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PREFACE.

THE design of machinery is sometimes defined as the science of
reasonable approximation. Comparatively few of the methods
necessary in fixing the proportions of machine parts fall under the
established formulee of Physics or Applied Mechanics. It is only
by a skilful adaptation of theoretical deductions to practical
requirements that the science of Machine Design may claim a
right to legitimate and useful existence.

With the hope of harmonizing still further the rational methods
of both theory and practice, the authors of this volume have sought
to incorporate in its pages the most direct procedure possible in
the design of pressure apparatus. As a basis for the broader study
of Machine Design it is belicved that problems of this character
possess peculiar advantages. The definiteness of the loads in
pressure vessels and the reliability of the materials usually em-
ployed in their construction are incentives to intelligent and
accurate calculation. Wherever possible, results have been
obtained by rational rather than empirical methods. The usages
of current boiler-making practice have been kept constantly in
view. Numerous assumptions have necessarily been made but in
every case it is believed a conservative reason has been given as
their basis.

" The last six chapters serve to illustrate the application of the
principles and formule previously deduced to the practical design
of various types of boilers and pressure vessels. It is hoped that
the definite program followed in these problems may be of value
not alone to students but to the boiler-making profession as well.
The data and constants assumed are derived from actual practice
and represent wide margins of safety in regard to boiler perform-
ance and construction. The design of certain types of water tube
boilers is largely the result of ripe experience and well established
precedent. ‘Water tube boilers of the box header type, however,
lend themselves to a logical procedure of calculation, and the
design of a boiler of this class is included.
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THE DESIGN OF STEAM BOILERS
AND PRESSURE VESSELS

CHAPTER 1.
GENERAL PRINCIPLES.

BEerorg the construction of pressure apparatus of any kind
can bhe undertaken a clear conception must be gained of the
fundamental principles which underlie such work. The design
of stcam boilers entails much more than an extended applica-
tion of the theory of mechanics or of the strength of materials.
The presence of heat energy and the effect of impure water
complicate the problem and introduce many questions outside
the usual realm of machine design.

The vast increase in the use of steam-generating apparatus
during the last fifty years has been the natural accompaniment
of the corresponding growth in manufactures and commerce.
Considering the last three decades alone, the United States
census reports show that the number of horse-power developed
by steam boilers connected with manufacturing operations has
increased from approximately 2,000,000 in 1880 to 14,000,000 in
1910. When it is considered that these figures represent con-
ditions in this country alone, and comprise but a small frac-
tion of the total amount of steam and hot water handling
machinery, the importance of sound and rational methods of
design for such apparatus needs no further emphasis.

The appalling catastrophies which, from time to time, fill the
columns of the public press indicate in no uncertain manner
the fearful hazard to which multitudes of human lives are daily
subjected by proximity to confined steam pressure. The heat-
ing of buildings, the transportation of passengers by rail and

water, and the generation of power for manufacturing pur-
1



2 BOILERS AND PRESSURE VESSELS

poses bring into all walks of life the presence of vast aggrega-
tions of energy, the handling of which must be accomplished
with consummate care or fearful casualties will result. The very
first requisite, therefore, to be considered in the design of steam
boilers and other pressure vessels is safety. No one can measure
the damage to life and property which exploding pressure ap-
paratus may entail. Operating efficiency and commercial
economy fall into insignificance when compared with safety.
That steam handling appliances should confine their working
pressures with a liberal margin of safety must always therefore
be made the basis of the calculation and design of such ap-
paratus.

1. Difficulties in Design. — The increasing difficulty in the
design and manufacture of steam boilers springs from a number
of sources. With the use of steam turbines and reciprocating
engines of multiple stage and expansion there has been a great
increase in the steam pressures required. Whereas a few years
ago pressures of 100 to 125 lbs. per square inch were considered
high, at present steam apparatus is often designed to sustain
from 200 to 250 lbs. per square inch.

The number of horse-power comprised in one boiler unit has
also been greatly increased of late. A one-hundred horse-power
boiler was once considered a good-sized power unit. Most man-
ufacturers at present guarantee a development of two to three
times this amount per boiler and in case of water-tube boilers,
horse-power units ranging as high as 600 and 700 are frequently
encountered.

The congested condition of manufacturing enterprises in
cities, as well as the increased horse-power added to old plants
as they develop, often puts floor space at a premium. This
requires vast aggregations of power in very limited quarters and
frequently necessitates the placing of boilers in tiers upon suc-
cessive floors. The complications arising from such arrangements
call for very great skill and foresight on the part of the designer.

With the increased cost of fuel there has arisen a demand for the
generation of steam by burning various grades of coal formerly
regarded as refuse. As an instance of this, the Lackawanna
Railroad some time ago adopted a type of locomotive with wide
grate especially designed for burning culm or anthracite slack.
In this manner accumulations of fuel previously considered as
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useless have been made to serve a valuable purpose and return
a generous revenue to the railroad. The construction of such
very wide fire boxes has proved a difficult problem for the
designer.

The purity of the water used in generating steam has much to
do with the life and cfficiency of the boiler. Especially is this
true in the Western States, where many waters are found heavily
impregnated with the carbonates of lime and magnesia. The
precipitations from such feed waters after hoiling are very con-
siderable. When allowed to scttle and burn on, such deposits
form a thick scale which interferes seriously with the prompt
transfer of heat through the boiler plate. For this reason where
such feed waters are to be used the designer must allow wide
margins of safety to compensate for the weakening effect of
overheated and burned plates.

With the development of the steam turbine and the constant
demand for stricter economy in the consumption of steam, the
use of the superheater has come into prominence. For the
lower degrees of superheating a portion of the boiler itself may
be made to comprise the superheater. Such, for instance, is the
function of the fire tubes of vertical boilers where they pass
through the steam space. For high degrees of superheating a
separate piece of apparatus placed in the path of the hot gases,
or over a furnace entirely independent of the boiler, may be made
to perform the office. In either event the transfer of heat to
the vapor is not as prompt as to a liquid. Superheating mem-
bers must therefore be designed with direct reference to their
wasting away under the effects of overheating and with full
provision for their repair and renewal.

The last and perhaps the most serious of the difficulties to be
encountered in designing boilers is the necessity of securing a
large capacity for overload. Time was, when the manufacturer
of boilers considered that he had done extremely well in providing
for an overload of one-third the original rating. At present, how-
ever, under certain conditions in naval vessels, as well as in the
generation of current for use in clectric traction, provision must
be made for carrying peak loads two to three times the normal
horse-power. By means of certain mechanical stokers, boilers
have been forced to these excessive capacities for very short inter-
vals. - This is not done by an increase in-pressure but rather by a
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more rapid coal consumption under forced draft. To endure such
treatment without injury and insure the safety of operatives and
attendants as well, the boiler must embody factors of safety in its
design upon which entire reliance may be placed at all times.

2. Recent Improvements. — In contrast to the above diffi-
culties in the design of modern pressure vessels, there may be
enumerated certain great advances. Far better materials than
formerly await the hand of the designer and manufacturer.
Comparatively few years ago steel was not considered a fit
material for boiler shells, because of its lack of duectility.
Wrought iron was used exclusively for the purpose. At present,
however, * flange steel ”’ is obtainable of a tensile strength one-
fourth greater than that of wrought iron, and at the same time
with sufficient ductility for the most exacting requircments.
The same is true of rivet steel. But very few designers now
specify puddled wrought iron for boiler rivets. It is a significant
fact in this connection that in 1909 one of the largest manufactur-
ers of boiler tubes in the United States voluntarily relinquished
the use of wrought iron for the purpose, devoting since then
their entire energies to the manipulation of soft steel for pipes
and tubes. It would appear from this that modern open-hearth
steel is soon to take its place as the material preéminently fitted
for the manufacture of steam boilers throughout.

There is a second great advance as regards machine tools.
The modern boiler maker has at his command powerful and
accurate tools for performing every class of operation. Hand-
work, with its personal equation and consequent lack of uni-
formity, has largely been eliminated while accurate and uniform
mechanical operations have taken its place. Portable tools
driven by air or electricity relieve the mechanic of many arduous
tasks and provide him with a never failing source of energy. A
boiler shop is now conducted with much the same definiteness
of organization that one will find in a first-rate machine shop.
Slipshod methods have given place to intelligence and direct-
ness. The drift-pin, once a much used tool in riveted work, has
largely been retired to the shelf.

Lastly may be mentioned the ever-increasing array of laws
and ordinances which have been framed of late to keep the
boiler maker’s feet in paths of rectitude. Federal supervision
over the boilers of steam vessels is ample and well administered.



BOILER HORSE-POWER 5

The principles laid down in the * Rules of Supervising Inspec-
tors ” are sound and conservative. Among the states, Massa-
chusetts has taken the lead in making the design and manufacture
of boilers and air tanks a matter of public statute and in placing
the inspection of such pressure vessels in the hands of the State
Police. Other states and countries, to a more or less degree,
have followed in the same direction. The Dominion of Canada
has an excellent set of boiler rules. Besides these legal enact-
ments many private insurance and casualty companies have in
force excellent codes of regulation.

3. Boiler Horse-power. — The use of the term horse-power
in connection with steam generators is at best more or less
arbitrary. Originally the term was intended to convey the idea
that, with the given boiler attached to an engine of ordinary
economy and developing under rather adverse conditions the
stated horse-power, there was an ample margin of evaporative
resource on the part of the boiler.

In the year 1885 this rating was summarized by the American
Society of Mechanical Engineers in the statement that one
boiler horse-power was equivalent to the evaporative energy
necessary to turn 30 pounds of feed water per hour taken
into the boiler at 100° F. to dry steam at 70 pounds per
square inch gage pressure. Since the stereotyped conditions of
the above definition were rarely found to fit a given case in
practice, the same organization of engineers in 1898 defined a
boiler horse power as equivalent to the evaporation of 34.5
pounds of water per hour to dry steam from and at a temperature
of 212° F. This was practically equivalent to the performance
given under the definition of 1885. The heat of vaporization
of one pound of dry steam at 212° F. is 969.7 B.T.U. Hence .
one boiler horse-power corresponds to the absorption of 33,455
B.T.U. per hour. )

There is no definite relationship between boiler and engine
horse-power. Depending upon the excellence of the valve gear
and general design, as well as upon the pressure and degree of
saturation of the steam used, an engine will develop one indi-
cated horse-power upon a water consumption varying from 10
to 60 pounds per hour. Hence one boiler horse-power roughly
corresponds to a range of engine horse-powers varying from 3
to 0.5.
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A more accurate comparison may be made with reference to
the heat consumption of the engine. A modern steam engine
of approved pattern will generate one indicated horse-power at
an expenditure varying from 200 to 400 B.T.U. per minute.
The heat consumption depends upon whether the engine is
arranged for single or multiple expansion, for saturated or
superheated steam, or for running condensing or non-condens-
ing. Taking the thermodynamic equivalent of a boiler horse-
power as 33,455 B.T.U. per hour and the above range of
heat consumption at the engine, one boiler horse-power will
cover from 1.4 to 2.8 engine horse-power. Wherefore in de-
signing large plants it is generally considered sufficient to pro-
vide boiler horse-power equal to half the indicated horse-power
of the engines, there being at the same time sufficient margin
for laying off boilers due to cleaning and repairs.

In framing the above general definition the committee of 1898
made the following statement: “ A boiler rated at any stated
capacity should develop that capacity when using the best coal
ordinarily sold in the market where the boiler is located, when
fired by an ordinary fireman, without forcing the fires, while ex-
hibiting good economy; and, further, the boiler should develop
at least one-third more than the stated capacity when using the
same fuel and operated by the same fireman, the full draft be-
ing employed and the fires being crowded, the available draft
in the flue just beyond the boiler, unless otherwise understood,
being not less than one-half inch water column.”

4. Thermal Boiler Efficiency. — The relation of the heat
absorbed by the water in the boiler to that generated by the
combustion of the fuel is the efficiency ratio for a given boiler

. performance. With good firing and a well-designed plant this
figure ranges from 65 to 75 per cent.

6. Sizes of Units. — While there are no exact limits in regard
to the maximum or minimum generating capacity for which a
boiler unit may be designed, there are, however, certain prac-
tical considerations in relation to the type of boiler chosen
which govern the sub-division of horse-power. Small boilers for
special purposes have been designed without definite limit as to
rating. For manufacturing enterprises it is rarely wise to in-
stall stationary boilers of less than 50 horse-power, although
horizontal return tubular boilers are built in sizes as small as
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20 horse-power. Portable and semi-portable boilers of the loco-
motive and vertical type are frequently designed for units
as small as 15 horse-power. For Scotch boilers the question
depends upon the accommodation of the internal furnace. To
provide reasonable grate room in a combustion tube, requires a
minimum diameter for the external shell of approximately 6
feet and a corresponding rating of about 50 horse-power. Sec-
tional and water-tube boilers are in general concentrated power
units of high rating. Except for steam-heating purposes it is
rarely good practice to specify such boilers of less than 100
horse-power.

Passing to the other extreme, the concentration of power in
very large units depends primarily upon the ability of metals
to transmit heat while loaded with severe hoop tensions and
compressions. A return tubular boiler 78 inches in diam-
eter, using a quadruple riveted butt joint, requires a steel
shell nine-sixteenths of an inch thick in order to preserve a
reasonable factor of safety. This has been found to be about
the maximum thickness for safe use in externally fired boilers.
The rating of such a boiler by A.S.M.E. standards and under
ordinary conditions is 200 horse-power and is therefore the
largest practical unit for this type. With forced draft or a
very high stack this figure would be considerably exceeded.

Locomotive boilers in railroad practice are not rated in the
usual manner for boiler horse-power, since the conditions of
their operation vary so widely from the normal. The indicated
horse-power of large locomotives when measured at the engine
cylinders has approximated 2000 for short intervals and under
the severest conditions of forced working. It is probable, how-
ever, that the draft induced by the exhaust nozzle and the
economy gained by the superheater provided for a very large
percentage of overload so that the actual horse-power of the
boiler would be reduced to about one-half of the above amount.
Special stationary locomotive type boilers have been designed
for 1000 horse-power but the forcing necessary to secure this
figure does not conduce either to long life or a small repair bill.
For economical working a limit of 150 horse-power may be set
for semi-portable locomotive type boilers and about twice this
figure for stationary ones.

Remarks of much the same tenor may be made in relation to
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Scotch boilers. For land use the dry back Scotch boiler with
two furnace tubes is limited to about 300 horse-power. In
marine use with four furnace tubes and forced draft five times
this figure is often reached.

Since in vertical boilers there are no thick plates directly ex-
posed to the fire, the limit of horse-power is dependent upon
the possibility of staying the furnace sheets and the durability
of the superheating surface at the upper end of the tubes. Un-
fortunately the lower tube sheet in boilers of this type is located
directly in the path of the falling sediment from the surface of
the tubes above and is at the same time exposed to the maxi-
mum heat of the fire from below. Provision must therefore be
made for the easy cleaning of such tube sheets if the life of the
boiler is to be prolonged. The rating of vertical boiiers is gener-
ally limited to units of 400 horse-power.

. The water-tube or safety boiler excels all other types in the
amount of horse-power developed per unit of its own weight.
For stationary use it is also capable of greater concentration of
power than other types. Units aggregating 500 horse-power are
frequently used in practice and in some instances the size has
been increased to 700 horse-power.

In selecting the size of units for a given plant it must be borne
in mind that, while the efficiency of the boiler and the economy of
its attendance and operation are generally higher the larger the
unit, at the same time the inconvenience due to laying off for
cleaning and repair is greatly increased. The unit chosen there-
fore should generally be so small a factor of the total capacity of
the plant as to permit a good degree of flexibility.

6. Range of Pressure.— The pressure in most of the steam-
generating apparatus used for hcating buildings is not sup-
posed to exceed 15 pounds per square inch. Such appliances
if protected from over-pressure by devices of approved accu-
racy are exempt from the usual boiler rules and regulations.
It is only when there is liability to severe overloading by acci-
dent or carelessness that such pressure vessels explode and cause
serious damage.

With pressures ranging from 15 to 100 pounds per square inch
there is a vast amount of low-pressure steam machinery in use
in which the generation of power and the utilization of steam for
industrial purposes are of paramount importance. Such pres-
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sures may be regarded as the conservative practice of some
years ago.

For the ordinary generation of power in moderately large
units, pressures ranging from 100 to 175 pounds per square inch
are of common occurrence. The leakage of joints and gaskets
at such pressures is not a very scrious matter and can be pre-
vented by the use of ‘extra heavy ” pipe fittings.

Where the highest degree of economy is sought in large
units operating under ideal conditions, steam pressures have of
late been increased to the region of 250 pounds per square inch.
Especially is this true in the case of modern locomotive and steam
turbine practice. Most locomotives at present are designed for
225 pounds pressure. Such pressures are more or less trouble-
some to handle, requiring the greatest of care in making up and
maintaining joints against leakage. Special boilers of peculiar
design have been built for pressures considerably in excess of
those just mentioned, but they belong to the realm of physical
apparatus rather than to that of power generators.

While the limit of pressure adopted is primarily a question of
securing economy in the prime mover to be used, the type of
steam generator has much to do with the question as well. An
externally-fired boiler of reasonable size for pressures in excess
of 175 pounds per square inch requires a shell thickness too great
for durability. Hence horizontal return tubular boilers are rarely
designed for pressures exceeding 150 pounds per square inch.
The allowable pressures in vertical and Scotch boilers, where the
external shell is unlimited in thickness, are governed by the ability
of the internal furnace walls to resist collapse. Two hundred
pounds per square inch is approximately the limit in such cases.

For the extreme pressures mentioned above, it is necessary
to pass in practice to the water-tube boiler. Here the total vol-
ume of water is very much less and is confined in smaller chan-
nels. The thickness of metal therefore, even for 250 pounds
per square inch, need not be excessive.

7. Superheating Appliances. — In generators of high-pressure
steam there is generally included the necessary apparatus for
superheating. Aside from the low degrees of superheat naturally
obtained where the fire tubes of vertical boilers pass through
the steam space, there are two classes of appliances used for
the purpose. First, the superheating member may be housed



10 BOILERS AND PRESSURE VISSELS

directly in the boiler setting, using the heat from the ordinary
fire. The alternative arrangement consists of placing the
superheater over an independent furnace with grate and uptake
entirely separate.

The form of the superheating vessel itself may consist of
U-shaped tubes expanded at their free ends into steel headers
and so arranged that a current of steam drawn through them
will be far enough removed from contact with its liquid to
become more or less superheated. Various other forms and
devices, such as straight tubes placed one within the other and
connected to separate chambers at their ends, have been used
for the purpose of superheating steam.

Attached superheaters may be suspended in the natural path
of the hot gases on their way to the uptake. Or again, a portion
of the products of combustion may be by-passed directly from
the main furnace to a separate chamber in which the apparatus
is installed. In the former case the superheater is exposed to
the full heat of the fire while the water in the boiler is approach-
ing the point of evaporation. Unless a positive current of
steam is maintained through such appliances they suffer im-
mediate injury by overheating. Hence superheaters of this
kind must be placed below the water line of the boiler and pro-
vision be made for filling or ¢ flooding ”’ them with water while
raising steam. This expedient should be fully anticipated in
the design of the apparatus. Means must be provided for the
free circulation of water and the delivery of steam to the main
boiler. At the same time the sediment precipitated in the
superheater by the boiling of the water should be within easy
reach of handholes and cleaning appliances. After reaching
full steam pressure the flooding water in the superheater is dis-
charged and a current of steam immediately established in its
place. In shutting down boilers having this arrangement the same
expedient is adopted to preserve the superheater from injury.

When the superheating chambers are connected by damper
by-pass with the main furnace, the apparatus may be placed
above the water line and designed to convey stecam only. In
raising steam this chamber is temporarily cut out of the path
of the hot gases. At full steam pressure the saturated steam
may be drawn through the superheater and the by-pass dampers
opened.
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Separately-fired superheaters should be arranged so that the
full heat of the fire is broken and diffused by a reverberatory
arch. The mass of brickwork thus provided stores an immense
amount of heat, improves the combustion of the gases, steadies
the operation of firing and prolongs the life of the superheating
tubes. To increase the metal surface in contact with the
products of combustion, cast-iron rings with projecting fins are
strung on the outside of the steam conduits in certain forms of
superheaters.

In designing such apparatus it must continually be kept in
mind that the absorption of heat by a vapor is never so prompt
as by a liquid. Overheated and burned metal is often the result
therefore unless reliable means are provided for maintaining a
rapid flow of steam through such appliances. All the members
of superheaters are exposed to widely varying temperatures and
full provision must be made in their design for the stresses caused
by expansion and contraction.

8. Fuel, Grates and Settings. — The fuel, for the use of which
the boiler is intended, has a considerable effect upon its design.
All fuels require a large amount of excess space for the thorough
mingling of the gases during combustion. Especially is this
true of bituminous and other long-flaming coals. A short-
circuit from grate to uptake tends toward large losses of heat
up the chimney. Horizontal and water-tube boilers utilize the
space behind the bridge wall for the purpose of combustion.
Scotch boilers are usually accompanied by roomy combustion
chambers either internal or external to the shell. Locomotive
and vertical boilers are more or less lacking in this respect, but
the high fire boxes usually found in such boilers compensate to
a certain degree for the lack of adequate combustion space.

It is generally good practice, where manufacturing refuse is to
be burned, to place the grate in a separate chamber outside the
limits of the boiler setting. Such an arrangement, usually called
a Dutch oven, provides sufficient brickwork to serve as a reser-
voir of heat in firing fresh or damp fuel and at the same time
lengthens the gas passages so that a more perfect heat absorp-
tion takes place.

The criticism is often made that the furnace walls of internally-
fired boilers never reach a temperature much in excess of that
due to the accompanying steam pressure. Such comparatively
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cold walls do not, it is true, minister to efficient combustion but
the absence of other heat losses more than counterbalances this
disadvantage.

The spaces between the grate bars must vary with the size of
fuel and the depth of fire to be carried. The air inlets through
the grates are usually designed to comprise not less than forty
per cent of the total area.

Ideal combustion consists of complete oxidation of all the
elements contained in the coal. Sufficient air for this purpose
should be introduced through the grate. It is never possible
to admit the air theoretically necessary for the chemical action
alone, since the access of the draft to all portions of the fire is
not perfect. The partial oxidation of the coal constituents re-
sults in a serious loss of efficiency in the boiler performance. It
has been found by chemical analyses of flue gases, as well as by
general tests upon boiler plants, that from fifty to one hundred
per cent of air for dilution must be provided in excess of the
calculated amount necessary.

A large over-supply of air on the other hand robs the combus-
tion of heat units and lowers the furnace temperature. For this
reason leaky boiler settings conduce to poor cconomy and general
inefficiency. The marked saving in fuel effected by internally-
fired boilers, especially those of the vertical, Scotch and loco-
motive type, may be attributed in large measure to the fact that
there is no possibility of air leakage through the setting. All
the air admitted to the fire must pass through the grate with the
exception of a small portion purposely introduced through the
grid in the fire door or through perforations in the bridge
wall. The settings for all types of externally-fired boilers,
especially those of the water-tube class, are complex and present
many opportunities for leakage through cracks and crannies as
well as around door frames and cleaning holes. To obviate this
difficulty most boiler manufacturers provide riveted shect steel
settings with an internal lining of brickwork. Such settings
are very effective in saving fuel but are not widely used on ac-
count of their cost and rapid deterioration if the brick lining is
not kept in good repair.

To prevent heat losses the walls of ordinary boiler settings
should be at least four brick thick. Located at the center of
the wall there should be an insulating air space at least two
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inches in width. Very often this air space is carelessly left un-
sealed and therefore, instead of serving as a means of insulation,
becomes a duct for air leakage in communication with lining
cracks.

The brickwork in the setting should never be laid rigidly
against the surface of the boiler. If such is the case expansion
and contraction will soon open cracks. Where a fire cut-off is
to be maintained the brickwork should be kept back from one-
half inch to one inch and the crack calked with asbestos rope.
Expansion rollers must be provided under at least one set of
supports to accommodate motion in a lengthwise direction.

When cast-iron or steel columns pass through the brick-
work of boilers set singly or in battery, eare should be taken
that a space is left around such structural members for venti-
lation. This provides at the same time for renewal or removal
of the column without disturbance to the setting and prevents
injury to the column through overheating. The space thus
provided should be connected by a duct not less than ten inches
square with the external air to insure circulation.

irate bars must never be tightly fitted between portions
of the setting since their expansion will rack the brickwork.
Either a free space should be provided at the end of the grate
or the grate bearer should support the bars on an inclined
surface up which they may slip without injury to the surround-
ing fixtures.

A flat bridge wall at the end of the grate keeps the fuel in
place and serves as a support for the inner end of the grate.
With the intense combustion necessary under foreed draft, the
bridge wall should be designed to contain a water cooled core
through which is drawn the feed water. The temperature of
the bridge wall is very much higher than that of the rest of the
furnace walls. To prevent its expansion from heaving the ad-
jacent lining, the bridge wall is often fitted at its ends into re-
cesses in the side walls. The depth of these recesses is sufficient
to accommodate the maximum expansion. The lower portion
of the bridge wall is sometimes utilized for the introduction and
distribution of air for dilution. Perforated bridge walls in
Scoteh boilers assist to a marked degree the narrow and low
combustion space in the furnace tubes.

The opening behind bridge walls should not be filled in or
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leveled off but left an open chamber in which the gases may
mix and eddy as their combustion proceeds. Feed and blow-
off pipes passing through the gas passages should always be en-
| cased in sleeves of heavy cast iron pipe to prevent wasting upon
| their surfaces.

If the plant is dependent upon ordinary natural draft it is
necessary that the gases be released at the uptake with a tem-
perature of approximately 500° F. in order to maintain com-
bustion. While this appears to be a large loss it is in a
sense a necessary one. When special induced or forced draft
apparatus is supplied, feed-water heaters or ““ cconomizers ”’ may
be used and the temperature of the chimney gases materially
lowered. Such appliances, however, consume very considerable
amounts of power in their operation, which should be charged
to the plant when computing their economy.

In horizontal multitubular boilers the gases pass along the
under side of the shell to the rear and return to the front by
way of the tubes. The expedient has been tried of providing
a third “pass” for the gases along the top of the boiler shell.
This complicates the setting and brings heat to a portion of the
shell likely to contain the riveted joints. It is not, therefore, a
wise precedent to follow. At the rear of the boiler an arch of
brickwork should protect the upper portion of the tube sheet, as
well as the staying appurtenances, from the onrush of the flames.

Locomotive and Scotch boilers generally insure the mixing of
gases in combustion by baffle walls or arches at the rear of the
grate. A hanging baffle arch in furnace tubes is very cffective in
breaking up the current of gases and promoting thorough com-
bustion. In locomotive fire boxes a baffle bridge wall performs
the same function and protects the tube ends from overheating
as well.

Vertical boilers are open to the criticism that the short
direct transit of the flames from grate to uptake is conducive
to excessive chimney temperatures. For this reason much
smaller tubes may be used in such boilers and the velocity and
temperature of the gases correspondingly reduced. At the
same time a tall stack permits the use of an economizer for
transmitting a large part of the chimney temperature to the
feed water. When so arranged vertical hoilers maintain high
rates of economy while occupying a minimum of floor space.
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Water-tube boilers are dependent for their heat-absorbing
power upon many passes of the hot gases back and forth among
the water tubes. In order to direct the transit of the flames in
definite channels special forms of baffle tiling are inserted and
clamped in place among the tubes. Experiments at the Uni-
versity of Illinois, Bulletin No. 34, show that a furnace roof,
where the water tubes are completely encircled by the tiling, is
but a few per cent less efficient than one in which the lower half
of the tubes is directly exposed to the flames. In any event the
form of tiling used should be such as to permit casy rencwal
without disturbing adjacent portions. The clamps which hold
the blocks in place should be of the simplest and most inex-
pensive construction since iron subjected to such high tem-
peratures wastes away very rapidly.

There are two general methods of directing the flow of gases
back and forth among the tubes. In the first, the tiling is in-
serted in horizontal layers and the gases make three or more
circuits in a direction parallel with the tubes. The second
method employs tile partitions combined with a hanging bridge
wall, and secures three or more passes in a direction perpendicu-
lar to the tubes. It is interesting to note in this connection that
two tests performed under practically duplicate conditions by
Mr. George H. Barrus, and reported in the Fngineering Record
of Feb. 19, 1898, indicate a boiler efficiency in the case of the
horizontal tiling some six per cent in excess of that shown by the
vertical tiling.

Whatever the form of boiler, the surfaces exposed to the fire
must be readily aceessible for cleaning. It is doubtful if engi-
necers in general appreciate the resistance which moderately thick
layers of soot offer to the absorption of heat. Soot itself is a
first rate heat insulator, ranking some five times as efficient in
this regard as fine asbestos. Circular No. 27, 1890, of the
Boston Manufacturers’ Mutual Fire Insurance Company gives
some interesting data in this connection. A moderate layer of
soot over the heating surfaces of a boiler or superheater cancels
in large measure any gain made by skilful firing or excellence in
the design of the engine. Mr. Jaques Abady, of Alex. Wright &
Co., London, in a lecture before the Nottingham Guild of Me-
chanical and Electrical Engincers, rates the conductivity of steel
plates covered with a deposit of soot one-sixteenth inch thick
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as but seventy-five per cent of that of a clean tube. In three
tests made by Mr. J. J. Coughlin, Engincer of the Champion
Coated Paper Co., Hamilton, Ohio, and reported in Power for
July 11, 1911, the gain from the use of a soot cleaner is shown to
range from 3 to 10.6 per cent under varying conditions.

So great is the loss in this regard that permanent soot blowers
are at present attached to most boilers and superheaters. The
frequent use of such apparatus is necessary in order to maintain
the maximum efficiency of steam generators. Holes through the
brickwork, hollow stay bolts and piping inside the setting provide
the necessary means for introducing steam or air jets. Soot
and ash doors are inserted where needed for removing the residue
in the space behind the bridge wall. With certain coals the soot
deposited in fire tubes forms a tough scale which resists the action
of the steam jet. A cleaning implement consisting of a scraper
and brush combined must then be forced through the tubes by
hand.

9. Type of Boiler. — A great variety of reasons suggest the
adoption of one type of boiler in preference to another. It is
not possible to make an absolute comparison of the relative
advantages of boilers in general nor is it wise to consider the
cost of a boiler, either bare or installed for duty, a final criterion
of its superiority. Too many factors enter into the generation
of steam to permit so easy an answer to a perplexing question.
The present and future conditions of the plant should be as
fully considered as possible in seeking a type of boiler for the
most successful operation.

