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RESEARCH REVOLUTION

A century ago the average working
man put in twice the on-job time of
his counterpart today. At least half of
our nation’s present working popula-
tion carns its living producing things
unknown fifty years ago. Technological
progress has, as a noted industrialist
recently put it, “had a more profound
cffect upon social custom and social
reform than any legislation.”

This quotation would surprise the
“prophets” of yesteryear who warned
that technology would make displaced
persons of the working population. In-
stead, it has brought an unparalleled
standard of living for all—more and
better paying jobs, less work and more
leisure, new and better things for our
use and enjoyment.

Facing a new year, carly in the sec-
ond half of the Twenticth Century,
we cannot help wondering what life
will be like in 2003 or 2053. One thing
scems sure—whatever more bountiful
life awaits our children will largely be
the work of the greatest revolutionary
force of all, research. For the pure re-
searchers”who provide new knowledge
and the applied researchers who adapt
it to practical use are the source of
technological progress.

One particularly competent researcher, like a unique
idea, is worth a dozen mediocre ones. Such a man
and the new knowledge he is capable of bringing
into the world are the stuff that progress is made
of —hitherto unknown products, processes and in-
dustries, better livelihoods and higher standards of
living for men.

In educators, too, quality is the priceless factor
that sets the few above the many. A superior
teacher stimulates the student’s mind to inquiry,
opens existing knowledge to him and encourages
him to seck new answers where he finds the old
inadequate.

The superior, by definition, is not common, and
demand for exceptionally fine researchers and teach-
ers will always exceed the limited supply. Unfor-
tunately for the universities, where such men are
most needed, . demand, in its economic sense, re-

quires the ability to purchase as well as the desire.

Too often we lose, or fail to acquire, brilliant
men because we cannot bid in the same salary
market with industiy.

In the end it is the public that loses when uni-
versities cannot engage the best minds available.
When men of demonstrated teaching and research
skill are drained from the campus, young minds lic
uncultivated and the fields of industrial develop-
ment produce nothing basically new for want of
fresh ideas.

State-supported institutions are, in general, both
the least able to employ outstanding men and the
most susceptible to rectification of this disadvan-
tage. The public, acting through its legislators,
can insure superior educations for its children and
the continuing fruits of basic research to posterity.

BLAKE R. VAN LEER

President, Georgia Institute of Technology

EXPERIMENTAL STRESS ANALYSIS

By J. P. Vibosic*

Experimental stress analysis is a powerful tool for determining the
strength of the components of machines and structures. Not only does
it make possible the analysis of stress problems not solvable by present
theories, but it often yields solutions more simply and quickly than does
the theoretical approach. In addition, it provides data for the develop-
ment of new and more powerful theories. This article discusses some of
the applications of experimental stress analysis and describes the methods

now in

stress analysis, a distinct branch of profes-
sional engincering, has as its object deter-
mination of the mechanical strength of
machine and structure components. This is
accomplished analytically using either the
methods of clementary strength of mate-
rials or the more powerful theories of elas-
ticity. Where rigorous mathematical solu-
tions are not always available, one turns to
mathematical approximations for a solution.
However, it is surprising how quickly our
present ability to solve stress problems math-
ematically reaches its limit. There are a
multitude of comparatively simple but prac-
tically ocgurring stress problems for which
mathematical solutions are not available.
To solve. them -we must turn to experi-
mental methods.

Thus, experimentation is widely used in

stress analysis, as it is in other branches of
science and engincering. However, the ex-
perimental approach must not be assumed
to serve as a mere counterpart of the theo-
retical jmethod. Instead, it encanpasses
theoretical solutions, supplementing as well
as complementing them. It utilizes all of
the conclusions reached by theoretical con-
siderations and then goes beyond them to
maintain the direct contact with actual
physical phenomena so necessary in the de-
velopment of new theories as well as in the
solution of existing stress problems.
1 Even our best theories involve assump-
tons which simplify and idealize the case
In order Yo make the problem solvable. In
Practice, ideal situations rarely exist. The
¢Xperimental method allows us to ascertain
‘V_hethcr the assumptions have excessively
distorted the sessential features of the stress
Problem, particularly if we conduct the
test under actual service conditions with
—

-
l”'o/lgxor .u/ Mechanical Engincering and Director of
¢ Experimental Stress Amalysis Laboratory.
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use.

all the factors present. In addition, the ex-
perimental approach permits determination
of the stress distribution in a part under
operation without any knowledge of the
forces acting. Thus, experimental stress
analysis offers a_great and most important
advantage over the theoretical approach,
because a numerical solution to any stress
problem is mathematically not possible
without knowledge of the exact forces act-
ing. From the practical point of view, the
greatest advantage of experimentally ana-
lyzed design probably is that it results in
better material distribution. By revealing
the weaker portions of a part, as well as
its areas of relative overstrength, the experi-
mental approach enables us to modify its
proportions until a more cfficient design,
utilizing a more uniform and more cco-
nomical margin of safety, is attained.
Experimental stress analysis reccived its
carly impetus around 1920 when the devel-

Figure 1. In the photoelastic method, dis-
tortions set up in a transparent model cause
double diffraction of polarized light, giving
a pattern showing the stress distribution.

-
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opment of Bakelite made the photoelastic
method more practical. Since that time,
numerous strength problems have been
solved by a variety of techniques. A list of
problems investigated would range from
the study of skull fractures' to the measure-
ment of strains on structures subjected to
underwater explosions.” Besides solving many
a difficult industrial problem, experimental
stress analysis has provided data for devel-
opment of new theories, having been used
in both applied and fundamental research.

A look at a few of the investigations that
have been made may give some idea of the
wide applicability of experimental stress
analysis. For example, there is the three-
dimensional photoelastic analysis of thread-
ed pipe joints such as are used in the rotary
drilling of oil wells.® Sections of hollow drill
shafts are connected into drilling rods (some-
times over a mile in length) by means of
tapered-thread pipe joints. These shafts,
which are hollow to permit the circulation
of “mud” for removing the cuttings, can
fail in fatigue. When this happens and a
joint fails deep down in the well, it is both
difficult and costly to remake the joint. The
experimental analysis provided more data
relative to the stress distribution within the
joint and threads and, after fatigue data
already available were checked, more reli-
able stress concentration factors were estab-
lished, thereby permitting better design of
such joints.

Then there is the fundamental strain
gage investigation that was conducted to
determine which of the plasticity theories
best predicts the actual stress conditions in
thin-walled cylinders subjected to a com-
bination of compression and torsion.! The
many theories that purportedly explain the
plastic behavior of materials under condi-
tions of polyaxial stress may be classified
into deformation, flow and slip types. The
deformation theory assumes that the state
of strain is uniquely determined by the
state of stress with the principal strain and
stress axes coinciding. The flow theory as-
sumes, on the other hand, that the strain
increment is determined by the existing
stress, as well as the increment of stress,
and that the principal axis of incremental
plastic strain coincides with the principal
stress axis. The newer slip theory is based
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on the assumption that the initial shearing
modulus of a material in compression de-
pends on the relative values of the compres-
sive and shearing components of the stress
increment. In the investigation, two thin-
walled cylinders made of 14S-T4 aluminum
alloy were subjected to compression into
the plastic range and-then twisted. The
data obtained did not wholly support any
one of the theories. Instead, they indicated
that the initial torsional stiffness is best ex-
plained by either the flow or the slip
theory but that the rotation of the prin-
cipal axes of plastic strain and the magni-
tudes of plastic strain are not completely
explained by any of the theories.

Where substantial residual stresses exist,
they may constitute a large portion of the
peak stress in a part. No general theory of
the mechanics of residual stresses has yet
been developed. -Many attempts to study
residual stresses by experimental methods
have been made. The applications of ex-
perimental stress analysis are well illgstfau’ed
by two studies of residual stresses in large
magnesium castings, one using a strain gage
method® and the other using a brittle lac-
quer method.® In the first case, strain gages
were employed to measure and analyze the
residual stresses in castings in the as-cast,
heat-treated and surface-worked conditions
using the subdivision technique. (In this
method, strain gages are attached to the
part and the surface is cut, thus releasing
residual stress in the area of the cut. If a
residual stress was present, the strain gages
will indicate it.) In an effort to develop a
more economical method of studying resi-
dual stresses, other investigators coated cast-
ings with brittle lacquer (Stresscoat), drilled
holes in the coated casting to relieve the
stresses and studied the Stresscoat cracks
thus obtained. Upon comparing their data
with those obtained with strain gages, they
noted considerable scatter. However, this
approach does prove to be more practical
than the strain gage subdivision method.

The photoelasticity method has been
used to solve basic problems such as that of
the maximum stress in an eccentrically
curved beam.” A curved beam having the

Continued on Page 15
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ACOUSTIC PHONETICS —
AN ENGINEERING APPROACH TO SPEECH

By BENJAMIN J. DASHER*

Applying the methods and tools of science to the field of phonetics, ex-

perimenters have demonstrated that

speech sounds can be distinguished -

one from another by certain visibly representable attributes. Their work
and its potential applications are briefly described here.

