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LOCOMOTIVE SUSPENDED ON 100-TON TRAVELING CRANE
IN ERECTING SHOP

(Baldwin Locomotive Works)

Construction and Design
of Boilers.

A complete discussion of the general subject of “ Strength of
Materials ” cannot be taken up here, but some of the more import-
ant branches entering into the construction of boilers will be
touched upon briefly. The breakdown or failure of certain
mechanical devices is attended with no greater disaster than their
own loss, or perhaps the throwing out of use for a time certain
other machines, of which the one in question is one link in the
chain; but when anything happens to the boiler it is not unlike
a failure of the heart to send the blood coursing through the body.
And it is not merely the loss of energy: far worse is the disaster
in most cases, ofttimes coming with little or no warning and caus-
ing dire calamity. The energy of steam and hot water is so largely
latent, and so ready is steam to expand, that when one small flaw
yields to the pressure, the tremendous following-up power of the
expanding steam sends the ruptured parts of an exploded boiler
long distances, causing great damage to life and property, not
merely in the immediate vicinity of the boiler, but at considerable
distances as well.

A careful study should, therefore, be made of the properties
of materials and the methods of calculating stresses before under-
taking the construction of a boiler. It should not be left there,
however, for a boiler properly designed will not remain safe
indefinitely without considerable attention, and in many cases
constant repairs; this is particularly true where feed water is of
poor quality, either through solid matter or chemical compounds,
which cause scale and deposits within the boiler, either on the
tubes or on the shell, or both. While the evaporative efficiency
is largely reduced, the still worse trouble is met, that particularly
in the case of the shell, or at a joint, the material may be over-
heated, the water within not carrying off the heat, and then
rupture coming unexpectedly. If the safety valve should fail to

oo
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540 CONSTRUCTION AND DESIGN OF BOILERS.

lift, the fireman would be expected to note the rise in pressure
by the steam gage and meet the difficulty in time; but a trouble
coming from such a source as scale and mud might cause a serious
explosion with no more than normal pressure.

Many States have laws covering the inspection and licensing
of steam boilers, but most users of plants carry boiler insurance
in some standard company, whose guarantee means that all details
are properly carried out. The reputable boiler makers work in
harmony with these companies, so that where even average good
care is given by the attendants we have but comparatively few
losses from boiler explosions.

Materials. Wrought iron, malleable iron, cast iron, mild
steel, copper, and compositions such as bronze and brass, enter into
boiler construction. Nickel steel has been suggested, but its use
has been very small. Of these materials wrought iron and mild
steel are the most generally used for shells; the compositions and
copper for flues, tubes, furnaces, etc., while cast and malleable
iron furnish manhole and handhole rings, plates and yokes, brack-
ets, steam outlets, etec. These various materials should be tested
for

1. Tensile strength, or resistance to direct pull along axis of piece.

2. Compressive strength, or resistance to direct thrust along axis of
piece.

3. Transverse strength, or resistance to bending.

4. Shearing strength.

5. Torsional strength.

Not only are the figures representing ultimate or breaking
strengths of interest and value, but also the elastic limit and
reduction of area should be given.

By elastic limit is meant in general that point to which a
piece may be strained, and upon removal of the load have the
piece return to its original dimensions. It has been found that
up to a certain point Hooke’s Law holds; that is, “ The stress is
proportional to the strain.” The stress is the amount of the force
acting, and the strain is the distortion of the piece.

The Modulus of Elasticity, so called, is the stress, usually
expressed in pounds per square inch, divided by the strain per unit
length expressed in inches or fractions. If a piece is strained
beyond its elastic limit it acquires a permanent set, hence the

EIGHT WHEEL TYPE PASSENGER LOCOMOTIVE
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CONSTRUCTION AND DESIGN OF BOILERS. 341

importance of proportioning the several parts so that not merely
the working pressure, but also the test pressure, which in the case
of boilers is usually one and one-half times the working pressure,
may not cause any permanent change in the size of the parts. Un-
fortunately, the elastic limit is not a perfectly definite point, but
may vary in portions of the same material, depending upon the
previous treatment, that is, whether cooled from a red heat quickly
or slowly, hammered, rolled, ete. It may go from about 40 to 45
per cent of the tensile strength to nearly the full amount. How-
ever, it may be determined for a particular specimen with some
certainty, so that if the specimen has been eut from the partienlar
plate in question we have figures upon which we may depend with
some security. The question of homogeneity of the plate, of
course, must be considered.