The first cost of the horizontal return tubular boiler, exclusive
of its setting, is probably the lowest of that of any type. It can
be rapidly built and promptly shipped to its destination. Since
it contains no separate parts with the exception of the grates
and front, it can be transported to its final resting place largely
as a unit. Skilled labor, other than that of an ordinary mason
and pipe fitter, is not required in its erection or installation.
Its setting is neither complicated nor especially liable to de-
terioration. Relative to its horse-power it occupies a consider-
able amount of floor space. It has no mud drum, hence the
deposits within fall upon the fire sheet, and consequently forbid
the use of very bad feed water. The circulation is good and
there is ample water surface for the disengagement of dry steam.
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It contains a relatively large volume of water which proves
likewise a powerful source of energy for sudden calls as well as
a tremendous reservoir of destruction in case of accident. It
requires but little skill and attention in firing and when fairly
handled will endure from twenty to twenty-five years of service
with but few repairs. When the latter are necessary, they can
frequently be made by ordinary mechanics. It is not as adapt-
able as the water-tube type for carrying excessive overloads nor
has it flexibility enough to commend it for widely varying con-
ditions. The evaporative efficiency is fairly high but this type
is generally chosen from other considerations than those of
strict economy.

Many of the above statements may be made as well of the
Scotch boiler. As a self-contained unit it is easily handled and
installed. While its first cost is much more than that of a
horizontal return tubular boiler, its setting, consisting merely of
two cradles and a covering of magnesia blocks, is correspond-
ingly inexpensive. The circulation is poor and unless special
ducts are provided for the purpose, the volume of water below the
furnace tube has but little steam-generating capacity. The fire
hazard from its internal furnace is small and its shell, removed
from intense heat and open to inspection and repair, is rarely
known to fail. The furnace tubes are the chief source of diffi-
culty, not providing sufficient grate room and frequently suffer-
ing collapse. Firing of the long narrow grate is difficult and
refuse coal can rarely be used. Repairs to this type of boiler
are expensive and fairly frequent especially if an internal com-
bustion chamber is used. The economy of such boilers is very
high.

Vertical boilers as a class have not enough length of circuit
from grate to flue. When used in connection with an econo-
mizer their efficiency is improved. While easily installed and
very economical of room they can rarely be used with poor
feed water. The lower tube sheet is a very sensitive member
and, even if accessible from adjacent handholes, its cleaning
necessitates frequent withdrawals from service. When the
outer shell forms a vertical cylinder of uniform diameter through-
out, there is room enough outside of the space occupied by the
tubes for entrance and inspection. With the shell reduced in
diameter at the top of the furnace, the degree of superheating
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is increased but at the expense of the room for internal inspec-
tion. Even though the furnace has sloping sides the circulation
in the water leg is poor and the overheating of the neighboring
furnace sheet is of frequent occurrence. The wasting of the
tubes in the superheating space also makes frequent renewals
necessary. As a generator of mildly superheated steam in very
close quarters it finds its chief usefulness.

Locomotive boilers of the stationary type are expensive to
construct and open to the criticism of inadequate grate area.
Unless the rate of combustion is increased either by an exhaust
nozzle placed in the stack or by ordinary forced draft, it is diffi-
cult to obtain the rated horse-power. The tube ends near the fire
suffer from overheating even with baffled walls in use. The re-
newal of tubes, sheets and stays is attended with considerable
expense.  Except in cases where their portability on skids makes
them valuable, boilers of this type are not widely used.  As gen-
erators of motive power for railroads, the above disadvantages
are far outweighed by the possibilities of power concentration
and forcing which locomotive boilers possess.  When tubed with
flues of small diameter and equipped with superheaters they are
fairly economical.

Water-tube boilers, of which there are many types, constitute
a class by themselves. They may be considered as steam gen-
erators of high cost, great flexibility and strict economy. Since
it is rarely possible to ship them already assembled, their erec-
tion is a matter of considerable time and expense.  They necessi-
tate careful attention and skilful firing. Containing but little
water, they suffer rapid fluctuations of pressure with careless
handling. With waterways and drums of limited capacity, the
rupture of one member is rarely attended by the total destruc-
tion of the boiler. They have but little thermal resource in
meeting very sudden. demands. However, they respond much
more rapidly than do the other types to conditions requiring
forced working. They can be warmed up and brought into
service without injury to their structure in about one-fifth the
time required by Scotch boilers. The many joints and cover
plates in water-tube boilers require great care in their adjust-
ment and maintenance. Repairs constitute a task demanding
special skill. The water circulation is definite and rapid. With
the sediment drums usually provided, water of poor quality can



CIRCULATION 19

be used. As was noted in a previous paragraph boilers of this
type permit great power concentration and are capable of carry-
ing severe overloads. Their settings are complicated and unless
kept in good repair are liable to permit large losses of economy
by air leakage.

10. Circulation. — The necessity for circulation in steam-
generating vessels is evident from three standpoints. Water
absorbs heat very slowly by conduction. Porcupine boilers
with numerous “ dead ends” are notoriously inefficient. Con-
vection or current is necessary in the liquid to insure a rapid
degree of heat absorption. A very interesting scries of experi-
ments was made at the University of Illinois, in 1910, by Messrs.
Clement and Garland upon the variation of heat absorption in
relation to the velocity of flow of water through steel tubes.
The results of these tests are published in Bulletin No. 40 of
the Engincering Experiment Station. They show that in gen-
eral the B.T.U. per minute absorbed by the circulating water
per square foot of tube surface is approximately doubled when
the circulation increases to eight times its original velocity.
While these tests were not performed under conditions entirely
similar to those of a water-tube boiler, they nevertheless indi-
cate the value of free circulation in assisting the absorption of
heat.

The second necessity for circulation is related to the disen-
gagement of steam. As soon as formed the steam bubbles
should be swept from the hot surface and permitted to disen-
gage themselves from the liquid into the steam space without
disruptive ebullition. When steam bubbles ‘ pocket” or ad-
here to the hot plates where they are formed, the heat of the
fire is not promptly transmitted, and overheating and burning
of the metal wall results. This condition is especially liable to
be found in connection with vertical tubes and furnace sheets.
Disruptive discharge of steam produces priming and necessitates
the use of separators in pipe lines.

The third reason for securing good circulation depends upon
the purity of the water. Sediment to be harmless must be kept
in motion. If allowed to settle and cake upon the hot sheets,
it forms a scale destructive alike to the efficiency of the boiler
and the durability of its structure. From the above three
standpoints it is evident that definite paths of circulation must
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be provided and the direction and rapidity of the waterflow
insured.

In designing a tube sheet for definite water circulation ad-
vantage must be taken of the fact that the hotter the locality,
the more numerous will be the steam bubbles and the greater the
tendency for them to rise. Hence over the hottest part of
the fire there should be vertical channels or avenues to which
ascending currents will naturally be attracted. To supply the
water for displacing the steam bubbles, provision must be made
for descending currents in a cooler part of the boiler. These
principles are carried out to a greater or less degree in all well-
designed boilers. When horizontal fire tubes are arranged inside
of cylindrical shells there is often provided a central circulation
space to attract a concourse of the steam bubbles. Especially
is this necessary over furnace tubes where ebullition is rapid.
Strong descending currents in contact with the cooler shell supply
the water necessary to continue the circulation. If the channel
through which the circulation takes place is too narrow the prog-
ress of the water is arrested and the disengagement of steam is
accomplished with violence. On the other hand if the circulation
spaces are too wide, local ascending and descending currents are
set up which interfere with one another. A width of from three
to four inches has been found by experience to constitute a rea-
sonable space where the water velocity is not rapid. Over fur-
nace tubes, spaces from six to eight inches in width are required.
The horizontal spaces between the surfaces of ordinary boiler
tubes are generally made from one to one and one-quarter inches
in width.

When any portion of the water in a boiler fails to participate
in the general circulation, not only does that part cease to serve
as efficient steam-generating space, but its presence, moreover,
induces local stresses in the structure of the boiler very great in
amount. Such is frequently the case with the space below the
furnace tubes in Scotch boilers. The water in this locality is in
contact with the ash-pan sheects above and with the cool outer
shell below. It is, therefore, more or less isolated in its position.
The stresses set up in the furnace tubes are very severe, due to
the fact that the upper half is in contact with the hottest part
of the fire and the lower half with a body of comparatively cool
water.
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The property which certain waters possess of precipitating
sediment at temperatures below boiling may be turned to good
account in arranging the circulation. Mud drums may be so
located as to entrap the deposit, its weight and centrifugal force
tending to scparate it from the current of water. In water-
tube boilers for instance the incoming feed is used to assist the
circulation in a downward direction through the rear headers.
A mud drum is situated at the lowest angle of the tubes where
the motion of the water suddenly changes its direction. This
is the logical location for such sediment catchers. A large per-
centage of the feed-water impurities are thus thrown out of the
circulation.

One of the best examples of the use of special apparatus in con-
straining the circulation to follow definite paths is found in certain
types of Scotch boilers. The accompanying half tone illustrates
a form of boiler manufactured by the International Engineering
Works, South Framingham, Mass. A horizontal drum of compara-
tively small diameter is joined to the top of the main boiler by
flanged openings at the front and rear. The lower shell contains
two corrugated furnace tubes, numerous smoke tubes and a com-
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modious combustion chamber. The normal water level is main-
tained a little below the center of the upper drum. In this
manner abundant steam and water volumes are secured. To in-
sure circulation underneath the furnace tubes an annular conduit
is riveted to the inside of the lower shell near its front end. All
the descending currents from the upper drum pass through this
conduit and are liberated at the very lowest point in the boiler
between the furnace tubes. In this manner all the water return-
ing from the upper drum is constrained to pass through the space
below the furnace tubes. A detailed description of this appara-
tus is published in Bulletin No. 7, issued by the above concern.

A test made upon one of these boilers at the Sewerage Pump-
ing Plant, South Framingham, Mass., affords some interesting data
in regard to temperatures. Four thermometers, installed in as
widely separated portions of the shell as possible, were used to in-
dicate the effectiveness of the circulating appliance. The specific
location of the thermometers was as follows: No. 1 just behind
the rear connecting flange; No. 2 just behind the front connect-
ing flange; No. 3 in the front head below the furnace tubes;
and No. 4 in the rear head below the combustion chamber.
Observations were taken every five minutes for a period of several
hours and the results plotted. Starting with a cool boiler the
water above the furnaces and tubes quickly reached the boiling
point. As soon as steam began to be liberated the circulation
commenced and the temperature bencath the furnace tubes as-
sumed a figure but eight or ten degrees Fahrenheit below that of
the hottest portion of the boiler. From this time on all four ther-
mometers were within a very few degrees of one another. It was
thus demonstrated that the conduits were effective guides to the
circulating currents and caused the water in the boiler to be heated
as a whole. Simpler forms of circulation apparatus such as de-
flecting and baffle plates have been employed with good effect in
many types of steam generators.

While the effect of scale and incrustation upon the efficiency of
a boiler is a matter of some dispute, there is no question of its
effect upon the strength of the tubes and plate. Professor E. B.
Schmidt, in Bulletin No. 7 of the University of Illinois, Engineer-
ing Experiment Station, concludes from a series of tests made by
him upon the heat transference through boiler tubes coated with
incrustation ranging up to one-eighth inch in thickness, that
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the loss in efficiency varies widely, reaching as a maximum ten
or twelve per cent. The temperature of a boiler furnace often
approaches 2500° F. The safety of the metal in contact with
the fire depends upon a transmission of heat so prompt as to
keep the plates at a temperature but little in excess of that of
the water in the boiler. With deposits of the thickness men-
tioned above, it is impossible for the circulation to reach the
metal and thereby keep it cool. A variety of ills arise from this
source, consisting of burnt and wasted plates, sagging sheets
and leaky joints. The most available preventative for scale
formation, aside from pure feed water, is rapid ecirculation,
combined with a prompt blowing out of the sediment as soon as
it settles. For this reason as well, therefore, the designer must
exercise great care in securing good circulation within the
boiler.

11. Materials used in Boiler Design. — Nothing is more im-
portant in the design of a successful steam generator than the
skilful selection of the materials to be used. Low-pressure ap-
paratus for steam and hot-water heating is for the most part
made of cast iron, the different units or sections being connected
by tapering thimbles nicely fitted and forced to place.

The temperature of steam at 250 pounds per square inch
gage pressure is about 400° F. Adding to this a possible
superheat of 200° F., the temperature of high-pressure super-
heated steam would reach the region of 600° F. The cffect of
such high temperatures upon the materials used in boiler con-
struction has been the subject of much controversy and ex-
periment.  The strength of wrought iron and soft steel is not
seriously affected by temperatures below 900° F., although there
is & marked diminution in the per cent contraction of area at
rupture. Cast iron, while not influenced to any great degree
by the temperatures mentioned above, is not a suitable metal
for boiler parts. Its low tensile strength, exceeding brittle-
ness and granular action under the operation of calking have
caused the American Boiler Manufacturers’ Association and
others to exclude it long since from use wherever tensile stresses
exist. For special parts such as pipe flanges and the headers
of water-tube boilers it is still used, when not in contact
with superheated steam, for pressures below 160 pounds per
square inch, On account of its liability to corrosion, most
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boiler rules prohibit the use of cast iron for the discs or seats of
valves.

The high pressures and temperatures used in power generation
call for a material the chief property of which shall be ductility.
While strength is a desirable attribute in the structure of any
boiler, the varying conditions of contraction and expansion,
of shock and overpressure, and of corrosion and overheating
demand a material the toughness of which will endure rough
usage and give abundant warning before rupture. The high
cost of puddled wrought iron together with its comparatively
low tensile strength, have served to eliminate it largely from use
in boiler shells. At the same time the modern advance in steel
making, especially as regards toughness and homogeneity, has
led to the wide adoption of this metal as the material best fitted
for use in pressure vessels. With the accuracy now obtainable
in determining and placing the carbon content of soft steel, the
latter material may be forged and welded with all the reliability
possessed by the best wrought iron. With the recent improve-
ments in pressing and extruding metals, it may be fairly stated,
that at present every part and portion of a steam boiler may be
shaped from soft steel without adding inordinately to the ex-
pense. When the cost must be kept low, the modern methods
of the steel foundry and annealing oven render the steel casting
almost as homogeneous and ductile as the forging. Most
boilers, therefore, for severe service and high pressure, are made
throughout of soft steel. The larger and more important parts
are pressed to shape, either hot or cold, while the less important
ones are made of well annealed steel castings.

A copy of the requirements of the American Society for Testing
Materials in relation to the steels used in the manufacture of
boilers is appended at the end of this article.

At one time copper was widely used for the furnace sheets of
locomotive and vertical boilers on account of its ductility and
immunity from corrosion. In the form of rolled plates, the
tensile strength of copper is 30,000 pounds per square inch, its
elastic limit one-half this figure, and the ultimate extension from
40 to 50 per cent. Steel has largely supplanted copper for this
purpose, however, because of its relative cheapness and ability
to resist high temperatures. Beyond 500° F. the tensile strength
of copper rapidly diminishes. The thickness of copper plates
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required to hold modern high pressures would, therefore, be
prohibitive. Thin copper ferrules are widely used to make the
joint between the tubes and tube sheets of locomotive boilers.
The non-corrosive property of the copper permits a little flexi-
bility of the joint while preventing leakage.

For general purposes in boiler-feed piping and accessories
various brass alloys are employed. Where the feed pipe enters
the boiler a brass bushing should be used to withstand, as far as
possible, the vibration of the feed pump as well as to prevent
corrosion. United States Navy composition, consisting of copper
88 per cent, tin 10 per cent, and zinc 2 per cent, makes a good
but expensive alloy for this purpose. Its tensile strength is
about 32,000 pounds per square inch and its ultimate elongation
25 per cent. To resist the corrosive action of sea water in
marine condensers and fittings, many alloys have been used.
Tobin bronze in the form of plates and rivets may be readily
forged at a red heat. Its component parts are copper 60 per
cent, zinc 38 per cent, tin 1.5 per cent, iron 0.17 per cent, lead
0.33 per cent. The tensile strength of Tobin bronze in the form
of hot rolled rods is about 80,000 pounds per square inch and
the elastic limit 50,000 pounds per square inch. In the form of
plates the tensile strength is taken as 50,000 pounds per square
inch and the clastic limit 30,000 pounds per square inch.

For the cores of fusible plugs the United States Government
Specifications call for the use of pure Banca Tin, the fusing
point of which is about 445° F. This temperature is well in
advance of that of saturated steam at the highest practical
pressure. The use of lead for gaskets in the region of the fire is
not to be recommended since its low fusing point, 625° F., renders
it unsafe for such a purpose.

STANDARD SPECIFICATIONS FOR BOILER AND FIREBOX STEEL.
Adopled 1901,
Revised 1921.

1. These specifications cover two grades of steel for boilers, namely:
flange and firebox.
I. MANUFACTURE.

2. The steel shall be made by the open-hearth process.

1I. CuemicAL PrRopERTIES AND TESTS.

3. The steel shall conform to the following requirements as to chemical
composition:
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Flange. Firebox.
plates $"’ or underin | ........... 0.12-0.25
Carbon, per cent { thickness
lates over }’/ thick | ........... 0.12-0.30
Manganese, {l})” or under thick. 0.30-0.60 0.30-0.50
per cent over "’ thick. 0.30-0.60 0.30-0.60

{Acid, per cent

Phosphorus Basic, per cent

not over 0.05
not over 0.04
not over 0.05

not over 0.04
not over 0.035
not over 0.04

Sulphur, per cent

4. An analysis shall be made by the manufacturer from a test ingot taken
during the pouring of each melt, a copy of which shall be given to the pur-
chaser or his representative. This analysis shall conform to the require-
ments specified in Section 3.

5. Analyses may be made by the purchasers from a broken tension test
specimen representing each plate as rolled, which shall conform to the require-
ments specified in Section 3.

III. PuysicaL PRoPERTIES AND TEsTs.

6. (a) The material shall conform to the following requirements as to ten-
sile properties:

Flange. Firebox.
Tensile strength, lbs. persq.in.......... 55,000-65,000 | 52,000-62,000
Yield point, min. lbs. per sq. in.......... 0.5 tens. str. | 0.5 tens. str.
Elongation in 8 in., min. per cent........ ’li500, '1"500’000
(See Section 7) Tens. str. Tens. str.

(b) The yield point shall be determined by the drop of the beam of the
testing machine.

7. (a) For material over { in. in thickness, a deduction of 0.125 per cent
from the percentages of elongation specified in Section 6 (a) shall be made for
each increase of #5 in. in thickness above % in.

(b) For material } in. or under in thickness, the elongation shall he
measured on a gage length of 24 times the thickness of the specimen.

8. Cold-bend Tests. — The test specimen shall bend cold through 180
degrees without cracking on the outside of the bent portion, as follows: For
material 1 in. or under in thickness, around a pin the diameter of which is
equal to the thickness of the specimen; and for material over 1 in. in thick-
ness, around a pin the diameter of which is equal to twice the thickness of
the specimen.

9. For firebox steel, a sample taken from a broken tension test specimen
shall not show any single seam or cavity more than 1 in. long, in either of the
three fractures obtained in the test for homogeneity, which shall be made as
follows:
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The specimen shall be either nicked with a chisel or grooved on a machine,
transversely, about  in. deep, in three places about 2 ins. apart. The first
groove shall be made 2 ins. from the square end; cach succeeding groove shall
be made on the opposite side from the preceding one. The specimen shall
then be firmly held in a vise, with the first groove about } in. above the jaws,
and the projecting end broken off by light blows of a hammer, the bending
being away from the groove. The specimen shall be broken at the other
two grooves in the same manner. The object of this test is to open and
render visible to the eye any seams due to failure to weld up or to interposed
foreign matter, or any cavities due to gas bubbles in the ingot. One side of
each fracture shall be examined and the lengths of the seams and cavities
determined, a pocket lens being used if necessary.
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10. (a) Tension test specimens shall be taken longitudinally from the bot-
tom of the finished rolled material, and bend test specimens shall be taken
transversely from the middle of the top of the finished rolled material. The
longitudinal test specimens shall be taken in the direction of the longitudinal
axis of the ingot, and transverse test specimens at right angles to that axis.

(b) Tension and bend test specimens shall be of the full thickness of
material as rolled, and shall be machined to the form and dimensions shown
in Fig. 1; except that bend test specimens may be machined with both edges
parallel.

11. (a) One tension and one bend, test shall be made from each plate as
rolled.

(b) If any test specimen shows defective machining or develops flaws,
it may be discarded and another specimen substituted.

(c) If the percentage of elongation of any tension tests pecimen is less
than that specified in Section 6 (a) and any part of the fracture is outside the
middle third of the gage length, as indicated by scribe scratches marked on
the specimen before testing, a retest shall be allowed.

IV. PerMIssIBLE VARIATIONS IN WEIGHT AND THICKNESS.

12. The thickness of each plate shall not vary more than 0.01 in. under
that ordered.
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The overweight of each lot in each shipment shall not exceed the amount
given in the following table. One cubic inch of rolled steel is assumed to
weigh 0.2833 Ib

PERMISSIBLE OVERWEIGHTS OF PLATES ORDERED
TO THICKNESS.

Permissible excess in average weights per square foot of plates for widtha
given, expressed in percontages of nominal weights.
Thickness
ordered.
Ins. 98 to | 108to | 120 to .
Under |48t060|60to72|72to 84 |84 to 96 . on ¢ . 132 in.
48 in. [in. excl.|in. excl.fin. excl.|in. excl. 108in. | 120in. | 132 in. orover.
excl. excl. excl.
Under } 9 10 12 14
4 to 5 excl. | 8 9 10 12
Hto } T 8 9 10 12
ttod 6 7 8 9 10 12 14 16 19
Hto 3 ¢ 5 6 7 8 9 10 12 14 17
% to T'; « 45 |5 6 7 8 9 10 12 15
5 to “ 4 45 |5 6 7 8 9 10 13
$to § ¢ 3.5 |4 4.5 |5 6 7 8 9 11
jto § ¢ 3 3.5 4 4.5 |5 6 7 8 9
jtol “ 25 |3 3.5 | 4 4.5 |5 6 7 8
1 or over 2.5 |25 |3 3.5 |4 4.5 |5 6 7
V. Finisn

13. The finished material shall be free from injurious defects and shall
have a workmanlike finish.

VI. MaARkING.

14. (a) The name or brand of the manufacturer, melt or slab number,
grade, and lowest tensile strength for its grade specified in Section 6 (a),
shall be legibly stamped on each plate. The melt or slab number shall be
legibly stamped on each test specimen.

(b) When specified on the order, plates shall be match-marked as de-
fined in Paragraph (c) so that the test specimens representing them may be
identified. When more than one plate is sheared from a single slab or ingot,
each shall be match-marked so that they may all be identified with the test
specimen representing them.

(¢) Each match mark shall consist of two over-lapping circles each not
less than 14 in. in diameter, placed upon the shear lines, and made by separ-
ate impressions of a single-circle steel die.

(d) Match-marked coupons shall match with the sheets represented
and only those which match properly shall be accepted.

VII. INsPECTION AND REJECTION.

15. The inspector representing the purchaser shall have free entry, at all
times while work on the contract of the purchaser is being performed, to all
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parts of the manufacturer's works which concern the manufacture of the
material ordered. The manufacturer shall afford the inspector, free of cost,
all reasonable facilities to satisfy him that the material is being furnished in
accordance with these specifications. All tests (except check analyses) and
inspection shall be made at the place of manufacture prior to shipment, unless
otherwise specified, and shall be so conducted as not to interfere unnecessarily
with the operation of the works.

16. (a) Unless otherwise specified, any rejection based on tests made in
accordance with Section 5 shall be reported within five working days from the
receipt of samples.

(b) Material which shows injurious defects subsequent to its acceptance
at the manufacturer’s works will be rejected, and the manufacturer shall be
notified.

17. Samples tested in accordance with Section 5, which represents re-
jected material, shall be preserved for two weeks from the date of the test
report. In case of dissatisfaction with the results of the tests, the manu-
facturer may make claim for a rehearing within that time.

STANDARD SPECIFICATIONS FOR BOILER RIVET STEEL.
Adopted 1901,
Revised 1921.
A. REQUIREMENTS FOR ROLLED BARS.
I. MANUFACTURE.
1. The steel shall be made by the open-hearth process.
II. CHEmIcAL PROPERTIES AND TESTS.

2. The steel shall conform to the following requirements as to chemical
composition:

Manganese, pereent ..........c.iiiiiiiiaee.n 0.30 to 0.50
Phosphorus, “ ... i i not over 0.04
Sulphur, e “o0.045

3. An analysis to determine the percentages of carbon, manganese, phos-
phorus and sulphur shall be made by the manufacturer from a test ingot
taken during the pouring of each melt. The chemical composition thus
determined shall be reported to the purchaser or his representative, and shall
conform to the requirements specified in Section 2.

4. Analyses may be made by the purchaser from finished bars representing
each melt. The chemical composition thus determined shall conform to the
requirements specified in Section 2.

III. PuysicaL PRrOPERTIES AND TEsTSs.

5. (a) The bars shall conform to the following requirements as to tensile
properties:

Tensile strength, lbs. persq.in............... 45,000 to 55,000

Yield point, min. Ibs. persq. in............ . .(l).5 Otaar(x)?)o str.
o ,500,

Elongation in 8 in., min. per cent. ....... “+ Tons. Str.

but need not exceed 30 per cent.
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(b) The yield point shall be determined by the drop of the beam of the
testing machine.

6. (a) Cold-bend Tests. — The test specimen shall bend cold through
180 degrees flat on itself without cracking on the outside of the bent portion.

(b) Quench-bend Tests. — The test specimen, when heated to a light
cherry red as seen in the dark (not less than 1200° F.), and quenched at once in
water the temperature of which is between 80° and 90° I, shall bend through
180 degrees flat on itself without cracking on the outside of the bent portion.

7. (a) Test specimens shall be of the full diameter of bars as rolled.

(b) Tension and bend test specimens for rivet bars which have been
cold drawn shall be normalized before testing.

8. (a) Two tension, two cold-bend, and two quench-bend tests shall be
made from each melt, each of which shall conform to the requirements specified.

(b) If any test specimen develops flaws, it may be discarded and an-
other specimen substituted.

(c) If the percentage of elongation of any tension test specimen is less
than that specified in Section 6 (a) and any part of the fracture is outside the
middle third of the gage length, as indicated by scribe scratches marked on
the specimen before testing, a retest shall be allowed.

IV. PERMISSIBLE VARIATIONS IN DIAMETER.

9. The diameter of each bar shall not vary more than 0.01 in. from that

specified.
V. WORKMANSHIP AND FINISH.

10. The finished bars shall be circular within 0.01 in. .

11. The finished bars shall be free from injurious defects and shall have
a workmanlike finish.

VI. MaRgkiING.

12. Rivet bars shall, when loaded for shipment, be properly separated
and marked with the name or brand of the manufacturer and the melt num-
ber for identification. The melt number shall be legibly marked on each
test specimen.

VII. INspECTION AND REJECTION.

13. The inspector representing the purchaser shall have free entry, at
all times while work on the contract of the purchaser is being performed, to
all parts of the manufacturer’s works which concern the manufacture of the
bars ordered. The manufacturer shall afford the inspector, frec of cost, all
reasonable facilities to satisfy him that the bars are being furnished in accord-
ance with these specifications. All tests (except check analyses) and in-
spection shall be made at the place of manufacture prior to shipment, unless
otherwise specified, and shall be so conducted as not to interfere unnecessarily
with the operation of the works.

14. (a) Unless otherwise specified, any rejection based on tests made in
accordance with Section 4 shall be reported within five working days from the
receipt of samples.

(b) Bars which show injurious defects subsequent to their acceptance
at the manufacturer’s works will be rejected, and the manufacturer shall be
notified.
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15. Samples tested in accordance with Section 4, which represent rejected
bars, shall be preserved for two weeks from the date of the test report. In
case of dissatisfaction with the results of the tests, the manufacturer may
make claim for a rehearing within that time.

B. REQUIREMENTS FOR RIVETS.
I. PuysicaL ProperTiEs AND TESTSs.

16. The rivets when tested shall conform to the requirements as to ten-
sile properties specified in Section 5, except that the elongation shall be meas-
ured on a gage length not less than
four times the diameter of the
rivet.

17. The rivet shank shall bend
cold through 180 degrees flat on
itself, as shown in Fig. 2, without
cracking on the outside of the bent
portion.

18. The rivet head shall flat-
ten, while hot, to a diameter 2}
times the diameter of the shank,
as shown in Fig. 3, without crack-
ing at the edges.

19. (@) When specified, one
tension test shall be made from
each size in each lot of rivets Fia. 2. Fia. 3.
offered for inspection.

(b) Three bend and three flattening tests shall be made from each size
in each lot of rivets offered for inspection, each of which shall conform to the
requirements specified.
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1I. WoRKMANSHIP AND FINISH.
20. The rivets shall be true to form, concentric, and shall be made in a
workmanlike manner.
21. The finished rivets shall be free from injurious defects.

111. InspEcTION AND REJECTION.

22. The inspector representing the purchaser shall have free entry, at all
times while work on the contract of the purchaser is being performed, to all
parts of the manufacturer’s works which concern the manufacture of the
rivets ordered. The manufacturer shall afford the inspector, free of cost, all
reasonable facilities to satisfy him that the rivets are being furnished in ac-
cordance with these specifications. All tests and inspection shall be made
at the place of manufacture prior to shipment, unless otherwise specified,
and shall be so conducted as not to interfere unnecessarily with the oper-
ation of the works.

23. Rivets which show injurious defects subsequent to their acceptance at
the manufacturer's works will be rejected and the manufacturer shall be
notified.

12. Factor of Safety. — Many of the conditions which must be

considered in the selection of a factor of safety are mentioned
in the foregoing paragraphs. Liability to shock from water
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hammer, lack of homogeneity in the material, deterioration due
to corrosion, errors of workmanship, the interdependence of
parts, the hazard to human life, and the probability of severe
overload summarize the principal reasons for care in choosing
the margin of safety for pressure vessels. To these may be
added stresses due to the method of suspension, especially in
the case of locomotive boilers.

There are two general methods of specifying the value for the
factor of safety. First, a variety of factors may be stipulated,
some depending upon the length of time the boiler has been in
commission and others taking into account the pecculiaritics of
certain types of design. To these should be added one general
value for new work. This is the method adopted in general
by the Federal and State Governments of the United States.
The second method consists of specifying onc base value for all
classes of work to which shall be added certain amounts deter-
mined by age, faulty construction, poor design, and various
stages of repair. These increments in the factor of safety are
cumulative and it is the plan to require so great a value for poor
and dangerous constructions as to discourage their use. The
Dominion of Canada pursues the latter method.

