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PREFACE TO ThHE SECOND EDITION

Those only who prepare books of the character of this realize the rapidity with which material
for them accumulates. The author would not have believed, in advance, that, after an interval of
three years, so extensive a revision as the one here presented would be necessary.  Ignoring many minor
items, some of the following subjects appear in this edition for the first time, others have been rewritten
in the light of additional information and still others have been sufficiently expanded to justify their
mention here.

Thrust Bearings; Knife-edge Bearings; Roller Bearings; The Critical Speed of Shafts; Tandem or
Riding and Stecl Belts; The Geometrical Progression of Speeds; The Strength of Spur and Herringbone
Gears; Chordal Pitch; Gaging Gear Teeth; Cutting Bevel Gears with Rotary Cutters, including Parallel
Depth Bevel Gears; Modified Addendum of Bevel Gears; Axial Thrust of Bevel Gears; Skew Bevel
Gears; Practice with Friction-Gears; Worm Gears; Roller Chains; Friction Clutches; Spiral Springs of
the Watch-spring Type; The Wire System of Measuring Screw Threads; Sizes, Properties and Strength
of Wire; The Capacity of Horizontal Cylindrical Tanks, Full and Partly ¥ull; Weirs, Rectangular
and V-notch; Standard Pipe Tables; Pipe Flanges and Fittings; The Measurement of Tapers and Dove-
tails; Forming and Other Tools; Press Fits, Straight and Taper; Balancing Revolving Parts, including
the Technique of Running Balance; The Floating Lever; Velocity and Force Relations in Linkwork;
Permissible Cost of Special Shop Equipment; The Weight of Solids of Revolution; The Diameter of
Shell Blanks; The Power Consumed by Drilling Machines; Taylor’s Cutting Speeds; Hardness Tests,
including the Relation of Brinell and Scleroscope Hardness Numbers to One Another and to the
Strength of Steel; Heat Treatment of Steel including the Relations of the Heat Treatment, the Degree
of Temper and the Physical Properties of Carbon Steels and the Heat Treatment and Properties of
Alloy Steels; Temperature Equivalents of Temper Colors; Materials for Steam Boilers and the Propor-
tions of Rivetted Joints; The Discharge Capacity of Safety Valves; The Properties of Superheated
Steam; Steam-pipe Coverings; Approximate Beams of Uniform Strength; The Strength of Columns;
Materials and Constructions for Resisting Shock.  New tables will be found in many of thesc additions
and also in the last section as follows: Whole and Fractional Inches Reduced to Decimals of a Foot;
Tengths of Circular Arcs; Cutting Speeds and Revolutions; Decimal Equivalents of Prime Number
Fractions; Square and Cube Roots of Binary Fractions, and Chords for Spacing Circles.

All of these additions fill gaps which needed filling, while many are fundamental and unique. The
prominence of graphical methods has been retained, some of the added applications of graphics being
not only time savers but, in themselves, ¢legant and new. All of the information contained herein,
both old and new, is believed to be useful, definite and workable, much of it not readily accessible and
a considerable portion of it not in existence clsewhere. The collection of design constants to be used

with the rules and formulas is believed to be larger than any other, while special care has been taken,
" in all cascs, to name the units to be used in connection with the formulas.

In books of this character there must, of necessity, be some overlapping of contents, but the aim
has been to include subjects which others have ignored or treated in a fragmentary or otherwise un-
satisfactory manner, while matters of common knowledge and constructions having an academic
interest only have been omitted.  As it is the intention that the volume shall not become a muscum
of antiquitics, superseded material has been rigorously removed.

As the revision has gone on, the shop character of much of the material included, together with
the impossibility of drawing any line of demarcation between shop and drawing office information has
become more and more apparent, and the title of the book has, therefore, been changed to one which
more clearly indicates its rcal scope. Except to make room for something better, nothing of interest
to the designer and draftsman has been omitted, but, on the contrary, much has been added as the
above list of subjects will show.

Defacement of the alignment charts may be avoided by the following excellent expedient suggested
by S. C. Bliss (Amer. Mach., Apr. 22, 1915):

Obtain a sheet of thin, transparent celluloid about one inch smaller in each dimension than the
book page and roughen one side with a piece of fine emery cloth. Place the sheet over the chart with
the rough side up and rule the lines required with a soft lead pencil. The lines so ruled may be re-
_moved with a pencil eraser and the sheet thus be used indefinitely.

October, 1916,
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PREFACE TO THE FIRST EDITION

As an editor, the author’s heart has often ached at the manner in which contributions to tech-
nical journals of permanent value and usefulness form a procession to the limbo of forgotten things
and benefit none but those under whose eyes they happen to fall at the date of publication. This
volume is primarily an effort to rescue from the oblivion of the out of print such contributions as are
of direct use in the design of machincery. * The search for material has not, of course, been limited to
periodicals but has extended to the transactions of many engincering socicties, wherein information
is ncarly as effectively buried as in the back numbers of periodicals. In filling the gaps that remained
after the search was completed, willing friends have come to the author’s assistance.

Not only is this the way in which this volume has becn prepared, but the author is convinced that
it is the only way, and, more than this, that there should be deliberate co-operation between con-
tributors, editors and collectors, with efforts focused on books of this character as the ultimate outcome.

To be more specific, the author is under no delusions regarding the many things that should be
between these covers but that are not, nor of those others of which the data presented are inadequate
but, now that a place has been provided for the preservation of information of the sort here gathered
together, he hopes that increased activity in the preparation and the publication of such information
will follow. He will certainly be glad to do his part toward the incorporation of such information in
future editions. Assistance may be rendered in other ways than by preparing contributions. Wide
as the search has been, it is not possible that all of the articles and papers that contain desirable data
have been discovered. Those who know of such sources of information are invited to forward memo-
randa of the places where they may be found.

Due credit to those who have supplied material will be found scattered through the volume.
From the many who have given willing help it is almost invidious to make selections, but the author
feels that it would be an injustice not to make special mention of Mr. J. A. Brown, Mr. Axel Pedersen
and Prof. J. B. Peddle. F. A. H.

New York,
November, 1913.
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MECHANICAL PRINCIPLES OF DESIGN'

“When a thing is wholly right it is pretty sure to look right,

though it may be pretty bad and appear to be fairly good or be
absolutely bad and not appear so to the casual observer.
When a thing is known to be bad and it looks right to an observer,
it is time for him to cultivate his taste. When a thing is
bad if carried to an extreme, it cannot be right when carried only
part way " (Professor Sweet).

Equal Length Wearing Surfaces

“The thing that does not tend to wear out of truth does not
wear much. The thing that wears out of truth is never

I'1e. 1.

machine wears in the same way and for the same reason. In both
cases the conditions favor local wear. Were the stationary and
moving pieces of the same length, neither would wear hollow, and
truth in both cases would be indefinitely prolonged. With this con-
struction, local wear being impossible, the form, and hence the fit,
are preserved indefinitely.

Applications of the principle are shown in Figs. 1-5.  Fig. 1 shows
the equal length guide and platen of a Becker milling machine and
Iig. 2 the head stock of the Newall measuring machine, in which
latter the principle is especially important. The measuring screw
a and its nut are of the same length, by which local wear, which
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I'16s. 1 to 5.—Examples of cqual length wearing surfaces.

right long and never gets fixed until it is too bad to use” (Professor
Sweet). N

Next to extent of wearing surface, the chief essential of dura-
bility is fit. Whatever destroys fit limits durability. The chief
enemy of fit is local wear, because local wear means change of
shape and hence loss of fit. Conditions that favor local wear favor
short life,

The stationary cross rail of a plancr wears hollow at the center
because it is most used there. The moving platen of a milling

would destroy the accuracy of the machine, is prevented.  Figs.
3, 4 and s are by PROPESSOR SWEET (Amer. Mach., Nov. 17, 1904), who
originated the principle.  Fig. 3 shows the usual and bad construc-
tion of steam-engine valve-rod guides and Fig. 4 the correct construc-
tion in which the sliding surfaces are of equal length. Forty or
fifty engines made in this way showed no wear after twelve or fifteen
years of use while, should they wear, the slack can be taken up with-
out refitting the wearing surfaces. Fig. 5 shows an application to
the slide valve of a common stcam engine.  As commonly made, these
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valves have the seat so long that the valve overruns but a short
distance, the construction being due to the impression that in-
creased surface gives increased life. This is bad practice, as the seat
always wears concave. If it is designed to have the valve cut off at
three-quarter stroke, the lap of the valve will be one-quarter the
travel. If the ports and bridges are also one-quarter the travel,
then by cutting away the valve face until it is only as long as the
valve, as shown in Fig. 5, there will be the same wearing surface on
the seat as on the valvé and the two will remain straight and keep
tight much longer than if made the common way.

There are cases to which the principle does not apply, an example
being the beds and tables of planing machines. Here the chief load
on the V's is the weight of the table which is not very stiff vertically.
Were the bed and table of equal length, the flexibility of the table
would lead, as it overruns, to a concentration of pressure at the ends
of the bed and near the center of the table, leading to wear of the bed
into a convex and of the table into a concave shape. In this and

and that is not apt to be done; while, if cut away too much, the result
will be no worse than if cut away too little by the same amount,
that is, it will still be better than if not cut away at all. Like the
factor of safety, the amount to be cut away is a matter of judgment
at first and of experience later.

In all cases the wearing surface of the guide should be cut away
so that the slide shall overrun at the ends.

Assuming that the use of the head at different locations is pro-
portional to its distance from the center of the rail, which is not far
from average conditions, the correct method of laying out the
widths of the parts to be recessed and of those to be left as lands
is shown in the diagram below the cross rail. Draw the diagonal
line across the guide surface. Locate the edge of the first recessed
portion at @, when the distance from a to b gives the width ¢ of the
space to be recessed and the distance from d to e gives the width f
of the land. Similarly, gh and ij give the width of the next space
and land and so on to the end of the rail. The recesses are, of course,

aul

Fi1c. 6.—Bearing surfaces in proportion to use.

similar cases the bed should be the longer, F. A. Pratt’s rule for
planers under average conditions being that the length of the sur-
faces should be in the ratio of 17 to 12.

Equalized Wearing Surfaces

There are other cases in which the principle cannot be applied
for obvious reasons, examples being the cross rails and saddles of
planing and planer-type milling machines. In many such cases,
including these examples, an alternative construction (also due to
Professor Sweet) is available. As he has put it, “when conditions
are known, flat guides may be made to stay flat and when condi-
tions are not known, common practice may be improved.” The
principle here is to make the wearing surfaces proportional to their
use. Fig. 6 shows this principle applied to the cross rail of a travers-
ing machine, which is primarily a vertical spindle milling machine
of the planer type. In the case of a planer the head on the cross
rail does not move under the cut, whereas, in this case the head
travels across under the cut. Hence, it was found that the cross
rail wore out in the middle, and the cross rail was recessed as shown
by the shaded sections, thus reducing the wearing surface where the
head is used the least and equalizing the wear. This principle can be
applied to great advantage wherever the wear is unequal. The
exact extent to which it can be carried is undeterminable, because
it is impossible to know how much the machine will be used with the

head in the center or at the ends, but, as the surface is cut away, the

result will be progressive improvement until too much iy cut away

shallow—the principle is to get rid of the wearing surface where it
does harm.

In Professor Sweet’s traversing machine, as first made without
the cut-away feature, the rail required refitting after two years’
use, while, after it was cut away as above, it ran six years before re-
fitting was necessary. Similarly a shaper slide, as first made without
the cuts, required refitting after two or three years’ use, while after
being cut away it ran fifteen years.

Another illustration of the principle that things that do not tend
to wear out of truth do not wear much, is found in the Schiele curve
bearing, which sce. The principle of this construction is uniformity
of wear and it has remarkable durability. There is no question
that its merits are not adequately appreciated.

The Narrow Guide

The narrow guide was first used by Professor Sweet on his travers-
ing machine in 1886. The cross rail of that machine is shown in
Fig. 7. Its merits, 43 contrasted with those of the usual construc-
tion, may best be realized by imagining the usual construction ex-
aggerated im height, when its weakness against side tilting and its
tendency toward local wear at the ends of the sh_ql,_;t guiding surfaces
will be realized. Just as the usual construction is better than the
exaggerated illustration, so the narrow guide is better than the usual
form. The construction is such that there is vertical clearance at
the top of the cross rail, the weight of the head being carried by the

gib at the bottom,
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Fig. 8 shows the narrow guide as applied to a lathe bed by John
Lang and Sons, while Fig. 9 shows the natural development of the
principle as adapted to the American V guide, the illustration being
an end view of the Brown and Sharpe grinding machine. Professor
Sweet advocated and practised the single V guide for lathe con-
struction as early as 1876. Another application is found in the cross
rail of the Bullard boring mill, Fig. 10, and still another in the arm
of the Cincinnati-Bickford radial drill arm, Fig. 13.

Tubular Torsion Members

““The box section is the best form metal can be put into to resist
the various strains machine frames are subjected to’ (Professor
Sweet).

The readiest way for the designer to learn the value of the tubular
section as a torsion member is to compare, by twisting in his hands,
two pieces of common pasteboard mailing tube, one complete and
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F1c. 10.

The weakness of the slit tube is due to the absence of any pro-
vision for the longitudinal shearing stress. If, to meet structural or
operative conditions, it becomes necessary to cut holes through the
tube, it may be done without serious harm provided ample metal
is left for the shearing stress.

The torsional stress on that member would make the bed of a lathe
an ideal place for the tubular section, but for the necessity for get-
ting rid of the chips, which makes the application of the complete
tube impracticable. The Tangye lathe bed, Fig. 14, illustrates how
the practical necessities can be met and most of the rigidity of the
tubular section be preserved. Note that, in a partial tube of rec-
tangular section, wide flanges aa are highly important,

In planer beds, unlike lathe beds, there is nothing to prevent the
use of the tubular section with such openings as are required fo? the
gears. The continued use of the ladder bed for planers is due to

nothing more creditable than custom and precedent.

Fie. 9.

FiGs. 7 to 10.—Examples of the narrow guide.

the other slit down its length as shown in Fig. 11.
which is simply startling and can scarcely be expressed in figures,
is not a matter of the material but of the construction. Relatively
speaking, the same difference exists between a cut-and an uncut
tube of iron. No possible addition of material can make up the
loss due to slitting a tube. Next to a lath, the very common I-
beam section, while ideal to resist bending, is about the worst pos-
sible distribution of metal to resist torsion,

An excellent example of the use of tubular sections in appro-
priate places is seen in Fig. 12, by the Beaman and Smith Co., in
which both bed and upright are tubular. Another example is seen
in Fig. 13, which is a section of the arm of a radial drilling machine
by the Cincinnati-Bickford Tool Co. In the latter case the tubular
section is combined with another correct construction—the narrow
guide.

The difference, '

The Division of Functions

Many cases of improved design, when analyzed, are cases of the
division or separation of the functions. The principle is of consider-
able application and deserves to be recognized.

The most common application of the principle is the well-knawn
Pratt and Whitney pattern of turret lathe index ring and latch bolt,
Fig. 15. Were the notches and bolt made of truncated V form, both
sides would be equally concerned in the functions of locating and
moving the plate, both must be made with equal accuracy and both
would be subject to wear. In the construction shown, the functions
are divided, the radial side doing the locating and the inclined side
the moving to position. The result is that the radial side only need
be of refined accuracy, while the wear is chiefly on the inclined side
where it does no harm.
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Another case is found in the loose center piece snap gage, Fig.
16. In the usual form of snap gage, one piece of metal determines
the size of the gage and of the piece of work measured. In the form
shown, the functions are divided, the center piece determining the
size of the gage, while the jaws determine the size of the work. Wear
is confined to the jaws and, after it occurs, the gage may be brought
back to its original size by removing the jaws and lapping them flat.
Note that, if a limit gage is to be made, further division of function
must be made if the full gdvantage of the construction is to be real-
ized. One jaw must be divided as in Fig. 17, the limits being made
on the center piece, by which plan both limits once made, are per-

Fics. 11 to 13.—Examples of the tubular torsion member.

easily be reduced by reversing the position of the hub as in Fig. 19,
by PROFESSOR SWEET (Amer. Mach., Dec. 8, 1904). The improve-
ment is obvious and it costs nothing.

The Center of Pressure should be at the Center of a Bearing

The neglect of this principle is almost universal and leads to -the
bell-mouthed wear of the bearings—that is to local wear which
always leads to short life. The correct construction is not always
possible, although it is possible in many cases in which it is not
used. A common case of bad construction is that of the rock shaft
introduced to provide for the offset of the eccentric and valve rods

Fic. 16,

FiG. 15. Fia. 17.
Fics. 15 to 17.—Examples of the division of functions.

™}

Fi16. 14.—Example of a compromise tubular torsion member.

manent the lapping of the jaws flat being all that is necessary to
remove the effects of wear.

Another case is found in the Newall measuring machine head,
Fig. 2. The functions of traversing and of carrying the weight of
the parts are here divided, the screw ¢ doing nothing but the travers-
ing, bearings bc being provided to carry the weight. The chief
cause of wear of the most essential piece—the screw—is thus removed.

All these are cases of obvious improvement and they are all
applications of the principle of the division of functions.

Reducing the Overhang of Cranks _ .
The commenh method 6f making overhung cranks with the hub on

the rear side, Fig. ‘18 leads to an amount of overhang whicn may"
i

of slide-valve steam engines. In the common construction, Fig. 20,
the tendency is to oscillate back and forth around a vertical center
line, wear the hole bell-mouthed at both ends and wear off the shaft
in like manner. Fixing the rocker to the shaft as in Fig. 21 is better,
as-it not only throws the bearings farther apart but they are better
lubricated as the oil can be introduced on the slack side. Such
rocker arms are best when cast of hollow box section, as that form is
best to resist torsion. ‘

Where a form such as shown in Fig. 22 can be fised, it is a great
improvement if a line drawn from the center of one wrist to the center
of the other passes centrally through the main bearing. The form
shown in Fig. 23 is better still, for the reason that Fig. 21 is better
than zc.
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The same principle is embodied in the form shown in Fig. 24,
which, however, requires ball connections for the eccentric rod,
although it requires much less of a projection for the supporting
bracket (Professor Sweet, Amer. Mach., Dec. 8, 1904).

Frames and Supports.

‘“‘Whenever inconsistent or useless things are stuck on to improve
the appearance, they always fail. To be good, a design must be
consistent” (Professor Sweet).

Any machine frame standing on three legs is free from twisting
stress and from the resulting distortion. When machines have con-
siderable height, as in the case of a lathe, the omission of one of the

e
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Fic. 18. FiG. 19.
Fics. 18 and 19.—Reducing the overhang of cranks.

Fic. 22

Fics. 20 to 24.—Correct and incorrect constructions of rocker arms.

Fi1G. 23.

customary four legs would lead to a lack of stability, but this condi-
tion can be met by swivelling the leg to the frame as in Fig. 25, which
shows the construction used at this point in Professor Sweet’s Artisan
speed lathe, which also has a tubular bed.

The customary location of supports under the extreme ends of
machine frames leads to an unnecessary increase of span and of
spring, while the placing of a third pair of legs under the center
should be a last resort. Machines should be complete in themselves,
whenever possible, and not depend on foundations for maintenance

of form. 1In the planer bed, Fig. 26, the distance between the sup-
ports is no greater than in Fig. 27, and as the center of the load in
planing would, in no case, overhang the supports more than a slight
distance, the construction shown in Fig. 26 is quite as well supported
as the other, and if the iron in the legs and the work to fit them were
put into the casting, the bed could be brought down to the floor as
in Fig. 28, greatly improving the structure.

Were the bed made #tubular section, with one leg under the back
of each housing and one under the middle toward the other end, the
results would be still better. Such a planer could be set anywhere
on anything solid, and that is all that need or can be done (Professor
Sweet, Amer. Mach., Mar. 9, 1910).

An example of correct frame design and support on these principles
is seen in Fig. 29, which shows a Norton grinding machine. The
underneath view shows the arrangement of the threc points of
support and of the connecting ribs.

One of the main points in designing frames is not to expose thin
sections, as in the case of holes through plates and webs. In a stand.
ard or column 12 ins. on the sides, or in diameter, the exposed sec-
tions should not be less than 1} ins.; or, to make a rule, the exposed
sections should be equal to an eighth of the extreme faces, as in Figs.
30 and 31. External beads should not be employed, because they
convey an idea of thin scctions unless their width corresponds to
the flange e, or to the base flanges of the frame.

1

Fi1c. 25.—Example of a pivotted tailstock lathe leg and tubular bed.

Another feature that has a good deal to do with the symmetry of
frames is the thickness of base flanges. These should follow the rule
of exposed sections and equal an cighth of the faces or the diameter
of the trunk above when the latter is either round or rectangular.
This is required not only to produce harmony of dimensions, but to
insure against accident by fracture.

The base flanges for frames or pedestals larger than ro ins. in di-
ameter should be cored out beneath, as shown in Fig. 32. The top
corners of base flanges, when of the proportions named, should be

l—“l —1 - |
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Fi1a. 28.

Fics. 26 to 28.—Correct and incorrect supports for planers,
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rounded to a radius of about one-fourth the thickness so as to
avoid the contour indicated in Fig. 33, which is a monstrosity of
the ““ ogee’’ order of architecture.

Struts are difficult things to bring into harmony with machine
framing, especially when connected to cylindrical or rectangular
sections as in Figs. 34, 35 and 36. When the frame is cored as in
Fig. 35, the best way is to use a solid sectjgn for the strut as at q,

Fi1c. 29.—Example of correct frame design and support.

Figs. 34 and 36, the corners being slightly rounded so as to harmonize
with the other members but never made semicircular. This is
always wrong and looks so.

Struts, ties and braces should be in straight lines, unless set in
curved intersections for reinforcement, as at ¢, in Fig. 37. If the
corner at a is of short radius, as in pipe flanges, the brace ¢ should be
straight.

In rib sections, of which Fig. 38 shows examples, there is the com-

mon mistake of considering the web a as a principal member and the
flange e a reinforcement. This leads to a thicker section for the plate,
and is a waste of material. The web a is no more than a brace or
tie, and should always be made as thin as it can be cast without cool-
ing strains, usually not to exceed one-half as thick as the members e.

The curved form for bracing ribs as in Fig. 39 is still adhered to in
most cases by habit, and because we reluctantly abandon the old
idea of curves and ornament, but we are fast reaching the point when
the shape shown in Fig. 40 will be substituted for the curves.

Fig. 41 shows a cored section which is especially suitable for large
frames, and conveys an idea of an indented surface rather than of
ribs, and is a means of relieving broad, flat surfaces that always look
“skinny " unless perfectly flat and smooth. It also forms a reinforce-
ment of corners, which are the weakest part, and for any machine
of fine character the corners can be finished (Jokn Richards, Amer.
Mach., June 8, 1899).

The outline sketch, Fig, 42, shows an appropriate base form from
which to derive suitable frames for a great variety of purposes.
Appropriate modifications to provide a base and attachments for
bearings are shown in Fig. 43.

It will be a matter of astonishment to those who have not pre-
viously considered the matter, to discover the extent to which this
form of the projecting beam or bracket enters into machine-tool
framing. In that type called vertical machines, such as those for
drilling, slotting, and planing, nearly all have this feature, and it
has beside a wide place in horizontal supports that project from the
main standards, such as tables for drilling, or other purposes, Tt is,
therefore, well worth considering as a distinctive feature in design.

This form of standard is often spoiled by inharmonious bolted-
on parts, such as have a ribbed section when the main member is
hollow or cored. This is an incongruous thing, too common in
practice. There is nothing saved and generally something lost by
attaching ribbed parts to box framing. Good practice demands that
all bearings requiring positive alignment be cast integral with the
main frame and in harmony therewith (Jokn Richards, Amer. Mach..
May 25, 1899).

Charts in Systematic Design

The use of charts in systematic machine design is illustrated by a
very simple case in Figs. 44-47 by H. S Brirt (Amer. Mach., Mar.
22, 1906).

Fic. 32. Fic. 33. Fic. 34.
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Fios. 30 toﬁx.——Eumple'o of correct and incorrect machine frames,
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Assuming a line of sizes of any part of a type in which judgment
is the chief element in the design to be in contemplation, two sizes
near the extremes are first designed, after which the intermediate
sizes are taken direct from a diagram, Fig. 46, which is first laid
down to the sizes already designed.

For example, suppose it is desired to get up a line of boxes, such
as are shown, for shaft sizes from }§ in. to 2}} ins. inclusive.
First the }§-in. sizc, Fig. 44, and the 2{3-in. size, Fig. 45, would
each be laid out, the design and proportions being determined
by the judgment of the designer. The chart, Fig. 46, is then con-
structed by plotting the values of each dimension for the lurge and
small sizes and connecting the plotted points by straight lines, when
the ordinates corresponding to the intermediate sizes determine that
particular dimension for those sizes. The letters showing to what
dimension each line refers correspond to those in Fig. 47. Part of

FiG. 42 Fic. 43,

Fi1Gs. 42 and 43.—Correct frame construction.

the lines are laid off to the scale on the right side of the chart. These
are distinguished from the remaining lines, which are to the scale on
the left, by being dotted. From the chart the table, Fig. 47, is
filled out.

For instance, suppos? it is desired to find th> width D ior the 1%
in. size. On the chart the intersection of tae vertical line marked
1% and the inclined line D is found to be close to the horizontal
line corresponding to 2} in. on the right-hand scale. The dimension
thus obtained is entered in the table.

1t will be noticed that there are no lines on the chart for dimensions
FandG. A line is plotted for the distance from the center of the bolt
holes to the outside of the mectal around the bearing, or }(F- -B),
and from this F is determined, the B column having previously been
filled out. A line is also plotted for the distance from the center of
the bolt holes to the ends of the bases or 4(G—F), the line in this
case coinciding with the line for E. 4(G—F) having been obtained
from the chart, G is found from F by addition in the same way as
F was previously found from B.

The reason for determining these two dimensions in this indirect
manner is that these dimensions depend partly upon B and partly
upon the size of the bolts, and for that reason will not increase in a
regular manner, the increase being greater whenever the size of bolt
changes. In this particular, as in many others, judgment and dis-
cretion arc necessary in the use of such a method.

In general, the lines thus found will not pass through the origin
but above it. After some experience with the method, judgment

. will enable one to use it with only one originally designed size if the

new sizes are not too much larger than it. The dimensions of one
size being plotted, the lines are drawn through the plotted points
and at such distances above the origin as experience indicates.
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Fics. 44 to 47.—Chart method for the systematic design of machine
parts.

This method is safer if the new sizes are smaller than the original.
When larger, caution should be used by comparing the resulting parts
with the chart and correcti ~ the latter if found desirable.



PLAIN OR SLIDING BEARINGS

For additional information on steam-engine bearings see Bear-
ings for Steam Engines.

For additional information on gas-engine bearings see Bearings for
Gas Engines.

For the fit allowances of bearings see Press and Running Fits.

TABLE 1.—PERMISSIBLE PRESSURES ON BEARINGS FOR STEAM
FN(‘INI-:b AND OTHER MAcmN}:s

| Allowable bearing

i pressure in pounds

per square inch of
projected area

Kind of bearing and condition of operation [

Bearings for very low speeds and intermittent |
service as in turntables and bridges.

7000 to 9ooo

American Railroad l’ractlce i
Locomotive cross-head pin bearings............

3000 to 4000

Locomotive crank pin bearings................ 1500 to 1700
Locomotive driving wheel journal bearings. .. .. . to 550
Caraxlebearings............................ 300 to 323
Tender axle bearings. .. et . to 425
British Railway Practice '
Locomotive crank pin bearings................ . to 1400
Locomotive cross-head pin bearings............ . to 2000
Locomotive driving axle bearings.............. 250 to 300
Car axle bearings. . . to 330
Umted States Naval Practice
Main engine bearings. . P 275 to 400
Main engine crank pin beanngs . e 400 to 500
Steam turbine bearings (for welght alonc) ...... . to 83
Thrust bearings for torpedo boats............. . to so
Merchant Marine Practice
Main engine bearings. . PN 400 to 500
Main engine-crank pin bearmgs e 400 to 500
Thrust bearings. .. LT TR, 70
High-spf:gg Stationary Engine Practice L
Main bearings (for dead load). ............... 6o to 120
Main bearings (for steam load). .............. 150 to 250
Crank pin bearings, overhung crank........... 900 to 1500
Crank pin bearings, center crank.............. 400 to 600
Cross-head pin beanngs .......... PN 1000 to 1800

Slow-speed Stationary Engine Practice

Main bearings (for dead load)................ 8o to 140
Main bearings (for steam load)............... 200 t0 400
Crank pin bearings................... 800 to 1300

Cross-head pin bearings 1000 to 1500

Air Lomptessor Practice!

TABLE 1.—PERMISSIBLE PRESSURES ON BEARINGS FOR STEAM
EncINEsS AND OTHER MACHINES.—(Continued)

Allowable bearing

pressure in pounds

per square inch of
projected area

Kind of bearing and condition of operation

Straight line, belt-driven, side crank, 100 lb. steam and air

Main bearings... ..............c00iiiin. .. | 178 to 227
Crank pin bearings. ......................... 628 to 8235
Cross-head pin bearings...................... 628 to 825

Stralght line, steam—dnvcn sndc cr.mk 100 lb steam and air

Main bearings.............................. 198 to 227
Crank pin bearings.......................... 462 to 825
Cross-head pin bearings...................... 462 to B2s

Duplex, Meyer cut-off, stcam-driven, 100 lb. steam and air

Mainbearings... ........................... 157 to 200
Crank pin bearings.......................... 644 to 855
Cross—hmd pin bearings...................... 850 to 1370

Duplex Corliss valve gear, steam—dnven 100 lb. steam and air

Main bearmgs .............................. 115 to 141
Crank pin bearings. . 513 to 708
Cross-head pin beanngs .. 732 to 1150
Direct-connected, motor-dnven main bearlngs ... to 70
(,a.s Engine Practice
Mainbearings............................‘. 500 to 700

Crankpinbearings.....‘.........,..........
Cross-head pin bearings. .

1500 to 1800
1500 to 2000

E lectncal Ma.(hmery Practlco

Generator and motor bearm;,s ................ 30to 8o
Main engine bearings, driving generators....... 40 to 8o
Horizontal steam turbine bearings............. 40 to  Go
\rcrtlcal steam turbme steps e 200 to 1000

Rollmg Mlll Pmctu:el

Rubbmg velocity,

Ft. per Min.
Pinion housing bearings. ... 359 to 6co 30to 350?
Roll housing bearings. .. ... | 350 to 6oo 100 to 2000%
Table roller bearings......... 150 30to 50
Table line-shaft bearings... . 150 30to 3o
Main bearings of shears. ... 50 to 65 1800 to 2500

-

Miscellaneous Practice

Bearings for slow-speed and intermittent load as
in punch presses, shears, and the like.

3000 to 4000

. Main bearings of slow-speed pumping engines.... . to 603
. Slfﬂi&‘lt line, steam-dnven, 100 lb. steam and air Heavy line-shaft bearings, bronze or babbitt lined . 100 t0 150
Main bearings.............. P 160 to 237 Light line-shaft bearings, cast-iron............. 15to 25
Crank pin bearings.......................... 565 to 700 Heavy slow-speed step bearings........ e . to 2000
Cross-head pin bearings. . . 628 to 820 Drill press thrust collars............ . . to 325'
Straight line, belt-dnven, center crank 100 lb steam and air Angular-thrust bearing for boring mill tables...| .. to 78
Main bearings............ Ceeer et abe e 122 to 220 1 Mesta Machine Company, Pittsburg, Pa. i
Crank pin bearings..... e eer e e 244 to 402 2 These factors are of value as showing good practice, not for purposes of
Cross-head pin bearings...................... 400 to 785 design. The diameters and lengths of the bearings are determined by the
. requi t of strength in the pinion and roll necks and their housings.

1 Canadian Ingersoll-Rsnd Company

3 Practice of Bullard Machine Tool Company.
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“Whenever it is possible to give journals end play, it will be found
that they polish rather than cut and endure rather than wear out.
The wearing surfaces should be of equal length in the box and shaft
and be so controlled that the overrun will be equal at each end”
(Professor Sweet).

Much of what follows is taken from the exhaustive treatise, Bear-
ings and Their Lubrication, by L. P. Alford, to which the reader is
referred for much additional information not to be found elsewhere.

The lack of a complete theory connecting the pressures, velocities
and temperatures of bearings, until it was supplied by AxeL K. Pep-

9

ERSEN (Amer. Mach., Oct. 10, 1912) and given below, has made it im-
possible to determine pressure factors of general application. Never-
theless, the factors in common use, within the fields from which
they were obtained and to which they are intended to apply, are use-
ful and adequate.

Tables 1 to 8 give such pressure factors. Tables 2 to 8 are by G.
W. Lewis and A. G. KeSSLER (Amer. Mach., Aug. 31, Sept. 14, Nov.
0, 1911). They are the result of an extended investigation and
correctly represent modern practice.

TABLE 2.-—MAIN BEARING PRESSURES FOR STATIONARY GAs LENGINEs

" Horizontal o o Vertical
| 4 8 7|7 12 le‘(i | 20 | Assumed T D UI A_T—I_S; ‘"IZVW!_-*I() {-—;zo | Assumed
[ 3.1 | 4.8 i 6.0 8.4 ]_ ‘ y Dmbo o ) 33 1 s } 75 1 o3 V
, 0.75 | 10.8 14.9 | 19.1 v Lamb. .. kN ‘ 12 ' 13 | 16 |
[ 20,0 | s52.5 \ 08.5 1160.5 | DmbXLmb ‘ Amb. .. .. K 5.25 | 23.6 55 | 07.5 ' 152 | DmbXLmb
0 © Assumed | Pm 250  Assumed
. 300 ?7 27oﬂ‘[——2_5;7 ! 2447—-— 7 T U Kmb.. -—;;—0»—1 26;7 i 258—\ : -258 : 2;53 f -
300 T Assumed | Pm 00  Assumed
3o | 32 | sor o ce3 | Kmbo.gso | 3w | g0 g0 g
350 Assumed ' Pm .. 350 Assumed
s a77 | oas8_sar | jKwhooars g | sbo | g05 300 ]
40 Assumed 4 Pm : 400 Assumed
' 503 | 430 | 408 | 301 | ‘\l Kmb...... 81 | arg | o4y | oaxg | oarg |

D
Dmb = main bearing diameter, ins.

Lmb =main bearing length, ins.

Amb=projected area main bearing (one) = DmbX Lmb.

=cylinder diamecter, ins.