Shapes of Specimens. In the case of rods or bars, the test
pieces should be about two feet long, and surely not less than 18
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Fig. 1 Iig. 2

inches. The data will be much more reliable if obtained from
full-sized pieces, although they can, in the case of large pieces, be
turned or planed down. Specimens from the plates should be
taken from every lot, and some specifications require every plate
to be tested. As the rolling tends to develop a grain in either iron
or steel plate, pieces should be tested both along the grain and at
right angles. Unless the material be very hard, the jaws of the
testing machine will grip the ends of the test piece easily, or the
specimen may be shouldered thus (Fig. 1):

but the distance between the shoulders should be ten inches at least.
Necked specimens such as this (Fig. 2):

show a relatively greater strength per square inch of section than
straight specimens. Undoubtedly, the metal across the neck does
not flow as readily under stress, being supported somewhat by the
adjacent material. Advantage may be taken of this fact under
certain circumstances. TIf the metal is too hard to be gripped by
the testing machine, it is probably too hard to be used, for it will be
low in duetility and unsuitable for boiler making.
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Cast metal usually gives much higher breaking strengths
when tested without cutting the skin formed by casting. Samples
should be not less than one inch by one and one-half inches. In
certain cases it may be necessary to shape up a test specimen, but
allowance ought to be made. In general, the testing should dupli-
cate, as far as possible, the actual working condition. If, there-
fore, the casting is used as it comes from the sand, let the test
piece be treated similarly, or, if the casting is to be planed before
using, test a planed sample.

Testing. The testing machine is provided with two heads,
one of which (P, Fig. 3) transmits the pull to the test piece, and
the other carries the pull to the train of levers where the pull is
weighed. The straining force is often applied through a train

]
s

of gears to bevel gears and lead serews S S, actuated by a crank
and driven by hand or by power. An hydraulic eylinder may be
used, drawing the fluid, as, for example, oil, from a reservoir
under pressure supplied by a pump, or directly from the pump
itself. This latter form, using a multiple eylinder pump with a
device to regulate the amount of oil pumped, is quite successful.

The weighing is accomplished by means of a train of levers
and a graduated. arm, upon which the counterbalancing weight
may be moved as the load is changed. The ends of the test piece
are gripped by wedges having a very slight taper, so that the
greater the pull the greater the grip. This, of course, applies to
tension. These wedges W, W taper slightly on the other side, and
a less amount than where gripped by the head ; the surfaces which
grip the specimens are scored, and the whole adjustment is such
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that the grip is least at the lower point A and greatest at the outer
point B. T is the test piece.

For compression, flat, parallel bearing surfaces are put in the
heads. Small specimens may be tested transversely in such a
machine, but the necessary auxiliary apparatus is bothersome to
handle, and it is more satisfactory to use a machine constructed for
that purpose. Such a machine is essentially (Fig. 4) a heavy
girder G, carrying two jack screws acting at J, J, on which rests
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Fig. 4

the test piece T ; a yoke L connects with the weighing beam, which
is like a regular platform scale beam, through a train of levers.
If a distributed load is desired, the number of bearing points
may be increased, and by knife edges and short girders as close
an approximation obtained as may be desired. In Fig. 5 eight
knife edges are equally spaced on the beam G to be tested; each
pair carries a short girder and this girder has a knife edge at its
center, and so on until a long girder H connects the upper pair

Y
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Fig. 5

J

of knife edges, and through the yoke Y transmits the pull to the
scale beam.