Development of a voice typewriter—a ma-
chine that would write a message directly
as it is spoken—is one of the more fascinat-
ing possibilities of acoustic phonetics. Visual
and mechanical aids for the deaf, as ‘well
as devices for studying and teaching speech
in all its aspects, are among the equally
significant, if less spectacular, potentialities
of this relatively new, not widely khown
field. _

Books could .be (and have been) written
on the techniques and applications of acous--
tic phonetics, even though the field is still
in such an experimental stage of develop-
ment that one hardly knows whether to call
it a science or an art. Since its techniques
are largely “those of science—quantitative
measurement and interpretation of data—
and its possibilities will require much more
rescarch before they become useful applica-
tions, a brief discussion of acoustic pho-
netics seems reasonably appropriate in this
publication.

In essence, the field of acoustic phonetics
covers the relationship between speech and
sound. This relationship is implied in the
definition of speech—communication or ex-
pression of thoughts in articulate sounds,
i.e.,'spoken. words. A word, according to

~ Webster, is the smallest unit of speech that

*Research Associate and Professor of Elecirical Engi-
neering. i

has meaning when taken by itself. Words
are subdivided into syllables, or uninter-
rupted units of utterance, both in speaking
and in writing, the latter at the end of a
line where a word must be broken. Pho-
neticians go further, breaking syllables down
into individual sounds called phones. Web-
ster defines a phone as a speech sound:
which, in any language, can be represented
by one or more letters.

An additional distinction is made be- .
tween the phone, which is a physical phe-
nomenon subject to quantitative measure-
ment, and ,its close relative, the phoneme,
which is a subjective phenomenon  repre-
senting an interpretation of the sound. A
phoneme is defined by Webster as “a group
of variants of a speech sound, usually all
spelled with the same or equivalent létter
and commonly regarded as the same sound,
but varying somewhat with the same speak-
et according to different phonetic condi-
tions (neighboring sounds, stress, length,
intonation, etc.). Thus the [ sounds in leave,
feel, truly, solely; the ¢ sounds in ten, stay,
try, battle, cotion, city; or the e sounds in
get, tell, says, send, though organically and
acoustically different, belong respectively to
the same phoneme, since their variations
are due to phonetic environment. Different
members of the same phoneme cannot dis-
tinguish words otherwise identical; only

TAPE

RECORDER
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Figure 1. By feeding a sustained sound successively through this equipment and recording
its intensity at each frequency, a spectrum analysis is obtained.
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members of different phonemes do so, as in
bet, bit or nod, not. Different sounds may
belong to one phoneme in one language
and to separate phonemes in another. Thus
ng and n belong to one phoneme in Italian,
the ng sound only occurring just before k
or g sounds, where the n sound never oc-
curs; but in English they belong to sep-
arate phonemes, as in sing and sin.”

In normal conversation our attention is
focused on words or groups of words rather
than on phones or phonemes. Single sounds
have no meaning unless associated with
words. Yet if we are to develop machines
that will “understand” speech (and perhaps
reproduce it in writing), we must determine
the factors that will permit sounds to be
cataloged into phonemes, so that - the
phonemes can be combined into syllables
and the syllables into words.

In order to obtain an exact visual rep-
resentation of a speech sound every detail
of every vibration comprising it would have
to be specified. Such a complete representa-
tion probably would prove too complicated
for practical purposes. Consequently, the
acoustic phonetician has attempted to re-
duce to the minimum the number of char-
acteristics he must take into account in
cataloging speech sounds.

While a knowledge of how humans pro-
duce speech sounds is essential to the acous-
tic phonetician, space prohibits its discus-
sion here.* Suffice it to say that, for our pur-
poses, the speech organs may be visualized
as comprising an acoustic filter, whose char-
acteristics can be varied over a wide range,
together with suitable generators for excit-
ing it. Three types of excitation are avail-
able: impulse, random and periodic. Speech
is produced by adjusting the filter character-
istic to correspond to certain known patterns
and supplying the appropriate excitation.

The vocal cords supply sound energy to
the oral cavities where it is concentrated in
one or more pitch regions called “formants.”
These formants, determined by the position
of the tongue, lips, etc., serve to characterize
each speech sound in a manner akin to the

*Additional information on phonetic principles, includ-
ing the role of the various speech organs, can be found
on page xxvii of Webster’s New International Dic-
tionary, Secomnd Edition.
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way characteristic overtones distinguish one
musical instrument from another.

Using this admittedly oversimplified con-
cept of the speech mechanism, investigators

“have found that the principal factors to be

considered in the acoustic classification of
speech sounds are types of excitation and
the number and frequencies of the formants.
In addition, the relative duration and in-
tensity of the sounds and the manner of
their interconnection must be considered.
Most sounds possess several typical features
that usually, but not always, occur together.
Context often implies missing features, per-
mitting words to be -identified readily in
spite of “errors” in their details; eg., if one
says git instead of get, no misunderstanding
is likely. Some speech sounds are typified
more by changes in formant frequencies or
intensity than by zny specific stationary
features.

A brief review of how many of us
learned to read may help somewhat, at this
point, to clarify what has already been said
using the rather specialized terminology of
phonetics. This recollection of past experi-

- ence may also assist us in grasping the prin-

ciples underlying interpretation of visibly
recorded speech sounds—for in a simpler
form this principle has long been used to
teach reading and, to some extent, spelling.

Let’s go back to the days we learned our
ABC’s. True, we learned them by the names
of the letters: A, B, C, D, E, F, G, etc.
However, many of us also were taught that
these letters had one or more sounds. For
example, A has one sound in father and
another sound in late. We learned that C
sounds “hard” in cat and “soft” in circle.

After we had learned the basic speech
sounds—there are about 50 in English—we
were able to pronounce some words we had
never before seen, simply by “sounding”
them letter-by-letter. This system of pro-
nunciation worked imperfectly in many
cases, both because English spelling is not
always phonetic and because there are fewer
phonemes (speech sound variants) than
there are basic sounds (phones). Conse-
quently, we were soon (in the third to
sixth grades) taught how to use the dic-
tionary to determine the correct pronuncia-

Continued on Page 20
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REVIEW OF

CALCULATOR OPERATIONS

By HerBEXT P. PETERS*

No single service rendered Southeasern industry by Georgia Tech’s Engi-

neering Experiment Station probably has more impact on the development

of this area and the life of its citizers than does the aid provided electrical

power companies in designing trnsmission and distribution systems.

Last year the A-C Network Calculitor Laboratory operated at a 95 per

cent industrial use factor, with 71 per cent of that time devoted to the
expansion problems oj Southeastern companies.

November, 1952, marked the fifth anniversary
of the installation of an A-C network calcu-
Jator at Georgia Tech.? These five years
have proved the perspicacity of those men
who originally provided the calculator
equipment and have demonstrated the ade-
quacy of the equipment selected by them.

In the five years of its operation, the

- network calculator has been used for 145

studies by power companies. These studies,
mostly of one or two weeks duration, were
conducted for 37 different utility com-
panies. Among the major users of the equip-
ment were the Southern Company subsidi-
aries (Georgia Power, Alabama Power, Gulf
Power, Mississippi Power), Florida Power
and Light Company, Philadelphia Electric
Company and the Duke Power Company.
The remainder of the 37 users include most
Southeastern companies, several
Northern companies and at least five for-
eign companies. Figure 1 shows graphically
the use of the calculator since its installa-
tion. This chart indicates a steady increase
in its use during the past five years, with a
95 per cent use factor for the past year. At

. the tilme of installation, a use factor of 80

Per cent was set as a satisfactory goal. The
Present figire is probably higher than can
be maintained indefinitely. Part of this high
demand for calculator time is a result of

Rihc eno'fmous increase in electrical load in

this country in the last few years. During
the late war, demand for electrical energy
skyrocketed. New equipment was at a pre-
mium and the increased load was carried
by decreasing standby reserves, by using in-
efficient equipment and by utilizing di-
Versity between systems through intercon-

.
*
Research Engineer.

