gain for itself a disproportionate share of this solar
energy as compared with other species. At first thought
one might conclude that this would.result in an improved
human standard of living and general well-being, and in
some cases this was true, but by and large the improve-
ment as regards the individual does not seem to have
been great.

Food, Fire, Animals, Wind, and Water. Consider the energy
available per person during all this time. Before man learned to
use fire, his sole available source of energy was that contained in
the food he ate. This, as we have seen already, for an average
population of young and old,-amounts to about 2,300 kilogram-
calories per person per day. Since available evidence indicates
that our ancestors at that time were approximately the same size
we are now, they must have consumed energy in the form of food
at about the same rate we consume it now.

Extraneous energy—energy other than food eaten—was, as
we have just seen, introduced but very gradually. First, there
was fire. This was the utilization of the heat contained in wood.
Then there was the work of animals, the horse, the ox, the dog.
At no time throughout early history was the number of domestic
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animals per capita very large on an average. Then came the use
of the energy of the wind and running water, but these were only
used locally, and were never (during this period) of great im-
portance.

The tendency of the human species to multiply at a compound
interest rate tended always during this early history to keep the
population at approximately the maximum number that the
means available were able to support. Estimating on the average
the use of fuel to provide approximately 400 kilogram-calories per
capita per day (average for all climates), and one domestic animal
for every five people, providing an additional 1,600 kilogram-
calories per person per day, we would arrive at a total of extrane-
ous energy of only about 2,000 kilogram-calories per capita per
day prior to the extensive use of fossil fuels.

Thus we see that, great as were the strides made by the
human race through the preceding history, the increase of the
average standard of living, stated in the physical terms of energy-
consumption, was almost negligible. This can be seen in another
way when one considers the abject poverty and squalor under
which the great bulk of the people during all preceding history
apparently lived.

During the ‘golden age’ of Athens only a relatively small
part of the population was free. The preponderance of the people
were slaves or serfs of some degree or other. History, as it has
been handed down, has focused attention upon a few of the more
illustrious of these free citizens; the others whose toil made this
freedom of the few possible have been more or less tactfully
omitted.

Under the glory that was Rome, one finds a similar or worse
condition. At the height of the power of the Roman Empire most
of the necessary work that was required, such as building, agri-
culture, and mining, was done by slaves. The campaigns of the
Roman armies of this time, so the records of the Roman senate
show, were largely directed for the acquisition of spoils, such as
mines and the products thereof, and slaves. These slaves were
worked to the limit of human endurance, and were, after a few
short years of service, broken, discarded, and replaced by others
obtained by new conquests.
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The Use of Fossil Fuel. A totally new era in this unidirec-
tional progression was entered when man began to tap a hitherto
unused energy resource, that of fossil fuel—coal, and more re-
cently, oil.

Coal and petroleum in small amounts, and largely as curios-
ities, have been known, according to available records, since the
time of the ancients. Coal, however, as an energy resource first
began to be exploited extensively in England in about the twelfth
century. First, chunks of coal found along the seashore, came to
be burned for domestic fuel; later, in the vicinity of Newcastle,
coal was dug from the ground out of open pits. The fact that this
coal could be more easily acquired, and, if purchased, was less ex-
pensive than wood, caused it to be adopted as fuel by the poorer
classes. Shortly after, coal was shipped from Newcastle to London,
where it came to be used as fuel, much to the annoyance of the
royalty and nobility of the time; and, because of its smoke and
sulphurous odor, laws were passed prohibiting its use. Some-
what later, coal from Newecastle found its way to Paris in exchange
for boatloads of grain.

By the year 1600 the use of coal for domestic purposes in
England had become a custom permanently established. Chimneys
had been built, much to the disgust of the older generation, who
considered that the young folks were becoming effeminate by not
being able to endure smoky atmosphere after the stalwart
manner of their elders.

Coal found its way, also, into industrial uses. First the
blacksmith, and then the glassmaker, found its use more and more
indispensable. The iron mines of England, which, simultaneously
with coal, were being developed, had up to this time depended
upon a supply of charcoal for smelting purposes. The demand for
wood for the making of charcoal, as well as for the building of
English ships—men-of-war and merchantmen—was placing a
heavy burden on English timber. Comments and complaints began
to increase after the year 1600 about the exhaustion of timber.
This placed a premium upon a method whereby iron might be
smelted by the use of coal. In about the year 1745 such a process
was diseovered. Coal could be roasted into coke, and this latter
used for the smelting of iron. Iron ores, like coal, were abundant
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in England. The union of these two components, coal and iron,
was among the most significant events of human history. The
more iron that was smelted the more coal was required. Also, the
more iron that was made available, the more equipment requir-
ing iron was devised. Thus we have a process which of itself ap-
pears to have no ending.