In testing under tension a good method is to put two collars
on the specimen, clamping them rigidly about eight inches apart.
The two surfaces of the collars facing each other should have two
or more raised points opposite each other, so as to allow the dis-
tance between one point and its fellow in the other collar to be
measured by means of an extension micrometer caliper. This
measuring should be accurate to one or two ten-thousandths of an
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inch. There is liable to be some little irregularity with the stretch
measurements when the load is first put on, owing to lack of align-
ment, or if the piece is not straight. The load should be applied
in uniform increments, and the measurements of the distances
between the pairs of points on the collars taken. The average
of the measurements for the several pairs of points should be taken
as the length under that load. With each increment of load should
come the corresponding increase in length, but when the stretch
is greater for a given increment of load than for the preceding
equal increment, this is the stretch limit. It will be seen that if
the increments of load are taken large, then there will be a cor-
responding uncertainty in fixing this limit. But, on the other
hand, the process is tedious at the best, and in making a large
number of measurements much time and energy are consumed.
An automatic device is sometimes used to register loads and
corresponding stretches, but it should be noted that such a device
ordinarily registers stretch limit and not elastic limit.

The Stretch Limit is sometimes defined as the point at which
the specimen will not hold its load, but will allow the scale beam
to fall when the straining motion is stopped.

Let A=area of cross-section of test piece in square inches,
I=length measured in inches,
P=pull in pounds,
e=clongation of section 1 in inches.

P
Stress=p--X
Strai n=a=-.§-

Modulus of Blasticity=Les 7'

If we take f, the working strength of mild steel, as 9,000 pounds
per square inch (factor of safety=6), then we would have

CONSTRUCTION AND DESIGN OF BOILERS. 345

P=fA and
f

a=<
E N T

9000 3
30000000 10000

a=

A bar 10 feet long could, therefore, be stretched x 10

3
10000
~ 1000
sion very nearly upon removing the load.

Ultimate Strength. After passing the elastic limit in testing,
it is of no practical advantage to take stretch measurements; it
is customary to apply the load continuously until rupture takes
place. The maximum load borne by a specimen is taken as its
ultimate strength. If the load is applied rapidly this figure is
likely to be higher than if the application be slower. It is to be
hoped that engineers agree on some standard method of procedure,
in order to assure universal comparisons to be made intelligently.

Ultimate Elongation. If the two pieces be laid together after
rupture, with ends touching, the increase in length (between the
marked points) divided by the original length gives the ratio of
ultimate elongation.

Contraction of Area. The contraction or reduction of area of
a specimen is to be carefully noted. The final area of the broken
section is very much less in material of high ductility than was
the original section. Oblique strains are sure to come in a boiler,
and it is of importance to have the parts adjust themselves to such
conditions as readily as possible. Too hard and unyielding ma-
terial is likely to let go, or at least start a crack. A common
specification for boiler plate is to have a piece whose length is 18
or 20 times the thickness of the plate, bent upon itself and ham-
mered down close, all done cold, without showing fracture; this
applies to plate 3 inch or under. Above this thickness it should
be bent over a rod of diameter one and one-half times the thickness
of the plate.

of 2 foot safely, and it would return to its original dimen-
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Shearing is that stress which tends to slide one section by the
other, as in a riveted joint. With uniform bearing, as of the plate

s d|

P

Fig. 6

on the rivet, the rivet heads being drawn up close to the plate, the
resistance to shearing will be in the area of the cross-section of
the rivet.

Fig. 7

P=pull on one rivet,
d=—diameter shank of rivet,
fi=shearing strength of rivet,

P=}~rd*f,.
A suitable factor of o
safety must, of course, be Lo L
used in figuring working o “‘
loads. In the above sketch 0 z ; »

(Fig. 6) the pull coming
along the plate, one end over-
lapping the other, makes the
pull on the rivet more or less
oblique, and tends to bend
the joint somewhat, as in
Fig. 7, when the center lines
of the plates tend to come
into the same line; in such a
case, or where there is a defi-
nite oblique pull, the stress Fig. 7a
on the rivet is partly tension (o
and partly shearing. The forces may be resolved by the paral-
lelogram method as follows, Fig. Ta:
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Let O P represent the stress with relation to C Cy, the center
line of the rivet. The length of O P represents the amount of the
force to scale. Draw P T at right-angles to C C, through P and
complete the parallelogram. Then O S represents the shearing
force and O T the direct pull. Neither should be allowed to exceed
the safe load for the condition.