Pm =maximum explosion pressure, lbs. per sq. in. of piston face.
Kmb=maximum unit bearing pressure, lbs. per sq. in. considering
explosion to occur on dead center,

TABLE 3.—CRANK-PIN BEARING PRESSURES FOR STATIONARY GAS ENGINES

Horizontal ‘ (‘ h Vertical
D | 4 l__S_,:-xz RIRCE | 20 | Assumed __‘ ; 7*7I)h {4 | 8 | 12 | 16 | 20 | ‘Assumed
Dcp...... 1} 3} 4% o3 8% Dcp...... 1} 3t 4% 64 8%
Lep...... 1§ 33 41 6% | 8% Lep...... 13 34 l s 7% ot
Acp......| 2.44| 10.15 23.2 | 41.75] 68 DepXLcp=Acp Acp...... I 2.64) 11.8 1 27.8 | 40.75' 78.75! DcpXLep
Pm o 250 Assumed Pm ‘ 250  Assumed
Kep..... | 1290 lr—zz; | uzgm;|m;;;<—>—rl;‘—l:¢:);\ie;:|;1;ti()nA Kep.. ... [ 1190 | 1065 | 1035 | 1015 | 995 l o o
Pm 300 v Assumed Pm i 300 " Assumed
Kep.....| 1550 | 1485 | 1450 | 1’459 | 1300 | From equation A Kep... | 1430 | 1280 | 1240 | 1215 | 1200 | B B
Pm 356 Assumed Pm 350 o " Assumed
Kep. ... | 1800 | 1730 | 1710 | 1600 | 1620 | From equation A Kep..... | 1660 | 1490 | 1440 | 1420 le400 |
Pm 400 Assumed Pm B 400 h Assumed
'ch‘. ...| 2060 | 1980 | 1950 | 1030 | 1850 | From equation A Kcp.....| 1920 | 1720 | 1660 | 1620 |Ax._600 | o

D =cylinder diameter, ins.

Pm =maximum explosion pressure, lbs. per sq. in. of piston face.
Dcp=bearing diameter of crank pin, ins.

Lcp =bearing length of crank pin, ins.

K¢p=maximum unit bearing pressure, lbs. per sg. in.
Acp=DcpXLcp, sq. ins,

2
Max. Kcp= R%Pm +(DcpXLep). (A)
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TABLE 4.—WRIST OR PISTON-PIN BEARING PRESSURES FOR STATIONARY. GAS ENGINES

Horizontal Vertical .
D | 4 | 8 | 12| 16 | 20 | D | 6 8|12‘1()|°o| _
Duwp..... 0.93 ]| 1.62 | 2.76 | 4.36 | 6.42 | From equation (A) || Dwp..... 1§ 1} 2} 33 4% ’ Aalf&:n-a.t‘i‘on )
Luwp.. 1.6 | 2.8 | 4.77 | 7.52 |11.15 | From equation (B) | Lwp.. 23 3 43 6% 8} Equation (D)
Awp... .. 1.40 | 4.54 |13.2 [32.8 71.5 Dy:?XI.uvp ﬁiy_yp ..... 4.67 | 6.33 |11.25 |20.65 |36.6 pr)(Ly_p
Pm 250 T Assumed Pm 250 Assumed
Kup . ... | a;z;o——lué}'b;—rzus | 1530 | 1100 | Kwp..... | 1510 | 1900 | 2520 | 2430 | 2145 |
Pm 300 Assumed _ Pm o V 3co T As—b:um;r*ﬁmm
:-K‘u'; ..... | 2530 ' 3320 [ 2:70 | 1840 | 1320 | B Kwp ..... | 181¢ |7”2380_“|_‘332;T;9'27<;bli.u;sSo |
Pm 350 T Assumed Pm ] 350 Assumed
;\"upl 1()5:) ] 3880 | 3000 | 2150 | 1540 [ h - Xz;p-—‘ 2120 l 2780T3520‘| 410 [ 3010 | .
:flt ‘ 400 Assumed Pm 400 o Assumcd .
Kup.....} 3370 | aazs | 3430 | 2455 | 1700 | Kuwp....| 2420 | 3190 | 030 | g000 tsaao |
Dup= .o143 D*+.7in.  (A) Dwp= .oo79§ D?*+1}in. (C)
Lwp =1.75 Dup (B) Lwp=1.82 Dwp (D)
D  =cylinder diameter, ins. Awp =projected area piston pin, sq. ins.

D p=bearing diameter of piston pin, ins.
Lwp =bearing length of piston pin, ins.

Center bcanngs

‘T'ABLE 5—MAN BEARING PRESSURES FOR AUTOMOBILE ENGINES

Pm =maximum unit explosion pressure.
Kwp=maximum unit bearing pressure, lbs. per sq. in.

Frnnt bcnnngs

i a1 a l s} | o I A I 405 Losh .
Dcb 11’:- 7(] | ‘ l;;';; equatlnn (5) b Dfy 11:': 11 1t 2 From equm.mn (7)
Leb v | 21 ! From equation (0) ' Lfb 2 H | 2% 3 3% From equation (8)
Ach 3.42 4.; s 75 l 7 5 Dcb X Leb v Afb_ 42| 5.02] 5.63 1 6.6 | | DfbXLfb
*Pm T 250 Assumed T Pm 250 Assumed
“Keb i 6% | 615, 620 s75 | B -_,—Efb—_. | 560 | 505 | 640 | 670 T o
Pm - 300 T TAssumed ‘i—l’m_—_ 300 “Assumed
Kcb | 830 | 730! 7s0 | 600 | : Kfb | 66s | 710 | 275 | 800 | i
Pm 350 Auur;;d t‘ —Pf L _:;_{so. . ) ’A‘ssumcd - . - «_:
Kcb | o970 | 8ss | 870 | 810 ‘ - T -ii’{gb | 780 | 339__| 900 o
Pm o 400 Assumed o liPm_ a00__ Ass ) o
“Keb | 1100 | 98;«!-'1.000 | 920 ! T _Kfb | 800 | 045 | 1030 |_1o7s»|
D =cylinder diameter, ins. D =cylinder diameter, ins.

Dcb = diameter of center bearing, ins.
Lcb =length of center bearing, ins.
Kcb = maximum unit bearing pressure,

Pm =maximum explosion pressure, Ihs. per sq. in. of piston face.

Dfb =diameter of front bearing, ins.
Lfb =length of front bearing, ins.

1bs. per sq. in. Kfb=maximum unit bearing pressure,

Pm = maximum explosion pressure, lhs.

1bs. per sq. in.
per sq. in. of piston face.

Dcb= .32 D4 .3 in.  (5) : Dfp= 32D+ .3 in. [€))
Lcb =2.8 Deb—12.2 in. (6) P Lfb=Dfb+1}in. (R
Rear bearings T Relation of Speed and Pressure

D T4 Tl s sy 1o The velocity of rubbing being, equally with the load, a factor in
Drb ‘l & it |t 24 | Prom equation (9) determining the work of friction which must be dissipated as heat, it
1;5& | : B : : ’67 lifé ’ f)::,; z"‘:“m“ (10) follows that the velocity ?f rubbing should appear in a rational for-
o e T yo— mula for the size of bearings. Such a formula has been given the
Krb [ 's6s | 405 | 405 | 465 | o form

Pm 300 Assumed pv=C,

Krb | 660 | s75 | s75 | s35 | - "7 in which p=pressure on projected area, lbs. per sq. in.

Pm - 350 Assumed v=velocity of rubbing, ft. per min.

Krb | 760 | 660 | 655 | 60§ | - C=a constant determined from observation.

Pm 400 T TAssumed ] Values of this constant are much less numerous than those for simple
Krb T 8ss | 735 | 735 | 675 | pressure. ‘Table g gives such authentic values as the author has been
D =cylinder diameter, ins. able to find. .

Drb = diameter of rear bearing, ins.
Lrb =length of rear bearing, ins.
Arb=projected bearing area, sq. ins,

Krb=maximum bunng pressure, 1bs. per sq. in.
e, 1hs, per sq. in. of piston face.

Pm = maxi
Drbw uD+ 3in.

0 4

(. Irb

The sources of these constants are as follows: (1) A. M. BENNETT
(Amer. Mach., June 17, 1909), who bases his conclusions on a large

=g5.3 Drb~g.3in. (m)

number of bearings which operated under a rise of temperature not
exceeding 72 deg. Fahr.; (2) H. P, BEaAN (Trans. A. S. M. E., Vol.

27) (3, (4) and (7) Jas. CarisTiz (Proc. Engrs. Clud of Phils., 1898);
(Continued on next page, second colummn)
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TABLE 6.—WRIST-PIN BEARING PRESSURES FOR AUTOMOBILE

TABLE 7.—CRANK-PIN BEARING PRESSURES FOR AUTOMOBILE

ENetNes ENGINES
D I 4 | 4 s | sh | D | 4 | s s | s B
l;;p “{_ ——I‘M’Hw;—,',m B ii From equation (1) bcp. ...... —_11’; T 12 r-x: | 24 ) i Frf;nMn (3;
Lup. 2 2.25 2} 39 Fromequation(2) Lcp....... 2} 23 23 } 2% From equation (4)
Awp...... 1.75 | 2.25 3.12 | 4.2 pr)(Lwﬁ Acp.. | 3.32 | 4.17 | a4 ()8 i 5. 68 DfL)S!;cp L
Pm - . —;50 "~ Assumed Pm 250 7 ,.ASfEE'_‘?'_(_i._,__,_.
kur; — i 1’8;6_ [ 17§o [ 1570 ) } 14;0——(1:'(]1;2;0011 (a\w— K;p ....... ! ) 045 1 000 | 1050 | 1059 | From eql{at!_on (b)
- 305 ‘ " Assumed Pm T 3oo Aseumed
. ] “2153‘“ l,‘_;l_‘;;.. | ’ 1890 | 177(:0—.l Ahr—;uatlon ) K;p ....... | 1130 | 1150 | 12060 _‘r_ 1269 v rome_quatlon (b)
o A B 359 Assumed Pm B . 3";;':»—~ '\ssﬁmcd
| 2510 | 2748; ‘l‘;zm—!—_xg&v l‘lquai%n (@ }\;cp ..... T..igl“;zo | 1350 | 1470 | 147 lFron{;quatlon (b)
- 400 o  Assumed  Pm ““>4oo Assumef!_ o
1 2870 | 2840 | 2510 | ;z;ﬁ l‘quatlon (.a) ]_\'fﬁ .| 1510 | 1540 | 1695 | 167 75 ]Fror'x'x:qua.l_uon(l;)
D =cylinder diameter, ins. D = cylinder diameter, ins.

Dwp =bearing diameter, ins.
Lwp =Dbearing length, ins.

Awp =projected bearing area, sq. ins.
Pm = maximum unit explosion pressure, lbs. per sq. in. of piston
face.

Dwp=.34 D— .53in. (1)

Lwp =2.25 Dwp (2)
Kwp = maximum unit bearing pressure, 1bs. per sq. in.

2
K.wp = '.P”l ﬁup7854 (3)

TABLE 8.—AVERAGE RUBBING SPEED AND WORK OF FRICTION FOR
AUTOMOB'LE ENGINES

Computed for a piston speed of 1000 ft. per min. and a mean pres-
sure of 20 lbs. per 5q. in. of plston face.

- D__ l 4 | __4,A i s 52 i Average
2 Y T S T S Y
RPM .. o .1“1370 i 1275 | 1009 | 12w |
Rubbmg spccd in ft. t ‘ 5()oA E 552 : ‘7-535_ | s ) ‘ ‘;46 .
per min. on bear-| | i | ;
ings listed below. ‘ ! i f ;
L Sl TP B e
Pimeamy...........| 252 | 320 | 305 s L
Crank-pin {Km} 70 ,i_..7.7 ) |&7_34 o84 1 80
bearing. AW o | ges | omas 1 oass | 120
Center bear- { K } 55 !_“__\_4051 | 40.81 46 __|__>5? _
_ing. AW sis | ass [ _aas 0 ars | as6
Front bear- {I\'ml_44 71 _a7.5| 52 1 s34l 404
ing. W4 | s | a0z | 48 | aa0
Rear bearing { ;’l so_ ! 4ss | assi 88 | as7
. s | as | a88 342 | ar7
D = cylinder diameter, ins.
L = stroke, ins.

P(mean) = mean total pressurc on piston for entire cycle, Ibs.(assumed).
RPM =r.p.m. at 1,000 ft. per min. piston speed.

Km = mean unit bearing pressure, lbs. per sq. in.

Vv = rubbing speed, ft. per sec.

w = work of friction = (Km XfV) {t. lbs. per sec.

L = 1.1D.

Dcp = bearing diameter, ins.

Lcp = bearing length, ins.

Acp = projected bearing area, sq. ins.

Kc¢p =maximum unit bearing pressure, lbs. per sqg. in.

Pm =maximum unit explosion pressure, lbs. per sq. in. of piston
face.
Dcp =.32D+.3in. (3)
Lep =1.25 Dep (4)
2
Ke Pm D? 7854 (b)

Acp

(5) and (6) FrED. W. TAYLOR (T'rans. A. S. M. E., Vol. 27), whose
figures are based on observations on cleven bearings in an overloaded
mill; (8) and (9) G. W. Dickig (T'rans. A. S. M. E., Vol. 27); (10),
(11), (12), (13) and (14) The Mesta Machine Co.

Ininterpreting these constants regard must be had for the influence
of reciprocating and momentary loads. The former is seen in (2)
and (3) and the latter in (11) and (14).

It is probable that the diversity of the constants is largely due to
the inaccuracy of form of the equation, the probability being that the
pressure should not be reduced in the same proportion that the speed
is increased. A recognition of this is the basis of Edwin Reynold’s
rule for the main bearings of steam engines, which see.

TaBLE 9.—Propuct oF PRESSURE, LBs. PER SQ. IN. OF PROJECTED

ARrkA, AND VELOCITY, FT . PER MIN. OF BEARINGS
Kind of Bearings and Condition of Operation Values of C
(1) Self-aligning ring-oiled bearings with continuous
load in one direction. . . . 36,000-40,000
(2) Main bearings of Corhss engines (bledm load
60,000~78,000
200,000

(4) Steam engine cross head slide (figured on pres-

sure at mid-stroke). . .. 50,000

(s) Mill shafting with self-a.hgmng rmg-m\ed ba.b-
bitted bearings, highest admissible value. .. .. 24,000

(6) Mill shafting with self-aligning cast-iron bear-

ings, sight or wick oil feed or grease cups, should
be less than.. .. 12,000

(7) 110,000 lbs, frelght or axle )ournah at 10 mlles
perhour. ....... ... ... ..o il 60,000

(8) Water-cooled thrust bearings of steamships, cus-
tomary value................... ... ... 37,500

(9) Water-cooled thrust bearings of steamships with
. extra care in water cooling.................. 61,000
(r0) Rolling-mill pinion-housing bearings........... 18,0co
(11) Rolling-mill roll-housing bearings........... ... 60,000-70,000
(12) Rolling-mill table roller bearings............... 4,500~7,500
(13) Rolling-mill table line-shaft bearings.......... . 4,500-7,500
(14) Main bearings of rolling-mill shears... ......... 120,000
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Relation of Speed, Pressure and Temperature

The following methods of bearing design are from the practice of
the General Electric Co. and are the results of extended experimental
investigations: It is very desirable in laying out bearings to keep the
diameter as small as possible, consistent with sufticicnt strength of
shaft and suitable deflection of the journals both inside and outside
the bearings as the work of friction is thereby reduced. It is also very
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Fic. 1.—Relation between rubbing speed and safe maximum pressure
on bearings without artificial cooling for perfect film lubrication.

desirable to so dimension bearings that they are fairly well loaded, in
order to avoid bulky machines and also because the coefficient of
friction rises quite rapidly when the load is less than 50 Ibs. per sq.
in. of projected area.

When calculating the projected area of any bearing, especially if
it is to be heavily loaded, the amount of space lost through the drain
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Fic. 2.—Temperature rise of oil-ring bearings in still air, room
temperature 25 deg. Cent.—77 deg. Fahr.

grooves at both ends must be deducted. This is particularly impor-
tant when the length of the bearing is small in proportion to.the
diameter.

It is also necessary—uand this applies to all forms of lubrication—
that there be no sharp corners on the edges of the oil distributing
grooves or channels, but that these be gradually cased off so that
the oil can be drawn in between the journal and the bearing. Sharp

corners are invariably oil wipers and often absolutely prevent proper
lubrication.

The heat generated in any bearing may be dissipated:

1. By radiation from the housings and conduction by the shaft.

2. By forcing cooled oil through the bearing.

3. By surrounding the bearing by some form of water jacket.

Bearings without artificial cooling are usually lubricated by oil rings
or similar devices or by gravity feed. It is essential that an abun-
dant supply of oil be delivered to all parts of the bearing by suitably
arranging the channels so that a perfect film will be maintained at all
times between the journal and bearing, and that there is no oppor-
tunity for the oil forming this film to escape through openings or
grooves at the points of greatest pressure and thus allow the metals
to come in contact.

The heat generated in bearings having no artificial cooling is con-
ducted away and radiated by the housings. The great variation in
the design of bearing housings and the different conditions of venti-
lation, cte., make it extremely difficult to predetermine the ultimate
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Fi1c. 3.—Temperature rise of oil-ring bearings for well ventilated
condition but without artificial cooling, room temperature 25 deg.
Cent.—77 deg. Fahr.

temperature of such bearings with any great accuracy, and it is
always necessary to allow a considerable margin of safety.

Fig. 1 covers the range of pressure and speed ordinarily permissible
in this type of bearing, while Figs. 2 and 3 show the ultimate tempera-
tures for different speeds and loads. These curves were made up
from the readings obtained from special bearings and afterward
checked by the test records of a large number of machines—both of
the pillow-block and shield types—which have gone through the test-
ing department. Fig. 2 shows the temperatures to be expected under
the most unfavorable conditions, that is, of a bearing so situated that
no current of air can circulate about it, and therefore cooled by radia-
tion only. There is, however, a considerable circulation of air about
most machines, due to the fanning action of the revolving parts, and
the ultimate temperatures to be expected in such cases are shown by
the curves of Fig. 3. These curves apply to the great majority of
open generators and motors, both of the pillow-block and end-shield
types. When the machine is enclosed, or the free circulation of air
in any way interrupted, higher temperatures will result, until finally
the conditions of Fig. 2 are reached.

A part of the heat of the bearings of motors and generators is usu-
ally conducted away by the shaft and radiated by the spider and
other revolving parts. When machines are totally enclosed or are
connected to other machinery whose temperature is high, heat may
be transmitted through the shaft to the bearing, thus raising the

. latter’s temperature, and due allowance must be made for this.
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When bearing pressures and speeds are unusually high it is often
necessary to force oil under pressure into the bearings and advantage
is often taken of this to keep the heating down by artificially cooling
the oil. This method, although used to a very considerable extent,
is usually not as efficient as a water jacket.

For all practical purposes, it may be considered that the entire
heat generated is taken away by the oil, and it is therefore possible
to predetermine the bearing temperature with considerable accuracy.
Fig. 4 shows the ultimate temperature of bearings using the quantities
of oil most commonly pumped through, and with the assistance of
these curves the necessary amount can be determined. Intermediate
speeds and pressures can be easily interpolated.

For pressures and speeds beyond the limits of this table, it is advis-
able to resort to water-jacket cooling.

In arranging bearings for this form of lubrication, care must he
taken to force the oil to the point where the work is being done, as
otherwise the oil coming from the bearing may be comparatively cool,
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water circulated per minute, and, where the conditions are unusually
good and the jacketing carefully arranged, from 10 to 12 h.p. per
gallon can be dissipated.

With water jackets any suitable method of lubrication may be
used which will insure at all times a good film of oil between journal
and bearing.

For designs of water-jacketed bearings, see helow.

Conditions of Film Lubrication

The experiments of Beauchamp Tower (Proc. I. M. E., 1885) demon-
strated that, given flooded lubrication and suitable relations of speed
and pressure, the condition of affairs between a journal and bearing
becomes that illustrated in exaggerated form in Fig. 5. The rotating
journal assumes an eccentric position in its bearing, and is separated
from it by a circular wedge-shaped film of 0il. The journal brings up
more oil than can be carried around the space between journal and
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Fic. 4.—Reclation between rubbing speed and rise in temperature for forced lubrication and three rates of oil feed, room temperature 235 deg.
Cent.—77 deg. Fahr.

while the bearing itself is much too warm. In addition to this, it
means that an excessive amount of oil must be pumped through the
bearing requiring unnecessarily large pumps, piping, etc. Experi-
ments with such bearings show that when oil begins to run out of the
ends quite freely, nothing is gained by forcing through a larger
quantity.

A properly designed waler jacket will carry away a very much larger
amount of heat than will any form of forced oil lubrication, as the
specific heat of water is very much higher. As is the case of forced
oil lubrication the ultimate tempcrature of a well-designed water-
jacket bearing can be very accurately determined. It is essential
that the pipes or channels be located as close as possible to the surface
of the lining where the work is being done, in order that the heat
generated may be absorbed without danger of damage to the lining.
Water circulated at some distance away from the lining surface is of
comparatively little assistance, as heat may be generated so rapidly
that the lining will be destroyed before the heat reaches the jacket.
The water passages must also be so arranged that an even and con-
tinuous circulation is kept up in all parts.

With properly constructed passages, it is safe to assume that heat
may be removed at the rate of from 3 to § h.p. for each gallon of

bearing, and some oil is therefore forced out sidewise and, the film of
oil resisting this action by virtue of its viscosity, there is sct up a
wedging action which will support the bearing away from the journal
against considerable pressure. By drilling holes in the bearing and
inserting pressure gages, Mr. Tower found curves somewhat like
a’ ¢’ b’ to represent the pressure at various (projected) points of the
circumference of the journal. The film is thinnest, not at the point of
application of external load, but at a point somewhat farther along in
the direction of rotation.

The summation of these pressures was found to equal the total load
on the bearing with a surprising degree of accuracy.

An immediate practical result of these cxperiments is the demon-
stration that the oil should be introduced at the point of no pressure.

Mr. Tower’s experiments show that the action of high-speed bear-
ings is entirely different from that of low-speed bearings. In the
latter we have oily surfaces in actual rubbing contact. An accidental
increase of temperature reduces the viscosity of the lubricant, which
in turn increases the intimacy of contact, thereby bringing about ad-
ditional cumulative increase of temperature. Such a bearing may be
said to be, as regards temperature, in unstable equilibrium. A high-
speed bearing, on the other hand, is in stable equilibrium. If the
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speed is sufficiently above the critical speed at which the film action is
established to prevent the reduced viscosity from bringing the surfaces
into actual contact, there is no reason why the heating action should
be cumulative, and such bearings may safely be run at températures
that would be unsafe below the critical speed.

Similar difference exists in the tendency to wear. H. M. MARTIN
(The Design and Construction of Steam Turbines) says that steam
turbine bearings, after years of use, show no signs of wear.

For these reasons the complete film system of lubrication should be
aimed at whenever possible. DR. HERBERT F. MOORE (Amer. Mach.,
Sept. 10, 1903) determined experimentally the relation of pressure and
rubbing speed at which the film breaks down and the lubrication
becomes of the ordinary kind between oily surfaces. Dr. Moore's
results are represented graphically by the full line of Fig. 6, the dotted
line being an approximation represented by the equation:

maz =747V,
in which Pma:=limiting pressure on projected area of bearing at

which the oil film breaks down, lbs. per sq. in.
v=velocity of rubbing, ft. per min.

Fic. 5.—Journal and Bearing with film lubrication.

This equation is fundamental and is generally accepted. It forms
the starting-point of the first complete theory connecting the pressures,
velocities and temperatures of bearings, by AxrL. K. PEDERSEN,
analytical expert the General Electric Co. (Amer. Mach., Oct. 10,
1912).

Mr. Pedersen’s remarkable deductions are based on a large number
of widely scattered experiments, including those of Beauchamp
Tower, and are given below. It must be remembered that they
apply to complete film lubrication only, the bearing proportions being
determined from the conditions for preserving a perfect film at a
permissible final bearing temperature,

Introducing a proper factor of safety, Mr. Pedersen obtains the
equation: )

s Lh} »
d¥=.068453 (;‘W) » (a)
in which d=diameter of bearing, ins.,
s=factor of safety,
max ’

= actual pressure on projected area, 1bs. per sq. in.
W =total load on bearing, Ibs.,
l=length of bearing, ins.,
X 2’
n=r.p.m. of journal.
For each class of machinery, the ratio x-r; is a well-defined quan-

tity. Following are customary values of this ratio: i

~ 2000 ft. per min.; this increase, however, may be neglected.

Type of bearing

Values ! +d
Marine engine main bearings....................... 1to1.§
Stationary engine main bearings................ 1.5t02.§
Ordinary heavy shafting with fixed bearings......... . 2103
Ordinary shafting with self-adjusting bearings. ....... T 3to4
Generator and motor bearings...................... 2t03
Machine-tool bearings.......................... ... 2toq

Equation (a) can readily be used for determining the diameter of
the bearing. The factor of safety is selected by considering the
importance of safe running. A factor of safety of 1 would indicate
that the journal is running under limiting conditions, that is, that the
oil film is on the point of breaking down. For ordinary light machin-
ery, the factor of safety may be taken as low as 2 and for heavy

(especially high-speed) machinery as high as 8 or even 10. As a
good average 4 to 5 may be taken at the first trial.
-
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Fic. 6.—Breaking-down point of perfect oil film.

The alignment chart, Fig. 7, was designed for the prompt solution
of equation (a). The use of the chart is explained below it.

The diameter of the bearing being thus determined, the length is
fixed by the selected ratio x or

l=2xd ()
The pressure on the projected area i3
w
= ! x} (¢)

The fundamental consideration, in connection with the final bear-
ing temperature and the specific losses, deals with the laws of friction
and the heat-radiating capacity of a bearing. From the great num-
ber of test data available in regard to the coefficient of friction the
following important fundamental principles may be stated: For a
journal revolving above s@o ft. per min. (8.5 ft. per sec. approxi-
mately) we use the formula given by Lasche: .

fpl—32) =513 @)

This formula is a very close practical approximation; actually, the
coefficient of friction is not independent of the rubbing speed of the
journal, but increases slightly with the speed up to a speed of about
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Connect the ratio of length divided by diameter and the selected factor of safety and note the intersection with axis I;
connect the intersection and the load and note the intersection with axis II; connect this intersection withthe revolutions per
minute and read the diameter and rubbing speed from the appropriate scales. The chart may be read in the opposite direction
if desired. )

F16. 7.—Dimensions of bearings for film lubrication.
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For a journal revolving below 500 ft. per min. (8.5 ft. per sec. ap-
proximately) the coeflicient of friction is dependent on the velocity
of rubbing. From many test data it has been concluded that for
these speeds

fp(t—32)=2.37/60v (@
In (d) and (¢) f=coefficient of friction,
p=pressure on projected area, lbs. per sq. in.
t=final bearing tempcrature, Fahr.
v=rubbing speed of journal, ft. per sec.

Formula (e) has been fully corroborated by comparison with the
experiments of BEAUCHAMP TOWER (Proc. I. M. E., 1885), the agree-
ment being quite remarkable (Amer. Mach., Oct. 10, 1912).

The heat-radiating capacity of a bearing depends mainly upon the
iron masses contained in it and upon the surrounding air. If the
bearing is located in a place where the surrounding air is easily moved
(ventilated bearing), and if the bearing contains large masses of
iron, we have the best conditions possible. On the other hand, if
the bearing and its housing are of comparatively small dimensians
and the air is still, the heat-radiating capacity is at a minimum.

In the chart, Fig. 8, the first condition is represented by the point
M for ventilated bearings, the second by the point N for still-air
bearings. We may have a condition where the bearing contains large
masses of iron, but is surrounded by still air; evidently, then, a point
located approximately midway between the points M and N should
be used.

The following formulas are very close approximations to the
experiments by Lasche on the heat-radiating capacity of bearings.
These experiments are given in chart form in “ Bearings and Their
Lubrication,” by L. P. Alford.

For ventilated bearings we have the heat-radiating capacity in ft.-
Ibs. per sec. per sq. in. of the projected area of bearing expressed by

(¢=to+33)?
1860 0
and for still-air bearings .
(t=tat33)
3300 ()

in which /. = temperature of room, Fahr.
¢ =final bearing temperature, Fahr.
The maximum friction loss must not be greater than the heat-
radiating capacity of the bearing, otherwise artificial cooling must be
resorted to. The friction loss in ft.-lbs. per sec. per sq. in. of projected
bearing area is #fv, hence for ventilated bearings '
(t=t+33)

o= 1 860. (k)
and for still-air bearings
(= tt33)? ;
=" Q)

As the coefficient of friction follows different laws whether the rub-
bing speed is above or below 500 ft. per min., we must consider this in
formulas (k) and (7).

For speeds above 500 ft. per min., we combine (k) and (i) with (d),
and solving for v, we get for ventilated bearings

(t—32)(t—t. +33)? .
’= 05232 0
for still-air bearings
(t—32)(t—2t,+35)?
T aeBgeo *®

For speeds below 500 ft. per min., (k) and (/) are combined with

(e); then for ventilated bearings

J[ (=32 (—t+33)%) :
’ \/{2-3\/65 1560 0
for still-air bearings .
3 -
- (t=32) g_:l.i&)__t}l
i \l{m/a,x sgo0 | m

Equations (f), (k), (!), and (m) are the fundamental formulas for
plotting the chart, Fig. 8, as far as the determination of the final bear-
ing temperature is concerned. '

The chart also gives the specific losses y, namely

y=1f (»
Hence from (d) for speeds above soo ft. per min., or 8.5 ft. per sec.,
approximately,

= Sk2
i (o)

and from (e) for speeds below 500 ft. per min. or 8.5 ft. per sec., approxi-
mately,

y=2:3V/6ev )
t—32
The total friction loss in the bearing is obtained from
Y = yuld ft.-lbs. per sec. (9)
or
._wid

In equations (n)~(r)

y =specific losses; that is, the losses due to friction in ft.-lbs. per
sec. per sq. in. of projected bearing area for each foot of rubbing
speed of the journal,

Y =total friction losses in the bearing.

The use of the chart, Fig. 8, is as follows: (¢) To determine the
final bearing temperature: Locate the proper value of the rubbing
speed on the AA scale, connect this point with points N or M or
some intermediate point on the line N M, according to the conditions
of the surrounding air and the design of the bearing. The connecting
line locates .a point on the BB axis. Trace from here horizontally
to the curve giving the proper temperature of the room, thence
vertically down to the temperature scale and read the final bearing
temperature.

(b) To determine the specific losses y: Here different methods must
be employed, one for specds above 8.5 ft. per sec., and another for
speeds below 8.5 ft. per sec.

Rubbing speeds above 8.5 ft. per sec.:

From the final bearing temperature trace parallel to BB axis to the
dotted curve CC, thence horizontally to the right to the axis DD and
read the value of y, the specific loss.

Rubbing speeds below 8.5 ft. per sec.:

From the final bearing temperature trace parallel to the BB axis
to the dotted curve CC, thence horizontally to the left to the BB axis,
thus locating a point on this axis. Now connect this point with the
proper value of the rubbing speed on the speed scale EE; the connect-
ing line intersects a point on the specific-loss scale FF, where the
specific loss y is read. The general procedure is shown by the con-
necting lines on the chart.

Example 1.—Design a motor bearing for the following data:

Ventilated bearing and large masses of iron;
Ratio of length to diameter =2;

Factor of safety tor preserving perfect oil film=g;
Total load on bearing =1700 lbs,;

Revolutions per minute =650;

Temperature of room =75 deg. Fahr.

From the chart, Fig. 7, we get the diameter d =4.§ ins., approxi.
mately, hence from equation (b)

ImxXd=2X4.5=9 ins., the length,
then from equation (c)

W 1190
’-lxd-9X4-5 42 lbs, per sq. in.

The chart, Fig. 7, also determines the rubbing speed
v=12.7 ft. per sec., neatly.
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Locating the rubbing speed 12.7 on the A4 scale of Fig. 8, and pro-
ceeding as previously explained, noting that the rubbing speed is
above 8.5 ft. per sec., we get the final bearing temperature

=146 de‘g. Fahr., nearly.

This is by no means an excessive temperature. The tendency of
machinery builders, however, is to limit the final bearing tempera-
tures to approximately 150°'deg. Fahr.; this is very conservative.
According to Bearings and Their Lubrication, by L. P. Alford:
“In practice it is necessary to design bearings to run at a much lower
temperature than will cause damage, becausd of the requirements
of the average customer. Such a maximum temperature is from
140 to 160 deg. Fahr. Itis probably true that the average bearing
could just as well run at a temperature of 200 deg. Fahr. .

The aciual temperatures of large bearings was the subject of observa-
tions by A. M. MATTICE (Trans. A. S. M. E., Vol. 27), who states

that examination of the temperatures of a large number of main .

bearings of engines of various makes showed more large engines
running with bearings at temperatures over than under 135 deg.
Fahr. Many bearings were running at over 150 deg., some consider-
ably higher, and in one case a continuous temperature of 18¢ deg.
was found, and in all of these cases the bearings were giving no
trouble. , )

H. M. MARTIN (The Design and Construction of Steam Turbines)
says “ turbines in which the bearing temperature is constantly about
195 deg. Fahr. have given no trouble in practice, but a more usual
limit of temperature is 165 deg. Fahr.”

The bearing oil loses its lubricating qualities at a temperature
about 250 deg. Fahr., approximately. Returning to our example, we
get the specific loss y, which in this case is read on the DD scale

y=.451
Hence from (q) ¥V =yvld =.451X12.7X9X4.5= 232 {t.-1bs. per sec.

Example 2.—Given a bearing running at a rubbing speed of 6.5 ft.
per sec. and the conditions of a still-air bearing with small iron masses;
Fig. 8 must now be used according to the rules for speeds below 8.5 ft.
per sec. We get the final bearing temperature=138 deg. Fahr.,
and the specific loss on scale FF, y=.43.

The maximum allowable final bearing temperature at a given room
temperature determines the maximum speed at which the journal
can be run without artificial cooling; thus, in the first example, if
146 deg. Fahr. is considered as the maximum allowable bearing tem-
perature, we cannot run this bearing at a higher speed than 12.7
ft. per sec. without artificially cooling the bearing.

In the following, we shall only consider cooling by means of
water.

If D =the temperature d:ﬁerencc, deg. Fabr., of the water before

and after cooling (a practical, average value of D is 20 to 25 deg.
Fahr.),

Vi=actual rubbing speed of journal, ft. per sec.,
Va=maximum speed in ft. per sec., at which bearing can be run at
the maximum allowable temperature without water cooling,
y=specific loss in bearing, corresponding to the rubbing speed
i Vs, and determined by the chart,

then to keep the bearing at a temperature corresponding to Vs, we

must use
y(V1—Vi)ld
0= " 108D 0
gallons of water per min. .

Example 3.—Suppose, for insu.nce, that we wish to run the bearing
in Example 1 at a speed of 20 {t. per sec., but that the maximum allow-
able temperature must be kept at- x46 deg Fahr., then we have

V=20 ft. per sec.,, /

Vam13.7 ft. per sec.,
corresponding to a temiperature oi 146 'deg. Fahr. at 75 deg. Fahr.

v

room temperature, y=.451, as previously determined (see Example '
Xo. 1), then, using the value D =20 deg. Fahr., we get from (s)

-451(20—12.7)
0= 108X 20

=.,062 gal. of water per min.

X9X4.s,

A very important use cf Fig. 8 thus consists in the possibility of
determining the limiting speed at which a bearing can be run without
artificial cooling at a given maximum bearing temperatute. H
high final bearing temperatures are allowed, very high rubbing speeds
may be used; in fact, the allowable speeds increase much faster than
the corresponding temperatures; thus, at a final bearing temperature
of, say, 195 deg. Fahr., and at a room temperature of 75 deg. Fahr.,
Fig. 8, determines a limiting rubbing speed of 4o ft. per sec. (against
12.7 ft. per sec. at 146 deg. Fahr.), for a ventilated bearing and a
limiting rubbing speed of 23 ft. per sec. for a still-air bearing.