The Massachusetts Boiler Rules have been used as a model
by many states and adopted bodily by others. Their stipula-
tions in regard to factor of safety are as follows:

Fornmewboilers. .. .............. ... . ... L. 5.00
For stays and stay bolts (new work).................. 6.50

For boilers in the state at the time of the enactment of the
rules but not passing Massachusetts inspection, if used there-
after, minimum factors of safety are to be as follows:

Boilers with longitudinal lap joints not exposed to combustion. . .. ...
Boilers with longitudinal lap joints not over 36 inches in diameter but

exposed to combustion. ............. ... ... ... ... L
Boilers with longitudinal lap joints, over 36 inches in diameter and ex-

posed to combustion. .......... ... .. ... e .00
Boilers with butt-strap joints not over 10 yearsold. ................ 4.50
Boilers with butt-strap llointa) over 10 yearsold.................... 00
The test pressure is in all cases to be one and one-half times the working

pressure.

The base value for the Canadian rule is 4.50 for boilers of ap-
proved design. To this is added a series of increments ranging
from 1.00 for the use of single-riveted lap joints to 0.70 for
double-riveted lap joints and 0.50 for triple-riveted lap joints.
Various other penalties are exacted ranging down to 0.07 for
poor alignment of holes. The total factor with the worst possi-
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ble accumulation of bad practice reaches 8.50, which compares
favorably with that of the Massachusetts standard for longi-
tudinal lap joints when used upon externally fired boilers over
36 inches in diameter.

United States Federal rules do not specify an exact value for
the factor of safety but prescribe an elaborate set of limits for
use in connection with various materials and forms. These rules
are contained in the manual published by the United States
Supervising Inspectors of Steam Vessels.

The American Socicty of Mechanical Engineers has formulated
an extensive set of boiler rules known as the Boiler Code, which
is based on the regulations of the several cities and states.

13. Massachusetts Boiler Rules. — The following is a brief
summary of those portions of the Massachusetts Rules (1921)
which directly affect the design of steam boilers.

1. Boilers exempt from inspection:

(a) Boilers of railroad locomotives.

Eb) Boilers of motor road vehicles.

c) Boilers in private residences.

(d) Boilers under jurisdiction of the United States.

(e) Boilers used for agricultural purposes only.

Boilers of less than three horse-power.

g) Boilers used for heating purposes solely when equipped with a
district police lock pop safety valve set at 15 pounds or less,
and having less than 4 square feet of grate surface.

(h) Fire engine boilers temporarily in the state during conflagrations.

2. All other boilers shall be inspected when installed and annually there-
after by the Inspection Department of the District Police under supervision
of the Chicf Inspector of Boilers.

3. Boilers shall be made ready for examination upon fourteen days notice
unless adjudged to be in a dangerous condition, in which case immediate dis-
continuance %mm service may be required.

4. No insurance shall be effective upon any boiler installed after the
enactment of these laws unless the boiler conforms to said standards.

5. All boilers shall be equipped with one or more fusible safety plugs
located as specified hereafter.

6. All boilers of special design shall be subjected directly to the Board
for approval.
The Massachusetts Boiler Rules are divided into three parts as
follows:
Part I. Rules in addition to Rules in Part II applicable to
boilers installed before May 1, 1908.
Part II. Rules applicable to all boilers whenever installed.

Part III. Rules applicable to boilers installed after the en-
actment of these laws.

Parr I.
Applicable to boilers installed before the enactment of these laws.

7. The allowable working pressurc for a shell or drum boiler shall be
determined by reference to the tensile strength and thickness of the plate,
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the efficiency of the longitudinal joints, and the diameter of the shell, the
units being pounds and inches throughout:

Tens. str. of plate X Thickness X Eff. of joint
Inside radius of outer course X Factor of safety

Pressure =

8. When unknown, the tensile strength shall be assumed to be 55,000
pounds per square inch for steel plate and 45,000 pounds per square inch for
wrought iron.

9. Factor of safety for boilers with double-covered butt joints shall be
assumed to be four and five-tenths (4.5).

_When unknown, the diameter of rivets shall be assumed as follows:

Plate
thickness. Assumed driven diam. of rivets. Ins.
Ins.
i 14
¥ 1}
Ts i
H i
F { up to and including 2 ins. pitch.
) 11 over 2 ins. pitch.
1 H
Ts % up to and including 2} ins. pitch.
% 13 over 2} ins. pitch.
13 13
] 13
Ts 17s
% 14

10. The size of safety valves, other than spring loaded, shall be governed
by the pressure and grate area according to the following table:

Maximum preasure % ver 25 r 50

.Iill?gxegn':l::bmmrg 25 p ﬂ“}'ﬁncl. (,) ind 'ﬁml. OOOVO 2 t'i‘;-cl.

Dmme'l;rhc:.\alve. Area of grate. Square feet.
1 1.50 1.75 2.00
li 2.25 2.50 3.00
1 3.00 3.75 4.00
2 5.50 6.50 7.25
2% 8.25 10.00 11.00
3 11.75 14.25 16.00
33 16.00 19.50 21.75
4 21.00 25.50 28.25
43 26.75 32.50 36.00
) 32.75 40.00 44.00




MASSACHUSETTS BOILER RULES 35

11. The conditions of instaliment for safety valves upon boilers in battery,
connected to a common steam main, shall be such that low-pressure boilers
can never be accidentally loaded with stcam at a pressurc beyond the allowable
amount.

12. Each boiler shall have a blow-off pipe connected with the lowest
available water space.

Parr II.
Applicable to all boilers whenever installed.

13. The pressure allowed on a boiler constructed wholly of cast iron shall
not exceed 25 pounds per square inch if installed before July 2, 1915, or 15
pounds per square inch if installed after July 2, 1915.

14. The pressure on water-tube boilers, the tubes of which are secured to
cast iron headers, shall not excecd 160 pounds per square inch.

15. The crushing resistance of soft stecl plate shall be taken as 95,000
pounds per square inch of projccted area.

16. The shearing strength of rivets per square inch of sectional area shall
be taken as follows:

Lbs.
Iron rivets, singleshear. .. ......................... 38,000
Iron rivets, double shear. . ................. ... ..l 70,000
Steel rivets, singleshear. . .................. ... ... 42,000
Steel rivets, double shear. . .............. ... ... ..., 78,000

17. The lowest factors of safety used for boilers, the shells or drums of
which are exposed to;the products of combustion and the longitudinal joints
of which are of lap-riveted construction, shall be as follows:

(a) Five (5) for boilers not over ten years old.

(b) Five and five-tenths (5.5) for boilers over ten and not over fifteen

years old.

(c¢) Five and seventy-five hundredths (5.75) for boilers over fifteen
and not over twenty years old.

(d) Six (6) for boilers over twenty years old.

(¢) Five (5) for boilers the longitudinal joints of which are of lap-
riveted construction and the shells or drums of which are not
exposed to the products of combustion.

18. Each boiler shall have one or more safety valves.

19. The size of spring-loaded safety valves with bevel seats shall be de-
termined by reference to the pressure and grate area of the boiler, according
to the table on the following page.

20. The conditions of installment for spring-loaded safety valves upon
boilers in battery, connected to a common steam main, shall be such that
low-pressure boilers can never be accidentally londed with steam at a pressure
beyond the allowable limit.

21. When conditions exceed those in the following table, spring-loaded safety
valves shall be calculated by the following formula, the units being as stated:

L 770 X Total lbs. water evap. per sec.
Area of valve, sq. in. = Abs. pressure at which valve is to blow, lbs. sq. in.
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%“m pressure | Zero to 25 g)ver 25 to ](())overwgo gzer 100 d‘: 2(())(\;01‘ 150 dt: Over 200

?m?h on fﬁ:ﬁ‘.’ﬁ? Tinel. inel. inel. ?:c'f" ’ mn | pounda.

Di“"‘?f::‘;‘;.“l“' Area of grate. Square feet.
1 2.00 2.50 2.75 3.25 3.50 3.75
4 3.25 4.00 4.25 5.00 5.50 5.75
14 4.50 5.50 6.00 7.25 8.00 8.50
2 8.00 9.75 10.75 13.00 14.00 15.00
23 12.50 15.00 16.50 20.00 22.00 23.00
3 17.75 21.50 24.00 29.00 31.50 33.25
33 24.00 29.50 32.50 39.50 43.00 45.25
4 31.50 38.25 42.50 51.50 56.00 59.00
4} 40.00 48.50 53.50 65.00 71.00 74.25
5 49.00 60.00 66.00 80.00 88.00 2.25

If safety valves have flat seats, above grate areas may be multiplied by 13}.

22. The combined areas of several safety valves when used shall conform
to the requirements of the above table.

23. Safety valve connections and escape pipes shall be full size throughout
and no valve of any kind shall be placed between the safety valve and the
boiler nor on the escape pipe between the safety valve and the atmosphere.
All escape pipes shall be fitted with an open drain.

24. Safety valves having either seal or disc of cast iron shall not be used.

25. Safety valves hereafter installed on boilers shall not exceed five (5)
inches in diameter, shall be spring loaded with seat at about forty-five (45)
degrees or about ninety (90) degrees to the center point of the spindle and shall
be designed with a lifting device so that the disc can be lifted from its seat not
less than one-eighth (}) the diameter of the valve with the pressure at seventy-
five (75) per cent of that at which the safety valve is set to blow.

26. Fusible plugs shall be filled with ninety-nine per cent (999;) pure tin.

27. The least diameter of fusible metal shall not be less than one-half ()
inch, except when it is necessary to place a fusible plug in a tube, in which
cases the least diameter of fusible metal shall not be less than three-eights
(3) inch.

28. Each boiler shall have one or more fusible plugs of length sufficient to
project through the sheet not less than one (1) inch and located as follows:

(a) Horizontal return tubular boilers — in rear head not less than two
(2) inches ahove upper surface of top row of tubes.
(b) Locomotive type boilers — in the highest part of the crown sheet.
(c) Vertical fire-tube boilers — in an extra heavy outside tube not less
than one-third (}) the tube length above lower tube sheet.
. (d) Vertical submerged tube sheet boiler — in upper tube sheet.
™ (€) Water-tube boilers with horizontal drums — in upper drum not less
than six (6) inches above the bottom of the drum over the first
pass of the flames.
(f) Scotch marine boilers — in combustion chamber top.
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(9) Dry-back Scotch boilers — in rear head not less than two (2) inches
above the surface of the upper row of tubes.

(h) For other types and designs fusible plugs shall in general be placed
at the lowest permissible water level, in the direct path of the
flames, as near the primary combustion chamber as possible.

29. Each boiler shall have a steam gage connected by siphon with T-handle -
shut-off cock, the gage to read to a pressure not less than one and one-half (1})
times that allowed for the boiler.

30. Each boiler shall have at least one (1) water glass the lowest visible
part of which shall be above the level of the fusible plug. In addition two (<)
or more gage cocks shall be provided for boilers whose maximum pressure docs
not exceed fifteen (15) pounds per square inch, the same to be located within
the visible range of the water glass. In the case of boilers designed for more
than fifteen (15) pounds per square inch pressure, three (3) gage cocks shall
be employed, the location to be similar to those specified above.

31. Each boiler shall have a feed pipe fitted with a check and stop valve,
the latter to be placed between the check valve and the boiler, and the feed
water to discharge below the lowest safe water line.

32. A boiler having one (1) square foot of grate surface shall be rated at
three (3) horse-power when the safety valve is set to blow at over twenty-five
(25) pounds pressure per square inch.

33. A boiler having two (2) square feet of grate surface shall be rated at
three (3) horse-power when the safety valve is set to blow at twenty-five (25)
pounds pressure per square inch, or less.

34. Hydrostatic pressure test shall not exceed one and one-half (1}) times
the working pressure except in the case of pipe boilers and boilers permitted to
carry not over twenty-five (25) pounds per square inch. In such cases twice
the working pressure may be employed.

35. The efficiecncy of any type of riveted joint shall be determined as
follows:

Least resistance to failure per unit length of joint
" Strength of solid plate per unit length of joint )

Efficiency =

Parr III.
Applicable to boilers installed after the enactment of these laws.

36. The material used for plates and rivets in the construction of steel
shells or drums of boilers shall be as specified by the American Society for
Testing Materials.

37. Steel castings in boiler parts shall be as specified by the Am. Soc. for
Testing Materials.

38. Cast iron where permitted in boiler parts shall have not less than
eighteen thousand (18,000) pounds per square inch tensile strength.

39. Cross pipes, mud and water drums, and all other connections where
the pressure exceeds one hundred and sixty (160) pounds per square inch shall
be of wrought or cast steel.
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40. Pressurc parts of superheaters, whether attached or separately fired,
shall be of wrought or cast steel.

41. Boiler and superheater mountings shall be of wrought or cast steel
when exposed to steam which is superheated over eighty (80) degrees Fahren-
heit.

42. Waterleg and door-frame rings of vertical boilers thirty-six (36)
inches or over in diameter shall be of wrought or cast steel or wrought
iron.

43. Waterleg and door-frame rings of locomotive-type boilers shall be of
wrought or cast steel or wrought iron.

44. The working pressure of new boilers shall be based on a factor of
safety’of five (5).

45. The tube sheets of horizontal return tubular boilers not over thirty-
six (36) inches in diamecter and designed for not over one hundred (100)
pounds per square inch pressure may be stayed by steel angles or T-bars
riveted to place, the above angles or T-bars to be calculated as uniformly
loaded beams with a fiber stress not exceeding sixteen thousand (16,000)
pounds per square inch.

46. The longitudinal joints of a boiler the shell or drum of which exceeds
thirty-six (36) inches in diameter shall be of butt and double strap con-
struction.

47. The longitudinal joints of a boiler the shell or drum of which does
not exceed thirty-six (36, inches in diameter may be of lap-riveted con-
struction, and the working pressure on such shells shall not exceed one hun-
dred (100) pounds per square inch.

48. All longitudinal joints of horizontal return tubular boilers shall be
located above the fire line of the setting.

49. Longitudinal joints shall not have a continuous length of over twelve
(12) feet. All shell plates shall be of the same gage with 2 minimum of one-
fourth (1) inch.

50. The minimum thickness of shell plates shall be as follows:

When the diameter of shell is —

38 inches or Over 36 to 54 Over 54 to 72 . .
under. inches inclusive. inches inclusive, | Over 72 inches.
1 inch ¥g inch  inch 3 inch

51. The minimum thickness of butt straps shall be determined by the
following table, straps to be accurately rolled to form:
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Thickness of Minimum thick- Thickness of Minimum thick- ]
lheli :Lr.sm. ness of ?g‘t’t straps. ahel} !ﬂaves. ness of li::t straps.
% i ] (]
¥ & s s
s i ] ]
i i i 3
i Ts i i
i 1s 1 i
Ts i 1} 3
i § 1} ]
H 1%

52. The minimum thickness of tube sheets shall be as follows:

When the diameter of tube sheet is —

42 inches or Over 42 to 54 Over 54 to 72 .
under. inches inclusive. | inches inclusive. | OVer 72 inchea.
3 inch 75 inch l 4 inch % inch

53. The minimum thickness of a convex head shall be determined as fol-
lows, all units being in inches and pounds:
Half radius of convexity X 8.33 X Work. pressure
Tens. str. of material :

Thickness =

54. The thickness of concave heads shall be one and two-thirds (1) times
that of the corresponding convex heads.

55. Convex or concave heads with a manhole opening shall have a thick-
ness at least one-cighth (3) of an inch greater than that calculated above.

56. Convex or concave heads with a manhole opening shall have the flange
turned inward to a depth of not less than three (3) times the thickness of the
head.

57. The spacing of stay bolts with riveted heads for use with flat plates
or cylindrical furnace shects of internally fired boilers in which the external
diameter of the furnace is over thirty-eight (38) inches shall conform to that
given in the following table:
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. TABLE OF MAXIMUM ALLOWABLE PITCH OF SCREWED
STAY BOLTS, ENDS RIVETED OVER.

Thickness of plate.

Pressure, in _
pounds per # inch }inch Ys inch } inch s inch
square inch. i o

{ inch ‘ $} inch

Maximum pitch of stay bolts. Ins.
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Corrugated or reinforced furnace tubes are not amenable to the dimensions
given in the above table. Stay bolts adjacent to furnace doors or other
fittings, where the allowable pitch is not over five and one-half (5}) inches,
may have an increased pitch of not over one (1) inch.

58. An internally fired boiler, in which the external diameter of the furnace
is thirty-eight (38) inches or less, except a corrugated or reinforced furnace, shall
have the furnace sheet supported by at least one row of stay bolts, the circum-
ferential pitch of which shall not exceed that given in the following table and
the minimum outside diameter of stay bolts shall be as given in the table of
paragraph 59.

CIRCUMFERENTIAL PITCH OF STAY BOLTS.

Pressure, in pounds per square inch.
Thicknees of
Furnace 100 110 120 125 130 140 150 175
Sheet.
Circumferential pitch of stay bolts, in inches, not to exceed
Yinch..... 43 4; 4} 43 43 41 45 3;
fginch.... 5% 5 5% 5 5 43 4 4

59. The longitudinal pitch of stay bolts on the furnace sheet of an internally
fired boiler, in which the external diameter of the furnace is thirty-eight (38)
inches or less, except a corrugated or reinforced furnace, shall not exceed that
given in the following table:
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LONGITUDINAL PITCH OF STAY BOLTS.
Pressure, in pounds per square inch.
External diameter of
furnacenotexceed- | 100 I 110 l 120 | 125 | 130 | 140 | 150 | 175
ing 20 inches. — -
Longitudinal pitch of stay bolts, in inches, not to exceed —
123| | sl | o7 Gil 5*‘ 4
Thickness of furnace

sheet } inch.

External diameter of
furnace not exceed-
ing 26 inches.

Diameter of stay bolts over threads shall not be
less than three-fourths () inch.

Pressure, in pounds per square inch.

125 | 130 | 140

100 110‘ 120

150

Longitudinal pitch of stay bolts, in inches, not to exceed —

Thickness of furnace
sheet } inch.

Thickness of furnace
sheet ¢ inch.

External diameter of
furnace not exceed-
ing 32 inches.

Thickness of furnace
sheet % inch.

External diameter of
furnace not exceed-
ing 38 inches.

| e 5}1 4:| 43\

Diameter of stay bolts over threads shall not be
less than three-fourths () inch.

15} i

143 | 123 11 10§ 9 l 8 5%

Diameter of stay bolts over threads shall not be
less than seven-eighths (]) inch.

Pressure, in pounds per square inch.

110 ‘ 120 ' 125

1oo|

Longitudinal pitch of stay bolts, in inches, not to exceed —

130 140

01 ] 81 7 7 I 6
Diameter of stay bolts over threads shall not be
less than seven-eighths (}) inch.

113

Pressure, in pounds per square inch.

100

110 | 120 l 125

130

Longitudinal pitch of stay bolts, in inches, not to exceed —

Thickness of furnace
sheet % inch.

s | 7 5}!5;\5

Diameter of stay bolts over threads shall not be
less than seven-eighths (}) inch.
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60. When the longitudinal joint of the furnace sheet of a fire-tube boiler
is of lap-riveted construction a stay bolt in each row shall be located as near
the joint as possible.

61. The upper segment of heads of horizontal boilers more than thirty-six
(36) inches in diameter shall be stayed by welded or weldless mild steel or
wrought iron through stay rods or diagonal braces.

62. Horizontal return tubular boilers having a manhole below the tubes
shall have one or more stays on each side of the manhole, the rear ends of
which shall be attached to the rear head of the boiler, and the front ends shall
pass through the front head and shall be secured with nuts inside and out.
The center line of such stays at the front head shall not be below the center
line of the manhole.

63. Stay rods shall not exceed three (3) feet in length when screwed through
the sheets and riveted over.

64. The maximum allowable stress per square inch of stays and stay bolts
shall be as follows, the same to be based upon a factor of safety of at least six
and five-tenths (6.5).

STRESSES IN STAYS.

Size up to and |g. .
iucludi':ng 1} ins. S“(fi:"e'; 1} ins.
Material and type. diameter or ele "t'
equivalent equ:eaaen
area. g

Lbs. sq. ins. Lbas. 8q. ins.

Weldless mild steel head to head or through stays 8000 9000
Weldless mild steel diagonal or crow-foot stays.. 7500 8000
Weldless wrought iron head to head or through

1737 F 7000 7500
Weldless wrought iron diagonal or crow-foot

BlBYB. ottt e 6500 7000
Welded mild steel or wrought iron stays........ 6000 6000
Mild steel or wrought iron stay bolts........... 6500 7000

~ 65. Stay bolts shall be threaded with United States standard threads

either ten (10) or twelve (12) to the inch and their strength shall be based

upon their root area and the allowable fibre stresses given in the above table.
66. The minimum thickness of cast iron nozzles shall be determined by

reference to the working pressure, inside diameter, factor of safety and tensile

strength of cast iron, the units being pounds and inches throughout:

Thickness = Lressure X Inside diameter o
The above expression is based upon the tensile strength of eighteen thousand

(18,000) pounds per square inch previously recommended for cast iron and a
factor of safety of twelve (12).
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67. When the pressure exceeds one hundred and thirty-five (135) pounds
per 8q. in., the thickness of cast iron pipe flanges shall be not less than that
specified by the Manufacturers’ Standard for High Pressure.

68. Joint laps shall be not less than one and one-half (13) times the diameter
of the rivet hole.

69. Rivet holes shall be either drilled full size from the solid with plates,
butt-straps and heads bolted in position; or they may be punched not to ex-
ceed one-fourth (}) inch less than full size for plates over five-sixteenths ()
inch in thickness, and one-cighth (3) inch less than full size for plates not ex-
ceeding five-sixteenths (%) inch in thickness, and then drilled or reamed to
full size with plates, butt-straps and heads bolted up in position.

70. Tube holes shall be drilled full size, or they may be punched not to
exceed one-half (3) inch less than full size, and then drilled, reamed or finished
full size with rotating cutter, the edges of the holes being chamfered to a
radius of about one-sixteenth () inch.

71. A fire-tube boiler shall have the ends of the tubes substantially beaded.

72. The cnds of all tubes, suspension tubes and nipples shall be flared
not less than one-cighth (3) inch over the diameter of the tube hole on all
water-tube boilers and superheaters.

73. The ends of all tubes, suspension tubes and nipples of water-tube
boilers and superheaters shall not project through the tube sheets or headers
less than one-fourth (}) inch nor more than one-half (3) inch. Separately
fired superheaters shall have the tube ends protected by refractory material
where they connect with drums or headers.

74. An opening in a boiler for a threaded pipe connection one (1) inch in
diameter or over (except water column connections) shall not have less than
the minimum number of threads in such opening, as shown in the following
table:

THREADS IN PIPE OPENINGS.

Size of pi con- 2 to4 4 t06
‘nection. pl;’”; land 1} |1} and 2 inclusive in(?lmive 7and89and 10| 12
Number of threads
per inch. 113 113 8 8 8 8 8
Minimum number of
threads required in 4 5 7 8 10 12 13
opening.
Minil{mgnlthickms?f
material required to
give above number 0348 | 0.435 0.875 1.000 1.250 | 1.500 | 1.625
of threads. Ins.

If the thickness of the material in the boiler is not sufficient to give such
number of threads, there shall be a standard commercial pressed steel flange,
bronze composition flange, cast steel flange or steel plate, substantially
riveted to the boiler, so as to give the required number of threads. A main
steam or safety valve opening may be fitted with either a cast steel, cast
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iron or bronze composition nozzle, and a feed-pipe connection may be fitted
with a brass or steel boiler bushing.

75. An elliptical manhole opening shall be not less than eleven (11) by
fifteen (15) inches in size.

A circular manhole opening shall be not less than fifteen (15) inches in
diameter.

76. There shall be a manhole in the upper part of the shell or head of a fire-
tube boiler over forty (40) inches in diameter, except a vertical fire-tube boiler.

77. A manhole frame shall be of wrought or cast steel, and shall have a net
cross-sectional area, on a line parallel to the axis of the shell, not less than
the cross-sectional areas of shell plate removed on the same line.

78. Manhole frames on shells or drums shall have the proper curvature,
and on boilers over forty-eight (48) inches in diameter shall be riveted to the
shell or drum with two rows of rivets. The strength of the rivets in shear
shall not be less than the tensile strength of the shell plate removed, on a line
parallel to the axis of the shell, through the center of the manhole.

~ 79. Manhole covers shall be of wrought or cast steel.

80. A manhole shall be located in the front head, below the tubes, of a
horizontal return tubular boiler sixty (60) inches or over in diameter.

81. A manhole or handhole shall be located in the front head, below the
tubes, of a horizontal return tubular boiler less than sixty (60) inches in
diameter.

82. A handhole shall be located in the rear head of a horizontal return tubu-
lar boiler, below the tubes, except one which has a manhole in the front head,
below the tubes.

83. A locomotive type boiler shall have not less than six (6) handholes,
located as follows:

One (1) in the rear head, below the tubes.

One (1) in the front head, at or about the line of the crown sheet.

Four (4) in the lower part of the waterleg.

Also, where possible, one (1) near the throat sheet.

84. A vertical fire-tube boiler, except the boiler of & steam fire engine,
shall have not less than seven (7) handholes, located as follows:

Two (2) in the shell at or about the line of the crown sheet.

One (1) in the shell at or about the line of the fusible plug, except a verti-
cal fire-tube boiler having a manhole in the shell or head, through which the
fusible plug is accessible.

Two (2) in the shell at the lower part of the waterleg.

Two (2) at or about the waterline, except where a manhole is provided.

85. A vertical fire-tube boiler of a steam fire-engine shall have not less
than three (3) brass washout plugs of not less than one (1) inch pipe size,
screwed into the shell and located as follows:

One (1) at or about the line of the crown sheet.

Two (2) at the lower part of the waterleg.

86. There shall be not less than one (1) inch of solid plate in the clear,
inside and out, around a handhole opening in a boiler; except that on a stay-
bolted surface seven-sixteenths (1) inch thick or over there shall be not
less than one-half (}) inch of solid plate in the clear, inside and out, around a
handhole opening.
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87. A horizontal return tubular boiler over seventy-eight (78) inches in
diameter shall be supported, independent of the boiler side-walls, from steel
lugs by the outside suspended type of setting; where three (3) supports are
necessary on each side of a boiler, an equalizer shall be used.

88. A horizontal return tubular boiler over fifty-four (54) inches in diam-
eter, and up to and including seventy-eight (78) inches in diameter, shall be
supported by the outside suspended type of setting, or by not less than four
(4) steel or cast iron brackets on each side, set in pairs.

89. A horizontal return tubular boiler up to and including fifty-four (54)
inches in diameter shall be supported by the outside suspended type of setting,
or by not less than two (2) steel or cast iron brackets on each side.

90. Supporting lugs or brackets shall have the proper curvature and be
securely riveted to the shell. The shearing stress on the rivets shall not exceed
eight (8) per cent of the ultimate shearing strength given in Part II of these
rules.

91. The upper surface of the fire-grate of an internally fired boiler of the
open bottom locomotive, vertical fire-tube or similar type, shall not be below
the water space in the waterleg, except where the rivets at the bottom of the
waterleg are protected from the action of the fire and products of combustion.

92. Wet-bottom boilers shall have a clear space of not less than twelve
(12) inches between the bottom of the boiler and the floor line.

93. The feed water shall discharge above the tubes, about three-fifths (3)
the length of a horizontal return tubular boiler from the front head (except
a horizontal return tubular boiler equipped with an auxiliary feed-water
heating and circulating device), and at or about the central rows of tubes
when the diameter of the boiler exceeds thirty-six (36) inches and the pressure
allowed exceeds fifteen (15) pounds per square inch. The feed pipe shall
be carried through the head or shell with a brass or steel boiler bushing (or
the opening reinforced), and securely fastened inside the shell above the
tubes.

94. Feed water shall not be discharged in a boiler in close proximity to riv-
eted joints in shell or furnace sheets.

95. The maximum size of a surface blow-off pipe shall not exceed one
and one-half (1}) inches, and it shall be carried through the shell or head
with a brass or steel boiler brushing, or the opening reinforced.

96. Each boiler shall have a bottom blow-off pipe, fitted with a valve or
cock, in direct connection with the lowest water space practicable; the mini-
mum size of pipe and fittings shall be one (1) inch and the maximum size
shall be two and one-half (2}) inches. Globe valves shall not be used.

97. A bottom blow-off pipe shall be protected from the products of com-
bustion by a fire-brick casing, substantial cast iron removable sleeve, or
covering of non-conducting material.

98. The minimum size of pipes connecting the water column of a boiler
shall be one (1) inch.

99. The stcam connections to the water column of a horizontal return
tubular boiler shall be taken from the top of shell or the upper part of head;
the water connection shall be taken from a point not less than six (6) inches
below the center line of the shell.
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100. The lowest factors of safety to be used in calculating the maximum
allowable pressure on boilers which were in this Commonwealth on or before
the enactment of these rules, and which are not Massachusetts Standard, or
which have not been passed by joint inspection, if hereafter installed, shall
be as follows:

(a) Six (6) for boilers the longitudinal joints of which are of lap-riveted
construction, and the shells or drums of which are not exposed to the products
of combustion.

(b) Six (6) for boilers the longitudinal joints of which are of lap-riveted
construction, and the shells or drums of which are exposed to the products of
combustion, diameters up to and including thirty-six (36) inches.

(c) Eight (8) for boilers the longitudinal joints of which are of lap-riveted
construction, and the shells or drums of which are exposed to the products of
combustion, diameters over thirty-six (36) inches.

(d) Four and five-tenths; (4.5) for boilers the longitudinal joints of which
are of butt- and double-strap construction, age not exceeding ten (10) years.

(e) Five (5) for boilers the longitudinal joints of which are of butt- and
double-strap construction, age over ten (10) years.

The hydrostatic pressure test on such boilers shall be one and one-half (1})
times the maximum allowable pressure obtained by using the above factors
of safety.

14. Lined Tanks. — In order to prevent destructive corrosion
on the interior surfaces of tanks and pressure vessels, various
linings, more or less insoluble in character, have been employed.
The metals most generally used for this purpose are copper,
lead and silver. Monel metal, an alloy consisting of 72 per ‘cent
nickel, 1.5 per cent iron and 26.5 per cent copper, is also well
adapted to form non-corrosive linings for mine and sea pumps.

There are two general methods by which the above linings are
applied. First, a liner or sleeve of the non-corrosive material
may be accurately shaped and forced to place. Second, an in-
terior coating of the insoluble metal may be brazed or soldered
directly to the outer shell. Copper and hard alloys are the ma-
terials best fitted for forced liners. There is just enough duc-
tility to such bushings to permit tight fits around pistons and
valves and thereby prevent leakage. When cold-rolled there is
sufficient density to such metals to resist percolation through their
pores at very high pressures. Consequently, copper and alloy
liners, forced or rolled to place, frequently form the linings of
hydraulic eylinders, serving in a double capacity to prevent both
corrosion and leakage. When necessary the ends of such sleeves
may be hermetically brazed to the exterior cylinder walls.
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Soft linings such as those of lead, silver or thin copper are
generally soldered or “sweated” to place. The inside surface
of the shell must first be thoroughly cleansed by sand blast or
otherwise, and given a preliminary coating of the solder or
other flux to be used. The latter process can often be best ac-
complished by heat applied from the outside of the tank. Next,
the lining itself, fashioned to a fair fit and given an exterior
coating of flux, is inserted in the tank. Air pressure at 100
pounds per square inch or more is then introduced inside of the
lining and instantly causes the latter to take the interior shape
of the tank. Rivet heads and over-lapping plates present no
difficulty to this process provided the lining is thick enough to
stretch over such irregularitics without rupture. To be certain
that the air pressure is confined within the lining, the latter
must be soldered to the inlet pipe. When the outer shell con-
tains uncalked riveted joints there is generally sufficient vent
through them to let out the air imprisoned between the lining
and shell. When of one piece it may be necessary to pierce
the outer shell by small holes for the above purpose.