The Use of Gunpowder. Another important contribution to
the use of extraneous energy that occurred during this period was
the invention of gunpowder. While its exact date is obscured,
gunpowder came into use in the Western World about the end of
the thirteenth century. Gunpowder was composed of charcoal,
saltpeter and sulphur. These, when ignited, react together with
explosive violence, releasing energy as follows:

2KNO; + 8 + 3C—K,8 4+ 3CO, + N, + heat

Saltpeter Sulphur Charcoal Potassium Carbon Nitrogen
Sulphide Dioxide

Of course, the first and most obvious use of this new form of
energy, as with most others that can be so applied, was for weapons
of warfare. Guns were developed, and those people using firearms
exercised a very decisive advantage over those not so equipped,
as well as over other animals. This still further disturbed the bio-
logic equilibrium in favor of the human species over other ani-
mal species, as well as in favor of those groups of people having
this energy resource over other peoples of the earth not so equipped.
The conquest of the New World by the Europeans is due almost
entirely to the superior energy-technique of the Europeans as com-
pared with that of the Indians. Bows and arrows were no match
for firearms; wood and stone tools ecould not compete with tools of
metal ; little or no domestication of plants-and animals rendered
the Indian far inferior to the European in regard to the production
of food.

So decisive is the matter of energy-control that one may fairly
state that, other things being equal, that people which has a
superior energy-control technique will always tend to supplant
or control the one with a lesser technique.

Another use to which gunpowder was applied which may
have been of greater significance than its use in warfare, even
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though not so much noted in textbooks of history, was its applica-
tion to mining, and later to other industrial purposes requiring
blasting. Gunpowder as an industrial explosive came to be used
in the mines of Germany in the late sixteenth century. It was
employed in the mines of Cornwall in 1680. Before this time the
tools of mining had been largely the pick and hammer and simple
wedges and chisels. By employing gunpowder, holes could be
drilled and blasts set off, thereby breaking out a very much larger
quantity of ore with a given number of workmen than had ever
been done previously. This acceleration in mining practice went
hand in hand with the same acceleration in the use of coal that
we have just described.

A New Problem. In both of these cases, as is always true of
the introduction of a new technique, new and unsolved problems
were created. The first coal mines, as pointed out, were shallow,
open pits. The increased use of coal required mining at continu-
ally greater depths. Ground water is usually encountered within
a few tens of feet of the top of the ground. The deeper the mines
and the larger the workings, the faster the rate of infiltration of
water. This is true, both in metal mines and in coal mines, but
due to the greater number and size of the coal mines it there
presented a more serious difficulty.

In the earlier and smaller workings the water was bailed out
by hand labor. Finally the problem became too large to be solved
by this method, and pumps operated by treadmills driven by
horses were introduced. At first, treadmills with a single horse,
then with five, twenty, and a hundred were used. By this time
the problem had obviously reached very serious proportions, be-
cause, if the mines were to be kept open, the pumps had to be
operated continuously day and night, and the food required to
keep two shifts of a hundred horses working on treadmills was a
very serious problem in early eighteenth century England. A new
solution had to be found.
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Lesson 11

MODERN INDUSTRIAL GROWTH

E have traced the rather slow and tortuous evo-
lution of the human species in the struggle for
energy. We noticed in the last lesson that, with the learn-
ing to use the energy contained in coal, there seemed to be
a quickening of the tempo of human affalrs Coal provided
heat for domestic purposes, and for glass making. After
1745 coal was made into coke for the smelting of iron.
The increasing uses for coal created a greater and greater
demand for more coal. The increased rate of mining
operations caused mining to De carried on at greater
depths, with consequent pumping problems of continu-
ously increasing magnitude. As we have pointed out, the
use of as many as 100 horses, working on treadmills,
created costs of upkeep for the horses which threatened
to overbalance the proceeds from selling the coal. It
was imperative that a better and cheaper method of
pumping be devised. One of the first of these was that of
Thomas Savery.

Development of the Steam Engine. Savery, in 1698, devised
an engine consisting of a boiler and two steam expansion cham-
bers, equipped with suitable valves operated by hand. These
chambers were filled with water, and when the steam was turned
into each of them alternately, water was forced upward; then,
with the bottom valve open, and the steam inlet turned off, the
condensation of the steam in the chamber produced a vacuum
which sucked more water from the mine.

This engine was not very satisfactory, and was followed
shortly after by the ‘atmospheric engine’ of Newcomen and Cawley
in the year 1705. This engine consisted of a rocking beam, to one
end of which was attached a pump rod and to the other a piston
in a vertical cylinder. When steam was admitted to the cylinder
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the piston was lifted, and the pump rod lowered; next, water
was injected into the cylinder to condense the steam, thus creat-
ing a vacuum below the piston, so that the atmospheric pressure
on the top side of the piston forced it back down, lifting the pump
rod, and thereby pumping water. Thus, the work stroke was done,
not by the steam, but by the pressure of the atmosphere, hence
the name ‘atmospheric engine.’