In determining these speeds, the chart is read in the opposite direc-
tion, by starting at the final bearing temperature, then tracing parallel
to the BB axis until the room-temperature curve is reached, thenee
horizontally to the left to the BB axis. The point reached on this
axis is then connected with M or N (as the case may be), and the con-
necting line intersects the speed axis A4 at points, which give the
maximum allowable rubbing speeds at the given maximum bearing
temperatures.

¥

Materials for Bearings

Materials for bearings form an endless subject of discussion. The
author is convinced that cast-iron is entitled to a far wider use than
it has received. 1t has the well-known property. of taking on a glazed
surface which is practically proof against wear. As John Richards
has put it, “there is no doubt that prejudice or mistrust prevents the
use of iron bearings in many cascs where they are best.” Failures
of cast-iron bearings arc charged to the material, while failures of
other bearings are charged to fate or luck.

Those who oppose the use of cast-iron fail to recognize the numerous
cases for which its use is so habitual that nothing else is thought of.
Of these, the most striking are the unbalanced slide valves of common
steam engines, which work under heavy loads and very indifferent
lubrication. Eccentrics and eccentric straps, especially of locomo-
tives, work under scarcely less favorable conditions of load and lubri-
cation, with the additional condition of high spced. The tables of
planers and boring mills and all manner of sliding b‘carings in machine
tools form additional illustrations. *For steam engine cross-head
slides and cross heads nothing equalsit. Finally, the line-shaft hang-
ers made by Wm. Sellers & Co. since prior to 1850 have been made
of this material. These bearings have run for thirty years without
appreciable wear. =

A test of cast-irom and other materials for live spindle lathe beqdngs
was made by the R. K. Le Blond Machine Tool Co. (Amer. Mach.,
Mar. 23, 191 1). Four experimental 18-in. lathes were fitted with dlf-
ferent combinations of bearing materials, as follows:

1. Hardened'steel spindle with cast-iron boxes.

2. Soft steel spindle with babbitt boxes. '

3. Hardened steel spindle with bronze boxes.

4. Soft steel spindle with bronze boxes. '

The soft steel spindles were of 60-carbon ¢rucible steel; the bronze
was made to thé specifications of the Pennsylvania Railroad Company.
After the end of some 8 yeafs’ service and treatment as far as possible
identical for all four lathes, it was found that their rating as regards -
absence of wear and general satisfaction was in the order as given
above; that is, the hardened-steel spind¥: with cast-iron boxes was
the best combination. - Both spindle“and boxes were in as good- con-
dition as when placed in the lathe, and from all appearunces and

. tests showed absolutely no wear.

"My, Le Blond adds the following general observations: Tie
question of bearing metal®™is a question of affinity. One metal has
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en affinity for a certain other metal, and as very often illustrated in
life, a soft spindle may be married to a bronze box when its affinity is
babbitt. In other words, a successful bearing must be composed of
two metals of entirely diffcrent degreés of hardness and disposition.
The only exception to this rule is cast-iron and cast-iron.

It is a matter of general knowledge that a soft-steel spindle and
a soft-steel bearing will immediately cut and run together; in fact, it is
practically impessibile to lubricate this combination so it will not
cut.

A soft-steel spindle and bronze bearing is probably the next worst
combination, as the metals are very similar in hardness and under
the very best conditions will scratch and cut.

A soft-skeel spindle and cast-iron bearing will give splendid wear
if properly lubricated, but will not stand for the slightest neglect.

A soft-steel spindle and babbitt will give excellent service, stand for
a great deal of abuse; in fact is as near a fool proof proposition as any.

The hardened-steel spindle and cast-iron will stand as much
neglect as any combination of metals, has a much longer life, will
retain its accuracy for an indefinite period, withstand intermittent
pressure or a series of blows which would peen out and loosen babbitt,
and, from our expericnce, the most fool-proof bearing in the world
to-day is the cast-iron and hard spindle. It has indcfinite life, re-
quires absolutely no adjustment and will stand the maximum of
abuse.

The original patent of Isaac Babbilt (issued in 1839) was not for the
alloy known by his name, but for the method of its application.
The exact formula used by the inventor is not known. Tin, copper
and antimony werc the ingredients, and from the best sources of
information the original proportions in per cent. were as follows:

Tin=8g.3 or 83.3 or 8g.1.
Copper= 3.60r 8.30r 3.7.
Antimony= 7.10r 8.30r 7.4.

This metal, when carefully prepared, is onc of the best metals in
use for lining boxes that are subjected to heavy weight and wear.

A concise summary of modern dractice with composition bearing
alloys is given by JouN F. BucHawaN (The Foundry, 1906) thus:

To make the best grade of babbitt or anti-friction metal, proceed
as follows: Select the purest metals that can be had, and the most
suitable recipe for the duty of the alloy; make a preliminary mix of
the refractories in a plumbago crucible, and pour it out for ‘“harden-
ing.” Melt the metal which forms the basis of the alloy (it may be
tin, lead, or zinc), and dissolve the hardening therein, at a gentle
heat, using sawdust, tallow, or powdered sal-ammoniac for a flux.
For making a large quantity in the ordinary brass furnace, make a
cast-iron crucible 2 ins. smaller than the diameter of the furnace;
lower it into the furnace and lute round. One word of caution is
needed here. ‘Zinc should not be melted in an iron pot, but if melted
in a plumbago crucible it may be poured and mixed with the other
components of the alloy already melted in the pot.

The utility of babbitt metal is not to be gaged by its cost per
pound. A cheap babbitt (lead or zinc base), well made, may give
better service than a costly mixture which has been carelessly
blended. Generally speaking. the commercial grade numbers of
bearing metals are for: 1, light loads and high speeds; 2, medium
loads' and moderate speeds; 3, heavy loads and slow or moderate
speeds; and 4, heavy loads and high speeds. . Such grading is reason-
able, for the hardness of the alloys increases with the numbers, and

- price does not count.

Babbitt metal, correctly speaking, is a tin alloy, but modern en-
‘gineering practice and compmercial usage favor the application of
the name to all metals capable ot the same duty as babbitt. Hence

f we get three series of babbilt or anti-friction metals: 1st, the tin
.series; 2d, the lead series; 3d, the zinc series. Tin is the most
polishable of the soft metals, and it alloys readily with any of the
useful metals employed for minimizing the friction of machinery;
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it has been made the basis of the best anti-friction alloys. Lead is
undoubtedly the best anti-friction medium among metals, but it
lacks stiffness to stand up to the work. Copper is the ideal bond
for zinc alloys,.and zinc is the most expansible and durable of metals.
Zinc babbitts cast well, wear well, and fit snugly to the bearing.
Owing to its highly crystalline structure, antimony, the principal
hardening element, should not exceed 20 per cent., as it is apt to
separate and rub out of the alloy—17 per cent. has been fixed as the
limit by an eminent authority.

The mutual relations of the metals determine the mechanical
properties of the alloys. Zinc and antimony are too much alike to
be used simultaneously, and tin alloys, without copper, are apt to
spread under heavy loads. Due to its poor affinity for lead and tin
and its low atomic volume, aluminum is not a suitable metal for anti-
friction alloys. Bismuth, on the contrary, is a decided advantage
up to about 1.5 per cent. This metal has been frecly used in the
production of some modern alloys, notably those with low fusibility,
low contraction and high atomic volume. In Table 1o are given
some special mixtures which have given complete satisfaction for
the duty stated, and in Table 11 arc given four grades of mixtures.

In each case the metals represented by the figures 7, 17, and 6
constitute the “hardening.”” These are copper-hardened alloys—
the copper content being over 5 per cent.—and provide a series of
cheap, serviceable, anti-friction metals.

TABLE 10.—MISCELLANEOUS BEARING METALS

| :
For lining Tin | Lead ! Zinc ! :‘::;, }Copper n]::b
Dynamos: high-speed. | 88 T P 8 ’ 3.5 .5
Marine engines........| 77 17 | 3 3
Eccentrics............ 5 78 ‘ 15 ' 2 .28
Submerged bearings...| 40 48 10 ;2 ...
Main bearings........ 34 44 : e 16 } 6
Slides, thrusts.........| 63 |......| 30 | 2.5 | 2.5
Railway trucks........ 42 ... I 50 {...... L2
Axle-boxes (byanalysis)l 74.22| 13.50; 1.80 ] 6.55 | 3.60
Anti-acid metal (by, 78.84| 14.75....../ lrace’ 3.70 |
analysis). f ‘ !

Plastic metal.......... , 8o 100 ... r ;8 1
Genuine babbitt (hard)| 8o 1. .| ... 10 ' o |
Genuine babbitt (No. 2)! 88 R TV I o) | 8 .
Universal bearing metall 6 ‘ 78 ... i 6 .25
Anti-friction castings...‘ 24 | . ] 8B ...t g AU

TABLE 11.—A SERIES OF COPPER HARDENED ALLOYS

Grades | 1 1___: 3 | )
Tino.............. | 77 . 77 : 17
Zinc O 17 ; 77 7
Lead..............] 17 | 7 ! 7| 17
Antimony.......... 7 e 6
COpper............ 6 | 6 | 6 | 4

The composition of many common bearing metals, as determined in
the laboratories of the Pennsylvania Railroad and published by D=r.
DupLry (Journal of the Franklin Institute, Feb., 1892), is given in
Tables 12 and 13.

The bearing metal known as the standard of the Bureau of Steam
Engineering of the United States Navy, also called anti-{riction or
anti-attrition metal, has this composition:

Best refined copper. ................. 3.7 per cent.
Bancatin................ ....... 88.8 per cent.
Regulus of antimony................. 7.5 per cent.

The percentages are by weight. The mixture must be well fluxed
with borax and rosin in mixing.
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TABLE 12.—COMPOSITION OF BEARING METALS (PER CENT.)

Name of metal{ Copper] Tin | Lead Anti- } 7o | Tron
mony
Camelia metal.| 70.2 4.25 14.78 |- oounn 10.2 .55
Aanti-friction 1.6 | 98.13 (...t trace
metal.
White metal....|.......|........ 87.92 | 12,08 |..............
Carbrasslining.|... .. .. trace | 84.87 | 15.1 R
Salgee metal.. .| 4.01| 9.91 I L8 P 85.570........
Graphite bear- |....... 14.38 | 67.73 | 16.73 |...... not de-
ing metal. Graphite'—none termined
Antimoniallead!. ......[........ 80.69 | 18.83 |......0........
Carbon bronze.| 75.47 | 9.72 14.57 |- vveen]iennn.
Carbon—-possible  traice
Cornish bronze.| 77.83 | 9.6 12.4 | ..., trace | trace
Phospho‘rus——tra ce
Delta metal... .| 92.39 2.37 L 75 S U A .007
Magnoliametall. .. ....|........ 83.55 | 16.45 |..............
Traces of, iron, copper, zijnc and
possibly 'bismuth
Americananti- |.......[........ 78.44 | 19.6 .08 .65
friction metal.
Tobin bronze..! 59 2.16 .31 |.......] 38.4 11
Graney bronze.| 75.8 9.2 15.06 |l
Damascus 76.41 | 10.6 12.§2 | ... FR P R
bronze.
Manganese 90.52 [ 9.58 ... ..o,
bronze. Mangan ese— no ne
Ajax metal ... | 81.24 | 10.98 2% 7 20 ORI VU
. Phospho rus or .37
arsenic
American anti-|.......|........ 88.32 | 11.93 [......|[........
friction metal.
Harrington $5.73 Q7 e 42.67 68
bronze.
Carbox metal...1. ......|........ 84.33 | 14.38 | trace 61
Hard lead.....|.......|........ 94.4 6.03 |......0 ...
Phosphor 79.17 | 10.22 9.61 B T I
bronze Phos-
phorus .94
Ex. B. metal...| 76.8 8 5.0 fevreuenfemeaanloneennan
Phos- .2
! phorus

TaBLE 13.—CoMPOSITION OF BrARING METALS (PER CENT)

N
2 g
2 o |3 2 2l g
3 LREAR REIR IR IR
4 g2
[
Plastic bronze. .. . ... | 64 | 30 s |oo... 3 IS PRV P
Phosphor bronze. ... . 79.7 {95 |10 ... B
Cyprus bronze........ '64.75 30 § 1..... U PR B 11 P
Plumbic bronze....... 50 {50 |.....| SR R I P
Parsons white brass...| 2.25/ .15/64.9 [.....]... 32.93
Demo bronze......... 60.67132.07| 4.6 |..... 2.1
Standard babbitt.. .. . 3.70.... 88.80] 7.41)...}. .. | fiuns
Shonberg M. M. metal 2.5 .25/58.38..... ool 138.03
Souther babbitt....... 2 P 84 N O SR IR
German babbitt. .. ... 5.85......88.33 .10l .0l Ll

The mixing of this anti-friction mgtal is a trick wh!ch must be
learned. The best practice is to melt the copper, tin #nd antimony

separately, adding the tin to the.copper and the antimony to this
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mixture, fluxing it with borax with the proportion of about 1} Ibs.
to 175 Ibs. of the mixture; but satisfactory results are obtained by
melting the copper first, dropping the cold tin into the melted copper
and adding the antimony, which has been separately melted. This
metal is carefully skimmed before pouring, and is poured into pigs
and carried into stock as it stands.

The journal bronze used on battleships of the United States Navy
has this composition: Copper 82 to 84, tin 12.5 to 14.5, zinc 2.§ to
4.5, iron (max.) 0.06, lead (max.) 1.00, all in per cent., with a normal
of 83-134-34. It is used for bearings, bushings, sleeves, slides,

guide gibs, wedges on watertight doors and all parts subject to
considerable wear.

Albert E. Guy gives the composition of the high-speed babbitt
used in De Laval steam turbines as: copper 10, tin 80, and antimony
10 per cent. For low speeds the metal used is: lead 77, tin 6 and
antimony 17 per cent.

The Mesta Machine Company, on rolling mill work, uses two
grades of babbitt and a bronze. For the general run of work, a
lead babbitt is satisfactory having this composition in per cent.: lead
75. tin 12.5, antimony 12.5. For high rubbing speeds a mixture is
made of 1 part of the above and 2 parts of genuine babbitt. This
genuine babbitt, alone, is used on rolling mill engines and in bearings
subjected to shock and pound. Its composition in per cent. is: tin
82, copper 5.4, antimony 12.6. The bronze is a tough copper-tin-
lead alloy very similar to Pennsylvania Railroad metal.

The alloys division of the Standards Committee of the Society of
Automobile Engineers in their report for June, 1911, specifies four
bearing metals as follows:

BaBBIT METAL, SPECIFICATION No. 24

Tin. ..o 84 per cent.
Antimony o per cent.
Copper. ..o 7 per cent.

A variation of 1 per cent. either way will be permissible in the tin,
and o.5 per cent. either way will be permissible in the antimony and
copper. The use of other than virgin metals is prohibited. No
impurity will be permitted other than lead, and that not in excess of
0.2§ per cent.

Norte: This grade of babbitt is special, owing to the large amount of
copper contained therein. It is used for the connecting-rod bearings
of gasoline motor bearings, locomotive work, or for any service where
machinery designers are confronted with severe operating conditions.

WHITE BRrass, SPECIFICATION No. 25

Copper.. e 3.00 to 6.00 per cent.
Tin, not less than . 65.00 per cent.
ZinC...oooovn i 28.00 to 30.00 per cent.

Metal containing more than o.25 per cent. impurities may be

rejected.
Note: This alloy gives good results in automobile engines, but
provision should be made to have it generously lubricated.

ProspaOR BRONZE BEARING METAL, szcchnorq No. 26

Copper . *.. 80.00 per cent.
Tin.....n..c... errriieniees 10.00 per cent.
Lead..........coooviiian 10. 00 per cent.
Phosphorus................. 0.0§ to 0.35 per cent.

Impurities in excess of 0.25 per cent.’ will not-be permitted.

Notk: This is a metal similar to that specified by many railroads
for various purposes. It is an excellent composition where good anti-
frictional qualities are desited, standing up exceedingly well under
heavy loads and severe usage. - - It should be used only w hard-
ened steel in a.ummoblle mﬁm& ,
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RED Brass, SPECIFICATION No. 27

COpPer. ...\ it 85.00 per cent.
5 §.00 per cent.
Lead 5.00 per cent.
ZINC.i oot e e s 5.00 per cent.

A tolerance of 1 per cent. plus or minus will be allowed in the above
percentages. Impurities in excess of .25 per cent. will not be
permitted.

Note: A high grade of composition metal, and an excellent bear-
ing where speed and pressure are not excessive. Largely used for
light castings, and possesses good machining qualities.

The following particulars regarding Westinghouse practice with
babbitted bearings are by Jessk L. Jonks, metallurgist Westinghouse
TFlectric & Mfg. Co. (Amer. Mach., Apr. 18, 1912). The company
‘has adopted two principal babbitts—a tin-base babbitt that is very
casy flowing and suited to pouring extremely thin linings. This
habbitt is much tougher and but slightly softer than the original
rrenuine babbitt formula which is often referred to as the U. S.
Covernment Standard.

‘The second is a lead-base babbitt that contains considerable tin,
flows well and is much tougher and but slightly softer than the usual
babbitts of the Magnolia class.

Some use is also made of the lead-antimony, a hard genuine babbitt,
and other special formulas that customers may specify.

In order to insure the best results in bearings, only the very best
grades of copper, lead, tin and antimony are used. The use of
drossy lead, off grades of tin and antimonial lead results in inferior
babbitt and unsatisfactory bearings, and is therefore most carefully
guarded against.

While the amount of copper in most babbitts is small, the use of the
clectrolytic grades is to be preferred, as some of the Lake brands are
high ir arsenic and this may cause poor adherence of the babbitt
lining to bronze shells.

Most of the brands of lead on the m~vket are almost chemically
pure but they contain varying amounts ¢f dross and oxide and the
only practical way of testing them is v run down 100 lbs. or more
in a graphite crucible, boil up with green hickory wood, skim off the
dross and weigh the clean lead. The same brand of lead may be very
clean at one time and drossy at another, and the melting loss in
making babbitt from it will vary accordingly, as will also the anti-
frictional qualities.

There is no real economy in using an off grade of tin running from
93 to 98 per cent. of tin, instead of Straits, as it is necessary to pay
for the tin content at the market price of tin, and the lead content
at the market price of lead, so that all that is obtained gratis is a
little iron, antimony, dross, etc., that will increase the melting loss
and add nothing to the quality of the babbitt.

The grade of antimony to be used has been the subject of very ex-
tensive practical tests, It has been found that in some cases the
better brands, having almost identical chemical analysis, give quite
different results in the finished babbitt in regard to hardness. As
antimony is used as a hardening agent, and as the total amount used
in any babbitt is relatively small, the brand which has given the best
practical results, although it is the hxghest priced antimony on the
market, has been adopted.

No adequate explanation has as yet been found to show why this
particular brand gives better results than other brands of practically
identical composition, but this fact has been checked so often that

it is now accepted without question..
" Having secured the best materials obtainable they are melted to-
gether in the proper prpportions to produce the grade of babbitt
desired. It is customary in' making a genuine babbitt to combine
the copper and antimony, or the copper, antimony and part of the
tin to {orm a preliminary alloy. or hardener. This is mixed with*
the rest of the tin, thus giving a more uniform product.

A temperature of about goo deg. Fauhr. should be used in mixing
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a babbitt to secure satisfactory alloying, and the surface of the metal
should be protected from oxidization by a layer of powdered char-
coal, Dross is removed by boiling up with green hickory wood, and
the babbitt may be deoxidized by means of vanadium, manganese,
aluminum, magnesium, sodium, etc. When all new metals are used,
deoxidization is, as a rule, unnecessary.

Before pouring into ingots, the temperature of the babbitt should
be lowered considerably, especially if water-cooled molds are not used,
as a finer grain is thus secured.

For pouring the ingots a bucket-shaped ladle with a bail and
handle and a long, square-nosed pouring spout should be used. It
gives a good surface as the metal is less agitated in the pouring than
when the ordinary ladle is used. A few ounces of the babbitt should
first be poured into the mold, the stream interrupted for a second
and then the pouring of the ingot completed. A cushion for the
stream is thus formed and the surface is smoother as a result. Small
air bubbles are removed by touching with a wooden pick before the -
metal solidifies.

Taking so much pains to obtain ingots of good appearance may
scem unnecessary when the babbitt is for one’s own use, but it has
been found that the nicer the appearance of the ingots, the better
the bearings turned out, as the workman babbitting the bearings will

‘take more pains with his work than when rough-looking ingots are

given him.

The Brinell hardness test has been found satisfactory as a shop
test for securing uniformity in the babbitt. Tests are taken from
the top, middle, and bottom of each kettle of the ingot metal and
similar control tests are made daily on each of the various babbitt
pots throughout the works where the bearings are filled.

15" Anchor %'

Baked Anchor Cure

For all Splu Bearings
less than 9 Diameter

For all 8plit Boa 2 w\\
9 Diameter or o ‘
FI1G. 10, .

Fi16s. 9 and 1o.—Anchor core and standard anchors of Westing-
house babbitt bearings.

Fic. 9.

Bending, fluidity and peening tests are made daily on strips 12X
1 X1 in. Analysis, tensile, compression and specific-gravity tests are
also made occasionally, while a babbitt inspector, who is a thoroughly
practical man, has general supervision of all babbitt pots and the
pouring of all bearings.

Bearing shells for stationary apparatus are usually made from
cast-iron, because of its rigidity and cheapness. Where mechanical
strength, a certain amount of toughness and cheapness are desired,
malleable iron is used.

Shells of cast steel are made for some customers but they are not
recommended as they do not retain their shape.

For street cars, etc., standard phosphor-bronze shells are used,
because with such a bearing the return of a car to.the barn is assured
even if the babbitt melts and runs from the bearing. -

To prevent the babbitt lining from flowing, due to the revolution
of the axle, all iron bearings are provided with cast anchor holes.
These are made by adding to the green-sand core of the casting,
baked anchor cores, secured with brads as shown in Fig. .

There are two sizes of anchors used, 4 and } in. as shown in
Fig. 10. Where bearings are bored before babbitting the corcs are
made of such length that the holes will be standard after boring. To
help the molder in setting the cores, the pattern maker spots the pat-
tern so that it will leave small center marks on the green-sand core.
Along the straight lips of each half bearing, the anchor holes should
be very numerous and as closc to the edgc as is poss’hle in cas/ting.
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With bronze shells, undercut grooves or anchor holes, drilled in
diagonally, may be added to prevent the lining loosening in case the
bearing has been poorly tinned, but 1if properly tinned and babbitted,
these are unnecessary. The greater the amount of babbitt in the
anchor holes of & bronze bearing the greater will be the shrinkage
and the more likely the hining will be to be loose and spongy.

A bearing with large anchor holes scldom gives a clear, bell-like
sound when struck with a hammer. But if the anchor holes are few
and small, the bearing properly tinned and poured with a thin lin-
ing, the babbitt becomes an ntegral part of the bearing, can only be
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Rough boring all bearings before babbitting is desirable, as it
gives a lining of the babbitt of uniform thickness, a uniform grain
and hence a uniform rate of wear

All iron shells arc heated before babbitting to a temperature that
will just admit handling them, say 350 deg Fahr. This heating
is done pieferably 1n an oven, but it may be done over a coke or
gas fire. In the latter case, especially with br nze bearings, the
inner surface that is to be babbitted must be turned upward,
otherwise a greasy deposit will form on the bearing that will prevent
a good job of tinning, and hence the proper adherence of the babbitt,
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stripped off with great difficulty and leaves a white frost on the
bronze.

Iron bearings are cleaned in the tumbling barrel, or by the sand
blast at the foundry. It is usually necessary to clean out the anchor
holes by hand before babbitting, or even to pickle in hydrofluoric
acid (especially on bearings provided with oil-ring lubrication), be-
cause any adherent sand will be loosened by the hammering necessary
in adjusting the mandrel, and this sand mingling with fhe babbitt
when poured will ruin the bearing.

11 —Standard bore tinishes of W estinghouse babbit bearings
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The tinning of bronze shells is best done by immersing them in a
pot of molten solder of half and half composition, using a saturated
solution of zinc chloride as a ﬂux applied with a mop of clean woolen
waste, Immediately after tinning, the bea.nng is‘placed on the man-
drel and babbitted. Unless there is a clean film of molten solder over
the entire surface to be babbitted there will not be a perfect adher-

-encg of the layer of babbitt.

This will also be true if babbitt has been used for the tinning, as

the babbitt has a much higher melting-point than the solder, and
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maintaining a clear molten film with it is difficult. The presence of
arsenic in the babbitt, due to the use of cheap antimony, or anti-
monial lead, will result in loose linings also.

In order to avoid blow-holes and imperfections in the babbitt lin-
ing, it is very necessary to coat all mandrels with a very thin coating
of clay wash. Put a pound or two of Jersey red clay in a pail of
water and stir until suspended, then plunge the heated mandrel into
it. The mandrel will soon dry and the molten babbitt will lie on it,
giving a smooth surface, free from bubblecs.

This makes it possible to line a bearing with as little as i in. of
babbitt and the surface will be so smooth that only .008 to .o10 in.
need be machined out for the finish. Brass shells from 1} to 4%
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.

The babbitt is melted in cast-iron kettles holding about 500 lbs.,
and fired by gas. On first melting the new ingots, or in remelting
the babbitt which has solidified after standing in the kettle, it will
be found that the tin in the babbitt will commence to liquate at
about 450 deg. Fahr.; hence it is necessary for satisfactory work to
heat the babbitt to about 850 deg. Fahr. on starting up, and stir
very thoroughly before pouring into the bearings, as otherwise the
babbitt will not be of uniform composition.

After once thoroughly alloyed in this manner, there is compara-
tively little tendency for the tin to liquate, so long as the tempera-
tures given as satisfactory pouring temperatures are maintained, al-
though stirring of the babbitt during the pouring process is desirable,
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I16. 12.—Westinghouse practice for oil grooves in bearings.
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ins. in diameter are usually lined with % in. of babbitt and .o14 to
016 in. machined out. Iron shells are lined with 4 in. of babbitt and
1% in. machined out.

The use of the clay is especially necessary where oil gets on the
mandrels, The oil causes the wabbitt to blister. Half an hour’s
babbitting will not suftice to burn off the o, but if the clay wash is
used the oil is covered up and smooth bearings result.

Cast-iron shells are rarely if ever tinned, as such tinning cannot be
depended upon to hold the lining in place. If the shells are made hot
enough for the solder to alloy with the iron, the solder will oxidize
and will not adhere. If kept cool enough not to burn the solder, the
solger will fail to alloy with the iron, and hence will peel off when cool.

The importance of the pouring operation may seem to be exagger-
ated in this statement, but if it leads the manufacturer to employ a
skilled workman for pouring bearings, instead of a laborer, the slight
exaggeration will be justified, for the skilled workman will not only
pour the bearing properly, but he will also see to it that the qual-
ity of the babbitt, its temperature and the tinning are what they
should be.

The temperature at which the babbitt is poured is important. If
much above goo deg. rfahr. ne shrinkage 1s very pronounced, and
porous areas result, while the babbitt will be dirty and oxidized and
its antifrictional qualities injured. Uniformity of temperature is
desirable, and this is maintained by the use of a delicate thermostat.
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The thermostat is set for 860 deg. Fahr. and the gas is shut off when

880 deg. Fahr. is reached, or if the temperature falls helow 840 deg.
Fahr. more gas is turned on. )

The shape of the lips of the ladle used for pouring bearings is very

important. The lips should not be sharp but rounded, so that the
stream will not strike either mandrel or shell, otherwise a burnt
streak will result. A broad strcam or an intermittent stream will
produce porous areas or masses of blow-holes. A good pourer will
keep both elbows close to his body, use a hand leather, so that he
can grasp the handle of the ladle near the bowl,-and hold his body
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Fi16. 13.—A plain bearing with formulas for dimensions.

F1c. 14.—Heavy pedestal bearings with table of dimensions.

DiMENSIONS IN INCHES
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ReMarks.—In the column F there are two bolts to shafts 7 ins. dia-
meter; above that, four bolts in each bearing. The side brasses or cheeks are
set up with screws K, but in a manner free from the commop objection to this
method. The screws are inserted from the inside, and have enlarged ends to
give bearing enough to meet all requi ts. The to receive these er-
laiged ends can be cored in the main casting. and the cost of construction is no
more than in the case of commoan set-screws, which should siever be employed
unless of very large size. The curves at N are developed to suit the height
and area of base required. The bosses at () should be at least the depth cf
the plinth or base flange. Two are preferable for shaftp larger thaa s irs.
in diameter. When the caps become heavy the oil box can be made rectan-
gular to remove useless metal, and is preferable in that form for bearings
exceeding § ins. in diameter.

When pedestal bearings of this kind are made without side brasses, or with
s half shell on top, the transverse dimerisions ran be reduced, astl should
always be as small as possible. Por mounting on masonry a sole pidte should
be used. This is generally required for the lateral adjustmenst of shafts,
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almost rigid while pouring, thus avoiding any surging of the metal
in the ladle, or splashing.

If the pourer is not very skillful, a sheet-iron bridge may be riveted
to the lip of the ladle ~o that it will extend some distance below the
surface of the metal. It can be adjusted so that it will give a stream
of the diameter found best for the bearing being poured. This will
not only regulate the stream out but keep the dross out of the
bearing.

Bearings are preferably poured in a vertical position. Some half
bearings are poured with the convex side upward through holes cast
in the shells for the purpose. Very large bearings are usually poured
with the concave side upward.

All solid bearings are broached on a broaching machine, which is
also used for pushing out the mandrel. This operation heats the
bearing, making it necessary to allow it to reach the room tempcra-
ture before making the finishing cut.

Housing Cenicul Cellar
to 1oturn Of}
o Resorvoir
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F16. 17.—An improvement on the ring-oiled bearing.

The necessary allowances for the bore finishes of bearings are
shown in Fig. 11, which gives the results of many years of experi-
ence. For additicnal information on this subject, see Press and
Running Fits.

Oil grooves are cut in the finished bearings by hand because, as a
rule, the babbitt lining istoo thin to permit their being ¢ast. Stand-
ard forms of grooving are shown in Fig. 12. !

The most important element in the production 3? a satisfactory
bearing is the pouring. The quality of the babbitt is important, the
use of a thermostat is important, the tinning'is important, but more
depends on 'the actual pouring.of the lining than on any other one
element. )

Regarding oil grooves, there is great diversity of ‘opinion and prac-
tice. With film lubrication their presence on the pressure side of a
bearing would seem more likely to do harm than good, while with-
ord'nary lubrication the reverse is true. Some advocate -blind-
ended grooves to avoid escape of oil, while others object to blind -
grooven.hecause of their liability to become clogged and useless.
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With film lubrications, open-ended grooves are obviously inadmis-
sible. One point is settled—the edges should be well rounded to
facilitate the entrance of oil to the bearing and the same is true of
the meeting edges of split boxes. Sharp edges of grooves act as oil
scrapers, not ol distributors.

Bearing Design

A drawing of a simple split bearing with formulas for lecading
dimensions is given in Fig. 13, by C. F. BLAKE (Amer. Mach., Nov. 28,
19o1), while Fig. 14 and the accompanying table give dimensions of
heavy four-part bearings by JoHN RICHARDS (4 Manual of Machine
Construction).

The self-aligning (ball and socket) construction was introduced in
1849 by Wm. Scllers & Co., as a feature of line chaft hanger bearings.
It has now come into exiended use for large bearings of high-class
machinery. In connection with the oil ring, first published by
PROFESSOR SWEET (Fngineering, Jan., 1868), it is shown in Figs. 15
and 16, Fig. 15 being a typical section of a bearing fitted with both

devices. Fig. 16, with the accompanying table of dimensions,
gives the practice of the Gencral Electric Co. Bearings up to and
including g ins. diameter have two, and above that size four rings.

Fig. 17 shows an improvement on the oil ring for high speeds, by
the Builders’ Iron Foundry (Amer. Mach., Feb. 10, 1898), and applied
by them to grinding and polishing stands. The loose ring is re-
placed by a collar, which is forced on the shaft and revolves with it.
The collar dips into a capacious oil cellar below as usual, and a wide
circumferential channel is cast in the box for the ring to revolve in,

]

- ® A .Sj; t\>
i amnrh 3 2 N R X'
Y 'k} =

14 (0SNG ;40w |

Fic. 16.—D'imensions of ball and socket, ring-oiled bearings.
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F16. 19.—Water-cooled bearing with forced lubrication.
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except that at the top this channel is obstructed by projections a,
which provide only sufticient room for the collar to revolve freely.
Their othce is to scrape the oil from the ring. This not only depesits
it on the top of the box, but the force with which the ol strikes the
projections tauses it to shoot down the channels provided for it
endwise of the bearing. Collecting grooves are provided at the end
of the bearing, as well as free return channels to the oil cellar. The
obvious result is a positive flooded circulation of oil throughout the
bearing.

Fig 18 shows a water-cooled bearing, without self-alignment, fora
large vertical engine, by the Union Iron Works (Amer. Mach., Oct. 12,
1005). Four passages a b ¢ d are cast in the lower half of the bearing,
the ribs which separate the passages having openings at alternate
ends to provide a continuous flow, as indicated by arrows in the
plan. The ends of the outer passages have tapped holes at e f for
the water-pipe connections. The caps of the bearings have ne
water connections.

Total Allowance for Lnd Plg;
uader 2dla. of Bearing  ¥}¢
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Fic 20 —Standard oil-retaining grooves.
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The General Electric Co. find water cooling to be increasingly
effective as the cooling surfaces are brought nearer to the actual
bearing surfaces. ‘Their preferred construction of water-cooled bear-
ing, having also forced lubrication, is shown in Fig. 19. A grid of
cooling pipe is laid in recesses in the bearing sheet in such manner
a3 to be imbedded in the babbitt. Both pipe and babbitt anchors
are exaggerated in size in the illustration.

Standard oil-retaining grooves, as applied by the General Electric
Co. to split bearings, are shown in Fig. z0 and the accompanying
table.

End Play of Shafts

The well-known freedom of large shafts, when in motion, to move
endwise under small forces is thus explained by LuciaN E, PicoLeT
(Amer. Mach., Dec. 15, 1910). g

Fig. 21 represents a loosely fitted bearing resting npoé a journal
and carrying a load P. When the journal rotates, the bearing is
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maintained in position by a force f P, acting opposite to the direc-
tion of rotation and equivalent to the tangential effort due to the
friction, f being the friction coefficient.

For the present purpose the journal and its bearing may be rep-
resented as in Fig. 22, by a block supporting the load P and resting
upon a flat surface. If the block slide unmiformly under the force X,
obviously X =f P. Suppose now, another force F be applied perpen-
dicular to X, as in Fig. 23.  When the block is on the point of slid-

P

TP
> X
B I
I'16. 22.

Fic. 21, Fic. 23.

FiGs. 21 to 23.—End motion of a rotating journal.