Eccentric Loads. In any structure, however carefully de-
signed, we are likely to have eccentric loads. In tension members,
as in the case just cited, the tendency is to pull the parts into
line and rectify the eccentricity. But this may cause an over-
straining of some part. For example, a hook, Fig. 8, may be over-
hung to get around some obstruction, and obviously will fail before
it can take the load by direct pull through the stock above the hook

proper.
- 772 {P
|

e — | — D —

Fig. 8 Fig. 8a

The horizontal part H is not only strained by the direct pull
at I, but is also strained by a transverse load acting as a cantilever.
Eccentric loading may and often does occur in compression mem-
bers, as, for instance, short struts and columns.

In Fig. 8a let P be an eccentric load, A be area of cross-
section, m be eccentricity of P. Then there will be a stress of
B 5 : - - .

5, ber unit area due to the direct load, and from its action like a
\
beam another stress of
Pxmx -D-:-I
2
where I is the moment of inertia of the section and D is the
diameter. That is, the maximum compression will be

P 1L
K"’-PXHLXE—.—I
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Eeccentric loads are more likely to occur, and sometimes un-
expectedly, in compression than in tension members, so that all
care should be taken in the design in the first instance to have the
loads central, and in the inspection and up-keep in the second
instance to preserve alignments. The stresses coming from lack
or change of alignment may be excessive and the cause of disaster.
In other words, the part that is strong emough in its intended
position may ultimately fail through overloading due to a slight
derangement.

Repeated Stress. This subject may be discussed at great
length, but it will suffice to say here that a part which is to bear
a constant and unchanging stress is in a much better condition
than one in which the stress recurs and releases alternately. Such
a part should be more ample in size and subject to careful inspec-
tion. Distinction should be made between a dead load, a live load,
and a shock. A gradually applied load, such as the raising of
steam pressure from cold water in a boiler, is quite different from
the water hammer which is often encountered in a steam plant.
Many a line of pipe strong enough to withstand several times the
working pressure has been wrecked by the shock due to water
hammer.

Resilience. In general, this term means “ bounding back.”
Mechanically, it is defined in the case of a tension bar as the
mechanical work performed in elongating the bar the amount it
would stretch under the greatest allowable load, applied gradually
and without shock. In amount the resilience would be the produet
of the greatest allowable load into one-half the corresponding
elongation. Again, it might be ecalled the work necessary to
overcome the resistance up to the limit of elasticity.

BOILER MATERIALS.

Wrought Iron. Although formerly a large amount of wrought
iron was used for all parts of boilers, to-day mild steel is the
material for shells, heads, ete. Wrought iron is liable to a lack of
uniformity and homogeneity, which makes it rather undesirable
in such a form as a large plate; but it welds so readily that a joint
may be stronger than the original section. Tn fact, wrought iron
cut up into billets, piled, heated, and forged, improves in a marked
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degree. Stays, braces, and fastenings, where welding is necessary,
are best made of wrought iron.

Wrought iron in general will stand more abuse than steel in
working; it may be worked at any temperature, even at blue heat,
and will bend double cold without showing flaw. But wrought
iron of this character is more difficult to obtain than mild steel,
and is more expensive. In plates the tensile strength should be
about 44,000 to 45,000 pounds per square inch, the elastic limit
being about half this amount. In rods and bolts the strength may
be taken somewhat higher, about 48,000 to 50,000 pounds per
square inch. The shearing strength of rivets may be taken as
88,000 pounds per square inch. The weight of cne eubie foot of
wrought iron is not far from 480 pounds.

Cast Iron. On account of the great facility with which this
form of iron may be melted and poured, special forms where
flanges, lugs, ete., are desired may be made quite easily. It is
much below wrought iron in tensile strength, but in compression
is stronger, going as high as 80,000 pounds per square inch. As
a hard skin forms on the outside of a casting, and this is greater
in proportion to the area of the section in small pieces than in
large ones, it may help to account for the fact that the strength
of large pieces may fall off to 30,000 pounds per square inch.
Where possible, this skin should not be removed.