It next remains to heat the tank from without to a degree
sufficient to insure the complete union of the shell and lining.
The desired temperature can best be determined by noting the
time at which a piece of the flux-metal fuses upon the outside
of the tank thus indicating the necessary degree of heat within
and preventing injury to the lining. Such tanks are of great
service in the processes of refrigeration, rendering and reclaim-
ing, as well as for many purely chemical operations carried on
in the arts.



CHAPTER 1II.
STRESSES IN PRESSURE VESSELS.

THeoRETICAL formule for the determination of stresses in ves-
sels subjected to pressure may, in general, be grouped under
three heads, 1°, Spheres, 2°, Cylinders, and 3°, Flat plates. Under
spheres should be included the segments of spheres as used for
the ends of cylindrical pressure vessels. Spheres and cylinders
may have thin or thick shells and be subjected to either internal or
external pressure or both. Flat plates may be of different shapes,
either supported or fixed at the edges, or the plate may be con-
tinuous and supported at a system of points.

Stress formul® may be derived from a purely theoretical dis-
cussion, or the form of the equation, in so far as the variables are
concerned, may be obtained from such a discussion and used in
connection with an experimental constant. The practice of de-
termining dimensions from a purely empirical equation, based on
designs which have not failed, is not to be recommended. In any
event the designer must appreciate the assumptions upon which
his formule are based, and the limits within which they may be
used with a reasonable degree of assurance.

Since formule may be deduced with reference to either appar-
ent or true stresses, a clear understanding of these terms is essen-
tial. Throughout the following discussion the term stress will be
taken to mean an internal force. That is, if a body be subjected
to external forces or loads, the stress is that force which particles
of the body on one side of a cutting plane exert upon the particles
on the other side. Strain is the deformation of the body due to
the application of external forces. An apparent stress is one de-
termined by the principles of statics, the body being assumed to be
perfectly inelastic. The portion of the body on one side of the
plane at which the stress is desired is taken as rigid. The un-
known internal force or forces at the plane form part of the system

of forces acting on this portion and may be found by applying the
48
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conditions of equilibrium. The criterion of safety in this case is
that the working stress shall not exceed a certain fraction of the
ultimate strength of the material. Expressed algebraically

£ working = Ultimate strength
working == “Factor of safety

A true stress is one which corresponds to a strain. The term
true stress will be used for convenience. It must be borne in
mind, however, that such a stress is not a stress in the sense of
the definition given above. True stresses are those which would
be required to produce the given strains, provided the elastic
limit of the material be not exceeded. The elastic properties of
the body must be considered in the determination of such a stress.
A design based on true stresses is in reality a design of limited
strains. In such cases the strain should never exceed that at
the elastic limit divided by a factor of safety, or,

i Elastic limit
Fworine = Fgctor of safety’
where f is a true stress.

Either an apparent or a true stress may be
the larger, and care should be taken in any
case that both are considered. If they are
[ not, an apparent factor of safety may be con-
siderably in excess of the actual factor. An
intelligent choice of constants and factors of
safety will, in many cases, give results closely
in accord, from equations which seemingly
give widely varying results where the same
' constants are used in all cases. To illustrate
the above assume a rectangular prism, Fig. 4,
subjected to the external vertical forces P at
itsends. These forces cause, at the cross sec-
tion ab, an apparent, and in this case a true,
intensity of stress p. While there is no ap-
parent stress in any horizontal direction there is & strain and hence
a true stress in all horizontal directions. This true stress may be
obtained from the apparent stress by multiplying by the coeffi-
cient of lateral contraction or Poisson’s ratio. This ratio is usually
taken as } or % for wrought iron or steel and } for cast iron.
Final equations are but little affected by the choice of this ratio,

P

P
Fia. 4.
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and it will be taken as } in all cases. The reciprocal of this ratio
is designated by “m,” hence m = 3. It is to be noted that an

p

apparent stress of tension in one direction
causes a true stress of compression in all di-
rections at right angles. Assume the prism
of Fig. 4 to be subjected also to compressive
horizontal external forces P’, Fig. 5. These
forces cause an apparent intcnsity of stress,

o- P + P -p P, on a planc perpendicular to ab. While the

|
|

Fra. 5.

apparent intensity of stress on ab is still p,
’

i
the true intensity of stress is p + p—3’ tension.

Hence a consideration of both stresses is neces-
sary in an economical design.

The obtaining of true stresses from appar-
ent stresses is not to be confused with the
compounding of apparent stresses. In this

case apparent stresses on two planes through a given point are
used to determine an apparent stress on any other plane through

Y
A e—™
X
. & ’
-7 AN .
N\ | A
\ 17 e
B\ L
X-——- - x
(o] Px
N
A
Y Fia. 6.

the point. Use will be made of this proposition in connection with
helical riveting. Given the point O, Fig. 6, in a body, through
which pass planes XX and Y'Y perpendicular to the plane of the
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paper. Assume as the simplest case, and the only one which it is
necessary to consider in this work, that these are Principal Planes,
that is, planes upon which the resultant stress is wholly normal.
Let these resultant stresses, called Principal Stresses, be denoted
by p. and p,, unit stresses in each case. The resultant unit stress
Pr, o0 any other plane AA, passing through O, whose normal
makes an angle 8 with the X axis, is obtained as follows: The in-
tensity of stress on AA due to p, will be p, cos 6 which may be
resolved into two components normal and tangential to plane AA.
Normal component = p, cos? 6.
Tangential component = p, cos 6 sin 6.
Similarly for p,.
Normal component = p, sin? 4.
Tangential component = p, sin 6 cos 6.
Hence p,, the resulting normal component on AA, will equal
p: cos? 0 + p, sin? 6, and S,, the tangential component, will equal
(p= — py) sin 0 cos 6.
Therefore,
= Vpl+ 52
= [p.2 cos* ll—f- 2 p,p,, cos? 0 sin? @ + p,? sin* 6
+ p, sin? 6 cos? § — 2 p,p, sin? 6 cos?
+ p,? sin? 6 cos? 6]t
= [p.? cos? 8 (cos? 8 + sin? §) + p.? sin’ @ (cos2 6 + sin?6)]}
= [p2cos? 0 + p,2sin6]} . . N ¢))
which is the expression for the resultant stress on plane AA, due
to the given principal stresses.
1t is evident that p, will always have values between p. and p,,
except when p, = p,, in which case p. = p. = p,. Hence one of
the principal stresses is a maximum and the other a minimum.
16. Thin Hollow Sphere. — When a spherical shell is so thin
that the stress may be taken as uniformly distributed from the
inside wall to the outside wall, the calculation of this stress is a
comparatively easy matter.
Let Fig. 7 represent the upper half of a thin sphere, where
r = internal radius of sphere,
t = thickness of shell,
p = intensity of internal pressure,
J = intensity of tangential stress (hoop tension).
Considering this portion of the sphere as a solid body, the total
force tending to raise it is #r2p. This must be equal to the stress
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with which the lower portion acts upon the upper portion at the
section, or 2 m7ft, very nearly.
Hence, orlp = 2wrft

=E e
In this case f is, of course, only an apparent principal stress,

and in any given case would be taken as the ultimate tensile
strength of the material with a proper factor of safety.

Fic. 7. Fra. 8.

To illustrate the design on the basis of maximum strains, con-
sider the point O lying in the wall of the spherical shell, Fig. 8, at
the intersection of planes XX and YY. There is an inten-

sity of stress normal to plane YV, f, = %, from equation (2).
There is also an intensity of stress normal to plane XX,

fe= —27)—: The radial stress p, also acting, if O is on the inside sur-

face of the wall, is neglected. The stresses f; and f, are apparent
stresses from which the true tangential stress may be found thus:

Jow=fc=3fy=fy— 4L

=P
2t 6t
=§—;, . . . . . . . . . . (3)

Thus it is seen that the true stress is only two-thirds of the ap-
parent stress. The design should be such that the value of this
true stress falls well within the elastic limit of the material.



THICK HOLLOW SPHERE 53

Equations (2) and (3) hold equally true for thin hollow spheres
subjected to external pressure, but they are of little value when
so used, because slight deviations from the true spherical form are
rapidly exaggerated, and the sphere fails by collapse rather than
by direct compression.

16. Thick Hollow Sphere. — It is desired to obtain the in-
tensity of hoop tension at the inner surface of the thick hollow
sphere, Fig. 9, subjected to internal pressure only.

F1c. 9.

Let f, = intensity of hoop tension.

7, = internal radius of sphere.

r, = external radius of sphere.

p1 = intensity of internal pressure.

r = radius of an elementary annulus.
radial pressure on the elementary annulus (inside).
P + dp = radial pressure on the clementary annulus (outside).

f = intensity of tangential stress on annulus.

A small particle at M is subjected to a stress f, normal to the
horizontal plane AB, a stress f, normal to the plane of the paper,
and a radial stress p. It can be shown by the principle of least
work that the algebraic sum of these stresses is a constant for all
points in the sphere. Hence,

2f—p=2f1-—p1, e e e e e (4)

tensions being written positive and compressions negative. Con-
sider the forces acting on the elementary hemispherical annulus,

Acting upward, =r?p.
Acting downward, = (r + dr)*(p + dp) and 2 =rf dr.
Equating,  #°p == (r + dr)*(p + dp) + 2wrfdr.
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Solving, omitting differentials of more than the first power,
rdp=—2pdr—2fdr,

dp___2dr
p+sf T
From equation (4) f= rt 2£ 1=,
Therefore,
__2dp _ _2dr
3p+2fi—m T
or 3dp _ __3dr,
3p+ 2f1 el r

Hence, by integration,
log(Bp+2fi — p) =—3logr + loge,
where log c is the constant of integration.

log(3p + 2fi — p) +logr® = loge,
log[Bp + 2fi — p1) ()] = loge,

or 3P+2f1—P1=‘1%. B (3}

P=‘(P1 2fi + ). B ()]
To find ¢, note that, when r = 7, p = 0.
c= (2f1 el pl) 1‘23.

Then, substituting for p in equation (5) its equal from equation
@, 2f+p—21,

3
6f+3p1—6fx+2f1—1’1=%(2f1 —Pl),
6/ =4fi—2m+5@h—m),

which is the expression for the tangential stress at any radius r.

When r=nr, f=/.
3
Hence, 6fi=4fi—2p + % £ — p),
3
pn(%+n‘)
and fims———=,. . ¢« ¢ e e 0. (D

Tz "'7'1

_ 2f|+2pn
or £ 21 2.,1 e o o o e o o o (8)
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Equation (7) then gives the apparent intensity of hoop or tan-
gential tension at the inside surface of a thick spherical shell,
this being the maximum stress. Stresses calculated by equation
(7) will always be in excess of those calculated by equation (2) for
thin spheres. The error, however, will be only six-tenths of one
per cent where the thickness is not more than ten per cent of
the internal radius, and not over two per cent when the internal
pressure does not exceed one-third of the allowable fibre stress.

The true intensity of stress at the inside surface is found from
the coefficient of lateral contraction, thus:

ftme =fl *'%‘*'?3'1'

=&(w). e . ®

3 "'23 - 1‘13

8
_ ‘/3ftme+l)l
or To="n 3"—‘——“—f - 2p1 « e o e o (10)

Evidently fiye will be less than f; for all cases where p, is less than
f1, that is when the internal pressure does not exceed the allow-
able fibre stress. It is interesting to note that for cases where the
above is not true, equation (7) for the apparent stress is on the
unsafe side, and equation (9) should be used. Such a case might
be that of a cast iron sphere subjected to an internal pressure of
5000 pounds per square inch with an allowable working fibre
stress of 4500 pounds per square inch.

17. Thin Hollow Cylinder. — Vessels of a cylindrical shape
are the ones most widely used to withstand fluid pressures. Where
the thickness of the cylinder is small compared with the diam-
eter and the pressure is internal, the tensile stress in the ma-
terial may be computed readily and with considerable assurance.
The same cylinder subjected to external pressure, as is the case
in a boiler tube, may have the stresses computed in a similar
manner. The slightest deviation from the true cylindrical form,
however, is soon increased by the pressure and failure occurs by
the collapsing of the tube, thus rendering any calculations for
failure by compression valueless. In these cases it is necessary
to resort to tests to obtain collapsing pressures. The results of
such tests will be given later. To obtain the intensity of tan-
gential stress in a thin hollow cylinder due to a given working
pressure, take a section of unit length, Fig. 10, and l¢t
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r = internal radius of cylinder,

¢t = thickness of metal,

p = intensity of internal pressure,

f = intensity of hoop tension, assumed constant across
the section.

The pressure acting within the upper half of the cylinder tends
to cause a separation on the horizontal plane and is resisted by
the stresses in the material on this
plane. While all pressures within the
cylinder act normally, the sum of the
vertical components of all such forces
)} will be equal in magnitude to the re-
sultant force on the plane abed. The
latter is equal to 2 rp, and is resisted
by the stresses on the two sections
of the material, each of which is ft,
assuming the metal so thin that the
stress is uniformly distributed. The
stress f may be taken as the maximum stress, although it is in
reality slightly less than the maximum.

Fia. 10.

Equating, 2rp = 2ft,
and f=?§,
or t=”7’..........(11)

Where it is necessary to use a longitudinal joint whose efficiency
is e, the equation becomes

_bpr

t—ﬁ” B ¢ )]
The plot, Fig. 11, has been constructed for a ready determi-
nation of thicknesses as obtained from equation (12). fis taken
as 55,000 = 5 = 11,000 pounds per square-inch. To use the
plot, follow the horizontal line corresponding to the efficiency of
the joint to its intersection with the curve corresponding to the
cylinder diameter. Rise vertically to the line of the desired in-
ternal presgure. Read the thickness of plate corresponding 4t the

left, : :
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Problem.

Find the necessary thickness of shell for a 72 inch boiler, 150 lbs. per sq.
in. pressure, having a joint with an efficiency of 88 per cent.

From plot ¢ = 0.556 in. Use f inch.

The thickness necessary to withstand the pressure on the ends
of the cylinder may be computed by considering a transverse
cross section. The total load imposed upon the section is xr?p.
The resisting stress is 2 n7ft, very nearly.

Hence, = 12—”-;

or =%........(13)

This equation is the same as that obtained for thin hollow spheres.
With a given thickness of shell the value of the hoop tension is
twice that of the longitudinal tension. Hence, a girth seam
joint of more than one-half the efficiency of the longitudinal joint
will render the vessel safe against rupture in this direction.

The true intensity of hoop tension, fire, is equal to

1/7.p
I=33ty
Therefore fiwe = §f (nearly), f being large compared with p.
Hence, designs based on the apparent stress are on the safe side.
It must be borne in mind, however, that where the principal
stresses are of opposite kinds, the true stress exceeds the ap-
parent stress, and should be used in design. As an example of
such a case, consider a stand-pipe, where the normal stress on a
vertical longitudinal section is tension due to liquid pressure, and
the stress on a horizontal transverse section is compression.
Then the maximum intensity of true stress is, fuuwe = fi + 3 /2
where fi and f; are the principal stresses with f, larger than f,,
and firue is tension or compression according as f; is tension or
compression.

18. Thick Hollow Cylinder. — There are two assumptions
used in determining equations for the stresses in thick cylinders.
The simpler one, due to Barlow, is that the area of a trangverse
cross section remains a constant whatever the internal. and ex-
ternal pressures may be. The other, developed by Lamé, is that
the longitudinal tensile stress and longitudinal elongation are
constant for all points in the cylinder. The latter assumption is
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the more exact, but the Barlow equation gives results on the safe
side in all cases, as is seen by the plot, Fig. 13. It is necessary
in both cases to assume the length of the cylinder large com-
pared with the outside diameter, in order that the influence of
the ends shall not affect the reasoning.
Deduction of stress equation on first assumption.
Referring to Fig. 12.
Let r, = internal radius of cylin-
der before pressure is l
applied. ‘
r; = external radius of cylin-
der before pressure is

applied. :
p1 = intensity of internal pres- \.
sure. --
P = intensity of external pres-
sure.

) = intensity of hoop tension
at inner surface.
f» = intensity of hoop tension |
at outer surface.
x; = increase in r, after pres-
sure is applied.
z; = increase in rp after pressure is applied.

Frc. 12.

Area of transverse cross section, before applying pressure
1(722—7'12). e e e e e (14)
Area of transverse cross section, after applying pressure
wlet @) —(+z)) . . . . .r(15)
By assumption (14) = (15).
Therefore, rs2 — r2 = 12 + 202 + 22 — 12 — 221 — 22

Neglecting the terms z,? and z,% since they are extremely small
and appear in the equation with opposite signs

TeX2 = T,
I T

or ===, . . .. .. .. (16
B (16)

Unit strain in the internal circumference will equal

2r(n+x) —2mn _T,
2w n
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Similarly for the external circumference the unit strain will equal
7,
T3

Hence,

Strain at inner circumference _ 7, _ fi
Strain at outer circumference 2z, f3

or the hoop tensions vary inversely as the squares of the dis-
tances of the fibres from the center of the cylinder. Professor
Goodman, in a series of experiments, found the stresses over a
cross section to vary very closely as given by this relation. If f
is the intensity of hoop tension at any point in the cross section
at a distance r from the center of the cylinder, the total stress, P
over the cross section for unit length of section will be

P=f"fdr,
T12
f=f1;2"

Therefore, P =frg j: "f_:.

but, as shown above,

re
= frrl _fl—l‘
T2

Applying the conditions of equilibrium to the half shell of unit
length, and neglecting p, as small compared with p;,

21'1pl=2P,
Plrl=f17'1(l—ﬂ);
T2
_ P _pim
fl_h—h R an

This equation is identical with that obtained for a thin shell,
except that the outside radius is used in place of the inside radius.
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It is to be noted that this expression is for the apparent stress,
and not for the true stress.

The deduction of the stress equation under the second or Lamé
assumption is entirely analogous to that already given for thick
hollow spheres. Therefore, only the results will be given here.
The pressure on the outside of the cylinder is assumed to be zero.
Then f;, the apparent maximum intensity of hoop tension at the
inner surface, is given by the equation

fi= y2) (7‘2’ +n?),

B ¢ )]
T - 7‘1
For the outer surface,
f = 2Pt
2 1'22 - T;z

An equation involving thickness may be obtained from equation
(18) as follows:

.Ll_ _ r? + 7‘12.

;T
By composition and division,

fl + D _ 27‘2
H—m 27‘1
m=n f;lfﬂ

Subtracting r, from both sides,
=R ]
To— 1 rl[ = ; 1
Hence, t=n [\/”:l Th_ l]'
hi—m
When the external pressure, ps, is not neglected the general stress
equation is

pirt — par® + lzrz (O Pz)
f= ... (19)

Tzz b T]
This equation for apparent stress was modified by Clavarino,
who obtained an equation for the true stress,

pire? — para? + (p P2)

3(re — rl’) !

ftrua =

or when r = r, and p, = 0,

ftrue =E1‘ (?Tng_-l-rl:;’). P ¢21))
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Another modification of Lamé’s formula is that due to Birnie,
and is applicable where the longitudinal tension is zero, as in the
case of a shrink or force fit. Then

2pir? — 2 pary — p2)
f"l'\l. = 3 (7'2 — 7'12) )
or, when » = r; and p; = 0,
_P@r?+2r?)
Sirve = SGa—rd ottt (21)

The plot, Fig. 13, has been drawn for the comparison of results
as obtained from equations (17), (18), (20) and (21) and to present
a ready means of solution of problems on thick cylinders. Re-
sults as obtained from equation (11) for thin cylinders are also
given to show the limitations of the assumption of uniformly

distributed stress. Values of the ratio ‘zf) L that is allowable fibre
stress to internal pressure, are plotted as ordinates on values of
the ratio i as abscisse. It is to be noted that for ratios of f

greater than 10, that is when the thickness is less than 4 the in-
side radius, the equation for thin cylinders gives results in very
close agreement with those of the more complex theories. It
gives, indeed, thicknesses which are greater than those obtained

from the formula of Clavarino for all values of it greater than 6.

When the internal pressure is more than one-thlrd of the allow-
able working fibre stress, the Lamé formula appears to give re-
sults on the unsafe side, that is the apparent stress is less than
the true stress. The choice of a factor of safety and of a stress
formula affects the resulting thickness of shell very materially
where the internal pressure is more than four-tenths of the allow-
able working stress. For example, a cast iron cylinder 5 inches
inside radius, subjected to 2000 pounds per square inch internal
pressure, would have a thickness of 2.83 ins., using the Lamé
formula, a tensile strength of 19,000 lbs. per sq. in. and a factor of
safety of 4. The same cylinder would have a thickness of 5.51 ins.,
when calculated with the Barlow formula and a factor of 5. The

thickness approaches infinity a:s%l approaches one, in the Barlow
1
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and Lamé formule, and as this ratio approaches one and one-
third in the Clavarino and Birnie formulse.
Problems.

(1) Find the necessary thickness of a cylinder 10 inches inside diameter
subjected to an internal fluid pressure of 6000 pounds per square inch.
Material, steel casting, f; = 60,000 pounds per sq.inch. Factor of safety, 5.

fi_12000 _
» 6000 =
From plot (Clavarino) ;1 = (.872.
t =15 X0.872 = 4.36 ins.
Lamé curve gives t = 3.66 ins.
Barlow curve gives t = 5.00 ins.

(2) Find the allowable pressure in a hydraulic main 4 inches in diameter
and 1 inch thick, if the stress is not to excced 5000 pounds per square inch.

r_1,
n 2
From Clavarino curve f ! = 2.66,
5000 .
m = m = 1880 lbs. per sq. inch,
or using Barlow curve o1 = 1670 lbs. per sq. inch.

19. Cylinders Under External Pressure. — Theoretical for-
mule for the stresses in cylinders subjected to external pressure
are of little value, since such cylinders will collapse before the
compressive strength of the material is reached. Especially is
this true where the cylinders are thin and long compared with
the diameter. Practical examples of cylinders so stressed are the
furnace flues and tubes of boilers. The stress equation for thin
cylinders is obtained as in the case of internal pressure,

f=P__t7‘ or p—~ﬂ coe e 0. (22)

where f = mean intensity of compressive stress, sensibly equal
to the maximum,
p = intensity of external pressure,
r = external radius,
d = external diameter,
t = thickness of metal.
Theoretical discussions by Professor A. E. H. Love, Grashof, and

n

others show the collapsing pressure to vary as (3) . However,

experiments show clearly that the collapsing pressure for short
tubes is not independent of the length but increases as the length
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decreases for tubes in which the ratio of length to diameter is
comparatively small. For a given tube diameter a length is
reached such that the collapsing pressure is unaffected by a further
increase in length. This is called the critical length and will be
taken as six diameters although recent experiments * tend to show
that it is somewhat greater and that the following formule give
low collapsing pressures.

For lengths less than six diameters tests by Sir W. Fairbairn

and Professor R. T. Stewart suggest the equation, for inch units
' t2.25

=%
where the constant C as determined from the experiments is
11,600,000. With a factor of safety of 4

2,900,002
= 2,900,000

The furnaces of boilers, while falling within this limit of length to
diameter, are made so strong against collapse by corrugations
that practical formule of the form

-
pworking=(4(_l FO N %))

are in general use, the constant varying from 10,000 to 18,000.
If the length is greater than six diameters the collapsing pressure

is a function of é only. The following values are given by Pro-

(23)

p working

fessor Carman as the results of a large number of experiments
and are virtually the same as those obtained by Professor R. T.
Stewart from the tests on over 500 boiler tubes.

(a) Tubes for values of & < 0.025.

d
3
Brassp=25,l50,000(c£l). R )
3
Cold drawn seamless steel p = 50,200,000((%) .. (20)

() Tubes for values of é > 0.03.

Brassp = 93,3655 —2474. . . . . . . . . @]

d
Cold drawn seamless steel p = 95,520(—3- —2090. . (28)
Lap-welded steel p = 83,270E —-1025. . . . . (29)

d
* The Mechanical Engineer, Oct. 16, 1914.
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(¢) Tubes where 2> 0.02 < 0.06 covering all common diam-

eters and thicknesses of boiler tubes.

2
Cold drawn seamless steel p = 1,000,000 (3) . . (30)

2
Lap-welded steel p = 1,250,000 (3) . @1)
The stress equation for thick cylinders subjected to external

pressure only may be obtained from equation (19) by substi-
tuting p, = 0 and r = r,, giving

_ 2 pgr2’

7‘22 - 7‘12
—_2pra( T2
- t (2 To — t>’ (33)

the minus sign indicating compression.

Where the thickness is not more than one-tenth of the radius,
equation (22) may he used without appreciable error.

20. Spherical Heads. — When possible, cylindrical pressure
vessels should be supplied with ““ dished ”” or *“ bumped ”’ heads in
order to avoid the staying necessary with flat ends. It is recom-
mended, however, that the ends of all cylinders more than 60 ins. in
diameter be stayed. These ends are ordinarily spherical segments,
and the stresses are calculated by means of the formula for thin

= g—: or p= 2Tﬂ’ where r is the radius of the
sphere, and p is the pressure on the concave side. Thus it may
be seen that where the stress in the end is to be the same as
that in the cylindrical shell with the same thickness in both cases,
the radius of the sphere should be twice that of the cylinder.
When the pressure is on the convex side of the head, federal and
state rules require that the allowable pressure p shall not ex-
ceed from six- to eight-tenths of that given above.

When the risc of segment k is known, it can readily be shown

2 2

that r = Q—-2—+—’£, where 7, is the radius of the cylindrical shell.
Hence, by substitution, the equation for allowable pressure
becomes

(32)

spheres, viz.: f

afth

=R (34)
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in which r; is the radius of the cylindrical shell. While the above
formulee are those ordinarily used in connection with dished
heads, they are far from satisfactory and should only be em-
ployed in connection with a large factor of safety.

Stresses in the flange of the head are very severe, but they do
not admit of a ready analysis. While they occur at a place of
considerable inherent strength due to the joint and the flanging
of the head, nevertheless, grooving and severe local bending
stresses at the sharp curvature cause cracks and ultimate rupture
at this point. Experimental determinations of the strains in the

TENSION ----E3
COMPRESSION-IE

STRESSES

N

STEAM DRUM

SECTION| ON cC Fic. 14.

steam drum of a Babcock and Wilcox boiler have been made by
Professors S. H. Barraclough and A. J. Gibson and reported in
the ‘“Proceedings of the Engineering Association of New South
Wales,” 1910-1911. The accompanying cut, Fig. 14, is taken
from their report. The section CC is located 15 ins. from the nearer
ring seam. Their investigation was primarily to obtain the stresses
in the vicinity of the lap joints, but strains in the flange of the
head were also measured. Strain measurements were taken at
frequent intervals on transverse and horizontal planes by means
of mirrors. Both change of length and change of curvature were
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determined. In Fig. 14, ‘“deduced” surface stresses, that is,
strains multiplied by a constant (modulus of elasticity) have been
plotted perpendicular to the plate, tensions being denoted by
dotted and compressions by full lines. The stresses shown in
the spherical segment of the head are conjectural, no strains hav-
ing been measured in this portion. The variation of stress in the
vicinity of the single-riveted lap joint is in accord with the usual
inferences on this point. The stresses in the flange of the head
show a decided bending action with large tensions (11,000 pounds
per square inch) on the inside fibres, and compression on the out-
side fibres. Inasmuch as this is the point at which grooving and
rupture take place, the fallacy of using the formula for the thick-
ness of thin spheres, which does not apply to this portion of the
head, is apparent. The tensile stress mentioned above is three
times that which would have been obtained with the thin sphere
formula under the same conditions. The following formula is pro-
posed for the thickness of dished heads,
- pr
t= m—__—i—om P T P (35) =
where ¢ = thickness of head in inches.
p = pressure in pounds per square inch.
r = radius of the cylindrical shell in inches.

This formula is intended to apply where the head is dished to a
radius equal to the diameter of the shell, and with steel plate of
60,000 pounds per square inch tensile strength. It embodies an
apparent factor of safety varying from 7.5 on cylinders 5 inches
in diameter, to 10 on cylinders 5 feet in diameter. In the light
of the experiments alluded to above it is probable that the true
factor of safety for heads calculated by the above formula is in
the vicinity of five or six.

When the pressure is on the convex side of the head, thick-
nesses at least one and two-thirds those given by the above formula
are recommended. The plot, Fig. 15, affords a ready means of
obtaining the thickness of the head when the diameter of the shell
and the internal pressure are known. The thickness for a con-
cave head may be read directly at the left of the plot, and for a
convex head by following the abscissa for the thickness of the cor-
responding concave head to its intersection with line A4 and read-
ing the desired thickness at the top of the plot.
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The Boiler Code (A. S. M. E.) formula for the thickness of a
dished head with the pressure on the concave side is
_55pL

t—m . . . . . .

(35a)

where
L = radius to which head is dished, ins.
T.S. = tensile strength, Ib. per sq. in.
t and p as in equation (35).

If L is less than 80 per cent of the diameter of the drum the
thickness used shall be that found by making L equal to 80 per
cent of the drum diameter. With the pressure on the convex
side, thicknesses shall be one and two-thirds those given by equa-~
tion (35a). Equations (35) and (35a) agree very closely for the
usual pressures and diameters.

It must be borne in mind that the corrosive action of the con-
tents of the tank has much to do with the final thickness of metal
used in the heads. The plot gives the theoretical thickness
necessary to confine the corresponding pressure. In small cylin-
ders it is frequently best to assume a minimum thickness of head
sufficient to withstand safely the corrosion, and at the same time
to permit the ready working of the metal to shape. This practi-
cal limit will often exceed the theoretical thickness given by the
plot.

21. Flat Plates. — The deduction of formule for determining
the stresses in flat plates supported at their edges and loaded by
forces perpendicular to their flat faces forms one of the most
difficult chapters in the theory of elasticity. The equations most
widely quoted are those of Grashof * deduced from the equation
of the elastic curve and giving the maximum true stress, that is
the stress corresponding with the strain. Bach adopts equa-
tions of the same form, but determines his constants experi-
mentally.

The following cases will be considered:

Case I. Circular plates.
(k) Uniform load, supported at edges. Fig. 16.
() Uniform load, fized at edges. Fig. 17.
(0) Uniform load, free at edges and supported at center by a circle of
radius ro. Fig. 18.