S

F16. 24.—Revolving element of the Glocker-White turbine governor.

ing, the resultant R must be f P, since the resistance to sliding is
the same in all directions. It at once follows that the application
of the force F, however small, changes the direction of sliding from
the direction of X to the direction of R and a gradual creeping takes
place in the direction of F. It is clear that this end motion will
occur, no matter how small F is, or how great the friction, because
R will always be the diagonal of the rectangle formed by the forces
X and F, and R will change its angle, though not its value, to suit
the value of F,
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Advantage may frequently be taken of the freedom of revolving
shafts to move cndwise in the construction of machines of which
delicate adjustment is an essential feature,

An example is the well-known dead load tester for pressure gages,
in which turning the plunger completely frees it of endwise friction.
Another example is found in the Glocker-White governor, applied
by the I. P. Morris Co. to four 13,000-h.p. turbines at Niagara Falls
(Amer. Mach., Aug. 6, 1908), and shown in Fig. 24.

The fly balls, a, are of special construction to suit the peculiar re-
quirements of turbine governing. Through links, b, they act on
the sleeve, ¢, through which connection is made with the other
mechanism of the governor. The driving shaft, d, is cut off at e,
the spindle, f, being supported stationary at its upper end, slceve, ¢,
revolving upon it. The result is absolute freedom of sleeve, ¢, to
respond to the forces exerted by the fly balls.

Bearings in which end motion takes place are free from the ten-
dency to streak, which characterizes bearings with closely fitted end
flanges.

Thrust Bearings

Thrust bearings are much less favorably situated as regards lubrica-
tion than journal bearings, as, except tn the Kingsbury bearing,
which see below, the film-forming tendency is absent. The best

Three Brouze
Four White
Cast Iron

Y
W

I16. 25.—Multiple washer thrust bearing.

that can be expected of such bearings is oily surface lubrication,
The discovery of the film-forming tendency of journal bearings by
Beauchamp Tower explained the well-known fact that thrust bear-
ings must be subjected to smaller unit pressures than journal bearings.

Much less information is available on thrust than on journal bear-
ings. A few figures for unit loads will be found in Table 1 of Per-
missible Loads on Bearings and in Table g of Products of Pressure
and Velocity of Bearings.

A construction of multiple washer thrust bearing having peculiar
merit, applied by the Newton Machine Tool Works to worm drives,
is shown in Fig. 25 (Amer. Mach., Jan. 20, 1808).

When several loose washers are interposed between the shaft col-
lar and the face of the shaft bearing, it is obvious that slipping may
occur between any pair of faces, and that this slipping will take place
between those surfaces which at the moment offer the least friction.
Should these surfaces from any cause increase their resistance, the
slipping will be at once transferred to another joint, the various sur-
faces acting as mutual safety valves to one another, any surface
which gets into the condition of incipient heating or cutting being at
once relieved by another taking up the work. The holes in the
washers are larger than the shaft on which they are placed. This
construction introduces an irregular compound motion of the sur-
faces upon one another, the advantages of which are well understood.

It would seem to the author that these holes might well be } in.
larger than the shaft. The washers should be covered to avoid
criticism by the unthinking.

Washers ot vulcanized fiber have been used with conspicuous
success in thrust bearings. They arc used by the G. A. Gray Co.
in the thrust becarings of their spiral geared planers, each bearing
consisting of two fiber and one hardened steel disk. Fiber washers
are also common in drilling machine thrusts. S. P. Yeo reports a
test of the material under severe conditions (Amer. Mach., Oct. 24,
1907), as follows:

Our experiment was on two disks ¢ ins. diameter with a 4-in.
hole § in. thick. We used regular commercial red fiber, bored and
turned carefully with cut oil grooves in it. The conditions thcse
washers worked under were as follows: number of hours per day
running, 9; revolutions per minute, 15; pressure per square inch,
350 lbs.; disks running in oil.

We found upon examining these disks after one month’s service
that the fiber had worn to a glazy surface and showed very little
wear. The life of such a pair of disks was 1} years; the same size
in bronze lasted about three months.

Fig. 26 shows the step bearing of large Curtis vertical steam tur-
bines. The bearing plate, or lower block, is of cast-iron rigidly
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F1c. 26.—Step bearing of the vertical Curtis steam turbine.
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held by the frame. The block is guided at the sides and carried
on a large screw, passing through a steel nut and coming in contact
with a steel block set in the bearing plate. It is essential that this
plate should be rigidly held, that its upper face should be a true plane
set at right anglc to the shaft axis, and that the clearance should be so
small that the relative alinement of blocks and shaft cannot vary
appreciably. The step plate is likewise of cast-iron and keyed to
the lower end of the shaft. Both plates are recessed so that the
surfaces of contact are collars. Directly above the step plate isa
cylindrical guide bearing. The contact faces of the blocks must be
truly parallel, and the contact surfaces of the end of the screw be-
neath the lower block and its mate must be likewise true and free
from convexity. Oil is introduced through the center of the screw,
passes upward, enters the recess in the center of the plate, passes out
between the contact surfaces, and ascends upward through the guide
bearing, as indicated by the arrows in the illustration. In service
the plates are actually separated by a lubricating film; some four or
five times as much lubricant as is necessary is usually pumped as a
safeguard. The greater the quantity the greater the separation be-
tween the plates and the less the danger of cutting out. The actual
separation of the plate is, of course, only a few thousandths of an
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inch. From this fact it can be seen that this type of bearing calls
for the best of workmanship.

True film lubrication takes place in the Kingsbury thrust bearing,
Fig. 27 (Amer. Mach., Mar. 13, 1913), which shows a bearing installed
as part of a 17,500-h.p. hydraulic turbine generator of the Penn-
sylvania Water & Power Co. at McCalls Ferry, Penn. The
diameter of the bearing is 48 ins. and it carries & load of 410,000 lbs.
at a speed of 94 r.p.m. The illustration shows the stationary ele-
ment, the upper babbitted surfaces of the shoes D being the surfaces
on which the revolving step bears. The shoes are segmental, as
shown by the detached one at the left. A recess in the lower side
of each shoe receives a block E one end of which is spherical and rests
on the similar spherical end of a second block H. When in action,
the segmental blocks tilt slightly and admit a film of oil between
themselves and the revolving step, on which film the load is carried.
Wedges F are for adjustment. A continuous circulation of oil is
maintained, an inner retaining ring A and an outer ring B retaining
the oil, of which holes, C, establish the level.
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Fi1c. 27.—The Kingsbury thrust bearing.

These bearings carry very much higher unit pressures than the
usual type of thrust bearing. Low-speed bearings on light oils
regularly carry mean pressures up to 300 lbs. per sq. in. Higher
speeds regularly carry loads up to 500 lbs. per sq. in. Heavier oils
regularly carry goo lbs. per sq. in. In tests with light oils the oil
film was shown to persist with mcan pressures as high as 7000 lbs,
per sq. in., at which pressure the babbitt face on the shoes flowed.

The wedge shaped oil film in the thrust bearings is two or three
times as thick at one end as at the other. On large bearings the cal-
culated thickness is but a few thousandths of an inch at the thin end
at moderate speeds with a light oil and pressures of 300 Ibs. per sq. in.
On small bearings it is often less than one thousandth of an inch.

A feature of these bearings is the fact that the shoe tilt can vary
with the speed, so as to adjust itself properly. Hence, when the
bearing is at rest, the surfaces are parallel and in close contact in
the vertical bearings., The starting and stopping of vertical bear-
ings, some of which arc loaded about as heavily at rest as when
running, is their severest treatment. But as the surfaces are in
contact all over when at rest, the mean pressure can be quite high
and depends on the kind of oil and the bearing materials,

General rules that have become well established for shaft bearing
practice apply equally well to Kingsbuty thrust bearings; that is,
for low speed and heavy loads a thick oil must be used, while for
high speed and light loads thinner oil is required. It is also found
that for high speeds it is preferable to have the shoes faced with
babbitt metal, the collar being of cast iron or mild steel. For very
low speeds, coupled with high unit pressures, hardened steel or
chilled iron may be used for the collars, and brass or bronze for the
shoes.

The friction loss in a Kingsbury bearing is very low. An approxi«
mate rule for vertical bearings having six eccentricall} supported
shoes with inside diameter one-half the outside diameter, and loaded

to 350 lbs. per sq. in. of shoe area, using dynamo oil and keeping the

- temperature at about 40 deg. Cent., makes the mean coefficient of

friction .cooog times the square root of the r.p.m., and varying in-
versely as the square root of the unit pressure. For example, if
the shaft runs at 100 r.p.m., at a pressure of 350 lbs. per sq. in.,
the mean coefficient of friction is .0oo9, an extremely low value,

- the result being due to the nearly ideal conditions for automatic

lubrication.

The starting friction is in some cases an entirely different matter.
When the shaft is at rest with the load on the thrust bearing, which
is the case with vertical shafts, the continuous oil film is not present,
and the coeflicient of friction between the metallic surfaces is high,
averaging about .15. At the instant of starting there is some rubbing
between the metals. In the bearings with babbitted shoes this
rubbing is frequently evidenced by a sound like that of a hot bearing.
The rubbing lasts only a very brief time (about quarter turn of
the shaft), the oil film beginning to form at the instaat of starting,
and increasing in extent and thickness as the speed increases. If
the bearing is provided with clean oil the only wear that takes place
is that due to the rubbing of the metals when starting and stopping.
For conditions such as exist in horizontal steam turbines there is
very little load on the thru8t bearing at starting, and hence no reason
to expect much wear. Even with vertical hydroelectric units, and
similar machines in which the entire weight of the rotating part is
carried on the thrust bearing at all times, it is found that the wear
of the bearing is practically negligible.

Many of these bearings have been fitted in hydroelectric power
plants and some of them carry enormous loads, the maximum at
this writing being 560,000 1bssat the plant of the Mississippi River
Power Company, Keokuk, Jowa.

The reason for the unsatisfactory wear of step bearings lics in the fact
that the wear of any bearing is proportional, other things being
equal, to the product of the pressure on and the velocity of the rub-
bing surfaces; and in a new flat step bearing, while the pressure is
uniformly distributed over the surface, the velocity is greater as
the distance from the center increases. Conscquently the bearing
wears much faster at the outside edges than in the center, and its
effective area is practically reduced by wear, throwing increased pres-
sure on the remaining portion and further increasing the tendency
of the outer portion of the remaining effective surface to wear. The
whole bearing is thus rapidly worn away in detail, as it were.

This action is reduced if the bearing surface is a ring instead of an
entire disk, and it is for this rcason that collar bearings, such as the
thrust bearings of stcamships, do much better than step bearings.

Theory indicates and practice confirms that the Schiele curve bear-
ing, shown in Eig. 28 as the bearing’ of a worm, overcomes this

Fre. 28.~The Schiele bearing as a worm step.

action. This construction is one which the aythor feels has been
unduly neglected. It conforms to Professor Sweet’s dictum that
‘“‘things that do not tend to wear out of truth do not wear much.”
Its basic principle is uniform wear, because its form is such that the
pressure at diffcrent diameters increases as the velocity decreases.
The cost of its construction is doubtless the chief cause of its neg-
lect; -but in heavy, rough machinery, in which unbored babbitted
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bearings are admissible, the extra cost is confined to the journal
where it is not serious. -

The construction of the Schiele curve, together with an approxima-
tion to it which is practically sufficient, is thus explained by J. E.
JounsoN, Jr. (Amer. Mach., Apr. 21, 1904), who has had ample ex-
perience with it in rugged work, and who unqualifiedly endorses it,
one of his bearings having run for seven years without appreciable
wear. .

X X, Fig. 29, is the center line of the shaft, A B the maximum
radius of the thrust bearing, and 4 the point of beginning of the
curve. With 4 B as a radius from any point C a short distance
from B on the axis, strike a short arc ¢ ¢, intersecting A Batc. Draw
the line ¢, C or a small part of it next ¢, and from point D with the
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F16. 29.—Exact and approximate methods of laying out the Schiele
.curve.

same radius proceed similarly, obtaining the line d, D and successively
with points E F G, etc., until the outer portion of last line drawn
‘comes down to the minimum radius desired for the bearing or to the
radius of the shaft passing through the thrust bearing. In practice
there is little to be gained by making J K less than half of 4 B. A
smooth curve tangent to all the short lines outside their intersecting
arcs is readily drawn and is the curve desired. The whole operation
can be done in less time than it takes to describe it.

For all practical purposes the curve may be drawn as two atcs of
citcles, as shown in the sketch, first an arc struck from the outside
line of the bearing, prolonged, with a radius of 5-16 R, then tangent
to this a second arc of radius 15-16 R, with its center on a line diverg-
ing from the outer line of the bearing at 3¢ deg. passing through the
center of the first arc.

The double cone bearing has approximately the properties of the
Schiele bearing and has found wide use for the spindles of precision
machine tools, It originated during the early days of American
watch making and was developed from the Schiele construction in
order to take advantage of the grinding machine, since Schiele
curves cannot be made on those machines.

Figs. 30, 31 and 32, by Jas. DanGERFIELD (Amer. Mach., Mar. 27,
1913) show approved constructions. The angles commonly used are
3 and 45 deg., though angles of 4 and 5 deg. have been used in place
of 3 deg.
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Fig. 30 shows a typical journal with angles of 3 and 45 deg., the
groove A being for clearance in grinding. Fig. 31 shows one form of
construction. In this case the spindle B is soft, the front bearing
C is hardened and shrunk on; the rear bearing is the sliding siceve D,
with a pin E to key it to the spindle, and adjusted by the split bind-
ingnut F. The bearings C and D are ground in place on their spindle
to fit the bushes G, which are usually of hardened steel, but bronze,
cast-iron and babbitt metal have becn used.

4 K

F1a. 30.

Fic. 32.
F16s. 30 to 32.—The double cone spindle bearing.

Fig. 32 shows a constyuction by Mr. Dangerfield in which both
end thrusts are on the front bearing. The rear bearing is straight.
H is a split taper sleeve closed by the nut I and keyed to its bush K
by the pin J. In case of wear of the side bearing causing shake, the
thrust bearing is ground off enough to bring the side bearing to a fit

Knife Edge Bearings

The knife edge bearings of scales and testing machines form a
class by themselves. According to J. W. BRAMWELL (Eng. News,
June 14, 1906) loads of 10,000 Ibs. per linear inch may be imposed in
extreme cases, 5000 lbs. being, however, usually ample. For loads
up to 1ooo lbs. per in. the edge may be perfectly sharp. For
greater loads the edge is rubbed with an oil stone so that a smooth-
ness is just visible. The pivots should be thoroughly supported
against deflection and consequent concentration of load and should
be of high carbon—go to 100 points—steel. The temper of the
seats should be drawn to a very light straw, that of the pivots being
slightly darker. The angle of the pivots is usually go deg.
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The relations of the leading dimensions of ball and roller bearings
may be determined from the following formulas and table by RoBERT
A. BRucke (Amer. Mach., June 22, 1899).

d=Dsin (if"f)"(a) D=s-i:(‘f8°) (%)

n

R=d<;(:-39)~;—x>(c) S=d <Sm (139) +1>(d)

in which
n=No.of balls (no clearance), D =diam. of ball centers circle, ins.,

d= diam. of balls, ins., R=diam. of inner race, ins.,
S =diam. of outer race, ins

For a total clearance ¢ between balls, add
and (0).

LEADING DIMENSIONS OF BALL AND RoLLER BEARINGS

to d in formulas (a)

1 180° 180 . N

"o - e 180 160 180
i 1 ( ) | sin ( = ) l ) iu ( )
7 |2s°02'51.4”| .43380 ) 3048 3.3048 113048
8 | 22° 30" o” .38268 2.6131 3.6131 1.6131
9 |20° o o” .34202 2.9238 3.9238 1.9238
10 | 18° o' o .30902 3.2360 4.2360 2.2360
11 | 16° 217 48.3" | .28173 3.5495 4.5495 2.5495
12 | 15° o o” .25882 3.8637 4.8637 2.8637
13 | 13° 50’ 46.1” .23032 4.1786 5.1786 3.1786
14 | 12° 51/ 25.9" .22252 4.4940 5.4940 34940
1s | 12° o o .20791 4.8097 5.8097 3.8007
16 | 11°15° o” .19509 5.1258 6.1258 4.1258
17 | 10° 35 17.6” .18375 5.4422 6.4422 4.4423
18 |10° O 0" .173653 5.7588 6.7588 4.7588
10 | 9°28”25.2” | .16459 6.0755 7.0755 5.0755
20 | 9o° o o' 15653 6.3925 7.3925 5.3935
ar | 834" 17.1”| .14904 6.7005 7.7095 5.7008
22 8° 10’ 54.5" .14231 7.0367 8.0267 6.0267
23 | 7°49°33.9”( .13617 7.3430 < 8.3439 6.3439
24 7° 30’ o” .13083 7.6613 8.6613 6.6613
38 | 7°127 o .12533 7.9787 8.9787 6.9787
26 6° 55’ 23" .12054 8.2063 9.2063 7.2963
27 6° 40’ o” 211609 8.6138 9.6138 7.6138
a8 6° 25’ 42.8" 11106 8.0314 9.9314 7.9314
29 6° 12’ 24.8” .10812 9.2491 10.2491 8.2401
30 6° o’ o .10483 9.5668 10.5668 8.5668

The following information on this subject is taken largely from a
paper read before the A. S. M. E. (Trans. Vol., 29) and articles in
periodicals by Henry Hess, the data sheets published by the Hess-
Bright Mfg. Co. and the exhaustive treatise, Bearings and Their
Lubrication, by L. P. Alford.

Successful performance of ball bearings depends upon the follow-
ing factors: (a) A high degree of accuracy as regards spherity and
uniformity of diameter of the balls. The tolerance in first-class bear-
ings between the diameters of the balls in any one bearing is .0001
in. () A high (very high) degree of surface finish. (c) High
elastic limit of the materials. (d) Hardness, and especially uniform
hardness, throughout each and all balls—case-hardened balls or
racgs are inadmissible. (¢) True rolling contact.

Successful operation of ball bearings requires attention to the
following points:

Bearings must be lubricated. The oft-repeated statement that
ball bearings can be run without lubricant is pernicious,

Bearings must be kept free of grit, moisture and acid.” This pro-

hibits the use of lubricants that contain or develop free acids.

The inner race must be fifmly secured to the shaft. It is best to
do this by a light drive fit, reinforced by binding between a sub-
stantial shoulder and a nut.

The outer race must be a slip fit in its seat.

When thrust is taken in both directions it should be by the same
bearing. This avoids all strains duc to flexure of the shaft or of
the housing or due to temperature variation and, while doing away
with the considerable shop costs inseparable from correct lengthwise
dimensioning, avoids the danger of excessive end loads from forcible
assembly consequent on an inaccurate lengthwise location of parts.

More than one bearing should never be dismembered at a time,
in order to avoid the danger of mixing balls from differept bearings;
such balls from different bearings are apt to vary more than is per-
missible for the individual beaiing.

Lubiicants may range from the lightest of spindle o1ls at high speeds
to fairly heavy greases at low speeds. ‘The less frequent the atten-
tion given, the heavier should be the lubricant. An excess of lubri-
cant, cnough to force out at the closures, should be employced when-
ever the entrance of grit or moisture is to be feared. Lubricants
containing or developing acid or containing free alkali must be
avoided, as must those that become rancid.

A ball bearing, like a plain bearing, must have a running clearance;
but in the well-made ball bearing this clearance is much smaller than
in a plain bearing; in all new bearings this freedom (radial freedom)
is less than .oor in. The radial freedom is accompanicd by an
endwisc (axial) freedom of one race with reference to the other; this
will vary with the ball diameter and ranges trom .0006 in. to .006
in. for new bearings.

A properly made and not overloaded ball bearing will not show
wear in the ordinary sense of plain bearings, i.e., a reduction of the
diameter and increase in bore. That and reduction in ball diameter
can occur only when abrasive grit is admitted to the bearing. Grit
will quickly grind down a bearing at a rate depending only upon the
sharpness of the grit and the amount of time the bearing is exposed
to it.

An overloaded bearing will not be worn, but the surfaces of the
balls and races will be destroyed; that will show first by minute pin
holes and later by flaking. A large ball will take more than its share
of the load and may therefore bring about all the appearances of an
overloaded bearing; to avoid this, no ball must vary by more than
-oo0o1 in. from its fellows in the same bearing. It is on this account
that bearings must never be dismcmbered, as otherwise balls are
likely to be mixed; neither must repairs be made by adding balls to
aset. Such repairs should be undertaken only by the maker, who has
full sets of even-size balls available. The balls of commerce are
never sold within the necessary limits.

Rust is absolutely destructive to a ball bearing, It is very readily
recognized; even in a bearing which has been cleaned so that no red
rust is to be seen, the presence of more or less pronounced pits and ex-
coriations, not only on the race surfaces, but also on the other parts
of the bearings, is clear evidence. These pits are very distinct in
appearance from those due-to overload; aside from that, overload
pits are necessarily confined to the balls and the pall tracks.

Although the ‘presence of acid or alkali in many lubricants is well
known, its destructive effect is not generally conceded, but attrib-
uted to rust and overload. Nevertheless, it is a very serious menace
with some lubricants; its ravages are clearly enough distinguished
from overload, because they are found elsewhere than on the balls

and-ball tracks; the marks are also quite distinct from rust marks;
30
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the acid marks often are pits, but always show also clearly-defined
irregular etchings, similar to, though less pronounced than, those
produced by acid etching of damascened gun-barrels.

A very considerable rocking freedom of the one race with refer-
ence to the other as the result of grit cutting will do no harm. An
amount of rocking that at first secms alarming in the individual
bearing may be due to a radial clearance of but few thousandths of
an inch. It is the radial clearance which determines the further
usefulness of the bearing; as two bearings are always used at some
distance apart in the support of a shaft or wheel, the rock is governed
by the radial freedom of the bearings and the distance between them,
not by the angular freedom of the bearings individually. To deter-
mine its true radial freedom, the bearing must be so held that the
races are moved only crosswise without any lengthwise or tilting
motion.

Bearings in which the balls or ball tracks are pitted or roughed up
from rust, acid or overload are usually beyond repair.

Bearings that are ground down by grit so as to be loose, can be
put in good order by refilling with a new set of larger balls.  The
same amount of care must be exercised to have all these balls within
000t in. as with a new bearing; it will not do to putin a few new balls
only, nor will it do to accept a dealer’s belief that the balls in his
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between the balls, have become the accepted design by the Hess-
Bright Mfg. Co. Some other manufacturers prefer the cut race
filled with balls and without separators.

Running tests and accumulated experience have proven that this
type of bearing with scparafors will also carry a thrust load far be-
yond what would be expected or what calculations based on the
wedging action would indicate. The safe thrust-carrying capacity
of such bearings is +'s of the radial-load capacity, though under
special conditions more may be imposed, depending on the relation
of ball diameter, race curvature and number of balls,

Typical correct mountings of bearings for radial loads—combined
in some cases with moderate thrust—are shown in Figs. 3-6.

Fig. 3 shows a mounting for radial load without thrust.

The inner race A should be a light drive fit on the shaft, and should
further be securely clamped between a shoulder on the shaft and a
nut, or thcir equivalents.

The shoulder C ehould not be too small; about half the thickness
of the inner race for small bearings, and about § the thickness of
the inner race for large bearing.., is good design.

The nut, when well set up, should be firmly secured against jar-
ring loose. An cffective device consists of a eplit spring-wire ring
with one end bent inward to pass through a hole drilled through the
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F16s. 1 to 6.—Radial bearings for radial and thrust loads.

bin are within the necessary limit. Unless this grinding action has
lasted too long, it will be practicable to restore the bearing to some-
where near its original condition; even though such refilled bearing
should be somewhat looser than a new one, that does not justify the
expense of a replacement.

Radial Bearing Mountings

Fig. 1 shows the principle of the modern form of radial bearing.
The curvature of the race cross-section is an important factor in the
carrying capacity of the bearing., The local groove, Fig. 2, to permit
assembling the balls, if used, must be confined to the stationary race
and be placed at the unloaded side of the bearing. This requires
two designs, one with the cut in the outer race, if the shaft revolves,
and one with it in the inner race, if the housing revolves, or else the
load must be limited to that permissible with straight races. More-
over, at high speeds, the rotation of the balls at the filling opening
injures the balls and races. For these reasons uncut races with
such a number of balls as may be then assembled, and separators

nut into the shaft, the body of the ring lying in a circumferential
groove turned in the nut.

The outer race B should be a slip fit in the box; it should not be
bound endwise.

Failure to securely clamp the inner race on the shaft may produce
trouble. It has been found that the hard race occasionally cuts
into the relatively soft shaft, particularly when loads are heavy and
of a pounding or vibratory character. A reliance on a drive fit
alone is not safe. Such fit may be poorly made, it may be destroyed
by occasional dismantling, or it may be destroyed by the load peen-
ing down the shaft surface.

Failure to mount the outer race with a slip fit may prevent it
from taking up an unrestrained position with reference to the inner
race and the balls and so produce an end thrust uncontemplated in
the initial selection of the bearing that might soon prove destructive.

Fig. 4 shows a mounting for combined radial and thrust loads.
This arrangement difiers from that of Fig. 3 only in having the outer
race B of the bearing secured endwise in the case with slight clear-
ance each side. Any thrust parallel to the axis of the shaft or any
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tendency of the shaft endwise will be taken
up by the bearing acting as a thrust bearing.

Fig. 5 is a combination of the elements
shown in Figs. 3 and 4; the remarks already

make the mistake of taking thrust in one
direction on one bearing and the opposite

. g given apply here also.

S | R 23 Whenever there are two or ‘more bear~
Y | BN .
%?\%“}‘ \1§%$ ings on a shaft the parts must be so ar-
AT ranged that whatever end thrusts there
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dﬁ%? N may be will be taken in both directions on
ﬁ§§ N A the same bearing. Frequently designers
Y L

Lttt

A .%g g thrust on the other bearing. In that case
%ﬁ- :}/2 = any inaccuracy in the machining of shoul-
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2 ; .\éis\.f\\( shop cost, because avoiding otherwise
4 necessarily very accurate work.
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St AN distance sleeve to permit of the endwise
binding of the inner races of both bearings
by one nut only.

Fig. 6 shows a construction for taking
radial and thrust loads on separate radial
bearings. A radial bearing is mounted as
near the load as may be and in the usual
way to take only radial load. Beyond it a
similar radial bearing is similarly mounted,
but with its outer race clamped endwise to
take thrust. To prevent the radial load
being imposed on this bearing the seat is
counterbored to free the bearing diameter.
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Fics. 7 to 13.—Various applicatioas of ball bearings.

by speed. If the thrust direction alter-
nates there will be a slight endwise play of
the shaft, since the inner race has an axial
or endwise freedom of .0006 in. for the
small bearings to .co6 in. for the larger ones;
this will be increased by too heavy loading.

Fig. 7 shows a mounting for loose pul-
leys, conveyor rolls and the like, on hori-
zontal shalts consisting of a standard inner

7 S hub on which a loose pulley of any desired
é d diameter, and of not more than the speci-
é & fied width, may be secured by means of
N é a key. The inner races are a light drive
§\: Z fit on a sleeve which is held by set screws
N 7
N y or keys on the shaft. The outer races are
§ ﬂyﬁ a slip fit in their housings and one is con-
Y | fined with-a slight end clearance, while the
N 7 other race is free endwise.
g/’ S Fig. 8 shows a mourting for a mule
’ ~ pulley on a vertical shaft. The shaft is
% ‘% stationary and the pulley rotates. Two

objects are gained by the peculiar form of
mounting shown. One is retention of ofl,
which would tend to throw out, owing to
centrifugal force, if the outer races rotated
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in the usual manner. The other object is distribution of wear
around both races. With a stationary shaft it is evident that clamp-
ing the inner race causes all the wear to take place at a single point
of that race. Where the outer race is fixed and the shaft rotates,
concentration of wear is prevented by the standard mounting,
which allows the outer race to creep slowly around. In the
mounting illustrated herewith the outer race is attached to the
shaft and the inner race rotates with the pulley. Thus the wear on
the inner race is distributed by rotation, and the outer race distrib-
utes its own wear by creeping. The objection to allowing the inncr
race to creep when mounted directly oa the shaft is that the contact
surface between the inner race and the shaft is not large enough to
sustain the load without peening or wear of the shaft, or both.

It is evident that oil will be retained without splashing around both
upper and lower races, even if the shaft be reversed end for end. A
certain amount of tilting of the shaft is also permissible.

Fig. ¢ shows a typical mounting for a high-speed spindle and
pulley. In machine-tool work, especially in.gtinding, it is highly
important that the spindle be subjected to no unnecessary forces
producing sidewise wear of the bearing,  The pulley, therefore, should
be supported by bearings independent of those in which the spindle
runs. The spindle itself is mounted in ball bearings in the usual way.
The back end of the spindle extends without contact through a sta-
tionary tubular support on which is mounted a second pair of ball
bearings, whose sole function is to support the pulley. Driving con-
nection between the pulley and the spindle is provided by a pair of
splines or feathers riveted into the hub of the pulley and fitting loosely
in keyways in the spindle. These splines permit the pulley bearings
to be out of line with the spindle bearings or to wear faster than the
latter without impairing the true running of the spindle.

The rear ball bearing of the spindle (i.e., the one in the center) has
a special outer race without a groove. This construction is provided
against the possibility of the spindle expanding from the heat devel-
oped at the wheel when grinding. With the {orm of race shown, the
inner race can move indefinitely tengthwisc without the outer race
being forced to follow it, which it might fail to do it it also expanded
slightly.

Figs. 10, 11 and 12 show mountings on shafts without shoulders,
with provision for securely clamping the inner race of the ball bearing,
while distributing the peening eflect of the load on a sufficient length
of shaft. Fig. 1o shows a radial bearing mounted in the usual manner
on a sleeve, the inner race clamped by means of a nut against a sub-

-stantial shoulder on a sleeve. The slecve is locked to the shaft by
means of two set screws with fitted ends sunk into the shaft., A
spring ring is then snapped into a circumferential groove in the sleeve
and into the slots in the set screws, securely locking them against
jarring loose,

Fig. 11 includes a collar thrust bearing. Lighter thrust in the
reverse direction is taken by the radial bearing. The set screws must
be large enough to let their pilot ends take the end thrust without
danger of shearing. The set-screw heads must, of course, be accessible
from the end or through suitable holes.

Fig. 12 shows an adapter beating used chiefly on line shafts. The
adapter consists of two steel sleeves or bushes; the outer bush is
driven home to its shoulder with a light drive fit. This bush is bored
out taper to suit the inner split bush. The inner bush should be
driven home on the shaft when the bearing and outer sleeve are in
place; that will firmly and truly bind the wholé€ on the shaft. The
taper is sufficient for adaptation to the ordinary variation in shaft
pizes. After the inner bush is driven home good and hard on the
shaft, the split collar is hrought against the bearing and clamped on
the projecting bush end, thus safeguarding against the tendency of
vibration to back out the taper bush.

For shafts requiring great steadiness of movement, as in precision
grinding machines, ball bearings alone have been found inadequate
and Fig. 13 shows the application of a floating bush to a thickness-

: 8
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grinding machine at the Underwood Typewriter Works, (W. M.
BYORKMAN, Amer. Mach., Feb. g, 1911).

The bushes are located close to the ball bearings, and have inside
and outside clearances of about 1v%v in. They have also end
clearances sufficient to permit appreciable movement. The bushes
carry no load, but the clearances fill with oil which acts like a dashpot
to suppress the minute vibrations which would otherwise arise in
the ball bearings. Not being loaded, the bushes do not wear, and
their only resistance is that due to thc viscosity of the oil. To pre-
vent endwise movement of the spindle, the two thrust ball bearings
near the right-hand end of the spindle are provided with an adjustable
take-up, which allows metal to metal contact to be made without
crushing,

In Figs. 3-6 the groove and lip end closures shown are very effect-
ive in excluding dust and grit and in retaining oil. They should be
bored out no more than ¢ in. larger than the diameter of the shaft.
Figs. 14-17 show still more eflective arrangements.

Fig. 14 is a modification useful whete much very destructive
fine grit is afloat or liquid is encountered under slight pressure.
The second outer groove is filled with a semi-solid grease that makes
a definite, irictionless packing. Its wearing away is compensated
from a hand- or spring-operated grease cup; the latter type is prefer-
able, but demands a proper balance hetween grease consistency under
various temperatures and the spring pressure. The hand-operated
cup is more definite for all conditions, provided it is occasionally set
up.

Fig. 15 is used where liquid under considerable pressure must be
kept out. For occasional submersion the outer groove is simply
drained outward with a fiee drain hole. For continuous submersion
this drain hole must be connected to a pipe whose end is clear and
low enough below the liquid to drain.

Many constructors prefer to pin their faith to some positive felt
packing for keeping lubricant in and foreign matter out. Felt wash-
ers, as usually arranged, soon lose their contact with the shaft as they
grow hard and are then worn away.
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Fics. 14 to 17.—Oil-retaining and dust-excluding devices.

Fig. 16 shows an arrangement for sealing at the shaft. A spring-
wire ring encircles the felt washer; its pressure will force the felt
into sealing contact. If the washer is laid up from a strip with
scarfed ends instead of stamped from a sheet the spring ring need not
be so stiff.

Fig. 17 shows a seal applied between a rotating hub and fixed box.

The hub face and ring, being both beveled will permit of very con-
siderable wear.
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‘The felt should be thoroughly soaked in a good cylinderoil. Mutton
tallow and similar acid producers must nct be employed.

Collar Thrust-bearing Mountings

In collar thrust bearings, aligning washers are necessary to secure
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Wherever shaft deflections are liable to occur, the thrust bearing
must have an underlying washer, or a special aligning washer must
be inserted under the ball-seated race. In either case the aligning

washer must be free to shift laterally to accommodate itself to the shaft
deflection.

A ball-seated thrust bearing without the aligning washer

F1c. 20.

F1c. 18, FiG. 19,
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F16s. 18 to 28.—Principles and arrangements of collar thrust bearings.

uniform loading of the balls. These washers frequently take the
incorrect form shown in Fig. 18. One plate is convexed to rest in a
concaved aligning scat. This form is wrong in that both plates fit
the shaft and so cannot move relatively. Fig. 19 shows this corrected
by frecing the lower plate from the shaft. This allows for ccrtain
errors, but not for all. Fig. 20 shows the full solution for every pos-
sible error of machining or of deflection. An aligning washer is added
to receive the lower plate; this washer also i3 free of the shaft and also
free of the scat, so that it may move crosswise. In Fig. 21 a complete
unit-handling ball bearing is shown, which consists of two plates, an
interposed set of balls, the lower plate convexed to seat in a concaved
universal aligning washer, and a cage to hold all togcther.

These constructions are safeguards to provide for small unavoid-

able errors. It is clear that large errors will be accompanied by large
" eccentric action of the aligning washcrs, which will be accompanicd
by friction.

Typical correct mountings cf collar thrust bearings arc shown in
Figs. 22-32.

The collar type of bearing, at speeds below 1500 r.p.m., will take
higher thrust loads than the radial type.

The bore of the rotating plate A, Fig. 22,is ground to a definite size
and is usually seated on the shaft. The bore of the fixed plate B is
rather larger. .

In order to insure an even distributicn of the load over the entire
series of balls, the seating surface of ‘the stationary plate is spherical.

If the thrust load is apt to be relieved sufficiently to permit a separa- .

tion of the plates.this must be prevented by a suitable arghngement,
since otherwise the cage with the balls would drop slightly and the
balls would be pinched as the pressure was again put on.