According to the shape of the piece the tensile strength may
range from 12,000 to 20,000 pounds per square inch. Gun iron
made with the greatest care from the best stock may go as high as
30,000 pounds per square inch in tension. TUsed for elbows and
joints in piping, cast iron is nseful, for when changes are desired
such a joint may be cracked open by a few sharp blows. Hand-
hole and manhole plates and rings are sometimes cast, as well as
nozzles, but owing to the brittleness of cast iron are unreliable.
Changes in temperature are likely to cause stresses from unequal
expansion. Cast iron weighs from 430 to 450 pounds per cubie
foot,

Malleable Iron. (Cast iron carries a considerable amount of
free carbon. By removing some of it the casting is toughened,
bringing it to a state somewhat like wronght iron. Tt will stand
hammering to some extent cold, but the gain is not enongh to
allow any particular advantage in the matter of weight.

Steel. Mild steel made by the onen hearth process, is largely
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used now for boiler making. It is tough, homogeneous, and due-
tile. In reality it is an ingot iron, the carbon running from 'y to
4 of one per cent, manganese less than § per cent, with phosphor-
ous and sulphur each less than #5 per cent; some silicon may be
found. Phosphorus makes the material cold short, and sulphur,
hot short, both of which are undesirable qualities. Steel boiler
plate, which is found to harden appreciably after heating and
cooling, is to be viewed with suspicion in proportion to the amount
of the hardening; such plates should not be used. As the ingot
is cast, the upper or crop end is likely to be more or less imperfect
and to contain bubbles of gas. When rolled out, laminations are
likely to occur, so that this erop end of the ingot should be cut off
before rolling is commenced, and cut long enough to take in all
the bubbles and imperfections.

Mild steel boiler plate may be counted on as having a tensile
strength of 55,000 to 65,000 pounds per square inch, with an
elastic limit of 30,000 to 33,000 pounds per square inch; reduc-
tion of area of broken section not less than 50 per cent, and for an
8-inch specimen an elongation of not less than 25 per cent;
shearing strength 45,000 pounds per square inch. The weight
of mild steel is about 480 pounds per cubic foot. As the upper end
of the ingot is likely to be the poorest the test strips should be cut
accordingly, although ingots may be cast from below, thereby tend-
ing to cause the bubbles to be distributed. A strip from # inch
to 1 inch wide should be bent double both hot and cold without
developing flaws or cracks, for thin plates; and thick plates should
withstand bending to a small radius.

Steel does not lend itself readily to welding for one reason,
because with varying amounts of carbon in the two pieces the
welding temperatures of the two, vary; and then, too, it is difficult
to make a weld with a certainty of preserving the strength. Plate
that is to be used for flanging must be of the best, and is frequently
referred to as fire-box plate. It is not essentially different from
shell plate, other than that it is given every care in the making.
A fire-box, in addition to requiring special flanging, is subjected
to inequalities in expansion, due to air drafts and changes of shape
in the shell ; a locomotive boiler is also subjeet to racking.

Mild steel has the uncomfortable peculiarity of becoming
brittle at a blue heat temperature. Great care should be exercised
in flanging, etc., not to work steel at this temperature. At a bright
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red heat, bending, flanging, and forging may be carried on, but
after cooling below redness no further work should be done until
the material is cold. Mild steel will stand bending hot and cold.

Rivets, whether of steel or wrought iron, should admit of
having the tail hammered down hot to form a disc 2} times the
diameter of the shank; and the shank should admit of being ham-
mered flat cold, and having a hole equal to the diameter of the
shank punched, without eracking.

Copper. This metal is softer than wrought iron or steel, and
has a lower tensile strength, about 34,000 pounds per square inch,
but is very ductile and is a good conductor of heat. It has been
extensively used in Europe for fire-boxes and steam and water
piping, for it may be flanged and bent very readily, and it resists
corrosion well. If hammered cold it loses duetility, which may,
however, be restored by annealing. The brazed joints in pipes
have caused trouble from explosions, for the brazing is more or
less unreliable and there may be a great reduction in strength.
Wrought iron piping is mow favored for high-pressure work.
With the strength above quoted, copper should show an elongation
of not less than 20 per cent. One cubic foot of copper weighs 558
pounds.