January, 1953

nections. It was generally considered that,
after the war, energy requirements. would
fall to prewar values and follow the prewar
growth curves. However, this “normalcy”
did not develop. Load decreased only slight-
ly and then started to grow at an unprece-
dented rate. This trend is continuing.
Power-system loads are doubling about
every six years. To meet these new de-

‘mands, utility systems are building almost

feverishly, and since the design of the elec-
trical system is of necessity made on a net-
work calculator, the use of such equipment
has greatly increased. If the often predicted
postwar depression should arrive, many
power systems may be overbuilt, new con-
struction would stop and, consequently, de-
mand for network calculator time would
obviously decrease. i
As an outstanding example of the use
made of an A-C network calculator, a study
just completed by the Duke Power Com-
pany may be of interest. Duke is the largest

100%

80%

60%

409,

20%

S =

1948
(83 MO)

Figure 1. Industry has made increasing use
of Tech’s A-C network calculator, as this
chart of annual use factors indicates.
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single power company in the Southeast,
serving the industrial heart of the Caro-
linas. They have at present a peak load of
well over one and a half million kilowatts.
As with other companies, their load is in-
creasing and they are making studies of
generating and transmission facilities nec-
essary to support two times present day
loads. . They investigated the opening of
five new generating sites in addition to ex-
tensions at two of the five major steam
plants now in operation. Consideration was
given to units of 150,000 and 200,000 kw
capacity as well as transmission additions
at 100,000 and 230,000 volts. The study of
such a problem might include the investi-
gation of a tremendous number of normal
conditions, with several alternates and
emergencies for each normal. Practical con-
siderations fortunately throw out most of
the combinations. In this case Duke investi-
gated 320 cases, normal and emergency, as
those most practical. From a comparison of
operating costs and capital investment for
these alternate conditions will come a final
decision as to the location, time of installa-
tion of units and necessary auxiliary facili-
ties. The economics of the study does not,
of course, come from the network calculator
but, rather from the work of the company’s
engineers. However, the 320 studies of the
electrical characteristics of the system were
made on our calculator. They required
eight weeks, spread over the past year.

Nearer home, the Georgia Power Com-
pany has made extensive use of the Georgia
Tech calculator. All of the generating sta-
tions under construction or recently com-
pleted have been located with the help of
calculator studies. The most notable of
these is Plant Yates, 30 miles south of At-
lanta. This plant has 300,000 kw of in-
stalled capacity at present, with a possibility
of 400,000 kw in the future. The connection
of Plant Hammond, at Rome, to the Georgia
Power Company system was studied in de-
tail on the calculator. This plant also has
an ultimate capacity of 400,000 kw.

At present, the Georgia Power Company -

and associated companies are making a
long-range study to determine whether fu-
ture expansion will involve new generation
in the load areas or whether it is more eco-
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nomical to generate power with cheap fug

‘in large plants in the coal fields and ¢,

transmit this power at 287,000 volts to the
load centers. In other words, is it cheaper tq
generate at the coal mine and transporg
electrical power over wires, or is it cheaper
to transport coal by railroad and generate
power at the load centers? A study of this
type requires a .study of the system, ex.
panded to carry the future loads, to deter.
mine what equipment, such as line, con.
densers, etc., will be required under both
types of operation and what the power
losses will be. Then, from a comparison of
capital investment required, energy losses
and fuel costs, the over-all economics of the
two types of systems can be compared and
the best one selected.

The use made of the calculator for these
things is tangible. It is used by a customer
for so many weeks, and he pays so many
dollars. There are other aspects to owning
a calculator which are less tangible, but no
less important. One of. the most important
of these intangibles is the value of a calcu-
lator to an educational institution. At Geor-
gia Tech the calculator equipment and its
full staff are made available, without charge,
to the students and faculty for both instruc-
tional and research purposes. While our
equipment was designed primarily to repre-
sent the electrical network of a power sys-
tem, it is applicable to the solution of any
electrical network supplied by a source of
constant-frequency, sinusoidal voltage. A
candidate for the Master’s degree recently
investigated the calculator’s potential use-
fulness in solving hydraulic problems by
setting up an electrical network analogous
to a water transportation system’s network
of pipes, supply points and discharge
points. As a previous literature search has
indicated, this method of analogue solution
is potentially applicable to a number of
fields." It is anticipated that cooperation
with Tech’s various schools may develop
other studies within the scope of our equip-
ment.

The A-C Network Calculator Labora-
tory’s contribution to the instruction of un-
dergraduate students of electrical engineer-

Continued on Page 13
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COMPUTATION ENGINEERING
AT INDUSTRIAL LEVELS

By W. H. BUuRROWS*

The applications of computation engineering to industrial problems are
not as widely understood and appreciated as their potential value indi-
cates they should be. This article points out how the methods and devices
of compulalion engineering can save time and, consequently, money in
industrial plants. T

The industrialist who requires the services
of an accountant, a chemist, a mechanical
engineer or an industrial engineer is gen-
erally sufficiently well acquainted with the
nature of their services to realize that
through them he may arrive at a means of
increasing the worth of his product, lower-
ing costs or increasing the efficiency of his
employees or machines. Not so with a com-
putation engineer. There are few, if any,
industrial organizations of. any size that
would fail to profit, some quite handsomely,
from the services of a computation engi-
neer. However, there are even fewer who
realize the existence or understand the na-
ture of such services.

With today’s social security finances,
union benefits, tax withholdings, employee
bond purchasing, etc., no commercial or-
ganization would dare attempt to keep its
books by the hand-and-brain methods of
1900. Were it not for the development of
modern accounting machines, either Con-
gress would have had to forego social legis-
lation (and the tax levies that support it)
or we would all have had to forsake our
trades to become bookkeepers. The technol-
0gy which has spared us that fate is an ex-
cellent example of what computation engi-
Neering can accomplish. Its potentialities ex-
tend into the industrial plant in every area
Where'computation of any kind is involved.
That it has not been more extensively ap-
Plied is‘largely a consequence of an under-
Standable lack of awareness on the part of
the industrialist of the nature or availability
of computation engineering services. An-
Other contributing factor is that computa-
tion inareas outside of accounting is often
. .

#Bf""owﬁ W. H., Faculty Research Associate and Asso-
Ciate Professor of Chemistry.

]ahuary, 1953

scattered in fragments too small to attract
much attention until considered in the ag-
gregate. Consequently, methods of calcula-
tion in numerous areas of industry are com-
parable to the bookkeeping methods of sev-
eral decades past.

The nature of computation engineering

_is illustrated by Figure 1. The left-of-center

portion shows the state of affairs of a
typical routine prior to computation engi-
neering study. There is a series of mathe-

matical operations leading to the desired

result. Each operation derives from its basic
data a result which, except in the case of
the final result, becomes a part of the basic
data for the next operation. The basic data
for each operation consists of either (a) the
results of a previous operation, or (b) the
entry data for the series. Examples of entry

L]

FORM 1

D ENTRY DATA

O OPERATION
<> sTep

Figure 1. How computation time can be
saved by combining several mathematical
operations (left) into a smaller number of
steps (right) is explained in this article.
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data are: (1) quantitative measurements of
product quality, (2) statistical measure-
ments of machine performance, (3) tables
of freight rates, (4) price lists and quota-
tions on supplies or raw materials, (5) com-
pany discount practices, (6) advertising
rates, etc.

Through computation engineering, two
time-saving modifications are made. First,
the number of steps in the calculation may
be reduced by combining several operations
into one step, as shown in the right-of-
center- portion of Figure 1. The means
whereby this condensation is effected is
shown later in this discussion. Second, the
computation engineering study results in a
redesign of the associated forms on which

the entry data are assembled, the carry-over.

data from one operation to the next are
recorded and the final results are reported.
The design of these forms must be made
after the sequence of computation steps has
been established, for only then is it possible
to take into account all of the following
factors controlling their design. These fac-
tors are: (1) the nattire and origin of the
basic data, (2) the steps toward which each
datum is directed, (3) the nature of the
computing device used in each step, and
(4) the manner in which the final result is
to be presented.

The breakdown of the problem into op-
erations is always as complete as possible;
for example, a typical series of operations
may be (1) add a + b, (2) square the sum,
(3) square c, (4) subtract ¢* from (a + b)?,
(5) take square root of the difference. Some-
times this breakdown still leaves us with

fairly complicated operations on our hands, -

such as (a) obtain the root of the quartic
equation lying between the limits 5 and 15,
(b) evaluate the integral for the limits
0 to n, etc, although these are rare at
industrial levels.

For each problem there are usually
many ways in which the breakdown may be
effected. An example is the evaluation of

Py T x
y= pxry_{_ pyrx_l_ rxry
Basic data are the constants r x and ry and
the variables p x and p,. The operations
may be broken down into four multiplica-
tions, an addition (of three terms) and a
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division. However, the expression may also
be written :
. Py /Ty

Yy = PX/TX+P);/IY +l
involving three divisions (since p, /T, ap-
pears twice) and one addition, or as

B i rX/p X

VI /py) 4 v /pe) = 1
involving three divisions, one multiplica-
tion, two additions, and one subtraction.

By considering the various forms of
breakdown, it is frequently found that sev-
eral operations may be reduced to a single
step, since (a) tables are available for the
combined operations in"a given step, such
as tables of (I 4 1/p) in the above ex-
ample, (b) a chart or machine is available
which performs the computation for the en-
tire step (see Figure 3), or (c) this step
occurs in another related problem and its
values are available from that source.

Whether for single operations or mul-
tiple operations (steps), the function of
each computing device may be represented
by a mathematical expression, such as
a4 b + ¢ 4 ... for the adding machine,
a X b or a -+ b for the “calculating”
machine, a» for the log-log slide rule, or
ax y" for one type of nomograph. Any
device whose characteristic expression is
identical with that of an operation (or step)
may be used for that part of the problem.