A ol tlevel

RS
Fi1Gs. 29 to 32.—~Foot step bearings.

is good only for angular misalignment, not for deflections involving
lateral shift of the shaft axis. ‘

' By arranging two bearings to face in opposite directions, Fig. 23
thrust in opposite directions is taken up on ball bearings. Care must
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be exercised that no undue amount of thrust is set up by the initial
adjustment of the nut behind the bearing. Setting up must not be
carried to the point of fecling the bearing resistance; ball-bearing
friction is so low that it is perceptible to the touch only under loads
that mean serious overload.

When the thrust in one direction is light, a plain disk stcp may
answer to replace the gecond ball thrust, as shown in 14g. 24.

Combinations of radial and collar bearings—the former taking radial
and the latter thrust loads—are shown in Figs. 25-28.

In certain combinations of sizes the rotating plate of the collar
bearing might be large enough to come into contact with the stationary
outer race of the radial bearing. The insertion of a washer will
prevent that (Fig. 25). The inner race at 4 should be a light press
fit.

Where the radial load causes heavy hammering and is large as com-
pared with the thrust, it is well not to rely merely on the press fit of
the radial-bearing inner race nor yet on the end-clamping due to the
thrust load. By interposing, as in Fig. 26, a locked nut between the
collar and the radial bearings, the latter will be securely clamped
endwise. This is the preferred construction: it should be used wher-
ever possible.

The action of the spherical seat in compensating for deflections of
shaft and housing and inaccuracies of alignment will be best when the
center of the spherical seat lies as nearly under the center of the
radial bearing as is possible.

The arrangements shown in Figs. 27 and 28 have been advanta-
geously employed in motor boats to take the thrust of the propeller
shaft as well as its weight,  Similar combinations are in use in stcam
yachts of 300 h.p. and in worm-driven elevators.

The arrangement of Fig. 27 is preferable.  If the center of the ra-
dial bearing be also the exact center of the ball seats ot both thrust
bearings, the aligning washers may be dispensed with.  Generally,
howzver, it is more convenient to use them and shorten the length of
the block, incidentally providing for small errors and deflections.

Figs. 29 and 30 show suitable atrangements for the lower end yournals
of vertical shafts.

Figs. 31 and 32 show mountings fcr end thrust on upper or interme-
diate journals, which differ from the mountings for lower end journals
in the provision made for oiling. A cup is carried upward along
the shaft to o height that will ensurc the balls being about half
_ immersed.

T'ig. 31 takes thrust on collar bearing only. The oil cup 4 may be
tightly spun or threaded in, or otherwise arranged to prevent the
escape of oil in any way other than by overflow at its top.

Fig. 32 takes thrust and radial load on collar and radial bearings.
The thrust arrangement is practically that of Fig. 31.  In order to
provide an oil level for the radial bearing this is not mounted directly
on the shaft, but on a collar which has an annular space next to the
shaft into which the oil cup 4 projects upward to a sufficient height.

The two oil spaces may be separately filled, or the lower one by
overflow from the upper.

Figs. 29 and 31 take thrust only. Figs. 30 and 32 take radial and
thrust loads on separate bearings. The sleeve or bush between the
two bearings will prevent any contact between the rotating plate of
the collar bearing and the stationary outer race of the radial bearing.

The action of the spherical seat in compensating for deflections of
shaft and housing and inaccuracies of alignment will be best when
the center of the spherical scat lies as nearly in the center of the radial
bearing as is possible.

.

The Load Capacity of Ball Bearings

The load-carrying capacily of radial ball bearings, according to the
practice of thc Hess-Bright Mig. Co. (based on the researches made
for it by Professor Stribech), may be determined from the formula:

P =knd? )
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in which P=load on bearing,
n = numbcr of balls required to fill the races,
d =diameter of balls,
k=a coefficient depending on the type of bearing, the
material and the speed.

For Hess-Bright bearings, in which the radius of curvature of the
outer race groove= . d, and that of the inner race groove=1j3d,
separated balls being used and uniformly distributed load and
uniform speed below 3000 r.p.m. being assumed, k=g (for load in
Ibs. and 4 in units of { in.). For full type bearings with the filling
opening in one race at the unloaded side, otherwise as above, k=s.
For both ball tracks interrupted by filling opcnings, inclastic cage
separators for the balls, or for full ball type; and speeds not over
2000 r.p.m. with a uniform distyibuted load, k=2.5. For thrust
load on a radial bearing of the first type in this tabulation k =o0.9.

In general, the larger the number of balls, the smaller the value of
k. The radial load bearing is, within the limits stated, practically
unaffected by the speed as to its carrying capacity. .

Collar thrust bearings are made of three general types. In the
first both races are flat; in the seccond one race is flat the other grooved;
in the third both races are grooved. The load-carrying equation
given by Mr. Hess is: ‘

_hnd?
s

in which P =load on bearing,

n =number of balls,

d =diameter of balls,

S =r.p.m., not exceeding 3000,

k1 =a coeflicient depending nn the material and the shape of

the ball races.

For the materials used by the Hess-Bright Mfg. Co. and for races
having grooves with a cross-sectional radius equal approximately to
.82d, ky=25 to 40 (for loads in Ibs. and d in units of } in.). For
unhardened steel, such as is occasionally used for very large races and
where there is no hammering or sharp blows, k;=.5. When one or
both races are flat %, should be reduced to one-fourth the above value.

The Standard Roller Bearing Company give the following load-
capacity formulas for ball thrust bearings having a groove in cach
washer, stating that the ratings obtained from their usc are very
conservative and give a condition of loading under which a bearing
can be guarantced if properly installed and lubricated.

The formula for the light-type bearing with 17 balls is:

P nd?
‘—32,000(1&/ S
in which P =1load on bearing, Ibs.,
d =ball diameter, ins.,
n=number of balls,
a=pitch diameter of the ball grooves, ins.,
S=speced of the shaft, r.p.m.

The formula for the medium and heavy bearings having 11 and

o balls respectively is:
nd?
P= 19,200‘;“5

The notation is the same as given above.

Ball thrust bearings are commonly of the two-point type to which
according to the S. R. B. Co., the preceding formulas apply.

Variations in speed cut down the carrying capacity; sharp varia-
tions of small amplitude, particularly at high speed, have the more
marked effect. Their reducing action is similar to the battering
effect of sharp load variations.

Load variations reduce carrying capacity, the effect increasing
with the amount of the load chalnge and the rapidity of such change.

Accumulated experience With various classes of mechanisms is so
far the only available guide for gstimating the reductions in the con-
stants & that must be made to take _u.\ese influences into account.
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The frictional resistances of ball bearings have, by actual measure-
ment, been found to vary from .cox1 to .0o95. These are the coeffi-
cients of friction referred to the shaft diameter, thus permitting direct
comparison with those of sliding friction. The higher values are
due to conditions that cause a preponderance of sliding as compared
with rolling friction. It must be remembered that there is no such
thing as a bearing having only rolling friction; that might be possible
were balls and races made originally with absolute truth of surfaces
and were such truth then maintained by the absence of deformation
under load. Ball bearings having a coefficient of friction materially
above .oors under the greatest allowable load are inadmissible
because too short-lived. The high resistance indicates the presence
of too large an element of sliding.

A good ball bearing will have a coefficient of friction, independent
of the speed within wide limits, and approximating .oo1s. This
coefficient will rise to approximately .0o30 under a reduction of the
load to about one-tenth of the maximum.

Dimensions of Ball Bearings

The dimensions of ball bearings are well standardized. Oddly
enough, ball diameters are universally expressed in inches and frac-
tions thereof, while the dimensions of the races are given in either
millimeters or English units. German builders use millimeters with
a single exception where a firm has developed a series in English
units, adapting them for the British trade, though that firm also uses
chiefly ball bearings in millimeters. Even in England most ball
bearings are made to millimeters as is also the more general practice
of American manufacturers who have followed the German example.
This general adoption of the millimeter dimensions is due to the fact
that early German makers rehabilitated the ball bearing by the dcvel-
opment of the principles and construction data of the modern type
and secured a wide vogue for their products that made the sizes
standard. As a rule each manufacturer makes a wide and narrow
type of radial bearing, with thiee series for each; namely, light,
medium, and heavy. In some cases a fourth series has been standard-
ized, known as extra heavy.

TABLE 1.—DIMENSIONS OF RADIAL BALL BEARINGS—LIGHT SERIES
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TABLE 2.—DIMENSIONS OF RADIAL BALL BEARINGS—MEDIUM

SERIES

No. Corner at

of Bore Diameter Width bore of Radial
bear-| ! inner race l‘l)::d’
ing |[Mm.| Ins. |Mm.| Ins. |{Mm.| Ins. |{Mm.|Ins. *
300/ 10 |0.39370| 35 |1.3779§| II 0.43307] 1 |o.04| 200
30I| 12 [2.47244| 37 |1.456069| 12 |0.47244] I [0.04] 240
302| 15 !0.50055| 42 |1.65355 13 jo.51181] 1 [>.04] 280
303 17 [9.66929| 47 |1.85040{ 14 [2.55118] 1 |[2.04 370
304/ 20 |0.78740| 52 |2.04725| 15 [0.59055 I |>.04| 440
305| 25 [5.08425| 62 |2.44005| 17 [0.66929| 1 |>.04| 620
306] 30 '1.18110] 72 |2.83465| 19 |{0.74803| 2 |[>.08! 860
307| 35 |1.37795| 80 |3.14962| 21 |0.82677| 2 [>.08| 1100
308 40 |1.57481] 9o |3.54332] 23 |0.9os51| 2 |>.08| 1450
309| 45 [1.77166| 100 |3.93702| 25 [0.08425/ 2 |>.08| 1750
310| 50 |1.96851| 110 (4.33072| 27 {1.06299] 2 |[>.08| 2100
311 55 |2.16536] 120 |4.72443| 29 |1.14173] 2 [5.08| 2400
312 6o |2.36221| 130 |5.11813| 31 [r.22047| 2 |o.08| 2800
313| 65 |2.55906[ 140 |5.51183] 33 |1.20021| 3 !2.12| 3300
314) 70 2.75591) 150 |5.09554] 35 |1.37795] 3 |9.12| 4000
315 75 12.05277| 160 |6.20024| 37 |1.45600| 3 |>.12{.4400
316 8o 13.14062| 170 |6.69294| 39 |1.53544| 3 |>.12| 5000
317| 85 13.346047| 180 |7.08664| 41 |1.61418] 3 |2.12| 5700
318{ 0o !3.54332| 190 |7.48035 43 |1.69202| 3 [3.12| 6300
319! 95 !3.74017| 200 |7.87405| 45 |1.77166] 3 |o.12| 7000
320| 100 [3.93702| 215 |8.46460[ 47 |1.85040{ 3 |[5.12| 7700
321| 105 14.13387| 225 [8.85830] 49 |1.92014/ 3 |o.12| 8400
322| 110 |4.33072; 240 0.44886| 50 |1.06851 3 |o.12{10000

TaBLE 3.—DIMENsIONS oF RADIAL BALL BearinGs—HErAvy

SERIES
No. . Corner at .
of | - Bore Diameter Width bore of Radial
bear- } inner race l;’;’d’
ing |Mm.| Ins. |Mm.| Ins. 'Mm/| Ins. |Mm.|Ins. s
403 17 {3.066929] 62 | 2.44005| 17 [0.66929{ 1 [0.04| 850
404 20 |2.78740] 72 | 2.83465| 19 [0.748c3| 2 |o.08| 1050
405 25 |0.98425| 8o | 3.14962| 2t |0.82677f 2 Jo.o8| 1320
406| 30 l1.18110| 9O | 3.54332| 23 [0.90551| 2 |o0.08| 1600
‘407| 35 |1.37799| 100 | 3.93702| 25 |0.98425| 2 |o.08] 1900
408! 40 |1.57481| 110 | 4.33072| 27 |1.06299| 2 |o.08| 2200
409| 45 |1.77166| 120 | 4.72443| 20 |1.14173] 2 Jo.o08| 2500
410 50 |1.96851| 130 | 5.11813| 31 |1.22047| 2 [0.08| 3400
411] 55 |2.16536] 140 | 5.51183( 33 |1.20021] 3 Jo.12| 3900
412 6o [2.36221| 150 | §5.9c554| 35 |1.37795] 3 [|0.12]| 4400
413| 65 |2.55906| 160 | 6.29924| 37 |1.45660| 3 |0.12| 4900
414 70 |2.75501| 180 | 7.08664| 42 |1.65355| 3 |o.12| 6200
415) 75 [2.95277| 190 | 7.48035| 45 |1.77166] 3 |o.12{ 6600
416 85 [3.14962| 200 | 7.87405| 48 |1.88977] 3 |o.12| 7300
4170 85 |3.34647| 210 | 8.26775| 52 |2.04735| 3 |o.12| 8580
418 00 |3.54332| 225 | 8.85830| 54 [2.12599] 3 Jo.12/10000
419 95 |3.74017| 250 | 9.84256| 55 |2.16536] 3 Jo.12{11880
420l 100 |3.93702| 265 |10.43311| 60 |2.36221] 3 |0.12{14000

No. Corner at .
of Bore Diameter | Width | boreof |Radial
bear-|_ : inner race hl)::d,
ing [Mm.| Ins. |Mm.| Ins. |Mm.| Ins. |Mm.|Tns, >
200, 10 [0.39370| 30 |1.1811C 9 |0.35433] 1 |o.04] 120
201] 12 |0.47244| 32 |1.25084] 10 [0.39370| 1 |o.04| 140
202| 15 |0.50055| 35 {1.37795| 1I |0.43307] I |0.04] 160
203| 17 |0.66029| 40 |1.57481| 12 Jo.47244] I [0.04] 250
zol' 20 |0.78740[ 47 |1.85040| 14 |o.55118] I |o.04| 320
205 25 |0.98425] 52 |2.04725| 15 |o.59085] 1 [0.04| 350
206] 30 |1.18110[ 62 |2.44005 16 jo.62092] I |o. 550
207| 35 |1.37795| 72 |2.8340s5| 17 0:66929 1 |o.04] 600
208| 40 |1.57481| 80 [3.14962| 18 |0.70866] 2 Jo.o8| 860
209| 45 |1.77166] B85 13.34647| 19 |o.74803] 2 950
210| 50 |1.96851] 90 [3.54332] 20 [0.78740] 2 1000
211 §5 [2.16536] 100 |3.93702] 21 [0.82677] 2 1160
212 60 |2.36221| 110 |4.33072| 22 |0.86614| 2 1§50
213 65 |2.55006| 120 |4.72443] 23 |0.90S51| 2 1670
214| 70 |2.75501| 125 |4.02128] 24 |0.04488] 2 1820
2x5| 75 |2.95277| 130 |5.11813] 25 [0.98425] 2 2130
216/ 80 [3.14962| 140 |5.51183 26 |1.02362] 3 2650
217 85 13.34647| 150 {5.90554| 28 |1.10236( 3 2850
218! 090 {3.54332| 160 |6.29924] 30 |1.18110| 3 3400
219| 95 [3.74017| 170 [6.69204) 32 (1.25084] 3 3750
220{ 100 {3.93702| 180 |7.08664] 34 |1.33858| 3 3950
221 105 |4.13387] 190 |7.48038} 36 |1.41732] 3 4600
222| 110 |4.33072| 200 |7.87405| 38 |1.4¢9607] 3 §ooo0

Thrust bearings are usually made in three series, light, medium, and
heavy. The heavier the bearing the larger the balls for a given
strength. ‘

At the 1911 spring meeting of the Society of Automobile Engineers,
the standards committee rendered a report confaining Tables 1, 2,
and 3, giving recommended standard dimensions for the light,
medium, and heavy series, respectively, for radial ball bearings.
These standards are referred to as Ball Bearings Standards A. The

_1ast column gives a radial load rating in pounds for each bearing. In
‘this connection the committee reported: '
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BALL AND ROLLER BEARINGS

‘“ Attention is called to the fact that the capacities given in the
tables are based upon ball bearings manufactured of suitable work-
manship and of suitable material and running at uniform speed and
uniform radial load, the speed not exceeding oo r.p.m.

“Tt is further suggested in explanation of the load standards that
it cannot be expected that all conditions will be covered by the loads
given. For conditions of shock, end thrust, and a combination of the
two, greater factors of safety will have to be used.”

The dimensions and capacities of Hess-Rright thrust-collar bear-
ings, light and medium weight series, are given in Tables 4, 5 and 6.

The center of R is on the center line; its location is not quite def-
inite, hut will be approximated by drawing the ball seat tangent to a
corner fillet 7 at the base.

The inch dimensions are the nearcst equivalents to the even mm.
in which the bearings are made. The loads cited are safe for steady
speeds and constant loads.  Consult the manufacturer regarding
loads for speeds above 1500 r.p.m.

The bearings shown in Fig. 40 are the same as those shown in Fig.
39 but with balled seat washer and enclosure.  For loads and speeds,
also for dimensions of bearings themselves, consult the upper table.

It is advisable to give the aligning washer some freedom of side-
wise movement as shown, to permit it to assume its best position in
case of shaft oscillation.  With such treedom allowed, the shaft may
be a snug fit in the upper race.

If side freedom cannot be given the aligning washer, the shaft
must be a loose fit in the upper race.

Roller Bearings

The well-known roller bearings with hollow, cylindrical, helical,
flexible rollers made by the Hyatt Roller Bearing Co. are used in
machinery in general, on line shafting and in automobiles.
rollers arc wound from flat strip steel into a closed helical coil.  Thus
they are flexible and can adapt themsclves to slight irregularities in
either journal or box without causing excessive pressure.  The cylin-
drical hellows in the rollers serve @ - Liorage spaces for lubricant and
the helical interstices distribute the oil the entire length of the box.
Onc hali of the rollers in a box have a right-hand helix, the other half
left hand.

In the form of bushings, two types arc made, known as the stand-
ard type and the high-duty type. In the standard type the rollers
arc of carbon steel with an outer shell or lining of special analysis sheet
steel.  The rollers run in contact with the shaft or journal. Where
the bearing surface is generous it is satisfactory to operate the rollers
dircct on soft-steel surfaces.

In the second type the rollers are of special analysis chrome
nickel heat treated steel.  The lining is tubular and a tubular sleeve
is provided to slip over the shaft or journal. Both of these parts are
also heat tieated. Scveral devices are used to cage the rollers, which
are squared on the ends to thrust against the ends of the box. As
the allowable unit-bearing pressurces of the high-duty rollers are higher
than for the standard rollers the high-duty bearings have the practical
advantage of being shorter for the same load than the standard

bearings.
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40 HANDBOOK FOR MACHINE DESIGNERS AND DRAFTSMEN

The shafting bearing is of the standerd type with a horizontally
split box so that it can be put on a shaft anywhere and does not have
to be slipped on over the end.

The allowable pressures for the standard or commercial type are

TABLE 7.—DIMENSIONS AND CAPACITIES OF HYATT ROLLER BEAR-
. iNGs, Hicn Duty Type

Without Inner Race

. . . . . Di i Short ies | Li i
fixed by the quality of the shaft or journal against which the rollers of ::::e;r d?::x:r TLena t: L E'“L"g‘““ 'Eﬂg‘s” —
. R ng i eng i
bear. For low speeds up to s r.p.m. tl.\e maximum limit lies be- axle, over all, over all, S..flebload. over all, S.«f;:l load,
tween 400 to 500 lbs. per sq. in. of projected journal area. The ins. ins. ins. s ins, | 1bm
method of housing, particularly in its relation to the distribution of 1,000 2.249 1.000 | 460 , 2.000 | 1200
load, and quality of lubrication have an influence in determining I.125 2.374 1.000 500 2.000 l 1340
these limits. 1.250 2.749 1.1325 700 ; 2.250 1700
" A 1.37 2.8 1.12 . :
With an increase of speed the allowable pressure decreases. For I _Soz 3.3;: I .2s<s) Zgz } ; :«5)?) | ;:z:
Iine-shaft bearings up to 31} ins. dia. runnimg up to 6oo r.p.m., 30 X : - - ; :
Ibs. per sq. in. is considered good practice. For larger shafts the 1.625 \ 3.499 f r.250 | 1040 | z.500 | 2530
same factor is allowable up to speeds of 400 r.p.m. :;i‘s’ j‘:’:; ' :"5" i 1as o 2.500 2730
. . . . . 3. .250 1200. ' 2.500 2025
‘The high-duty b-eanngs carry muc.h greater ux‘nt loads. A rating 2.000 4.124 1.378 1470 0+ 2.750 | 3490
of 750 Ibs. per sq. in. at 1coo r.p.m. is conservative. 2.125 4.249 1.375 IS0 | 2.750 3700
A limiting maximum speed for the standard or commercial bear- , . . LT
{ngs is about 1500 r.p.m.; for the high-duty bearings, 3000 r.p.m. 2.350 4.374 £.375 1650 | 2.750 | 302§
Table 7 gives dimensions of the high duty type of Hyatt bearings 2500, 4180 1.s00 | 2060 i 3.000 . 4820
. able 7 g Vef mensnl).s of the high duty type ot rya anng: 2.750 4.990 I.s00 . 2270 | 3.000 | 5300
with load carrying capacities at 1000 r.p.m. At 1500 r.p.m. the loads 3.000 : 5.374 | 1.750 3030 | 3.s00 | 6890
should be reduced by one-half and at 500 r.p.m. or less they may be 3.250 5.624 1 1.750 . 3400 |  3.500 7600
increased in like proportion. The data are the results of extended With Inner Race
. ) . . . o DHEEL mere . e
tests and are very conservative. When the inner race is omitted Inside Outeide s Long series
these loads require the use of a heat treated or hardencd shaft. diameter diameter | Length | o Length | . . .
When the inner race is used the shaft may be of soft steel. When of inner overall, | overall, | Safl”bl"“d' over all, ] b“ffb‘“ad-
the rollers bear directly on the shaft, cold rolled material affords a  raceway.ins.|  ins. ‘ ins. | sf ins.A_»l_d s'__
better operating surface than the same material machined, and -750 2.249 i 1.000 | 460 2.000 | 1200
should be used whenever possible. A high carbon steel such as x'zli "5;74 Poo1ee00 . 500 2.000 | 1340
. . . . 2. W1 2.
.40 to .50 is preferable to low carbon and can be obtained commerci- 1128 3. 3,7,: l : 2:2 i ;(s)z i :(5)3 i ;z:g
ally at very little excess in price over the latter. A high carbon or 1:250 3.490 | 1.250 | 1040 ' 2 so00 ! 2530
alloy steel properly heat treated is preferable to either of the above. | T
A shaft properly carburized, hardened and ground, gives the best I.378 3oz | oraso 1o 2.500 | 2730
. . 1.500 3.740 r.250 | 1200 | 2.500 2925
possible bearing surface. . 1.625 4.124 1.37s | 1470 ' 2.750 3490
Overhung loads should be avoided as the deflection of the shafts 1.750 4.240 | 1.375 1550 . 750 3700
leads to concentration of the loads on one end of the bearings. When 1.875 4-374 I 1.37s | 1650 | 3.750 3938
unavoidable, a second bearing should be placed a reasonable dis- 2 000 , | o o i s
. 4.749 ! t1.s00 | 2060 ! 3.000 4825
tance from "h? first. . . . 2.250 i 4.999 1.500 . 2270 |  3.000 5300
Roller bearings should always be lubricated but never with solid 2.500 | 5.374 1.750 | 3030 : 3.500 6890
lubricant which clogs the rollers and prevents their free rotation. 2.750 | 5.624 | 1.750 | 3400 | 3.500 7600
TABLE 8.—I):MENSIONS AND CAPACITIES OF NORMA ROLLER BEARINGS
- Light Service Series
A i B | C
_Inside diam, Outside diam. | width Load, 1bs. at r.p.m.

Mm. | _l‘_rﬁ.»| Mm. | Ins. | Mm | Ins 10 v 300 | soo | 1,000 | 1500 | 2,000
30 1.1811 62 i 2.4409 16 0.63 | 1,430 1,320 1,170 1,030 790 660 610
35 1.3780 73 2.8346 17 0.67 2,090 1,910 1,700 1,500 1,170 990 930
40 1.5748 80 3.1406 18 0.71 2,375 2,200 1,040 1,720 1,320 1,120 1,080
45 1.7717 85 3.3465 19 0.75 ! 2,530 2,330 2,100 1,830 1,410 1,190 1,120
50 1.968s 90 3.5433 20 0.79 I 2,680 2,460 2,180 1,940 1,500 1,280 1,190
S5 2.1654 100 3.9370 21 0.83 2 0.08 3.850 3,820 3,080 2,800 2,150 1,830 1,710
60 2.3622 110 4.3307 22 0.87 2 0.08 4,510 4,180 3.630 3.300 2,530 2,130 1,080
65 3.5591 120 4.7244 23 0.90 2 0.08 5,380 4,840 4,270 3.740 2,950 2,480 2,310
70 2.7559 128 4.9213 24 0.94 - 0.08 5,500 5,060 4,400 3,960 3,080 2,640 2,420
78 2.9528 130 s.1181 28 0.98 e 2 0.12 5.830 5,390 4,730 4,250 3,300 2,750 2,530
8o 3.1496 140 5.5118 26 1.02 3 0.12 6,710 6,160 5.440 4.840 3.740 3,190 2,070
8s 3.34658 150 5.908s .28 1.10 3 0.12 8,030 7,260 6,600 5,720 4,510 3.740
90 3.5433 160 6.2902 30 1.18 3 0.12 9,680 8,800 7,810 7,040 5,390 4,510
s 3.7402 170 6.6920 32 1.26 3 0.12 11,440 | 10,340 9,240 8,140 6,380 5,280

100 3.9370 180 7.0866 34 1.34 3 0.12 12,9080 11,880 10,340 9,340 7,260 5,940

135 4.9213 22§ 8.8583 40 1.57 3 0.13 15.000 | 12,700 | 11,850 | 10,400 | 7.400

130 5.1181 230 9.0581 40 1.87 3 0.12 15,800 | 13,350 | 13,150 | 10,000 7,780

140 5.5118 250 9.8428 42 1.658 3 0.12 20,400 | 17,300 | 15,680 | 14,100 9,950

155 6.1024 280 11.0336 44 1.73 3 0.12 24,700 | 20,9000 | 19,000 | 17,100 | 12,100

178 6.8898 315 12.4015 | 50 1.97 3 0.12 32,340 | 27,390 | 24,860 | 22,385 | 15,050

180 7.0866 330 12.5984 50 1.97 3 0.13 33,700 | 28,580 | 26,000 | 23,300 -| 16,600 -

190 7.4803 340 13.3888 |- . 54 3. 11 3 0.12 36,400 | 30,600 | 28,000 | 25,200 | 17,800

200 7.8740 360 14.31732 54 . 2.13 3 0.13 | 41,500 | 38,000 ¢| 32,000 | 28,700 | 20,350

215 | 8.4646 a8s 15.18%74 5 3.20 a 013 | 37,000_! 34,300 | 3t.000 | 23,000
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TABLE 8.—~DIMENSIONS AND CAPACITIES OF NORMA ROLLER BEARINGS (Comvinued)
Medium Service Series
A B C Load. 1
Inside diam. Outside _d_ism. Width r ad, 1bs. at r.p.m.

Mm. | Ins. | Mm. | Tns. | Mm. | Ins Mm, | _Tns. | _xo | 100 | 300 | soo | rooo | 1500 | 3000
28 0.9842 62 2.4410 17 0.67 1 0.04 1,650 1,520 1,320 1,190 925 770 728
30 1.1811 72 2.8346 19 0.75 2 0.08 2,150 1,980 1,760 1,540 1,210 1,000 950
35 1.3779 80 3.1496 21 0.83 2 0.08 2,750 2,580 2,270 | ~ 1,980 1,540 1,320 1,100
40 1.5748 90 3.5433 23 0.91 2 0.08 3.520 3.190 2,860 2,530 1,080 1,650 1,430
458 1.7716 100 3.9370 as 0.98 2 0.08 4,400 4,020 3.520 3,100 2,420 1.980 1,760
50 1.9685 110 4.3307 27 1.06 2 0.08 5.280 4,840 4,180 3.740 2,860 2.420 3,200
55 2.1653 120 4.7344 29 1.14 2 0.08 6,600 0,160 5.300 4.840 3.740 3,080 2,860
60 2.3622 130 5.1181 31 1.22 2 0.08 7,700 7.150 06,270 5,610 4,400 3.630 3.300
63 2.5590 140 5.5118 33 1.30 3 0.12 8,360 7,700 €.820 5.940 4.620 3.850 3.520
70 2.7559 150 5.9055 35 1.38 3 0.12 10,120 9,240 8,340 7,260 5.610 4.620 4,180
75 2.0527 160 6.2002 37 1.46 3 0.12 11,880 11,000 0,680 ! 8.580 6,600 5,500 4,840
80 3.1496 170 6.6929 30 1.54 3 0.12 12,980 11,880 10,560 9,460 7,260 5,800
8s 3.3464 180 7.0866 4t 1.61 3 0.12 14,080 12,980 11,440 10,120 7,700 6,160
90 3.5433 190 7.4803 43 1.69 3 0.12 16,280 14,960 13,200 11,660 9,020
95 3.7401 200 7.8740 45 1.77 3 0.12 17,380 16,060 14,080 12,540 9,680

100 3.9370 218 B8.464S 47 1.85 3 0.12 21,120 19,360 16,040 14,960 11,440

130 S.1187 270 10.6299 55 2.17 3 0.12 29,800 25,300 22,000 20,600 14,600

140 5.5118 200 11.4173 57 2.24 3 0.12 33,100 28,000 25,500 23,000 16,300

150 5.9055 3Jio 12.2047 60 2.36 3 0.12 37,800 32,000 29,000 26,200 18,600

155 6.1024 325 12.7953 60 2.36 3 0.12 40,500 | 34,200 | 31,000 | 28,000 | 19,050

165 6.4900 330 12.9921 60 2.36 3 0.12 42,900 | 36,300 | 33,000 29,700 21,120

170 6.6929 350 13.7795 62 2.44 3 0.12 47,300 40,040 36,300 32,670 23,320

180 7.0866 - 370 14.5069 62 2.44 3 0.12 50,200 | 42,400 | 38,600 | 34,700 | 24,650

190 7.4803 300 15.3543 66 2.60 3 0.12 54.600 | 46,200 | 41,900 | 37,800 26,900

200 7.8740 410 16,1417 70 2.76 3 0.12 57,500 | 48,700 | 44,300 | 39,900 28,300

218§ 8.4646 450 17.7168 75 2.95 3 0.12 62.300 | 54,600 | 40,600 | 34,600 | 31,700

Heavy Service Series
A ) B C
Inside diam. ! Outside diam. Width " Load, Ibs. at r.p.m.
Rt A POt v e — - S,

Mm. | 1 | Mm. | Ins Mm. | Ins Mm. | Ins. ) | 100 | 300 | 500 | re00 | 1500 | 2000
28 0.9842 8o 3.1496 2r 0.83 2 0.08 3.410 3,080 2,750 2,420 1,910 1,630 1,540
30 1.1811 90 3.5433 23 0.91 2 0.08 3.850 3.520 3.080 2,750 2,200 1,830 1,710
RE] 1.3779 100 3.937¢C 25 0.98 2 0.08 4,400 3,960 3.520 3,080 2,420 2,050 1,020
40 1.5748 110 4.3307 27 1.06 2 0.08 5,940 5,500 4,840 4.400 3.300 2,860 2,640
45 1.7716 120 4.7244 29 1.14 a2 0.08 7,260 6,600 5,940 5.280 3.9600 3.300 3,080
50 1.9685 130 's L1181 31 1.22 2 0.08 8,580 7.920 7,040 6,160 4.840 3,060 3,740
55 2.1653 - 140 5.5118 33 1.30 3 0.12 9,460 8,800 7,700 6,600 5,280 4.400 4,180
6o 2.3622 150 5.9055 3s 1.38 3 0.12 11,220 | 10,340 9,020 7.920 6,160 5,280 4.840
(33 2.5590 160 6.2992 37 1.45 3 0.12 12,100 11,000 9,680 8,580 6,600 5,720 5,280
70 2.7559 180 7.0866 42 1.65 3 0.12 16,060 14.740 13,200 11,660 9,020 7,480 7,000
75 2.9527 190 7.4803 45 1.77 3 0.12 18,040 16,720 14,520 12,080 10,010 8,470
80 3.1496 200 7.874 48 .88 3 0.12 18,260 | 16,030 | 14,740 | 13,200 | 10,120 8,580
85 3.3464 215 8.4045 St 2.00 3 0.12 19,140 17,600 15,400 13,860 10,780 9,020
90 3.5433 228 8.8582 54 2.12 3 0.12 23,320 21,340 18,700 16,720 12,080
9s 3.7401 245 9.6456 57 2.24 3 0.12 27,280 | 25,300 | 22,440 | 20,020 | 15,840

100 3.9370 208 10.4330 60 2.36 3 0.12 37.400 | 34.540 29,700 26.840 21,120

130 §s.1181 370 14. 56069 75 2.905 3 0.12 56,400 | 47.800 | 43,500 | 39,100 | 28,200

140 5.5118 390 15.3543 80 3.18 3 0.12 61,800 52,400 | 47,600 | 42,900 | 30,400

158 6.1024 410 16.1417 80 3.15 3 0.12 67,000 | 56,800 | 51,600 | 46,500 | 33,000

180 7.0866 440 17.3228 8o 3.18 3 0.12 77,100 | 65,600 | 59,500 | 53,500 | 38,100

190 7.4803 440 17.3228 8o 3.15 3 0.12 77,100 65,600 59,500 53,500 38,100

200 7.8740 4658 18.3071 80 3.18 3 0.12 82,700 | 70,000 | 63,500 { §7.300 | 40,650

218 8.4646 468 18.3071 80 3.15 3 0.12 88,200 | 74,500 | G7,500 | 60,800 | 43.300
The Norma roller bearing, Fig. 30, is intended for conditions in- heavier. The ratings are for steady loads and speeds, although

volving a degree of shock, jar and vibration too severe for ball bear- 5o per cent. temporary overload capacity may be added.

ings. They are for radial loads only. The inner race is ground to B

a true cylindrical surface and the outer one to a slightly convex sur-+ ‘

face, the roller having point contact with the outer and line contact T i

with the inner race—a construction that permits and compensates c ..’H :

N . »® . . !
for slight angular displacements of the ball. Table 8 gives dimen- M :
1

sions and loads of these bearings, the reference letters being those of
Fig. 30. The inner and outer diameters and the widths will be seen
to conform to those of Tables 1, 2 and 3 while the loads are much

fe——a——>|

F16. 39.—The Norma roller bearing.
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The formula for the capacity of solid roller journal bearings used
by the Standard Roller Bearing Co. is as follows:
d*nl
38

P = 130,000

Fic. 41.°*
Fics. g0 and g1.—Conical roller bearings.

in which P =load on bearing, lbs.,
d =diameter of rollers, ins.,
n=numbcr of rollers,
I=length of cach roller, ins.,
s =circumferential speed of cach roller, ft. per min.

Conical roller journal bearings have had
their most extensive use in automobile prac-
tice. Figs. 40 and 41 are from designs of
the Standard Roller Bearing Company.
Fig. 40 shows two constructions for auto-
mobile hubs having two single rows of rollers,
and Fig. 41 shows in section a double taper
roller bearing.