At first the valves of this engine were operated by hand, but
this became tedious; and later, so the story goes, the boy who
operated the valves became tired, and devised a system of strings
attached to the rocking beam in such a manner that they opened
and closed the valves automatically.

Such was the rate of progress at this time that it was not
until 1769 that any material improvement was made on this engine.
In that year James Watt invented a condenser so that the hot
steam could be exhausted from the cylinder and condensed in a
chamber outside, instead of cooling the cylinder down each time,
as had been done previously. In 1782, Watt still further improved
the steam engine by making it double acting, that is, steam was
admitted alternately, first at one end of the cylinder, and then at
the other, thus driving the piston in both its up and down strokes.
At about this time the flywheel was added to the simple rocking
beam. :

By this time the age of power was well begun, and more and
more uses were found to which the steam engine could be applied,
as will be pointed out presently. Individual engines were made
continuously larger. First there was only the single cylinder, then
there developed successively the double-, triple-, and quadruple-
expansion types of engines. The reciprocating engine reached its
climax toward the end of the ninefeenth century in the Corliss
type. Of these the largest stationary units reached upwards of
10,000 kw., and stood with their cylinder heads approximately
30 feet above the axis of their cranks.

In 1889, De Laval, of Sweden, devised a steam turbine to oper-
ate his cream separator. In 1884 Sir Charles Parsons built a steam
turbine which delivered 10 h.p. at 18,000 revolutions per minute.
In 1897 steam turbines were installed in a small steamship named
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the Turbinie. In 1903 a 5,000 kw. turbine was installed in one of
the central electric power stations of Chicago.

From that time on this form of steam engine has increased
rapidly in size and usefulness. By 1915 a 35,000 kw. unit was in-
stalled in Philadelphia. In 1929, in the Hell Gate Station, New
York City, units of 160,000 kw. each were installed. These repre-
sent the largest single engines ever built.

If 1 horsepower for 8 hours represents the work of 10 strong
men, then for 24 hours 1 horsepower would represent the work of
30 men working 8§ hours each. One kilowatt is one and one-third
horsepower, and hence represents the work of 40 men for 1 day.
Thus, one of these engines does the work in 1 day’s time of 6,400,
000 strong men. There are 5 of these engines in New York City
at the present time. These 5 engines when running to capacity,
do work equivalent to 32,000,000 strong men working at hard
labor for 8 hours a day each.

The Railroad. Not only did coal mining create a problem of
pumping water, but the coal had to be hauled varying distances
over bad ground, either to the market or else to the seashore to
be loaded in ships and transported by water. This created a
serious problem in transportation, and early in the sixteenth
century rails of timber were laid at the coal mines of Newcastle-
on-Tyne. Carts carrying 4 to 5 tons of coal each were drawn by
horses on these rails. These first rails were secured to cross-
timbers. In 1735 it was found that the rails could be made stronger
and wear longer if iron bars were fastened to their tops. In 1767
cast iroun rails, 4 to 5 feet long, were substituted for the entire
wooden rail. These cast iron rails were brittle and troublesome
because of their short length and numerous joints. In 1820 these
were replaced by wrought iron rails, 15 feet in length. Such were
the first railroads.

The development of the steam engine and the rapid rate of
increase in the use of coal led naturally to the casting about for
a new kind of motive power. In 1804 Richard Trevithick built a
steam locomotive which hauled 10 tons of coal at 5 miles per hour.
In 1814 George Stevenson built an important locomotive that
hauled 35 tons of coal 4 miles per hour up a 1 to 450 grade.
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By 1825 there were altogether 28 railroads in Great Britain,
mostly mine roads, with a total mileage of 450 miles. In that year
the Stockton & Darlington Railway, 25 miles long, was put into
operation. This may be considered the first modern steam oper-
ated railway. .

At the opening of this road, a Stevenson engine hauled a
train consisting of 22 wagons of passengers and 12 wagons of coal,
totaling 90 tons, at an average speed of 5 miles per hour. Later
this road reverted largely to horses for motive power, reserving
the steam locomotives for hauling freight, chiefly coal. By 1830
the Liverpool & Manchester Railroad, 35 miles long, was operat-
ing with an improved type of locomotive, and from that time on
mechanical motive power has been indisputably established.

In the United States, as in England, railroads were first built
for horse-drawn vehicles. In 1829 a 16-mile road from Honesdale
" to Carbondale, Pennsylvania, was built, and a steam locomotive
of English manufacture introduced. The following year a 13-mile
road from Baltimore to Prescott, Maryland, was opened.

+ The Steamboat. Similar advances were made in water trans-
portation. In 1785 John Fitch ran the first successful steamboat
in America. After this followed, in rapid succession, numerous
other small steamers in inland and coastwise waters, both in
Europe and the United States. In 1819 the S.8. Savannah was the
first steam-propelled ship to cross the Atlantic Ocean. By 1838,
two ships, the 8.8. Great Fastern and 8. 8. Sirius, were in regular
service. In 1837 and 1838 John Ericson infroduced in England
the screw propeller. This gradually replaced the paddle wheels,
so that by 1870 all ocean-going steam-driven vessels were propelled
by screws.