The selection of a device for a given step
should not, however, be made independ-
ently of consideration of the rest of the
problem and of other problems of the same
organization. It is obviously desirable to
keep to a minimum the number of different
devices employed in one location or at one
time; towards that end it is sometimes de-
sirable to select a computing device with
several problems in mind.

Devices commonly employed for ¢ompu-
tation at industrial levels may be classified
as (1) numerical (tables), (2) graphical
(cross-section graphs, nemographs), (3) me-
chanical (adding machine, “calculating”
machine, etc.), (4) graphico-mechanical
(slide rule, gear rule), and (5) numerico-
mechanical (IBM electronic computer and
related devices).

Tables, such as the common tables of
compound interest for the formula

B
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A=P (14 in,

usually listed only for the value P = 1, or
tables giving the capacities of horizontal
Cy]indrical tanks with bulged ends for the
formula
: V = 0.0009328 h* (3r — h)

gallons, are valuable substitutes for compu-
tation and are extensively used in computa-
tion engineering. Since a great many indus-
trial problems involve tables of such a
specialized nature that they .are not avail-
able in published form, the proper prepara-
tion of tables is one of the duties of the
computation engineer. Actually this is a
double duty; for not only is it necessary to
consider the design of the table and its
integration with the whole problem, but the
actual method of computation to be em-
ployed in constructing the table is, itself,
often a compufation engineering problem.

The table should be constructed so as to
avoid the necessity of interpolation insofar
as that is possible, since interpolation, espe-
cially non-linear intexpolation, is merely
the substitution of one computation for an-
other. Many tables consist of discrete entries
for which interpolated values have no mean-
ing. Where interpolation is unavoidable, a
mechanism, such as an auxiliary table of
proportional parts, is frequently included
to facilitate interpolation. Otherwise, inac-
curacies are likely to vitiate the real ac-
curacy of the table.

Because of the bulkiness necessary in
some tables if excessive interpolation is to
be avoided, other means of representation
should be considered before a final decision
is made. This is especially true in the case
of steps involving more than two variables.
It often happens that a graphical method
of representation is less space-consuming
than a table, yet it may provide an equal
degree of accuracy plus ease of interpolation.

The techniques involved in constructing
graphs, nomographs and slide rules were
discussed in a previous article in this publi-
cation.* The graph is, of course, the most
familiar and, in its usual form, the least
useful as a computing device. However, in
the Engineering Experiment Station’s proj-
ect on graphical and mechanical methods,

g

*Burrows, W. H., “Graphical and Mechanical Methods
of Computation,” The Rescarch Engineer 1949-50, No. 5.
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Figure 2.-This nomograph substitutes one
operation, laying a straight edge between
two points, for consulting logarithm tables,
making two subtractions and one division.

modifications of the graph have recently
been developed, which increase greatly the
capacity of this device as a computing aid.
The modified graph has been successfully
applied to several difficult problems and has
been shown to provide, on an equal-space
basis, at least as much accuracy as a table
and much greater ease of interpolation.
These modified graphs will be described
in a later article.

For expressions relating several variables,
the nomograph is frequently the most sat-
isfactory device. Figure 2 shows a nomo-
graph for determining the log mean tem-
perature difference which equals

' T, — T,
Here, one operation, the laying of a straight
edge between two points, substitutes for
reading two numbers from logarithm tables,
making two subtractions and one division.

Of all the devices employed in computa-
tion engineering, the modified graph and
the nomograph alone possess the necessary
properties for incorporation into the work
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sheets of a computation step. This is a
highly desirable feature in some problems;
the data, the computation and the final re-
sult are all on a single sheet in a form suit-
able for filing as a permanent record.

The slide rule and the gear rule provide
solutions of the expressiona +b = ¢ + d
if linear scales are used or a X b = ¢ X d
if logarithmic scales are used. Scales con-
structed on other functions are used for
special slide rules, such as that shown in
Figure 3. The convenience of these rules
gives them a measure of popular appeal that
makes. them effective advertising novelties.

The gear rule, in its simplest form, con-
sists of scales mounted on disks or drums
connected by gears so as to move in accord-
ance with the expressions in the preceding
paragraph. However, the gear rule possesses
several advantages over the slide rule. By
using spiral scales wound on a drum, it is
possible to have scales of one hundred or
more inches in length, thereby increasing
greatly the range and accuracy of the scales.
By using cross-linkages in the gear mechan-
ism, it is possible to introduce a more in-
volved mathematical expression than that
given for the simple form, a 4 b = ¢ 4 d.
Sometimes cams, bar linkages, etc., are used
in conjunction with the gear mechanism to
provide special mathematical relations. Also,
as with the slide rule, the introduction of
special scales provides a means of repre-
senting mathematical expressions other than
those of addition or multiplication.

Such are the devices which the computa-
tion engineer may design and construct as

aids in an industrial routine. Very frequent-
ly they provide the simplest and most direct
method for handling a problem. They are
especially a boon when the industrial or-
ganization does not already have a sufficient
investment in mechanical calculating equip-
ment that can be diverted to the routine
in question or when the routine employing
mechanical equipment is much more com-
plicated than that based on numerical or
graphical devices. However, the need for
keeping the number of different devices for
a given place and time at a minimum must
always be kept in mind, as must, also, the
fact that there are many industrial problems
in which the mechanical method is highly
satisfactory. A thorough computation engi-
neering study is indicated as a means to-
ward making more efficient use of the equip-
ment on hand. After all, the selection of
the equipment is only one phase of compu-
tation engineering service.

Case Studies

The results to be expected from a com-
putation engineering study in the plant are
indicated by the following experiences of
actual cases. o

One company had for years used the
time of one of its executives for a very time-
consuming problem. It had not been found
feasible to attempt to train clerical help
because of the complexities of the problem.
Following the study it was possible for the
company to turn the job over to clerical
help with very little training. The job was
done much faster, and the results—which
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Figure 3. Special slide rules can, like nomographs, be designed to shorten the time of com-
putation operations. This one has all the advantages of the nomograph shown in Figure 2.
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_ pad always been in doubt before—were

much more profitable to the company.
Another company, about to engage in a
new type of testing of its raw material,
Janned to purchase an expensive piece of
mechanical calculating equipment for con-

‘yerting the test results into meaningful

terms. A simple graphical device, costing
Jess than two per cent as much as the ma-
chine would have cost, actually performed
the same computation in about one-third
the time it would have required and with
the full degree of accuracy desired.

Still another company, engaged in a
chemical process in which the composition

* of certain baths had to be maintained uni-

form, had been taking samples from the
baths at regular intervals, making an on-

the-spot analysis, then sending the analysis
to the front office for mathematical inter-
pretation before making the necessary ad-
justment in the composition of the liquors.
A computation engineering study resulted
in a series of charts that provided on-the-
spot conversion of test results into adjust-
ment requirements. Thus, the adjustments
could be made immediately.

The clerk, the laboratory technician and
the man on the assembly line all become
their own mathematicians with a properly
established routine and the right devices
for effecting the computation. Periods of
in-service training are shortened at a saving
to the company. And both the number of
errors and the time spent in computation
are reduced.

REVIEW OF CALCULATOR OPERATIONS

Continued from Page 8

ing is limited primarily by their already
full scholastic schedule and consists, for the
most part, of exhibiting the equipment to
them and explaining its operation and ap-
plications. However, our participation in
the training of graduate students is one of
the most satisfactory aspects of our work.

At the time the calculator was purchased, ’

the Westinghouse Electric Corporation gave
to the Alumni Foundation $15,000 to be
used for fellowships in electrical engineer-
ing. These fellowships have been given to

- tWo men each year since 1947, and each
carries a stipend of $1,250 per year. The.

Students spend approximately half their
fime in work toward a Master’s degree and

‘half in operating the calculator. Thus, they

have the advantage of learning the practical
Operation of power systems, meeting the en-
§lncers representing the various power com-
Panies and generally learning the “lan-

Suage” of the industry. To quote from The

Christian Science Monitor, “Some students
acquire knowledge, others develop ingenuity
and resourcefulness. Young Tucker was defi-
fitely in the latter class. One question of
';hlS €xam read: “What steps would you take
N determining the height of a building,
USing an aneroid barometer?” To which the
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young man blithely replied, ‘T would lower
the barometer by a string and measure the
string.’ ” While it is necessary to know how
to calculate engineering problems accurate-
ly, the graduate will find that, in industry,
one very often “measures the string.” We
feel that the practical experience the Fel-
lows gain in working on commercial prob-
lems is of great benefit to them in their
careers. This has been borne out by the
positions these men have taken following
their graduation. Sixty per cent of them are
now in system-planning work for various
companies in this area, all acquiring their
positions through contacts made during
their calculator experience.