The load-carrying capacity is given by
the following formula, from the practice of
the Standard Roller Bearing Co.: %
d*nl X ¢
P =130,000 © ¢

5 |
n which P =load on bearing, lbs., o
d = mid-diameter of the rollers, ins., ©
n=number of rollers,
l=contact length of a roller with
its bearing washer, ins., “
s=mean circumferential speed of
. each roller, ft. per min.
Roller bearings have been used with con-
)npicuous success as thrust bearings under
enormous loads, a bearing of this type for
a speed of 100 r.p.m. and a load of 2,000,000 .t
Ibs. (subsequently increased to 2,250,000
Ibs.) by the Standard Roller Bearing Co.,
being shown in Fig. 42 (Amer. Mach., July 14, 1910).

-—2'7" Shaft—

The rollers are cylindrical and in short sections—a feature which
reduces the differential sliding to an amount where it does no harm,

The bearings consist of three elements:
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Treads, consisting of two heat-treated, tempered and accurately
ground steel washers or plates.

Roll cage, usually of bronze,complete with rolls of steel,heat-treated,
tempered and accurately ground; retaining band, ball thrust, etc.

Leveling device, consisting of two washers or plates, one face of
each being convexed and concaved respectively, thus providing a ball-
and-socket base for the bearing and insuring an equal distribution of
the load, even though all parts adjacent be not in exact alignment.

The gencral dimensions of the cage are 2 ft. 7 ins. inside diameter
by 6 ft. 5} ins. outside diameter.  Details of construction are given in
Fig. 42. The bearings shown are inclosed in the casing of the ma-
chine, all voids around bearings being packed with grease, and large
compression grease cups provided to supply lubricant as consumed.

The after, or right-hand tread washer, was required to be extia
thick, to avoid deflection, as it is supported at its outer cdge only.
The forward, or left-hand tread washer, is amply supported over its
entire face. The plates are made of high-grade, special alloy steel,
forged into form as washers.  They arc bored, turned and faced to
approximate dimensions, allowances being made for grinding. The
washcrs are then subjected to heat treatment, are hardened, drawn,
and then carcfully ground to very close limits, the two faces being
as ncarly parallel as human ingenuity and highest-grade grinding
machinery can produce, cach face being in itself perfectly level and
parallel.

The thrust cages are of phosphor bronze, carefully machined,
special care being exercised in the location of the slots which carry the
rollers. The rollers are manufactured from a high-grade, special
alloy steel, carcfully heat treated, and all rollers are ground true
cylinders, the error in parallelity for a given roll and diameter of all
rolls in the bearing being held within .oce2 in., plus or minus, of the
nominal diamcter. Heavy steel retaining bands are provided which
encircle the bronze cage and retain the rollers in their respective slots,
a steel ball being provided at the end of each roll slot to care for the
end thrust of the rolls in the slot, due to centrifugal force and the
force generated by reason of the rolls being guided by the cage in a
citcular path, instcad of their natural tangential path.

Drill for Cotter Pin
when Ass'mbl'd

F16. 42.—Roller thrust bearing carrying a load of z,zzs,ooo Ibs. at 100 r.p.m.

Large numbers of such bearings are in use, other notable examples
by the same constructors being at the Niagara Falls power house,
where they sustain a normal load ot 156,000 1bs. (extreme load 190,000
Us:) at a speed of 250 1.p.m,
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For shaft couplings, including the Hooke Wniversal coupling, see
Index.
The strength of shafls subject to simple lorsion may be determincd
from the formula:
M =.1963 d3S
in which M = twisting moment, Ib.-ins.,
d =diameter of shaft, ins.,
S = fiber stress at outer fiber, hs. per sq. in.
Suitably transformed this becomes:

3 |3210c0
! = QLY
d \/ 5 X

Experience shows that for simple torsion and for short counter-

i 321000
shafts a suitable value of 32 S

hp.

r.p.m.

is 75, giving for this condition:

S
d= {/&X h.p.
r.p.m.

More exact calculations of cases involving combined bending and
torsion, when justified by the known data, may be made by the
formula:

M, =Mt N M)+ M}
in which M,=equivalent torsion moment,
M, =applied bending moment,
M, =applied twisting moment. L

The results given by all the above formulas may be obtained
graphically by the use of Fig. 1, by Pror. J. H. BarRr (Amer.
Mach, June 11, 1908) which can be used without numerical compu-
tations for determining the following factors: (1) The diameterofa
shaft for given moments and intensity of fiber stress. (2) The
intensity of the stress in a given shaft under known moments.  (3)
The moment in a given shaft corresponding to any intensity of stress.

As plotted it covers all possible moments and shaft diameters, and
all intensities of stress up to and including 15,000 Ibs. per sq. in.

Simple Twisting Moment or Equivalent Twisting Moment

(-2 T - B - I o)

Scale C

[
(=

—
-

—
[

Simple Twisting Moment used only to find Equivalent Twisting Moment

—
(2

= © o =2
Scale B
Intensity of Fibre Stress. Each Numbered Division equals 1000 Pounds per Square Inch

115

Fi¢. 1.—Diamecters of shafts under bending and twisting moments.

which corresponds to a value of 4280 Ibs. per sq. in. for S.

For the combined bending and torsion of line shafts with hangers
about 8 ft. apart, a rough and ready allowance for the bending action
is made by making the formula read: B

d= {,‘.‘i‘i?ﬂ‘;& .
r.p.m.

Similarly, for the more concentrated bending action of first movers
or jack shafts, the formula becomes:

4= {[1255Ep.
r.p.m.

(¢) To find the required diameter of a shaft for a given twisting
moment and a given intensity of stress:  Scale 4 represents the twist-
ing moment in pound inches. Each numbered division may repre-
sent 100, 1000 OF 10,000 lb.-ins., as the nature of the problem demands.
Scale B represents the intensity of the fiber stress, each numbered
division representing 1000 lbs. per sq. in. Locate points on the scales
A and B corresponding with the quantities given in the problem.
From these points erect perpendiculars to the scales and find their
point of intersection. If this point falls on one of the diagonals, the
shaft diameter required will be the smallest quantity given on the

43
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diagonal if each numbered division on the A-scale has been taken as
100 lb.-ins. of twisting moment. If each division has been taken to
represent 1000 lb.-ins. of moment, the shaft diameter will be the
intermediate number on the diagonal. Similarly, if each division
has been taken to represent 10,000 Ib-ins. of moment, the shaft diam-
eter will be the largest quantity given on the diagonal. If the point
of intersection of the perpendiculars does not fall on a diagonal
the values for a diagonal through that point can be obtained by
interpolation.

() To find the intensity of stress for a shaft of given diameter
and acted upon by a given twisting moment: Find the diagonal
corresponding to the shaft diameter or interpolate for its position.
Determine the point on the A -scale representing the twisting moment,
letting each numbered division represent 100 Ib.-ins. of moment if
the smallest quantity on the diagonal represents the diameter given,
or 1000 lb.-ins. if the diameter is represented by the intermediate
quantity on the diagonal, or 10,000 lb.-ins. if the diameter is repre-
sented by the largest number on the diagonal. Trace a horizontal
from this point on the A-scale until it intersects the diagonal repre-
senting the diameter. From this point of intersection trace a vertical
until it intersects the B-scale. This last point of intersection will
represent the intensity of stress required.

(¢) To find the twisting moment which will produce a given inten-
sity of stress in a shaft of a given diameter: Locate on scale B the
point representing the intensity of stress which is given and drop a
perpendicular until it intersects the diagonal representing the diam-
eter of the shaft. 1f necessary interpolate for the position of this diag-
onal. From this point of intersection trace a horizontal until it
intersects the A-scale. The point thus found represents the twisting
moment required. Each numbered division equals 100 lb.-ins. if
the smallest quantity on the diagonal represents the shaft diameter,
or 1000 lb.-ins. if the intermediate value on the diagonal represents
the shaft diameter, or 10,000 lb.-ins. if the largest value on the diag-
onal represents the shaft diameter.

(2) To find the requircd diameter of a shaft for a given bending
moment and a given intensity of fiber stress: Multiply the given
bending moment by 2 and proceed as under (a).

(¢) To find the intensity of stress in a shalt of given diameter
acted upon by a given bending moment: Multiply the given bending
moment by 2 and proceed as under (b).

(f) To find the bending moment in a shaft of given diameter and
under a given intensity of stress: Solve as under (¢) and divide the
moment thus found by 2; the quotient will be the bending moment
required.

(g) To find the diameter of a shaft required for a given combined
twisting and bending moment and with a given intensity of fiber
stress: Lay out the value of the bending moment on scale 4 as out-
lined for the twisting moment under (¢). Similarly, lay out the twist-
ing moment on scale C, using the same value for each scale division as
was used for each division of scale A. Set a pair of d®ders as shown
on the chart to the length between these two points. Add this length,
to which the dividers have been set, to the length previously plotted
on the A-scale. The point thus found will represent the value of the
combined twisting and bending moment or the equivalent twisting
moment. Use this point in the same way as the point representing
the twisting moment was used under () and solve for the shaft
diameter. ‘

(k) To find the intensity of stress for a shaft of given diameter,
acted upon by given combined twisting and bending moments:

- Find the equivalent twisting moment as outlined under (g), then solve
for the intensity of stress as indicated under (b).

(i) To find the equivalent twisting moment for a shaft acted upon

by a combined twisting and bending thoment, having given the diam-

eter of the shaft and the intensity of the fiber stress: Use the method

outlined under (c) for a simple twisting moment; the resylt will be
the equivalent twisting moment. For a given equivalent twisting
moment there will be an indefinite number of sets of values for the

simple twisting and bending moments, ¥f either bending or twisting
moment is known, the solution can be made directly. If the ratio of
these moments is known, their values can be found by trial with the
dividers by using the chart.

The range of the chart can be still further increased by giving larger
values to each numbered scale division of scale A. If each scale
division of scale A represents 100,000 lb.-ins. of moment, the corre-
sponding shaft diameter is 10 times the smallest quantity on the
corresponding diagonal. If each scale division of scale 4 represents
1,000,000 lb.-ins. of moment, the corresponding shaft diameter is
1o times the intermediate quantity on the corresponding diagonal,
and so on.

Hollow Shafts

The diameters of hollow shafts may be obtained from the formula:

dit—dyt
@ ="

1

in which d =diameter of solid shaft,
dy=outside diameter of hollow shalft,
d;=inside diameter of hollow shait.

the two shatts having the same strength.

The diameters of hollow shafts having given weight relations
with solid shafts of the same strength may be determined from Fig. 2
by HENrRY Hess (Amer. Mach, Sept. 3, 1896). The use of the chart
is best shown by an example:

Required, hollow shafts of the same strength as a solid shaft gins.
diameter. Follow the curve, starting at ¢ ins. at the left, to its
intersection with, say, the 1c-in. dia. line; then trace vertically down-
ward to the internal diameter boundary line, which starts from zero
of the diameter scale, and find that it is intersected at 7§ ins. diameter;
i.c., a solid shaft of ¢ ins. dia. is equivalent in strength to a hollow one
of 10 ins. with a 73-in. hole. Similarly, a 12-in. with 1o}-in. hole,
and a 16-in. shaft with a 15%-in hole, are found to be equivalents.

Should it be desired to find the equivalent hollow shaft weighing,
say, 5o per cent. of the g-in. shaft, then the weight-percentage curve
at the right, starting from g ins., is traced to the so per cent. vertical,
which it is found to intersect at a diameter of 103+. Tracing the
intersection of this diameter with the g-in. curve at the left, down-

~ward to the internal diameter boundary, gives a hole of 8§ ins.;

i.c., a hollow shaft of 10} ins. dia., with an 8}-in. hole, is the equiva-
lent in strength of a solid shaft of ¢ ins. dia., but has only half its
weight. .

The results given by the chart, while not always agreeing with
those given by calculations, are in sufficiently close accord for all
practical purposes.

As a matter of fact, the hollow shaft will be stronger than the solid
shaft, to which it is nominally equivalent, because the centers of
solid shafts of any considerable size are defective and of little value,
and it is to get rid of these defects that hollow forging process is
resorted to.

The Torsion of Shafts

The torsion of shafts under a given stress may be determined from
the formula -
M
= -1 96 Gd" i
in which 0 =angle of torsion in circular measure
I=length of shaft, ine.,
M =torsion moment, lb.-ins.,
G =modulus of transverse elasticity,
.. m=11,000,000 for machinery steel,
d =diameter of shaft, ins.
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I16. 2.—Solid and hollow shafts of equal strength and their weight relations.
For a torsion moment, M, of 1000 lb.-ins. and a length, I, of 1 in, Deg. Deg. Py
this becomes, when converted from circular measure to degrees, 00833 7 I
.05315 0082 - R ===
0="" TR . - .050'_ e
d -0031 1 o8 Load 1000 Ibs, ,
in which 0 = angle of torsion, deg. -0030—1 046
The results given by this formula may be obtained graphically <0029 1 .g:;;_r*
from Fig. 3 by W. H. RAEBURN (Amer. Mach, June 22, 190g), in which ’3222:: P
the quantity 72%‘3"5 has been calculated for diameters from 1 to 5 ins. m:E ooﬁ——
and plotted in the chart, the use of which is best shown by an example: +0025 1 0345 2
Required, the angle of torsion for the shaft shown in connection - 082 \
with the chart. The ordinate to ‘he curve at 2} ins. diameter is .0028:-::\ g:: — -1 or |-
.00207, which, multiplied by r2—the turning moment in thousands 'mj pE 2026“ . - ) ™
of lb.-ins..—and by 6o—the length of the shaft in ins.—gives 1.49 0021 L0241
deg., the angle through which the shaft will twist. 0022 \ 022111
The smaller chart for shafts between 1 and 2 ins. diameter is to :)’i; R 8213 - \ i
a smaller scale than the one for larger shafts, but the larger chart : TH\ ‘0163 \ L
. . . £017 0164 S | it
can be used for shafts below 2 ins. diameter, if it be remembered 0016 - 014- \ =
that a shaft half the diametcr of another will twist through 16 times .00"7 T 0121 3
as great as angle, 16 being the fourth power of 2. Thus these charts =P HHH 010 N
. . 0014 A 008 ™
can be used for shafts either smaller or larger than those directly oots b 006 >~
given. :0012' T\ ‘004 oy ~
The torque capacity of solid and hollow shafts, the latter of seamless 0011 002 ——4—- -
. 1 . s s ; NERERE - _ o
steel tube sizes, may be taken directly from I'ab!e 1 which is c'al 0010 PADie 1 v 1% 1% 1% 1% X 1% 2
culated for a unit fiber stress of 10,000 lbs. per sq. in. The capacity 0009 T .
for other stresses is in direct proportion. 0008 1 Wf:
0007
The Critical Speed of Shafting .0006
. . 0006
The most careful possible balancing of rotating parts is not sufficient 0004
1o secure quiet running at all speeds, for there exists a critical spéed at oous y
which the remaining slight unbalance, however small, which there 0002 _
must always be, produces violent vibrations. This speed may easily 0001 T
! X s R AT
be reached in steam turbines and other high-speed machines, and mauankaiaEEi
for such machines the shafts must be proportioned with respect to Dia, 2 2% 2% 2% 3 8% 8% 8K 4 4% 4% 4X &
the critical speed, the diameter being such that the critical speed Fic. 3.-—The torsion of machinery stcel shafts.

shall differ from the working speed by a suitable margin. As regards . ) ' .

the margin, the General Electric Co. has found a value of 15 per cent.  as the critical speed is passed, for, theoretically, it should break at

to give complete security from vibration in hundreds of cases. this speed. Actually it does not do so, though for reasons that
The working speed may be above or below the critical speed. In have not been explained. Such danger as there may be is minim-

the former case there is, theoretically, danger of damage to the shaft ized by balancing the piece as accurately as possible and by passing
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TABLE 1.—~TORQUE CAPACITY OF SoLID AND HoLLOW SHAFTS, THE LATTER OF SEAMLESS STEEL TUBE Sizes

By C. W.
Sizes to the left of the left-hand zigzag line are difficult to straighten except with special equipment.

more than half as heavy as are solid shafts of the same outside diameters.

SPICER
Sizes to the right of the right-hand zigzag line are

Qutside Tube thickness—B. W. G. and fractions (uoper line); decimals of an inch (lower line) Solid
- o . Il - btatay et el SR oli
diam., |20 lxs i16 l:; lir 10e 43 Jie 14 "910 l% 9% shaft
ins. ool ogol ossl oos il asal sl usl asel g 375 sool 625l
Torque capacity, Ibs. ft. l l ‘
34 0.28 11.9 14.3 17.5 i 20.7
179 15.2 10.7 24.1 30.3% 40.3
3% 22.3 29.3 36.7 47.3 | __53.3 §7.1 60.8 64.6 69.7
78 30.9 41.6 53.1 68.4 79.3 84.3 . 90.9 97.9 110.0
1 41.3 55.6 70.2 93.5 109.0 | 117.0 127.0 139.0 154.0 165.0
144 52.5 71.2 90.4 122.0 144.0 154.5 169.6 187.5 211.0 235.0
14 66.3 89.2 114.0 154.8 184.0 108.0 219.0 244.0 279.0 300.0 312.0 323.0
13§ 79.9 108.6 139.5 191.2 228.0 247.0 273.0 309.0 356.0 388.0 408 .0 439.0
134 96.2 131.0 168.5 233.0 280.0 3or.o 336.0 378.0 444.0 489.0 518.0 546.0 ss8.0
134 234.0 325.0 391.0 427.0 479.0 545.0 650.0 729.0 785.0 8s50.0 885.0
2 312.0 435.0 525.0 574.0 | 045.0 740.0 897.0 1,020 1,112 1,230 1,286 1,320
234 393.0 554.0 678.0 743.0 838.0 970.0 1,181 1,356 1,497 1,687 1,702 1,880
244 492.0 689.0 88s5.0 038.0 1,062 1,326 1,516 1,751 1,048 2,228 2,308 2,580
2% 608.0 853.0 1,044 1,151 1,312 1,515 1,885 2,195 2,458 2,853 3,106 3,435
3 722.0 1,022 1,257 1,383 1,580 1,831 2,296 2,690 3,030 3.554 3,918 4,460
—
34 847.5 1,206 1,488 1,630 1,877 2,180 2,740 3.250 3.659 4.336 4,820 5.680
3% 937.0 1,406 1,734 1,910 2,202 2,577 3,233 3.842 4,360 5,200 5,855 7,085
3% 2,052 3,762 4,465 5,005 6,140 6.930 8,720
4 i 3,400 4,345 5,163 5,925 T.172 8,155 10,580
45 | | 4,975 | S.920 6,790 8,275 9,450 12,660
438 E | | 5,010 6,740 7,765 9,475 10,880 15,040
4% : | f . i ! 6,315 | 7,500 8,730 10,765 12,390 17,700
5 ] ! ! ' ' 7.050 8,460 0810 | 13,040 14,040 20,670

through the critical speed as rapidly as possible, for the element of
" time seems to enter. It is also well to provide special arrangements
to prevent undue springing of the shaft as the critical speed is passed.

Below the critical speed the center of gravity revolves without
the bow of the shaft while above it it revolves within the bow, for
which reason the small vibration due to the remaining unbalance is
less above than below the critical speed. Again, above the critical
speed the vibration is less with slender than with stout shafts.
These principles are employed in the high-speed single stage
De Laval steam turbines which run on long slender shafts and
above the critical speed.

AxeL K. PEDERSEN, analytical expert the General Electric Co.,
has discussed this subject (Amer. Mach., May 7, 1914) as follows:

While the importance of the critical speed is quite evident, and
the definition easily understood, the nature and cause of this condi-
tion and the statement that any shaft has a particular critical speed,
no matter how carefully the balancing is done, deserves a more
thorough explanation.

An improper and carcless balancing of the rotating parts would
produce heavy vibrations at much lower speeds; maximum vibra-
tions, however, first occur at the critical speed, and this has a con-
stant value dependent only on the shaft dimensions, and conditions
at the supports and manner of loading, but not on the amount of
lack of balance. '

As to the cause for the critical-speed condition, it is evident that
even a careful and excellent static and dynamic balancing of the body
is not mathematically perfect, and that, therefore, the center of
gravity of the rotating body does not coincide with the center of
rotation as fixed by the shaft, or in other words, that an unbalanced
body, exists,

Consequently, when running, the center of gravity rotates in a
small circle around the center of rotation; this creates a centrifugal
force, which, however small, produces an additional deflection of

the shaft. « The amount of this rotative deflection, which increases
the radius of rotation, could easily be determined if the ecgentricity

of the center of gravity relative to the center of rotation wetre known.

For increasing speeds, the centrifugal force, its direction rotating
with the shaft and impressing vibrations on the bearings, increases
in intensity, The smaller the intensity, the better the balance.
The rotative deflection increases simultaneously, which is the same
as an increase in the radius of rotation; hence, finally, a speed may be
reached at which the rotative deflection becomes, theoretically,
infinite, This is the critical-speed condition.

It is evident that the rotative deflection is quite different from the
initial static deflection of the shaft. A shaft with no static deflec-
tion, as a vertical shaft, produces a rotative deflection in exactly the
same manner, and, consequently, critical-speed conditions are iden-
tical for vertical and horizontal shafts. For the critical-speed
condition, the static deflection is of no actual account. Where,
nevertheless, the static deflection appears in critical-speed formulas,
it is only due to transformation of the factors entering into the mathe-
matical expressions, and merely indicates that the critical speed is
dependent upon the stiffness of the shaft.

While the critical speed is independent of the amount of the re-
maining unbalance, it is not to be inferred that a low degree of balance
is admissible. What is desired is the least possible vibration at the
running spced and this is dependent on the remaining unbalance,
being, as measured by the deflection of the shaft, directly propor-
tional to the remaining eccentricity of the center of gravity of the
revolving mass.

When calculating the critical speed, allowance should be made for
unavoidable inaccuracies in the assumption of the various conditions.
Numerous factors tending to cause uncertainty exist. Thus, it is
quite difficult to fix the point of application of the load. The condis
tions at the supports, whether the shaft is merely supported or partly
fixed, inaccuracy of alignment, obliquity of the rotating parts, the
increase in shaft-strength due to wheel hubs, are sl factors of une
certainty which must be allowed for by assuming a proper factor of
safety.

Actually, if the balancing is done carefully, the shaft may be run
at a speed very close to the critical value without any appreciable
trouble being experienced. Under working conditions, however,
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F16. 4.—Case numbers and critical speeds.

lack of balance is likely to dcvelop and troubles would surely follow;
therefore, it is advisable to allow quite a margin of safety, 20 per cent.
above or below the critical value being considered satisfactory.

1 he accompanying charts by Mr. Pedersen are based on an experi-
mental theoretical formula by Professor Dunkerly which is suffi-
ciently accurate for all practical purposes. The formula is as follows:

v natmat et
in which
N =critical speed of a multiple loaded shaft, r.p.m.,
no=critical speed of the unloaded shaft,
1, ny, ny=critical speeds of the shaft loaded with single loads
W\, Wa, W, respectively, and not including the mass or
weight of the shaft, the value #, taking this into account.

Introducin;; proper factors this formula may be made to read:
18,770

\/ko+kx+ka+ka+
in’ which ko, ki, ks, etc.=critical-speed constants corresponding
to speeds, #o, #; n, etc.
The constants kok k. are determined by the charts, Figs. 5 and 6,
and the final critical speed N by the chart, Fig. 4, using the sum
, k=ho+hi+hs+ht+
as combined constant.

In the use of the charts the case number under which the problem
in hand falls is first determined by consulting the diagrams in the
upper part of Fig. 4. The critical-spced constant for the unloaded
shaft is then determined from Fig. 5 followed by the determination
of the constants for the various loads from Fig. 6. These constants
are then added together and against their sum in the scale at the
right of Fig. 4 the critical spced is read off. More in detail, the pro-
cedure is as follows:

1. For an unloaded shaft, consult the upper diagrams of Plg 4 for
the case number; connect that number on the M, axis of Fig. 5 with
the length of the shaft between supports, thus locating a point on the
M, axis; connect this point with the diameter of the shaft and read the
value of the constant k from its scale. Against this constant on the
scale of Fig. 4 will be found the critical speed of the unloaded shaft.

2. For a shaft with o single load, find first the constant for the un-
loaded shaft as above. Divide the distance from the load to the

nearest support, giving the ratio L of the upper diagrams of Fig. 4.

Locate this value of i on the proper scale of Fig. 6; trace vertically

to the curve for the case number and thence horizontally to the right.
Connect the point found on the M, axis with the load, thus locating
a point on the M, axis; connect this point with the distance from
the load to the nearest support, thus locating a point on the M, axis;
connect this point with the diameter and read the value of the con-
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Case No.1-

-

Case No.2—

Case No.3—{-

of Shaft, Ins,
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F1c. 5.~—Critical speed constants for unloaded shafts.

stant & from its scale. For loads larger than the limit of the load
scale—20,000 lbs.—split the load into several parts. A load of 45,000
Ibs. may be split into three of 15,000 lbs. each, the constant for a
load of 45,000 Ibs. being equal to three times the chart constant
for 15,000 Ibs. This multiple value is then used as a combined
value when finding the critical speed from the scale of Fig. 4. Note.

For case No. 1 or the overhanging shaft, no ratio of fl‘ is found.

For this case the pmnt A on the M, axis as shown owi"ig 6 is used
directly as the starting point. . '

~

3. For a shaft with multiple loads, find first the constant for the
unloaded shaft as in paragraph (1). Next find the constant for
each load separately as in paragraph (2). Finally take the sum of all
the constants as the combined constant and find the critical speed
from Fig. 4.

4. Should the critical spees thus found be unsuiiable, thus making
it necessary to find a corrected diameter corresponding to a second
more suitable critical speed, find the corrected diameter from the

formala;
ormula d.-d‘\fx‘
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000 M
Values of Ratio, '}; M,y M, 20 ’ 3
W 45 40 35 30 2B 20 15 .10 e 15,000
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l £ 10 10 S E
2 E M
I16. 6.—Critical speed constants for single loads.
in which d, =first diameter, ins., Lbs. '
. Load Wi=2000 ratio =3 and from Fig. 6................... ki= 32.0
dy=corrected diameter, ins., 1
eps . . = tio 7 =, d f; Pig. 6. L = .
N, =critical speed corresponding to diameter d;, r.p.m., Load Wa=2500 ratio y = .4 and from Fig k= s3.0
Nj=critical speed corresponding to diameter ds, r.p.m. Load W3= 2500 ratio '1‘,"‘ .5 andfrom Pig. 6........cniii.. .. ka= 60.0
!
. . . d W= tio 7 »+ .38 and f Fig. 6. ke= 61.
This procedure involves a slight error due to the neglect of the Load W4=3000 ratio 7 =+ .38 and from Fig 4= ora
variation in the weight of the shaft. The error, however, is 80  Load Wi=3500 ratio I{- .26 and from Fig. 6. . ... oo, .. ky= 48.0
small that it may be disregarded. It is to be understood also that Hence, combined constant. . .. ... vno oo k =310.0

a shaft of uniform constant diamecter is to be assumed. This shaft
should first be calculated for strength and its diameter be then
checked for safety against the critical speed.

The following examples illustrate the use of the charts on which
they are solved by the dotted lines:

Example '1.—Pig. 7—Case No. 3-a, Fig. 4.

Diameter of shaft=7 in. then from Pig. § ............coviinninn kowm 2.1
Load W = 4000 1b,, ratio i-z7+64.4-o.4o7
andfrom Fig. 3....0cii it e e k= 33.0
Hence combined constant,.......ovvivirieieiieeiiiaiains k= 35.1
and using Pig. 4, we get the critical speed Ny = 3150 r.p.m.
Example No. 2.~~Fig. 8.—Case No. 2. Pig. 4.
Diameter of shaft dy=13 in., then from Fig. §........ trerecvass ko= 56,0

4 .

and the critical speed from Fig. 4......................... Ni= 10060 r.p.m

Friction of Line Shafting

The friction of line shafting fitted with plain bearings formed the
subject of an extended series of observations comprising 188 separate
tests by C. A. Graves, Chf. Engr. Edison Electric Tlluminating Co.
of Brooklyn (Amer. Mach, Jure s, 1913).

The shafts were driven by electric motors and the power absorbed
was obtained trom the current readings. The hangers and loose
pulleys on the line and counter-shaits were counted; the machines
were stopped and the power input of the motor was measured. Next
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the belts were removed one at a time and readings were taken
after each belt was removed until the belt connecting the motor
and line shaft only remained. Finally, this was removed and
the readings were taken with the motor running free. In many
instances the belts were replaced in reverse order in order to check
the results.

The difference between the power observed with all belts on and
with the motor running free gives the power absorbed by the bearings,
subject to a slight correction due to the varying efliciency of the
motor at various loads. The friction due to the increased load on
the bearings when the machines are at work was not measured. It is
believed to amount to about 20 per cent., but in any case, it should
be charged to the work done.

The hangers and loose pulleys were treated in the same manner as
equivalents, because the tests showed that the average loose pulley,
either on a line or counter-shaft, absorbed nearly as much, and in
some cases more, power than a hanger.

Table 2 gives the results of the tests classified by industries, and
in Table 3 the same data have been reclassified in accordance with
diameters of the shafts.

Mr. Graves also tested the shafts (eight in number) of a factory
with a complete equipment of Hyatt roller bearings. The results of
these tests aregivenin Table 4. The average of the tableis .0286 h.p.
per bearing.

TaABLE 2.—FRicTiON CONSUMED BY LINE SHAFTING FITTED, wiTH
PraIiN BEARINGS. CLASSIFIED BY INDUSTRIES

No. of .
installations| Class of industry ' Horse-power per bearing
tested ! | Max. | Min. ' Mean
6 Stone working.... ... . 245 .124 ’ 191
7 Wood working. ...... .318 01§ .117
25 Clothing mfg......... .037 o10 | Loz27
50 Machine shops....... .237 | Lozs ' .066
100 Various.............. .321 1 Lo1g 119

TaBLE 3.—FRrIicTION CONSUMED BY LINE SHAFTING FITTED wiTn
PraiN BEARINGS. CLASSIFIED BY SIzE OF SHAFT

No. of Size of Average __EOTSC power pey_heg_r}_nx
bearings | shafts, ins. | r.p.m. Max. | Min. ! Mean
66 H-1 428 .052 .o10 .036
706 1} 382 .079 .o16 .033
37 1} 42§ .119 . 040 .062
492 13 392 -193 .035 .089
15§ 14 218 .113 .029 .c78
409 242 .300 .028 .133
21 2} 264 .321 .124 .287
83 2} 243 .300 .o8s . 25§

The diameter 2 ins. is to be understood as including everything
between 13} and 2} ins. and so for the other sizes.

-

TaBLE 4.—1IORSE-POWER CONSUMED BY LINE SHAPTING Flmn
wiTH HyATT ROLLER BEARINGS

Section of shaft ,............. 1 3| 3| 4| 8] 6} 17 8
Number of hangers............ © 22 7| 11 7 7] 17 71 8
Number of loose pulleys........ 40 24 | 20| 19 s 8 32| 22
Total number of bearings.. ..... 62 31| 3r] 36|12} 1s§ 9| 30
H.p. to drive shafting ....... +.] 1.716 |.858;,724,.804|.288;.549|.281 938
H.p. per bearing ............ . 037 |.028/.026/.031|.024},036).031|.031
Rom of shaft................ .375 | 300| 300! 200| 378§ 200| 240| 180
Di ot shafting, ins..... ] 2 2 rHhindd 4 1Y Y4
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The powes lost in friction of shafting formed the subject of an
investigation by Pror. C. H. BenjaMIN (Trans. A. 5. M. E., Vol,
18). Sixteen factories were investigated, the results appearing in
Table 5.

Indicator cards were taken from the engine during the day, at
intervals of about 1 hr., whilc the factory was in operation. During
the noon hour, or after working hours at night, cards were taken from
the same engine, when it was driving the line and countershafts only,
no machines being in operation. Averages of these two sets of cards
were assumed to show respectively the total horse-power and the
friction horse-power.

The figures in the column headed Horse-power to Drive Shafting
include the power required to overcome the friction of the engine
itself and that of all the shafting and counters. If a decduction of
10 be made from the percentages in the last column, they would
show approximately the power required to drive shafting and counters
alone.

The friction of line shafting fitted with plain and ball bearings
formed the subject of experiments by Dodge and Day, which were
reported by Henry HEss (T'rans. A. S. M. E., Vol. 31). As a result
of the experiments, Mr. Hess concludes that:

When the belts from line shaft to countershaft pull all in one
direction and ncarly horizontally the saving due to the substitution
of ball bearings for plain bearings on the line shaft may be safely
taken as 35 per cent. of the bearing friction.

When ball bearings are used also on the countershaits the savings
will be correspondingly greater and may amount to 70 per cent. or
more of the bearing friction.

These percentages of savings are percentages of the friction work
lost in the plain bearings; they are not percentages of the total power
transmitted. The latter percentage will depend upon the ratio of
the total power transmitted to that absorbed in the line and counter-
shafts.

The power consumed in the plain line and countershafts varies,
ay is well known, from 10 to 6o per cent. in dificrent industries and
shops. The substitution of ball bearings for plain bearings on the
line shaft only will thus result in savings of total power of 35X.10=
3.5 per cent. to 35X.60=21 per cent. By using ball bearings on the
countershafts also, the saving of total power will be from 70X.1c =17
per cent. to 70X.60 =42 per cent.

For additional information on the friction of line shafting see Index.

Keys and Keyways

The common driven key for securing a crank or gear to a shaft is
commonly made with a width of one-fourth the diameter of the shaft
up to about a 4-in. shaft, and above that somewhat narrowcr, say
1} ins. for a 6-in., 1} ins. for an 8-in., and 2} ins. for a 10-in. shaft.
The depth should be from five-cighths to three-fourths the width, If
the work is at all severe, the length should be not less than 1} times
the diameter of the shaft. The taper is commonly } in. per ft.

This type of key is, however, a poorly designed thing at best; and
under heavy duty, especially when the stresses alternate in direction,
such keys are the source of much trouble. They seldom fail by shear-
ing, but frequently fail from deformation due to the turning-over.
tendency of the forces to which they aresubjected. Calculations of
dimensions based on the shearing stress are, therefore, largely futile.
There is no doubt that the success of the Woodruff key (which see
below) is largely due to its better resistance to the forces which tend
to turn it over, !