While the advances made in both railroads and in steam-
ships since 1900 have been great, the trend has been one more of
orderly evolutionary development rather than of radical de-
partures. Electrification of steam railroads was under way prior
to 1910. This has been followed by Diesel-electric locomotives,
and by steam locomotives of continually greater size, and of
greater thermal efficiency. At the present time we seem to be on
the threshold of a major departure in railroad equipment in the
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form of high-speed, light-weight, streamlined trains propelled by
Diesel engines.

. The Automobile. The more modern forms of transportation
are the automobile and the airplane. The beginnings of efforts
to construct a self-propelled road vehicle were practically coinci-
dent with the locomotive. In the period from 1827 to 1836 Walter
Hancock, in England, constructed several steam wagons that ear-
ried passengers over carriage roads. One of these is reported to
have run 20 weeks, travelling a distance of 4,200 miles, and carry-
ing 12,000 passengers. With the rise of railroads, motor vehicles
for road use were virtually abandoned until about 1885, when the
development of the gas engine by Daimler and others led to the
motorization of the bicycle and then of the carriage. About 1895
the development of motor vehicles propelled by internal combus-
tion engines or by electric motors began in earnest, leading to
modern automotive transportation.

Transportaiion by Air. The first abortive attempts at trans-
portation by air date back to the early balloons, about the year
1783. Finally, in 1896, Langley’s heavier-than-air machine made
the first suecessful flight of its kind. In 1903 the Wright brothers
were the first to take off in a heavier-than-air machine propelled
by its own power. Since that time aviation has developed by leaps
and bounds, gaining particular impetus during the World War.
Planes have become bigger and faster, and the cruising radius has
progressively increased.

Summary

In the space here it is manifestly impossible to more than
seratch the surface of the vast field of technological developments
that have taken place since the first feeble beginnings.

Among the first industrial equipment to use power from
steam engines was that of the textile industry. The changes
wrought here were so great as to be characterized in history as the
Industrial Revolution of the latter part of the eighteenth century.
Corresponding developments beginning at various times can be
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traced in communications—telegraph, telephone, radio, and tele-
vision.

It becomes evident that our Indnstrial Revolution of the last
two hundréd years is a development radically different from that
of any preceding period of the earth’s history, and compared with
which all earlier developments are insignificant in magnitude.
Each development has come, not as a thing of itself, but only as a
part of the picture as a whole. Steam or water turbines could not
effectively be utilized until electrical equipment had been de-
veloped. This latter, in turn, had to wait until Faraday, Maxwell
and others had discovered the fundamental principles of elec-
tricity.

Viewed with regard to the multiplicity of its details it would
appear to be an endless and hopeless task for a single individual to
obtain even approximately a comprehensive grasp of our modern
industrial evolution. When one considers, however, that all of this
equipment is composed almost entirely of a small number of the
chemical elements—iron, copper, lead, zinc, etc., and that further-
more, the manufacture and operation of the equipment requires
energy in strict accordance with the laws of thermodynamics, the
problem is evidently greatly simplified. In other words, if it be
known at what rate the industrial system has required the basie
materials such as iron, copper, tin, lead, zinc, and if it be known
at what rate it dissipates energy from the energy sources of coal,
oil, gas, water power, and plants, all of the innumerable details
are automatically included.

TABLE 17

PRIME MOVERS

1698——Savery steam engine

1705——Newcomen and Cawley, steam engine

1769——Watt, steam engine condenser

1782—Watt, double acting piston engine

1820——W. Cecil, gas engine, 60 r.p.m.

1823 Brown, gas vacuum engine

1849—Francis, water turbine (size 6 in. to 18 ft. diameter)
1876——Otto, cycle internal combustion engine

1882—Pear] Street, New York, generating station
1883——De Laval, steam turbine
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1884——Parsons, steam turbine

1895——Diesel, internal combustion engine

1903—First 5,000 kw. central station steam turbine, Chicage, IlL
1929—-160,000 kw. turbines installed. Mercury turbine

TRANSPORTATION—WATER
1785——First successful steamship, John Fitch
1819——First steam-driven ship crossed Atlantic
1837——Secrew propeller introduced (Ericson)

1897— Turbine engine used in steamships

TRANSPORTATION—LAND
. Railroads

1750——Cast iron rails, 4 to 5 ft. Iong, first used (1767)
1800——Trevithiek’s steam locomotive (1804)

George Stevenson built improved locomotive (1814)

Wrought iren rails, 15 ft. long, first used (1820)

First modern railroad, Stockton to Darlington, England (1825)

First railroad in U. S., Honesdale to Carbondale, Penna. (1829)