Composition. Copper and zine in parts 70 to 30 respectively
form brass. The higher the brass in copper the redder it will be
and also the more valuable; increasing the zine makes it more
yellow. Lead is used as an adulterant.

Bronze is an alloy of copper and tin, in proportions ranging
from 8 of tin and 92 of copper for soft bronze to 20 of tin and 80
of copper for bell metal. There are special bronzes, as, for exam-
ple, phosphor bronze, aluminum bronze, and others.

Locomotive smoke tubes are sometimes made of brass; and
this material is often used in gages, cocks, valves, ete. Safety
valve seats may be made of bronze with advantage.

Effect of Temperature. The effect of raising the temperature
is to weaken the strength of metals, but no appreciable change
oceurs until after passing 400° Fahrenheit, and the temperature
of steam at 150 pounds gage pressure is about 365° F. (For gage
pressure of 200 pounds.the temperature of saturated steam is
387+4°). Wrought and cast iron and mild steel do not become
dangerous until a temperature of 750° or more is reached, so that
the ordinary pressures do not give rise to any danger, but it should
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be borne in mind that after all 750° is not a very high temperature
to attain should there be any foreign substance deposited within
the boiler; in such a case the heat is not doing its proper work,
that is, evaporating the water as it should, and the metal becomes
overheated. The temperature of the fire is, of course, much higher
than the above-mentioned temperature.

DETAILS OF CONSTRUCTION.

Stay Bolts.  Suppose the stay bolts supporting the inner
sheet, which forms the sides of the fire-box, are spaced 5 inches
apart. With steam pressure of 150 pounds per square inch we
have

(5)2X150=3,750 pounds per bolt.

As these stay bolts are threaded we must take the cross-section at
the bottom of the thread. If the diameter in this case is % inch,
then the area is about } square inch. The stress is, therefore,

3,750—+3="7,500 pounds per square inch.

This is a perfectly allowable load ; in faet, it is a low load, but we
must consider that there is corrosion to allow for, and the fire-box
is likely to have uncertain stresses due to unequal expansion, so
that we have not as much of a margin as it at first seems. In the
case of stay rods the ends are often upset or made larger in diam-
eter to allow for the depth of the thread. This is frequently called
a plus thread. A stay bolt would not save enough in material to
pay for this upsetting, and is generally uniform in diameter, being
threaded the whole length. After being turned into place the
ends are headed over. Sometimes stay bolts crack inside, in which
case the load is thrown on the neighboring bolts, and there is at
first little indication of such failure externally. For this reason
they are sometimes made hollow, so that if they fail, the leakage
of steam and water gives notice of the fact.

In certain cases nuts are used on the ends of stays, instead
of riveting the ends. Through stays take care of the flat surfaces
above the tubes in a multitubular or similar boiler, and the tubes
expanded into the tube sheets support them below. Sometimes
it is considered necessary to give this lower portion of the tube
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sheet additional support. This is accomplished by threading the
ends of a portion of the tubes, distributing them so as to take care
of the tube sheet, and putting nuts on the outside, or possibly both
gides of the tube sheet. Where the tubes are screwed into the
tube sheets as well, one end must be larger than the other to allow
the tube to be passed in and entered into its tube sheet just before
the other end catches. See Fig. 9.

If the stay tubes are to take the whole of the pressure on their
portions of the tube sheets, then let

p=steam pressure by gage,
S=surface supported by one tube.

3/4"d

Tn this case S will be equal to the rectangle assigned to one tube,
less the area occupied by the tubes in that section; then will

p S=the load on one stay tube,
let f,=tensile strength of the tubes in pounds per square inch,
d,=the outside diameter at the bottom of the thread,
d,=the inside diameter of the tube,
then m—the nsunal symbol expressing ratio of circumference to
diameter, 3.1416,

f— _p_S_&
(dz 1—d2 2)2

-
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and f, should not be allowed to go above the safe working load
of the material.

In most cases of stationary boilers at least, the grip of a tube
on the tube sheet, due to its expansion, is sufficient to take care
of this stress.

Girder Stays. On Plate I will be found a form of girder
stay for the top of a fire-box or combustion chamber. With bear-
ings on the ends, we have the case of a beam supported at the ends,
the loads being concentrated at definite points. A sample case will
show the method of calculation.