For the ends of shafts the Nordberg Mfg. Lo. uses round keys,
Figs. 9 and 10, which are much better than the customary form. The
tendency toward deformation is absent; they are in true shear and
are a driven fit in the direction of the shear, no oneof these statements
being true of the common construction. Moreover, with the taper
reamer once provided, they are much cheaper than the square key.
Te evercome the tendency of the drill to crowd over into the cast-iron
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TaBLE 5.—PoWER REQUIRED To DRIVE ENGINE AND LINE

AND COUNTERSHAPTS F1rTED wiTH PLAIN BEARINCS

s | 5
T i, R
Nature of work S . 8 é g
> - .
g 533 33
i ER - T
z A &
1| Wire drawing and polishi I { 2}, 3t C l
polishing. ....! 1130 a6 170
y
2| Steel stamping and polishing. ... 580, 3, 33/ 200
3| Boiler and machine work........ 1530, 24,3 150
4| Bridge machinery.............. 1460| { :’}’3 110
s: Heavy machine work........... 1130, 3 190
6; Heavy machine work........... 1o65i { i’ 3 i 122' 150
1 3
7, Light machine work............ 748 { ;”;‘ \ ;‘;:' i‘;g
) )
8/ Manufacturers’ small tools. . . ... 500 2, 3 114
9| Manufacturers’ small tools......| goo 13, 23 175, 136
10| Sewing machines and bicycles.. .| 2490 2, 6 150
11| Sewing machines............... 1470 { Z’ 3 { ig:’ 160
1
* 12| Screw machines and screws. ..... 1800 { ;'l z‘t 180
2y
1
13! Steel wood screws.............. ’ 674 { ;" 2 { i;i’ 160
14) Manufacturers’ steel nails. ... ... ) 088! 2} 200
15! Planingmill................. ... i 165 3 267 o
16! Light machine work............! 275'w 2 175

hub, a small pilot hole g, Fig. 10,15 first drilled in the joint, after which
a second hole b, as large as the proposed keyway will admit, is drilled
in the shaft. Standard dimensions are given in Table 6.

The Kennedy key, Fig. 11, has found large use in the Pittsburg dis-
trict in the most rugged rolling-mill work, for which it does better
than any other. Torsuch work the keys are made approximately one-
quarter of the shaft diameter, and located in the gear so that diagonals
through two corners of the keys intersect at the center of the bore.
The taper of § in. per {t. should be on the top for a driving fit, the
gides being a neat fit. The hub is first bored for a press fit, then
rebored about g4 of the shaft diameter off the center, the keyways
being cut in the eccentric side. That portion of the bore opposite

TABLE 6.—NORDBERG STANDARD Rounp KEeyvs

Dia. of Dia. of Cutting Dia. of Dia. of [ Cutting
. reamer, | length of . |reamer,| length of
shaft, ins. . . shaft, ins.| R
ins. |rcamer, ins. ins. |reamer, ins.
s 1 4 | u
3753} i 4} | !4} 27% 12
3k -4 1 4t |l 15
41 -4} 1t 5 16
5 i} 48 17 } 3t 13
1] 1} 4 18
-6 13 6% 19
7 20 } 3H
8 } 1§ 63 and 8 21
9 22
10 23 } at 141
¥ { } 2 10} 24
12

Reamer diameters are at the small end. Taper ¢y in. per ft., meas-
_ ured on the diameter.

2 E ;Number of bearings

»
=
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114
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58
102
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184
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96

74
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37

»
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< |85 5 3
£ \° S| a B 4
T80 2 |8 £y |3
S|EE|s |5 |%5| 8 S5 5
5 (g8 58| & |2£E] 8
flEzl2ld 8] 3 |5 =
5|88 5| 5|35 B .E X
Z |< ZlZ 4| = out o
: : e
89 4 69;. 400.0 z43.oi 157.
28| 6 27“, 18 78' 74.0 17.0{ 57.
53| 54 47 xsZi 38.6| 13.3' 25.
!
92 4% 79; 69, 80; 59-2) 11.31 47
141! 4 géi 68% 3ooi 112.0 48.03 64
192‘ 4 152l 123 225 168.0 77.0, OI
o :
217| 3 133, 250 200; 40.4. 19.7, 20.
335, 3 | 314| 313 226, 74.3| 34.3| 40.
217 3 | 202| 258 1oc>‘I 47.20 22.7 24.
521/ 3 .4,03i 454 4°°l 190.0; 82.0
484/ 3 | 435 179 350 107.0 32.5
j
486, 3 302 428% 3zo' 241.0] 127.0] 114.
! I !
134, 4 ¢ 89| 392 140 u7.oi xoo,o‘ 17.
i ' |
187/ 3 | 175 184 58, 91-6; 45.9, 4s.
45| 6 4oi s3 8 39.2 10.6 28.
4814 | 270 30....0 8.3 4.3
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|
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Two-thirds
,7| Nearly full
.ol Full
.zI Full
2I Full
8i Full
.8! Full
9% Full
71 Full
|
.3! Full
[
.5; One-fourth
.9, Full
.o Full
6. One-half

FiaG. 12.

F1cs. ¢ to r2.—Improved forms of keys.
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. TaBLe 7.—WoODRUFF STANDARD KEYS

TR NN
Boly|e|5|%%g | B8t |5|%5
IR IR IR e K
s |S|2| B|EEfAl .|| 5| 8|5E0
2 |a|E|c|SExslZ2|A|F|A|SEas
a | b | ¢ d a b | ¢ d
I | o & Blr | % % s
2 b | & & 16 | 1k | % | WY %
3 R R & 17 | 1h | ¥ & &
4 Bl | & 3 81k 4| % &
5 R R T Clap| |y %
6 | | M| & % 19 |1} | % | & @
7 R B g 20 |1} | o | & L 7
8 | 1l&H| & ) 2 |1} | 4| % &
9 | || b Dt | %
o | & & Y E|xb| | %% &
3 AN T 22 [ 1} | i) ¢ 1
12 Tl& & T 23 (13| &% | o W
A | 31 | % T Fid| bl % 1
13 (1 | & | ™ 24 (14| §| 4 %
14 | | |k T as | 1k | f5 | o7 &
15 |1 i1 7 Gl #|+4 %
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TasLe 8.—Wooprurr SpEciAL KEYs
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TABLE ¢.~-DIAMETERS OF SHAPTS AND SuiTABLE WooDRuF? KEYS

3::":‘ Number|| Diameter | Number || Diameter | Number
shaft of key of shaft of key of shaft of key
-1 i / % | 6810 o i1y |1417,20
i | 34 1 orn,33 It h-1f  l15,18,21,04
b | 35 L rderd [ouna3a6| i1t (1Ba1,4
H-t | as7 || 11,13,16 tif-2 143,25
# 6,8 -1 |12,14,07,20(| afy-2% |28

the keys remains as originally bored. This feature is not essential

but is of obvious convenience in assembling and disassembling.

For less severe duty this type of key may be made narrower, as in

Fic. 13.

Fic. 14. F16. 135.

TABLE 10.—DiMENSIONS OF KEYS AND KEYWAYS

! Taper key (} in. per foot) | Straight key
NETEEE 3’3“"—2" "gf”'zﬁ ‘_{“ e
181 .9v|E ot 2 @ £ g 2 g o K]
EREEIFE IR I8 A IPR AT TS IR IS -5§
R AT IR IR R R IR M
g 22488 |8 |88 | Bs|B|BT| 8" pe R
@ IBlE |a a 1a% Ia £l3 A |a |A
A|B| C p | E| F | Hlc| Db | E_| F | B_
IR I o % | o195 | .oa72| | & | o | .0352[ .0273
| A N W & | .0384 | .oz40f &| & | & | .0540[ .0307
PN & " o | .0374 | .0252] | & | ¥ | .0528| .0400
IR R & & | 0548 | .0380; § | v | & | .0704 .05460
[ 1B ] Y1 W | .o724 | .os25| & & & 0880 .0682
1N N & & 0900 | .0662] K| % & 1056] .o819
| o ¥ " A | L1076 | .0708| ¥&| & & 1232] .005%
|} % W ¥ | .1096 | .0778| ¢ | t 1408 .1092
LESIIR ] ] t | 1448 | rosi| &) W | | .1761] .1364
L4 2 I BV ¥ W | .1800 | .1324 } | & | % | .3113] .1637
LS IR T | s f | 2153 | .1506] k| % | % | .2465| .1910
a2 | 4] 1?1 % % | L2102 | .1s57| ¢ | ‘% S 2817| .2183
2t | & 1§ EH 3 | .2857 | .2142| & % | % | .3169 .2456
ay | ¢| ¢} t t | 3807 | .2tral | | & | .3522) .2728
2t | H| } Pt Y | .3561 | .2088] $| 1} {1 3874| .3000
3 |t t ] Y | .360r | .2048) ¥ | } t .4226| .3274
i B ] t 4306 | .3103( § | &% | 1% | -4031] .3810
4t 1 i i | .438s | .3r114it 1 4 | .s63s] .436s
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1 18 -
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Width of Keyway, Diameter of Shatf =1.0

F16. 16.—The weakening effect of keyways on shafts,

Fig. 12, and may be accepted as a sovereign cure for key troubles.
In all cases the taper should be between the top and bottom faces.
THEW oodruff system of keys, because of its increased denth, obviates
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the tendency of common square keys to turn over in their seats.
It has come into large use, especially in machine-tool construction.
Tables 7, 8 and g give the dimensions.

The besv method of dimensioning drawings of keyways in shafts
which are to be cut on the milling machine is that shown in Fig. 13.
By adjusting the cutter until it just marks the shaft and then sinking
it for depth by reading the index dial, the correct depth is quickly
obtained. The best method of dimensioning keyways in hubs is
that shown in Fig. 1 4, the convenience of which, to the workman, is
obvious. The figures for these methods of dimensioning are easily
obtained from Table 10, the reference letters of which correspond
with those of Fig. 15.

The weakening effect of keyways on shafts formed the subject of
experiments by Dr. H. F. Moore (Bulletin University of Illinois
Engineering Experiment Stalion, No. 42). The results of the experi-
ments arc given graphically in Fig. 16. Dr. Moore defines the

efficiency of a shaft with keyway as the ratio of strength at the’

elastic limit of a shaft with keyway to the strength at the clastic
limit of a similar shaft without keyway, and it is this cfliciency which
may be obtained from the chart. To use the chart locate a point’
defining the size of the keyway which will, in general, fall between
two lines representing values of efficiency, and the cfficiency of the
shaft in question may then be estimated with sufficient accuracy.

The space within the triangle 04 B represents the range covered by

the tests actually performed, and covers the proportions of keyways

commonly used in practice.

_
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TaBLE 11.—BrOwN & SHARP MFG. Co.’s Stanparbd KEYwayvs

FOR CUTTERS

Diameter (D) of | Width (W) of | Depth (D) of Radius

hole, ins. keyway, ins. keyway, ins. (R), ins.
3% to %e | 44y ! 364 .020
B to 7§ 38 ‘ Me .030
15{g to1lg | %42 %4 .035
13 tordg | e 349 .040
1%{g tor3g* | )4 14 .050
11346 to 2 : e 542 .o6o
2}{g to2}3 g ‘ Me .o6o
291 to3 e | 346 .060




BELTS AND PULLEYS

The driving power of leather belts is summed up by Pror. W.
W. Birp (Journal Worcester Polytechnic Imstilute, Jan., 1910) as
follows:

The h.p. that a belt will transmit depends upon the effective
tension and the belt speed. The effcctive tensions depend upon the
difference in the tensions of the two sides of the belt and on the sur-
face friction, which depends upcn the ratio of the tensions and the
angle of wrap.

Experiments and practice have shown that a belt of single thickness
will stand a stress of 60 lbs. per in. of width and give good results,
that is, it will only require an occasional taking up and will have a
fairly long life. The corresponding values for double and triple
belts are 105 and 150 lbs. per in. of width provided the pulleys are
not too small,

Experiments have shown that on small pulleys the ratio of the
tensions should not exceed 2, on medium pulleys 2.5, and on large
pulleys 3. The larger the pulley, the better the contact, the thinner
the belt, and the better the contact for the same size of pulley. When

The use of the tables is shown by the following examples:

How much horse-power will a 4-in. si.ngle belt transmit at a speed
of 4600 [t. per min., passing over a 12-in pulley? The factor is 920,
therefore,

4600X 4
------ — =20 h.p.
920
How wide should a belt be in order to transmit so h.p. at 2000 ft.
per min. on a 36-in. pulley?
W= §0X830 302 z0. 7-in. single belt.
2000
This gives a width of single belt which is beyond the usual limit,
8 ins. being considered good practice for the maximum width of a
single belt.
W= sz 5 2 13-in. double belt.
How wide should a smgle belt be in order to transmit 2 h.p. at
600 ft. per min. over a 4-in. pulley with 140 deg. wrap?

TaBLE 1.—CONSTANTS FOR THE DRIVING PowER or LEATHER BELTS

Under

T

. . Over Under | Over Under : Over
Dxa@eter of pdlfy _ 8ins. ,,8,:;6 uf.M st | s ' 14~-60 ms st . avins. [vnn84 ins. 7 ft.

____ Thickness of belt Slngle ‘,I Single ' _S_lpgle | Double b Doublc Double \ﬂ Tnple | ~ Triple i Trlple
Factor...................... 1100.0 | 020.0 830.0 630.0 520.0 i 470.0 | 440.0 370.0 | 330.0
Difference of tensions......... 30.0 36.0 40.0 52.5 63.0 | 70.0 } 75.0 90.0 ‘ 100.0
Per cent. of creep............ 0.74 0.89 | 0.99 0.74 0.80 ! 0‘99 . 0.74 0.89 0.99
Ratio of tensions............. 2.0 2.50 " 3.0 2.0 2.50 ‘i 2.0 i 2.50 3.0
Tension on tight side......... 60.0 6.0 | 0.0 105.0 105.0 l xos o | 150.0 | 150.0 | 150.0

the pulley diameter in ft. is three times the thickness of the belt in
ins. or in this proportion, we get equivalent results for different thick-
nesses of belts. This gives a method of classifying pulleys. The
belt has to adjust itself in passing over a pulley due to its own thick-
ness. Some adjustment is also necessary on account of the crowning
of the pulley. These adjustments account for the different ratios for
the various pulley diameters. The effects of the crown and pulley
diameters are not usually considered in belt rules, which is a grave
mistake. The ratios are for 180 deg. wrap and decrease with
less contact.
- The creep of the belt depends upon its elasticity and the load, and
experiments have shown that this should not exceed 1 per cent. in
good practice. In order to keep this creep below 1 per cent., it is
necessary to limit the difference of tension per in. of width of single
belt to 40 Ibs. The ccrresponding values for double and triple belts
are 70 and 100 lbs. per in. of width. These figures are based on an
average value of 20,000 for the running modulus of elasticity of leather
belting.

Table 1 has been prepared on the basis of these limitations and
gives a value for F in the equation

h.p.= -V—;;Zor W-—P;(F

in which h.p. is the horse-power, V the belt velocity in ft. per min.,
and W the width in ins. ,

Table 2 gives corrected values for F when the arc of contact or wrap
is greater or less than 180 deg.  On large pulleys the creep may exceed
1 per cent. if the wrap is over 180 deg., as the increased fﬁction gives
a greater difference of tensions.
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TABLE 2.—CONSTANTS FOR THE DRIVING POWER OF LEATHER BELTS

220° | 210° | 200° | 190° | 180° | 170° | 160° | 150° | 140° | 130° | 120°
980 1010 |1040 (1070 1700 |1740 {1180 {1220 (1270 {1330 (1400
810 | 830 | 860 | 890 | 920 [ 950 | 990 [1040 |1100 |TI70 (1240
730 | 750 | 770 | 800 | 830 | 86o | 890 | 930 | 980 |1030 l1100
560 | 570 | 590 | 610 | 630 | 650 | 670 | 700 | 730 | 760 | 800
460 | 470 | 480 | 500 | 520 | 540 | 570 | 600 | 630 | 660 | 700
420 | 430 | 440 | 450 | 470 | 490 | 510 | 530 | 560 | 500 | 630
300 | 400 | 410 | 420 | 440 | 460 | 480 | 500 | 520 | 540 | 560
320 | 330 | 340 | 350 | 370 | 390 | 410 | 430 | 450 | 470 | 490
290 | 300 | 310 | 320 | 330 | 340 | 360 | 380 | 400 | 420 | 440

Taking the factor 1100 from Table 1, in line with it in the 180 deg.
column of Table 2 we find in the 140 deg. column the corrected
value 1270.
2X1270

600

How wide a belt is required for 3oo h.p. at 2000 ft. per min.
over a ro-ft. pulley? \

W3RN 472, double belt.

———-—+-7o s-in.
This is too wide. Good practice calls for a cHénge to triple at 48
ns. unless for some special reason a narrower belt is necessary.

W= -=4.23-in, single belt.

We %_49 5-in. triple belt,

The belt speed is limited by ccnmfugal force, but below s000 ft, '

‘per.min. the loss on this account is largely compensated for by the -
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tncrease of Tricion due to the dectvase in the time element of the con-
taot, caused by the increased velacities.

‘The results given by these factors are well within working values
and the belts will probably transmit 50 per cent. more power than
these factors, but at the expense of the life of the beit. A liberal
allowance at the beginning means less annoyance, fewer delays in
taking up the belts, longer life and less cost for renewals and repairs.

The dimensions of belts in relation to the power transmitted and
the effective pull muy be obtained from Figs. 1 and 2. Fig. 1 con-
forms tto the usage of Wm. Scllers & Co. ac deduced from the experi-
‘ments made for them by WiLrrep Lewts (Trans. A. S. M. E., Vols.
77 :amll 20). Fig. 2 conforms to the recommendations of CArRL G.
Baxru (Trans. A. S. M. E., Vadl. 31) based on a re-analysis of the
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F1c. 1.—Sellers belt formula.

Arc of contact, deg 90 100 | 110 120 130

Factors to be used for different arcs of contact.
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same eXxpriments combined with a study of the extended observa-
tions of belts in service by F. W. TAYLOR (T'rans. A. S. M. E., Vol.
15). Mr. Barth’s recommendations arc intended to secure maximum
economy of belts and of upkeep. He considers the proper working
loads of belts when proportioned from this viewpoint to be so well
within the capacity of any good joint that the kind of joint may be
ignored.

The author suggests that the Sellers chart be followed for main
driving belts and that Mr. Barth’s chart be used for machine belts.

Tor arcs of contact other than 180 deg., the power transmitted
and the effective pull, as given by ‘the charts, are to be multiplied by
the factors of the table below the charts.

The charts should not be understood as giving, or as intended to
give, the ultimate capacity of belts. As with every other machine
member, the question regarding a belt is not how much it can be
made to do, but how much it should be made to do. As a matter
of fact, and as shown by the figures given below, belts will carry loads
materially in excess of those imposed by either chart.

An examination by the author of belt fly-wheels of 12 Corliss
engines, ranging between 50 and 380 rated h.p. by three high-
dass builders (Amer. Mach., Oct. 28, 1897), gave the following
values for the number of ft. per min. travel of 1-in. belt for each h.p.
of the rated capacity of the engines:

Average of I2........... i 480
Maximum...... . 750
Minimum....... ... .. ... ... .. e 375

For additional information on main driving belts for steam engines,
see Steam-engine Belts.

As an example of heavy duty, SAMuEL WEBBER (Amer. Mach.,
Feb. 22, 1894) cites a main driving belt 30 ins. wide, $ in. thick,
running 3900 ft. per min. on a 5-{t pulley and transmitting 556 h.p.
for a period of 6 yrs., giving 210 ft. per min. travel of 1-in. belt per h.p.
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140 150 160 170 x§o 200

Factor...coeovvnvnnn.. .63 70 | V.78 .79 .83

1.03

.87 .01 .04 .97 1.00 1.0%
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The arc of contact of a belt on the smaller of two pulleys may be
found by the following rule and Table 3, by Wu. Cox (Amer.
Mach., July 20, 1905):

Divide the difference between the diameters of the two pulleys
in inches by the distance betwcen their centers, also in inches, Let
the quotient equal x. Now from the accompanying table find, in line
with sucn ascertained valucs of x, the corresponding angle of the arc
of contact of the belt on the smaller pulley.

Example: Two pulleys of 8o and 3o ins. diameter are spaced 120
ins. apart, center to center; what is the arc of contact on the smaller
pulley?

80—30

=416 =x
120 4

Opposite .416 in the x column we find the arc of contact to be 156 deg.
TaBLE 3.—ARcs OF CoNTACT OF BELTS oN PULLEYS

Angle, | Angle, Angle,
X R4 X
degrees | degrees || | degrees

. 000 180 .347 160 .684 140
.o17 179 | .364 159 .700 139
.035. 178 .382 158 iy 138
.052 177 -399 157 | .733 137
.070 176 .416 156 . 749 136
.087 175 -433 155 .765 135

. 105 174 .450 154 .781 134
.122 173 .467 153 797 133"
.139 172 .484 152 .813 132
.157 171 .§01 151 .829 131
174 170 .518 150 .845 130
.192 169 -534 149 .861 129
.209 168 .551 148 .877 128
.226 167 .568 147 .892 127
244 166 .584 146 .go8 126
.261 165 .601 145 .923 125
.278 164 .618 144 .939 124
.296 163 .635 143 .954 123
.313 162 .651 142 .970 122
.330 161 .668 141 I .98s 121
. i

.347 160 .684 140 | 1.000 120

The comparative iransmilling capacities of pulleys made of different
malerials formed the subject of tests by Pror. W. M. SawponN
(Proc. Nat. Asso. of Cotton Mfrs., ig11). The results of these tests
reduced to an arc of contact of 180 deg. and 250 lbs. per sq. in. tension
on the tight side are given in Table 4. The tests were made at a belt
speed of 2200 ft. per min.

1dler Pulleys and Quarter Twist Belts

The idler pulley may be made the source of greal benefit, when properly
laid out, although commonly looked upon as an unmixed evil. Used
as a simple tightener, it is not to be recommended, but when so laid
out to increase the arc of contact it may be made to reduce the
tensions.

Fig. 3 (Amer. Mach., Ma~ 26, 1910) shows the correct location of
the idler pulley. Its obvious effect is toincrease the arc of contact,
especially on the smaller pulley where most needed. This, in turn,
reduces the necessary tension on the slack side, increases the differ-
ence of tensions, that is, the effective tension, and reduces the tension
on the tight side for a given effective tension, these reduced tensions

leading, in turn, to a corresponding decrease of pressure on the bear-’

ings. The idler should be on the slack side of the bel€ and near
the smallér pulley. Either pulley may drive. Additional benefit

TABLE 4.—COMPARATIVE POWER TRANSMITTING CAPACITIES ‘OF
PULLEYS OF VARIOUS MATERIALS

Comparative

transmitting

Kind of pulley capacity at

2 per cent,
slip

Castiron ... i 100.0
Cast iron with corks proj. .o4in. ................ 107.0
Cast iron with corks proj. .orsin................ 112.1
Wood ..ot 105.6
Wood with corks proj. .o7sin. ................. 104.8
Wood with corks proj. .o3in. .................. 104.8
Paper ... 137.5
Paper with corks proj. .087in. ............... 122.0
Paper with corks proj. (about) .otsin . .. ... 133.2

may be obtained by mounting the idler on a weighted arm arranged
to swivel about the center of the smaller pulley, as shown in Fig. 4.
With this construction the tensions arc independent of the elasticity'
of the belt and the objection to short belt transmissions disappears.
Similarly, the weight of the belt in vertical transmissions no longer
reduces the tensions on the lower pulley, and such transmissions
become entirely practicable. Again, the cffect of centrifugal force
in causing the belt to leave the smaller pulley, reducing the arc of
contact and carrying air between pulley and belt iz overcome.

O )

Fic. 3.

Rotating Arm

Driver -~
Weight

Fic. 4.
Fics. 3 and 4.—Correct arrangement of idler pulleys.

The layout of quarter twist bells is shown in Fig. s, the rule being
that the central planc of each pulley must pass through the point
of delivery of the other pulley. This construction should be used
with narrow belts running on pulleys at a good distance apart only.
Quarter twist belts will drive in one direction only.

Guide pulleys should be subslituted for quarter twist belts whenever
possible, and Figs. 6-14 show various arrangements of such pulleys.
The rule is that the intersection of the central planes of consecutive
pulleys shall be tangent to both pulleys,

Thus in Fig. 7, in which pulleys A4 and B are of the same size, and
either of which may drive in cither direction and the shafts are at
right angles, the intersection of the central planes of B and C’ is
obviously tangent to both and so for the other pulleys. In Fig.
8, 4 is larger than B and the same condition holds, as it does also in
the increasingly complex arrangements of Figs. ¢ and 10.

In Figs. 11 and 12 4 or B may drive. In Fig. 11 C or D is loose
on the shaft, while in Fig. 12 both C and D are loose. The loose
pulleys should, if possible, be placed on the slack side of thebelt. In
Fig. 13 the guide pulleys revolve, nominally, at the same speed, but
nevertheless one of them should be loose in order to provide for the
differential action due to any slight difference in their diameters
Fig. 14 shows a power distribution system through a 16-story building
by means of vertical shafts, a single guide pulley only being used
for each belt. Similar constructions distribute the power from the
vertical shafts to line shafts on each floor.

In all of the constructions shown, except that of Fig. s, the belt
will drive in either direction, the arrows being for assistance in tracing
the motion. ' :

Botey through floors for quarter-twist vertical belis may be laid out by
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the method shown in Figs. 15-18 by M. H. BaLL (Mchy., Sepi.,
1912). The basic rule is that the center of the face of one of the
pulleys at a point level with the center of its shaft must be in the same
vertical line as the similar point on the other pulley, as indicated in the
illustrations. The direction in which the pulleys are to turn deter-
mines which of their sides must be in line, as it is always the sides

F1G. 5.—Quarter
twist belt.

F16s. 0 to 10.—Substitutes for quarter
twist belts.

from which the belt lcaves the pulleys which should line up.  Fig. 15
shows how the pulleys should be set when the lower pulley turns to the
left, as indicated by the arrow. Fig. 16 shows the sctting when the
lower pulley is driven in the opposite direction. The rules given
apply to the aligning of pulleys at other angles as well, an example of
which is shown in Fig. 17.
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Fig. 18 shows a method of laying out the floor holes for the drive
indicated in Fig. 16. First draw an outline (plan view) of the two
pulleys on the floor in full size, directly below and above the respec-
tive pulleys to be connected by the belt. A starting-point for this

—A

Fic. 11.
Fias. 11 and r2.—Substitutes for quarter twist belts.

16, 12.

layout can readily be found with a plumb bob, Then draw the center
lines AB and CD through the faces of the pulleys, and divide the
diameter of each pulley into cight parts, as shown, numbering the
divisions 1, 2, 3, etc. The numbers of the divisions must start from
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Fies. 13 and 14.—Substitutes for quarter twist belts.
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the sides of the pulleys which are opposite the arrow points shown in
the plan view indicating the direction of rotation. Next, measure the
distances from center to center of the shafts and from the center of
the uppcr shaft to the floor. In the example shown the distance
from center to center of the shafts is 96 ins., and the distance from
the center of the upper shaft to the floor is 42 ins. As 96+8=12,
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Fics. 15 to 18.—Laying out holes in floors for quarter twist belts.
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on the top side of the floor, and as our measurements from the floor
to the upper shaft determinc how many spaces we are to sey off,
start numbering these divisions from the point E, the line EJ being
parallel to the face of the upper pulley; then set off 33} spaces from
E, thus determining point L, and draw line LO through J, making
JO cequal to LJ. This line indicates the position of the center of the
belt at the floor line and a line of the same length parallel to it through
K indicates the other center line of the belt at the floor line.

The layout for an angle of other than go deg., as indicated in Fig.-
17, differs only in that the arc on the pulley outline extends only
from the line EJ to the linc GJ, Fig. 17, this latter line being parallel
with the face of the lower pulley. Any number of divisions more or
less than eight may be used if preferred.

Mule-pulley stands may be laid out by the method shown in Figs.
19 and 20 by ¥Frenp Howe (Woodcraft, June, 1912).

Before the problem can be laid out as in Fig. 19 the diameters
of the pulleys and the distances between the shafts must be known.
Assume that shafts A and C are each horizontally 4 ft, 6 ins. from

. the mule pulleys, which are to be centered at E, and that the shafts

are vertically 18 ins. apart. Draw two horizontal lines, 18 ins.
apart, through the centers of 4 and C, and locate these pulleys upon
their lines as shown. !

Pulley 4 is represented 4 ft. 6 ins. from pulley C, and the line IJ
at the center of pulley 4 indicates the point where the turn in the
belt is to be located. '

Having drawn a vertical line I 4 ft. 6 ins. from C, measure off
another 4 ft. 6 ins. from the last vertical line, and draw a third line
at B. This line represents the location of shaft AB, were the belt
stretched out in a straight line, without passing around the mule
stand E. The inclined lines from pulley C to pulley B show theexact
path or slope of the belt at every portion of its length from one pulley
to the other.

Let it now be assumed that the mule pulleys E are 10 ins. in diam-
eter. Measure back § ins. from the middle vertical line /7, and draw
another vertical £, which will be the center of the mule stand; mcas-
ure from the horizontal lines through C and 4 to the lines G and F,
and, scaling the drawing, shows about 2 ins. and 3} ins. or by calcu-
lation 2} and 3§ ins,, respectively.

If desired, the belt may be made to run with the mule pulleys level
with one of the pulleys, either the upper or the lower, or they may
be located anywhere between the two extremes, but the principle
involved is the same, no matter where the mule pulleys may be
located. The method here shown places the mules directly in line
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Fic. 19. Fic. 20.
Fics. 19 and 20.—Laying out mule pulley stands.
.

each division on the diameter of the pullcys is equivalent to 12 ins.
Further, 42+ 12 =34, which represents the number of spaces that the
ceater of the belt will be from the center points of the sides of the upper

pulley, as indicated at J and K in the engraving. Draw the line

EJ through the point thus located in the rectangle representing the
upper pulley. Then strike an arc with J as center and EJ as radius,
asindicated, and divide it into eight equal parts. As we are working

with pulleys C and 4, so that the belt makes an even drop from one
pulley to the other.

Should it be proposed to locate the mule pulleys at any other point
between C and A, the sum of the distances between the mules and
the two pulleys is taken as above, and pulley B, laid down as
described, no matter where between them line E may come, Should
line & be moved toward or from shaft C, and the belt length
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remain the same, there will be no change in the angle at which the
mule shaft must be placed. And this angle is the same from the
vertical as the angle of the belt is from the horizontal, viz., one in
six, or the mule shaft must be suspended 2 ins. to the ft. of its
length out of plumb.

Fig. 20 shows the arrangement of the mules as found from Fig. 19.
The mule pulleys are 10 ins. in diameter, and it will be assumed that
all the pulleys are 6-in. face. Pulleys C and B being equal in diam-
eter, the mules must he a distance apart cqual to the diameter of the
pulleys C and B, or 12 ius. As the center of the face of cach mule
pulley must be placed with the middlc of its face upon vertical line
H, and as the shafts of the mules pitch 1 in 6, it is evident that the
centers of the mule shafts will be 2 ins. apart on centers, and scaling
the drawing, Fig. 20, shows this to be the case.

The mule pulleys located as shown will run perfectly, keeping the
belt squarc upon both driver and driven pulleys. Infact,inany belt
transmission of similar character it is only necessary to look to two
points. The first of these is that the upper mule pulley be so arranged
that it receives the belt fair and square from drive pulley C. In
fact, the upper mule pulley may be placed at any anglc or at any dis-
tance from C and the belt will track perfectly as long as the face of the
mule pulley is fair to receive the belt squarely from pulley C. Tt
makes no difference at what angle the belt leaves the mule pulley,
except that this pullcy must be so located that the belt leading away
therefrom shall lead or track directly and fairly toward pulley B.
That is all that is necessary for the upper mule pulley.

The lower mule pulley may be so placed that it shall receive the
lower fold of the belt fair and square from pulley A. Nothing else is
so necessary as that the mule-pulley is located so that the belt guides
fair toward the receiving side or face of pulley C. This means that
the lower mule shall be moved bodily so as to guide the belt toward C
and turncd at the angle which may be necessary to receive the belt
from pulley 4. It makes no difference at what angle—within limits,
of course—a belt leaves a pulley so long as the belt guides toward
that pulley squarely at an angle ¢{ o deg. and on the center line of
the face.

In practice, it is usually neccessary to locate a pulley so that it
delivers the belt square to the next pulley, and then turn the pulley in
or out, up or down, without moving it from its location, until it will
rcceive the belt fairly from the last pulley over which the belt has
passed. This applies alike to open belts, crossed belts, quarter-turn
belts and mule belts, as in the present instance.

Taking advantage of this fact, it is possible to move the mule
pulleys a little so that both may be placed upon a single shaft.  Refer-
ring again to Fig. 20, it will be noted that the mule shafts are parallel
and only 2 ins. out of line. But it should not be forgotten that the
shafts are 2 ins. out of linc in another direction, for, if the eye be placed
to the right, so as to look along the direction of shaft AB, then the
upper mule pulley will be found 2 ins. out of alignment with the lower
pulley, and to bring both the mule shafts into alignment, the lower
one must be moved 2 ins. to the left, while the upper one must be
moved 2 ins. directly from the observer, toward the pulley on shaft
AB.

The reason why pulleys can be moved thus, and still allow the belts
upon them to run properly, is due to the characteristic explained
above. Take the case of the lower mule pulley: The belt, running in
the direction of the arrow, leaves pulley B, Fig. 20, guided toward
the lower mule pulley. Note what would happen were this pulley to
be moved 2 ins. to the left. The belt as it left pulley B would be
twisted slightly to the left but would still hit the mule pulley fairly.
But as it is immaterial how a belt leaves a pulley, no harm is done in
moving the lower mule pulley 2 ins. to the left. Its angle is not
changed, therefore it receives the belt properly, and that is all that
is necessary.

Next, push the upper mule pulley horizontally backward 2 ins.
This brings the two mule shafts in line as viewed from the right side,
and causes the upper fold of the belt to twist a little as it leaves pulley

C, but the angle of the upper mule pulley not having been disturbed,
it still receives the belt fairly from C, and still delivers the belt
squarely toward pulley B. Therefore, both mule pulleys may be
placed upon a single shaft by making the slight changes described.
When the pulleys upon shafts B and C are of unequal diameters,
it will be necessary to use separatc mule shafts and to adjust the
shaft of each mule pulley square to the line drawn from one pulley to
the other, as in Fig. 19. Otherwise, there is no change in the method
of locating the mule pulleys and obtaining the angles of their shafts.
Should it be found necessary to run the belt at two different angles,
instead of using the same angle from pulley C to pulley B, lay down
both angles in Fig. 19, adjust the mule shaft to right and left to be
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Fre. 21.—A triple drive in use cight years,

66x12 Pulky 6012 Pt oo
60x8 Pyl
138 Rp.m. 120 Hp Y 50,1,, .
2 Triphe Belt-" 8" Dovble- ¥
Belt
" 280" 10°0% eennns

I16. 22-—170 h. p. transmitted by tandam drive.

square with the line over face of pulleys from C to E in Fig. 19, and
then adjust the mule stand to and from the beholder, to be perpen-
dicular to the belt line from E to B, Fig. 19. The lower mulc shaft
is to be adjusted in like manner, but to agree with the lower belt line
in Fig. 19. Thus, when the pulleys are of unequal size, and the belts
leave and reach pulleys C and B at unlike angles, there will be corre-
spondingly different angles given to the mule shafts, to the right and
left, and forward or backward.

Tandem or riding bells, while frequently used as expedients are
not usually looked upon with favor. There is, however, no good
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reason for this, as such drives have continued in use for years and
with entire satisfaction. They may be used with great freedom,
either to divide the power from a shaft or motor or to add the power
of two motors. Fig. 21, by Cuas. M. Younc (Amer. Mach., Apr. 1,
1915), shows successful cases of the former and Fig. 22 of the latter
kind. Power calculations need not differ from those applying to the

206 Puliey

F1s. 23.—Combined tandem and right angle drive.

usual arrangement, the calculations being naturally based on the
pulleys carrying one belt. In the case of Fig. 22 the pulley sizes
must be carefully determined to give the proper speeds to the motors
and avoid overloading one of them.