George Stevenson introduced the ‘Rocket,’ improved locomotive (1829)
1850——First transcontinental railroad system im U. S. (1869)

First working electric railroad, Germany (1879)
1900—FElectrification of steam railroads

Diesel-electric locomotives

Other Vehicles
1800——Steam wagons, Walter Hancock, England (1827-1836)
1850——Gottlieb Daimler high-speed gas engine, Germany (1884)
Motorized bicycle (1885)
Benz, threeswheeled gas carriage (1886)
Geo. B. Seldon, patent on clutch and transmission system (1895)

TRANSPORTATION—AIR

1783—Montgolfier, first balloon, using heated air

1852—Gifford, first successful spindle-shaped gas bags, driven by steam engines

1884——M. M. Renard and Keebs, gas bag driven by electric motors, fed by
electric batteries

1896——Prof. Langley, moldel airplane, driven by steam. Flight of three-quar-
ters mile. First time in history that an engine-driven, heavier-
than-air machine accomplished a successful flight .

1900——Count Zeppelin, rigid form airship; 399,000 cu. ft. gas; driven by two
Daimler, benzine engines, 16 h.p. each. First means of passenger
service in the air

1903——Orville and Wilbur Wright, glider fitted with a 16 h.p., fourcylinder
motor. This machine made the first successful flight in which
the machine carrying a man had ever risen of its own power from
the ground
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1908——7Y.ouis Bleriot, the Bleriot monoplane. This was the first successful
monoplane. It was also the first machine to cross the English
Channel

1910 Fabre, first practical hydroplane

By the time of the World War it was recognized that aviation was strictly an engi-
neering science. Since then some of the most remarkable advances in the field of
engineering have been made in this branch.

COMMUNICATION

1820——Oerstedt, made the discovery that an electric current flowing through a
wire built up a magnetic field around the wire

1831——Faraday and Henry, discovered the converse of Oerstedt, i.e., that a mag-
netic field can be cut by a wire, and cause current to flow in the
wire

1837——Morse invented telegraph system. This was the basis of most modern
land systems

1876——Bell, telephone

1882——Dolbear developed wireless telegraph system, using electric static induc-
tion

1885——Hertz, Hertz's oscillator; the real beginning of radio-telegraphy

1888——Lodge, developed a method of synchronizing two ecircuits, ie., placing
them in resonance

1896——Marconi developed a system, using the Hertzian oscillator, of radio-
telegraphy for sending and receiving messages

1898——Braun developed the coupled circuit

1902——Poulsen and Fessenden, radio-telephone

1903——First trans-Atlantic wireless transmission

19¢7——DeForrest invented the three-element tube, permitting tubes to detect
as well as amplify

1921—Broadcasting .

1922— Freeman and Dimmel, A.C. tube, radio

1926——J. L. Baird, television

TEXTILE INVENTIONS
1733——John Key, flying shutile

1770——James Hargraves, spinning jenny
1775 Richard Arkwright, roller spinning frame, using water power
1779—Samuel Crompton, spinning

1785—Edward Cartwright, power looms, using Watt engine, first for spinning
and then for weaving

1793——Eli Whitney, cotton gin

No attempt has been made here to include the numerous inventions that have revolu-

tionized the textile industry in the last century. The foregoing merely indicates the initial
steps that were responsible for the Industrial Revolution.
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INDUSTRIAL GROWTH CURVES

I F one attempts to follow the industrial development
that has taken place in the Western World since the
year 1700 by attempting to take into account all of the
separate inventions and technical developments that
have occurred in the various fields of industry, he soon
finds himself hopelessly involved. Order, however, readily
emerges from this chaos when one considers that all of
this industrial activity has been based in the main upon
the use of a few relatively simple substances, chiefly, the
few industrial metals—iron, copper, tin, lead, zinc, ete.—
as the essential materials for machinery, and the use of
a few basic sources of energy, chiefly, the mineral fuels,
coal, oil and natural gas, and, of lesser importance, water '
power.

The most accurate quantitative picture of the rate
and magnitude of our industrial growth, however, could
be obtained by plotting growth curves of the production
of these primary metals and of energy. In this lesson we
are presenting, therefore, the growth curves of a number
of our basic industries—the production of pig iron, coal,
energy, railroads, and automobiles. These curves are
plotted with the vertical dimension representing the
quantity produced per annum, the horizontal dimension
measured from left to right representing time in years.*

Pig Iron. There are a number of highly instructive details to
be observed about each of these curves. In the first case, they are
not smooth, but are, instead, jagged or zig-zag. This is due to the

* The data for these curves were obtained from the Mineral Resources of
the U.8.4., U.8. Statistical Abstracts and Mineral Industry, Vol. 41. For
1933 figures the Suryey of Current Business was used. These volumes con-
tain the most authoritative figures that can be obtained.
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fact that the production fluctuated from one year to the next. This
is particularly noticeable in the case of pig iron.