* “Theorie der Elastizitit und Festigkeit,” 1878, page 329 et seq.
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(z) Load P, distributed over a circle of radius ro, supported at edges.
Fig. 19.

(y) Load P, distribuled over a circle of radius ro, fixed at edges. Fig. 20,
Case II. Elliptical plates.

(k) Uniform load, supported al edges. Fig. 21.

() Uniform load, fixed at edges. Fig. 22.

(z) Load P, distributed over a circle of radius 7o, supported at edges.

Fig. 23.

(y) Load P, distributed over a circle of radius ro, fized at edges. Fig. 24.
Case II1. Rectangular plates.

(k) Uniform load, supported at edges.

() Uniform load, fized at edges. Fig. 25.

(z) Load P, distributed over a circle of radius ro, supported at edges.

(y) Load P, disiributed over a circle of radius ro, fixed at edges. Fig. 26.
Case 1V. Square plates.

(k) Uniform load, supported at edges.

() Uniform load, fixed at edges. Fig. 27.

(z) Load P, distributed over a circle of radius ro, supporled at edges.

(y) Load P, distributed over a circle of radius ro, fized at edges. Fig. 28.
Case V. Continuous plates.

() Uniform load, stayed at a system of points. Fig. 29.

The significance of the quantities used in the succeeding discus-
sion, when not evident from the illustra-

tions, is as follows:
\ J = intensity of apparent, stress.

firue = intensity of true stress.

1 . .
= Poisson’s ratio.

v = maximum deflection.
E = modulus of elasticity.
# = experimental constant.
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Case I. Circular plates.
(k) Uniform load, supported at

Fia. 16.

edges. Fig. 16.
_3(m—1)@Bm+1)pr
fow =g &
For m = 3,
fuwe = 328
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5 prt
t=\/ 3.
or Gftrue

T 3ES

The maximum apparent stress is

f=%(3m+1>p1‘2

m

t2
Form =3,

5pr?
f='4t{,
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(36)

@7

(38)

which is larger than the true stress since the apparent stresses at

right angles in the plate are of the same kind.

Bach gives

r2
/= F%{x

(39)

where u is an experimental constant varying from 0.8 to 1.2 for

cast iron and slightly smaller for mild steel.

Case I. Circular plates.

1) Uniform load, fixed at edges. Fig. 17.

In this case the largest stresses are
those in a radial direction at the circum-
ference,

I _?e(z'z”-l prt
tl‘\lo"4 m2 t*

or, for m = 3,

2 pr?

ftrua=—§ptT
—\/2r . . (40
t=y3 - (40)

The stress at the center is one-half of
the above.
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The maximum apparent stress is at the circumference.

3 prt
f=—4%..........(42)
—\/3p .
t=Vir e @

At the center f= g—; P € %3]

The general rules of the Board of Supervising Inspectors give,
for unstayed wrought iron or steel flat heads not exceeding 20
inches in diameter, an equation for the allowable working pressure
512 ¢t

wr?

p:

where c is 112 for plates y; inch and under in thickness, and 120
for plates more than ¢y inch thick.

Using ¢ = 112, the above formula corresponds to a fibre stress
of 15,200 pounds per square inch in the theoretical formula for a
supported plate and 12,200 pounds per square inch for a plate

fixed at the edges.
Case 1. Circular Plates.
(0) Uniform load, free at edges, and
supported at center by a circle
of radius ro. Fig. 18.

4 1\pr?
ftrue=(§10ge£‘°+ )T)T N 1))

5) 7
_p .
<5 v =g C e . . . (46)
2
?-r-l\t f=(2log,£+%)%:- . . (46a)
]

Fia. 18. Case I. Circular plates.

(z) Load P, distributed over a circle of radius r,, supported
at edges. Fig. 19.

‘3 fm?—1 r m \P
fim = (T (o0t 1)
or, form = 3,

Max.jg,.,.=;%(§log,%+l). P C 18]
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To facilitate the use of the above equation the following values

of f for the ratios ri shown are given:
0

10 20 30 40 50

P P P P

r
" P
f 4:.07"72 4.997}72 5.53 o 5.92135 6.22‘"_—t2

For small values of 77;‘-’

_sPr
T 3xkB’

The maximum apparent stress is

_rPpg r
f—;dé(2~+2log,;0). . (49)

(8

With the above equation as ro approaches
zero the stress approaches an infinite
value. This is overcome by Bach, whose
equation is of the form

7///////////A

Fia. 19.
BuP(_2n
Max. f = (1 3r) coe . .. (50)
or t—\/‘“‘( 2j')f .. .. (B8]
i)
For r, = 0 these equations become
3;4P
gt (52)
_\J3eP
t= 1rf"'°""<53)

In general p, the experimentai constant, may be taken 1.5, in
which case
45P 27y
f—;tz—( E) )

This equation is to be used when r, is approximately 0.1 r, which
agrees well with the theoretical formula, equations (47) and (54)
being equal for a ratio of 7, to r of 0.089. Bach states that for
larger values of 7, the coefficient should be decreased which is
also in accord with formula (47).
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Case I. Circular plates.
(y) Load P, distributed over a circle of radius 7o, fizred at
edges. Fig. 20.
The stress at the center will be greater
than that at the edges for all values of 7o
less than } r, which cases only are con-

sidered.
3P fm2—1\, r
f= §}ﬁ< m ) log. =+
. Form = 3,
\ 4P r
§ = e— —
m_§ Max. ftrua pyr log. oot (55)

\
NN

27

"
For small values of ;9,

Fia. 20. v = 2 Pr?
T 3xkp’
To facilitate the use of equation (55) the following values of f

(56)

. .or .
corresponding to the ratios - shown are given:
0

T 10 20 30 40 50

To
P P P pr P
S 3.07755 3'997—11—2 4.53;_72 4.921r—t§ 5.22;—
The stress is less in each case than the
corresponding one with the plate sup-
ported at the edges, as is to be ex-
pected.

Case II. Elliptical plates.
(k) Uniform load, supported at p
edges. Fig. 21. :Q

Let a = major axis.
b = minor axis.

s’

P22
SISSSSSSSSS LT,

Horizontal flexural stresses are great-
est in a direction parallel to the minor 1
axis, tests* of such plates developing Fra. 2L
cracks along the major axis.

* Bach, ‘“Elastizitit und Festigkeit,” page 620, Figs. 3 and 4.
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f=534+12@y—0ﬁ@ygy

3+2()+3() #

2h2
or f= g(ﬁlﬁg) verynearly. . . . . . (57)
Bach used a ratio of % '—?'2- and found
_9
5 -
hence

9 a®’p .
f= 166 (@ F 1) for cast iron. (58)

For wrought iron and steel use

f=o ab’p
=28+ 5"

(59)

Case I1. Elliptical plates.
() Uniform load, fixed at edges. Fig. 22.
Use equation (57) with constants such that
3 d®*p

f= 8 (@ + %) for castiron . . . . (60)
nd - 3abp ——— for wrought iron and steel. (61)
al f= B+ b)) ght iron and s

Case I1. Elliptical plates.

(x) and (y) Load P, distributed over a circle of radius ro,

the plate having more or less fixedness at the edges.
Figs. 23 and 24.

s el e

3+2() +3( o) s’

where u varies from § to § depending upon the degree of fixedness
at the circumference. The former quantity applies to the case

(62)
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of plates rigidly fixed at the edges, and the latter to those sup-
ported only. The radius r, must be small and the load essentially

concentrated.

“etrr7707.070777 7L

B

LI/SLILI177 &
YSSSSSLS IS S

1
Fia. 23. F1a. 24.

Case III. Rectangular plates.

k) and (1) Uniform load, the plate having more or less
fizedness at the edges. Fig. 25.

N

//////// //////////

Relying upon the experimental work
- —— of Bach to determine the values of the
constant in an equation of the form

g ®

p may be taken from § to £, depend-
ing upon the degree of fixedness at
the edges, the former value corre-
J sponding to entire flexibility and the
Fie. 25. latter to a good degree of rigidity.

A %
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Case III. Rectangular plates.

(z) and (y) Load P, distributed over a circle of radius r,
the plate having more or less fizedness at the edges.
Fig. 26.

3u ab \P
=2 e
where p=lit02.
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Here again the lesser value applies to cases of rigidity and the
greater to those of flexibility.
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Fic. 26.

Case IV. Square plates.
(k) and (I) Uniform load, the plate having more or less fized-
ness at the edges. Fig. 27.
From the equation given in Case I11 (k), for flexible edges,
9a’p
f= 32t2""""(65)

And similarly from Case II1 (1), for fixed edges,

3ap

f=T5a ©0

Z’/////// Yo
7
Case IV. Square plates. I
() and (y) Load P, distributed
over a circle of radius ro, the
plate having more or less

fizedness at the edges.

Fig. 28.

These cases are special ones under
the general discussion of rectangular
plates given above. Applying formula \
(64), for edges merely supported, Fie. 28.

f==loo(::) .. .. .. (6D

QLR RN

NN
N

il

S 1707,

SSLSLS S

iz



78 BOILERS AND PRESSURE VESSELS

and for fixed edges,

f=1.31(§). e .. (69)

Case V. Continuous plates.
() Uniform load, stayed at a system of points. Fig. 29.

The problem of a continuous flat plate
supported at a series of points, usually
pitched on rectangles or squares, is an
extremely important one. A theoretical
discussion of this case is given by Gras-
bof in which it is assumed that any strip
connecting two adjacent rows of rivets
is in the condition of a beam fixed at
the ends. The stress corresponding with
¥ the maximum strain is found to be in-
¥ determinate when a is not equal to b,
Fig. 29. When a is equal to b

1\a*p
Fia. 29. Sirue = (1 - h?) ig

2 2.
Max. ftm. = _Qgt?p,

_[ofe
a= —2;,.......(69)

which is intermediate between the values given for square plates
as determined from experiment, i.e., Case IV (k) and (I) given
above.

Experimental data on stayed flat plates, covering 59 tests in 10
different sets of experiments, have been carefully summarized by
Mr. C. E. Stromeyer *. He concluded that “no matter what the
mode of staying may be, the pressure at which the first perma-
nent set takes place in plate of 60,000 pounds per square inch
tenacity is found by the equation ”

_eore

D2

* The Engineer, March 13, 1914. Engineering, Feb. 6, 1914.
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D is the diameter of the largest circle which can be inscribed in-
side of the stays, and ¢ is the thickness of plate in sixteenths
of an inch. With ¢ expressed in inches

170,700 ¢2
=—h -

(70)

A comparison of this formula with the theoretical formula,
assuming D? = 2 a?, will show a value of f = 19,000 lbs. per
8q. in., which is low for the elastic limit' of wrought iron or steel
plate. This is partly due to the assumption D?* = 2a? as D? is
always less than 2a2. As an example, assume 1 inch rivets,
spaced 6 inches on centers. a? = 36, D?* = 56.03, hence D? =
1.556 a? and the equations show f to have a value of 24,400 lbs.
per sq. in., which is a conservative value for the elastic limit.
Where the ratio of diameter of stay to distance on centers is less
than one-quarter, equation (70) will show a small factor of safety
on an elastic limit of 28,000 lbs. per sq. in.

The Board of Supervising Inspectors’ rule for stayed flat plates
(“all stayed surfaces formed to a curve the radius of which is
over 21 inches ”’) is p = Lﬁ-cf, where a is the greatest pitch of
stays, and C is a constant varying from 112 to 200, the smaller
value being for screw stays with riveted heads. Comparing this
with the theoretical formula (69) the smaller constant, 112, is
found to correspond to a working fibre stress of 6370 lbs. per sq.
in., and the larger one, 200, to a fibre stress of 11,400 lbs. per sq.
in. The form of the equation in the Massachusetts Boiler Rules
is such that it does not admit of a ready comparison with formula
(69). It may be said, however, that for ordinary pressures and
thickness of plates the results agree very closely for working fibre
stresses of from 5000 to 5500 1bs. per sq. in.

22. Helical Seams. — It has been shown, page 58, that in the
case of a thin cylindrical shell subjected to internal pressure the
apparent stress on a longitudinal cross section is twice that on a
transverse cross section. These planes being principal planes (see
page 51) one stress is a maximum, the other a minimum. There-
fore, the stress on any inclined plane will be less than that on a
longitudinal section, hence, for a given pressure, an inclined joint
need not have as high an efficiency as would be required were the
joint arranged longitudinally. This has given rise to the produc-
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tion of helically riveted joints on cylindrical shells, especially
where the diameter is small and the length comparatively large as
in the case of pipes. For large diameters and short lengths, as in
steam boilers, inclined joints have not come into favor, due to the
necessary loss of plate. While the resultant stress is not normal
to the center line of the joint, there being a component of shear on
this plane, it is customary to use the resultant stress in calculating
the efficiency of the joint. From equation (1) at the opening of
this chapter, the stress on any inclined joint may be found.
Let 6 = angle inclined joint makes with longitudinal joint.

Pz = 2Py
Then Pr= [p;’ cos?6 + (%):mz 6’]i
=} [4 p (1 — sin®6) + p.*sin? @]}
=Pra-ssnop. . ... ... LD

To facilitate the solution of problems involving the use ,of
equation (71), two plots, Figs. 30A and 30B, have been prepared.
From the former may be read the efficiency of an inclined joint
necessary to make the seam as strong as the solid plate, that is,
to correspond to a longitudinal joint of 100 per cent efficiency.
Fig. 30B is similar to 30A, but is somewhat more general in its
application. From it may be found the corresponding efficiencies
of an inclined joint and a longitudinal joint, for equal strength,
when the angle between the joints is known. Concrete examples
will best illustrate the use of the plots.

Problem 1. Find the required efficiency of a helical joint making an angle
of 75° with the axis of the shell if the joint is to make the cylinder the equiva~
lent of one without a seam.

From the plot, Fig. 304, it is found that for 75° an efficicncy of 54.8 per
cent will give a helical seam of maximum efficiency.

Problem 2. In an air tank it is desired to use a joint of 54 per cent effi-
ciency. The angle of inclination of the joint is 26°. To what cfficiency of
longitudinal joint does this correspond?

Interpolating the plot, Fig. 30B, it is found that for 26° and 54 per cent
efficiency of inclined joint, the efficiency of longitudinal joint is 58.5 per cent.

Helically riveted pipe is on the market * in sizes from 3 inches
to 42 inches diameter, and thicknesses varying from 0.0375 inch to

* American Spiral Pipe Works,
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0.1406 inch for standard pipe. Three widths of strips are used,
viz., 9, 12 and 15} inches, with laps varying from 1} to 1% inches.
With these dimensions, in all cases except the 3 and 4 inch pipes
the full strength of the pipe may be obtained with a joint of less
than 60 per cent efficiency, which is readily obtained with a single-
riveted lap joint. This increase of effectiveness of the joint
when inclined may be taken advantage of in patching cylindrical
shells, the joints being inclined rather than longitudinal.



CHAPTER III.
FASTENINGS BY RIVETED JOINTS.

23. Rivets. — The rivet constitutes the simplest form of fasten-
ing. It consists essentially of a permanent bolt; the head, nut
and body forming one piece. When once set in place it cannot
be removed except by chipping off the head. Bolts and screws
are usually arranged to hold their loads by axial tension. Owing
to the flexibility in rivet heads, such fastenings are not considered
wholly reliable when subjected to tension. Hence, when possible,
rivets are set to bear their loads by shear. In some cases, such
as the staying of the walls of certain pressure vessels, a small
amount of flexibility is desirable to accomodate expansion and
contraction. The rivet under such conditions is well adapted to
hold a tensile load.

Rivets are hot-pressed to shape from round bar stock. The
shank is sometimes slightly tapered near its end to facilitate its
entrance into the hole. One head and the shank are finished at
the time of manufacture though the shape of the head may be
altered later, due to the method of driving the rivet. For ease in
placing rivets in position, their shanks are made one-sixteenth
inch less in diameter than that of the holes they are to fill. When
well set, however, they are assumed to fill the holes entirely.
Therefore the actual diameter used in calculation, and that speci-
fied on design drawings, is the driven or hole diameter.

24. Driving Rivets. — Rivets may be set when either hot or
cold, depending upon the character of the work and the rivet
material. Small and unimportant rivets may be set when cold
provided thay are made of soft, ductile metal which will not be
injured by rough treatment. Large and important work, however,
is practically always finished by shrinking hot rivets to place
under intense pressure. When setting field-driven rivets and
working on repairs, a portable hand forge, using screened coke or

_coal, is generally employed to heat the rivets to a bright red.
For permanent use in the shop a petroleum or gas oven is best
adapted. Great care must be exercised to avoid over-heating
and burning the rivets. If left in the fire to “ soak ’* at full heat

84
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for long periods, the character of the rivet material is changed
and its strength greatly reduced.
In general there are three methods of finishing the work:

(a) Hand riveting;

(b) Machine riveting;

(c) Pneumatic riveting.

The importance and accessibility of the work together with the
appliances at hand generally determine which method shall be used.

(a) Hand Riveting. — The hot rivet, after insertion in the hole,
is held in place by a boiler-maker’s anvil securely braced against
some other part of the structure. Workmen striking alternating
blows with hand hammers beat the head to approximately the
correct form. A cupping tool, or ‘“ snap,” containing a cavity of
the exact contour desired for the driven rivet head, is placed over
the partially finished work and given a few sharp blows with a
sledge hammer. This gives the head the final shape and finish.
There is always more or less lack of uniformity in hand-riveted
work owing to differences in the heat and in the time spent in
driving successive rivets. The skill of the workman has also
much to do with the strength of such seams. With a faithful
and skilful performance of the task the results, however, are very
good. Owing to the increasing expense of hand-driven riveting,
this method is seldom used at present. In rapid repair work
and in some isolated localities where other methods are not possi-
ble, the hand-driven rivet is occasionally employed. Naturally
the impact of the hammers and cupping tool tends to injure thin
shells, and care must be taken that the anvil or * holder-on ” is
well braced against the rivet while it is being driven.

(b) Machine Riveting. — For machine riveting the inserted
rivet is brought while red hot into line with the plunger of a steam
or hydraulic press. Dies, carried by the plunger, are capable of
exerting a pressure varying, with the size of the rivet, from twenty-
five to one hundred and fifty tons. The rivet heads are thus accu-
rately forced to form, the pressure being held upon them for a
brief interval while cooling. A jet of water is arranged to play
upon the rivet as soon as set and thus hasten its contraction.
After having cooled to blackness the pressure is removed and con-
sequently the rivet grips the plate with great intensity. Ma-
chine-driven rivets, when set in an accurate manner, show great
evenness and uniformity of strength.
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(c) Pneumatic Riveling. — A pneumatic riveting hammer con-
sists of a vibrating air piston carrying the rivet die or * snap.”
The hot rivet, inserted in its hole, is held in place by a pneumatic
anvil or holder-on. The latter consists of a heavy air piston and
cylinder connected to pneumatic pressure. When braced against
some solid portion of the work and subjected to air pressure this
anvil holds the hot rivet securely in place. The pneumatic ham-
mer is then brought to bear upon the protruding rivet shank and
beats the head to shape before cooling. Many otherwise inacces-
sible places can be reached by the pneumatic riveter, and where
the jar of the piston is not injurious to the work, excellent results
are obtained.

Rivets set while hot grip the plates with great force due to their
contraction upon cooling. Very long rivets, cspecially when
formed of certain alloys, may contract to such a degree as to over-
strain themselves upon cooling. Care must be taken to heat
such rivets to dull redness only before driving. Sometimes the
driven end only is heated. To a reasonable degree rivet contrac-
tion is desirable in order to keep the seam from leaking and to
produce friction between the plates forming the joint.

26. Rivet Heads. — While there is no cxact agreement among
rivet manufacturers or users as to the standard shape of rivet
heads, Figs. 31 to 40 inclusive show the usual proportions in terms
of the actual or undriven diameter. The American Society of
Mechanical Engineers has published in their Boiler Code a series
of rivet heads especially designed for high pressure boilers. These
heads do not differ essentially from those here illustrated. The
particular form of the rivet head for a given case is determined by
the purpose for which the joint is intended. When the riveting is
designed merely to resist rupture, as for instance in the members of
a roof truss, heads of smaller size and containing less material can
safely be used. On the other hand when the seam must not only
sustain severe stresses but be staunch enough to confine fluid pres-
sure as well, heads of greater stiffness and amplitude must be used.
Figs. 31, 32, 33 and 34 show the proportions of heads generally
used in pressure work, as their width and depth would indicate.
The cone head, Fig. 31, is the usual one pressed upon commercial
rivets as they come from the manufacturers. In hand-riveted
work this head appears on the under side of the seam. Fig. 32
illustrates the usual form of hand-driven rivet head. The straight
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slope of its sides can be accurately fashioned with a hand hammer.
The thin edges render it too flexible for heavy pressures and the
sharp point is liable to burn off when used in externally-fired
boilers. The type most widely used in machine riveting is shown
in Fig. 33. Its large diameter and staunch sides commend it for
pressure use. A special head very deep and stiff, used by the
International Engineering Company in their boiler shop, is illus-
trated by Fig. 34. The usual form of structural head appears

TABLE I.
PROPORTIONS OF STANDARD RIVET HEADS.

volume of one Length of rivet shank
Fieuwe. Ty ai‘m‘“‘éd,: e A e o

31 | Cone........... roop |74+ ep

32 Steeple......... 1.178 I3 T + 0—112)'11-' +1.50D

33 | Pressurc........ rosonr |7+ 1 5p

34 | Inter. Bng Co.. | 1380 | 7+%"5 41600

35 | Button......... vz |7+ 28 T e

3% | Fulcountersunk | 0.2080* | 7+ %L 0mpos
37 | Flatcountersunk | ............. T4 O—If)ﬂ +0.47D40.15
38 | Swell neck...... 0.001 D% | T+ 9;112)53 +1.15D

39 Straight neck... 0.901 D3 T+1.15D

0 |Flat............ rozp |7+ %804 150

in Fig. 35. Often the room for the head is restricted due to other
parts of the machine or structure. In such cases the full- or flat-
countersunk heads of Figs. 36 and 37 have to be used. When
rivets are subjected to excessive vibration, tending to crack the
shanks just underneath the heads, a conical enlargement is added
where the shank and head join as shown in Fig. 38. Sometimes
a rivet is designed to fit accurately a drilled hole all the way
through and to be riveted into a collar or washer at the other
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end. In such cases the straight shanked rivet of Fig. 39 would
be used, no clearance being allowed between the rivet and hole.
The flat head of Fig. 40 is used in close quarters where there is no
external heat to burn off the sharp corners.

It is necessary to be familiar with the general proportions of
rivet heads in order to judge accurately of the possibility of setting
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them in places where room is a minimum. Allowance must
usually be made for heads approximately twice the diameter of
the driven rivet shank. An occasional rivet head may be gouged
away with a cold chisel to permit the assembling of successive
portions of the machine or structure.

In calculating the weight of riveted work it is sometimes ad-
visable to include the weight of the rivet heads. Table I gives



BOILERS AND PRESSURE VESSELS

V.
4
V)
Voo 1
A
V.
y o4
4
4
y
V.0
AA
V.0.04
084
y.04
Ay
4
Y,
AL
AY VY
V.04 V4
Y Yy
%
ALY A
AYINALL
4 4
a4
YA Y
4 4
4 Y
/ 4
V.84 A
A 11,
YA X VY,
V04’44
y.
A
AAL
AV 4 4
4 AXY,
g 47.904
I, RIVET vai
I RIVET»> ’
»
1§ RIVET-> 7117
L] 4 4
1% RIVET-+}4/
4. RIVET~> 2
, RIVET->
" RIVET->
RIVET-*
0 | [3 3 4 5

TOTAL THICKNESS OF PLATES JOINED =INS.

ALLOWANCE FOR RIVET HEADS
Fia. 42.

LENGTH OF RIVET SHANK UNDER HEAD - INS.



HOLES 91

the volume of the various rivet heads in terms of the actual or
undriven shank diameter. By considering the holes in the plate
to be completely filled by the rivet shanks after driving, and
adding the extra volume contained in the heads, a very close
approximation to the correct weight may be reached. The
volume given in the table corresponds in every case to that which
extends outside the surface of the plate and does not therefore
include the tapering portion of a countersunk head. The curves
of Fig. 41 give the plotted values of rivet head volumes in cubic
inches for various diameters of shank and for the several forms
shown in the previous illustration.

In ordering rivets for use in various thicknesses of seam, care
must be taken that the shank protrudes far enough beyond the
surface of the plate before riveting to give sufficient stock for
forming the head. In the last column of Table T is given the
approximate length of shank neccessary for the above purpose.
This takes into account the volume necessary to fill the clearance,
45 in., around the rivet as well as to form the head, where the total
thickness of the plates joined is represented by T. Since these
expressions are somewhat cumbersome to apply, the plot, Fig. 42,
has been worked out to represent the length of rivet shank neces-
sary in riveting through a total thickness of plate T, the assump-
tion being that a full type of head is to be used corresponding to a
volume of 1.3 D3. If extra fullness is desired in the head, the
next eighth or quarter inch above that given by the plot should
be selected.

26. Holes. — The holes for receiving rivets are generally
punched cold. Since but one thickness of plate can be punched
at a time the holes in the two or more thicknesses to be riveted
together rarely come in correct register. The drift pin has often
to be called into use in such work to get the rivets into place prior
to riveting. A still greater objection to this method is the lessen-
ing of the tensile strength of the metal around the holes, due to
injury from punching. In thick plates especially, the pressure of
the punch, combined with the difference in diameter of punch
and die, causes a lateral flow of metal resulting in jagged-edged
holes. The burr left by the punch greatly reduces the holding
power of the rivets also. While the use of a helical punch produc-
ing a progressive shear around the hole lessens the injury some-
what, extensive tests have shown that the loss in tensile strength
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between holes due to punching is about 12 per cent. For the
above reasons cold-punched holes in their natural condition are
now seldom used for boiler work. In the best classes of marine
work it is required by law that all rivet holes shall be drilled
from the solid metal.

27. Preparing Rivet Holes. — The injury done to the plate
by punching holes may be partially remedied in two ways:

(a) Annealing;
(b) Reaming the holes.

A thorough annealing after punching will restore in large measure
the plate strength. The rough holes, however, are still severe in
their action upon the rivets. It is generally impracticable to anneal
portions of large sheets merely for the sake of the rivet holes. A
more effective method is to drill or ream out the punched holes to
size, thus removing the rough edges as well as the adjacent dis-
torted plate. It is perfectly possible to ream several thicknesses of
plate at once and thus secure a correct alignment of all the holes.
After punching and bending the plates to shape, the tank or
boiler may be assembled and all the rivet holes reamed in place.
In the case of plates } in. and less in thickness, the punched hole
is made } in. less in diameter than the hole desired after reaming.
For % in. plates and above, the punch must be 1 in. less in diameter
than the finished hole, under Massachusetts Boiler Rules. When
punched holes are so treated the strength of the metal between
them is unimpaired. In very careful work the plates are taken
apart after reaming and the burrs around the holes upon both
surfaces removed by a special countersink.

28. Classes of Riveted Work. — Riveted work may be
divided into three broad classes according to its use:

- (a) Structural work;
-(b) Botler and tank work;
(¢) Hull riveting.

In structural work the holding power of the rivets, generally in
shear but occasionally in tension, is the prime essential. In boiler
work, besides the holding power of rivets as fastenings, the joints
must embody a good degree of staunchness in order to be proof
against leakage. In hull work the question of leakage presents
but little difficulty, due to the low fluid pressures under consider-
ation, while strength and durability are the chief requisites.
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29. Calking. — Riveted work as it comes from the machine
is never proof against leakage, but must be calked tight. For
this reason riveted plates are always given a certain overlap.
The distance of the rivet center back from the edge of the plate is
governed by conditions of staunchness quite as much as of strength.
There must be metal enough ahead of the rivets in all cases to
prevent them from rupturing the lap. At the same time the lap
must be a proper one to facilitate calking to tightness. The
action of calking is represented by Fig. 43. The flat-ended tool
shown above, actuated either by hand or pneumatic hammer,
gives the lap edge a preliminary beating down and leaves a thin
sharp edge. A second tool having a narrower end is then sub-

=
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ACTION OF CALKING TOOLS
Fia. 43.

stituted for the previous one and this edge is driven back beneath
the upper plate. In driving back the edge to tightness the upper
plate is severely sprung up and reacts against the lower one after the
manner of a deflected cantilever, with sufficient intensity to keep
the fluid pressure from passing the calked edge. Very frequently
the careless use of calking tools with sharp corners cuts into the
lower plate to a degree sufficient to cause injury. Great care
should be taken that the operation of the calking tool is confined
to its legitimate place at the edge of the upper sheet.

The passage of the pneumatic calking tool over a seam should
be steady and continuous. To secure the best results the distance
between rivets on calked edges should be kept uniform, all the
pitches of plate being calked therefore with equal tightness. It
is very difficult to calk around sharp rectangular corners, the
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action of the tool along one side of the angle serving to open the
other side. Such corners, therefore, should be chipped to a radius
of three-fourths of an inch or more. The calking tool if held
normal to this curve when passing around the corner will secure
uniform tightness. When the outside cover plates of butt-joints
are thinned and widened at their ends to facilitate their insertion
under external courses at the ring seams of cylindrical shells, the
irregular corners resulting should be chipped to a concave of about
one inch radius. The passage of the calking tool along the edge
of the outside cover plate and around the concave will merge
without interruption into the ring seamn and produce tight work.

30. Lap Limits. — To be proof against leakage the lap acting
like a deflected cantilever must react against the lower plate, Fig. 43,
with an intensity of pressure greater than that of the fluid within.
Tests have shown that while there are areas under the rivet heads
where the fluid pressure does not penetrate, in general the calked
edge itself, especially in new work, is the final barrier to leakage.
It is perfectly evident, therefore, that short laps and rivets close
together render the calking easy, while large pitches and long
laps, due to continuous springing back, render the process difficult.
On the other hand small laps are liable to fail by bursting out,
while large ones remove all danger in this direction. A satis-
factory method of designing laps, when considered from both of
the above standpoints, will be given later.

31. Test Pressure.— Boilers and closed tanks are ordinarily
calked to tightness under cold-water test pressure equal to one
and one-half times the working pressure, as was noted under the
Massachusetts State Rules in Chapter I. Usually the outside
seams only are calked. In marine boilers and other very care-
fully riveted vessels, a preliminary calking is given to the inside
laps. Absolute tightness is finally secured, however, by calking
on the outside.

32. Friction between Plates. — The question of friction be-
tween plates is regarded with varying degrees of importance.
American designers for the most part recognize its presence and
desirability in enhancing the holding power of riveted joints but
doubt its value as a basis for calculation. European writers, how-
ever, have held this feature in much higher esteem and have gone
so far as to base a theory of joint design upon the intensity of
the friction between plates. Inasmuch as it is known that joints
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slip or “take up” a little, while in use, it seems hardly possible
that friction between plates can be relied upon as a holding power
in joints. When plates are new and clean there is considerable
slip discernible in the testing machine long before the working
load of the joint is reached. An extended series of tests upon the
holding power of riveted joints due to friction was made at the
U. S. Arsenal at Watertown, Mass., in 1882. These tests show
a wide variation in results depending upon the condition of the
plate surfaces, but in all cases indicate considerable slippage at
loads constituting but a fraction of the ultimate strength.