The funds initially supplied by West-
inghouse for. fellowships will be exhausted
in the near future. An attempt will be made
to have the fellowships continued through
support of the power companies in the
Southeast. It is felt that the small invest-
ment required will be more than recovered
in the direct benefit derived from training
engineers specifically in power system oper-
ation and in the indirect benefits to be de-
rived from the encouragement of engineer-
ing education in general.
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The calculator equipment, as installed in
1947, is still proving adequate for today’s
needs. The only addition to the equipment
has been installation of load-adjusting volt-
meters on the 60 load circuits.’ These were
installed in 1949 and have proved to be an
enormous timesaver. There is a possibility
that varmeters will be added soon to give a
full complement of generator instruments.
Certain other improvements of undeter-
mined merit, such as a new type of load
circuit and new-type plug-boards have ap-
peared on the more recent Westinghouse
calculators. However, at the present time
their cost appears to be out of proportion
to their value. Some of our customers have
expressed a desire for more equipment, par-
ticularly generator circuits and pi-line
units. Space can be made available for this
equipment. Should the demand for it in-
crease and the neccessary funds be made
available, it is possible that the size of the
installation may be increased in the future.

The maintenance required on the calcu-
lator has been very small. This is typical
of the Westinghouse calculator, which em-
ploys a high power base with the resultant
rugged equipment and makes minimum use
of electronic circuits. The small amount of
maintenance required accounts, in part, for
the large amount of time the Georgia Tech
calculator has been available for commer-
cial usage.

Since the installation of the Georgia
Tech calculator, nine new calculators have
been installed in this country, raising the
total number to 26. Of the nine new calcu-
lators, six have been installed by power
companies and three by universities. The
University of California has installed a
small calculator for educational use. The
University of Tllinois and Northwestern Uni-
versity have installed calculators of com-
mercial size. It is interesting to note that
in the last two cases the equipment was
designed and built by the school and the
standard calculator frequencies of 440 and
480 cycles per second were not used. The
University of Illinois® calculator employs
10,000 cycles which permits a reduction in
the size of reactors and capacitors and op-
eration at a very low power level. The
Northwestern calculator' operates at 120
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cycles, uses conjugate impedances and op-
erates at a low power level. The advantage
of these two calculators is claimed to be
low cost, although their costs are figured
on the basis of material and low labor
charges, with engineering time ignored.
These special calculators have the disadvan-
tage (to the power engineer) of requiring
a large number of electronic circuits, which
necessitate considerable checking and main-
tenance.

Although it is not directly a calculator
function, the annual Georgia Tech Con-
ference on Protective Relaying has been a
direct outgrowth of the acquisition of the
calculator. The calculator personnel have
been very closely associated with the four
conferences so far held and will probably
continue to be active in the future meet-
ings. This confgrence brings together the
relay engineers, particularly those in the
Southeast, to exchange ideas and to learn
what is new in the industry. Each meeting
has been attended by about 100 engineers,
which is a good representation for the lim-
ited field of interest.

Summing up the first five years of op-
eration, the A-C Network Calculator Lab-
oratory appears to have played a useful
part in the continued progress of Georgia
Institute of Technology and in that insti-
tution’s services to the industry of this area.
It is still one of the largest, most modern
and most desirable calculators available.
We feel that we are makjng a valuable con-
tribution to the development of the South-
east by assisting in planning of the adequate
electric power transmission and distribution
systems so vital to the development of in-
dustry and agriculture in any area. That
this feeling is reciprocated is indicated by
the increasing demand for calculator time
made by Southeastern companies; last year
work for them constituted 71 per cent of
the total time our calculator was in op-
eration.
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STRESS ANALYSIS

Continued from Page 4

- same center for its outside and inside bound-

aries can be solved by the Winkler-Bach
theory. However, this theory fails when the
centers are separated. The photoelastic in-
vestigation in question provided a rational
solution for the eccentric beam as well as
stress factors which can be applied to a
straight beam of identical cross section to
yield the maximum stress in the curved
beam.

‘The . technique of testing scaled-down
structural models of proper similitude to
the full-scale prototype has long been em-
ployed in the field of stress analysis to ascer-
tain the feasibility of a certain design. Nor-
mally, the models have been made of me-
tallic materials. However, construction of
such models from plastics has been shown
to be not only satisfactory but advantageous

- in some <cases. For example, the use of cel-

lulose acetate and methyl methacrylate to
fabricate models of a gun turret and a low-
pressure steam turbine permitted cementing
of the several components together to ob-
tain the finished complex models, a method
offering a definite advantage over the cast-
Ing process that would have been required
I making metal models. The appropriate-
ness and rigidity of the designs were tested
by.measuring deflections at various critical
points by means of sensitive dial gages. In
t.hlS investigation, the experimenters® estab-
lished techniques for overcoming the errors
resulting from creep, temperature variation
and aging of the cemented joints.
Machining operations require suitable
Speeds, cuts of the correct depth and tools
of proper shape. A change in any of these
onditions results in a change in the tool
forces acting, in the amount of heat being
Senerated and in the nature of the surface
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finish. Thus, it is important to study and
control the effective factors. Successful dyna-
mometers embodying strain gages have been
developed for the purpose of measuring the
forces, torques and moments transferred
through the tool in turning, planing, mill-
ing, drilling and. grinding operations.®
Bridge circuits best suited for making meas-
urements with these dynamometers ate de-
scribed in the refererice cited here.

Strain gages cemented to the pylon of an
artificial leg worn by an amputee and to
the force plate upon which he walked have
been used in a study of the forces acting on
the human body during locomation. Such
studies reveal data useful in calculations of
muscular work, in the design of artificial
legs and in the improvement of surgical
techniques.

Photoelastic determinations of the maxi-
mum stresses occurring in shafts having key-
ways when they are subjected to torsion
have been found to check closely with those
tediously computed by numerical solution
of the stress-function differential equation.™
Stresses in shafts with keyways were found
to be as much as four times those in keyless
shafts. '

And so the list could go on and on,
e.numerating an endless number of applica-
tions to which experimental methods have
been put. Some of the studies have been
fundamental in nature; others have been
applied. Some have been researches into the
unknown; others, solutions of old problems.
No matter what the stress problem, or what
the exact technique, all have added to the
store of knowledge that the elastician or the
stress analyst or the designer can call upon
to help him solve new problems and sim-
plify old ones.

Experimental Methods

Many techniques have been developed
for the experimental determination of
stresses. Perhaps these techniques should be
called strain analyses, since the effect nor-
mally depends on the phenomenon of yield
under load, i.e., deformation or strain. The
methods of experimental stress analysis that
have been used are as follows:

1. Photoelasticity
2. Strain-gage
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3. Brittle lacquer

Since the remaining methods are not to be

discussed in more detail, a brief description

is included with each as it is named.

4. Brittle models—fracture of the model
must occur without appreciable deforma-
tion and at a definite tensile stress. The
test results are. usually interpreted by
using the statistical concept that the
fracture strength is an unfavorable co-
incidence of stress intensity and defective
material.

5. Structural models—usually linear deflec-
tions are measured on a scale model of
the proper similitude to the prototype.
The loading is similar to that of the
prototype in the direct method. However,
it may be quite different in the indirect
method which therefore concerns itself
with the location and study of influence
lines.

6. Analogies—when the characteristics of
two apparently different systems are rep-
resented by the same fundamental mathe-
matical form, a study of one, which for
one reason or another might be easier,
will reveal information applying to the
other as well. This is the well-kdown
basis of analogue computers, as well as
the governing concept in soap-film studies
of torsional stresses.

7. X-ray analysis—rays of known wave
length are reflected by a stressed speci-
men in patterns which are dependent
upon the spacing between planes of
atoms in the specimen, which spacing
varies with the stress conditions.

8. Photogrid—a fine grid is photographed
on an emulsion applied to the specimen
surface. The grid system deforms upon
application of load to the specimen, thus
revealing the plastic strain distribution.
These and probably other methods of

specialized value have all been used in ex-
perimental stress studies. However, the first
three techniques are more easily handled,
require less expensive equipment and pro-
vide data which can be interpreted with
greater facility and accuracy. As a result,
they have been tested so thoroughly and
developed so extensively that their applica-
tion to any and all stress problems is fea-
sible economically as well as technically.
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Photoelasticity

The photoelastic effect was discovered
by David Brewster in 1812 when he found
that the optical properties of clear glass are
altered when it is deformed or stressed.
However, the importance of this observation
as an engineering tool was not fully recog-
nized until about the start of the present
century, and little application of the photo-
elastic effect was made until around 1920.
Most of the developmental work in its theo-
retical aspects, in the equipment employed
and in the technique itself has been per-
formed since that time. Thé photoelastic
method is thus relatively new. Yet, it is the
oldest of the three commonly used methods
being discussed.