In Figure I notice the drop in the production of pig iron dur-
ing the depression of 1893 and 1894 and, after that depression,
notice that the pig iron industry expanded for a number of years,
and enjoyed uninferrupted prosperity.

Then came the depression of 1908, which shows up as a severe
shutdown in the pig iron industry. This shutdown lasted one year,
followed by a still further expansion and growth culminating in
the large peak of production from 1916 to 1918, showing the effect
of large war orders for steel.

Note next the depression of 1921. After this the pig iron in-
dustry recovered somewhat, but did not expand as rapidly. The
highest peak of production in pig iron was reached in 1929. This
was followed immediately by the enormous drop due to the pres-
ent depression. [1932-33.]
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‘What were the actual magnitudes of these depressions? If
we measure the graph, we find that the drop in production from
peak to trough in 1893 and 1894 was 27 percent; in 1908 the cor-
responding drop was 38 percent; in the depression of 1921, the
shutdown in pig iron was 57 percent from the previous peak of
production; the drop since 1929 has been 79 percent. [to 1933.]

‘What does this mean? Simply this: That, stated in terms of
physical measurements, each depression since 1894 has been pro-
gressively bigger than the previous. These up and down move-
ments of the production curve are spoken of as swings or oscilla-
tions. The biggest oscillations since 1893-94 coincide with the
financial depressions. Each one of these depression oscillations
has had an amplitude or depth of swing approximately 30 percent
greater than the one preceding. If one examines the other curves,
that of coal, for instance, or of automobiles, he finds a similar
situation. The larger the production becomes the larger become
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the oscillations; the largest being in each case that since 1929,
both in absolute magnitude and also in percentage of the total pro-
duction. (The smooth part of the total energy graph [Figure 2]
for the time preceding 1918 does not indicate that there were no
oscillations in this period in energy production because in this
part of the graph the figures are all averaged for ten-year periods.
This method of plotting smooths out the oscillations.)
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Growth of Railroads. Figure 8 shows no oscillations because
it represents the number of miles of railroad track in operation
and this, of course, increases, but rarely decreases, from year to
year. The oscillations of exaciiy the snme kind as those exhibited
by pig iron, howev.., are found in the second railroad graph, that
of ton-miles of revenue freight hauled. (One ton-mile is equal to
one ton hauled one mile.}
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Point of Inflection. Another feature to be observed about
each of these growth curves is that represented by the smooth
dotted-line curve. This dotted-line curve has in each case been
drawn to represent the mean rate of growth.. Notice in each case
the S-shape of this curve. In the beginning it starts up very gradu-
ally, but each year the increase in production is greater than that
for the year preceding and during this time-period the curve is
concave upward. Finally, in each case there comes a time when
the growth begins to slacken, and the curve becomes convex up-
ward and begins to level off rapidly. The point at which this
smooth mean curve changes from concave upward to convex up-
ward is called the point of inflection.

This point of inflection occurred in pig iron about the year
1905; in railroad trackage about 1885; in railroad freight haul-
age about 1910; in automobile production about 1921, and in ‘all
energy’ about 1912.

Calculation shows that the state of growth before the point of
inflection is reached has been a compound interest type of growth;
that is to say, that the production each year during that period
was-on the average a certain fixed percentage greater than that of
the year before. In the case of coal and energy production this
rate of increase was approximately 7 percent per annum during
that same period. The same is true for pig iron. In other words,
with the rate of growth that prevailed during that period the an-
nual production was increased tenfold in 3214 years.

All of the graphs mentioned thus far have been those of basic
industries, extending back approximately a hundred years or
more. Since not infrequently our economic soothsayers assure
us that as older industries reach their saturation, or decline,
newer and bigger industries always rise to take their places, it
becomes a matter of some especial importance to examine the rise
in growth of one of these newer industries. Of such industries,
automobiles are by far the most striking example. The auto-
mobile industry practically began in the year 1900. Since that
time it has risen into one of the greatest of our present industries,
and has practically revolutionized our social life in the process.
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Production of Automobiles. In what manner did the pro-
duction of automobiles grow? A glance at the growth of auto-
mobile production in Figure 4 will indicate that the production
of automobiles grew in a manner essentially similar to those
older industries we have just discussed. In this curve, just as in
those previous, there-are zig-zag oscillations, by far the greatest
being that since 1929.
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The production of automobiles reached an all-time peak in
the year 1929, with an annual production of 5,600,000 automo-
biles. From that time until 1932 production dropped to 1,400,000
cars per annum, & shutdown of 75 percent. A mean curve of this
growth of automobile production shows a distinet levelling-off
since the year 1923. The point of inflection of the mean growth
curve oceurs about the year 1921-22. The broken-line curve on
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the automobile chart represents the number of registered motor
vehicles in the United States. It will be noted that this number
in 1929 was something over 26,000,000. Also notice that this curve
has been levelling off since 1926.