33. Riveted Joint Failures. — Riveted joints may give way
in either of four different ways:

(a) Tearing of the plate;

. (b) Failure of the rivets;

(c) Tearing of plate and rivet failure combined;

(d) Lap rupture.
As will be explained later the design of the lap will be carried out
in such a way as to remove at the outset all possibility of the
failure (d). Hence the first three failures are the only ones to be
considered in the design of joints. Before making an application
to any specific joint, the above failures will be discussed in the
abstract.

(a) Tearing of the Plate. — The most usual method of failure
is by tensile rupture between rivet holes accompanied by a dis-
tortion of the joint due to bending. In some forms of joints the
fluid confined within may so corrode the plate as to reduce its
thickness and thereby render it still more liable to tear. In other
joints an inside cover plate protects the main plate between rivet
holes from corrosion. Such a cover
plate is always made much thicker t

m n
than is necessary for the strength L' _pogPal '_1
of the joint alone, in order to pro- = * $'H}( -
L T T 1 T

vide plenty of metal to resist cor- '
rosion. Fig. 44 shows the simplest l_‘_,___‘

form of joint, called a single-riveted
lap joint. In discussing the resist-
ance to failure for any joint an ele-
mentary portion called a “repeating section” must first be chosen.,
Thus, in Fig. 44, if the portion mn be repeated indefinitely, any
length of joint may be obtained and whatever is true of the por-

SINGLE RIVETED LAP JOINY
Fia. 44.
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tion mn will be true of the whole joint. With the significance
of the letters shown in the figure and f, the tensile strength of
the plate, the resistance to tearing on the line between rivet holes
will be, for the section mn,

Ri=@p—-ad)tfi+G.S.

If the distance between rivets is small the actual fiber stress
per square inch at failure will considerably exceed the usual
tensile strength f;, on account of the necked or grooved specimen
to which the metal between rivets is equivalent. The reason for
this increase in tensile strength on the rivet line is due to the rein-
forcing action which the adjacent portions of plate exert upon the
reduced sections between holes. In some cases this enhance-
ment of value may reach from 10 to 25 per cent.; hence the effect
of grooved specimen action, G.S., may be properly added as above
to the net strength of the joint itself. While it is certain that
this very desirable effect is present in all joints to a more or less
degree, the advantage thus gained is rather to be rclied upon to
compensate for the injury due to punching than to be considered
as so much net increase in strength. It is not customary, there-
fore, to make any allowance for grooved specimen effect in riveted
joints. Complicated joints with large pitches do not participate
very greatly in this gain in strength, while in simple unimportant
ones, with rivets close together, the reverse is true. Therefore,
whatever gain there is, shows itself where least needed.

i

==t
FAILURE BY SINGLE SHEAR  OOUBLE SHEAR JOINT PAILURE BY CRUSHING
Fia. 45. Fia. 46. Fia. 47.

~ (b) Rivet Failures. — The second method of failure in riveted
joints consists in the destruction of the rivets. If the rivets are
small in diameter and of soft material, while the boiler plate is
thick and hard in texture, stress on the joint of Fig. 45 may result
in shearing the rivet at the line where the plates touch. The two
portions of the rivet so sheared are separated sharply and smoothly.
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Neither the rivet shank nor the surrounding plate suffers much
distortion by the operation. The load at which this failure would
take place is represented by the expression

where f; equals the shearing strength of the rivet material.

As was noted on p. 94 there is considerable resistance to the
failure of joints because of friction between plates. Therefore
in writing the resistances to failure by shearing or crushing the
rivets the resistance due to friction should be added as above.
Rivets neither shear nor crush until the plates slip sufficiently to
bring shearing or crushing action into play. While absolute
values are not usually assigned to the frictional resistance between
plates it is well to note that, relative to the grooved specimen
action, the frictional resistance is much the greater. Consequently
rivet failures in general stand higher in their practical value than
failures by tearing the plate.

Sometimes rivets are so located in a joint as to shear upon two
sections at once. Fig. 46 represents a joint where the main plates
abut against one another, and two cover plates or * butt straps ”’
provide the connection. In case of the rivets shearing, two sec-
tions of each rivet would be ruptured simultaneously. The
theoretical resistance to this failure is

R, = l’g’f, + Fric.

Another quite different manner of rivet failure is produced
by excessive bearing pressure. Imagine the rivet large in diameter
and the plate comparatively thin. An increasing load upon the
joint will cause a distortion of the rivet hole, as shown in Fig. 47,
fatally impairing the holding power of the rivet. The crushing
of the rivet and plate is generally mutual, namely, both plate
and rivet are severcly distorted by the action. This failure is
generally made evident by the slippage of one plate upon the
other, rendering the joint unfit to hold its load or to confine fluid
pressure. Even though the ultimate destruction of the joint may
result in shearing the rivets, the fundamental failure would have
to be attributed to excessive bearing pressure between rivet and
plate. It is difficult to analyze the distribution of load between a
round rivet shank and the plate ahead of it. For this reason
bearing pressures are calculated per unit of projected area. The
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projected area of the plate ahead of the rivet equals dt, and this,
multiplied by the mutual crushing strength f, of the rivet and
plate as determined from tests under similar conditions, gives
the total resistance. The resistance to failure of this kind may
then be expressed as

R, = dif. + Fric.

Many tests have been made to determine the relation between
the values of f; for single and double shearing under practical con-
ditions. Single-shear tests have generally been made upon joints
similar to Fig. 44. As will be pointed out later such joints tend
to straighten out under a load, with the result that considerable
tension comes on the rivets. In double-shear tests, upon joints
similar to Fig. 46, the rivets are suitably located to receive their
loads without distortion. The friction between plates also tends
to increase the load necessary to shear the rivets. It would seem,
therefore, that the strength of a rivet in double shear ought to be
at least twice as much as in single. In many tests along this line
the rivets were so large and the consequent bearing pressure so
great, that failure should have been attributed to crushing rather
than to double shearing. Even though the rivets were finally
dragged apart at a low figure in double shear, the real failure was
due to excessive bearing pressure. Before crushing was recog-
nized as a rivet failure, various Boards of Inspection and Insurance
arbitrarily fixed the value of double shear as less than twice single
shear in order to keep the bearing pressure upon the rivets suffi-
ciently low. Such is the case at present in the Massachusetts
Boiler Rules. It appears much the more logical way to assume
that double shear is twice single shear and then to give careful
attention to the bearing pressure as a separate item.

A series of tests made upon the Government Testing Machine
at the U. S. Arsenal, Watertown, Mass., throws some light upon
the question of the relative strength of rivets in single and double
shear. The tests are reported in ‘“ Tests of Metals,” 1882 and
1886. The average shearing strength of the rivets in ninetcen
single-shear joints was 39,480 lbs. per sq. in. Under identical
conditions, thirty-two double-shear joints showed an average rivet
strength of 39,040 lbs. per s8q. in. The joints were entirely com-
parable in every respect and the same grade of soft rivet iron was
used throughout. From these tests it would appear that the
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shearing strength per square inch may be taken the same in single
and double shear.

(¢) Combined Rivet and Plate Failure. — In most complicated
joints with several rows of rivets, there is liability to failure con-
sisting of tearing the plate upon onc line accompanied by the
destruction of the rivets upon another. The mathematical form
of the resistance to this failure varics so widely with the type of
the joint that no gencral expression for it can be given. The
expression consists of the tearing strength of the plate added to
the rivet failures necessary to permit the tearing to take place.

(d) Lap Failure. — A fourth method of failure for riveted joints
is by lap rupture. With very thin plate a rivet may be imagined
to plow its way to the lap edge, as shown at b in Fig. 48, removing
the plate in front of it by shear. As a matter of fact with practical
sizes this rarely happens. The way
in which lap rupture ordinarily oc-
curs is represented by a, Fig. 48. -
The metal ahead of cach rivet is
loaded by the tension in the joint
much after the manner of a minute
beam. The failure of the lap shows
a typical beam rupture by breaking on the lower or tension side
near the center.

Tig. 49 illustrates the appearance of a riveted-joint specimen
after the laps had been ruptured. This joint is one of a series

LAP FAILURE
Fig. 48.

Fia. 49.

tested in 1898 by Messrs. Wilder & Wesson in the laboratories
of the Massachusetts Institute of Technology. The appearance
of the ruptured laps is very significant. The edge opened under
the rivets in a manner entirely similar to the rupture of a beam and,
if the test could have been stopped at that point, the method of
failure would have been still more evident. Furthermore, the load
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at rupture corresponded very closely with that derived from cal-
culating the laps as beams.

A method of lap design will later be explained, having the
beam theory for its basis. The amount of lap is largely under
the control of the designer and if the former is properly deter-
mined, this method of failure may be entirely eliminated from the
joint, as was previously stated. Frequently the lap is arbi-
trarily assumed to be'one and onc-half times the driven rivet
diameter.

34. Arrangements of Rivets. — When several rows of rivets
are uscd in lap joints the rivets may be arranged in either of two
ways:

(a) Chain riveting;

" <. (b) Staggered riveting.

If one rivet is placed directly behind the other, as shown in
Fig. 50, the joint is designated as chain riveted. This method is
- generally used in structural work. When, however, fluid pressure
is to be confined, as well as great strength secured, the rivets
should be disposed as shown in Fig. 51. This is called staggered
riveting, and greatly enhances the value of the joint as a means
of holding fluid pressure. In order to make the calculation of the
joint as definite as possible, the tearing of the plate should take
place along a horizontal rivet line such as n rather than upon the
oblique lines s and s. It has been well established by experiment

- - - t
’ - - SN GAAD @&
e AT
| + T
CHAIN RIVETING STAGGERED RIVETING

Fia. 50. Fia. b1.

that if 30 per cent more tearing area is placed on the oblique lines
s and s than on n, the rupture will be confined to the line n.
Therefore the approximate relation

s+s_4

n 3

should be observed in arranging the rivets in staggered rows.
Taking the significance of the letters suggested in Fig. 52, where py
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equals the slanting or diagonal pitch, and observing the above

relation,
Pa=%(p—d) +d
_2p+d
=25

Then h, the distance between rows, will be

h= (2”;")2—(3)”. N 1)

Often the work may be done more expeditiously by using the fol-
lowing graphical solution. Divide the net metal ab between rivet
holes, in a horizontal direction, Fig.

52, into three equal parts. Taking bt pa

a radius consisting of a rivet diam- P |
eter plus § (p — d), strike from cach %)%
rivet center arcs intersecting at g. \[
The distance h between ab and g will

@ NEoge
be the required distance between KA l_g
rows. N 3

In joints with large pitches the
distance between rivet lines, &, will
naturally become large. In order
to reduce this value and make the joints as narrow as consistent
with safety, certain experiments were undertaken at the Water-
town Arsenal and the Massachusetts Institute of Technology to
determine the liability of tcaring along diagonal lines in riveted
joints. A series of joints were designed and tested where the
sum of the diagonal pitches, p, Fig. 52, bore a small but increas-
ing ratio to the value of the longitudinal pitch p. It was found
by these experiments that if there was 10 or 15 per cent excess
tearing area on the oblique lines s and s, Fig. 51, that the joint
would practically always tear on n. In order to meet the needs
of this case the American Society of Mechanical Engineers has
preseribed the following values in the Boiler Code.

Value ofg. 1, 2 8 4 5 6 1
Value of h. 2d, 2d, 2d, 2d, 2&d, 224, 23d.

These values are considerably less for large pitches than those
determined by the method of Fig. 52. For small pitches, in order
to facilitate driving, the value of h, the “ back pitch,” is never
made less than 2d.

& ABOVE

NEXT

STAGGERED RIVET SPACING
Fic. 52.
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35. Rivet Diameters. — Before taking up the design of any par-
ticular joint it is necessary to make a careful study of rivet failures.
It was noted under the subject of joint failures that the destruction
of a rivet might be accomplished in either of two ways, namely,
by shearing or crushing. The two general expressions for rivet:
failure may be written:

I. When rivet shears, Resistance = 1%2 fe
II. When rivet crushes, Resistance = dif.

Assembling the constants, for a given plate thickness, and denoting
them by C, and C,, these expressions become

I. Shearing Resistance = C1d?
I1. Crushing Resistance = Cod

It is evident, therefore, that the shearing resistance of a rivet
varies with the square of its diameter, while its crushing strength
varies with the first power. A plot of shearing and crushing
strengths with increasing diameters will show a curved line of
parabolic character for the shearing and an inclined straight line
for the crushing strength.

In Fig. 53 the curve Oa, a parabola upon the axis 04, represents
the increase in shearing strength of one rivet section as the diam-
eter increases. In the same manner the curve 0b represents the
increase in double-shearing strength, as the diameter increases.
The straight lines Oc, Og, etc., show the increase in crushing
strength for various plate thicknesses as the diameter increases.
At points such as e, where the crushing and shearing lines inter
sect, the strength of the rivet is the same for either method
of failure. Thus in } in. plate a steel rivet 0.679 in. in diameter is
equally liable to fail by shearing or crushing. To find this crit-
ical diameter numerically, the shearing and crushing strengths of
a rivet in § in. plate should be equated:

Then ’-’4"’—2,'. = dif,,
1.

I

From laboratory experiments upon riveted joints with steel and
iron rivets the following values have been deduced:

or d= (73)
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fo = 45,000 Ibs. per sq. in. for steel rivets;

f+ = 38,000 lbs. per sq. in. for iron rivets;

fo = 96,000 lbs. per sq. in. of projected area for steel
or iron rivets in steel plates;

f¢ = 55,000 Ibs. per sq. in. for steel plate.

4(3) 96,000 _
(3.14) 45,000 —

It is evident from the plot that a rivet smaller in diameter than
this critical size is liable to fail by shearing while one larger is
weaker in its resistance to crushing. Hence, when the critical
diameter is determined for a given thickness of plate, the method
of failure of the rivets used may be predicted by reference to the
curves of Fig. 53. A concrete example of values read from Fig. 53
will make the matter clearer.

Problem.

Determine the resistances to single shearing and crushing for steel rivets

having diameters of 1 in., 0.849 in., and 1 in., when used in plate £y in:,
thick.

Substituting, d = 0.679 ins.

Diameter of rivet................. $in..... 0.849in........ 1in
Resistance to single shearing....19,900...... 25,400...... 35,300
Resistance to crushing. ......... 22,500. ..... 25,400...... 30,000

Any steel rivet, therefore, selected for use in 4§ in. plate, if less
than 0.849 in. in diameter is liable to fail by shearing, and if
larger, by excessive bearing pressure.

TABLE 1I.
CRITICAL RIVET DIAMETERS.

Steel rivet diameters. Iron rivet diameters.
Plate
thickneas.
Ins. Single shear. Double shear. Single shear. Double shear.
ns. Ins. Ins. Ins.
0.679 0.340 0.804 0.402
0.849 0.424 1.005 0.503
1.019 0.509 1.208 0.603
1.188 0.594 1.407 0.704
1.358 0.679 1.608 0.804
1.528 0.764 1.809 0.905
1.698 0.849 2.010 1.005
1.867 0.934 2.211 1.106
2.037 1.019 2.412 1.206
2.207 1.104 2.613 1.307
2.377 1.188 2.815 1.407
# 2.547 1.274 3.016 1.508
1 2.716 1.358 3.217 1.608
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To render comparison with proposed rivet diameters more
exact the accompanying table of numerical sizes is inserted. Table
IT is the mathematical cquivalent of the plots shown in Fig. 53.
Inasmuch as soft wrought iron rivets are still used in some
classes of riveted work, the table has been extended to include
their critical diameters as well.

As a summary of the above discussion the following statement
may be made:

i For each thickness of plate there is a critical diameter of rivet equally
strong for shearing and crushing. Rivels smaller than the critical
diameter fail by shearing and those larger by crushing.

36. Types of Riveted Joints.— Before proceeding to the
design of riveted joints in regard to pitch values it is well to take
a brief view of various forms of
joints and their characteristics. § T

Single-riveted Lap Joints. —
Fig. 54 represents a single-riv-
eted lap joint. It consists merely
of overlapping plates held to-
gether by one row of rivets.
When exposed to tension in the
direction of the arrows there is
present a severc tendency to distort the joint in the manner
shown. This action may be more or less relieved by bending
the plates to the distorted form before riveting, but in the latter
case the rivets are exposed to considerable tension as well as
shearing. The bending action tends to open the laps along ce,
producing leakage, while cracks in the plate are liable to start
where the bending action is most severe.

The variation of stress in joints of this type is well illustrated
by the experiments of Profs. Giibson and Barraclough to which
reference was made in Fig. 14 of Chap II. The longitudinal ten-
sion near the ring-scams of the stream drum is entirely relieved on
one surface of the plate by the compression due to the distortion
of the joint. Upon the reverse surface the longitudinal tension is
greatly increased for the same rcason. The latter fact renders
this joint unfit for use in high-pressure vesscls. It is, however,
used for girth seams in cylindrical shells where the tension is low
and where the proximity to the fire makes it necessary to employ
joints with but little metal in them. The fact that such joints

(b)
SINGLE RIVETED LAP JOINT
I'g. 54.
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form part of a circular shell greatly enhances their rigidity and
tends to prevent the distortion described above. With such sizes
of rivets and plates as would ordinarily be used in tanks and
boilers, theoretical cfficiencies varying from 45 to 60 per cent may
be secured with this form of joint.
Double-riveted Lap Joints. — Fig. 55 shows a double-riveted
lap joint with rivets staggered. The efficiency of this type is
higher than that of a single-riveted
h_i_. e lap joint. The same tendency to
54
I

“ I‘ distortion exists as before, however,
- except that the greater width of
joint makes possible a preliminary

alignment of plates without sharp

OOVBLE RIVETED LAP JOINT . .

Fra. 55. bends. It is not, thercfore, so liable

to overstrain the rivets or crack the

adjacent plate. This joint has considerable metal in it and hence

is not adapted for girth seams over the fire. For locomotive or

other internally-fired boilers where the outer shell is subjected

to severe transverse stress it makes an excellent girth joint.

Because of the tendency to distortion, it is rarely used for longi-

tudinal joints under high pressures. With usual rivets and thick-

nesses of plate for boiler and tank work this form of joint shows
efficiencies varying from 60 to 75 per cent.

Triple-riveted Lap Joints. — Fig. 56 shows overlapping plates
secured by three rows of rivets. There is here again a slight gain
in efficiency over the two preceding joints. The greater width
renders it easier to bring the plates into line, with the result that
there is still less bending effect than in the single- and double-
riveted lap joints. Triple-riveted lap joints have been used for
girth seams in very heavy loco-
motive boilers. This joint under
ordinary conditions shows efficicn- ~
cies varying from 65 to 84 per .
cent.

. Welt-plate Joints. — In order to
diminish the destructive bending ~ TRIPLE RIVETED LAP JOINY
tendency in lap joints without Fia. 50.
reaching the increased cost and complication of butt-joints, a form
of seam was devised some years ago called a welt-plate joint. It
consists of a single-, double-, or triple-riveted lap joint reinforced
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on the inside by a wide cover plate. The latter serves to render
the joint less liable to corrosion along the lines between rivet holes,
and brings about a more central loading of the joint under tension.
Figs. 57 and 58 show single- and double-riveted welt-plate joints.
The cover plate is bent or welted to fit the different levels of the
plate, hence the name. The tendency to distort is not eliminated
since the joint is not a symmetrical one. Were the upper plate, as
shown in the figures, to be withdrawn from the joint by the single
shearing of the rivets, the load required would be much less than if
the lower one were removed accompanied by the necessary double
shears. Therefore the upper side of the joint is the weaker one
and the design should proceed from that standpoint. These
joints were much in use for longitudinal seams on locomotive
boilers some years ago, but their adaptability to the purpose
has largely passed away with increasing pressures and severer
demands.

The outer rivets may be placed twice as far apart as those on
the inner rows as shown in Figs. 57 and 58; or the outer spacing
may be once and a half the inner. Calking along the line ab may
then be performed easily, with the small pitch there present,
while the large outer pitch brings the efficiency of this type to a
much higher figure than in the case of the joints shown hereto-
fore. Under usual conditions the theoretical efficiency of this
type of joint varies from 68 to 89 per cent. This form has been
largely superseded by butt-joints.

Bultt-joints. — To remove cffectively the tendency to distortion
in riveted joints, the plates to be joined should lie naturally in
line with one another. Some form of cover plate or butt strap,
inside and outside, should then be used to complete the joint.
Figs. 59, 60, 61 and 62 show such types of joints.

For medium pressures the butt straps may be narrow and of
the same width, as shown previously in Fig. 46, on page 96. Oc-
casionally when it is essential that these joints shall not offer
obstruction to the circulation of water in narrow spaces, the in-
side cover plates are omitted and the joints become single-covered
butt-joints. Such joints consist essentially of two lap joints in
immediate proximity to one another and are liable to the distor-
tion which was described above.

Where higher efficiencies are desired the inside cover may be
made much wider than the outer. One, two and sometimes three
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rows of rivets may be used to secure the narrow outer cover plate,
while one or two additional rows may be inserted in the extension
of the inside cover plate. Fig. 59 shows a typical double-riveted
butt-joint; Fig. 60 a triple-riveted butt-joint; and Fig. 61 one of
the quadruple-riveted pattern. As in the previous joints, the
rivets on the outer row may be spaced either once and a half or
twice as far apart as those on the inner row. With quadruple-
riveted joints a large number of variations in rivet arrangement
is possible. Onc of these is illustrated in Fig. 62. These joints
represent the best practice of the present time in boiler work.
A wide range of efficiencies varying from 75 to 95 per cent may be
secured under ordinary conditions. There are very few authentic
instances where longitudinal boiler seams consisting of butt~
joints have ruptured.

The large mass of metal in all forms of longitudinal joints re-
quires their total removal from the region of the fire. Very wide
cover plates on the inside of cylindrical shells may tend to stretch
from rivet to rivet along a cord instead of following the curvature
of the shell. When uncalked inside cover plates are thus exposed
to steam pressure on both sides they are termed “ balanced pla
and as such do not exert the same holding power that they would
if they maintained their correct curvature. The rivet rows,
therefore, should not be placed unduly far apart.

In order to insurc the correct curvature of the inside cover
plate in butt-joints, the flat plate, after shearing to the correct
size, is rolled against a heavy curved template. A series of these
templates for various boiler diameters arc usually kept on hand
in boiler shops. By means
of this operation the correct . N P
curvature of the cover plate [|{ —¢— - - o
is established throughout its 4 ‘ - ot
entire width. I 16 I —

Double-shear Joints. — On

1’%

1Lt

account of the lack of sym- - —+“ —4 -
metry of boiler joints having P— t
inside and outside cover DOUBLE SHEAR JOINT

plates of different widths, Fia. 63.

certain designers have recommended the use of double-shear
joints similar to thc one shown in Fig. 63. The outside and
inside covers are generally of equal thickness and width so that
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the hoop tension in the shell brings a central load upon the
rivets. All the rivets are in double shear, whence the name. Mr.
F. W. Dean, in the Transactions of the A.S.M.E., Vol. XXXI,
- gives a discussion of his reasons for using this form of joint.
 The chief advantage consists of eliminating to a partial degree
~at least the uncertain strength due to curvature of the wide
uncalked inside cover plate.

There are two objections to these joints. First, the efficiency
is low, and second, the long reaches of plate between the rivets in
the outer row are difficult to calk unless the outer cover is very
heavy. In internally-fired boilers, where the thickness of the
outer shell is unlimited, these joints are simple, staunch and effec-
tive, as their presence in most large Scotch marine boilers would

testify. But when the use of
Wt a thin shell plate is impera-
= tive, the extended inside
cover plate with the short
calking pitch and high effi-
ciency incident thereto repre-
sents the best practice. To
t avoid the long calking dis-
 DOUBLE SHEAR JOINT tance on the outside cover
SCALLOPED COVER FLATE plate, the metal has some-
Fia. 64. times been cut away as
shown in Fig. 64. These scalloped cdges arc best shaped by the
pneumatic chisel since the oxy-acetylene flame, if used, is liable to
injure the quality of the steel forming the lap. Such joints show
efficiencies varying from 55 to 90 per cent.

37. Calculation of Joints. — Let the simplest joint be se-
lected as an example for calculating the various proportions. A
repeating section of the single-

N . e . . b 4
riveted lap joint shown in Fig. 65
is comprised between the lines m
and n. With adequate laps the o

tearing of the plate and the fail-
ure of the rivets need only he SINGLE RIVETED LAR JOINT
considered in this type of joint. Fra. 65.

The plates joined are supposed to be of the same thickness.
Whenever one plate is thinner than the other, the joint should be
designed as if for the thinner plate. Writing out the resistances
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to failure for section mn with the usual significance for f;, f; and f.:
I. Resistance to tearing plate between holes = (p — d) Uf;
II. Resistance to shearing one rivet = E‘i—i-z I
II1. Resistance to crushing one rivet = dif,

These three comprise the only ways in which this joint can
fail. To make a perfectly designed joint the resistances to fail-
ure should all be equal. The joint would then have an exact
balance of strength in all its features. Therefore the above three
equations should be solved simultancously for values of p and d.

2

Equating IT and III ,% I = dif,

_ 44,

d= o
This is the critical diameter of rivet equally liable to fail by crush-
ing or shearing, and Table II, on page 104, gives a series of numer-
ical values for this expression. Commercial rivet diameters vary
by sixteenths of an inch, hence none of those shown in Table I1
are readily procurable. If the above theoretical rivet diameter
could be used, I equated to II or III would yield a value for the
pitch, and the latter would be the same from whichever equation
it was derived. Imagine such a rivet to be procurable and to be
used in the joint at hand. Equating I and II

P-adt. =lrg‘zf~

p=d+4tj‘,’ P (Y]

and equating I and III
(p — ) ife = dif. p
‘\p=d(1+f—‘). C e e . (15)

A numerical problem will best illustrate the above fact.

Problem.
Find the pitch value for a single-riveted lap joint using steel rivets of the
critical diameter in % in. plate. . .
From Table II the critical diameter of rivet for i in. plate is 0.849 in.
Taking fi = 55,000 lbs. per sq. in.,
fe = 96,000 lbs. per sq. in.,
fs = 45,000 lbs. per sq. in.,
and substituting in both equations (74) and (75), p = 2.33 ins.
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It is interesting to introduce the quantities just determined into
the original expressions for the strength of the joint and note the
balance of strength. Substituting these values of pitch and rivet
diameter, together with the numerical values of f;, f; and f, in
the original resistances to failure, and reducing,

I. Tearing (p — d) tf, = 25,430 lbs.
II. Shearing ’Lff f. = 25430 lbs.
III. Crushing dif, = 25,430 Ibs.

It is evident that a joint so designed is perfectly balanced in all
its proportions, has no weak spots, and is as liable to failure in
one way as another. Evidently the above procedure is purely
theoretical. With commercial rivet sizes it is impossible to bal-
ance all the resistances to failure even in a joint as simple as the
one under consideration. With a rivet other than the critical
size, the joint will no longer be equally strong in all ways. Thus,
suppose a rivet § in. in diameter had been chosen. By reference
to Table II it is seen that this rivet would fail by crushing.
Equating I and III, as before,

(@ — d) i = dif.
p=i(1+)

and substituting d = }in. and f. and f, as above, the value of
p = 2.40 ins.

The three resistances to failure will then yield numerical values as
follows:

I. Tearing (p — d) tf, = 26,250 lbs.
IL. Shearing™0f, = 27,030 Ibs.
III. Crushing dtf. = 26,250 lbs.

The resistances against tearing and crushing are balanced since
they were equated in determining the pitch, while that of shearing
shows an excess of strength due to the large rivet chosen. Had a
2 in. rivet been chosen the manner of rivet failure would have been
by shearing.

Equating, therefore, I and II, with d = { in. and f; and f; as
before,
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@-d="01

.
=d+ T
p + Y,
or p = 191 ins.

And substituting this value back in the three original resistances
to failure

I. Tearing (p — d) tf, = 19,900 lbs.
II. Shearing Eff, = 19,900 lbs.
ITI. Crushing dif. = 22,500 lbs.

The simple principle illustrated above of throwing two features
of joint strength into balance, while all the others represent excess
of strength, forms the basis of the design of riveted joints. The
resistance to tearing partakes in a small degree of the enhanced
strength between holes, due to grooved specimen action already
described in Art. 33. To a much greater degree the resistances
to rivet failure are increased by the friction between the plates.
The resistance to tearing then is as low as any in the joint and
should consequently be used as a basis for determining the effi-
cieney of the joint and establishing its desirability as a means of
fastening. If for some practical reason the pitch is arbitrarily
reduced below the calculated amount, the resistance to tearing
is still further diminished, and the efficieney of the joint may,
therefore, be correctly based upon it. However, if the piteh is
arbitrarily increased beyond the ecal-
culated amount, one of the rivet
failures becomes the least of the re-
sistances and the efficiency should
be based upon it.

The pitch calculation for a double-
riveted lap joint, Fig. 66, may be
made in exactly the same manner.
The resistances to failure for the repeating scction mn are as
follows:

I. Tearing (p — d) tfe
II. Shearing 2 (‘%—ﬁ)fa
III. Crushing 2 dif,

DOUBLE RIVETED LAP JOINT
F1:. 66.
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If the joint is to unite { in. plate, the critical rivet diameter from
TableITisd = 1.0191ins. Let a § in. rivet be chosen, and the rivet
failure will be by shearing. The pitch formula will result from
equating I and II or

® - .= 2(F)s,
p= d+(2tf)f. S 1)

Had a 1y in. rivet been chosen, the rivet failure would have been
by crushing and I = III would have yielded the pitch formula.

Thus
(@ —ad) . =24y,

p= d(1+2f’) R €/
f

The numerical pitch values may be found by substituting the
chosen rivet diameters in formul® (76) and (77) as before. It
will be found that the gross strengths of the repeating section will
exhibit the same relationship as under the analysis of the single-
riveted lap joint. Another significant fact will be noted in that
equations (75) and (77), expressing pitch values for crushing rivets,
are independent of the plate thickness. In other words so long
as the chosen rivet is large enough to fail by crushing, the pitch
which follows from its use in a given joint will be the same no
matter what the thickness of plate. This fact has an important,
bearing on the question of efficiencies as taken up later.

In summing up the foregoing it may be said that the general
procedure in all joints is as follows:

1° Write all possible methods by which the joint may fail.

2° Select a commercial size of rivet (from considerations yet to
be explained).

3° By reference to Table 11 determine the probable method of
failure of the chosen rivet.