The optical phenomena involved in the
photoelastic method are best explained by
the transverse wavg theory of Fresnel. Re-
flection, polarization and interference take
place as the light wave propagates through
the photoelastic apparatus, commonly called
the polariscope. Furthermore, double re-
fraction is occurring within the strained
specimen model (and the quarter-wave
plates). When the light ray strikes the sur-
face of the strained model, it is broken into
two component waves. One wave, called the
ordinary ray, traverses the model as it nor-
mally should, while the other wave, called
the extraordinary ray, is deviated and trav-
els through with a different speed. Each of
these waves is plane polarized. This same
phenomenon is known fo take place in
anisotropic crystals such as calcite. The
strained model acts like such a crystal, but
it is only temporarily doubly refracting, this
property disappearing as soon as the strain
is removed. The component waves travel
through the model along the principal axes
at a rate proportional to the degree of
straining present. Upon emerging on the far
side, the two component waves recombine
out of phase to cause interference depicted
by dark and light bands. These bands con-
stitute the fringe pattern of the exact. stress
distribution. This can be expressed mathe-
matically by means of the stress-optic law,

p =g s nf

=l

poiia ]

; : o b
where p is the maximum principal stress, ¢
is the minimum principal stress, = is the
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maximum shearing stress, n is the fringe
order, i.e., the number of times that a
fringe has reappeared at a particular point,
f is the material’s fringe constant measured
in pounds per inch of thickness per fringe
order, and t is the thickness of the model.
The polariscope mentioned above consists
of various elements designed to produce
polarized light ‘and analyze it. Each of the
elements may be seen on the cover photo-
graph of the apparatus at Georgia Tech. It
should be pointed out that the loading
frame has been modified with a dynamome-
ter scale to facilitate reading of the load
on the specimen and to eliminate the effect
of creep on the photoelastic-fringe pattern.
The model for a photoelastic investiga-
tion must possess certain optical properties
in addition to suitable mechanical proper-
ties. Among these is the all-important char-
acteristic that it be transparent as well as
optically sensitive to polarized light. Only
about a dozen of the commercially available
plastics have the required properties, and
only about six have these properties to a
sufficient degree to make them suitable as
model materials.* Of these Bakelite 61-893,
Fosterite and an allyl resin, CR-39, have
been found best. i
Plastics are, in general, difficult to ma-
chine; they chip easily and they assume
residual stresses along the edges of the
model in the form of time-edge effects. As
a result, fabrication of the plastic model
‘becomes a very critical step in the photo-
elastic investigation. Furthermore, for pre-
cise results, the model must be investigated
- almost immediately after it is machined,
ie., before the edges have had an oppor-
tunity to cure further and assume some of
the edge stresses mentioned. Except for the
care that must be exercised relative to the
difficulties discussed, the machining of plas-
tics may be performed with ordinary ma-
chine tools.
As mentioned, double refraction of a
Polarized monochromatic light front, such
as that occurring within the plastic model,
Tesults in a series of dark interference bands
Called the fringe pattern. If the light source
IS white, containing all frequencies, the re-
Sulting isochromatic pattern will consist of
2 glamorous but less useful system of rain-
bow colored fringes.
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When the quarter-wave plates are re-
moved from the polariscope, the light is
plane polarized; with the result that vibra-
tions in a specific plane are recorded along
with the fringe pattern. This effect can be
utilized in stress. analysis, since such vibra-
tions. establish the isoclinics or the direc-
tions of the principal stress planes through
a point on the model. The polariscope thus
yields two important sets of data: the fringe
pattern giving the difference between the
maximum stresses in accordance with the
stress optic law; and the isoclinics defining
the direction of these stresses. Consequently,
the photoelastic technique gives all the in-
formation necessary to accomplish a com-
plete stress analysis. And this applies to
three-dimensional as well "as two-dimen-
sional stress fields. In the three-dimensional
problem, the stress pattern is first “frozen”
into the specimen which is then sliced and
similarly investigated with the polariscope.

It must be remembered, however, that
the fringe pattern yields the difference be-
tween the principal stresses rather than each
stress. Along the edges, which usually con-
tain the maximum stress, one principal
stress is zero. There the difference reduces
to one stress directly. Elsewhere, the princi-
pal stresses must be separated by long, tedi-
ous numerical computation. Where other
tools are available, such as a lateral strain
gage, additional data can be obtained to
simplify and shorten the task of stress
separation.

Since the stress distribution in a singly
connected body does not depend upon the
elastic properties of the material, it follows
that the distribution observed in a plastic
model holds for its metallic prototype as
well. Elastic theories governing multicon-
nected bodies sometimes contain elastic con-
stants such as Poisson’s ratio, implying a
change in the stress distribution with ma-
terial. Even there, this change is often of
such small magnitude that it becomes neg-
ligible in most practical cases. Hence, the
fringe pattern may be considered the visual
picture of the stress distribution, regardless
of the material of which the prototype is
to be made.

Electrical Resistance Strain Gages

Around 1938, Simons of the California
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Institute of Technology and Ruge of the
Massachusetts Institute of Technology de-
veloped the idea of bonding a wire grid to
the specimen, thereby forcing it to take the
deformations to which the specimen may
be subjected. This would cause a change in
the resistance of the wire grid directly pro-
portional to the strain imposed. The result
of their investigations is the modern bonded-
wire strain gage popularly known as the
SR-4 .gage. (The Baldwin Locomotive
Works, which bought the rights for its man-
ufacture, is still the sole producer of a sat-
isfactory bonded-wire gage.) Unbonded elec-
trical-resistance wire gages have also been
developed, but these have not experienced
the popularity of the bonded type. In addi-
tion, gages depending upon a change in
inductance and upon a change in capaci-
tance are available, but again their appli-
cations are limited.

The SR-4 strain gages are made in a
series of gage lengths from 1/16 inch to 2
inches. They are made of advance metal,
Constantan and isoelectric material in one-
dimensional, two-dimensional and rosette
grids for dynamic as well as static load con-
ditions. The resistance in any of these grids
is defined by the well established equation,

R =p »1;

where p is the resistivity of the wire ma-
terial, 1 is the length of the wire and A is
the cross-sectional area of the wire. The
relationship between the change in resist-
ance and the strain causing it is expressed
by a term called the gage factor. This is
derived as follows:

_ AR/R AR
- Al/1 Re’

where AR is the change in resistance of the
strain gage produced by the strain e, R is
the unstrained resistance of the gage and e
is the unit strain of the gage and, in turn,
of the specimen to which it is bonded.
Thus, in order to determine the strain
we must know the gage factor as well as the
unstrained resistance of the gage being used,
both of which are precisely given by the
SR-4 manufacturer. We then proceed to
measure the resistance change occurring
when the specimen to which the gage is
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bonded is loaded, strained, or stressed. This
change in resistance can be measured by
means of a potentiometer or a bridge. Many
types and makes of bridges are available,
some being of the indicating type and
others of the recording type. For static con-
ditions, direct-current bridges using the
null balancing method are popular. For
dynamic loads, alternating-current bridges,
combined with circuits .to amplify the po-
tential drop caused by the change in gage
resistance, are used. In each of these bridges,
the strained gage becomes one leg in the
circuit. In static measurements particularly,
a dummy gage is inserted as another leg of
the bridge in order that changes in resist-
ance due to temperature variation are com-
pensated for. Switching devices are avail-
able for quickly or even simultaneously
measuring a series of active gages. Gages
must, of course; be properly selected and
well mounted with a cement satisfactory
for the conditions to be encountered.

The measurements made are generally
strains which are then converted into stresses
by means of Hooke’s law. Certain easily
made corrections are necessary in the case
of these bonded gages because of the loss
of effectiveness of the wire which forms the
loops in the grid. - Transverse, axial and
cross-sensitivity factors supplied by the man-
ufacturer are used in making these correc-
tions. In biaxial stress fields, strains must
be measured in each of the principal stress
directions if the maximum combined stresses
are to be found.

A review of the equations that define
the principal stresses p and.q will reveal
the fact that the strains e as well as e
are involved. The equations follow:

p = *‘E—— (e, Faney)

Q= 72 (eq +aey)

Although not mentioned previously, it
is no doubt evident that the gages must be
properly oriented with respect to the prin-
cipal directions. In an unexplored, multi-
axial stress field these directions are un-
known. There are two ways of attacking the
problem. The principal directions may be
located by means of a preliminary brittle-
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Jacquer investigation, or the field may be
studied with strain rosettes. Strain rosettes
~are combinations of two or more gages
oriented in different directions. By simul-
taneously reading the strain in each direc-
tion and by using it along with the angles
involved-in the rosette pattern, the principal
directions  as well as stresses may be com-
puted. The gages can be cemented to an
actual structure and the stresses obtained
directly without the use of a model. How-
ever, only surface stresses are readily meas-
ured with strain gages.

- SR-4 gages have been incorporated into
sensitive instruments designed to measure
many of the entities involved in engineering
work. Pressure, temperature, force, torque,
vibration amplitude, bending moment, etc.,
are readily determined by use of these
devices.

The Brittle-Lacquer Method

Brittle coatings may be used as strain

* indicators, Since the rupture of such coat-

ings reveals the strain in the underlying
material. The first record of such use of
brittle resinous coatings appears in the tech-
nical literature of 1925. Many coatings have
- since been tried but the most suitable found
yet are the “Stresscoat” series introduced
by the Magnaflux Corporation around 1940.