Radio. Or, to select another new industry, radio is an excel-
lent example. Unfortunately, reliable data are not available for
plotting a growth curve of the number of radio sets. This much,
however, we do know, that radio broadcasting began on a com-
mercial scale about the year 1921, From that time it grew with
amazing rapidity until by 1929 by far the greater number of people
in this country had radio sets. Since that time the number of
radio sets in operation appears, from such data as are available,
to be increasing but slightly. :

Biological Growth Curves. From the study of the foregoing
graphs of the growths of various of our basic industries the per-
sistent S-shape of each of the growth curves examined is a striking
and singular phenomenon, and merits further investigation.

Dr. Raymond Pearl, in his book, Biology of Population
Growth, has made an extensive study of types of growth, and has
found that almost every growth phenomenon exhibits this same
S-shape characteristic. One of his experiments consisted in plac-
ing a pair of fruit flies in a bottle, and letting them multiply while
he kept a record of the increase of the fly population on successive
days. When plotted as a growth curve after the manner of the
charts above, the curve of the growth of the fly population would
be indistinguishable from our mean curve of coal or pig iron pro-
duction. ‘

Bacteriologists have found that yeast cells or bacteria. when
placed in a test tube under conditions favorable for their multi-
plication increase in numbers in a manner identical to that dis-
cussed above. Dr. Pearl has found ample evidence that human
populations obey the same laws of growth.

Fallacy of Economists. It is a simple matter to see why in
the initial stages organisms and new industries should, under
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favorable conditions, expand at approximately a compound inter-
est type of growth. Since, until recently, most of the industrial
development of this country has still remained in the compound
interest stage, it has come to be naively expected by our business
men and their apologists, the economists, that such a rate of
growth was somehow inherent in the industrial processes. This
naive assumption was embodied in the graphs and charts made
by these gentlemen, in which ‘normal’ conditions were taken to be
a steady industrial growth at the rate of 5 percent or more per
annum. Such conditions being ‘normal,’ it was further assumed,
without question, that such normal growth would continue in-
definitely. We have already seen that the actual facts warrant no
such assumption.

The question remains, however, as to why these growth proe-
esses have abandoned the original upward trend and tend to level
off or reach a stage of saturation. The simplest ease, perhaps, with
which to answer this question would be that of the growth of fruit
flies inside their bottle universe. Should the fruit flies continue
to multiply at their initial compound interest rate, it can be shown
by computation that in a relatively few weeks the number would
be considerably greater than the capacity of the bottle. This being
80, it is a very simple matter to see why there is a definite limit to
the number of fruit flies that can live in the bottle. Once this
number is reached, the death rate is equal to the birth rate, and
population growth ceases.

Very little thought and examination of the facts should suf-
fice to convince one that in the case of the production of coal, pig
iron, or automobiles, circumstances are not essentially different.

Coal. Aswehave pointed out already, during the period from
1860 to 1910 coal production increased at the rate of 7 percent
per annum. According to the report of the International Geologi-
cal Congress in 1912, the coal reserves of the United States are
about 3.8 million million tons (3.8 x 10** tons). Had our rate of
coal consumption continued to grow at 7 percent per annum, all
the coal reserves of the United States would be exhausted by the
year 2033, almost exactly 100 years hence.
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Theoretical Growth Curves. The exhaustion of coal or of any
other mineral resource is, however, not something that happens sud-
denly, but occurs very gradually instead, by a process which is some-
what analogous to the dipping of water from a pail when one is
allowed to take only one-tenth of what remains each time.
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To show the various types of growth a chart of four theoretical
growth curves has been inserted.

In Figure 6, Curve I represents pure compound interest at
5 percent per annum. It will be noticed that many physical types
of growth approximate this curve in its lower parts, but ultimately,
due to the fact that no physical quantity can increase indefinitely,
all cases of physical growth must depart from this initial com-
pound interest curve. The later stages in various types of physical
growth are shown in Curves II, III and IV.
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Curve II represents a type of growth which reaches a maxi-
mum, and thereafter remains constant. A familiar illustration of
this type of growth is represented by water power. Power pro-
duced from waterfalls in a given area can increase until all the
falls are harnessed. Thereafter, provided the installations are
maintained, the production of such power remains constant.

Curve 111 represents a type of growth which reaches a maxi-
mum, then declines somewhat, and finally tends to level off at
some intermediate level. In the United States the production of
lumber follows such a curve as I7]. In the initial conditions virgin
timber was slashed off, and the lumber industry grew wuntil it
reached a production peak. Then, as the forests diminished, the
production of lumber tended to decline. The final levelling-off
process will be reached when the production of lumber shall be
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maintained equal to the rate of growth of forests and reforestation.