4° Equate the rivet failure to the plate failure and solve for the
pitch.

88. Efficiency of Riveted Joints. — The efficiency of any joint,
represented by V, is the ratio of its strength per repeating section
to that of an equal length of solid plate. This ratio is usually
expressed in per cent. In the analysis of the previous joint, where
the pitch was calculated by the ordinary mecthods, the tearing
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strength was found to be the least of any in the joint. The remark
was consequently made that it was a proper quantity on which
to base the efficiency. The character of the tearing resistance is
the simplest and most reliable of any in the list, since it is not
involved with other resistances nor does friction between plates
affect its value to any great extent. Therefore the efficiency of
any joint using a pitch calculated as above will be
V= Weakest Resistance _ (p — d) #f,
= Solid Plate Strength ~  pif;

=4 ... @
P

This is the gencral expression for the efficiency of any joint using
the calculated pitch. If the latter is arbitrarily reduced for any
reason, the tearing strength diminishes at the same time and
equation (78) still represents the true efficiency. With a pitch
greater than the calculated value, the rivet failures represent the
lesser resistances.

Then in a single-riveted lap joint for shearing rivets, the pitch
having been increased,

wd?
z‘f.

V = _ITJ"- . . . . 3
and for crushing rivets, .
_ dif.
pife
_ 4.
o N ¢ 1))
For complicated joints using assumed pitches a general analysis
of the strength must be made to discover the weakest place. The
latter divided by the solid plate strength will then give the effi-
ciency.

The end tension in a cylindrical shell is theoretically but one-
half the hoop tension. Therefore, if the ring seam has half the
efficiency of the longitudinal joint, there will be a fair balance of
strength. The ring scams for tanks and boilers are ordinarily
single-riveted lap joints. The theoretical pitch for such joints,
especially when thick plate is used, may be so small that the rivet
heads would be too close together for practical use. It therefore
becomes necessary to increase the pitch arbitrarily, the efficiency
at the same time being reduced. Let the lowest desirable effi-

(79)
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ciency be represented by V(min). Then for shearing rivets from
equation (79),

wd?
R T
min) ™ i
=
4 [ ]
or p= Vit (81)
and similarly for crushing rivets,
df.
= 82
P V @iny o 82)

These formulse may be used in seeking the pitch of ring seams to
give an efficiency equal to half or two-thirds that of the longi-
tudinal joint.

The variation in efficiency for different sizes of rivets may best
be studied by substituting for p in formula (78) its value as ex-
pressed in terms of shearing or crushing rivets. The pitch for-
mula (74) for a single-riveted lap joint, shearing rivets, was

Substituting this value in ¥ = 224 d
wd?f,
4tf,
V E e———
wd?f,
Y
__ (=f)d
“fWt@yd (83)
It is evident by inspection that this expression varies in value with
d, the greater the value of the rivet diameter, the higher the effi-
ciency. It is sometimes easier to discern this fact if the known
values of =, f; and f; are inserted and reduced. In the latter case
for steel rivets, 141.44d
= 9%0¢+ 1414d" (84)
This formula is entirely equivalent to the usual efficiency formula
(78) until the rivets reach a size sufficient to cause crushing. The
larger the rivet, the larger the pitch and the higher the efficiency
for shearing rivets. When crushing sizes are reached, the above
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efficiency formula (84) is no longer applicable. The pitch formula
(75) for a single-riveted lap joint, crushing rivets, was

=g+ ¥
p=dty,
Substituting the valuein V = p%d
df.
y =1
i+
3
Je

=m.....o-o(85)

It is evident by inspection that this expression is independent of
the plate thickness or rivet diameter and is, therefore, the same
for all sizes of crushing rivets. Substituting the known values of
fo. and f¢

_ 96,000

"~ 55,000 + 96,000 °

= 0.636 or 63.6 per cent.

This is the uniform efficiency of single-riveted lap joints with crush-
ing rivets. Larger rivets give larger pitches, but the efficiency
remains constant. The same line of procedure with the pitch
formule (76) and (77) for double-riveted lap joints results as fol-
lows, for shearing rivets:

14 (86)

_ (rf)d
V= 5+ 7 ®7)
For crushing rivets, /
2f.
V=f¢+2fc‘ B -2

The latter expression reduces to ¥V = 77.7 per cent, the uniform
efficiency of double-riveted lap joints with crushing rivets. It will
be shown later that all forms of riveted joints present a fixed value
for the efficiency when crushing rivets are used.

The question of efficiencies may be summed up, then, by the
following statement:

The efficiency of any riveted joint, using the calculated pitch, in-
creases with an increasing diameler of rivets as long as the rivets shear.
When a diameter sufficient for crushing has been reached, no farther
increase can be secured and the effictency is then a maximum.



1168 BOILERS AND PRESSURE VESSELS

As a means of making the variation in the efficiency of riveted
joints more evident the Plot, Fig. 66a has been inserted. This
figure is derived from actual pitch values taken from Table XIX,
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VARIABLE EFFICIENCY OF JOINT M,
F1a. 66a.

p. 169, for Joint M and shows the approximate variation in effi-
ciency with commercial sizes of rivets. The rivets are assumed to
vary from 3} in. in diameter to 1% ins. in diameter. The main
plate is assumed to be % in. thick and the inside cover plate
§ in. thick. The efficiency varies according to the law stated in
the italicised paragraph above.

89. Factor of Safety. — Whenever the original factor of safety
in the solid plate before riveting is known, the final factor may be
found by multiplying the original factor by the efficiency of the
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joint used. But very often the original factor is lost sight of,
the reason being that a commercial thickness of plate was assumed
differing from the theoretical. It is then generally easier to in-
vestigate the factor independently. The factor of safety may be
defined as the quotient obtained by dividing the strength of the
joint at its weakest point by the load to be borne. In joints using
the calculated pitch, it has been shown that (p — d) #f; is the low-
est resistance to failure. The hoop tension per inch of length in
cylindrical shells is the product of the pressure by the radius, or PR.
Then

Factor of Safety on longitudinal joint = @ » Pd) e . (89)

This is evidently equivalent to the eﬁiciencyp - dmultiplied by
f:

the original factor of safcty

In designing shells of bonlers and tanks it is well to assume a
reasonable efficicncy for the proposed longitudinal joint and to
take this quantity into account together with the desired factor
of safety in calculating the thickness. Whenever corrosion may
reduce the tcaring strength as shown
in Fig. 67, the fact should be antici-
pated by using the effective section
after corrosion in computing the factor
of safety. When joints are protected
by inside cover plates allowance for
corrosion is unnccessary.

Since in cylindrical shells without stays the end tension is but
half the hoop tension, the factor of safety on ring seams will be
as follows:

1IN
2rrts “M 77

II/////

CIFECT OF CORROSION
Fic. 67.

2 (Efficiency of ring joint) tf;
With stay rods or tubes the factor will be considerably more than
the above expression.

40. Selection of Rivet Diameter. — From the foregoing dis-
cussion of pitch and efficiency it is evident that no absolute rule
can be given for selecting the rivet size. The diameter of the
rivet chosen for boiler joints depends upon four conditions:

1° The rivet must be of commercial size, namely, its diameter
must be measured in integral sizteenths,

Factor of Safety on ring seam =
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2° The pitch which follows from the selected rivet size must not
be so great as to permit leakage after-calking.

3° The rivet should be such as to secure a maximum efficiency
for the joint, namely, it should be a crushing rivet if
possible.

4° The rivet must be within the capacity of the riveting machine
as regards pressure when driving.

41. Limiting. Pitches. — The question of limiting pitches has
been the subject of much controversy and experiment. Since
very few boiler joints are calked on the inside, it is fair to assume
that the steam pressure enters the joint when new to the exter-
nally calked edge. While the tightness of the rivets, due to con-
traction upon cooling, keeps the fluid pressure from leaking around
their heads, it is certain from experiment that the fluid enters
between the plates under their heads to a considerable extent. It
may be assumed, as the worst possible case, that there is uniform
fluid pressure throughout the joint as far as the calked edge will
permit. Such a condition for a single-riveted lap joint is repre-
sented in an exaggerated form by Fig. 68. The calked edge ab

"

Cmet 1]
y | I

LEAKAGE AT JOINTS
Fi6. 68.

is the final barrier to leakage and the area of plate abce be-
tween rivets is approximately in the condition of a beam
fixed in direction at the ends and uniformly loaded. The
assumption of fixed direction at the ends is warranted by the
continuity of the boiler plate, and the tightness of hold which
the rivets obtain by contraction.

In this form of joint the plate exposed to fluid pressure is two
laps wide. The usual rule that the lap is 4 d would make the
hypothetical beam width 3 d. Its length may be assumed to
extend from surface to surface of rivet shank, a distance (p — d),
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Fig. 68. Since the underlapped plate is exposed to pressure upon
both sides, it will not show any deflection. The overlapped plate
will bulge slightly under pressure as shown in the lower view.
The usual formula for the deflection at the center of a beam fixed
in direction at the ends and uniformly loaded is

=-JE |
= 381 E1

The significance of the letters is as follows:

Vo

vp = deflection at center of beam.
W = total load distributed over the beam.
! = length of beam.
E = modulus of elasticity of beam material.
I = moment of inertia of scetion of beam about neutral axis.

Applying the above formula to the conditions expressed in Fig.
68, the following significance is evident:

v = greatest allowable deflection at center of pitch consistent
with tightness.
F = working pressure, lbs. per sq. in.
4 F = usual test pressure, lbs. per sq. in.
W = total load on beam area abce when exposed to test pres-
sure, lbs.
=3 F(p—d)(3d)lbs.
= § Fd (p — d) lbs.

l= (p—d)ins.
E = 28,000,000 lbs. per sq. in. for steel plate.
Y
12
_ae
=7
—d)?
Then vo=§Fd(p—d)d(t;: d).
384E (-—)
4
—dt
or v = 3F (p —d) 91)

64Et8—. o« e LY e o e o

If now the maximum deflection is calculated in joints having
pitches which may be considered large and near the limit, such
deflections should form a fair basis for estimating the tightness of
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other joints. In this manner the deflections in well-designed joints
has been found to approach 0.00035 in. at the center of the pitch
length.

The maximum value of plate deflection between rivets consistent
with tightness forms the subject of a series of tests made in 1895
by Mr. F. A. Park in the laboratories of the Massachusetts In-
stitute of Technology. By means of very careful micrometer
measurements, he found that the permissible bulging of the plate
between rivets at the time leakage first appeared, lay in the region
of 0.0004 in. It will, therefore, be assumed that a well-calked
lap will permit a calculated deflection of 0.00035 in. at the center
of the pitch length without leakage. Substituting this quantity
and solving for values of (p — d), equation (91) becomes

4/64 (28,000,000) (0.00035) ¢*
3F

p—d=

2 sv@
or = 21.3 o

At the end of the present chapter is given a set of tables showing
the maximum allowable pitch along calked rows, based on the
above discussion.

Whenever the feasibility of using a certain pitch is in question,
a comparison of the proposed value with those given in Table
XXIII will afford a safe criterion of calkability.

As was pointed out in a previous paragraph, crushing rivets give
maximum efficienciecs. Whenever consistent with tightness, there-
fore, it is best to select such diameters. Ordinarily hydraulic
riveters will set rivets up to 1} ins. in diameter in a satisfactory
manner. To be fully convinced that the selection of a rivet diam-
eter is the best possible one it must be viewed from the four stand-
points given above. When the maximum ecfficiency has becn
obtained, it is often best still further to increase the rivet diameter
if the calking pitch will permit, in order to obtain larger pitches
and, consequently, a less number of rivets in a given length of
seam.

42. Method for Complicated Joints. — The double-riveted
butt-joint with extended inside cover plate shown in Fig. 69 will
be used to illustrate the general method of procedure for compli-
cated joints. Similar methods may be pursued for other types.

e e e . (92)
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In the joint chosen each cover plate bears approximately half the
load. To avoid unnecessary complication, the sum of the cover
plate thickness is made considerably greater than the boiler plate
thickness. Therefore, the cover
plates, even after corrosion, will
enver tear. In the following [ & ==8==2r=~Lt-=3-Ny
analysis of the joint, a method _|{f&
will be shown for calculating the 378 -$I& 31364374 _
least allowable cover plate thick- \| ¥ g
ness. Very frequently, in boiler 1 *~- “’ ! it
work, both covers are made ¥ P
in. less in thickness than the BUTT JOINT
main plate. Whenever there is DOUBLE RIVETED
difficulty in calking the outer Fia. 69.
cover to tightness, the thick-
ness of the latter may be made equal to or i in. greater than
that of the main plate. For convenience a repeating section ab
will be so chosen as to embrace one pitch length of plate on
the outer row of rivets. The resistances to failure will be taken
up, first, in regard to tearing the plate, and second, from the
standpoint of rivet failure.

I. Tearing on line ab.

Resistance = (p — d) tf,

This is the simplest and most reliable of all the resistances. For
this reason it is kept the lowest and is later made the basis of the
efficiency calculation. A well-designed joint should have the other
resistances, working inward, in a gradually increasing scale of
value.

II. Tearing on line ce combined with shearing or crushing the

ouler rivet on line ab.
For shearing rivets.

(a) Resistance = (p — 2d) tf, + ﬂ%f:

For crushing rivets.
(b) Resistance = (p — 2d) tfy + dtrf,
Inasmuch as there are more holes on the inner line than the outer,
there will be less plate strength on line ce, hence tearing on the
inner row must be investigated. The extended inside cover plate
provides a secure reinforcement against tearing on ce by the
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holding power of the rivet at ab. Before the boiler plate can be
torn at ce, the holding power of the outer rivet must evidently
be destroyed by shearing or crushing. Since the outer rivet joins
plates of two different thicknesses, the crushing will take place
against the thinner one. Therefore, ¢, is used in II (b).

Sometimes an additional row of rivets is inserted in the narrow
cover plate making a triple-riveted butt-joint, Fig. 60, on page 107.
It may be noted that tearing upon the inmost line of rivets is never
liable to occur. The tearing areas of plate per repeating section on
lines ce and fg are equal. Before tearing can take place on fg, all
the rivets outside of that line must be destroyed. Manifestly the
inmost row presents a large excess of strength over the two outer
ones and no additional knowledge will be gained by including its
strength in the list of resistances to failure.

Next, rivet failures will be considered.

III. The rivets may all shear.
. wd?
Resgstance = 5(—4—) Ss

Two of the rivets are in double shear and one in single. In this
discussion double shear will be taken equal to twice single shear,
for reasons previously stated.

IV. The rivets may all crush.
Resistance = 2 dif, + dt,f,

The inner rivets receive the full bearing pressure of the boiler plate
while the outer one, joining as it does a thin cover to a thick plate,
would be the more severely stressed by the thin plate. Hence
the crushing of the outer rivet will take place against the plate of
thickness ¢, as in II (b).

V. The rivets on the inner row may crush and those on the
outer row shear.

(a) Resistance = 2 dif, +w—ff:

This manner of failure is worthy of consideration, because of the
difference in the conditions surrounding the two lines of rivets.
The inner rivets, securely held by the cover plates, are in good con-
dition to crush, while the outer ones may very probably shear.
In certain forms of welt joints, Figs. 57 and 58, on page 107, the
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manner of failure is just the reverse, that is, the inner rivets shear
while the outer ones crush.

(b) Resistance = 4 (Igz)fs +dbf.

This resistance is made possible by the fact that the inner rivets
join thick plates, while the outer ones receive the bearing pressure
of the thin cover, and hence are liable to crush.

The above five resistances complete the possible ones for these
types of joints. All the resistances involving failure of rivets
have a large increment of frictional resistance to be added to the
expressions above. While the amount of this resistance is a
matter of conjecture, it is, nevertheless, a real and potent factor in
diminishing the liability to rivet failure. It is necessary before
calculating the pitch to insure an increase of strength on the inner
lines of the joint. The necessary conditions may be determined
mathematically by making

II (a) > I and II (b) > 1.

That is, (p—zd)tf.+"ffzf,>(p—d)tf:

Simplifying d> ‘fr—;f‘ R )
Again (p—24d) tfi + di.f. > (p — d) tf;

Simplifying L > .tfi' P (%3]

In this manner two arbitrary limits are set up, one for rivet size
and one for cover plate thickness, which must be heeded in order
to insure an increase in the strength of the joint upon the inner
rows. With practical values for rivet diameter and cover plate
thickness, the above limits are rarely of much importance, since
the sizes actually used generally exceed those theoretically re-
quired. In rare instances, where the plates to be joined are very
thin, the theoretical cover plate thickness may fall below half the
main plate thickness. In such cases, the covers should each be
made to exceed the half plate thickness by a liberal margin.

The determination of the above limits is all that resistance II (a)
and II (b) can establish, the pitch disappearing by cancellation in
the inequalities. To calculate the pitch; first, select a rivet larger
than the limit just established; second, eliminate by inspection
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the resistances as to rivet failure which represent excess of strength;
and lastly, equate the one remaining rivet resistance to the tearing
of the plate and solve for the pitch. A numerical example will
best illustrate the procedure.

Problem.

Let the boiler plate in the joint of Fig. 69 be # in. thick and both covers ¢ in.
less. Then ¢ = { in. and # = {5 in. A reference to Table II, page 104,
gives d, = 0.509 in. as the critical steel rivet diameter for equal crushing and
double shearing in } in. plate, and d. = 0.849 in. as the critical steel rivet
diameter for equal crushing and single shearing in # in. plate.

The solution of equation (93) gives a limiting minimum rivet diameter ds
equal to 0.58 in. Equation (94) yields a minimum cover plate thickness of
0.21 in. Then, the assumed cover plates { in. thick are suitable ones and a
rivet larger than 0.58 in. such as § in., for instance, is a proper one. Comparing
}in. with d; = 0.509 in. and d; = 0.849 in., the method of rivet failure may be
seen to be crushing throughout the joint, since d is larger than both diand d, .
All the resistances to rivet failure except IV, therefore, may be eliminated
from further consideration. A pitch value determined by making I = IV
will throw these two strengths into balanee and all the other resistances to
failure will represent excess strengths.

Now the friction between plates increases IV far beyond its mathematical
value while I has only a slight enhancement of value due to grooved speci-
men action. Resistance I is, therefore, the least in the list and a proper one
on which to base the efficiency.

Equating I and IV

(p = d) tfi = 2dtf + dufe.
Substituting
d=1in, t=14%in, 4 = fin.
and the usual values for fs and f,
p = 520 ins,
It is interesting to substitute back the values just determined
in all five of the resistances and note the relative strengths of a

repeating section of the joint. The following is the numerical
result:

I. 89,240 1bs. III. 135,300 lbs.
II. (a) 98,210 lbs. IV. 89,240 lbs.
II. (b) 97,400 lbs. V. 90,050 Ibs.

Having calculated the pitch, it yet remains to show that it is a
proper one to use from the three following standpoints:

(a) Calkability; (b) Efficiency; (c) Factor of Safety.
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The calking on this point is performed along the inside line ce
and the length of plate to be compared with the values in Table
XXIII, at the end of the chapter, is

P_ ;
2 2.60 ins.

A reference to the outer cover plate thickness and test pressure
at hand will establish the possibility of using the above pitch.

The cfficiency and factor of safety should next be investigated
under the principles laid down in Arts. 38 and 39. Early in the
discussion of riveted joints it was stated that, whatever the rivets
failed throughout the joint by crushing, the efficiency was constant
and a maximum. The general expression for the efficiency of a
riveted joint, using the calculated pitch, was previously shown
to be '

Substituting the value for numerator and denominator from the
pitch formula used in the joint under discussion.

2dtf. + du,f,
Vo U
24, + duf. + dif.
tfi
-2t bf
= StuLAG (95)

It is evident upon inspection that this expression is a constant for
a given thickness of main and cover plate. If the cover plate on
the inside of the joint is made the same thickness as the main plate,
the expression becomes

3
Vegr/ s, . .« o o ..
3f.+f %)
which is the maximum efficiency obtainable for this type of joint.
Substituting numerical values

V= 3 (96,000}
~ 3(96,000) + 55,000
= 84.0 per cent
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Hence, in this case the above statement in regard to constant
efficiency is shown to be true. A reference to the tables of pitches
at the end of this chapter also proves that the efficiency with
crushing rivets is a maximum. With the inside cover plate some-
what thinner than the main plate, the efficiency is reduced a little
in its value. A higher efficiency must be sought by using a more
complicated type of joint.

43. General Efficiency Calculation. — When the pitch of a
riveted joint has been assumed from entirely arbitrary reasons,
the methods previously outlined for determining the efficiency
are not applicable. A general analysis of the joint strength must
bemade. The ratio of the least resistance to failure to the strength
of the solid plate will then constitute the efficiency. The manner
of failure of each row of rivets can be predicted by reference to
Table II, page 104. The strength of a repeating section of the
joint should next be calculated for each row of rivets, passing from
the outside of the joint inward. The lowest resistance to failure
can then be detected without question. Let the quadruple-
riveted butt-joint of Fig. 70 represent the proportions of such an

4'_°"'_""{,
iy S— &
X * ij"- TEAR 1j: CRUSH gh:
CRUSH hi{5 Tt AT gaazm0 Les
soLi60 LBS{ snd = *‘ TEAR gh:SHEAR ef.cd- 373,380 L8S
. v TEAR ef SHEAR cd - - 379460 LBS
snuacd.d{c’_________d TeARcd ---=---. ~ 382500 LBS
a b—> TEARGD -~ --=---- 412500183

STRENGTH OF JOINT
Fia. 70.

arbitrary design. Let the long pitch be taken as 12 ins., the main
plate § in. thick, the inside cover # in. thick, the outside cover § in.
thick and the rivets § in. in diameter. In the figure the strength
along each line of rivets is placed at the side and the ratio

373,380
412,500

represents the efficiency of the joint.

= 0.905 or 90.5 per cent,
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44, Minimum Pitch. — Sometimes instead of using a theo-
retically correct pitch as calculated above, a considerably smaller
distance between rivets is arbitrarily chosen. There is danger
in so doing that the tearing strength will be unduly lowered on
the inner row of rivets. In the numerical example given in
Art. 42, the rivets failed by crushing throughout the joint. The
possible failures were, then,

I. Tearing outside.
II. (b) Tearing and crushing.
1Vv. Crushing all rivets.

Now I = IV gave the correct pitch, after having made IT (b) > I
by use of a suitable cover plate. Supposing the correct pitch to
be arbitrarily diminished, the question arises as to how far the
reduction may wisely be carried. Making the strength on the
inner row greater than the rivet failure may be expressed by the
relation

II(b) > IV.
Then
(» —24d) U, j— dtf, > 2dtf, + dbf.

or (p —24d) tfi > 2dtf,

This equation may be interpreted to mean that there should
always be enough tensile strength of plate between rivet holes in
well-designed joints to load the rivets to their full shearing or
crushing values. If insufficient plate were used, the rivets would
not participate fairly in sustaining the load on the joint.

Solving and substituting

t=4%in, d=§}in,
and the usual constants for f; and f,
p > 4.80 ins.

With this value used as the pitch, I will be less than II (b), and
II (b) will equal IV. A further reduction will make II () less
than the rivet strength IV. Therefore, by equating II (a) or (b)
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to the rivet strength a minimum pitch may be found, below which
it will not be wise to go. This can readily be seen from a numer-
ical comparison. With p = 4.80 ins. the strength of the joint per
repeating section is

I. = 80,970 Ibs.
II. (b) = 89,210 lbs.
IV. = 89,210 lbs.

Any less pitch than the above minimum one will make
II ) > 1V,

and the full rivet strength will not be reached, a result not consist-
ent with good design.

In certain riveted joints, especially Scotch drum boilers with
very thick plate the foregoing discussion leads to a rivet diameter
so great as to be practically impossible of use. In such a case a
rivet smaller than the calculated minimum size must be adopted
and the joint designed rather by trial than by any direct calcula-
tion. The pitch may thus have to be assumed and the method
of Fig. 70 employed to determine the actual efficiency. It is
generally impossible in such cases to make the tearing of the joint
on the outside row of rivets the least of all the resistances and
therefore the one on which the efficiency is based. Generally some
of the interior resistances to failure will prove the least as was the
case in Fig. 70.

45. General Procedure. — Before dismissing the subject of
pitch calculation, the method of procedure for joints in general
will be summarized:

Method of Procedure

1° Select type of joint.
2° Wrile reststances to failure:

I Tearing outside row.

Plate{ II. (a) Tearing inside row and shearing ouler rivet.
II. (b) Tearing tnside row and crushing outer rivet.

II1. Shearing all rivets.

IV. Crushing all rivets.
V. (a) {C’mnln'nation of rivet failures by crushing
V. (b) and shearing on inner and outer rows,

Rivet
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3° Find limits:
II (@) > I Find min. d.
II(b) >I Findmin. t,
4° Select trial rivet diameter and predict failure by reference to
Table I1.

5° Eliminate excess rivet strengths by inspection and equate re-

maining one to I for pitch value.

6° Determine suitability of pitch from standpoint of calkability,

efficiency, and factor of safety.

46. Butt-Joints of High Efficiency. — When extra high
pressures are used in boilers of large diameter the efficiency of
the longitudinal seams may be
considerably increased by the
use of quadruple-riveted butt-
joints, Fig. 71. It may again
be emphasized that the large
mass of metal in such joints ren-
ders imperative their removal
from the region of the fire, while
the necessarily wide inside cover
plate forbids their use except in

i

boilers of large diameter. The BUTT JOINT
design of such joints follows the QUADRUPLE RIVETED
general method outlined for or- Fie. 71.

dinary joints. The resistances to failure are as follows:
I. Tearing the boiler plate on ab.
Resistance = (p — d) tf,
II. The next inner row ce has one additional hole in it, hence

1ts tearing strength coincident with the outer rivet failure
must be included in the resistances.

(a) Resistance = (p — 2d) tf, + %ﬁf.
(b) Resistance = (p — 2d) tfs + dif.
III. The next inner row fg has two more holes than those already

considered. The holding power of the outer rivets has
increased, however.

(@) Resistance = (p — 4d) fs + 372 1,
(b) Resistance = (p — 4d) ifs + 3 dhfe
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The fourth row h: presents no change in tearing strength other
than those already considered. The rivets in rows ab and ce are
under identical conditions as regards plate thickness, hence their
crushing or shearing may be taken in the aggregate.
IV. Al rivets shear.
Resistance = 19( ) Js

V. All rivets crush.
Reststance = 8 dif. + 3 di\f.
VI. The two inner rows of rivets may crush and the two outer
ones shear.

Resistance = 8 dif, + 3 ( ) e

To preserve the increased strength along the rivet lines as the
center line of the joint is approached, the following inequalities
must be considered:

II (a) > I,

IIr® >1,

III (a) > II (a),

III (b) > II (a),

IIT (a) > II (b),

IIT (b) > II (b).

Writing and reducing these inequalities,

@—2@m+(¥§ﬁ>@~@m

4tf,
1rf,
(p—2d)tfe+duf. > (p — d) tf,

'.t,>t';: e e e e ... (98)

¢-10 0 +3(F)0 > 0206+ (F)-.

4tf,
.’

(0 — 4d)tf, + 3dtf. > (p—2d)tf,+%zf.

od> = 97)

L od> (99)

The latter expression involves the shearing and crushing of the same
rivet under similar conditions. The only rivet which could do
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this would be one of exactly the limiting diameter. Under such
conditions

Tt = duf,
and the above equation becomes
2dhf. > 2dif,
or t,>‘%‘........(1oo)

The inequalities, IIT (a) > II (b) and III (b) > II (b), yield the
same limiting values for d and ¢.. Expressions (97), (98), (99)
and (100) are the same as those under the former joint and
afford the usual limits for cover plate thickness and rivet diameter.
In certain joints of this class with the rivets spaced as in Fig. 62,
page 107, there are two limiting rivet diameters determined by
equations (97) and (99) and two limiting cover plate thicknesses
following from (98) and (100). The procedure is the same, how-
ever. Having selected a suitable rivet diameter and cover plate
thickness in the light of the above equations, the resistances rep-
resenting excess rivet strengths may be eliminated by inspection
and the remaining one equated to the tearing of the plate to find
the pitch. The investigation of calkability, efficiency and factor
of safety is pursued as before.

47. Fire Seams. — The preceding discussion of riveted joints
has reference to seams so far removed from the fire as to be sub-
jected only to the heat of the fluid confined within the boiler.
Heat of such a limited degree does not seriously affect the calking
of the joint. When, however, seams are directly exposed to the
fire, the previous discussion of pitch limits is no longer applicable.
The joint selected for such use is always
of the single-riveted lap type. This
form presents a minimum amount of
metal to the destructive action of the

N
fire. The overlap of the plates should — >
be as small as is consistent with the nec- ——= o ——
essary strength and the arrangement of ~
the joint should be such that the flames FIRE SEAM
will not impinge directly against the Fia. 72.

outside lap. Fig. 72 shows the proper arrangement with regard
to the direction of the flames. The same size of rivets should
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be used in the ring seams as in the longitudinal ones, to avoid
confusion at the junction of the two.

However perfect the circulation within the boiler, the outer
plate in the ring seam is more or less overheated where the latter
passes over the fire. There is, therefore,
a tendency for the outer plate to expand
away from the inner one and thereby to
cause leakage. Fig. 73 shows this tend-

Learace v Fire SEams,  ency in an exaggerated manner. For

Fia. 73. this reason the value of (p — d) on fire

seams must be kept very much lower than on cool seams. The

following arbitrary limits have been established by long practice
as safe ones:

VALUES FOR (p —d) IN THE RING SEAMS OF EXTERNALLY-
FIRED BOILERS.

Thickness of plate. In. Value of (p —d) for hot seams, Ins.
PP 11
B 2 11
B o e 145
P 13
2P 13
oottt 13

Inasmuch as there is always some excess circumference of plate in
the outer course, ring seams should not be riveted up pitch after
pitch in one direction. Four or six rivets should be driven at the
start, equally spaced around the seam, in order to distribute any
slack plate as uniformly as possible. For ease also in laying out
the ring seam, the number of spaces should be a multiple of four
or six, if possible.

48. Lap Calculation. — While the margin of plate [, Fig. 74,
from edge to center of rivet hole is often arbitrarily assumed to
be one and one-half times the driven rivet diam-
eter, its value is nevertheless a very important
factor in the success of a riveted joint. As was
briefly pointed out early in the discussion of riv-
eted joints, Art. 29, page 93, the function of the
lap is twofold. Its office in pressure work is, first,
to provide a stiff piece of plate which, when in- AP cALcuLATION
itially sprung back by calking, will react against Fia. 74.
the other plate of the joint with sufficient intensity to prevent
the escape of the fluid. The second object of the lap is to throw
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across in front of the rivets a piece of plate of width sufficient to
bring the full rivet strength into play.