These coatings are quite sensitive to
changes in “humidity and temperature. As
a result, a series of seven Stresscoats has
been developed. The proper coating is se-
lected after atmospheric conditions have
bt{en established by means of a chart sup-
Plied by the manufacturer. The lacquer is
then sprayed uniformly upon the surface
of the part to be investigated and is al-
lowed to dry under reasonably similar at-
mospheric conditions. Where the surface of
the test piece is dull, it is wise to first apply
a bright aluminum undercoating which as-
S5t in making the rupture cracks more
Conspicuous. A dye etchant is also supplied
Which may be applied to the crack pattern
{0 emphasize the cracks.

W?len the brittle coating has dried, the
Part is ready for the strain investigation.
gllzmtl appl‘ication qf a .tensile stress field to
5 est piece, Wthh.lS applied according

.the shape and kind of member, the
britie coating begins to rupture or crack
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in a series of fine lines. These lines take a
direction at right angles to the maximum
principal stress. Such a series of cracks, rep-
resenting the area where the coating has
been subjected to its limiting strain, is called
an isostatic pattern in brittle-lacquer termi-
nology. In addition, the limit of propaga-
tion of the cracks upon successive increase
of load may be marked on the specimen.
Such marks bound the line along which the
extensional strains are approximately the
same. These lines are called isoentatic or
equal-stretch lines. Thus, the rupture pat-
tern depicts for us areas of high stress and
thereby gives us a qualitatively good picture
of the stress distribution on the surface
of our specimen. Since the lacquer may be
readily sprayed on the surface of.even the
most complex part, all machine and struc-
tural members are susceptible to this method
of stress analysis. i

The brittle-lacquer method does not give
as good quantitative results as do the pre-
viously discussed methods. A calibration bar,
sprayed and dried along with the test piece,
may be used in a quantitative approxima-
tion of the stress magnitude. This bar is
strained as a cantilever beam by bending in
a device provided for the purpose. When
the bar is placed in a strain-graduated hold-
er, the approximate unit strain can be de-
tected from marks on the holding frame.
The closer the spacing and more intense
the cracks along the bar as the fixed end is
approached, the higher the strain. In addi-
tion, the first cracks mark the threshold
sensitivity of the lacquer, which is generally
somewhere in the neighborhood of 0.0007
inch per inch. The cracks on this calibration
bar are then matched against those on the
test piece for a quantitative approximation.

In addition to the fact that the brittle-
lacquer method yields only approximate
quantitative results, there is still a question
relative to the correct explanation and
theory of the Stresscoat rupture. It was first
believed that rupture of the coating is
caused by maximum strain defined by
Hooke’s law as s = Ee = p — uq. Lately
experimenters have questioned this. Durelli*®
has found indications, though not conclusive
ones, that fracture is defined by a law
expressed thus:
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Ee
where u¢ is Poisson’s ratio for the coating,
w® is Poisson’s ratio for the specimen and
all other terms apply to the specimen.

Regardless of its lower quantitative value,
the brittle-lacquer method constitutes an
important tool for experimental stress anal-
ysis.* The isostatic pattern certainly reveals
areas of high stress, indicates pictorially the
stress distribution and gives approximately
the magnitude of maximum stresses. The
value of a design can be ascertained by
Stresscoat analysis; if necessary, the design
can be modified and the patterns compared
for .relative value.

Stresscoat analysis also has its comple-
mentary use in strain-gage techniques. As
mentioned, strain gages must be oriented in
the direction of a principal strain. In an
unstudied stress field, this direction is un-
known. Strain rosettes can be used to deter-
mine-it, but so can the Stresscoat technique.
A light load on the coated part will cause
the isostatic cracks which, as stated, are
normal to the maximum tensile stress. The
coating may then be removed and the strain
gage cemented in the correct direction.

* * * * *

Experimental stress analysis is a rela-
tively new tool, still in its. infancy, but it
has already contributed substantially to the
solution of numerous difficult stress prob-
lems of engineering importance. It is here
to stay. We at Tech are attempting to assist
in its further development and application.
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ACOUSTIC PHONETICS

Continued from Page 6

tion from symbols placed over the letters
of a word and its respelling in phonetic
form. For example, if we did not know how
to pronounce pneumonia, we found it re-
spelled as nii-md'ni-a in the dictionary.
Thus, it appears. that most of us are
more familiar with phonetic symbols and
methods than we might at first think. Pro-
fessional phoneticians have, of course, de-
veloped many systems of phonetic symbols

_ to denote speech sounds, some of them con-

siderably more advanced than  the system
used in Webster. Acoustic phoneticians have
learned to record speech sounds in visible
forms such that they can be “read” by those
trained in their interpretation. The xe-
mainder of this article will be devoted to
the methods and applications of acoustic
phonetics.

Making Speech Visible

There is considerable eviflence that the
car effects a spectrum analysis of speech
sounds; that is, it breaks down an oscilla-
tion into its various frequency components
and perceives their relative amplitudes.
Thus, it seems logical to expect that 2
visible spectrum of a sound may be subject
to analysis by the eye. Let us, then, examine
a fairly simple means of obtaining visible
spectra of speech sounds and see what fea-
tures can be used to distinguish one from
another.

January, 1953

l

o c— T

e

o —

Y

n EXPERIMENT STATION RESEARCH ENGINEER

RELATIVE INTENSITY

v
n%

50 500 1000 2000 40
FREQUENCY IN CPS

RELATIVE INTENSITY

e

I

y/wK

\/\ M

0 ~ 500 | 2000 4000
FREQUENCY IN CPS

N RELATIVE INTENSITY RELATIVE INTENSITY

Figure 2. Spectrum anal.ysis of two vowel sounds. At the left, the spectra recorded by the
analyzer for the long-E in SEE (above) and the short-E in seT (below). At the vight, spectra
of the same sounds modified by the equalizer to simulale the sounds as heard by the ear.

From our knowledge of physics we know
that a sinusoidal oscillation is characterized
completety by its amplitude, phase and fre-
quency. More complicated oscillations can
be considered as superpositions of sinusoidal
oscillations.

In order to simplify our first approach
to the visible analysis of speech sounds, we
shall choose a few specific vowel sounds for
spectrum analysis. Since vowels are sus-

tained sounds having relatively stationary

features,'they are the easiest speech sounds
to study. -

Our equipment permits us to break a
given vowel sound into its components at
numerous frequencies and to measure the
Intensity of each frequency component. As
can be seen in Figure 1, a vowel sound is
spoken into a tape recorder which is then
used to repeat the sound, identically each

~ lme, into the analyzing portion of the over-

all device. The analyzer is equipped with a
Number of selector switches so that the in-
Put sound can be passed through any one
of 30 electrical resonators each adjusted to
espond to one particular frequency. These
frequencies have been selected so that pro-

Ceeding from one resonator to the next is

€quivalent to moving one whole tone on the
€qually tempered musical scale. The lowest

Afrequffncy used is 250 cycles per second, cor-

:ﬁsponding approximately to middle C on
€ scale, while the highest is 7136 cps,
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about one octave higher than the highest
C on an 88-key piano. When the sound is
passed through one of the resonators, the
volume indicator registers the energy (in-
tensity) present at that frequency.

By playing the recorded sound over and
over, successively feeding it through the
next higher frequency resonator, data are
obtained for plotting the relative intensity
of each frequency component. Figure 2
shows charts so plotted for two vowel
sounds. At the top left, we see the long-E
sound that occurs in see. This may be rep-
resented by the phonetic symbol i. At the
bottom left is the chart of the short-E
sound in sei, represented phonetically as e.
As can be seen, the intensities of the high-
frequency formants are much less than
those of the low-frequency formants. How-
ever, formants in the two frequency re-
gions appear to the human ear to be of
equal importance. The equalizer, shown
in Figure 1, has been made part of the
equipment in order to modify its response
to agree more nearly with that of the ear.
The charts at the right of Figure 2 show
how the vowel sounds i and e look when
modified by the equalizer.

Interpreting the Charts

When studying speech sound patterns
by the method just outlined, one needs to
make numerous similar experiments before

Page 21



GEORGIA INSTITUTE OF TECHNOLOGY

w - -y

~

Frequency (thousands of cps)

$o-eamomnnt D e Lt Benennan e eennn

PR GG 3 PR ae

Figure 3. This sound spectrogram illustrates how even quite similar sounds are charac-
terized by wvarialions in their intensity at different [requencies.

he can safely conclude that the chart of
any particular speech sound distinguishes
it from all others. This fact can be illus-
trated by the charts shown in Figure 2 for
the e sound in set. Having only the chart
at the lower left (made without the equal-
izer), one might be tempted to conclude
that only the formant at 500 cps is impor-
tant in characterizing the sound. Yet, when
we examine the chart at the lower right of
Figure 2, we observe that the equalizer has
actually interchanged the relative intensi-
ties of the formants that appear just below
2,000 cps and 4,000 cps. Examination of
similar sounds as produced by different
speakers has indicated that the two lower
frequency formants (at 500 cps and 2,000
cps) obtained with use of the cqualizer are
typical of the e sound. The presence or
absence of the highest formant (that at
4,000 cps) affects the quality of the sound,
but it does not appear to change its in-
terpretation.