Curve IV is the type of growth curve characteristic of the
exploitation of any non-recurrent material, such as all mineral
resources. Coal, oil, and the metals all exist in minable deposits
in definitely limited quantities. One of the simplest illustrations
of a curve such as type IV is illustrated in the life history of a
single oil pool. In an oil pool the production rises as more and
more wells are drilled, until it reaches a peak. From that time on
the production declines year by year, until finally it becomes so
small that the pool is abandoned. In most American oil pools the
greater part of this history takes place within 5 to 8 years after the
discovery, though the pool may continue to be operated for the
small remaining amount of oil for 10 or 15 years longer.

In the case of mineral fuel, such as coal and oil, it is the energy
content that is of importance in use. This energy is degraded in
accordance with the Second Law of Thermodynamics. Thus, coal
and oil can be used only once. The case of the metals is somewhat
different. Iron, copper, tin, lead, zine, etc., can be used over and
over again, and are never in a physical sense destroyed. In the
process of using metals, however, there is a continuous wastage
through oxidation and other chemical reactions through the dis-
carding of iron and tin in the form of tin cans, razor blades, ete.
‘While this does not destroy the metal it disseminates it in such
a manner as to render it unavailable for future use.

Primary metals are derived from naturally occurring ore de-
posits containing the metallic salts and other compounds in rela-
tively high concentrations. Thus, there is a flow of metals from
the limited deposits at high concentrations into industrial uses,
and finally, by wastage and dissemination, back to earth again in
widely scattered and hence unavailable forms. This process, like
that of the degradation of energy, is unidirectional and irrever-
sible. It follows, therefore, that the production of the rarer metals,
such as are now most commonly used in industrial processes, must
ultimately reach its peak and decline after the manner illustrated
by Curve IV.

It is not intended to convey by the above calculations the
impression that the levelling-off of our present growth curves is
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due as yet in any large measure to exhaustion or scarcity of re-
sources. The resource limitations are cited only as an illustration
of one of the many things that must eventually aid in producing
this result.

Social and Industrial Results. The levelling-off of the pro-
duetion curves thus far has been due largely to a saturation in the
ability to consume under our existing Price System limitations
of the ability of the individual to purchase. There is a definite
limit as to how much food an individual can consume in a given
time; how many clothes he can wear out; and, in general, how
much energy degradation he can account for. There is no question
but that in many respects the people of the United States prior
to 1929 were approaching some of these limits, and that accounts
in some degree for the slowing down of the growth of production
in many fields. There was an average at that time of one auto-
mobile per family. This fact, together with the consequent con-
gestion of traffic, was sufficient to depress the rate of growth of
automobile production.

Anpother important factor that is rarely taken into account in
this conneection is that, due to the change of rate in the operation
of physical equipment, at the present time almost every new piece
of machinery runs faster than the obsolete one which it displaces.
There is a physical relationship in all physical equipment to the
effect that for a given rate of output the faster machinery is made
to operate, the smaller it needs to be. Compare, for example, the
size of a 1 h.p. high-speed electric motor with a slow-acting gaso-
line engine of the same power. This relationship is true, whether
the equipment be individual machines, whether it be a whole fac-
tory, or whether it be a whole industry. Since the production of
consumable goods is levelling off, and the machinery is being con-
tinuously speeded up, it follows that our industrial plants and
equipment, instead of getting larger, may actually diminish in size.

The implication of this fact with regard to the demand for
such raw materials as iron, copper, ete., is far-reaching. In our
pioneer days, and during the period of most rapid growth, rail-
roads, telegraph and telephone systems, power systems, and fac-
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tories, had to be built, each requiring its quota of primary metals.
Now that these things have already been built, the materials for
the construction of new equipment are largely obtained by junk-
ing the equipment now obsolete. To appreciate the importance of
this rise in the use of secondary metals, consider the fact that in
the year 1933 the production of secondary copper was over 90 per-
cent of that of the primary copper in the United States for that
year.

Summary

In this lesson we have tried to show in quantitative terms
what the leading facts of our industrial expansion have been.
Man’s learning to convert to his own uses the vast supply of energy
contained in fossil fuels—coal and oil—has opened up a totally
new and unparalleled phase of human history. It has been esti-
mated that the effect of this upon the biological equilibrium of the
human species has been such that the human population on the
globe has approximately tripled since the year 1800. Areas like
the British Isles, which, under a pre-technological .state of the
industrial arts, were able to support only from 5,000,000 to
8,000,000 people, now have populations of approximately 46,000,
000, or a population density of 490 persons per square mile.

It has been shown that this industrial growth has been char-
acterized in the initial stages by a compound interest type of ex-
pansion of about 7 percent per annum in the United States. It has
also been shown that not only is it impossible to maintain for
more than a few decades such a rate of expansion, but that in the
United States that period of most rapid growth has passed, and
that already more or less unconsciously we have entered well into
the second period of growth, that of levelling off and maturation.

Due to the physical limitations it seems at present that the
days of great industrial expansion in America are over unless new
and as 