The second crxterlon, that of strength, is the one best fitted for
consideration in lap design. To find the load actually imposed
upon the lap, taking into account all the peculiarities of various
joints, would only yield a vast amount of unwarranted complica-
tion. Hence, in general, each rivet and the lap ahead of it, will be
isolated from the rest of the joint. The lap must be strong enough
to resist the greatest load the rivet can impose upon it. In this
work the metal ahead of the rivet, shown section-lined in Fig. 74,
will be considered to constitute a beam of length d and height h.
From the continuity of the plate the lap-beam will be assumed to
be fixed in direction at its ends. The distribution of the rivet load
over the plate ahead of it is a matter of some conjecture and the
stresses are very complex. It has been found by experiment to
yield good practical results if the rivet load is taken as concentrated
at the center of the lap-beam. The bending moment at the center
of a beam so loaded is

7
u="L,
the letters having the usual significance. The load which the rivet
can impose upon the lap-beam will depend upon the manner of
rivet failure. Three cases may be considered:

I. Shearing the rivet once,
umd=$?ﬁ
II. Shearing the rivet in double shear,
Lw—mﬁ

III. Crushing the rivet or plate,
Load = dtf.

These three constitute all possible rivet loads.

The peculiar features of two joints may also be considered as
having a bearing upon the lap calculation. In double-covered
butt-joints each cover plate holds approximately half the boiler
plate tension, Fig. 46, page 96. The rivet then constitutes a
beam supported at the ends by the covers and loaded at the
center by the boiler plate. The inner cover may be of the extended
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type, in which case its increased width will take care of the above
rivet load. The narrow outer cover will be liable to lap failure
unless calculated to withstand the reaction at the outer end of the
rivet. In case the rivet is small enough to fail by double shearing,
the outer cover plate lap will be loaded with the shearing of one
rivet section and the case reverts to I, considered above. With
large rivets the failure may result in crushing. Each cover plate
will then receive as a maximum load one-half the rivet’s crushing
strength or,
1V. Half-crushing,
dtfe
2

When the pitch in the single-riveted lap joints, Fig. 65, page 110,
is arbitrarily diminished for reasons previously described under
fire seams, the rivets are excessively strong, and, before the full
rivet strength is reached, such a joint would have ruptured by
tearing. It is, therefore, unnecessary to make the lap strong
enough to hold the full rivet strength. If the lap will hold the
diminished tearing strength of the plate, it will be as good as the
rest of the joint. Under such conditions the load becomes

V. Tearing between rivets,
Load = (p — d) tf,
To simplify the work of lap calculation the above five loads will
be substituted in the usual beam formula and the resulting equa-

o1+ tions reduced to a simple
form. The formula,

Load =

I
M-"—‘- i
fy

when applied to a beam

P - of rectangular section

1 L with the dimensions given

] in Fig. 75, becomes
LAP CALCULATION m=s
Fia. 75. 6

The maximum bending moment for a beam fixed in direction at

the ends and loaded with a concentrated load at the center is, for
thi case _ (Load) @)

8

M
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For a ductile material like boiler plate it may be safely assumed
that the modulus of rupture is approximately equal to the tensile
strength, or f = 55,000 lbs. per square inch. Then
(Load) (d) _ th?
8 6

or h= 4ft (Load)

= 0.00369 \/ % (Load).

The load expressions in the five cases cited above may next be
substituted. Inserting at the same time the value of «, the usual
values of f, and f. and remembering that the lap is measured to
the center of the rivet, the expressions become

1. Single shearing.
_d VT

For steel rivets, _
d a3
Lap = §+ 0.694\/7. P ¢ (1))
I1. Double shearing.
d d (wd?
Lap = § + 0003691/ (?) f.
For steel rivets,

Lap=g+o.982\/%’.. .. 02
III. Crushing.
Lap =%+ 0.00369 /% (@1
~1645d. . . . . . . . . . (103

This is independent of the plate thickness, hence with a given
crushing rivet the lap is the same for all thicknesses of plate.
1V. Half-crushing.

Lap = § | 0.00369 Ve (d‘2f°)

If the cover plate thickness is the same as that of the boiler plate
this expression becomes

Lap=1309d . . . . . . . . . (104
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an expression like equation (103) independent of the plate thickness.
When the thickness of the cover, t,is different from that of the boiler
plate, as is usually the case, the above general expression becomes

Lap = 3+ 000369/ :'i, @gf)

=g+0.809d\/z. .. 0s)
h
V. Tearing.

Lap=g+0.00369 %—(P—d)tft
=g+o_866\/‘“(p—'d)d. ... . (106)

This is again independent of the plate thickness, hence for a given
pitch and rivet the lap is the same for all thicknesses of plate pro-
vided a reduced pitch is used.

In all cases, the lap must exceed the rivet diameter by a reason-
able amount in order to provide a good bearing for the rivet
heads. The latter approach 2 d in diameter as was shown under
rivet proportions.

In order to render formule (101) to (106) inclusive as useful as
possible in practice, the following plots and tabulations have been
calculated for the usual range of rivet diameters and plate thick-
nesses. The results of formule (101), (102) and (103), for single
and double shearing and crushing are contained in Tables III and
IV. Whenever the rivet is large enough to fail by crushing
rather than shearing, the fact is indicated by the style of type
as explained under the column headed “Remarks.” After hav-
ing selected a lap value for a given case, it should generally be
expressed to the next integral sixteenth of an inch above the
decimal values given in the tables.

The application of formule (104) and (105) for half crushing
laps is represented by the plot of Fig. 76. For abscisse the vary-
ing ratios of the main plate thickness to that of the cover plate
are plotted while the ordinates comprise the corresponding lap
values. For equal main and cover plate thicknesses it is evident
that the lap equals 1.309 d in each case as given in formula (104).
The plotted lines are continued to the left until the indicated lap
value is but } in. greater than the half rivet head. Laps less
than these do not find practical use.
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Formula (106) for tearing laps is illustrated by the plot of Fig.
77. It must be borne in mind that this case is applicable to
reduced pitches only. As soon as the pitch attains its normal
value, the lap calculation reverts to Case I or III. The lines
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plotted in Fig. 77 are applicable, therefore, through a very short
range only. At their left ends they indicate minimum laps or
those d + } in. in amount. The lines are continued to the right
until the corresponding lap values pass over to those of Case I
or IIL
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49. Distance between Rows of Rivets.— The transverse
dimensions of a riveted joint are determined from the calculated
lap values explained above and the space between staggered rows,
combined with the necessities of the riveting machine. The
double-riveted butt-joint shown in
section in Fig. 78 contains three cal-
culated laps, namely: at outside and
inside cover plates and main plate.
The width of the joint is, thercfore,
determined as soon as the possible
proximity of the outermost rivets to
the outer cover plate is known. In
Fig. 78 the die of the riveter is shown
in the position of driving the outer
rivet. Often S is made twice the lap. A safe rule in general is
to allow for rivet heads twice the driven diameter of the rivet and
sceure % in. between the rivet head and lap edge. Then

S = Lap + % in. + Rivet diameter.
When there are two inner rows of rivets in staggered order the
distance between them is determined as explained in Fig. 52,
page 101. TIf the horizontal pitch is greater than 4 ins. the full
30 per cent excess on slope lines need not be secured.

WIDTH OF BUTT JOINTS
FiG. 78.

WIDTH OF WELT JOINTS
FiG. 79.

In welt joints, Fig. 79, the distance between rows depends upon
the welting or bending of the cover plate in addition to the above
factors. The horizontal distance z necessary to get down from
one level of plate to the other is taken as twice the plate thickness
over which the bend is made.

Then G = Lap + 2t + Rivet diameler,

and as before
S = Lap + % in. + Rivet diameter.
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For symmetry S is generally made equal to G, the latter being
the larger. In addition to the above requirements, the possibility
of calking the lap edges must always be kept in view. If the
outer rivets in Figs. 78 and 79 are placed as closely as possible to
the lap, it is sometimes impossible to hold the calking tool at the
correct angle. Room must be provided for holding the latter at
about 30° with the plate below.

60. Insertion of Joints. — Having computed the pitch and
laps, and determined the transverse dimensions of the joint, it
remains to space the pitch properly between ring seams. On
account of the reduced strength and ductility of boiler plate when
submitted to tension at right angles to the direction of rolling,
pressure vessels are seldom made up with the hoop tension cross-
wise of the fibre. Most boilers and tanks contain three or more
cylindrical courses, placed inside and outside in alternation. The
width of each course is determined by the exigencies of the setting,
the width of plate readily procurable and the reach of the riveting
machine. It is well in multi-course vessels to have two or more
of the joints in duplicate for ease in laying out. No attempt is
made to keep the pitch in integral sixteenths of an inch. With
the distance between ring seams expressed in binary fractions, the
pitch is spaced to fit. Small changes of 2 or 3 per cent in the
pitch are permitted without considering that the former calcu-
lations have been affected. All the other dimensions of riveted
work, aside from the pitch, should be expressed in binary fractions
not smaller than one-sixteenth inch.

The same size of rivets should be used in both ring and longi-
tudinal seams in order to make as little disturbance as possible
where they cross one another. Longitudinal joints are never
placed in line and thus the confusion of multiple plate thicknesses
and complex rivet arrangements is avoided. Whatever the irreg-
ularities necessarily introduced where the ring and longitudinal
seams cross, the safe calking pitch must never be exceeded and the
joint efficiency must not be unduly lowered.

While very few longitudinal butt-joints have given way to abso-
lute failure, local deterioration and distortion have often taken
place due to careless rivet arrangement at the ring seam juncture.
Great care must be exercised, therefore, to avoid an undue expanse
of unstayed plate as well as a lowered efficiency when seeking the
necessary room for driving rivets in this region.
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When a single-riveted ring seam crosses a longitudinal joint if
possible a point should be selected for the juncture so as to leave
the outside or long pitch undivided. The outer row is already
the weakest place in the joint and if more rivet holes are placed
on that line, the efficiency falls rapidly. For instance, the effi-
ciency of a triple-riveted butt-joint using rivets one inch in diam-
eter is reduced from 89 to 78 per cent by the introduction of one
more rivet hole on the outside row. The outside pitch should,
therefore, be left whole or nearly so, where the longitudinal and
transverse joints meet.

In chain-riveted seams, the position of the last rivet in the joint
next to the ring seam must always be such as to secure room for

1
»°
RING

SEAM JUNCTURES
Fia. 80.

the die of the riveter to act, Fig. 80. If the natural pitch of the
longitudinal joint is such that

p2 = Rivet diam. + P5in. + Ring seam lap,

then p, may be kept equal to py, and there is no need of changing
the ordinary pitch of the joint. When p., however, is naturally
too small, the last pitch of each joint must arbitrarily be made
greater to accommodate the driving of the rivet immediately ad-
jacent to the ring seam.

The crossing of the lengthwise joint by the crosswise one is
generally accompanied with some difficulty when the former con-
tains rivets in staggered order. With usual rivet sizes and thick-
nesses of plate it is not possible to cross a staggered row without
the omission of at least one of its rivets.

In Fig. 81 there is not generally enough room to drive the last
rivet on the rear row because of its proximity to the ring seam
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lap. Hence this rivet must be omitted. To compensate for its
loss, the last pitch p, is shortened to about 0.8 its original amount.
This lowers the efficiency to a slight degree. The rivet thus
dropped must not be one upon the calked edge, since the pitch
on that line is supposedly as large as it can be without leakage.
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Fia. 81.

The ends of the outside cover plates of inner courses, when of
moderate thickness, are thinned to a sharp edge and tucked under
the lap of the next outer course. The sides of such cover plates
are also thinned near the ends so as to facilitate tight calking.
The ends of inside cover plates are usually cut off just short
of the ring seam. In very staunch work they may extend into
the ring seam and participate in the
riveting.

With very thick plates it is so dif-
ficult to tuck covers under successive
courses that the method shown in Fig.
82 has been employed by the Inter-
national Engineering Co. of South
Framingham, Mass., in heavy boilers.
The pitch along the calked edge of
the staggered row is kept uniform.

BUTT JOINT ENDS Instead of dropping an inner rivet, it is

Fia. 82. displaced a little to the right in order to

provide room for the soft steel pipe plug e. Then the cover is
rounded at b and cut short as shown. This method permits easy
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calking of the ring seam, pipe plug and cover plate. With large
pitches and thick plates it is a satisfactory method.

The following riveted-joint illustrations, Figs. 83 to 98 inclusive,
show the practical arrangement of rivets at junctures for a variety
of seams. The general conventions adopted in the cuts are as
follows:

A shows the joint end of an inside course underlapping the
next one to the left.

B indicates the joint end of an external course overlapping the
next one to the right.

C is a section on the ring seam MN at the right, showing the
thinning necessary to insure a smooth surface for the next
inner course to rest against.

d is the driven rivet diameter.

E is a section of the run of joint.

F shows the manner in which a joint is made up where its
end occurs at an uptake or similar opening. The overlap-
ping plate is calked on the outside to the extreme edge @
and on the underside back to the tube sheet lap.

G is a section on the ring seam XY at the left, showing the
thinning necessary to insure a smooth surface for the next
outer course to rest against.

HK is the horizontal line on which the section of the tube sheet
and joint is taken.

MN is the vertical line on which the ring seam section at the
right is taken.

p is the ordinary pitch of the rivets.

p1 is the divided pitch in joints where the outside and inside
spacing is not the same.

P2 is the end pitch, which may be enlarged or reduced, de-
pending upon the type of joint.

Q is the point to which the joint is calked for tightness in an
endwise direction. In lap joints the plate edges are calked.
In butt-joints a chip or wedge is driven between the abutting
plates. Sometimes point @ comes well up in the uptake
opening and again at the extreme corner of it.

XY is the vertical line on which the ring seam section at
the left is taken.
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Fig. 83. Provided the ordinary pitch p gives sufficient room
to drive the rivet next to the ring seam, p; is made equal to p,
and the pitch is merely spaced between ring seams. The rivet
next to the tube sheet flange is gouged slightly to permit assem-
bling.

Fig. 84. The last pitch p. is shortened to about 0.8 of its
original value to compensate for the rivet dropped on the rear
row. The ordinary pitch p is then spaced in regular order.

Fig. 85. The rivet rows are placed at a suitable distance from
one another to give the usual diagonal pitch. A rivet on the
middle row is dropped at the ring seam and p; consequently
shortened to 0.8 p.

Fig. 86. If the ordinary pitch p is sufficiently large to accommo-
date the ring seam lap, the spacing is uniform from one ring seam
to the other. If not, p: is made greater than p by the required
amount.

Fig. 87. After having subtracted twice the value of p. from
the seam length, the pitch p is spaced in uniformly.

Fig. 88. The transverse distance between rows of rivets is
made sufficient to insure failure along longitudinal lines as shown
in Fig. 52, page 101. The outer pitch p is divided into two inside
pitches p1. After having subtracted twice the value of p, from
the seam length, the inside pitch p, is spaced in uniformly so that
the total number of such pitches will be some such number as 17
or 19, a multiple of two, plus one.

Fig. 89. In joints using a fraction of the outer pitch on the
inner row, it is best to space the divided pitch. If p, will give
room for the ring seam lap, the small pitch should be spaced uni-
formly from end to end of the joint. The seam should coutain
an even number of small pitches.

Fig. 90. The alternative arrangement of the single-riveted
welt-plate joint calls for a grouping of three small pitches with
two large pitches. Therefore, if p, will permit the driving of the
rivet next to the ring seam, the small pitch should be spaced uni-
formly throughout the joint. The total number of small pitches
should then be a multiple of three. On the other hand, if the last
space must be made larger than p,, twice p: should be subtracted
from the distance between ring seams and the remaining distance
divided into small pitches the total number of which shall be some
such number as 22 or 25, a multiple of three, plus one.
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Fig. 91. The staggered riveting in this joint calls for the usual
reduced pitches at the ends. The total number of inside pitches
must be a multiple of two, in order to avoid unwarranted rivet
holes on the outer row.

Fig. 92. After having determined p; and subtracted twice its
value from the seam length, the inside pitch p; should be arranged
in groups of three, plus one. The outer pitches will then be sym-
metrically arranged throughout the joint.

Fig. 93. Provided the end pitches will give room for driving
the rivets adjacent to the ring seam, the small pitch p, should be
spaced in groups of two throughout the seam.

Fig. 94. If p, is large enough to secure room for the end rivet-
ing, the joint may be uniformly spaced throughout, in multiples
of three small pitches. If p. has to be made arbitrarily larger than
1, the total number of inside pitches will be a multiple of three,
plus one.

Fig. 95. With twice the values of p. subtracted from the joint
length, the small pitch p, should be uniformly spaced throughout
in multiples of two.

Fig. 96. To insuresymmetry the seam length, lessened by twice
the end spaces p,;, should contain a total number of pitches p,
consisting of a multiple of three, plus one.

Fig. 97. In quadruple-riveted butt-joints there are various
possible methods of insertion. If the large pitch is to be kept
intact and approximately the full efficiency secured at the ends of
the joint, the total number of small pitches p, after having deducted
s, should be a multiple of four, plus two. If this is especially
difficult to obtain, the grouping may be simply in twos, there being,
consequently, a small theoretical loss in efficiency.

Fig. 98. The end spacings p. having been deducted from the
joint length, the small pitch should be arranged to comprise a
number consisting of a multiple of three, plus one. If this appears
to be impossible, the joint can be suitably arranged, there being a
slight loss in efficiency, with inside pitches simply in groups of
three.

Some designers object to the location of rivets in outer rows
circumferentially opposite those upon inner rows, claiming that
the holding power of rivets so placed is impaired. While it is
doubtful whether or not there is any basis for such a belief, joints
may be inserted without rivets opposite one another, provided



148 BOILERS AND PRESSURE VESSELS

fractional pitches are used at the ends. The principles explained
_above are fully applicable to rivet arrangements of this character.
\ b1. Patches.— There are two classes of patches, namely,
hard and soft, applied to pressure vessels to stop local deteriora-
tion. When cracks or bulged plates appear, the metal affected
must be entirely removed before the patch can be applied. The
hard patch consists of a piece of steel plate, accurately shaped, and
permanently riveted to place. Soft patches are often applied
temporarily or in case of emergency and are not supposed to con-
stitute a permanent repair. The
metal used for the latter is gener-
ally soft wrought iron which can be
shaped to fit the required place by
hammering cold. Soft patches are
usually set in boilermaker’s putty or
with lead gaskets to prevent leakage
PATCH BOLT and are secured in place by threaded
Fia. 99. patch bolts. Fig. 99 shows a typical
patch bolt. Table V gives their usual
proportions. They are introduced from the side toward the
fire and when screwed home securely the protrusion, by which
they are driven, is chipped off.
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TABLE V.
PROPORTIONS OF BOILER PATCH BOLTS.
12 threads per inch.

Diam. D. Usual lengths, L.
In. Ins.

3 % 1}, 1
%l 3 1;
o 11 1
o 1 13

1 PR P £

ot bk o o
—
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. When the form of the patch is very complex, the following
| method may often be used to gain an accurate idea of its shape.
A hole, drilled in the center of the locality which the patch is to
cover, will permit the introduction of a quantity of plastic plaster
of Paris. After compacting this against the injured plate and allow-
* ing it to set, the cast thus obtained may be smoothed up and used
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as a pattern in the foundry. The anvil formed in this manner

may be used for guidance in shaping the patch so as to secure a
good fit. .

r
T
_T_.
+
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4+

Fia. 101.

WATER LEG JOINTS

62. Water Leg Joints.— The spacing of stay bolts in .the
water legs of locomotive and vertical boilers often introduces
considerable complexity when riveted joints must be accommo-
dated in these members as well.  Since the circulation spaceis very
valuable in this region, inside cover plates are generally omitted
and the joints shown in Figs. 100 and 101 are used instead.
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These joints consist essentially of special double-riveted lap joints
in duplicate, and were it not for the holding power of the stay
bolts, considerable distortion would probably result. In the
actual case, however, the water channel is held rigidly to shape by
the stays and no trouble is experienced in this direction. Two
methods are shown of making up the joint without disturbance
to the stay bolt spacing. Since, due to the rigidity of the staying,
the hoop tension in the outer furnace sheet does not approach
the expected theoretical amount, the low efficiency of the joint is
not critical. The procedure in designing such joints is at best
empirical.

When the natural spacing of the stay bolt will permit, the
arrangement shown in Fig. 101 should be adopted. The rivets
in these joints should be the same in diameter as those used in the
other longitudinal seams. The outside cover plate may be made
somewhat thinner than the external furnace sheet to provide
flexibility, but care should be taken that the longitudinal pitch of
the rivets is well within the safe calking limit. The laps and dis-
tance between rivet rows should be calculated in the usual manner.

When the width of cover plate determined above is so great as
to interfere with the placing and heading of the stay bolts, the
method shown in Fig. 100 must be followed.

In either form, the laps should be at lcast equal to those required
by the rivet size; the calking pitch should never exceed the safe
amounts given in Table XXIII, and the diagonal pitch should be
determined by the principles set down in the previous discussion
of that subject. Further than this, these joints do not lend them-
selves to exact calculation. Great care must be taken whenever
such joints run beyond the stay-bolted area, to change them at
once to typical butt-joints with both inside and outside cover
plates. Without the assistance of the stay bolts, these joints
would not be strong enough to hold the hoop tension of a cylindrical
shell even under low pressures.

63. Experimental Results. — The question is often asked as
to how near the foregoing theory of riveted-joint design stands to
the results of actual tests. While experiments upon riveted joints
are generally unsatisfactory because of the absence of heat and
‘corrosion, nevertheless many such tests have been made, and the
results afford an interesting comparison with theoretical calcu-
lations. In 1887 an elaborate series of tests was carried out at



EXPERIMENTAL RESULTS 151

the U. 8. Arsenal, Watertown, Mass., upon joints supplied by the
Bureau of Steam Engineering of the U.S. Navy. The joint speci-
mens were all of the butt-type with double cover plates. Some
of the joints used cover plates of equal width and others of the
extended type. All the joints were tested to destruction, minute
observations being made upon the behavior of the rivets and plate.
The efficiency was calculated by dividing the maximum load at
which the joint failed by the tensile strength of the solid plate as
determined from previous experiments. To make this quantity
entirely comparable with theoretical efficiencies, a repeating
section of the joint should have been used in the experiments.
This was not done owing to the difficulty of driving rivets along
the edge. Hence the practical results do not express the exact
efficiency as heretofore defined. The joints were so wide, however,
that the small margin outside of the repeating section probably
had an inconsiderable effect upon the efficiency. The results of
all the tests in this series are compared with the theoretical effi-
cienciesin Table VI. While not of vital importance the comparison
TABLE VI.

EXPERIMENTAL EFFICIENCY OF RIVETED JOINTS.
Tested at the U. S. Arsenal, Watertown, Mass.

No. of test. Type of joint. Gy Beront. | civmay*i5er oo,
910 Double-riveted butt 79.8
911 Double-riveted butt 76.2 74.0
912 Double-riveted butt 79.5
913 Triple-riveted butt 80.9
914 Triple-riveted butt 75.2 78.1
915 Triple-riveted butt 82.5
916 Double-riveted butt 68.7
917 Double-riveted butt 70.7 71.7
918 Double-riveted butt 69.9
919 Triple-riveted butt 74.1
920 Triple-riveted butt 75.0 76.7
921 Triple-riveted butt 74.1
922 Quadruple-riveted butt 79.7
923 Quadruple-riveted butt 81.5 76.2
924 Quadruple-riveted butt 78.4
925 Quadruple-riveted butt 79.7
926 Quadruple-riveted butt 84.3 82.6
927 Quadruple-riveted butt 85.8
928 Quadruple-riveted butt 80.6
929 uadruple-riveted butt 77.8 91.3
930 uadruple-riveted butt 7.7
931 riple-riveted butt 81.2
932 Triple-riveted butt 80.5 78.1
933 Triple-riveted butt 80.1
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is interesting. In some of the joints, especially Nos. 928, 929 and
930, the rivet rows were placed so close together that at rupture
the tearing of the plate occurred along diagonal lines much less
in length than that of the usual longitudinal ones. Hence the
efficiency was low.

64. Riveting around Circular Openings. — Figs. 102 and 103
show respectively single- and double-riveted seams around man-
hole openings. Such seams are either elliptical or of an approxi-
mately elliptical shape made up of semi-circular arcs and flat
sides. If of true elliptical shape they are laid out by template
on the flat plate before rolling. If of approximate form they are
struck on the flat plate with compasses and straight edge.

;’:._r?__—_}_ th-;.— 1y

L 2 B 2R

%
e [T

CIRCULAR OPENINGS

As §APPROX. A= 31APPROX.

Fia. 102. Fia. 103.

The positions of the rivets on these openings are always such as
insure a symmetrical arrangement, thus making the number even.
Openings of this shape are correctly placed with their long dimen-
sion in a circumferential direction with regard to the boiler, thus
removing as little plate in a longitudinal direction as possible.
The end tension in a cylinder is never more than one-half the hoop
tension, hénce this is a proper arrangement of an elliptical opening.
It is always best to investigate any special feature of this kind
as to the actual factor of safety. The joint, Fig. 102, close to its
central portion ce, is in the most critical condition and at this
point would probably have a low factor of safety. It is believed
that in such joints, a length A about } S for single-riveted rings
of ordinary size (not over 16 ins. opening) may be taken and the
assumption made that the stiffness of the plate will cause the
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more favorably situated spaces b and r to aid the weaker spaces c
and e. The limiting lines mm for the sections considered should
be 8o located as to pass through either the center of a rivet or the
center of a space, and at the same time leave the distance A approx-
imately as shown. This secures a portion of the joint similar to
the repeating section chosen in other joints. Inasmuch as the
tearing of the plate is here confined to chordal lines between
rivets, while the hoop tension varies with the length of the ele-
ment of the cylinder, these joints are more efficient than straight
joints of the same pitch, especially when a width of four or more
pitches is considered. Since the calculated pitch can rarely be
made to fit the desired pitch line without change, it is necessary
to calculate all the possible resistances to failure of both plate
and rivets.
Proceeding as in the general case of riveted joints:

I. Tearing.
Resistance = b+c+e+n)tf . . . (107)
II. Shearing.
. wd?
Resistance = 4(—4—>f. . e e« . . (108)
II1. Crushing.
Resistance = 4dyf. . . . . . . . . (109)

With P the working pressure and R the radius of the cylindrical
shell,

IV. Hooptension forlength A = PRA. . . . . . (110)

Least Resistance
Hoop Tension ™ °

Then Factor of Safety = (111)

For the double-riveted ring, Fig. 103, the pitch on the inner or
calked row should be uniform to insure tightness. This may be
secured by laying out one pitch of the theoretical amount as shown,
on the circle half-way between the rivet circles. A radial line,
drawn to the center of the semi-circular pitch lines, indicates
graphically the desired size of the pitch on the inner and outer
rows. If calking takes place on the inner circle, the inner pitch
should be spaced evenly and the outer rivets located radially
opposite the centers of the inner spaces. Should calking occur
on the outer edge, the outer spaces are made uniform, thus always
leaving the pitch uniform on the calked edge.
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The resistances to failure are then:

I. Tearing.
Resistance = (f+g+h+2)tfe . . . (112)
II. Shearing.
. wd? g
Rmew=7crﬁ;. C ... a13)
I11. Crushing.

Resistance = 7dtf. . . . . . . . . (114)

As before
IV. Hoop tension for length A = PRA. . . . . . (115)
And Factor of Safety = Least Resistance (116)

Hoop Tension * °

SPECIAL MANHOLE SEAM

A= 3'APPROX.
Fic. 104.

Fig. 104 shows the elliptical manhole seam recommended by
the Massachusetts Boiler Rules. Alternate rivets are omitted in
the outer row. Proceeding as before, the resistances to failure
are. :
I. Tearing along outer row.

Resistance =G+ k) tfe . . . . . . . . (117)
I1. Tearing along inner row and shearing rivets.
Resistance= (o +p+q+1+uw)tfe+ 2(’%2)1‘. (118)

II1. Tearing along inner row and crushing rivets.
Resistance =(o+p+q+ 1+ w tfe + 2dtf.. . (119)
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1IV. Shearing all rivets.

Resistance = 7(”f)f. e e e .. .20

V. Crushing all rivets.
Resistance = 7dtf. . . . . P ¢ 7))

VI. Hoop tension for length A = PRA coe e .. (122)

. Least Reststance
Then Factor of Safety = “Hoop Tension " * (123)

An application of the above method to the seam of the manhole
in the Horizontal Return Tubular Boiler of Chap. V results in
a factor of safety of 5.40. Such curved seams partake, to a cer-
tain degree, of the characteristics of helical seams and as such are
probably stronger than the above approximate investigation would
indicate.

66. Tabulations.— In order to facilitate the use of the fore-
going theory of riveted joints in practical work, the following
tables of maximum pitches and efficiencies and maximum calking
distances have been appended.

Tables VII to XXII inclusive give the maximum pitch to be
used in a wide variety of joints with the several rivet diameters
and thicknesses of plate. Just below the pitch value in each
case is specified the corresponding joint efficiency. These are to
be regarded as the maximum values consistent with well designed
joints. When reduced values are arbitrarily used for the pitch,
the efficiency is correspondingly lowered. The spaces left blank
in the pitch tables indicate in certain cases that rivet heads 2 d
in diameter will come less than % in. apart, either in straight or
diagonal lines, and hence cannot be driven. In other cases the
omission of the pitch value signifies that the rivet in the table is
less than the minimum allowable size for the plate in question,
and hence could not be used in a properly designed joint. The
manner of failure in each pitch calculation is indicated by the
style of figures in which the results are printed. An explanation
of the significance of the styles of figures is placed under the col-
umn headed “Remarks” in each table. The inside cover plate
thickness given is that recommended by the Massachusetts Boiler
Rules.

Table XXIIT of calking pitches indicates the maximum values
consistent with tightness at a variety of working pressures. The
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thickness of plate specified is always that of the one which is
calked, in general the outside cover plate.

In order to secure a fair distribution of stress throughout the
joint the thicknesses of the butt-straps or cover plates must be
sensibly equal. To prevent tearing of the covers along the center
line of the joint the thickness of each must exceed by a reasonable
margin half that of the main plate. In the case of the outer cover
this margin is added to enhance its stiffness and enable it the more
effectively to resist leakage of the confined fluid. When fulfilling
the above conditions the outside cover plate does not enter into
the pitch caleulation. Hence if necessary its thickness may be
increased to meet the necessities of a given problem.

The function of the inside cover, aside from its office as a por-
tion of a riveted fastening, is to protect the main plate from cor-
rosion. It must therefore have a thickness far in excess of the
theoretical requirements discussed in Art. 42, page 123. In butt
and welt joints with extended inside cover plates, so long as the
outer rows of rivets fail by shearing, the thickness of the inside
cover does not affect the pitch calculation and may consequently
be made greater than the amount given in the tables if the
expected corrosion warrants it. With crushing rivets however the
pitch value is dependent upon the bearing power of the inside
cover. Hence in the latter case the stipulated thickness alone
should be used.
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