Length of Belts

The calculation of the lenglh of a belt is occasionally necessary
to meet cases where endless belts are to be carricd over pulleys at
considerable distances apart. CArL G. BARTH (Amer. Mach., Mar.
12, 1903) gives the following formulas of increasing accuracy in the
order given:

=207 cpiac @
(D+dz . 12
R e 2 T e ®
(D+d)n 6o—13x
L= 2 +Cx6°_ 18x+2C (c)

in which L=Ilength of belt (open)
D =diameter of larger pulley
d =diameter of smaller pulley
C =center distance

= (%)

All dimensions are to bc taken in the same units—feet or inches
as preferred.

Mr. Barth has tested these formulas by applying them to the
limiting case (beyond what is possible in practice) in which d =0

and C =7 the correct value of L being Dz. Under this test, formula

(a), which is identical with Rankine’s well-known formula, gives a
result which is a little over 2 per cent. short, formula (8) a result
which is about 1 per cent. short, and formula (c) a result which is less
than four-tenths of 1 per cent. short,

The length of a crossed belt is given by the exact formula

I
L=2 1\/C’—D”+D (ﬁ—cos.—‘%f) }
in which the notation is as before with the addition that

oD+
2 .
Steel Belts

Steel bells have been used to a considerable extent in Germany
and with apparent success. The joint construction, shown in Fig.
24 (Amer. Mach., Dec. 24, 1908), consists of two steel plates, an under
and an upper, between which the ends of the belts are joined. These
plates taper from a thickened section at the center to comparatively
thin edges. The ends of the outer locking pieces are prolosged. It
was discovered that when these extensions were not provided the
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belt would break near the inner pieces just after leaving the pulley,
probably owing to the rapid straightening of the belt after its rapid
motion over the pulley. In the size illustrated, the upper plate is
made with a series of holes in order to lighten it, Both of these
plates are shaped to a circular arc, whose radius is equal to the radius
of the smallest pulley on which the joint is to be used. Thus, for a
given joint there is 2 minimum limiting diameter of pulley on which
it can run, but no similar maximum limiting diameter; for a given
joint can be used on pulleys of any diameter larger than the one to
which the plates are particularly fitted.

The belt itsell is made of a uniform quality of steel of an even
thickness and is tempered. The ends are carefully brought together,
fitted and soldered with a special solder that flows at a comparatively
low temperature to avoid drawing the temper of the belt. This
joining is then placed between the two plates already described,
and these plates are fastened together by means of screws, as shown
in the illustration.

A number of interesting claims are made for these belts, Three

- of the most striking are: The small amount of slipping of the belt on

the pulley, given in figures as less than 9% of 1 per cent., the narrow
width of the belt compared with leather belts, the proportion being
about as 1 to 5, and the great speed at which these belts can be run,
given as 100 m. per sec., or say 19,000 ft. per min. This latter
figure is striking when compared with the limiting factor, usually
given for leather belting as 4000 ft. per min. Tt is very common to
run these steel belts at a speed of 50 m. per sec., or say, roughly,
10,000 ft. per min. They have been used for driving belts in machine

Fic. 24.—German steel belt joint.

shops and other manufacturing establishments, installations of 250
h.p. having been made. Table 5 gives some comparative data be-
tween a rope drive, a leather-belt drive, and steel-belt drive for 100
h.p., transmitted by pullcys ro m. apart at a speed of 200 r.p.m. and
adiameterof 1 m. The metric measurements are not translated into
English measurements because the table is of comparative interest
only.

TABLE 5.—CoMPARISON OF RopPE, LEATHER-BELT AND STEEL-
BELT DRIVES

1 . ! Leather-belt Steel-belt
tem Rope drive | n .

| drive drive
Breadth of belt space. ... 6 ropes 500 mm. 100 mm,

45 mm. in diameter

Breadth of pulley....... 380 mm, 500 mm. 110 mm,
Weight of pulley........ 1000 kg. 520 kg. 270 kg.
Weight of rope or belt... 240 kg. 140 kg. 13 keg.
Total weight of drive.... 1240 kg. 660 kg. 283 kg.
Cost of pulleys.......... 720 marks 400 marks 250 marks
Cost of ropes or belts. ... 600 marks 1300 marks 750 marks
Total cost.............. 1340 marks 1700 marks | 1000 marks
Power lost in per cent... 13% 6% 5%
Power lost in horse-power 13 hp _6h.p. .sh.p.

More recent information regarding several stffcessful German
installations of steel belts is given by R. K. CRONKHITE (Amer.
Mach., Nov. 21, 1912), the final conclusions being that:

Steel belts from half to one-third, and in some cases one-quarter,
the width of leather belts will do the same work as the leather belt
without trouble. : _—
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Steel belts do not stretch or slip after being placed on the pulleys,
and are not affected by variations in temperature to any perceptible
extent, which makes them very reliable for use in damp places, such
aslaundries. They are especially adapted for use in paint and varnish
works, as the accumulations of paint and other sticky substances can
be washed off with gasoline and the be't kept in good condition.

Being narrower than leather or other types of belting, they require
pulleys of narrower face, which is an item in the equipment of a new
plant or the installation of new drives in any factory.

From the investigations made, it can be said that their first cost is
considerably below that of leather or rubber belting.

The experiments have demonstrated that steel belts are more sensi-
tive than other types and that the shafts and pulleys on which they
run must be in line and level or the belt will invariably run to the low
side of the pulley, out of line, and will run off if the pulley is too much
out of line. The usc of canvas on the face of the pulleys is of decided
advantage in connection with steel belting, as it forms a bed or cush-
ion for the belt to run on, and at the same time greatly increases the
pulling power of the belt. A special rubber covering, suggested by
experiments, has proved satisfactory.

In replacing a leather belt with a stecl belt where the pulleys are
crown faced, it is necessary to build the crown up to a flat face, as
steel belts will not run on crown-faced pulleys. They will, of course,
run on plain uncovered iron or stecl, as well as on wood pulleys, but
the use of the canvas or rubber covering is so beneficial that it seems
almost necessary to good service.

The following particulars regarding the practice of the Eloesser
Steel Driving Belt Co., Ltd. of Manchester, England, are supplied by
I. W. Cuuss (Admer. Mach., May 14, 1914).

At present the system is not regarded as suitable for comparatively
small belts, as the cost of fitting and installation may considerably
outbalance the mere material cost. In particular the length of belt
has to be determined with considerable accuracy. For this purpose
a small steel band of known section is mounted on the pulleys, driver
and driven, and a tension frame is fittgd to the ends of this measuring
band. Using a calibrated nut and spring, the two ends of the frame

are drawn together until the tensior. as shown by a scale, is equal -

to that desired in the belt when running. One of the pulleys is then
slowly rotated without driving the belt, the friction changing the
tension indicated, while next the other pulley is rotated in the reverse
direction, thus again changing the tension, and the mean of the two
should correspond to the desired working tension. The band can
then be cut to the exact length with ends meeting, and when removed
from the tension apparatus will act as a template to the length of
the driving belt itself.

The material is stated to be charcoal steel, rough rolled at a red
heat and then brought to from 2 mm. (.078 in.) to 9 mm. (.35 in.)
thick by 12 mm. (.47 in.) to 200 mm. (7.87 in.) wide by cold working,
the tensile strength claimed being about 212,800 lbs. to the sq. in.

The sharp edge of the material is removed. The pulley should
preferably be flat, any crowning not exceeding in height 14 per cent.
of the width of the stcel belt. The rim of the pulley is covered with
canvas and cork glued on in one length, a special cement being em-
ployed for damp situations; the rim is first roughened by file or chisel
cuts to avoid stripping. Above this covering a slight crown of cork,
say 34 in. high, is glued, and with this the coefficient of friction be-
tween belt and pulley is said to be equivalent to that between a
leather belt and an iron pulley. If necessary, two or more belts are
run in parallel, the ratio of width of belt to thickness being kept as
high as possible.

For jointing the belts steel plates are employed, milled to about
the curvature of the pulleys, the belt ends being clamped and the
belt itself brought by screws to the required tension, the ends being
then threaded between the plates, which are secured by counter-
‘sunk screws. The ends are, however, tinned first and solder is
finally run into the joint by means of a blow lamp. A minimum
efficiency of g9 per cent. is guaranteed and as the steel belt is about

one-third the width of an ordinary leather belt, the pulleys may be
narrower to that extent and consequently lighter. A steel belt,
however, is not regarded as suitable for fast and loose pulleys, and
where crossed belts are employed, the distance between the crossing
point and either shaft must not be less than 7o times the width of
the steel belt. For ordinary drives the pulleys may almost touch.
Rope drives have been converted by filling the grooves with wood
blocks. A cheaper method, however, is to cut a groove across the
face of the pulley, into which is fitted a plate; to this is fastened a
steel band shrunk round the pulley rim. It is stated that transmis-
sions of more than 150,000 h.p. have been thus converted.
Individual drives in use on this system range from 10 h.p. to
3650 h.p., and some have been running for six ycars without showing
stretch. In one case three belts are employed in connection with a
rolling mill where the power varies from 600 to 1200 h.p. in a second.
In another case, in England, a couple of stecl belts are employed for
transmitting 450 h.p., showing a saving in power, as compared with
the previous rope drive of 13 per cent. As to Germany, where
Eloesser belts totaling some 200,000 h.p. are installed, in one case
they displaced ropes transmitting 1650 h.p. from a single drum,
while in another case 3600 h.p. was transmitted from onc drum.

Belt Shippers

An imp;'ovcd belt shipper, which completely overcomes the common
nuisance of the belt refusing to remain where put, is shown in Fig. 235.
The difficulty is due to the weight of the shipper pole, which tends to
bring the pole to the vertical position, with the belt half on each pul-
ley. In this position the machine will not stand still if it has no work
to do, and it will not drive if it has work to do. The arrangement
shown gets rid of this effect of the gravity of the pole, with the result
that the belt stays on either tight or loose pulley as desired.

The sketch represents a shifter made of wood, the improvement
consisting in having the pole play between pegs ab on the fork bar.
The fork is shown in position to guide the belt to the loose pulley.
The pole hangs in a vertical position against peg a. If the belt is to’
be shifted, the pole is pushed to the left as usual, and with the usual
result, except that after the pole is dropped by the hand, it swings
back by gravity to the vertical position again. The previous move-
ment of the fork bar will, however, have moved the pegs to the posi-

)
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F16. 25.—Improved belt shipper.

tions a’b’, so that the pole will then be in contact with peg b in its new
position b’, ready to push the bar in the opposite direction whenever
wanted, after which the pole will again return to the vertical position.
The belt fork always stays where left, and, the pulleys being crowned,
the belt also stays where put. The same result may be obtained by
increasing the space between the forks—making this space span both
pulleys instead of one, as usual. :
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Pulleys

The dimensions of casl-iron pulleysv may be obtained from the fol-
lowing formulas and tables by J. W. SEE (Amer. Mach., July 23,1881).

B=A4X.0625+.5.
C=AX.04+.3125.
D=A4X o25+.2.
E=A4X.016+4.125.

in which 4 =diameter of pulley,
B =width of arms at center of pulley,
C =width of arms at circumference of pulley,
D =thickness of arms at center of pulley,
E =thickness of arms at circumference of pulley.

All dimensions in inches.
sixteenths.

Mr. See also supplies Table 6 of pulley dimensions, and the fol-
lowing instructions:

The pattern spiders should be of iron, parted, dowelled, the ends
of the arms turned to size in the lathe, and the shallow recess H
turned in the hub seat. The rims may be iron or wood, as policy
suggests. The drawing shows how to,shape straight and curved
arms. The table gives dimension of arms where they would cross
the rim and cross the center. The hub seat H is of such size as to
receive quite a range of standard hub patterns, and make a nice;
smooth job without sharp corners. The ends of the arms may be
drilled to receive screws put through edge of rim to hold strings to-
gether, if parted rim pattern is used. Some will prefer a single
narrow rim to be drawn for any width. Some shops follow the
vicious plan of casting all pulleys the full width of, say, a g-in. pattern,
and then cutting to width in the lathe, using a special or drawing
pattern for wider rims. '

The Rims.—Columns FG show the thickness at center and edge
in the rough. The crown will be right for all widths. Pattern
should be large enough to let casting finish to cxact size—a matter
very often neglected. All pulleys for general work should be 4 in.
wider than belt. A good pulley trade calls for iron rim patterns of
sundry widths to change on loose spider.

The Spider.—The table gives size of arms at rim and center cross-
ing, the diameter of the center web, radius of the fillets, and diameter
of the hub seat H, which is § in. deep in all cases. The table makes
the hub seat large enough to receive good-sized hubs, and still look
right with small ones.

To Draw Curved Arms.—Draw full size the diameter A4; step off
six points, a b ¢ d ¢ f; at each of these points strike circles C, of size
given in table column C; strike circles at pulley center, sizes from
columns B and [ in table; with ¢ for a center strike arcs & and 7, the
radius being to each side of circle B; midway between these arcs and
the points j and % locate points / and m; with k for center and ¢! for
radius strike arc #; with j as center and mc as radius strike arc o;
with kn for radius sweep inside of arm touching circle B, center being
somewhere on arc #; with jo for radius sweep outside of arm, touching
circle B, center being somewhere on arc o.

For Straight Arms.—Draw lines touching circles B and C. Draw
fillets p, touching edges of arms, and circle I. With one-half
of I, minus F for radius, cut off the arms. Radius of ¢ equals
one-half of C.

The edge view, or section of arms, as in Fig. 27, is made by circles
E E and D from table, and side lines touching these circles. Radius
of y equals E. Make these fillets nice, and thus avoid all sharp
internal angles,

Section of Arm, Fig. 29.—~Draw circles r and s, representing width
and thickness of arm; make ¢ # equal to v w; with % v for radius and
u a8 center, draw sides of arm; put in.circle.x, touching the sides and
the circle r. The fillet p should have half circle section andspresent
pure blended surface. )

Change decimal results to the nearest
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The Hub Patlern, Fig. 30.—Theintention is to have the hub patterns
fit all pulley patterns within reason. Table gives diameter and
lengths. The flanges should fit easily in the hub seats in the spider
patterns. Radius of y is § in. in all cases. Fillet is quarter circle.
Hub patterns should be of wood. Core prints should be turned on
the pattern solid. The prints arc one size on all hubs. Make full
set of straight core boxes 1 ft. long, and have in each two sliding
ends to give shape of prints. By this means but few core boxes are
needed, and the hubs and cores will interchange nicely for all common
work, Taper both prints if desired.

The above formulas and tables make no distinction between
pulleys for single and double belts. For double-belt pulleys the
author suggests the formulas:

C =4X.05+.75,
E =1C,
F and G } more than for single-belt pulleys.

The only suitable number of arms in a pulley, wheel or gear
which is to be chucked by the arms is a multiple of 3, as such numbers
permit strapping at three points without distortion.

The above formulas and table are suitable for all ordinary cases
of stock pulleys. For special cases and extra large pulleys, Fig.
31 by S. E. FREEMAN (Amer. Mach., Dec. 3, 1890), which gives the
practice of the Todd and Stanley Mill Furnishing Co. may be used.
As will be seen,; it is adapted for use in laying out rope sheaves as
well as belt pulleys.

To use the chart, substitute the given dimensions in the proper
formula; find the value of the quantity under the cube root sign.
Find this same quantity on the base line and trace upward to the
various lines where read the required dimensions. Examples will be
found below the chart.

For the design of hollowe pudley arms from their solid equivalents,
see Arms of Spur Gears.

The static strength of belt pulleys formed the subject of experiments
by Pror. C. H. BENJAMIN (Amer. Mach., Sept. 22, 1898). The
general conclusions arrived at are as follows:

1. That the bending moments on pulley arms are not evenly
distributed by the rim, but are greatest on the arm near the tight side
of belt.

2. That there are bending moments at both ends of the arm,
that at the hub being much the greater, the ratio depending on the
relative stiffness of rim and arms. An increase of the width of rim
will undoubtedly help the arms.

The rules deduced from the experiments for the rational design
of cast-iron pulleys are as follows:

1., Multiply the net pull of belt by a suitable factor of safety and
by the length of arm ininches. Divide this product by one-half the
number of arms and use the quotient for a bending moment. Design
the hub end of arm by the usual rules to resist this moment.

2. Make the rim ends of arms one-half as strong as the hub
ends.

The surplus of pulley face over belt width may be obtained from
Fig. 32, by CArL G. Bartu (Amer. Mach., Feb. 11, 1915) of which
the lower line gives no surplus and is introduced for purposes of com-
parison. The middle line gives about the surplus usually pro-
vided, while the upper line gives the larger surplus which Mg, BArTr
usesand finds advantageous. The use of the chart is self-explanatory.

The appropriate height of crown for belt pulleys according to Mg.
BartH i8 given in Fig. 33. More usual proportions are given in
Fig. 34. )

Parting split pulleys half-way between the arms, Fig.' 45, is a source of
danger at high speed, as has been demonstrated by the experiments of
PRroressorR BENjaMIN (see Bursting Strength of Fly-wheels). This

Jocation of the joint is even worse in pulleys than in fly-wheels becauze

the thinness of the rim provides less strength to resist the centrifugal
bending stress. The construction shown is particularly bad because
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the absence of a joint at the inner ends of the lugs aggravates the
other bad conditions. Fig. 36, by PROFEssOrR SWEET (Amer.
Mach., Jan. 12, 1905), is a well considered design in which the weak-
ness due to the parting is practically eliminated.

Overhanging pulleys should be avoided, but when that is impossible
the usual construction, Fig. 37, may be greatly improved by adopting
the plan shown in Iig. 38.

In Fig. 37 the pulley A4 is secured by the set screw C to the driving
shaft B, which runs in the bushing E carried in the bracket D. The
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Again for a rope sheave 8 ft. diameter

N
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Number under the Cube Root Sign

To find the dimensions of the arms of a 48 in. single-belt pulley having 6 arms and for a 12 in. belt: substituting these factors in the quantity under the

cube root sign for single belt pulleys givee—‘s—x '?e 24, Locate 24 on the bare line, trace upward and read hw 3}, b1}, h’= 2}, and &’ =}, all in ids.

Locate 140 on the bare line, trace upward and read he= 5}, h’e 3}, bm 24 and b’= 1} ins.
F1e. 31.—Dimensions of arms of belt pulleys and rope sheaves.
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F16. 32.—Surplus of pulley face over belt width.
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9 .11 lﬁ#’l‘i&l‘dﬂgduu



BELTS AND PULLEYS

collar F, which is taper-pinned to the shaft prevents end play. This
design is bad, as the bush E wears bell-mouthed at the pulley end and
the bending effect on the shaft due to the pull of the belt on the pulley

Crovning

Crowning | Width of Pace
* Under 6"
W 6 to 12
) 12 " 18
% 18 " 24
T 24 30
i 30 " 36
H 36 " 48
P} 48 ' 6o
N 60 & Over Fic. 36.

Fic. 34 —Lrowmng for belt Fics. 35 and 36.—Correct and in-
pulleys. correct parting of split pulleys.

increases as the wear on the bush increases. This gives combined
bending and torsion on the shaft in transmitting the drive.
In the improved design, Iig. 38, these difticulties are overcome.

Fia. 37. Fic. 38.
Fics. 37 and 38.—Correct and incorrect design of overhung pulleys.

The bush is prolonged and the pulley runs upon its periphery. The
drive is transmitted through the collar G, which is secured to the
pulley, and also taper-pinned to the shaft. The collar F is the
same as in Fig. 37. Thus the shaft is sub-
ject to torsion alone, or practically so.

The correct arrangement of tight and loose
pulleys is shown in Iig. 39, by PROFESSOR
SweET (Amer. Mach., Jan. 12, 1905), the
hub of the tight pulley being shortened and
that of the loose pulley lengthened at both
ends to make it central with the pulley
face. TFig. 40 sacrifices length of bearing
where it is most needed, and Fig. 41 is cer-
tain to wear bell-mouthed. The chambered
construction, Fig. 42 is appropriate on tight
pulleys only.

A superior construction of counter-shaft
pulleys by CARL G. BarTH (Amer. Mach.,
Feb. 18, 1915) together with standardized
dimensions is shown in Fig. 43 and the ac-
companying table. The loose pulley is
smaller than the tight pulley in order to re-
lieve the tension-on the belt when it is doing
no work, a beveled edge being provided to
assist the shipping of the belt. The surplus
of pulley width over the belt width is greater than is customary. A
stationary sleeve or quill of cast iron is provided as a bearing for the

b

Fics. 39 to 42—~Cor-
rect and in correct ar-
rangements of tight and
loose pulleys.

65

loose pulley. The effect of this is to confine the wear to one side
of the bush which continues to fit the hole regardless of wear, which,
however, is almost negligible. A grease cup feeds into an annular
chamber around the shaft, from which three grooves run the length
of the sleeve inside and passages connect with three similar grooves
outside to feed the surfaces where the shaft and loose pulley run.

When arranged as usual, loose pulleys are much more effectively
lubricated with grease than with oil, the former remaining in place
much better than the latter. For small pulleys, the grease cup may
be tapped into the end of the shaft—a suitable hole lengthwise the
shaft and another crosswise within the pulley hub carrying the grease
to the bearing.
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Section XX

F16. 43.—Dimensions of tight and loose pulleys.

Size of  Sizes relative to shaft, || Width Sizes relative to belt,
shaft, ins. " of belt, ins.
ins. |‘ ins.
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A self-oiling loose pulley is shown in Fig. 44 by H. J. WHiTE
(Amer. Mach., June 22, 1905). The bushing is of hard composi-
tion and the oil holes are plugged with hard felt or rattan. Mr.
White says that with § pt. of oil in the oil space these pulleys will run
three months without attention.

The bursting sirength of pulleys of various materials and construc-
tions formed the subject of experimental tests by Pror. C. H.
BeNJAMIN (Journal A. S. M. E., June, 1910) similar to those on fly-
wheels (see Bursting Strength of Fly-wheels). The results are given
in Table 7. The cast-iron pulleys Nos. 11 and 12 were not fractured.



Fi1c. 44.—Self-oiling loose pulley.

F. P. READ (Power, Apr. 22, 1913) reports the repeated failure,
at a rim speed of 5937 ft. per min., of 84 X 12 ins. cast-iron split pulleys
of the usual type with lugs and bolts half-way between the arms.
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TaBLE 7.—REsuLTts oF BURSTING TESTS oF BELT PULLEYS

No.
of
test

u:-huuu!

0O Y 3 O

11
12
13
14
15

material
in
pulleys

wood
wood
wood
wood

wood
wood
wood,
wood
wood

cast-iron

cast-iron
paper
paper
steel

steel

|

Kind of

[X)

NN N NN

”

2

Rim Bursting

speed

g| H
cARE: Weight & .
Style .5 4 P"P“‘ pounds rpm.| B §
< S | inches R
g1 3 g &
g 2 5

Q m [
solid 24 | 6.25 [1.62 29.37 | 2720 | 284.7
solid 24 | 6.25 [1.62 29.37 | 2550 | 266.9
sections| 24 | 6.5 |1.78 | 29.67 | 2210 | 231.8
sections| 24 | 6.5 |1.78 29.67 | 2110 | 220.8
sections| 24 | 6.5 |r.78 28.81 | 2300 | 251.0
sections| 24 | 6.5 |r.78 28 .81 | 2430 | 254.3
sections| 24 | 6.5 [r.78 | 28.81 | 2360 | 247.0
sections| 24 | 6.5 |1.78 28.81 | 2420 | 253.3
sections| 24 | 6.5 |1.78 28.81 | 2570 | 258.5
sections| 24 | 6.5 |1.78 | 28.81 | 2535 | 244.4
solid 24 | 6.0 10.406 | 70.44 | 3720 | 389.4
solid 24 | 6.0 |0.406 | 70.44 | 3380 | 353.8
solid 24 | 6.0 |1 75 77.37 | 2820 | 295.2
solid 24 | 6.0 |t.75 | 77.37 | 2930 | 306.7
sections| 24 | 6.75 |0.0625| 41.75 | 2240 | 234.5
sections; 24 | 6.75 |o.0625| 41.75 | 2240 | 234.5
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To find the rim tension in a cast iron wheel 40 ins. radius running 350 r.p.m.: Find 40 on the base line and 350 on the vertical scale ;
trace to their intersection and read 1450 lbs. per sq. in., rim tension. For a wheel of 400 ins. radius read as for 40 (that is, -‘T%‘l) and
multiply the stress by 100, and so for 4 ins. radius read as for 40 (that is, 4)X10) and divide the stress read by 100.

Fic. 1a.—Centrifugal tension in cast iron fly wheels.

Stresses in Fly-wheels

The siress in a ring revolving about an axis passing through its center
due to centrifugal force is similar to that in a boiler shell due-to inter-
nal pressure and is given, for any material, by the formula:

wy?

S=268

in which S =stress on section, lbs. per sq. in.
w= weight of material, Ibs. per cu. in.
v= velocity of center of gravity of rim, ft. pcr sec.

(@)
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For cast-iron having w=.26 this becomes:

S =.0070? (b)
For steel having w=.28 it becomes:
S =.10450% (c¥

For both iron and steel it becomes, with sufficient accuracy for fly-
wheel calculations:
vi

S=—

10 @

To find the total stress on the section for the calculation of the
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dimensions of link and other joints, multiply the stress per sq. in. by
the area of the section in sq. ins.

The rim tension may be obtained without calculation from Fig. 1
by P. MuLLER (Amer. Mach., Nov. 28, 1901). The diagram for steel
will also serve for wrought iron, which has practically the same
specific gravity. The use of the charts is shown by an example
below them.
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V=443Ve N

Before the experiments of Pror. C. H. BENJAum (summar-
ized below) were published, the value of unity would have been sub-
stituted in formula (f) for the efficiency of construction of a wheel
cast in one piece. Those experiments show this procedure to be
incorrect, such wheels giving way at velocities materially below those
to be expected from the tensile strength of the material—the efficiency
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To find the rim tension in a steel wheel 40 ins. radius running 350 r.p.m.: Find 40 on the base line and 350 on the vertical
scale; trace to their intersection and read 1558 1bs. per sq. in., rim tension. For a wheel of 400 ins. radius read as for 40 (that
is 442) and multiply the stress by 100, and so for 4 ins. radius read as for 40 (thatis, 4 X 10) and divide the,stress read by 100.

F1c. 1b.—Centrifugal tension in stcel fly wheels.

The velocity of the rim at which bursting may be expected is given, for
any material, by the formula:

te
|4 1.64{—”

in which ¥V = bursting velocity of rim, ft. per sec.
t = tensile strength of material, lbs. per sq. in.
w= weight of matcrial, lbs. per cu. in.
e = efficiency of construction, for values of which see Table 1.
For cast-iron, taking 19,000 lbs. per sq. in, as the tensile strcqgth and
.26 Ib. per cu. in. as the weight, this becomes:

(e)

of the construction being .85. Had decper rim sections been used
in the experiments, a larger value would probably have been found.
The efficiencies to be substituted for other construcuons arc gwen in
Table 1.

For stecl, taking 60,000 lbs. per sq. in. as the tensdle strength and
.28 lbs. per cu. in. as the weight, the formula becomes:

V=757V ()

No experiments have been made on steel wheels to determine
their actual efficiencies of construction.

- .
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The most essential fact disclosed by these formulas is that the stress
increases with the square of the speed, doubling the speed multiply-
ing the stress by four and neutralizing a factor of safety of four based
on the stress. Much greater increases of stress are therefore pos-
sible with fly-wheels than with steam boilers, and fly-wheels are
correspondingly more dangerous than boilers. The Fidelity and Casu-
alty Company, which insures both boilers and fly-wheels, finds the
hazard on fly-wheels materially to exceed that on boilers.

These formulas should be used with caution when designing fly-wheels,
as they are now known to have much less direct application than was
formerly supposed. The condition of simple tension assumed,
while true for an ideal revolving ring without arms, is seriously modi-
fied by the action of the arms of actual wheels in restraining the free
expansion of the rim. Becausc of this restraint, cach rim section
between adjacent arms is in the condition of a beam under a uniformly
distributed load, the load being the centrifugal force of the material
of the section and the stress due to this beam action is added to the
simple tension stress, the resulting stress being always greater than
that given by the above formulas.

AN

X

F1c. 2.—Method of failure of fly-wheels with flanged joints.

The beam action is especiully serious in the case of built-up wheels
with joints located, as usual, half-way betwecen the arms. A joint
in this position is equivalent to a joint in the middle of a beam and
not to a simple splice in a tension member.

The beam action may be reduced by increasing the number of arms.
Such increase reduces both the weight and length of the segments
and the fiber stress due to the beam action—not the total fiber stress
—is, hence, other things being equal, inversely as the square of the
number of arms.

Attention was first called to this heam action by J. B. STANwooD
(Trans. A. S. M. E., Vol. 14) and the truth of his analysis has been
experimentally proven by PROFESSOR BENJAMIN (Trans. A. S. M. L.,
Vols. 20 and 23), who tested model fly-wheels to destruction by
revolving them in a bomb-proof casing at increasing speeds until
they gave way. Fig. 2, from a photograph of an actual case, shows
the manner of failure of the common flanged and bholted joint located
midway between the arms, and demonstrates not only the reality of
this beam action but its preponderating importance in whecls of this
construction.

It is to be especially noted that, in repeated instances, wheels with
this type of joint gave way through the solid rim and without failure
of the bolts, as shown in Fig. 2, although the strength of the bolts
was less than one-third that of the rim section, showing that the
strength of this joint, as calculated in the usual way from the strength
of the bolts, has nothing to do with the effective strength of the wheel.

The resulls of thesc experiments have been corroborated by the experi-
ence of the fly-wheel insurancedepartment of the Fidelityand Casualty
Company which has had scveral cases of failure of band fly-wheels
with joints of the type shown in Fig. 2, in which the joint section
went bodily out of the wheel and, in two cases, without affecting the
remainder of the wheel or even bringing it to a stop.

The beam action becomes an increasing factor as the radial dimen-
sion of the rim decreascs and is at its maximum in thin-rim belt
pulleys.

W heels having joints at the poinis of contrary flexure, that is, at one-
fourth the distance from one arm to the next, have been repeatedly
proposed as better adapted to meet the conditions of the beam action
than those placed midway between the arms. Such wheels were
tested by Professor Benjamin and found not to be appreciably
stronger than those of the midway ‘oint construction.

Professor Bemjamin's experimenis are summarized in Table 1.
The figures of the table are the averages of the experimental results,
the number of wheels of each type tested ranging from two to four,
except in the case of column 5 of which construction but one was
tested.

Regarding the wheel in column 3, Professor Benjamin considers
that “if the tie rods had been more carefully designed and constructed,
a greater speed could have been attained.”

For similar tests of belt pulleys see Bursting Strength of Belt
Pulleys.

W. H. Boehm, superintendent of the boiler and fly-wheel insurance
departments of the Fidelity and Casualty Company, has calculated
the very useful Table 2 of safe speeds of cast-iron wheels of various
types. The table is figured for a margin of safety, based on speed, of
approximately three or a factor of safety, based on the stress, of nine.
The table assumes the solid wheel to have an efficiency of construction
of unity, which is not borne out by Professor Benjamin’s tests and
the table doubtless slightly overestimates the strength of the wheels.
The Fidelity and Casualty Company accepts for insurance wheels
having a factor of safety on stress of five, equivalent to a margin of
safety on speed of 2.24. The company frequently insists on the
addition of tie rods, Table 1, column 3, to wheels with bolted flange
joints.,

The fly-wheel cast in one piece is subject to uncertain initial strains
due to shrinkage, but it is, nevertheless, by far the best of all common
constructions. This is shown by Professor Benjamin’s experiments
and is, moreover, shown by common experience in which the failure
of such wheels is the rarest of accidents.

Construction of Fly-wheels

In the design of wheels cast in one picce, the uncertainty of the shrink-
age strains makes calculations regarding the strength of the arms of
more than doubtful value. The author’s empirical formulas for the
arms of such wheels (Amer. Mach., April 23, 1896) have been used
in the design of wheels from 33 ins. to 8 {t. diameter, and have been
compared with wheels up to 20 ft. diameter with very satisfactory
results. The formulas contain a factor for the diameter and another
for the cross-scction of the rim together with the usual constant.
The author prefers a rectangular section having its greatest dimension
radial, as it best resists the beamn action, but the formulas provide
for other sections by considering all sections of the same area as equiv-
alents and taking the side of a square equal in area to the section
as the base of the factor for the section.

Referring to Fig. 3 for the notation, the formulas for the arm
section at the outer end are:

x=7 in. +.04d+.153¢
y=}x

all dimensions being in inches. The author’s preference regarding
the dimensions @ and b is to make b=%a.

The taper of the arms each side the center line should be from
% to § in. per ft. in the side view and 4 to % in. per ft. in the edge
view, depending on the size of the hub.  The arm section is preferably
that made by two circular arcs rounded over at the edges, as shown
in Fig. 2, such section having a much more pleasing appearance
than the more usual ellipse. The arms are usually six in number,
but the same formulas may be used for a greater number of arms.

For many cases in which a fly-wheel is desired but without definite
requirements to permit calculations of the section for weight, satis-
factory wheels will be obtained by making

¢=1 in.+.08d

A superior flv-wheel by the Mesta Machine Company is shown in
¥ig. 4 (Amer. Mack., July 20, 1911), This wheel, which is of 17 ft.
diameter, was designed for a rim speed of 10,000 ft. per min. The
material is air-furnace iron having a tensile strength of 30,000 lbs.
per sq. in. The wheel was divided as shown in order to reduce the
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spongy center of large sections, and the rim section is deep to reduce
the beam action. The arms were cast with the rims but free at the
hub ends, the hub being a separate casting of steel. Long sweeping
curves connect the arms with the rim and hub ends. Complete cal-
culations were made for the stresses at various sections, the extreme
values being, for the arm section 3000, and for the rim section 2410
lbs. per sq. in.

Another superior fly-wheel (patented by G. M. Hinkley) is shown in
Fig. 5 (Amer. Mach., May 17,1900). Itis used by the Allis Chalmers
Company in their band-saw mills in which the rim speeds are regu-
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larly 10,000 ft. per min.—a figure that has, in some instances, been
run up to 12,000 ft. At the date of publication about 300 of these
wheels had been made, none of which had failed. The aim of the
construction is to enable the wheel to relieve itself of shrinkage
strains in cooling. The arms are arranged diagonally and pass from
one side of the wheel rim to the opposite end of the hub, alternate
arms being staggered with onec another. As first cast, the hub is in
two pieces, the central portion marked ¢ being vacant. After the
wheel has become entirely cold, this space is filled by pouring in mol-
teniron. As poured, the ends of the hubareseparated bya core § in

TABLE 1.—SUMMARY OF PROFESSOR BENJAMIN'S EXPERIMENTS ON THE STRENGTH OF FLY-WHEFLS

1 2 3 4 5 6; - 7 8
Solid wheel, | Wheel in Wheel in Wheel in Segmental Rim in Solid rim Solid rim
6 arms halves, flange! halves, rein- | halves, link | wheel, link halves, |with separate| with 24 tan-