With symmetrical loading and P=P,=P,, Fig. 10, the
maximum bending moment will be at the center; then

L
y
P / pf
T e N
f— 2 —
Sk l »S
Fig. 10

M=maximum bending moment,
f=modulus of rupture,
I=moment of inertia of cross-section,
y=distance of most strained pipe from neutral axis (} the
depth of the girder if rectangular).

Load on supports will be
P,+P,+P+P,+P,=5 P.

Load on each support -522 Taking moments about P (distant %

from B) we have %f-’ X %—P,I,—P,Z.=M
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; ; 1
For rectangular cross-section of the girder [—= 5 b3

where b=breadth of section,
h=depth of section.

Portions of girders staying the flat heads act as continuous
girders. Such cases indicate the extent to which a study of the
beam theory could be carried, and a discussion of boilers is scarcely
the place for it.

Staying Flat Surfaces. The flat surface in the head of a
multitubular boiler, or the erown sheet or sides of the fire-box in
a locomotive type boiler (see Plate I), presents the problem of
a surface under pressure and supported in different points, which
divide the surface into rectangular panels. There is a complete
solution for this case only where the panels are squares; but if we
calculate the stresses upon the assumption of squares and then
make one dimension of the rectangle less, we shall be within the
fibre stress as figured for the square.

In Machine Design Unwin gives the following formula:

2a*
=3P
where p=—steam pressure,
=thickness of plate,
a=pitch of stays,
f=working stress, tension in some places and compression
in others,

all linear measurements being in inches and pressures in pounds.
Where there is a direct tension or compression proper allowance
must be made for it.

If in a locomotive fire-box (see Plate 1) we have the plate
at thinnest point 4% inch thick and steam pressure 150 pounds per
square inch, then the rivets being 4 inches apart we have

——— 150 = 5461

2 4x4
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Suppose that the erown bars carry part of the load through
bearings at the ends, to the end sheets, then the area of the crown

sheet being
28 363—=1,029 square inches,

the total pressure would be

150<1,029=154,350 pounds.

One-half would be carried by each end of the crown bars, so that
without assuming any of the load to be carried by the sling bars,
remembering that the cross-section of the plate is 28”7 X %, we
have

-;-3—4% X %=8,820 pounds per square inch

and this should be added to the stress before figured; we have
5,461-4-8,820—=14,281 pounds per square inch

total compression on this portion of the plate. This illustration
serves to show that while the formula

2a?
f=35&f

is perfectly simple, yet using it without knowing how it is ob-
tained, and that it does not of necessity take care of all the stresses,
may lead to gross errors. Each case should be very carefully
analyzed to be sure that all the stresses acting are considered. In
this case in hand it was assumed that the crown bars carried their
part of the load to the sheet in a distributed form, whereas, if
there were bearing blocks under the ends, they carried the load to
the plate, or the ends of the erown hars were fitted around the lap
joint, so that the compression concentrated both in the ends of the
bars and on the plate should be considered. It may be said, how-
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ever, that with the crown sheet lapped over and the end sheet
flanged they are in a good position to take care of this load.

Diagonal Stays. Many boilers, in place of the through stays,
have rods running diagonally from the heads to the shell. If
o ¢, Fig. 11, represents the load that would be supported by a
direct or through stay, then will ¢ d be the pull along the diagonal
stay. Or

0 d=o c——cosine ¢ o d.

If a stay takes hold of the tube sheet two and a half feet below
a
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the point of intersection of the tube sheet surface and top of the
shell, and is riveted to the shell five feet back of this point, then

we shall have
5

cos cod= | /5y, _,
J (3)+
and the pull along o d will be the pull along o ¢ multiplied by

J(g)i52 =1.12

]
or twelve per cent more than the dircct pull.
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In any form of stay it is a matter of importance that the
adjustments be so made that each stay carries its portion of the
load, otherwise too much load is thrown on one or more of the
stays.

Shell. The shell of a boiler is considered as a thin hollow
cylinder, for the thickness of the shell is small compared with the
diameter of the boiler.