One of the best ways to ascertain which
features are significant in such charts is to
study synthetically produced sounds, modi-
fying them in various ways and determining
the minimum.number of attributes neces-
sary to characterize them. Haskins Labora-

- tories, Inc., has developed a device capable
of synthesizing connected speech sounds
from simple tones. When visibly analyzed
sounds are carefully reproduced audibly
by this device, they are quite understand-
able, although their quality is far from
natural. As more and more details in its
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spectrum are climinated from the synthet-
ically produced sound, its peaning is pro-
gressively lost. Considerable cffort and ex-
perience are required to understand the
unnatural sounds, and it often is difficult
to decide at just what point the sounds
become unintelligible. Thus, it is not easy
to determine which sounds may properly
be regarded as synthetic speech sounds and
which have become associated with speech
only through a learning process on the
part of the experimenter. ’
The Sound Spectrograph

.

The spectrum analyzer that we have de-
scribed can only be used to study sustained
sounds. If cach resonator channel were
provided with its own volume indicator, all
could be used simultancously, and a con-
tinuous analysis would be obtained. In
order to give meaning to the term spectrum
when applied to sounds that are not sta-
tionary, a given time interval can be di-
vided into very brief intervals during each
of which the sounds are almost periodic.
Each short interval can then be regarded
as a sample of a proper periodic function.
By means of this artifice, the spectrum can

" be represented as changing with time. While

the results are admittedly somewhat in-
exact, they are still quite useful.

Bell Telephone Laboratories have re-
cently developed a “sound  spectrograph”
for making visible analyses of short samples
of speech. In one model of this device, the
speech sample is repeatedly fed by means
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of a specially designed tape recorder into
a wave analyzer that automatically scans
the spectrum from 0 to 8,000 cps. During
this scanning process, a stylus marks an
electrically sensitive paper in accordance
with the output of the wave analyzer, in-
dicating the intensity of cach component
by the darkness of the trace produced while
recording the frequency by vertical dis-
tance on the chart and time by horizontal
distance. The scales for frequency and time
permit quite accurate measurement, but the
measurement of intensity is essentially only

'qualitati\'c because of the limited contrast

provided by the recording paper. In an-
other model of the sound spectrograph, dif-
ferent colors are used (instead of different
degrees of darkness) to represent intensity.

Figure 3 shows the word sequence seat,
sit, set, sat, sale, site as made visible by the
sound spectrograph. The vertical striations
represent the pitch-frequency variations in
intensity; no equalizer was used.

In the cast of such spectrograms, as well
as in that of the vowel spectra charts, al-
lowance must be made for the influence of
machine characteristics. For example, the
syllabic variation of intensity is largely ob-
scured in the sound spectrograms.

As shown in Figure 3, the patterns of
corresponding sounds are similar. Charac-
teristic formant patterns are also indicated
for consonant sounds, even very brief ones.
Examination-of many such spectrograms has
led to the belief that cach distinctly dif-
ferent sound can be associated with a par-
ticular combination of formant frequencies
and types of excitation.

However, consonant sounds arc not as
readily characterized as the vowels, since
the latter are sustained. Many vowel sounds
display two major formants, and the ratio
of the frequencies at which these formants
appear is the principal factor considered in
identifying them. As mentioned, the pres-
¢nce of other formants only affects the
quality of vowel sounds without aiding in
their identification. On the other hand, the
formants of consonants tend to shift under
the influence of the vowel sounds to follow,
Particularly in the case of stop consonants

Such as p, t and k. These sounds appear to-

be characterized more by their abruptness
than by their formant frequencies.
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Reading Sound Spectrograms

We have already seen that sounds con-
verted into visual form by the spectrum
analyzer or sound spectrograph can be re-
converted into intelligible speech by a de-
vice such as that developed by Haskins
Laboratories. Actually, training classes at
Bell Telephone Laboratories have learned
to read sound spectrograms directly, both
when they are stationary and when they
arc slowly moved across a screen.

The ability to read sound spectrograms
Is not very surprising since wvisible speech
patterns are really natural phonetic sym-
bols, corresponding to the way sounds, syl-
lables and words are spoken rather than to
the way they are spelled. Different sounds
have a different appearance; yet, the same
sounds spoken by different people look
alike. Both of these features are essential
if sound spectrograms are to serve a prac-
tical use as phonetic symbols. Thus we
find that we are able to record speech
sounds visibly, thereby representing phones
or phonemes, then to read them back, com-
bining the sounds into syllables and the
syllables into words. '

Applications

Some experimenters have suggested that
the sound spectrograph may eventually be-
come a boon to the severely deafened, those
whom hearing aids cannot help. Much re-
scarch would be necessary before ecquip-
ment  compact enough and inexpensive
cnough could be provided to supplant lip
reading as a means for the completely deaf

. to grasp the spoken word. Indeed, it scems

that lip reading is likely to continue to be
the severely deafened person’s major way
of comprehending the speech of those with
whom he comes in daily contact. However,
it does not scem unrcasonable to believe
that units could be built to make radio
signals and the audio signals of television
visible to the deaf, thereby greatly extend-
ing the horizons of their incoming com-
munications. A similar unit might make it
possible for deaf persons to use the tele-
phone in the two-way manner that others do.

The sound spectrogram may come to
have a significant place in the education of
the deaf. Since its symbols are naturally
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phonetic, it should serve as a means for
teaching pronunciation, not an casy task
when the pupil cannot hear the results of
his efforts. In this case, while he still could
not hear what he said, he could see what
he said and could compare his pattern with
that of his teacher. As pupils developed the
ability to read sound spectrograms at a
normal speaking rate, it is conceivable that
classroom subjects might be taught using
a viewing screen rather than relying on
writing or observation of the teacher’s lips.

There are numerous possibilities for use
of the sound spectrograph in the study
of phonetic problems, the physiology of
speech, speech correction, foreign languages,
vocal music, ete. Readers interested in dis-
cussion of these possibilities are referred to
Bell Telephone Laboratories” book, “Visible
Speech,” written by R. K. Potter, G. A.
Kopp and H. C. Green and published by
D. Van Nostrand Company, Inc.

According to the book just mentioned,
voice-operated  typewriters should be ca-
pable of construction, since such a thing
does not seem beyond the range of reason-
able extrapolation from what has already
been done. One can only guess what de-
velopments the future may bring in the
ficld of acoustic phonetics. One thing scems
certain, however—there is plenty of room
for rescarch in the field.

NEW PUBLICATION SCHEDULE

Since its inception in May, 1946, The Re-
search  Engineer has been published five
times annually—the first issue of cach pub-
lishing year in May, the sccond in Septem-
ber, and the remaining three at bimonthly
intervals until the following March. Al-
though this schedule allowed the editorial
staff a respite for vacations in the summer
months, it had little else to recommend it.
The Research Engineer, while published at
stated intervals, was not truly a periodical.
Each year numerous readers wrote to re-
quest a supposedly missing July issue, and
even librarians often required clarification
of the ‘admittedly confusing publication
schedule.
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DR. HERSCHEL H. CUDD
NAMED ACTING DIRECTOR

Late in November,
Dr. Herschel H. Cudd
was appointed Acting
'Director of the Engi-
neering  Experiment
Station to succeed Dr.
Gerald A. Rosselot
whorecently resigned.
Dr. Cudd possesses
a broad background
of industrial research
experience, including
employment with du
Pont’s Rayon Tech-
nical Division, International Minerals and
Chemicals Corporation and West Point Man-
ufacturing Company. His, research has
brought him several patents in the fields of
synthetic fibers and metallurgy, and he has
other patent applications pending.
Although a Texan by birth and place of
education, Dr. Cudd qualifies as a Georgian
through more than a decade of residence
here. He received his B.S. in Chemistry
from Texas A&IL. in 1933 and his Ph.D. in
Physical Chemistry from the University of
Texas in 1941. He came to Georgia in 1942
to direct inorganic chemical rescarch for
International Minerals and Chemicals at
East Point. He joined West Point Manu-
facturing Company’s Research Division in
1946, and he was subsequently appointed
Director of its Lantuck Division to super-
vise development, production and sales of
new products stemming from his research.
Early in 1950, Dr. Cudd was appointed head
of the Engineering Experiment Station’s
newly formed Chemical Sciences Division, a
position he will continue to fill until an
cqually able successor can bt found.

Beginning with this issue, The Research
Engineer will be a quarterly published in
January, April, July and October. The so-
called 1952-53 Volume, although not sched-
uled for completion until March, will be
terminated in order that the January issuc
can be designated Volume 7, No. 1.
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