If in Fig. 12 we have a cylinder containing fluid under pres-
sure, then this pressure will act in the directions shown by arrows
P, normal to the surface of the cylinder. If, now, we imagine
a flat plate inserted along a diameter, as at @ b, then will the pres-
sure on one side of this plate be

pld

p=pressure per square inch,
l=Ilength of the cylinder,
d=diameter of the cylinder,
r=radius of the cylinder,

and, of course, the tendency of that half of the cylinder to leave
the flat plate will be resisted by the sections of shell adjacent. If
t be the thickness of the shell, then will this pressure p I d be
resisted by 2 1 £.

If f=the working strength of the metal in pounds per square
inch, we shall have E

f_;olrf. pd__pr
TR

To find the stress in a 3-inch plate, the diameter of the shell
being 66 inches, with the pressure at 150 pounds per square inch,
we would have

6
1.'_';0»:-2E

S=- — = 9,900 pounds per square inch,

TR
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which is not unfair for mild steel of good quality. It means that
there would be a factor of safety of about 6.
To find the thickness of the shell with the following data:

Pressure, 120 pounds per square inch;

Ultimate strength of steel, 55,000 pounds per square inch;
Diameter of shell, 7 feet;

Factor of safety, 6;

m0xgxm
R X — = =0.55 inches,
f 55000
6

Pressure on Cylinder Ends. The tension set up in a circum-
ferential ring of the eylinder may be found as follows: Using
the same letters as before, the total pressure on the end, assum-
ing it to be closed by a flat plate, will be p times the area of a
circle of diameter d, or ;

px 1%2=_p X 0.7854 &

This pressure must be resisted by a ring of metal whose length is
the circumference of the shell and thickness ¢; the stress per unit
section being V, then = d V {=resistance of the ring; then

det=m
4

e

V""4t ey

Now, the stress in the longitudinal direction is

" i
t

therefore, the shell being made of homogeneous material and
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uniform will be subject to but one-half the stress from end tension
as from ring tension. It makes no difference to the shell how the
ends are closed, whether by flat plates or those of any other form.

A thin hollow sphere would be figured the same as a thin
hollow eylinder for internal pressure. In some cases a boiler is
fitted with bumped heads, where the edges are flanged to make a
joint with the shell.

Welded Joint. While a welded joint appears neat and work-
manlike, it is uncertain as to strength. It will answer very well,
for example, in tubes, but for a shell joint would be open to eriti-
cism. The remarks concerning the welding properties of wrought
iron and steel should be borne in mind in this connection.

Rivet Holes. The form of joint most used is that made by

e— Punch

VL2

Fig. 13

Fig. 14

cutting holes near the edges of the plate and riveting the plates
together. These holes may be punched or drilled. Several forms
of punch are used, one having a straight square face, another
with a center point, and a third having a helical cutting surface.
In any case the punching has a tendency to break and tear the
portion of plate around the holes and does not give nearly as good
a job as drilling. Then, too, punching must be done with the plate
flat, so that any error in laying out the holes spoils their alignment
when the plate is rolled. A drift pin that is somewhat smaller
than the hole, being tapered at both ends, is driven through, but
this is a poor makeshift at the best. The result is that the rivet
when driven is very much like Fig. 13. Sometimes the holes are
punched small and then drilled to size; with the modern gang
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drills there is no reason why any but holes drilled in place should
be used. Soft ductile plates are injured less than hard ones in
punching, and, in general, steel plates stand punching better than
wrought iron. Another difficulty with punching is that as the
punch forces its way through the metal the diameter of the piece

a b c d
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Fig. 15

punched out is larger on the further side of the plate than where
the punch face bears, as in Fig. 14.

Fig. 15 shows several forms of driven rivets. The tails of
the rivets are on top.

a. Pan tailed, head formed with die or snap.
b. TFlat tailed, head hammer-driven,
¢. Pan tailed, head machine-driven.
d. Counter-sink tailed ; any head may be used and the tail may project
alightly above the plate as dotted.
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Sometimes the rivets have conical necks, and with the conieal-
shaped holes made by punching, the plates should be so placed
that the smaller diameters of the holes come together. Good
proportions for rivets are as follows (Fig. 16), D being the diam-
eter of the shank:



